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Abstract
An experimental study has been conducted to study the cyclic behavior of reinforced concrete beams in which steel fibers 
were added to the concrete mix. Seven similar geometrically specimens in full scale were studied under four- point bending 
test in the form of slow cyclic loading. One sample as a control specimen was made without steel fibers or 0% volume fraction 
(vf) and six other samples with 1, 2 and 4% vf of steel fibers in twin models. The maximum and ultimate resistance, ductility, 
degradation of loading and unloading stiffness, absorption and dissipation of energy and equivalent viscous damping were 
studied in this investigation and the effect of steel fibers on the cyclic behavior was compared with each other. Generally, 
the addition of steel fibers up to a certain limit value (vf = 2%) improves the cyclic behavior of reinforced concrete beams 
and results in the increase of maximum strength and ultimate displacement.

Keywords Steel fiber-reinforced concrete · Volume fraction · Damping · Secant stiffness · Experimental study

Introduction

The idea of adding the fibers to brittle materials to increase 
ductility goes back to old times (Felekoĝlu et al. 2007). In 
ancient Egypt, straw was added to mud brick. Nowadays, 
various types of fiber are used; for example, in concrete 
structures the most popular is steel fiber. Many researches 
have been conducted on steel fiber-reinforced concrete 
(SFRC) (Sahoo et al. 2016, 2015a, b; Ozcan et al. 2009; 
Nataraja et  al. 1999; Vandewalle et  al. 2003; Ganesan 
et al. 2007). Reinforcing of concrete with steel fibers has 
some advantages such as decrease and control of crack-
ing, increase of durability and age of concrete, increase 
of ductility, toughness, tensile, flexural and shear strength 
of concrete, and some disadvantages such as corrosion of 
fibers, decrease of workability of concrete, irregularity of 
distribution and accumulation around the local area. The 
fibers differ in size and shape such as straight, hooked and 
corrugated (Wang 2006). It has been shown that steel fibers 

with low volume fraction (< 1%), in SFRC, have a nonsig-
nificant effect on compressive strength, but improve split-
ting tensile and flexural strength and toughness (Sahoo and 
Kumar 2015; Holschemacher et al. 2010; Mohod 2012). Cho 
and Kim (2003) showed that the addition of steel fibers to 
concrete beams enhanced the initial stiffness and ultimate 
strength and also the ductility in specimens that failed in 
shear–flexural and flexural are more than those which failed 
dominantly in shear. The results show that the end-hooked 
fiber types lead to more residual load-bearing capacity for 
high deformation in four-point bending test, but corrugated 
fibers lead to high load-bearing capacity for lower defor-
mation and there is a decrease of capacity with increasing 
deflection (Holschemacher and Muller 2007).

Nataraja et al. (1999) presented stress–strain curves for 
steel fiber-reinforced concrete under compression loading. 
In their studies, equations are also proposed to quantify the 
effect of fiber on compressive strength, strain at peak stress 
and the toughness of concrete in terms of the fiber-reinforc-
ing parameter.

Casanova and Rossi (1997) studied the behavior of steel 
fiber-reinforced concrete beams. In their studies, uniaxial 
tensile test was used to achieve the post-cracking rela-
tionship which leads to the definition of a characteristic 
stress versus crack opening. By using fibers in concrete, 
the post-crack softening behavior could be changed to 
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hardening behavior. Post-crack hardening allows multiple 
cracks before failure, while in post-crack softening there 
is a reduction of strength after the first crack not allowing 
further cracks.

The experimental study of fiber-reinforced concrete 
under cyclic compressive loading shows that its behavior 
is very similar to plain concrete or concrete confined by 
steel spirals, indicating that the fibers primarily influence 
the envelope curve (Otter and Naaman 1988).

The cyclic response of non-ductile reinforced concrete 
frame was studied by Oinman et al. (2014). They showed 
that the addition of steel fibers in the critical location of 
beam–column joints enhanced the lateral load resistance 
capacity and corresponding lateral drift. Also, the lateral 
stiffness increased and degradation of the lateral stiffness 
occurred at a high level of drift. There is no significant dif-
ference in energy absorption between specimens with and 
without steel fibers. Due to significant damages observed 
in the columns of model without steel fibers, a higher 
damping was observed as compared to the SFRC.

Biolzi and Cattaneo (2017) studied the shear–flexural 
response of steel fiber-reinforced concrete beams with lon-
gitudinal and transverse reinforcement under four- point 
bending test in the form of monotonic behavior. They 
showed that the inclusion of steel fibers in concrete beams 
causes an important increase in shear and bending strength 
and also ductility and stiffness. Beams failed due to the 
crushing of the compressive zone in a ductile manner, 
showing the yielding of the longitudinal reinforcement. 
In beams with steel fibers, one main crack was usually 
localized in the central part of the beam.

Sahoo and Sharma (2014) showed that the addition of 
steel fibers enhanced the flexural and shear strengths and 
the ductility of the flexural members. The addition of a 
minimum of 0.5% fiber content in the beams with shear 
stirrups changed the mode of failure from brittle to ductile, 
whereas a minimum fiber content of 1.0% is required to 
achieve the ductile response of the beams without shear 
stirrups.

In this paper, the cyclic behavior of reinforced concrete 
beams with addition of steel fibers in the concrete mix is 
studied by experimental modeling. The emphasis of this 
investigation is to study the cyclic behavior of full-scale 
reinforced concrete beams with longitudinal and transverse 
reinforcement bars. Seven full-scale specimens with 0, 1, 
2 and 4% volume fraction (vf) of steel fibers were studied 
under the four-point bending test in the form of slow cyclic 
loading. Some important parameters of specimens such as 
cyclic response, capacity curve, ductility and ultimate dis-
placement, stiffness of loading and unloading with propa-
gation of damage, absorption and energy dissipation and 
equivalent viscous damping were studied due to the influ-
ence of steel fibers on the cyclic behavior of samples.

Experimental investigation

The details of specimens, materials, setup of samples and 
imposed loading history are presented in the following 
sections.

Materials and specimens

Seven reinforced beams of concrete mix with 0, 1, 2 and 4% 
volume fraction of steel fibers were fabricated in the labora-
tory of Semnan University. One sample was without steel 
fibers and the rest of the samples were twin models with 
the same property because of the probable scatter of results. 
The shape of the fibers is hooked and the size of the fibers 
is 60 and 0.8 mm in length and diameter, respectively. The 
mechanical properties of the fibers in the experimental test 
are presented in Table 1.

The dimensions of the specimens are 2300  mm and 
250*250 mm2 in length and cross section, respectively. The 
top and bottom longitudinal and transverse armatures are 
3Φ10 and Φ8@150 mm, respectively. The corresponding 
yield strength is 4000 and 3000 kg/cm2, respectively. Fig-
ure 1 shows the details of the specimens. The length of the 
cover to concrete is 50 mm.

Portland cement type II was used in the concrete mix and 
liquid polycarboxylate super- plasticizer, due to increase of 
workability, and micro silica, due to modification of physi-
cal properties of concrete, were added to the concrete mix. 
The mix design of concrete for each specimen is presented 
in Table 2 (the values are in kg).

Three cube compressive strength tests (15 × 15 × 15 cm3 
and 28 days) were conducted to measure the compressive 
strength of concrete. The compression strength of concrete 
with 0, 1 and 2% vf of steel fibers are 34.69, 36.18 and 
24.17 MPa, respectively. Similarly, it is observed in other 
published test results that the addition of fibers does not 
significantly affect the compressive strength of concrete. 
(Mohod 2012; Bencardino et al. 2008).

Setup of experimental models

Four- point bending test in the form of slow cyclic loading 
was conducted by two hydraulic actuators at the top and bot-
tom of the simple support specimens. The segments which 

Table 1  The mechanical properties of steel fibers

Modules of 
elasticity (kN/
mm2)

Yielding 
strength (MPa)

Ultimate 
strength (MPa)

Elongation until 
failure (%)

195.5 1397.9 1514.9 2.3
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impose the force at 0.25 length of the beams were located at 
the top and bottom of the beams and anchored to each other 
by eight studs. The equipment of the setup of the experimen-
tal models consist of: reaction frame, two hydraulic actuators 
with 250 kN capacity and 30 cm of maximum displacement 
at the top and bottom of the specimen, two load cells for the 
measurement of load, two LVDTs for the measurement of 
displacement at the midspan of the specimen. The schematic 
shape of the setup of the experimental models is shown in 
Fig. 2.

Imposed loading history

Displacement-controlled cyclic loading is imposed on 
test specimens. Each cycle is repeated twice and the first 

cycle is initiated ± 1 mm and the second cycle increased 
to ± 2 mm and other cycles increased to ± 2 mm in each 
cycle until ± 30 mm (Fig. 3).

Items of investigation

The obtained results in the experimental models are pre-
sented in this section. The hysteretic behavior of specimens 
which clarifies their nonlinear behavior, capacity curve, 
maximum and ultimate strength, ductility and ultimate dis-
placement, absorption and dissipation energy, damping and 
deterioration of stiffness are studied in this investigation. 
These results are compared between specimens with and 
without steel fibers to identify the influence of steel fibers 
on the cyclic behavior of reinforced concrete beams and also 
the effect of value of vf of steel fibers on the items of this 
investigation.

Hysteretic behavior

The hysteretic behavior is shown in the form of load from 
the top and bottom actuator versus displacement at midspan 

Fig. 1  Details of specimens

Table 2  Mix design of concrete Gravel Sand Cement Water W/C Micro silica Superplasticizer

106.5 159.7 50 30.76 0.61 3.5 0.44

Fig. 2  Setup of the experimental model. 1—reaction frame, 2—mov-
ing and adjustable beam in which the top actuator and supports are 
connected, 3, 4—top and bottom supports of the beam, 5, 6—top and 
bottom actuators and load cells, 7, 8—segments to transmit force to 
the beam in 0.25 length, 9—beam under test

Fig. 3  Imposed loading history
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of specimens. Figure 4 shows the cyclic response and frac-
ture mechanism of specimens.

The cracking pattern was studied in SFRC with stirrups 
by Biolzi and Cattaneo (2017). Beams without steel fibers 
were characterized concrete crushing in the compressive 
zone and a large number of cracks with branching led to 
failure, but in beams with steel fibers one main crack was 
usually localized in the central part of the beam (Fig. 5).

According to Fig. 4, with increasing steel fibers in the 
concrete mix, maximum strength and ultimate displacement 
increase and the extension of damage and propagation of 
cracking in the total length of the specimen without steel 
fiber are larger than in specimens with steel fibers. Also, one 
main crack was localized in the central part of the specimens 
with steel fibers. The failure mechanism of specimens is in 
agreement with studies of Biolzi and Cattaneo (2017).

Fig. 4  Hysteretic behavior and failure mechanism corresponding to various vf of steel fiber, a 0%, b, c 1%, d, e 2% and f, g 4%
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Fig. 4  (continued)
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Figure 6 shows the comparison of the capacity curves 
resulting from hysteretic curves. These curves were derived 
based on the mean values and evaluation of the results of 
specimens. Also in the positive range of loading, the value of 
maximum strength and ultimate displacement are presented 
in Table 3. 

According to Fig. 6, in the positive range of loading by 
increasing vf. of steel fibers up to 2%, the maximum strength 
and ultimate displacement increase; in contrast to using 4% 
steel fibers, these values did not change compared to 2% of 
steel fibers. It seems by increasing steel fibers to 4%, the 
efficiency of the concrete mix decreases. This limitation in 

the negative range is 1%. It seems the optimum value of steel 
fibers in the concrete mix is 1–2%.

Using idealized tree linear force displacement curve of 
specimens based on significant change in stiffness to define 
elastic stiffness and yield displacement (y) and also strength 
drop to 20% from the maximum attained strength as ulti-
mate strength, it is easier to compare the capacity curve of 
specimens (Fig. 7 and Table 4). Generally, by increasing 
steel fiber maximum strength, maximum displacement and 
ultimate strength increase.

Secant stiffness

In this section, the effect of steel fibers on the secant stiff-
ness in loading and unloading is studied. The value of this 
parameter and its changes is the index of damage in the 
specimens. The secant stiffness was studied in the positive 
range of loading for specimens with various vf of steel fib-
ers. This stiffness is described as in Fig. 8. This stiffness is 

Fig. 5  Typical crack patterns: 
a without steel fibers, b with 
steel fibers (Biolzi and Cattaneo 
2017)

Fig. 6  Comparison of capacity curves of specimens

Table 3  Maximum strength and ultimate displacement of specimens

vf. (%) Ult. disp. (mm) Max. str. (ton) Increasing 
of disp. (%)

Increasing 
of str. (%)

0 26.36 8.87 – –
1 34.52 11.39 30.95 28
2 30.7 16.31 16.46 83.87
4 33.1 15.19 25.5 71.25

Fig. 7  Idealized tree linear force displacement curve of specimens
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the slope of the line joining the origin of loading to the peak 
load of the positive cycle.

By defining displacement corresponding to the peak load 
in each cycle (u), and displacement corresponding to elastic 
limit (y), it is possible to introduce the ductility factor as 

μ = u/y. Figure 9 presents the secant stiffness versus ductil-
ity factor.

It is seen that by increasing vf of steel fibers, the secant 
stiffness increases at the identical ductility factor and the rate 
of decrease of stiffness is slower at higher values of ductility. 
Also, the residual stiffness at the higher value of ductility is 
more with increasing vf. of steel fibers. The empirical equa-
tion for secant stiffness is developed by nonlinear regression 
data. The equation of ksec = aµb is introduced, in which ksec 
and µ are secant stiffness and ductility, respectively, and a 
and b are parameters which depend on the value of vf of 
steel fibers. Table 5 shows the values of a and b correspond-
ing to vf of steel fibers and R2 is the coefficient correlation.

One of the parameters of damage criteria in hysteretic 
behavior is the stiffness of unloading with progression of dam-
age. To evaluate this factor, the ratio of stiffness of unloading 
to loading (initial stiffness) is studied in this section. The rela-
tion of kμ

ki

= �−� is introduced in which kμ and Ki are the stiff-

ness of unloading corresponding to ductility and initial 

Table 4  Characteristic values of 
capacity curves of specimens

(1): volume fraction of steel fibers
(2): yield displacement
(3): maximum displacement in the plastic range
(4): maximum strength
(5): strength corresponding to 80% of maximum strength
(6): displacement corresponding to ultimate strength

vf (%)
(1)

y (mm)
(2)

max (mm)
(3)

Pmax (KN)
(4)

Pult (KN)
(5)

ult (mm)
(6)

Ki = Pmax/y
(KN/mm)

μ=max/y

0 3.54 9.61 88.66 70.92 27.38 25 2.71
1 4.72 12.57 113.99 91.19 30.98 24.15 2.66
2 6.49 14.85 163.11 130.49 23.69 25.13 2.29
4 5.71 20.66 151.98 121.58 30.91 26.61 3.62

Fig. 8  Description of loading secant stiffness

Fig. 9  Changes in loading 
secant stiffness versus ductility
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stiffness, respectively. The parameter of � is the factor to intro-
duce damage in the specimens, so in the case of larger value 
of this parameter the damage is more. Table 6 shows the values 
of � corresponding to vf of steel fibers and R2 is the coefficient 
correlation presented in this table. Also, Fig. 10 shows the ratio 
of stiffness of unloading to initial stiffness versus ductility fac-
tor. It is obvious that with increase of the steel fibers, the dam-
age and the factor of � decrease.

Absorption and dissipation energy and damping

The seismic resistance of structure depends on the absorption 
and dissipation of seismic energy. The dissipated energy is 
measured by area under the hysteresis loop and by increasing 
this value, the absorption of seismic energy and transforma-
tion of that to hysteresis energy increase. In this section, the 
value of hysteresis energy versus displacement of specimens 
is compared with each other (Fig. 11). Generally, there is no 
significant difference between hysteresis energy at smaller dis-
placement, but at larger displacement the value of hysteresis 
energy increases due to addition of steel fibers. The specimen 
with vf of 1% shows an increase of about 75% in energy dissi-
pation as compared to the specimen with vf 0%, but this value 
is less for vf of 2 and 4%. It seems by increasing vf of steel 
fibers by more than 1%, there is no significant difference in the 
value of hysteresis energy compared with vf of 1%.

One of the methods for identifying damping due to nonlin-
ear behavior of structures is equivalent viscous damping. The 
most common method for defining equivalent viscous damp-
ing resulting from hysteretic damping is to equate the energy 
dissipated in a vibration cycle of the inelastic system and the 
equivalent linear system (Dwairi et al. 2007). It can be shown 
that the equivalent viscous damping ratio is:

where ED is the energy dissipated in the inelastic system 
given by the area enclosed by the hysteresis loop and ES is 

(1)�hyst =
1

4�

E
D

E
S

,

the strain energy of the equivalent linear system with stiff-
ness ksec (Fig. 12).

In the present study, equivalent damping is the sum of 
the elastic and hysteretic damping expressed in Eq. (2) as:

where �el is 5% and �hyst is determined by Eq. (1). Figure 13 
shows the comparison of equivalent viscous damping versus 
displacement. As shown, the equivalent viscous damping 
for specimen with vf 0% at larger displacement is higher in 
comparison with specimens with steel fibers, but at smaller 
displacement there is no significant difference between them. 
This is due to significant damage in specimen without steel 
fibers. Figures 9 and 10 show decrease in secant stiffness 
in specimen without steel fibers, in comparison with other 
specimens. This could result in decrease of strain energy and 
increase of equivalent viscous damping.

Discussion

According to the results of experimental models, all of 
them fail in the flexural mode. However, the addition of 
steel fibers to concrete results in the concentration of 
damage at the zone of maximum displacement of speci-
mens, whereas in the specimen without steel fibers the 
cracks spread in the total length of the beam and finally 
the model fails at the zone of imposed force. The steel fib-
ers bridge the microcracks and prevent their opening. At 
the midspan by increasing displacement, the steel fibers 
in the mouth of the crack elongate, yield and finally tear 
at the ultimate state of the beams. This mechanism results 
in the increase of capacity of ultimate load and displace-
ment but it seems by increasing the content of fibers from 
2 to 4% the efficiency of steel fibers is affectless, it can 
relate to the reduction of workability of concrete and local 
behavior of concrete. Reinforcing concrete with steel 

(2)�eq = �el + �hyst,

Table 5  The values of a and b corresponding to vf of steel fibers

vf (%) 0 1 2 4

a 21.63 29.11 28.67 32.65
b − 1 − 0.92 − 0.81 − 0.81
R2 0.97 0.97 0.88 0.92

Table 6  The values of � 
corresponding to vf of steel 
fibers

vf (%) 0 1 2 4

� 0.62 0.56 0.49 0.36
R2 0.75 0.99 0.94 0.67

Fig. 10  The ratio of unloading stiffness to initial stiffness versus duc-
tility factor
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fibers does not affect the stiffness considerably, but the 
stability of models in loading and unloading increases. As 
expected, by the addition of steel fibers to the concrete 
mix, the absorption and dissipation of energy increase, 
but because of the limitation of damage at the length of 
the specimens the viscous damping decreases.

Conclusions

In this experimental investigation, the effect of steel fibers 
is studied on the cyclic behavior of reinforced concrete 
beams.

Fig. 11  Comparison of the hysteresis energy of the specimens
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1. Generally with increasing steel fibers, the maximum 
strength and displacement increase, although this incre-
ment has limitation with the volume fraction of steel 
fibers.

2. It seems with volume fraction of steel fibers, more than 
2% of the efficiency of the concrete mix decreases and 
the maximum strength could be decreased.

3. By addition of steel fibers to the concrete mix, the main 
crack is localized in the central part of the beams and the 
number of cracks is less in comparison with the speci-
men without steel fiber.

4. Generally with increasing volume fraction of steel fibers, 
the secant stiffness in loading and unloading increases. 
In other words, with increasing steel fibers in the con-
crete mix, damage in the specimen decreases and the 
cyclic behavior is more stable in comparison with speci-
mens without steel fibers or less volume fraction of steel 
fibers.

5. At smaller displacement, there is no significant differ-
ence between the hysteresis energy of specimens. For 
larger displacement, this difference is considerable, but 
with increase of steel fibers more than 1% of the differ-
ence decreases.

6. At smaller displacement, there is no significant differ-
ence between the equivalent viscous damping of speci-
mens. At larger displacement, the equivalent viscous 
damping of specimen without steel fibers is higher than 
specimen with steel fibers. More damage before failure 
in the specimen without steel fibers can result in higher 
value of equivalent viscous damping.
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