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Abstract: Steel fiber reinforced concrete, compared to the conventional concrete; is a composite building material that
performs much better in terms of parameters such as ductility, energy absorption capacity, fracture toughness, fatigue
resistance, and the use of steel fiber reinforced concrete (SFRC) in structures has become widespread. In this study, a
nonlinear finite element model (FEM) has been developed that can represent the behavior of beams produced by using
steel fiber concrete subjected to impact load. For this purpose, a finite element model of beam series produced with fiber-
reinforced concrete obtained from the literature was created. The ABAQUS package program was used to create models
simulating the behavior. Numerical results showed that the model could successfully capture the experimental results of
beams selected from the literature. In addition to simulation, a parametric study was also performed to investigate the effect
of stirrups, reinforcement ratio, and drop height on the behavior of SFRC beams under impact loads. The results of the
parametric study showed that increasing the fiber ratio and reinforcement ratio positively affected the behavior of SFRC
beams in terms of displacement recovery.

Keywords: steel fiber reinforced concrete, RC beam, impact load, nonlinear finite element analysis.

1. Introduction

The conventional concrete has a relatively weak energy absorption capacity due to its brittle form, its behavior against
sudden loading remains weak. In many studies, to improve the energy absorption capacity of conventional concrete, the
method of incorporating steel wire into the concrete matrix has been applied. However, these studies have generally studied
the static behavior (Grime, 1934; Ezeldin and Balaguru, 1992; Casanova and Rossi, 1997; Yilmaz et al., 2023; Chen and May,
2009; Kantar et al., 2011; Tokgoz et al.,2015; Ulzurrun and Zanuy, 2017; Yoo et al, 2017; Najah, 2018; Monteiro et al., 2018;
Demirtas, 2019; Naraganti et al., 2019; Dok et al., 2020; Li et al., 2021; Sivakumar et al., 2020; Saravanakumar et al., 2021;
Dok et al., 2021; Shaaban et al., 2021; Meng et al., 2021; Melo et al., 2021)
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Steel fiber concrete, compared to the conventional concrete; is a composite building material that performs much better in
terms of parameters such as ductility, energy absorption capacity, fracture toughness, and fatigue resistance. Its characteristic
tensile strength is greater than the conventional concrete. It is known that the high ductility and tensile strength of steel fiber
reinforced concrete (SFRC) are due to the bridging effect of the fibers across cracks (Ezeldin and Balaguru, 1992). Due to
these properties, steel fiber concrete is considered as a suitable material for critical structures, military facilities, transportation
infrastructure, and reinforced concrete structures exposed to dynamic loads (Casanova and Rossi, 1997).

Steel fiber reinforced concrete (SFRC) is obtainment in structural engineering due to its enhanced impact resistance, ductility,
and energy absorption capabilities. In recent experiments, twelve SFRC beams were subjected to impact loading at their
midpoints. Varying stirrup ratios and steel fiber content provided a comprehensive study of their dynamic and mechanical
behavior. Investigations in conjunction with impact force and mid-span displacement records demonstrated significant im-
provements in the impact resistance of SFRC beams, including improved crack patterns, ductility and energy absorption.
Finite element analyses and experimental results showed significant agreement, thus providing additional validation to the
findings (Vivas et al, 2022). In addition, a study on fiber-reinforced concrete (FRC) proposed a new test method to evaluate
the material behavior of the initial crack and post-crack phases. Analysis of the effects of compressive strength of FRC on
impact behavior indicated the importance of fiber properties in impact resistance. Research in this field advances the assess-
ment of impact resistant materials and provides information on their mechanical behavior under dynamic loading conditions
(Jin et al, 2018).

Many studies have been carried out to determine the behavior of structural system elements produced with SFRC under
the influence of static loads (Tokg6z, 2015). Ezeldin and Balaguru (1992) produced reinforced concrete beam series using
SFRC to determine the stress-strain behavior. Within the scope of the study, parameters such as maximum stress, modulus of
elasticity, concrete toughness, and stress-strain behavior of the series were examined. They observed that the steel fiber in the
fibrous concrete increased the toughness and energy absorption capacity of the concrete. Casanova and Rossi (1997) studied
steel fiber additives' shear strength and crack propagation in normal strength and high strength concretes. They demonstrated
that the fiber additive was more beneficial than stirrups against cracks that may occur in the joints of the carrier system
elements and provided greater moment carrying capacity. They noticed that fibrous concretes provided significant improve-
ments in strength, ductility, and energy consumption compared to the conventional concrete. Tokgdz (2015), in their study,
added steel fibers to the concrete in an attempt to investigate the effects on the ductility, deformation, and winding properties
of the columns. It was concluded that the shear strength of the SFRC beams depended highly on the tensile stress of the fiber
concrete, therefore the geometry of the structural element directly affected its characteristic properties.

Earlier studies on the impact loading revealed that the strength of the concrete material changed depending on the loading
speed (Grime, 1934). In the following years, a new type of concrete obtained by adding different materials to the concrete
matrix was investigated under the impact (Ulzurrun and Zanuy, 2017). Altun et al. (2006) produced and tested standard cyl-
inder pressure specimens and beam bending specimens to determine the static and dynamic behavior of SFRC. As a result of
the experiments, it was stated that the fiber-reinforced concrete exhibited more ductile behavior, reduced the risk of cracking,
and performed better depending on the fiber ratio against the bursting effect compared to the conventional concrete. Chen and
May (2009) investigated the behavior of beam and floor elements under high mass and low-velocity impact. They observed
local damages in the form of scattering and shedding in the beam and slab series, and as a result of the experiments, they
determined the values of impact load, acceleration, and reinforcement unit strain. Saatci and Vecchico (2009) performed
impact tests by free-dropping 2 different masses at the midpoint of 8 reinforced concrete beams with different shear reinforce-
ments. In the study examining the cutting behavior, they noticed that the damage occurred in the form of a shear cone.

The main purpose of this study is to investigate the behavior of SFRC beams under the impact loads. ABAQUS was used
to generate nonlinear finite element models (FEM). Experimental studies selected from the literature were used to validate
the finite element model of SFRC beams. In the finite element models confirmed by the experimental study results, a para-
metric study was carried out by selecting the longitudinal reinforcement ratio, fiber ratio, volumetric stirrup ratio, and impact
height data as variables.

2. Experimental study
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An experimental study selected from the literature was used to validate the nonlinear finite element model (Ulzurrun and
Zanuy, 2017). In the experimental study carried out by Ulzurrun and Zanuy (2017), the beam specimens had a rectangular
section of 125x250 mm with a span of 2 m. Two ribbed longitudinal reinforcements with a diameter of 16 mm were placed
in the compression and tension zone. There were no stirrups in the beams, the shearing effect was compensated by the steel
fibers in the concrete matrix and its schematic representation is given in Figure 1. The material properties of the B and E
series, for which finite element models were created, are given in Table 1. In the experimental study, the B and E series had
a steel fiber ratio of 0.50% and 1.00%, respectively. In the experimental study, dynamic tests were carried out on the series
by the impact load applied to the beam by the free fall of the 200 kg striking head from a height of 1.75 m.

Table 1. Concrete material properties (Ulzurrun and Zanuy, 2017).

Fiber Fiber Fiber length/ Fiber yield Compressive Indirect tensile Fracture
ratio type fiber diameter strength strength strength energy
(%) (mm) (MPa) (MPa) (MPa) (KN/m)
B 0.50 Hooked 60/1.00 830 59.4 6.1 3.14
E 1.00 Hooked 60/1.00 830 52.1 7.0 6.65
, 216
E oF
200 kg £
i ag,
_-,,ﬁ:'g._ﬂ}?" . - . 40 mm 125 N D16
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Figure 1. Beam geometry and cross-section (Ulzurrun and Zanuy, 2017).

3. Nonlinear finite element model

The finite element model of the experimental study carried out by Ulzurrun and Zanuy (2017) was created and the results
obtained from the experimental study and numerical analyses were compared. In this context, 3D numerical models were

created with the ABAQUS finite element program.

3.1. Modeling of concrete

The Concrete damage plasticity (CDP) model was used to describe the nonlinear behavior of the concrete material. The
CDP model was first introduced by Lubliner for monotonic loading (Lubliner et al., 1989). It was later modified by Fenves
for cyclic and dynamic loadings (Lee et al., 1998). In the CDP Model, two failure mechanisms are defined, namely crushing
of concrete and tensile fracture. The most important parameters required to create a CDP model to accurately represent the
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material behavior are the uniaxial stress-strain curves under compression and tension. The details of the parameter are dis-
cussed as follows.

3.1.1. Yield function

The elastic limits under possible stress combinations in concrete are determined by a yield surface. The yield surface en-
velope under plane stress used in the CDP model is given in Figure 2.

Axial 5tress i

e e - .- -‘.
_.,.-’f" T 5
S Axial Pressure
i | Biaxial 5tress

Biaxial 5tress

Figure 2. Biaxial stress-strain envelope of concrete (Stimer, 2010).

Parameters to form the yield surface of concrete are the ratio of the biaxial initial compressive yield stress to the uniaxial
initial compressive stress (g,,/0.,), the eccentricity parameter (€), the dilation angle (), and the secondary constant stress
ratio on the tensile function (Kc). The default value for the eccentricity parameter (€) is given as 0.1 in the program. The
Opo/0coratio takes values between 1.10 and 1.16 (Lubliner et al., 1989). The default value for the K¢ value is given as 2/3.
The dilation angle () represents the plastic volumetric change.

3.1.2. Viscoplastic regulation

Material models that exhibit stress and stiffness reduction often create convergence problems in analysis. To overcome
this convergence problem, viscoplastic arrangement was made. With the definition of viscoplasticity, convergence was
achieved by allowing the stresses to go slightly outside the yield surface. The default value of the viscosity parameter is given
as 0 in the ABAQUS program. A value of 0 means no viscoplastic regulation (Hibbitt, 2013).

3.1.3. Plastic flow

The yield potential, G, which defines the relationship between the plastic strain increase and the stress increase in the CDP
model, is defined by the Drucker-Prager hyperbolic function (Figure 3).

G = \/(E.opptan)? + g% — p. tanys 1)

where; €: Yield surface eccentricity, {: dilation angle measured in the p — q plane, : Equivalent mises effective stress,
oto: Maximum tensile stress, p: Expresses the hydrostatic compressive stress (Stimer, 2010).
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Figure 3. Drucker-Prager hyperbolic function (Simer, 2010; Hibbitt, 2013).

The relationship between compressive stress and strain of concrete, inelastic and plastic strain is defined as shown in Fig.
4.a. Under uniaxial compressive loading, the CDP model exhibits a linear behavior up to o, (Figure 4). When this strength
is exceeded, plastic deformations begin in the concrete. The behavior between o, and o, is expressed as strength hardening,
and the behavior after exceeding acu is expressed as strength softening (Hibbitt, 2013). As seen in Figure 4.a, the behavior
of the CDP model under uniaxial tension is defined by the linear elastic stress-strain relationship until the concrete reaches
the maximum tensile stress (o;,). Tensile cracking occurs in concrete when the stress reaches this value. The part where the
strength starts to decrease with the propagation of cracks is defined as the tensile stiffness and can be expressed with a de-
creasing stress-strain relationship or fracture energy (Earij et al., 2017).

In Figure 4, E, presents the initial modulus of elasticity, £** is the compression plastic strain, éflcorresponds to the tensile
plastic strain, ™ implies the compression inelastic strain, and st~ck denotes the cracking unit strain. The relationship between
the stress and strain is expressed in Equations 2 and 3 in terms of these parameters.
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»
J{E
/J ° \\
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/
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Figure 4. The behavior of concrete under axial tension (a), and compression (b) (Hibbitt, 2013).
o, =(1—d.).E (g, — €'Y )
or = (1—dy).Ey. (e, — &) 3)

The fracture surface is controlled by two variables (éfl - e”fl) that depend on the fracture mechanism under compressive
and tensile loadings. Concrete stress-strain behavior can be obtained from experimental studies or model stated in the literature
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(Mander et al., 1984; SETRA AFGC, 2002; CEB-FIB, 2010). The stress-strain (o — €) values must be introduced to the

program as stress-inelastic strain (o — ). Defined values are automatically converted to stress-plastic strain (c — e”fl) val-
ues by the program. These values are defined by Equation 4 -7.

in _— Oc
& =&~ Eo (4)
. d o]
Pl sin _ 4 ¢ 5
e =& AT Ay E, ()
o
e = e~ p (6)
d o}
Dl e Y O 7
AR CE Y AS "

d. and d, are damage parameters expressing the decrease in elastic stiffness of concrete under the effect of compressive and
tensile stresses and are expressed by Equations 8 and 9 (Birtel and Mark, 2006). The damage parameter value changes between
0 and 1, where 0 means no damage and 1 implies fully damaged.

1 _ oc/Eg
dc =1 UC/EO‘*Sgn(l—bc) (8)
d,=1- 9to0/Eo 9)

0t0/Eo+eSK (1-by)

3.2. Reinforcement model
The "classical metal plasticity” model, one of the material models included in the program, was used to define the mechan-
ical behavior of the steel reinforcement. For the classical metal plasticity model, the behavior should be defined as stress-

plastic strain. For this reason, it is necessary to obtain a stress-plastic strain graph by subtracting the elastic strain from the
total strain value. Mander et al. (1984) in the literature to describe the stress-strain curve of reinforcement (Figure 5).

fsy
foul—

Iy

Figure 5. Reinforcement stress-strain diagram (Mander et al., 1984).
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The necessary equations to describe the behavior are explained below.
Elastic loading (0 < es < ¢y)
fs = Es.& (10)
Yield region (ey<es<esn)
=5 (11)
Strength hardening (esn<es<esw)
Esu—Es |P
fi= St Oy = fd [ (12)

Where; f;: Stress in reinforcing steel, es: Reinforcement unit deformation, E,: Rebar modulus of elasticity, €,: Yield strain
of reinforcing steel, fy: Yield strength of reinforcement, f;,,: Reinforcement ultimate strength, &,,,: Rebar rupture strain, gg,:
Reinforcement strain at the onset of strength hardening, p: Strength hardening strength.

3.2.1. Reinforcement concrete interaction

The interaction between reinforcement and concrete was provided by the embedded element technique. According to this
technique, the rotation degrees of freedom of the nodes of the embedded element is limited by the degrees of freedom of the
host element.

3.3. Geometry and boundary conditions of finite element models

In the solid model created, concrete is modeled as linear finite elements with 8-node points and reduced integration
(C3D8R). The reinforcement bars are modeled as 3-dimensional linear finite element segments with 2-node points (T3D2).
In the RC beam design, the supports at both ends are defined as linear.

The vertical movement of the right support and the vertical and horizontal movement of the left support are prevented.
Mesh structure of the model was determined by sensitivity analysis and 50 mm was chosen.

3.4. Loading conditions
The impact loading was created by the drop weight of 200 kg, which was modeled as a rigid body and defined by reference

from the midpoint of the body whose mass was modeled. The drop weight moves on the RC beam in the vertical direction
with the effect of gravity.

) ®

Figure 6. The geometry of dynamic model (1. fixed support, 2. roller support, 3. drop weight) (Serdar et al., 2021).
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4. Validation of the finite element model

Results of the nonlinear finite element model and the experimental results performed by Ulzurrun and Zanuy (2017) are
presented in Figure 7 and Figure 8. Impact load-Time and Displacement-Time are given in the figures.

600 600
— " ===Exp ~5 ===Exp
Z 500 H ——FEM Z 500 ——FEM

L
‘5400 ' E §4oo
S 300 |11 S 300
= i =
= I =
izon H : izon
100 | N e & 100

i\ e =

0 0
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Time (sec) Time (sec)
(a) B Series (b) E Series

Figure 7. Impact load-time of: (a) B, and (b) E series.

In order to understand that FEM gives accurate results, FEM results and experimental results should be compared. If the
difference between the experimental and FEM results is 10% or less, the FEM is considered to be accurate. Impact loading-
time graphs of B and E series are given in Figure 7(a) and Figure 7 (b). It is clear that FEM provides model simulation without
any problem, showing very similar results in damping of dynamic motion both in terms of value and duration (Badshah and
Badshah, 2020; Wu et al., 2022). Impact loading-time graphs of B and E series are given in Figure 7 (a) and Figure 7 (b) It is

clear that FEM provides model simulation without any problem, showing very similar results in damping of dynamic motion
both in terms of value and duration.

30 30
- — Exp. = = Exp.
25 -~ —FEM 25 —FEM
—_— N —_—
£ o £
E 20 . E 20
€15 5 £15 g
£ \ £ A R\
210 210 S
K K
@5 25
a [ o -
0 0
0 001 002 003 004 0.05 0 001 002 003 004 0.05
Time (s) Time (s)
(a) B Series (b) E Series

Figure 8. Impact load-time of: (a) B, and (b) E Series.

The displacement-time graphs of B and E series are given in Figure 8 (a) and Figure 8 (b). It is seen that the experimental
and numerical analysis results of the E series, which has 1.0% steel wire in its matrix, are largely the same (Figure 9 (b)).
When the results of B series, which has 0.5% steel wire in its matrix, are examined, a slight difference is observed between
experimental and numerical analysis in terms of dynamic time. However, since this difference is around 0.003 sec and is
negligible, it is seen that there is a very high level of similarity in the results (Figure 9 (a)). Therefore, as can be seen from
these results, the nonlinear finite element model is quite successful in simulating the real behavior of reinforced concrete
beams produced with steel fiber concrete under impact loads.
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(a) B Series (b) E Series
Figure 9. Crack Growth (top: FEM, bottom: experiment) (Ulzurrun and Zanuy, 2017).

Table 2. Comparison of test and FEM results.

Kinetic Energy Velocity Impact load Maximum displacement
(kJ) (m/s) (KN) (mm)
Exp. FEM Exp. FEM Exp. FEM Exp. FEM
B Series 3.43 3.46 5.86 5.86 565 469 23.84 24.48
E Series 3.43 3.45 5.86 5.86 497 561 17.03 17.05

The crack distribution formed as a result of the analysis and the crack distribution formed in the beam series as a result of
the experimental study are given in Figure 9 for B and E series. Experimentally and numerically formed cracks occur at the
midpoint of the beam.

5. Parametric study

A parametric study was carried out to determine the behavior of the reinforced concrete beam produced with steel fiber
concrete against the impact loading. In this study, series with different transverse and longitudinal reinforcement ratios and
different loading rates were examined. As tensile reinforcement, 2¢12, 2¢16, 2$20 diameter longitudinal reinforcement bars
were selected. The diameter of the stirrup reinforcement was selected as ¢8, the reinforcement configuration was modelled
with 3 different stirrups. This study modelled with non-stirrups, stirrups at 200 mm and stirrups at 200 mm, respectively.

The midpoint displacement and crack distribution of the generated models were used as data for the evaluation of the
behavior. Within the scope of the parametric study, material properties, beam cross-section, free span, support conditions
were kept constant; transverse and longitudinal reinforcement ratios and drop height were chosen as the working variables
(Table 3).
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Table 3. The selected variables for parametric study

Fiber ratio Rebar Drop height Stirrups
(%) Dia. (m) mm

1.00 Non-stirrup /200 / 100

2412 175 Non-stirrup /200 / 100

2.50 Non-stirrup /200 / 100

1.00 Non-stirrup /200 / 100

B Series 0.50 2916 1.75 Non-stirrup /200 / 100
2.50 Non-stirrup /200 / 100

1.00 Non-stirrup /200 / 100

2620 1.75 Non-stirrup /200 / 100

2.50 Non-stirrup /200 / 100

1.00 Non-stirrup /200 / 100

2412 175 Non-stirrup /200 / 100

2.50 Non-stirrup /200 / 100

1.00 Non-stirrup /200 / 100

E Series 0.50 2916 1.75 Non-stirrup /200 / 100
2.50 Non-stirrup /200 / 100

1.00 Non-stirrup /200 / 100

2420 175 Non-stirrup /200 / 100

2.50 Non-stirrup /200 / 100

The outputs of the nonlinear analysis performed on B and E series with 0.5% and 1% fiber ratios are shown in mid-point
displacement (Figures 10, 11, and 12) for three different tensile reinforcement ratios and three different drop heights.
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Figure 10. The behavior of B Series beam models with fixed longitudinal reinforcement and fixed drop heights and dif-
ferent stirrup pitch.
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Figure 11. The behavior of E Series beam models with fixed longitudinal reinforcement and fixed drop heights and different
stirrup pitch.

40 40 . 40
_ — H=1.75 [- - - npon-strrup || | —_
E3n E3|J %0.50 | ——5P 200 mm| E
E £ 2016 == SP 100 mm] E
T £ f F
g0 g20 220
-} 2 g
= L} =
%10 2.10 Elm
] a a8

aQ 1] | a |
Q 001 002 0.?3 0.04 0.05 Q 001 002 0‘?3 0.04 0.05 a 001 o002 0.03 0.04 0.05
Time [sec Time (sec Time {m:?

— non stirrup - non stirrup —— non stirrup
e | i == i

— SP 200 mm — SP 200 mm —— SP 200 mm
TS T IS el T
ﬂ aw RS
= N

a) b) c)
Figure 12. The behavior of B Series beam models with fixed longitudinal reinforcement and fixed drop heights and
different stirrup pitch.
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Figure 13. The behavior of E Series beam models with fixed longitudinal reinforcement and fixed drop heights and
different stirrup pitch.
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Figure 14. The behavior of B Series beam models with fixed longitudinal reinforcement and fixed drop heights and
different stirrup pitch.
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Figure 15. The behavior of E Series beam models with fixed longitudinal reinforcement and fixed drop heights and
different stirrup pitch.

When Figures 10-15 is examined carefully, it is realized that the increase in fiber and reinforcement ratios positively affect
the behavior in terms of the displacement recovery. The displacement recovery indicates the elastoplastic behavior resulting
from the increase in the difference between the maximum displacement and the ultimate displacement. As can be seen espe-
cially from the series subjected to high impact energy, displacement recovery was observed significantly with the increase in
the fiber ratio in the concrete matrix. As the tensile reinforcement ratio increased in reinforced concrete beams, vertical dis-
placements decreased up to 40%. In the series where the fiber ratio was 0.5% (B series), an increase in damage formation
occurred when the drop height increased from 1m to 2.5m.

An increase of approximately 120% occurred in the maximum vertical displacements. In the series with a fiber ratio of
1.0% (E series), these increases were limited to 80%. In other words, the displacements decreased with increasing fiber ratio.
In the series with a fiber ratio of 0.50%, local damage is observed as the drop height increases. In the series with a fiber ratio
of 1.00%, it is seen that the impact on the beam is transferred to the beam as a result of the bridging effect of the fibers and
local damage formation is limited. The fibers act as a bridge over which stresses pass. In accordance with the work of Baradan
(2012) and Saravanakumar (2021), with the increase of the fiber content in the concrete matrix, the bridging effect of the
fibers becomes more pronounced (Figures 10-15). As a result of this effect, the cracks remain at the capillary level, preventing
stress concentration and spreading the resulting stresses across the beam.

As the drop height increased, residual and maximum displacements increased. In the series subjected to high drop height,
more displacement occurred depending on the tensile reinforcement ratio. However, the results obtained from the series with
high fiber ratio (Specimen E) showed that reductions in maximum and residual deformations occurred even at high drop
heights. In the series modelled with the same reinforcement configuration, it was determined that the effect of the stirrups
decreased in case of high fiber ratio and the stresses generated were absorbed by the fibers.

It is understood that the need for stirrups is limited at low heights, but the specimens are stressed more as the drop height
increases. Therefore, as the drop height increases, the behavior of the series is seen more clearly and distinctly.

The drop height, which is selected as one of the variable parameters in determining the behavior, has a very important
position in the interpretation of the results obtained.

Differences are observed in the vertical displacements of the series produced non-stirrups, with 200 mm stirrups and 100
mm stirrups. In the series produced with 0.5% fiber and 200 mm spacing, vertical displacements decreased between 15% and
25% compared to the series no stirrups. In the series with 100 mm spacing, the reductions in vertical displacements reached
between 30% and 50% compared to the specimens no stirrups. In the series produced with 1.00% fiber and 200 mm spacing,
vertical displacement values decreased between 8% and 20% compared to the series without stirrups. In the series with 100
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mm spacing, the reductions in vertical displacement values reached values between 15% and 25% compared to the specimens
without stirrups. As a result, the reduction in vertical displacements reaches 50% in the series with 0.5% fibers and 25% in
the series with 1.0% fibers. Therefore, the contribution of the stirrup to the vertical displacement of the reinforced concrete
beam is more pronounced in the 0.5% fiber series. It is known that the loads on the beam are also resisted by the fibers
(Shaaban at al., 2021). Therefore, the rate of decrease of the vertical displacement with the increase of the stirrup in the 1.0%
fiber series is less than that of the 0.5% fiber series. However, the maximum vertical displacements in the 1.0% fiber series
with no stirrups are similar to the 0.5% fiber series with stirrups. In the 0.50% fiber series, the vertical displacements decreased
by about 40% with the increase of tensile reinforcement. This decrease was obtained for all types of stirrups. As the drop
height increased, the vertical displacements increased approximately 2.5 times. In the series with increased tensile reinforce-
ment ratio, the vertical displacements increased about 2 times with the increase in drop height. In the series with 1.00% fiber
ratio, the vertical displacements decreased about 20% with the increase in tensile reinforcement. As the drop height increased,
the vertical displacements increased nearly 2 times. In the series with a high ratio of tensile reinforcement, the change in
vertical displacements with the increase of the drop height is about 40%.

As a result, it is understood that the contribution of the stirrup in the reinforced concrete system can be compensated by
increasing the content of fiber in the concrete matrix. Since the fibers in the concrete matrix limit the expansion of cracks in
the concrete with the bridging effect, they meet the stresses caused by the impact load together with the tensile reinforcement
and significantly affect the beam behavior positively.

6. Conclusions

In this paper, a nonlinear numerical model was created to simulate the behavior of the SFRC beams subjected to impact
loads by using ABAQUS. The nonlinear numerical model was verified with experimental results of selected beams from the
literature. The numerical results are observed to be consistent with the experimental results to simulate the nonlinear response
of the SFRC beams under impact loads. A parametric study was also performed to investigate the effect of stirrups, reinforce-
ment ratio, and drop height on the response of SFRC beams under impact loads in terms of midpoint displacement versus
time. At the end of the parametric study, the following conclusions were derived:

1. Results indicate that increasing the fiber and reinforcement ratios positively influenced the behavior of the beams
in terms of displacement recovery. Particularly, the displacement recovery, indicative of elastoplastic behavior
resulting from the difference between maximum and ultimate displacements, especially in series subjected to high
impact energy. The increase in fiber ratio and tensile reinforcement ratio results in up to 40% reduction in vertical
displacement.

2. It was observed that increasing the fiber ratio in the concrete matrix led to a more pronounced bridging effect of
the fibers, limiting damage formation and enhancing the beam's capacity to impact loads. The results also revealed
that while an increase in drop height resulted in higher residual and maximum displacements, the presence of a
high fiber ratio absorption these effects, leading to reductions in deformations even at high drop heights. Increasing
the drop height normally increases the level of damage. Here, the amount of fiber ratio also affected the behavior
and at 1% fiber ratio, displacement values decreased and damage was reduced.

3. The bridging effect created by the fibers in the concrete matrix becomes more pronounced with the increase of the
fiber ratio. Due to this effect, the cracks remain at the capillary level, preventing stress concentration and spreading
the resulting stresses across the beam.

4. The vertical displacement reduction reaches 50% for 0.50% fiber series. This value is 25% for 1.00% fiber series.
The loads taken by the stirrups are reduced because the cracks in the concrete are limited by the bridging effect of
the fibers, and the contribution of the stirrups to the behavior remains at a limited level (Shaaban et al., 2021).

5. Vertical displacements decreased with increasing tensile reinforcement. Tensile stresses are also absorbed by the
fibers in the concrete matrix. In the series with 1.0% fibers, the energy absorbed by the fibers is higher. In the series
with 1.0% fibers, not all of the stress acts on the tensile reinforcement. Therefore, the decrease in vertical displace-
ments with increasing tensile reinforcement is more obvious in 0.5% fiber specimens.
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Nomenclature of Paper

€ Eccentricity parameter f. Stress in reinforcing steel
N
Dilation angle & Reinforcement unit deformation
Ke Secc_)ndary gonstant stress ratio on the E, Rebar modulus of elasticity
tensile function
G Yield potential &y Yield strain of reinforcing steel
q Equivalent mises effective stress fy Yield strength of reinforcement
E, initial modulus of elasticity feu Reinforcement ultimate strength
gg’l Compression plastic strain Eu Rebar rupture strain
éfz Corresponds to the tensile plastic strain Eon Relnfo.rcement strain at the onset of strength
hardening
gln Implies the compression inelastic strain P Strength hardening strength
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