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PREFACE TO ACI 318-19
The “Building Code Requirements for Structural Concrete” (“Code”) provides minimum requirements for the materials,
design, and detailing of structural concrete buildings and, where applicable, nonbuilding structures. This Code was developed
by an ANSI-approved consensus process and addresses structural systems, members, and connections, including cast-in-place,
precast, shotcrete, plain, nonprestressed, prestressed, and composite construction. Among the subjects covered are: design and
construction for strength, serviceability, and durability; load combinations, load factors, and strength reduction factors; strucWXUDODQDO\VLVPHWKRGVGHÀHFWLRQOLPLWVPHFKDQLFDODQGDGKHVLYHDQFKRULQJWRFRQFUHWHGHYHORSPHQWDQGVSOLFLQJRIUHLQIRUFHPHQWFRQVWUXFWLRQGRFXPHQWLQIRUPDWLRQ¿HOGLQVSHFWLRQDQGWHVWLQJDQGPHWKRGVWRHYDOXDWHWKHVWUHQJWKRIH[LVWLQJ
structures.
The Code was substantially reorganized and reformatted in 2014, and this Code continues and expands that same organizational philosophy. The principal objectives of the reorganization were to present all design and detailing requirements for
structural systems or for individual members in chapters devoted to those individual subjects, and to arrange the chapters in
a manner that generally follows the process and chronology of design and construction. Information and procedures that are
common to the design of multiple members are located in utility chapters. Additional enhancements implemented in this Code
WRSURYLGHJUHDWHUFODULW\DQGHDVHRIXVHLQFOXGHWKH¿UVWXVHRIFRORULOOXVWUDWLRQVDQGWKHXVHRIFRORUWRKHOSWKHXVHUQDYLJDWH
WKH&RGHDQGTXLFNO\¿QGWKHLQIRUPDWLRQWKH\QHHG6SHFLDOWKDQNVWR%HQWOH\6\VWHPV,QFRUSRUDWHGIRUXVHRIWKHLU3UR&RQFUHWHVRIWZDUHWRSURGXFHPDQ\RIWKH¿JXUHVIRXQGLQWKH&RPPHQWDU\
Uses of the Code include adoption by reference in a general building code, and earlier editions have been widely used in
this manner. The Code is written in a format that allows such reference without change to its language. Therefore, background
details or suggestions for carrying out the requirements or intent of the Code provisions cannot be included within the Code
itself. The Commentary is provided for this purpose.
Some considerations of the committee in developing the Code are discussed in the Commentary, with emphasis given to
the explanation of new or revised provisions. Much of the research data referenced in preparing the Code is cited for the user
desiring to study individual questions in greater detail. Other documents that provide suggestions for carrying out the requirements of the Code are also cited.
Technical changes from ACI 318-14 to ACI 318-19 are outlined in the August 2019 issue of Concrete International and are
marked in the text of this Code with change bars in the margins.

KEYWORDS
admixtures; aggregates; anchorage (structural); beam-column frame; beams (supports); caissons; cements; cold weather;
columns (supports); combined stress; composite construction (concrete to concrete); compressive strength; concrete; construction documents; construction joints; continuity (structural); contraction joints; cover; curing; deep beams; deep foundations;
GHÀHFWLRQV GULOOHG SLHUV HDUWKTXDNHUHVLVWDQW VWUXFWXUHV ÀH[XUDO VWUHQJWK ÀRRUV IRRWLQJV IRUPZRUN FRQVWUXFWLRQ  KRW
weather; inspection; isolation joints; joints (junctions); joists; lightweight concretes; load tests (structural); loads (forces);
mixture proportioning; modulus of elasticity; moments; piles; placing; plain concrete; precast concrete; prestressed concrete;
prestressing steels; quality control; reinforced concrete; reinforcing steels; roofs; serviceability; shear strength; shotcrete; spans;
splicing; strength analysis; stresses; structural analysis; structural design; structural integrity; structural walls; T-beams; torsion;
walls; water; welded wire reinforcement.
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INTRODUCTION
ACI 318-19, “Building Code Requirements for Structural
Concrete,” hereinafter called the Code or the 2019 Code,
and ACI 318R-19, “Commentary,” are presented in a sideby-side column format. These are two separate but coordinated documents, with Code text placed in the left column
and the corresponding Commentary text aligned in the right
column. Commentary section numbers are preceded by an
“R” to further distinguish them from Code section numbers.
The two documents are bound together solely for the user’s
convenience. Each document carries a separate enforceable
and distinct copyright.
As the name implies, “Building Code Requirements for
Structural Concrete” is meant to be used as part of a legally
DGRSWHGEXLOGLQJFRGHDQGDVVXFKPXVWGL൵HULQIRUPDQG
VXEVWDQFH IURP GRFXPHQWV WKDW SURYLGH GHWDLOHG VSHFL¿FDtions, recommended practice, complete design procedures,
or design aids.
The Code is intended to cover all buildings of the usual
types, both large and small. Requirements more stringent
than the Code provisions may be desirable for unusual
construction. The Code and Commentary cannot replace
sound engineering knowledge, experience, and judgment.
A building code states only the minimum requirements
necessary to provide for public health and safety. The Code
is based on this principle. For any structure, the owner or
the licensed design professional may require the quality of
materials and construction to be higher than the minimum
requirements necessary to protect the public as stated in the
Code. However, lower standards are not permitted.
The Code has no legal status unless it is adopted by the
government bodies having the police power to regulate
building design and construction. Where the Code has not
been adopted, it may serve as a reference to good practice
even though it has no legal status.
The Code and Commentary are not intended for use
in settling disputes between the owner, engineer, architect, contractor, or their agents, subcontractors, material
suppliers, or testing agencies. Therefore, the Code cannot
GH¿QH WKH FRQWUDFW UHVSRQVLELOLW\ RI HDFK RI WKH SDUWLHV LQ
usual construction. General references requiring compliance
ZLWKWKH&RGHLQWKHSURMHFWVSHFL¿FDWLRQVVKRXOGEHDYRLGHG
because the contractor is rarely in a position to accept
responsibility for design details or construction requirements that depend on a detailed knowledge of the design.
Design-build construction contractors, however, typically
combine the design and construction responsibility. Generally, the contract documents should contain all of the necessary requirements to ensure compliance with the Code. In
SDUWWKLVFDQEHDFFRPSOLVKHGE\UHIHUHQFHWRVSHFL¿F&RGH
VHFWLRQV LQ WKH SURMHFW VSHFL¿FDWLRQV 2WKHU $&, SXEOLFDWLRQVVXFKDV³6SHFL¿FDWLRQVIRU6WUXFWXUDO&RQFUHWH $&,
 ´DUHZULWWHQVSHFL¿FDOO\IRUXVHDVFRQWUDFWGRFXPHQWV
for construction.

The Commentary discusses some of the considerations of
Committee 318 in developing the provisions contained in the
Code. Emphasis is given to the explanation of new or revised
provisions that may be unfamiliar to Code users. In addition,
comments are included for some items contained in previous
editions of the Code to make the present Commentary indeSHQGHQW RI WKH SUHYLRXV HGLWLRQV &RPPHQWV RQ VSHFL¿F
provisions are made under the corresponding chapter and
section numbers of the Code.
The Commentary is not intended to provide a complete
historical background concerning the development of the
Code, nor is it intended to provide a detailed résumé of the
studies and research data reviewed by the committee in
formulating the provisions of the Code. However, references
to some of the research data are provided for those who wish
to study the background material in depth.
The Commentary directs attention to other documents
that provide suggestions for carrying out the requirements
and intent of the Code. However, those documents and the
Commentary are not a part of the Code.
The Commentary is intended for the use of individuals
ZKR DUH FRPSHWHQW WR HYDOXDWH WKH VLJQL¿FDQFH DQG OLPLtations of its content and recommendations, and who will
accept responsibility for the application of the information
it contains. ACI disclaims any and all responsibility for the
stated principles. The Institute shall not be liable for any loss
or damage arising therefrom. Reference to the Commentary shall not be made in construction documents. If items
found in the Commentary are desired by the licensed design
professional to be a part of the contract documents, they
shall be restated in mandatory language for incorporation by
the licensed design professional.
It is recommended to have the materials, processes, quality
control measures, and inspections described in this document tested, monitored, or performed by individuals holding
WKHDSSURSULDWH$&,&HUWL¿FDWLRQRUHTXLYDOHQWZKHQDYDLODEOH7KHSHUVRQQHOFHUWL¿FDWLRQSURJUDPVRIWKH$PHULFDQ
Concrete Institute and the Post-Tensioning Institute; the plant
FHUWL¿FDWLRQ SURJUDPV RI WKH 3UHFDVW3UHVWUHVVHG &RQFUHWH
Institute, the Post-Tensioning Institute, and the National
Ready Mixed Concrete Association; and the Concrete ReinIRUFLQJ6WHHO,QVWLWXWH¶V9ROXQWDU\&HUWL¿FDWLRQ3URJUDPIRU
Fusion-Bonded Epoxy Coating Applicator Plants are availDEOH IRU WKLV SXUSRVH ,Q DGGLWLRQ ³6WDQGDUG 6SHFL¿FDWLRQ
for Agencies Engaged in Construction Inspection, Testing,
RU 6SHFLDO ,QVSHFWLRQ´ $670 (  VSHFL¿HV SHUIRUmance requirements for inspection and testing agencies.
Design reference materials illustrating applications of the
Code requirements are listed and described in the back of
this document.
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CHAPTER 1—GENERAL

(a) General requirements of this Code
(b) Purpose of this Code
(c) Applicability of this Code
(d) Interpretation of this Code
H  'H¿QLWLRQ DQG UROH RI WKH EXLOGLQJ R൶FLDO DQG WKH
licensed design professional
(f) Construction documents
(g) Testing and inspection
(h) Approval of special systems of design, construction, or
alternative construction materials

R1.1—Scope of ACI 318
R1.1.1 This Code includes provisions for the design
of concrete used for structural purposes, including plain
concrete; concrete containing nonprestressed reinforcement, prestressed reinforcement, or both; and anchoring
to concrete. This chapter includes a number of provisions
that explain where this Code applies and how it is to be
interpreted.

1.2—General
1.2.1 ACI 318, “Building Code Requirements for Structural Concrete,” is hereafter referred to as “this Code.”

R1.2—General

1.2.2 In this Code, the general building code referss to the
hen adopted, this
building code adopted in a jurisdiction. When
g code.
Code forms part of the general building

R
R1.2.2 The American Concrete Institute recommends that
this Code be ado
adopted in its entirety.

1.2.3 7KH R൶FLDO YHUVLRQ RI WKLV
WKLV &RGH LV WKH (QJOLVK
oun units,
s, published bby the
he
language version, using inch-pound
American Concrete Institute.

3 C
mittee 318 develops the Code in English,
R1.2.3
Committee
usin inch-pound
nch-p
units. Bas
using
Based on that version, Committee
318 ap
rove three other versions:
ver
approved
(a) IIn Eng
ng SI uni
English using
units (ACI 318M)
(b) In Spa
u
Spanish using SI units
(ACI 318S)
h using iinch-pound units (ACI 318SUS).
(c) In Spanish
urisdictions may
m adopt ACI 318, ACI 318M, ACI 318S,
Jurisdictions
or ACI 318SUS.

1.2.4,QFDVHRIFRQÀLFWEHWZHHQWKHR൶FLDOYHUVLRQRIWKLV
&RGH DQG RWKHU YHUVLRQV RI WKLV &RGH WKH R൶FLDO YHUVLRQ
governs.
1.2.5 This Code provides minimum requirements for the
materials, design, construction, and strength evaluation of
structural concrete members and systems in any structure
designed and constructed under the requirements of the
general building code.

R1.2.5 This Code provides minimum requirements and
exceeding these minimum requirements is not a violation of
the Code.
The licensed design professional may specify project requirements that exceed the minimum requirements of this Code.

1.2.6 0RGL¿FDWLRQV WR WKLV &RGH WKDW DUH DGRSWHG E\ D
particular jurisdiction are part of the laws of that jurisdiction, but are not a part of this Code.
1.2.7 If no general building code is adopted, this Code
provides minimum requirements for the materials, design,
construction, and strength evaluation of members and
systems in any structure within the scope of this Code.
1.3—Purpose
1.3.1 The purpose of this Code is to provide for public
health and safety by establishing minimum requirements for

R1.3—Purpose
R1.3.1 This Code provides a means of establishing
minimum requirements for the design and construction of
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strength, stability, serviceability, durability, and integrity of
concrete structures.

structural concrete, as well as for acceptance of design and
FRQVWUXFWLRQRIFRQFUHWHVWUXFWXUHVE\WKHEXLOGLQJR൶FLDOV
or their designated representatives.
This Code does not provide a comprehensive statement of
all duties of all parties to a contract or all requirements of a
contract for a project constructed under this Code.

1.3.2 This Code does not address all design considerations.

R1.3.2 The minimum requirements in this Code do not
replace sound professional judgment or the licensed design
SURIHVVLRQDO¶VNQRZOHGJHRIWKHVSHFL¿FIDFWRUVVXUURXQGLQJ
D SURMHFW LWV GHVLJQ WKH SURMHFW VLWH DQG RWKHU VSHFL¿F RU
unusual circumstances to the project.

1.3.3 Construction means and methods are not addressed
in this Code.
1.4—Applicability
1.4.1 This Code shall apply to concrete structures designed
and constructed under the requirements of the general
building code.

R1.4—Applicability

hall bbe permitted to be
1.4.2 Provisions of this Code shall
nd re
used for the assessment, repair, and
rehabilitation of existing
structures.

2 6
SHFL¿F SURY
VLR
LR IRU DVVHVVPHQW UHSDLU DQG
R1.4.2
6SHFL¿F
SURYLVLRQV
tatio of existing co
rehabilitation
concrete structures are provided in
ACI 562-19([LVWLQJVWUXFWXUHVLQ$&,DUHGH¿QHGDV
AC
2-19
WLQJVWUXFW
structu
es th
omplete aand permitted for use.
structures
that are complete

ode shall be perm
tted
1.4.3 Applicable provisions off th
this Code
permitted
rne by the general bui
ng
to be used for structures not governed
building
code.

R1.
3 S
a arches, bins and silos, blastR1.4.3
Structuress such as
resis
es, chimn
resistantt str
structures,
chimneys, underground utility structures, gravity walls, and shielding walls involve design and
QUHTXLUHP
FRQVWUXFWLRQUHTXLUHPHQWVWKDWDUHQRWVSHFL¿FDOO\DGGUHVVHG
by this Code. M
Many Code provisions, however, such as
concrete quality and design principles, are applicable for
these structures. Recommendations for design and construction of some of these structures are given in the following:
•
•
•
•

“Code Requirements for Reinforced Concrete Chimneys and Commentary” (ACI 307-08)
“Standard Practice for Design and Construction of
Concrete Silos and Stacking Tubes for Storing Granular
Materials” (ACI 313-97)
“Code Requirements for Nuclear Safety-Related
Concrete Structures and Commentary” (ACI 349)
“Code for Concrete Containments” (ACI 359)

1.4.4 The design of thin shells and folded plate concrete
structures shall be in accordance with ACI 318.2, “Building
Code Requirements for Concrete Thin Shells.”
1.4.5 This Code shall apply to the design of slabs cast on
stay-in-place, noncomposite steel decks.

R1.4.5 In its most basic application, the noncomposite
steel deck serves as a form, and the concrete slab is designed
to resist all loads, while in other applications the concrete
slab may be designed to resist only the superimposed loads.
The design of a steel deck in a load-resisting application is
given in “Standard for Non-Composite Steel Floor Deck”

American Concrete Institute – Copyrighted © Material – www.concrete.org

PART 1: GENERAL

(SDI NC). The SDI standard refers to this Code for the
design and construction of the structural concrete slab.
1.4.6 For one- and two-family dwellings, multiple singlefamily dwellings, townhouses, and accessory structures to
these types of dwellings, the design and construction of castin-place footings, foundation walls, and slabs-on-ground in
accordance with ACI 332 shall be permitted.

R1.4.6 ACI 332 addresses only the design and construction of cast-in-place footings, foundation walls supported on
continuous footings, and slabs-on-ground for limited residential construction applications.
The 2015 IBC requires design and construction of residential post-tensioned slabs on expansive soils to be in accordance with PTI DC10.5-12, which provides requirements
for slab-on-ground foundations, including soil investigation,
design, and analysis. Guidance for the design and construction of post-tensioned slabs-on-ground that are not on expansive soils can be found in ACI 360R. Refer to R1.4.8.

1.4.7 This Code does not apply to the design and installation of concrete piles, drilled piers, and caissons embedded
in ground, except as provided in (a) through (c):

R1.4.7 The design and installation of concrete piles fully
embedded in the ground is regulated by the general building
code. The 2019 edition of the Code contains some provisions
that previously
were only available in the general building
pr
code. In addition to the provisions in this Code, recommendationss for concrete piles are given in ACI 543R, recomons for drilled ppiers
iers
er are given in ACI 336.3R, and
mendations
mend ns for preca
recommendations
precast prestressed concrete piles are
give inn “Recommended
“R
mended Pr
given
Practice for Design, Manufacture,
alla
and In
Installation
of Prestresse
Prestressed Concrete Piling” (PCI 1993).
men for thee design and construction of micropiles
Requirements
DUHQR VSHF
DGGUHVVH
DUHQRWVSHFL¿FDOO\DGGUHVVHGE\WKLV&RGH

(a) For portions of deep foundation members
mbers in air or
water, or in soil incapable of providing
adequate lateral
ding ade
restraint to prevent buckling throughout
ughou their length
(b) For precast concrete piles
les supporting structures
assigned to Seismic Design Categories
A and B (13.4)
ate
(13.4
m
upporting struc
ures
(c) For deep foundation elements
supporting
structures
Cat
es C, D, E, and F (Ch.
Ch.
assigned to Seismic Design Categories
13, 18.13)
d construction
1.4.8 This Code does not apply to design and
of slabs-on-ground, unless the slab transmits vertical loads
or lateral forces from other portions of the structure to the
soil.

ailed recommendations
re
R1.4.8 Detailed
for design and
Q RI VODEVRQJURXQG
VODE
FRQVWUXFWLRQ
DQG ÀRRUV WKDW GR QRW
smit vertical loads or lateral forces from other portions
transmit
st
of the structure
to the soil are given in ACI 360R. This guide
presents information on the design of slabs-on-ground,
SULPDULO\ LQGXVWULDO ÀRRUV DQG WKH VODEV DGMDFHQW WR WKHP
The guide addresses the planning, design, and detailing of
the slabs. Background information on the design theories is
followed by discussion of the soil support system, loadings,
and types of slabs. Design methods are given for structural
plain concrete, reinforced concrete, shrinkage-compensating
concrete, and post-tensioned concrete slabs.

1.4.9 This Code does not apply to the design and construction of tanks and reservoirs.

R1.4.9 Requirements and recommendations for the design
and construction of tanks and reservoirs are given in ACI
350, ACI 334.1R, and ACI 372R.

1.4.10 This Code does not apply to composite design slabs
cast on stay-in-place composite steel deck. Concrete used
in the construction of such slabs shall be governed by this
Code, where applicable. Portions of such slabs designed as
reinforced concrete are governed by this Code.

R1.4.10 In this type of construction, the steel deck serves
as the positive moment reinforcement. The design and
construction of concrete-steel deck slabs is described in
“Standard for Composite Steel Floor Deck-Slabs” (SDI C).
The standard refers to the appropriate portions of this Code
for the design and construction of the concrete portion of
the composite assembly. SDI C also provides guidance for
design of composite-concrete-steel deck slabs. The design
of negative moment reinforcement to create continuity at
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supports is a common example where a portion of the slab is
designed in conformance with this Code.

1.5—Interpretation
1.5.1 The principles of interpretation in this section shall
apply to this Code as a whole unless otherwise stated.

R1.5—Interpretation

1.5.2 This Code consists of chapters and appendixes,
LQFOXGLQJWH[WKHDGLQJVWDEOHV¿JXUHVIRRWQRWHVWRWDEOHV
DQG¿JXUHVDQGUHIHUHQFHGVWDQGDUGV
1.5.3 The Commentary consists of a preface, introduction,
FRPPHQWDU\WH[WWDEOHV¿JXUHVDQGFLWHGSXEOLFDWLRQV7KH
Commentary is intended to provide contextual information, but is not part of this Code, does not provide binding
UHTXLUHPHQWVDQGVKDOOQRWEHXVHGWRFUHDWHDFRQÀLFWZLWK
or ambiguity in this Code.
er that
1.5.4 This Code shall be interpreted in a manner
YLVLRQV 6SHFL¿F
DYRLGV FRQÀLFW EHWZHHQ RU DPRQJ LWV SURYLVLRQV
6SHFL¿F
rovisions
provisions shall govern over general provisions.

R
R1.5.4 General provisions are broad statements, such as
DEXLOGLQJQHHGV
DEXLOGLQJQHHGVWREHVHUYLFHDEOH6SHFL¿FSURYLVLRQVVXFK
licit reinforcem
as explicit
reinforcement distribution requirements for crack
ern over the gen
en
control, gov
govern
general
provisions.

rpre and
nd applied in aaccor-1.5.5 This Code shall be interpreted
ords and terms used.
ed.
dance with the plain meaning of the words
QG
LQWKLV&RGHVKD OEH
6SHFL¿FGH¿QLWLRQVRIZRUGVDQGWHUPVLQWKLV&RGHVKDOOEH
cab regardless
egardless of wh
her
used where provided and applicable,
whether
our
outside of this Code
de
other materials, standards, or resources
SURYLGHDGL൵HUHQWGH¿QLWLRQ

R
5A
ACI Concrete
ncrete Terminology
Term
(2018) is the primary
R1.5.5
resour e to help determine
termine tthe meaning of words or terms
resource
QRW
QWKH&RG
WKDWDUHQRWGH¿QHGLQWKH&RGH'LFWLRQDULHVDQGRWKHUUHIHUmateri commonly
mmonly uused by licensed design profesence materials
siona may be used
ed as secondary
seco
sionals
resources.

1.5.6 The following words and terms in this Code shall be
interpreted in accordance with (a) through (e):
(a) The word “shall” is always mandatory.
(b) Provisions of this Code are mandatory even if the word
“shall” is not used.
(c) Words used in the present tense shall include the future.
(d) The word “and” indicates that all of the connected
items, conditions, requirements, or events shall apply.
(e) The word “or” indicates that the connected items,
conditions, requirements, or events are alternatives, at
OHDVWRQHRIZKLFKVKDOOEHVDWLV¿HG
1.5.7 In any case in which one or more provisions of this
Code are declared by a court or tribunal to be invalid, that
UXOLQJ VKDOO QRW D൵HFW WKH YDOLGLW\ RI WKH UHPDLQLQJ SURYLsions of this Code, which are severable. The ruling of a court
RUWULEXQDOVKDOOEHH൵HFWLYHRQO\LQWKDWFRXUW¶VMXULVGLFWLRQ
DQGVKDOOQRWD൵HFWWKHFRQWHQWRULQWHUSUHWDWLRQRIWKLV&RGH
in other jurisdictions.

R1.5.7 This Code addresses numerous requirements that
FDQ EH LPSOHPHQWHG IXOO\ ZLWKRXW PRGL¿FDWLRQ LI RWKHU
requirements in this Code are determined to be invalid. This
severability requirement is intended to preserve this Code and
allow it to be implemented to the extent possible following
OHJDOGHFLVLRQVD൵HFWLQJRQHRUPRUHRILWVSURYLVLRQV

1.5.8,IFRQÀLFWVRFFXUEHWZHHQSURYLVLRQVRIWKLV&RGHDQG
those of standards and documents referenced in Chapter 3,
this Code shall apply.

American Concrete Institute – Copyrighted © Material – www.concrete.org

PART 1: GENERAL

1.6—Building official
1.6.1$OO UHIHUHQFHV LQ WKLV &RGH WR WKH EXLOGLQJ R൶FLDO
shall be understood to mean persons who administer and
enforce this Code.

R1.6—Building official
R1.6.1%XLOGLQJR൶FLDOLVGH¿QHGLQ2.3.

General

COMMENTARY

1.6.2$FWLRQVDQGGHFLVLRQVE\WKHEXLOGLQJR൶FLDOD൵HFW
RQO\WKHVSHFL¿FMXULVGLFWLRQDQGGRQRWFKDQJHWKLV&RGH

R1.6.2 Only the American Concrete Institute has the
authority to alter or amend this Code.
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1.6.3 7KH EXLOGLQJ R൶FLDO VKDOO KDYH WKH ULJKW WR RUGHU
testing of any materials used in concrete construction to
GHWHUPLQHLIPDWHULDOVDUHRIWKHTXDOLW\VSHFL¿HG
1.7—Licensed design professional
1.7.1 All references in this Code to the licensed design
professional shall be understood to mean the engineer in
either 1.7.1.1 or 1.7.1.2.

R1.7—Licensed design professional
R1.7.1/LFHQVHGGHVLJQSURIHVVLRQDOLVGH¿QHGLQ

1.7.1.1 The licensed design professional responsible for,
and in charge of, the structural design work.
PDVSHFL¿
1.7.1.2$VSHFLDOW\HQJLQHHUWRZKRPDVSHFL¿FSRUWLRQRI
n deleg
the structural design work has been
delegated subject to the
conditions of (a) and (b).
alt engineer
ineer shall be ex
lic(a) The authority of the specialty
explicitly limited to the delegated des
design work
work.
or delegated
egated shall be well
(b) The portion of design work
WLHV DQG
G REOLJDWLRQV RRI WKH
KH
GH¿QHG VXFK WKDW UHVSRQVLELOLWLHV
parties are apparent.

R1. 1.2( A portion
ortion of the design work may be deleR1.7.1.2(b)
o a sspecialty
ty engine
gated to
engineer during the design phase or to
the contractor in the co
construction documents. Examples of
k delegate
design work
delegated to a specialty engineer or contractor
ude precast cconcrete and post-tensioned concrete design.
include

1.8—Construction documents and design records
1.8.1 The licensed design professional shall provide in the
construction documents the information required in Chapter
26 and that required by the jurisdiction.

R1.8—Construction documents and design records
R1.8.1 The provisions of Chapter 26 for preparing project
GUDZLQJVDQGVSHFL¿FDWLRQVDUHLQJHQHUDOFRQVLVWHQWZLWK
those of most general building codes. Additional informaWLRQPD\EHUHTXLUHGE\WKHEXLOGLQJR൶FLDO

1.8.2&DOFXODWLRQVSHUWLQHQWWRGHVLJQVKDOOEH¿OHGZLWK
WKHFRQVWUXFWLRQGRFXPHQWVLIUHTXLUHGE\WKHEXLOGLQJR൶cial. Analyses and designs using computer programs shall
be permitted provided design assumptions, user input, and
computer-generated output are submitted. Model analysis
shall be permitted to supplement calculations.

R1.8.2 Documented computer output is acceptable instead
of manual calculations. The extent of input and output
LQIRUPDWLRQ UHTXLUHG ZLOO YDU\ DFFRUGLQJ WR WKH VSHFL¿F
UHTXLUHPHQWVRILQGLYLGXDOEXLOGLQJR൶FLDOV+RZHYHULID
computer program has been used, only skeleton data should
QRUPDOO\EHUHTXLUHG7KLVVKRXOGFRQVLVWRIVX൶FLHQWLQSXW
and output data and other information to allow the building
R൶FLDO WR SHUIRUP D GHWDLOHG UHYLHZ DQG PDNH FRPSDULsons using another program or manual calculations. Input
GDWDVKRXOGEHLGHQWL¿HGDVWRPHPEHUGHVLJQDWLRQDSSOLHG
loads, and span lengths. The related output data should
include member designation and the shears, moments, and
reactions at key points in the span. For column design, it
LVGHVLUDEOHWRLQFOXGHPRPHQWPDJQL¿FDWLRQIDFWRUVLQWKH
output where applicable.
The Code permits model analysis to be used to supplement
structural analysis and design calculations. Documentation
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of the model analysis should be provided with the related
calculations. Model analysis should be performed by an
individual having experience in this technique.

1.9—Testing and inspection
1.9.1 Concrete materials shall be tested in accordance with
the requirements of Chapter 26.
1.9.2 Concrete construction shall be inspected in accordance with the general building code and in accordance with
Chapter 26.
1.9.3 Inspection records shall include information in
accordance with Chapter 26.
1.10—Approval of special systems of design,
construction, or alternative construction materials
1.10.1 Sponsors of any system of design, construction, or
alternative construction materials within the scope of this
wn by successful
Code, the adequacy of which has been shown
es not conform
con
use or by analysis or test, but which does
to or is
ve the right to present the
not covered by this Code, shall have
VHG
GDWDRQZKLFKWKHLUGHVLJQLVEDVHGWRWKHEXLOGLQJR൶FLDO
SRLQ
\ WKH EXLOGLQJ
RU WR D ERDUG RI H[DPLQHUV DSSRLQWHG
E\
EXLOGLQJ R൶-ose of competent engi
ers
cial. This board shall be composed
engineers
st
he data so subm
ted,
and shall have authority to investigate
the
submitted,
ul governing
overning design and
require tests, and formulate rules
de.
construction of such systems to mee
meet the intent of this C
Code.
K EXLOGLQJ R൶FLDO DQG
7KHVH UXOHV ZKHQ DSSURYHG E\ WKH
SURPXOJDWHG VKDOO EH RI WKH VDPH IRUFH DQG H൵HFW DV WKH
provisions of this Code.

R1.10—Approval of special systems of design,
construction, or alternative construction materials
R1.10.1 New methods of design, new materials, and new
uses of materials should undergo a period of development
before being covered
co
in a code. Hence, good systems or
onents might be excluded from use by implication if
components
means were not availabl
availablee to obtain acceptance.
SHFLD VWHPVFRQV
)RUVSHFLDOV\VWHPVFRQVLGHUHGXQGHUWKLVVHFWLRQVSHFL¿F
WHVWV
RDG IDFWRUV
V GHÀHFWL
WHVWV ORDG
GHÀHFWLRQ OLPLWV DQG RWKHU SHUWLQHQW
requir
ment should
d be set bby the board of examiners, and
requirements
should be co
consistent with the intent of the Code.
The provisions
rovi
off this sec
section do not apply to model tests
used to sup
nt calcula
supplement
calculations under 1.8.2 or to strength
xisting st
evaluation of existing
structures under Chapter 27.
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CHAPTER 2—NOTATION AND TERMINOLOGY
2.1—Scope
2.1.17KLVFKDSWHUGH¿QHVQRWDWLRQDQGWHUPLQRORJ\XVHG
in this Code.
2.2—Notation
a
= depth of equivalent rectangular stress block, in.
= shear span, equal to distance from center of concenav
trated load to either: (a) face of support for continuous or cantilevered members, or (b) center of
support for simply supported members, in.
= area of an individual bar or wire, in.2
Ab
Abp = area of the attachment base plate in contact with
concrete or grout when loaded in compression, in.2
Abrg = net bearing area of the head of stud, anchor bolt, or
headed deformed bar, in.2
Ac
= area of concrete section resisting shear transfer, in.2
Acf = greater gross cross-sectional area of the two orthogonal slab-beam strips intersecting at a column of a
two-way prestressed slab, in.2
Ach = cross-sectional area of a member measured to the
inforcem
outside edges of transverse reinforcement,
in.2
Acp = area enclosed by outsidee peri
perimeter of concrete
cross section, in.2
Acs = cross-sectional area at one end of a strut in a strut-icular to the ax
and-tie model, taken pe
perpendicular
axis of
the strut, in.2
Act
DUHDRIWKDWSDUWRIFURVVVHFWLRQEHWZHHQWKHÀH[VV
RQEHWZHHQWKH H[ntr
ural tension face and centroid
off gross section
section, in.2
Acv = gross area of concrete section bounded
d by web
thickness and length of section in the direction
of shear force considered in the case of walls,
and gross area of concrete section in the case of
GLDSKUDJPV*URVVDUHDLVWRWDODUHDRIWKHGH¿QHG
section minus area of any openings, in.2
Acw = area of concrete section of an individual pier, horizontal wall segment, or coupling beam resisting
shear, in.2
Aef,sl
H൵HFWLYHEHDULQJDUHDRIVKHDUOXJLQ2.
= area of reinforcement in bracket or corbel resisting
Af
design moment, in.2
Ag
= gross area of concrete section, in.2 For a hollow
section, Ag is the area of the concrete only and does
not include the area of the void(s)
= total area of shear reinforcement parallel to primary
Ah
tension reinforcement in a corbel or bracket, in.2
Ahs = total cross-sectional area of hooked or headed bars
being developed at a critical section, in.2
Aj
H൵HFWLYH FURVVVHFWLRQDO DUHD ZLWKLQ D MRLQW LQ D
plane parallel to plane of beam reinforcement
generating shear in the joint, in.2
AƐ
= total area of longitudinal reinforcement to resist
torsion, in.2
AƐPLQ = minimum area of longitudinal reinforcement to
resist torsion, in.2

R2.2—Notation

American Concrete Institute – Copyrighted © Material – www.concrete.org

Not. & Term.

COMMENTARY

2

CODE

16

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE
An
Anz
ANa

ANao

ANc

ANco

Ao
Aoh
Apd
Aps
Apt
As
Asƍ
Asc
Ase,N
Ase,V
Ash

Asi

AVPLQ
Ast

At
Ath
Atp
Atr

Ats

COMMENTARY

= area of reinforcement in bracket or corbel resisting
factored restraint force Nuc, in.2
= area of a face of a nodal zone or a section through a
nodal zone, in.2
SURMHFWHGLQÀXHQFHDUHDRIDVLQJOHDGKHVLYHDQFKRU
or group of adhesive anchors, for calculation of
bond strength in tension, in.2
SURMHFWHG LQÀXHQFH DUHD RI D VLQJOH DGKHVLYH
anchor, for calculation of bond strength in tension
if not limited by edge distance or spacing, in.2
= projected concrete failure area of a single anchor
or group of anchors, for calculation of strength in
tension, in.2
= projected concrete failure area of a single anchor,
for calculation of strength in tension if not limited
by edge distance or spacing, in.2
JURVV DUHD HQFORVHG E\ WRUVLRQDO VKHDU ÀRZ SDWK
in.2
= area enclosed by centerline of the outermost closed
transverse torsional reinforcement, in.2
= total area occupied by duct,
uct, she
sheathing, and
t, in.2
prestressing reinforcement,
= area of prestressed longitudinal
gitud
tension reinforcement, in.2
= total area of prestressing
ng reinforcement,
orcement, in.2
= area of nonprestressed
d longitudinal
tudinal tension reineinforcement, in.2
DUHDRIFRPSUHVVLRQUHLQIRUFHPHQWLQ
QIR PHQWLQ2
= area of primary tension reinforcement iin a corbel or
bracket, in.2
H൵HFWLYHFURVVVHFWLRQDODUHDRIDQFKRULQWHQVLRQ
in.2
H൵HFWLYH FURVVVHFWLRQDO DUHD RI DQFKRU LQ VKHDU
in.2
= total cross-sectional area of transverse reinforcement, including crossties, within spacing s and
perpendicular to dimension bc, in.2
= total area of surface reinforcement at spacing si in
the i-th layer crossing a strut, with reinforcement at
DQDQJOHĮi to the axis of the strut, in.2
PLQLPXPDUHDRIÀH[XUDOUHLQIRUFHPHQWLQ2
= total area of nonprestressed longitudinal reinforcement including bars or steel shapes, and excluding
prestressing reinforcement, in.2
= area of one leg of a closed stirrup, hoop, or tie
resisting torsion within spacing s, in.2
WRWDOFURVVVHFWLRQDODUHDRIWLHVRUVWLUUXSVFRQ¿QLQJ
hooked bars, in.2
= area of prestressing reinforcement in a tie, in.2
= total cross-sectional area of all transverse reinforcement within spacing s that crosses the potential
plane of splitting through the reinforcement being
developed, in.2
= area of nonprestressed reinforcement in a tie, in.2
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Av
Avd

Avf
Avh
AYPLQ
AVc

AVco

A1
A2

b
bc

bf
bo
bs
bsl
bslab
bt
bv
bw
b1

b2
Bn
Bu
c
cac

= total cross-sectional area of ties or stirrups acting as
parallel tie reinforcement for headed bars, in.2
= area of shear reinforcement within spacing s, in.2
= total area of reinforcement in each group of diagonal bars in a diagonally reinforced coupling beam,
in.2
= area of shear-friction reinforcement, in.2
DUHD RI VKHDU UHLQIRUFHPHQW SDUDOOHO WR ÀH[XUDO
tension reinforcement within spacing s2, in.2
= minimum area of shear reinforcement within
spacing s, in.2
= projected concrete failure area of a single anchor
or group of anchors, for calculation of strength in
shear, in.2
= projected concrete failure area of a single anchor,
for calculation of strength in shear, if not limited by
FRUQHU LQÀXHQFHV VSDFLQJ RU PHPEHU WKLFNQHVV
in.2
= loaded area for consideration of bearing, strut,
ut, and
node strength, in.2
= area of the lower base of the largest frustum of a
pyramid, cone, or tapered wedg
wedge contained wholly
within the support and havin
having its upper base equal
e,
to the loaded area. Thee sid
sides of the pyramid, cone,
ed one vertical to two
wo
or tapered wedge shall be sloped
horizontal, in.2
= width of compression fac
face of member, in.
= cross-sectional dimension
sio
of member core
re
h transverse
measured to the outside edges of the
reinforcement composing area Ash, in.
H൵HFWLYHÀDQJHZLGWKLQ
= perimeter of critical section for two-way shear in
slabs and footings, in.
= width of strut, in.
= width of shear lug, in.
H൵HFWLYHVODEZLGWKLQ
= width of that part of cross section containing the
closed stirrups resisting torsion, in.
= width of cross section at contact surface being
investigated for horizontal shear, in.
= web width or diameter of circular section, in.
= dimension of the critical section bo measured in the
direction of the span for which moments are determined, in.
= dimension of the critical section bo measured in the
direction perpendicular to b1, in.
= nominal bearing strength, lb
= factored bearing load, lb
GLVWDQFHIURPH[WUHPHFRPSUHVVLRQ¿EHUWRQHXWUDO
axis, in.
= critical edge distance required to develop the basic
strength as controlled by concrete breakout or bond
of a post-installed anchor in tension in uncracked
concrete without supplementary reinforcement to
control splitting, in.
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cDPD[ = maximum distance from center of an anchor shaft
to the edge of concrete, in.
cDPLQ = minimum distance from center of an anchor shaft to
the edge of concrete, in.
ca1 = distance from the center of an anchor shaft to the
edge of concrete in one direction, in. If shear is
applied to anchor, ca1 is taken in the direction of the
applied shear. If tension is applied to the anchor,
ca1 is the minimum edge distance. Where anchors
subject to shear are located in narrow sections of
limited thickness, see R17.7.2.1.2

ca2
cb

cc
cNa

csl

ct

c1

c2

CP
d
dƍ
da
daƍ
dagg
db

cƍa1

= limiting value of ca1 where anchors are located less
than 1.5ca1 from three or more edges, in.; see Fig.
R17.7.2.1.2

C

= compressive force acting on a nodal zone, lb

= distance from center of an anchor shaft to the edge
of concrete in the direction perpendicular to ca1, in.
= lesser of: (a) the distance from center of a bar or
wire to nearest concrete surface, and (b) one-half
the center-to-center spacing of bars or wiress being
developed, in.
= clear cover of reinforcement, in.
= projected distance from center
enter of an anchor shaft
hor rrequired to develop the
on one side of the anchor
hesive anchor,
anchor in.
full bond strength of a sin
single adhesive
= distance from the centerline
ter
off the row of an
anchors
ors
g to the centerli
in tension nearest the sh
shear lug
centerlinee of
the shear lug measuredd in the direction of shea
shear, in.
= distance from the interior
or face of the column to
t the
he
slab edge measured parallell to c1, but not exceeding
c1, in.
= dimension of rectangular or equivalent rectangular
c
column, capital, or bracket measured in the direction of the span for which moments are being determined, in.
= dimension of rectangular or equivalent rectangular
column, capital, or bracket measured in the direction perpendicular to c1, in.
= factor relating actual moment diagram to an equivalent uniform moment diagram
GLVWDQFHIURPH[WUHPHFRPSUHVVLRQ¿EHUWRFHQWURLG
of longitudinal tension reinforcement, in.
GLVWDQFHIURPH[WUHPHFRPSUHVVLRQ¿EHUWRFHQWURLG
of longitudinal compression reinforcement, in.
= outside diameter of anchor or shaft diameter of
headed stud, headed bolt, or hooked bolt, in.
YDOXH VXEVWLWXWHG IRU da if an oversized anchor is
used, in.
= nominal maximum size of coarse aggregate, in.
= nominal diameter of bar, wire, or prestressing
strand, in.
dburst = distance from the anchorage device to the centroid
of the bursting force, Tburst, in.

dp

GLVWDQFHIURPH[WUHPHFRPSUHVVLRQ¿EHUWRFHQWURLG
of prestressed reinforcement, in.
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dpile = diameter of pile at footing base, in.
D
H൵HFWRIVHUYLFHGHDGORDG
H൵HFWRIVXSHULPSRVHGGHDGORDG
Ds
H൵HFW RI VHOIZHLJKW GHDG ORDG RI WKH FRQFUHWH
Dw
structural system
eanc

= eccentricity of the anchorage device or group of
devices with respect to the centroid of the cross
section, in.

= distance from the inner surface of the shaft of a Jor L-bolt to the outer tip of the J- or L-bolt, in.
= distance between resultant tension load on a group
eƍN
of anchors loaded in tension and the centroid of the
group of anchors loaded in tension, in.; eƍN is always
positive
= distance between resultant shear load on a group of
eƍV
anchors loaded in shear in the same direction, and
the centroid of the group of anchors loaded in shear
in the same direction, in.; eƍV is always positive
QGXFHG
E
H൵HFWRIKRUL]RQWDODQGYHUWLFDOHDUWKTXDNHLQGXFHG
forces
= modulus of elasticity of concrete,
rete, psi
Ec
eam co
concrete, psi
Ecb = modulus of elasticity of beam
Ecs = modulus of elasticity of slab concrete, psi
2
PE
-lb
EI
ÀH[XUDOVWL൵QHVVRIPHPEHULQ
QHV
PHPEHULQ2-lb
(EI)Hৼ H൵HFWLYHÀH[XUDOVWL൵QHVVRIPHPEHULQ
= modulus of elasticity off prestressing
essing reinforcem
reinforcement,
ent,
Ep
psi
= modulus of elasticity off rreinforcement
orcement and sstruccEs
i
tural steel, excluding prestressing reinforcement,
psi
VSHFL¿HGFRPSUHVVLYHVWUHQJWKRIFRQFUHWHSVL
fcƍ
f c′
VTXDUH URRW RI VSHFL¿HG FRPSUHVVLYH VWUHQJWK RI
RI
concrete, psi
VSHFL¿HGFRPSUHVVLYHVWUHQJWKRIFRQFUHWHDWWLPH
fciƍ
of initial prestress, psi
f ci′
VTXDUH URRW RI VSHFL¿HG FRPSUHVVLYH VWUHQJWK RI
concrete at time of initial prestress, psi
H൵HFWLYHFRPSUHVVLYHVWUHQJWKRIWKHFRQFUHWHLQD
fce
strut or a nodal zone, psi
VWUHVVGXHWRXQIDFWRUHGGHDGORDGDWH[WUHPH¿EHU
fd
of section where tensile stress is caused by externally applied loads, psi
= decompression stress; stress in the prestressed reinfdc
forcement if stress is zero in the concrete at the
same level as the centroid of the prestressed reinforcement, psi
= compressive stress in concrete, after allowance
fpc
for all prestress losses, at centroid of cross section
resisting externally applied loads or at junction of
ZHEDQGÀDQJHZKHUHWKHFHQWURLGOLHVZLWKLQWKH
ÀDQJHSVL,QDFRPSRVLWHPHPEHUfpc is the resultant compressive stress at centroid of composite
VHFWLRQRUDWMXQFWLRQRIZHEDQGÀDQJHZKHUHWKH
FHQWURLGOLHVZLWKLQWKHÀDQJHGXHWRERWKSUHVWUHVV
eh
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fpe

fps
fpu
fpy
fr
fs
fs ƍ
fse

COMMENTARY

and moments resisted by precast member acting
alone
FRPSUHVVLYHVWUHVVLQFRQFUHWHGXHRQO\WRH൵HFWLYH
prestress forces, after allowance for all prestress
ORVVHVDWH[WUHPH¿EHURIVHFWLRQLIWHQVLOHVWUHVVLV
caused by externally applied loads, psi
VWUHVVLQSUHVWUHVVHGUHLQIRUFHPHQWDWQRPLQDOÀH[ural strength, psi
VSHFL¿HGWHQVLOHVWUHQJWKRISUHVWUHVVLQJUHLQIRUFHment, psi
VSHFL¿HG \LHOG VWUHQJWK RI SUHVWUHVVLQJ UHLQIRUFHment, psi
= modulus of rupture of concrete, psi
= tensile stress in reinforcement at service loads,
excluding prestressed reinforcement, psi
FRPSUHVVLYHVWUHVVLQUHLQIRUFHPHQWXQGHUIDFWRUHG
loads, excluding prestressed reinforcement, psi
H൵HFWLYH VWUHVV LQ SUHVWUHVVHG UHLQIRUFHPHQW DIWHU
allowance for all prestress losses, psi
fsi

ft

futa
fy
fya
fyt
F
Fnn
Fns
Fnt
Fun
Fus
Fut
h
ha

=
=
=
=
=
=
=
=

= stress in the i-th layer of surface reinforcement, psi

H[WUHPH ¿EHU VWUHVV LQ WKH SUHFRPSUHVVHG
UHFRPSUH
WHQVLRQ
zone calculated at service loads using gross section
nce oof all prestress losses,
properties after allowance
psi
VSHFL¿HGWHQVLOHVWUHQJWKRIDQFKRUVWHHOSVL
JWK
FKRUVWHHOSVL
VSHFL¿HG \LHOG VWUHQJWK
JWK IRU QRQSUHVWUHVVHG UHLQHLQforcement, psi
VSHFL¿HG\LHOGVWUHQJWKRIDQFKRUVWHHOSVL
RI
RUVWHHOSVL
VSHFL¿HG \LHOG VWUHQJWK RI WUDQVYHUVH UHLQIRUFHment, psi
H൵HFWRIVHUYLFHORDGGXHWRÀXLGVZLWKZHOOGH¿QHG
pressures and maximum heights
nominal strength at face of a nodal zone, lb
nominal strength of a strut, lb
nominal strength of a tie, lb
factored force on the face of a node, lb
factored compressive force in a strut, lb
factored tensile force in a tie, lb
overall thickness, height, or depth of member, in.
thickness of member in which an anchor is located,
measured parallel to anchor axis, in.
hanc = dimension of anchorage device or single group of
closely spaced devices in the direction of bursting
being considered, in.
H൵HFWLYHHPEHGPHQWGHSWKRIDQFKRULQ

hef

hƍef

hef,sl
hsl
hV[
hu

=
=
=
=

= limiting value of hef where anchors are located less
than 1.5hef from three or more edges, in.; refer to
Fig. R17.6.2.1.2

H൵HFWLYHHPEHGPHQWGHSWKRIVKHDUOXJLQ
embedment depth of shear lug, in.
story height for story [, in.
laterally unsupported height at extreme compresVLRQ¿EHURIZDOORUZDOOSLHULQHTXLYDOHQWWRƐu
for compression members
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CODE

h[

H

I
Ib
Icr
Ie
Ig
Is
Ise
k
kc
kcp
kf
kn

= height of entire wall from base to top, or clear
height of wall segment or wall pier considered, in.
= height of entire structural wall above the critical
VHFWLRQIRUÀH[XUDODQGD[LDOORDGVLQ
= maximum center-to-center spacing of longitudinal
bars laterally supported by corners of crossties or
hoop legs around the perimeter of a column or wall
boundary element, in.
H൵HFWRIVHUYLFHORDGGXHWRODWHUDOHDUWKSUHVVXUH
ground water pressure, or pressure of bulk materials, lb
= moment of inertia of section about centroidal axis,
in.4
= moment of inertia of gross section of beam about
centroidal axis, in.4
= moment of inertia of cracked section transformed
to concrete, in.4
H൵HFWLYH PRPHQW RI LQHUWLD IRU FDOFXODWLRQ RI
GHÀHFWLRQLQ4
= moment of inertia of gross concrete
te section about
nforceme in.4
centroidal axis, neglecting reinforcement,
= moment of inertia of gross
ss sec
section of slab about
centroidal axis, in.4
= moment of inertia of reinforcement
info
ent about centr
centroidal
al
axis of member cross sec
section, in.4
H൵HFWLYHOHQJWKIDFWRUIRUFRPSUHVVLRQPHPEHUV
IR
PSUHVVLRQPHPE V
FRH൶FLHQW IRU EDVLF FRQFUHWH
RQ
EUHDNRXW VWUHQJ
VWUHQJWK
K LQ
tension
FRH൶FLHQWIRUSU\RXWVWUHQJWK
= concrete strength factor
FRQ¿QHPHQWH൵HFWLYHQHVVIDFWRU

Ktr

= transverse reinforcement index, in.

Ɛ

= span length of beam or one-way slab; clear projection of cantilever, in.

Not. & Term.

hwcs

COMMENTARY

2

hw

Kt

WRUVLRQDO VWL൵QHVV RI PHPEHU PRPHQW SHU XQLW
rotation

K05

FRH൶FLHQWDVVRFLDWHGZLWKWKHSHUFHQWIUDFWLOH

Ɛanc

= length along which anchorage of a tie must occur,
in.
= width of bearing, in.

Ɛb
Ɛbe
Ɛa
Ɛc
Ɛcb
Ɛd
Ɛdc
Ɛdb

21

= length of boundary element from compression face
of member, in.
= additional embedment length beyond centerline of
VXSSRUWRUSRLQWRILQÀHFWLRQLQ
= length of compression member, measured centerto-center of the joints, in.
= arc length of bar bend along centerline of bar, in.
= development length in tension of deformed bar,
deformed wire, plain and deformed welded wire
reinforcement, or pretensioned strand, in.
= development length in compression of deformed
bars and deformed wire, in.
= debonded length of prestressed reinforcement at
end of member, in.
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CODE
Ɛdh

Ɛdt
Ɛe
ƐH[W
Ɛn
Ɛo
Ɛsc
Ɛst
Ɛt

Ɛtr
Ɛu
Ɛw
Ɛ1
Ɛ2
L
Lr

COMMENTARY

= development length in tension of deformed bar or
deformed wire with a standard hook, measured
from outside end of hook, point of tangency, toward
critical section, in.
= development length in tension of headed deformed
bar, measured from the bearing face of the head
toward the critical section, in.
= load bearing length of anchor for shear, in.
= straight extension at the end of a standard hook, in.
= length of clear span measured face-to-face of
supports, in.
= length, measured from joint face along axis of
member, over which special transverse reinforcement must be provided, in.
= compression lap splice length, in.
= tension lap splice length, in.
= span of member under load test, taken as the shorter
span for two-way slab systems, in. Span is the
pports,
lesser of: (a) distance between centers of supports,
ports plus thickand (b) clear distance between supports
ness h of member. Span for a cantile
cantilever shall be
taken as twice the distancee from face of support to
cantilever end
= transfer length of prestressed
res
reinforcement,
inforcement, in
in.
= unsupported length of co
column or wall, in.
= length of entire wall, or length
h of wall segme
segmentt or
on of shear forc
wall pier considered in ddirection
force, in.
= length of span in direction
on that moments are bbeing
ng
t
determined, measured center-to-center
of supports,
in.
= length of span in direction perpendicular to Ɛ1,
measured center-to-center of supports, in.
H൵HFWRIVHUYLFHOLYHORDG
H൵HFWRIVHUYLFHURRIOLYHORDG
M

Ma
Mc

Mcr
Mcre
MPD[
Mn
Mnb
Mnc

Mpr

= moment acting on anchor or anchor group, in.-lb

= maximum moment in member due to service loads
DWVWDJHGHÀHFWLRQLVFDOFXODWHGLQOE
IDFWRUHG PRPHQW DPSOL¿HG IRU WKH H൵HFWV RI
member curvature used for design of compression
member, in.-lb
= cracking moment, in.-lb
PRPHQWFDXVLQJÀH[XUDOFUDFNLQJDWVHFWLRQGXHWR
externally applied loads, in.-lb
= maximum factored moment at section due to externally applied loads, in.-lb
QRPLQDOÀH[XUDOVWUHQJWKDWVHFWLRQLQOE
QRPLQDO ÀH[XUDO VWUHQJWK RI EHDP LQFOXGLQJ VODE
where in tension, framing into joint, in.-lb
QRPLQDO ÀH[XUDO VWUHQJWK RI FROXPQ IUDPLQJ LQWR
joint, calculated for factored axial force, consistent with the direction of lateral forces considered,
UHVXOWLQJLQORZHVWÀH[XUDOVWUHQJWKLQOE
SUREDEOH ÀH[XUDO VWUHQJWK RI PHPEHUV ZLWK RU
without axial load, determined using the properties of the member at joint faces assuming a tensile
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CODE

Msc

=

Mu =
Mua =

M1

=

M1ns =

M1s

=

M2

=

M2,PLQ =
M2ns =

M2s

=

n

=

nƐ

=

ns

=

stress in the longitudinal bars of at least 1.25fy and
DVWUHQJWKUHGXFWLRQIDFWRUࢥRILQOE
maximum moment in wall due to service loads,
excluding P¨H൵HFWVLQOE
factored slab moment that is resisted by the column
at a joint, in.-lb
factored moment at section, in.-lb
moment at midheight of wall due to factored lateral
and eccentric vertical loads, not including P¨
H൵HFWVLQOE
lesser factored end moment on a compression
member, in.-lb
factored end moment on a compression member at
the end at which M1 acts, due to loads that cause no
DSSUHFLDEOHVLGHVZD\FDOFXODWHGXVLQJD¿UVWRUGHU
elastic frame analysis, in.-lb
factored end moment on compression member at
the end at which M1 acts, due to loads that cause
W RUGHU
DSSUHFLDEOHVLGHVZD\FDOFXODWHGXVLQJD¿UVWRUGHU
elastic frame analysis, in.-lb
greater factored end moment
nt on a compression
oading occurs between
member. If transverse loading
supports, M2 is taken as the largest moment occurpositive,
e,
ring in member. Valuee oof M2 is always pos
in.-lb
minimum value of M2, iin.-lb
factored end moment on compression
mpression memb
memberr at
o loads that cau
cause no
the end at which M2 acts,, ddue to
DSSUHFLDEOHVLGHVZD\FDOFXODWHGXVLQJD¿UVWRUGHU
elastic frame analysis, in.-lb
factored end moment on compression member at
se
the end at which M2 acts, due to loads that cause
DSSUHFLDEOHVLGHVZD\FDOFXODWHGXVLQJD¿UVWRUGHU
elastic frame analysis, in.-lb
number of items, such as, bars, wires, monostrand
anchorage devices, or anchors
number of longitudinal bars around the perimeter of
a column core with rectilinear hoops that are laterally supported by the corner of hoops or by seismic
hooks. A bundle of bars is counted as a single bar
number of stories above the critical section

Not. & Term.

=
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2

Msa

nt
N
Na
Nag
Nb
Nba
Nc

23

= number of threads per inch
= tension force acting on anchor or anchor group, lb

= nominal bond strength in tension of a single adhesive anchor, lb
= nominal bond strength in tension of a group of
adhesive anchors, lb
= basic concrete breakout strength in tension of a
single anchor in cracked concrete, lb
= basic bond strength in tension of a single adhesive
anchor, lb
= resultant tensile force acting on the portion of the
concrete cross section that is subjected to tensile
VWUHVVHV GXH WR WKH FRPELQHG H൵HFWV RI VHUYLFH
ORDGVDQGH൵HFWLYHSUHVWUHVVOE
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= nominal concrete breakout strength in tension of a
single anchor, lb
Ncbg = nominal concrete breakout strength in tension of a
group of anchors, lb
Ncp = basic concrete pryout strength of a single anchor, lb
Ncpg = basic concrete pryout strength of a group of
anchors, lb
Nn = nominal strength in tension, lb
Np = pullout strength in tension of a single anchor in
cracked concrete, lb
Npn = nominal pullout strength in tension of a single
anchor, lb
Nsa = nominal strength of a single anchor or individual
anchor in a group of anchors in tension as governed
by the steel strength, lb
Nsb = side-face blowout strength of a single anchor, lb
Nsbg = side-face blowout strength of a group of anchors, lb
Nu = factored axial force normal to cross section occurken as
ring simultaneously with Vu or Tu; to be taken
tive for tension,
positive for compression and negative
lb
plied to anchor or indiNua = factored tensile force applied
p of aanchors, lb
vidual anchor in a group
rce applied
ed to anchor ggroup,
p,
Nua,g = total factored tensile force
lb
ed to most hhighly
ghly
Nua,i = factored tensile forcee applied
ou of anchors, lb
stressed anchor in a group
on load, lb
Nua,s = factored sustained tension
l to a bbearing connecNuc = factored restraint force applied
tion acting perpendicular to and simultaneously
with Vu, to be taken as positive for tension, lb
ed
NXFPD[= maximum restraint force that can be transmitted
through the load path of a bearing connection
multiplied by the load factor used for live loads in
FRPELQDWLRQVZLWKRWKHUIDFWRUHGORDGH൵HFWV
pcp = outside perimeter of concrete cross section, in.
= perimeter of centerline of outermost closed transph
verse torsional reinforcement, in.
Pa = maximum allowable compressive strength of a
deep foundation member, lb
= critical buckling load, lb
Pc
Pn = nominal axial compressive strength of member, lb
PQPD[ = maximum nominal axial compressive strength of a
member, lb
Pnt = nominal axial tensile strength of member, lb
PQWPD[ = maximum nominal axial tensile strength of member,
lb
Po = nominal axial strength at zero eccentricity, lb
Ppu = factored prestressing force at anchorage device, lb
= unfactored axial load at the design, midheight
Ps
VHFWLRQLQFOXGLQJH൵HFWVRIVHOIZHLJKWOE
Pu = factored axial force; to be taken as positive for
compression and negative for tension, lb
Ncb

Pį

VHFRQGDU\PRPHQWGXHWRLQGLYLGXDOPHPEHUVOHQderness, in.-lb

American Concrete Institute – Copyrighted © Material – www.concrete.org

PART 1: GENERAL

=
=
=

si

=

so

=

ss
sw
s2

=
=
=

S
SDS

=

Se

=

SP
Sn

=
=

Sy

=

t
tf
tsl
T

=

=

=

VHFRQGDU\PRPHQWGXHWRODWHUDOGHÀHFWLRQLQOE
IDFWRUHGORDGSHUXQLWDUHDOEIW2
stability index for a story
radius of gyration of cross section, in.
bend radius at the inside of a bar, in.
FXPXODWLYHORDGH൵HFWRIVHUYLFHUDLQORDG
center-to-center spacing of items, such as longitudinal reinforcement, transverse reinforcement,
tendons, or anchors, in.
center-to-center spacing of reinforcement in the i-th
direction adjacent to the surface of the member, in.
center-to-center spacing of transverse reinforcement within the length Ɛo, in.
sample standard deviation, psi
clear distance between adjacent webs, in.
center-to-center spacing of longitudinal shear or
torsional reinforcement, in.
H൵HFWRIVHUYLFHVQRZORDG
5 percent damped, spectral response acceleration
eration
mined in accorparameter at short periods determined
ng code
dance with the general building
moment, shear, or axial force
orce aat connection corrent oof probable strength at
sponding to development
ns, based
d on the gove
ng
intended yield locations,
governing
sidmechanism of inelasticc la
lateral deformation, co
considH
XDNH
HULQJERWKJUDYLW\DQGHDUWKTXDNHH൵HFWV
elastic section modulus,
s, in.3
nominal moment, shear,, aaxial, torsion, or be
bearing
ng
strength
yield strength of connection, based on fy of the
connected part, for moment, shear, torsion, or axial
force, psi
wall thickness of hollow section, in.
WKLFNQHVVRIÀDQJHLQ
thickness of shear lug, in.
FXPXODWLYH H൵HFWV RI VHUYLFH WHPSHUDWXUH FUHHS
VKULQNDJH GL൵HUHQWLDO VHWWOHPHQW DQG VKULQNDJH
compensating concrete

R

= reaction, lb

T

= tension force acting on a nodal zone in a strut-andtie model, lb (T LV DOVR XVHG WR GH¿QH WKH FXPXODWLYHH൵HFWVRIVHUYLFHWHPSHUDWXUHFUHHSVKULQNDJH
GL൵HUHQWLDOVHWWOHPHQWDQGVKULQNDJHFRPSHQVDWLQJ
FRQFUHWHLQWKHORDGFRPELQDWLRQVGH¿QHGLQ
= tensile force in general zone acting ahead of the
anchorage device caused by spreading of the
anchorage force, lb

2

P¨
qu
Q
r
rb
R
s

COMMENTARY

Tburst

Tcr
Tt
Tth
Tn
Tu
U

vc

Not. & Term.

CODE

25

=
=
=
=
=
=

cracking torsional moment, in.-lb
total test load, lb
threshold torsional moment, in.-lb
nominal torsional moment strength, in.-lb
factored torsional moment at section, in.-lb
strength of a member or cross section required to
resist factored loads or related internal moments
and forces in such combinations as stipulated in
this Code
= stress corresponding to nominal two-way shear
strength provided by concrete, psi
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vn
vs

vu
vuv

COMMENTARY

= equivalent concrete stress corresponding to nominal
two-way shear strength of slab or footing, psi
= equivalent concrete stress corresponding to nominal
two-way shear strength provided by reinforcement,
psi
= maximum factored two-way shear stress calculated
around the perimeter of a given critical section, psi
= factored shear stress on the slab critical section for
two-way action, from the controlling load combination, without moment transfer, psi
V
V||
Vŏ

= shear force acting on anchor or anchor group, lb
= maximum shear force that can be applied parallel to
the edge, lb
= maximum shear force that can be applied perpendicular to the edge, lb

= basic concrete breakout strength in shear of a single
anchor in cracked concrete, lb
Vbrg,sl = nominal bearing strength of a shear lug in direction
of shear, lb
= nominal shear strength provided by
y concrete, lb
Vc
trength in shear of a
Vcb = nominal concrete breakout strength
single anchor, lb
kout strength in shear of a
Vcbg = nominal concrete breakout
group of anchors, lb
eak
strength in she
shear of
Vcb,sl = nominal concrete breakout
attachment with shear lu
lugs, lb
provided
ed by concrete w
where
here
Vci = nominal shear strength pr
nd
diagonal cracking resultss ffrom combined shea
shear and
moment, lb
Vcp = nominal concrete pryout strength of a single anchor,
lb
Vcpg = nominal concrete pryout strength of a group of
anchors, lb
Vcw = nominal shear strength provided by concrete where
diagonal cracking results from high principal
tensile stress in web, lb
Vd = shear force at section due to unfactored dead load,
lb
= design shear force for load combinations including
Ve
HDUWKTXDNHH൵HFWVOE
= factored shear force at section due to externally
Vi
applied loads occurring simultaneously with MPD[,
lb
Vn = nominal shear strength, lb
Vnh = nominal horizontal shear strength, lb
YHUWLFDO FRPSRQHQW RI H൵HFWLYH SUHVWUHVV IRUFH DW
Vp
section, lb
= nominal shear strength provided by shear reinforceVs
ment, lb
Vsa = nominal shear strength of a single anchor or individual anchor in a group of anchors as governed by
the steel strength, lb
= factored shear force at section, lb
Vu
Vua = factored shear force applied to a single anchor or
group of anchors, lb
Vb
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CODE

27

COMMENTARY

2

Not. & Term.

Vua,g = total factored shear force applied to anchor group,
lb
Vua,i = factored shear force applied to most highly stressed
anchor in a group of anchors, lb
Vuh = factored shear force along contact surface in
FRPSRVLWHFRQFUHWHÀH[XUDOPHPEHUOE
Vus = factored horizontal shear in a story, lb
VX[ = factored shear force at section in the x-direction, lb
Vu,y = factored shear force at section in the y-direction, lb
VQ[ = shear strength in the x-direction
Vn,y = shear strength in the y-direction
wc = density, unit weight, of normalweight concrete or
HTXLOLEULXPGHQVLW\RIOLJKWZHLJKWFRQFUHWHOEIW3
ws
wt

H൵HFWLYHWLHZLGWKLQDVWUXWDQGWLHPRGHOLQ

wt
wWPD[

= width of a strut perpendicular to the axis of the
strut, in.
H൵HFWLYH KHLJKW RI FRQFUHWH FRQFHQWULF ZLWK D WLH
used to dimension nodal zone, in.
PD[LPXP H൵HFWLYH KHLJKW RI FRQFUHWH FRQFHQWULF
with a tie, in.

= factored load per unit length of beam
eam or one-way
VODEOELQ
als rat
wFP = water-cementitious materials
ratio
W
H൵HFWRIZLQGORDG

wu

yt
Į
Įc
Įf

ĮIP
Įs
Į1
ȕ
ȕb
ȕc
ȕdns
ȕds
ȕn
ȕs

= distance from centroidal
ida axis
is of gross sec
section,
on,
en to tension
ension face, in.
neglecting reinforcement,
QWD
RIUHLQIRUFHPHQ
DQJOHGH¿QLQJWKHRULHQWDWLRQRIUHLQIRUFHPHQW
FRH൶FLHQW GH¿QLQJ WKH
H UHODWLYH
YH FRQWULEXWLR
FRQWULEXWLRQ RI
h strength
concrete strength to nominal wall shear
UDWLR RI ÀH[XUDO VWL൵QHVV RI EHDP VHFWLRQ WR ÀH[XUDOVWL൵QHVVRIDZLGWKRIVODEERXQGHGODWHUDOO\E\
de
centerlines of adjacent panels, if any, on each side
of the beam
DYHUDJHYDOXHRIĮf for all beams on edges of a panel
= constant used to calculate Vc in slabs and footings
= minimum angle between unidirectional distributed
reinforcement and a strut
UDWLR RI ORQJ WR VKRUW GLPHQVLRQV FOHDU VSDQV IRU
two-way slabs, sides of column, concentrated load
or reaction area; or sides of a footing
UDWLRRIDUHDRIUHLQIRUFHPHQWFXWR൵WRWRWDODUHDRI
tension reinforcement at section
FRQ¿QHPHQW PRGL¿FDWLRQ IDFWRU IRU VWUXWV DQG
nodes in a strut-and-tie model
UDWLR XVHG WR DFFRXQW IRU UHGXFWLRQ RI VWL൵QHVV RI
columns due to sustained axial loads
= the ratio of maximum factored sustained shear
within a story to the maximum factored shear in that
story associated with the same load combination
IDFWRUXVHGWRDFFRXQWIRUWKHH൵HFWRIWKHDQFKRUDJH
RI WLHV RQ WKH H൵HFWLYH FRPSUHVVLYH VWUHQJWK RI D
nodal zone
IDFWRUXVHGWRDFFRXQWIRUWKHH൵HFWRIFUDFNLQJDQG
FRQ¿QLQJUHLQIRUFHPHQWRQWKHH൵HFWLYHFRPSUHVsive strength of the concrete in a strut

Wa

= ser
service-level
evel wind load, lb

Įf

= EcbbIbE
EcssIs
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ȕ1
Ȗf
Ȗp
Ȗs
Ȗv
į
įc
įs
įu
¨cr
¨n
¨o
¨fp
¨fps

COMMENTARY

= factor relating depth of equivalent rectangular
compressive stress block to depth of neutral axis
= factor used to determine the fraction of Msc transIHUUHGE\VODEÀH[XUHDWVODEFROXPQFRQQHFWLRQV
= factor used for type of prestressing reinforcement
= factor used to determine the portion of reinforcement located in center band of footing
= factor used to determine the fraction of Msc transferred by eccentricity of shear at slab-column
connections
PRPHQWPDJQL¿FDWLRQIDFWRUXVHGWRUHÀHFWH൵HFWV
of member curvature between ends of a compression member
= wall displacement capacity at top of wall, in.
PRPHQW PDJQL¿FDWLRQ IDFWRU XVHG IRU IUDPHV QRW
EUDFHG DJDLQVW VLGHVZD\ WR UHÀHFW ODWHUDO GULIW
resulting from lateral and gravity loads
= design displacement, in.
FDOFXODWHG RXWRISODQH GHÀHFWLRQ DW PLGKHLJKW
LJKW RI
ment Mcr, in.
wall corresponding to cracking moment
FDOFXODWHG RXWRISODQH GHÀHFWLRQ
FWLRQ DW P
PLGKHLJKW RI
PLQDOÀ
ZDOOFRUUHVSRQGLQJWRQRPLQDOÀH[XUDOVWUHQJWKM
n,
in.
UHODWLYH ODWHUDO GHÀHFWLRQ
WLRQ EHWZHHQ
ZHHQ WKH WRS
WRS DQG
G
n.
bottom of a story due to Vus, in.
= increase in stress in prestressed
re
ed reinforcemen
reinforcement due
to factored loads, psi
= stress in prestressed reinforcement
nfo ment at service loads
ds
less decompression stress, psi
¨fpt

¨r

¨s
¨u
¨[
¨1
¨2

GL൵HUHQFH
൵HUHQFH EEHWZHHQ WKH VWUHVV WKDW FDQ EH GHYHOoped in the prestressed reinforcement at the section
under consideration and the stress required to resist
factored bending moment at section, MuࢥSVL

UHVLGXDOGHÀHFWLRQPHDVXUHGKRXUVDIWHUUHPRYDO
RI WKH WHVW ORDG )RU WKH ¿UVW ORDG WHVW UHVLGXDO
GHÀHFWLRQLVPHDVXUHGUHODWLYHWRWKHSRVLWLRQRIWKH
VWUXFWXUHDWWKHEHJLQQLQJRIWKH¿UVWORDGWHVW)RU
WKHVHFRQGORDGWHVWUHVLGXDOGHÀHFWLRQLVPHDVXUHG
relative to the position of the structure at the beginning of the second load test, in.
RXWRISODQHGHÀHFWLRQGXHWRVHUYLFHORDGVLQ
FDOFXODWHG RXWRISODQH GHÀHFWLRQ DW PLGKHLJKW RI
wall due to factored loads, in.
= design story drift of story [, in.
PD[LPXP GHÀHFWLRQ GXULQJ ¿UVW ORDG WHVW
measured 24 hours after application of the full test
load, in.
PD[LPXP GHÀHFWLRQ GXULQJ VHFRQG ORDG WHVW
measured 24 hours after application of the full test
ORDG'HÀHFWLRQLVPHDVXUHGUHODWLYHWRWKHSRVLWLRQ
of the structure at the beginning of the second load
test, in.
İcu

= maximum usable strain at extreme concrete
FRPSUHVVLRQ¿EHU
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İty
ș
Ȝ

= net tensile strain in extreme layer of longitudinal tension reinforcement at nominal strength,
H[FOXGLQJVWUDLQVGXHWRH൵HFWLYHSUHVWUHVVFUHHS
shrinkage, and temperature
= value of net tensile strain in the extreme layer of
ORQJLWXGLQDOWHQVLRQUHLQIRUFHPHQWXVHGWRGH¿QHD
compression-controlled section
DQJOHEHWZHHQD[LVRIVWUXWFRPSUHVVLRQGLDJRQDO
RU FRPSUHVVLRQ ¿HOG DQG WKH WHQVLRQ FKRUG RI WKH
members
PRGL¿FDWLRQIDFWRUWRUHÀHFWWKHUHGXFHGPHFKDQical properties of lightweight concrete relative to
normalweight concrete of the same compressive
strength

Ȝa
Ȝ¨
Ȝs

=

ȝ
ȟ
ȡ
ȡƍ
ȡƐ

=

ȡp
ȡs

=
=

ȡt

=

ȡv

=

ȡw

=

ࢥ
ࢥp

Ĳcr

2

İt

COMMENTARY

Not. & Term.

CODE

29

Ȝ

LQ PRVW FDVHV WKH UHGXFWLRQ LQ PHFKDQLFDO SURSerties is caused by the reduced ratio of tensileto-compressive strength of lightweight concrete
compared to normalweight concrete. There are
LQVWDQFHV LQ WKH &RGH ZKHUH Ȝ LV XVHG DV D PRGL¿HUWRUHGXFHH[SHFWHGSHUIRUPDQFHRIOLJKWZHLJKW
concrete where the reduction is not related directly
to tensile strength.

Ȣ

H[SRQHQWV\PEROLQWHQVLOHVKHDUIRUFHLQWHUDFWLRQ
equation

ࢥK

VWL൵QHVVUHGXFWLRQIDFWRU

ı

ZDOO ERXQGDU\ H[WUHPH ¿EHU FRQFUHWH QRPLQDO
compressive stress, psi

PRGL¿FDWLRQIDFWRUWRUHÀHFWWKHUHGXFHGPHFKDQKDQ
ncrete in certain
ical properties of lightweight concrete
ns
concrete anchorage applications
PXOWLSOLHU XVHG IRU DGGLWLRQDO
LRQDO GHÀHFWLRQ GXH WR
ORQJWHUPH൵HFWV
factor used to modify she
shear strength
ength based oon the
he
SWK
PRQO\UHIHUUHG RDV
H൵HFWVRIPHPEHUGHSWKFRPPRQO\UHIHUUHGWRDV
WKHVL]HH൵HFWIDFWRU
FRH൶FLHQWRIIULFWLRQ
RU
LQHGORDG
WLPHGHSHQGHQWIDFWRUIRUVXVWDLQHGORDG
UDWLRRIAs to bd
UDWLRRIAsƍWRbd
ratio of area of distributed longitudinal reinforceat
ment to gross concrete area perpendicular to that
reinforcement
ratio of Aps to bdp
ratio of volume of spiral reinforcement to total
YROXPH RI FRUH FRQ¿QHG E\ WKH VSLUDO PHDVXUHG
out-to-out of spirals
ratio of area of distributed transverse reinforcement to gross concrete area perpendicular to that
reinforcement
ratio of tie reinforcement area to area of contact
surface
ratio of As to bwd
VWUHQJWKUHGXFWLRQIDFWRU

= strength reduction factor for moment in pretensioned member at cross section closest to the end of
the member where all strands are fully developed

= characteristic bond stress of adhesive anchor in
cracked concrete, psi
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COMMENTARY

Ĳuncr = characteristic bond stress of adhesive anchor in
uncracked concrete, psi
ȥbrg,sl = shear lug bearing factor used to modify bearing
VWUHQJWK RI VKHDU OXJV EDVHG RQ WKH LQÀXHQFH RI
axial load
= factor used to modify development length based on
ȥc
concrete strength
ȥc,N = breakout cracking factor used to modify tensile
VWUHQJWKRIDQFKRUVEDVHGRQWKHLQÀXHQFHRIFUDFNV
in concrete
ȥc,P = pullout cracking factor used to modify pullout
VWUHQJWKRIDQFKRUVEDVHGRQWKHLQÀXHQFHRIFUDFNV
in concrete
ȥc,V = breakout cracking factor used to modify shear
VWUHQJWKRIDQFKRUVEDVHGRQWKHLQÀXHQFHRIFUDFNV
in concrete and presence or absence of supplementary reinforcement
ȥcp,N = breakout splitting factor used to modify tensile
ed for
strength of post-installed anchors intended
use in uncracked concrete withoutt supplementary
reinforcement to account forr the spli
splitting tensile
stresses
d to modify tensile strength
ȥcp,Na = bond splitting factor used
ten
d
of adhesive anchors intended
forr use in uncra
uncracked
pp
ntary reinforce
ent
concrete without supplementary
reinforcement
itt
ensile stresses dduee to
to account for the splitting
tensile
installation
= factor used to modify development
eve ment length bas
based on
ȥe
reinforcement coating
ȥec,N = breakout eccentricity factor used to modify tensile
strength of anchors based on eccentricity of applied
loads
ȥec,Na = breakout eccentricity factor used to modify tensile
strength of adhesive anchors based on eccentricity
of applied loads
ȥec,V = breakout eccentricity factor used to modify shear
strength of anchors based on eccentricity of applied
loads
EUHDNRXWHGJHH൵HFWIDFWRUXVHGWRPRGLI\WHQVLOH
ȥed,N
strength of anchors based on proximity to edges of
concrete member
ȥed,Na EUHDNRXWHGJHH൵HFWIDFWRUXVHGWRPRGLI\WHQVLOH
strength of adhesive anchors based on proximity to
edges of concrete member
EUHDNRXW HGJH H൵HFW IDFWRU XVHG WR PRGLI\ VKHDU
ȥed,V
strength of anchors based on proximity to edges of
concrete member
ȥg = factor used to modify development length based on
grade of reinforcement
ȥh,V = breakout thickness factor used to modify shear
strength of anchors located in concrete members
with ha < 1.5ca1
ȥo = factor used to modify development length of hooked
DQGKHDGHGEDUVEDVHGRQVLGHFRYHUDQGFRQ¿QHPHQW
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CODE

ȥs
ȥt
ȥw
ȍo
ȍv
Ȧv

= factor used to modify development length for
headed reinforcement based on parallel tie
reinforcement
= factor used to modify development length based on
FRQ¿QLQJUHLQIRUFHPHQW
= factor used to modify development length based on
reinforcement size
= factor used to modify development length for
casting location in tension
= factor used to modify development length for
welded deformed wire reinforcement in tension
DPSOL¿FDWLRQIDFWRUWRDFFRXQWIRURYHUVWUHQJWKRI
the seismic-force-resisting system determined in
accordance with the general building code
= overstrength factor equal to the ratio of MprMu at
the wall critical section
IDFWRUWRDFFRXQWIRUG\QDPLFVKHDUDPSOL¿FDWLRQ

2.3—Terminology
rmulated from
adhesive—chemical components formulated
organic polymers, or a combination of organic ppolymers and
nded to
inorganic materials that cure if blended
together.
admixture—material other tha
than water, aggregate,
HU UUHLQIRUFHPHQW
UFHPHQW XVHG DV DQ
Q
FHPHQWLWLRXV PDWHULDOV DQG ¿EHU
ete,
ingredient, which is added to ggrout, mortar, or conc
concrete,
xi
o modify the fr
hly
either before or during its mixing,
to
freshly
per
of the mixture.
mixed, setting, or hardened properties
l, such
h as sand, gr
el,
aggregate—granular material,
gravel,
crushed stone, iron blast-furnace slag, or recycled aggregates including crushed hydraulic cement concrete, used
with a cementing medium to form concrete or mortar.

aggregate, lightweight—aggregate meeting the requirements of ASTM C330 and having a loose bulk density of
OEIW3 or less, determined in accordance with ASTM C29.
alternative cement—an inorganic cement that can be used
as a complete replacement for portland cement or blended
hydraulic cement, and that is not covered by applicable specL¿FDWLRQVIRUSRUWODQGRUEOHQGHGK\GUDXOLFFHPHQWV
anchor—a steel element either cast into concrete or
post-installed into a hardened concrete member and used to
transmit applied loads to the concrete.

Not. & Term.

ȥr

COMMENTARY

2

ȥp

31

R2.3—Terminology
R2.3

ag
egat
he use of recycled aggregate is addressed
aggregate—The
LQ WKH &RGH LQ  7
7KH GH¿QLWLRQ RI UHF\FOHG PDWHULDOV
33 is very broad and is likely to include matein ASTM C33
rialss that would not be expected to meet the intent of the
provisio of this Code for use in structural concrete. Use
provisions
of recycled aggregates including crushed hydraulic-cement
concrete in structural concrete requires additional precautions. See 26.4.1.2.1(c).
aggregate, lightweight—In some standards, the term
“lightweight aggregate” is being replaced by the term “lowdensity aggregate.”
alternative cements—Alternative cements are described
in the references listed in R26.4.1.1.1(b). Refer to
26.4.1.1.1(b) for precautions when using these materials in
concrete covered by this Code.
anchor—Cast-in anchors include headed bolts, hooked
bolts (J- or L-bolt), and headed studs. Post-installed anchors
include expansion anchors, undercut anchors, screw
anchors, and adhesive anchors; steel elements for adhesive
anchors include threaded rods, deformed reinforcing bars, or
internally threaded steel sleeves with external deformations.
Anchor types are shown in Fig. R2.1.
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COMMENTARY

hef

(a)

(b)

(c)

(d)

(A) Cast-in anchors: (a) hex head bolt with washer;
(b) L-bolt; (c) J-bolt; and (d) welded headed stud.

hef

(a)

(b)

hef

hef

(c1)

(c2)

(d)

hef

(e)

(B) Post-installed anchors: (a) adhesive anchor; (b) undercut anchor;
(c) torque-controlled expansion anchors [(c1) sleeve-type and (c2) stud-type];
(d) drop-in type displacement-controlled expansion anchor; and (e) screw anchor.
Fig. R2.1––Types of anchors.
anchor, adhesive—a post-installed anchor, inserted into
hardened concrete with an anchor hole diameter not greater
than 1.5 times the anchor diameter, that transfers loads to the
concrete by bond between the anchor and the adhesive, and
bond between the adhesive and the concrete.

anchor, cast-in—headed bolt, headed stud, or hooked
bolt installed before placing concrete.
anchor, expansion—post-installed anchor, inserted into
hardened concrete that transfers loads to or from the concrete
by direct bearing or friction, or both.

anchor, adhesive—The design model included in Chapter
17 for adhesive anchors is based on the behavior of anchors
with hole diameters not exceeding 1.5 times the anchor
diameter. Anchors with hole diameters exceeding 1.5 times
WKH DQFKRU GLDPHWHU EHKDYH GL൵HUHQWO\ DQG DUH WKHUHIRUH
excluded from the scope of Chapter 17 and ACI 355.4. To
limit shrinkage and reduce displacement under load, most
adhesive anchor systems require the annular gap to be as
QDUURZ DV SUDFWLFDO ZKLOH VWLOO PDLQWDLQLQJ VX൶FLHQW FOHDUDQFHIRULQVHUWLRQRIWKHDQFKRUHOHPHQWLQWKHDGKHVLYH¿OOHG
hole and ensuring complete coverage of the bonded area over
the embedded length. The annular gap for reinforcing bars is
generally greater than that for threaded rods. The required
hole size is provided in the Manufacturer’s Printed Installation Instructions (MPII).
anchor, expansion—Expansion anchors may be torquecontrolled, where the expansion is achieved by a torque
acting on the screw or bolt; or displacement controlled,
where the expansion is achieved by impact forces acting on
a sleeve or plug and the expansion is controlled by the length
of travel of the sleeve or plug.
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COMMENTARY

anchor, horizontal or upwardly inclined—Anchor
installed in a hole drilled horizontally or in a hole drilled at
any orientation above horizontal.

anchor, horizontal or upwardly inclined—Figure R2.2
illustrates the potential hole orientations for horizontal or
upwardly inclined anchors.

2

CODE

Not. & Term.

33

Fig. R2.2––Possible orientations of overhead, upwardly
inclined, or horizontal anchors.
anchor, post-installed—anchor installed in hardened
concrete; adhesive, expansion, screw, and undercut anchors
are examples of post-installed anchors.
anchor, screw—a post-installed threaded, mechanical
hanical
anchor inserted into hardened concrete that transfers loads
ardened tthreads of the
to the concrete by engagement of the hardened
eads ccut into the sidewall
screw with the grooves that the threads
of a predrilled hole during anchorr ins
installation.
tall anchor
chor that dev
ps
anchor, undercut—post-installed
develops
ec
al interlock prov
ded
its tensile strength from the mechanical
provided
by undercutting of the concretee aat the embedded end oof the
ed with a special drill bbefore
fore
anchor. Undercutting is achieved
tive by the anchor itself
elf
installing the anchor or alternatively
during its installation.
anchor group—a number of similar anchors having
DSSUR[LPDWHO\ HTXDO H൵HFWLYH HPEHGPHQW GHSWKV ZLWK
ed
spacing s between adjacent anchors such that the projected
areas overlap.
anchor pullout strength—the strength corresponding to
the anchoring device or a major component of the device
sliding out from the concrete without breaking out a substantial portion of the surrounding concrete.
anchorage device—in post-tensioned members, the hardware used to transfer force from prestressed reinforcement
to the concrete.

anchorage device, basic monostrand—anchorage device
XVHGZLWKDQ\VLQJOHVWUDQGRUDVLQJOHLQRUVPDOOHUGLDPHWHU
bar that is in accordance with 25.8.1, 25.8.2, and 25.9.3.1(a).
anchorage device, basic multistrand—anchorage device
used with multiple strands, bars, or wires, or with single bars
ODUJHUWKDQLQGLDPHWHUWKDWVDWLV¿HVDQG
25.9.3.1(b).
anchorage device, special—anchorage device that satis¿HVWHVWVUHTXLUHGLQ F 

anch
anchor, screw—The required predrilled hole size for a
screw anchor is provided by the anchor manufacturer.

group—Fo all potential failure modes (steel,
anchor group—For
crete breakou
concrete
breakout, pullout, side-face blowout, and pryout),
only tho
those anchors susceptible to a particular failure mode
should be considered when evaluating the strength associated with that failure mode.

anchorage device—Most anchorage devices for posttensioning are standard manufactured devices available from
commercial sources. In some cases, non-standard details or
assemblages are developed that combine various wedges
and wedge plates for anchoring prestressed reinforcement.
Both standard and non-standard anchorage devices may be
FODVVL¿HG DV EDVLF DQFKRUDJH GHYLFHV RU VSHFLDO DQFKRUDJH
GHYLFHVDVGH¿QHGLQWKLV&RGHDQG$$6+72/5)'8686
anchorage device, basic—Devices that are so proportioned that they can be checked analytically for compliDQFHZLWKEHDULQJVWUHVVDQGVWL൵QHVVUHTXLUHPHQWVZLWKRXW
having to undergo the acceptance-testing program required
of special anchorage devices.
anchorage device, special—Special anchorage devices
are any devices (monostrand or multistrand) that do not meet
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anchorage zone—in post-tensioned members, portion
of the member through which the concentrated prestressing
force is transferred to concrete and distributed more uniformly
across the section; its extent is equal to the largest dimension of the cross section; for anchorage devices located away
from the end of a member, the anchorage zone includes the
disturbed regions ahead of and behind the anchorage device.
attachment—structural assembly, external to the surface
of the concrete, that transmits loads to or receives loads from
the anchor.
h it is reasonable
B-region—portion of a member in which
WR DVVXPH WKDW VWUDLQV GXH WR ÀH[XUH YDU\ OLQH
OLQHDUO\ WKURXJK
section.
hich horizontal earthquake
base of structure—level at which
o be imparted
arted to a buil
g.
ground motions are assumed to
building.
y coincide
ide with the gr
und
This level does not necessarily
ground
level.
LP
WRÀH[XUHDQGV HDU
beam²PHPEHUVXEMHFWHGSULPDULO\WRÀH[XUHDQGVKHDU
orsi
beams in a mo
nt
with or without axial force or torsion;
moment
f
i system are
frame that forms part of the lateral-force-resisting
predominantly horizontal members; a girder is a beam.
boundary element—portion along wall and diaphragm
u
edge, including edges of openings, strengthened by longitudinal and transverse reinforcement.
breakout strength, concrete—strength corresponding to
a volume of concrete surrounding the anchor or group of
anchors separating from the member.
EXLOGLQJ R൶FLDO—term used to identify the Authority
having jurisdiction or individual charged with administration and enforcement of provisions of the building code.
Such terms as building commissioner or building inspector
DUHYDULDWLRQVRIWKHWLWOHDQGWKHWHUP³EXLOGLQJR൶FLDO´DV
used in this Code, is intended to include those variations, as
well as others that are used in the same sense.
caisson—see drilled pier.
cementitious materials—materials that have cementing
value if used in grout, mortar, or concrete, including portland cement, blended hydraulic cements, expansive cement,
À\DVKUDZRUFDOFLQHGQDWXUDOSR]]RODQVODJFHPHQWDQG
silica fume, but excluding alternative cements.
collector—element that acts in axial tension or compression to transmit forces between a diaphragm and a vertical
element of the lateral-force-resisting system.
column—member, usually vertical or predominantly
vertical, used primarily to support axial compressive load,
but that can also resist moment, shear, or torsion. Columns

COMMENTARY
the relevant PTI or AASHTO LFRDUS bearing stress and,
ZKHUH DSSOLFDEOH VWL൵QHVV UHTXLUHPHQWV 0RVW FRPPHUcially marketed multi-bearing surface anchorage devices
are special anchorage devices. As provided in 25.9.3, such
devices can be used only if they have been shown experimentally to be in compliance with the AASHTO requirements. This demonstration of compliance will ordinarily be
furnished by the device manufacturer.
anchorage zone—In post-tensioned members, the portion
of the member through which the concentrated prestressing
force is transferred to the concrete and distributed more
uniformly across the section. Its extent is equal to the largest
dimension of the cross section. For anchorage devices
located away from the end of a member, the anchorage
zone includes the disturbed regions ahead of and behind the
anchorage devices. Refer to Fig. R25.9.1.1b.

cementitious materials—Cementitious materials permitted
for use in this Code are addressed in 26.4.1.1. Fly ash, raw or
calcined natural pozzolan, slag cement, and silica fume are
considered supplementary cementitious materials.
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concrete, normalweight—concrete containing only
FRDUVHDQG¿QHDJJUHJDWHVWKDWFRQIRUPWRASTM C33 and
KDYLQJDGHQVLW\JUHDWHUWKDQOEIW3.
concrete, plain—structural concrete with no reinforcement or with less than the minimum amount of reinforcePHQWVSHFL¿HGIRUUHLQIRUFHGFRQFUHWH
concrete, precast—structural concrete element cast elseZKHUHWKDQLWV¿QDOSRVLWLRQLQWKHVWUXFWXUH
concrete, prestressed—reinforced concrete in which
internal stresses have been introduced by prestressed reinforcement to reduce potential tensile stresses in concrete
resulting from loads, and for two-way slabs, with at least the
minimum amount of prestressed reinforcement.

compliance requirements—Although primarily directed
to the contractor, the compliance requirements are also
commonly used by others involved with the project.

concrete,, nonpr
nonprestressed—Nonprestressed concrete
ally contains no prestressed reinforcement. Prestressed
usually
two
wa slabs require a minimum level of compressive
two-way
VWUHVVLQWKHFRQFUHWHGXHWRH൵HFWLYHSUHVWUHVVLQDFFRUGDQFH
with 8.6.2.1. Two-way slabs with less than this minimum
level of precompression are required to be designed as
nonprestressed concrete.
concrete, normalweight—Normalweight concrete typiFDOO\KDVDGHQVLW\ XQLWZHLJKW EHWZHHQDQGOEIW3,
DQGLVQRUPDOO\WDNHQDVWROEIW3.
concrete, plain—The presence of reinforcement, nonprestressed or prestressed, does not exclude the member from
EHLQJFODVVL¿HGDVSODLQFRQFUHWHSURYLGHGDOOUHTXLUHPHQWV
of Chapter 14 DUHVDWLV¿HG
concrete, prestressed²&ODVVHV RI SUHVWUHVVHG ÀH[XUDOPHPEHUVDUHGH¿QHGLQ24.5.2.1. Prestressed two-way
slabs require a minimum level of compressive stress in
WKH FRQFUHWH GXH WR H൵HFWLYH SUHVWUHVV LQ DFFRUGDQFH ZLWK
8.6.2.1. Although the behavior of a prestressed member with
unbonded tendons may vary from that of members with
continuously bonded prestressed reinforcement, bonded
and unbonded prestressed concrete are combined with
nonprestressed concrete under the generic term “reinforced
concrete.” Provisions common to both prestressed and
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used as part of a lateral-force-resisting system resist
combined axial load, moment, and shear. See also moment
frame.
column capital—enlargement of the top of a concrete
column located directly below the slab or drop panel that is
cast monolithically with the column.
compliance requirements—construction-related code
requirements directed to the contractor to be incorporated
into construction documents by the licensed design professional, as applicable.
FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHUV²FRQFUHWH ÀH[ural members of precast or cast-in-place concrete elements,
constructed in separate placements but connected so that all
elements respond to loads as a unit.
compression-controlled section—cross section in which
the net tensile strain in the extreme tension reinforcement at
nominal strength is less than or equal to the compressioncontrolled strain limit.
rain
compression-controlled strain limit—net tensile strain
at balanced strain conditions.
ement or any other
concrete—mixture of portland cement
WHFR
FHPHQWLWLRXVPDWHULDO¿QHDJJUHJDWHFRDUVHDJJUHJDWHDQG
s.
water, with or without admixtures.
ghtw
conta ng
concrete, all-lightweight—lightweight
concrete containing
HD
JDWHVWKDWFRQIRUPWR
RQO\OLJKWZHLJKWFRDUVHDQG¿QHDJJUHJDWHVWKDWFRQIRUPWR
ASTM C330.
cre containing
ntaining lightw
ght
concrete, lightweight—concrete
lightweight
ium density,
nsity, as determ
ed
aggregate and having an equilibrium
determined
3

.
by ASTM C567EHWZHHQDQGOEIW
concrete, nonprestressed—reinforced concrete with at
least the minimum amount of nonprestressed reinforcement
th
and no prestressed reinforcement; or for two-way slabs, with
less than the minimum amount of prestressed reinforcement.

COMMENTARY
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concrete, reinforced—structural concrete reinforced with
at least the minimum amounts of nonprestressed reinforcePHQWSUHVWUHVVHGUHLQIRUFHPHQWRUERWKDVVSHFL¿HGLQWKLV
Code.
concrete,
sand-lightweight—lightweight
concrete
FRQWDLQLQJRQO\QRUPDOZHLJKW¿QHDJJUHJDWHWKDWFRQIRUPV
to ASTM C33 and lightweight coarse aggregate that
conforms to ASTM C330.

COMMENTARY
nonprestressed concrete are integrated to avoid overlapping
DQGFRQÀLFWLQJSURYLVLRQV
concrete, reinforced—Includes members satisfying the
requirements for nonprestressed and prestressed concrete.
concrete, sand-lightweight—By Code terminology,
sand-lightweight concrete is lightweight concrete with all
RIWKH¿QHDJJUHJDWHUHSODFHGE\VDQG7KLVGH¿QLWLRQPD\
not be in agreement with usage by some material suppliers
or contractors where the majority, but not all, of the lightZHLJKW¿QHVDUHUHSODFHGE\VDQG)RUSURSHUDSSOLFDWLRQRI
the Code provisions, the replacement limits should be stated,
with interpolation if partial sand replacement is used.

FRQFUHWH VWHHO ¿EHUUHLQIRUFHG—concrete containing a
prescribed amount of dispersed, randomly oriented, disconWLQXRXVGHIRUPHGVWHHO¿EHUV
FRQFUHWH¿OOHG SLSH SLOHV—steel pipe with a closed
ith the
end that is driven for its full length in contact with
surrounding soil, or a steel pipe with an open end that is
driven for its full length and the soil cleaned oout; for both
VXEVH
LQVWDOODWLRQSURFHGXUHVWKHSLSHLVVXEVHTXHQWO\¿OOHGZLWK
reinforcement and concrete.
¿HG FRPSUHVVLYH
PSUHVVLYH fcƍ)—
—
FRQFUHWH VWUHQJWK VSHFL¿HG
ete used in design and eevalualucompressive strength of concrete
io of this Code, psi; w
herated in accordance with provisions
wherradical sign, the square root
oot
ever the quantity fcƍ is under a ra
ded and
d the result has units
its
of numerical value only is intended,
of psi.
connection—region of a structure that joins two or more
members; a connection also refers to a region that joins
members of which one or more is precast.
connection, ductile—connection between one or more
precast elements that experiences yielding as a result of the
earthquake design displacements.
connection, strong—connection between one or more
precast elements that remains elastic while adjoining
members experience yielding as a result of earthquake
design displacements.
construction documents—written and graphic documents
DQGVSHFL¿FDWLRQVSUHSDUHGRUDVVHPEOHGIRUGHVFULELQJWKH
location, design, materials, and physical characteristics of
the elements of a project necessary for obtaining a building
permit and construction of the project.
contraction joint—formed, sawed, or tooled groove in
a concrete structure to create a weakened plane and regulate the location of cracking resulting from the dimensional
FKDQJHRIGL൵HUHQWSDUWVRIWKHVWUXFWXUH
FRYHU VSHFL¿HG FRQFUHWH—distance between the outermost surface of embedded reinforcement and the closest
outer surface of the concrete.
crosstie—a continuous reinforcing bar having a seismic
hook at one end and a hook not less than 90 degrees with
at least a 6db extension at the other end. The hooks shall
engage peripheral longitudinal bars. The 90-degree hooks
American Concrete Institute – Copyrighted © Material – www.concrete.org
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design displacement—The design displacement is an
index of the maximum lateral displacement expected in
design for the design-basis earthquake. In documents such
as $6&(6(,  and the International Building Code, the
design displacement is calculated using static or dynamic
OLQHDU HODVWLF DQDO\VLV XQGHU FRGHVSHFL¿HG DFWLRQV FRQVLGHULQJ H൵HFWV RI FUDFNHG VHFWLRQV H൵HFWV RI WRUVLRQ H൵HFWV
of vertical forces acting through lateral displacements,
DQG PRGL¿FDWLRQ IDFWRUV WR DFFRXQW IRU H[SHFWHG LQHODVWLF
response. The design displacement generally is greater than
the displacement calculated from design-level forces applied
to a linear-elastic model of the building.

design information²SURMHFWVSHFL¿F LQIRUPDWLRQ WR EH
censed
incorporated into construction documents by the licensed
design professional, as applicable.
tion of fa
design load combination—combination
factored loads
and forces.
DWLYH GL൵HUHQFH RI GHVLJQ
design story drift ratio²UHODWLYH
nd bbottom
m of a story, div
d
displacement between the top and
divided
by the story height.
th of embedded reinforcereinf rcedevelopment length—length
ran required
quired to develo
ment, including pretensioned strand,
develop the
tical section.
design strength of reinforcement at a critical
discontinuity—abrupt change in geometry or loading.
distance sleeve—sleeve that encases the center part of an
undercut anchor, a torque-controlled expansion anchor, or
ot
a displacement-controlled expansion anchor, but does not
expand.
drilled piers or caissons—cast-in-place concrete foundation elements with or without an enlarged base (bell),
FRQVWUXFWHG E\ H[FDYDWLQJ D KROH LQ WKH JURXQG DQG ¿OOLQJ
with reinforcement and concrete. Drilled piers or caissons
are considered as uncased cast-in-place concrete drilled or
augered piles, unless they have permanent steel casing, in
which case they are considered as metal cased concrete piles.
drop panel—projection below the slab used to reduce
the amount of negative reinforcement over a column or the
minimum required slab thickness, and to increase the slab
shear strength.
duct—conduit, plain or corrugated, to accommodate
prestressing reinforcement for post-tensioning applications.
ductile coupled structural wall—see structural wall,
ductile coupled.
durability—ability of a structure or member to resist
deterioration that impairs performance or limits service life
of the structure in the relevant environment considered in
design.
edge distance—distance from the edge of the concrete
surface to the center of the nearest anchor.
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of two successive crossties engaging the same longitudinal
bars shall be alternated end for end.
FXWR൵SRLQW—point where reinforcement is terminated.
D-region—portion of a member within a distance h of a
force discontinuity or a geometric discontinuity.
design displacement—total calculated lateral displacement expected for the design-basis earthquake.

COMMENTARY
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H൵HFWLYH GHSWK RI VHFWLRQ—distance measured from
H[WUHPH FRPSUHVVLRQ ¿EHU WR FHQWURLG RI ORQJLWXGLQDO
tension reinforcement.
H൵HFWLYH HPEHGPHQW GHSWK—overall depth through
which the anchor transfers force to or from the surrounding
FRQFUHWH H൵HFWLYH HPEHGPHQW GHSWK ZLOO QRUPDOO\ EH WKH
depth of the concrete failure surface in tension applications;
IRUFDVWLQKHDGHGDQFKRUEROWVDQGKHDGHGVWXGVWKHH൵HFtive embedment depth is measured from the bearing contact
surface of the head.
H൵HFWLYHSUHVWUHVV—stress remaining in prestressed reinforcement after losses in 20.3.2.6 have occurred.
H൵HFWLYH VWL൵QHVV²VWL൵QHVV RI D VWUXFWXUDO PHPEHU
DFFRXQWLQJIRUFUDFNLQJFUHHSDQGRWKHUQRQOLQHDUH൵HFWV
embedments—items embedded in concrete, excluding
UHLQIRUFHPHQW DV GH¿QHG LQ Chapter 20 and anchors as
GH¿QHG LQ Chapter 17. Reinforcement or anchors welded,
bolted or otherwise connected to the embedded item to
d to be
develop the strength of the assembly, are considered
part of the embedment.
ipes, conduits,
co
embedments, pipe—embedded pipes,
and
sleeves.
embedment length—length off em
embedded reinforcement
on.
provided beyond a critical section.
ity of lightweight
ightweight con
rete
equilibrium density—density
concrete
ASTM C56
C567.
determined in accordance with A
xpansion ancho
expansion sleeve—outer part oof an expansion
anchor that
art either
er by applied to
ue
is forced outward by the center part,
torque
d ill hole. See
or impact, to bear against the sides off the predrilled
also anchor, expansion.
extreme tension reinforcement—layer of prestressed or
he
nonprestressed reinforcement that is the farthest from the
H[WUHPHFRPSUHVVLRQ¿EHU
¿QLWHHOHPHQWDQDO\VLV—a numerical modeling technique
in which a structure is divided into a number of discrete
elements for analysis.
¿YHSHUFHQWIUDFWLOH—statistical term meaning 90 percent
FRQ¿GHQFHWKDWWKHUHLVSHUFHQWSUREDELOLW\RIWKHDFWXDO
strength exceeding the nominal strength.

foundation seismic ties—HOHPHQWV XVHG WR VX൶FLHQWO\
interconnect foundations to act as a unit. Elements may
consist of grade beams, slabs-on-ground, or beams within a
slab-on-ground.
headed deformed bars—deformed bars with heads
attached at one or both ends.

COMMENTARY

H൵HFWLYH HPEHGPHQW GHSWK—(൵HFWLYH HPEHGPHQW
depths for a variety of anchor types are shown in Fig.
R2.1. For post-installed mechanical anchors, the value hef
is obtained from the ACI 355.2 product evaluation report
provided by the manufacturer.

¿YHSHUFHQWIUDFWLOH²7KHGHWHUPLQDWLRQRIWKHFRH൶FLHQW
K05 associated with the 5 percent fractile, x – K05ss depends
on the number of tests, n, used to calculate the sample mean,
x , and sample standard deviation, ss. Values of K05 range,
for example, from 1.645 for n , to 2.010 for n = 40, and
2.568 for n = 10:LWKWKLVGH¿QLWLRQRIWKHSHUFHQWIUDFWLOH
the nominal strength in Chapter 17 is the same as the characteristic strength in ACI 355.2 and ACI 355.4.

headed deformed bars—The bearing area of a headed
deformed bar is, for the most part, perpendicular to the bar
axis. In contrast, the bearing area of the head of headed
stud reinforcement is a nonplanar spatial surface of revolution, as shown in Fig. R20.4.1. The two types of reinforcePHQWGL൵HU LQ RWKHU ZD\V7KH VKDQNV RI KHDGHGVWXGV DUH
smooth, not deformed as with headed deformed bars. The
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headed bolt—cast-in steel anchor that develops its tensile
strength from the mechanical interlock provided by either a
head or nut at the embedded end of the anchor.
headed stud—a steel anchor conforming to the requirements of AWS D1.1 DQG D൶[HG WR D SODWH RU VLPLODU VWHHO
attachment by the stud arc welding process before casting;
also referred to as a welded headed stud.
headed shear stud reinforcement—reinforcement
consisting of individual headed studs or groups of studs,
with anchorage provided by a head at each end, or by a head
at one end and a common base rail consisting of a steel plate
or shape at the other end.
hooked bolt—cast-in anchor anchored mainly by bearing
bolt)
of the 90-degree bend (L-bolt) or 180-degree bend (J
(J-bolt)
d, and having a
against the concrete, at its embedded end,
minimum eh equal to 3da.
y wou
hoop—closed tie or continuously
wound tie, made up of
ment each having seismic
one or several reinforcement elements,
hooks at both ends. A closed tie shall not be made uup of
25.7.4.
interlocking headed deformed bar
bars. Seee 25.7.4
L¿
 DQ
UHG GGRFXRFXinspection²REVHUYDWLRQ YHUL¿FDWLRQ
DQG UHTXLUHG
at
abrication, erectio
mentation of the materials, installation,
fabrication,
erection,, or
nec
to determine co
liplacement of components and connections
complid referenced
d standards.
ance with construction documents and
inspection, continuous—the full-time observation, veri¿FDWLRQ DQG UHTXLUHG GRFXPHQWDWLRQ RI ZRUN LQ WKH DUHD
where the work is being performed.
inspection, periodic—the part-time or intermittent obserYDWLRQYHUL¿FDWLRQDQGUHTXLUHGGRFXPHQWDWLRQRIZRUNLQ
the area where the work is being performed.
isolation joint—separation between adjoining parts of
a concrete structure, usually a vertical plane at a designed
location such as to interfere least with performance of the
structure, yet such as to allow relative movement in three
directions and avoid formation of cracks elsewhere in the
concrete, and through which all or part of the bonded reinforcement is interrupted.
jacking force—in prestressed concrete, temporary force
exerted by a device that introduces tension into prestressing
reinforcement.
joint—portion of structure common to intersecting
members.
licensed design professional—an individual who is
OLFHQVHGWRSUDFWLFHVWUXFWXUDOGHVLJQDVGH¿QHGE\WKHVWDWXtory requirements of the professional licensing laws of the
state or jurisdiction in which the project is to be constructed,
and who is in responsible charge for all or part of the structural design.

2

minimum net bearing area of the head of a headed deformed
bar is permitted to be as small as four times the bar area.
,QFRQWUDVWWKHPLQLPXPVWXGKHDGDUHDLVQRWVSHFL¿HGLQ
terms of the bearing area, but by the total head area which
must be at least 10 times the area of the shank.

Not. & Term.
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joint²7KH H൵HFWLYH FURVVVHFWLRQDO DUHD RI D MRLQW RI D
special moment frame, Aj, for shear strength calculations is
given in 15.4.2.4.
licensed design professional—May also be referred to
as “registered design professional” in other documents; a
licensed design professional in responsible charge of the
design work is often referred to as the “engineer of record”
(EOR).
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load—forces or other actions that result from the weight
of all building materials, occupants, and their possessions,
HQYLURQPHQWDOH൵HFWVGL൵HUHQWLDOPRYHPHQWDQGUHVWUDLQHG
dimensional changes; permanent loads are those loads in
which variations over time are rare or of small magnitude;
all other loads are variable loads.
load, dead—(a) the weights of the members, supported
structure, and permanent attachments or accessories that are
likely to be present on a structure in service; or (b) loads
PHHWLQJVSHFL¿FFULWHULDIRXQGLQWKHJHQHUDOEXLOGLQJFRGH
without load factors.
load, factored—load, multiplied by appropriate load
factors.
load, live—(a) load that is not permanently applied to
a structure, but is likely to occur during the service life of
the structure (excluding environmental loads); or (b) loads
PHHWLQJVSHFL¿FFULWHULDIRXQGLQWKHJHQHUDOEXLOGLQJFRGH
without load factors.
load, roof live—a load on a roof produced: (a) during
maintenance by workers, equipment, and materials, and (b)
vable obj
during the life of the structure by movable
objects, such as
rative appurtenances that
planters or other similar small decorative
GVP
DUHQRWRFFXSDQF\UHODWHGRUORDGVPHHWLQJVSHFL¿FFULWHULD
de; without
out load factor
found in the general building code;
factors.
igh of the
he structural sy
em,
load, self-weight dead—weight
system,
nd concrete
ncrete topping.
including the weight of any bonded
ic or transitory,
ansitory, impose
load, service—all loads, static
imposed on
a structure or element thereof, du
during the operation of a
facility, without load factors.
load, superimposed dead—dead loads other than the
self-weight that are present or are considered in the design.
ORDG H൵HFWV—forces and deformations produced in
structural members by applied loads or restrained volume
changes.
load path—sequence of members and connections
designed to transfer the factored loads and forces in such
combinations as are stipulated in this Code, from the point
RIDSSOLFDWLRQRURULJLQDWLRQWKURXJKWKHVWUXFWXUHWRWKH¿QDO
support location or the foundation.
Manufacturer’s Printed Installation Instructions
(MPII)—published instructions for the correct installation
of an adhesive anchor under all covered installation conditions as supplied in the product packaging.
metal cased concrete piles—thin-walled steel pipe, steel
shell, or spiral-welded metal casing with a closed end that
is driven for its full length in contact with the surrounding
VRLOOHIWSHUPDQHQWO\LQSODFHDQGVXEVHTXHQWO\¿OOHGZLWK
reinforcement and concrete.
modulus of elasticity—ratio of normal stress to corresponding strain for tensile or compressive stresses below
proportional limit of material.
moment frame—frame in which beams, slabs, columns,
DQGMRLQWVUHVLVWIRUFHVSUHGRPLQDQWO\WKURXJKÀH[XUHVKHDU
and axial force; beams or slabs are predominantly horizontal

loads²$QXPEHURIGH¿QLWLRQVIRUORDGVDUHJLYHQDVWKH
Code contains requirements that are to be met at various
load levels. The terms “dead load” and “live load” refer
to the unfactored, sometimes called “service” loads speci¿HGRUGH¿QHGE\WKHJHQHUDOEXLOGLQJFRGH6HUYLFHORDGV
(loads without load factors) are to be used where speci¿HG LQ WKLV &RGH WR SURSRUWLRQ RU LQYHVWLJDWH PHPEHUV IRU
adequate serviceability. Loads used to proportion a member
IRUDGHTXDWHVWUHQJWKDUHGH¿QHGDVIDFWRUHGORDGV)DFWRUHG
loads are service loads multiplied by the appropriate load
factors for required strength except wind and earthquake
ZKLFKDUHDOUHDG\VSHFL¿HGDVVWUHQJWKORDGVLQ$6&(6(,
7 7KH IDFWRUHG ORDG WHUPLQRORJ\ FODUL¿HV ZKHUH WKH ORDG
factors are applied to a particular load, moment, or shear
value as used in the Code provisions.

ORDG
ORDG H൵HFWV—Stresses and strains are directly related to
IRUFHVDQGGHIRUPDWLRQVDQGDUHFRQVLGHUHGDVORDGH൵HFWV
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or nearly horizontal; columns are predominantly vertical or
nearly vertical.
moment frame, intermediate—cast-in-place beamcolumn frame or two-way slab-column frame without beams
complying with 18.4.
moment frame, ordinary—cast-in-place or precast
concrete beam-column or slab-column frame complying
with 18.3.
moment frame, special—cast-in-place beam-column
frame complying with 18.2.3 through 18.2.8; and 18.6
through 18.8. A precast beam-column frame complying with
18.2.3 through 18.2.8 and 18.9.
net tensile strain—the tensile strain at nominal strength
H[FOXVLYH RI VWUDLQV GXH WR H൵HFWLYH SUHVWUHVV FUHHS
shrinkage, and temperature.
nodal zone—volume of concrete around a node that is
assumed to transfer strut-and-tie forces through the node.
node—point in a strut-and-tie model where the axes of
he joint
the struts, ties, and concentrated forces acting on the
intersect.
node, curved bar—the bend region of a con
continuous reinIRUFLQJ EDU RU EDUV  WKDW GH¿QHV DD QRG
QRGH LQ D VWUXWDQGWLH
model.
mbe designed
igned to be cap
le
one-way construction—members
capable
on;
of supporting all loads through be
bending in a single direc
direction;
see also two-way construction..
—a shotcrete
crete specimen that
panel, shotcrete mockup—a
ng of reinforcement in a
simulates the size and detailing
i evaluation
proposed structural member for preconstruction
of the nozzle operator’s ability to encase the reinforcement.
panel, shotcrete test—a shotcrete specimen prepared in
accordance with ASTM C1140 for evaluation of shotcrete.

COMMENTARY
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one-way
on
way construction—Joists,
uction—J
beams, girders, and some
fo
ns are considered
con
slabs andd foundations
one-way construction.
pan
panel,, sh
shotcrete mockup
mockup—Shotcrete mockup panels are
truction eevaluation and are either sawed
used forr pr
preconstruction
th, to ev
or cored, or both,
evaluate if the reinforcement has been
adequately encased.
anel, shotcrete
shotcre test—Shotcrete test panels are typically
panel,
used to evaluate a shotcrete mixture, to qualify a nozzle
RSHUDWRUWRYHULI\VXUIDFH¿QLVKDQGWRSURYLGHVSHFLPHQV
IRUFRPSUHVVLYHRUÀH[XUDOVWUHQJWKWHVWLQJ

pedestal—member with a ratio of height-to-least lateral
dimension less than or equal to 3 used primarily to support
axial compressive load; for a tapered member, the least
lateral dimension is the average of the top and bottom
dimensions of the smaller side.
plastic hinge region—length of frame element over which
ÀH[XUDO \LHOGLQJ LV LQWHQGHG WR RFFXU GXH WR HDUWKTXDNH
design displacements, extending not less than a distance h
IURPWKHFULWLFDOVHFWLRQZKHUHÀH[XUDO\LHOGLQJLQLWLDWHV
post-tensioning—method of prestressing in which
prestressing reinforcement is tensioned after concrete has
hardened.
precast concrete piles—driven piles that may be either
prestressed concrete or conventionally reinforced concrete.
precompressed tension zone—portion of a prestressed
PHPEHU ZKHUH ÀH[XUDO WHQVLRQ FDOFXODWHG XVLQJ JURVV
section properties, would occur under service loads if the
prestress force was not present.
pretensioning—method of prestressing in which
prestressing reinforcement is tensioned before concrete is
cast.
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projected area—area on the free surface of the concrete
member that is used to represent the greater base of the
assumed rectilinear failure surface.
SURMHFWHG LQÀXHQFH DUHD—rectilinear area on the free
surface of the concrete member that is used to calculate the
bond strength of adhesive anchors.
pryout strength, concrete—strength corresponding to
IRUPDWLRQ RI D FRQFUHWH VSDOO EHKLQG VKRUW VWL൵ DQFKRUV
displaced in the direction opposite to the applied shear force.
reinforcement—steel element or elements embedded in
concrete and conforming to 20.2 through 20.4. Prestressed
reinforcement in external tendons is also considered
reinforcement.
reinforcement, anchor—reinforcement used to transfer
the design load from the anchors into the structural member.

etensioned reinreinforcement, bonded prestressed—pretensioned
forcement or prestressed reinforcementt in a bon
bonded tendon.
forme
reinforcement, deformed—deformed
bars, welded
bar mats, deformed wire, and weld
welded wire reinforcement
1.5 or 20.2.1.7,
0.2.1.7, exclu
excluding
ng
conforming to 20.2.1.3, 20.2.1.5,
plain wire.

reinforcement, nonprestressed—bonded reinforcement
that is not prestressed.
reinforcement, plain—bars or wires conforming to
20.2.1.4 RU  WKDW GR QRW FRQIRUP WR GH¿QLWLRQ RI
deformed reinforcement.
reinforcement, prestressed—prestressing reinforcement
that has been tensioned to impart forces to concrete.
reinforcement, prestressing—high-strength reinforcement such as strand, wire, or bar conforming to 20.3.1.
reinforcement, supplementary—reinforcement that acts
to restrain the potential concrete breakout but is not designed
to transfer the design load from the anchors into the structural member.

COMMENTARY

reinforcement, anchor—Anchor reinforcement is
GHVLJQHGDQGGHWDLOHGVSHFL¿FDOO\IRUWKHSXUSRVHRIWUDQVferring anchor loads from the anchors into the member. Hairpins are generally used for this purpose (refer to 17.5.2.1(a)
DQG E KRZHYHURWKHUFRQ¿JXUDWLRQVWKDWFDQEH
VKRZQ
VKRZQWRH൵HFWLYHO\WUDQVIHUWKHDQFKRUORDGDUHDFFHSWDEOH
orcement, defor
me
reinforcement,
deformed—Deformed
reinforcement is
PHHWLQJWK
GH¿QHG DV WWKDWPHHWLQJWKHUHLQIRUFHPHQWVSHFL¿FDWLRQVLQ
WKLV GH1
HUUHLQIRUF
WKLV&RGH1RRWKHUUHLQIRUFHPHQWTXDOL¿HV7KLVGH¿QLWLRQ
permi acc
atement oof development lengths. Bars or
permits
accurate statement
m
he deform
wire nott meeting
the
deformation requirements or welded
r info
t not mee
wire reinforcement
meeting the spacing requirements
“ ain rreinforcement,”
rcement,” for code purposes, and may be
are “plain
pirals.
used only for spirals.

reinforcement, supplementary—Supplementary reinIRUFHPHQW KDV D FRQ¿JXUDWLRQ DQG SODFHPHQW VLPLODU WR
DQFKRU UHLQIRUFHPHQW EXW LV QRW VSHFL¿FDOO\ GHVLJQHG WR
transfer loads from the anchors into the member. Stirrups,
as used for shear reinforcement, may fall into this category.

reinforcement, welded deformed steel bar mat—mat
conforming to 20.2.1.5 consisting of two layers of deformed
bars at right angles to each other welded at the intersections.
reinforcement, welded wire—plain or deformed wire
fabricated into sheets or rolls conforming to 20.2.1.7.
Seismic Design Category²FODVVL¿FDWLRQ DVVLJQHG WR D
structure based on its occupancy category and the severity of
WKHGHVLJQHDUWKTXDNHJURXQGPRWLRQDWWKHVLWHDVGH¿QHG
by the general building code. Also denoted by the abbreviation SDC.
seismic-force-resisting system—portion of the structure
GHVLJQHGWRUHVLVWHDUWKTXDNHH൵HFWVUHTXLUHGE\WKHJHQHUDO
American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

42

PART 1: GENERAL

Not. & Term.

building code using the applicable provisions and load
combinations.
seismic hook—hook on a stirrup, hoop, or crosstie having
a bend not less than 135 degrees, except that circular hoops
shall have a bend not less than 90 degrees; hooks shall have
an extension of at least 6db, but not less than 3 in. The hooks
shall engage the longitudinal reinforcement and the extension shall project into the interior of the stirrup or hoop.
shear cap—projection below the slab used to increase the
slab shear strength.
shear lug—a steel element welded to an attachment base
plate to transfer shear to concrete by bearing.
sheathing—material encasing prestressing reinforcement
to prevent bonding of the prestressing reinforcement with
the surrounding concrete, to provide corrosion protection,
and to contain the corrosion-inhibiting coating.
shotcrete—mortar or concrete placed pneumatically by
high velocity projection from a nozzle onto a surface.
shotcrete, dry-mix—shotcrete in which most of the
gredients at the
mixing water is added to the concrete ingredients
nozzle.
shotcrete, wet-mix—shotcrete in w
which the concrete
ingredients, including water, are mix
mixed before introduction
into the delivery hose.
th concrete—strength
ncrete—strength of
side-face blowout strength,
uch
anchors with deep embedment an
and thin side-face cover such
round the embe
ded
that spalling occurs on the sidee fface around
embedded
op concrete sur
ce.
head without breakout occurring at the top
surface.
l b the width
slab-beam strip—in two-way prestressed slabs,
RIWKHÀRRUV\VWHPLQFOXGLQJERWKWKHVODEDQGEHDPLIDSSOLcable, bounded laterally by adjacent panel centerlines for an
nd
interior slab-beam strip, or by adjacent panel centerline and
slab edge for an exterior slab-beam strip.
spacing, clear—least dimension between the outermost
surfaces of adjacent items.
span length—distance between supports.
special seismic systems—structural systems that use
special moment frames, special structural walls, or both.
specialty engineer—a licensed design professional
WR ZKRP D VSHFL¿F SRUWLRQ RI WKH GHVLJQ ZRUN KDV EHHQ
delegated.
specialty insert—predesigned and prefabricated cast-in
DQFKRUV VSHFL¿FDOO\ GHVLJQHG IRU DWWDFKPHQW RI EROWHG RU
slotted connections.
spiral reinforcement—continuously wound reinforcement in the form of a cylindrical helix.
steel element, brittle—element with a tensile test elongation of less than 14 percent, or reduction in area of less than
30 percent at failure.
steel element, ductile—element with a tensile test elongation of at least 14 percent and reduction in area of at
least 30 percent; steel element meeting the requirements of
ASTM A307 VKDOOEHFRQVLGHUHGGXFWLOHH[FHSWDVPRGL¿HG
E\IRUHDUWKTXDNHH൵HFWVGHIRUPHGUHLQIRUFLQJEDUVPHHWLQJ
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sheathing—Typically, sheathing is a continuous, seamless, high-density polyethylene material extruded directly
on the coated prestressing reinforcement.
shotcrete—Terms such as gunite and sprayed concrete are
sometimes used to refer to shotcrete.

specialty insert—Specialty inserts are devices often used
for handling, transportation, erection, and anchoring elements;
specialty inserts are not within the scope of this Code.
steel element, brittle—The 14 percent elongation should
EH PHDVXUHG RYHU WKH JDXJH OHQJWK VSHFL¿HG LQ WKH DSSURpriate ASTM standard for the steel.
steel element, ductile—The 14 percent elongation
VKRXOGEHPHDVXUHGRYHUWKHJDXJHOHQJWKVSHFL¿HGLQWKH
appropriate ASTM standard for steel. Due to concerns over
IUDFWXUH LQ FXW WKUHDGV LW VKRXOG EH YHUL¿HG WKDW WKUHDGHG
deformed reinforcing bars satisfy the strength requirements
of 25.5.7.1.
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the requirements of ASTM A615, A706, or A955 shall be
considered as ductile steel elements.
stirrup—reinforcement used to resist shear and torsion
forces in a member; typically deformed bars, deformed
wires, or welded wire reinforcement either single leg or bent
into L, U, or rectangular shapes and located perpendicular
to, or at an angle to, longitudinal reinforcement. See also tie.
strength, design—nominal strength multiplied by a
VWUHQJWKUHGXFWLRQIDFWRUࢥ
strength, nominal—strength of a member or cross section
calculated in accordance with provisions and assumptions of
the strength design method of this Code before application
of any strength reduction factors.

strength, required—strength of a member or cross
nternal
section required to resist factored loads or related internal
moments and forces in such combinations as stipulated in
this Code.

ond
stretch length—length of an
anchor,, extending be
beyond
ad
concrete in which it is anchored, su
subjectt to full tensile load
h cross-sectional
i
applied to anchor, and for which
area is
minimum and constant.
structural concrete—concrete used for structural
purposes, including plain and reinforced concrete.
structural diaphragm²PHPEHUVXFKDVDÀRRURUURRI
slab, that transmits forces acting in the plane of the member
to vertical elements of the lateral-force-resisting system. A
structural diaphragm may include chords and collectors as
part of the diaphragm.
structural integrity—ability of a structure through
strength, redundancy, ductility, and detailing of reinforcement to redistribute stresses and maintain overall stability if
ORFDOL]HGGDPDJHRUVLJQL¿FDQWRYHUVWUHVVRFFXUV
structural system—interconnected members designed to
meet performance requirements.
structural truss—assemblage of reinforced concrete
members subjected primarily to axial forces.
structural wall—wall proportioned to resist combinations of moments, shears, and axial forces in the plane of the
wall; a shear wall is a structural wall.
structural wall, ductile coupled—a seismic-forceresisting-system complying with 18.10.9.
structural wall, ordinary reinforced concrete—a wall
complying with Chapter 11.
structural wall, ordinary plain concrete—a wall
complying with Chapter 14.

COMMENTARY

stirrup—The term “stirrup” is usually applied to transverse reinforcement in beams or slabs and the term “ties”
or “hoops” to transverse reinforcement in compression
members.

strength, nominal²1RPLQDORUVSHFL¿HGYDOXHVRIPDWHrial strengths and dimensions are used in the calculation
of nominal strength. The subscript n is used to denote the
nominal strengths; for example, nominal axial load strength
Pn, nominal moment strength Mn, and nominal shear
strength Vn. For additional discussion on the concepts and
nomenclature for strength design, refer to the Commentary
of Chapter 22.
strength, required—The subscript u is used only to
denote the required strengths; for example, required axial
load strength Pu, required moment strength Mu, and required
calculated from the applied factored loads
shear strength Vu, calc
ces. The basic re
qui
u
and forces.
requirement
for strength design may
HVVHG IROORZVGH
EHH[SUHVVHGDVIROORZVGHVLJQVWUHQJWKUHTXLUHGVWUHQJWK
IRUH PSOH
 PuࢥM
MnMuࢥVnVu. For additional
IRUH[DPSOHࢥP
nP
discus on on the concepts and nomenclature for strength
discussion
design, refe
refer to the Commen
Commentary of Chapter 22.
stre ch le
Length oof an anchor over which inelastic
stretch
length—Length
elong ons are designed tto occur under earthquake loadelongations
ings. Exampless illustrat
illustrating stretch length are shown in Fig.
R17.10.5.3.
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structural wall, intermediate precast—a wall complying
with 18.5.

structural wall, intermediate precast—Requirements of
18.5 are intended to result in an intermediate precast structural wall having minimum strength and toughness equivalent to that for an ordinary reinforced concrete structural
wall of cast-in-place concrete. A precast concrete wall not
satisfying the requirements of 18.5 is considered to have
ductility and structural integrity less than that for an intermediate precast structural wall.
structural wall, special—Requirements of 18.2.3 through
18.2.8 and 18.11 are intended to result in a special precast
structural wall having minimum strength and toughness
equivalent to that for a special reinforced concrete structural
wall of cast-in-place concrete.

structural wall, special—a cast-in-place structural wall
in accordance with 18.2.3 through 18.2.8 and 18.10; or a
precast structural wall in accordance with 18.2.3 through
18.2.8 and 18.11.
strut—compression member in a strut-and-tie model
representing the resultant of a parallel or a fan-shaped
FRPSUHVVLRQ¿HOG
strut, boundary—strut located along the boundary of a
member or discontinuity region.
ong the bboundary of a
strut, interior—strut not located along
member or discontinuity region.
strut-and-tie model—truss mo
model off a member or off
a D-region in such a member, m
made up of struts and ties
nsferring the fac
red
connected at nodes and capablee oof transferring
factored
en B-regions.
egions
loads to the supports or to adjacent
rs, a tendon is a
tendon—in post-tensioned me
members,
complete assembly consisting of anchorages, prestressing
reinforcement, and sheathing with coating for unbonded
DSSOLFDWLRQVRUGXFWV¿OOHGZLWKJURXWIRUERQGHGDSSOLFDWLRQV
e
tendon, bonded—tendon in which prestressed reinforcement is continuously bonded to the concrete through grouting
of ducts embedded within the concrete cross section.
tendon, external—a tendon external to the member
concrete cross section in post-tensioned applications.

strut, boundary—A boundary strut is intended to apply
WR WKH ÀH[XUDO FRPSUHVVLRQ ]RQH RI D EHDP ZDOO RU RWKHU
membe Boundary struts are not subject to transverse tension
member.
and are therefore stronger than interior struts (Fig. R23.2.1).
ut, interior—In
strut,
interior—Interior struts are subject to tension,
ndicular to the
he strut in the plane of the model,
acting perpe
perpendicular
ear (Fig.
(
from shear
R23.2.1).

tendon, external—In new or existing post-tensioned
applications, a tendon totally or partially external to the
member concrete cross section, or inside a box section, and
attached at the anchor device and deviation points.

tendon, unbonded—tendon in which prestressed reinforcement is prevented from bonding to the concrete. The
prestressing force is permanently transferred to the concrete
at the tendon ends by the anchorages only.
tension-controlled section—a cross section in which
the net tensile strain in the extreme tension steel at nominal
strength is greater than or equal to İty + 0.003.
tie—(a) reinforcing bar or wire enclosing longitudinal
reinforcement; a continuously wound transverse bar or wire
in the form of a circle, rectangle, or other polygonal shape
without reentrant corners enclosing longitudinal reinforcement; see also stirrup, hoop; (b) tension element in a strutand-tie model.
transfer—act of transferring stress in prestressed reinforcement from jacks or pretensioning bed to concrete
member.
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transfer length—length of embedded pretensioned reinIRUFHPHQWUHTXLUHGWRWUDQVIHUWKHH൵HFWLYHSUHVWUHVVWRWKH
concrete.
two-way construction—members designed to be capable
of supporting loads through bending in two directions; some
slabs and foundations are considered two-way construction.
See also one-way construction.
uncased cast-in-place concrete drilled or augered
piles—piles with or without an enlarged base (bell) that are
constructed by either drilling a hole in the ground, or by
installing a temporary casing in the ground and cleaning out
WKHVRLODQGVXEVHTXHQWO\¿OOLQJWKHKROHZLWKUHLQIRUFHPHQW
and concrete.
wall—a vertical element designed to resist axial load,
lateral load, or both, with a horizontal length-to-thickness
ratio greater than 3, used to enclose or separate spaces.
wall segment—portion of wall bounded by vertical or
horizontal openings or edges.
al wall,
wall segment, horizontal—segment of a structural
bounded vertically by two openings or by an opening and
an edge.
nt of a structural wall,
wall segment, vertical—segment
ning or by an opening and
bounded horizontally by two openings
ments.
an edge; wall piers are vertical wal
wall segments.
ural
wall pier—a vertical wall seg
segmentt within a struc
structural
wall, bounded horizontally by two openings or bby an
zontal length to wall
opening and an edge, with ratio oof horizontal
al to 6.0,
0, and ratio of clear
ar
thickness (Ɛw/bw) less than or equal
height to horizontal length (hw/Ɛw) greater than or equal to 2.0.
water-cementitious materials ratio—ratio of mass of
water, excluding that absorbed by the aggregate, to the mass
of cementitious materials in a mixture, stated as a decimal.
work²WKH HQWLUH FRQVWUXFWLRQ RU VHSDUDWHO\ LGHQWL¿DEOH
parts thereof that are required to be furnished under the
construction documents.
yield strength²VSHFL¿HG PLQLPXP \LHOG VWUHQJWK RU
yield point of reinforcement; yield strength or yield point
shall be determined in tension according to applicable
$670VWDQGDUGVDVPRGL¿HGE\WKLV&RGH

COMMENTARY

wall segment, horizontal—A horizontal wall segment is
shown in Fig. R
R18.10.4.5.

wal
wall pier
pier—Wall piers ar
are vertical wall segments with
ons and reinforcement
nforceme intended to result in shear
dimensions
HPDQ EHL
WHG E\ À
GHPDQG
EHLQJ OLPLWHG
ÀH[XUDO \LHOGLQJ RI WKH YHUWLFDO
reinf
eme in the pier.
reinforcement
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3.1—Scope
3.1.16WDQGDUGVRUVSHFL¿FVHFWLRQVWKHUHRIFLWHGLQWKLV
Code, including Annex, Appendixes, or Supplements where
prescribed, are referenced without exception in this Code,
XQOHVV VSHFL¿FDOO\ QRWHG &LWHG VWDQGDUGV DUH OLVWHG LQ WKH
following with their serial designations, including year of
adoption or revision.

R3.1—Scope
R3.1.1 ,QWKLV&RGHUHIHUHQFHVWRVWDQGDUGVSHFL¿FDWLRQV
RURWKHUPDWHULDODUHWRDVSHFL¿FHGLWLRQRIWKHFLWHGGRFXment. This is done by using the complete serial designation
for the referenced standard including the title that indicates
the subject and year of adoption. All standards referenced in
this Code are listed in this chapter, with the title and complete
serial designation. In other sections of the Code, referenced
standards are abbreviated to include only the serial designation without a title or date. These abbreviated references
FRUUHVSRQGWRVSHFL¿FVWDQGDUGVOLVWHGLQWKLVFKDSWHU

3.2—Referenced standards
3.2.1 $PHULFDQ$VVRFLDWLRQRI6WDWH+LJKZD\DQG7UDQVSRUWDWLRQ2৽FLDOV $$6+72
/5)'86²/5)' %ULGJH 'HVLJQ 6SHFL¿FDWLRQV WK
Edition, 2017, Articles 5.8.4.4.2, 5.8.4.4.3, and 5.8.4.5
/5)'&216²/5)' %ULGJH &RQVWUXFWLRQ 6SHFL¿FDtions, Fourth Edition, 2017, Article 10.3.2.3

R3.2—Referenced standards
R3.2.1 $PHULFDQ$VVRFLDWLRQRI6WDWH+LJKZD\DQG7UDQVSRUWDWLRQ2৽FLDOV $$6+72
7KUHH DUWLFOHV RI WKH $$6+72 /5)' 6SHFL¿FDWLRQV IRU
Highway Bridge Design (AASHTO LRFDUS) and one article
RIWKH$$6+72/5)'&RQVWUXFWLRQ6SHFL¿FDWLRQV $$6+72
LRFDCONS) are cited in Chapters 2 and 25 of this Code.

3.2.2 $PHULFDQ&RQFUHWH,QVWLWXWH $&,
²6SHFL¿FDWLRQV IRU 6WUXFWXUDO &RQFUHWH $UWLFOH
4.2.3
318.2-19—Building Code Requirements for Concrete
Thin Shells and Commentary
332-14—Residential Code Requirements for Structural
Concrete and Commentary
²4XDOL¿FDWLRQ RI 3RVW,QVWDOOHG 0HFKDQLFDO
Anchors in Concrete and Commentary
²4XDOL¿FDWLRQ RI 3RVW,QVWDOOHG $GKHVLYH
Anchors in Concrete
369.1-17—Standard Requirements for Seismic EvaluaWLRQDQG5HWUR¿WRI([LVWLQJ&RQFUHWH%XLOGLQJV  
and Commentary
374.1-05—Acceptance Criteria for Moment Frames
Based on Structural Testing
²6SHFL¿FDWLRQ IRU 8QERQGHG 6LQJOH6WUDQG
Tendon Materials
437.2-13—Code Requirements for Load Testing of
Existing Concrete Structures and Commentary
²'HVLJQ 6SHFL¿FDWLRQ IRU 8QERQGHG 3RVW
Tensioned Precast Concrete Special Moment Frames Satisfying ACI 374.1 and Commentary
²4XDOL¿FDWLRQ RI 3UHFDVW &RQFUHWH 'LDSKUDJP
Connections and Reinforcement at Joints for Earthquake
Loading and Commentary
550.5-18—Code Requirements for the Design of
Precast Concrete Diaphragms for Earthquake Motions and
Commentary
ITG-5.1-07—Acceptance Criteria for Special Unbonded
Post-Tensioned Precast Structural Walls Based on Validation
Testing
ITG-5.2-09—Requirements for Design of a Special
Unbonded Post-Tensioned Precast Wall Satisfying ACI
ITG-5.1 and Commentary

R3.2.2 $PHULFDQ&RQFUHWH,QVWLWXWH $&,
Article 4.2.3 of ACI 301 is referenced for the method of
mixture proportioning cited in 26.4.3.1(b).
Prior to 2014, the provisions of ACI 318.2 ZHUHVSHFL¿HG
in Chapter 19 of the ACI 318 Building Code.
ACI 355.2 FRQWDLQVTXDOL¿FDWLRQUHTXLUHPHQWVIRUWHVWLQJ
and evaluating post-installed expansion, screw, and undercut
anchors for use in both cracked and uncracked concrete.
ACI 355.4 FRQWDLQVTXDOL¿FDWLRQUHTXLUHPHQWVIRUWHVWLQJ
and evaluating adhesive anchors for use in both cracked and
uncracked concrete.
ACI 423.7 requires the use of encapsulated tendon systems
for applications subject to this Code.
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3.2.3 $PHULFDQ6RFLHW\RI&LYLO(QJLQHHUV $6&(
$6&(6(, ²0LQLPXP 'HVLJQ /RDGV IRU %XLOGLQJV
and Other Structures, Sections 2.3.2, Load Combinations
Including Flood Loads; and 2.3.3, Load Combinations
Including Atmospheric Ice Loads

R3.2.3 $PHULFDQ6RFLHW\RI&LYLO(QJLQHHUV $6&(
7KHWZRVSHFL¿FVHFWLRQVRI$6&(DUHUHIHUHQFHGIRUWKH
purposes cited in 5.3.9 and 5.3.10.

3.2.4 ASTM International
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU :HOGHG
Deformed Steel Bar Mats for Concrete Reinforcement
A307-14İ²6WDQGDUG 6SHFL¿FDWLRQ IRU &DUERQ 6WHHO
Bolts, Studs, and Threaded Rod 60000 PSI Tensile Strength
$²6WDQGDUG 7HVW 0HWKRGV DQG 'H¿QLWLRQV IRU
Mechanical Testing of Steel Products
$$0²6WDQGDUG6SHFL¿FDWLRQIRU/RZ5HOD[ation, Seven-Wire Steel Strand for Prestressed Concrete
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 8QFRDWHG
Stress-Relieved Steel Wire for Prestressed Concrete,
including Supplementary Requirement SI, Low-Relaxation
Wire and Relaxation Testing
$$0İ²6WDQGDUG6SHFL¿FDWLRQIRU'HIRUPHG
and Plain Carbon-Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 'HIRUPHG
and Plain Low-Alloy Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 8QFRDWHG
High-Strength Steel Bars for Prestressing Concrete
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU =LQF
Coated (Galvanized) Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU (SR[\
Coated Steel Reinforcing Bars
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 6WHHO
Fibers for Fiber-Reinforced Concrete
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU (SR[\
Coated Steel Wire and Welded Wire Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU (SR[\
Coated Prefabricated Steel Reinforcing Bars
$$0E²6WDQGDUG6SHFL¿FDWLRQIRU'HIRUPHG
and Plain Stainless-Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU +HDGHG
Steel Bars for Concrete Reinforcement, including Annex A1
Requirements for Class HA Head Dimensions
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 5DLO6WHHO
and Axle-Steel Deformed Bars for Concrete Reinforcement
$$0E²6WDQGDUG
6SHFL¿FDWLRQ
IRU
Deformed and Plain Stainless Steel Wire and Welded Wire
for Concrete Reinforcement
$$0E²6WDQGDUG
6SHFL¿FDWLRQ
IRU
Deformed and Plain, Low-Carbon, Chromium, Steel Bars
for Concrete Reinforcement
$$0D²6WDQGDUG 6SHFL¿FDWLRQ IRU 6WHHO
Stud Assemblies for Shear Reinforcement of Concrete
$$0²6WDQGDUG6SHFL¿FDWLRQIRU=LQFDQG
Epoxy Dual-Coated Steel Reinforcing Bars
$$0E²6WDQGDUG 6SHFL¿FDWLRQ IRU =LQF
Coated (Galvanized) Steel Welded Wire Reinforcement,
Plain and Deformed, for Concrete

R3.2.4 ASTM International
The ASTM standards listed are the latest editions at the
time these code provisions were adopted. ASTM standards
are revised frequently relative to the revision cycle for the
Code. Current and historical editions of the referenced
standards can be obtained from ASTM International. Use
of an edition of a standard other than that referenced in the
&RGHREOLJDWHVWKHXVHUWRHYDOXDWHLIDQ\GL൵HUHQFHVLQWKH
QRQFRQIRUPLQJHGLWLRQDUHVLJQL¿FDQWWRXVHRIWKHVWDQGDUG
Many of the ASTM standards are combined standards
DV GHQRWHG E\ WKH GXDO GHVLJQDWLRQ VXFK DV $670 $
A36M. For simplicity, these combined standards are referenced without the metric (M) designation within the text
of the Code and Commentary. In this provision, however,
WKHFRPSOHWHGHVLJQDWLRQLVJLYHQEHFDXVHWKDWLVWKHR൶FLDO
designation for the standard.
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$$0D²6WDQGDUG
6SHFL¿FDWLRQ
IRU
Carbon-Steel Wire and Welded Wire Reinforcement, Plain
and Deformed, for Concrete
&&0D²6WDQGDUG7HVW0HWKRGIRU%XON'HQVLW\
(“Unit Weight”) and Voids in Aggregate
&&0²6WDQGDUG3UDFWLFHIRU0DNLQJDQG&XULQJ
Concrete Test Specimens in the Field
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU &RQFUHWH
Aggregates
&&0²6WDQGDUG 7HVW 0HWKRG IRU &RPSUHVVLYH
Strength of Cylindrical Concrete Specimens
&&0D²6WDQGDUG 7HVW 0HWKRG IRU 2EWDLQLQJ
and Testing Drilled Cores and Sawed Beams of Concrete
&&0²6WDQGDUG6SHFL¿FDWLRQIRU5HDG\0L[HG
Concrete
C138-17a—Standard Test Method for Density (Unit
Weight), Yield, and Air Content (Gravimetric) of Concrete
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU 3RUWland Cement
&&0²6WDQGDUG 3UDFWLFH IRU 6DPSOLQJ
Freshly Mixed Concrete
&&0²6WDQGDUG7HVW0HWKRGIRU$LU&RQWHQW
of Freshly Mixed Concrete by the Volumetric Method
C192-18—Standard Practice for Making and Curing
Concrete Test Specimens in the Laboratory
&&0D²6WDQGDUG7HVW0HWKRGIRU$LU&RQWHQW
of Freshly Mixed Concrete by the Pressure Method
&&0D  ²6WDQGDUG6SHFL¿FDWLRQIRU$LU
Entraining Admixtures for Concrete
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU /LJKWweight Aggregates for Structural Concrete
&&0²6WDQGDUG7HVW0HWKRGIRU6WDWLF0RGXOXV
of Elasticity and Poisson’s Ratio of Concrete in Compression
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU &KHPLFDO
Admixtures for Concrete
&&0²6WDQGDUG7HVW0HWKRGIRU'HWHUPLQLQJ
Density of Structural Lightweight Concrete
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU %OHQGHG
Hydraulic Cements
&²6WDQGDUG 6SHFL¿FDWLRQ IRU &RDO )O\ $VK DQG
Raw or Calcined Natural Pozzolan for Use in Concrete
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU &RQFUHWH
Made by Volumetric Batching and Continuous Mixing
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU ([SDQVLYH
Hydraulic Cement
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU 6ODJ
Cement for Use in Concrete and Mortars
&&0E²6WDQGDUG7HVW 0HWKRG IRU /HQJWK
Change of Hydraulic-Cement Mortars Exposed to a Sulfate
Solution
&&0İ²6WDQGDUG6SHFL¿FDWLRQIRU&KHPical Admixtures for Use in Producing Flowing Concrete
C1077-17—Standard Practice for Agencies Testing
Concrete and Concrete Aggregates for Use in Construction
and Criteria for Testing Agency Evaluation
American Concrete Institute – Copyrighted © Material – www.concrete.org
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&&0D  ²6WDQGDUG 6SHFL¿FDWLRQ IRU
Fiber-Reinforced Concrete
C1140-11—Standard Practice for Preparing and Testing
Specimens from Shotcrete Test Panels
&²6WDQGDUG 6SHFL¿FDWLRQ IRU $GPL[WXUHV IRU
Shotcrete
&&0²6WDQGDUG3HUIRUPDQFH6SHFL¿FDWLRQ
for Hydraulic Cement
&&0²6WDQGDUG 7HVW 0HWKRG IRU :DWHU
Soluble Chloride in Mortar and Concrete
&²6WDQGDUG6SHFL¿FDWLRQIRU6LOLFD)XPH8VHG
in Cementitious Mixtures
&²6WDQGDUG 6SHFL¿FDWLRQ IRU 0DWHULDOV IRU
Shotcrete
&  ²6WDQGDUG 6SHFL¿FDWLRQ IRU 3DFNDJHG
Pre-Blended, Dry, Combined Materials for Use in Wet or
Dry Shotcrete Application
C1580-15—Standard Test Method for Water-Soluble
Sulfate in Soil
&&0  İ²6WDQGDUG 6SHFL¿FDWLRQ IRU
Admixtures to Inhibit Chloride-Induced Corrosion of Reinforcing Steel in Concrete
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU 0L[LQJ
Water Used in the Production of Hydraulic Cement Concrete
C1604-05(2012)—Standard Test Method for Obtaining
and Testing Drilled Cores of Shotcrete
&&0²6WDQGDUG7HVW 0HWKRG IRU )OH[XUDO
Performance of Fiber-Reinforced Concrete (Using Beam
with Third-Point Loading)
&²6WDQGDUG 6SHFL¿FDWLRQ IRU *URXQG &DOFLXP
Carbonate and Aggregate Mineral Fillers for use in Hydraulic
Cement Concrete
D516-16—Standard Test Method for Sulfate Ion in Water
D4130-15—Standard Test Method for Sulfate Ion in
Brackish Water, Seawater, and Brines
3.2.5 $PHULFDQ:HOGLQJ6RFLHW\ $:6
''0²6WUXFWXUDO:HOGLQJ&RGH±6WHHO
''0 ²6WUXFWXUDO :HOGLQJ &RGH ± 5HLQforcing Steel
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4.1—Scope
4.1.1 This chapter shall apply to design of structural concrete
LQVWUXFWXUHVRUSRUWLRQVRIVWUXFWXUHVGH¿QHGLQChapter 1.

R4.1—Scope
This chapter was added to the 2014 Code to introduce
structural system requirements. Requirements more stringent than the Code provisions may be desirable for unusual
construction or construction where enhanced performance
is appropriate. The Code and Commentary must be supplemented with sound engineering knowledge, experience, and
judgment.

4.2—Materials
4.2.1 Design properties of concrete shall be selected to be
in accordance with Chapter 19.

R4.2—Materials
Chapter 3 LGHQWL¿HVWKHUHIHUHQFHGVWDQGDUGVSHUPLWWHGIRU
design. Chapters 19 and 20 establish properties of concrete
and steel reinforcement permitted for design. Chapter 26
presents construction requirements for concrete materials,
proportioning, and acceptance of concrete.

4.2.1.1 Design properties of shotcrete shall conform to the
UHTXLUHPHQWVIRUFRQFUHWHH[FHSWDVPRGL¿HGE\SURYLVLRQV
of the Code.

R4.2.1.1 Shotcrete is considered to behave and have properties similar to concrete unless otherwise noted. Sections
ZKHUH
ZKHUHXVHRIVKRWFUHWHLVVSHFL¿FDOO\DGGUHVVHGLQWKLV&RGH
are shown in Table R4.2.1.1. Additional information on
ete can be foun
shotcrete
found in ACI 506R and ACI 506.2.
R4.2
—Section in Code with shotcrete
Table R4.2.1.1—Sections
pro
ons
provisions
Topic covered

Section

ezing and thawing
ing
Freezing

19.3.3.3 through 19.3.3.6

Reinf
nt
Reinforcement

25.2.7 through 25.2.10, 25.5.1.6, and
25.5.1.7

ete is require
Where shotcrete
required or
permitted

26.3.1, 26.3.2

Materials

26.4.1.2, 26.4.1.4, and 26.4.1.6

Proportioning mixtures

26.4.3

Documentation of mixtures

26.4.4.1

Placement and consolidation

26.5.2.1

Curing

26.5.3

Joints

26.5.6

Evaluation and acceptance

26.12

4.2.2 Design properties of reinforcement shall be selected
to be in accordance with Chapter 20.
4.3—Design loads
4.3.1 Loads and load combinations considered in design
shall be in accordance with Chapter 5.

R4.3—Design loads
R4.3.1 The provisions in Chapter 5 are based on $6&(
SEI 7. The design loads include, but are not limited to,
dead loads, live loads, snow loads, wind loads, earthTXDNH H൵HFWV SUHVWUHVVLQJ H൵HFWV FUDQH ORDGV YLEUDWLRQ
impact, shrinkage, temperature changes, creep, expansion
of shrinkage-compensating concrete, and predicted unequal
VHWWOHPHQWRIVXSSRUWV2WKHUSURMHFWVSHFL¿FORDGVPD\EH
VSHFL¿HGE\WKHOLFHQVHGGHVLJQSURIHVVLRQDO
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4.4—Structural system and load paths
4.4.1 The structural system shall include (a) through (g),
as applicable:

R4.4—Structural system and load paths
R4.4.1 Structural concrete design has evolved from
emphasizing the design of individual members to designing
the structure as an entire system. A structural system
consists of structural members, joints, and connections, each
SHUIRUPLQJDVSHFL¿FUROHRUIXQFWLRQ$VWUXFWXUDOPHPEHU
may belong to one or more structural systems, serving
GL൵HUHQW UROHV LQ HDFK V\VWHP DQG KDYLQJ WR PHHW DOO WKH
detailing requirements of the structural systems of which
they are a part. Joints and connections are locations common
to intersecting members or are items used to connect one
member to another, but the distinction between members,
joints, and connections can depend on how the structure
is idealized. Throughout this chapter, the term “members”
often refers to “structural members, joints, and connections.”
Although the Code is written considering that a structural
system comprises these members, many alternative arrangements are possible because not all structural member types
are us
used in all building structural systems. The selection types
RI WKH PHPEHUV
PHPEHUV WR XVH LQ D VSHFL¿F SURMHFW DQG WKH UROH RU
roles these member ty
types pplay is made by the licensed design
onal complying with
with requirements of the Code.
professional

(a) Floor construction and roof construction, including
one-way and two-way slabs
(b) Beams and joists
(c) Columns
(d) Walls
(e) Diaphragms
(f) Foundations
(g) Joints, connections, and anchors as required to transmit
forces from one component to another

emb
ncluding joints and
d
4.4.2 Design of structural members
including
cordance with C
Chapapconnections given in 4.4.1 shall be in accordance
ters 7 through 18.

R
2 In the chapter
hapter for each type of structural member,
R4.4.2
requir ment follow
w the sam
requirements
same general sequence and scope,
ng ggeneral requirem
including
requirements, design limits, required
treng , de
rength, reinforcement
r
strength,
design strength,
limits, reinforcement detailing,
etail
nd other requirements unique to the type
and
of member.

4.4.3 It shall be permitted to design a structural system
1
comprising structural members not in accordance with 4.4.1
and 4.4.2, provided the structural system is approved in
accordance with 1.10.1.

4.3 Some materials, structural members, or systems
R4.4.3
that may not be recognized in the prescriptive provisions of
the Code may still be acceptable if they meet the intent of the
Code. Section 1.10.1 outlines the procedures for obtaining
approval of alternative materials and systems.

4.4.4 The structural system shall be designed to resist the
factored loads in load combinations given in 4.3 without
exceeding the appropriate member design strengths, considering one or more continuous load paths from the point of
ORDGDSSOLFDWLRQRURULJLQDWLRQWRWKH¿QDOSRLQWRIUHVLVWDQFH

R4.4.4 The design should be based on members and
connections that provide design strengths not less than the
strengths required to transfer the loads along the load path.
The licensed design professional may need to study one
or more alternative paths to identify weak links along the
sequence of elements that constitute each load path.

4.4.5 Structural systems shall be designed to accommoGDWHDQWLFLSDWHGYROXPHFKDQJHDQGGL൵HUHQWLDOVHWWOHPHQW

R4.4.5 7KH H൵HFWV RI FROXPQ DQG ZDOO FUHHS DQG
shrinkage, restraint of creep and shrinkage in long roof and
ÀRRU V\VWHPV FUHHS FDXVHG E\ SUHVWUHVV IRUFHV YROXPH
changes caused by temperature variation, as well as potential damage to supporting members caused by these volume
changes should be considered in design. Reinforcement,
closure strips, or expansion joints are common ways of
DFFRPPRGDWLQJ WKHVH H൵HFWV 0LQLPXP VKULQNDJH DQG
temperature reinforcement controls cracking to an acceptable level in many concrete structures of ordinary proportions and exposures.
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'L൵HUHQWLDO VHWWOHPHQW RU KHDYH PD\ EH DQ LPSRUWDQW
consideration in design. Geotechnical recommendations to
DOORZIRUQRPLQDOYDOXHVRIGL൵HUHQWLDOVHWWOHPHQWDQGKHDYH
are not normally included in design load combinations for
ordinary building structures.
4.4.6 6HLVPLFIRUFHUHVLVWLQJV\VWHP

R4.4.6 6HLVPLFIRUFHUHVLVWLQJV\VWHP

4.4.6.1 Every structure shall be assigned to a Seismic
Design Category in accordance with the general building
FRGH RU DV GHWHUPLQHG E\ WKH EXLOGLQJ R൶FLDO LQ DUHDV
without a legally adopted building code.

R4.4.6.1 Design requirements in the Code are based on the
seismic design category to which the structure is assigned. In
general, the seismic design category relates to seismic risk
level, soil type, occupancy, and building use. Assignment of
a building to a seismic design category is under the jurisdiction of a general building code rather than this Code. In the
absence of a general building code, $6&(6(,  provides
the assignment of a building to a seismic design category.

4.4.6.2 Structural systems designated as part of the
o those
seismic-force-resisting system shall be restricted to
systems designated by the general building code or as deterDV ZLWKR
PLQHG E\ WKH EXLOGLQJ R൶FLDO LQ DUHDV
ZLWKRXW D OHJDOO\
adopted building code.

R4.4.6.2 The general building code prescribes, through
$6&(
$6&(6(,WKHW\SHVRIVWUXFWXUDOV\VWHPVSHUPLWWHGDVSDUW
seismic-fo
of the seismic-force-resisting
system based on considerations
desi category and building height. The
such as seismic design
design requirements
requirem nts for systems assigned to Seismic
seismic design
Cate
es B through
throug F are prescribed in Chapter 18.
Design Categories
2WKH \VWHP
EHXVHGLID
2WKHUV\VWHPVFDQEHXVHGLIDSSURYHGE\WKHEXLOGLQJR൶FLDO

d to Seismic D
ign
4.4.6.3 Structural systems ass
assigned
Design
pli
requirements oof this
Category A shall satisfy the applicable
mi Design
sign Category A are
re
Code. Structures assigned to Seismic
d
h Chapter 18.
not required to be designed in accordance
with

6.3 Structures
es assign
R4.4.6.3
assigned to Seismic Design Category
ubjec to the lowest sseismic hazard. Chapter 18 does
A are subject
ly.
not aapply.

4.4.6.4 Structural systems assigned to Seismic Design
Category B, C, D, E, or F shall satisfy the requirements of
Chapter 18 in addition to applicable requirements of other
chapters of this Code.

.4.6.4 Chapter
Chap 18 contains provisions that are appliR4.4.6.4
d
cable depending
on the seismic design category and on
the seismic-force-resisting system used. Not all structural
PHPEHU W\SHV KDYH VSHFL¿F UHTXLUHPHQWV LQ DOO VHLVPLF
design categories. For example, Chapter 18 does not include
requirements for structural walls in Seismic Design Categories B and C, but does include special provisions for Seismic
Design Categories D, E, and F.

4.4.6.5 Structural members assumed not to be part of the
seismic-force-resisting system shall be permitted, subject to
the requirements of 4.4.6.5.1 and 4.4.6.5.2.

R4.4.6.5 In Seismic Design Categories D, E, and F, structural members not considered part of the seismic-forceresisting system are required to be designed to accommodate
drifts and forces that occur as the building responds to an
earthquake.

4.4.6.5.1 In structures assigned to Seismic Design CateJRU\%&'(RU)WKHH൵HFWVRIWKRVHVWUXFWXUDOPHPEHUV
on the response of the system shall be considered and accommodated in the structural design.
4.4.6.5.2 In structures assigned to Seismic Design Category B, C, D, E, or F, the consequences of damage to those
structural members shall be considered.
4.4.6.5.3 In structures assigned to Seismic Design Category D, E, or F, structural members not considered part of
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the seismic-force-resisting system shall meet the applicable
requirements in Chapter 18.
4.4.6.6 (൵HFWV RI QRQVWUXFWXUDO PHPEHUV VKDOO EH
accounted for as described in 18.2.2.1 and consequences of
damage to nonstructural members shall be considered.

R4.4.6.6 Although the design of nonstructural elements for
HDUWKTXDNHH൵HFWVLVQRWLQFOXGHGLQWKHVFRSHRIWKLV&RGH
WKHSRWHQWLDOQHJDWLYHH൵HFWVRIQRQVWUXFWXUDOHOHPHQWVRQWKH
structural behavior need to be considered in Seismic Design
Categories B, C, D, E, and F. Interaction of nonstructural
elements with the structural system—for example, the shortFROXPQH൵HFW²KDGOHGWRIDLOXUHRIVWUXFWXUDOPHPEHUVDQG
collapse of some structures during earthquakes in the past.

4.4.6.7 'HVLJQ YHUL¿FDWLRQ RI HDUWKTXDNHUHVLVWDQW
concrete structures using nonlinear response history analysis
shall be in accordance with Appendix A.
4.4.7 'LDSKUDJPV

R4.4.7 'LDSKUDJPV

DOOEH
4.4.7.1'LDSKUDJPVVXFKDVÀRRURUURRIVODEVVKDOOEH
of-plane gravity
designed to resist simultaneously both out-of-plane
d combin
loads and in-plane lateral forces in load
combinations given
in 4.3.
eir connections
ections to fra
g
4.4.7.2 Diaphragms and their
framing
members shall be designed to tr
transferr forces betwee
between the
rs
diaphragm and framing members.

Floor and roof slabs play a dual role by simultaneously
supporting grav
gravity loads and transmitting lateral forces in
p
their own plane as a diaphragm.
General requirements for
gms are provide
d iin Chapter 12, and roles of the
diaphragms
provided
gm described
ribed in th
diaphragm
the Commentary to that chapter.
Add nal requirements
ements for design of diaphragms in strucAdditional
a sign to Seismic
ismic De
tures assigned
Design Categories D, E, and F are
ed iin Chapter
er 18.
prescribed

eir connections
nnections shal
4.4.7.3 Diaphragms and their
shall be
rt to vertical,
i l horizontal,
designed to provide lateral support
and inclined elements.
le
4.4.7.4 Diaphragms shall be designed to resist applicable
lateral loads from soil and hydrostatic pressure and other
loads assigned to the diaphragm by structural analysis.
4.4.7.5 Collectors shall be provided where required to
transmit forces between diaphragms and vertical elements.

R4.4.7.5 All structural systems must have a complete load
path in accordance with 4.4.4. The load path includes collectors where required.

4.4.7.6 Diaphragms that are part of the seismic-forceresisting system shall be designed for the applied forces. In
structures assigned to Seismic Design Category D, E, and F,
the diaphragm design shall be in accordance with Chapter 18.
4.5—Structural analysis
4.5.1 Analytical procedures shall satisfy compatibility of
deformations and equilibrium of forces.
4.5.2 The methods of analysis given in Chapter 6 shall be
permitted.

R4.5—Structural analysis
The role of analysis is to estimate the internal forces
and deformations of the structural system and to establish
compliance with the strength, serviceability, and stability
requirements of the Code. The use of computers in structural engineering has made it feasible to perform analysis
of complex structures. The Code requires that the analytical
procedure used meets the fundamental principles of equilibrium and compatibility of deformations, permitting a number
of analytical techniques, including the strut-and-tie method
required for discontinuity regions, as provided in Chapter 6.
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4.6—Strength
4.6.1 Design strength of a member and its joints and
connections, in terms of moment, shear, torsional, axial, and
bearing strength, shall be taken as the nominal strength Sn
multiplied by the applicable strength reduction factor ࢥ.

R4.6—Strength
The basic requirement for strength design may be
expressed as follows:

4.6.2 Structures and structural members shall have design
strength at all sections, ࢥSn, greater than or equal to the
required strength U calculated for the factored loads and
forces in such combinations as required by this Code or the
general building code.

ࢥSnU

GHVLJQVWUHQJWKUHTXLUHGVWUHQJWK

In the strength design procedure, the level of safety is
provided by a combination of factors applied to the loads and
strength reduction factors ࢥ applied to the nominal strengths.
The strength of a member or cross section, calculated
using standard assumptions and strength equations, along
with nominal values of material strengths and dimensions,
is referred to as nominal strength and is generally designated
Sn. Design strength or usable strength of a member or cross
section is the nominal strength reduced by the applicable
strength reduction factor ࢥ. The purpose of the strength
reduction
reducti factor is to account for the probability of understrength due to vvariations of in-place material strengths and
GLPHQVLRQV
H൵HFW RI VLPSOLI\LQJ DVVXPSWLRQV LQ WKH
VLRQV WKH H൵H
design equa
equations,
tions, the ddegree
egre
gr of ductility, potential failure
PRGH RI
WKH PHPEHU
WKH UHTXLUHG UHOLDELOLW\ DQG VLJQL¿I WK
HPEHU WKH
cance
failure and
existence of alternative load paths for
canc off fa
nd existen
the member
m mber in the structure.
tructure.
This Cod
Code, or the general bbuilding code, prescribes design
oad combinations,
c mbi
also kno
load
known as factored load combinaWLRQV ZKLFK
ZKLF GH¿QH
QH WKH Z
WLRQV
ZD\ GL൵HUHQW W\SHV RI ORDGV DUH
tored) bby individual load factors and then
multiplied (factored)
o obtain a factored load U. The individual load
combined to
UV DQG DGGL
IDFWRUV
DGGLWLYH FRPELQDWLRQ UHÀHFW WKH YDULDELOLW\ LQ
magnitu of the individual loads, the probability of simulmagnitude
taneous occurrence of various loads, and the assumptions
and approximations made in the structural analysis when
determining required design strengths.
A typical design approach, where linear analysis is applicable, is to analyze the structure for individual unfactored
load cases, and then combine the individual unfactored load
cases in a factored load combination to determine the design
ORDG H൵HFWV :KHUH H൵HFWV RI ORDGV DUH QRQOLQHDU²IRU
example, in foundation uplift—the factored loads are applied
simultaneously to determine the nonlinear, factored load
H൵HFW7KHORDGH൵HFWVUHOHYDQWIRUVWUHQJWKGHVLJQLQFOXGH
moments, shears, torsions, axial forces, bearing forces, and
punching shear stresses. Sometimes, design displacements
DUHGHWHUPLQHGIRUIDFWRUHGORDGV7KHORDGH൵HFWVUHOHYDQW
IRUVHUYLFHGHVLJQLQFOXGHVWUHVVHVDQGGHÀHFWLRQV
In the course of applying these principles, the licensed
design professional should be aware that providing more
strength than required does not necessarily lead to a safer
structure because doing so may change the potential failure
mode. For example, increasing longitudinal reinforcement
area beyond that required for moment strength as derived
from analysis without increasing transverse reinforcement
could increase the probability of a shear failure occurring
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SULRUWRDÀH[XUDOIDLOXUH([FHVVVWUHQJWKPD\EHXQGHVLUable for structures expected to behave inelastically during
earthquakes.

4.7—Serviceability
4.7.1 Evaluation of performance at service load conditions shall consider reactions, moments, shears, torsions,
and axial forces induced by prestressing, creep, shrinkage,
temperature change, axial deformation, restraint of attached
structural members, and foundation settlement.
4.7.2 For structures, structural members, and their connections, the requirements of 4.7.1 shall be deemed to be satis¿HG LI GHVLJQHG LQ DFFRUGDQFH ZLWK WKH SURYLVLRQV RI WKH
applicable member chapters.
4.8—Durability
4.8.1 Concrete mixtures shall be designed in accordance
appli
with the requirements of 19.3.2 and 26.4, considering appliuired durability.
cable environmental exposure to provide required
tected from corrosion in
4.8.2 Reinforcement shall be protected
accordance with 20.5.

R4.7—Serviceability
Serviceability refers to the ability of the structural system
or structural member to provide appropriate behavior and
IXQFWLRQDOLW\XQGHUWKHDFWLRQVD൵HFWLQJWKHV\VWHP6HUYLFHDELOLW\UHTXLUHPHQWVDGGUHVVLVVXHVVXFKDVGHÀHFWLRQVDQG
cracking, among others. Serviceability considerations for
vibrations are discussed in R6.6.3.2.2 and R24.1.
Except as stated in Chapter 24, service-level load combiQDWLRQV DUH QRW GH¿QHG LQ WKLV &RGH EXW DUH GLVFXVVHG LQ
Appendix C of $6&(6(,$SSHQGL[HVWR$6&(6(,
are not considered mandatory parts of the standard.
R4.8—Durability
The environment where the structure will be located will
dictate the exposure category for materials selection, design
details, and con
construction requirements to minimize potential
remature deterio
for premature
deterioration of the structure caused by enviWDOH൵HFWV'XUDELOLW\
OLW
URQPHQWDOH൵HFWV'XUDELOLW\RIDVWUXFWXUHLVDOVRLPSDFWHG
by the leve
level off preventat
preventative maintenance, which is not
add
ed in the Code.
ode.
addressed
Chapter
Cha
ter 119 provides
des requir
requirements for protecting concrete
onmental causes of deterioration.
against maj
major environmental

4.9.2 The strength, serviceability, and durability requirements of this Code shall take precedence over sustainability
considerations.

R4.9
Sus
ability
R4.9—Sustainability
The Code provision
provisions for strength, serviceability, and
durability are minimu
minimum requirements to achieve a safe and
ble concrete structure. The Code permits the owner
durable
or the licensed design professional to specify requirements higher than the minimums mandated in the Code.
Such optional requirements can include higher strengths,
PRUH UHVWULFWLYH GHÀHFWLRQ OLPLWV HQKDQFHG GXUDELOLW\ DQG
sustainability provisions.

4.10—Structural integrity
4.10.1 General

R4.10—Structural integrity
R4.10.1 General

4.10.1.1 Reinforcement and connections shall be detailed
WRWLHWKHVWUXFWXUHWRJHWKHUH൵HFWLYHO\DQGWRLPSURYHRYHUDOO
structural integrity.

R4.10.1.1 It is the intent of the structural integrity requirements to improve redundancy and ductility through detailing
of reinforcement and connections so that, in the event of
damage to a major supporting element or an abnormal loading,
the resulting damage will be localized and the structure will
have a higher probability of maintaining overall stability.
Integrity requirements for selected structural member
types are included in the corresponding member chapter in
the sections noted.

4.9—Sustainability
s
ll bbe permitted
4.9.1 The licensed design professional
shall
to specify in the construction documents sustainability
requirements in addition to strength, serviceability, and
durability requirements of this Code.

4.10.2 0LQLPXPUHTXLUHPHQWVIRUVWUXFWXUDOLQWHJULW\
4.10.2.1 Structural members and their connections shall
be in accordance with structural integrity requirements in
Table 4.10.2.1.

R4.10.2 0LQLPXPUHTXLUHPHQWVIRUVWUXFWXUDOLQWHJULW\
Structural members and their connections referred to in
WKLV VHFWLRQ LQFOXGH RQO\ PHPEHU W\SHV WKDW KDYH VSHFL¿F
requirements for structural integrity. Notwithstanding,
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Table 4.10.2.1—Minimum requirements for
structural integrity
Member type

Section

Nonprestressed one-way cast-in-place slabs

7.7.7

Nonprestressed two-way slabs

8.7.4.2

Prestressed two-way slabs

8.7.5.6

Nonprestressed two-way joist systems

8.8.1.6
9.7.7
9.8.1.6

Precast joints and connections

16.2.1.8

4

Cast-in-place beam
Nonprestressed one-way joist system

detailing requirements for other member types address
structural integrity indirectly.

Struct. Systems

CODE

57

4.11—Fire resistance
4.11.1 6WUXFWXUDO FRQFUHWH PHPEHUV VKDOO VDWLVI\ WKH ¿UH
protection requirements of the general building code.

R4.11—Fire resistance
$GGLWLRQDO JXLGDQFH RQ ¿UH UHVLVWDQFH RI VWUXFWXUDO
concrete is provided by ACI 216.1.

4.11.2 Where the general building code requires a thickQHVV RI FRQFUHWH FRYHU IRU ¿UH SURWHFWLRQ JUHDWHU WKDQ WKH
reater thickness
FRQFUHWH FRYHU VSHFL¿HG LQ 20.5.1, such greater
shall govern.
cific types of
4.12—Requirements for specific
construction

4.12.1 3UHFDVWFRQFUHWHV\VWHPV

—Re rements for
f specific types of
R4.12—Requirements
con uct
construction
Thi sect
ntains req
This
section contains
requirements that are related to
W\S
QVWUXFWLRQ
VSHFL¿FW\SHVRIFRQVWUXFWLRQ$GGLWLRQDOUHTXLUHPHQWVWKDW
UH VS
FL¿F WR PHPEHU
PEHU W\S
DUH
VSHFL¿F
W\SHV DSSHDU LQ WKH FRUUHVSRQGLQJ
mem r cha
member
chapters.
3UHFDVWFR
R4.12.1 3UHFDVWFRQFUHWHV\VWHPV

c
4.12.1.1 Design of precast concrete members and connections shall include loading and restraint conditions from
initial fabrication to end use in the structure, including form
removal, storage, transportation, and erection.

All re
requirements in the Code apply to precast systems and
PHPEHUV XQOHVV VSHFL¿FDOO\ H[FOXGHG ,Q DGGLWLRQ VRPH
UHTXLUHPHQWV DSSO\ VSHFL¿FDOO\ WR SUHFDVW FRQFUHWH 7KLV
VHFWLRQ FRQWDLQV VSHFL¿F UHTXLUHPHQWV IRU SUHFDVW V\VWHPV
2WKHU VHFWLRQV RI WKLV &RGH DOVR SURYLGH VSHFL¿F UHTXLUHments, such as required concrete cover, for precast systems.
3UHFDVWV\VWHPVGL൵HUIURPPRQROLWKLFV\VWHPVLQWKDWWKH
type of restraint at supports, the location of supports, and
the induced stresses in the body of the member vary during
IDEULFDWLRQ VWRUDJH WUDQVSRUWDWLRQ HUHFWLRQ DQG WKH ¿QDO
LQWHUFRQQHFWHG FRQ¿JXUDWLRQ &RQVHTXHQWO\ WKH PHPEHU
GHVLJQIRUFHVWREHFRQVLGHUHGPD\GL൵HULQPDJQLWXGHDQG
direction with varying critical sections at various stages of
FRQVWUXFWLRQ)RU H[DPSOHD SUHFDVWÀH[XUDOPHPEHUPD\
EHVLPSO\VXSSRUWHGIRUGHDGORDGH൵HFWVEHIRUHFRQWLQXLW\
at the supporting connections is established and may be a
FRQWLQXRXV PHPEHU IRU OLYH RU HQYLURQPHQWDO ORDG H൵HFWV
due to the moment continuity created by the connections
after erection.

4.12.1.2 Design, fabrication, and construction of precast
PHPEHUVDQGWKHLUFRQQHFWLRQVVKDOOLQFOXGHWKHH൵HFWVRI
tolerances.

R4.12.1.2)RUJXLGDQFHRQLQFOXGLQJWKHH൵HFWVRIWROHUances, refer to the PCI Design Handbook (PCI MNL 120).
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4.12.1.3 When precast members are incorporated into a
structural system, the forces and deformations occurring in
and adjacent to connections shall be included in the design.
4.12.1.4 Where system behavior requires in-plane loads
WREHWUDQVIHUUHGEHWZHHQWKHPHPEHUVRIDSUHFDVWÀRRURU
ZDOOV\VWHP D DQG E VKDOOEHVDWLV¿HG
(a) In-plane load paths shall be continuous through both
connections and members.
(b) Where tension loads occur, a load path of steel or steel
reinforcement, with or without splices, shall be provided.
4.12.1.5 Distribution of forces that act perpendicular
to the plane of precast members shall be established by
analysis or test.

VWH
4.12.2 3UHVWUHVVHGFRQFUHWHV\VWHPV
4.12.2.1 Design of prestressed members and systems shall
be based on strength and on behavior at service conditions
he
at all critical stages during the life of the structure from the
WLPHSUHVWUHVVLV¿UVWDSSOLHG
4.12.2.23URYLVLRQVVKDOOEHPDGHIRUH൵HFWVRQDGMRLQLQJ
FRQVWUXFWLRQRIHODVWLFDQGSODVWLFGHIRUPDWLRQVGHÀHFWLRQV
FKDQJHVLQOHQJWKDQGURWDWLRQVGXHWRSUHVWUHVVLQJ(൵HFWV
of temperature change, restraint of attached structural
members, foundation settlement, creep, and shrinkage shall
also be considered.
4.12.2.3 Stress concentrations due to prestressing shall be
considered in design.
4.12.2.4(൵HFWRIORVVRIDUHDGXHWRRSHQGXFWVVKDOOEH
considered in computing section properties before grout in
post-tensioning ducts has attained design strength.

R4.12.1.5 Concentrated and line loads can be distribXWHG DPRQJ PHPEHUV SURYLGHG WKH PHPEHUV KDYH VX൶FLHQWWRUVLRQDOVWL൵QHVVDQGVKHDUFDQEHWUDQVIHUUHGDFURVV
MRLQWV 7RUVLRQDOO\ VWL൵ PHPEHUV VXFK DV KROORZFRUH RU
solid slabs will provide better load distribution than torsionDOO\À
DOO\ÀH[LEOHPHPEHUVVXFKDVGRXEOHWHHVZLWKWKLQÀDQJHV
distr
The actual distribution
of the load depends on many factors
ssed in detail in LaGue (1971), Johnson and Ghadiali
discussed
Pfeifer
fer and Nel
Nelson
son
on (1983), Stanton (1987, 1992),
(1972), Pfe
anua for the Design of Hollow Core Slabs and Walls
PCI Manual
(PC MNL
NL 126), Aswad an
and Jacques (1992), and the PCI
(PCI
Desig Handbook
Han
MNL 120). Large openings can
Design
(PCI MN
JQL¿
DQJHVLQ
FDXVHVLJQL¿FDQWFKDQJHVLQGLVWULEXWLRQRIIRUFHV
R4 2.2 3UHVWUHVVHGFRQFUHWHV\VWHPV
3
HVVHGFRQF
R4.12.2
ing, as used
use in the Code, may apply to pretenPrestressing,
ing, bonded post-tensioning, or unbonded postsioning,
tensionin All requirements in the Code apply to prestressed
tensioning.
V\VWHPV DQG PHPEHUV XQOHVV VSHFL¿FDOO\ H[FOXGHG 7KLV
VHFWLRQ FRQWDLQV VSHFL¿F UHTXLUHPHQWV IRU SUHVWUHVVHG
concrete systems. Other sections of this Code also provide
VSHFL¿F UHTXLUHPHQWV VXFK DV UHTXLUHG FRQFUHWH FRYHU IRU
prestressed systems.
&UHHSDQGVKULQNDJHH൵HFWVPD\EHJUHDWHULQSUHVWUHVVHG
than in nonprestressed concrete structures because of the
prestressing forces and because prestressed structures typiFDOO\KDYHOHVVERQGHGUHLQIRUFHPHQW(൵HFWVRIPRYHPHQWV
due to creep and shrinkage may require more attention than
is normally required for nonprestressed concrete. These
movements may increase prestress losses.
Design of externally post-tensioned construction should
FRQVLGHUDVSHFWVRIFRUURVLRQSURWHFWLRQDQG¿UHUHVLVWDQFH
that are applicable to this structural system.

4.12.2.5 Post-tensioning tendons shall be permitted to
be external to any concrete section of a member. Strength
and serviceability design requirements of this Code shall be
XVHGWRHYDOXDWHWKHH൵HFWVRIH[WHUQDOWHQGRQIRUFHVRQWKH
concrete structure.
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4.12.3.17KLV&RGHVKDOODSSO\WRFRPSRVLWHFRQFUHWHÀH[XUDOPHPEHUVDVGH¿QHGLQChapter 2.
4.12.3.2 Individual members shall be designed for all critical stages of loading.
4.12.3.3 Members shall be designed to support all loads
introduced prior to full development of design strength of
composite members.

R4.12.3 &RPSRVLWHFRQFUHWHÀH[XUDOPHPEHUV
This section addresses structural concrete members, either
precast or cast-in-place, prestressed or nonprestressed,
FRQVLVWLQJRIFRQFUHWHFDVWDWGL൵HUHQWWLPHVLQWHQGHGWRDFW
as a composite member when loaded after concrete of the
last stage of casting has set. All requirements in the Code
DSSO\ WR WKHVH PHPEHUV XQOHVV VSHFL¿FDOO\ H[FOXGHG ,Q
DGGLWLRQVRPHUHTXLUHPHQWVDSSO\VSHFL¿FDOO\WRFRPSRVLWH
FRQFUHWH ÀH[XUDO PHPEHUV 7KLV VHFWLRQ FRQWDLQV UHTXLUHPHQWVWKDWDUHVSHFL¿FWRWKHVHHOHPHQWVDQGDUHQRWFRYHUHG
in the applicable member chapters.

4.12.3.4 Reinforcement shall be detailed to minimize
cracking and to prevent separation of individual components
of composite members.
4.12.4 6WUXFWXUDOSODLQFRQFUHWHV\VWHPV
mbers,
4.12.4.1 The design of structural plain concrete members,
both cast-in-place and precast, shall be in accordance with
Chapter 14.
pect
4.13—Construction and inspection
VWUX
H[HFXWLRQ VKD
4.13.1 6SHFL¿FDWLRQV IRU FRQVWUXFWLRQ
VKDOO EH
in accordance with Chapter 26.
nst
on shall be in aaccorcor4.13.2 Inspection during construction
ene building
uilding code.
dance with Chapter 26 and the general

4.14—Strength evaluation of existing structures
4.14.1 Strength evaluation of existing structures shall be
in accordance with Chapter 27.

—Co ruction and
a inspection
R4.13—Construction
Chapter
Ch
ter 226 has been organized
orga
to collect into one locath des
ormation, compliance requirements, and
tion the
design information,
on pprovisions
ns from th
inspection
the Code that should be included
n con
ruct
uments T
in
construction
documents
There may be other information
s uld be included
uded in cconstruction documents that is not
that should
pter 26.
covered in Chapter
14—Streng evaluation of existing structures
R4.14—Strength
Requ
Requirements in Chapter 27 for strength evaluation of
existing structures by physical load test address the evaluation of structures subjected to gravity loads only. Chapter
27 also covers strength evaluation of existing structures by
analytical evaluation, which may be used for gravity as well
as other loadings such as earthquake or wind.
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R5.2—General
R5.2.1 Provisions in the Code are associated with dead,
live, wind, and earthquake loads such as those recommended
in $6&(6(,7KHFRPPHQWDU\WR$SSHQGL[&RI$6&(
SEI 7 provides service-level wind loads Wa for serviceability
checks; however, these loads are not appropriate for strength
design.
,IWKHVHUYLFHORDGVVSHFL¿HGE\WKHJHQHUDOEXLOGLQJFRGH
GL൵HUIURPWKRVHRI$6&(6(,WKHJHQHUDOEXLOGLQJFRGH
governs. However, if the nature of the loads contained in a
JHQHUDOEXLOGLQJFRGHGL൵HUVFRQVLGHUDEO\IURP$6&(6(,
ORDGVVRPHSURYLVLRQVRIWKLV&RGHPD\QHHGPRGL¿FDWLRQ
WRUHÀHFWWKHGL൵HUHQFH

es (SDCs) shall
5.2.2 Loads and Seismic Design Categories
lding cod
be in accordance with the general building
code, or deterPLQHGE\WKHEXLOGLQJR൶FLDO

R5.2.2 Seismic
Seism Design Categories (SDCs) in this Code
GRSWHGGLUHFWO\I
DUHDGRSWHGGLUHFWO\IURP$6&(6(,6LPLODUGHVLJQDWLRQV
ona
na Building Code (2018 IBC) and
are usedd by the Internati
International
ional Firee Protection Association (NFPA 5000 2012).
the National
CA National
nal Buildin
The BOCA
Building Code (BOCA 1999) and “The
Stand d Bu
Standard
Building Code” (S
(SBC 1999) used seismic performance cate
categories. The “Un
“Uniform Building Code” (IBCO
997) relates
elate seismic
ic design requirements to seismic zones,
1997)
wher s editions
ed
3 prior to 2008 related seismic
whereas
of ACI 318
d
ments to seismic risk levels. Table R5.2.2
design
requirements
correlates SDC to se
seismic risk terminology used in ACI
318 for several eeditions before the 2008 edition, and to the
various methods of assigning design requirements used in
the United States under the various model building codes,
WKH $6&(6(,  VWDQGDUG DQG WKH 1DWLRQDO (DUWKTXDNH
Hazard Reduction Program (NEHRP 1994).
Design requirements for earthquake-resistant structures in
this Code are determined by the SDC to which the structure
is assigned. In general, the SDC relates to seismic hazard
level, soil type, occupancy, and building use. Assignment of
a building to an SDC is under the jurisdiction of the general
building code rather than this Code.
In the absence of a general building code that prescribes
HDUWKTXDNH H൵HFWV DQG VHLVPLF ]RQLQJ LW LV WKH LQWHQW RI
Committee 318 that application of provisions for earthquake-resistant design be consistent with national standards
RU PRGHO EXLOGLQJ FRGHV VXFK DV$6&(6(,   ,%&
and NFPA 5000. The model building codes also specify
overstrength factors o that are related to the seismic-forceresisting system used for the structure and design of certain
elements.
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5.2—General
5.2.1 Loads shall include self-weight; applied loads; and
H൵HFWV RI SUHVWUHVVLQJ HDUWKTXDNHV UHVWUDLQW RI YROXPH
FKDQJHDQGGL൵HUHQWLDOVHWWOHPHQW

Loads

5.1—Scope
5.1.1 This chapter shall apply to selection of load factors
and combinations used in design, except as permitted in
Chapter 27.

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1
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Table R5.2.2—Correlation between seismic-related terminology in model codes
Level of seismic risk or assigned seismic performance or design categories as
GH¿QHGLQWKH&RGH

Code, standard, or resource document and edition
ACI 318-08, ACI 318-11, ACI 318-14, ACI 318-19; IBC of 2000, 2003,
2006, 2009, 2012, 2015, 2018; NFPA 5000 of 2003, 2006, 2009, 2012,
2015, 2018; ASCE 7-98, 7-02, 7-05, 7-10, 7-16; NEHRP 1997, 2000,
2003, 2009, 2015

SDC[1] A, B

SDC C

SDC D, E, F

ACI 318-05 and previous editions

Low seismic risk

0RGHUDWHLQWHUPHGLDWHVHLVPLFULVN

High seismic risk

BOCA National Building Code 1993, 1996, 1999; Standard Building
Code 1994, 1997, 1999; ASCE 7-93, 7-95; NEHRP 1991, 1994

SPC[2] A, B

SPC C

SPC D, E

Uniform Building Code 1991, 1994, 1997

Seismic Zone 0, 1

Seismic Zone 2

Seismic Zone 3, 4

[1]

6'& VHLVPLFGHVLJQFDWHJRU\DVGH¿QHGLQFRGHVWDQGDUGRUUHVRXUFHGRFXPHQW

[2]

63& VHLVPLFSHUIRUPDQFHFDWHJRU\DVGH¿QHGLQFRGHVWDQGDUGRUUHVRXUFHGRFXPHQW

5.2.3 Live load reductions shall be permitted in accordance with the general building code or, in the absence of a
general building code, in accordance with $6&(6(,.
5.3—Load factors and combinations
ast equal to the
5.3.1 Required strength U shall be at least
ZLWKH[F
H൵HFWVRIIDFWRUHGORDGVLQ7DEOHZLWKH[FHSWLRQVDQG
additions in 5.3.3 through 5.3.13.
tio
Table 5.3.1—Load combinations
Load combination

Equation
Equ

Primary
Prim
y
loa
load

U = 1.4D

(5.3.1a)

D

U = 1.2D + 1.6L + 0.5(Lr or S or R)

(5.3.1b)
.3.1b)

L

U = 1.2D + 1.6(Lr or S or R) + (1.0L or 0.5W)

(5.3.1c)

Lr or S or R

U = 1.2D + 1.0W + 1.0L + 0.5(Lr or S or R)

(5.3.1d)

W

U = 1.2D + 1.0E + 1.0L + 0.2S

(5.3.1e)

E

U = 0.9D + 1.0W

(5.3.1f)

W

U = 0.9D + 1.0E

(5.3.1g)

E

R5
R5.3—Load
factors and combinations
R5.3.1 The re
required strength U is expressed in terms of
UHGORDGV)DFWR
IDFWRUHGORDGV)DFWRUHGORDGVDUHWKHORDGVVSHFL¿HGLQWKH
ding code m
ultip
ti
general buil
building
multiplied
by appropriate load factors.
RDG H൵HFWV
WV VXFK DV
,I WKH ORDG
DV LQWHUQDO IRUFHV DQG PRPHQWV DUH
linea
linearly rela
related to the loads, the required strength U may be
H[SUHV HGLQ
IORDGH൵H
H[SUHVVHGLQWHUPVRIORDGH൵HFWVPXOWLSOLHGE\WKHDSSURSULDWH
WRUV ZLWK WKH
H LGHQWLF
ORDG IDFWRUV
LGHQWLFDO UHVXOW ,I WKH ORDG H൵HFWV DUH
QRQOLQ DUO\
WRWKHORD
QRQOLQHDUO\UHODWHGWRWKHORDGVVXFKDVIUDPH3GHOWDH൵HFWV
(Rog sky and Wight 201
2010), the loads are factored before
(Rogowsky
G
HORDGH൵
GHWHUPLQLQJWKHORDGH൵HFWV7\SLFDOSUDFWLFHIRUIRXQGDWLRQ
design is discussed in R13.2.6.1 1RQOLQHDU ¿QLWH HOHPHQW
ysis using factored
fac
analysis
load cases is discussed in R6.9.3.
7KH IIDFWRU DVVLJQHG WR HDFK ORDG LV LQÀXHQFHG E\ WKH
7KH
GHJUHHRIDFFXUDF\WRZKLFKWKHORDGH൵HFWXVXDOO\FDQEH
calculated and the variation that might be expected in the
load during the lifetime of the structure. Dead loads, because
they are more accurately determined and less variable, are
assigned a lower load factor than live loads. Load factors
also account for variability in the structural analysis used to
calculate moments and shears.
7KH &RGH JLYHV ORDG IDFWRUV IRU VSHFL¿F FRPELQDWLRQV RI
loads. In assigning factors to combinations of loading, some
consideration is given to the probability of simultaneous
occurrence. While most of the usual combinations of loadings are included, it should not be assumed that all cases are
covered.
Due regard is to be given to the sign (positive or negative) in determining U for combinations of loadings, as one
W\SHRIORDGLQJPD\SURGXFHH൵HFWVRIRSSRVLWHVHQVHWRWKDW
produced by another type. The load combinations with 0.9D
are included for the case where a higher dead load reduces
WKHH൵HFWVRIRWKHUORDGV7KHORDGLQJFDVHPD\DOVREHFULWical for tension-controlled column sections. In such a case,
a reduction in compressive axial load or development of
tension with or without an increase in moment may result in
a critical load combination.
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Consideration should be given to various combinations of
loading to determine the most critical design condition. This
is particularly true when strength is dependent on more than
RQH ORDG H൵HFWVXFK DV VWUHQJWKIRU FRPELQHGÀH[XUH DQG
axial load or shear strength in members with axial load.
If unusual circumstances require greater reliance on the
strength of particular members than circumstances encountered in usual practice, some reduction in the stipulated
strength reduction factors ࢥ or increase in the stipulated load
factors may be appropriate for such members.
Rain load R in Eq. (5.3.1b), (5.3.1c), and (5.3.1d) should
account for all likely accumulations of water. Roofs should be
GHVLJQHGZLWKVX൶FLHQWVORSHRUFDPEHUWRHQVXUHDGHTXDWH
GUDLQDJHDFFRXQWLQJIRUDQ\ORQJWHUPGHÀHFWLRQRIWKHURRI
GXH WR WKH GHDG ORDGV ,I GHÀHFWLRQ RI URRI PHPEHUV PD\
UHVXOWLQSRQGLQJRIZDWHUDFFRPSDQLHGE\LQFUHDVHGGHÀHFtion and additional ponding, the design should ensure that
this process is self-limiting.
Model building codes and design load references refer
f
to earthquake forces
at the strength level, and the correding load factor is 1.0 (($6&(6(,; BOCA 1999; SBC
sponding
1997);
7);
); 2018 IBC). In the absence of a
1999; UBC (ICBO 199
buil g code that prescribes strength level earthgeneral building
TXDN ൵HF
JKHUORDG
TXDNHH൵HFWVDKLJKHUORDGIDFWRURQE
would be required.
7KHO GH൵
n model bbuilding codes and design load
7KHORDGH൵HFWE
in
FHVW
LQFOXGHV
UHIHUHQFHVWDQGDUGVLQFOXGHVWKHH൵HFWRIERWKKRUL]RQWDODQG
vertic gro
otions (as Eh and Ev, respectively). The
vertical
ground motions
H൵HF RUYH
JURXQGP
H൵HFWIRUYHUWLFDOJURXQGPRWLRQVLVDSSOLHGDVDQDGGLWLRQ
QIURPWK
WRRUVXEWUDFWLRQIURPWKHGHDGORDGH൵HFW
D), and it applies
ural eleme
to all structural
elements, whether part of the seismic forceWLQJV\VWHP
UHVLVWLQJV\VWHPRUQRWXQOHVVVSHFL¿FDOO\H[FOXGHGE\WKH
b
general building
code.
5.3.27KHH൵HFWRIRQHRUPRUHORDGVQRWDFWLQJVLPXOWDQHously shall be investigated.
5.3.3 The load factor on live load L in Eq. (5.3.1c),
(5.3.1d), and (5.3.1e) shall be permitted to be reduced to 0.5
except for (a), (b), or (c):
(a) Garages
(b) Areas occupied as places of public assembly
(c) Areas where LLVJUHDWHUWKDQOEIW2

R5.3.3 7KH ORDG PRGL¿FDWLRQ IDFWRU LQ WKLV SURYLVLRQ LV
GL൵HUHQW WKDQ WKH OLYH ORDG UHGXFWLRQV EDVHG RQ WKH ORDGHG
area that may be allowed in the general building code. The
live load reduction, based on loaded area, adjusts the nominal
live load (L0LQ$6&(6(, WRL. The live load reduction, as
VSHFL¿HGLQWKHJHQHUDOEXLOGLQJFRGHFDQEHXVHGLQFRPELQDWLRQZLWKWKHORDGIDFWRUVSHFL¿HGLQWKLVSURYLVLRQ

5.3.4 If applicable, L shall include (a) through (f):
(a) Concentrated live loads
(b) Vehicular loads
(c) Crane loads
(d) Loads on hand rails, guardrails, and vehicular barrier
systems
H ,PSDFWH൵HFWV
I 9LEUDWLRQH൵HFWV
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5.3.5 If wind load W is provided at service-level loads, 1.6W
shall be used in place of 1.0W in Eq. (5.3.1d) and (5.3.1f), and
0.8W shall be used in place of 0.5W in Eq. (5.3.1c).

R5.3.5 In $6&(6(,, wind loads are consistent with
service-level design; a wind load factor of 1.6 is appropriate
for use in Eq. (5.3.1d) and (5.3.1f) and a wind load factor
of 0.8 is appropriate for use in Eq. (5.3.1c). $6&(6(,
prescribes wind loads for strength-level design and the wind
load factor is 1.0. Design wind speeds for strength-level
design are based on storms with mean recurrence intervals
of 300, 700, and 1700 years depending on the risk category
of the structure. The higher load factors in 5.3.5 apply where
service-level wind loads corresponding to a 50-year mean
recurrence interval are used for design.

5.3.6 7KH VWUXFWXUDO H൵HFWV RI IRUFHV GXH WR UHVWUDLQW RI
YROXPHFKDQJHDQGGL൵HUHQWLDOVHWWOHPHQWT shall be considHUHGLQFRPELQDWLRQZLWKRWKHUORDGVLIWKHH൵HFWVRIT can
DGYHUVHO\D൵HFWVWUXFWXUDOVDIHW\RUSHUIRUPDQFH7KHORDG
factor for T shall be established considering the uncertainty
associated with the likely magnitude of T, the probability
WKDWWKHPD[LPXPH൵HFWRIT will occur simultaneously
y with
other applied loads, and the potential adverse
se consequences
LIWKHH൵HFWRIT is greater than assumed.
d. The load
lo factor on
T shall not have a value less than 1.0.
0.

R5.3.6 Several strategies can be used to accommodate
PRYHPHQWVGXHWRYROXPHFKDQJHDQGGL൵HUHQWLDOVHWWOHPHQW
5HVWUDLQW RI VXFK PRYHPHQWV FDQ FDXVH VLJQL¿FDQW PHPEHU
forces and moments, such as tension in slabs and shear forces
and moments in vertical members. Forces due to T H൵HFWV
are not commonly calculated and combined with other load
H൵
H൵HFWV 5DWKHU GHVLJQV UHO\ RQ VXFFHVVIXO SDVW SUDFWLFHV
using compliant structural members and ductile connections
FRPPRGDWH GL൵
WR DFFRPPRGDWH
GL൵HUHQWLDO VHWWOHPHQW DQG YROXPH FKDQJH
ent while
w
provid
ng
g the needed resistance to gravity
movement
providing
eral lloads.
s. Expansio
and lateral
Expansion joints and construction closure
strip
strips aree us
used to limit volum
volume change movements based on
the pe
orma
performance
of similar str
structures. Shrinkage and temperaQIRUF
ZKLFK P
WXUH UHLQIRUFHPHQW
PD\ H[FHHG WKH UHTXLUHG ÀH[XUDO
einfo eme
ommonly proportioned based on gross
reinforcement,
is commonly
concr
er than calculated
cal
concretee are
area rather
force.
tural mo
Where structural
movements can lead to damage of
nonductile elements, calculation of the predicted force
ld consider the inherent variability of the expected
should
moveme
movement and structural response.
A long-term study of the volume change behavior of
precast concrete buildings (Klein and Lindenberg 2009)
UHFRPPHQGVSURFHGXUHVWRDFFRXQWIRUFRQQHFWLRQVWL൵QHVV
thermal exposure, member softening due to creep, and other
IDFWRUVWKDWLQÀXHQFHT forces.
Fintel et al. (1986) provides information on the magniWXGHVRIYROXPHFKDQJHH൵HFWVLQWDOOVWUXFWXUHVDQGUHFRPmends procedures for including the forces resulting from
WKHVHH൵HFWVLQGHVLJQ

5.3.7,IÀXLGORDGF is present, it shall be included in the
load combination equations of 5.3.1 in accordance with (a),
(b), (c), or (d):
(a) If FDFWVDORQHRUDGGVWRWKHH൵HFWVRID, it shall be
included with a load factor of 1.4 in Eq. (5.3.1a).
(b) If F adds to the primary load, it shall be included with
a load factor of 1.2 in Eq. (5.3.1b) through (5.3.1e).
F  ,I WKH H൵HFW RI F is permanent and counteracts the
primary load, it shall be included with a load factor of 0.9
in Eq. (5.3.1g).
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G ,IWKHH൵HFWRIF is not permanent but, when present,
counteracts the primary load, F shall not be included in
Eq. (5.3.1a) through (5.3.1g).

Loads

(a) If H DFWV DORQH RU DGGV WR WKH SULPDU\ ORDG H൵HFW LW
shall be included with a load factor of 1.6.
E  ,I WKH H൵HFW RI H is permanent and counteracts the
SULPDU\ORDGH൵HFWLWVKDOOEHLQFOXGHGZLWKDORDGIDFWRU
of 0.9.
F ,IWKHH൵HFWRIH is not permanent but, when present,
FRXQWHUDFWV WKH SULPDU\ ORDG H൵HFW H shall not be
included.

R5.3.8 The required load factors for lateral pressures from
VRLO ZDWHU LQ VRLO DQG RWKHU PDWHULDOV UHÀHFW WKHLU YDULability and the possibility that the materials may be removed.
The commentary of $6&(6(, includes additional useful
discussion pertaining to load factors for H.

5

5.3.8 If lateral earth pressure H is present, it shall be
included in the load combination equations of 5.3.1 in accordance with (a), (b), or (c):

5.3.9,IDVWUXFWXUHLVLQDÀRRG]RQHWKHÀRRGORDGVDQG
(,
the appropriate load factors and combinations of $6&(6(,
7 shall be used.

R5.3.9 $UHDV VXEMHFW WR ÀRRGLQJ DUH GH¿QHG E\ ÀRRG
hazard maps, usually maintained by local governmental
jurisdictions.

d to forces from atmo5.3.10 If a structure is subjected
spheric ice loads, the ice loads and the appropriate load
&(
VKDOOEHXVHG
IDFWRUVDQGFRPELQDWLRQVRI$6&(6(,VKDOOEHXVHG

10 IIce
ce buildup oon
n a structural member increases the
R5.3.10
ORDG GWKHSURMHF
DSSOLHGORDGDQGWKHSURMHFWHGDUHDH[SRVHGWRZLQG$6&(
prov
maps of pprobable ice thicknesses due to
SEI 7 provides
freezi g rain,
rai with concurre
freezing
concurrent 3-second gust speeds, for a
d.
50-year retu
return period.

clude internal load
ad
5.3.11 Required strength U sha
shall include
\S
L
H൵HFWVGXHWRUHDFWLRQVLQGXFHGE\SUHVWUHVVLQJZLWKDORDG
factor of 1.0.

R5
11 For statically indeterminate structures, the
R5.3.11
LLQWHUQDOORDGH൵HFWVGXHWRUHDFWLRQVLQGXFHGE\SUHVWUHVVLQJ
൵HFWVGXH
etimes refe
forces, sometimes
referred to as secondary moments, can be
L¿FDQW Bond
Bondy 2003; Lin and Thornton 1972; Collins
VLJQL¿FDQW
Mitc
and Mitchell
1997).

5.3.12 For post-tensioned anchorage zone design, a load
factor of 1.2 shall be applied to the maximum prestressing
reinforcement jacking force.

R5.3.12 The load factor of 1.2 applied to the maximum
tendon jacking force results in a design load of about 113
SHUFHQW RI WKH VSHFL¿HG SUHVWUHVVLQJ UHLQIRUFHPHQW \LHOG
strength, but not more than 96 percent of the nominal tensile
strength of the prestressing reinforcement. This compares
well with the maximum anchorage capacity, which is at least
95 percent of the nominal tensile strength of the prestressing
reinforcement.

5.3.13 /RDG IDFWRUV IRU WKH H൵HFWV RI SUHVWUHVVLQJ XVHG
with the strut-and-tie method shall be included in the load
combination equations of 5.3.1 in accordance with (a) or (b):
(a) A load factor of 1.2 shall be applied to the prestressing
H൵HFWVZKHUHWKHSUHVWUHVVLQJH൵HFWVLQFUHDVHWKHQHWIRUFH
in struts or ties.
(b) A load factor of 0.9 shall be applied to the prestressing
H൵HFWVZKHUHWKHSUHVWUHVVLQJH൵HFWVUHGXFHWKHQHWIRUFH
in struts or ties.
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6.1—Scope
6.1.1 This chapter shall apply to methods of analysis,
modeling of members and structural systems, and calculaWLRQRIORDGH൵HFWV

R6.1—Scope
The provisions of this chapter apply to analyses used to
GHWHUPLQHORDGH൵HFWVIRUGHVLJQ
Section 6.2 provides general requirements that are
applicable for all analysis procedures.
Section 6.2.4 directs the licensed design professional
WR VSHFL¿F DQDO\VLV SURYLVLRQV WKDW DUH QRW FRQWDLQHG LQ
this chapter. Sections 6.2.4.1 and 6.2.4.2 identify analysis
SURYLVLRQVWKDWDUHVSHFL¿FWRWZRZD\VODEVDQGZDOOV
Section 6.3 addresses modeling assumptions used in
establishing the analysis model.
Section 6.4 prescribes the arrangements of live loads that
are to be considered in the analysis.
6HFWLRQSURYLGHVDVLPSOL¿HGPHWKRGRIDQDO\VLVIRU
nonprestressed continuous beams and one-way slabs that
can be used in place of a more rigorous analysis when the
VWLSXODWHGFRQGLWLRQVDUHVDWLV¿HG
Section 6.6 includes provisions for a comprehensive linear
HODVWLF ¿UVWRUGHU DQDO\VLV 7KH H൵HFWV RI FUDFNHG VHFWLRQV
and creep are in
included in the analysis through the use of
YHVWL൵QHVVHV
H൵HFWLYHVWL൵QHVVHV
on 66.7
7 includes provisions
prov
ov
Section
for linear elastic secondQDO\V QFOXVLRQRI
RUGHUDQDO\VLV,QFOXVLRQRIWKHH൵HFWVRIFUDFNLQJDQGFUHHS
is re
red.
required.
Sec
on 66.8 includes
des provis
Section
provisions for inelastic analysis.
RQ  LQFOXGHV
GHV SURY
6HFWLRQ
SURYLVLRQV IRU WKH XVH RI WKH ¿QLWH
leme me
element
method.

6.2—General
6.2.1 Members and structural systems shall be permitted
to be modeled in accordance with 6.3.

al
R6.2—General

6.2.2 All members and structural systems shall be
DQDO\]HGWRGHWHUPLQHWKHPD[LPXPORDGH൵HFWVLQFOXGLQJ
the arrangements of live load in accordance with 6.4.
6.2.3 Methods of analysis permitted by this chapter shall
be (a) through (e):
D  7KH VLPSOL¿HG PHWKRG IRU DQDO\VLV RI FRQWLQXRXV
beams and one-way slabs for gravity loads in 6.5
E /LQHDUHODVWLF¿UVWRUGHUDQDO\VLVLQ
(c) Linear elastic second-order analysis in 6.7
(d) Inelastic analysis in 6.8
(e) Finite element analysis in 6.9

R6.2.3 $ ¿UVWRUGHU DQDO\VLV VDWLV¿HV WKH HTXDWLRQV RI
equilibrium using the original undeformed geometry of
WKH VWUXFWXUH:KHQ RQO\ ¿UVWRUGHU UHVXOWV DUH FRQVLGHUHG
VOHQGHUQHVV H൵HFWV DUH QRW DFFRXQWHG IRU %HFDXVH WKHVH
H൵HFWV FDQ EH LPSRUWDQW  SURYLGHV SURFHGXUHV WR
calculate both individual member slenderness (Pį  H൵HFWV
and sidesway (P¨ H൵HFWVIRUWKHRYHUDOOVWUXFWXUHXVLQJWKH
¿UVWRUGHUUHVXOWV
$ VHFRQGRUGHU DQDO\VLV VDWLV¿HV WKH HTXDWLRQV RI
equilibrium using the deformed geometry of the structure.
If the second-order analysis uses nodes along compression
PHPEHUVWKHDQDO\VLVDFFRXQWVIRUVOHQGHUQHVVH൵HFWVGXH
to lateral deformations along individual members, as well as
sidesway of the overall structure. If the second-order analysis
uses nodes at the member intersections only, the analysis
FDSWXUHV WKH VLGHVZD\ H൵HFWV IRU WKH RYHUDOO VWUXFWXUH EXW
QHJOHFWVLQGLYLGXDOPHPEHUVOHQGHUQHVVH൵HFWV,QWKLVFDVH
WKHPRPHQWPDJQL¿HUPHWKRG  LVXVHGWRGHWHUPLQH
LQGLYLGXDOPHPEHUVOHQGHUQHVVH൵HFWV
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An inelastic analysis i) represents the nonlinear stressstrain response of the materials composing the structure;
LL VDWLV¿HVFRPSDWLELOLW\RIGHIRUPDWLRQVDQGLLL VDWLV¿HV
HTXLOLEULXPLQWKHXQGHIRUPHGFRQ¿JXUDWLRQIRU¿UVWRUGHU
DQDO\VLVRULQWKHGHIRUPHGFRQ¿JXUDWLRQIRUVHFRQGRUGHU
analysis.
Finite element analysis was introduced in the 2014 Code
to explicitly recognize a widely used analysis method.

6.2.4 Additional analysis methods that are permitted
include 6.2.4.1 through 6.2.4.4.
6.2.4.1 Two-way slabs shall be permitted to be analyzed
for gravity loads in accordance with (a) or (b):
(a) Direct design method for nonprestressed slabs
(b) Equivalent frame method for nonprestressed and
prestressed slabs

R6.2.4.1 Code editions from 1971 to 2014 contained
provisions for use of the direct design method and the equivalent frame method. These methods are well-established and
are covered in available texts. These provisions for gravity
load analysis of two-way slabs have been removed from the
Code because they are considered to be only two of several
analysi methods currently used for the design of two-way
analysis
direc design method and the equivalent frame
slabs. The direct
d of the 2014 C
method
Code,, however, may still be used for the
two-way slabs
slabs fo
f gravity loads.
analysis of two-way
for

d to be analyz
n
6.2.4.2 Slender walls shall be pe
permitted
analyzed in
IS
൵HFWV
accordance with 11.8 IRURXWRISODQHH൵HFWV
ed to be analyz
d in
6.2.4.3 Diaphragms shall be pe
permitted
analyzed
accordance with 12.4.2.
6.2.4.4 A member or region shall be permitted to be
analyzed and designed using the strut-and-tie method in
accordance with Chapter 23.
6.2.5 6OHQGHUQHVVHৼHFWV

R6.2.5 6OHQGHUQHVVHৼHFWV

6.2.5.1 6OHQGHUQHVV H൵HFWV VKDOO EH SHUPLWWHG WR EH
QHJOHFWHGLI D RU E LVVDWLV¿HG
(a) For columns not braced against sidesway
kAu
≤ 22
r

(6.2.5.1a)

(b) For columns braced against sidesway
kAu
≤  +  M 1 M 2
r

(6.2.5.1b)

kAu
≤ 40
r

(6.2.5.1c)

and

where M1/M2 is negative if the column is bent in single
curvature, and positive for double curvature.

6HFRQGRUGHU H൵HFWV LQ PDQ\ VWUXFWXUHV DUH QHJOLJLEOH
In these cases, it is unnecessary to consider slenderness
H൵HFWVDQGFRPSUHVVLRQPHPEHUVVXFKDVFROXPQVZDOOV
or braces, can be designed based on forces determined from
¿UVWRUGHU DQDO\VHV 6OHQGHUQHVV H൵HFWV FDQ EH QHJOHFWHG
in both braced and unbraced systems, depending on the
slenderness ratio (NƐu/r) of the member.
The sign convention for M1/M2 has been updated so that
M1/M2 is negative if bent in single curvature and positive
LIEHQWLQGRXEOHFXUYDWXUH7KLVUHÀHFWVDVLJQFRQYHQWLRQ
change from the 2011 Code.
7KH SULPDU\ GHVLJQ DLG WR HVWLPDWH WKH H൵HFWLYH OHQJWK
factor k is the Jackson and Moreland Alignment Charts (Fig.
R6.2.5.1), which provide a graphical determination of k for
a column of constant cross section in a multi-bay frame (ACI
SP-17(09); Column Research Council 1966).
Equations (6.2.5.1b) and (6.2.5.1c) are based on Eq.
(6.6.4.5.1) assuming that a 5 percent increase in moments
due to slenderness is acceptable (MacGregor et al. 1970).
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If bracing elements resisting lateral movement of a story
KDYH D WRWDO VWL൵QHVV RI DW OHDVW  WLPHV WKH JURVV ODWHUDO
VWL൵QHVVRIWKHFROXPQVLQWKHGLUHFWLRQFRQVLGHUHGLWVKDOO
be permitted to consider columns within the story to be
braced against sidesway.

$VD¿UVWDSSUR[LPDWLRQk may be taken equal to 1.0 in Eq.
(6.2.5.1b) and (6.2.5.1c).
7KH VWL൵QHVV RI WKH ODWHUDO EUDFLQJ LV FRQVLGHUHG EDVHG
on the principal directions of the framing system. Bracing
elements in typical building structures consist of structural
walls or lateral braces. Torsional response of the lateral-forceresisting system due to eccentricity of the structural system
FDQLQFUHDVHVHFRQGRUGHUH൵HFWVDQGVKRXOGEHFRQVLGHUHG

∞

∞
1.0

50.0
10.0
5.0
3.0

0.9

2.0

50.0
10.0
5.0
3.0

ΨA

∞

100.0
50.0
30.0
20.0

ΨB

k

∞
20.0

∞
10.0

5.0
4.0

2.0
0.8

1.0
0.9
0.8
0.7
0.6
0.5

0.7

1.0
0.9
0.8
0.7
0.6
0.5

0.4

0.4

0.3

0.3
0.6

0.2

10.0
9.0
8.0
7.0
6.0
5.0
4.0

3.0

2.0

3.0

10.0
9.0
8.0
7.0
6.0
5.0
4.0
3.0

2.0

2.0
1.5

0.2
1.0

0.1

1.0

0.1

0.5

0

0

1.0

0

(b)
Sway frames

(a)
Nonsway frames

Ψ = ratio of Σ(EI / c ) of all columns to Σ(EI /  ) of beams in a plane at one end of a column

 = span length of of beam measured center to center of joints
Fig. R6.2.5.1²(ৼHFWLYHOHQJWKIDFWRUk.
6.2.5.2 The radius of gyration, r, shall be permitted to be
calculated by (a), (b), or (c):
(a)

100.0
50.0
30.0
20.0

r=

Ig
Ag

(6.2.5.2)

(b) 0.30 times the dimension in the direction stability is
being considered for rectangular columns
(c) 0.25 times the diameter of circular columns
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6.2.5.3 8QOHVV VOHQGHUQHVV H൵HFWV DUH QHJOHFWHG DV
permitted by 6.2.5.1, the design of columns, restraining
beams, and other supporting members shall be based on
the factored forces and moments considering second-order
H൵HFWV LQ DFFRUGDQFH ZLWK   RU  Mu including
VHFRQGRUGHU H൵HFWV VKDOO QRW H[FHHG 1.4Mu GXH WR ¿UVW
RUGHUH൵HFWV

R6.2.5.3'HVLJQFRQVLGHULQJVHFRQGRUGHUH൵HFWVPD\EH
EDVHGRQWKHPRPHQWPDJQL¿HUDSSURDFK MacGregor et al.
1970; MacGregor 1993; Ford et al. 1981), an elastic secondorder analysis, or a nonlinear second-order analysis. Figure
R6.2.5.3 is intended to assist designers with application of
the slenderness provisions of the Code.
End moments in compression members, such as columns,
walls, or braces, should be considered in the design of
DGMDFHQWÀH[XUDOPHPEHUV,QQRQVZD\IUDPHVWKHH൵HFWVRI
magnifying the end moments need not be considered in the
GHVLJQRIDGMDFHQWEHDPV,QVZD\IUDPHVWKHPDJQL¿HGHQG
moments should be considered in designing the adjoining
ÀH[XUDOPHPEHUV
Several methods have been developed to evaluate
VOHQGHUQHVV H൵HFWV LQ FRPSUHVVLRQ PHPEHUV VXEMHFW WR
biaxial bending. A review of some of these methods is
presented in Furlong et al. (2004).
If the weight of a structure is high in proportion to its lateral
VWL൵QH H[FHVVLYH P¨ H൵HFWV ZKHUH VHFRQGDU\ PRPHQWV
VWL൵QHVV
2 percent of the primary moments, may
are more than 25
P H൵HFWV
P¨
result. The P¨H൵HFWVZLOOHYHQWXDOO\LQWURGXFHVLQJXODULWLHV
tion to the eequations
qu
qua
into the solu
solution
of equilibrium, indicating
ural instab
physicall str
structural
instability (Wilson 1997). Analytical
rese h (M
egor and Hage 1977) on reinforced
research
(MacGregor
concre e fr
howed th
concrete
frames showed
that the probability of stability
ncre
idly whe
failure increases
rapidly
when the stability index QGH¿QHG
6.6 4.1, exceedss 0.2, wh
inn 6.6.4.4.1,
which is equivalent to a secondaryto-pr ary moment
nt ratio oof 1.25. According to $6&(6(,
to-primary
PYDOXH
which
7WKHPD[LPXPYDOXHRIWKHVWDELOLW\FRH൶FLHQWș,
WKH$&,VWD
LVFORVHWRWKH$&,VWDELOLW\FRH൶FLHQWQ,
is 0.25. The value
5 is equivalen
0.25
equivalent to a secondary-to-primary moment ratio
33 Hence, the upper limit of 1.4 on the secondary-toof 11.33.
primary moment ratio was chosen.
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Neglect
slenderness?

Yes

6.2.5.1
Only 1st-order
analysis required
No

Analysis

Analyze columns
as nonsway?

Yes

6

No

6.6

6.2.5 or 6.6.4.3
Slenderness effects
at column ends

Slenderness effects
along column length

Moment magnification
method - sway frames

Moment magnification
method - nonsway frames

6.6.4.1 - 6.6.6.4.4, & 6.6.4.6

6.6.4.1 - 6.6.4.5

or

or

2nd-order analysis

2nd-order analysis

6.7 - Elastic
or
6.8 - Inelastic

R6.7.1.2 or R6.8.1.3

Slenderness effects
along column length
Moment magnification
6.6.4.5

M2nd-order ≤ 1.4M1st-order

or

6.2.5.3

2nd-order analysis
R6.7.1.2 or R6.8.1.3
Yes

Design column
for 2nd-order
moment
Fig. R6.2.5.3—)ORZFKDUWIRUGHWHUPLQLQJFROXPQVOHQGHUQHVVHৼHFWV
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6.3—Modeling assumptions
6.3.1 General

R6.3—Modeling assumptions
R6.3.1 General

6.3.1.1 5HODWLYH VWL൵QHVVHV RI PHPEHUV ZLWKLQ VWUXFtural systems shall be selected based on a reasonable set of
assumptions. The assumptions shall be consistent throughout
each analysis.

R6.3.1.16HSDUDWHDQDO\VHVZLWKGL൵HUHQWVWL൵QHVVDVVXPSWLRQV PD\ EH SHUIRUPHG IRU GL൵HUHQW REMHFWLYHV VXFK DV WR
check serviceability and strength criteria or to bound the
GHPDQGVRQHOHPHQWVZKHUHVWL൵QHVVDVVXPSWLRQVDUHFULWLFDO
,GHDOO\ WKH PHPEHU VWL൵QHVVHV Ec I and GJ should
UHÀHFW WKH GHJUHH RI FUDFNLQJ DQG LQHODVWLF DFWLRQ WKDW KDV
occurred along each member before yielding. However, the
FRPSOH[LWLHVLQYROYHGLQVHOHFWLQJGL൵HUHQWVWL൵QHVVHVIRUDOO
PHPEHUVRIDIUDPHZRXOGPDNHIUDPHDQDO\VHVLQH൶FLHQW
in the design process. Simpler assumptions are required to
GH¿QHÀH[XUDODQGWRUVLRQDOVWL൵QHVVHV
)RU EUDFHG IUDPHV UHODWLYH YDOXHV RI VWL൵QHVV DUH
important. A common assumption is to use 0.5Ig for beams
and Ig for columns.
For sway frames, a realistic estimate of I is desirable and
should be used if second-order analyses are performed.
Guidance for the
th choice of I for this case is given in 6.6.3.1.
o conditions ddetermine whether it is necessary to
Two
U WRU
VLRQDO VWL൵QH
VVV LLQ WKH DQDO\VLV RI D JLYHQ VWUXFFRQVLGHU
WRUVLRQDO
VWL൵QHVV
WLYH PDJQLW
WXUH   WKH UHODWLYH
PDJQLWXGH RI WKH WRUVLRQDO DQG ÀH[XUDO
VWL൵Q
HVD
ZKHWKHUWR
VWL൵QHVVHVDQG
ZKHWKHUWRUVLRQLVUHTXLUHGIRUHTXLOLEULXP
of the structure
truc
uilibrium torsion) or is due to members
(equilibrium
twisting to m
maintain deformat
deformation compatibility (compatibility
RUVLRQ ,QWKHFDVHRIHTXLOLEULXPWRUVLRQWRUVLRQDOVWL൵QHVV
,Q
RIHTXLOL
WRUVLRQ
shou
d in the aanalysis. It is, for example, necesshould be in
included
UWKHWRUVL
VDU\WRFRQVLGHUWKHWRUVLRQDOVWL൵QHVVHVRIHGJHEHDPV,QWKH
PSDWLELOLW\W
FDVHRIFRPSDWLELOLW\WRUVLRQWRUVLRQDOVWL൵QHVVXVXDOO\LVQRW
uded in the analysis.
an
included
This is because the cracked torsional
VWL൵QHVV
VWL൵QHVVRIDEHDPLVDVPDOOIUDFWLRQRIWKHÀH[XUDOVWL൵QHVV
of the members framing into it. Torsion should be considered
in design as required in Chapter 9.

6.3.1.2 To calculate moments and shears caused by gravity
loads in columns, beams, and slabs, it shall be permitted
to use a model limited to the members in the level being
considered and the columns above and below that level. It
shall be permitted to assume far ends of columns built inteJUDOO\ZLWKWKHVWUXFWXUHWREH¿[HG
6.3.1.3 7KH DQDO\VLV PRGHO VKDOO FRQVLGHU WKH H൵HFWV RI
variation of member cross-sectional properties, such as that
due to haunches.

R6.3.1.3 6WL൵QHVV DQG ¿[HGHQG PRPHQW FRH൶FLHQWV
for haunched members may be obtained from the Portland
Cement Association (1972).
R6.3.2 7EHDPJHRPHWU\

6.3.2 7EHDPJHRPHWU\
6.3.2.1 For nonprestressed T-beams supporting monolithic
RUFRPSRVLWHVODEVWKHH൵HFWLYHÀDQJHZLGWKbf shall include
the beam web width bwSOXVDQH൵HFWLYHRYHUKDQJLQJÀDQJH
width in accordance with Table 6.3.2.1, where h is the slab
thickness and sw is the clear distance to the adjacent web.

R6.3.2.1 In ACI 318-11 WKH ZLGWK RI WKH VODE H൵HFWLYH
DVD7EHDPÀDQJHZDVOLPLWHGWRRQHIRXUWKWKHVSDQ7KH
Code now allows one-eighth of the span on each side of the
beam web. This was done to simplify Table 6.3.2.1 and has
negligible impact on designs.
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Table 6.3.2.1—Dimensional limits for effective
overhanging flange width for T-beams
Flange location

(൵HFWLYHRYHUKDQJLQJÀDQJHZLGWKEH\RQGIDFH
of web
8h

Each side of
web

Least of:

sw 
ln
6h

One side of web

Least of:

sw 

Analysis

ln 

6

6.3.2.2 Isolated nonprestressed T-beams in which the
ÀDQJHLVXVHGWRSURYLGHDGGLWLRQDOFRPSUHVVLRQDUHDVKDOO
KDYHDÀDQJHWKLFNQHVVJUHDWHUWKDQRUHTXDOWR0.5bw and an
H൵HFWLYHÀDQJHZLGWKOHVVWKDQRUHTXDOWR4bw.
tted to
6.3.2.3 For prestressed T-beams, it shall be permitted
3.2.2.
use the geometry provided by 6.3.2.1 and 6.3.2.2.

R6.3.2.3 The empirical provisions of 6.3.2.1 and 6.3.2.2
R
GHYHORSHG IRU QRQSUHVWUHVVHG 7EHDPV 7KH ÀDQJH
ZHUH GHYHORSHG
widthss in 6.3.2.1 and 66.3.2.2 should be used unless experience
ven tthat
hat variation
has proven
variationss ar
are safe and satisfactory. Although
tand
many standard
prestressed products in use today do not
VDWLV WKH
YH ÀDQJH ZLGWK UHTXLUHPHQWV RI 
VDWLVI\
WKH H൵HFWLYH
6 .2.2 they demonstr
and 6.3.2.2,
demonstrate satisfactory performance.
UH GHWHUPLQDWLRQ
QDWLRQ RI
7KHUHIRUH
RI DQ H൵HFWLYH ÀDQJH ZLGWK IRU
prestr sed T-beamss is left to the experience and judgment of
prestressed
li nsed design
n profess
the licensed
professional. It is not always considered
a
conservative in elastic analysis
and design considerations to
[LPXPÀDQ
XVHWKHPD[LPXPÀDQJHZLGWKDVSHUPLWWHGLQ

6.4—Arrangement of live load
6.4.1 )RU WKH GHVLJQ RI ÀRRUV RU URRIV WR UHVLVW JUDYLW\
loads, it shall be permitted to assume that live load is applied
only to the level under consideration.

R6 4—A
R6.4—Arrangement
of live load

6.4.2 For one-way slabs and beams, it shall be permitted
to assume (a) and (b):

R6.4.2 The most demanding sets of design forces should
EHHVWDEOLVKHGE\LQYHVWLJDWLQJWKHH൵HFWVRIOLYHORDGSODFHG
in various critical patterns.

(a) Maximum positive Mu near midspan occurs with
factored L on the span and on alternate spans
(b) Maximum negative Mu at a support occurs with
factored L on adjacent spans only
6.4.3 For two-way slab systems, factored moments shall
be calculated in accordance with 6.4.3.1, 6.4.3.2, or 6.4.3.3,
and shall be at least the moments resulting from factored L
applied simultaneously to all panels.
6.4.3.1 If the arrangement of L is known, the slab system
shall be analyzed for that arrangement.
6.4.3.2 If L is variable and does not exceed 0.75D, or the
nature of L is such that all panels will be loaded simultaneously, it shall be permitted to assume that maximum Mu at
American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 2: LOADS & ANALYSIS

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

all sections occurs with factored L applied simultaneously
to all panels.
R6.4.3.3 The use of only 75 percent of the full factored
live load for maximum moment loading patterns is based
on the fact that maximum negative and maximum positive
live load moments cannot occur simultaneously and that
redistribution of maximum moments is thus possible before
IDLOXUHRFFXUV7KLVSURFHGXUHLQH൵HFWSHUPLWVVRPHORFDO
overstress under the full factored live load if it is distributed
in the prescribed manner, but still ensures that the design
strength of the slab system after redistribution of moment is
not less than that required to resist the full factored dead and
live loads on all panels.

6.4.3.3)RUORDGLQJFRQGLWLRQVRWKHUWKDQWKRVHGH¿QHGLQ
6.4.3.1 or 6.4.3.2, it shall be permitted to assume (a) and (b):
(a) Maximum positive Mu near midspan of panel occurs
with 75 percent of factored L on the panel and alternate
panels
(b) Maximum negative Mu at a support occurs with 75
percent of factored L on adjacent panels only

6.5—Simplified method of analysis for
nonprestressed continuous beams and one-way
slabs
6.5.1 It shall be permitted to calculate Mu and Vu duee to
n for continuous
gravity loads in accordance with this section
beams and one-way slabs satisfying (a)) through (e):

R6.5—Simplified method of analysis for
nonprestressed continuous beams and one-way
slabs

(a) Members are prismatic
but
(b) Loads are uniformly distributed
(c) LD
ns
(d) There are at least two spans
nt spans does not excee
(e) The longer of two adjacent
exceed the
nt
shorter by more than 20 percent
6.5.2 Mu due to gravity loads shall be calculated in accordance with Table 6.5.2.

R6.5.2 The appro
approximate moments and shears give
nable value
reasonable
values for the stated conditions if the continuous
a one-way slabs are part of a frame or continuous
beams and
construction. Because the load patterns that produce critical
YDOXHVIRUPRPHQWVLQFROXPQVRIIUDPHVGL൵HUIURPWKRVH
for maximum negative moments in beams, column moments
should be evaluated separately.

Table 6.5.2—Approximate moments for nonprestressed continuous beams and one-way slabs
Moment

Positive

Location

Condition

Mu

Discontinuous end integral with support

wuƐn2

Discontinuous end unrestrained

wuƐn2

All

wuƐn2

Member built integrally with supporting spandrel beam

wuƐn2

Member built integrally with supporting column

wuƐn2

Two spans

wuƐn2

More than two spans

wuƐn2

Face of other supports

All

wuƐn2

Face of all supports satisfying (a) or (b)

(a) slabs with spans not exceeding 10 ft
E EHDPVZKHUHUDWLRRIVXPRIFROXPQVWL൵QHVVHVWREHDP
VWL൵QHVVH[FHHGVDWHDFKHQGRIVSDQ

wuƐn2

End span
Interior spans
Interior face of exterior support

([WHULRUIDFHRI¿UVWLQWHULRUVXSSRUW
Negative[1]

[1]

To calculate negative moments, Ɛn shall be the average of the adjacent clear span lengths.
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6.5.3 Moments calculated in accordance with 6.5.2 shall
not be redistributed.
6.5.4 Vu due to gravity loads shall be calculated in accordance with Table 6.5.4.

Vu
1.15wuƐn

Face of all other supports

wuƐn

6.5.5 Floor or roof level moments shall be resisted by
distributing the moment between columns immediately
DERYHDQGEHORZWKHJLYHQÀRRULQSURSRUWLRQWRWKHUHODWLYH
FROXPQVWL൵QHVVHVFRQVLGHULQJFRQGLWLRQVRIUHVWUDLQW

R6.5.5 This section is provided to make certain that
moments are included in column design. The moment refers
WRWKHGL൵HUHQFHEHWZHHQWKHHQGPRPHQWVRIWKHPHPEHUV
framing into the column and exerted at the column centerline.

6.6—Linear elastic first-order analysis
6.6.1 General

e
R6.6—Linear elastic
first-order analysis
6 1 General
R6.6.1

DOO EEH FRQVLGHUHG LQ DFFRU6.6.1.1 6OHQGHUQHVV H൵HFWV VKDOO
d to be neglecte
y
dance with 6.6.4, unless they aree al
allowed
neglected by
6.2.5.1.

1.1 :KHQ
HQ XVLQJ
R6.6.1.1
XVLQJ OOLQHDU HODVWLF ¿UVWRUGHU DQDO\VLV
VOHQ QHVV
VDUHFDOFX
VOHQGHUQHVVH൵HFWVDUHFDOFXODWHGXVLQJWKHPRPHQWPDJQLDS URDF MacGregor
cGregor eet al. 1970; MacGregor 1993;
¿HU DSSURDFK
Ford et al. 11981).

ent calculated
culated by an eelastic
tic
6.6.1.2 Redistribution of moments
WW LQ DFFRUGDQFH ZLWK
¿UVWRUGHU DQDO\VLV VKDOO EH SHUPLWWHG
6.6.5.
6.6.2 0RGHOLQJRIPHPEHUVDQGVWUXFWXUDOV\VWHPV
6.6.2.1 Floor or roof level moments shall be resisted by
distributing the moment between columns immediately
DERYHDQGEHORZWKHJLYHQÀRRULQSURSRUWLRQWRWKHUHODWLYH
FROXPQVWL൵QHVVHVDQGFRQVLGHULQJFRQGLWLRQVRIUHVWUDLQW

R6
6 0RGHOLQJRIPHPEHUVDQGVWUXFWXUDOV\VWHPV
R6.6.2
R6.6.2.1 This section is provided to make certain that
moments are included in column design if members have
been proportioned using 6.5.1 and 6.5.2. The moment refers
WRWKHGL൵HUHQFHEHWZHHQWKHHQGPRPHQWVRIWKHPHPEHUV
framing into the column and exerted at the column centerline.

6.6.2.2 For frames or continuous construction, considerDWLRQVKDOOEHJLYHQWRWKHH൵HFWRIÀRRUDQGURRIORDGSDWWHUQV
on transfer of moment to exterior and interior columns, and
of eccentric loading due to other causes.
6.6.2.3 It shall be permitted to simplify the analysis model
by the assumptions of (a), (b), or both:
(a) Solid slabs or one-way joist systems built integrally
with supports, with clear spans not more than 10 ft, shall
be permitted to be analyzed as continuous members on
knife-edge supports with spans equal to the clear spans
of the member and width of support beams otherwise
neglected.

R6.6.2.3 A common feature of modern frame analysis
software is the assumption of rigid connections. Section
6.6.2.3(b) is intended to apply to intersecting elements in
frames, such as beam-column joints.
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(b) For frames or continuous construction, it shall be
permitted to assume the intersecting member regions are
rigid.
6.6.3 Section properties

R6.6.3 Section properties

6.6.3.1 Factored load analysis

R6.6.3.1 Factored load analysis
)RUODWHUDOORDGDQDO\VLVHLWKHUWKHVWL൵QHVVHVSUHVHQWHGLQ
6.6.3.1.1 or 6.6.3.1.2 can be used. These provisions both use
YDOXHVWKDWDSSUR[LPDWHWKHVWL൵QHVVIRUUHLQIRUFHGFRQFUHWH
building systems loaded to near or beyond the yield level,
and have been shown to produce reasonable correlation with
both experimental and detailed analytical results (Moehle
1992; Lepage 1998). For earthquake-induced loading, the
XVHRIRUPD\UHTXLUHDGHÀHFWLRQDPSOL¿FDWLRQ IDFWRU WR DFFRXQW IRU LQHODVWLF GHIRUPDWLRQV ,Q
JHQHUDO IRU H൵HFWLYH VHFWLRQ SURSHUWLHV Ec may be calcuODWH RU VSHFL¿HG LQ DFFRUGDQFH ZLWK 19.2.2, the shear
ODWHG
modulus may be taken as 0.4Ec, and areas may be taken as
6.6.3.1
)
given in Table 6.6.3.1.1(a).

6.6.3.1.1 Moment of inertia and cross-sectional area
d in accordance
dance with T
of members shall be calculated
Tabless
es a more
ore rigorous ana
ysis
6.6.3.1.1(a) or 6.6.3.1.1(b), unless
analysis
ds are present,
rese I for colu
mns
is used. If sustained lateral loads
columns
 ds), where ȕds is the ratio
atio
and walls shall be divided by (ȕ
he
of maximum factored sustained sh
shear within a story tto the
t
i
maximum factored shear in that story
associated
with the
same load combination.
Table 6.6.3.1.1(a)—Moments of inertia and crosssectional areas permitted for elastic analysis at
factored load level

Member and
condition

Moment of
inertia

Columns

0.70Ig

Walls

Uncracked

0.70Ig

Cracked

0.35Ig

Beams

0.35Ig

)ODWSODWHVDQGÀDWVODEV

0.25Ig

Crosssectional
area for axial
deformations

Crosssectional area
for shear
deformations

1.0Ag

bwh

3.1. Thee values of
o I and A have been chosen from
R6.6.3.1.1
ults of frame
me tests and analyses, and include an
the results
DOORZ FH IIRU WKH YDULDELOLW\
DOORZDQFH
YDULDELOLW\ RI WKH FDOFXODWHG GHÀHFWLRQV
men of inertia
rtia are ta
The moments
taken from MacGregor and Hage
(1977 ZKL
PXOWLSOLHG
(1977)ZKLFKDUHPXOWLSOLHGE\DVWL൵QHVVUHGXFWLRQIDFWRU
875 (refer
(
to R6.6.4.
R6.6.4.5.2). For example, the moment of
ࢥK = 0.875
mns is 0.875(0.80I
0.
inertia for columns
g) = 0.70Ig.
ment of in
The moment
inertia of T-beams should be based on
H൵HFWLYHÀDQ
WKHH൵HFWLYHÀDQJHZLGWKGH¿QHGLQRU,WLV
JHQHUDOO
JHQHUDOO\VX൶FLHQWO\DFFXUDWHWRWDNHI
g of a T-beam as 2Ig
for the web, 2(bwh3/12).
If the factored moments and shears from an analysis based
on the moment of inertia of a wall, taken equal to 0.70Ig,
LQGLFDWH WKDW WKH ZDOO ZLOO FUDFN LQ ÀH[XUH EDVHG RQ WKH
modulus of rupture, the analysis should be repeated with I
= 0.35Ig in those stories where cracking is predicted using
factored loads.
The values of the moments of inertia were derived for
nonprestressed members. For prestressed members, the
PRPHQWV RI LQHUWLD PD\ GL൵HU GHSHQGLQJ RQ WKH DPRXQW
location, and type of reinforcement, and the degree of
FUDFNLQJ SULRU WR UHDFKLQJ XOWLPDWH ORDG 7KH VWL൵QHVV
values for prestressed concrete members should include an
DOORZDQFHIRUWKHYDULDELOLW\RIWKHVWL൵QHVVHV
7KHHTXDWLRQVLQ7DEOH E SURYLGHPRUHUH¿QHG
values of I considering axial load, eccentricity, reinforcement
ratio, and concrete compressive strength as presented in
Khuntia and Ghosh (2004a,b  7KH VWL൵QHVVHV SURYLGHG
in these references are applicable for all levels of loading,
LQFOXGLQJ VHUYLFH DQG XOWLPDWH DQG FRQVLGHU D VWL൵QHVV
reduction factor ࢥK comparable to that for the moment of
inertias included in Table 6.6.3.1.1(a). For use at load levels
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Table 6.6.3.1.1(b)—Alternative moments of inertia
for elastic analysis at factored load

other than ultimate, Pu and Mu should be replaced with their
appropriate values at the desired load level.

Alternative value of I for elastic analysis
Member

Minimum

I

Maximum

Columns
and walls

0.35Ig

⎛
Ast ⎞ ⎛
Mu
Pu ⎞
⎜ 0.80 + 25 A ⎟ ⎜ 1 − P h − 0.5 P ⎟ I g
⎝
g ⎠ ⎝
u
o ⎠

0.875Ig

%HDPVÀDW
plates, and
ÀDWVODEV

0.25Ig

⎟
d⎠

Ig

0.5Ig

1RWHV)RUFRQWLQXRXVÀH[XUDOPHPEHUVI shall be permitted to be taken as the average
of values obtained for the critical positive and negative moment sections. Pu and Mu
shall be calculated from the load combination under consideration, or the combination
of Pu and Mu that produces the least value of I.

6.6.3.1.2 For factored lateral load analysis, it shall be
permitted to assume I = 0.5Ig for all members or to calculate
IE\DPRUHGHWDLOHGDQDO\VLVFRQVLGHULQJWKHH൵HFWLYHVWL൵ness of all members under the loading conditions.

R6.6.3.1.2 7KH ODWHUDO GHÀHFWLRQ RI D VWUXFWXUH XQGHU
IDFWRUHG ODWHUDO ORDGV FDQ EH VXEVWDQWLDOO\ GL൵HUHQW IURP
that calculated using linear analysis, in part because of the
LQHODVWLFUHVSRQVHRIWKHPHPEHUVDQGWKHGHFUHDVHLQH൵HFWLYH
LQHODVWL
VWL൵QHVV6HOHFWLRQRIWKHDSSURSULDWHH൵HFWLYHVWL൵QHVVIRU
VWL൵QHVV6HOHFWL
rced concrete fframe members has dual purposes: 1)
reinforced
GHUHDOLVWLF HVWLPDWH
WRSURYLGHUHDOLVWLFHVWLPDWHVRIODWHUDOGHÀHFWLRQDQG
WR
QHG FWLRQLPSRV
GHWHUPLQHGHÀHFWLRQLPSRVHGDFWLRQVRQWKHJUDYLW\V\VWHP
th structure.
ruct
of the
A detailed no
nonlinear analysis of the structure
ZRXOG DGHT
ZRXOG
DGHTXDWHO\ FDSWXUH WK
WKHVH WZR H൵HFWV$ VLPSOH ZD\
PDWH DQ HTXLYDOHQW
TXLYDOHQW QRQOLQHDU ODWHUDO GHÀHFWLRQ
WR HVWLPDWH
QHDU DQDO\VLV
LV LV WR
XVLQJ OLQHDU
WR UUHGXFH WKH PRGHOHG VWL൵QHVV RI
c crete members
mbers in tthe structure. The type of lateral
the concrete
൵HFWV WK
ORDG DQDO\VLV D൵HFWV
WKH VHOHFWLRQ RI DSSURSULDWH H൵HFWLYH
OXHV )RU
)RU DQDO\VHV ZLWK ZLQG ORDGLQJ ZKHUH
VWL൵QHVV YDOXHV
it is desirable to prevent nonlinear action in the structure,
H൵HFWLY
H൵HFWLYHVWL൵QHVVHVUHSUHVHQWDWLYHRISUH\LHOGEHKDYLRUPD\
be appropriate. For earthquake-induced loading, the level of
nonlinear deformation depends on the intended structural
performance and earthquake recurrence interval.
9DU\LQJ GHJUHHV RI FRQ¿GHQFH FDQ EH REWDLQHG IURP D
simple linear analysis based on the computational rigor
XVHGWRGH¿QHWKHH൵HFWLYHVWL൵QHVVRIHDFKPHPEHU7KLV
VWL൵QHVVFDQEHEDVHGRQWKHVHFDQWVWL൵QHVVWRDSRLQWDWRU
beyond yield or, if yielding is not expected, to a point before
yield occurs.

6.6.3.1.3 For factored lateral load analysis of two-way
slab systems without beams, which are designated as part of
the seismic-force-resisting system, I for slab members shall
EHGH¿QHGE\DPRGHOWKDWLVLQVXEVWDQWLDODJUHHPHQWZLWK
results of comprehensive tests and analysis and I of other
frame members shall be in accordance with 6.6.3.1.1 and
6.6.3.1.2.

R6.6.3.1.3 Analysis of buildings with two-way slab
systems without beams requires that the model represents
the transfer of lateral loads between vertical members. The
PRGHOVKRXOGUHVXOWLQSUHGLFWLRQRIVWL൵QHVVLQVXEVWDQWLDO
agreement with results of comprehensive tests and analysis.
Several acceptable models have been proposed to accomplish
this objective (Vanderbilt and Corley 1983; Hwang and
Moehle 2000; Dovich and Wight 2005).

6.6.3.2 Service load analysis

R6.6.3.2 Service load analysis

6.6.3.2.1 ,PPHGLDWH DQG WLPHGHSHQGHQW GHÀHFWLRQV GXH
to gravity loads shall be calculated in accordance with 24.2.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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6.6.3.2.2 It shall be permitted to calculate immediate
ODWHUDOGHÀHFWLRQVXVLQJDPRPHQWRILQHUWLDRIWLPHVI
GH¿QHGLQRUXVLQJDPRUHGHWDLOHGDQDO\VLVEXWWKH
value shall not exceed Ig.

R6.6.3.2.2 $QDO\VHV RI GHÀHFWLRQV YLEUDWLRQV DQG
building periods are needed at various service (unfactored)
load levels (Grossman 1987, 1990) to determine the performance of the structure in service. The moments of inertia of
the structural members in the service load analyses should
be representative of the degree of cracking at the various
service load levels investigated. Unless a more accurate
estimate of the degree of cracking at service load level is
DYDLODEOH LW LV VDWLVIDFWRU\ WR XVH    WLPHV WKH
moments of inertia provided in 6.6.3.1, not to exceed Ig,
for service load analyses. Serviceability considerations for
vibrations are discussed in R24.1.

6.6.4 6OHQGHUQHVVHৼHFWVPRPHQWPDJQL¿FDWLRQPHWKRG
6.6.4.18QOHVVLVVDWLV¿HGFROXPQVDQGVWRULHVLQ
structures shall be designated as being nonsway or sway.
Analysis of columns in nonsway frames or stories shall be
in accordance with 6.6.4.5. Analysis of columns in
n sway
frames or stories shall be in accordance with 6.6.4.6.

R6.6.4 6OHQGHUQHVVHৼHFWVPRPHQWPDJQL¿FDWLRQPHWKRG
R6.6.4.1 This section describes an approximate design
SURFHGXUH WKDW XVHV WKH PRPHQW PDJQL¿HU FRQFHSW WR
DFFRXQW IRU VOHQGHUQHVV H൵HFWV 0RPHQWV FDOFXODWHG XVLQJ
D ¿
¿UVWRUGHU IUDPH DQDO\VLV DUH PXOWLSOLHG E\ D PRPHQW
PDJQL¿HUWKDWLVDIXQFWLRQRIWKHIDFWRUHGD[LDOORDGP
PDJQL¿HUWKDWLV
u and
itical buckling load Pc for the column. For the sway
the critical
HPRPHQW PDJQ ¿HU
¿H
FDVHWKHPRPHQWPDJQL¿HULVDIXQFWLRQRIWKHVXPRIP
u
of the story
tory and the sum of Pc of the sway-resisting columns
t story considered.
idered. Nonsway
N
in the
and sway frames are
WUHDWHG VHSD
$¿UVWRUG
WUHDWHGVHSDUDWHO\$¿UVWRUGHUIUDPHDQDO\VLVLVDQHODVWLF
GHV WKH LLQWHUQDO IRUFH H൵HFWV UHVXOWLQJ
DQDO\VLV WKD
WKDW H[FOXGHV
URPG ÀHF
IURPGHÀHFWLRQV
7K
7KH PRP
PRPHQW PDJQL¿HU
PDJQL¿HU GHVLJQ PHWKRG UHTXLUHV WKH
tinguish between
b
designer to distinguish
nonsway frames, which are
ccording to 6.6.4.5, and sway frames, which are
designed according
gned according
accordi to 6.6.4.6. Frequently this can be done by
designed
FRPSDU
FRPSDULQJWKHWRWDOODWHUDOVWL൵QHVVRIWKHFROXPQVLQDVWRU\
to that of the bracing elements. A compression member, such
as a column, wall, or brace, may be assumed nonsway if it is
located in a story in which the bracing elements (structural
walls, shear trusses, or other types of lateral bracing)
KDYH VXFK VXEVWDQWLDO ODWHUDO VWL൵QHVV WR UHVLVW WKH ODWHUDO
GHÀHFWLRQVRIWKHVWRU\WKDWDQ\UHVXOWLQJODWHUDOGHÀHFWLRQLV
QRWODUJHHQRXJKWRD൵HFWWKHFROXPQVWUHQJWKVXEVWDQWLDOO\
If not readily apparent without calculations, 6.6.4.3 provides
two possible ways of determining if sway can be neglected.

6.6.4.2 The cross-sectional dimensions of each member
XVHGLQDQDQDO\VLVVKDOOEHZLWKLQSHUFHQWRIWKHVSHFL¿HG
member dimensions in construction documents or the anal\VLVVKDOOEHUHSHDWHG,IWKHVWL൵QHVVHVRI7DEOH E 
are used in an analysis, the assumed member reinforcement
UDWLRVKDOODOVREHZLWKLQSHUFHQWRIWKHVSHFL¿HGPHPEHU
reinforcement in construction documents.
6.6.4.3 It shall be permitted to analyze columns and stories
LQVWUXFWXUHVDVQRQVZD\IUDPHVLI D RU E LVVDWLV¿HG

R6.6.4.3,Q D DVWRU\LQDIUDPHLVFODVVL¿HGDV
nonsway if the increase in the lateral load moments resulting
from P¨H൵HFWVGRHVQRWH[FHHGSHUFHQWRIWKH¿UVWRUGHU
moments (MacGregor and Hage 1977). Section 6.6.4.3(b)
provides an alternative method of determining if a frame is
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(a) The increase in column end moments due to secondRUGHUH൵HFWVGRHVQRWH[FHHGSHUFHQWRIWKH¿UVWRUGHU
end moments
(b) Q in accordance with 6.6.4.4.1 does not exceed 0.05

FODVVL¿HGDVQRQVZD\EDVHGRQWKHVWDELOLW\LQGH[IRUDVWRU\
Q. In calculating Q, Pu should correspond to the lateral
loading case for which Pu is greatest. A frame may contain
both nonsway and sway stories.
,IWKHODWHUDOORDGGHÀHFWLRQVRIWKHIUDPHDUHFDOFXODWHG
using service loads and the service load moments of inertia
given in 6.6.3.2.2, it is permissible to calculate Q in Eq.
(6.6.4.4.1) using 1.2 times the sum of the service gravity
ORDGV WKH VHUYLFH ORDG VWRU\ VKHDU DQG  WLPHV WKH ¿UVW
RUGHUVHUYLFHORDGVWRU\GHÀHFWLRQV
R6.6.4.4 Stability properties

6.6.4.4 Stability properties

Q=

ΣPu Δ o
Vus A c

6

6.6.4.4.1 The stability index for a story, Q, shall be calculated by:
(6.6.4.4.1)

red verti
vertical load and
where Pu and Vus are the total factored
th story being evalhorizontal story shear, respectively,, in the
UHODWLYH ODWHUDO GHÀHFWLRQ
uated, and ¨o LV WKH ¿UVWRUGHU UHOD
ory due to Vus.
between the top and the bottom of that story
g load Pc shall be calcu
calculated
ated
6.6.4.4.2 The critical buckling
by:
Pc =

π2 ( EI )eff
(k A u ) 2

(6.6.4.4.2)

4.4. In calculating
culating tthe critical axial buckling load,
R6.6.4.4.2
WKHSU
PDU\
QLV WKH
F
WKHSULPDU\FRQFHUQLV
WKHFKRLFHRI
D VWL൵QHVV(EI)Hৼ that
UHDVR EO\ DSSUR[LPDWHV
[LPDWHV WWKH YDULDWLRQV LQ VWL൵QHVV GXH WR
UHDVRQDEO\
cracking, creep,, and non
nonlinearity of the concrete stress-strain
ion 6.6.4.4
curve. Section
6.6.4.4.4 may be used to calculate (EI)Hৼ.

6.6.4.4.37KHH൵HFWLYHOHQJWKIDFWRUk shall be calculated
using Ec in accordance with 19.2.2 and I in accordance with
6.6.3.1.1. For nonsway members, k shall be permitted to be
taken as 1.0, and for sway members, k shall be at least 1.0.

R6.6.4.4.37KHH൵HFWLYHOHQJWKIDFWRUIRUDFRPSUHVVLRQ
member, such as a column, wall, or brace, considering
braced behavior, ranges from 0.5 to 1.0. It is recommended
that a k value of 1.0 be used. If lower values are used, the
calculation of k should be based on analysis of the frame
using I values given in 6.6.3.1.1. The Jackson and Moreland
Alignment Charts (Fig. R6.2.5.1) can be used to estimate
appropriate values of k (ACI SP-17(09); Column Research
Council 1966).

6.6.4.4.4 For columns, (EI)Hৼ shall be calculated in accordance with (a), (b), or (c):

R6.6.4.4.4 The numerators of Eq. (6.6.4.4.4a) to
F  UHSUHVHQW WKH VKRUWWHUP FROXPQ VWL൵QHVV
Equation (6.6.4.4.4b) was derived for small eccentricity
ratios and high levels of axial load. Equation (6.6.4.4.4a)
LVDVLPSOL¿HGDSSUR[LPDWLRQWR(T E DQGLVOHVV
accurate (Mirza 1990). For improved accuracy, (EI)Hৼ can be
approximated using Eq. (6.6.4.4.4c).
Creep due to sustained loads will increase the
ODWHUDO GHÀHFWLRQV RI D FROXPQ DQG KHQFH WKH PRPHQW
PDJQL¿FDWLRQ&UHHSH൵HFWVDUHDSSUR[LPDWHGLQGHVLJQE\
UHGXFLQJWKHVWL൵QHVV(EI)Hৼ used to calculate Pc and, hence,
į, by dividing the short-term EI provided by the numerator
of Eq. (6.6.4.4.4a) through (6.6.4.4.4c) by (  ȕdns). For

(a) ( EI )eff =
(b) ( EI )eff =
(c) ( EI )eff =

0.4 Ec I g

(6.6.4.4.4a)

1 + β dns
(0.2 Ec I g + Es I se )
1 + β dns
Ec I
1 + β dns
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(6.6.4.4.4b)

(6.6.4.4.4c)
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where ȕdns shall be the ratio of maximum factored sustained
axial load to maximum factored axial load associated with
the same load combination and I in Eq. (6.6.4.4.4c) is calculated according to Table 6.6.3.1.1(b) for columns and walls.

VLPSOL¿FDWLRQLWFDQEHDVVXPHGWKDWȕdns = 0.6. In this case,
Eq. (6.6.4.4.4a) becomes (EI)Hৼ = 0.25EcIg.
In reinforced concrete columns subject to sustained
loads, creep transfers some of the load from the concrete to
the longitudinal reinforcement, increasing the reinforcement
stresses. In the case of lightly reinforced columns, this load
transfer may cause the compression reinforcement to yield
SUHPDWXUHO\UHVXOWLQJLQDORVVLQWKHH൵HFWLYHEI. Accordingly,
both the concrete and longitudinal reinforcement terms in Eq.
(6.6.4.4.4b) are reduced to account for creep.

6.6.4.5 0RPHQWPDJQL¿FDWLRQPHWKRG1RQVZD\IUDPHV

R6.6.4.5 0RPHQWPDJQL¿FDWLRQPHWKRG1RQVZD\IUDPHV

6.6.4.5.1 The factored moment used for design of columns
and walls, McVKDOOEHWKH¿UVWRUGHUIDFWRUHGPRPHQWM2
DPSOL¿HGIRUWKHH൵HFWVRIPHPEHUFXUYDWXUH
Mc įM2

(6.6.4.5.1)

DOFXODWHGE\
6.6.4.5.20DJQL¿FDWLRQIDFWRUįVKDOOEHFDOFXODWHGE\
δ=

CP
≥ 1.0
Pu
1−
0.75 Pc

(6.6.4.5.2)

6.6.4.5.3 Cm shall be in accordance with (a) or (b):
(a) For columns without transverse loads applied between
supports
CP = 0.6 − 0.4

M1
M2

(6.6.4.5.3a)

where M1/M2 is negative if the column is bent in single
curvature, and positive if bent in double curvature. M1
corresponds to the end moment with the lesser absolute
value.
(b) For columns with transverse loads applied between
supports.
CP = 1.0

(6.6.4.5.3b)

R6.6.4.5.27K
R6.6.4.5.27KHIDFWRULQ(T
 LVWKHVWL൵QHVV
tion factor ࢥK, which is based on the probability of
reduction
reng h of a sing
understrength
singlee iis
isolated slender column. Studies
d in Mirza
za et al. (1987)
(
LQGLFDWH WKDW WKH VWL൵QHVV
reported
redu on fa
cross-sectional strength reduction
reduction
factor ࢥK and the cr
ࢥ factors
fact s do not have
ve the sam
same values. These studies suggest
൵QHV UHGXFWLRQ
LRQ IDFWR
WKH VWL൵QHVV
IDFWRU ࢥK for an isolated column
should be 0.
oth tied aand spiral columns. In the case of
0.75 for both
DPX
WRU\
HWKHFROX
DPXOWLVWRU\IUDPHWKHFROXPQDQGIUDPHGHÀHFWLRQVGHSHQG
on the average concrete strength, which is higher than the
strength of the concr
concrete in the critical single understrength
mn. For this reason, the value of ࢥK implicit in I values
column.
663
in 6.6.3.1.1
is 0.875.
R6.6.4.5.3 The factor Cm is a correction factor relating the
actual moment diagram to an equivalent uniform moment
GLDJUDP7KHGHULYDWLRQRIWKHPRPHQWPDJQL¿HUDVVXPHV
that the maximum moment is at or near midheight of the
column. If the maximum moment occurs at one end of the
column, design should be based on an equivalent uniform
moment CmM2 that leads to the same maximum moment at or
QHDUPLGKHLJKWRIWKHFROXPQZKHQPDJQL¿HG MacGregor
et al. 1970).
The sign convention for M1/M2 has been updated to follow
the right hand rule convention; hence, M1/M2 is negative
if bent in single curvature and positive if bent in double
FXUYDWXUH7KLVUHÀHFWVDVLJQFRQYHQWLRQFKDQJHIURPWKH
2011 Code.
In the case of columns that are subjected to transverse
loading between supports, it is possible that the maximum
moment will occur at a section away from the end of the
member. If this occurs, the value of the largest calculated
moment occurring anywhere along the member should be
used for the value of M2 in Eq. (6.6.4.5.1). Cm is to be taken
as 1.0 for this case.
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6.6.4.5.4 M2 in Eq. (6.6.4.5.1) shall be at least M2,min calculated according to Eq. (6.6.4.5.4) about each axis separately.

R6.6.4.5.4 In the Code, slenderness is accounted for by
magnifying the column end moments. If the factored column
moments are small or zero, the design of slender columns
should be based on the minimum eccentricity provided in Eq.
(6.6.4.5.4). It is not intended that the minimum eccentricity
be applied about both axes simultaneously.
The factored column end moments from the structural
analysis are used in Eq. (6.6.4.5.3a) in determining the
ratio M1/M2 for the column when the design is based on
the minimum eccentricity. This eliminates what would
otherwise be a discontinuity between columns with
calculated eccentricities less than the minimum eccentricity
and columns with calculated eccentricities equal to or greater
than the minimum eccentricity.

M2PLQ = Pu(0.6 + 0.03h)

(6.6.4.5.4)

If M2,min exceeds M2, Cm shall be taken equal to 1.0 or
calculated based on the ratio of the calculated end moments
M1/M2, using Eq. (6.6.4.5.3a).

R6.6.4.6 0RPHQWPDJQL¿FDWLRQPHWKRG6ZD\IUDPHV

6

6.6.4.6 0RPHQWPDJQL¿FDWLRQPHWKRG6ZD\IUDPHV
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6.6.4.6.1 Moments M1 and M2 at the ends of an individual
column shall be calculated by (a) and (b).
(a) M1 = M1nsįsM1s

(6.6.4.6.1a)

(b) M2 = M2nsįsM2s

(6.6.4.6.1b)

6.6.4.6.2 7KH PRPHQW PDJQL¿HU
QL¿ įs shall be calcu
calculated
ated
nly (b) or (c) sha
shall be
by (a), (b), or (c). If įs exceeds 11.5, only
permitted:
(a) δ s =
(b) δ s =

1
≥1
1− Q

R6.6.4.6.1 The analysis described in this section deals only
ZLWKSO
ZLWKSODQHIUDPHVVXEMHFWHGWRORDGVFDXVLQJGHÀHFWLRQVLQWKDW
SODQH,IWKHODWHUD
SODQH,IWKHODWHUDOORDGGHÀHFWLRQVLQYROYHVLJQL¿FDQWWRUVLRQDO
FHPHQWWKHPRP
GLVSODFHPHQWWKHPRPHQWPDJQL¿FDWLRQLQWKHFROXPQVIDUWKHVW
ter of twist may
may
y be
b underestimated by the moment
from thee cen
center
HUSUR XUH,QVXFK
PDJQL¿HUSURFHGXUH,QVXFKFDVHVDWKUHHGLPHQVLRQDOVHFRQG
orde analysis
alys should
ld be used.
used
order
4.6. 7KUHH GL൵HUH
R6.6.4.6.2
GL൵HUHQW PHWKRGV DUH DOORZHG IRU
FDOFXO
LQJ
PHQWPDJ
FDOFXODWLQJWKHPRPHQWPDJQL¿HU7KHVHDSSURDFKHVLQFOXGH
the Q method,
etho the sum of P concept, and second-order elastic
analysis.

(6.6.4.6.2a)

1
≥1
ΣPu
1−
0.75ΣPc

(6.6.4.6.2b)

(c) Second-order elastic analysis
where Pu is the summation of all the factored vertical
loads in a story and Pc is the summation for all swayresisting columns in a story. Pc is calculated using Eq.
(6.6.4.4.2) with k determined for sway members from
6.6.4.4.3 and (EI)HৼIURPZLWKȕds substituted for
ȕdns.

(a)) Q method:
The iiterative P¨ analysis for second-order moments can
EH UHSUHVHQWHG E\ DQ LQ¿QLWH VHULHV 7KH VROXWLRQ RI WKLV
series is given by Eq. (6.6.4.6.2a) (MacGregor and Hage
1977). Lai and MacGregor (1983) show that Eq. (6.6.4.6.2a)
closely predicts the second-order moments in a sway frame
until įs exceeds 1.5.
The P¨ PRPHQW GLDJUDPV IRU GHÀHFWHG FROXPQV DUH
FXUYHGZLWK¨UHODWHGWRWKHGHÀHFWHGVKDSHRIWKHFROXPQV
Equation (6.6.4.6.2a) and most commercially available
second-order frame analyses have been derived assuming
that the P¨ moments result from equal and opposite forces
of P¨Ɛc applied at the bottom and top of the story. These
forces give a straight-line P¨ moment diagram. The curved
P¨ moment diagrams lead to lateral displacements on the
order of 15 percent larger than those from the straight-line
P¨ PRPHQW GLDJUDPV 7KLV H൵HFW FDQ EH LQFOXGHG LQ (T
(6.6.4.6.2a) by writing the denominator as (1 – 1.15Q) rather
than (1 – Q). The 1.15 factor has been omitted from Eq.
(6.6.4.6.2a) for simplicity.
,I GHÀHFWLRQV KDYH EHHQ FDOFXODWHG XVLQJ VHUYLFH ORDGV
Q in Eq. (6.6.4.6.2a) should be calculated in the manner
explained in R6.6.4.3.
The Q IDFWRU DQDO\VLV LV EDVHG RQ GHÀHFWLRQV FDOFXODWHG
using the I values from 6.6.3.1.1, which include the equivalent
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RIDVWL൵QHVVUHGXFWLRQIDFWRUࢥK. These I values lead to a 20
WRSHUFHQWRYHUHVWLPDWLRQRIWKHODWHUDOGHÀHFWLRQVWKDW
FRUUHVSRQGVWRDVWL൵QHVVUHGXFWLRQIDFWRUࢥK between 0.80
and 0.85 on the P¨ moments. As a result, no additional ࢥ
factor is needed. Once the moments are established using Eq.
(6.6.4.6.2a), selection of the cross sections of the columns
involves the strength reduction factors ࢥ from 21.2.2.
(b) Sum of P concept:
7RFKHFNWKHH൵HFWVRIVWRU\VWDELOLW\įs is calculated as an
averaged value for the entire story based on use of PuPc.
7KLVUHÀHFWVWKHLQWHUDFWLRQRIDOOVZD\UHVLVWLQJFROXPQVLQ
the story on the P¨H൵HFWVEHFDXVHWKHODWHUDOGHÀHFWLRQRI
all columns in the story should be equal in the absence of
torsional displacements about a vertical axis. In addition, it
is possible that a particularly slender individual column in
DVZD\IUDPHFRXOGKDYHVXEVWDQWLDOPLGKHLJKWGHÀHFWLRQV
HYHQLIDGHTXDWHO\EUDFHGDJDLQVWODWHUDOHQGGHÀHFWLRQVE\
other columns in the story. Such a column is checked using
6.6.4.6.4.
6.6.
The 0.75 in the denominator of Eq. (6.6.4.6.2b) is a
VVUHGXFWLRQID
ࢥK, as explained in R6.6.4.5.2.
VWL൵QHVVUHGXFWLRQIDFWRUࢥ
ca culation of (EI)
(EI)
I Hৼ, ȕds will normally be zero for
In the calculation
cause the llateral loads are generally of short
a sway fram
frame because
GXUD Q6Z
ÀHFWLRQVG
GXUDWLRQ6ZD\GHÀHFWLRQVGXHWRVKRUWWHUPORDGVVXFKDV
ZLQGR HDUW
DUHDIXQ
ZLQGRUHDUWKTXDNHDUHDIXQFWLRQRIWKHVKRUWWHUPVWL൵QHVV
olum following
wing a pperiod of sustained gravity load.
of the columns
)RU WKLV
KLV FFDVH WKH
H GH¿QLWL
GH¿QLWLRQ RI ȕds in 6.6.3.1.1 gives ȕds
= 00. In the unusual
al case of a sway frame where the lateral
ned, ȕds will not be zero. This might occur if
loads are sustained,
a building on a slopin
sloping site is subjected to earth pressure on
ide but not on the other.
one side

6.6.4.6.3 Flexural members shall be designed for the total
PDJQL¿HGHQGPRPHQWVRIWKHFROXPQVDWWKHMRLQW

R6.6.4.6.3 The strength of a sway frame is governed
by stability of the columns and the degree of end restraint
provided by the beams in the frame. If plastic hinges form
in the restraining beam, as the structure approaches a failure
mechanism, its axial strength is drastically reduced. This
VHFWLRQ UHTXLUHV WKH UHVWUDLQLQJ ÀH[XUDO PHPEHUV WR KDYH
HQRXJK VWUHQJWK WR UHVLVW WKH WRWDO PDJQL¿HG FROXPQ HQG
moments at the joint.

6.6.4.6.4 6HFRQGRUGHU H൵HFWV VKDOO EH FRQVLGHUHG DORQJ
the length of columns in sway frames. It shall be permitted
WRDFFRXQWIRUWKHVHH൵HFWVXVLQJZKHUHCm is calculated using M1 and M2 from 6.6.4.6.1.

R6.6.4.6.4 The maximum moment in a compression
member, such as a column, wall, or brace, may occur
between its ends. While second-order computer analysis
SURJUDPV PD\ EH XVHG WR HYDOXDWH PDJQL¿FDWLRQ RI WKH
HQG PRPHQWV PDJQL¿FDWLRQ EHWZHHQ WKH HQGV PD\ QRW
be accounted for unless the member is subdivided along
LWV OHQJWK 7KH PDJQL¿FDWLRQ PD\ EH HYDOXDWHG XVLQJ WKH
procedure outlined in 6.6.4.5.

6.6.5 5HGLVWULEXWLRQ RI PRPHQWV LQ FRQWLQXRXV ÀH[XUDO
PHPEHUV

R6.6.5 5HGLVWULEXWLRQRI PRPHQWV LQ FRQWLQXRXVÀH[XUDO
PHPEHUV

6.6.5.1 Except where approximate values for moments
are used in accordance with 6.5, where moments have been

Redistribution of moments is dependent on adequate
ductility in plastic hinge regions. These plastic hinge regions
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calculated in accordance with 6.8, or where moments in
two-way slabs are determined using pattern loading speci¿HGLQUHGXFWLRQRIPRPHQWVDWVHFWLRQVRIPD[LPXP
negative or maximum positive moment calculated by elastic
theory shall be permitted for any assumed loading arrangePHQWLI D DQG E DUHVDWLV¿HG

develop at sections of maximum positive or negative moment
and cause a shift in the elastic moment diagram. The usual
result is a reduction in the values of maximum negative
moments in the support regions and an increase in the values
of positive moments between supports from those calculated
by elastic analysis. However, because negative moments
are typically determined for one loading arrangement and
positive moments for another (6.4.3 provides an exception
for certain loading conditions), economies in reinforcement
can sometimes be realized by reducing maximum elastic
positive moments and increasing negative moments, thus
narrowing the envelope of maximum negative and positive
moments at any section in the span (Bondy 2003). Plastic
hinges permit utilization of the full capacity of more cross
VHFWLRQVRIDÀH[XUDOPHPEHUDWXOWLPDWHORDGV
The Code permissible redistribution is shown in Fig.
R6.6.5. Using conservative values of limiting concrete
strains and lengths of plastic hinges derived from extensive
WHVWVÀH[XUDOPHPEHUVZLWKVPDOOURWDWLRQFDSDFLWLHVZHUH
WHVWVÀ
analyzed for redistribution
of moments up to 20 percent,
red
depending
ding on the rreinforcement ratio. As shown, the
permissible
redistribution
ible redistributi
on
n percentages are conservative
relative to tthe calculated ppercentages available for both fy
= 60
6 ksii and
an 80 ksi. Studie
Studies by Cohn (1965) and Mattock
(1959 support
upp this conclusio
conclusion and indicate that cracking and
(1959)
RQR
GHVLJQHG
GHÀHFWLRQRIEHDPVGHVLJQHGIRUUHGLVWULEXWLRQRIPRPHQWV
DUHQR VLJQ
\JUHDWHU
DUHQRWVLJQL¿FDQWO\JUHDWHUDWVHUYLFHORDGVWKDQIRUEHDPV
desig d by the distribution
istribution of moments according to elastic
designed
hese stud
theory. Also, these
studies indicate that adequate rotational
or the redis
capacity for
redistribution of moments allowed by the
de is available if the members satisfy 6.6.5.1.
Code
The provisions for redistribution of moments apply
equally to prestressed members (Mast 1992).
The elastic deformations caused by a nonconcordant tendon
change the amount of inelastic rotation required to obtain a
given amount of redistribution of moments. Conversely, for
a beam with a given inelastic rotational capacity, the amount
by which the moment at the support may be varied is changed
by an amount equal to the secondary moment at the support
due to prestressing. Thus, the Code requires that secondary
moments caused by reactions generated by prestressing
forces be included in determining design moments.
Redistribution of moments as permitted by 6.6.5 is not
appropriate where approximate values of bending moments
DUHXVHGVXFKDVSURYLGHGE\WKHVLPSOL¿HGPHWKRGRI.
Redistribution of moments is also not appropriate for
two-way slab systems that are analyzed using the pattern
loadings given in 6.4.3.3. These loadings use only 75
percent of the full factored live load, which is based on
considerations of moment redistribution.

(a) Flexural members are continuous
(b) İt at the section at which moment is reduced
6.6.5.2 For prestressed members, moments include those
due to factored loads and those due to reactions induced by
prestressing.
6.6.5.3 At the section where the moment is reduced, redistribution shall not exceed the lesser of İt percent and
20 percent.
late
6.6.5.4 The reduced moment shall be used to calculate
redistributed moments at all other sections within the spans
ed after rredistribution
such that static equilibrium is maintained
gemen
of moments for each loading arrangement.
acti
hall be calculat
n
6.6.5.5 Shears and support reactions
shall
calculated in
um considering
sidering the redi
ribaccordance with static equilibrium
redistribmen
uted moments for each loading ar
arrangement.
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=
fy

60
=
fy

Percent change in moment

b /d = 1/5
20

80

ks
i

ℓ /d = 23

ks
i

25

Calculated
percentage
available

15

Permissible
redistribution
allowed by
Minimum 6.6.5.3
permissible
net tensile
strain = 0.0075

10

5

0
0

0.005

0.010

0.020

0.015

0.025

Net tensile strain, εt
Fig. R6.6.5²3HUPLVVLEOH
R6.6.5²3HUPL
5
UHGLVWULEXWLRQ RI PRPHQWV IRU
PURWDWLRQ FDSD LW\
W\
PLQLPXPURWDWLRQFDSDFLW\
6.7—Linear elastic second-order
-or
analysis
nalysis
6.7.1 General

R6.
Lin
astic sec
R6.7—Linear
elastic
second-order analysis
R6.
1G
R6.7.1
General
In linear
near elastic secondsecond-order analyses, the deformed
geom ry oof the structure is included in the equations of
geometry
P H
P¨
equilibrium so that P¨H൵HFWVDUHGHWHUPLQHG7KHVWUXFWXUH
WRUHPDLQ
LVDVVXPHGWRUHPDLQHODVWLFEXWWKHH൵HFWVRIFUDFNLQJDQG
S DUH FRQVLG
FUHHS
FRQVLGHUHG E\ XVLQJ DQ H൵HFWLYH VWL൵QHVV EI. In
FRQWUDVW
FRQWUDVWOLQHDUHODVWLF¿UVWRUGHUDQDO\VLVVDWLV¿HVWKHHTXDtions of equilibrium using the original undeformed geometry of the structure and estimates P¨H൵HFWVE\PDJQLI\LQJ
the column-end sway moments using Eq. (6.6.4.6.2a) or
(6.6.4.6.2b).

6.7.1.1 A linear elastic second-order analysis shall
FRQVLGHU WKH LQÀXHQFH RI D[LDO ORDGV SUHVHQFH RI FUDFNHG
UHJLRQVDORQJWKHOHQJWKRIWKHPHPEHUDQGH൵HFWVRIORDG
GXUDWLRQ7KHVHFRQVLGHUDWLRQVDUHVDWLV¿HGXVLQJWKHFURVV
VHFWLRQDOSURSHUWLHVGH¿QHGLQ

R6.7.1.17KHVWL൵QHVVHVEI used in an analysis for strength
GHVLJQ VKRXOG UHSUHVHQW WKH VWL൵QHVVHV RI WKH PHPEHUV
immediately prior to failure. This is particularly true for a
VHFRQGRUGHUDQDO\VLVWKDWVKRXOGSUHGLFWWKHODWHUDOGHÀHFWLRQV
at loads approaching ultimate. The EI values should not be
based solely on the moment-curvature relationship for the
most highly loaded section along the length of each member.
Instead, they should correspond to the moment-end rotation
relationship for a complete member.
To allow for variability in the actual member properties in
the analysis, the member properties used in analysis should
EH PXOWLSOLHG E\ D VWL൵QHVV UHGXFWLRQ IDFWRU ࢥK less than
 7KH FURVVVHFWLRQDO SURSHUWLHV GH¿QHG LQ  DOUHDG\
LQFOXGHWKLVVWL൵QHVVUHGXFWLRQIDFWRU7KHVWL൵QHVVUHGXFWLRQ
factor ࢥK may be taken as 0.875. Note that the overall
VWL൵QHVV LV IXUWKHU UHGXFHG FRQVLGHULQJ WKDW WKH PRGXOXV
of elasticity of the concrete, Ec LV EDVHG RQ WKH VSHFL¿HG
FRQFUHWH FRPSUHVVLYH VWUHQJWK ZKLOH WKH VZD\ GHÀHFWLRQV
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6.7.1.26OHQGHUQHVVH൵HFWVDORQJWKHOHQJWKRIDFROXPQ
shall be considered. It shall be permitted to calculate these
H൵HFWVXVLQJ

R6.7.1.2 The maximum moment in a compression
member may occur between its ends. In computer
analysis programs, columns may be subdivided using
QRGHV DORQJ WKHLU OHQJWK WR HYDOXDWH VOHQGHUQHVV H൵HFWV
between the ends. If the column is not subdivided along
LWVOHQJWKVOHQGHUQHVVH൵HFWVPD\EHHYDOXDWHGXVLQJWKH
QRQVZD\ PRPHQW PDJQL¿HU PHWKRG VSHFL¿HG LQ 
with member-end moments from the second-order elastic
analysis as input. Second-order analysis already accounts
for the relative displacement of member ends.

6

6.7.1.3 The cross-sectional dimensions of each member
XVHGLQDQDQDO\VLVWRFDOFXODWHVOHQGHUQHVVH൵HFWVVKDOOEH
ZLWKLQ  SHUFHQW RI WKH VSHFL¿HG PHPEHU GLPHQVLRQV LQ
construction documents or the analysis shall be repeated.
ated by an elastic
6.7.1.4 Redistribution of moments calculated
ed in acco
second-order analysis shall be permitted
accordance with
6.6.5.
R
2 Se
R6.7.2
Section properties

6.7.2 Section properties
is
6.7.2.1 Factored load analysis
d to usee section prop
es
6.7.2.1.1 It shall be permitted
properties
calculated in accordance with 6.6.3.1.
6.7.2.2 Service load analysis

.7.2.2 Servi
R6.7.2.2
Service load analysis

6.7.2.2.1 ,PPHGLDWH DQG WLPHGHSHQGHQW GHÀHFWLRQV GXH
to gravity loads shall be calculated in accordance with 24.2.
6.7.2.2.2 Alternatively, it shall be permitted to calculate
LPPHGLDWHGHÀHFWLRQVXVLQJDPRPHQWRILQHUWLDRIWLPHV
I given in 6.6.3.1, or calculated using a more detailed analysis, but the value shall not exceed Ig.

Analysis

are a function of the average concrete strength, which is
typically higher.

R6.7.2.2.2 Refer to R6.6.3.2.2.

6.8—Inelastic analysis
6.8.1 General

R6.8—Inelastic analysis
R6.8.1 General

6.8.1.1 An inelastic analysis shall consider material
QRQOLQHDULW\ $Q LQHODVWLF ¿UVWRUGHU DQDO\VLV VKDOO VDWLVI\
HTXLOLEULXP LQ WKH XQGHIRUPHG FRQ¿JXUDWLRQ$Q LQHODVWLF
second-order analysis shall satisfy equilibrium in the
GHIRUPHGFRQ¿JXUDWLRQ

R6.8.1.10DWHULDOQRQOLQHDULW\PD\EHD൵HFWHGE\PXOWLSOH
factors including duration of loads, shrinkage, and creep.

6.8.1.2 An inelastic analysis procedure shall have been
shown to result in calculation of strength and deformations
that are in substantial agreement with results of physical
tests of reinforced concrete components, subassemblages, or
structural systems exhibiting response mechanisms consistent with those expected in the structure being designed.

R6.8.1.2 Substantial agreement should be demonstrated
at characteristic points on the reported response. The characteristic points selected should depend on the purpose of
the analysis, the applied loads, and the response phenomena
exhibited by the component, subassemblage, or structural
system. For nonlinear analysis to support design under
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service-level loading, characteristic points should represent
loads and deformations less than those corresponding to
yielding of reinforcement. For nonlinear analysis to support
design or assess response under design-level loading, characteristic points should represent loads and deformations
less than those corresponding to yielding of reinforcement
as well as points corresponding to yielding of reinforcement and onset of strength loss. Strength loss need not be
represented if design loading does not extend the response
into the strength-loss range. Typically, inelastic analysis to
VXSSRUW GHVLJQ VKRXOG HPSOR\ VSHFL¿HG PDWHULDO VWUHQJWKV
and mean values of other material properties and component
VWL൵QHVVHV1RQOLQHDUUHVSRQVHKLVWRU\DQDO\VLVWRYHULI\WKH
design of earthquake-resistant concrete structures should
employ expected material strengths, expected material propHUWLHV DQG H[SHFWHG FRPSRQHQW VWL൵QHVVHV DV VSHFL¿HG LQ
A.6.2.

6.8.1.3 8QOHVV VOHQGHUQHVV H൵HFWV DUH SHUPLWWHG WR EH
EH
nelastic analysis
neglected in accordance with 6.2.5.1, an inelastic
PHG FRQ¿
VKDOO VDWLVI\ HTXLOLEULXP LQ WKH GHIRUPHG
FRQ¿JXUDWLRQ ,W
GHUQH
VKDOOEHSHUPLWWHGWRFDOFXODWHVOHQGHUQHVVH൵HFWVDORQJWKH
length of a column using 6.6.4.5.

R
R6.8.1.3
Refer to R6.7.1.2.

ons of each me
ber
6.8.1.4 The cross-sectional dim
dimensions
member
HV
UQHVVH൵HFWVVKD OEH
XVHGLQDQDQDO\VLVWRFDOFXODWHVOHQGHUQHVVH൵HFWVVKDOOEH
¿H PHPEHU
HPEHU GLPHQVLRQV
HQVLR V LQ
ZLWKLQ  SHUFHQW RI WKH VSHFL¿HG
LQ
aly shall
hall be repeate
construction documents or the analysis
repeated.
6.8.1.5 Redistribution of moments calculated by an
inelastic analysis shall not be permitted.

6.6 allows for redistribution of moments
R6.8.1.5 Section 6.6.5
ulated using elastic analysis to account for inelastic
calculated
respons of the system. Moments calculated by inelastic
response
analysis explicitly account for inelastic response; therefore,
further redistribution of moments is not appropriate.

6.9—Acceptability of finite element analysis
6.9.1 )LQLWH HOHPHQW DQDO\VLV WR GHWHUPLQH ORDG H൵HFWV
shall be permitted.

R6.9—Acceptability of finite element analysis
R6.9.1 This section was introduced in the 2014 Code to
explicitly recognize a widely used analysis method.

6.9.27KH¿QLWHHOHPHQWPRGHOVKDOOEHDSSURSULDWHIRULWV
intended purpose.

R6.9.2 The licensed design professional should ensure
that an appropriate analysis model is used for the particular
problem of interest. This includes selection of computer
software program, element type, model mesh, and other
modeling assumptions.
$ODUJHYDULHW\RI¿QLWHHOHPHQWDQDO\VLVFRPSXWHUVRIWZDUH
programs are available, including those that perform static,
dynamic, elastic, and inelastic analyses.
The element types used should be capable of determining
the response required. Finite element models may have
beam-column elements that model structural framing
members, such as beams and columns, along with plane
stress elements; plate elements; and shell elements, brick
HOHPHQWV RU ERWK WKDW DUH XVHG WR PRGHO WKH ÀRRU VODEV
mat foundations, diaphragms, walls, and connections. The
model mesh size selected should be capable of determining

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

86

CODE

87

COMMENTARY
WKHVWUXFWXUDOUHVSRQVHLQVX൶FLHQWGHWDLO7KHXVHRIDQ\VHW
RIUHDVRQDEOHDVVXPSWLRQVIRUPHPEHUVWL൵QHVVLVDOORZHG

6.9.47KHOLFHQVHGGHVLJQSURIHVVLRQDOVKDOOFRQ¿UPWKDW
the results are appropriate for the purposes of the analysis.
6.9.5 The cross-sectional dimensions of each member
used in an analysis shall be within 10 percent of the speci¿HG PHPEHU GLPHQVLRQV LQ FRQVWUXFWLRQ GRFXPHQWV RU WKH
analysis shall be repeated.
d by an inelastic
6.9.6 Redistribution of moments calculated
analysis shall not be permitted.
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Analysis

R6.9.3 )RU DQ LQHODVWLF ¿QLWH HOHPHQW DQDO\VLV WKH
rules of linear superposition do not apply. To determine
the ultimate member inelastic response, for example, it is
not correct to analyze for service loads and subsequently
combine the results linearly using load factors. A separate
inelastic analysis should be performed for each factored load
combination.

6

6.9.3 For inelastic analysis, a separate analysis shall be
performed for each factored load combination.
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7.1—Scope
7.1.1 This chapter shall apply to the design of nonpreVWUHVVHGDQGSUHVWUHVVHGVODEVUHLQIRUFHGIRUÀH[XUHLQRQH
direction, including:

R7.1—Scope
R7.1.1 The design and construction of composite slabs
on steel deck is described in “Standard for Composite Steel
)ORRU'HFN±6ODEV´ SDI C).
Provisions for one-way joist systems are provided in
Chapter 9.

(a) Solid slabs
(b) Slabs cast on stay-in-place, noncomposite steel deck
(c) Composite slabs of concrete elements constructed in
separate placements but connected so that all elements
resist loads as a unit
(d) Precast, prestressed hollow-core slabs
7.2—General
7.2.17KHH൵HFWVRIFRQFHQWUDWHGORDGVVODERSHQLQJVDQG
voids within the slab shall be considered in design.

R7.2—General
R7.2.1 Concentrated loads and slab openings create local
moments and shears and may cause regions of one-way
VODEV WR KDYH WZRZD\ EHKDYLRU 7KH LQÀXHQFH RI RSHQings through the slab and voids within the slab (for example
GXFWV RQÀH[XUDODQGVKHDUVWUHQJWKDVZHOODVGHÀHFWLRQV
is to bbe considered, including evaluating the potential for
critical sections created by the openings and voids.

7.2.2 Materials
7.2.2.1 Design properties for con
concrete shall be select
selected to
19.
be in accordance with Chapter 19
einforcement sha
7.2.2.2 Design properties for st
steel reinforcement
shall be
Chapter
er 20.
selected to be in accordance with C
7.2.2.3 Materials, design, and detailing requirements for
embedments in concrete shall be in accordance with 20.6.
7.2.3 &RQQHFWLRQWRRWKHUPHPEHUV
7.2.3.1 For cast-in-place construction, beam-column and
slab-column joints shall satisfy Chapter 15.
7.2.3.2 For precast construction, connections shall satisfy
the force transfer requirements of 16.2.
7.3—Design limits
7.3.1 0LQLPXPVODEWKLFNQHVV

R7.3—Design limits
R7.3.1 0LQLPXPVODEWKLFNQHVV

7.3.1.1 For solid nonprestressed slabs not supporting
or attached to partitions or other construction likely to be
GDPDJHGE\ODUJHGHÀHFWLRQVRYHUDOOVODEWKLFNQHVVh shall
not be less than the limits in Table 7.3.1.1, unless the calcuODWHGGHÀHFWLRQOLPLWVRIDUHVDWLV¿HG

The basis for minimum thickness for one-way slabs is
the same as that for beams. Refer to R9.3.1 for additional
information.
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Table 7.3.1.1—Minimum thickness of solid
nonprestressed one-way slabs
Minimum h[1]

Support condition
Simply supported

Ɛ

One end continuous

Ɛ

Both ends continuous

Ɛ

Cantilever

Ɛ

[1]

Expression applicable for normalweight concrete and fy = 60,000 psi. For other
cases, minimum hVKDOOEHPRGL¿HGLQDFFRUGDQFHZLWKWKURXJK
as appropriate.

7.3.1.1.1 For fy other than 60,000 psi, the expressions in
Table 7.3.1.1 shall be multiplied by (0.4 + fy /100,000).
7.3.1.1.2 For nonprestressed slabs made of lightweight
concrete having wcLQWKHUDQJHRIWROEIW3, the expressions
in Table 7.3.1.1 shall be multiplied by the greater of (a) and (b):
(a) 1.65 – 0.005wc
(b) 1.09
comp
7.3.1.1.3 For nonprestressed composite
slabs made of a
orm
ght concrete, shored
s ed
combination of lightweight and normalweight
th lightweight
tweight concrete iss in
during construction, and where the

KDOO
FRPSUHVVLRQWKHPRGL¿HURIVKDOODSSO\
QF
ÀRRU ¿QLVK
7.3.1.2 7KH WKLFNQHVV RI D FRQFUHWH
¿QLVK VKD
VKDOO EH
EH
permitted to be included in h if it iis placed monolithically
ZLWK WKH ÀRRU VODE RU LI WKH ÀRRU ¿QLVK LV GHVLJQHG WR EH
FRPSRVLWHZLWKWKHÀRRUVODELQDFFRUGDQFHZLWK16.4.
7.3.2 &DOFXODWHGGHÀHFWLRQOLPLWV
7.3.2.1 For nonprestressed slabs not satisfying 7.3.1 and
IRUSUHVWUHVVHGVODEVLPPHGLDWHDQGWLPHGHSHQGHQWGHÀHFtions shall be calculated in accordance with 24.2 and shall
not exceed the limits in 24.2.2.

R7.3.2 &DOFXODWHGGHÀHFWLRQOLPLWV
7KHEDVLVIRUFDOFXODWHGGHÀHFWLRQVIRURQHZD\VODEVLV
the same as that for beams. Refer to R9.3.2 for additional
information.

7.3.2.2 For nonprestressed composite concrete slabs satisI\LQJGHÀHFWLRQVRFFXUULQJDIWHUWKHPHPEHUEHFRPHV
FRPSRVLWH QHHG QRW EH FDOFXODWHG 'HÀHFWLRQV RFFXUULQJ
before the member becomes composite shall be investigated,
XQOHVVWKHSUHFRPSRVLWHWKLFNQHVVDOVRVDWLV¿HV
7.3.3 5HLQIRUFHPHQWVWUDLQOLPLWLQQRQSUHVWUHVVHGVODEV
7.3.3.1 Nonprestressed slabs shall be tension-controlled in
accordance with Table 21.2.2.

R7.3.3 5HLQIRUFHPHQWVWUDLQOLPLWLQQRQSUHVWUHVVHGVODEV
R7.3.3.1 The basis for a reinforcement strain limit for
one-way slabs is the same as that for beams. Refer to R9.3.3
for additional information.

7.3.4 6WUHVVOLPLWVLQSUHVWUHVVHGVODEV
7.3.4.13UHVWUHVVHGVODEVVKDOOEHFODVVL¿HGDV&ODVV87
or C in accordance with 24.5.2.
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7.3.4.2 Stresses in prestressed slabs immediately after
transfer and at service loads shall not exceed the permissible
stresses in 24.5.3 and 24.5.4.
R7.4—Required strength

7.4—Required strength
7.4.1 General
7.4.1.1 Required strength shall be calculated in accordance with the factored load combinations in Chapter 5.

One-way Slabs

7.4.1.2 Required strength shall be calculated in accordance with the analysis procedures in Chapter 6.
7.4.1.3 )RU SUHVWUHVVHG VODEV H൵HFWV RI UHDFWLRQV LQGXFHG
by prestressing shall be considered in accordance with 5.3.11.
7.4.2 )DFWRUHGPRPHQW

7

7.4.2.1 For slabs built integrally with supports, Mu at the
support shall be permitted to be calculated at thee face of support.
3F
ctored shear
shea
R7.4.3
Factored

7.4.3 Factored shear
ally with supports, Vu at
a thee
7.4.3.1 For slabs built integrally
ulated at the fa
support shall be permitted to be calculated
face of
support.
fac of support and a critit7.4.3.2 Sections between the face
ical section located d from the face of support for nonprestressed slabs or h/2 from the face of support for prestressed
slabs shall be permitted to be designed for Vu at that critical
VHFWLRQLI D WKURXJK F DUHVDWLV¿HG

R7
3.2 The requirements
equiremen for the selection of the critical
R7.4.3.2
ar in one
section for shear
one-way slabs are the same as those for
er to R9.4
R9.4.3.2 for additional information.
beams. Refer

(a) Support reaction, in direction of applied shear, introduces compression into the end region of the slab
(b) Loads are applied at or near the top surface of the slab
(c) No concentrated load occurs between the face of
support and critical section
R7.5—Design strength
R7.5.1 General

7.5—Design strength
7.5.1 General
7.5.1.1 For each applicable factored load combinaWLRQ GHVLJQ VWUHQJWK DW DOO VHFWLRQV VKDOO VDWLVI\ ࢥSn  U
LQFOXGLQJ D DQG E ,QWHUDFWLRQEHWZHHQORDGH൵HFWVVKDOO
be considered.

R7.5.1.1 Refer to R9.5.1.1.

D ࢥMnMu
E ࢥVnVu
ࢥ shall be determined in accordance with 21.2.
R7.5.2 0RPHQW

7.5.2 0RPHQW
7.5.2.1 Mn shall be calculated in accordance with 22.3.
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7.5.2.2 For prestressed slabs, external tendons shall be
FRQVLGHUHG DV XQERQGHG WHQGRQV LQ FDOFXODWLQJ ÀH[XUDO
VWUHQJWKXQOHVVWKHH[WHUQDOWHQGRQVDUHH൵HFWLYHO\ERQGHG
to the concrete section along the entire length.
7.5.2.3,ISULPDU\ÀH[XUDOUHLQIRUFHPHQWLQDVODEWKDWLV
FRQVLGHUHGWREHD7EHDPÀDQJHLVSDUDOOHOWRWKHORQJLWXdinal axis of the beam, reinforcement perpendicular to the
longitudinal axis of the beam shall be provided in the top of
the slab in accordance with (a) and (b). This provision does
not apply to joist construction.
(a) Slab reinforcement perpendicular to the beam shall be
designed to resist the factored load on the overhanging
slab width assumed to act as a cantilever.
E  2QO\ WKH H൵HFWLYH RYHUKDQJLQJ VODE ZLGWK LQ DFFRUdance with 6.3.2 need be considered.

R7.5.2.3 This provision applies only where a T-beam is
parallel to the span of a one-way slab. For example, this
beam might be used to support a wall or concentrated load
that the slab alone cannot support. In that case, the primary
slab reinforcement is parallel to the beam and the perpendicular reinforcement is usually sized for temperature and
shrinkage. The reinforcement required by this provision is
intended to consider “unintended” negative moments that
may develop over the beam that exceed the requirements for
temperature and shrinkage reinforcement alone.

7.5.3 Shear
rdance w
with 22.5.
7.5.3.1 Vn shall be calculated in accordance
ete sslabs, horizontal shear
7.5.3.2 For composite concrete
ance with 16.4
16.4.
strength Vnh shall be calculated in aaccordance
7.6—Reinforcement limits
IRU
QW LQ
SUHVWU VHGG
7.6.1 0LQLPXP ÀH[XUDO UHLQIRUFHPHQW
LQ QRQSUHVWUHVVHG
slabs

Rein
ment lim
R7.6—Reinforcement
limits
R7.
ÀH[XUDO
R7.6.11 0
0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHG
sslabs
labs

7.6.1.1$PLQLPXPDUHDRIÀH[XUDOUHLQIRUFHPHQWAs,min,
of 0.0018Ag shall be provided.

R7.6.1.1 The requi
required area of deformed or welded wire
RUFHPHQW XVHG DV PLQLPXP ÀH[XUDO UHLQIRUFHPHQW
UHLQIRUFHPHQW
is the same
s
as provided for shrinkage and temperature in
24.4.3.2. However, whereas shrinkage and temperature reinforcement is permitted to be distributed between the two
IDFHVRIWKHVODEDVGHHPHGDSSURSULDWHIRUVSHFL¿FFRQGLWLRQVPLQLPXPÀH[XUDOUHLQIRUFHPHQWVKRXOGEHSODFHGDV
close as practicable to the face of the concrete in tension due
to applied loads.

7.6.2 0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

R7.6.2 0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

7.6.2.1 For slabs with bonded prestressed reinforcement,
total quantity of As and Aps shall be adequate to develop a
factored load at least 1.2 times the cracking load calculated
on the basis of fr as given in 19.2.3.

7KH UHTXLUHPHQWV IRU PLQLPXP ÀH[XUDO UHLQIRUFHment for prestressed one-way slabs are the same as those
for prestressed beams. Refer to R9.6.2 for additional
information.

7.6.2.2 )RU VODEV ZLWK ERWK ÀH[XUDO DQG VKHDU GHVLJQ
strength at least twice the required strength, 7.6.2.1 need not
EHVDWLV¿HG
7.6.2.3 For slabs with unbonded tendons, the minimum
area of bonded deformed longitudinal reinforcement, As,min,
shall be:
AVPLQAct

(7.6.2.3)
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where Act is the area of that part of the cross section between
WKHÀH[XUDOWHQVLRQIDFHDQGWKHFHQWURLGRIWKHJURVVVHFWLRQ
7.6.3 0LQLPXPVKHDUUHLQIRUFHPHQW

R7.6.3 0LQLPXPVKHDUUHLQIRUFHPHQW

R7.6.3.1 Solid slabs and footings have less stringent
minimum shear reinforcement requirements than beams
because there is a possibility of load sharing between weak
and strong areas. However, research (Angelakos et al. 2001;
Lubell et al. 2004; Brown et al. 2006) has shown that deep,
lightly reinforced one-way slabs, particularly if constructed
with high-strength concrete or concrete having a small coarse
aggregate size, may fail at shears less than Vc calculated
from Eq. (22.5.5.1). One-way slabs subjected to concenl
trated loads
are more likely to exhibit this vulnerability.
tes on precast, prestressed hollow-core units
Results of tests
er and Buettne
Buettner 1985; Anderson 1978) with h  12.5
(Becker
shown shear strengths
tren
re
in. havee shown
greater than those calcuEq (22.5.6.3.1a)
2.5.6.3.1a) and Eq. (22.5.6.3.2). Results of
lated byy Eq.
test on hollow-core
ho
ore units with h > 12.5 in. have shown
tests
w b-sh
ngths in end regions can be less than
that web-shear
strengths
VFD
E\(T 

VWUHQJWKVFDOFXODWHGE\(T
,QFRQWUDVWÀH[XUH
reng
shear strengths
in the deepe
deeper hollow-core units equaled or
exce d st
hs calculat
exceeded
strengths
calculated by Eq. (22.5.6.3.1a).

7.6.3.2 If shown by testing that the required Mn and Vn can
EHGHYHORSHGQHHGQRWEHVDWLV¿HG6XFKWHVWVVKDOO
H
VLPXODWHH൵HFWVRIGL൵HUHQWLDOVHWWOHPHQWFUHHSVKULQNDJH
and temperature change, based on a realistic assessment of
WKHVHH൵HFWVRFFXUULQJLQVHUYLFH

R7.6.3.2 The basis for the testing-based strength evaluation for one-way slabs is the same as that for beams. Refer to
R9.6.3.3
R9
6 3 for additional information.

7.6.3.3 If shear reinforcement is required, Av,min shall be in
accordance with 9.6.3.4.
7.6.4 0LQLPXPVKULQNDJHDQGWHPSHUDWXUHUHLQIRUFHPHQW

R7.6.4 0LQLPXPVKULQNDJHDQGWHPSHUDWXUHUHLQIRUFHPHQW

7.6.4.1 Reinforcement shall be provided to resist shrinkage
and temperature stresses in accordance with 24.4.
7.6.4.2 If prestressed shrinkage and temperature reinforcement in accordance with 24.4.4 is used, 7.6.4.2.1 through
7.6.4.2.3 shall apply.
7.6.4.2.1 For monolithic, cast-in-place, post-tensioned
beam-and-slab construction, gross concrete area shall
consist of the total beam area including the slab thickness
and the slab area within half the clear distance to adjacent
EHDP ZHEV ,W VKDOO EH SHUPLWWHG WR LQFOXGH WKH H൵HFWLYH
force in beam tendons in the calculation of total prestress
force acting on gross concrete area.

R7.6.4.2 In prestressed monolithic beam-and-slab
construction, at least one shrinkage and temperature tendon
is required between beams, even if the beam tendons alone
provide at least 100 psi average compressive stress as
required by 24.4.4.1 RQWKHJURVVFRQFUHWHDUHDDVGH¿QHGLQ
7.6.4.2.1. A tendon of any size is permissible as long as all
RWKHUUHTXLUHPHQWVRIDQGDUHVDWLV¿HG$SSOLcation of the provisions of 7.6.4.2 and 7.7.6.3 to monolithic,
cast-in-place, post-tensioned, beam-and-slab construction is
illustrated in Fig. R7.6.4.2.
Tendons used for shrinkage and temperature reinforcement
should be positioned as close as practicable to the mid-depth
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7.6.3.1 A minimum area of shear reinforcement, Av,min,
shall be provided in all regions where Vu > ࢥVc. For precast
prestressed hollow-core slabs with untopped h > 12.5 in.,
Av,min shall be provided in all regions where Vu > 0.5ࢥVcw.

One-way Slabs

The basis for minimum shear reinforcement for one-way
slabs is the same as that for beams. Refer to R9.6.3 for additional information.
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7.6.4.2.2 If slabs are supported on walls or not cast monolithically with beams, gross concrete area is the slab section
tributary to the tendon or tendon group.

of the slab. In cases where the shrinkage and temperature
tendons are used for supporting the principal tendons, variations from the slab centroid are permissible; however, the
resultant of the shrinkage and temperature tendons should
not fall outside the middle third of the slab thickness.
7KHH൵HFWVRIVODEVKRUWHQLQJVKRXOGEHHYDOXDWHGWRHQVXUH
WKHH൵HFWLYHQHVVRIWKHSUHVWUHVVLQJ,QPRVWFDVHVWKHORZ
OHYHORISUHVWUHVVLQJUHFRPPHQGHGVKRXOGQRWFDXVHGL൶FXOties in a properly detailed structure. Additional attention may
EHUHTXLUHGZKHUHWKHUPDOH൵HFWVEHFRPHVLJQL¿FDQW

7.6.4.2.3 At least one tendon is required in the slab
between faces of adjacent beams or walls.

6 ft maximum per 7.7.6.3.1 (typ.). Refer to 7.7.6.3.2
for additional reinforcement required
when spacing exceeds 4.5 ft.

A

A

Slab shrinkage and
temperature tendons

Beam tendons

Plan
Beam web width
L2

L1
L1/2

L2/2

Beam and slab tendons within the orange area must provide 100 psi
minimum average compressive stress in the orange area (gross area
tributary to each beam).
Section A-A
Fig. R7.6.4.2²6HFWLRQWKURXJKEHDPVFDVWPRQROLWKLFDOO\ZLWKVODE
7.7—Reinforcement detailing
7.7.1 General

R7.7—Reinforcement detailing

7.7.1.1 Concrete cover for reinforcement shall be in accordance with 20.5.1.
7.7.1.2 Development lengths of deformed and prestressed
reinforcement shall be in accordance with 25.4.
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7.7.1.3 Splices of deformed reinforcement shall be in
accordance with 25.5.
7.7.1.4 Bundled bars shall be in accordance with 25.6.
7.7.2 5HLQIRUFHPHQWVSDFLQJ

R7.7.2 5HLQIRUFHPHQWVSDFLQJ

7.7.2.3 For nonprestressed and Class T and C prestressed
slabs with unbonded tendons, maximum spacing s of
deformed longitudinal reinforcement shall be the lesser of
3h and 18 in.

R7.7.2.3 Editions of ACI 318 prior to 2019 excluded the
provisions of 7.7.2.3 for prestressed concrete. However, Class
T and C slabs prestressed with unbonded tendons rely solely
on deformed reinforcement for crack control. Consequently,
the requirements of 7.7.2.3 have been extended to apply to
Class T and C slabs prestressed with unbonded tendons.

forcemen required by
7.7.2.4 Maximum spacing, s, of reinforcement
in
7.5.2.3 shall be the lesser of 5h and 18 in.

R7.7.2.4
limitations for slab reinforcement
7.2.4 The spacing
spac
DUHEDVHGRQÀDQJHWKLFNQHVVZKLFKIRUWDSHUHGÀDQJHVFDQ
HGRQ ÀDQJH WKLFNQHV
QH
be taken
thickness.
n as the average thic

LQ
UHVWUHVVHGVODEV
7.7.3 )OH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGVODEV
essive force in reinein7.7.3.1 Calculated tensile or ccompressive
all be develope
forcement at each section of the sla
slab shall
developed on
each side of that section.

R7.7.33 )O
)OH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGVODEV
R7.
UHLQIRUFHP
Req
irem
or devel
Requirements
for
development of reinforcement in
one-w y sla
one-way
slabs are similar to those for beams. Refer to R9.7.3
for additional information.
nformatio

7.7.3.2 Critical locations for development of reinforcean
ment are points of maximum stress and points along the span
where bent or terminated tension reinforcement is no longer
UHTXLUHGWRUHVLVWÀH[XUH
7.7.3.3 Reinforcement shall extend beyond the point at
ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUDGLVWDQFH
at least the greater of d and 12db, except at supports of
simply-supported spans and at free ends of cantilevers.
7.7.3.4 &RQWLQXLQJ ÀH[XUDO WHQVLRQ UHLQIRUFHPHQW VKDOO
have an embedment length at least Ɛd beyond the point
where bent or terminated tension reinforcement is no longer
UHTXLUHGWRUHVLVWÀH[XUH
7.7.3.5 Flexural tension reinforcement shall not be termiQDWHGLQDWHQVLRQ]RQHXQOHVV D  E RU F LVVDWLV¿HG
(a) Vu  ࢥVnDWWKHFXWR൵SRLQW
(b) For No. 11 bars and smaller, continuing reinforcement
SURYLGHVGRXEOHWKHDUHDUHTXLUHGIRUÀH[XUHDWWKHFXWR൵
point and Vu  ࢥVn.
(c) Stirrup area in excess of that required for shear is
provided along each terminated bar or wire over a distance
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7.7.2.2 For nonprestressed and Class C prestressed slabs,
spacing of bonded longitudinal reinforcement closest to the
tension face shall not exceed s given in 24.3.

One-way Slabs

7.7.2.1 Minimum spacing s shall be in accordance with 25.2.
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3/4dIURPWKHFXWR൵SRLQW([FHVVVWLUUXSDUHDVKDOOEHQRW
less than 60bws/fyt. Spacing s shall not exceed d ȕb).
7.7.3.6 Adequate anchorage shall be provided for tension
reinforcement where reinforcement stress is not directly
proportional to moment, such as in sloped, stepped, or
tapered slabs, or where tension reinforcement is not parallel
to the compression face.
7.7.3.7 In slabs with spans not exceeding 10 ft, welded
wire reinforcement, with wire size not exceeding W5 or D5,
shall be permitted to be curved from a point near the top of
slab over the support to a point near the bottom of slab at
midspan, provided such reinforcement is continuous over, or
developed at, the support.
7.7.3.8 7HUPLQDWLRQRIUHLQIRUFHPHQW
7.7.3.8.1 At simple supports, at least one-third of the
nt shall extend
maximum positive moment reinforcement
rt, excep
along the slab bottom into the support,
except for precast
all ex
slabs where such reinforcement shall
extend at least to the
center of the bearing length.

R7.7.3.8 7HUPLQDWLRQRIUHLQIRUFHPHQW
Requ
Requirements for termination of reinforcement in one-way
simil to those for beams. Refer to R9.7.3.8 for
slabs are similar
onal informatio
additional
information.

st one-fourth oof the
7.7.3.8.2 At other supports, aat least
ement shall ex
end
maximum positive moment re
reinforcement
extend
up
at least 6 in.
along the slab bottom into the support
G SRLQWV RI
I LQÀHFWLRQ
L
7.7.3.8.3$W VLPSOH VXSSRUWV DQG
db
for positive moment tension reinforcement shall be limited
such that ƐdIRUWKDWUHLQIRUFHPHQWVDWLV¿HV D RU E ,IUHLQforcement terminates beyond the centerline of supports by a
standard hook or a mechanical anchorage at least equivalent
WRDVWDQGDUGKRRN D RU E QHHGQRWEHVDWLV¿HG
(a) Ɛd Mn/Vu + Ɛa)LIHQGRIUHLQIRUFHPHQWLVFRQ¿QHG
by a compressive reaction
(b) Ɛd Mn/Vu + Ɛa)LIHQGRIUHLQIRUFHPHQWLVQRWFRQ¿QHG
by a compressive reaction
Mn is calculated assuming all reinforcement at the section
is stressed to fy and Vu is calculated at the section. At a
support, Ɛa is the embedment length beyond the center of the
VXSSRUW$WDSRLQWRILQÀHFWLRQƐa is the embedment length
EH\RQGWKHSRLQWRILQÀHFWLRQOLPLWHGWRWKHJUHDWHURId and
12db.
7.7.3.8.4 At least one-third of the negative moment reinforcement at a support shall have an embedment length
EH\RQGWKHSRLQWRILQÀHFWLRQDWOHDVWWKHJUHDWHVWRId, 12db,
and Ɛn/16.
7.7.4 )OH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

R7.7.4 )OH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV
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7.7.4.1 External tendons shall be attached to the member
LQDPDQQHUWKDWPDLQWDLQVWKHVSHFL¿HGHFFHQWULFLW\EHWZHHQ
the tendons and the concrete centroid through the full range
RIDQWLFLSDWHGPHPEHUGHÀHFWLRQV
7.7.4.2 If nonprestressed reinforcement is required to
VDWLVI\ÀH[XUDOVWUHQJWKWKHGHWDLOLQJUHTXLUHPHQWVRI
VKDOOEHVDWLV¿HG

7.7.4.3.2 Post-tensioning anchorages and couplers shall be
designed and detailed in accordance with 25.8.
7.7.4.4 7HUPLQDWLRQ RI GHIRUPHG UHLQIRUFHPHQW LQ VODEV
with unbonded tendons

R7.7.4.4 7HUPLQDWLRQRIGHIRUPHGUHLQIRUFHPHQWLQVODEV
with unbonded tendons

orcement required by
7.7.4.4.1 Length of deformed reinforcement
7.6.2.3 shall be in accordance with (a) an
and (b):

quirements for ttermination of deformed reinforcement
Requirements
way slabs with unbonded
unb
nb
in one-way
tendons are the same as
those forr bea
beams. Refer to R
R9.7.4.4 for additional information.

om areas
eas and be cen
centered
d
(a) At least Ɛn/3 in positive moment
in those areas
ace of support
(b) At least Ɛn/6 on each side of the face
7.7.5 6KHDUUHLQIRUFHPHQW
7.7.5.1 If shear reinforcement is required, transverse reinforcement shall be detailed according to 9.7.6.2.
7.7.6 6KULQNDJHDQGWHPSHUDWXUHUHLQIRUFHPHQW

R7.7.6 6KULQNDJHDQGWHPSHUDWXUHUHLQIRUFHPHQW

7.7.6.1 Shrinkage and temperature reinforcement in accorGDQFH ZLWK  VKDOO EH SODFHG SHUSHQGLFXODU WR ÀH[XUDO
reinforcement.
7.7.6.2 1RQSUHVWUHVVHGUHLQIRUFHPHQW
7.7.6.2.1 Spacing of deformed shrinkage and temperature
reinforcement shall not exceed the lesser of 5h and 18 in.
7.7.6.3 3UHVWUHVVHGUHLQIRUFHPHQW

R7.7.6.3 3UHVWUHVVHGUHLQIRUFHPHQW

7.7.6.3.1 Spacing of slab tendons required by 7.6.4.2 and
the distance between face of beam or wall to the nearest slab
tendon shall not exceed 6 ft.
7.7.6.3.2 If spacing of slab tendons exceeds 4.5 ft, additional deformed shrinkage and temperature reinforcement
conforming to 24.4.3 shall be provided parallel to the
tendons, except 24.4.3.4 QHHGQRWEHVDWLV¿HG,QFDOFXODWLQJ
the area of additional reinforcement, it shall be permitted
to take the gross concrete area in 24.4.3.2 as the slab area

R7.7.6.3.2 Widely spaced tendons result in non-uniform
compressive stresses near the slab edges. The additional
reinforcement is to reinforce regions near the slab edge that
may be inadequately compressed. Placement of this reinforcement is illustrated in Fig. R7.7.6.3.2.
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7.7.4.3.1 Post-tensioned anchorage zones shall be
designed and detailed in accordance with 25.9.

One-way Slabs

7.7.4.3 7HUPLQDWLRQRISUHVWUHVVHGUHLQIRUFHPHQW
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between faces of beams. This shrinkage and temperature
reinforcement shall extend from the slab edge for a distance
not less than the slab tendon spacing.

s

s
> 4.5 ft

Shrinkage and temperature
tendon

s

A

A

Added shrinkage and temperature reinforcement

Length ≥ s

Plan

Tendon
Beam
Section A-A
Fig. R7.7.6.3.2²3ODQ YLHZ DW VODE HGJH VKRZLQJ DGGHG VKULQNDJH DQG WHPSHUDWXUH
UHLQIRUFHPHQW
7.7.7 6WUXFWXUDO LQWHJULW\ UHLQIRUFHPHQW LQ FDVWLQSODFH
one-way slabs

R7.7.7 6WUXFWXUDOLQWHJULW\UHLQIRUFHPHQWLQFDVWLQSODFH
one-way slabs

7.7.7.1 Longitudinal structural integrity reinforcement
consisting of at least one-quarter of the maximum positive
moment reinforcement shall be continuous.

Positive moment structural integrity reinforcement for
one-way slabs is intended to be similar to that for beams.
Refer to R9.7.7 for a discussion of structural integrity reinforcement for beams.

7.7.7.2 Longitudinal structural integrity reinforcement at
noncontinuous supports shall be anchored to develop fy at
the face of the support.
7.7.7.3 If splices are necessary in continuous structural
integrity reinforcement, the reinforcement shall be spliced
near supports. Splices shall be mechanical or welded in
accordance with 25.5.7 or Class B tension lap splices in
accordance with 25.5.2.
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8.1—Scope
8.1.1 This chapter shall apply to the design of nonpreVWUHVVHG DQG SUHVWUHVVHG VODEV UHLQIRUFHG IRU ÀH[XUH LQ
two directions, with or without beams between supports,
including (a) through (d):

R8.1—Scope
The design methods given in this chapter are based on
analysis of the results of an extensive series of tests (Burns
and Hemakom 1977; Gamble et al. 1969; Gerber and Burns
1971; Guralnick and LaFraugh 1963; Hatcher et al. 1965,
1969; Hawkins 1981; Jirsa et al. 1966; PTI DC20.8; Smith
and Burns 1974; Scordelis et al. 1959; Vanderbilt et al.
1969; Xanthakis and Sozen 1963) and the well-established
performance records of various slab systems. The fundamental design principles are applicable to all planar strucWXUDOV\VWHPVVXEMHFWHGWRWUDQVYHUVHORDGV6HYHUDOVSHFL¿F
design rules, as well as historical precedents, limit the types
of structures to which this chapter applies. General slab
systems that may be designed according to this chapter
LQFOXGH ÀDW VODEV ÀDW SODWHV WZRZD\ VODEV DQG ZD൷H
slabs. Slabs with paneled ceilings are two-way, wide-band,
beam systems.
Slabs-on-ground that do not transmit vertical loads from
other pparts of the structure to the soil are excluded.
For slabs with beams, the explicit design procedures of
hapter apply on
this chapter
only when the beams are located at the
edges off th
thee panel and wh
when the beams are supported by
V RU RWKHU
HU HVVHQWLDO
FROXPQV
HVVHQWLDOO\ QRQGHÀHFWLQJ VXSSRUWV DW WKH
corn
nel. Twocorners of the panel.
Two-way slabs with beams in one
direct
n, w
h slab an
direction,
with both
and beams supported by girders
on, may be designed under the general
in the other direction,
requir
ment of thiss chapter
requirements
chapter. Such designs should be based
XSRQ
QDO\V
PSDWLEOHZ
XSRQDQDO\VLVFRPSDWLEOHZLWKWKHGHÀHFWHGSRVLWLRQRIWKH
ms and ggirders.
supporting beams
For slabss supported on walls, the explicit design proceHVLQWKLVFKDS
GXUHVLQWKLVFKDSWHUWUHDWWKHZDOODVDEHDPRILQ¿QLWHVWL൵ness; th
therefore, each wall should support the entire length
of an edge of the panel (refer to 8.4.1.7). Walls of width less
than a full panel length can be treated as columns.

(a) Solid slabs
(b) Slabs cast on stay-in-place, noncomposite steel deck
(c) Composite slabs of concrete elements constructed in
separate placements but connected so that all elements
resist loads as a unit
(d) Two-way joist systems in accordance with 8.8

8.2—General
8.2.1 A slab system shall be permitted to be designed
by any procedure satisfying equilibrium and geometric
compatibility, provided that design strength at every section
is at least equal to required strength, and all serviceability
UHTXLUHPHQWVDUHVDWLV¿HG7KHGLUHFWGHVLJQPHWKRGRUWKH
equivalent frame method is permitted.

R8.2—General
R8.2.1 This section permits a design to be based directly
on fundamental principles of structural mechanics, provided
it can be demonstrated explicitly that all strength and serviceDELOLW\FULWHULDDUHVDWLV¿HG7KHGHVLJQRIWKHVODEPD\EH
achieved through the combined use of classic solutions
based on a linearly elastic continuum, numerical solutions
based on discrete elements, or yield-line analyses, including,
in all cases, evaluation of the stress conditions around the
VXSSRUWVLQUHODWLRQWRVKHDUWRUVLRQDQGÀH[XUHDVZHOODV
WKHH൵HFWVRIUHGXFHGVWL൵QHVVRIHOHPHQWVGXHWRFUDFNLQJ
and support geometry. The design of a slab system involves
more than its analysis; any deviations in physical dimensions
RIWKHVODEIURPFRPPRQSUDFWLFHVKRXOGEHMXVWL¿HGRQWKH
basis of knowledge of the expected loads and the reliability
of the calculated stresses and deformations of the structure.
The direct design method and the equivalent frame method
are limited in application to orthogonal frames subject to
gravity loads only.
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CODE
8.2.27KHH൵HFWVRIFRQFHQWUDWHGORDGVVODERSHQLQJVDQG
slab voids shall be considered in design.

COMMENTARY
R8.2.2 Refer to R7.2.1.

8.2.36ODEVSUHVWUHVVHGZLWKDQDYHUDJHH൵HFWLYHFRPSUHVsive stress less than 125 psi shall be designed as nonprestressed slabs.
8.2.4 A drop panel in a nonprestressed slab, where used
to reduce the minimum required thickness in accordance
with 8.3.1.1 or the quantity of deformed negative moment
reinforcement at a support in accordance with 8.5.2.2, shall
satisfy (a) and (b):
(a) The drop panel shall project below the slab at least
one-fourth of the adjacent slab thickness.
(b) The drop panel shall extend in each direction from the
centerline of support a distance not less than one-sixth the
span length measured from center-to-center of supports in
that direction.

R8.2.4 and R8.2.5 'URS SDQHO GLPHQVLRQV VSHFL¿HG LQ
8.2.4 are necessary when reducing the amount of negative moment reinforcement following 8.5.2.2 or to satisfy
minimum slab thicknesses permitted in 8.3.1.1. If the dimenVLRQVDUHOHVVWKDQVSHFL¿HGLQWKHSURMHFWLRQPD\EH
used as a shear cap to increase the shear strength of the slab.
For slabs with changes in thickness, it is necessary to check
the shear strength at several sections (Refer to 22.6.4.1(b)).

8.2.5 A shear cap, where used to increase the critical
oint, shall project below
section for shear at a slab-column joint,
QWDOO
WKHVODEVR൶WDQGH[WHQGKRUL]RQWDOO\IURPWKHIDFHRIWKH
ual to thee thickness oof the
he
column a distance at least equal
SURMHFWLRQEHORZWKHVODEVR൶W
8.2.6 Materials
8.2.6.1 Design properties for concrete shalll bbe selected to
be in accordance with Chapter 19.
8.2.6.2 Design properties for steel reinforcement shall be
selected to be in accordance with Chapter 20.
8.2.6.3 Materials, design, and detailing requirements for
embedments in concrete shall be in accordance with 20.6.
8.2.7 &RQQHFWLRQVWRRWKHUPHPEHUV

R8.2.7 &RQQHFWLRQVWRRWKHUPHPEHUV

8.2.7.1 Beam-column and slab-column joints shall satisfy
Chapter 15.

Safety of a slab system requires consideration of the transPLVVLRQ RI ORDG IURP WKH VODE WR WKH FROXPQV E\ ÀH[XUH
torsion, and shear.

8.3—Design limits
8.3.1 0LQLPXPVODEWKLFNQHVV

R8.3—Design limits
R8.3.1 0LQLPXPVODEWKLFNQHVV
The minimum slab thicknesses in 8.3.1.1 and 8.3.1.2 are independent of loading and concrete modulus of elasticity, both of
ZKLFKKDYHVLJQL¿FDQWH൵HFWVRQGHÀHFWLRQV7KHVHPLQLPXP
thicknesses are not applicable to slabs with unusually heavy
superimposed sustained loads or for concrete with modulus of
HODVWLFLW\VLJQL¿FDQWO\ORZHUWKDQWKDWRIRUGLQDU\QRUPDOZHLJKW
FRQFUHWH'HÀHFWLRQVVKRXOGEHFDOFXODWHGIRUVXFKVLWXDWLRQV
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8.3.1.1 For nonprestressed slabs without interior beams
spanning between supports on all sides, having a maximum
ratio of long-to-short span of 2, overall slab thickness h shall
not be less than the limits in Table 8.3.1.1, and shall be at
OHDVWWKHYDOXHLQ D RU E XQOHVVWKHFDOFXODWHGGHÀHFWLRQ
OLPLWVRIDUHVDWLV¿HG

R8.3.1.1 The minimum thicknesses in Table 8.3.1.1 are
those that have been developed through the years. Use of
longitudinal reinforcement with fy > 80,000 psi may result in
ODUJHUORQJWHUPGHÀHFWLRQVWKDQLQWKHFDVHRIfy < 80,000
psi unless associated service stresses calculated for cracked
sections are smaller than 40,000 psi. Careful calculation of
GHÀHFWLRQVVKRXOGEHSHUIRUPHG

Table 8.3.1.1—Minimum thickness of nonprestressed two-way slabs without interior beams (in.)[1]
Without drop panels[3]

With drop panels[3]

Exterior panels

Exterior panels

fy, psi[2]

Without edge beams

With edge beams[4]

Interior panels

Without edge beams

With edge beams[4]

Interior panels

40,000

Ɛn

Ɛn

Ɛn

Ɛn

Ɛn

Ɛn

60,000

Ɛn

Ɛn

Ɛn

Ɛn

Ɛn

Ɛn

80,000

Ɛn

Ɛn

Ɛn

Ɛn

Ɛn

Ɛn

[1]

Ɛn is the clear span in the long direction, measured
easu
face-to-face
-to-face of supports (in.).
(i

[2]

For fy between the values given in the table,, m
minimum thickness shall be calculated
calc ated by linear interpol
interpolation.
on.

[3]

Drop panels as given in 8.2.4.

[4]

6ODEVZLWKEHDPVEHWZHHQFROXPQVDORQJH[WHULRUHGJHV([WHULRUSDQHOVVKDOOEHFRQVLGHUHGWREHZLWKRXWHGJHEHDPVLIĮ
[WH
HV([WHULRUSDQHOVVKD EHFRQVLGHUHGWREHZ RXWHG
LIĮ
Įf is less th
than 0.8.

8.3.1.2 For nonprestressed slabs with beams spanning
between supports on all sides, overall slab thickness h shall
satisfy the limits in Table 8.3.1.2, unless the calculated
GHÀHFWLRQOLPLWVRIDUHVDWLV¿HG
Table 8.3.1.2—Minimum thickness of
nonprestressed two-way slabs with beams
spanning between supports on all sides
Įfm[1]

Minimum h, in.

ĮIP

8.3.1.1 applies

ĮIP

ĮIP > 2.0

Greater
of:

Greater
of:

h
R8.3.1.2 Forr panels having
a ratio of long-to-short span
n 2, the use
us of expressions (b) and (d) of Table
greater than
1.2, which ggive the minimum thickness as a fraction
8.3.1.2,
l
of the long
span, may give unreasonable results. For such
panels, the rules applying to one-way construction in 7.3.1
should be used.

(a)

fy ⎞
⎛
A n ⎜ 0.8 +
200, 000 ⎟⎠
⎝
36 + 5β(α IP − 0.2)

(b)[1],[2]

5.0

(c)

fy ⎞
⎛
A n ⎜ 0.8 +
200, 000 ⎟⎠
⎝
36 + 9β

(d)

3.5

(e)

[1]

ĮIPLVWKHDYHUDJHYDOXHRIĮf for all beams on edges of a panel.
Ɛn is the clear span in the long direction, measured face-to-face of beams (in.).
[3]
ȕLVWKHUDWLRRIFOHDUVSDQVLQORQJWRVKRUWGLUHFWLRQVRIVODE
[2]
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For fy H[FHHGLQJ  SVL WKH FDOFXODWHG GHÀHFWLRQ
OLPLWVLQVKDOOEHVDWLV¿HGDVVXPLQJDUHGXFHGPRGXOXV
of rupture f r = 5 f c′ .

Two-way Slabs

(a) Slabs without drop panels as given in 8.2.4.......... 5 in.
(b) Slabs with drop panels as given in 8.2.4............... 4 in.
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8.3.1.2.1 At discontinuous edges of slabs conforming to
DQHGJHEHDPZLWKĮf shall be provided, or the
minimum thickness required by (b) or (d) of Table 8.3.1.2
shall be increased by at least 10 percent in the panel with a
discontinuous edge.
8.3.1.3 7KH WKLFNQHVV RI D FRQFUHWH ÀRRU ¿QLVK VKDOO EH
permitted to be included in h if it is placed monolithically
ZLWK WKH ÀRRU VODE RU LI WKH ÀRRU ¿QLVK LV GHVLJQHG WR EH
FRPSRVLWHZLWKWKHÀRRUVODELQDFFRUGDQFHZLWK16.4.

R8.3.1.3 The Code does not specify an additional thickness for wearing surfaces subjected to unusual conditions of
wear. The need for added thickness for unusual wear is left
to the discretion of the licensed design professional.
$ FRQFUHWH ÀRRU ¿QLVK PD\ EH FRQVLGHUHG IRU VWUHQJWK
purposes only if it is cast monolithically with the slab. A
VHSDUDWH FRQFUHWH ¿QLVK LV SHUPLWWHG WR EH LQFOXGHG LQ WKH
structural thickness if composite action is provided in accordance with 16.4.

8.3.1.4 If single- or multiple-leg stirrups are used as shear
UHLQIRUFHPHQWWKHVODEWKLFNQHVVVKDOOEHVX൶FLHQWWRVDWLVI\
the requirements for d in 22.6.7.1.
8.3.2 &DOFXODWHGGHÀHFWLRQOLPLWV
SHQG
8.3.2.1,PPHGLDWHDQGWLPHGHSHQGHQWGHÀHFWLRQVVKDOOEH
4.2 and shall
hall not excee
exceed thee
calculated in accordance with 24.2
bs given
n in (a) through (c):
):
limits in 24.2.2 for two-way slabs
ng 8.3
(a) Nonprestressed slabs not sat
satisfying
8.3.1
out interior
rior beams spanning
span ng
(b) Nonprestressed slabs without
i a ratio of
between the supports on all sides and having
long-to-short span exceeding 2.0
(c) Prestressed slabs

3 2 &DOFXODWHGGHÀHFWLRQOLPLWV
&DOFXODWHG
R8.3.2
2.1 )RU SUHVWUHVVHG
SUHVWUHVVHG ÀDW VODEV FRQWLQXRXV RYHU WZR
R8.3.2.1
or m
moree sp
spans in each dire
direction, the span-thickness ratio
JHQHUD \VK
RWH[FHHG
JHQHUDOO\VKRXOGQRWH[FHHGIRUÀRRUVDQGIRUURRIV
mits may be increase
these limits
increased to 48 and 52, respectively, if
DOFXO LRQV YHULI\ WKDW ERW
FDOFXODWLRQV
ERWK VKRUW DQG ORQJWHUP GHÀHFmbe and vibration frequency and amplitude are not
tion, camber,
objectionable.
G ORQJWH
6KRUW DQG
ORQJWHUP GHÀHFWLRQ DQG FDPEHU VKRXOG EH
ulated and cchecked against serviceability requirements
calculated
of the st
structure.

8.3.2.2 For nonprestressed composite concrete slabs
VDWLVI\LQJRUGHÀHFWLRQVRFFXUULQJDIWHUWKH
PHPEHUEHFRPHVFRPSRVLWHQHHGQRWEHFDOFXODWHG'HÀHFtions occurring before the member becomes composite shall
be investigated, unless the precomposite thickness also satis¿HVRU

R8.3.2.2 If any portion of a composite member is
prestressed, or if the member is prestressed after the
components have been cast, the provisions of 8.3.2.1 apply
DQG GHÀHFWLRQV DUH WR EH FDOFXODWHG )RU QRQSUHVWUHVVHG
FRPSRVLWH PHPEHUV GHÀHFWLRQV QHHG WR EH FDOFXODWHG DQG
compared with the limiting values in Table 24.2.2, only
when the thickness of the member or the precast part of the
member is less than the minimum thickness given in Table
8.3.1.1. In unshored construction, the thickness of concern
GHSHQGVRQZKHWKHUWKHGHÀHFWLRQEHIRUHRUDIWHUWKHDWWDLQPHQWRIH൵HFWLYHFRPSRVLWHDFWLRQLVEHLQJFRQVLGHUHG

8.3.3 5HLQIRUFHPHQWVWUDLQOLPLWLQQRQSUHVWUHVVHGVODEV

R8.3.3 5HLQIRUFHPHQWVWUDLQOLPLWLQQRQSUHVWUHVVHGVODEV

8.3.3.1 Nonprestressed slabs shall be tension-controlled in
accordance with Table 21.2.2.

R8.3.3.1 The basis for a reinforcement strain limit for
two-way slabs is the same as that for beams. Refer to R9.3.3
for additional information.

8.3.4 6WUHVVOLPLWVLQSUHVWUHVVHGVODEV
8.3.4.1 Prestressed slabs shall be designed as Class U
with ft f c′ . Other stresses in prestressed slabs immediAmerican Concrete Institute – Copyrighted © Material – www.concrete.org
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ately after transfer and at service loads shall not exceed the
permissible stresses in 24.5.3 and 24.5.4.
R8.4—Required strength
R8.4.1 General

8.4—Required strength
8.4.1 General

R8.4.1.2 To determine service and factored moments as
well as shears in prestressed slab systems, numerical anal\VLVLVUHTXLUHGUDWKHUWKDQVLPSOL¿HGDSSURDFKHVVXFKDVWKH
direct design method. The equivalent frame method of analysis as contained in the 2014 edition of the Code is a numerical method that has been shown by tests of large structural
models to satisfactorily predict factored moments and shears
in prestressed slab systems (Smith and Burns 1974; Burns
and Hemakom 1977; Hawkins 1981; PTI DC20.8; Gerber
and Burns 1971; Scordelis et al. 1959). The referenced
sho that analysis using prismatic sections or
research also shows
DSSUR[LPDWLRQV
RWKHUDSSUR[LPDWLRQVRIVWL൵QHVVPD\SURYLGHHUURQHRXVDQG
resu ts. Moment redistribution
red
ed
unsafe results.
for prestressed slabs
itted in accordance
ccordance with 6.6.5. PTI DC20.8 provides
is permitted
guid e fo
ressed con
guidance
for prestressed
concrete slab systems.

H
LQG FHG
8.4.1.3 )RU SUHVWUHVVHG VODEV H൵HFWV
RI UHDFWLRQV LQGXFHG
ed in accordance
cordance with 5
5.3.11.
11.
by prestressing shall be considered
t by columns
l
8.4.1.4 For a slab system supported
or walls,
dimensions c1, c2, and Ɛn VKDOO EH EDVHG RQ DQ H൵HFWLYH
VXSSRUWDUHD7KHH൵HFWLYHVXSSRUWDUHDLVWKHLQWHUVHFWLRQRI
the bottom surface of the slab, or drop panel or shear cap if
present, with the largest right circular cone, right pyramid, or
tapered wedge whose surfaces are located within the column
and the capital or bracket and are oriented no greater than 45
degrees to the axis of the column.
8.4.1.5 A column strip is a design strip with a width on
each side of a column centerline equal to the lesser of 0.25Ɛ2
and 0.25Ɛ1. A column strip shall include beams within the
strip, if present.
8.4.1.6 A middle strip is a design strip bounded by two
column strips.
8.4.1.7 A panel is bounded by column, beam, or wall
centerlines on all sides.

R8.4.1.7$ SDQHO LQFOXGHV DOO ÀH[XUDO HOHPHQWV EHWZHHQ
column centerlines. Thus, the column strip includes the
beam, if any.

8.4.1.8 For monolithic or fully composite construction
supporting two-way slabs, a beam includes that portion of
slab, on each side of the beam extending a distance equal to
the projection of the beam above or below the slab, whichever
is greater, but not greater than four times the slab thickness.

R8.4.1.8 For monolithic or fully composite construction,
WKHEHDPVLQFOXGHSRUWLRQVRIWKHVODEDVÀDQJHV7ZRH[DPples of the rule are provided in Fig. R8.4.1.8.
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8.4.1.2 Required strength shall be calculated in accordance with the analysis procedures given in Chapter 6.

Two-way Slabs

8.4.1.1 Required strength shall be calculated in accordance with the factored load combinations in Chapter 5.
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8.4.1.9 Combining the results of a gravity load analysis
with the results of a lateral load analysis shall be permitted.

bw + 2hb ≤ bw + 8hf

hf
hb

bw

hb ≤ 4hf

hf
hb

bw
Fig. R8.4.1.8²([DPSOHVRIWKHSRUWLRQRIVODEWREHLQFOXGHG
ZLWKWKHEHDPXQGHU
R8.4.2 )DFWRUHGPRPHQW

8.4.2 )DFWRUHGPRPHQW
8.4.2.1 For slabs built integrally with supports, Mu at the
support shall be permitted to be calculated at the face of
support.
8.4.2.2 )DFWRUHGVODEPRPHQWUHVLVWHGE\WKHFROXPQ
8.4.2.2.1 If gravity, wind, earthquake, or other loads cause
a transfer of moment between the slab and column, a fraction of Msc, the factored slab moment resisted by the column
DWDMRLQWVKDOOEHWUDQVIHUUHGE\ÀH[XUHLQDFFRUGDQFHZLWK
8.4.2.2.2 through 8.4.2.2.5.

R8.4.2.2 )DFWRUHGVODEPRPHQWUHVLVWHGE\WKHFROXPQ
R8.4.2.2.1 This section is concerned primarily with slab
systems without beams.

8.4.2.2.2 The fraction of factored slab moment resisted
by the column, Ȗf Msc, shall be assumed to be transferred by
ÀH[XUHZKHUHȖf shall be calculated by:
γf =

1
⎛ 2⎞ b
1+ ⎜ ⎟ 1
⎝ 3 ⎠ b2

(8.4.2.2.2)

8.4.2.2.37KHH൵HFWLYHVODEZLGWKbslabIRUUHVLVWLQJȖf Msc
shall be the width of column or capital plus a distance on
each side in accordance with Table 8.4.2.2.3.

R8.4.2.2.3 Unless measures are taken to resist the torsional
and shear stresses, all reinforcement resisting that part of the
PRPHQW WR EH WUDQVIHUUHG WR WKH FROXPQ E\ ÀH[XUH VKRXOG
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be placed between lines that are one and one-half the slab or
drop panel thickness, 1.5h, on each side of the column.

Table 8.4.2.2.3—Dimensional limits for effective
slab width
Distance on each side of column or capital
Without drop panel
or shear cap

Lesser

With drop panel or
shear cap

Lesser

1.5h of slab
Distance to edge of slab
1.5h of drop or cap

R8.4.2.2.4 6RPH ÀH[LELOLW\ LQ GLVWULEXWLRQ RI Msc transIHUUHG E\ VKHDU DQG ÀH[XUH DW ERWK H[WHULRU DQG LQWHULRU
columns is possible. Interior, exterior, and corner columns
refer to slab-column connections for which the critical
perimeter for rectangular columns has four, three, and two
sides, rrespectively.
At exterior columns,
for Msc resisted about an axis parallel
co
port
to the edge, the portion
of moment transferred by eccenear Ȗv Msc may
may be reduced, provided that the
tricity of sh
shear
d she
factored
shear att the colum
column (excluding the shear produced
ment transfer)
er) does no
by m
moment
not exceed 75 percent of the shear
streng ࢥvc DV GH¿QHG
¿QHG LQ 22.6.5.1 for edge columns, or
strength
ent for corner
ner colum
50 percent
columns. Tests (Moehle 1988; ACI
52.1R  LQ
LQGLFDWH WKDW
KDW WKHUH
WKHUH LV QR VLJQL¿FDQW LQWHUDFWLRQ
352.1R
betw
n she
d Msc at the
th exterior column in such cases.
between
shear and
decreased, Ȗf Msc is increased.
Note that as Ȗv Msc is dec
RU FROXPQ
$W LQWHULRU
FROXPQV VRPH ÀH[LELOLW\ LQ GLVWULEXWLQJ Msc
WUDQVIHUUHGE\VKHDUDQGÀH[XUHLVSRVVLEOHEXWZLWKPRUH
VIHUUHGE\VK
severe limitations than for exterior columns. For interior columns, Msc WUDQVIHUUHG E\ ÀH[XUH LV SHUPLWWHG WR EH
increased up to 25 percent, provided that the factored shear
(excluding the shear caused by the moment transfer) at the
interior columns does not exceed 40 percent of the shear
strength ࢥvcDVGH¿QHGLQ
If the factored shear for a slab-column connection is large,
the slab-column joint cannot always develop all of the reinIRUFHPHQWSURYLGHGLQWKHH൵HFWLYHZLGWK7KHPRGL¿FDWLRQV
for interior slab-column connections in this provision are
permitted only where the reinforcement required to develop
Ȗf MscZLWKLQWKHH൵HFWLYHZLGWKKDVDQHWWHQVLOHVWUDLQİt not
less than İty + 0.008, where the value of İty is determined in
21.2.2 7KH XVH RI (T   ZLWKRXW WKH PRGL¿FDWLRQ
permitted in this provision will generally indicate overstress
conditions on the joint. This provision is intended to improve
ductile behavior of the slab-column joint. If reversal of
moments occurs at opposite faces of an interior column, both
top and bottom reinforcement should be concentrated within
WKHH൵HFWLYHZLGWK$UDWLRRIWRSWRERWWRPUHLQIRUFHPHQWRI
approximately 2 has been observed to be appropriate.
Before the 2019 Code, the strain limits on İt in Table
8.4.2.2.4 were constants of 0.004 and 0.010. Beginning with
the 2019 Code, to accommodate nonprestressed reinforcement

American Concrete Institute – Copyrighted © Material – www.concrete.org

8

8.4.2.2.4 For nonprestressed slabs, where the limitations on vuv and İtLQ7DEOHDUHVDWLV¿HGȖf shall be
SHUPLWWHGWREHLQFUHDVHGWRWKHPD[LPXPPRGL¿HGYDOXHV
provided in Table 8.4.2.2.4, where vc is calculated in accordance with 22.6.5.

Two-way Slabs

Distance to edge of the drop or
cap plus 1.5h of slab
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of higher grades, these limits are replaced by the expressions
İty + 0.003 and İty + 0.008 UHVSHFWLYHO\ 7KH ¿UVW H[SUHVsion is the same expression as used for the limit on İt for
FODVVL¿FDWLRQRIWHQVLRQFRQWUROOHGPHPEHUVLQ7DEOH
this expression is further described in Commentary R21.2.2.
The second expression provides a limit on İt with Grade 60
reinforcement that is approximately the same value as the
former constant of 0.010.

Table 8.4.2.2.4—Maximum modified values of Ȗf for nonprestressed two-way slabs
Column location

Span direction

vuv

İt (within bslab)

0D[LPXPPRGL¿HGȖf

Corner column

Either direction

ࢥvc

İty + 0.003

1.0

Perpendicular to the edge

ࢥvc

İty + 0.003

1.0

Parallel to the edge

ࢥvc

İty + 0.008

1.25
≤ 1.0
⎛ 2 ⎞ b1
1+ ⎜ ⎟
⎝ 3 ⎠ b2

Either direction


ࢥv
ࢥvc

İty + 0.0
0.008

Edge column

1.25

Interior column

⎛ 2 ⎞ b1
1+ ⎜ ⎟
⎝ 3 ⎠ b2

≤ 1.0

8.4.2.2.5 Concentration of reinforcement
nfo
nt over the co
column
n
cement shall be used
sed
by closer spacing or additional re
reinforcement
FW
DE Z
H¿QHG LQ
WR UHVLVW PRPHQW RQ WKH H൵HFWLYH
VODE
ZLGWK GH¿QHG
8.4.2.2.2 and 8.4.2.2.3.
d to be resisted
8.4.2.2.6 The fraction of Msc not calculated
E\ÀH[XUHVKDOOEHDVVXPHGWREHUHVLVWHGE\HFFHQWULFLW\RI
shear in accordance with 8.4.4.2.
8.4.3 Factored one-way shear
8.4.3.1 For slabs built integrally with supports, Vu at the
support shall be permitted to be calculated at the face of
support.
8.4.3.2 Sections between the face of support and a critical
section located d from the face of support for nonprestressed
slabs and h/2 from the face of support for prestressed slabs
shall be permitted to be designed for Vu at that critical section
LI D WKURXJK F DUHVDWLV¿HG
(a) Support reaction, in direction of applied shear, introduces compression into the end regions of the slab.
(b) Loads are applied at or near the top surface of the slab.
(c) No concentrated load occurs between the face of
support and critical section.
8.4.4 Factored two-way shear

R8.4.4 Factored two-way shear
The calculated shear stresses in the slab around the column
are required to conform to the requirements of 22.6.
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8.4.4.1 Critical section
8.4.4.1.1 Slabs shall be evaluated for two-way shear in the
vicinity of columns, concentrated loads, and reaction areas
at critical sections in accordance with 22.6.4.

R8.4.4.2 Factored two-way shear stress due to shear and
IDFWRUHGVODEPRPHQWUHVLVWHGE\WKHFROXPQ

8.4.4.2.1 For two-way shear with factored slab moment
resisted by the column, factored shear stress vu shall be
calculated at critical sections in accordance with 8.4.4.1.
Factored shear stress vu corresponds to a combination of vuv
and the shear stress produced by Ȗv Msc, where Ȗv is given
iven in
8.4.4.2.2 and Msc is given in 8.4.2.2.1.
sferre by eccentricity of
8.4.4.2.2 The fraction of Msc transferred
shear, Ȗv Msc, shall be applied at the centroid of the critical
4.1, where:
e:
section in accordance with 8.4.4.1,
± f
Ȗv ±Ȗ

(8.4.4.2.2)
8.4.4 2.2)

8.4.4.2.3 The factored shear stress resulting from Ȗv Msc
shall be assumed to vary linearly about the centroid of the
critical section in accordance with 8.4.4.1.

R8.4.4.2.2
4.2. Hanson an
and
dH
Hanson (1968) found that where
sferred bet
momentt is transferred
between a column and a slab, 60
perc
of tthe moment
ment shou
percent
should be considered transferred by
ÀH[XU DFUR
HULPHWHUR
ÀH[XUHDFURVVWKHSHULPHWHURIWKHFULWLFDOVHFWLRQGH¿QHGLQ
22.6.4.1,, an
and 40 percent
rcent by eccentricity of the shear about
ce roid of the critical se
the centroid
section. For rectangular columns,
WKHS LRQ
HPRPHQW
WKHSRUWLRQRIWKHPRPHQWWUDQVIHUUHGE\ÀH[XUHLQFUHDVHV
as the width off the face of the critical section resisting the
creases, as given by Eq. (8.4.2.2.2).
moment increases,
dat in Hanson and Hanson (1968) were obtained
Most of the data
tes of square columns. Limited information is available
from tests
for round columns; however, these can be approximated as
square columns having the same cross-sectional area.
R8.4.4.2.3 The stress distribution is assumed as illustrated
in Fig. R8.4.4.2.3 for an interior or exterior column. The
perimeter of the critical section, ABCD, is determined in
accordance with 22.6.4.1. The factored shear stress vuv and
factored slab moment resisted by the column Msc are determined at the centroidal axis c-c of the critical section. The
maximum factored shear stress may be calculated from:
vu , AB = vuv +

γ v M sc c AB
Jc

vu ,CD = vuv −

γ v M sc cCD
Jc

or

where Ȗv is given by Eq. (8.4.4.2.2).
For an interior column, Jc may be calculated by:
Jc = property of assumed critical section analogous to
polar moment of inertia
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8.4.4.2 Factored two-way shear stress due to shear and
IDFWRUHGVODEPRPHQWUHVLVWHGE\WKHFROXPQ

Two-way Slabs

8.4.4.1.2 Slabs reinforced with stirrups or headed shear
stud reinforcement shall be evaluated for two-way shear at
critical sections in accordance with 22.6.4.2.
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=

d (c1 + d )3 (c1 + d )d 3 d (c2 + d )(c1 + d ) 2
+
+
6
6
2

Similar equations may be developed for Jc for columns
located at the edge or corner of a slab.
The fraction of Msc not transferred by eccentricity of the
VKHDU VKRXOG EH WUDQVIHUUHG E\ ÀH[XUH LQ DFFRUGDQFH ZLWK
8.4.2.2. A conservative method assigns the fraction transIHUUHG E\ ÀH[XUH RYHU DQ H൵HFWLYH VODE ZLGWK GH¿QHG LQ
8.4.2.2.3. Often, column strip reinforcement is concentrated
near the column to accommodate Msc. Available test data
(Hanson and Hanson 1968) seem to indicate that this practice does not increase shear strength but may be desirable to
LQFUHDVHWKHVWL൵QHVVRIWKHVODEFROXPQMXQFWLRQ
Test data (Hawkins 1981) indicate that the moment transfer
strength of a prestressed slab-to-column connection can be
calculated using the procedures of 8.4.2.2 and 8.4.4.2.
Where shear reinforcement has been used, the critical
section beyond the shear reinforcement generally has a polygonal shape (Fig. R8.7.6(d) and (e)). Equations for calculating
shear stresses on such sections are given in ACI 421.1R.

c1 + d
c
D

CL Column

c

V

A

vu,AB

vu,CD

c2 + d

Msc
C

B
cCD

cAB
c

vuv

Critical
section

c

Interior column
CL Column

c1 + d /2
c
D

V

A

c
vu,AB

vu,CD

Shear
stress

Msc

c2 + d
C

Shear
stress

B
cCD cAB
c

Critical
section

Edge column

Fig. R8.4.4.2.3²$VVXPHGGLVWULEXWLRQRIVKHDUVWUHVV
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R8.5—Design strength
R8.5.1 General

8.5.1.1 For each applicable factored load combination,
GHVLJQVWUHQJWKVKDOOVDWLVI\ࢥSnU, including (a) through
G ,QWHUDFWLRQEHWZHHQORDGH൵HFWVVKDOOEHFRQVLGHUHG

R8.5.1.1 Refer to R9.5.1.1.

Two-way Slabs

D ࢥMnMu at all sections along the span in each direction
E ࢥMnȖf Msc within bslabDVGH¿QHGLQ
F ࢥVnVu at all sections along the span in each direction
for one-way shear
G ࢥvnvuDWWKHFULWLFDOVHFWLRQVGH¿QHGLQIRU
two-way shear
8.5.1.2 ࢥVKDOOEHLQDFFRUGDQFHZLWK21.2.
8.5.2 0RPHQW
8.5.2.1 Mn shall be calculated in accordance with 22.3..

8

restressed slabs with
8.5.2.2 In calculating Mn for nonprestressed
a drop panel, the thickness of thee drop panel below the
slab shall not be assumed to be grea
greater than one-fourth the
mn
distance from the edge of drop pan
panel to the face of co
column
or column capital.
essed slabs, ext
external
rnal
8.5.2.3 In calculating Mn forr pprestressed
nbo d unless the ext
nal
tendons shall be considered as unbonded
external
O
WHQGRQV DUH H൵HFWLYHO\ ERQGHG WR WWKH VODE DORQJ
LWV HQWLUH
length.
R8 5 Shear
R8.5.3

8.5.3 Shear
8.5.3.1 Design shear strength of slabs in the vicinity of
columns, concentrated loads, or reaction areas shall be the
more severe of 8.5.3.1.1 and 8.5.3.1.2.
8.5.3.1.1 For one-way shear, where each critical section
to be investigated extends in a plane across the entire slab
width, Vn shall be calculated in accordance with 22.5.

R8.5.3.1'L൵HUHQWLDWLRQVKRXOGEHPDGHEHWZHHQDORQJ
and narrow slab acting as a beam, and a slab subject to
two-way action where failure may occur by punching along
a truncated cone or pyramid around a concentrated load or
reaction area.

8.5.3.1.2 For two-way shear, vn shall be calculated in
accordance with 22.6.
8.5.3.2 For composite concrete slabs, horizontal shear
strength Vnh shall be calculated in accordance with 16.4.
8.5.4 2SHQLQJVLQVODEV\VWHPV
8.5.4.1 Openings of any size shall be permitted in slab
systems if shown by analysis that all strength and serviceDELOLW\UHTXLUHPHQWVLQFOXGLQJWKHOLPLWVRQGHÀHFWLRQVDUH
VDWLV¿HG
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8.5.4.2 As an alternative to 8.5.4.1, openings shall be
permitted in slab systems without beams in accordance with
(a) through (d).
(a) Openings of any size shall be permitted in the area
common to intersecting middle strips, but the total quantity of reinforcement in the panel shall be at least that
required for the panel without the opening.
(b) At two intersecting column strips, not more than oneeighth the width of column strip in either span shall be
interrupted by openings. A quantity of reinforcement at
least equal to that interrupted by an opening shall be added
on the sides of the opening.
(c) At the intersection of one column strip and one middle
strip, not more than one-fourth of the reinforcement in
either strip shall be interrupted by openings. A quantity
of reinforcement at least equal to that interrupted by an
opening shall be added on the sides of the opening.
(d) If an opening is located closer than 4h from the
periphery of a column, concentrated load or reaction area,
22.6.4.3 VKDOOEHVDWLV¿HG
8.6—Reinforcement limits
IRUF
LQ QRQSUHVWU
GG
8.6.1 0LQLPXP ÀH[XUDO UHLQIRUFHPHQW
QRQSUHVWUHVVHG
slabs

R8.6—Reinforcement
Rei
rcement limits
l
R
10
PÀH[XUDO
R8.6.1
0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHG
slabs

ÀH[
UHLQIRUFHPHQWAs,min
8.6.1.1$PLQLPXPDUHDRIÀH[XUDOUHLQIRUFHPHQWA
,min
of 0.0018AgRUDVGH¿QHGLQVKDOOEHSURYLGHGQHDU
 DOOEHSURYLGHG DU
h span under
the tension face of the slab in the direction off the
consideration.

R8.
1.1 The required
quired are
R8.6.1.1
area of deformed or welded wire
UHLQI
HPH XVHG
HG DV
UHLQIRUFHPHQW
DV PLQ
PLQLPXP ÀH[XUDO UHLQIRUFHPHQW LV
at require
the same as that
required for shrinkage and temperature in
24.4.3.2. However,
owever, w
whereas shrinkage and temperature reinement is per
forcement
permitted to be distributed between the two
IDFHV RI
IDFHVRIWKHVODEDVGHHPHGDSSURSULDWHIRUVSHFL¿FFRQGLWLRQVPLQLPXPÀH[XUDOUHLQIRUFHPHQWVKRXOGEHSODFHGDV
close as practicable to the face of the concrete in tension due
to applied loads.
Figure R8.6.1.1 illustrates the arrangement of minimum
reinforcement required near the top of a two-way slab
VXSSRUWLQJ XQLIRUP JUDYLW\ ORDG7KH EDU FXWR൵ SRLQWV DUH
based on the requirements shown in Fig. 8.7.4.1.3.
To improve crack control and to intercept potential
punching shear cracks with tension reinforcement, the
licensed design professional should consider specifying
continuous reinforcement in each direction near both faces
of thick two-way slabs, such as transfer slabs, podium slabs,
and mat foundations. Also refer to R8.7.4.1.3.
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Fig. R8.6.1.1²$UUDQJHPHQW RI PLQLPXP UHLQIRUFHPHQW
near the top of a two-way slab.
8.6.1.2 If vuv ! ࢥȜsȜ f c′ on the critical section for
two-way shear surrounding a column, concentrated load,
or reaction area, As,min, provided over the width bslab, shall
satisfy Eq. (8.6.1.2)
AV , PLQ =

5 vuv bslab bo
φ αs f y

(8.6.1.2)

where bslab LVWKHZLGWKVSHFL¿HGLQĮs is given in
22.6.5.3ࢥLVWKHYDOXHIRUVKHDUDQGȜs is given in 22.5.5.1.3.

R8.6.1.2 Tests on interior column-to-slab connections with
lightly reinforced slabs with and without shear reinforcement
(Peiris and Ghali 2012; Hawkins and Ospina 2017; Widianto et al. 2009; Muttoni 2008; Dam et al. 2017) have shown
WKDW\LHOGLQJRIWKHVODEÀH[XUDOWHQVLRQUHLQIRUFHPHQWLQWKH
vicinity of the column or loaded area leads to increased local
rotations and opening of any inclined crack existing within the
slab. In such cases, sliding along the inclined crack can cause
DÀH[XUHGULYHQSXQFKLQJIDLOXUHDWDVKHDUIRUFHOHVVWKDQWKH
strength calculated by the two-way shear equations of Table
22.6.5.2 for slabs without shear reinforcement and less than
the strength calculated in accordance with 22.6.6.3 for slabs
with shear reinforcement.
7HVWVRIVODEVZLWKÀH[XUDOUHLQIRUFHPHQWOHVVWKDQAs,min
have shown that shear reinforcement does not increase the
punching shear strength. However, shear reinforcement
PD\ LQFUHDVH SODVWLF URWDWLRQV SULRU WR WKH ÀH[XUHGULYHQ
punching failure (Peiris and Ghali 2012).
Inclined cracking develops within the depth of the slab at
a shear stress of approximately ȜsȜ f c′ . At higher shear
VWUHVVHVWKHSRVVLELOLW\RIDÀH[XUHGULYHQSXQFKLQJIDLOXUH
increases if As,min LV QRW VDWLV¿HGAs,min was developed for
an interior column, such that the factored shear force on the
critical section for shear equals the shear force associated
with local yielding at the column faces.
To derive Eq. (8.6.1.2) the shear force associated with local
yielding was taken as 8As,min fyd/bslab for an interior column
connection (Hawkins and Ospina 2017) and generalized as
(Įs/5)As,min fyd/bslab to account for edge and corner conditions.
As,min also needs to be provided at the periphery of drop
panels and shear caps.
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&RPPHQWDU\RQVL]HH൵HFWIDFWRULVSURYLGHGLQR22.5.5.1
and R22.6.5.2.

8.6.2 0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

R8.6.2 0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

8.6.2.1)RUSUHVWUHVVHGVODEVWKHH൵HFWLYHSUHVWUHVVIRUFH
Aps fse shall provide a minimum average compressive stress
of 125 psi on the slab section tributary to the tendon or
tendon group. For slabs with varying cross section along
the slab span, either parallel or perpendicular to the tendon
RU WHQGRQ JURXS WKH PLQLPXP DYHUDJH H൵HFWLYH SUHVWUHVV
of 125 psi is required at every cross section tributary to the
tendon or tendon group along the span.

R8.6.2.17KHPLQLPXPDYHUDJHH൵HFWLYHSUHVWUHVVRI
psi was used in two-way test panels in the early 1970s to
address punching shear concerns of lightly reinforced slabs.
)RUWKLVUHDVRQWKHPLQLPXPH൵HFWLYHSUHVWUHVVLVUHTXLUHG
to be provided at every cross section.
If the slab thickness varies along the span of a slab or
perpendicular to the span of a slab, resulting in a varying slab
FURVVVHFWLRQWKHSVLPLQLPXPH൵HFWLYHSUHVWUHVVDQGWKH
maximum tendon spacing is required at every cross section
tributary to the tendon or group of tendons along the span,
considering both the thinner and the thicker slab sections. This
may result in higher than the minimum fpc in thinner cross
sections, and tendons spaced at less than the maximum in
thicker cross sections along a span with varying thickness,
GXHWRWKHSUDFWLF
GXHWRWKHSUDFWLFDODVSHFWVRIWHQGRQSODFHPHQWLQWKH¿HOG

restres
8.6.2.2 For slabs with bonded prestressed
reinforcement,
total quantity of As and Aps shalll be adequate to develop a
ing load calcu
d
factored load at least 1.2 times the cracking
calculated
2.3
on the basis of frGH¿QHGLQ19.2.3.

2.2 This provis
on
n is a precaution against abrupt
R8.6.2.2
provision
ÀH[XUDO IDLO
IDLOXUH GHYHORSLQJ
GHYHORSLQJ LPPHGLDWHO\ DIWHU FUDFNLQJ $
ÀH[
PH
GHVLJQHG DFFRUGLQJ WR &RGH SURYLVLRQV
ÀH[XUDO
PHPEHU
requir co
ble additi
requires
considerable
additional load beyond cracking to
WV À
WUHQJWK 7KXV FRQVLGHUDEOH GHÀHFWLRQ
UHDFK LWV
ÀH[XUDO VWUHQJWK
he memb
would warn that the
member strength is approaching. If
XUDO VWUHQJWK
JWK ZHUH
WKH À
ÀH[XUDO
ZHUH UHDFKHG VKRUWO\ DIWHU FUDFNLQJ
ÀHFWLRQ ZRXOG QRW RFFXU 7UDQVIHU RI IRUFH
WKH ZDUQLQJ GHÀHFWLRQ
he concret
between the
concrete and the prestressed reinforcement,
DEUXSWÀH[X
DQGDEUXSWÀH[XUDOIDLOXUHLPPHGLDWHO\DIWHUFUDFNLQJGRHV
occ when the prestressed reinforcement is unbonded
not occur
(ACI 423.3R); therefore, this requirement does not apply to
members with unbonded tendons.

K ÀH[XUDO
UDO DQ
HDU GGHVLJQ
LJQ
8.6.2.2.1 )RU VODEV ZLWK ERWK
DQG VKHDU
d sstrength,
gth, 8.6.2.2 nee
ot
strength at least twice the required
need not
EHVDWLV¿HG

8.6.2.3 For prestressed slabs, a minimum area of bonded
deformed longitudinal reinforcement, As,min, shall be provided
in the precompressed tension zone in the direction of the span
under consideration in accordance with Table 8.6.2.3.
Table 8.6.2.3—Minimum bonded deformed
longitudinal reinforcement As,min in two-way slabs
with bonded or unbonded tendons
Region

Calculated ft after all
losses, psi

As,min, in.2

f t ≤ 2 f c′

Not required

(a)

2 f c′ < f t ≤ 6 f c′

Nc
0.5 f y

(b)[1],[2]

f t ≤ 6 f c′

0.00075Acf

(c)[2]

Positive moment

Negative moment
at columns
[1]

The value of fy shall not exceed 60,000 psi.
For slabs with bonded tendons, it shall be permitted to reduce As,PLQ by the area of
the bonded prestressed reinforcement located within the area used to determine Nc for
SRVLWLYHPRPHQWRUZLWKLQWKHZLGWKRIVODEGH¿QHGLQ D IRUQHJDWLYHPRPHQW
[2]

R8.6.2.3 Some bonded reinforcement is required by the
Code in prestressed slabs to limit crack width and spacing
at service load when concrete tensile stresses exceed the
modulus of rupture and, for slabs with unbonded tendons, to
HQVXUHÀH[XUDOSHUIRUPDQFHDWQRPLQDOVWUHQJWKUDWKHUWKDQ
performance as a tied arch. Providing the minimum bonded
reinforcement as stipulated in this provision helps to ensure
adequate performance.
The minimum amount of bonded reinforcement in
WZRZD\ÀDWVODEV\VWHPVLVEDVHGRQUHSRUWVE\Joint ACIASCE Committee 423 (1958) and ACI 423.3R. Limited
UHVHDUFK DYDLODEOH IRU WZRZD\ ÀDW VODEV ZLWK GURS SDQHOV
(Odello and Mehta 1967) indicates that behavior of these
SDUWLFXODUV\VWHPVLVVLPLODUWRWKHEHKDYLRURIÀDWSODWHV
)RUXVXDOORDGVDQGVSDQOHQJWKVÀDWSODWHWHVWVVXPPDUL]HG
in Joint ACI-ASCE Committee 423 (1958) and experience
since the 1963 Code was adopted indicate satisfactory performance without bonded reinforcement in positive moment
regions where ft f c′ . In positive moment regions where
2 f c′ ft f c′ , a minimum bonded reinforcement area
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proportioned to resist Nc according to Eq. (8.6.2.3(b)) is
required. The tensile force Nc is calculated at service load on
the basis of an uncracked, homogeneous section.
5HVHDUFK RQ XQERQGHG SRVWWHQVLRQHG WZRZD\ ÀDW VODE
systems (Joint ACI-ASCE Committee 423 1958, 1974; ACI
423.3R; Odello and Mehta 1967) shows that bonded reinforcement in negative moment regions, proportioned on the
basis of 0.075 percent of the cross-sectional area of the slabEHDP VWULS SURYLGHV VX൶FLHQW GXFWLOLW\ DQG UHGXFHV FUDFN
width and spacing. The same area of bonded reinforcement
is required in slabs with either bonded or unbonded tendons.
The minimum bonded reinforcement area required by Eq.
(8.6.2.3(c)) is a minimum area independent of grade of reinIRUFHPHQWRUGHVLJQ\LHOGVWUHQJWK7RDFFRXQWIRUGL൵HUHQW
adjacent tributary spans, this equation is given on the basis
RI VODEEHDP VWULSV DV GH¿QHG LQ 2.3. For rectangular slab
panels, this equation is conservatively based on the greater
of the cross-sectional areas of the two intersecting slabth column. This ensures that the minimum
beam strips at the
ntage of reinfo
percentage
reinforcement recommended by research
ded in both dire
ctio
ti
is provided
directions.
Concentration of this reinent in thee top of the slab directly over and immediforcement
djace to the colum
ately adjacent
column is important. Research also
hat where
w
ow tensile stresses occur at service loads,
shows that
low
tory behavior
or has be
satisfactory
been achieved at factored loads
withou bon
nforceme However, the Code requires
without
bonded reinforcement.
mini m bbonded
d reinforc
minimum
reinforcement regardless of service load
KHOSHQV
VWUHVVOHYHOVWRKHOSHQVXUHÀH[XUDOFRQWLQXLW\DQGGXFWLOLW\
mit crack widths
w
and to limit
and spacing due to overload,
SHUDWXUH RU VKULQNDJH 5HVHDUFK RQ SRVWWHQVLRQHG ÀDW
WHPSHUDWXUH
plate to
plate-to-column
connections is reported in Smith and Burns
(1974), Burns and Hemakom (1977), Hawkins (1981), PTI
TAB.1, and Foutch et al. (1990).
Unbonded post-tensioned members do not inherently
provide large capacity for energy dissipation under severe
earthquake loadings because the member response is
primarily elastic. For this reason, unbonded post-tensioned
structural members reinforced in accordance with the provisions of this section should be assumed to resist only vertical
loads and to act as horizontal diaphragms between energydissipating elements under earthquake loadings of the
PDJQLWXGHGH¿QHGLQ18.2.1.
8.7—Reinforcement detailing
8.7.1 General

R8.7—Reinforcement detailing

8.7.1.1 Concrete cover for reinforcement shall be in accordance with 20.5.1.
8.7.1.2 Development lengths of deformed and prestressed
reinforcement shall be in accordance with 25.4.
8.7.1.3 Splice lengths of deformed reinforcement shall be
in accordance with 25.5.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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8.7.1.4 Bundled bars shall be detailed in accordance with
25.6.
8.7.2 )OH[XUDOUHLQIRUFHPHQWVSDFLQJ

R8.7.2 )OH[XUDOUHLQIRUFHPHQWVSDFLQJ

8.7.2.1 Minimum spacing s shall be in accordance with 25.2.
8.7.2.2 For nonprestressed solid slabs, maximum spacing
s of deformed longitudinal reinforcement shall be the lesser
of 2h and 18 in. at critical sections, and the lesser of 3h and
18 in. at other sections.

R8.7.2.2 The requirement that the center-to-center spacing
of the reinforcement be not more than two times the slab
thickness applies only to the reinforcement in solid slabs,
DQGQRWWRUHLQIRUFHPHQWLQMRLVWVRUZD൷HVODEV7KLVOLPLtation is to ensure slab action, control cracking, and provide
for the possibility of loads concentrated on small areas of the
slab. Refer also to R24.3.

8.7.2.3 For prestressed slabs with uniformly distributed
loads, maximum spacing s of tendons or groups of tendons
in at least one direction shall be the lesser of 8h and 5 ft.

R8.7.2.37KLVVHFWLRQSURYLGHVVSHFL¿FJXLGDQFHFRQFHUQLQJ
tendon distribution that will permit the use of banded tendon
distributions in one direction. This method of tendon distribution has
ha been shown to provide satisfactory performance by
structural research
researc (Burns and Hemakom 1977).

8.7.2.4 Concentrated loads and openin
openings shall be considng.
ered in determining tendon spacing.
bs
8.7.3 Corner restraint in slabs
dge
8.7.3.1 At exterior corners of slabss supported by edge
walls or where one or more edgee bbeamss have a value of Įf
greater than 1.0, reinforcement at ttop and bbottom of slab
shall be designed to resist Mu per unit width due to corner
H൵HFWVHTXDOWRWKHPD[LPXPSRVLWLYHMu per unit width in
the slab panel.

R8. 3 Corner
Co
straint in slabs
R8.7.3
restraint
R8. 3.1 Unrestrained
ained corners
co
R8.7.3.1
of two-way slabs tend to
w n loa
lift when
loaded. If this lifti
lifting tendency is restrained by edge
s, bending
bendin moments result in the slab. This
walls or beams,
uires reinf
section requires
reinforcement to resist these moments and
WUROFUDFNLQJ
FRQWUROFUDFNLQJ5HLQIRUFHPHQWSURYLGHGIRUÀH[XUHLQWKH
primary directions may be used to satisfy this requirement.
Refer to Fig. R8.7.3.1.

8.7.3.1.1)DFWRUHGPRPHQWGXHWRFRUQHUH൵HFWVMu, shall
be assumed to be about an axis perpendicular to the diagonal
from the corner in the top of the slab and about an axis parallel
to the diagonal from the corner in the bottom of the slab.
8.7.3.1.2 Reinforcement shall be provided for a distance
LQ HDFK GLUHFWLRQ IURP WKH FRUQHU HTXDO WR RQH¿IWK WKH
longer span.
8.7.3.1.3 Reinforcement shall be placed parallel to the
diagonal in the top of the slab and perpendicular to the diagonal in the bottom of the slab. Alternatively, reinforcement
shall be placed in two layers parallel to the sides of the slab
in both the top and bottom of the slab.
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B-2
As top per 8.7.3
As bottom per 8.7.3

LShort

(LLong)/5

B-1

Two-way Slabs

CODE

115

(LLong)/5
LLong

B-2

8

OPTION 1

As per 8.7.3
top and bottom

LShort

(LLong)/5

B-1
(LLong)/5
LLong

OPTION 2
Notes:
1. Applies where B-1 or B-2 has αf > 1.0
2. Max. bar spacing 2h, where h = slab thickness
Fig. R8.7.3.1²6ODEFRUQHUUHLQIRUFHPHQW
R8.7.4 )OH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGVODEV
8.7.4 )OH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGVODEV
R8.7.4.1 7HUPLQDWLRQRIUHLQIRUFHPHQW
8.7.4.1 7HUPLQDWLRQRIUHLQIRUFHPHQW
8.7.4.1.1 Where a slab is supported on spandrel beams,
columns, or walls, anchorage of reinforcement perpendicular to a discontinuous edge shall satisfy (a) and (b):
(a) Positive moment reinforcement shall extend to the
edge of slab and have embedment, straight or hooked, at
least 6 in. into spandrel beams, columns, or walls

R8.7.4.1.1 and R8.7.4.1.2 Bending moments in slabs at
VSDQGUHOEHDPVPD\YDU\VLJQL¿FDQWO\,IVSDQGUHOEHDPVDUH
EXLOWVROLGO\LQWRZDOOVWKHVODEDSSURDFKHVFRPSOHWH¿[LW\
Without an integral wall, the slab could approach being
simply supported, depending on the torsional rigidity of the
spandrel beam or slab edge. These requirements provide for
unknown conditions that might normally occur in a structure.
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(b) Negative moment reinforcement shall be bent, hooked,
or otherwise anchored into spandrel beams, columns, or
walls, and shall be developed at the face of support
8.7.4.1.2 Where a slab is not supported by a spandrel beam
or wall at a discontinuous edge, or where a slab cantilevers
beyond the support, anchorage of reinforcement shall be
permitted within the slab.
8.7.4.1.3 For slabs without beams, reinforcement extensions shall be in accordance with (a) through (c):
(a) Reinforcement lengths shall be at least in accordance
with Fig. 8.7.4.1.3, and if slabs act as primary members
resisting lateral loads, reinforcement lengths shall be at
least those required by analysis.
(b) If adjacent spans are unequal, extensions of negative moment reinforcement beyond the face of support in
accordance with Fig. 8.7.4.1.3 shall be based on the longer
span.
y where tthe depth-to(c) Bent bars shall be permitted only
span ratio permits use of bends off 45 ddegrees or less.

R8.7.4.1.3 The minimum lengths and extensions of reinforcement expressed as a fraction of the clear span in Fig.
8.7.4.1.3 were developed for slabs of ordinary proportions
supporting gravity loads. These minimum lengths and
H[WHQVLRQVRIEDUVPD\QRWEHVX൶FLHQWWRLQWHUFHSWSRWHQtial punching shear cracks in thick two-way slabs such as
transfer slabs, podium slabs, and mat foundations. Therefore,
the Code requires extensions for at least half of the column
strip top bars to be at least 5d. For slabs with drop panels,
dLVWKHH൵HFWLYHGHSWKZLWKLQWKHGURSSDQHO,QWKHVHWKLFN
d
dLVWKH
two-way slabs, continuous reinforcement in each direction
near both faces is de
desirable to improve structural integrity,
FUDFNLQJ DQG UHGXFH
XF
FRQWUROFUDFNLQJDQGUHGXFHFUHHSGHÀHFWLRQV$VLOOXVWUDWHG
R8.7
3, punching shear cracks, which can develop
in Fig. R8.7.4.1.3,
an s as low as approxi
at angles
approximately 20 degrees, may not be
interc ted by the tension
ension rei
intercepted
reinforcement in thick slabs if this
eme does not extend
exten to at least 5d beyond the face
reinforcement
upp
of the support.
Thee 5dd bar extension requirement governs
wher Ɛn/h is less
ss than approximately
a
15. For moments
where
resulting from combine
combined lateral and gravity loadings, these
HQJWKVDQG
PLQLPXPOHQJWKVDQGH[WHQVLRQVPD\QRWEHVX൶FLHQW
HQWEDUVDUH
%HQWEDUVDUHVHOGRPXVHGDQGDUHGL൶FXOWWRSODFHSURSerly
erly. Be
Bent bars, however, are permitted provided they comply
with 8.7.4.1.3(c). Further guidance on the use of bent bar
systems can be found in 13.4.8 of the 1983 Code.
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CODE
Location

Minimum
As at
section

Without drop panels
0.30 n

0.30 n
50%

0.20n

Top

0.20n

Not
less
than
5d

Remainder
Column
strip

With drop panels
0.33 n

0.33n

0.20n

0.20n

Not less
than 5d

6 in.

Bottom

100%

6 in.

At least two
bars or wires
shall conform
to 8.7.4.2
0.22n

Top

Splices shall be
permitted in this region

0.22n

0.22n

Continuous
bars

0.22n

100%

8

Middle
strip

Two-way Slabs

Strip

COMMENTARY

6 in.
Bottom

50%

Max. 0.15n

6 in.
Remainder
c1

Clear span - n

c1

Max. 0.15n

6 in.

c1

Clear span - n

Face of support

Face of support

Center to center span

Center to center span

CL
Exterior support
(No slab continuity)

CL
Interior support
(Continuity provided)

Fig. 8.7.4.1.3²0LQLPXPH[WHQVLRQVIRUGHIRUPHGUHLQIRUFHPHQWLQWZRZD\VODEVZLWKRXWEHDPV
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COMMENTARY
h
Potential punching shear
crack is intercepted by
top reinforcement
terminating 0.3n
from column face

5d
0.3n

(a) Ordinary Slab

h
0.3n
Extension of top reinforcement
beyond 0.3n to 5d from column
is required to intercept potential
punching shear crack

5d

(b) Thick Slab

Fig. R8.7.4.1.3—Punching shear cracks in ordinary and thick slabs.
8.7.4.2 Structural integrity

R8.7.4.2 Structural integrity

8.7.4.2.1 All bottom deformed bars or deformed wires
within the column strip, in each direction, shall be continuous or spliced using mechanical or welded splices in accordance with 25.5.7 or Class B tension lap splices in accordance with 25.5.2. Splices shall be located in accordance
with Fig. 8.7.4.1.3.
8.7.4.2.2 At least two of the column strip bottom bars or
wires in each direction shall pass within the region bounded
by the longitudinal reinforcement of the column and shall be
anchored at exterior supports.
8.7.5 )OH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

R8.7.4.2.1 and R8.7.4.2.2 The continuous column strip
bottom reinforcement provides the slab some residual ability
to span to the adjacent supports should a single support be
damaged. The two continuous column strip bottom bars or
wires through the column may be termed “integrity reinforcement,” and are provided to give the slab some residual
strength following a single punching shear failure at a
single support (Mitchell and Cook 1984). Joint ACI-ASCE
Committee 352 (ACI 352.1R) provides further guidance on
the design of integrity reinforcement in slab-column connections. Similar provisions for slabs with unbonded tendons
are provided in 8.7.5.6.
R8.7.5 )OH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGVODEV

8.7.5.1 External tendons shall be attached to the slab in a
PDQQHUWKDWPDLQWDLQVWKHVSHFL¿HGHFFHQWULFLW\EHWZHHQWKH
tendons and the concrete centroid through the full range of
DQWLFLSDWHGPHPEHUGHÀHFWLRQV
8.7.5.2 If bonded deformed longitudinal reinforcement
LV UHTXLUHG WR VDWLVI\ ÀH[XUDO VWUHQJWK RU IRU WHQVLOH VWUHVV
conditions in accordance with Eq. (8.6.2.3(b)), the detailing
requirements of 7.7.3 VKDOOEHVDWLV¿HG

R8.7.5.2 Bonded reinforcement should be adequately
anchored to develop the required strength to resist factored
loads. The requirements of 7.7.3 are intended to provide
adequate anchorage for tensile or compressive forces develRSHG LQ ERQGHG UHLQIRUFHPHQW E\ ÀH[XUH XQGHU IDFWRUHG
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119

COMMENTARY
loads in accordance with 22.3.2, or by tensile stresses at
service load in accordance with Eq. (8.6.2.3(b)).

8.7.5.3 Bonded longitudinal reinforcement required by
Eq. (8.6.2.3(c)) shall be placed in the top of the slab, and
shall be in accordance with (a) through (c):

Two-way Slabs

(a) Reinforcement shall be distributed between lines that
are 1.5h outside opposite faces of the column support.
(b) At least four deformed bars, deformed wires, or bonded
strands shall be provided in each direction.
(c) Maximum spacing s between bonded longitudinal
reinforcement shall not exceed 12 in.
8.7.5.4 7HUPLQDWLRQRISUHVWUHVVHGUHLQIRUFHPHQW
8.7.5.4.1 Post-tensioned anchorage zones shall be
designed and detailed in accordance with 25.9.

8

8.7.5.4.2 Post-tensioning anchorages and couplers shall be
ith 25.8
25.8.
designed and detailed in accordance with
PHG UHLQIRUFHPHQW LQ VODEV
8.7.5.5 7HUPLQDWLRQ RI GHIRUPHG
with unbonded tendons

5.5 7HUPLQDWLRQRIGHIRUPHGUHLQIRUFHPHQWLQVODEV
PLQDWLRQRI
R8.7.5.5
bond tendons
dons
with unbonded

d reinforcement
orcement require
8.7.5.5.1 Length of deformed
required by
8.6.2.3 shall be in accordance with (a) and (b
(b):

5.5. The minimum
inimum lengths apply for bonded reinR8.7.5.5.1
IRUFHPHQWU
E\
IRUFHPHQWUHTXLUHGE\EXWQRWUHTXLUHGIRUÀH[XUDO
stren
in accordance
dance wit
strength
with 22.3.2. Research (Odello and
n continu
continuous spans shows that these minimum
Mehta 1967) on
ovide adeq
lengths provide
adequate behavior under service load and
red load con
factored
conditions.

(a) In positive moment areas, llength of reinforcement
shall be at least Ɛn/3 and be centered in those areas
(b) In negative moment areas, reinforcement shall extend
at least Ɛn/6 on each side of the face of support
8.7.5.6 Structural integrity

R8.7.5.6 Structural integrity

8.7.5.6.1 Except as permitted in 8.7.5.6.3, at least two
WHQGRQVZLWKLQGLDPHWHURUODUJHUVWUDQGVKDOOEHSODFHG
in each direction at columns in accordance with (a) or (b):
(a) Tendons shall pass through the region bounded by the
longitudinal reinforcement of the column.
(b) Tendons shall be anchored within the region bounded
by the longitudinal reinforcement of the column, and the
anchorage shall be located beyond the column centroid
and away from the anchored span.
8.7.5.6.2 Outside of the column and shear cap faces, the
two structural integrity tendons required by 8.7.5.6.1 shall
pass under any orthogonal tendons in adjacent spans.

R8.7.5.6.1 Prestressing tendons that pass through the
slab-column joint at any location over the depth of the
slab suspend the slab following a punching shear failure,
provided the tendons are continuous through or anchored
within the region bounded by the longitudinal reinforcement
of the column and are prevented from bursting through the
top surface of the slab (ACI 352.1R).

R8.7.5.6.2 Between column or shear cap faces, structural
integrity tendons should pass below the orthogonal tendons
from adjacent spans so that vertical movements of the integrity tendons are restrained by the orthogonal tendons. Where
tendons are distributed in one direction and banded in the
RUWKRJRQDOGLUHFWLRQWKLVUHTXLUHPHQWFDQEHVDWLV¿HGE\¿UVW
placing the integrity tendons for the distributed tendon direction and then placing the banded tendons. Where tendons are
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CODE

COMMENTARY
distributed in both directions, weaving of tendons is necessary and use of 8.7.5.6.3 may be an easier approach.

8.7.5.6.3 Slabs with tendons not satisfying 8.7.5.6.1 shall
be permitted if bonded bottom deformed reinforcement is
provided in each direction in accordance with 8.7.5.6.3.1
through 8.7.5.6.3.3.

R8.7.5.6.3 In some prestressed slabs, tendon layout
FRQVWUDLQWVPDNHLWGL൶FXOWWRSURYLGHWKHVWUXFWXUDOLQWHJrity tendons required by 8.7.5.6.1. In such situations, the
structural integrity tendons can be replaced by deformed bar
bottom reinforcement (ACI 352.1R).

8.7.5.6.3.1 Minimum bottom deformed reinforcement As
in each direction shall be the larger of (a) and (b). The value
of fy shall be limited to a maximum of 80,000 psi:
(a) As =

(b) As =

4.5 f c′c2 d

(8.7.5.6.3.1a)

fy
300c2 d
fy

(8.7.5.6.3.1b)
6.3.1b)

through which
where c2 is measured at the column faces th
the reinforcement passes.
ment calculat
n
8.7.5.6.3.2 Bottom deformed rei
reinforcement
calculated in
l ngi8.7.5.6.3.1 shall pass within the re
region bounded by the longium and
d shall be anchor
d at
tudinal reinforcement of the column
anchored
exterior supports.
8.7.5.6.3.3 Bottom deformed reinforcement shall be
anchored to develop fy beyond the column or shear cap face.
8.7.6 6KHDUUHLQIRUFHPHQW±VWLUUXSV

R8.7.6 6KHDUUHLQIRUFHPHQW±VWLUUXSV

8.7.6.1 Single-leg, simple-U, multiple-U, and closed stirrups shall be permitted as shear reinforcement.
8.7.6.2 Stirrup anchorage and geometry shall be in accordance with 25.7.1.
8.7.6.3 If stirrups are provided, location and spacing shall
be in accordance with Table 8.7.6.3.
Table 8.7.6.3—First stirrup location and spacing
limits
Direction of
measurement
Perpendicular to column
face
Parallel to column face

Description of
measurement

Maximum
distance or
spacing, in.

Distance from column
IDFHWR¿UVWVWLUUXS

d

Spacing between stirrups

d

Spacing between vertical
legs of stirrups

2d

Research (Hawkins 1974; Broms 1990; Yamada et al.
1991; Hawkins et al. 1975; ACI 421.1R) has shown that
shear reinforcement consisting of properly anchored bars
or wires and single- or multiple-leg stirrups, or closed stirrups, can increase the punching shear resistance of slabs.
The spacing limits given in 8.7.6.3 correspond to slab shear
UHLQIRUFHPHQWGHWDLOVWKDWKDYHEHHQVKRZQWREHH൵HFWLYH
Section 25.7.1 gives anchorage requirements for stirrup-type
shear reinforcement that should also be applied for bars or
wires used as slab shear reinforcement. It is essential that
this shear reinforcement engage longitudinal reinforcement
at both the top and bottom of the slab, as shown for typical
details in Fig. R8.7.6(a) to (c). Anchorage of shear reinforcePHQWDFFRUGLQJWRWKHUHTXLUHPHQWVRILVGL൶FXOWLQ
slabs thinner than 10 in. Shear reinforcement consisting of
vertical bars mechanically anchored at each end by a plate or
head capable of developing the yield strength of the bars has
been used successfully (ACI 421.1R).
In a slab-column connection for which moment transfer is
negligible, the shear reinforcement should be symmetrical
about the centroid of the critical section (Fig. R8.7.6(d)).
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COMMENTARY
6SDFLQJ OLPLWV GH¿QHG LQ  DUH DOVR VKRZQ LQ )LJ
R8.7.6(d) and (e).
At edge columns or for interior connections where moment
WUDQVIHU LV VLJQL¿FDQW FORVHG VWLUUXSV DUH UHFRPPHQGHG LQ
a pattern as symmetrical as possible. Although the average
shear stresses on faces AD and BC of the exterior column in
Fig. R8.7.6(e) are lower than on face AB, the closed stirrups
extending from faces AD and BC provide some torsional
strength along the edge of the slab.

45 deg max.

8

Refer to 25.3
(a) single-leg stirrup or bar

Two-way Slabs

6db (3 in. min.)

≥ 12db

≤ 2d

Refer to 25.3

Refer to 25.3

(b) multiple-leg stirrup or bar

(c) closed stirrup
Fig. R8.7.6(a)-(c)²6LQJOHRUPXOWLSOHOHJVWLUUXSW\SHVODE
VKHDUUHLQIRUFHPHQW
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COMMENTARY
Critical section
through slab shear
reinforcement
(first line of
stirrup legs)

Critical section
outside slab shear
reinforcement

d/2

d/2

d/2

d/2
Slab

Plan
Column
≤ d/2

s ≤ d/2

d

Elevation
≤ 2d

Fig. R8.7.6(d)²$UUDQJHPHQW RI VWLUUXS VKHDU UHLQIRUFHPHQWLQWHULRUFROXPQ
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COMMENTARY
Critical section
through slab shear
reinforcement (first
line of stirrup legs)

Critical section
outside slab shear
reinforcement

A

C

B

Two-way Slabs

d/2
D

d/2

Slab edge

d/2
Slab

8

Plan

Column
≤ d/2
d
s ≤ d/2

≤ 2d

Elevation

Fig. R8.7.6(e)²$UUDQJHPHQW RI VWLUUXS VKHDU UHLQIRUFHPHQWHGJHFROXPQ
8.7.7 6KHDUUHLQIRUFHPHQW±KHDGHGVWXGV
8.7.7.1 Headed shear stud reinforcement shall be permitted
if placed perpendicular to the plane of the slab.
8.7.7.1.1 The overall height of the shear stud assembly
shall be at least the thickness of the slab minus the sum of
(a) through (c):
D &RQFUHWHFRYHURQWKHWRSÀH[XUDOUHLQIRUFHPHQW
(b) Concrete cover on the base rail
F  2QHKDOI WKH EDU GLDPHWHU RI WKH ÀH[XUDO WHQVLRQ
reinforcement

R8.7.7 6KHDUUHLQIRUFHPHQW±KHDGHGVWXGV
Using headed stud assemblies as shear reinforcement
in slabs requires specifying the stud shank diameter, the
spacing of the studs, and the height of the assemblies for the
particular applications.
Tests (ACI 421.1R) show that vertical studs mechanically anchored as close as possible to the top and bottom of
VODEVDUHH൵HFWLYHLQUHVLVWLQJSXQFKLQJVKHDU7KHERXQGV
RIWKHRYHUDOOVSHFL¿HGKHLJKWDFKLHYHWKLVREMHFWLYHZKLOH
providing a reasonable tolerance in specifying that height, as
shown in Fig. R20.5.1.3.5.
Compared with a leg of a stirrup having bends at the ends,
a stud head exhibits smaller slip and, thus, results in smaller
shear crack widths. The improved performance results in
increased limits for shear strength and spacing between peripheral lines of headed shear stud reinforcement. Typical arrangements of headed shear stud reinforcement are shown in Fig.
R8.7.7. The critical section beyond the shear reinforcement
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CODE

COMMENTARY
generally has a polygonal shape. Equations for calculating
shear stresses on such sections are given in ACI 421.1R.
Outermost
peripheral
line of studs

Outermost
peripheral
line of studs

s
≤ d /2
(typ.)

d /2

≤ 2d
(typ.)

A

A

≤ d /2
(typ.)

d /2

≤ 2d
(typ.)

s

d /2

Shear
critical
sections

Shear
critical
sections

d /2
Edge column

Av = cross-sectional area of
studs on a peripheral line
Interior column

Slab
edges

Outermost peripheral
line of studs

Av = cross-sectional
area of studs on any
peripheral line

Studs with
base rail

≤ 2d
(typ.)

≤ d /2
(typ.)

s

d /2
Shear
critical
sections

Section A-A

d /2
Corner column

Fig. R8.7.7²7\SLFDODUUDQJHPHQWVRIKHDGHGVKHDUVWXGUHLQIRUFHPHQWDQGFULWLFDOVHFWLRQV
8.7.7.1.2 Headed shear stud reinforcement location and
spacing shall be in accordance with Table 8.7.7.1.2.

R8.7.7.1.2 7KH VSHFL¿HG VSDFLQJV EHWZHHQ SHULSKHUDO
OLQHV RI VKHDU UHLQIRUFHPHQW DUH MXVWL¿HG E\ H[SHULPHQWV
(ACI 421.1R). The clear spacing between the heads of the
VWXGV VKRXOG EH DGHTXDWH WR SHUPLW SODFLQJ RI WKH ÀH[XUDO
reinforcement.

American Concrete Institute – Copyrighted © Material – www.concrete.org

CODE

125

COMMENTARY

Perpendicular to
column face

Parallel to column
face

Description of measurement

Condition

Maximum distance or
spacing, in.

Distance from column face to
¿UVWSHULSKHUDOOLQHRIVKHDUVWXGV

All

d

Constant spacing between
peripheral lines of shear studs

Nonprestressed slab with

vuࢥ

f c′

3d

Nonprestressed slab with

vu!ࢥ

f c′

d

Prestressed slabs conforming to 22.6.5.4

3d

All

2d

Spacing between adjacent shear
studs on peripheral line nearest to
column face

8.8—Nonprestressed two-way joist systems
8.8.1 General

R8.8—Nonprestressed two-way joist systems
R8.8.1 General
The empirical limits established for nonprestressed reinIRUFHG FRQFUHW
FRQFUHWH MRLVW ÀRRUV DUH EDVHG RQ VXFFHVVIXO SDVW
mance of jois
performance
joist construction using standard joist
sy tems. For prestressed
pres
re
forming systems.
joist construction, this
section may be used as a gu
guide.

8.8.1.1 Nonprestressed two-way
way joist construction consists
con ists
of a monolithic combination off rregularly
rly spaced ribs aand
nd a
o oorthogonal
onal directions.
top slab designed to span in two
8.8.1.2 Width of ribs shall be at lleast 4 in. at any location
along the depth.
he
8.8.1.3 Overall depth of ribs shall not exceed 3.5 times the
minimum width.
8.8.1.4 Clear spacing between ribs shall not exceed 30 in.

R8.8.1.4 A limit on the maximum spacing of ribs is
required because of the provisions permitting higher shear
strengths and less concrete cover for the reinforcement for
these relatively small, repetitive members.

8.8.1.5 Vc shall be permitted to be taken as 1.1 times the
values calculated in 22.5.

R8.8.1.57KHLQFUHDVHLQVKHDUVWUHQJWKLVMXVWL¿HGRQWKH
basis of: 1) satisfactory performance of joist construction
GHVLJQHGZLWKKLJKHUFDOFXODWHGVKHDUVWUHQJWKVSHFL¿HGLQ
previous Codes, which allowed comparable shear stresses;
and 2) potential for redistribution of local overloads to adjacent joists.

8.8.1.6 For structural integrity, at least one bottom bar
in each joist shall be continuous and shall be anchored to
develop fy at the face of supports.
8.8.1.7 Reinforcement area perpendicular to the ribs shall
satisfy slab moment strength requirements, considering
load concentrations, and shall be at least the shrinkage and
temperature reinforcement area in accordance with 24.4.
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8.8.1.8 Two-way joist construction not satisfying the limitations of 8.8.1.1 through 8.8.1.4 shall be designed as slabs
and beams.
8.8.2 -RLVWV\VWHPVZLWKVWUXFWXUDO¿OOHUV
8.8.2.1,ISHUPDQHQWEXUQHGFOD\RUFRQFUHWHWLOH¿OOHUVRI
material having a unit compressive strength at least equal to
fcƍ in the joists are used, 8.8.2.1.1 and 8.8.2.1.2 shall apply.
8.8.2.1.1 6ODE WKLFNQHVV RYHU ¿OOHUV VKDOO EH DW OHDVW WKH
greater of one-twelfth the clear distance between ribs and
1.5 in.
8.8.2.1.2 For calculation of shear and negative moment
strength, it shall be permitted to include the vertical shells of
¿OOHUVLQFRQWDFWZLWKWKHULEV2WKHUSRUWLRQVRI¿OOHUVVKDOO
not be included in strength calculations.
8.8.3 -RLVWV\VWHPVZLWKRWKHU¿OOHUV
ZLWK
8.8.3.1,I¿OOHUVQRWFRPSO\LQJZLWKRUUHPRYDEOH
all bbe at least the greater of
forms are used, slab thickness shall
etw
bs and 2 in.
one-twelfth the clear distance between
ribs
8.9—Lift-slab construction
th lift-slab
lab methods wh
8.9.1 In slabs constructed with
wheree it
ns required
ired by 8.7.5.6
is impractical to pass the tendons
8.7.5.6.1 or
2 or 8.7.5.6.3
6 3 through the
the bottom bars required by 8.7.4.2
column, at least two post-tensioned tendons or two bonded
bottom bars or wires in each direction shall pass through the
lifting collar as close to the column as practicable, and be
continuous or spliced using mechanical or welded splices
in accordance with 25.5.7 or Class B tension lap splices in
accordance with 25.5.2. At exterior columns, the reinforcement shall be anchored at the lifting collar.
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CHAPTER 9—BEAMS
CODE

COMMENTARY

9.1—Scope
9.1.1 This chapter shall apply to the design of nonprestressed and prestressed beams, including:

R9.1—Scope
R9.1.1 Composite structural steel-concrete beams are
not covered in this chapter. Design provisions for such
composite beams are covered in AISC 360.

(a) Composite beams of concrete elements constructed
in separate placements but connected so that all elements
resist loads as a unit
(b) One-way joist systems in accordance with 9.8
(c) Deep beams in accordance with 9.9
R9.2—General

9.2—General
9.2.1 Materials
9.2.1.1 Design properties for concrete shall be selected to
be in accordance with Chapter 19.

Beams

9.2.1.2 Design properties for steel reinforcement shall be
selected to be in accordance with Chapter 20.
9.2.1.3 Materials, design, and detailing requirements for
ordance with 20.6.
embedments in concrete shall be in accordance

9

EHUV
9.2.2 &RQQHFWLRQWRRWKHUPHPEHUV
nstr
n, beam-column and
9.2.2.1 For cast-in-place construction,
Chapterr 15
15.
slab-column joints shall satisfy C
n, connections
ections shall sa
fy
9.2.2.2 For precast construction,
satisfy
6
the force transfer requirements of 16.2.
.2.3 Stabili
R9.2.3
Stability

9.2.3 Stability
9.2.3.1 If a beam is not continuously laterally braced, (a)
DQG E VKDOOEHVDWLV¿HG
(a) Spacing of lateral bracing shall not exceed 50 times the
OHDVWZLGWKRIFRPSUHVVLRQÀDQJHRUIDFH
(b) Spacing of lateral bracing shall take into account
H൵HFWVRIHFFHQWULFORDGV

9.2.3.2 In prestressed beams, buckling of thin webs and
ÀDQJHV VKDOO EH FRQVLGHUHG ,I WKHUH LV LQWHUPLWWHQW FRQWDFW
between prestressed reinforcement and an oversize duct,
member buckling between contact points shall be considered.

9.2.4 7EHDPFRQVWUXFWLRQ

R9.2.3.1 Tests (Hansell and Winter 1959; Sant and Bletzacker 1961) have shown that laterally unbraced reinforced
concrete beams, even when very deep and narrow, will not
fail prematurely by lateral buckling, provided the beams are
loaded without lateral eccentricity that causes torsion.
Laterally unbraced beams are frequently loaded eccentrically or with slight inclination. Stresses and deformations
by such loading become detrimental for narrow, deep beams
with long unsupported lengths. Lateral supports spaced
closer than 50b may be required for such loading conditions.
R9.2.3.2 In post-tensioned members where the prestressed
reinforcement has intermittent contact with an oversize duct,
the member can buckle due to the axial prestressing force,
DV WKH PHPEHU FDQ GHÀHFW ODWHUDOO\ ZKLOH WKH SUHVWUHVVHG
reinforcement does not. If the prestressed reinforcement is
in continuous contact with the member being prestressed
or is part of an unbonded tendon with the sheathing not
excessively larger than the prestressed reinforcement, the
prestressing force cannot buckle the member.
R9.2.4 7EHDPFRQVWUXFWLRQ
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9.2.4.1,Q7EHDPFRQVWUXFWLRQÀDQJHDQGZHEFRQFUHWH
shall be placed monolithically or made composite in accordance with 16.4.

R9.2.4.1 For monolithic or fully composite construction,
WKHEHDPLQFOXGHVDSRUWLRQRIWKHVODEDVÀDQJHV

9.2.4.2(൵HFWLYHÀDQJHZLGWKVKDOOEHLQDFFRUGDQFHZLWK
6.3.2.
9.2.4.3)RU7EHDPÀDQJHVZKHUHWKHSULPDU\ÀH[XUDOVODE
reinforcement is parallel to the longitudinal axis of the beam,
UHLQIRUFHPHQWLQWKHÀDQJHSHUSHQGLFXODUWRWKHORQJLWXGLQDO
axis of the beam shall be in accordance with 7.5.2.3.
9.2.4.4 For torsional design according to 22.7, the overKDQJLQJÀDQJHZLGWKXVHGWRFDOFXODWHAcp, Ag, and pcp shall
be in accordance with (a) and (b):
D 7KHRYHUKDQJLQJÀDQJHZLGWKVKDOOLQFOXGHWKDWSRUWLRQ
of slab on each side of the beam extending a distance
equal to the projection of the beam above or below the
slab, whichever is greater, but not greater than four times
the slab thickness.
E  7KH RYHUKDQJLQJ ÀDQJHV VKDOO EH QHJOHFWHG LQ FDVHV
where the parameter Acp2/pcp for solid sections or Ag2pcp
IRUKROORZVHFWLRQVFDOFXODWHGIRUDEHDPZLWKÀDQJHVLV
less than that calculated for the same beam ignoring the
ÀDQJHV

R9.2.4.3 Refer to R7.5.2.3.

R9.2.4.4 Two examples of the section to be considered in
torsional design are provided in Fig. R9.2.4.4.

bw + 2hb ≤ bw + 8hf

hf
hb

bw

hb ≤ 4hf

hf
hb

bw
Fig. R9.2.4.4²([DPSOHVRIWKHSRUWLRQRIVODEWREHLQFOXGHG
ZLWKWKHEHDPIRUWRUVLRQDOGHVLJQ
9.3—Design limits
9.3.1 0LQLPXPEHDPGHSWK

R9.3—Design limits
R9.3.1 0LQLPXPEHDPGHSWK

9.3.1.1 For nonprestressed beams not supporting or
attached to partitions or other construction likely to be
GDPDJHG E\ ODUJH GHÀHFWLRQV RYHUDOO EHDP GHSWK h shall
satisfy the limits in Table 9.3.1.1, unless the calculated
GHÀHFWLRQOLPLWVRIDUHVDWLV¿HG

R9.3.1.1 For application of this provision to composite
concrete beams, refer to R9.3.2.2.
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129

COMMENTARY

Table 9.3.1.1—Minimum depth of nonprestressed
beams
Support condition

Minimum h[1]

Simply supported

Ɛ

One end continuous

Ɛ

Both ends continuous

Ɛ

Cantilever

Ɛ

[1]

9.3.1.1.1 For fy other than 60,000 psi, the expressions in
Table 9.3.1.1 shall be multiplied by (0.4 + fy /100,000).

R9.3.1.1.1 7KH PRGL¿FDWLRQ IRU fy is approximate, but
should provide conservative results for typical reinforcement
ratios and for values of fy between 40,000 and 100,000 psi.

9.3.1.1.2 For nonprestressed beams made of lightweight
concrete having wcLQWKHUDQJHRIWROEIW3, the expressions in Table 9.3.1.1 shall be multiplied by the greaterr of (a)
and (b):

R9.3.1.1.2 7KH PRGL¿FDWLRQ IRU OLJKWZHLJKW FRQFUHWH
is based on the results and discussions in ACI 213R. No
correct
correction
is given for concretes with wc greater than 115
the correction term would be close to unity in
OEIW3 because th
nge.
this range.

9

(a) 1.65 – 0.005wc
(b) 1.09

Beams

Expressions applicable for normalweight concrete and fy = 60,000 psi. For other
cases, minimum hVKDOOEHPRGL¿HGLQDFFRUGDQFHZLWKWKURXJK
as appropriate.

co
ite beams made of a
9.3.1.1.3 For nonprestressed composite
nor
eight concrete, shored
shored
combination of lightweight and normalweight
tweight concrete iss in
during construction, and where the lightweight

DOODSSO\
FRPSUHVVLRQWKHPRGL¿HURIVKDOODSSO\
9.3.1.2 7KH WKLFNQHVV RI D FRQFUHWH ÀRRU ¿QLVK VKDOO
be permitted to be included in h if it is placed monolithiEH
FDOO\ZLWKWKHEHDPRULIWKHÀRRU¿QLVKLVGHVLJQHGWREH
composite with the beam in accordance with 16.4.
9.3.2 &DOFXODWHGGHÀHFWLRQOLPLWV

R9.3.2 &DOFXODWHGGHÀHFWLRQOLPLWV

9.3.2.1 For nonprestressed beams not satisfying 9.3.1
and for prestressed beams, immediate and time-dependent
GHÀHFWLRQVVKDOOEHFDOFXODWHGLQDFFRUGDQFHZLWK24.2 and
shall not exceed the limits in 24.2.2.
9.3.2.2 For nonprestressed composite concrete beams satisI\LQJGHÀHFWLRQVRFFXUULQJDIWHUWKHPHPEHUEHFRPHV
FRPSRVLWH QHHG QRW EH FDOFXODWHG 'HÀHFWLRQV RFFXUULQJ
before the member becomes composite shall be investigated
XQOHVVWKHSUHFRPSRVLWHGHSWKDOVRVDWLV¿HV

R9.3.2.2 The limits in Table 9.3.1.1 apply to the entire
depth of nonprestressed composite beams shored during
construction so that, after removal of temporary supports,
the dead load is resisted by the full composite section. In
unshored construction, the beam depth of concern depends
RQLIWKHGHÀHFWLRQEHLQJFRQVLGHUHGRFFXUVEHIRUHRUDIWHU
WKHDWWDLQPHQWRIH൵HFWLYHFRPSRVLWHDFWLRQ
$GGLWLRQDO GHÀHFWLRQV GXH WR H[FHVVLYH FUHHS DQG
shrinkage caused by premature loading should be considered. This is especially important at early ages when the
moisture content is high and the strength is low.
The transfer of horizontal shear by direct bond is imporWDQWLIH[FHVVLYHGHÀHFWLRQIURPVOLSSDJHLVWREHSUHYHQWHG
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Shear keys provide a means of transferring shear but will not
be engaged until slippage occurs.

9.3.3 5HLQIRUFHPHQWVWUDLQOLPLWLQQRQSUHVWUHVVHGEHDPV
9.3.3.1 Nonprestressed beams with Pu < 0.10fcƍAg shall be
tension controlled in accordance with Table 21.2.2.

R9.3.3 5HLQIRUFHPHQWVWUDLQOLPLWLQQRQSUHVWUHVVHGEHDPV
R9.3.3.1 7KH H൵HFW RI WKLV OLPLWDWLRQ LV WR UHVWULFW WKH
reinforcement ratio in nonprestressed beams to mitigate
EULWWOHÀH[XUDOEHKDYLRULQFDVHRIDQRYHUORDG7KLVOLPLWDtion does not apply to prestressed beams. Before the 2019
&RGH D PLQLPXP VWUDLQ OLPLW RI  ZDV VSHFL¿HG IRU
QRQSUHVWUHVVHGÀH[XUDOPHPEHUV%HJLQQLQJZLWKWKH
Code, this limit is revised to require that the section be
tension-controlled.

9.3.4 6WUHVVOLPLWVLQSUHVWUHVVHGEHDPV
9.3.4.13UHVWUHVVHGEHDPVVKDOOEHFODVVL¿HGDV&ODVV87
or C in accordance with 24.5.2.
mmediately after
9.3.4.2 Stresses in prestressed beams immediately
transfer and at service loads shall nott exceed permissible
stresses in 24.5.3 and 24.5.4.
R9.
Req
R9.4—Required
strength

9.4—Required strength
9.4.1 General
hal be calculated in aaccorcor9.4.1.1 Required strength shall
mbi
ns in Chapter 55.
dance with the factored load combinations
9.4.1.2 Required strength shall be calculated in accordance with the analysis procedures in Chapter 6.
9.4.1.3)RUSUHVWUHVVHGEHDPVH൵HFWVRIUHDFWLRQVLQGXFHG
by prestressing shall be considered in accordance with 5.3.11.
9.4.2 )DFWRUHGPRPHQW
9.4.2.1 For beams built integrally with supports, Mu at
the support shall be permitted to be calculated at the face of
support.
9.4.3 Factored shear

R9.4.3 Factored shear

9.4.3.1 For beams built integrally with supports, Vu at the
support shall be permitted to be calculated at the face of
support.
9.4.3.2 Sections between the face of support and a critical
section located d from the face of support for nonprestressed
beams and h/2 from the face of support for prestressed
beams shall be permitted to be designed for Vu at that critical
VHFWLRQLI D WKURXJK F DUHVDWLV¿HG
(a) Support reaction, in direction of applied shear, introduces compression into the end region of the beam

R9.4.3.2 The closest inclined crack to the support of the
beam in Fig. R9.4.3.2a will extend upward from the face of
the support reaching the compression zone approximately d
from the face of the support. If loads are applied to the top
of the beam, the stirrups across this crack need only resist
the shear force due to loads acting beyond d (right free body
in Fig. R9.4.3.2a). The loads applied to the beam between
the face of the support and the point d away from the face
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are transferred directly to the support by compression in the
web above the crack. Accordingly, the Code permits design
for a maximum factored shear Vu at a distance d from the
support for nonprestressed beams and at a distance h/2 for
prestressed beams.
In Fig. R9.4.3.2b, loads are shown acting near the bottom
of a beam. In this case, the critical section is taken at the
face of the support. Loads acting near the support should
be transferred across the inclined crack extending upward
from the support face. The shear force acting on the critical
section should include all loads applied below the potential
inclined crack.
Typical support conditions where the shear force at a
distance d from the support may be used include:
(a) Beams supported by bearing at the bottom of the beam,
such as shown in Fig. R9.4.3.2(c)
(b) Beams framing monolithically into a column, as illustrated in Fig. R9.4.3.2(d)
Typi
Typical support conditions where the critical section is
taken at the face of support include:
(a) Beams framing into a supporting member in tension,
hown in F
ig.
g R9.4.3.2(e). Shear within the
such as shown
Fig.
ectio should
ould also bbe investigated and special corner
connection
re
orcem should
hould be pprovided.
reinforcement
(b) B
eam for which
ich loads aare not applied at or near the top,
Beams
eviou discussed
ussed an
as previously
and as shown in Fig. R9.4.3.2b.
(c) Beams
eam loaded
d such tha
that the shear at sections between
the support
uppo and a distanc
distance dIURPWKHVXSSRUWGL൵HUVUDGLhe shear aat distance d. This commonly occurs
cally from the
ts and in beams where a concentrated load is
in brackets
cated close to
t the support, as shown in Fig. R9.4.3.2(f).
located

C

C

VM
T

T
d

∑Avfyt
Critical section

R
Fig. R9.4.3.2a²)UHHERG\GLDJUDPVRIWKHHQGRIDEHDP
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Critical section
C

C

V M
T

T
∑Avfyt

Beam ledge

R
Fig. R9.4.3.2b—Location of critical section for shear in a
EHDPORDGHGQHDUERWWRP

Vu

d

Vu

Vu

d

d

(c)

(d)

Vu
Vu
d
(e)
(f)
Fig. R9.4.3.2(c), (d), (e), (f)—Typical support conditions for
locating factored shear force Vu.
9.4.4 Factored torsion

R9.4.4 Factored torsion

9.4.4.1 Unless determined by a more detailed analysis, it
shall be permitted to take the torsional loading from a slab as
uniformly distributed along the beam.
9.4.4.2 For beams built integrally with supports, Tu at the
support shall be permitted to be calculated at the face of support.
9.4.4.3 Sections between the face of support and a critical
section located d from the face of support for nonprestressed
beams or h/2 from the face of support for prestressed beams
shall be permitted to be designed for Tu at that critical section
unless a concentrated torsional moment occurs within this
distance. In that case, the critical section shall be taken at the
face of the support.

R9.4.4.3 It is not uncommon for a beam to frame into one
side of a girder near the support of the girder. In such a case,
a concentrated shear and torsional moment are applied to
the girder.
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9.4.4.4 It shall be permitted to reduce Tu in accordance
with 22.7.3.
9.5—Design strength
9.5.1 General

R9.5—Design strength
R9.5.1 General

9.5.1.1 For each applicable factored load combination,
GHVLJQVWUHQJWKDWDOOVHFWLRQVVKDOOVDWLVI\ࢥSnU including
D  WKURXJK G  ,QWHUDFWLRQ EHWZHHQ ORDG H൵HFWV VKDOO EH
considered.

R9.5.1.1 The design conditions 9.5.1.1(a) through (d) list
the typical forces and moments that need to be considered.
+RZHYHU WKH JHQHUDO FRQGLWLRQ ࢥSn  U indicates that all
forces and moments that are relevant for a given structure
need to be considered.

D ࢥMnMu
E ࢥVnVu
F ࢥTnTu
G ࢥPnPu

calculated in accor9.5.2.1 If Pu < 0.10fcƍAg, Mn shall be calcula
dance with 22.3.
shall be calculated
alculated in aaccor-9.5.2.2 If PufcƍAg, Mn sha
dance with 22.4.

R
2.2 %HDPV
V UHVLVWLQJ VLJQL¿FDQW D[LDO IRUFHV UHTXLUH
R9.5.2.2
FRQVLG UDWLR RI WKH
H FRPELQ
FRQVLGHUDWLRQ
FRPELQHG H൵HFWV RI D[LDO IRUFHV DQG
ts. T
ams are not
n required to satisfy the provimoments.
These beams
ions of Cha
Chapter 10,, but are rrequired to satisfy the additional
sions
UHTXL
PHQW IRU WLHV RU VSLUDOV
VS
UHTXLUHPHQWV
GH¿QHG LQ 7DEOH 
DPV ZLW
)RU VOHQGHU EHDPV
ZLWK VLJQL¿FDQW D[LDO ORDGV FRQVLGHUGEHJLYHQ
DWLRQVKRXOGEHJLYHQWRVOHQGHUQHVVH൵HFWVDVUHTXLUHGIRU
mns in 6.2.5
6.2.5.
columns

9.5.2.3 For prestressed beams, external tendons shall
EH FRQVLGHUHG DV XQERQGHG WHQGRQV LQ FDOFXODWLQJ ÀH[XUDO
VWUHQJWKXQOHVVWKHH[WHUQDOWHQGRQVDUHH൵HFWLYHO\ERQGHG
to the concrete along the entire length.
9.5.3 Shear
9.5.3.1 Vn shall be calculated in accordance with 22.5.
9.5.3.2 For composite concrete beams, horizontal shear
strength Vnh shall be calculated in accordance with 16.4.
9.5.4 Torsion

R9.5.4 Torsion

9.5.4.1 If Tu < ࢥTth, where Tth is given in 22.7, it shall
EHSHUPLWWHGWRQHJOHFWWRUVLRQDOH൵HFWV7KHPLQLPXPUHLQforcement requirements of 9.6.4 and the detailing requirePHQWVRIDQGQHHGQRWEHVDWLV¿HG
9.5.4.2 Tn shall be calculated in accordance with 22.7.
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9.5.4.3 Longitudinal and transverse reinforcement
required for torsion shall be added to that required for the
Vu, Mu, and Pu that act in combination with the torsion.

R9.5.4.3 The requirements for torsional reinforcement
and shear reinforcement are added and stirrups are provided
to supply at least the total amount required. Because the
reinforcement area AvIRUVKHDULVGH¿QHGLQWHUPVRIDOOWKH
legs of a given stirrup while the reinforcement area At for
WRUVLRQLVGH¿QHGLQWHUPVRIRQHOHJRQO\WKHDGGLWLRQRI
transverse reinforcement area is calculated as follows:
A
⎛A ⎞ A
Total ⎜ v + t ⎟ = v + 2 t
s ⎠
s
s

(R9.5.4.3)

If a stirrup group has more than two legs for shear, only
the legs adjacent to the sides of the beam are included in this
VXPPDWLRQEHFDXVHWKHLQQHUOHJVZRXOGEHLQH൵HFWLYHIRU
resisting torsion.
The longitudinal reinforcement required for torsion is
added at each section to the longitudinal reinforcement
require for bending moment that acts concurrently with the
required
long
torsion. The longitudinal
reinforcement is then chosen for this
sum, but should not bbe less than the amount required for the
um bbending
ending mom
ent
nt at that section if this exceeds the
maximum
moment
oncurrently with the torsion. If the maximum
momentt acti
acting concurrently
bend
mo
bending
moment occurs at one section, such as midspan,
while thee m
maximum torsional moment occurs at another, such
upport, tthe total longitudinal reinforceas the face of the support,
r quir may be less tthan that obtained by adding the
ment required
PD[L XPÀ
UHLQIRUFH
PD[LPXPÀH[XUDOUHLQIRUFHPHQWSOXVWKHPD[LPXPWRUVLRQDO
reinforcement. In such a case, the required longitudinal reinforcement iss evaluated at several locations.
u
9.5.4.4 For prestressed beams, the total area of longitudinal reinforcement, As and Aps, at each section shall be
designed to resist Mu at that section, plus an additional
concentric longitudinal tensile force equal to AƐ fy, based on
Tu at that section.

R9 5
R9.5.4.4
Torsion causes an axial tensile force in the longitudinal reinforcement balanced by the force in the diagonal
concrete compression struts. In a nonprestressed beam, the
tensile force must be resisted by longitudinal reinforcement
having an axial tensile strength of AƐ fy. This reinforcement
LV LQ DGGLWLRQ WR WKH UHTXLUHG ÀH[XUDO UHLQIRUFHPHQW DQG LV
distributed uniformly inside and around the perimeter of the
closed transverse reinforcement so that the resultant of AƐ fy
acts along the axis of the member.
In a prestressed beam, the same approach (providing
additional reinforcing bars with strength AƐ fy) may be
followed, or overstrength of the prestressed reinforcement
can be used to resist some of the axial force AƐ fy. The stress
in the prestressed reinforcement at nominal strength will
be between fse and fps. A portion of the AƐ fy force can be
resisted by a force of Aps¨fpt in the prestressed reinforcement. The stress required to resist the bending moment can
be calculated as Mu/(ࢥ0.9dpAps). For pretensioned strands,
the stress that can be developed near the free end of the
strand can be calculated using the procedure illustrated in
Fig. R25.4.8.3.

9.5.4.5 It shall be permitted to reduce the area of longiWXGLQDOWRUVLRQDOUHLQIRUFHPHQWLQWKHÀH[XUDOFRPSUHVVLRQ

R9.5.4.57KHORQJLWXGLQDOWHQVLRQGXHWRWRUVLRQLVR൵VHW
LQSDUWE\WKHFRPSUHVVLRQLQWKHÀH[XUDOFRPSUHVVLRQ]RQH
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zone by an amount equal to Mu/(0.9dfy), where Mu occurs
simultaneously with Tu at that section, except that the
longitudinal reinforcement area shall not be less than the
minimum required in 9.6.4.

allowing a reduction in the longitudinal torsional reinforcement required in the compression zone.

9.5.4.6 For solid sections with an aspect ratio h/bt  ,
it shall be permitted to use an alternative design procedure,
provided the adequacy of the procedure has been shown by
analysis and substantial agreement with results of comprehensive tests. The minimum reinforcement requirements of
QHHGQRWEHVDWLV¿HGEXWWKHGHWDLOLQJUHTXLUHPHQWVRI
9.7.5 and 9.7.6.3 apply.

R9.5.4.6$QH[DPSOHRIDQDOWHUQDWLYHGHVLJQWKDWVDWLV¿HV
this provision can be found in Zia and Hsu (2004), which has
been extensively and successfully used for design of precast,
prestressed concrete spandrel beams with h/bt and closed
stirrups. The seventh edition of the PCI Design Handbook
(PCI MNL-120) describes the procedure of Zia and Hsu
 7KLV SURFHGXUH ZDV H[SHULPHQWDOO\ YHUL¿HG E\ WKH
tests described in Klein (1986).

9.5.4.7 For solid precast sections with an aspect ratio h/bt
, it shall be permitted to use an alternative design procedure and open web reinforcement, provided the adequacy
of the procedure and reinforcement have been shown by
analysis and substantial agreement with results of compreompre
hensive tests. The minimum reinforcement requirements of
9.6.4 and detailing requirements of 9.7.5
7.5 and 9.7.6.3 need
QRWEHVDWLV¿HG

R9.5.4.7 The experimental results described in Lucier et
al. (2011a) demonstrate that properly designed open web
UHLQIRUFHPHQWLVDVDIHDQGH൵HFWLYHDOWHUQDWLYHWRWUDGLWLRQDO
closed stirrups for precast spandrels with h/bt. Lucier
(
SUHVHQWVDGHVLJQSURFHGXUHWKDWVDWLV¿HVWKLV
et al. (2011b)
provision for sl
slender spandrels and describes the limited
tions to which th
conditions
the procedure applies.

9.6—Reinforcement limits
9.6.1 0LQLPXP ÀH[XUDO UHLQIRUFHPHQW
QRQSUHVWUHVVHG
IRU
QW LQ QRQSUHVWU
VHGG
EHDPV

R9.
Rei
ement limits
lim
R9.6—Reinforcement
R9.
10
ÀH[XUDOU
R9.6.1
0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHG
EHDPV

[X
HLQIRUFHPHQW As,min,
9.6.1.1$PLQLPXPDUHDRIÀH[XUDOUHLQIRUFHPHQWA
i reinforceshall be provided at every section where tension
ment is required by analysis.

R9
1.1 7KLV SURYLVLRQ
R9.6.1.1
SURYLVLRQ LV LQWHQGHG WR UHVXOW LQ ÀH[XUDO
ding the cracking strength by a margin. The
strength exceeding
objective iss to produc
produce a beam that will be able to sustain
GLQJ DIWHU WK
ORDGLQJ
WKH RQVHW RI ÀH[XUDO FUDFNLQJ ZLWK YLVLEOH
FUDFNLQJ
FUDFNLQJDQGGHÀHFWLRQWKHUHE\ZDUQLQJRISRVVLEOHRYHUload. Beams with less reinforcement may sustain sudden
IDLOXUHZLWKWKHRQVHWRIÀH[XUDOFUDFNLQJ
In practice, this provision only controls reinforcement
design for beams which, for architectural or other reasons,
are larger in cross section than required for strength. With a
small amount of tension reinforcement required for strength,
the calculated moment strength of a reinforced concrete
section using cracked section analysis becomes less than
that of the corresponding unreinforced concrete section
calculated from its modulus of rupture. Failure in such a case
FRXOGRFFXUDW¿UVWFUDFNLQJDQGZLWKRXWZDUQLQJ7RSUHYHQW
such a failure, a minimum amount of tension reinforcement
is required in both positive and negative moment regions.

9.6.1.2 As,min shall be the larger of (a) and (b), except as
provided in 9.6.1.3. For a statically determinate beam with
DÀDQJHLQWHQVLRQWKHYDOXHRIbw shall be the smaller of bf
and 2bw. The value of fy shall be limited to a maximum of
80,000 psi.

R9.6.1.2,IWKHÀDQJHRIDVHFWLRQLVLQWHQVLRQWKHDPRXQW
of tension reinforcement needed to make the strength of the
reinforced section equal that of the unreinforced section is
approximately twice that for a rectangular section or that of
D ÀDQJHG VHFWLRQ ZLWK WKH ÀDQJH LQ FRPSUHVVLRQ$ ODUJHU
amount of minimum tension reinforcement is particularly
necessary in cantilevers and other statically determinate
beams where there is no possibility for redistribution of
moments.

(a)

3 f c′
fy

bw d
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200
bw d
fy

9.6.1.3 If As provided at every section is at least one-third
greater than As required by analysis, 9.6.1.1 and 9.6.1.2 need
QRWEHVDWLV¿HG
9.6.2 0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGEHDPV

R9.6.2 0LQLPXPÀH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGEHDPV

9.6.2.1 For beams with bonded prestressed reinforcement,
total quantity of As and Aps shall be adequate to develop a
factored load at least 1.2 times the cracking load calculated
on the basis of frGH¿QHGLQ19.2.3.

R9.6.2.1 0LQLPXP ÀH[XUDO UHLQIRUFHPHQW LV UHTXLUHG
for reasons similar to nonprestressed beams as discussed in
R9.6.1.1.
$EUXSW ÀH[XUDO IDLOXUH LPPHGLDWHO\ DIWHU FUDFNLQJ GRHV
not occur when the prestressed reinforcement is unbonded
(ACI 423.3R); therefore, this requirement does not apply to
members with unbonded tendons.

9.6.2.2 )RU EHDPV ZLWK ERWK ÀH[XUDO DQG VKHDU GHVLJQ
strength at least twice the required strength, 9.6.2.1 need not
EHVDWLV¿HG
ded tendons, the minimum
9.6.2.3 For beams with unbonded
tud
einforcement As,min
area of bonded deformed longitudinal
reinforcement
in
shall be:
00 ct
AVPLQ = 0.004A

(9.6.2.3)
(9.6
2.3)

the cross section between
where Act is the area of that part of th
WKHÀH[XUDOWHQVLRQIDFHDQGWKHFHQWURLGRIWKHJURVVVHFWLRQ

R9.6.3 0LQLPXPVKHDUUHLQIRUFHPHQW

9.6.3 0LQLPXPVKHDUUHLQIRUFHPHQW
9.6.3.1 For nonprestressed beams, minimum area of shear
reinforcement, Av,min, shall be provided in all regions where
Vu > ࢥȜ f c′ bwd except for the cases in Table 9.6.3.1. For
these cases, at least Av,min shall be provided where Vu > ࢥVc.
Table 9.6.3.1—Cases where Av,min is not required if
Vu ≤ ࢥVc
Beam type

Conditions

Shallow depth

hLQ

Integral with slab

hJUHDWHURItf or 0.5bw
and
hLQ

&RQVWUXFWHGZLWKVWHHO¿EHUUHLQIRUFHG
normalweight concrete conforming to
26.4.1.5.1(a), 26.4.2.2(i), and 26.12.7.1(a)
and with fcƍSVL
One-way joist system

2.3 Minimum
imum bond
R9.6.2.3
bonded reinforcement is required by
de in beams
ms prestressed
prestres
the Code
with unbonded tendons to
HQVXU ÀH[X
DYLRU DW XOWLPDWH EHDP VWUHQJWK UDWKHU
HQVXUH
ÀH[XUDO EHKDYLRU
d arc
ior, and tto limit crack width and spacing
than tied
arch behavior,
ce lload when
en concr
att ser
service
concrete tensile stresses exceed the
modu s of rupture.
re. Provid
modulus
Providing minimum bonded reinforcement helps to ensure acceptable behavior at all loading
stages. Thee minimum amount of bonded reinforcement is
ed on researc
based
research comparing the behavior of bonded and
unbond
unbonded
post-tensioned beams (Mattock et al. 1971).
The minimum bonded reinforcement area required by Eq.
(9.6.2.3) is independent of reinforcement fy.

hLQ
and
Vu ≤ φ2 f c′bw d
In accordance with 9.8

R9.6.3.1 Shear reinforcement restrains the growth of
inclined cracking so that ductility of the beam is improved
and a warning of failure is provided. In an unreinforced
web, the formation of inclined cracking might lead directly
to failure without warning. Such reinforcement is of great
value if a beam is subjected to an unexpected tensile force
or an overload.
7KH H[FHSWLRQ IRU EHDPV FRQVWUXFWHG XVLQJ VWHHO ¿EHU
reinforced concrete is intended to provide a design alternaWLYHWRWKHXVHRIVKHDUUHLQIRUFHPHQWDVGH¿QHGLQ22.5.8.5,
IRUEHDPVZLWKORQJLWXGLQDOÀH[XUDOUHLQIRUFHPHQWLQZKLFK
Vu does not exceed ࢥ f c′ bwd&KDSWHUVSHFL¿HVGHVLJQ
information and compliance requirements that need to be
incorporated into the construction documents when steel
¿EHUUHLQIRUFHG FRQFUHWH LV XVHG IRU WKLV SXUSRVH )LEHU
reinforced concrete beams with hooked or crimped steel
¿EHUV LQ GRVDJHV DV UHTXLUHG E\ 26.4.2.2(i), have been
shown through laboratory tests to exhibit shear strengths
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greater than 3.5 f c′ bwd (Parra-Montesinos 2006). There
DUHQRGDWDIRUWKHXVHRIVWHHO¿EHUVDVVKHDUUHLQIRUFHPHQW
in concrete beams exposed to chlorides from deicing chemicals, salt, salt water, brackish water, seawater, or spray from
WKHVHVRXUFHV:KHUHVWHHO¿EHUVDUHXVHGDVVKHDUUHLQIRUFHment in corrosive environments, corrosion protection should
be considered.
Joists are excluded from the minimum shear reinforcement requirement as indicated because there is a possibility
of load sharing between weak and strong areas.
Even when Vu is less than ࢥȜ f c′ bwd, the use of some
web reinforcement is recommended in all thin-web, postWHQVLRQHG PHPEHUV VXFK DV MRLVWV ZD൷H VODEV EHDPV
and T-beams, to reinforce against tensile forces in webs
resulting from local deviations from the design tendon
SUR¿OHDQGWRSURYLGHDPHDQVRIVXSSRUWLQJWKHWHQGRQVLQ
WKHGHVLJQSUR¿OHGXULQJFRQVWUXFWLRQ,IVX൶FLHQWVXSSRUW
is not provided, lateral wobble and local deviations from
WKHVPRRWKSDUDEROLFWHQGRQSUR¿OHDVVXPHGLQGHVLJQPD\
WKHVPRRWKSDUD
result during placeme
placement of the concrete. In such cases, the
deviations
ns iin
n the tendon
tendonss ttend to straighten out when the
ssed. This pprocess may impose large tensile
tendons are stressed.
stres
sever cracking may develop if no
stresses
in webs, and severe
r nfor
is provi
web reinforcement
provided. Unintended curvature of
dons and thee resultin
the tendons,
resulting tensile stresses in webs, may
mi miz by securely
ecurely ty
be minimized
tying tendons to stirrups that are
rigid held in place
ace by oth
rigidly
other elements of the reinforcement
mmended maximum spacing of stirrups used
cage. The recommended
rpose is the smaller of 1.5h or 4 ft. If applicable,
for this purpose
reinfo
the shear reinforcement
provisions of 9.6.3 and 9.7.6.2.2
req
will require
closer stirrup spacings.
For repeated loading of beams, the possibility of inclined
diagonal tension cracks forming at stresses appreciably
smaller than under static loading should be taken into account
in design. In these instances, use of at least the minimum
shear reinforcement expressed by 9.6.3.4 is recommended
even though tests or calculations based on static loads show
that shear reinforcement is not required.
9.6.3.2 For prestressed beams, a minimum area of shear
reinforcement, Av,min, shall be provided in all regions where
Vu > 0.5ࢥVc except for the cases in Table 9.6.3.1. For these
cases, at least Av,min shall be provided where Vu > ࢥVc.
9.6.3.3 If shown by testing that the required Mn and Vn
FDQEHGHYHORSHGDQGQHHGQRWEHVDWLV¿HG
6XFK WHVWV VKDOO VLPXODWH H൵HFWV RI GL൵HUHQWLDO VHWWOHPHQW
creep, shrinkage, and temperature change, based on a realLVWLFDVVHVVPHQWRIWKHVHH൵HFWVRFFXUULQJLQVHUYLFH

R9.6.3.3 When a beam is tested to demonstrate that its
VKHDU DQG ÀH[XUDO VWUHQJWKV DUH DGHTXDWH WKH DFWXDO EHDP
dimensions and material strengths are known. Therefore, the
test strengths are considered the nominal strengths Vn and
Mn. Considering these strengths as nominal values ensures
WKDWLIWKHDFWXDOPDWHULDOVWUHQJWKVLQWKH¿HOGZHUHOHVVWKDQ
VSHFL¿HGRUWKHPHPEHUGLPHQVLRQVZHUHLQHUURUVXFKDVWR
result in a reduced member strength, a satisfactory margin of
VDIHW\ZLOOEHUHWDLQHGGXHWRWKHVWUHQJWKUHGXFWLRQIDFWRUࢥ
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9.6.3.4 If shear reinforcement is required and torsional
H൵HFWVFDQEHQHJOHFWHGDFFRUGLQJWRAv,min shall be
in accordance with Table 9.6.3.4.

R9.6.3.4 Tests (Roller and Russell 1990) have indicated
the need to increase the minimum area of shear reinforcement as the concrete strength increases to prevent sudden
shear failures when inclined cracking occurs. Therefore,
expressions (a) and (c) in Table 9.6.3.4 provide for a gradual
increase in the minimum area of transverse reinforcement
with increasing concrete strength. Expressions (b) and (d)
in Table 9.6.3.4 provide for a minimum area of transverse
reinforcement independent of concrete strength and govern
for concrete strengths less than 4400 psi.
Tests (Olesen et al. 1967) of prestressed beams with minimum
web reinforcement based on 9.6.3.4 indicate that the lesser of
Av,minIURPH[SUHVVLRQV F DQG H LVVX൶FLHQWWRGHYHORSGXFWLOH
behavior. Expression (e) is discussed in Olesen et al. (1967).

Table 9.6.3.4—Required Av,min
Beam type

Nonprestressed
and prestressed with
Aps fse < 0.4(Aps fpu + As fy)

Av,min/s
0.75 f c′

bw
f yt

(a)

Greater of:
50

bw
f yt

(b)

0.75 f c′

bw
f yt

(c)

Greater of:
Prestressed with Aps fse
0.4(Aps fpu + As fy)

50

Lesser of:

Aps f pu
80 f yyt d

d
bw

bw
f yt

(d)

(e)

9.6.4 0LQLPXPWRUVLRQDOUHLQIRUFHPHQW
RUFHP

R9.6.4
0LQLPXPWRUVLRQDOUHLQIRUFHPHQW
40
XPWRUVLRQ

hall
9.6.4.1 A minimum area of tor
torsional reinforcement shall
er Tu  ࢥTth in accordance
cord nce
be provided in all regions where
with 22.7.
i d minimum
9.6.4.2 If torsional reinforcementt is required,
transverse reinforcement (Av + 2At)min /s shall be the greater
of (a) and (b):
(a) 0.75 f c′
(b) 50

bw
f yt

bw
f yt

9.6.4.3 If torsional reinforcement is required, minimum
area of longitudinal reinforcement AƐPLQ shall be the lesser
of (a) and (b):
(a)

(b)

5 f c′Acp
fy

5 f c′Acp
fy

f yt
⎛A⎞
− ⎜ t ⎟ ph
⎝ s⎠
fy

⎛ 25bw ⎞
f yt
−⎜
ph
⎟
fy
⎝ f yt ⎠

GL൵HUHQ
R9.6.4.2 7KH GL൵HUHQFHV
LQ WKH GH¿QLWLRQV RI Av and At
should be noted:
oted: Av is the area of two legs of a closed stirrup,
eas At is the area of only one leg of a closed stirrup. If a
whereas
stirrup ggroup has more than two legs, only the legs adjacent to
the sides of the beam are considered, as discussed in R9.5.4.3.
Tests (Roller and Russell 1990) of high-strength reinforced concrete beams have indicated the need to increase
the minimum area of shear reinforcement to prevent shear
failures when inclined cracking occurs. Although there are
a limited number of tests of high-strength concrete beams
in torsion, the equation for the minimum area of transverse
closed stirrups has been made consistent with calculations
required for minimum shear reinforcement.
R9.6.4.3 Under combined torsion and shear, the torsional
cracking moment decreases with applied shear, which leads
to a reduction in torsional reinforcement required to prevent
brittle failure immediately after cracking. When subjected
to pure torsion, reinforced concrete beam specimens with
less than 1 percent torsional reinforcement by volume have
IDLOHGDW¿UVWWRUVLRQDOFUDFNLQJ MacGregor and Ghoneim
1995). Equation 9.6.4.3(a) is based on a 2:1 ratio of torsion
stress to shear stress and results in a torsional reinforcement volumetric ratio of approximately 0.5 percent (Hsu
1968). Tests of prestressed concrete beams have shown that
a similar amount of longitudinal reinforcement is required.
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R9.7—Reinforcement detailing

9.7.1.1 Concrete cover for reinforcement shall be in accordance with 20.5.1.
9.7.1.2 Development lengths of deformed and prestressed
reinforcement shall be in accordance with 25.4.
9.7.1.3 Splices of deformed reinforcement shall be in
accordance with 25.5.
9.7.1.4 Along development and lap splice lengths of longitudinal bars with fySVL, transverse reinforcement
shall be provided such that Ktr shall not be smaller than 0.5db.

9.7.2 5HLQIRUFHPHQWVSDFLQJ

R
R9.7.2 5HLQIRUFHPHQWVSDFLQJ

9.7.2.1 Minimum spacing s shall be in accordan
accordance with 25.2.

d Class C prestressed bbeams
ams
9.7.2.3 For nonprestressed and
tud
skin reinforce
nt
with h exceeding 36 in., longitudinal
reinforcement
t side faces of the beam
shall be uniformly distributed on both
for a distance h/2 from the tension face. Spacing of skin reinforcement shall not exceed s given in 24.3.2, where cc is the
clear cover from the skin reinforcement to the side face. It
shall be permitted to include skin reinforcement in strength
calculations if a strain compatibility analysis is made.

9

Clas C prestressed beams,
9.7.2.2 For nonprestressed and Class
ment closest tto the
he
spacing of bonded longitudinal rei
reinforcement
tension face shall not exceed s giv
given in 24.3.

Beams

9.7.1.5 Bundled bars shall be in accordance with 25.6.

R9.
2.3 For relatively
atively de
R9.7.2.3
deep beams, some reinforcement
shou be pplaced near the vvertical faces of the tension zone
should
cking in the web (Frantz and Breen 1980;
to control cracking
Frosch 2002),
2), as show
shown in Fig. R9.7.2.3. Without such auxiliary reinforceme
reinforcement, the width of the cracks in the web may
H[FHHG
H[FHHGWKHFUDFNZLGWKVDWWKHOHYHORIWKHÀH[XUDOWHQVLRQ
reinforcement.
7KH VL]H RI WKH VNLQ UHLQIRUFHPHQW LV QRW VSHFL¿HG
research has indicated that the spacing rather than bar size is
of primary importance (Frosch 2002). Bar sizes No. 3 to No.
5, or welded wire reinforcement with a minimum area of 0.1
in.2 per foot of depth, are typically provided.
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Reinforcement in tension, negative bending
Skin reinforcement

h/2

s
s
s
s
h

h
s
s
h/2
s
s

Skin reinforcement
Reinforcement in tension, positive bending
Fig. R9
R9.7.2.3²6NLQUHLQIRUFHPHQWIRUEHDPVDQGMRLVWVZLWK
h > 36 in.
9.7.3 )OH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGEHDPV
RQSUH

)OH[XUDO UHLQIRUFH
FH
R9.7.33 )OH[XUDOUHLQIRUFHPHQWLQQRQSUHVWUHVVHGEHDPV

sive force in rein-9.7.3.1 Calculated tensile or co
compressive
hall be develope
forcement at each section of thee bbeam shall
developed on
each side of that section.
pment of reinf
e9.7.3.2 Critical locations for de
development
reinforcel
ment are points of maximum stress and points along
the span
where bent or terminated tension reinforcement is no longer
UHTXLUHGWRUHVLVWÀH[XUH

R9 3.2 In Codes
des before 2014, one of the critical sections
R9.7.3.2
ZDV GH¿QHG DV WKH ORF
ORFDWLRQ ZKHUH DGMDFHQW UHLQIRUFHPHQW
terminates or is bent. IIn the 2014 Code, this critical section is
¿QHGDVWKH
UHGH¿QHGDVWKHORFDWLRQ³ZKHUHEHQWRUWHUPLQDWHGWHQVLRQ
UHLQIRUF
UHLQIRUFHPHQWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUH´
Critical sections for a typical continuous beam are indicated with a “c” for points of maximum stress or an “x”
for points where bent or terminated tension reinforcement
LV QR ORQJHU UHTXLUHG WR UHVLVW ÀH[XUH )LJ 5  )RU
uniform loading, the positive reinforcement extending into
the support is more likely governed by the requirements of
9.7.3.8.1 or 9.7.3.8.3 than by development length measured
IURPDSRLQWRIPD[LPXPPRPHQWRUWKHEDUFXWR൵SRLQW.
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COMMENTARY
c

x
Face of support
Moment
strength
of bars a

Points of
inflection (P.I.)
Moment
strength
of bars b

x
Mid-span of
member

Moment
Curve

Beams

≥ (d, 12db or n /16)

c
≥ d

x

Embedment
of bars a ≥ d

Bars b

≥ d

x
Bars a
Section 25.4.2.1, or 9.7.3.8,
or dc for compression when
bottom bars used as
compression reinforcement

9

≥ (d or 12db)

c

c

P.I.
≥ (d or 12db)
≥ d
Diameter of bars a
limited by Section 9.7.3.8.3
at point of inflection

Fig. R9.7.3.2²'HYHORSPHQWRIÀH[XUDOUHLQIRUFHPHQWLQDW\SLFDOFRQWLQXRXVEHDP
9.7.3.3 Reinforcement shall extend beyond the point at
ZKLFKLWLVQRORQJHUUHTXLUHGWRUHVLVWÀH[XUHIRUDGLVWDQFH
equal to the greater of d and 12db, except at supports of
simply-supported spans and at free ends of cantilevers.

R9.7.3.3 The moment diagrams customarily used in design
are approximate; some shifting of the location of maximum
moments may occur due to changes in loading, settlement of
supports, lateral loads, or other causes. A diagonal tension
FUDFN LQ D ÀH[XUDO PHPEHU ZLWKRXW VWLUUXSV PD\ VKLIW WKH
location of the calculated tensile stress approximately a
distance d toward a point of zero moment. If stirrups are
SURYLGHGWKLVH൵HFWLVOHVVVHYHUHDOWKRXJKVWLOOSUHVHQWWR
some extent.
To provide for shifts in the location of maximum moments,
the Code requires the extension of reinforcement a distance
d or 12db beyond the point at which it is calculated to be
QRORQJHUUHTXLUHGWRUHVLVWÀH[XUHH[FHSWDVQRWHG&XWR൵
points of bars to meet this requirement are illustrated in
)LJ5,IGL൵HUHQWEDUVL]HVDUHXVHGWKHH[WHQVLRQ
should be in accordance with the diameter of the bar being
terminated.
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9.7.3.4 &RQWLQXLQJ ÀH[XUDO WHQVLRQ UHLQIRUFHPHQW VKDOO
have an embedment length at least Ɛd beyond the point
where bent or terminated tension reinforcement is no longer
UHTXLUHGWRUHVLVWÀH[XUH

R9.7.3.4 Local peak stresses exist in the remaining bars
ZKHUHYHUDGMDFHQWEDUVDUHFXWR൵LQWHQVLRQUHJLRQV,Q)LJ
R9.7.3.2, an “x” is used to indicate the point where terminated tension reinforcement is no longer required to resist
ÀH[XUH ,I EDUV ZHUH FXW R൵ DW WKLV ORFDWLRQ WKH UHTXLUHG
FXWR൵ SRLQW LV EH\RQG ORFDWLRQ ³[´ LQ DFFRUGDQFH ZLWK
9.7.3.3), peak stresses in the continuing bars would reach fy
at “x”. Therefore, the continuing reinforcement is required
to have a full Ɛd extension as indicated.

9.7.3.5 Flexural tension reinforcement shall not be termiQDWHGLQDWHQVLRQ]RQHXQOHVV D  E RU F LVVDWLV¿HG

R9.7.3.5 Reduced shear strength and loss of ductility when
EDUVDUHFXWR൵LQDWHQVLRQ]RQHDVLQ)LJ5KDYH
EHHQUHSRUWHG7KH&RGHGRHVQRWSHUPLWÀH[XUDOUHLQIRUFHment to be terminated in a tension zone unless additional
FRQGLWLRQVDUHVDWLV¿HG)OH[XUDOFUDFNVWHQGWRRSHQDWORZ
load levels wherever any reinforcement is terminated in a
tension zone. If the stress in the continuing reinforcement
and the shear strength are each near their limiting values,
diagonal
diagon tension cracking tends to develop prematurely
ÀH[X FUDFNV 'LDJRQDO FUDFNV DUH OHVV OLNHO\
IURP WKHVH ÀH[XUDO
ZKHUH VKHDU
VKHD VWUHVV LV ORZ  D  RU ÀH[XUDO
WR IRUP ZKHUH
ement stress is lo
w ((9.7.3.5(b)). Diagonal cracks can
reinforcement
low
aine by
y closely sp
be restrained
spaced stirrups (9.7.3.5(c)). These
requ ment are not
ot intende
requirements
intended to apply to tension splices that
co ered by 25.5.
are covered

(a) Vu  ࢥVnDWWKHFXWR൵SRLQW
(b) For No. 11 bars and smaller, continuing reinforcement
SURYLGHVGRXEOHWKHDUHDUHTXLUHGIRUÀH[XUHDWWKHFXWR൵
point and Vu  ࢥVn
(c) Stirrup or hoop area in excess of that required for shear
and torsion is provided along each terminated bar or wire
W([FHVVVWLUUXS
over a distance 3/4dIURPWKHFXWR൵SRLQW([FHVVVWLUUXS
Spacin s shall not
or hoop area shall be at least 60bws/ffyt. Spacing
exceed d ȕb)

ha be provided for ten
ion
9.7.3.6 Adequate anchorage shall
tension
men stress
ress is not dir
ly
reinforcement where reinforcement
directly
d stepped, or
proportional to moment, such as in sloped,
tapered beams, or where tension reinforcement is not parallel
to the compression face.
9.7.3.7 Development of tension reinforcement by bending
across the web to be anchored or made continuous with reinforcement on the opposite face of beam shall be permitted.
9.7.3.8 7HUPLQDWLRQRIUHLQIRUFHPHQW

R9.7.3.7 A bar bent to the far face of a beam and continued
WKHUHPD\EHFRQVLGHUHGH൵HFWLYHLQVDWLVI\LQJWRWKH
point where the bar crosses the mid-depth of the member.
R9.7.3.8 7HUPLQDWLRQRIUHLQIRUFHPHQW

9.7.3.8.1 At simple supports, at least one-third of the
maximum positive moment reinforcement shall extend
along the beam bottom into the support at least 6 in., except
for precast beams where such reinforcement shall extend at
least to the center of the bearing length.

R9.7.3.8.1 Positive moment reinforcement is extended
into the support to provide for some shifting of the moments
due to changes in loading, settlement of supports, and lateral
loads. It also enhances structural integrity.
For precast beams, tolerances and reinforcement cover
should be considered to avoid bearing on plain concrete
where reinforcement has been discontinued.

9.7.3.8.2 At other supports, at least one-fourth of the
maximum positive moment reinforcement shall extend
along the beam bottom into the support at least 6 in. and, if
the beam is part of the primary lateral-load-resisting system,
shall be anchored to develop fy at the face of the support.

R9.7.3.8.2 Development of the positive moment reinforcement at the support is required for beams that are part of the
primary lateral-load-resisting system to provide ductility in
the event of moment reversal.

9.7.3.8.3$W VLPSOH VXSSRUWV DQG SRLQWV RI LQÀHFWLRQ db
for positive moment tension reinforcement shall be limited
such that ƐdIRUWKDWUHLQIRUFHPHQWVDWLV¿HV D RU E ,IUHLQ-

R9.7.3.8.3 The diameter of the positive moment tension
reinforcement is limited to ensure that the bars are developed in a length short enough such that the moment capacity
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COMMENTARY

forcement terminates beyond the centerline of supports by a
standard hook or a mechanical anchorage at least equivalent
WRDVWDQGDUGKRRN D RU E QHHGQRWEHVDWLV¿HG

is greater than the applied moment over the entire length
of the beam. As illustrated in the moment diagram of Fig.
R9.7.3.8.3(a), the slope of the moment diagram is Vu, while
the slope of moment development is Mn/Ɛd, where Mn is
WKHQRPLQDOÀH[XUDOVWUHQJWKRIWKHFURVVVHFWLRQ%\VL]LQJ
the reinforcement such that the capacity slope Mn/Ɛd equals
or exceeds the demand slope Vu, proper development is
provided. Therefore, Mn/Vu represents the available development length. Under favorable support conditions, a 30
percent increase for Mn/Vu is permitted when the ends of the
UHLQIRUFHPHQWDUHFRQ¿QHGE\DFRPSUHVVLYHUHDFWLRQ
The application of this provision is illustrated in Fig.
R9.7.3.8.3(b) for simple supports and in Fig. R9.7.3.8.3(c)
IRUSRLQWVRILQÀHFWLRQ)RUH[DPSOHWKHEDUVL]HSURYLGHG
at a simple support is satisfactory only if the corresponding
bar, Ɛd, calculated in accordance with 25.4.2, does not exceed
1.3Mn/Vu + Ɛa.
The ƐaWREHXVHGDWSRLQWVRILQÀHFWLRQLVOLPLWHGWRWKH
H൵HFWLY
H൵HFWLYHGHSWKRIWKHPHPEHUd or 12 bar diameters (12db),
whichever is gre
greater. The Ɛa limitation is provided because
ata are not avail
test data
available to show that a long end anchorage
FWLY
WL LQ GHYHORSLQJ D EDU WKDW KDV
OHQJWK ZLOO EH
EH IXOO\
IXOO\ H൵H
H൵HFWLYH
KRUW JWKEHWZHHQ
RQO\DVKRUWOHQJWKEHWZHHQDSRLQWRILQÀHFWLRQDQGDSRLQW
mum stress.
s.
of m
maximum

(a) Ɛd Mn/Vu + Ɛa)LIHQGRIUHLQIRUFHPHQWLVFRQ¿QHG
by a compressive reaction
(b) Ɛd Mn/Vu + Ɛa)LIHQGRIUHLQIRUFHPHQWLVQRWFRQ¿QHG
by a compressive reaction
Mn is calculated assuming all reinforcement at the section is
stressed to fy, and Vu is calculated at the section. At a support,
Ɛa is the embedment length beyond the center of the support.
$WDSRLQWRILQÀHFWLRQƐa is the embedment length beyond the
SRLQWRILQÀHFWLRQOLPLWHGWRWKHJUHDWHURId and 12db.
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Vu

1

Mn for reinforcement
continuing into support

Vu

d
Capacity slope

( M )
n

d

≥ Demand slope (Vu )

d ≤

Mn
Vu

(a) Positive Mu Diagram
End anchorage a

1.3Mn /Vu
Max. d

Note: The 1.3 factor is applicable only if the reaction
confines the ends of the reinforcement

(b) Maximum d at simple support
Maximum effective embedment
length limited to d or 12db for a

Mn /Vu
Bars a
P.I.

Embedment
length

Max. d

(c) Maximum d for bars “a” at point of inflection
Fig. R9.7.3.8.3²'HWHUPLQDWLRQ RI PD[LPXP EDU VL]H
DFFRUGLQJWR
9.7.3.8.4 At least one-third of the negative moment reinforcement at a support shall have an embedment length
EH\RQGWKHSRLQWRILQÀHFWLRQDWOHDVWWKHJUHDWHVWRId, 12db,
and Ɛn/16.
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CODE
9.7.4 )OH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGEHDPV

145

COMMENTARY
R9.7.4 )OH[XUDOUHLQIRUFHPHQWLQSUHVWUHVVHGEHDPV

9.7.4.1 External tendons shall be attached to the member
LQDPDQQHUWKDWPDLQWDLQVWKHVSHFL¿HGHFFHQWULFLW\EHWZHHQ
the tendons and the concrete centroid through the full range
RIDQWLFLSDWHGPHPEHUGHÀHFWLRQV

R9.7.4.1 External tendons are often attached to the
concrete beam at various locations between anchorages,
such as midspan, quarter points, or third points, for desired
ORDGEDODQFLQJH൵HFWVIRUWHQGRQDOLJQPHQWRUWRDGGUHVV
tendon vibration concerns. Consideration should be given to
WKHH൵HFWVFDXVHGE\WKHWHQGRQSUR¿OHVKLIWLQJLQUHODWLRQship to the concrete centroid as the member deforms under
H൵HFWVRISRVWWHQVLRQLQJDQGDSSOLHGORDG

9.7.4.2 If nonprestressed reinforcement is required to
VDWLVI\ÀH[XUDOVWUHQJWKWKHGHWDLOLQJUHTXLUHPHQWVRI
VKDOOEHVDWLV¿HG

R9.7.4.2 Nonprestressed reinforcement should be developed to achieve factored load forces. The requirements of
 SURYLGH WKDW ERQGHG UHLQIRUFHPHQW UHTXLUHG IRU ÀH[ural strength under factored loads is developed to achieve
tensile or compressive forces.

Beams

9.7.4.3 7HUPLQDWLRQRISUHVWUHVVHGUHLQIRUFHPHQW
ones shall be
9.7.4.3.1 Post-tensioned anchorage zones
ith 25.9
25.9.
designed and detailed in accordance with

9

orage and couplers shall be
9.7.4.3.2 Post-tensioning anchorages
anc with 25.8.
designed and detailed in accordance
P
QIRUFHPHQWLQE DPV
9.7.4.4 7HUPLQDWLRQRIGHIRUPHGUHLQIRUFHPHQWLQEHDPV
with unbonded tendons

4.4 7HUPLQDWLRQRIGHIRUPHGUHLQIRUFHPHQWLQEHDPV
WLRQRIGH
R9.7.4.4
with unbonded
u bond tendons
dons

i
9.7.4.4.1 Length of deformed reinforcement
required by
9.6.2.3 shall be in accordance with (a) and (b):

he minim
R9.7.4.4.1 The
minimum lengths apply for bonded reinforcement required by 9.6.2.3. Research (Odello and Mehta
7) on continuous
contin
1967)
spans shows that these minimum
lengths provide satisfactory behavior under service load and
factored load conditions.

ed
(a) At least Ɛn/3 in positive moment areas and be centered
in those areas
(b) At least Ɛn/6 on each side of the face of support in
negative moment areas
9.7.5 /RQJLWXGLQDOWRUVLRQDOUHLQIRUFHPHQW
9.7.5.1 If torsional reinforcement is required, longitudinal torsional reinforcement shall be distributed around the
perimeter of closed stirrups that satisfy 25.7.1.6 or hoops
with a spacing not greater than 12 in. The longitudinal reinforcement shall be inside the stirrup or hoop, and at least one
longitudinal bar or tendon shall be placed in each corner.

R9.7.5 /RQJLWXGLQDOWRUVLRQDOUHLQIRUFHPHQW
R9.7.5.1 Longitudinal reinforcement is needed to resist the
sum of the longitudinal tensile forces due to torsion. Because
the force acts along the centroidal axis of the section, the
centroid of the additional longitudinal reinforcement for
torsion should approximately coincide with the centroid of
the section. The Code accomplishes this by requiring the
longitudinal torsional reinforcement be distributed around
the perimeter of the closed stirrups. Longitudinal bars or
tendons are required in each corner of the stirrups to provide
anchorage for the stirrup legs. Corner bars have also been
IRXQG WR EH H൵HFWLYH LQ GHYHORSLQJ WRUVLRQDO VWUHQJWK DQG
controlling cracks.

9.7.5.2 Longitudinal torsional reinforcement shall have a
diameter at least 0.042 times the transverse reinforcement
VSDFLQJEXWQRWOHVVWKDQLQ
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9.7.5.3 Longitudinal torsional reinforcement shall extend
for a distance of at least (bt + d) beyond the point required
by analysis.

R9.7.5.3 The distance (bt + d) beyond the point at which
longitudinal torsional reinforcement is calculated to be no
ORQJHUUHTXLUHGLVJUHDWHUWKDQWKDWXVHGIRUVKHDUDQGÀH[ural reinforcement because torsional diagonal tension cracks
develop in a helical form. The same distance is required by
9.7.6.3.2 for transverse torsional reinforcement.

9.7.5.4 Longitudinal torsional reinforcement shall be
developed at the face of the support at both ends of the beam.

R9.7.5.4 Longitudinal torsional reinforcement required at
a support should be adequately anchored into the support.
6X൶FLHQW HPEHGPHQW OHQJWK VKRXOG EH SURYLGHG RXWVLGH
the inner face of the support to develop the needed tensile
force in the bars or tendons. For bars, this may require hooks
or horizontal U-shaped bars lapped with the longitudinal
torsional reinforcement.

9.7.6 7UDQVYHUVHUHLQIRUFHPHQW

R9.7.6 7UDQVYHUVHUHLQIRUFHPHQW

9.7.6.1 General
9.7.6.1.1 Transverse reinforcement shall bee in accordance
ve require
with this section. The most restrictive
requirements shall
apply.
cement shall be in
n
9.7.6.1.2 Details of transversee rreinforcement
accordance with 25.7.
R9. 6.2 Shear
R9.7.6.2

9.7.6.2 Shear
h ll be provided
9.7.6.2.1 If required, shear reinforcement shall
using stirrups, hoops, or longitudinal bent bars.

R9.7.6.2.1 If a reinfo
reinforced concrete beam is cast monolithically with a supp
supporting beam and intersects one or both
IDFHVRIDVX
VLGHIDFHVRIDVXSSRUWLQJEHDPWKHVR൶WRIWKHVXSSRUWLQJ
m be subject to premature failure unless additional
beam may
transverse reinforcement, commonly referred to as hanger
reinforcement, is provided (Mattock and Shen 1992). The
hanger reinforcement (Fig. R9.7.6.2.1), placed in addition to
other transverse reinforcement, is provided to transfer shear
from the end of the supported beam. Research indicates that
if the bottom of the supported beam is at or above middepth
of the supporting beam or if the factored shear transferred
from the supported beam is less than 3 f c′bw d , hanger reinforcement is not required.
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COMMENTARY
bw

d

Supported
beam
Supporting
beam

g of leg
Table 9.7.6.2.2—Maximum spacing
legs of shear
reinforcement
Maximum
mum s, in.
ed beam
Nonprestressed
Required
Vs

Prestressed be
beam

Along
length

A
Across
w
width

A
Along
le
length

Acr
ss
Across
wid
h
width

d

3h

3h
3h

3h

3h

≤ 4 f c′bw d

Lesser
of:

d

> 4 f c′bw d

Lesser
of:

d

R9.7.6.2.2 Reduced stirrup spacing across the beam width
provides a more uniform transfer of diagonal compression
across the beam web, enhancing shear capacity. Laboratory
tests (Leonhard
(Leonhardt and Walther 1964; Anderson and Ramirez
2009) of wide members with large spacing
1989; Lubell et al. 20
ear reinforce
me across the member width indimen
of legs of sh
shear
reinforcement
minal shear capacity is not always achieved.
cate thatt the nominal
The intent
ent oof this provision
rovision iis to provide multiple stirrup legs
across wide beams and one-w
one-way slabs that require stirrups.

24 in.
d
12 in.

9.7.6.2.3 Inclined stirrups and longitudinal bars bent to
act as shear reinforcement shall be spaced so that every
45-degree line, extending d/2 toward the reaction from middepth of member to longitudinal tension reinforcement, shall
be crossed by at least one line of shear reinforcement.
9.7.6.2.4 Longitudinal bars bent to act as shear reinforcement, if extended into a region of tension, shall be continuous with longitudinal reinforcement and, if extended into
a region of compression, shall be anchored d/2 beyond middepth of member.
9.7.6.3 Torsion

R9.7.6.3 Torsion

9.7.6.3.1 If required, transverse torsional reinforcement
shall be closed stirrups satisfying 25.7.1.6 or hoops.

R9.7.6.3.1 The stirrups are required to be closed because
inclined cracking due to torsion may occur on all faces of a
member.
In the case of sections subjected primarily to torsion,
WKH FRQFUHWH VLGH FRYHU RYHU WKH VWLUUXSV VSDOOV R൵ DW KLJK
torsional moments (Mitchell and Collins 1976). This renders
ODSVSOLFHG VWLUUXSV LQH൵HFWLYH OHDGLQJ WR D SUHPDWXUH
torsional failure (Behera and Rajagopalan 1969). Therefore,
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9.7.6.2.2 Maximum spacing of legs of shear reinforcement along the length of the member and across the width
.2.
of the member shall be in accordance with Table 9.7.6.2.2.

Beams

Hanger reinforcement
Other transverse
reinforcement not shown
Fig. R9.7.6.2.1²+DQJHUUHLQIRUFHPHQWIRUVKHDUWUDQVIHU
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closed stirrups should not be made up of pairs of U-stirrups
lapping one another.

9.7.6.3.2 Transverse torsional reinforcement shall extend
a distance of at least (bt + d) beyond the point required by
analysis.

R9.7.6.3.2 The distance (bt + d) beyond the point at which
transverse torsional reinforcement is calculated to be no
ORQJHUUHTXLUHGLVJUHDWHUWKDQWKDWXVHGIRUVKHDUDQGÀH[ural reinforcement because torsional diagonal tension cracks
develop in a helical form. The same distance is required by
9.7.5.3 for longitudinal torsional reinforcement.

9.7.6.3.3 Spacing of transverse torsional reinforcement
shall not exceed the lesser of ph/8 and 12 in.

R9.7.6.3.3 Spacing of the transverse torsional reinforcement is limited to ensure development of the torsional
strength of the beam, prevent excessive loss of torsional
VWL൵QHVV DIWHU FUDFNLQJ DQG FRQWURO FUDFN ZLGWKV )RU D
square cross section, the ph/8 limitation requires stirrups at
approximately d/2, which corresponds to 9.7.6.2.

9.7.6.3.4 For hollow sections, the distance from the
centerline of the transverse torsional reinforcement to the
inside face of the wall of the hollow section shall be at least
0.5Aoh/ph.

R9.7.6.3.4 The transverse torsional reinforcement in a
holl section should be located in the outer half of the wall
hollow
WKLFNQHVVH൵HFW
WKLFNQHVVH൵HFWLYHIRUWRUVLRQZKHUHWKHZDOOWKLFNQHVVFDQ
en as Aoh/p
/ h.
be taken

SUHVV
9.7.6.4 /DWHUDOVXSSRUWRIFRPSUHVVLRQUHLQIRUFHPHQW
rce
shall be prov
ded
9.7.6.4.1 Transverse reinforcement
provided
tudinal compre
ion
throughout the distance wheree longitudinal
compression
era support
pport of longitu
inal
reinforcement is required. Lateral
longitudinal
vided by closed stirircompression reinforcement shall be provided
7
rups or hoops in accordance with 9.7.6.4.2
through 9.7.6.4.4.

6.4 /
UDOVXSSRUW
R9.7.6.4
/DWHUDOVXSSRUWRIFRPSUHVVLRQUHLQIRUFHPHQW
R9. 6.4. Compression
ression rreinforcement in beams should
R9.7.6.4.1
osed by transverse
verse rein
be enclosed
reinforcement to prevent buckling.

9.7.6.4.2 Size of transverse reinforcement shall be at least
(a) or (b). Deformed wire or welded wire reinforcement of
equivalent area shall be permitted.
(a) No. 3 for longitudinal bars No. 10 and smaller
(b) No. 4 for longitudinal bars No. 11 and larger and for
longitudinal bundled bars
9.7.6.4.3 Spacing of transverse reinforcement shall not
exceed the least of (a) through (c):
(a) 16db of longitudinal reinforcement
(b) 48db of transverse reinforcement
(c) Least dimension of beam
9.7.6.4.4 Longitudinal compression reinforcement shall
be arranged such that every corner and alternate compression bar shall be enclosed by the corner of the transverse
reinforcement with an included angle of not more than
135 degrees, and no bar shall be farther than 6 in. clear on
each side along the transverse reinforcement from such an
enclosed bar.
9.7.7 6WUXFWXUDOLQWHJULW\UHLQIRUFHPHQWLQFDVWLQSODFH
EHDPV

R9.7.7 6WUXFWXUDOLQWHJULW\UHLQIRUFHPHQWLQFDVWLQSODFH
EHDPV
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Experience has shown that the overall integrity of a structure can be substantially enhanced by minor changes in
detailing of reinforcement and connections. It is the intent
of this section of the Code to improve the redundancy and
ductility in structures so that in the event of damage to a
major supporting element or an abnormal loading event, the
resulting damage may be localized and the structure will
have a higher probability of maintaining overall stability.
With damage to a support, top reinforcement that is
FRQWLQXRXV RYHU WKH VXSSRUW EXW QRW FRQ¿QHG E\ VWLUUXSV
will tend to tear out of the concrete and will not provide the
catenary action required to bridge the damaged support. By
making a portion of the bottom reinforcement continuous,
catenary action can be provided.
If the depth of a continuous beam changes at a support,
the bottom reinforcement in the deeper member should be
terminated into the support with a standard hook or headed
bar and the bottom reinforcement in the shallower member
should be extended into and fully developed in the deeper
member.
rimete of the structure,
9.7.7.1 For beams along the perimeter
nt sh
structural integrity reinforcement
shall be in accordance
with (a) through (c):
mum positive mo
ment
(a) At least one-quarter of thee m
maximum
moment
an two bars or strands, shall
hall
reinforcement, but not less than
be continuous
(b) At least one-sixth of the negative moment reinforcement at the support, but not less than two bars or strands,
shall be continuous
(c) Longitudinal structural integrity reinforcement shall be
enclosed by closed stirrups in accordance with 25.7.1.6 or
hoops along the clear span of the beam

7.1 Requiring continuous
contin
nti
R9.7.7.1
top and bottom reinforceer or spand
ment in peri
perimeter
spandrel beams provides a continuous
a nd th
cture. It is nnot the intent to require a tension
tie around
the structure.
ontin
inforcem
tie of continuous
reinforcement
of constant size around the
erim
entire perimeter
of a structur
structure, but rather to require that oneKDOIR KHW
XUDOUHLQIR
KDOIRIWKHWRSÀH[XUDOUHLQIRUFHPHQWUHTXLUHGWRH[WHQGSDVW
WKHS QWRI
FWLRQE\
WKHSRLQWRILQÀHFWLRQE\EHIXUWKHUH[WHQGHGDQG
ear midsp
spliced at or near
midspan as required by 9.7.7.5. Similarly,
the bottom reinforcem
reinforcement required to extend into the support
sho
in 9.7.3.8.2 should
be made continuous or spliced with
bottom reinforcement from the adjacent span. At noncontinuous supports, the longitudinal reinforcement is anchored
as required by 9.7.7.4.
Figure R9.7.7.1 shows an example of a two-piece stirrup
WKDW VDWLV¿HV WKH UHTXLUHPHQW RI 6HFWLRQV  F  DQG
9.7.7.2(b). The 90-degree hook of the cap tie is located on
WKHVODEVLGHVRWKDWLWLVEHWWHUFRQ¿QHG3DLUVRI8VWLUUXSV
ODSSLQJRQHDQRWKHUDVGH¿QHGLQ25.7.1.7 are not permitted
in perimeter or spandrel beams. In the event of damage to the
side concrete cover, the top longitudinal reinforcement may
tend to tear out of the concrete and will not be adequately
restrained by the exposed lap splice of the stirrup. Thus, the
top longitudinal reinforcement will not provide the catenary
action needed to bridge over a damaged region. Further,
ODSSHG 8VWLUUXSV ZLOO QRW EH H൵HFWLYH DW KLJK WRUVLRQDO
moments as discussed in R9.7.6.3.1.
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Cap tie

U stirrup with 135degree hooks
Fig. R9.7.7.1²(
R9.7.7.1²([DPSOHRIDWZRSLHFHVWLUUXSWKDWFRPSOLHV
KHUHTXLUHPHQWV
ZLWKWKHUHTXLUHPHQWVRI
F DQG E 

9.7.7.2 For other than perimeter
er bbeams, structural integcor
with (a) or (b
rity reinforcement shall be in accordance
(b):
mum positive mo
ment
(a) At least one-quarter of thee m
maximum
moment
an two bars or strands, shall
hall
reinforcement, but not less than
be continuous.
(b) Longitudinal reinforcement shall be enclosed by
closed stirrups in accordance with 25.7.1.6 or hoops along
the clear span of the beam.
9.7.7.3 Longitudinal structural integrity reinforcement
shall pass through the region bounded by the longitudinal
reinforcement of the column.

7.2 A
oncontinuo supports, the longitudinal reinR9.7.7.2
At noncontinuous
forc ent iis anchored
ored as req
forcement
required by 9.7.7.4.
R9.
7.1 providess an exam
R9.7.7.1
example of a two-piece stirrup that

VDWLV¿HV
E

R9.7.7.3 In the case of walls providing vertical support,
the longitudinal reinforcement should pass through or be
anchored in the wall.

9.7.7.4 Longitudinal structural integrity reinforcement at
noncontinuous supports shall be anchored to develop fy at
the face of the support.
9.7.7.5 If splices are necessary in continuous structural
integrity reinforcement, the reinforcement shall be spliced
in accordance with (a) and (b):
(a) Positive moment reinforcement shall be spliced at or
near the support
(b) Negative moment reinforcement shall be spliced at or
near midspan
9.7.7.6 Splices shall be mechanical or welded in accordance with 25.5.7 or Class B tension lap splices in accordance with 25.5.2.
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9.8—Nonprestressed one-way joist systems
9.8.1 General

R9.8—Nonprestressed one-way joist systems
R9.8.1 General

9.8.1.1 Nonprestressed one-way joist construction consists
of a monolithic combination of regularly spaced ribs and a
top slab designed to span in one direction.

The empirical limits established for nonprestressed reinIRUFHG FRQFUHWH MRLVW ÀRRUV DUH EDVHG RQ VXFFHVVIXO SDVW
performance of joist construction using standard joist
forming systems. For prestressed joist construction, this
section may be used as guide.

9.8.1.2 Width of ribs shall be at least 4 in. at any location
along the depth.

R9.8.1.4 A limit on the maximum spacing of ribs is
required because of the provisions permitting higher shear
strengths and less concrete cover for the reinforcement for
these relatively small, repetitive members.

mes the
9.8.1.5 Vc shall be permitted to be taken as 1.1 times
value calculated in 22.5.

R
R9.8.1.57KLVLQFUHDVHLQVKHDUVWUHQJWKLVMXVWL¿HGRQWKH
basis of: 1) sati
satisfactory performance of joist construction
QHGZLWKKLJKHU
GHVLJQHGZLWKKLJKHUFDOFXODWHGVKHDUVWUHQJWKVVSHFL¿HGLQ
des which allowed
llow
lo
previouss Co
Codes
comparable shear stresses;
and 2) poten
potential for redistri
redistribution of local overloads to adjacent joists.
sts.

ity at least
east one bottom bar
9.8.1.6 For structural integrity,
us and shall be anchor
d to
in each joist shall be continuous
anchored
develop fy at the face of supports.
9.8.1.7 Reinforcement perpendicular to the ribs shall be
SURYLGHG LQ WKH VODE DV UHTXLUHG IRU ÀH[XUH FRQVLGHULQJ
or
load concentrations, and shall be at least that required for
shrinkage and temperature in accordance with 24.4.
9.8.1.8 One-way joist construction not satisfying the limitations of 9.8.1.1 through 9.8.1.4 shall be designed as slabs
and beams.
9.8.2 -RLVWV\VWHPVZLWKVWUXFWXUDO¿OOHUV
9.8.2.1,ISHUPDQHQWEXUQHGFOD\RUFRQFUHWHWLOH¿OOHUVRI
material having a unit compressive strength at least equal to
fcƍ in the joists are used, 9.8.2.1.1 and 9.8.2.1.2 shall apply.
9.8.2.1.16ODEWKLFNQHVVRYHU¿OOHUVVKDOOEHDWOHDVWWKHJUHDWHU
of one-twelfth the clear distance between ribs and 1.5 in.
9.8.2.1.2 For calculation of shear and negative moment
strength, it shall be permitted to include the vertical shells of
¿OOHUVLQFRQWDFWZLWKWKHULEV2WKHUSRUWLRQVRI¿OOHUVVKDOO
not be included in strength calculations.
9.8.3 -RLVWV\VWHPVZLWKRWKHU¿OOHUV
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9.8.1.3 Overall depth of ribs shall not exceed 3.5 times the
minimum width.
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9.8.3.1,I¿OOHUVQRWFRPSO\LQJZLWKRUUHPRYDEOH
forms are used, slab thickness shall be at least the greater of
one-twelfth the clear distance between ribs and 2 in.
9.9—Deep beams
9.9.1 General

R9.9—Deep beams
R9.9.1 General

9.9.1.1 Deep beams are members that are loaded on one
face and supported on the opposite face such that strut-like
compression elements can develop between the loads and
supports and that satisfy (a) or (b):

R9.9.1.1 The behavior of deep beams is discussed in
Schlaich et al. (1987), Rogowsky and MacGregor (1986),
Marti (1985), and Crist (1966). For a deep beam supporting
gravity loads, this provision applies if the loads are applied
on the top of the beam and the beam is supported on its
bottom face. If the loads are applied through the sides or
bottom of such a member, the strut-and-tie method, as
GH¿QHG LQ Chapter 23 should be used to design reinforcement to internally transfer the loads to the top of the beam
and distribute them to adjacent supports.

(a) Clear span does not exceed four times the overall
member depth h
(b) Concentrated loads exist within a distance 2h from the
face of the support
ccount
9.9.1.2 Deep beams shall be designed taking into account
n over the depth
nonlinear distribution of longitudinal strain
of the beam.

R
R9.9.1.2 The Code does not contain detailed requirements
dee beams for moment, except that a nonlinear
for designing deep
shou be considered. Guidance for the design
strain distribution should
EHDP
PV IRU ÀH[XUH LVV J
et al. (1953), PortRIGHHSEHDPVIRUÀH[XUHLVJLYHQLQChow
ment Association
ociation (1946),
(19
and Park and Paulay (1975).
land Cement

9.9.1.3 The strut-and-tie met
method in accordance with
Chapter 23 is deemed to satisfy 99.9.1.2..
R9 2 'LPHQVLRQDOOLPLWV
'
RQDOOLPL
R9.9.2

9.9.2 'LPHQVLRQDOOLPLWV
9.9.2.1 Except as permitted by 23.4.4, deep beam dimensions shall be selected such that:
Vu ≤ φ10 f c′bw d

R9.9.2.1 This limit imposes a dimensional restriction to
trol cracking under service loads and to guard against
control
diagona compression failures in deep beams.
diagonal

(9.9.2.1)

9.9.3 5HLQIRUFHPHQWOLPLWV

R9.9.3 5HLQIRUFHPHQWOLPLWV

9.9.3.1 Distributed reinforcement along the side faces of
deep beams shall be at least that required in (a) and (b):
(a) The area of distributed reinforcement perpendicular
to the longitudinal axis of the beam, Av, shall be at least
0.0025bws, where s is the spacing of the distributed transverse reinforcement.
(b) The area of distributed reinforcement parallel to
the longitudinal axis of the beam, Avh, shall be at least
0.0025bws2, where s2 is the spacing of the distributed
longitudinal reinforcement.

R9.9.3.1 The minimum reinforcement requirements of
this section are to be used irrespective of the method used
for design and are intended to control the width and propagation of inclined cracks. Tests (Rogowsky and MacGregor
1986; Marti 1985; Crist 1966) have shown that vertical shear
reinforcement, perpendicular to the longitudinal axis of the
PHPEHU LV PRUH H൵HFWLYH IRU PHPEHU VKHDU VWUHQJWK WKDQ
horizontal shear reinforcement, parallel to the longitudinal
D[LVRIWKHPHPEHULQDGHHSEHDPKRZHYHUWKHVSHFL¿HG
minimum reinforcement is the same in both directions to
control the growth and width of diagonal cracks.

9.9.3.27KH PLQLPXP DUHD RI ÀH[XUDO WHQVLRQ UHLQIRUFHment, As,min, shall be determined in accordance with 9.6.1.
9.9.4 5HLQIRUFHPHQWGHWDLOLQJ

R9.9.4 5HLQIRUFHPHQWGHWDLOLQJ

9.9.4.1 Concrete cover shall be in accordance with 20.5.1.
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9.9.4.2 Minimum spacing for longitudinal reinforcement
shall be in accordance with 25.2.

R9.9.4.4 In deep beams, the stress in the longitudinal reinforcement is more uniform along the length than that of a
beam or region that is not deep. High reinforcement stresses
normally limited to the center region of a typical beam can
extend to the supports in deep beams. Thus, the ends of
longitudinal reinforcement may require positive anchorage
in the form of standard hooks, bar heads, or other mechanical anchorage at supports.

9.9.4.5 At simple supports, positive moment tension reinforcement shall be anchored to develop fy at the face of the
support. If a deep beam is designed using Chapter 23, the
ored in
positive moment tension reinforcement shall be anchored
accordance with 23.8.2 and 23.8.3.

R9.9.4.5 The use of the strut-and-tie method for the design
of deep beams illustrates that tensile forces in the bottom tie
reinforcement need to be anchored at the face of the support.
From this consideration, tie reinforcement should be contindevelope at the face of the support (Rogowsky and
uous or developed
regor 1986).
MacGregor

DQG E VKDOOEHVDWLV¿HG
9.9.4.6$WLQWHULRUVXSSRUWV D DQG
on reinforcement
orcement sha
(a) Negative moment tension
shall be
dja
spans.
continuous with that of the adjacent
on reinforcement
nforcement shal
(b) Positive moment tension
shall be
at of thee adjacent spans
continuous or spliced with that
spans.
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9.9.4.4 Development of tension reinforcement shall
account for distribution of stress in reinforcement that is not
directly proportional to the bending moment.

Beams

9.9.4.3 Spacing of distributed reinforcement required in
9.9.3.1 shall not exceed the lesser of d/5 and 12 in.
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10.1—Scope
10.1.1 This chapter shall apply to the design of nonprestressed and prestressed columns, including reinforced
concrete pedestals.

R10.1—Scope
R10.1.1 Composite structural steel-concrete columns are
not covered in this chapter. Composite columns include both
structural steel sections encased in reinforced concrete and
KROORZVWUXFWXUDOVWHHOVHFWLRQV¿OOHGZLWKFRQFUHWH'HVLJQ
provisions for such composite columns are covered in AISC
360.

10.1.2 Design of plain concrete pedestals shall be in accordance with Chapter 14.
10.2—General
10.2.1 Materials
10.2.1.1 Design properties for concrete shall be selected to
be in accordance with Chapter 19.

Columns

10.2.1.2 Design properties for steel reinforcement shall be
selected to be in accordance with Chapter 20.
ling requ
10.2.1.3 Materials, design, and detailing
requirements for
embedments in concrete shall be in accor
accordance with 20.6.

10

HPE
10.2.2 &RQQHFWLRQWRRWKHUPHPEHUV
ns
on, beam-column and
10.2.2.1 For cast-in-place construction,
Chapterr 15.
slab-column joints shall satisfy Ch
10.2.2.2 For precast construction, cconnections shall satisfy
the force transfer requirements of 16.2.
all
10.2.2.3 Connections of columns to foundations shall
satisfy 16.3.
10.3—Design limits
10.3.1 'LPHQVLRQDOOLPLWV

R10.3—Design limits
R10.3.1 'LPHQVLRQDOOLPLWV

10.3.1.1 For columns with a square, octagonal, or other
shaped cross section, it shall be permitted to base gross area
considered, required reinforcement, and design strength on
a circular section with a diameter equal to the least lateral
dimension of the actual shape.

([SOLFLWPLQLPXPVL]HVIRUFROXPQVDUHQRWVSHFL¿HGWR
permit the use of reinforced concrete columns with small
cross sections in lightly loaded structures, such as low-rise
UHVLGHQWLDODQGOLJKWR൶FHEXLOGLQJV,IVPDOOFURVVVHFWLRQV
are used, there is a greater need for careful workmanship,
DQGVKULQNDJHVWUHVVHVKDYHLQFUHDVHGVLJQL¿FDQFH

10.3.1.2 For columns with cross sections larger than
required by considerations of loading, it shall be permitted
to base gross area considered, required reinforcement, and
GHVLJQ VWUHQJWK RQ D UHGXFHG H൵HFWLYH DUHD QRW OHVV WKDQ
one-half the total area. This provision shall not apply to
columns in special moment frames or columns not part of
the seismic-force-resisting system required to be designed in
accordance with Chapter 18.

R10.3.1.2 In some cases, the gross area of a column is
larger than necessary to resist the factored load. In those
cases, the minimum reinforcement percentage may be
calculated on the basis of the required area rather than the
provided area, but the area of reinforcement cannot be less
than 0.5 percent of the actual cross-sectional area.

10.3.1.3 For columns built monolithically with a concrete
ZDOO WKH RXWHU OLPLWV RI WKH H൵HFWLYH FURVV VHFWLRQ RI WKH
American Concrete Institute – Copyrighted © Material – www.concrete.org
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column shall not be taken greater than 1.5 in. outside the
transverse reinforcement.
10.3.1.4 For columns with two or more interlocking
VSLUDOV RXWHU OLPLWV RI WKH H൵HFWLYH FURVV VHFWLRQ VKDOO EH
taken at a distance outside the spirals equal to the minimum
required concrete cover.
10.3.1.5 ,IDUHGXFHGH൵HFWLYHDUHDLVFRQVLGHUHGDFFRUGLQJ
to 10.3.1.1 through 10.3.1.4, structural analysis and design
of other parts of the structure that interact with the column
shall be based on the actual cross section.
R10.4—Required strength

10.4—Required strength
10.4.1 General
10.4.1.1 Required strength shall be calculated in accordance with the factored load combinations in Chapter 5.
ulated in accor10.4.1.2 Required strength shall be calculated
dance with the analysis procedures in Chapter 66.
GPR
10.4.2 )DFWRUHGD[LDOIRUFHDQGPRPHQW
ng simultaneously
ultaneously for each
ach
10.4.2.1 Pu and Mu occurring
na
hall be consider
d.
applicable factored load combination
shall
considered.

R10.4.2
)DFWRUHGD[LDOIRUFHDQGPRPHQW
4.2 )
RUHGD[LDOI
R10
4.2.1
LWLFDOORDG
R10.4.2.17KHFULWLFDOORDGFRPELQDWLRQVPD\EHGL൶FXOW
ern without methodi
to discern
methodically checking each combinaion. As
A illu
R
tion.
illustrated in Fig. R10.4.2.1,
considering only the
facto
d loa
binations associated with maximum axial
factored
load combinations
fforce (LC1) and
nd with maximum bending moment (LC2)
ecessarily provide a code-compliant design for
does not necessarily
other load combi
combinations such as LC3.
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P0

Axial load, P

(Mn , Pn )

(ɸMn , ɸPn )
Pumax

LC1

Pu 3

LC3
Acceptable
region

Mu 3 Mumax

Moment, M
Fig. R10.4.2.1²&ULWLFDOFROXPQORDGFRPELQDWLRQ

10.5—Design strength
10.5.1 General

R10.5—Design strength
R10.5.1 General

10.5.1.1 For each applicable factored load combinaWLRQ GHVLJQ VWUHQJWK DW DOO VHFWLRQV VKDOO VDWLVI\ ࢥSn  U,
LQFOXGLQJ D  WKURXJK G  ,QWHUDFWLRQ EHWZHHQ ORDG H൵HFWV
shall be considered:
D ࢥPn Pu
E ࢥMn Mu
F ࢥVn Vu
G ࢥTn Tu

R10.5.1.1 Refer to R9.5.1.1.

10.5.1.2 ࢥVKDOOEHGHWHUPLQHGLQDFFRUGDQFHZLWK 21.2.
10.5.2 $[LDOIRUFHDQGPRPHQW
10.5.2.1 Pn and Mn shall be calculated in accordance with
22.4.
10.5.3 Shear
10.5.3.1 Vn shall be calculated in accordance with 22.5.
10.5.4 Torsion

R10.5.4 Torsion

10.5.4.1 If Tu ࢥTth, where Tth is given in 22.7, torsion
shall be considered in accordance with Chapter 9.

Torsion acting on columns in buildings is typically
negligible and is rarely a governing factor in the design of
columns.
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10.6—Reinforcement limits
10.6.1 0LQLPXPDQGPD[LPXPORQJLWXGLQDOUHLQIRUFHPHQW

R10.6—Reinforcement limits
R10.6.1 0LQLPXPDQGPD[LPXPORQJLWXGLQDOUHLQIRUFHPHQW

10.6.1.1 For nonprestressed columns and for prestressed
columns with average fpe < 225 psi, area of longitudinal
reinforcement shall be at least 0.01Ag but shall not exceed
0.08Ag.

R10.6.1.1 Limits are provided for both the minimum and
maximum longitudinal reinforcement ratios.
0LQLPXP UHLQIRUFHPHQW—Reinforcement is necessary
to provide resistance to bending, which may exist regardOHVVRIDQDO\WLFDOUHVXOWVDQGWRUHGXFHWKHH൵HFWVRIFUHHS
and shrinkage of the concrete under sustained compressive
stresses. Creep and shrinkage tend to transfer load from the
concrete to the reinforcement, and the resultant increase in
reinforcement stress becomes greater as the reinforcement
ratio decreases. Therefore, a minimum limit is placed on the
reinforcement ratio to prevent reinforcement from yielding
under sustained service loads (Richart 1933).
0D[LPXP UHLQIRUFHPHQW—The amount of longitudinal
reinforcement is limited to ensure that concrete can be
H൵HFWLYHO\FRQVROLGDWHGDURXQGWKHEDUVDQGWRHQVXUHWKDW
columns
colum designed according to the Code are similar to the
test specimens by
b which the Code was calibrated. The 0.08
limit applies at all ssections, including splice regions, and
can also
o be considered a ppractical maximum for longitudinal reinforcement
terms of economy and requirements
info ment in term
for pplacing.
reinforcement in columns should
ing. Longitudinal
itudinal re
usually
usuall not exceed 4 percent if the column bars are required
p sp
to be lap
spliced, ass the lap splice zone will have twice as
einf
nt if all lap splices occur at the same
much reinforcement
locat .
location.

10.6.2 0LQLPXPVKHDUUHLQIRUFHPHQW
10.6.2.1 A minimum area of shear reinforcement, Av,min,
shall be provided in all regions where Vu > 0.5ࢥVc.

0LQLPXPV
R10.6.2 0LQLPXPVKHDUUHLQIRUFHPHQW
R10 6
R10.6.2.1
The basis for the minimum shear reinforcement
is the same for columns and beams. Refer to R9.6.3 for more
information.

10.6.2.2 If shear reinforcement is required, Av,min shall be
the greater of (a) and (b):
(a) 0.75 f c′
(b) 50

bw s
f yt

bw s
f yt

10.7—Reinforcement detailing
10.7.1 General

R10.7—Reinforcement detailing

10.7.1.1 Concrete cover for reinforcement shall be in
accordance with 20.5.1.
10.7.1.2 Development lengths of deformed and prestressed
reinforcement shall be in accordance with 25.4.
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10.7.1.3 Along development and lap splice lengths of
longitudinal bars with fySVL, transverse reinforcement shall be provided such that Ktr shall not be smaller than
0.5db.
10.7.1.4 Bundled bars shall be in accordance with 25.6.
10.7.2 5HLQIRUFHPHQWVSDFLQJ
10.7.2.1 Minimum spacing s shall be in accordance with
25.2.

R10.7.3.1 At least four longitudinal bars are required
when bars are enclosed by rectangular or circular ties. For
other tie shapes, one bar should be provided at each apex
or corner and proper transverse reinforcement provided. For
examp tied triangular columns require at least three longiexample,
wit one at each apex of the triangular ties. For
tudinal bars, with
bars enclosed by spir
spirals, at least six bars are required.
mber of bars iin
n a circular arrangement is less than
If the num
number
KHRU DWLRQRIWKH
HLJKWWKHRULHQWDWLRQRIWKHEDUVPD\VLJQL¿FDQWO\D൵HFWWKH
mom t strength
stre
eccentric
moment
off eccentrically
loaded columns and should
con ider in design.
sign.
be considered

DOU RUFHP
10.7.4 2ৼVHWEHQWORQJLWXGLQDOUHLQIRUFHPHQW
QH SRUWLRQ RI DQ R൵VHW
10.7.4.1 7KH VORSH RI WKH LQFOLQHG
bent longitudinal bar relative to the longitudinal axis of the
column shall not exceed 1 in 6. Portions of bar above and
EHORZDQR൵VHWVKDOOEHSDUDOOHOWRD[LVRIFROXPQ
10.7.4.2 ,IWKHFROXPQIDFHLVR൵VHWLQRUPRUHORQJLWXGLQDO EDUV VKDOO QRW EH R൵VHW EHQW DQG VHSDUDWH GRZHOV
ODSVSOLFHGZLWKWKHORQJLWXGLQDOEDUVDGMDFHQWWRWKHR൵VHW
column faces, shall be provided.
10.7.5 6SOLFHVRIORQJLWXGLQDOUHLQIRUFHPHQW

R10.7.5 6SOLFHVRIORQJLWXGLQDOUHLQIRUFHPHQW

10.7.5.1 General

R10.7.5.1 General

10.7.5.1.1 Lap splices, mechanical splices, butt-welded
splices, and end-bearing splices shall be permitted.
10.7.5.1.2 Splices shall satisfy requirements for all
factored load combinations.

R10.7.5.1.2 Frequently, the basic gravity load combination will govern the design of the column itself, but a load
FRPELQDWLRQLQFOXGLQJZLQGRUHDUWKTXDNHH൵HFWVPD\LQGXFH
greater tension in some column bars. Each bar splice should
be designed for the maximum calculated bar tensile force.

10.7.5.1.3 Splices of deformed reinforcement shall be in
accordance with 25.5 and, if applicable, shall satisfy the
requirements of 10.7.5.2 for lap splices or 10.7.5.3 for endbearing splices.

R10.7.5.1.3 For the purpose of calculating Ɛd for tension
ODS VSOLFHV LQ FROXPQV ZLWK R൵VHW EDUV )LJ 5
illustrates the clear spacing to be used.
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10.7.3.1 For nonprestressed columns and for prestressed
columns with average fpe < 225 psi, the minimum number of
longitudinal bars shall be (a), (b), or (c):
(a) Three within triangular ties
(b) Four within rectangular or circular ties
mns of special
(c) Six enclosed by spirals or for columns
moment frames enclosed by circular hoops

R10.7.3 /RQJLWXGLQDOUHLQIRUFHPHQW

10

10.7.3 /RQJLWXGLQDOUHLQIRUFHPHQW
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Offset bars from
column below
Bars in column
above
Clear spacing
Fig. R10.7.5.1.3²2ৼVHWFROXPQEDUV
10.7.5.2 Lap splices

R10.7.5.2 Lap splices
In columns subject to moment and axial force, tensile
stresses may occur on one face of the column for moderate
and large eccentricities as shown in Fig. R10.7.5.2. If such
stresses occur, 10.7.5.2.2 requires tension splices to be used.
The splice requirements have been formulated on the basis
that a compression lap splice has a tensile strength of at least
0.25fy. Therefore, even if columns bars are designed for
compression according to 10.7.5.2.1, some tensile strength
is inherently provided.
All bars in
compression,
see 10.7.5.2.1

0 ≤ fs ≤ 0.5fy on tension
face of member,
see Table 10.7.5.2.2
(Class A splices allowed
with certain conditions)

P

Interaction
diagram

fs > 0.5fy on
tension face
of member,
see Table
10.7.5.2.2
(Class B
splices
required)

M
Fig. R10.7.5.2²/DSVSOLFHUHTXLUHPHQWVIRUFROXPQV

10.7.5.2.1 If the bar force due to factored loads is compressive, compression lap splices shall be permitted. It shall be
permitted to decrease the compression lap splice length in
accordance with (a) or (b), but the lap splice length shall be
at least 12 in.
(a) For tied columns, where ties throughout the lap splice
OHQJWK KDYH DQ H൵HFWLYH DUHD QRW OHVV WKDQ 0.0015hs in
both directions, lap splice length shall be permitted to be

R10.7.5.2.1 Reduced lap lengths are permitted if the
VSOLFH LV HQFORVHG WKURXJKRXW LWV OHQJWK E\ VX൶FLHQW WLHV
The tie leg areas perpendicular to each direction are calculated separately. An example is provided in Fig. R10.7.5.2.1,
ZKHUHIRXUOHJVDUHH൵HFWLYHLQRQHGLUHFWLRQDQGWZROHJVLQ
the other direction.
Compression lap lengths may also be reduced if the lap
splice is enclosed throughout its length by spirals due to
increased splitting resistance.
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COMMENTARY

multiplied by 0.83. Tie legs perpendicular to dimension h
VKDOOEHFRQVLGHUHGLQFDOFXODWLQJH൵HFWLYHDUHD
(b) For spiral columns, where spirals throughout the lap
splice length satisfy 25.7.3, lap splice length shall be
permitted to be multiplied by 0.75.

h2

h1

Direction 2: 2Ab ≥ 0.0015h2S
where Ab is the area of the tie
Fig. R10.7.5.2.1²([DPSOHRIDSSOLFDWLRQRI D 

10

10.7.5.2.2 If the bar force due to factored loads is tensile,
tension lap splices shall be in accordance with Table 10.7.5.2.2.
Table 10.7.5.2.2—Tension lap splice class
Tensile
bar
stress

Splice details

fy

EDUVVSOLFHGDWDQ\VHFWLRQDQGODSVSOLFHV
on adjacent bars staggered by at least Ɛd

Class A

Other

Class B

>0.5fy

All cases

Class B

Splice
type

10.7.5.3 End-bearing splices
10.7.5.3.1 If the bar force due to factored loads is compressive, end-bearing splices shall be permitted provided the
splices are staggered or additional bars are provided at splice
locations. The continuing bars in each face of the column
shall have a tensile strength at least 0.25fy times the area of
the vertical reinforcement along that face.

Columns

Direction 1: 4Ab ≥ 0.0015h1S

R10.7.5.3 End-bearing splices
R10.7.5.3.1 Details for end-bearing splices are provided
in 25.5.6.

10.7.6 7UDQVYHUVHUHLQIRUFHPHQW

R10.7.6 7UDQVYHUVHUHLQIRUFHPHQW

10.7.6.1 General

R10.7.6.1 General

10.7.6.1.1 Transverse reinforcement shall satisfy the most
restrictive requirements for reinforcement spacing.
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10.7.6.1.2 Details of transverse reinforcement shall be in
accordance with 25.7.2 for ties, 25.7.3 for spirals, or 25.7.4
for hoops.
10.7.6.1.3 For prestressed columns with average fpe 
225 psi, transverse ties or hoops need not satisfy the 16db
spacing requirement of 25.7.2.1.
10.7.6.1.4 Longitudinal reinforcement shall be laterally
supported using ties or hoops in accordance with 10.7.6.2
or spirals in accordance with 10.7.6.3, unless tests and structural analyses demonstrate adequate strength and feasibility
of construction.

R10.7.6.1.4 All longitudinal bars in compression should
be enclosed within transverse reinforcement. Where longitudinal bars are arranged in a circular pattern, only one circular
WLH SHU VSHFL¿HG VSDFLQJ LV UHTXLUHG7KLV UHTXLUHPHQW FDQ
EH VDWLV¿HG E\ D FRQWLQXRXV FLUFXODU WLH KHOL[  ZLWK WKH
maximum pitch being equal to the required tie spacing.
It is prudent to provide a set of ties at each end of lap
spliced bars, above and below end-bearing splices, and at
minimum spacings immediately below sloping regions of
R൵VHWEHQWEDUV
3UHFDVWFROXPQVZLWKFRYHUOHVVWKDQLQSUHVWUHVVHG
columns withou
without longitudinal bars, columns of concrete with
small size coarse ag
aggregate, wall-like columns, and other
umns may re
qui
u special designs for transverse
unusual col
columns
require
eme
reinforcement.

n the top of a co
mn
10.7.6.1.5 If anchor bolts are pl
placed in
column
d by transverse reineinor pedestal, the bolts shall be en
enclosed
forcement that also surrounds att lleast four longitudinal bars
he transverse
verse reinforce
nt
within the column or pedestal. The
reinforcement
shall be distributed within 5 in. of th
the top off th
the column or
pedestal and shall consist of at least two No. 4 or three No.
3 ties or hoops.

R10
7.6.1 and R10.7.6.1.6&RQ¿QHPHQWLPSURYHVORDG
R10.7.6.1
R10.7.6.1.5
nchor bo
transfer fro
from the anchor
bolts and mechanical couplers to
he co
umn or pedestal
estal wh
the
column
where concrete may crack in the
vicin of tthe bolts
ts and me
vicinity
mechanical couplers. Such cracking
o unantic
can occur due to
unanticipated forces caused by temperature,
hrinkage, accidental impact during construction,
restrained shrinkage,
PLODUH൵HFW
DQGVLPLODUH൵HFWV

10.7.6.1.6 If mechanical couplers or extended bars for
connection to a precast element are placed in the ends of
columns or pedestals, the mechanical couplers or extended
bars shall be enclosed by transverse reinforcement. The
transverse reinforcement shall be distributed within 5 in. of
the ends of the column or pedestal and shall consist of at
least two No. 4 or three No. 3 ties or hoops.
10.7.6.2 Lateral support of longitudinal bars using ties or
hoops

R10.7.6.2 Lateral support of longitudinal bars using ties
or hoops

10.7.6.2.1 In any story, the bottom tie or hoop shall be
located not more than one-half the tie or hoop spacing above
the top of footing or slab.
10.7.6.2.2 In any story, the top tie or hoop shall be located
not more than one-half the tie or hoop spacing below the
lowest horizontal reinforcement in the slab, drop panel, or
shear cap. If beams or brackets frame into all sides of the
column, the top tie or hoop shall be located not more than
3 in. below the lowest horizontal reinforcement in the shallowest beam or bracket.

R10.7.6.2.2 For rectangular columns, beams or brackets
framing into all four sides at the same elevation are considered to provide restraint over a joint depth equal to that of the
shallowest beam or bracket. For columns with other shapes,
four beams framing into the column from two orthogonal
directions are considered to provide equivalent restraint.
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10.7.6.3 Lateral support of longitudinal bars using spirals

R10.7.6.3 Lateral support of longitudinal bars using spirals

10.7.6.3.1 In any story, the bottom of the spiral shall be
located at the top of footing or slab.
10.7.6.3.2 In any story, the top of the spiral shall be located
in accordance with Table 10.7.6.3.2.

R10.7.6.3.2 Refer to R10.7.6.2.2.

Table 10.7.6.3.2 —Spiral extension requirements at
top of column

10.7.6.4 /DWHUDOVXSSRUWRIRৼVHWEHQWORQJLWXGLQDOEDUV
ৼVHW
ORQJLWXGLQDOE
DO EDUV DUH R൵VHW KRUL]
QWDO
10.7.6.4.1 :KHUH ORQJLWXGLQDO
KRUL]RQWDO
ie hoops,
ops, spirals, or parts
arts
support shall be provided by ties,
OO
HVLJQHGWRUHVLV 
RIWKHÀRRUFRQVWUXFWLRQDQGVKDOOEHGHVLJQHGWRUHVLVW
t d force in the
times the horizontal component of th
the calculated
LQFOLQHGSRUWLRQRIWKHR൵VHWEDU
st
10.7.6.4.2 If transverse reinforcement is provided to resist
IRUFHV WKDW UHVXOW IURP R൵VHW EHQGV WLHV KRRSV RU VSLUDOV
shall be placed not more than 6 in. from points of bend.
10.7.6.5 Shear
10.7.6.5.1 If required, shear reinforcement shall be
provided using ties, hoops, or spirals.
10.7.6.5.2 Maximum spacing of shear reinforcement shall
be in accordance with Table 10.7.6.5.2.
Table 10.7.6.5.2—Maximum spacing of shear
reinforcement
Maximum s, in.
Vs
≤ 4 f c′bw d

Lesser of:

> 4 f c′bw d

Lesser of:

Nonprestressed
column

Prestressed
column

d

3h
24
3h

d
12
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Extension requirements
Extend to the level of the lowest
Beams or brackets frame into
horizontal reinforcement in members
all sides of the column
supported above.
Extend to the level of the lowest
horizontal reinforcement in members
Beams or brackets do not
supported above.
frame into all sides of the
Additional column ties shall extend
column
above termination of spiral to bottom of
slab, drop panel, or shear cap.
Extend to the level at which
ch the diameter
al is twice tha
Columns with capitals
or width of capital
that of the
colum
column.

Columns

Framing at column end
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CHAPTER 11—WALLS
CODE

COMMENTARY

11.1—Scope
11.1.1 This chapter shall apply to the design of nonprestressed and prestressed walls including (a) through (c):

R11.1—Scope
R11.1.1 This chapter applies generally to walls as vertical
and lateral force-resisting members. Provisions for in-plane
shear in ordinary structural walls, as opposed to special
structural walls conforming to 18.10, are included in this
chapter.

(a) Cast-in-place
(b) Precast in-plant
(c) Precast on-site including tilt-up
11.1.2 Design of special structural walls shall be in accordance with Chapter 18.

R11.1.2 Special structural walls are detailed according to
the provisions of 18.10. This Code uses the term “structural
wall” as being synonymous with “shear wall.” While the
WHUP³VKHDUZDOO´LVQRWGH¿QHGLQWKLV&RGHWKHGH¿QLWLRQ
of a structural wall in Chapter 2 states “a shear wall is a
structural wall.”
$6&(6(,GH¿QHVDVWUXFWXUDOZDOODVDZDOOWKDWPHHWV
WKHGH¿QLWLRQIRUDEHDULQJZDOORUDVKHDUZDOO$EHDULQJZDOO
LVGH¿QHGDVDZDOOWKDWVXSSRUWVYHUWLFDOORDGEH\RQGDFHUWDLQ
WKUHVKROGYDOXH$VKHDUZDOOLVGH¿QHGDVDZDOOEHDULQJRU
nonbe
nonbearing, designed to resist lateral forces acting in the plane
RIWKHZDOO$6&
RIWKHZDOO$6&(6(,GH¿QLWLRQVDUHZLGHO\DFFHSWHG

11 Walls

11.1.3 Design of plain concrete walls shall be in accordance with Chapter 14.
ng walls shall bbe in
11.1.4 Design of cantilever re
retaining
accordance with Chapter 13.
de beams
ms shall be in aaccoror11.1.5 Design of walls as grade
dance with 13.3.5.
11.1.6 Cast-in-place walls with insulating forms shall be
s
permitted by this Code for use in one- or two-story buildings.

.1.6 6SHFL
R11.1.6
6SHFL¿F GHVLJQ UHFRPPHQGDWLRQV IRU FDVWLQ
place wa
walls constructed with insulating concrete forms are
not provided in this Code. Guidance can be found in ACI
506R and PCA 100.

11.2—General
11.2.1 Materials

R11.2—General

11.2.1.1 Design properties for concrete shall be selected to
be in accordance with Chapter 19.
11.2.1.2 Design properties for steel reinforcement shall be
selected to be in accordance with Chapter 20.
11.2.1.3 Materials, design, and detailing requirements for
embedments in concrete shall be in accordance with 20.6.
11.2.2 &RQQHFWLRQWRRWKHUPHPEHUV
11.2.2.1 For precast walls, connections shall be designed
in accordance with 16.2.
11.2.2.2 Connections of walls to foundations shall satisfy
16.3.
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11.2.3 Load distribution
11.2.3.1 Unless otherwise demonstrated by an analysis,
WKH KRUL]RQWDO OHQJWK RI ZDOO FRQVLGHUHG DV H൵HFWLYH IRU
resisting each concentrated load shall not exceed the lesser
of the center-to-center distance between loads, and the
EHDULQJ ZLGWK SOXV IRXU WLPHV WKH ZDOO WKLFNQHVV (൵HFtive horizontal length for bearing shall not extend beyond
vertical wall joints unless design provides for transfer of
forces across the joints.
R11.2.4 ,QWHUVHFWLQJHOHPHQWV

11.2.4 ,QWHUVHFWLQJHOHPHQWV
11.2.4.1 Walls shall be anchored to intersecting elements,
VXFK DV ÀRRUV DQG URRIV FROXPQV SLODVWHUV EXWWUHVVHV RU
intersecting walls; and to footings.

R11.2.4.1 Walls that do not depend on intersecting elements
for support, do not have to be connected to those elements. It is
not uncommon to separate massive retaining walls from interVHFWLQJZDOOVWRDFFRPPRGDWHGL൵HUHQFHVLQGHIRUPDWLRQV

11.2.4.2 For cast-in-place walls having Pu > 0.2fcƍAg, the
WKHÀRRUV\VWHP
SRUWLRQRIWKHZDOOZLWKLQWKHWKLFNQHVVRIWKHÀRRUV\VWHP
QJWK DW OH
VKDOO KDYH VSHFL¿HG FRPSUHVVLYH VWUHQJWK
OHDVW 0.8fcƍ of
the wall.

R11.2.4.27KHIDFWRUUHÀHFWVUHGXFHGFRQ¿QHPHQWLQ
ÀRRUZDOO MRLQWV
MRLQWV FRPSDUHG ZLWK ÀRRUFROXPQ MRLQWV XQGHU
ty loads.
gravity

11.3—Design limits
VV
11.3.1 0LQLPXPZDOOWKLFNQHVV

R11
—De
imits
R11.3—Design
limits
R11
3.1 0
PZDOOWKL
R11.3.1
0LQLPXPZDOOWKLFNQHVV

ne
hall be in accord
nce
11.3.1.1 Minimum wall thicknesses
shall
accordance
ls aare permitted
ermitted if ade
ate
with Table 11.3.1.1. Thinner walls
adequate
m
d bby structural
strength and stability can be demonstrated
analysis.

R11
3.1.1 The minimum
inimum tthickness requirements need not
R11.3.1.1
be applied
ap ed tto bearing
ing walls and exterior basement and founddation walls designed
signed by 11.5.2 or analyzed by 11.8.

Table 11.3.1.1—Minimum wall thickness h
Wall type

Minimum thickness h
4 in.

Bearing[1]

Greater of:

Nonbearing

Greater of:

(a)

WKHOHVVHURIXQVXSSRUWHGOHQJWK
(b)
and unsupported height
4 in.

(c)

WKHOHVVHURIXQVXSSRUWHGOHQJWK
(d)
and unsupported height

Exterior
basement
and
foundation[1]

7.5 in.

(e)

[1]
2QO\DSSOLHVWRZDOOVGHVLJQHGLQDFFRUGDQFHZLWKWKHVLPSOL¿HGGHVLJQPHWKRGRI
11.5.3.

11.4—Required strength
11.4.1 General

R11.4—Required strength
R11.4.1 General

11.4.1.1 Required strength shall be calculated in accordance with the factored load combinations in Chapter 5.
11.4.1.2 Required strength shall be calculated in accordance with the analysis procedures in Chapter 6.
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11.4.1.36OHQGHUQHVVH൵HFWVVKDOOEHFDOFXODWHGLQDFFRUdance with 6.6.4, 6.7, or 6.8. Alternatively, out-of-plane
slenderness analysis shall be permitted using 11.8 for walls
meeting the requirements of that section.

R11.4.1.3 The forces typically acting on a wall are illustrated in Fig. R11.4.1.3.

Axial force
In-plane
moment

In-plane
shear

Out-of-plane
shear
Out-of-plane
moment

Fig. R11.4.1.3—In-plane and out-of-plane forces.
11.4.1.4 Walls shall be designed for eccentric axial loads
and any lateral or other loads to which they are subjected.
11.4.2 )DFWRUHGD[LDOIRUFHDQGPRPHQW
11.4.2.1 Walls shall be designed for the maximum factored
moment Mu that can accompany the factored axial force for
each applicable load combination. The factored axial force
Pu at given eccentricity shall not exceed ࢥPn,max, where Pn,max
shall be as given in 22.4.2.1DQGVWUHQJWKUHGXFWLRQIDFWRUࢥ
shall be that for compression-controlled sections in 21.2.2.
The maximum factored moment MuVKDOOEHPDJQL¿HGIRU
VOHQGHUQHVVH൵HFWVLQDFFRUGDQFHZLWKRU
11.4.3 Factored shear
11.4.3.1 Walls shall be designed for the maximum in-plane
Vu and out-of-plane Vu.
11.5—Design strength
11.5.1 General

R11.5—Design strength

11.5.1.1 For each applicable factored load combination,
design strength at all sections shall satisfy ࢥSnU, including
(a) through (c). Interaction between axial load and moment
shall be considered.
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D ࢥPnPu
E ࢥMnMu
F ࢥVnVu
11.5.1.2 ࢥVKDOOEHGHWHUPLQHGLQDFFRUGDQFHZLWK21.2.
11.5.2 $[LDOORDGDQGLQSODQHRURXWRISODQHÀH[XUH

R11.5.2 $[LDOORDGDQGLQSODQHRURXWRISODQHÀH[XUH

11.5.2.1 For bearing walls, Pn and Mn (in-plane or out-ofplane) shall be calculated in accordance with 22.4. AlternaWLYHO\D[LDOORDGDQGRXWRISODQHÀH[XUHVKDOOEHSHUPLWWHG
to be considered in accordance with 11.5.3.
11.5.2.2 For nonbearing walls, Mn shall be calculated in
accordance with 22.3.

R11.5.2.21RQEHDULQJZDOOVE\GH¿QLWLRQDUHQRWVXEMHFW
WRDQ\VLJQL¿FDQWD[LDOIRUFHWKHUHIRUHÀH[XUDOVWUHQJWKLV
not a function of axial force.

11.5.3 $[LDO ORDG DQG RXWRISODQH ÀH[XUH ± VLPSOL¿HG
GHVLJQPHWKRG

R11.5.3 $[LDO ORDG DQG RXWRISODQH ÀH[XUH ± VLPSOL¿HG
GHVLJQ
GHVLJQPHWKRG

red load
11.5.3.1 If the resultant of all factored
loads is located
ess of a solid wall with a
within the middle third of the thickness
ll be permitted to be calcurectangular cross section, Pn shall
lated by:

1.5.3.1 7KH VLP
R11.5.3.1
VLPSOL¿HG GHVLJQ PHWKRG DSSOLHV RQO\ WR
ctangular cross ssections;
ecti
ct
solid rectangular
all other shapes should be
d in accordance
ordance wit
designed
with 11.5.2.
E
ntric axial loads and moments due to out-of-plane
Eccentric
forces are
re uused to determine
etermine the maximum total eccentricity
actor axial force Pu. When the resultant axial force
of the factored
ppli
oad comb
for all applicable
load
combinations falls within the middle
third off the wall thicknes
thickness (eccentricity not greater than
h at all sections
ons along the length of the undeformed wall,
h/6)
LVLQGXFHG
QRWHQVLRQLVLQGXFHGLQWKHZDOODQGWKHVLPSOL¿HGGHVLJQ
hod may be uused. The design is then carried out considmethod
ering Pu as a concentric axial force. The factored axial force
Pu should be less than or equal to the design axial strength
ࢥPn calculated using Eq. (11.5.3.1).
Equation (11.5.3.1) results in strengths comparable to those
determined in accordance with 11.5.2 for members loaded at
WKHPLGGOHWKLUGRIWKHWKLFNQHVVZLWKGL൵HUHQWEUDFHGDQG
restrained end conditions. Refer to Fig. R11.5.3.1.

⎡ ⎛ kAc ⎞ 2 ⎤
Pn = 0.55 f c′Ag ⎢11−
−⎜
⎟ ⎥
⎣⎢ ⎝ 32h ⎠ ⎦⎥

(11.5.3.1)
(11.5
3.1)
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0.6

Section 11.5.2
C
m
C
=
m =
0.
0
6
.8
k=
k=
1.0
0.8
k
C
=
m =
1
1.0 .0
Section
11.5.2

k = 0.8
0.5

0.4
Pn
0.3
fc′ Ag

Eq.
(11.5.3.1)
k=
2.0
C
m =
1

fc′ = 4000 psi
eccentricity = h/6

k=

0.2

2.0

.0

0.1
Section
11.5.2
0
0

5

10

15

20

25

lc
Fig. R11.5.3.1²6LPSOL¿HG GHVLJQ RI ZDOOV (T  
YHUVXV
11.5.3.2(൵HFWLYHOHQJWKIDFWRUk for use with Eq. (11.5.3.1)
shall be in accordance with Table 11.5.3.2.
Table 11.5.3.2—Effective length factor k for walls
Boundary conditions

k

Walls braced top and bottom against lateral
translation and:
(a) Restrained against rotation at one or both
ends (top, bottom, or both)

0.8

(b) Unrestrained against rotation at both ends

1.0

Walls not braced against lateral translation

2.0

11.5.3.3 Pn from Eq. (11.5.3.1) shall be reduced by ࢥ for
compression-controlled sections in 21.2.2.
11.5.3.4 Wall reinforcement shall be at least that required
by 11.6.
11.5.4 In-plane shear

R11.5.4 In-plane shear

11.5.4.1 Vn shall be calculated in accordance with 11.5.4.2
through 11.5.4.4. Alternatively, for walls with hw/Ɛw < 2, it
shall be permitted to design for in-plane shear in accordance
with the strut-and-tie method of Chapter 23. In all cases, reinforcement shall satisfy the limits of 11.6, 11.7.2, and 11.7.3.

R11.5.4.1 Shear in the plane of the wall is primarily of
importance for structural walls with a small height-to-length
ratio. The design of taller walls, particularly walls with
uniformly distributed reinforcement, will likely be controlled
E\ÀH[XUDOFRQVLGHUDWLRQV3RVVLEOHH[FHSWLRQVPD\RFFXULQ
tall structural walls subject to strong earthquake excitation.
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11.5.4.2 Vn at any horizontal section shall not exceed
f c′ Acv.

R11.5.4.2 This limit is imposed to guard against diagonal
FRPSUHVVLRQ IDLOXUH LQ VWUXFWXUDO ZDOOV 7KH FRH൶FLHQW XVHG
in this equation has been reduced from a value of 10 in ACI
WRDYDOXHRILQ$&,EHFDXVHWKHH൵HFWLYHVKHDU
area has been increased to KƐw, from hd used in prior editions
of the Code.

11.5.4.3 Vn shall be calculated by:

R11.5.4.3 To improve consistency in the Code, the nominal
in-plane shear strength equation in 11.5.4.3 now has the
same form as the shear strength equation used in 18.10.4.1
for structural walls resisting seismic loads. Research results
reported by Orakcal et al. (2009) indicate that nominal
strengths calculated using Eq. (11.5.4.3) are similar to values
obtained using equations from prior editions of the Code,
and thus, provide a comparable level of safety.

Vn = (α c λ f c′ + ρt f yt ) Acv

(11.5.4.3)

where:
Įc = 3 for hw/Ɛw
Įc = 2 for hw/Ɛw
Įc varies linearly between 3 and 2 for 1.5 < hw/Ɛw < 2.0
11.5.4.4 For walls subject to a net axial tension, Įc in Eq.
(11.5.4.3) shall be taken as:

⎛
Nu ⎞
α c = 2 ⎜1 +
⎟ ≥ 0.0
⎝ 500 Ag ⎠

(11.5.4.4)

R11.5.4.4 For structural walls where a net axial tension
force is calculated for the entire wall section, the shear
streng contribution attributed to the concrete is reduced
strength
neg
and may be negligible.
For these members, wall transverse
orcement must bbe designed to resist most, if not all, of
reinforcement
ored shear force.
the factored

n.
where Nu is negative for tension.
11.5.5 Out-of-plane shear
rdance with 22
22.5.
11.5.5.1 Vn shall be calculated in accordance
11.6—Reinforcement limits
11.6.1 If in-plane VuࢥĮcȜ f c′ AcvPLQLPXPȡƐ and
se
PLQLPXPȡt shall be in accordance with Table 11.6.1. These
OLPLWVQHHGQRWEHVDWLV¿HGLIDGHTXDWHVWUHQJWKDQGVWDELOLW\
can be demonstrated by structural analysis.

nforcem
R11.6—Reinforcement
limits
.6.1 Both hhorizontal and vertical shear reinforcement
R11.6.1
are required
requ
for all walls. The distributed reinforcement is
LGHQWL¿HG DV EHLQJ RULHQWHG SDUDOOHO WR HLWKHU WKH ORQJLWXdinal or transverse axis of the wall. Therefore, for vertical
wall segments, the notation used to describe the horizontal
GLVWULEXWHG UHLQIRUFHPHQW UDWLR LV ȡt, and the notation used
to describe the vertical distributed reinforcement ratio is ȡƐ.
Transverse reinforcement is not required in precast,
prestressed walls equal to or less than 12 ft in width because
this width is less than that in which shrinkage and temperature stresses can build up to a magnitude requiring transverse reinforcement. In addition, much of the shrinkage
occurs before the members are connected into the structure.
2QFHLQWKH¿QDOVWUXFWXUHWKHPHPEHUVDUHXVXDOO\QRWDV
rigidly connected transversely as monolithic concrete; thus,
the transverse restraint stresses due to both shrinkage and
WHPSHUDWXUHFKDQJHDUHVLJQL¿FDQWO\UHGXFHG
The minimum area of wall reinforcement for precast
walls has been used for many years and is recommended by
WKH3UHFDVW3UHVWUHVVHG&RQFUHWH,QVWLWXWH PCI MNL-120)
and the Canadian Precast Concrete Design Standard (2016).
Reduced minimum reinforcement and greater spacings in
11.7.2.2 are allowed recognizing that precast wall panels
have very little restraint at their edges during early stages
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of curing and develop less shrinkage stress than comparable cast-in-place walls.

Table 11.6.1—Minimum reinforcement for walls with in-plane Vu ≤ 0.5ࢥĮcȜ fc′ Acv
Wall type

Cast-in-place

Precast[2]
[1]

Type of nonprestressed
reinforcement

Deformed bars

Bar/wire size
1R

fy, psi

Minimum longitudinal[1],
ȡƐ

0LQLPXPWUDQVYHUVHȡt



0.0012

0.0020

<60,000

0.0015

0.0025

> No. 5

Any

0.0015

0.0025

Welded-wire reinforcement

:RU'

Any

0.0012

0.0020

Deformed bars or welded-wire
reinforcement

Any

Any

0.0010

0.0010

3UHVWUHVVHGZDOOVZLWKDQDYHUDJHH൵HFWLYHFRPSUHVVLYHVWUHVVRIDWOHDVWSVLQHHGQRWPHHWWKHUHTXLUHPHQWIRUPLQLPXPORQJLWXGLQDOUHLQIRUFHPHQWȡƐ.

[2]

11.6.2 If in-plane VuࢥĮcȜ
EHVDWLV¿HG

f c′ Acv, (a) and (b) shall

he value ccalculated by
(a) ȡƐ shall be at least the greater of the
d not exceed ȡt required
Eq. (11.6.2) and 0.0025, but need
for strength by 11.5.4.3.

ȡƐ ±hwƐw ȡt±


 

(b) ȡt shall be at least 0.0025

R11.6.2 For monotonically loaded walls with low heightto-length
ratios, test data (Barda et al. 1977) indicate that
to
len
VKH UHLQIRUFHPHQW EHFRPHV OHVV H൵HFWLYH IRU
KRUL]RQWDO VKHDU
shear resistance than vertical reinforcement. This change in
QH VRIWKHKRUL RQW
RQ
H൵HFWLYHQHVVRIWKHKRUL]RQWDOYHUVXVYHUWLFDOUHLQIRUFHPHQW
gnize in
n Eq. (11.6
is recognized
(11.6.2); if hw/Ɛw is less than 0.5, the
amo
of vverticall reinforce
amount
reinforcement is equal to the amount of
horizo tal rreinforcement.
ement. If hwȡw is greater than 2.5, only
horizontal
mum amountt of vert
a minimum
vertical reinforcement is required
0.002 sh).
(0.0025sh).

11.7—Reinforcement detailing
11.7.1 General
11.7.1.1 Concrete cover for reinforcement shall be in
accordance with 20.5.1.
11.7.1.2 Development lengths of deformed and prestressed
reinforcement shall be in accordance with 25.4.
11.7.1.3 Splice lengths of deformed reinforcement shall be
in accordance with 25.5.
11.7.2 6SDFLQJRIORQJLWXGLQDOUHLQIRUFHPHQW
11.7.2.1 Spacing s of longitudinal bars in cast-in-place
walls shall not exceed the lesser of 3h and 18 in. If shear
reinforcement is required for in-plane strength, spacing of
longitudinal reinforcement shall not exceed Ɛw/3.
11.7.2.2 Spacing s of longitudinal bars in precast walls
shall not exceed the lesser of (a) and (b):
(a) 5h
(b) 18 in. for exterior walls or 30 in. for interior walls
If shear reinforcement is required for in-plane strength, s
shall not exceed the smallest of 3h, 18 in., and Ɛw/3.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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11.7.2.3 For walls with thickness greater than 10 in.,
except single story basement walls and cantilever retaining
walls, distributed reinforcement in each direction shall be
placed in at least two layers, one near each face.
11.7.2.4 Flexural tension reinforcement shall be well
distributed and placed as close as practicable to the tension
face.
11.7.3 6SDFLQJRIWUDQVYHUVHUHLQIRUFHPHQW
11.7.3.1 Spacing s of transverse reinforcement in cast-inplace walls shall not exceed the lesser of 3h and 18 in. If
shear reinforcement is required for in-plane strength, s shall
not exceed Ɛw/5.
11.7.3.2 Spacing s of transverse bars in precast walls shall
not exceed the lesser of (a) and (b):
(a) 5h
interi walls
(b) 18 in. for exterior walls or 30 in. for interior
red ffor in-plane strength, s
If shear reinforcement is required
nd Ɛw/5.
shall not exceed the least of 3h, 18 in., and
JL
DOUHLQIRUFHPHQW
11.7.4 /DWHUDOVXSSRUWRIORQJLWXGLQDOUHLQIRUFHPHQW
for
ent is required for
11.7.4.1 If longitudinal reinforcement
0 g, longitudinal
it
reincompression and if Ast exceeds 0.01A
forcement shall be laterally supported by transverse ties.
11.7.5 5HLQIRUFHPHQWDURXQGRSHQLQJV
11.7.5.1 In addition to the minimum reinforcement
required by 11.6, at least two No. 5 bars in walls having two
layers of reinforcement in both directions and one No. 5 bar
in walls having a single layer of reinforcement in both directions shall be provided around window, door, and similarly
sized openings. Such bars shall be anchored to develop fy in
tension at the corners of the openings.
11.8—Alternative method for out-of-plane slender
wall analysis
11.8.1 General

R11.8—Alternative method for out-of-plane slender
wall analysis
R11.8.1 General

11.8.1.1 It shall be permitted to analyze out-of-plane slenGHUQHVV H൵HFWV LQ DFFRUGDQFH ZLWK WKLV VHFWLRQ IRU ZDOOV
satisfying (a) through (e):

R11.8.1.1 This procedure is presented as an alternative to
the requirements of 11.5.2.1 for the out-of-plane design of
slender wall panels, where the panels are restrained against
rotation at the top.
Panels that have windows or other large openings are not
considered to have constant cross section over the height of
the panel. Such walls are to be designed taking into account
WKHH൵HFWVRIRSHQLQJV
Many aspects of the design of tilt-up walls and buildings
are discussed in ACI 551.2R and Carter et al. (1993).

(a) Cross section is constant over the height of the wall
E :DOOLVWHQVLRQFRQWUROOHGIRURXWRISODQHPRPHQWH൵HFW
F ࢥMn is at least Mcr, where Mcr is calculated using fr as
provided in 19.2.3
(d) Pu at the midheight section does not exceed 0.06fcƍAg
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H &DOFXODWHGRXWRISODQHGHÀHFWLRQGXHWRVHUYLFHORDGV
¨s, including P¨H൵HFWVGRHVQRWH[FHHGƐc/150
11.8.2 Modeling
11.8.2.1 The wall shall be analyzed as a simply supported,
axially loaded member subject to an out-of-plane uniformly
GLVWULEXWHGODWHUDOORDGZLWKPD[LPXPPRPHQWVDQGGHÀHFtions occurring at midheight.
11.8.2.2 Concentrated gravity loads applied to the wall
above any section shall be assumed to be distributed over a
width equal to the bearing width, plus a width on each side
that increases at a slope of 2 vertical to 1 horizontal, but not
extending beyond (a) or (b):
(a) The spacing of the concentrated loads
(b) The edges of the wall panel

GXHWR
11.8.3.1 MuDWPLGKHLJKWRIZDOOGXHWRFRPELQHGÀH[XUH
H൵HF
DQGD[LDOORDGVVKDOOLQFOXGHWKHH൵HFWVRIZDOOGHÀHFWLRQLQ
accordance with (a) or (b):

.3. The neutra
R11.8.3.1
neutrall aaxis depth c in Eq. (11.8.3.1c)
RQGV WR WKH IROORZL
FRUUHVSRQGV
IROORZLQJ H൵HFWLYH DUHD RI ORQJLWXGLQDO
rein
eme
reinforcement.

sin
(a) By iterative calculation using
Mu = Mua + Pu¨u

(11.8.3.1a)
(11.8.
a)

Ase , w = As +

Pu ⎛ h  ⎞
⎜
⎟
fy ⎝ d ⎠

where Mua is the maximum factored moment at midheight
of wall due to lateral and eccentric vertical loads, not
including P¨H൵HFWV
¨u shall be calculated by:
Δu =

5M u A 2c
(0.75)48 Ec I cr

(11.8.3.1b)

where Icr shall be calculated by:

I cr =

Es
Ec

⎛
A w c3
Pu h ⎞
2
⎜ As + f 2d ⎟ (d − c) + 3
⎝
⎠
y

(11.8.3.1c)

and the value of Es/Ec shall be at least 6.
(b) By direct calculation using:
Mu =

M ua
⎛
⎞
5 Pu A 2c
⎜⎝1 − (0.75)48 E I ⎟⎠
c cr

11.8.4 2XWRISODQHGHÀHFWLRQ±VHUYLFHORDGV

(11.8.3.1d)

R11.8.4 2XWRISODQHGHÀHFWLRQ±VHUYLFHORDGV
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11.8.4.12XWRISODQHGHÀHFWLRQGXHWRVHUYLFHORDGV¨s,
shall be calculated in accordance with Table 11.8.4.1, where
Ma is calculated by 11.8.4.2.

11.8.4.1 Test data (Athey 1982) demonstrate that out-ofSODQH GHÀHFWLRQV LQFUHDVH UDSLGO\ ZKHQ WKH VHUYLFHOHYHO
moment exceeds 2/3Mcr. A linear interpolation between
¨cr and ¨n is used to determine ¨s to simplify the design of
slender walls if Ma > 2/3Mcr.
6HUYLFHOHYHOORDGFRPELQDWLRQVDUHQRWGH¿QHGLQ&KDSWHU
5 of this Code, but they are discussed in Appendix C of
$6&(6(,$SSHQGL[HVWR$6&(6(,DUHQRWFRQVLGHUHG
mandatory parts of that standard. For calculating serviceOHYHOODWHUDOGHÀHFWLRQVRIVWUXFWXUHV$SSHQGL[&RI$6&(
SEI 7 recommends using the following load combination:

Table 11.8.4.1—Calculation of Δs
Ma

¨s

  Mcr

⎛M ⎞
Δ s = ⎜ a ⎟ Δ cr
⎝ M cr ⎠

!  Mcr

Δ s =  Δ cr +

M a −  M cr
M n −  M cr

(a)

Δ n −  Δ cr

(b)

D + 0.5L + Wa
in which Wa is wind load based on serviceability wind speeds
SURYLGHGLQWKHFRPPHQWDU\WR$SSHQGL[&RI$6&(6(,
,I WKH VOHQGHU ZDOO LV GHVLJQHG WR UHVLVW HDUWKTXDNH H൵HFWV
E, and ELVEDVHGRQVWUHQJWKOHYHOHDUWKTXDNHH൵HFWVWKH
follow
following
load combination is considered to be appropriate
IRUHYDOXDWLQJWK
IRUHYDOXDWLQJWKHVHUYLFHOHYHOODWHUDOGHÀHFWLRQV
00. + 0.7E
D + 0.5L
11.8.4.2 The maximum moment
ent Ma at midheight of wall
ll
ntri vertical
tical loads, inclu
ing
due to service lateral and eccentric
including
E
 ZLWK
ZLWKLWHUDHUDPs¨sH൵HFWVVKDOOEHFDOFXODWHGE\(T
WLRQRIGHÀHFWLRQV
Ma = Msa + Ps¨s

(11.8.4.2)

¨cr and ¨n shall be calculated by (a) and (b):
(a) Δ cr =

5M cr A 2c
48 Ec I g

(11.8.4.3a)

(b) Δ n =

5M n lc2
48 Ec I cr

(11.8.4.3b)
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12.1—Scope
12.1.1 This chapter shall apply to the design of nonprestressed and prestressed diaphragms, including (a) through (d):

R12.1—Scope
R12.1.1 Diaphragms typically are horizontal or nearly
horizontal planar elements that serve to transfer lateral forces
to vertical elements of the lateral-force-resisting system
(Fig. R12.1.1). Diaphragms also tie the building elements
together into a complete three-dimensional system and
provide lateral support to those elements by connecting them
to the lateral-force-resisting system. Typically, diaphragms
DOVR VHUYH DV ÀRRU DQG URRI VODEV RU DV SDUNLQJ VWUXFWXUH
ramps and, therefore, support gravity loads. A diaphragm
may include chords and collectors.
When subjected to lateral loads, such as the in-plane inertial loads acting on the roof diaphragm of Fig. R12.1.1, a
diaphragm acts essentially as a beam spanning horizontally between vertical elements of the lateral-force-resisting
system. The diaphragm thus develops in-plane bending
moments, shears, and possibly other actions. Where vertical
elements of the lateral-force-resisting system do not extend
along the full depth of the diaphragm, collectors may be
required to colle
collect the diaphragm shear and transfer it to the
al elements. Th
vertical
The term “distributor” is sometimes used to
llector that ttransfers
ans
n
describe a ccollector
force from a vertical element
atera
ce-resisting system into the diaphragm. This
of the lateral-force-resisting
chap
chapter desc
describes minimum requirements for diaphragm and
FROOHF
UGH
GGHWDLOLQJ
FROOHFWRUGHVLJQDQGGHWDLOLQJLQFOXGLQJFRQ¿JXUDWLRQDQDOdels materials,
ls, and st
ysis models,
strength.
Thi
ers only the types of diaphragms listed
This chap
chapter covers
in thi
this prov
provision. Other dia
diaphragm types, such as horizontal
d succes
trusses, are used
successfully in buildings, but this chapter
clude presc
does not include
prescriptive provisions for those other types.

(a) Diaphragms that are cast-in-place slabs
(b) Diaphragms that comprise a cast-in-place topping slab
on precast elements
(c) Diaphragms that comprise precast elements with end
strips formed by either a cast-in-place concrete topping
slab or edge beams
(d) Diaphragms of interconnected precast elements
without cast-in-place concrete topping
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Collector
In-plane inertial loads
Structural (shear) wall
Gravity loads

Diaphragm
Collector

Out-of-plane
wind pressure
or inertial loads

Structural
(shear) wall

Moment resisting
frame

Basement
wall

Inclined column
ust

Thr

st

Thru
Shear
Transfer in
diaphragm

Transfer slab/
diaphragm
Below grade
soil pressure

Distributor

Fig. R12.1.1²7\SLFDOGLDSKUDJPDFWLRQV
12.1.2 Diaphragms in structures assigned to Seismic
Design Category D, E, or F shall also satisfy requirements
of 18.12.
12.2—General
12.2.1 Design shall consider forces (a) through (e):
(a) Diaphragm in-plane forces due to lateral loads acting
on the building
(b) Diaphragm transfer forces
(c) Connection forces between the diaphragm and vertical
framing or nonstructural elements
(d) Forces resulting from bracing vertical or sloped
building elements
(e) Diaphragm out-of-plane forces due to gravity and
other loads applied to the diaphragm surface

R12.2—General
R12.2.1 As partially illustrated in Fig. R12.1.1, diaphragms
resist forces from several types of actions (Moehle et al. 2010):
(a) Diaphragm in-plane forces—Lateral forces from
load combinations including wind, earthquake, and hori]RQWDO ÀXLG RU VRLO SUHVVXUH JHQHUDWH LQSODQH VKHDU D[LDO
and bending actions in diaphragms as they span between,
and transfer forces to, vertical elements of the lateral-forceresisting system. For wind loading, lateral force is generated by wind pressure acting on building cladding that
is transferred by diaphragms to the vertical elements. For
earthquake loading, inertial forces are generated within the
diaphragm and tributary portions of walls, columns, and
other elements, and then transferred by diaphragms to the
vertical elements. For buildings with subterranean levels,
lateral forces are generated by soil pressure bearing against
the basement walls; in a typical system, the basement walls
VSDQ YHUWLFDOO\ EHWZHHQ ÀRRUV DOVR VHUYLQJ DV GLDSKUDJPV
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which in turn distribute the lateral soil forces to other forceresisting elements.
(b) Diaphragm transfer forces—Vertical elements of the
ODWHUDOIRUFHUHVLVWLQJV\VWHPPD\KDYHGL൵HUHQWSURSHUWLHV
over their height, or their planes of resistance may change
from one story to another, creating force transfers between
vertical elements. A common location where planes of resistance change is at grade level of a building with an enlarged
subterranean plan; at this location, forces may transfer
from the narrower tower into the basement walls through a
podium diaphragm (refer to Fig. R12.1.1).
(c) Connection forces—Wind pressure acting on exposed
building surfaces generates out-of-plane forces on those
surfaces. Similarly, earthquake shaking can produce inertial
forces in vertical framing and nonstructural elements such
as cladding. These forces are transferred from the elements
where the forces are developed to the diaphragm through
connections.
((d)) Column bracing forces²$UFKLWHFWXUDO FRQ¿JXUDtions sometimes require inclined columns, which can result
rge horizontal tthrusts acting within the plane of the
in large
gms due to gra
vity
ity and overturning actions. The
diaphragms
gravity
WKUXVWV FDQ DFW LQ GL൵HUHQ
GL൵HUHQW GLUHFWLRQV GHSHQGLQJ RQ RULHQtatio
mn and w
tation off th
the column
whether it is in compression or
tensio
se thrust
tension. Wh
Where these
thrusts are not balanced locally by
eme
other elements,
the forces hhave to be transferred into the
diaphr
gm so they
y can be transmitted to other suitable
diaphragm
elem
ateral-for
elementss of the lateral-force-resisting
system. Such forces
DUH FRPPRQ DQG PD\
PD\ EH VLJQL¿FDQW ZLWK HFFHQWULFDOO\
cast concr
loaded precast
concrete columns that are not monolithic
with adjacent fra
framing. The diaphragm also provides lateral
support tto columns not designed as part of the lateral-forceresisting system by connecting them to other elements that
provide lateral stability for the structure.
(e) Diaphragm out-of-plane forces—Most diaphragms
DUH SDUW RI ÀRRU DQG URRI IUDPLQJ DQG WKHUHIRUH VXSSRUW
gravity loads. The general building code may also require
consideration of out-of-plane forces due to wind uplift pressure on a roof slab and vertical acceleration due to earthTXDNHH൵HFWV

12.2.27KHH൵HFWVRIVODERSHQLQJVDQGVODEYRLGVVKDOOEH
considered in design.

R12.2.2 Refer to R7.2.1.

12.2.3 Materials
12.2.3.1 Design properties for concrete shall be selected to
be in accordance with Chapter 19.
12.2.3.2 Design properties for steel reinforcement shall be
selected to be in accordance with Chapter 20.
12.3—Design limits
12.3.1 0LQLPXPGLDSKUDJPWKLFNQHVV

R12.3—Design limits
R12.3.1 0LQLPXPGLDSKUDJPWKLFNQHVV
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12.3.1.1 Diaphragms shall have thickness as required
IRU VWDELOLW\ VWUHQJWK DQG VWL൵QHVV XQGHU IDFWRUHG ORDG
combinations.

Diaphragms may be required to resist in-plane moment,
shear, and axial force. For diaphragms that are entirely castin-place or comprise topping slabs composite with precast
PHPEHUVWKLFNQHVVRIWKHHQWLUHGLDSKUDJPPXVWEHVX൶cient to resist these actions. For noncomposite topping
slabs, thickness of the cast-in-place topping alone must
EHVX൶FLHQWWRUHVLVWWKHVHDFWLRQVSection 18.12 contains
VSHFL¿FUHTXLUHPHQWVIRUGLDSKUDJPVLQEXLOGLQJVDVVLJQHG
to Seismic Design Categories D, E, and F.
In addition to requirements for in-plane force resistance,
GLDSKUDJPVWKDWDUHSDUWRIÀRRURUURRIFRQVWUXFWLRQPXVW
VDWLVI\DSSOLFDEOHUHTXLUHPHQWVIRUVODERUÀDQJHWKLFNQHVV

12.3.1.2 Floor and roof diaphragms shall have a thickQHVVQRWOHVVWKDQWKDWUHTXLUHGIRUÀRRUDQGURRIHOHPHQWVLQ
other parts of this Code.

12.4—Required strength
12.4.1 General
12.4.1.1 Required strength of diaphragms, collectors, and
their connections shall be calculated in accordance with the
factored load combinations in Chapter 5.
hragms th
12.4.1.2 Required strength of diaphragms
that are part
QFOXG
RIÀRRURUURRIFRQVWUXFWLRQVKDOOLQFOXGHH൵HFWVRIRXWRI
her aapplicable loads.
plane loads simultaneous with other
DQ
O\VLV
12.4.2 'LDSKUDJPPRGHOLQJDQGDQDO\VLV

R12.4—Required strength
Factored load combinations generally require consideration of out-of-plane loads that act simultaneously with
diaphragm in-plane forces. For example, this is required
ZKHUHDÀRRUEHDPDOVRVHUYHVDVDFROOHFWRULQZKLFKFDVH
be
the beam
is to be designed to resist axial forces acting as
D FROOHFWRU DQG EHQGLQJ PRPHQWV DFWLQJ DV D ÀRRU EHDP
orting gravity loads.
lo
supporting

R12
4.2 'LDSKUDJPPRGHOLQJDQGDQDO\VLV
'
JPPRGH
R12.4.2

g and analysis
nalysis requirem
ents
12.4.2.1 Diaphragm modeling
requirements
ll ggovern
rn where applic
le.
of the general building code shall
applicable.
i shall be in
Otherwise, diaphragm modeling an
and analysis
accordance with 12.4.2.2 through 12.4.2.4.

R12
4.2.1 $6&(6(,
(6(,  includes diaphragm modeling
R12.4.2.1
requi
ment for some design
de
requirements
conditions, such as design
DQGHDUWK
WRUHVLVWZLQGDQGHDUWKTXDNHORDGV:KHUH$6&(6(,LV
adopted as part of the general building code, those requirets govern ov
ments
over provisions of this Code.

12.4.2.2 Modeling and analysis procedures shall satisfy
requirements of Chapter 6.

R12.4.2.2 Chapter 6 contains general requirements for
analysis that are applicable to diaphragms. Diaphragms are
usually designed to remain elastic or nearly elastic for forces
acting within their plane under factored load combinations.
Therefore, analysis methods satisfying theory of elastic
analysis are generally acceptable. The provisions for elastic
analysis in 6.6.1 through 6.6.3 can be applied.
'LDSKUDJP LQSODQH VWL൵QHVV D൵HFWV QRW RQO\ WKH GLVWULbution of forces within the diaphragm, but also the distribution of displacements and forces among the vertical
HOHPHQWV 7KXV WKH GLDSKUDJP VWL൵QHVV PRGHO VKRXOG EH
consistent with characteristics of the building. Where the
GLDSKUDJP LV YHU\ VWL൵ FRPSDUHG WR WKH YHUWLFDO HOHPHQWV
as in a low aspect ratio, cast-in-place diaphragm supported
by moment frames, it is acceptable to model the diaphragm
DVDFRPSOHWHO\ULJLGHOHPHQW:KHUHWKHGLDSKUDJPLVÀH[ible compared with the vertical elements, as in some jointed
precast systems supported by structural walls, it may be
DFFHSWDEOHWRPRGHOWKHGLDSKUDJPDVDÀH[LEOHEHDPVSDQning between rigid supports. In other cases, it may be advisable to adopt a more detailed analytical model to account
IRU WKH H൵HFWV RI GLDSKUDJP ÀH[LELOLW\ RQ WKH GLVWULEXWLRQ
of displacements and forces. Examples include buildings

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

178

CODE

179

COMMENTARY

12.4.2.3 Any set of reasonable and consistent assumptions
IRUGLDSKUDJPVWL൵QHVVVKDOOEHSHUPLWWHG

R12.4.2.3 For low-aspect-ratio diaphragms that are entirely
cast in
cast-in-place
or comprise a cast-in-place topping slab on
element the diaphragm is often modeled as a rigid
precast elements,
HQW VXSSRUWHG E\
HOHPHQW
E\ ÀH[LEOH YHUWLFDO HOHPHQWV +RZHYHU
RIGLDSKUDJPÀH[LEL
E
H൵HFWVRIGLDSKUDJPÀH[LELOLW\VKRXOGEHFRQVLGHUHGZKHUH
൵HFWV
OPDWHULDOO\
VXFKH൵HFWVZLOOPDWHULDOO\D൵HFWFDOFXODWHGGHVLJQDFWLRQV
6XFK ൵HFW
OGEHFRQV
6XFKH൵HFWVVKRXOGEHFRQVLGHUHGIRUGLDSKUDJPVWKDWXVH
precas elem
precast
elements, with or w
without a cast-in-place topping.
arge transferr forces ooccur, as outlined in R12.2.1(b),
Where large
alis design
gn forces can be obtained by modeling
more realistic
GLDSK JP
QHVWL൵QHV
GLDSKUDJPLQSODQHVWL൵QHVV'LDSKUDJPVZLWKORQJVSDQV
l
reas, or other irregularities may develop
large
cutout areas,
formations that should be considered in design
in-plane deformations
R12
(referr to Fig. R12.4.2.3a).
d
For a diaphragm
considered rigid in its own plane, and for
semi-rigid diaphragms, the diaphragm internal force distribution can be obtained by modeling it as a horizontal rigid
EHDP VXSSRUWHG RQ VSULQJV UHSUHVHQWLQJ ODWHUDO VWL൵QHVVHV
RI WKH YHUWLFDO HOHPHQWV UHIHU WR )LJ 5E  (൵HFWV
of in-plane eccentricity between applied forces and vertical
element resistances, resulting in overall building torsion,
should be included in the analysis. Elements of the lateralforce-resisting system aligned in the orthogonal direction
can participate in resisting diaphragm plan rotation (Moehle
et al. 2010).
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LQ ZKLFK GLDSKUDJP DQG YHUWLFDO HOHPHQW VWL൵QHVVHV KDYH
approximately the same value, buildings with large force
transfers, and parking structures in which ramps connect
EHWZHHQÀRRUVDQGDFWHVVHQWLDOO\DVEUDFLQJHOHPHQWVZLWKLQ
the building.
For diaphragms constructed of concrete slabs, $6&(
SEI 7 permits the assumption of a rigid diaphragm if the
diaphragm aspect ratio falls within a prescribed limit, which
LVGL൵HUHQWIRUZLQGDQGHDUWKTXDNHORDGVDQGLIWKHVWUXFWXUH
KDVQRKRUL]RQWDOLUUHJXODULWLHV$6&(6(,SURYLVLRQVGR
not prohibit the rigid diaphragm assumption for other conditions, provided the rigid diaphragm assumption is reasonably
consistent with anticipated behavior. Cast-in-place concrete
diaphragms designed with the rigid-diaphragm assumption
have a long history of satisfactory performance even though
WKH\PD\IDOORXWVLGHWKH$6&(6(,LQGH[YDOXHV
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Diaphragm
span, 

Diaphragm depth, h

Lateral force

δmax
δwall
Lateral-force resisting wall at each end
Fig. R12.4.2.3a²([DPSOHRIGLDSKUDJPWKDWPLJKWQRWEH
considered rigid in its plane.

Lateral load

Vertical element
and reaction force
Center of
resistance

Diaphragm
boundary

Plan

Diaphragm shear

Diaphragm moment
Fig. R12.4.2.3b²'LDSKUDJPLQSODQHDFWLRQVREWDLQHGE\
PRGHOLQJWKHGLDSKUDJPDVDKRUL]RQWDOULJLGEHDPRQÀH[ible supports.
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12.4.2.4 Calculation of diaphragm in-plane design
moments, shears, and axial forces shall be consistent with
requirements of equilibrium and with design boundary
conditions. It shall be permitted to calculate design
moments, shears, and axial forces in accordance with one of
(a) through (e):

R12.4.2.4 The rigid diaphragm model is widely used for
diaphragms that are entirely cast-in-place and for diaphragms
that comprise a cast-in-place topping slab on precast
HOHPHQWVSURYLGHGÀH[LEOHFRQGLWLRQVDUHQRWFUHDWHGE\D
long span, by a large aspect ratio, or by diaphragm irreguODULW\)RUPRUHÀH[LEOHGLDSKUDJPVDERXQGLQJDQDO\VLVLV
sometimes done in which the diaphragm is analyzed as a
VWL൵RUULJLGHOHPHQWRQÀH[LEOHVXSSRUWVDQGDVDÀH[LEOH
diaphragm on rigid supports, with the design values taken as
the envelope of values from the two analyses. Finite element
models can be suitable for any diaphragm, but are especially
useful for irregularly shaped diaphragms and diaphragms
UHVLVWLQJ ODUJH WUDQVIHU IRUFHV 6WL൵QHVV VKRXOG EH DGMXVWHG
to account for expected concrete cracking under design
loads. For jointed precast concrete diaphragms that rely on
mechanical connectors, it may be necessary to include the
MRLQWVDQGFRQQHFWRUVLQWKH¿QLWHHOHPHQWPRGHO6WUXWDQG
tie models may be used for diaphragm design. The strut-andtie models should include considerations of force reversals
u
that may occur under
design load combinations.

(a) A rigid diaphragm model if the diaphragm can be
idealized as rigid
E $ÀH[LEOHGLDSKUDJPPRGHOLIWKHGLDSKUDJPFDQEH
LGHDOL]HGDVÀH[LEOH
(c) A bounding analysis in which the design values are the
envelope of values obtained by assuming upper bound and
ORZHUERXQGLQSODQHVWL൵QHVVHVIRUWKHGLDSKUDJPLQWZR
or more separate analyses
G  $ ¿QLWH HOHPHQW PRGHO FRQVLGHULQJ GLDSKUDJP
ÀH[LELOLW\
(e) A strut-and-tie model in accordance with 23.2

12.5—Design strength
12.5.1 General

Design stren
gth
th
R12.5—Design
strength
5.1 General
G ral
R12.5.1

d load combina
on,
12.5.1.1 For each applicablee ffactored
combination,
nnections shall sa
isfy
design strengths of diaphragms an
and connections
satisfy
DG
VVKDOOEHFRQVLG UHG
ࢥSnU,QWHUDFWLRQEHWZHHQORDGH൵HFWVVKDOOEHFRQVLGHUHG

R12
5.1.1 Design
n actions commonly include in-plane
R12.5.1.1
t, w
moment,
with or without ax
axial force; in-plane shear; and
omp
and ten
axial compression
tension in collectors and other
HOHP VDF
VVWUXWVRU
HOHPHQWVDFWLQJDVVWUXWVRUWLHV6RPHGLDSKUDJPFRQ¿JXUDlt in add
tions may result
additional types of design actions. For
example, a diaphragm vertical step can result in out-of-plane
ding, torsion, or both. The diaphragm is required to be
bending,
designed for such actions where they occur in elements that
are part of the load path.
Nominal strengths are prescribed in Chapter 22 for a
diaphragm idealized as a beam or solid element resisting
in-plane moment, axial force, and shear; and in Chapter 23
for a diaphragm or diaphragm segment idealized as a strutand-tie system. Collectors and struts around openings can
be designed as compression members subjected to axial
force using provisions of 10.5.2 with the strength reduction
factor for compression-controlled members in 21.2.2. For
axial tension in such members, nominal tensile strength is
As fy, and the strength reduction factor is 0.90 as required for
tension-controlled members in 21.2.2.
Diaphragms are designed under load combinations of 5.3.
Where a diaphragm or part of a diaphragm is subjected to
PXOWLSOHORDGH൵HFWVWKHLQWHUDFWLRQRIWKHORDGH൵HFWVLVWR
be considered. A common example is where a collector is
built within a beam or slab that also resists gravity loads, in
which case the element is designed for combined moment
and axial force. Another example is where a connection is
subjected to simultaneous tension and shear.

ࢥ shall be determined in accordance with 21.2.

American Concrete Institute – Copyrighted © Material – www.concrete.org

12 Diaphragms

181

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 3: MEMBERS

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

12.5.1.3 Design strengths shall be in accordance with (a),
(b), (c), or (d):

R12.5.1.3 'L൵HUHQW GHVLJQ VWUHQJWK UHTXLUHPHQWV DSSO\
depending on how the diaphragm load-path is idealized.
Section 12.5.1.3(a) addresses requirements for the
common case where a diaphragm is idealized as a beam
spanning between supports and resisting forces within its
plane, with chord reinforcement at the boundaries to resist
in-plane moment and axial force. If diaphragms are designed
according to this model, then it is appropriate to assume
WKDW VKHDU ÀRZ LV XQLIRUP WKURXJK WKH GLDSKUDJP GHSWK
Diaphragm depth refers to the dimension measured in the
direction of lateral forces within the plane of the diaphragm
(refer to Fig. R12.4.2.3a). If vertical elements of the lateralforce-resisting system do not extend the full depth of the
diaphragm, then collectors are required to transfer shear
acting along the remaining portions of the diaphragm depth
to the vertical elements. Sections 12.5.2 through 12.5.4 are
based on this model. This design approach is acceptable
even if some of the moment is resisted by precompression
pro
as provided
by 12.5.1.4.
Sections 12.
12.5.1.3(b) through (d) permit alternative
ods for design of diaphragms. If diaphragms are
methods
moment
nt through distributed chords, or
designedd to resist moment
KUDJP UHGHVLJQHG
LIGLDSKUDJPVDUHGHVLJQHGDFFRUGLQJWRVWUHVV¿HOGVGHWHUPLQ E\ ¿
OHPHQW DQ
PLQHG
¿QLWHHOHPHQW
DQDO\VLV WKHQ QRQXQLIRUP VKHDU
ÀRZV RXOG
QLQWRDFF
ÀRZVKRXOGEHWDNHQLQWRDFFRXQW

(a) For a diaphragm idealized as a beam whose depth is
equal to the full diaphragm depth, with moment resisted
by boundary reinforcement concentrated at the diaphragm
edges, design strengths shall be in accordance with 12.5.2
through 12.5.4.
(b) For a diaphragm or a diaphragm segment modeled as
a strut-and-tie system, design strengths shall be in accordance with 23.3.
F )RUDGLDSKUDJPLGHDOL]HGZLWKD¿QLWHHOHPHQWPRGHO
design strengths shall be in accordance with Chapter 22.
Nonuniform shear distributions shall be considered in
design for shear. Collectors in such designs shall be
provided to transfer diaphragm shears to the vertical
elements of the lateral-force-resisting system.
(d) For a diaphragm designed by alternative methods, such
methods shall satisfy the requirements of equilibrium
m and
shall provide design strengths at least equal
qual to required
strengths for all elements in the load path.

om
12.5.1.4 It shall be permitted to use precompression from
st ddiaphragm
hragm forces.
prestressed reinforcement to resist

R12
5.1.4 ,Q WKH W\SLFDO FDVH
F
R12.5.1.4
RI D SUHVWUHVVHG ÀRRU VODE
prest sing is required,
quired, at a minimum, to resist the factored
prestressing
l
on 1.2D + 1.6L, where L may have been
load
combination
reduced as permitted by the general building code. For
earthqua design, however, the gravity load to be
windd or earthquake
resisted by prestressing is reduced because the governing
load combination is 1.2D + f1L + (W or E), where f1 is either
1.0 or 0.5 depending on the nature of L. Thus, only a portion
RI WKH H൵HFWLYH SUHVWUHVV LV UHTXLUHG WR UHVLVW WKH UHGXFHG
JUDYLW\ ORDGV7KH UHPDLQGHU RI WKH H൵HFWLYH SUHVWUHVV FDQ
be used to resist in-plane diaphragm moments. Additional
moment, if any, is resisted by added reinforcement.

12.5.1.5 If nonprestressed, bonded prestressing reinforcement is designed to resist collector forces, diaphragm shear,
or tension due to in-plane moment, the value of steel stress
used to calculate resistance shall not exceed the lesser of the
VSHFL¿HG\LHOGVWUHQJWKDQGSVL

R12.5.1.5 Nonprestressed bonded prestressing reinforcement, either strand or bars, is sometimes used to resist
diaphragm design forces. The imposed limit on assumed
yield strength is to control crack width and joint opening.
The Code does not include provisions for developing
nonprestressed, bonded prestressing reinforcement. Stress
limits for other provided reinforcement are prescribed in
Chapter 20.

12.5.2 0RPHQWDQGD[LDOIRUFH
12.5.2.1 It shall be permitted to design a diaphragm to
resist in-plane moment and axial force in accordance with
22.3 and 22.4.

R12.5.2 0RPHQWDQGD[LDOIRUFH
R12.5.2.1 This section permits design for moment and
axial force in accordance with the usual assumptions of 22.3
and 22.4, including the assumption that strains vary linearly
through the depth of the diaphragm. In most cases, design
for moment and axial force can be accomplished satisfacto-
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CODE

183

COMMENTARY
rily using an approximate tension-compression couple with
the strength reduction factor equal to 0.90.

(a) Deformed bars conforming to 20.2.1
(b) Strands or bars conforming to 20.3.1, either prestressed
or nonprestressed
(c) Mechanical connectors crossing joints between precast
elements
(d) Precompression from prestressed reinforcement
12.5.2.3 Nonprestressed reinforcement and mechanical
connectors resisting tension due to moment shall be located
within h/4 of the tension edge of the diaphragm, where h is
diaphragm depth measured in the plane of the diaphragm at
that location. Where diaphragm depth changes along the span,
jacent
it shall be permitted to develop reinforcement into adjacent
4 limit.
diaphragm segments that are not within the h/4

R12.5.2.2 Bonded prestressing reinforcement used to resist
in-plane moment and axial force can be either prestressed
or nonprestressed. Mechanical connectors crossing joints
between precast concrete elements are provided to complete
a continuous load path for reinforcement embedded in those
elements. The use of precompression from prestressed reinforcement is discussed in R12.5.1.4.

R12.5.2.3 Figure R12.5.2.3 illustrates permitted locations
of nonprestressed reinforcement resisting tension due to
moment and axial force. Where diaphragm depth changes
along the span, it is permitted to develop tension reinforcement in adjacent sections even if the reinforcement falls
ou
outside the h/4 limit of the adjacent section. In such cases,
the strut-and-tie method or elastic plane stress analysis can
ed to determine
determin bar extensions and other reinforcebe used
quirements to pro
vid continuity across the step. The
ment requirements
provide
on oon location
cation of nnonprestressed reinforcement and
restriction
mec
ical connectors
ctors is in
mechanical
intended to control cracking and
exces
ve jo
ning that might occur near the edges if
excessive
joint opening
eme or mechanica
reinforcement
mechanical connectors were distributed
KURXJ RXW
SKUDJPG
WKURXJKRXWWKHGLDSKUDJPGHSWK7KHFRQFHQWUDWLRQRIÀH[ural tension
sion reinforcement
orcement near the edge of the diaphragm
PRUHXQLI
DOVRUHVXOWVLQPRUHXQLIRUPVKHDUÀRZWKURXJKWKHGHSWKRI
gm.
the diaphragm.
here are no re
There
restrictions on placement of prestressed reinforcemen
forcement provided to resist moment through precompresVLRQ,QH൵HFWWKHSUHFRPSUHVVLRQGHWHUPLQHVDPRPHQWWKDW
the prestressed reinforcement can resist, with the remainder
of the moment resisted by reinforcement or mechanical
connectors placed in accordance with 12.5.2.3.
The Code does not require that diaphragm boundary
HOHPHQWV UHVLVWLQJ GHVLJQ ÀH[XUDO FRPSUHVVLRQ IRUFHV EH
detailed as columns. However, where a boundary element
resists a large compressive force compared with axial
strength, or is designed as a strut adjacent to an edge or
opening, detailing with transverse reinforcement similar to
column hoops should be considered.
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Lateral load
h1/4

h2/4
Vertical element

h1

h2
Diaphragm
boundary

h1/4

h2/4

2

1

Reinforcement can be
developed outside shaded
zones. Other reinforcement
required for force transfer
not shown.

Reinforcement
for span 1 placed
within depth h1/4.

Zones for placement of reinforcement

Plan

Fig. R12.5.2.3²/RFDWLRQVRIQRQSUHVWUHVVHGUHLQIRUFHPHQW
UHVLVWLQJWHQVLRQGXHWRPRPHQWDQGD[LDOIRUFHDFFRUGLQJ
WR
12.5.2.4 Mechanical connectors crossing joints between
precast elements shall be designed to resist required tension
under the anticipated joint opening.

12.5.3 Shear

R12.5.2.4 In an untopped precast diaphragm resisting
in-plane forces and responding in the linear range, some
joint opening (on the order of 0.1 in. or less) should be anticipated. A larger joint opening may occur under earthquake
motions exceeding the design level. Mechanical connectors
should be capable of maintaining design strength under the
anticipated joint opening.
R12.5.3 Shear

12.5.3.1 This section shall apply to diaphragm in-plane
shear strength.

R12.5.3.1 These provisions assume that diaphragm shear
ÀRZLVDSSUR[LPDWHO\XQLIRUPRYHUWKHGLDSKUDJPGHSWKDV
is the case where design is in accordance with 12.5.1.3(a).
Where alternative approaches are used, local variations
of in-plane shear through the diaphragm depth should be
considered.

12.5.3.2 ࢥVKDOOEHXQOHVVDOHVVHUYDOXHLVUHTXLUHG
by 21.2.4.

R12.5.3.2 A lower strength reduction factor may be
required in Seismic Design Categories D, E, or F, or where
special systems for earthquake resistance are used.

12.5.3.3 For a diaphragm that is entirely cast-in-place, Vn
shall be calculated by Eq. (12.5.3.3).

R12.5.3.3 This provision was adapted from the earthquake-resistant design provisions of 18.12.9. The term Acv
UHIHUVWRWKHFURVVVHFWLRQDODUHDRIWKHH൵HFWLYHGHHSEHDP
that forms the diaphragm.

Vn = Acv (2λ f c′ + ρt f y )

(12.5.3.3)
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CODE

185

COMMENTARY

where Acv is the gross area of concrete bounded by diaphragm
web thickness and depth, reduced by void areas if present;
the value of f c′ used to calculate Vn shall not exceed 100
psi; and ȡt refers to the distributed reinforcement oriented
parallel to the in-plane shear.
12.5.3.4 For a diaphragm that is entirely cast-in-place,
cross-sectional dimensions shall be selected to satisfy Eq.
(12.5.3.4).

Vu ≤ φ8 Acv

(12.5.3.4)

f c′ used to calculate Vn shall not

12.5.3.5 For diaphragms that are cast-in-place concrete
WRSSLQJVODEVRQSUHFDVWHOHPHQWV D DQG E VKDOOEHVDWLV¿HG
h Eq.
(a) Vn shall be calculated in accordance with
sions shall be
(12.5.3.3), and cross-sectional dimensions
selected to satisfy Eq. (12.5.3.4). Acv shall bbe calculated
g slab for noncomposite
using the thickness of the topping
topping slab diaphragms and the ccombined thickness of
men for composite top
g
cast-in-place and precast elements
topping
site topping
ing slab diaphra
ms,
slab diaphragms. For composite
diaphragms,
3. and
d (12.5.3.4) shal
shall not
the value of fcƍ in Eq. (12.5.3.3)
exceed the lesser of fcƍ for the pprecastt members and fcƍ for
the topping slab.
d iin accordance
(b) Vn shall not exceed the value ccalculated
with the shear-friction provisions of 22.9 considering the
thickness of the topping slab above joints between precast
ab
elements in noncomposite and composite topping slab
diaphragms and the reinforcement crossing the joints
between the precast members.

R12.5.3.5 For diaphragms with cast-in-place topping slab
RQSUHFDVWHOHPHQWVWKHH൵HFWLYHWKLFNQHVVLQ D LV
reduced to the topping slab thickness if the topping slab is
not composite
with the precast elements. Topping slabs tend
co
to develop cracks
crack above and along the joints between precast
elements.
12.5.3.5(b) limits the shear strength to the
ents. Thus, 12.5
shear-friction
the topping slab above the joints
iction strength ooff th
between
elements.
n the precast
cast elemen

(a) The nominal strength of grouted joints shall not exceed
80 psi. Reinforcement shall be designed to resist shear
through shear-friction in accordance with 22.9. Shear-friction reinforcement shall be in addition to reinforcement
designed to resist tension due to moment and axial force.
(b) Mechanical connectors crossing joints between precast
elements shall be designed to resist required shear under
anticipated joint opening.

R12.5.3.6 This Code does not contain provisions for
untopped diaphragms in buildings assigned to Seismic
Design Categories D, E, and F. Diaphragm shear in untopped
diaphragms can be resisted by using shear-friction reinforcement in grouted joints (FEMA P751). Required shear-friction reinforcement is in addition to reinforcement required
by design to resist other tensile forces in the diaphragm, such
as those due to diaphragm moment and axial force, or due
to collector tension. The intent is to reduce joint opening
while simultaneously resisting shear through shear-friction.
Alternatively, or additionally, mechanical connectors can
be used to transfer shear across joints of precast elements.
In this case, some joint opening should be anticipated. The
mechanical connectors should be capable of maintaining
design strength under anticipated joint opening.

12.5.3.7 For any diaphragm, where shear is transferred
from the diaphragm to a collector, or from the diaphragm or
collector to a vertical element of the lateral-force-resisting
system, (a) or (b) shall apply:

R12.5.3.7 In addition to having adequate shear strength
within its plane, a diaphragm should be reinforced to transfer
shear through shear-friction or mechanical connectors to
collectors and to vertical elements of the lateral-force-resisting

12.5.3.6 For diaphragms that are interconnected precast
elements without a concrete topping, and for diaphragms
that are precast elements with end strips formed by either
a cast-in-place concrete topping slab or edge beams, it shall
be permitted to design for shear in accordance with (a), (b),
or both.
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(a) Where shear is transferred through concrete, the shearfriction provisions of 22.9VKDOOEHVDWLV¿HG
(b) Where shear is transferred through mechanical
FRQQHFWRUVRUGRZHOVH൵HFWVRIXSOLIWDQGURWDWLRQRIWKH
vertical element of the lateral-force-resisting system shall
be considered.

COMMENTARY
system. In diaphragms that are entirely cast-in-place, reinforcement provided for other purposes usually is adequate to
transfer force from the diaphragm into the collectors through
shear-friction. However, additional reinforcement may be
required to transfer diaphragm or collector shear into vertical
elements of the lateral-force-resisting system through shearfriction. Figure R12.5.3.7 illustrates a common detail of
dowels provided for this purpose.

Dowels

Cold joint

Collector
reinforcement
distributed
transversely into
the diaphragm

Structural wall

Fig. R12.5.3.7—Typical detail showing dowels provided for
shear transfer to a structural wall through shear-friction.
R12.5.4 Collectors

12.5.4 Collectors

A collector is a region of a diaphragm that transfers forces
between the diaphragm and a vertical element of the lateralforce-resisting system. A collector can extend transversely
into the diaphragm to reduce nominal stresses and reinforcement congestion, as shown in Fig. R12.5.3.7. Where a
collector width extends into the slab, the collector width on
each side of the vertical element should not exceed approximately one-half the contact length between the collector and
the vertical element.
12.5.4.1 Collectors shall extend from the vertical elements
of the lateral-force-resisting system across all or part of
the diaphragm depth as required to transfer shear from the
diaphragm to the vertical element. It shall be permitted to
discontinue a collector along lengths of vertical elements of
the lateral-force-resisting system where transfer of design
collector forces is not required.

R12.5.4.1 The design procedure in 12.5.1.3(a) models the
GLDSKUDJPDVDIXOOGHSWKEHDPZLWKXQLIRUPVKHDUÀRZ,I
vertical elements of the lateral-force-resisting system do not
extend the full depth of the diaphragm, then collectors are
required to transfer shear acting along the remaining portions
of the diaphragm depth to the vertical element, as shown in
Fig. R12.5.4.1. Partial-depth collectors can also be considered, but a complete force path should be designed that is
capable of transmitting all forces from the diaphragm to the
collector and into the vertical elements (Moehle et al. 2010).
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CODE

COMMENTARY
Shear

Shear-friction
reinforcement
a

b
Wall

d
Collector
reinforcement

Tension Compression

(a) Collector and shearfriction reinforcement

(b) Collector tension and
compression forces

Fig. R12.5.4.1—Full-depth collector and shear-friction
UHLQIRUFHPHQWUHTXLUHGWRWUDQVIHUFROOHFWRUIRUFHLQWRZDOO
12.5.4.2 Collectors shall be designed as tension members,
compression members, or both, in accordance with 22.4.

R12.5.4.2 Tension and compression forces in a collector
are determined by the diaphragm shear forces they transmit
to the vertical elements of the lateral-force-resisting system
(refer to Fig. R12.5.4.1). Except as required by 18.12.7.6,
the Code does not require that collectors resisting design
compressive forces be detailed as columns. However, in
structures where collectors resist large compressive forces
compared with axial strength, or are designed as struts
passing adjacent to edges or openings, detailing with transverse reinforcement similar to column hoops should be
considered. Such detailing is required by 18.12.7.6 for some
diaphragms in buildings assigned to Seismic Design Categories D, E, and F.

12.5.4.3 Where a collector is designed to transfer forces
to a vertical element, collector reinforcement shall extend
along the vertical element at least the greater of (a) and (b):

R12.5.4.3 ,Q DGGLWLRQ WR KDYLQJ VX൶FLHQW GHYHORSPHQW
length, the collector reinforcement should be extended as
needed to fully transfer its forces into the vertical elements
of the lateral-force-resisting system. A common practice is
to extend some of the collector reinforcement the full length
of the vertical element, such that collector forces can be
transmitted uniformly through shear-friction (refer to Fig.
R12.5.4.1). Figure R12.5.4.3 shows an example of collector
reinforcement extended as required to transfer forces into
three frame columns.

(a) The length required to develop the reinforcement in
tension
(b) The length required to transmit the design forces to the
vertical element through shear-friction in accordance with
22.9, through mechanical connectors, or through other
force transfer mechanisms
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COMMENTARY
Note: Collector reinforcement should extend
as required to transfer forces into the vertical
element and should be developed at critical
sections.
Collector reinforcement
≥ dh

≥ d

≥ d

Collector
force

Lateral-force-resisting frame
Fig. R12.5.4.3²6FKHPDWLFIRUFHWUDQVIHUIURPFROOHFWRULQWR
YHUWLFDOHOHPHQWRIWKHODWHUDOIRUFHUHVLVWLQJV\VWHP
12.6—Reinforcement limits
12.6.1 Reinforcement to resist shrinkage and temperature
4.
stresses shall be in accordance with 24.4.
ound diaphragms that are
12.6.2 Except for slabs-on-ground,
QVK
WLVI\UHLQIRUFH QW
SDUWRIÀRRURUURRIFRQVWUXFWLRQVKDOOVDWLVI\UHLQIRUFHPHQW
ord
with 77.66 or two
two-way
way
limits for one-way slabs in accordance
able.
slabs in accordance with 8.6, ass aapplicable.
ned to resist diaph
m
12.6.3 Reinforcement designed
diaphragm
o reinforcement designed
in-plane forces shall be in addition to
WR UHVLVW RWKHU ORDG H൵HFWV H[FHSW UHLQIRUFHPHQW GHVLJQHG
WR UHVLVW VKULQNDJH DQG WHPSHUDWXUH ORDG H൵HFWV VKDOO EH
permitted to also resist diaphragm in-plane forces
12.7—Reinforcement detailing
12.7.1 General

R12.7—Reinforcement detailing
R12.7.1 General

12.7.1.1 Concrete cover for reinforcement shall be in
accordance with 20.5.1.

R12.7.1.1 For a structure assigned to Seismic Design
Category D, E, or F, concrete cover may be governed by the
requirements of 18.12.7.7.

12.7.1.2 Development lengths of deformed and prestressed
reinforcement shall be in accordance with 25.4, unless longer
lengths are required by Chapter 18.
12.7.1.3 Splices of deformed reinforcement shall be in
accordance with 25.5.
12.7.1.4 Bundled bars shall be in accordance with 25.6.
12.7.2 5HLQIRUFHPHQWVSDFLQJ
12.7.2.1 Minimum spacing s of reinforcement shall be in
accordance with 25.2.

R12.7.2 5HLQIRUFHPHQWVSDFLQJ
R12.7.2.1 For a structure assigned to Seismic Design
&DWHJRU\'(RU)VSDFLQJRIFRQ¿QLQJUHLQIRUFHPHQWLQ
collectors may be governed by the requirements of 18.12.7.6.
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CODE

189

COMMENTARY

12.7.2.2 Maximum spacing s of deformed reinforcement
VKDOOEHWKHOHVVHURI¿YHWLPHVWKHGLDSKUDJPWKLFNQHVVDQG
18 in.
12.7.3 'LDSKUDJPDQGFROOHFWRUUHLQIRUFHPHQW

R12.7.3 'LDSKUDJPDQGFROOHFWRUUHLQIRUFHPHQW

12.7.3.2 Calculated tensile or compressive force in reinforcement at each section of the diaphragm or collector shall
be developed on each side of that section.

R12.7.3.2 Critical sections for development of reinforcement generally are at points of maximum stress, at points
where adjacent terminated reinforcement is no longer
required to resist design forces, and at other points of discontinuity in the diaphragm.

12.7.3.3 Reinforcement provided to resist tension shall
red to
extend beyond the point at which it is no longer required
gm edges and at
resist tension at least Ɛd, except at diaphragm
expansion joints.

R12.7.3.3 )RU D EHDP WKH &RGH UHTXLUHV ÀH[XUDO UHLQforcem
forcement to extend the greater of d and 12db past points
ZKHUHLWLVQROR
ZKHUHLWLVQRORQJHUUHTXLUHGIRUÀH[XUH7KHVHH[WHQVLRQV
mportant for a bbeam to protect against development or
are important
lur that could rresult
sul
u from inaccuracies in calculated
shear failure
ns of tensile
nsile stress. Similar failures in diaphragms
locations
orted. To ssimplify design and avoid exceshave nott be
been reported.
ong bar extensions
tensions that could result if the beam
sively long
ons were
w
plied to diaphragms,
d
provisions
applied
this provision only
equir tha
n reinforc
requires
that tension
reinforcement extend Ɛd beyond points
wher itt is no
n longer
ger required
requir to resist tension.
where
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12.7.3.1 Except for slabs-on-ground, diaphragms that
DUHSDUWRIÀRRURUURRIFRQVWUXFWLRQVKDOOVDWLVI\UHLQIRUFHment detailing of one-way slabs in accordance with 7.7 or
two-way slabs in accordance with 8.7, as applicable.
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CHAPTER 13—FOUNDATIONS
CODE

COMMENTARY

13.1—Scope

R13.1—Scope
While requirements applicable to foundations are provided
in this chapter, the majority of requirements used for foundation design are found in other chapters of the Code. These
other chapters are referenced in Chapter 13. However, the
DSSOLFDELOLW\ RI WKH VSHFL¿F SURYLVLRQV ZLWKLQ WKHVH RWKHU
FKDSWHUVPD\QRWEHH[SOLFLWO\GH¿QHGIRUIRXQGDWLRQV

13.1.1 This chapter shall apply to the design of nonprestressed and prestressed foundations, including shallow
foundations (a) through (f), deep foundations (g) through (i),
and retaining walls (j) and (k):

R13.1.1 Examples of foundation types covered by this
chapter are illustrated in Fig. R13.1.1. Stepped and sloped
footings are considered to be subsets of other footing types.
The 2019 edition of the Code contains provisions for the
design of deep foundations. These provisions are based in
part on similar provisions that were previously included in
$6&(6(, and the IBC.

13 Foundations

(a) Strip footings
(b) Isolated footings
(c) Combined footings
(d) Mat foundations
(e) Grade beams
(f) Pile caps
(g) Piles
(h) Drilled piers
(i) Caissons
(j) Cantilever retaining walls
d ca
er retaining w
(k) Counterfort and buttressed
cantilever
walls
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Strip footing

Isolated footing

Stepped footing
g

Combined footing

Pile c
cap

Column

Piles

Mat foundation

Deep foundation system
with piles and pile cap

Counterfort
Stem

Stem

Toe
Key
(optional)

Toe
Key
(optional)
Heel

Heel
Counterfort / buttressed

Fig. R13.1.1—Types of foundations.
13.1.2 Foundations excluded by 1.4.7 are excluded from
this chapter.
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R13.2—General

13.2.1.1 Design properties for concrete shall be selected to
be in accordance with Chapter 19.
13.2.1.2 Design properties for steel reinforcement shall be
selected to be in accordance with Chapter 20.
13.2.1.3 Materials, design, and detailing requirements for
embedments in concrete shall be in accordance with 20.6.
13.2.2 &RQQHFWLRQWRRWKHUPHPEHUV
13.2.2.1 Design and detailing of cast-in-place and precast
column, pedestal, and wall connections to foundations shall
be in accordance with 16.3.

ing below the base of
13.2.3.1 Structural members extending
the structure that are required to transm
transmit forces resulting
XQGD
IURPHDUWKTXDNHH൵HFWVWRWKHIRXQGDWLRQVKDOOEHGHVLJQHG
in accordance with 18.2.2.3.

3.2.3.17KHEDVH
R13.2.3.17KHEDVHRIDVWUXFWXUHDVGH¿QHGLQDQDO\VLV
necessarily correspond
cor esp
sp
does nott necessarily
to the foundation or ground
UWR
EDVHRIDE
OHYHORUWRWKHEDVHRIDEXLOGLQJDVGH¿QHGLQWKHJHQHUDO
buil
g cod
building
code for planning ((for example, for height limits or
¿UHSU
WHFWL
LUHPHQWV 'HWDLOVRIFROXPQVDQGZDOOV
¿UHSURWHFWLRQUHTXLUHPHQWV
ng bbelow the base of a structure to the foundation are
extending
requir
d to be consistent
sistent w
required
with those above the base of the
struc
e. F
itional discussion
di
structure.
For additional
of the design of foundaTXDNHH൵H
WLRQVIRUHDUWKTXDNHH൵HFWVVHHR18.13.1.

13.2.3.2 For structures assigned to Seismic Design Catee
gory (SDC) C, D, E, or F, foundations resisting earthquakeinduced forces or transferring earthquake-induced forces
between structure and ground shall be designed in accordance with 18.13.
13.2.4 Slabs-on-ground

R13.2.4 Slabs-on-ground

13.2.4.1 Slabs-on-ground that transmit vertical loads or
lateral forces from other parts of the structure to the ground
shall be designed and detailed in accordance with applicable
provisions of this Code.
13.2.4.2 Slabs-on-ground that transmit lateral forces as
part of the seismic-force-resisting system shall be designed
in accordance with 18.13.

Slabs-on-ground often act as a diaphragm to hold the
EXLOGLQJWRJHWKHUDWWKHJURXQGOHYHODQGPLQLPL]HWKHH൵HFWV
of out-of-phase ground motion that may occur over the footprint of the building. In these cases, the slab-on-ground
should be adequately reinforced and detailed. As required
in Chapter 26, construction documents should clearly state
that these slabs-on-ground are structural members so as to
prohibit sawcutting of such slabs.

13.2.5 Plain concrete
13.2.5.1 Plain concrete foundations shall be designed in
accordance with Chapter 14.
13.2.6 Design criteria

R13.2.6 Design criteria

American Concrete Institute – Copyrighted © Material – www.concrete.org

13 Foundations

R
R13.2.3 (DUWKTXDNHHৼHFWV

13.2.3 (DUWKTXDNHHৼHFWV

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 3: MEMBERS

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

13.2.6.1 Foundations shall be proportioned for bearing
H൵HFWV VWDELOLW\ DJDLQVW RYHUWXUQLQJ DQG VOLGLQJ DW WKH
soil-foundation interface in accordance with the general
building code.

R13.2.6.1 Permissible soil pressures or permissible deep
foundation strengths are determined by principles of soil
mechanics and in accordance with the general building code.
The size of the base area of a footing on soil or the number and
arrangement of deep foundation members are established by
using allowable geotechnical strength and service-level load
combinations or by using nominal geotechnical strength
with resistance factor and factored load combinations.
Only the calculated end moments at the base of a column
or pedestal require transfer to the footing. The minimum
moment requirement for slenderness considerations given
in 6.6.4.5 need not be considered for transfer of forces and
moments to footings.

13.2.6.2 For one-way shallow foundations, two-way
isolated footings, or two-way combined footings and mat
IRXQGDWLRQVLWLVSHUPLVVLEOHWRQHJOHFWWKHVL]HH൵HFWIDFWRU
VSHFL¿HG LQ 22.5 for one-way shear strength and 22.6 for
two-way shear strength.
13.2.6.3 Foundation members shall be desig
designed to resist
factored loads and corresponding induc
induced reactions except
as permitted by 13.4.2.

.2.6.3 To desig
R13.2.6.3
design a footing or pile cap for strength,
uced reactions ddue
uee tto factored loads applied to the
the induced
ion should
uld be dete
foundation
determined. For a single concentrically aded spread
d footing, the soil pressure due to factored
cally-loaded
loadin is ccalculated
d as the fa
loading
factored load divided by the base
area of the footing. For the case of footings or mats with
eccent c loa
pplied fac
eccentric
loading, applied
factored loads may be used to deteril pr
es. For pil
mine soil
pressures.
pile caps or mats supported by deep
pplied fac
foundations, applied
factored loads may be used to deterber reactio
mine member
reactions. However, the resulting pressures or
ctions may bbe incompatible with the geotechnical design
reactions
resultin in unacceptable subgrade reactions or instability
resulting
(Rogowsky and Wight 2010). In such cases, the design should
be adjusted in coordination with the geotechnical engineer.
Only the calculated end moments at the base of a column
or pedestal require transfer to the footing. The minimum
moment requirements for slenderness considerations given
in 6.6.4.5 need not be considered for transfer of forces and
moments to footings.

13.2.6.4 Foundation systems shall be permitted to be
designed by any procedure satisfying equilibrium and
geometric compatibility.

R13.2.6.4 Foundation design is permitted to be based
directly on fundamental principles of structural mechanics,
provided it can be demonstrated that all strength and serviceDELOLW\ FULWHULD DUH VDWLV¿HG 'HVLJQ RI WKH IRXQGDWLRQ PD\
be achieved through the use of classic solutions based on
a linearly elastic continuum, numerical solutions based on
discrete elements, or yield-line analyses. In all cases, analyses and evaluation of the stress conditions at points of load
application or pile reactions in relation to shear and torsion,
DVZHOODVÀH[XUHVKRXOGEHLQFOXGHG

13.2.6.5 Foundation design in accordance with the strutand-tie method, Chapter 23, shall be permitted.

R13.2.6.5 An example of the application of this provision
is a pile cap similar to that shown in Fig. R13.1.1. Pile caps
may be designed using a three-dimensional strut-and-tie
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model satisfying Chapter 23 (Adebar et al. 1990) provided
WKHVKHDUIRUFHOLPLWVRIDUHDOVRVDWLV¿HG
Figure R13.2.6.5 illustrates the application of the shear
force limits of 23.4.4 and the provisions of 13.2.7.2 for
one-way shear design of a spread footing using the strut-andtie method. Soil pressure within d from the face of the column
or wall does not contribute to shear across the critical crack
(Uzel et al. 2011), but the soil pressure within d contributes to
the bending moment at the face of the column or wall.
Shear crack

d
θ

d
Soil pressure
Resultant of soil
pressure applied to
strut-and-tie model

Fig. R13.2.6.5—One-way
3.2.
e-way sh
shear design of a spread footing
XVLQJ
HVWU
WLHPHWKR
XVLQJWKHVWUXWDQGWLHPHWKRG
13.2.6.6 External moment on any section off a strip footing,
isolated footing, or pile cap shall be calculated by passing
a vertical plane through the member and calculating the
er
moment of the forces acting over the entire area of member
on one side of that vertical plane.
13.2.7 Critical sections for shallow foundations and pile caps

R13.2.7 Critical sections for shallow foundations and pile caps

13.2.7.1 Mu at the supported member shall be permitted
WREHFDOFXODWHGDWWKHFULWLFDOVHFWLRQGH¿QHGLQDFFRUGDQFH
with Table 13.2.7.1.
Table 13.2.7.1—Location of critical section for Mu
Supported member

Location of critical section

Column or pedestal

Face of column or pedestal

Column with steel base plate

Halfway between face of column and
edge of steel base plate

Concrete wall

Face of wall

Masonry wall

Halfway between center and face of
masonry wall

13.2.7.2 The location of critical section for factored shear
in accordance with 7.4.3 and 8.4.3 for one-way shear or
8.4.4.1 for two-way shear shall be measured from the location of the critical section for Mu in 13.2.7.1.

R13.2.7.2 The shear strength of a footing is determined
for the more severe condition of 8.5.3.1.1 and 8.5.3.1.2. The
critical section for shear is measured from the face of the
supported member (column, pedestal, or wall), except for
masonry walls and members supported on steel base plates.
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Calculation of shear requires that the soil reaction be
obtained from factored loads, and the design strength be in
accordance with Chapter 22.
Where necessary, shear around individual piles may be
investigated in accordance with 8.5.3.1.2. If shear perimHWHUV RYHUODS WKH PRGL¿HG FULWLFDO SHULPHWHU bo should be
taken as that portion of the smallest envelope of individual
shear perimeters that will actually resist the critical shear for
the group under consideration. One such situation is illustrated in Fig. R13.2.7.2.

Modified critical
perimeter

d/2

dpile

Overlap

dpile

d/2

Pile
Pile Cap
Fig. R13.2.7.2²0RGL¿HGFULWLFDOSHULPHWHUIRUVKHDUZLWK
RYHUODSSLQJFULWLFDOSHULPHWHUV
13.2.7.3 Circular or regular polygon-shaped concrete
columns or pedestals shall be permitted to be treated as square
members of equivalent area when locating critical sections
for moment, shear, and development of reinforcement.
13.2.8 'HYHORSPHQWRIUHLQIRUFHPHQWLQVKDOORZIRXQGDWLRQV
and pile caps
13.2.8.1 Development of reinforcement shall be in accordance with Chapter 25.
13.2.8.2 Calculated tensile or compressive force in reinforcement at each section shall be developed on each side
of that section.
13.2.8.3 Critical sections for development of reinforcement shall be assumed at the same locations as given in
13.2.7.1 for maximum factored moment and at all other
vertical planes where changes of section or reinforcement
occur.
13.2.8.4 Adequate anchorage shall be provided for tension
reinforcement where reinforcement stress is not directly
proportional to moment, such as in sloped, stepped, or
tapered foundations; or where tension reinforcement is not
parallel to the compression face.
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13.3—Shallow foundations
13.3.1 General

R13.3—Shallow foundations
R13.3.1 General

13.3.1.1 Minimum base area of foundation shall be proportioned to not exceed the permissible bearing pressure when
subjected to forces and moments applied to the foundation.
Permissible bearing pressures shall be determined through
principles of soil or rock mechanics in accordance with the
general building code, or other requirements as determined
E\WKHEXLOGLQJR൶FLDO

R13.3.1.1 General discussion on the sizing of shallow
foundations is provided in R13.2.6.1.

13.3.1.2 Overall depth of foundation shall be selected such
WKDWWKHH൵HFWLYHGHSWKRIERWWRPUHLQIRUFHPHQWLVDWOHDVWLQ
13.3.1.3 In sloped, stepped, or tapered foundations, depth
and location of steps or angle of slope shall be such that
GHVLJQUHTXLUHPHQWVDUHVDWLV¿HGDWHYHU\VHFWLRQ

R13.3.1.3 Anchorage of reinforcement in sloped, stepped,
or tapered foundations is addressed in 13.2.8.4.

13.3.2 One-way shallow foundations

ll be distributed unifo
mly
13.3.2.2 Reinforcement shall
uniformly
foo
s.
across entire width of one-way footings.
13.3.3 Two-way isolated footings

-way isol
R13.3.3 Two-way
isolated footings

13.3.3.1 The design and detailing of two-way isolated
he
footings shall be in accordance with this section and the
applicable provisions of Chapter 7 and Chapter 8.
13.3.3.2 In square two-way footings, reinforcement shall
be distributed uniformly across entire width of footing in
both directions.
13.3.3.3 In rectangular footings, reinforcement shall be
distributed in accordance with (a) and (b):
(a) Reinforcement in the long direction shall be distributed
uniformly across entire width of footing.
(b) For reinforcement in the short direction, a portion of
the total reinforcement, ȖsAs, shall be distributed uniformly
over a band width equal to the length of short side of
footing, centered on centerline of column or pedestal.
Remainder of reinforcement required in the short direction, ±Ȗs)As, shall be distributed uniformly outside the
center band width of footing, where Ȗs is calculated by:

γs =

2
(β + 1)

R13.3.3.3 To minimize potential construction errors in
placing bars, a common practice is to increase the amount of
reinforcement in the short direction by ȕ ȕ and space
it uniformly along the long dimension of the footing (CRSI
Handbook 1984; Fling 1987).

(13.3.3.3)

where ȕ is the ratio of long to short side of footing.
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13.3.2.1 The design and detailing of one-w
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ngs, ccombined footings,
foundations, including strip footings,
cord
and grade beams, shall be in accordance
with this section
Chapter 7 and Chapter 9.
and the applicable provisions off Ch
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13.3.4 7ZRZD\FRPELQHGIRRWLQJVDQGPDWIRXQGDWLRQV

COMMENTARY
R13.3.4 7ZRZD\FRPELQHGIRRWLQJVDQGPDWIRXQGDWLRQV

13.3.4.1 The design and detailing of combined footings
and mat foundations shall be in accordance with this section
and the applicable provisions of Chapter 8.

R13.3.4.1 Detailed recommendations for design of
combined footings and mat foundations are reported by ACI
336.2R. Also refer to Kramrisch and Rogers (1961).

13.3.4.2 The direct design method shall not be used to
design combined footings and mat foundations.

R13.3.4.2 The direct design method is a method used for
the design of two-way slabs. Refer to R6.2.4.1.

13.3.4.3 Distribution of bearing pressure under combined
footings and mat foundations shall be consistent with properties of the soil or rock and the structure, and with established principles of soil or rock mechanics.

R13.3.4.3 Design methods using factored loads and
VWUHQJWKUHGXFWLRQIDFWRUVࢥFDQEHDSSOLHGWRFRPELQHGIRRWings or mat foundations, regardless of the bearing pressure
distribution.

13.3.4.4 Minimum reinforcement in nonprestressed mat
foundations shall be in accordance with 8.6.1.1.

R13.3.4.4 To improve crack control due to thermal gradients and to intercept potential punching shear cracks with
tension reinforcement, the licensed design professional
should consider specifying continuous reinforcement in
each direction near both faces of mat foundations.

13.3.5 :DOOVDVJUDGHEHDPV
13.3.5.1 The design of walls as gr
grade beams shall be in
ns of Chapter 99.
accordance with the applicable pro
provisions
dered a deep beam
beam in
13.3.5.2 If a grade beam wall is considered
sh satisfy
tisfy the requirements
requirements
accordance with 9.9.1.1, design shall
of 9.9.
13.3.5.3 Grade beam walls shall satisfy the minimum reinforcement requirements of 11.6.
13.3.6 :DOOFRPSRQHQWVRIFDQWLOHYHUUHWDLQLQJZDOOV

R13.3.6 :DOOFRPSRQHQWVRIFDQWLOHYHUUHWDLQLQJZDOOV

13.3.6.1 The stem of a cantilever retaining wall shall be
designed as a one-way slab in accordance with the applicable provisions of Chapter 7.
13.3.6.2 The stem of a counterfort or buttressed cantilever
retaining wall shall be designed as a two-way slab in accordance with the applicable provisions of Chapter 8.

R13.3.6.2 Counterfort or buttressed cantilever retaining
walls tend to behave more in two-way action than in one-way
action; therefore, additional care should be given to crack
control in both directions.

13.3.6.3 For walls of uniform thickness, the critical section
IRU VKHDU DQG ÀH[XUH VKDOO EH DW WKH LQWHUIDFH EHWZHHQ WKH
stem and the footing. For walls with a tapered or varied thickness, shear and moment shall be investigated throughout the
height of the wall.

R13.3.6.3 In general, the joint between the wall stem and
the footing will be opening under lateral loads; therefore, the
critical section should be at the face of the joint. If hooks are
UHTXLUHG WR GHYHORS WKH ZDOO ÀH[XUDO UHLQIRUFHPHQW KRRNV
should be located near the bottom of the footing with the free
end of the bars oriented toward the opposite face of the wall
(Nilsson and Losberg 1976).

13.4—Deep foundations
13.4.1 General

R13.4—Deep foundations
R13.4.1 General
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13.4.1.1 Number and arrangement of deep foundation
members shall be determined such that forces and moments
applied to the foundation do not exceed the permissible deep
foundation strength. Permissible deep foundation strength
shall be determined through principles of soil or rock
mechanics in accordance with the general building code, or
RWKHUUHTXLUHPHQWVDVGHWHUPLQHGE\WKHEXLOGLQJR൶FLDO

R13.4.1.1 General discussion on selecting the number and
arrangement of piles, drilled piers, and caissons is provided
in R13.2.6.1.

13.4.1.2 Design of deep foundation members shall be in
accordance with 13.4.2 or 13.4.3.

13.4.2.1 It shall be permitted to design a deep foundation
member using load combinations for allowable stress design
in $6&(6(, , Section 2.4, and the allowable strength
VSHFL¿HGLQ7DEOHLI D DQG E DUHVDWLV¿HG
rted for
(a) The deep foundation member is laterally supported
its entire height
g moment
(b) The applied forces cause bending
moments in the deep
foundation member less than the mom
moment due to an accint of the member diameter
dental eccentricity of 5 percent
or width
ble compressi
e
Table 13.4.2.1—Maximum al
allowable
compressive
on members
mbers
strength for deep foundation
Maximum
M
um allowable
compressive strength [1]

Deep foundation member type
Uncased cast-in-place concrete drilled
or augered pile

Pa = 0.3fcƍAg + 0.4fyAs

(a)

Cast-in-place concrete pile in rock
or within a pipe, tube, or other
permanent metal casing that does not
satisfy 13.4.2.3

Pa = 0.33fcƍAg + 0.4fyAs [2]

(b)

Metal cased concrete pile
FRQ¿QHGLQDFFRUGDQFHZLWK

Pa = 0.4fcƍAg

(c)

Precast nonprestressed concrete pile

Pa = 0.33fcƍAg + 0.4fyAs

(d)

Precast prestressed concrete pile

Pa = (0.33fcƍ– 0.27fpc)Ag

(e)

R13.4.2.1 Potential changes to lateral support of the deep
foundation member due to liquefaction, excavation, or other
causes, should be considered.
The values in the Table 13.4.2.1 represent an upper bound
for well understood soil conditions with quality workmanship. A lower value for the maximum allowable compressive
strength may be appropriate, depending on soil conditions
he construction and qquality control procedures used.
and the
ger-grout piles, whe
w
he grout is placed through the
For auger-grout
where
w-stem auge
stem of a ho
hollow-stem
auger as it is withdrawn from the soil,
WKH
QJWK
FLHQWRI
WKHVWUHQJWKFRH൶FLHQWRILVEDVHGRQDVWUHQJWKUHGXFfa tor oof 0.6. The
he design
tion factor
designer should carefully consider the
gth, grou
reliable gro
grout strength,
grout strength testing methods, and
m imu cross-sectional
s-section area of the pile, accounting
the minimum
s conditions
con
s and con
for soil
construction procedures. Additional
information is provided in ACI 543R.

[1]

Ag applies to the gross cross-sectional area. If a temporary or permanent casing is
used, the inside face of the casing shall be considered the concrete surface.
[2]

As does not include the steel casing, pipe, or tube.

13.4.2.2 ,I  D  RU  E  LV QRW VDWLV¿HG D
deep foundation member shall be designed using strength
design in accordance with 13.4.3.
13.4.2.3 Metal cased cast-in-place concrete deep founGDWLRQ PHPEHUV VKDOO EH FRQVLGHUHG WR EH FRQ¿QHG LI D 
WKURXJK I DUHVDWLV¿HG
(a) Design shall not use the casing to resist any portion of
the axial load imposed.
(b) Casing shall have a sealed tip and shall be mandrel-driven.

R13.4.2.3 The basis for this allowable strength is the
DGGHG VWUHQJWK SURYLGHG WR WKH FRQFUHWH E\ WKH FRQ¿QLQJ
action of the steel casing. This strength applies only to nonaxial load-bearing steel where the stress in the steel is taken
in hoop tension instead of axial compression. In this Code,
steel pile casing is not to be considered in the design of the
pile to resist a portion of the pile axial load. Provisions for
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(c) Thickness of the casing shall not be less than manufacturer’s standard gauge No. 14 (0.068 in.).
(d) Casing shall be seamless, or provided with seams of
VWUHQJWKHTXDOWRWKHEDVLFPDWHULDODQGEHRIDFRQ¿JXUDWLRQ WKDW ZLOO SURYLGH FRQ¿QHPHQW WR WKH FDVWLQSODFH
concrete.
(e) Ratio of yield strength of the steel casing to fcƍVKDOOEH
at least 6, and yield strength shall be at least 30,000 psi.
(f) Nominal diameter of the member shall be less than or
equal to 16 in.

members designed to be composite with steel pipe or casing
are covered in AISC 360.
Potential corrosion of the metal casing should be considered; provision is based on a non-corrosive environment.

13.4.2.4 The use of allowable strengths greater than those
VSHFL¿HGLQ7DEOHVKDOOEHSHUPLWWHGLIDFFHSWHGE\
WKHEXLOGLQJR൶FLDOLQDFFRUGDQFHZLWK1.10DQGMXVWL¿HGE\
load tests.

R13.4.2.4 Geotechnical and load test requirements for
deep foundation members can be found in the IBC.

13.4.3 Strength design

R13.4.3 Strength design

ection is
13.4.3.1 Strength design in accordance with this section
permitted for all deep foundation members.
13.4.3.2 The strength design of deep fo
foundation members
.5 uusing the compressive
shall be in accordance with 10.5
abl 13.4.3.2
4.3.2 for axial load
ad
strength reduction factors of Table
gth reduction
ction factors of T
ble
without moment, and the strength
Table
21.2.1 for tension, shear, and
d ccombined
ned axial force and
4.
and
nd 22.4.2.5 shal
shall not
moment. The provisions of 22.4.2.4
apply to deep foundations.

4.3.2 The strength
strength design of deep foundation
R13.4.3.2
rs is discussed
ussed in de
members
detail in ACI 543R.
t-inoncrete dr
If cast-in-place
concrete
drilled or augered piles are subject
ÀH[XUH VKHDU RU
WR ÀH[XUH
RU WHQVLRQ
WHQVLRQ ORDGV WKH VWUHQJWK UHGXFWLRQ
djusted ac
factors shou
should be adjusted
accordingly, considering the soil
condit ns, quality-control
-control pprocedures that will be impleconditions,
ment
lik
orkmansh quality, and local experience.
mented,
likely workmanship
djustment factors is provided in ACI 543R.
Guidance for adjustment

Table 13.4.3.2—Compressive strength reduction
factors ࢥ for deep foundation members
Compressive strength
reduction factors ࢥ

Deep foundation member type
Uncased cast-in-place concrete drilled or
augered pile[1]

0.55

(a)

Cast-in-place concrete pile in rock or within
a pipe, tube,[2] or other permanent casing that
does not satisfy 13.4.2.3

0.60

(b)

&DVWLQSODFHFRQFUHWH¿OOHGVWHHOSLSHSLOH[3]

0.70

(c)

0HWDOFDVHGFRQFUHWHSLOHFRQ¿QHGLQ
accordance with 13.4.2.3

0.65

(d)

Precast-nonprestressed concrete pile

0.65

(e)

Precast-prestressed concrete pile

0.65

(f)

[1]

The factor of 0.55 represents an upper bound for well understood soil conditions
with quality workmanship. A lower value for the strength reduction factor may be
appropriate, depending on soil conditions and the construction and quality control
procedures used.
[2]
For wall thickness of the steel pipe or tube less than 0.25 in.
[3]
Wall thickness of the steel pipe shall be at least 0.25 in.

13.4.4 Cast-in-place deep foundations

R13.4.4 Cast-in-place deep foundations

13.4.4.1 Cast-in-place deep foundations that are subject to
uplift or where Mu is greater than 0.4Mcr shall be reinforced,
unless enclosed by a structural steel pipe or tube.
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13.4.4.2 Portions of deep foundation members in air,
water, or soils not capable of providing adequate restraint
throughout the member length to prevent lateral buckling
shall be designed as columns in accordance with the applicable provisions of Chapter 10.
R13.4.5 Precast concrete piles

13.4.5 Precast concrete piles
13.4.5.1 Precast concrete piles supporting buildings
assigned to SDC A or B shall satisfy the requirements of
13.4.5.2 through 13.4.5.6.
13.4.5.2 Longitudinal reinforcement shall be arranged in a
symmetrical pattern.
13.4.5.3 For precast nonprestressed piles, longitudinal
reinforcement shall be provided according to (a) and (b):
(a) Minimum of 4 bars
(b) Minimum area of 0.008Ag

13 Foundations

13.4.5.4)RUSUHFDVWSUHVWUHVVHGSLOHVWKHH൵HFWLYHSUHVWUHVV
OHVWK
mum average compressive
in the pile shall provide a minimum
nce with Table
able 13.4.5.4.
stress in the concrete in accordance
o
ssive stress iin
Table 13.4.5.4—Minimum compressive
precast prestressed piles
Pile length, ft

Minimum
mum compressive
pressive stress, p
psi

3LOHOHQJWK

400

3LOHOHQJWK

550

Pile length > 50

700

13.4.5.5 )RU SUHFDVW SUHVWUHVVHG SLOHV WKH H൵HFWLYH
prestress in the pile shall be calculated based on an assumed
total loss of 30,000 psi in the prestressed reinforcement.
13.4.5.6 The longitudinal reinforcement shall be enclosed
by transverse reinforcement according to Table 13.4.5.6(a)
and shall be spaced according to Table 13.4.5.6(b):
Table 13.4.5.6(a)—Minimum transverse
reinforcement size

[1]

Least horizontal pile dimension
h, in.

Minimum wire size transverse
reinforcement[1]

h

W4, D4

16 < h < 20

W4.5, D5

h

W5.5, D6

R13.4.5.6 The minimum transverse reinforcement
UHTXLUHG LQ WKLV VHFWLRQ LV W\SLFDOO\ VX൶FLHQW IRU GULYLQJ
and handling stresses. These provisions for precast concrete
piles in SDC A and B are based on information from PCI
5HFRPPHQGHG 3UDFWLFH IRU WKH 'HVLJQ 0DQXIDFWXUH DQG
Installation of Prestressed Concrete Piling (1993) and the
PCI Bridge Design Manual, Chapter 20 (2004). Minimum
reinforcement requirements for precast concrete piles
supporting buildings assigned to SDC C, D, E, and F are
GH¿QHGLQ18.13.5.10.

If bars are used, minimum of No. 3 bar applies to all values of h.
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Table 13.4.5.6(b)—Maximum transverse
reinforcement spacing
Reinforcement location in the pile

Maximum center-tocenter spacing, in.

)LUVW¿YHWLHVRUVSLUDOVDWHDFKHQGRISLOH

1

24 in. from each end of pile

4

Remainder of pile

6

13.4.6 Pile caps

R13.4.6 Pile caps

13.4.6.1 Overall depth of pile cap shall be selected such that
WKHH൵HFWLYHGHSWKRIERWWRPUHLQIRUFHPHQWLVDWOHDVWLQ
13.4.6.2 Factored moments and shears shall be permitted
to be calculated with the reaction from any pile assumed to
be concentrated at the centroid of the pile section.
nce with
13.4.6.3 Except for pile caps designed in accordance
h that (a) is satis
13.2.6.5, the pile cap shall be designed such
satisQG E DUH
¿HGIRURQHZD\IRXQGDWLRQVDQG D DQG
DUHVDWLV¿HGIRU
two-way foundations.
ated in accord
accordancee
D ࢥVnVu, where Vn shall be calculated
ar, Vu shall
hall be calculated
calculat in
with 22.5 for one-way shear,
nd ࢥ shall
all be in accordance
accord nce
accordance with 13.4.2.7, and
with 21.2
E  ࢥvn  vu, where vn shall bee ccalculated
lated in accord
accordance
ce
with 22.6 for two-way shear, vu shall be calculated in
accordance with 13.4.2.7, and ࢥ shall be in accordance
with 21.2
13.4.6.4 If the pile cap is designed in accordance with
WKHVWUXWDQGWLHPHWKRGDVSHUPLWWHGLQWKHH൵HFtive concrete compressive strength of the struts, fce, shall be
calculated in accordance with 23.4.3, where ȕs Ȝ, and
Ȝ is in accordance with 19.2.4.

R13.4.6.4 ,W LV W\SLFDOO\ QHFHVVDU\ WR WDNH WKH H൵HFWLYH
concrete compressive strength from expression (d) or (f) in
Table 23.4.3(a) because it is generally not practical to provide
FRQ¿QLQJUHLQIRUFHPHQWVDWLVI\LQJ23.5 in a pile cap.

13.4.6.5 Calculation of factored shear on any section
through a pile cap shall be in accordance with (a) through (c):

R13.4.6.5 If piles are located inside the critical sections d
or d/2 from face of column, for one-way or two-way shear,
respectively, an upper limit on the shear strength at a section
adjacent to the face of the column should be considered. The
CRSI Handbook (1984)R൵HUVJXLGDQFHIRUWKLVVLWXDWLRQ

(a) Entire reaction from any pile with its center located
dpile/2 or more outside the section shall be considered as
producing shear on that section.
(b) Reaction from any pile with its center located dpile/2 or
more inside the section shall be considered as producing
no shear on that section.
(c) For intermediate positions of pile center, the portion
of the pile reaction to be considered as producing shear
on the section shall be based on a linear interpolation
between full value at dpile/2 outside the section and zero
value at dpile/2 inside the section.
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CHAPTER 14—PLAIN CONCRETE
CODE
14.1—Scope
14.1.1 This chapter shall apply to the design of plain
concrete members, including (a) and (b):

COMMENTARY
R14.1—Scope

(a) Members in building structures
(b) Members in non-building structures such as arches,
underground utility structures, gravity walls, and shielding
walls
14.1.2 This chapter shall not govern the design of cast-inplace concrete piles and piers embedded in ground.

R14.1.2 Structural elements, such as cast-in-place plain
FRQFUHWH SLOHV DQG SLHUV LQ JURXQG RU RWKHU PDWHULDO VX൶FLHQWO\ VWL൵ WR SURYLGH DGHTXDWH ODWHUDO VXSSRUW WR SUHYHQW
buckling, are not covered by the Code. Such elements are
covered by the general building code.

14.1.3 Plain concrete shall be permitted only in cases (a)
through (d):

R14.1.3 Because the strength and structural integrity of
structural plain concrete members is based solely on the
member size, concrete strength, and other concrete properties, use of structural plain concrete should be limited to
members:
(a) That are primarily in a state of compression
(b) That can tolerate random cracks without detriment to
their structural integrity
(c) For which ductility is not an essential feature of design
The tensile strength of concrete can be used in design of
structural plain concrete members. Tensile stresses due to
UHVWUDLQW IURP FUHHS VKULQNDJH RU WHPSHUDWXUH H൵HFWV DUH
to be considered to avoid uncontrolled cracks or structural
failure. For residential construction within the scope of ACI
332, refer to 1.4.6.

14.1.4 Plain concrete shall be permitted for a structure
assigned to Seismic Design Category (SDC) D, E, or F, only
in cases (a) and (b):
(a) Footings supporting cast-in-place reinforced concrete
or reinforced masonry walls, provided the footings are
reinforced longitudinally with at least two continuous
reinforcing bars. Bars shall be at least No. 4 and have a
total area of not less than 0.002 times the gross crosssectional area of the footing. Continuity of reinforcement
shall be provided at corners and intersections.
(b) Foundation elements (i) through (iii) for detached oneand two-family dwellings not exceeding three stories and
constructed with stud bearing walls:
(i) Footings supporting walls
(ii) Isolated footings supporting columns or pedestals
LLL )RXQGDWLRQRUEDVHPHQWZDOOVQRWOHVVWKDQLQ
WKLFNDQGUHWDLQLQJQRPRUHWKDQIWRIXQEDODQFHG¿OO
14.1.5 Plain concrete shall not be permitted for columns
and pile caps.

R14.1.5 Because plain concrete lacks the necessary
ductility that columns should possess, and because a random
crack in an unreinforced column will most likely endanger
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(a) Members that are continuously supported by soil
or supported by other structural members capable of
providing continuous vertical support
(b) Members for which arch action provides compression
under all conditions of loading
(c) Walls
(d) Pedestals
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its structural integrity, the Code does not permit use of
plain concrete for columns. It does allow its use for pedestals limited to a ratio of unsupported height to least lateral
dimension of 3 or less (refer to 14.1.3(d) and 14.3.3).

14.2—General
14.2.1 Materials

R14.2—General

14.2.1.1 Design properties for concrete shall be selected to
be in accordance with Chapter 19.
14.2.1.2 Steel reinforcement, if required, shall be selected
to be in accordance with Chapter 20.
14.2.1.3 Materials, design, and detailing requirements for
embedments in concrete shall be in accordance with 20.6.
14.2.2 &RQQHFWLRQWRRWKHUPHPEHUV

R14.2.2 &RQQHFWLRQWRRWKHUPHPEHUV

14.2.2.1 Tension shall not be transmitted through outside
edges, construction joints, contraction joints, or isolation
joints of an individual plain concrete element.
14.2.2.2 Walls shall be braced against lateral translation.

14.2.3 Precast

R14.2.2.2 Provisions for plain concrete walls are applicable only for walls laterally supported in such a manner as
to prohibit relative lateral displacement at top and bottom
of individual wall elements. The Code does not cover walls
without horizontal support to prohibit relative displacement
at top and bottom of wall elements. Such laterally unsupported walls are to be designed as reinforced concrete
members in accordance with the Code.
R14.2.3 Precast

14.2.3.1 Design of precast members shall consider all
loading conditions from initial fabrication to completion of
the structure, including form removal, storage, transportation, and erection.
14.2.3.2 Precast members shall be connected to transfer
lateral forces into a structural system capable of resisting
such forces.

Precast structural plain concrete members are considered
subject to all limitations and provisions for cast-in-place
concrete contained in this chapter.
The approach to contraction or isolation joints is expected
WR EH VRPHZKDW GL൵HUHQW WKDQ IRU FDVWLQSODFH FRQFUHWH
because the major portion of shrinkage in precast members
occurs prior to erection. To ensure stability, precast members
should be connected to other members. The connection
should transfer no tension.

14.3—Design limits
14.3.1 Bearing walls

R14.3—Design limits
R14.3.1 Bearing walls

14.3.1.1 Minimum bearing wall thickness shall be in
accordance with Table 14.3.1.1.

Plain concrete walls are commonly used for basement
wall construction for residential and light commercial buildings located in areas of low seismic risk. Although the Code
imposes no absolute maximum height limitation on the use
of plain concrete walls, experience with use of plain concrete
in relatively minor structures should not be extrapolated to
using plain concrete walls in multistory construction and
RWKHU PDMRU VWUXFWXUHV ZKHUH GL൵HUHQWLDO VHWWOHPHQW ZLQG
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Table 14.3.1.1—Minimum thickness of bearing walls

earthquake, or other unforeseen loading conditions require
the walls to possess some ductility and ability to maintain
integrity when cracked. For such conditions, ACI Committee
318 strongly encourages the use of walls designed in accordance with Chapter 11.

Wall type
General

Minimum thickness
Greater
of:

5.5 in.
WKHOHVVHURIXQVXSSRUWHG
length and unsupported height

Exterior basement

7.5 in.

Foundation

7.5 in.

14.3.2 Footings

R14.3.2 Footings

14.3.2.1 Footing thickness shall be at least 8 in.

R14.3.2.1 Thickness of plain concrete footings of usual
SURSRUWLRQV ZLOO W\SLFDOO\ EH FRQWUROOHG E\ ÀH[XUDO VWUHQJWK
H[WUHPH ¿EHU VWUHVV LQ WHQVLRQ QRW JUHDWHU WKDQ ࢥȜ f c′ )
rather than shear strength (refer to R14.5.5.1). For footings
cast against soil, overall thickness h used for strength calculaWLRQVLVVSHFL¿HGLQ

14.3.2.2 Base area of footing shall be determined from
unfactored forces and moments transmitted by footing to
soil and permissible soil pressure selected through principles
of soil mechanics.

14.3.3.1 Ratio of unsupported height to average least
lateral dimension shall not exceed 3.
14.3.4 Contraction and isolation joints
14.3.4.1 Contraction or isolation joints shall be provided
WR GLYLGH VWUXFWXUDO SODLQ FRQFUHWH PHPEHUV LQWR ÀH[XUDOO\
discontinuous elements. The size of each element shall be
selected to limit stress caused by restraint to movements
IURPFUHHSVKULQNDJHDQGWHPSHUDWXUHH൵HFWV

R14.3.3.1 The height-thickness limitation for plain
concrete pedestals does not apply for portions of pedestals
embedded in soil capable of providing lateral restraint.
R14.3.4 Contraction and isolation joints
R14.3.4.1 Joints in plain concrete construction are an
important design consideration. In reinforced concrete,
reinforcement is provided to resist the stresses due to
UHVWUDLQW RI FUHHS VKULQNDJH DQG WHPSHUDWXUH H൵HFWV ,Q
plain concrete, joints are the only means of controlling, and
thereby relieving, the buildup of such tensile stresses. A
plain concrete member should therefore be small enough,
or divided into smaller elements by joints, to control the
buildup of internal stresses. The joint may be a contraction
joint or isolation joint. A minimum 25 percent reduction
RI PHPEHU WKLFNQHVV LV W\SLFDOO\ VX൶FLHQW IRU FRQWUDFWLRQ
MRLQWV WR EH H൵HFWLYH 7KH MRLQWLQJ VKRXOG EH VXFK WKDW QR
D[LDOWHQVLRQRUÀH[XUDOWHQVLRQFDQEHGHYHORSHGDFURVVD
joint after cracking, if applicable—a condition referred to as
ÀH[XUDOGLVFRQWLQXLW\:KHUHUDQGRPFUDFNLQJGXHWRFUHHS
VKULQNDJHDQGWHPSHUDWXUHH൵HFWVZLOOQRWD൵HFWVWUXFWXUDO
integrity and is otherwise acceptable (such as transverse
cracks in a continuous wall footing), transverse contraction
or isolation joints should not be necessary.

14.3.4.2 The number and location of contraction or isolation joints shall be determined considering (a) through (f):
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D ,QÀXHQFHRIFOLPDWLFFRQGLWLRQV
(b) Selection and proportioning of materials
(c) Mixing, placing, and curing of concrete
(d) Degree of restraint to movement
(e) Stresses due to loads to which an element is subjected
(f) Construction techniques
14.4—Required strength
14.4.1 General

R14.4—Required strength
R14.4.1 General

14.4.1.1 Required strength shall be calculated in accorGDQFH ZLWK WKH IDFWRUHG ORDG FRPELQDWLRQV GH¿QHG LQ
Chapter 5.

R14.4.1.1 Plain concrete members are proportioned for
adequate strength using factored loads and forces. When
the design strength is exceeded, the cross section should be
LQFUHDVHG RU WKH VSHFL¿HG VWUHQJWK RI FRQFUHWH LQFUHDVHG
or both, or the member designed as a reinforced concrete
member in accordance with the Code. An increase in
FRQFUHWHVHFWLRQPD\KDYHDGHWULPHQWDOH൵HFWVWUHVVGXHWR
load will decrease but stresses due to creep, shrinkage, and
WHPSHUDWXUHH൵HFWVPD\LQFUHDVH

14.4.1.2 Required strength shall be calculated in accordance with the analysis procedures in Chapter 6.
14.4.1.3 1R ÀH[XUDO FRQWLQXLW\ GXH WR WHQVLRQ VKDOO EH
assumed between adjacent structural plain concrete elements.
14.4.2 Walls
14.4.2.1 Walls shall be designed for an eccentricity corresponding to the maximum moment that can accompany the
axial load but not less than 0.10h, where h is the wall thickness.
14.4.3 Footings
14.4.3.1 General
14.4.3.1.1 For footings supporting circular or regular
polygon-shaped concrete columns or pedestals, it shall be
permitted to assume a square section of equivalent area for
determining critical sections.
14.4.3.2 )DFWRUHGPRPHQW
14.4.3.2.1 The critical section for Mu shall be located in
accordance with Table 14.4.3.2.1.
Table 14.4.3.2.1—Location of critical section for Mu
Supported member

Location of critical section

Column or pedestal

Face of column or pedestal

Column with steel base plate

Halfway between face of column and
edge of steel base plate

Concrete wall

Face of wall

Masonry wall

Halfway between center and face of
masonry wall
American Concrete Institute – Copyrighted © Material – www.concrete.org
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14.4.3.3 Factored one-way shear
14.4.3.3.1 For one-way shear, critical sections shall be
located h from (a) and (b), where h is the footing thickness.
D /RFDWLRQGH¿QHGLQ7DEOH
(b) Face of concentrated loads or reaction areas
14.4.3.3.2 Sections between (a) or (b) of 14.4.3.3.1 and the
critical section for shear shall be permitted to be designed for
Vu at the critical section for shear.
14.4.3.4 Factored two-way shear
14.4.3.4.1 For two-way shear, critical sections shall be
located so that the perimeter bo is a minimum but need not
be closer than h/2 to (a) through (c):

R14.4.3.4 Factored two-way shear
R14.4.3.4.17KHFULWLFDOVHFWLRQGH¿QHGLQWKLVSURYLVLRQ
LVVLPLODUWRWKDWGH¿QHGIRUUHLQIRUFHGFRQFUHWHHOHPHQWVLQ
22.6.4.1, except that for plain concrete, the critical section is
based on h rather than d.

D /RFDWLRQGH¿QHGLQ7DEOH
(b) Face of concentrated loads or reaction areas
(c) Changes in footing thickness

R14.5—Design strength
R14.5.1 General

14.5—Design strength
14.5.1 General
14.5.1.1 For each applicable factored load combination, design strength at all sections shall satisfy ࢥSn  U,
LQFOXGLQJ D  WKURXJK G  ,QWHUDFWLRQ EHWZHHQ ORDG H൵HFWV
shall be considered.

R14.5.1.1 Refer to R9.5.1.1.

(a) ࢥMn  Mu
(b) ࢥPn  Pu
(c) ࢥVn  Vu
(d) ࢥBn  Bu
ࢥ shall be determined in accordance with 21.2.

R14.5.1.2 The strength reduction factor ࢥ for plain
concrete design is the same for all strength conditions.
%HFDXVH ERWK ÀH[XUDO WHQVLOH VWUHQJWK DQG VKHDU VWUHQJWK
for plain concrete depend on the tensile strength characteristics of the concrete, with no reserve strength or ductility
possible due to the absence of reinforcement, equal strength
reduction factors for both bending and shear are considered
appropriate.

14.5.1.3 Tensile strength of concrete shall be permitted to
be considered in design.

R14.5.1.3 Flexural tension may be considered in design
of plain concrete members to resist loads, provided the
calculated stress does not exceed the permissible stress, and
construction, contraction, or isolation joints are provided to
relieve the resulting tensile stresses due to restraint of creep,
VKULQNDJHDQGWHPSHUDWXUHH൵HFWV
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14.4.3.4.2 For square or rectangular columns, concentrated
loads, or reaction areas, the critical section for two-way shear
shall be permitted to be calculated assuming straight sides.
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14.5.1.4 Flexure and axial strength calculations shall be
based on a linear stress-strain relationship in both tension
and compression.
Ȝ for lightweight concrete shall be in accordance
with 19.2.4.
14.5.1.6 No strength shall be assigned to steel reinforcement.
14.5.1.7 :KHQ FDOFXODWLQJ PHPEHU VWUHQJWK LQ ÀH[XUH
FRPELQHG ÀH[XUH DQG D[LDO ORDG RU VKHDU WKH HQWLUH FURVV
section shall be considered in design, except for concrete
cast against soil where overall thickness h shall be taken as
LQOHVVWKDQWKHVSHFL¿HGWKLFNQHVV

R14.5.1.7 The reduced overall thickness h for concrete cast
against earth is to allow for unevenness of excavation and for
some contamination of the concrete adjacent to the soil.

14.5.1.8 Unless demonstrated by analysis, horizontal
OHQJWKRIZDOOWREHFRQVLGHUHGH൵HFWLYHIRUUHVLVWLQJHDFK
vertical concentrated load shall not exceed center-to-center
distance between loads, or bearing width plus four times the
wall thickness.
R14.5.2 )OH[XUH

14.5.2 )OH[XUH
14.5.2.1 Mn shall be the lesser of Eq. (14.5.2.1a) calculated at the tension face and Eq. (14.5.2.1b) calculated at the
compression face:

M Q = 5λ f F′S P

(14.5.2.1a)

Mn = 0.85fcƍSP

(14.5.2.1b)

R14.5.2.1 Equation (14.5.2.1b) may control for nonsymmetrical cross sections.

where Sm is the corresponding elastic section modulus.
14.5.3 $[LDOFRPSUHVVLRQ

R14.5.3 $[LDOFRPSUHVVLRQ

14.5.3.1 Pn shall be calculated by:
⎡ ⎛ A ⎞2⎤
Pn = 0.60 f c′Ag ⎢1 − ⎜ c ⎟ ⎥
⎣⎢ ⎝ 32h ⎠ ⎦⎥

(14.5.3.1)

14.5.4 )OH[XUHDQGD[LDOFRPSUHVVLRQ

R14.5.3.1 (TXDWLRQ   LV SUHVHQWHG WR UHÀHFW
the general range of braced and restrained end conditions
HQFRXQWHUHGLQSODLQFRQFUHWHHOHPHQWV7KHH൵HFWLYHOHQJWK
IDFWRUZDVRPLWWHGDVDPRGL¿HURIƐc, the vertical distance
between supports, because this is conservative for walls with
assumed pin supports that are required to be braced against
lateral translation as in 14.2.2.2.
R14.5.4 )OH[XUHDQGD[LDOFRPSUHVVLRQ

14.5.4.1 Unless permitted by 14.5.4.2, member dimensions shall be proportioned to be in accordance with Table
14.5.4.1, where Mn is calculated in accordance with Eq.
(14.5.2.1b) and Pn is calculated in accordance with Eq.
(14.5.3.1).
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Table 14.5.4.1—Combined flexure and axial
compression
Location

Interaction equation

Tension face

M u Pu
−
≤ φ5λ f c′
S P AJ

(a)

Compression face

Mu
P
+ u ≤ 1.0
φM n φPn

(b)

14.5.4.2 For walls of solid rectangular cross section where
MuPu(h/6), Mu need not be considered in design and Pn
is calculated by:
⎡ ⎛ Ac ⎞ 2 ⎤
Pn = 0.45 f c′Ag ⎢1 − ⎜
⎟ ⎥
⎣⎢ ⎝ 32h ⎠ ⎦⎥

(14.5.4.2)

14.5.5 Shear

Table 14.5.5.1—Nominal shear strength
Shear action

Nominal shear strength Vn

One-way

4
λ f c′bw h
3
⎛ 2⎞ ⎛ 4
⎞
⎜⎝1 + β⎠⎟ ⎝⎜ 3 λ f c′bo h⎠⎟

(a)
[1]

(b)

Lesser of:
⎛4
⎞
2 ⎜ λ f c′bo h⎟
⎝3
⎠

(c)

[1]

ȕLVWKHUDWLRRIORQJVLGHWRVKRUWVLGHRIFRQFHQWUDWHGORDGRUUHDFWLRQDUHD

R14.5.5.1 Proportions of plain concrete members usually
are controlled by tensile strength rather than shear strength.
Shear stress (as a substitute for principal tensile stress) rarely
ZLOO FRQWURO +RZHYHU EHFDXVH LW LV GL൶FXOW WR IRUHVHH DOO
possible conditions where shear may have to be investigated,
such as shear keys, Committee 318 maintains the investigation of this basic stress condition.
The shear requirements for plain concrete assume an
uncracked section. Shear failure in plain concrete will be a
diagonal tension failure, occurring when the principal tensile
stress near the centroidal axis becomes equal to the tensile
strength of the concrete. Because the major portion of the
principal tensile stress results from shear, the Code safeguards against tension failure by limiting the permissible
shear at the centroidal axis as calculated from the equation
for a section of homogeneous material:
v = VQIb
where v and V are the shear stress and shear force, respectively, at the section considered; Q is the statical moment
of the area above or below the centroid of the gross section
calculated about the centroidal axis; I is the moment of
inertia of the gross section; and b is the section width where
shear stress is being calculated.

14.5.6 Bearing
14.5.6.1 Bn shall be calculated in accordance with Table
14.5.6.1.
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R14.5.5 Shear

14.5.5.1 Vn shall be calculated in accordance with Table
14.5.5.1.

Two-way

R14.5.4.2 If the resultant load falls within the middle third
of the wall thickness, plain concrete walls may be designed
XVLQJ WKH VLPSOL¿HG (T   (FFHQWULF ORDGV DQG
lateral forces are used to determine the total eccentricity of
the factored axial force Pu(TXDWLRQ  UHÀHFWVWKH
range of braced and restrained end conditions encountered
in wall design. The limitations of 14.2.2.2, 14.3.1.1, and
14.5.1.8 apply whether the wall is proportioned by 14.5.4.1
or by 14.5.4.2.
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Table 14.5.6.1—Nominal bearing strength
Relative geometric
conditions
Supporting surface
is wider on all sides
than the loaded area
Other

Bn
Lesser of:

A2 A1  f c′A1

(a)

2(0.85fcƍA1)

(b)

0.85fcƍA1

(c)

14.6—Reinforcement detailing
14.6.1 At least two No. 5 bars shall be provided around
window, door, and similarly sized openings. Such bars shall
extend at least 24 in. beyond the corners of openings or shall
be anchored to develop fy in tension at the corners of the
openings.
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15.1—Scope
15.1.1 This chapter shall apply to the design and detailing
of cast-in-place beam-column and slab-column joints.

R15.1—Scope
A joint is the portion of a structure common to intersecting
members, whereas a connection is comprised of a joint
and portions of adjoining members. Chapter 15 is focused
on design requirements for beam-to-column and slab-tocolumn joints.
For structures assigned to Seismic Design Categories
(SDC) B through F, joints may be required to withstand
several reversals of loading. Chapter 18 provides requirements for earthquake-resistant structures that are applied in
addition to the basic requirements for joints in Chapter 15.

15.2—General
15.2.1 Beam-column joints shall satisfy the detailing
provisions of 15.3 and strength requirements of 15.4.

R15.2—General
Tests of joints with extensions of beams with lengths at
least equal to their depths have indicated similar joint shear
strengths to those of joints with continuous beams. These
¿QGLQJV VXJJHVW WKDW H[WHQVLRQV RI EHDPV DQG FROXPQV
when properly dimensioned and reinforced with longituGLQDODQGWUDQVYHUVHEDUVSURYLGHH൵HFWLYHFRQ¿QHPHQWWR
the joint faces (Meinheit and Jirsa 1981). Extensions that
provide beam and column continuity through a joint do not
contribute to joint shear force if they do not support externally applied loads.
Tests (Hanson and Conner 1967) have shown that beamcolumn joints laterally supported on four sides by beams
of approximately equal depth exhibit superior behavior
FRPSDUHGWRMRLQWVZLWKRXWDOOIRXUIDFHVFRQ¿QHGE\EHDPV
under reversed cyclic loading.
Corner joints occur where two non-colinear members
transfer moment and terminate at the joint. A roof-level
exterior joint is an example of a corner joint between two
members, also referred to as a knee joint. Corner joints are
YXOQHUDEOHWRÀH[XUDOIDLOXUHIURPHLWKHUFORVLQJRURSHQLQJ
PRPHQWV HYHQ LI ÀH[XUDO VWUHQJWKV DW WKH MRLQW IDFHV DUH
VX൶FLHQW&RQVLGHULQJWUDQVIHURIPRPHQWDFURVVDGLDJRQDO
section through a corner joint connecting to a cantilevered
member is critical because the moment acting through the
joint cannot be redistributed.
Chapter 23 provides requirements for design and detailing
of corner joints when using the strut-and-tie method. Klein
(2008) provides additional guidance on design of frame
corners using the strut-and-tie method. The requirements
for transverse reinforcement in corner joints are given in
15.3. ACI 352R provides additional guidance on detailing
of joints.
)RUMRLQWVLQZKLFKWKHEHDPGHSWKLVVLJQL¿FDQWO\JUHDWHU
than the column depth a diagonal strut between the joint
FRUQHUVPD\QRWEHH൵HFWLYH7KHUHIRUHWKH&RGHUHTXLUHV
that joints in which the beam depth exceeds twice the
column depth be designed using the strut-and-tie method of
Chapter 23.
Transfer of bending through joints between slabs and
corner or edge columns is covered in Chapter 8.
,Q WKH  &RGH FODVVL¿FDWLRQ RI EHDP DQG FROXPQ
PHPEHUV IUDPLQJ LQWR MRLQW IDFHV ZDV PRGL¿HG WR GLVWLQ-

15.2.2 Beam-column and slab-column joints shall satisfy
 IRU WUDQVIHU RI FROXPQ D[LDO IRUFH WKURXJK WKH ÀRRU
system.
15.2.3 If gravity load, wind, earthquake, or other lateral
forces cause transfer of moment at beam-column joints, the
shear resulting from moment transfer shall be considered in
the design of the joint.
15.2.4$WFRUQHUMRLQWVEHWZHHQWZRPHPEHUVWKHH൵HFWV
of closing and opening moments within the joint shall be
considered.
15.2.5 If a beam framing into the joint and generating joint
shear has depth exceeding twice the column depth, analysis
and design of the joint shall be based on the strut-and-tie
method in accordance with Chapter 23 and (a) and (b) shall
EHVDWLV¿HG
(a) Design joint shear strength determined in accordance
ZLWK&KDSWHUVKDOOQRWH[FHHGࢥVn calculated in accordance with 15.4.2.
E 'HWDLOLQJSURYLVLRQVRIVKDOOEHVDWLV¿HG
15.2.6 A column extension assumed to provide continuity
through a beam-column joint in the direction of joint shear
considered shall satisfy (a) and (b):
(a) The column extends above the joint at least one
column depth, h, measured in the direction of joint shear
considered.
(b) Longitudinal and transverse reinforcement from the
column below the joint is continued through the extension.
15.2.7 A beam extension assumed to provide continuity
through a beam-column joint in the direction of joint shear
considered shall satisfy (a) and (b):
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(a) The beam extends at least one beam depth h beyond
the joint face.
(b) Longitudinal and transverse reinforcement from the
beam on the opposite side of the joint is continued through
the extension.
15.2.8 A beam-column joint shall be considered to be
FRQ¿QHG IRU WKH GLUHFWLRQ RI MRLQW VKHDU FRQVLGHUHG LI WZR
transverse beams satisfying (a), (b), and (c) are provided:

COMMENTARY
guish those members contributing to joint shear from those
WKDWGRQRWFRQWULEXWHWRMRLQWVKHDUEXWPD\VHUYHWRFRQ¿QH
WKHMRLQW)RUDJLYHQMRLQWVKHDUGLUHFWLRQODWHUDOFRQ¿QHment is provided by transverse beams while the width of the
beams generating joint shear is accounted for through the
H൵HFWLYH MRLQW ZLGWK LQ  7KHVH FODVVL¿FDWLRQV DUH
made for the purpose of establishing nominal joint shear
strength in Tables 15.4.2.3 and 18.8.4.3. For beam-column
joints with circular columns, the column width and depth
may be taken as those of a square section of equivalent area.

(a) Width of each transverse beam is at least three-quarters
of the width of the column face into which the beam frames
(b) Transverse beams extend at least one beam depth h
beyond the joint faces
(c) Transverse beams contain at least two continuous top
and bottom bars satisfying 9.6.1.2 and No. 3 or larger stirrups satisfying 9.6.3.4 and 9.7.6.2.2
15.2.9 For slab-column connections transferring moment,
strength and detailing requirements shall be in accordance
with applicable provisions in Chapter 8 and Sections 15.3.2
and 22.6.
15.3—Detailing of joints
15.3.1 %HDPFROXPQMRLQWWUDQVYHUVHUHLQIRUFHPHQW

R15.3—Detailing of joints
R15.3.1 %HDPFROXPQMRLQWWUDQVYHUVHUHLQIRUFHPHQW

15.3.1.1 Beam-column joints shall satisfy 15.3.1.2 through
XQOHVV D WKURXJK F DUHVDWLV¿HG

Tests (Hanson and Connor 1967) have shown that the joint
region of a beam-to-column connection in the interior of a
building does not require shear reinforcement if the joint is
laterally supported on four sides by beams of approximately
equal depth. However, joints that are not restrained in this
manner, such as at the exterior of a building, require shear
reinforcement to prevent deterioration due to shear cracking
(ACI 352R). These joints may also require transverse reinforcement to prevent buckling of longitudinal column
reinforcement.

D  -RLQW LV FRQVLGHUHG FRQ¿QHG E\ WUDQVYHUVH EHDPV LQ
accordance with 15.2.8 for all shear directions considered
(b) Joint is not part of a designated seismic-force-resisting
system
(c) Joint is not part of a structure assigned to SDC D, E,
or F
15.3.1.2 Joint transverse reinforcement shall consist of
ties, spirals, or hoops satisfying the requirements of 25.7.2
for ties, 25.7.3 for spirals, and 25.7.4 for hoops.
15.3.1.3 At least two layers of horizontal transverse reinforcement shall be provided within the depth of the shallowest beam framing into the joint.
15.3.1.4 Spacing of joint transverse reinforcement s
shall not exceed 8 in. within the depth of the deepest beam
framing into the joint.
15.3.2 6ODEFROXPQMRLQWWUDQVYHUVHUHLQIRUFHPHQW
15.3.2.1 Except where laterally supported on four sides by
a slab, column transverse reinforcement shall be continued
through a slab-column joint, including column capital, drop
panel, and shear cap, in accordance with 25.7.2 for ties,
25.7.3 for spirals, and 25.7.4 for hoops.
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15.3.3 /RQJLWXGLQDOUHLQIRUFHPHQW
15.3.3.1 Development of longitudinal reinforcement
terminated in the joint or within a column or beam extenVLRQDVGH¿QHGLQ D DQG D VKDOOEHLQDFFRUdance with 25.4.

213

COMMENTARY
R15.3.3 /RQJLWXGLQDOUHLQIRUFHPHQW
R15.3.3.1 Where bars are continued through an unloaded
extension at the opposite face, the bar length within the
extension can be considered as part of the development
length.

15.3.3.2 Longitudinal reinforcement terminated in the
joint with a standard hook shall have the hook turned toward
mid-depth of the beam or column.
15.4—Strength requirements for beam-column
joints
15.4.1 Required shear strength

R15.4—Strength requirements for beam-column
joints
Joint shear strength is evaluated separately in each principal direction of loading in accordance with 15.4.

15.4.1.1 Joint shear force Vu shall be calculated on a plane
DWPLGKHLJKWRIWKHMRLQWXVLQJÀH[XUDOWHQVLOHDQGFRPSUHVsive beam forces and column shear consistent with (a) or (b):
(a) The maximum moment transferred between the beam
and column as determined from factored-load analysis for
beam-column joints with continuous beams in the direction of joint shear considered
(b) Beam nominal moment strengths Mn

15.4.2.1 Design shear strength of cast-in-place beamcolumn joints shall satisfy:
ࢥVnVu
15.4.2.2 ࢥVKDOOEHLQDFFRUGDQFHZLWK21.2.1 for shear.
15.4.2.3 Vn of the joint shall be calculated in accordance
with Table 15.4.2.3.

R15.4.2 Design shear strength
7KH H൵HFWLYH DUHD RI WKH MRLQW Aj, is illustrated in Fig.
R15.4.2. In no case is Aj greater than the column crosssectional area. A circular column may be considered as
having a square section of equal area. The varied levels of
shear strength provided by 15.4.2.3 are based on the recommendations of ACI 352R, although it is noted that the ACI
5 GH¿QLWLRQ RI H൵HFWLYH FURVVVHFWLRQDO MRLQW DUHD LV
VRPHWLPHVGL൵HUHQWWKDQAj9DOXHVRIH൵HFWLYHMRLQWZLGWK
calculated using ACI 352R and ACI 318, however, are the
same or similar for many design situations.
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Table 15.4.2.3—Nominal joint shear strength Vn

Column

Beam in
direction of Vu
Continuous or
meets 15.2.7

Continuous or
meets 15.2.6

&RQ¿QHPHQWE\
transverse beams
according to
15.2.8

Vn, lb[1]

&RQ¿QHG

24λ f c′Aj

1RWFRQ¿QHG

20λ f c′Aj

&RQ¿QHG

20λ f c′Aj

1RWFRQ¿QHG

15λ f c′Aj

&RQ¿QHG

20λ f c′Aj

1RWFRQ¿QHG

15λ f c′Aj

&RQ¿QHG

15λ f c′Aj

Other

Continuous or
meets 15.2.7
Other
Other

1RWFRQ¿QHG
[1]

12λ f c′Aj

Column
Effective joint area, Aj
Reinforcement
generating x
shear

Effective joint
width = lesser of
(b + h) and
(b + 2x)
b

ȜVKDOOEHIRUOLJKWZHLJKWFRQFUHWHDQGIRUQRUPDOZHLJKWFRQFUHWH

15.4.2.4 (൵HFWLYH FURVVVHFWLRQDO DUHD ZLWKLQ D MRLQWAj,
VKDOOEHFDOFXODWHGDVWKHSURGXFWRIMRLQWGHSWKDQGH൵HFtive joint width. Joint depth shall be the overall depth of the
column, hLQWKHGLUHFWLRQRIMRLQWVKHDUFRQVLGHUHG(൵HFtive joint width shall be the overall width of the column
where the beam is wider than the column. Where the column
LVZLGHUWKDQWKHEHDPH൵HFWLYHMRLQWZLGWKVKDOOQRWH[FHHG
the lesser of (a) and (b):
(a) Beam width plus joint depth
(b) Twice the perpendicular distance from longitudinal
axis of beam to nearest side face of the column
15.5—Transfer of column axial force through the
floor system
15.5.1 If fcƍRIDÀRRUV\VWHPLVOHVVWKDQ0.7fcƍ of a column,
WUDQVPLVVLRQRID[LDOIRUFHWKURXJKWKHÀRRUV\VWHPVKDOOEH
in accordance with (a), (b), or (c):
D  &RQFUHWH RI FRPSUHVVLYH VWUHQJWK VSHFL¿HG IRU WKH
FROXPQVKDOOEHSODFHGLQWKHÀRRUV\VWHPDWWKHFROXPQ
location. Column concrete shall extend outward at least
IWLQWRWKHÀRRUV\VWHPIURPIDFHRIFROXPQIRUWKHIXOO
GHSWK RI WKH ÀRRU V\VWHP DQG EH LQWHJUDWHG ZLWK ÀRRU
concrete.
E  'HVLJQ VWUHQJWK RI D FROXPQ WKURXJK D ÀRRU V\VWHP
shall be calculated using the lower value of concrete
strength with vertical dowels and transverse reinforcement as required to achieve design strength.
(c) For beam-column joints laterally supported on four
sides by beams of approximately equal depth that satisfy

Plan

x
h = Joint depth in
plane parallel to
reinforcement
generating shear

Note: Effective area of joint for forces in each
direction of framing is to be considered
separately.
Fig. R15.4.2²(ৼHFWLYHMRLQWDUHD
R15.5—Transfer of column axial force through the
floor system
7KH UHTXLUHPHQWV RI WKLV VHFWLRQ FRQVLGHU WKH H൵HFW RI
ÀRRU V\VWHP FRQFUHWH VWUHQJWK RQ FROXPQ D[LDO VWUHQJWK
(Bianchini et al. 1960 ,IÀRRUV\VWHPFRQFUHWHVWUHQJWKLV
less than 70 percent of column concrete strength, methods
in 15.5.1(a) or 15.5.1(b) may be applied to corner or edge
columns. Methods in 15.5.1(a), (b), or (c) may be applied to
interior columns.
Application of the concrete placement procedure
GHVFULEHGLQ D UHTXLUHVWKHSODFLQJRIWZRGL൵HUHQW
FRQFUHWH PL[WXUHV LQ WKH ÀRRU V\VWHP 7KH &RGH UHTXLUHV
that column concrete be placed through the thickness of the
ÀRRUV\VWHPDQGWKDWPL[WXUHVEHSODFHGDQGUHPDLQSODVWLF
such that the two can be vibrated so they are well integrated.
Additional inspection may be required for this process. As
required in Chapter 26, it is the responsibility of the licensed
design professional to indicate on the construction docu-
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ments where the higher- and lower-strength concretes are to
be placed.
Research (Ospina and Alexander 1998) has shown that
KHDYLO\ORDGHGVODEVGRQRWSURYLGHDVPXFKFRQ¿QHPHQWDV
lightly loaded slabs when ratios of column concrete strength
to slab concrete strength exceed approximately 2.5. Consequently, a limit is given in 15.5.1(c) on the ratio of concrete
strengths assumed in design.
As an alternative to 15.5.1(a) or 15.5.1(c), 15.5.1(b) permits
WKH XVH RI GRZHO EDUV DQG FRQ¿QHPHQW UHLQIRUFHPHQW WR
LQFUHDVHWKHH൵HFWLYHFRPSUHVVLYHVWUHQJWKRIFRQFUHWHLQWKH
column core (Paultre and Légeron 2008; Richart et al. 1929).

15 Joints

15.2.7 and 15.2.8(a) and for slab-column joints supported
on four sides by the slab, it shall be permitted to calculate the design strength of the column using an assumed
concrete strength in the column joint equal to 75 percent
RI FROXPQ FRQFUHWH VWUHQJWK SOXV  SHUFHQW RI ÀRRU
system concrete strength, where the value of column
FRQFUHWH VWUHQJWK VKDOO QRW H[FHHG  WLPHV WKH ÀRRU
system concrete strength.
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CHAPTER 16—CONNECTIONS BETWEEN MEMBERS
CODE

COMMENTARY

16.1—Scope
16.1.1 This chapter shall apply to the design of joints and
connections at the intersection of concrete members and
for load transfer between concrete surfaces, including (a)
through (d):
(a) Connections of precast members
(b) Connections between foundations and either cast-inplace or precast members
F +RUL]RQWDOVKHDUVWUHQJWKRIFRPSRVLWHFRQFUHWHÀH[ural members
(d) Brackets and corbels
16.2—Connections of precast members
16.2.1 General

R16.2—Connections of precast members
R16.2.1 General
Connection details should be arranged to minimize the
potential for cracking due to restrained creep, shrinkage, and
WHPSHUDWXUH PRYHPHQWV 7KH 3UHFDVW3UHVWUHVVHG &RQFUHWH
Institute (MNL 123) provides information on recommended
connection details for precast concrete structures.

16.2.1.1 Transfer of forces by means of grouted joints,
shear keys, bearing, anchors, mechanical connectors, steel
reinforcement, reinforced topping, or a combination of
these, shall be permitted.

R16.2.1.1 If two or more connection methods are used to
satisfy the requirements for force transfer, their individual
load-deformation characteristics should be considered to
FRQ¿UPWKDWWKHPHFKDQLVPVZRUNWRJHWKHUDVLQWHQGHG

16.2.1.3 Connection details that rely solely on friction
caused by gravity loads shall not be permitted.
16.2.1.4 Connections, and regions of members adjacent to
connections, shall be designed to resist forces and accomPRGDWH GHIRUPDWLRQV GXH WR DOO ORDG H൵HFWV LQ WKH SUHFDVW
structural system.

R16.2.1.4 The structural behavior of precast members may
GL൵HU VXEVWDQWLDOO\ IURP WKDW RI VLPLODU PHPEHUV WKDW DUH
cast-in-place. Design of connections to minimize or transmit
forces due to shrinkage, creep, temperature change, elastic
GHIRUPDWLRQ GL൵HUHQWLDO VHWWOHPHQW ZLQG DQG HDUWKTXDNH
require particular consideration in precast construction.

16.2.1.5 Design of connections shall consider structural
H൵HFWV RI UHVWUDLQW RI YROXPH FKDQJH LQ DFFRUGDQFH ZLWK
5.3.6.

R16.2.1.5 Connections should be designed to either permit
WKHGLVSODFHPHQWVRUUHVLVWWKHIRUFHVLQGXFHGE\ODFNRI¿W
volume changes caused by shrinkage, creep, thermal, and
RWKHUHQYLURQPHQWDOH൵HFWV&RQQHFWLRQVLQWHQGHGWRUHVLVW
the forces should do so without loss of strength. Restraint
assumptions should be consistent in all interconnected
members. There are also cases in which the intended force
PD\ EH LQ RQH GLUHFWLRQ EXW LW PD\ D൵HFW WKH VWUHQJWK RI
the connection in another. For example, shrinkage-induced
ORQJLWXGLQDOWHQVLRQLQDSUHFDVWEHDPPD\D൵HFWWKHYHUWLFDO
shear strength on the corbel supporting it.

16.2.1.6'HVLJQRIFRQQHFWLRQVVKDOOFRQVLGHUWKHH൵HFWV
RIWROHUDQFHVVSHFL¿HGIRUIDEULFDWLRQDQGHUHFWLRQRISUHFDVW
members.

R16.2.1.6 Refer to R26.9.1(a).
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16.2.1.2 $GHTXDF\ RI FRQQHFWLRQV VKDOO EH YHUL¿HG E\
analysis or test.
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16.2.1.7 Design of a connection with multiple compoQHQWVVKDOOFRQVLGHUWKHGL൵HUHQFHVLQVWL൵QHVVVWUHQJWKDQG
ductility of the components.
16.2.1.8 Integrity ties shall be provided in the vertical,
longitudinal, and transverse directions and around the
perimeter of a structure in accordance with 16.2.4 or 16.2.5.

R16.2.1.8 Appendix B of the PCI Design Handbook (PCI
MNL 120) provides a review of structural integrity and
minimum integrity ties for precast concrete bearing wall
structures.
R16.2.2 Required strength

16.2.2 Required strength
16.2.2.1 Required strength of connections and adjacent
regions shall be calculated in accordance with the factored
load combinations in Chapter 5.
16.2.2.2 Required strength of connections and adjacent
regions shall be calculated in accordance with the analysis
procedures in Chapter 6.
16.2.2.3 For bearing connections, Nuc shall be (a) or (b),
but need not exceed Nuc,max, where Nuc,max is the maximum
restraint force that can be transmitted through the load path
of a bearing connection multiplied by the load factor used for
OLYHORDGVLQFRPELQDWLRQVZLWKRWKHUIDFWRUHGORDGH൵HFWV
(a) For connections not on bearing pads, Nuc shall be
calculated simultaneously with Vu using factored load
combinations in accordance with 5.3.6. The restraint force
shall be treated as a live load.
(b) For connections on bearing pads, Nuc shall be 20
percent of the sustained unfactored vertical reaction multiplied by a load factor of 1.6.

16.2.2.4 ,I WKH IULFWLRQ FRH൶FLHQW IRU D EHDULQJ PDWHULDO
has been determined by results of tests, Nuc,max shall be
permitted to be determined by multiplying the sustained
XQIDFWRUHGYHUWLFDOUHDFWLRQE\WKHIULFWLRQFRH൶FLHQWDQGD
load factor of 1.6.

R16.2.2.3 Bearing connections subjected to sustained
loads will experience volume change restraint forces due
WRWKHH൵HFWVRIFUHHSVKULQNDJHDQGWHPSHUDWXUHFKDQJH
Sustained loads are dead loads and any other permanent
loads such as soil loads or equipment loads that may be
included with live loads. Section 5.3.6 prescribes the general
FRQVLGHUDWLRQ IRU UHVWUDLQW RI YROXPH FKDQJH DQG GL൵HUHQtial settlement in combination with other loading but does
QRWGH¿QHDVSHFL¿FORDGIDFWRUIRUSUHFDVWFRQFUHWHEHDULQJ
conditions. Load factors are provided with these provisions.
Nuc,max provides a capacity-design limit.
For mechanical connections, steel-to-steel contact, or
other high-friction bearings, the horizontal force is usually
due to volume change restraint. Such bearing connections will experience volume change restraint forces due
WRWKHH൵HFWVRIFUHHSVKULQNDJHDQGWHPSHUDWXUHFKDQJH
Because the magnitude of volume change restraint forces
acting on bearing connections cannot usually be determined
with a high degree of accuracy, it is required to treat the
restraint force Nuc as a live load in 16.2.2.3(a) when using
the factored load combinations of 5.3.6 and multiplied by
1.6 in 16.2.2.3(b).
Common precast concrete bearing connections use elastomeric pads or other structural bearing media that limit transferred forces by pad deformation or slip. The limiting load of
such connections can be taken as 20 percent of the sustained
unfactored reaction, as recognized by 16.2.2.3(b).
R16.2.2.4 Bearings explicitly designed for low friction,
VXFKDVSRO\WHWUDÀXRURHWK\OHQH 37)( IDFHGVOLGLQJEHDUings, may reduce volume change restraint forces. If the fricWLRQ FRH൶FLHQW KDV EHHQ UHOLDEO\ GHWHUPLQHG IRU D EHDULQJ
material considering service conditions such as temperature,
aging, and exposure, that information can be used to calculate the maximum restraint force.
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16.2.3 Design strength
16.2.3.1 For each applicable load combination, design
strengths of precast member connections shall satisfy
ࢥSnU

(16.2.3.1)

ࢥ shall be determined in accordance with 21.2.
16.2.3.3 At the contact surface between supported and
supporting members, or between a supported or supporting
member and an intermediate bearing element, nominal
bearing strength for concrete surfaces, Bn, shall be calculated
in accordance with 22.8. Bn shall be the lesser of the nominal
concrete bearing strengths for the supported or supporting
member surface, and shall not exceed the strength of intermediate bearing elements, if present.

16.2.4 0LQLPXP FRQQHFWLRQ VWUHQJWK DQG LQWHJULW\ WLH
UHTXLUHPHQWV

R16.2.4 0LQLPXP FRQQHFWLRQ VWUHQJWK DQG LQWHJULW\ WLH
UHTXLUHPHQWV

16.2.4.1 Except where the provisions of 16.2.5 govern,
longitudinal and transverse integrity ties shall connect
precast members to a lateral-force-resisting system, and
vertical integrity ties shall be provided in accordance with
WRFRQQHFWDGMDFHQWÀRRUDQGURRIOHYHOV

R16.2.4.1 It is not intended that these minimum requirements supersede other applicable provisions of the Code for
design of precast concrete structures.
The overall integrity of a structure can be substantially
enhanced by minor changes in the amount, location, and
detailing of member reinforcement and in the detailing of
connection hardware. The integrity ties should constitute a
complete load path, and load transfers along that load path
should be as direct as possible. Eccentricity of the load path,
especially within any connection, should be minimized.

16.2.4.2 :KHUH SUHFDVW PHPEHUV IRUP ÀRRU RU URRI
diaphragms, the connections between the diaphragm and
those members being laterally supported by the diaphragm
shall have a nominal tensile strength of not less than 300 lb
per linear ft.

R16.2.4.2 The connection between the diaphragm and
the member laterally supported by the diaphragm may be
direct or indirect. For example, a column may be connected
directly to the diaphragm, or it may be connected to a spandrel beam, which is connected to the diaphragm.

16.2.4.3 Vertical integrity ties shall be provided at horizontal joints between all vertical precast structural members,
except cladding, and shall satisfy (a) or (b):

R16.2.4.3 Base connections and connections at horizontal joints in precast columns and wall panels, including
structural walls, are designed to transfer all design forces
and moments. The minimum integrity tie requirements
of this provision are not additive to these design requirements. Common practice is to place the wall integrity ties
symmetrically about the vertical centerline of the wall panel
and within the outer quarters of the panel width, wherever
possible.

(a) Connections between precast columns shall have
vertical integrity ties, with a nominal tensile strength of at
least 200Ag lb, where Ag is the gross area of the column.
For columns with a larger cross section than required by
FRQVLGHUDWLRQRIORDGLQJDUHGXFHGH൵HFWLYHDUHDEDVHGRQ
the cross section required shall be permitted. The reduced
H൵HFWLYHDUHDVKDOOEHDWOHDVWRQHKDOIWKHJURVVDUHDRI
the column.
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16.2.3.4 If shear is the primary result of imposed loading
and shear transfer occurs across a given plane, it shall be
permitted to calculate Vn in accordance with the shear friction provisions in 22.9.
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(b) Connections between precast wall panels shall have
at least two vertical integrity ties, with a nominal tensile
strength of at least 10,000 lb per tie.
16.2.5 ,QWHJULW\ WLH UHTXLUHPHQWV IRU SUHFDVW FRQFUHWH
EHDULQJZDOOVWUXFWXUHVWKUHHVWRULHVRUPRUHLQKHLJKW

R16.2.5 ,QWHJULW\ WLH UHTXLUHPHQWV IRU SUHFDVW FRQFUHWH
EHDULQJZDOOVWUXFWXUHVWKUHHVWRULHVRUPRUHLQKHLJKW
Section 16.2.4 gives requirements for integrity ties that
DSSO\WRDOOSUHFDVWFRQFUHWHVWUXFWXUHV7KHVSHFL¿FUHTXLUHments in this section apply only to precast concrete bearing
wall structures with three or more stories, often called large
SDQHOVWUXFWXUHV,IWKHUHTXLUHPHQWVRIWKLVVHFWLRQFRQÀLFW
with the requirements of 16.2.4, the requirements in this
section control.
These minimum provisions for structural integrity ties in
large panel bearing wall structures are intended to provide
an alternate load path in case of loss of a bearing wall
support (Portland Cement Association 1980). Tie requirePHQWVFDOFXODWHGIRUVSHFL¿FORDGH൵HFWVPD\H[FHHGWKHVH
minimum provisions. The minimum integrity tie requirements are illustrated in Fig. R16.2.5, and are based on PCI’s
recommendations for design of precast concrete bearing
wall buildings (PCI Committee on Precast Concrete Bearing
Wall Buildings 1976). Integrity tie strength is based on yield
strength. Appendix B of the PCI Design Handbook (PCI
MNL 120) provides a review of structural integrity and
minimum integrity ties for precast concrete bearing wall
structures.
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T = Transverse
L = Longitudinal
V = Vertical
P = Perimeter

Fig. R16.2.5²7\SLFDODUUDQJHPHQWRILQWHJULW\WLHVLQODUJHSDQHOVWUXFWXUHV

(a) Longitudinal and transverse integrity ties shall
be provided in floor and roof systems to provide a
nominal tensile strength of at least 1500 lb per foot of
width or length.

(b) Longitudinal and transverse integrity ties shall be
SURYLGHGRYHULQWHULRUZDOOVXSSRUWVDQGEHWZHHQWKHÀRRU
or roof system and exterior walls.
(c) Longitudinal and transverse integrity ties shall be posiWLRQHG LQ RU ZLWKLQ  IW RI WKH SODQH RI WKH ÀRRU RU URRI
system.
(d) Longitudinal integrity ties shall be oriented parallel to
ÀRRU RU URRI VODE VSDQV DQG VKDOO EH VSDFHG QRW JUHDWHU
than 10 ft on center. Provisions shall be made to transfer
forces around openings.
(e) Transverse integrity ties shall be oriented perpendicXODU WR ÀRRU RU URRI VODE VSDQV DQG VKDOO EH VSDFHG QRW
greater than the bearing wall spacing.
I  ,QWHJULW\ WLHV DW WKH SHULPHWHU RI HDFK ÀRRU DQG URRI
within 4 ft of the edge, shall provide a nominal tensile
strength of at least 16,000 lb.

R16.2.5.1(a) Longitudinal integrity ties may project from
slabs and be lap spliced, welded, mechanically connected, or
HPEHGGHGLQJURXWMRLQWVZLWKVX൶FLHQWOHQJWKDQGFRYHUWR
develop the required force. Bond length for non-tensioned
SUHVWUHVVLQJ UHLQIRUFHPHQW LI XVHG VKRXOG EH VX൶FLHQW WR
develop the yield strength (Salmons and McCrate 1977;
PCA 1980).

R16.2.5.1(c) It is not uncommon to have integrity ties
positioned in the walls reasonably close to the plane of the
ÀRRURUURRIV\VWHP

R16.2.5.1(e) Transverse integrity ties may be uniformly
spaced and either encased in the panels or in a topping, or
they may be concentrated at the transverse bearing walls.
R16.2.5.1(f) The perimeter integrity tie requirements need
not be additive with the longitudinal and transverse integrity
tie requirements.
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16.2.5.1 ,QWHJULW\ WLHV LQ ÀRRU DQG URRI V\VWHPV VKDOO
satisfy (a) through (f):
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16.2.5.2 Vertical integrity ties shall satisfy (a) through (c):
(a) Integrity ties shall be provided in all wall panels and
shall be continuous over the height of the building.
(b) Integrity ties shall provide a nominal tensile strength
of at least 3000 lb per horizontal foot of wall.
(c) At least two integrity ties shall be provided in each
wall panel.
16.2.6 0LQLPXPGLPHQVLRQVDWEHDULQJFRQQHFWLRQV
16.2.6.1 Dimensions of bearing connections shall satisfy
16.2.6.2 or 16.2.6.3 unless shown by analysis or test that
lesser dimensions will not impair performance.
16.2.6.2 For precast slabs, beams, or stemmed members,
minimum design dimensions from the face of support to
end of precast member in the direction of the span, considHULQJVSHFL¿HGWROHUDQFHVVKDOOEHLQDFFRUGDQFHZLWK7DEOH
16.2.6.2.
Table 16.2.6.2—Minimum design dimensions from
face of support to end of precast member
Member type
Solid or hollow-core slab
Beam or stemmed
member

R16.2.6 0LQLPXPGLPHQVLRQVDWEHDULQJFRQQHFWLRQV
7KLV VHFWLRQ GL൵HUHQWLDWHV EHWZHHQ EHDULQJ OHQJWK DQG
length of the end of a precast member over the support (refer
to Fig. R16.2.6).
Bearing pads distribute concentrated loads and reactions
over the bearing area, and allow limited horizontal and rotational movements for stress relief. To prevent spalling under
heavily loaded bearing areas, bearing pads should not extend
to the edge of the support unless the edge is armored. Edges
can be armored with anchored steel plates or angles. Section
16.5 gives requirements for bearing on brackets or corbels.

Support

Minimum distance, in.
Greater of:

Greater of:

Precast Member

Ɛn
2
Ɛn
3

Unarmored edge

16.2.6.3 Bearing pads adjacent to unarmored faces shall
be set back from the face of the support and the end of the
supported member a distance not less than 0.5 in. or the
chamfer dimension at a chamfered face.

Bearing length
1/2 in. minimum
and not less
than the size of
the chamfer

n /180 ≥ 2 in. (slabs)
n /180 ≥ 3 in. (beams)
Fig. R16.2.6—Bearing length on support.
16.3—Connections to foundations
16.3.1 General
16.3.1.1 Factored forces and moments at base of columns,
walls, or pedestals shall be transferred to supporting foundations by bearing on concrete and by reinforcement, dowels,
anchor bolts, or mechanical connectors.

R16.3—Connections to foundations
The requirements of 16.3.1 through 16.3.3 apply to both
cast-in-place and precast construction. Additional requirements for cast-in-place construction are given in 16.3.4 and
16.3.5, while additional requirements for precast construction are given in 16.3.6.

16.3.1.2 Reinforcement, dowels, or mechanical connectors between a supported member and foundation shall be
designed to transfer (a) and (b):
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(a) Compressive forces that exceed the lesser of the
concrete bearing strengths of either the supported member
or the foundation, calculated in accordance with 22.8
(b) Any calculated tensile force across the interface
16.3.1.3 At the base of a composite column with a strucWXUDOVWHHOFRUH D RU E VKDOOEHVDWLV¿HG
(a) Base of structural steel section shall be designed to
transfer the total factored forces from the entire composite
member to the foundation.
(b) Base of structural steel section shall be designed to
transfer the factored forces from the steel core only, and
the remainder of the total factored forces shall be transferred to the foundation by compression in the concrete
and by reinforcement.
16.3.2 Required strength
16.3.2.1 Factored forces and moments transferred to foundations shall be calculated in accordance with the factored
load combinations in Chapter 5 and analysis procedures in
Chapter 6.
R16.3.3 Design strength

16.3.3 Design strength

ࢥSnU

16 Connections

16.3.3.1 Design strengths of connections between columns,
walls, or pedestals and foundations shall satisfy Eq. (16.3.3.1)
for each applicable load combination. For connections
between precast members and foundations, requirements for
YHUWLFDOLQWHJULW\WLHVLQRUVKDOOEHVDWLV¿HG
(16.3.3.1)

where SnLVWKHQRPLQDOÀH[XUDOVKHDUD[LDOWRUVLRQDORU
bearing strength of the connection.
ࢥ shall be determined in accordance with 21.2.
16.3.3.3 Combined moment and axial strength of connections shall be calculated in accordance with 22.4.
16.3.3.4 At the contact surface between a supported
member and foundation, or between a supported member
or foundation and an intermediate bearing element, nominal
bearing strength Bn shall be calculated in accordance
with 22.8 for concrete surfaces. Bn shall be the lesser of
the nominal concrete bearing strengths for the supported
member or foundation surface, and shall not exceed the
strength of intermediate bearing elements, if present.

R16.3.3.4 In the common case of a column bearing on a
footing, where the area of the footing is larger than the area
of the column, the bearing strength should be checked at the
base of the column and the top of the footing. In the absence
of dowels or column reinforcement that continue into the
foundation, the strength of the lower part of the column
should be checked using the strength of the concrete alone.

16.3.3.5 At the contact surface between supported member
and foundation, Vn shall be calculated in accordance with
the shear-friction provisions in 22.9 or by other appropriate
means.

R16.3.3.5 Shear-friction may be used to check for transfer
of lateral forces to the supporting pedestal or footing. As an
alternative to using shear-friction across a shear plane, shear
keys may be used, provided that the reinforcement crossing
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WKH MRLQW VDWLV¿HV  IRU FDVWLQSODFH FRQVWUXFWLRQ RU
16.3.6.1 for precast construction. In precast construction,
resistance to lateral forces may be provided by mechanical
or welded connections.

16.3.3.6 At the base of a precast column, pedestal, or wall,
anchor bolts and anchors for mechanical connections shall
be designed in accordance with Chapter 17. Forces developed during erection shall be considered.

R16.3.3.6 Chapter 17 covers anchor design, including
seismic design requirements. In precast concrete construction, erection considerations may control base connection
design and need to be considered.

16.3.3.7 At the base of a precast column, pedestal, or
wall, mechanical connectors shall be designed to reach
their design strength before anchorage failure or failure of
surrounding concrete.
16.3.4 0LQLPXP UHLQIRUFHPHQW IRU FRQQHFWLRQV EHWZHHQ
FDVWLQSODFHPHPEHUVDQGIRXQGDWLRQ

R16.3.4 0LQLPXPUHLQIRUFHPHQWIRUFRQQHFWLRQVEHWZHHQ
FDVWLQSODFHPHPEHUVDQGIRXQGDWLRQ
The Code requires a minimum amount of reinforcement
between all supported and supporting members to ensure
ductile behavior. This reinforcement is required to provide
a degree of structural integrity during the construction stage
and during the life of the structure.

16.3.4.1 For connections between a cast-in-place column
or pedestal and foundation, As crossing the interface shall be
at least 0.005Ag, where Ag is the gross area of the supported
member.

R16.3.4.1 The minimum area of reinforcement at the base
of a column may be provided by extending the longitudinal
bars and anchoring them into the footing or by providing
properly anchored dowels.

16.3.4.2 For connections between a cast-in-place wall and
foundation, area of vertical reinforcement crossing the interface shall satisfy 11.6.1.
16.3.5 Details for connections between cast-in-place
PHPEHUVDQGIRXQGDWLRQ

R16.3.5 Details for connections between cast-in-place
PHPEHUVDQGIRXQGDWLRQ

16.3.5.1 At the base of a cast-in-place column, pedestal,
or wall, reinforcement required to satisfy 16.3.3 and 16.3.4
shall be provided either by extending longitudinal bars into
supporting foundation or by dowels.
16.3.5.2 Where continuity is required, splices and mechanical connectors for the longitudinal reinforcement or dowels
shall satisfy 10.7.5 and, if applicable, 18.13.2.2.
16.3.5.3 If a pinned or rocker connection is used at the
base of a cast-in-place column or pedestal, the connection to
foundation shall satisfy 16.3.3.
16.3.5.4 At footings, compression lap splices of No. 14
and No. 18 bars that are in compression for all factored load
combinations shall be permitted in accordance with 25.5.5.3.

R16.3.5.4 Satisfying 16.3.3.1 might require that each No.
14 or 18 bar be spliced in compression to more than one No.
11 or smaller dowel bar.

16.3.6 'HWDLOVIRUFRQQHFWLRQVEHWZHHQSUHFDVWPHPEHUV
and foundation
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16.3.6.1 At the base of a precast column, pedestal, or wall,
the connection to the foundation shall satisfy 16.2.4.3 or
16.2.5.2.
16.3.6.2 If the applicable load combinations of 16.3.3 result
in no tension at the base of precast walls, vertical integrity
ties required by 16.2.4.3(b) shall be permitted to be developed into an adequately reinforced concrete slab-on-ground.
16.4—Horizontal shear transfer in composite
concrete flexural members
16.4.1 General

R16.4—Horizontal shear transfer in composite
concrete flexural members
R16.4.1 General

16.4.1.1 ,Q D FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHU IXOO
transfer of horizontal shear forces shall be provided at
contact surfaces of interconnected elements.

R16.4.1.1 Full transfer of horizontal shear forces between
segments of composite members can be provided by horizontal shear strength at contact surfaces through interface
shear, properly anchored ties, or both.

16.4.1.2 Where tension exists across any contact surface
between interconnected concrete elements, horizontal shear
transfer by contact shall be permitted only where transverse
reinforcement is provided in accordance with 16.4.6 and
16.4.7.
16.4.1.3 Surface preparation assumed for design shall be
VSHFL¿HGLQWKHFRQVWUXFWLRQGRFXPHQWV

R16.4.1.3 Section 26.5.6 requires the licensed design
professional to specify the surface preparation in the
construction documents.

16.4.2 Required strength

16 Connections

16.4.2.1 Factored forces transferred along the contact
VXUIDFH LQ FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHUV VKDOO EH
calculated in accordance with the factored load combinations in Chapter 5.
16.4.2.2 Required strength shall be calculated in accordance with the analysis procedures in Chapter 6.
16.4.3 Design strength
16.4.3.1 Design strength for horizontal shear transfer
shall satisfy Eq. (16.4.3.1) at all locations along the contact
VXUIDFH LQ D FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHU XQOHVV
LVVDWLV¿HG
ࢥVnhVu

(16.4.3.1)

where nominal horizontal shear strength Vnh is calculated in
accordance with 16.4.4.
ࢥ shall be determined in accordance with 21.2.
16.4.4 1RPLQDOKRUL]RQWDOVKHDUVWUHQJWK

R16.4.4 1RPLQDOKRUL]RQWDOVKHDUVWUHQJWK
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16.4.4.1 If Vu > ࢥ(500bvd), Vnh shall be taken as Vn calculated in accordance with 22.9, where bv is the width of the
contact surface, and d is in accordance with 16.4.4.3.
16.4.4.2 If Vu  ࢥ(500bvd), Vnh shall be calculated in
accordance with Table 16.4.4.2, where Av,min is in accordance with 16.4.6, bv is the width of the contact surface, and
d is in accordance with 16.4.4.3.

R16.4.4.2 The permitted horizontal shear strengths and the
UHTXLUHPHQW RI  LQ DPSOLWXGH IRU LQWHQWLRQDO URXJKQHVV
are based on tests discussed in Kaar et al. (1960), Saemann
and Washa (1964), and Hanson (1960).

Table 16.4.4.2—Nominal horizontal shear strength
Shear transfer
reinforcement

Contact surface preparation[1]

AvAYPLQ

Concrete placed against hardened
concrete intentionally roughened to a full
DPSOLWXGHRIDSSUR[LPDWHO\LQ

Other cases
[1]

Vnh, lb

Lesser of:

Av f yt ⎞
⎛
λ ⎜ 260 + 0.6
bv d
bv s ⎟⎠
⎝

(a)

500bvd

(b)

Concrete placed against hardened
concrete not intentionally roughened

80bvd

(c)

Concrete placed against hardened
concrete intentionally roughened

80bvd

(d)

Concrete contact surface shall be clean and free of laitance.

16.4.4.3 In Table 16.4.4.2, d shall be the distance from
H[WUHPHFRPSUHVVLRQ¿EHUIRUWKHHQWLUHFRPSRVLWHVHFWLRQ
to the centroid of prestressed and nonprestressed longitudinal tension reinforcement, if any, but need not be taken
less than 0.80h for prestressed concrete members.

R16.4.4.3 In composite prestressed concrete members,
the depth of the tension reinforcement may vary along the
PHPEHU7KH GH¿QLWLRQ RI d used in Chapter 22 for determining the vertical shear strength is also appropriate for
determining the horizontal shear strength.

16.4.4.4 Transverse reinforcement in the previously cast
concrete that extends into the cast-in-place concrete and is
anchored on both sides of the interface shall be permitted to
be included as ties for calculation of Vnh.
16.4.5 $OWHUQDWLYH PHWKRG IRU FDOFXODWLQJ GHVLJQ KRULzontal shear strength

R16.4.5 $OWHUQDWLYH PHWKRG IRU FDOFXODWLQJ GHVLJQ KRULzontal shear strength

16.4.5.1 As an alternative to 16.4.3.1, factored horizontal
shear Vuh VKDOO EH FDOFXODWHG IURP WKH FKDQJH LQ ÀH[XUDO
compressive or tensile force in any segment of the composite
FRQFUHWHPHPEHUDQG(T  VKDOOEHVDWLV¿HGDWDOO
locations along the contact surface:
ࢥVnhVuh

(16.4.5.1)

Nominal horizontal shear strength Vnh shall be calculated in accordance with 16.4.4.1 or 16.4.4.2, where area of
contact surface shall be substituted for bvd and Vuh shall be
substituted for Vu. Provisions shall be made to transfer the
change in compressive or tensile force as horizontal shear
force across the interface.
16.4.5.2 Where shear transfer reinforcement is designed
to resist horizontal shear to satisfy Eq. (16.4.5.1), the tie
area to tie spacing ratio along the member shall approxi-

R16.4.5.2 The distribution of horizontal shear stresses
DORQJWKHFRQWDFWVXUIDFHLQDFRPSRVLWHPHPEHUZLOOUHÀHFW
the distribution of shear along the member. Horizontal
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PDWHO\UHÀHFWWKHGLVWULEXWLRQRILQWHUIDFHVKHDUIRUFHVLQWKH
FRPSRVLWHFRQFUHWHÀH[XUDOPHPEHU

shear failure will initiate where the horizontal shear stress
is a maximum and will spread to regions of lower stress.
Because the slip at peak horizontal shear resistance is small
for a concrete-to-concrete contact surface, longitudinal
redistribution of horizontal shear resistance is very limited.
Therefore, the spacing of ties along the contact surface
should provide horizontal shear resistance distributed
approximately the same as the distribution of shear stress
along the contact surface.

16.4.5.3 Transverse reinforcement in a previously cast
section that extends into the cast-in-place section and is
anchored on both sides of the interface shall be permitted to
be included as ties for calculation of Vnh.
16.4.6 0LQLPXPUHLQIRUFHPHQWIRUKRUL]RQWDOVKHDUWUDQVIHU

R16.4.6 0LQLPXPUHLQIRUFHPHQWIRUKRUL]RQWDOVKHDUWUDQVIHU

16.4.6.1 Where shear transfer reinforcement is designed
to resist horizontal shear, Av,min shall be the greater of (a)
and (b):

R16.4.6.1 The requirements for minimum area of shear
transfer reinforcement are based on test data given in Kaar
et al. (1960), Saemann and Washa (1964), Hanson (1960),
*URVV¿HOGDQG%LUQVWLHO  DQG0DVW  

(a) 0.75 f c′
(b) 50

bw s
fy

bw s
fy

16.4.7 5HLQIRUFHPHQWGHWDLOLQJIRUKRUL]RQWDOVKHDUWUDQVIHU

R16.4.7 5HLQIRUFHPHQWGHWDLOLQJIRUKRUL]RQWDOVKHDUWUDQVIHU

16 Connections

16.4.7.1 Shear transfer reinforcement shall consist of
single bars or wire, multiple leg stirrups, or vertical legs of
welded wire reinforcement.
16.4.7.2 Where shear transfer reinforcement is designed to
resist horizontal shear, longitudinal spacing of shear transfer
reinforcement shall not exceed the lesser of 24 in. and four
times the least dimension of the supported element.
16.4.7.3 Shear transfer reinforcement shall be developed
in interconnected elements in accordance with 25.7.1.

R16.4.7.3 Proper anchorage of ties extending across the
interface is required to maintain contact along the interface.

16.5—Brackets and corbels
16.5.1 General

R16.5—Brackets and corbels
R16.5.1 General
Brackets and corbels are short cantilevers that tend to act
as simple trusses or deep beams, rather than beams, which
are designed for shear according to 22.5. The corbel shown
in Fig. R16.5.1a and Fig. 16.5.1b may fail by shearing along
the interface between the column and the corbel, yielding of
the tension tie, crushing or splitting of the compression strut,
or localized bearing or shearing failure under the loading
plate. These failure modes are illustrated and discussed in
Elzanaty et al. (1986).
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The method of design addressed in this section has only
been validated experimentally for av /d. In addition, an
upper limit is provided for Nuc because this method of design
has only been validated experimentally for NucVu.

av
Vu

Nuc

ϕAscfy

≥ 0.5d

Shear
plane

h

d

Compression strut

Fig. R16.5.1a—Structural action of a corbel.

av

Bearing
plate
Nuc

Vu

Asc (primary
reinforcement)

Anchor bar
h

d

Framing bar
to anchor
stirrups or ties

2d
3
Ah (closed
stirrups or
ties)

Fig. R16.5.1b²1RWDWLRQXVHGLQ6HFWLRQ
16.5.1.1 Brackets and corbels with shear span-to-depth
ratio av/d   and with factored restraint force Nuc  Vu
shall be permitted to be designed in accordance with 16.5.

R16.5.1.1 Design of brackets and corbels in accordance
with Chapter 23 is permitted, regardless of shear span.
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229

COMMENTARY
R16.5.2 'LPHQVLRQDOOLPLWV

16.5.2.1(൵HFWLYHGHSWKd for a bracket or corbel shall be
calculated at the face of the support.
16.5.2.2 Overall depth of bracket or corbel at the outside
edge of the bearing area shall be at least 0.5d.

R16.5.2.2 A minimum depth, as shown in Fig. R16.5.1a
and R16.5.1b, is required at the outside edge of the bearing
area so that a premature failure will not occur due to a major
crack propagating from below the bearing area to the sloping
face of the corbel or bracket. Failures of this type have been
observed (Kriz and Raths 1965) in corbels having depths at
the outside edge of the bearing area less than required in
16.5.2.2.

16.5.2.3 No part of the bearing area on a bracket or corbel
shall project farther from the face of support than (a) or (b):

R16.5.2.3 The restriction on the location of the bearing
DUHDLVQHFHVVDU\WRHQVXUHGHYHORSPHQWRIWKHVSHFL¿HG\LHOG
strength of the primary tension reinforcement near the load.
If the corbel is designed to resist restraint force Nuc, a
bearing plate should be provided and fully anchored to the
primary tension reinforcement (Fig. R16.5.1b).

(a) End of the straight portion of the primary tension
reinforcement
(b) Interior face of the transverse anchor bar, if one is
provided
16.5.2.4 For normalweight concrete, the bracket or corbel
dimensions shall be selected such that Vu/ࢥVKDOOQRWH[FHHG
the least of (a) through (c):

R16.5.2.4 These limits impose dimensional restrictions on
brackets and corbels necessary to comply with the maximum
shear friction strength allowed on the critical section at the
face of support.

16.5.2.5 For lightweight concrete, the bracket or corbel
dimensions shall be selected such that Vuࢥ shall not exceed
the lesser of (a) and (b):

R16.5.2.5 Tests (Mattock et al. 1976a) have shown that
the maximum shear friction strength of lightweight concrete
brackets and corbels is a function of both fcƍ and av/d.

a ⎞
⎛
(a) ⎜ 0.2 − 0.07 v ⎟ f c′bw d
⎝
d⎠
a ⎞
⎛
(b) ⎜ 800 − 280 v ⎟ bw d
⎝
d⎠
R16.5.3 Required strength

16.5.3 Required strength
16.5.3.1 The section at the face of the support shall be
designed to resist simultaneously the factored shear Vu, the
factored restraint force Nuc, and the factored moment Mu.

R16.5.3.1 Figure R16.5.1b shows the forces applied to the
corbel. Mu can be calculated as [Vuav + Nuc(h – d)].

16.5.3.2 Factored restraint force, Nuc, and shear, Vu, shall
be the maximum values calculated in accordance with the
factored load combinations in Chapter 5. It shall be permitted
to calculate Nuc in accordance with 16.2.2.3 or 16.2.2.4, as
appropriate.

R16.5.3.2 In editions of the Code prior to ACI 318-19,
VSHFL¿F SURYLVLRQV IRU UHVWUDLQW IRUFHV DW EHDULQJ FRQQHFtions were included only for corbels and brackets. In 2019,
16.2.2.3 and 16.2.2.4 were added to include consideration
of restraint forces at all bearing connections. Consequently
the provisions applicable only to brackets or corbels were
removed and a reference made to 16.2.2.3 or 16.2.2.4.
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16.5.3.3 Required strength shall be calculated in accordance with the analysis procedures in Chapter 6, and the
requirements in this section.
16.5.4 Design strength
16.5.4.1'HVLJQVWUHQJWKDWDOOVHFWLRQVVKDOOVDWLVI\ࢥSn
ULQFOXGLQJ D WKURXJK F ,QWHUDFWLRQEHWZHHQORDGH൵HFWV
shall be considered.
D ࢥNnNuc
E ࢥVnVu
F ࢥMnMu
16.5.4.2 ࢥVKDOOEHGHWHUPLQHGLQDFFRUGDQFHZLWK21.2.
16.5.4.3 Nominal tensile strength Nn provided by An shall
be calculated by
Nn = An fy

(16.5.4.3)

16.5.4.4 Nominal shear strength Vn provided by Avf shall
be calculated in accordance with provisions for shear-friction
in 22.9, where Avf is the area of reinforcement that crosses
the assumed shear plane.
16.5.4.5 1RPLQDO ÀH[XUDO VWUHQJWK Mn provided by Af
shall be calculated in accordance with the design assumptions in 22.2.
R16.5.5 5HLQIRUFHPHQWOLPLWV

16.5.5 5HLQIRUFHPHQWOLPLWV
16.5.5.1 Area of primary tension reinforcement, Asc, shall
be at least the greatest of (a) through (c):
(a) Af + An
(b) (2/3)Avf + An
(c) 0.04(fcƍfy)(bwd)

R16.5.5.1 Test results (Mattock et al. 1976a) indicate that the
total amount of primary tension reinforcement, Asc, required to
cross the face of the support should be the greatest of:
(a) The sum of the amount of reinforcement needed to
UHVLVWGHPDQGVIURPÀH[XUHAf, plus the amount of reinforcement needed to resist the axial force, An, as determined by 16.5.4.3.
(b) The sum of two-thirds of the total required shear friction
reinforcement, Avf, as determined by 16.5.4.4, plus the amount
of reinforcement needed to resist the axial force, An, determined by 16.5.4.3. The remaining Avf /3 should be provided as
closed stirrups parallel to Asc as required by 16.5.5.2.
(c) A minimum amount of reinforcement, multiplied by the
ratio of concrete strength to steel strength. This amount is
required to prevent the possibility of sudden failure should
WKHEUDFNHWRUFRUEHOFUDFNXQGHUWKHDFWLRQRIÀH[XUHDQG
outward tensile force.

16.5.5.2 Total area of closed stirrups or ties parallel to
primary tension reinforcement, Ah, shall be at least:
Ah = 0.5(Asc±An)

(16.5.5.2)

R16.5.5.2 Closed stirrups parallel to the primary tension
reinforcement are necessary to prevent a premature diagonal
tension failure of the corbel or bracket. Distribution of Ah is
required to be in accordance with 16.5.6.6. The total amount
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of reinforcement required to cross the face of the support, as
shown in Fig. R16.5.1b, is the sum of Asc and Ah.

16.5.6 5HLQIRUFHPHQWGHWDLOLQJ

R16.5.6 5HLQIRUFHPHQWGHWDLOLQJ

16.5.6.1 Concrete cover shall be in accordance with 20.5.1.3.

16.5.6.3 At the front face of a bracket or corbel, primary
tension reinforcement shall be anchored by (a), (b), or (c):
(a) A weld to a transverse bar of at least equal size that is
designed to develop fy of primary tension reinforcement
(b) Bending the primary tension reinforcement back to
form a horizontal loop
(c) Other means of anchorage that develops fy

R16.5.6.3 For brackets and corbels of variable depth
(refer to Fig. R16.5.1a), the stress at ultimate in the reinforcement is almost constant at approximately fy from the
face of support to the load point. This is because the horizontal component of the inclined concrete compression
strut is transferred to the primary tension reinforcement at the
location of the vertical load. Therefore, reinforcement should
be fully anchored at its outer end (refer to 16.5.6.3) and in
the supporting column (refer to 16.5.6.4), so as to be able to
GHYHORSLWVVSHFL¿HG\LHOGVWUHQJWKIURPWKHIDFHRIVXSSRUW
to the vertical load (refer to Fig. R16.5.6.3a). Satisfactory
anchorage at the outer end can be obtained by bending the
primary tension reinforcement bars in a horizontal loop as
VSHFL¿HGLQERUE\ZHOGLQJDEDURIHTXDOGLDPHWHU
or a suitably sized angle across the ends of the primary tension
reinforcement bars. The weld detail used successfully in the
corbel tests reported in Mattock et al. (1976a) is shown in Fig.
R16.5.6.3b. Refer to ACI Committee 408 (1966).
An end hook in the vertical plane, with the minimum
GLDPHWHU EHQG LV QRW WRWDOO\ H൵HFWLYH EHFDXVH D ]RQH RI
unreinforced concrete beneath the point of loading will exist
for loads applied close to the end of the bracket or corbel.
)RUZLGHEUDFNHWV SHUSHQGLFXODUWRWKHSODQHRIWKH¿JXUH 
and loads not applied close to the end, U-shaped bars in a
KRUL]RQWDOSODQHSURYLGHH൵HFWLYHHQGKRRNV

d h
See Fig.
R16.5.6.3b
Standard 90- or
180-degree hook
(see Table 25.3.1)

P

Fig. R16.5.6.3a²0HPEHUODUJHO\GHSHQGHQWRQVXSSRUWDQG
end anchorages.
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Primary reinforcement

weld = 3 db
4

db

tweld =

db
2

db

tweld =

db
2

weld = 3 db

4
Anchor bar
Fig. R16.5.6.3b—Weld details used in tests of Mattock et al.
D 
16.5.6.4 Primary tension reinforcement shall be developed at the face of the support.
16.5.6.5 Development of tension reinforcement shall
account for distribution of stress in reinforcement that is not
directly proportional to the bending moment.

16.5.6.6 Closed stirrups or ties shall be spaced such that
Ah is uniformly distributed within (2/3)d measured from the
primary tension reinforcement.

R16.5.6.5 Calculated stress in reinforcement at service
loads, fs, does not decrease linearly in proportion to a
decreasing moment in brackets, corbels, and members of
variable depth. Additional consideration is required for
SURSHUGHYHORSPHQWRIWKHÀH[XUDOUHLQIRUFHPHQW
R16.5.6.6 Refer to R16.5.5.2.
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17.1—Scope
17.1.1 This chapter shall apply to the design of anchors in
concrete used to transmit loads by means of tension, shear, or
a combination of tension and shear between: (a) connected
structural elements; or (b) safety-related attachments and
VWUXFWXUDOHOHPHQWV6DIHW\OHYHOVVSHFL¿HGDUHLQWHQGHGIRU
in-service conditions rather than for short-term handling and
construction conditions.

R17.1—Scope
R17.1.1 This chapter is restricted in scope to structural
anchors that transmit loads related to strength, stability, or
life safety. Two types of applications are envisioned. The
¿UVW LV FRQQHFWLRQV EHWZHHQ VWUXFWXUDO HOHPHQWV ZKHUH WKH
failure of an anchor or anchor group could result in loss of
equilibrium or stability of any portion of the structure. The
second is where safety-related attachments that are not part
of the structure (such as sprinkler systems, heavy suspended
pipes, or barrier rails) are attached to structural elements.
7KHOHYHOVRIVDIHW\GH¿QHGE\WKHIDFWRUHGORDGFRPELQDWLRQV DQG ࢥIDFWRUV DUH DSSURSULDWH IRU VWUXFWXUDO DSSOLFDtions. Other standards may require more stringent safety
levels during temporary handling.
The format for this chapter was revised in 2019 to be more
consistent with the other chapters of this Code.

17.1.2 Provisions of this chapter shall apply to the
following anchor types (a) through (g):

R17.1.2 Typical cast-in headed studs and headed bolts
with head geometries consistent with ASME B1.1, B18.2.1,
and B18.2.6 have been tested and proven to behave predictably; therefore, calculated pullout strengths are acceptable.
Post-installed expansion, screw, and undercut anchors do
not have predictable pullout strengths, and therefore quali¿FDWLRQWHVWVWRHVWDEOLVKWKHSXOORXWVWUHQJWKVDFFRUGLQJWR
ACI 355.2 are required. For post-installed expansion, screw,
and undercut anchors to be used in conjunction with the
requirements of this chapter, the results of the ACI 355.2
tests have to indicate that pullout failures exhibit acceptable
load-displacement characteristics or that pullout failures are
precluded by another failure mode.
For adhesive anchors, the characteristic bond stress and
suitability for structural applications are established by
testing in accordance with ACI 355.4. Adhesive anchors are
particularly sensitive to a number of factors including installation direction and load type. If adhesive anchors are used
to resist sustained tension, the provisions include testing
requirements for horizontal or upwardly inclined installaWLRQVLQGHVLJQUHTXLUHPHQWVLQFHUWL¿FDWLRQ
requirements in 26.7, and inspection requirements in 26.13.
$GKHVLYH DQFKRUV TXDOL¿HG LQ DFFRUGDQFH ZLWK$&, 
are tested in concrete with compressive strengths within two
ranges: 2500 to 4000 psi and 6500 to 8500 psi. Bond strength
is, in general, not highly sensitive to concrete compressive
strength.

(a) Headed studs and headed bolts having a geometry that
has been demonstrated to result in a pullout strength in
uncracked concrete equal to or exceeding 1.4Np, where Np
is given in Eq. (17.6.3.2.2a).
(b) Hooked bolts having a geometry that has been demonVWUDWHG WR UHVXOW LQ D SXOORXW VWUHQJWK ZLWKRXW WKH EHQH¿W
of friction in uncracked concrete equal to or exceeding
1.4Np, where Np is given in Eq. (17.6.3.2.2b)
(c) Post-installed expansion (torque-controlled and
displacement-controlled) anchors that meet the assessment criteria of ACI 355.2.
(d) Post-installed undercut anchors that meet the assessment criteria of ACI 355.2.
(e) Post-installed adhesive anchors that meet the assessment criteria of ACI 355.4.
(f) Post-installed screw anchors that meet the assessment
criteria of ACI 355.2.
(g) Attachments with shear lugs.

17.1.3 The removal and resetting of post-installed mechanical anchors is prohibited.

R17.1.3 ACI 355.2 prohibits reuse of post-installed
mechanical anchors.

17.1.4 This chapter does not apply for load applications
that are predominantly high-cycle fatigue or due to impact.

R17.1.4 The exclusion of load applications producing
high-cycle fatigue or extremely short duration impact (such
as blast or shock wave) from the scope of this chapter is not
meant to exclude earthquake loads. Section 17.10 presents
additional requirements for design when earthquake loads
are included.
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17.1.5 This chapter does not apply to specialty inserts,
through-bolts, multiple anchors connected to a single steel
plate at the embedded end of the anchors, grouted anchors,
or power driven anchors such as powder or pneumatic actuated fasteners.

R17.1.57KHZLGHYDULHW\RIVKDSHVDQGFRQ¿JXUDWLRQVRI
specialty inserts precludes prescription of generalized tests
and design equations.

17.1.6 Reinforcement used as part of an embedment
shall have development length established in accordance
with other parts of this Code. If reinforcement is used as
anchorage, concrete breakout failure shall be considered.
Alternatively, anchor reinforcement in accordance with
17.5.2.1 shall be provided.

R17.1.6 Concrete breakout strength in tension and shear
should be considered for reinforcing bars in a group used
as anchorage. Concrete breakout behavior can occur even
if reinforcement is fully developed in accordance with
Chapter 25. Breakout behavior of straight reinforcement as
a group is analogous to tension and shear breakout behavior
of adhesive anchors whereby hef is taken as equal to or less
than the embedded bar length. Similarly, breakout behavior
of hooked and headed reinforcement groups is similar to
tension and shear breakout behavior of headed anchors.
Consideration should be given to extending bars beyond the
development length.
As an alternative to explicit determination of the concrete
breakout strength of a group, anchor reinforcement provided
in accordance with 17.5.2.1 may be used, or the reinforcement should be extended.

17.2—General
17.2.1 Anchors and anchor groups shall be designed
IRU FULWLFDO H൵HFWV RI IDFWRUHG ORDGV FDOFXODWHG E\ HODVWLF
analysis. If nominal strength is controlled by ductile steel
elements, plastic analysis is permitted provided that deformation compatibility is taken into account.

R17.2—General
R17.2.1 If the strength of an anchor group is governed
by concrete breakout, the behavior is brittle, and there is
limited redistribution of forces between the highly stressed
and less stressed anchors. In this case, the theory of elasticity
is required to be used, assuming the attachment that distribXWHVORDGVWRWKHDQFKRUVLVVX൶FLHQWO\VWL൵7KHIRUFHVLQWKH
anchors are considered to be proportional to the external load
and its distance from the neutral axis of the anchor group.
If anchor strength is governed by ductile yielding of the
DQFKRUVWHHOVLJQL¿FDQWUHGLVWULEXWLRQRIDQFKRUIRUFHVFDQ
occur. In this case, an analysis based on the theory of elasticity will be conservative. Cook and Klingner (1992a,b) and
Lotze et al. (2001) discuss nonlinear analysis, using theory
of plasticity, for the determination of the strengths of ductile
anchor groups.

17.2.1.1$QFKRUJURXSH൵HFWVVKDOOEHFRQVLGHUHGLIWZR
or more anchors loaded by a common structural element
are spaced closer than the spacing required for unreduced
breakout strength. If adjacent anchors are not loaded by a
FRPPRQ VWUXFWXUDO HOHPHQW JURXS H൵HFWV VKDOO FRQVLGHU
simultaneous maximum loading of adjacent anchors.

17.2.2 Adhesive anchors shall be installed in concrete
having a minimum age of 21 days at time of anchor
installation.

R17.2.2 The design performance of adhesive anchors
cannot be ensured by establishing a minimum concrete
compressive strength at the time of installation in early-age
concrete. Therefore, a concrete age of at least 21 days at the
time of adhesive anchor installation was adopted.

17.2.3 Adhesive anchors installed horizontally or
XSZDUGO\LQFOLQHGVKDOOEHTXDOL¿HGLQDFFRUGDQFHZLWKACI
355.4 requirements for sensitivity to installation direction.

R17.2.3 ACI 355.4LQFOXGHVRSWLRQDOWHVWVWRFRQ¿UPWKH
suitability of adhesive anchors for horizontal or upwardly
inclined installations.

17.2.4 /LJKWZHLJKWFRQFUHWHPRGL¿FDWLRQIDFWRU Ȝa
17.2.4.1 0RGL¿FDWLRQ IDFWRU Ȝa for lightweight concrete
shall be in accordance with Table 17.2.4.1. It shall be

R17.2.4 /LJKWZHLJKWFRQFUHWHPRGL¿FDWLRQIDFWRU Ȝa
R17.2.4.1 The number of tests available to establish the
strength of anchors in lightweight concrete is limited. Tests
of headed studs cast in lightweight concrete indicate that the
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permitted to use an alternate value of Ȝa if tests are performed
and evaluated in accordance with ACI 355.2 or ACI 355.4.

present reduction factor Ȝ DGHTXDWHO\ UHSUHVHQWV WKH LQÀXence of lightweight concrete (Shaikh and Yi 1985; Anderson
and Meinheit 2005). Anchor manufacturer data developed
for evaluation reports on post-installed expansion, screw,
undercut, and adhesive anchors indicate that a reduced Ȝ is
needed to provide the necessary safety factor for the respective design strength. ACI 355.2 and ACI 355.4 provide
SURFHGXUHVZKHUHE\DVSHFL¿FYDOXHRIȜa can be used based
on testing, assuming the lightweight concrete is similar to
the reference test material.

Table 17.2.4.1—Modification factor Ȝa for
lightweight concrete

[1]

Case

Ȝa[1]

Cast-in and undercut anchor concrete failure

Ȝ

Expansion, screw, and adhesive anchor concrete failure

Ȝ

Adhesive anchor bond failure per Eq. (17.6.5.2.1)

Ȝ

ȜVKDOOEHLQDFFRUGDQFHZLWK

17.2.5 Anchors shall be installed and inspected in accordance with the requirements of 26.7 and 26.13.
17.3—Design Limits
17.3.1 The value of fcƍ used for calculation purposes in this
chapter shall not exceed 10,000 psi for cast-in anchors and
8000 psi for post-installed anchors. Post-installed anchors
shall not be used in concrete with a strength greater than
8000 psi without testing to verify acceptable performance.

R17.3—Design limits
R17.3.1 A limited number of tests of cast-in and postinstalled anchors in high-strength concrete (Primavera et al.
1997) indicate that the design procedures contained in this
chapter become unconservative with increasing concrete
strength, particularly for cast-in anchors in concrete with
compressive strengths in the range of 11,000 to 12,000
psi. Until further tests are available, an upper limit on fcƍ
of 10,000 psi has been imposed for the design of cast-in
anchors. This limitation is consistent with those for shear
strength, torsion strength, and reinforcement development
length in this Code (22.5.3.1, 22.6.3.1, 22.7.2.1, 25.4.1.4).
For some post-installed anchors, the capacity may be negaWLYHO\D൵HFWHGE\YHU\KLJKVWUHQJWKFRQFUHWH7KHVHH൵HFWV
DUHDVVRFLDWHGZLWKGL൶FXOW\LQIXOO\H[SDQGLQJH[SDQVLRQ
anchors, cutting grooves in the sidewall of the predrilled
hole by the screw anchor’s threads, and reduced bond
strength of adhesive anchors. The 8000 psi limit for postLQVWDOOHGDQFKRUVUHÀHFWVWKHFXUUHQWFRQFUHWHVWUHQJWKUDQJH
IRUWHVWLQJVSHFL¿HGLQ$&,DQG$&,7KH
SVLOLPLWPD\EHH[FHHGHGLIYHUL¿HGZLWKWHVWV

17.3.2 For anchors with diameters da   LQ, concrete
EUHDNRXWVWUHQJWKUHTXLUHPHQWVVKDOOEHFRQVLGHUHGVDWLV¿HG
by the design procedures of 17.6.2 and 17.7.2.

R17.3.2 The limitation on anchor diameter is based on the
current range of test data. In the 2002 through 2008 editions
of the Code, there were limitations on the diameter and
embedment of anchors to calculate the concrete breakout
strength. These limitations were necessitated by the lack of
test results on anchors with diameters larger than 2 in. and
embedment lengths longer than 24 in. In 2011, limitations
on anchor diameter and embedment length were revised to
limit the diameter to 4 in. based on the results of tension
and shear tests on large-diameter anchors with deep embedments (Lee et al. 2007, 2010). These tests included 4.25 in.
diameter anchors, embedded 45 in., tested in tension and 3
in. diameter anchors tested in shear. The 4 in. diameter limit
was selected to maintain consistency with the largest diameter anchor permitted in ASTM F1554. Other ASTM speci¿FDWLRQVSHUPLWXSWRLQGLDPHWHUDQFKRUVKRZHYHUWKH\
have not been tested to ensure applicability of the 17.6.2 and
17.7.2 concrete breakout provisions.
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17.3.3 For adhesive anchors with embedment depths 4da
hefda, bond strength requirements shall be considered
VDWLV¿HGE\WKHGHVLJQSURFHGXUHRI

R17.3.3 ACI 355.4 limits the embedment depth of adhesive anchors to 4dahefda, which represents the theoretical limits of the bond model (Eligehausen et al. 2006a).

17.3.4 For screw anchors with embedment depths 5dahef
da, and hefLQ, concrete breakout strength requirePHQWVVKDOOEHFRQVLGHUHGVDWLV¿HGE\WKHGHVLJQSURFHGXUHV
of 17.6.2 and 17.7.2.

R17.3.4 Screw anchor research by Olsen et al. (2012) is
based on the nominal screw anchor diameter corresponding
WR WKH QRPLQDO GULOO ELW VL]H IRU H[DPSOH D  LQ VFUHZ
DQFKRULQVWDOOVLQDKROHGULOOHGE\DLQ$16,GULOOELW 
7KLV GH¿QLWLRQ RI VFUHZ DQFKRU VL]H LV DSSUR[LPDWHO\ WKH
diameter of the core or shank of the screw rather than the size
RIWKHODUJHUH[WHUQDOGLDPHWHURIWKHWKUHDG7KLVGH¿QLWLRQ
GL൵HUV IURP WKH GLDPHWHU RI VWDQGDUG DQFKRUV ZLWKASME
B1.1 threads that have a reduced shaft area and smaller
H൵HFWLYHDUHD7KHH൵HFWLYHDUHDRIWKHVFUHZDQFKRUDVZLWK
other post-installed mechanical anchors, is provided by the
manufacturer.
The Olsen et al. (2012) empirical design model was
derived from a database of tests in cracked and uncracked
concrete on metric-sized screw anchors tested in Europe
and inch-sized anchors tested by independent laboratories in
accordance with ICC-ES AC193.
)RU FRQFUHWH VFUHZ DQFKRUV WKH H൵HFWLYH HPEHGPHQW
depth, hef, is determined as a reduction from the nominal
embedment based on geometric characteristics of the screw.
7KHH൵HFWLYHHPEHGPHQWLVYHUL¿HGGXULQJWKHTXDOL¿FDWLRQ
testing under ACI 355.2 and provided by the manufacturer
IRUXVHLQGHVLJQ8VLQJWKHUHGXFHGH൵HFWLYHHPEHGPHQW
depth with the concrete capacity design (CCD) method is
shown to adequately represent the behavior of concrete
screws in the current concrete screw database and also valiGDWHVWKHH൵HFWVDQGOLPLWDWLRQVRIFHUWDLQUHOHYDQWSDUDPHWHUVVXFKDVWKHH൵HFWLYHHPEHGPHQWGHSWKDQGVSDFLQJRI
anchors (17.9).

17.3.5 Anchors shall satisfy the edge distances, spacings,
and thicknesses in 17.9 unless supplementary reinforcement
is provided to control splitting failure.
17.4—Required strength
17.4.1 Required strength shall be calculated in accordance
with the factored load combinations in Chapter 5.
17.4.2 For anchors in structures assigned to SDC C, D, E,
and F, the additional requirements of 17.10 shall apply.
17.5—Design strength
17.5.1 For each applicable factored load combination,
design strength of individual anchors and anchor groups
VKDOOVDWLVI\ࢥSnU,QWHUDFWLRQEHWZHHQORDGH൵HFWVVKDOO
be considered in accordance with 17.8.1.

R17.5—Design strength

17.5.1.1 Strength reduction factor, ࢥ, shall be determined
in accordance with 17.5.3.
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17.5.1.2 Nominal strength for an anchor or anchor groups
shall be based on design models that result in predictions of
strength in substantial agreement with results of comprehensive tests. The materials used in the tests shall be compatible with the materials used in the structure. The nominal
strength shall be based on the 5 percent fractile of the basic
individual anchor strength. For nominal strengths related to
FRQFUHWHVWUHQJWKPRGL¿FDWLRQVIRUVL]HH൵HFWVQXPEHURI
DQFKRUV H൵HFWV RI FORVH VSDFLQJ RI DQFKRUV SUR[LPLW\ WR
edges, depth of the concrete member, eccentric loadings of
DQFKRUJURXSVDQGLQÀXHQFHRIFUDFNLQJVKDOOEHWDNHQLQWR
account. Limits on edge distance and anchor spacing in the
design models shall be consistent with the tests that veri¿HGWKHPRGHO6WUHQJWKRIDQFKRUVVKDOOEHEDVHGRQGHVLJQ
models that satisfy 17.5.1.2 for the following:

R17.5.1.2 This section provides requirements for establishing the strength of anchors in concrete. The various types
of steel and concrete failure modes for anchors are shown in
Fig. R17.5.1.2(a) and R17.5.1.2(b). Comprehensive discussions of anchor failure modes are included in CEB (1997),
Fuchs et al. (1995), Eligehausen and Balogh (1995), and
Cook et al. (1998). Tension failure modes related to concrete
include concrete breakout failure (applicable to all anchor
types), pullout failure (applicable to cast-in anchors, postinstalled expansion, screw, and undercut anchors), sideface blowout failure (applicable to headed anchors), and
bond failure (applicable to adhesive anchors). Shear failure
modes related to concrete include concrete breakout failure
and concrete pryout (applicable to all anchor types). These
failure modes are described in the deemed-to-comply provisions of 17.6.2, 17.6.3, 17.6.4, 17.6.5, 17.7.2, and 17.7.3.
Any model that complies with the requirements of 17.5.1.2
and 17.5.2.3 can be used to establish the concrete-related
strengths. Additionally, anchor tensile and shear strengths
are limited by the minimum spacings and edge distances
of 17.9 to preclude splitting. The design of post-installed
anchors recognizes that the strength of anchors is sensitive to appropriate installation; installation requirements
are included in Chapter 26. Some post-installed anchors are
less sensitive to installation errors and tolerances. This is
UHÀHFWHGLQYDULRXVࢥIDFWRUVJLYHQLQDQGEDVHGRQ
the assessment criteria of ACI 355.2 and ACI 355.4.
The breakout strength of an unreinforced connection can
EH WDNHQ DV DQ LQGLFDWLRQ RI WKH ORDG DW ZKLFK VLJQL¿FDQW
cracking will occur. Such cracking can represent a serviceability problem if not controlled (refer to R17.7.2.1).

(a) Steel strength of anchor in tension
(b) Concrete breakout strength of anchor in tension
(c) Pullout strength of a single cast-in anchor and single
post-installed expansion, screw, and undercut anchor in
tension
(d) Concrete side-face blowout strength of headed anchor
in tension
(e) Bond strength of adhesive anchor in tension
(f) Steel strength of anchor in shear
(g) Concrete breakout strength of anchor in shear
(h) Concrete pryout strength of anchor in shear
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CODE

COMMENTARY
N

N

N

(i) Steel failure

(ii) Pullout

N

(iii) Concrete breakout

N

N

N

N

N

N

N

N

Single
(iv) Concrete splitting

Group

(v) Side-face blowout

(vi) Bond failure

(a) Tensile loading

V
V
V

V

V
V
(i) Steel failure preceded
by concrete spall

V
V

V
(ii) Concrete pryout for
anchors far from a
free edge

(iii) Concrete breakout

(b) Shear loading
Fig. R17.5.1.2²)DLOXUHPRGHVIRUDQFKRUV
17.5.1.3 Strength of anchors shall be permitted to be determined in accordance with 17.6 for 17.5.1.2(a) through (e),
and 17.7 for 17.5.1.2(f) through (h). For adhesive anchors
that resist sustained tension, the requirements of 17.5.2.2
shall apply.

R17.5.1.3 The method for concrete breakout design
deemed to comply with the requirements of 17.5.1.2 was
developed from the concrete capacity design (CCD) Method
(Fuchs et al. (1995); Eligehausen and Balogh (1995), which
was an adaptation of the Kappa Method (Eligehausen and
Fuchs 1988; Eligehausen et al. 2006a) with a breakout
failure surface angle of approximately 35 degrees (Fig.
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17.5.1.3.1$QFKRUJURXSH൵HFWVVKDOOEHFRQVLGHUHGZKHUever two or more anchors have spacing less than the critical spacing in Table 17.5.1.3.1, where only those anchors
susceptible to the particular failure mode under investigation
shall be included in the group.

DDQGE ,WLVFRQVLGHUHGWREHVX൶FLHQWO\DFFXUDWH
relatively easy to apply, and capable of extension to irregular layouts. The CCD Method predicts the strength of an
anchor or anchor group by using a basic equation for tension
in cracked concrete, which is multiplied by factors that
account for the number of anchors, edge distance, spacing,
eccentricity, and absence of cracking. For shear, a similar
approach is used. Experimental and numerical investigations
have demonstrated the applicability of the CCD Method to
adhesive anchors as well (Eligehausen et al. 2006a).

Table 17.5.1.3.1—Critical spacing
Failure mode under investigation

Critical spacing

Concrete breakout in tension

3hef

Bond strength in tension

2cNa

Concrete breakout in shear

3ca1

N
1.5hef

1.5hef

hef
≈ 35 degrees

Elevation
Fig. R17.5.1.3a—Breakout cone for tension.
ca1
≈ 35
degrees
1.5ca1
V
Anchor
1.5ca1
Edge of concrete

Plan
Fig. R17.5.1.3b—Breakout cone for shear.
17.5.1.4 Strength of anchors shall be permitted to be based
on test evaluation using the 5 percent fractile of applicable
test results for 17.5.1.2 (a) through (h).

R17.5.1.4 Sections 17.5.1.2 and 17.5.2.3 establish the
performance factors for which anchor design models are
UHTXLUHG WR EH YHUL¿HG 0DQ\ SRVVLEOH GHVLJQ DSSURDFKHV
exist, and the user is always permitted to “design by test”
XVLQJ  DV ORQJ DV VX൶FLHQW GDWD DUH DYDLODEOH WR
verify the model. Test procedures can be used to determine
the single-anchor breakout strength in tension and in shear.
The test results, however, are required to be evaluated on a
basis statistically equivalent to that used to select the values
for the concrete breakout method considered to satisfy
provisions of 17.5.1.2. The basic strength cannot be taken
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COMMENTARY
greater than the 5 percent fractile. The number of tests has to
EHVX൶FLHQWIRUVWDWLVWLFDOYDOLGLW\DQGVKRXOGEHFRQVLGHUHG
in the determination of the 5 percent fractile.

17.5.2 For each applicable factored load combination,
design strength of anchors shall satisfy the criteria in Table
17.5.2.
Table 17.5.2—Design strength requirements of
anchors
Anchor group[1]
Single
anchor

Individual
anchor in a
group

Steel strength in
tension (17.6.1)[2]

ࢥNsaNua

ࢥNsaNua,i

Concrete breakout
strength in tension[3]
(17.6.2)

ࢥNcbNua

Pullout strength in
tension (17.6.3)

ࢥNpnNua

Concrete side-face
blowout strength in
tension (17.6.4)

ࢥNsbNua

ࢥNsbgNua,g

Bond strength of
adhesive anchor in
tension (17.6.5)

ࢥNaNua

ࢥNagNua,g

Steel strength in shear
(17.7.1)

ࢥVsaVua

Concrete breakout
strength in shear[3]
(17.7.2)

ࢥVcbVua

ࢥVcbgVua,g

Concrete pryout strength
in shear (17.7.3)

ࢥVcpVua

ࢥVcpgVua,g

Failure mode

Anchors as a
group

ࢥNcbgNua,g

ࢥNpnNua,i

ࢥVsaVua,i

R17.5.2 Under combined tension and bending, indiYLGXDODQFKRUVLQDJURXSPD\EHUHTXLUHGWRUHVLVWGL൵HUHQW
magnitudes of tensile force. Similarly, under combined shear
and torsion, individual anchors in a group may be required
WRUHVLVWGL൵HUHQWPDJQLWXGHVRIVKHDU7DEOHLQFOXGHV
requirements to design single anchors and individual anchors
in a group to safeguard against all potential failure modes.
For steel and pullout failure modes, the most highly stressed
DQFKRULQWKHJURXSVKRXOGEHFKHFNHGWRHQVXUHLWKDVVX൶cient strength to resist its required load. For concrete breakout,
the anchors should be checked as a group. Elastic analysis or
plastic analysis of ductile anchors as described in 17.2.1 may
be used to determine the loads resisted by each anchor.
The addition of reinforcement in the direction of the
load to restrain concrete breakout can enhance the strength
and deformation capacity of the anchor connection. Such
enhancement is practical with cast-in anchors such as those
used in precast sections. Klingner et al. (1982), ¿E (2011),
ACI 349, and Eligehausen et al. (2006b) provide informaWLRQUHJDUGLQJWKHH൵HFWRIUHLQIRUFHPHQWRQWKHEHKDYLRURI
DQFKRUV7KHH൵HFWRIUHLQIRUFHPHQWLVQRWLQFOXGHGLQWKH
ACI 355.2 and ACI 355.4 anchor acceptance tests or in the
concrete breakout calculation method of 17.6.2 and 17.7.2.
Anchor reinforcement may be provided in accordance with
17.5.2.1 and developed according to Chapter 25 instead of
calculating breakout strength.

[1]
Design strengths for steel and pullout failure modes shall be calculated for the most
highly stressed anchor in the group.
[2]
Sections referenced in parentheses are pointers to models that are permitted to be
used to evaluate the nominal strengths.
[3]
If anchor reinforcement is provided in accordance with 17.5.2.1, the design strength
of the anchor reinforcement shall be permitted to be used instead of the concrete
breakout strength

17.5.2.1 The design strength of anchor reinforcement shall
be permitted to be used instead of the concrete breakout
VWUHQJWKLI D RU E LVVDWLV¿HG
(a) For tension, if anchor reinforcement is developed in
accordance with Chapter 25 on both sides of the concrete
breakout surface
(b) For shear, if anchor reinforcement is developed in
accordance with Chapter 25 on both sides of the concrete
breakout surface, or encloses and contacts the anchor and
is developed beyond the breakout surface.
17.5.2.1.1 Strength reduction factor ࢥ for anchor reinforcement shall be in accordance with 17.5.3.

R17.5.2.1 For conditions where the factored tensile or
shear force exceeds the concrete breakout strength of the
anchor(s) or if the breakout strength is not evaluated, the
nominal strength can be based on properly developed anchor
reinforcement as illustrated in Fig. R17.5.2.1a for tension
and Fig. R17.5.2.1b(i) and Fig. R17.5.2.1b(ii) for shear.
Because anchor reinforcement is placed below where the
shear is applied (refer to Fig. R17.5.2.1b), the force in the
anchor reinforcement will be larger than the shear force.
Anchor reinforcement is distinguished from supplementary
reinforcement in that it is designed exclusively for the anchor
loads and is intended to preclude concrete breakout. Strutand-tie models may be used to design anchor reinforcement.
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For practical reasons, anchor reinforcement is only used for
cast-in anchor applications.
(a) Care needs to be taken in the selection and positioning
of anchor reinforcement for tension. Ideally tension anchor
reinforcement should consist of stirrups, ties, or hairpins
SODFHGDVFORVHDVSUDFWLFDEOHWRWKHDQFKRU,WLVEHQH¿FLDO
for the anchor reinforcement to enclose the surface reinforcement where applicable. Anchor reinforcement spaced
less than 0.5hef from the anchor centerline may be considHUHG DV H൵HFWLYH 7KH UHVHDUFK Eligehausen et al. 2006b)
on which these provisions are based was limited to anchor
reinforcement with maximum diameter equivalent to a No.
5 bar.
(b) To ensure development of anchor reinforcement for
shear, the enclosing anchor reinforcement shown in Fig.
R17.5.2.1(b)(i) should be in contact with the anchor and
placed as close as practicable to the concrete surface. The
research (Eligehausen et al. 2006b) on which the provisions for enclosing reinforcement are based was limited to
anchor reinforcement with maximum diameter equivalent to
a No. 5 bar. The larger bend radii associated with larger bar
GLDPHWHUVPD\VLJQL¿FDQWO\UHGXFHWKHH൵HFWLYHQHVVRIWKH
anchor reinforcement for shear; therefore, anchor reinforcement larger than a No. 6 bar is not recommended. Because
development for full fy is required, the use of excess reinforcement to reduce development length is not permitted for
anchor reinforcement.
The anchor reinforcement for shear may also consist
of stirrups, ties, hoops, or hairpins enclosing the edge
reinforcement embedded in the breakout volume and
placed as close to the anchors as practicable (refer to Fig.
R17.5.2.1b(ii)). Generally, reinforcement spaced less than
the smaller of 0.5ca1 and 0.3ca2 from the anchor centerline
should be included as anchor reinforcement. In this case, the
anchor reinforcement must be developed on both sides of
the breakout surface. For equilibrium, edge reinforcement is
required. The research on which these provisions are based
was limited to anchor reinforcement with maximum diameter equivalent to a No. 6 bar.
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hef

A

N

1.5hef

≈ 35°

>

≥ d

Anchor
reinforcement

≤ 0.5hef
Elevation
1.5hef

hef

d h

A

N

≈ 35°

≤ 0.5hef

Anchor reinforcement
placed symmetrically

Section A-A
Fig. R17.5.2.1a²$QFKRUUHLQIRUFHPHQWIRUWHQVLRQ
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≥ d
A

A

V

≈ 35°

Anchor
reinforcement

Anchor
group

Plan

≥ d
Anchor group

A
similar

A
similar

V

≈ 35°

Anchor
reinforcement

Plan

V

As small as possible
observing cover
requirements

Anchor
reinforcement

≈ 35°

Anchor
group

Section A-A
Fig. R17.5.2.1b(i)²+DLUSLQDQFKRUUHLQIRUFHPHQWIRUVKHDU
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≥ dh

≥ d

ca2
B

B
V
Bars effective
as anchor
reinforcement
≤ the lesser
of 0.5ca1 and
0.3ca2

≈35°

ca1
Plan
V

Anchor
group
≈35°

Anchor
reinforcement

Edge
reinforcement

Section B-B
Fig. R17.5.2.1b(ii)²(GJH UHLQIRUFHPHQW DQG DQFKRU UHLQIRUFHPHQWIRUVKHDU
17.5.2.2 Design of adhesive anchors to resist sustained
tension shall satisfy Eq. (17.5.2.2)


ࢥNbaNua,s

(17.5.2.2)

where Nba is basic bond strength in tension of a single adhesive anchor and Nua,s is the factored sustained tensile load.

R17.5.2.2 For adhesive anchors that resist sustained
tensile load, an additional calculation for the sustained
portion of the factored load for a reduced bond resistance
is required to account for possible bond strength reductions
under sustained tension. The resistance of adhesive anchors
to sustained tension is particularly dependent on correct
installation, including hole cleaning, adhesive metering
and mixing, and prevention of voids in the adhesive bond
line (annular gap). In addition, care should be taken in the
selection of the correct adhesive and bond strength for the
expected on-site conditions such as the concrete condition
during installation (dry or saturated, cold or hot), the drilling
method used (rotary impact drill, rock drill, or core drill), and
anticipated in-service temperature variations in the concrete.
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The 0.55 factor used for the additional calculation for
sustained tension is correlated with ACI 355.4 test requirements and provides satisfactory performance of adhesive
anchors under sustained tensile loads in accordance with
ACI 355.4. Product evaluation according to ACI 355.4 is
based on sustained tensile loads being present for 50 years
at a standard temperature of 70°F and 10 years at a temperature of 110°F. For longer life spans (for example, greater
than 50 years) or higher temperatures, lower factors should
be considered. Additional information on use of adhesive
anchors for such conditions can be found by consulting with
the adhesive manufacturer.
Adhesive anchors are particularly sensitive to installation
direction and load type. Adhesive anchors installed overhead
that resist sustained tension are of concern because previous
applications of this type have led to failures (National Transportation Safety Board 2007). Other anchor types may be
more appropriate for such cases. For adhesive anchors that
resist sustained tension in horizontal or upwardly inclined
orientations, it is essential to meet test requirements of ACI
 IRU VHQVLWLYLW\ WR LQVWDOODWLRQ GLUHFWLRQ XVH FHUWL¿HG
installers, and require special inspection. Inspection and
installation requirements are provided in Chapter 26.
17.5.2.2.1 For groups of adhesive anchors subject to
VXVWDLQHG WHQVLRQ (T   VKDOO EH VDWLV¿HG IRU WKH
anchor that resists the highest sustained tension.

R17.5.2.2.1 The check for anchor groups is limited to the
highest loaded anchor in the group, analogous to the design
for pullout.

17.5.2.3 If both Nua and VuaDUHSUHVHQWLQWHUDFWLRQH൵HFWV
shall be considered using an interaction expression that
results in calculated strengths in substantial agreement with
results of comprehensive tests. This requirement shall be
FRQVLGHUHGVDWLV¿HGE\
17.5.2.4 Anchors shall satisfy the edge distances, spacings, and thicknesses in 17.9 to preclude splitting failure.
17.5.2.5 Anchors in structures assigned to Seismic Design
Category C, D, E, or F shall satisfy the additional requirements of 17.10.
17.5.2.6 Attachments with shear lugs used to transfer
structural loads shall satisfy the requirements of 17.11.
17.5.3 Strength reduction factor ࢥ for anchors in concrete
shall be in accordance with Tables 17.5.3(a), 17.5.3(b), and
17.5.3(c). Strength reduction factor ࢥ for anchor reinforcement shall be 0.75.

R17.5.3 The ࢥ-factors for the anchor steel strength in Table
17.5.3(a) are based on using futa to determine the nominal
strength of the anchor (refer to 17.6.1 and 17.7.1) rather than
fya, as used in the design of reinforced concrete members.
Although the ࢥ-factors for use with futa appear low, they
result in a level of safety consistent with the use of higher
ࢥ-factors applied to fya. The ࢥ-factors for shear, which are
VPDOOHUWKDQIRUWHQVLRQGRQRWUHÀHFWEDVLFPDWHULDOGL൵HUences but rather account for the possibility of a non-uniform
distribution of shear in connections with multiple anchors.
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Table 17.5.3(a)—Anchor strength governed by steel

7KH ࢥIDFWRUV IRU DQFKRU VWUHQJWK JRYHUQHG E\ FRQFUHWH
breakout, bond, and side-face blowout in Table 17.5.3(b) are
separated into two groups based on the presence or absence
of supplementary reinforcement. The supplementary reinIRUFHPHQW FODVVL¿FDWLRQV RI WKLV WDEOH UHSODFH WKH ³&RQGLtion A” and “Condition B” designations in previous Codes.
Applications with supplementary reinforcement provide
more deformation capacity, permitting the ࢥ-factors to be
increased. An explicit design of supplementary reinforcement for anchor-related forces is not required; however, the
arrangement of supplementary reinforcement should generally conform to that of the anchor reinforcement shown in Fig.
R17.5.2.1(a) and R17.5.2.1(b)(i) and (ii). Unlike anchor reinforcement, full development of supplementary reinforcement
beyond the assumed breakout failure plane is not required.
For concrete breakout in shear for all anchor types and for
brittle concrete failure modes for cast-in anchors, the basic
strength reduction factor for brittle concrete failures (ࢥ 
0.70) was chosen based on results of probabilistic studies.
While this factor is greater than the strength reduction factor
of structural plain concrete (ࢥ ), the nominal resistance
expressions used in this chapter and in the test requirements
are based on the 5 percent fractiles; therefore, ࢥ  would
be overly conservative. Comparison with other design
procedures and probabilistic studies (Farrow and Klingner
1995) indicated that the choice of ࢥ LVMXVWL¿HG)RU
the same cases with supplementary reinforcement, the value
of ࢥ  is compatible with the level of safety for shear
failures in concrete beams, and has been recommended in
the PCI Design Handbook (MNL 120) and by ACI 349.
Tests included in ACI 355.2 and ACI 355.4 to assess
sensitivity to installation procedures determine the Anchor
Categories as given in Table 17.5.3(b) for proprietary postinstalled expansion, screw, undercut, and adhesive anchors.
$&,WHVWVIRULQVWDOODWLRQVHQVLWLYLW\PHDVXUHH൵HFWVRI
variability in anchor torque during installation, tolerance on
drilled hole size, and energy level used in setting anchors;
for expansion, screw, and undercut anchors intended for use
in cracked concrete, increased crack widths are considered.
$&,WHVWVIRULQVWDOODWLRQVHQVLWLYLW\DVVHVVWKHLQÀXHQFHRIDGKHVLYHPL[LQJDQGWKHLQÀXHQFHRIKROHFOHDQLQJ
LQGU\VDWXUDWHGDQGZDWHU¿OOHGXQGHUZDWHUERUHKROHV

Strength reduction factor ࢥ
Type of steel element

Tension (steel)

Shear (steel)

Ductile

0.75

0.65

Brittle

0.65

0.60

Table 17.5.3(b)—Anchor strength governed by
concrete breakout, bond, and side-face blowout
Strength reduction
factor ࢥ

Supplementary
reinforcement

Supplementary
reinforcement
present

Supplementary
reinforcement
not present

Tension
(concrete
breakout,
bond, or
side-face
blowout)

Type of
anchor
installation

Anchor
Category[1]
from ACI
355.2 or
ACI 355.4

Cast-in
anchors

Not
applicable

0.75

1

0.75

2

0.65

Postinstalled
anchors
Cast-in
Anchors
Postinstalled
anchors

3

0.55

Not
applicable

0.70

1

0.65

2

0.55

3

0.45

Shear
(concrete
breakout)

0.75

0.70

[1]

Anchor Category 1 indicates low sensitivity to installation and high reliability;
Anchor Category 2 indicates medium sensitivity and medium reliability; Anchor Category 3 indicates high sensitivity and lower reliability.

Table 17.5.3(c)—Anchor strength governed by
concrete pullout, or pryout strength

Type of anchor
installation

Anchor
Category[1]
from ACI
355.2 or ACI
355.4

Cast-in anchors

Not applicable

0.70

1

0.65

2

0.55

3

0.45

Post-installed
anchors

Strength reduction factor ࢥ
Tension
(concrete
pullout)

Shear
(concrete
pryout)

0.70

[1]

Anchor Category 1 indicates low sensitivity to installation and high reliability;
Anchor Category 2 indicates medium sensitivity and medium reliability; and Anchor
Category 3 indicates high sensitivity and lower reliability.

17.6—Tensile strength
17.6.1 Steel strength of anchors in tension, Nsa

R17.6—Tensile strength
R17.6.1 Steel strength of anchors in tension, Nsa

17.6.1.1 Nominal steel strength of anchors in tension as
governed by the steel, Nsa, shall be evaluated based on the
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properties of the anchor material and the physical dimensions of the anchors.
17.6.1.2 Nominal steel strength of an anchor in tension,
Nsa, shall be calculated by:
Nsa = Ase,N futa

(17.6.1.2)

where Ase,NLVWKHH൵HFWLYHFURVVVHFWLRQDODUHDRIDQDQFKRU
in tension, in.2, and futa used for calculations shall not exceed
either 1.9fya or 125,000 psi.

R17.6.1.2 The nominal strength of anchors in tension is
best represented as a function of futa rather than fya because
the large majority of anchor materials do not exhibit a wellGH¿QHG \LHOG SRLQW $,6& KDV EDVHG WHQVLRQ VWUHQJWK RI
anchors on Ase,N futa since the 1986 edition of their speci¿FDWLRQV 7KH XVH RI (T   ZLWK WKH ORDG IDFWRUV
provided in 5.3 and the ࢥ-factors provided in 17.5.3 result in
design strengths consistent with AISC 360.
The limitation of 1.9fya on futa is to ensure that, under
service load conditions, the anchor does not exceed fya.
Although not a concern for standard structural steel anchors
(maximum value of futa/fya is 1.6 for ASTM A307), the limitation is applicable to some stainless steels. The limit on futa
of 1.9fya was determined by converting the LRFD provisions to corresponding service level conditions. From 5.3,
the average load factor of 1.4 (from 1.2D + 1.6L) divided
by the highest ࢥ-factor (0.75 for tension) results in a limit of
futa/fyaRI 
For post-installed anchors having a reduced cross-sectional
area anywhere along the anchor length, such as wedge-type
DQFKRUV WKH H൵HFWLYH FURVVVHFWLRQDO DUHD RI WKH DQFKRU
should be provided by the manufacturer. For threaded rods
and headed bolts, ASME B1.1GH¿QHVAse,N as
Ase , N =

0.9743 ⎞
π⎛
da −
4 ⎜⎝
nt ⎟⎠

2

where nt is the number of threads per inch.
17.6.2 Concrete breakout strength of anchors in tension,
Ncb

R17.6.2 Concrete breakout strength of anchors in tension,
Ncb

17.6.2.1 Nominal concrete breakout strength in tension,
Ncb of a single anchor or Ncbg of an anchor group satisfying
17.5.1.3.1, shall be calculated by (a) or (b), respectively:

R17.6.2.1 7KH H൵HFWV RI PXOWLSOH DQFKRUV VSDFLQJ RI
anchors, and edge distance on the nominal concrete breakout
VWUHQJWKLQWHQVLRQDUHLQFOXGHGE\DSSO\LQJWKHPRGL¿FDWLRQ
factors ANc /ANco and ȥed,N in Eq. (17.6.2.1a) and (17.6.2.1b).
Figure R17.6.2.1(a) shows ANco and the development of
Eq. (17.6.2.1.4). ANco is the maximum projected area for a
single anchor. Figure R17.6.2.1(b) shows examples of the
projected areas for various single-anchor and multipleanchor arrangements. Because ANc is the total projected area
for an anchor group, and ANco is the area for a single anchor,
there is no need to include n, the number of anchors, in Eq.
(17.6.2.1b). If anchor groups are positioned in such a way
that their projected areas overlap, the value of ANc is required
to be reduced accordingly.

(a) For a single anchor

N cb =

ANc
ψ ed , N ψ c , N ψ cp , N N b
ANco

(17.6.2.1a)

(b) For an anchor group

N cbg =

ANc
ψ ec , N ψ ed , N ψ c , N ψ cp , N N b (17.6.2.1b)
ANco

where ȥec,N, ȥed,N, ȥc,N, and ȥcp,N are given in 17.6.2.3,
17.6.2.4, 17.6.2.5, and 17.6.2.6, respectively.
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CODE

COMMENTARY
ca1

The critical edge distance for headed studs,
headed bolts, expansion anchors, screw
anchors, and undercut anchors is 1.5hef

1.5hef

ANc
1.5hef

N
1.5hef

1.5hef

1.5hef

hef
≈ 35 degrees

If ca1 < 1.5hef
ANc = (ca1 + 1.5hef) x (2 x 1.5hef)

Section through failure cone
ANco

ca1

s1

1.5hef

ANc
1.5hef

1.5hef

1.5hef
1.5hef

If ca1 < 1.5hef and s1< 3hef
ANc = (ca1 + s1 + 1.5hef) x (2 x 1.5hef)
ca1
1.5hef

1.5hef

s1

1.5hef

Plan
ANco = (2 x 1.5hef) x (2 x 1.5hef) = 9hef2

ANc
1.5hef

s2
ca2
If ca1 and ca2 < 1.5hef
and s1 and s2 < 3hef
ANc = (ca1 + s1 + 1.5hef) x (ca2 + s2 + 1.5hef)
(a)

(b)

Fig. R17.6.2.1² D &DOFXODWLRQRIANcoDQG E FDOFXODWLRQRIANc for single anchors and anchor groups.
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17.6.2.1.2 If anchors are located less than 1.5hef from
three or more edges, the value of hef used to calculate ANc
in accordance with 17.6.2.1.1, as well as for the equations in
17.6.2.1 through 17.6.2.4, shall be the greater of (a) and (b):
(a) ca,max/1.5
(b) s/3, where s is the maximum spacing between anchors
within the group.

17

17.6.2.1.1 ANc is the projected concrete failure area of a
single anchor or of an anchor group that is approximated
as the base of the rectilinear geometrical shape that results
from projecting the failure surface outward 1.5hef from the
centerlines of the anchor, or in the case of an anchor group,
from a line through a row of adjacent anchors. ANc shall not
exceed nANco, where n is the number of anchors in the group
that resist tension.

Anchoring

CODE

249

R17.6.2.1.2 For anchors located less than 1.5hef from three
or more edges, the CCD Method (refer to R17.5.1.3), which is
the basis for the equations in 17.6.2.1 through 17.6.2.4, gives
overly conservative results for the tensile breakout strength
(Lutz 1995  7KLV RFFXUV EHFDXVH WKH RUGLQDU\ GH¿QLWLRQV
of ANc/ANco GR QRW FRUUHFWO\ UHÀHFW WKH HGJH H൵HFWV 7KLV
problem is corrected by limiting the value of hef used in the
equations in 17.6.2.1 through 17.6.2.4 to (ca,max)/1.5, where
ca,maxLVWKHJUHDWHVWRIWKHLQÀXHQFLQJHGJHGLVWDQFHVWKDWGR
not exceed the actual 1.5hef. In no case should (ca,max)/1.5 be
taken less than one-third of the maximum spacing between
anchors within the group. The limit on hef of at least onethird of the maximum spacing between anchors within the
group prevents the use of a calculated strength based on
LQGLYLGXDOEUHDNRXWYROXPHVIRUDQDQFKRUJURXSFRQ¿JXUDtion. This approach is illustrated in Fig. R17.6.2.1.2. In this
example, the proposed limit on the value of hef to be used
in calculations where hef = (ca,max)/1.5, results in hef = hƍef =
4 in. For this example, this would be the proper value to be
used for hef in calculating the resistance even if the actual
embedment depth is greater.
The requirement of 17.6.2.1.2 may be visualized by
moving the actual concrete breakout surface, which originates at the actual hef, toward the surface of the concrete
parallel to the applied tensile load. The value of hef used in
17.6.2.1 through 17.6.2.4 is determined when (a) the outer
ERXQGDULHVRIWKHIDLOXUHVXUIDFH¿UVWLQWHUVHFWDIUHHHGJHRU
(b) the intersection of the breakout surface between anchors
ZLWKLQWKHJURXS¿UVWLQWHUVHFWVWKHVXUIDFHRIWKHFRQFUHWH
For the example shown in Fig. R17.6.2.1.2, point “A” shows
the intersection of the assumed failure surface for limiting
hef with the concrete surface.
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CODE
A’Nc

COMMENTARY
Assumed failure
surface for
limiting hef

Actual failure
surface

Assumed failure
surface for
limiting hef

Point A

Actual failure
surface

6 in.
N

≈ 35°

4 in.

5 in.

9 in.

h’ef

1.5h’ef
Plan

5.5 in.
Side section

1.5h’ef
N

5.5 in.

≈ 35°

h’ef

Assumed failure
surface for
limiting hef

Actual failure
surface
Elevation

The actual hef = 5.5 in. but three edges
are ≤ 1.5hef therefore the limiting value
of hef (shown as h’ef in the figure) is the
larger of ca,max /1.5 and one-third of the
maximum spacing for an anchor group:
h’ef = max (6/1.5, 9/3) = 4 in.
Therefore, use hef = 4 in. for the value
of hef in equations 17.6.2.1 through
17.6.2.5 including the calculation of A’Nc:
A’Nc = (6 + 4)(5 + 9 + [1.5 x 4]) = 200 in.2
Point A shows the intersection of the
assumed failure surface for limiting hef
with the concrete surface.

Fig. R17.6.2.1.2²([DPSOHRIWHQVLRQZKHUHDQFKRUVDUHORFDWHGLQQDUURZPHPEHUV
17.6.2.1.3 If an additional plate or washer is added at the head
of the anchor, it shall be permitted to calculate the projected area
of the failure surface by projecting the failure surface outward
1.5hefIURPWKHH൵HFWLYHSHULPHWHURIWKHSODWHRUZDVKHU7KH
H൵HFWLYH SHULPHWHU VKDOO QRW H[FHHG WKH YDOXH DW D VHFWLRQ
projected outward more than the thickness of the washer or
plate from the outer edge of the head of the anchor.
17.6.2.1.4 ANco is the projected concrete failure area of a
single anchor with an edge distance of at least 1.5hef and
shall be calculated by Eq. (17.6.2.1.4).
ANco = 9hef 2

(17.6.2.1.4)

17.6.2.2 Basic single anchor breakout strength, Nb
17.6.2.2.1 Basic concrete breakout strength of a single
anchor in tension in cracked concrete, Nb, shall be calculated
by Eq. (17.6.2.2.1), except as permitted in 17.6.2.2.3
Nb = kcȜa

f c′ hef 1.5

(17.6.2.2.1)

R17.6.2.2 Basic single anchor breakout strength, Nb
R17.6.2.2.1 The equation for the basic concrete breakout
strength was derived assuming concrete breakout with an
angle of approximately 35 degrees, considering fracture
mechanics concepts (Fuchs et al. 1995; Eligehausen and
Balogh 1995; Eligehausen and Fuchs 1988; ¿E 2011).
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where kc = 24 for cast-in anchors and 17 for post-installed
anchors.

The values of kc in Eq. (17.6.2.2.1) were determined from
a large database of test results in uncracked concrete at the 5
percent fractile (Fuchs et al. 1995). The values were adjusted
to corresponding kc values for cracked concrete (Eligehausen and Balogh 1995; Goto 1971). Tests have shown that
the values of kc applicable to adhesive anchors are approximately equal to those derived for expansion anchors (Eligehausen et al. 2006a; Zhang et al. 2001).

17.6.2.2.2 kc for post-installed anchors shall be permitted
to be increased based on ACI 355.2 or ACI 355.4 productVSHFL¿FWHVWVEXWVKDOOQRWH[FHHG
17.6.2.2.3 For single cast-in headed studs and headed
bolts with LQhefLQ, Nb shall be calculated by:

f c′ hef 

Nb Ȝa

(17.6.2.2.3)

17.6.2.3 Breakout eccentricity factor, ȥec,N

R17.6.2.3 Breakout eccentricity factor, ȥec,N

17.6.2.3.1 0RGL¿FDWLRQ IDFWRU IRU DQFKRU JURXSV ORDGHG
HFFHQWULFDOO\ LQ WHQVLRQ ȥec,N, shall be calculated by Eq.
(17.6.2.3.1).
ψ ec , N =

1
⎛
eN′ ⎞
⎜1 + 1.5h ⎟
⎝
ef ⎠

≤ 1.0

R17.6.2.2.3 For anchors with a deeper embedment (hef >
11 in.), test evidence indicates the use of hef 1.5 can be overly
conservative for some cases. An alternative expression (Eq.
(17.6.2.2.3)) is provided using hef 5/3 for evaluation of cast-in
headed studs and headed bolts with LQhefLQ This
expression can also be appropriate for some undercut postinstalled anchors. However, for such anchors, the use of Eq.
 VKRXOGEHMXVWL¿HGE\WHVWUHVXOWVLQDFFRUGDQFH
with 17.5.1.4. Experimental and numerical investigations
indicate that Eq. (17.6.2.2.3) may be unconservative for hef
> 25 in. if bearing pressure on the anchor head is at or near
the limit permitted by Eq. (17.6.3.2.2a) (2åEROWHWDO).

(17.6.2.3.1)

R17.6.2.3.1 Figure 17.6.2.3.1(a) shows an anchor group
where all anchors are in tension but the resultant force is
eccentric with respect to the centroid of the anchor group.
Anchors can also be loaded in such a way that only some
of the anchors are in tension (Fig. 17.6.2.3.1(b)). In this
case, only the anchors in tension are to be considered for the
calculation of eƍN. The eccentricity eƍN of the resultant tensile
force is determined with respect to the center of gravity of
the anchors in tension.
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M

N

C
T3

T1

T2

Centroid of anchors
loaded in tension

e’N

T2

Resultant
tensile force
= T1 + T2 + T3

T1

Centroid of anchors
loaded in tension

e’N

Resultant
tensile force
= T1 + T2

Only anchors that are in
tension are considered
in determining e’N

Elevation
(a) Where all anchors in a group are in tension

Elevation
(b) Where only some anchors are in tension

Fig. R17.6.2.3.1²'H¿QLWLRQRIeNƍ for an anchor group.
17.6.2.3.2 If the loading on an anchor group is such that
only some of the anchors in the group are in tension, only
those anchors that are in tension shall be considered for
determining eccentricity eƍN in Eq. (17.6.2.3.1) and for the
calculation of Ncbg according to Eq. (17.6.2.1b).
17.6.2.3.3 If the loading is eccentric with respect to two
orthogonal axes, ȥec,N shall be calculated for each axis individually, and the product of these factors shall be used as
ȥec,N in Eq. (17.6.2.1b).
R17.6.2.4 %UHDNRXWHGJHHৼHFWIDFWRU ȥed,N

17.6.2.4 %UHDNRXWHGJHHৼHFWIDFWRU ȥed,N
17.6.2.4.10RGL¿FDWLRQIDFWRUIRUHGJHH൵HFWVIRUVLQJOH
anchors or anchor groups loaded in tension, ȥed,N, shall be
determined by (a) or (b).
(a) If cDPLQhefWKHQȥed,N = 1.0
(b) If cDPLQ < 1.5hefWKHQȥed,N = 0.7 + 0.3

(17.6.2.4.1a)

cDPLQ
1.5hef (17.6.2.4.1b)

17.6.2.5 Breakout cracking factor, ȥc,N
17.6.2.5.10RGL¿FDWLRQIDFWRUIRUWKHLQÀXHQFHRIFUDFNLQJ
in anchor regions at service load levels, ȥc,N, shall be determined by (a) or (b):
(a) For anchors located in a region of a concrete member
where analysis indicates no cracking at service load levels,
ȥc,N shall be permitted to be:

R17.6.2.4.1 If anchors are located close to an edge such
WKDW WKHUH LV LQVX൶FLHQW VSDFH IRU D FRPSOHWH EUHDNRXW
volume to develop, the strength of the anchor is further
UHGXFHGEH\RQGWKDWUHÀHFWHGLQANc /ANco. If the smallest side
cover distance is at least 1.5hef, the design model assumes a
complete breakout volume can form, and there is no reduction
(ȥed,N = 1). If the side cover is less than 1.5hef, the factor ȥed,N
LVUHTXLUHGWRDGMXVWIRUWKHHGJHH൵HFW Fuchs et al. 1995).
R17.6.2.5 Breakout cracking factor, ȥc,N
R17.6.2.5.1 Post-installed anchors that do not meet the
requirements for use in cracked concrete according to ACI
355.2 or ACI 355.4 should be used only in regions that
will remain uncracked. The analysis for the determination
RI FUDFN IRUPDWLRQ VKRXOG LQFOXGH WKH H൵HFWV RI UHVWUDLQHG
shrinkage (refer to 24.4.2  7KH DQFKRU TXDOL¿FDWLRQ WHVWV
of ACI 355.2 or ACI 355.4 require that anchors in cracked
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ȥc,N = 1.25 for cast-in anchors
ȥc,N = 1.4 for post-installed anchors, if the value of kc
used in Eq. (17.6.2.2.1) is 17. If the value of kc used in
Eq. (17.6.2.2.1) is taken from the ACI 355.2 or ACI 355.4
product evaluation report for post-installed anchors:
(i) ȥc,N shall be based on the ACI 355.2 or ACI 355.4
SURGXFWHYDOXDWLRQUHSRUWIRUDQFKRUVTXDOL¿HGIRUXVH
in both cracked and uncracked concrete
(ii) ȥc,NVKDOOEHWDNHQDVIRUDQFKRUVTXDOL¿HGIRU
use in uncracked concrete.
(b) For anchors located in a region of a concrete member
where analysis indicates cracking at service load levels,
ȥc,N shall be taken as 1.0 for both cast-in anchors and postLQVWDOOHGDQFKRUVDQGVKDOOEHVDWLV¿HG

concrete zones perform well in a crack that is 0.012-in. wide.
If wider cracks are expected, reinforcement to control the
crack width to approximately 0.012 in. should be provided.
Refer to ACI 224R for more information.
The concrete breakout strengths given by Eq. (17.6.2.2.1)
and (17.6.2.2.3) assume cracked concrete (ȥc,N = 1.0) with
ȥc,N kc = 24 for cast-in anchors and 17 for post-installed
anchors. If the uncracked concrete ȥc,N factors are applied
(1.25 for cast-in and 1.4 for post-installed), ȥc,N kc factors
become 30 for cast-in anchors and 24 for post-installed
DQFKRUV 7KLV DJUHHV ZLWK ¿HOG REVHUYDWLRQV DQG WHVWV
demonstrating cast-in anchor strength exceeds that of postinstalled for both cracked and uncracked concrete.

17.6.2.5.23RVWLQVWDOOHGDQFKRUVVKDOOEHTXDOL¿HGIRUXVHLQ
cracked concrete in accordance with ACI 355.2 or ACI 355.4.
&UDFNLQJLQWKHFRQFUHWHVKDOOEHFRQWUROOHGE\ÀH[XUDOUHLQforcement distributed in accordance with 24.3.2, or equivalent
FUDFNFRQWUROVKDOOEHSURYLGHGE\FRQ¿QLQJUHLQIRUFHPHQW
17.6.2.6 Breakout splitting factor, ȥcp,N

R17.6.2.6 Breakout splitting factor, ȥcp,N

17.6.2.6.1 0RGL¿FDWLRQ IDFWRU IRU SRVWLQVWDOOHG DQFKRUV
designed for uncracked concrete in accordance with 17.6.2.5
without supplementary reinforcement to control splitting,
ȥcp,N, shall be determined by (a) or (b) using the critical
distance cacDVGH¿QHGLQ
(a) If cDPLQcacWKHQȥcp,N = 1.0
(b) If cDPLQ < cacWKHQȥcp,N =

cD , PLQ
cac

(17.6.2.6.1a)
≥

1.5hef
cac

(17.6.2.6.1b)

R17.6.2.6.1 The design provisions in 17.6 are based on the
assumption that the basic concrete breakout strength can be
achieved if the minimum edge distance ca,min equals 1.5hef.
Test results (Asmus 1999), however, indicate that many
torque-controlled and displacement-controlled expansion
anchors and some undercut anchors require edge distances
exceeding 1.5hef to achieve the basic concrete breakout
strength if tested in uncracked concrete without supplementary reinforcement to control splitting. When a tensile load
is applied, the resulting tensile stresses at the embedded end
of the anchor are added to the tensile stresses induced due
to anchor installation, and splitting failure may occur before
reaching the concrete breakout strength given in 17.6.2.1.
To account for this potential splitting mode of failure, the
basic concrete breakout strength is reduced by a factor ȥcp,N
if ca,min is less than the critical edge distance cac.

17.6.2.6.2 For all other cases, including cast-in anchors,
ȥcp,N shall be taken as 1.0.

R17.6.2.6.2 If supplementary reinforcement to control
splitting is present or if the anchors are located in a region
where analysis indicates cracking of the concrete at service
loads, the reduction factor ȥcp,N is taken as 1.0.

17.6.3 Pullout strength of a single cast-in anchor or a
VLQJOH SRVWLQVWDOOHG H[SDQVLRQ VFUHZ RU XQGHUFXW DQFKRU
in tension, Npn

R17.6.3 Pullout strength of a single cast-in anchor or a
VLQJOH SRVWLQVWDOOHG H[SDQVLRQ VFUHZ RU XQGHUFXW DQFKRU
in tension, Npn

17.6.3.1 Nominal pullout strength of a single cast-in
anchor or a single-post-installed expansion, screw, or
undercut anchor in tension, Npn, shall be calculated by:

R17.6.3.1 The design requirements for pullout are applicable to cast-in anchors and post-installed expansion, screw,
and undercut anchors. They are not applicable to adhesive
anchors, which are instead evaluated for bond failure in
accordance with 17.6.5.

Npn ȥc,PNp

(17.6.3.1)

American Concrete Institute – Copyrighted © Material – www.concrete.org

Anchoring

COMMENTARY

17

CODE

253

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 4: JOINTS/CONNECTIONS/ANCHORS

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

where ȥc,P is given in 17.6.3.3.
17.6.3.2 Basic single anchor pullout strength, Np

R17.6.3.2 Basic single anchor pullout strength, Np

17.6.3.2.1 For post-installed expansion, screw, and
undercut anchors, the values of Np shall be based on the 5
percent fractile of results of tests performed and evaluated
according to ACI 355.2. It is not permissible to calculate the
pullout strength in tension for such anchors.
17.6.3.2.2 For single anchors, it shall be permitted to
evaluate the pullout strength in tension, Np, for use in Eq.
(17.6.3.1) in accordance with (a) or (b). Alternatively, it shall
be permitted to use values of Np based on the 5 percent fractile of tests performed and evaluated in the same manner as
WKH$&,SURFHGXUHVEXWZLWKRXWWKHEHQH¿WRIIULFWLRQ
(a) For cast-in headed studs and headed bolts, Np shall be
calculated by:
Np = 8Abrg fcƍ

D

(b) For J- or L-bolts, Np shall be calculated by:
Np = 0.9fcƍehda

(17.6.3.2.2b)

where 3daehda.

R17.6.3.2.2 The pullout strength equations given in
17.6.3.2.2(a) and 17.6.3.2.2(b) are only applicable to cast-in
headed and hooked anchors (Kuhn and Shaikh 1996; ¿E
2011); they are not applicable to post-installed expansion,
screw, and undercut anchors that use various mechanisms
for end anchorage unless the validity of the pullout strength
HTXDWLRQVLVYHUL¿HGE\WHVWV
The value calculated from Eq. (17.6.3.2.2a) corresponds
to the force at which crushing of the concrete occurs due
to bearing of the anchor head (¿E 2011; ACI 349). It is not
the force required to pull the anchor completely out of the
concrete; therefore, the equation does not contain a term
relating to embedment depth. Local crushing of the concrete
JUHDWO\ UHGXFHV WKH VWL൵QHVV RI WKH FRQQHFWLRQ, and generally will be the beginning of a pullout failure. The pullout
strength in tension of headed studs or headed bolts can
be increased by providing reinforcement, such as closely
spaced spirals, throughout the head region. This increase can
be demonstrated by tests, as required by the Licensed Design
3URIHVVLRQDOIRUWKHVSHFL¿FDSSOLFDWLRQ
Equation (17.6.3.2.2b) for hooked bolts was developed by
Lutz based on the results of Kuhn and Shaikh (1996). Reliance is placed on the bearing component only, neglecting
any frictional component, because crushing inside the hook
ZLOOJUHDWO\UHGXFHWKHVWL൵QHVVRIWKHFRQQHFWLRQDQGJHQHUally will be the beginning of a pullout failure. The limits on
eh are based on the range of variables used in the three test
programs reported in Kuhn and Shaikh (1996).

17.6.3.3 Pullout cracking factor, ȥc,P
17.6.3.3.10RGL¿FDWLRQIDFWRUWRDFFRXQWIRUWKHLQÀXHQFH
of cracking in anchor regions at service load levels, ȥc,P,
shall be determined by (a) or (b):
(a) For anchors located in a region of a concrete member
where analysis indicates no cracking at service load levels,
ȥc,P shall be permitted to be 1.4.
(b) For anchors located in a region of a concrete member
where analysis indicates cracking at service load levels,
ȥc,P, shall be taken as 1.0.
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17.6.4 Concrete side-face blowout strength of headed
anchors in tension, Nsb

R17.6.4 Concrete side-face blowout strength of headed
anchors in tension, Nsb

17.6.4.1 For a single headed anchor with deep embedment
close to an edge (hef > 2.5ca1), the nominal side-face blowout
strength, Nsb, shall be calculated by:

R17.6.4.1 The design requirements for side-face blowout
are based on the recommendations of Furche and Eligehausen (1991) and are applicable to headed anchors that
usually are cast-in. Splitting during installation rather than
side-face blowout generally governs post-installed anchors
and is evaluated by ACI 355.2 requirements.

N sb = 160ca1 Abrg λ a

f c′

(17.6.4.1)

17.6.4.1.1 If ca2 for the single headed anchor is less than
3ca1, the value of Nsb shall be multiplied by the factor (1 +
ca2 /ca1)/4, where ca2/ca1.
17.6.4.2 For multiple headed anchors with deep embedment close to an edge (hef > 2.5ca1) and anchor spacing less
than 6ca1, the nominal strength of those anchors susceptible
to a side-face blowout failure, Nsbg, shall be calculated by:
⎛
s ⎞
Nsb
Nsbg = ⎜1 +
⎝ 6ca1 ⎟⎠

R17.6.4.2 To calculate nominal side-face blowout strength
for multiple headed anchors, only those anchors close to
an edge (ca1 < 0.4hef ) that are loaded in tension should be
considered. Their strength is compared to the portion of the
tensile load applied to those anchors.

(17.6.4.2)

where s is the distance between the outer anchors along the
edge, and Nsb is obtained from Eq. (17.6.4.1) without modi¿FDWLRQIRUDSHUSHQGLFXODUHGJHGLVWDQFH
17.6.5 Bond strength of adhesive anchors in tension, Na
or Nag

R17.6.5 Bond strength of adhesive anchors in tension, Na
or Nag

17.6.5.1 Nominal bond strength in tension, Na of a single
adhesive anchor or Nag of an adhesive anchor group satisfying 17.5.1.3.1, shall be calculated by (a) or (b), respectively.

R17.6.5.1 Evaluation of bond strength applies only to adhesive anchors. Single anchors with small embedment loaded
to failure in tension may exhibit concrete breakout failures,
while deeper embedments produce bond failures. Adhesive
anchors that exhibit bond failures when loaded individually
may exhibit concrete failures in a group or in a near-edge
condition. In all cases, the strength in tension of adhesive
anchors is limited by concrete breakout strength as given by
Eq. (17.6.2.1a) and (17.6.2.1b) (Eligehausen et al. 2006a).
7KHLQÀXHQFHRIDQFKRUVSDFLQJDQGHGJHGLVWDQFHRQERWK
bond strength and concrete breakout strength must be evaluDWHGIRUDGKHVLYHDQFKRUV7KHLQÀXHQFHRIDQFKRUVSDFLQJ
and edge distance on the nominal bond strength of adhesive
DQFKRUVLQWHQVLRQDUHLQFOXGHGLQWKHPRGL¿FDWLRQIDFWRUV
ANa/ANao and ȥed,Na in Eq. (17.6.5.1a) and (17.6.5.1b).
7KH LQÀXHQFH RI QHDUE\ HGJHV DQG DGMDFHQW ORDGHG
anchors on bond strength is dependent on the volume of
concrete mobilized by a single adhesive anchor. In contrast
to the projected concrete failure area concept used in Eq.
(17.6.2.1a) and (17.6.2.1b) to calculate the breakout strength
RIDQDGKHVLYHDQFKRUWKHLQÀXHQFHDUHDDVVRFLDWHGZLWKWKH
bond strength of an adhesive anchor used in Eq. (17.6.5.1a)
and (17.6.5.1b) is not a function of the embedment depth, but
rather a function of the anchor diameter and characteristic
bond stress. The critical distance cNa is assumed the same
whether the concrete is cracked or uncracked. For simplicity,

(a) For a single adhesive anchor:

Na =

ANa
ψ ed , Na ψ cp , Na N ba
ANao

(17.6.5.1a)

(b) For an adhesive anchor group:

N ag =

ANa
ψ ec , Na ψ ed , Na ψ cp , Na N ba
ANao

(17.6.5.1b)

where ȥec,Na, ȥed,Na, and ȥcp,Na are given in 17.6.5.3, 17.6.5.4,
and 17.6.5.5, respectively.
17.6.5.1.1 ANaLVWKHSURMHFWHGLQÀXHQFHDUHDRIDVLQJOH
adhesive anchor or an adhesive anchor group that is approximated as a rectilinear area that projects outward a distance
cNa from the centerline of the adhesive anchor, or in the
case of an adhesive anchor group, from a line through a row
of adjacent adhesive anchors. ANa shall not exceed nANao,
where n is the number of adhesive anchors in the group that
resist tension.
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17.6.5.1.2 ANaoLVWKHSURMHFWHGLQÀXHQFHDUHDRIDVLQJOH
adhesive anchor with an edge distance of at least cNa:

the relationship for cNa LQ (T E  XVHV Ĳuncr, the
characteristic bond stress in uncracked concrete. This has
EHHQYHUL¿HGE\H[SHULPHQWDODQGQXPHULFDOVWXGLHV Eligehausen et al. 2006a). Figure R17.6.5.1(a) shows ANao and the
development of Eq. (17.6.5.1.2a). ANaoLVWKHSURMHFWHGLQÀXence area for the bond strength of a single adhesive anchor.
Figure R17.6.5.1(b) shows an example of the projected
LQÀXHQFH DUHD IRU DQ DQFKRU JURXS %HFDXVH LQ WKLV FDVH
ANa LV WKH SURMHFWHG LQÀXHQFH DUHD IRU DQ DQFKRU JURXS
and ANaoLVWKHSURMHFWHGLQÀXHQFHDUHDIRUDVLQJOHDQFKRU
there is no need to include n, the number of anchors, in Eq.
(17.6.5.1b). If individual anchors in a group (anchors loaded
by a common base plate or attachment) are positioned in
VXFK D ZD\ WKDW WKH SURMHFWHG LQÀXHQFH DUHDV RI WKH LQGLvidual anchors overlap, the value of ANa is less than nANao.
The tensile strength of closely spaced adhesive anchors
ZLWKORZERQGVWUHQJWKPD\VLJQL¿FDQWO\H[FHHGWKHYDOXH
given by Eq. (17.6.5.1b). A correction factor is given in the
literature (Eligehausen et al. 2006a) to address this issue, but
for simplicity, this factor is not included in the Code.

ANao = (2cNa)2

(17.6.5.1.2a)

where
cNa = 10da

τ uncr
1100

(17.6.5.1.2b)
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ANa
ca2

cNa

s2

cNa

cNa

cNa

cNa

cNa

Plan view
ANao = (2cNa)

s1

ca1

Plan view
2

if ca1 and ca2 < cNa
s1 and s2 < 2cNa
ANa = (cNa + s1 + ca1)(cNa + s2 + ca2)
N

N

Change in
stress pattern
with increasing
embedment

Section through anchor
showing principal stress trajectories

Section through anchor group
showing principal stress trajectories

(a) Single adhesive anchor away
from edges and other anchors

(b) Group of four adhesive anchors
located near a corner

Fig. R17.6.5.1²&DOFXODWLRQRILQÀXHQFHDUHDVANao and ANa.
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17.6.5.2 Basic single anchor bond strength, Nba
17.6.5.2.1 Basic bond strength of a single adhesive anchor
in tension in cracked concrete, Nba, shall be calculated by
Eq. (17.6.5.2.1)
Nba ȜaĲcrʌdahef

(17.6.5.2.1)

17.6.5.2.2 Characteristic bond stress, Ĳcr, shall be taken as
the 5 percent fractile of results of tests performed and evaluated in accordance with ACI 355.4.

R17.6.5.2 Basic single anchor bond strength, Nba
R17.6.5.2.1 The equation for basic bond strength of
adhesive anchors as given in Eq. (17.6.5.2.1) represents a
uniform bond stress model that has been shown to provide
the best prediction of adhesive anchor bond strength based
RQQXPHULFDOVWXGLHVDQGFRPSDULVRQVRIGL൵HUHQWPRGHOVWR
an international database of experimental results (Cook et
al. 1998). The basic bond strength is valid for bond failures
that occur between the concrete and the adhesive as well as
between the anchor and the adhesive.
R17.6.5.2.2 Characteristic bond stresses should be based
on tests performed in accordance with ACI 355.4 and should
UHÀHFWWKHSDUWLFXODUFRPELQDWLRQRILQVWDOODWLRQDQGXVHFRQGLtions anticipated during construction and during anchor service
OLIH,ISURGXFWVSHFL¿FLQIRUPDWLRQLVXQDYDLODEOHDWWKHWLPHRI
design, Table 17.6.5.2.5 provides lower-bound default values.

17.6.5.2.3 If analysis indicates cracking at service load
OHYHOVDGKHVLYHDQFKRUVVKDOOEHTXDOL¿HGIRUXVHLQFUDFNHG
concrete in accordance with ACI 355.4.
17.6.5.2.4 For adhesive anchors located in a region of a
concrete member where analysis indicates no cracking at
service load levels, Ĳuncr shall be permitted to be used in
place of Ĳcr in Eq. (17.6.5.2.1) and shall be taken as the 5
percent fractile of results of tests performed and evaluated
according to ACI 355.4.
17.6.5.2.5 It shall be permitted to use the minimum characteristic bond stress values in Table 17.6.5.2.5, provided (a)
WKURXJK H DUHVDWLV¿HG
(a) Anchors shall meet the requirements of ACI 355.4
(b) Anchors shall be installed in holes drilled with a rotary
impact drill or rock drill
(c) Concrete compressive strength at time of anchor installation shall be at least 2500 psi
(d) Concrete age at time of anchor installation shall be at
least 21 days
(e) Concrete temperature at time of anchor installation
shall be at least 50°F

R17.6.5.2.5 The characteristic bond stresses in Table
17.6.5.2.5 are the minimum values permitted for adhesive
DQFKRUV\VWHPVTXDOL¿HGLQDFFRUGDQFHZLWK$&,IRU
the tabulated installation and use conditions. Use of these
YDOXHVLVUHVWULFWHGWRWKHFRPELQDWLRQVRIVSHFL¿FFRQGLWLRQV
listed; values for other combinations of installation and use
conditions should not be inferred. If both sustained tension
and earthquake-induced forces are required to be resisted
by the anchors, the applicable factors given in the footnotes
of Table 17.6.5.2.5 should be multiplied together. The table
assumes a concrete age of at least 21 days and a concrete
compressive strength of at least 2500 psi.
The terms “indoor” and “outdoor” as used in Table 17.6.5.2.5
UHIHUWRDVSHFL¿FVHWRILQVWDOODWLRQDQGVHUYLFHHQYLURQPHQWV
Indoor conditions represent anchors installed in dry concrete
with a rotary impact drill or rock drill and subjected to limited
concrete temperature variations over the service life of the
anchor. Outdoor conditions are assumed to occur if, at the time
of installation, the concrete is exposed to weather that might
leave the concrete wet. Anchors installed in outdoor conditions
are also assumed to be subject to greater concrete temperature variations such as might be associated with freezing and
thawing or elevated temperatures resulting from direct sun
H[SRVXUH:KLOHWKHLQGRRURXWGRRUFKDUDFWHUL]DWLRQLVXVHIXO
for many applications, there may be situations in which a literal
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Table 17.6.5.2.5—Minimum characteristic bond
stresses[1][2]
Moisture
content of
concrete at
time of anchor
installation

Peak
in-service
temperature
of concrete,
°F

Ĳcr, psi

Ĳuncr, psi

Outdoor

Dry to fully
saturated

175

200

650

Indoor

Dry

110

300

1000

Installation
and service
environment

[1]

,IDQFKRUGHVLJQLQFOXGHVVXVWDLQHGWHQVLRQPXOWLSO\YDOXHVRIĲcrDQGĲuncr by 0.4.
[2]
If anchor design includes earthquake-induced forces for structures assigned to SDC
&'(RU)PXOWLSO\YDOXHVRIĲcrE\DQGĲuncr by 0.4.

interpretation of the terms “indoor” and “outdoor” do not apply.
For example, anchors installed before the building envelope
is completed may involve drilling in saturated concrete. As
such, the minimum characteristic bond stress associated with
the outdoor condition in Table 17.6.5.2.5 applies, regardless of
whether the service environment is “indoor” or “outdoor.”
Rotary impact drills and rock drills produce non-uniform
hole geometries that are generally favorable for bond. Installation of adhesive anchors in core-drilled holes may result in
substantially lower characteristic bond stresses. Because this
H൵HFWLVKLJKO\SURGXFWGHSHQGHQWGHVLJQRIDQFKRUVWREH
installed in core-drilled holes should adhere to the productVSHFL¿F FKDUDFWHULVWLF ERQG VWUHVVHV HVWDEOLVKHG WKURXJK
testing in accordance with ACI 355.4.
7KH FKDUDFWHULVWLF ERQG VWUHVVHV DVVRFLDWHG ZLWK VSHFL¿F
adhesive anchor systems are dependent on a number of parameters. Consequently, care should be taken to include all parameters relevant to the value of characteristic bond stress used in
the design. These parameters include but are not limited to:
(a) Type and duration of loading—bond strength is
reduced for sustained tension
(b) Concrete cracking—bond strength is higher in
uncracked concrete
(c) Anchor size—bond strength is generally inversely
proportional to anchor diameter
(d) Drilling method—bond strength may be lower for
anchors installed in core-drilled holes
(e) Degree of concrete saturation at time of hole drilling
and anchor installation—bond strength may be reduced
due to concrete saturation
(f) Concrete temperature at time of installation—installation of anchors in cold conditions may result in retarded
adhesive cure and reduced bond strength
(g) Concrete age at time of installation—installation in
early-age concrete may result in reduced bond strength
(refer to R17.2.2)
(h) Peak concrete temperatures during anchor service
OLIH²XQGHU VSHFL¿F FRQGLWLRQV IRU H[DPSOH DQFKRUV LQ
thin concrete members exposed to direct sunlight), elevated
concrete temperatures can result in reduced bond strength
(i) Chemical exposure—anchors used in industrial environments may be exposed to increased levels of contaminants that can reduce bond strength over time
Anchors tested and assessed under ACI 355.4 may in some
FDVHVQRWEHTXDOL¿HGIRUDOORIWKHLQVWDOODWLRQDQGVHUYLFH
environments represented in Table 17.6.5.2.5. Therefore,
where the minimum values given in Table 17.6.5.2.5 are
used for design, the relevant installation and service enviURQPHQWVVKRXOGEHVSHFL¿HGLQDFFRUGDQFHZLWK L 
M  N  DQG O  DQG RQO\ DQFKRUV WKDW KDYH EHHQ TXDOL¿HG
under ACI 355.4 for the installation and service environments corresponding to the characteristic bond stress taken
IURP7DEOHVKRXOGEHVSHFL¿HG
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&KDUDFWHULVWLF ERQG VWUHVVHV DVVRFLDWHG ZLWK TXDOL¿HG
DGKHVLYH DQFKRU V\VWHPV IRU D VSHFL¿F VHW RI LQVWDOODWLRQ
and use conditions may substantially exceed the minimum
YDOXHV SURYLGHG LQ 7DEOH  )RU H[DPSOH LQ
WRLQGLDPHWHUDQFKRUVLQVWDOOHGLQLPSDFWGULOOHGKROHV
in dry concrete where use is limited to indoor conditions in
uncracked concrete as described above may exhibit characteristic bond stresses Ĳuncr in the range of 2000 to 2500 psi.

17.6.5.3 Bond eccentricity factor, ȥec,Na

R17.6.5.3 Bond eccentricity factor, ȥec,Na

17.6.5.3.10RGL¿FDWLRQIDFWRUIRUDGKHVLYHDQFKRUJURXSV
ORDGHGHFFHQWULFDOO\LQWHQVLRQȥec,Na, shall be calculated by
Eq (17.6.5.3.1).
ȥec,Na =

1

⎛
eN′ ⎞
+
1
⎜⎝ c ⎟⎠
Na

R17.6.5.3.1 Refer to R17.6.2.3.1.



17.6.5.3.2 If the loading on an adhesive anchor group is
such that only some of the adhesive anchors are in tension,
only those adhesive anchors that are in tension shall be
considered for determining eccentricity eƍN in Eq. (17.6.5.3.1)
and for the calculation of Nag according to Eq. (17.6.5.1b).
17.6.5.3.3 If a load is eccentric about two orthogonal axes,
ȥec,Na shall be calculated for each axis individually, and
the product of these factors shall be used as ȥec,Na in Eq.
(17.6.5.1b).
17.6.5.4 %RQGHGJHHৼHFWIDFWRU, ȥed,Na

R17.6.5.4 %RQGHGJHHৼHFWIDFWRU, ȥed,Na

17.6.5.4.10RGL¿FDWLRQIDFWRUIRUHGJHH൵HFWVIRUVLQJOH
adhesive anchors or adhesive anchor groups in tension,
ȥed,Na, shall be determined by (a) or (b) using the critical
distance cNaDVGH¿QHGLQ(T E 
(a) If cDPLQcNaWKHQȥed,Na = 1.0

R17.6.5.4.1 If anchors are located close to an edge, their
VWUHQJWKLVIXUWKHUUHGXFHGEH\RQGWKDWUHÀHFWHGLQANa/ANao.
7KH IDFWRU ȥed,Na DFFRXQWV IRU WKH HGJH H൵HFW Fuchs et al.
1995; Eligehausen et al. 2006a).

(17.6.5.4.1a)

(b) If cDPLQ < cNaWKHQȥed,Na = 0.7 + 0.3

cDPLQ
cNa

(17.6.5.4.1b)

17.6.5.5 Bond splitting factor, ȥcp,Na
17.6.5.5.10RGL¿FDWLRQIDFWRUIRUDGKHVLYHDQFKRUVGHVLJQHG
for uncracked concrete in accordance with 17.6.5.1 without
supplementary reinforcement to control splitting,ȥcp,Na, shall
be determined by (a) or (b) where cacLVGH¿QHGLQ
(a) If cDPLQcacWKHQȥcp,Na = 1.0
(b) If cDPLQ < cacWKHQȥcp,Na =

cDPLQ
cac

(17.6.5.5.1a)
≥

cNa
cac

(17.6.5.5.1b)
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17.6.5.5.2 For all other cases, ȥcp,Na shall be taken as 1.0.
17.7—Shear strength
17.7.1 Steel strength of anchors in shear, Vsa

R17.7—Shear strength
R17.7.1 Steel strength of anchors in shear, Vsa

17.7.1.1 Nominal steel strength of anchors in shear as
governed by the steel, Vsa, shall be evaluated based on the
properties of the anchor material and the physical dimensions of the anchors. If concrete breakout is a potential failure
mode, the required steel shear strength shall be consistent
with the assumed breakout surface.

R17.7.1.1 The shear applied to each anchor in an anchor
group may vary depending on assumptions for the concrete
breakout surface and load redistribution (refer to R17.7.2.1).

17.7.1.2 Nominal strength of an anchor in shear, Vsa, shall
not exceed (a) through (c):

R17.7.1.2 The nominal shear strength of anchors is best
represented as a function of futa rather than fya because the
large majority of anchor materials do not exhibit a wellGH¿QHG \LHOG SRLQW :HOGHG VWXGV GHYHORS D KLJKHU VWHHO
VKHDUVWUHQJWKWKDQKHDGHGDQFKRUVGXHWRWKH¿[LW\SURYLGHG
by the weld between the studs and the base plate. The use of
Eq. (17.7.1.2a) and (17.7.1.2b) with the load factors of 5.3
and the ࢥ-factors of 17.5.3 result in design strengths consistent with AISC 360.
The limitation of 1.9fya on futa is to ensure that, under
service load conditions, the anchor stress does not exceed
fya. The limit on futa of 1.9fya was determined by converting
the LRFD provisions to corresponding service-level conditions, as discussed in R17.6.1.2.
For post-installed anchors having a reduced crossVHFWLRQDODUHDDQ\ZKHUHDORQJWKHDQFKRUOHQJWKWKHH൵HFtive cross-sectional area of the anchor should be provided
by the manufacturer. For threaded rods and headed bolts,
ASME B1.1GH¿QHVAse,V as

(a) For cast-in headed stud anchor
Vsa = Ase,V futa

(17.7.1.2a)

where Ase,V LV WKH H൵HFWLYH FURVVVHFWLRQDO DUHD RI DQ
anchor in shear, in.2, and futa used for calculations shall
not exceed either 1.9fya or 125,000 psi.
(b) For cast-in headed bolt and hooked bolt anchors and
for post-installed anchors where sleeves do not extend
through the shear plane
Vsa = 0.6Ase,V futa

(17.7.1.2b)

where Ase,V LV WKH H൵HFWLYH FURVVVHFWLRQDO DUHD RI DQ
anchor in shear, in.2, and the value of futa shall not exceed
either 1.9fya or 125,000 psi.
(c) For post-installed anchors where sleeves extend
through the shear plane, Vsa shall be based on the 5 percent
fractile of results of tests performed and evaluated in
accordance with ACI 355.2. Alternatively, Eq. (17.7.1.2b)
shall be permitted to be used.

Ase ,V =

0.9743 ⎞
π⎛
da −
⎜
4⎝
nt ⎟⎠

2

where nt is the number of threads per inch.
17.7.1.2.1 If anchors are used with built-up grout pads,
nominal strength Vsa calculated in accordance with 17.7.1.2
shall be multiplied by 0.80.
17.7.2 Concrete breakout strength of anchors in shear, Vcb
17.7.2.1 Nominal concrete breakout strength in shear, Vcb of
a single anchor or Vcbg of an anchor group satisfying 17.5.1.3.1,
shall be calculated in accordance with (a) through (d):
(a) For shear perpendicular to the edge on a single anchor

Vcb =

AVc
ψ ed ,V ψ c ,V ψ h ,V Vb
AVco

(17.7.2.1a)

(b) For shear perpendicular to the edge on an anchor group

Vcbg =

AVc
ψ ec ,V ψ ed ,V ψ c ,V ψ h ,V Vb
AVco

(17.7.2.1b)

R17.7.2 Concrete breakout strength of anchors in shear, Vcb
R17.7.2.1 The shear strength equations were developed
from the CCD Method (refer to R17.5.1.3). They assume
a breakout angle of approximately 35 degrees (refer to
Fig. R17.5.1.3b) and consider fracture mechanics theory.
7KH H൵HFWV RI PXOWLSOH DQFKRUV VSDFLQJ RI DQFKRUV HGJH
distance, and thickness of the concrete member on nominal
concrete breakout strength in shear are included by applying
the reduction factor of AVc /AVco in Eq. (17.7.2.1a) and
(17.7.2.1b), and ȥec,V in Eq. (17.7.2.1b). For anchors far
from the edge, 17.7.2 usually will not govern. For these
cases, 17.7.1 and 17.7.3 often govern.
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(c) For shear parallel to an edge, Vcb or Vcbg shall be
permitted to be twice the value of the shear calculated by
Eq. (17.7.2.1a) or (17.7.2.1b), respectively, with the shear
DVVXPHGWRDFWSHUSHQGLFXODUWRWKHHGJHDQGȥed,V taken
equal to 1.0.
(d) For anchors located at a corner, the limiting nominal
concrete breakout strength shall be calculated for each
edge, and the lesser value shall be used.
where ȥec,V, ȥed,V, ȥc,V, and ȥh,V are given in 17.7.2.3,
17.7.2.4, 17.7.2.5, and 17.7.2.6, respectively.
17.7.2.1.1 AVc is the projected area of the failure surface
on the side of the concrete member at its edge for a single
anchor or an anchor group. It shall be permitted to evaluate
AVc as the base of a truncated half-pyramid projected on the
side face of the member where the top of the half-pyramid is
given by the axis of the anchor row selected as critical. The
value of ca1 shall be taken as the distance from the edge to
this axis. AVc shall not exceed nAVco, where n is the number
of anchors in the group.

COMMENTARY
Figure R17.7.2.1a shows AVco and the development of Eq.
(17.7.2.1.3). AVco is the maximum projected area for a single
anchor that approximates the surface area of the full breakout
YROXPHIRUDQDQFKRUXQD൵HFWHGE\HGJHGLVWDQFHVSDFLQJ
or depth of member. Figure R17.7.2.1b shows examples of
the projected areas for various single-anchor and multipleanchor arrangements. AVc approximates the full surface area
of the breakout for the particular arrangement of anchors.
Because AVc is the total projected area for an anchor group,
and AVco is the area for a single anchor, there is no need to
include the number of anchors in the equation.
As shown in the examples in Fig. R17.7.2.1b of two-anchor
groups loaded in shear, when using Eq. (17.7.2.1b) for cases
where the anchor spacing s is greater than the edge distance
to the near-edge anchor ca1,1, both assumptions for load
distribution illustrated in Cases 1 and 2 should be considered. This is because the anchors nearest to the free edge
FRXOGIDLO¿UVWRUWKHHQWLUHJURXSFRXOGIDLODVDXQLWZLWK
the failure surface originating from the anchors farthest from
the edge. For Case 1, the steel shear strength is provided by
both anchors. For Case 2, the steel shear strength is provided
entirely by the anchor farthest from the edge; no contribution of the anchor near the edge is considered. In addition,
checking the near-edge anchor for concrete breakout under
service loads is advisable to preclude undesirable cracking
at service conditions. If the anchor spacing s is less than the
edge distance to the near-edge anchor, the failure surfaces
may merge (Eligehausen et al. 2006b) and Case 3 of Fig.
R17.7.2.1b may be taken as a conservative approach.
If the anchors are welded to a common plate (regardless
of anchor spacing s), when the anchor nearest the front edge
begins to form a breakout failure, shear is transferred to the
VWL൵HUDQGVWURQJHUUHDUDQFKRU)RUWKLVUHDVRQRQO\&DVH
need be considered, which is consistent with Section 6.5.5
of the PCI Design Handbook (PCI MNL 120). For determination of steel shear strength, it is conservative to consider
only the anchor farthest from the edge. However, for anchors
having a ratio of s/ca1,1 less than 0.6, both the front and rear
anchors may be assumed to resist the shear (Anderson and
Meinheit 2007). For ratios of s/ca1,1 greater than 1, it is advisable to check concrete breakout of the near-edge anchor to
preclude undesirable cracking at service conditions.
Further discussion of design for multiple anchors is given
in Primavera et al. (1997).
For anchors near a corner required to resist a shear force
with components normal to each edge, a satisfactory solution is to check the connection independently for each
component of the shear force. Other specialized cases, such
as the shear resistance of anchor groups where all anchors do
not have the same edge distance, are treated in Eligehausen
et al. (2006a).
The detailed provisions of 17.7.2.1(a) apply to the case
of shear directed toward an edge. If the shear is directed
away from the edge, the strength will usually be governed
by 17.7.1 or 17.7.3. The case of shear parallel to an edge
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is shown in Fig. R17.7.2.1c. The maximum shear that can
be applied parallel to the edge, V||, as governed by concrete
breakout, is twice the maximum shear that can be applied
perpendicular to the edge, Vŏ. For a single anchor required
to resist shear near a corner (refer to Fig. R17.7.2.1d), the
provisions for shear applied perpendicular to the edge should
be checked in addition to the provisions for shear applied
parallel to the edge.

ca1
The critical edge
distance for
headed studs,
headed bolts,
expansion anchors,
screw anchors, and
undercut anchors
is 1.5ca1

≈ 35°

1.5ca1
V
1.5ca1

Edge of concrete
1.5ca1

Plan
ca1

1.5ca1

V
≈ 35°

1.5ca1

Elevation

Side section

AVco = 2(1.5ca1) x (1.5ca1) = 4.5ca12
Fig. R17.7.2.1a—Calculation of AVco.
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If ha < 1.5ca1

COMMENTARY
If ca2 < 1.5ca1
Avc = 1.5ca1(1.5ca1 + ca2)

V

Avc

Avc = 2(1.5ca1)ha ha

ca1
Avc

1.5ca1 1.5c
a1

V
ca1

1.5ca1

Avc

If ha < 1.5ca1 and s1 < 3ca1

1.5ca1

s1

s ≥ ca1,1
Avc
ca1,1

1.5ca1

0.5V

0.5V
ca1,2

1.5ca1,1

If ha < 1.5ca1
Avc = 2(1.5ca1,2)ha

1.5ca1

ca1

ha

Avc = [2(1.5ca1) + s1]ha

If ha < 1.5ca1
Avc = 2(1.5ca1,1)ha

ca2

V

1.5ca1,1

Avc
ca1,1

1.5ca1,2

Case 1: One assumption of the distribution of
forces indicates that half of the shear force
would be critical on the front anchor and the
projected area. For the calculation of concrete
breakout, ca1 is taken as ca1,1.

ha

s ≥ ca1,1

V

ca1,2

1.5ca1,2

ha

Case 2: Another assumption of the distribution
of forces indicates that the total shear force
would be critical on the rear anchor and its
projected area. Only this assumption needs to
be considered when anchors are welded to a
common plate independent of s. For the
calculation of concrete breakout, ca1 is taken
as ca1,2.

Note: For s ≥ ca1,1, both Case 1 and Case 2 should be evaluated to determine which controls for design except
as noted for anchors welded to a common plate

s < ca1,1

Avc
If ha < 1.5ca1
Avc = 2(1.5ca1,1)ha

V

ca1,1

ca1,2
1.5ca1,1

1.5ca1,1

Case 3: Where s < ca1,1, apply the entire shear
load V to the front anchor. This case does not
apply for anchors welded to a common plate.
For the calculation of concrete breakout,
ca1 is taken as ca1,1.

ha

Fig. R17.7.2.1b—Calculation of Avc for single anchors and anchor groups.
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Edge

ca1

17

V = 2V
V

Fig. R17.7.2.1c—Shear force parallel to an edge.

Anchor A
V
ca2
ca1

Anchor A
V
ca1
ca2
Fig. R17.7.2.1d—Shear near a corner.
17.7.2.1.2 If anchors are located in narrow sections of
limited thickness such that both edge distances ca2 and thickness ha are less than 1.5ca1, the value of ca1 used to calculate
AVc in accordance with 17.7.2.1.1 as well as for the equations
in 17.7.2.1 through 17.7.2.6 shall not exceed the greatest of
(a) through (c).
(a) ca2 /1.5, where ca2 is the greatest edge distance
(b) ha /1.5
(c) s/3, where s is the maximum spacing perpendicular to
direction of shear, between anchors within a group
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R17.7.2.1.2 For anchors located in narrow sections of
limited thickness where the edge distances perpendicular to
the direction of load and the member thickness are less than
1.5ca1, the shear breakout strength calculated by the CCD
Method (refer to R17.5.1.3) is overly conservative. These
cases were studied for the Kappa Method (Eligehausen
and Fuchs 1988), and the problem was pointed out by Lutz
(1995). Similar to the approach used for concrete breakout
strength in tension in 17.6.2.1.2, the concrete breakout
strength in shear for this case is more accurately evaluated
if the value of ca1 used in 17.7.2.1 through 17.7.2.6 and in
the calculation of AVc is limited to the maximum of twothirds of the greater of the two edge distances perpendicular
to the direction of shear, two-thirds of the member thickness, and one-third of the maximum spacing between individual anchors within the group, measured perpendicular to
the direction of shear. The limit on ca1 of at least one-third
of the maximum spacing between anchors within the group
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prevents the use of a calculated strength based on individual
EUHDNRXWYROXPHVIRUDQDQFKRUJURXSFRQ¿JXUDWLRQ
This approach is illustrated in Fig. R17.7.2.1.2. In this
example, the limiting value of ca1 is denoted as cƍa1 and is
used to calculate AVc, AVco, ȥed,V, and ȥh,V as well as Vb
(not shown). The requirement of 17.7.2.1.2 may be visualized by moving the actual concrete breakout surface originating at the actual ca1 toward the surface of the concrete in
the direction of the applied shear. The value of ca1 used to
calculate AVc and to be used in 17.7.2.1 through 17.7.2.6 is
determined when (a) an outer boundary of the failure surface
¿UVWLQWHUVHFWVWKHFRQFUHWHVXUIDFH;, or (b) the intersection of
the breakout surface between individual anchors within the
JURXS¿UVWLQWHUVHFWVWKHFRQFUHWHVXUIDFH)RUWKHH[DPSOH
shown in Fig. R17.7.2.1.2, point “A” shows the intersection of the assumed failure surface for limiting ca1 with the
concrete surface.

V

V
ca1 = 12 in.
Actual
failure
surface
c’a1

Assumed
failure surface
for limiting ca1

1
1.5

s = 9 in.

ca2,2 = 5 in.

Actual
failure
surface
c’a1

ca2,1 = 7 in.

Plan

1
1.5

Assumed
failure surface
for limiting ca1

ha = 8 in.

Point A

Side section

1. The actual ca1 = 12 in.
2. The two edge distances ca2 as well as ha are all less than 1.5ca1.
3. The limiting value of ca1 (shown as c’a1 in the figure) to be used to calculate AVc and
to be used in 17.7.2.1 through 17.7.2.6 is the largest of the following:
(ca2,max)/1.5 = (7)/1.5 = 4.67 in.
(ha)/1.5 = (8)/1.5 = 5.33 in. (controls)
s/3 = 9/3 = 3 in.
4. For this case, AVc, AVco, ψed,V, and ψh,V are:
AVc = (5 + 9 + 7)(1.5 x 5.33) = 168 in.2
AVco = 4.5(5.33)2 = 128 in.2
ψed,V = 0.7 + 0.3(5)/5.33 = 0.98
ψh,V = 1.0 because ca1 =(ha)/1.5. Point A shows the intersection of the assumed failure surface
with the concrete surface that establishes the limiting value of ca1.

Fig. R17.7.2.1.2²([DPSOHRIVKHDUZKHUHDQFKRUVDUHORFDWHGLQQDUURZPHPEHUVRIOLPLWHGWKLFNQHVV
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AVco = 4.5(ca1)2

17

17.7.2.1.3 AVco is the projected area for a single anchor in a
deep member with a distance from edges of at least 1.5ca1 in
the direction perpendicular to the shear. It shall be permitted
to calculate AVco by Eq. (17.7.2.1.3), which gives the area of
the base of a half-pyramid with a side length parallel to the
edge of 3ca1 and a depth of 1.5ca1.
(17.7.2.1.3)

17.7.2.1.4 If anchors are located at varying distances from
the edge and the anchors are welded to the attachment so as
to distribute the force to all anchors, it shall be permitted to
evaluate the strength based on the distance to the farthest row
of anchors from the edge. In this case, it shall be permitted
to base the value of ca1 on the distance from the edge to the
axis of the farthest anchor row that is selected as critical, and
all of the shear shall be assumed to be resisted by this critical
anchor row alone.
17.7.2.2 Basic single anchor breakout strength, Vb
17.7.2.2.1 Basic concrete breakout strength of a single
anchor in shear in cracked concrete, Vb, shall not exceed the
lesser of (a) and (b):
⎛ ⎛ A ⎞ 0.2
⎞
da ⎟ λ a
(a) Vb = ⎜ 7 ⎜ e ⎟
⎜⎝ ⎝ d a ⎠
⎟⎠

f c′ (ca1 )

1.5

(17.7.2.2.1a)

where Ɛe is the load-bearing length of the anchor for shear:
Ɛe = hef IRU DQFKRUV ZLWK D FRQVWDQW VWL൵QHVV RYHU WKH IXOO
length of embedded section, such as headed studs and postinstalled anchors with one tubular shell over full length of
the embedment depth;
Ɛe = 2da for torque-controlled expansion anchors with a
distance sleeve separated from expansion sleeve;
Ɛeda in all cases.
(b) Vb Ȝa

f c′ (ca1)1.5

R17.7.2.2 Basic single anchor breakout strength, Vb
R17.7.2.2.1 Like the concrete breakout tensile strength,
the concrete breakout shear strength does not increase with
the failure surface, which is proportional to (ca1)2. Instead,
the strength increases proportionally to (ca1)1.5 due to the
VL]H H൵HFW 7KH FRQVWDQW  LQ WKH VKHDU VWUHQJWK HTXDtion (17.7.2.2.1a) was determined from test data reported
in Fuchs et al. (1995) at the 5 percent fractile adjusted for
cracking.
7KH VWUHQJWK LV DOVR LQÀXHQFHG E\ WKH DQFKRU VWL൵QHVV
and the anchor diameter (Fuchs et al. 1995; Eligehausen
and Balogh 1995; Eligehausen et al. 1987, 2006b; Eligehausen and Fuchs 1988 7KHLQÀXHQFHRIDQFKRUVWL൵QHVV
and diameter is not apparent in large-diameter anchors (Lee
et al. 2010), resulting in a limitation on the shear breakout
strength provided by Eq. (17.7.2.2.1b).

(17.7.2.2.1b)

17.7.2.2.2 For cast-in headed studs, headed bolts, or
hooked bolts that are continuously welded to steel attachments, basic concrete breakout strength of a single anchor
in shear in cracked concrete, Vb, shall be the lesser of Eq.
(17.7.2.2.1b) and Eq. (17.7.2.2.2) provided that (a) through
G DUHVDWLV¿HG
⎛ ⎛ A ⎞ 0.2
⎞
Vb = ⎜ 8 ⎜ e ⎟
da ⎟ λ a
⎜⎝ ⎝ d a ⎠
⎟⎠

f c′ (ca1 )

1.5

(17.7.2.2.2)

where ƐeLVGH¿QHGLQ
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R17.7.2.2.2 For cast-in headed bolts continuously welded
to an attachment, test data (Shaikh and Yi 1985) show that
somewhat higher shear strength exists, possibly due to the
VWL൵ZHOGHGFRQQHFWLRQFODPSLQJWKHEROWPRUHH൵HFWLYHO\
than an attachment with an anchor gap. Because of this, the
basic shear breakout strength for such anchors is increased,
but the upper limit of Eq. (17.7.2.2.1b) is imposed because
tests on large-diameter anchors welded to steel attachments are not available to justify a higher value than Eq.
(17.7.2.2.1b). The design of supplementary reinforcement is
discussed in ¿E (2011), Eligehausen et al. (1987, 2006b), and
Eligehausen and Fuchs (1988).

(a) Steel attachment thickness is the greater of 0.5daDQGLQ
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(b) Anchor spacing s is at least 2.5 in.
(c) Reinforcement is provided at the corners if ca2hef
(d) For anchor groups, the strength is calculated based on
the strength of the row of anchors farthest from the edge.
R17.7.2.3 Breakout eccentricity factor, ȥec,V

17.7.2.3 Breakout eccentricity factor, ȥec,V
17.7.2.3.1 0RGL¿FDWLRQ IDFWRU IRU DQFKRU JURXSV ORDGHG
eccentrically in shear, ȥec,V, shall be calculated by Eq.
(17.7.2.3.1).
ψ ec.V =

1
⎛
eV′ ⎞
⎜⎝1 + 1.5c ⎠⎟
a1

≤ 1.0

(17.7.2.3.1)

R17.7.2.3.17KLVVHFWLRQSURYLGHVDPRGL¿FDWLRQIDFWRUIRU
an eccentric shear toward an edge on an anchor group. If the
shear originates above the plane of the concrete surface, the
VKHDUVKRXOG¿UVWEHUHVROYHGDVDVKHDULQWKHSODQHRIWKH
concrete surface, acting in combination with a moment that
may or may not also cause tension in the anchors, depending
RQWKHQRUPDOIRUFH)LJXUH5GH¿QHVWKHWHUPeƍV
for calculating the ȥec,VPRGL¿FDWLRQIDFWRUWKDWDFFRXQWVIRU
the fact that more shear is applied to one anchor than others,
tending to split the concrete near an edge.

Edge of concrete

s/2
e’v
V

s/2

Plan
Fig. R17.7.2.3.1²'H¿QLWLRQRIeƍV for an anchor group.

17.7.2.3.2 If the loading on an anchor group is such that
only some of the anchors in the group are in shear, only
those anchors that are in shear in the same direction shall
be considered for determining the eccentricity eƍV in Eq.
(17.7.2.3.1) and for the calculation of Vcbg according to Eq.
(17.7.2.1b).
17.7.2.4 %UHDNRXWHGJHHৼHFWIDFWRU, ȥed,V
17.7.2.4.10RGL¿FDWLRQIDFWRUIRUHGJHH൵HFWVIRUVLQJOH
anchors or anchor groups loaded in shear, ȥed,V, shall be
determined by (a) or (b) using the lesser value of ca2.
(a) If ca2ca1WKHQȥed,V = 1.0

(17.7.2.4.1a)
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(b) If ca2 < 1.5ca1WKHQȥed,V = 0.7 + 0.3

COMMENTARY
ca 2
(17.7.2.4.1b)
1.5ca1

17

17.7.2.5 Breakout cracking factor, ȥc,V
17.7.2.5.1 0RGL¿FDWLRQ IDFWRU IRU WKH LQÀXHQFH RI
cracking in anchor regions at service load levels and presence or absence of supplementary reinforcement, ȥc,V, shall
be determined as follows:
(a) For anchors located in a region of a concrete member
where analysis indicates no cracking at service load levels,
ȥc,V shall be permitted to be 1.4.
(b) For anchors located in a region of a concrete member
where analysis indicates cracking at service load levels,
ȥc,V shall be in accordance with Table 17.7.2.5.1.
Table 17.7.2.5.1—Modification factor where analysis
indicates cracking at service load levels, ȥc,V
Condition

ȥc,V

Anchors without supplementary reinforcement or with edge
reinforcement smaller than a No. 4 bar

1.0

Anchors with reinforcement of at least a No. 4 bar or greater
between the anchor and the edge

1.2

Anchors with reinforcement of at least a No. 4 bar or greater
between the anchor and the edge, and with the reinforcement
enclosed within stirrups spaced at not more than 4 in.

1.4

17.7.2.6 Breakout thickness factor, ȥh,V

R17.7.2.6 Breakout thickness factor, ȥh,V

17.7.2.6.1 0RGL¿FDWLRQ IDFWRU IRU DQFKRUV ORFDWHG LQ D
concrete member where ha < 1.5ca1ȥh,V shall be calculated
by Eq. (17.7.2.6.1)
ψ h ,V =

1.5ca1
≥ 1.0
ha

R17.7.2.6.1 For anchors located in a concrete member
where ha < 1.5ca1, tests (¿E 2011; Eligehausen et al. 2006b)
have shown that the concrete breakout strength in shear is
not directly proportional to the member thickness ha. The
IDFWRUȥh,VDFFRXQWVIRUWKLVH൵HFW

(17.7.2.6.1)

17.7.3 Concrete pryout strength of anchors in shear, Vcp
or Vcpg

R17.7.3 Concrete pryout strength of anchors in shear, Vcp
or Vcpg

17.7.3.1 Nominal pryout strength, Vcp of a single anchor
or Vcpg of an anchor group satisfying 17.5.1.3.1, shall not
exceed (a) or (b), respectively.
(a) For a single anchor

R17.7.3.1 Fuchs et al. (1995) indicates that the pryout
shear resistance can be approximated as one to two times the
anchor tensile resistance with the lower value appropriate
for hef less than 2.5 in. Because it is possible that the bond
strength of adhesive anchors could be less than the concrete
breakout strength, it is necessary to consider both 17.6.2.1
and 17.6.5.1 to calculate pryout strength.

Vcp = kcp Ncp

(17.7.3.1a)

(b) For an anchor group
Vcpg = kcp Ncpg

Anchoring

CODE

269

(17.7.3.1b)

where
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kcp = 1.0 for hef < 2.5 in.
kcp = 2.0 for hefLQ
17.7.3.1.1 For cast-in anchors and post-installed expansion, screw, and undercut anchors, Ncp shall be taken as Ncb
calculated by Eq. (17.6.2.1a), and for adhesive anchors, Ncp
shall be the lesser of Na calculated by Eq. (17.6.5.1a) and Ncb
calculated by Eq. (17.6.2.1a).
17.7.3.1.2 For cast-in anchors and post-installed expansion, screw, and undercut anchors, Ncpg shall be taken as Ncbg
calculated by Eq. (17.6.2.1b), and for adhesive anchors, Ncpg
shall be the lesser of Nag calculated by Eq. (17.6.5.1b) and
Ncbg calculated by Eq. (17.6.2.1b).
17.8—Tension and shear interaction
17.8.1 8QOHVV WHQVLRQ DQG VKHDU LQWHUDFWLRQ H൵HFWV DUH
considered in accordance with 17.5.2.3, anchors or anchor
groups that resist both tension and shear shall satisfy 17.8.2
DQG  7KH YDOXHV RI ࢥNn DQG ࢥVn shall be in accordance with 17.5.2 or 17.10.
17.8.2 It shall be permitted to neglect the interaction
EHWZHHQWHQVLRQDQGVKHDULI D RU E LVVDWLV¿HG
(a) Nua/(ࢥNn 
(b) Vua/(ࢥVn 

(17.8.2a)
(17.8.2b)

17.8.3 If Nua /(ࢥNn) > 0.2 for the governing strength in
tension and Vua/(ࢥVn) > 0.2 for the governing strength in
VKHDUWKHQ(T  VKDOOEHVDWLV¿HG

R17.8—Tension and shear interaction
The tension-shear interaction expression has traditionally
been expressed as
ς

ς

⎛ N ua ⎞ ⎛ Vua ⎞
⎜⎝ N ⎟⎠ + ⎜⎝ V ⎟⎠ ≤ 1.0
n
n
where Ȣ varies from 1 to 2. The current trilinear recomPHQGDWLRQ LV D VLPSOL¿FDWLRQ RI WKH H[SUHVVLRQ ZKHUH Ȣ 
5/3 (Fig. R17.8). The limits were chosen to eliminate the
UHTXLUHPHQWIRUFDOFXODWLRQRILQWHUDFWLRQH൵HFWVZKHUHYHU\
small values of the second force are present. Any other interDFWLRQH[SUHVVLRQWKDWLVYHUL¿HGE\WHVWGDWDKRZHYHUFDQ
be used to satisfy 17.5.2.3.
Nn

N ua Vua
+
≤ 1.2
φN n φVn

Nua /3 Vua
+
I Nn
I Vn
5

(17.8.3)

I Nn

5

/3
=1

Trilinear interaction
approach

0.2 I Nn

0.2 I Vn

I Vn

Vn

Fig. R17.8—Shear and tensile load interaction equation.
17.9—Edge distances, spacings, and thicknesses
to preclude splitting failure
17.9.1 Minimum spacings and edge distances for anchors
and minimum thicknesses of members shall conform to this
section, unless supplementary reinforcement is provided to
FRQWURO VSOLWWLQJ /HVVHU YDOXHV IURP SURGXFWVSHFL¿F WHVWV

R17.9—Edge distances, spacings, and thicknesses
to preclude splitting failure
R17.9.1 Minimum spacings, edge distances, and thicknesses are dependent on the anchor characteristics. Installation forces and torques in post-installed anchors can cause
splitting of the surrounding concrete. Such splitting also can
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performed in accordance with ACI 355.2 or ACI 355.4 shall
be permitted.

be produced in subsequent torquing during connection of
attachments to anchors including cast-in anchors. The primary
source of values for minimum spacings, edge distances, and
thicknesses of post-installed anchors should be the productVSHFL¿F WHVWV RIACI 355.2 and ACI 355.4. In some cases,
KRZHYHUVSHFL¿FSURGXFWVDUHQRWNQRZQLQWKHGHVLJQVWDJH
Approximate values are provided for use in design.

17.9.2 Unless determined in accordance with 17.9.3,
minimum spacing parameters shall conform to Table 17.9.2(a).

R17.9.2 Edge cover for anchors with deep embedments
FDQKDYHDVLJQL¿FDQWH൵HFWRQWKHVLGHIDFHEORZRXWVWUHQJWK
provided in 17.6.4. It is therefore advantageous to increase
edge cover beyond that required in 20.5.1.3 to increase sideface blowout strength.
Drilling holes for post-installed anchors can cause microcracking. The requirement for edge distance to be at least
WZLFH WKH PD[LPXP DJJUHJDWH VL]H LV WR UHGXFH H൵HFWV RI
such microcracking.

Table 17.9.2(a)—Minimum spacing and edge
distance requirements
Anchor type
Cast-in anchors
Spacing
parameter

Not torqued

Torqued

Post-installed
expansion
and undercut
anchors

4da

6da

6da

Minimum
anchor
spacing

6SHFL¿HG
cover
requirements
Minimum
for
edge distance
reinforcement
according to
20.5.1.3

6da

Postinstalled
screw
anchors
Greater of
0.6hef and
6da

Greatest of (a), (b), and (c):
D 6SHFL¿HGFRYHU
requirements for
reinforcement according to
20.5.1.3
(b) Twice the maximum
aggregate size
(c) Minimum edge distance
requirements according to
ACI 355.2 or 355.4, or Table
17.9.2(b) when product
information is absent

Table 17.9.2(b)—Minimum edge distance in
absence of product-specific ACI 355.2 or ACI 355.4
test information
Post-installed anchor type

Minimum edge distance

Torque-controlled

8da

Displacement-controlled

10da

Screw

6da

Undercut

6da

Adhesive

6da

17.9.3 For anchors where installation does not produce
a splitting force and that will not be torqued, if the edge
distance or spacing is less than those given in 17.9.2, calculations shall be performed by substituting for da a lesser
value daƍ that meets the requirements of 17.9.2. Calculated
forces applied to the anchor shall be limited to the values
corresponding to an anchor having a diameter of daƍ.

R17.9.3 In some cases, it may be desirable to use a largerdiameter anchor than the requirements of 17.9.2 permit. In
these cases, it is permissible to use a larger-diameter anchor,
provided the design strength of the anchor is based on a
smaller assumed anchor diameter daƍ.

17.9.4 Value of hef for a post-installed expansion, screw,
or undercut post-installed anchor shall not exceed the greater

R17.9.4 Splitting failures are caused by load transfer
between the bolt and the concrete. The limitations on the
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RIRIWKHPHPEHUWKLFNQHVVha, and the member thickness minus 4 in., unless determined from tests in accordance
with ACI 355.2.

value of hef do not apply to cast-in and adhesive anchors
because the splitting forces associated with these anchor types
are less than for expansion, screw, and undercut anchors.
For all post-installed anchors, the embedment depth for
a given member thickness should be limited to avoid backface blowout on the opposite side of the concrete member
during hole drilling and anchor setting. This depth limit is
dependent on many variables, including anchor type, drilling
method, drilling technique, type and size of drilling equipment, presence of reinforcement, and strength and condition
of the concrete.

17.9.5 Critical edge distance cac shall be in accordance
with Table 17.9.5 unless determined from tension tests in
accordance with ACI 355.2 or ACI 355.4.

R17.9.5 The critical edge distance cac is required for design
of post-installed anchors for use in uncracked concrete where
no supplemental reinforcement is available to restrain splitting cracks. To permit the design of these types of anchors
LISURGXFWVSHFL¿FLQIRUPDWLRQLVQRWDYDLODEOHFRQVHUYDWLYH
default values for cac are provided. Alternately, productVSHFL¿FYDOXHVRIcac may be determined in accordance with
ACI 355.2 or ACI 355.4. Corner-test requirements in the
DIRUHPHQWLRQHGTXDOL¿FDWLRQVWDQGDUGVPD\QRWEHVDWLV¿HG
with ca,min = 1.5hef for many expansion, screw, undercut, and
DGKHVLYHDQFKRUVGXHWRWHQVLOHDQGÀH[XUDOVWUHVVHVDVVRFLated with anchor installation and loading, which may result
in a premature splitting failure.

Table 17.9.5—Critical edge distance
Post-installed anchor type

Critical edge distance cac

Torque-controlled

4hef

Displacement-controlled

4hef

Screw

4hef

Undercut

2.5hef

Adhesive

2hef

17.10—Earthquake-resistant anchor design
requirements
17.10.1 Anchors in structures assigned to Seismic Design
Category (SDC) C, D, E, or F shall satisfy the additional
requirements of this section.

R17.10—Earthquake-resistant anchor design
requirements
R17.10.1 Unless 17.10.5.1 or 17.10.6.1 apply, all anchors
in structures assigned to Seismic Design Categories (SDC)
C, D, E, or F are required to satisfy the additional requirements of 17.10.2 through 17.10.7, regardless of whether
earthquake-induced forces are included in the controlling
load combination for the anchor design. In addition, all
post-installed anchors in structures assigned to SDC C, D,
E, or F must meet the requirements of ACI 355.2 or ACI
 IRU SUHTXDOL¿FDWLRQ RI DQFKRUV WR UHVLVW HDUWKTXDNH
induced forces. Ideally, for tension, anchor strength should
be governed by yielding of the ductile steel element of the
DQFKRU ,I WKH DQFKRU FDQQRW PHHW WKH VSHFL¿HG GXFWLOLW\
requirements of 17.10.5.3(a), then the attachment should
be designed to yield if it is structural or light gauge steel,
or designed to crush if it is wood. If ductility requirements
RI  D  DUH VDWLV¿HG WKHQ DQ\ DWWDFKPHQWV WR WKH
anchor should be designed not to yield. In designing attachments using yield mechanisms to provide adequate ductility,
as permitted by 17.10.5.3(b) and 17.10.6.3(a), the ratio of
VSHFL¿HG\LHOGVWUHQJWKWRH[SHFWHGVWUHQJWKIRUWKHPDWHULDO
of the attachment should be considered in determining the
design force. The value used for the expected strength should
consider both material overstrength and strain hardening
H൵HFWV )RU H[DPSOH WKH PDWHULDO LQ D FRQQHFWLRQ HOHPHQW
could yield and, due to an increase in its strength with strain
hardening, cause a secondary failure of a sub-element or
place extra force or deformation demands on the anchors.
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)RUDVWUXFWXUDOVWHHODWWDFKPHQWLIRQO\WKHVSHFL¿HG\LHOG
strength of the steel is known, the expected strength should
EH WDNHQ DV DSSUR[LPDWHO\  WLPHV WKH VSHFL¿HG \LHOG
strength. If the actual yield strength of the steel is known,
the expected strength should be taken as approximately 1.25
times the actual yield strength.
Under earthquake conditions, the direction of shear may
not be predictable. The full shear should be assumed in any
direction for a safe design.
17.10.2 Provisions of this chapter shall not apply to the
design of anchors in plastic hinge zones of concrete structures resisting earthquake-induced forces.

R17.10.2 The possible higher levels of cracking and
spalling in plastic hinge zones are beyond the conditions for
which the nominal concrete-governed strength values in this
chapter are applicable. Plastic hinge zones are considered to
extend a distance equal to twice the member depth from any
column or beam face, and also include any other sections in
walls, frames, and slabs where yielding of reinforcement is
likely to occur as a result of lateral displacements.
If anchors must be located in plastic hinge regions, they
should be detailed so that the anchor forces are transferred
directly to anchor reinforcement that is designed to transmit
the anchor forces into the body of the member beyond the
DQFKRUDJH UHJLRQ &RQ¿JXUDWLRQV WKDW UHO\ RQ FRQFUHWH
tensile strength should not be used.

17.10.33RVWLQVWDOOHGDQFKRUVVKDOOEHTXDOL¿HGIRUHDUWKquake-induced forces in accordance with ACI 355.2 or ACI
355.4. The pullout strength, Np, and steel strength in shear, Vsa,
of post-installed expansion, screw, and undercut anchors shall
be based on the results of the ACI 355.2 Simulated Seismic
Tests. For adhesive anchors, the steel strength in shear, Vsa,
and the characteristic bond stresses, Ĳuncr and Ĳcr, shall be
based on results of the ACI 355.4 Simulated Seismic Tests.

R17.10.3 Anchors that are not suitable for use in cracked
concrete should not be used to resist earthquake-induced
IRUFHV 4XDOL¿FDWLRQ RI SRVWLQVWDOOHG DQFKRUV IRU XVH LQ
FUDFNHGFRQFUHWHLVDQLQWHJUDOSDUWRIWKHTXDOL¿FDWLRQIRU
resisting earthquake-induced forces in ACI 355.2 and ACI
355.4. The design values obtained from the Simulated
Seismic Tests of ACI 355.2 and ACI 355.4 are expected to
be less than those for static load applications.

17.10.4 Anchor reinforcement used in structures assigned
to SDC C, D, E, or F shall be deformed reinforcement
and shall be in accordance with the anchor reinforcement
requirements of 20.2.2.
17.10.5 7HQVLOHORDGLQJGHVLJQUHTXLUHPHQWV

R17.10.5 7HQVLOHORDGLQJGHVLJQUHTXLUHPHQWV

17.10.5.1 If the tensile component of the strength-level
earthquake-induced force applied to a single anchor or
anchor group does not exceed 20 percent of the total factored
anchor tensile force associated with the same load combination, it shall be permitted to design a single anchor or anchor
group in accordance with 17.6 and the tensile strength
requirements of Table 17.5.2.

R17.10.5.1 The requirements of 17.10.5.3 need not apply
if the applied earthquake-induced tensile force is a small
fraction of the total factored tensile force.

17.10.5.2 If the tensile component of the strength-level
earthquake-induced force applied to anchors exceeds 20
percent of the total factored anchor tensile force associated
with the same load combination, anchors and their attachments shall be designed in accordance with 17.10.5.3. The

R17.10.5.2 If the ductile steel element is ASTM A36 or
ASTM A307 steel, the futa/fya value is typically approximately 1.5, and the anchor can stretch considerably before
rupturing at the threads. For other steels, calculations may
need to be made to ensure that similar behavior can occur.
Section R17.6.1.2 provides additional information on the
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anchor design tensile strength shall be determined in accordance with 17.10.5.4.

steel properties of anchors. Use of upset threaded ends,
whereby the threaded end of the anchor is enlarged to
compensate for the area reduction associated with threading,
can ensure that yielding occurs over the stretch length
regardless of the tensile to yield strength ratio.

17.10.5.3 Anchors and their attachments shall satisfy (a),
(b), (c), or (d).

R17.10.5.3 Four options are provided for determining the
required anchor or attachment strength to protect against
nonductile tensile failure:
In option (a), anchor ductility requirements are imposed,
and the required anchor strength is that determined using
strength-level earthquake-induced forces acting on the structure. Research (Hoehler and Eligehausen 2008; Vintzileou
and Eligehausen 1992) has shown that if the steel of the
anchor yields before the concrete anchorage fails, no reducWLRQLQWKHDQFKRUWHQVLOHVWUHQJWKLVQHHGHGIRUHDUWKTXDNH±
LQGXFHGIRUFHV'XFWLOHVWHHODQFKRUVVKRXOGVDWLVI\WKHGH¿nition for steel element, ductile in Chapter 2. To facilitate
comparison between steel strength, which is based on the
most highly-stressed anchor, and concrete strength based on
group behavior, the design is performed on the basis of the
ratio of applied load to strength for the steel and concrete,
respectively.
For some structures, anchors provide the best locations
for energy dissipation in the nonlinear range of response.
The stretch length of the anchor, shown in Fig. R17.10.5.3,
D൵HFWV WKH ODWHUDO GLVSODFHPHQW FDSDFLW\ RI WKH VWUXFWXUH
WKHUHIRUH WKDW OHQJWK QHHGV WR EH VX൶FLHQW VXFK WKDW WKH
displacement associated with the design-basis earthquake
can be achieved (FEMA P750). Observations from earthquakes indicate that the provision of a stretch length of 8da
results in good structural performance. If the required stretch
OHQJWK LV FDOFXODWHG WKH UHODWLYH VWL൵QHVV RI WKH FRQQHFWHG
elements needs to be considered. When an anchor is subject
to load reversals, and its yielding length outside the concrete
exceeds 6da, buckling of the anchor in compression is likely.
Buckling can be restrained by placing the anchor in a tube.
However, care must be taken that the tube does not share
in resisting the tensile load assumed to act on the anchor.
For anchor bolts that are not threaded over their length, it is
important to ensure that yielding occurs over the unthreaded
portion of the bolt within the stretch length before failure in
WKHWKUHDGV7KLVLVDFFRPSOLVKHGE\PDLQWDLQLQJVX൶FLHQW
PDUJLQEHWZHHQWKHVSHFL¿HG\LHOGDQGWHQVLOHVWUHQJWKVRI
the bolt. It should be noted that the available stretch length
PD\EHDGYHUVHO\LQÀXHQFHGE\FRQVWUXFWLRQWHFKQLTXHV IRU
example, the addition of leveling nuts to the examples illustrated in Fig. R17.10.5.3).
In option (b), the anchor is designed for the tensile force
associated with the expected strength of the attachment.
Care must be taken in design to consider the consequences
RISRWHQWLDOGL൵HUHQFHVEHWZHHQWKHVSHFL¿HG\LHOGVWUHQJWK
and the expected strength of the attachment. An example
is the design of connections of intermediate precast walls
where a connection not designed to yield should develop at

(a) For single anchors, the concrete-governed strength
shall be greater than the steel strength of the anchor. For
anchor groups, the ratio of the tensile load on the most
highly stressed anchor to the steel strength of that anchor
shall be equal to or greater than the ratio of the tensile load
on anchors loaded in tension to the concrete-governed
strength of those anchors. In each case:
(i) The steel strength shall be taken as 1.2 times the
nominal steel strength of the anchor.
(ii) The concrete-governed strength shall be taken as
the nominal strength considering pullout, side-face
blowout, concrete breakout, and bond strength as applicable. For consideration of pullout in groups, the ratio
shall be calculated for the most highly stressed anchor.
,QDGGLWLRQWKHIROORZLQJVKDOOEHVDWLV¿HG
(iii) Anchors shall transmit tensile loads via a ductile
steel element with a stretch length of at least 8da unless
otherwise determined by analysis.
(iv) Anchors that resist load reversals shall be protected
against buckling.
(v) If connections are threaded and the ductile steel
elements are not threaded over their entire length, the
ratio of futa/fya shall be at least 1.3 unless the threaded
portions are upset. The upset portions shall not be
included in the stretch length.
(vi) Deformed reinforcing bars used as ductile steel
elements to resist earthquake-induced forces shall be in
accordance with the anchor reinforcement requirements
of 20.2.2.
(b) Anchor or anchor groups shall be designed for the
maximum tension that can be transmitted to the anchor or
group of anchors based on the development of a ductile
\LHOG PHFKDQLVP LQ WKH DWWDFKPHQW LQ WHQVLRQ ÀH[XUH
shear, or bearing, or a combination of those conditions,
considering both material overstrength and strain-hardHQLQJH൵HFWVIRUWKHDWWDFKPHQW7KHDQFKRUGHVLJQWHQVLOH
strength shall be calculated in accordance with 17.10.5.4.
(c) Anchor or anchor groups shall be designed for the
maximum tension that can be transmitted to the anchors
by a non-yielding attachment. The anchor design tensile
strength shall be calculated in accordance with 17.10.5.4.
(d) Anchor or anchor groups shall be designed for the
maximum tension obtained from factored load combinations that include E, with Eh increased by ȍo. The anchor
design tensile strength shall be calculated in accordance
with 17.10.5.4.
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least 1.5Sy, where Sy is the nominal strength of the yielding
HOHPHQW EDVHG RQ LWV VSHFL¿HG \LHOG VWUHQJWK UHIHU WR
18.5.2.2). Similarly, steel design manuals require structural
steel connections that are designated nonyielding and part of
the seismic load path to have design strengths that exceed a
multiple of the nominal strength. That multiple depends on
DIDFWRUUHODWLQJWKHOLNHO\DFWXDOWRVSHFL¿HG\LHOGVWUHQJWK
of the material and an additional factor exceeding unity to
account for material strain hardening. For attachments of
cold-formed steel or wood, similar principles should be used
to determine the expected strength of the attachment in order
to determine the required strength of the anchors.
Additional guidance on the use of options (a) through (d)
is provided in the 2009 edition of the NEHRP Recommended
Seismic Provisions for New Buildings and Other Structures
(FEMA P750). The design of anchors in accordance with
option (a) should be used only if the anchor yield behavior
LVZHOOGH¿QHGDQGLIWKHLQWHUDFWLRQRIWKH\LHOGLQJDQFKRU
with other elements in the load path has been adequately
addressed. For the design of anchors in accordance with
option (b), the force associated with yield of a steel attachment, such as an angle, baseplate, or web tab, should be the
H[SHFWHGVWUHQJWKUDWKHUWKDQWKHVSHFL¿HG\LHOGVWUHQJWKRI
the steel. Option (c) may apply to cases, such as the design
of sill bolts where crushing of the wood limits the force that
can be transferred to the bolt, or where the provisions of the
$PHULFDQ 1DWLRQDO 6WDQGDUGV ,QVWLWXWH$PHULFDQ ,QVWLWXWH
of Steel Construction (AISC) Code Seismic Provisions for
Structural Steel Buildings (AISC 341) specify design loads
based on member strengths.
Stretch length
Nut and washer
Anchor chair

Nut and washer

Stretch
length

Base plate
Grout pad

Base plate
Grout pad

Sleeve

(a) Anchor chair

(b) Sleeve

Fig. R17.10.5.3—Illustrations of stretch length.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Anchoring

COMMENTARY

17

CODE

275

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 4: JOINTS/CONNECTIONS/ANCHORS

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

17.10.5.4 The anchor design tensile strength shall be
calculated from (a) through (e) for the failure modes given
in Table 17.5.2 assuming the concrete is cracked unless it
can be demonstrated that the concrete remains uncracked.

R17.10.5.4 The reduced anchor nominal tensile strengths
associated with concrete failure modes is to account for
increased cracking and spalling in the concrete resulting
IURPHDUWKTXDNHH൵HFWV%HFDXVHHDUWKTXDNHUHVLVWDQWGHVLJQ
generally assumes that all or portions of the structure are
loaded beyond yield, it is likely that the concrete is cracked
throughout for the purpose of calculating anchor strength.
In locations where it can be demonstrated that the concrete
does not crack, uncracked concrete may be assumed in
calculating anchor strength as governed by concrete failure
modes.

(a) ࢥNsa for a single anchor, or for the most highly stressed
individual anchor in an anchor group
(b) ࢥNcb or ࢥNcbg, except that Ncb or Ncbg need
not be calculated if anchor reinforcement satisfying
17.5.2.1(a) is provided
(c) ࢥNpn for a single anchor or for the most highly
stressed individual anchor in an anchor group
(d) ࢥNsb or ࢥNsbg
(e) ࢥNa or ࢥNag
ZKHUHࢥLVLQDFFRUGDQFHZLWK
17.10.5.5 If anchor reinforcement is provided in accordance with 17.5.2.1(a), no reduction in design tensile
strength beyond that given in 17.5.2.1 shall be required.

17.10.6 6KHDUGHVLJQUHTXLUHPHQWV

R17.10.5.5 If anchor reinforcement conforming to 17.5.2.1a
LV XVHG ZLWK WKH SURSHUWLHV DV GH¿QHG LQ 20.2.2.5, separation of the potential breakout from the substrate is unlikely
to occur provided the anchor reinforcement is designed for a
force exceeding the concrete breakout strength.
R17.10.6 6KHDUGHVLJQUHTXLUHPHQWV

17.10.6.1 If the shear component of the strength-level
earthquake-induced force applied to a single anchor or
anchor group does not exceed 20 percent of the total factored
anchor shear associated with the same load combination, it
shall be permitted to design a single anchor or anchor group
in accordance with 17.7 and the shear strength requirements
of 17.5.2.

R17.10.6.1 The requirements of 17.10.6.3 need not apply
if the applied earthquake-induced shear is a small fraction of
the total factored shear.

17.10.6.2 If the shear component of the strength-level
earthquake-induced force applied to anchors exceeds 20
percent of the total factored anchor shear associated with the
same load combination, anchors and their attachments shall
be designed in accordance with 17.10.6.3. The anchor design
shear strength for resisting earthquake-induced forces shall
be determined in accordance with 17.7.

R17.10.6.2 If the shear component of the earthquakeinduced force applied to the anchor exceeds 20 percent of
the total anchor shear force, three options are recognized to
determine the required shear strength to protect the anchor
or anchor group against premature shear failure.

17.10.6.3 Anchors and their attachments shall satisfy (a),
(b) or (c).

R17.10.6.3 Option (a) of 17.10.5.3 is not permitted for
shear because the cross section of the steel element of the
DQFKRU FDQQRW EH FRQ¿JXUHG VR WKDW VWHHO IDLOXUH LQ VKHDU
provides any meaningful degree of ductility.
Design of the anchor or anchor group for the strength
associated with force-limiting mechanisms under option (b),
such as the bearing strength at holes in a steel attachment
or the combined crushing and bearing strength for wood
members, may be particularly relevant. Tests on typical
anchor bolt connections for wood-framed structural walls
(Fennel et al. 2009) demonstrated that wood components
attached to concrete with minimum edge distances exhibLWHGGXFWLOHEHKDYLRU:RRG³\LHOG´ FUXVKLQJ ZDVWKH¿UVW
limiting state and resulted in nail slippage in shear. Nail

(a) Anchor or anchor groups shall be designed for the
maximum shear that can be transmitted to the anchor or
anchor groups based on the development of a ductile yield
PHFKDQLVPLQWKHDWWDFKPHQWLQWHQVLRQÀH[XUHVKHDURU
bearing, or a combination of those conditions, and considering both material overstrength and strain-hardening
H൵HFWVLQWKHDWWDFKPHQW
(b) Anchor or anchor groups shall be designed for the
maximum shear that can be transmitted to the anchors by
a non-yielding attachment.
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(c) Anchor or anchor groups shall be designed for the
maximum shear obtained from factored load combinations that include E, with Eh increased by ȍo.

slippage combined with bolt bending provided the required
ductility and toughness for the structural walls and limited
WKHORDGVDFWLQJRQWKHEROWV3URFHGXUHVIRUGH¿QLQJEHDULQJ
and shear limit states for connections to cold-formed steel
are described in AISI S100, and examples of strength
calculations are provided in the AISI manual (AISI D100).
In such cases, exceeding the bearing strength may lead to
tearing and an unacceptable loss of connectivity. If anchors
are located far from edges, it may not be possible to design
such that anchor reinforcement controls the anchor strength.
In such cases, anchors should be designed for overstrength
in accordance with option (c).

17.10.6.4 If anchor reinforcement is provided in accordance with 17.5.2.1(b), no reduction in design shear strength
beyond that given in 17.5.2.1 shall be required.

R17.10.6.4 If anchor reinforcement conforming to
ELVXVHGZLWKWKHSURSHUWLHVDVGH¿QHGLQ20.2.2.5,
separation of the potential breakout from the substrate is
unlikely to occur provided the anchor reinforcement is
designed for a force exceeding the concrete breakout
strength.

17.10.7 Tension and shear interaction
17.10.7.1 Single anchors or anchor groups that resist both
tensile and shear forces shall be designed in accordance with
17.8, and the anchor design tensile strength calculated in
accordance with 17.10.5.4.
17.11—Attachments with shear lugs
17.11.1 General

R17.11—Attachments with shear lugs
R17.11.1 General

17.11.1.1 It is permitted to design attachments with shear
lugs in accordance with 17.11.1.1.1 through 17.11.1.1.9.
Alternatively, it is permitted to design using alternative methods if adequate strength and load transfer can be
demonstrated by analysis or tests.

R17.11.1.1 The provisions of 17.11 cover concrete failure
modes of attachments with shear lugs. These provisions do
not cover the steel or welding design of the attachment base
plate or shear lugs.
Attachments with shear lugs may be embedded in castin-place or precast concrete, or post-installed by using a
blockout in the concrete that receives the shear lug and is
WKHQ ¿OOHG ZLWK D ÀXLG QRQVKULQN JURXW DV VKRZQ LQ )LJ
R17.11.1.1a. Base plates with anchors provide moment
resistance, which prevents pryout action on the shear lugs.
Attachments with embedded shapes and without base plates
and anchors, which must resist moment by pryout action on
the embedment, are not covered in this section.
Bearing strength in shear refers to the strength prior to
concrete fracture in front of the shear lug. Bearing failure
occurs at small displacements (Cook and Michler 2017).
)ROORZLQJEHDULQJIDLOXUHWKHUHLVDVLJQL¿FDQWGHFUHDVHLQ
strength and increase in lateral displacement leading eventually to steel failure of the anchors (Fig. R17.11.1.1b) at
lateral displacements at least an order of magnitude greater
than that corresponding to bearing failure.
Types of attachments with shear lugs that satisfy 17.11.1.1.1
through 17.11.1.1.9 are shown in Fig. R17.11.1.1a. Shear
OXJV WKDW DUH GL൵HUHQW WKDQ WKRVH FRYHUHG LQ 
through 17.11.1.1.9, such as shear lugs composed of steel

17.11.1.1.1 Shear lugs shall be constructed of rectangular
plates, or steel shapes composed of plate-like elements,
welded to an attachment base plate.
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pipe or attachments with shear lugs where the top of plate
is located below the concrete surface, can be used provided
adequate strength and load transfer can be demonstrated by
analysis or tests.

Plan

Inspection / vent holes

Plan

Grout
Shear lugs
hsl
hef

Csl

Csl

Elevation

Elevation

(a) Cast-in-place

(b) Post-installed

Fig. R17.11.1.1a²([DPSOHVRIDWWDFKPHQWVZLWKVKHDUOXJV
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Fracture progression
just prior to bearing failure
(a) Just prior to bearing failure

(b) Just prior to anchor steel failure
Fig. R17.11.1.1b—Bearing failure and subsequent anchor
VWHHOIDLOXUHIRUHPEHGGHGSODWHZLWKVKHDUOXJ LIFRQFUHWH
EUHDNRXWLVQRWDSSOLFDEOH
17.11.1.1.2 A minimum of four anchors shall be provided
that satisfy the requirements of Chapter 17 with the exception of the requirements of 17.5.1.2(f), (g), and (h) and the
corresponding requirements of Table 17.5.2 for steel strength
of anchors in shear, concrete breakout strength of anchors in
shear, and concrete pryout strength of anchors in shear.
17.11.1.1.3 For anchors welded to the attachment base
plate, tension and shear interaction requirements of 17.8
shall include a portion of the total shear on the anchor.

R17.11.1.1.3 Although neglected in the bearing strength
evaluation in 17.11.2, welded anchors resist a portion of the
shear load because they displace the same as the shear lug.
The portion of the applied shear, Vu, that each anchor carries,
Vua,i, is given by
Vua ,i

⎛
⎞
2d a2
Vu ⎜
2⎟
⎝ Aef , sl n 2d a ⎠

7KHH൵HFWLYHEHDULQJDUHDRIDQDQFKRULVDVVXPHGWREH
WKHGLDPHWHURIWKHDQFKRUPXOWLSOLHGE\DQH൵HFWLYHEHDULQJ
depth of twice its diameter (Cook and Michler 2017). The
bearing reaction on the anchor is not large enough to fail
the anchor in shear alone but does need to be considered in
tension and shear interaction for steel failure (refer to 17.8).
17.11.1.1.4%HDULQJVWUHQJWKLQVKHDUVKDOOVDWLVI\ࢥVbrg,sl
Vu with ࢥ .
17.11.1.1.5 Nominal bearing strength in shear, Vbrg,sl, shall
be determined by 17.11.2.
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17.11.1.1.6 Concrete breakout strength of the shear lug
shall satisfy ࢥVcb,slVu with ࢥ .
17.11.1.1.7 Nominal concrete breakout strength, Vcb,sl,
shall be determined by 17.11.3.
17.11.1.1.8 For attachments with anchors in tension, both
D DQG E VKDOOEHVDWLV¿HG
(a) hef /hsl
(b) hef /csl

R17.11.1.1.8 The lower bound limitations on the ratios
of anchor embedment depth to shear lug embedment depth
and anchor embedment depth to the distance between the
centerline of the anchors in tension and the centerline of the
shear lug in the direction of shear are based on available test
data. The required lower limits reduce potential interaction
between concrete breakout of the anchors in tension and
bearing failure in shear of the shear lug.

17.11.1.1.9 The moment from the couple developed by
the bearing reaction on the shear lug and the shear shall be
considered in the design of the anchors for tension.

R17.11.1.1.9 The bearing reaction on shear lugs occurs
further below the surface of the concrete than the bearing
reaction on anchors and embedded plates. As a result, the
couple caused by the bearing reaction and the shear load
needs to be considered when determining anchor tension.

17.11.1.2 Horizontally installed steel base plates with
shear lugs shall have a minimum 1 in. diameter hole along
each of the long sides of the shear lug.

R17.11.1.2 Base plate holes are necessary to verify proper
concrete or grout consolidation around the shear lug and to
avoid trapping air immediately below a horizontal plate.
Holes in the base plate should be placed close to each face
of the shear lug. For a single shear lug, place at least one
inspection hole near the center of each long side of the shear
lug. For a cruciform-shaped shear lug, four inspection holes
DUH UHFRPPHQGHG RQH SHU TXDGUDQW )RU RWKHU FRQ¿JXUDtions or long shear lug lengths, the licensed design professional should specify inspection hole locations that will
permit adequate observation and allow trapped air to escape.

17.11.2 %HDULQJ VWUHQJWK LQ VKHDU RI DWWDFKPHQWV ZLWK
shear lugs, Vbrg,sl

R17.11.2 %HDULQJ VWUHQJWK LQ VKHDU RI DWWDFKPHQWV ZLWK
shear lugs, Vbrg,sl

17.11.2.1 Nominal bearing strength in shear of a shear lug,
Vbrg,sl, shall be calculated as:

R17.11.2.1 The nominal bearing strength in shear of
a shear lug, Vbrg,sl, given by Eq. (17.11.2.1) is based on a
uniform bearing stress of 1.7fcƍDFWLQJRYHUWKHH൵HFWLYHDUHD
of the shear lug as discussed in Cook and Michler (2017).
Although the bearing strength in shear of attachments
with shear lugs is a function of bearing on the shear lug,
embedded plate (if present), and welded anchors (if present),
the method presented in 17.11.2 only includes the contribution of shear lugs. Cook and Michler (2017) discuss development of the method and a less conservative procedure to
include bearing on the embedded plate and welded anchors.

Vbrg,sl = 1.7fcƍAef,slȥbrg,sl
where ȥbrg,sl is given in 17.11.2.2.

(17.11.2.1)
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17.11.2.1.17KHH൵HFWLYHEHDULQJDUHDAef,sl, shall be below
the surface of the concrete, perpendicular to the applied
shear, and composed of areas according to (a) through (d):

R17.11.2.1.1 Figure R17.11.2.1.1 shows examples of
H൵HFWLYHEHDULQJDUHDV7KHH൵HFWLYHEHDULQJDUHDIRUVWL൵ened shear lugs is applicable to both welded plates and
steel shapes composed of plate-like elements in which case
WKH ZHE ZRXOG EH WKH VWL൵HQLQJ HOHPHQW 7KH OLPLW RI D
distance of 2tslLQGHWHUPLQLQJWKHH൵HFWLYHEHDULQJDUHDLV
described in Cook and Michler (2017).

(a) Bearing area of shear lugs located within 2tsl of the
bottom surface of the base plate if the top or bottom
VXUIDFH RI WKH EDVH SODWH LV ÀXVK ZLWK WKH VXUIDFH RI WKH
concrete
(b) Bearing area of shear lugs located within 2tsl of the
surface of the concrete if the base plate is above the
surface of the concrete
(c) Bearing area of shear lugs located within 2tsl of the
LQWHUIDFHZLWKVWL൵HQHUV
G %HDULQJDUHDRQWKHOHDGLQJHGJHRIVWL൵HQHUVEHORZ
the surface of the concrete

Direction of shear load

Plan

Plan
Grout

~
hsl

~

tsl

≥0.5hsl

Elevation parallel to load

tsl

Stiffeners

Elevation parallel to load

2tsl

~

~

Stiffener
Grout

Aef,sl

2tsl
Aef,sl

2tsl 2tsl

Elevation perpendicular to load

Elevation perpendicular to load
(a) Shear lug without stiffeners

(b) Post-installed shear lug with stiffeners

Note: Anchors and inspection holes not shown for clarity.

Fig. R17.11.2.1.1²([DPSOHVRIHৼHFWLYHEHDULQJDUHDVIRUDWWDFKPHQWVZLWKVKHDUOXJV
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17.11.2.2 Bearing factor, ȥbrg,sl
17.11.2.2.1 0RGL¿FDWLRQ IDFWRU ȥbrg,sl IRU WKH H൵HFWV RI
axial load, Pu, on bearing strength in shear, shall be determined by (a), (b), or (c):
(a) For applied axial tension:

ψ brg , sl = 1 +

Pu
≤ 1.0
n N sa

(17.11.2.2.1a)

where Pu is negative for tension and n is the number of
anchors in tension.
(b) For no applied axial load:
ȥbrg,sl = 1

(17.11.2.2.1b)

(c) For applied axial compression:
ψ brg , sl = 1 + 4

Pu
≤ 2.0
Abp f c′

(17.11.2.2.1c)

where Pu is positive for compression.
17.11.2.3,IXVHGWKHOHQJWKRIVKHDUOXJVWL൵HQHUVLQWKH
direction of the shear load shall not be less than 0.5hsl.
17.11.2.4 For attachments with multiple shear lugs
arranged perpendicular to the direction of applied shear, the
bearing strength of the individual shear lugs may be considered to be additive provided the shear stress on a shear plane
in the concrete at the bottom of the shear lugs, and extending
between the shear lugs, does not exceed 0.2fcƍ. The nominal
bearing strength of each individual lug shall be determined
E\(T  XVLQJWKHH൵HFWLYHDUHDRIWKHOXJ
17.11.3 Concrete breakout strength of shear lug, Vcb,sl
17.11.3.1 Nominal concrete breakout strength of a shear
lug for shear perpendicular to the edge, Vcb,sl, shall be determined from 17.7.2 using Eq. (17.7.2.1a), where Vb is calculated using Eq. (17.7.2.2.1b) with ca1 taken as the distance
from the bearing surface of the shear lug to the free edge and
where Avc is the projected area of the failure surface on the
side of the concrete member.
17.11.3.1.1 Avc is the projected concrete failure area on the
side face of the concrete that is approximated as the rectangular shape resulting from projecting horizontally 1.5ca1
from the edge of the shear lug and projecting vertically
1.5ca1IURPWKHHGJHRIWKHH൵HFWLYHGHSWKRIWKHVKHDUOXJ
hef,sl7KHH൵HFWLYHDUHDRIWKHVKHDUOXJAef,sl, shall not be
LQFOXGHG7KHH൵HFWLYHHPEHGPHQWGHSWKRIWKHVKHDUOXJ
hef,sl, shall be taken as the distance from the concrete surface
WRWKHERWWRPRIWKHH൵HFWLYHEHDULQJDUHDAef,sl.

R17.11.2.4 The limitation for considering multiple shear
OXJVWREHH൵HFWLYHLVEDVHGRQWKHPD[LPXPOLPLWVIRUVKHDU
friction in Table 22.9.4.4 and two tests reported in Rotz and
Reifschneider (1984). The area of the shear plane is the clear
distance between adjacent shear lugs measured in the direction of the applied shear multiplied by the width of the shear
lugs perpendicular to the applied shear.
R17.11.3 Concrete breakout strength of shear lug, Vcb,sl
R17.11.3.1 The method for evaluating concrete breakout
strength where shear is perpendicular to an edge is similar
WR WKDW XVHG LQ  IRU DQFKRUV7KH GL൵HUHQFH LV LQ WKH
determination of AVc, which is illustrated in Fig. R17.11.3.1.
7KHPHWKRGKDVEHHQFRQ¿UPHGE\WHVWVZKHUHWKHVKHDUOXJ
is concentrically loaded in shear (Gomez et al. 2009; Cook
and Michler 2017). With shear transferred by the shear lug,
embedded plate (if present), and welded anchors (if present),
the bearing surfaces all displace the same amount with
any incremental change in applied shear. This behavior is
similar to connections with anchors welded to steel attachments where concrete edge failure originates from the row
of anchors farthest from the edge. In anchorages with shear
OXJVWKHH൵HFWLYHFRQWULEXWLRQVWRFRQFUHWHEUHDNRXWVWUHQJWK
from the bearing areas of the shear lug and embedded plate
LISUHVHQW GRPLQDWHRYHUWKHFRQWULEXWLRQIURPWKHH൵HFWLYH
bearing area of anchors farther from the edge than the shear
lug. As a result, concrete breakout strength for the anchorage
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should be determined based on the concrete breakout surface
originating at the shear lug (Fig. R17.11.3.1).
The nominal concrete breakout strength of a shear lug is
based on Eq. (17.7.2.2.1b) for Vb that applies to concrete
edge failure in shear for large diameter anchors.

Anchoring

CODE
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Fig. R17.11.3.1²([DPSOHRIAVc for a shear lug near an edge.
17.11.3.2 Nominal concrete breakout strength of a
shear lug for shear parallel to the edge shall be permitted
to be determined in accordance with 17.7.2.1(c) using Eq.
(17.7.2.1(a)) with ca1 taken as the distance from the edge to
the center of the shear lug and with ȥec,V taken as 1.0.

R17.11.3.2 The concrete breakout strength for shear
lugs loaded parallel to the edge is based on 17.7.2.1(c) for
concrete failure with load applied parallel to the free edge,
assuming shear lug breakout behavior is similar to that of a
single anchor.

17.11.3.3 For shear lugs located at a corner, the limiting
concrete breakout strength shall be determined for each
edge, and the minimum value shall be used.

R17.11.3.3 The concrete breakout strength for shear lugs
located near a corner is based on 17.7.2.1(d) for anchors.

17.11.3.4 For cases with multiple shear lugs, the concrete
breakout strength shall be determined for each potential
breakout surface.

R17.11.3.4 The concrete breakout strength for multiple
shear lugs is based on R17.7.2.1 and shown in Fig. R17.7.2.1b
Case 1 and Case 2.
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18.1—Scope
18.1.1 This chapter shall apply to the design of nonprestressed and prestressed concrete structures assigned to
Seismic Design Categories (SDC) B through F, including,
where applicable:

R18.1—Scope
Chapter 18 does not apply to structures assigned to
Seismic Design Category (SDC) A. For structures assigned
to SDC B and C, Chapter 18 applies to structural systems
designated as part of the seismic-force-resisting system. For
structures assigned to SDC D through F, Chapter 18 applies
to both structural systems designated as part of the seismicforce-resisting system and structural systems not designated
as part of the seismic-force-resisting system.
Chapter 18 contains provisions considered to be the
minimum requirements for a cast-in-place or precast
concrete structure capable of sustaining a series of oscillations into the inelastic range of response without critical
deterioration in strength. The integrity of the structure in the
inelastic range of response should be maintained because
WKHGHVLJQHDUWKTXDNHIRUFHVGH¿QHGLQGRFXPHQWVVXFKDV
$6&(6(, , the 2018 IBC, the UBC (ICBO 1997), and
the NEHRP (FEMA P749) provisions are considered less
than those corresponding to linear response at the anticipated earthquake intensity (FEMA P749; Blume et al. 1961;
Clough 1960; Gulkan and Sozen 1974).
The design philosophy in Chapter 18 is for cast-in-place
concrete structures to respond in the nonlinear range when
subjected to design-level ground motions, with decreased
VWL൵QHVV DQG LQFUHDVHG HQHUJ\ GLVVLSDWLRQ EXW ZLWKRXW FULWical strength decay. Precast concrete structures designed in
accordance with Chapter 18 are intended to emulate castin-place construction, except 18.5, 18.9.2.3, and 18.11.2.2,
which permit precast construction with alternative yielding
PHFKDQLVPV 7KH FRPELQDWLRQ RI UHGXFHG VWL൵QHVV DQG
increased energy dissipation tends to reduce the response
accelerations and lateral inertia forces relative to values that
would occur were the structure to remain linearly elastic and
lightly damped (Gulkan and Sozen 1974). Thus, the use of
GHVLJQIRUFHVUHSUHVHQWLQJHDUWKTXDNHH൵HFWVVXFKDVWKRVH
LQ $6&(6(,  UHTXLUHV WKDW WKH VHLVPLFIRUFHUHVLVWLQJ
system retain a substantial portion of its strength into the
inelastic range under displacement reversals.
The provisions of Chapter 18 relate detailing requirements to type of structural framing and SDC. Seismic design
FDWHJRULHVDUHDGRSWHGGLUHFWO\IURP$6&(6(,DQGUHODWH
to considerations of seismic hazard level, soil type, occupancy, and use. Before the 2008 Code, low, intermediate,
and high seismic risk designations were used to delineate
detailing requirements. For a qualitative comparison of
seismic design categories and seismic risk designations,
refer to Table R5.2.2. The assignment of a structure to a SDC
is regulated by the general building code (refer to 4.4.6.1).

(a) Structural systems designated as part of the seismicforce-resisting system, including diaphragms, moment
frames, structural walls, and foundations
(b) Members not designated as part of the seismic-forceresisting system but required to support other loads while
undergoing deformations associated with earthquake
H൵HFWV
18.1.2 Structures designed according to the provisions
of this chapter are intended to resist earthquake motions
through ductile inelastic response of selected members.

18.2—General
18.2.1 6WUXFWXUDOV\VWHPV
18.2.1.1 All structures shall be assigned to a SDC in accordance with 4.4.6.1.

R18.2—General
Structures assigned to SDC A need not satisfy requirements of Chapter 18 but must satisfy all other applicable
requirements of this Code. Structures assigned to Seismic
Design Categories B through F must satisfy requirements of
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18.2.1.2 All members shall satisfy Chapters 1 to 17 and
19 to 26. Structures assigned to SDC B, C, D, E, or F also
shall satisfy 18.2.1.3 through 18.2.1.7, as applicable. Where
&KDSWHU  FRQÀLFWV ZLWK RWKHU FKDSWHUV RI WKLV &RGH
Chapter 18 shall govern.

Chapter 18 in addition to all other applicable requirements
of this Code.
Sections 18.2.1.3 through 18.2.1.5 identify those parts of
Chapter 18 that apply to the building based on its assigned
SDC, regardless of the vertical elements of the seismicforce-resisting system. $6&(6(,GH¿QHVWKHSHUPLVVLEOH
vertical elements of the seismic-force-resisting system and
applies where adopted. The remaining commentary of R18.2
summarizes the intent of ACI 318 regarding which vertical
elements should be permissible in a building considering
LWV 6'& 6HFWLRQ  GH¿QHV WKH UHTXLUHPHQWV IRU WKH
vertical elements of the seismic-force-resisting system.
The design and detailing requirements should be compatible with the level of inelastic response assumed in the calculation of the design earthquake forces. The terms “ordinary,”
“intermediate,” and “special” are used to facilitate this
compatibility. For any given structural element or system,
the terms “ordinary,” “intermediate,” and “special,” refer
to increasing requirements for detailing and proportioning,
with expectations of increased deformation capacity. Structures assigned to SDC B are not expected to be subjected
to strong ground motion, but instead are expected to experience low levels of ground motion at long time intervals.
This Code provides some requirements for beam-column
ordinary moment frames to improve deformation capacity.
Structures assigned to SDC C may be subjected to moderately strong ground motion. The designated seismic-forceresisting system typically comprises some combination of
ordinary cast-in-place structural walls, intermediate precast
structural walls, and intermediate moment frames. The
general building code also may contain provisions for use
of other seismic-force-resisting systems in SDC C. ProviVLRQ  GH¿QHV UHTXLUHPHQWV IRU ZKDWHYHU V\VWHP LV
selected.
Structures assigned to SDC D, E, or F may be subjected to
strong ground motion. It is the intent of ACI Committee 318
that the seismic-force-resisting system of structural concrete
buildings assigned to SDC D, E, or F be provided by special
moment frames, special structural walls, or a combination
of the two. In addition to 18.2.2 through 18.2.8, these structures also are required to satisfy requirements for continuous
inspection (26.13.1.3), diaphragms and trusses (18.12), foundations (18.13), and gravity-load-resisting elements that are
not designated as part of the seismic-force-resisting system
(18.14). These provisions have been developed to provide
the structure with adequate deformation capacity for the
high demands expected for these seismic design categories.
The general building code may also permit the use of intermediate moment frames as part of dual systems for some
buildings assigned to SDC D, E, or F. It is not the intent
of ACI Committee 318 to recommend the use of intermediate moment frames as part of moment-resisting frame or
dual systems in SDC D, E, or F. The general building code
may also permit substantiated alternative or nonprescriptive
designs or, with various supplementary provisions, the use

18.2.1.3 Structures assigned to SDC B shall satisfy 18.2.2.
18.2.1.4 Structures assigned to SDC C shall satisfy 18.2.2,
18.2.3, and 18.13.
18.2.1.5 Structures assigned to SDC D, E, or F shall satisfy
18.2.2 through 18.2.8 and 18.12 through 18.14.
18.2.1.6 Structural systems designated as part of the
seismic-force-resisting system shall be restricted to those
designated by the general building code, or determined by
other authority having jurisdiction in areas without a legally
adopted building code. Except for SDC A, for which Chapter
GRHVQRWDSSO\ D WKURXJK K VKDOOEHVDWLV¿HGIRUHDFK
structural system designated as part of the seismic-forceresisting system, in addition to 18.2.1.3 through 18.2.1.5:
(a) Ordinary moment frames shall satisfy 18.3
(b) Ordinary reinforced concrete structural walls need
not satisfy any detailing provisions in Chapter 18, unless
required by 18.2.1.3 or 18.2.1.4
(c) Intermediate moment frames shall satisfy 18.4
(d) Intermediate precast walls shall satisfy 18.5
(e) Special moment frames shall satisfy 18.2.3 through
18.2.8 and 18.6 through 18.8
(f) Special moment frames constructed using precast
concrete shall satisfy 18.2.3 through 18.2.8 and 18.9
(g) Special structural walls shall satisfy 18.2.3 through
18.2.8 and 18.10
(h) Special structural walls constructed using precast
concrete shall satisfy 18.2.3 through 18.2.8 and 18.11
18.2.1.7 A reinforced concrete structural system not satisfying this chapter shall be permitted if it is demonstrated by
experimental evidence and analysis that the proposed system
will have strength and toughness equal to or exceeding those
provided by a comparable reinforced concrete structure
satisfying this chapter.
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of ordinary or intermediate systems for nonbuilding structures in the higher seismic design categories. These are not
the typical applications that were considered in the writing
of this chapter, but wherever the term “ordinary or intermediate moment frame” is used in reference to reinforced
concrete, 18.3 or 18.4 apply.
Table R18.2 summarizes the applicability of the provisions of Chapter 18 as they are typically applied when using
the minimum requirements in the various seismic design
categories. Where special systems are used for structures in
SDC B or C, it is not required to satisfy the requirements
RI  DOWKRXJK LW VKRXOG EH YHUL¿HG WKDW PHPEHUV QRW
designated as part of the seismic-force-resisting system will
be stable under design displacements.
Table R18.2—Sections of Chapter 18 to be
satisfied in typical applications[1]
Component
resisting
HDUWKTXDNHH൵HFW
A
unless otherwise
(None)
noted

SDC

B
(18.2.1.3)

C
(18.2.1.4)

D, E, F
(18.2.1.5)

Analysis and design
requirements

18.2.2

18.2.2

18.2.2,
18.2.4

Materials

None

None

18.2.5
through
18.2.8

Frame members

18.3

18.4

18.6 through
18.9

Structural walls and
coupling beams

None

None

18.10

None

18.5

18.5[2], 18.11

Diaphragms and
trusses

None

18.12

18.12

Foundations

None

18.13

18.13

Frame members not
designated as part of
the seismic-forceresisting system

None

Anchors

None

Precast structural
walls

None

None

18.2.3

18.14

18.2.3

[1]

In addition to requirements of Chapters 1 through 17, 19 through 26, and ACI 318.2,
H[FHSWDVPRGL¿HGE\&KDSWHU6HFWLRQDOVRDSSOLHVLQ6'&'(DQG)
[2]

As permitted by the general building code.

The proportioning and detailing requirements in Chapter
 DUH EDVHG SUHGRPLQDQWO\ RQ ¿HOG DQG ODERUDWRU\ H[SHrience with monolithic reinforced concrete building structures and precast concrete building structures designed
and detailed to behave like monolithic building structures.
Extrapolation of these requirements to other types of cast-inplace or precast concrete structures should be based on evidence
SURYLGHGE\¿HOGH[SHULHQFHWHVWVRUDQDO\VLV7KHDFFHSWDQFH
criteria for moment frames given in ACI 374.1 can be used in
conjunction with Chapter 18 to demonstrate that the strength,
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energy dissipation capacity, and deformation capacity of a
proposed frame system equals or exceeds that provided by a
comparable monolithic concrete system. ACI ITG-5.1 provides
similar information for precast wall systems.
The toughness requirement in 18.2.1.7 refers to the
requirement to maintain structural integrity of the entire
seismic-force-resisting system at lateral displacements
anticipated for the maximum considered earthquake motion.
Depending on the energy-dissipation characteristics of the
structural system used, such displacements may be larger
than for a monolithic reinforced concrete structure satisfying
the prescriptive provisions of other parts of this Code.

18.2.2 $QDO\VLVDQGSURSRUWLRQLQJRIVWUXFWXUDOPHPEHUV
18.2.2.1 The interaction of all structural and nonstructural
PHPEHUVWKDWD൵HFWWKHOLQHDUDQGQRQOLQHDUUHVSRQVHRIWKH
structure to earthquake motions shall be considered in the
analysis.
18.2.2.2 Rigid members assumed not to be a part of the
seismic-force-resisting system shall be permitted provided
WKHLU H൵HFW RQ WKH UHVSRQVH RI WKH V\VWHP LV FRQVLGHUHG LQ
the structural design. Consequences of failure of structural
and nonstructural members that are not a part of the seismicforce-resisting system shall be considered.
18.2.2.3 Structural members extending below the base of
structure that are required to transmit forces resulting from
HDUWKTXDNHH൵HFWVWRWKHIRXQGDWLRQVKDOOFRPSO\ZLWKWKH
requirements of Chapter 18 that are consistent with the
seismic-force-resisting system above the base of structure.

R18.2.2 $QDO\VLVDQGSURSRUWLRQLQJRIVWUXFWXUDOPHPEHUV
It is assumed that the distribution of required strength to the
various components of a seismic-force-resisting system will
be determined from the analysis of a linearly elastic model of
the system acted upon by the factored forces, as required by
the general building code. If nonlinear response history analyses are to be used, base motions should be selected after a
detailed study of the site conditions and local seismic history.
Because the basis for earthquake-resistant design admits
nonlinear response, it is necessary to investigate the stability of
the seismic-force-resisting system, as well as its interaction with
other structural and nonstructural members, under expected
lateral displacements corresponding to maximum considered
earthquake ground motion. For lateral displacement calculations, assuming all the structural members to be fully cracked is
likely to lead to better estimates of the possible drift than using
XQFUDFNHGVWL൵QHVVIRUDOOPHPEHUV7KHDQDO\VLVDVVXPSWLRQV
described in 6.6.3.1PD\EHXVHGWRHVWLPDWHODWHUDOGHÀHFWLRQV
of reinforced concrete building systems.
The main objective of Chapter 18 is the safety of the structure. The intent of 18.2.2.1 and 18.2.2.2 is to draw attenWLRQWRWKHLQÀXHQFHRIQRQVWUXFWXUDOPHPEHUVRQVWUXFWXUDO
response and to hazards from falling objects.
Section 18.2.2.3 serves as an alert that the base of structure as
GH¿QHGLQDQDO\VLVPD\QRWQHFHVVDULO\FRUUHVSRQGWRWKHIRXQdation or ground level. Details of columns and walls extending
below the base of structure to the foundation are required to be
consistent with those above the base of structure.
In selecting member sizes for earthquake-resistant structures, it is important to consider constructibility problems
related to congestion of reinforcement. The design should
be such that all reinforcement can be assembled and placed
in the proper location and that concrete can be cast and
consolidated properly. Using the upper limits of permitted
reinforcement ratios may lead to construction problems.

18.2.3 Anchoring to concrete
18.2.3.1 Anchors resisting earthquake-induced forces in
structures assigned to SDC C, D, E, or F shall be in accordance with 17.10.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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R18.2.4 Strength reduction factors

18.2.4.1 Strength reduction factors shall be in accordance
with Chapter 21.

R18.2.4.1 Chapter 21 contains strength reduction factors
for all members, joints, and connections of earthquake-resisWDQW VWUXFWXUHV LQFOXGLQJ VSHFL¿F SURYLVLRQV LQ 21.2.4 for
buildings that use special moment frames, special structural
walls, and intermediate precast walls.

18.2.5 &RQFUHWH LQ VSHFLDO PRPHQW IUDPHV DQG VSHFLDO
structural walls

R18.2.5 &RQFUHWHLQVSHFLDOPRPHQWIUDPHVDQGVSHFLDO
structural walls

18.2.5.1 6SHFL¿HG FRPSUHVVLYH VWUHQJWK RI FRQFUHWH LQ
special moment frames and special structural walls shall be
in accordance with the special seismic systems requirements
of Table 19.2.1.1.

Requirements of this section refer to concrete quality
in frames and walls that resist earthquake-induced forces.
7KH PD[LPXP VSHFL¿HG FRPSUHVVLYH VWUHQJWK RI OLJKWweight concrete to be used in structural design calculations is limited to 5000 psi, primarily because of paucity
RIH[SHULPHQWDODQG¿HOGGDWDRQWKHEHKDYLRURIPHPEHUV
made with lightweight concrete subjected to displacement
reversals in the nonlinear range. If convincing evidence is
GHYHORSHGIRUDVSHFL¿FDSSOLFDWLRQWKHOLPLWRQPD[LPXP
VSHFL¿HGFRPSUHVVLYHVWUHQJWKRIOLJKWZHLJKWFRQFUHWHPD\
EHLQFUHDVHGWRDOHYHOMXVWL¿HGE\WKHHYLGHQFH

18.2.6 5HLQIRUFHPHQW LQ VSHFLDO PRPHQW IUDPHV DQG
special structural walls

R18.2.6 5HLQIRUFHPHQW LQ VSHFLDO PRPHQW IUDPHV DQG
special structural walls

18.2.6.1 Reinforcement in special moment frames and
special structural walls shall be in accordance with the
special seismic systems requirements of 20.2.2.

R18.2.6.1 Nonprestressed reinforcement for seismic
systems is required to meet 20.2.2.4 and 20.2.2.5. Starting
with ACI 318-19, ASTM A706 Grades 80 and 100 reinforcement is permitted to resist moments, axial, and shear forces
in special structural walls and all components of special
structural walls, including coupling beams and wall piers.
ASTM A706 Grade 80 reinforcement is also permitted in
special moment frames. Results of tests and analytical studies
presented in NIST (2014) and Sokoli and Ghannoum (2016)
indicate that properly detailed beams and columns of special
moment frames with ASTM A706 Grade 80 reinforcement
exhibit strength and deformation capacities similar to those
of members reinforced with Grade 60 reinforcement. The
use of Grade 100 reinforcement is not allowed in special
PRPHQWIUDPHVEHFDXVHWKHUHLVLQVX൶FLHQWGDWDWRGHPRQstrate satisfactory seismic performance.
To allow the use of ASTM A706 Grade 80 and 100 reinforcement, the 2019 Code includes limits for spacing of
transverse reinforcement to provide adequate longitudinal
bar support to control longitudinal bar buckling. In special
moment frames, the use of Grade 80 reinforcement requires
increased joint depths to prevent excessive slip of beam bars
passing through beam-column joints (18.8.2.3).
The requirement for a tensile strength greater than the yield
strength of the reinforcement (20.2.2.5, Table 20.2.1.3(b)) is
based on the assumption that the capability of a structural
member to develop inelastic rotation capacity is a function of the length of the yield region along the axis of the
member. In interpreting experimental results, the length of
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the yield region has been related to the relative magnitudes
of nominal and yield moments (ACI 352R). According to
this interpretation, the greater the ratio of nominal to yield
moment, the longer the yield region. Chapter 20 requires
that the ratio of actual tensile strength to actual yield strength
be at least 1.25 for ASTM A615 Grade 60.
The restrictions on the value of fyt apply to all types of
transverse reinforcement, including spirals, circular hoops,
rectilinear hoops, and crossties. Research results (Budek
et al. 2002; Muguruma and Watanabe 1990; Sugano et
al. 1990) indicate that higher yield strengths can be used
H൵HFWLYHO\ DV FRQ¿QHPHQW UHLQIRUFHPHQW DV VSHFL¿HG LQ
18.7.5.4. The increases to 80,000 psi and 100,000 psi for
shear design of some special seismic system members is
based on research indicating the design shear strength can be
developed (Wallace 1998; Aoyama 2001; Budek et al. 2002;
Sokoli and Ghannoum 2016; Cheng et al. 2016; Huq et al.
2018; Weber-Kamin et al. 2019). The 60,000 psi restriction
on the value of fyt for deformed bar in 20.2.2.4 for calculating nominal shear strength is intended to limit the width
of shear cracks at service-level loads. Service-level cracking
is not a concern in members of the seismic-force-resisting
system subjected to design-level earthquake forces.

18.2.7 0HFKDQLFDOVSOLFHVLQVSHFLDOPRPHQWIUDPHVDQG
special structural walls

R18.2.7 0HFKDQLFDOVSOLFHVLQVSHFLDOPRPHQWIUDPHVDQG
special structural walls
In a structure undergoing inelastic deformations during
an earthquake, the tensile stresses in reinforcement may
approach the tensile strength of the reinforcement. The
requirements for Type 2 mechanical splices are intended to
avoid a splice failure when the reinforcement is subjected to
expected stress levels in yielding regions. Type 1 mechanical
splices on any grade of reinforcement and Type 2 mechanical splices on Grade 80 and Grade 100 reinforcement may
not be capable of resisting the stress levels expected in
yielding regions. The locations of these mechanical splices
are restricted because tensile stresses in reinforcement in
yielding regions can exceed the strength requirements of
18.2.7.1. The restriction on all Type 1 mechanical splices
and on Type 2 mechanical splices on Grade 80 and Grade
100 reinforcement applies to all reinforcement resisting
HDUWKTXDNHH൵HFWVLQFOXGLQJWUDQVYHUVHUHLQIRUFHPHQW
Recommended detailing practice would preclude the
use of splices in regions of potential yielding in members
UHVLVWLQJHDUWKTXDNHH൵HFWV,IXVHRIPHFKDQLFDOVSOLFHVLQ
regions of potential yielding cannot be avoided, there should
be documentation on the actual strength characteristics of the
bars to be spliced, on the force-deformation characteristics
of the spliced bar, and on the ability of the mechanical splice
WREHXVHGWRPHHWWKHVSHFL¿HGSHUIRUPDQFHUHTXLUHPHQWV
$OWKRXJKPHFKDQLFDOVSOLFHVDVGH¿QHGE\QHHGQRW
be staggered, staggering is encouraged and may be necessary
for constructibility or provide enough space around the splice
for installation or to meet the clear spacing requirements.
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18 Seismic

18.2.7.10HFKDQLFDOVSOLFHVVKDOOEHFODVVL¿HGDV D RU E 
D 7\SH±0HFKDQLFDOVSOLFHFRQIRUPLQJWR25.5.7
E 7\SH±0HFKDQLFDOVSOLFHFRQIRUPLQJWRDQG
FDSDEOHRIGHYHORSLQJWKHVSHFL¿HGWHQVLOHVWUHQJWKRIWKH
spliced bars
18.2.7.2 Except for Type 2 mechanical splices on Grade
60 reinforcement, mechanical splices shall not be located
within a distance equal to twice the member depth from the
column or beam face for special moment frames or from
critical sections where yielding of the reinforcement is likely
to occur as a result of lateral displacements beyond the linear
range of behavior. Type 2 mechanical splices on Grade 60
reinforcement shall be permitted at any location, except as
noted in 18.9.2.1(c).
18.2.8 :HOGHG VSOLFHV LQ VSHFLDO PRPHQW IUDPHV DQG
special structural walls

R18.2.8 :HOGHG VSOLFHV LQ VSHFLDO PRPHQW IUDPHV DQG
special structural walls

18.2.8.1 Welded splices in reinforcement resisting earthquake-induced forces shall conform to 25.5.7 and shall not
be located within a distance equal to twice the member depth
from the column or beam face for special moment frames or
from critical sections where yielding of the reinforcement is
likely to occur as a result of lateral displacements beyond the
linear range of behavior.

R18.2.8.1 Welding of reinforcement should be in accordance with AWS D1.4 as required in Chapter 26. The locations of welded splices are restricted because reinforcement
tension stresses in yielding regions can exceed the strength
requirements of 25.5.7. The restriction on welded splices
DSSOLHV WR DOO UHLQIRUFHPHQW UHVLVWLQJ HDUWKTXDNH H൵HFWV
including transverse reinforcement.

18.2.8.2 Welding of stirrups, ties, inserts, or other similar
elements to longitudinal reinforcement required by design
shall not be permitted.

R18.2.8.2 Welding of crossing reinforcing bars can lead
to local embrittlement of the steel. If welding of crossing
bars is used to facilitate fabrication or placement of reinforcement, it should be done only on bars added for such
purposes. The prohibition of welding crossing reinforcing
bars does not apply to bars that are welded with welding
operations under continuous, competent control, as in the
manufacture of welded-wire reinforcement.

18.3—Ordinary moment frames
18.3.1 Scope

R18.3—Ordinary moment frames
This section applies only to ordinary moment frames
assigned to SDC B. The provisions for beam reinforcement
are intended to improve continuity in the framing members
and thereby improve lateral force resistance and structural
integrity; these provisions do not apply to slab-column
moment frames. The provisions for columns are intended to
provide additional capacity to resist shear for columns with
proportions that would otherwise make them more susceptible to shear failure under earthquake loading.

18.3.1.1 This section shall apply to ordinary moment
frames forming part of the seismic-force-resisting system.
18.3.2 Beams shall have at least two continuous bars at
both top and bottom faces. Continuous bottom bars shall
have area not less than one-fourth the maximum area of
bottom bars along the span. These bars shall be anchored to
develop fy in tension at the face of support.
18.3.3 Columns having unsupported length Ɛuc1 shall
have ࢥVn at least the lesser of (a) and (b):
(a) The shear associated with development of nominal
moment strengths of the column at each restrained end of
the unsupported length due to reverse curvature bending.
&ROXPQÀH[XUDOVWUHQJWKVKDOOEHFDOFXODWHGIRUWKHIDFWRUHG
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axial force, consistent with the direction of the lateral forces
FRQVLGHUHGUHVXOWLQJLQWKHKLJKHVWÀH[XUDOVWUHQJWK
(b) The maximum shear obtained from design load combinations that include E, with ȍoE substituted for E.
18.3.4 Beam-column joints shall satisfy Chapter 15 with
joint shear Vu calculated on a plane at mid-height of the joint
using tensile and compressive beam forces and column shear
consistent with beam nominal moment strengths Mn.
18.4—Intermediate moment frames
18.4.1 Scope
18.4.1.1 This section shall apply to intermediate moment
frames including two-way slabs without beams forming part
of the seismic-force-resisting system.

R18.4—Intermediate moment frames
The objective of the requirements in 18.4.2.3 and 18.4.3.1
is to reduce the risk of failure in shear in beams and columns
during an earthquake. Two options are provided to determine the factored shear force.
R18.4.2 %HDPV

18.4.2 %HDPV
18.4.2.1 Beams shall have at least two continuous bars
at both top and bottom faces. Continuous bottom bars shall
have area not less than one-fourth the maximum area of
bottom bars along the span. These bars shall be anchored to
develop fy in tension at the face of support.
18.4.2.2 The positive moment strength at the face of the
joint shall be at least one-third the negative moment strength
provided at that face of the joint. Neither the negative nor the
positive moment strength at any section along the length of
WKHEHDPVKDOOEHOHVVWKDQRQH¿IWKWKHPD[LPXPPRPHQW
strength provided at the face of either joint.
ࢥVn shall be at least the lesser of (a) and (b):
(a) The sum of the shear associated with development of
nominal moment strengths of the beam at each restrained
end of the clear span due to reverse curvature bending and
the shear calculated for factored gravity and vertical earthquake loads
(b) The maximum shear obtained from design load
combinations that include E, with E taken as twice that
prescribed by the general building code
18.4.2.4 At both ends of the beam, hoops shall be provided
over a length of at least 2h measured from the face of the
VXSSRUWLQJPHPEHUWRZDUGPLGVSDQ7KH¿UVWKRRSVKDOOEH
located not more than 2 in. from the face of the supporting
member. Spacing of hoops shall not exceed the smallest of
(a) through (d):
(a) d/4
(b) Eight times the diameter of the smallest longitudinal
bar enclosed
(c) 24 times the diameter of the hoop bar

According to 18.4.2.3(a), the factored shear force is
determined from a free-body diagram obtained by cutting
through the beam ends, with end moments assumed equal
to the nominal moment strengths acting in reverse curvature bending, both clockwise and counterclockwise. Figure
R18.4.2 demonstrates only one of the two options that are to
be considered for every beam. To determine the maximum
beam shear, it is assumed that its nominal moment strengths
(ࢥ  for moment) are developed simultaneously at both
ends of its clear span. As indicated in Fig. R18.4.2, the shear
associated with this condition [(MQƐ + Mnr)/Ɛn] is added
algebraically to the shear due to the factored gravity loads
DQGYHUWLFDOHDUWKTXDNHH൵HFWVWRREWDLQWKHGHVLJQVKHDUIRU
the beam. For the example shown, dead load, live load, and
snow load have been assumed to be uniformly distributed.
7KH¿JXUHDOVRVKRZVWKDWYHUWLFDOHDUWKTXDNHH൵HFWVDUHWR
be included, as is typically required by the general building
code. For example, $6&(6(, requires vertical earthquake
H൵HFWV0.2SDS, to be included.
Provision 18.4.2.3(b) bases Vu on the load combination
LQFOXGLQJWKHHDUWKTXDNHH൵HFWE, which should be doubled.
)RUH[DPSOHWKHORDGFRPELQDWLRQGH¿QHGE\(T H 
would be
U = 1.2D + 2.0E + 1.0L + 0.2S
where ELVWKHYDOXHVSHFL¿HGE\WKHJHQHUDOEXLOGLQJFRGH
The factor of 1.0 applied to L is allowed to be reduced to 0.5
in accordance with 5.3.3.
Transverse reinforcement at the ends of the beam is
required to be hoops. In most cases, transverse reinforcement required by 18.4.2.3 for the design shear force will be
more than those required by 18.4.2.4.
Beams may be subjected to axial compressive force due
to prestressing or applied loads. The additional requirements
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COMMENTARY
in 18.4.2.6 are intended to provide lateral support for beam
longitudinal reinforcement.

18.4.2.6 In beams having factored axial compressive
force exceeding Ag fcƍ, transverse reinforcement required
by 18.4.2.5 shall conform to 25.7.2.2 and either 25.7.2.3 or
25.7.2.4.

18 Seismic

18.4.2.5 Transverse reinforcement spacing shall not
exceed d/2 throughout the length of the beam.

Column

u

Beam

n
wu = (1.2 + 0.2SDS)D + 1.0L + 0.2S
Mnr

Mnl

n

Vul

Vur
Beam shear

Mnl + Mnr

Vu =

n

+

wu n
2

Pu
Mnt
Vu
Column shear

u
Vu
Mnb
Pu

Vu =

Mnt + Mnb

u

Fig. R18.4.2²'HVLJQ VKHDUV IRU LQWHUPHGLDWH PRPHQW
IUDPHV
R18.4.3 &ROXPQV

18.4.3 &ROXPQV
18.4.3.1 ࢥVn shall be at least the lesser of (a) and (b):
(a) The shear associated with development of nominal
moment strengths of the column at each restrained end of

According to 18.4.3.1(a), the factored shear force is
determined from a free-body diagram obtained by cutting
through the column ends, with end moments assumed equal
to the nominal moment strengths acting in reverse curva-
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the unsupported length due to reverse curvature bending.
&ROXPQ ÀH[XUDO VWUHQJWK VKDOO EH FDOFXODWHG IRU WKH
factored axial force, consistent with the direction of the
ODWHUDOIRUFHVFRQVLGHUHGUHVXOWLQJLQWKHKLJKHVWÀH[XUDO
strength
(b) The maximum shear obtained from factored load
combinations that include E, with ȍoE substituted for E
18.4.3.2 Columns shall be spirally reinforced in accordance with Chapter 10 or shall be in accordance with
18.4.3.3 through 18.4.3.5. Provision 18.4.3.6 shall apply to
DOOFROXPQVVXSSRUWLQJGLVFRQWLQXRXVVWL൵PHPEHUV
18.4.3.3 At both ends of the column, hoops shall be provided
at spacing so over a length Ɛo measured from the joint face.
Spacing so shall not exceed the least of (a) through (c):
(a) For Grade 60, the smaller of 8db of the smallest longitudinal bar enclosed and 8 in.
(b) For Grade 80, the smaller of 6db of the smallest longitudinal bar enclosed and 6 in.
(c) One-half of the smallest cross-sectional dimension of
the column
Length Ɛo shall not be less than the longest of (d), (e), and (f):

COMMENTARY
ture bending, both clockwise and counterclockwise. Figure
R18.4.2 demonstrates only one of the two options that are to
be considered for every column. The factored axial force Pu
should be chosen to develop the largest moment strength of
the column within the range of design axial forces. Provision
18.4.3.1(b) for columns is similar to 18.4.2.3(b) for beams
except it bases Vu on load combinations including the earthTXDNHH൵HFWE, with E increased by the overstrength factor
ȍo rather than the factor 2.0. In $6&(6(,, ȍo = 3.0 for
intermediate moment frames. The higher factor for columns
relative to beams is because of greater concerns about shear
failures in columns.
Transverse reinforcement at the ends of columns is
required to be spirals or hoops. The amount of transverse
reinforcement at the ends must satisfy both 18.4.3.1 and
18.4.3.2. Note that hoops require seismic hooks at both
ends. The maximum spacing allowed for hoops is intended
to inhibit or delay buckling of longitudinal reinforcement.
'LVFRQWLQXRXV VWUXFWXUDO ZDOOV DQG RWKHU VWL൵ PHPEHUV
can impose large axial forces on supporting columns during
earthquakes. The required transverse reinforcement in
18.4.3.6 is to improve column toughness under anticipated
demands. The factored axial compressive force related to
HDUWKTXDNHH൵HFWVKRXOGLQFOXGHWKHIDFWRUȍo if required by
the general building code.

(d) One-sixth of the clear span of the column
(e) Maximum cross-sectional dimension of the column
(f) 18 in.
18.4.3.47KH¿UVWKRRSVKDOOEHORFDWHGQRWPRUHWKDQso /2
from the joint face.
18.4.3.5 Outside of length Ɛo, spacing of transverse reinforcement shall be in accordance with 10.7.6.5.2.
18.4.3.6 Columns supporting reactions from discontinXRXV VWL൵ PHPEHUV VXFK DV ZDOOV VKDOO EH SURYLGHG ZLWK
transverse reinforcement at the spacing so in accordance with
18.4.3.3 over the full height beneath the level at which the
discontinuity occurs if the portion of factored axial compresVLYH IRUFH LQ WKHVH PHPEHUV UHODWHG WR HDUWKTXDNH H൵HFWV
exceeds Ag fcƍ ,I GHVLJQ IRUFHV KDYH EHHQ PDJQL¿HG WR
account for the overstrength of the vertical elements of the
seismic-force-resisting system, the limit of Ag fcƍ shall be
increased to Ag fcƍ. Transverse reinforcement shall extend
above and below the column in accordance with 18.7.5.6(b).
18.4.4 Joints

R18.4.4 Joints

18.4.4.1 Beam-column joints shall satisfy the detailing requirements of 15.3.1.2, 15.3.1.3, and 18.4.4.2 through 18.4.4.5.
18.4.4.2 If a beam framing into the joint and generating
joint shear has depth exceeding twice the column depth,

R18.4.4.2 )RU MRLQWV LQ ZKLFK WKH EHDP GHSWK LV VLJQL¿cantly greater than the column depth, a diagonal strut between
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analysis and design of the joint shall be based on the strutand-tie method in accordance with Chapter 23 and (a) and
E VKDOOEHVDWLV¿HG

WKHMRLQWFRUQHUVPD\QRWEHH൵HFWLYH7KHUHIRUHWKH&RGH
requires that joints in which the beam depth exceeds twice
the column depth be designed using the strut-and-tie method
of Chapter 23.

(a) Design joint shear strength determined in accordance
with Chapter 23VKDOOQRWH[FHHGࢥVn calculated in accordance with 15.4.2.
(b) Detailing requirements of 18.4.4.3 through 18.4.4.5
VKDOOEHVDWLV¿HG
18.4.4.3 Longitudinal reinforcement terminated in a
joint shall extend to the far face of the joint core and shall
be developed in tension in accordance with 18.8.5 and in
compression in accordance with 25.4.9.

R18.4.4.3 Refer to R18.8.2.2.

18.4.4.4 Spacing of joint transverse reinforcement s shall
not exceed the lesser of 18.4.3.3(a) through (c) within the
height of the deepest beam framing into the joint.

R18.4.4.4 The maximum spacing of transverse reinforcement within a joint is consistent with the spacing limits for
reinforcement in columns of intermediate moment frames.

18.4.4.5 Where the top beam longitudinal reinforcement
consists of headed deformed bars that terminate in the joint,
the column shall extend above the top of the joint a distance
at least the depth h of the joint. Alternatively, the beam reinforcement shall be enclosed by additional vertical joint reinIRUFHPHQWSURYLGLQJHTXLYDOHQWFRQ¿QHPHQWWRWKHWRSIDFH
of the joint.

R18.4.4.5 This provision refers to a knee joint in which
beam reinforcement terminates with headed deformed bars.
6XFK MRLQWV UHTXLUH FRQ¿QHPHQW RI WKH KHDGHG EHDP EDUV
DORQJ WKH WRS IDFH RI WKH MRLQW 7KLV FRQ¿QHPHQW FDQ EH
provided by either (a) a column that extends above the top
of the joint or (b) vertical reinforcement hooked around the
beam top reinforcing bars and extending downward into the
joint in addition to the column longitudinal reinforcement.
Detailing guidance and design recommendations for vertical
joint reinforcement may be found in ACI 352R.

18.4.4.6 Slab-column joints shall satisfy transverse reinforcement requirements of 15.3.2. Where slab-column joint
transverse reinforcement is required, at least one layer of
joint transverse reinforcement shall be placed between the
top and bottom slab reinforcement.
18.4.4.7 6KHDU VWUHQJWK UHTXLUHPHQWV IRU EHDPFROXPQ
joints

18.4.4.7 6KHDU VWUHQJWK UHTXLUHPHQWV IRU EHDPFROXPQ
joints

18.4.4.7.1 Design shear strength of cast-in-place beamcolumn joints shall satisfy:
ࢥVnVu
18.4.4.7.2 Vu of the joint shall be determined in accordance with 18.3.4.

R18.4.4.7.2 Factored joint shear force is determined
assuming that beams framing into the joint develop end
moments equal to their nominal moment strengths. ConseTXHQWO\MRLQWVKHDUIRUFHJHQHUDWHGE\WKHÀH[XUDOUHLQIRUFHment is calculated for a stress of fy in the reinforcement.
This is consistent with 18.4.2 and 18.4.3 for determination
of minimum design shear strength in beams and columns of
intermediate moment frames.

18.4.4.7.3 ࢥ shall be in accordance with 21.2.1 for shear.
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18.4.4.7.4 Vn of the joint shall be in accordance with
18.8.4.3.
18.4.5 7ZRZD\VODEVZLWKRXWEHDPV
18.4.5.1 Factored slab moment at the support including
HDUWKTXDNHH൵HFWVE, shall be calculated for load combinations given in Eq. (5.3.1e) and (5.3.1g). Reinforcement to
resist MscVKDOOEHSODFHGZLWKLQWKHFROXPQVWULSGH¿QHGLQ
8.4.1.5.
18.4.5.25HLQIRUFHPHQWSODFHGZLWKLQWKHH൵HFWLYHZLGWK
given in 8.4.2.2.3 shall be designed to resist Ȗf Msc (൵HFtive slab width for exterior and corner connections shall not
extend beyond the column face a distance greater than ct
measured perpendicular to the slab span.
18.4.5.3 At least one-half of the reinforcement in the
FROXPQVWULSDWWKHVXSSRUWVKDOOEHSODFHGZLWKLQWKHH൵HFtive slab width given in 8.4.2.2.3.
18.4.5.4 At least one-fourth of the top reinforcement at the
support in the column strip shall be continuous throughout
the span.

R18.4.5 7ZRZD\VODEVZLWKRXWEHDPV
Section 18.4.5 applies to two-way slabs without beams,
VXFKDVÀDWSODWHV
Using load combinations of Eq. (5.3.1e) and (5.3.1g) may
result in moments requiring top and bottom reinforcement at
the supports.
The moment Msc refers, for a given design load combination with E acting in one horizontal direction, to that
portion of the factored slab moment that is balanced by the
supporting members at a joint. It is not necessarily equal to
the total design moment at the support for a load combination
LQFOXGLQJ HDUWKTXDNH H൵HFW ,Q DFFRUGDQFH ZLWK 8.4.2.2.3,
only a fraction of the moment Msc is assigned to the slab
H൵HFWLYH ZLGWK )RU HGJH DQG FRUQHU FRQQHFWLRQV ÀH[XUDO
reinforcement perpendicular to the edge is not considered
IXOO\ H൵HFWLYH XQOHVV LW LV SODFHG ZLWKLQ WKH H൵HFWLYH VODE
width (ACI 352.1R; Pan and Moehle 1989). Refer to Fig.
R18.4.5.1.
Application of the provisions of 18.4.5 is illustrated in
Fig. R18.4.5.2 and R18.4.5.3.

18.4.5.5 Continuous bottom reinforcement in the column
strip shall be at least one-third of the top reinforcement at the
support in the column strip.
18.4.5.6 At least one-half of all bottom middle strip reinforcement and all bottom column strip reinforcement at
midspan shall be continuous and shall develop fy at the face
of columns, capitals, brackets, or walls.
18.4.5.7 At discontinuous edges of the slab, all top and
bottom reinforcement at the support shall be developed at
the face of columns, capitals, brackets, or walls.
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Slab, thickness = h

Column

1.5h ≤ ct

Effective
width

c2
≤ 45°

1.5h ≤ ct

Yield line
ct
c1
Direction of moment
(a) Edge connection

Column

Edge

Slab,
thickness = h

c2
1.5h ≤ ct

≤ 45°

Effective
width

Yield line
Edge

ct
c1
Direction of moment

(b) Corner connection
Fig. R18.4.5.1²(ৼHFWLYH ZLGWK IRU UHLQIRUFHPHQW SODFHPHQWLQHGJHDQGFRUQHUFRQQHFWLRQV
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Column
Column strip

c2a

c2a + 3h

All reinforcement
to resist Msc to be
placed in column
strip (18.4.5.1)

Reinforcement to resist γfMsc (18.4.5.2),
but not less than half of reinforcement in
column strip (18.4.5.3)
Note: Applies to both top and bottom reinforcement

Fig. R18.4.5.2²/RFDWLRQRIUHLQIRUFHPHQWLQVODEV
Not less than one-fourth
of top reinforcement at
support (18.4.5.4)

Not less than one-third of
top reinforcement at support
Top and bottom reinforcement to
be developed (18.4.5.6 and 18.4.5.7)

Column strip
Top and bottom reinforcement
to be developed

Not less than half bottom
reinforcement at mid-span
(18.4.5.6)

Middle strip
Fig. R18.4.5.3²$UUDQJHPHQWRIUHLQIRUFHPHQWLQVODEV
18.4.5.8 $W WKH FULWLFDO VHFWLRQV IRU FROXPQV GH¿QHG LQ
22.6.4.1, two-way shear stress caused by factored gravity
loads without moment transfer shall not exceed ࢥvc for
nonprestressed slab-column connections and ࢥvc for
unbonded post-tensioned slab-column connections with
fpc in each direction meeting the requirements of 8.6.2.1,
where vc shall be calculated in accordance with 22.6.5. This
UHTXLUHPHQWQHHGQRWEHVDWLV¿HGLIWKHVODEFROXPQFRQQHFWLRQVDWLV¿HV

R18.4.5.8 The requirements apply to two-way slabs that
are designated part of the seismic-force-resisting system.
Nonprestressed slab-column connections in laboratory tests
(Pan and Moehle 1989) exhibited reduced lateral displacement ductility when the shear stress at the column connection
exceeded the recommended limit of ࢥvc. Based on laboratory test data (Kang and Wallace 2006; Kang et al. 2007),
a higher maximum factored gravity shear stress of 0.5ࢥvc is
allowed for unbonded post-tensioned slab-column connections with fpc in each direction meeting the requirements of
8.6.2.1. Post-tensioned slab-column connections with fpc in
each direction not meeting the requirements of 8.6.2.1 can
be designed as nonprestressed slab-column connections in
accordance with 8.2.3. Slab-column connections also must
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299

COMMENTARY

18.5—Intermediate precast structural walls
18.5.1 Scope
18.5.1.1 This section shall apply to intermediate precast structural walls forming part of the seismic-force-resisting system.
18.5.2 General

R18.5—Intermediate precast structural walls
Connections between precast wall panels or between
wall panels and the foundation are required to resist forces
induced by earthquake motions and to provide for yielding
in the vicinity of connections. If mechanical splices are used
to directly connect primary reinforcement, the probable
strength of the splice should be at least 1.5 times the speci¿HG\LHOGVWUHQJWKRIWKHUHLQIRUFHPHQW

18.5.2.1 In connections between wall panels, or between
wall panels and the foundation, yielding shall be restricted to
steel elements or reinforcement.
18.5.2.2 For elements of the connection that are not
designed to yield, the required strength shall be based on
1.5Sy of the yielding portion of the connection.
18.5.2.3 In structures assigned to SDC D, E, or F, wall
piers shall be designed in accordance with 18.10.8 or 18.14.
18.6—Beams of special moment frames
18.6.1 Scope

R18.6—Beams of special moment frames
R18.6.1 Scope

18.6.1.1 This section shall apply to beams of special moment
frames that form part of the seismic-force-resisting system and
DUHSURSRUWLRQHGSULPDULO\WRUHVLVWÀH[XUHDQGVKHDU

This section applies to beams of special moment frames
resisting lateral loads induced by earthquake motions. In
previous Codes, any frame member subjected to a factored
axial compressive force exceeding (Ag fcƍ) under any
load combination was to be proportioned and detailed as
described in 18.7. In the 2014 Code, all requirements for
beams are contained in 18.6 regardless of the magnitude of
axial compressive force.
This Code is written with the assumption that special
moment frames comprise horizontal beams and vertical
columns interconnected by beam-column joints. It is acceptable for beams and columns to be inclined provided the
resulting system behaves as a frame—that is, lateral resistance is provided primarily by moment transfer between
beams and columns rather than by strut or brace action. In
special moment frames, it is acceptable to design beams to
resist combined moment and axial force as occurs in beams
that act both as moment frame members and as chords or
collectors of a diaphragm. It is acceptable for beams of
special moment frames to cantilever beyond columns, but
such cantilevers are not part of the special moment frame
that forms part of the seismic-force-resisting system. It is
acceptable for beams of a special moment frame to connect
into a wall boundary if the boundary is reinforced as a
special moment frame column in accordance with 18.7.
A concrete braced frame, in which lateral resistance is
provided primarily by axial forces in beams and columns, is
not a recognized seismic-force-resisting system.

18.6.1.2 Beams of special moment frames shall frame into
columns of special moment frames satisfying 18.7.
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18.6.2 'LPHQVLRQDOOLPLWV

COMMENTARY
R18.6.2 'LPHQVLRQDOOLPLWV

18.6.2.1 Beams shall satisfy (a) through (c):
(a) Clear span Ɛn shall be at least 4d
(b) Width bw shall be at least the lesser of 0.3h and 10 in.
(c) Projection of the beam width beyond the width of the
supporting column on each side shall not exceed the lesser
of c2 and 0.75c1.

Experimental evidence (Hirosawa 1977) indicates that,
under reversals of displacement into the nonlinear range,
behavior of continuous members having length-to-depth
UDWLRVRIOHVVWKDQLVVLJQL¿FDQWO\GL൵HUHQWIURPWKHEHKDYLRU
of relatively slender members. Design rules derived from
experience with relatively slender members do not apply
directly to members with length-to-depth ratios less than 4,
especially with respect to shear strength.
Geometric constraints indicated in 18.6.2.1(b) and (c) were
derived from practice and research (ACI 352R) on reinforced
concrete frames resisting earthquake-induced forces. The limits
LQ F GH¿QHWKHPD[LPXPEHDPZLGWKWKDWFDQH൵HFtively transfer forces into the beam-column joint. An example
RIPD[LPXPH൵HFWLYHEHDPZLGWKLVVKRZQLQ)LJ5

Direction of
analysis

Transverse reinforcement through
the column to confine beam
longitudinal reinforcement passing
outside the column core

c1
A

A
c2

Plan
Not greater than the smaller
of c2 and 0.75c1

bw
Section A-A

Fig. R18.6.2²0D[LPXPHৼHFWLYHZLGWKRIZLGHEHDPDQG
UHTXLUHGWUDQVYHUVHUHLQIRUFHPHQW
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18.6.3 /RQJLWXGLQDOUHLQIRUFHPHQW
18.6.3.1 Beams shall have at least two continuous bars at
both top and bottom faces. At any section, for top as well as
for bottom reinforcement, the amount of reinforcement shall
be at least that required by 9.6.1.2, and the reinforcement
ratio ȡ shall not exceed 0.025 for Grade 60 reinforcement
and 0.02 for Grade 80 reinforcement.

COMMENTARY
R18.6.3 /RQJLWXGLQDOUHLQIRUFHPHQW
R18.6.3.1 The limiting reinforcement ratios of 0.025 and
0.02 are based primarily on considerations of providing
adequate deformation capacity, avoiding reinforcement
congestion, and, indirectly, on limiting shear stresses in
beams of typical proportions.

18.6.3.2 Positive moment strength at joint face shall be at
least one-half the negative moment strength provided at that
face of the joint. Both the negative and the positive moment
strength at any section along member length shall be at least
one-fourth the maximum moment strength provided at face
of either joint.
18.6.3.3 Lap splices of deformed longitudinal reinforcement shall be permitted if hoop or spiral reinforcement is
provided over the lap length. Spacing of the transverse reinforcement enclosing the lap-spliced bars shall not exceed the
lesser of d/4 and 4 in. Lap splices shall not be used in locations (a) through (c):

R18.6.3.3 Lap splices of reinforcement are prohibited
DORQJOHQJWKVZKHUHÀH[XUDO\LHOGLQJLVDQWLFLSDWHGEHFDXVH
such splices are not reliable under conditions of cyclic
loading into the inelastic range. Transverse reinforcement
for lap splices at any location is mandatory because of the
SRWHQWLDORIFRQFUHWHFRYHUVSDOOLQJDQGWKHQHHGWRFRQ¿QH
the splice.

(a) Within the joints
(b) Within a distance of twice the beam depth from the
face of the joint
(c) Within a distance of twice the beam depth from critLFDOVHFWLRQVZKHUHÀH[XUDO\LHOGLQJLVOLNHO\WRRFFXUDV
a result of lateral displacements beyond the elastic range
of behavior
18.6.3.4 Mechanical splices shall conform to 18.2.7 and
welded splices shall conform to 18.2.8.
18.6.3.5 Unless used in a special moment frame as permitted
by 18.9.2.3, prestressing shall satisfy (a) through (d):
(a) The average prestress fpc calculated for an area equal to
the least cross-sectional dimension of the beam multiplied
by the perpendicular cross-sectional dimension shall not
exceed the lesser of 500 psi and fcƍ.
(b) Prestressed reinforcement shall be unbonded in potential plastic hinge regions, and the calculated strains in
prestressed reinforcement under the design displacement
shall be less than 0.01.
(c) Prestressed reinforcement shall not contribute more
WKDQRQHIRXUWKRIWKHSRVLWLYHRUQHJDWLYHÀH[XUDOVWUHQJWK
at the critical section in a plastic hinge region and shall be
anchored at or beyond the exterior face of the joint.
(d) Anchorages of post-tensioning tendons resisting earthquake-induced forces shall be capable of allowing tendons
to withstand 50 cycles of loading, with prestressed reinforcement forces bounded by 40 and 85 percent of the
VSHFL¿HGWHQVLOHVWUHQJWKRIWKHSUHVWUHVVLQJUHLQIRUFHPHQW

R18.6.3.5 These provisions were developed, in part, based
on observations of building performance in earthquakes
(ACI 423.3R). For calculating the average prestress, the least
cross-sectional dimension in a beam normally is the web
GLPHQVLRQDQGLVQRWLQWHQGHGWRUHIHUWRWKHÀDQJHWKLFNness. In a potential plastic hinge region, the limitation on
strain and the requirement for unbonded tendons are intended
to prevent fracture of tendons under inelastic earthquake
deformation. Calculation of strain in the prestressed reinforcement is required considering the anticipated inelastic
mechanism of the structure. For prestressed reinforcement
unbonded along the full beam span, strains generally will
EHZHOOEHORZWKHVSHFL¿HGOLPLW)RUSUHVWUHVVHGUHLQIRUFHment with short unbonded length through or adjacent to the
joint, the additional strain due to earthquake deformation is
calculated as the product of the depth to the neutral axis and
the sum of plastic hinge rotations at the joint, divided by the
unbonded length.
7KH UHVWULFWLRQV RQ WKH ÀH[XUDO VWUHQJWK SURYLGHG E\ WKH
tendons are based on the results of analytical and experimental studies (Ishizuka and Hawkins 1987; Park and
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Thompson 1977). Although satisfactory seismic performance can be obtained with greater amounts of prestressed
reinforcement, this restriction is needed to allow the use of
WKHVDPHUHVSRQVHPRGL¿FDWLRQDQGGHÀHFWLRQDPSOL¿FDWLRQ
IDFWRUVDVWKRVHVSHFL¿HGLQPRGHOFRGHVIRUVSHFLDOPRPHQW
frames without prestressed reinforcement. Prestressed
special moment frames will generally contain continuous
prestressed reinforcement that is anchored with adequate
cover at or beyond the exterior face of each beam-column
connection located at the ends of the moment frame.
Fatigue testing for 50 cycles of loading between 40 and
SHUFHQWRIWKHVSHFL¿HGWHQVLOHVWUHQJWKRIWKHSUHVWUHVVHG
reinforcement has been a long-standing industry practice (ACI 423.3R; ACI 423.7). The 80 percent limit was
increased to 85 percent to correspond to the 1 percent limit
on the strain in prestressed reinforcement. Testing over this
range of stress is intended to conservatively simulate the
H൵HFW RI D VHYHUH HDUWKTXDNH$GGLWLRQDO GHWDLOV RQ WHVWLQJ
procedures are provided in ACI 423.7.

18.6.4 7UDQVYHUVHUHLQIRUFHPHQW
18.6.4.1 Hoops shall be provided in the following regions
of a beam:
(a) Over a length equal to twice the beam depth measured
from the face of the supporting column toward midspan,
at both ends of the beam
(b) Over lengths equal to twice the beam depth on both
VLGHVRIDVHFWLRQZKHUHÀH[XUDO\LHOGLQJLVOLNHO\WRRFFXU
as a result of lateral displacements beyond the elastic
range of behavior.
18.6.4.2 Where hoops are required, primary longitudinal
reinforcing bars closest to the tension and compression faces
shall have lateral support in accordance with 25.7.2.3 and
25.7.2.4 7KH VSDFLQJ RI WUDQVYHUVHO\ VXSSRUWHG ÀH[XUDO
reinforcing bars shall not exceed 14 in. Skin reinforcement
required by 9.7.2.3 need not be laterally supported.

R18.6.4 7UDQVYHUVHUHLQIRUFHPHQW
7UDQVYHUVHUHLQIRUFHPHQWLVUHTXLUHGSULPDULO\WRFRQ¿QH
the concrete and maintain lateral support for the reinforcing
bars in regions where yielding is expected. Examples of
hoops suitable for beams are shown in Fig. R18.6.4.
In earlier Code editions, the upper limit on hoop spacing
was the least of d/4, eight longitudinal bar diameters, 24 tie
bar diameters, and 12 in. The upper limits were changed in the
2011 edition because of concerns about adequacy of longituGLQDOEDUEXFNOLQJUHVWUDLQWDQGFRQ¿QHPHQWLQODUJHEHDPV
In the case of members with varying strength along the
span or members for which the permanent load represents a
large proportion of the total design load, concentrations of
inelastic rotation may occur within the span. If such a condition is anticipated, transverse reinforcement is also required
in regions where yielding is expected. Because spalling of
the concrete shell might occur, especially at and near regions
RIÀH[XUDO\LHOGLQJDOOZHEUHLQIRUFHPHQWLVUHTXLUHGWREH
provided in the form of closed hoops.

18.6.4.3 Hoops in beams shall be permitted to be made
up of two pieces of reinforcement: a stirrup having seismic
hooks at both ends and closed by a crosstie. Consecutive
crossties engaging the same longitudinal bar shall have their
GHJUHH KRRNV DW RSSRVLWH VLGHV RI WKH ÀH[XUDO PHPEHU
If the longitudinal reinforcing bars secured by the crossties
DUH FRQ¿QHG E\ D VODE RQ RQO\ RQH VLGH RI WKH EHDP WKH
90-degree hooks of the crossties shall be placed on that side.
18.6.4.47KH¿UVWKRRSVKDOOEHORFDWHGQRWPRUHWKDQLQ
from the face of a supporting column. Spacing of the hoops
shall not exceed the least of (a) through (d):
(a) d/4
(b) 6 in.
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(c) For Grade 60, 6db RI WKH VPDOOHVW SULPDU\ ÀH[XUDO
reinforcing bar excluding longitudinal skin reinforcement
required by 9.7.2.3
(d) For Grade 80, 5db RI WKH VPDOOHVW SULPDU\ ÀH[XUDO
reinforcing bar excluding longitudinal skin reinforcement
required by 9.7.2.3

COMMENTARY
Crosstie as defined in 25.3.5

18.6.4.7 In beams having factored axial compressive
force exceeding Ag fcƍ, hoops satisfying 18.7.5.2 through
18.7.5.4 shall be provided along lengths given in 18.6.4.1.
Along the remaining length, hoops satisfying 18.7.5.2 shall
have spacing s not exceeding the least of 6 in., 6db of the
smallest Grade 60 enclosed longitudinal beam bar, and
5db of the smallest Grade 80 enclosed longitudinal beam
bar. Where concrete cover over transverse reinforcement
exceeds 4 in., additional transverse reinforcement having
cover not exceeding 4 in. and spacing not exceeding 12 in.
shall be provided.

Detail B

6db ≥ 3 in.
extension
Consecutive crossties
engaging the same
longitudinal bars have
their 90-degree hooks on
opposite sides

18.6.4.5 Where hoops are required, they shall be designed
to resist shear according to 18.6.5.
18.6.4.6 Where hoops are not required, stirrups with
seismic hooks at both ends shall be spaced at a distance not
more than d/2 throughout the length of the beam.

6db extension

18 Seismic

CODE

303

Detail A

Detail C
B

A
C
A

C

Maximum
spacing between
bars restrained by
legs of crossties
or hoops = 14 in.
Fig. R18.6.4²([DPSOHVRIRYHUODSSLQJKRRSVDQGLOOXVWUDWLRQ RI OLPLW RQ PD[LPXP KRUL]RQWDO VSDFLQJ RI VXSSRUWHG
longitudinal bars.
R18.6.5 Shear strength

18.6.5 Shear strength
18.6.5.1 Design forces
The design shear force Ve shall be calculated from consideration of the forces on the portion of the beam between faces
of the joints. It shall be assumed that moments of opposite
VLJQFRUUHVSRQGLQJWRSUREDEOHÀH[XUDOVWUHQJWKMpr, act at
the joint faces and that the beam is loaded with the factored
gravity and vertical earthquake loads along its span.
18.6.5.2 7UDQVYHUVHUHLQIRUFHPHQW
7UDQVYHUVH UHLQIRUFHPHQW RYHU WKH OHQJWKV LGHQWL¿HG LQ
18.6.4.1 shall be designed to resist shear assuming Vc = 0
when both (a) and (b) occur:

Unless a beam possesses a moment strength that is on
the order of 3 or 4 times the design moment, it should be
DVVXPHGWKDWLWZLOO\LHOGLQÀH[XUHLQWKHHYHQWRIDPDMRU
earthquake. The design shear force should be selected so as
to be a good approximation of the maximum shear that may
develop in a member. Therefore, required shear strength
IRU IUDPH PHPEHUV LV UHODWHG WR ÀH[XUDO VWUHQJWKV RI WKH
designed member rather than to factored shear forces indicated by lateral load analysis. The conditions described by
DUHLOOXVWUDWHGLQ)LJ57KH¿JXUHDOVRVKRZV
WKDWYHUWLFDOHDUWKTXDNHH൵HFWVDUHWREHLQFOXGHGDVLVW\SLcally required by the general building code. For example,
$6&(6(,UHTXLUHVYHUWLFDOHDUWKTXDNHH൵HFWV0.2SDS, to
be included.
Because the actual yield strength of the longitudinal
UHLQIRUFHPHQWPD\ H[FHHGWKH VSHFL¿HG \LHOG VWUHQJWK DQG
because strain hardening of the reinforcement is likely to
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(a) The earthquake-induced shear force calculated in
accordance with 18.6.5.1 represents at least one-half of
the maximum required shear strength within those lengths.
(b) The factored axial compressive force Pu including
HDUWKTXDNHH൵HFWVLVOHVVWKDQAg fcƍ.

COMMENTARY
take place at a joint subjected to large rotations, required
shear strengths are determined using a stress of at least
1.25fy in the longitudinal reinforcement.
Experimental studies (Popov et al. 1972) of reinforced
concrete members subjected to cyclic loading have demonstrated that more shear reinforcement is required to ensure
D ÀH[XUDO IDLOXUH LI WKH PHPEHU LV VXEMHFWHG WR DOWHUQDWLQJ
nonlinear displacements than if the member is loaded in only
one direction: the necessary increase of shear reinforcement
being higher in the case of no axial load. This observation
LV UHÀHFWHG LQ WKH &RGH UHIHU WR   E\ HOLPLQDWLQJ
the term representing the contribution of concrete to shear
strength. The added conservatism on shear is deemed necesVDU\LQORFDWLRQVZKHUHSRWHQWLDOÀH[XUDOKLQJLQJPD\RFFXU
However, this stratagem, chosen for its relative simplicity,
should not be interpreted to mean that no concrete is
required to resist shear. On the contrary, it may be argued
that the concrete core resists all the shear with the shear
WUDQVYHUVH  UHLQIRUFHPHQW FRQ¿QLQJ DQG VWUHQJWKHQLQJ WKH
FRQFUHWH 7KH FRQ¿QHG FRQFUHWH FRUH SOD\V DQ LPSRUWDQW
role in the behavior of the beam and should not be reduced
to a minimum just because the design expression does not
explicitly recognize it.
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Pu
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Beam
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n

±

w u n
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Notes on Fig. R18.6.5:
1. Direction of shear force Ve depends on relative magnitudes
of gravity loads and shear generated by end moments.
2. End moments Mpr based on steel tensile stress of 1.25fy,
where fy is specified yield strength. (Both end moments
should be considered in both directions, clockwise and
counter-clockwise).
3. End moment Mpr for columns need not be greater than
moments generated by the Mpr of the beams framing into
the beam-column joints. Ve should not be less than that
required by analysis of the structure.

Fig. R18.6.5²'HVLJQVKHDUVIRUEHDPVDQGFROXPQV
18.7—Columns of special moment frames
18.7.1 Scope

R18.7—Columns of special moment frames
R18.7.1 Scope

18.7.1.1 This section shall apply to columns of special
moment frames that form part of the seismic-force-resisting
V\VWHP DQG DUH SURSRUWLRQHG SULPDULO\ WR UHVLVW ÀH[XUH
shear, and axial forces.

This section applies to columns of special moment frames
regardless of the magnitude of axial force. Before 2014, the
Code permitted columns with low levels of axial stress to be
detailed as beams.

18.7.2 'LPHQVLRQDOOLPLWV

R18.7.2 'LPHQVLRQDOOLPLWV

18.7.2.1 Columns shall satisfy (a) and (b):

The geometric constraints in this provision follow from
previous practice (Seismology Committee of SEAOC 1996).

(a) The shortest cross-sectional dimension, measured on a
straight line passing through the geometric centroid, shall
be at least 12 in.
(b) The ratio of the shortest cross-sectional dimension to
the perpendicular dimension shall be at least 0.4.
18.7.3 0LQLPXPÀH[XUDOVWUHQJWKRIFROXPQV
18.7.3.1 Columns shall satisfy 18.7.3.2 or 18.7.3.3, except
at connections where the column is discontinuous above the
connection and the column factored axial compressive force

R18.7.3 0LQLPXPÀH[XUDOVWUHQJWKRIFROXPQV
The intent of 18.7.3.2 is to reduce the likelihood of yielding
in columns that are considered as part of the seismic-forceresisting system. If columns are not stronger than beams
framing into a joint, there is increased likelihood of inelastic
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PuXQGHUORDGFRPELQDWLRQVLQFOXGLQJHDUWKTXDNHH൵HFWE,
are less than Ag fcƍ.

DFWLRQ,QWKHZRUVWFDVHRIZHDNFROXPQVÀH[XUDO\LHOGLQJ
can occur at both ends of all columns in a given story,
resulting in a column failure mechanism that can lead to
collapse. Connections with discontinuous columns above the
connection, such as roof-level connections, are exempted if
the column axial load is low, because special moment frame
columns with low axial stress are inherently ductile and
column yielding at such levels is unlikely to create a column
failure mechanism that can lead to collapse.
In 18.7.3.2, the nominal strengths of the beams and
columns are calculated at the joint faces, and those strengths
are compared directly using Eq. (18.7.3.2). The 1995 and
earlier Codes required design strengths to be compared at
the center of the joint, which typically produced similar
UHVXOWVEXWZLWKDGGHGFDOFXODWLRQH൵RUW
In determining the nominal moment strength of a beam
section in negative bending (top in tension), longitudinal
UHLQIRUFHPHQWFRQWDLQHGZLWKLQDQH൵HFWLYHÀDQJHZLGWKRID
top slab that acts monolithically with the beam increases the
beam strength. French and Moehle (1991), on beam-column
subassemblies under lateral loading, indicates that using the
H൵HFWLYH ÀDQJH ZLGWKV GH¿QHG LQ 6.3.2 gives reasonable
estimates of beam negative moment strengths of interior
connections at story displacements approaching 2 percent of
VWRU\KHLJKW7KLVH൵HFWLYHZLGWKLVFRQVHUYDWLYHZKHUHWKH
slab terminates in a weak spandrel.
,IFDQQRWEHVDWLV¿HGDWDMRLQWUHTXLUHV
that any positive contribution of the column or columns
LQYROYHGWRWKHODWHUDOVWUHQJWKDQGVWL൵QHVVRIWKHVWUXFWXUH
is to be ignored. Negative contributions of the column or
columns should not be ignored. For example, ignoring the
VWL൵QHVVRIWKHFROXPQVRXJKWQRWWREHXVHGDVDMXVWL¿FDtion for reducing the design base shear. If inclusion of those
columns in the analytical model of the building results in an
LQFUHDVHLQWRUVLRQDOH൵HFWVWKHLQFUHDVHVKRXOGEHFRQVLGered as required by the general building code. Furthermore,
the column must be provided with transverse reinforcement
to increase its resistance to shear and axial forces.

18.7.3.27KHÀH[XUDOVWUHQJWKVRIWKHFROXPQVVKDOOVDWLVI\
Mnc  Mnb

(18.7.3.2)

where
Mnc LV VXP RI QRPLQDO ÀH[XUDO VWUHQJWKV RI FROXPQV
framing into the joint, evaluated at the faces of the joint.
&ROXPQÀH[XUDOVWUHQJWKVKDOOEHFDOFXODWHGIRUWKHIDFWRUHG
axial force, consistent with the direction of the lateral forces
FRQVLGHUHGUHVXOWLQJLQWKHORZHVWÀH[XUDOVWUHQJWK
Mnb LV VXP RI QRPLQDO ÀH[XUDO VWUHQJWKV RI WKH EHDPV
framing into the joint, evaluated at the faces of the joint.
In T-beam construction, where the slab is in tension under
moments at the face of the joint, slab reinforcement within
DQH൵HFWLYHVODEZLGWKGH¿QHGLQDFFRUGDQFHZLWK6.3.2 shall
be assumed to contribute to Mnb if the slab reinforcement is
GHYHORSHGDWWKHFULWLFDOVHFWLRQIRUÀH[XUH
Flexural strengths shall be summed such that the column
moments oppose the beam moments. Equation (18.7.3.2)
VKDOOEHVDWLV¿HGIRUEHDPPRPHQWVDFWLQJLQERWKGLUHFWLRQV
in the vertical plane of the frame considered.
18.7.3.3 ,I  LV QRW VDWLV¿HG DW D MRLQW WKH ODWHUDO
VWUHQJWKDQGVWL൵QHVVRIWKHFROXPQVIUDPLQJLQWRWKDWMRLQW
VKDOOEHLJQRUHGZKHQFDOFXODWLQJVWUHQJWKDQGVWL൵QHVVRI
the structure. These columns shall conform to 18.14.

18.7.4 /RQJLWXGLQDOUHLQIRUFHPHQW
18.7.4.1 Area of longitudinal reinforcement, Ast, shall be
at least 0.01Ag and shall not exceed 0.06Ag.
18.7.4.2 In columns with circular hoops, there shall be at
least six longitudinal bars.

R18.7.4 /RQJLWXGLQDOUHLQIRUFHPHQW
The lower limit of the area of longitudinal reinforcement
is to control time-dependent deformations and to have the
yield moment exceed the cracking moment. The upper limit
RI WKH DUHD UHÀHFWV FRQFHUQ IRU UHLQIRUFHPHQW FRQJHVWLRQ
ORDG WUDQVIHU IURP ÀRRU HOHPHQWV WR FROXPQ HVSHFLDOO\ LQ
low-rise construction) and the development of high shear
stresses.
Spalling of the shell concrete, which is likely to occur
QHDUWKHHQGVRIWKHFROXPQLQIUDPHVRIW\SLFDOFRQ¿JXUDtion, makes lap splices in these locations vulnerable. If lap
splices are to be used at all, they should be located near the
midheight where stress reversal is likely to be limited to a
smaller stress range than at locations near the joints. Transverse reinforcement is required along the lap-splice length

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

306

COMMENTARY
because of the uncertainty in moment distributions along the
KHLJKWDQGWKHQHHGIRUFRQ¿QHPHQWRIODSVSOLFHVVXEMHFWHG
to stress reversals (Sivakumar et al. 1983).

18.7.4.3 Over column clear height, longitudinal reinforcement shall be selected such that 1.25ƐdƐu/2.

R18.7.4.3 Bond splitting failure along longitudinal bars
within the clear column height may occur under earthquake
demands (Ichinose 1995; Sokoli and Ghannoum 2016).
Splitting can be controlled by restricting longitudinal bar
size, increasing the amount of transverse reinforcement, or
increasing concrete strength, all of which reduce the development length of longitudinal bars (Ɛd) over column clear
height (Ɛu). Increasing the ratio of column-to-beam moment
strength at joints can reduce the inelastic demands on longitudinal bars in columns under earthquake demands.

18.7.4.4 Mechanical splices shall conform to 18.2.7 and
welded splices shall conform to 18.2.8. Lap splices shall be
permitted only within the center half of the member length,
shall be designed as tension lap splices, and shall be enclosed
within transverse reinforcement in accordance with 18.7.5.2
and 18.7.5.3.
18.7.5 7UDQVYHUVHUHLQIRUFHPHQW

R18.7.5 7UDQVYHUVHUHLQIRUFHPHQW
7KLVVHFWLRQLVFRQFHUQHGZLWKFRQ¿QLQJWKHFRQFUHWHDQG
providing lateral support to the longitudinal reinforcement.

18.7.5.1 Transverse reinforcement required in 18.7.5.2
through 18.7.5.4 shall be provided over a length Ɛo from each
MRLQW IDFH DQG RQ ERWK VLGHV RI DQ\ VHFWLRQ ZKHUH ÀH[XUDO
yielding is likely to occur as a result of lateral displacements
beyond the elastic range of behavior. Length Ɛo shall be at
least the greatest of (a) through (c):

R18.7.5.1 This section stipulates a minimum length over
which to provide closely-spaced transverse reinforcement at
WKHFROXPQHQGV ZKHUHÀH[XUDO\LHOGLQJQRUPDOO\RFFXUV
Research results indicate that the length should be increased
by 50 percent or more in locations, such as the base of a
EXLOGLQJ ZKHUH D[LDO ORDGV DQG ÀH[XUDO GHPDQGV PD\ EH
especially high (Watson et al. 1994).

(a) The depth of the column at the joint face or at the
VHFWLRQZKHUHÀH[XUDO\LHOGLQJLVOLNHO\WRRFFXU
(b) One-sixth of the clear span of the column
(c) 18 in.
18.7.5.2 Transverse reinforcement shall be in accordance
with (a) through (f):
(a) Transverse reinforcement shall comprise either single
or overlapping spirals, circular hoops, or single or overlapping rectilinear hoops with or without crossties.
(b) Bends of rectilinear hoops and crossties shall engage
peripheral longitudinal reinforcing bars.
(c) Crossties of the same or smaller bar size as the hoops
shall be permitted, subject to the limitation of 25.7.2.2.
Consecutive crossties shall be alternated end for end along
the longitudinal reinforcement and around the perimeter
of the cross section.

R18.7.5.2 Sections 18.7.5.2 and 18.7.5.3 provide requirePHQWV IRU FRQ¿JXUDWLRQ RI WUDQVYHUVH UHLQIRUFHPHQW IRU
columns and joints of special moment frames. Figure
R18.7.5.2 shows an example of transverse reinforcement
provided by one hoop and three crossties. Crossties with
D GHJUHH KRRN DUH QRW DV H൵HFWLYH DV HLWKHU FURVVWLHV
ZLWKGHJUHHKRRNVRUKRRSVLQSURYLGLQJFRQ¿QHPHQW
For lower values of Pu/Ag fcƍ and lower concrete compressive strengths, crossties with 90-degree hooks are adequate
if the ends are alternated along the length and around the
perimeter of the column. For higher values of Pu/Ag fcƍ, for
which compression-controlled behavior is expected, and
for higher compressive strengths, for which behavior tends
WR EH PRUH EULWWOH WKH LPSURYHG FRQ¿QHPHQW SURYLGHG E\
having corners of hoops or seismic hooks supporting all
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(d) Where rectilinear hoops or crossties are used, they
shall provide lateral support to longitudinal reinforcement
in accordance with 25.7.2.2 and 25.7.2.3.
(e) Reinforcement shall be arranged such that the spacing
hx of longitudinal bars laterally supported by the corner of
a crosstie or hoop leg shall not exceed 14 in. around the
perimeter of the column.
(f) Where Pu > 0.3Ag fcƍ or fcƍ !  SVL in columns
with rectilinear hoops, every longitudinal bar or bundle of
bars around the perimeter of the column core shall have
lateral support provided by the corner of a hoop or by a
seismic hook, and the value of hx shall not exceed 8 in. Pu
shall be the largest value in compression consistent with
factored load combinations including E.

COMMENTARY
longitudinal bars is important to achieving intended performance. Where these conditions apply, crossties with seismic
hooks at both ends are required. The 8 in. limit on hx is also
intended to improve performance under these critical conditions. For bundled bars, bends or hooks of hoops and crossties need to enclose the bundle, and longer extensions on
hooks should be considered. Column axial load Pu should
UHÀHFWIDFWRUHGFRPSUHVVLYHGHPDQGVIURPERWKHDUWKTXDNH
and gravity loads.
In past editions of the Code, the requirements for transverse
reinforcement in columns, walls, beam-column joints, and
diagonally reinforced coupling beams referred to the same
equations. In the 2014 edition of the Code, the equations and
GHWDLOLQJUHTXLUHPHQWVGL൵HUDPRQJWKHPHPEHUW\SHVEDVHG
on consideration of their loadings, deformations, and performance requirements. Additionally, hx previously referred to
the distance between legs of hoops or crossties. In the 2014
edition of the Code, hx refers to the distance between longitudinal bars supported by those hoops or crossties.

Consecutive crossties engaging the same
longitudinal bar have their 90-degree hooks
on opposite sides of column
6db extension
6db ≥ 3 in.
Ash2

xi
bc2
Ash1

xi

xi

xi

xi

bc1

The dimension xi from centerline to centerline
of laterally supported longitudinal bars is not
to exceed 14 inches. The term hx used in
Eq. (18.7.5.3) is taken as the largest value of xi.
Fig. R18.7.5.2²([DPSOH RI WUDQVYHUVH UHLQIRUFHPHQW LQ
FROXPQV
18.7.5.3 Spacing of transverse reinforcement shall not
exceed the least of (a) through (d):
(a) One-fourth of the minimum column dimension
(b) For Grade 60, 6db of the smallest longitudinal bar
(c) For Grade 80, 5db of the smallest longitudinal bar
(d) so, as calculated by:

R18.7.5.3 The requirement that spacing not exceed onefourth of the minimum member dimension or 6 in. is for
FRQFUHWHFRQ¿QHPHQW,IWKHPD[LPXPVSDFLQJRIFURVVWLHV
or legs of overlapping hoops within the section is less than
14 in., then the 4 in. limit can be increased as permitted by
Eq. (18.7.5.3). The spacing limit as a function of the longitudinal bar diameter is intended to provide adequate longitudinal bar restraint to control buckling after spalling.
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⎛ 14 − h[ ⎞
so = 4 + ⎜
⎝ 3 ⎟⎠

The value of so from Eq. (18.7.5.3) shall not exceed 6 in.
and need not be taken less than 4 in.
18.7.5.4 Amount of transverse reinforcement shall be in
accordance with Table 18.7.5.4.
The concrete strength factor kfDQGFRQ¿QHPHQWH൵HFWLYHness factor kn are calculated according to Eq. (18.7.5.4a) and
(18.7.5.4b).
(a) k f =

f c′
+ 0.6 ≥ 1.0
25,000

(18.7.5.4a)

(b) kn =

nl
nl − 2

(18.7.5.4b)

where nl is the number of longitudinal bars or bar bundles
around the perimeter of a column core with rectilinear hoops
that are laterally supported by the corner of hoops or by
seismic hooks.
Table 18.7.5.4—Transverse reinforcement for
columns of special moment frames
Transverse
reinforcement

Conditions
PuAg fcƍDQG
fcƍSVL

Ashsbc for
rectilinear hoop

Pu > 0.3Ag fcƍRU
fcƍ!SVL

PuAg fcƍDQG
fcƍSVL
ȡs for spiral or
circular hoop

Pu > 0.3Ag fcƍRU
fcƍ!SVL

Applicable expressions
Greater of
(a) and (b)

Greatest of
(a), (b), and
(c)

Greater of
(d) and (e)

Greatest
of (d), (e),
and (f)

⎛ Ag
⎞ f′
0.3 ⎜
−1 c
⎝ Ach ⎟⎠ f yt

0.09
0.2k f kn

(a)

f c′
(b)
f yt
Pu
(c)
f yt Ach

⎛ Ag
⎞ f′
0.45 ⎜
− 1 c (d)
⎝ Ach ⎟⎠ f yt

0.12
0.35k f

f c′
(e)
f yt
Pu
(f)
f yt Ach

R18.7.5.47KHH൵HFWRIKHOLFDO VSLUDO UHLQIRUFHPHQWDQG
DGHTXDWHO\ FRQ¿JXUHG UHFWLOLQHDU KRRS UHLQIRUFHPHQW RQ
deformation capacity of columns is well established (Sakai
and Sheikh 1989). Expressions (a), (b), (d), and (e) in Table
18.7.5.4 have historically been used in ACI 318 to calcuODWH WKH UHTXLUHG FRQ¿QHPHQW UHLQIRUFHPHQW WR HQVXUH WKDW
spalling of shell concrete does not result in a loss of column
axial load strength. Expressions (c) and (f) were developed
from a review of column test data (Elwood et al. 2009) and
are intended to result in columns capable of sustaining a drift
ratio of 0.03 with limited strength degradation. Expressions
(c) and (f) are triggered for axial load greater than 0.3Ag fcƍ,
which corresponds approximately to the onset of compression-controlled behavior for symmetrically reinforced
columns. The kn term (Paultre and Légeron 2008) decreases
WKHUHTXLUHGFRQ¿QHPHQWIRUFROXPQVZLWKFORVHO\VSDFHG
laterally supported longitudinal reinforcement because such
FROXPQV DUH PRUH H൵HFWLYHO\ FRQ¿QHG WKDQ FROXPQV ZLWK
more widely spaced longitudinal reinforcement. The kf term
LQFUHDVHV WKH UHTXLUHG FRQ¿QHPHQW IRU FROXPQV ZLWK fcƍ !
10,000 psi because such columns can experience brittle
IDLOXUHLIQRWZHOOFRQ¿QHG&RQFUHWHVWUHQJWKVJUHDWHUWKDQ
15,000 psi should be used with caution given the limited test
data for such columns. The concrete strength used to deterPLQH WKH FRQ¿QHPHQW UHLQIRUFHPHQW LV UHTXLUHG WR EH WKH
VDPHDVWKDWVSHFL¿HGLQWKHFRQVWUXFWLRQGRFXPHQWV
Expressions (a), (b), and (c) in Table 18.7.5.4 are to be
VDWLV¿HGLQERWKFURVVVHFWLRQDOGLUHFWLRQVRIWKHUHFWDQJXODU
core. For each direction, bc is the core dimension perpendicular to the tie legs that constitute Ash, as shown in Fig.
R18.7.5.2.
Research results indicate that high strength reinforcePHQWFDQEHXVHGH൵HFWLYHO\DVFRQ¿QHPHQWUHLQIRUFHPHQW
Section 20.2.2.4 permits a value of fyt as high as 100,000 psi
to be used in Table 18.7.5.4.

18.7.5.5 Beyond the length Ɛo given in 18.7.5.1, the column
shall contain spiral reinforcement satisfying 25.7.3 or hoop
and crosstie reinforcement satisfying 25.7.2 and 25.7.4 with
spacing s not exceeding the least of 6 in., 6db of the smallest
Grade 60 longitudinal column bar, and 5db of the smallest
Grade 80 longitudinal column bar, unless a greater amount
of transverse reinforcement is required by 18.7.4.4 or 18.7.6.

R18.7.5.5 This provision is intended to provide reasonable
protection to the midheight of columns outside the length
Ɛo 2EVHUYDWLRQV DIWHU HDUWKTXDNHV KDYH VKRZQ VLJQL¿FDQW
damage to columns in this region, and the minimum hoops
or spirals required should provide more uniform strength of
the column along its length.

18.7.5.6 Columns supporting reactions from discontinued
VWL൵PHPEHUVVXFKDVZDOOVVKDOOVDWLVI\ D DQG E 

R18.7.5.6 &ROXPQV VXSSRUWLQJ GLVFRQWLQXHG VWL൵
members, such as walls or trusses, may develop considerable inelastic response. Therefore, it is required that these
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(a) Transverse reinforcement required by 18.7.5.2 through
18.7.5.4 shall be provided over the full height at all levels
beneath the discontinuity if the factored axial compresVLYHIRUFHLQWKHVHFROXPQVUHODWHGWRHDUWKTXDNHH൵HFW
exceeds Ag fcƍ. Where design forces have been magni¿HGWRDFFRXQWIRUWKHRYHUVWUHQJWKRIWKHYHUWLFDOHOHPHQWV
of the seismic-force-resisting system, the limit of Ag fcƍ
shall be increased to Ag fcƍ.
(b) Transverse reinforcement shall extend into the discontinued member at least Ɛd of the largest longitudinal
column bar, where Ɛd is in accordance with 18.8.5. Where
the lower end of the column terminates on a wall, the
required transverse reinforcement shall extend into the
wall at least Ɛd of the largest longitudinal column bar at the
point of termination. Where the column terminates on a
footing or mat, the required transverse reinforcement shall
extend at least 12 in. into the footing or mat.

FROXPQV KDYH WKH VSHFL¿HG UHLQIRUFHPHQW WKURXJKRXW WKHLU
length. This covers all columns beneath the level at which
WKHVWL൵PHPEHUKDVEHHQGLVFRQWLQXHGXQOHVVWKHIDFWRUHG
IRUFHVFRUUHVSRQGLQJWRHDUWKTXDNHH൵HFWDUHORZ5HIHUWR
R18.12.7.6 for discussion of the overstrength factor ȍo.

18.7.5.7,IWKHFRQFUHWHFRYHURXWVLGHWKHFRQ¿QLQJWUDQVverse reinforcement required by 18.7.5.1, 18.7.5.5, and
18.7.5.6 exceeds 4 in., additional transverse reinforcement
having cover not exceeding 4 in. and spacing not exceeding
12 in. shall be provided.

R18.7.5.7 The unreinforced shell may spall as the column
GHIRUPVWRUHVLVWHDUWKTXDNHH൵HFWV6HSDUDWLRQRISRUWLRQV
of the shell from the core caused by local spalling creates a
falling hazard. The additional reinforcement is required to
reduce the risk of portions of the shell falling away from the
column.

18.7.6 Shear strength

R18.7.6 Shear strength

18.7.6.1 Design forces

R18.7.6.1 Design forces

18.7.6.1.1 The design shear force Ve shall be calculated
from considering the maximum forces that can be generated
at the faces of the joints at each end of the column. These
joint forces shall be calculated using the maximum probable
ÀH[XUDO VWUHQJWKV Mpr, at each end of the column associated with the range of factored axial forces, Pu, acting on the
column. The column shears need not exceed those calculated
from joint strengths based on Mpr of the beams framing into
the joint. In no case shall Ve be less than the factored shear
calculated by analysis of the structure.

R18.7.6.1.1 The procedures of 18.6.5.1 also apply to
FROXPQV$ERYHWKHJURXQGÀRRUWKHPRPHQWDWDMRLQWPD\
EH OLPLWHG E\ WKH ÀH[XUDO VWUHQJWK RI WKH EHDPV IUDPLQJ
into the joint. Where beams frame into opposite sides of
a joint, the combined strength is the sum of the negative
moment strength of the beam on one side of the joint and
the positive moment strength of the beam on the other side
of the joint. Moment strengths are to be determined using a
strength reduction factor of 1.0 and reinforcement with an
H൵HFWLYH\LHOGVWUHVVHTXDOWRDWOHDVW1.25fy. Distribution of
the combined moment strength of the beams to the columns
above and below the joint should be based on analysis.

18.7.6.2 7UDQVYHUVHUHLQIRUFHPHQW
18.7.6.2.1 Transverse reinforcement over the lengths Ɛo,
given in 18.7.5.1, shall be designed to resist shear assuming
Vc = 0 when both (a) and (b) occur:
(a) The earthquake-induced shear force, calculated in
accordance with 18.7.6.1, is at least one-half of the
maximum required shear strength within Ɛo.
(b) The factored axial compressive force Pu including
HDUWKTXDNHH൵HFWVLVOHVVWKDQAg fcƍ.
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18.8—Joints of special moment frames
18.8.1 Scope

COMMENTARY
R18.8—Joints of special moment frames

18.8.1.1 This section shall apply to beam-column joints
of special moment frames forming part of the seismic-forceresisting system.
18.8.2 General

R18.8.2 General

18.8.2.1 Forces in longitudinal beam reinforcement at the
joint face shall be calculated assuming that the stress in the
ÀH[XUDOWHQVLOHUHLQIRUFHPHQWLV1.25fy.

Development of inelastic rotations at the faces of joints
of reinforced concrete frames is associated with strains in
WKHÀH[XUDOUHLQIRUFHPHQWZHOOLQH[FHVVRIWKH\LHOGVWUDLQ
&RQVHTXHQWO\ MRLQW VKHDU IRUFH JHQHUDWHG E\ WKH ÀH[XUDO
reinforcement is calculated for a stress of 1.25fy in the reinforcement (refer to 18.8.2.1). A detailed explanation of the
reasons for the possible development of stresses in excess of
the yield strength in beam tensile reinforcement is provided
in ACI 352R.

18.8.2.2 Longitudinal reinforcement terminated in a
joint shall extend to the far face of the joint core and shall
be developed in tension in accordance with 18.8.5 and in
compression in accordance with 25.4.9.

R18.8.2.2 The design provisions for hooked bars are based
mainly on research and experience for joints with standard
90-degree hooks. Therefore, standard 90-degree hooks
generally are preferred to standard 180-degree hooks unless
unusual considerations dictate use of 180-degree hooks. For
bars in compression, the development length corresponds
to the straight portion of a hooked or headed bar measured
from the critical section to the onset of the bend for hooked
bars and from the critical section to the head for headed bars.

18.8.2.3 Where longitudinal beam reinforcement extends
through a beam-column joint, the depth h of the joint parallel
to the beam longitudinal reinforcement shall be at least the
greatest of (a) through (c):

R18.8.2.3 Depth hRIWKHMRLQWLVGH¿QHGLQ)LJ5
The column dimension parallel to the beam reinforcement in
joints with circular columns may be taken as that of a square
section of equivalent area. Research (Meinheit and Jirsa
1977; Briss et al. 1978; Ehsani 1982; Durrani and Wight
1982; Leon 1989; Aoyama 2001; Lin et al. 2000) has shown
that straight longitudinal beam bars may slip within the
beam-column joint during a series of large moment reversals. The bond stresses on these straight bars may be very
large. To reduce slip substantially during the formation of
adjacent beam hinging, it would be necessary to have a ratio
of column dimension to bar diameter of approximately 32 for
Grade 60 bars, which would result in very large joints. Tests
demonstrate adequate behavior if the ratio of joint depth to
maximum beam longitudinal bar diameter for Grade 60 reinforcement is at least 20 for normalweight concrete and 26
for lightweight concrete. A joint depth of 26db for Grade 80
reinforcement is intended to achieve similar performance to
that of a joint depth of 20db for Grade 60 reinforcement and
normalweight concrete. The limits on joint depth provide
reasonable control on the amount of slip of the beam bars in
a beam-column joint, considering the number of anticipated
inelastic excursions of the building frame during a major
earthquake. A thorough treatment of this topic is given in
Zhu and Jirsa (1983).

(a)

20
db of the largest Grade 60 longitudinal bar, where
λ

Ȝ  for lightweight concrete and 1.0 for all other cases
(b) 26db of the largest Grade 80 longitudinal bar
(c) h/2 of any beam framing into the joint and generating
joint shear as part of the seismic-force-resisting system in
the direction under consideration
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Requirement (c) on joint aspect ratio applies only to
beams that are designated as part of the seismic-forceresisting system. Joints having depth less than half the beam
depth require a steep diagonal compression strut across the
MRLQW ZKLFK PD\ EH OHVV H൵HFWLYH LQ UHVLVWLQJ MRLQW VKHDU
Tests to demonstrate performance of such joints have not
been reported in the literature.

18.8.2.3.1 Concrete used in joints with Grade 80 longitudinal reinforcement shall be normalweight concrete.
18.8.3 7UDQVYHUVHUHLQIRUFHPHQW

R18.8.2.3.1 Test data justifying the combination of lightweight concrete and Grade 80 longitudinal reinforcement in
joints are not available.
R18.8.3 7UDQVYHUVHUHLQIRUFHPHQW

18.8.3.1 Joint transverse reinforcement shall satisfy
18.7.5.2, 18.7.5.3, 18.7.5.4, and 18.7.5.7, except as permitted
in 18.8.3.2.

The Code requires transverse reinforcement in a joint
regardless of the magnitude of the calculated shear force.

18.8.3.2 Where beams frame into all four sides of the
joint and where each beam width is at least three-fourths
the column width, the amount of reinforcement required by
18.7.5.4 shall be permitted to be reduced by one-half, and
the spacing required by 18.7.5.3 shall be permitted to be
increased to 6 in. within the overall depth h of the shallowest
framing beam.

R18.8.3.2 7KH DPRXQW RI FRQ¿QLQJ UHLQIRUFHPHQW PD\
be reduced and the spacing may be increased if beams of
adequate dimensions frame into all four sides of the joint.

18.8.3.3 Longitudinal beam reinforcement outside the
FROXPQFRUHVKDOOEHFRQ¿QHGE\WUDQVYHUVHUHLQIRUFHPHQW
SDVVLQJ WKURXJK WKH FROXPQ WKDW VDWLV¿HV VSDFLQJ UHTXLUHments of 18.6.4.4, and requirements of 18.6.4.2, and 18.6.4.3,
LIVXFKFRQ¿QHPHQWLVQRWSURYLGHGE\DEHDPIUDPLQJLQWR
the joint.

R18.8.3.3 The required transverse reinforcement, or
WUDQVYHUVHEHDPLISUHVHQWLVLQWHQGHGWRFRQ¿QHWKHEHDP
longitudinal reinforcement and improve force transfer to the
beam-column joint.
An example of transverse reinforcement through the
FROXPQSURYLGHGWRFRQ¿QHWKHEHDPUHLQIRUFHPHQWSDVVLQJ
outside the column core is shown in Fig. R18.6.2. Additional
detailing guidance and design recommendations for both
interior and exterior wide-beam connections with beam reinforcement passing outside the column core may be found in
ACI 352R.
R18.8.4 Shear strength

18.8.4 Shear strength
18.8.4.1 Joint shear force Vu shall be calculated on a plane
at mid-height of the joint from calculated forces at the joint
faces using tensile and compressive beam forces determined
in accordance with 18.8.2.1 and column shear consistent
ZLWKEHDPSUREDEOHÀH[XUDOVWUHQJWKVMpr.
18.8.4.2 ࢥ shall be in accordance with 21.2.4.4.
18.8.4.3 Vn of the joint shall be in accordance with Table
18.8.4.3.

The shear strength values given in 18.8.4.3 are based on
the recommendation in ACI 352R for joints with members
that are expected to undergo reversals of deformation into
WKH LQHODVWLF UDQJH DOWKRXJK WKH $&, 5 GH¿QLWLRQ RI
H൵HFWLYH FURVVVHFWLRQDO MRLQW DUHD LV VRPHWLPHV GL൵HUHQW
The given nominal joint shear strengths do not explicitly
consider transverse reinforcement in the joint because tests
of joints (Meinheit and Jirsa 1977) and deep beams (Hirosawa 1977) have indicated that joint shear strength is not
sensitive to transverse reinforcement if at least the required
minimum amount is provided in the joint.
Cyclic loading tests of joints with extensions of beams
with lengths at least equal to their depths have indicated
similar joint shear strengths to those of joints with continuous
EHDPV7KHVH¿QGLQJVVXJJHVWWKDWH[WHQVLRQVRIEHDPVDQG

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

312

COMMENTARY

Table 18.8.4.3—Nominal joint shear strength Vn

Column

Beam in
direction of Vu
Continuous or
meets 15.2.7

Continuous or
meets 15.2.6

&RQ¿QHPHQW
by transverse
beams
according to
15.2.8

Vn, lb[1]

&RQ¿QHG

20λ f c′Aj

1RWFRQ¿QHG

15λ f c′Aj

&RQ¿QHG

15λ f c′Aj

1RWFRQ¿QHG

12λ f c′Aj

&RQ¿QHG

15λ f c′Aj

1RWFRQ¿QHG

12λ f c′Aj

&RQ¿QHG

12λ f c′Aj

1RWFRQ¿QHG

8λ f c′Aj

columns, when properly dimensioned and reinforced with
ORQJLWXGLQDODQGWUDQVYHUVHEDUVSURYLGHH൵HFWLYHFRQ¿QHment to the joint faces, thus delaying joint strength deterioration at large deformations (Meinheit and Jirsa 1981).

Other

Continuous or
meets 15.2.7
Other
Other

[1]
ȜVKDOOEHIRUOLJKWZHLJKWFRQFUHWHDQGIRUQRUPDOZHLJKWFRQFUHWHAj shall
be calculated in accordance with 15.4.2.4.

18.8.5 'HYHORSPHQWOHQJWKRIEDUVLQWHQVLRQ

R18.8.5 'HYHORSPHQWOHQJWKRIEDUVLQWHQVLRQ

18.8.5.1 For bar sizes No. 3 through No. 11 terminating in
a standard hook, Ɛdh shall be calculated by Eq. (18.8.5.1), but
Ɛdh shall be at least the greater of 8db and 6 in. for normalweight concrete and at least the greater of 10dbDQGLQ
for lightweight concrete.
Ɛdh = fydb Ȝ

f c′ )

(18.8.5.1)

The value of Ȝ shall be 0.75 for concrete containing lightweight aggregate and 1.0 otherwise.
7KH KRRN VKDOO EH ORFDWHG ZLWKLQ WKH FRQ¿QHG FRUH RI D
column or of a boundary element, with the hook bent into
the joint.

18.8.5.2 For headed deformed bars satisfying 20.2.1.6,
development in tension shall be in accordance with 25.4.4,
by substituting a bar stress of 1.25fy for fy.

R18.8.5.1 Minimum embedment length in tension for
deformed bars with standard hooks is determined using Eq.
(18.8.5.1), which is based on the requirements of 25.4.3.
The embedment length of a bar with a standard hook is the
distance, parallel to the bar, from the critical section (where
the bar is to be developed) to a tangent drawn to the outside
edge of the hook. The tangent is to be drawn perpendicular
to the axis of the bar (refer to Table 25.3.1).
Because Chapter 18 stipulates that the hook is to be
HPEHGGHG LQ FRQ¿QHG FRQFUHWH WKH FRH൶FLHQWV  IRU
concrete cover) and 0.8 (for ties) have been incorporated in
the constant used in Eq. (18.8.5.1). The development length
that would be derived directly from 25.4.3 is increased to
UHÀHFWWKHH൵HFWRIORDGUHYHUVDOV)DFWRUVVXFKDVWKHDFWXDO
stress in the reinforcement being more than the yield strength
DQGWKHH൵HFWLYHGHYHORSPHQWOHQJWKQRWQHFHVVDULO\VWDUWLQJ
at the face of the joint were implicitly considered in the
formulation of the expression for basic development length
that has been used as the basis for Eq. (18.8.5.1).
The requirement for the hook to project into the joint is to
improve development of a diagonal compression strut across
the joint. The requirement applies to beam and column bars
terminated at a joint with a standard hook.
R18.8.5.2 The factor 1.25 is intended to represent the potential increase in stresses due to inelastic response, including strain
hardening that may occur in beams of special moment frames.
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18.8.5.3 For bar sizes No. 3 through No. 11, Ɛd, the development length in tension for a straight bar, shall be at least
the greater of (a) and (b):

R18.8.5.3 Minimum development length in tension for
straight bars is a multiple of the length indicated by 18.8.5.1.
Section 18.8.5.3(b) refers to top bars. Lack of reference to
No. 14 and No. 18 bars in 18.8.5 is due to the paucity of
information on anchorage of such bars subjected to load
UHYHUVDOVVLPXODWLQJHDUWKTXDNHH൵HFWV

(a) 2.5 times the length in accordance with 18.8.5.1 if the
depth of the concrete cast in one lift beneath the bar does
not exceed 12 in.
(b) 3.25 times the length in accordance with 18.8.5.1 if
the depth of the concrete cast in one lift beneath the bar
exceeds 12 in.
18.8.5.4 Straight bars terminated at a joint shall pass
WKURXJK WKH FRQ¿QHG FRUH RI D FROXPQ RU D ERXQGDU\
element. Any portion of ƐdQRWZLWKLQWKHFRQ¿QHGFRUHVKDOO
be increased by a factor of 1.6.

R18.8.5.4 If the required straight embedment length
RI D UHLQIRUFLQJ EDU H[WHQGV EH\RQG WKH FRQ¿QHG YROXPH
RI FRQFUHWH DV GH¿QHG LQ   RU   WKH
required development length is increased on the premise that
WKHOLPLWLQJERQGVWUHVVRXWVLGHWKHFRQ¿QHGUHJLRQLVOHVV
than that inside.
ƐGP = 1.6(Ɛd±Ɛdc) + Ɛdc
or
ƐGP = 1.6Ɛd±Ɛdc
where Ɛdm is the required development length if bar is not entirely
HPEHGGHGLQFRQ¿QHGFRQFUHWHƐd is the required development
OHQJWKLQWHQVLRQIRUVWUDLJKWEDUDVGH¿QHGLQDQGƐdc
LVWKHOHQJWKRIEDUHPEHGGHGLQFRQ¿QHGFRQFUHWH

18.8.5.5 If epoxy-coated reinforcement is used, the development lengths in 18.8.5.1, 18.8.5.3, and 18.8.5.4 shall be
multiplied by applicable factors in 25.4.2.5 or 25.4.3.2.
18.9—Special moment frames constructed using
precast concrete
18.9.1 Scope
18.9.1.1 This section shall apply to special moment
frames constructed using precast concrete forming part of
the seismic-force-resisting system.

R18.9—Special moment frames constructed using
precast concrete
The detailing provisions in 18.9.2.1 and 18.9.2.2 are
intended to produce frames that respond to design displacements essentially like monolithic special moment frames.
Precast frame systems composed of concrete elements
ZLWKGXFWLOHFRQQHFWLRQVDUHH[SHFWHGWRH[SHULHQFHÀH[XUDO
yielding in connection regions. Reinforcement in ductile
connections can be made continuous by using mechanical
splices or any other technique that provides development
LQ WHQVLRQ RU FRPSUHVVLRQ RI DW OHDVW WKH VSHFL¿HG WHQVLOH
strength of bars (Yoshioka and Sekine 1991; Kurose et al.
1991; Restrepo et al. 1995a,b). Requirements for mechanical
splices are in addition to those in 18.2.7 and are intended to
avoid strain concentrations over a short length of reinforcement adjacent to a splice device. Additional requirements for
shear strength are provided in 18.9.2.1 to prevent sliding on
connection faces. Precast frames composed of elements with
ductile connections may be designed to promote yielding at
locations not adjacent to the joints. Therefore, design shear
Ve, as calculated according to 18.6.5.1 or 18.7.6.1, may not
be conservative.
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Precast concrete frame systems composed of elements
joined using strong connections are intended to experience
ÀH[XUDO \LHOGLQJ RXWVLGH WKH FRQQHFWLRQV 6WURQJ FRQQHFtions include the length of the mechanical splice hardware
as shown in Fig. R18.9.2.2. Capacity-design techniques are
used in 18.9.2.2(c) to ensure the strong connection remains
elastic following formation of plastic hinges. Additional
column requirements are provided to avoid hinging and
strength deterioration of column-to-column connections.
Strain concentrations have been observed to cause brittle
fracture of reinforcing bars at the face of mechanical splices
in laboratory tests of precast beam-column connections
(Palmieri et al. 1996). Locations of strong connections should
be selected carefully or other measures should be taken, such
as debonding of reinforcing bars in highly stressed regions,
to avoid strain concentrations that can result in premature
fracture of reinforcement.

18.9.2 General

R18.9.2 General

18.9.2.1 Special moment frames with ductile connections
constructed using precast concrete shall satisfy (a) through (c):
(a) Requirements of 18.6 through 18.8 for special moment
frames constructed with cast-in-place concrete
(b) Vn for connections calculated according to 22.9 shall
be at least 2Ve, where Ve is in accordance with 18.6.5.1 or
18.7.6.1
(c) Mechanical splices of beam reinforcement shall be
located not closer than h/2 from the joint face and shall
satisfy 18.2.7
18.9.2.2 Special moment frames with strong connections
constructed using precast concrete shall satisfy (a) through (e):
(a) Requirements of 18.6 through 18.8 for special moment
frames constructed with cast-in-place concrete
(b) Provision 18.6.2.1(a) shall apply to segments between
ORFDWLRQVZKHUHÀH[XUDO\LHOGLQJLVLQWHQGHGWRRFFXUGXH
to design displacements
(c) Design strength of the strong connection, ࢥSn, shall be
at least Se
(d) Primary longitudinal reinforcement shall be made
continuous across connections and shall be developed
outside both the strong connection and the plastic hinge
region
(e) For column-to-column connections, ࢥSn shall be at
least 1.4Se, ࢥMn shall be at least 0.4Mpr for the column
within the story height, and ࢥVn shall be at least Ve in
accordance with 18.7.6.1
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Critical section
Plastic hinge region
Strong connection
h
h

Connection
length

(a) Beam-to-beam connection

Strong connection
Critical section
Plastic hinge region
h
h
Connection length
(b) Beam-to-column connection
Strong connection
Critical section
Plastic hinge region
h
h
Connection length
(c) Beam-to-column connection
h

Plastic hinge region
Critical section
h
Strong connection

Connection
length

(d) Column-to-footing connection
Fig. R18.9.2.2²6WURQJFRQQHFWLRQH[DPSOHV
18.9.2.3 Special moment frames constructed using precast
concrete and not satisfying 18.9.2.1 or 18.9.2.2 shall satisfy
(a) through (c):

R18.9.2.3 Precast frame systems not satisfying the prescriptive requirements of Chapter 18 have been demonstrated in
experimental studies to provide satisfactory seismic performance characteristics (Stone et al. 1995; Nakaki et al. 1995).

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

316

(a) ACI 374.1
(b) Details and materials used in the test specimens shall
be representative of those used in the structure
(c) The design procedure used to proportion the test speciPHQV VKDOO GH¿QH WKH PHFKDQLVP E\ ZKLFK WKH IUDPH
UHVLVWVJUDYLW\DQGHDUWKTXDNHH൵HFWVDQGVKDOOHVWDEOLVK
acceptance values for sustaining that mechanism. Portions
of the mechanism that deviate from Code requirements
shall be contained in the test specimens and shall be tested
to determine upper bounds for acceptance values.

COMMENTARY
ACI 374.1GH¿QHVDSURWRFROIRUHVWDEOLVKLQJDGHVLJQSURFHdure, validated by analysis and laboratory tests, for such
frames. The design procedure should identify the load path
or mechanism by which the frame resists gravity and earthTXDNH H൵HFWV 7KH WHVWV VKRXOG EH FRQ¿JXUHG WR LQYHVWLJDWH
critical behaviors, and the measured quantities should establish upper-bound acceptance values for components of the
load path, which may be in terms of limiting stresses, forces,
strains, or other quantities. The design procedure used for the
structure should not deviate from that used to design the test
specimens, and acceptance values should not exceed values
that were demonstrated by the tests to be acceptable. Materials
and components used in the structure should be similar to those
used in the tests. Deviations may be acceptable if the licensed
design professional can demonstrate that those deviations do
QRWDGYHUVHO\D൵HFWWKHEHKDYLRURIWKHIUDPLQJV\VWHP
ACI 550.3 GH¿QHV GHVLJQ UHTXLUHPHQWV IRU RQH W\SH RI
special precast concrete moment frame for use in accordance
with 18.9.2.3.

18.10—Special structural walls
18.10.1 Scope

R18.10—Special structural walls
R18.10.1 Scope

18.10.1.1 This section shall apply to special structural
walls, including ductile coupled walls, and all components
of special structural walls including coupling beams and
wall piers forming part of the seismic-force-resisting system.

This section contains requirements for the dimensions
and details of special structural walls and all components
including coupling beams and wall piers. Wall piers are
GH¿QHG LQ Chapter 2. Design provisions for vertical wall
segments depend on the aspect ratio of the wall segment
in the plane of the wall (hw/Ɛw), and the aspect ratio of the
horizontal cross section (Ɛw/bw), and generally follow the
descriptions in Table R18.10.1. The limiting aspect ratios for
wall piers are based on engineering judgment. It is intended
WKDWÀH[XUDO\LHOGLQJRIWKHYHUWLFDOUHLQIRUFHPHQWLQWKHSLHU
should limit shear demand on the pier.

18.10.1.2 Special structural walls constructed using
precast concrete shall be in accordance with 18.11 in addition to 18.10.

Table R18.10.1—Governing design provisions for
vertical wall segments[1]
Clear height
of vertical wall
segment/length
of vertical wall
segment, (hw/Ɛw)
hwƐw < 2.0

hwƐw

Length of vertical wall segment/wall thickness
(Ɛw/bw)

2.5 < (Ɛw/bw 

(Ɛw/bw) >
6.0

Wall

Wall

Wall

Wall pier
required to
VDWLVI\VSHFL¿HG
column design
requirements;
refer to 18.10.8.1

Wall pier required
WRVDWLVI\VSHFL¿HG
column design
requirements
or alternative
requirements; refer
to 18.10.8.1

Wall

(Ɛw/bw 

[1]
hw is the clear height, Ɛw is the horizontal length, and bw is the width of the web of
the wall segment.

18.10.2 5HLQIRUFHPHQW

R18.10.2 5HLQIRUFHPHQW
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18.10.2.1 The distributed web reinforcement ratios, ȡƐ and
ȡt, for structural walls shall be at least 0.0025, except that
if Vu does not exceed Ȝ f c′ Acv, ȡt shall be permitted to be
reduced to the values in 11.6. Reinforcement spacing each
way in structural walls shall not exceed 18 in. Reinforcement contributing to Vn shall be continuous and shall be
distributed across the shear plane.

Minimum reinforcement requirements in 18.10.2.1 follow
from preceding Codes. The requirement for distributed shear
reinforcement is related to the intent to control the width of
inclined cracks. The requirement for two layers of reinforcement in walls resisting substantial design shears in 18.10.2.2
is based on the observation that, under ordinary construction
conditions, the probability of maintaining a single layer of
reinforcement near the middle of the wall section is quite
low. Furthermore, presence of reinforcement close to the
surface tends to inhibit fragmentation of the concrete in the
event of severe cracking during an earthquake. The requirement for two layers of vertical reinforcement in more slender
walls is to improve lateral stability of the compression zone
under cyclic loads following yielding of vertical reinforcement in tension.

18.10.2.2 At least two curtains of reinforcement shall be
used in a wall if Vu > 2Ȝ f c′ Acv or hw/Ɛw, in which hw
and Ɛw refer to height and length of entire wall, respectively.

18.10.2.3 Reinforcement in structural walls shall be developed or spliced for fy in tension in accordance with 25.4,
25.5, and (a) through (d):
(a) Except at the top of a wall, longitudinal reinforcement
shall extend at least 12 ft above the point at which it is no
ORQJHUUHTXLUHGWRUHVLVWÀH[XUHEXWQHHGQRWH[WHQGPRUH
than ƐdDERYHWKHQH[WÀRRUOHYHO
(b) At locations where yielding of longitudinal reinforcement is likely to occur as a result of lateral displacements,
development lengths of longitudinal reinforcement shall
be 1.25 times the values calculated for fy in tension.
(c) Lap splices of longitudinal reinforcement within
boundary regions shall not be permitted over a height
equal to hsx above, and Ɛd below, critical sections where
yielding of longitudinal reinforcement is likely to occur
as a result of lateral displacements. The value of hsx need
not exceed 20 ft. Boundary regions include those within
OHQJWKVVSHFL¿HGLQ D DQGZLWKLQDOHQJWKHTXDO
to the wall thickness measured beyond the intersecting
region(s) of connected walls.
(d) Mechanical splices of reinforcement shall conform to
18.2.7 and welded splices of reinforcement shall conform
to 18.2.8.

R18.10.2.3 Requirements are based on provisions in
Chapter 25 ZLWK PRGL¿FDWLRQV WR DGGUHVV LVVXHV VSHFL¿F
to structural walls, as well as to the use of high-strength
reinforcement. Because actual forces in longitudinal reinforcement of structural walls may exceed calculated forces,
reinforcement should be developed or spliced to reach the
yield strength of the bar in tension. Termination of longitudinal (vertical) reinforcement in structural walls should be
VSHFL¿HGVRWKDWEDUVH[WHQGDERYHHOHYDWLRQVZKHUHWKH\DUH
QRORQJHUUHTXLUHGWRUHVLVWGHVLJQÀH[XUHDQGD[LDOIRUFH
extending bars Ɛd DERYH WKH QH[W ÀRRU OHYHO LV D SUDFWLFDO
approach to achieving this requirement. A limit of 12 ft is
included for cases with large story heights. Bar terminations should be accomplished gradually over a wall height
and should not be located close to critical sections where
yielding of longitudinal reinforcement is expected, which
typically occurs at the base of a wall with a uniform, or
nearly uniform, cross section over the building height. Strain
hardening of reinforcement results in spread of plasticity
away from critical sections as lateral deformations increase.
Research (Aaletti et al. 2012; Hardisty et al. 2015) shows
WKDW ODS VSOLFHV VKRXOG EH DYRLGHG LQ ZDOOV ZKHUH ÀH[XUDO
yielding is anticipated, for example at the base of walls,
because they may lead to large localized strains and bar fractures. Figure R18.10.2.3 illustrates boundary regions where
lap splices are not permitted.
At locations where yielding of longitudinal reinforcement
is expected, a 1.25 multiplier is applied to account for the
likelihood that the actual yield strength exceeds the specL¿HG \LHOG VWUHQJWK RI WKH EDU DV ZHOO DV WKH LQÀXHQFH RI
strain hardening and cyclic load reversals. Where transverse
reinforcement is used, development lengths for straight and
hooked bars may be reduced as permitted in 25.4.2 and
25.4.3, respectively, because closely spaced transverse reinforcement improves the performance of splices and hooks
subjected to repeated inelastic demands (ACI 408.2R).
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Longitudinal bar
at boundary region

A
Critical section for
flexure and axial loads

A

≥ min.

hsx
20 ft.

Critical section
≥ d

No splice region

18 Seismic

Floor slab

Note: For clarity, only part of the required reinforcement is shown.
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(b) Section A-A

Fig. R18.10.2.3²:DOOERXQGDU\UHJLRQVZLWKLQKHLJKWVZKHUHODSVSOLFHVDUHQRWSHUPLWWHG
18.10.2.4 Walls or wall piers with hw/Ɛw   that are
H൵HFWLYHO\ FRQWLQXRXV IURP WKH EDVH RI VWUXFWXUH WR WRS RI
wall and are designed to have a single critical section for
ÀH[XUH DQG D[LDO ORDGV VKDOO KDYH ORQJLWXGLQDO UHLQIRUFHPHQWDWWKHHQGVRIDYHUWLFDOZDOOVHJPHQWWKDWVDWLV¿HV D 
through (c).

R18.10.2.4 This provision is based on the assumption that
LQHODVWLFUHVSRQVHRIWKHZDOOLVGRPLQDWHGE\ÀH[XUDODFWLRQ
at a critical, yielding section. The wall should be proportioned so that the critical section occurs where intended.
If there is potential for more than one critical section, it is
prudent to provide the minimum boundary reinforcement at
all such sections.
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(a) Longitudinal reinforcement ratio within 0.15Ɛw from
the end of a vertical wall segment, and over a width equal
to the wall thickness, shall be at least 6 f c′ f y .
(b) The longitudinal reinforcement required by 18.10.2.4(a)
shall extend vertically above and below the critical section
at least the greater of Ɛw and Mu/3Vu.
(c) No more than 50 percent of the reinforcement required
by 18.10.2.4(a) shall be terminated at any one section.

The requirement for minimum longitudinal reinforcement in the ends of the wall is to promote the formation of
ZHOOGLVWULEXWHGVHFRQGDU\ÀH[XUDOFUDFNVLQWKHZDOOSODVWLF
hinge region to achieve the required deformation capacity
during earthquakes (Lu et al. 2017; Sritharan et al. 2014).
)XUWKHUPRUHVLJQL¿FDQWO\KLJKHULQSODFHFRQFUHWHVWUHQJWKV
than used in design calculations may be detrimental to the
GLVWULEXWLRQRIFUDFNLQJ D VSHFL¿HVWKHUHTXLUHG
reinforcement ratio in the end tension zones, as shown for
GL൵HUHQWZDOOVHFWLRQVLQ)LJ5
The longitudinal reinforcement required by 18.10.2.4(a)
should be located at a critical section where concentrated
yielding of longitudinal reinforcement is expected (typically
WKHEDVHRIDFDQWLOHYHUZDOO DQGPXVWFRQWLQXHWRDVX൶cient elevation of the wall to avoid a weak section adjacent
to the intended plastic hinge region. A height above or below
the critical section of Mu/3Vu is used to identify the length
over which yielding is expected.

'w
0.15w

0.15w

'w
0.15w

0.15w
0.15'w

0.15w

0.15'w
0.15'w

w

0.15w

0.15w

Fig. R18.10.2.4—/RFDWLRQVRIORQJLWXGLQDOUHLQIRUFHPHQWUHTXLUHGE\ D LQGLৼHUHQWFRQ¿JXUDWLRQVRIZDOOVHFWLRQV
18.10.2.5 Reinforcement in coupling beams shall be developed for fy in tension in accordance with 25.4, 25.5, and (a)
and (b):
(a) If coupling beams are reinforced according to 18.6.3.1,
the development length of longitudinal reinforcement
shall be 1.25 times the values calculated for fy in tension.
(b) If coupling beams are reinforced according to 18.10.7.4,
the development length of diagonal reinforcement shall be
1.25 times the values calculated for fy in tension.
18.10.3 Design forces

R18.10.3 Design forces
The possibility of yielding in components of structural
walls should be considered, as in the portion of a wall between
two window openings, in which case the actual shear may be
in excess of the shear indicated by lateral load analysis based
on factored design forces.
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18.10.3.1 The design shear force Ve shall be calculated by:
Ve ȍvȦvVuVu

(18.10.3.1)

where Vu, ȍv, and ȦvDUHGH¿QHGLQ
and 18.10.3.1.3, respectively.
18.10.3.1.1 Vu is the shear force obtained from code lateral
load analysis with factored load combinations.
 ȍv shall be in accordance with Table
18.10.3.1.2.
Table 18.10.3.1.2—Overstrength factor ȍv at critical
section
Condition
hwcsƐw > 1.5

ȍv
MprMu[1]

Greater of

hwcsƐw

1.5[2]
1.0

[1]

)RUWKHORDGFRPELQDWLRQSURGXFLQJWKHODUJHVWYDOXHRIȍv.

[2]

R18.10.3.1 Design shears for structural walls are obtained
from lateral load analysis with appropriate load factors
LQFUHDVHGWRDFFRXQWIRU L ÀH[XUDORYHUVWUHQJWKDWFULWLFDO
sections where yielding of longitudinal reinforcement is
H[SHFWHGDQG LL G\QDPLFDPSOL¿FDWLRQGXHWRKLJKHUPRGH
H൵HFWVDVLOOXVWUDWHGLQ)LJ57KHDSSURDFKXVHG
WRGHWHUPLQHWKHDPSOL¿HGVKHDUIRUFHVLVVLPLODUWRWKDWXVHG
in New Zealand Standard 3101 (2006). Because Mn and Mpr
GHSHQGRQD[LDOIRUFHZKLFKYDULHVIRUGL൵HUHQWORDGFRPELQDWLRQVDQGORDGLQJGLUHFWLRQIRUÀDQJHGDQGFRXSOHGZDOOV
the condition producing the largest value of ȍv should be
used. Although the value of 1.5 in 18.10.3.1.2 is greater than
the minimum value obtained for the governing load combination with a ࢥ factor of 0.9 and a tensile stress of at least 1.25fy
in the longitudinal reinforcement, a value greater than 1.5 may
be appropriate if provided longitudinal reinforcement exceeds
WKDW UHTXLUHG '\QDPLF DPSOL¿FDWLRQ LV QRW VLJQL¿FDQW LQ
walls with hw/Ɛw < 2. A limit of 0.007hwcs is imposed on ns to
account for buildings with large story heights. The application
of ȍV to Vu does not preclude the application of a redundancy
factor if required by the general building code.

Unless a more detailed analysis demonstrated a smaller value, but not less than 1.0.

18.10.3.1.3 For walls with hwcs /Ɛw < 2.0, Ȧv shall be taken
as 1.0. Otherwise, Ȧv shall be calculated as:
ns
ns ≤ 6
10
n
ω v = 1.3 + s ≤ 1.8 ns > 6
30
ω v = 0.9 +

(18.10.3.1.3)

where ns shall not be taken less than the quantity 0.007hwcs.
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18.10.4 Shear strength

R18.10.4 Shear strength

18.10.4.1 Vn shall be calculated by:
Vn = (α c λ f c′ + ρt f yt ) Acv

(18.10.4.1)

where:
Įc = 3 for hw/Ɛw
Įc = 2 for hw/Ɛw
It shall be permitted to linearly interpolate the value of Įc
between 3 and 2 for 1.5 < hw/Ɛw < 2.0.
18.10.4.2 In 18.10.4.1, the value of ratio hw/Ɛw used to
calculate Vn for segments of a wall shall be the greater of the
ratios for the entire wall and the segment of wall considered.
18.10.4.3 Walls shall have distributed shear reinforcement
in two orthogonal directions in the plane of the wall. If hw/Ɛw
does not exceed 2.0, reinforcement ratio ȡƐ shall be at least
the reinforcement ratio ȡt.
18.10.4.4 For all vertical wall segments sharing a common
lateral force, Vn shall not be taken greater than 8 f c′ Acv.
For any one of the individual vertical wall segments, Vn shall
not be taken greater than 10 f c′ Acw, where Acw is the area
of concrete section of the individual vertical wall segment
considered.
18.10.4.5 For horizontal wall segments and coupling
beams, Vn shall not be taken greater than 10 f c′ Acv, where
Acw is the area of concrete section of a horizontal wall
segment or coupling beam.

Equation (18.10.4.1) recognizes the higher shear strength
of walls with high shear-to-moment ratios (Hirosawa 1977;
Joint ACI-ASCE Committee 326 1962; Barda et al. 1977).
The nominal shear strength is given in terms of the gross area
of the section resisting shear, Acv. For a rectangular section
without openings, the term Acv refers to the gross area of the
cross section rather than to the product of the width and the
H൵HFWLYHGHSWK
A vertical wall segment refers to a part of a wall bounded
horizontally by openings or by an opening and an edge. For
DQLVRODWHGZDOORUDYHUWLFDOZDOOVHJPHQWȡt refers to horizontal reinforcement and ȡƐ refers to vertical reinforcement.
The ratio hw/Ɛw may refer to overall dimensions of a wall,
or of a segment of the wall bounded by two openings, or an
opening and an edge. The intent of 18.10.4.2 is to make certain
that any segment of a wall is not assigned a unit strength
greater than that for the entire wall. However, a wall segment
with a ratio of hw/Ɛw higher than that of the entire wall should
be proportioned for the unit strength associated with the ratio
hw/Ɛw based on the dimensions for that segment.
7R UHVWUDLQ WKH LQFOLQHG FUDFNV H൵HFWLYHO\ UHLQIRUFHPHQW
included in ȡt and ȡƐ should be appropriately distributed along
the length and height of the wall (refer to 18.10.4.3). Chord
reinforcement provided near wall edges in concentrated
amounts for resisting bending moment is not to be included in
determining ȡt and ȡƐ. Within practical limits, shear reinforcement distribution should be uniform and at a small spacing.
If the factored shear force at a given level in a structure is
resisted by several walls or several vertical wall segments of
a perforated wall, the average unit shear strength assumed
for the total available cross-sectional area is limited to 8 f c′
with the additional requirement that the unit shear strength
assigned to any single vertical wall segment does not exceed
10 f c′ . The upper limit of strength to be assigned to any
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one member is imposed to limit the degree of redistribution
of shear force.
Horizontal wall segments in 18.10.4.5 refer to wall
sections between two vertically aligned openings (refer
WR)LJ5 ,WLVLQH൵HFWDYHUWLFDOZDOOVHJPHQW
rotated through 90 degrees. A horizontal wall segment is also
referred to as a coupling beam when the openings are aligned
vertically over the building height. When designing a hori]RQWDOZDOOVHJPHQWRUFRXSOLQJEHDPȡt refers to vertical
reinforcement and ȡƐ refers to horizontal reinforcement.

Vertical
wall segment

Horizontal
wall segment

Fig. R18.10.4.5—Wall with openings.
18.10.4.6 The requirements of 21.2.4.1 shall not apply to
walls or wall piers designed according to 18.10.6.2.
18.10.5 'HVLJQIRUÀH[XUHDQGD[LDOIRUFH

R18.10.4.6 Section 21.2.4.1 does not apply because walls
GHVLJQHG DFFRUGLQJ WR  DUH FRQWUROOHG E\ ÀH[XUDO
\LHOGLQJDQGFRGHOHYHOVKHDUIRUFHVKDYHEHHQDPSOL¿HG
R18.10.5 'HVLJQIRUÀH[XUHDQGD[LDOIRUFH

18.10.5.1 Structural walls and portions of such walls
VXEMHFWWRFRPELQHGÀH[XUHDQGD[LDOORDGVVKDOOEHGHVLJQHG
in accordance with 22.4. Concrete and developed longituGLQDOUHLQIRUFHPHQWZLWKLQH൵HFWLYHÀDQJHZLGWKVERXQGDU\
HOHPHQWV DQG WKH ZDOO ZHE VKDOO EH FRQVLGHUHG H൵HFWLYH
7KHH൵HFWVRIRSHQLQJVVKDOOEHFRQVLGHUHG

R18.10.5.1 Flexural strength of a wall or wall segment
is determined according to procedures commonly used for
columns. Strength should be determined considering the
applied axial and lateral forces. Reinforcement concentrated
LQ ERXQGDU\ HOHPHQWV DQG GLVWULEXWHG LQ ÀDQJHV DQG ZHEV
should be included in the strength calculations based on a
strain compatibility analysis. The foundation supporting the
wall should be designed to resist the wall boundary and web
IRUFHV)RUZDOOVZLWKRSHQLQJVWKHLQÀXHQFHRIWKHRSHQLQJ
RURSHQLQJVRQÀH[XUDODQGVKHDUVWUHQJWKVLVWREHFRQVLGered and a load path around the opening or openings should
EH YHUL¿HG &DSDFLW\GHVLJQ FRQFHSWV DQG WKH VWUXWDQGWLH
method may be useful for this purpose (Taylor et al. 1998).

18.10.5.2 Unless a more detailed analysis is performed,
H൵HFWLYHÀDQJHZLGWKVRIÀDQJHGVHFWLRQVVKDOOH[WHQGIURP
the face of the web a distance equal to the lesser of one-half
the distance to an adjacent wall web and 25 percent of the
total wall height above the section under consideration.

R18.10.5.2 Where wall sections intersect to form L-,
7&RURWKHUFURVVVHFWLRQDOVKDSHVWKHLQÀXHQFHRIWKH
ÀDQJHRQWKHEHKDYLRURIWKHZDOOVKRXOGEHFRQVLGHUHGE\
VHOHFWLQJ DSSURSULDWH ÀDQJH ZLGWKV 7HVWV Wallace 1996)
VKRZ WKDW H൵HFWLYH ÀDQJH ZLGWK LQFUHDVHV ZLWK LQFUHDVLQJ
GULIWOHYHODQGWKHH൵HFWLYHQHVVRIDÀDQJHLQFRPSUHVVLRQ
GL൵HUVIURPWKDWIRUDÀDQJHLQWHQVLRQ7KHYDOXHXVHGIRU
WKH H൵HFWLYH FRPSUHVVLRQ ÀDQJH ZLGWK KDV OLWWOH H൵HFW RQ
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the strength and deformation capacity of the wall; therefore,
WRVLPSOLI\GHVLJQDVLQJOHYDOXHRIH൵HFWLYHÀDQJHZLGWK
EDVHGRQDQHVWLPDWHRIWKHH൵HFWLYHWHQVLRQÀDQJHZLGWKLV
used in both tension and compression.

18.10.6 %RXQGDU\HOHPHQWVRIVSHFLDOVWUXFWXUDOZDOOV

R18.10.6 %RXQGDU\HOHPHQWVRIVSHFLDOVWUXFWXUDOZDOOV

18.10.6.1 The need for special boundary elements at the
edges of structural walls shall be evaluated in accordance
with 18.10.6.2 or 18.10.6.3. The requirements of 18.10.6.4
DQGVKDOODOVREHVDWLV¿HG

R18.10.6.1 Two design approaches for evaluating
detailing requirements at wall boundaries are included in
18.10.6.1. Provision 18.10.6.2 allows the use of displacement-based design of walls, in which the structural details
are determined directly on the basis of the expected lateral
displacements of the wall. The provisions of 18.10.6.3 are
similar to those of the 1995 Code, and have been retained
because they are conservative for assessing required transverse reinforcement at wall boundaries for many walls.
Provisions 18.10.6.4 and 18.10.6.5 apply to structural walls
designed by either 18.10.6.2 or 18.10.6.3.

18.10.6.2 Walls or wall piers with hwcs/Ɛw   that are
H൵HFWLYHO\ FRQWLQXRXV IURP WKH EDVH RI VWUXFWXUH WR WRS RI
wall and are designed to have a single critical section for
ÀH[XUHDQGD[LDOORDGVVKDOOVDWLVI\ D DQG E 

R18.10.6.2 This section is based on the assumption that
LQHODVWLFUHVSRQVHRIWKHZDOOLVGRPLQDWHGE\ÀH[XUDODFWLRQ
at a critical, yielding section. The wall should be proportioned and reinforced so that the critical section occurs
where intended.
Equation (18.10.6.2a) follows from a displacementbased approach (Moehle 1992; Wallace and Orakcal 2002).
The approach assumes that special boundary elements are
UHTXLUHG WR FRQ¿QH WKH FRQFUHWH ZKHUH WKH VWUDLQ DW WKH
H[WUHPH FRPSUHVVLRQ ¿EHU RI WKH ZDOO H[FHHGV D FULWLFDO
value when the wall is displaced to 1.5 times the design
displacement. Consistent with a displacement-based design
approach, the design displacement in Eq. (18.10.6.2a) is
taken at the top of the wall, and the wall height is taken as
the height above the critical section. The multiplier of 1.5
on design displacement was added to Eq. (18.10.6.2) in the
2014 Code to produce detailing requirements more consistent with the building code performance intent of a low probability of collapse in Maximum Considered Earthquake level
shaking. The lower limit of 0.005 on the quantity įu/hwcs
requires special boundary elements if wall boundary longitudinal reinforcement tensile strain does not reach approxiPDWHO\ WZLFH WKH OLPLW XVHG WR GH¿QH WHQVLRQFRQWUROOHG
beam sections according to 21.2.2. The lower limit of 0.005
on the quantity įu/hwcs requires moderate wall deformation
FDSDFLW\IRUVWL൵EXLOGLQJV
The neutral axis depth c in Eq. (18.10.6.2) is the depth
calculated according to 22.2 corresponding to development
RIQRPLQDOÀH[XUDOVWUHQJWKRIWKHZDOOZKHQGLVSODFHGLQ
the same direction as įu. The axial load is the factored axial
load that is consistent with the design load combination that
produces the design displacement įu.
The height of the special boundary element is based on
estimates of plastic hinge length and extends beyond the
zone over which yielding of tension reinforcement and
spalling of concrete are likely to occur.

(a) Compression zones shall be reinforced with special
boundary elements where
1.5δ u
A
≥ w
600c
hwcs

(18.10.6.2a)

and c corresponds to the largest neutral axis depth calculated for the factored axial force and nominal moment
strength consistent with the direction of the design
displacement įu. Ratio įu/hwcs shall not be taken less than
0.005.
(b) If special boundary elements are required by (a), then
L DQGHLWKHU LL RU LLL VKDOOEHVDWLV¿HG
(i) Special boundary element transverse reinforcement
shall extend vertically above and below the critical
section a least the greater of Ɛw and Mu/4Vu, except as
permitted in 18.10.6.4(i).
(ii) b ≥ 0.025Acw
(iii) įc/hwcsįu/hwcs, where:
δc
Ve ⎞
1 ⎛
1 ⎛ Aw ⎞ ⎛ c⎞
=
⎜ 4 − ⎜⎝ ⎟⎠ ⎜⎝ ⎟⎠ −
⎟ (18.10.6.2b)
hwcs 100 ⎝
b
50 b
8 f c′Acv ⎠
The value of įc/hwcs in Eq. (18.10.6.2b) need not be taken
less than 0.015.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

324

COMMENTARY
Equation (18.10.6.2b) is based on the mean top-of-wall
drift capacity at 20 percent loss of lateral strength proposed
by Abdullah and Wallace (2019). The requirement that drift
capacity exceed 1.5 times the drift demand results in a low
probability of strength loss for the design earthquake. The
expression for b in (ii) is derived from Eq. (18.10.6.2b),
assuming values of Vu/(8Acv f c′ ) and įu/hwcs of approximately 1.0 and 0.015, respectively. If b varies over c, an
average or representative value of b should be used. For
H[DPSOHDWWKHÀDQJHGHQGRIDZDOOb should be taken equal
WR WKH H൵HFWLYH ÀDQJH ZLGWK GH¿QHG LQ  XQOHVVc
extends into the web, then a weighted average should be
used for b.$WWKHHQGRIDZDOOZLWKRXWDÀDQJHb should be
taken equal to the wall thickness. If the drift capacity does
not exceed the drift demand for a trial design, then changes
to the design are required to increase wall drift capacity,
reduces wall drift demand, or both, such that drift capacity
exceeds drift demand for each wall in a given building.

18.10.6.3 Structural walls not designed in accordance with
18.10.6.2 shall have special boundary elements at boundaries and edges around openings of structural walls where
WKH PD[LPXP H[WUHPH ¿EHU FRPSUHVVLYH VWUHVV FRUUHVSRQGLQJWRORDGFRPELQDWLRQVLQFOXGLQJHDUWKTXDNHH൵HFWV
E, exceeds 0.2fcƍ. The special boundary element shall be
permitted to be discontinued where the calculated compressive stress is less than 0.15fcƍ. Stresses shall be calculated for
the factored loads using a linearly elastic model and gross
VHFWLRQSURSHUWLHV)RUZDOOVZLWKÀDQJHVDQH൵HFWLYHÀDQJH
width as given in 18.10.5.2 shall be used.

R18.10.6.3 By this procedure, the wall is considered to
be acted on by gravity loads and the maximum shear and
moment induced by earthquake in a given direction. Under
this loading, the compressed boundary at the critical section
resists the tributary gravity load plus the compressive resultant associated with the bending moment.
Recognizing that this loading condition may be repeated
many times during the strong motion, the concrete is to be
FRQ¿QHGZKHUHWKHFDOFXODWHGFRPSUHVVLYHVWUHVVHVH[FHHG
a nominal critical value equal to 0.2fcƍ. The stress is to be
calculated for the factored forces on the section assuming
linear response of the gross concrete section. The compressive stress of 0.2fcƍ is used as an index value and does
not necessarily describe the actual state of stress that may
GHYHORS DW WKH FULWLFDO VHFWLRQ XQGHU WKH LQÀXHQFH RI WKH
actual inertia forces for the anticipated earthquake intensity.

18.10.6.4 If special boundary elements are required by
RU D WKURXJK N VKDOOEHVDWLV¿HG
(a) The boundary element shall extend horizontally from
WKH H[WUHPH FRPSUHVVLRQ ¿EHU D GLVWDQFH DW OHDVW WKH
greater of c – 0.1Ɛw and c/2, where c is the largest neutral
axis depth calculated for the factored axial force and
nominal moment strength consistent with įu.
E  :LGWK RI WKH ÀH[XUDO FRPSUHVVLRQ ]RQH b, over the
horizontal distance calculated by 18.10.6.4(a), including
ÀDQJHLISUHVHQWVKDOOEHDWOHDVWhu/16.
(c) For walls or wall piers with hw/ƐwWKDWDUHH൵HFtively continuous from the base of structure to top of
ZDOOGHVLJQHGWRKDYHDVLQJOHFULWLFDOVHFWLRQIRUÀH[XUH
and axial loads, and with c/Ɛw   ZLGWK RI WKH ÀH[ural compression zone b over the length calculated in
18.10.6.4(a) shall be greater than or equal to 12 in.
G ,QÀDQJHGVHFWLRQVWKHERXQGDU\HOHPHQWVKDOOLQFOXGH
WKHH൵HFWLYHÀDQJHZLGWKLQFRPSUHVVLRQDQGVKDOOH[WHQG
at least 12 in. into the web.

R18.10.6.4 The horizontal dimension of the special
boundary element is intended to extend at least over the
length where the concrete compressive strain exceeds the
FULWLFDO YDOXH )RU ÀDQJHG ZDOO VHFWLRQV LQFOXGLQJ ER[
shapes, L-shapes, and C-shapes, the calculation to determine the need for special boundary elements should include
a direction of lateral load consistent with the orthogonal
FRPELQDWLRQV GH¿QHG LQ$6&(6(, . The value of c/2 in
18.10.6.4(a) is to provide a minimum length of the special
boundary element. Good detailing practice is to arrange the
ORQJLWXGLQDO UHLQIRUFHPHQW DQG WKH FRQ¿QHPHQW UHLQIRUFHment such that all primary longitudinal reinforcement at the
wall boundary is supported by transverse reinforcement.
A slenderness limit is introduced into the 2014 edition
of this Code based on lateral instability failures of slender
wall boundaries observed in recent earthquakes and tests
(Wallace 2012; Wallace et al. 2012). For walls with large
cover, where spalling of cover concrete would lead to a
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(e) The boundary element transverse reinforcement shall
satisfy 18.7.5.2(a) through (d) and 18.7.5.3, except the
transverse reinforcement spacing limit of 18.7.5.3(a)
shall be one-third of the least dimension of the boundary
element. The maximum vertical spacing of transverse
reinforcement in the boundary element shall also not
exceed that in Table 18.10.6.5(b).
(f) Transverse reinforcement shall be arranged such that the
spacing hx between laterally supported longitudinal bars
around the perimeter of the boundary element shall not
exceed the lesser of 14 in. and two-thirds of the boundary
element thickness. Lateral support shall be provided by a
seismic hook of a crosstie or corner of a hoop. The length of
a hoop leg shall not exceed two times the boundary element
thickness, and adjacent hoops shall overlap at least the lesser
of 6 in. and two-thirds the boundary element thickness.
(g) The amount of transverse reinforcement shall be in
accordance with Table 18.10.6.4(g).
Table 18.10.6.4(g)—Transverse reinforcement for
special boundary elements
Transverse reinforcement

Applicable expressions
⎛ Ag
⎞ f′
0.3 ⎜
−1 c
⎝ Ach ⎟⎠ f yt

Ashsbc for rectilinear hoop

Greater of

0.09

f c′
f yt

⎛ Ag
⎞ f′
−1 c
0.45 ⎜
⎝ Ach ⎟⎠ f yt

ȡs for spiral or circular hoop

(a)

(b)

(c)

Greater of
0.12

f c′
f yt

(d)

K  &RQFUHWH ZLWKLQ WKH WKLFNQHVV RI WKH ÀRRU V\VWHP DW
WKHVSHFLDOERXQGDU\HOHPHQWORFDWLRQVKDOOKDYHVSHFL¿HG
compressive strength at least 0.7 times fcƍ of the wall.
(i) For a distance above and below the critical section
VSHFL¿HGLQ E ZHEYHUWLFDOUHLQIRUFHPHQWVKDOO
have lateral support provided by the corner of a hoop or
by a crosstie with seismic hooks at each end. Transverse
reinforcement shall have a vertical spacing not to exceed
12 in. and diameter satisfying 25.7.2.2.
(j) Where the critical section occurs at the wall base, the
boundary element transverse reinforcement at the wall
base shall extend into the support at least Ɛd, in accordance
with 18.10.2.3, of the largest longitudinal reinforcement in
the special boundary element. Where the special boundary
element terminates on a footing, mat, or pile cap, special
boundary element transverse reinforcement shall extend
at least 12 in. into the footing, mat, or pile cap, unless a
greater extension is required by 18.13.2.4.

VLJQL¿FDQWO\ UHGXFHG VHFWLRQ LQFUHDVHG ERXQGDU\ HOHPHQW
thickness should be considered.
A value of c/Ɛw   LV XVHG WR GH¿QH D ZDOO FULWLFDO
section that is not tension-controlled according to 21.2.2. A
minimum wall thickness of 12 in. is imposed to reduce the
likelihood of lateral instability of the compression zone after
spalling of cover concrete.
:KHUH ÀDQJHV DUH KLJKO\ VWUHVVHG LQ FRPSUHVVLRQ WKH
ZHEWRÀDQJH LQWHUIDFH LV OLNHO\ WR EH KLJKO\ VWUHVVHG DQG
may sustain local crushing failure unless special boundary
element reinforcement extends into the web.
Required transverse reinforcement at wall boundaries
is based on column provisions. Expression (a) of Table
18.10.6.4(g) was applied to wall special boundary elements
prior to the 1999 edition of this Code. It is reinstated in the
2014 edition of this Code due to concerns that expression
(b) of Table 18.10.6.4(g) by itself does not provide adequate
transverse reinforcement for thin walls where concrete
FRYHU DFFRXQWV IRU D VLJQL¿FDQW SRUWLRQ RI WKH ZDOO WKLFNness. For wall special boundary elements having rectangular
cross section, Ag and Ach in expressions (a) and (c) in Table
 J DUHGH¿QHGDVAg = Ɛbe b and Ach = bc1bc2, where
dimensions are shown in Fig. R18.10.6.4b. This considers
that concrete spalling is likely to occur only on the exposed
IDFHV RI WKH FRQ¿QHG ERXQGDU\ HOHPHQW 7HVWV Thomsen
and Wallace 2004) show that adequate performance can be
achieved using vertical spacing greater than that permitted
by 18.7.5.3(a). The limits on spacing between laterally
supported longitudinal bars are intended to provide more
uniform spacing of hoops and crossties for thin walls.
&RQ¿JXUDWLRQ UHTXLUHPHQWV IRU ERXQGDU\ HOHPHQW WUDQVverse reinforcement and crossties for web longitudinal
reinforcement are summarized in Fig. R18.10.6.4a. A limit
is placed on the relative lengths of boundary element hoop
legs because tests (Segura and Wallace 2018; Welt et al.
2017; Arteta 2015) show that a single perimeter hoop with
supplemental crossties that have alternating 90-degree and
GHJUHHKRRNVDUHQRWDVH൵HFWLYHDVRYHUODSSLQJKRRSV
and crossties with seismic hooks at both ends if Ɛbe exceeds
approximately 2b.
These tests also show that loss of axial load-carrying
capacity of a wall can occur immediately following damage
to the wall boundary elements if web vertical reinforcement
within the plastic hinge region is not restrained. Use of web
crossties outside of boundary elements also results in a less
abrupt transition in transverse reinforcement used to provide
FRQFUHWHFRQ¿QHPHQWDQGUHVWUDLQEXFNOLQJRIORQJLWXGLQDO
reinforcement, which addresses potential increases in the
neutral axis depth due to shear (diagonal compression) and
uncertainties in axial load.
Requirements for vertical extensions of boundary elements
are summarized in Fig. R18.10.6.4c (Moehle et al. 2011).
The horizontal reinforcement in a structural wall with low
shear-to-moment ratio resists shear through truss action,
with the horizontal bars acting like the stirrups in a beam.
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(k) Horizontal reinforcement in the wall web shall extend
to within 6 in. of the end of the wall. Reinforcement shall
be anchored to develop fyZLWKLQWKHFRQ¿QHGFRUHRIWKH
boundary element using standard hooks or heads. Where
WKH FRQ¿QHG ERXQGDU\ HOHPHQW KDV VX൶FLHQW OHQJWK WR
develop the horizontal web reinforcement, and Asfy /s of
the horizontal web reinforcement does not exceed Asfyt /s
of the boundary element transverse reinforcement parallel
to the horizontal web reinforcement, it shall be permitted
to terminate the horizontal web reinforcement without a
standard hook or head.

Perimeter hoop

b

Thus, the horizontal bars provided for shear reinforcement
PXVWEHGHYHORSHGZLWKLQWKHFRQ¿QHGFRUHRIWKHERXQGDU\
element and extended as close to the end of the wall as cover
requirements and proximity of other reinforcement permit.
The requirement that the horizontal web reinforcement be
DQFKRUHGZLWKLQWKHFRQ¿QHGFRUHRIWKHERXQGDU\HOHPHQW
and extended to within 6 in. from the end of the wall applies
to all horizontal bars whether straight, hooked, or headed, as
illustrated in Fig. R18.10.6.4c.
The requirements in 18.10.2.4 apply to the minimum
longitudinal reinforcement in the ends of walls, including
those with special boundary elements.

Longitudinal web reinforcement

Supplemental crossties

Through web
crosstie

bc

1 ≤ 2bc

Horizontal web
reinforcement, Av

be

(a) Perimeter hoop with supplemental 135-degree crossties and 135-degree crossties
supporting distributed web longitudinal reinforcement

Supplemental crossties
Hoop #1

b

Hoop Overlap
at least min. of
(6 in. and 2b/3)

Hoop #2

Longitudinal web reinforcement

bc

1 ≤ 2bc
2 ≤ 2bc

Horizontal web
reinforcement, Av

be
(b) Overlapping hoops with supplemental 135-degree crossties and 135-degree crossties
supporting distributed web longitudinal reinforcement

Fig. R18.10.6.4a²&RQ¿JXUDWLRQVRIERXQGDU\WUDQVYHUVHUHLQIRUFHPHQWDQGZHEFURVVWLHV
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Horizontal web reinforcement, Av

be

bc1

b

bc2

≥ dh or dt
as appropriate

≤ 6 in.

Confined
core

(a)
Option with standard hooks or headed reinforcement

Boundary element
reinforcement, Ash

Horizontal web
reinforcement, Av

≥ d of the horizontal
≤ 6 in.

web reinforcement

(b)
Option with straight developed reinforcement
Fig. R18.10.6.4b²'HYHORSPHQW RI ZDOO KRUL]RQWDO UHLQIRUFHPHQWLQFRQ¿QHGERXQGDU\HOHPHQW
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Ties not
required

ρ<

400
fy

Ties per
18.10.6.5

ρ≥

400
fy

18 Seismic

CODE

w

Special
boundary
element

b≥

Max. ≥

If

(4VM )
u

≥ 12 in.

u critical
section

≥ d for 1.25fy
(or hook as req’d.)
Boundary element not
near edge of footing

hu
16
c

w

≥

3
,
8

then b ≥ 12 in.

Boundary element near edge
of footing or other support
Critical section per 18.10.6.2

(a) Wall with hw /w ≥ 2.0 and a single critical section controlled by flexure and
axial load designed using 18.10.6.2, 18.10.6.4, and 18.10.6.5

σ < 0.15f ′c
ρ ≤ 400
fy
Ties not required

σ ≥ 0.2f c′
Special boundary
element required
Develop for fy past opening,
top and bottom

σ ≤ 0.2f c′
400
;
ρ>
fy
Ties per 18.10.6.5

σ < 0.15f c′
400
ρ>
fy
Ties per 18.10.6.5
σ > 0.2f c′ Special boundary
element required,
h
b≥ u
See Notes.
16

Notes: Requirement for special boundary element is triggered if maximum extreme fiber
compressive stress σ ≥ 0.2f c′ . Once triggered, the special boundary element extends
until σ < 0.15f c′ . Since hw /w ≤ 2.0, 18.10.6.4(c) does not apply.
(b) Wall and wall pier designed using 18.10.6.3, 18.10.6.4, and 18.10.6.5.

Fig. R18.10.6.4c²6XPPDU\RIERXQGDU\HOHPHQWUHTXLUHPHQWVIRUVSHFLDOZDOOV
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18.10.6.5 Where special boundary elements are not required
E\RU D DQG E VKDOOEHVDWLV¿HG

R18.10.6.5 Cyclic load reversals may lead to buckling of boundary longitudinal reinforcement even in cases
where the demands on the boundary of the wall do not
require special boundary elements. For walls with moderate
amounts of boundary longitudinal reinforcement, ties are
required to inhibit buckling. The longitudinal reinforcement ratio is intended to include only the reinforcement at
the wall boundary, as indicated in Fig. R18.10.6.5. A greater
spacing of ties relative to 18.10.6.4(e) is allowed due to the
lower deformation demands on the walls. Requirements of
18.10.6.5 apply over the entire wall height and are summarized in Fig. R18.10.6.4c for cases where special boundary
elements are required (Moehle et al. 2011).
The addition of hooks or U-stirrups at the ends of horizontal wall reinforcement provides anchorage so that the
UHLQIRUFHPHQW ZLOO EH H൵HFWLYH LQ UHVLVWLQJ VKHDU IRUFHV ,W
will also tend to inhibit the buckling of the vertical edge
reinforcement. In walls with low in-plane shear, the development of horizontal reinforcement is not necessary.
Limits on spacing of transverse reinforcement are intended
to prevent bar buckling until reversed cyclic strains extend
well into the inelastic range. To achieve similar performance
capability, smaller spacing is required for higher-strength
longitudinal reinforcement.

(a) Except where Vu in the plane of the wall is less than
Ȝ f c′ Acv, horizontal reinforcement terminating at the
edges of structural walls without boundary elements shall
have a standard hook engaging the edge reinforcement
or the edge reinforcement shall be enclosed in U-stirrups
having the same size and spacing as, and spliced to, the
horizontal reinforcement.
(b) If the maximum longitudinal reinforcement ratio at the
wall boundary exceeds 400/fy, boundary transverse reinforcement shall satisfy 18.7.5.2(a) through (e) over the
distance calculated in accordance with 18.10.6.4(a). The
vertical spacing of transverse reinforcement at the wall
boundary shall be in accordance with Table 18.10.6.5(b).
Table 18.10.6.5(b)—Maximum vertical spacing of
transverse reinforcement at wall boundary
Grade of
SULPDU\ÀH[XUDO
reinforcing bar

60

80

100

Transverse
reinforcement required
Within the greater of Ɛw
and MuVu above and
below critical sections[2]

Lesser of:

Other locations

Lesser of:

6db
6 in.
8db

Lesser of:

Other locations

Lesser of:

Within the greater of Ɛw
and MuVu above and
below critical sections[2]

Lesser of:

x

a

x

8 in.
5db

Within the greater of Ɛw
and MuVu above and
below critical sections[2]

Other locations
[1]

Maximum vertical
spacing of transverse
reinforcement[1]

h

ρ=

Ab

6 in.
6db

14 boundary
longitudinal bars

6 in.

14Ab
h(2x + a)

Distributed
bars

4db

Lesser of:

6 in.
6db

h

s

ρ=

2Ab
hs

6 in.

In this table, dbLVWKHGLDPHWHURIWKHVPDOOHVWSULPDU\ÀH[XUDOUHLQIRUFLQJEDU

[2]

&ULWLFDOVHFWLRQVDUHGH¿QHGDVORFDWLRQVZKHUH\LHOGLQJRIORQJLWXGLQDOUHLQIRUFHment is likely to occur as a result of lateral displacements.

18.10.7 &RXSOLQJEHDPV

Distributed bars, Ab, at equal spacing s

Fig. R18.10.6.5²/RQJLWXGLQDO UHLQIRUFHPHQW UDWLRV IRU
typical wall boundary conditions.
R18.10.7 &RXSOLQJEHDPV

18.10.7.1 Coupling beams with (Ɛn/h  shall satisfy the
requirements of 18.6, with the wall boundary interpreted as
being a column. The provisions of 18.6.2.1(b) and (c) need
QRWEHVDWLV¿HGLILWFDQEHVKRZQE\DQDO\VLVWKDWWKHEHDP
has adequate lateral stability.
18.10.7.2 Coupling beams with (Ɛn/h) < 2 and with Vu
Ȝ f c′ Acw shall be reinforced with two intersecting groups of
diagonally placed bars symmetrical about the midspan, unless it
FDQEHVKRZQWKDWORVVRIVWL൵QHVVDQGVWUHQJWKRIWKHFRXSOLQJ

Coupling beams connecting structural walls can provide
VWL൵QHVV DQG HQHUJ\ GLVVLSDWLRQ ,Q PDQ\ FDVHV JHRPHWULF
limits result in coupling beams that are deep in relation to
their clear span. Deep coupling beams may be controlled by
VKHDUDQGPD\EHVXVFHSWLEOHWRVWUHQJWKDQGVWL൵QHVVGHWHrioration under earthquake loading. Test results (Paulay and
Binney 1974; Barney et al. 1980 KDYHVKRZQWKDWFRQ¿QHG
diagonal reinforcement provides adequate resistance in deep
coupling beams.
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beams will not impair the vertical load-carrying ability of
the structure, the egress from the structure, or the integrity of
nonstructural components and their connections to the structure.

Experiments show that diagonally oriented reinforcement
LVH൵HFWLYHRQO\LIWKHEDUVDUHSODFHGZLWKDODUJHLQFOLQDtion. Therefore, diagonally reinforced coupling beams are
restricted to beams having aspect ratio Ɛn/h < 4. The 2008
edition of this Code was changed to clarify that coupling
beams of intermediate aspect ratio can be reinforced
according to 18.6.3 through 18.6.5.
Diagonal bars should be placed approximately symmetrically in the beam cross section, in two or more layers. The
diagonally placed bars are intended to provide the entire
shear and corresponding moment strength of the beam.
Designs deriving their moment strength from combinations
of diagonal and longitudinal bars are not covered by these
provisions.
7ZR FRQ¿QHPHQW RSWLRQV DUH GHVFULEHG $FFRUGLQJ WR
18.10.7.4(c), each diagonal element consists of a cage of
longitudinal and transverse reinforcement, as shown in
Fig. R18.10.7a. Each cage contains at least four diagonal
EDUVDQGFRQ¿QHVDFRQFUHWHFRUH7KHUHTXLUHPHQWRQVLGH
dimensions of the cage and its core is to provide adequate
stability to the cross section when the bars are loaded beyond
yielding. The minimum dimensions and required reinforcement clearances may control the wall width. Revisions
were made in the 2008 Code to relax spacing of transverse
UHLQIRUFHPHQW FRQ¿QLQJ WKH GLDJRQDO EDUV WR FODULI\ WKDW
FRQ¿QHPHQWLVUHTXLUHGDWWKHLQWHUVHFWLRQRIWKHGLDJRQDOV
and to simplify design of the longitudinal and transverse
reinforcement around the beam perimeter; beams with these
new details are expected to perform acceptably. The expressions for transverse reinforcement Ash are based on ensuring
compression capacity of an equivalent column section is
maintained after spalling of cover concrete.
Section 18.10.7.4(d) describes a second option for
FRQ¿QHPHQWRIWKHGLDJRQDOVLQWURGXFHGLQWKH&RGH
UHIHU WR )LJ 5E 7KLV VHFRQG RSWLRQ LV WR FRQ¿QH
WKHHQWLUHEHDPFURVVVHFWLRQLQVWHDGRIFRQ¿QLQJWKHLQGLYLGXDOGLDJRQDOV7KLVRSWLRQFDQFRQVLGHUDEO\VLPSOLI\¿HOG
placement of hoops, which can otherwise be especially challenging where diagonal bars intersect each other or enter the
wall boundary.
For coupling beams not used as part of the lateral-forceresisting system, the requirements for diagonal reinforcement may be waived.
Test results (Barney et al. 1980) demonstrate that beams
reinforced as described in 18.10.7 have adequate ductility at
shear forces exceeding 10 f c′ bwd. Consequently, the use
of a limit of 10 f c′ Acw provides an acceptable upper limit.

18.10.7.3 Coupling beams not governed by 18.10.7.1 or
18.10.7.2 shall be permitted to be reinforced either with two
intersecting groups of diagonally placed bars symmetrical
about the midspan or according to 18.6.3 through 18.6.5,
with the wall boundary interpreted as being a column.
18.10.7.4 Coupling beams reinforced with two intersecting groups of diagonally placed bars symmetrical about
the midspan shall satisfy (a), (b), and either (c) or (d), and
the requirements of 9.9QHHGQRWEHVDWLV¿HG
(a) Vn shall be calculated by
Vn = 2Avd fyVLQĮ

f c′ Acw

(18.10.7.4)

ZKHUH Į LV WKH DQJOH EHWZHHQ WKH GLDJRQDO EDUV DQG WKH
longitudinal axis of the coupling beam.
(b) Each group of diagonal bars shall consist of a minimum
of four bars provided in two or more layers.
(c) Each group of diagonal bars shall be enclosed by rectilinear transverse reinforcement having out-to-out dimensions of at least bw/2 in the direction parallel to bw and bw/5
along the other sides, where bw is the web width of the
coupling beam. The transverse reinforcement shall be in
accordance with 18.7.5.2(a) through (e), with Ash not less
than the greater of (i) and (ii):
(i) 0.09 sbc

f c′
f yt

⎛ Ag
⎞ f′
(ii) 0.3sbc ⎜
− 1⎟ c
⎝ Ach ⎠ f yt
For the purpose of calculating Ag, the concrete cover
in 20.5.1 shall be assumed on all four sides of each
group of diagonal bars. The transverse reinforcement
shall have spacing measured parallel to the diagonal
bars satisfying 18.7.5.3(d) and not exceeding 6db of
the smallest diagonal bars, and shall have spacing of
crossties or legs of hoops measured perpendicular to
the diagonal bars not exceeding 14 in. The transverse
reinforcement shall continue through the intersection of
the diagonal bars. At the intersection, it is permitted to
modify the arrangement of the transverse reinforcement
provided the spacing and volume ratio requirements are
VDWLV¿HG $GGLWLRQDO ORQJLWXGLQDO DQG WUDQVYHUVH UHLQforcement shall be distributed around the beam perimeter with total area in each direction of at least 0.002bws
and spacing not exceeding 12 in.
(d) Transverse reinforcement shall be provided for the
entire beam cross section in accordance with 18.7.5.2(a)
through (e) with Ash not less than the greater of (i) and (ii):
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f c′
f yt

⎛ Ag
⎞ f′
(ii) 0.3sbc ⎜
−1 c
⎝ Ach ⎟⎠ f yt
Longitudinal spacing of transverse reinforcement shall
not exceed the lesser of 6 in. and 6db of the smallest
diagonal bars. Spacing of crossties or legs of hoops
both vertically and horizontally in the plane of the beam
cross section shall not exceed 8 in. Each crosstie and
each hoop leg shall engage a longitudinal bar of equal
RU JUHDWHU GLDPHWHU ,W VKDOO EH SHUPLWWHG WR FRQ¿JXUH
KRRSVDVVSHFL¿HGLQ

Line of
symmetry

Horizontal beam reinforcement at wall
does not develop fy

Avd = total area of reinforcement in
each group of diagonal bars
A
α

h

db

Note:
For clarity, only part of the
required reinforcement is shown
on each side of the line of
symmetry.

Wall boundary
reinforcement

A

n
Elevation
Transverse reinforcement
spacing measured perpendicular
to the axis of the diagonal bars
not to exceed 14 in.

Transverse reinforcement
spacing measured perpendicular
to the axis of the diagonal bars
not to exceed 14 in.
≥ bw /2

bw
Section A-A
Fig. R18.10.7a²&RQ¿QHPHQWRILQGLYLGXDOGLDJRQDOVLQFRXSOLQJEHDPVZLWKGLDJRQDOO\RULHQWHGUHLQIRUFHPHQW:DOOERXQGDU\
UHLQIRUFHPHQWVKRZQRQRQHVLGHRQO\IRUFODULW\
American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

332

COMMENTARY

Line of
symmetry

Spacing not exceeding
smaller of 6 in. and 6db

Avd = total area of reinforcement in
each group of diagonal bars

B
α

h

db

Note:
For clarity, only part of the
required reinforcement is shown
on each side of the line of
symmetry.

Wall boundary
reinforcement

B

n
Elevation

Note: Consecutive crossties engaging the same longitudinal
bar have their 90-degree hooks on opposite sides of beam.

Transverse reinforcement
spacing not to exceed 8 in.

Transverse
reinforcement
spacing not to
exceed 8 in.
Section B-B

Fig. R18.10.7b²)XOOFRQ¿QHPHQWRIGLDJRQDOO\UHLQIRUFHGFRQFUHWHEHDPVHFWLRQLQFRXSOLQJEHDPVZLWKGLDJRQDOO\RULHQWHG
UHLQIRUFHPHQW:DOOERXQGDU\UHLQIRUFHPHQWVKRZQRQRQHVLGHRQO\IRUFODULW\
18.10.8 Wall piers

R18.10.8 Wall piers

18.10.8.1 Wall piers shall satisfy the special moment frame
requirements for columns of 18.7.4, 18.7.5, and 18.7.6, with
joint faces taken as the top and bottom of the clear height of
the wall pier. Alternatively, wall piers with (Ɛw/bw) > 2.5 shall
satisfy (a) through (f):
(a) Design shear force shall be calculated in accordance
with 18.7.6.1 with joint faces taken as the top and bottom
of the clear height of the wall pier. If the general building
code includes provisions to account for overstrength of
the seismic-force-resisting system, the design shear force

Door and window placements in structural walls sometimes lead to narrow vertical wall segments that are considHUHGWREHZDOOSLHUV7KHGLPHQVLRQVGH¿QLQJZDOOSLHUVDUH
given in Chapter 2. Shear failures of wall piers have been
observed in previous earthquakes. The intent of this section
LVWRSURYLGHVX൶FLHQWVKHDUVWUHQJWKWRZDOOSLHUVVXFKWKDW
LQHODVWLFUHVSRQVHLILWRFFXUVZLOOEHSULPDULO\LQÀH[XUH
The provisions apply to wall piers designated as part of the
seismic-force-resisting system. Provisions for wall piers not
designated as part of the seismic-force-resisting system are
JLYHQLQ7KHH൵HFWRIDOOYHUWLFDOZDOOVHJPHQWVRQWKH
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CODE
need not exceed ȍo times the factored shear calculated by
DQDO\VLVRIWKHVWUXFWXUHIRUHDUWKTXDNHORDGH൵HFWV
(b) Vn and distributed shear reinforcement shall satisfy
18.10.4.
(c) Transverse reinforcement shall be hoops except it shall
be permitted to use single-leg horizontal reinforcement
parallel to Ɛw where only one curtain of distributed shear
reinforcement is provided. Single-leg horizontal reinforcement shall have 180-degree bends at each end that
engage wall pier boundary longitudinal reinforcement.
(d) Vertical spacing of transverse reinforcement shall not
exceed 6 in.
(e) Transverse reinforcement shall extend at least 12 in.
above and below the clear height of the wall pier.
(f) Special boundary elements shall be provided if required
by 18.10.6.3.
18.10.8.2 For wall piers at the edge of a wall, horizontal
reinforcement shall be provided in adjacent wall segments
above and below the wall pier and be designed to transfer
the design shear force from the wall pier into the adjacent
wall segments.

COMMENTARY
response of the structural system, whether designated as part
of the seismic-force-resisting system or not, should be considered as required by 18.2.2. Wall piers having (Ɛw/bw   
behave essentially as columns. Provision 18.10.8.1 requires
that such members satisfy reinforcement and shear strength
requirements of 18.7.4 through 18.7.6. Alternative provisions are provided for wall piers having (Ɛw/bw) > 2.5.
The design shear force determined according to 18.7.6.1
may be unrealistically large in some cases. As an alternative,
18.10.8.1(a) permits the design shear force to be determined
using factored load combinations in which the earthquake
H൵HFWKDVEHHQDPSOL¿HGWRDFFRXQWIRUV\VWHPRYHUVWUHQJWK
Documents such as the NEHRP provisions (FEMA P749),
$6&(6(, , and the 2018 IBC UHSUHVHQW WKH DPSOL¿HG
HDUWKTXDNHH൵HFWXVLQJWKHIDFWRUȍo.
Section 18.10.8.2 addresses wall piers at the edge of a
wall. Under in-plane shear, inclined cracks can propagate
into segments of the wall directly above and below the
ZDOO SLHU 8QOHVV WKHUH LV VX൶FLHQW UHLQIRUFHPHQW LQ WKH
adjacent wall segments, shear failure within the adjacent
wall segments can occur. The length of embedment of the
provided reinforcement into the adjacent wall segments
should be determined considering both development length
requirements and shear strength of the wall segments (refer
to Fig. R18.10.8).
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Edge
of wall

18 Seismic

Direction of
earthquake forces

w for wall pier

hw for
wall pier
Wall pier

Required
horizontal
reinforcement

Direction of
earthquake forces
Edge
of wall
Wall pier
hw for
wall pier

Required
horizontal
reinforcement

w for wall pier
Fig. R18.10.8²5HTXLUHG KRUL]RQWDO UHLQIRUFHPHQW LQ ZDOO
VHJPHQWVDERYHDQGEHORZZDOOSLHUVDWWKHHGJHRIDZDOO
18.10.9 Ductile coupled walls
18.10.9.1 Ductile coupled walls shall satisfy the requirements of this section.
18.10.9.2 Individual walls shall satisfy hwcs/Ɛw and the
applicable provisions of 18.10 for special structural walls.

R18.10.9 Ductile coupled walls
The aspect ratio limits and development length requirements for ductile coupled walls are intended to induce an
energy dissipation mechanism associated with inelastic
GHIRUPDWLRQUHYHUVDORIFRXSOLQJEHDPV:DOOVWL൵QHVVDQG
VWUHQJWKDWHDFKHQGRIFRXSOLQJEHDPVVKRXOGEHVX൶FLHQW
to develop this intended behavior.

18.10.9.3 Coupling beams shall satisfy 18.10.7 and (a)
through (c) in the direction considered.
(a) Coupling beams shall have Ɛn/h at all levels of the
building.
E $OOFRXSOLQJEHDPVDWDÀRRUOHYHOVKDOOKDYHƐn/h
in at least 90 percent of the levels of the building.
F 7KHUHTXLUHPHQWVRIVKDOOEHVDWLV¿HGDWERWK
ends of all coupling beams.
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18.10.10 Construction joints
18.10.10.1 Construction joints in structural walls shall be
VSHFL¿HGDFFRUGLQJWR26.5.6, and contact surfaces shall be
roughened consistent with condition (b) of Table 22.9.4.2.
18.10.11 Discontinuous walls
18.10.11.1 Columns supporting discontinuous structural
walls shall be reinforced in accordance with 18.7.5.6.
18.11—Special structural walls constructed using
precast concrete
18.11.1 Scope

R18.11—Special structural walls constructed
using precast concrete

18.11.1.1 This section shall apply to special structural
walls constructed using precast concrete forming part of the
seismic-force-resisting system.
18.11.2 General

R18.11.2 General

18.11.2.1 Special structural walls constructed using
precast concrete shall satisfy 18.10 and 18.5.2, except
18.10.2.4 shall not apply for precast walls where deformation demands are concentrated at the panel joints.
18.11.2.2 Special structural walls constructed using
precast concrete and unbonded post-tensioning tendons and
not satisfying the requirements of 18.11.2.1 are permitted
provided they satisfy the requirements of ACI ITG-5.1.

R18.11.2.2 Experimental and analytical studies (Priestley
et al. 1999; Perez et al. 2003; Restrepo 2002) have demonstrated that some types of precast structural walls posttensioned with unbonded tendons, and not satisfying the
prescriptive requirements of Chapter 18, provide satisfactory
seismic performance characteristics. ACI ITG-5.1GH¿QHVD
protocol for establishing a design procedure, validated by
analysis and laboratory tests, for such walls, with or without
coupling beams.
ACI ITG-5.2GH¿QHVGHVLJQUHTXLUHPHQWVIRURQHW\SHRI
special structural wall constructed using precast concrete
and unbonded post-tensioning tendons, and validated for use
in accordance with 18.11.2.2.

18.12—Diaphragms and trusses
18.12.1 Scope

R18.12—Diaphragms and trusses
R18.12.1 Scope

18.12.1.1 This section shall apply to diaphragms and
collectors forming part of the seismic-force-resisting system
in structures assigned to SDC D, E, or F and to SDC C if
18.12.1.2 applies.

Diaphragms as used in building construction are structural
HOHPHQWV VXFKDVDÀRRURUURRI WKDWSURYLGHVRPHRUDOORI
the following functions:

18.12.1.2 Section 18.12.11 shall apply to diaphragms
constructed using precast concrete members and forming
part of the seismic-force-resisting system for structures
assigned to SDC C, D, E, or F.

(a) Support for building elements (such as walls, partitions, and cladding) resisting horizontal forces but not
acting as part of the seismic-force-resisting system
(b) Transfer of lateral forces from the point of application to the vertical elements of the seismic-force-resisting
system
(c) Connection of various components of the vertical
seismic-force-resisting system with appropriate strength,
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18.12.1.3 Section 18.12.12 shall apply to structural trusses
forming part of the seismic-force-resisting system in structures assigned to SDC D, E, or F.

COMMENTARY
VWL൵QHVVDQGGXFWLOLW\VRWKHEXLOGLQJUHVSRQGVDVLQWHQGHG
in the design (Wyllie 1987).
R18.12.2 Design forces

18.12.2 Design forces
18.12.2.1 The earthquake design forces for diaphragms
shall be obtained from the general building code using the
applicable provisions and load combinations.

R18.12.2.1 In the general building code, earthquake
GHVLJQ IRUFHV IRU ÀRRU DQG URRI GLDSKUDJPV W\SLFDOO\ DUH
not calculated directly during the lateral-force analysis that
provides story forces and story shears. Instead, diaphragm
design forces at each level are calculated by a formula
WKDWDPSOL¿HVWKHVWRU\IRUFHVUHFRJQL]LQJG\QDPLFH൵HFWV
and includes minimum and maximum limits. These forces
are used with the governing load combinations to design
diaphragms for shear and moment.
For collector elements, the general building code in the
8QLWHG 6WDWHV VSHFL¿HV ORDG FRPELQDWLRQV WKDW DPSOLI\
earthquake forces by a factor ȍo 7KH IRUFHV DPSOL¿HG
by ȍo are also used for the local diaphragm shear forces
resulting from the transfer of collector forces, and for local
GLDSKUDJPÀH[XUDOPRPHQWVUHVXOWLQJIURPDQ\HFFHQWULFLW\
RI FROOHFWRU IRUFHV 7KH VSHFL¿F UHTXLUHPHQWV IRU HDUWKquake design forces for diaphragms and collectors depend
on which edition of the general building code is used. The
requirements may also vary according to the SDC.
For most concrete buildings subjected to inelastic earthquake demands, it is desirable to limit inelastic behavior of
ÀRRU DQG URRI GLDSKUDJPV XQGHU WKH LPSRVHG HDUWKTXDNH
forces and deformations. It is preferable for inelastic behavior
to occur only in the intended locations of the vertical seismicforce-resisting system that are detailed for ductile response,
such as in beam plastic hinges of special moment frames, or
LQÀH[XUDOSODVWLFKLQJHVDWWKHEDVHRIVWUXFWXUDOZDOOVRULQ
coupling beams. For buildings without long diaphragm spans
between lateral-force-resisting elements, elastic diaphragm
EHKDYLRU LV W\SLFDOO\ QRW GL൶FXOW WR DFKLHYH )RU EXLOGLQJV
ZKHUHGLDSKUDJPVFRXOGUHDFKWKHLUÀH[XUDORUVKHDUVWUHQJWK
before yielding occurs in the vertical seismic-force-resisting
system, the licensed design professional should consider
providing increased diaphragm strength.
For reinforced concrete diaphragms, $6&(6(, Sections
12.10.1 and 12.10.2 provide requirements to determine
design forces for reinforced concrete diaphragms. For precast
concrete diaphragms in buildings assigned to SDC C, D, E, or
F, the provisions of $6&(6(, Section 12.10.3 apply.
R18.12.3 6HLVPLFORDGSDWK

18.12.3 6HLVPLFORDGSDWK
18.12.3.1 All diaphragms and their connections shall
be designed and detailed to provide for transfer of forces
to collector elements and to the vertical elements of the
seismic-force-resisting system.
18.12.3.2 Elements of a structural diaphragm system that
are subjected primarily to axial forces and used to transfer

R18.12.3.2 This provision applies to strut-like elements
that occur around openings, diaphragm edges, or other
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GLDSKUDJPVKHDURUÀH[XUDOIRUFHVDURXQGRSHQLQJVRURWKHU
discontinuities shall satisfy the requirements for collectors
in 18.12.7.6 and 18.12.7.7.

discontinuities in diaphragms. Figure R18.12.3.2 shows
an example. Such elements can be subjected to earthquake
axial forces in combination with bending and shear from
earthquake or gravity loads.

Wall
Diaphragm
Diaphragm
opening

A
A

Section A-A
Fig. R18.12.3.2²([DPSOH RI GLDSKUDJP VXEMHFW WR WKH
UHTXLUHPHQWV RI  DQG VKRZLQJ DQ HOHPHQW KDYLQJ
FRQ¿QHPHQWDVUHTXLUHGE\
18.12.4 &DVWLQSODFHFRPSRVLWHWRSSLQJVODEGLDSKUDJPV

R18.12.4 &DVWLQSODFHFRPSRVLWHWRSSLQJVODEGLDSKUDJPV

18.12.4.1 A cast-in-place composite topping slab on
D SUHFDVW ÀRRU RU URRI VKDOO EH SHUPLWWHG DV D VWUXFWXUDO
diaphragm, provided the cast-in-place topping slab is reinforced and the surface of the previously hardened concrete
on which the topping slab is placed is clean, free of laitance,
and intentionally roughened.

R18.12.4.1 A bonded topping slab is required so that
WKH ÀRRU RU URRI V\VWHP FDQ SURYLGH UHVWUDLQW DJDLQVW VODE
buckling. Reinforcement is required to ensure the continuity
of the shear transfer across precast joints. The connection
requirements are introduced to promote a complete system
with necessary shear transfers.

18.12.5 &DVWLQSODFH QRQFRPSRVLWH WRSSLQJ VODE
GLDSKUDJPV

R18.12.5 &DVWLQSODFH QRQFRPSRVLWH WRSSLQJ VODE
GLDSKUDJPV

18.12.5.1 A cast-in-place noncomposite topping on a precast
ÀRRU RU URRI VKDOO EH SHUPLWWHG DV D VWUXFWXUDO GLDSKUDJP
provided the cast-in-place topping slab acting alone is
designed and detailed to resist the design earthquake forces.

R18.12.5.1 Composite action between the topping slab
DQGWKHSUHFDVWÀRRUHOHPHQWVLVQRWUHTXLUHGSURYLGHGWKDW
the topping slab is designed to resist the design earthquake
forces.

18.12.6 0LQLPXPWKLFNQHVVRIGLDSKUDJPV
18.12.6.1 Concrete slabs and composite topping slabs
serving as diaphragms used to transmit earthquake forces
shall be at least 2 in. thick. Topping slabs placed over precast

R18.12.6 0LQLPXPWKLFNQHVVRIGLDSKUDJPV
R18.12.6.1 The minimum thickness of concrete
GLDSKUDJPV UHÀHFWV FXUUHQW SUDFWLFH LQ MRLVW DQG ZD൷H
V\VWHPV DQG FRPSRVLWH WRSSLQJ VODEV RQ SUHFDVW ÀRRU DQG
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ÀRRURUURRIHOHPHQWVDFWLQJDVGLDSKUDJPVDQGQRWUHO\LQJ
on composite action with the precast elements to resist the
GHVLJQHDUWKTXDNHIRUFHVVKDOOEHDWOHDVWLQWKLFN

roof systems. Thicker slabs are required if the topping slab
is not designed to act compositely with the precast system to
resist the design earthquake forces.

18.12.7 5HLQIRUFHPHQW

R18.12.7 5HLQIRUFHPHQW

18.12.7.1 The minimum reinforcement ratio for
diaphragms shall be in conformance with 24.4. Except for
post-tensioned slabs, reinforcement spacing each way in
ÀRRURUURRIV\VWHPVVKDOOQRWH[FHHGLQ:KHUHZHOGHG
wire reinforcement is used as the distributed reinforcement
WR UHVLVW VKHDU LQ WRSSLQJ VODEV SODFHG RYHU SUHFDVW ÀRRU
and roof elements, the wires parallel to the joints between
the precast elements shall be spaced not less than 10 in. on
center. Reinforcement provided for shear strength shall be
continuous and shall be distributed uniformly across the
shear plane.

R18.12.7.1 Minimum reinforcement ratios for diaphragms
correspond to the required amount of temperature and
shrinkage reinforcement (refer to 24.4). The maximum
spacing for reinforcement is intended to control the width
of inclined cracks. Minimum average prestress requirements
(refer to 24.4.4.1) are considered to be adequate to limit the
FUDFN ZLGWKV LQ SRVWWHQVLRQHG ÀRRU V\VWHPV WKHUHIRUH WKH
maximum spacing requirements do not apply to these systems.
The minimum spacing requirement for welded wire reinIRUFHPHQWLQWRSSLQJVODEVRQSUHFDVWÀRRUV\VWHPVLVWRDYRLG
fracture of the distributed reinforcement during an earthquake. Cracks in the topping slab open immediately above the
ERXQGDU\EHWZHHQWKHÀDQJHVRIDGMDFHQWSUHFDVWPHPEHUVDQG
the wires crossing those cracks are restrained by the transverse
wires (Wood et al. 2000). Therefore, all the deformation associated with cracking should be accommodated in a distance not
greater than the spacing of the transverse wires. A minimum
spacing of 10 in. for the transverse wires is required to reduce
the likelihood of fracture of the wires crossing the critical cracks
during a design earthquake. The minimum spacing requirements do not apply to diaphragms reinforced with individual
bars, because strains are distributed over a longer length.

18.12.7.2 Bonded tendons used as reinforcement to resist
FROOHFWRUIRUFHVGLDSKUDJPVKHDURUÀH[XUDOWHQVLRQVKDOOEH
designed such that the stress due to design earthquake forces
does not exceed 60,000 psi. Precompression from unbonded
tendons shall be permitted to resist diaphragm design forces
if a seismic load path is provided.
18.12.7.3 All reinforcement used to resist collector forces,
GLDSKUDJP VKHDU RU ÀH[XUDO WHQVLRQ VKDOO EH GHYHORSHG RU
spliced for fy in tension.

R18.12.7.3 Bar development and lap splices are designed
according to requirements of Chapter 25 for reinforcement
in tension. Reductions in development or splice length for
calculated stresses less than fy are not permitted, as indicated
in 25.4.10.2.

18.12.7.4 Type 2 splices are required where mechanical
splices on Grade 60 reinforcement are used to transfer
forces between the diaphragm and the vertical elements
of the seismic-force-resisting system. Grade 80 and Grade
100 reinforcement shall not be mechanically spliced for this
application.
18.12.7.5 Longitudinal reinforcement for collectors shall
be proportioned such that the average tensile stress over
length (a) or (b) does not exceed ࢥfy where the value of fy is
limited to 60,000 psi.

R18.12.7.5 Table 20.2.2.4(a) permits the maximum design
yield strength to be 80,000 psi for portions of a collector,
for example, at and near critical sections. The average stress
in the collector is limited to control diaphragm cracking
over the length of the collector. The calculation of average
stress along the length is not necessary if the collector is
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(a) Length between the end of a collector and location at
which transfer of load to a vertical element begins
(b) Length between two vertical elements

designed for fy of 60,000 psi even if Grade 80 reinforcement
LVVSHFL¿HG

18.12.7.6 Collector elements with compressive stresses
exceeding 0.2fcƍ at any section shall have transverse reinforcement satisfying 18.7.5.2(a) through (e) and 18.7.5.3,
except the spacing limit of 18.7.5.3(a) shall be one-third of
the least dimension of the collector. The amount of transverse
reinforcement shall be in accordance with Table 18.12.7.6.
7KH VSHFL¿HG WUDQVYHUVH UHLQIRUFHPHQW LV SHUPLWWHG WR EH
discontinued at a section where the calculated compressive
stress is less than 0.15fcƍ.
,I GHVLJQ IRUFHV KDYH EHHQ DPSOL¿HG WR DFFRXQW IRU WKH
overstrength of the vertical elements of the seismic-forceresisting system, the limit of 0.2fcƍ shall be increased to
0.5fcƍ, and the limit of 0.15fcƍ shall be increased to 0.4fcƍ.

R18.12.7.6 In documents such as the NEHRP Provisions (FEMA P750), $6&(6(, , the 2018 IBC, and the
Uniform Building Code (ICBO 1997), collector elements
RIGLDSKUDJPVDUHGHVLJQHGIRUIRUFHVDPSOL¿HGE\DIDFWRU
ȍo to account for the overstrength in the vertical elements
RI WKH VHLVPLFIRUFHUHVLVWLQJ V\VWHPV 7KH DPSOL¿FDWLRQ
factor ȍo ranges between 2 and 3 for most concrete structures, depending on the document selected and on the type
of seismic-force-resisting system. In some documents, the
factor can be calculated based on the maximum forces that
can be developed by the elements of the vertical seismicforce-resisting system.
Compressive stress calculated for the factored forces on a
linearly elastic model based on gross section of the structural
diaphragm is used as an index value to determine whether
FRQ¿QLQJUHLQIRUFHPHQWLVUHTXLUHG$FDOFXODWHGFRPSUHVsive stress of 0.2fcƍ, or 0.5fcƍ IRU IRUFHV DPSOL¿HG E\ ȍo,
is assumed to indicate that integrity of the entire structure
depends on the ability of that member to resist substantial compressive force under severe cyclic loading. Transverse reinforcement is required at such locations to provide
FRQ¿QHPHQWIRUWKHFRQFUHWHDQGWKHUHLQIRUFHPHQW

Table 18.12.7.6—Transverse reinforcement for
collector elements
Transverse
reinforcement

Applicable expressions

Ashsbc for rectilinear
hoop

ȡs for spiral or
circular hoop

0.09

Greater
of:

f c′
f yt

(a)

⎛ Ag
⎞ f′
0.45 ⎜
−1 c
⎝ Ach ⎟⎠ f yt

0.12

f c′
f yt

(b)

(c)

18.12.7.7 Longitudinal reinforcement detailing for collector
elements at splices and anchorage zones shall satisfy (a) or (b):

R18.12.7.7 This section is intended to reduce the possibility of bar buckling and provide adequate bar development
conditions in the vicinity of splices and anchorage zones.

(a) Center-to-center spacing of at least three longitudinal
EDU GLDPHWHUV EXW QRW OHVV WKDQ  LQ DQG FRQFUHWH
clear cover of at least two and one-half longitudinal bar
diameters, but not less than 2 in.
(b) Area of transverse reinforcement, providing Av at least
the greater of 0.75 f c′ bw s f yt and 50bws/fyt, except as
required in 18.12.7.6
18.12.8 )OH[XUDOVWUHQJWK

R18.12.8 )OH[XUDOVWUHQJWK

18.12.8.1 Diaphragms and portions of diaphragms shall
EHGHVLJQHGIRUÀH[XUHLQDFFRUGDQFHZLWKChapter 12. The
H൵HFWVRIRSHQLQJVVKDOOEHFRQVLGHUHG

R18.12.8.1 Flexural strength for diaphragms is calculated
using the same assumptions as for walls, columns, or beams.
7KHGHVLJQRIGLDSKUDJPVIRUÀH[XUHDQGRWKHUDFWLRQVXVHV
the applicable load combinations of 5.3.1 to consider earthquake forces acting concurrently with gravity or other loads.
7KHLQÀXHQFHRIVODERSHQLQJVRQÀH[XUDODQGVKHDUVWUHQJWK
is to be considered, including evaluating the potential critical
sections created by the openings. The strut-and-tie method is
potentially useful for designing diaphragms with openings.
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Earlier design practice assumed design moments for
diaphragms were resisted entirely by chord forces acting
at opposite edges of the diaphragm. This idealization was
implicit in earlier versions of the Code, but has been replaced
by an approach in which all longitudinal reinforcement,
within the limits of 18.12.7, is assumed to contribute to the
ÀH[XUDOVWUHQJWKRIWKHGLDSKUDJP7KLVFKDQJHUHGXFHVWKH
required area of longitudinal reinforcement concentrated
near the edge of the diaphragm, but should not be interpreted
as a requirement to eliminate all boundary reinforcement.

18.12.9 Shear strength

R18.12.9 Shear strength

18.12.9.1 Vn of diaphragms shall not exceed:

(

Vn = Acv 2λ f c′ + ρt f y

)

(18.12.9.1)

For cast-in-place topping slab diaphragms on precast
ÀRRU RU URRI PHPEHUV Acv shall be calculated using only
the thickness of topping slab for noncomposite topping slab
diaphragms and the combined thickness of cast-in-place and
precast elements for composite topping slab diaphragms. For
composite topping slab diaphragms, the value of fcƍ used to
calculate Vn shall not exceed the lesser of fcƍ for the precast
members and fcƍ for the topping slab.
18.12.9.2 Vn of diaphragms shall not exceed 8

f c′ Acv.

18.12.9.3 Above joints between precast elements in
noncomposite and composite cast-in-place topping slab
diaphragms, Vn shall not exceed:
Vn = Avf fyȝ



where Avf is the total area of shear friction reinforcement
within the topping slab, including both distributed and
boundary reinforcement, that is oriented perpendicular to
MRLQWV LQ WKH SUHFDVW V\VWHP DQG FRH൶FLHQW RI IULFWLRQ ȝ,
is 1.0ȜZKHUHȜ is given in 19.2.4. At least one-half of Avf
shall be uniformly distributed along the length of the potential shear plane. The area of distributed reinforcement in the
topping slab shall satisfy 24.4.3.2 in each direction.
18.12.9.4 Above joints between precast elements in
noncomposite and composite cast-in-place topping slab
diaphragms, Vn shall not exceed the limits in 22.9.4.4, where
Ac is calculated using only the thickness of the topping slab.

The shear strength requirements for diaphragms are
similar to those for slender structural walls and are based
on the shear provisions for beams. The term Acv refers to the
gross area of the diaphragm, but may not exceed the thickness times the width of the diaphragm. This corresponds
WR WKH JURVV DUHD RI WKH H൵HFWLYH GHHS EHDP WKDW IRUPV
the diaphragm. Distributed slab reinforcement ȡt used to
calculate shear strength of a diaphragm in Eq. (18.12.9.1)
LV SRVLWLRQHGSHUSHQGLFXODUWRWKHGLDSKUDJPÀH[XUDOUHLQforcement. Provision 18.12.9.2 limits the maximum shear
strength of the diaphragm.
In addition to satisfying 18.12.9.1 and 18.12.9.2, cast-inplace topping slab diaphragms must also satisfy 18.12.9.3
DQG&DVWLQSODFHWRSSLQJVODEVRQDSUHFDVWÀRRU
or roof system tend to have shrinkage cracks that are aligned
with the joints between adjacent precast members. Therefore, the additional shear strength requirements for topping
slab diaphragms in 18.12.9.3 are based on a shear friction
model (Wood et al. 2000), and the assumed crack plane
corresponds to joints in the precast system along the direction of the applied shear, as shown in Fig. R22.9.4.3a. The
FRH൶FLHQWRIIULFWLRQȝ, in the shear friction model is taken
equal to 1.0 for normalweight concrete due to the presence
of these shrinkage cracks.
Both distributed and boundary reinforcement in the topping
slab may be considered as shear friction reinforcement Avf.
Boundary reinforcement within the diaphragm was called
chord reinforcement in ACI 318 before 2008. Although the
boundary reinforcement also resists forces due to moment
and axial force in the diaphragm, the reduction in the shear
IULFWLRQUHVLVWDQFHLQWKHWHQVLRQ]RQHLVR൵VHWE\WKHLQFUHDVH
in shear friction resistance in the compression zone. Therefore, the area of boundary reinforcement used to resist shear
friction need not be added to the area of boundary reinforcement used to resist moment and axial force. The distributed
topping slab reinforcement must contribute at least one-half
of the nominal shear strength. It is assumed that connections
between the precast elements do not contribute to the shear
strength of the topping slab diaphragm.
Provision 18.12.9.4 limits the maximum shear that may be
transmitted by shear friction within a topping slab diaphragm.
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18.12.10 Construction joints
18.12.10.1 Construction joints in diaphragms shall be
VSHFL¿HGDFFRUGLQJWR26.5.6, and contact surfaces shall be
roughened consistent with condition (b) of Table 22.9.4.2.
18.12.11 3UHFDVWFRQFUHWHGLDSKUDJPV
18.12.11.1 Diaphragms and collectors constructed using
precast concrete members with composite topping slab
and not satisfying 18.12.4, and untopped precast concrete
diaphragms, are permitted provided they satisfy the requirements of ACI 550.5. Cast-in-place noncomposite topping
slab diaphragms shall satisfy 18.12.5 and 18.12.6.

R18.12.11 3UHFDVWFRQFUHWHGLDSKUDJPV
R18.12.11.1 ACI 550.5 provides requirements for the
design of precast concrete diaphragms with connections
whose performance has been validated by ACI 550.4
testing. ACI 550.5 permits a maximum tolerance for posiWLRQLQJDQGFRPSOHWLRQRIFRQQHFWLRQVRILQZKLFKFDQ
EH GL൶FXOW WR DFKLHYH ZLWK QRUPDO FRQVWUXFWLRQ SUDFWLFHV
Section 26.13.1.3 requires continuous inspection of precast
concrete diaphragm connections to verify that construction
LVSHUIRUPHGSURSHUO\DQGWROHUDQFHVQRWJUHDWHUWKDQLQ
for all connections are achieved. Results from ACI 550.4
testing are not to be extrapolated to allow greater tolerances.
7RSSHG SUHFDVW FRQFUHWH ÀRRUV GHVLJQHG LQ DFFRUGDQFH
with Chapter 18 need careful consideration of support condiWLRQV WR YHULI\ SUHFDVW FRQFUHWH PHPEHUV KDYH VX൶FLHQW
seating for anticipated displacements and ability to accommodate relative rotations between beam supports and the
member (Henry et al. 2017).

18.12.11.2 Connections and reinforcement at joints used
in the construction of precast concrete diaphragms satisfying
18.12.11.1 shall have been tested in accordance with ACI
550.4.
18.12.11.3 Extrapolation of data on connections and reinforcement at joints to project details that result in larger
construction tolerances than those used to qualify connections in accordance with ACI 550.4 shall not be permitted.
R18.12.12 Structural trusses

18.12.12 Structural trusses
18.12.12.1 Structural truss elements with compressive
stresses exceeding 0.2fcƍ at any section shall have transverse
reinforcement, in accordance with 18.7.5.2, 18.7.5.3, 18.7.5.7,
and Table 18.12.12.1, over the length of the element.

R18.12.12.1 The expressions for transverse reinforcement
Ash are based on ensuring compression capacity of an equivalent column section is maintained after spalling of cover
concrete.
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Transverse
reinforcement

Ashsbc for rectilinear
hoop

Applicable expressions

⎛ Ag
⎞ f′
0.3 ⎜
−1 c
⎝ Ach ⎟⎠ f yt

(a)

Greater of:

0.09

ȡs for spiral or circular
hoop

18 Seismic

Table 18.12.12.1—Transverse reinforcement for
structural trusses

f c′
f yt

⎛ Ag
⎞ f′
−1 c
0.45 ⎜
⎝ Ach ⎟⎠ f yt

(b)

(c)

Greater of:

0.12

f c′
f yt

(d)

18.12.12.2 All continuous reinforcement in structural
truss elements shall be developed or spliced for fy in tension.
18.13—Foundations
18.13.1 Scope

R18.13—Foundations
R18.13.1 Scope

18.13.1.1 This section shall apply to foundations resisting
earthquake-induced forces or transferring earthquakeinduced forces between structure and ground.

Requirements for foundations supporting buildings
assigned to SDC C, D, E, or F represent a consensus of a
minimum level of good practice in designing and detailing
concrete foundations. However, because repairs to foundaWLRQV FDQ EH H[WUHPHO\ GL൶FXOW DQG H[SHQVLYH LW PD\ EH
desirable that the elements of the foundation remain essentially elastic during strong ground motions. Methods to
achieve this goal include designing the foundation to include
an overstrength factor or an increased seismic demand level
when compared to the superstructure, or comparing strengths
to demands predicted by nonlinear response history analyses
with appropriate consideration of uncertainty in demands
(Klemencic et al. 2012).

18.13.1.2 The provisions in this section for piles, drilled
piers, caissons, and slabs-on-ground shall supplement other
applicable Code design and construction criteria, including
1.4.6 and 1.4.7.

18.13.2 )RRWLQJVIRXQGDWLRQPDWVDQGSLOHFDSV

R18.13.2 )RRWLQJVIRXQGDWLRQPDWVDQGSLOHFDSV

18.13.2.1 The provisions of this section shall apply to
structures assigned to SDC D, E, or F.
18.13.2.2 Longitudinal reinforcement of columns and
structural walls resisting forces induced by earthquake
H൵HFWV VKDOO H[WHQG LQWR WKH IRRWLQJ PDW RU SLOH FDS DQG
shall be fully developed for tension at the interface.
18.13.2.3 &ROXPQV GHVLJQHG DVVXPLQJ ¿[HGHQG FRQGLtions at the foundation shall comply with 18.13.2.2 and,
if hooks are required, longitudinal reinforcement resisting
ÀH[XUH VKDOO KDYH GHJUHH KRRNV QHDU WKH ERWWRP RI WKH
foundation with the free end of the bars oriented toward the
center of the column.

R18.13.2.3 Tests (Nilsson and Losberg 1976) have
GHPRQVWUDWHGWKDWÀH[XUDOPHPEHUVWHUPLQDWLQJLQDIRRWLQJ
slab, or beam (a T-joint or L-joint) should have their hooks
turned inward toward the axis of the member for the joint to
EHDEOHWRUHVLVWWKHÀH[XUHLQWKHPHPEHUIRUPLQJWKHVWHP
of the T or L.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 5: EARTHQUAKE RESISTANCE

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

18.13.2.4 Columns or boundary elements of special structural walls that have an edge within one-half the footing
depth from an edge of the footing shall have transverse
reinforcement in accordance with 18.7.5.2 through 18.7.5.4
provided below the top of the footing. This reinforcement
shall extend into the footing, mat, or pile cap a length equal
to the development length, calculated for fy in tension, of
the column or boundary element longitudinal reinforcement.

R18.13.2.4 Columns or boundary members supported
close to the edge of the foundation, as often occurs near
property lines, should be detailed to prevent an edge failure
of the footing, pile cap, or mat.

18.13.2.5:KHUHHDUWKTXDNHH൵HFWVFUHDWHXSOLIWIRUFHVLQ
boundary elements of special structural walls or columns,
ÀH[XUDO UHLQIRUFHPHQW VKDOO EH SURYLGHG LQ WKH WRS RI WKH
footing, mat, or pile cap to resist actions resulting from the
factored load combinations, and shall be at least that required
by 7.6.1 or 9.6.1.

R18.13.2.5 The purpose of this section is to emphasize
that top reinforcement in footings, mats, and pile caps may
be required, in addition to other required reinforcement.

18.13.2.6 Structural plain concrete in footings and basement walls shall be in accordance with 14.1.4.

R18.13.2.6 Foundation and basement walls should be
reinforced in buildings assigned to SDC D, E, or F.

18.13.2.7 Pile caps incorporating batter piles shall be
designed to resist the full compressive strength of the batter
SLOHV DFWLQJ DV VKRUW FROXPQV 7KH VOHQGHUQHVV H൵HFWV RI
batter piles shall be considered for the portion of the piles
in soil that is not capable of providing lateral support, or in
air or water.

R18.13.2.7 Batter piles typically attract higher lateral
forces during earthquakes than vertical piles. Extensive
structural damage has been observed at the junction of batter
piles and building foundations. The pile cap and surrounding
structure should be designed for the potentially large forces
that can be developed in batter piles.

18.13.3 *UDGHEHDPVDQGVODEVRQJURXQG

R18.13.3 *UDGHEHDPVDQGVODEVRQJURXQG
For earthquake conditions, slabs-on-ground (soil-supported
slabs) are often part of the lateral-force-resisting system and
should be designed in accordance with this Code as well as
other appropriate standards or guidelines (refer to 1.4.8).

18.13.3.1 For structures assigned to SDC D, E, or F, grade
beams and beams that are part of a mat foundation subjected
WRÀH[XUHIURPFROXPQVWKDWDUHSDUWRIWKHVHLVPLFIRUFH
resisting system shall be in accordance with 18.6.

R18.13.3.1 *UDGH EHDPV UHVLVWLQJ ÀH[XUDO VWUHVVHV IURP
column moments should have reinforcement details similar
to the beams of the frame above the foundation.

18.13.3.2 For structures assigned to SDC C, D, E, or F,
slabs-on-ground that resist in-plane earthquake forces from
walls or columns that are part of the seismic-force-resisting
system shall be designed as diaphragms in accordance with
18.12. The construction documents shall clearly indicate that
the slab-on-ground is a structural diaphragm and part of the
seismic-force-resisting system.

R18.13.3.2 Slabs-on-ground often act as a diaphragm to
tie the building together at the ground level and minimize the
H൵HFWVRIRXWRISKDVHJURXQGPRWLRQWKDWPD\RFFXURYHU
the footprint of the building. The construction documents
should clearly state that these slabs-on-ground are structural
members so as to prohibit saw cutting of the slab.

18.13.4 )RXQGDWLRQVHLVPLFWLHV
18.13.4.1 For structures assigned to SDC C, D, E, or F,
individual pile caps, piers, or caissons shall be interconnected by foundation seismic ties in orthogonal directions,
unless it can be demonstrated that equivalent restraint is
provided by other means.

R18.13.4 )RXQGDWLRQVHLVPLFWLHV
R18.13.4.17KHIRXQGDWLRQVHLVPLFWLHVVKRXOGVX൶FLHQWO\
interconnect foundations to act as a unit and be designed to
minimize the relative movement of an individual column or
tie relative to the foundation. This is essential where surface
soils are soft enough to require deep foundations or where
the site soils are susceptible to liquefaction.
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18.13.4.2 For structures assigned to SDC D, E, or F, indiYLGXDOVSUHDGIRRWLQJVIRXQGHGRQVRLOGH¿QHGLQ$6&(6(,
7 as Site Class E or F shall be interconnected by foundation
seismic ties.

R18.13.4.2 The ties between footings should have the same
characteristics as the ties between pile caps in R18.13.4.1.

18.13.4.3 Where required, foundation seismic ties shall
have a design strength in tension and compression at least
equal to 0.1SDS times the greater of the pile cap or column
factored dead load plus factored live load unless it is demonstrated that equivalent restraint will be provided by (a), (b),
(c), or (d):

R18.13.4.3 The minimum foundation seismic tie design
strength requirement based on a percentage of the factored
dead plus live load provides a minimum connection between
foundation elements. Other types of restraint can be used
if substantiated as equivalent to the minimum tie design
strength. The required design strength for the tie beam must
be at least equal to 0.1SDS times the larger force on either end
of the tie beam, and that force is from the column or pile cap,
whichever applies.

(a) Reinforced concrete beams within the slab-on-ground
(b) Reinforced concrete slabs-on-ground
F &RQ¿QHPHQWE\FRPSHWHQWURFNKDUGFRKHVLYHVRLOV
or very dense granular soils
G 2WKHUPHDQVDSSURYHGE\WKHEXLOGLQJR൶FLDO
18.13.4.4 For structures assigned to SDC D, E, or F, grade
beams designed to act as horizontal foundation seismic ties
between pile caps or footings shall have continuous longitudinal reinforcement that shall be developed within or beyond
the supported column or anchored within the pile cap or
footing at all discontinuities and shall satisfy (a) and (b):
(a) The smallest cross-sectional dimension of the grade
beam shall be at least equal to the clear spacing between
connected columns divided by 20, but need not exceed
18 in.
(b) Closed tie transverse reinforcement shall be provided
at a spacing not to exceed the lesser of 0.5 times the
smallest orthogonal cross-sectional dimension and 12 in.

R18.13.5 Deep foundations

18.13.5 Deep foundations
18.13.5.1 This section shall apply to the following types
of deep foundations
(a) Uncased cast-in-place concrete drilled or augered piles
(b) Metal cased concrete piles
F &RQFUHWH¿OOHGSLSHSLOHV
(d) Precast concrete piles

Adequate performance of piles and caissons for earthTXDNHH൵HFWVUHTXLUHVWKDWWKHVHSURYLVLRQVEHPHWLQDGGLtion to other applicable standards or guidelines (refer to
R1.4.7).

18.13.5.2 For structures assigned to SDC C, D, E, or F,
piles, piers, or caissons resisting tension loads shall have
continuous longitudinal reinforcement over their length to
resist design tension forces.
18.13.5.3 For structures assigned to SDC C, D, E, or F, the
minimum longitudinal and transverse reinforcement required
by 18.13.5.7 through 18.13.5.10 shall be extended over the
entire unsupported length for the portion of deep foundation member in air or water, or in soil that is not capable
of providing adequate lateral restraint to prevent buckling
throughout this length.

R18.13.5.3 Minimum reinforcement lengths for both
longitudinal and transverse reinforcement are based on
the assumption that soil is capable of providing lateral
support. For portions of the pile above ground, typically in
air or water, or where soil is not capable of providing this
lateral restraint, the minimum reinforced lengths should be
increased, and the member should be designed as a column.
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18.13.5.4 For structures assigned to SDC C, D, E, or F,
hoops, spirals, and ties in deep foundation members shall be
terminated with seismic hooks.
18.13.5.5 For structures assigned to SDC D, E, or F or
located in Site Class E or F, concrete deep foundation
members shall have transverse reinforcement in accordance
with 18.7.5.2, 18.7.5.3, and Table 18.7.5.4 Item (e) within
seven member diameters above and below the interfaces
EHWZHHQVWUDWDWKDWDUHKDUGRUVWL൵DQGVWUDWDWKDWDUHOLTXH¿able or soft.

R18.13.5.5 During earthquakes, piles can be subjected to
KLJKÀH[XUDODQGVKHDUGHPDQGVDWSRLQWVRIGLVFRQWLQXLW\
VXFKDVDWLQWHUIDFHVEHWZHHQVWL൵DQGVRIWVRLOVWUDWD$6&(
SEI 7 GH¿QHV OLPLWV IRU VRLO VWUDWD 7UDQVYHUVH UHLQIRUFHment is required in these regions to provide ductile behavior.
In determining the portions of a pile with increased transverse reinforcement, accommodations are often made to the
length of the reinforced zone for transverse reinforcement to
account for variations in the driven pile tip elevations and
YDULDWLRQVLQWKHLQWHUIDFHHOHYDWLRQVEHWZHHQVWL൵DQGVRIW
soil strata.

18.13.5.6 For structures assigned to SDC D, E, or F, in
foundations supporting one- and two-story stud bearing wall
construction, concrete piles, piers or caissons, and foundation ties are exempt from the transverse reinforcement
requirements of 18.13.5.3 through 18.13.5.5.
18.13.5.7 Uncased cast-in-place drilled or augered
concrete piles or piers

R18.13.5.7 Uncased cast-in-place drilled or augered
concrete piles or piers

18.13.5.7.1 For structures assigned to SDC C, D, E, or
F, reinforcement shall be provided in uncased cast-in-place
drilled or augered concrete piles where required by analysis
and in accordance with the requirements in Table 18.13.5.7.1.

R18.13.5.7.1 Longitudinal and transverse reinforcement
requirements prescribed by this section result in ductility
consistent with the applicable Seismic Design Category
(SDC) to withstand ground deformation that occurs during
earthquakes.
:KHUHSLOHVDUHVXEMHFWHGWRVLJQL¿FDQWXSOLIWIRUFHVWKH
longitudinal reinforcement length required by analysis may
exceed the minimum reinforcement length requirements.
Transverse reinforcement is required at the top of the pile
WRSURYLGHGXFWLOHSHUIRUPDQFHZKHUHÀH[XUDO\LHOGLQJFDQ
potentially occur. For SDC D, E, and F and Site Classes A,
B, C, and D, one-half of the transverse reinforcement for
special moment frame columns is acceptable because some
OHYHORIFRQ¿QHPHQWLVDWWULEXWHGWRFRPSHWHQWVRLOV)RU6LWH
&ODVV(DQG)IXOOFROXPQFRQ¿QHPHQWLVUHTXLUHGEHFDXVH
WKHVRLOVDUHHLWKHUOLTXH¿DEOHRUQRWFRQVLGHUHGFRPSHWHQW
HQRXJKWRSURYLGHFRQ¿QHPHQW
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SDC C –
All Site Classes

SDC D, E, and F –
Site Class A, B, C, and D

SDC D, E, and F –
Site Class E and F

0.0025
(minimum number of bars in
accordance with 10.7.3.1)

0.005
(minimum number of bars in
accordance with 10.7.3.1)

0.005
(minimum number of bars in
accordance with 10.7.3.1)

Minimum reinforcement
Minimum longitudinal reinforcement
ratio (minimum number of bars)

Longest of (a) through (d):
Longest of (a) through (d):
D SLOHOHQJWK
D SLOHOHQJWK
(b) 10 ft
(b) 10 ft
(c) 3 times the pile diameter
(c) 3 times the pile diameter
(d) Flexural length of pile - distance (d) Flexural length of pile - distance
from bottom of pile cap to where
from bottom of pile cap to where
0.4Mcr exceeds Mu
0.4Mcr exceeds Mu

Minimum reinforced pile length

Length of
reinforcement zone
Transverse
FRQ¿QHPHQW
reinforcement
zone

Type of transverse
reinforcement

Closed ties or spirals with a
PLQLPXPLQGLDPHWHU

3 times the pile diameter from the
bottom of the pile cap

7 times the pile diameter from the
bottom of the pile cap

0LQLPXPRI1RFORVHGWLHRULQGLDPHWHUVSLUDOIRUSLOHVLQ
diameter
0LQLPXP1RFORVHGWLHRULQGLDPHWHUVSLUDOIRUSLOHV!LQ
diameter
In accordance with 18.7.5.2

Spacing and amount
of transverse
reinforcement

Transverse
reinforcement
in remainder of
reinforced pile
length

3 times the pile diameter from the
bottom of the pile cap

Full length of pile except in
accordance with [1] or [2].

Type of transverse
reinforcement

Spacing shall not exceed lesser of
6 in. or 8 longitudinal bar diameters

Closed ties or spirals with minimum
LQGLDPHWHU

In accordance with 18.7.5.3 and not In accordance with 18.7.5.3 and not
less than one-half the requirement
less than the requirement of Table
of Table 18.7.5.4 Item (e)
18.7.5.4 Item (e).
0LQLPXPRI1RFORVHGWLHRULQGLDPHWHUVSLUDOIRUSLOHVLQ
diameter
0LQLPXPRI1RFORVHGWLHRULQGLDPHWHUVSLUDOIRUSLOHV!LQ
diameter
In accordance with 18.7.5.2

Spacing and amount
of transverse
reinforcement

Maximum spacing of 16
longitudinal bar diameters

Spacing shall not exceed the least of (a) through (c):
(a) 12 longitudinal bar diameters
E WKHSLOHGLDPHWHU
(c) 12 in.

>@)RUSLOHVVX൶FLHQWO\HPEHGGHGLQ¿UPVRLORUURFNUHLQIRUFHPHQWVKDOOEHSHUPLWWHGWREHWHUPLQDWHGDOHQJWKDERYHWKHWLSHTXDOWRWKHOHVVHURISHUFHQWRIWKHSLOHOHQJWKDQG
SHUFHQWRIWKHOHQJWKRIWKHSLOHZLWKLQURFNRU¿UPVRLO
>@,QOLHXRISURYLGLQJIXOOOHQJWKPLQLPXPÀH[XUDOUHLQIRUFHPHQWWKHGHHSIRXQGDWLRQHOHPHQWVKDOOEHGHVLJQHGWRZLWKVWDQGPD[LPXPLPSRVHGFXUYDWXUHVIURPWKHHDUWKTXDNH
JURXQGPRWLRQVDQGVWUXFWXUDOUHVSRQVH&XUYDWXUHVVKDOOLQFOXGHIUHH¿HOGVRLOVWUDLQVPRGL¿HGIRUVRLOIRXQGDWLRQVWUXFWXUHLQWHUDFWLRQFRXSOHGZLWKIRXQGDWLRQHOHPHQWGHIRUPDtions associated with earthquake loads imparted to the foundation by the structure. Minimum reinforced length shall not be less than the requirement for SDC D, E, or F; Site Class D.

18.13.5.7.2 Minimum longitudinal and transverse reinforcement shall be provided along minimum reinforced
lengths measured from the top of the pile in accordance with
Table 18.13.5.7.1.
18.13.5.7.3 Longitudinal reinforcement shall extend at least
WKHGHYHORSPHQWOHQJWKLQWHQVLRQEH\RQGWKHÀH[XUDOOHQJWKRI
WKHSLOHZKLFKLVGH¿QHGLQ7DEOHDVWKHGLVWDQFH
from the bottom of the pile cap to where 0.4Mcr > Mu.
18.13.5.8 Metal-cased concrete piles

R18.13.5.7.3 Reinforcement should extend Ɛd beyond the
point where plain concrete is no longer adequate to resist the
factored moment.
R18.13.5.8 Metal-cased concrete piles

18.13.5.8.1 For structures assigned to SDC C, D, E, or
F, longitudinal reinforcement requirements and minimum
reinforced lengths for metal-cased concrete piles shall be the
same as for uncased concrete piles in 18.13.5.7.
18.13.5.8.2 Metal-cased concrete piles shall have a spiralwelded metal casing of a thickness not less than 0.0747 in.

R18.13.5.8.2 Spiral-welded metal casing with the speci¿HG ZDOO WKLFNQHVV SURYLGHV FRQ¿QHPHQW HTXLYDOHQW WR
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(No. 14 gauge) that is adequately protected from possible
deleterious action due to soil constituents, changing water
levels, or other factors indicated by boring records of site
conditions.

closed ties or spirals required in an uncased concrete pile
DQGHOLPLQDWHVWKHQHHGIRUFRQ¿QHPHQWWLHV

18.13.5.9 &RQFUHWH¿OOHGSLSHSLOHV
18.13.5.9.1 For structures assigned to SDC C, D, E or F,
FRQFUHWH¿OOHGSLSHSLOHVVKDOOKDYHORQJLWXGLQDOUHLQIRUFHment in the top of the pile with a total area of at least 0.01Ag
and with a minimum length within the pile equal to two times
the required embedment length into the pile cap, but not less
than the development length in tension of the reinforcement.

18.13.5.10 Precast concrete piles
18.13.5.10.1 For precast concrete driven piles, the length
RI WUDQVYHUVH UHLQIRUFHPHQW SURYLGHG VKDOO EH VX൶FLHQW WR
account for potential variations in the elevation of pile tips.

R18.13.5.9 &RQFUHWH¿OOHGSLSHSLOHV
R18.13.5.9.1 For resistance to uplift forces, concrete bond
to the steel pipe is to be ignored in determining anchorage
of the pile. Concrete shrinkage can be detrimental to bond,
therefore shrinkage should be controlled, or force transfer
via other methods such as headed studs or surface irregularities on the pipe should be considered. Reinforcement at the
top of the pile is extended into the pile cap to tie the elements
together and assist transfer of force to the pile cap.
R18.13.5.10 Precast concrete piles
R18.13.5.10.1 The potential for driving precast piles to a
WLSHOHYDWLRQGL൵HUHQWWKDQWKDWVSHFL¿HGLQWKHFRQVWUXFWLRQ
documents should be considered when detailing the pile. If
the pile reaches refusal at a shallower depth, a longer length
RISLOHZLOOQHHGWREHFXWR൵,IWKLVSRVVLELOLW\LVQRWIRUHseen, the length of transverse reinforcement required by
these provisions may not be provided after the excess pile
OHQJWKLVFXWR൵

18.13.5.10.2 Precast nonprestressed concrete piles for
structures assigned to SDC C shall satisfy (a) through (d):
(a) Minimum longitudinal steel reinforcement ratio shall
be 0.01.
(b) Longitudinal reinforcement shall be enclosed within a
PLQLPXPRI1RFORVHGWLHVRULQGLDPHWHUVSLUDOV
for up to 20 in. diameter piles, and No. 4 closed ties or
LQGLDPHWHUVSLUDOVIRUODUJHUGLDPHWHUSLOHV
(c) Spacing of transverse reinforcement within a distance
of 3 times the least cross-sectional dimension of the pile
from the bottom of the pile cap shall not exceed the lesser
of 8 times the diameter of the smallest longitudinal bar
and 6 in.
(d) Transverse reinforcement shall be provided throughout
the length of the pile at a spacing not exceeding 6 in.
18.13.5.10.3 For structures assigned to SDC D, E, or
F, precast nonprestressed concrete piles shall satisfy the
requirements of 18.13.5.10.2 and the requirements for
uncased cast-in-place or augered concrete piles in SDC D,
E, or F in Table 18.13.5.7.1.
18.13.5.10.4 For structures assigned to SDC C, precastprestressed concrete piles shall satisfy (a) and (b):
(a) If the transverse reinforcement consists of spirals or
circular hoops, the volumetric ratio of transverse rein-

R18.13.5.10.4(a) ,Q D VWXG\ RI PLQLPXP FRQ¿QHPHQW
reinforcement for prestressed concrete piles (Sritharan et al.
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COMMENTARY

forcement, ȡs, in the upper 20 ft shall not be less than that
calculated by Eq. (18.13.5.10.4a) or calculated from a
more detailed analysis by Eq. (18.13.5.10.4b):

⎛ f ′⎞
0.15 ⎜ c ⎟
⎝ f yt ⎠

(18.13.5.10.4a)

⎛ f ′⎞ ⎛
2.3Pu ⎞
0.04 ⎜ c ⎟ ⎜ 2.8 +
f c′Ag ⎟⎠
⎝ f yt ⎠ ⎝

(18.13.5.10.4b)

2016), the relationship between curvature ductility demand
on prestressed piles and overall system ductility demand
ZDVFRQVLGHUHGLQWKHFRQWH[WRIDOOVRLOSUR¿OHVLGHQWL¿HG
in $6&(6(, . It was concluded that Eq. (18.13.5.10.4b)
results in adequate deformation capacity for structures
assigned to SDC C. The factored axial force on a pile should
be determined from Eq. (5.3.1c) and Eq. (5.3.1g) with 5.3.7
and 5.3.8 as applicable.

and fyt shall not be taken greater than 100,000 psi.
(b) A minimum of one-half of the volumetric ratio of
spiral reinforcement required by Eq. (18.13.5.10.4a) or
Eq. (18.13.5.10.4b) shall be provided for the remaining
length of the pile.
18.13.5.10.5 For structures assigned to SDC D, E, or F,
precast-prestressed concrete piles shall satisfy (a) through
H DQGWKHGXFWLOHSLOHUHJLRQVKDOOEHGH¿QHGDVWKHOHQJWK
of pile measured from the bottom of the pile cap to the point
of zero curvature plus 3 times the least pile dimension, but
not less than 35 ft. If the total pile length in the soil is 35 ft
or less, the ductile pile region shall be taken as the entire
length of the pile:

R18.13.5.10.5 Observed damage from earthquakes and
concerns about the accuracy of calculated pile demands have
OHG WR SUHVFULSWLYH UHTXLUHPHQWV IRU FRQ¿QHPHQW RI SRWHQWLDO \LHOGLQJ UHJLRQV RI SLOHV 7KH UHTXLUHG FRQ¿QHPHQW LV
intended to provide adequate ductility capacity for structures
assigned to SDC D, E, and F (Sritharan et al. 2016).

(a) In the ductile pile region, the center-to-center spacing
of spirals or hoop reinforcement shall not exceed the least
of 0.2 times the least pile dimension, 6 times the diameter
of the longitudinal strand, and 6 in.
(b) Spiral reinforcement shall be spliced by lapping one
full turn, by welding, or by the use of a mechanical splice.
If spiral reinforcement is lap spliced, the ends of the spiral
shall terminate in a seismic hook. Mechanical and welded
splices of deformed bars shall comply with 25.5.7.
(c) If the transverse reinforcement consists of spirals, or
circular hoops, the volumetric ratio of transverse reinforcement, ȡs, in the ductile pile region shall not be less
than that calculated by Eq. (18.13.5.10.5a) or calculated
from a more detailed analysis by Eq. (18.13.5.10.5b),
and the required volumetric ratio shall be permitted to be
obtained by providing an inner and outer spiral.

⎛ f ′⎞
0.2 ⎜ c ⎟
⎝ f yt ⎠

(18.13.5.10.5a)

⎛ f ′⎞ ⎛
2.3Pu ⎞
0.06 ⎜ c ⎟ ⎜ 2.8 +
f c′Ag ⎟⎠
⎝ f yt ⎠ ⎝

(18.13.5.10.5b)

and fyt shall not be taken as greater than 100,000 psi.
(d) Outside of the ductile pile region, spiral or hoop reinforcement shall be provided with a volumetric ratio not
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less than one-half of that required within the ductile pile
region, and the maximum spacing shall be in accordance
with Table 13.4.5.6(b).
(e) If transverse reinforcement consists of rectangular
hoops and crossties, the total cross-sectional area of lateral
transverse reinforcement in the ductile region shall be the
greater of Eq. (18.13.5.10.5c) and Eq. (18.13.5.10.5d).
The hoops and crossties shall be equivalent to deformed
bars not less than No. 3 in size, and rectangular hoop ends
shall terminate at a corner with seismic hooks.
⎛ f ′ ⎞ ⎛ Ag
⎞⎛
1.4 Pu ⎞
(18.13.5.10.5c)
Ash = 0.3sbc ⎜ c ⎟ ⎜
− 1.0⎟ ⎜ 0.5 +
f c′Ag ⎟⎠
⎠⎝
⎝ f yt ⎠ ⎝ Ach

⎛ f ′⎞ ⎛
1.4 Pu ⎞
Ash = 0.12 sbc ⎜ c ⎟ ⎜ 0.5 +
f c′Ag ⎟⎠
⎝ f yt ⎠ ⎝

(18.13.5.10.5d)

and fyt shall not be taken as greater than 100,000 psi.
18.13.5.10.6 For structures assigned to SDC C, D, E, or
F, the maximum factored axial load for precast prestressed
piles subjected to a combination of earthquake lateral force
and axial load shall not exceed the following values:

R18.13.5.10.6 The axial load in precast prestressed piles is
limited to preclude spalling of the concrete cover prior to the
SLOHVHFWLRQH[SHULHQFLQJÀH[XUDOFUDFNLQJDVWKLVZLOOUHVXOW
LQDVLJQL¿FDQWORVVLQSLOHUHVLVWDQFH Sritharan et al. 2016).

(a) 0.2fcƍAg for square piles
(b) 0.4fcƍAg for circular or octagonal piles
18.13.6 Anchorage of piles, piers, and caissons

R18.13.6 Anchorage of piles, piers, and caissons

18.13.6.1 For structures assigned to SDC C, D, E, or F,
the longitudinal reinforcement in piles, piers, or caissons
resisting tension loads shall be detailed to transfer tension
forces within the pile cap to supported structural members.

R18.13.6.1 A load path is necessary at pile caps to transfer
tension forces from the reinforcing bars in the column or
boundary element through the pile cap to the reinforcement
RI WKH SLOH RU FDLVVRQ ([DPSOHV RI GL൵HUHQW W\SHV RI SLOH
FRQQHFWLRQVWRSLOHFDSVDUHDYDLODEOHLQ$6&(&235,6WDQdard for the Seismic Design of Piers and Wharves (61-14).

18.13.6.2 For structures assigned to SDC C, D, E, or F,
FRQFUHWHSLOHVDQGFRQFUHWH¿OOHGSLSHSLOHVVKDOOEHFRQQHFWHG
to the pile cap by embedding the pile reinforcement in the
pile cap a distance equal to the development length or by the
XVHRI¿HOGSODFHGGRZHOVDQFKRUHGLQWKHFRQFUHWHSLOH)RU
deformed bars, the compression development length is used
if the pile is in compression. In the case of uplift, the tension
development length is used without reduction in length for
excess reinforcement.

R18.13.6.2 Development length is determined according
to requirements of Chapter 25. Reductions in development
length for calculated stresses less than fy are not permitted,
as indicated in 25.4.10.2. Full development of the pile longitudinal reinforcement into the pile cap is intended to enable
the capacity of the pile to pile cap connection to meet or
exceed the pile section strength.

18.13.6.3 For structures assigned to SDC D, E, or F, if
WHQVLRQIRUFHVLQGXFHGE\HDUWKTXDNHH൵HFWVDUHWUDQVIHUUHG
between pile cap or mat foundation and precast pile by reinforcing bars grouted or post-installed in the top of the pile,
the grouting system shall have been demonstrated by testing
to develop at least 1.25fy of the bar.

R18.13.6.3 Grouted dowels in a blockout in the top of a
precast concrete pile need to be developed, and testing is
a practical means of demonstrating strength. Alternatively,
reinforcing bars can be cast in the upper portion of the pile,
exposed by chipping of concrete and mechanically spliced
or welded to an extension.
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18.14—Members not designated as part of the
seismic-force-resisting system
18.14.1 Scope
18.14.1.1 This section shall apply to members not designated as part of the seismic-force-resisting system in structures assigned to SDC D, E, and F.
18.14.2 Design actions
18.14.2.1 Members not designated as part of the seismicforce-resisting system shall be evaluated for gravity load
combinations of 5.3 LQFOXGLQJ WKH H൵HFW RI YHUWLFDO JURXQG
motion acting simultaneously with the design displacement įu.

18.14.3 &DVWLQSODFHEHDPVFROXPQVDQGMRLQWV
18.14.3.1 Cast-in-place beams, columns, and joints
shall be detailed in accordance with 18.14.3.2 or 18.14.3.3
depending on the magnitude of moments and shears induced
in those members when subjected to the design displacement
įu,IH൵HFWVRIįu are not explicitly checked, the provisions
RIVKDOOEHVDWLV¿HG

COMMENTARY
R18.14—Members not designated as part of the
seismic-force-resisting system
This section applies only to structures assigned to SDC
D, E, or F. For those SDCs, all structural members not
designated as a part of the seismic-force-resisting system
are required to be designed to support gravity loads and the
ORDGH൵HFWVRIYHUWLFDOJURXQGPRWLRQZKLOHVXEMHFWHGWRWKH
design displacement. For concrete structures, the provisions
of this section satisfy this requirement for columns, beams,
slabs, and wall piers of the gravity system.
'HVLJQ GLVSODFHPHQW LV GH¿QHG LQ Chapter 2. Models
used to determine design displacement of buildings should
be chosen to produce results that conservatively bound the
values expected during the design earthquake and should
LQFOXGHDVDSSURSULDWHH൵HFWVRIFRQFUHWHFUDFNLQJIRXQGDWLRQÀH[LELOLW\DQGGHIRUPDWLRQRIÀRRUDQGURRIGLDSKUDJPV
The provisions of 18.14 are intended to enable ductile
ÀH[XUDO \LHOGLQJ RI FROXPQV EHDPV VODEV DQG ZDOO SLHUV
XQGHU WKH GHVLJQ GLVSODFHPHQW E\ SURYLGLQJ VX൶FLHQW
FRQ¿QHPHQWDQGVKHDUVWUHQJWKLQHOHPHQWVWKDW\LHOG
R18.14.3 &DVWLQSODFHEHDPVFROXPQVDQGMRLQWV
R18.14.3.1 Cast-in-place columns and beams are assumed
WR\LHOGLIWKHFRPELQHGH൵HFWVRIIDFWRUHGJUDYLW\ORDGVDQG
GHVLJQGLVSODFHPHQWVH[FHHGWKHVWUHQJWKVVSHFL¿HGRULIWKH
H൵HFWVRIGHVLJQGLVSODFHPHQWVDUHQRWFDOFXODWHG5HTXLUHments for transverse reinforcement and shear strength vary
with member type and whether the member yields under the
design displacement.

18.14.3.2 Where the induced moments and shears do not
exceed the design moment and shear strength of the frame
PHPEHU D WKURXJK G VKDOOEHVDWLV¿HG
(a) Beams shall satisfy 18.6.3.1. Transverse reinforcement shall be provided throughout the length of the beam
at spacing not to exceed d/2. Where factored axial force
exceeds Ag fcƍ, transverse reinforcement shall be hoops
satisfying 18.7.5.2 at a spacing not to exceed the lesser of
6db of the smallest enclosed longitudinal bar and 6 in.
(b) Columns shall satisfy 18.7.4.1 and 18.7.6. Spiral reinforcement satisfying 25.7.3 or hoop reinforcement satisfying 25.7.4 shall be provided over the full length of the
column with spacing not to exceed the lesser of 6db of
the smallest enclosed longitudinal bar and 6 in. Transverse
reinforcement satisfying 18.7.5.2(a) through (e) shall be
provided over a length Ɛo DV GH¿QHG LQ  IURP
each joint face.
(c) Columns with factored gravity axial forces exceeding
0.35Po shall satisfy 18.14.3.2(b) and 18.7.5.7. The minimum
amount of transverse reinforcement provided shall be, for
rectilinear hoops, one-half the greater of Table 18.7.5.4
parts (a) and (b) and, for spiral or circular hoops, one-half
the greater of Table 18.7.5.4 parts (d) and (e). This transverse
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reinforcement shall be provided over a length ƐoDVGH¿QHG
in 18.7.5.1, from each joint face.
(d) Joints shall satisfy Chapter 15.
18.14.3.3 Where the induced moments or shears exceed
ࢥMn or ࢥVn of the frame member, or if induced moments or
VKHDUVDUHQRWFDOFXODWHG D WKURXJK G VKDOOEHVDWLV¿HG
(a) Materials, mechanical splices, and welded splices shall
satisfy the requirements for special moment frames in
18.2.5 through 18.2.8.
(b) Beams shall satisfy 18.14.3.2(a) and 18.6.5.
(c) Columns shall satisfy 18.7.4, 18.7.5, and 18.7.6.
(d) Joints shall satisfy 18.4.4.1.
18.14.4 3UHFDVWEHDPVDQGFROXPQV
18.14.4.1 Precast concrete frame members assumed not to
contribute to lateral resistance, including their connections,
shall satisfy (a) through (d):
(a) Requirements of 18.14.3
E 7LHVVSHFL¿HGLQ E RYHUWKHHQWLUHFROXPQ
height, including the depth of the beams
(c) Structural integrity reinforcement, in accordance with
4.10
(d) Bearing length at the support of a beam shall be at least
2 in. longer than determined from 16.2.6

18.14.5 6ODEFROXPQFRQQHFWLRQV
18.14.5.1 For slab-column connections of two-way slabs
without beams, slab shear reinforcement satisfying the
requirements of 18.14.5.3 and either 8.7.6 or 8.7.7 shall be
SURYLGHGDWDQ\VODEFULWLFDOVHFWLRQGH¿QHGLQ22.6.4.1 for
the following conditions:
(a) Nonprestressed slabs where ¨x/hsx   ± 
(vuvࢥvc)
(b) Unbonded post-tensioned slabs with fpc in each direction meeting the requirements of 8.6.2.1, where ¨x/hsx
0.040 – (1/20)(vuv/ࢥvc)
The load combinations to be evaluated for vuv shall only
include those with E. The value of (¨x/hsx) shall be taken as
the greater of the values of the adjacent stories above and below
the slab-column connection, vc shall be calculated in accordance with 22.6.5; and, for unbonded post-tensioned slabs, the
value of Vp shall be taken as zero when calculating vc.

R18.14.4 3UHFDVWEHDPVDQGFROXPQV
R18.14.4.1 Damage to some buildings with precast
concrete gravity systems during the 1994 Northridge earthquake was attributed to several factors addressed in this
section. Columns should contain ties over their entire height,
frame members not proportioned to resist earthquake forces
should be tied together, and longer bearing lengths should
be used to maintain integrity of the gravity system during
ground motion. The 2 in. increase in bearing length is based
on an assumed 4 percent story drift ratio and 50 in. beam
depth, and is considered to be conservative for the ground
motions expected for structures assigned to SDC D, E, or F.
In addition to this provision, precast frame members assumed
not to contribute to lateral resistance should also satisfy the
requirements for cast-in-place construction addressed in
18.14.3, as applicable.
R18.14.5 6ODEFROXPQFRQQHFWLRQV
R18.14.5.1 Provisions for shear reinforcement at slabcolumn connections are intended to reduce the likelihood
of slab punching shear failure if the design story drift ratio
H[FHHGVWKHYDOXHVSHFL¿HG
No calculation of induced moments is required, based on
research (Megally and Ghali 2002; Moehle 1996; Kang and
Wallace 2006; Kang et al. 2007  WKDW LGHQWL¿HV WKH OLNHOLhood of punching shear failure considering the story drift
ratio and shear stress vuv due to gravity loads and the vertical
component of earthquake loads, without moment transfer,
about the slab critical section. Figure R18.14.5.1 illustrates
the requirement for nonprestressed and unbonded posttensioned slab-column connections. The requirement can be
VDWLV¿HGE\DGGLQJVODEVKHDUUHLQIRUFHPHQWLQFUHDVLQJVODE
thickness, changing the design to reduce the design story
drift ratio, or a combination of these.
If column capitals, drop panels, shear caps, or other
changes in slab thickness are used, the requirements of
18.14.5 are evaluated at all potential critical sections, as
required by 22.6.5.1.
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Design story drift ratio (Δx /hsx )

Post-tensioned slab-column connections with fpc in each
direction not meeting the requirements of 8.6.2.1 can be
designed as nonprestressed slab-column connections in
accordance with 8.2.3.

Nonprestressed

Post-tensioned

0.04

Shear reinforcement
required

0.03
0.02
0.01
0.00
0.0

Shear reinforcement
not required
0.1

0.2

0.3

0.4

0.5

0.6

0.7

vuv / ϕnvc

Fig. R18.14.5.1²,OOXVWUDWLRQRIWKHFULWHULDRI
18.14.5.2 The shear reinforcement requirements of
QHHGQRWEHVDWLV¿HGLI D RU E LVPHW
(a) ¨x/hsx for nonprestressed slabs
(b) ¨x/hsx for unbonded post-tensioned slabs with
fpc in each direction meeting the requirements of 8.6.2.1
18.14.5.3 Required slab shear reinforcement shall provide
vs   f c′ at the slab critical section and shall extend
at least four times the slab thickness from the face of the
support adjacent to the slab critical section.
18.14.6 Wall piers

R18.14.6 Wall piers

18.14.6.1 Wall piers not designated as part of the seismicforce-resisting system shall satisfy the requirements of
18.10.8. Where the general building code includes provisions to account for overstrength of the seismic-forceresisting system, it shall be permitted to calculate the design
shear force as ȍo times the shear induced under design
displacements, įu.

R18.14.6.1 Section 18.10.8 requires that the design shear
force be determined according to 18.7.6.1, which in some
cases may result in unrealistically large forces. As an alternative, the design shear force can be determined as the product
of an overstrength factor and the shear induced when the
wall pier is displaced by įu. The overstrength factor ȍo
included in FEMA P749, $6&(6(, , and the 2018 IBC
can be used for this purpose.
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19.1—Scope
19.1.1 This chapter shall apply to concrete, including:

19.1.2 This chapter shall apply to durability requirements
for grout used for bonded tendons in accordance with 19.4.
19.2—Concrete design properties
19.2.1 6SHFL¿HGFRPSUHVVLYHVWUHQJWK

R19.2—Concrete design properties
R19.2.1 6SHFL¿HGFRPSUHVVLYHVWUHQJWK

19.2.1.1 The value of fcƍ shall be in accordance with (a)
through (d):

Requirements for concrete mixtures are based on the philosophy that concrete should provide both adequate strength and
GXUDELOLW\7KH&RGHGH¿QHVDPLQLPXPYDOXHRIfcƍ for structural concrete. There is no limit on the maximum value of fcƍ
H[FHSWDVUHTXLUHGE\VSHFL¿F&RGHSURYLVLRQV
Concrete mixtures proportioned in accordance with 26.4.3
should achieve an average compressive strength that exceeds
the value of fcƍ used in the structural design calculations. The
amount by which the average strength of concrete exceeds fcƍ
is based on statistical concepts. When concrete is designed
to achieve a strength level greater than fcƍ, it ensures that
the concrete strength tests will have a high probability of
meeting the strength acceptance criteria in 26.12.3. The
durability requirements prescribed in Table 19.3.2.1 are to
EHVDWLV¿HGLQDGGLWLRQWRPHHWLQJWKHPLQLPXPfcƍ of 19.2.1.
Under some circumstances, durability requirements may
dictate a higher fcƍ than that required for structural purposes.
Available test data do not include lower strength concrete
with Grade 100 reinforcement in special structural walls
(refer to R18.2.6).
For design of special moment frames and special structural walls used to resist earthquake forces, the Code limits
the maximum fcƍ of lightweight concrete to 5000 psi. This
limit is imposed primarily because of a paucity of experiPHQWDODQG¿HOGGDWDRQWKHEHKDYLRURIPHPEHUVPDGHZLWK
lightweight concrete subjected to displacement reversals in
the nonlinear range.
Minimum concrete strengths are increased for special
seismic systems with fy > 80,000 psi to enhance bar
anchorage and reduce the neutral axis depth for improved
performance.
The Code also limits fcƍ for design of anchors to concrete.
The requirements are in 17.3.1.

(a) Limits for fcƍ in Table 19.2.1.1. Limits apply to both
normalweight and lightweight concrete.
(b) Durability requirements in Table 19.3.2.1
(c) Structural strength requirements
(d) fcƍ for lightweight concrete in special moment frames
and special structural walls, and their foundations, shall
not exceed 5000 psi, unless demonstrated by experimental
evidence that members made with lightweight concrete
provide strength and toughness equal to or exceeding
those of comparable members made with normalweight
concrete of the same strength.

Application

Minimum
fcƍpsi

General

2500

Foundations for structures assigned to SDC A, B, or C

2500

Foundations for Residential and Utility use and occupancy
FODVVL¿FDWLRQZLWKVWXGEHDULQJZDOOFRQVWUXFWLRQWZR
stories or less assigned to SDC D, E, or F

2500

Foundations for structures assigned to SDC D, E, or F
other than Residential and Utility use and occupancy
FODVVL¿FDWLRQZLWKVWXGEHDULQJZDOOFRQVWUXFWLRQWZR
stories or less

3000

Special moment frames
Special structural walls with Grade 60 or 80 reinforcement

3000

Special structural walls with Grade 100 reinforcement

5000

Precast-nonprestressed driven piles
Drilled shafts

4000

Precast-prestressed driven piles

5000

19.2.1.27KHVSHFL¿HGFRPSUHVVLYHVWUHQJWKVKDOOEHXVHG
for proportioning of concrete mixtures in 26.4.3 and for
testing and acceptance of concrete in 26.12.3.
19.2.1.38QOHVVRWKHUZLVHVSHFL¿HGfcƍ shall be based on
28-day tests. If other than 28 days, test age for fcƍ shall be
indicated in the construction documents.
19.2.2 Modulus of elasticity

R19.2.2 Modulus of elasticity
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19.2.2.1 It shall be permitted to calculate Ec in accordance
with (a) or (b):

R19.2.2.1 Equations in 19.2.2.1 provide an estimate of Ec
for general design use. Studies leading to the expression for
Ec of concrete are summarized in Pauw (1960), where Ec is
GH¿QHGDVWKHVORSHRIWKHOLQHGUDZQIURPDVWUHVVRI]HURWR
45 percent of the compressive strength using the stress-strain
FXUYH RI WKH FRQFUHWH 7KLV GH¿QLWLRQ LV VOLJKWO\ GL൵HUHQW
WKDQWKHGH¿QLWLRQLQASTM C469$670&GH¿QHVEc
using 40 percent of the compressive strength.
The modulus of elasticity is sensitive to a number of variables including aggregate type, concrete constituents, mixture
proportions, bond between paste and aggregate, and the age of
the concrete. This sensitivity, coupled with the inherent variability in the properties of the constituent materials and quality
FRQWUROH[HUFLVHGGXULQJFRQVWUXFWLRQFDQUHVXOWLQGL൵HUHQFHV
EHWZHHQPHDVXUHGDQGFDOFXODWHGYDOXHVIRUGHÀHFWLRQGULIW
periods of vibration, and other quantities that depend on Ec.
Refer to ACI 435R for more information on the use of Ec,
HVSHFLDOO\ZKHQXVHGLQGHÀHFWLRQFDOFXODWLRQV
Modulus of elasticity determined by calculation using the
Code equations has been shown to be appropriate for most
applications based on many years of use. For some applicaWLRQVKRZHYHUWKHVHHTXDWLRQVPD\QRWSURYLGHVX൶FLHQWO\
DFFXUDWHHVWLPDWHVRIDFWXDOYDOXHV/DUJHUGL൵HUHQFHVEHWZHHQ
measured and calculated values of Ec have been observed for
high-strength concrete (fcƍ > 8000 psi), lightweight concrete,
and for mixtures with low coarse aggregate volume, as can
occur with self-consolidating concrete. Refer to ACI 363R,
ACI 213R, and ACI 237R for more information.

(a) For values of wcEHWZHHQDQGOEIW3

f c′ (in psi)

Ec = wc1.533

(19.2.2.1.a)

(b) For normalweight concrete

f c′ (in psi)

Ec = 57,000

(19.2.2.1.b)

19.2.2.2 It shall be permitted to specify Ec based upon
testing of concrete mixtures to be used in the Work in accordance with (a) through (c):
D 6SHFL¿HGEc shall be used for proportioning concrete
mixtures in accordance with 26.4.3.
E 7HVWLQJWRYHULI\WKDWWKHVSHFL¿HGEc has been achieved
shall be conducted, and results shall be provided with the
mixture submittal.
(c) Test age of measurement of Ec shall be 28 days or as
indicated in the construction documents.

R19.2.2.2 For any project, Ec used for design may be speci¿HGDQGYHUL¿HGE\WHVWLQJ'HVLJQFRQGLWLRQVWKDWDUHVHQVLtive to the value of Ec may warrant testing. Examples include
DSSOLFDWLRQV ZKHUH GHÀHFWLRQV DUH FULWLFDO WDOO EXLOGLQJV
or similar structures for which axial deformation or lateral
VWL൵QHVVLPSDFWSHUIRUPDQFHDQGZKHUHHVWLPDWLRQRIEc is
important to acceptable vibration or seismic performance.
,QFDVHVZKHUHDQXQLQWHQGHGFKDQJHRIVWL൵QHVVPD\KDYH
DQ DGYHUVH H൵HFW RQ WKH GHVLJQ VXFK DV IRU VRPH VHLVPLF
applications, the licensed design professional may choose to
specify a range of acceptable values of Ec DWDVSHFL¿HGWHVW
age. If a range of values of Ec LVVSHFL¿HGGHWDLOVRIDWHVWLQJ
program and acceptance criteria should be provided in the
construction documents.
The licensed design professional may choose to specify
laboratory testing of Ec at multiple ages. It should be
recognized that the development of Ec over time cannot be
controlled with precision.

19.2.3 Modulus of rupture
19.2.3.1 Modulus of rupture, fr, for concrete shall be
calculated by:
fr Ȝ

f c′

(19.2.3.1)

where the value of Ȝ is in accordance with 19.2.4.
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19.2.4.1 Except as required in Table 25.4.2.5, the value
of Ȝ shall be determined using Table 19.2.4.1(a) based on
the equilibrium density, wc, of the concrete mixture used in
design, or Table 19.2.4.1(b) based on the composition of the
aggregate in the concrete mixture assumed in the design.
Table 19.2.4.1(a)—Values of Ȝ for lightweight
concrete based on equilibrium density
wc, lb/ft3

Ȝ



0.75

(a)

100 < wc

0.0075wc

(b)

> 135

1.0

(c)

Table 19.2.4.1(b)—Values of Ȝ for lightweight
concrete based on composition of aggregates
Concrete

Composition of aggregates

Ȝ

All-lightweight

Fine: ASTM C330
Coarse: ASTM C330

0.75

/LJKWZHLJKW¿QH
blend

Fine: Combination of ASTM
C330 and C33
Coarse: ASTM C330

0.75 to 0.85[1]

Sand-lightweight

Fine: ASTM C33
Coarse: ASTM C330

0.85

Sand-lightweight,
coarse blend

Fine: ASTM C33
Coarse: Combination of ASTM
C330 and C33

0.85 to 1[2]

[1]
Linear interpolation from 0.75 to 0.85 is permitted based on the absolute volume
RI QRUPDOZHLJKW ¿QH DJJUHJDWH DV D IUDFWLRQ RI WKH WRWDO DEVROXWH YROXPH RI ¿QH
aggregate.
[2]
Linear interpolation from 0.85 to 1 is permitted based on the absolute volume of
normalweight coarse aggregate as a fraction of the total absolute volume of aggregate.

19.2.4.2 It shall be permitted to take Ȝ as 0.75 for lightweight concrete.
19.2.4.3 The value of Ȝ shall be taken as 1.0 for normalweight concrete.

19.3—Concrete durability requirements

7KHPRGL¿FDWLRQIDFWRUȜ is used to account for the reduced
mechanical properties of lightweight concrete compared with
normalweight concrete of the same compressive strength.
For design using lightweight concrete, shear strength, friction properties, splitting resistance, bond between concrete
and reinforcement, and development length requirements
are not taken as equivalent to normalweight concrete of the
same compressive strength.
The methodology for determining Ȝ was changed in the
2019 Code to include a new method that is based on the
equilibrium density of the lightweight concrete. The new
method allows the designer to select a value for Ȝ based on the
equilibrium density of the lightweight concrete that is used in
GHVLJQ/DERUDWRU\WHVWLQJRQWKHVSHFL¿FPL[WXUHWREHXVHG
in the structure can be accomplished if the designer desires to
determine a more accurate value of Ȝ (Ivey and Buth 1967;
Hanson 1961). Table 19.2.4.1 is based on data from tests (Graybeal 2014; Greene and Graybeal 2013, 2015) of concrete made
with many types of structural lightweight aggregate and having
a wide range of mixture proportions that resulted in equilibrium
GHQVLWLHVRYHUDUDQJHRIWROEIW3.
The second method for determining Ȝ, which is retained from
the previous code, is based on the composition of aggregates. In
most cases, local concrete and aggregate suppliers have standard
lightweight concrete mixtures and can provide the volumetric
fractions to determine the value of ȜIn the absence of such data,
it is permissible to use the lower-bound value of Ȝ for the type
RIOLJKWZHLJKWFRQFUHWHVSHFL¿HG7KLVPHWKRGLVEDVHGRQWKH
assumption that, for equivalent compressive strength levels, the
WHQVLOHVWUHQJWKRIOLJKWZHLJKWFRQFUHWHLVD¿[HGIUDFWLRQRIWKH
tensile strength of normalweight concrete (Ivey and Buth 1967).
The multipliers used for Ȝ are based on data from tests on concrete
made with many types of structural lightweight aggregate.
A previously included method to calculate Ȝ based on splitting tensile strength and the corresponding value of measured
compressive strength was removed from the Code in 2019.
In editions of the Code prior to 2019, the upper limit on the
HTXLOLEULXP GHQVLW\ IRU OLJKWZHLJKW FRQFUHWH ZDV  OEIW3.
With the lower limit for normalweight concrete established
DWOEIW3DOEIW3UDQJHUHPDLQHGWKDWZDVXQGH¿QHG
In practice, to achieve an equilibrium density in the range
RIWROEIW3, the use of some amount of lightweight
aggregate is required. The 2019 Code removes this unde¿QHG UDQJH E\ GH¿QLQJ OLJKWZHLJKW FRQFUHWH DV KDYLQJ DQ
HTXLOLEULXPGHQVLW\IURPWROEIW3.
R19.3—Concrete durability requirements
The Code addresses concrete durability on the basis of
H[SRVXUHFDWHJRULHVDQGH[SRVXUHFODVVHVDVGH¿QHGLQ7DEOH
19.3.1.1. The licensed design professional assigns members
in the structure to the appropriate exposure category and
class. The assigned exposure classes, which are based on the
severity of exposure, are used to establish the appropriate
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concrete properties from Table 19.3.2.1 to include in the
construction documents.
The Code does not include provisions for especially severe
exposures, such as acids or high temperatures.

19.3.1 ([SRVXUHFDWHJRULHVDQGFODVVHV

R19.3.1 ([SRVXUHFDWHJRULHVDQGFODVVHV

19.3.1.1 The licensed design professional shall assign exposure
classes in accordance with the severity of the anticipated exposure of members for each exposure category in Table 19.3.1.1.
Table 19.3.1.1—Exposure categories and classes
Category

Freezing and
thawing (F)

Sulfate (S)

In contact
with water
(W)

Corrosion
protection of
reinforcement
(C)

[1]
[2]

Class

Condition

F0

Concrete not exposed to freezing-andthawing cycles

F1

Concrete exposed to freezing-and-thawing
cycles with limited exposure to water

F2

Concrete exposed to freezing-and-thawing
cycles with frequent exposure to water

F3

Concrete exposed to freezing-and-thawing
cycles with frequent exposure to water and
exposure to deicing chemicals
Water-soluble sulfate
(SO4±) in soil,
percent by mass[1]

Dissolved sulfate
(SO4±) in water,
ppm[2]

S0

SO4± < 0.10

SO4± < 150

S1

624± < 0.20

624± < 1500
or seawater

S2

624±

624±

S3

SO4± > 2.00

SO4± >10,000

W0

Concrete dry in service

W1

Concrete in contact with water where low
permeability is not required

W2

Concrete in contact with water where low
permeability is required

C0

Concrete dry or protected from moisture

C1

Concrete exposed to moisture but not to an
external source of chlorides

C2

Concrete exposed to moisture and an
external source of chlorides from deicing
chemicals, salt, brackish water, seawater, or
spray from these sources

Percent sulfate by mass in soil shall be determined by ASTM C1580.

Concentration of dissolved sulfates in water, in ppm, shall be determined by ASTM
D516 or ASTM D4130.

7KH &RGH DGGUHVVHV IRXU H[SRVXUH FDWHJRULHV WKDW D൵HFW
the requirements for concrete to ensure adequate durability:
Exposure Category F applies to concrete exposed to
moisture and cycles of freezing and thawing, with or without
deicing chemicals.
Exposure Category S applies to concrete in contact
with soil or water containing deleterious amounts of watersoluble sulfate ions.
Exposure Category W applies to concrete in contact with
water.
Exposure Category C applies to nonprestressed and
prestressed concrete exposed to conditions that require additional protection against corrosion of reinforcement.
6HYHULW\ RI H[SRVXUH ZLWKLQ HDFK FDWHJRU\ LV GH¿QHG
by classes with increasing numerical values representing
LQFUHDVLQJO\VHYHUHH[SRVXUHFRQGLWLRQV$FODVVL¿FDWLRQRI
 LV DVVLJQHG LI WKH H[SRVXUH VHYHULW\ KDV QHJOLJLEOH H൵HFW
(is benign) or the exposure category does not apply to the
member.
The following discussion provides assistance for selecting
the appropriate exposure class for each of the exposure categories. Members are required to be assigned to four exposure
classes, one for each exposure category, and are also required
to meet the most restrictive requirements of all of these exposures. For example, the slabs of a parking garage in a cold
climate might be assigned to Exposure Classes F3, S0, W2,
and C2, and a potable water tank inside a heated building
might be assigned to Exposure Classes F0, S0, W2, and C1.
Exposure Category F: Whether concrete is damaged by
cycles of freezing and thawing depends on the amount of
water in the pores of the concrete at the time of freezing
(Powers 1975). The amount of water present may be
described in terms of the degree of saturation of the concrete.
If the degree of saturation is high enough, there will be
VX൶FLHQW ZDWHU LQ WKH FRQFUHWH SRUHV WR SURGXFH LQWHUQDO
tensile stresses large enough to cause cracking when the
water freezes and expands. The entire member need not be
saturated to be susceptible to damage. For example, if the
WRSLQRIDVODERURXWHULQRIDZDOOLVVDWXUDWHG
those portions are vulnerable to damage from freezing and
thawing, regardless of how dry the interior may be.
For any portion of a member to be resistant to freezing
and thawing, that portion of the concrete needs to have
VX൶FLHQW HQWUDLQHG DLU DQG DGHTXDWH VWUHQJWK $GHTXDWH
strength is obtained by requiring a low w/cm, which also
reduces the pore volume and increases resistance to water
SHQHWUDWLRQ (QWUDLQHG DLU PDNHV LW PRUH GL൶FXOW IRU WKH
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concrete to become saturated and allows for expansion of
the water when it freezes.
Exposure class varies with degree of exposure to water,
DVWKLVZLOOLQÀXHQFHWKHOLNHOLKRRGWKDWDQ\SRUWLRQRIWKH
concrete will be saturated when exposed to cyclic freezing
and thawing. Conditions that increase the potential for saturation include longer-duration or more-frequent contact
with water without intervening drainage or drying periods.
The likelihood that concrete in a member will be saturated
depends on project location, member location and orientation in the structure, and climate. Records of performance of
similar members in existing structures in the same general
location can also provide guidance in assigning exposure
classes.
Exposure Category F is subdivided into four exposure
classes:
(a) Exposure Class F0 is assigned to concrete that will not
be exposed to cycles of freezing and thawing.
(b) Exposure Class F1 is assigned to concrete that will be
exposed to cycles of freezing and thawing and that will
have limited exposure to water. Limited exposure to water
implies some contact with water and water absorption;
however, it is not anticipated that the concrete will absorb
VX൶FLHQWZDWHUWREHFRPHVDWXUDWHG7KHOLFHQVHGGHVLJQ
professional should review the exposure conditions carefully to support the decision that the concrete is not anticipated to become saturated before freezing. Even though
concrete in this exposure class is not expected to become
saturated, a minimum entrained air content of 3.5 to 6
percent is required to reduce the potential for damage in
case portions of the concrete member become saturated.
(c) Exposure Class F2 is assigned to concrete that will
be exposed to cycles of freezing and thawing and that
will have frequent exposure to water. Frequent exposure
to water implies that some portions of the concrete will
DEVRUEVX൶FLHQWZDWHUVXFKWKDWRYHUWLPHWKH\ZLOOKDYH
the potential to be saturated before freezing. If there is
doubt about whether to assign Exposure Classes F1 or F2
to a member, the more conservative choice, F2, should
be selected. Exposure Classes F1 and F2 are conditions
where exposure to deicing chemicals is not anticipated.
(d) Exposure Class F3 is assigned to concrete that will be
exposed to cycles of freezing and thawing with the same
degree of exposure to water as Exposure Class F2. Additionally, concrete in Exposure Class F3 is anticipated to
be exposed to deicing chemicals. Deicing chemicals can
increase water absorption and retention (Spragg et al.
2011), which would enable the concrete to become saturated more readily.
Table R19.3.1 provides examples of concrete members for
each of these exposure classes.
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Table R19.3.1—Examples of structural members in
Exposure Category F
Exposure
class

F0

F1

F2

F3

Examples
• Members in climates where freezing temperatures will
not be encountered
• Members that are inside structures and will not be
exposed to freezing
• Foundations not exposed to freezing
• Members that are buried in soil below the frost line
• Members that will not be subject to snow and ice
accumulation, such as exterior walls, beams, girders, and
slabs not in direct contact with soil
• Foundation walls may be in this class depending upon
their likelihood of being saturated
• Members that will be subject to snow and ice
accumulation, such as exterior elevated slabs
• Foundation or basement walls extending above grade
that have snow and ice buildup against them
• Horizontal and vertical members in contact with soil
• Members exposed to deicing chemicals, such as
horizontal members in parking structures
• Foundation or basement walls extending above grade
that can experience accumulation of snow and ice with
deicing chemicals

Exposure Category S is subdivided into four exposure
classes:
(a) Exposure Class S0 is assigned for conditions where
the water-soluble sulfate concentration in contact with
concrete is low and injurious sulfate attack is not a concern.
(b) Exposure Classes S1, S2, and S3 are assigned for
structural concrete members in direct contact with soluble
sulfates in soil or water. The severity of exposure increases
from Exposure Class S1 to S3 based on the more critical
value of measured water-soluble sulfate concentration
in soil or the concentration of dissolved sulfate in water.
6HDZDWHUH[SRVXUHLVFODVVL¿HGDV([SRVXUH&ODVV6
Exposure Category W is subdivided into three exposure
classes:
(a) Members are assigned to Exposure Class W0 if they
are dry in service.
(b) Members are assigned to Exposure Class W1 if they
may be exposed to continuous contact with water, to
intermittent sources of water, or can absorb water from
surrounding soil. Members assigned to W1 do not require
concrete with low permeability.
(c) Members are assigned to Exposure Class W2 if they
may be exposed to continuous contact with water, to
intermittent sources of water, or can absorb water from
surrounding soil, and if the penetration of water through
the concrete might reduce durability or serviceability.
Members assigned to W2 require concrete with low
permeability.
Exposure Category C is subdivided into three exposure
classes:
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(a) Exposure Class C0 is assigned if exposure conditions
do not require additional protection against the initiation
of reinforcement corrosion.
(b) Exposure Classes C1 and C2 are assigned to nonprestressed and prestressed concrete members, depending on
the degree of exposure to external sources of moisture and
chlorides in service. Examples of exposures to external
sources of chlorides include concrete in direct contact
with deicing chemicals, salt, salt water, brackish water,
seawater, or spray from these sources.
19.3.2 5HTXLUHPHQWVIRUFRQFUHWHPL[WXUHV
19.3.2.1 Based on the exposure classes assigned from
Table 19.3.1.1, concrete mixtures shall conform to the most
restrictive requirements in Table 19.3.2.1.

R19.3.2 5HTXLUHPHQWVIRUFRQFUHWHPL[WXUHV
Durability of concrete is impacted by the resistance of
WKHFRQFUHWHWRÀXLGSHQHWUDWLRQ7KLVLVSULPDULO\D൵HFWHG
by the w/cm and the composition of cementitious materials
used in concrete. For a given w/cmWKHXVHRIÀ\DVKVODJ
cement, silica fume, or a combination of these materials
ZLOO W\SLFDOO\ LQFUHDVH WKH UHVLVWDQFH RI FRQFUHWH WR ÀXLG
penetration and thus improve concrete durability. The Code
provides limits on w/cm in Table 19.3.2.1 to achieve low
permeability and the intended durability. ASTM C1202 can
be used to provide an indication of concrete’s resistance to
ÀXLGSHQHWUDWLRQ
Because w/cm RI FRQFUHWH FDQQRW EH DFFXUDWHO\ YHUL¿HG
LQ WKH ¿HOG XVLQJ VWDQGDUG WHVW PHWKRGV VWUHQJWK WHVWV DUH
used as a surrogate. Representative values for minimum fcƍ
have been assigned to each w/cm limit in Table 19.3.2.1.
The acceptance criteria for strength tests in 26.12 establish
a basis to indicate that the maximum w/cm has not been
exceeded. For this approach to be reliable, the values of fcƍ
VSHFL¿HGLQFRQVWUXFWLRQGRFXPHQWVVKRXOGEHFRQVLVWHQWZLWK
the maximum w/cm. Considering the wide range of materials
and concrete mixtures possible, including regional variations, the minimum fcƍ limit in Table 19.3.2.1 associated with
the maximum w/cm should not be considered absolute. The
average strength of concrete mixtures for a given w/cm can in
some cases be considerably higher than the average strength
expected for the representative value of fcƍ. For a given exposure class, the licensed design professional may choose to
specify a higher value of fcƍ than listed in the table to obtain
better consistency between the maximum w/cm and fcƍ. This
LPSURYHVWKHFRQ¿GHQFHWKDWFRQFUHWHFRPSOLHVZLWKWKHw/cm
OLPLWLIWKHVWUHQJWKDFFHSWDQFHFULWHULDDUHVDWLV¿HG
As stated in the footnote to Table 19.3.2.1, maximum w/cm
OLPLWVDUHQRWVSHFL¿HGIRUOLJKWZHLJKWFRQFUHWHEHFDXVHWKH
amount of mixing water that is absorbed by the lightweight
aggregates makes calculation of w/cm uncertain. Therefore, only a minimum fcƍLVVSHFL¿HGWRDFKLHYHWKHUHTXLUHG
durability.
Table 19.3.2.1 provides the requirements for concrete on
the basis of the assigned exposure classes. The most restrictive requirements are applicable. For example, a member
assigned to Exposure Class W1 and Exposure Class S2
would require concrete to comply with a maximum w/cm of
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0.45 and a minimum fcƍ of 4500 psi because the requirement
for Exposure Class S2 is more restrictive than the requirement for Exposure Class W1.
Exposure Classes F1, F2, and F3: In addition to
complying with a maximum w/cm limit and a minimum
fcƍ, concrete for members subject to freezing-and-thawing
exposures is required to be air entrained in accordance with
19.3.3.1. Members assigned to Exposure Class F3 are additionally required to comply with the limitations on the quantity of pozzolans and slag cement in the composition of the
cementitious materials as given in 26.4.2.2(b).
The requirements for plain concrete members in Exposure
Class F3 are less restrictive because of the reduced likelihood of problems caused by reinforcement corrosion. The
licensed design professional should consider the details of
the minimal reinforcement to be included in plain concrete
members to ensure that the less restrictive requirements are
DSSURSULDWHIRUWKHVSHFL¿FSURMHFW
Exposure Classes S1, S2, and S3: Table 19.3.2.1 lists
the appropriate types of cement and the maximum w/cm
and minimum fcƍ for various sulfate exposure conditions. In
selecting cement for sulfate resistance, the principal consideration is its tricalcium aluminate (C3A) content.
7KHXVHRIÀ\DVK ASTM C618, Class F), natural pozzolans (ASTM C618, Class N), silica fume (ASTM C1240),
or slag cement (ASTM C989) has been shown to improve
the sulfate resistance of concrete (Li and Roy 1986; ACI
233R; ACI 234R). Therefore, Footnote [7] to Table 19.3.2.1
provides a performance option to determine the appropriate
amounts of these materials to use in combination with the
VSHFL¿F FHPHQW W\SHV OLVWHGASTM C1012 is permitted to
be used to evaluate the sulfate resistance of mixtures using
combinations of cementitious materials in accordance with
26.4.2.2(c).
Some ASTM C595 and ASTM C1157 blended cements
can meet the testing requirements of 26.4.2.2.(c) without
addition of pozzolans or slag cement to the blended cement
as manufactured.
Note that sulfate-resisting cement will not increase resistance of concrete to some chemically aggressive solutions—
for example, sulfuric acid. The construction documents
should explicitly cover such cases.
In addition to the proper selection of cementitious materials, other requirements for durable concrete exposed to
water-soluble sulfates are essential, such as w/cm, strength,
consolidation, uniformity, cover of reinforcement, and moist
curing to develop the potential properties of the concrete.
Exposure Class S1: ASTM C150 Type II cement is limited
to a maximum C3A content of 8 percent and is acceptable for
use in Exposure Class S1. Blended cements under ASTM
C595 with the MS designation, which indicates the cement
meets requirements for moderate sulfate resistance, are also
appropriate for use. Under ASTM C1157, the appropriate
designation for moderate sulfate exposure is Type MS.
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Seawater is listed under Exposure Class S1 (moderate
exposure) in Table 19.3.1.1, even though it generally contains
more than 1500 ppm SO4±. Less expansion is produced by a
given cement in seawater compared with freshwater with the
same sulfate content (ACI 201.2R). Therefore, seawater is
included in the same exposure class as solutions with lower
sulfate concentrations. Portland cement with C3A up to 10
percent is allowed in concrete mixtures exposed to seawater
if the maximum w/cm is limited to 0.40 (refer to the footnote
to Table 19.3.2.1).
Exposure Class S2: ASTM C150 Type V cement is
limited to a maximum C3A content of 5 percent and is acceptable for use in Exposure Class S2. The appropriate binary
and ternary blended cements under ASTM C595 include the
VX൶[ +6 DVSDUWRIWKHLUGHVLJQDWLRQZKLFKLQGLFDWHVWKH
cement conforms to requirements for high sulfate resistance.
Under ASTM C1157, the appropriate designation for severe
sulfate exposure is Type HS.
Exposure Class S3 (Option 1)7KHEHQH¿WRIWKHDGGLtion of pozzolan or slag cement allows for a greater w/cm
than required for Option 2. The amounts of supplementary
cementitious materials are based on records of successful
service or testing in accordance with 26.4.2.2(c).
Exposure Class S3 (Option 2): This option allows the use
of ASTM C150 Type V portland cement meeting the optional
limit of 0.040 percent maximum expansion, ASTM C595
ELQDU\ DQG WHUQDU\ EOHQGHG FHPHQWV ZLWK WKH +6  VX൶[
in their designation, and ASTM C1157 Type HS cements
without the use of additional pozzolan or slag cement, but it
instead requires a lower w/cm than that required for Option
1. This lower w/cm reduces the permeability of the concrete
and thus increases sulfate resistance (Lenz 1992). Use of this
lower w/cm permits a shorter testing period to qualify the
sulfate resistance of a cementitious system in accordance
with 26.4.2.2(c).
In addition to the proper selection of cementitious materials, other requirements for durable concrete exposed to
water-soluble sulfates are essential, such as low w/cm,
strength, adequate consolidation, uniformity, adequate cover
RIUHLQIRUFHPHQWDQGVX൶FLHQWPRLVWFXULQJWRGHYHORSWKH
potential properties of the concrete.
Exposure Class W1: This exposure class does not have
VSHFL¿F UHTXLUHPHQWV IRU ORZ SHUPHDELOLW\ +RZHYHU
because of the exposure to water, the Code (26.4.2.2(d)) has a
requirement to demonstrate that aggregates used in concrete
are not alkali reactive according to ASTM C1778. If the
aggregates are alkali-silica reactive, the Code (26.4.2.2(d))
also requires submission of proposed mitigation measures.
The Code (26.4.2.2(d)) prohibits the use of aggregates that
are alkali-carbonate reactive.
Exposure Class W2: This exposure class requires low
concrete permeability. The primary means to obtain a
concrete with low permeability is to reduce w/cm. For a
given w/FP, permeability can be reduced by optimizing
the cementitious materials used in the concrete mixture.
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In addition, because of the exposure to water, the Code
(26.4.2.2(d)) has a requirement to demonstrate that aggregates used in concrete are not alkali reactive according to
ASTM C1778. If the aggregates are alkali-silica reactive,
the Code (26.4.2.2(d)) also requires submission of proposed
mitigation measures. The Code (26.4.2.2(d)) prohibits the
use of aggregates that are alkali-carbonate reactive.
Exposure Class C2: For nonprestressed and prestressed
concrete in Exposure Class C2, the maximum w/cm,
PLQLPXP VSHFL¿HG FRPSUHVVLYH VWUHQJWK DQG PLQLPXP
cover are the basic requirements to be considered. Conditions should be evaluated for structures exposed to chlorides, such as in parking structures where chlorides may
be tracked in by vehicles, or in structures near seawater.
Coated reinforcement, corrosion-resistant steel reinforcement, and cover greater than the minimum required in 20.5
can provide additional protection under such conditions.
Use of slag cement meeting ASTM C989RUÀ\DVKPHHWLQJ
ASTM C618DQGLQFUHDVHGOHYHOVRIVSHFL¿HGFRPSUHVVLYH
strength provide increased protection. Use of silica fume
meeting ASTM C1240 with an appropriate high-range water
reducer, ASTM C494, Types F and G, or ASTM C1017 can
also provide additional protection (Ozyildirim and Halstead
1988). The use of ASTM C1202 to test concrete mixtures
proposed for use will provide additional information on the
performance of the mixtures.
Chloride limits for Exposure Category C: For Exposure
Classes C0, C1, and C2, the chloride ion limits apply to the
chlorides contributed from the concrete materials, not from
the environment surrounding the concrete. Even for Exposure Class C0, water-soluble chlorides introduced from the
concrete materials can potentially induce corrosion of the
reinforcement and must be limited for both nonprestressed
and prestressed concrete, regardless of external exposure. For nonprestressed concrete, the permitted maximum
amount of water-soluble chloride ions incorporated into
the concrete, depends on the degree of exposure to an
anticipated external source of moisture and chlorides. For
prestressed concrete, the same limit of 0.06 percent chloride
ion by mass of cementitious material applies regardless of
exposure. The limits on chloride ion content for prestressed
concrete are reduced from those for nonprestressed concrete
because corrosion of prestressed reinforcement generally
has more severe consequences than corrosion of nonprestressed reinforcement. Corrosion-induced reduction in the
cross-sectional area of the prestressed reinforcement may
result in fracture of the steel (ACI 222R). The presence of
chloride ions may cause corrosion of embedded aluminum
such as conduits, especially if the aluminum is in contact
with embedded steel and the concrete is in a humid environment. Requirements for protecting aluminum embedments
from corrosion are given in 20.6.3 and 26.8.2.
Allowable chloride limits are based on the mass of total
cementitious materials rather than portland cement alone.
7KLVFKDQJHZDVPDGHLQ$&,WRUHÀHFW¿QGLQJVWKDW
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GHPRQVWUDWHWKHEHQH¿FLDOH൵HFWVRIVXSSOHPHQWDU\FHPHQWLtious materials (SCMs) in reducing permeability and binding
chlorides, thus helping to inhibit corrosion (Kosmatka and
Wilson 2016  %HFDXVH WKHUH DUH GLPLQLVKLQJ H൵HFWV ZLWK
increasing amounts of SCMs, the Code limits the mass of
SCMs to 50 percent of the total cementitious materials that
can be used to calculate the allowable amount of chloride
ions in concrete (Tepke et al. 2016).
$GGLWLRQDOLQIRUPDWLRQRQWKHH൵HFWVRIFKORULGHVRQWKH
corrosion of steel reinforcement is given in ACI 201.2R,
which provides guidance on concrete durability, and ACI
222R, which provides guidance on factors that impact corrosion of metals in concrete. Requirements for the evaluation
of chloride ion content are provided in 26.4.2.2.
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Table 19.3.2.1—Requirements for concrete by exposure class
Additional requirements
Air content

Limits on
cementitious
materials

2500

1$

1$

3500

Table 19.3.3.1 for concrete or Table 19.3.3.3 for shotcrete

1$

Maximum
w/cm[1,2]

Minimum
fcƍSVL

F0

1$

F1

0.55

Exposure class

F2

0.45

4500

Table 19.3.3.1 for concrete or Table 19.3.3.3 for shotcrete

1$

F3

0.40[3]

5000[3]

Table 19.3.3.1 for concrete or Table 19.3.3.3 for shotcrete

26.4.2.2(b)

Cementitious materials[4] — Types

S0

1$

2500

ASTM C150

ASTM C595

ASTM C1157

Calcium chloride
admixture

No type restriction

No type restriction

No type restriction

No restriction

MS

No restriction

S1

0.50

4000

II[5][6]

Types with (MS)
designation

S2

0.45

4500

V[6]

Types with (HS)
designation

HS

Not permitted

Types with (HS)
designation plus
pozzolan or slag
cement[7]

HS plus pozzolan or
slag cement[7]

Not permitted

Types with (HS)
designation

HS

Not permitted

Option 1

0.45

4500

V plus pozzolan or
slag cement[7]

Option 2

0.40

5000

V[8]

S3

W0

1$

2500

None

W1

1$

2500

26.4.2.2(d)

W2

0.50

4000

26.4.2.2(d)
Maximum water-soluble chloride ion (Cl–)
content in concrete, percent by mass of
cementitious materials[9,10]

C0

1$

2500

Nonprestressed
concrete

Prestressed concrete

Additional provisions

1.00

0.06

None

C1

1$

2500

0.30

0.06

C2

0.40

5000

0.15

0.06

[1]

The w/cm is based on all cementitious and supplementary cementitious materials in the concrete mixture.

[2]

The maximum w/cm limits do not apply to lightweight concrete.

[3]

For plain concrete, the maximum w/cm shall be 0.45 and the minimum fcƍVKDOOEHSVL

Concrete cover[11]

[4]

Alternative combinations of cementitious materials to those listed are permitted for all sulfate exposure classes when tested for sulfate resistance and meeting the criteria in
26.4.2.2(c).
[5]

For seawater exposure, other types of portland cements with tricalcium aluminate (C3A) contents up to 10 percent are permitted if the w/cm does not exceed 0.40.

[6]

Other available types of cement such as Type I or Type III are permitted in Exposure Classes S1 or S2 if the C3A contents are less than 8 percent for Exposure Class S1 or less than
5 percent for Exposure Class S2.

[7]
7KHDPRXQWRIWKHVSHFL¿FVRXUFHRIWKHSR]]RODQRUVODJFHPHQWWREHXVHGVKDOOEHDWOHDVWWKHDPRXQWWKDWKDVEHHQGHWHUPLQHGE\VHUYLFHUHFRUGWRLPSURYHVXOIDWHUHVLVWDQFH
ZKHQXVHGLQFRQFUHWHFRQWDLQLQJ7\SH9FHPHQW$OWHUQDWLYHO\WKHDPRXQWRIWKHVSHFL¿FVRXUFHRIWKHSR]]RODQRUVODJFHPHQWWREHXVHGVKDOOEHDWOHDVWWKHDPRXQWWHVWHGLQ
accordance with ASTM C1012 and meeting the criteria in 26.4.2.2(c).
[8]

,I7\SH9FHPHQWLVXVHGDVWKHVROHFHPHQWLWLRXVPDWHULDOWKHRSWLRQDOVXOIDWHUHVLVWDQFHUHTXLUHPHQWRISHUFHQWPD[LPXPH[SDQVLRQLQ$670&VKDOOEHVSHFL¿HG

[9]

The mass of supplementary cementitious materials used in determining the chloride content shall not exceed the mass of the portland cement.

[10]

Criteria for determination of chloride content are in 26.4.2.2.

[11]

Concrete cover shall be in accordance with 20.5.

19.3.3 $GGLWLRQDO UHTXLUHPHQWV IRU IUHH]LQJDQGWKDZLQJ
H[SRVXUH

R19.3.3 $GGLWLRQDOUHTXLUHPHQWVIRUIUHH]LQJDQGWKDZLQJ
H[SRVXUH

19.3.3.1 Concrete subject to freezing-and-thawing Exposure Classes F1, F2, or F3 shall be air entrained. Except as

R19.3.3.1 A table of required air contents for concrete
to resist damage from cycles of freezing and thawing is
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permitted in 19.3.3.6, air content shall conform to Table
19.3.3.1.

included in the Code, based on guidance provided for
proportioning concrete mixtures in ACI 211.1. Entrained air
will not protect concrete containing coarse aggregates that
undergo disruptive volume changes when frozen in a saturated condition.

Table 19.3.3.1—Total air content for concrete
exposed to cycles of freezing and thawing
Nominal maximum
aggregate size, in.

Target air content, percent
F2 and F3

6.0

7.5



5.5

7.0



5.0

6.0

1

4.5

6.0



4.5

5.5

2

4.0

5.0

3

3.5

4.5

19

F1



19.3.3.2 Concrete shall be sampled in accordance with
ASTM C172, and air content shall be measured in accordance with ASTM C231 or ASTM C173.

R19.3.3.2 The sampling of fresh concrete for acceptance
based on air content is usually performed as the concrete is
discharged from a mixer or a transportation unit (for example,
a ready mixed concrete truck) to the conveying equipment
used to transfer the concrete to the forms. ASTM C172
primarily covers sampling of concrete as it is discharged
from a mixer or a transportation unit, but recognizes that
VSHFL¿FDWLRQVPD\UHTXLUHVDPSOLQJDWRWKHUSRLQWVVXFKDV
discharge from a pump. Table 19.3.3.1 was developed for
testing as-delivered concrete. ASTM C231 is applicable to
normalweight concrete and ASTM C173 is applicable to
normalweight or lightweight concrete.
If the licensed design professional requires measurement
of air content of fresh concrete at additional sampling locations, such requirements should be stated in the construction
documents, including the sampling protocol, test methods to
be used, and the criteria for acceptance.

19.3.3.3 Wet-mix shotcrete subject to freezing-andthawing Exposure Classes F1, F2, or F3 shall be air entrained.
Dry-mix shotcrete subject to freezing-and-thawing Exposure Class F3 shall be air entrained. Except as permitted in
19.3.3.6, air content shall conform to Table 19.3.3.3.

R19.3.3.3 Adding air-entraining admixtures improves
freezing-and-thawing resistance of wet-mix shotcrete (ACI
506R +DYLQJDLUFRQWHQWVEHIRUHSODFHPHQWDVVSHFL¿HGLQ
Table 19.3.3.3 will provide required performance in freezing
DQGWKDZLQJ$LUFRQWHQWVJUHDWHUWKDQWKRVHVSHFL¿HGZLOOQRW
improve shotcrete performance because once adequate air
FRQWHQWIRUGXUDELOLW\LVDFKLHYHGWKHUHLVQRIXUWKHUEHQH¿W
As in all concrete, too much in-place air will reduce strength.
Dry-mix shotcrete without air entrainment has performed
well in freezing-and-thawing environments with no exposure to saltwater or deicing salts (ACI 506R; Seegebrecht
et al. 1989). For exposure to saltwater or deicing salts,
air-entraining admixtures, in either a wet or dry form, can
be added to dry-mix shotcrete to provide the required air
content for durability in these exposures (Bertrand and
Vezina 1994). The higher air content of wet-mix shotcrete
sampled at the point of delivery accounts for expected air
losses during shooting.

Table 19.3.3.3—Total air content for shotcrete
exposed to cycles of freezing and thawing

Mixture type

[1]

Sampling
location

Target air content,
percent
F1

F2

F3

Wet-mix shotcrete

Before
placement

5.0

6.0

6.0

Dry-mix shotcrete

In-place

1$[1]

1$[1]

4.5

Entrained air is not required in dry-mix shotcrete for these exposure classes.

Concrete
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19.3.3.4 Wet-mix shotcrete shall be sampled in accordance with ASTM C172, and air content shall be measured
in accordance with ASTM C231 or ASTM C173.
19.3.3.5 Dry-mix shotcrete shall be sampled and air
content shall be measured as directed by the licensed design
professional.

R19.3.3.5 If the licensed design professional requires
measurement of air content of fresh dry-mix shotcrete, such
requirements are to be stated in the construction documents,
including the sampling frequency, sampling protocol, test
methods to be used, and the criteria for acceptance.
The air content required for dry-mix shotcrete is for
sampling of in-place shotcrete. This air content can be veri¿HGE\WDNLQJFRUHVIURPVKRWFUHWHWHVWSDQHOVIRUDQDO\VLV
in accordance with ASTM C457. During the mixture development process, shotcrete test panels may be prepared with
GL൵HUHQW DPRXQWV RI DLUHQWUDLQLQJ DGPL[WXUH DQG FRUHG WR
determine a dosage that will provide the required amount of
air after placement.
The use of ASTM C457 for quality control during
construction is not practical. Although there are no standard
tests for air content of dry-mix shotcrete during construction, there are industry accepted methods for testing. These
methods involve obtaining samples of dry-mix shotcrete and
performing standard tests such as ASTM C231 to determine
air content.
Field measurements of air content of dry-mix shotcrete
have been obtained by shooting the material directly into a
bowl of an air meter (Betrand and Vezina 1994). Samples for
air content testing can also be taken from material shot into
test panels, into a wheelbarrow, or onto the ground. These
samples can then be used for testing in accordance with
ASTM C231 (Zhang 2015).

19.3.3.6 For fcƍSVL, reduction of air content indicated in Table 19.3.3.1 and 19.3.3.3 by 1.0 percentage point
is permitted.

R19.3.3.6 This section permits a 1.0 percentage point
lower air content for concrete with fcƍ equal to or greater
than 5000 psi. Such higher-strength concretes, which have a
lower w/cm and porosity, have greater resistance to cycles of
freezing and thawing.

19.3.3.7 The maximum percentage of pozzolans, including
À\DVKDQGVLOLFDIXPHDQGVODJFHPHQWLQFRQFUHWHDVVLJQHG
to Exposure Class F3, shall be in accordance with 26.4.2.2(b).

R19.3.3.7 This provision is intended for application
during concrete mixture proportioning. The provision has
been duplicated in 26.4.2.2(b). Additional commentary
information is presented in Chapter 26.

19.3.4 $GGLWLRQDOUHTXLUHPHQWVIRUFKORULGHLRQFRQWHQW
19.3.4.1 Nonprestressed concrete that will be cast against
stay-in-place galvanized steel forms shall comply with the
chloride ion limits for Exposure Class C1 unless a more
stringent limit is required by other project conditions.

R19.3.4 $GGLWLRQDOUHTXLUHPHQWVIRUFKORULGHLRQFRQWHQW
R19.3.4.1 Corrosion of galvanized steel sheet or stay-inplace galvanized steel forms may occur, especially in humid
environments or where drying is inhibited by the thickness
of the concrete, coatings, or impermeable coverings. If stayin-place galvanized steel forms are used, the maximum chloride limit of 0.30 percent is required. For more severe environments, such as for concrete in Exposure Class C2, a more
stringent limit of 0.15 percent would be required.
At the time of design, the licensed design professional may
not know if aluminum embedments or stay-in-place galva-
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19.4—Grout durability requirements
19.4.1 Water-soluble chloride ion content of grout for
bonded tendons shall not exceed 0.06 percent when tested in
accordance with ASTM C1218, measured by mass of chloride ion to mass of cementitious materials.

Concrete

nized steel forms will be used. Use of aluminum embedments is covered in 26.8.2. Use of stay-in-place galvanized
steel forms is covered in 26.4.2.2.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 6: MATERIALS & DURABILITY

Notes
CODE

COMMENTARY

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE
370

371

CODE

COMMENTARY

20.1—Scope
20.1.1 This chapter shall apply to steel reinforcement, and
shall govern (a) through (c):

R20.1—Scope
R20.1.1 Materials permitted for use as reinforcement
DUHVSHFL¿HG2WKHUPHWDOHOHPHQWVVXFKDVLQVHUWVDQFKRU
bolts, or plain bars for dowels at isolation or contraction
joints, are not normally considered reinforcement under the
provisions of this Code. Fiber-reinforced polymer (FRP)
reinforcement is not addressed in this Code. ACI Committee
440 has developed guidelines for the use of FRP reinforcement (ACI 440.1R and ACI 440.2R).

(a) Material properties
(b) Properties to be used for design
F 'XUDELOLW\UHTXLUHPHQWVLQFOXGLQJPLQLPXPVSHFL¿HG
cover requirements

20.2—Nonprestressed bars and wires
20.2.1 Material properties

20

20.1.2 Provisions of 20.6 shall apply to embedments.
R20.2—Nonprestressed bars and wires
R20.2.1 Material properties

20.2.1.1 Nonprestressed bars and wires shall be deformed,
except plain bars or wires are permitted for use in spirals.
20.2.1.2 Yield strength of nonprestressed bars and wires
shall be determined by either (a) or (b):
D  7KH R൵VHW PHWKRG XVLQJ DQ R൵VHW RI  SHUFHQW LQ
accordance with ASTM A370
(b) The yield point by the halt-of-force method, provided
the nonprestressed bar or wire has a sharp-kneed or wellGH¿QHG\LHOGSRLQW

20.2.1.3 Deformed bars shall conform to (a), (b), (c), (d), or
(e), except bar sizes larger than No. 18 shall not be permitted:
(a) ASTM A615 ± FDUERQ VWHHO LQFOXGLQJ UHTXLUHPHQWV
VSHFL¿HGLQ7DEOH D
(b) ASTM A706±ORZDOOR\VWHHOLQFOXGLQJUHTXLUHPHQWV
VSHFL¿HGLQ L  LL DQG LLL 
(i) Tensile property requirements for ASTM A706
*UDGHUHLQIRUFHPHQWVKDOOEHDVVSHFL¿HGLQ7DEOH
20.2.1.3(b), and bend test requirements for ASTM
A706 Grade 100 reinforcement shall be the same as
the bend test requirements for ASTM A706 Grade 80
reinforcement.

Reinforcement

CHAPTER 20—STEEL REINFORCEMENT PROPERTIES, DURABILITY, &
EMBEDMENTS

R20.2.1.2 The majority of nonprestressed steel bar reinforcement exhibits actual stress-strain behavior that is
sharply yielding or sharp-kneed (elasto-plastic stress-strain
behavior). However, reinforcement products such as bars of
higher strength grade, steel wire, coiled steel bar, and stainless steel bars and wire generally do not exhibit sharplyyielding stress-strain behavior, but instead are graduallyyielding. The method used to measure yield strength of
reinforcement needs to provide for both types of reinforcement stress-strain relationships.
A study (Paulson et al. 2013) considering reinforcement
PDQXIDFWXUHGGXULQJWKURXJKIRXQGWKDWWKHR൵VHW
PHWKRGXVLQJDQR൵VHWRISHUFHQWSURYLGHVIRUDUHDVRQable estimate of the strength of reinforced concrete structures.
The yield strength is determined by the manufacturer
during tensile tests performed at the mill on samples of reinforcement. Test methods for determining yield strength of
VWHHOLQFOXGLQJWKHR൵VHWPHWKRGDQG\LHOGSRLQWE\KDOWRI
force method, are referenced either in the ASTM standards
for nonprestressed bars and wire or in ASTM A370 Test
0HWKRGVDQG'H¿QLWLRQV
R20.2.1.3 7KH UHTXLUHPHQWV VSHFL¿HG LQ  D 
and (b), and in Tables 20.2.1.3(a) through (c), are necessary because the referenced standards in Chapter 3, ASTM
A615-18İ and ASTM A706-16, do not include these
UHTXLUHPHQWV)RUSURMHFWVSHFL¿FDWLRQVWKHVHUHTXLUHPHQWV
VKRXOG EH VSHFL¿HG DORQJ ZLWK WKH FRUUHVSRQGLQJ $670
requirements. The requirements provide for harmonization
of minimum tensile strength requirements between ASTM
A615 and ASTM A706, add new ductility requirements to
both ASTM A615 and ASTM A706, and introduce Grade
100 reinforcement for ASTM A706. These requirements
accommodate the introduction of higher strength reinforcement into the Code for special seismic applications and
have been developed considering both structural safety and
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(ii) Uniform elongation requirements for all grades of
ASTM A706UHLQIRUFHPHQWVKDOOEHDVVSHFL¿HGLQ7DEOH
20.2.1.3(c), and uniform elongation shall be determined
as the elongation at the maximum force sustained by the
reinforcing bar test piece.
(iii) For all grades of ASTM A706 reinforcement, the
radius at the base of each deformation shall be at least
1.5 times the height of the deformation. This requirement applies to all deformations, including transverse
lugs, longitudinal ribs, grade ribs, grade marks, and
intersections between deformations. Conformance shall
be assessed by measurements taken on newly-machined
rolls used to manufacture reinforcing bars, instead of
measurements taken on bar samples.
Table 20.2.1.3(a)—Modified tensile strength and
additional tensile property requirements for ASTM
A615 reinforcement
Grade 40 Grade 60 Grade 80 Grade 100
Tensile strength,
minimum, psi

60,000

80,000

100,000

115,000

Ratio of actual tensile
strength to actual yield
strength, minimum

1.10

1.10

1.10

1.10

Table 20.2.1.3(b)—Tensile property requirements
for ASTM A706 Grade 100 reinforcement
Grade 100
Tensile strength, minimum, psi

117,000

Ratio of actual tensile strength to actual yield
strength, minimum

1.17

Yield strength, minimum, psi

100,000

Yield strength, maximum, psi

118,000

)UDFWXUHHORQJDWLRQLQLQPLQLPXP

10

production of reinforcement. The method for determination
RI XQLIRUP HORQJDWLRQ VSHFL¿HG LQ  E LL  LV WDNHQ
from ASTM E8.
Low-alloy steel deformed bars conforming to ASTM
A706 are intended for applications where controlled tensile
properties are required. ASTM A706 also includes restrictions on chemical composition to enhance weldability for
Grades 60 and 80.
Rail-steel deformed bars used with this Code are required
to conform to ASTM A996, including the provisions for
Type R bars. Type R bars are required to meet more restrictive provisions for bend tests than other types of rail steel.
Stainless steel deformed bars are used in applications
where high corrosion resistance or controlled magnetic
permeability are required.
Low-carbon chromium steel is a high-strength material that is permitted for use as transverse reinforcement
IRU FRQ¿QHPHQW LQ VSHFLDO HDUWKTXDNHUHVLVWDQW VWUXFWXUDO
systems and spirals in columns. Refer to Tables 20.2.2.4(a)
and (b). ASTM A1035 provides requirements for bars of two
minimum yield strength levels—100,000 psi and 120,000
psi—designated as Grade 100 and Grade 120, respectively,
but the maximum fyt permitted for design calculations in this
Code is limited in accordance with 20.2.2.3.
In 2015, ASTM A615 included bar sizes larger than No.
18, and in 2016, ASTM A1035 also included bar sizes larger
than No. 18. Bar sizes larger than No. 18 are not permitted
by this Code due to the lack of information on their performance including bar bends and development lengths.

Table 20.2.1.3(c)—Uniform elongation
requirements for ASTM A706 reinforcement
Grade 60

Grade 80

Grade 100

Uniform elongation, minimum, percent
Bar designation No.
3, 4, 5, 6, 7, 8, 9, 10

9

7

6

11, 14, 18

6

6

6

(c) ASTM A996±D[OHVWHHODQGUDLOVWHHOEDUVIURPUDLO
steel shall be Type R
(d) ASTM A955±VWDLQOHVVVWHHO
(e) ASTM A1035±ORZFDUERQFKURPLXPVWHHO
20.2.1.4 Plain bars for spiral reinforcement shall conform
to ASTM A615, A706, A955, or A1035.

R20.2.1.4 Plain bars are permitted only for spiral reinforcement used as transverse reinforcement for columns,

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

372

CODE

373

COMMENTARY

20.2.1.6 Headed deformed bars shall conform to ASTM
A970, including Annex A1 requirements for Class HA head
dimensions.

R20.2.1.6 The limitation to Class HA head dimensions
from Annex A1 of ASTM A970 is due to a lack of test
data for headed deformed bars that do not meet Class HA
dimensional requirements. Heads not conforming to Class
HA limits on bar deformation obstructions and bearing
face features have been shown to provide lower anchorage
strength than the heads used in the tests that serve as the
basis for 25.4.4 (Shao et al. 2016).

20.2.1.7 Deformed wire, plain wire, welded deformed
wire reinforcement, and welded plain wire reinforcement
shall conform to (a) or (b), except that yield strength shall be
determined in accordance with 20.2.1.2:

R20.2.1.7 Plain wire is permitted only for spiral reinforcement and in welded plain wire reinforcement, the latter of
which is considered deformed. Stainless steel wire and stainless steel welded wire reinforcement are used in applications
where high corrosion resistance or controlled magnetic
permeability is required. The physical and mechanical
property requirements for deformed stainless steel wire and
deformed and plain welded wire reinforcement under ASTM
A1022 are the same as those for deformed wire, deformed
welded wire reinforcement, and plain welded wire reinforcement under ASTM A1064.

(a) ASTM A1064±FDUERQVWHHO
(b) ASTM A1022±VWDLQOHVVVWHHO

20.2.1.7.1 Deformed wire sizes D4 through D31 shall be
permitted.

R20.2.1.7.1 An upper limit is placed on the size of deformed
wire because tests (Rutledge and Devries 2002) have shown
that D45 wire will achieve only approximately 60 percent of
the bond strength in tension given by Eq. (25.4.2.4a).

20.2.1.7.2 Deformed wire sizes larger than D31 shall be
permitted in welded wire reinforcement if treated as plain
wire for calculation of development and splice lengths in
accordance with 25.4.7 and 25.5.4, respectively.
20.2.1.7.3 Except as permitted for welded wire reinforcement used as stirrups in accordance with 25.7.1, spacing of
welded intersections in welded wire reinforcement in the
direction of calculated stress shall not exceed (a) or (b):
(a) 16 in. for welded deformed wire reinforcement
(b) 12 in. for welded plain wire reinforcement
20.2.2 Design properties

R20.2.2 Design properties

20.2.2.1 For nonprestressed bars and wires, the stress
below fy shall be Es times steel strain. For strains greater
than that corresponding to fy, stress shall be considered independent of strain and equal to fy.

R20.2.2.1 For deformed reinforcement, it is reasonably
accurate to assume that the stress in reinforcement is proporWLRQDO WR VWUDLQ EHORZ WKH VSHFL¿HG \LHOG VWUHQJWK fy. The
LQFUHDVHLQVWUHQJWKGXHWRWKHH൵HFWRIVWUDLQKDUGHQLQJRI
the reinforcement is neglected for nominal strength calculations. In nominal strength calculations, the force developed
in tension or compression reinforcement is calculated as:
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if İsİy (yield strain)
Asfs = AsEsİs
if İsİy
As fs = As fy
where İs is the value from the strain diagram at the location
of the reinforcement.

20.2.2.2 Modulus of elasticity, Es, for nonprestressed bars
and wires shall be permitted to be taken as 29,000,000 psi.
20.2.2.3 Yield strength for nonprestressed bars and wires
VKDOOEHEDVHGRQWKHVSHFL¿HGJUDGHRIUHLQIRUFHPHQWDQG
shall not exceed the values given in 20.2.2.4 for the associated applications.
20.2.2.4 Types of nonprestressed bars and wires to be
VSHFL¿HG IRU SDUWLFXODU VWUXFWXUDO DSSOLFDWLRQV VKDOO EH LQ
accordance with Table 20.2.2.4(a) for deformed reinforcement and Table 20.2.2.4(b) for plain reinforcement.

R20.2.2.4 Tables 20.2.2.4(a) and 20.2.2.4(b) limit the
maximum values of yield strength to be used in design
calculations for nonprestressed deformed reinforcement and
nonprestressed plain spiral reinforcement, respectively.
Grade 100 reinforcement is now permitted to resist tension
and compression in some applications. For reinforcement
resisting compression, strain compatibility calculations indicate that stresses are not likely to exceed 80,000 psi before
VWUDLQ LQ XQFRQ¿QHG FRQFUHWH UHDFKHV WKH VWUDLQ OLPLW RI
XQOHVVVSHFLDOFRQ¿QHPHQWUHLQIRUFHPHQWLVSURYLGHG
to increase the limiting concrete compressive strain. For
EHDPVWKHGHÀHFWLRQSURYLVLRQVRI24.2 and the limitations
RQ GLVWULEXWLRQ RI ÀH[XUDO UHLQIRUFHPHQW RI 24.3 become
increasingly critical as fy increases.
In Table 20.2.2.4(a), for deformed reinforcement in special
moment frames and special structural walls, the use of longitudinal reinforcement with strength substantially higher than
that assumed in design will lead to higher shear and bond
stresses at the time of development of yield moments. These
conditions may lead to brittle failures in shear or bond and
should be avoided even if such failures may occur at higher
loads than those anticipated in design. Therefore, ASTM
A706VSHFL¿HVERWKDORZHUDQGDQXSSHUOLPLWRQWKHDFWXDO
yield strength of the steel and requires a minimum tensile-toyield strength ratio. ASTM A615 Grade 60 reinforcement in
special seismic systems is permitted only if the requirements
RI E DUHVDWLV¿HG$670$*UDGHDQG*UDGH
100 are now permitted to resist tension and compression in
some applications. ASTM A706 Grade 80 and Grade 100 are
now permitted to resist moments, axial forces, and shear forces
in special structural walls and all components of structural
walls, including coupling beams and wall piers. ASTM A706
Grade 80 is also permitted in special moment frames. For reinforcement resisting compression, strain compatibility calculations indicate that stresses are not likely to exceed 80,000 psi
EHIRUHVWUDLQLQXQFRQ¿QHGFRQFUHWHUHDFKHVWKHVWUDLQOLPLWRI
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XQOHVVVSHFLDOFRQ¿QHPHQWUHLQIRUFHPHQWLVSURYLGHGWR
increase the limiting concrete compressive strain.
The maximum value of yield strength for calculation
purposes is limited to 100,000 psi for both nonprestressed
deformed reinforcement and plain spiral reinforcement in
Tables 20.2.2.4(a) and (b), respectively, when used for lateral
VXSSRUW RI ORQJLWXGLQDO EDUV RU IRU FRQFUHWH FRQ¿QHPHQW
7KHUHVHDUFKWKDWVXSSRUWVWKLVOLPLWIRUFRQ¿QHPHQWLVJLYHQ
in Saatcioglu and Razvi (2002), Pessiki et al. (2001), and
Richart et al. (1929). For reinforcement in special moment
frames and special structural walls, the research that indiFDWHGWKDWKLJKHU\LHOGVWUHQJWKVFDQEHXVHGH൵HFWLYHO\IRU
FRQ¿QHPHQWUHLQIRUFHPHQWLVJLYHQLQBudek et al. (2002),
Muguruma and Watanabe (1990), and Sugano et al. (1990).
The limit of 60,000 psi on the values of fy and fyt used in
design for most shear and torsional reinforcement is intended
to control the width of inclined cracks under service-level
gravity loads. The higher yield strength of 80,000 psi permitted
in shear design for welded deformed wire reinforcement is
also intended to control width of inclined cracks and is based
on Guimares et al. (1992), Griezic et al. (1994), and Furlong
et al. (1991). In particular, full-scale beam tests described in
Griezic et al. (1994) indicated that the widths of inclined shear
cracks at service load levels were less for beams reinforced
with smaller diameter welded deformed wire reinforcement
cages designed on the basis of a yield strength of 75,000 psi
than beams reinforced with deformed Grade 60 stirrups.
)RUVWUHQJWKOHYHOHDUWKTXDNHORDGH൵HFWVWHVWVRIPHPEHUV
using higher strength reinforcement have shown acceptable
behavior (Wallace 1998; Aoyama 2001; Budek et al. 2002;
Sokoli and Ghannoum 2016; Cheng et al. 2016; Huq et al.
2018; Weber-Kamin et al. 2019), leading to the allowance
of ASTM A706 Grade 80 reinforcement for special seismic
systems and ASTM A706 Grade 100 for special structural
walls in the 2019 Code, as indicated in Table 20.2.2.4(a).
Footnote [6] of Table 20.2.2.4(a) is provided because
ASTM A1064 and A1022 only require the welds to develop
35,000 psi in the interconnected wires. Hoops, stirrups, and
other elements used in special seismic systems should have
anchorages that are capable of developing 1.25fy or 1.25fyt,
as applicable, or tensile strength of the bar or wire, whichever
is less, so that moderate ductility capacity can be achieved.
A welded product that is capable of developing these stress
limits could be approved for use through Code Section 1.10.
Footnote [3] of Table 20.2.2.4(a) limiting slab and beam
bars passing through or extending from special structural
walls to reinforcement meeting 20.2.2.5 provides for greater
ductility of these members that are not designated as part of
the seismic-force-resisting system but are likely to undergo
large nonlinear rotational demands.
The 80,000 psi limit on fy for ties of members or regions of
members designed using the strut-and-tie method is imposed
because of scarcity of test data justifying a higher limit. The
yield strength fy of “other” ties is limited to 60,000 psi for
consistency with the usage “shear.”
American Concrete Institute – Copyrighted © Material – www.concrete.org

Reinforcement

COMMENTARY

20

CODE

375

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 6: MATERIALS & DURABILITY

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

Table 20.2.2.4(a)—Nonprestressed deformed reinforcement

Usage

Flexure; axial
force; and
shrinkage and
temperature

Lateral support
of longitudinal
bars; or
concrete
FRQ¿QHPHQW

Application
Special seismic
systems

Special moment
frames

80,000

Special structural
walls[1]

100,000

$SSOLFDEOH$670VSHFL¿FDWLRQ
Welded
deformed
bar mats

Deformed bars

Deformed
wires

Welded wire
reinforcement

A706[2]

Not permitted

Not permitted

Not
permitted

Other

100,000[3] [4]

A615, A706, A955, A996,
A1035

A1064, A1022

A1064, A1022

A184[5]

Special seismic systems

100,000

A615, A706, A955, A996,
A1035

A1064, A1022

A1064[6],
A1022[6]

Not
permitted

Spirals

100,000

A615, A706, A955, A996,
A1035

A1064, A1022

Not permitted

Not
permitted

Other

80,000

A615, A706, A955, A996

A1064, A1022

A1064, A1022

Not
permitted

A615, A706, A955, A996

A1064, A1022

A1064[6],
A1022[6]

Not
permitted

Special seismic
systems[7]

Shear

Maximum
value of fy or
fyt permitted
for design
calculations, psi

Special moment
frames[8]

80,000

Special structural
walls[9]

100,000

Spirals

60,000

A615, A706, A955, A996

A1064, A1022

Not permitted

Not
permitted

Shear friction

60,000

A615, A706, A955, A996

A1064, A1022

A1064, A1022

Not
permitted

60,000

A615, A706, A955, A996,
A1035

A1064, A1022

A1064 and
A1022 welded
plain wire

Not
permitted

Not
permitted

Stirrups, ties, hoops
80,000

Not permitted

Not permitted

A1064 and
A1022
welded deformed
wire

Torsion

Longitudinal and transverse

60,000

A615, A706, A955, A996

A1064, A1022

A1064, A1022

Not
permitted

Anchor
reinforcement

Special seismic systems

80,000

A706[2]

Not permitted

Not permitted

Not
permitted

Other

80,000

A615, A706, A955, A996

A1064, A1022

A1064, A1022

A184[5]

Regions
designed using
strut-and-tie
method

Longitudinal ties

80,000

Other

60,000

A615, A706, A955, A996

A1064, A1022

A1064, A1022

Not
permitted

[1]

All components of special structural walls, including coupling beams and wall piers.

[2]

$670$*UDGHVKDOOEHSHUPLWWHGLIUHTXLUHPHQWVRI E DUHVDWLV¿HG

[3]

In slabs and beams not part of a special seismic system, bars that pass through or extend from special structural walls shall satisfy 20.2.2.5.

[4]

Longitudinal reinforcement with fy > 80,000 psi is not permitted for intermediate moment frames and ordinary moment frames resisting earthquake demands E.

[5]

Welded deformed bar mats shall be permitted to be assembled using only ASTM A615 or A706 deformed bars of Grade 60 or Grade 80.

[6]

$670$DQG$DUHQRWSHUPLWWHGLQVSHFLDOVHLVPLFV\VWHPVLIWKHZHOGLVUHTXLUHGWRUHVLVWVWUHVVHVLQUHVSRQVHWRFRQ¿QHPHQWODWHUDOVXSSRUWRIORQJLWXGLQDOEDUVVKHDU
or other actions.
[7]
This application also includes shear reinforcement with a maximum value of 80,000 psi fy or fyt permitted for design calculations for diaphragms and foundations for load combinations including earthquake forces if part of a building with a special seismic system.
[8]

Shear reinforcement in this application includes stirrups, ties, hoops, and spirals in special moment frames.

[9]

Shear reinforcement in this application includes all transverse reinforcement in special structural walls, coupling beams, and wall piers. Diagonal bars in coupling beams shall
comply with ASTM A706 or Footnote [2].
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Table 20.2.2.4(b)—Nonprestressed plain spiral reinforcement

Usage

Application

Maximum value of fy or
fyt permitted for design
calculations, psi

Lateral support of longitudinal
EDUVRUFRQFUHWHFRQ¿QHPHQW

Spirals in special seismic systems

100,000

A615, A706, A955, A1035

A1064, A1022

Spirals

100,000

A615, A706, A955, A1035

A1064, A1022

Shear

Spirals

60,000

A615, A706, A955, A1035

A1064, A1022

Torsion in nonprestressed beams

Spirals

60,000

A615, A706, A955, A1035

A1064, A1022

(a) ASTM A706, Grade 60, 80, or 100 for special structural
walls and Grade 60 and 80 for special moment frames.
(b) ASTM A615*UDGHLI L WKURXJK LY DUHVDWLV¿HG
ASTM A615 Grade 80 and Grade 100 are not permitted in
special seismic systems.
(i) Actual yield strength based on mill tests does not
exceed fy by more than 18,000 psi
(ii) Ratio of the actual tensile strength to the actual yield
strength is at least 1.25
(iii) Minimum fracture elongation in 8 in. shall be at
least 14 percent for bar sizes No. 3 through No. 6, at
least 12 percent for bar sizes No. 7 through No. 11, and
at least 10 percent for bar sizes No. 14 and No. 18.
(iv) Minimum uniform elongation shall be at least 9
percent for bar sizes No. 3 through No. 10, and at least 6
percent for bar sizes No. 11, No. 14, and No. 18.

Plain wires

R20.2.2.5 The requirement for the tensile strength to
be greater than the yield strength of the reinforcement by
a factor of 1.25 is based on the assumption that the capability of a structural member to develop inelastic rotation
capacity is a function of the length of the yield region along
the axis of the member. In interpreting experimental results,
the length of the yield region has been related to the relative magnitudes of probable and yield moments (ACI 352R).
According to this interpretation, the greater the ratio of probable-to-yield moment, the longer the yield region. Members
with reinforcement not satisfying this condition can also
GHYHORSLQHODVWLFURWDWLRQEXWWKHLUEHKDYLRULVVX൶FLHQWO\
GL൵HUHQW WR H[FOXGH WKHP IURP GLUHFW FRQVLGHUDWLRQ RQ WKH
basis of rules derived from experience with members reinforced with strain-hardening steel.
The required minimum elongations in 20.2.2.5(b) for
ASTM A615 Grade 60 are the same as the values in ASTM
A706 for Grade 60 deformed reinforcement.
ASTM A615 Grade 80 and Grade 100 are not permitted to
resist moments and axial forces in special seismic systems
because of concern associated with low-cycle fatigue
behavior (Slavin and Ghannoum 2015).

20.3—Prestressing strands, wires, and bars
20.3.1 Material properties

R20.3—Prestressing strands, wires, and bars
R20.3.1 Material properties

20.3.1.1 Except as required in 20.3.1.3 for special moment
frames and special structural walls, prestressing reinforcement shall conform to (a), (b), (c), or (d):

R20.3.1.1 Because low-relaxation prestressing reinforcement is addressed in a supplementary requirement to
ASTM A421, which applies only if low-relaxation material
LVVSHFL¿HGWKHDSSURSULDWH$670UHIHUHQFHLVOLVWHGDVD
separate entity.

(a) ASTM A416±VWUDQG
(b) ASTM A421±ZLUH
F $670$±ORZUHOD[DWLRQZLUHLQFOXGLQJ6XSSOHmentary Requirement S1, “Low-Relaxation Wire and
Relaxation Testing”
(d) ASTM A722±KLJKVWUHQJWKEDU
20.3.1.2 Prestressing strands, wires, and bars not listed in
ASTM A416, A421, or A722 are permitted provided they
FRQIRUP WR PLQLPXP UHTXLUHPHQWV RI WKHVH VSHFL¿FDWLRQV
and are shown by test or analysis not to impair the performance of the member.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Reinforcement

Plain bars

20

20.2.2.5 Deformed nonprestressed longitudinal reinforcement resisting earthquake-induced moment, axial force, or
both, in special seismic systems and anchor reinforcement in
Seismic Design Categories (SDC) C, D, E, and F shall be in
accordance with (a) or (b):

$SSOLFDEOH$670VSHFL¿FDWLRQ
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20.3.1.3 Prestressing reinforcement resisting earthquakeinduced moment, axial force, or both, in special moment
frames, special structural walls, and all components of
special structural walls including coupling beams and wall
piers, cast using precast concrete shall comply with ASTM
A416 or ASTM A722.
R20.3.2 Design properties

20.3.2 Design properties
20.3.2.1 Modulus of elasticity, Ep, for prestressing reinforcement shall be determined from tests or as reported by
the manufacturer.

R20.3.2.1 Default values of Ep between 28,500,000 and
29,000,000 psi are commonly used for design purposes.
More accurate values based on tests or the manufacturer’s reports may be needed for elongation checks during
stressing.

20.3.2.2 Tensile strength, fpu, shall be based on the speci¿HGJUDGHRUW\SHRISUHVWUHVVLQJUHLQIRUFHPHQWDQGVKDOOQRW
exceed the values given in Table 20.3.2.2.

R20.3.2.2 ASTM A416 VSHFL¿HV WZR JUDGHV RI VWUDQG
tensile strength: 250,000 and 270,000 psi.
ASTM A421 VSHFL¿HV WHQVLOH VWUHQJWKV RI 
240,000, and 250,000 psi, depending on the diameter and
type of wire. For the most common diameter, 0.25 in., ASTM
$VSHFL¿HVDWHQVLOHVWUHQJWKRISVL

Table 20.3.2.2—Prestressing strands, wires, and bars

Type
Strand (stressrelieved and
low-relaxation)

Maximum value
of fpu permitted
for design
calculations, psi

$SSOLFDEOH$6706SHFL¿FDWLRQ

270,000

A416
A421

Wire (stressrelieved and
low-relaxation)

250,000

A421, including Supplementary
Requirement S1 “Low-Relaxation
Wire and Relaxation Testing”

High-strength
bar

150,000

A722

20.3.2.3 6WUHVV LQ ERQGHG SUHVWUHVVHG UHLQIRUFHPHQW DW
QRPLQDOÀH[XUDOVWUHQJWK fps

R20.3.2.3 6WUHVV LQ ERQGHG SUHVWUHVVHG UHLQIRUFHPHQW DW
QRPLQDOÀH[XUDOVWUHQJWK, fps

20.3.2.3.1 As an alternative to a more accurate calculation of fps based on strain compatibility, values of fps calculated in accordance with Eq. (20.3.2.3.1) shall be permitted
for members with bonded prestressed reinforcement if all
prestressed reinforcement is in the tension zone and fsefpu.

R20.3.2.3.1 Use of Eq. (20.3.2.3.1) may underestimate the
strength of beams with high percentages of reinforcement
and, for more accurate evaluations of their strength, the strain
compatibility and equilibrium method should be used. If part
of the prestressed reinforcement is in the compression zone, a
strain compatibility and equilibrium method should be used.
The ȖpWHUPLQ(T  DQG7DEOHUHÀHFWV
WKHLQÀXHQFHRIGL൵HUHQWW\SHVRISUHVWUHVVLQJUHLQIRUFHPHQW
on the value of fps. Table R20.3.2.3.1 shows prestressing
reinforcement type and the associated ratio fpy/fpu.

⎤ ⎪⎫
⎪⎧ γ p ⎡ f pu d f y
f ps = f pu ⎨1 −
(ρ − ρ′ ) ⎥ ⎬
+
⎢ρ p
f c′ d p f c′
⎦⎥ ⎭⎪
⎩⎪ β1 ⎢⎣

(20.3.2.3.1)

where Ȗp is in accordance with Table 20.3.2.3.1.
If compression reinforcement is considered for the calculation of fpsE\(T   D DQG E VKDOOEHVDWLV¿HG
(a) If dƍ exceeds 0.15dp, the compression reinforcement
shall be neglected in Eq. (20.3.2.3.1).

R20.3.2.3.1(a) If dƍ is large, the strain in compression
reinforcement can be considerably less than its yield strain.
,QVXFKDFDVHWKHFRPSUHVVLRQUHLQIRUFHPHQWGRHVQRWLQÀXence fps as favorably as implied by Eq. (20.3.2.3.1). For this
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⎡ f pu d f y
⎤
(ρ − ρ′ ) ⎥
+
⎢ρ p
f c′ d p f c′
⎣⎢
⎦⎥
shall not be taken less than 0.17.
Table 20.3.2.3.1—Values of Ȗp for use in Eq.
(20.3.2.3.1)
fpy/fpu

Ȗp



0.55



0.40



0.28

R20.3.2.3.1(b) The ȡƍWHUPLQ(T  UHÀHFWVWKH
increased value of fps obtained when compression reinforcement is provided in a beam with a large reinforcement index.
If the term >ȡp(fpu/fcƍ   d/dp)(fy/fcƍ ȡ ± ȡƍ @ is small, the
neutral axis depth is small, the compressive reinforcement does
not develop its yield strength, and Eq. (20.3.2.3.1) becomes
unconservative. For this reason, the term >ȡp(fpu/fcƍ  d/dp)
(fy/fcƍ ȡ±ȡƍ @ may not be taken less than 0.17 if compression
reinforcement is taken into account when calculating fps. The
compression reinforcement may be conservatively neglected
when using Eq. (20.3.2.3.1) by taking ȡƍ as zero, in which
case the term >ȡp(fpu/fcƍ  d/dp)(fy/fcƍ ȡ @ may be less than
0.17 and an acceptable value of fps is obtained.
Table R20.3.2.3.1—Ratio of fpy/fpu associated with
reinforcement type
Prestressing reinforcement type
ASTM A722 Type I
(Plain)
High-strength
prestressing bars
ASTM A722 Type II
(Deformed)
Stress-relieved strand
ASTM A416
and wire
ASTM A421
Low-relaxation strand
ASTM A416
and wire
ASTM A421

fpy/fpu





20.3.2.3.2 For pretensioned strands, the strand design
stress at sections of members located within Ɛd from the free
end of strand shall not exceed that calculated in accordance
with 25.4.8.3.
20.3.2.4 6WUHVVLQXQERQGHGSUHVWUHVVHGUHLQIRUFHPHQWDW
QRPLQDOÀH[XUDOVWUHQJWK, fps

R20.3.2.4 6WUHVVLQXQERQGHGSUHVWUHVVHGUHLQIRUFHPHQWDW
QRPLQDOÀH[XUDOVWUHQJWK, fps

20.3.2.4.1 As an alternative to a more accurate calculation of fps, values of fps calculated in accordance with Table
20.3.2.4.1 shall be permitted for members prestressed with
unbonded tendons if fsefpu.

R20.3.2.4.1 The term [fse + 10,000 + fcƍ ȡp)]UHÀHFWV
results of tests on members with unbonded tendons and
VSDQWRGHSWK UDWLRV JUHDWHU WKDQ  RQHZD\ VODEV ÀDW
SODWHVDQGÀDWVODEV  0RMWDKHGLDQG*DPEOH 7KHVH
tests also indicate that the term [fse + 10,000 + fcƍ ȡp)],
formerly used for all span-depth ratios, overestimates the
amount of stress increase in such members. Although these
same tests indicate that the moment strength of those shallow
members designed using [fse + 10,000 + fcƍ ȡp)] meets
WKH IDFWRUHG ORDG VWUHQJWK UHTXLUHPHQWV WKLV UHÀHFWV WKH
H൵HFWRIWKH&RGHUHTXLUHPHQWVIRUPLQLPXPERQGHGUHLQforcement as well as the limitation on concrete tensile stress
that often control the amount of prestressing force provided.

Table 20.3.2.4.1—Approximate values of fps at
nominal flexural strength for unbonded tendons
Ɛnh

fps
fse + 10,000 + fcƍ ȡp)



The least of:

fse + 60,000
fpy
fse + 10,000 + fcƍ ȡp)

> 35

The least of:

fse + 30,000
fpy
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(b) If compression reinforcement is included in Eq.
(20.3.2.3.1), the term

Reinforcement

reason, if dƍ exceeds 0.15dp, Eq. (20.3.2.3.1) is applicable
only if the compression reinforcement is neglected.
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20.3.2.5 3HUPLVVLEOH WHQVLOH VWUHVVHV LQ SUHVWUHVVHG
UHLQIRUFHPHQW

R20.3.2.5 3HUPLVVLEOH WHQVLOH VWUHVVHV LQ SUHVWUHVVHG
UHLQIRUFHPHQW

20.3.2.5.1 The tensile stress in prestressed reinforcement
shall not exceed the limits in Table 20.3.2.5.1.

R20.3.2.5.1 Because of the high yield strength of lowrelaxation strand and wire meeting the requirements of ASTM
A416 and ASTM A421 including Supplementary Requirement S1 “Low-Relaxation Wire and Relaxation Testing,” it is
appropriate to specify permissible stresses in terms of speci¿HG PLQLPXP $670 \LHOG VWUHQJWK DORQJ ZLWK WKH VSHFL¿HGPLQLPXP$670WHQVLOHVWUHQJWK%HFDXVHRIWKHKLJKHU
allowable initial prestressed reinforcement stresses permitted
VLQFHWKH&RGH¿QDOVWUHVVHVFDQEHJUHDWHU)RUVWUXFtures subject to corrosive conditions or repeated loadings,
FRQVLGHUDWLRQVKRXOGEHJLYHQWROLPLWLQJWKH¿QDOVWUHVV

Table 20.3.2.5.1—Maximum permissible tensile
stresses in prestressed reinforcement
Stage

Location

Maximum tensile stress
0.94fpy

During
stressing

At jacking end

Immediately At post-tensioning
after force anchorage devices
transfer
and couplers

Least
of:

0.80fpu
Maximum jacking force
recommended by the
supplier of anchorage device
0.70fpu

20.3.2.6 Prestress losses

R20.3.2.6 Prestress losses

20.3.2.6.1 Prestress losses shall be considered in the
FDOFXODWLRQ RI WKH H൵HFWLYH WHQVLOH VWUHVV LQ WKH SUHVWUHVVHG
reinforcement, fse, and shall include (a) through (f):
(a) Prestressed reinforcement seating at transfer
(b) Elastic shortening of concrete
(c) Creep of concrete
(d) Shrinkage of concrete
(e) Relaxation of prestressed reinforcement
(f) Friction loss due to intended or unintended curvature in
post-tensioning tendons
20.3.2.6.2 Calculated friction loss in post-tensioning
tendons shall be based on experimentally determined wobble
DQGFXUYDWXUHIULFWLRQFRH൶FLHQWV

R20.3.2.6.1 ACI 423.10R provides a comprehensive treatment of the estimation of prestress losses.
Actual losses, greater or smaller than the calculated values,
KDYHOLWWOHH൵HFWRQWKHGHVLJQVWUHQJWKRIWKHPHPEHUEXW
D൵HFW VHUYLFH ORDG EHKDYLRU GHÀHFWLRQV FDPEHU FUDFNLQJ
load) and connections. At service loads, overestimation of
prestress losses can be almost as detrimental as underestimation because the former can result in excessive camber and
horizontal movement.

R20.3.2.6.2 Estimation of friction losses in post-tensioned
tendons is addressed in the Post-Tensioning Manual (TAB.1).
9DOXHVRIWKHZREEOHDQGFXUYDWXUHIULFWLRQFRH൶FLHQWVWREH
used for the particular types of prestressing reinforcement
and particular types of ducts should be obtained from the
manufacturers of the tendons. An unrealistically low estimate
of the friction loss can lead to improper camber, or potential
GHÀHFWLRQRIWKHPHPEHUDQGLQDGHTXDWHSUHVWUHVV2YHUHVtimation of the friction may result in extra prestressing force.
This could lead to excessive camber and excessive shortening of a member. If the friction factors are determined to
be less than those assumed in the design, the tendon stressing
should be adjusted to provide only that prestressing force in
the critical portions of the structure required by the design.
When safety or serviceability of the structure may be
involved, the acceptable range of prestressing reinforcement
jacking forces or other limiting requirements should either
be given or approved by the licensed design professional in
conformance with the permissible stresses of 20.3.2.5 and 24.5.

20.3.2.6.3 Where loss of prestress in a member is
anticipated due to connection of the member to adjoining
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R20.4—Headed shear stud reinforcement
R20.4.17KHFRQ¿JXUDWLRQRIWKHVWXGVIRUKHDGHGVKHDU
VWXG UHLQIRUFHPHQW GL൵HUV IURP WKH FRQ¿JXUDWLRQ RI WKH
headed-type shear studs prescribed in Section 7 of AWS D1.1
(2015) and referenced for use in Chapter 17 of this Code
(Fig. R20.4.1). Ratios of the head to shank cross-sectional
areas of the AWS D1.1 studs range from approximately 2.5
to 4. In contrast, ASTM A1044 requires the area of the head
of headed shear stud reinforcement to be at least 10 times
the area of the shank. Thus, the AWS D1.1 headed studs
are not suitable for use as headed shear stud reinforcement.
The base rail, where provided, anchors one end of the studs;
$670$VSHFL¿HVPDWHULDOZLGWKDQGWKLFNQHVVRIWKH
EDVHUDLOWKDWDUHVX൶FLHQWWRSURYLGHWKHUHTXLUHGDQFKRUDJH
without yielding for stud shank diameters of 0.375, 0.500,
0.625, and 0.750 in. In ASTM A1044, the minimum speci¿HG\LHOGVWUHQJWKRIKHDGHGVKHDUVWXGVLVSVL
(√ 2.5 to 2) × (shank diameter)
≥ √10 × (shank diameter)

Shank diameter
Headed shear stud
reinforcement

Shank diameter
Headed shear studs
per AWS D1.1

Fig. R20.4.1²&RQ¿JXUDWLRQVRIVWXGKHDGV
20.5—Provisions for durability of steel
reinforcement
20.5.1 6SHFL¿HGFRQFUHWHFRYHU

R20.5—Provisions for durability of steel
reinforcement
R20.5.1 6SHFL¿HGFRQFUHWHFRYHU
This section addresses concrete cover over reinforcement
and does not include requirements for concrete cover over
HPEHGPHQWVVXFKDVSLSHVFRQGXLWVDQG¿WWLQJVZKLFKDUH
addressed in 20.6.5.

20.5.1.1 Unless the general building code requires a
JUHDWHU FRQFUHWH FRYHU IRU ¿UH SURWHFWLRQ WKH PLQLPXP
VSHFL¿HGFRQFUHWHFRYHUVKDOOEHLQDFFRUGDQFHZLWK
through 20.5.1.4.

R20.5.1.1 Concrete cover as protection of reinforcement
IURPZHDWKHUDQGRWKHUH൵HFWVLVPHDVXUHGIURPWKHFRQFUHWH
surface to the outermost surface of the reinforcement to
which the cover requirement applies. Where concrete cover
is prescribed for a class of structural members, it is measured
to the outer edge of stirrups, ties, or spirals if transverse reinforcement encloses main bars; to the outermost layer of bars
if more than one layer is used without stirrups or ties; to the
PHWDOHQG¿WWLQJRUGXFWRISRVWWHQVLRQLQJWHQGRQVRUWRWKH
outermost part of the head on headed bars.
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20.4—Headed shear stud reinforcement
20.4.1 Headed shear stud reinforcement and stud assemblies shall conform to ASTM A1044.

Reinforcement

construction, such loss of prestress shall be included in
design calculations.
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The condition “exposed to weather or in contact with
ground” refers to direct exposure to moisture changes and
QRWMXVWWRWHPSHUDWXUHFKDQJHV6ODEVR൶WVDUHQRWXVXDOO\
considered directly exposed unless subject to alternate
wetting and drying, including that due to condensation
conditions or direct leakage from exposed top surface, run
R൵RUVLPLODUH൵HFWV
Alternative methods of protecting the reinforcement from
weather may be provided if they are equivalent to the additional concrete cover required by the Code. When approved
E\ WKH EXLOGLQJ R൶FLDO XQGHU WKH SURYLVLRQV RI 1.10, reinforcement with alternative protection from weather may not
have concrete cover less than the cover required for reinforcement not exposed to weather.
Development length provisions given in Chapter 25 are a
function of cover over the reinforcement. To meet requirements for development length, it may be necessary to use
FRYHUJUHDWHUWKDQWKHPLQLPXPVVSHFL¿HGLQ

20.5.1.2 ,W VKDOO EH SHUPLWWHG WR FRQVLGHU FRQFUHWH ÀRRU
¿QLVKHVDVSDUWRIUHTXLUHGFRYHUIRUQRQVWUXFWXUDOSXUSRVHV

20.5.1.3 6SHFL¿HGFRQFUHWHFRYHUUHTXLUHPHQWV

R20.5.1.2&RQFUHWHÀRRU¿QLVKHVPD\EHFRQVLGHUHGIRU
nonstructural purposes such as cover for reinforcement
DQG ¿UH SURWHFWLRQ 3URYLVLRQV VKRXOG EH PDGH KRZHYHU
WR HQVXUH WKDW WKH FRQFUHWH ¿QLVK ZLOO QRW VSDOO R൵ WKXV
resulting in decreased cover. Furthermore, considerations
for development of reinforcement require minimum monolithic concrete cover in accordance with 20.5.1.3.
R20.5.1.3 6SHFL¿HGFRQFUHWHFRYHUUHTXLUHPHQWV

20.5.1.3.1 Nonprestressed cast-in-place concrete members
VKDOOKDYHVSHFL¿HGFRQFUHWHFRYHUIRUUHLQIRUFHPHQWDWOHDVW
that given in Table 20.5.1.3.1.
Table 20.5.1.3.1—Specified concrete cover for
cast-in-place nonprestressed concrete members
Concrete exposure

Member

Reinforcement

6SHFL¿HG
cover, in.

Cast against and
permanently in
contact with ground

All

All

3

No. 6 through No.
18 bars

2

No. 5 bar, W31
or D31 wire, and
smaller



No. 14 and No. 18
bars



No. 11 bar and
smaller



Primary
reinforcement,
stirrups, ties, spirals,
and hoops



Exposed to weather
or in contact with
ground

Not exposed to
weather or in
contact with ground

All

Slabs, joists,
and walls
Beams,
columns,
pedestals, and
tension ties
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CODE

383

COMMENTARY

Reinforcement

20.5.1.3.2 Cast-in-place prestressed concrete members
VKDOOKDYHVSHFL¿HGFRQFUHWHFRYHUIRUUHLQIRUFHPHQWGXFWV
DQGHQG¿WWLQJVDWOHDVWWKDWJLYHQLQ7DEOH.
Table 20.5.1.3.2—Specified concrete cover for
cast-in-place prestressed concrete members

Cast against and
permanently
in contact with
ground
Exposed to
weather or in
contact with
ground

Not exposed
to weather or
in contact with
ground

Member

Reinforcement 6SHFL¿HGFRYHULQ

All

All

3

Slabs, joists,
and walls

All

1

All other

All



Slabs, joists,
and walls

All



Primary
reinforcement



Stirrups, ties,
spirals, and
hoops

1

Beams,
columns, and
tension ties

20.5.1.3.3 Precast nonprestressed or prestressed concrete
members manufactured under plant conditions shall have
VSHFL¿HG FRQFUHWH FRYHU IRU UHLQIRUFHPHQW GXFWV DQG HQG
¿WWLQJVDWOHDVWWKDWJLYHQLQ7DEOH.1.3.3.

20

Concrete
exposure

R20.5.1.3.3 The lesser cover thicknesses for precast
FRQVWUXFWLRQ UHÀHFW WKH JUHDWHU FRQWURO IRU SURSRUWLRQLQJ
placing, and curing inherent in precasting. Manufactured
under plant conditions does not imply that precast members
should be manufactured in a plant. Structural elements
precast at the job site will also qualify under this section if
the control of form dimensions, placing of reinforcement,
quality control of concrete, and curing procedures are equal
to that normally expected in a plant.
Concrete cover to pretensioned strand as described in this
section is intended to provide minimum protection from
ZHDWKHUDQGRWKHUH൵HFWV6XFKFRYHUPD\QRWEHVX൶FLHQW
to transfer or develop the stress in the strand, and it may be
necessary to increase the cover accordingly.
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Table 20.5.1.3.3—Specified concrete cover for
precast-nonprestressed or prestressed concrete
members manufactured under plant conditions
Concrete
exposure

Member

Walls

Exposed
to weather
or in
contact
with
ground
All other

Not
exposed
to weather
or in
contact
with
ground

Reinforcement
No. 14 and No. 18 bars;
WHQGRQVODUJHUWKDQLQ
diameter



No. 11 bars and smaller;
W31 and D31 wire and
smaller; tendons and strands
LQGLDPHWHUDQG
smaller



No. 14 and No. 18 bars;
WHQGRQVODUJHUWKDQLQ
diameter

2

No. 6 through No. 11 bars;
tendons and strands larger
WKDQLQGLDPHWHUWKURXJK
LQGLDPHWHU



No. 5 bar, W31 or D31 wire,
and smaller; tendons and
VWUDQGVLQGLDPHWHUDQG
smaller



No. 14 and No. 18 bars;
WHQGRQVODUJHUWKDQLQ
diameter



Slabs,
joists, and 7HQGRQVDQGVWUDQGVLQ
diameter and smaller
walls

Beams,
columns,
pedestals,
and
tension
ties

6SHFL¿HG
cover, in.



No. 11 bar, W31 or D31
wire, and smaller



Primary reinforcement

Greater of db
DQGDQG
need not exceed


Stirrups, ties, spirals, and
hoops



20.5.1.3.4'HHSIRXQGDWLRQPHPEHUVVKDOOKDYHVSHFL¿HG
concrete cover for reinforcement at least that given in Table
20.5.1.3.4.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

384

CODE

385

COMMENTARY

Reinforcement

6SHFL¿HG
cover, in.

Cast against and
permanently in contact
with ground, not
enclosed by steel pipe,
tube permanent casing,
or stable rock socket

Cast-in-place

All

3

Enclosed by steel pipe,
tube, permanent casing,
or stable rock socket

Cast-in-place

All



All



Precastnonprestressed

All



Precastprestressed

All

2

Concrete exposure

Permanently in contact
with ground

Exposed to seawater

Precastnonprestressed
Precastprestressed

20

Deep
foundation
member type

Reinforcement

Table 20.5.1.3.4—Specified concrete cover for
deep foundation members

20.5.1.3.5)RUEXQGOHGEDUVVSHFL¿HGFRQFUHWHFRYHUVKDOO
be at least the smaller of (a) and (b):
(a) The equivalent diameter of the bundle
(b) 2 in.
and for concrete cast against and permanently in contact
ZLWKJURXQGWKHVSHFL¿HGFRYHUVKDOOEHLQ
20.5.1.3.6)RUKHDGHGVKHDUVWXGUHLQIRUFHPHQWVSHFL¿HG
concrete cover for the heads and base rails shall be at least
that required for the reinforcement in the member.

R20.5.1.3.6 Concrete cover requirements for headed
shear stud reinforcement are illustrated in Fig. R20.5.1.3.6.
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Maximum cover to head (8.7.7)
= (db /2) + specified cover

db

Tension flexural
reinforcement

Specified cover
(a) Slab with top and bottom bars

Maximum cover to head (8.7.7)
= (db /2) + specified cover

Tension flexural
reinforcement

db
Specified cover
(b) Footing with only bottom bars

Fig. R20.5.1.3.6²&RQFUHWHFRYHUUHTXLUHPHQWVIRUKHDGHG
VKHDUVWXGUHLQIRUFHPHQW
20.5.1.4 6SHFL¿HGFRQFUHWHFRYHUUHTXLUHPHQWVIRUFRUURVLYHHQYLURQPHQWV

R20.5.1.4 6SHFL¿HG FRQFUHWH FRYHU UHTXLUHPHQWV IRU
FRUURVLYHHQYLURQPHQWV
&RUURVLYH HQYLURQPHQWV DUH GH¿QHG LQ 19.3.1, R19.3.1,
and R19.3.2. Additional information on corrosion in parking
structures is given in ACI 362.1R.

20.5.1.4.1 In corrosive environments or other severe
H[SRVXUH FRQGLWLRQV WKH VSHFL¿HG FRQFUHWH FRYHU VKDOO EH
increased as deemed necessary. The applicable requirements
for concrete based on exposure categories in 19.3 shall be
VDWLV¿HGRURWKHUSURWHFWLRQVKDOOEHSURYLGHG

R20.5.1.4.1 Where concrete will be exposed to external
sources of chlorides in service, such as deicing salts, brackish
water, seawater, or spray from these sources, concrete should
be proportioned to satisfy the requirements for the applicable exposure class in Chapter 19. These include maximum
w/cm, minimum strength for normalweight and lightweight
concrete, and maximum chloride ion in the concrete. Addi-
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COMMENTARY
WLRQDOO\IRUFRUURVLRQSURWHFWLRQDVSHFL¿HGFRQFUHWHFRYHU
for reinforcement not less than 2 in. for walls and slabs and
QRWOHVVWKDQLQIRURWKHUPHPEHUVLVUHFRPPHQGHG
For precast concrete members manufactured under plant
FRQWUROFRQGLWLRQVDVSHFL¿HGFRQFUHWHFRYHUQRWOHVVWKDQ
LQIRUZDOOVDQGVODEVDQGQRWOHVVWKDQLQIRURWKHU
members is recommended.

20

20.5.1.4.2)RUSUHVWUHVVHGFRQFUHWHPHPEHUVFODVVL¿HGDV
Class T or C in 24.5.2 and exposed to corrosive environments
or other severe exposure categories such as those given in
19.3WKHVSHFL¿HGFRQFUHWHFRYHUIRUSUHVWUHVVHGUHLQIRUFHment shall be at least one and one-half times the cover in
20.5.1.3.2 for cast-in-place members and in 20.5.1.3.3 for
precast members.
20.5.1.4.3 If the precompressed tension zone is not
in tension under sustained loads, 20.5.1.4.2 need not be
VDWLV¿HG
R20.5.2 1RQSUHVWUHVVHGFRDWHGUHLQIRUFHPHQW

20.5.2 1RQSUHVWUHVVHGFRDWHGUHLQIRUFHPHQW
20.5.2.1 Nonprestressed coated reinforcement shall
conform to Table 20.5.2.1.
Table 20.5.2.1—Nonprestressed coated
reinforcement
$SSOLFDEOH$670VSHFL¿FDWLRQV
Type of coating

Bar

Wire

Welded wire

Zinc-coated

A767

Not permitted

A1060

Epoxy-coated

A775 or
A934

A884

A884

Zinc and epoxy
dual-coated

A1055

Not permitted

Not permitted

Reinforcement

CODE

387

R20.5.2.1 Zinc-coated (hot-dipped galvanized) bars
(ASTM A767), epoxy-coated bars (ASTM A775 and A934),
and zinc and epoxy dual-coated bars (ASTM A1055) are
used in applications where corrosion resistance of reinforcement is of particular concern such as in parking structures,
bridge structures, and other highly corrosive environments.

20.5.2.2 Deformed bars to be zinc-coated, epoxy-coated,
or zinc and epoxy dual-coated shall conform to 20.2.1.3(a),
(b), or (c).
20.5.2.3 Wire and welded wire reinforcement to be epoxycoated shall conform to 20.2.1.7(a).
20.5.3 Corrosion protection for unbonded prestressing
UHLQIRUFHPHQW

R20.5.3 Corrosion protection for unbonded prestressing
UHLQIRUFHPHQW

20.5.3.1 Unbonded prestressing reinforcement shall be
encased in sheathing, and the space between the prestressing
UHLQIRUFHPHQW DQG WKH VKHDWKLQJ VKDOO EH FRPSOHWHO\ ¿OOHG
with a material formulated to inhibit corrosion. Sheathing
shall be watertight and continuous over the unbonded length.

R20.5.3.1 Material for corrosion protection of unbonded
prestressing reinforcement should have the properties identi¿HGLQRIBreen et al. (1994).
Typically, sheathing is a continuous, seamless, highdensity polyethylene material that is extruded directly onto
the coated prestressing reinforcement.
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COMMENTARY

20.5.3.2 The sheathing shall be connected to all stressing,
LQWHUPHGLDWHDQG¿[HGDQFKRUDJHVLQDZDWHUWLJKWIDVKLRQ
20.5.3.3 Unbonded single-strand tendons shall be
protected to provide resistance to corrosion in accordance
with ACI 423.7.
20.5.4 Corrosion protection for grouted tendons

R20.5.4 Corrosion protection for grouted tendons

20.5.4.1 Ducts for grouted tendons shall be grout-tight
and nonreactive with concrete, prestressing reinforcement,
grout, and corrosion inhibitor admixtures.
20.5.4.2 Ducts shall be maintained free of water.

R20.5.4.2 Water in ducts may cause corrosion of the
prestressing reinforcement, may lead to bleeding and segregation of grout, and may cause distress to the surrounding
concrete if subjected to freezing conditions. A corrosion inhibitor should be used to provide temporary corrosion protection if prestressing reinforcement is exposed in the ducts for
prolonged periods of time before grouting (ACI 423.7).

20.5.4.3 Ducts for grouted single-wire, single-strand, or
VLQJOHEDUWHQGRQVVKDOOKDYHDQLQVLGHGLDPHWHUDWOHDVW
in. larger than the diameter of the prestressing reinforcement.
20.5.4.4 Ducts for grouted multiple wire, multiple strand,
or multiple bar tendons shall have an inside cross-sectional
area at least two times the cross-sectional area of the
prestressing reinforcement.
20.5.5 Corrosion protection for post-tensioning anchorDJHVFRXSOHUVDQGHQG¿WWLQJV

R20.5.5 Corrosion protection for post-tensioning anchorDJHVFRXSOHUVDQGHQG¿WWLQJV

20.5.5.1$QFKRUDJHV FRXSOHUV DQG HQG ¿WWLQJV VKDOO EH
protected to provide long-term resistance to corrosion.

R20.5.5.1 For recommendations regarding protection,
refer to 4.2 and 4.3 of Mojtahedi and Gamble (1978) and
3.4, 3.6, 5, 6, and 6.3 of Breen et al. (1994).

20.5.6 &RUURVLRQSURWHFWLRQIRUH[WHUQDOSRVWWHQVLRQLQJ

R20.5.6 &RUURVLRQSURWHFWLRQIRUH[WHUQDOSRVWWHQVLRQLQJ

20.5.6.1 External tendons and tendon anchorage regions
shall be protected to provide resistance to corrosion.

R20.5.6.1 Corrosion protection can be achieved by a
variety of methods. The corrosion protection provided should
be suitable to the environment in which the tendons are
located. Some conditions will require that the prestressing
reinforcement be protected by concrete cover or by cement
grout in polyethylene or metal tubing; other conditions will
permit the protection provided by coatings such as paint or
JUHDVH &RUURVLRQ SURWHFWLRQ PHWKRGV VKRXOG PHHW WKH ¿UH
protection requirements of the general building code, unless
the installation of external post-tensioning is to only improve
serviceability.

20.6—Embedments
20.6.1 (PEHGPHQWV VKDOO QRW VLJQL¿FDQWO\ LPSDLU WKH
VWUHQJWKRIWKHVWUXFWXUHDQGVKDOOQRWUHGXFH¿UHSURWHFWLRQ

R20.6—Embedments
R20.6.1 Any embedments not harmful to concrete or
reinforcement can be placed in the concrete, but the work
should be done in such a manner that the structure will not
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be endangered. Many general building codes have adopted
ASME Piping Code B31.1 for power piping and B31.3 for
chemical and petroleum piping. The licensed design professional should be sure that the appropriate piping codes are
used in the design and testing of the system. The contractor
should not be permitted to install conduits, pipes, ducts, or
sleeves that are not shown in the construction documents or
not approved by the licensed design professional.
20.6.2 Embedment materials shall not be harmful to
concrete or reinforcement.
20.6.3 Aluminum embedments shall be coated or covered
to prevent aluminum-concrete reaction and electrolytic
action between aluminum and steel.

R20.6.3 The Code prohibits the use of aluminum in strucWXUDO FRQFUHWH XQOHVV LW LV H൵HFWLYHO\ FRDWHG RU FRYHUHG
Aluminum reacts with concrete and, in the presence of chloride ions, may also react electrolytically with steel, causing
cracking, spalling, or both. Aluminum electrical conduits
present a special problem because stray electric current accelerates the adverse reaction. Provision 26.4.2.2(f) prohibits
calcium chloride or any admixture containing chloride from
being used in concrete with aluminum embedments.

20.6.4 Reinforcement with an area at least 0.002 times the
area of the concrete section shall be provided perpendicular
to pipe embedments.
20.6.56SHFL¿HGFRQFUHWHFRYHUIRUSLSHHPEHGPHQWVZLWK
WKHLU¿WWLQJVVKDOOEHDWOHDVWLQIRUFRQFUHWHH[SRVHGWR
HDUWKRUZHDWKHUDQGDWOHDVWLQIRUFRQFUHWHQRWH[SRVHG
to weather, or not in contact with ground.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Reinforcement

COMMENTARY

20

CODE

389

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 6: MATERIALS & DURABILITY

Notes
CODE

COMMENTARY

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE
390

391

CODE

COMMENTARY

21.1—Scope
21.1.1 This chapter shall apply to the selection of strength
reduction factors used in design, except as permitted by
Chapter 27.

R21.1—Scope
R21.1.1 The purposes of strength reduction factors ࢥ are:
(1) to account for the probability of under-strength members
due to variations in material strengths and dimensions; (2)
to account for inaccuracies in the design equations; (3) to
UHÀHFWWKHDYDLODEOHGXFWLOLW\DQGUHTXLUHGUHOLDELOLW\RIWKH
PHPEHU XQGHU WKH ORDG H൵HFWV EHLQJ FRQVLGHUHG DQG  
WR UHÀHFW WKH LPSRUWDQFH RI WKH PHPEHU LQ WKH VWUXFWXUH
(MacGregor 1976; Winter 1979).

21.2—Strength reduction factors for structural
concrete members and connections
21.2.1 Strength reduction factors ࢥ shall be in accordance
ZLWK7DEOHH[FHSWDVPRGL¿HGE\DQG
21.2.4.

R21.2—Strength reduction factors for structural
concrete members and connections
R21.2.1 The strength reduction factors in this Code are
compatible with the $6&(6(, load combinations, which
are the basis for the required factored load combinations in
Chapter 5:

Table 21.2.1—Strength reduction factors ࢥ
Action or structural element

(a)

Moment, axial force, or
combined moment and
axial force

ࢥ

Exceptions

0.65 to
0.90 in
accordance
with 21.2.2

Near ends of
pretensioned members
where strands are not
IXOO\GHYHORSHGࢥVKDOO
be in accordance with
21.2.3.

(b)

Shear

0.75

Additional requirements
are given in 21.2.4 for
structures designed to
UHVLVWHDUWKTXDNHH൵HFWV

(c)

Torsion

0.75

—

(d)

Bearing

0.65

—

(e)

Post-tensioned anchorage
zones

0.85

—

(f)

Brackets and corbels

0.75

—

(g)

Struts, ties, nodal zones,
and bearing areas
designed in accordance
with strut-and-tie method
in Chapter 23

0.75

—

(h)

Components of
connections of precast
members controlled by
yielding of steel elements
in tension

0.90

—

(i)

Plain concrete elements

0.60

—

(j)

Anchors in concrete
elements

0.45 to
0.75 in
accordance
with
Chapter 17

—

21.2.2 Strength reduction factor for moment, axial force,
or combined moment and axial force shall be in accordance
with Table 21.2.2.

(e) Laboratory tests of post-tensioned anchorage zones
(Breen et al. 1994) indicate a wide range of scatter in the
results. This observation is addressed with a ࢥ-factor of
0.85 and by limiting the nominal compressive strength
RIXQFRQ¿QHGFRQFUHWHLQWKHJHQHUDO]RQHWRȜ fciƍ in
25.9.4.5.2, where ȜLVGH¿QHGLQ19.2.47KXVWKHH൵HFWLYH
GHVLJQVWUHQJWKRIXQFRQ¿QHGFRQFUHWHLVîȜ fciƍ 
Ȝ fciƍ in the general zone.
(f) Bracket and corbel behavior is predominantly
controlled by shear; therefore, a single value of ࢥ  is
used for all potential modes of failure.
(i) The strength reduction factor ࢥ for plain concrete
members is the same for all potential modes of failure.
%HFDXVH ERWK WKH ÀH[XUDO WHQVLRQ VWUHQJWK DQG VKHDU
strength for plain concrete depend on the tensile strength
of the concrete, without the reserve strength or ductility
that might otherwise be provided by reinforcement, equal
strength reduction factors for moment and shear are
considered to be appropriate.

R21.2.2 The nominal strength of a member that is
subjected to moment or combined moment and axial force is
determined for the condition where the strain in the extreme
FRPSUHVVLRQ ¿EHU LV HTXDO WR WKH DVVXPHG VWUDLQ OLPLW RI
7KHQHWWHQVLOHVWUDLQİt is the tensile strain calculated
in the extreme tension reinforcement at nominal strength,
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21.2.2.1 For deformed reinforcement, İty shall be fy /Es.
For Grade 60 deformed reinforcement, it shall be permitted
to take İty equal to 0.002.

exclusive of strains due to prestress, creep, shrinkage, and
temperature. The net tensile strain in the extreme tension
reinforcement is determined from a linear strain distribution
at nominal strength, shown in Fig. R21.2.2a for a nonprestressed member.
Members subjected to only axial compression are considered to be compression-controlled and members subjected
to only axial tension are considered to be tension-controlled.
If the net tensile strain in the extreme tension reinforcePHQW LV VX൶FLHQWO\ ODUJH  İty + 0.003), the section is
GH¿QHGDVWHQVLRQFRQWUROOHGIRUZKLFKZDUQLQJRIIDLOXUH
E\H[FHVVLYHGHÀHFWLRQDQGFUDFNLQJPD\EHH[SHFWHG7KH
OLPLWİty + 0.003SURYLGHVVX൶FLHQWGXFWLOLW\IRUPRVWDSSOLcations. Before the 2019 Code, the tension-controlled limit
on İtZDVGH¿QHGDVHVWDEOLVKHGSULPDULO\RQWKHEDVLV
of Grade 60 nonprestressed reinforcement and prestressed
reinforcement, with some consideration given to higher
grades of nonprestressed reinforcement (Mast 1992). Beginning with the 2019 Code, to accommodate nonprestressed
reinforcement of higher grades, the tension-controlled limit
on İtLQ7DEOHLVGH¿QHGDVİty + 0.003. This expression is consistent with the recommendations of Mast (1992)
for the general case of reinforcement other than Grade 60,
and test data show that the expression leads to elements with
adequate ductility.
One condition where greater ductile behavior is required
is in design for redistribution of moments in continuous
members and frames, which is addressed in 6.6.5. Because
redistribution of moment depends on the ductility available
in the hinge regions, redistribution of moment is limited to
sections that have a net tensile strain of at least 0.0075.
If the net tensile strain in the extreme tension reinforcePHQW LV VPDOO  İty), a brittle compression failure condition is expected, with little warning of impending failure.
Before ACI 318-14, the compression-controlled strain
OLPLW ZDV GH¿QHG DV  IRU *UDGH  UHLQIRUFHPHQW
and all prestressed reinforcement, but it was not explicitly
GH¿QHGIRURWKHUW\SHVRIUHLQIRUFHPHQW7KHFRPSUHVVLRQ
controlled strain limit İtyLVGH¿QHGLQDQG
for deformed and prestressed reinforcement, respectively.
Beams and slabs are usually tension-controlled, whereas
columns may be compression-controlled. Some members,
such as those with small axial forces and large bending
moments, experience net tensile strain in the extreme tension
reinforcement between the limits of İty and (İty + 0.003).
These sections are in a transition region between compression-controlled and tension-controlled.
7KLV VHFWLRQ VSHFL¿HV WKH DSSURSULDWH VWUHQJWK UHGXFWLRQ
factors for tension-controlled and compression-controlled
sections, and for intermediate cases in the transition region.
Beginning with the 2019 Code, the expression (İty + 0.003)
GH¿QHV WKH OLPLW RQ İt for tension-controlled behavior in
Table 21.2.2. For sections subjected to combined axial force
and moment, design strengths are determined by multiplying
both Pn and Mn by the appropriate single value of ࢥ.

21.2.2.2 For all prestressed reinforcement, İty shall be
taken as 0.002.
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A lower ࢥ-factor is used for compression-controlled
sections than for tension-controlled sections because
compression-controlled sections have less ductility, are
more sensitive to variations in concrete strength, and generally occur in members that support larger loaded areas
than members with tension-controlled sections. Columns
with spiral reinforcement are assigned a higher ࢥ-factor
than columns with other types of transverse reinforcement
because spiral columns have greater ductility and toughness. For sections within the transition region, the value of ࢥ
may be determined by linear interpolation, as shown in Fig.
R21.2.2b.

Table 21.2.2—Strength reduction factor ࢥ for moment, axial force, or combined moment and axial force
ࢥ
Type of transverse reinforcement

[1]

Net tensile stain İt

&ODVVL¿FDWLRQ

İtİty

Compressioncontrolled

İtyİtİty + 0.003

Transition[1]

İtİty + 0.003

Tension-controlled

Spirals conforming to 25.7.3
0.75

0.75 + 0.15

(ε t − ε ty )
(0.003)

0.90

Other
(a)

(c)
(e)

0.65

0.65 + 0.25

(b)

(ε t − ε ty )

(d)

(0.003)

0.90

(f)

)RUVHFWLRQVFODVVL¿HGDVWUDQVLWLRQLWVKDOOEHSHUPLWWHGWRXVHࢥFRUUHVSRQGLQJWRFRPSUHVVLRQFRQWUROOHGVHFWLRQV

εcu = 0.003 Compression

c

dt

εt
Reinforcement closest
to the tension face

Fig. R21.2.2a—Strain distribution and net tensile strain in a
QRQSUHVWUHVVHGPHPEHU
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ϕ
0.90
0.75
0.65

Spiral
Other
Transition

Compression
controlled

εt = εty

Tension
controlled

εt = εty + 0.003

Fig. R21.2.2b—Variation of  with net tensile strain in
H[WUHPHWHQVLRQUHLQIRUFHPHQWİt.
21.2.3 )RU VHFWLRQV LQ SUHWHQVLRQHG ÀH[XUDO PHPEHUV
where all strands are not fully developed, ࢥ for moment shall
be calculated in accordance with Table 21.2.3, where Ɛtr is
calculated using Eq. (21.2.3), ࢥp is WKHYDOXHRIࢥGHWHUPLQHG
in accordance with Table 21.2.2 at the cross section closest
to the end of member where all strands are developed, and Ɛd
is given in 25.4.8.1.
⎛ f ⎞
A tr = ⎜ se ⎟ db
⎝ 3000 ⎠

(21.2.3)

Table 21.2.3—Strength reduction factor ࢥ for
sections near the end of pretensioned members
Condition
near
end of
member

All strands
bonded

Stress in
concrete
under
service
load[1]

Not
applicable

No tension
calculated
One or
more
strands
debonded
Tension
calculated

Distance from end
of member to section
under consideration

ࢥ

Ɛtr

0.75

(a)

Ɛtr to Ɛd

Linear
interpolation
from 0.75 to
ࢥp[2]

(b)

 Ɛdb + Ɛtr)

0.75

(c)

(Ɛdb + Ɛtr) to (Ɛdb + Ɛd)

Linear
interpolation
from 0.75 to
ࢥp[2]

(d)

 Ɛdb + Ɛtr)

0.75

(e)

(Ɛdb + Ɛtr) to
(Ɛdb + 2Ɛd)

Linear
interpolation
from 0.75 to
ࢥp[2]

(f)

R21.2.3 If a critical section along a pretensioned member
occurs in a region where not all the strands are fully developed, bond slip failure may occur. This mode of failure
resembles a brittle shear failure; hence, ࢥYDOXHVIRUÀH[XUH
are reduced relative to the value of ࢥ at the cross section
where all strands are fully developed. For sections between
the end of the transfer length and the end of the development
length, the value of ࢥ may be determined by linear interpolation, as shown in Fig. R21.2.3a, where ࢥp corresponds to
the value of ࢥ at the cross section closest to the end of the
member where all strands are fully developed.
Where bonding of one or more strands does not extend to
the end of the member, instead of more rigorous analysis, ࢥ
should be taken as 0.75 from the end of the member to the end
of the transfer length of the strand with the longest debonded
length. Beyond this point, ࢥ may be varied linearly to ࢥp at
the cross section where all strands are developed, as shown
in Fig. R21.2.3b. Alternatively, the value of ࢥ may be taken
as 0.75 until all strands are fully developed. Embedment of
debonded strand is considered to begin at the termination of
the debonding sleeves. Beyond this point, the provisions of
25.4.8.1 are used to determine whether the strands develop
over a length of Ɛd or 2Ɛd, depending on the calculated stress
in the precompressed tension zone under service loads (Fig.
R21.2.3b).

[1]
6WUHVVFDOFXODWHGXVLQJJURVVFURVVVHFWLRQDOSURSHUWLHVLQH[WUHPHFRQFUHWH¿EHURI
precompressed tension zone under service loads after allowance for all prestress losses
at section under consideration.
[2]

It shall be permitted to use a strength reduction factor of 0.75.
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1.0

ϕ = ϕp

0.9
ϕ = 0.75
0.8
ϕ
0.7

0.5
End of
member

End of transfer length

End of development length

t r

d

Distance from free end of strand
Fig. R21.2.3a²9DULDWLRQ RI  ZLWK GLVWDQFH IURP WKH IUHH
HQG RI VWUDQG LQ SUHWHQVLRQHG PHPEHU ZLWK IXOO\ ERQGHG
strands.
1.0

ϕ = ϕp

0.9
ϕ = 0.75
0.8
ϕ
0.7
0.6

Free end
of strand

End of transfer
length

0.5
End of
member

Debonded
length

tr

db

d or 2 d

End of development length
Note: The location of the end of development
length depends on the calculated stresses in the
extreme concrete fiber of the precompressed
tension zone under service loads.

Fig. R21.2.3b—Variation of ZLWKGLVWDQFHIURPWKHIUHHHQG
RIVWUDQGLQSUHWHQVLRQHGPHPEHUZLWKGHERQGHGVWUDQGV
21.2.4 For structures that rely on elements in (a), (b), or (c)
WRUHVLVWHDUWKTXDNHH൵HFWVE, the value of ࢥ for shear shall
EHPRGL¿HGLQDFFRUGDQFHZLWKWKURXJK
(a) Special moment frames
(b) Special structural walls
(c) Intermediate precast structural walls in structures
assigned to Seismic Design Category D, E, or F
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21.2.4.1 For any member designed to resist E, ࢥ for shear
shall be 0.60 if the nominal shear strength of the member
is less than the shear corresponding to the development of
the nominal moment strength of the member. The nominal
moment strength shall be the maximum value calculated
considering factored axial loads from load combinations that
include E.

R21.2.4.1 This provision addresses shear-controlled
members, such as low-rise walls, portions of walls between
openings, or diaphragms, for which nominal shear strength is
less than the shear corresponding to development of nominal
ÀH[XUDOVWUHQJWKIRUWKHSHUWLQHQWORDGLQJFRQGLWLRQV

21.2.4.2 For diaphragms, ࢥ for shear shall not exceed the
least value of ࢥ for shear used for the vertical components of
the primary seismic-force-resisting system.

R21.2.4.2 Short structural walls were the primary vertical
elements of the lateral-force-resisting system in many of
the parking structures that sustained damage during the
1994 Northridge earthquake. In some cases, walls remained
essentially linear elastic, while diaphragms responded
inelastically. This provision is intended to increase strength
of the diaphragm and its connections in buildings for which
the shear strength reduction factor for walls is 0.60, as those
structures tend to have relatively high overstrength.

21.2.4.3 For foundation elements supporting the primary
seismic-force-resisting system, ࢥ for shear shall not exceed
the least value of ࢥ for shear used for the vertical components of the primary seismic-force-resisting system.

R21.2.4.3 This provision is intended to provide consistent reliability for shear in foundation elements that support
shear-controlled walls designed with a strength reduction
factor of 0.6.

21.2.4.4 For beam-column joints of special moment
frames and diagonally reinforced coupling beams, ࢥ for
shear shall be 0.85.
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22.1—Scope
22.1.1 This chapter shall apply to calculating nominal
strength at sections of members, including (a) through (g):

R22.1—Scope
R22.1.1 The provisions in this chapter apply where the
strength of the member is evaluated at critical sections.

(a) Flexural strength
E $[LDOVWUHQJWKRUFRPELQHGÀH[XUDODQGD[LDOVWUHQJWK
(c) One-way shear strength
(d) Two-way shear strength
(e) Torsional strength
(f) Bearing
(g) Shear friction
R22.1.2 Chapter 23 provides methods for designing
discontinuity regions where section-based methods do not
apply.

22

22.1.2 Sectional strength requirements of this chapter
VKDOOEHVDWLV¿HGXQOHVVWKHPHPEHURUUHJLRQRIWKHPHPEHU
is designed in accordance with Chapter 23.
22.1.3 Design strength at a section shall be taken as the
nominal strength multiplied by the applicable strength
reduction factor ࢥ given in Chapter 21.
22.2—Design assumptions for moment and axial
strength
22.2.1 (TXLOLEULXPDQGVWUDLQFRPSDWLELOLW\

R22.2—Design assumptions for moment and axial
strength
R22.2.1 (TXLOLEULXPDQGVWUDLQFRPSDWLELOLW\

22.2.1.1(TXLOLEULXPVKDOOEHVDWLV¿HGDWHDFKVHFWLRQ

7KHÀH[XUDODQGD[LDOVWUHQJWKRIDPHPEHUFDOFXODWHGE\
the strength design method of the Code requires that two
EDVLFFRQGLWLRQVEHVDWLV¿HG HTXLOLEULXPDQG FRPSDWLbility of strains. Equilibrium refers to the balancing of forces
acting on the cross section at nominal strength. The relationship between the stress and strain for the concrete and the
reinforcement at nominal strength is established within the
design assumptions allowed by 22.2.

22.2.1.2 Strain in concrete and nonprestressed reinforcement shall be assumed proportional to the distance from
neutral axis.

R22.2.1.2 It is reasonable to assume a linear distribution
of strain across a reinforced concrete cross section (plane
sections remain plane), even near nominal strength except in
cases as described in Chapter 23.
The strain in both nonprestressed reinforcement and
in concrete is assumed to be directly proportional to the
distance from the neutral axis. This assumption is of primary
importance in design for determining the strain and corresponding stress in the reinforcement.

22.2.1.3 Strain in prestressed concrete and in bonded and
unbonded prestressed reinforcement shall include the strain
GXHWRH൵HFWLYHSUHVWUHVV
22.2.1.4 Changes in strain for bonded prestressed reinforcement shall be assumed proportional to the distance
from neutral axis.

Sect. Strength

CHAPTER 22—SECTIONAL STRENGTH

R22.2.1.4 The change in strain for bonded prestressed
UHLQIRUFHPHQW LV LQÀXHQFHG E\ WKH FKDQJH LQ VWUDLQ DW WKH
section under consideration. For unbonded prestressed reinIRUFHPHQW WKH FKDQJH LQ VWUDLQ LV LQÀXHQFHG E\ H[WHUQDO
load, reinforcement location, and boundary conditions along
the length of the reinforcement. Current Code equations for
calculating fps for unbonded tendons, as provided in 20.3.2.4,
have been correlated with test results.
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22.2.2 'HVLJQDVVXPSWLRQVIRUFRQFUHWH

R22.2.2 'HVLJQDVVXPSWLRQVIRUFRQFUHWH

22.2.2.1 Maximum strain at the extreme concrete compresVLRQ¿EHUVKDOOEHDVVXPHGHTXDOWR

R22.2.2.1 The maximum concrete compressive strain at
crushing of the concrete has been observed in tests of various
kinds to vary from 0.003 to higher than 0.008 under special
conditions. However, the strain at which strength of the
member is developed is usually 0.003 to 0.004 for members
of normal proportions, materials, and strength.

22.2.2.2 Tensile strength of concrete shall be neglected in
ÀH[XUDODQGD[LDOVWUHQJWKFDOFXODWLRQV

R22.2.2.2 7KH WHQVLOH VWUHQJWK RI FRQFUHWH LQ ÀH[XUH
(modulus of rupture) is a more variable property than the
compressive strength and is approximately 10 to 15 percent
of the compressive strength. Tensile strength of concrete
LQ ÀH[XUH LV FRQVHUYDWLYHO\ QHJOHFWHG LQ FDOFXODWLQJ WKH
QRPLQDO ÀH[XUDO VWUHQJWK 7KH VWUHQJWK RI FRQFUHWH LQ
tension, however, is important in evaluating cracking and
GHÀHFWLRQVDWVHUYLFHORDGV

22.2.2.3 The relationship between concrete compressive
stress and strain shall be represented by a rectangular, trapezoidal, parabolic, or other shape that results in prediction
of strength in substantial agreement with results of comprehensive tests.

R22.2.2.3 At high strain levels, the stress-strain relationship for concrete is nonlinear (stress is not proportional to
strain). As stated in 22.2.2.1, the maximum usable strain is
set at 0.003 for design.
The actual distribution of concrete compressive stress
within a cross section is complex and usually not known
explicitly. The important properties of the concrete stress
distribution can be approximated closely using any one
RIVHYHUDOGL൵HUHQWDVVXPSWLRQVIRUWKHVKDSHRIWKHVWUHVV
distribution.

22.2.2.4 The equivalent rectangular concrete stress distribution in accordance with 22.2.2.4.1 through 22.2.2.4.3
VDWLV¿HV

R22.2.2.4 For design, the Code allows the use of an equivalent rectangular compressive stress distribution (stress
block) to replace the more detailed approximation of the
concrete stress distribution.

22.2.2.4.1 Concrete stress of 0.85fcƍ shall be assumed
uniformly distributed over an equivalent compression zone
bounded by edges of the cross section and a line parallel
to the neutral axis located a distance a IURP WKH ¿EHU RI
maximum compressive strain, as calculated by:

R22.2.2.4.1 The equivalent rectangular stress distribution
does not represent the actual stress distribution in the compression zone at nominal strength, but does provide essentially
WKH VDPH QRPLQDO FRPELQHG ÀH[XUDO DQG D[LDO FRPSUHVVLYH
strength as obtained in tests (Mattock et al. 1961).

a ȕ1c

(22.2.2.4.1)

22.2.2.4.2'LVWDQFHIURPWKH¿EHURIPD[LPXPFRPSUHVsive strain to the neutral axis, c, shall be measured perpendicular to the neutral axis.
22.2.2.4.3 Values of ȕ1 shall be in accordance with Table
22.2.2.4.3.

R22.2.2.4.3 The values for ȕ1 were determined experimentally. The lower limit of ȕ1 is based on experimental data
from beams constructed with concrete strengths greater than
8000 psi (Leslie et al. 1976; Karr et al. 1978).
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Table 22.2.2.4.3—Values of ȕ1 for equivalent
rectangular concrete stress distribution
ȕ1

fcƍ

0.85

4000 < fcƍ
fcƍ

0.85 −

0.05( f c′ − 4000)
1000
0.65

(a)
(b)
(c)

Sect. Strength

fcƍSVL

22.2.3 'HVLJQDVVXPSWLRQVIRUQRQSUHVWUHVVHGUHLQIRUFHPHQW
22.2.3.1 Deformed reinforcement used to resist tensile or
compressive forces shall conform to 20.2.1.

22

22.2.3.2 Stress-strain relationship and modulus of elasticity for deformed reinforcement shall be idealized in accordance with 20.2.2.1 and 20.2.2.2.
22.2.4 'HVLJQDVVXPSWLRQVIRUSUHVWUHVVHGUHLQIRUFHPHQW
22.2.4.1 For members with bonded prestressed reinforcement conforming to 20.3.1 VWUHVV DW QRPLQDO ÀH[XUDO
strength, fps, shall be calculated in accordance with 20.3.2.3.
22.2.4.2 For members with unbonded prestressed reinforcement conforming to 20.3.1, fps shall be calculated in
accordance with 20.3.2.4.
22.2.4.3 If the embedded length of the prestressed strand
is less than Ɛd, the design stress of the prestressed strand
shall not exceed the value given in 25.4.8.3DVPRGL¿HGE\
25.4.8.1(b).
R22.3—Flexural strength

22.3—Flexural strength
22.3.1 General
22.3.1.11RPLQDOÀH[XUDOVWUHQJWKMn shall be calculated
in accordance with the assumptions of 22.2.
22.3.2 3UHVWUHVVHGFRQFUHWHPHPEHUV

R22.3.2 3UHVWUHVVHGFRQFUHWHPHPEHUV

22.3.2.1 Deformed reinforcement conforming to 20.2.1,
provided in conjunction with prestressed reinforcement,
shall be permitted to be considered to contribute to the
WHQVLOHIRUFHDQGEHLQFOXGHGLQÀH[XUDOVWUHQJWKFDOFXODWLRQV
at a stress equal to fy.
22.3.2.2 Other nonprestressed reinforcement shall be
SHUPLWWHG WR EH FRQVLGHUHG WR FRQWULEXWH WR WKH ÀH[XUDO
strength if a strain compatibility analysis is performed to
calculate stresses in such reinforcement.
22.3.3 &RPSRVLWHFRQFUHWHPHPEHUV

R22.3.2.2 Bond length for nontensioned prestressing
strand (Salmons and McCrate 1977; PCA 1980) should be
VX൶FLHQWWRGHYHORSWKHVWUHVVFRQVLVWHQWZLWKVWUDLQFRPSDWibility analysis at the critical section.
R22.3.3 &RPSRVLWHFRQFUHWHPHPEHUV
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22.3.3.1 Provisions of 22.3.3 apply to members constructed
in separate placements but connected so that all elements
resist loads as a unit.

R22.3.3.1 The scope of Chapter 22 is intended to include
FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHUV ,Q VRPH FDVHV ZLWK
cast-in-place concrete, separate placements of concrete may
be designed to act as a unit. In these cases, the interface is
designed for the loads that will be transferred across the
interface. Composite structural steel-concrete beams are not
covered in this chapter. Design provisions for these types of
composite members are covered in AISC 360.

22.3.3.2 For calculation of Mn for composite slabs and
beams, use of the entire composite section shall be permitted.
22.3.3.3 For calculation of Mn for composite slabs and
beams, no distinction shall be made between shored and
unshored members.
22.3.3.4 For calculation of Mn for composite members
ZKHUH WKH VSHFL¿HG FRQFUHWH FRPSUHVVLYH VWUHQJWK RI
GL൵HUHQW HOHPHQWV YDULHV SURSHUWLHV RI WKH LQGLYLGXDO
elements shall be used in design. Alternatively, it shall be
permitted to use the value of fcƍ for the element that results
in the most critical value of Mn.
22.4—Axial strength or combined flexural and
axial strength
22.4.1 General

R22.4—Axial strength or combined flexural and
axial strength

22.4.1.1 1RPLQDO ÀH[XUDO DQG D[LDO VWUHQJWK VKDOO EH
calculated in accordance with the assumptions of 22.2.
22.4.2 0D[LPXPD[LDOFRPSUHVVLYHVWUHQJWK

R22.4.2 0D[LPXPD[LDOFRPSUHVVLYHVWUHQJWK

22.4.2.1 Nominal axial compressive strength Pn shall not
exceed Pn,max in accordance with Table 22.4.2.1, where Po
is calculated by Eq. (22.4.2.2) for nonprestressed members
and by Eq. (22.4.2.3) for prestressed members. The value of
fy shall be limited to a maximum of 80,000 psi.
Table 22.4.2.1—Maximum axial strength
Transverse
reinforcement

Member

Nonprestressed

Prestressed
Deep foundation member

Pn,max

Ties conforming to
22.4.2.4

0.80Po

(a)

Spirals conforming to
22.4.2.5

0.85Po

(b)

Ties

0.80Po

(c)

Spirals

0.85Po

(d)

Ties conforming to
Ch. 13

0.80Po

(e)

R22.4.2.1 To account for accidental eccentricity, the
design axial strength of a section in pure compression is
limited to 80 to 85 percent of the nominal axial strength.
These percentage values approximate the axial strengths
at eccentricity-to-depth ratios of 0.10 and 0.05 for tied
and spirally reinforced members conforming to 22.4.2.4
and 22.4.2.5, respectively. The same axial load limitation applies to both cast-in-place and precast compression
members. The value of fy is limited to 80,000 psi because the
compression capacity of the concrete is likely to be reached
before this stress is exceeded. The transverse reinforcement
requirements for columns do not apply to deep foundation
members. Chapter 13 provides the detailing requirements
for these members.

22.4.2.2 For nonprestressed members, Po shall be calculated by:
Po = 0.85fcƍ Ag±Ast) + fyAst

(22.4.2.2)
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Po = 0.85fcƍ Ag±Ast±Apd) + fyAst± fse±Ep)Apt
(22.4.2.3)
where Apt is the total area of prestressing reinforcement,
and Apd is the total area occupied by duct, sheathing, and
prestressing reinforcement; the value of fse shall be at least
0.003Ep. For grouted, post-tensioned tendons, it shall be
permitted to assume Apd equals Apt.

R22.4.2.37KHH൵HFWVRISUHVWUHVVLQJRQWKHD[LDOVWUHQJWK
of compression members are taken into account in Eq.
(22.4.2.3). Equation (22.4.2.3) is similar to Eq. (22.4.2.2)
IRU QRQSUHVWUHVVHG FRPSUHVVLRQ PHPEHUV 7KH H൵HFWLYH
area of concrete subjected to the limiting stress of 0.85fcƍ
is reduced by the term Apd to account for the area of ducts,
sheathing, and prestressing reinforcement. A third term is
added to account for the reduction of column capacity due
to the prestress force. At nominal strength, the stress in the
prestressed reinforcement, fse, is decreased by 0.003Ep,
where 0.003 is the assumed compressive strain at the axial
capacity of the member.

22

22.4.2.3 For prestressed members, Po shall be calculated
by:

22.4.2.4 Tie reinforcement for lateral support of longitudinal reinforcement in compression members shall satisfy
10.7.6.2 and 25.7.2.
22.4.2.5 Spiral reinforcement for lateral support of longitudinal reinforcement in compression members shall satisfy
10.7.6.3 and 25.7.3.
22.4.3 0D[LPXPD[LDOWHQVLOHVWUHQJWK
22.4.3.1 Nominal axial tensile strength of a nonprestressed, composite, or prestressed member, Pnt, shall not be
taken greater than Pnt,max, calculated by:
PQWPD[ = fyAst + (fse¨fp)Apt

(22.4.3.1)

where (fse  ¨fp) shall not exceed fpy, and Apt is zero for
nonprestressed members.
22.5—One-way shear strength
22.5.1 General

R22.5—One-way shear strength
R22.5.1 General

22.5.1.1 Nominal one-way shear strength at a section, Vn,
shall be calculated by:

R22.5.1.1 In a member without shear reinforcement,
shear is assumed to be resisted by the concrete. In a member
with shear reinforcement, a portion of the shear strength is
assumed to be provided by the concrete and the remainder
by the shear reinforcement.
The one-way shear equations for nonprestressed concrete
were changed in the 2019 Code with the primary objectives
RILQFOXGLQJH൵HFWRIPHPEHUGHSWKFRPPRQO\UHIHUUHGWR
DVWKH³VL]HH൵HFW´DQGWKHH൵HFWVRIWKHORQJLWXGLQDOUHLQforcement ratio on shear strength.
The shear strength provided by concrete, Vc, is taken
as the shear causing inclined cracking (Joint ACI-ASCE
Committee 426 1973; MacGregor and Hanson 1969; Joint
ACI-ASCE Committee 326 1962). After cracking, Vc is
attributed to aggregate interlock, dowel action, and the shear
transmitted across the concrete compression zone.

Vn = Vc + Vs

(22.5.1.1)

Sect. Strength

where Ast is the total area of nonprestressed longitudinal
reinforcement.
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The shear strength is based on an average shear stress over
WKHH൵HFWLYHFURVVVHFWLRQbwd.
Chapter 23 allows the use of the strut-and-tie method
in the shear design of any structural concrete member, or
discontinuity region in a member.

22.5.1.2 Cross-sectional dimensions shall be selected to
satisfy Eq. (22.5.1.2).
Vu ≤ φ(Vc + 8 f c′bw d )

(22.5.1.2)

R22.5.1.2 The limit on cross-sectional dimensions in
22.5.1.2 is intended to minimize the likelihood of diagonal
compression failure in the concrete and limit the extent of
cracking.

22.5.1.3 For nonprestressed members, Vc shall be calculated in accordance with 22.5.5.
22.5.1.4 For prestressed members, Vc, Vci, and Vcw shall be
calculated in accordance with 22.5.6 or 22.5.7.
22.5.1.5 For calculation of Vc, Vci, and Vcw, Ȝ shall be in
accordance with 19.2.4.
22.5.1.6 Vs shall be calculated in accordance with 22.5.8.
22.5.1.7 (൵HFW RI DQ\ RSHQLQJV LQ PHPEHUV VKDOO EH
considered in calculating Vn.

R22.5.1.7 Openings in the web of a member can reduce
LWVVKHDUVWUHQJWK7KHH൵HFWVRIRSHQLQJVDUHGLVFXVVHGLQ
Section 4.7 of Joint ACI-ASCE Committee 426 (1973),
Barney et al. (1977), and Schlaich et al. (1987). The strutand-tie method as addressed in Chapter 23 can be used to
design members with openings.

22.5.1.8(൵HFWRID[LDOWHQVLRQGXHWRFUHHSDQGVKULQNDJH
in members shall be considered in calculating Vc.

R22.5.1.8 Consideration of axial tension requires engineering judgment. Axial tension often occurs due to volume
changes, but it may be low enough not to be detrimental
to the performance of a structure with adequate expansion
joints and satisfying minimum longitudinal reinforcement
requirements. It may be desirable to design shear reinforcement to resist the total shear if there is uncertainty about the
magnitude of axial tension.

22.5.1.9 (൵HFW RI LQFOLQHG ÀH[XUDO FRPSUHVVLRQ LQ YDULable depth members shall be permitted to be considered in
calculating Vc.

R22.5.1.9 In a member of variable depth, the internal
shear at any section is increased or decreased by the vertical
FRPSRQHQWRIWKHLQFOLQHGÀH[XUDOVWUHVVHV

22.5.1.10 The interaction of shear forces acting along
orthogonal axes shall be permitted to be neglected if (a) or
E LVVDWLV¿HG

R22.5.1.10 and R.22.5.1.11 Reinforced concrete
members, such as columns and beams, may be subjected to
biaxial shear. For symmetrically reinforced circular sections,
nominal one-way shear strength about any axis is the same.
Therefore, when a circular section is subjected to shear
along two centroidal axes, shear strength can be evaluated
using the resultant shear. However, for rectangular and other
cross sections, calculating nominal one-way shear strength
along the axis of the resultant shear is not practical. Tests and
analytical results for columns have indicated that for biaxial
shear loading, the shear strength follows an elliptical interaction diagram that requires calculating nominal one-way
shear strength along two orthogonal directions (Umehara

(a)
(b)

v X,[
φvQ , [
vu , y
φvn , y

≤ 0.5

(22.5.1.10a)

≤ 0.5

(22.5.1.10b)
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22.5.1.11 If

v X,[
φvQ , [

and

> 0.5

403

COMMENTARY
vu , y
φvn , y

> 0.5 then Eq.

and Jirsa 1984). Considering shear along each centroidal
axis independently can be unconservative. Thus, linear interaction accounts for biaxial shear.

 VKDOOEHVDWLV¿HG

vu , y
φvQ , \

≤ 1.5

(22.5.1.11)

22.5.2 *HRPHWULFDVVXPSWLRQV

R22.5.2 *HRPHWULFDVVXPSWLRQV

22.5.2.1 For calculation of Vc and Vs in prestressed
members, d shall be taken as the distance from the extreme
FRPSUHVVLRQ ¿EHU WR WKH FHQWURLG RI SUHVWUHVVHG DQG DQ\
nonprestressed longitudinal reinforcement but need not be
taken less than 0.8h.

R22.5.2.1 Although the value of d may vary along the
span of a prestressed beam, studies (MacGregor and Hanson
1969) have shown that, for prestressed concrete members, d
need not be taken less than 0.8h. The beams considered had
some straight prestressed reinforcement or reinforcing bars
at the bottom of the section and had stirrups that enclosed the
longitudinal reinforcement.

22.5.2.2 For calculation of Vc and Vs, it shall be permitted
to assume (a) through (c):

R22.5.2.2 Shear tests of members with circular sections
LQGLFDWHWKDWWKHH൵HFWLYHDUHDFDQEHWDNHQDVWKHJURVVDUHD
of the section or as an equivalent rectangular area (Joint
ACI-ASCE Committee 426 1973; Faradji and Diaz de
Cossio 1965; Khalifa and Collins 1981).
Although the transverse reinforcement in a circular
section may not consist of straight legs, tests indicate that
Eq. (22.5.8.5.3) is conservative if d LV WDNHQ DV GH¿QHG LQ
22.5.2.2 (Faradji and Diaz de Cossio 1965; Khalifa and
Collins 1981).

(a) d equal to 0.8 times the diameter for circular sections
(b) bw equal to the diameter for solid circular sections
(c) bw equal to twice the wall thickness for hollow circular
sections

22.5.3 /LPLWLQJPDWHULDOVWUHQJWKV

R22.5.3 /LPLWLQJPDWHULDOVWUHQJWKV

f c′ used to calculate Vc, Vci,
22.5.3.1 The value of
and Vcw for one-way shear shall not exceed 100 psi, unless
allowed in 22.5.3.2.

R22.5.3.1 Because of a lack of test data and practical experience with concretes having compressive strengths greater
than 10,000 psi, the Code imposes a maximum value of 100
psi on f c′ for use in the calculation of shear strength of
concrete members. Exceptions to this limit are permitted in
EHDPVDQGMRLVWVLIWKHWUDQVYHUVHUHLQIRUFHPHQWVDWLV¿HVWKH
requirements in 22.5.3.2.

f c′ greater than 100 psi shall be
22.5.3.2 Values of
permitted in calculating Vc, Vci, and Vcw for reinforced or
prestressed concrete beams and concrete joist construction
having minimum web reinforcement in accordance with
9.6.3.4 or 9.6.4.2.

R22.5.3.2 Based on the beam test results in Mphonde and
Frantz (1984), Elzanaty et al. (1986), Roller and Russell
(1990), Johnson and Ramirez (1989), and Ozcebe et al.
(1999), an increase in the minimum amount of transverse
reinforcement is required for high-strength concrete. These
tests indicate a reduction in reserve shear strength occurs as fcƍ
increases in beams reinforced with transverse reinforcement
SURYLGLQJ DQ H൵HFWLYH VKHDU VWUHVV RI  SVL %\ SURYLGLQJ
minimum transverse reinforcement, which increases as fcƍ
LQFUHDVHVWKHUHGXFWLRQLQVKHDUVWUHQJWKLVR൵VHW

22.5.3.3 The values of fy and fyt used to calculate Vs shall
not exceed the limits in 20.2.2.4.

R22.5.3.3 The upper limit of 60,000 psi on the value of fy
and fyt used in design is intended to control diagonal crack
widths.
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22.5.4 &RPSRVLWHFRQFUHWHPHPEHUV

R22.5.4 &RPSRVLWHFRQFUHWHPHPEHUV

22.5.4.1 This section shall apply to members constructed
in separate placements but connected so that all elements
resist loads as a unit.

R22.5.4.1 The scope of Chapter 22 includes composite
concrete members. In some cases with cast-in-place concrete,
separate placements of concrete may be designed to act as a
unit. In these cases, the interface is designed for the loads
that will be transferred across the interface. Composite
structural steel-concrete beams are not covered in this Code.
Design provisions for such composite members are covered
in AISC 360.

22.5.4.2 For calculation of Vn for composite members,
no distinction shall be made between shored and unshored
members.
22.5.4.3 For calculation of Vn for composite members
ZKHUH WKH VSHFL¿HG FRQFUHWH FRPSUHVVLYH VWUHQJWK XQLW
ZHLJKWRURWKHUSURSHUWLHVRIGL൵HUHQWHOHPHQWVYDU\SURSerties of the individual elements shall be used in design.
Alternatively, it shall be permitted to use the properties of
the element that results in the most critical value of Vn.
22.5.4.4 If an entire composite member is assumed to
resist vertical shear, it shall be permitted to calculate Vc
assuming a monolithically cast member of the same crosssectional shape.
22.5.4.5 If an entire composite member is assumed to
resist vertical shear, it shall be permitted to calculate Vs
assuming a monolithically cast member of the same crosssectional shape if shear reinforcement is fully anchored into
the interconnected elements in accordance with 25.7.
22.5.5 Vc IRUQRQSUHVWUHVVHGPHPEHUV

R22.5.5 Vc IRUQRQSUHVWUHVVHGPHPEHUV

22.5.5.1 For nonprestressed members, Vc shall be calculated in accordance with Table 22.5.5.1 and 22.5.5.1.1
through 22.5.5.1.3.
Table 22.5.5.1—Vc for nonprestressed members
Criteria

AvAYPLQ

Av < AYPLQ

Vc
⎡
Nu ⎤
⎢ 2λ f c′ +
⎥ bw d
6 Ag ⎦⎥
⎣⎢

(a)

⎡
N ⎤

f c′ + u ⎥ bw d
⎢8λ (ρw )
6 Ag ⎦⎥
⎣⎢

(b)

Either of:

⎡
N ⎤

f c′ + u ⎥ bw d
⎢8λ s λ (ρw )
6 Ag ⎦⎥
⎣⎢

Notes:
1. Axial load, Nu, is positive for compression and negative for tension.
2. Vc shall not be taken less than zero.

(c)

R22.5.5.1 Test results (Kuchma et al. 2019) for nonprestressed members without shear reinforcement indicate
that measured shear strength, attributed to concrete, does
not increase in direct proportion with member depth. This
SKHQRPHQRQ LV RIWHQ UHIHUUHG WR DV WKH ³VL]H H൵HFW´ )RU
example, if the member depth doubles, the shear at failure
for the deeper beam may be less than twice the shear at
failure of the shallower beam (Sneed and Ramirez 2010).
Av,minIRUEHDPVDQGRQHZD\VODEVLVGH¿QHGLQ9.6.3.4.
Research (Angelakos et al. 2001; Lubell et al. 2004; Brown
et al. 2006; Becker and Buettner 1985; Anderson 1978;
%DåDQWHWDO) has shown that shear stress at failure is
lower for beams with increased depth and a reduced area of
longitudinal reinforcement.
In Table 22.5.5.1, for Av > Av,min, either equation for Vc
may be used. Equation (a) is provided as a simpler option.
When calculating Vc by Table 22.5.5.1, an axial tension
force can cause Vc to have a negative value. In those cases,
WKH&RGHVSHFL¿HVWKDWVc should be taken equal to zero.
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The criteria column in Table 22.5.5.1 references Av,min,
ZKLFKLVGH¿QHGLQ7DEOHDQG10.6.2.2 and referenced
throughout the Code.
When applying equations in Table 22.5.5.1, the value of
As to be used in the calculation of ȡw may be taken as the
sum of the areas of longitudinal bars located more than twothirds of the overall member depth away from the extreme
FRPSUHVVLRQ¿EHU'H¿QLWLRQVIRUbw and d to be used with
circular sections are given in 22.5.2.2.
22.5.5.1.1 Vc shall not be taken greater than Ȝ

f c′ bwd.

22.5.5.1.2 In Table 22.5.5.1, the value of Nu /6Ag shall not
be taken greater than 0.05fcƍ.
22.5.5.1.37KHVL]HH൵HFWPRGL¿FDWLRQIDFWRUȜs, shall be
determined by
2

λs =

d
1+
10

≤1

(22.5.5.1.3)

22.5.6 Vc IRUSUHVWUHVVHGPHPEHUV

R22.5.5.1.37KH SDUDPHWHUV ZLWKLQ WKH VL]H H൵HFW PRGL¿FDWLRQ IDFWRU Ȝs, are consistent with fracture mechanics
theory for reinforced concrete (%DåDQW HW DO ; Frosch
et al. 2017).

R22.5.6 Vc IRUSUHVWUHVVHGPHPEHUV

22.5.6.1 This section shall apply to the calculation of Vc
for post-tensioned and pretensioned members in regions
ZKHUH WKH H൵HFWLYH IRUFH LQ WKH SUHVWUHVVHG UHLQIRUFHPHQW
is fully transferred to the concrete. For regions of pretenVLRQHGPHPEHUVZKHUHWKHH൵HFWLYHIRUFHLQWKHSUHVWUHVVHG
reinforcement is not fully transferred to the concrete, 22.5.7
shall govern the calculation of Vc.
22.5.6.2 )RU SUHVWUHVVHG ÀH[XUDO PHPEHUV ZLWK Aps fse 
0.4(Aps fpu + As fy), Vc shall be calculated in accordance with
Table 22.5.6.2, but need not be less than Ȝ f c′ bwd. Alternatively, it shall be permitted to calculate Vc in accordance
with 22.5.6.3.
Table 22.5.6.2—Approximate method for
calculating Vc
Vc
[1],[2]
Vu d p ⎞
⎛
⎜⎝ 0.6λ f c′ + 700 M ⎟⎠ bw d

(a)

9u G p

u

Least of (a), (b),
and (c):

[1]
[2]

R22.5.6.27KLVSURYLVLRQR൵HUVDVLPSOHPHDQVRIFDOFXlating Vc for prestressed concrete beams (MacGregor and
Hanson 1969). This provision may be applied to beams
having prestressed reinforcement only, or to members reinforced with a combination of prestressed and nonprestressed
reinforcement. Expression (a) in Table 22.5.6.2 is most
applicable to members subject to uniform loading.
In applying the expression in row (a) to simply-supported
members subject to uniform loads, Eq. (R22.5.6.2) can be
used:

(0.6λ f c′ + 700)bw d

(b)

5λ f c′bw d

(c)

Mu occurs simultaneously with Vu at the section considered.

When calculating the Vudp/Mu term in Eq. 22.5.6.2(a), dp is the distance from the
H[WUHPHFRPSUHVVLRQ¿EHUWRWKHFHQWURLGRISUHVWUHVVHGUHLQIRUFHPHQW,WVKDOOQRWEH
permitted to take dp as 0.80h as in 22.5.2.1.

0u

=

G p (A − 2 [ )
[ (A − [ )

(R22.5.6.2)

where Ɛ is the span length, and x is the distance from the
section being investigated to the support. For concrete with
fcƍ equal to 5000 psi, Vc from 22.5.6.2 varies, as shown in
Fig. R22.5.6.2. Design aids based on this equation are given
in ASCE Joint Committee (1940).
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500
Vc = 5 fc′ bw d
dp

400

fc′ = 5000 psi
= 1

 15

Vc 300
bw d
psi 200

1
20

1
25

Vc = 2 fc′ bw d

1
30

100
0

3



4
2
8
8
Distance from simple support
Fig. R22.5.6.2²$SSOLFDWLRQRI7DEOHWRXQLIRUPO\
ORDGHGSUHVWUHVVHGPHPEHUVZLWKfcƍ SVL
0

22.5.6.3 For prestressed members, Vc shall be permitted
to be the lesser of Vci calculated in accordance with
22.5.6.3.1 and Vcw calculated in accordance with 22.5.6.3.2
or 22.5.6.3.3.

R22.5.6.3 Two types of inclined cracking occur in concrete
EHDPVZHEVKHDUFUDFNLQJDQGÀH[XUHVKHDUFUDFNLQJ7KHVH
two types of inclined cracking are illustrated in Fig. R22.5.6.3.
Web-shear cracking begins from an interior point in a member
when the principal tensile stresses exceed the tensile strength
RIWKHFRQFUHWH)OH[XUHVKHDUFUDFNLQJLVLQLWLDWHGE\ÀH[XUDO
FUDFNLQJ:KHQÀH[XUDOFUDFNLQJRFFXUVWKHVKHDUVWUHVVHVLQ
WKHFRQFUHWHDERYHWKHFUDFNDUHLQFUHDVHG7KHÀH[XUHVKHDU
FUDFNGHYHORSVZKHQWKHFRPELQHGVKHDUDQGÀH[XUDOWHQVLOH
stress exceeds the tensile strength of the concrete.
The nominal shear strength provided by the concrete, Vc,
is assumed equal to the lesser of Vci and Vcw. The derivations
of Eq. (22.5.6.3.1a) and Eq. (22.5.6.3.2) are summarized in
ACI Committee 318 (1965).
Applied load

Continuous
support

Flexural and
flexure-shear

Flexural and
flexure-shear

Simple
support

Web-shear

Web-shear

Fig. R22.5.6.3²7\SHVRIFUDFNLQJLQFRQFUHWHEHDPV
22.5.6.3.1 7KH ÀH[XUHVKHDU VWUHQJWK Vci shall be calculated by (a) but need not be taken less than (b) or (c):
(a) Vci = 0.6λ f c′bw d p + Vd +

Vi M cre
M PD[

(22.5.6.3.1a)

(b) For members with Aps fse < 0.4(Apsfpu + Asfy),
Vci = 1.7λ f c′bw d

R22.5.6.3.1 In deriving Eq. (22.5.6.3.1a), it was assumed
that VciLVWKHVXPRIWKHVKHDUUHTXLUHGWRFDXVHDÀH[XUDO
crack at the section in question given by:
V=

Vi M cre
M PD[

(22.5.6.3.1b)
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(c) For members with Aps fse Aps fpu + As fy),
Vci = 2λ f c′bw d

(22.5.6.3.1c)

where dp need not be taken less than 0.80h, the values of
Mmax and Vi shall be calculated from the load combinations
causing maximum factored moment to occur at section
considered, and Mcre shall be calculated by:
⎛ I⎞
M cre = ⎜ ⎟ (6λ f c′ + f pe − f d ) (22.5.6.3.1d)
⎝ yt ⎠

plus an additional increment of shear required to change the
ÀH[XUDOFUDFNWRDÀH[XUHVKHDUFUDFN7KHH[WHUQDOO\DSSOLHG
factored loads, from which Vi and Mmax are determined,
include superimposed dead load and live load. In calculating
Mcre for substitution into Eq. (22.5.6.3.1a), I and yt are the
properties of the section resisting the externally applied loads.
For a composite member, where part of the dead load is
resisted by only a part of the section, appropriate section
properties should be used to calculate fd. The shear due to
dead loads, Vd, and that due to other loads, Vi, are separated
in this case. Vd is then the total shear force due to unfactored
dead load acting on that part of the section resisting the dead
loads acting prior to composite action plus the unfactored
superimposed dead load acting on the composite member.
The terms Vi and Mmax may be taken as

Sect. Strength

COMMENTARY

Vi = Vu±Vd

(R22.5.6.3.1b)

22

CODE

407

MPD[ = Mu±Md

(R22.5.6.3.1c)

where Vu and Mu are the factored shear and moment due to
the total factored loads, and Md is the moment due to unfactored dead load (the moment corresponding to fd).
For noncomposite, uniformly loaded beams, the total cross
section resists all the shear, and the live and dead load shear
force diagrams are similar. In this case, Eq. (22.5.6.3.1a) and
Eq. (22.5.6.3.1d) reduce to
Vu M ct
Mu

(R22.5.6.3.1d)

M ct = I yt λ f c′ + f pe

(R22.5.6.3.1e)

Vci = 0.6λ f c′bw d +
where

The cracking moment Mct in the two preceding equations
represents the total moment, including dead load, required
WRFDXVHFUDFNLQJDWWKHH[WUHPH¿EHULQWHQVLRQ7KLVLVQRW
the same as Mcre in Eq. (22.5.6.3.1a) where the cracking
moment is that due to all loads except the dead load. In Eq.
(22.5.6.3.1a), the dead load shear is added as a separate term.
Mu is the factored moment on the beam at the section under
consideration, and Vu is the factored shear force occurring
simultaneously with Mu. Because the same section properties apply to both dead and live load stresses, there is no
need to calculate dead load stresses and shears separately.
Mct UHÀHFWV WKH WRWDO VWUHVV FKDQJH IURP H൵HFWLYH SUHVWUHVV
to a tension of Ȝ f c′ DVVXPHGWRFDXVHÀH[XUDOFUDFNLQJ
22.5.6.3.2 The web-shear strength Vcw shall be calculated by:
Vcw = (3.5λ f c′ + 0.3 f pc )bw d p + V p (22.5.6.3.2)

R22.5.6.3.2 Equation (22.5.6.3.2) is based on the assumption that web-shear cracking occurs at a shear level causing
a principal tensile stress of approximately Ȝ f c′ at the
centroidal axis of the cross section. Vp is calculated from the
H൵HFWLYHSUHVWUHVVIRUFHZLWKRXWORDGIDFWRUV
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where dp need not be taken less than 0.80h, and Vp is the
YHUWLFDOFRPSRQHQWRIWKHH൵HFWLYHSUHVWUHVV
22.5.6.3.3 As an alternative to 22.5.6.3.2, it shall be
permitted to calculate Vcw as the shear force corresponding
to dead load plus live load that results in a principal tensile
stress of Ȝ f c′ at location (a) or (b):
(a) Where the centroidal axis of the prestressed cross
section is in the web, the principal tensile stress shall be
calculated at the centroidal axis.
(b) Where the centroidal axis of the prestressed cross
VHFWLRQ LV LQ WKH ÀDQJH WKH SULQFLSDO WHQVLOH VWUHVV VKDOO
EHFDOFXODWHGDWWKHLQWHUVHFWLRQRIWKHÀDQJHDQGWKHZHE
22.5.6.3.4 In composite members, the principal tensile
VWUHVV VKDOO EH FDOFXODWHG DW WKH ORFDWLRQ VSHFL¿HG LQ
22.5.6.3.3 for the composite section, considering superposition of stresses calculated cross sections that resist the corresponding loads.

R22.5.6.3.4 Generally, in unshored construction the principal tensile stresses due to dead load are caused before
composite action and principal tensile stresses due to live
load are caused after composite action is developed in a
member. In shored construction the principal tensile stresses
due to both the dead load and live load are caused after
composite action is developed.

22.5.7 Vc IRUSUHWHQVLRQHGPHPEHUVLQUHJLRQVRIUHGXFHG
prestress force

R22.5.7 Vc IRUSUHWHQVLRQHGPHPEHUVLQUHJLRQVRIUHGXFHG
prestress force

22.5.7.1 When calculating Vc, the transfer length of
prestressed reinforcement, Ɛtr, shall be assumed to be 50db
for strand and 100db for wire.

7KH H൵HFW RI WKH UHGXFHG SUHVWUHVV QHDU WKH HQGV RI
pretensioned beams on the shear strength should be taken
into account. Provisions 22.5.7.2 and 22.5.7.3 relate to the
reduced shear strength at sections within the transfer length
of prestressed reinforcement when bonding of prestressed
reinforcement extends to the end of the member. Provisions
22.5.7.4 and 22.5.7.5 relate to the reduced shear strength at
sections within the length over which some of the prestressed
reinforcement is not bonded to the concrete, or within the
transfer length of the prestressed reinforcement for which
bonding does not extend to the end of the beam.

22.5.7.2 If bonding of strands extends to the end of the
PHPEHU WKH H൵HFWLYH SUHVWUHVV IRUFH VKDOO EH DVVXPHG WR
vary linearly from zero at the end of the prestressed reinforcement to a maximum at a distance Ɛtr from the end of the
prestressed reinforcement.
22.5.7.3$WORFDWLRQVFRUUHVSRQGLQJWRDUHGXFHGH൵HFWLYH
prestress force in 22.5.7.2, Vc shall be calculated in accordance with (a) through (c):
D 7KHUHGXFHGH൵HFWLYHSUHVWUHVVIRUFHVKDOOEHXVHGWR
determine the applicability of 22.5.6.2.
E 7KHUHGXFHGH൵HFWLYHSUHVWUHVVIRUFHVKDOOEHXVHGWR
calculate Vcw in 22.5.6.3.
(c) The value of Vc calculated using 22.5.6.2 shall not
exceed the value of VcwFDOFXODWHGXVLQJWKHUHGXFHGH൵HFtive prestress force.
22.5.7.4 If bonding of strands does not extend to the end
RIWKHPHPEHUWKHH൵HFWLYHSUHVWUHVVIRUFHVKDOOEHDVVXPHG
to vary linearly from zero at the point where bonding
commences to a maximum at a distance Ɛtr from that point.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

408

CODE

409

COMMENTARY

D 7KHUHGXFHGH൵HFWLYHSUHVWUHVVIRUFHVKDOOEHXVHGWR
determine the applicability of 22.5.6.2.
E 7KHUHGXFHGH൵HFWLYHSUHVWUHVVIRUFHVKDOOEHXVHGWR
calculate Vc in accordance with 22.5.6.3.
(c) The value of Vc calculated using 22.5.6.2 shall not
exceed the value of VcwFDOFXODWHGXVLQJWKHUHGXFHGH൵HFtive prestress force.
R22.5.8 2QHZD\VKHDUUHLQIRUFHPHQW

22.5.8 2QHZD\VKHDUUHLQIRUFHPHQW

Vs ≥

Vu
− Vc
φ

22

22.5.8.1 At each section where Vu > ࢥVc, transverse
reinforcement shall be provided such that Eq. (22.5.8.1) is
VDWLV¿HG
(22.5.8.1)

22.5.8.2 For one-way members reinforced with transverse
reinforcement, Vs shall be calculated in accordance with
22.5.8.5.

R22.5.8.2 Provisions of 22.5.8.5 apply to all types of
transverse reinforcement, including stirrups, ties, hoops,
crossties, and spirals.

22.5.8.3 For one-way members reinforced with bent-up
longitudinal bars, Vs shall be calculated in accordance with
22.5.8.6.
22.5.8.4 If more than one type of shear reinforcement is
provided to reinforce the same portion of a member, Vs shall
be the sum of the Vs values for the various types of shear
reinforcement.
22.5.8.5 One-way shear strength provided by transverse
UHLQIRUFHPHQW

R22.5.8.5 One-way shear strength provided by transverse
UHLQIRUFHPHQW

22.5.8.5.1 In nonprestressed and prestressed members,
shear reinforcement satisfying (a), (b), or (c) shall be
permitted:

'HVLJQ RI VKHDU UHLQIRUFHPHQW LV EDVHG RQ D PRGL¿HG
truss analogy. In the truss analogy, the force in vertical ties is
resisted by shear reinforcement. Shear reinforcement needs
to be designed to resist only the shear exceeding that which
causes inclined cracking, provided the diagonal members
in the truss are assumed to be inclined at 45 degrees. The
concrete is assumed to contribute to the shear capacity
through resistance across the concrete compressive zone,
aggregate interlock, and dowel action in an amount equivalent to that which caused inclined cracking.
Equations (22.5.8.5.3), (22.5.8.5.4), and (22.5.8.6.2a) are
presented in terms of nominal shear strength provided by
shear reinforcement, Vs. Where shear reinforcement perpendicular to the axis of the member is used, the required area of
shear reinforcement, Av, and its spacing, s, are calculated by

(a) Stirrups, ties, or hoops perpendicular to longitudinal
axis of member
(b) Welded wire reinforcement with wires located perpendicular to longitudinal axis of member
(c) Spiral reinforcement

Sect. Strength

22.5.7.5$WORFDWLRQVFRUUHVSRQGLQJWRDUHGXFHGH൵HFWLYH
prestress force according to 22.5.7.4, Vc shall be calculated
in accordance with (a) through (c):
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Av (Vu − φVc )
=
s
φf yt d

22.5.8.5.2 Inclined stirrups making an angle of at least 45
degrees with the longitudinal axis of the member and crossing
the plane of the potential shear crack shall be permitted to be
used as shear reinforcement in nonprestressed members.

(R22.5.8.5)

R22.5.8.5.2 Although inclined stirrups crossing the plane
of the potential shear cracks are permitted, their use is not
appropriate where the direction of net shear reverses due to
changes in transient load.

22.5.8.5.3 Vs for shear reinforcement in 22.5.8.5.1 shall
be calculated by:
Vs =

Av f yt d
s

(22.5.8.5.3)

where s is the spiral pitch or the longitudinal spacing of
the shear reinforcement, and Av is given in 22.5.8.5.5 or
22.5.8.5.6.
22.5.8.5.4 Vs for shear reinforcement in 22.5.8.5.2 shall
be calculated by:
Vs =

Av f yt (sin α + cos α )d
s

R22.5.8.5.47REHH൵HFWLYHLWLVFULWLFDOWKDWLQFOLQHGVWLUrups cross potential shear cracks. If the inclined stirrups are
generally oriented parallel to the potential shear cracks, the
stirrups provide no shear strength.

(22.5.8.5.4)

where Į is the angle between the inclined stirrups and the
longitudinal axis of the member, s is measured parallel to
the longitudinal reinforcement, and Av is given in 22.5.8.5.5.
22.5.8.5.5 For each rectangular tie, stirrup, hoop, or
crosstie, AvVKDOOEHWKHH൵HFWLYHDUHDRIDOOEDUOHJVRUZLUHV
within spacing s.
22.5.8.5.6 For each circular tie or spiral, Av shall be two
times the area of the bar or wire within spacing s.

R22.5.8.5.6 Although the transverse reinforcement in a
circular section may not consist of straight legs, tests indicate
that Eq. (22.5.8.5.3) is conservative if dLVWDNHQDVGH¿QHG
in 22.5.2.2 (Faradji and Diaz de Cossio 1965; Khalifa and
Collins 1981).

22.5.8.6 One-way shear strength provided by bent-up
longitudinal bars

R22.5.8.6 One-way shear strength provided by bent-up
longitudinal bars

22.5.8.6.1 The center three-fourths of the inclined portion
of bent-up longitudinal bars shall be permitted to be used as
shear reinforcement in nonprestressed members if the angle
Į between the bent-up bars and the longitudinal axis of the
member is at least 30 degrees.

7REHH൵HFWLYHLWLVFULWLFDOWKDWWKHLQFOLQHGSRUWLRQRIWKH
bent-up longitudinal bar cross potential shear cracks. If the
inclined bars are generally oriented parallel to the potential
shear cracks, the bars provide no shear strength.

22.5.8.6.2 If shear reinforcement consists of a single bar or a
single group of parallel bars having an area Av, all bent the same
distance from the support, Vs shall be the lesser of (a) and (b):
(a) Vs = Av fyVLQĮ

D

(b) Vs = 3 f c′bw d

(22.5.8.6.2b)
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where Į is the angle between bent-up reinforcement and
longitudinal axis of the member.

22.6.1 General

R22.6.1 General

22.6.1.1 Provisions 22.6.1 through 22.6.8 apply to the
nominal shear strength of two-way members with and
without shear reinforcement.
22.6.1.2 Nominal shear strength for two-way members
without shear reinforcement shall be calculated by
vn = vc

(22.6.1.2)

22.6.1.3 Nominal shear strength for two-way members
with shear reinforcement shall be calculated by
vn = vc + vs

(22.6.1.3)

22.6.1.4 Two-way shear shall be resisted by a section with a
depth d and an assumed critical perimeter boDVGH¿QHGLQ

R22.6.1.4 The critical section perimeter bo LV GH¿QHG LQ
22.6.4.

22.6.1.5 vc for two-way shear shall be calculated in accordance with 22.6.5. For two-way members with shear reinforcement, vc shall not exceed the limits in 22.6.6.1.
22.6.1.6 For calculation of vc, Ȝ shall be in accordance
with 19.2.4.
22.6.1.7 For two-way members reinforced with single- or
multiple-leg stirrups, vs shall be calculated in accordance
with 22.6.7.
22.6.1.8 For two-way members reinforced with headed
shear stud reinforcement, vs shall be calculated in accordance with 22.6.8.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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R22.6—Two-way shear strength
Factored shear stress in two-way members due to shear
and moment transfer is calculated in accordance with the
requirements of 8.4.4. Section 22.6 provides requirements
for determining nominal shear strength, either without shear
reinforcement or with shear reinforcement in the form of
stirrups or headed shear studs. Factored shear demand and
strength are calculated in terms of stress, permitting superSRVLWLRQRIH൵HFWVIURPGLUHFWVKHDUDQGPRPHQWWUDQVIHU
Design provisions for shearheads have been eliminated
from the Code because this type of shear reinforcement is
seldom used in current practice. Shearheads may be designed
following the provisions of ACI 318-14.

22.6—Two-way shear strength

Sect. Strength

22.5.8.6.3 If shear reinforcement consists of a series of
parallel bent-up bars or groups of parallel bent-up bars at
GL൵HUHQWGLVWDQFHVIURPWKHVXSSRUWVs shall be calculated
by Eq. (22.5.8.5.4).
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22.6.2 (ৼHFWLYHGHSWK
22.6.2.1 For calculation of vc and vs for two-way shear, d
VKDOOEHWKHDYHUDJHRIWKHH൵HFWLYHGHSWKVLQWKHWZRRUWKRJonal directions.
22.6.2.2 For prestressed, two-way members, d need not be
taken less than 0.8h.
22.6.3 /LPLWLQJPDWHULDOVWUHQJWKV

R22.6.3 /LPLWLQJPDWHULDOVWUHQJWKV

f c′ used to calculate vc for
22.6.3.1 The value of
two-way shear shall not exceed 100 psi.

R22.6.3.1 There are limited test data on the two-way
shear strength of high-strength concrete slabs. Until more
experience is obtained for two-way slabs constructed with
concretes that have compressive strengths greater than
10,000 psi, it is prudent to limit f c′ to 100 psi for the
calculation of shear strength.

22.6.3.2 The value of fyt used to calculate vs shall not
exceed the limits in 20.2.2.4.

R22.6.3.2 The upper limit of 60,000 psi on the value of fyt
used in design is intended to control cracking.

22.6.4 &ULWLFDOVHFWLRQVIRUWZRZD\PHPEHUV
22.6.4.1 For two-way shear, critical sections shall be
located so that the perimeter bo is a minimum but need not
be closer than d/2 to (a) and (b):
(a) Edges or corners of columns, concentrated loads, or
reaction areas
(b) Changes in slab or footing thickness, such as edges of
capitals, drop panels, or shear caps
22.6.4.1.1 For square or rectangular columns, concentrated
loads, or reaction areas, critical sections for two-way shear
in accordance with 22.6.4.1(a) and (b) shall be permitted to
EHGH¿QHGDVVXPLQJVWUDLJKWVLGHV
22.6.4.1.2 For a circular or regular polygon-shaped
column, critical sections for two-way shear in accordance
ZLWK  D  DQG E  VKDOO EH SHUPLWWHG WR EH GH¿QHG
assuming a square column of equivalent area.
22.6.4.2 For two-way members reinforced with headed
shear reinforcement or single- or multi-leg stirrups, a critical
section with perimeter bo located d/2 beyond the outermost
peripheral line of shear reinforcement shall also be considered. The shape of this critical section shall be a polygon
selected to minimize bo.

R22.6.4 &ULWLFDOVHFWLRQVIRUWZRZD\PHPEHUV
7KH FULWLFDO VHFWLRQ GH¿QHG LQ  D  IRU VKHDU LQ
slabs and footings subjected to bending in two directions
follows the perimeter at the edge of the loaded area (Joint
ACI-ASCE Committee 326 1962). Loaded area for shear
in two-way slabs and footings includes columns, concentrated loads, and reaction areas. An idealized critical section
located a distance d/2 from the periphery of the loaded area
is considered.
For members of uniform thickness without shear reinIRUFHPHQWLWLVVX൶FLHQWWRFKHFNVKHDUXVLQJRQHVHFWLRQ
For slabs with changes in thickness or with shear reinforcement, it is necessary to check shear at multiple sections as
GH¿QHGLQ D DQG E DQG
For columns near an edge or corner, the critical perimeter
may extend to the edge of the slab.

R22.6.4.2 For two-way members with stirrup or headed
stud shear reinforcement, it is required to check shear stress in
concrete at a critical section located a distance d/2 beyond the
point where shear reinforcement is discontinued. Calculated
shear stress at this section must not exceed the limits given
in expressions (b) and (d) in Table 22.6.6.1. The shape of this
outermost critical section should correspond to the minimum
value of bo, as depicted in Fig. R22.6.4.2a, b, and c. Note
WKDW WKHVH ¿JXUHV GHSLFW VODEV UHLQIRUFHG ZLWK VWLUUXSV 7KH
shape of the outermost critical section is similar for slabs with
headed shear reinforcement. The square or rectangular critical
sections described in 22.6.4.1.1 will not result in the minimum
value of boIRUWKHFDVHVGHSLFWHGLQWKHVH¿JXUHV$GGLWLRQDO
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CODE
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COMMENTARY
critical section checks are required at a distance d/2 beyond
any point where variations in shear reinforcement occur, such
DVFKDQJHVLQVL]HVSDFLQJRUFRQ¿JXUDWLRQ
Critical section
through slab shear
reinforcement
(first line of
stirrup legs)

d/2

d/2

22

d/2

Sect. Strength

Critical section
outside slab shear
reinforcement

d/2

d/2
Slab
Plan
Fig. R22.6.4.2a—Critical sections for two-way shear in slab
ZLWKVKHDUUHLQIRUFHPHQWDWLQWHULRUFROXPQ

Critical section
through slab shear
reinforcement (first
line of stirrup legs)

Critical section
outside slab shear
reinforcement

d/2

d/2

d/2

Slab edge

d/2
Slab

Plan
Fig. R22.6.4.2b—Critical sections for two-way shear in slab
ZLWKVKHDUUHLQIRUFHPHQWDWHGJHFROXPQ
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Slab edge

Critical section through slab
shear reinforcement (first line
of stirrup legs)

d/2

d/2

d/2

d/2

Plan

Slab

Critical section
outside slab
shear
reinforcement

Fig. R22.6.4.2c—Critical sections for two-way shear in slab
ZLWKVKHDUUHLQIRUFHPHQWDWFRUQHUFROXPQ
22.6.4.3 If an opening is located closer than 4h from the
periphery of a column, concentrated load, or reaction area,
the portion of bo enclosed by straight lines projecting from
the centroid of the column, concentrated load or reaction
area and tangent to the boundaries of the opening shall be
FRQVLGHUHGLQH൵HFWLYH

R22.6.4.3 Provisions for design of openings in slabs (and
footings) were developed in Joint ACI-ASCE Committee
326 (1962) 7KH ORFDWLRQV RI WKH H൵HFWLYH SRUWLRQV RI WKH
critical section near typical openings and free edges are
shown by the dashed lines in Fig. R22.6.4.3. Research (Joint
ACI-ASCE Committee 426 1974 KDVFRQ¿UPHGWKDWWKHVH
provisions are conservative.
Research (Genikomsou and Polak 2017) has shown that
when openings are located at distances greater than 4d from
the periphery of a column, the punching shear strength is the
same as that for a slab without openings.
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Ineffective

Free corner
Regard
as free
edge

Note: Openings shown are located within
4h of the column periphery.

Fig. R22.6.4.3²(ৼHFWRIRSHQLQJVDQGIUHHHGJHV HৼHFWLYH
SHULPHWHUVKRZQZLWKGDVKHGOLQHV 
22.6.5 Two-way shear strength provided by concrete in
PHPEHUVZLWKRXWVKHDUUHLQIRUFHPHQW

R22.6.5 Two-way shear strength provided by concrete in
PHPEHUVZLWKRXWVKHDUUHLQIRUFHPHQW

22.6.5.1 For nonprestressed two-way members, vc shall
be calculated in accordance with 22.6.5.2. For prestressed
two-way members, vc shall be calculated in accordance with
(a) or (b):
(a) 22.6.5.2
E LIWKHFRQGLWLRQVRIDUHVDWLV¿HG
22.6.5.2 vc shall be calculated in accordance with Table
22.6.5.2.

R22.6.5.2 Experimental evidence indicates that the
measured concrete shear strength of two-way members
without shear reinforcement does not increase in direct
proportion with member depth. This phenomenon is referred
WRDVWKH³VL]HH൵HFW´7KHPRGL¿FDWLRQIDFWRUȜs accounts
for the dependence of two-way shear strength of slabs on
H൵HFWLYHGHSWK
For nonprestressed two-way slabs without a minimum
amount of shear reinforcement and with d > 10 in., the size
H൵HFW VSHFL¿HG LQ  UHGXFHV WKH VKHDU VWUHQJWK RI
two-way slabs below 4 f c′ bod (Hawkins and Ospina 2017;
'|QPH]DQG%DåDQW).
For square columns, the stress corresponding to the
nominal two-way shear strength provided by concrete in
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Table 22.6.5.2—vc for two-way members without
shear reinforcement
vc

Least of (a), (b), and (c):

4λ s λ f c′

(a)

⎛
4⎞
⎜⎝ 2 + β⎠⎟ λ s λ f c′

(b)

⎛
αsd ⎞
⎜⎝ 2 + b ⎟⎠ λ s λ f c′
o

(c)

Notes:
L ȜsLVWKHVL]HH൵HFWIDFWRUJLYHQLQ
LL ȕLVWKHUDWLRRIORQJWRVKRUWVLGHVRIWKHFROXPQFRQFHQWUDWHGORDGRUUHDFWLRQ
area.
LLL Įs is given in 22.6.5.3.

slabs subjected to bending in two directions is limited to
Ȝs f c′ . However, tests (Joint ACI-ASCE Committee 426
1974) have indicated that the value of Ȝs f c′ is unconservative when the ratio ȕ of the lengths of the long and short
sides of a rectangular column or loaded area is larger than
2.0. In such cases, the actual shear stress on the critical
section at punching shear failure varies from a maximum
of approximately Ȝs f c′ around the corners of the column
or loaded area, down to Ȝs f c′ or less along the long sides
between the two end sections. Other tests (Vanderbilt 1972)
indicate that vc decreases as the ratio bo /d increases. Expressions (b) and (c) in Table 22.6.5.2 were developed to account
IRUWKHVHWZRH൵HFWV
For shapes other than rectangular, ȕ is taken to be the
UDWLRRIWKHORQJHVWRYHUDOOGLPHQVLRQRIWKHH൵HFWLYHORDGHG
area to the largest overall perpendicular dimension of the
H൵HFWLYHORDGHGDUHDDVLOOXVWUDWHGIRUDQ/VKDSHGUHDFWLRQ
DUHDLQ)LJ57KHH൵HFWLYHORDGHGDUHDLVWKDWDUHD
totally enclosing the actual loaded area, for which the perimeter is a minimum.

bn

β=

an

an
bn

Critical
section
(22.6.4.1)
Effective
load area
Actual load area

Fig. R22.6.5.2—Value of ȕ for a nonrectangular loaded
area.
22.6.5.3 The value of Įs is 40 for interior columns, 30 for
edge columns, and 20 for corner columns.

R22.6.5.3 The terms “interior columns,” “edge columns,”
and “corner columns” in this provision refer to critical
sections with a continuous slab on four, three, and two sides,
respectively.

22.6.5.4 For prestressed, two-way members, it shall be
permitted to calculate vc using 22.6.5.5, provided that (a)
WKURXJK F DUHVDWLV¿HG

R22.6.5.4 )RU SUHVWUHVVHG WZRZD\ PHPEHUV PRGL¿HG
forms of expressions (b) and (c) in Table 22.6.5.2 are speci¿HG5HVHDUFK ACI 423.3R) indicates that the shear strength
of two-way prestressed slabs around interior columns is
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COMMENTARY

(a) Bonded reinforcement is provided in accordance with
8.6.2.3 and 8.7.5.3
(b) No portion of the column cross section is closer to a
discontinuous edge than four times the slab thickness h
F (൵HFWLYHSUHVWUHVVfpc in each direction is not less than
125 psi

conservatively calculated by the expressions in 22.6.5.5,
where vc corresponds to a diagonal tension failure of the
FRQFUHWHLQLWLDWLQJDWWKHFULWLFDOVHFWLRQGH¿QHGLQ
7KH PRGH RI IDLOXUH GL൵HUV IURP D SXQFKLQJ VKHDU IDLOXUH
around the perimeter of the loaded area of a nonprestressed
slab calculated using expression (b) in Table 22.6.5.2. ConseTXHQWO\ WKH H[SUHVVLRQV LQ  GL൵HU IURP WKRVH IRU
nonprestressed slabs. Values for f c′ and fpc are restricted
in design due to limited test data available beyond the speci¿HG OLPLWV :KHQ FDOFXODWLQJ fpc, loss of prestress due to
restraint of the slab by structural walls and other structural
elements should be taken into account.

(a) vc = 3.5λ f c′ + 0.3 f pc +

Vp
bo d

Vp
⎛
α d⎞
(b) vc = ⎜1.5 + s ⎟ λ f c′ + 0.3 f pc +
bo ⎠
bo d
⎝

22

22.6.5.5 For prestressed, two-way members conforming to
22.6.5.4, vc shall be permitted to be the lesser of (a) and (b)
(22.6.5.5a)

(22.6.5.5b)

ZKHUHĮs is given in 22.6.5.3; the value of fpc is the average of
fpc in the two directions and shall not exceed 500 psi; Vp is the
YHUWLFDOFRPSRQHQWRIDOOH൵HFWLYHSUHVWUHVVIRUFHVFURVVLQJWKH
critical section; and the value of f c′ shall not exceed 70 psi.
22.6.6 Two-way shear strength provided by concrete in
PHPEHUVZLWKVKHDUUHLQIRUFHPHQW

R22.6.6 Two-way shear strength provided by concrete in
PHPEHUVZLWKVKHDUUHLQIRUFHPHQW
Critical sections for two-way members with shear reinIRUFHPHQW DUH GH¿QHG LQ  IRU WKH VHFWLRQV DGMDFHQW
to the column, concentrated load, or reaction area, and
22.6.4.2 for the section located just beyond the outermost
peripheral line of stirrup or headed shear stud reinforcement.
Values of maximum vc for these critical sections are given in
Table 22.6.6.1. Limiting values of vu for the critical sections
GH¿QHGLQDUHJLYHQLQ7DEOH
The maximum vc and limiting value of vu at the innermost
FULWLFDOVHFWLRQ GH¿QHGLQ DUHKLJKHUZKHUHKHDGHG
shear stud reinforcement is provided than the case where
stirrups are provided (refer to R8.7.7). Maximum vc values at
WKHFULWLFDOVHFWLRQVGH¿QHGLQEH\RQGWKHRXWHUPRVW
peripheral line of shear reinforcement are independent of the
type of shear reinforcement provided.

22.6.6.1 For two-way members with shear reinforcement,
vc at critical sections shall be calculated in accordance with
Table 22.6.6.1.

Sect. Strength

CODE

417

R22.6.6.1 For two-way slabs with stirrups, the maximum
value of vc is taken as ȜsȜ f c′ because the stirrups resist
all the shear beyond that at inclined cracking (which
occurs at approximately half the capacity of a slab without
shear reinforcement (that is, 0.5 ×ȜsȜ f c′  ȜsȜ f c′ )
(Hawkins 1974). The higher value of vc for two-way slabs
with headed shear stud reinforcement is based on research
(Elgabry and Ghali 1987).
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Table 22.6.6.1—vc for two-way members with shear
reinforcement
Type of shear
reinforcement

Critical
sections

vc

Stirrups

All

2λ s λ f c′

Headed
shear stud
reinforcement

According to
22.6.4.1

Least of
(b), (c),
and (d):

(a)

3λ s λ f c′

(b)

⎛
4⎞
⎜⎝ 2 + β⎠⎟ λ s λ f c′

(c)

⎛
αsd ⎞
⎜⎝ 2 + b ⎟⎠ λ s λ f c′

(d)

2λ s λ f c′

(e)

o

According to
22.6.4.2
Notes:
L ȜsLVWKHVL]HH൵HFWIDFWRUJLYHQLQ

LL ȕLVWKHUDWLRRIORQJWRVKRUWVLGHVRIWKHFROXPQFRQFHQWUDWHGORDGRUUHDFWLRQ
area.
LLL Įs is given in 22.6.5.3.

22.6.6.2 It shall be permitted to take Ȝs as 1.0 if (a) or (b)
LVVDWLV¿HG
(a) Stirrups are designed and detailed in accordance with
8.7.6 and Av /s  f c′ bo /fyt.
(b) Smooth headed shear stud reinforcement with stud
shaft length not exceeding 10 in. is designed and detailed
in accordance with 8.7.7 and Av /s  f c′ bo/fyt.

R22.6.6.27KHVL]HH൵HFWLQVODEVZLWKd > 10 in. can be
mitigated if a minimum amount of shear reinforcement is
provided. The ability of ordinary (smooth) headed shear
VWXGUHLQIRUFHPHQWWRH൵HFWLYHO\PLWLJDWHWKHVL]HH൵HFWRQ
the two-way shear strength of slabs may be compromised if
studs longer than 10 in. are used. Until experimental evidence
becomes available, it is not permitted to use Ȝs equal to 1.0
for slabs with d > 10 in. without headed shear stud reinforcement with stud shaft length not exceeding 10 in. Stacking
or “piggybacking” of headed shear studs, as shown in Fig.
R22.6.6.2, introduces an intermediate head that contributes
to further anchor the stacked stud.

≤ 10 in.
Or other
weld per
AWS D1.1

≤ 10 in.

Fig. R22.6.6.2²6WDFNLQJ SLJJ\EDFNLQJ  RI KHDGHG VKHDU
VWXGUHLQIRUFHPHQW
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22.6.6.3 For two-way members with shear reinforcement,
H൵HFWLYH GHSWK VKDOO EH VHOHFWHG VXFK WKDW vu calculated at
critical sections does not exceed the values in Table 22.6.6.3.
Table 22.6.6.3—Maximum vu for two-way members
with shear reinforcement

Stirrups

ࢥ

f c′

(a)

Headed shear stud
reinforcement

ࢥ

f c′

(b)

22.6.7 Two-way shear strength provided by single- or
PXOWLSOHOHJVWLUUXSV

R22.6.7 Two-way shear strength provided by single- or
PXOWLSOHOHJVWLUUXSV

22.6.7.1 Single- or multiple-leg stirrups fabricated from
bars or wires shall be permitted to be used as shear reinforcement in slabs and footings satisfying (a) and (b):
(a) d is at least 6 in.
(b) d is at least 16db, where db is the diameter of the stirrups
22.6.7.2 For two-way members with stirrups, vs shall be
calculated by:
vs =

Av f yt
bo s

R22.6.7.2 Because shear stresses are used for two-way
shear in this chapter, shear strength provided by transverse
reinforcement is averaged over the cross-sectional area of
the critical section.

(22.6.7.2)

where Av is the sum of the area of all legs of reinforcement
on one peripheral line that is geometrically similar to the
perimeter of the column section, and s is the spacing of
the peripheral lines of shear reinforcement in the direction
perpendicular to the column face.
22.6.8 Two-way shear strength provided by headed shear
VWXGUHLQIRUFHPHQW

R22.6.8 Two-way shear strength provided by headed
VKHDUVWXGUHLQIRUFHPHQW

22.6.8.1 Headed shear stud reinforcement shall be
permitted to be used as shear reinforcement in slabs and
footings if the placement and geometry of the headed shear
VWXGUHLQIRUFHPHQWVDWLV¿HV8.7.7.

Tests (ACI 421.1R) show that headed shear stud reinforcement mechanically anchored as close as practicable to
WKHWRSDQGERWWRPRIVODEVLVH൵HFWLYHLQUHVLVWLQJSXQFKLQJ
shear. The critical section beyond the shear reinforcement is
generally assumed to have a polygonal shape (refer to Fig.
R22.6.4.2a, R22.6.4.2b, and R22.6.4.2c). Equations for calculating shear stresses on such sections are given in ACI 421.1R.

22.6.8.2 For two-way members with headed shear stud
reinforcement, vs shall be calculated by:

R22.6.8.2 Because shear stresses are used for two-way
shear in this chapter, shear strength provided by transverse
reinforcement is averaged over the cross-sectional area of
the critical section.

vs =

Av f yt
bo s

Sect. Strength

Maximum vu at critical sections
GH¿QHGLQ

22

Type of shear reinforcement

(22.6.8.2)
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where Av is the sum of the area of all shear studs on one
peripheral line that is geometrically similar to the perimeter
of the column section, and s is the spacing of the peripheral lines of headed shear stud reinforcement in the direction
perpendicular to the column face.
22.6.8.3 If headed shear stud reinforcement is provided,
Av/s shall satisfy:
Av
b
≥ 2 f c′ o
s
f yt

22.7—Torsional strength

(22.6.8.3)

R22.7—Torsional strength
The design for torsion in this section is based on a thinwalled tube space truss analogy. A beam subjected to torsion
is idealized as a thin-walled tube with the core concrete cross
section in a solid beam neglected as shown in Fig. R22.7(a).
Once a reinforced concrete beam has cracked in torsion, its
torsional strength is provided primarily by closed stirrups
and longitudinal bars located near the surface of the member.
In the thin-walled tube analogy, the strength is assumed to
be provided by the outer skin of the cross section roughly
centered on the closed stirrups. Both hollow and solid
sections are idealized as thin-walled tubes both before and
after cracking.
In a closed thin-walled tube, the product of the shear stress
Ĳ and the wall thickness t at any point in the perimeter is
NQRZQ DV WKH VKHDU ÀRZ q  Ĳt 7KH VKHDU ÀRZ q due to
torsion acts as shown in Fig. R22.7(a) and is constant at
all points around the perimeter of the tube. The path along
which it acts extends around the tube at midthickness of the
walls of the tube. At any point along the perimeter of the
tube, the shear stress due to torsion is Ĳ T/(2Aot), where
AoLVWKHJURVVDUHDHQFORVHGE\WKHVKHDUÀRZSDWKVKRZQ
shaded in Fig. R22.7(b), and t is the thickness of the wall at
WKHSRLQWZKHUHĲLVEHLQJFDOFXODWHG)RUDKROORZPHPEHU
with continuous walls, Ao includes the area of the hole.
The concrete contribution to torsional strength is ignored,
and in cases of combined shear and torsion, the concrete
contribution to shear strength does not need to be reduced.
The design procedure is derived and compared with test
results in MacGregor and Ghoneim (1995) and Hsu (1997).
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Shear flow (q)

T

22

(a) Thin-walled tube

Sect. Strength

T

(b) Area enclosed by shear flow path
Fig. R22.7² D 7KLQZDOOHGWXEHDQG E DUHDHQFORVHGE\
VKHDUÀRZSDWK
22.7.1 General

R22.7.1 General

22.7.1.1 This section shall apply to members if TuࢥTth,
where ࢥ is given in Chapter 21 and threshold torsion Tth is
given in 22.7.4. If TuࢥTth, it shall be permitted to neglect
WRUVLRQDOH൵HFWV

R22.7.1.1 Torsional moments that do not exceed the
threshold torsion Tth ZLOO QRW FDXVH D VWUXFWXUDOO\ VLJQL¿FDQW UHGXFWLRQ LQ HLWKHU ÀH[XUDO RU VKHDU VWUHQJWK DQG FDQ
be ignored.

22.7.1.2 Nominal torsional strength shall be calculated in
accordance with 22.7.6.
22.7.1.3 For calculation of Tth and Tcr, Ȝ shall be in accordance with 19.2.4.
22.7.2 /LPLWLQJPDWHULDOVWUHQJWKV

R22.7.2 /LPLWLQJPDWHULDOVWUHQJWKV

f c′ used to calculate Tth and Tcr

R22.7.2.1 Because of a lack of test data and practical experience with concretes having compressive strengths greater
than 10,000 psi, the Code imposes a maximum value of 100
psi on f c′ for use in the calculation of torsional strength.

22.7.2.2 The values of fy and fyt for longitudinal and transverse torsional reinforcement shall not exceed the limits in
20.2.2.4.

R22.7.2.2 The upper limit of 60,000 psi on the value of fy
and fyt used in design is intended to control diagonal crack
width.

22.7.2.1 The value of
shall not exceed 100 psi.
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22.7.3 Factored design torsion
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R22.7.3 Factored design torsion

22.7.3.1 If TuࢥTcr and Tu is required to maintain equilibrium, the member shall be designed to resist Tu.

In designing for torsion in reinforced concrete structures,
WZRFRQGLWLRQVPD\EHLGHQWL¿HG Collins and Lampert 1973;
Hsu and Burton 1974):

22.7.3.2 In a statically indeterminate structure where Tu
ࢥTcr and a reduction of Tu can occur due to redistribution of
internal forces after torsional cracking, it shall be permitted
to reduce Tu to ࢥTcr, where the cracking torsion Tcr is calculated in accordance with 22.7.5.

(a) The torsional moment cannot be reduced by redistribution of internal forces (22.7.3.1). This type of torsion
is referred to as equilibrium torsion because the torsional
moment is required for the structure to be in equilibrium.
For this condition, illustrated in Fig. R22.7.3(a), torsional
reinforcement must be provided to resist the total design
torsional moments.
(b) The torsional moment can be reduced by redistribution
of internal forces after cracking (22.7.3.2) if the torsion
results from the member twisting to maintain compatibility of deformations. This type of torsion is referred to
as compatibility torsion.
For this condition, illustrated in Fig. R22.7.3(b), the
WRUVLRQDOVWL൵QHVVEHIRUHFUDFNLQJFRUUHVSRQGVWRWKDWRI
the uncracked section according to St. Venant’s theory.
At torsional cracking, however, a large twist occurs under
an essentially constant torsional moment, resulting in
a large redistribution of forces in the structure (Collins
and Lampert 1973; Hsu and Burton 1974). The cracking
torsional moment under combined shear, moment, and
torsion corresponds to a principal tensile stress somewhat
less than the Ȝ f c′ used in R22.7.5.

22.7.3.3 If Tu is redistributed in accordance with 22.7.3.2,
the factored moments and shears used for design of the
adjoining members shall be in equilibrium with the reduced
torsion.

If the torsional moment exceeds the cracking torsional
moment (22.7.3.2), a maximum factored torsional moment
equal to the cracking torsional moment may be assumed to
occur at the critical sections near the faces of the supports.
The maximum factored torsional moment has been established to limit the width of torsional cracks.
Provision 22.7.3.2 applies to typical and regular framing
FRQGLWLRQV :LWK OD\RXWV WKDW LPSRVH VLJQL¿FDQW WRUVLRQDO
rotations within a limited length of the member, such as a
ODUJHWRUVLRQDOPRPHQWORFDWHGFORVHWRDVWL൵FROXPQRUD
column that rotates in the reverse directions because of other
loading, a more detailed analysis is advisable.
If the factored torsional moment from an elastic analysis
based on uncracked section properties is between ࢥTth and
ࢥTcr, torsional reinforcement should be designed to resist the
calculated torsional moments.
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Design torsional moment may
not be reduced because moment
redistribution is not possible
Fig. R22.7.3a²(TXLOLEULXP WRUVLRQ WKH GHVLJQ WRUVLRQDO
PRPHQWPD\QRWEHUHGXFHG  

Design torsional moment for this spandrel
beam may be reduced because moment
redistribution is possible
Fig. R22.7.3b²&RPSDWLELOLW\WRUVLRQWKHGHVLJQWRUVLRQDO
PRPHQWPD\EHUHGXFHG  

22.7.4 Threshold torsion

R22.7.4 Threshold torsion

22.7.4.1 Threshold torsion Tth shall be calculated in accordance with Table 22.7.4.1(a) for solid cross sections and
Table 22.7.4.1(b) for hollow cross sections, where Nu is
positive for compression and negative for tension.

7KHWKUHVKROGWRUVLRQLVGH¿QHGDVRQHIRXUWKWKHFUDFNLQJ
torsional moment Tcr. For sections of solid members, the
interaction between the cracking torsional moment and the
inclined cracking shear is approximately circular or elliptical. For such a relationship, a threshold torsional moment
of Tth, as used in 22.7.4.1, corresponds to a reduction of
less than 5 percent in the inclined cracking shear, which is
considered negligible.
)RUWRUVLRQDKROORZVHFWLRQLVGH¿QHGDVKDYLQJRQHRU
more longitudinal voids, such as a single-cell or multiple-cell
box girder. Small longitudinal voids, such as ungrouted posttensioning ducts that result in Ag /Acp, can be ignored
when calculating Tth. The interaction between torsional
cracking and shear cracking for hollow sections is assumed
to vary from the elliptical relationship for members with
small voids, to a straight-line relationship for thin-walled
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Table 22.7.4.1(a)—Threshold torsion for solid cross
sections

sections with large voids. For a straight-line interaction,
a torsional moment of Tth would cause a reduction in the
inclined cracking shear of approximately 25 percent, which
ZDVFRQVLGHUHGWREHVLJQL¿FDQW7KHUHIRUHWKHH[SUHVVLRQV
IRU VROLG VHFWLRQV DUH PRGL¿HG E\ WKH IDFWRU (AgAcp)2 to
develop the expressions for hollow sections. Tests of solid
and hollow beams (Hsu 1968) indicate that the cracking
torsional moment of a hollow section is approximately
(AgAcp) times the cracking torsional moment of a solid
section with the same outside dimensions. An additional
multiplier of (AgAcp)UHÀHFWVWKHWUDQVLWLRQIURPWKHFLUFXODU
interaction between the inclined cracking loads in shear and
torsion for solid members, to the approximately linear interaction for thin-walled hollow sections.

Type of member

Tth

Nonprestressed
member

⎛ Acp2 ⎞
λ f c′ ⎜
⎟
⎝ pcp ⎠

(a)

Prestressed member

⎛ Acp2 ⎞
f pc
λ f c′ ⎜
⎟ 1+
4λ f c′
⎝ pcp ⎠

(b)

Nonprestressed
member subjected to
axial force

⎛ Acp2 ⎞
Nu
λ f c′ ⎜
⎟ 1+
4 Ag λ f c′
⎝ pcp ⎠

(c)

Table 22.7.4.1(b)—Threshold torsion for hollow
cross sections
Type of member

Tth

Nonprestressed
member

⎛ Ag2 ⎞
λ f c′ ⎜
⎟
⎝ pcp ⎠

(a)

Prestressed member

⎛ Ag2 ⎞
f pc
λ f c′ ⎜
⎟ 1+
4λ f c′
⎝ pcp ⎠

(b)

Nonprestressed
member subjected to
axial force

⎛ Ag2 ⎞
Nu
λ f c′ ⎜
⎟ 1+
p
A
f c′
4
⎝ cp ⎠
gλ

(c)

22.7.5 Cracking torsion

R22.7.5 Cracking torsion

22.7.5.1 Cracking torsion Tcr shall be calculated in
accordance with Table 22.7.5.1 for solid and hollow cross
sections, where Nu is positive for compression and negative
for tension.
Table 22.7.5.1—Cracking torsion
Type of member

Tcr

Nonprestressed member

⎛ Acp2 ⎞
4λ f c′ ⎜
⎟
⎝ pcp ⎠

(a)

Prestressed member

⎛ Acp2 ⎞
f pc
4λ f c′ ⎜
⎟ 1+
4λ f c′
⎝ pcp ⎠

(b)

Nonprestressed member
subjected to axial force

⎛ Acp2 ⎞
Nu
4λ f c′ ⎜
⎟ 1+
4 Ag λ f c′
⎝ pcp ⎠

(c)

The cracking torsional moment under pure torsion, Tcr, is
derived by replacing the actual section with an equivalent
thin-walled tube with a wall thickness t prior to cracking of
0.75Acp /pcp and an area enclosed by the wall centerline Ao
equal to 2Acp /3. Cracking is assumed to occur when the principal tensile stress reaches Ȝ f c′ . The stress at cracking, Ȝ
f c′ , has purposely been taken as a lower bound value. In
a nonprestressed beam loaded with torsion alone, the principal
tensile stress is equated to the torsional shear stress, Ĳ T/(2Aot).
Thus, cracking occurs when Ĳ reaches 4Ȝ f c′ , giving the
cracking torsional moment TcrDVGH¿QHGE\H[SUHVVLRQ D LQ
Table 22.7.5.1.
For prestressed members, the torsional cracking load is
increased by the prestress given by expression (b) in Table
22.7.5.1. A Mohr’s Circle analysis based on average stresses
indicates the torsional moment required to cause a principal
tensile stress equal to 4Ȝ f c′ is 1 + f pc  4λ f c′ times
the corresponding torsional cracking moment in a nonpreVWUHVVHGEHDP$VLPLODUPRGL¿FDWLRQLVPDGHLQH[SUHVVLRQ
(c) in Table 22.7.5.1 for members subjected to axial force
and torsion.
If the factored torsional moment exceeds ࢥTcr in a statically indeterminate structure, a maximum factored torsional
moment equal to ࢥTcr may be assumed to occur at critical
sections near the faces of the supports. This limit has been
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established to control the width of the torsional cracks. The
replacement of Acp with Ag, as in the calculation of Tth for
hollow sections in 22.7.4.1, is not applied here. Thus, the
torsional moment after redistribution is larger and, hence,
more conservative.

22.7.6 Torsional strength

(a) Tn =
(b) Tn =

2 Ao At f yt
s

2 Ao AA f y
ph

cot θ

(22.7.6.1a)

tan θ

(22.7.6.1b)

where Ao shall be determined by analysis, ș shall not be
taken less than 30 degrees nor greater than 60 degrees; At is
the area of one leg of a closed stirrup resisting torsion; AƐ is
the area of longitudinal torsional reinforcement; and ph is the
perimeter of the centerline of the outermost closed stirrup.

Sect. Strength

22.7.6.1 For nonprestressed and prestressed members, Tn
shall be the lesser of (a) and (b):

7KHWRUVLRQDOGHVLJQVWUHQJWKࢥTn must equal or exceed the
torsional moment Tu due to factored loads. In the calculation
of Tn, all the torsion is assumed to be resisted by stirrups and
longitudinal reinforcement, neglecting any concrete contribution to torsional strength. At the same time, the nominal
shear strength provided by concrete, Vc, is assumed to be
unchanged by the presence of torsion.
R22.7.6.1 Equation (22.7.6.1a) is based on the space truss
analogy shown in Fig. R22.7.6.1a with compression diagonals at an angle ș, assuming the concrete resists no tension
and the reinforcement yields. After torsional cracking
develops, the torsional strength is provided mainly by closed
stirrups, longitudinal reinforcement, and compression diagoQDOV7KHFRQFUHWHRXWVLGHWKHVHVWLUUXSVLVUHODWLYHO\LQH൵HFtive. For this reason Ao, the gross area enclosed by the shear
ÀRZSDWKDURXQGWKHSHULPHWHURIWKHWXEHLVGH¿QHGDIWHU
cracking in terms of Aoh, the area enclosed by the centerline
of the outermost closed transverse torsional reinforcement.
7KH VKHDU ÀRZ q in the walls of the tube, discussed in
R22.7, can be resolved into the shear forces V1 to V4 acting
in the individual sides of the tube or space truss, as shown in
Fig. R22.7.6.1a.
As shown in Figure R22.7.6.1b, on a given wall of the
WXEHWKHVKHDUÀRZVi is resisted by a diagonal compression
component, Di = Vi VLQș, in the concrete. An axial tension
force, Ni = Vi FRWș , is required in the longitudinal reinforcement to complete the resolution of Vi.
%HFDXVH WKH VKHDU ÀRZ GXH WR WRUVLRQ LV FRQVWDQW DW DOO
points around the perimeter of the tube, the resultants of Di
and Ni act through the midheight of side i. As a result, half
of Ni can be assumed to be resisted by each of the top and
bottom chords as shown. Longitudinal reinforcement with a
strength AƐ fy is required to resist the sum of the Ni forces,
Ni, acting in all of the walls of the tube.
In the derivation of Eq. (22.7.6.1b), axial tension forces
are summed along the sides of the area Ao. These sides form
a perimeter length po approximately equal to the length of
the line joining the centers of the bars in the corners of the
tube. For ease in calculation, this has been replaced with the
perimeter of the closed stirrups, ph.

22

R22.7.6 Torsional strength
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x0

T

Stirrups
Cracks

y0
V1

θ

V4

V2

Concrete
compression diagonals

V3
Longitudinal bar
Fig. R22.7.6.1a—Space truss analogy.

Ni
2
Vi
θ

Ni
2

Di

θ

Vi

Ni
Fig. R22.7.6.1b—Resolution of shear force Vi into diagonal
FRPSUHVVLRQIRUFHDiDQGD[LDOWHQVLRQIRUFHNi in one wall
of tube.
22.7.6.1.1 In Eq. (22.7.6.1a) and (22.7.6.1b), it shall be
permitted to take Ao equal to 0.85Aoh.

R22.7.6.1.1 The area Aoh is shown in Fig. R22.7.6.1.1
for various cross sections. In I-, T-, L-shaped, or circular
sections, Aoh is taken as that area enclosed by the outermost
transverse reinforcement.
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Opening

Opening
Aoh = dark shaded area

Fig. R22.7.6.1.1²'H¿QLWLRQRIAoh.
22.7.6.1.2 In Eq. (22.7.6.1a) and (22.7.6.1b), it shall be
permitted to take ș equal to (a) or (b):
(a) 45 degrees for nonprestressed members or members
with Aps fse < 0.4(Aps fpu + As fy)
(b) 37.5 degrees for prestressed members with Aps fse 
0.4(Aps fpu + As fy)
22.7.7 &URVVVHFWLRQDOOLPLWV

R22.7.7 &URVVVHFWLRQDOOLPLWV

22.7.7.1 Cross-sectional dimensions shall be selected such
WKDW D RU E LVVDWLV¿HG
(a) For solid sections
2

2

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎜⎝ 1.7 A2 ⎟⎠ ≤ φ ⎜⎝ b d + 8 f c′⎟⎠
w
w
oh

(22.7.7.1a)

(b) For hollow sections
⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎜⎝ 1.7 A2 ⎟⎠ ≤ φ ⎜⎝ b d + 8 f c′⎟⎠
w
w
oh

R22.7.6.1.2 The angle ș can be obtained by analysis
(Hsu 1990) or may be taken equal to the values given in
 D RU E 7KHVDPHYDOXHRI ș LV UHTXLUHGWR EH
used in both Eq. (22.7.6.1a) and (22.7.6.1b). With smaller
YDOXHVRIșWKHDPRXQWRIVWLUUXSVUHTXLUHGE\(T D 
decreases. At the same time, the amount of longitudinal reinforcement required by Eq. (22.7.6.1b) increases.

(22.7.7.1b)

R22.7.7.1 The size of a cross section is limited for two
UHDVRQV¿UVWWRUHGXFHH[FHVVLYHFUDFNLQJDQGVHFRQGWR
minimize the potential for crushing of the surface concrete
due to inclined compressive stresses due to shear and torsion.
In Eq. (22.7.7.1a) and (22.7.7.1b), the two terms on the lefthand side are the shear stresses due to shear and torsion. The
sum of these stresses may not exceed the stress causing shear
cracking plus 8 f c′ , similar to the limiting strength given in
22.5.1.2 for shear without torsion. The limit is expressed in
terms of Vc to allow its use for nonprestressed or prestressed
concrete. It was originally derived on the basis of crack
control. It is not necessary to check against crushing of the
web because crushing occurs at higher shear stresses.
In a hollow section, the shear stresses due to shear and
torsion both occur in the walls of the box as shown in Fig.
R22.7.7.1(a) and hence are directly additive at Point A as
given in Eq. (22.7.7.1b). In a solid section, the shear stresses
due to torsion act in the tubular outside section while the
shear stresses due to Vu are spread across the width of the
section, as shown in Fig. R22.7.7.1(b). For this reason,
stresses are combined in Eq. (22.7.7.1a) using the square
root of the sum of the squares rather than by direct addition.
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B

B

A

A

C

C

Torsional stresses
Shear stresses
(a) Hollow section

Torsional stresses
Shear stresses
(b) Solid section
Fig. R22.7.7.1—Addition of torsional and shear stresses.
22.7.7.1.1 For prestressed members, the value of d used in
22.7.7.1 need not be taken less than 0.8h.

R22.7.7.1.1 Although the value of d may vary along the
span of a prestressed beam, studies (MacGregor and Hanson
1969) have shown that, for prestressed concrete members, d
need not be taken less than 0.8h. The beams considered had
some straight prestressed reinforcement or reinforcing bars
at the bottom of the section and had stirrups that enclosed the
longitudinal reinforcement.

22.7.7.1.2 For hollow sections where the wall thickness
varies around the perimeter, Eq. (22.7.7.1b) shall be evaluated at the location where the term

R22.7.7.1.2 Generally, the maximum torsional stress will
be on the wall where the torsional and shearing stresses are
additive (Point A in Fig. R22.7.7.1(a)). If the top or bottom
ÀDQJHVDUHWKLQQHUWKDQWKHYHUWLFDOZHEVLWPD\EHQHFHVsary to evaluate Eq. (22.7.7.1b) at Points B and C in Fig.
R22.7.7.1(a). At these points, the stresses due to the shear
are usually negligible.

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎜⎝ b d ⎟⎠ + ⎜⎝ 1.7 A2 ⎟⎠
w
oh
is a maximum.
22.7.7.2 For hollow sections where the wall thickness is
less than Aoh/ph, the term (Tuph/1.7Aoh2) in Eq. (22.7.7.1b)
shall be taken as (Tu/1.7Aoht), where t is the thickness of the
wall of the hollow section at the location where the stresses
are being checked.
22.8—Bearing
22.8.1 General

R22.8—Bearing
R22.8.1 General

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

428

CODE

429

COMMENTARY

22.8.1.1 Section 22.8 shall apply to the calculation of
bearing strength of concrete members.
22.8.1.2 Bearing strength provisions in 22.8 shall not
apply to post-tensioned anchorage zones.

R22.8.1.2 Because post-tensioned anchorage zones
are usually designed in accordance with 25.9, the bearing
strength provisions in 22.8 are not applicable.

22.8.2.1 Factored compressive force transferred through
bearing shall be calculated in accordance with the factored
ORDGFRPELQDWLRQVGH¿QHGLQChapter 5 and analysis proceGXUHVGH¿QHGLQChapter 6.
R22.8.3 Design strength

22

22.8.3 Design strength
22.8.3.1 Design bearing strength shall satisfy:
ࢥBnBu

(22.8.3.1)

for each applicable factored load combination.
22.8.3.2 Nominal bearing strength Bn shall be calculated in
accordance with Table 22.8.3.2, where A1 is the loaded area,
and A2 is the area of the lower base of the largest frustum of
a pyramid, cone, or tapered wedge contained wholly within
the support and having its upper base equal to the loaded
area. The sides of the pyramid, cone, or tapered wedge shall
be sloped 1 vertical to 2 horizontal.
Table 22.8.3.2—Nominal bearing strength
Geometry of bearing area
Supporting surface is wider
on all sides than the loaded
area
Other cases

Bn
Lesser of (a)
and (b)

A2 A1  f c′A1

(a)

2(0.85fcƍA1)

(b)

0.85fcƍA1

Sect. Strength

22.8.2 Required strength

(c)

R22.8.3.2 The permissible bearing stress of 0.85fcƍ is
based on tests reported in Hawkins (1968). Where the
supporting area is wider than the loaded area on all sides, the
VXUURXQGLQJFRQFUHWHFRQ¿QHVWKHEHDULQJDUHDUHVXOWLQJLQ
an increase in bearing strength. No minimum depth is given
for the support, which will most likely be controlled by the
punching shear requirements of 22.6.
A1 is the loaded area but not greater than the bearing plate
or bearing cross-sectional area.
Where the top of the support is sloped or stepped, advantage may still be taken of the condition that the supporting
member is larger than the loaded area, provided the
supporting member does not slope at too great an angle.
Figure R22.8.3.2 illustrates the application of the frustum to
¿QGA2 for a support under vertical load transfer.
Adequate bearing strength needs to be provided for cases
where the compression force transfer is in a direction other
than normal to the bearing surface. For such cases, this
section applies to the normal component and the tangential
component needs to be transferred by other methods, such as
by anchor bolts or shear lugs.
The frustum should not be confused with the path
by which a load spreads out as it progresses downward
through the support. Such a load path would have steeper
VLGHV +RZHYHU WKH IUXVWXP GHVFULEHG KDV VRPHZKDW ÀDW
side slopes to ensure that there is concrete immediately
surrounding the zone of high stress at the bearing.
Where tensile forces occur in the plane of bearing, it may
be desirable to reduce the allowable bearing stress, provide
FRQ¿QHPHQWUHLQIRUFHPHQWRUERWK*XLGHOLQHVDUHSURYLGHG
in the PCI Design Handbook for precast and prestressed
concrete (PCI MNL 120).
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45 deg

45 deg

Loaded area
A1

Plan
Loaded area A1

Load

2
1
A 2 is measured on this plane

Elevation
Fig. R22.8.3.2²$SSOLFDWLRQRIIUXVWXPWR¿QGA2 in stepped
or sloped supports.
22.9—Shear friction
22.9.1 General

R22.9—Shear friction
R22.9.1 General

22.9.1.1 This section shall apply where it is appropriate
to consider shear transfer across any given plane, such as
an existing or potential crack, an interface between dissimilar materials, or an interface between two concretes cast at
GL൵HUHQWWLPHV

R22.9.1.1 The purpose of this section is to provide a design
method to address possible failure by shear sliding on a plane.
Such conditions include a plane formed by a crack in monolithic concrete, an interface between concrete and steel, and an
LQWHUIDFHEHWZHHQFRQFUHWHVFDVWDWGL൵HUHQWWLPHV Birkeland
and Birkeland 1966; Mattock and Hawkins 1972).
Although uncracked concrete is relatively strong in direct
shear, there is always the possibility that a crack will form
in an unfavorable location. The shear-friction concept
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assumes that such a crack will form, and that reinforcement
is provided across the crack to resist relative displacement
along it. When shear acts along a crack, one crack face slips
relative to the other. If the crack faces are rough and irregular,
this slip is accompanied by separation of the crack faces.
$WQRPLQDOVWUHQJWKWKHVHSDUDWLRQLVVX൶FLHQWWRVWUHVVLQ
tension, the reinforcement crossing the crack to its speci¿HG \LHOG VWUHQJWK 7KH UHLQIRUFHPHQW LQ WHQVLRQ SURYLGHV
a clamping force Avf fy across the crack faces. The applied
shear is then resisted by friction between the crack faces,
E\UHVLVWDQFHWRWKHVKHDULQJR൵RISURWUXVLRQVRQWKHFUDFN
faces, and by dowel action of the reinforcement crossing
the crack. Successful application of this section depends on
proper selection of the location of an assumed crack (PCI
MNL 120; Birkeland and Birkeland 1966).
22.9.1.2 The required area of shear-friction reinforcement
across the assumed shear plane, Avf, shall be calculated in
accordance with 22.9.4. Alternatively, it shall be permitted
to use shear transfer design methods that result in prediction
of strength in substantial agreement with results of comprehensive tests.

R22.9.1.2 The relationship between shear-transfer
strength and the reinforcement crossing the shear plane
can be expressed in various ways. Equations (22.9.4.2) and
(22.9.4.3) are based on the shear-friction model and provide
a conservative estimate of the shear-transfer strength.
Other relationships that provide a more accurate estimate
of shear-transfer strength can be used under the requirements
of this section. Examples of such procedures can be found
in the PCI Design Handbook (PCI MNL 120), Mattock et al.
(1976b), and Mattock (1974).

22.9.1.3 The value of fy used to calculate Vn for shear friction shall not exceed the limit in 20.2.2.4.
22.9.1.4 Surface preparation of the shear plane assumed
IRUGHVLJQVKDOOEHVSHFL¿HGLQWKHFRQVWUXFWLRQGRFXPHQWV

R22.9.1.4 For concrete cast against hardened concrete or
structural steel, 26.5.6.1 requires the licensed design professional to specify the surface preparation in the construction
documents.

22.9.2 Required strength
22.9.2.1 Factored forces across the assumed shear plane
shall be calculated in accordance with the factored load
FRPELQDWLRQVGH¿QHGLQChapter 5 and analysis procedures
GH¿QHGLQChapter 6.
22.9.3 Design strength
22.9.3.1 Design shear strength across the assumed shear
plane shall satisfy:
ࢥVnVu

(22.9.3.1)

for each applicable factored load combination.
22.9.4 1RPLQDOVKHDUVWUHQJWK

R22.9.4 1RPLQDOVKHDUVWUHQJWK

22.9.4.1 Value of Vn across the assumed shear plane shall
be calculated in accordance with 22.9.4.2 or 22.9.4.3. Vn
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shall not exceed the value calculated in accordance with
22.9.4.4.
22.9.4.2 If shear-friction reinforcement is perpendicular to
the shear plane, nominal shear strength across the assumed
shear plane shall be calculated by:
Vn =ȝAvf fy

(22.9.4.2)

where Avf is the area of reinforcement crossing the assumed
VKHDUSODQHWRUHVLVWVKHDUDQGȝLVWKHFRH൶FLHQWRIIULFWLRQ
in accordance with Table 22.9.4.2.
Table 22.9.4.2—Coefficients of friction
Contact surface condition

&RH൶FLHQWRI
friction ȝ[1]

Concrete placed monolithically

Ȝ

(a)

Concrete placed against hardened concrete
that is clean, free of laitance, and intentionally
roughened to a full amplitude of approximately
LQ

Ȝ

(b)

Concrete placed against hardened concrete that
is clean, free of laitance, and not intentionally
roughened

Ȝ

(c)

Concrete placed against as-rolled structural
steel that is clean, free of paint, and with shear
transferred across the contact surface by headed
studs or by welded deformed bars or wires.

Ȝ

(d)

[1]
Ȝ = 1.0 for normalweight concrete. For lightweight concrete, Ȝ is calculated as given
in 19.2.4, but shall not exceed 0.85.

22.9.4.3 If shear-friction reinforcement is inclined to the
shear plane and the shear force induces tension in the shearfriction reinforcement, nominal shear strength across the
assumed shear plane shall be calculated by:
Vn = Avf fy ȝVLQĮ+FRVĮ



where Į is the angle between shear-friction reinforcement
DQGDVVXPHGVKHDUSODQHDQGȝLVWKHFRH൶FLHQWRIIULFWLRQ
in accordance with Table 22.9.4.2.

R22.9.4.2 The required area of shear-friction reinforcement, Avf, is calculated using:
Avf =

Vu
φf y μ

(R22.9.4.2)

The upper limit on shear strength that can be achieved
using Eq. (22.9.4.2) is given in 22.9.4.4.
In the shear-friction method of calculation, it is assumed
that all the shear resistance is due to the friction between the
FUDFNIDFHV,WLVWKHUHIRUHQHFHVVDU\WRXVHDUWL¿FLDOO\KLJK
YDOXHVRIWKHFRH൶FLHQWRIIULFWLRQLQWKHVKHDUIULFWLRQHTXDtions so that the calculated shear strength will be in reasonable agreement with test results.
For concrete cast against hardened concrete not roughened
in accordance with 22.9.4.2, shear resistance is primarily due
to dowel action of the reinforcement. Test results (Mattock
1977) indicate that the reduced value of ȝ ȜVSHFL¿HG
for this case is appropriate.
For concrete placed against as-rolled structural steel,
the shear-transfer reinforcement may be either reinforcing
bars or headed studs. The design of shear connectors for
composite action of concrete slabs and steel beams is not
covered by these provisions. AISC 360 contains design
provisions for these systems.
R22.9.4.3 Inclined shear-friction reinforcement is illustrated in Fig. R22.9.4.3a (Mattock 1974  ZKHUH Į LV WKH
acute angle between the bar and the shear plane. Equation
(22.9.4.3) applies only when the shear force component
parallel to the reinforcement produces tension in the reinforcement and the force component parallel to the shear
plane resists part of the shear, as shown in Fig. R22.9.4.3a.
If the shear-friction reinforcement is inclined such that
the shear force component parallel to the reinforcement
produces compression in the reinforcement, as shown in Fig.
R22.9.4.3b, then shear friction does not apply (Vn = 0).
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and shear plane
Applied shear
Vu
Tension in
reinforcement

α
Vn by Eq. (22.9.4.3)

22

Fig. R22.9.4.3a²7HQVLRQLQVKHDUIULFWLRQUHLQIRUFHPHQW

Sect. Strength

Shear friction
reinforcement, Avf

Assumed crack
and shear plane
Applied shear
Compression
in reinforcement
Reinforcement

Vu

Shear-friction does not apply
Fig. R22.9.4.3b²&RPSUHVVLRQLQUHLQIRUFHPHQW

22.9.4.4 The value of Vn across the assumed shear plane
shall not exceed the limits in Table 22.9.4.4. Where concretes
RIGL൵HUHQWVWUHQJWKVDUHFDVWDJDLQVWHDFKRWKHUWKHOHVVHU
value of fcƍ shall be used in Table 22.9.4.4.

R22.9.4.4 Upper limits on shear friction strength are
necessary, as Eq. (22.9.4.2) and (22.9.4.3) may become
unconservative for some cases (Kahn and Mitchell 2002;
Mattock 2001).

Table 22.9.4.4—Maximum Vn across the assumed
shear plane
Condition

Maximum Vn

Normalweight concrete
placed monolithically or
placed against hardened
concrete intentionally
roughened to a full amplitude
RIDSSUR[LPDWHO\LQ

0.2fcƍAc

(a)

Least of
(a), (b),
and (c)

(480 + 0.08fcƍ Ac

(b)

1600Ac

(c)

Lesser of
(d) and
(e)

0.2fcƍAc

(d)

Other cases

800Ac

(e)

22.9.4.5 Permanent net compression across the shear
plane shall be permitted to be added to Avf fy, the force in the
shear-friction reinforcement, to calculate required Avf.

R22.9.4.5 This provision is supported by test data
(Mattock and Hawkins 1972) and should be used to reduce
the amount of shear-friction reinforcement required only if
the compressive force across the shear plane is permanent.
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22.9.4.6 Area of reinforcement required to resist a net
factored tension across an assumed shear plane shall be
added to the area of reinforcement required for shear friction
crossing the assumed shear plane.

R22.9.4.6 Tension across the shear plane may be caused
by restraint of deformations due to temperature change,
creep, and shrinkage.
:KHUHPRPHQWDFWVRQDVKHDUSODQHWKHÀH[XUDOFRPSUHVsion and tension forces are in equilibrium and do not change
the resultant compression Avf fy acting across the shear plane
or the shear-friction resistance. It is therefore not necessary to
SURYLGHDGGLWLRQDOUHLQIRUFHPHQWWRUHVLVWWKHÀH[XUDOWHQVLRQ
VWUHVVHV XQOHVV WKH UHTXLUHG ÀH[XUDO WHQVLRQ UHLQIRUFHPHQW
exceeds the amount of shear-transfer reinforcement provided
LQWKHÀH[XUDOWHQVLRQ]RQH Mattock et al. 1975).

22.9.5 'HWDLOLQJIRUVKHDUIULFWLRQUHLQIRUFHPHQW
22.9.5.1 Reinforcement crossing the shear plane to satisfy
22.9.4 shall be anchored to develop fy on both sides of the
shear plane.

R22.9.5 'HWDLOLQJIRUVKHDUIULFWLRQUHLQIRUFHPHQW
R22.9.5.1 If no moment acts across the shear plane, reinforcement should be uniformly distributed along the shear
plane to minimize crack widths. If a moment acts across
the shear plane, the shear-transfer reinforcement should be
SODFHGSULPDULO\LQWKHÀH[XUDOWHQVLRQ]RQH
Anchorage may be developed by bond, by a mechanical
device, or by threaded dowels and screw inserts. Space
limitations often require the use of mechanical anchorage
devices. For anchorage of headed studs in concrete, refer to
PCI Design Handbook for precast and prestressed concrete
(PCI MNL 120).
The shear-friction reinforcement anchorage should engage
the primary reinforcement; otherwise, a potential crack may
pass between the shear-friction reinforcement and the body
of the concrete. This requirement applies particularly to
welded headed studs used with steel inserts.
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23.1—Scope
23.1.1 This chapter shall apply to the design of structural
concrete members, or regions of members, where load or
geometric discontinuities cause a nonlinear distribution of
longitudinal strains within the cross section.

R23.1—Scope
A discontinuity in the stress distribution occurs at a change
in the geometry of a structural element or at a concentrated
load or reaction. St. Venant’s principle indicates that the
stresses due to axial force and bending approach a linear
distribution at a distance approximately equal to the overall
depth of the member, h, away from the discontinuity. For
this reason, discontinuity regions are assumed to extend
a distance h from the section where the load or change in
geometry occurs.
The shaded regions in Fig. R23.1(a) and (b) show typical
D-regions (Schlaich et al. 1987). The plane sections assumption of 9.2.1 is not applicable in such regions. In general,
any portion of a member outside a D-region is a B-region
ZKHUHWKHSODQHVHFWLRQVDVVXPSWLRQVRIÀH[XUDOWKHRU\FDQ
be applied. The strut-and-tie design method, as described
in this chapter, is based on the assumption that D-regions
can be analyzed and designed using hypothetical pin-jointed
trusses consisting of struts and ties connected at nodes.
7KH LGHDOL]HG WUXVV VSHFL¿HG LQ  ZKLFK IRUPV WKH
basis of the strut-and-tie method, is not intended to apply
WR VWUXFWXUDO V\VWHPV FRQ¿JXUHG DV DFWXDO WUXVVHV EHFDXVH
VHFRQGDU\H൵HFWVVXFKDVPRPHQWVDUHQRWLQFOXGHGLQWKH
model.

23.1.2 Any structural concrete member, or discontinuity
region in a member, shall be permitted to be designed by
modeling the member or region as an idealized truss in
accordance with this chapter.
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h2
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h

h

h

h2
h2

h1

h1

(a) Geometric discontinuities
h
h

h
h
2h
h

h

(b) Loading and geometric discontinuities
Fig. R23.1—D-regions and discontinuities.
23.2—General
23.2.1 Strut-and-tie models shall consist of struts and ties
connected at nodes to form an idealized truss in two or three
dimensions.

R23.2—General
R23.2.1 For the idealized truss, struts are the compression
members, ties are the tension members, and nodes are the
joints. Uniformly distributed loads are usually idealized as
a series of concentrated loads applied at nodes. Similarly,
distributed reinforcement is usually modeled as discrete ties
representing groups of individual bars or wires. Details of
the use of the strut-and-tie method are given in Schlaich et al.
(1987), Collins and Mitchell (1991), MacGregor (1997), FIP
(1999), Menn (1986), Muttoni et al. (1997), and ACI 445R.
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Design examples for the strut-and-tie method are given in
ACI SP-208 (Reineck 2002) and ACI SP-273 (Reineck and
Novak 2010). The process of designing by the strut-and-tie
method to support the imposed forces acting on and within
a D-region is referred to as the strut-and-tie method, and it
includes the following four steps:
 'H¿QHDQGLVRODWHHDFK'UHJLRQ
(2) Calculate resultant forces on each D-region boundary.
(3) Select the model and calculate the forces in the struts
and ties to transfer the resultant forces across the D-region.
The axes of the struts and ties are chosen to approximately
FRLQFLGHZLWKWKHD[HVRIWKHFRPSUHVVLRQDQGWHQVLRQ¿HOGV
respectively.
(4) Design the struts, ties, and nodal zones so that they
KDYH VX൶FLHQW VWUHQJWK :LGWKV RI VWUXWV DQG QRGDO ]RQHV
DUHGHWHUPLQHGFRQVLGHULQJWKHH൵HFWLYHFRQFUHWHVWUHQJWKV
GH¿QHGLQDQG5HLQIRUFHPHQWLVSURYLGHGIRU
WKHWLHVFRQVLGHULQJWKHVWHHOVWUHQJWKVGH¿QHGLQ7KH
reinforcement should be anchored in or beyond the nodal
zones.
The components of a strut-and-tie model of a single-span
GHHSEHDPORDGHGZLWKWZRFRQFHQWUDWHGORDGVDUHLGHQWL¿HG
in Fig. R23.2.1. The cross-sectional dimensions of a strut or
tie are designated as thickness and width, and both directions
are perpendicular to the axis of the strut or tie. Thickness is
perpendicular to the plane, and width is in the plane of the strutand-tie model. A tie consists of nonprestressed or prestressed
reinforcement plus a portion of the surrounding concrete that
is concentric with the axis of the tie. The surrounding concrete
LVLQFOXGHGWRGH¿QHWKH]RQHLQZKLFKWKHIRUFHVLQWKHWLHV
are to be anchored. The concrete in a tie is not used to resist
the axial force in the tie. Although not explicitly considered in
design, the surrounding concrete will reduce the elongations
of the tie, especially at service loads.

Boundary
strut

Interior
strut

θ

Tie

Nodal zone

Fig. R23.2.1—Description of strut-and-tie model.
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23.2.2 Geometry of the idealized truss shall be consistent
with the dimensions of the struts, ties, nodal zones, bearing
areas, and supports.

R23.2.2 The struts, ties, and nodal zones making up the
VWUXWDQGWLH PRGHO DOO KDYH ¿QLWH ZLGWKV W\SLFDOO\ LQ WKH
plane of the model, and thicknesses, typically the out-ofplane dimension of the structure, which should be taken
into account in selecting the dimensions of the truss. Figures
R23.2.2(a) and (b) show a node and the corresponding nodal
zone. The vertical and horizontal forces equilibrate the
forces in the inclined strut.
If more than three forces act on a nodal zone in a twodimensional strut-and-tie model, as shown in Fig. R23.2.2b,
it is suggested to resolve some of the forces to form three
intersecting forces. The strut forces acting on Faces A-E and
C-E in Fig. R23.2.2(a) can be replaced with one force acting
on Face A-C as shown in Fig. R23.2.2(b). This force passes
through the node at D.
Alternatively, the strut-and-tie model can be analyzed
assuming all the strut forces act through the node at D, as
shown in Fig. R23.2.2(c). In this case, the forces in the two
struts on the right side of Node D can be resolved into a single
force acting through Point D, as shown in Fig. R23.2.2(d).
If the width of the support in the direction perpendicular to
the member is less than the width of the member, transverse
reinforcement may be required to restrain vertical splitting
in the plane of the node. This can be modeled using a transverse strut-and-tie model.
R23.2.3 The analysis results from the strut-and-tie method
represent lower-bound strength limit states. Section 23.5.1
requires distributed reinforcement in D-regions designed
by this chapter unless struts are laterally restrained. Distributed reinforcement in D-regions will improve serviceability performance. In addition, crack widths in a tie can
be controlled using 24.3.2, assuming the tie is encased in a
prism of concrete corresponding to the area of the tie from
R23.8.1.
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D
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D

B
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CODE
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(c) Four forces acting
on node D

(d) Forces on right side
of node shown in (c)
resolved
Fig. R23.2.2—Resolution of forces on a nodal zone.

23.2.3 Strut-and-tie models shall be capable of transferring all factored loads to supports or adjacent B-regions.
23.2.4 The internal forces in strut-and-tie models shall be
in equilibrium with the applied loads and reactions.
23.2.5 Ties shall be permitted to cross struts and other ties.
23.2.6 Struts shall intersect or overlap only at nodes.

R23.2.6$K\GURVWDWLFQRGDO]RQHE\GH¿QLWLRQKDVHTXDO
stresses on the loaded faces; these faces are perpendicular
to the axes of the struts and ties that act on the node. This
type of node is considered a hydrostatic nodal zone because
the in-plane stresses are the same in all directions. Strictly
speaking, this terminology is incorrect because the in-plane
stresses are not equal to the out-of-plane stresses.
Figure R23.2.6a(i) shows a C-C-C nodal zone. If the
stresses on the face of the nodal zone are the same in all
three struts, the ratios of the lengths of the sides of the nodal
zone, wn1:wn2:wn3, are in the same proportions as the three
forces, C1:C2:C3.
A C-C-T nodal zone can be represented as a hydrostatic
nodal zone if the tie is assumed to extend through the node
and is anchored by a plate on the far side of the node, as
shown in Fig. R23.2.6a(ii), provided that the size of the plate
results in bearing stresses that are equal to the stresses in the
struts. The bearing plate on the left side of Fig. R23.2.6a(ii)
is used to represent an actual tie anchorage. The tie force can
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be anchored by a plate or through embedment of straight
bars (Fig. R23.2.6a(iii)), headed bars, or hooked bars. For
non-hydrostatic nodes, the face with the highest stress will
control the dimensions of the node.
The lightly shaded area in Fig. R23.2.6b is an extended
nodal zone. An extended nodal zone is that portion of a
PHPEHU ERXQGHG E\ WKH LQWHUVHFWLRQ RI WKH H൵HFWLYH VWUXW
width wsDQGWKHH൵HFWLYHWLHZLGWKwt.
For equilibrium, at least three forces should act on each
node in a strut-and-tie model, as shown in Fig. R23.2.6c.
1RGHVDUHFODVVL¿HGDFFRUGLQJWRWKHVLJQVRIWKHVHIRUFHV$
C-C-C node resists three compressive forces, a C-C-T node
resists two compressive forces and one tensile force, and a
C-T-T node resists one compressive force and two tensile
forces.
wn2

C2

ws
C1
wn3

C1
wn1

C3
(i) Geometry

T
wt

C2

(ii) Tensile force
anchored by a plate

C1
T

C2

lanc, see R23.8.2

Critical section for
development of
tie reinforcement

(iii) Tensile force anchored by embedment

Fig. R23.2.6a—Hydrostatic nodes.

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

440

441

CODE

COMMENTARY
ws = wt cosθ + bsinθ

b s

wt cosθ

inθ

C
Extended
nodal zone

cb

θ

Nodal zone

C

T

Strut-and-Tie

wt = 2cb

b

anc, see R23.8.2
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(i) One layer of reinforcement

w

s

w

t

=

w

t

co

co

sθ

sθ

+

b s

inθ

b s

inθ

C
Extended
nodal zone

T

wt

Nodal zone

C

θ

Critical section for
development of
tie reinforcement

b

anc, see R23.8.2

(ii) Distributed reinforcement
Fig. R23.2.6b²([WHQGHGQRGDO]RQHVKRZLQJWKHHৼHFWRI
the distribution of the force.

C

T

C
C

C
T
T

C

C

(i) C-C-C Node (ii) C-C-T Node (iii) C-T-T Node
Fig. R23.2.6c²&ODVVL¿FDWLRQRIQRGHV
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23.2.7 The angle between the axes of any strut and any tie
entering a single node shall be at least 25 degrees.

R23.2.7 The angle between the axes of a strut and a tie
acting on a node should be large enough to mitigate cracking
and to avoid incompatibilities due to shortening of the
strut and lengthening of the tie occurring in approximately
the same direction. This limitation on the angle prevents
modeling shear spans in slender beams using struts inclined
at less than 25 degrees from the longitudinal reinforcement
(Muttoni et al. 1997).
In some cases, strut-and-tie models can be adjusted to
satisfy this requirement without excluding transverse reinforcement close to concentrated loads or reactions as illustrated in Fig. R23.2.7.

Note: Hanger reinforcement
is hooked around top bars of
member
b

e

e
b′

a

a
c

f

f

c

g

g
d

d

Invalid angle < 25 degrees
(a) Invalid strut-and-tie model

Angle > 25 degrees
(b) Adjusted strut-and-tie model
to satisfy 23.2.7

Fig. R23.2.7²6WUXWDQGWLHPRGHORIGDSSHGFRQQHFWLRQLOOXVWUDWLQJDGMXVWPHQWWRFRPSO\
ZLWK
23.2.87KHH൵HFWVRISUHVWUHVVLQJVKDOOEHLQFOXGHGLQWKH
strut-and-tie model as external loads with load factors in
accordance with 5.3.11. For pretensioned members, it shall
be permitted to assume that the prestress force is applied at
the end of the strand transfer length.

R23.2.8 7KH ÀRZ RI IRUFHV LQ WKH VWUXWDQGWLH PRGHO
LV XQUHDOLVWLF LI SUHVWUHVVLQJ H൵HFWV DUH QRW FRQVLGHUHG DV
H[WHUQDO ORDGV ,QFOXGLQJ SUHVWUHVVLQJ H൵HFWV DV H[WHUQDO
ORDGV LV UHTXLUHG WR LGHQWLI\ UHJLRQV ZKHUH WKH H൵HFWV RI
other external loads exceed the precompression force and
YLFH YHUVD 3UHVWUHVVLQJ H൵HFWV DUH VLPXODWHG E\ FRQFHQtrated loads at the anchorages and transverse loads equivaOHQW WR WKH H൵HFWV RI WHQGRQ GHYLDWLRQ RU FXUYDWXUH 3URYLsion 5.3.11UHTXLUHVGL൵HUHQWORDGIDFWRUVGHSHQGLQJRQWKH
H൵HFWVRISUHVWUHVVLQJRQWKHVWUXWDQGWLHPRGHO$SSO\LQJ
the prestressing force at the end of the transfer length may
require a deformed bar tie where the prestress force is being
transferred.

23.2.9 Deep beams designed using the strut-and-tie
method shall satisfy 9.9.2.1, 9.9.3.1, and 9.9.4.
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23.2.10 Brackets and corbels with shear span-to-depth
ratio av/d < 2.0 designed using the strut-and-tie method shall
satisfy 16.5.2, 16.5.6, and Eq. (23.2.10).
(23.2.10)
R23.2.11 A construction joint between a corbel and face
of a column is an example of an interface where the shear
friction requirements of 22.9 apply.

23.2.12 Members designed using strut-and-tie models
that are part of seismic-force-resisting system shall meet the
additional requirements of 23.11, if applicable.
23.3—Design strength
23.3.1 For each applicable factored load combination,
design strength of each strut, tie, and nodal zone in a strutand-tie model shall satisfy ࢥSnU, including (a) through (c):
(a) Struts: ࢥFnsFus
(b) Ties: ࢥFntFut
(c) Nodal zones: ࢥFnnFus

R23.3—Design strength
R23.3.1 Factored loads are applied to the strut-and-tie
model, and the forces in all the struts, ties, and nodal zones
are calculated. If several load combinations exist, each
should be investigated separately. For a given strut, tie, or
nodal zone, Fu is the largest force in that element for all load
combinations considered.

ࢥ shall be in accordance with 21.2.
23.4—Strength of struts
23.4.1 The nominal compressive strength of a strut, Fns,
shall be calculated by (a) or (b):
(a) Strut without longitudinal reinforcement
Fns = fce Acs

(23.4.1a)

(b) Strut with longitudinal reinforcement
Fns = fce Acs + Asƍfsƍ

E

where Fns shall be evaluated at each end of the strut and
taken as the lesser value; Acs is the cross-sectional area
at the end of the strut under consideration; fce is given in
23.4.3; Asƍ is the area of compression reinforcement along
the length of the strut; and fsƍ is the stress in the compression reinforcement at the nominal axial strength of the
strut. It shall be permitted to take fsƍ equal to fy for Grade
40 or 60 reinforcement.
23.4.2(൵HFWLYHFRPSUHVVLYHVWUHQJWKRIFRQFUHWHLQDVWUXW
fce, shall be calculated in accordance with 23.4.3 or 23.4.4.

R23.4—Strength of struts
R23.4.1 The width of strut, ws, used to calculate Acs is the
dimension perpendicular to the axis of the strut at the ends
of the strut. This strut width is illustrated in Fig. R23.2.6a(i)
and Fig. R23.2.6b. If two-dimensional strut-and-tie models
are appropriate, such as for deep beams, the thickness of the
struts may be taken as the width of the member except at
bearing supports where the thickness of the strut must equal
the least thickness of the member or supporting element.
The contribution of reinforcement to the strength of the
strut is given by the last term in Eq. (23.4.1b). The stress
fsƍ in the reinforcement in a strut at nominal strength can be
obtained from the strains in the strut when the strut crushes.
Detailing requirements in 23.6 must be met including
FRQ¿QHPHQWUHLQIRUFHPHQWWRSUHYHQWEXFNOLQJRIWKHVWUXW
reinforcement.

R23.4.2 In design, struts are usually idealized as prismatic
FRPSUHVVLRQPHPEHUV,IWKHDUHDRIDVWUXWGL൵HUVDWLWVWZR
HQGVGXHHLWKHUWRGL൵HUHQWQRGDO]RQHVWUHQJWKVDWWKHWZR
HQGVRUWRGL൵HUHQWEHDULQJOHQJWKVWKHVWUXWLVLGHDOL]HGDVD
uniformly tapered compression member.
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23.4.3 (൵HFWLYH FRPSUHVVLYH VWUHQJWK RI FRQFUHWH LQ D
strut, fce, shall be calculated by:

R23.4.3 7KH VWUHQJWK FRH൶FLHQW 0.85fcƍ in Eq. (23.4.3)
UHSUHVHQWV WKH H൵HFWLYH FRQFUHWH VWUHQJWK XQGHU VXVWDLQHG
compression, similar to that used in Eq. (22.4.2.2) and
(22.4.2.3).
The value of ȕs in (a) of Table 23.4.3(a) applies, for
example, to a transverse model of a ledger beam used to
proportion hanger and ledge reinforcement, where longituGLQDOWHQVLRQLQWKHÀDQJHUHGXFHVWKHVWUHQJWKRIWKHWUDQVverse struts. The low value of ȕs UHÀHFWV WKDW WKHVH VWUXWV
need to transfer compression in a zone where tensile stresses
act perpendicular to the plane of the strut-and-tie model.
The value of ȕs in (b) of Table 23.4.3(a) applies to a
boundary strut and results in a stress state that is comparable
to the rectangular stress block in the compression zone of a
beam or column. Boundary struts are not subject to transYHUVHWHQVLRQDQGWKHUHIRUHKDYHDKLJKHUH൵HFWLYHVWUHQJWK
fce, than interior struts (Fig. R23.2.1).
The value of ȕsLQ F RI7DEOH D UHÀHFWVWKHEHQH¿FLDOH൵HFWRIGLVWULEXWHGUHLQIRUFHPHQW
The value of ȕs in (d) of Table 23.4.3(a) applies to interior
VWUXWVLQUHJLRQVZLWKVX൶FLHQWGLDJRQDOWHQVLRQVWUHQJWKWR
satisfy Eq. (23.4.4).
The value of ȕs LQ H  RI 7DEOH  D  UHÀHFWV WKH
UHTXLUHPHQWV IRU UHLQIRUFHPHQW RU FRQ¿QHPHQW RI EHDP
column joints in Chapter 15.
The value of ȕs in (f) of Table 23.4.3(a) is reduced to
preclude diagonal tension failure in regions without transverse reinforcement that do not meet or are not evaluated
under 23.4.4. Evaluation of test results from the ACI shear
database for members without transverse reinforcement
indicates that diagonal tension failures are precluded if struts
are proportioned based on ȕs of 0.4 (Reineck and Todisco
2014). The ACI shear database includes test results for
specimens with an average d of 15 in. and not exceeding 38
LQ WKHUHIRUH VL]H H൵HFW ZRXOG QRW EH H[SHFWHG WR VLJQL¿cantly reduce the strength of members of this size. Because
VL]H H൵HFW PD\ EH VLJQL¿FDQW IRU GHHSHU PHPEHUV ZLWKRXW
transverse reinforcement, evaluation in accordance with Eq.
(23.4.4) is considered appropriate.
7KH LQÀXHQFH RI FRQFUHWH FRQ¿QHPHQW RQ WKH H൵HFWLYH
compressive strength of a strut or node is taken into account
by ȕc. The bearing surface can be a bearing plate or the area
IURPDZHOOGH¿QHGFRPSUHVVLYHORDGIURPDQRWKHUPHPEHU
VXFKDVDFROXPQ,WLVWKHVDPHFRQ¿QLQJH൵HFWDVXVHGIRU
bearing areas in 22.8.3. The increase in compressive strength
DVVRFLDWHG ZLWK WKH FRQ¿QHPHQW SURYLGHG E\ VXUURXQGLQJ
concrete for a strut-and-tie model is described by Tuchscherer et al. (2010) and Breen et al. (1994).

fce ȕcȕs fcƍ



where ȕs is in accordance with Table 23.4.3(a) and ȕc is in
accordance with Table 23.4.3(b).
Table 23.4.3(a)—Strut coefficient ȕs
Strut location

Strut type

Criteria

ȕs

Tension
members or
tension zones
of members

Any

All cases

0.4

(a)

Boundary
struts

All cases

1.0

(b)

Reinforcement
satisfying (a) or (b) of
Table 23.5.1

0.75

(c)

Located in regions
satisfying 23.4.4

0.75

(d)

Beam-column joints

0.75

(e)

All other cases

0.4

(f)

All other cases

Interior
struts

Table 23.4.3(b)—Strut and node confinement
modification factor ȕc
Location

ȕc

• End of a strut connected
to a node that includes a
bearing surface
• Node that includes a
bearing surface

Lesser of

A2 A1 , where A1 is
GH¿QHGE\WKHEHDULQJ
surface
2.0

Other cases

1.0

(a)

(b)
(c)

23.4.4 If use of ȕs of 0.75 is based on line (d) of Table
23.4.3(a), member dimensions shall be selected to satisfy
Eq. (23.4.4), where ȜsLVGH¿QHGLQ
Vu ≤ φ5 tan φλλ s

f c′bw d

(23.4.4)

23.4.4 Equation (23.4.4) is intended to preclude diagonal
tension failure. In discontinuity regions, diagonal tension
strength increases as the strut angle increases. For very
steeply inclined struts, Vu can exceed ࢥȜȜs f c′ bwd.
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23.4.4.1 7KH VL]H H൵HFW PRGL¿FDWLRQ IDFWRU Ȝs, shall be
determined by (a) or (b), as applicable:
(a) If distributed reinforcement is provided in accordance
with 23.5, Ȝs shall be taken as 1.0.
(b) If distributed reinforcement is not provided in accordance with 23.5, Ȝs shall be taken in accordance with Eq.
(23.4.4.1).

1+

d
10

≤1

(23.4.4.1)

23.5—Minimum distributed reinforcement
23.5.1 In D-regions designed using the strut-and-tie
method, minimum distributed reinforcement shall be
provided across the axes of interior struts in accordance with
Table 23.5.1.
Table 23.5.1—Minimum distributed reinforcement
Lateral
restraint of
strut

Not restrained

Restrained

Reinforcement
FRQ¿JXUDWLRQ

Minimum distributed
reinforcement ratio

Orthogonal grid

0.0025 in each
direction

(a)

Reinforcement in one
direction crossing strut
DWDQJOHĮ1

0.0025
sin 2 α1

(b)

Distributed reinforcement not required

(c)

23.5.2 Distributed reinforcement required by 23.5.1 shall
satisfy (a) and (b):
(a) Spacing shall not exceed 12 in.
(b) Angle Į1 shall not be less than 40 degrees.
23.5.3 Struts are considered laterally restrained if they
are restrained perpendicular to the plane of the strut-and-tie
model in accordance with (a), (b), or (c):
(a) The discontinuity region is continuous perpendicular
to the plane of the strut-and-tie model.
(b) The concrete restraining the strut extends beyond each
side face of the strut a distance not less than half the width
of the strut.
(c) The strut is in a joint that is restrained in accordance
with 15.2.5 or 15.2.6.

R23.5—Minimum distributed reinforcement
The strut-and-tie method is derived from the lower-bound
theorem of plasticity; therefore, a member designed using
WKLV PHWKRG UHTXLUHV VX൶FLHQW UHLQIRUFHPHQW WR SURPRWH
redistribution of the internal forces in the cracked state
(Marti 1985). In addition to allowing force redistribution,
distributed reinforcement controls cracking at service loads
and promotes ductile behavior (Smith and Vantsiotis 1982;
Rogoswky and MacGregor 1986; Tan et al. 1977).
Interior struts are typically oriented parallel to compresVLRQ¿HOGVDQGDUHWKHUHIRUHRULHQWHGSHUSHQGLFXODUWRGLDJRQDOWHQVLRQ¿HOGV7HQVLOHVWUHVVHVDFURVVWKHVWUXWPD\DOVR
develop where compressive stress at the node spreads out
along the length of a strut. Minimum distributed reinforcement helps control cracking from these tensile stresses.
The distributed reinforcement ratio required by 23.5.1 is
the total on both faces plus any interior layers placed in wide
members. Figure R23.5.1 illustrates unidirectional distributed reinforcement crossing interior struts at angle Į1.
Although minimum distributed reinforcement is not
required where interior struts are laterally restrained, distribXWHGUHLQIRUFHPHQWPD\EHEHQH¿FLDOLQODUJHGLVFRQWLQXLW\
regions. A continuous corbel supporting a slab is an example
of a discontinuity region that includes struts that are laterally restrained in accordance with 23.5.3(a). Pile caps and
beam ledges supporting concentrated loads are examples
of discontinuity regions that include struts that are laterally
restrained in accordance with 23.5.3(b). The side faces of
the strut in 23.5.3(b) are the faces parallel to the plane of the
model. For pile caps evaluated using three-dimensional strutDQGWLHPRGHOVWKHSODQHRIWKHPRGHOLQLVGH¿QHGE\
the strut in question and the pile to which it connects.

23.5.4 Reinforcement required in 23.5.1 shall be developed beyond the extent of the strut in accordance with 25.4.
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Nuc

Vu

α1

Distributed
reinforcement

α1

Struts

Distributed reinforcement crossing interior struts.
Note that α1 is different for the two struts above; the
minimum distributed reinforcement ratio is controlled
by the smaller angle α1.
Fig. R23.5.1²'LVWULEXWHG UHLQIRUFHPHQW FURVVLQJ LQWHULRU
struts.
23.6—Strut reinforcement detailing
23.6.1 Compression reinforcement in struts shall be
parallel to the axis of the strut and enclosed along the length
of the strut by closed ties in accordance with 23.6.3 or by
spirals in accordance with 23.6.4.

R23.6—Strut reinforcement detailing
R23.6.1 Refer to R23.4.1.

23.6.2 Compression reinforcement in struts shall be
anchored to develop fsƍ at the face of the nodal zone, where
fsƍ is calculated in accordance with 23.4.1.
23.6.3 Closed ties enclosing compression reinforcement
in struts shall satisfy 25.7.2 and this section.
23.6.3.1 Spacing of closed ties, s, along the length of the
strut shall not exceed the smallest of (a) through (c):
(a) Smallest dimension of cross section of strut
(b) 48db of bar or wire used for closed tie reinforcement
(c) 16db of compression reinforcement
23.6.3.27KH¿UVWFORVHGWLHVKDOOEHORFDWHGQRWPRUHWKDQ
0.5s from the face of the nodal zone at each end of a strut.
23.6.3.3 Closed ties shall be arranged such that every
corner and alternate longitudinal bar shall have lateral
support provided by crossties or the corner of a tie with an
included angle of not more than 135 degrees and no longitudinal bar shall be farther than 6 in. clear on each side along
the tie from such a laterally supported bar.

R23.6.3.3 Refer to R25.7.2.3.
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23.6.4 Spirals enclosing compression reinforcement in
struts shall satisfy 25.7.3.
23.7—Strength of ties
23.7.1 Tie reinforcement shall be nonprestressed or
prestressed.

R23.7—Strength of ties

23.7.2 The nominal tensile strength of a tie, Fnt, shall be
calculated by:

R23.7.2 The tie strength in 23.7.2 is based on including any
H൵HFWV RI SUHVWUHVVLQJ DV H[WHUQDO ORDGV LQ DFFRUGDQFH ZLWK
23.2.8. The total strength of a prestressed tie is Atp(fse¨fp).

(23.7.2)

Strut-and-Tie

Fnt = Ats fy + Atp¨fp
where Atp is zero for nonprestressed members.

23.8—Tie reinforcement detailing
23.8.1 The centroidal axis of the tie reinforcement shall
coincide with the axis of the tie assumed in the strut-and-tie
model.

23

23.7.2.1 In Eq. (23.7.2), it shall be permitted to take ¨fp
equal to 60,000 psi for bonded prestressed reinforcement and
10,000 psi for unbonded prestressed reinforcement. Higher
values of ¨fpVKDOOEHSHUPLWWHGLIMXVWL¿HGE\DQDO\VLVEXW
¨fp shall not be taken greater than (fpy – fse).
R23.8—Tie reinforcement detailing
R23.8.17KHH൵HFWLYHWLHZLGWKDVVXPHGLQGHVLJQwt, can
vary between the following limits, depending on the distribution of the tie reinforcement:
D ,IWKHEDUVLQWKHWLHDUHLQRQHOD\HUWKHH൵HFWLYHWLH
width can be taken as the diameter of the bars in the tie
plus twice the cover to the surface of the bars, as shown in
Fig. R23.2.6b(i).
(b) A practical upper limit of the tie width can be taken
as the width corresponding to the width in a hydrostatic
nodal zone, calculated as wt,max = Fnt/(fce bs), where fce is
calculated for the nodal zone in accordance with 23.9.2.
If the tie width exceeds the value from (a), the tie reinforcement should be distributed approximately uniformly
over the width and thickness of the tie, as shown in Fig.
R23.2.6b(ii).
23.8.2 Tie reinforcement shall be anchored by mechanical
devices, post-tensioning anchorage devices, standard hooks,
or straight bar development in accordance with 23.8.3,
except for ties extending from curved-bar nodes designed in
accordance with 23.10.

R23.8.2 Anchorage of ties often requires special attention in nodal zones of corbels or in nodal zones adjacent to
exterior supports of deep beams. The reinforcement in a tie
should be anchored before it exits the extended nodal zone
DWWKHSRLQWGH¿QHGE\WKHLQWHUVHFWLRQRIWKHFHQWURLGRIWKH
bars in the tie and the extensions of the outlines of either the
strut or the bearing area. This length is Ɛanc. In Fig. R23.2.6b,
this occurs where the outline of the extended nodal zone is
crossed by the centroid of the reinforcement in the tie. Some
of the anchorage may be achieved by extending the reinforcement through the nodal zone, as shown in Fig. R23.2.6a(iii)
and R23.2.6b, and developing it beyond the nodal zone. If
the tie is anchored using 90-degree hooks, the hooks should
EH FRQ¿QHG ZLWKLQ UHLQIRUFHPHQW WR DYRLG FUDFNLQJ DORQJ
the outside of the hooks in the support region.
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COMMENTARY
In deep beams, hairpin bars spliced with the tie reinforcement can be used to anchor the tie forces at exterior supports,
provided the beam width is large enough to accommodate
such bars.
Figure R23.8.2 shows two ties anchored at a nodal zone.
Development is required where the centroid of the tie crosses
the outline of the extended nodal zone.
The development length of the tie reinforcement can be
reduced through hooks, headed bars, mechanical devices,
DGGLWLRQDO FRQ¿QHPHQW RU E\ VSOLFLQJ LW ZLWK OD\HUV RI
smaller bars.
T
Axis of strut
Tie

Extended
nodal
zone

C

Nodal
zone

wt

anc

T
Tie

anc
C

Fig. R23.8.2²([WHQGHGQRGDO]RQHDQFKRULQJWZRWLHV
23.8.3 Tie force shall be developed in each direction at
the point where the centroid of the reinforcement in the tie
leaves the extended nodal zone.
23.9—Strength of nodal zones
23.9.1 The nominal compressive strength of a nodal zone,
Fnn, shall be calculated by:
Fnn = fceAnz

R23.9—Strength of nodal zones

(23.9.1)

where fceLVGH¿QHGLQRUDQGAnz is given in
23.9.4 or 23.9.5.
23.9.27KHH൵HFWLYHFRPSUHVVLYHVWUHQJWKRIFRQFUHWHDWD
face of a nodal zone, fce, shall be calculated by:
fce ȕcȕn fcƍ



where ȕn shall be in accordance with Table 23.9.2 and ȕc is
in accordance with Table 23.4.3(b).

R23.9.2 The nodes in two-dimensional models can be
FODVVL¿HGDVVKRZQLQ)LJ5F7KHH൵HFWLYHFRPSUHVsive strength of the nodal zone is given by Eq. (23.9.2) where
the value for ȕn is given in Table 23.9.2.
Lower ȕn YDOXHV UHÀHFW WKH LQFUHDVLQJ GHJUHH RI GLVUXStion of the nodal zones due to the incompatibility of tensile
strains in the ties and compressive strains in the struts.
The stress on any face of the nodal zone or on any section
through the nodal zone should not exceed the value given by
Eq. (23.9.2).
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COMMENTARY

&RQ¿JXUDWLRQRIQRGDO]RQH

ȕn

Nodal zone bounded by struts, bearing areas, or both

1.0

(a)

Nodal zone anchoring one tie

0.80

(b)

Nodal zone anchoring two or more ties

0.60

(c)

As described in R23.4.3, ȕc DFFRXQWV IRU WKH H൵HFW RI
FRQFUHWHFRQ¿QHPHQWRQWKHH൵HFWLYHFRPSUHVVLYHVWUHQJWK
of a node containing a bearing surface. ȕc is the same for the
node as for the node-strut interface.

23.9.3 ,I FRQ¿QLQJ UHLQIRUFHPHQW LV SURYLGHG ZLWKLQ WKH
QRGDO ]RQH DQG LWV H൵HFW LV GRFXPHQWHG E\ WHVWV DQG DQDOyses, it shall be permitted to use an increased value of fce
when calculating Fnn.
23.9.4 The area of each face of a nodal zone, Anz, shall be
taken as the smaller of (a) and (b):
(a) Area of the face of the nodal zone perpendicular to the
line of action of Fus
(b) Area of a section through the nodal zone perpendicular
to the line of action of the resultant force on the section

R23.9.4 If the stresses in all the struts meeting at a node
are equal, a hydrostatic nodal zone can be used. The faces of
such a nodal zone are perpendicular to the axes of the struts,
and the widths of the faces of the nodal zone are proportional
to the forces in the struts.
Stresses on nodal faces that are perpendicular to the axes
of struts and ties are principal stresses, and 23.9.4(a) is used.
If, as shown in Fig. R23.2.6b(ii), the face of a nodal zone is
not perpendicular to the axis of the strut, there will be both
shear stresses and normal stresses on the face of the nodal
zone. Typically, these stresses are replaced by the normal
(principal compressive) stress acting on the cross-sectional
area, Anz, of the strut, taken perpendicular to the axis of the
strut as given in 23.9.4(a).

23.9.5 In a three-dimensional strut-and-tie model, the area
of each face of a nodal zone shall be at least that given in
23.9.4, and the shape of each face of the nodal zone shall be
similar to the shape of the projection of the end of the strut
onto the corresponding face of the nodal zone.
23.10—Curved-bar nodes
23.10.1 Curved-bar nodes shall be designed and detailed
in accordance with this section.

R23.10—Curved-bar nodes
R23.10.1 A curved-bar node is formed by the bend region
of a continuous reinforcing bar (or bars) where two ties
extending from the bend region are intersected by a strut or
the resultant of two or more struts (Fig. R23.10.5), or where a
single tie is anchored by a 180-degree bend (Fig. R23.10.2).

23.10.2,IVSHFL¿HGFOHDUFRYHUQRUPDOWRSODQHRIEHQGLV
2db or greater, the bend radius rb shall be in accordance with
(a) or (b), but shall not be less than half the minimum bend
GLDPHWHUVSHFL¿HGLQ25.3.

R23.10.2 Equation (23.10.2a) is intended to avoid fce
exceeding the limit for C-T-T nodes given by 23.9.2 (Klein
2008). bs is the width of the strut transverse to the plane of
the strut-and-tie model. Equation (23.10.2a) applies whether
WKH WLH IRUFHV DW WKH QRGH DUH HTXDO RU GL൵HUHQW ZKHUH WKH
WLHIRUFHVDUHGL൵HUHQWƐcb required by 23.10.6 must also be
VDWLV¿HG
Ties anchored by 180-degree bends can be used at C-C-T
nodes, as illustrated in Fig. R23.10.2. The parallel straight
legs of the bar(s) that extend into the member form a single
tie. Equation (23.10.2b) is intended to ensure that fce does
not exceed the limit for C-C-T nodes given by 23.9.2. Width
wtLVWKHH൵HFWLYHWLHZLGWKDVLOOXVWUDWHGLQ)LJ5

(a) Curved bar nodes with bends less than 180 degrees:
rb ≥

2 Ats f y
bs f c′

(23.10.2a)

(b) Ties anchored by 180-degree bends:
rb ≥

1.5 Ats f y
wt f c′

(23.10.2b)
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C
180-degree
bends
T

wt

C
See R23.10.2(b) for
minimum bend radius
Fig. R23.10.2—C-C-T node using ties anchored by
GHJUHHEHQGV

23.10.3,IVSHFL¿HGFOHDUFRYHUQRUPDOWRSODQHRIEHQGLV
less than 2db, rb required by 23.10.2 shall be multiplied by
the ratio 2dbcc, where ccLVWKHVSHFL¿HGFOHDUFRYHUWRWKH
side face.

R23.10.3 Larger bar bend radii at curved-bar nodes are
required to reduce the likelihood of side splitting where
concrete cover perpendicular to the plane of the bend is
limited.

23.10.4 If curved-bar nodes are formed by more than one
layer of reinforcement, Ats shall be taken as the total area of
tie reinforcement, and rb shall be taken as the bend radius of
the innermost layer.

R23.10.4 Figure R23.10.4 illustrates the use of a curvedbar node with two layers of reinforcing bars. In such cases,
the total area of tie reinforcement contributes to the compressive stress on the face of the nodal zone (Face ab in Fig.
R23.10.4).

T
b
rb
a

Ats

C

T
C
Fig. R23.10.4—Curved-bar node with two layers of reinIRUFHPHQW QRGDO]RQHLVVKDGHG 

23.10.5 At frame corners, the joint and reinforcement
shall be proportioned such that the center of bar curvature is
located within the joint.

R23.10.5 The radius of the bend should be consistent with
the geometry of the truss used for the strut-and-tie model.
Figure R23.10.5 illustrates the region in which the center of
curvature must be located for a typical frame corner.
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Curved-bar C-T-T node
T
Center of curvature
must be located
within joint
(shaded area)

23.10.6 ƐcbVKDOOEHVX൶FLHQWWRGHYHORSDQ\GL൵HUHQFHLQ
force between the straight legs of the bars extending from
the bend region.

R23.10.6 Tie forces are unequal where the strut (or the
resultant of two or more struts) does not bisect the angle
formed by the ties at each end of the bend. Figure R23.10.6
VKRZVDFXUYHGEDUQRGHZKHUHWKHGL൵HUHQFHLQWLHIRUFHLV
GHYHORSHGLQWKHEHQGUHJLRQQRGDO]RQH5DGLDOFRPSUHVsive stress acting on the node varies, and circumferential
bond stress develops along the bar.
7KH GL൵HUHQFH LQ IRUFH EHWZHHQ WKH WZR WLHV H[WHQGLQJ
from the bend is developed over the length of bend Ɛcb (the
arc length of bar between c and b in Fig. R23.10.6). The
following equation for Ɛcb may be used at 90-degree corners:
Ɛcb > Ɛd ±WDQșc)
where șc is the smaller of the two angles between the axis of
the strut (or the resultant of two or more struts) and the ties
extending from a curved-bar node, and Ɛd is the development
length calculated in accordance with 25.4.2.2 or 25.4.2.3
XVLQJWKHDSSOLFDEOHPRGL¿FDWLRQIDFWRUVRI25.4.2.4.
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ℓcb (measured along centerline of bar)

a

b
Atsfy tanθc
Radial compressive
stress
Circumferential
bond stress

c

θc

Atsfy

C3 Resultant of radial and
circumferential stresses
Atsfy
C3 =
cosθc

Fig. R23.10.6—Forces acting on a curved-bar node where
WKHUHLVDGLৼHUHQFHLQWLHIRUFHV
23.11—Earthquake-resistant design using the
strut-and-tie method
23.11.1 Regions of a seismic-force-resisting system
assigned to Seismic Design Category (SDC) D, E, or F and
designed with the strut-and-tie method shall be in accordance with (a) and (b):
(a) Chapter 18
(b) 23.11.2 through 23.11.5 unless design earthquakeinduced force, E, in the strut-and-tie element is multiplied
by an overstrength factor, o, not less than 2.5 unless a
smaller value of oFDQEHMXVWL¿HGE\DGHWDLOHGDQDO\VLV

23.11.2 Strut strength

R23.11—Earthquake-resistant design using the
strut-and-tie method
R23.11.1 Strut-and-tie elements of a seismic-forceresisting system may experience strength degradation due to
force and displacement reversals. Strut-and-tie elements do
not require seismic detailing when the design force is ampli¿HGE\o. It is preferable that the strength of the seismicforce-resisting system not be limited by the strength of the
discontinuity region designed by the strut-and-tie method.
)RUGLDSKUDJPGHVLJQWKDWLQFOXGHVDPSOL¿HGVHLVPLFIRUFHV
DQDGGLWLRQDODPSOL¿FDWLRQIDFWRULVQRWUHTXLUHG
Load combinations are provided in 5.3.1, and Eq. (5.3.1e)
DQG J  DUH XVHG IRU VHLVPLF GHVLJQ7KH H൵HFWV RI E
may cause reversal of forces in strut and tie elements. In
VXFKFDVHVGL൵HUHQWVWUXWDQGWLHPRGHOVDUHGHYHORSHGIRU
each loading direction.
R23.11.2 Strut strength

23.11.2.1 (൵HFWLYH FRPSUHVVLYH VWUHQJWK GHWHUPLQHG LQ
accordance with 23.4 shall be multiplied by 0.8.
23.11.3 Strut detailing

R23.11.2.1 A reduction factor is applied to account for
cracking that is likely to develop in struts located in a region
subjected to force reversals.
R23.11.3 Strut detailing

23.11.3.1 Struts shall have reinforcement satisfying the
detailing requirements of 23.11.3.2 or 23.11.3.3.

R23.11.3.1 7ZR FRQ¿QHPHQW RSWLRQV IRU VWUXWV DUH
permitted. For 23.11.3.2, each strut contains longitudinal and
transverse reinforcement as required for columns of special
moment frames. For 23.11.3.3, the entire cross section of the
UHJLRQRUPHPEHUFRQWDLQLQJWKHVWUXWVDUHFRQ¿QHGLQVWHDG
of the individual struts.
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COMMENTARY
Expressions (a) and (b) in Table 23.11.3.2(a) are the same
as those in Table 18.7.5.4 for columns of special moment
frames with the exception of Acs substituted for Ag.

(a) Detailed in accordance with 18.7.5.2(a) through (e)
(b) Ash/sbc determined in accordance with Table 23.11.3.2(a)
(c) Spacing satisfying 18.7.5.3(d) and not exceeding the
YDOXHVVSHFL¿HGLQ7DEOH E
(d) Continued through the nodal zone

Transverse
reinforcement

Ashsbc for
rectilinear hoops

Applicable expressions
⎛A
⎞ f′
0.3 ⎜ cs − 1⎟ c
⎝ Ach ⎠ f yt

(a)

Greater of

0.09
[1]

23

Table 23.11.3.2(a)—Transverse reinforcement for
struts[1][2]

f c′
f yt

(b)

Ach is measured to the outside edges of the transverse reinforcement for the strut.

[2]

,WVKDOOEHSHUPLWWHGWRFRQ¿JXUHKRRSVXVLQJWZRSLHFHVRIUHLQIRUFHPHQWDVVSHFL¿HGLQ

Table 23.11.3.2(b)—Transverse reinforcement
spacing limitation
Reinforcement

Maximum transverse bar spacing

Grade 60

Lesser of

Grade 80

Lesser of

Grade 100

Lesser of

6db
6 in.
5db
6 in.
4db
6 in.

Table 23.11.3.3—Transverse reinforcement for the
entire member cross section
Transverse
reinforcement

Ash/sbc for
rectilinear hoops

Applicable expressions
⎛ Ag
⎞ f′
0.3 ⎜
−1 c
⎝ Ach ⎟⎠ f yt

(a)

Greater of

0.09

f c′
f yt

Strut-and-Tie

23.11.3.2 Struts shall be reinforced with a minimum of
four longitudinal bars with a bar in each corner of the transverse reinforcement. Transverse reinforcement shall be
placed perpendicular to the direction of the strut and satisfy
(a) through (d):

(b)

23.11.3.3 Transverse reinforcement shall be provided in
each orthogonal direction and through the thickness of the
American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 7: STRENGTH & SERVICEABILITY

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

entire member cross section or for the region of the member
containing struts and shall satisfy (a) through (d).
(a) Detailed in accordance with 18.7.5.2(a) through (e)
(b) Ash/sbc determined in accordance with Table 23.11.3.3.
(c) Spacing measured along the longitudinal axis of the
PHPEHU QRW H[FHHGLQJ WKH YDOXHV VSHFL¿HG LQ 7DEOH
23.11.3.2(b).
(d) Spacing of crossties or legs of hoops both vertically
and horizontally in the plane of the member cross section
shall not exceed 8 in. Each crosstie and each hoop leg shall
engage a longitudinal bar of equal or greater diameter.
23.11.4 Strength of ties

23.11.4 Strength of ties
23.11.4.1 For tie reinforcement, development length shall
be 1.25 times the length determined in accordance with 25.4.

R23.11.4.1 Because the actual yield strength of tie reinIRUFHPHQWPD\H[FHHGWKHVSHFL¿HG\LHOGVWUHQJWKDQGVWUDLQ
hardening of the reinforcement is likely to occur, development lengths for tie reinforcement are determined considering a stress of 1.25fy.
23.11.5 Strength of nodes

23.11.5 Strength of nodes
23.11.5.1 The nominal compressive strength of a nodal
zone calculated in accordance with 23.9 shall be multiplied
by 0.8.

R23.11.5.1 A reduction of the nominal compressive
strength at nodes is provided to account for tie yielding
DQGWKHH൵HFWRIUHYHUVHGF\FOLFORDGLQJ Mansour and Hsu
2005; To et al. 2009; Ruggiero et al. 2016).
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COMMENTARY

24.1—Scope
24.1.1 This chapter shall apply to member design for
minimum serviceability, including (a) through (d):

R24.1—Scope
This chapter prescribes serviceability requirements that
are referenced by other chapters of the Code, or are otherwise applicable to provide adequate performance of structural members. This chapter does not stand on its own as a
complete and cohesive compilation of serviceability requirements for the design of structural members. This chapter has
QRVSHFL¿FUHTXLUHPHQWVIRUYLEUDWLRQV
&DVWLQSODFH ÀRRU V\VWHPV GHVLJQHG LQ DFFRUGDQFH ZLWK
WKHPLQLPXPWKLFNQHVVDQGGHÀHFWLRQUHTXLUHPHQWVRI7.3,
8.3, 9.3, and 24.2 have generally been found, through experience, to provide vibration performance suitable for human
comfort under typical service conditions. However, there
may be situations where serviceability conditions are not
VDWLV¿HGIRUH[DPSOH
D /RQJVSDQVDQGRSHQÀRRUSODQV
(b) Floors with strict vibration performance requirements
such as precision manufacturing and laboratory spaces
(c) Facilities subject to rhythmic loadings or vibrating
mechanical equipment
3UHVWUHVVHGÀRRUV\VWHPVDUHQRWVXEMHFWWRWKHPLQLPXP
thickness requirements of 7.3, 8.3, and 9.3, and if precast
they are frequently simple span systems. Consequently,
WKHVHÀRRUV\VWHPVFDQEHPRUHVXVFHSWLEOHWRYLEUDWLRQ
Guidance on the consideration of vibrations in the design
RI ÀRRU V\VWHPV DQG WKH HYDOXDWLRQ RI YLEUDWLRQ IUHTXHQF\
DQG DPSOLWXGH IRU FRQFUHWH ÀRRU V\VWHPV LV FRQWDLQHG LQ
the PCI Design Handbook (PCI MNL 120), ATC Design
*XLGH (Applied Technology Council 1999), Mast (2001),
Fanella and Mota (2014), and Wilford and Young (2006). An
example application is described by West et al. (2008).

D 'HÀHFWLRQVGXHWRVHUYLFHOHYHOJUDYLW\ORDGV 
E 'LVWULEXWLRQRIÀH[XUDOUHLQIRUFHPHQWLQRQHZD\VODEV
and beams to control cracking (24.3)
(c) Shrinkage and temperature reinforcement (24.4)
G  3HUPLVVLEOH VWUHVVHV LQ SUHVWUHVVHG ÀH[XUDO PHPEHUV
(24.5)

24.2—Deflections due to service-level gravity
loads
24.2.1 0HPEHUV VXEMHFWHG WR ÀH[XUH VKDOO EH GHVLJQHG
ZLWKDGHTXDWHVWL൵QHVVWROLPLWGHÀHFWLRQVRUGHIRUPDWLRQV
WKDWDGYHUVHO\D൵HFWVWUHQJWKRUVHUYLFHDELOLW\RIDVWUXFWXUH

R24.2—Deflections due to service-level gravity
loads
7KLVVHFWLRQLVFRQFHUQHGRQO\ZLWKGHÀHFWLRQVRUGHIRUmations that may occur at service load levels. When timeGHSHQGHQW GHÀHFWLRQV DUH FDOFXODWHG RQO\ WKH GHDG ORDG
and those portions of other loads that are sustained need be
considered.
7ZRPHWKRGVDUHJLYHQLQWKH&RGHIRUFRQWUROOLQJGHÀHFtions (Sabnis et al. 1974). For nonprestressed one-way slabs
and beams, including composite members, the minimum
overall thickness required by 7.3.1 and 9.3.1 is considered
to satisfy the requirements of the Code for members not
supporting or attached to nonstructural elements likely to be
GDPDJHGE\ODUJHGHÀHFWLRQV)RUQRQSUHVWUHVVHGWZRZD\
construction, the minimum thickness required by 8.3.1 is
considered to satisfy the requirements of the Code.
For nonprestressed members that do not meet these
minimum thickness requirements, for nonprestressed
one-way members that support or are attached to nonstrucWXUDOHOHPHQWVOLNHO\WREHGDPDJHGE\ODUJHGHÀHFWLRQVDQG
IRUSUHVWUHVVHGÀH[XUDOPHPEHUVGHÀHFWLRQVDUHUHTXLUHGWR
EH FDOFXODWHG E\  WKURXJK  &DOFXODWHG GHÀHFtions are limited to the values in Table 24.2.2.
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24.2.2 'HÀHFWLRQV FDOFXODWHG LQ DFFRUGDQFH ZLWK 
through 24.2.5 shall not exceed the limits in Table 24.2.2.

R24.2.2 It should be noted that the limitations given in
Table 24.2.2 relate only to supported or attached nonstructural elements. For those structures in which structural
PHPEHUV DUH OLNHO\ WR EH D൵HFWHG E\ GHÀHFWLRQ RU GHIRUmation of members to which they are attached in such a
PDQQHUDVWRD൵HFWDGYHUVHO\WKHVWUHQJWKRIWKHVWUXFWXUH
WKHVHGHÀHFWLRQVDQGWKHUHVXOWLQJIRUFHVVKRXOGEHFRQVLGered explicitly in the analysis and design of the structures as
required by 24.2.1 (ACI 209R).
:KHQ WLPHGHSHQGHQW GHÀHFWLRQV DUH FDOFXODWHG WKH
SRUWLRQRIWKHGHÀHFWLRQEHIRUHDWWDFKPHQWRIWKHQRQVWUXFtural elements may be deducted. In making this correction,
use may be made of the curve in Fig. R24.2.4.1 for members
of usual sizes and shapes.

Table 24.2.2—Maximum permissible calculated deflections
Member

Condition

'HÀHFWLRQWREHFRQVLGHUHG

'HÀHFWLRQ
limitation

Flat roofs

Not supporting or attached to nonstructural elements likely to
EHGDPDJHGE\ODUJHGHÀHFWLRQV
,PPHGLDWHGHÀHFWLRQGXHWRL

,PPHGLDWHGHÀHFWLRQGXHWRPD[LPXPRILr, S, and R

Ɛ[1]

Floors

Roof or
ÀRRUV

Supporting or attached to
nonstructural elements

Likely to be damaged by
ODUJHGHÀHFWLRQV
Not likely to be damaged
E\ODUJHGHÀHFWLRQV

Ɛ
7KDWSDUWRIWKHWRWDOGHÀHFWLRQRFFXUULQJDIWHUDWWDFKPHQW
of nonstructural elements, which is the sum of the timeGHSHQGHQWGHÀHFWLRQGXHWRDOOVXVWDLQHGORDGVDQGWKH
LPPHGLDWHGHÀHFWLRQGXHWRDQ\DGGLWLRQDOOLYHORDG[2]

Ɛ[3]
Ɛ[4]

[1]
/LPLWQRWLQWHQGHGWRVDIHJXDUGDJDLQVWSRQGLQJ3RQGLQJVKDOOEHFKHFNHGE\FDOFXODWLRQVRIGHÀHFWLRQLQFOXGLQJDGGHGGHÀHFWLRQVGXHWRSRQGHGZDWHUDQGFRQVLGHULQJWLPH
GHSHQGHQWH൵HFWVRIVXVWDLQHGORDGVFDPEHUFRQVWUXFWLRQWROHUDQFHVDQGUHOLDELOLW\RISURYLVLRQVIRUGUDLQDJH
[2]
7LPHGHSHQGHQWGHÀHFWLRQVKDOOEHFDOFXODWHGLQDFFRUGDQFHZLWKEXWVKDOOEHSHUPLWWHGWREHUHGXFHGE\DPRXQWRIGHÀHFWLRQFDOFXODWHGWRRFFXUEHIRUHDWWDFKPHQWRI
QRQVWUXFWXUDOHOHPHQWV7KLVDPRXQWVKDOOEHFDOFXODWHGRQEDVLVRIDFFHSWHGHQJLQHHULQJGDWDUHODWLQJWRWLPHGHÀHFWLRQFKDUDFWHULVWLFVRIPHPEHUVVLPLODUWRWKRVHEHLQJFRQVLGHUHG
[3]

Limit shall be permitted to be exceeded if measures are taken to prevent damage to supported or attached elements.

[4]

Limit shall not exceed tolerance provided for nonstructural elements.

24.2.3 &DOFXODWLRQRILPPHGLDWHGHÀHFWLRQV
24.2.3.1 ,PPHGLDWH GHÀHFWLRQV VKDOO EH FDOFXODWHG XVLQJ
PHWKRGV RU IRUPXODV IRU HODVWLF GHÀHFWLRQV FRQVLGHULQJ
H൵HFWVRIFUDFNLQJDQGUHLQIRUFHPHQWRQPHPEHUVWL൵QHVV

R24.2.3 &DOFXODWLRQRILPPHGLDWHGHÀHFWLRQV
R24.2.3.1 )RU FDOFXODWLRQ RI LPPHGLDWH GHÀHFWLRQV
of uncracked prismatic members, the usual methods or
IRUPXODVIRUHODVWLFGHÀHFWLRQVPD\EHXVHGZLWKDFRQVWDQW
value of Ec Ig along the length of the member. However, if
the member is expected to crack at one or more sections, or
if its depth varies along the span, a more rigorous calculation
becomes necessary.

24.2.3.2(൵HFWRIYDULDWLRQRIFURVVVHFWLRQDOSURSHUWLHV
such as haunches, shall be considered when calculating
GHÀHFWLRQV
24.2.3.3 'HÀHFWLRQV LQ WZRZD\ VODE V\VWHPV VKDOO EH
calculated taking into account size and shape of the panel,
conditions of support, and nature of restraints at the panel
edges.

R24.2.3.3 7KH FDOFXODWLRQ RI GHÀHFWLRQV IRU WZRZD\
slabs is challenging even if linear elastic behavior can be
DVVXPHG)RULPPHGLDWHGHÀHFWLRQVWKHYDOXHVRIEc and Ie
VSHFL¿HGLQDQGUHVSHFWLYHO\PD\EHXVHG
(ACI 209R). However, other procedures and other values of
WKH VWL൵QHVV Ec Ie may be used if they result in predictions
RI GHÀHFWLRQ LQ UHDVRQDEOH DJUHHPHQW ZLWK WKH UHVXOWV RI
comprehensive tests.
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M cr =

fr I g

(24.2.3.5)

yt

Table 24.2.3.5—Effective moment of inertia, Ie
Service moment

(൵HFWLYHPRPHQWRILQHUWLDIe, in.4

Ma  Mcr

Ig

(a)

I cr
Ma!  Mcr

2

⎛  M cr ⎞ ⎛ I cr ⎞
1− ⎜
⎜1 − I ⎟
⎝ M a ⎟⎠ ⎝
g ⎠

(b)

R24.2.3.57KHH൵HFWLYHPRPHQWRILQHUWLDDSSUR[LPDWLRQ
developed by %LVFKR൵  , has been shown to result in
FDOFXODWHGGHÀHFWLRQVWKDWKDYHVX൶FLHQWDFFXUDF\IRUDZLGH
range of reinforcement ratios (%LVFKR൵DQG6FDQORQ).
Mcr is multiplied by two-thirds to consider restraint that can
UHGXFHWKHH൵HFWLYHFUDFNLQJPRPHQWDVZHOODVWRDFFRXQW
for reduced tensile strength of concrete during construction
WKDWFDQOHDGWRFUDFNLQJWKDWODWHUD൵HFWVVHUYLFHGHÀHFWLRQV
(6FDQORQDQG%LVFKR൵).
%HIRUH $&,  XVHG D GL൵HUHQW HTXDWLRQ Branson
1965) to calculate Ie. The previous equation has subsequently
EHHQVKRZQWRXQGHUHVWLPDWHGHÀHFWLRQVIRUPHPEHUVZLWKORZ
reinforcement ratios, which often occur in slabs, and does not
FRQVLGHUWKHH൵HFWVRIUHVWUDLQW)RUPHPEHUVZLWKJUHDWHUWKDQ
1 percent reinforcement and a service moment at least twice the
FUDFNLQJPRPHQWWKHUHLVOLWWOHGL൵HUHQFHEHWZHHQGHÀHFWLRQV
calculated using the former and the current Code provisions.

24

24.2.3.5 For nonprestressed members, unless obtained by a
PRUHFRPSUHKHQVLYHDQDO\VLVH൵HFWLYHPRPHQWRILQHUWLDIe,
shall be calculated in accordance with Table 24.2.3.5 using:

24.2.3.6 For continuous one-way slabs and beams, Ie shall
be permitted to be taken as the average of values obtained
from Table 24.2.3.5 for the critical positive and negative
moment sections.
24.2.3.7 For prismatic one-way slabs and beams, Ie shall
be permitted to be taken as the value obtained from Table
24.2.3.5 at midspan for simple and continuous spans, and at
the support for cantilevers.

R24.2.3.7 The use of the midspan section properties for
continuous prismatic members is considered satisfactory
in approximate calculations primarily because the midspan
VWL൵QHVV LQFOXGLQJ WKH H൵HFW RI FUDFNLQJ  KDV WKH GRPLQDQW H൵HFW RQ GHÀHFWLRQV DV VKRZQ E\ACI 435.5R, ACI
Committee 435 (1978), and Sabnis et al. (1974).

24.2.3.8 For prestressed Class U slabs and beams as
GH¿QHG LQ  LW VKDOO EH SHUPLWWHG WR FDOFXODWH GHÀHFtions based on Ig.

R24.2.3.8 ,PPHGLDWH GHÀHFWLRQV RI &ODVV 8 SUHVWUHVVHG
concrete members may be calculated by the usual methods or
IRUPXODVIRUHODVWLFGHÀHFWLRQVXVLQJWKHPRPHQWRILQHUWLD
of the gross (uncracked) concrete section and the modulus of
HODVWLFLW\IRUFRQFUHWHVSHFL¿HGLQ19.2.2.1.

24.2.3.9 For prestressed Class T and Class C slabs and
EHDPVDVGH¿QHGLQGHÀHFWLRQFDOFXODWLRQVVKDOOEH
based on a cracked transformed section analysis. It shall
EH SHUPLWWHG WR EDVH GHÀHFWLRQ FDOFXODWLRQV RQ D ELOLQHDU
PRPHQWGHÀHFWLRQUHODWLRQVKLSRUIe in accordance with Eq.
(24.2.3.9a)

R24.2.3.9 7KH H൵HFWLYH PRPHQW RI LQHUWLD HTXDWLRQ LQ
24.2.3.5 was revised in the 2019 Code. The revision is not
applicable to prestressed members. Equation (24.2.3.9a)
maintains the provisions of previous editions of the Code
for these types of members. The PCI Design Handbook
(PCI MNL 120 JLYHVLQIRUPDWLRQRQGHÀHFWLRQFDOFXODWLRQV
XVLQJ D ELOLQHDU PRPHQWGHÀHFWLRQ UHODWLRQVKLS DQG XVLQJ
DQH൵HFWLYHPRPHQWRILQHUWLDMast (1998) gives additional
LQIRUPDWLRQ RQ GHÀHFWLRQ RI FUDFNHG SUHVWUHVVHG FRQFUHWH
members.
Shaikh and Branson (1970) shows that the Ie method
FDQ EH XVHG WR FDOFXODWH GHÀHFWLRQV RI &ODVV & DQG &ODVV
T prestressed members loaded above the cracking load. For
this case, the cracking moment should take into account the
H൵HFWRISUHVWUHVVDVSURYLGHGLQ(T  

⎡ ⎛M ⎞
⎛M ⎞
I e = ⎜ cr ⎟ I g + ⎢1 − ⎜ cr ⎟
⎝ Ma ⎠
⎢⎣ ⎝ M a ⎠
3

3

⎤
⎥ I cr
⎥⎦

(24.2.3.9a)

where Mcr is calculated as
M cr =

( f r + f pe ) I g
yt

(24.2.3.9b)

Serviceability

24.2.3.4 Modulus of elasticity, Ec, shall be permitted to be
calculated in accordance with 19.2.2.
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$ PHWKRG IRU SUHGLFWLQJ WKH H൵HFW RI QRQSUHVWUHVVHG
tension reinforcement in reducing creep camber is also given
in Shaikh and Branson (1970), with approximate forms
given in ACI 209R and Branson (1970).

24.2.4 &DOFXODWLRQRIWLPHGHSHQGHQWGHÀHFWLRQV

R24.2.4 &DOFXODWLRQRIWLPHGHSHQGHQWGHÀHFWLRQV

24.2.4.1 1RQSUHVWUHVVHGPHPEHUV

R24.2.4.1 1RQSUHVWUHVVHGPHPEHUV

24.2.4.1.1 Unless obtained from a more comprehensive
DQDO\VLV DGGLWLRQDO WLPHGHSHQGHQW GHÀHFWLRQ UHVXOWLQJ
IURP FUHHS DQG VKULQNDJH RI ÀH[XUDO PHPEHUV VKDOO EH
FDOFXODWHGDVWKHSURGXFWRIWKHLPPHGLDWHGHÀHFWLRQFDXVHG
by sustained load and the factor Ȝ¨
λΔ =

ξ
1 + 50ρ′

(24.2.4.1.1)

24.2.4.1.2 In Eq. (24.2.4.1.1), ȡƍ shall be calculated at
midspan for simple and continuous spans, and at the support
for cantilevers.
24.2.4.1.3 In Eq. (24.2.4.1.1), values of the time-dependent factor for sustained loads, ȟ, shall be in accordance with
Table 24.2.4.1.3.
Table 24.2.4.1.3—Time-dependent factor for
sustained loads
Sustained load duration, months

7LPHGHSHQGHQWIDFWRUȟ

3

1.0

6

1.2

12

1.4

60 or more

2.0

6KULQNDJH DQG FUHHS FDXVH WLPHGHSHQGHQW GHÀHFWLRQV
LQDGGLWLRQWRWKHHODVWLFGHÀHFWLRQVWKDWRFFXUZKHQORDGV
DUH¿UVWSODFHGRQWKHVWUXFWXUH6XFKGHÀHFWLRQVDUHLQÀXenced by temperature, humidity, curing conditions, age at
time of loading, amount of compression reinforcement, and
magnitude of the sustained load. The expression given in
this section is considered satisfactory for use with the Code
SURFHGXUHVIRUWKHFDOFXODWLRQRILPPHGLDWHGHÀHFWLRQVDQG
ZLWKWKHOLPLWVJLYHQLQ7DEOH7KHGHÀHFWLRQFDOFXlated in accordance with this section is the additional timeGHSHQGHQWGHÀHFWLRQGXHWRWKHGHDGORDGDQGWKRVHSRUWLRQV
RIRWKHUORDGVWKDWZLOOEHVXVWDLQHGIRUDVX൶FLHQWSHULRGWR
FDXVHVLJQL¿FDQWWLPHGHSHQGHQWGHÀHFWLRQV
Equation (24.2.4.1.1) was developed in Branson (1971).
In Eq. (24.2.4.1.1), the term ȡƍ)DFFRXQWVIRUWKHH൵HFW
of compression reinforcement in reducing time-dependent
GHÀHFWLRQV ȟ   represents a nominal time-dependent
factor for a 5-year duration of loading. The curve in Fig.
R24.2.4.1 may be used to estimate values of ȟ for loading
periods less than 5 years.
If it is desired to consider creep and shrinkage separately,
approximate equations provided in Branson (1965, 1971,
1977) and ACI Committee 435 (1966) may be used.
%HFDXVH DYDLODEOH GDWD RQ WLPHGHSHQGHQW GHÀHFWLRQV RI
two-way slabs are too limited to justify more elaborate proceGXUHVFDOFXODWLRQRIWKHDGGLWLRQDOWLPHGHSHQGHQWGHÀHFWLRQ
for two-way construction in accordance with Eq. (24.2.4.1.1)
is required to use the multipliers given in 24.2.4.1.3.

2.0
1.5
ξ 1.0
0.5
0
0 1 3 6 12 18 24 30 36

48

60

Duration of load, months
Fig. R24.2.4.1²0XOWLSOLHUVIRUWLPHGHSHQGHQWGHÀHFWLRQV
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R24.2.4.2 3UHVWUHVVHGPHPEHUV

24.2.4.2.1 $GGLWLRQDO WLPHGHSHQGHQW GHÀHFWLRQ RI
prestressed concrete members shall be calculated considering stresses in concrete and reinforcement under sustained
ORDGDQGWKHH൵HFWVRIFUHHSDQGVKULQNDJHRIFRQFUHWHDQG
relaxation of prestressed reinforcement.

R24.2.4.2.1&DOFXODWLRQRIWLPHGHSHQGHQWGHÀHFWLRQVRI
SUHVWUHVVHG FRQFUHWH ÀH[XUDO PHPEHUV LV FKDOOHQJLQJ 7KH
FDOFXODWLRQVVKRXOGFRQVLGHUQRWRQO\WKHLQFUHDVHGGHÀHFWLRQV GXH WR ÀH[XUDO VWUHVVHV EXW DOVR WKH DGGLWLRQDO WLPH
GHSHQGHQWGHÀHFWLRQVUHVXOWLQJIURPWLPHGHSHQGHQWVKRUWHQLQJRIWKHÀH[XUDOPHPEHU
Prestressed concrete members shorten more with time
than similar nonprestressed members due to the precompression in the slab or beam, which causes creep. This creep,
WRJHWKHUZLWKFRQFUHWHVKULQNDJHUHVXOWVLQVLJQL¿FDQWVKRUWHQLQJ RI WKH ÀH[XUDO PHPEHUV WKDW FRQWLQXHV IRU VHYHUDO
years after construction and should be considered in design.
The shortening tends to reduce the tension in the prestressed
reinforcement, reducing the precompression in the member
DQGWKHUHE\FDXVLQJLQFUHDVHGWLPHGHSHQGHQWGHÀHFWLRQV
$QRWKHU IDFWRU WKDW FDQ LQÀXHQFH WLPHGHSHQGHQW GHÀHFWLRQV RI SUHVWUHVVHG ÀH[XUDO PHPEHUV LV DGMDFHQW FRQFUHWH
or masonry that is nonprestressed in the direction of the
prestressed member. This can be a slab nonprestressed in the
beam direction adjacent to a prestressed beam or a nonprestressed slab system. As the prestressed member tends to
shrink and creep more than the adjacent nonprestressed
concrete, the structure will tend to reach a compatibility of the
VKRUWHQLQJH൵HFWV7KLVUHVXOWVLQDUHGXFWLRQRIWKHSUHFRPpression in the prestressed member as the adjacent concrete
absorbs the compression. This reduction in precompression
of the prestressed member can occur over a period of years
DQGZLOOUHVXOWLQDGGLWLRQDOWLPHGHSHQGHQWGHÀHFWLRQVDQGDQ
increase in tensile stresses in the prestressed member.
Any suitable method for calculating time-dependent
GHÀHFWLRQVRISUHVWUHVVHGPHPEHUVPD\EHXVHGSURYLGHG
DOO H൵HFWV DUH FRQVLGHUHG *XLGDQFH PD\ EH IRXQG LQACI
209R, ACI Committee 435 (1963), Branson et al. (1970),
and Ghali and Favre (1986).

24.2.5 &DOFXODWLRQ RI GHÀHFWLRQV RI FRPSRVLWH FRQFUHWH
construction

R24.2.5 &DOFXODWLRQRIGHÀHFWLRQVRIFRPSRVLWHFRQFUHWH
construction

24.2.5.1 ,I FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHUV DUH
shored during construction so that, after removal of temporary supports, the dead load is resisted by the full composite
section, it shall be permitted to consider the composite
member equivalent to a monolithically cast member for
FDOFXODWLRQRIGHÀHFWLRQV

Composite concrete members are designed to meet the
horizontal shear strength requirements of 16.4. Because
few tests have been made to study the immediate and timeGHSHQGHQW GHÀHFWLRQV RI FRPSRVLWH PHPEHUV WKH UHTXLUHments given in this section are based on the judgment of ACI
Committee 318 and on experience.
In 22.3.3.3, it is stated that distinction need not be made
between shored and unshored members. This refers to
VWUHQJWKFDOFXODWLRQVQRWWRGHÀHFWLRQV&RQVWUXFWLRQGRFXments should indicate whether composite concrete design
is based on shored or unshored construction, as required by
26.11.1.1.

24.2.5.2 ,I FRPSRVLWH FRQFUHWH ÀH[XUDO PHPEHUV DUH QRW
shored during construction, the magnitude and duration of
ORDGEHIRUHDQGDIWHUFRPSRVLWHDFWLRQEHFRPHVH൵HFWLYHVKDOO
EHFRQVLGHUHGLQFDOFXODWLQJWLPHGHSHQGHQWGHÀHFWLRQV
24.2.5.3'HÀHFWLRQVUHVXOWLQJIURPGL൵HUHQWLDOVKULQNDJH
of precast and cast-in-place components, and of axial creep
H൵HFWVLQSUHVWUHVVHGPHPEHUVVKDOOEHFRQVLGHUHG
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24.3—Distribution of flexural reinforcement in oneway slabs and beams
24.3.1 Bonded reinforcement shall be distributed to
FRQWUROÀH[XUDOFUDFNLQJLQWHQVLRQ]RQHVRIQRQSUHVWUHVVHG
and Class C prestressed slabs and beams reinforced for
ÀH[XUHLQRQHGLUHFWLRQRQO\

R24.3—Distribution of flexural reinforcement in
one-way slabs and beams
R24.3.1 Where service loads result in high stresses in the
reinforcement, visible cracks should be expected, and steps
should be taken in detailing of the reinforcement to control
cracking. For reasons of durability and appearance, many
¿QH FUDFNV DUH SUHIHUDEOH WR D IHZ ZLGH FUDFNV 'HWDLOLQJ
practices limiting bar spacing will usually lead to adequate
crack control where Grade 60 reinforcement is used.
Extensive laboratory work (Gergely and Lutz 1968; Kaar
1966; Base et al. 1966) involving deformed bars demonstrated that crack width at service loads is proportional to
UHLQIRUFHPHQW VWUHVV 7KH VLJQL¿FDQW YDULDEOHV UHÀHFWLQJ
reinforcement detailing were found to be thickness of
concrete cover and the spacing of reinforcement.
Crack width is inherently subject to wide scatter even
LQ FDUHIXO ODERUDWRU\ ZRUN DQG LV LQÀXHQFHG E\ VKULQNDJH
DQGRWKHUWLPHGHSHQGHQWH൵HFWV,PSURYHGFUDFNFRQWUROLV
obtained where the reinforcement is well distributed over the
zone of maximum concrete tension. Several bars at moderate
VSDFLQJDUHPXFKPRUHH൵HFWLYHLQFRQWUROOLQJFUDFNLQJWKDQ
one or two larger bars of equivalent area.

24.3.2 Spacing of bonded reinforcement closest to the
tension face shall not exceed the limits in Table 24.3.2,
where cc is the least distance from surface of deformed or
prestressed reinforcement to the tension face. Calculated
stress in deformed reinforcement, fs, and calculated change
in stress in bonded prestressed reinforcement, ¨fps, shall be
in accordance with 24.3.2.1 and 24.3.2.2, respectively.

R24.3.2 The spacing of reinforcement is limited to control
cracking (Beeby 1979; Frosch 1999; ACI Committee 318
1999). For the case of beams with Grade 60 reinforcement
and 2 in. clear cover to the primary reinforcement, with fs =
40,000 psi, the maximum bar spacing is 10 in.
Crack widths in structures are highly variable. The Code
provisions for spacing are intended to limit surface cracks to
a width that is generally acceptable in practice but may vary
widely in a given structure.
The role of cracks in the corrosion of reinforcement is
controversial. Research (Darwin et al. 1985; Oesterle 1997)
shows that corrosion is not clearly correlated with surface
crack widths in the range normally found with reinforcement
stresses at service load levels. For this reason, the Code does
QRWGL൵HUHQWLDWHEHWZHHQLQWHULRUDQGH[WHULRUH[SRVXUHV
Only tension reinforcement nearest the tension face need
be considered in selecting the value of cc used in calculating
spacing requirements. To account for prestressed reinforcePHQWVXFKDVVWUDQGKDYLQJERQGFKDUDFWHULVWLFVOHVVH൵HFWLYHWKDQGHIRUPHGUHLQIRUFHPHQWDWZRWKLUGVH൵HFWLYHQHVV
factor is used in Table 24.3.2.
For post-tensioned members designed as cracked
members, it will usually be advantageous to provide crack
control by the use of deformed reinforcement, for which the
provisions in Table 24.3.2 for deformed bars or wires may
be used. Bonded reinforcement required by other provisions
of the Code may also be used as crack control reinforcement.

Table 24.3.2—Maximum spacing of bonded
reinforcement in nonprestressed and Class C
prestressed one-way slabs and beams
Reinforcement type

Deformed bars or wires

Bonded prestressed
reinforcement

Combined deformed
bars or wires and
bonded prestressed
reinforcement

Maximum spacing s

Lesser
of:

Lesser
of:

Lesser
of:

⎛ 40, 000 ⎞
− 2.5cc
15 ⎜
⎝ f s ⎟⎠
⎛ 40, 000 ⎞
12 ⎜
⎝ f s ⎟⎠
⎤
⎛ 2 ⎞ ⎡ ⎛ 40, 000 ⎞
− 2.5cc ⎥
⎜⎝ ⎟⎠ ⎢15 ⎜
3 ⎣⎢ ⎝ Δf ps ⎟⎠
⎦⎥
⎛ 2 ⎞ ⎡ ⎛ 40, 000 ⎞ ⎤
⎥
⎜⎝ ⎟⎠ ⎢12 ⎜
3 ⎢⎣ ⎝ Δf ps ⎠⎟ ⎥⎦
⎤
⎛ 5 ⎞ ⎡ ⎛ 40, 000 ⎞
− 2.5cc ⎥
⎜⎝ ⎟⎠ ⎢15 ⎜
6 ⎣⎢ ⎝ Δf ps ⎟⎠
⎦⎥
⎛ 5 ⎞ ⎡ ⎛ 40, 000 ⎞ ⎤
⎥
⎜⎝ ⎟⎠ ⎢12 ⎜
6 ⎢⎣ ⎝ Δf ps ⎟⎠ ⎥⎦
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24.3.2.1 Stress fs in deformed reinforcement closest to the
tension face at service loads shall be calculated based on the
unfactored moment, or it shall be permitted to take fs as (2/3)fy.

R24.3.2.1 For applications in which crack control is critical, the designer should consider reducing the value of fs to
help control cracking. Research by Frosch et al. (2014) and
Puranam (2018) supports the use of these design provisions
for Grade 100 reinforcement.

24.3.2.2 Change in stress, ¨fps, in bonded prestressed reinforcement at service loads shall be equal to the calculated
stress based on a cracked section analysis minus the decompression stress fdc. It shall be permitted to take fdc equal to
WKHH൵HFWLYHVWUHVVLQWKHSUHVWUHVVHGUHLQIRUFHPHQWfse. The
value of ¨fps shall not exceed 36,000 psi. If ¨fps does not
exceed 20,000 psi, the spacing limits in Table 24.3.2 need
QRWEHVDWLV¿HG

R24.3.2.2 It is conservative to take the decompression
stress fdc equal to fseWKHH൵HFWLYHVWUHVVLQWKHSUHVWUHVVHG
reinforcement. The maximum limitation of 36,000 psi for
¨fps is intended to be similar to the maximum allowable stress
in Grade 60 reinforcement (fs = 40,000 psi). The exemption
for members with ¨fpsOHVVWKDQSVLUHÀHFWVWKDWPDQ\
structures designed by working stress methods and with low
reinforcement stress served their intended functions with
YHU\OLPLWHGÀH[XUDOFUDFNLQJ

24.3.3 If there is only one bonded bar, pretensioned strand,
or bonded tendon nearest to the extreme tension face, the
width of the extreme tension face shall not exceed s determined in accordance with Table 24.3.2.
24.3.4,IWKHÀDQJHRID7EHDPLVLQWHQVLRQWKHSRUWLRQRI
WKHERQGHGÀH[XUDOWHQVLRQUHLQIRUFHPHQWQRWORFDWHGRYHU
the beam web shall be distributed within the lesser of the
H൵HFWLYHÀDQJHZLGWKDVGH¿QHGLQDFFRUGDQFHZLWK6.3.2
and Ɛn/10. If Ɛn/10 controls, additional bonded longitudinal
reinforcement satisfying 24.4.3.1 shall be provided in the
RXWHUSRUWLRQVRIWKHÀDQJH

R24.3.4 In a T-beam, distribution of the negative moment
reinforcement for control of cracking should take into
account two considerations: 1) wide spacing of the reinforcePHQWDFURVVWKHIXOOH൵HFWLYHZLGWKRIÀDQJHPD\FDXVHVRPH
wide cracks to form in the slab near the web; and 2) close
VSDFLQJQHDUWKHZHEOHDYHVWKHRXWHUUHJLRQVRIWKHÀDQJH
unprotected. The one-tenth limitation is to guard against a
spacing that is too wide, with some additional reinforcement
UHTXLUHGWRSURWHFWWKHRXWHUSRUWLRQVRIWKHÀDQJH
For T-beams designed to resist negative moments due to
gravity and wind loads, all tensile reinforcement required for
VWUHQJWK LV ORFDWHG ZLWKLQ WKH OHVVHU RI WKH H൵HFWLYH ÀDQJH
width and Ɛn/10. Common practice is to place more than
half of the reinforcement over the beam web. For T-beams
UHVLVWLQJORDGFRPELQDWLRQVLQFOXGLQJHDUWKTXDNHH൵HFWVDOO
UHLQIRUFHPHQWSODFHGZLWKLQWKHH൵HFWLYHÀDQJHZLGWKPD\
FRQWULEXWHWRWKHEHDPÀH[XUDOVWUHQJWKIRUWKHDQWLFLSDWHG
drift (refer to 18.7.3).

24.3.5 7KH VSDFLQJ RI ERQGHG ÀH[XUDO UHLQIRUFHPHQW
in nonprestressed and Class C prestressed one-way slabs
and beams subject to fatigue, designed to be watertight, or
exposed to corrosive environments, shall be selected based
RQ LQYHVWLJDWLRQV DQG SUHFDXWLRQV VSHFL¿F WR WKRVH FRQGLtions and shall not exceed the limits of 24.3.2.

R24.3.5 Although a number of studies have been conducted,
clear experimental evidence is not available regarding the
crack width beyond which a corrosion danger exists (ACI
222R). Exposure tests indicate that concrete quality, adequate
consolidation, and ample concrete cover may be of greater
importance for corrosion protection than crack width at the
concrete surface (6FKLHȕODQG5DXSDFK).
Provisions related to increased concrete cover and durability of reinforcement is covered in 20.5, while durability
of concrete is covered in 19.3.

24.4—Shrinkage and temperature reinforcement
24.4.1 Reinforcement to resist shrinkage and temperature
stresses shall be provided in one-way slabs in the direction

R24.4—Shrinkage and temperature reinforcement
R24.4.1 Shrinkage and temperature reinforcement is
required at right angles to the principal reinforcement to
minimize cracking and to tie the structure together to ensure
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SHUSHQGLFXODU WR WKH ÀH[XUDO UHLQIRUFHPHQW LQ DFFRUGDQFH
with 24.4.3 or 24.4.4.

it is acting as assumed in the design. The provisions of this
section are intended for structural slabs only; they are not
intended for slabs-on-ground.

24.4.2 If shrinkage and temperature movements are
UHVWUDLQHGWKHH൵HFWVRIT shall be considered in accordance
with 5.3.6.

R24.4.2 The area of shrinkage and temperature reinforcement required by 24.4.3.2 has been satisfactory where
shrinkage and temperature movements are permitted to
RFFXU :KHUH VWUXFWXUDO ZDOOV RU FROXPQV SURYLGH VLJQL¿cant restraint to shrinkage and temperature movements, the
restraint of volume changes causes tension in slabs, as well as
GLVSODFHPHQWVVKHDUIRUFHVDQGÀH[XUDOPRPHQWVLQFROXPQV
or walls. In these cases, it may be necessary to increase the
amount of slab reinforcement required by 24.4.3.2 due to the
VKULQNDJHDQGWKHUPDOH൵HFWVLQERWKSULQFLSDOGLUHFWLRQV PCI
MNL 120; Gilbert 1992). Top and bottom reinforcement are
ERWKH൵HFWLYHLQFRQWUROOLQJFUDFNV&RQWUROVWULSVGXULQJWKH
construction period, which permit initial shrinkage to occur
ZLWKRXW FDXVLQJ DQ LQFUHDVH LQ VWUHVV DUH DOVR H൵HFWLYH LQ
reducing cracks caused by restraint.
Topping slabs also experience tension due to restraint of
GL൵HUHQWLDO VKULQNDJH EHWZHHQ WKH WRSSLQJ DQG WKH SUHFDVW
elements or metal deck (which has zero shrinkage) that
should be considered in reinforcing the slab. Consideration
should be given to strain demands on reinforcement crossing
joints of precast elements where most of the restraint is
likely to be relieved.

24.4.3 1RQSUHVWUHVVHGUHLQIRUFHPHQW

R24.4.3 1RQSUHVWUHVVHGUHLQIRUFHPHQW

24.4.3.1 Deformed reinforcement to resist shrinkage and
temperature stresses shall conform to Table 20.2.2.4(a) and
shall be in accordance with 24.4.3.2 through 24.4.3.5.
24.4.3.2 The ratio of deformed shrinkage and temperature
reinforcement area to gross concrete area shall be greater
than or equal to 0.0018.
24.4.3.3 The spacing of deformed shrinkage and temperature reinforcement shall not exceed the lesser of 5h and 18 in.

R24.4.3.2 The minimum ratios of deformed bar or welded
wire reinforcement area to gross concrete area of 0.0018 is
empirical but has been used satisfactorily for many years.
The resulting area of reinforcement may be distributed
near the top or bottom of the slab, or may be distributed
between the two faces of the slab as deemed appropriate for
VSHFL¿FFRQGLWLRQV3UHYLRXVHGLWLRQVRIWKH&RGHSHUPLWWHG
a reduction in shrinkage and temperature reinforcement for
reinforcement with yield strength greater than 60,000 psi.
However, the mechanics of cracking suggest that increased
\LHOGVWUHQJWKSURYLGHVQREHQH¿WIRUWKHFRQWURORIFUDFNLQJ
If crack width or leakage prevention is a design limit state,
refer to ACI 224R or ACI 350 for recommended reinforcement ratios.

24.4.3.4 At all sections where required, deformed reinforcement used to resist shrinkage and temperature stresses
shall develop fy in tension.

R24.4.3.4 Splices and end anchorages of shrinkage and
temperature reinforcement are to be designed to develop the
VSHFL¿HG\LHOGVWUHQJWKRIWKHUHLQIRUFHPHQWLQDFFRUGDQFH
with Chapter 25.

24.4.3.5 For one-way precast slabs and one-way precast,
prestressed wall panels, shrinkage and temperature rein-

R24.4.3.5 For precast, prestressed concrete members not
wider than 12 ft, such as hollow-core slabs, solid slabs, or
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forcement is not required in the direction perpendicular to
WKHÀH[XUDOUHLQIRUFHPHQWLI D WKURXJK F DUHVDWLV¿HG

slabs with closely spaced ribs, there is usually no need to
provide reinforcement to withstand shrinkage and temperature stresses in the short direction. This is generally also true
IRU SUHFDVW QRQSUHVWUHVVHG ÀRRU DQG URRI VODEV 7KH  IW
width is less than that in which shrinkage and temperature
stresses can build up to a magnitude requiring reinforcement. In addition, much of the shrinkage occurs before the
PHPEHUVDUHWLHGLQWRWKHVWUXFWXUH2QFHLQWKH¿QDOVWUXFture, the members are usually not as rigidly connected transversely as monolithic concrete, thus, the transverse restraint
stresses due to both shrinkage and temperature change are
VLJQL¿FDQWO\UHGXFHG
The waiver does not apply where reinforcement is required
WRUHVLVWÀH[XUDOVWUHVVHVVXFKDVLQWKLQÀDQJHVRISUHFDVW
single and double tees.

(a) Precast members are not wider than 12 ft
(b) Precast members are not mechanically connected to
cause restraint in the transverse direction
F 5HLQIRUFHPHQWLVQRWUHTXLUHGWRUHVLVWWUDQVYHUVHÀH[ural stresses

24.4.4 3UHVWUHVVHGUHLQIRUFHPHQW

R24.4.4 3UHVWUHVVHGUHLQIRUFHPHQW

24.4.4.1 Prestressed reinforcement to resist shrinkage and
temperature stresses shall conform to Table 20.3.2.2, and
WKHH൵HFWLYHSUHVWUHVVDIWHUORVVHVVKDOOSURYLGHDQDYHUDJH
compressive stress of at least 100 psi on gross concrete area.

R24.4.4.1 Prestressed reinforcement requirements have
EHHQVHOHFWHGWRSURYLGHDQH൵HFWLYHIRUFHRQWKHVODEDSSUR[imately equal to the force required to yield nonprestressed
shrinkage and temperature reinforcement. This amount of
prestressing—100 psi on the gross concrete area—has been
used successfully on a large number of projects.
7KH H൵HFWV RI VODE VKRUWHQLQJ VKRXOG EH HYDOXDWHG WR
ensure serviceable behavior of the structure. In most cases,
the low level of prestressing recommended should not cause
GL൶FXOWLHVLQDSURSHUO\GHWDLOHGVWUXFWXUH$GGLWLRQDODWWHQWLRQ PD\ EH UHTXLUHG ZKHUH WKHUPDO H൵HFWV RU UHVWUDLQW
EHFRPHVLJQL¿FDQW

24.5—Permissible stresses in prestressed
concrete flexural members
24.5.1 General

R24.5—Permissible stresses in prestressed
concrete flexural members
R24.5.1 General

24.5.1.1&RQFUHWHVWUHVVHVLQSUHVWUHVVHGÀH[XUDOPHPEHUV
shall be limited in accordance with 24.5.2 through 24.5.4
unless it is shown by test or analysis that performance will
not be impaired.

R24.5.1.1 Permissible stresses in concrete address
serviceability but do not ensure adequate design strength,
which should be checked in accordance with other Code
requirements.
A mechanism is provided such that Code limits on stress
need not inhibit the development of new products, materials, and techniques in prestressed concrete construction.
Approvals for the design should be in accordance with 1.10
of the Code.

24.5.1.2 For calculation of stresses at transfer of prestress,
at service loads, and at cracking loads, elastic theory shall be
used with assumptions (a) and (b):
(a) Strains vary linearly with distance from neutral axis in
accordance with 22.2.1.
(b) At cracked sections, concrete resists no tension.
24.5.2 &ODVVL¿FDWLRQRISUHVWUHVVHGÀH[XUDOPHPEHUV

R24.5.2 &ODVVL¿FDWLRQRISUHVWUHVVHGÀH[XUDOPHPEHUV
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24.5.2.1 3UHVWUHVVHG ÀH[XUDO PHPEHUV VKDOO EH FODVVL¿HGDV&ODVV87RU&LQDFFRUGDQFHZLWK7DEOH
EDVHGRQWKHH[WUHPH¿EHUVWUHVVLQWHQVLRQft in the precompressed tension zone calculated at service loads assuming an
uncracked section.

R24.5.2.17KUHHFODVVHVRIEHKDYLRURISUHVWUHVVHGÀH[XUDO
PHPEHUVDUHGH¿QHG&ODVV8PHPEHUVDUHDVVXPHGWREHKDYH
as uncracked members. Class C members are assumed to
behave as cracked members. The behavior of Class T members
is assumed to be in transition between uncracked and cracked.
These classes apply to both bonded and unbonded prestressed
ÀH[XUDOPHPEHUVEXWSUHVWUHVVHGWZRZD\VODEV\VWHPVDUH
required to be designed as Class U with ft f c′ .
The serviceability requirements for each class are summarized in Table R24.5.2.1. For comparison, Table R24.5.2.1
also shows corresponding requirements for nonprestressed
members. Due to lack of strain compatibility, it is inappropriate to include the area of unbonded prestressed reinforcement in the calculation of gross or cracked section
SURSHUWLHVDOWKRXJKWKHH൵HFWLYHSUHVWUHVVIRUFHVKRXOGEH
considered when determining the location of the neutral
axis. Conversely, the calculation of section properties should
account for the area of the voids created by the sheathing or
duct for unbonded prestressed reinforcement. A method for
HYDOXDWLQJVWUHVVHVGHÀHFWLRQVDQGFUDFNFRQWUROLQFUDFNHG
prestressed members is given in Mast (1998).
The precompressed tension zone is that portion of a
SUHVWUHVVHGPHPEHUZKHUHÀH[XUDOWHQVLRQFDOFXODWHGXVLQJ
gross section properties, would occur under unfactored
dead and live loads if the prestress force was not present.
Prestressed concrete is usually designed so that the prestress
IRUFHLQWURGXFHVFRPSUHVVLRQLQWRWKLV]RQHWKXVH൵HFWLYHO\
reducing the magnitude of the tensile stress.
)RUFRUURVLYHHQYLURQPHQWVGH¿QHGDVDQHQYLURQPHQWLQ
which chemical attack (such as seawater, corrosive industrial atmosphere, or sewer gas) is encountered, cracking at
service loads becomes more critical to long-term performance. For these conditions, cover should be increased in
accordance with 20.5.1.4, and tensile stresses in the concrete
reduced to minimize possible cracking at service loads.

Table 24.5.2.1—Classification of prestressed
flexural members based on ft
Assumed behavior

Class

Uncracked

U[1]

Transition between uncracked
and cracked

T

Cracked

C

[1]

Limits of ft
ft

f c′

f c′ < ft

7.5

ft > 12

Prestressed two-way slabs shall be designed as Class U with ft

f c′

f c′
f c′ .

Table R24.5.2.1—Serviceability design requirements
Prestressed
Class U

Class T

Class C

Nonprestressed

Assumed behavior

Uncracked

Transition between uncracked
and cracked

Cracked

Cracked

Section properties for stress
calculation at service loads

Gross section
24.5.2.2

Gross section
24.5.2.2

Cracked section
24.5.2.3

No requirement

Allowable stress at transfer

24.5.3

24.5.3

24.5.3

No requirement

Allowable compressive stress based
on uncracked section properties

24.5.4

24.5.4

No requirement

No requirement

No requirement

No requirement

Tensile stress at service loads
24.5.2.1



f c′

7.5

f c′ < ft

f c′

'HÀHFWLRQFDOFXODWLRQEDVLV

24.2.3.8, 24.2.4.2
Gross section

24.2.3.9, 24.2.4.2
Cracked section, bilinear

24.2.3.9, 24.2.4.2
Cracked section, bilinear

24.2.3, 24.2.4.1
(൵HFWLYHPRPHQWRILQHUWLD

Crack control

No requirement

No requirement

24.3

24.3

&RPSXWDWLRQRI¨fps or fs for crack
control

—

—

Cracked section analysis

M AsîOHYHUDUP RUfy

Side skin reinforcement

No requirement

No requirement

9.7.2.3

9.7.2.3
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R24.5.2.33UHVWUHVVHGPHPEHUVDUHFODVVL¿HGEDVHGRQWKH
magnitude of the stress in the precompressed tension zone,
calculated assuming the section remains uncracked. Once it
is determined that a member is Class C, with ft > 12 f c′ ,
subsequent calculations of service load stresses are based on
the cracked transformed section.

24.5.3 3HUPLVVLEOHFRQFUHWHVWUHVVHVDWWUDQVIHURISUHVWUHVV

R24.5.3 3HUPLVVLEOHFRQFUHWHVWUHVVHVDWWUDQVIHURISUHVWUHVV
The concrete stresses at this stage are caused by the weight
of the member and the force in the prestressed reinforcement after jacking reduced by the losses due to seating of
the prestressed reinforcement and elastic shortening of the
FRQFUHWH6KULQNDJHFUHHSDQGUHOD[DWLRQH൵HFWVDUHJHQHUally not included at this stage. These stresses apply to both
pretensioned and post-tensioned concrete with proper modi¿FDWLRQVRIWKHORVVHVDWWUDQVIHU

24.5.3.1 &DOFXODWHG H[WUHPH FRQFUHWH ¿EHU VWUHVV LQ
compression immediately after transfer of prestress, but
before time-dependent prestress losses, shall not exceed the
limits in Table 24.5.3.1.

R24.5.3.1 The permissible concrete compressive stresses
at transfer of prestress are higher at ends of simply supported
members than at other locations based on research in the
precast, prestressed concrete industry (Castro et al. 2004;
Dolan and Krohn 2007; Hale and Russell 2006).

Table 24.5.3.1—Concrete compressive stress
limits immediately after transfer of prestress
Location

Concrete compressive stress
limits

End of simply-supported members

0.70fciƍ

All other locations

0.60fciƍ

24.5.3.2 &DOFXODWHG H[WUHPH FRQFUHWH ¿EHU VWUHVV LQ
tension immediately after transfer of prestress, but before
time-dependent prestress losses, shall not exceed the limits
in Table 24.5.3.2, unless permitted by 24.5.3.2.1.
Table 24.5.3.2—Concrete tensile stress limits
immediately after transfer of prestress, without
additional bonded reinforcement in tension zone
Location

Concrete tensile stress limits

Ends of simply-supported members

6

f ci′

All other locations

3

f ci′

R24.5.3.2 The tensile stress limits of 3 f ci′ and 6 f ci′
refer to tensile stresses at transfer of prestress at locations
other than the precompressed tension zone. Where tensile
stresses exceed the permissible values, the total force in
the tensile stress zone may be calculated and reinforcement proportioned on the basis of this force at a stress of
0.6fyEXWQRWPRUHWKDQSVL7KHH൵HFWVRIFUHHSDQG
shrinkage begin to reduce the tensile stress almost immediately; however, some tension remains in these locations after
allowance is made for all prestress losses.

24.5.3.2.1 The limits in Table 24.5.3.2 shall be permitted
to be exceeded where additional bonded reinforcement in
the tension zone resists the total tensile force in the concrete
calculated with the assumption of an uncracked section.
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24.5.2.3 For Class C members, stresses at service loads
shall be calculated using the cracked transformed section.
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section.
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24.5.4 3HUPLVVLEOH FRQFUHWH FRPSUHVVLYH VWUHVVHV DW
service loads

R24.5.4 3HUPLVVLEOH FRQFUHWH FRPSUHVVLYH VWUHVVHV DW
service loads

24.5.4.1 For Class U and T members, the calculated
H[WUHPHFRQFUHWH¿EHUVWUHVVLQFRPSUHVVLRQDWVHUYLFHORDGV
after allowance for all prestress losses, shall not exceed the
limits in Table 24.5.4.1.

R24.5.4.1 The compressive stress limit of 0.45fcƍ was
originally established to decrease the probability of failure
of prestressed concrete members due to repeated loads. This
limit also seemed reasonable to preclude excessive creep
deformation. At higher values of stress, creep strains tend to
increase more rapidly as applied stress increases.
Fatigue tests of prestressed concrete beams have shown
that concrete compressive failures are not the controlling
criterion. Therefore, the stress limit of 0.60fcƍ permits a onethird increase in allowable compressive stress for members
subject to transient loads.
Sustained live load is any portion of the service live load
WKDWZLOOEHVXVWDLQHGIRUDVX൶FLHQWSHULRGWRFDXVHVLJQL¿FDQW WLPHGHSHQGHQW GHÀHFWLRQV7KXV ZKHQ WKH VXVWDLQHG
live and dead loads are a large percentage of the total service
load, the 0.45fcƍ limit of Table 24.5.4.1 typically controls.
On the other hand, when a large portion of the total service
load consists of a transient or temporary service live load,
the increased stress limit of 0.60fcƍ typically controls.
The compression limit of 0.45fcƍ for prestress plus
sustained loads will continue to control the time-dependent
behavior of prestressed members.

Table 24.5.4.1—Concrete compressive stress
limits at service loads
Load condition

Concrete compressive stress
limits

Prestress plus sustained load

0.45fcƍ

Prestress plus total load

0.60fcƍ
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CHAPTER 25—REINFORCEMENT DETAILS
COMMENTARY
R25.1—Scope
Recommended methods and standards for preparing
design drawings, typical details, and drawings for the fabrication and placing of steel reinforcement in reinforced
concrete structures are given in the ACI Detailing Manual
(SP-66).
All provisions in the Code relating to bar, wire, or strand
diameter (and area) are based on the nominal dimensions of
the reinforcement as given in the appropriate ASTM speci¿FDWLRQ 1RPLQDO GLPHQVLRQV DUH HTXLYDOHQW WR WKRVH RI D
circular area having the same weight per foot as the ASTM
designated bar, wire, or strand sizes. Cross-sectional area of
reinforcement is based on nominal dimensions.

25.1.1 This chapter shall apply to reinforcement details,
including:

R25.1.1 In addition to the requirements in this chapter that
D൵HFWGHWDLOLQJRIUHLQIRUFHPHQWGHWDLOLQJVSHFL¿FWRSDUWLFular members is given in the corresponding member chapters. Additional detailing associated with structural integrity
requirements is covered in 4.10.

(a) Minimum spacing
(b) Standard hooks, seismic hooks, and crossties
(c) Development of reinforcement
(d) Splices
(e) Bundled reinforcement
(f) Transverse reinforcement
(g) Post-tensioning anchorages and couplers

25

25.1—Scope

25.1.2 Provisions of 25.9 shall apply to anchorage zones
for post-tensioned tendons.
25.2—Minimum spacing of reinforcement
25.2.1 For parallel nonprestressed reinforcement in a horizontal layer, clear spacing shall be at least the greatest of
1 in., db, and (4/3)dagg.
25.2.2 For parallel nonprestressed reinforcement placed in
two or more horizontal layers, reinforcement in the upper
layers shall be placed directly above reinforcement in the
bottom layer with a clear spacing between layers of at least
1 in.
25.2.3 For longitudinal reinforcement in columns, pedestals, struts, and boundary elements in walls, clear spacing
between bars shall be at least the greatest of 1.5 in., 1.5db,
and (4/3)dagg.

25.2.4 For pretensioned strands at ends of a member,
minimum center-to-center spacing s shall be the greater of
the value in Table 25.2.4, and [(4/3)dagg + db].

Detailing

CODE

R25.2—Minimum spacing of reinforcement
7KH PLQLPXP OLPLWV DUH VHW WR SHUPLW FRQFUHWH WR ÀRZ
readily into spaces between bars and between bars and forms
without honeycombs, and to ensure against concentration of
bars on a line that may cause shear or shrinkage cracking. Use
RIQRPLQDOEDUGLDPHWHUWRGH¿QHPLQLPXPVSDFLQJSHUPLWV
a uniform criterion for all bar sizes. In 2014, the size limitations on aggregates were translated to minimum spacing
requirements, and are provided to promote proper encasement of reinforcement and to minimize honeycombing. The
limitations associated with aggregate size need not be satis¿HGLILQWKHMXGJPHQWRIWKHOLFHQVHGGHVLJQSURIHVVLRQDO
the workability and methods of consolidation of the concrete
are such that the concrete can be placed without creating
honeycombs or voids.
The development lengths given in 25.4 are a function of
the bar spacing and cover. As a result, it may be desirable to
use larger than minimum bar spacing or cover in some cases.
R25.2.4 The decreased spacing for transfer strengths of
4000 psi or greater is based on Deatherage et al. (1994) and
Russell and Burns (1996).
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Table 25.2.4—Minimum center-to-center spacing
of pretensioned strands at ends of members
fciƍSVL
< 4000



Nominal strand diameter, in.

Minimum s

All

4db

< 0.5 in.

4db

0.5 in.

LQ

0.6 in.

2 in.

25.2.5 For pretensioned wire at ends of a member,
minimum center-to-center spacing, s, shall be the greater of
5db and [(4/3)dagg + db].
25.2.6 Reduced vertical spacing including bundling of
prestressed reinforcement shall be permitted in the middle
portion of a span.
25.2.7 For parallel nonprestressed reinforcement in shotcrete members, the clear spacing shall be in accordance with
(a) or (b):
(a) The clear spacing between bars shall be at least the
greater of 6dbDQGLQ
(b) If two curtains of reinforcement are provided, the clear
spacing between bars in the curtain nearer the nozzle shall
be at least 12db. The clear spacing between bars in the
remaining curtain shall conform to (a).
25.2.7.1 It shall be permitted to use a clear spacing that
does not meet 25.2.7(a) or 25.2.7(b) provided shotcrete
mockup panels are used to demonstrate proper reinforcement encasement in accordance with (a) and (b):

R25.2.7.1 Information on shotcrete mockup panels is
provided in ACI 506R, and information on evaluating shotcrete is provided in ACI 506.4R.

(a) The shotcrete mockup panels shall be representative
RI WKH PRVW FRPSOH[ UHLQIRUFHPHQW FRQ¿JXUDWLRQV WR EH
encountered.
(b) The licensed design professional shall specify the
shotcrete mock-up panel quantity, frequency of shooting
per nozzleman and member type, and panel thickness to
verify reinforcement encasement.
25.2.8 For prestressed strands in shotcrete members,
minimum center-to-center spacing, s, shall satisfy 25.2.4,
except as permitted in 25.2.6.
25.2.9 For prestressed wire in shotcrete members, minimum
center-to-center spacing, s, shall satisfy the requirements for
wire in 25.2.5, except as permitted in and 25.2.6
25.2.10 For ties, hoops, and spiral reinforcement in
columns to be placed with shotcrete, minimum clear spacing
shall be 3 in.

R25.2.10 Shotcrete is usually not used in new construction
for columns because the close spacing between ties, hoops,
RUVSLUDOUHLQIRUFHPHQWPDNHVLWGL൶FXOWWRDFKLHYHDGHTXDWH
encasement of the column longitudinal reinforcement.
Spacing closer than required in 25.2.10 requires approval by
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25.2.10.1 It shall be permitted to use a clear spacing
other than 3 in. provided shotcrete mockup panels are used
to demonstrate proper encasement of the reinforcement in
accordance with 25.2.7.1

the licensed design professional based on shotcrete mockup
panels demonstrating that the reinforcement can be encased
without voids.

25.3—Standard hooks, seismic hooks, crossties,
and minimum inside bend diameters

R25.3—Standard hooks, seismic hooks, crossties,
and minimum inside bend diameters

25.3.1 Standard hooks for the development of deformed
bars in tension shall conform to Table 25.3.1.

R25.3.1 Standard bends in reinforcing bars are described
in terms of the inside diameter of bend because the inside
bend diameter is easier to measure than the radius of bend.
7KH SULPDU\ IDFWRUV D൵HFWLQJ WKH PLQLPXP EHQG GLDPHWHU
are feasibility of bending without breakage and avoidance of
crushing the concrete inside the bend.

90-degree hook

180-degree hook

Bar size

Minimum inside bend
diameter, in.

No. 3 through No. 8

6db

No. 9 through No. 11

8db

No. 14 and No. 18

10db

No. 3 through No. 8

6db

No. 9 through No. 11

8db

No. 14 and No. 18

10db

Straight extension[1]
Ɛext, in.

Type of standard hook

12db

Greater of
4db and 2.5 in.

[1]
$VWDQGDUGKRRNIRUGHIRUPHGEDUVLQWHQVLRQLQFOXGHVWKHVSHFL¿FLQVLGHEHQGGLDPHWHUDQGVWUDLJKWH[WHQVLRQOHQJWK,WVKDOOEHSHUPLWWHGWRXVHDORQJHUVWUDLJKWH[WHQVLRQDWWKH
end of a hook. A longer extension shall not be considered to increase the anchorage capacity of the hook.

25.3.2 Minimum inside bend diameters for bars used as
transverse reinforcement and standard hooks for bars used
to anchor stirrups, ties, hoops, and spirals shall conform
to Table 25.3.2. Standard hooks shall enclose longitudinal
reinforcement.

R25.3.2 Standard stirrup, tie, and hoop hooks are limited
to No. 8 bars and smaller, and the 90-degree hook with
6db extension is further limited to No. 5 bars and smaller,
as the result of research showing that larger bar sizes with
90-degree hooks and 6db H[WHQVLRQV WHQG WR VSDOO R൵ WKH
cover concrete when the reinforcement is stressed and the
hook straightens.
The minimum 4db bend for the bar sizes commonly used
for stirrups, ties, and hoops is based on accepted industry
practice in the United States. Use of a stirrup bar size No. 5
or smaller for the 90-, 135-, or 180-degree standard stirrup
hook will permit multiple bending on standard stirrup
bending equipment.
Constructibility issues should be considered in selecting
anchorage details. In particular, the use of 180-degree hooks
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should be avoided in closed stirrups, ties, and hoops made of
continuous reinforcement.

Table 25.3.2—Minimum inside bend diameters and standard hook geometry for stirrups, ties, and hoops
Type of standard
hook

90-degree hook

Minimum inside bend
diameter, in.

Straight extension[1]
Ɛext, in.

No. 3 through
No. 5

4db

Greater of 6db and 3 in.

No. 6 through
No. 8

6db

12db

No. 3 through
No. 5

4db

Bar size

135-degree hook

180-degree hook

Type of standard hook

Greater of 6db and 3 in.
No. 6 through
No. 8

6db

No. 3 through
No. 5

4db

No. 6 through
No. 8

6db

Greater of
4db and
2.5 in.

[1]
$VWDQGDUGKRRNIRUVWLUUXSVWLHVDQGKRRSVLQFOXGHVWKHVSHFL¿FLQVLGHEHQGGLDPHWHUDQGVWUDLJKWH[WHQVLRQOHQJWK,WVKDOOEHSHUPLWWHGWRXVHDORQJHUVWUDLJKWH[WHQVLRQDWWKH
end of a hook. A longer extension shall not be considered to increase the anchorage capacity of the hook.

25.3.3 Minimum inside bend diameters for welded wire
reinforcement used as stirrups or ties shall not be less than
4db for deformed wire larger than D6 and 2db for all other
wires. Bends with inside diameter of less than 8db shall not
be less than 4db from nearest welded intersection.
25.3.4 Seismic hooks used to anchor stirrups, ties, hoops,
and crossties shall be in accordance with (a) and (b):

R25.3.3 Welded wire reinforcement can be used for stirrups and ties. The wire at welded intersections does not have
the same uniform ductility and bendability as in areas that
were not heated by welding in the manufacture of the welded
ZLUH UHLQIRUFHPHQW7KHVH H൵HFWV RI WKH ZHOGLQJ WHPSHUDture are usually dissipated in a distance of approximately
four wire diameters. Minimum bend diameters permitted are
in most cases the same as those required in the ASTM bend
tests for wire (ASTM A1064 and A1022).

(a) Minimum bend of 90 degrees for circular hoops and
135 degrees for all other hoops
(b) Hook shall engage longitudinal reinforcement and the
extension shall project into the interior of the stirrup or
hoop
25.3.5 Crossties shall be in accordance with (a) through (e):
(a) Crosstie shall be continuous between ends
(b) There shall be a seismic hook at one end
(c) There shall be a standard hook at other end with
minimum bend of 90 degrees
(d) Hooks shall engage peripheral longitudinal bars
(e) 90-degree hooks of two successive crossties engaging
the same longitudinal bars shall be alternated end for end,
unless crossties satisfy 18.6.4.3 or 25.7.1.6.1

R25.3.5 Crossties are illustrated in Fig. R25.3.5.
Alternate hook position of
each successive crosstie
Longitudinal
reinforcement

90-degree bend

Fig. R25.3.5—Crosstie.
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25.4—Development of reinforcement
25.4.1 General

R25.4—Development of reinforcement
R25.4.1 General

25.4.1.1 Calculated tension or compression in reinforcement at each section of a member shall be developed on
each side of that section by embedment length; hook, headed
deformed bar, mechanical device, or a combination thereof.

R25.4.1.1 The development length concept is based on the
attainable average bond stress over the length of embedment
of the reinforcement (ACI Committee 408 1966). Development lengths are required because of the tendency of highly
stressed bars to split relatively thin sections of restraining
concrete. A single bar embedded in a mass of concrete
should not require as great a development length, although
a row of bars, even in mass concrete, can create a weakened
plane with longitudinal splitting along the plane of the bars.
In application, the development length concept requires
minimum lengths or extensions of reinforcement beyond all
points of peak stress in the reinforcement. Such peak stresses
generally occur at the points of maximum stress and points
where reinforcement is bent or terminated. From a point of
peak stress in reinforcement, some length of reinforcement
or anchorage is necessary to develop the stress. This development length or anchorage is necessary on both sides of
such peak stress points. Often, the reinforcement continues
for a considerable distance on one side of a critical stress
point so that calculations need involve only the other side,
for example, the negative moment reinforcement continuing
through a support to the middle of the next span. The
requirement for a minimum value of Ktr along development
and splice lengths in 9.7.1.4, 10.7.1.3, 25.4.2.2, and 25.5.1.5
improves ductility.

25.4.1.2 Hooks and heads shall not be used to develop
bars in compression.

R25.4.1.2 +RRNV DQG KHDGV DUH LQH൵HFWLYH LQ FRPSUHVsion. No data are available to demonstrate that hooks and
heads can reduce development length in compression.

25.4.1.3 Development lengths do not require a strength
UHGXFWLRQIDFWRUࢥ

R25.4.1.37KH VWUHQJWK UHGXFWLRQ IDFWRU ࢥ LV QRW XVHG LQ
the development length and lap splice length equations. An
allowance for strength reduction is already included in the
expressions for determining development and splice lengths.

25.4.1.4 The values of f c′ used to calculate development length shall not exceed 100 psi.

R25.4.1.4 Darwin et al. (1996) shows that the force developed in a bar in development and lap splice tests increases at
a lesser rate than f c′ with increasing compressive strength.
Using f c′ KRZHYHULVVX൶FLHQWO\DFFXUDWHIRUYDOXHVRI
f c′ up to 100 psi, and because of the long-standing use
of the f c′ in design, ACI Committee 318 has chosen not
to change the exponent applied to the compressive strength
used to calculate development and lap splice lengths, but
rather to set an upper limit of 100 psi on f c′ .

25.4.2 'HYHORSPHQW RI GHIRUPHG EDUV DQG GHIRUPHG
wires in tension

R25.4.2 'HYHORSPHQW RI GHIRUPHG EDUV DQG GHIRUPHG
wires in tension

25.4.2.1 Development length Ɛd for deformed bars and
deformed wires in tension shall be the greater of (a) and (b):

R25.4.2.1 This provision gives a two-tier approach for
the calculation of tension development length. The user can
HLWKHUXVHWKHVLPSOL¿HGSURYLVLRQVRIRUWKHJHQHUDO
development length equation (Eq. (25.4.2.4a)), which is

American Concrete Institute – Copyrighted © Material – www.concrete.org

Detailing

COMMENTARY

25

CODE

471

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 8: REINFORCEMENT

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

(a) Length calculated in accordance with 25.4.2.3 or
 XVLQJ WKH DSSOLFDEOH PRGL¿FDWLRQ IDFWRUV RI
25.4.2.5
(b) 12 in.

based on the expression previously endorsed by ACI 408.1R.
In Table 25.4.2.3, Ɛd is based on two preselected values of (cb
+ Ktr)/db, whereas Ɛd from Eq. (25.4.2.4a) is based on the
actual (cb + Ktr)/db.
Although there is no requirement for transverse reinforcement along the tension development or lap splice length,
research (Azizinamini et al. 1999a,b) indicates that in concrete
with very high compressive strength, brittle anchorage failure
may occur for bars with inadequate transverse reinforcement.
In lap splice tests of No. 8 and No. 11 bars in concrete with
an fcƍ of approximately 15,000 psi, transverse reinforcement
improved ductile anchorage behavior.

25.4.2.2 For bars with fySVL spaced closer than 6 in.
on center, transverse reinforcement shall be provided such
that Ktr shall not be smaller than 0.5db.
25.4.2.3 For deformed bars or deformed wires, Ɛd shall be
calculated in accordance with Table 25.4.2.3.
Table 25.4.2.3—Development length for deformed
bars and deformed wires in tension
No. 6 and smaller
bars and deformed
wires

No. 7 and
larger bars

Clear spacing of bars or wires
being developed or lap spliced
not less than db, clear cover
at least db, and stirrups or ties
throughout Ɛd not less than the
Code minimum
or
Clear spacing of bars or wires
being developed or lap spliced
at least 2db and clear cover at
least db

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 25λ f c′ ⎠

⎛ fy ψt ψeψ g ⎞
⎜
⎟ db
⎝ 20λ f c′ ⎠

Other cases

⎛ 3 fy ψt ψeψ g ⎞
⎜
⎟ db
⎝ 50λ f c′ ⎠

⎛ 3 fy ψt ψeψ g ⎞
⎜
⎟ db
⎝ 40λ f c′ ⎠

Spacing and cover

R25.4.2.3 This provision recognizes that many current
practical construction cases use spacing and cover values
DORQJZLWKFRQ¿QLQJUHLQIRUFHPHQWVXFKDVVWLUUXSVRUWLHV
that result in a value of (cb + Ktr)/db of at least 1.5. Examples include a minimum clear cover of db along with either
minimum clear spacing of 2db, or a combination of minimum
clear spacing of db and minimum ties or stirrups. For these
frequently occurring cases, the development length for
larger bars can be taken as Ɛd = [fyȥtȥeȥg Ȝ f c′ )]db. In
the formulation of the provisions in ACI 318-95, a comparison with past provisions and a check of a database of experimental results maintained by ACI 408.1R indicated that for
No. 6 deformed bars and smaller, as well as for deformed
wire, the development lengths could be reduced 20 percent
using ȥs = 0.8. This is the basis for the 1RDQGVPDOOHU
EDUVDQGGHIRUPHGZLUHV column of Table 25.4.2.3. With less
cover and in the absence of minimum ties or stirrups, the
minimum clear spacing limits of 25.2.1 and the minimum
concrete cover requirements of 20.5.1.3 result in minimum
values of cb equal to db. Thus, for “other cases,” the values
are based on using (cb + Ktr)/db = 1.0 in Eq. (25.4.2.4a).
The user may easily construct simple, useful expressions.
)RUH[DPSOHLQDOOPHPEHUVZLWKQRUPDOZHLJKWFRQFUHWH Ȝ
= 1.0), uncoated reinforcement (ȥe = 1.0), No. 7 and larger
bottom bars (ȥt = 1.0) with fcƍ   SVL, and Grade 60
reinforcement (ȥg = 1.0), the expressions reduce to
Ad =

(60, 000)(1.0)(1.0)(1.0)
20(1.0) 4000

db = 47 db

or
Ad =

3(60, 000)(1.0)(1.0)(1.0)
40(1.0) 4000

db = 71db

Thus, as long as minimum cover of db is provided along
with a minimum clear spacing of 2db, or a minimum clear
American Concrete Institute – Copyrighted © Material – www.concrete.org
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⎛
⎞
⎜
⎟
3 f y ψt ψeψ sψ g ⎟
Ad = ⎜
d
⎜ 40 λ f c′ ⎛ cb + K tr ⎞ ⎟ b
⎜
⎜⎝ d
⎟⎠ ⎟⎠
⎝
b

(25.4.2.4a)

LQZKLFKWKHFRQ¿QHPHQWWHUP(cb + Ktr)/db shall not exceed
2.5, and
K tr =

40 Atr
sn

(25.4.2.4b)

where n is the number of bars or wires being developed or
lap spliced along the plane of splitting. It shall be permitted
to use Ktr = 0DVDGHVLJQVLPSOL¿FDWLRQHYHQLIWUDQVYHUVH
reinforcement is present or required.

25.4.2.5 For the calculation of Ɛd PRGL¿FDWLRQ IDFWRUV
shall be in accordance with Table 25.4.2.5.

R25.4.2.4(TXDWLRQ D LQFOXGHVWKHH൵HFWVRIDOOYDULables controlling the development length. In Eq. (25.4.2.4a), cb
is a factor that represents the least of the side cover, the concrete
cover to the bar or wire (in both cases measured to the center
of the bar or wire), or one-half the center-to-center spacing of
the bars or wires. Ktr is a factor that represents the contribution
RIFRQ¿QLQJUHLQIRUFHPHQWDFURVVSRWHQWLDOVSOLWWLQJSODQHVȥt
LVWKHUHLQIRUFHPHQWORFDWLRQIDFWRUWRUHÀHFWWKHH൵HFWRIWKH
FDVWLQJSRVLWLRQ WKDWLVIRUPHUO\GHQRWHGDV³WRSEDUH൵HFW´ 
ȥeLVDFRDWLQJIDFWRUUHÀHFWLQJWKHH൵HFWVRIHSR[\FRDWLQJ
There is a limit on the product ȥtȥe. The reinforcement size
factor ȥsUHÀHFWVWKHPRUHIDYRUDEOHSHUIRUPDQFHRIVPDOOHU
diameter reinforcement. ȥg is the reinforcement grade factor
accounting for the yield strength of the reinforcement. A limit
of 2.5 is placed on the term (cb + Ktr)/db. When (cb + Ktr)/db
is less than 2.5, splitting failures are likely to occur. For values
above 2.5, a pullout failure is expected, and an increase in
cover or transverse reinforcement is unlikely to increase the
anchorage capacity.
Many practical combinations of side cover, clear cover, and
FRQ¿QLQJUHLQIRUFHPHQWFDQEHXVHGZLWKWRSURGXFH
VLJQL¿FDQWO\ VKRUWHU GHYHORSPHQW OHQJWKV WKDQ DOORZHG E\
25.4.2.3. For example, bars or wires with minimum clear
cover not less than 2db and minimum clear spacing not less
than 4dbDQGZLWKRXWDQ\FRQ¿QLQJUHLQIRUFHPHQWZRXOGKDYH
a (cb + Ktr)/db value of 2.5 and would require a development
length of only 28db for the example in R25.4.2.3.
Before ACI 318-08, Eq. (25.4.2.4b) for Ktr included the
yield strength of transverse reinforcement. The current
expression includes only the area and spacing of the transverse reinforcement and the number of wires or bars being
developed or lap spliced because tests demonstrate that
transverse reinforcement rarely yields during a bond failure
(Azizinamini et al. 1995).
Terms in Eq. (25.4.2.4a) may be disregarded if such omission results in longer and, hence, more conservative, development lengths.
R25.4.2.5 The lightweight factor Ȝ for calculating development length of deformed bars and deformed wire in tension is
the same for all types of lightweight concrete. Research does
not support the variations of this factor in Codes prior to 1989
for all-lightweight and sand-lightweight concrete (ACI 408R).
The reinforcement grade factor ȥgDFFRXQWVIRUWKHH൵HFW
of reinforcement yield strength on required development
length. Research has shown that required development
length increases disproportionately with increases in yield
strength (Orangun et al. 1977; Canbay and Frosch 2005).
The epoxy factor ȥe is based on studies (Treece and Jirsa
1989; Johnston and Zia 1982; Mathey and Clifton 1976) of
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25.4.2.4 For deformed bars or deformed wires, Ɛd shall be
calculated by:
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cover of db and a minimum clear spacing of db are provided
along with minimum ties or stirrups, then Ɛd = 47db. The
penalty for spacing bars closer or providing less cover is the
requirement that Ɛd = 71db.
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Table 25.4.2.5—Modification factors for
development of deformed bars and deformed
wires in tension
0RGL¿FDWLRQ
factor
/LJKWZHLJKWȜ

Condition

Value of
factor

Lightweight concrete

0.75

Normalweight concrete

1.0

Grade 40 or Grade 60

1.0

Grade 80

1.15

Grade 100

1.3

Epoxy-coated or zinc and epoxy dualcoated reinforcement with clear cover
less than 3db or clear spacing less than
6db

1.5

Epoxy-coated or zinc and epoxy
dual-coated reinforcement for all other
conditions

1.2

Uncoated or zinc-coated (galvanized)
reinforcement

1.0

No. 7 and larger bars

1.0

No. 6 and smaller bars and deformed
wires

0.8

More than 12 in. of fresh concrete
placed below horizontal reinforcement

1.3

Other

1.0

Reinforcement
JUDGHȥg

Epoxy[1]ȥe

6L]Hȥs

Casting
position[1]ȥt
[1]

7KHSURGXFWȥtȥe need not exceed 1.7.

25.4.3 'HYHORSPHQWRIVWDQGDUGKRRNVLQWHQVLRQ
25.4.3.1 Development length Ɛdh for deformed bars in
tension terminating in a standard hook shall be the greater
of (a) through (c):
⎛ f
(a) ⎜ y e r o
⎝ 55λ f c′
in 25.4.3.2
(b) 8db
(c) 6 in.

c

⎞
⎟ db
⎠

with ȥeȥrȥo, ȥc, and Ȝ given

25.4.3.2 For the calculation of ƐdhPRGL¿FDWLRQIDFWRUVȥe,
ȥr, ȥo, ȥc, and Ȝshall be in accordance with Table 25.4.3.2.
At discontinuous ends of members, 25.4.3.4 shall apply.

the anchorage of epoxy-coated bars that show bond strength
is reduced because the coating prevents adhesion and lowers
WKHFRH൶FLHQWRIIULFWLRQEHWZHHQWKHEDUDQGWKHFRQFUHWH
7KH IDFWRUV UHÀHFW WKH W\SH RI DQFKRUDJH IDLOXUH OLNHO\ WR
occur. If the cover or spacing is small, a splitting failure
can occur and the anchorage or bond strength is substantially reduced. If the cover and spacing between bars is
ODUJH D VSOLWWLQJ IDLOXUH LV SUHFOXGHG DQG WKH H൵HFW RI WKH
epoxy coating on anchorage strength is not as large. Studies
(Orangun et al. 1977) have shown that although the cover
or spacing may be small, the anchorage strength may be
increased by adding transverse reinforcement crossing the
plane of splitting, and restraining the splitting crack.
Because the bond of epoxy-coated bars or zinc and epoxy
dual-coated bars is already reduced due to the loss of adheVLRQDQGORZHUFRH൶FLHQWRIIULFWLRQEHWZHHQWKHEDUDQGWKH
concrete, an upper limit of 1.7 is established for the product
of the factors for top reinforcement casting position and
epoxy-coated reinforcement or zinc and epoxy dual-coated
reinforcement.
The reinforcement size factor ȥsUHÀHFWVWKHPRUHIDYRUable performance of smaller-diameter reinforcement.
The reinforcement location or casting position factor ȥt
accounts for the position of the reinforcement in freshly
placed concrete. The factor 1.3 is based on research (Jirsa
and Breen 1981; Jeanty et al. 1988). The application of the
casting position factor should be considered in determination of development lengths for inclined reinforcement.
R25.4.3 'HYHORSPHQWRIVWDQGDUGKRRNVLQWHQVLRQ
R25.4.3.1 The provisions for hooked bars are only applicable to standard hooks (refer to 25.3.1). The development
length Ɛdh is measured from the critical section to the outside
end (or edge) of the hook.
In research by Sperry et al. (2017a), concrete breakout
failure was the predominant failure mode of hooked bars.
Closely-spaced hooks provide a lower strength per hooked
bar than more widely-spaced hooked bars because the area of
the breakout surface is reduced for the more closely-spaced
bars (Ajaam et al. 2018). For bars located adjacent to the
side of a member, the percentage of hooked bars exhibiting
splitting failure increased with increasing bar size.
7KH H൵HFWV RI EDU \LHOG VWUHQJWK VSDFLQJ DQG FRQ¿QHPHQW E\ WLHV RU VWLUUXSV KDYH EHHQ XSGDWHG WR UHÀHFW WHVW
results (Sperry et al. 2018). The minimum values of Ɛdh are
VSHFL¿HGWRSUHYHQWIDLOXUHE\GLUHFWSXOORXWLQFDVHVZKHUH
a hook may be located near the critical section. Hooks in
beam-column joints and corbels should be placed as close as
practical to the back face of the joint.
R25.4.3.2 Unlike straight bar development, no distinction
is made for casting position.
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Table 25.4.3.2—Modification factors for
development of hooked bars in tension
0RGL¿FDWLRQ
factor

Condition

Value of factor

Lightweight concrete

0.75

Normalweight concrete

1.0

Epoxy-coated or zinc and epoxy
dual-coated reinforcement

1.2

Uncoated or zinc-coated
(galvanized) reinforcement

1.0

&RQ¿QLQJ
reinforcement
ȥr

For No. 11 and smaller bars with
AthAhs or s[1]db[2]

1.0

Other

1.6

/RFDWLRQȥo

For No. 11 and smaller diameter
hooked bars:
(1) Terminating inside column
core with side cover normal to
SODQHRIKRRNLQRU
(2) With side cover normal to
SODQHRIKRRNdb

1.0

/LJKWZHLJKWȜ

(SR[\ȥe

Concrete
VWUHQJWKȥc

Other

1.25

For fcƍSVL

fcƍ

For fcƍSVL

1.0

[1]

s is minimum center-to-center spacing of hooked bars.

[2]

db is nominal diameter of hooked bar.

25.4.3.3 The total cross-sectional area of ties or stirrups
FRQ¿QLQJKRRNHGEDUVAth shall consist of (a) or (b):
(a) Ties or stirrups that enclose the hook and satisfy 25.3.2.
(b) Other reinforcement enclosing the hook, that extends
at least 0.75Ɛdh from the enclosed hook in the direction
of the bar in tension, and is in accordance with (1) or (2).
)RU PHPEHUV ZLWK FRQ¿QLQJ UHLQIRUFHPHQW WKDW LV ERWK
parallel and perpendicular to Ɛdh, it shall be permitted to
use the value of Ath based on (1) or (2) that results in the
lower value of Ɛdh.
(1) Two or more ties or stirrups shall be provided
parallel to Ɛdh enclosing the hooks, evenly distributed
with a center-to-center spacing not exceeding 8db, and
within 15db of the centerline of the straight portion of
the hooked bars, where db is the nominal diameter of
the hooked bar.
(2) Two or more ties or stirrups shall be provided perpendicular to Ɛdh, enclosing the hooked bars, and evenly
distributed along Ɛdh with a center-to-center spacing not
exceeding 8db, where db is the nominal diameter of the
hooked bar.

The epoxy factor ȥe is based on tests (Hamad et al.
1993) that indicate the development length for hooked bars
should be increased by 20 percent to account for reduced
bond when reinforcement is epoxy coated. The location
factor ȥo is based on tests (Johnson and Jirsa 1981; Sperry
et al. 2017a,b) demonstrating that the development length
of hooked bars anchored within a column core with side
cover less than 2.5 in. or in other members with side cover
less than 6db needs to be 25 percent longer than in similar
members with larger cover.
7KH FRQ¿QLQJ UHLQIRUFHPHQW IDFWRU ȥr is based on test
results reported by Ajaam et al. (2018). A value of 1.0 is used
for ȥr for widely-spaced hooked bars, sdb, and for hooked
bars with Ath /Ahs  . Where bars are closely spaced or
Ath /Ahs < 0.4WKHFRQ¿QHPHQWIDFWRULV%HFDXVHQRWHVW
results are available for No. 14 and No. 18 bars, the values
RI ȥr for hooked bars larger than No. 11 are the same as
those for No. 11 and smaller diameter hooked bars without
FRQ¿QLQJUHLQIRUFHPHQW1RWHVWVZHUHSHUIRUPHGWRYHULI\
extrapolation to large bars in concrete with strengths greater
than 10,000 psi. When calculated using 25.4.3.1(a) and the
factors in 25.4.3.2, development lengths are, however, as
much as 50 percent longer than required by Codes prior to
ACI 318-19.

R25.4.3.3 'LVWULEXWLRQ RI FRQ¿QLQJ UHLQIRUFHPHQW LV
shown in Fig. R25.4.3.3a and 25.4.3.3b. Figure R25.4.3.3a
shows placement of ties or stirrups parallel to the bar being
developed along the length of the tail extension of the hook
SOXV EHQG7KLV FRQ¿JXUDWLRQ ZRXOG EH W\SLFDO LQ D EHDP
FROXPQ MRLQW 7HVWV VKRZ WKDW FRQ¿QLQJ UHLQIRUFHPHQW
oriented parallel or perpendicular to the development length
RI WKH KRRNHG EDU DQG ORFDWHG ZLWKLQ WKH UHJLRQV GH¿QHG
in 25.4.3.3 (a) or (b), contributes to anchorage strength in
SURSRUWLRQ WR WKH DUHD RI WKH FRQ¿QLQJ UHLQIRUFHPHQW IRU
both 90- and 180-degree hooks (Sperry et al. 2017b). Figure
R25.4.3.3b shows placement of ties or stirrups perpendicular
to the bar being developed, spaced along 0.75Ɛdh of the hook.
Tests used to establish these criteria were based on beamcolumn joints with perimeter ties and stirrups only (Sperry
et al. 2017a; Ajaam et al. 2018). Both legs of individual stirrups and individual ties contribute to Ath.
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dh
≥ 0.75dh

15db

db

≤ 8db

Ties or stirrups
Fig. R25.4.3.3a²&RQ¿QLQJ UHLQIRUFHPHQW SODFHG SDUDOOHO
to the bar being developed that contributes to anchorage
VWUHQJWKRIERWKDQGGHJUHHKRRNHGEDUV

dh
≥ 0.75dh

db

≤ 8db

Ties or stirrups

Fig. R25.4.3.3b²&RQ¿QLQJ UHLQIRUFHPHQW SODFHG SHUSHQdicular to the bar being developed, spaced along the develRSPHQWOHQJWKƐdh, that contributes to anchorage strength of
ERWKDQGGHJUHHKRRNHGEDUV
25.4.3.4 For bars being developed by a standard hook at
discontinuous ends of members with both side cover and top
RUERWWRP FRYHUWRKRRNOHVVWKDQLQ D DQG E VKDOO
EHVDWLV¿HG
(a) The hook shall be enclosed along Ɛdh within ties or stirrups perpendicular to Ɛdh at sdb
E 7KH¿UVWWLHRUVWLUUXSVKDOOHQFORVHWKHEHQWSRUWLRQRI
the hook within 2db of the outside of the bend
where db is the nominal diameter of the hooked bar.

R25.4.3.4 Hoooked bars are especially susceptible to a
concrete splitting failure if both side cover (perpendicular to
plane of hook) and top or bottom cover (in plane of hook) are
small (refer to Fig. R25.4.3.4). Transverse reinforcement is
required to provide additional splitting resistance. This provision applies at ends of simply-supported beams, at the free
end of cantilevers, and at exterior joints for members framing
into a joint where members do not extend beyond the joint.
This provision does not apply for hooked bars at discontinXRXVHQGVRIVODEVZKHUHFRQ¿QHPHQWLVSURYLGHGE\WKHVODE
on both sides, perpendicular to the plane of the hook.
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Less
than
2½ in.

Ties or
stirrups
required
db

dh

A

A

≤ 3db

Less
than
2½ in.

≤ 2db

Section A-A

Sectional Elevation

Fig. R25.4.3.4²&RQFUHWHFRYHUDFFRUGLQJWR

(a) Bar shall conform to 20.2.1.6
(b) Bar size shall not exceed No. 11
(c) Net bearing area of head Abrg shall be at least 4Ab
(d) Concrete shall be normalweight
(e) Clear cover for bar shall be at least 2db
(f) Center-to-center spacing between bars shall be at least 3db

25.4.4.2 Development length Ɛdt for headed deformed bars
in tension shall be the longest of (a) through (c):
⎛ fy e p o
(a) ⎜
75 f c′
⎝
25.4.4.3
(b) 8db
(c) 6 in.

c

⎞ 1.5
⎟ db with ȥe, ȥpȥo, andȥc, given in
⎠

R25.4.4.1 As used in this section, development describes cases
in which the force in the bar is transferred to the concrete through a
combination of a bearing force at the head and bond forces along
the bar. In contrast, Chapter 17 anchorage provisions describe
cases in which the force in the bar is transferred through bearing
to the concrete at the head alone. Headed bars are limited to
those types that meet the criteria in 20.2.1.6 for Class HA heads.
The provisions for headed deformed bars were formulated
with due consideration of the provisions for anchorage in
Chapter 17 (Shao et al. 2016). Chapter 17 contains provisions
for headed anchors related to the individual failure modes
of concrete breakout, side-face blowout, and pullout. These
failure modes were considered in the formulation of 25.4.4.2.
The restrictions to maximum bar size of No. 11 and normalweight concrete are based on a lack of data for larger bars or
lightweight concrete (Thompson et al. 2005, 2006a,b; Shao
et al. 2016). The upper limit of 60,000 psi on fy that appeared
prior to the 2019 Code has been removed.
For bars in tension, heads allow the bars to be developed in a
shorter length than required for standard hooks, but otherwise
perform in a similar manner (Thompson et al. 2005, 2006a,b;
Shao et al. 2016). The head is considered to be part of the bar
IRUWKHSXUSRVHVRIVDWLVI\LQJWKHVSHFL¿HGFRYHUUHTXLUHPHQWV
in 20.5.1.3 and aggregate size requirements of 26.4.2.1(a)(5).
Headed bars with Abrg < 4Ab have been used in practice,
but their performance is not accurately represented by the
provisions in 25.4.4.2, and they should be used only with
designs that are supported by test results under 25.4.5. These
provisions do not address the design of studs or headed stud
assemblies used for shear reinforcement.
R25.4.4.2 The provisions for developing headed deformed
bars give the length of bar, Ɛdt, measured from the critical
section to the bearing face of the head, as shown in Fig.
R25.4.4.2a. The provisions are primarily based on tests of
simulated beam-column joints (Shao et al. 2016).
If longitudinal headed deformed bars from a beam, slab,
or corbel terminate in a supporting member, such as the
column shown in Fig. R25.4.4.2b, the bars should extend
WKURXJKWKHMRLQWWRWKHIDUIDFHRIWKHFRQ¿QHGFRUHRIWKH
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CODE

COMMENTARY
supporting member, allowing for cover and avoidance of
interference with column reinforcement, even though the
resulting anchorage length may exceed Ɛdt. Extending the
bar to the far side of the column core helps engage the entire
joint in resisting the anchorage forces and thereby improves
the performance of the joint.
If closely spaced headed bars are used, the potential for
concrete breakout failure exists. For joints as shown in Fig.
R25.4.4.2c and R25.4.4.2d, anchorage strengths will be
generally higher if the anchorage length is equal to or greater
than d/1.5 (Eligehausen 2006b), as shown in Fig. R25.4.4.2c,
or by providing reinforcement in the form of hoops and ties to
establish a load path in accordance with strut-and-tie modeling
principles, as shown in Fig. R25.4.4.2d. Strut-and-tie models
VKRXOGEHYHUL¿HGLQDFFRUGDQFHZLWKChapter 23. Note that
the strut-and-tie models illustrated in Fig. R25.4.4.2c and
R25.4.4.2d rely on a vertical strut from a column extending
above the joint. Beam-column joints at roof-level and portal
frames are vulnerable to joint failure and should be properly
detailed to restrain diagonal cracking through the joint and
breakout of the bars through the top surface.
For cases where development length cannot be designed in
accordance with 25.4.4.2, use of the provisions of Chapter 17
should be considered.

Critical section

≥ dt
Fig. R25.4.4.2a²'HYHORSPHQWRIKHDGHGGHIRUPHGEDUV
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> dt
Bearing face of head
Fig. R25.4.4.2b²+HDGHGGHIRUPHGEDUH[WHQGHGWRIDUVLGH
RIFROXPQFRUHZLWKDQFKRUDJHOHQJWKWKDWH[FHHGVƐdt.

Slab edge

Critical section through slab
shear reinforcement (first line
of stirrup legs)

d/2

d/2

d/2

d/2

Plan

Slab

Critical section
outside slab
shear
reinforcement

Fig. R25.4.4.2c––Breakout failure precluded in joint by
keeping anchorage length greater than or equal to d/1.5.

American Concrete Institute – Copyrighted © Material – www.concrete.org

25

CODE

479

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 8: REINFORCEMENT

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY
< d /1.5

C

Headed deformed bar
T

T

Note:
Dashed lines are struts;
continuous horizontal lines
are ties; typical flexural
tension and compression
forces shown as arrows.
Other forces not shown.

d

C
T
C

Fig. R25.4.4.2d—Breakout failure precluded in joint by
SURYLGLQJWUDQVYHUVHUHLQIRUFHPHQWWRHQDEOHDVWUXWDQGWLH
PHFKDQLVP
25.4.4.3 For the calculation of ƐdtPRGL¿FDWLRQIDFWRUVȥe,
ȥp, ȥo, and ȥc shall be in accordance with Table 25.4.4.3.
Table 25.4.4.3—Modification factors for
development of headed bars in tension
0RGL¿FDWLRQ
factor

(SR[\ȥe

Parallel tie
reinforcement
ȥp

/RFDWLRQȥo

Concrete
VWUHQJWKȥc

Condition

Value of factor

Epoxy-coated or zinc and epoxy
dual-coated reinforcement

1.2

Uncoated or zinc-coated
(galvanized) reinforcement

1.0

For No. 11 and smaller bars with Att
Ahs or s[1]db[2,3]

1.0

Other

1.6

For headed bars:
(1) Terminating inside column core
ZLWKVLGHFRYHUWREDULQRU
 :LWKVLGHFRYHUWREDUdb

1.0

Other

1.25

For fcƍSVL

fcƍ

For fcƍSVL

1.0

R25.4.4.3 The epoxy factor 1.2 is based conservatively on
the value used for epoxy-coated standard hooks. The location factor ȥoDFFRXQWVIRUWKHFRQ¿QHPHQWSURYLGHGE\WKH
reinforcement within columns and large side cover for other
members.
The factor ȥp for headed reinforcement is similar to the
FRQ¿QLQJUHLQIRUFHPHQWIDFWRUIRUKRRNHGEDUV Shao et al.
2016). Unlike hooked bars, however, test results indicate
that only tie or hoop reinforcement parallel to headed bars
contributes to anchorage strength and reduces development
length (Thompson et al. 2005, 2006a,b).

[1]

s is minimum center-to-center spacing of headed bars.

[2]

db is nominal diameter of headed bar.

[3]

Refer to 25.4.4.5.
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25.4.4.4 For beam column joints, the total cross-sectional
area of parallel tie reinforcement Att shall consist of ties or
stirrups oriented parallel to Ɛdt and located within 8db of the
centerline of the headed bar toward the middle of the joint,
where db is the nominal diameter of the headed bar.

R25.4.4.4 Reinforcement oriented parallel to the development length of the headed bars, located within the region
GH¿QHGLQ )LJ5 FRQWULEXWHVWRDQFKRUDJH
strength in proportion to its area (Shao et al. 2016). This reinforcement serves to tie concrete near the head to concrete on
the other side of the failure surface, thus mobilizing additional anchorage strength. With the exception of vertical
joint reinforcement in the form of stirrups that are well
anchored to the far side of the joint, reinforcement oriented
perpendicular to the development length has been shown
LQ D QXPEHU RI FDVHV WR EH LQH൵HFWLYH LQ LPSURYLQJ WKH
anchorage of headed deformed bars (Thompson et al. 2005,
2006a,b). Both legs of individual stirrups and ties parallel to
the headed bars contribute to Att.

25
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d b
db
T
8db
Developed
compressive
strut

Direction
of strut

C

Parallel tie
reinforcement
within 8db of
the horizontal
headed bar
(a) Horizontal headed bars
Parallel tie reinforcement within
8db 2 of the vertical headed bar
8db 2

Head
2

Direction of strut

Head
1
T
db1

8db 1

Developed
compressive
strut

Direction
of strut

C

db 2

T
C

Parallel tie
reinforcement
within 8db1 of
the horizontal
headed bar

(b) Vertical and horizontal headed bars

Fig. R25.4.4.4—Ties or stirrups placed parallel to the
KHDGHGEHDPEDUVEHLQJGHYHORSHGLQDEHDPFROXPQMRLQW
that contribute to anchorage strength.
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25.4.4.5 For anchorages other than in beam-column joints,
tie reinforcement, Att, shall not be considered, and ȥp shall
be taken as 1.0 provided the spacing is at least 6db.

R25.4.4.51RHYLGHQFHLVDYDLODEOHUHJDUGLQJWKHH൵HFWRI
parallel reinforcement on the development length of headed
bars except in beam-column joints.
R25.4.4.6 Refer to R18.4.4.5.

R25.4.5 'HYHORSPHQWRIPHFKDQLFDOO\DQFKRUHGGHIRUPHG
bars in tension

25.4.5.1 Any mechanical attachment or device capable of
developing fy of deformed bars shall be permitted, provided
LW LV DSSURYHG E\ WKH EXLOGLQJ R൶FLDO LQ DFFRUGDQFH ZLWK
1.10. Development of deformed bars shall be permitted to
consist of a combination of mechanical anchorage plus additional embedment length of the deformed bars between the
critical section and the mechanical attachment or device.

R25.4.5.1 Anchorage of deformed bars through the use
of mechanical devices within concrete that do not meet the
requirements in 20.2.1.6, or are not developed in accordance
with 25.4.4, may be used if tests demonstrate the ability of
the head and bar system to develop or anchor the desired
force in the bar, as described in this provision.

25.4.6 'HYHORSPHQW RI ZHOGHG GHIRUPHG ZLUH UHLQIRUFHPHQWLQWHQVLRQ

R25.4.6 'HYHORSPHQWRIZHOGHGGHIRUPHGZLUHUHLQIRUFHPHQWLQWHQVLRQ

25.4.6.1 Development length Ɛd for welded deformed wire
reinforcement in tension measured from the critical section
to the end of wire shall be the greater of (a) and (b), where
wires in the direction of the development length shall all be
deformed D31 or smaller.

R25.4.6.1 ASTM A1064 for welded deformed wire reinforcement requires the same strength of the weld as required
for welded plain wire reinforcement. Some of the development is assigned to welds and some assigned to the length
of deformed wire.

25

25.4.5 'HYHORSPHQWRIPHFKDQLFDOO\DQFKRUHGGHIRUPHG
bars in tension

Detailing

25.4.4.6 If beam negative moment reinforcement is
provided by headed deformed bars that terminate in a joint,
the column shall extend above the top of the joint a distance
at least the depth h of the joint, where h is the horizontal
dimension of the joint in the direction of the forces being
considered. Alternatively, the beam reinforcement shall be
enclosed by additional vertical joint reinforcement providing
HTXLYDOHQWFRQ¿QHPHQWWRWKHWRSIDFHRIWKHMRLQW

(a) Length calculated in accordance with 25.4.6.2
(b) 8 in.
25.4.6.2 For welded deformed wire reinforcement, Ɛd
shall be calculated from 25.4.2.3 or 25.4.2.4, times welded
deformed wire reinforcement factor ȥw from 25.4.6.3 or
25.4.6.4. For epoxy-coated welded deformed wire reinforcePHQWPHHWLQJLWVKDOOEHSHUPLWWHGWRXVHȥe = 1.0
in 25.4.2.3 or 25.4.2.4.

R25.4.6.2 The welded deformed wire reinforcement factor
ȥw is applied to the deformed wire development length
calculated from 25.4.2.3 or 25.4.2.4.
Tests (Bartoletti and Jirsa 1995) have indicated that epoxycoated welded deformed wire reinforcement has essentially
the same development and splice strengths as uncoated
welded deformed wire reinforcement because the cross
wires provide the primary anchorage for the wire. ThereIRUH ȥe of 1.0 is used for development and splice lengths
of epoxy-coated welded deformed wire reinforcement with
cross wires within the splice or development length.

25.4.6.3 For welded deformed wire reinforcement with at
least one cross wire within Ɛd that is at least 2 in. from the
FULWLFDO VHFWLRQ ȥw shall be the greater of (a) and (b), and
need not exceed 1.0:

R25.4.6.3 Figure R25.4.6.3 shows the development
requirements for welded deformed wire reinforcement with
one cross wire within the development length.

⎛ f y − 35, 000 ⎞
(a) ⎜
⎟
fy
⎝
⎠
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⎛ 5d ⎞
(b) ⎜ b ⎟
⎝ s ⎠

Critical section
2 in. min.

where s is the spacing between the wires to be developed.

d ≥ 8 in.
Fig. R25.4.6.3²'HYHORSPHQW RI ZHOGHG GHIRUPHG ZLUH
UHLQIRUFHPHQW
25.4.6.4 For welded deformed wire reinforcement with no
cross wires within Ɛd or with a single cross wire less than
 LQIURPWKHFULWLFDOVHFWLRQȥw shall be taken as 1.0.
25.4.6.5 Where any plain wires, or deformed wires larger
than D31, are present in the welded deformed wire reinforcement in the direction of the development length, the
reinforcement shall be developed in accordance with 25.4.7.

R25.4.6.5 Deformed wire larger than D31 is treated as
plain wire because tests show that D45 wire will achieve
only approximately 60 percent of the bond strength in tension
given by Eq. (25.4.2.4a) (Rutledge and DeVries 2002).

25.4.6.6 Zinc-coated (galvanized) welded deformed wire
reinforcement shall be developed in accordance with 25.4.7.
25.4.7 'HYHORSPHQW RI ZHOGHG SODLQ ZLUH UHLQIRUFHPHQW
in tension

R25.4.7 'HYHORSPHQWRIZHOGHGSODLQZLUHUHLQIRUFHPHQW
in tension

25.4.7.1 Development length Ɛd for welded plain wire
reinforcement in tension measured from the critical section
to the outermost cross wire shall be the greater of (a) and (b)
and shall require a minimum of two cross wires within Ɛd.

R25.4.7.1 ASTM A1064 for welded plain wire reinforcement requires the same strength of the weld as required for
welded deformed wire reinforcement. All of the development is assigned to the welded cross wires; consequently,
welded plain wire reinforcement requires at least two cross
wires.

(a) Length calculated in accordance with 25.4.7.2
(b) 6 in.
25.4.7.2 Ɛd shall be the greater of (a) and (b):
(a) spacing of cross wires + 2 in.
⎛ f y ⎞ ⎛ Ab ⎞
(b) 0.27 ⎜
⎟ ⎜ ⎟ , where s is the spacing between
⎝ λ f c′ ⎠ ⎝ s ⎠
WKHZLUHVWREHGHYHORSHGDQGȜLVJLYHQLQ7DEOH

R25.4.7.2 Figure R25.4.7.2 shows the development requirements for welded plain wire reinforcement with development
primarily dependent on the location of cross wires.
For welded plain wire reinforcement made with small
wires, an embedment of at least two cross wires 2 in. or more
beyond the point of critical section is adequate to develop
the full yield strength of the anchored wires. However, for
welded plain wire reinforcement made with larger closely
spaced wires, a longer embedment is required with the
development length controlled by 25.4.7.2(b).
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Critical section
2 in. min.

d ≥ 6 in.
Fig. R25.4.7.2²'HYHORSPHQW RI ZHOGHG SODLQ ZLUH
UHLQIRUFHPHQW

Development requirements for pretensioned strand are
intended to provide bond integrity for the strength of the
member. Provisions are based on tests performed on normalweight concrete members with a minimum cover of 2 in.
These tests may not represent the behavior of strand in
no-slump concrete. Concrete placement operations should
ensure consolidation of concrete around the strand with
complete contact between the steel and concrete.
The bond of strand is a function of a number of factors,
LQFOXGLQJ WKH FRQ¿JXUDWLRQ DQG VXUIDFH FRQGLWLRQ RI WKH
steel, the stress in the steel, the depth of concrete beneath
the strand, and the method used to transfer the force in the
strand to the concrete. For bonded applications, quality
DVVXUDQFH SURFHGXUHV VKRXOG EH XVHG WR FRQ¿UP WKDW WKH
strand is capable of adequate bond (Rose and Russell 1997;
Logan 1997). The precast concrete manufacturer may rely
RQFHUWL¿FDWLRQIURPWKHVWUDQGPDQXIDFWXUHUWKDWWKHVWUDQG
has bond characteristics that comply with this section.
This section does not apply to plain wires, to end-anchored
tendons, or to unstressed strand. The development length for
plain wire could be considerably greater due to the absence
of mechanical interlock. Flexural bond failure would occur
ZLWK SODLQ ZLUH ZKHQ ¿UVW VOLS RFFXUUHG 1RQWHQVLRQHG
prestressing steel is sometimes used as integrity reinforcement in precast concrete structures; however, there are
limited data available regarding the bond length required to
ensure development of the yield strength of the reinforcement (Salmons and McCrate 1977; PCA 1980).
25.4.8.1 Development length Ɛd of pretensioned seven-wire
strands in tension shall be in accordance with (a) and (b):
⎛ f ps − f se ⎞
⎛ f ⎞
(a) ld = ⎜ se ⎟ db + ⎜
db
⎝ 3000 ⎠
⎝ 1000 ⎟⎠

(25.4.8.1)

(b) If bonding of a strand does not extend to end of
member, and design includes tension at service loads
in the precompressed tension zone, Ɛd calculated by Eq.
(25.4.8.1) shall be doubled.

R25.4.8.1 7KH ¿UVW WHUP LQ (T   UHSUHVHQWV WKH
transfer length of the strand, that is, the distance over which the
VWUDQGVKRXOGEHERQGHGWRWKHFRQFUHWHWRGHYHORSWKHH൵HFtive prestress in the prestressed reinforcement, fse. The second
term represents the additional length over which the strand
should be bonded so that the stress in the prestressed reinforcement at nominal strength of the member, fps, may develop.
Exploratory tests (Kaar and Magura 1965) that studied
WKHH൵HFWRIGHERQGHGVWUDQG ERQGQRWSHUPLWWHGWRH[WHQG
to the ends of members) on performance of pretensioned
girders indicated that the performance of these girders with
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R25.4.8 'HYHORSPHQWRISUHWHQVLRQHGVHYHQZLUHVWUDQGV
in tension

25

25.4.8 'HYHORSPHQWRISUHWHQVLRQHGVHYHQZLUHVWUDQGVLQ
tension
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embedment lengths twice those required by Eq. (25.4.8.1)
FORVHO\PDWFKHGWKHÀH[XUDOSHUIRUPDQFHRIVLPLODUSUHWHQsioned girders with strand fully bonded to ends of girders.
Accordingly, twice the development length is required for
strand not bonded through to the end of a member. Subsequent tests (Rabbat et al. 1979) indicated that in pretensioned members designed for zero tension in the concrete
under service load conditions (refer to 24.5.2), the development length for debonded strands need not be increased by a
factor of 2. For analysis of sections with debonded strands at
locations where strand is not fully developed, the procedure
outlined in 21.2.3 is provided.

25.4.8.2 Seven-wire strand shall be bonded at least Ɛd
beyond the critical section except as provided in 25.4.8.3.
25.4.8.3 Embedment less than Ɛd shall be permitted at a
section of a member, provided the design strand stress at that
section does not exceed values obtained from the bilinear
UHODWLRQVKLSGH¿QHGE\(T  

R25.4.8.3 Figure R25.4.8.3 shows the relationship
between steel stress and the distance over which the strand
is bonded to the concrete represented by Eq. (25.4.8.1). This
idealized variation of strand stress may be used for analyzing
sections within the development region (Martin and Korkosz
1995; PCI MNL 120). The expressions for transfer length
and for the additional bonded length necessary to develop an
increase in stress of (fps – fse) are based on tests of members
SUHVWUHVVHGZLWKFOHDQDQGLQGLDPHWHUVWUDQGV
for which the maximum value of fps was 275,000 psi (Kaar
and Magura 1965; Hanson and Kaar 1959; Kaar et al. 1963).

At nominal strength of member
fps
Prestress only
fse
Steel
stress

(fse / 3000)db

[(fps – fse )/1000]db

d
d = distance from free end of strand
Fig. R25.4.8.3—Idealized bilinear relationship between
VWHHOVWUHVVDQGGLVWDQFHIURPWKHIUHHHQGRIVWUDQG
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25.4.9 'HYHORSPHQWRIGHIRUPHGEDUVDQGGHIRUPHGZLUHV
LQFRPSUHVVLRQ

R25.4.9 'HYHORSPHQW RI GHIRUPHG EDUV DQG GHIRUPHG
ZLUHVLQFRPSUHVVLRQ

25.4.9.1 Development length Ɛdc for deformed bars and
deformed wires in compression shall be the greater of (a)
and (b)

R25.4.9.17KHZHDNHQLQJH൵HFWRIÀH[XUDOWHQVLRQFUDFNV
is not present for bars and wires in compression, and usually
HQGEHDULQJRIWKHEDUVRQWKHFRQFUHWHLVEHQH¿FLDO7KHUHIRUHVKRUWHUGHYHORSPHQWOHQJWKVDUHVSHFL¿HGIRUFRPSUHVsion than for tension.

25.4.9.2 Ɛdc shall be the greater of (a) and (b), using the
PRGL¿FDWLRQIDFWRUVRI
⎛ fyψr ⎞
(a) ⎜
⎟ db
⎝ 50λ f c′ ⎠
(b) 0.0003fyȥrdb
25.4.9.3 For the calculation of Ɛdc PRGL¿FDWLRQ IDFWRUV
shall be in accordance with Table 25.4.9.3, except ȥr shall
be permitted to be taken as 1.0.

R25.4.9.2 The constant 0.0003 has units of in.2OE
The term Ȝ is provided in the expression for development
in 25.4.9.2 recognizing that there are no known test data on
compression development in lightweight concrete but that
splitting is more likely in lightweight concrete.

R25.4.9.3 The development length may be reduced 25
percent when the reinforcement is enclosed within closely
spaced spirals, ties, or hoops.

0RGL¿FDWLRQ
factor
Lightweight
Ȝ

&RQ¿QLQJ
reinforcement
ȥr

Condition

Value of
factor

Lightweight concrete

0.75

Normalweight concrete

1.0

Reinforcement enclosed within (1),
(2), (3), or (4):
(1) a spiral
(2) a circular continuously wound tie
with dbLQDQGSLWFKLQ
(3) No. 4 bar or D20 wire ties in
DFFRUGDQFHZLWKVSDFHGLQ
on center
(4) hoops in accordance with 25.7.4
VSDFHGLQRQFHQWHU

0.75

Other

1.0

25

Table 25.4.9.3—Modification factors for deformed
bars and wires in compression

25.4.10 5HGXFWLRQ RI GHYHORSPHQW OHQJWK IRU H[FHVV
UHLQIRUFHPHQW

R25.4.10 5HGXFWLRQ RI GHYHORSPHQW OHQJWK IRU H[FHVV
UHLQIRUFHPHQW

25.4.10.1 5HGXFWLRQ RI GHYHORSPHQW OHQJWKV GH¿QHG LQ
25.4.2.1(a), 25.4.6.1(a), 25.4.7.1(a), and 25.4.9.1(a) shall be
permitted by use of the ratio (As,required)/(As,provided), except
ZKHUH SURKLELWHG E\ 7KH PRGL¿HG GHYHORSPHQW
lengths shall not be less than the respective minimums speci¿HGLQ E  E  E DQG E 

R25.4.10.1 A reduction in development length is permitted
in limited circumstances if excess reinforcement is provided.

25.4.10.2 A reduction of development length in accordance with 25.4.10.1 is not permitted for (a) through (f)

R25.4.10.2 The excess reinforcement factor (As,required/
As,provided), applicable to straight reinforcement is not applicable for hooked or headed bars where force is transferred
through a combination of bearing at the hook or head and
bond along the bar. Concrete breakout due to bearing at a

(a) At noncontinuous supports

Detailing

(a) Length calculated in accordance with 25.4.9.2
(b) 8 in.
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(b) At locations where anchorage or development for fy is
required
(c) Where bars are required to be continuous
(d) For hooked, headed, and mechanically anchored
deformed reinforcement
(e) In seismic-force-resisting systems in structures
assigned to Seismic Design Categories C, D, E, or F
I $QFKRUDJH RI FRQFUHWH SLOHV DQG FRQFUHWH ¿OOHG SLSH
piles to pile caps in structures assigned to Seismic Design
Categories C, D, E, or F

COMMENTARY
hook or head was considered in developing the provisions
of 25.4.3 and 25.4.4. Because the anchorage strength, and
in particular the concrete breakout strength of a hooked or
headed bar is a function of the embedment depth to a power
slightly more than 1.0 (Shao et al. 2016; Sperry et al. 2017b),
a reduction in development length with the application of
the excess reinforcement factor could result in a potential
concrete breakout failure.
:KHUH D ÀH[XUDO PHPEHU LV SDUW RI WKH VHLVPLFIRUFH
resisting-system, loads greater than those anticipated in
design may cause reversal of moment at supports; some
positive reinforcement should be fully developed into
the support. This anchorage is required to ensure ductile
response in the event of serious overstress, such as from
HDUWKTXDNHRUEODVW,WLVQRWVX൶FLHQWWRXVHPRUHUHLQIRUFHment at lower stresses.
The reduction factor based on area is not to be used in those
cases where anchorage development for full fy is required.
For example, the excess reinforcement factor does not apply
for development of shrinkage and temperature reinforcement
according to 24.4.3.4 or for development of reinforcement
provided according to 7.7.7, 8.7.4.2, 8.8.1.6, 9.7.7, and 9.8.1.6.
R25.5—Splices
R25.5.1 General

25.5—Splices
25.5.1 General

Lap splice lengths of longitudinal reinforcement in columns
should be calculated in accordance with 10.7.5, 18.7.4.4, and
this section.
25.5.1.1 Lap splices shall not be permitted for bars larger
than No. 11, except as provided in 25.5.5.3.

R25.5.1.1 Because of lack of adequate experimental data
on lap splices of No. 14 and No. 18 bars in compression and
in tension, lap splicing of these bar sizes is prohibited except
as permitted in 25.5.5.3 for compression lap splices of
No. 14 and No. 18 bars with smaller bars.

25.5.1.2 For contact lap splices, minimum clear spacing
between the contact lap splice and adjacent splices or bars
shall be in accordance with the requirements for individual
bars in 25.2.1.
25.5.1.3)RUQRQFRQWDFWVSOLFHVLQÀH[XUDOPHPEHUVWKH
transverse center-to-center spacing of spliced bars shall not
H[FHHGWKHOHVVHURIRQH¿IWKWKHUHTXLUHGODSVSOLFHOHQJWK
and 6 in.

R25.5.1.3 If individual bars in noncontact lap splices
are too widely spaced, an unreinforced section is created.
Forcing a potential crack to follow a zigzag line (5-to-1
slope) is considered a minimum precaution. The 6 in.
maximum spacing is added because most research available
on the lap splicing of deformed bars was conducted with
reinforcement within this spacing.

25.5.1.4 Reduction of development length in accordance
with 25.4.10.1 is not permitted in calculating lap splice
lengths.

R25.5.1.4 The development length Ɛd used to obtain lap
length should be based on fy EHFDXVH WKH VSOLFH FODVVL¿FDWLRQVDOUHDG\UHÀHFWDQ\H[FHVVUHLQIRUFHPHQWDWWKHVSOLFH
location; therefore, the factor from 25.4.10.1 for excess As
should not be used.
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25.5.1.5 For bars with fySVL spaced closer than 6 in.
on center, transverse reinforcement shall be provided such
that Ktr shall not be smaller than 0.5db.
25.5.1.6 Non-contact lap splices for reinforcement in shotcrete shall have clear spacing in accordance with (a) or (b):

R25.5.1.6 and R25.5.1.7 Information on shotcrete mockup
panels is provided in ACI 506R, and information on evaluating shotcrete is provided in ACI 506.4R.

(a) For. No. 6 and smaller bars, the clear spacing between
bars shall be at least greater of 6dbDQGLQ
(b) For. No. 7 and larger bars, the clear spacing shall be
established using a shotcrete mockup panel to demonstrate
that the reinforcement is properly encased.

25.5.1.8 Lap splices of bundled bars shall be in accordance with 25.6.1.7.
25.5.2 /DSVSOLFHOHQJWKVRIGHIRUPHGEDUVDQGGHIRUPHG
wires in tension

R25.5.2 /DSVSOLFHOHQJWKVRIGHIRUPHGEDUVDQGGHIRUPHG
wires in tension

25.5.2.1 Tension lap splice length Ɛst for deformed bars and
deformed wires in tension shall be in accordance with Table
25.5.2.1, where Ɛd shall be in accordance with 25.4.2.1(a).

R25.5.2.1/DSVSOLFHVLQWHQVLRQDUHFODVVL¿HGDV&ODVV$
or B, with length of lap a multiple of the tensile development
length Ɛd calculated in accordance with 25.4.2.3 or 25.4.2.4.
The two-level lap splice requirements encourage splicing
bars at points of minimum stress and staggering splices
to improve behavior of critical details. For the purpose of
calculating Ɛd for staggered splices, the clear spacing is taken
as the minimum distance between adjacent splices, as illustrated in Fig. R25.5.2.1.
The tension lap splice requirements encourage the location of splices away from regions of high tensile stress to
locations where the area of steel provided is at least twice
that required by analysis.

Table 25.5.2.1—Lap splice lengths of deformed
bars and deformed wires in tension
Maximum
percent of As
spliced within
As,provided/As,required[1]
required lap
over length of splice
length

< 2.0

Splice
type

50

Class A

100

Class B

All cases

Class B

Ɛst
Greater
of:

1.0Ɛd and
12 in.

Greater
of:

1.3Ɛd and
12 in.

Clear spacing

Lapped bar (typ.)

[1]
Ratio of area of reinforcement provided to area of reinforcement required by analysis
at splice location.

Clear spacing
Fig. R25.5.2.1—Clear spacing of lap-spliced bars for deterPLQDWLRQRIƐd for staggered splices.

25.5.2.2 ,IEDUVRIGL൵HUHQWVL]HDUHODSVSOLFHGLQWHQVLRQ
Ɛst shall be the greater of Ɛd of the larger bar and Ɛst of the
smaller bar.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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Detailing

25.5.1.7 Contact lap splices for reinforcement in shotcrete
shall be oriented with the plane of the spliced bars perpendicular to the surface of the shotcrete and approved by the
licensed design professional based on a shotcrete mockup
panel to demonstrate that the reinforcement is properly
encased.
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25.5.3 /DSVSOLFHOHQJWKVRIZHOGHGGHIRUPHGZLUHUHLQIRUFHPHQWLQWHQVLRQ

R25.5.3 /DSVSOLFHOHQJWKVRIZHOGHGGHIRUPHGZLUHUHLQIRUFHPHQWLQWHQVLRQ

25.5.3.1 Tension lap splice length Ɛst of welded deformed
wire reinforcement in tension with cross wires within the lap
splice length shall be the greater of 1.3Ɛd and 8 in., where
Ɛd is calculated in accordance with 25.4.6.1(a), provided (a)
DQG E DUHVDWLV¿HG

R25.5.3.1 Splice provisions for welded deformed wire
reinforcement are based on available tests (Lloyd and Kesler
1969). Lap splices for welded deformed wire reinforcement
meeting the requirements of this provision and 25.5.3.1.1 are
illustrated in Fig. R25.5.3.1. If no cross wires are within the
lap length, the provisions for deformed wire apply.

(a) Overlap between outermost cross wires of each reinforcement sheet shall be at least 2 in.
(b) Wires in the direction of the development length shall
all be deformed D31 or smaller

2 in. min.

25.5.3.1.1 ,I D LVQRWVDWLV¿HGƐst shall be calculated in accordance with 25.5.2.

1.3d ≥ 8 in.
Lap splice satisfies R25.5.3.1a

Same as deformed wire (25.5.2)
Lap splice satisfies R25.5.3.1.1
Fig. R25.5.3.1²/DS VSOLFHV RI ZHOGHG GHIRUPHG ZLUH
UHLQIRUFHPHQW

25.5.3.1.2 ,I E LVQRWVDWLV¿HGƐst shall be calculated in accordance with 25.5.4.

R25.5.3.1.2 Where any plain wires, or deformed wires
larger than D31, are present in the welded deformed wire reinforcement in the direction of the lap splice or where welded
deformed wire reinforcement is lap spliced to welded plain
wire reinforcement, the reinforcement should be lap spliced
in accordance with the plain wire reinforcement lap splice
requirements. Deformed wire larger than D31 is treated as
plain wire because tests show that D45 wire will achieve
only approximately 60 percent of the bond strength in tension
given by Eq. (25.4.2.4a) (Rutledge and DeVries 2002).

25.5.3.1.3 If the welded deformed wire reinforcement is
zinc-coated (galvanized), Ɛst shall be calculated in accordance with 25.5.4.
25.5.4 Lap splice lengths of welded plain wire reinforcePHQWLQWHQVLRQ

R25.5.4 Lap splice lengths of welded plain wire reinforcePHQWLQWHQVLRQ

25.5.4.1 Tension lap splice length Ɛst of welded plain wire
reinforcement in tension between outermost cross wires of
each reinforcement sheet shall be at least the greatest of (a)
through (c):

R25.5.4.1 The strength of lap splices of welded plain
wire reinforcement is dependent primarily on the anchorage
obtained from the cross wires rather than on the length of
ZLUH LQ WKH VSOLFH )RU WKLV UHDVRQ WKH ODS LV VSHFL¿HG LQ
terms of overlap of cross wires (in inches) rather than in wire
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(a) s + 2 in.
(b) 1.5Ɛd
(c) 6 in.
where s is the spacing of cross wires and Ɛd is calculated in
accordance with 25.4.7.2(b).

diameters or length. The 2 in. additional lap required is to
provide adequate overlap of the cross wires and to provide
space for satisfactory consolidation of the concrete between
cross wires. Research (Lloyd 1971) has shown an increased
splice length is required when welded wire reinforcement of
large, closely spaced wires is lapped and, as a consequence,
additional splice length requirements are provided for this
reinforcement in addition to an absolute minimum of 6
in. Splice requirements are illustrated in Fig. R25.5.4.1. If
As,provided/As,required over the length of the splice, Ɛst can be
determined from 25.5.4.2.

Fig. R25.5.4.1—Lap splices of plain welded wire reinforcePHQWZKHUHAs, provided/As, required < 2.
25.5.4.2 If As,provided/As,required over the length of the
splice, Ɛst measured between outermost cross wires of each
reinforcement sheet shall be permitted to be the greater of
(a) and (b).

R25.5.4.2 Where As,provided/As,required  , the lap splice for
plain welded wire reinforcement is illustrated in Fig. R25.5.4.2.

(a) 1.5Ɛd
(b) 2 in.
where Ɛd is calculated by 25.4.7.2(b).

1.5d ≥ 2 in.
As, provided /As, required ≥ 2
Fig. R25.5.4.2—Lap splices of plain welded wire reinforcePHQWZKHUHAs, provided/As, required.
25.5.5/DSVSOLFHOHQJWKVRIGHIRUPHGEDUVLQFRPSUHVVLRQ

R25.5.5 /DSVSOLFHOHQJWKVRIGHIRUPHGEDUVLQFRPSUHVVLRQ
Bond research has been primarily related to bars in
tension. Bond behavior of compression bars is not complicated by the problem of transverse tension cracking and thus
compression splices do not require provisions as strict as
WKRVHVSHFL¿HGIRUWHQVLRQVSOLFHV
Lap splice requirements particular to columns are provided
in Chapter 10.

25.5.5.1 Compression lap splice length Ɛsc of No. 11 or
smaller deformed bars in compression shall be calculated in
accordance with (a), (b), or (c):

R25.5.5.1 Tests (ACI Committee 408 1966; 3¿VWHU DQG
Mattock 1963) have shown that splice strengths in compression depend considerably on end bearing and do not increase
proportionally in strength when the splice length is doubled.

American Concrete Institute – Copyrighted © Material – www.concrete.org

25

1.5d ≥ 6 in.
As, provided /As, required < 2

Detailing

2 in. min.
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(a) For fySVL: Ɛsc is the longer of 0.0005fydb and
12 in.
(b) For 60,000 psi < fySVL: Ɛsc is the longer of
(0.0009fy – 24)db and 12 in.
(c) For fy > 80,000 psi, Ɛsc is the longer of (0.0009fy – 24)db
and Ɛst calculated in accordance with 25.5.2.1.
For fcƍSVL, the length of lap shall be increased by
one-third.

$FFRUGLQJO\IRUVSHFL¿HG\LHOGVWUHQJWKVDERYHSVL
FRPSUHVVLRQODSOHQJWKVDUHVLJQL¿FDQWO\LQFUHDVHG

25.5.5.2 Compression lap splices shall not be used for bars
larger than No. 11, except as permitted in 25.5.5.3.
25.5.5.3 Compression lap splices of No. 14 or No. 18 bars
to No. 11 or smaller bars shall be permitted and shall be in
accordance with 25.5.5.4.

R25.5.5.3 Lap splices are generally prohibited for No. 14
or No. 18 bars. For compression only, however, lap splices
are permitted between No. 14 or No. 18 bars and No. 11 or
smaller bars.

25.5.5.4 :KHUH EDUV RI GL൵HUHQW VL]H DUH ODS VSOLFHG
in compression, Ɛsc shall be the longer of Ɛdc of larger bar
calculated in accordance with 25.4.9.1 and Ɛsc of smaller bar
calculated in accordance with 25.5.5.1 as appropriate.
25.5.6 (QGEHDULQJ VSOLFHV RI GHIRUPHG EDUV LQ
FRPSUHVVLRQ

R25.5.6 (QGEHDULQJ VSOLFHV RI GHIRUPHG EDUV LQ
FRPSUHVVLRQ

25.5.6.1 For bars required for compression only, transmission of compressive stress by end bearing of square-cut
ends held in concentric contact by a suitable device shall be
permitted.

R25.5.6.1 Experience with end-bearing splices has been
almost exclusively with vertical bars in columns. If bars are
VLJQL¿FDQWO\LQFOLQHGIURPWKHYHUWLFDODWWHQWLRQLVUHTXLUHG
to ensure that adequate end-bearing contact can be achieved
and maintained.

25.5.6.2 End-bearing splices shall be permitted only in
members containing closed stirrups, ties, spirals, or hoops.

R25.5.6.2 This limitation ensures a minimum shear resistance in sections containing end-bearing splices.

25.5.6.3 %DU HQGV VKDOO WHUPLQDWH LQ ÀDW VXUIDFHV ZLWKLQ
1.5 degrees of a right angle to the axis of the bars and shall
EH¿WWHGZLWKLQGHJUHHVRIIXOOEHDULQJDIWHUDVVHPEO\

R25.5.6.3 These tolerances represent practice based on
tests of full-size members containing No. 18 bars.

25.5.7 0HFKDQLFDODQGZHOGHGVSOLFHVRIGHIRUPHGEDUVLQ
WHQVLRQRUFRPSUHVVLRQ

R25.5.7 0HFKDQLFDODQGZHOGHGVSOLFHVRIGHIRUPHGEDUV
LQWHQVLRQRUFRPSUHVVLRQ
The 2014 Code eliminated mechanical and welded splices
with strengths less than 1.25fy. With the elimination of these
mechanical and welded splices, the term “full” was deleted
in reference to mechanical and welded splices that develop
at least 1.25fy.

25.5.7.1 A mechanical or welded splice shall develop in
tension or compression, as required, at least 1.25fy of the bar.

R25.5.7.17RHQVXUHVX൶FLHQWVWUHQJWKLQVSOLFHVVRWKDW
yielding can be achieved in a member and thus brittle failure
DYRLGHG WKH  SHUFHQW LQFUHDVH DERYH WKH VSHFL¿HG \LHOG
strength was selected as both an adequate minimum for
safety and a practicable maximum for economy.
A welded splice is primarily intended for large bars (No.
6 and larger) in main members. The tensile strength require-
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PHQWRISHUFHQWRIVSHFL¿HG\LHOGVWUHQJWKLVLQWHQGHGWR
provide sound welding that is also adequate for compression.
While direct butt welds are not required, AWS D1.4 states
that wherever practical, direct butt welds are preferable for
No. 7 bars and larger.

R25.5.7.3 Although mechanical and welded splices need not
be staggered, staggering is encouraged and may be necessary
for constructibility to provide enough space around the splice
for installation or to meet the clear spacing requirements.

25.5.7.4 Splices in tension tie members shall be made with
a mechanical or welded splice in accordance with 25.5.7.1.
Splices in adjacent bars shall be staggered at least 30 in.

R25.5.7.4 A tension tie member has the following charDFWHULVWLFV PHPEHU KDYLQJ DQ D[LDO WHQVLOH IRUFH VX൶FLHQW
to create tension over the cross section; a level of stress in
WKHUHLQIRUFHPHQWVXFKWKDWHYHU\EDUVKRXOGEHIXOO\H൵HFtive; and limited concrete cover on all sides. Examples of
PHPEHUVWKDWPD\EHFODVVL¿HGDVWHQVLRQWLHVDUHDUFKWLHV
hangers carrying load to an overhead supporting structure,
and main tension elements in a truss.
,Q GHWHUPLQLQJ LI D PHPEHU VKRXOG EH FODVVL¿HG DV D
tension tie, consideration should be given to the importance,
function, proportions, and stress conditions of the member
related to the above characteristics. For example, a usual
large circular tank, with many bars and with splices well
VWDJJHUHGDQGZLGHO\VSDFHGVKRXOGQRWEHFODVVL¿HGDVD
tension tie member, and Class B splices may be used.

25.6—Bundled reinforcement
25.6.1 1RQSUHVWUHVVHGUHLQIRUFHPHQW

R25.6—Bundled reinforcement
R25.6.1 1RQSUHVWUHVVHGUHLQIRUFHPHQW

25.6.1.1 Groups of parallel reinforcing bars bundled in
contact to act as a unit shall be limited to four in any one
bundle.

R25.6.1.1 The Code phrase “bundled in contact to act as
a unit” is intended to preclude bundling more than two bars
in the same plane. Typical bundle shapes in cross section are
triangular, L-shaped, or square-shaped patterns for three- or
four-bar bundles. As a practical caution, bundles more than
one bar deep in the plane of bending should not be hooked or
bent as a unit. Where end hooks are required, it is preferable
to stagger the individual bar hooks within a bundle.

25.6.1.2 Bundled bars shall be enclosed within transverse
reinforcement. Bundled bars in compression members shall
be enclosed by transverse reinforcement at least No. 4 in size.
25.6.1.3 Bars larger than a No. 11 shall not be bundled in
beams.

R25.6.1.3 A limitation that bars larger than No. 11 not
be bundled in beams is a practical limit for application to
building size members. (AASHTO LRFDUS Article 5.9.4
permits two-bar bundles for No. 14 and No. 18 bars in bridge
girders.) Conformance to the crack control requirements of
24.3 ZLOO H൵HFWLYHO\ SUHFOXGH EXQGOLQJ RI EDUV ODUJHU WKDQ
No. 11 as tension reinforcement.

American Concrete Institute – Copyrighted © Material – www.concrete.org

25

25.5.7.3 Mechanical or welded splices need not be staggered except as required by 25.5.7.4.

Detailing

25.5.7.2 Welding of reinforcing bars shall conform to
26.6.4.
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25.6.1.4 Individual bars within a bundle terminated within
WKH VSDQ RI ÀH[XUDO PHPEHUV VKDOO WHUPLQDWH DW GL൵HUHQW
points with at least 40db stagger.

R25.6.1.4 Bond research (ACI Committee 408 1966) has
VKRZQWKDWFXWR൵SRLQWVZLWKLQEXQGOHVVKRXOGEHVWDJJHUHG

25.6.1.5 Development length for individual bars within a
bundle, in tension or compression, shall be that of the individual bar, increased 20 percent for a three-bar bundle, and
33 percent for a four-bar bundle.

R25.6.1.5 An increased development length for individual
bars is required when three or four bars are bundled together.
The extra extension is needed because the grouping makes
LW PRUH GL൶FXOW WR PRELOL]H ERQG UHVLVWDQFH IURP WKH FRUH
between the bars.
The development of bundled bars by a standard hook of
the bundle is not covered by the provisions of 25.4.3.

25.6.1.6 A unit of bundled bars shall be treated as a single
bar with an area equivalent to that of the bundle and a
centroid coinciding with that of the bundle. The diameter
of the equivalent bar shall be used for db in (a) through (e):

R25.6.1.6 Although splice and development lengths of
bundled bars are a multiple of the diameter of the individual
bars being spliced increased by 20 or 33 percent, as appropriate, it is necessary to use an equivalent diameter of the
entire bundle derived from the equivalent total area of bars
for determining the spacing and cover values in 25.4.2.3,
WKH FRQ¿QHPHQW WHUP [(cb + Ktr)/db], in 25.4.2.4, and the
ȥe factor in 25.4.2.5. For bundled bars, bar diameter db
outside the brackets in the expressions of 25.4.2.3 and of Eq.
(25.4.2.4a) is that of a single bar.

(a) Spacing limitations based on db
(b) Cover requirements based on db
(c) Spacing and cover values in 25.4.2.3
G &RQ¿QHPHQWWHUPLQ
(e) ȥe factor in 25.4.2.5
25.6.1.7 Lap splices of bars in a bundle shall be based on
the lap splice length required for individual bars within the
bundle, increased in accordance with 25.6.1.5. Individual
bar splices within a bundle shall not overlap. Entire bundles
shall not be lap spliced.
25.6.2 Post-tensioning ducts

R25.6.1.7 The increased length of lap required for bars in
bundles is based on the reduction in the exposed perimeter
of the bars. Only individual bars are lap spliced along the
bundle.
R25.6.2 Post-tensioning ducts

25.6.2.1 Bundling of post-tensioning ducts shall be
permitted if shown that concrete can be satisfactorily placed
and if provision is made to prevent the prestressed reinforcement from breaking through the duct.

R25.6.2.1 Where ducts for prestressing reinforcement
in a beam are arranged closely together vertically, provisions should be made to prevent the prestressed reinforcement from breaking through the duct when tensioned. Horizontal arrangement of ducts should allow proper placement
of concrete. A clear spacing of one and one-third times the
nominal maximum size of the coarse aggregate, but not less
than 1 in., has proven satisfactory.
Where concentration of tendons or ducts tends to create a
weakened plane in the concrete cover, reinforcement should
be provided to control cracking.

25.7—Transverse reinforcement
25.7.1 Stirrups

R25.7—Transverse reinforcement
R25.7.1 Stirrups

25.7.1.1 Stirrups shall extend as close to the compression
and tension surfaces of the member as cover requirements
and proximity of other reinforcement permits and shall be
anchored at both ends. Where used as shear reinforcement,
stirrups shall extend a distance d from extreme compression
¿EHU

R25.7.1.1 Stirrup legs should be extended as close as practicable to the compression face of the member because, near
XOWLPDWH ORDG WKH ÀH[XUDO WHQVLRQ FUDFNV SHQHWUDWH GHHSO\
toward the compression zone.
It is essential that shear and torsional reinforcement be
DGHTXDWHO\ DQFKRUHG DW ERWK HQGV WR EH IXOO\ H൵HFWLYH RQ
either side of any potential inclined crack. This generally
requires a hook or bend at the end of the reinforcement as
provided by this section.
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(a) For No. 5 bar and D31 wire, and smaller, and for No. 6
through No. 8 bars with fytSVL, a standard hook
around longitudinal reinforcement
(b) For No. 6 through No. 8 bars with fyt > 40,000 psi, a
standard hook around a longitudinal bar plus an embedment
between midheight of the member and the outside end of
the hook equal to or greater than 0.014dbfyt/(Ȝ f c′ ), with
ȜDVJLYHQLQ7DEOH
(c) In joist construction, for No. 4 bar and D20 wire and
smaller, a standard hook

25.7.1.4 Anchorage of each leg of welded wire reinforcement forming a single U-stirrup shall be in accordance with
(a) or (b):

R25.7.1.3 Straight deformed bar and wire anchorage is
QRWSHUPLWWHGEHFDXVHLWLVGL൶FXOWWRKROGVXFKDVWLUUXSLQ
position during concrete placement. Moreover, the lack of a
VWDQGDUGVWLUUXSKRRNPD\PDNHWKHVWLUUXSLQH൵HFWLYHDVLW
crosses shear cracks near the end of the stirrup.
For a No. 5 or D31 or smaller stirrup, anchorage is
SURYLGHGE\DVWDQGDUGKRRNDVGH¿QHGLQKRRNHG
around a longitudinal bar.
For a No. 6, No. 7, or No. 8 stirrup with fyt of only 40,000
psi, a standard stirrup hook around a longitudinal bar provides
VX൶FLHQW DQFKRUDJH )RU D 1R  1R  RU 1R  VWLUUXS
with higher strength, the embedment should be checked. A
135-degree or 180-degree hook is preferred, but a 90-degree
hook may be used provided the free end of the 90-degree
hook is extended the full 12 bar diameters as required in
25.3.2. Because it is not possible to bend a No. 6, No. 7,
or No. 8 stirrup tightly around a longitudinal bar and due
to the force in a bar with a design stress greater than 40,000
psi, stirrup anchorage depends on both the type of hook and
whatever development length is provided. A longitudinal bar
ZLWKLQDVWLUUXSKRRNOLPLWVWKHZLGWKRIDQ\ÀH[XUDOFUDFNV
even in a tension zone. Because such a stirrup hook cannot
fail by splitting parallel to the plane of the hooked bar, the
hook strength as used in 25.4.3.1(a) has been adjusted to
UHÀHFWFRYHUDQGFRQ¿QHPHQWDURXQGWKHVWLUUXSKRRN
In joists, a small bar or wire can be anchored by a standard
hook not engaging longitudinal reinforcement, allowing a
continuously bent bar to form a series of single-leg stirrups
along the length of the joist.
R25.7.1.4 The requirements for anchorage of welded wire
reinforcement stirrups are illustrated in Fig. R25.7.1.4.

(a) Two longitudinal wires spaced at a 2 in. spacing along
the member at the top of the U
(b) One longitudinal wire located not more than d/4 from
the compression face and a second wire closer to the
compression face and spaced not less than 2 in. from the
¿UVWZLUH7KHVHFRQGZLUHVKDOOEHSHUPLWWHGWREHORFDWHG
on the stirrup leg beyond a bend, or on a bend with an
inside diameter of bend of at least 8db.
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25.7.1.3 Anchorage of deformed bar and wire shall be in
accordance with (a), (b), or (c):

Detailing

25.7.1.2 Between anchored ends, each bend in the continuous portion of a single or multiple U-stirrup and each bend
in a closed stirrup shall enclose a longitudinal bar or strand.
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See 25.7.1.1

d /4
max.

2 in.

Min. of
2 in.

d /4
max.

d /4
max.

8 wire
diameter
bend (min.)

Fig. R25.7.1.4²$QFKRUDJHLQFRPSUHVVLRQ]RQHRIZHOGHG
ZLUHUHLQIRUFHPHQW8VWLUUXSV
25.7.1.5 Anchorage of each end of a single leg stirrup of
welded wire reinforcement shall be with two longitudinal
wires at a minimum spacing of 2 in. in accordance with (a)
and (b):
(a) Inner longitudinal wire at least the greater of d/4 or 2
in. from d/2
(b) Outer longitudinal wire at tension face shall not be
IDUWKHUIURPWKHIDFHWKDQWKHSRUWLRQRISULPDU\ÀH[XUDO
reinforcement closest to the face

R25.7.1.5 Welded wire reinforcement for shear reinforcement is commonly used in the precast, prestressed
concrete industry. The rationale for acceptance of straight
sheets of welded wire reinforcement as shear reinforcement is presented in a report by the -RLQW3&,:5,$G+RF
Committee on Welded Wire Fabric for Shear Reinforcement
(1980).
The provisions for anchorage of single-leg welded wire
reinforcement in the tension face emphasize the location
of the longitudinal wire at the same depth as the primary
ÀH[XUDO UHLQIRUFHPHQW WR DYRLG D VSOLWWLQJ SUREOHP DW WKH
level of the tension reinforcement. Figure R25.7.1.5 illustrates the anchorage requirements for single-leg welded
wire reinforcement. For anchorage of single-leg welded
wire reinforcement, the Code permits hooks and embedment
length in the compression and tension faces of members
(refer to 25.7.1.3(a) and 25.7.1.4), and embedment only
in the compression face (refer to 25.7.1.3(b)). This section
provides for anchorage of straight, single-leg, welded wire
reinforcement using longitudinal wire anchorage with
adequate embedment length in compression and tension
faces of members.
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Two horizontal wires
top & bottom
See 25.7.1.1

d/2

2 in. min.

At least the
greater of
d/4 or 2 in.

d

2 in. min.
Outer wire
not above
lowest primary
reinforcement
Fig. R25.7.1.5—Anchorage of single-leg welded wire reinIRUFHPHQWIRUVKHDU
See 25.7.1.1

25.7.1.6 Stirrups used for torsion or integrity reinforcement shall be closed stirrups perpendicular to the axis of the
member. Where welded wire reinforcement is used, transverse wires shall be perpendicular to the axis of the member.
Such stirrups shall be anchored by (a) or (b):
(a) Ends shall terminate with 135-degree standard hooks
around a longitudinal bar
(b) In accordance with 25.7.1.3(a) or (b) or 25.7.1.4, where
the concrete surrounding the anchorage is restrained
DJDLQVWVSDOOLQJE\DÀDQJHRUVODERUVLPLODUPHPEHU
25.7.1.6.1 Stirrups used for torsion or integrity reinforcement shall be permitted to be made up of two pieces
of reinforcement: a single U-stirrup anchored according to
25.7.1.6(a) closed by a crosstie where the 90-degree hook of
WKHFURVVWLHVKDOOEHUHVWUDLQHGDJDLQVWVSDOOLQJE\DÀDQJHRU
slab or similar member.

R25.7.1.6 Both longitudinal and closed transverse reinforcement are required to resist the diagonal tension stresses
due to torsion. The stirrups should be closed because inclined
cracking due to torsion may occur on all faces of a member.
In the case of sections subjected primarily to torsion, the
FRQFUHWHVLGHFRYHUWRWKHVWLUUXSVVSDOOVR൵DWKLJKWRUVLRQDO
moments (Mitchell and Collins 1976). This renders lapVSOLFHGVWLUUXSVLQH൵HFWLYHOHDGLQJWRDSUHPDWXUHWRUVLRQDO
failure (Behera and Rajagopalan 1969). In such cases, closed
stirrups should not be made up of pairs of U-stirrups lapping
one another.
When a rectangular beam fails in torsion, the corners of
WKHEHDPWHQGWRVSDOOR൵GXHWRWKHLQFOLQHGFRPSUHVVLYH
stresses in the concrete diagonals of the space truss changing
direction at the corner as shown in Fig. R25.7.1.6(a). In tests
(Mitchell and Collins 1976), closed stirrups anchored by
90-degree hooks failed when this occurred. For this reason,
135-degree standard hooks or seismic hooks are preferable for torsional stirrups in all cases. In regions where
WKLV VSDOOLQJ LV SUHYHQWHG E\ DQ DGMDFHQW VODE RU ÀDQJH
25.7.1.6(b) relaxes this requirement and allows 90-degree
KRRNVEHFDXVHRIWKHDGGHGFRQ¿QHPHQWIURPWKHVODE UHIHU
to Fig. R25.7.1.6(b)).
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Spalling
restrained
Spalling can occur by slab

0 in.
(typ.)

(a) Sectional elevation

Potential spalling
Diagonal
compressive
stresses
(typ.)

(b) Detail at corner
Fig. R25.7.1.6²6SDOOLQJRIFRUQHUVRIEHDPVVXEMHFWHGWR
torsion.

25.7.1.7 Except where used for torsion or integrity reinforcement, closed stirrups are permitted to be made using
pairs of U-stirrups spliced to form a closed unit where lap
lengths are at least 1.3Ɛd. In members with a total depth of at
least 18 in., such splices with Ab fytOE per leg shall be
considered adequate if stirrup legs extend the full available
depth of member.

R25.7.1.7 Requirements for lapping of double U-stirrups
to form closed stirrups control over the lap splice provisions
RI)LJXUH5LOOXVWUDWHVFORVHGVWLUUXSFRQ¿JXrations created with lap splices.

Stirrup reinforcement

0 in.
(typ.)

1.3d

Fig. R25.7.1.7²&ORVHGVWLUUXSFRQ¿JXUDWLRQV
American Concrete Institute – Copyrighted © Material – www.concrete.org
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COMMENTARY
R25.7.2 Ties

25.7.2.1 Ties shall consist of a closed loop of deformed
bar with spacing in accordance with (a) and (b):
(a) Clear spacing of at least (4/3)dagg
(b) Center-to-center spacing shall not exceed the least
of 16db of longitudinal bar, 48db of tie bar, and smallest
dimension of member
25.7.2.2 Diameter of tie bar shall be at least (a) or (b):

R25.7.2.2 These provisions apply to crossties as well as
ties.

25.7.2.3 Rectilinear ties shall be arranged to satisfy (a)
and (b):
(a) Every corner and alternate longitudinal bar shall have
lateral support provided by the corner of a tie with an
included angle of not more than 135 degrees
(b) No unsupported bar shall be farther than 6 in. clear on
each side along the tie from a laterally supported bar

R25.7.2.3 The maximum permissible included angle of
135 degrees and the exemption of bars located within 6 in.
clear on each side along the tie from adequately tied bars are
illustrated in Fig. R25.7.2.3a. Limited tests (3¿VWHU) on
full-size, axially-loaded, tied columns containing full-length
bars (without splices) showed that ties on alternate longitudinal bars within 6 in. clear of a laterally supported longitudinal bar are adequate in columns subjected to axial force.
Continuously wound bars or wires can be considered as
ties, provided their pitch and area are at least equivalent to
the area and spacing of separate ties. Anchorage at the end
of a continuously wound bar or wire should be by a standard
hook as for separate bars or by one additional turn of the tie
pattern (refer to Fig. R25.7.2.3b). A circular, continuously
wound bar or wire is considered a spiral if it conforms to
25.7.3; otherwise, it is considered a tie.
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25.7.2.2.1 As an alternative to deformed bars, deformed
wire or welded wire reinforcement of equivalent area to that
required in 25.7.2.1 shall be permitted subject to the requirements of Table 20.2.2.4(a).

Detailing

(a) No. 3 enclosing No. 10 or smaller longitudinal bars
(b) No. 4 enclosing No. 11 or larger longitudinal bars or
bundled longitudinal bars
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Bars not to exceed 6 in.
clear spacing without
support

May be greater than
6 in. no intermediate
tie required
Angle at supports not to exceed 135-degree

Bar exceeding
6 in. clear spacing
supported by
closed tie

Overlapping
135-degree
standard
hooks

Single tie to
enclose all bars

Bars not to exceed 6 in. clear
spacing without support

Single tie to
enclose all
bars

Crosstie

Bar exceeding
6 in. clear spacing
supported
by crosstie

Set of overlapping closed ties
to enclose all bars

Crosstie

Fig. R25.7.2.3a²,OOXVWUDWLRQV WR FODULI\ PHDVXUHPHQWV
EHWZHHQODWHUDOO\VXSSRUWHGFROXPQEDUVDQGUHFWLOLQHDUWLH
anchorage.
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25.7.2.3.1 Anchorage of rectilinear ties shall be provided
by standard hooks that conform to 25.3.2 and engage a
longitudinal bar. A tie shall not be made up of interlocking
headed deformed bars.

R25.7.2.3.1 Standard tie hooks are intended for use with
deformed bars only and should be staggered where possible.

25.7.2.4 Circular ties shall be permitted where longitudinal bars are located around the perimeter of a circle.

R25.7.2.4 While the transverse reinforcement in members
with longitudinal bars located around the periphery of a
circle can be either spirals or circular ties, spirals are usually
PRUHH൵HFWLYH

25.7.2.4.1 Anchorage of individual circular ties shall be in
accordance with (a) through (c):

R25.7.2.4.1 Vertical splitting and loss of tie restraint are
possible where the overlapped ends of adjacent circular ties
are anchored at a single longitudinal bar. Adjacent circular
ties should not engage the same longitudinal bar with end
hook anchorages (refer to Fig. R25.7.2.4.1).

(a) Ends shall overlap by at least 6 in.
(b) Ends shall terminate with standard hooks in accordance with 25.3.2 that engage a longitudinal bar
(c) Overlaps at ends of adjacent circular ties shall be staggered around the perimeter enclosing the longitudinal bars
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One extra turn
Fig. R25.7.2.3b—Continuous tie anchorage.
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Continuously
wound tie
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Fig. R25.7.2.4.1—Circular tie anchorage.
25.7.2.5 Ties to resist torsion shall be perpendicular to the
axis of the member anchored by either (a) or (b):

R25.7.2.5 Refer to R25.7.1.6.

(a) Ends shall terminate with 135-degree standard hooks
or seismic hooks around a longitudinal bar
(b) In accordance with 25.7.1.3(a) or (b) or 25.7.1.4, where
the concrete surrounding the anchorage is restrained
against spalling
R25.7.3 Spirals

25.7.3 Spirals
25.7.3.1 Spirals shall consist of evenly spaced continuous
bar or wire with clear spacing conforming to (a) and (b):

R25.7.3.16SLUDOVVKRXOGEHKHOG¿UPO\LQSODFHDWSURSHU
pitch and alignment, to prevent displacement during concrete
placement.

(a) At least the greater of 1 in. and (4/3)dagg
(b) Not greater than 3 in.
25.7.3.2 For cast-in-place construction, spiral bar or wire
GLDPHWHUVKDOOEHDWOHDVWLQ

R25.7.3.2 For practical considerations in cast-in-place
construction, the minimum diameter of spiral reinforcement
LVLQ 1RGHIRUPHGRUSODLQEDURU'GHIRUPHGRU
W11 plain wire).
6WDQGDUGVSLUDOVL]HVDUHDQGLQGLDPHWHUIRU
hot-rolled or cold-drawn material, plain or deformed.

25.7.3.3 Except for transverse reinforcement in deep founGDWLRQV WKH YROXPHWULF VSLUDO UHLQIRUFHPHQW UDWLR ȡs shall
satisfy Eq. (25.7.3.3).

R25.7.3.37KHH൵HFWRIVSLUDOUHLQIRUFHPHQWLQLQFUHDVLQJ
the strength of the concrete within the core is not fully realized until the column has been subjected to a load and deforPDWLRQVX൶FLHQWWRFDXVHWKHFRQFUHWHVKHOORXWVLGHWKHFRUH
WRVSDOOR൵7KHDPRXQWRIVSLUDOUHLQIRUFHPHQWUHTXLUHGE\
Eq. (25.7.3.3) is intended to provide additional strength for
concentrically loaded columns equal to or slightly greater
WKDQWKHVWUHQJWKORVWZKHQWKHVKHOOVSDOOVR൵7KHGHULYD-

⎛ Ag
⎞ f′
ρs ≥ 0.45 ⎜
−1 c
⎝ Ach ⎟⎠ f yt

(25.7.3.3)
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where the value of fyt shall not be taken greater than
100,000 psi.

tion of Eq. (25.7.3.3) is given by Richart (1933). Tests and
experience show that columns containing the amount of
spiral reinforcement required by this section exhibit considerable toughness and ductility. Research (Richart et al. 1929;
Richart 1933; Pessiki et al. 2001; Saatcioglu and Razvi
2002) has also indicated that up to 100,000 psi yield strength
UHLQIRUFHPHQWFDQEHH൵HFWLYHO\XVHGIRUFRQ¿QHPHQW

25.7.3.4 6SLUDOVVKDOOEHDQFKRUHGE\H[WUDWXUQVRI
spiral bar or wire at each end.

R25.7.3.4 Spiral anchorage is illustrated in Fig. R25.7.3.4.

25

Detailing

Spiral

1-1/2 extra turns

Fig. R25.7.3.4—Spiral anchorage.
25.7.3.5 Spirals are permitted to be spliced by (a) or (b):
(a) Mechanical or welded splices in accordance with
25.5.7
(b) Lap splices in accordance with 25.7.3.6 for fyt not
exceeding 60,000 psi
25.7.3.6 Spiral lap splices shall be at least the greater of 12
in. and the lap length in Table 25.7.3.6.
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Table 25.7.3.6—Lap length for spiral reinforcement

Reinforcement

Lap
Ends of lapped
length
spiral bar or wire
in.

Coating
Uncoated or zinc-coated
(galvanized)

Deformed bar

Epoxy-coated
or zinc and epoxy
dual-coated
Uncoated

Deformed wire

[1]

Epoxy-coated

Plain bar

Uncoated or zinc-coated
(galvanized)

Plain wire

Uncoated

Hook not required

48db

Hook not required

72db

Standard hook of
25.3.2[1]

48db

Hook not required

48db

Hook not required

72db

Standard hook of
25.3.2[1]

48db

Hook not required

72db

Standard hook of
25.3.2[1]

48db

Hook not required

72db

Standard hook of
25.3.2[1]

48db

+RRNVVKDOOEHHPEHGGHGZLWKLQWKHFRUHFRQ¿QHGE\WKHVSLUDO

25.7.4 Hoops

R25.7.4 Hoops

25.7.4.1 Hoops shall consist of a closed tie or continuously wound tie, which can consist of several reinforcement
elements each having seismic hooks at both ends.

R25.7.4.1 Refer to R25.7.2.4.

25.7.4.2 The ends of the reinforcement elements in hoops
shall be anchored using seismic hooks that conform to 25.3.4
and engage a longitudinal bar. A hoop shall not be made up
of interlocking headed deformed bars.
25.8—Post-tensioning anchorages and couplers
25.8.1 Anchorages and couplers for tendons shall develop
at least 95 percent of fpu when tested in an unbonded condition, without exceeding anticipated set.

R25.8—Post-tensioning anchorages and couplers
R25.8.1 The required strength of the tendon-anchorage or
tendon-coupler assemblies for both unbonded and bonded
tendons, when tested in an unbonded state, is based on 95
SHUFHQWRIWKHVSHFL¿HGWHQVLOHVWUHQJWKRIWKHSUHVWUHVVLQJ
reinforcement in the test. The prestressing reinforcement
is required to comply with the minimum provisions of the
applicable ASTM standards as prescribed in 20.3.1. The
VSHFL¿HG VWUHQJWK RI DQFKRUDJHV DQG FRXSOHUV H[FHHGV WKH
maximum design strength of the prestressing reinforcement
by a substantial margin and, at the same time, recognizes
WKHVWUHVVULVHUH൵HFWVDVVRFLDWHGZLWKPRVWDYDLODEOHSRVW
tensioning anchorages and couplers. Anchorage and coupler
strength should be attained with a minimum amount of
permanent deformation and successive set, recognizing that
some deformation and set will occur when testing to failure.
Tendon assemblies should conform to the 2 percent elongation requirements in ACI 423.7.
Static and fatigue test methods for anchorage and couplers
are provided in ICC-ES Acceptance Criteria AC303 (2011).
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25.8.2 Anchorages and couplers for bonded tendons shall
be located so that 100 percent of fpu shall be developed at
critical sections after the post-tensioned reinforcement is
bonded in the member.

R25.8.2 Anchorages and couplers for bonded tendons
WKDW GHYHORS OHVV WKDQ  SHUFHQW RI WKH VSHFL¿HG WHQVLOH
strength of the prestressing reinforcement should be used
only where the bond transfer length between the anchorage
or coupler and critical sections equals or exceeds that
required to develop the prestressed reinforcement strength.
This bond length may be calculated based on the results of
tests of bond characteristics of non-tensioned prestressing
strand (Salmons and McCrate 1977; PCA 1980), or bond
tests on other prestressing reinforcement, as appropriate.

25.8.3 In unbonded construction subject to repetitive
loads, the possibility of fatigue of prestressed reinforcement
in anchorages and couplers shall be considered.

R25.8.3 A discussion on fatigue loading is provided in
ACI 215R.
Detailed recommendations on tests for static and cyclic
ORDGLQJ FRQGLWLRQV IRU WHQGRQV DQG DQFKRUDJH ¿WWLQJV RI
unbonded tendons are provided in ACI 423.3R (Section
4.1.3) and ACI 301 (Section 15.2.2).

25.8.4 Couplers shall be placed at locations approved by
the licensed design professional and enclosed in housings
long enough to permit necessary movements.
25.9—Anchorage zones for post-tensioned
tendons
25.9.1 General

R25.9—Anchorage zones for post-tensioned
tendons
R25.9.1 General
The detailed provisions in the AASHTO LRFD Bridge
'HVLJQ 6SHFL¿FDWLRQV AASHTO LRFDUS) for analysis
and reinforcement detailing of post-tensioned anchorage
zones are considered to satisfy the more general requirePHQWVRIWKLV&RGH,QWKHVSHFL¿FDUHDVRIDQFKRUDJHGHYLFH
evaluation and acceptance testing, this Code references the
detailed AASHTO provisions.

25.9.1.1 Anchorage regions of post-tensioned tendons
shall consist of two zones, (a) and (b):
(a) The local zone shall be assumed to be a rectangular
prism (or equivalent rectangular prism for circular or oval
anchorages) of concrete immediately surrounding the
DQFKRUDJHGHYLFHDQGDQ\FRQ¿QLQJUHLQIRUFHPHQW
(b) The general zone includes the local zone and shall be
assumed to be the portion of the member through which
the concentrated prestressing force is transferred to the
concrete and distributed more uniformly across the section

R25.9.1.1 Based on St. Venant’s principle, the extent of
the anchorage zone may be estimated as approximately
equal to the largest dimension of the cross section. Local
zones and general zones are shown in Fig. R25.9.1.1a.
When anchorage devices located away from the end of the
member are tensioned, large local tensile stresses are generated ahead of and behind the device. These tensile stresses
are induced by incompatibility of deformations. The entire
shaded region shown in Fig. R25.9.1.1b should be considered in the design of the general zone.
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Region ahead of
anchorage device

Plan view
Anchorage device

General
zones

Local
zones

h

≈h
Elevation View
Fig. R25.9.1.1a—Local and general zones.
Region behind
anchorage device
1.0h

Region ahead of
anchorage device
1.0h to 1.5h
Tendon

h

Anchorage device

Local
zone

General
zone

Section through slab at anchorage
Fig. R25.9.1.1b—Local and general zones for anchorage
GHYLFHORFDWHGDZD\IURPWKHHQGRIDPHPEHU

25.9.1.2 The local zone shall be designed in accordance
with 25.9.3.
25.9.1.3 The general zone shall be designed in accordance
with 25.9.4.
25.9.1.4 Compressive strength of concrete required at time
RISRVWWHQVLRQLQJVKDOOEHVSHFL¿HGDVUHTXLUHGE\26.10.
25.9.1.5 Stressing sequence shall be considered in the
GHVLJQSURFHVVDQGVSHFL¿HGDVUHTXLUHGE\

R25.9.1.5 The sequence of anchorage device stressing
FDQ KDYH D VLJQL¿FDQW H൵HFW RQ WKH JHQHUDO ]RQH VWUHVVHV
7KHUHIRUHLWLVLPSRUWDQWWRFRQVLGHUQRWRQO\WKH¿QDOVWDJH
of a stressing sequence with all tendons stressed, but also
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intermediate stages during construction. The most critical
bursting forces caused by each of the sequentially posttensioned tendon combinations, as well as that of the entire
group of tendons, should be taken into account.

25.9.2 Required strength

R25.9.2 Required strength

25.9.2.1 Factored prestressing force at the anchorage
device, Ppu, shall exceed the least of (a) through (c), where
1.2 is the load factor from 5.3.12:

R25.9.2.1 The factored prestressing force is the product
of the load factor and the maximum prestressing force
permitted. The maximum permissible tensile stresses during
MDFNLQJDUHGH¿QHGLQ20.3.2.5.1.

(a) 1.2(0.94fpy)Aps
(b) 1.2(0.80fpu)Aps
(c) Maximum jacking force designated by the supplier of
anchorage devices multiplied by 1.2
25.9.3 Local zone

D 0RQRVWUDQGRUVLQJOHLQRUVPDOOHUGLDPHWHUEDU
anchorage devices shall meet the bearing resistance and
local zone requirements of ACI 423.7
(b) Basic multistrand anchorage devices shall meet the
bearing resistance requirements of AASHTO LRFD
%ULGJH 'HVLJQ 6SHFL¿FDWLRQV $UWLFOH  H[FHSW
that the load factors shall be in accordance with 5.3.12
and ࢥ shall be in accordance with 21.2.1
(c) Special anchorage devices shall satisfy the tests
UHTXLUHG LQ $$6+72 /5)' %ULGJH 'HVLJQ 6SHFL¿FDtions, Article 5.8.4.4.3, and described in AASHTO LRFD
%ULGJH&RQVWUXFWLRQ6SHFL¿FDWLRQV$UWLFOH

The local zone resists very high local stresses introduced
by the anchorage device and transfers them to the remainder
of the anchorage zone. The behavior of the local zone is
VWURQJO\ LQÀXHQFHG E\ WKH VSHFL¿F FKDUDFWHULVWLFV RI WKH
DQFKRUDJHGHYLFHDQGLWVFRQ¿QLQJUHLQIRUFHPHQWDQGLVOHVV
LQÀXHQFHGE\WKHJHRPHWU\DQGORDGLQJRIWKHRYHUDOOVWUXFture. Local-zone design sometimes cannot be completed until
VSHFL¿FDQFKRUDJHGHYLFHVDUHVHOHFWHG,IVSHFLDODQFKRUDJH
devices are used, the anchorage device supplier should furnish
test information to demonstrate that the device is satisfactory under Article 10.3.2.3 of the AASHTO LRFD Bridge
&RQVWUXFWLRQ6SHFL¿FDWLRQV LRFDCONS) and provide information regarding necessary conditions for use of the device.
7KHPDLQFRQVLGHUDWLRQVLQORFDO]RQHGHVLJQDUHWKHH൵HFWVRI
KLJKEHDULQJSUHVVXUHDQGWKHDGHTXDF\RIDQ\FRQ¿QLQJUHLQforcement provided to increase concrete bearing resistance.

25.9.3.2 Where special anchorage devices are used,
supplementary skin reinforcement shall be provided in
DGGLWLRQ WR WKH FRQ¿QLQJ UHLQIRUFHPHQW VSHFL¿HG IRU WKH
anchorage device.
25.9.3.2.1 Supplementary skin reinforcement shall be
VLPLODULQFRQ¿JXUDWLRQDQGDWOHDVWHTXLYDOHQWLQYROXPHWULF
ratio to any supplementary skin reinforcement used in the
qualifying acceptance tests of the anchorage device.

25.9.4 General zone

R25.9.3.2.1 Skin reinforcement is placed near the outer
faces in the anchorage zone to limit local crack width
and spacing. Reinforcement in the general zone for other
actions (such as shrinkage and temperature) may be used
in satisfying the supplementary skin reinforcement requirement. Determination of the supplementary skin reinforcement depends on the anchorage device hardware used and
IUHTXHQWO\FDQQRWEHGHWHUPLQHGXQWLOWKHVSHFL¿FDQFKRUDJH
devices are selected.
R25.9.4 General zone
Within the general zone, the assumption that plane sections
remain plane is not valid. Tensile stresses that can be caused by
the tendon anchorage device, including bursting, spalling, and
edge tension, as shown in Fig. R25.9.4, should be considered
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25.9.3.1 The design of local zone in post-tensioned
anchorages shall meet the requirements of (a), (b), or (c):

Detailing

R25.9.3 Local zone
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in design. In addition, the compressive stresses immediately
ahead of the local zone should be checked (Fig. R25.9.1.1b).

Plan view

Bursting
stresses

C

Spalling
stresses
T
Longitudinal
edge tensile force
Elevation View

Fig. R25.9.4—Tensile stress zones within the general zone.
25.9.4.1 The extent of the general zone is equal to the
largest dimension of the cross section. In the case of slabs
with anchorages or groups of anchorages spaced along the
slab edge, the depth of the general zone shall be taken as the
spacing of the tendons.

R25.9.4.1 The depth of the general zone in slabs is
GH¿QHG LQ $$6+72 /5)' %ULGJH 'HVLJQ 6SHFL¿FDWLRQV
(LRFDUS), Article 5.9.5.6 as the spacing of the tendons (Fig.
R25.9.4.1). Refer to 25.9.4.4.6 for monostrand anchorages.

s = depth of general zone
s = spacing of the tendons
along edge of slab

Fig. R25.9.4.1²'LPHQVLRQV RI JHQHUDO ]RQH LQ SRVW
tensioned slab.
25.9.4.2 For anchorage devices located away from the end
of a member, the general zone shall include the disturbed
regions ahead of and behind the anchorage devices.

R25.9.4.2 The dimensions of the general zone for
anchorage devices located away from the end of the member
DUHGH¿QHGLQ)LJ5E
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CODE

(a) The strut-and-tie method in accordance with Chapter
23
E /LQHDUVWUHVVDQDO\VLVLQFOXGLQJ¿QLWHHOHPHQWDQDO\VLV
or equivalent
F  6LPSOL¿HG HTXDWLRQV LQ $$6+72 /5)' %ULGJH
'HVLJQ 6SHFL¿FDWLRQV $UWLFOH  H[FHSW ZKHUH
restricted by 25.9.4.3.2
The design of general zones by other methods shall be
SHUPLWWHG SURYLGHG WKDW WKH VSHFL¿F SURFHGXUHV XVHG IRU
design result in prediction of strength in substantial agreement with results of comprehensive tests.

R25.9.4.3 Analysis of general zones
R25.9.4.3.1 The design methods include those procedures
for which guidelines have been given in AASHTO LRFDUS
and Breen et al. (1994). These procedures have been shown
to be conservative predictors of strength compared to test
results (Breen et al. 1994). The use of the strut-and-tie
method is especially helpful for general zone design (Breen
et al. 1994). In many anchorage applications, where substantial or massive concrete regions surround the anchorages,
VLPSOL¿HG HTXDWLRQV EDVHG RQ $$6+72 /5)'86 DQG
Breen et al. (1994) can be used except in the cases noted in
25.9.4.3.2.
Values for the magnitude of the bursting force, Tburst,
and for its centroidal distance from the major bearing
surface of the anchorage, dburst, may be estimated from Eq.
(R25.9.4.3.1a) and (R25.9.4.3.1b), respectively. The terms
used in these equations are shown in Fig. R25.9.4.3.1 for
a prestressing force with a small eccentricity. In the appliFDWLRQ RI WKHVH HTXDWLRQV WKH VSHFL¿HG VWUHVVLQJ VHTXHQFH
should be considered if more than one tendon is present.

Detailing

25.9.4.3.1 Methods (a) through (c) shall be permitted for
design of general zones:

COMMENTARY

⎛ h ⎞
Tburst = 0.25∑ Ppu ⎜1 − anc ⎟
⎝
h ⎠

(R25.9.4.3.1a)

25

25.9.4.3 Analysis of general zones

509

dburst = 0.5(h±eanc)

(R25.9.4.3.1b)

ZKHUHPpu is the sum of the Ppu forces from the individual
tendons; hanc is the depth of the anchorage device or single
group of closely spaced devices in the direction considered;
and eanc is the eccentricity (always taken as positive) of the
anchorage device or group of closely spaced devices with
respect to the centroid of the cross section (Fig. R25.9.4.3.1).
Anchorage devices should be treated as closely spaced if
their center-to-center spacing does not exceed 1.5 times the
width of the anchorage device in the direction considered.

dburst
hanc
Ppu
eanc

Ppu /2
Tburst

h /2

c.g.c
Ppu /2

Fig. R25.9.4.3.1²'H¿QLWLRQ RI WHUPV XVHG WR GH¿QH WKH
general zone.
25.9.4.3.2 6LPSOL¿HG HTXDWLRQV DV SHUPLWWHG E\
25.9.4.3.1(c) shall not be used for the design of a general
zone if any of the situations listed in (a) through (g) occur:

R25.9.4.3.2 7KH VLPSOL¿HG HTXDWLRQV LQ WKH $$6+72
LRFDUS are not applicable in several common situations
listed in 25.9.4.3.2. In these cases, a detailed analysis is
required. In addition, in the post-tensioning of thin sections,
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(a) Member cross sections are nonrectangular
(b) Discontinuities in or near the general zone cause deviDWLRQVLQWKHIRUFHÀRZSDWK
(c) Minimum edge distance is less than 1.5 times the
anchorage device lateral dimension in that direction
(d) Multiple anchorage devices are used in other than one
closely spaced group
(e) Centroid of the tendons is located outside the kern
(f) Angle of inclination of the tendon in the general zone
LVOHVVWKDQ±GHJUHHVIURPWKHFHQWHUOLQHRID[LVRIWKH
member, where the angle is negative if the anchor force
points away from the centroid of the section
(g) Angle of inclination of the tendon in the general zone
is greater than +20 degrees from the centerline of axis of
the member, where the angle is positive if the anchor force
points towards the centroid of the section

ÀDQJHGVHFWLRQVRULUUHJXODUVHFWLRQVRUZKHUHWKHWHQGRQV
have appreciable curvature within the general zone, more
general procedures such as those of AASHTO LRFDUS
Articles 5.8.2.7 and 5.8.3 are required. Detailed recommendations for design principles that apply to all design methods
are given in Article 5.9.5.6.5b of the AASHTO LRFDUS.
Groups of monostrand tendons with individual monostrand
anchorage devices are often used in beams. If a beam has a
single anchorage device or a single group of closely spaced
DQFKRUDJHGHYLFHVWKHXVHRIVLPSOL¿HGHTXDWLRQVVXFKDV
those given in R25.9.4.3.1 is permitted, unless 25.9.4.3.2
governs. More complex conditions can be designed using
the strut-and-tie method. Detailed recommendations for use
of such models are given in AASHTO LRFDUS and Breen
et al. (1994).

25.9.4.3.37KUHHGLPHQVLRQDO H൵HFWV VKDOO EH FRQVLGHUHG
in design and analyzed by (a) or (b):

R25.9.4.3.37KHSURYLVLRQIRUWKUHHGLPHQVLRQDOH൵HFWVLV
WRHQVXUHWKDWWKHH൵HFWVSHUSHQGLFXODUWRWKHPDLQSODQHRI
the member, such as bursting forces in the thin direction of
ZHEVRUVODEVDUHFRQVLGHUHG,QPDQ\FDVHVWKHVHH൵HFWVFDQ
be determined independently for each direction, but some
applications require a full three-dimensional analysis (for
example, diaphragms for the anchorage of external tendons).

(a) Three-dimensional analysis procedures
E $SSUR[LPDWHGE\FRQVLGHULQJWKHVXPPDWLRQRIH൵HFWV
for two orthogonal planes
25.9.4.4 5HLQIRUFHPHQWOLPLWV

R25.9.4.4 5HLQIRUFHPHQWOLPLWV

25.9.4.4.1 Tensile strength of concrete shall be neglected
in calculations of reinforcement requirements.
25.9.4.4.2 Reinforcement shall be provided in the general
zone to resist bursting, spalling, and longitudinal edge
tension forces induced by anchorage devices, as applicable.
(൵HFWVRIDEUXSWFKDQJHVLQVHFWLRQDQGVWUHVVLQJVHTXHQFH
shall be considered.

R25.9.4.4.2 In some cases, reinforcement requirements
FDQQRW EH GHWHUPLQHG XQWLO VSHFL¿F WHQGRQ DQG DQFKRUDJH
device layouts are selected. Design and approval responsibilities should be clearly assigned in the construction
documents.
Abrupt changes in section can cause substantial deviation
in force paths. These deviations can greatly increase tensile
forces, as shown in Fig. R25.9.4.4.2.
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dburst
Ppu /2

hanc
h

Ppu

Tburst
Ppu /2

Tburst ≈ 0.25Ppu
(a) Rectangular section

Ppu /2
hanc
Ppu

Tburst

25

h

Detailing

dburst

Ppu /2
Tburst ≈ 0.50Ppu
(b) Flanged section with end diaphragm
Fig. R25.9.4.4.2²(ৼHFWRIFURVVVHFWLRQFKDQJH

25.9.4.4.3 For anchorage devices located away from the
end of the member, bonded reinforcement shall be provided
to transfer at least 0.35Ppu into the concrete section behind
the anchor. Such reinforcement shall be placed symmetrically around the anchorage device and shall be fully developed both behind and ahead of the anchorage device.

R25.9.4.4.3 Where anchorages are located away from the
end of a member, local tensile stresses are generated behind
these anchorages (Fig. R25.9.1.1b) due to compatibility of
deformations ahead of and behind the anchorages. Bonded
tie-back reinforcement parallel to the tendon is required in
the immediate vicinity of the anchorage to limit the extent of
cracking behind the anchorage. The requirement of 0.35Ppu
was derived using 25 percent of the unfactored prestressing
force being resisted by reinforcement at 0.6fy considering a
load factor of 1.2. Therefore, the full yield strength of the
reinforcement, fy, should be used in calculating the provided
capacity.

25.9.4.4.4 If tendons are curved in the general zone,
bonded reinforcement shall be provided to resist radial and
splitting forces, except for monostrand tendons in slabs or
where analysis shows reinforcement is not required.
25.9.4.4.5 Reinforcement with a nominal tensile strength
equal to 2 percent of the factored prestressing force shall be
provided in orthogonal directions parallel to the loaded face
of the anchorage zone to limit spalling, except for monostrand tendons in slabs or where analysis shows reinforcement is not required.

R25.9.4.4.5 The spalling force for tendons for which the
centroid lies within the kern of the section may be estimated
as 2 percent of the total factored prestressing force, except
for multiple anchorage devices with center-to-center spacing
greater than 0.4 times the depth of the section.
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25.9.4.4.6)RUPRQRVWUDQGDQFKRUDJHGHYLFHVIRULQ
or smaller diameter strands in normalweight concrete slabs,
reinforcement satisfying (a) and (b) shall be provided in the
anchorage zone, unless a detailed analysis in accordance
with 25.9.4.3 shows that this reinforcement is not required:

R25.9.4.4.6 For monostrand slab tendons, the anchoragezone minimum reinforcement requirements are based on
the recommendations of Breen et al. (1994)DQGFRQ¿UPHG
based on analysis of other test results by Roberts-Wollmann
and Wollmann (2008). Typical details are shown in Fig.
R25.9.4.4.6. For slabs not thicker than 8 in., with groups of
anchors requiring hairpins, the bars parallel to the loaded
face can satisfy 25.9.4.4.6(a) and also provide anchorage
for the hairpin bars. Thicker slabs require two bars for
25.9.4.4.6 (a) and two additional bars to provide anchorage
for the hairpins in accordance with 25.7.1.2. The horizontal
bars parallel to the edge required by 25.9.4.4.6(a) should be
continuous where possible.
The tests on which the recommendations of Breen et al.
(1994) were based were limited to anchorage devices for
LQGLDPHWHU*UDGHVWUDQGDQGXQERQGHGWHQGRQVLQ
normalweight concrete. For larger strand anchorage devices
or for use in lightweight concrete slabs, ACI Committee 423
recommends that the amount and spacing of reinforcement
should be conservatively adjusted to provide for the larger
anchorage force and smaller splitting tensile strength of
lightweight concrete (ACI 423.3R).
ACI 423.3R and Breen et al. (1994) both recommend
that hairpin bars also be furnished for anchorages located
within 12 in. of slab corners to resist edge tension forces.
The meaning of “ahead of” in 25.9.4.4.6 is illustrated in Fig.
R25.9.1.1b.
In those cases where multistrand anchorage devices are used
IRUVODEWHQGRQVDOOSURYLVLRQVRIDUHWREHVDWLV¿HG

(a) Two horizontal bars at least No. 4 in size shall be
provided within the local zone parallel to the slab edge
ahead of the bearing face of the anchorage device. They
shall be permitted to be in contact with the bearing face
of the anchorage device, the center of the bars shall be no
farther than 4 in. ahead of the bearing face of the device,
and the bars shall extend at least 6 in. either side of the
outer edges of the device.
(b) If the center-to-center spacing of anchorage devices is
12 in. or less, the anchorage devices shall be considered as
a group. For each group of six or more anchorage devices,
at least n + 1 hairpin bars or closed stirrups at least No. 3 in
size shall be provided, where n is the number of anchorage
devices. One hairpin bar or stirrup shall be placed between
adjacent anchorage devices and one on each side of the
group. The hairpin bars or stirrups shall be placed with
the horizontal legs extending into the slab perpendicular to
the edge. The center line of the vertical leg of the hairpin
bars, or the vertical leg of stirrups closest to the anchorage
device, shall be placed 3h/8 to h/2 ahead of the bearing
face of the anchorage device. Hairpin bars or stirrups shall
be detailed in accordance with 25.7.1.1 and 25.7.1.2.
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Bars to anchor hairpins
in accordance with
25.7.1.2

For slabs with h > 8 in., provide #4 or larger
straight bars parallel to slab edge, in
contact with or not farther than 4 in. ahead
of bearing face of anchorage device

h - (top + bottom cover)

h > 8 in.

#3 or larger hairpin
with minimum inside
bend diameter
in accordance
with Table 25.3.2

Anchorage
spacing,s

#4 or larger straight bars
parallel to slab edge,
in contact with or not farther
than 4 in. ahead of bearing
face of anchorage device

(b) Section A-A for slabs with h > 8 in.
≤ 4 in.

Edge
of slab
A

h ≤ 8 in.

h - (top + bottom cover)

#3 or larger hairpin
with minimum inside
bend diameter
in accordance
with Table 25.3.2

A

C
L Tendon

(typ.)

(a) Plan view

3h/8 to h/2

#4 or larger straight bars
parallel to slab edge,
in contact with or not farther
than 4 in. ahead of bearing
face of anchorage device

(c) Section A-A for slabs with h ≤ 8 in.

Fig. R25.9.4.4.6²$QFKRUDJH]RQHUHLQIRUFHPHQWIRUJURXSVRILQRUVPDOOHUGLDPHWHUWHQGRQVLQVODEV RWKHUUHLQIRUFHPHQWQRWVKRZQ 
25.9.4.5 /LPLWLQJVWUHVVHVLQJHQHUDO]RQHV

R25.9.4.5 /LPLWLQJVWUHVVHVLQJHQHUDO]RQHV

25.9.4.5.1 Maximum design tensile stress in reinforcement at nominal strength shall not exceed the limits in Table
25.9.4.5.1.
Table 25.9.4.5.1—Maximum design tensile stress
in reinforcement
Type of reinforcement

Maximum design tensile stress

Nonprestressed reinforcement

fy

Bonded, prestressed reinforcement

fpy

Unbonded, prestressed reinforcement

fse + 10,000

25.9.4.5.2 Compressive stress in concrete at nominal
strength shall not exceed 0.7Ȝfciƍ, where Ȝ LV GH¿QHG LQ
19.2.4.

R25.9.4.5.1 The value for maximum design tensile stress
of bonded prestressed reinforcement is limited to the yield
strength of the prestressing reinforcement because Eq.
(20.3.2.3.1 PD\QRWDSSO\WRWKHVHQRQÀH[XUDODSSOLFDWLRQV
The value for unbonded prestressed reinforcement is based
on 20.3.2.4.1EXWOLPLWHGIRUWKHVHVKRUWOHQJWKQRQÀH[XUDO
applications.

R25.9.4.5.2 Some inelastic deformation of concrete within
general zones is expected because anchorage zone design
LVEDVHGRQDVWUHQJWKDSSURDFK8QOHVVVKRZQE\WHVWVWKHȜ
IDFWRUIRUOLJKWZHLJKWFRQFUHWHVKRXOGEHDSSOLHGWRUHÀHFWD
lower tensile strength, which is an indirect factor in limiting
compressive stresses, as well as the wide scatter and brittleness
exhibited in some lightweight concrete anchorage zone tests.
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25.9.4.5.3,IFRQFUHWHLVFRQ¿QHGE\VSLUDOVRUKRRSVDQG
WKH H൵HFW RI FRQ¿QLQJ UHLQIRUFHPHQW LV GRFXPHQWHG E\
tests and analysis, it shall be permitted to use an increased
value of compressive stress in concrete when calculating the
nominal strength of the general zone.

R25.9.4.5.3 )RU ZHOOFRQ¿QHG FRQFUHWH WKH H൵HFWLYH
compressive strength may be increased (Breen et al. 1994).
Test results given in Breen et al. (1994) indicate that the
compressive stress introduced by auxiliary prestressing
applied perpendicular to the axis of the main tendons can be
H൵HFWLYHLQLQFUHDVLQJDQFKRUDJH]RQHVWUHQJWK

25.9.4.5.4 Prestressing reinforcement shall not be stressed
until compressive strength of concrete, as indicated by tests
of cylinders cured in a manner consistent with curing of the
member, is at least 2500 psi for single-strand or bar tendons
or at least 4000 psi for multistrand tendons unless 25.9.4.5.5
LVVDWLV¿HG

R25.9.4.5.4 To limit early shrinkage cracking, monostrand
tendons are sometimes stressed at concrete strengths less
than 2500 psi. In such cases, either oversized monostrand
anchorages are used, or the strands are stressed in stages,
RIWHQWROHYHOVRQHWKLUGWRRQHKDOIRIWKH¿QDOSUHVWUHVVLQJ
force as permitted by 25.9.4.5.5.

25.9.4.5.53URYLVLRQVRIQHHGQRWEHVDWLV¿HGLI
D RU E LVVDWLV¿HG
(a) Oversized anchorage devices are used to compensate
for a lower concrete compressive strength
(b) Prestressing reinforcement is stressed to no more than
SHUFHQWRIWKH¿QDOSUHVWUHVVLQJIRUFH
25.9.5 5HLQIRUFHPHQWGHWDLOLQJ
25.9.5.1 Selection of reinforcement size, spacing, cover,
and other details for anchorage zones shall make allowances
for tolerances on fabrication and placement of reinforcement; for the size of aggregate; and for adequate placement
and consolidation of the concrete.
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CHAPTER 26—CONSTRUCTION DOCUMENTS AND INSPECTION
R26.1—Scope
This chapter establishes the minimum requirements
for information that must be included in the construction
documents as applicable to the project. The requirements
include information developed in the structural design that
must be conveyed to the contractor, provisions directing the
contractor on required quality, and inspection requirements
to verify compliance with the construction documents.
Construction and inspection provisions for anchors were
located in Chapter 17 of the 2014 Code. These provisions
were moved to Chapter 26 of the 2019 Code.
This chapter is directed to the licensed design professional
responsible for incorporating project requirements into
the construction documents. The construction documents
should contain all of the necessary design and construction
requirements for the contractor to achieve compliance with
the Code. It is not intended that the Contractor will need to
read and interpret the Code.
A general reference in the construction documents
requiring compliance with this Code is to be avoided because
the contractor is rarely in a position to accept responsibility
for design details or construction requirements that depend
RQGHWDLOHGNQRZOHGJHRIWKHGHVLJQ5HIHUHQFHVWRVSHFL¿F
Code provisions should be avoided as well because it is
the intention of the Code that all necessary provisions be
included in the construction documents. For example, referHQFHVWRVSHFL¿FSURYLVLRQVZLWKLQ&KDSWHUDUHH[SHFWHG
to be replaced with the appropriate references within the
project construction documents. Reference to ACI and
ASTM standards as well as to other documents is expected.
This chapter includes provisions for some of the information that is to be in the construction documents. This chapter
is not intended as an all-inclusive list; additional items may
EHDSSOLFDEOHWRWKH:RUNRUUHTXLUHGE\WKHEXLOGLQJR൶cial. ACI 301LVDUHIHUHQFHFRQVWUXFWLRQVSHFL¿FDWLRQWKDWLV
written to be consistent with the requirements of this Code.
Chapter 26 is organized as shown below:
Section

Coverage

26.1

Scope

26.2

Design criteria

26.3

Member information

26.4

Concrete materials and mixture requirements

26.5

Concrete production and construction

26.6

Reinforcement materials and construction requirements

26.7

Anchoring to concrete

26.8

Embedments

26.9

Additional requirements for precast concrete

26.10

Additional requirements for prestressed concrete

26.11

Formwork

26.12

Evaluation and acceptance of hardened concrete

26.13

Inspection

American Concrete Institute – Copyrighted © Material – www.concrete.org

Construction

26.1—Scope

COMMENTARY

26

CODE

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 9: CONSTRUCTION

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE

COMMENTARY

26.1.1 This chapter addresses (a) through (c):
(a) Design information that the licensed design professional
shall specify in the construction documents, if applicable.
(b) Compliance requirements that the licensed design
professional shall specify in the construction documents,
if applicable.

R26.1.1(a) and (b) Except for the inspection requirements of 26.13, the provisions of this chapter are organized
by design information and compliance requirements.
'HVLJQ LQIRUPDWLRQ LV SURMHFW VSHFL¿F DQG GHYHORSHG
during the structural design. It describes the basis of the
design or provides information regarding the construction of
the Work. Only design information that is applicable to the
Work need be provided.
Compliance requirements are general provisions that provide
a minimum acceptable level of quality for construction of the
Work. It is not the intent of the Code to require the licensed
design professional to incorporate verbatim the compliance
requirements into the construction documents. Some of these
UHTXLUHPHQWVPD\QRWEHDSSOLFDEOHWRDVSHFL¿FSURMHFW
Construction documents that incorporate the minimum
applicable compliance requirements of this chapter are
considered to comply with the Code, even if the requirePHQWVDUHVWDWHGGL൵HUHQWO\H[FHHGWKHVHPLQLPXPUHTXLUHments, or provide more detail.

(c) Inspection requirements that the licensed design
professional shall specify in the construction documents,
if applicable.

R26.1.1(c) Section 26.13 provides inspection provisions
to be used in the absence of general building code inspection provisions. These inspection requirements are intended
WR SURYLGH YHUL¿FDWLRQ WKDW WKH :RUN FRPSOLHV ZLWK WKH
construction documents.
The inspection requirements of the governing jurisdiction or the general building code take precedence over
those included in this chapter. Refer to 26.13.1. ACI 311.4R
provides guidance for inspection of concrete construction,
and ACI 311.6LVDUHIHUHQFHVSHFL¿FDWLRQIRUWHVWLQJVHUYLFHV
for ready mixed concrete.
R26.2—Design criteria

26.2—Design criteria
26.2.1 Design information:
(a) Name and year of issue of the Code, general building
code, and any supplements governing design.
(b) Loads used in design.

R26.2.1(a) and (b) Reference to the applicable version
of the documents that govern the design including essential
loading information, such as gravity and lateral loading, is to
be included in the construction documents.

(c) Design work delegated to the contractor including
applicable design criteria.

R26.2.1(c) Examples of design criteria include dimensions, loads, and other assumptions used during design that
PD\D൵HFWWKHGHOHJDWHGSRUWLRQRIWKH:RUN

26.2.2 Compliance requirements:
(a) Design work delegated to the contractor shall be
performed by a specialty engineer.
(b) The contractor’s specialty engineer, relying on
the documents identifying the portion of design work
assigned, shall produce design work that is compatible
with the construction documents and the design criteria
provided by the licensed design professional in charge of
the design work.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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(c) The contractor shall submit necessary information
WR WKH OLFHQVHG GHVLJQ SURIHVVLRQDO WR FRQ¿UP WKDW WKH
specialty engineer complied with the documents identifying the portion of the design work assigned.
R26.3—Member information

R26.3.1(a) Construction tolerances for member size and
location can be incorporated in construction documents by
reference to ACI 117 for cast-in-place construction or to
ACI ITG-7IRUSUHFDVWFRQVWUXFWLRQ6SHFL¿FSURMHFWWROHUances that are more restrictive or that are not covered in
these references should also be included in the construction
documents.

(b) Members to be constructed using shotcrete.
(c) Identify structural members for which modulus of elasticity testing of concrete mixtures is required.
26.3.2 Compliance requirements:
D 8VHRIVKRWFUHWHIRUVWUXFWXUDOPHPEHUVQRWLGHQWL¿HG
in the construction documents as required to be placed by
shotcrete shall be permitted in accordance with the project
contract documents.

26.4—Concrete materials and mixture
requirements
26.4.1 &RQFUHWHPDWHULDOV

R26.3.2(a) If the contractor submits a request to use shotcrete for portions of the structure, the licensed design professional should make the contractor aware that the proposal
must take into consideration provisions in governing shotcrete listed in R4.2.1.1.
R26.4—Concrete materials and mixture
requirements
R26.4.1 &RQFUHWHPDWHULDOV
R26.4.1.1 &HPHQWLWLRXVPDWHULDOV

26.4.1.1 &HPHQWLWLRXVPDWHULDOV
26.4.1.1.1 Compliance requirements:
(a) Cementitious materials shall conform to the speci¿FDWLRQV LQ 7DEOH  D  H[FHSW DV SHUPLWWHG LQ
26.4.1.1.1(b).
Table 26.4.1.1.1(a)—Specifications for cementitious
materials
Cementitious material

6SHFL¿FDWLRQ

Portland cement

ASTM C150

Blended hydraulic cements

ASTM C595, excluding Type IS
 DQG7\SH,7 S

Expansive hydraulic cement

ASTM C845

Hydraulic cement

ASTM C1157

Fly ash and natural pozzolan

ASTM C618

Slag cement

ASTM C989

Silica fume

ASTM C1240

(b) Alternative cements shall be permitted if approved by
WKHOLFHQVHGGHVLJQSURIHVVLRQDODQGWKHEXLOGLQJR൶FLDO

R26.4.1.1.1(b) Provisions for strength and durability in
Chapter 19 and many requirements in Chapter 26 are based
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Approval shall be based upon test data documenting that
the proposed concrete mixture made with the alternative
cement meets the performance requirements for the appliFDWLRQLQFOXGLQJVWUXFWXUDO¿UHDQGGXUDELOLW\

26.4.1.2 Aggregates

COMMENTARY
on test data and experience using concretes made with
FHPHQWLWLRXV PDWHULDOV PHHWLQJ WKH VSHFL¿FDWLRQV LQ 7DEOH
26.4.1.1.1(a).
Some alternative cements may not be suitable for use in
structural concrete covered by this Code. Therefore, requirements are included for evaluating the suitability of alternative cements. Recommendations for concrete properties to
be evaluated are discussed in Becker et al. (2019), ITG-10R,
and ITG-10.1R.
In addition to test data, documentation of prior successful
use of the proposed alternative cement in structural concrete
for conditions with essentially equivalent performance
requirements as those of the project can be helpful to the
licensed design professional determining whether to allow
use of the material. As with all new technologies, a project
owner should be informed of the risks and rewards.
R26.4.1.2 Aggregates

26.4.1.2.1 Compliance requirements:
(a) Aggregates shall conform to (1) or (2):
(1) Normalweight aggregate: ASTM C33.
(2) Lightweight aggregate: ASTM C330.
(b) Aggregates not conforming to ASTM C33 or ASTM
C330 are permitted if they have been shown by test or
actual service to produce concrete of adequate strength
DQGGXUDELOLW\DQGDUHDSSURYHGE\WKHEXLOGLQJR൶FLDO

(c) Crushed hydraulic-cement concrete or recycled aggregate shall be permitted if approved by the licensed design
SURIHVVLRQDODQGWKHEXLOGLQJR൶FLDOEDVHGRQGRFXPHQWDtion that demonstrates compliance with (1) and (2).
  &RQFUHWH LQFRUSRUDWLQJ WKH VSHFL¿F DJJUHJDWH
proposed for the Work has been demonstrated to provide
the mechanical properties and durability required in
structural design.
(2) A testing program to verify aggregate consistency
and a quality control program to achieve consistency of
properties of the concrete are conducted throughout the
duration of the project.

R26.4.1.2.1(b)$JJUHJDWHVFRQIRUPLQJWR$670VSHFL¿cations are not always economically available and, in some
instances, materials that do not conform to ASTM C33 or
C330 may have a documented history of satisfactory performance under similar exposure. Such nonconforming materials are permitted if acceptable evidence of satisfactory
performance is provided. Generally, aggregates conforming
WRWKHGHVLJQDWHGVSHFL¿FDWLRQVVKRXOGEHXVHG
R26.4.1.2.1(c) This Code requires that concrete made with
crushed hydraulic-cement concrete or recycled aggregate be
VSHFL¿FDOO\DSSURYHGIRUXVHLQDSDUWLFXODUSURMHFW3URSHUties of fresh and hardened concrete made with these aggreJDWHV DUH LQÀXHQFHG E\ WKH QDWXUH TXDOLW\ DQG YDULDELOLW\
of the source concrete that is crushed to produce aggregate;
nature and variability of the waste-stream from which recycled aggregate is extracted; and the grading, proportions,
and uniformity of the resulting aggregate.
ASTM C33 notes that use of such aggregates “may require
some additional precautions.” These precautions include
that any such aggregates meet the durability requirements
of ASTM C33 and that the proposed concrete mixture meets
the durability requirements of the Exposure Classes assigned
for the Work. Areas of special concern include evidence of
alkali-silica reactivity, chloride content, and sulfate content
of concrete. Additionally, properties of concrete made with
crushed hydraulic-cement concrete or recycled aggregate
FDQEHVLJQL¿FDQWO\PRUHYDULDEOHWKDQWKRVHRIFRPSDUDEOH
concretes made with conventional normalweight aggregates.
(Bezaerra Cabral et al. 2010).
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This Code requires explicit documentation to verify that
concrete made with crushed hydraulic-cement concrete or
recycled aggregate can consistently provide the mechanical
properties and durability required in design. Such properties
may have been calculated or assumed in the design process,
EXW PD\ QRW KDYH EHHQ VSHFL¿HG LQ FRQWUDFW GRFXPHQWV
6SHFL¿FFULWHULDIRUDSSURYDORIFRQFUHWHPDGHZLWKUHF\FOHG
aggregates including crushed hydraulic-cement concrete are
expected to be unique to each project and set of exposure
FRQGLWLRQV 7KH SURMHFWVSHFL¿F WHVW SURJUDP DQG DFFHStance criteria should be established by the licensed design
professional.
ACI 555R provides information on issues that should be
considered in verifying required performance.

R26.4.1.3 0LQHUDO¿OOHUV

26.4.1.3.1 Compliance requirements:
D 0LQHUDO¿OOHUVVKDOOFRQ¿UPWRASTM C1797.

26.4.1.4 Water

R26.4.1.3.1(a) 0LQHUDO¿OOHUVDUH¿QHO\JURXQGSURGXFWV
derived from aggregate that can be used in self-consolidating
concrete or in any concrete mixture to improve the properties of fresh and hardened concrete by optimizing particle
packing. ASTM C1797 GH¿QHV 7\SHV $ DQG % PLQHUDO
¿OOHUVGHULYHGIURPFDUERQDWHDJJUHJDWHDQG7\SH&PLQHUDO
¿OOHUVGHULYHGIURPTXDUULHGVWRQHRIDQ\PLQHUDORJ\5HIHU
to 26.4.2 for restrictions to use of carbonate-based mineral
¿OOHULQFRQFUHWHH[SRVHGWRVXOIDWHV
R26.4.1.4 Water

26.4.1.4.1 Compliance requirements:
D 0L[LQJZDWHUVKDOOFRQ¿UPWRASTM C1602.

26.4.1.5 $GPL[WXUHV

R26.4.1.4.1 Almost any natural water that is potable and
has no pronounced taste or odor is satisfactory as mixing
water for making concrete. Excessive impurities in mixing
ZDWHUPD\D൵HFWVHWWLQJWLPHFRQFUHWHVWUHQJWKDQGYROXPH
VWDELOLW\ DQG PD\ DOVR FDXVH H൷RUHVFHQFH RU FRUURVLRQ RI
reinforcement.
ASTM C1602 allows the use of potable water without
testing and includes methods for qualifying nonpotable
sources of water, such as from concrete production operaWLRQV ZLWK FRQVLGHUDWLRQ RI H൵HFWV RQ VHWWLQJ WLPH DQG
strength. Testing frequencies are established to ensure
continued monitoring of water quality.
ASTM C1602 includes optional limits for chlorides,
sulfates, alkalis, and solids in mixing water that can be
invoked if appropriate.
R26.4.1.5 $GPL[WXUHV

26.4.1.5.1 Compliance requirements:
(a) Admixtures shall conform to (1) through (4):

R26.4.1.5.1(a) ASTM C494 LQFOXGHV 7\SH 6²VSHFL¿F
SHUIRUPDQFH DGPL[WXUHV²WKDW FDQ EH VSHFL¿HG LI SHUIRU-
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  :DWHU UHGXFWLRQ DQG VHWWLQJ WLPH PRGL¿FDWLRQ
ASTM C494.
 3URGXFLQJÀRZLQJFRQFUHWHASTM C1017.
(3) Air entrainment: ASTM C260.
(4) Inhibiting chloride-induced corrosion: ASTM C1582.

E $GPL[WXUHVWKDWGRQRWFRQIRUPWRWKHVSHFL¿FDWLRQV
in 26.4.1.5.1(a) shall be subject to prior review by the
licensed design professional.
(c) Admixtures used in concrete containing expansive
cements conforming to ASTM C845 shall be compatible
ZLWKWKHFHPHQWDQGSURGXFHQRGHOHWHULRXVH൵HFWV

COMMENTARY
mance characteristics not listed in 26.4.1.5.1(a) are desired,
such as viscosity-modifying admixtures. The basic requirement for a Type S admixture is that it will not have adverse
H൵HFWV RQ WKH SURSHUWLHV RI FRQFUHWH ZKHQ WHVWHG LQ DFFRUdance with ASTM C494. Meeting the requirements of Type S
does not ensure that the admixture will perform its described
function. The manufacturer of an admixture presented as
conforming to Type S should also be required to provide
data that the product will meet the performance claimed.

R26.4.1.5.1(c) In some cases, the use of admixtures
in concrete containing ASTM C845 expansive cements
has resulted in reduced levels of expansion or increased
shrinkage values. Refer to ACI 223R.

(d) Admixtures used in shotcrete shall conform to ASTM
C1141.
26.4.1.6 6WHHO¿EHUUHLQIRUFHPHQW

R26.4.1.6 6WHHO¿EHUUHLQIRUFHPHQW

26.4.1.6.1 Compliance requirements:
D 6WHHO¿EHUUHLQIRUFHPHQWXVHGIRUVKHDUUHVLVWDQFHVKDOO
satisfy (1) and (2):
(1) Be deformed and conform to ASTM A820.
(2) Have a length-to-diameter ratio of at least 50 and not
exceeding 100.

R26.4.1.6.1(a) 'HIRUPDWLRQV LQ VWHHO ¿EHUV HQKDQFH
mechanical anchorage with the concrete. The limits for the
¿EHU OHQJWKWRGLDPHWHU UDWLR DUH EDVHG RQ DYDLODEOH WHVW
data (Parra-Montesinos 2006). Because data are not available on the potential for corrosion problems due to galvanic
DFWLRQ WKH XVH RI GHIRUPHG VWHHO ¿EHUV LQ PHPEHUV UHLQforced with stainless-steel bars or galvanized steel bars is
not recommended.

26.4.1.7 3DFNDJHG SUHEOHQGHG GU\ FRPELQHG PDWHULDOV
for shotcrete
26.4.1.7.1 Compliance requirements:
(a) Packaged, preblended, dry, combined materials for
shotcrete shall conform to ASTM C1480.
26.4.2 &RQFUHWHPL[WXUHUHTXLUHPHQWV

R26.4.2 &RQFUHWHPL[WXUHUHTXLUHPHQWV

26.4.2.1 Design information:
(a) Requirements (1) through (17) for each concrete
mixture, based on assigned exposure classes or design of
members:
  0LQLPXP VSHFL¿HG FRPSUHVVLYH VWUHQJWK RI
concrete, fcƍ.
(2) Minimum modulus of elasticity of concrete, Ec, if
VSHFL¿HGLQDFFRUGDQFHZLWK19.2.2.2.
 7HVWDJHLIGL൵HUHQWIURPGD\VIRUGHPRQVWUDWLQJ
compliance with fcƍ and EcLIVSHFL¿HG

R26.4.2.1(a) The requirements for each concrete mixture
used for the Work are to be stated in the construction documents. These are determined from applicable concrete design
requirements in 19.2 and durability requirements in 19.3. The
most restrictive requirements that apply are to be stated.
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R26.4.2.1(a)(4) In accordance with Table 19.3.2.1, the w/cm
is based on all cementitious and supplementary cementitious
materials in the concrete mixture. The w/cm of concrete
PDGHZLWKDOWHUQDWLYHFHPHQWVPD\QRWUHÀHFWWKHVWUHQJWK
and durability characteristics of the concrete made with
portland cement and supplementary cementitious materials
permitted in Table 26.4.1.1.1(a). As noted in R26.4.1.1.1(b),
it is imperative that testing be conducted to determine the
performance of concrete made with alternative cements and
WRGHYHORSDSSURSULDWHSURMHFWVSHFL¿FDWLRQ

(5) Nominal maximum size of coarse aggregate not to
exceed the least of (i), (ii), and (iii):
L  RQH¿IWK WKH QDUURZHVW GLPHQVLRQ EHWZHHQ VLGHV
of forms
(ii) one-third the depth of slabs
LLL  WKUHHIRXUWKV WKH PLQLPXP VSHFL¿HG FOHDU
spacing between individual reinforcing bars or wires,
bundles of bars, prestressed reinforcement, individual
tendons, bundled tendons, or ducts

R26.4.2.1(a)(5) The size limitations on aggregates are
provided to facilitate placement of concrete around the
reinforcement without honeycombing due to blockage by
closely-spaced reinforcement. It is the intent of the Code
that the licensed design professional select the appropriate
nominal maximum size aggregate and include this value
in the construction documents for each concrete mixture.
Because maximum aggregate size can impact concrete properties such as shrinkage, and also the cost of concrete, the
largest aggregate size consistent with the requirements of
26.4.2.1 should be permitted. Increasing aggregate size will
only decrease shrinkage if there is a concurrent reduction in
paste volume.

These limitations shall not apply if, in the judgment
of the licensed design professional, workability and
methods of consolidation are such that concrete can be
placed without honeycombs or voids.
(6) Applicable air content for Exposure Category F
from 19.3.3.1 or 19.3.3.3.
(7) For members assigned to Exposure Class F3, indicate
that concrete mixtures shall meet the limits on supplementary cementitious materials in Table 26.4.2.2(b).
(8) For members assigned to Exposure Class S1, S2, or
6LQGLFDWHWKDWPLQHUDO¿OOHUVGHULYHGIURPFDUERQDWH
aggregate are prohibited unless approved by the licensed
design professional.

26

(4) Maximum w/cm applicable to most restrictive
assigned durability exposure class from 19.3.2.1.
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R26.4.2.1(a)(6) ASTM C94 and ASTM C685 include
a tolerance for air content as delivered of ±1.5 percentage
points. This same tolerance is acceptable for shotcrete.

R26.4.2.1(a)(8) If concrete members are assigned to
([SRVXUH &ODVV 6 6 RU 6 WKH XVH RI PLQHUDO ¿OOHUV
derived from carbonate aggregate in concrete mixtures can
result in a form of sulfate attack. Information is provided in
ACI 201.2R. ASTM C17977\SH&PLQHUDO¿OOHUVWKDWDUH
derived from noncarbonate quarried stone can be used in
concrete exposed to sulfates. If the quantity of Type A, B, or
&PLQHUDO¿OOHUGHULYHGIURPFDUERQDWHDJJUHJDWHSURSRVHG
for use is such that the total calcium carbonate content from
FHPHQWDQGPLQHUDO¿OOHULVHTXDOWRRUOHVVWKDQSHUFHQW
by mass of the cementitious materials, then sulfate resistance can be evaluated by ASTM C1012 to comply with the
expansion criteria in Table 26.4.2.2(c).

(9) Applicable cementitious materials for Exposure
Category S from 19.3.2.1.
(10) For members assigned to Exposure Category S,
indicate if alternative combinations of cementitious
PDWHULDOV TXDOL¿HG LQ DFFRUGDQFH ZLWK  F  DUH
permitted.
(11) Members in which calcium chloride is prohibited
because of assignment to Exposure Class S2 or S3.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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(12) For members assigned to exposure class W1 or
W2, requirements for the evaluation of the potential for
alkali-aggregate reactivity.

(13) Applicable water-soluble chloride ion limits for
Exposure Category C from 19.3.2.1.
(14) Equilibrium density of lightweight concrete.
(15) Requirement for submittal of the volumetric fractions of aggregate in lightweight concrete mixtures if
Table 19.2.4.1(b) is used as the basis for Ȝ in design.

 5HTXLUHPHQWVIRUVWHHO¿EHUUHLQIRUFHGFRQFUHWHLI
used for shear resistance in accordance with 9.6.3.1.

COMMENTARY
R26.4.2.1(a)(12) Members assigned to exposure class W1
or W2 are potentially susceptible to alkali-aggregate reaction. As noted in ASTM C1778, alkali-aggregate reaction
(AAR) can occur between the alkali hydroxides in the pore
solution of concrete and certain components found in some
aggregates. Two types of AAR are recognized depending
on the nature of the reactive component: alkali-silica reaction (ASR), which involves various types of reactive siliceous minerals; and alkali-carbonate reaction (ACR), which
involves certain types of aggregates that contain dolomite.
Both types of reaction can result in expansion and cracking
of concrete elements under prolonged exposure to moisture,
leading to a reduction in the structural strength and service
life of a concrete structure. Options for mitigating ASR,
including use of supplementary cementitious materials
or limiting alkali content of the concrete, are provided in
ASTM C1778. ACR can only be prevented by not using the
reactive aggregate.

R26.4.2.1(a)(14 and 15) Equilibrium density is an estimate of the density of lightweight concrete assuming some
degree of drying after initial construction. The equilibrium
density of lightweight concrete is determined in accordance
with ASTM C567. Acceptance of lightweight concrete at
the time of delivery is based on a fresh density determined
by the concrete supplier that has been correlated with the
equilibrium density. The range of fresh densities can vary
based on variations in moisture and air content, mixture
proportion, and type of lightweight aggregate, and should
be considered when establishing the fresh density that will
result in the required equilibrium density. Acceptance of
lightweight concrete based on density as well as strength is
necessary because the value of Ȝ and self-weight used for
design is a function of equilibrium density.
R26.4.2.1(a)(16) ,I VWHHO ¿EHUV DUH XVHG IRU VKHDU UHVLVWDQFHWKHUHDUHVSHFL¿FUHTXLUHPHQWVIRUWKHVWHHO¿EHUUHLQIRUFHG FRQFUHWH  D  SURYLGHV ¿EHU UHTXLUHPHQWV
26.4.2.2(d) provides minimum dosage requirements; and
26.12.7.1(a) provides acceptance criteria. Fibers are typiFDOO\VSHFL¿HGE\¿EHUW\SH¿EHUOHQJWKDVSHFWUDWLR Ɛ/d),
and dosage rate (ACI 544.3R).
For structural applications, the Code only addresses the
XVHRIGLVFRQWLQXRXVGHIRUPHGVWHHO¿EHUVLQUHVLVWLQJVKHDU
For other structural applications where it is desired to use
GLVFRQWLQXRXVGHIRUPHGVWHHO¿EHUVSection 1.10 provides a
procedure for approval. Also, there are nonstructural applications or functional purposes where discontinuous steel
¿EHUVDUHXVHGLQFRQFUHWH7KHSURYLVLRQVRIWKH&RGHWKDW
DGGUHVVXVHRIVWHHO¿EHUVIRUVKHDUVWUHQJWKDUHQRWLQWHQGHG
for such nonstructural applications.

(17) For shotcrete, nominal maximum size of coarse
DJJUHJDWHVKDOOQRWH[FHHGLQ
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(b) At the option of the licensed design professional, exposure classes based on the severity of the anticipated exposure of members.

R26.4.2.1(b) Durability requirements for concrete are
EDVHG RQ H[SRVXUH FODVVL¿FDWLRQ RI PHPEHUV DV JLYHQ LQ
19.3. Therefore, the exposure classes applicable to the
members establish the basis for the requirements for concrete
mixtures. Section 19.3.1 requires the licensed design profesVLRQDO WR DVVLJQ H[SRVXUH FODVVHV IRU GL൵HUHQW PHPEHUV LQ
WKHVWUXFWXUH&RQFUHWHPL[WXUHVVKRXOGEHVSHFL¿HGDFFRUGingly, but the Code does not require the assigned exposure
classes to be explicitly stated in the construction documents.
If the licensed design professional is requiring the contractor
to determine concrete properties by specifying ACI 301, the
assigned exposure classes for all members will need to be
stated explicitly in the construction documents.

(c) The required compressive strength at designated stages
of construction for each part of the structure designed by
the licensed design professional.

R26.4.2.1(c) If design or construction requirements
dictate that in-place strength of concrete be achieved at
VSHFL¿F DJHV RU VWDJHV RI FRQVWUXFWLRQ WKHVH UHTXLUHPHQWV
should be stated explicitly in the construction documents.
Typical stages of construction when the required compressive
VWUHQJWKRIFRQFUHWHQHHGVWREHVSHFL¿HGLQFOXGHDWUHPRYDO
of formwork and shores. Additionally, required compressive
VWUHQJWKRIFRQFUHWHVKRXOGEHVSHFL¿HGIRU FDVWLQSODFH
post-tensioned concrete at the application of post-tensioning;
2) precast concrete at stripping from the forms and during
handling, shipping, and erection; and 3) precast, prestressed
concrete at transfer of prestress, at stripping from the forms,
and during handling, shipping, and erection.
For portions of the structure that are not designed by the
licensed design professional, refer to 26.4.2.2(a).

26.4.2.2 Compliance requirements:
(a) The required compressive strength at designated stages
of construction for each part of the structure not designed
by the licensed design professional shall be submitted for
review.
E  )RU PHPEHUV LGHQWL¿HG LQ FRQVWUXFWLRQ GRFXPHQWV
as subject to cycles of freezing and thawing and application of deicing chemicals, supplementary cementitious
PDWHULDOVLQFOXGLQJÀ\DVKDQGQDWXUDOSR]]RODQVVLOLFD
fume, and slag cement, shall not exceed the maximum
percentage allowed in Table 26.4.2.2(b) and shall satisfy
(1) and (2).
 6XSSOHPHQWDU\FHPHQWLWLRXVPDWHULDOVLQFOXGLQJÀ\
ash and natural pozzolans, silica fume, and slag cement,
used in the manufacture of ASTM C595 and C1157
blended cements shall be included in assessing compliance with the limits in Table 26.4.2.2(b).
(2) The individual limits in Table 26.4.2.2(b) shall apply
regardless of the number of cementitious materials in a
concrete mixture.

R26.4.2.2(b) These limits on supplementary cementitious
materials are applicable to concrete mixtures for members
assigned to Exposure Class F3.
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Table 26.4.2.2(b)—Limits on cementitious materials
for concrete assigned to Exposure Class F3
Supplementary cementitious
materials
Fly ash or natural pozzolans
conforming to ASTM C618
Slag cement conforming to ASTM
C989
Silica fume conforming to ASTM
C1240
7RWDORIÀ\DVKRUQDWXUDOSR]]RODQV
and silica fume
7RWDORIÀ\DVKRUQDWXUDOSR]]RODQV
slag cement, and silica fume

Maximum percent of total
cementitious materials by
mass
25
50
10
35
50

F  )RU FRQFUHWH PL[WXUHV IRU PHPEHUV LGHQWL¿HG LQ
construction documents to be exposed to sulfate, alternative combinations of cementitious materials to those
VSHFL¿HGLQ D  DUHSHUPLWWHGLIWHVWVIRUVXOIDWH
resistance satisfy the criteria in Table 26.4.2.2(c).
Table 26.4.2.2(c)—Requirements for establishing
suitability of combinations of cementitious
materials for Exposure Class S
Maximum length change for tests in accordance
with ASTM C1012, percent
Exposure class

At 6 months

At 12 months

At 18 months

S1

0.10

No requirement

No requirement

S2
S3

0.05

0.10

[1]

R26.4.2.2(c) Mixture requirements for Exposure Category S are given in 19.3.2.1. ASTM C1012 may be used to
evaluate the sulfate resistance of concrete mixtures using
alternative combinations of cementitious materials to those
listed in Table 19.3.2.1 for all classes of sulfate exposure.
0RUH GHWDLOHG JXLGDQFH RQ TXDOL¿FDWLRQ RI VXFK PL[WXUHV
using ASTM C1012 is given in ACI 201.2R. The expansion
criteria in Table 26.4.2.2(c) for testing in accordance with
ASTM C1012 are the same as those in ASTM C595 and
C1157 for moderate sulfate resistance (Optional Designation
MS) in Exposure Class S1 and for high sulfate resistance
(Optional Designation HS) in Exposure Class S2 and Exposure Class S3 Option 2. The 18-month expansion limit only
applies for Exposure Class S3, Option 1.

No requirement

Option 1

No
requirement

No requirement

0.10

Option 2

0.05

0.10[1]

No requirement

[1]

The 12-month expansion limit applies only if the measured expansion exceeds the
6-month maximum expansion limit.

G  )RU FRQFUHWH LGHQWL¿HG DV EHLQJ H[SRVHG WR ZDWHU LQ
service, evidence shall be submitted that the concrete
mixture complies with (1) and (2).
(1) Aggregates are not alkali-silica reactive or measures
to mitigate alkali-silica reactivity have been established.
(2) Aggregates are not alkali-carbonate reactive.
H  &RPSOLDQFH ZLWK WKH VSHFL¿HG FKORULGH LRQ FRQWHQW
limits shall be demonstrated by (1) or (2).
(1) Calculating total chloride ion content of the concrete
mixture on the basis of measured total chloride ion
content from concrete materials and concrete mixture
proportions.

R26.4.2.2(d) Documentation that the potential for AAR
has been evaluated can be provided by the concrete supplier.
ASTM C1778 provides methods and criteria for determining
the reactivity of aggregates and guidance for reducing the
risk of deleterious alkali-aggregate reactions in concrete.

R26.4.2.2(e)(1) This procedure was discussed in the
Commentary of Code editions before ACI 318-19 and
moved into the Code to remove ambiguity over whether it
is permitted. It is common practice for total chloride ion
content of a proposed concrete mixture to be evaluated by
combining total chloride ion content of the concrete materials based on the mixture proportions. Total chloride ion
content of cementitious materials and mixing water can be
determined in accordance with ASTM C114. Total chloride
ion content of aggregates can be determined on an aggreJDWHVDPSOHSUHSDUHGDVVSHFL¿HGIRUFRQFUHWHVDPSOHVDQG
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(f) For prestressed concrete, admixtures containing
calcium chloride are prohibited.
(g) For concrete placed on or against stay-in-place galvanized steel forms, maximum water soluble chloride ion
content shall be 0.30 percent by mass of cementitious
materials unless a more stringent limit for the member is
VSHFL¿HG

(h) For lightweight concrete, fresh density shall be determined in accordance with ASTM C138 that corresponds
ZLWK WKH VSHFL¿HG HTXLOLEULXP GHQVLW\ GHWHUPLQHG LQ
accordance with ASTM C567. The fresh density correVSRQGLQJWRWKHVSHFL¿HGHTXLOLEULXPGHQVLW\VKDOOEHXVHG
as the basis of acceptance.

R26.4.2.2(e)(2) This option is to determine the water-soluble
chloride ion content in hardened concrete by ASTM C1218 and
is an alternative to 26.4.2.2(e)(1) if the total chloride ion content
calculated in accordance with 26.4.2.2(e)(1) exceeds the limits
of Table 19.3.2.1. The chloride ions present in the pore water
solution impact the corrosion of reinforcement or embedded
metal. To estimate the water-soluble chloride ion content in
the concrete that can impact corrosion, ASTM C1218 is used
after a period of hydration. The chlorides in some materials,
like aggregates, are not available as water-soluble chlorides.
Furthermore, some chlorides initially in solution will be
bound by hydration of cementitious materials. Chlorides
insoluble in water are not considered to accelerate corrosion
of embedded metals.
R26.4.2.2(g) The contractor might select a construction
option not shown in the construction documents. Because
of the critical nature of placements against stay-in-place
galvanized steel forms, the Code requires a more stringent
chloride ion limit than what may be shown in the construction documents. For example, if a member was originally
VSHFL¿HGLQWKHFRQVWUXFWLRQGRFXPHQWVZLWKDFKORULGHOLPLW
of 1.00 percent, use of stay-in-place galvanized steel forms
results in a change to the more stringent limit of 0.30 percent.
R26.4.2.2(h) ASTM C567 provides two methods for
determining equilibrium density. To measure equilibrium
density, specimens are maintained at 73°F and 50 percent
relative humidity until they achieve constant mass. This
measurement can take in excess of 2 months. Alternatively,
the calculated equilibrium density can be more rapidly
estimated from the oven-dry density. The licensed design
professional can require the measurement of equilibrium
density in accordance with ASTM C567.

L 6WHHO¿EHUUHLQIRUFHGFRQFUHWHXVHGIRUVKHDUUHVLVWDQFH
shall satisfy (1) and (2):
(1) Conform to ASTM C1116.
 &RQWDLQDWOHDVWOERIGHIRUPHGVWHHO¿EHUVSHU
cubic yard of concrete.
26.4.3 3URSRUWLRQLQJRIFRQFUHWHPL[WXUHV
26.4.3.1 Compliance requirements:

R26.4.3 3URSRUWLRQLQJRIFRQFUHWHPL[WXUHV
The 2014 edition of the Code deleted the statistical
requirements for proportioning concrete that were contained
in previous editions. This information was removed from
the Code because it is not the responsibility of the licensed
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(2) Determining water-soluble chloride ion content of
hardened concrete in accordance with ASTM C1218 at
age between 28 and 42 days.

Construction

tested in accordance with ASTM C1152. Total chloride ion
content of admixtures is reported by the supplier. Calculated total chloride ion content determined in this manner is
conservative. If calculated total chloride ion content exceeds
the limits in Table 19.3.2.1, the concrete materials can be
adjusted until compliance is achieved, or water-soluble chloride ion content can be determined using 26.4.2.2(e)(2).
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design professional to proportion concrete mixtures. Further,
this information is available in other ACI documents, such
as ACI 301 and ACI 214R. Finally, the quality control procedures of some concrete producers allow meeting the acceptance criteria of the Code without following the process
included in previous editions of the Code.

(a) Concrete mixture proportions shall be established so
WKDWWKHFRQFUHWHVDWLV¿HV  WKURXJK  
(1) Can be placed without segregation and fully encase
reinforcement.
(2) Meets durability requirements given in the construction documents.
(3) Conforms to strength test requirements for standardcured specimens.

R26.4.3.1(a) This section provides requirements for
developing mixture proportions. The concrete is required
to be workable and to meet the durability and strength
requirements of the Code. The term “without segregation” is
intended to provide for a cohesive mixture in which aggregates remain well distributed while the concrete is in its
fresh state. It is recognized that some segregation in the form
of bleeding will occur. The required workability will depend
on reinforcement congestion, member geometry, and the
placement and consolidation methods to be used. Construction requirements of the contractor should be considered in
establishing required workability of the concrete.
The Code does not include provisions for especially
severe exposures, such as chemical contact, high temperatures, temporary freezing-and-thawing conditions during
construction, abrasive conditions, or other unique durability
considerations pertinent to the structure. The Code also does
QRWDGGUHVVDHVWKHWLFFRQVLGHUDWLRQVVXFKDVVXUIDFH¿QLVKHV
,IDSSOLFDEOHWKHVHLWHPVVKRXOGEHFRYHUHGVSHFL¿FDOO\LQ
the construction documents.
Strength test requirements for standard-cured specimens
are given in 26.12.3.

(4) Conforms to modulus of elasticity requirements (i)
through (iii) for mixtures requiring testing in accordance with construction documents.
(i) The modulus of elasticity shall be determined as
the average modulus obtained from at least three
cylinders made from the same sample of concrete and
tested at 28 days or at test age designated for Ec.
(ii) Cylinders used to determine modulus of elasticity
shall be made and cured in the laboratory in accordance with ASTM C192 and tested in accordance
with ASTM C469.
(iii) Modulus of elasticity of a concrete mixture shall
be acceptable if the measured value equals or exceeds
WKHVSHFL¿HGYDOXH
(b) Concrete mixture proportions shall be established in
accordance with Article 4.2.3 of ACI 301 or by an alternative method acceptable to the licensed design professional.
Alternative methods shall have a probability of satisfying
the strength requirements for acceptance tests of standardcured specimens that meets or exceeds the probability
associated with the method in Article 4.2.3 of ACI 301. If
Article 4.2.3 of ACI 301 is used, the strength test records
used for establishing and documenting concrete mixture
proportions shall not be more than 24 months old.

R26.4.3.1(a)(4) Modulus of elasticity testing may be
required for the development of concrete mixtures to verify
WKDW VSHFL¿HG PRGXOXV RI HODVWLFLW\ FDQ EH REWDLQHG ,W LV
necessary to specify both Ec and test age. Testing to verify
WKDW WKH VSHFL¿HG PRGXOXV RI HODVWLFLW\ LV EHLQJ DWWDLQHG
during construction is at the discretion of the licensed design
SURIHVVLRQDOLQFOXGLQJVSHFL¿FDWLRQRIDFFHSWDQFHFULWHULD
Field testing may also be required by the local building
R൶FLDO

R26.4.3.1(b) Article 4.2.3 of ACI 301 contains the statistical procedures for selecting the required average strength
that were included previously in the Code. Alternatively, the
concrete producer may provide evidence acceptable to the
licensed design professional that the concrete can be proportioned by another method to meet the project requirements
and the acceptance criteria of 26.12.3. The Code presumes
that the probability of not meeting the acceptance criteria
in 26.12.3 is not more than 1 in 100. Following the method
of proportioning in ACI 301 will maintain this level of risk.
A key factor in evaluating any proposed alternative propor-
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tioning method should be its ability to preserve this presumed
level of risk. Refer to ACI 214R for additional information.

R26.4.3.1(d) If more than one concrete mixture is used for
the project, each mixture is required to satisfy Code requirements. A change in concrete constituents, such as sources
or types of cementitious materials, aggregates, or admixWXUHVLVFRQVLGHUHGDGL൵HUHQWPL[WXUH$PLQRUFKDQJHLQ
PL[WXUHSURSRUWLRQVPDGHLQUHVSRQVHWR¿HOGFRQGLWLRQVLV
not considered a new mixture.
Concrete mixture requirements to be placed in the
construction documents are given in 26.4.2.1(a).

(e) Shotcrete mixture proportions shall be established so
WKDWVKRWFUHWHVDWLV¿HV  WKURXJK  
(1) Can be placed without segregation and fully encase
reinforcement.
(2) Meets durability requirements given in the construction documents.
(3) Conforms to strength test requirements for shotcrete.
26.4.4 'RFXPHQWDWLRQRIFRQFUHWHPL[WXUHFKDUDFWHULVWLFV

R26.4.4 'RFXPHQWDWLRQRIFRQFUHWHPL[WXUHFKDUDFWHULVWLFV

26

26.4.4.1 Compliance requirements:

Construction

(c) The concrete materials used to develop the concrete
mixture proportions shall correspond to those to be used
in the proposed Work.
G  ,I GL൵HUHQW FRQFUHWH PL[WXUHV DUH WR EH XVHG IRU
GL൵HUHQW SRUWLRQV RI SURSRVHG :RUN HDFK PL[WXUH VKDOO
comply with the concrete mixture requirements stated in
the construction documents.

(a) Documentation of concrete mixture characteristics
shall be submitted for review by the licensed design
professional before the mixture is used and before making
changes to mixtures already in use. Evidence of the ability
of the proposed mixture to comply with the fresh and
hardened concrete mixture requirements in the construction documents shall be included in the documentation.
The evidence shall include records of consecutive strength
WHVWVDVGH¿QHGLQRIWKHVDPHFRQFUHWHPL[WXUH
used in previous projects or the results of laboratory trial
batches of the proposed mixture.

R26.4.4.1(a) Review of the proposed concrete mixture is
necessary to ensure that it is appropriate for the project and
meets all of the requirements for strength and durability as
established by the licensed design professional. The licensed
design professional typically reviews the documentation on
a proposed concrete mixture to evaluate the likelihood that
the concrete will meet the strength-test acceptance requirements of 26.12.3 and that acceptable materials are used. The
statistical principles discussed in ACI 214R can be useful in
evaluating the likelihood that a proposed mixture will meet
the strength-test requirements of 26.12.3.
Concrete mixture requirements to be placed in the
construction documents are given in 26.4.2.1(a).

E ,I¿HOGRUODERUDWRU\WHVWGDWDDUHQRWDYDLODEOHDQGfcƍ
SVL, concrete proportions shall be based on other
experience or information, if approved by the licensed
design professional. If fcƍ !  SVL, test data documenting the characteristics of the proposed mixtures are
required.

R26.4.4.1(b) If fcƍSVL and test data are not available, concrete mixture proportions should be established to
SURGXFH D VX൶FLHQWO\ KLJK DYHUDJH VWUHQJWK VXFK WKDW WKH
likelihood that the concrete would not meet the strength
acceptance criteria would be acceptably low. Guidance on an
appropriate average strength is provided in ACI 214R. The
purpose of this provision is to allow construction to continue
when there is an unexpected interruption in concrete supply
DQGWKHUHLVQRWVX൶FLHQWWLPHIRUWHVWLQJDQGHYDOXDWLRQ,W
also applies for a small project where the cost of trial mixture
GDWDLVQRWMXVWL¿HG

(c) It shall be permitted to modify mixtures during the
FRXUVH RI WKH :RUN %HIRUH XVLQJ WKH PRGL¿HG PL[WXUH
evidence acceptable to the licensed design professional

R26.4.4.1(c) ,W LV VRPHWLPHV QHFHVVDU\ RU EHQH¿FLDO WR
adjust concrete mixtures during the course of a project.
Conditions that could result in mixture adjustments include
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VKDOO EH VXEPLWWHG WR GHPRQVWUDWH WKDW WKH PRGL¿HG
mixture complies with the concrete mixture requirements
in the construction documents.

COMMENTARY
FKDQJHV LQ FRQFUHWH PDWHULDOV VHDVRQDO WHPSHUDWXUH ÀXFtuations, or changes in conveying and placing methods.
Additionally, an adjustment to a concrete mixture may be
required or appropriate if strength tests are lower or higher
than required.

(d) Documentation of shotcrete mixture characteristics shall be submitted for review by the licensed design
professional before the mixture is used and before making
changes to mixtures already approved. Evidence of the
ability of the proposed shotcrete mixture to comply with
the shotcrete mixture requirements in the construction
documents shall be included in the documentation.
26.5—Concrete production and construction

R26.5—Concrete production and construction
Detailed recommendations for mixing, handling, transporting, and placing concrete are given in ACI 304R.
R26.5.1 Concrete production

26.5.1 Concrete production
26.5.1.1 Compliance requirements:
(a) Cementitious materials and aggregates shall be stored
to prevent deterioration or contamination.
(b) Material that has deteriorated or has been contaminated shall not be used in concrete.
(c) Equipment for mixing and transporting concrete shall
conform to ASTM C94 or ASTM C685.
(d) Ready-mixed and site-mixed concrete shall be batched,
mixed, and delivered in accordance with ASTM C94 or
ASTM C685.

26.5.2 &RQFUHWHSODFHPHQWDQGFRQVROLGDWLRQ

R26.5.1.1(c) ASTM C94 and ASTM C685 address operational requirements for equipment used to produce concrete.
R26.5.1.1(d) $670 & LV D VSHFL¿FDWLRQ IRU UHDG\
mixed concrete whereby materials are primarily measured
by mass (weight) and production is by batches. This is the
more common method of concrete production, and it is also
XVHGLQSUHFDVWFRQFUHWHSODQWV$670&LVDVSHFL¿FDtion for concrete where materials are measured by volume
DQGWKHSURGXFWLRQLVE\FRQWLQXRXVPL[LQJ7KHVHVSHFL¿FDtions include provisions for capacity of mixers, accuracy of
measuring devices, batching accuracy, mixing and delivery,
and tests for evaluating the uniformity of mixed concrete.
R26.5.2 &RQFUHWHSODFHPHQWDQGFRQVROLGDWLRQ

26.5.2.1 Compliance requirements:
(a) Debris and ice shall be removed from spaces to be
occupied by concrete before placement.

R26.5.2.1(a) Forms need to be cleaned before beginning
to place concrete. In particular, sawdust, nails, wood pieces,
and other debris that may collect inside forms need to be
removed.

(b) Standing water shall be removed from place of deposit
before concrete is placed unless a tremie is to be used or
unless otherwise permitted by both the licensed design
SURIHVVLRQDODQGWKHEXLOGLQJR൶FLDO

R26.5.2.1(b) The tremie referred to in this provision is not
a short tube or “elephant trunk.” It is a full-depth pipe used
in accordance with accepted procedures for placing concrete
under water. Information regarding placing concrete using a
tremie is given in ACI 304R.
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(c) Equipment used to convey concrete from the mixer to
WKH ORFDWLRQ RI ¿QDO SODFHPHQW VKDOO KDYH FDSDELOLWLHV WR
achieve the placement requirements.

R26.5.2.1(c) The Code requires the equipment for handling
and transporting concrete to be capable of supplying concrete
to the place of deposit continuously and reliably under all
conditions and for all methods of placement. This applies
to all placement methods, including pumps, belt conveyors,
pneumatic systems, wheelbarrows, buggies, crane buckets,
and tremies.

(d) Concrete shall not be pumped through pipe made of
aluminum or aluminum alloys.

R26.5.2.1(d) Loss of strength can result if concrete is
pumped through pipe made of aluminum or aluminum
alloy. This loss is caused by the formation of hydrogen gas
generated by the reaction between the cement alkalies and
the aluminum eroded from the interior of the pipe surface.
The strength reduction has been shown to be as much as 50
percent (Newlon and Ozol 1969). Hence, equipment made
of aluminum or aluminum alloys should not be used for
pump lines, tremies, or chutes other than short chutes such
as those used to convey concrete from a truck mixer.

(e) Concrete shall be placed in accordance with (1)
through (5):
(1) At a rate to provide an adequate supply of concrete
at the location of placement.
 $WDUDWHVRFRQFUHWHDWDOOWLPHVKDVVX൶FLHQWZRUNability such that it can be consolidated by the intended
methods.
(3) Without segregation or loss of materials.
  :LWKRXW LQWHUUXSWLRQV VX൶FLHQW WR SHUPLW ORVV RI
workability between successive placements that would
result in cold joints.
 'HSRVLWHGDVQHDUWRLWV¿QDOORFDWLRQDVSUDFWLFDEOH
WRDYRLGVHJUHJDWLRQGXHWRUHKDQGOLQJRUÀRZLQJ

R26.5.2.1(e) Concrete should be available at a supply rate
consistent with the capacity of the placement equipment and
the placement crew. Concrete supplied at a faster rate than
can be accommodated by placement equipment or crew can
result in loss of workability of concrete in equipment waiting
to discharge. Excessive delays in the supply of concrete can
FDXVHSUHYLRXVSODFHPHQWVWRVWL൵HQDQGUHVXOWLQWKHIRUPDtion of cold joints.
Each step in the handling and transporting of concrete
needs to be controlled to maintain uniformity within a batch
and from batch to batch. It is important to minimize segregation of the coarse aggregate from the mortar or of water from
the other ingredients.
Rehandling and transferring concrete over large distances
from delivery vehicles to the point of placement in the structure can cause segregation of materials. The Code thereIRUHUHTXLUHVWKDWFRQFUHWHEHGHSRVLWHGDVFORVHWRLWV¿QDO
location as possible. However, self-consolidating concrete
PL[WXUHV FDQ EH GHYHORSHG WR ÀRZ ORQJHU GLVWDQFHV DQG
maintain their stability with minimal segregation. Guidance
on self-consolidating concrete is provided in ACI 237R.

(f) Concrete that has been contaminated or has lost its
initial workability to the extent that it can no longer be
consolidated by the intended methods shall not be used.
(g) Retempering concrete in accordance with the limits of
ASTM C94 shall be permitted unless otherwise restricted
by the licensed design professional.
(h) After starting, concreting shall be carried on as a continuous operation until the completion of a panel or section, as
GH¿QHGE\LWVERXQGDULHVRUSUHGHWHUPLQHGMRLQWV
(i) Concrete shall be consolidated by suitable means
during placement and shall be worked around reinforcement and embedments and into corners of forms.

R26.5.2.1(g) ASTM C94 permits water addition to mixed
concrete before concrete is discharged to bring it up to the
VSHFL¿HG VOXPS UDQJH DV ORQJ DV SUHVFULEHG OLPLWV RQ WKH
maximum mixing time and w/cm are not violated.
R26.5.2.1(i) Detailed recommendations for consolidation of concrete are given in ACI 309R. This guide presents information on the mechanism of consolidation and
provides recommendations on equipment characteristics and
procedures for various types of concrete mixtures.
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(j) Prior to placement of a new layer of shotcrete, rebound
and overspray from adjacent placements shall be removed.
(k) Cuttings and rebound shall not be incorporated into
the Work.

(l) Shotcrete surfaces intended to receive subsequent shotcrete placement shall be roughened to a full amplitude of
DSSUR[LPDWHO\  LQ EHIRUH WKH VKRWFUHWH KDV UHDFKHG
¿QDOVHW
(m) Before placing additional material onto hardened shotcrete, laitance shall be removed, joints shall be cleaned,
and the surface shall be dampened.
(n) In-place fresh shotcrete that exhibits sags, sloughs,
segregation, honeycombing, or sand pockets shall be
removed and replaced.

R  $ FHUWL¿HG VKRWFUHWH QR]]OH RSHUDWRU VKDOO SODFH DOO
shotcrete.

COMMENTARY
R26.5.2.1(j and k) Rebound material is loose aggregate
DQGFHPHQWSDVWHWKDWERXQFHVR൵DIWHUFROOLGLQJZLWKIRUPwork, reinforcement, or a hardened shotcrete surface.
Overspray is the paste-rich material that separates from
the stream during shotcreting and adheres to nearby reinforcement and formwork. Adjacent surfaces are typically
protected from overspray.
Cuttings refers to shotcrete that has been applied beyond
WKH¿QLVKIDFHDQGLVFXWR൵GXULQJWULPPLQJRUURG¿QLVKLQJ
5RG¿QLVKLQJUHIHUVWRWKHXVHRIDKDUGHGJHGWRRORUURG
to cut excess material by trimming, slicing, or scraping the
exposed shotcrete to a true line and grade.

R26.5.2.1(n) If the shotcrete sags because of improper
FRQVLVWHQF\ DGMDFHQW YLEUDWLRQ RU LPSURSHU ¿QLVKLQJ
those sections should also be removed and replaced. ACI
506.4R provides additional recommendations for repairing
shotcrete.
R26.5.2.1(o) 1R]]OH RSHUDWRUV EHFRPH FHUWL¿HG WKURXJK
testing and training programs that include written and
performance examinations. Each shotcrete nozzle operator
VKRXOG EH FHUWL¿HG LQ DFFRUGDQFH ZLWK WKH DSSOLFDEOH$&,
FHUWL¿FDWLRQSURJUDPIRUGU\PL[RUZHWPL[VKRWFUHWH ERWK
are covered by CPP 660.1-15).

S ,IDSURMHFWVSHFL¿FVKRWFUHWHPRFNXSSDQHOLVUHTXLUHG
each nozzle operator shall have demonstrated the ability to
shoot an approved shotcrete mockup panel.
R26.5.3 Curing

26.5.3 Curing
26.5.3.1 Design information:
D  ,I VXSSOHPHQWDU\ WHVWV RI ¿HOGFXUHG VSHFLPHQV DUH
required to verify adequacy of curing and protection, the
number and size of test specimens and the frequency of
these supplementary tests.

Detailed recommendations for curing concrete are given
in ACI 308R. This guide presents basic principles of proper
curing and describes the various methods, procedures, and
materials for curing of concrete.

26.5.3.2 Compliance requirements:
(a) Concrete, other than high-early-strength, shall be
maintained at a temperature of at least 50°F and in a moist
FRQGLWLRQ IRU DW OHDVW WKH ¿UVW  GD\V DIWHU SODFHPHQW
except if accelerated curing is used.
(b) High-early-strength concrete shall be maintained at a
temperature of at least 50°F and in a moist condition for at

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

530

R26.5.3.2(c) This section applies whenever an accelerated
curing method is used, whether for precast or cast-in-place
elements. EB-001.15, and PCI MNL 116, and PCI MNL 117
provide general information on accelerated curing. Accelerated curing procedures require careful attention to obtain
uniform and satisfactory results. Preventing moisture loss
during the curing is essential.
The compressive strength of accelerated-cured concrete
is not as high at later ages as that of nominally identical
concrete continuously cured under moist conditions at
moderate temperatures. Also, the modulus of elasticity, Ec,
of accelerated-cured specimens may vary from that of specimens moist-cured at normal temperatures.

G ,IUHTXLUHGE\WKHEXLOGLQJR൶FLDORUOLFHQVHGGHVLJQ
professional, test results for cylinders made and cured in
accordance with (1) and (2) shall be provided in addition
to test results for standard-cured cylinders.
(1) At least two 6 x 12 in. or at least three 4 x 8 in. cylinGHUVWREH¿HOGFXUHGVKDOOEHPROGHGDWWKHVDPHWLPH
and from the same samples as standard-cured cylinders.
(2) Field-cured cylinders shall be cured in accordance
ZLWKWKH¿HOGFXULQJSURFHGXUHRIASTM C31 and tested
in accordance with ASTM C39.

R26.5.3.2(d) 6WUHQJWKV RI F\OLQGHUV FXUHG XQGHU ¿HOG
conditions may be required to evaluate the adequacy of
curing and protection of concrete in the structure.
7KH&RGH SURYLGHV D VSHFL¿FFULWHULRQLQ  H  IRU
GHWHUPLQLQJWKHDGHTXDF\RIFXULQJDQGSURWHFWLRQD൵RUGHG
WR WKH VWUXFWXUH )RU D YDOLG FRPSDULVRQ ¿HOGFXUHG F\OLQders and companion standard-cured cylinders need to be
made from the same sample. Field-cured cylinders are to be
cured, as nearly as possible, under the same conditions as
WKHVWUXFWXUH7KH¿HOGFXUHGF\OLQGHUVVKRXOGQRWEHWUHDWHG
more favorably than the structural members they represent.
,QHYDOXDWLQJWHVWUHVXOWVRI¿HOGFXUHGF\OLQGHUVLWVKRXOG
be recognized that even if cylinders are protected in the same
manner as the structure, they may not experience the same
temperature history as the concrete in the structure. This
GL൵HUHQWWHPSHUDWXUHKLVWRU\RFFXUVEHFDXVHKHDWRIK\GUDWLRQ PD\ EH GLVVLSDWHG GL൵HUHQWO\ LQ D F\OLQGHU FRPSDUHG
with the structural member.

(e) Procedures for protecting and curing concrete shall be
FRQVLGHUHGDGHTXDWHLI  RU  DUHVDWLV¿HG
  $YHUDJH VWUHQJWK RI ¿HOGFXUHG F\OLQGHUV DW WHVW
age designated for determination of fcƍ is equal to or at
least 85 percent of that of companion standard-cured
cylinders.
 $YHUDJHVWUHQJWKRI¿HOGFXUHGF\OLQGHUVDWWHVWDJH
exceeds fcƍ by more than 500 psi.

R26.5.3.2(e) Research (Bloem 1968) has shown that
the strength of cylinders protected and cured to simulate
JRRG ¿HOG SUDFWLFH VKRXOG EH DW OHDVW DERXW  SHUFHQW RI
standard-cured cylinders if both are tested at the age designated for fcƍ. Thus, a value of 85 percent has been set as a
UDWLRQDOEDVLVIRUGHWHUPLQLQJWKHDGHTXDF\RI¿HOGFXULQJ
The comparison is made between the measured strengths
RIFRPSDQLRQ¿HOGFXUHGDQGVWDQGDUGFXUHGF\OLQGHUVQRW
EHWZHHQWKHVWUHQJWKRI¿HOGFXUHGF\OLQGHUVDQGWKHYDOXH
of fcƍ7HVWUHVXOWVIRUWKH¿HOGFXUHGF\OLQGHUVDUHFRQVLGHUHG
VDWLVIDFWRU\KRZHYHULIWKHVWUHQJWKRI¿HOGFXUHGF\OLQGHUV
exceeds fcƍ by more than 500 psi, even though they fail to
reach 85 percent of the strength of companion standardcured cylinders.
The 85 percent criterion is based on the assumption that
concrete is maintained above 50°F and in a moist condition
IRU DW OHDVW WKH ¿UVW  GD\V DIWHU SODFHPHQW RU KLJKHDUO\
strength concrete is maintained above 50°F and in a moist
FRQGLWLRQIRUDWOHDVWWKH¿UVWGD\VDIWHUSODFHPHQW
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OHDVWWKH¿UVWGD\VDIWHUSODFHPHQWH[FHSWLIDFFHOHUDWHG
curing is used.
(c) Accelerated curing to accelerate strength gain and
reduce time of curing is permitted using high-pressure
steam, steam at atmospheric pressure, heat and moisture,
or other process acceptable to the licensed design professional. If accelerated curing is used, (1) and (2) shall apply:
(1) Compressive strength at the load stage considered
shall be at least the strength required at that load stage.
(2) Accelerated curing shall not impair the durability of
the concrete.
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COMMENTARY
,I WKH ¿HOGFXUHG F\OLQGHUV GR QRW SURYLGH VDWLVIDFtory strength by this comparison, steps need to be taken to
improve the curing. If the tests indicate a possible serious
GH¿FLHQF\LQVWUHQJWKRIFRQFUHWHLQWKHVWUXFWXUHFRUHWHVWV
may be required, with or without supplemental wet curing,
to evaluate the structural adequacy, as provided in 26.12.6.

(f) Shotcrete shall be cured in accordance with (1)
through (3).
(1) For 24 hours from completion of placement, initial
curing shall be provided by one of the following
methods:
(i) Ponding, fogging, or continuous sprinkling;
(ii) Absorptive mat, fabric, or other protective
covering kept continuously moist;
(iii) Application of a membrane-forming curing
compound.
(2) After 24 hours from completion of placement,
¿QDOFXULQJVKDOOEHSURYLGHGE\RQHRIWKHIROORZLQJ
methods:
(i) Same method used in the initial curing process;
(ii) Sheet materials;
(iii) Other moisture-retaining covers kept continuously moist.
(3) Final curing shall be maintained for a minimum
duration of:
(i) 7 days,
(ii) 3 days if either a high-early-strength cement or an
accelerating admixture is used.
26.5.4 Concreting in cold weather

R26.5.3.2(f) If using a curing compound, it will usually
be necessary to apply the compound at a higher rate than
the manufacturer’s recommendation because of the rougher
surface of many shotcrete applications.

R26.5.4 Concreting in cold weather
Detailed recommendations for cold weather concreting
are given in ACI 306R 6SHFL¿FDWLRQ UHTXLUHPHQWV IRU
concreting in cold weather are provided in ACI 301 and
ACI 306.1. If both ACI 301 and ACI 306.1 are referenced in
construction documents, the governing requirements should
EHLGHQWL¿HG

26.5.4.1 Design information:
(a) Temperature limits for concrete as delivered in cold
weather.

R26.5.4.1(a) ASTM C94, ACI 306R, and ACI 301 contain
requirements and recommendations for concrete temperature based on section size.

26.5.4.2 Compliance requirements:
(a) Adequate equipment shall be provided for heating
concrete materials and protecting concrete during freezing
or near-freezing weather.
(b) Frozen materials or materials containing ice shall not
be used.
F  )RUPV ¿OOHUV DQG JURXQG ZLWK ZKLFK FRQFUHWH LV WR
come in contact shall be free from frost and ice.
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(d) Concrete materials and production methods shall
be selected so that the concrete temperature at delivery
FRPSOLHVZLWKWKHVSHFL¿HGWHPSHUDWXUHOLPLWV
26.5.5 Concreting in hot weather

R26.5.5 Concreting in hot weather

26.5.5.1 Design information:

Detailed recommendations for hot weather concreting are
given in ACI 305R 7KLV JXLGH LGHQWL¿HV WKH KRW ZHDWKHU
IDFWRUVWKDWD൵HFWFRQFUHWHSURSHUWLHVDQGFRQVWUXFWLRQSUDFtices and recommends measures to eliminate or minimize
XQGHVLUDEOHH൵HFWV6SHFL¿FDWLRQUHTXLUHPHQWVIRUFRQFUHWLQJ
in hot weather are provided in ACI 301 and ACI 305.1.

(a) Temperature limits for concrete as delivered in hot
weather.

R26.5.5.1(a) ACI 301 and ACI 305.1 limit the maximum
concrete temperature to 95°F at the time of placement.

Construction

26.5.5.2 Compliance requirements:

26.5.6 Construction, contraction, and isolation joints
26.5.6.1 Design information:
(a) If required by the design, locations and details of
construction, isolation, and contraction joints.

26

(a) Concrete materials and production methods shall
be selected so that the concrete temperature at delivery
FRPSOLHVZLWKWKHVSHFL¿HGWHPSHUDWXUHOLPLWV
(b) Handling, placing, protection, and curing procedures
shall limit concrete temperatures or water evaporation that
could reduce strength, serviceability, and durability of the
member or structure.
R26.5.6 Construction, contraction, and isolation joints
For the integrity of the structure, it is important that joints
in the structure be located and constructed as required by the
design. Any deviations from locations indicated in construction documents should be approved by the licensed design
professional.
Construction or other joints should be located where they
will cause the least weakness in the structure. Lateral force
design may require additional consideration of joints during
design.

(b) Details required for transfer of shear and other forces
through construction joints.

R26.5.6.1(b) Shear keys, intermittent shear keys, diagonal
dowels, or shear friction may be used where force transfer
is required. If shear friction at a joint interface in accordance with 22.9 is invoked in the design, include applicable
construction requirements in the construction documents.

(c) Surface preparation, including intentional roughening
of hardened concrete surfaces where concrete is to be
placed against previously hardened concrete.

R26.5.6.1(c) The preparations referenced are applicable if
design for shear friction is in accordance with 22.9 and for
contact surfaces at construction joints for structural walls.

(d) Locations where shear is transferred between as-rolled
steel and concrete using headed studs or welded reinforcing bars requiring steel to be clean and free of paint.
(e) Surface preparation including intentional roughening
if composite topping slabs are to be cast in place on a
SUHFDVWÀRRURUURRILQWHQGHGWRDFWVWUXFWXUDOO\ZLWKWKH
precast members.

R26.5.6.1(d) The locations referenced are those for which
design for shear friction is in accordance with 22.9.
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(f) For shotcrete, location of construction joints for which
square joints are permitted.
26.5.6.2 Compliance requirements:
D -RLQWORFDWLRQVRUMRLQWGHWDLOVQRWVKRZQRUWKDWGL൵HU
from those indicated in construction documents shall be
submitted for review by the licensed design professional.

R26.5.6.2(a) If the licensed design professional does
QRWGHVLJQDWHVSHFL¿FMRLQWORFDWLRQVWKHFRQWUDFWRUVKRXOG
submit joint locations for construction to the licensed design
professional for review to determine that the proposed locations do not impact the performance of the structure.

(b) Except for prestressed concrete, construction joints in
ÀRRUDQGURRIV\VWHPVVKDOOEHORFDWHGZLWKLQWKHPLGGOH
third of spans of slabs, beams, and girders unless otherwise approved by the licensed design professional.

R26.5.6.2(b) Tendons of continuous post-tensioned
slabs and beams are usually stressed at a point along the
VSDQ ZKHUH WKH WHQGRQ SUR¿OH LV DW RU QHDU WKH FHQWURLG RI
the concrete cross section. Therefore, interior construction
joints are usually located within the end thirds of the span
rather than the middle third of the span. Construction joints
located within the end thirds of continuous post-tensioned
slab and beam spans have a long history of satisfactory
performance; therefore, 26.5.6.2(b) is not applicable to
prestressed concrete.

F &RQVWUXFWLRQMRLQWVLQJLUGHUVVKDOOEHR൵VHWDGLVWDQFH
of at least two times the width of intersecting beams,
measured from the face of the intersecting beam, unless
otherwise approved by the licensed design professional.
(d) Construction joints shall be cleaned and laitance
removed before new concrete is placed.
(e) Surface of concrete construction joints shall be intenWLRQDOO\URXJKHQHGLIVSHFL¿HG
(f) Immediately before new concrete is placed, construction joints shall be prewetted and standing water removed.
(g) For shotcrete, construction joint surfaces shall be cut at
DGHJUHHDQJOHWRWKH¿QLVKHGVXUIDFHXQOHVVDVTXDUH
joint is designated in the construction documents.
(h) For shotcrete, construction joints proposed at locations not shown on the construction documents shall be
submitted to the licensed design professional for approval
prior to shotcrete placement.
26.5.7 &RQVWUXFWLRQRIFRQFUHWHPHPEHUV

R26.5.7 &RQVWUXFWLRQRIFRQFUHWHPHPEHUV

26.5.7.1 Design information:
(a) Details required to accommodate dimensional
changes resulting from prestressing, creep, shrinkage, and
temperature.
(b) Identify if a slab-on-ground is designed as a structural
diaphragm or part of the seismic-force-resisting system.

R26.5.7.1(b) A slab-on-ground may be designed to act as
a structural diaphragm or to provide required ties between
foundations. The construction documents should clearly
identify any slab on ground that is a structural diaphragm,
and state that saw cutting or joints are prohibited unless
approved by the licensed design professional. Joints can
D൵HFWWKHLQWHJULW\RIWKHVODEDQGLWVDELOLW\WRDFWDVDVWUXFtural diaphragm, unless structural repairs are made. Refer
also to 26.5.7.2(d).
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(c) Details for construction of sloped or stepped footings
designed to act as a unit.
G  /RFDWLRQV ZKHUH ÀRRU V\VWHP DQG FROXPQ FRQFUHWH
placements are required to be integrated during placement
in accordance with 15.5.
H  /RFDWLRQV ZKHUH VWHHO ¿EHUUHLQIRUFHG FRQFUHWH LV
required for shear resistance in accordance with 9.6.3.1.

R26.5.7.2(a) Delay in placing concrete in members
supported by columns and walls is necessary to minimize
potential cracking at the interface of the slab and supporting
member caused by bleeding and settlement of plastic
concrete in the supporting member.

(b) Beams, girders, haunches, drop panels, shear caps,
and capitals shall be placed monolithically as part of
a slab system, unless otherwise shown in construction
documents.

R26.5.7.2(b) Separate placement of slabs and beams,
haunches, or similar elements is permitted if shown in the
construction documents and if provision has been made to
transfer forces as required in 22.9.

F $WORFDWLRQVZKHUHÀRRUV\VWHPDQGFROXPQFRQFUHWH
placements are required to be integrated during placement,
FROXPQFRQFUHWHVKDOOH[WHQGIXOOGHSWKRIWKHÀRRUV\VWHP
DWOHDVWIWLQWRWKHÀRRUV\VWHPIURPIDFHRIFROXPQDQG
EHLQWHJUDWHGZLWKÀRRUV\VWHPFRQFUHWH

R26.5.7.2(c) Application of the concrete placement
procedure described in 15.5 may require the placing of
WZRGL൵HUHQWFRQFUHWHPL[WXUHVLQWKHÀRRUV\VWHP,WLVWKH
responsibility of the licensed design professional to indicate
in the construction documents where the higher- and lowerstrength concretes are to be placed.

G 6DZFXWWLQJRUFRQVWUXFWLRQRIMRLQWVWKDWFDQD൵HFWWKH
LQWHJULW\RIDVODERQJURXQGLGHQWL¿HGLQWKHFRQVWUXFWLRQ
documents as structural diaphragms or part of the seismicforce-resisting system shall not be permitted unless
VSHFL¿FDOO\LQGLFDWHGRUDSSURYHGE\WKHOLFHQVHGGHVLJQ
professional.

R26.5.7.2(d)7KLVUHVWULFWLRQDSSOLHVWRVODEVLGHQWL¿HGDV
structural diaphragms in 26.5.7.1(b).

26.6—Reinforcement materials and construction
requirements
26.6.1 General

R26.6—Reinforcement materials and construction
requirements
R26.6.1 General

26.6.1.1 Design information:
(a) ASTM designation and grade of reinforcement,
including applicable requirements for special seismic
systems in accordance with 20.2.2.5.

R26.6.1.1(a) If ASTM A615 reinforcement is used in
place of ASTM A706 reinforcement in special seismic
systems, the strength and minimum elongation requirements
of 20.2.1.3 and 20.2.2.5(b) should be included.

(b) Type, size, location requirements, detailing, and
embedment length of reinforcement.
(c) Concrete cover to reinforcement.
(d) Location and length of lap splices.

R26.6.1.1(d) Splices should, if possible, be located away
from points of maximum tensile stress. The lap splice
requirements of 25.5.2 encourage this practice.

(e) Type and location of mechanical splices.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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(a) Beams, girders, or slabs supported by columns or walls
shall not be cast until concrete in the vertical support
members is no longer plastic.

Construction

26.5.7.2 Compliance requirements:
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(f) Type and location of end-bearing splices.
(g) Type and location of welded splices and other required
welding of reinforcing bars.
(h) ASTM designation for protective coatings of nonprestressed reinforcement.
(i) Corrosion protection for exposed reinforcement
intended to be bonded with extensions on future Work.

R26.6.1.1(g) Refer to R26.6.4.

26.6.1.2 Compliance requirements:
(a) Mill test reports for reinforcement shall be submitted.
(b) Nonprestressed reinforcement with rust, mill scale,
or a combination of both shall be considered satisfactory, provided a hand-wire-brushed representative test
specimen of the reinforcement complies with the appliFDEOH$670 VSHFL¿FDWLRQ IRU WKH PLQLPXP GLPHQVLRQV
(including height of deformations) and weight per unit
length.
(c) Prestressing reinforcement shall be free of mill scale,
pitting, and excessive rust. A light coating of rust shall be
permitted.
(d) At the time concrete is placed, reinforcement to be
bonded shall be clean of ice, mud, oil, or other deleterious
coatings that decrease bond.

R26.6.1.2(b) 6SHFL¿F OLPLWV RQ UXVW DUH EDVHG RQ WHVWV
(Kemp et al. 1968) plus a review of earlier tests and recommendations. Kemp et al. (1968) provides guidance with
UHJDUGWRWKHH൵HFWVRIUXVWDQGPLOOVFDOHRQERQGFKDUDFteristics of deformed reinforcing bars. Research has shown
that a normal amount of rust increases bond. Normal rough
handling generally removes rust that is loose enough to
impair the bond between the concrete and reinforcement.
R26.6.1.2(c) Guidance for evaluating the degree of rusting
on strand is given in Sason (1992).
R26.6.1.2(d) The use of epoxy coating in accordance
with 20.5.2 is permitted. Materials used for the protection
of prestressed reinforcement against corrosion in unbonded
tendons are not considered to be contaminants as described
in this provision.
R26.6.2 3ODFHPHQW

26.6.2 3ODFHPHQW
26.6.2.1 Design information:
(a) Tolerances on location of reinforcement taking into
consideration tolerances on dDQGVSHFL¿HGFRQFUHWHFRYHU
in accordance with Table 26.6.2.1(a).
Table 26.6.2.1(a)—Tolerances on d and specified
cover
d, in.

Tolerance on
d, in.





Smaller of:

>8



Smaller of:

7ROHUDQFHRQVSHFL¿HGFRQFUHWHFRYHULQ[1]
±
±  āVSHFL¿HGFRYHU
±
±  āVSHFL¿HGFRYHU

[1]

7ROHUDQFHIRUFRYHUWRIRUPHGVR൶WVLV±LQ

(b) Tolerance for longitudinal location of bends and ends
of reinforcement in accordance with Table 26.6.2.1(b). The
WROHUDQFHIRUVSHFL¿HGFRQFUHWHFRYHULQ7DEOH D 
shall also apply at discontinuous ends of members.
(c) Tolerance for spacing of hoops in members of intermediate and special seismic systems:

R26.6.2.1*HQHUDOO\DFFHSWHGSUDFWLFHDVUHÀHFWHGLQACI
117, has established tolerances on total depth (formwork or
¿QLVK  DQG IDEULFDWLRQ RI FORVHG WLHV VWLUUXSV VSLUDOV DQG
truss bent reinforcing bars. The licensed design professional should specify more restrictive tolerances than those
permitted by the Code when necessary to minimize the accumulation of tolerances resulting in excessive reduction in
H൵HFWLYHGHSWKRUFRYHU
More restrictive tolerances have been placed on minimum
FOHDUGLVWDQFHWRIRUPHGVR൶WVEHFDXVHRIWKHLULPSRUWDQFH
IRUGXUDELOLW\DQG¿UHSURWHFWLRQDQGEHFDXVHUHLQIRUFHPHQW
LVXVXDOO\VXSSRUWHGLQVXFKDPDQQHUWKDWWKHVSHFL¿HGWROHUance is practical.
More restrictive tolerances than those required by the Code
may be desirable for prestressed concrete. In such cases, the
construction documents should specify the necessary tolerances. Recommendations are provided in ACI ITG-7.
The Code permits a reinforcement placement tolerance
RQ H൵HFWLYH GHSWK d WKDW LV GLUHFWO\ UHODWHG WR WKH ÀH[XUDO
and shear strength of the member. Because reinforcement
is placed with respect to edges of members and formwork
surfaces, dLVQRWDOZD\VFRQYHQLHQWO\PHDVXUHGLQWKH¿HOG
This provision is included in the design information section
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 /HVVHURILQDQGdb of the smallest longitudinal bar.
  /HVVHU RI ± LQ SHU IW RI OHDVW VLGH GLPHQVLRQ RI
PHPEHUDQG±LQ
(3) Spacing adjustments shall result in no more than two
hoops being in contact with each other.
Table 26.6.2.1(b)—Tolerances for longitudinal
location of bends and ends of reinforcement

because tolerances on d should be considered in member
design. Placement tolerances for cover are also provided.
Tolerances for placement of reinforcement should be
VSHFL¿HG LQ DFFRUGDQFH ZLWKACI 117 unless stricter tolerances are required. The more restrictive tolerance for spacing
of hoops in members of intermediate and special seismic
systems is to provide better control against premature buckling of longitudinal bars.

Discontinuous ends of brackets and
corbels



Discontinuous ends of other members

±1

Other locations

±2

26.6.2.2 Compliance requirements:
(a) Reinforcement, including bundled bars, shall be placed
within required tolerances and supported to prevent
displacement beyond required tolerances during concrete
placement.

R26.6.2.2(a) Reinforcement, including bundled bars,
should be adequately supported in the forms to prevent
displacement by concrete placement or workers. Bundled
bars should be tied or otherwise fastened together to maintain their position, whether vertical or horizontal. Beam stirrups should be supported on the bottom form of the beam
by supports such as continuous longitudinal beam bolsters.
If only the longitudinal beam bottom reinforcement is
VXSSRUWHG FRQVWUXFWLRQ WUD൶F FDQ GLVORGJH WKH VWLUUXSV DV
well as any top beam reinforcement tied to the stirrups.

(b) Spiral units shall be continuous bar or wire placed with
even spacing and without distortion beyond the tolerances
IRUWKHVSHFL¿HGGLPHQVLRQV

R26.6.2.2(b) 6SLUDOV VKRXOG EH KHOG ¿UPO\ LQ SODFH DW
proper pitch and alignment, to prevent displacement during
concrete placement. The Code has traditionally required
spacers to hold the fabricated spiral cage in place, but alternate methods of installation are also permitted. If spacers are
used, the following may be used for guidance: for spiral bar or
ZLUHVPDOOHUWKDQLQGLDPHWHUDPLQLPXPRIWZRVSDFHUV
should be used for spirals less than 20 in. in diameter, three
spacers for spirals 20 to 30 in. in diameter, and four spacers
for spirals greater than 30 in. in diameter. For spiral bar or
ZLUHLQGLDPHWHURUODUJHUDPLQLPXPRIWKUHHVSDFHUV
should be used for spirals 24 in. or less in diameter, and four
spacers for spirals greater than 24 in. in diameter.

(c) Splices of reinforcement shall be made only as
permitted in the construction documents, or as authorized
by the licensed design professional.
(d) For longitudinal column bars forming an end-bearing
splice, the bearing of square cut ends shall be held in
concentric contact.

R26.6.2.2(d) Experience with end-bearing splices has
been almost exclusively with vertical bars in columns. If
EDUVDUHVLJQL¿FDQWO\LQFOLQHGIURPWKHYHUWLFDODWWHQWLRQLV
required to ensure that adequate end-bearing contact can be
achieved and maintained.
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H  %DU HQGV VKDOO WHUPLQDWH LQ ÀDW VXUIDFHV ZLWKLQ 
degrees of a right angle to the axis of the bars and shall
EH¿WWHGZLWKLQGHJUHHVRIIXOOEHDULQJDIWHUDVVHPEO\
26.6.3 Bending

COMMENTARY
R26.6.2.2(e) These tolerances represent practice based on
tests of full-size members containing No. 18 bars.
R26.6.3 Bending

26.6.3.1 Design information:
(a) Nonstandard bend geometry.

R26.6.3.1 Bend radii larger than the minimums of Tables
25.3.1 and 25.3.2 may be required by geometric constraints
or by 23.10 for discontinuity regions designed using the
strut-and-tie method with curved-bar nodes. Nonstandard
bends should be indicated on the drawings.

26.6.3.2 Compliance requirements:
(a) Reinforcement shall be bent cold prior to placement, unless otherwise permitted by the licensed design
professional.
(b) Field bending of reinforcement partially embedded
in concrete shall not be permitted, except as shown in
the construction documents or permitted by the licensed
design professional.

R26.6.3.2(b) Construction conditions may make it necessary to bend bars that have been embedded in concrete. Such
¿HOG EHQGLQJ VKRXOG QRW EH GRQH ZLWKRXW DXWKRUL]DWLRQ RI
the licensed design professional. Construction documents
should specify whether the bars will be permitted to be bent
cold or if heating should be used. Bends should be gradual
and should be straightened as required.
Tests (Black 1973; Stecich et al. 1984) have shown that
ASTM A615 Grade 40 and Grade 60 reinforcing bars can
be cold bent and straightened up to 90 degrees at or near
WKH PLQLPXP GLDPHWHU VSHFL¿HG LQ 25.3. If cracking or
breakage is encountered, heating to a maximum temperature
of 1500°F may avoid this condition for the remainder of the
bars. Bars that fracture during bending or straightening can
be spliced outside the bend region.
Heating should be performed in a manner that will avoid
damage to the concrete. If the bend area is within approximately 6 in. of the concrete, some protective insulation may
need to be applied. Heating of the bar should be controlled
by temperature-indicating crayons or other suitable means.
7KHKHDWHGEDUVVKRXOGQRWEHDUWL¿FLDOO\FRROHG ZLWKZDWHU
or forced air) until after cooling to at least 600°F.

F 2൵VHWEDUVVKDOOEHEHQWEHIRUHSODFHPHQWLQWKHIRUPV
R26.6.4 Welding

26.6.4 Welding
26.6.4.1 Design information:
(a) Details for welding of anchor bars at the front face
of brackets or corbels designed by the licensed design
professional in accordance with 16.5.6.3(a).

If welding of reinforcing bars is required, the weldability
of the steel and compatible welding procedures need to
be considered. The provisions in AWS D1.4 cover aspects
of welding reinforcing bars, including criteria to qualify
welding procedures.
Weldability of the steel is based on its carbon equivalent (CE), calculated from the chemical composition of the
steel. AWS D1.4 establishes preheat and interpass temperatures for a range of carbon equivalents and reinforcing bar
sizes. AWS D1.4 has two expressions for calculating CE.
The expression considering only the elements carbon and
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manganese is to be used for bars other than ASTM A706.
A more comprehensive CE expression is given for ASTM
A706 bars, which is identical to the CE formula presented
in ASTM A706.
ASTM A706 covers low-alloy steel reinforcing bars
intended for applications that require controlled tensile
properties, welding, or both. Weldability is accomplished in
ASTM A706 by requiring the CE not to exceed 0.55 percent
and controlling the chemical composition. The manufacturer
is required by ASTM A706 to report the chemical analysis
and carbon equivalent (Gustafson and Felder 1991). When
welding reinforcing bars other than ASTM A706, the
FRQVWUXFWLRQGRFXPHQWVVKRXOGVSHFL¿FDOO\UHTXLUHWKDWWKH
mill test report include chemical analysis results to permit
calculation of the carbon equivalent.
It is often necessary to weld to existing reinforcing bars in
a structure when no mill test report of the existing reinforcement is available. This condition is particularly common in
alterations or building expansions. AWS D1.4 states for such
bars that a chemical analysis may be performed on representative bars. If the chemical composition is not known or
obtained, AWS D1.4 requires a minimum preheat. For bars
other than ASTM A706, the minimum preheat required is
300°F for No. 6 bars or smaller, and 500°F for No. 7 bars
or larger. The required preheat for all sizes of ASTM A706
bars is to be the temperature given in the Welding Code’s
table for minimum preheat corresponding to the range of CE
“over 0.45 percent to 0.55 percent.” Welding of the particular bars should be performed in accordance with AWS
D1.4. It should also be determined if additional precautions
are necessary, based on other considerations such as stress
level in the bars, consequences of failure, and heat damage
to existing concrete due to welding operations.
AWS D1.4 requires the contractor to prepare welding
SURFHGXUHVSHFL¿FDWLRQV :36V FRQIRUPLQJWRWKHUHTXLUHments of the Welding Code. Appendix A in AWS D1.4
contains a suggested form that shows the information
required for a WPS.
Welding of wire to wire, and of wire or welded wire reinforcement to reinforcing bars or structural steel elements is
not covered by AWS D1.4. If welding of this type is required
on a project, the construction documents should specify
requirements or performance criteria for this welding.
If cold-drawn wires are to be welded, the welding procedures should address the potential loss of yield strength
and ductility achieved by the cold-working process (during
manufacture) when such wires are heated by welding. These
potential concerns are not an issue for machine and resistance welding as used in the manufacture of welded plain
and deformed wire reinforcement covered by ASTM A1064.
26.6.4.2 Compliance requirements:
(a) Welding of all nonprestressed bars shall conform to the
requirements of AWS D1.4$670VSHFL¿FDWLRQVIRUEDU
American Concrete Institute – Copyrighted © Material – www.concrete.org

Construction

COMMENTARY

26

CODE

539

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

PART 9: CONSTRUCTION

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

CODE
reinforcement, except for ASTM A706, shall be supplemented to require a mill test report of material properties that demonstrate conformance to the requirements in
AWS D1.4.
(b) Welding of crossing bars shall not be used for assembly
of reinforcement except at the front face of brackets or
corbels or as otherwise permitted by the licensed design
professional.

26.7—Anchoring to concrete
26.7.1 Design information:

D  5HTXLUHPHQWV IRU DVVHVVPHQW DQG TXDOL¿FDWLRQ RI
anchors for the applicable conditions of use shall be in
accordance with 17.1.2.

E  7\SH VL]H ORFDWLRQ UHTXLUHPHQWV H൵HFWLYH HPEHGment depth, and installation requirements for anchors.
(c) Type, size, and location or location requirements for
anchor reinforcement designed to develop the anchor
strength in accordance with 17.5.2.1, as well as transverse
FRQ¿QHPHQWUHLQIRUFHPHQWIRUDQFKRUVLQVWDOOHGLQWKHWRSV
of columns or pedestals in accordance with 10.7.6.1.5.
(d) Type, size, and location for shear lugs designed to
develop shear strength in accordance with 17.11.
(e) Size and location of base plate holes to permit inspection and vent air when placing concrete or grout per
17.11.1.2.
(f) Minimum edge distance of anchors in accordance with
17.9.
(g) Corrosion protection for exposed anchors intended for
attachment with future Work.
(h) For post-installed anchors, parameters associated with
the design strength in accordance with 17.5, including
anchor category, concrete strength, aggregate type, type
of lightweight concrete, required installation torque, and
requirements for hole drilling and preparation.

(i) For adhesive anchors in tension, parameters associated
with the characteristic bond stress used for design in accordance with 17.6.5, including concrete temperature range,
moisture condition of concrete at time of installation, type

COMMENTARY

R26.6.4.2(b) “Tack” welding (welding crossing bars) can
seriously weaken a bar at the point welded by creating a
PHWDOOXUJLFDO QRWFK H൵HFW7KLV RSHUDWLRQ FDQ EH SHUIRUPHG
safely only when the material welded and welding operations
are under continuous competent control, as in the manufacture
of welded wire reinforcement. Welding of anchor bars at the
front face of brackets or corbels is addressed in R16.5.6.3.
R26.7—Anchoring to concrete
R26.7.1 0LQLPXP UHTXLUHPHQWV IRU VSHFL¿FDWLRQ RI
anchors in the construction documents for conformance with
this Code are listed.
R26.7.1(a) Post-installed anchor strength and deformation
capacity are assessed by acceptance testing under ACI 355.2
or ACI 355.4. These tests are carried out assuming installation in accordance with the manufacturer’s recommended
procedures (in the case of adhesive anchors, the Manufacturer’s Printed Installation Instructions [MPII]).

R26.7.1(h) Certain types of anchors can be sensitive to
variations in hole diameter, cleaning conditions, orientation of the axis, magnitude of the installation torque, crack
width, and other variables. Some of this sensitivity is indirectly accounted for in the assigned ࢥYDOXHVIRUWKHGL൵HUHQW
anchor categories, which depend in part on the results of the
installation safety tests. If anchor components are altered or
if anchor installation procedures deviate from those speci¿HG WKH DQFKRU PD\ IDLO WR FRPSO\ ZLWK WKH DFFHSWDQFH
criteria of ACI 355.2 or 355.4.
R26.7.1(i) Due to the sensitivity of bond strength to
installation, on-site quality control is important for adhesive anchors. The construction documents must provide all
parameters relevant to the characteristic bond stress used in
design. These parameters may include, but are not limited to:
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M  ,GHQWL¿FDWLRQ RI DGKHVLYH DQFKRUV LQVWDOOHG LQ D KRULzontal or upwardly inclined orientation to resist sustained
tensile loads.
N  ,GHQWL¿FDWLRQ RI DGKHVLYH DQFKRUV UHTXLULQJ SURRI
loading in accordance with ACI 355.4 or the inspection
program established by the licensed design professional.
O  6SHFLI\ FHUWL¿FDWLRQ UHTXLUHG IRU LQVWDOOHUV RI DGKHsive anchors including adhesive anchors that are installed
in a horizontal or upwardly inclined orientation to resist
sustained tensile loads.

(a) Acceptable anchor installation environment (dry or
saturated concrete; concrete temperature range)
(b) Acceptable drilling methods
(c) Required hole cleaning procedures
(d) Anchor type and size range (threaded rod or reinforcing bar)
Hole cleaning is intended to ensure that drilling debris and
dust do not impair bond. Depending on the Manufacturer’s
3ULQWHG ,QVWDOODWLRQ ,QVWUXFWLRQV 03,,  W\SH RI TXDOL¿HG
anchor, and on-site conditions, hole cleaning may involve
operations to remove drilling debris from the hole with
vacuum or compressed air mechanical brushing of the hole
ZDOOWRUHPRYHVXUIDFHGXVWDQGD¿QDOVWHSWRHYDFXDWHDQ\
remaining dust or debris, usually with compressed air. If
ZHWFRUHGULOOLQJLVXVHGKROHVPD\EHÀXVKHGZLWKZDWHU
and then dried with compressed air. Compressed air must be
free of oil and moisture. For anchors installed in locations
where the concrete is saturated (for example, outdoor locations exposed to rainfall), the resulting drilling mud must
be removed by other means. In all cases, the procedures
used should be clearly described by the MPII accompanying
the product. If the installation procedures are not clearly
described, contact the manufacturer. These printed installation instructions, which also describe the limits on concrete
temperature and the presence of water during installation
as well as the procedures necessary for void-free adhesive
injection and adhesive cure requirements, constitute an integral part of the adhesive anchor system and are part of the
assessment performed in accordance with ACI 355.4.

R26.7.1(l) Adhesive anchors are sensitive to installation
orientation. This sensitivity, combined with variability in
strength of adhesive anchors subjected to sustained tensile
ORDGLQJ UHTXLUHV LQVWDOODWLRQ E\ FHUWL¿HG LQVWDOOHUV &HUWL¿FDWLRQ PD\ DOVR EH DSSURSULDWH IRU RWKHU VDIHW\UHODWHG
DSSOLFDWLRQV,QVWDOOHUVFDQEHFRPHFHUWL¿HGWKURXJKWHVWLQJ
and training programs that include written and performance
H[DPLQDWLRQV DV GH¿QHG E\ WKH $&, $GKHVLYH $QFKRU
,QVWDOOHU &HUWL¿FDWLRQ SURJUDP ACI CPP 680.1-17) or
similar programs with equivalent requirements. The acceptDELOLW\RIFHUWL¿FDWLRQRWKHUWKDQWKH$&,$GKHVLYH$QFKRU
,QVWDOOHU&HUWL¿FDWLRQVKRXOGEHGHWHUPLQHGE\WKH/LFHQVHG
Design Professional. In addition, installers should obtain
LQVWUXFWLRQ WKURXJK SURGXFWVSHFL¿F WUDLQLQJ R൵HUHG E\
PDQXIDFWXUHUVRITXDOL¿HGDGKHVLYHDQFKRUV\VWHPV
$Q HTXLYDOHQW FHUWL¿HG LQVWDOOHU SURJUDP VKRXOG WHVW WKH
adhesive anchor installer’s knowledge and skill by an objectively fair and unbiased administration and grading of a
ZULWWHQDQGSHUIRUPDQFHH[DP3URJUDPVVKRXOGUHÀHFWWKH
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knowledge and skill required to install available commercial
DQFKRUV\VWHPV7KHH൵HFWLYHQHVVRIDZULWWHQH[DPVKRXOG
EHYHUL¿HGWKURXJKVWDWLVWLFDODQDO\VLVRIWKHTXHVWLRQVDQG
answers. An equivalent program should provide a responsive and accurate mechanism to verify credentials, which are
renewed on a periodic basis.

26.7.2 Compliance requirements:
(a) Cast-in anchors, their attachments, and anchor reinforcement, shall be securely positioned in the formwork and
oriented in accordance with the construction documents.
Concrete shall be consolidated around anchors and anchor
reinforcement using suitable means during placement.
(b) Proper consolidation of concrete or grout around shear
OXJVVKDOOEHYHUL¿HGE\XVHRIEDVHSODWHLQVSHFWLRQKROHV
(c) Post-installed anchors shall be installed in accordance
with the manufacturer’s instructions. Post-installed adhesive anchors shall be installed in accordance with the
Manufacturer’s Printed Installation Instructions (MPII).

G  3RVWLQVWDOOHG DQFKRUV VKDOO EH LQVWDOOHG E\ TXDOL¿HG
installers.
H $GKHVLYHDQFKRUVLGHQWL¿HGLQWKHFRQVWUXFWLRQGRFXments as installed in a horizontal or upwardly inclined
orientation to resist sustained tensile loads shall be
LQVWDOOHGE\FHUWL¿HGLQVWDOOHUV

(f) Adhesive anchors shall be installed in concrete having
a minimum age of 21 days at time of anchor installation.

R26.7.2(c) The Manufacturer’s Printed Installation
Instructions (MPII) contain information required for the
proper installation of post-installed adhesive anchors. AddiWLRQDO UHTXLUHPHQWV PD\ DSSO\ IRU VSHFL¿F FDVHV LQ DFFRUdance with 26.7.1(f) and 26.7.1(g). For adhesive anchors,
DSSOLFDWLRQGHSHQGHQW UHTXLUHPHQWV IRU TXDOL¿FDWLRQ RI
installers and inspection requirements may apply.

R26.7.2(e) Many anchor performance characteristics
depend on proper installation of the anchor. Horizontally
or upwardly inclined adhesive anchors resisting sustained
tension load are required to be installed by personnel certi¿HGIRUWKHDGKHVLYHDQFKRUV\VWHPDQGLQVWDOODWLRQSURFHdures being used. Construction personnel can establish
TXDOL¿FDWLRQV E\ EHFRPLQJ FHUWL¿HG WKURXJK FHUWL¿FDWLRQ
programs.
R26.7.2(f)$GKHVLYHDQFKRUVTXDOL¿HGLQDFFRUGDQFHZLWK
ACI 355.4 are tested in concrete with compressive strengths
within two ranges: 2500 to 4000 psi and 6500 to 8500 psi.
Bond strength is, in general, not highly sensitive to concrete
compressive strength. The design performance of adhesive anchors cannot be ensured by establishing a minimum
concrete compressive strength at the time of installation in
early-age concrete. Therefore, a minimum concrete age of 21
days at the time of adhesive anchor installation was adopted.

26.8—Embedments
26.8.1 Design information:
(a) Type, size, details, and location of embedments
designed by the licensed design professional.
(b) Reinforcement required to be placed perpendicular to
pipe embedments.
F  6SHFL¿HG FRQFUHWH FRYHU IRU SLSH HPEHGPHQWV ZLWK
WKHLU¿WWLQJV

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

542

CODE

543

COMMENTARY

(d) Corrosion protection for exposed embedments
intended to be connected with future Work.
26.8.2 Compliance requirements:

R26.9—Additional requirements for precast
concrete

(a) Dimensional tolerances for precast members and interfacing members.

R26.9.1(a) Design of precast members and connections
is particularly sensitive to tolerances on the dimensions of
individual members and on their location in the structure.
To prevent misunderstanding, the tolerances used in design
VKRXOGEHVSHFL¿HGLQWKHFRQVWUXFWLRQGRFXPHQWV,QVWHDGRI
specifying individual tolerances, the standard industry tolerDQFHV DVVXPHG LQ GHVLJQ PD\ EH VSHFL¿HG ,W LV LPSRUWDQW
to specify any deviations from standard industry tolerances.
The tolerances required by 26.6.2 are considered to be a
minimum acceptable standard for reinforcement in precast
concrete. Industry-standard product and erection tolerances are provided in ACI ITG-7. Interfacing tolerances for
precast concrete with cast-in-place concrete are provided in
ACI 117.

(b) Details of lifting devices, embedments, and related
reinforcement required to resist temporary loads from
handling, storage, transportation, and erection, if designed
by the licensed design professional.

R26.9.1(b) If the devices, embedments, or related reinforcement are not designed by the licensed design professional, these details should be provided in shop drawings in
accordance with 26.9.2(c).

26.9.2 Compliance requirements:
(a) Members shall be marked to indicate location and
orientation in the structure and date of manufacture.
E ,GHQWL¿FDWLRQPDUNVRQPHPEHUVVKDOOFRUUHVSRQGWR
erection drawings.
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26.9—Additional requirements for precast
concrete
26.9.1 Design information:

Construction

(a) Type, size, details, and location of embedments not
shown in the construction documents shall be submitted
for review by the licensed design professional.
(b) Aluminum embedments shall be coated or covered
to prevent aluminum-concrete reaction and electrolytic
action between aluminum and steel.
F 3LSHVDQG¿WWLQJVQRWVKRZQLQWKHFRQVWUXFWLRQGRFXPHQWV VKDOO EH GHVLJQHG WR UHVLVW H൵HFWV RI WKH PDWHULDO
pressure, and temperature to which they will be subjected.
(d) No liquid, gas, or vapor, except water not exceeding
90°F or 50 psi pressure, shall be placed in the pipes until
WKHFRQFUHWHKDVDWWDLQHGLWVVSHFL¿HGVWUHQJWK
(e) In solid slabs, piping, except for radiant heating or
snow melting, shall be placed between top and bottom
reinforcement.
(f) Conduit and piping shall be fabricated and installed so
that cutting, bending, or displacement of reinforcement
IURPLWVVSHFL¿HGORFDWLRQLVQRWUHTXLUHG
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(c) Design and details of lifting devices, embedments,
and related reinforcement required to resist temporary
loads from handling, storage, transportation, and erection
shall be provided if not designed by the licensed design
professional.

R26.9.2(c) Refer to R26.9.1(b). At the option of the
OLFHQVHGGHVLJQSURIHVVLRQDOVSHFL¿FDWLRQVFDQUHTXLUHWKDW
shop drawings, calculations, or both be submitted for the
items included in this provision when their design is delegated to the contractor.

(d) During erection, precast members and structures shall
be supported and braced to ensure proper alignment,
strength, and stability until permanent connections are
completed.

R26.9.2(d) All temporary erection connections, bracing,
and shoring as well as the sequencing of removal of these
items should be shown in construction documents or erection drawings, depending on the assignment of responsibility for the means and methods of construction.

(e) If approved by the licensed design professional, items
embedded while the concrete is in a plastic state shall
satisfy (1) through (4):
(1) Embedded items shall protrude from the precast
concrete members or remain exposed for inspection.
(2) Embedded items are not required to be hooked or
tied to reinforcement within the concrete.
(3) Embedded items shall be maintained in the correct
position while the concrete remains plastic.
(4) The concrete shall be consolidated around embedded
items.

R26.9.2(e) Many precast products are manufactured in
VXFKDZD\WKDWLWLVGL൶FXOWLIQRWLPSRVVLEOHWRSRVLWLRQ
reinforcement that protrudes from the concrete before the
concrete is placed. Such items as ties for horizontal shear
and inserts can be placed while the concrete is plastic, if
proper precautions are taken. This provision is not applicable to reinforcement that is completely embedded, or to
embedded items that will be hooked or tied to embedded
reinforcement.

26.10—Additional requirements for prestressed
concrete
26.10.1 Design information:
(a) Magnitude and location of prestressing forces.
(b) Stressing sequence of tendons.

(c) Type, size, details, and location of post-tensioning
anchorages for systems selected by the licensed design
professional.
(d) Tolerances for placement of tendons and posttensioning ducts in accordance with Table 26.6.2.1(a).
(e) Materials and details of corrosion protection for
WHQGRQV FRXSOHUV HQG ¿WWLQJV SRVWWHQVLRQLQJ DQFKRUages, and anchorage regions.

R26.10—Additional requirements for prestressed
concrete

R26.10.1(b) The sequence of anchorage device stressing
FDQKDYHDVLJQL¿FDQWH൵HFWRQJHQHUDO]RQHVWUHVVHV7KHUHIRUH LW LV LPSRUWDQW WR FRQVLGHU QRW RQO\ WKH ¿QDO VWDJH RI
a stressing sequence with all tendons stressed, but also
intermediate stages during construction. The most critical
bursting forces caused by each of the sequentially posttensioned tendon combinations, as well as that of the entire
group of tendons, should be taken into account.

R26.10.1(e) For recommendations regarding protection,
refer to Sections 4.2 and 4.3 of ACI 423.3R, and Sections
3.4, 3.6, 5, 6, and 8.3 of ACI 423.7. Also refer to 20.5.1.4.2
for corrosion protection requirements.
Corrosion protection can be achieved by a variety of
methods. The corrosion protection provided should be suitable for the environment in which the tendons are located.
Some conditions will require that the prestressed reinforcement be protected by concrete cover or by cement grout in
metal or plastic duct; other conditions will permit the protection provided by coatings such as paint or grease. Corrosion
SURWHFWLRQPHWKRGVVKRXOGPHHWWKH¿UHSURWHFWLRQUHTXLUH-
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ments of the general building code unless the installation of
external post-tensioning is to only improve serviceability.

(f) Requirements for ducts for bonded tendons.

R26.10.1(f) Guidance for specifying duct requirements for
bonded tendons is provided in PTI M50.3 and PTI M55.1.

(g) Requirements for grouting of bonded tendons,
including maximum water-soluble chloride ion (Cl±)
content requirements in 19.4.1.

R26.10.1(g) Guidance for specifying grouting requirements for bonded tendons is provided in PTI M55.1.

(g) Loss of prestress force due to unreplaced broken
prestressed reinforcement shall not exceed 2 percent of

26

(a) Type, size, details, and location of post-tensioning
anchorage systems not shown in the construction documents shall be submitted to the licensed design professional for review.
(b) Tendons and post-tensioning ducts shall be placed
within required tolerances and supported to prevent
displacement beyond required tolerances during concrete
placement.
(c) Couplers shall be placed in areas approved by the
licensed design professional and enclosed in housings
long enough to permit necessary movements.
(d) Burning or welding operations in the vicinity of
prestressing reinforcement shall be performed in such a
manner that prestressing reinforcement is not subject to
welding sparks, ground currents, or temperatures that
degrade the properties of the reinforcement.
H 3UHVWUHVVLQJIRUFHDQGIULFWLRQORVVHVVKDOOEHYHUL¿HG
by (1) and (2).
(1) Measured elongation of prestressed reinforcement
compared with elongation calculated using the modulus
of elasticity determined from tests or as reported by the
manufacturer.
(2) Jacking force measured using calibrated equipment such as a hydraulic pressure gauge, load cell, or
dynamometer.
I  7KH FDXVH RI DQ\ GL൵HUHQFH LQ IRUFH GHWHUPLQDWLRQ
between (1) and (2) of 26.10.2(e) that exceeds 5 percent
for pretensioned construction or 7 percent for posttensioned construction shall be ascertained and corrected,
unless approved by the licensed design professional.

Construction

26.10.2 Compliance requirements:

R26.10.2(e) Elongation measurements for prestressing
should be in accordance with the procedures outlined in the
Manual for Quality Control for Plants and Production of
Structural Precast Concrete Products (MNL 117), published
E\WKH3UHFDVW3UHVWUHVVHG&RQFUHWH,QVWLWXWH

R26.10.2(f) The 5 percent tolerance for pretensioned
FRQVWUXFWLRQ UHÀHFWV H[SHULHQFH ZLWK SURGXFWLRQ RI WKRVH
members. Because prestressing reinforcement for pretensioned construction is usually stressed in air with minimal
IULFWLRQH൵HFWVDSHUFHQWWROHUDQFHLVFRQVLGHUHGUHDVRQable. For post-tensioned construction, a slightly higher
tolerance is permitted. Elongation measurements for postWHQVLRQHG FRQVWUXFWLRQ DUH D൵HFWHG E\ VHYHUDO IDFWRUV WKDW
DUH OHVV VLJQL¿FDQW RU WKDW GR QRW H[LVW IRU SUHWHQVLRQHG
construction. The friction along prestressing reinforcement
LQ SRVWWHQVLRQLQJ DSSOLFDWLRQV PD\ EH D൵HFWHG WR YDU\LQJ
degrees by placing tolerances and small irregularities in
WHQGRQ SUR¿OH GXH WR WHQGRQ DQG FRQFUHWH SODFHPHQW 7KH
IULFWLRQFRH൶FLHQWVEHWZHHQWKHSUHVWUHVVLQJUHLQIRUFHPHQW
and the duct are also subject to variation.
R26.10.2(g) This provision applies to all prestressed
concrete members. For cast-in-place post-tensioned slab
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the total prestress force in prestressed concrete members,
unless approved by the licensed design professional.

(h) If the transfer of force from the anchorages of the
pretensioning bed to the concrete is accomplished by
ÀDPHFXWWLQJSUHVWUHVVHGUHLQIRUFHPHQWWKHFXWWLQJORFDtions and cutting sequence shall be selected to avoid undesired temporary stresses in pretensioned members.
(i) Long lengths of exposed pretensioned strand shall be
cut near the member to minimize shock to the concrete.
(j) Prestressing reinforcement in post-tensioned construction shall not be stressed until the concrete compressive
strength is at least 2500 psi for single-strand or bar tendons,
4000 psi for multistrand tendons, or a higher strength, if
required. An exception to these strength requirements is
provided in 26.10.2(k).
(k) Lower concrete compressive strength than required by
 M VKDOOEHSHUPLWWHGLI  RU  LVVDWLV¿HG
(1) Oversized anchorage devices are used to compensate for a lower concrete compressive strength.
(2) Prestressing reinforcement is stressed to no more
WKDQSHUFHQWRIWKH¿QDOSUHVWUHVVLQJIRUFH

COMMENTARY
systems, a member should be that portion considered as an
HOHPHQW LQ WKH GHVLJQ VXFK DV WKH MRLVW DQG H൵HFWLYH VODE
width in one-way joist systems, or the column strip or middle
VWULSLQWZRZD\ÀDWSODWHV\VWHPV6RPHPHPEHUVFDQEH
shown to accommodate more than 2 percent loss of prestress
due to unreplaced broken prestressed reinforcement.

R26.10.2(k) To limit early shrinkage cracking, monostrand tendons are sometimes stressed at concrete strengths
less than 2500 psi. In such cases, either oversized monostrand
anchorages are used, or the strands are stressed in stages,
RIWHQ WR OHYHOV RQHWKLUG WR RQHKDOI WKH ¿QDO SUHVWUHVVLQJ
force.
R26.11—Formwork
R26.11.1 'HVLJQRIIRUPZRUN
Typically, the contractor is responsible for formwork
design, and the Code provides the minimum formwork
performance requirements necessary for public health and
safety. Concrete formwork design, construction, and removal
demands sound judgment and planning to achieve adequate
safety. Detailed information on formwork for concrete is
given in “Guide to Formwork for Concrete” (ACI 347).
This guide is directed primarily to contractors for design,
construction, materials for formwork, and forms for unusual
structures, but it should aid the licensed design professional
in preparing the construction documents.
)RUPZRUN IRU &RQFUHWH, ACI SP-4, is a practical handbook for contractors, engineers, and architects. It follows the
guidelines established in ACI 347 and includes information
on planning, building, and using formwork. It also includes
tables, diagrams, and formulas for formwork design loads.
ACI 3016HFWLRQSURYLGHVVSHFL¿FDWLRQUHTXLUHPHQWVIRU
design and construction of formwork.

26.11—Formwork
26.11.1 'HVLJQRIIRUPZRUN

26.11.1.1 Design information:

R26.11.1.1 Section 24.2.5 covers the requirements
SHUWDLQLQJWRGHÀHFWLRQVRIVKRUHGDQGXQVKRUHGPHPEHUV

(a) Requirement for the contractor to design, fabricate,
install, and remove formwork.
(b) Location of composite members requiring shoring.
(c) Requirements for removal of shoring of composite
members.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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26.11.1.2 Compliance requirements:

26.11.2.1 Compliance requirements:
(a) Before starting construction, the contractor shall
develop a procedure and schedule for removal of formwork and installation of reshores, and shall calculate the
loads transferred to the structure during this process.
(b) Structural analysis and concrete strength requirements used in planning and implementing the formwork
removal and reshore installation shall be furnished by the
contractor to the licensed design professional and to the
EXLOGLQJR൶FLDOZKHQUHTXHVWHG
(c) No construction loads shall be placed on, nor any
formwork removed from, any part of the structure under
construction except when that portion of the structure
LQ FRPELQDWLRQ ZLWK UHPDLQLQJ IRUPZRUN KDV VX൶FLHQW
strength to support safely its weight and loads placed
thereon and without impairing serviceability.
G 6X൶FLHQWVWUHQJWKVKDOOEHGHPRQVWUDWHGE\VWUXFWXUDO
analysis considering anticipated loads, strength of formwork, and an estimate of in-place concrete strength.

R26.11.2 5HPRYDORIIRUPZRUN
R26.11.2.1 In determining the time for removal of formwork, consideration should be given to the construction
ORDGVLQSODFHVWUHQJWKRIFRQFUHWHDQGSRVVLELOLW\RIGHÀHFtions greater than acceptable to the licensed design professional (ACI 347 and ACI 347.2R). Construction loads may
EHJUHDWHUWKDQWKHVSHFL¿HGOLYHORDGV(YHQWKRXJKDVWUXFture may have adequate strength to support the applied loads
DWHDUO\DJHVGHÀHFWLRQVFDQFDXVHVHUYLFHDELOLW\SUREOHPV
The removal of formwork for multistory construction
should be a part of a planned procedure developed by the
contractor that considers the temporary support of the entire
structure as well as each individual member. Such a procedure should be planned before construction and should be
based on a structural analysis taking into account at least (a)
through (e):
(a) The structural system that exists at the various stages
of construction, and the construction loads corresponding
to those stages;
(b) The in-place strength of the concrete at the various
stages during construction;
F  7KH LQÀXHQFH RI GHIRUPDWLRQV RI WKH VWUXFWXUH
and shoring system on the distribution of dead loads
and construction loads during the various stages of
construction;
(d) The strength and spacing of shores or shoring systems
used, as well as the method of shoring, bracing, shore
removal, and reshoring including the minimum time
interval between the various operations;
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26.11.2 5HPRYDORIIRUPZRUN

Construction

(a) Design of formwork shall consider (1) through (6):
(1) Method of concrete placement.
(2) Rate of concrete placement.
(3) Construction loads, including vertical, horizontal,
and impact.
(4) Avoidance of damage to previously constructed
members.
(5) For post-tensioned members, allowance for movement of the member during tensioning of the prestressing
reinforcement without damage to the member.
(6) For post-tensioned members, allowance for load
redistribution on formwork resulting from tensioning of
the prestressing reinforcement.
(b) Formwork fabrication and installation shall result in a
¿QDOVWUXFWXUHWKDWFRQIRUPVWRVKDSHVOLQHVDQGGLPHQsions of the members as required by the construction
documents.
F )RUPZRUNVKDOOEHVX൶FLHQWO\WLJKWWRLQKLELWOHDNDJH
of paste or mortar.
(d) Formwork shall be braced or tied together to maintain
position and shape.
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H $Q\RWKHUORDGLQJRUFRQGLWLRQWKDWD൵HFWVWKHVDIHW\RU
serviceability of the structure during construction.
ACI 347.2R provides information for shoring and
reshoring multistory buildings.

(e) The estimate of in-place concrete strength shall be based
RQ WHVWV RI ¿HOGFXUHG F\OLQGHUV RU RQ RWKHU SURFHGXUHV
to evaluate concrete strength approved by the licensed
design professional and, when requested, approved by the
EXLOGLQJR൶FLDO

(f) Formwork shall be removed in such a manner not to
impair safety and serviceability of the structure.
(g) Concrete exposed by formwork removal shall have
VX൶FLHQWVWUHQJWKQRWWREHGDPDJHGE\WKHUHPRYDO
(h) Formwork supports for post-tensioned members shall
QRW EH UHPRYHG XQWLO VX൶FLHQW SRVWWHQVLRQLQJ KDV EHHQ
applied to enable post-tensioned members to support their
dead load and anticipated construction loads.
(i) No construction loads exceeding the combination of
superimposed dead load plus live load including reduction
shall be placed on any unshored portion of the structure
under construction, unless analysis indicates adequate
strength to support such additional loads and without
impairing serviceability.
26.12—Evaluation and acceptance of hardened
concrete
26.12.1 General

R26.11.2.1(e) Evaluation of concrete strength during
FRQVWUXFWLRQPD\EHGHPRQVWUDWHGE\¿HOGFXUHGWHVWF\OLQders or other procedures approved by the licensed design
professional and, when requested, approved by the building
R൶FLDOVXFKDV D WKRXJK G 
(a) Tests of cast-in-place cylinders in accordance with
ASTM C873. This method is limited to use for slabs
where the depth of concrete is between 5 to 12 in.
(b) Penetration resistance in accordance with ASTM C803
(c) Pullout strength in accordance with ASTM C900
(d) Maturity index measurements and correlation in accordance with ASTM C1074
3URFHGXUHV E  F  DQG G  UHTXLUH VX൶FLHQW GDWD IRU
the materials used in the Work to demonstrate correlation
of measurements on the structure with the compressive
strength of molded cylinders or drilled cores. ACI 228.1R
discusses the use of these methods to evaluate the in-place
strength of concrete

R26.11.2.1(i) 7KH QRPLQDO OLYH ORDG VSHFL¿HG RQ WKH
drawings is frequently reduced for members supporting
ODUJHÀRRUDUHDVDQGWKHOLPLWRQFRQVWUXFWLRQORDGVQHHGVWR
account for such reductions.

R26.12—Evaluation and acceptance of hardened
concrete
R26.12.1 General

26.12.1.1 Compliance requirements:
(a) Evaluation of hardened concrete shall be based
on strength tests. A strength test is the average of the
compressive strengths of at least two 6 x 12 in. cylinders
or at least three 4 x 8 in. cylinders made from the same
sample of concrete taken in accordance with ASTM C172
at the point of delivery, handled and standard-cured in
accordance with ASTM C31, and tested in accordance
with ASTM C39 at 28 days or at test age designated for fcƍ.

R26.12.1.1(a) Casting and testing more than the minimum
number of specimens may be desirable in case it becomes
necessary to discard an outlying individual cylinder strength
in accordance with ACI 214R. If individual cylinder
strengths are discarded in accordance with ACI 214R, a
strength test is valid provided at least two individual 6 x
12 in. cylinder strengths or at least three 4 x 8 in. cylinder
strengths are averaged. All individual cylinder strengths that
are not discarded in accordance with ACI 214R are to be
used to calculate the average strength. The size and number
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of specimens representing a strength test should be the
same for each concrete mixture. The cylinder size should be
agreed upon by the owner, licensed design professional, and
testing agency before construction.
Testing three instead of two 4 x 8 in. cylinders preserves the
FRQ¿GHQFHOHYHORIWKHDYHUDJHVWUHQJWKEHFDXVH[LQF\OLQders tend to have approximately 20 percent higher within-test
variability than 6 x 12 in. cylinders (Carino et al. 1994).
Representative concrete samples for making strengthtest specimens are obtained from concrete as delivered to
the project site. For example, samples of concrete delivered
in a truck mixer would be obtained from the truck chute at
discharge. ASTM C172 provides requirements for sampling
FRQFUHWHIURPGL൵HUHQWHTXLSPHQWXVHGLQWKHSURGXFWLRQRU
transportation of concrete.
Note that the term “strength test” does not apply to results
RI WHVWV RQ F\OLQGHUV ¿HOG FXUHG LQ RU RQ WKH VWUXFWXUH DV
described in ASTM C31, nor does it apply to results of tests
on cylinders from laboratory trial batches.
(b) For shotcrete, a strength test shall be the average
strength of at least three 3 in. nominal diameter cores
taken from a test panel prepared in accordance with ASTM
C1140 and tested at 28 days from time of placement or at
test age designated for fcƍ.
(c) The testing agency performing acceptance testing shall
comply with ASTM C1077.

R26.12.1.1(c) ASTM C1077 GH¿QHV WKH GXWLHV UHVSRQsibilities, and minimum technical requirements of testing
DJHQF\ SHUVRQQHO DQG GH¿QHV WKH WHFKQLFDO UHTXLUHPHQWV
for equipment used in testing concrete and concrete aggregates. Agencies that test cylinders or cores to determine
compliance with Code requirements should be accredited
or inspected for conformance to the requirements of ASTM
C1077 by a recognized evaluation authority.

G  &HUWL¿HG ¿HOG WHVWLQJ WHFKQLFLDQV VKDOO SHUIRUP WHVWV
on fresh concrete at the job site, prepare specimens for
VWDQGDUG FXULQJ SUHSDUH VSHFLPHQV IRU ¿HOG FXULQJ LI
required, and record the temperature of the fresh concrete
when preparing specimens for strength tests.

R26.12.1.1(d)7HFKQLFLDQV FDQ EHFRPH FHUWL¿HG WKURXJK
testing and training programs that include written and
performance examinations. Field technicians in charge of
sampling concrete; testing for slump, density (unit weight),
yield, air content, and temperature; and making and curing
WHVW VSHFLPHQV VKRXOG EH FHUWL¿HG LQ DFFRUGDQFH ZLWK WKH
$&,&RQFUHWH)LHOG7HVWLQJ7HFKQLFLDQ²*UDGH&HUWL¿FDtion Program (ACI CPP 610.1-18) or an equivalent program
meeting the requirements of ASTM C1077.

H &HUWL¿HGODERUDWRU\WHFKQLFLDQVVKDOOSHUIRUPUHTXLUHG
laboratory tests.

R26.12.1.1(e) Concrete laboratory testing technicians
SHUIRUPLQJ VWUHQJWK WHVWLQJ VKRXOG EH FHUWL¿HG LQ DFFRUdance with the ACI Concrete Strength Testing Technician
&HUWL¿FDWLRQ3URJUDP ACI CPP 620.2-12) or an equivalent
program meeting the requirements of ASTM C1077.

(f) All reports of acceptance tests shall be provided to
the licensed design professional, contractor, concrete
producer, and, if requested, to the owner and the building
R൶FLDO

R26.12.1.1(f) The Code requires testing reports to be
distributed to the parties responsible for the design, construction, and approval of the Work. Such distribution of test
reports should be indicated in contracts for inspection and
testing services. Prompt distribution of testing reports allows
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IRUWLPHO\LGHQWL¿FDWLRQRIHLWKHUFRPSOLDQFHRUWKHQHHGIRU
corrective action. A complete record of testing allows the
concrete producer to reliably establish appropriate mixture
proportions for future work.

26.12.2 Frequency of testing

R26.12.2 Frequency of testing

26.12.2.1 Compliance requirements:
(a) Samples for preparing strength-test specimens of each
concrete mixture placed each day shall be taken in accordance with (1) through (3):
(1) At least once a day.
(2) At least once for each 150 yd3 of concrete.
(3) At least once for each 5000 ft2 of surface area for
slabs or walls.
(b) On a given project, if total volume of concrete is such
WKDW IUHTXHQF\ RI WHVWLQJ ZRXOG SURYLGH IHZHU WKDQ ¿YH
strength tests for a given concrete mixture, strength test
VSHFLPHQV VKDOO EH PDGH IURP DW OHDVW ¿YH UDQGRPO\
VHOHFWHG EDWFKHV RU IURP HDFK EDWFK LI IHZHU WKDQ ¿YH
batches are used.
(c) If the total quantity of a given concrete mixture is less
than 50 yd3, strength tests are not required if evidence of
satisfactory strength is submitted to and approved by the
EXLOGLQJR൶FLDO
(d) For shotcrete, prepare a shotcrete test panel for each
mixture and each nozzle operator at least once per day or
for every 50 yd3 placed, whichever results in the greater
number of panels.

R26.12.2.1(a) Concrete samples for preparing strengthtest specimens are to be taken on a strictly random basis
if they are to measure properly the acceptability of the
concrete. To be representative within the period of placement, the choice of sampling times, or the concrete batches
to be sampled, is to be made on the basis of chance alone.
Batches are not sampled on the basis of appearance, convenience, or another possibly biased criterion, because the
statistical analyses will lose their validity. ASTM D3665
describes procedures for random selection of the batches
WREHWHVWHG6SHFLPHQVIRURQHVWUHQJWKWHVW DVGH¿QHGLQ
26.12.1.1(a)) are to be made from a single batch, and ASTM
C172 requires that the sample be taken only after all adjustments to the batch are made.
In calculating surface area, only one side of the slab or
wall is considered. Criterion (3) will require more frequent
sampling than once for each 150 yd3 placed if average wall
RUVODEWKLFNQHVVLVOHVVWKDQLQ

26.12.3 $FFHSWDQFHFULWHULDIRUVWDQGDUGFXUHGVSHFLPHQV

R26.12.3 $FFHSWDQFHFULWHULDIRUVWDQGDUGFXUHGVSHFLPHQV

26.12.3.1 Compliance requirements:
(a) Strength level of a concrete mixture shall be acceptable
LI  DQG  DUHVDWLV¿HG
(1) Every average of any three consecutive strength
tests equals or exceeds fcƍ.
(2) No strength test falls below fcƍ by more than 500 psi
if fcƍ is 5000 psi or less; or by more than 0.10fcƍ if fcƍ
exceeds 5000 psi.

(b) If either of the requirements of 26.12.3.1(a) is not satis¿HGVWHSVVKDOOEHWDNHQWRLQFUHDVHVXEVHTXHQWVWUHQJWK
tests.

R26.12.3.1 Evaluation and acceptance of the concrete can
be determined as test results are received during the course
of the Work. Strength tests failing to meet these criteria will
occur occasionally, with a probability of approximately once
in 100 tests (ACI 214R) even though concrete strength and
uniformity are satisfactory. Allowance should be made for
such statistically expected variations in deciding whether
the strength being produced is adequate. The strength acceptance criteria of 26.12.3.1(a) apply to test results from either
4 x 8 in. or 6 x 12 in. test cylinders permitted in 26.12.1.1(a).
7KH DYHUDJH GL൵HUHQFH Carino et al. 1994) between test
results obtained by the two specimen sizes is not considered
WREHVLJQL¿FDQWLQGHVLJQ
R26.12.3.1(b) The steps taken to increase the values of
subsequent strength tests will depend on the particular circumstances but could include one or more of (a) through (g):
(a) Increase in cementitious materials content;
(b) Reduction in or better control of water content;
(c) Use of a water-reducing admixture to improve the
dispersion of cementitious materials;
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(d) Other changes in mixture proportions;
(e) Reduction in delivery time;
(f) Closer control of air content;
(g) Improvement in the quality of the testing, including
strict compliance with ASTM C172, ASTM C31, and
ASTM C39.

26.12.4 Acceptance criteria for shotcrete

R26.12.4 Acceptance criteria for shotcrete

26.12.4.1 Compliance requirements:
(a) Specimens for acceptance tests shall be in accordance
with (1) and (2):
(1) Test panels shall be prepared in the same orientation
and by the same nozzle operator placing shotcrete.
(2) Cores shall be obtained, conditioned, and tested in
accordance with ASTM C1604.
(b) Strength of a shotcrete mixture shall be acceptable if
 DQG  DUHVDWLV¿HG
(1) Every arithmetic average of the strengths from three
consecutive test panels equals or exceeds fcƍ.
(2) The average compressive strength of three cores
from a single test panel is not less than 0.85fcƍ with no
core having a strength less than 0.75fcƍ.
(c) If either of the requirements of 26.12.4.1(b) are not
VDWLV¿HG VWHSV VKDOO EH WDNHQ WR LQFUHDVH WKH DYHUDJH RI
subsequent strength results.
(d) Requirements for investigating low strength-test
results shall apply if the requirements of 26.12.6.1(b)(2)
are not met.

R26.12.4.1(a) Cores taken from shotcrete test panels,
made in accordance with ASTM C1140, typically have
length-to-diameter ratios less than 1.75. Therefore the core
strengths used for comparison with the acceptance criteria
are the values after correction for the length to diameter ratio
in accordance with ASTM C1604.

26.12.5 Acceptance criteria for density of lightweight
concrete

R26.12.5 Acceptance criteria for density of lightweight
concrete

26.12.5.1 Compliance requirements:
(a) Frequency of sampling for determining fresh density
shall be according to 26.12.2.
(b) Sampling of lightweight concrete for determining fresh
density shall be at the point of delivery in accordance with
ASTM C172.
(c) Fresh density of lightweight concrete shall be determined in accordance with ASTM C138.
American Concrete Institute – Copyrighted © Material – www.concrete.org
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(c) Requirements of 26.12.6 for investigating strength
tests shall apply if the requirements of 26.12.3.1(a)(2) are
not met.
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Such changes in operating procedures or small changes
in cementitious materials content or water content should
not require a formal resubmission of mixture proportions;
however, changes in sources of cement, aggregates, or
admixtures should be accompanied by evidence submitted
to the licensed design professional that the concrete strength
will be improved.
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(d) Unless otherwise permitted by the licensed design
professional, fresh density of lightweight concrete shall be
DFFHSWDEOHLIZLWKLQOEIW3 of the fresh density correVSRQGLQJWRWKHVSHFL¿HGHTXLOLEULXPGHQVLW\

26.12.6 Investigation of strength tests
26.12.6.1 Compliance requirements:

COMMENTARY
R26.12.5(d) The permitted tolerance for fresh concrete
GHQVLW\IRUDPL[WXUHGHVLJQHGIRUWKHVSHFL¿HGHTXLOLEULXP
density, wc, is intended to account for variations in aggregate
moisture, air content, and batch quantities. The impact of the
tolerance in density on the value of Ȝ assumed in design is
minimal and deemed to be acceptable. The Licensed Design
Professional can consider permitting a larger tolerance on
fresh density to accommodate these expected variations
when appropriate.
R26.12.6 Investigation of strength tests
R26.12.6.1 Requirements are provided if strength tests
have failed to meet the acceptance criterion of 26.12.3.1(a)
  RU LI WKH DYHUDJH VWUHQJWKV RI ¿HOGFXUHG F\OLQGHUV GR
not comply with 26.5.3.2(e). These requirements are applicable only for evaluation of in-place strength at the time of
construction. Strength evaluation of existing structures is
covered by Chapter 277KH EXLOGLQJ R൶FLDO VKRXOG DSSO\
MXGJPHQW DV WR WKH VLJQL¿FDQFH RI ORZ WHVW UHVXOWV DQG
whether they indicate need for concern. If further investigation is deemed necessary, such investigation may include
in-place tests as described in ACI 228.1R or, in extreme
cases, measuring the compressive strength of cores taken
from the structure.
In-place tests of concrete, such as probe penetration
(ASTM C803), rebound hammer (ASTM C805), or pullout
test (ASTM C900), may be useful in determining whether
a portion of the structure actually contains low-strength
concrete. Unless these in-place tests have been correlated
with compressive strength using accepted procedures, such
as described in ACI 228.1R, they are of value primarily for
comparisons within the same structure rather than as quantitative estimates of strength.
For cores, if required, conservative acceptance criteria are
provided that should ensure structural adequacy for virtually any type of construction (Bloem 1965, 1968; Malhotra
1976, 1977). Lower strength may be tolerated under many
circumstances, but this is a matter of judgment on the part of
WKHOLFHQVHGGHVLJQSURIHVVLRQDODQGEXLOGLQJR൶FLDO,IWKH
strengths of cores obtained in accordance with 26.12.6.1(d)
fail to comply with 26.12.6.1(e), it may be practicable,
SDUWLFXODUO\ LQ WKH FDVH RI ÀRRU RU URRI V\VWHPV IRU WKH
EXLOGLQJR൶FLDOWRUHTXLUHDVWUHQJWKHYDOXDWLRQDVGHVFULEHG
in Chapter 27. Short of a strength evaluation, if time and
FRQGLWLRQV SHUPLW DQ H൵RUW PD\ EH PDGH WR LPSURYH WKH
strength of the concrete in place by supplemental wet curing.
(൵HFWLYHQHVVRIVXSSOHPHQWDOFXULQJVKRXOGEHYHUL¿HGE\
further strength evaluation using procedures previously
discussed.
The Code, as stated, concerns itself with achieving structural safety, and the requirements for investigation of low
strength-test results (26.12.6) are aimed at that objective. It
is not the function of the Code to assign responsibility for
VWUHQJWKGH¿FLHQFLHV
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E ,IWKHOLNHOLKRRGRIORZVWUHQJWKFRQFUHWHLVFRQ¿UPHG
and calculations indicate that structural adequacy is significantly reduced, tests of cores drilled from the area in question in accordance with ASTM C42 shall be permitted. In
such cases, three cores shall be taken for each strength
test that falls below fcƍ by more than the limit allowed for
acceptance.
F 7KHOLFHQVHGGHVLJQSURIHVVLRQDORUWKHEXLOGLQJR൶cial shall be permitted to modify details of core tests as
stated in ASTM C42.

R26.12.6.1(a),IWKHVWUHQJWKRI¿HOGFXUHGF\OLQGHUVGRHV
not conform to 26.5.3.2(e), steps need to be taken to improve
WKHFXULQJ,IVXSSOHPHQWDOLQSODFHWHVWVFRQ¿UPDSRVVLEOH
GH¿FLHQF\LQVWUHQJWKRIFRQFUHWHLQWKHVWUXFWXUHFRUHWHVWV
may be required to evaluate structural adequacy.

R26.12.6.1(c) Some default requirements in ASTM C42
DUHSHUPLWWHGWREHDOWHUHGE\WKH³VSHFL¿HURIWKHWHVWV´ZKR
LVGH¿QHGLQ$670&DV³WKHLQGLYLGXDOUHVSRQVLEOHIRU
analysis or review and acceptance of core test results.” For
WKHSXUSRVHVRI$&,WKH³VSHFL¿HURIWKHWHVWV´LVWKH
OLFHQVHGGHVLJQSURIHVVLRQDORUWKHEXLOGLQJR൶FLDO

(d) Cores shall be obtained, moisture-conditioned by
storage in watertight bags or containers, transported to
the testing agency, and tested in accordance with ASTM
C42. Cores shall be tested between 5 days after last being
wetted and 7 days after coring unless otherwise approved
E\WKHOLFHQVHGGHVLJQSURIHVVLRQDORUEXLOGLQJR൶FLDO

R26.12.6.1(d) The use of a water-cooled core barrel or a
water-cooled saw for end trimming results in a core with a
moisture gradient between the exterior surface and the interior. This gradient lowers the apparent compressive strength
of the core (Bartlett and MacGregor 1994). The requirement
of at least 5 days between the time of last being wetted and
time of testing provides time for the moisture gradient to
be reduced. If a water-cooled saw is used for end trimming,
the conditioning period begins when sawing is completed.
The maximum time of 7 days between coring and testing
is intended to ensure timely testing of cores if strength of
concrete is in question. If end trimming with a water-cooled
saw is necessary, it should be done within 2 days of drilling
the core to meet the time limits established by the testing
criterion.
Research (Bartlett and MacGregor 1994) has also shown
that other moisture conditioning procedures, such as soaking
RU DLU GU\LQJ D൵HFW PHDVXUHG FRUH VWUHQJWKV DQG UHVXOW LQ
conditions that are not representative of the in-place concrete.
Therefore, to provide reproducible moisture conditions that
are representative of in-place conditions, a standard moisture conditioning procedure that permits dissipation of moisture gradients is prescribed for cores. ASTM C42 permits
WKH VSHFL¿HU RI WKH WHVWV WR PRGLI\ WKH GHIDXOW GXUDWLRQ RI
PRLVWXUH FRQGLWLRQLQJ EHIRUH WHVWLQJ 7KH VSHFL¿HU RI WKH
tests, however, must be aware of the potential reduction in
strength if cores are tested before moisture gradients are
allowed to dissipate.

(e) Concrete in an area represented by core tests shall be
FRQVLGHUHGVWUXFWXUDOO\DGHTXDWHLI  DQG  DUHVDWLV¿HG
(1) The average of three cores is equal to at least 85
percent of fcƍ.
(2) No single core is less than 75 percent of fcƍ.

R26.12.6.1(e) An average core strength of 85 percent of
WKH VSHFL¿HG VWUHQJWK LV UHDOLVWLF Bloem 1968). It is not
realistic, however, to expect the average core strength to
be equal to fcƍEHFDXVHRIGL൵HUHQFHVLQWKHVL]HRIVSHFLmens, conditions of obtaining specimens, degree of consolidation, and curing conditions. The acceptance criteria for
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(a) If any strength test of standard-cured cylinders falls
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structural adequacy of the structure is not jeopardized.
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core strengths have been established with consideration that
cores for investigating low strength-test results will typically
EH H[WUDFWHG DW DQ DJH ODWHU WKDQ VSHFL¿HG IRU fcƍ For the
purpose of satisfying 26.12.4.1(e), this Code does not intend
that core strengths be adjusted for the age of the cores.

(f) Additional testing of cores extracted from locations
represented by erratic core strength results shall be
permitted.
(g) If criteria for evaluating structural adequacy based
on core strength results are not met, and if the structural
adequacy remains in doubt, the responsible authority shall
be permitted to order a strength evaluation in accordance
with Chapter 27 for the questionable portion of the structure or take other appropriate action.
26.12.7 $FFHSWDQFHRIVWHHO¿EHUUHLQIRUFHGFRQFUHWH
26.12.7.1 Compliance requirements:
D  6WHHO ¿EHUUHLQIRUFHG FRQFUHWH XVHG IRU VKHDU UHVLVtance shall satisfy (1) through (3):
(1) The compressive strength acceptance criteria for
standard-cured specimens
 7KHUHVLGXDOVWUHQJWKREWDLQHGIURPÀH[XUDOWHVWLQJ
in accordance with ASTM C1609DWDPLGVSDQGHÀHFWLRQRIRIWKHVSDQOHQJWKLVDWOHDVWWKHJUHDWHURI
(i) and (ii):
L   SHUFHQW RI WKH PHDVXUHG ¿UVWSHDN VWUHQJWK
REWDLQHGIURPDÀH[XUDOWHVWDQG
(ii) 90 percent of the strength corresponding to 7.5 f c′
 7KHUHVLGXDOVWUHQJWKREWDLQHGIURPÀH[XUDOWHVWLQJ
LQDFFRUGDQFHZLWK$670&DWDPLGVSDQGHÀHFWLRQRIRIWKHVSDQOHQJWKLVDWOHDVWWKHJUHDWHURI
(i) and (ii):
L   SHUFHQW RI WKH PHDVXUHG ¿UVWSHDN VWUHQJWK
REWDLQHGIURPDÀH[XUDOWHVWDQG
(ii) 75 percent of the strength corresponding to 7.5 f c′
26.13—Inspection
26.13.1 General

R26.12.7 $FFHSWDQFHRIVWHHO¿EHUUHLQIRUFHGFRQFUHWH
R26.12.7.1 The performance criteria for the ASTM C1609
WHVWV DUH EDVHG RQ UHVXOWV IURP ÀH[XUDO WHVWV Chen et al.
1995  FRQGXFWHG RQ VWHHO ¿EHUUHLQIRUFHG FRQFUHWHV ZLWK
¿EHUW\SHVDQGFRQWHQWVVLPLODUWRWKRVHXVHGLQWKHWHVWVRI
beams that served as the basis for 9.6.3.1.
7KHWHUP³UHVLGXDOVWUHQJWK´LVGH¿QHGLQ$670&
DQG LV UHODWHG WR WKH DELOLW\ RI FUDFNHG ¿EHUUHLQIRUFHG
concrete to resist tension. The strength of 7.5 f c′ is consistent with the design modulus of rupture of the concrete
provided by Eq. (19.2.3.1).

R26.13—Inspection
R26.13.1 General
The quality of concrete structures depends largely on
workmanship in construction. The best materials and
GHVLJQ SUDFWLFHV ZLOO QRW EH H൵HFWLYH XQOHVV FRQVWUXFWLRQ
is performed well. Inspection is necessary to verify that
construction is in accordance with construction documents.
Proper performance of the structure depends on construction
that accurately represents the design and meets the requirements of this Code.
Some general building codes have incorporated inspection
requirements based upon established procedures such as PCI
3ODQW&HUWL¿FDWLRQ
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26.13.1.1 Concrete construction shall be inspected as
required by the general building code, and as a minimum,
the inspection shall comply with the requirements provided
in 26.13. In the absence of a general building code, concrete
construction shall be inspected in accordance with the provisions of this Code.

R26.13.1.1 By inspection, this Code does not intend that
the inspector should supervise the construction. Rather, it
means the inspector should visit the project as necessary to
observe the various stages of Work and determine that it is
being performed in conformance with the construction documents. The frequency of inspections should follow 26.13.3
for items requiring continuous or periodic inspection.
Inspection does not relieve the contractor from the obligation to follow the construction documents and to provide the
designated quality and quantity of materials and workmanship for all stages of the Work.
This Code prescribes minimum requirements for inspection of all structures within its scope. This Code is not a
FRQVWUXFWLRQ VSHFL¿FDWLRQ DQG DQ\ XVHU RI WKLV &RGH PD\
require higher standards of inspection than cited in the
general building code or this Code if additional requirements
are necessary. ACI 311.4R describes the recommended
procedure for organizing and conducting concrete inspection and serves as a guide to owners, architects, and engineers. ACI SP-2 describes methods of inspecting concrete
construction that are generally accepted as good practice
and serves as a guide in matters not covered by construction
documents.

26.13.1.2 Inspection of concrete construction shall be
conducted by the licensed design professional responsible
for the design, a person under the supervision of the licensed
GHVLJQ SURIHVVLRQDO RU D TXDOL¿HG LQVSHFWRU 7KH LQVSHFtion shall verify conformance with construction documents
throughout the various Work stages. If an inspector conducts
inspection of formwork, concrete placement, reinforcement,
DQGHPEHGPHQWVWKHLQVSHFWRUVKDOOEHFHUWL¿HG

R26.13.1.2 The licensed design professional responsible
for the design is in the best position to determine if construction is in conformance with the construction documents.
However, if the licensed design professional responsible for
the design is not retained, inspection of construction through
other licensed design professionals or through separate
inspection organizations with demonstrated capability for
performing the inspection may be used.
Inspectors should establish their capability of performing
LQVSHFWLRQ UHTXLUHPHQWV E\ EHFRPLQJ FHUWL¿HG WR LQVSHFW
and record the results of concrete construction, including
pre-placement, placement, and post-placement through the
$&, &RQFUHWH &RQVWUXFWLRQ 6SHFLDO ,QVSHFWRU &HUWL¿FDWLRQ
Program (ACI CPP 630.1-15) or equivalent.
In some jurisdictions, legislation has established registration or licensing procedures for persons performing certain
inspection functions. The general building code should be
UHYLHZHG RU WKH EXLOGLQJ R൶FLDO VKRXOG EH FRQVXOWHG WR
GHWHUPLQH LI DQ\ VXFK UHTXLUHPHQWV H[LVW ZLWKLQ D VSHFL¿F
MXULVGLFWLRQ7KHEXLOGLQJR൶FLDOPD\EHFRQWDFWHGIRUFODUL¿FDWLRQRIWKHLQVSHFWLRQUHTXLUHPHQWVLIQRWFOHDUO\LGHQWL¿HGLQWKHJHQHUDOEXLOGLQJFRGH
If inspection is conducted independently of the licensed design
professional responsible for the design, it is recommended
that the licensed design professional responsible for the design
review inspection reports and observe portions of the Work to
verify that the design requirements are properly executed.
Inspection reports should be distributed promptly to the
owner, licensed design professional responsible for the
design, contractor, appropriate subcontractors, appropriate
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VXSSOLHUVDQGWKHEXLOGLQJR൶FLDOWRDOORZWLPHO\LGHQWL¿FDtion of compliance or the need for corrective action.
Inspection responsibility and the degree of inspection required should be set forth in the contracts between
the owner, architect, engineer, contractor, and inspector.
Adequate resources should be provided to properly perform
and oversee the inspection.

26.13.1.3 Inspection of concrete placement and reinforcement for special moment frames, boundary elements of
special structural walls, coupling beams, and precast concrete
diaphragms assigned to SDC C, D, E, or F using moderate or
high-deformability connections, shall be performed under the
supervision of the licensed design professional responsible for
the design, by a person under the supervision of a licensed
design professional with demonstrated capability to supervise
LQVSHFWLRQRIWKHVHHOHPHQWVRUE\DFHUWL¿HGLQVSHFWRU,QVWDOlation tolerances of precast concrete diaphragm connections
shall be inspected for compliance with ACI 550.5.

R26.13.1.3 The purpose of this requirement is to verify
that the detailing required in special moment frames and
special structural walls is properly executed through inspecWLRQE\SHUVRQQHOZKRDUHFHUWL¿HGWRLQVSHFWWKHVHHOHPHQWV
&HUWL¿FDWLRQRILQVSHFWRUVVKRXOGEHDFFHSWDEOHWRWKHMXULVdiction enforcing the general building code and as described
in R26.13.1.2.
Continuous construction inspection is needed for completion of connections for precast concrete diaphragms designed
in accordance with 18.12.1.1 to verify the tolerances speci¿HGLQACI 550.5 are met.

26.13.1.4 Inspection of reinforcement welding shall be
SHUIRUPHG E\ D TXDOL¿HG ZHOGLQJ LQVSHFWRU LQ DFFRUGDQFH
with AWS D1.4. The weldability of reinforcement other than
ASTM A706VKDOOEHFRQ¿UPHGE\GRFXPHQWDWLRQLQDFFRUdance with 26.6.4.
26.13.1.5 Inspection of the installation of post-installed
expansion (torque-controlled and displacement-controlled),
screw, and undercut anchors shall be performed by a certi¿HGLQVSHFWRURUDTXDOL¿HGLQVSHFWRUVSHFL¿FDOO\DSSURYHG
for that purpose by the Licensed Design Professional and the
EXLOGLQJR൶FLDO

R26.13.1.5 The International Building Code (IBC 2018)
requires inspection of all post-installed anchors. For postinstalled expansion (torque-controlled and displacementcontrolled), screw, and undercut anchors, monitoring of
LQVWDOODWLRQ E\ D FHUWL¿HG LQVSHFWRU LV UHFRPPHQGHG WR
ensure required installation procedures are followed. Certi¿FDWLRQ LV HVWDEOLVKHG WKURXJK DQ LQGHSHQGHQW DVVHVVPHQW
such as the ACI Post-Installed Concrete Anchor Installation
Inspector program (ACI CPP 681.2-19), or similar program
with equivalent requirements.

26.13.1.6 The installation inspection of all adhesive
DQFKRUVVKDOOEHSHUIRUPHGE\DFHUWL¿HGLQVSHFWRU

R26.13.1.6 The installation of all adhesive anchors requires
LQVSHFWLRQE\DFHUWL¿HGLQVSHFWRU&HUWL¿FDWLRQLVHVWDEOLVKHG
through an independent assessment such as the ACI Adhesive
Anchor Installation Inspector program (ACI CPP 681.1-17),
or similar program with equivalent requirements.
7KH LQVWDOODWLRQ RI DGKHVLYH DQFKRUV LGHQWL¿HG LQ WKH
construction documents as resisting sustained tensile loads
in horizontal or upwardly inclined orientations (clockwise
from 9 o’clock to 3 o’clock) poses challenges to the installer
and requires particular attention to execution quality as well
as an enhanced level of oversight. It is required that these
DQFKRULQVWDOODWLRQVEHLQVSHFWHGE\DFHUWL¿HGLQVSHFWRUZKR
is continuously present when and where the installations are
being performed.

26.13.2 Inspection reports

R26.13.2 Inspection reports
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26.13.2.1 Inspection reports shall document inspected
items and be developed throughout each construction Work
stage. Records of the inspection shall be preserved by the
party performing the inspection for at least 2 years after
completion of the project.

R26.13.2.1 A record of inspection is required in case
questions subsequently arise concerning the performance
or safety of the structure or members. Photographs documenting construction progress are also desirable.
The general building code or other legal documents may
require these records be preserved longer than two years
after completion of the project.

R26.13.2.2(d) The term “ambient temperature” means
the temperature of the environment to which the concrete is
directly exposed. Concrete temperature as used in this section
may be taken as the surface temperature of the concrete.
Surface temperatures may be determined by placing temperature sensors in contact with concrete surfaces or between
concrete surfaces and covers used for curing, such as insulation blankets or plastic sheeting.

(e) Placement of reinforcement and tensioning of prestressing
reinforcement including measurement and recording of
tendon elongation and force from a calibrated gauge.
26.13.2.3 For ASTM A615 deformed reinforcement
used in special seismic systems, verify mill test reports for
compliance with the construction documents.

R26.13.2.3 If ASTM A615 reinforcement is used for
special seismic applications, it is important that the inspector
UHYLHZ WKH PLOO FHUWL¿FDWHV IRU FRPSOLDQFH ZLWK WKH DSSOLcable requirements provided in the construction documents.

26.13.2.47HVW UHSRUWV VKDOO EH YHUL¿HG WR FRQ¿UP ZHOGability of reinforcement other than ASTM A706, if weldability is required.
26.13.2.5 For post-installed expansion (torque-controlled
and displacement-controlled), screw, and undercut anchors
and adhesive anchors, materials, and installation proceGXUHV VKDOO EH YHUL¿HG IRU FRQIRUPDQFH ZLWK WKH DSSURYHG
construction documents and the manufacturer’s recommended procedures, which are the Manufacturer’s Printed
Installation Instructions (MPII) in the case of adhesive
DQFKRUV &RQ¿UP SURFHGXUHV DQG UHVXOWV RI SURRI ORDGLQJ
where required in accordance with 26.7.1(k).
26.13.3 ,WHPVUHTXLULQJLQVSHFWLRQ
26.13.3.18QOHVVRWKHUZLVHVSHFL¿HGLQWKHJHQHUDOEXLOGLQJ
code, items shall be continuously or periodically inspected in
accordance with 26.13.3.2 and 26.13.3.3, respectively.

R26.13.3 ,WHPVUHTXLULQJLQVSHFWLRQ
R26.13.3.1 Table 1705 in Chapter 17 of the 2012 IBC was
used to determine which items of Work require continuous
or periodic inspection.
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(a) General progress of the Work.
E  $Q\ VLJQL¿FDQW FRQVWUXFWLRQ ORDGLQJV RQ FRPSOHWHG
ÀRRUVPHPEHUVRUZDOOV
(c) The date and time of mixing, quantity of concrete
SODFHG LGHQWL¿FDWLRQ RI PL[WXUHV XVHG DSSUR[LPDWH
placement location in the structure, and results of tests
for fresh and hardened concrete properties for all concrete
mixtures used in the Work.
(d) Concrete temperatures and protection given to concrete
during placement and curing if the ambient temperature
falls below 40°F or rises above 95°F.

Construction

26.13.2.2 Inspection reports shall document (a) through (e):
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26.13.3.2 ,WHPV UHTXLULQJ YHUL¿FDWLRQ DQG FRQWLQXRXV
inspection shall include (a) through (e):
(a) Prior to placement, concrete mixture for intended
location.
(b) Tensioning of prestressing reinforcement and grouting
of bonded tendons.
(c) Placement of reinforcement for special moment
frames, boundary elements of special structural walls, and
coupling beams.
(d) Welding of reinforcement for special moment frames,
boundary elements of special structural walls, and
coupling beams.
(e) Post-installed anchor installation, if required as a
condition of the anchor assessment or if adhesive anchors
are installed in horizontal or upwardly inclined orientations to resist sustained tensile loads.
26.13.3.3,WHPVUHTXLULQJYHUL¿FDWLRQDQGSHULRGLFLQVSHFtion shall include (a) through (j):
(a) Placement of reinforcement, embedments, and posttensioning tendons.
(b) Welding of reinforcement except as required in
26.13.3.2(d).
(c) Curing method and duration of curing for each member.
(d) Construction and removal of forms and reshoring.
(e) Sequence of erection and connection of precast
members.

I  9HUL¿FDWLRQ RI LQSODFH VWUHQJWK RI FRQFUHWH EHIRUH
stressing post-tensioned tendons and before removal of
shores and formwork from beams and structural slabs.
(g) Placement of cast-in-anchors and anchor reinforcement, including tolerances required for location of anchor
reinforcement.
(h) Installation of post-installed expansion (torquecontrolled and displacement-controlled) screw, and
undercut anchors.
(i) Installation of adhesive anchors, except as required in
26.13.3.2(e).

R26.13.3.3(e) Some jurisdictions may require continuous
inspection of sequence of erection and connection of precast
members, and also may require inspection of the shoring,
bracing, or other temporary measures.

R26.13.3.3(i) Inspection requirements for adhesive
DQFKRUVDUHGL൵HUHQWIURPRWKHUSRVWLQVWDOOHGDQFKRUVDQG
are derived from four sources: a) the general building code,
which requires periodic inspection for anchors in concrete;
E WKHDVVHVVPHQWDQGTXDOL¿FDWLRQRIWKHDQFKRUXQGHUWKH
provisions of ACI 355.4, which may require either periodic inspection or continuous inspection with proof loading
depending on the strength reduction factors assigned to the
anchor; c) the requirements of 26.13.3.2(e), which mandate
continuous inspection for anchors in a horizontal or upwardly
inclined orientation to resist sustained tension loads; and d)
the proof loading requirement of 26.13.2.5.

(j) Proof loading of anchors if required in accordance with
26.13.2.5.
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27.1—Scope
27.1.1 Provisions of this chapter shall apply to strength
evaluation of existing structures by analytical means or by
load testing.

R27.1—Scope
R27.1.1 Provisions of this chapter may be used to evaluate
ZKHWKHU D VWUXFWXUH RU D SRUWLRQ RI D VWUXFWXUH VDWLV¿HV WKH
safety requirements of the Code. A strength evaluation may
EH UHTXLUHG LI WKH PDWHULDOV DUH FRQVLGHUHG WR EH GH¿FLHQW
in quality, if there is evidence indicating faulty construction, if a building will be used for a new function, or if, for
any reason, a structure or a portion of it does not appear
to satisfy the requirements of the Code. In such cases, this
chapter provides guidance for investigating the safety of the
structure. This chapter does not cover load testing for the
approval of new design or construction methods. Acceptance of alternative materials or systems is covered in 1.10.

27.2—General
27.2.1 If there is doubt that a part or all of a structure meets
the safety requirements of this Code and the structure is to
remain in service, a strength evaluation shall be carried out
as required by the licensed design professional or building
R൶FLDO

R27.2—General
R27.2.1 If a load test is described as part of the strength
evaluation process, it is desirable for all parties to agree on
the region to be loaded, the magnitude of the load, the load
test procedure, and acceptance criteria before any load tests
are conducted. If the safety concerns are related to an assemblage of members or an entire structure, it is not feasible
to load test every member and section. In such cases, it
is appropriate that an investigation plan be developed to
DGGUHVVWKHVSHFL¿FVDIHW\FRQFHUQV

27.2.2,IWKHH൵HFWRIDVWUHQJWKGH¿FLHQF\LVZHOOXQGHUstood and it is practical to measure the dimensions and determine the material properties of the members required for
analysis, an analytical evaluation of strength based on this
information is permitted. Required data shall be determined
in accordance with 27.3.

R27.2.2 Strength considerations related to axial load,
ÀH[XUHDQGFRPELQHGD[LDOORDGDQGÀH[XUHDUHZHOOXQGHUstood. There are reliable theories relating strength and shortterm displacement to load in terms of member dimensional
and material data. To determine the strength of the structure
by analysis, calculations should be based on data gathered
on the actual dimensions of the structure, properties of the
materials in place, and all pertinent details.

27.2.3 ,I WKH H൵HFW RI D VWUHQJWK GH¿FLHQF\ LV QRW ZHOO
understood or it is not practical to measure the dimensions and determine the material properties of the members
required for analysis, a load test is required in accordance
with 27.4.

R27.2.3 If the shear or bond strength of a member is critical in relation to the doubt expressed about safety, a test
PD\EHWKHPRVWH൶FLHQWVROXWLRQWRHOLPLQDWHRUFRQ¿UPWKH
doubt. A test may also be appropriate if it is not feasible to
determine the material and dimensional properties required
IRUDQDO\VLVHYHQLIWKHFDXVHRIWKHFRQFHUQUHODWHVWRÀH[XUH
or axial load. Wherever possible and appropriate, the results
of the load test should be supported by analysis.

27.2.4 If uncertainty about the strength of part or all of a
structure involves deterioration, and if the observed response
GXULQJWKHORDGWHVWVDWLV¿HVWKHDFFHSWDQFHFULWHULDLQ
or 27.6 for the selected load test procedure, the structure or
part of the structure is permitted to remain in service for a
WLPHSHULRGVSHFL¿HGE\WKHOLFHQVHGGHVLJQSURIHVVLRQDO,I
deemed necessary by the licensed design professional, periodic reevaluations shall be conducted.

R27.2.4 For a deteriorating structure, acceptance provided
by the load test is, by necessity, limited in terms of future
service life. In such cases, a periodic inspection program is
useful. A program that involves physical tests and periodic
inspection can justify a longer period in service. Another
option for maintaining the structure in service, while the
periodic inspection program continues, is to limit the live
load to a level determined to be appropriate in accorGDQFH ZLWK 7KH OHQJWK RI WKH VSHFL¿HG WLPH SHULRG
between inspections should be based on consideration of:
a) the nature of the deterioration; b) environmental and load
H൵HFWVF VHUYLFHKLVWRU\RIWKHVWUXFWXUHDQGG VFRSHRIWKH
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SHULRGLFLQVSHFWLRQSURJUDP$WWKHHQGRIDVSHFL¿HGWLPH
period, further strength evaluation is required if the structure
is to remain in service. With the agreement of all concerned
parties, procedures may be devised for periodic testing that
do not necessarily conform to the loading and acceptance
FULWHULDVSHFL¿HGZLWKLQWKLVFKDSWHU

27.2.5 If the structure under investigation does not satisfy
conditions or criteria of 27.3, 27.5, or 27.6, the structure
shall be permitted for use at a lower load rating, based on
the results of the load test or analysis, and if approved by the
EXLOGLQJR൶FLDO

R27.2.5 Except for load tested members that have failed
XQGHUDWHVW UHIHUWR WKHEXLOGLQJR൶FLDOPD\SHUPLW
the use of a structure or member at a lower load rating that is
judged to be safe and appropriate on the basis of the strength
evaluation.

27.3—Analytical strength evaluation
27.3.1 9HUL¿FDWLRQRIDVEXLOWFRQGLWLRQ

R27.3—Analytical strength evaluation
R27.3.1 9HUL¿FDWLRQRIDVEXLOWFRQGLWLRQ

27.3.1.1$VEXLOW GLPHQVLRQV RI PHPEHUV VKDOO EH ¿HOG
YHUL¿HGDWFULWLFDOVHFWLRQV

R27.3.1.1 As-built dimensions at critical locations
UHTXLULQJ ¿HOG YHUL¿FDWLRQ DUH WKRVH GLPHQVLRQV QHFHVsary to quantify the performance at those sections. Critical
VHFWLRQV IRU GL൵HUHQW ORDG H൵HFWV VXFK DV PRPHQW VKHDU
force, and axial force, are locations where stresses caused
E\ VXFK H൵HFWV UHDFK WKHLU PD[LPXP YDOXH DQG DV IXUWKHU
GH¿QHG IRU YDULRXV PHPEHU W\SHV LQ WKH &RGH $GGLWLRQDOO\FULWLFDOVHFWLRQVPD\EHGH¿QHGE\VSHFL¿FFRQGLWLRQV
in the structure being evaluated, such as localized member
deterioration.

27.3.1.2 Locations and sizes of reinforcement shall be
determined by measurement. It shall be permitted to base
UHLQIRUFHPHQWORFDWLRQVRQDYDLODEOHGUDZLQJVLI¿HOGYHUL¿HGDWUHSUHVHQWDWLYHORFDWLRQVWRFRQ¿UPWKHLQIRUPDWLRQRQ
the drawings.

R27.3.1.2 If investigating individual members, the
amount, size, arrangement, and location of reinforcement
designed to resist applied load should be determined at
the critical sections. Nondestructive investigation methods
are generally acceptable. In structures with many critical
sections, the frequency of measurements may be reduced if
WKH¿HOGPHDVXUHPHQWVDUHFRQVLVWHQW

27.3.1.3 If required, an estimated equivalent fcƍ shall be
based on analysis of results of cylinder tests from the original construction, tests of cores removed from the structure,
or both sets of data. Original cylinder data and core test data
shall be representative of the area of concern.

R27.3.1.3 Guidance on estimating equivalent fcƍ from
original cylinder data can be found in Bartlett (2012).
ACI Committee 214 has developed two methods for determining an equivalent fcƍ from cores taken from an existing
structure. These methods are described in ACI 214.4R
and rely on statistical analysis techniques. The procedures
described are only appropriate where the determination of an
equivalent fcƍ is necessary for the strength evaluation of an
existing structure and should not be used to investigate low
cylinder strength test results in new construction, which is
considered in 26.12.4. The number of core tests may depend
on the size of the structure and the sensitivity of structural
safety to concrete strength.

27.3.1.4 The method for obtaining and testing cores shall
be in accordance with ASTM C42.
27.3.1.5 The properties of reinforcement are permitted
to be based on tensile tests of representative samples of the
material in the structure.

R27.3.1.5 The number of tests required depends on the
uniformity of the material within the structure and should be
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determined by the licensed design professional responsible
for the evaluation.

27.3.2 Strength reduction factors

R27.3.2 Strength reduction factors

27.3.2.1 If dimensions, size, and location of reinforcement, and material properties are determined in accordance
with 27.3.1, it is permitted to increase ࢥ from the design
values elsewhere in this Code; however, ࢥ shall not exceed
the limits in Table 27.3.2.1.

R27.3.2.1 The strength reduction factors are larger than
WKRVH GH¿QHG LQ Chapter 21. These increased values are
MXVWL¿HGE\WKHXVHRI¿HOGREWDLQHGPDWHULDOSURSHUWLHVDQG
actual in-place dimensions.

Table 27.3.2.1—Maximum permissible strength
reduction factors
Transverse
Maximum
reinforcement permissible ࢥ

&ODVVL¿FDWLRQ
Tension controlled

Flexure, axial,
or both

[1]

Compression
controlled

All cases

1.0

[1]

Spirals

0.9

Other

0.8

Shear, torsion,
or both

0.8

Bearing

0.8

Spirals shall satisfy 10.7.6.3, 20.2.2, and 25.7.3.

27.4—Strength evaluation by load test
27.4.1 Load tests shall be conducted either monotonically
in accordance with 27.5 or cyclically in accordance with
27.6.

R27.4—Strength evaluation by load test
R27.4.1 If the strength of the structure being evaluated may
be limited by the strength of concrete or the expected failure
of the structure is controlled by shear or development of the
reinforcement, the monotonic load test procedure is recommended. The monotonic procedure is recommended because
the sustained load applied during the monotonic test allows
greater time for widening and propagation of cracks, creep,
and slip of reinforcement compared with the cyclic procedure.

27.4.2 Load tests shall be conducted in a manner that
provides for safety of life and the structure during the test.
27.4.3 Safety measures shall not interfere with the load
WHVWRUD൵HFWWKHUHVXOWV
27.4.4 The portion of the structure subject to the test load
shall be at least 56 days old. If the owner of the structure,
the contractor, the licensed design professional, and all other
involved parties agree, it shall be permitted to perform the
load test at an earlier age.

R27.4.42WKHULQYROYHGSDUWLHVPD\LQFOXGHEXLOGLQJR൶cials, concrete subcontractors, and persons with a future
interest in the structure.

27.4.5 A precast member to be made composite with castLQSODFHFRQFUHWHVKDOOEHSHUPLWWHGWREHWHVWHGLQÀH[XUHDV
a precast member alone in accordance with (a) and (b):
(a) Test loads shall be applied only when calculations indicate the isolated precast member will not fail by compression or buckling.
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(b) The test load, when applied to the precast member
alone, shall induce the same total force in the tensile reinforcement as would be produced by loading the composite
member with the test load in accordance with 27.4.6.
R27.4.6 7HVWORDGDUUDQJHPHQWDQGORDGIDFWRUV

27.4.6 7HVWORDGDUUDQJHPHQWDQGORDGIDFWRUV
27.4.6.1 Test load arrangements shall be selected to maxiPL]HWKHORDGH൵HFWVLQWKHFULWLFDOUHJLRQVRIWKHPHPEHUV
being evaluated.

R27.4.6.1 It is important to apply the load at locations so
WKHH൵HFWVRQWKHVXVSHFWHGGH¿FLHQF\DUHDPD[LPXPDQG
sharing of the applied load with unloaded members is minimized. In cases where it is shown by analysis that adjoining
unloaded members will help resist some of the load, the test
ORDGVKRXOGEHDGMXVWHGWRSURGXFHDSSURSULDWHORDGH൵HFWV
in the critical region of the members being evaluated.

27.4.6.2 The total test load Tt, including dead load already
in place, shall be at least the greatest of (a), (b), and (c):

R27.4.6.2 Test loads were changed in ACI 318-19 to be
consistent with the requirements in ACI 437.2 for tests on a
portion of a structure and for statically indeterminate structures. The test load separates the dead load into self-weight
dead load and the superimposed dead load on the structure
during the load test. ACI 437.1R provides additional discussion of test loads for concrete structures.

(a) Tt = 1.0Dw + 1.1Ds + 1.6L + 0.5(Lr or S or R) (27.4.6.2a)
(b) Tt = 1.0Dw + 1.1Ds + 1.0L + 1.6(Lr or S or R) (27.4.6.2b)
(c) Tt = 1.3(Dw + Ds)

(27.4.6.2c)

27.4.6.3 It is permitted to reduce L in 27.4.6.2 in accordance with the general building code.

R27.4.6.3 The live load L may be reduced as permitted
by the general building code governing safety considerations for the structure. The test load should be increased to
compensate for resistance provided by unloaded portions of
the structure in question. The increase in test load is determined from analysis of the loading conditions in relation to
WKHVHOHFWHGSDVVIDLOFULWHULRQIRUWKHWHVW

27.4.6.4 The load factor on the live load L in 27.4.6.2(b)
shall be permitted to be reduced to 0.5 except for parking
structures, areas occupied as places of public assembly, or
areas where LLVJUHDWHUWKDQOEIW2.
27.4.6.5 Unless documentation or tests are available to
FRQ¿UP WKH GHQVLW\ RI QRUPDOZHLJKW FRQFUHWH XVHG LQ WKH
VWUXFWXUHWKHGHQVLW\VKDOOEHWDNHQDVOEIW3. For other
types of concrete materials, the density shall be determined
based upon test results or from other documentation.

R27.4.6.5 'RFXPHQWDWLRQ WR VXSSRUW D GL൵HUHQW XQLW
weight may include test results showing concrete unit weight
during placement or measured unit weight of concrete core
samples. For other types of concrete materials (such as
lightweight concrete), the unit weight should be determined
based upon concrete core test results or other documentation. The calculation of Dw may include determination of the
weight of bonded concrete materials, such as a topping slab
to be placed on precast members, not present during a load
test. Ds may also include the weight from structural framing
members.

27.5—Monotonic load test procedure
27.5.1 Test load application

R27.5—Monotonic load test procedure
R27.5.1 Test load application

27.5.1.1 Total test load Tt shall be applied in at least four
approximately equal increments.

R27.5.1.1 Inspecting the area of the structure subject to
test loading for signs of distress after each load increment is
advisable (refer to R27.5.3.1).
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27.5.1.2 Uniform Tt shall be applied in a manner that
ensures uniform distribution of the load transmitted to the
structure or portion of the structure being tested. Arching
action in the test load apparatus shall be avoided.

R27.5.1.2 Arching refers to the tendency for the load to be
WUDQVPLWWHGQRQXQLIRUPO\WRWKHÀH[XUDOPHPEHUEHLQJWHVWHG
For example, if a slab is loaded by a uniform arrangement of
bricks, arching of bricks in contact would result in reduction
of the load on the slab near the midspan of the slab.

27.5.1.3$IWHUWKH¿QDOORDGLQFUHPHQWLVDSSOLHGTt shall
remain on the structure for at least 24 hours unless signs of
distress, as noted in 27.5.3, are observed.
27.5.1.4 After all response measurements are recorded,
the test load shall be removed as soon as practical.
27.5.2 5HVSRQVHPHDVXUHPHQWV

27 Strength Eval.

27.5.2.1 5HVSRQVH PHDVXUHPHQWV VXFK DV GHÀHFWLRQ
strain, slip, and crack width, shall be made at locations
where maximum response is expected. Additional measurements shall be made if required.
27.5.2.2 The initial value for all applicable response
measurements shall be obtained not more than 1 hour before
DSSO\LQJWKH¿UVWORDGLQFUHPHQW
27.5.2.3 A set of response measurements shall be recorded
after each load increment is applied and after Tt has been
applied on the structure for at least 24 hours.
27.5.2.4 $ VHW RI ¿QDO UHVSRQVH PHDVXUHPHQWV VKDOO EH
made 24 hours after Tt is removed.
27.5.3 Acceptance criteria

R27.5.3 Acceptance criteria

27.5.3.1 The portion of the structure tested shall show no
spalling or crushing of concrete, or other evidence of failure.

R27.5.3.1 Evidence of failure includes distress (cracking,
VSDOOLQJ RU GHÀHFWLRQ  RI VXFK PDJQLWXGH DQG H[WHQW WKDW
the observed result is obviously excessive and incompatible
with the safety requirements of the structure. No simple rules
have been developed for application to all types of structures
DQGFRQGLWLRQV,IVX൶FLHQWGDPDJHKDVRFFXUUHGVRWKDWWKH
structure is considered to have failed that test, retesting is not
permitted because it is considered that damaged members
should not be put into service even at a lower load rating.
/RFDO VSDOOLQJ RU ÀDNLQJ RI WKH FRPSUHVVHG FRQFUHWH LQ
ÀH[XUDO PHPEHUV UHODWHG WR FDVWLQJ LPSHUIHFWLRQV QHHG
not indicate overall structural distress. Crack widths are
good indicators of the state of the structure and should be
observed to help determine whether the structural strength
and behavior are satisfactory. However, accurate prediction or measurement of crack widths in structural concrete
PHPEHUVLVQRWOLNHO\WREHDFKLHYHGXQGHU¿HOGFRQGLWLRQV
It is advisable to establish criteria before the test relative
to the types of cracks anticipated; where the cracks will be
measured; how they will be measured; and approximate
limits or criteria to evaluate new cracks or limits for the
changes in crack width.
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27.5.3.2 Members tested shall not exhibit cracks indicating imminent shear failure.

R27.5.3.2 Forces are transmitted across a shear crack
plane by aggregate interlock at the interface of the crack
that is enhanced by clamping action of transverse reinforcement and by dowel action of stirrups crossing the crack.
The member is assumed to be approaching imminent shear
failure when crack lengths increase to approach a horizontal
projected length equal to the depth of the member and
concurrently widen to the extent that aggregate interlock
cannot occur, and as transverse stirrups, if present, begin
to yield or display loss of anchorage so as to threaten their
integrity.

27.5.3.3 In regions of members without transverse reinforcement, structural cracks inclined to the longitudinal axis
and having a horizontal projection greater than the depth of
the member shall be evaluated. For variable-depth members,
the depth shall be measured at the midlength of the crack.

R27.5.3.3 Inclined cracks may lead to brittle failure of
members without transverse reinforcement. Assessment of
all inclined cracks is advisable where transverse reinforcement is not present.

27.5.3.4 In regions of anchorage and lap splices of reinforcement, short inclined cracks or horizontal cracks along
the line of reinforcement shall be evaluated.

R27.5.3.4 Cracking along the axis of the reinforcement in
anchorage zones may be related to high stresses associated
with the transfer of forces between the reinforcement and
the concrete. These cracks may be indicators of impending
brittle failure of the member if they are associated with the
development of main reinforcement. It is important that their
causes and consequences be evaluated.

27.5.3.50HDVXUHGGHÀHFWLRQVVKDOOVDWLVI\
Δr ≤

Δ1
4

(27.5.3.5)

27.5.3.6,IWKHPD[LPXPGHÀHFWLRQPHDVXUHGGXULQJWKH
test, ¨1, does not exceed the larger of 0.05 in. or Ɛt/2000,
WKH UHVLGXDO GHÀHFWLRQ UHTXLUHPHQWV LQ  VKDOO EH
permitted to be waived.

R27.5.3.5 If the structure shows no evidence of failure,
UHFRYHU\ RI GHÀHFWLRQ DIWHU UHPRYDO RI WKH WHVW ORDG LV
used to determine whether the strength of the structure is
satisfactory.
R27.5.3.6 ,Q WKH FDVH RI D YHU\ VWL൵ VWUXFWXUH HUURUV LQ
PHDVXUHPHQWV XQGHU ¿HOG FRQGLWLRQV PD\ EH RI WKH VDPH
RUGHU DV WKH DFWXDO GHÀHFWLRQV DQG UHFRYHU\ 7R DYRLG
penalizing a satisfactory structure in such a case, recovery
PHDVXUHPHQWV DUH ZDLYHG LI WKH PD[LPXP GHÀHFWLRQ GRHV
not exceed the larger of 0.05 in. or Ɛt/2000.

27.5.3.7,IRULVQRWVDWLV¿HGLWVKDOOEH
permitted to repeat the load test, provided that the second
load test begins no earlier than 72 hours after removal of
H[WHUQDOO\DSSOLHGORDGVIURPWKH¿UVWORDGWHVW
27.5.3.8 Portions of the structure tested in the second load
test shall be considered acceptable if:
Δr ≤

Δ2
5

(27.5.3.8)

27.6—Cyclic load test procedure
27.6.1 A cyclic load test in accordance with ACI 437.2
shall be permitted to be used to evaluate the strength of an
existing structure.

R27.6—Cyclic load test procedure
R27.6.1 Cyclic load testing involves the cyclic application
and removal of load to a structure or structural element. The
cyclic load test protocol described in ACI 437.2 involves
the application of increasing levels of load to a structure
in repeated load cycles. The measured load-deformation
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response of the structure is used to evaluate the performance of the tested element. The acceptance criteria for the
cyclic test are based upon deviation of the load deformation response from linear elastic behavior, permanency of
GHÀHFWLRQVGXULQJHDFKF\FOHRIWKHORDGWHVWDQGUHFRYHU\
RIGHÀHFWLRQDIWHUFRPSOHWLRQRIWKHORDGWHVW

27.6.2 Acceptance criteria for cyclic load test results shall
be in accordance with ACI 437.2 .
R27.6.3 ACI 437.2 precludes a retest if the member
H[FHHGV D PD[LPXP GHÀHFWLRQ OLPLW RI Ɛt/180 (Section
6.4.4.2 in ACI 437.2-13). For consistency with the monotonic testing protocol, this limit is waived.

27 Strength Eval.

27.6.3 If a member fails a cyclic load test, it shall be
permitted to retest the member or structure in accordance
with ACI 437.2. It shall be permitted to waive the maximum
GHÀHFWLRQOLPLW Ɛt /180) in ACI 437.2 that precludes a retest.
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APPENDIX A—DESIGN VERIFICATION USING NONLINEAR RESPONSE
HISTORY ANALYSIS
COMMENTARY

RA.1—Notation and terminology

A.1.2 7HUPLQRORJ\
PRG
GLVWULEXWHGSODVWLFLW\ ¿EHU PRGHO—component
model
LFLW
UHVHQWLQJQRQO DU
FRQVLVWLQJRIGLVFUHWH¿EHUVH[SOLFLWO\UHSUHVHQWLQJQRQOLQHDU
on responses.
nses.
stress-strain or force-deformation
—p
n of a structural wall
structural wall panel zone—portion
eg
s where forces from
om
common to intersecting wall segments
ved
adjacent wall segments are resolved.
V
E $
7KHIROORZLQJDFWLRQVVKDOOEHDVGH¿QHGE\$6&(6(,
Chapter 16:
action, deformation-controlled
action, force-controlled
action, force-controlled critical
action, force-controlled ordinary
action, force-controlled noncritical

HUPLQRORJ\
RA.1.22 7
7HUPLQRORJ\
e-con led and deformation-controlled actions
Force-controlled
DUH
VL¿H
$IRUGHV
DUHFODVVL¿HGLQ$IRUGHVLJQXVLQJQRQOLQHDUDQDO\VLVRI
concr
concretee str
structures.

A.2—Scope
A.2.1 This appendix shall supplement the requirements
RI &KDSWHU  RI$6&(6(,  ZKHQ SHUIRUPLQJ QRQOLQHDU
response history analysis to determine the design of earthquake-resistant concrete structures.

RA.2—Scope

A

A.1—Notation and terminology
A.1.1 Notation
B
= bias factor to adjust nominal strength to seismic
target reliabilities
Du = ultimate deformation capacity; the largest deformation at which the hysteresis model is deemed valid
given available laboratory data or other substantiating evidence
H[SHFWHGFRPSUHVVLYHVWUHQJWKRIFRQFUHWHSVL
fceƍ
= expected tensile strength for nonprestressed reinfue
forcement, psi
= expected yield strength for nonprestressed reinfye
forcement, psi
= plastic-hinge length for analysis purposes, in.
Ɛp
Rne = expected yield strength
Vne = expected shear strength, lb
= yield rotation, radians
șy
= seismic resistance factor for force-controlled
ed
ࢥs
actions

A.2.2 The provisions of Appendix A shall be in addition to
the provisions of Chapters 1 through 26.
A.2.3 This appendix shall be used in conjunction with
&KDSWHURI$6&(6(,IRUDGGLWLRQDOJHQHUDOUHTXLUHPHQWV
ground motions, load combinations, modeling, and analysis for
design of new reinforced concrete structures, including:
(a) Structural systems designated as part of the seismic
force-resisting system, including diaphragms, momentresisting frames, structural walls, and foundations.
(b) Members not designated as part of the seismic forceresisting system but required to support other loads while

Nonlinear

CODE

RA.2.3 This appendix is intended to complement documents such as Chapter 16 of $6&(6(,, TBI (2017), and
LATBSDC (2017). This appendix provides requirements
VSHFL¿F WR QRQOLQHDU UHVSRQVH KLVWRU\ DQDO\VLV DQG GHVLJQ
of concrete members. For additional analysis and modeling
UHTXLUHPHQWVWKDWDUHQRWVSHFL¿FWRFRQFUHWHPHPEHUVUHIHU
to Chapter 16 of $6&(6(,, TBI (2017), and LATBSDC
(2017).
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sustaining deformations and forces associated with earthTXDNHH൵HFWV
A.2.4$OOFRQFUHWHVWUXFWXUHVGHVLJQHGRUYHUL¿HGE\WKLV
Appendix shall be proportioned and detailed as required by
Chapter 18 and the requirements of A.12 when applicable.
A.2.5 It shall be permitted to use the provisions of
Appendix A to demonstrate the adequacy of a structural
system as required by 18.2.1.7.
A.2.6 Independent structural design review consistent
with A.13 shall be required for use of Appendix A.
A.2.7 The licensed design professional shall provide justi¿FDWLRQ IRU DQ\ LQWHUSUHWDWLRQ UHTXLUHG IRU WKH DSSOLFDWLRQ
of Appendix A, and if accepted by the independent strucWXUDOGHVLJQUHYLHZHUVMXVWL¿FDWLRQVKDOOEHSURYLGHGWRWKH
EXLOGLQJR൶FLDOIRUDFFHSWDQFH

RA.2.7 It is anticipated that the initial design of a earthquake-resistant structure will be performed using elastic
analysis combined with engineering judgment. A nonlinear
response history analysis following the requirements of this
Appendix can then be performed to demonstrate the design,
which may not fully comply with all provisions of $6&(
SEI 7 or the general building code.

A.3—General
A.3.1 $FWLRQ &ODVVL¿FDWLRQ DQG &ULWLFDOLW\ LQ $ DQG
Acceptance Criteria in A.10 and A.11 provide a comprehensive design approach following the intent of Chapter 16 of
$6&(6(,and the general building code, and shall take
SUHFHGHQFHRYHUWKRVHRI&KDSWHURI$6&(6(,

RA.3—General
RA.3.1 Due to inconsistencies between ACI 318 and
Chapter 16 of $6&(6(,in the approach to Action ClasVL¿FDWLRQDQG$FFHSWDQFH&ULWHULDIRUFRQFUHWHPHPEHUVWKH
requirements in this Appendix take precedence over those
of ASCE. The requirements of this Appendix are closely
aligned with those in TBI (2017) and LATBSDC (2017).

A.4—Earthquake ground motions
A.4.1 Nonlinear response history analysis shall include
WKHH൵HFWVRIKRUL]RQWDOHDUWKTXDNHJURXQGPRWLRQV

RA.4—Earthquake ground motions
RA.4.1 Nonlinear response history analysis commonly is
performed using two horizontal components of earthquake
ground motion applied to a three-dimensional model of the
building.

A.4.2 Vertical earthquake ground motion shall be considered simultaneously with horizontal earthquake ground
motions where inclusion of vertical ground motion will
VXEVWDQWLDOO\D൵HFWWKHVWUXFWXUDOGHVLJQUHTXLUHPHQWV

RA.4.2 Structures with vertical discontinuities in the
gravity-load-resisting systems can experience vertical
HDUWKTXDNH UHVSRQVH WKDW FDQ D൵HFW EXLOGLQJ SHUIRUPDQFH
Examples include columns or walls that terminate on beams
or slabs. Some structures with long spans or long cantilevers can be sensitive to vertical ground motion. Engineering
judgment should be exercised when considering the sensitivity of structures to vertical ground motions.

A.4.3 Earthquake ground motion acceleration histories
VKDOO EH VHOHFWHG DQG PRGL¿HG LQ DFFRUGDQFH ZLWK SURFHdures established by the general building code.

RA.4.3 The analysis procedures in Appendix A are based
on ground motion selection and scaling consistent with
&KDSWHURI$6&(6(,ZKLFKLQFOXGHVVFDOLQJWRDULVN
targeted maximum considered earthquake ground accelHUDWLRQ$6&(6(,  GHVFULEHV DSSURSULDWH SURFHGXUHV IRU
VHOHFWLRQDQGPRGL¿FDWLRQRIHDUWKTXDNHJURXQGPRWLRQVLQ
terms of acceptable hazard and risk levels.
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A.5—Load factors and combinations
A.5.1 Load combinations for nonlinear response history
analysis shall conform to the requirements of the general
building code.

RA.5—Load factors and combinations
RA.5.1 Load combinations for response history analysis
used in conjunction with this Appendix are intended to
be similar to those of Chapter 16 of $6&(6(, , TBI
(2017), or LATBSDC (2017).
For nonlinear response history analysis, the principles of
linear superposition do not apply. Therefore, it would be
incorrect to conduct separate analyses considering various
ORDGVDQGWKHQFRPELQHWKHORDGH൵HFWV,QVWHDGLWLVQHFHVsary to conduct an analysis for each factored load combination and take the design value as the envelope of the analysis
results. For any nonlinear analysis including earthquake
H൵HFWVJUDYLW\ORDGVDUHWREHDSSOLHGWRWKHPRGHO¿UVWDQG
then the ground shaking simulations are applied in the presence of the gravity loads.
There is a low probability that maximum considered earthquake shaking and factored design gravity load combinations of the general building code will occur simultaneously.
A more representative load combination is the occurrence of
expected, realistic gravity loading combined with maximum
considered earthquake shaking.
One load combination is typically considered for analysis,
which includes expected dead load concurrent with expected
live load and Maximum Considered Earthquake shaking.
&KDSWHU  RI $6&(6(,  UHTXLUHV FRQVLGHUDWLRQ RI
a second load combination without live load. It should be
noted that this case will seldom govern the design of a tall
building.
Accidental torsion is not commonly considered in cases
where linear analysis indicates that torsional irregularities
are negligible.
Load combinations used in the nonlinear analysis may
GL൵HU IURP ORDG FRPELQDWLRQV XVHG WR HYDOXDWH IRUFH
controlled actions (refer to A.11).

A.6—Modeling and analysis
A.6.1 Models for analysis shall be three-dimensional and
shall conform to the requirements of the general building
code.

RA.6—Modeling and analysis

A.6.2 Modeling of member nonlinear behavior, including
H൵HFWLYHVWL൵QHVVH[SHFWHGVWUHQJWKH[SHFWHGGHIRUPDWLRQ
capacity, and hysteresis under force or deformation reversals, shall be substantiated by applicable physical test data
and shall not be extrapolated beyond the limits of testing.

RA.6.2 Multiple element formulations and material
models are appropriate for use in inelastic dynamic anal\VLV RI FRQFUHWH VWUXFWXUHV $6&(6(,  ACI 374.3R,
ACI 369.1, and NIST GCR 17-917-46 provide guidance on
PRGHOLQJ DQG GH¿QLQJ PRGHO SDUDPHWHUV 6HOHFWLQJ PRGHO
parameters at the mean value of experimental data, as is
recommended by the aforementioned documents, avoids
skewing analysis results and produces a more reliable evaluation of concrete building response.

A.6.3 'HJUDGDWLRQ LQ PHPEHU VWUHQJWK RU VWL൵QHVV VKDOO
be included in the numerical models unless it can be demonVWUDWHGWKDWWKHGHPDQGLVQRWVX൶FLHQWO\ODUJHWRSURGXFH
WKHVHH൵HFWV,IGHJUDGDWLRQLQFRPSRQHQWVWUHQJWKLVLQFOXGHG
in the numerical model, the model formulation shall be such

RA.6.3 The model mesh size selected should allow deterPLQDWLRQRIWKHVWUXFWXUDOUHVSRQVHVLQVX൶FLHQWGHWDLODQG
ZLWK VX൶FLHQW DFFXUDF\ 6RPH V\VWHPV ZLOO H[KLELW PHVK
dependent response, with a reduction in mesh size resulting
in reduced deformation capacity and more rapid strength
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that structural deformation at onset of strength loss is not
D൵HFWHGE\PHVKFRQ¿JXUDWLRQLQWKH¿QLWHHOHPHQWPRGHO

ORVV)RUWKHVHV\VWHPVPDWHULDOVRIWHQLQJVKRXOGEHGH¿QHG
using a measure of mesh size, or the chosen material model
parameters and mesh size should be shown, using an appropriate experimental data set, to provide accurate simulation
of onset of strength loss.

A.6.4 For structural walls with aspect ratio hw/Ɛw, the
numerical model of the wall and its connection to surrounding
HOHPHQWV VKDOO UHSUHVHQW NLQHPDWLF H൵HFWV DVVRFLDWHG ZLWK
ZDOO URWDWLRQ DQG XSOLIW LQFOXGLQJ WKH H൵HFW RI PLJUDWLRQ
of the neutral axis as a function of applied axial force and
lateral deformation, unless it can be demonstrated that such
H൵HFWVGRQRWD൵HFWWKHVWUXFWXUDOGHVLJQUHTXLUHPHQWV
A.7—Action classification and criticality
A.7.1 $OO DFWLRQV VKDOO EH FODVVL¿HG DV GHIRUPDWLRQ
controlled or force-controlled in accordance with A.7.2 and
A.7.3.
A.7.2 'HIRUPDWLRQFRQWUROOHGDFWLRQV

RA.7—Action classification and criticality

RA.7.2 'HIRUPDWLRQFRQWUROOHGDFWLRQV

A.7.2.1 Deformation-controlled actions shall satisfy the
requirements of A.10.
A.7.2.2 The following shall be designated as deformationcontrolled actions:
(a) Moment in beams, structural walls, coupling beams,
and slab-column connections
(b) Shear in diagonally reinforced coupling beams that
meet the requirements of 18.10.7.4
(c) Moment in columns when combined with axial force
for columns meeting the requirements of 18.7.4, 18.7.5,
and 18.7.6
A.7.3 Force-controlled actions

RA.7.2.2 Similar to the requirements of 18.14.3.3, if
FROXPQV DUH GHWDLOHG ZLWK VX൶FLHQW FRQ¿QHPHQW DQG UHLQforcement detailing, column moment can be evaluated
as a deformation-controlled action rather than as a forcecontrolled action.

RA.7.3 Force-controlled actions

A.7.3.1 Force-controlled actions shall satisfy the requirements of A.11.
A.7.3.2 The following shall be designated as ordinary
force-controlled actions:
(a) Shear and moment in perimeter basement walls
(b) In-plane shear in non-transfer diaphragms
(c) In-plane normal forces in diaphragms other than
collectors
(d) Moment in shallow foundation members, including
spread footings and mat foundations
(e) Moment in deep foundation members

RA.7.3.2 For diaphragm shear to be considered an ordinary force-controlled action, the shear should not be related
to a transfer of force between lateral-force-resisting system
components.

A.7.3.3 Noncritical force-controlled actions shall be
designated as actions in any component where failure will
not result in: (a) collapse of the structure; (b) loss of the
earthquake resistance of the structure; and (c) falling hazard.
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RA.8—Effective stiffness
RA.8.1 Software for nonlinear analysis generally is
FDSDEOH RI GLUHFWO\ PRGHOLQJ GHIRUPDWLRQV GXH WR ÀH[XUH
shear, and axial elongation or shortening. Additional deformation may occur due to slip of longitudinal reinforcement
IURP DGMDFHQW DQFKRUDJHV 6XFK H൵HFWV FRPPRQO\ RFFXU
where beams frame into beam-column joints or walls, where
columns frame into beam-column joints or foundations,
DQGZKHUHZDOOVIUDPHLQWRIRXQGDWLRQV,IVXFKH൵HFWVDUH
considered important to the performance of the structure,
appropriate assumptions should be included in the analytical
PRGHOHLWKHUGLUHFWO\RUE\DGMXVWPHQWRIÀH[XUDOVWL൵QHVV

A.8.2 If cracking is anticipated as a result of combined
H൵HFWVRIDSSOLHGIRUFHVGLVSODFHPHQWVDQGYROXPHFKDQJH
H൵HFWV DVVRFLDWHG ZLWK VKULQNDJH WHPSHUDWXUH RU FUHHS
H൵HFWV RI FRQFUHWH FUDFNLQJ RQ H൵HFWLYH PHPEHU VWL൵QHVV
shall be modeled.

RA.8.2(൵HFWVRIFUDFNLQJRQVWL൵QHVVUHGXFWLRQFDQEH
FRQVLGHUHGGLUHFWO\E\XVLQJPRGHOVWKDWUHSUHVHQWVWL൵QHVV
reduction as calculated stress reaches the cracking stress or
LQGLUHFWO\E\UHGXFLQJWKHH൵HFWLYHVWL൵QHVVUHODWLYHWRWKH
JURVVVHFWLRQ VWL൵QHVV :KHUH WKH ODWWHU DSSURDFK LV XVHG
WKH GHJUHH RI VWL൵QHVV UHGXFWLRQ VKRXOG EH FRQVLVWHQW ZLWK
the degree of cracking anticipated under earthquake loading.
Structural walls that are lightly cracked, including basePHQW ZDOOV KDYH WUDGLWLRQDOO\ EHHQ PRGHOHG XVLQJ H൵HFWLYH ÀH[XUDO VWL൵QHVV LQ WKH UDQJH  WR  WLPHV JURVV
VHFWLRQVWL൵QHVV'LDSKUDJPVDWPDMRUIRUFHWUDQVIHUOHYHOV
DUHFRPPRQO\PRGHOHGXVLQJH൵HFWLYHD[LDOVWL൵QHVVLQWKH
UDQJHWRWLPHVJURVVVHFWLRQVWL൵QHVVTBI (2017)
and LATBSDC (2017)SURYLGHDGGLWLRQDOH൵HFWLYHVWL൵QHVV
recommendations while NIST GCR 17-917-46v1 (NIST
2017a) and NIST GCR 17-917-46v3 (NIST 2017b) provide
more detailed guidance on modeling of diaphragms and
frame elements.
)RUVWL൵QHVVRIEHDPVFROXPQVDQGVWUXFWXUDOZDOOVRWKHU
than basement walls, refer to RA.8.3.

A.8.3 If yielding of reinforcement or nonlinear response
RIFRQFUHWHLVDQWLFLSDWHGDVDUHVXOWRIFRPELQHGH൵HFWVRI
DSSOLHG IRUFHV GLVSODFHPHQWV DQG YROXPH FKDQJH H൵HFWV
associated with shrinkage, temperature, or creep, the strucWXUDO PRGHO VKDOO EH FDSDEOH RI UHSUHVHQWLQJ PHPEHU VWL൵ness for loading near the onset of inelastic response, as well
as behavior past the onset of inelastic response.

RA.8.3 If calculations indicate nonlinear response under
ORDGFRPELQDWLRQVLQFOXGLQJHDUWKTXDNHH൵HFWVWKHQRQOLQHDU
PRGHOVKRXOGEHFDSDEOHRIUHSUHVHQWLQJDQH൵HFWLYHVHFDQW
VWL൵QHVVIURP]HURORDGLQJWRDSRLQWFRUUHVSRQGLQJWR\LHOG
level forces (slope from A to B in Fig. RA.8.3). The model
VKRXOG DOVR EH FDSDEOH RI UHSUHVHQWLQJ VWL൵QHVV UHGXFWLRQ
SDVWWKH\LHOGSRLQW'HJUDGDWLRQLQHOHPHQWVWUHQJWKRUVWL൵ness should be included in the analytical model unless it can
EHGHPRQVWUDWHGWKDWWKHGHPDQGLVQRWVX൶FLHQWO\ODUJHDV
WRSURGXFHWKHVHH൵HFWV
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A.8—Effective stiffness
A.8.10HPEHUVWL൵QHVVVKDOOLQFOXGHH൵HFWVRIGHIRUPDWLRQV GXH WR ÀH[XUH VKHDU D[LDO HORQJDWLRQ RU VKRUWHQLQJ
and reinforcement slip along its development length.

Nonlinear

A.7.3.4 All actions not designated as deformation
controlled, ordinary force-controlled, or noncritical forceFRQWUROOHGVKDOOEHFODVVL¿HGDVFULWLFDOIRUFHFRQWUROOHG
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CODE

COMMENTARY
Stress,
force, or
moment
Rne

B

A
θy

Deformation

Fig. RA.8.3²*HQHUDOL]HGIRUFHGHIRUPDWLRQUHODWLRQV
A.8.4,WVKDOOEHSHUPLWWHGWRUHSUHVHQWPHPEHUVWL൵QHVV
QHDUWKHRQVHWRILQHODVWLFUHVSRQVHXVLQJDQH൵HFWLYHVWL൵ness based on analysis substantiated by physical test data.
$OWHUQDWLYHO\LWVKDOOEHSHUPLWWHGWRUHSUHVHQWPHPEHUVWL൵QHVVQHDUWKHRQVHWRILQHODVWLFUHVSRQVHXVLQJWKHH൵HFWLYH
VWL൵QHVVYDOXHVLQ7DEOH$

RA.8.4 7KH H൵HFWLYH VWL൵QHVV YDOXHV DUH LQWHQGHG WR
represent the slope from A to B in Fig. RA.8.3, where B
FRUUHVSRQGV WR H[SHFWHG \LHOG VWUHQJWK (൵HFWLYH VWL൵QHVV
values for beams and columns are based on Elwood et al.
(2007) DQG LQFRUSRUDWH WKH H൵HFWV RI UHLQIRUFHPHQW VOLS
along the development length. Tabulated values for structural walls are appropriate to use where the wall is represented by a line element. In some building models, strucWXUDOZDOOVZLOOEHUHSUHVHQWHGE\GLVWULEXWHG¿EHUPRGHOVLQ
ZKLFKFDVHWKH¿EHUPRGHOVKRXOGGLUHFWO\UHSUHVHQWH൵HFWV
of concrete cracking and reinforcement yielding, such that
WKH VWL൵QHVV YDOXHV LQ7DEOH$ GR QRW DSSO\ %DVHPHQW
walls are unlikely to respond at yield-level forces; therefore,
ODUJHU VWL൵QHVV YDOXHV PD\ EH PRUH DSSOLFDEOH WKDQ WKRVH
LQ 7DEOH $ IRU ZDOOV 'LDSKUDJP VWL൵QHVVHV SURYLGHG
in Table A.8.4 represent typical values. Prestressed and
QRQSUHVWUHVVHG GLDSKUDJPV PDLQO\ UHVLVWLQJ VLQJOHÀRRU
in-plane earthquake forces are commonly modeled as rigid,
as allowed by $6&(6(, . Diaphragms transferring relaWLYHO\ ODUJH LQSODQH HDUWKTXDNH IRUFHV IURP PXOWLSOH ÀRRU
OHYHOV FDQ KDYH H൵HFWLYH VWL൵QHVVHV VRPHZKDW ORZHU WKDQ
those represented in Table A.8.4. In cases where analysis
UHVXOWV DUH VHQVLWLYH WR GLDSKUDJP VWL൵QHVV DVVXPSWLRQV LW
may be prudent to “bound” the solution by analyzing the
VWUXFWXUHXVLQJDUDQJHRIGLDSKUDJPVWL൵QHVVHVDQGVHOHFWLQJ
the design values as the larger forces from the two analyses.
&RXSOLQJEHDPH൵HFWLYHVWL൵QHVVHVDUHLQWHQGHGWRUHSUHVHQW
YDOXHVIRUEHDPVFDVWPRQROLWKLFDOO\ZLWKÀRRUVODEV9DOXHV
are based on equations presented by Vu et al. (2014), but are
DGMXVWHG WR DFFRXQW IRU WKH SUHVHQFH RI D VODE GL൵HUHQFHV
in modeling approach, and typical shear levels (TBI 2017).
(QJLQHHULQJMXGJPHQWVKRXOGEHXVHGWRHYDOXDWHH൵HFWLYH
VKHDU VWL൵QHVV YDOXHV QRWLQJ WKDW GXH WR W\SLFDO VRIWZDUH
implementation limitations, gross area is used in lieu of
H൵HFWLYHDUHD

American Concrete Institute – Copyrighted © Material – www.concrete.org

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

572

CODE

573

COMMENTARY

Table A.8.4—Effective stiffness values[1]

Columns with compression caused
by design gravity loads[2]

Structural walls[3]

Diaphragms (in-plane only)[4]

Coupling beams

Mat foundations

Flexural

Shear

1.0EcAg

0.3EcIg

0.4EcAg

prestressed

1.0EcAg

1.0EcIg

0.4EcAg

Ag fcƍ

1.0EcAg

0.7EcIg

0.4EcAg

Ag fcƍRUZLWKWHQVLRQ

1.0EcAg (compression)
1.0EsAst (tension)

0.3EcIg

0.4EcAg

in-plane

1.0EcAg

0.35EcIg

0.2EcAg

nonprestressed

out-of-plane

1.0EcAg

0.25EcIg

0.4EcAg

nonprestressed

0.25EcAg

0.25EcIg

0.25EcAg

prestressed

0.5EcAg

0.5EcIg

0.4EcAg

with or without diagonal
reinforcement

1.0EcAg

⎛A ⎞
0.07 ⎜ n ⎟ Ec I g
⎝ h⎠

0.4EcAg

in-plane

0.5EcAg

≤ 0.3Ec I g

[5]

out-of-plane

0.5EcIg

0.4EcAg

0.5EcIg

[1]

7DEXODWHGYDOXHVIRUD[LDOÀH[XUDODQGVKHDUVKDOOEHDSSOLHGMRLQWO\LQGH¿QLQJH൵HFWLYHVWL൵QHVVRIDQHOHPHQWXQOHVVDOWHUQDWLYHFRPELQDWLRQVDUHMXVWL¿HG

[2]

)RUFROXPQVZLWKD[LDOFRPSUHVVLRQIDOOLQJEHWZHHQWKHOLPLWVSURYLGHGÀH[XUDOVWL൵QHVVVKDOOEHGHWHUPLQHGE\OLQHDULQWHUSRODWLRQ

[3]

Tabulated values are appropriate where members are modeled using line elements to represent their properties.

[4]

'LDSKUDJPVVKDOOEHSHUPLWWHGWREHPRGHOHGDVULJLGLQSODQHLIWKLVGRHVQRWUHVXOWLQGL൵HUHQFHVLQDQDO\VLVRXWFRPHV

[5]

6SHFL¿HGVWL൵QHVVYDOXHVIRUPDWIRXQGDWLRQVSHUWDLQIRUWKHJHQHUDOFRQGLWLRQRIWKHPDW:KHUHWKHZDOORURWKHUYHUWLFDOPHPEHUVLPSRVHGVX൶FLHQWO\ODUJHIRUFHVLQFOXGLQJ
ORFDOIRUFHUHYHUVDOVDFURVVVWDFNHGZDOORSHQLQJVWKHVWL൵QHVVYDOXHVPD\QHHGWREHUHGXFHG

A.8.5 ,Q EHDPFROXPQ MRLQWV LI MRLQW ÀH[LELOLW\ LV QRW
PRGHOHGH[SOLFLWO\LWVKDOOEHSHUPLWWHGWRPRGHOMRLQWÀH[LELOLW\LPSOLFLWO\E\GH¿QLQJWKHH൵HFWLYHVWL൵QHVVRIEHDPV
DQGFROXPQVIUDPLQJLQWRWKHMRLQWWRLQFOXGHMRLQWÀH[LELOLW\
DQGE\LQWURGXFLQJEHDPDQGFROXPQULJLGHQGR൵VHWVWKDW
extend to the center of the joint.

RA.8.5 In reinforced concrete frames detailed to resist
earthquake forces, joints are not expected to experience
VLJQL¿FDQW GHJUDGDWLRQ ,Q OLHX RI D PRUH ULJRURXV UHSUHVHQWDWLRQ RI MRLQW VKHDU VWL൵QHVV ULJLG R൵VHWV RI EHDP DQG
column members extending the length of the joint dimensions are permitted (Birely et al. 2012). A sensitivity study on
VWL൵QHVVDVVXPSWLRQVLQGLFDWHVWKDWRYHUDOOEXLOGLQJVWL൵QHVV
PD\EHPRUHVHQVLWLYHWRWKHFKRLFHRIH൵HFWLYHVWL൵QHVVIRU
frame and wall members than for joints (Kwon and Ghannoum 2016 7KH ULJLG MRLQW R൵VHW DSSURDFK LV FRPSDWLEOH
ZLWKWKHH൵HFWLYHVWL൵QHVVYDOXHVSUHVHQWHGLQ7DEOH$
ZKLFKDFFRXQWIRUWKHVRIWHQLQJH൵HFWVRIORQJLWXGLQDOEDU
slip within the joints.

A.8.6 If beams other than coupling beams are cast monoOLWKLFDOO\ZLWKVODEVWKHH൵HFWLYHVODEZLGWKGH¿QHGLQ6.3.2
VKDOOEHLQFOXGHGLQWKHHYDOXDWLRQRIEHDPÀH[XUDODQGD[LDO
VWL൵QHVVHV
A.9—Expected material strength
A.9.1([SHFWHGPDWHULDOVWUHQJWKVKDOOEHGH¿QHGEDVHGRQ
DSSOLFDEOHSURMHFWVSHFL¿FGDWDRUGDWDIURPSURMHFWVXVLQJ
similar materials and construction. If applicable data are
not available, the expected material strengths in Table A.9.1
shall be permitted.

RA.9—Expected material strength
RA.9.1 The multiplier on fcƍ may be smaller for highstrength concrete when higher quality control measures are
LQSODFHRUZKHQÀ\DVKDQGRWKHUDGGLWLYHVDUH5HIHUWR ACI
232.2RIRUGLVFXVVLRQRILPSDFWVRIÀ\DVK'HIDXOWYDOXHV
for other steel grades have not been provided in Table A.9.1
GXHWRLQVX൶FLHQWGDWD
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Table A.9.1—Expected material strengths
Material

Expected strength

Concrete

fceƍ fcƍ[1]
Expected yield strength,
fye, psi

Expected tensile
strength, fue, psi

Grade 60

70,000

106,000

Grade 60

69,000

95,000

Grade 80

85,000

112,000

Reinforcing steel
A615
A706
[1]

Expected strength fceƍLVVWUHQJWKH[SHFWHGDWDSSUR[LPDWHO\\HDURUORQJHU

A.10—Acceptance criteria for deformationcontrolled actions
A.10.1 Deformations in any of the response history analyses shall not exceed the ultimate deformation capacity Du
XQOHVV D RU E LVVDWLV¿HG
(a) The analysis assumes the strength associated with this
mode of deformation is negligible for the remainder of
that analysis, and the structure is evaluated for stability
and strength.
(b) The analysis is considered to have an unacceptable
UHVSRQVHDVGH¿QHGE\$6&(6(,.
A.10.2 Du shall be determined by (a), (b), or (c):
(a) Du of the component shall be taken as the valid range
of modeling as demonstrated by comparison of the hysteresis model with suitable laboratory test data including the
DSSURSULDWHJUDYLW\ORDGH൵HFW
(b) If special structural walls are modeled using distribXWHGSODVWLFLW\ ¿EHU PRGHOVDu shall be evaluated using
the average vertical strain. The strain shall be evaluated
over a height of the plastic hinge length, Ɛp, where Ɛp is the
longer of (i) and (ii):
(A.10.2.a)
(i) Ɛp = 0.2Ɛw + 0.03hw
(A.10.2.b)
(ii) Ɛp = 0.08hw + 0.00015fydb
but not exceeding the story height, where db and fy are
determined based on the wall longitudinal reinforcement.
(c) If structural components are modeled using lumped
plasticity (concentrated hinge) or distributed plasticity
¿EHU PRGHOVDu shall be permitted to be in accordance
with ACI 369.1 or as substantiated by laboratory testing.

RA.10—Acceptance criteria for deformationcontrolled actions
RA.10.1 These acceptance criteria are consistent with
the component acceptance criteria in TBI (2017), which
DUH GL൵HUHQW IURP WKRVH LQ $6&(6(,  and LATBSDC
(2017) 0RUH GHWDLOHG GLVFXVVLRQ UHJDUGLQJ WKH GL൵HUHQFHV
of evaluation approaches of deformation-controlled actions
LQ$6&(6(,DQG7%,  DUHSURYLGHGLQ7%,  

RA.10.2 Ultimate deformation capacity, Du, is typically
obtained from statistical analysis of the available test data
and can be closely related to Collapse Prevention Acceptance Criteria in ACI 369.1DQG$6&(6(,Du is based
on the deformation where substantial loss of gravity loadcarrying capacity occurs or, if tests do not progress to this
deformation, the limiting deformation for which testing
was performed. An example of Du in the hysteresis curve of
an analysis model is shown in Fig. RA.10.2. The Collapse
Prevention Acceptance Criteria in ACI 369.1 and $6&(6(,
41 are typically less than mean experimental values due to
VFDWWHULQGDWDVHWVXVHGWRGHYHORSWKHVHFULWHULD7KH$6&(
SEI 41 approach also evaluates deformation as the mean of
the maximum absolute response from each response history
analysis. Appendix A, however, evaluates deformation as
the maximum of any of the response history analyses.
Hysteresis behavior of the structural component simuODWHG XVLQJ ¿EHU PDWHULDO PRGHOV VKRXOG EH HYDOXDWHG DQG
adjusted using experimental data for the range of deformation demands and behaviors simulated in the analyses. ACI
374.3R and ACI 369.1 provide nonlinear modeling parameters that can be the basis for hysteresis shape based on
experimental data. Figure RA.10.2 shows a hysteresis curve
JHQHUDWHG XVLQJ DGMXVWHG ¿EHU PDWHULDO PRGHOV EDVHG RQ
such nonlinear modeling parameters to simulate the component behavior observed in laboratory tests.
If DuLVGH¿QHGE\DYHUDJHVWUDLQWKHOHQJWKRYHUZKLFK
VWUDLQLVGH¿QHGLQWKHDQDO\VLVVKRXOGEHFRQVLVWHQWZLWKWKH
length over which strain limits are established from experi-
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574

Force

PHQWDOGDWDRUDUHVSHFL¿HGLQGRFXPHQWVVXFKDV$6&(6(,
41, ACI 369.1, TBI, or LATBSDC.
6X൶FLHQWQXPEHURI¿EHUVDORQJWKHFURVVVHFWLRQVKRXOG
EHXVHGWRDOORZWKHVWUDLQYDOXHVDW¿EHUFHQWHUOLQHVWREH
extrapolated to locations where strain values are calculated
to compare with strain limits, such as, at the extreme edge of
the wall compression zone.
)RUVWUXFWXUDOZDOOVRUFRXSOLQJEHDPVPRGHOHGXVLQJ¿EHU
elements, deformation acceptance criteria can be represented
in either a strain or member deformation basis. The strain
UHVXOWV FDQ EH REWDLQHG GLUHFWO\ IURP WKH ¿EHU PRGHO7KH
member deformation results, such as plastic hinge rotation,
story drift, or chord rotation, can be obtained by aggregated
GHIRUPDWLRQRYHUDJURXSRI¿EHUHOHPHQWVUHSUHVHQWLQJWKH
member. Plastic hinge length Eq. (A.10.2a) and (A.10.2b)
for walls are from Paulay and Priestley (1992).
An example of acceptance criteria for strain limits is
provided in TBI (2017) 7KH XQFRQ¿QHG FRQFUHWH PRGHO
includes a peak stress at a compressive strain of 0.002, with
a descending backbone to 50 percent of the peak stress value
at a compressive strain of 0.003 (the ultimate deformation
capacity, Du  7KH FRQ¿QHG FRQFUHWH PRGHO XVHG ZKHUH
FRQ¿QHPHQW PHHWLQJ WKH UHTXLUHPHQWV RI 18.10.6.4(e) and
(f) are provided, includes a peak stress at a compressive
strain 0.008, with a descending backbone to 80 percent of
the peak stress value at a compressive strain of 0.015 (the
ultimate deformation capacity, Du). The longitudinal reinforcement tensile strain limit of 0.05 (the ultimate deformation capacity, Du) is based on tensile rupture with considerDWLRQRIORZF\FOHIDWLJXHH൵HFWVZKLFKLVFRUURERUDWHGE\
Segura and Wallace (2018).
Additional references for ultimate deformation capacity,
such as ACI 369.1, TBI (2017), and LATBSDC (2017), may
be used subject to approval of the independent structural
design review.

Du

θy

Deformation
θy

Hysteresis curve

Fig. RA.10.2—DuLQUHVSRQVHK\VWHUHVLVIURPDQDQDO\VLVPRGHO
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A.11—Expected strength for force-controlled
actions
A.11.1 Force-controlled actions shall be evaluated in
accordance with the general building code, with expected
strength taken as ࢥsBRn.

RA.11—Expected strength for force-controlled
actions
RA.11.1 Currently, strength reduction factors, ࢥ, are
QRW VSHFL¿FDOO\ FDOLEUDWHG WR WKH VHLVPLF UHOLDELOLW\ WDUJHWV
VSHFL¿HG LQ$6&(6(, . Rather, these strength reduction
factors are calibrated to the target reliabilities for other loads
$6&(6(,7DEOH 7KHELDVIDFWRUB, is provided
WR DGMXVW WKH UHVLVWDQFH IDFWRUV VSHFL¿HG E\ WKH PDWHULDOV
standards to the seismic target reliabilities, considering the
inherent bias in the nominal strength equations contained
in the materials standards. This bias is a function of both
the ratio of expected material strength to minimum speci¿HGVWUHQJWKDQGDOVRLQKHUHQWFRQVHUYDWLVPLQWKHSUHGLFWLYH
HTXDWLRQVVSHFL¿HGE\WKHPDWHULDOVVWDQGDUGV

A.11.2 ࢥs shall be in accordance with Table A.11.2, with
ࢥ determined in accordance with Chapter 21, except that
21.2.4.1 shall not apply.

RA.11.2 For ordinary and noncritical actions, the resistance factors are relaxed in order to accept a higher probability of failure.
0RUH GHWDLOHG GLVFXVVLRQ UHJDUGLQJ WKH GL൵HUHQFHV RI
HYDOXDWLRQDSSURDFKHVRIIRUFHFRQWUROOHGDFWLRQVLQ$6&(
SEI 7, TBI (2017), and LATBSDC (2017) are provided in
TBI (2017) and LATBSDC (2017). Additional background
on this approach is provided in Wallace et al. (2013) and
Kim and Wallace (2017).

Table A.11.2—Seismic resistance factor
Force-controlled action

ࢥs

Critical

ࢥ

Ordinary

ࢥ

Noncritical

ࢥ

A.11.3 Bias factor, B, shall be taken as 1.0. Alternatively,
it shall be permitted to calculate B using Eq. (A.11.3):
B = 0.9Rne Rn

$

A.11.3.1 Nominal strength, Rn, shall be in accordance
with Chapter 18, 22, or 23.
A.11.3.2 The expected strength, Rne, is permitted to be
GH¿QHGLQDFFRUGDQFHZLWKWKHQRPLQDOVWUHQJWKSURYLVLRQV
of Chapters 18, 22, or 23, with fceƍ substituted for fcƍ and fye
substituted for fy or fyt, except as provided in A.11.3.2.1 and
A.11.3.2.2.
A.11.3.2.1 For structural walls where hw/Ɛw   meeting
(a) through (d), the requirements of A.11.3.2.1.1 and
A.11.3.2.1.2 shall apply.

RA.11.3.2.1 The shear strength determined from these
SURYLVLRQVLVDSSOLFDEOHRQO\WRZDOOVZLWKUHODWLYHO\ORZÀH[ural ductility demands (Wallace 2013; LATBSDC 2017).

D :DOOLVPRGHOHGZLWK¿EHUHOHPHQWVLQDFFRUGDQFHZLWK
A.10.2(b)
(b) Strains calculated as the mean of the maximum demand
from a suite of response history analyses
(c) Calculated concrete compressive strain < 0.005
(d) Calculated longitudinal tensile strain < 0.01
A.11.3.2.1.1 Vne = 1.5Acv Ȝ

f ce′ ȡt fye)

A.11.3.2.1.2 For all vertical wall segments sharing a
common lateral force, Vne shall not be taken greater than
American Concrete Institute – Copyrighted © Material – www.concrete.org
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12Acv f ce′ . For any individual vertical wall segments, Vne
shall not be taken greater than 15Acv f ce′ .

A.12—Enhanced detailing requirements
A.12.1 If the mean maximum deformation from the set
of response history analyses exceeds 0.5Du RI FRQ¿QHG
concrete, members shall be subject to the added detailing
requirements of this section.

A.12.2 6SHFLDOPRPHQWIUDPHV

RA.12—Enhanced detailing requirements
RA.12.1 The requirements for earthquake-resisting
systems and detailing have been developed over many years
using actual earthquake damage observations, research, and
HQJLQHHULQJ MXGJPHQW 7KHVH UHTXLUHPHQWV DUH FRGL¿HG LQ
$6&(6(,, IBC, and ACI 318. In recent years, enhanced
computational abilities allow engineers to model and calculate seismic response in great detail.
Designs that exceed the prescriptive limits of the general
EXLOGLQJ FRGH DUH VRPHWLPHV SUHSDUHG YHUL¿HG DQG MXVWL¿HG ,Q VRPH LQVWDQFHV WKHVH QHZ GHVLJQV KDYH QRW EHHQ
tested in strong ground shaking, and there is some concern
that these designs may be extrapolating beyond the collective
knowledge. Therefore, these enhanced details are provided
to improve inelastic response ductility and are appropriate
when using Appendix A for designs beyond prescriptive
code limits.
RA.12.2 6SHFLDOPRPHQWIUDPHV

A

A.12.2.1 For beams of special moment frames, the
VSDFLQJ RI WUDQVYHUVHO\ VXSSRUWHG ÀH[XUDO UHLQIRUFLQJ EDUV
as required by 18.6.4.2 shall not exceed 8 in.
A.12.2.2 The sum of the column strengths at any joint as
required by 18.7.3.2 shall be at least 1.4 times the sum of the
beam strengths at the joint.
A.12.2.3 For tied columns of special moment frames,
every longitudinal bar shall have lateral support by a corner
of a hoop or a seismic hook as required in 18.7.5.2(f) regardless of axial load or concrete strength.

RA.12.2.3 This code has allowed crossties in compression members with a seismic hook at only one end and
with crossties alternated recognizing their ease in construction. However, recent earthquakes and research tests have
shown that 90-degree hooks do not always provide adequate
support (Moehle and Cavanagh 1985).

A.12.2.4 When deformations of beams of special moment
frames exceed 0.5Du, the column dimension parallel to the
beam longitudinal reinforcement required in 18.8.2.3 shall
be increased by 20 percent.
A.12.3 Special structural walls

Nonlinear

A.11.3.2.2 For structural wall panel zones, Vne shall be
calculated in accordance with A.11.3. 2.1(a). Vne shall not be
taken greater than 25Acv f ce′ .

A.12.3 Special structural walls

A.12.3.1 Boundary elements shall be provided in
accordance with 18.10.6 with transverse reinforcement
conforming with A.12.2.3.
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CODE

COMMENTARY

A.12.3.2 If boundary elements are required, splices of
shear reinforcement shall be made with mechanical or
welded splices, or lap splices enclosed in transverse reinforcement spaced at the smaller of 6db of the spliced bars
or 6 in.
A.12.3.3,IWKHÀRRURUURRIVODELVVKRZQE\DQDO\VLVWR
undergo inelastic response at a slab-wall connection, the slab
ÀH[XUDO UHLQIRUFHPHQW VKDOO EH H[WHQGHG WKURXJK WKH VODE
wall joint and anchored for structural integrity.

RA.12.3.3 Analysis of tall buildings with structural core
wall systems have shown inelastic response in slabs at their
connection to core walls. Integrity of this connection is critical to the overall performance of the structure. Enhanced
details, which include properly anchored or continuous reinforcement and post-tensioning tendons, providing additional
integrity are required.

A.12.3.4 If shear force exceeds 4AcvȜ f c′ , enhanced
construction joint detailing shall be provided with thorough roughening of concrete, intermittent shear keys in the
concrete, or both, to reduce the possibility of slip along the
construction joint.

RA.12.3.4 Sliding at horizontal construction joints of
walls has been observed in earthquakes and in laboratory
testing of structural walls. Enhanced detailing is required in
regions of high shear to minimize slip or sliding at construction joints.

A.13—Independent structural design review
A.13.1 The analysis and design shall be reviewed by an
independent structural design reviewer. The independent
structural design reviewer shall act under the direction of the
EXLOGLQJR൶FLDO

RA.13—Independent structural design review
RA.13.1 The independent structural design reviewer
provides an independent, objective, technical review of
those aspects of the structural design of the building that
relate to earthquake-performance and advises the building
R൶FLDOZKHWKHUWKHGHVLJQPHHWVWKHDFFHSWDQFHFULWHULDDQG
the expected building performance.
Review by the independent structural design reviewer
is not intended to replace quality assurance measures
ordinarily exercised by the licensed design professional.
Responsibility for the structural design remains solely with
the licensed design professional in responsible charge of the
structural design.

A.13.2 The independent structural design review shall
be performed by one or more individuals acceptable to the
EXLOGLQJR൶FLDODQGSRVVHVVLQJNQRZOHGJHRI D WKURXJK G 

RA.13.2 On many projects, independent structural design
review may be provided by a review team approved by the
EXLOGLQJ R൶FLDO (DFK PHPEHU RI WKH UHYLHZ WHDP PD\
possess specialized knowledge and expertise, and jointly
meet the requirements of A.13.2.
An independent structural design reviewer should not have
FRQÀLFWVRILQWHUHVWZLWKUHVSHFWWRWKHSURMHFWDQGVKRXOGQRW
be part of the design team for the project.

(a) Selection and scaling of ground motions for use in
nonlinear response history analysis.
(b) Behavior of structural systems of the type under
consideration when subjected to earthquake loading.
(c) Analytical structural modeling for use in nonlinear
response history analysis, including use of physical tests
in the creation and calibration of the structural analysis
models, and knowledge of soil-structure interaction if used
in the analysis or in the development of ground motions.
(d) The requirements of Appendix A as they pertain to
design of the type of structure under consideration.
A.13.3 The scope of the independent structural design
UHYLHZVKDOOEHDSSURYHGE\WKHEXLOGLQJR൶FLDODQGVKDOO
include a minimum of (a) through (h):

RA.13.3 The scope of the independent structural design
UHYLHZ VKRXOG EH FOHDUO\ GH¿QHG DQG DFFHSWDEOH WR WKH
EXLOGLQJR൶FLDO
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579

COMMENTARY

(a) The independent structural design reviewer shall
issue comments and questions to the licensed design
professional.
(b) The licensed design professional shall provide written
responses to the independent structural design reviewer.
(c) The independent structural design reviewer shall
summarize the review in a letter addressed to the
EXLOGLQJR൶FLDOWKDWVKDOOLQFOXGHDORJRIDOOTXHVWLRQVRU
comments and responses. Any items that lack resolution
or consensus shall be clearly explained with reasons for
lack of agreement.

RA.13.4 A statement of agreement with the design
should be provided. However, there may be occasions
where complete agreement between the independent structural design reviewer and the licensed design professional
cannot be reached. These items should be documented in the
summary review letter.
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A

A.13.4 The independent structural design review shall be
documented as follows:

Nonlinear

(a) Basis of design document, including the earthquakeperformance objectives, the overall earthquake-resistant
design methodology, and acceptance criteria
(b) Proposed structural system
(c) Earthquake hazard determination, and selection and
PRGL¿FDWLRQRIHDUWKTXDNHJURXQGPRWLRQV
(d) Modeling approaches for components
(e) Structural analysis model, including soil-structure
LQWHUDFWLRQ DV DSSOLFDEOH DQG YHUL¿FDWLRQ WKDW WKH VWUXFtural analysis model adequately represents the properties
of the structural system
(f) Review of structural analysis results and determination
of whether calculated response meets approved acceptance criteria
(g) Design and detailing of structural components
K  'UDZLQJV VSHFL¿FDWLRQV DQG TXDOLW\ FRQWUROTXDOLW\
assurance and inspection provisions in the design
documents
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APPENDIX B—STEEL REINFORCEMENT INFORMATION
As an aid to users of the ACI Building Code, information on sizes, areas, and weights of various steel reinforcement is
presented.
ASTM STANDARD REINFORCING BARS
Nominal area, in.2

Bar size, no.

Nominal diameter, in.

Nominal weight, lb/ft

3

0.375

0.11

0.376

4

0.500

0.20

0.668

5

0.625

0.31

1.043

6

0.750

0.44

1.502

7

0.875

0.60

2.044

8

1.000

0.79

2.670

1.128

1.00

3.400

1.270

1.27

4.303

11

1.410

1.56

5.313

14

1.693

2.25

7.65

18

2.257

4.00

13.60

B

Reinf. info.

9
10
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ASTM STANDARD PRESTRESSING STRANDS, WIRES, AND BARS
Type*

Seven-wire strand (Grade 250)

Seven-wire strand (Grade 270)

Prestressing wire

Prestressing bars (Type I, plain)

Prestressing bars (Type II, deformed)

Nominal diameter, in.

Nominal area, in.2

Nominal weight, lb/ft

 

0.036

0.122

 

0.058

0.197

 

0.080

0.272

 

0.108

0.367

 

0.144

0.490

(0.600)

0.216

0.737

 

0.085

0.290

 

0.115

0.390

 
(0.520)
(0.563)

0.153
0.167
0.192

0.520
0.570
0.650

(0.600)
(0.620)
(0.700)

0.217
0.231
0.294

0.740
0.780
1.000

0.192

0.029

0.098

0.196

0.030

0.102

0.250

0.049

0.170

0.276

0.060

0.204



0.44

1.50



0.60

2.04

1

0.78

2.67



0.99

3.38



1.23

4.17



1.48

5.05



0.28

0.98



0.42

1.49

1

0.85

3.01



1.25

4.39




3

1.58
2.58
5.16
6.85

5.56
9.10
18.20
24.09

*

Availability of some strand, wire, and bar sizes should be investigated in advance.
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WRI STANDARD WIRE REINFORCEMENT*
Nominal area, in.2

Area, in.2/ft of width for various spacings

Nominal weight, lb/ft

Center-to-center spacing, in.

Deformed

Nominal diameter, in.

2

3

4

6

W31

D31

0.628

0.310

1.054

1.86

1.24

0.93

0.62

0.46 0.37

0.31

W30

D30

0.618

0.300

1.020

1.80

1.20

0.90

0.60

0.45 0.36

0.30

W28

D28

0.597

0.280

0.952

1.68

1.12

0.84

0.56

0.42 0.33

0.28

W26

D26

0.575

0.260

0.884

1.56

1.04

0.78

0.52

0.39 0.31

0.26

W24

D24

0.553

0.240

0.816

1.44

0.96

0.72

0.48

0.36 0.28

0.24

W22

D22

0.529

0.220

0.748

1.32

0.88

0.66

0.44

0.33 0.26

0.22

W20

D20

0.505

0.200

0.680

1.20

0.80

0.60

0.40

0.30 0.24

0.20

W18

D18

0.479

0.180

0.612

1.08

0.72

0.54

0.36

0.27 0.21

0.18

W16

D16

0.451

0.160

0.544

0.96

0.64

0.48

0.32

0.24 0.19

0.16

W14

D14

0.422

0.140

0.476

0.84

0.56

0.42

0.28

0.21 0.16

0.14

W12

D12

0.391

0.120

0.408

0.72

0.48

0.36

0.24

0.18 0.14

0.12

W11

D11

0.374

0.110

0.374

0.66

0.44

0.33

0.22

0.16 0.13

0.11

0.366

0.105

0.357

0.63

0.42

0.315

0.21

0.15 0.12

0.105

0.357

0.100

0.340

0.60

0.40

0.30

0.20

0.15 0.12

0.10

0.348

0.095

0.323

0.57

0.38

0.285

0.19

0.14 0.11

0.095

0.338

0.090

0.306

0.54

0.36

0.27

0.18

0.13 0.10

0.09

0.329

0.085

0.289

0.51

0.34

0.255

0.17

0.12 0.10

0.085

0.319

0.080

0.272

0.48

0.32

0.24

0.16

0.12 0.09

0.08

0.309

0.075

0.255

0.45

0.30

0.225

0.15

0.11 0.09

0.075

0.299

0.070

0.238

0.42

0.28

0.21

0.14

0.10 0.08

0.07

0.288

0.065

0.221

0.39

0.26

0.195

0.13

0.09 0.07

0.065

0.276

0.060

0.204

0.36

0.24

0.18

0.12

0.09 0.07

0.06

0.265

0.055

0.187

0.33

0.22

0.165

0.11

0.08 0.06

0.055

0.252

0.050

0.170

0.30

0.20

0.15

0.10

0.07 0.06

0.05

0.239

0.045

0.153

0.27

0.18

0.135

0.09

0.06 0.05

0.045

0.226

0.040

0.136

0.24

0.16

0.12

0.08

0.06 0.04

0.04

W3.5

0.211

0.035

0.119

0.21

0.14

0.105

0.07

0.05 0.04

0.035

W3

0.195

0.030

0.102

0.18

0.12

0.09

0.06

0.04 0.03

0.03

W2.9

0.192

0.029

0.098

0.174

0.116

0.087

0.058

0.04 0.03

0.029

W2.5

0.178

0.025

0.085

0.15

0.10

0.075

0.05

0.03 0.03

0.025

W2

0.160

0.020

0.068

0.12

0.08

0.06

0.04

0.03 0.02

0.02

W1.4

0.134

0.014

0.049

0.084

0.056

0.042

0.028

0.02 0.01

0.014

W10.5
W10

D10

W9.5
W9

D9

W8.5
W8

D8

W7.5
W7

D7

W6.5
W6

D6

W5.5
W5

D5

W4.5
W4

D4

8

*Reference “Structural Welded Wire Reinforcement Manual of Standard Practice,” Wire Reinforcement Institute, Hartford, CT, sixth edition, Apr. 2001, 38 pp.
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APPENDIX C—EQUIVALENCE BETWEEN SI-METRIC, MKS-METRIC, AND
U.S. CUSTOMARY UNITS OF NONHOMOGENOUS EQUATIONS IN THE CODE
SI-metric stress in MPa
1 MPa
fcƍ 03D
fcƍ 03D
fcƍ 03D

mks-metric stress in kgf/cm2
NJIFP2

U.S. Customary units stress in
pounds per square inch (psi)
145 psi

fcƍ NJIFP2
fcƍ NJIFP2

fcƍ SVL
fcƍ SVL

fcƍ NJIFP2

fcƍ SVL

2

fcƍ SVL

fcƍ 03D
fy = 280 MPa

fcƍ NJIFP

fy = 420 MPa

fy NJIFP2

2

fy NJIFP

fpu = 1725 MPa
fpu = 1860 MPa
f c′ in MPa
f c′ in MPa

0.083

f c′ in MPa

0.17

f c′ in MPa

fy = 60,000 psi
2

fpu NJIFP
fpu NJIFP2
f c′ LQNJIFP2

3.18

0.313

fy = 40,000 psi

f c′ LQNJIFP2
0.27

f c′ LQNJIFP2

0.53

f c′ LQNJIFP2

fpu = 250,000 psi
fpu = 270,000 psi
f c′ in psi

12

f c′ in psi

3.77

f c′ in psi
2

f c′ in psi

6.6.4.5.4

M2,PLQ = Pu(15 + 0.03h)

M2,PLQ = Pu(1.5 + 0.03h)

M2,PLQ = Pu(0.6 + 0.03h)

7.3.1.1.1

fy ⎞
⎛
⎜⎝ 0.4 + 700 ⎟⎠

fy ⎞
⎛
⎜⎝ 0.4 + 7000 ⎟⎠

fy ⎞
⎛
⎜⎝ 0.4 + 100, 000 ⎟⎠

7.3.1.1.2

±wc)

±wc)

±wc)

bw s
f yt

4.2

bw s
f yt

60

bw s
f yt

7.7.3.5(c)

0.41

8.3.1.1

fr = 0.4

8.3.1.2(b)

fy ⎞
fy ⎞
⎛
⎛
A n ⎜ 0.8 +
A n ⎜ 0.8 +
⎟
1400 ⎠
14, 000 ⎟⎠
⎝
⎝
h=
PP h =
FP
36 + 5β(α IP − 0.2)
36 + 5β(α IP − 0.2)

fy ⎞
⎛
A n ⎜ 0.8 +
200, 000 ⎠⎟
⎝
LQ
h=
36 + 5β(α IP − 0.2)

8.3.1.2(d)

fy ⎞
⎛
A n ⎜ 0.8 +
1400 ⎟⎠
⎝
 90 mm
h=
36 + 9β

fy ⎞
⎛
A n ⎜ 0.8 +
200, 000 ⎟⎠
⎝
 3.5 in.
h=
36 + 9β

8.3.4.1

ft

8.7.7.1.2

fr = 1.3

f c′

0.53

0.50

f c′

1.6

0.37 f c′c2 d
fy

f c′

ft

f c′

As =

f c′

fy ⎞
⎛
A n ⎜ 0.8 +
14, 000 ⎟⎠
⎝
 9 cm
h=
36 + 9β

0.17
8.6.2.3

8.7.5.6.3.1(a)
and (b)

f c′

As =

f c′
f c′
1.2 f c′c2 d
fy

As =

2.1c2 d
fy

As =

21c2 d
fy

ࢥ

f c′

ࢥ

f c′

f c′

fr = 5

f c′

ft
2

f c′

6

f c′
4.5 f c′c2 d

As =

fy

As =

300c2 d
fy

ࢥ

f c′
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Provision
number

SI-metric stress in MPa

U.S. Customary units stress in
pounds per square inch (psi)

mks-metric stress in kgf/cm2

9.3.1.1.1

fy ⎞
⎛
⎜⎝ 0.4 + 700 ⎟⎠

fy ⎞
⎛
⎜⎝ 0.4 + 7000 ⎟⎠

fy ⎞
⎛
⎜⎝ 0.4 + 100, 000 ⎟⎠

9.3.1.1.2

±wc)

±wc)

±wc)

0.25 f c′

0.80 f c′

3 f c′

9.6.1.2(a) and
(b)

9.6.3.1

fy

bw d

fy

1.4
bw d
fy

Vu!ࢥȜ

f c′ bwd

AYPLQ

f c′

AYPLQ

AYPLQ

(Av + 2At s 0.35

f c′

9.6.4.3(a) and
(b)
Al,PLQ

fy

0.41

9.7.6.2.2

0.33

9.9.2.1

Vuࢥ

Al,PLQ
4.2

f c′ bwd
f c′ bwd
f c′

AYPLQ

bw s
f yt

bw s
f yt

bw s
f yt

AYPLQ 50
f c′

fy

⎛ 1.75bw ⎞
f yt
−⎜
⎟ ph f
f
⎝ yt ⎠
y

Al,PLQ
60
4

Vuࢥ

f c′ bwd

AYPLQ

f c′

AYPLQ

bw s
f yt

bw s
f yt

5 f c′Acp
fy
5 f c′Acp

Vuࢥ

AYPLQ 50

1.1

f c′ bwd

4

f c′ bwd

11.5.4.2

0.66

f c′ hd

2.12

f c′ hd

8

f c′ hd

11.5.4.3

f c′ ȡt fy)Acv

bw
f yt

f yt
⎛A⎞
− ⎜ t ⎟ ph
⎝ s⎠
fy
⎛ 25bw ⎞
f yt
ph
−⎜
⎟
fy
⎝ f yt ⎠

f c′ bwd
f c′

AYPLQ

f c′ bwd

Vn  ĮcȜ

bw
f yt

f c′ bwd

0.33

f c′ ȡt fy)Acv

fy

f c′

bw s
f yt

10.7.6.5.2

Vn  ĮcȜ

bw s
f yt

(Av + 2At s 50

Al,PLQ

f c′ bwd

bw s
f yt

(Av + 2At s

f yt
⎛A⎞
− ⎜ t ⎟ ph
⎝ s⎠
fy

fy
1.33 f c′Acp

bw
f yt

bw
f yt

1.33 f c′Acp

f c′

AYPLQ

bw s
f yt

1.1

AYPLQ
10.6.2.2

⎛ 0.175bw ⎞
f yt
−⎜
⎟ ph f
f
⎝
⎠
yt
y

f c′ bwd

Vu!ࢥȜ

bw s
f yt

(Av + 2At s 3.5

Al,PLQ

bw s
f yt

9.7.3.5(c)

f c′

(Av + 2At s

f yt
⎛A⎞
− ⎜ t ⎟ ph
⎝ s⎠
fy

fy
0.42 f c′Acp

bw
f yt

bw
f yt

0.42 f c′Acp

f c′ bwd

AYPLQ

bw s
f yt

bw d

200
bw d
fy

Vu!ࢥȜ

bw s
f yt

(Av + 2At s

Al,PLQ

fy

14
bw d
fy

9.6.3.4

9.6.4.2(a) and
(b)

bw d

bw s
f yt

Vn  ĮcȜ

bw s
f yt

f c′ ȡt fy)Acv

Įc = 0.25 for

hw

Aw

Įc = 0.80 for

hw

Aw

Įc = 3.0 for

hw

Aw

Įc = 0.17 for

hw

Aw

Įc = 0.53 for

hw

Aw

Įc = 2.0 for

hw

Aw
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SI-metric stress in MPa

U.S. Customary units stress in
pounds per square inch (psi)

mks-metric stress in kgf/cm2

11.5.4.5

0.66

f c′ Acv

2.12

f c′ Acv

8

11.5.4.5

0.83

f c′ Acw

2.65

f c′ Acw

10

11.6.1

VuࢥĮcȜ

f c′ Acv

VuࢥĮcȜ

f c′ Acv

VuࢥĮcȜ

f c′ Acv

11.6.2

VuࢥĮcȜ

f c′ Acv

VuࢥĮcȜ

f c′ Acv

VuࢥĮcȜ

f c′ Acv

12.5.3.3

Vn = Acv Ȝ

f c′ ȡt fy)

Vn = Acv Ȝ

f c′ ȡt fy)

Vn = Acv Ȝ

12.5.3.4

VuࢥAcv

14.5.2.1(a)

Mn Ȝ

14.5.4.1(a)

M u Pu
−
≤ φ0.42λ f c′
SP AJ

14.5.5.1(a)

Vn Ȝ

14.5.5.1(b)
and (c)

15.4.2.3

16.4.4.1

f c′
f c′ SP

f c′ bwh

VuࢥAcv

f c′

Mn Ȝ

f c′ SP

M u Pu
−
≤ φ1.33λ f c′
SP AJ

f c′ bwh

Vn Ȝ

⎡ 2⎤
Vn = 0.11 ⎢1 + ⎥ λ f c′bo h
⎣ β⎦

⎡ 2⎤
Vn = 0.35 ⎢1 + ⎥ λ f c′bo h
⎣ β⎦

Vn = 0.22 λ f c′bo h

Vn = 0.71λ f c′bo h

f c′ Acv
f c′ Acw

f c′ ȡt fy)

VuࢥAcv
Mn Ȝ

f c′
f c′ SP

M u Pu
−
≤ φ5λ f c′
SP AJ

Vn =

4
λ f c′ bwh
3

⎡ 2⎤ 4
Vn = ⎢1 + ⎥ λ f c′bo h
⎣ β⎦ 3
⎛4
⎞
Vn = 2 ⎜ λ f c′bo h⎟
⎝3
⎠

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ f c′ Aj
ࢥ bvd)

Ȝ f c′ Aj
ࢥ bvd)

Ȝ f c′ Aj
ࢥ bvd)

Av f yt ⎞
⎛
λ ⎜1.8 + 0.6
bv d
bv s ⎟⎠
⎝

Av f yt ⎞
⎛
λ ⎜18 + 0.6
bv d
bv s ⎟⎠
⎝

Av f yt ⎞
⎛
λ ⎜ 260 + 0.6
bv d
bv s ⎟⎠
⎝

3.5bvd

35bvd

500bvd

0.55bvd

5.6bvd

80bvd

16.4.4.2

f c′

AYPLQ
16.4.6.1

16.5.2.4(b)
and (c)
16.5.2.5(b)

17.6.2.2.1

AYPLQ

bw s
f yt

bw s
f yt

f c′

AYPLQ

bw s
f yt

bw s
f yt

f c′

AYPLQ
AYPLQ 50

bw s
f yt

bw s
f yt

(3.3 + 0.08fcƍ bwd

(34 + 0.08fcƍ bwd

(480 + 0.08fcƍ bwd

11bwd

110bwd

1600bwd

a ⎞
⎛
5.5 − 1.9 v ⎟ bw d
⎝⎜
d⎠

a ⎞
⎛
55 − 20 v ⎟ bw d
⎝⎜
d⎠

a ⎞
⎛
800 − 280 v ⎟ bw d
⎝⎜
d⎠

Nb = kcȜa

f c′ hef1.5

kc = 10 or 7
17.6.2.2.3

AYPLQ

Nb Ȝa

Nb = kcȜa

f c′ hef1.5

kc = 10 or 7

f c′ hef

Nb Ȝa

Nb = kcȜa

f c′ hef1.5

kc = 24 or 17

f c′ hef

Nb Ȝa
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ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

Provision
number
17.6.4.1

Nsb = 13ca1 Abrg Ȝa

17.6.5.1.2b

10d a

17.7.2.2.1a

⎛A ⎞
Vb = 0.6 ⎜ e ⎟
⎝d ⎠

Nsb = 42.5ca1 Abrg Ȝa

f c′

τ uncr
7.6
0.2
1.5

f c′(ca1 )

a

f c′ (ca1 )

1.5

Vb Ȝa

17.7.2.2.2

⎛A ⎞
Vb = 0.66 ⎜ e ⎟
⎝ da ⎠

18.7.5.3

⎛ 350 − h[ ⎞
so = 100 + ⎜
⎝
3 ⎟⎠

18.7.5.4(a)

kf =

0.2

da λ a

da λ a

1.5

f c′(ca1 )

1.5

Vb Ȝa

0.2

da λ a

f c′(ca1 )1.5

⎛ 35 − h[ ⎞
so = 10 + ⎜
⎝ 3 ⎟⎠
kf =

f c′
+ 0.6 ≥ 1.0
1750

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

Ȝ

f c′ Aj

18.10.2.4

0.50

f c′ Acv
f c′

A dh = f y db  λ f c′

fy

Vn = Acv ĮcȜ

f c′ ȡtfy)

f c′ Acv

Ȝ

Ȝ

f c′ Acv

Ȝ

f c′

6

fy

Vn = Acv ĮcȜ

f c′ ȡt fy)

f c′ Acv
f c′ Acv
f c′
fy

Vn = Acv ĮcȜ

f c′ ȡt fy)

Įc = 0.25 for

hw

Aw

Įc = 0.80 for

hw

Aw

Įc = 3.0 for

hw

Aw

Įc = 0.17 for

hw

Aw

Įc = 0.53 for

hw

Aw

Įc =2.0 for

hw

Aw

0.66

f c′ Acv

2.12

f c′ Acv

8

0.83

f c′ Acw

2.65

f c′ Acw

10

f c′ Acw

0.83

f c′ Acw

2.65

f c′ Acw

10

f c′ Acw

18.10.4.4

⎞
δc
Vu
1 ⎛
1 ⎛ lw ⎞ ⎛ c ⎞
=
⎜ 4 − ⎜⎝ ⎟⎠ ⎜⎝ ⎟⎠ −
⎟
50 b b
hwcs 100 ⎝
0.66 f c′Acv ⎠

18.10.6.5(a)

Ȝ

18.10.6.5(b)

fy

f c′ Acv

⎞
δc
Vu
1 ⎛
1 ⎛ lw ⎞ ⎛ c ⎞
=
⎜ 4 − ⎜⎝ ⎟⎠ ⎜⎝ ⎟⎠ −
⎟
50 b b
hwcs 100 ⎝
2.1 f c′Acv ⎠

Ȝ
fy

f c′ Acv

f c′(ca1 )1.5

A dh = f y db  λ f c′

Ȝ

1.6

da λ a

f c′
+ 0.6 ≥ 1.0
25, 000

f c′ Aj

Ȝ

0.2

kf =

Ȝ

18.10.2.2

1.5

⎛ 14 − h[ ⎞
so = 4 + ⎜
⎝ 3 ⎟⎠

f c′ Aj

f c′ Acv

f c′(ca1 )1.5

f c′ (ca1 )

⎛A ⎞
Vb = 8 ⎜ e ⎟
⎝ da ⎠

Ȝ

Ȝ

da λ a

a

f c′ (ca1 )

⎛A ⎞
f c′(ca1 )1.5 Vb = 2.1⎜ e ⎟
⎝ da ⎠

0.2

⎛A ⎞
Vb = 7 ⎜ e ⎟
⎝d ⎠

f c′ Aj

18.10.2.1

18.10.6.2b

0.2

Ȝ

A dh = f y db  λ f c′

18.10.4.5

Vb Ȝa

f c′
+ 0.6 ≥ 1.0
175

18.8.5.1

18.10.4.1

⎛A ⎞
Vb = 1.9 ⎜ e ⎟
⎝d ⎠

f c′

τ uncr
1100

10d a

a

17.7.2.2.1b

18.8.4.3

Nsb = 160ca1 Abrg Ȝa

f c′

τ uncr
76

10d a

da λ a

U.S. Customary units stress in
pounds per square inch (psi)

mks-metric stress in kgf/cm2

SI-metric stress in MPa

f c′ Acv

Vu ⎞
δc
1 ⎛
1 ⎛ lw ⎞ ⎛ c ⎞
=
⎜ 4 − ⎜⎝ ⎟⎠ ⎜⎝ ⎟⎠ −
⎟
50 b b
hwcs 100 ⎝
8 f c′Acv ⎠

Ȝ

f c′ Acv

fy
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SI-metric stress in MPa
f c′ Acw

18.10.7.2

Ȝ

18.10.7.4

Vn = 2Avd fyVLQĮ

Ȝ

f c′

AYPLQ
18.12.7.7
AYPLQ

f c′ Acw

bw s
f yt

bw s
f yt

f c′ Acw

f c′ Acw

bw s
f yt

f c′

AYPLQ

Vn = 2Avd fyVLQĮ

bw s
f yt

AYPLQ 50

f c′ ȡt fy)

Vn = Acv Ȝ

Vn = Acv Ȝ

18.12.9.2

0.66

f c′ Acv

2.12

f c′ Acv

8

18.14.5.3

0.29

f c′

0.93

f c′

3.5

19.2.2.1(a)

Ec = wc1.50.043

19.2.2.1(b)

Ec = 4700

f c′

Ec = 15,100

19.2.3.1

fr Ȝ

f c′

fr Ȝ

fse + 70 +

f c′
100ρ p

f c′

Ec = wc1.50.14

f c′

f c′

fse + 700 +

f c′

AYPLQ

18.12.9.1

f c′

f c′ Acw

Ȝ

Vn = 2Avd fyVLQĮ

AYPLQ

f c′ ȡt fy)

U.S. Customary units stress in
pounds per square inch (psi)

mks-metric stress in kgf/cm2

bw s
f yt

bw s
f yt

f c′ ȡt fy)

Vn = Acv Ȝ

f c′ Acv
f c′

Ec = wc1.533

f c′

Ec = 57,000

f c′

f c′

fr Ȝ
f c′
100ρ p

f c′
100ρ p

fse + 10,000 +

fse + 420

fse + 4200

fse + 60,000

f c′
fse + 70 +
300ρ p

f c′
fse + 700 +
300ρ p

fse + 10,000 +

fse + 210

fse + 2100

fse + 30,000

21.2.3

⎛ f ⎞
Ɛtr = ⎜ se ⎟ db
⎝ 21 ⎠

⎛ f ⎞
Ɛtr = ⎜ se ⎟ db
⎝ 210 ⎠

⎛ f ⎞
Ɛtr = ⎜ se ⎟ db
⎝ 3000 ⎠

22.2.2.4.3(b)

0.85 −

22.5.1.2

Vuࢥ Vc + 0.66

22.5.5.1(a)

⎛
Nu ⎞
⎜ 0.17λ f c′ + 6 A ⎟ bw d
⎝
g ⎠

⎛
Nu ⎞
⎜ 0.53λ f c′ + 6 A ⎟ bw d
⎝
g ⎠

⎛
Nu ⎞
⎜ 2λ f c′ + 6 A ⎟ bw d
⎝
g ⎠

22.5.5.1(b)

1
⎛
3
⎜ 0.66λ (ρw )
⎝

1
⎛
3
⎜ 2.1λ (ρw )
⎝

1
⎛
3
⎜ 8λ (ρw )
⎝

22.5.5.1(c)

1
⎛
3
⎜ 0.66λ s λ (ρw )
⎝

22.5.5.1.1

0.42λ f c′bw d

22.5.5.1.3

λs =

22.5.6.2

0.17λ f c′bw d

20.3.2.4.1

0.05 ( f c′ − 28)

0.85 −

7

f c′ bwd)

f c′ +

Nu ⎞
bw d
6 Ag ⎟⎠

f c′ +

Nu ⎞
bw d
6 Ag ⎟⎠

0.05 ( f c′ − 280)
70

Vuࢥ Vc + 2.2

1
⎛
3
⎜ 2.1λ s λ (ρw )
⎝

f c′ +

f c′ bwd)

Nu ⎞
bw d
6 Ag ⎟⎠

f c′ +

Nu ⎞
bw d
6 Ag ⎠⎟

1.33λ f c′bw d

2
≤ 1.0
1 + 0.004 ⋅ d

λs =

2
≤ 1.0
1 + 0.04 ⋅ d

0.53λ f c′bw d

f c′ Acw

0.85 −

f c′
300ρ p

0.05 ( f c′ − 4000)
1000

f c′ bwd)

Vuࢥ Vc + 8

f c′ +

1
⎛
3
⎜ 8λ s λ (ρw )
⎝

Nu ⎞
bw d
6 Ag ⎠⎟

f c′ +

Nu ⎞
bw d
6 Ag ⎟⎠

5λ f c′bw d
λs =

2
1+

2λ f c′bw d
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Provision
number

22.5.6.2(a),
(b), and (c)

ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

SI-metric stress in MPa

mks-metric stress in kgf/cm2

U.S. Customary units stress in
pounds per square inch (psi)

Vu d p ⎞
⎛
Vc = ⎜ 0.05λ f c′ + 4.8
bw d
M u ⎟⎠
⎝

Vu d p ⎞
⎛
Vc = ⎜ 0.16λ f c′ + 49
bw d
M u ⎟⎠
⎝

Vu d p ⎞
⎛
Vc = ⎜ 0.6λ f c′ + 700
bw d
M u ⎠⎟
⎝

Vc = (0.05λ f c′ + 4.8)bw d

Vc = (0.16λ f c′ + 49)bw d

Vc = (0.6λ f c′ + 700)bw d

Vc Ȝ

f c′ bwd

Vc Ȝ

f c′ bwd

22.5.6.3.1a

Vci = Ȝ

f c′ bwdp + Vd +

Vci = Ȝ

f c′ bwdp + Vd +

22.5.6.3.1b

Vci = Ȝ

f c′ bwd

Vci = Ȝ

22.5.6.3.1c

Vci = Ȝ

f c′ bwd

Vci = Ȝ

22.5.6.3.1d

⎛ I⎞
Mcre = ⎜ ⎟ Ȝ
⎝ yt ⎠

22.5.6.3.2

Vcw  Ȝ

22.5.6.3.3

Ȝ

22.5.8.6.2(b)

Vs = 0.25

22.6.5.2(a)

vc ȜsȜ

22.6.5.2(b)

⎛ 2⎞
vc = 0.17 ⎜1 + ⎟ λ s λ f c′
⎝ β⎠

⎛ 2⎞
vc = 0.53 ⎜1 + ⎟ λ s λ f c′
⎝ β⎠

⎛
4⎞
vc = ⎜ 2 + ⎟ λ s λ f c′
⎝
β⎠

22.6.5.2(c)

⎛
α d⎞
vc = 0.083 ⎜ 2 + s ⎟ λ f c′
bo ⎠
⎝

⎛
α d⎞
vc = 0.27 ⎜ 2 + s ⎟ λ f c′
bo ⎠
⎝

⎛
α d⎞
vc = ⎜ 2 + s ⎟ λ f c′
bo ⎠
⎝

22.6.5.5a

vc  Ȝ

22.6.5.5b

⎛
α d⎞
vc = 0.083 ⎜1.5 + s ⎟ Ȝ
bo ⎠
⎝

Vi M cre
M PD[

f c′ + fpe±fd)

Vi M cre
M PD[

Vci = Ȝ

f c′ bwdp + Vd +

f c′ bwd

Vci = Ȝ

f c′ bwd

f c′ bwd

Vci = Ȝ

⎛ I⎞
Mcre = ⎜ ⎟ Ȝ
⎝ yt ⎠

f c′ + fpe±fd)

f c′ + 0.3fpc)bwdp + Vp Vcw  Ȝ f c′ + 0.3fpc)bwdp + Vp

f c′

Ȝ

f c′ bwd

f c′

Vs = 0.8

f c′

f c′ bwd

f c′ + 0.3fpc) + Vp bod) vc  Ȝ
f c′

+ 0.3fpc + Vp bod)

Vcw  Ȝ

vc ȜsȜ

f c′

+ 0.3fpc + Vp bod)

f c′ + 0.3fpc)bwdp + Vp

f c′ bwd

f c′ + 0.3fpc) + Vp bod) vc  Ȝ

⎛
α d⎞
vc = 0.27 ⎜1.5 + s ⎟ Ȝ
bo ⎠
⎝

f c′

f c′ + 0.3fpc) + Vp bod)

⎛
α d⎞
vc = ⎜1.5 + s ⎟ λ f c′
bo ⎠
⎝
+ 0.3fpc + Vp bod)

22.6.6.1(a)
and (e)

ȜsȜ

f c′

ȜsȜ

f c′

ȜsȜ

f c′

22.6.6.1(b)

ȜsȜ

f c′

ȜsȜ

f c′

ȜsȜ

f c′

22.6.6.1(c)

⎛
0.33 ⎞
⎜⎝ 0.17 + β ⎠⎟ λ s λ f c′

⎛
1.06 ⎞
⎜⎝ 0.53 + β ⎟⎠ λ s λ f c′

⎛
4⎞
⎜⎝ 2 + β⎠⎟ λ s λ f c′

22.6.6.1(d)

⎛
0.083α s d ⎞
⎜⎝ 0.17 +
⎟⎠ λ s λ f c′
b

⎛
0.27α s d ⎞
λ s λ f c′
⎜⎝ 0.53 +
bo ⎟⎠

⎛
αsd ⎞
⎜⎝ 2 + b ⎟⎠ λ s λ f c′

22.6.6.2(a)

Av
b
≥ 0.17 f c′ o
s
f yt

Av
b
≥ 0.53 f c′ o
s
f yt

Av
b
≥ 2 f c′ o
s
f yt

22.6.6.2(b)

Av
b
≥ 0.17 f c′ o
s
f yt

Av
b
≥ 0.53 f c′ o
s
f yt

Av
b
≥ 2 f c′ o
s
f yt

o

f c′ + fpe±fd)

f c′

Vs = 3

f c′

Vi M cre
M PD[

f c′ bwd

⎛ I⎞
Mcre = ⎜ ⎟ Ȝ
⎝ yt ⎠

Ȝ

vc ȜsȜ

f c′ bwd

Vc Ȝ

o
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SI-metric stress in MPa

f c′

22.6.6.3(a)

ࢥ

22.6.6.3(b)

ࢥ

22.6.8.3

⎛ bo ⎞
⎛ Av ⎞
⎜⎝ s ⎟⎠ ≥ 0.17 f c′ ⎜ f ⎟
⎝ yt ⎠

f c′

mks-metric stress in kgf/cm2
ࢥ

f c′

ࢥ

f c′

ࢥ

f c′

ࢥ

f c′

⎛ bo ⎞
⎛ Av ⎞
⎜⎝ s ⎟⎠ ≥ 0.53 f c′ ⎜ f ⎟
⎝ yt ⎠

⎛ bo ⎞
⎛ Av ⎞
⎜⎝ s ⎟⎠ ≥ 2 f c′ ⎜ f ⎟
⎝ yt ⎠

⎛ Acp2 ⎞
f c′ ⎜
⎟
⎝ pcp ⎠

Tth Ȝ

⎛ Acp2 ⎞
f c′ ⎜
⎟
⎝ pcp ⎠

22.7.4.1(a)(b) Tth = 0.083λ f c′ ⎜

⎛ Acp2 ⎞
f pc
f c′ ⎜
⎟ 1+
p
λ f c′
⎝ cp ⎠

Tth Ȝ

⎛ Acp2 ⎞
f pc
f c′ ⎜
⎟ 1+
4λ f c′
⎝ pcp ⎠

⎛ Acp2 ⎞
Nu
Tth Ȝ
22.7.4.1(a)(c) Tth = 0.083λ f c′ ⎜ p ⎟ 1 +
0.33 Ag λ f c′
⎝ cp ⎠

⎛ Acp2 ⎞
Nu
Tth Ȝ
f c′ ⎜
⎟ 1+
p
Ag λ f c′
⎝ cp ⎠

⎛ Acp2 ⎞
Nu
f c′ ⎜
⎟ 1+
p
4 Ag λ f c′
⎝ cp ⎠

⎛ Ag2 ⎞
f c′ ⎜ ⎟
⎝ Pcp ⎠

Tth Ȝ

⎛ Ag2 ⎞
f c′ ⎜ ⎟
⎝ Pcp ⎠

⎛ Ag2 ⎞
f pc
f c′ ⎜ ⎟ 1 +
λ f c′
⎝ Pcp ⎠

Tth Ȝ

⎛ Ag2 ⎞
f pc
f c′ ⎜ ⎟ 1 +
4λ f c′
⎝ Pcp ⎠

⎛ Ag2 ⎞
Nu
f c′ ⎜ ⎟ 1 +
P
Ag λ f c′
⎝ cp ⎠

Tth Ȝ

⎛ Ag2 ⎞
Nu
f c′ ⎜ ⎟ 1 +
P
4 Ag λ f c′
⎝ cp ⎠

22.7.4.1(a)(a) Tth Ȝ

⎛ Acp2 ⎞
f c′ ⎜
⎟
⎝ pcp ⎠

U.S. Customary units stress in
pounds per square inch (psi)

Tth Ȝ

⎛ Acp2 ⎞
f pc
Tth Ȝ
⎟ 1+
p
0.33
λ f c′
⎝ cp ⎠

22.7.4.1(b)(a) Tth Ȝ

⎛ Ag2 ⎞
f c′ ⎜ ⎟
⎝ Pcp ⎠

Tth Ȝ

⎛ Ag2 ⎞
f pc
Tth Ȝ
⎟ 1+
P
0.33
λ f c′
⎝ cp ⎠

22.7.4.1(b)(b) Tth = 0.083λ f c′ ⎜

⎛ A2 ⎞

N

g
u
Tth Ȝ
22.7.4.1(b)(c) Tth = 0.083λ f c′ ⎜ P ⎟ 1 +
0.33 Ag λ f c′
⎝ cp ⎠

⎛ Acp2 ⎞
f c′ ⎜
⎟
⎝ pcp ⎠

Tcr Ȝ

⎛ Acp2 ⎞
f c′ ⎜
⎟
⎝ pcp ⎠

⎛ Acp2 ⎞
f pc
Tcr Ȝ
Tcr = 0.33λ f c′ ⎜
⎟ 1+
p
0.33λ f c′
⎝ cp ⎠

⎛ Acp2 ⎞
f pc
f c′ ⎜
1+
⎟
λ f c′
⎝ pcp ⎠

Tcr Ȝ

⎛ Acp2 ⎞
f pc
1+
f c′ ⎜
⎟
4λ f c′
⎝ pcp ⎠

⎛ Acp2 ⎞
Nu
Tcr = 0.33λ f c′ ⎜
Tcr Ȝ
⎟ 1+
0.33 Ag λ f c′
⎝ pcp ⎠

⎛ Acp2 ⎞
Nu
f c′ ⎜
⎟ 1+
p
Ag λ f c′
⎝ cp ⎠

Tcr Ȝ

⎛ Acp2 ⎞
Nu
f c′ ⎜
⎟ 1+
p
4 Ag λ f c′
⎝ cp ⎠

22.7.5.1(a)

Tcr Ȝ

22.7.5.1(b)

22.7.5.1(c)

⎛ Acp2 ⎞
f c′ ⎜
⎟
⎝ pcp ⎠

2

2

22.7.7.1a

Tcr Ȝ

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎝⎜ 1.7 A2 ⎠⎟ ≤ φ ⎜⎝ b d + 0.66 f c′⎟⎠
w
w
oh

2

2

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎝⎜ 1.7 A2 ⎠⎟ ≤ φ ⎜⎝ b d + 2 f c′⎟⎠
w
w
oh

2

2

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎝⎜ 1.7 A2 ⎠⎟ ≤ φ ⎜⎝ b d + 8 f c′⎟⎠
w
w
oh

22.7.7.1b

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎜⎝ 1.7 A2 ⎟⎠ ≤ φ ⎜⎝ b d + 0.66 f c′⎟⎠
w
w
oh

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎜⎝ 1.7 A2 ⎟⎠ ≤ φ ⎜⎝ b d + 2 f c′⎟⎠
w
w
oh

⎛ Vu ⎞ ⎛ Tu ph ⎞
⎛ Vc
⎞
⎜⎝ b d ⎟⎠ + ⎜⎝ 1.7 A2 ⎟⎠ ≤ φ ⎜⎝ b d + 8 f c′⎠⎟
w
w
oh

22.9.4.4(b),
(c), and (e)

(3.3 + 0.08fcƍ Ac
11Ac
5.5Ac

(34 + 0.08fcƍ Ac
110Ac
55Ac

(480 + 0.08fcƍ Ac
1600Ac
800Ac

23.4.4

Vu ≤ φ0.42 tan (θ) λλ s

f c′bw d

Vu ≤ φ1.33 tan (θ) λλ s

f c′bw d

Vu ≤ φ5 tan (θ) λλ s
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Provision
number

24.3.2

⎛ 280 ⎞
±cc
s = 380 ⎜
⎝ f s ⎟⎠

⎛ 2800 ⎞
s = 38 ⎜
±cc
⎝ f s ⎟⎠

⎛ 40, 000 ⎞
s = 15 ⎜
±cc
⎝ f s ⎟⎠

⎛ 280 ⎞
s = 300 ⎜
⎝ f s ⎟⎠

⎛ 2800 ⎞
s = 30 ⎜
⎝ f s ⎟⎠

⎛ 40, 000 ⎞
s = 12 ⎜
⎝ f s ⎟⎠

f c′

ft

2

f ci′

ft

ft

f c′ < ft

f c′

ft > 3.2

f c′

ft > 12

ft

f ci′

ft

f ci′

1.6

f ci′

6

f ci′

0.25

f ci′

0.8

f ci′

3

f ci′

⎛ f yψt ψe ⎞
ld = ⎜
⎟ db
⎝ 2.1λ f c′ ⎠
ld =

fy

ψt ψeψ s

1.1λ f c′ ⎛ cb + K tr ⎞
⎜⎝ d
⎟⎠
b

⎛ f yψt ψe ⎞
ld = ⎜
⎟ db
⎝ 6.6λ f c′ ⎠
db

ld =

fy

ψt ψeψ s

3.5λ f c′ ⎛ cb + K tr ⎞
⎜⎝ d
⎟⎠
b

f c′

f c′ < ft

7.5

0.50
24.5.3.2

25.4.2.3a

f c′

f c′

ft > 1.0

f c′

ft

f c′ < ft

0.62
24.5.2.1

25.4.2.2

U.S. Customary units stress in
pounds per square inch (psi)

mks-metric stress in kgf/cm2

SI-metric stress in MPa

f c′

f c′
f ci′

⎛ f y ψt ψe ⎞
ld = ⎜
⎟ db
⎝ 25λ f c′ ⎠
db

ld =

3 fy

ψt ψeψ s

40λ f c′ ⎛ cb + K tr ⎞
⎜⎝ d
⎟⎠
b

25.4.2.3 (top
left)

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 2.1λ f c′ ⎠

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 6.6λ f c′ ⎠

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 25λ f c′ ⎠

25.4.2.3 (top
right)

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 1.7λ f c′ ⎠

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 5.3λ f c′ ⎠

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 20λ f c′ ⎠

25.4.2.3
(lower left)

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 1.4λ f c′ ⎠

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 4.4λ f c′ ⎠

⎛ 3 f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 50λ f c′ ⎠

25.4.2.3
(lower right)

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 1.1λ f c′ ⎠

⎛ f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 3.5λ f c′ ⎠

⎛ 3 f yψt ψeψ g ⎞
⎜
⎟ db
⎝ 40λ f c′ ⎠

25.4.3.1

⎛ f y ψ e ψ r ψ o ψ c ⎞ 1.5
⎜
⎟ db
23 f c′ ⎠
⎝

⎛ f y ψ e ψ r ψ o ψ c ⎞ 1.5
⎜
⎟ db
23 f c′ ⎠
⎝

⎛ f y ψ e ψ r ψ o ψ c ⎞ 1.5
⎜
⎟ db
55 f c′ ⎠
⎝

25.4.4.2(a)

⎛ f y ψ e ψ p ψ o ψ c ⎞ 1.5
⎜
⎟ db
31 f c′
⎝
⎠

⎛ f y ψ e ψ p ψ o ψ c ⎞ 1.5
⎜
⎟ db
32 f c′
⎝
⎠

⎛ f y ψ e ψ p ψ o ψ c ⎞ 1.5
⎜
⎟ db
75 f c′
⎝
⎠

25.4.4.2(a)

⎛ 0.19 f y ψ e ⎞
⎜
⎟ db
f c′ ⎠
⎝

⎛ 0.06 f y ψ e ⎞
⎜
⎟ db
f c′ ⎠
⎝

⎛ 0.016 f y ψ e ⎞
⎜
⎟ db
f c′ ⎠
⎝

f c′
+ 0.6
1055

f c′
+ 0.6
15, 000

25.4.4.3

0.01fcƍ
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mks-metric stress in kgf/cm2

SI-metric stress in MPa

U.S. Customary units stress in
pounds per square inch (psi)

25.4.6.3(a)

⎛ f y − 240 ⎞
⎜
f y ⎟⎠
⎝

⎛ f y − 2460 ⎞
⎜
⎟
fy
⎝
⎠

⎛ f y − 35, 000 ⎞
⎜
⎟
fy
⎝
⎠

25.4.7.2(b)

⎛ f y ⎞ ⎛ Ab ⎞
3.3 ⎜
⎟⎜ ⎟
⎝ λ f c′ ⎠ ⎝ s ⎠

⎛ f y ⎞ ⎛ Ab ⎞
⎜
⎟⎜ ⎟
⎝ λ f c′ ⎠ ⎝ s ⎠

⎛ f y ⎞ ⎛ Ab ⎞
0.27 ⎜
⎟⎜ ⎟
⎝ λ f c′ ⎠ ⎝ s ⎠

25.4.8.1(a)

⎛ f se ⎞ d + ⎛ f ps − f se ⎞ d
b
⎜⎝ 21 ⎟⎠ b ⎜⎝
7 ⎟⎠

⎛ f se ⎞ d + ⎛ f ps − f se ⎞ d
⎜⎝ 210 ⎟⎠ b ⎜⎝ 70 ⎟⎠ b

⎛ f se ⎞ d + ⎛ f ps − f se ⎞ d
⎜⎝ 3000 ⎟⎠ b ⎜⎝ 1000 ⎟⎠ b

25.4.9.2(a)

⎛ 0.24 f y ⎞
⎜
⎟ db
⎝ λ f c′ ⎠

⎛ 0.075 f y ⎞
⎜
⎟ db
⎝ λ f c′ ⎠

⎛
fy ⎞
⎜
⎟ db
⎝ 50λ f c′ ⎠

(0.043fy)db
0.071fydb

(0.0044fy)db
0.0073fydb

(0.0003fy)db
0.0005fydb

(0.13fy± db

(0.013fy± db

(0.0009fy± db

25.4.9.2(b)
25.5.5.1(a)
and (b)

db f yt

0.053

db f yt

db f yt

25.7.1.3(b)

0.17

25.7.1.7
25.9.4.5.1

Abfyt1
fps = fse + 70

26.12.5.1

0.62

A.10.2b(ii)

Ɛp = 0.08hw + 0.022fydb

Ɛp = 0.08hw + 0.0021fydb

Ɛp = 0.08hw + 0.00015fydb

A.11.3.2.1.1

Vne = 1.5Acv(0.17 λ f c′ ȡt fye)

Vne = 1.5Acv(0.53 λ f c′ ȡt fye)

Vne = 1.5Acv(2 λ f c′ ȡt fye)

A.11.3.2.1.2

λ f c′

1.0Acv
1.25Acv

f c′

AbfytNJI
fps = fse + 700
2

f ce′
f ce′
f ce′

A.11.3.2.2

2.1Acv

A.12.3.4

0.33Acv λ f c′

λ f c′

f c′

0.014

λ f c′

AbfytOE
fps = fse + 10,000
7.5

f c′

3.2Acv

f ce′

12Acv

f ce′

4.0Acv

f ce′

15Acv

f ce′

6.6Acv

f ce′

25Acv

f ce′

1.1Acv λ f c′

4Acv λ f c′
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595

$PHULFDQ$VVRFLDWLRQRI6WDWH+LJKZD\DQG7UDQVSRUWDWLRQ
2৽FLDOV $$6+72
LRFDCONS-4-2017—LRFD Bridge Construction Speci¿FDWLRQV)RXUWK(GLWLRQ
/5)'86²/5)' %ULGJH 'HVLJQ 6SHFL¿FDWLRQV
Eighth Editioin
$PHULFDQ&RQFUHWH,QVWLWXWH $&,
²6SHFL¿FDWLRQ IRU 7ROHUDQFHV IRU &RQFUHWH
Construction and Materials
201.2R-08—Guide to Durable Concrete
209R-92(08)—Prediction of Creep, Shrinkage, and
7HPSHUDWXUH(൵HFWVLQ&RQFUHWH6WUXFWXUHV
211.1-91(09)—Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete
213R-03—Guide for Structural Lightweight-Aggregate
Concrete
213R-14—Guide for Structural Lightweight-Aggregate
Concrete
214R-11—Guide to Evaluation of Strength Test Results
of Concrete
214.4R-10—Guide for Obtaining Cores and Interpreting
Compressive Strength Results
215R-92(97)—Considerations for Design of Concrete
Structures Subjected to Fatigue Loading
216.1-07—Code Requirements for Determining Fire
Resistance of Concrete and Masonry Construction
Assemblies
222R-01—Protection of Metals in Concrete against
Corrosion
223R-10—Guide for the Use of Shrinkage-Compensating
Concrete
224R-01(08)—Control of Cracking in Concrete Structures
228.1R-03—In-Place Methods to Estimate Concrete
Strength
232.2R-18—Report on the Use of Fly Ash in Concrete
233R-03—Slag Cement in Concrete and Mortar
234R-06—Guide for the Use of Silica Fume in Concrete
237R-07—Self-Consolidating Concrete
²6SHFL¿FDWLRQVIRU6WUXFWXUDO&RQFUHWH
304R-00(09)—Guide for Measuring, Mixing, Transporting, and Placing Concrete
305R-10—Guide to Hot Weather Concreting
²6SHFL¿FDWLRQIRU+RW:HDWKHU&RQFUHWLQJ
306R-10—Guide to Cold Weather Concreting
  ²6WDQGDUG 6SHFL¿FDWLRQ IRU &ROG :HDWKHU
Concreting
307-08—Code Requirements for Reinforced Concrete
Chimneys (ACI 307-08) and Commentary
308R-01(08)—Guide to Curing Concrete

309R-05—Guide for Consolidation of Concrete
311.4R-05—Guide for Concrete Inspection
²6SHFL¿FDWLRQ IRU 5HDG\ 0L[HG &RQFUHWH
Testing Services
313-97—Standard Practice for Design and Construction
of Concrete Silos and Stacking Tubes for Storing Granular
Materials
318-63—Commentary on Building Code Requirements
for Reinforced Concrete
318-11—Building Code Requirements for Structural
Concrete (ACI 318-11) and Commentary
318.2-14—Building Code Requirements for Concrete
Thin Shells (ACI 318.2-14) and Commentary
332-14—Requirements for Residential Concrete
Construction (ACI 332-14) and Commentary
5  ²&RQFUHWH6KHOO6WUXFWXUHV±3UDFWLFHDQG
Commentary
5²5HLQIRUFHG&RQFUHWH&RROLQJ7RZHU6KHOOV±
Practice and Commentary
336.2R-88—Suggested Analysis and Design Procedures
for Combined Footings and Mats
336.3R-93(06)—Design and Construction of Drilled Piers
347-04—Guide to Formwork for Concrete
5²*XLGH IRU 6KRULQJ5HVKRULQJ RI &RQFUHWH
Multistory Buildings
349-13—Code Requirements for Nuclear Safety-Related
Concrete Structures (ACI 349-13) and Commentary
350-06—Code Requirements for Environmental Engineering Concrete Structures (ACI 350-06) and Commentary
352R-02—Recommendations for Design of BeamColumn Connections in Monolithic Reinforced Concrete
Structures
352.1R-11—Guide for Design of Slab-Column Connections in Monolithic Concrete Structures
²4XDOL¿FDWLRQV RI 3RVW ,QVWDOOHG 0HFKDQLFDO
Anchors in Concrete and Commentary
²4XDOL¿FDWLRQ RI 3RVW,QVWDOOHG $GKHVLYH
Anchors in Concrete (ACI 355.4-11) and Commentary
359-13—Code for Concrete Containments
360R-10—Guide to Design of Slabs-on-Ground
362.1R-97(02)—Guide for the Design of Durable Parking
Structures
363R-10—Report on High-Strength Concrete
369.1-17—Standard Requirements for Seismic EvaluaWLRQDQG5HWUR¿WRI([LVWLQJ&RQFUHWH%XLOGLQJV $&,
17) and Commentary
372R-13—Guide to Design and Construction of Circular
Wire- and Strand-Wrapped Prestressed Concrete Structures
374.1-05—Acceptance Criteria for Moment Frames
Based on Structural Testing and Commentary
374.3R-16—Guide to Nonlinear Modeling Parameters for
Earthquake-Resistant Structures
408R-03(12)—Bond and Development of Straight Reinforcing Bars in Tension
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408.1R-90—Suggested Development, Splice, and Standard Hook Provisions for Deformed Bars in Tension
408.2R-12—Report on Bond of Steel Reinforcing Bars
Under Cyclic Loads
421.1R-08—Guide to Shear Reinforcement for Slabs
423.3R-05—Recommendations for Concrete Members
Prestressed with Unbonded Tendons
²6SHFL¿FDWLRQ IRU 8QERQGHG 6LQJOH6WUDQG
Tendon Materials
423.10R-16—Guide to Estimating Prestress Losses
5  ²&RQWURO RI 'HÀHFWLRQ LQ &RQFUHWH
Structures
5  ²'HÀHFWLRQV RI &RQWLQXRXV &RQFUHWH
Beams
437.1R-07—Load Tests of Concrete Structures: Methods,
Magnitude, Protocols, and Acceptance Criteria
437.2-13—Code Requirements for Load Testing of
Existing Concrete Structures and Commentary
440.1R-06—Guide for the Design and Construction of
Structural Concrete Reinforced with FRP Bars
440.2R-08—Guide for the Design and Construction of
Externally Bonded FRP Systems for Strengthening Concrete
Structures
445R-99(09)—Recent Approaches to Shear Design of
Structural Concrete
506R-16—Guide to Shotcrete
²6SHFL¿FDWLRQIRU6KRWFUHWH
506.4R-94(04)—Guide for the Evaluation of Shotcrete
543R-00—Guide to Design, Manufacture, and Installation of Concrete Piles
544.3R-08—Guide for Specifying, Proportioning, and
Production of Fiber-Reinforced Concrete
²'HVLJQ 6SHFL¿FDWLRQ IRU 8QERQGHG 3RVW
Tensioned Precast Concrete Special Moment Frames Satisfying ACI 374.1 (ACI 550.3-13) and Commentary
²4XDOL¿FDWLRQ RI 3UHFDVW &RQFUHWH 'LDSKUDJP
Connections and Reinforcement at Joints for Earthquake
Loading (ACI 550.4-18) and Commentary (ACI 550.4R-18)
550.5-18—Code Requirements for the Design of Precast
Concrete Diaphragms for Earthquake Motions (ACI 550.518) and Commentary (ACI 550.5R-18)
551.2R-10—Design Guide for Tilt-Up Concrete Panels
555R-01—Removal and Reuse of Hardened Concrete
560R-16—Report on Design and Construction with Insulating Concrete Forms (ICFs)
±±&RGH 5HTXLUHPHQWV IRU $VVHVVPHQW 5HSDLU
and Rehabilitation of Existing Concrete Structures and
Commentary (ACI 562-19).
&33²$PHULFDQ&RQFUHWH,QVWLWXWH&HUWL¿FDWLRQ
Policies for Concrete Field Testing Technician - Grade I. doi:

&33 ²$PHULFDQ &RQFUHWH ,QVWLWXWH &HUWL¿FDtion Policies for Concrete Strength Testing Technician. doi:

&33²$PHULFDQ&RQFUHWH,QVWLWXWH&HUWL¿FDWLRQ
Policies for Concrete Construction Special Inspector. doi:


&33²$PHULFDQ&RQFUHWH,QVWLWXWH&HUWL¿FDWLRQ
Policies for Shotcrete Nozzleman and Shotcrete Nozzlemanin-Training. doi: 
CPP 680.1-17—American Concrete Institute Certi¿FDWLRQ 3ROLFLHV IRU $GKHVLYH $QFKRU ,QVWDOOHU GRL

&33 ²$PHULFDQ &RQFUHWH ,QVWLWXWH &HUWL¿FDtion Policies for Adhesive Anchor Installation Inspector. doi:

&33 ²$PHULFDQ &RQFUHWH ,QVWLWXWH &HUWL¿FDtion Policies for Post-Installed Concrete Anchor Installation
Inspector. doi: 
CT-18—Concrete Terminology
ITG-5.1-07—Acceptance Criteria for Special Unbonded
Post-Tensioned Precast Structural Walls Based on Validation
Testing and Commentary
ITG-5.2-09—Requirements for Design of a Special
Unbonded Post-Tensioned Precast Shear Wall Satisfying
ACI ITG-5.1 (ACI 5.2-09) and Commentary
,7*²6SHFL¿FDWLRQ IRU 7ROHUDQFHV IRU 3UHFDVW
Concrete
ITG-10R-18—Practitioner’s Guide for Alternative Cements
ITG-10.1R-18—Report on Alternative Cements
SP-2(07)—Manual of Concrete Inspection, Tenth Edition
SP-4(05)—Formwork for Concrete, Seventh Edition
SP-17(09)—ACI Design Handbook
SP-66(04)—ACI Detailing Manual
$PHULFDQ,QVWLWXWHRI6WHHO&RQVWUXFWLRQ $,6&
341-10—Seismic Provisions for Structural Steel Buildings
²6SHFL¿FDWLRQIRU6WUXFWXUDO6WHHO%XLOGLQJV
$PHULFDQ,URQDQG6WHHO,QVWLWXWH $,6,
D100-08—Cold-Formed Steel Design Manual
6²1RUWK$PHULFDQ6SHFL¿FDWLRQIRUWKH'HVLJQRI
Cold-Formed Steel Structural Members
$PHULFDQ6RFLHW\RI&LYLO(QJLQHHUV $6&(
7-05—Minimum Design Loads for Buildings and Other
Structures
7-16—Minimum Design Loads for Buildings and Other
Structures
²6HLVPLF (YDOXDWLRQ DQG 5HWUR¿W RI ([LVWLQJ
Buildings
²$6&(&235,6WDQGDUGIRUWKH6HLVPLF'HVLJQRI
Piers and Wharves
$PHULFDQ6RFLHW\RI0HFKDQLFDO(QJLQHHUV $60(
%²8QL¿HG ,QFK 6FUHZ 7KUHDGV 81 DQG 815
Thread Form)
B18.2.1-96—Square and Hex Bolts and Screws, Inch
Series
B18.2.6-96—Fasteners for Use in Structural Applications
B31.1-92—Power Piping
%²&KHPLFDO3ODQWDQG3HWUROHXP5H¿QHU\3LSLQJ
$PHULFDQ:HOGLQJ6RFLHW\ $:6
''0²6WUXFWXUDO:HOGLQJ&RGH±6WHHO
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ASTM International
$$0²6WDQGDUG6SHFL¿FDWLRQIRU&DUERQ6WUXFtural Steel
A307-14İ²6WDQGDUG 6SHFL¿FDWLRQ IRU &DUERQ 6WHHO
Bolts, Studs, and Threaded Rod 60000 PSI Tensile Strength
$²6WDQGDUG 7HVW 0HWKRGV DQG 'H¿QLWLRQV IRU
Mechanical Testing of Steel Products
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 6WHHO
Strand, Uncoated Seven-Wire for Prestressed Concrete
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 8QFRDWHG
Stress-Relieved Steel Wire for Prestressed Concrete,
including Supplementary Requirement SI, Low-Relaxation
Wire and Relaxation Test
$$0İ²6WDQGDUG6SHFL¿FDWLRQIRU'HIRUPHG
and Plain Carbon-Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 'HIRUPHG
and Plain Low-Alloy Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU =LQF
Coated (Galvanized) Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU (SR[\
Coated Steel Reinforcing Bars
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU (SR[\
Coated Prefabricated Steel Reinforcing Bars
$$0E²6WDQGDUG6SHFL¿FDWLRQIRU'HIRUPHG
and Plain Stainless-Steel Bars for Concrete Reinforcement
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU +HDGHG
Steel Bars for Concrete Reinforcement, including Annex A1
Requirements for Class HA Head Dimensions
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 5DLO6WHHO
and Axle-Steel Deformed Bars for Concrete Reinforcement
$$0E²6WDQGDUG
6SHFL¿FDWLRQ
IRU
Deformed and Plain Stainless-Steel Wire and Welded Wire
for Concrete Reinforcement
$$0²6WDQGDUG
6SHFL¿FDWLRQ
IRU
Deformed and Plain, Low-Carbon, Chromium, Steel Bars
for Concrete Reinforcement
$$0D²6WDQGDUG 6SHFL¿FDWLRQ IRU 6WHHO
Stud Assemblies for Shear Reinforcement of Concrete
$$0²6WDQGDUG6SHFL¿FDWLRQIRU=LQFDQG
Epoxy Dual-Coated Steel Reinforcing Bars
$$0D²6WDQGDUG
6SHFL¿FDWLRQ
IRU
Carbon-Steel Wire and Welded Wire Reinforcement, Plain
and Deformed, for Concrete
$$0²6WDQGDUG 6SHFL¿FDWLRQ IRU 6WUXFtural Steel with Improved Yield Strength at High Temperature for Use in Buildings
&&0²6WDQGDUG3UDFWLFHIRU0DNLQJDQG&XULQJ
Concrete Test Specimens in the Field
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU &RQFUHWH
Aggregates
&&0²6WDQGDUG 7HVW 0HWKRG IRU &RPSUHVVLYH
Strength of Cylindrical Concrete Specimens
&&0D²6WDQGDUG 7HVW 0HWKRG IRU 2EWDLQLQJ
and Testing Drilled Cores and Sawed Beams of Concrete

&&0²6WDQGDUG6SHFL¿FDWLRQIRU5HDG\0L[HG
Concrete
C114-18—Standard Test Methods for Chemical Analysis
of Hydraulic Cement
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU 3RUWODQG
Cement
&&0²6WDQGDUG 3UDFWLFH IRU 6DPSOLQJ
Freshly Mixed Concrete
&&0²6WDQGDUG7HVW0HWKRGIRU$LU&RQWHQW
of Freshly Mixed Concrete by the Volumetric Method
&&0D²6WDQGDUG7HVW0HWKRGIRU$LU&RQWHQW
of Freshly Mixed Concrete by the Pressure Method
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU /LJKWweight Aggregates for Structural Concrete
&&0²6WDQGDUG 7HVW 0HWKRG IRU 0LFURVFRpial Determination of Parameters of the Air-Void System in
Hardened Concrete
&&0²6WDQGDUG 7HVW 0HWKRG IRU 6WDWLF
Modulus of Elasticity and Poisson’s Ratio of Concrete in
Compression
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU &KHPLFDO
Admixtures for Concrete
&0²6WDQGDUG7HVW 0HWKRG IRU 'HWHUPLQLQJ
Density of Structural Lightweight Concrete
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU %OHQGHG
Hydraulic Cements
&²6WDQGDUG 6SHFL¿FDWLRQ IRU &RDO )O\ $VK DQG
Raw or Calcined Natural Pozzolan for Use in Concrete
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU &RQFUHWH
Made by Volumetric Batching and Continuous Mixing
&0²6WDQGDUG 7HVW 0HWKRG IRU 3HQHWUDWLRQ
Resistance of Hardened Concrete
&&0²6WDQGDUG 7HVW 0HWKRG IRU 5HERXQG
Number of Hardened Concrete
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU ([SDQVLYH
Hydraulic Cement
&&0²6WDQGDUG 7HVW 0HWKRG IRU &RPSUHVsive Strength of Concrete Cylinders Cast in Place in Cylindrical Molds
C900-15—Standard Test Method for Pullout Strength of
Hardened Concrete
&&0D²6WDQGDUG 6SHFL¿FDWLRQ IRU 6ODJ
Cement for Use in Concrete and Mortars
&&0E²6WDQGDUG7HVW 0HWKRG IRU /HQJWK
Change of Hydraulic-Cement Mortars Exposed to a Sulfate
Solution
&&0İ²6WDQGDUG6SHFL¿FDWLRQIRU&KHPical Admixtures for Use in Producing Flowing Concrete
C1074-17—Standard Practice for Estimating Concrete
Strength by the Maturity Method
C1077-17—Standard Practice for Laboratories Testing
Concrete and Concrete Aggregates for Use in Construction
and Criteria for Testing Agency Evaluation
&&0²6WDQGDUG3UDFWLFHIRU3UHSDULQJDQG
Testing Specimens from Shotcrete Test Panels
&&0  İ—Standard Test Method for
Acid-Soluble Chloride in Mortar and Concrete
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&&0²6WDQGDUG3HUIRUPDQFH6SHFL¿FDWLRQ
for Hydraulic Cement
C1202-19—Standard Test Method for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration
&&0²6WDQGDUG 7HVW 0HWKRG IRU :DWHU
Soluble Chloride in Mortar and Concrete
&²6WDQGDUG6SHFL¿FDWLRQIRU6LOLFD)XPH8VHG
in Cementitious Mixtures
&&0²6WDQGDUG 6SHFL¿FDWLRQ IRU 0L[LQJ
Water Used in Production of Hydraulic Cement Concrete
&&0  ²6WDQGDUG 7HVW 0HWKRG IRU
Obtaining and Testing Drilled Cores of Shotcrete
&&0²6WDQGDUG7HVW 0HWKRG IRU )OH[XUDO
Performance of Fiber-Reinforced Concrete (Using Beam
With Third-Point Loading)
C1778-16—Standard Guide for Reducing the Risk of
Deleterious Alkali-Aggregate Reaction in Concrete
&²6WDQGDUG 6SHFL¿FDWLRQ IRU *URXQG &DOFLXP
Carbonate and Aggregate Mineral Fillers for use in Hydraulic
Cement Concrete
D3665-12(2017)—Standard Practice for Random
Sampling of Construction Materials
((0D²6WDQGDUG7HVW0HWKRGVIRU7HQVLRQ7HVWLQJ
of Metallic Materials
)²6WDQGDUG 6SHFL¿FDWLRQ IRU $QFKRU %ROWV
Steel, 36, 55, and 105-ksi Yield Strength
)HGHUDO(PHUJHQF\0DQDJHPHQW$JHQF\ )(0$
P749-10—Earthquake-Resistant Design Concepts: An
Introduction to the NEHRP Recommended Provisions
Seismic Provisions
P750-10—NEHRP Recommended Seismic Provisions for
New Buildings and Other Structures (2009 edition)
P751-12—NEHRP Recommended Seismic Provisions:
Design Examples (2009 edition)
,QWHUQDWLRQDO&RGH&RXQFLO ,&&
2018 IBC—International Building Code
ES AC193-15—Mechanical Anchors in Concrete Elements
1DWLRQDO)LUH3URWHFWLRQ$VVRFLDWLRQ 1)3$
5000-2012—Building Construction Safety Code
1DWLRQDO,QVWLWXWHRI6WDQGDUGVDQG7HFKQRORJ\ 1,67
CGR 17-917-46—Guidelines for Nonlinear Structural
Analysis for Design of Buildings
3RUWODQG&HPHQW$VVRFLDWLRQ 3&$
EB001.15-11—Design and Control of Concrete Mixtures,
16th edition
PCA 100-2017—Prescriptive Design of Exterior Concrete
Walls
3UHFDVW3UHVWUHVVHG&RQFUHWH,QVWLWXWH 3&,
MNL 116-99—Manual for Quality Control for Plants and
Production of Structural Precast Concrete Products
MNL 117-13—Manual for Quality Control for Plants and
Production of Architectural Precast Concrete Products

MNL 120-10—Design Handbook: Precast and Prestressed
Concrete, Seventh Edition
MNL 120-17—Design Handbook: Precast and Prestressed
Concrete, Eighth Edition
MNL 123-88—Design and Typical Details of Connections for Precast and Prestressed Concrete
MNL 126-15—PCI Manual for the Design of Hollow
Core Slabs and Walls
MNL 133-04—Bridge Design Manual
3RVW7HQVLRQLQJ,QVWLWXWH 37,
DC10.5-12—Standard Requirements for Design and
Analysis of Shallow Post-Tensioned Concrete Foundations
of Expansive Soils
DC20.8-04—Design of Post-Tensioned Slabs Using
Unbonded Tendons
0²*XLGH
6SHFL¿FDWLRQ
IRU
*URXWHG
Post-Tensioning
0²6SHFL¿FDWLRQIRU*URXWLQJRI3RVW7HQVLRQHG
Structures
TAB.1-06—Post-Tensioning Manual, Sixth Edition
Standards New Zealand
NZS 3101-2006—Concrete Structure Standard, Part 1:
The Design of Concrete Structures: Part 2: Commentary on
the Design of Concrete Structures
6WHHO'HFN,QVWLWXWH 6',
&²6WDQGDUGIRU&RPSRVLWH6WHHO)ORRU'HFN±6ODEV
NC-2010—Standard for Non-Composite Steel Floor Deck
Authored documents
Aaleti, S.; Brueggen, B. L.; Johnson, B.; French, C. E.;
and Sritharan, S., 2013, “Cyclic Response of Reinforced
&RQFUHWH :DOOV ZLWK 'L൵HUHQW$QFKRUDJH 'HWDLOV ([SHULmental Investigation,” Journal of Structural Engineering,
V. 139, No. 7, July, pp. 1181-1191. doi: 1 $6&(
ST.1943-541X.0000732
Abdullah, S. A., and Wallace, J. W., 2019, “Drift Capacity
of Reinforced Concrete Structural Walls with Special
Boundary Elements,” ACI Structural Journal, V. 116, No. 1,
Jan., pp. 183-194. doi: 
AC303, 2011, “Acceptance Criteria for Post-Tensioning
Anchorages and Couplers of Prestressed Concrete,” Apr.
2011, editorially revised Aug. 2012, ICC-ES Evaluation
Service, LLC, Whittier, CA.
ACI Committee 318, 1965, “Commentary on Building
Code Requirements for Reinforced Concrete (ACI 318-63),”
SP-10, American Concrete Institute, Farmington Hills, MI,
pp. 78-84.
ACI Committee 318, 1999, “Closure to Public Comments
on ACI 318-99,” Concrete International, V. 21, No. 5, May,
pp. 318-1 to 318-50. doi: 
ACI Committee 408, 1966, “Bond Stress—The State of
the Art,” ACI Journal Proceedings, V. 63, No. 11, Nov., pp.
1161-1188. doi: 
$&, &RPPLWWHH   ³'HÀHFWLRQV RI 3UHVWUHVVHG
Concrete Members (ACI 435.1R-63),” ACI Journal
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Azizinamini, A.; Chisala, M.; and Ghosh, S. K., 1995,
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Azizinamini, A.; Darwin, D.; Eligehausen, R.; Pavel,
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American Concrete Institute, Farmington Hills, MI, pp.
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R. A., 1977, “Behavior and Design of Prestressed Concrete
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Beam-column joints, Ch. 15
- axial force through slab system, 15.5
FRQ¿QHG
- detailing, 15.3
- not participating in the SFRS, 18.14.3
- ordinary moment frames, 18.4.4
- puddling, 15.5
- scope, 15.1
- special moment frames, 18.8
Beams, Ch. 9
- coupling beams, 18.10.7
GHÀHFWLRQOLPLWV
- design limits, 9.3
- design strength, 9.5
- intermediate moment frames, 18.4.2
- minimum depth, 9.3.1
- not participating in the SFRS, 18.14.3, 18.14.4
- ordinary moment frames, 18.3.2
- reinforcement details, 9.7
- reinforcement limits, 9.6
- required strength, 9.4
- scope, 9.1
VLPSOL¿HGPHWKRGRIDQDO\VLV
- special moment frames, 18.6
- stability, 9.2.3
- strain limit, 9.3.3
- stress limit, 9.3.4
- structural integrity, 9.7.7
Bearing, 22.8
- plain concrete, 14.5.6
- reinforced concrete, 22.8
Bend diameters, 25.3
Boundary elements, 18.10.6, 18.13.2.3, 25.2.3
Brackets and corbels, 16.5, 23.2.10
- construction tolerance, 26.6.2
- design strength, 16.5.4
- dimensional limits, 16.5.2
- limits, 16.5.1.1
- reinforcement detailing, 16.5.6
- reinforcement limits, 16.5.5, 23.2.9
- required strength, 16.5.3
%XLOGLQJR൶FLDO
Bundled reinforcement, 25.6
Caissons, 1.4.7, 13.4, 18.13
Cantilever retaining walls, 11.1.4, 13.3.6
Cementitious materials, 26.4.1.1, 26.4.2.2
&ODVVL¿FDWLRQRISUHVWUHVVHGÀH[XUDOPHPEHUV
Closed stirrups, 25.7.1.6
Cold weather, 26.5.4
Collector reinforcement, 12.5.1.5, 12.7.3
Collectors, 4.4.7, 12.4.1, 12.5.1, 12.5.3, 12.5.4, 18.12.3,
18.12.7
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Acceptance criteria
- load test, 27.5.3, 27.6.2
- shotcrete, 26.12.4
- standard-cured specimens, 26.12.3
VWHHO¿EHUUHLQIRUFHGFRQFUHWH
Adhesive anchors
- bond strength, 17.6.5
- embedment depth limits, 17.3.3
- inspection, 26.13.1.6, 26.13.2.5
- proof loading, 26.7.1(k)
TXDOL¿HGLQVWDOOHU G  H
- seismic, 17.10
- sustained tension, 17.5.1.3, 17.5.2, 26.7.1(l), 26.13.3.2(e)
Admixtures, 26.4.1.4
Aggregates, 26.4.1.2
Alternative construction materials, 1.10
Aluminum embedments, 20.6.3
Analysis, structural, See Structural analysis
Anchor reinforcement, 17.5.2.1
Anchorage zone, 25.9
Anchoring to concrete, 26.7, Ch. 17, 18.2.3
- adhesive bond strength, 17.6.5
- anchor failure modes, 17.5.1.2
- anchor strength, 17.6, 17.7
- breakout strength in shear, 17.7.2
- brittle steel element, 17.5.3
- construction documents, 26.7
- ductile steel element, 17.5.3
- edge distances to preclude splitting, 17.9
- inspection, 26.13
- installation, 26.7
- lightweight concrete, 17.2.4
- pryout, 17.5.3, 17.7.3
- pullout strength, 17.6.3
- reduction factors, 17.5.3
- scope, 17.1
- seismic design, 17.10
- shear loading, 17.7
- side-face blowout, 17.6.4
- spacings to preclude splitting, 17.9
- strength of anchors, general requirements, 17.5
- stretch length, 17.10.5.3
- sustained tension load, 17.5.2.2
- tensile and shear interaction, 17.8
- tensile loading, 17.6
- thicknesses to preclude splitting, 17.9
Axial force through slab system, 15.5
Axial strength, 22.4
Bar bending, 26.6.3
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Columns, Ch. 10
- design limits, 10.3
- design strength, 10.5
- intermediate moment frames, 18.4.3
- not participating in the SFRS, 18.14.3, 18.14.4
- ordinary moment frames, 18.3.3
- reinforcement detailing, 10.7
- reinforcement limits, 10.6
- required strength, 10.4
- scope, 10.1
- special moment frames, 18.7
&RPELQHGÀH[XUDODQGD[LDOVWUHQJWK
- maximum axial compressive strength, 22.4.2
- maximum axial tensile strength, 22.4.3
Compliance requirements, 26.1.1(b)
&RPSRVLWHÀH[XUDOPHPEHUV
ÀH[XUH
- general, 4.12.3
- horizontal shear, 16.4
- vertical shear, 22.5.4
Composite steel deck, 1.4.10
Composite systems, 4.12.3
Concrete
- acceptance criteria, 26.12.3
- characteristics, 26.4.4
- consolidation, 26.5.2
- cover, 20.5.1
- low-strength results, 26.12.6
- materials, 26.4.1
- mixture requirements, 19.3.2, 26.4.2
- modulus of elasticity, 19.2.2
- modulus of rupture, 19.2.3
- placement, 26.5.2
- production, 26.5.1
- proportioning, 26.4.3
- testing frequency, 26.12.2
Concrete breakout, anchors, 17.6.2, 17.7.2
Concrete properties, Ch. 19
- design properties, 19.2
- durability requirements, 19.3
- grout durability requirements, 19.4
- maximum compressive strength, 19.2.1.1
- minimum compressive strength, 19.2.1.1, 19.3.2.1
- scope, 19.1
Concrete pryout, anchors, 17.7.3
Concrete side-face blowout, headed anchors, 17.6.4
&RQ¿QHGMRLQW
- beam-column joint, 15.3.1
- slab-column joint, 15.3.2
Connections
- cast-in-place, Ch. 15
- precast, Ch. 16

Connections between members, Ch. 16
- brackets, 16.5
- corbels, 16.5
- foundations, 16.3
- horizontal shear, 16.4
- precast members, 16.2
- scope, 16.1
Connections to foundations, 16.3
- design strength, 16.3.3
- detailing, cast-in-place members, 16.3.5
- detailing, precast members, 16.3.6
- minimum reinforcement, 16.3.4
- required strength, 16.3.2
Consolidation, 26.5.2
Construction, 4.13, Ch. 26
Construction documents and inspection, 1.8, Ch. 26
- anchoring to concrete, 26.7
- concrete acceptance, 26.12
- concrete construction, 26.5
- concrete evaluation, 26.12
- concrete materials, 26.4
- concrete production, 26.5
- design criteria, 26.2
- embedments, 26.8
- formwork, 26.11
- inspection, 26.13
- member information, 26.3
- mixture requirements, 26.4
- precast concrete, 26.9
- prestressed concrete, 26.10
- reinforcement materials, 26.6
- scope, 26.1
- special moment frames, 26.13.1.3, 26.13.3.2
Construction joint, 14.3.4, 18.10.10, 26.5.6
Contraction joint, 26.5.6
Corbels, See Brackets and corbels
Cores, 26.12.6
Corrosion
- concrete requirements, 19.3.2
- corrosive environment, 19.3.1
Corrosion, reinforcement
- external post-tensioning, 20.5.6
- grouted tendons, 20.5.4
- post-tensioning hardware, 20.5.5
- unbonded prestressing reinforcement, 20.5.3
Coupling beams, 18.10.7
- strength limit, 18.10.4.5
Cover, concrete, 20.5.1
Cracking torsion, 22.7.5
Critical section
- beams factored moment, 9.4.2
- beams factored shear, 9.4.3
- beams factored torsion, 9.4.4
- one-way slabs moment, 7.4.2
- one-way slabs shear, 7.4.3
- two-way shear perimeter, 22.6.4
- two-way slabs shear, 8.4.4.1
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Detailing
- beam, 9.7
- beam-column joint, 15.3
- brackets, 16.5.6
- collector, 18.12.7.6
- column, 10.7
- connections to foundations, 16.3.5, 16.3.6
- corbels, 16.5.6
- diaphragm, 12.7
- horizontal shear, 16.4.7
- one-way slab, 7.7
- plain concrete, 14.6
- shear-friction, 22.9.5
- slab-column joint, 15.3
- strut-and-tie, 23.6, 23.8
- two-way slab, 8.7
- wall, 11.7
Development length, 25.4
- deformed bars, 25.4.2, 25.4.9
- deformed wires, 25.4.2, 25.4.9
- earthquake-resistant structures, 18.8.5, 18.10.2.3(b),
18.10.7.4(b), 18.13.2.3
- excess reinforcement reduction factor, 25.4.10
- headed deformed bars, 25.4.4
- mechanical anchors, 25.4.5
- pretensioned seven-wire strand, 25.4.8
- special moment frames, joints, 18.8.5.1
- special structural walls, 18.10.2.3
- standard hooks, 25.4.3
- welded deformed wires, 25.4.6
- welded plain wires, 25.4.7
Diaphragms, 4.4.7, 6.2.4.3, Ch. 12
- collector, 12.5.4
- design limits, 12.3
- design strength, 12.5
- reinforcement detailing, 12.7
- reinforcement limits, 12.6
- required strength, 12.4
- scope, 12.1
- shrinkage and temperature reinforcement, 12.6
Diaphragms and trusses, earthquake-resistant structures, 18.12
- cast-in-place topping, 18.12.4, 18.12.5
- construction joints, 18.12.10
- design forces, 18.12.2
ÀH[XUDOVWUHQJWK
- minimum thickness, 18.12.6
- reinforcement, 18.12.7
- seismic load path, 18.12.3
- shear strength, 18.12.9
- structural trusses, 18.12.11

I

Critical spacing, anchor groups, 17.2.1.1
Crossties, 18.6.4.3, 18.7.5.2, 18.10.7.4, 18.13.5.10.5,
23.6.3.3, 25.3
Curing, 26.5.3
Deep beams, 9.9, 23.2.9
- dimensional limits, 9.9.2
- reinforcement detailing, 9.9.4
- reinforcement limits, 9.9.3
Deep foundations, 13.4, 18.13
- allowable axial strength, 13.4.2
- cast-in-place, 13.4.4
- precast, 13.4.5
- pile caps, 13.4.6
- strength design, 13.4.3
'H¿QLWLRQV
'HÀHFWLRQV
- composite construction, 24.2.5
- immediate, 24.2.3
- time-dependent, 24.2.4
'HÀHFWLRQOLPLWV
- beams, 9.3.2
- load testing, 27.4.5.5
- one-way slabs, 7.3.2
- two-way slabs, 8.3.2
Design information, 26.1.1(a)
Design limits
- beams, 9.3
- columns, 10.3
- diaphragms, 12.3
- one-way slabs, 7.3
- plain concrete, 14.3
- two-way slabs, 8.3
- walls, 11.3
Design loads, 4.3, Ch. 5
Design properties, concrete, 19.2
- lightweight, 19.2.4
- modulus of elasticity, 19.2.2
- modulus of rupture, 19.2.3
VSHFL¿HGFRPSUHVVLYHVWUHQJWK
Design properties, reinforcement
- prestressing strand, 20.3.2
- nonprestressed, 20.2.2
Design records, 1.8
Design strength
- beams, 9.5
- brackets and corbels, 16.5.4
- columns, 10.5
- connections to foundations, 16.3.3
- corbels, 16.5.4
- diaphragms, 12.5
- horizontal shear, 16.4.3
- one-way slabs, 7.5
- plain concrete, 14.5
- precast connections, 16.2.3
- strength reduction factors, Ch. 21, 17.5.1.1
- two-way slabs, 8.5
- walls, 11.5
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Drilled piers, 1.4.7, 13.4, 18.13.5
Drop panel, 8.2.4
Dual-coated reinforcement, 20.5.2, 25.4, 25.7.3.6
Durability, 4.8, 19.3.2, 26.4, 20.5
Durability requirements, 19.3
- additional requirements for chloride ion content, 19.3.4
- exposure categories and classes, 19.3.1
- freeze-thaw, 19.3.3
- requirements for concrete mixtures, 19.3.2
Earthquake-resistant structures, Ch. 18
- beams of special moment frames, 18.6
- columns of special moment frames, 18.7
- diaphragms, 18.12
- foundations, 18.13
- intermediate moment frames, 18.4
- intermediate precast structural walls, 18.5
- joints of special moment frames, 18.8
- members not designated as part of the SFRS, 18.14
- ordinary moment frames, 18.3
- precast intermediate structural walls, 18.5
- precast special moment frames, 18.9
- precast special structural walls, 18.11
- scope, 18.1
- special moment frames, 18.6, 18.7, 18.8
- special structural walls, 18.10
- strut-and-tie, 23.11
- trusses, 18.12
Elastic second-order analysis, 6.7
- section properties, 6.7.2
- section properties, factored load analysis, 6.7.2.1, 6.6.3.1
- section properties, service load analysis, 6.7.2.2
Embedments, 20.6, 26.8
End-bearing splices, 25.5.6
Epoxy-coated reinforcement, 20.6.2
Equilibrium, 22.2.1
Equivalent stress block, 22.2.2.4
Exposure category, 19.3.1
Exposure class, 19.3.1
Existing structures, 4.14, Ch. 27
- acceptance criteria, 27.5.3, 27.6.2
- analytical strength evaluation, 27.3
- as-built condition, 27.3.1
- load factors, test load, 27.4.6
- response measurements, 27.5.2
- strength evaluation, Ch. 27
- strength reduction factors, existing building, 27.3.2
- test load application, 27.5.1
- test load arrangement, 27.4.6.1
fcƍOLPLWVDQFKRUV
Finite element analysis, 6.9
Fire resistance, 4.11
First-order analysis, 6.6
PRPHQWPDJQL¿FDWLRQPHWKRG
- section properties, 6.6.3
VOHQGHUQHVVH൵HFWV
- redistribution of moments, 6.6.5

)OH[XUDODQGD[LDOVWUHQJWK6HH&RPELQHGÀH[XUDODQG
axial strength
Flexural strength, 22.3
- composite members, 22.3.3
- prestressed members, 22.3.2
Flood load, 5.3.9
Fluid load, 5.3.7
Folded plates, 1.4.4
Formwork, 26.11
Formwork removal, 26.11.2
Foundations, Ch. 13, 14.4.3, 18.13
- critical sections, 13.2.7
- deep foundations, 13.4
- design criteria, 13.2.6
HDUWKTXDNHH൵HFWV
- scope, 13.1
- shallow foundations, 13.3
- slabs-on-ground, 13.2.4
Foundations, earthquake-resistant structures, 18.13
- anchorage of deep foundations, 18.13.6
- caissons, 18.13.5
- footings, 18.13.2
- foundation mats, 18.13.2
- grade beams, 18.13.3
- piers, 18.13.5
- pile caps, 18.13.2
- piles, 18.13.5
- seismic ties, 18.13.4
- slabs-on-ground, 18.13.3
Freezing and thawing, 19.3.3
General ACI 318, Ch. 1
- applicability, 1.4
- approval of special systems of design, 1.10
EXLOGLQJR൶FLDO
- caissons, 1.4.7
- composite steel deck, 1.4.9
- construction documents, 1.8
- drilled piers, 1.4.7
- interpretation, 1.5
- jurisdiction, 1.2
- licensed design professional, 1.7
PRGL¿FDWLRQV
- multiple single-family dwellings, 1.4.6
- noncomposite steel decks, 1.4.5
R൶FLDOYHUVLRQ
- one-family dwellings, 1.4.6
- piles, 1.4.7
- purpose, 1.3
- reservoirs, 1.4.9
- scope of 318, 1.1
- slabs-on-ground, 1.4.8
- tanks, 1.4.9
- testing and inspection, 1.9
- thin shells, 1.4.4
- townhouses, 1.4.6
- two-family dwellings, 1.4.6
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- ice load, 5.3.10
- lateral earth pressure load, 5.3.8
- live load reductions, 5.2.3
- load combinations, 5.3
- load factors, 5.3
- post-tensioned anchorage zone load, 5.3.12
- prestressing load, 5.3.11
- restraint load, 5.3.6
- seismic design categories, 5.2.2
- wind load, 5.3.5
Low strength-test results, 26.12.6
Mat foundations, 13.3.4, 18.13.2
Materials, 4.2
- concrete, Ch. 19
- embedment, 20.6
- nonprestressed reinforcement, 20.2
- prestressing reinforcement, 20.3
- steel reinforcement, Ch. 20
Maximum anchor diameter, 17.3.2
Mechanical splices, 18.2.7, 25.5.7
Members not designated as part of the SFRS, 18.14
- beams, 18.14.3
- columns, 18.14.3
- design actions, 18.14.2
- joints, 18.14.3
- precast beams, 18.14.4
- precast columns, 18.14.4
- slab-column connections, 18.14.5
- wall piers, 18.14.6
Minimum beam depth, 9.3.1, 18.6.2.1
Minimum bend diameters, 25.3
0LQLPXPÀH[XUDOUHLQIRUFHPHQW
- beams, 9.6.1, 9.6.2
- one-way slabs, 7.6.1, 7.6.2
- two-way slabs, 8.6.1, 8.6.2
Minimum reinforcement
- connections to foundations, 16.3.4
- horizontal shear, 16.4.6
- special moment frames, 18.7.4
- special structural walls, 18.10.2
Minimum shear reinforcement
- beams, 9.6.3
- one-way slabs, 7.6.3
Minimum size, precast bearing connections, 16.2.6
Minimum spacing, reinforcement, 25.2
Minimum thickness
- diaphragm, 12.3.1
- diaphragm, earthquake-resistant structures, 18.12.6
- one-way slabs, 7.3.1
- two-way slabs, 8.3.1
- walls, 11.3.1, 18.10.2.4
Mixture proportioning, 26.4.3
Modeling assumptions, 6.3
Modulus of elasticity
- concrete, 19.2.2
- nonprestressed reinforcement, 20.2.2.2
- prestressed reinforcement, 20.3.2.1

I

General building code, 1.2.2, 1.2.5, 1.2.7, 1.4.1, 1.4.3, 1.9.2
Grade beams, 13.3.2, 18.13.3
Headed shear stud reinforcement, 8.7.7, 20.4
Hooks, 25.3
Hoops, 25.7.4
Horizontal shear, 16.4
- alternative method, 16.4.5
- design strength, 16.4.3
- detailing, 16.4.7
- minimum reinforcement, 16.4.6
- nominal strength, 16.4.4
- required strength, 16.4.2
Hot weather, 26.5.5
Ice load, 5.3.10
Inelastic analysis, 6.8
Inspection, 1.9, 4.13, 26.13, Ch. 26
- items to be inspected, 26.13.3
- reports, 26.13.2
- requirements, 26.1.1(c)
,QVSHFWRUTXDOL¿FDWLRQV5
Integrity ties, 16.2, 16.2.1.8, 16.2.4, 16.2.5
,QWHUDFWLRQH൵HFWVDQFKRUV
Intermediate moment frames, 18.4
- beams, 18.4.2
- columns, 18.4.3
- joints, 18.4.4
- two-way slabs, 18.4.5
Intermediate precast structural walls, 18.5
Investigation of strength-tests, 26.12.6
Isolation joint, 26.5.6
Joints
- beam-column, Ch. 15
- construction, 26.5.6
- construction documents, 26.5.6
- contraction, 26.5.6
- isolation, 26.5.6
- slab-column, Ch. 15
Jurisdiction, 1.2.2, 1.2.6, 1.5.7, 1.6.2, 1.8.1
Lap splices
- deformed bars and deformed wires in tension, 25.5.2
- deformed bars in compression, 25.5.5
- welded deformed wire reinforcement in tension, 25.5.3
- welded plain wire reinforcement in tension, 25.5.4
Lateral earth pressure load, 5.3.8
Licensed design professional, 1.7
Lift-slab construction, 8.9
Lightweight concrete, 19.2.4
Lightweight concrete, anchors, 17.2.4
Live load, arrangement, 6.4
Live load reductions, 5.2.3
Load combinations, 5.3
Load factors, 5.3
Load paths, 4.4, 18.12.3
Load test, 27.4
Loads, Ch. 5
- earthquake, 5.2.2
ÀRRGORDG
ÀXLGORDG
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Modulus of rupture, 19.2.3
0RPHQWPDJQL¿FDWLRQ
0RPHQWRILQHUWLDH൵HFWLYH
Moment redistribution, 6.6.5
Noncomposite steel decks, 1.4.5
Nonprestressed reinforcement
- design properties, 20.2.2
- material properties, 20.2.1
Nonsway frame, 6.6.4.5
Notation, 2.2
2൵VHWEHQWORQJLWXGLQDOUHLQIRUFHPHQW
One-way joist systems, 9.8
One-way shallow foundations, 13.3.2
One-way shear, 22.5
- composite members, 22.5.4
- concrete strength, 22.5.5, 22.5.6, 22.5.7
H൵HFWLYHGHSWK
- material strength limits, 22.5.3
- reinforcement, 22.5.8
One-way slabs, Ch. 7
GHÀHFWLRQOLPLWV
- design limits, 7.3
- design strength, 7.5
- minimum slab thickness, 7.3.1
- reinforcement detailing, 7.7
- reinforcement limits, 7.6
- required strength, 7.4
- scope, 7.1
VLPSOL¿HGPHWKRGRIDQDO\VLV
- strain limit, 7.3.3
- stress limits, 7.3.4
Ordinary moment frames, 18.3
Pedestals, 14.3.3
Piers, 18.13.5
Pile caps, 13.4.6, 18.13.2
Piles, 1.4.7, 13.4.4, 13.4.5, 18.13.5
Placement
- concrete, 26.5.2
- reinforcement, 26.6.2
Plain concrete, 4.12.4, Ch. 14
- design limits, 14.3
- design strength, 14.5
- precast, 14.2.3
- reinforcement detailing, 14.6
- required strength, 14.4
- scope, 14.1
Post-tensioned anchorage zone, 7.7.4.3.1, 8.7.5.4.1,
9.7.4.3.1, 25.9
Post-tensioned anchorage zone load, 5.3.12
Post-tensioning anchorage, 7.7.4.3.2, 8.7.5.4.2, 9.7.4.3.2,
25.8
Post-tensioning coupler, 7.7.4.3.2, 8.7.5.4.2, 9.7.4.3.2, 25.8
Precast concrete
- connections, 16.2.4
- construction documents, 26.9

- intermediate structural walls, 18.5
- plain concrete, 14.2.3
- special moment frames, 18.9
- special structural walls, 18.11
- structural integrity, 16.2.5
Precast connections, 16.2
- bearing connections, minimum size, 16.2.6
- connection strength, 16.2.4
- design strength, 16.2.3
- diaphragms, Ch. 12
- integrity ties, 16.2.1.8, 16.2.4, 16.2.5
- required strength, 16.2.2
Precast intermediate structural walls, 18.5
Precast special moment frames, 18.9
Precast special structural walls, 18.11
Precast systems, 4.12.1
Prestress losses, 20.3.2.6
Prestressed concrete
- construction documents, 26.10
PHPEHUFODVVL¿FDWLRQ
- permissible stresses, 24.5
3UHVWUHVVHGPHPEHUVFODVVL¿FDWLRQ
Prestressed systems, 4.12.2
Prestressed, two-way slabs, 8.2.3
Prestressed T-beams, 6.3.2.3
Prestressing load, 5.3.11
Prestressing reinforcement, 20.3
- corrosion protection, 20.5.3, 20.5.4, 20.5.5, 20.5.6
- design properties, 20.3.2
- material properties, 20.3.1
- permissible tensile stresses, 20.3.2.5
- prestress losses, 20.3.2.6
- shrinkage and temperature, 24.4.4
Protective coatings, nonprestressed reinforcement, 20.5.2
Puddling, 15.5
Pullout strength
- cast-in anchors, 17.6.3,
- post-installed expansion, 17.6.3
- undercut anchors, 17.6.3
Radius of gyration, 6.2.5.2
Redistribution of moments, 6.5
Reduced load rating, 27.2.5
Referenced standards, Ch. 3, 3.2
Reinforcement detailing
- beams, 9.7
- columns, 10.7
- diaphragms, 12.7
- one-way slabs, 7.7, 24.4.3.5
- plain concrete, 14.6
- shrinkage and temperature, 24.4
- two-way slabs, 8.7
- walls, 11.7
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Seismic design categories, 4.4.6, 4.4.7.6, 5.2.2
Seismic-force-resisting system, 4.4.6
Seismic hooks, 25.3
Service load analysis, 6.6.3.2, 6.7.2.2
Serviceability requirements, 4.7, Ch. 24
JUDYLW\VHUYLFHOHYHOGHÀHFWLRQV
- permissible stresses, prestressed, 24.5
- reinforcement distribution, beam, 24.3
- reinforcement distribution, one-way slabs, 24.3
- scope, 24.1
- shrinkage and temperature, 24.4
Shallow foundations, 13.3
- cantilever retaining wall components, 13.3.6
- mat, 13.3.4
- one-way, 13.3.2
- two-way combined, 13.3.4
- two-way isolated, 13.3.3
- walls as grade beams, 13.3.5
Shear cap, 8.2.5
Shear friction, 22.9
Shear reinforcement, two-way slabs
- headed studs, 8.7.7
- stirrups, 8.7.6
Shells, 1.4.4
Shrinkage and temperature reinforcement, 24.4
- diaphragm, 12.6
- nonprestressed, 24.4.3
- one-way slab, 7.6.4
- prestressed, 24.4.4
- two-way slab, 8.8.1.7
6LPSOL¿HGPHWKRGDQDO\VLV
Skin reinforcement, 9.7.2.3
Slab-column joints, Ch. 15, 18.14.5
- axial force through slab system, 15.5
FRQ¿QHG
- detailing, 15.3
- scope, 15.1
- puddling, 15.5
Slabs-on-ground, 1.4.8, 13.2.4, 18.13.3
Slender walls, 6.2.4.2, 11.8
6OHQGHUQHVVH൵HFWV
Special moment frames
- beams, 18.6
- columns, 18.7
- joints, 18.8
- precast, 18.9
Special structural systems
- reinforcement properties, 20.2.2.5, 20.3.1.3
Special structural walls, 18.10
- boundary elements, 18.10.6
- construction joints, 18.10.9
- coupling beams, 18.10.7
- design forces, 18.10.3
ÀH[XUHDQGD[LDOIRUFH
- precast, 18.11
- reinforcement, 18.10.2
- shear strength, 18.10.4
- wall piers, 18.10.8

I

Reinforcement details, Ch. 25
- bundled reinforcement, 25.6
- crossties, 25.3
- development, 25.4
- headed deformed bars, 18.8.3.4, 18.8.5.2, 20.2.1.6,
25.4.4
- minimum bend diameters, 25.3
- minimum spacing, 25.2
- post-tensioned tendons, anchorage zones, 25.9
- post-tensioning anchorages, 25.8
- post-tensioning couplers, 25.8
- scope, 25.1
- seismic hooks, 25.3
- splices, 25.5
- standard hooks, 25.3
- transverse reinforcement, 25.7
Reinforcement limits
- beams, 9.6
- brackets, 16.5.5
- columns, 10.6, 18.7.4
- corbels, 16.5.5
- diaphragms, 12.6
- one-way slabs, 7.6
- two-way slabs, 8.6
- walls, 11.6, 18.10.2.1
Reinforcement materials, Ch. 20, 26.6
- bending, 26.6.3
- placement, 26.6.2
- welding, 26.6.4
Required strength
- beams, 9.4
- brackets and corbels, 16.5.3
- columns, 10.4
- connections to foundations, 16.3.2
- corbels, 16.5.3
- diaphragm, 12.4
- horizontal shear, 16.4.2
- load factors and combinations, 5.3
- one-way slabs, 7.4
- plain concrete, 14.4
- precast connections, 16.2.2
- two-way slabs, 8.4
- walls, 11.4
Reservoirs, 1.4.9
Residential
- multiple single-family dwellings, 1.4.6
- single-family dwellings, 1.4.6
- townhouses, 1.4.6
- two-family dwellings, 1.4.6
Restraint load, 5.3.6
Second-order analysis
- elastic, 6.7
- inelastic, 6.8
6HFRQGRUGHUH൵HFWV
Sectional strength, Ch. 22
- design assumptions, 22.2
- scope, 22.1
Seismic design, anchoring to concrete, 17.10
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ACI 318-19: BUILDING CODE REQUIREMENTS FOR STRUCTURAL CONCRETE

Special systems of design, 1.10
6SHFL¿HGFRPSUHVVLYHVWUHQJWK
6SHFL¿HGFRQFUHWHFRYHU
Spirals, 25.7.3
Splices, 25.5
- deformed bars, 25.5.2, 25.5.5, 25.5.6
- deformed wires, 25.5.2
- mechanical, 25.5.7
- welded, 25.5.7
- welded deformed bars, 25.5.3
- welded plain wire, 25.5.4
Stability
- beams, 9.2.3
- properties, 6.6.4.4
Standard hooks, 25.3
Standards, Ch. 3
Stainless-steel reinforcement, 20.2.1.3
6WHHO¿EHUV
Steel reinforcement properties, Ch. 20
- durability provisions, 20.5
- embedments, 20.6
- headed shear studs, 20.4
- nonprestressed bars, 20.2
- nonprestressed wires, 20.2
- prestressing bars, 20.3
- prestressing strands, 20.3
- prestressing wires, 20.3
- scope, 20.1
Steel strength, anchors, 17.6.1, 17.7.1
Stirrups, 25.7.1
Strain compatibility, 22.2.1
Strain limit
- nonprestressed beams, 9.3.3
- nonprestressed one-way slabs, 7.3.3
- nonprestressed two-way slabs, 8.3.3
Strength, 4.6
Strength evaluation of existing structures, 4.14, Ch. 27
- analytical, 27.3
- cyclic load test procedure, 27.6
- load test, 27.4
- monotonic load test procedure, 27.5
- reduced load rating, 27.2.5
- scope, 27.1
Strength reduction factors, Ch. 21
Strength reduction factors, anchors, 17.5.3
6WUHQJWKVSHFL¿HGFRPSUHVVLYH
Strength test, 26.12.1.1(a)
Stress limit
- prestressed beams, 9.3.4
- prestressed one-way slabs, 7.3.4
- prestressed two-way slabs, 8.3.4

Stress, prestressing reinforcement, 20.3.2.3, 20.3.2.4,
20.3.2.5
Structural analysis, 4.5, Ch. 6, 18.2.2
- arrangement of live load, 6.4
- diaphragms, 6.2.4.3, 12.4.2
HODVWLF¿UVWRUGHUDQDO\VLV
- elastic second-order analysis, 6.7
¿QLWHHOHPHQWDQDO\VLV
- inelastic analysis, 6.8
- modeling assumptions, 6.3
VHFRQGRUGHUH൵HFWV
VLPSOL¿HGPHWKRG
- slender walls, 6.2.4.2, 11.8
VOHQGHUQHVVH൵HFWV
- strut-and-tie, Ch. 23, 6.2.4.4
- T-beams, 6.3.2
Structural integrity, 4.10
- beams, 9.7.7
- nonprestressed one-way joists, 9.8.1.6
- one-way slabs, 7.7.7
- precast connections, 16.2.1.8
- two-way slabs, 8.7.4.2, 8.7.5.6, 8.8.1.6
Structural systems, Ch. 4
- composite, 4.12.3, 4.12.4
- construction, 4.13, Ch. 26
- design loads, 4.3
- diaphragms, 4.4.7
- durability, 4.8
¿UHUHVLVWDQFH
- inspection, 4.13, Ch. 26
- load paths, 4.4
- materials, 4.2
- plain, 4.12.5
- precast concrete, 4.12.1
- prestressed concrete, 4.12.2
- scope, 4.1
- seismic-force-resisting system, 4.4.6, 18.2.1
- serviceability, 4.7
- strength, 4.6
- strength evaluation of existing structures, 4.14, Ch. 27
- structural analysis, 4.5
- structural integrity, 4.10
- sustainability, 4.9
Strut-and-tie models, 6.2.4.4, Ch. 23
- curved-bar nodes, 23.10
- design strength, 23.3
- discontinuity, 23.1.2
- earthquake-resistant design, 23.11
- minimum distributed reinforcement, 23.5
- scope, 23.1
- strength of nodal zones, 23.9
- strength of struts, 23.4
- strength of ties, 23.7
- strut detailing, 23.6
- tie detailing, 23.8
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Two-way isolated footings, 13.3.3
Two-way joist systems, 8.8
Two-way shear, 22.6
- concrete strength, 22.6.5
- critical perimeter, 22.6.4
H൵HFWLYHGHSWK
- headed shear studs, 22.6.8
- maximum strength, 22.6.6
- openings, 22.6.4.3
- stirrups, 22.6.7
Two-way slabs, 6.2.4.1, 6.4.3, Ch. 8, 18.4.5
GHÀHFWLRQOLPLWV
- design limits, 8.3

- design strength, 8.5
- minimum slab thickness, 8.3.1
- nonprestressed two-way joist, 8.8
- openings, 8.5.4
- reinforcement detailing, 8.7
- reinforcement limits, 8.6
- required strength, 8.4
- scope, 8.1
- strain limit, 8.3.3
- stress limits, 8.3.4
Wall piers, 18.5.2.3, 18.10.8, 18.14.6
Walls, Ch. 11
- alternative method, 11.8
- boundary element of special structural wall, 18.10.6
- construction joints, 18.10.10
- design limits, 11.3
- design strength, 11.5
- ductile coupled walls, 18.10.9
H൵HFWLYHOHQJWK
- load distribution, 11.2.3
- minimum thickness, 11.3.1
- pier, 18.10.8
- plain concrete, 14.3.1, 14.4.2
- precast intermediate structural, 18.5
- precast special structural, 18.11
- reinforcement around openings, 11.7.5
- reinforcement detailing, 11.7
- reinforcement limits, 11.6
- required strength, 11.4
- scope, 11.1
VLPSOL¿HGGHVLJQPHWKRG
Water, 26.4.1.4
Welded splices, 18.2.8, 25.5.7
Welding, 26.6.4
Wind load, 5.3.5
Yield strength, nonprestressed reinforcement, 20.2.2.3
Zinc-coated reinforcement, 20.5.2

I

Sulfate exposure, 26.4.2.2
Sustainability, 4.9
Sway frame, 6.6.4.6
T-beams, 6.3.2, 9.2.4
- construction, 9.2.4
- geometry, 6.3.2
- one-way slab, 7.5.2.3
- reinforcement distribution, 24.3.4
- seismic, 18.6.2
Tanks, 1.4.9
Tensile strength, prestressed reinforcement, 20.3.2.2
Terminology, 2.3
Ties, 25.7.2
Thin shells, 1.4.4
Torsion, 22.7
- beam, 9.5.4
- column, 10.5.4
- cracking torsion, 22.7.5
- factored design torsion, 22.7.3
- materials, 22.7.2
- section limits, 22.7.7
- threshold torsion, 22.7.4
- torsional strength, 22.7.6
7UDQVIHURIFROXPQD[LDOIRUFHWKURXJKWKHÀRRUV\VWHP
15.5
Transverse reinforcement, 25.7
Trusses, 18.12.12
Two-way combined footings, 13.3.4
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Founded in 1904 with a headquarters in Farmington Hills, Michigan, USA, and a regional office in
Dubai, UAE, the American Concrete Institute is always advancing by developing educational programs,
publishing technical documents, managing various certification programs, and hosting industry-wide
events. With 99 chapters, 65 student chapters, and nearly 30,000 members spanning over 120 countries,
the American Concrete Institute has always retained the same basic mission — to develop, disseminate,
and advance the adoption of its consensus-based knowledge on concrete and its uses.
In today’s market, it is imperative to be knowledgeable and have an edge over the competition. ACI
membership provides concrete industry professionals the chance to save money and time, while
increasing productivity, competitiveness, and awareness of new technology and cutting-edge research.
ACI 318-19 Resources
ACI offers a comprehensive slate of resources for designing and constructing according to ACI 318-19
Building Code Requirements for Structural Concrete. These resources include:

318-19 Seminars that provide technical updates through comprehensive day-long seminars at
your office or a location near you;

318-19 Webinars that provide technical updates from your desktop;

ACI’s Reinforced Concrete Design Manual including explanations, analyses, examples, and design
aids for reinforced concrete structures; and

ACI’s Detailing Manual providing examples and considerations for conveying your design intent
through structural details.
Learn more about these resources at http://www.concrete.org.

American Concrete Institute
38800 Country Club Drive
Farmington Hills, MI 48331
Phone: +1.248.848.3700
www.concrete.org
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The American Concrete Institute envisions a future where everyone has the knowledge needed to use
concrete effectively to meet the demands of a changing world.
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Farmington Hills, MI 48331 USA
+1.248.848.3700
www.concrete.org

The American Concrete Institute (ACI) is a leading authority and resource
worldwide for the development and distribution of consensus-based
bcM]QMaQbM]QcRPV]WPMZaRb^daPRb͜RQdPMcW^]MZ_a^UaM\b͜M]QPRacWŬPMcW^]b
for individuals and organizations involved in concrete design, construction,
and materials, who share a commitment to pursuing the best use of concrete.
Individuals interested in the activities of ACI are encouraged to explore the
ACI website for membership opportunities, committee activities, and a wide
variety of concrete resources. As a volunteer member-driven organization,
ACI invites partnerships and welcomes all concrete professionals who wish to
be part of a respected, connected, social group that provides an opportunity
for professional growth, networking and enjoyment.

9

781641

950565

Frs|uljkwhg#pdwhuldo#olfhqvhg#wr#Xqlyhuvlw|#ri#Wrurqwr#e|#Fodulydwh#Dqdo|wlfv#+XV,#OOF/#vxevfulswlrqv1whfkvwuhhw1frp/#grzqordghg#rq#534<038064#49=3;=64#.3333#e|##Xqlyhuvlw|#ri#Wrurqwr#Xvhu1
#Qr#ixuwkhu#uhsurgxfwlrq#ru#glvwulexwlrq#lv#shuplwwhg1

38800 Country Club Drive

