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Abstract 

The dynamic mechanical properties of steel fiber-reinforced concrete (SFRC) under high temperature and high strain 
rate were studied using a split Hopkinson pressure bar (SHPB) of 74 mm in diameter. As it is difficult to achieve con-
stant strain rate loading in SHPB experiments with high temperature and high strain rate, this paper first presents a 
method for determining the strain rate under non-constant strain rate loading conditions. This method is proposed to 
deal with experimental data under non-constant strain rate loading conditions. Then, the influences of temperature 
on the ultimate compressive strength, peak strain, and failure modes of SFRC under different strain rates were ana-
lyzed and the results show that SFRC has a strain rate hardening effect. This paper also points out that there is a strain 
rate threshold for SFRC. If the strain rate is less than the strain rate threshold, there is a temperature softening effect. 
Conversely, if the strain rate is greater than the strain rate threshold, there is a temperature hardening effect. Finally, 
the relationship between the ultimate compressive strength and fiber volume fraction, strain rate, and temperature is 
presented and the prediction results are consistent with the experimental data.

Keywords: steel fiber-reinforced concrete (SFRC), high temperature, high strain rate, split Hopkinson pressure bar 
(SHPB), ultimate compressive strength

© The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material 
in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material 
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the 
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creat iveco 
mmons .org/licen ses/by/4.0/.

1 Introduction
Steel fiber can increase the energy adsorption, crack 
resistance and impact strength of concrete significantly 
(Song and Hwang 2004; Yang et al. 2017; Holschemacher 
et  al. 2010; Li et  al. 2017a, b; Wang et  al. 2008; El-Dieb 
2009). It has been widely used in military and civilian 
applications such as pavements, tunnels, bridges and for-
tifications. These engineering structures may be exposed 
to fire and explosions in accidents and terrorist attacks 
(Chen et  al. 2015; Liu and Xu 2013). Under these con-
ditions, the circumstances surrounding the Steel fiber-
reinforced concrete (SFRC) are very complex given the 
combined effect of the temperature field and dynamic 

load. Therefore, it is of importance to conduct a study on 
the coupled effect of temperature and strain rate on the 
mechanical properties of SFRC.

Currently, the research is mainly focused on the 
mechanical properties of concrete after exposing it to 
high temperatures. Tai et  al. (2011) investigated the 
stress–strain relationship in reactive powder concrete 
(RPC) under quasi-static loading after exposure to an 
elevated temperature, and the experimental results indi-
cate that the residual compressive strength of RPC after 
heating it at 200–300  °C increases more than that at 
room temperature, but it significantly decreases when 
the temperature exceeds 300  °C. Düğenci et  al. (2015) 
pointed out that the compressive strength, modulus of 
elasticity and toughness values of fiber-concrete sub-
stantially decreased by the effect of high temperature. 
Poon et al. (2004) showed that the compressive strength 
and stiffness of concrete will decrease when exposed to 
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elevated temperatures. Lau et al. (2006) reported that the 
steel fiber can improve both the fire resistance and crack 
resistance. Kim et al. (2015) studied the factors influenc-
ing the mechanical tensile properties of SFRC exposed 
to high temperatures and the results show that the resid-
ual compressive strength, tensile strength and rupture 
energy of the specimens decreased with increased heat-
ing. Xu et al. (2001) investigated the residual properties 
of pulverized fly ash (PFA) concrete after being subjected 
to high temperatures.

The high temperature and high strain rate effects on 
concrete have also been studied. Wang and Hao (2017) 
pointed out that the influence of temperature on peak 
stress and peak strain of rock is not evident below 
500 °C, but the influence becomes remarkable at 700 °C 
and 900  °C. Su et  al. (2014) showed that the dynamic 
compressive strength and specific energy absorption of 
concrete increase with the strain rate at different temper-
atures. Chen et al. (2015) showed that the appearances at 
failure of normal concrete subjected to both high tem-
perature and high strain rate loading were significantly 
different from those of concrete at ambient temperature. 
Li et al. (2017a, b) found that the increase in strength of 
recycled aggregate  concrete just slightly improves the 
impact properties of a recycled aggregate concrete-filled 
steel tube after exposure to elevated temperatures higher 
than 500  °C. At present, there is no consistent conclu-
sion about the effect of temperature on the compressive 
properties of concrete. Siddique and Kaur (2012) showed 
that the compressive strength, splitting tensile strength 
and elasticity modulus of concrete have a temperature 
softening effect, and Çavdar (2012) pointed out that the 
compressive strengths of mortars reduce under high 
temperature. However, Pan et  al. (2014) found that the 
strength of a geopolymer increased significantly in the 
range of 200–300 °C.

It is well-known that the mechanical properties of con-
crete have strong dependence on both the temperature 
and strain rate. In this study, to investigate the effect of 

temperature, strain rate, and fiber volume fraction on 
the compressive properties of concrete, split Hopkinson 
pressure bar (SHPB) tests are performed on SFRC speci-
mens by varying the values of treatment temperature and 
strain rate. As it is difficult to achieve constant strain rate 
loading in SHPB tests on SFRC specimens under high 
temperature and high strain rate, a method for determin-
ing the strain rate under non-constant strain rate loading 
conditions is first proposed to deal with the experimental 
data under such conditions. Then, the influence of tem-
perature on ultimate compressive strength, peak strain 
and failure modes of SFRC under different strain rates 
are investigated based on the test results. Finally, the 
relationship between ultimate compressive strength and 
fiber volume fraction, strain rate, and temperature is also 
presented, which contributes to the design of SFRC engi-
neering structures exposed to high temperature and high 
strain rate.

2  Experimental Investigation
2.1  Raw Materials and Specimen Preparation
In this investigation, to eliminate the effect of coarse 
aggregate particle size on the scale effect of the test 
piece, the maximum size of coarse aggregate was 8 mm. 
The river sand with the fineness modulus is of 2.30. The 
length and diameter of the steel fiber were 13  mm and 
0.2 mm. Owing to the limitation of the mixing process, 
the steel fiber content of the currently commonly used 
SFRC is generally within 2%. However, to further study 
the effect of higher fiber content on the mechanical prop-
erties of SFRC, a higher fiber content is also designed. 
In this work, four different fiber volumes were added, 
that is, 0%, 0.75%, 1.5% and 4.5% by volume of concrete. 
Some raw materials are shown in Fig. 1 and the mix pro-
portions are presented in Table  1. The specimens for 
the SHPB test have a diameter of 70 mm and a length of 
35 mm to meet the assumption of stress uniformity (Dai 
et al. 2010). The parallelism between the top and bottom 
surface of the specimen is within 0.01 mm.

Fig. 1 Raw materials.
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2.2  Testing Methods and Testing Principle
The SHPB, as shown in Fig. 2, was adopted in this study. 
For the SHPB system used in this study, the lengths of the 
striker, incident, and transmission bars are 50, 5461, and 
3485  mm, respectively. According to the wave propaga-
tion theory and two basic assumptions (Wu et al. 2010), 
the average stress, strain and strain rate of the SFRC 
specimen can be obtained by the following two-wave 
method (Xiao et al. 2015):

where E and A are the elastic modulus and cross-sec-
tional area of the SHPB bars, C0 denotes the elastic wave 
velocity in bars, and As and l0 represent the cross-sec-
tional area and length of the SFRC specimen, respectively.

(1)σ(t) =
EA

As
εt(t)

(2)ε(t) = −
2C0

l0

t
∫
0

εr(t)dt

(3)ε̇(t) = −
2C0

l0
εr(t)

2.3  High Temperature Device
In this study, three groups of SFRC specimens were 
prepared including one obtained at room temperature 
and the other two treated at 200 °C and 400 °C, respec-
tively. The SFRC specimens were heated to the specified 
temperature in a high-temperature furnace and kept 
for 30 min. In the course of the experiment, the other 
instruments were first commissioned; then, a specific 
fixture was used to quickly place the heated SFRC spec-
imens in the designated position, and the impact test 
was performed immediately. As a type of thermal inert 
material, concrete has a very low heat transfer coeffi-
cient. The experimental results (Wang et al. 2014) show 
that the temperature of the concrete specimen with an 
initial temperature of 460  °C is only reduced by 20  °C 
after being placed at room temperature environment 
for 33  s. The entire process of the experiment takes 7 
to 10  s with multi-person collaboration, and the tem-
perature of the SFRC specimen is reduced by approxi-
mately 5 °C. Therefore, during the heating process, the 
specified temperatures were set to 205  °C and 405  °C, 
respectively.

Table 1 Mix proportions design of SFRC.

Fiber volume fraction 
(%)

Cement
(kg/m3)

Sand
(kg/m3)

Steel fiber (kg/m3) Fly ash
(kg/m3)

Water
(kg/m3)

Aggregate
(kg/m3)

0 391 698 0 59 158 1090

0.75 450 676 58.5 68 182 1056

1.5 505 645 117 76 204 1004

4.5 693 470 351 105 280 726

Incident bar  Transmission bar Absorber bar 

buffer

Strike  
Light   

Photo Diode   

Trig timer

  Gage I     Gage II  

Amplifier  Computer  

Specimen  

Air gun  

εi ,εr ε t

Digital Oscilloscope  
Fig. 2 Schematic design of SHPB apparatus.
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3  Experimental Results and Discussion
3.1  Method for Determining Strain Rate of SFRC Specimen 

Under Non‑constant Strain Rate Loading Conditions 
in SHPB Experiment

As a brittle material, the strain at failure of concrete is 
very small, usually only a few thousandths. The load-
ing time of the dynamic mechanical properties experi-
ments is very short, which poses a challenge to the 
application of the SHPB technology to concrete (Zhu 
et al. 2009). Frew et al. (2002) studied the SHPB experi-
ment of brittle materials and used a shaper to solve the 
problem of stress uniformity. They also pointed out that 
the constant strain rate loading is difficult to achieve 
in the SHPB experiment of brittle materials. In this 
study, brass was used as a shaper to solve the problem 
of stress uniformity of the SFRC specimens in SHPB 
experiments. Constant strain rate loading of an SFRC 
specimen under lower strain rates can be achieved 
by adjusting the size of the brass, but it is difficult to 
achieve constant strain rate loading of the SFRC speci-
men under high temperatures and high strain rates. 
As a strain rate-sensitive material (Lv et  al. 2018), the 
strain rate effect of concrete has an important influence 
on its constitutive model. Therefore, it is important to 
determine the strain rate corresponding to the experi-
mental data of SFRC specimens under non-constant 
strain rate loading conditions in the SHPB experiment.

In the SHPB experiment, there are three main meth-
ods for determining the strain rate corresponding to 
the experimental data under non-constant strain rate 
loading conditions: (1) the average strain rate corre-
sponding to the entire loading process (Tao et al. 2005); 
(2) the average strain rate corresponding to the speci-
men loading process up to the stress peak process (Li 
et  al. 2008); (3) the average strain rate corresponding 
to the specimen loading process from 80% of the stress 
peak to the stress peak (Wang et al. 2012). These three 
methods for determining the strain rate have strong 
subjectivity, which brings certain errors to the study of 
the strain rate effect of materials.

Figure  3 shows the typical voltage signals obtained 
from the experiment. The corresponding stress–strain 
curve and strain rate history curve are shown in Fig. 4. 
It can be observed from Fig.  4 that the time required 
for the specimen to reach the constant strain rate load-
ing section is 76µs , and the corresponding stress at this 
moment is 50% of the peak stress. Ravichandran and 
Subhash (1994) concluded that the specimen reached 
a stress uniform state after the stress wave propagated 
three times back and forth in the specimen. Through 
calculation, the time that the stress wave propagates in 
the specimen for three times is �t = 57µs . The SHPB 
experimental data of SFRC achieves constant strain rate 

loading and satisfies the assumption of stress uniform-
ity during loading.

In this study, more than 20 sets of experimental data 
under constant strain rate loading were obtained using 
brass as a shaper. A very interesting conclusion can be 
drawn by processing the SHPB experimental data under 
constant strain rate loading, as shown in Fig. 5, where 
the X-axis represents the average strain rate ε̇a corre-
sponding to the experimental data under the entire 
loading process and the Y-axis represents the actual 
strain rate ε̇c corresponding to the experimental data. 
It can be observed from the figure that the actual strain 
rate can be expressed as the relationship of the average 
strain rate: ε̇c = 1.35ε̇a . Figure 6 shows the experimen-
tal data under three different loading conditions. It can 
be observed from the figure that when the experimental 
data have the same strain rate determined by 1.35ε̇a , the 
corresponding stress–strain curves are similar.

Fig. 3 Typical voltage signals in SHPB test.

Fig. 4 Stress–time curve and strain rate history curve.
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3.2  Data Analysis and Discussion
The stress–strain curves of SFRC with different fiber 
volume fractions (0%, 0.75%, 1.5%, and 4.5%) at differ-
ent temperatures (20  °C, 200  °C, and 400  °C) obtained 
from the SHPB tests are plotted in Figs.  7, 8 and 9. 
These curves were calculated from the strain signals 
recorded in the bars using Eqs. (1)–(3).

The dynamic strength is defined as the ultimate com-
pressive strength herein. It can be observed from the 
figures that both the ultimate compressive strength and 
the peak strain increase as the strain rate increases, 
and there is a significant strain rate effect at different 
temperatures.

At similar strain rates, the actual failure modes of 
SFRC with different steel fiber volume fractions at 20 °C 

are presented in Fig. 10. The results show that the addi-
tion of steel fiber can improve the damage resistance of 
concrete. It can be concluded that the addition of steel 
fibers effectively improves the toughness of concrete.

The peak strain–strain rate curves of SFRC with dif-
ferent fiber volume fractions at different tempera-
tures are shown in Fig.  11. The results show that the 
peak strain decreases as the strain rate increases at 
20 °C, while the peak strain increases as the strain rate 
increases at 200 °C and 400 °C. The peak strain has the 
temperature effect, and the results show that the peak 
strain increases as the temperature increases.

The ultimate compressive strength ( σc ) is the maxi-
mum stress that a material can withstand under exter-
nal forces and plays an extremely important role in 
determining the constitutive model of a brittle material 
such as SFRC. Figure  12 shows the ultimate compres-
sive strength–strain rate curves of SFRC at different 
temperatures. The results show that the compressive 
strength of concrete increases with the increase in 
strain rate and there is a linear relationship between 
them (Dilger et al. 1984; Song and Lu 2012).

The strain rate effect of SFRC at a high temperature is 
more sensitive than that at room temperature. Experi-
mental results show that there is a strain rate thresh-
old for SFRC. The strain rate thresholds for SFRC with 
fiber volume fractions of 0%, 0.75%, 1.5%, and 4.5% are 
76/s, 81/s, 61/s, and 70/s, respectively. When the strain 
rate is less than the strain rate threshold, the ultimate 
compressive strength decreases with the increase in 
temperature, indicating that it has a temperature sof-
tening effect. When the strain rate is greater than the 
strain rate threshold, the ultimate compressive strength 
increases with the increase in temperature, indicating 
that it has a temperature hardening effect. The mois-
ture of the SFRC specimen escapes in the form of free 
water as the temperature increases, thereby increasing 
the porosity of the specimen. The difference in poros-
ity will lead to changes in the mechanical properties of 
concrete at high temperatures. Therefore, the ultimate 
compressive strength of SFRC is a combination of tem-
perature and strain rate.

The ultimate compressive strength of SFRC exhibits 
softening at low strain rates owing to the temperature 
softening effect. As the strain rate hardening effect at 
high temperatures is more pronounced, the ultimate 
compressive strength of SFRC exhibits hardening as the 
strain rate increases. The failure modes of SFRC with 
fiber volume fraction of 1.5% at different temperatures 
are shown in Fig.  13. The experimental results also 
show that the SFRC has better resistance to damage 
at high temperatures when the strain rate exceeds the 
strain rate threshold.

Fig. 5 Relationship between actual strain rate and average strain 
rates.

Fig. 6 Experimental data under different loading conditions.
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4  Relationship Between Ultimate Compressive 
Strength and Fiber Volume Fraction, Strain Rate, 
and Temperature

4.1  Expression of Ultimate Compressive Strength
The ultimate compressive strength ( σc ) is an impor-
tant index to reflect the dynamic mechanical proper-
ties of SFRC. Figure 14 shows the ultimate compressive 
strength–strain rate curves of SFRC at different tem-
peratures. The experimental results show that the ulti-
mate compressive strength increases with the increase 
in strain rate and the addition of steel fiber, and it also 
has the temperature effect.

Experimental results show that the ultimate compres-
sive strength and strain rate have a linear relationship. 
The addition of steel fiber increases the ultimate com-
pressive strength, but with the increase in fiber volume 
fraction, its growth gradually slows down, showing a 
power function relationship. Therefore, there is the 
following relationship between ultimate compressive 
strength and fiber volume fraction, strain rate, and 
temperature:

(4)σc = f (ε̇)g
(

Vf

)

=

(

A+ B
ε̇

ε̇0

)

[

1+ C

(

Vf

V0

)D
]

Fig. 7 Stress–strain curves of SFRC at 20 °C.
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where f (ε̇) = A+ B ε̇
ε̇0

 and g
(

Vf

)

= 1+ C
(

Vf

V0

)D
 are 

functions of strain rate ε̇ and fiber volume fraction Vf  , 
respectively. A , B , C and D are material constants. 
ε̇0 = 1/s and V0 = 1% are the reference strain rate and 
reference fiber volume fraction, respectively. As the strain 
rate effect of SFRC is related to temperature, it is assumed 
that the influence of temperature on the ultimate com-
pressive strength is mainly reflected in parameters A and 
B:

(5)A = h1(T ),

(6)B = h2(T ).

4.2  Determination of Material Parameters
First, the influence of the strain rate on the ultimate com-
pressive strength is discussed. Figure  15 shows the ulti-
mate compressive strength–strain rate relationship at 
20  °C for SFRC with fiber volume fraction of 0%. Then, 
A = 45 and B = 0.193 are determined for SFRC with 
fiber volume fraction of 0% at 20 °C.

Second, the influence of fiber volume fraction on the 
ultimate compressive strength of SFRC is discussed. 
Through the interpolation of experimental data, the 
ultimate compressive strengths of SFRC with different 
fiber volume fractions at 20 °C and strain rate of 138/s 
are obtained. Then, C = 0.445 and D = 0.33 are deter-
mined (Fig. 16).

Fig. 8 Stress–strain curves of SFRC at 200 °C.
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Fig. 9 Stress–strain curves of SFRC at 400 °C.

Fig. 10 Failure modes of SFRC with different fiber volume fractions at 20 °C.
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As parameters A and B are functions of temperature, it 
is necessary to determine the values of parameters A and 

B at different temperatures. Figure 17 shows the ultimate 
compressive strength–strain rate relationship of SFRC 
with different fiber volume fractions at different temper-
atures. Tables  2 and 3 present the values of parameters 
A and B of SFRC with different fiber volume fractions at 
different temperatures.

The values of parameters A and B at different tempera-
tures have a significant linear relationship with tempera-
ture, as shown in Fig. 18. Therefore, the following formula 
can be adopted and the values of parameters a and b are 
presented in Table 4 and Fig. 19:

where a and b are material parameters and T0 = 20 ◦C is 
the reference temperature.

As the temperature effect is related to the fiber volume 
fraction, parameters A and B can be expressed as the 
relationship between the fiber volume fraction and the 
relevant material parameters presented in Table 5.

where a′ , b′, c′, a′′, b′′, and c′′ are material parameters.
Then, the relationship between the ultimate compres-

sive strength and strain rate, fiber volume fraction and 
temperature can be expressed as

Figure  20 shows a comparison between the analytical 
and experimental data, and the results of the prediction 
are in good agreement with those of the experiment.

5  Conclusion
In this study, brass was used as a shaper to solve the 
problem of stress uniformity of SFRC specimens in 
SHPB experiments. The constant strain rate load-
ing of an SFRC specimen under low strain rates can 

(7)A = h1(T ) = 45×

(

1+ a
T − T0

T0

)

(8)B = h2(T ) = 0.193×

(

1+ b
T − T0

T0

)

(9)a = a′ + b′c′
Vf
V0

(10)b = a′′ + b′′c′′
Vf
V0

(11)































σc =
�

A+ B ε̇
ε̇0

�

�

1+ 0.445

�

Vf

V0

�0.33
�

A = 45×

�

1−

�

0.052+ 0.114 × 0.225

Vf
V0

�

T−T0

T0

�

B = 0.193×

�

1+

�

0.19+ 0.322× 0.213

Vf
V0

�

T−T0

T0

�

.

Fig. 11 Peak strain at different strain rates.
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Fig. 12 Ultimate compressive strength of SFRC at different strain rates.

Fig. 13 Failure modes of SFRC with fiber volume fraction of 1.5% at different temperatures.
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be achieved by adjusting the size of the brass shaper, 
but the experimental results show that it is difficult to 
achieve a constant strain rate loading of SFRC speci-
men under high temperatures and high strain rates. The 
experimental data under constant strain rate loading 
show that the actual strain rate can be expressed as 1.35 
times the average strain rate. Therefore, the strain rate 
corresponding to the experimental data under non-con-
stant strain rate loading can be expressed by 1.35 times 
the average strain rate. This method is proposed to deal 
with the experimental data under non-constant strain 
rate loading conditions. SHPB experiments were con-
ducted using SFRC with different fiber volume fractions 

Fig. 14 Ultimate compressive strength–strain rate curves of SFRC at 
different temperatures.

Fig. 15 Ultimate compressive strength–strain rate relationship.

Fig. 16 Ultimate compressive strength-fiber volume contents 
relationship.
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Fig. 17 Ultimate compressive strength–strain rate relationship of 
SFRC at different temperatures.

Table 2 Values of parameter A.

Vf = 0% Vf = 0.75% Vf = 1.5% Vf = 4.5%

20 °C 45 45 45 45

200 °C − 9.9 9.7 16.8 15.9

400 °C − 103.4 − 34.7 − 4.3 3.3

Table 3 Values of parameter B.

Vf = 0% Vf = 0.75% Vf = 1.5% Vf = 4.5%

20 °C 0.193 0.193 0.193 0.193

200 °C 0.973 0.645 0.67 0.61

400 °C 2.13 1.24 1.04 0.81`

Fig. 18 Values of parameters A and B at different temperatures.
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(0%, 0.75%, 1.5%, and 4.5%) at different temperatures 
(20  °C, 200  °C, and 400  °C) and different strain rates. 
The experimental results show that the addition of steel 
fiber significantly improves the toughness and strength 
of concrete. The peak strain decreases with the increase 
in strain rate at room temperature. However, the peak 
strain shows the opposite phenomenon at high tem-
perature. Experimental results show that there is a 
strain rate threshold for SFRC. The strain rate thresh-
olds for SFRC with fiber volume fractions of 0%, 0.75%, 
1.5%, and 4.5% are 76/s, 81/s, 61/s, and 70/s, respec-
tively. When the strain rate is less than the strain rate 

threshold, the ultimate compressive strength decreases 
with the increase in temperature, indicating that it has 
a temperature softening effect. When the strain rate 
is greater than the strain rate threshold, the ultimate 
compressive strength increases with the increase in 
temperature, indicating that it has a temperature hard-
ening effect. As the ultimate compressive strength is 
an important index to reflect the dynamic mechanical 
properties of SFRC, this study established the relation-
ship between ultimate compressive strength and fiber 
volume fraction, strain rate, and temperature, and it 
is suitable for temperatures below 400  °C and strain 
rates lower than 250/s. The comparison between the 

Table 4 Values of parameters a and b.

Vf = 0% Vf = 0.75% Vf = 1.5% Vf = 4.5%

a − 0.166 − 0.092 − 0.06 − 0.054

b 0.514 0.28 0.24 0.182

Fig. 19 Values of parameters a and b.

Table 5 Values of SFRC material parameters.

a′ b′ c′ a′′ b′′ c′′

− 0.052 − 0.114 0.225 0.19 0.322 0.213
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prediction results and experimental data confirms that 
they are in good agreement.
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