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Abstract: This study investigates the effects of fibers in steel fiber reinforced concrete (SFRC) on its mechanical properties and failure 
processes under different loading rates using LS-DYNA. A single fiber pullout test is simulated first to validate the material models and 
parameters used in the numerical simulations. After the validation, SFRC specimen with a single steel fiber under uniaxial tension is 
modelled at the mesoscale to present the failure process and the crack development in the specimen. The effects of fibers and the strain 
rate on the strength, stiffness and toughness of the SFRC are analyzed based on the stress-strain curves. Then SFRC specimens with 
multiple steel fibers are modelled. The effects of the fiber content on the dynamic properties of the SFRC specimen, such as the dynamic 
increase factor of its tensile resistance, are evaluated. The simulation results show that the mechanical properties of SFRC can be 
influenced by both the steel fiber content and the loading rate. The incorporation of steel fibers can lead to an increase of the maximum 
tensile resistance, the corresponding yield displacement as well as the fracture energy of the SFRC specimens; however the rate-
sensitivity is less significant at higher fiber volume content. 
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1  Introduction 
As a brittle material, traditional concrete is characterized by its low tensile strength, low fracture toughness and poor 

resistance to crack growth [1-4]. The addition of steel fibers in the cement matrix has been recognized to be an effective 
methodology for enhancing the post-cracking response of concrete. Fiber reinforcements, acting as stress-transfer bridges, 
can restrain the propagation of cracks at both micro- and macro-levels, thus endowing substantially higher energy 
absorption capacity and toughness. For micro-cracks, fibers abate their initiation and growth by providing crack tip 
plasticity and increased fracture toughness; while for macro-cracks, fibers can provide effective bridging, inhibit their 
unstable propagation, and act as sources of strength gain, toughness and ductility [2-4]. As a consequence, the behavior of 
steel fiber reinforced concrete (SFRC) is superior to that of plain concrete. The significantly enhanced tensile strength, 
post-cracking ductility, energy absorption capacity, as well as the crack control ability of SFRC  [2, 3, 5-8] contribute to 
its wide use throughout the world, especially for structures resist dynamic loadings. 

The behavior of cement-based material subjected to dynamic loading is different from that under static loading due to 
the strain rate effect. The response of SFRC under static loadings has been extensively investigated over the past several 
decades [5-10], while its dynamic response is relatively less reported in literatures. Among the limited researches, 
Mohammadi et al. [11] studied the impact resistance of SFRC containing fibers of mixed aspect ratio with drop weight 
experiments. They evaluated the impact energy at first crack and ultimate failure, and obtained that SFRC with 2.0% long 
fibers showed the best performance under the impact loading. Wang et al. [12] experimentally investigated the dynamic 
behaviors of SFRC with split Hopkinson pressure bar, and found that the toughness energy is proportional to the fiber 
content. Considering the increasing risks of structural failures under dynamic loadings in occasions such as terrorist attacks 
and accidental impacts, an in-depth understanding of the response of SFRC subjected to dynamic loading is necessary. 

With the advancement of computer technology, numerical simulation of SFRC under dynamic loading has become 
feasible. Most numerical simulations are at macroscale, in which SFRC is modelled as a homogeneous material and the 
effect of fibers are accounted by modifying the softening law in plain concrete models. For example, Wang et al. [13] 
simulated the perforation in SFRC targets under penetrations using LS-DYNA. The softening behavior of the SFRC target 
is modelled with different effective stress-effective plastic strain relations which vary with different fiber aspect ratios. 
Similar macroscale simulations were done by Teng et al. [14]. On the other hand, mesoscale modelling, providing more 
realistic representation of concrete heterogeneity, can yield more realistic simulations of material failure mechanisms [15]. 
Thus numerical simulations at mesoscale can help to give insight into the effects of fibers in SFRC on the mechanical 
properties and failure processes of the composite. 

The objective of this study is to investigate the effects of fibers in SFRC under dynamic tensile loads with various strain 
rates. Fibers in the SFRC specimens are explicitly present with mesoscale models, thus the dynamic mechanical properties 
and the failure processes of the specimens are analyzed in a more direct means. The material models and related parameters 
are validated by a single fiber pullout simulation first. Then notched SFRC specimens reinforced with single and multiple 
steel fibers are modeled in the simulation program. Fibers effects are evaluated in terms of the failure processes, the 
specimen performance, e.g. the maximum tensile strength, yield displacement and energy absorption capacity, as well as 
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the rate sensitivity. This study advances the fundamental understanding of the effects of fibers on the tensile behavior of 
SFRC under dynamic loadings. 

2  Material models and pullout validation 
2.1  Material models 

In this study, numerical models of SFRC specimens are constructed in LS-DYNA. To better understand the effects of 
fibers, the current work explicitly models the fiber inclusions in the SFRC. Moreover, the interface zone (ITZ) between 
the fiber and the matrix is also explicitly presented in the simulations since the properties of ITZ are reported to 
significantly affect the bond between the fiber and its surrounding matrix [16]. Considering the calculation efficiency, 
aggregates and cement matrix are taken into account together as one homogeneous material, i.e. concrete, and the total 
effects of the aggregates and the cement are considered by adjusting parameters in the concrete material model. Therefore, 
the SFRC model in this study is composed of three parts: the fibers, the concrete (including the aggregates and cement 
matrix), and the interface zone between the fiber and the concrete (ITZ). 

For the steel fiber, a basic plastic kinematic model (MAT_3) is adopted due to its simplicity and adequate accuracy. 
The rate effect of steel fiber is not accounted in this study due to the lack of related data.  

For the concrete and the ITZ, a plasticity with damage model (MAT_81) is employed. This material model provides 
access for users to define the non-linear visco-plastic softening behavior of the material with piecewise linear curves, and 
accounts for the effects of damage based on an effective plastic strain measure (Figure 1). The amount of damage evolved 
is represented by a constant ω which is defined as follows [17]: 

𝜔𝜔 =
𝜀𝜀eff
p −εfailure

p

𝜀𝜀rupture
p −𝜀𝜀failure

p ,  𝜀𝜀failure
p < 𝜀𝜀eff

p < 𝜀𝜀rupture
p  

where εp
eff is the effective plastic strain, εp

failure is the effective plastic strain at which failure begins (ω=0), and εp
rupture is 

the effective plastic strain at which the material ruptures (ω=1). 

 

Fig. 1  Stress-strain behavior of MAT_81 [17] 

The rate effects of the concrete and the ITZ are accounted into the plasticity with damage model using a dynamic 
increase factor (DIF) to scale the yield stress. In this study, the determinations of DIF are based on the recommendations 
in the CEB-FIB Model Code [18], which is the most widely adopted model accounting for the strain rate effects on 
mechanical properties of concrete: 

Compression: 

DIF = �
𝜀𝜀�̇�𝑐
𝜀𝜀𝑐𝑐0̇
�
1.026𝛼𝛼

     for 𝜀𝜀�̇�𝑐 ≤ 30s−1 

DIF = 𝛾𝛾𝑐𝑐 �
𝜀𝜀�̇�𝑐
𝜀𝜀𝑐𝑐0̇
�
1 3⁄

     for 𝜀𝜀�̇�𝑐 > 30s−1 

where 𝜀𝜀�̇�𝑐 is the compressive strain rates, the static reference rate 𝜀𝜀𝑐𝑐0̇ = 30 ×10-6 s-1, α = 1/ (5+9fcu/10), log γc=6.156α-2,  
fcu is the static compressive strength (in MPa). 

Tension: 

DIF = �
𝜀𝜀�̇�𝑡
𝜀𝜀𝑡𝑡0̇
�
1.016𝛿𝛿

     for 𝜀𝜀�̇�𝑡 ≤ 30s−1 
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DIF = 𝛽𝛽𝑡𝑡 �
𝜀𝜀�̇�𝑡
𝜀𝜀𝑡𝑡0̇
�
1 3⁄

     for 𝜀𝜀�̇�𝑡 > 30s−1 

where 𝜀𝜀�̇�𝑡 is the tensile strain rates, 𝜀𝜀𝑡𝑡0̇ = 3 ×10-6 s-1, δ = 1/ (10+3fcu/5), log βc=7.112δ-2.33. 
Elements erosion of the concrete and the ITZ are also incorporated in the simulations with *MAT_ADD_EROSION, 

which provides a more direct way of including and controlling element failures in the plasticity with damage model. A 
maximum effective strain (εeff) failure criterion is applied to govern the erosion of the concrete material, i.e. erosion would 
happen when the effective strain in an element exceeds the setting failure strain. After the element erosion, it will be taken 
out and not be able to sustain any strength. The erosion of the ITZ is based on the minimum pressure failure (Pmin) criteria 
to simulate the debonding of fibers and the surrounding concrete.  

 
2.2  Simulation of single fiber pullout test 

As the basic case, a straight single fiber pullout test conducted by Cunha et al. [19] is first simulated for the calibration 
and validation of parameters in the material models. The specimen for the pullout test is shown in Figure 2. Both the 
diameter and height of the concrete cylindrical are 80 mm, and the average compressive strength of the concrete is 83.4 
MPa. The straight steel fiber adopted in the test has a length of 60 mm, a diameter of 0.75 mm and a yield stress of 1100 
MPa [19]. 

2D Axisymmetric solid elements are used in the pullout simulation, and half of the specimen is modeled to save 
the computing time, as shown in Figure 3. In addition, the thickness of the ITZ is reported to have a value in the 
order of 40-70μm [20]; however, due to the difficulties in computing capacity, the ITZ is modeled to be 125 µm 
thick, which is also the smallest element length in this simulation. The material models and related parameters for 
the steel fiber, the concrete and the ITZ are given in Table 1. 

                 

Fig. 2  The single fiber pullout test [19]               Fig. 3  2D Axisymmetric model 

Table 1  Parameters for material models 

 Material Models Density (kg/m3) Young’s modulus (GPa) Yield strength (MPa) Erosion criteria 

Steel fiber MAT_3 7800 210 1100 - 

Concrete MAT_81 2200 30 5 εeff =0.015 

ITZ MAT_81 2200 15 3 Pmin=-2e7 

To validate these material models and parameters, the single straight fiber pullout with an embedded fiber length 
of 30 mm is simulated [19]. The pullout force-end slip relations from the test and the simulation are compared and 
illustrated in Figure 4, in which only small differences exist between the descending parts of the two curves. It can 
be observed that with the calibrated parameters, the simulation result agrees well with the experimental values, which 
indicates the appropriation of the applied material models and parameters. Thus, these material models and 
parameters are further incorporated in the following analysis of the fibers effects on the dynamic mechanical 
properties and failure processes of the SFRC specimens under different loading rates. 
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Fig. 4  Comparison of simulation results and test results 

3  Effects of fibers under dynamic loading 
3D models of notched SFRC specimens with fibers explicitly presented are built in LS-DYNA to analyze the effects of 

fibers and loading rates. The dimensions of the specimen are 50 × 30 × 2 mm3. The length and width of the notch are 3 mm 
and 0.5 mm, respectively. To present the crack developments clearly as well as to save computing time, half of the specimen is 
modeled, i.e. the thickness of the model is 1 mm. Specimens with different amounts of fibers are considered in the simulations 
to investigate the influence of fiber volume fraction Vf. As shown in Figure 5, the green region represents the concrete, the red 
region is the fiber and the blue region represents the ITZ. The thickness of the ITZ and the diameter of the fiber are the same 
as those in the above pullout simulation. The length of the fiber equals to the embedded fiber length in the pullout simulation, 
i.e. l = 30 mm. The element used in the models is 3D tetrahedron, and the mesh is refined in the area near the notches considering 
that cracks tend to onset in these regions. The specimens are loaded at the upper and lower boundaries with a constant 
velocity 𝑣𝑣 = 𝜀𝜀̇ℎ/2, in which 𝜀𝜀̇ is the strain rate (1/s), h is the height of the specimen h = 50 mm. 

         
      (a) Vf =0                     (b) Vf =0.4%                              (c) Vf = 1.3%           (d) Vf =2.2% 

Fig. 5  3D models of specimens with different fiber volume fractions 

3.1  Effects of single fiber under dynamic tension 
The effect of single fiber is first analyzed by comparing the force-displacement relations of the plain concrete (Vf =0) 

and the single fiber concrete specimen (Vf =0.4%), as plotted in Figure 6. Both the lower loading rate case v=0.001m/s 
(𝜀𝜀̇=0.04 /s) and the higher loading rate case v=0.1m/s (𝜀𝜀̇=4 /s) are given in this figure. It is obvious that the maximum 
tensile strength is enhanced as the loading rate increases for both the plain concrete and the single fiber reinforced 
concrete specimen. Moreover, the comparison between these two specimens under v=0.001m/s indicates that the 
incorporation of the single fiber leads to increases of the maximum tensile resistance, the corresponding yield 
displacement as well as the fracture energy, which can be represented by the area below the force-displacement curve. 
Under the higher loading rate v=0.1m/s, the fracture energy and the strain capacity of the single fiber concrete specimen 
are also higher than those of the plain concrete specimen, which indicates a better energy absorption capacity and 
durability of the SFRC. However, the effects of the single fiber on the maximum tensile strength and the corresponding 
yield displacement are not very obvious under v=0.1m/s, i.e. the results are close for the SFRC and the plain concrete 
specimen. One possible reason for these slight differences may be that the material model of the steel fiber applied in 
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the simulations is rate-insensitive, which may result in underestimating the rate effects of the single fiber concrete 
specimen. These results also suggest that under higher loading rates, the rate effect of the concrete material is the 
dominant factor that influences the maximum tensile resistance of the specimen, and it plays a more significant role 
than the single steel fiber. 

 

  
Fig. 6  Comparison of force-displacement relation 

The failure processes in the single fiber concrete specimen under the loading v=0.1m/s are depicted in Figure 7 as 
an example. The letters a-e below the images identify different loading stages where the corresponding effective plastic 
strain distribution is taken. These stages also correspond to the points marked at the solid curve in Figure 6. As presented 
in Figure 7, the whole specimen was in a linear elastic regime before around t=10μs (Stage a), after which plastic strain 
localized near the notches and the tensile stress increased in a nonlinear way (Stage b). At around t=55μs (Stage c), the 
tensile stress reached its peak. In this stage, the plastic strain developed near the notches was more pronounced, 
accompanying with the erosion of some concrete elements in these areas. The existence of the fiber affected the wave 
propagation and reflection in the specimen and caused strain localizations in the concrete near the fiber ends. As the 
tensile load continued, more elements were damaged and cracks extended perpendicularly to the load direction, leading 
to the reduction of the specimen load carrying capacity (Stage d). At around t=175μs (Stage e), the strain localization 
process was almost completed, the main crack was almost fully developed, splitting the specimen into two pieces. After 
this stage, the two pieces of the SFRC specimen were connected together only by the steel fiber. Because of the fiber’s 
connecting function, it was still possible for the specimen to bear some further load, thus the force-displacement curve 
in Figure 6 still showed a residual, not null, structural load carrying capacity after Stage e. 

 

     
(a) t=10μs           (b) t=30μs          (c) t=55μs          (d) t=115μs        (e) t=175μs            

Fig. 7  Different stages of effective plastic strain distribution 
 
3.2  Effects of multiple fibers under dynamic tension 

The effects of multiple fibers on the force-displacement relations at loading rate v=0.001m/s (𝜀𝜀̇=0.04 /s) and v=0.1m/s 
(𝜀𝜀̇=4 /s) are given in Figure 8. Clearly, under both loading rates, the maximum tensile strength of the SFRC specimen 
increases with the increase of fiber volume fraction Vf, while the elastic modulus is almost not influenced. The energy 
absorption capacity and the strain capacity of the SFRC specimen are also enhanced with the incorporation of the steel 
fibers. 
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 Figure 9 illustrates the effects of fiber volume fraction and strain rate on the maximum tensile strength. It can be 
observed that the tensile resistance of the specimens increase with the increases in both fiber volume fraction and strain 
rate under the given loading rates. Moreover, the effect of fiber volume fraction on the maximum tensile strength seems 
to be more obvious for SFRC specimen under lower loading rates. For example, under loading rate v=0.001m/s, 
increasing the fiber volume fraction from 0 to 2.2% results in an approximate 14% increase of the maximum tensile 
strength, while for loading rate v=0.5m/s the corresponding increase is only about 3%. 

Plots of dynamic increase factor versus strain rate for the tensile resistance of the SFRC specimens with different 
fiber volume fractions are presented in Figure 10. The dynamic increase factor is evaluated by comparing the maximum 
tension force under loading strain rates 𝜀𝜀̇=0.4 /s, 4/s, 12/s and 20/s (v=0.01m/s, 0.1m/s, 0.3m/s and 0.5m/s) with that of 
𝜀𝜀̇=0.04 /s (v=0.001m/s), which is taken as the reference tensile force. As illustrated in the figure, the dynamic increase factor 
is higher for SFRC specimens with a lower fiber content, which indicates that the SFRC is less rate-sensitive than the plain 
concrete in the present simulations. Same tendency was reported by experimental studies in literatures [21, 22]. As mentioned 
earlier, this may be caused by the rate-independent material model applied for the steel fiber in our numerical simulations. In 
addition, under higher strain rates, e.g. 𝜀𝜀̇=20 /s, the maximum tensile strengths for the four plotted specimens are close to each 
other, which can also be observed in Figure 9 (the v=0.5m/s curve); while the reference tensile force is higher for the SFRC 
specimen reinforced with more steel fibers (see the v=0.001m/s curve in Figure 9), this may also contribute to the lower 
dynamic increase factor of the higher fiber concrete specimen. 

    

（a）loading rate v=0.001m/s                             (b) loading rate v=0.1m/s 
Fig. 8  Effect of fiber volume fractions on force-displacement relation 

    
Fig. 9  Effect of fiber volume fraction on maximum tensile strength  Fig. 10  Effect of fiber volume fraction on dynamic increase factor 

4  Conclusions  
In this study, mesoscale numerical simulations of SFRC specimens under dynamic tension at various loading rates are 

conducted. The steel fibers are explicitly presented in the models and their effects on the dynamic properties and failure 
processes of the SFRC specimens are analyzed. From the simulation results, the following observations and findings can 
be summarized: 

(1) The increase in the loading rates leads to increases in the maximum tensile strength, corresponding to yield 
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displacement and the fracture energy of the SFRC specimen. 
(2) The incorporation of steel fibers enhances the load carrying capacity, strain capacity and energy absorption capacity 

of the SFRC specimen under low loading rates. 
(3) Under higher loading rates, the energy absorption capacity and strain capacity of the SFRC specimen increase with 

the fiber volume fraction; however, the influence of steel fiber on the tensile resistance is less pronounced, while 
the rate effect is the dominant factor for the increase of the tensile strength of the SFRC specimen. 

(4) SFRC specimen with a higher fiber volume fraction is less rate-sensitive than that with lower fiber volume fraction.  
(5) Steel fibers can influence the wave propagation and reflection in SFRC specimens and result in strain localization 

in the concrete near the fiber ends, which may affect the crack distribution in the SFRC specimens. 
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