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Abstract: In this paper, the compressive behavior of fiber-reinforced concrete with
end-hooked steel fibers has been investigated through a uniaxial compression test in which
the variables were concrete compressive strength, fiber volumetric ratio, and fiber aspect
ratio (length to diameter). In order to minimize the effect of specimen size on fiber
distribution, 48 cylinder specimens 150 mm in diameter and 300 mm in height were
prepared and then subjected to uniaxial compression. From the test results, it was shown
that steel fiber-reinforced concrete (SFRC) specimens exhibited ductile behavior after
reaching their compressive strength. It was also shown that the strain at the compressive
strength generally increased along with an increase in the fiber volumetric ratio and fiber
aspect ratio, while the elastic modulus decreased. With consideration for the effect of steel
fibers, a model for the stress—strain relationship of SFRC under compression is proposed
here. Simple formulae to predict the strain at the compressive strength and the elastic
modulus of SFRC were developed as well. The proposed model and formulae will be
useful for realistic predictions of the structural behavior of SFRC members or structures.
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1. Introduction

Recently, as the demand for high strength concrete has increased, the structural behavior of
reinforced concrete has become more brittle. In order to reduce this side effect, steel fiber-reinforced
concrete (SFRC) has arisen as a viable method to attain ductility not only during post-cracking
behavior under tension, but also during post-peak softening behavior under compression. For the last
several decades, use of steel fibers has been limited to tunnel lining or crack control in concrete slabs
as a non-structural material. Development of a rational compressive model for SFRC has been of
importance since many researchers [1-10] have continuously conducted experimental and analytical
research to exploit SFRC as a structural material.

Several researchers [11-17] have investigated the effect of steel fibers on the compressive behavior
of SFRC for design purposes. Table 1 summarizes models of the compressive behavior of SFRC,
which several independent research groups have developed based on their own test results. As shown
in the table, in order to predict the compressive stress-strain response of SFRC, the measured
compressive strength of SFRC is required in some models [11,15], while in the other models [12-14],
the compressive strength of SFRC is derived from the compressive strength of plain concrete without
fibers. In the models summarized in the table, the coefficient £, introduced first by Carreria and
Chu [18] for normal concrete without fibers, has been modified to reflect the effect of steel fibers on
compressive behavior. However, since the models proposed by Ezeldin and Balaguru [11], Someh and
Saeki [13], and Nataraja et al. [15] were developed based on test results with crimped steel fibers,
the appropriateness of the models has become questionable for concrete with end-hooked steel fibers.

The model presented by Hsu and Hsu [12] considers only several specific fiber volumetric ratios
(0.50%, 0.75% and 1.00%), so its practical application is quite limited. In addition, in the experiments
conducted by some research groups [12—14], only one fiber aspect ratio (length to diameter) was
considered, so it is questionable whether the models proposed by those research groups reasonably
represent the effect of the aspect ratio of steel fibers on compressive behavior. Moreover, some
specimens [11,12] tested in the development of previous models were relatively small in comparison
with fiber length, so the observed compressive behavior of SFRC could differ from that in real
structures that are relatively large because fiber distribution can be significantly affected by the
boundary surfaces of small specimens [19,20]. Some models [11,15] require data on the compressive
strength of plain concrete without fibers in the same mix proportion as SFRC, but it is more practical
to use the actual compressive strength of SFRC in the model. Consequently, a more reasonable model
to represent the compressive behavior of SFRC should be developed from a more extensive
experimental program using large specimens and various steel fiber configurations.
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Table 1. Models for the compressive behavior of fiber reinforced concrete.
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fcp and £,, are the compressive strength of plain concrete and corresponding strain, respectively.

Note: T RI = Vfl ; / d ; Where Vf- is a fiber volumetric ratio.

2. Test Program for the Compressive Behavior of SFRC

In this study, the compression test with ¢ 150 mm by 300 mm cylindrical specimens was conducted

to investigate the compressive behavior of SFRC. The variables were concrete compressive strength
( £.), fiber volumetric ratio (V,), and fiber aspect ratio (/, / d, ). Four fiber volumetric ratios ranging

from 0.5% to 2.0% were considered, and end-hooked steel fibers with three different aspect ratios
(47.6%, 63.6%, and 78.9%) were used. In order to investigate the effect of concrete compressive
strength, two compressive strengths of 50 and 80 MPa were targeted for N and H series, respectively.
In the test for H series, only steel fibers 30 mm in length and 0.38 mm in diameter were used since it
was inferred that those fibers would be the most effective for optimizing ductile performance during
post-peak compressive behavior, as shown in a previous test of the tensile behavior of SFRC [21].
Specifications of the steel fibers are presented in Table 2, and the notation for the test variables is
illustrated in Figure 1.

Table 2. Properties of steel fibers.

Type Length Iy Diameter dy Tensile strength oy, Aspect ratio
[mm] [mml] [MPa] lddy
F1: RL-4550-BN * 50 1.05 1000 47.6
F2: RC-6535-BN * 35 0.55 1100 63.6
F3: RC-8030-BP * 30 0.38 2300 78.9

Note: * Fiber model names are given by the manufacturer, Bekaert.

NE1V1
—l_— Fiber volumetric ratio

(V1:0.5,Vv2:1.0,V3:1.5,V4:2.0%)

Fiber type
(F1:RL-4550-BN, F2:RC-6536-BN,
F3:RC-8030-BP)

Target concrete strength
(N:50, H:80 MPa)

Figure 1. Test variables.
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The concrete mix proportion of normal concrete without fibers is difficult to apply for SFRC since
steel fibers reduce the workability for a given mixture design. Therefore, finer aggregate and cement
should replace a portion of the coarse aggregate to guarantee both workability and target compressive
strength. In this study, the concrete mixture design presented in Susetyo [22] was modified as
presented in Table 3. The maximum aggregate size was 13 mm and Type I cement was used. Before
mixing the concrete, the coarse aggregate was dried for one day after being submerged in water so that
surface saturation could be achieved when the concrete was mixed. The mixing procedure presented in
Susetyo [22] was followed, and cylindrical specimens were cast in two phases. After each half casting,
the specimens were vibrated for 5 seconds on a vibrating table at 5 Hz.

Table 3. Mix proportions.

Concrete W‘flter to Water Cement Silica Sand Coarse Sul?e.r )
strength blnqer (kg/m’]  [ke/m’] fume [ke/m’] aggregate  plasticizer
ratio [kg/m3] [kg/m’] [kg/m3]
Normal strength (N) 0.35 200 572 - 798 627 1.430
High strength (H) 0.25 200 737 64 667 569 6.008

Three cylinders per test series were cast, which resulted in 48 specimens for 16 test series.
The specimens were demolded one day after casting and then cured at 20 °C and 70% relative
humidity until the age of 28 days, when the compression tests were conducted. To prevent the
specimens from being subjected to possible eccentric loading, both the top and bottom surfaces of all
specimens were ground. Two linear variable differential transformers (LVDTs) with a reference length
of 150 mm were mounted on the circumferential side of the specimens so that the average longitudinal
strain could be simultaneously measured during the compression test. The specimens were subjected to
uniaxial compression under a stroke control of 0.4 mm/min.

3. Test Results and Investigations
3.1. Pre-Peak Compressive Behavior

The pre-peak compressive behavior of SFRC can be represented by several characteristics such as
concrete compressive strength, compressive strain at the peak, and elastic modulus. These characteristics,
as measured from the compression test, are summarized in Table 4. The test results were obtained from
the average for three specimens per test series.

The effect of the fiber volumetric ratio on compressive strength can be seen in Figure 2. As shown
in the figure, the compressive strength increased slightly with increasing fiber volumetric ratio in the
NF1 series, while it decreased in the NF3 series. This inconsistency has been noted by other
researchers as well. Ezeldin and Balaguru [11] reported that the compressive strength increased with
increasing steel fiber volume due to the transverse confinement effect of the steel fibers,
which restrained the lateral expansion of SFRC specimens. On the other hand, Hsu and Hsu [12]
reported that steel fibers did not contribute to an increase in the compressive strength since more voids
could be produced in SFRC because of its low workability. These effects of steel fibers can also be
explained with the measured slumps presented in Table 4. A large slump with good workability was
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observed in the NF1 series, in which relatively long steel fibers with a small aspect ratio were mixed,
resulting in fewer steel fibers per unit of concrete volume. On the other hand, when NF3 series with
shorter steel fibers with a large aspect ratio were mixed, resulting in a large number of steel fibers per
unit concrete volume, a small slump was observed. It can be concluded, therefore, that the compressive
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strength of SFRC can be affected by the fiber aspect ratio as well as the fiber volumetric ratio.

Table 4. Test results.

Target strength

Specimen. [MPa] lf / df Ve %] f. "IMPa] & luel E. [MPa] Slump [mm]
NF1V1 0.5 48.7 3,137 25,406 146
NF1V2 45 1.0 49.0 3,047 25,781 154
NF1V3 1.5 51.1 3,190 25,187 129
NF1V4 2.0 51.2 3,244 26,091 111
NF2V1 0.5 45.9 2,701 29,987 113
NF2V2 50 65 1.0 43.0 3,150 22,812 135
NF2V3 1.5 34.5 2,289 26,107 141
NF2V4 2.0 414 3,187 21,758 83
NF3V1 0.5 49.8 3,078 24,373 111
NF3V2 %0 1.0 43.8 3,100 26,661 114
NF3V3 1.5 444 3,422 20,640 &3
NF3V4 2.0 36.7 3,499 22,880 39
HF3V1 0.5 81.9 3,191 31,328 225
HF3V2 %0 %0 1.0 85.7 3,424 33,581 193
HF3V3 1.5 82.8 3,288 33,855 164
HF3V4 2.0 83.0 3,922 28,246 118

100
o 1
[l
= 80 '/"//.-\.l ®
<
=3 !
e
G 60
= 40
o | |
£ 20 F |
8 ~if NF1 e~ NF2 ~#~ NF3 - HF3
0 ; ; P
0.0 0.5 1.0 1.5 2.0 2.5

The effect of the concrete mix proportion was also investigated by comparing NF3 and HF3 series,
which contain the same fibers. As seen in Table 4 and Figure 2, in the NF3 series, the compressive
strength generally decreased with an increase in the fiber volumetric ratio. In the HF3 series, on the
other hand, the effect of the fiber volumetric ratio on the compressive strength was not obvious since

Fiber Volumetric Ratio, %

Figure 2. Measured compressive strength.
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good workability with a large slump was obtained by adopting a different mixture design, i.e., silica
fume was added to achieve higher compressive strength in the H series. Aside from NF2V3 and
NF3V4 which exhibited the compressive strengths scattered from the others, it can be seen that the
compressive strength of SFRC is not significantly affected by the fiber volumetric ratio.

Figure 3 shows the effect of the fiber volumetric ratio on the strain at the peak stress. As presented
in the figure, in NF3 and HF3 series, in which shorter steel fibers with a high aspect ratio were mixed,
the strain corresponding to the compressive strength significantly increased with an increase in the
fiber volumetric ratio. This tendency was not clearly observed in the NF1 series, in which long steel
fibers with a low aspect ratio were mixed. On the other hand, the other members except NF2V3
exhibited the general tendency regarding the effect of the fiber volumetric ratio. The test results
indicate that the strain at the compressive strength is affected by both the fiber volumetric ratio and
fiber aspect ratio, which correspond to the number of fibers per unit concrete volume.

4.0

w
u

:
= NF1 —— NF2
| —— NF3 -e- HF3

ha
U

Strain at Peak Stress, me
w
[an]

2'0 1 é i a F é i i
00 05 10 15 20 25

Fiber Volumetric Ratio, %

Figure 3. Measured compressive strain at the compressive strength.

From the measured compressive stress-strain responses, the elastic modulus was evaluated
according to ASTM C469 [23] as follows:
Ec — f;Z _/[cl

802 _Scl (1)

where f,, and f,, are the compressive stresses corresponding to &, =50x10"° and ¢,, at 0.4f. ,
respectively; and f. is the measured compressive strength.

The evaluated elastic modulus is presented in Figure 4. As shown in the figure, the elastic modulus
in the NF2 and NF3 series generally decreased with an increase in the fiber volumetric ratio, while the
elastic modulus in the NF1 series remained almost constant regardless of the fiber volumetric ratio.
In the HF3 series, however, since fewer voids existed in the specimens because of the relatively high
slump due to the different mixture design, it was not obvious that the fiber volumetric ratio had a
significant effect on the elastic modulus when the fiber volumetric ratio was not greater than 1.5%.



Materials 2015, 8

40000

- 30000

= 20000

Elastic Modulus, MPa

10000

~- NF1 =~ NF2 -~ NF3 -#- HF3

{

i

6.0

a.5

1.0

1.5

2.0 25

Fiber Volumetric Ratio, %

Figure 4. Measured elastic modulus.

3.2. Post-Peak Compressive Behavior
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While normal concrete without steel fibers shows a drastic decrease in stress after experiencing

compressive strength, it is well known that SFRC can exhibit ductile behavior even after reaching its

compressive strength because of the transverse confinement effect of the steel fibers [11-15]. This

ductile behavior was also indicated by the test results in this study, as shown in Figures 5 and 6. In these

figures, the measured compressive stresses and strains are normalized by the compressive strength and

the strain at the compressive strength, respectively, because the measured compressive strength and the

corresponding strain varied depending on the fiber volumetric ratio and fiber aspect ratio.
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Figure 5. Effect of fiber volumetric ratio on the stress-strain response under compression.
(a) NF1 series; (b) NF2 series; (¢) NF3 series; (d) HF3 series.
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Figure 6. Effect of fiber aspect ratio on the stress-strain response under compression.
(a) NF1 series; (b) NF2 series; (¢) NF3 series; (d) HF3 series.

In order to investigate the effect of test variables on post-peak compressive behavior, one of the
three test results extensively measured during large compressive strains was chosen for each test series.
The post-peak compressive behavior for some specimens with a relatively low fiber volumetric ratio
(V1 series) or with high compressive strength of concrete (H series) could not be measured until the
ultimate fracture because the applied load drastically dropped upon failure. As shown in Figure 5,
more residual compressive stress after peak stress was observed in the specimens with a larger fiber
volumetric ratio. As shown in Figure 6, the specimens containing fibers with a higher aspect ratio
showed more ductile post-peak compressive behavior, since a greater transverse confinement effect
could be attained by the better pull-out behavior of the steel fibers. This tendency, an effect of the fiber
aspect ratio, was investigated through tensile tests, in which the NF3 series generally showed the most
desirable performance in terms of tensile behavior [21].

4. Model for the Compressive Behavior of SFRC Members

As discussed in the previous section, the compressive behavior of SFRC is significantly affected by
the fiber volumetric ratio, fiber aspect ratio, and compressive strength. In this section, the simple
formulae for the elastic modulus and the strain at the compressive strength, which represents the
pre-peak compressive behavior of SFRC, are derived from the test results. Finally, a model for the
compressive behavior of SFRC including the post-peak behavior will be presented with consideration
for the effect of steel fibers by employing the fiber reinforcing index, RI = Viid;, which was
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introduced by previous researchers [11,13—15] (Table 1). The models proposed in this paper will be
verified through comparison with the test results. The models presented in Table 1 will also be
compared with the proposed model as well as the test results.

4.1. Strain at the Compressive Strength

Based on the effect of steel fibers for which the strain at the compressive strength is significantly
affected by both the fiber volumetric ratio and fiber aspect ratio, the following equation to predict the
strain at the compressive strength of SFRC was derived from regression analysis to minimize the
square root error corresponding to differences between predictions and test results.

lf '0.12 '0.12
&, = 0.0003V, d—+0.0018 [ = (0.0003RI+0.0018)fC )
A

where £ is the compressive strength of SFRC. In Figure 7, the strains at the compressive strength

measured from the compression test are compared with predictions made using Equation (2) and by
other researchers [12—-14]. Although some researchers [11,15] also proposed their own simple
equations to predict the strain at the compressive strength, their models are not included in this
comparison because those models are based on the compressive strength of plain concrete. The test
results and the model presented in Equation (2) show that the strain at the peak stress gradually
increases with increasing fiber reinforcing index (Figure 7). As shown in the figure, Hsu and Hsu [12]
predicted the strain at the compressive strength with an acceptable margin, but its application is limited
to the specific fiber content outside the common practical range of 1.0%—1.5%, as previously
mentioned. Someh and Saeki [13] predicted that the strain at the compressive strength would be nearly
constant regardless of the steel fiber content because only the compressive strength of SFRC was taken
into account. Mansur et al. [14] predicted the increasing tendency of strain at peak stress with an
increase in the fiber reinforcing index, but they significantly underestimated the strain at the
compressive strength. This result and investigation apply to both N and H series. It can be concluded,
therefore, that the strain at the compressive strength can be more reasonably predicted by the model

proposed in this paper.
5 5
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Figure 7. Comparison of the strain at the compressive strength. (a) N Series; (b) H Series.
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4.2. Elastic Modulus

In the same manner as the strain at the compressive strength, the following equation for the elastic
modulus was derived from regression analysis:

lf '0.41
E, :[—367Vfd—+5520ch (3)
;

In Figure 8, the elastic modulus predicted by the equation was compared with the test results and
predictions of previous researchers [12,14]. The model proposed by Ezeldin and Balaguru [11] is not
included in the comparison because the compressive strength of plain concrete without steel fibers
using the same mixture as SFRC is required to predict the elastic modulus. As presented in the figure,
Mansur et al. [14] predicted how the elastic modulus would vary, but they generally overestimated the
elastic modulus, since the elastic modulus was evaluated from the tangential stiffness at initial loading.
This differs from the evaluation procedure used in this paper, in which the secant stiffness between the
initial and 40% of the compressive strength was used for the elastic modulus, as presented in ASTM
C469 [23]. Although the predictions made by Hsu and Hsu [12] were consistent with the test results
for N series, the application of their model is limited to specific fiber levels. On the other hand,
extensive testing revealed that Equation (3) accurately predicted the elastic modulus by considering the
effect of steel fibers.

50000 50000
N series
o T
& 40000 | & aoo00
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5 2
5 30000 R £ »o0000 $ ® 8
2 $e09 533 ¢ B
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= 20000 | . = 20000
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Reinforcing Index (RI) Reinforcing Index (R1)
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Figure 8. Comparison of the elastic modulus. (a) N Series; (b) H Series.
4.3. Compressive Stress-Strain Relationship

To simulate the stress-strain response of SFRC under compression, the two phases of pre- and
post-peak behaviors should be considered separately because no significant lateral crack opening is
observed in pre-peak compressive behavior, while the transverse confinement effect of steel fibers to
restrain lateral crack opening is considerable in post-peak compressive behavior. As previous research
groups’ models summarized in Table 1 are based on the model presented by Carreira and Chu [18],
the following equation was employed to represent the compressive behavior of SFRC:

P f{ A(s./8,) } "

A-1+(g,/g,)"
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where 4 and B are parameters used to reflect the effect of steel fibers on compressive behavior. For the
pre-peak compressive behavior, parameters 4 and B in Equation (4) can be calculated by adopting the
basic form presented by Carreira and Chu [18] and Mansur et al. [14] as follows:

1
A=B=—F—— for ¢,/¢,<1.0
1— Je Q)
gOEc

where 0 and E. can be calculated from Equations (2) and (3), respectively.

For the post-peak compressive behavior, parameters 4 and B have been derived through regression
analysis by employing the fiber reinforcing index, V,/, / d,.

-0.957
l,
A=1 +o.7z3(Vf d—f for ¢, /&,>1.0 (6)
s
'\ 0.064 l —0.882 ]
B= (%} 1+ 0.882(Vf dLJ > A in Equation (6) for ¢, /g, >1.0 (7)
!

B calculated by Equation (7) should not be less than 4 calculated by Equation (6) to prevent the
compressive stress in the post-peak behavior from being higher than the compressive strength. This
limitation on the parameters can be determined through the derivative of Equation (4) for the post-peak
compressive behavior.

Figure 9 compares the test results and predictions made by the model proposed in this paper and by
other researchers [11-15]. The concrete compressive strengths and corresponding strains of SFRC
measured through the tests were used in the model predictions presented by Ezeldin and Balaguru [11]
and Nataraja et al. [15], who proposed that the compressive strength and the corresponding strains of
SFRC be calculated from the compressive strength of specimens without steel fibers under the same
mixture design as SFRC. As presented in the figures, although the measured compressive strength and
corresponding strain were used, both Ezeldin and Balaguru [11] and Nataraja et al. [15] significantly
overestimated the residual stress in the post-peak compressive behavior. Moreover, a stiffer compressive
response was predicted before the compressive strength was reached. This indicates that the effect of
steel fibers on the compressive behavior cannot reasonably be taken into an account in those models,
even though the actual compressive strength and corresponding strain are used. This result might
due to specimens being small compared to the fiber lengths [11], or a different type of fiber, i.e.,
crimped fiber being used in their test programs [15].

Hsu and Hsu [12] generally made good predictions of the compressive behavior of the specimens
with a low fiber volumetric ratio and fibers with a low aspect ratio (see NF1V1 and NF1V2), but they
underestimated the residual stress on the post-peak compressive behavior of the specimens with steel
fibers for which the aspect ratio was relatively high (see NF3V1 and NF3V2). In other words, since the
model presented by Hsu and Hsu [12] only considers the effect of the fiber volumetric ratio, the effect
of the fiber aspect ratio cannot be considered in the prediction of the post-peak compressive behavior
of SFRC. Moreover, this model is only applicable to specimens in which the fiber volumetric ratio is
not greater than 1.0%.
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Figure 9. Comparison of the stress-strain response under compression. (a) NF1 series;
(b) NF2 series; (¢) NF3 series; (d) HF3 series.

Someh and Saeki [13] successfully predicted only the compressive behavior of specimens with a
high fiber volumetric ratio and steel fibers with a high aspect ratio (see NF3V3, NF3V4 and HF3V3).



Materials 2015, 8 1456

For other specimens, the residual stress in the post-peak compressive behavior was significantly
overestimated. The prediction of Mansur et al. [14] was not applicable since the compressive stress in the
post-peak behavior was higher than the compressive strength when k1 was larger than 42 in the model
summarized in Table 1. On the other hand, the compressive behavior predicted by Equations (4)—~(7)
proposed in this paper showed good agreement with the test results for various concrete compressive
strengths and fiber contents.

5. Conclusions

Although many researchers proposed several models from their own test results in order to
quantitatively evaluate the compressive behavior of SFRC, the appropriateness of the previous models
is still questionable since the variables were too limited to extensively reflect the effect of steel fibers,
or since the test specimens for the investigation were relatively small compared to the fiber length.
The compressive behavior may have been different from those in real structures because of different
fiber distributions.

In this paper, an experimental program was implemented to investigate the compressive behavior of
SFRC with end-hooked steel fibers. The variables of the test program were concrete compressive
strength, fiber volumetric ratio, and fiber aspect ratio. To minimize the effect of member size on fiber
distribution, large cylindrical specimens were prepared and tested. Comparison between the
predictions of other researchers’ models and the test results revealed that no previous model could
acceptably reflect the effect of end-hooked steel fibers on the compressive behavior.

In order to better represent the pre-peak compressive behavior of SFRC, simple formulae to predict
the strain at the compressive strength and the elastic modulus were derived from the test results.
In addition, by modifying the coefficient f, a simple model to predict the compressive behavior of
SFRC was proposed, with consideration for the effect of steel fibers. The compressive behavior of
SFRC with end-hooked steel fibers can be reasonably predicted using the proposed formulae and
model. The proposed model may prove useful for predicting the structural behavior of SFRC members
or structures with end-hooked steel fibers. Further study is required to understand the effect of other
fiber types, such as straight steel fibers and synthetic fibers. In addition, through more investigation for
the effect of SFRC member size on the compressive behavior, the proposed model can be applied to
SFRC members with various dimensions.
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