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� Fracture parameters have been calculated and compared using WFM and SEM methods.
� Steel fibers can, specifically, increase energy absorption and ductility.
� Large aggregates reduce energy absorption in self-compacting steel fiber-reinforced concrete.
� Steel fibers can perform better in lower water-cement ratios.
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This paper studies the laboratory results of fracture parameters and brittleness of self-compacting steel
fiber-reinforced concrete. A total number of 180 different-size notched beams were built and tested
under three-point bending with varying water to cement ratio, the maximum aggregate size, and differ-
ent percent by volume fraction of steel fibers. To investigate and analyze the fracture parameters, use was
made of SEM (Size Effect Method) and WFM (Work Fracture Method). Results have shown that in both
methods, an increase in percent steel fibers increases the fracture energy and makes the concrete more
ductile, but in WFM, the results are more specified because it considers the post-peak. Results show that
fibers can, in some cases, reduce the size effect. The fracture energy was calculated through both WFM
and SEM and the GF/Gf was found to be about 9.66 for self-compacting steel fiber-reinforced concrete.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete plays an important role in the construction industry
and its weakness in tension has led many researchers to study
the use of steel fibers in it. Nowadays, SFRC is used in the construc-
tion of sidewalks, parking lots, tunnels, and bridges [1–3]. Fibers
function as a bridge on both sides of a crack, absorb more concrete
energy, and prevent the crack to grow. The kind, type, genus,
length, strength, and distribution direction of fibers each cause dif-
ferent fiber behavior in concrete and, hence, different crack behav-
ior. Fibers play important parts in the concrete technology; they
increase ductility and reduce risks in concrete buildings [4,5].

The SCC moves, under its own weight, in the mold and between
the bars without detachment and has a good performance [6]. The
fiber distribution in SCC is a subject many researchers have com-
mented on. Alberti et al. [7–9] have reported that although fiber
positioning is affected by the concrete type, compaction method,
wall effects, and so on, fibers are randomly added to the mix. Abr-
ishambaf et al. [10] have shown that this distribution is random,
but Vandewall et al. [5] believe that it is uniform (aligned); it is
worth noting, however, that they have used 2 m long mother
beams in their research. Some researchers have studied the effects
of the volume of fibers on the mechanical properties of SCC and
have shown that percent fiber with optimum volume can posi-
tively affect such properties and percentages higher than the opti-
mal value would reduce the efficiency and cause segregation in
SCC [11,12].

In recent years, many researchers have worked on the energy
absorption of fibers. They prevent the crack growth in concrete
and increase the energy absorption. Alberti et al. [9] have shown
that adding fibers in the NVC and SCC will increase the energy
absorption considerably, especially in the post-peak. Kazemi
et al. [13] have studied the fracture energy in high-strength con-
crete using WFM and SEM and have shown that when steel fibers
are added to concrete, the fracture energy is increased and con-
crete becomes more ductile. In their study, Tran et al. [14] used
high-strength concrete under high strain rates, utilized smooth
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Nomenclature

Acronyms
SCC self compacting concrete
FRC fiber reinforced concrete
FR-SCC fiber reinforced self-compacting concrete
SFR-SCC steel fiber reinforced self-compacting concrete
SF steel fiber
SFRC steel fiber reinforced concrete
WFM work fracture method
SEM size effect method
NVC normal vibrated concrete
LEFM line elastic fracture mechanics

Symbols
w/c water to cement ratio
dmax maximum aggregate size (mm)
Vf fiber volume of fraction
GF fracture energy calculated by work fracture method (N/

m)
Lch characteristic length parameter
Gf fracture energy calculated by size effect method (N/m)
Lch characteristic length
hsp height of the remaining ligament of the beam section

(mm)
fMOR flexural strength at the peak load
dMOR deflection capacity at the peak load

fR2 residual flexural strength corresponding to deflection
1.31 mm

fR3 residual flexural strength corresponding to deflection
2.15 mm

fR4 residual flexural strength corresponding to deflection
3 mm

fR-L/150 residual flexural strength corresponding to deflection
L/150

a0 notch depth
Nth theoretical number of fibers in the cross section [#]
Nexp number of fibers counted in the cross section [#]
lf length of steel fiber
df diameter of steel fiber
b width of the beam section
h height of the beam section
qs density of the steel fiber kg/m3

G amount of fiber in concrete kg/m3

a orientation factor
a1 orientation factor in bulk [32]
a2 orientation factor in one boundary condition [32]
a3 orientation factor in two-boundary condition [32]
TP�d toughness calculated by the area of load deflection

curve up to the point of l/150
Tf�d=L normalized toughness calculated by the area of stress-

normalized deflection curve up to the point of l/150
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and twisted steel fibers, made notched and un-notched beams, and
tested them. Their results showed that smooth fibers and notched
specimens had higher fracture strength compared to twisted fibers
and un-notched specimens.

A change in any concrete constituent material (maximum
aggregate size, aggregate volume, cement, and w/c) or adding such
materials as fly ash, Nano-silica, and fibers to concrete can affect its
rheological properties, especially, its fracture behavior. Mihashi
et al. [15] have shown that in NVC, the fracture energy would
increase with an increase in the aggregate size. Beygi et al. [16]
have reported that in SCC, the fracture energy would increase with
an increase in the maximum aggregate size and aggregate volume.
In this study, they changed the maximum aggregate size in the
range 9.5–19 mm and the aggregate volume from 30 to 60%. In
another study [17], they investigated the effect of w/c on the frac-
ture energy of the SCC and showed that an increase in w/c reduced
the fracture energy and the concrete had a more ductile behavior.
Koksal et al. [18] conducted a research on the effects of w/c in steel
Fig. 1. Test setup of specimens with d = 400
fiber-reinforced high-strength concrete. They used varying w/c
(0.35, 0.45, and 0.55) and two types of fibers with different tensile
strengths (1050 and 2000 N/mm2). Results of their research
showed that in high-strength steel-fiber reinforced concrete, the
fracture energy and the characteristic length parameter changed
with a change in the w/c and the fiber type.

Results of researches show that adding fibers changes the con-
crete properties and causes its different failure behavior. Ghasemi
et al. [19] showed that a change in the maximum aggregate size
will cause the fracture behavior of the SFR-SCC to be different from
that of the fiber-less one. Therefore, considering insufficient
research in this regard, effort has been made in this research to
add new variables and study the effects of the Vf, dmax and w/c on
the fracture parameters of SCC using SEM and WFM methods.
For this purpose, some notched beams were made in an experi-
mental plan and subjected to three-point bending tests with a
strain control device (Fig. 1) the results of which will be presented
in the following sections.
mm (a), d = 200 mm (b), d = 100 mm (c).



Table 1
Mix proportion of concrete series and fresh properties.

Materials Weight (kg/m3)

SCCSF1 SCCSF2 SCCSF3 SCCSF4 SCCSF12 SCCSF13 SCCSF14 SCCSF15

Cement (kg) 425 425 425 375 375 375 375 375
Steel fiber (kg/m3) 23.5 23.5 23.5 23.5 39 7.8 7.8 7.8
Steel fiber (%) 0.3 0.3 0.3 0.3 0.5 0.1 0.1 0.1
Sand (kg) 846 846 846 846 846 846 846 846
Coarse aggregate 4.75–9.5 (mm) 750 300 300 750 300 750 300 300

9.5–12.5 (mm) – 450 300 – 300 – 450 300
12.5–19 (mm) – – 150 – 150 – – 150

Limestone powder 180 180 180 180 180 180 180 180
Free water (kg) 178 178 178 195 195 195 195 195
Superplasticizer (kg) 5.3 5.3 5.3 3.75 4.5 3 3 3
Unit weight (kg/m3) 2238 2245 2290 2200 2360 2340 2320 2400
Flow time (s) 3.2 2.9 3 3 3.45 2.98 2.80 2.85
Slump flow (mm) 700 710 740 590 690 600 650 670
L-Box (h2=h1Þ 0.95 0.94 0.95 0.82 0.89 0.83 0.86 0.9
Sieve test (%) 1 1.8 1 1 1.2 1 1 1.3
W=C (by weight) 0.42 0.42 0.42 0.52 0.52 0.52 0.52 0.52
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Table 3
Determination of beam specimen in SEM.

Aggregate size
(mm)

Steel fiber Length
(mm)

d ðmmÞ b ðmmÞ a0=d S=d L=d

9.5, 12.5, 19 30 100 100 0.2 2.5 2.67
200
400

Fig. 3. Geometry of the three-point bending specimen.
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limestone powder to increase viscosity, fine aggregates consisting
of natural sand with a fineness modulus of 2.8, coarse aggregates
made of natural crushed gravel with maximum size of 9.5, 12.5,
and 19 mm and specific gravity of 2.93 g/cm3, super viscose with
modified carboxylate base (according to SIA 162 AND PREN 934-
Table 4
Value of GF measured from beam tested in mixtures by WFM.

MIX ID Steel fiber (Vf) (%) �f c (MPa) E (G

SCCSF1 0.3 23 25
SCCSF2 0.3 21.5 26.3
SCCSF3 0.3 30.53 30.2
SCCSF4 0.3 26.15 23
SCCSF5 0.3 27.55 24.4
SCCSF6 0.3 27.41 27.1
SCCSF7 0.3 21 20.2
SCCSF8 0.3 20.5 22
SCCSF9 0.3 23 24
SCCSF10 0.5 23.75 20.1
SCCSF11 0.5 22.25 23.9
SCCSF12 0.5 30.15 30.6
SCCSF13 0.1 32.4 27.5
SCCSF14 0.1 24.55 26.9
SCCSF15 0.1 25.49 28.0

Fig. 4. Variation of the total fracture energy with maximum size of coarse aggrega
2 Standard for concrete with steel fibers) so that the SFR-SCC can
have the required performance (according to EFNARC [20]), and
hooked steel fibers (Fig. 2) with a tensile strength of 1200 N/
mm2 and a diameter of 0.6 mm. The fiber length was 30 mm con-
stant for all the specimens.

2.3. Test method

Laboratory tests were done on fracture parameters of SFR-SCC
to determine the relationship between the effects of the maximum
aggregate size, water to cement ratio and the volume fraction of
steel fibers. Fracture parameters were calculated by WFM accord-
ing to RILEM 50 FMC [21] and mold sizes were selected according
to ASTM 1609 [22] which requires the mold width (b) should be at
least 3 times the fiber length (it was taken equal to 100 mm for all
specimens). Three 350 � 100 � 100 mm (length, height, width)
notched beam specimens were made and tested for each design;
the notch height in all designs was 0.33 d (ASTM 1609). In SEM,
the specimens were made according to RILEM TC 89 [23] which
requires the beam width (b) should be at least 3 times the maxi-
mum aggregate size, but ASTM 1609 requires it to be at least 3
times the fiber length; here, it was taken equal to 100 mm for all
specimens. Other beam dimensions (a0/d, S/d, and L/d) are respec-
tively 0.2, 2.5, and 2.67 based on the RILEM TC 89 (Table 3 & Fig. 3).

The notch width, created by an acrylic sheet, is 0.3 mm in both
methods. Six 150 � 300 mm standard cylinders were made to cal-
culate the compressive strength, Splitting tensile strength, and
modulus of elasticity based on BSEN 12390 [25], ASTM C 469
[26], and ASTM C496 [27]. Fresh concrete tests (Slump Flow, Flow
Pa) f t (MPa) Average GF Average Lch

2.7 425.41 1514
2.6 517.16 1921
3.2 701.24 2025
4.17 367.9 485.7

8 3.58 483 922.55
3 3.85 463 844.51

2.26 189.25 741.06
1.8 254.97 1604.12
2.3 384.87 1746.13

9 3.22 480.48 935.63
1 2.93 647 1793.8
2 3.12 491 1395.11
4 3.55 226.19 492.53
5 3.13 317.51 873
5 3.28 249.25 647.35

te (Left), Variation of the Lch with maximum size of coarse aggregate (Right).



Fig. 5. Variation of the total fracture energy with volume fraction of steel fiber (Left), Variation of the Lch with volume fraction of steel fiber (Right).

Fig. 6. Load–midspan deflection curves obtained for all mixes by WFM (a:
dmax = 9.5, b: dmax = 12.5, c: dmax = 19 mm).
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Time, L-Box, and Sieve test) were carried out based on EFNARC [20]
requirements. After being made, the specimens were kept in the
lab for 24 h and then immersed in a water tank for 28 days at
20 ± 2 �C untill the test day.

RILEM TC 162 [28] and BS EN 14651 [29] explicitly state that
concrete pouring should begin at the center of the mold. Some
researchers [30] believe that in steel fiber-reinforced self-
compacting concrete, pouring from one end of the mold is prefer-
able. Alberti et al. [31] have shown that in self-compacting con-
crete, pouring at the center can reduce fiber dispersion. In this
study, since we used different-size molds to evaluate the size
effect, and it was not possible to start pouring at one end of the
smallest mold, we did at the center and continued the process sim-
ilarly for all specimens for uniform results.

3. Calculating fracture parameters

3.1. WFm

There are several methods for calculating fracture parameters
among which WFM (recommended in RILEM 50 FMC [21]) is very
simple and widely used by many researchers. First proposed by
Hillerborg [24], WFM is based on the 3-point bending test of
notched beams under strain control test and its fracture energy
is found as follows:
Fig. 7. Load deflection diagram and f R .
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GF ¼ WF

bðd� a0Þ ð1Þ

where WF is the area under the load-displacement curve, b is the
specimen width, d is the specimen height, and a0 is the notch depth.
Since Hillerborg believed that GF alone could not show the concrete
brittleness or ductility, he introduced the characteristic length
parameter as follows:
Table 5
Residual strength of concrete from WFM.

MIX ID dMOR (mm) f MOR (MPa) f R2 (MPa) f R3 (MPa)

SCCSF1 0.58 3.141848 0.54 0.2552
SCCSF 2 0.54 3.829127 1.2525 1.1561
SCCSF 3 0.69 4.712772 1.8654 1.70481
SCCSF 4 0.57 2.8473 0.4698 0.6381
SCCSF 5 0.49 3.190939 1.3663 1.2763
SCCSF 6 0.48 3.141848 1.2362 0.8627
SCCSF 7 0.65 1.963655 0.1928 0.1816
SCCSF 8 0.75 2.061838 0.3829 0.3709
SCCSF 9 0.81 2.758935 0.3745 0.371
SCCSF 10 0.76 4.123675 0.8568 0.6872
SCCSF 11 0.77 4.025493 2.0863 1.6445
SCCSF 12 0.77 3.789854 1.41026 1.1781
SCCSF 13 0.62 3.92731 0.1472 0.1227
SCCSF 14 0.67 3.240031 0.7854 0.7854
SCCSF 15 0.54 3.240031 0.2552 0.0981

Table 6
Comparison of the experimental and theoretical number of fibers.

Mix ID G ðkg=m3Þ a Nth Calc (#) Nexp Exp (#) Ratio calc/exp

SCCSF1 23.55 0.519 37 27 1.37
SCCSF 2 23.55 0.519 37 31 1.19
SCCSF 3 23.55 0.519 37 34 1.08
SCCSF 4 23.55 0.519 37 24 1.54
SCCSF 5 23.55 0.519 37 31 1.19
SCCSF 6 23.55 0.519 37 27 1.37
SCCSF 7 23.55 0.519 37 20 1.85
SCCSF 8 23.55 0.519 37 21 1.76
SCCSF 9 23.55 0.519 37 26 1.42
SCCSF 10 39.25 0.519 61 31 1.96
SCCSF 11 39.25 0.519 61 45 1.35
SCCSF 12 39.25 0.519 61 40 1.52
SCCSF 13 7.85 0.519 12 9 1.33
SCCSF 14 7.85 0.519 12 10 1.20
SCCSF 15 7.85 0.519 12 9 1.33

Average of all beams 1.43
Coefficient of variation 17.8%

Fig. 8. Experimental result versus predicted value from the proposed relation for
GF.
Lch ¼ EGF

f 2t
ð2Þ

where E is the elastic modulus and f t is the tensile strength; lower
Lch values represent more brittle behavior of concrete.

3.2. SEm

Using small lab specimens for the behavior modeling of large
structures is an issue that shows the importance of size effect for
which a method was first presented by Bazant and Peiffer [33].
In this method, also suggested in RILEM TC 89, a three-point bend-
ing test is used to calculate the fracture parameters of different-
size notched beams and the nominal strength of similar-
geometry specimens can be explained by its rule as follows:

rN ¼ Bffiffiffiffiffiffiffiffiffiffiffiffi
1þ b

p ; b ¼ d
d0

ð3Þ
Table 7
Corrected maximum loads from SEM for mixes.

MIX ID �f c ðMPaÞ a0=d Depth d (mm) Corrected maximum load P0(N)

Beam 1 Beam 2 Beam 3

SCCSF1 23 0.2 100 6955.5 7155.5 6755.5
200 12,422 12,222 12,722
400 20,888 21,888 22,388

SCCSF2 21.5 0.2 100 7555 7055 6755
200 11,220 11,420 10,720
400 18,680 18,880 19,380

SCCSF3 30.53 0.2 100 9555.75 9055.75 10065.75
200 17,323 16,383 15,433
400 27,892 25,792 26,092

SCCSF4 26.15 0.2 100 6855 7365 6655
200 10,900 12,500 14,455
400 19,280 20,380 19,980

SCCSF5 27.55 0.2 100 7056.5 7396.5 7356.5
200 12,226 14,226 12,426
400 18,104 21,104 21,704

SCCSF6 27.41 0.2 100 6858 7734 7258
200 12,232 12,492 12,737
400 19,328 18,928 18,828

SCCSF7 21 0.2 100 5056 5156 5856
200 7624 8424 9224
400 13,896 14,896 15,296

SCCSF8 20.5 0.2 100 5855 5255 5455
200 8220 8420 8120
400 13,880 13,580 14,880

SCCSF9 23 0.2 100 6156.22 5856.22 5656.22
200 9524.9 10324.9 9724.9
400 17899.6 17599.6 16999.6

Fig. 9. Linear regression for size effect parameters.
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where b is the ductility number first presented by Bazant and
kazemi [34]. When b < 0.1, the concrete behavior resembles that
of the limit state, when b > 10, it is close to linear fracture mecha-
nism, and when 0.1 < b < 10, it is nonlinear. B and d0 are experimen-
tal coefficients that depend on the material property, specimen
geometry, and maximum load; for different-size specimens, they
are found as follows using regression analysis:

Y ¼ AX þ C; X ¼ d; Y ¼ 1
rN

� �2

; d0 ¼ C
A
; B ¼ 1ffiffiffi

C
p ð4Þ
Table 8
Fracture parameters obtained from the SEM for mixes.

Series f c (MPa) E (GPa) a0=d gða0Þ Gf ðN=mÞ Cf (mm) B

SCCSF1 23 25 0.2 7.28 66.47 72 0.
SCCSF2 21.45 26.3 0.2 7.28 35.11 33.34 0.
SCCSF3 30.53 30.2 0.2 7.28 61.96 34.97 1.
SCCSF4 26.15 23 0.2 7.28 47.34 38.60 0.
SCCSF5 27.55 24.48 0.2 7.28 42.55 30.55 0.
SCCSF6 27.41 27.13 0.2 7.28 31.48 21.69 1.
SCCSF7 21 20 0.2 7.28 29.36 41.06 0.
SCCSF8 20.5 22 0.2 7.28 21.79 27.58 0.
SCCSF9 23 24 0.2 7.28 40.642 59.67 0.
SCCSF10 23.75 20.19 0.2 7.28 53.57 38.51 0.
SCCSF11 22.25 23.91 0.2 7.28 48.54 36.37 0.
SCCSF12 30.11 30.62 0.2 7.28 47.69 27.67 1.
SCCSF13 32.4 27.54 0.2 7.28 45.06 30.29 1.
SCCSF14 24.55 26.95 0.2 7.28 39.47 33.83 0.
SCCSF15 25.49 28.05 0.2 7.28 49.14 49.25 0.

Fig. 10. Variation of the Gf (Left) and Cf (Right) from size effect

Fig. 11. Variation of the Gf (Left) and Cf (Right) from siz
Bazant & Kazemi also showed that Gf and Cf can be calculated
as follows:

Gf ¼ gða0Þ
AE

ð5Þ
Cf ¼ gða0Þ
�gða0Þ �

C
A

ð6Þ

where E is the elastic modulus, A is the slope of the regression line,
C is the Y-intercept of the regression line, gða0Þ is the dimensionless
(MPa) d0 (mm) KIC (MPa mm0:5) dc (mm) xA xc m

77 378.93 40.76 0.044 0.06 0.04 0.04
85 175.27 30.38 0.021 0.14 0.23 0.16
182 183.81 43.25 0.027 0.1 0.15 0.11
858 202.92 33.01 0.028 0.19 0.26 0.2
943 160.62 32.27 0.023 0.11 0.2 0.14
014 114.012 29.22 0.016 0.05 0.12 0.07
611 215.83 24.23 0.024 0.19 0.24 0.19
673 145 21.89 0.016 0.17 0.32 0.21
653 313.64 32.23 0.032 0.16 0.14 0.13
857 202.44 32.94 0.0323 0.13 0.18 0.14
912 191.18 34.07 0.027 0.16 0.24 0.18
174 145.46 38.21 0.020 0.1 0.19 0.12
03 159.23 35.23 0.022 0.08 0.15 0.1
906 177.83 32.61 0.022 0.17 0.27 0.2
855 258.87 37.13 0.029 0.21 0.22 0.19

method with maximum size of coarse aggregate for mixes.

e effect method with volume fraction of steel fiber.
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parameter of the energy dissipation rate, and g
�
a0ð Þ is the derivative

of gða0Þ where a0 ¼ a0
d

� �
. Eq. gða0Þ and g

�ða0Þ are geometry depen-
dent and are determined according to LEFM. In SEM, such parame-
ters as fracture toughness (KICÞ and effective crack tip opening
displacements are found as follows:

KIC ¼
ffiffiffiffiffiffiffiffi
EGf

q
ð7Þ

dC ¼ 8KIC

E

ffiffiffiffiffiffiffi
Cf

2p

r
ð8Þ
Fig. 13. Experimental and predicted peak load.
4. Results analysis

4.1. WFm

As mentioned earlier, the fracture energy (GF) is found through
the area under the load-displacement curve (up to l/150) and char-
acteristic length parameter (Lch) based on Eq. (2) recommended in
RILEM 50 FMC [21] and the results are shown in Table 4 and Figs. 4
and 5; Fig. 4 shows the fracture energy variations versus dmax with
different w/c (in these mix designs, Vf = 0.3% fix). Earlier, research-
ers had reported that when w/c increases, GF is reduced and Lch is
increased, and when dmax increases, both GF and Lch increase too
[16,17]. Results of this study show that when w/c increases, the
fracture energy decreases, but at w/c = 0.42, Lch shows different
behavior maybe because a reduced w/c reduces the porosity. This
porosity reduction around fibers increases the fiber-concrete bond-
ing strength resulting fibers to resist being pulled out of the con-
crete and, hence, perform better in the post-peak.

Results of Fig. 4 also show that when the maximum aggregate
size increases, GF increases too, but Lch increases at maximum
aggregate sizes from 9.5 to 12.5, and at size 19, the increase is little
or there is even a decrease because at this size, fibers have less
space to move (or rotate) and tend more to lie obliquely or even
vertically (parallel to the fracture surface). The best fiber position-
ing at the fracture surface is horizontal (perpendicular to the frac-
ture surface). In these cases, the fiber efficiency is reduced in the
post-peak and fibers may act as voids and cause crack growth
and reduce energy absorption. Fig. 5 shows fracture energy varia-
tions versus percent fiber variations at different maximum aggre-
gate sizes. Here, w/c = 0.52. When dmax = 9.5 and 12.5 mm, an
increase in percent fiber increases the fracture energy and concrete
exhibits a more ductile behavior. When dmax = 19 mm and Vf = 0.5%,
the fracture energy growth is negligible because, as mentioned ear-
Fig. 12. Experimental result versus predicted value from the proposed relation for
Gf.
lier, at this size the fibers have less space for movement and an
increase in percent fiber will disturb the fracture matrix; micro-
cracks grow and energy absorption is reduced.

Fig. 6 shows the mid-span load-deflection curve for all speci-
mens. RILEM TC 162 [28] and BS EN 14651 [29] suggest the use
of the following equation to calculate the residual flexural tensile
strength (fR) for different FRC deflections:

f R ¼ 3FlL

2bh2
sP

ð9Þ
Fig. 14. Size effect plot of SCCSF specimens with various of w/c, dmax and vf.

Fig. 15. Variation of brittleness number with depth.
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The limit of proportionally (LOP) is taken as the highest load in
the deflection interval of 0.0 mm to 0.05 mm. But, our findings
show that fLOP in the load-deflection curve is very small (also
reported in the work of other researchers e.g. [10,13,35,36]).
Hence, in this study, only fMOR, fR2 and fR3 have been found at dMOR,
d = 1.31 and d = 2.15, respectively (Fig. 7 & Table 5). According to
Table 5, at w/c = 0.62 and Vf = 0.1 the residual strength is the low-
est, and according to Fig. 6, at w/c = 0.52, the concrete behavior,
especially at post-peak, is sometimes close to w/c = 0.42 and some-
times close to w/c = 0.62 due, perhaps, to close w/c values selected.
But, the concrete behavior at post-peak for w/c values of 0.42–0.62
shows that an increase in thew/cwill cause a decrease in the resid-
ual strength. Fig. 6 also shows the effects of the increased fibers on
the post-peak.

Another point worth discussing about the FRC is the fiber distri-
bution at the fracture surface. Many researchers [7,8,32] have
Fig. 16. Load–midspan deflection curves obtained for
worked on the calculation of the fibers at the fracture surface. Dup-
ton and Vandewall [32] have suggested the following equation for
this purpose:

Nth ¼ G� a
p�d2F
4 � qs

� b� hsp ð10Þ

The orientation factor (a) is calculated using the following
equation:

a ¼
a1 b� lf

� �
h� lf � a0
� �þ a2 b� lf

� � lf
2 þ h� lf

2 � a0
� �

lf
h i

þ a3
l2f
2

bðh� a0Þ
ð11Þ

where a1 is the orientation factor in bulk (here,a1 = 0.5), a2 is the
orientation factor of a fiber with 1 boundary condition (here,a2
dmax = 9.5 mm by SEM(d = 100, 200 and 400 mm).
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= 0.6), a3 is the orientation factor of a fiber with 2 boundary condi-
tions (here,a3 = 0.84) (Table 6). As shown, predicting the fiber distri-
bution pattern at the fracture surface is a difficult task because
several factors (mixing, pouring, mold size, concrete type, fiber type,
fiber material, etc.) can affect this distribution.

Using all the experimental results and doing regression analy-
ses on all the data, a relationship has been proposed (in this study)
as follows that depends on the maximum aggregate size, water to
cement ratio and percent by volume of steel fibers:

GF ¼ �206:09� 3:307d2
max � 1692:975

w
c

� �2
� 833:420V2

f

þ 209:25dmax
w
c

� �
þ 404:462dmaxVf þ 2504:779

w
c

� �
Vf

� 793:88
w
c

� �
dmaxVf ð12Þ
Fig. 17. Load–midspan deflection curves obtained for d
Eq. (12) is used to predict the fracture energy and Fig. 8 shows
that it can predict experimental results with good approximation.
4.2. SEm

In SEM, only peak load will suffice to calculate the fracture
parameters and post-peak is not required; peak load results from
testing all mix designs are listed in Table 7. After calculating the
peak load, it is necessary to use a regression analysis for each
mix design; for mix design No. 3, for instance, the regression line
is shown in Fig. 9. As shown, the slope and intercept found from
regression are A = 0.0039 and C = 0.715; in addition, variation coef-
ficient of slope (wA), variation coefficient of intercept (wc), and rel-
ative width of scatter band (m) are respectively 0.1, 0.15, and 0.11.
According to RILEM TC 89 [23], wA should not be greater than 0.1
max = 12.5 mm by SEM(d = 100,2 00 and 400 mm).
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and wc and m should not exceed 0.2. As shown in Table 8, there is
difference in some mix designs; some researchers have reported
that sometimes fibers cause a drop in the compressive strength
[12], and have reasoned that since fibers are distributed randomly,
some of them lie parallel to the load direction and act like a void
causing the growth of micro-cracks and reduced strength. In
SEM, since only peak load is effective and post-peak is not calcu-
lated, sometimes fibers cause dispersion in peak load results.
Fig. 10 shows Gf and Cf variations versus the largest aggregate size
for varying w/c. As shown, there is confusion in the peak load
results because, as mentioned earlier, fibers are present in the frac-
Fig. 18. Load–midspan deflection curves obtained for
ture matrix and create confusion in it. Larger size aggregates too
can intensify this phenomenon because they limit the fiber move-
ment (or rotation) space [37]. But, ignoring the results from
dmax = 19 mm at w/c = 0.42 and 0.62, it can be generally concluded
that when the largest aggregate size is increased, the fracture
energy is decreased and the concrete becomes more ductile. It
can also be concluded that the fiber orientation in the fracture sur-
face is directly related to the peak load. Fig. 11 shows the results
from the fracture energy versus percent fiber for different values
of dmax. As shown, when percent fiber increases, Gf increases too
and the concrete becomes more ductile. Similarly, when the largest
dmax = 19 mm by SEM(d = 100,200 and 400 mm).
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aggregate size is increased, the fracture energy is reduced and the
concrete shows a more brittle behavior. Different behavior of
dmax = 19 mm at Vf = 0.1% can be attributed to the fact that since
percent fiber is low, the concrete behavior is closer to that of fiber
less concrete and an increase in the largest aggregate size increases
the fracture energy. Kazemi et al. [13] showed that there is a linear
relationship between the fracture energy and the percent by vol-
ume of fibers; the present study too shows similar result in
dmax = 9.5 and 12.5 mm (Fig. 11):

dmax ¼ 9:5mm : Gf ¼ 21:27Vf þ 42:274;R2 ¼ 0:93 ð13Þ

dmax ¼ 12:5mm : Gf ¼ 22:67Vf þ 36:718:R2 ¼ 0:96 ð14Þ
Koksal et al. [18] used two variables Vf and w/c and showed that

the fracture energy can be calculated using a polynomial function.
In the present research, a relationship, that depends on Vf and dmax,
has been presented as follows using nonlinear regression analyses
on the results.

Gf ¼ 128:183þ 0:552d2
max þ 42:87V2

f þ 0:467dmaxVf

� 14dmax � 8:88Vf ð15Þ
Fig. 12 shows that Eq. (15) can acceptably predict the lab

results. Fig. 13 shows that the results from lab tests and from the
SEM prediction conform well. Fig. 14 shows the SEM curve fitted
Table 9
Summary of average parameters characterizing the flexural performance and size effect.

Mix ID Size f MORðMPaÞ dMOR ðmmÞ d/l (%) Tp�d ðkN mmÞ
4 Small 3.93 0.47 0.18 2.52

Medium 3.1 0.48 0.1 9.44
Large 2.66 1.15 0.11 25.76

5 Small 4.25 0.57 0.2 3.87
Medium 3.79 0.49 0.1 13.44
Large 3.06 1.31 0.138 47.65

6 Small 4.48 0.64 0.25 6.04
Medium 3.59 0.53 0.1 10.51
Large 2.48 0.85 0.08 16.72

7 Small 2.91 0.86 0.34 3.56
Medium 2.13 1.06 0.21 7.7
Large 1.9 1.45 0.14 39.47

8 Small 2.97 0.8 0.32 3.58
Medium 2.27 0.79 0.15 7.12
Large 2.12 0.8 0.08 26.36

9 Small 4.45 0.63 0.25 3.51
Medium 2.47 0.92 0.18 10.23
Large 2.44 1.49 0.14 35.099

10 Small 3.79 0.69 0.27 4.67
Medium 3.49 0.56 0.11 14.68
Large 2.62 1 0.1 42.09

11 Small 4.05 0.73 0.29 4.05
Medium 3.91 0.92 0.18 15.44
Large 2.93 1.31 0.13 62.1

12 Small 5.12 0.95 0.38 6.46
Medium 4.38 0.89 0.17 16.71
Large 3.68 1.41 0.14 47.64

13 Small 4.61 0.28 0.11 2.37
Medium 4.05 0.79 0.15 9.61
Large 3.24 1.07 0.1 22.19

14 Small 4.13 0.72 0.2 2.45
Medium 3.81 0.86 0.17 10.21
Large 2.64 1.43 0.14 17.94

15 Small 3.66 0.76 0.3 2.48
Medium 3.85 0.86 0.17 11.73
Large 2.85 1 0.1 25.85
by the experimental data from 15 mix designs; as shown, there
is a good overlap between the results from empirical data and
those from the SEM. Bazant’s size effect law shows that the closer
are the results to the strength criterion, the more ductile will the
concrete behave, and the closer are the results to the line elastic
fracture mechanic (LEFM) criteria, the more brittle will the con-
crete behave. Another important parameter in SEM is the brittle-
ness coefficient (b) which is most often used to calculate the
fracture mode. Results of Fig. 15 show that for all mix designs with
varying dmax, b lies within the range of the nonlinear fracture
mechanics (0.1 � b < 10).

Figs. 16–18 show the SEM load-deflection curves for all speci-
mens. As mentioned in Section 4.1, fLOP is small at a deflection of
0.05 mm. Table 9 shows the residual strength for different deflec-
tions. Results show that specifically at dmax = 12.5 mm, an increase
in percent fiber, increases the post peak residual strength for
different-size specimens. According to ASTM 1609, deflection for
all specimens has been measured up to l/150 only, and TP�d (area
under the load deflection curve) too, has been calculated up to this
same point (Fig. 7). To be able to study the effects of the residual
strength for different-size specimens, their sizes should be normal-
ized [38,39]; therefore, the deflection is divided by the specimen’s
span length to calculate the normal deflection. Tf�d=L is the area
under the normalized stress-deflection curve the results of which
are shown in Table 9. Fig. 19 shows the size effect on the normal-
f R2 ðMPaÞ f R3 ðMPaÞ f R4 ðMPaÞ f R�l=150 MPað Þ Tf�d=l Pað Þ

0.49 0 0 0.58 5.91
0.73 0.72 0.67 0.54 5.29
0.7 0.64 0.58 0.36 3.81

0.62 0 0 0.5 9.08
1.13 1.12 0.9 0.74 7.87
2.95 1.37 1.19 0.51 6.98

1.85 0 0 1.86 14.17
0.88 0.57 0.41 0.39 6.16
0.4 0.42 0.34 0.15 2.45

0.87 0 0 0.93 8.35
0.56 0.375 0.32 0.3 4.22
1.67 1.02 1.18 0.47 5.78

0.92 0 0 0.76 8.4
0.62 0.41 0.33 0.23 4.17
0.99 0.7 0.47 0.14 3.86

1.85 0 0 1.86 14.17
0.82 0.7 0.67 0.54 5.99
2.08 0.93 0.91 0.38 5.14

1.31 0 0 1.28 10.95
1.34 1.09 0.79 0.71 8.6
1.21 1.03 1.09 0.47 6.16

1.25 0 0 1.07 9.5
1.57 1.19 1.02 0.94 9.04
2.93 1.64 1.67 0.81 9.1

2.75 0 0 1.96 15.14
1.39 0.97 0.77 0.96 9.79
3.37 1.21 0.9 0.67 6.97

0.36 0 0 0.37 5.56
0.85 0.44 0.25 0.14 5.63
0.52 0.38 0.28 0.17 3.25

0.38 0 0 0.23 5.7
0.72 0.41 0.41 0.24 5.98
2.35 0.34 0.25 0.16 2.62

0.44 0 0 0.45 5.18
0.96 0.81 0.68 0.66 6.87
0.65 0.58 0.51 0.23 3.74



Fig. 19. Size effect on normalized toughness at l/150 (dmax = 9.5, 12.5 and 19 mm).

Table 10
Relationship between WFM and SEM.

MIX ID Steel fiber (vf) (%) dmax GF=Gf

SCCSF1 0.3 9.5 6.7
SCCSF2 0.3 12.5 14.7
SCCSF3 0.3 19 11.32
SCCSF4 0.3 9.5 7.77
SCCSF5 0.3 12.5 11.35
SCCSF6 0.3 19 14.7
SCCSF7 0.3 9.5 6.44
SCCSF8 0.3 12.5 11.69
SCCSF9 0.3 19 9.47
SCCSF10 0.5 9.5 8.93
SCCSF11 0.5 12.5 13.32
SCCSF12 0.5 19 10.29
SCCSF13 0.1 9.5 5.01
SCCSF14 0.1 12.5 8.04
SCCSF15 0.1 19 5.07

Average 9.66
variation coefficient 32%
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ized toughness; the highest value of the size effect can be observed
at dmax = 19 mm and the lowest is at dmax = 12.5 mm. Results also
show that an increase inw/c does not specifically influence the size
effect.

Since post-peak is calculated in WFM, GF is always larger than
Gf. Bazant and Becq-giradun [40] showed GF/Gf = 2.5 in NVC and
Beygi et al.[14] showed GF/Gf = 3.11 in SCC. Kazemi et al. [13] have
shown that in high strength steel fiber-reinforced concrete, GF/Gf is
about 10.5. In this study, GF/Gf values for 15 mix designs are listed
in Table 10; the average value is 9.66 with a variation coefficient of
32%.
5. Conclusions

In this study, the effects of w/c, the maximum aggregate size,
and percent by volume of fibers on the fracture parameters of
the SFR-SCC have been investigated by constructing different-
size notched beams according to the RILEM recommendation.
Results show that a change in each parameter will cause a change
in the energy absorption and fracture parameters; this is quite
clear in the results.

– In WFM, an increase in w/c decreases the fracture energy and
concrete becomes more ductile, but in lower w/c, since fibers
perform better in post-peak, concrete ductility is increased.
Results of this method have shown that when maximum aggre-
gates size are used in concrete, energy absorption is decreased
because fibers have less space for rotation. Results have also
shown that when percent fiber is increased, the fracture energy
Increases and concrete becomes more ductile; dmax = 12.5 is the
most suitable aggregate for SFR-SCC because it has shown the
best results.

– In SEM, use is only made of the initial part of the load-
displacement curve up to the peak load; post-peak is not used.
The main fiber performance in concrete is in the post-peak; it
increases the energy absorption. Results show that in the SFR-
SCC, when the maximum aggregate size increases, it causes a
disruption in the fracture matrix and confusion in the results.
Presence of fibers in the fracture matrix and their lying in the
load direction can cause a drop in the peak load; however, with
this method too, it can be concluded that an increase in the per-
cent fiber increases the fracture energy and the concrete
becomes more ductile.

– -Since fibers show their effects in the post-peak, it can be con-
cluded that WFM yields better results than SEM in SFR-SCC.

– Results show that: 1) size effect does exist in SFR-SCC, but at
dmax = 12.5 mm, an increase in percent fiber can reduce it and
2) w/c does not particularly affect the size effect.

– Results show that predicting the fiber distribution pattern at the
fracture surface is a difficult task because several factors (con-
crete mixing/pouring/flow/type, fiber type/material, mold size,
etc.) can affect this distribution.
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