Materials and Structures (2018)51:15
https://doi.org/10.1617/s11527-018-1137-8

@ CrossMark

ORIGINAL ARTICLE

Establishment and experimental validation of an updated
predictive equation for the development and lap-spliced

length of GFRP bars in concrete

Mehrollah Rakhshanimehr
Saeed Farahi Shahri

Received: 6 May 2017/ Accepted: 5 January 2018
© RILEM 2018

Abstract Glass fibre-reinforced polymer (GFRP)
reinforcement due to its physical and mechanical
behavior has a completely different bond behavior
compared to the steel bars. In this paper, an equation is
proposed to predict the splice length in GFRP-
reinforced concrete beams. First, equations for the
local bond strength and displacement modulus of
GFRP bars are obtained by using the eccentric and
concentric pull-out test results given in the literature.
Then, an equation is derived for the bond strength of
spliced GFRP bars in beams. In the derivation of this
equation, the non-uniform distribution of the bond
stress along the splice length and the effect of elastic
modulus of GFRP bars are taken into account.
Compared to other available equations and design
guidelines, the proposed equation for bond strength
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calculation shows good agreement with the experi-
mental results. Using the proposed equation for bond
strength, an equation is also proposed for the splice
length of GFRP bars.

Keywords Bond strength - FRP bars - Modulus of
displacement - Reinforced concrete beams - Splice
length

List of symbols

Ap Sectional area of longitudinal reinforcing bar

Aq Sectional area of one leg of transverse
reinforcement

C Minimum of C,, Cy, and (C, + dy,)/2
Cmea Median of C,, C,, and (C; + d,,)/2

C, Spacing between spliced bars
C, Side cover of reinforcing bars
C, Bottom cover of reinforcing bars
dy Longitudinal bar diameter
Egxp,  Elastic modulus of FRP bars
E, Elastic modulus of steel bars
" Compressive strength of concrete
Jor Cracking strength of concrete
Jr Experimental bar stress of reinforcement
firpu  Ultimate tensile strength of FRP bars
fr Factor to include the effect of relative rib area

of steel bars
K Displacement modulus of FRP bars
k, Bar location factor
ko Concrete density factor
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ks Bar size factor

ks Bar fiber factor

ks Bar surface profile factor

K. Transverse reinforcement index
ly Splice length

S Spacing of transverse reinforcement
S(x)  Slip between bar and concrete

T Maximum tensile force

Une  Average bond stress

U Local bond strength

Uy, The average bond stress at failure

Umax ~ Maximum bond stress

Umin ~ Minimum bond stress

un)  Bond stress over the splice length
o Bar location factor

1 Introduction

The physical and mechanical behavior of glass fibre-
reinforced polymer (GFRP) reinforcement such as
elastic behavior of GFRP bars (up to the point of
failure), small elastic modulus, non-homogeneous
properties and surface properties of these bars have
caused them to have a completely different bond
behavior compared to the steel bars. For instance, it is
declared that steel bars have a better bond behavior in
concrete than FRP bars [1, 2]. Accordingly, a change
in the traditional design philosophy of concrete
structures is needed for GFRP reinforcement [3].

Lin and Zhang [4] have given a review of some
bond stress-slip models for FRP rebars in concrete, as
well as some models for traditional steel rebars which
might be appropriate for numerical analysis of
concrete structures reinforced by FRP.

The lap-splice length of reinforcing bars is one of
the practical aspects of the bond between concrete and
reinforcing bars. The CAN/CSA S806-02 and CAN/
CSA S6-06 code provisions and ACI 440.1R-06
guidelines determine the tensile splice length by
multiplying the development length by either 1.6
[5, 6] or 1.3 [3], respectively. Darwin et al. [7] tried to
formulate design criteria that incorporate a reliability—
based strength reduction factor that allows the calcu-
lation of a single value for both splice and develop-
ment length. On the other hand, many studies have

shown that the bond strength in development lengths
and splices may not be different [8].

FRP reinforcing bars are produced with different
types of surface properties such as sand-coated, spiral
wrapped, helical/ribbed and indented. The CAN/CSA
S806-02 code specifies different factors for different
bar surface properties for evaluating the bond strength
of FRP bars [5]. Esfandeh et al. [9] demonstrated that
increase in the surface roughness of the FRP rebars
leads to a substantial effect on the bonding strength.
However, Wambeke and Shield [10] and Mosley et al.
[2] reported that the bar surface properties do not seem
to affect the bond strength of FRP bars in concretes.

In this study, an approach similar to that proposed
by Esfahani and Rangan [11] is used to extract a new
analytical model for the calculation of bond strength
between concrete and GFRP bars in lap-splices.
Different parameters which affect the bond strength
of spliced GFRP bars will be taken into account, e.g.
bar diameter, the ratios between side cover, bottom
cover, and spacing between the spliced bars, the
modulus of elasticity of GFRP bars, and the non-
uniform bond stress distribution along the spliced bars.
Based on the proposed model for bond strength, a
simple and practical equation is derived to predict the
splice length of GFRP bars. The results of proposed
equation are compared with available experimental
results [2, 12-18].

2 Development of bond strength models of steel
bars for GFRP bars

2.1 Equations for steel bond strength calculation

As shown in Fig. 1, dotted line indicates the average
value of bond stress distribution, defined as equivalent
uniform bond stress. Moreover, local bond strength is
the maximum bond stress experienced by the rebar-
concrete interface (see Fig. 1). Local bond strength
and equivalent uniform bond stress are determined
with eccentric pull-out and beam tests, respectively.
Esfahani and Kianoush [19] proposed the following
equation to calculate the equivalent uniform bond
stress along the splice length of steel bars at failure:
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where, u,. is the local bond strength in MPa given by:

Cldy +0.5
=27 "L ! 2
e 7C/db+3.6\/f_“ (2)

Also

M = Cosh (0.00221[” / 3%) (3)
b

In Eq. (1), Cyeq is the median of C,, C,, and
(Cs + dp)/2; C is the minimum of C,, C,, and
(Cs + dp)/2; C, is the side cover, C, is the bottom
cover of reinforcing bars and C is the spacing between
spliced bars in mm. /, is the splice length in mm; d,, is
the bar diameter in mm; and fc’ is the compressive
strength of concrete in MPa. A, is the area of
longitudinal reinforcing bar in mm?; A, is the area of
one leg of transverse reinforcement in mm?; S is the
spacing of transverse reinforcement in mm; and fy is a
factor to include the effect of relative rib area of steel
bars on bond strength.

In Egq. (1), the expressions (1 4+ 1/M)/
(1.85 + 0.024v/M), (0.88 4 0.12[Cpea/C])  and
(1 4+ 0.015/RAAL/CS) account for the bond stress
distribution along the reinforcing bar, the influence of
the ratios between side cover, bottom cover, and the

/ /<\ Bond stress distribution

spacing between the spliced bars, and the effect of
transverse reinforcement along the splice length on
bond strength, respectively.

2.2 Local bond between concrete and GFRP bars

The interaction between concrete and reinforcement
consists of a shear and normal stress acting on the
rebar-concrete interface. The normal component pro-
duces the cracking of the concrete cover. Tepfers [20]
modeled the normal force component and its sur-
rounding concrete as a partly cracked thick cylinder
under internal pressure. In this theory, it was assumed
that an un-cracked concrete ring confined the cracked
concrete and the reinforcing bar and resisted the
bursting stresses radiating outwards from the bar at an
angle o to the bar axis.

Esfahani and Rangan [21] proposed Eq. (2) for
local bond strength of steel bars. This equation is
based on Tepfers [20] partly cracked thick cylinder
theory and eccentric pullout test results. Similar to the
analysis used by Esfahani and Rangan [21] and using
the eccentric pullout test results of GFRP bars [22-24],
the following equation is obtained for the local bond
strength of GFRP bars:

C/db+0.5
=230 4
C/db+1'4\/£ ( )

Uc

Table 1 compares Eq. (4) with the test results. The
comparison shows that, Eq. (4) correlates well with

the test results.
m;
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Table 1 Comparison of
local bond stress obtained

from the proposed equation
with the experimental data

Reference KR S Y R T
Tepfers and Karlsson [22] 1.10 6.73 491 1.37
1.10 4.36 491 0.89
1.60 5.82 545 1.07
1.60 4.73 545 0.87
1.60 5.82 5.45 1.07
Mean 1.05
SD 0.20
Tepfers et al. [23] 2.20 6.36 5.75 1.11
2.20 7.27 5.75 1.27
1.70 6.00 5.45 1.10
1.70 491 5.45 0.90
1.70 5.82 5.45 1.07
1.60 6.18 5.45 1.13
1.60 5.64 5.45 1.03
1.60 5.45 5.45 1.00
1.60 5.27 5.45 0.97
1.20 4.36 5.02 0.87
1.20 491 5.02 0.98
Mean 1.04
SD 0.11
Esfahani et al. [24] 1.89 4.64 5.58 0.83
1.89 4.85 5.58 0.87
3.14 5.96 6.15 0.97
3.14 6.04 6.15 0.98
Mean 0.91
SD 0.07
All Mean 1.02
SD 0.14

2.3 Bond stress distribution parameter of GFRP
bars

As mentioned earlier, the expression of (1 + 1/M)/
(1.85 4 0.024y/M) in Eq. (1) accounts for the bond
stress distribution along the reinforcing bar. Because
the elastic modulus of GFRP bars is much lower than
that of steel bars and also their surface properties are
different, the bond stress distribution of GFRP bars
differs from that of steel bars. Therefore, Eq. (3) used
for steel bars, should be modified for GFRP bars.
According to Esfahani and Rangan [11], the parameter
M was originally defined by the following equation:

M =" _ Cosh (ﬂd/z) (5)

Umin

where j = (Kndb/AbES)” 2, Umax and u.;, are the
maximum and minimum bond stresses over the splice
length in MPa, respectively, A, is the area of
longitudinal reinforcing bar in mm?, Ej is the elastic
modulus of steel bars in MPa, [, is the splice length in
mm, K is the displacement modulus in N/mm? and dy
is the bar diameter in mm. Figure 1 illustrates the
distribution of bond stress along a single splice as well
as Uyye, Umax and U, bond stresses.

Equation (5) is obtained by using the displacement
modulus theory [11]. As shown in Fig. 2, the main
concept of the displacement modulus theory is based
on the linear relationship between bond stress and slip
and also the actual displacement of reinforcement or
the local deformation in the bond zone around the
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Fig. 2 Determination of the displacement modulus K

reinforcement. Tepfers [20] applied this theory to
determine the distribution of bond stress along lap-
spliced steel bars in concrete. Aly [25] demonstrated
that displacement modulus theory can also be used to
determine the distribution of the bond stress for FRP
bars. For these bars, parameter j can be given by:

, Kndy, 4K ”
= —_— =
M = Ao ™ T\ gy

In Eq. (6), K and Ej,, are the displacement modulus
in N/mm? and the elastic modulus of FRP bars in MPa,
respectively. The modulus of displacement K can be
determined from the bond stress-slip relationship. The
secant modulus of bond stress versus slip relationship
can represent the modulus of displacement
[11, 12, 20, 25]. Substituting Egs. (6) into (5) leads
to the following equation for determining the value of
M for FRP bars:

| K K E
M = Cosh| [ = Cosh| [ -
( ¢ dbEfrp> ( ¢ dbEs Efrp)
(7)

Similar to Esfahani and Rangan [11], by substitut-
ing E, = 210 x 10° MPa, in K/dyE, of Eq. (7), the
following equation is obtained:

E;, |K
M = Cosh | 0.00221, [ /> (8)
Efrp db

2.4 Determination of the displacement modulus
(K) for GFRP bars

To account for the distribution of bond stresses over
the development length or splice length, a theory
based on a linear relationship between bond stress and
slip has been used by researchers. The theory is known
as Displacement Theory. The bond stress u(x) over the
splice length changes with the slip S(x) between bar
and concrete, i.e.:

u(x) =K - S(x) 9)

According to Losberg [26], the modulus of dis-
placement, K, is the secant modulus of the relationship
between bond stress and slip in a pullout test with short
length of bar (Fig. 2). Using the test results, Tepfers
[20] has shown that K is proportional to the compres-
sive strength of the concrete, i.e., K =r fc’, where
r depends on the type of steel reinforcing bar.

The bond failure mechanism of GFRP bars is quite
different from that of steel bars and the pullout failure
mode of GFRP bars is usually different from that of
steel bars. Davalos et al. [27] demonstrated that for
relatively low concrete compressive strengths below
20 MPa, the bond strength is primarily determined
based on the interface concrete failure which in turn is
caused by induced cracking and tensile stresses such
as occurred in steel bars. For concrete strengths greater
than about 30 MPa, increasing of concrete strength
leads to this fact that the interface mode of failure is
caused by a combined effect of concrete and surface
FRP material degradation, in which the FRP bar
surface damage mainly plays the role of increasingly
dominant factor in the failure. Hao et al. [28], Lee et al.
[29] and Banea et al. [30] have shown that for concrete
with compressive strength greater than 30 MPa, the
shear strength between the fibers and the bar resin
affects the bond strength and this shear strength is a
function of the bar diameter. Aly [12] showed that in
specimens with a compressive strength of 40 MPa, the
value of K decreases linearly with the increase of bar
diameter.

In order to determine the value of displacement
modulus K in GFRP bars, the bond stress-slip
relationship of concentric pullout tests from different
studies [12, 29-31] are used and the secant at the peak
bond stress of each curve is calculated (Fig. 2). It
should be noted that bond length of rebar in pull-out
test has a substantial effect on the displacement
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modulus, so in order to have an almost uniform bond
stress, the bond length is limited to 5 db in pull-out
tests [21, 24]. The compressive strength of the
concrete for these tests generally ranged from 25 to
65 MPa. For the test results, the values of K are plotted
against dy, in Fig. 3. The best fit for the test results
plotted in Fig. 3 is given by:

163.7

K "

For brevity, the power of d;, in Eq. (10) can be
rounded to 0.5, thus Eq. (10) is replaced by the
following equation:

135

K NG (11)

Figure 3 shows that Eq. (10) resembles Eq. (11).
The mean of the test-predicted ratio of bar stresses
using Eq. (11) is 1.00, with a coefficient of variation of
0.10. Equation (11) is used in Eq. (8) to account for
the effect of bond stress distribution along the GFRP
bars in bond strength calculation.

3 Bond strength of spliced GFRP bars

Equation (4) is based on the results of eccentric pull-
out tests of short reinforcing bars (bond length
between 3d,, and 6d,,) embedded in concrete blocks
conducted by Tepfers and Karlsson [22], Tepfers et al.
[23] and Esfahani et al. [24]. The bonding action in

o  Experimental (Average)
Experimental (All data)
X - = Eq.[11]

—— Regression analysis

y,=158.3x "% y,= 163.7x 0%
10 A R?=0.412 R? = 0.808
RMSE=8.27 RMSE=3.39
0 . . . .
4 8 12 16 20
d, (mm)

Fig. 3 K versus d,, relationship (Note: Function y; is obtained
by regression analysis on the mean of test data for each bar
diameter. Function y, is obtained by regression analysis on all
test data)

pull-out tests and short length splices in beams may
not be the same. Esfahani and Rangan [11] discussed
the differences between the bond strength of short
length splices and the pull-out specimens. Further-
more, in short length splices, the distribution of the
bond stresses over the bond length is almost uniform.
For the practical length of spliced bars (between 404,
and 60d,,), the bond stresses are not uniform along the
splice length. Esfahani and Rangan [11] used the
parameter M to account for the distribution of bond
stresses over the splice length. Also, by examining
different failure surfaces, Esfahani and Rangan [11]
showed that the distribution of the bond stress along
the splice length is influenced by the value of Cygeq /C.

The bond strength equation of spliced bars without
transverse reinforcement can be obtained by spliced
beam test results carried out by Aly [12], Mosley et al.
[2] and Harajli and Abouniaj [13], and the approach
similar to that used by Esfahani and Rangan [11].
Details of the test results are summarized in Table 2.
With respect to that bond failure of spliced bars is
commonly caused by the splitting of the surrounding
concrete [12, 32, 33], only the specimens with splitting
mode of failure are utilized to predict the bond
strength of lap-spliced GFRP bars. Darwin et al. [7]
have ignored the results of spliced beam specimens
with  [,/d, < 16. Furthermore, According to
Ghuayyum [34] findings, the maximum average bond
strength for the GFRP bars increases with increasing
the embedment length up to 40d,, but it is approxi-
mately constant for lengths greater than 60d, (I/
dy > 60). So, the specimens with I,/d, < 16 and [,/
dy, > 60 are not considered in this study. The removal
of these specimens do not hurt the overall evaluation,
since specimens with such [,/d,, lower than 16 and
higher than 60 are not used in practice.

Using the Esfahani and Rangan’s approach [11], an
equation for the bond strength of spliced bars in beams
without transverse reinforcement is obtained as
follows:

0.24 1 CMed
m=—1u.|1+— 0.85+0.15—— 12
=224 < n M)( 015 ) (12)

where o is the bar location factor, which is 1.3 if there
is more than 300 mm of concrete cast below the bar,
otherwise o equals one [5, 19]. Parameters M, u. and
Cwmed/C were defined earlier. More details for obtain-
ing the bond strength equation can be seen elsewhere
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Table 2 Details of test specimens without transverse reinforcement

Reference Beam no. Surface d, C (mm) Cped 1 Ugest 1y E/

properties (mm) (mm) (MPa) (MPa) (mm) Ef
Mosley et al. [2] B-Gl1-1 W-SC 16.0 20.5 38 38.6 2.29 457 4.90
B-G1-2 W-SC 16.0 20.5 38 29.0 1.73 305 4.90
B-G1-3 W-SC 16.0 38.0 60 41.2 2.95 305 4.90
B-G2-1 R 16.0 20.5 38 37.8 1.94 457 5.30
B-G2-2 R 16.0 20.5 38 27.0 1.77 305 5.30
B-G2-3 R 16.0 38.0 60 40.9 2.79 305 5.30
B-A-1 R 16.0 20.5 38 39.2 2.42 457 4.20
B-A-2 R 16.0 20.5 38 28.7 1.86 305 4.20
B-A-3 R 16.0 38.0 60 39.6 3.10 305 4.20

Aly [12] 6G70z-A22 SC 19.1 40.0 45 45.0 2.40 700 4.45
6G70Z-A23 SC 19.1 40.0 45 43.0 2.54 700 4.45

6G110Z- SC 19.1 40.0 45 43.0 1.71 1100 4.45

A24

Harajli and Abouniaj R1.25L15 G 12.0 15.0 15 48.0 3.53 180 5.68
(13] R125L20 G 12.0 15.0 15 48.0 3.19 240 5.68
R2L15 G 12.0 25.0 25 48.0 3.60 180 5.68
R2L20 G 12.0 25.0 25 48.0 3.67 240 5.68
R1.25L30 G 12.0 15.0 15 52.0 2.24 360 5.68

G grooved, R ribbed, SC sand coated, W-SC wrapped-sand coated

[11]. The average value of the test over predicted bond
strength ratios using Eq. (12) is 0.96 with a standard
deviation of 0.16 (Column 3 of Table 3).

According to ACI 440.1R-06 guidelines [3], the
bond strength of GFRP reinforcing bars is calculated
as follows:

LI (4.0+o.3£+ 100 @)
0.083\/fc/ o dy la
where o = 1 for bottom cast bars.

CAN/CSA S806-02 code [5] proposes the follow-
ing equation for the development length of GFRP bars:

kikakskaks  ff
ds  Jf

C

(13)

I; = 1.15 (14)

Based on Eq. (14) and the equation u = f; Ay
(ndyl;), the bond strength of GFRP bars can be
calculated as follows:

des \/ﬁ

T 115 (ki kakskaks ) mdy

(15)

Similarly, the bond strength of GFRP bars based on
CAN/CSA S6-06 code [6] can be given by:

fo (des + Ko 52)
T 0 45 mdyk kg

All parameters in Eqs. (13)—(16) are defined in ACI
440.1R-06 guidelines [3], CAN/CSA S806-02 [5] and
CAN/CSA S6-06 [6] codes. These parameters are also
defined at the end of the paper. Using Egs. (13)-(16),
the predicted bond strengths of GFRP bars are
calculated and compared with the test results. The
average and standard deviation values of the test over
predicted bond strength ratios for ACI 440.1R-06
guidelines [3], CAN/CSA S806-02 [5] and CAN/CSA
S6-06 [6] codes are (0.67,0.13), (0.68, 0.17) and (0.61,
0.18), respectively (Table 3). It can be concluded that,
ACI 440.1R-06 guidelines [3], CAN/CSA S806-02 [5]
and CAN/CSA S6-06 [6] codes overestimate the bond
strength of GFRP bars in this series of test specimens.

(16)

PIEM
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Table 3 Comparison of
Eq. (12) and design

Urest

Uest

Uyt

Uegt

equations with the test
results (specimen without
transverse reinforcement)

Reference Beam no. e P — v—” . a, ar
Mosley et al. [2] B-G1-3 1.16 0.82 0.61 0.73 0.30
B-G2-3 1.12 0.78 0.58 0.69 0.29
B-A-3 1.21 0.88 0.82 0.78 0.31
B-A-1 1.11 0.89 0.95 0.89 0.30
B-A-2 0.86 0.65 0.85 0.80 0.33
B-Gl1-1 1.08 0.85 0.72 0.81 0.29
B-G2-1 0.93 0.73 0.62 0.69 0.29
B-G1-2 0.82 0.60 0.63 0.71 0.32
B-G2-2 0.89 0.64 0.67 0.79 0.32
Mean 1.02 0.76 0.72 0.77 0.31
SD 0.14 0.11 0.13 0.07 0.02
Aly [12] 6G70z-A22 0.83 0.57 0.37 0.41 0.25
6G70Z-A23 0.90 0.62 0.40 0.45 0.25
6G110Z-A24  0.62 0.48 0.27 0.30 0.25
Mean 0.78 0.56 0.34 0.39 0.25
SD 0.14 0.07 0.07 0.08 0.00
Harajli and Abouniaj [13]  R1.25L15 1.03 0.55 0.75 0.88 0.32
R1.251L.20 1.04 0.58 0.68 0.80 0.29
R2L15 0.93 0.55 0.53 0.63 0.32
R2L20 1.07 0.65 0.54 0.64 0.29
R1.25L30 0.79 0.48 0.46 0.54 0.25
Mean 0.97 0.56 0.59 0.70 0.29
SD 0.11 0.06 0.12 0.14 0.03
All Mean 0.96 0.67 0.61 0.68 0.29
SD 0.16 0.13 0.18 0.17 0.03

4 Comparison between experimental
and calculated bond strengths

4.1 Specimens without transverse reinforcement

In this part of the study, new test results of specimens
without transverse reinforcement [14, 15] as the
validation data are compared with the proposed
equation. Details of these test series are summarized
in Table 4. Comparison between the bond strength
values obtained from Eq. (12) with experimental
results is presented in Table 5. The average and
standard deviation values of the test over predicted
bond strength ratios are 1.05 and 0.22, respectively.
The average and standard deviation values of the
test over predicted bond strength ratios for ACI
440.1R-06 guidelines [3], CAN/CSA S806-02 [5]
and CAN/CSA S6-06 [6] codes are (0.72, 0.14), (0.73,
0.26) and (0.62, 0.19), respectively (Table 5). It is

observed that the predicted bond strength of GFRP
bars is considerably larger than the experimental
values, and the ACI 440.1R-06 [3], CAN/CSA S806-
02 [5] and CAN/CSA S6-06 [6] overestimate the bond
strength for this series of test specimens.

4.2 Specimens with transverse reinforcement

The bond strength of spliced GFRP bars confined with
transverse reinforcement in different test series
[12, 13, 16-18] has been calculated with Eq. (12).
The details of the test specimens are given in Table 6.
Ugest/Ueq (12 Tatios are given in Column 3 of Table 7.
The average and the standard deviation values of the
experimental to calculated bond strength ratios for the
specimens with transverse reinforcement are 1.25 and
0.29, respectively. It is seen that the experimental
average bond strength of splices with transverse
reinforcement is approximately 1.25 times the values
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Table 4 Details of recent test results presented by Choi et al. [14] and Pay et al. [15] (spliced bars without transverse reinforcement)

Reference Beam no. Surface d, C (mm) ChMed M Ugest 1y EJ/E;
properties (mm) (mm) (MPa) (MPa) (mm)

Choi et al. [14] B-2As-L20db-c25 SW 12.7 254 30 30 4.17 254 4.9
B-2As-L30db-c25 SW 12.7 254 30 30 3.44 381 4.9
B-2As-L40db-c25 SW 12.7 254 30 30 3.15 508 4.9
B-2As-L55db-c25 SW 12.7 254 30 30 2.39 698.5 4.9
B-2Is0-L30db-c25 SC 12.7 254 30 30 33 381 4.76
B-2Is0-L40db-c25 SC 12.7 254 30 30 2.75 508 4.76
B-2Is0-L50db-c25 SC 12.7 254 30 30 2.15 635 4.76
B-2Is0-L60db-c25 SC 12.7 254 30 30 1.97 762 4.76
B-3K2-L30db-c25 SC 12.7 254 30 23 2.53 381 5.38
B-3K2-L45db-c25 SC 12.7 254 30 23 1.94 571.5 5.38
B-3K2-L60db-c25 SC 12.7 25.4 30 23 1.65 762 5.38
B-3K2-L30db-c13 SC 12.7 12.7 30 23 1.97 381 5.38
B-3K2-L30db-c51 SC 12.7 30 47.35 23 2.74 381 5.38
B-4K2-L30db-c25 SC 12.7 254 29.45 23 2.57 381 5.38
B-5K2-L.30db-c25 SC 12.7 20.55 25.4 23 2.61 381 5.38
B-4K2-1.45db-c25 SC 12.7 254 29.45 23 1.74 571.5 5.38
B-5K2-L45db-c25 SC 12.7 20.55 254 23 1.47 571.5 5.38
B-3As-L30db-c25 SW 12.7 254 30 23 3.09 381 4.9
B-3As-L45db-c25 SW 12.7 254 30 23 1.82 571.5 4.9
B-3As-L60db-c25 SW 12.7 254 30 23 2.09 762 4.9

Pay et al. [15] B-PG-8-18 SC 25.4 254 38 36.3 2.668 457 4.92
B-HG-8-18 W-SC 254 254 38 36.3 2.265 457 5.34
B-HGI1-5-18 W-SC 15.88 20.6 38 36.3 2.440 457 4.76
B-HGO-5-18 W-SC 15.88 20.6 38 36.3 1.971 457 5.25
B-PG-5-18 SC 15.88 20.6 38 36.3 2.831 457 4.76
B-PG-8-36 SC 254 254 38 37.7 1.383 914 4.92
B-HG-8-36 W-SC 254 254 38 37.7 1.459 914 5.34
B-HG1-5-36 W-SC 15.88 20.6 38 37.7 1.324 914 4.76
B-HGO-5-36 W-SC 15.88 20.6 38 37.7 1.424 914 5.25
B-PG-5-36 SC 15.88 20.6 38 37.7 1.494 914 4.76
B-HG1-5-24 W-SC 15.88 20.6 38 32 1.750 610 4.76
B-HG2-5-24 FT 15.88 20.6 38 32 2.134 610 4.17
B-PG-5-24 SC 15.88 20.6 38 32 2.154 610 4.76
B-HG1-5-24b W-SC 15.88 20.6 38 32 1.893 610 4.76
B-PG-5-24b SC 15.88 20.6 38 32 2.277 610 4.76
B-HG1-5-12 W-SC 15.88 20.6 38 28.8 2.459 305 4.76
B-PG-5-12 SC 15.88 20.6 38 28.8 2.733 305 4.76
B-HG-8-24 W-SC 25.4 254 38 28.8 1.728 610 5.34
B-HG-8-54 W-SC 254 254 38 28.8 1.055 1372 5.34
B-HG1-5-12b W-SC 15.88 20.6 38 28.8 3.123 305 4.76
B-PG-5-12b SC 15.88 20.6 38 28.8 3.500 305 4.76
B-HG-8-24b W-SC 25.4 254 38 28.8 1.915 610 5.34

FT fabric texture, SC sand coated, SW spiral wrapped, W-SC wrapped-sand coated

PIEM
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Table 5 Analysis of recent test results presented by Choi et al. [14] and Pay et al. [15]

Uies

L

L

L

Reference Beam no. ™ T prSv— T — a a
Choi et al. [14] B-2As-L.20db-c25 1.48 0.94 0.78 0.88 0.30
B-2As-L30db-c25 1.39 0.94 0.65 0.73 0.27
B-2As-L40db-c25 1.34 0.96 0.59 0.66 0.25
B-2As-L55db-c25 1.04 0.80 0.45 0.50 0.25
B-2Is0-L30db-c25 1.33 0.90 0.62 0.70 0.27
B-2Is0-L40db-c25 1.17 0.83 0.52 0.58 0.25
B-2Is0-L50db-c25 0.93 0.70 0.40 0.45 0.25
B-2Is0-L60db-c25 0.86 0.68 0.37 0.42 0.25
B-3K2-L30db-c25 1.18 0.79 0.54 0.61 0.26
B-3K2-L45db-c25 0.96 0.70 042 0.47 0.25
B-3K2-L60db-c25 0.82 0.65 0.35 0.40 0.25
B-3K2-L30db-c13 0.92 0.64 0.70 0.79 0.31
B-3K2-L30db-c51 1.17 0.84 0.59 0.66 0.28
B-4K2-L30db-c25 1.21 0.80 0.55 0.62 0.26
B-5K2-L30db-c25 1.27 0.82 0.65 0.73 0.27
B-4K2-L45db-c25 0.86 0.63 0.37 0.42 0.25
B-5K2-L45db-c25 0.75 0.54 0.37 0.41 0.25
B-3As-L30db-c25 1.43 0.96 0.66 0.74 0.27
B-3As-L45db-c25 0.90 0.66 0.39 0.44 0.25
B-3As-L60db-c25 1.04 0.82 0.45 0.50 0.25
Mean 1.10 0.78 0.52 0.59 0.26
SD 0.22 0.13 0.13 0.15 0.02
Pay et al. [15] B-PG-8-18 1.29 0.69 1.11 1.56 0.31
B-HG-8-18 1.12 0.59 0.94 1.32 0.30
B-HG1-5-18 1.18 0.79 0.78 0.88 0.29
B-HGO-5-18 0.96 0.64 0.63 0.71 0.29
B-PG-5-18 1.36 0.92 0.91 1.02 0.29
B-PG-8-36 0.77 0.49 0.56 0.79 0.26
B-HG-8-36 0.82 0.51 0.60 0.84 0.26
B-HG1-5-36 0.67 0.54 0.42 0.47 0.27
B-HGO-5-36 0.73 0.58 0.45 0.50 0.27
B-PG-5-36 0.76 0.61 0.47 0.53 0.27
B-HG1-5-24 0.94 0.68 0.60 0.67 0.28
B-HG2-5-24 1.14 0.83 0.73 0.82 0.28
B-PG-5-24 1.16 0.83 0.73 0.83 0.28
B-HG1-5-24b 0.79 0.56 0.50 0.56 0.28
B-PG-5-24b 0.95 0.68 0.60 0.67 0.28
B-HG1-5-12 1.17 0.74 0.88 0.99 0.33
B-PG-5-12 1.30 0.82 0.98 1.10 0.33
B-HG-8-24 1.04 0.59 0.81 1.13 0.28
B-HG-8-54 0.69 0.49 0.49 0.69 0.26
B-HG1-5-12b 1.14 0.72 0.86 0.97 0.33
B-PG-5-12b 1.28 0.81 0.97 1.09 0.33
B-HG-8-24b 0.89 0.50 0.69 0.97 0.28

PIEM
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Table 5 continued

Reference Beam no. e Hres Yres Hreu aya;

Ueq. (12) UACI440.1R-06 UCSA S6-06 UCSA $806-02

Mean 1.01 0.66 0.71 0.87 0.29
SD 0.22 0.13 0.20 0.27 0.02

All Mean 1.05 0.72 0.62 0.73 0.28
SD 0.22 0.14 0.19 0.26 0.02

calculated by Eq. (12) given for splices without
transverse reinforcement in Table 3. According to
ACI 440.1R-06 [3], Darwin et al. [7] discussed about
how confining steel bars with a high relative rib area
can suitably raise the bond force in comparison with
the same-size steel bars having a moderate relative rib
area. Relative rib area of GFRP bars is very low, so it
may leads to stop the enlargement of average bond
strength due to presence of transverse reinforcement.
This approach is supported by several investigations in
this field [5, 10].

Table 7 also presents a comparison between bond
strength values obtained from Eq. (12) and other
available equations with experimental results for
specimens with transverse reinforcement along the
splice length. The average and standard deviation
values of the experimental to calculated bond strength
obtained by ACI 440.1R-06 guidelines [3], CAN/CSA
S806-02 [5] and CAN/CSA S6-06 [6] codes are equal
to (0.87, 0.20), (0.89, 0.42) and (0.72, 0.30), respec-
tively. It can be concluded that, ACI 440.1R-06
guidelines [3], CAN/CSA S806-02 [5] and CAN/CSA
S6-06 [6] codes overestimate the bond strength of this
series of test specimens. According to Tables 5 and 7,
itis observed that Eq. (12) calculates the bond strength
more accurately than other equations. It may be due to
the low relative rib area of GFRP bars used for the
most of the specimens, such as sand coated specimens
in [12] and helical wrapped specimens in [17]. It can
be seen that for specimens with high relative rib area,
the Eq. (12) presents a more conservative estimation
of the bond strength rather than the other equations
(such as ribbed specimens tested by Esfahani et al.

[18]).

5 A proposed equation for determining the splice
length

It was shown earlier that although Eq. (12) was
initially developed for specimens without transverse
reinforcement, it also gives reasonable and conserva-
tive results for specimens with transverse reinforce-
ment. In addition, though the GFRP bars had different
surface properties, the bond strengths calculated by the
proposed equation for GFRP bars with different
surface properties correlated well with the experimen-
tal results. The bar surface properties in different
specimens are presented in Column 3 of Tables 2, 4
and 6.

Mosley et al. [2] have shown that bond strength is
related to the modulus of elasticity of the reinforce-
ment. One of the important advantages of the proposed
equation in comparison with the ACI 440.1R-06
guidelines [3] is accounting for the elastic modulus
in the bond strength calculations. Furthermore, in the
proposed equation, a non-uniform bond stress distri-
bution is assumed along the splice length.

In order to present an equation for splice length
calculation, Eq. (12) is written as a function of the
maximum tensile force of the reinforcement as

follows:
T 0.24 1 ChMed
=—u(14+—(085+0.15— 17
ndyly o M{( +M>< + C ) ( )

Equation (17) can be given by:

T Ue
=— 18
ﬁdbld o iz ( )
where,
1
a; =024 1+M (19)
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Table 6 Details of spliced bars with transverse reinforcement

Reference. Beam no. Surface dy, C(mm) Cpyea f! Usest 1y EJ/E; A S
properties  (mm) (mm) (MPa) (MPa) (mm) (mm) (mm)
Aly [12] 6GS50N-A8 SC 19.1 40 45 41 3.60 500 4.45 50.27 150
6G70N-A9 SC 19.1 40 45 43 3.28 700 4.45 50.27 150
6G80ON-A10 SC 19.1 40 45 41 3.30 800 4.45 50.27 150
6G70L-A25 SC 19.1 40 45 43 2.95 700 4.45 50.27 300
6G70N-A26 SC 19.1 40 45 43 3.28 700 4.45 50.27 150
6G70N-KW28 SC 19.1 25 40 45 2.83 700 4.45 50.27 150
6G70N-FX29  SC 19.1 25 45 43 3.18 700 4.45 50.27 150
6G70N-KX30 SC 19.1 40 45 43 3.28 700 4.45 50.27 150
6G70N-PX31 SC 19.1 45 51.35 45 291 700 4.45 50.27 150
6G70N-KY32 SC 19.1 40 51.35 43 3.60 700 4.45 50.27 150
6G70N-PY33  SC 19.1  51.35 70 45 321 700 4.45 50.27 150
Harajli and R1.25L.20-C G 120 150 15 52.0 4.18 240 5.68 50 60
Abouniaj [13]
Mousavi [16] B-1 SC 16.0  25.0 25 40.0 3.20 400 3.50 50 150
B-2 SC 16.0  30.0 30 40.0 3.02 279 5.10 50 50
B-3 SC 120 135 25 70.0 4.19 400 3.50 50 150
B-4 SC 12.0 135 25 70.0 5.14 400 3.50 50 100
Tighiouart et al. [17] A460-1 HW 12.7  30.0 30 42.0 3.73 460 4.67 100 80
A460-2 HW 127  30.0 30 42.0 3.83 460 4.67 100 80
A540-1 HW 12.7  30.0 30 42.0 2.52 540 4.67 100 80
A540-2 HW 12.7  30.0 30 42.0 3.35 540 4.67 100 80
B-675-1 HW 159  30.0 30 42.5 3.11 675 4.67 100 80
B-675-2 HW 159  30.0 30 42.5 3.14 675 4.67 100 80
B-870-1 HW 159  30.0 30 42.5 2.44 870 4.67 100 80
B-870-2 HW 159  30.0 30 42.5 2.64 870 4.67 100 80
Esfahani et al. [18] R16-40-S150 R 16 20.5 25 41 32 400 35 50 150
R16-40-S100 R 16 20.5 25 41 4.18 400 35 50 100
R16-40-S50 R 16 20.5 25 41 5.18 400 3.5 50 50
R12-40-S150 R 12 13.5 25 41 431 400 3.5 50 150
R12-40-S100 R 12 13.5 25 41 5.14 400 3.5 50 100
R12-40-S50 R 12 13.5 25 41 6.22 400 3.5 50 50
R12-70-S150 R 12 13.5 25 72 4.19 400 35 50 150
R12-70-S100 R 12 13.5 25 72 5.14 400 35 50 100
R12-70-S50 R 12 13.5 25 72 6.64 400 3.5 50 50
G grooved, HW helical wrapped, R ribbed, SC sand coated
a = (0 85 +0. 15CM“) 20 1=124, g/db+05ld\/_a1a2 (21)
> Y, +
By replacing u. from Egs. (4) into (18), the By assuming a; = 7.22d}, C/db+0~5’ the value of I, is

following equation is obtained: C/db+14

obtained by:
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Table 7 Comparison of

Eq. (12) and design Reference Beam no. “:‘ﬁ uACMu;(C)“IRfOﬁ l‘(‘SuAI:;—OG u(‘SAu;;;b—oz araz
fg;ﬁf?:pggéﬁe&i Aly [12] 6GSON-A8 122 079 057 065 0.27
ransverse reinforcement) 6GTON-A9 116 0.80 050 0.8 0.25
6GSON-AI0 121  0.87 052 0.60 0.25

6GTOL-A25 104 072 046 052 0.25

6GTON-A26  1.16  0.80 050 0.8 0.25

6GTON-KW28 1.2 0.70 058 067 0.27

6GTON-FX29  1.14  0.80 067 077 0.28

6GTON-KX30  1.16  0.80 050 0.8 0.25

6GTON-PX31 098  0.69 044 050 0.25

6GTON-KY32 124 0.8 055 063 0.26

6GTON-PY33 102 075 048 055 0.26

Mean 112 078 052 0.60 0.26

SD 009  0.06 006 008 0.01

Harajli and Abouniaj [13] R1.25L20-C 131  0.75 079  1.00 0.29
Mousavi [16] B-1 L1 072 093 115 0.30
B-2 096 057 065 081 0.30

B-3 L1108l 102 130 0.30

B-4 136 1.00 121 159 0.30

Mean 114 078 095 121 0.30

SD 017 0.8 023 032 0.00

Tighiouart et al. [17] A460-1 130 091 059 067 0.25
A460-2 134 094 061 068 0.25

AS540-1 090  0.65 040 045 0.25

A540-2 120 0.87 0.5 0.60 0.25

B-675-1 116 082 049 058 0.25

B-675-2 117 082 050 0.8 0.25

B-870-1 092 0.69 038 045 0.24

B-870-2 100 075 042 049 0.24

Mean 112 081 049  0.56 0.25

SD 0.16  0.10 009  0.09 0.00

Esfahani et al. [18] R16-40-S150  L.I1 071 075 089 0.29
R16-40-S100 145 092 096 116 0.29

R16-40-S50  1.80  1.14 L1 144 0.29

RI2-40-S150 153  1.08 113 136 0.30

RI2-40-S100  1.83  1.29 130 162 0.30

RI2-40-S50 221  1.56 142 197 0.30

RI2-70-S150 112 0.79 083  1.00 0.30

RI2-70-S100 138  0.97 098 123 0.30

RI2-70-850 178 1.26 115 158 0.30

Mean 158 1.08 107 136 0.30

SD 036 027 021 034 0.00

All Mean 125 0.87 072 089 0.27
SD 029 0.0 030 042 0.02
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aT
(a3/f)aray

The value of a;a, can be determined using exper-
imental results [19]. The values of aa, for specimens
with and without transverse reinforcement over the
spliced length are given in Column 7 of Tables 3, 5
and 7. In Eq. (22), the parameter a, as given by
Eq. (20) accounts for the effect of Cyeq/C on bond
strength. Previous studies have shown that when
adequate Cyq/C is used, the bond stress becomes
more uniform, and thus the bond strength increases
[11, 12]. The parameter a; accounts for the effect of
bond stress distribution over the splice length. As the
splice length increases, the bond stress distribution
becomes less uniform. Subsequently, the parameter M
increases and the value of a; decreases. On the other
hand, Cpeq/C increases the uniformity of the bond
stress distribution and the bond strength. Therefore, it
is reasonable to keep the multiple of aja, constant
from a design point of view. The average value of a;a,
for all test results presented in Tables 3, 5 and 7 can be
given by:

aja, = 0.28 (23)

la = (22)

Substituting Egs. (23) into (22) leads to:

I = o (24)

(BVID)

Parameter f in Eq. (24) is obtained by the follow-
ing equation:

_5 Cld, + 0.5

p=
C/db +1.4

dy (25)

In Eq. (24), T is the tensile force of GFRP bars and
is given by:
T = Ap X fiipu (26)
In this equation, fp, is the ultimate tensile strength
of GFRP bars in MPa and A is the area of GFRP

reinforcement in mm?”. By introducing Eqs. (26) into
(24), the following equation is obtained:

_ aAbffrpu

")

Equation (27) can be used to determine the splice
length of GFRP bars. This equation will only be valid
if the product of a,a, is equal to 0.28. In this case, by

(27)

introducing the values of a; and a, obtained from
Egs. (19) and (20), the following equation can be
written:

1 CMed
028=024{1+—)(0.85+0.15—— 28

Solving Eq. (28) for Cye¢/C leads to:

Cvea  7.78

=—--5672>1 29
c Ty )

where M is calculated using Egs. (8) and (11).
Equation (29) is a requirement for the splice length
calculation by Eq. (27). Thus, Eq. (27) cannot be used
unless the requirement of Eq. (29) is provided.

5.1 Comparison between the proposed equation
with ACI 440.1R [2] and CAN/CSA S806-02
(71

The proposed equation is evaluated with respect to the
existing design equations (ACI 440.1R-06 guidelines
[3] and CAN/CSA S806-02 code [S]) using the
experimental results and also by performing a para-
metric study. As mentioned earlier, the ACI 440.1R-
06 guidelines [3] and CAN/CSA S806-02 code [5]
overestimate the bond strength between concrete and
GFRP bars for the current test series. Therefore, the
probability of bond failure of GFRP bars increases in
lap-spliced beams designed with these provisions.
This fact can also be concluded from Figs. 4 and 5.
Figures 4 and 5 show plots of the experimentally

120

T T T
: ®  Proposed
100 ———————4+— x ACI440.1R-06 -
—~ | T T
: x o ' '
\;i 80 L I———F+t——A———F———
X | I |
~ X% o | |
2 60+—F—H88—o——p3+——— 4
g X8 | |
= °
7 “;‘XI ‘. | |
= 40 lw! xng;L?,x,,L,,,,
; e
204———>4 Ao | x®e | _X| _ _ _ ]
| | |
| | |
0 ! | |
300 400 500 600
(ld/llest)%

Fig. 4 Comparison between the proposed equation and ACI
440.1R-06 guidelines [3] with the test results
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achieved bar stress as a percentage of the ultimate
tensile strength versus the predicted splice length
using the three design equations as a percentage of the
test splice length. It should be noted that the predicted
design lengths by ACI 440.1R-06 guidelines [3]
(Fig. 4) and CAN/CSA S806-02 code [5] (Fig. 5)
include the factors 1.3 and 1.6, respectively. In each of
these figures, the x-axis is the splice length calculated

120 T T
®  Proposed
100 + CSA-S806-02 |
o~ T T
3 | |
W80 4
N | |
~ | |
2 60 - S —
= \ |
& | |
: ~ T
o lo
M %
: R
| |
0 ‘, |

400 500 600

(4 e )%

Fig. 5 Comparison between the proposed equation and CAN/
CSA S806-02 code [5] with the test results

using the method being displayed divided by the test
splice length. It is expected that the mode of failure
should be bar fracture (or at least achievement of
100% fr,) for the bars have splice length longer than
the calculated splice length, whereas the bars have
splice length a distance shorter than the calculated
splice length would be provided to experience a bond
failure.

As seen in Figs. 4 and 5, some experimental
specimens shown by solid rectangle had splice lengths
greater than the splice lengths determined by ACI
440.1R-06 guidelines [3] and CAN/CSA S806-02
code [5]. However, they failed with bar stresses lower
than the ultimate tensile strengths. This shows that
ACT 440.1R-06 guidelines [3] and CAN/CSA S806-02
code [5] usually underestimate the splice length. As
shown in Figs. 4 and 5, these specimens (shown by
solid rectangle (have lengths smaller than the splice
lengths specified by the proposed equation. To show
the conditions under which the proposed equation
predicts a longer splice length compared to ACI
440.1R-06 guidelines [3] and CAN/CSA S806-02
code [5], a parametric study is performed. The results
of the study are illustrated in Fig. 6, which shows the
predicted splice length versus C/dy, relationship for

| —— Proposed ----- ACI 440.1R-06 -—--- CAN/CSA S806-02 |
1000 ; 1500 - 2500 ; 2500 -
f =55 MPa 1 =55 MPa fo=55 MPa f¢=55 MPa
800 _ 1200 ¢ 2000 _ 2000
dy=10 mm dy=16 mm db—22 mm
o~
S 600 900 1500 1500
é 400 600 1000 1000
N
200 300 500 500
0 0 0 0
05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 40
1000 - 1500 - 2500 - 2500 -
fo=41 MPa f =41 MPa /=41 MPa fo=41 MPa
800 _ 1200 ¢ 2000 _ 2000 N _
-~ db710 mm dy=16 mm db722 mm \' dy=28 mm
g 400 = 600 1000 e 1000 ’
= 2 e
200 300 500 500
0 0 0 0
05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 40
1000 - 1500 2500 2500
fo=28 MPa
800 1200 2000 2000
db:1 0 mm
~ .
S 00 AN 200 1500 1500
£ 400 o 600 1000 . 1000
=
200 300 500 500
0 0 0 0
05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 4 05 10 15 20 25 30 35 40 05 10 15 20 25 30 35 40
Crdp Cr/dp C/dp Crdp

Fig. 6 Comparison between the proposed equation with ACI 440.1R-06 guidelines [3] and CAN/CSA S806-02 code [5]
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different bar sizes and concrete strengths. For each bar
size, the clear cover varied between 1d,, and 3.5d,
values. According to Fig. 6, the splice length obtained
from the proposed equation is larger than those
predicted by the ACI 440.1R-06 guidelines [3] and
CAN/CSA S806-02 code [5] provisions. Thus, these
provisions underestimate the splice length of GFRP
bars.

6 Conclusions

The objective of this study was to utilize available
experimental data to propose equations for the bond
strength and splice length of GFRP bars in beams with
spliced bars. All of the parameters which influence the
bond strength were taken into account in the proposed
equation. Based on the study, the following conclu-
sions can be drawn:

1. Using the eccentric pullout test results, an equa-
tion was obtained for local bond strength between
GFRP bars and concrete. The local bond strength
calculated by this equation has good agreement
with the experimental results.

2. In the proposed equation for bond strength of
spliced GFRP bars, the non-uniform distribution
of bond stress and the modulus of elasticity of
GFRP bars were taken into account. When
compared to other equations, the proposed equa-
tion predicted the bond strength of tensile splices
most accurately. It was shown that, the ACI
440.1R-06 guidelines [3], CAN/CSA S806-02 [5]
and CAN/CSA S6-06 [6] codes overestimate the
bond strength of GFRP bars in concrete beams
with lap-spliced bars for the current test series.

3. A simple and practical equation was proposed for
determining the splice length in concrete beams
with spliced GFRP bars. When compared to the
ACI 440.1R-06 guidelines [3] and CAN/CSA
S806-02 code [5], the proposed equation generally
requires a larger splice length.
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