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Abstract: The wide use of high-performance concrete (HPC) makes it essential to study its dynamic
and thermal behavior. In this study, polypropylene fiber-reinforced high-performance concrete was
developed and a series of tests were carried out to obtain its mechanical and thermal properties.
Since high-strength HPC has previously been studied intensively, only low-strength HPC—i.e., C30,
C40, and C50—was studied in this research. The split Hopkinson pressure bar (SHPB) was employed
to carry out the dynamic tests of the HPC under various loading rates and the principles of the SHPB
were introduced in detail. Then, the polypropylene fiber-reinforced HPCs were heated to various
high temperatures and measures were taken to keep the temperatures relatively constant. It was
found that at temperatures lower than 100 ◦C, the specimen could still be kept in its entirety, although
many fractures were produced in the HPC specimen under dynamic loading conditions. However,
it was found that at temperatures higher than 200 ◦C, all the HPC samples were smashed into
fragments. In addition, the HPC’s compressive strength was found to be significantly influenced by
the temperature. At temperatures lower than 300 ◦C, the HPC’s compressive strength was found to
increase with increases in temperature. At temperatures higher than 300 ◦C, the HPC’s compressive
strength was found to decrease with increases in temperature.

Keywords: polypropylene fiber-reinforced concrete; dynamic behaviors; high temperature; split
Hopkinson pressure bar (SHPB)

1. Introduction

In recent decades, society has developed faster than ever before in history. The rapid
development of society has greatly increased the need for geo-structures, such as tunneling,
embankments, bridges, shafts, slopes, and all kinds of buildings for both living and working
in. Meanwhile, accidents have occurred from time to time and have caused geo-structures
to experience dynamic loading. In some cases, geo-structures have been subjected to both
dynamic loading and high temperatures. As concrete is the most widely used building
material for geo-structures [1–3], the dynamic and thermal behaviors of concrete are essential
to the stability and durability of geo-structures [4–7]. As concrete has a low ductility and
is very weak in tension, fiber-reinforced concrete has been developed and is employed in
many geo-structures [4,8–10]. In addition, as the majority of geo-structure accidents—e.g.,
failures and collapses—are related to fractures produced due to static or dynamic loading, it
is important to study the dynamic fracture mechanism of concrete.

The split Hopkinson pressure bar (SHPB) might be the most used testing equip-
ment [11–15] for the study of the dynamic behavior of concrete and rock-like brittle ma-
terials. Hopkinson (1941) developed the SHPB by using a pressure bar to test the pulse
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waveform; then, it was employed to measure the mechanical properties of rock under
dynamic loads [16]. The SHPB can be used to study rock mechanics at strain rates be-
tween 101 ∼ 104 S−1. Many dynamic tests of concrete and rock-like materials have been
conducted by a number of researchers using the SHPB. Among those tests, the uniaxial
compression test, the Brazilian disk test, and the semi-disc with the pre-fabricated crack
test are recommend by the International Society of Rock Mechanics as standard dynamic
experiment methods. Tedesco et al. (1994) conducted an impact test on cement and studied
the influence of the loading rate on the cement strength using the split Hopkinson pressure
bar [17]. In addition, Galvez et al. (1997) also used the split Hopkinson pressure bar to
study the dynamic behavior of ceramic materials and concluded that the loading rates
influenced the tensile strength of the materials significantly [18]. Sukontasukkul, Nimity-
ongskul et al. (2004) found that specimens subjected to impact loading were found to suffer
greater damage than those subjected to static loading [19]. Zhao (2000) conducted dynamic
uniaxial and triaxial compressive strength tests and concluded that compressive strength
increases with an increased loading rate [20]. Zhang (2000) also conducted a dynamic
uniaxial compressive strength test and concluded that the number of cracks increases
with an increasing loading rate [21]. Besides those researchers mentioned above, many
researchers have reached almost the same conclusion: the loading rate significantly influ-
ences the behavior of brittle materials [19–26]. The thermal behaviors of brittle materials
have been extensively studied. Li Xibing et al. (2010) studied the dynamic and thermal
behaviors of siltstone and found that, in the range of 20–100 ◦C, the compressive strength
increases with increases in temperature, while it decreases with increases in temperature
when the temperature is higher than 100 ◦C [27]. Yin, Li et al. (2013) studied the properties
of granite under dynamic loading and higher-temperature conditions [28]. They found that
the peak strain increased with the increase in temperature, while the strength of the granite
decreased with the increase in temperature [28]. Xu and Liu (2013) carried out compression
experiments with marble and found that when the temperature rises to 800 ◦C, the peak
strength of marble becomes less obvious with changes in the loading rate.

To improve the stiffness of concrete, fiber-reinforced concrete was developed to in-
crease its strength and ductility. The fibers added to the concrete can significantly influence
the performance of the fiber-reinforced concrete when exposed to loadings and high tem-
peratures [12–15]. Steel fiber, glass fiber, polymer fiber, and basalt fiber are the most
commonly used materials for the reinforcement of concrete [29–33]. Different properties
can be introduced by different types of reinforcing fibers [34]. For example, the addition
of steel fiber or basalt fiber could improve the concrete’s performance, such as its tensile
strength, strain capacity, toughness, energy absorption capacity, and so on [35,36]. Carbon
fiber can improve the electrical conductivity, pressure sensitivity, and magnetic sensitivity
of concrete [37,38]. Compared with normal concrete, fiber-reinforced concrete exhibits a
high compressive and tensile strength [39,40], high fracture toughness [41,42], and high
impact resistance [43–45]. Additionally, due to the superior material properties of fiber-
reinforced concrete, it has been widely used in many engineering projects. At present, steel
fiber is the most commonly used fiber to add to concrete due to its excellent structural
properties [46]. However, the durability properties, particularly the corrosion of steel-
fiber-reinforced concrete, are a significant drawback that increases the importance of other
types of fibers [47]. However, polypropylene-fiber-reinforced concrete can overcome the
drawbacks of steel-fiber-reinforced concrete.

Therefore, research about adding polypropylene fibers to concrete has developed
rapidly in recent years [48,49]. As polypropylene is a low-cost material, its addition not
only makes concrete more durable, but polypropylene fiber-reinforced concrete is also
more economical than other fiber-reinforced concrete [48]. Moreover, polypropylene fiber
has a low melting point, so when polypropylene-fiber-reinforced concrete is heated to a
high temperature, this fiber would melt and provide pathways for water vaporization.
Because of the decrease in inner vapor pressure, the microstructure of the concrete is
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protected [34]. Meanwhile, after heating, the spalling resistance of the concrete could be
improved by polypropylene fiber [50,51].

Concrete is a kind of non-uniform composite material that is widely used in con-
struction, water conservancy, hydropower, national defense, and other important projects.
Due to the different ratios of raw materials and additives, the mechanical and thermal
properties of concrete differ under the effect of high temperatures as a series of physical
and chemical changes occur inside the concrete. In recent years, many scholars have stud-
ied the influence of high temperatures on the dynamic and static properties of concrete
and conducted a large number of basic tests, achieving many significant research results.
However, these experimental studies mainly focus on ordinary concrete and high-strength
performance concrete.

However, in practical engineering applications, concrete with a strength grade of C20
to C50 are more widely used. There are few studies on high-performance concrete with
medium- and low-strength grades—i.e., a strength grade of C20 to C50, especially under
the condition of dynamic loading after being heated to a high temperature. Thus, this
research focuses on low-strength HPC.

In this study, polypropylene fiber-reinforced high-performance concrete (HPC) was
developed and three different strength grades of concrete were made for studying the thermal
and dynamic behavior of the polypropylene fiber-reinforced high-performance concrete.

2. Materials and Methods
2.1. Test Material

In this research, normal concrete and high-performance concrete (HPC) with strength
grades from C30 to C50 were made to study the dynamic and thermal behavior of HPC and to
compare the mechanical properties between the normal concrete and the HPC. The specimens
were made according to the specifications for the mix proportion design of ordinary concrete
JGJ55-2011 [52], the standard for testing mechanical properties in ordinary concrete [53], and
the technical specification for the application of high-performance concrete [54].

P.O. 42.5 ordinary Portland cement produced by Yunnan Yiliang Hongshi Cement
Co., LTD (Kunming, China), with a density of 2908 kg/m3 was selected as one of the main
components for both the normal concrete and the HPC. Table 1 summarizes the chemical
composition of Portland cement while Table 2 illustrates the main performance parameters.

In this research, high-quality grade II fly ash produced by Yunnan Power Plant
(Kunming, China), with a density of 2098 kg/m3 was used. The main chemical components
are shown in Table 3.

Table 1. Chemical composition of Portland cement.

Chemical
Composition SiO2 CaO MgO Fe2O3 NaO K2O

% 20.7 64.0 1.82 4.41 0.2 1.2

Table 2. Physical properties of ordinary Portland cement.

Cement Type Setting Time (min) Compressive Strength (MPa) Flexural Strength (Mpa)

Initial Setting Final Setting 3 day 28 day 3 day 28 day

P.O42.5 180 240 20.7 45.1 6.1 10.2

Table 3. Main chemical constituents of fly ash.

Chemical
Composition SiO2 Al2O3 CaO MgO SO3 Fe2O3 Na2O

% 40.2 14.5 1.9 1.5 1.6 1.7 1.2
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The addition of polypropylene fiber to high-performance concrete could significantly
increase the tensile strength, fatigue strength, and bending strength of the concrete. In
addition, the early crack resistance of concrete could be improved by the addition of
polypropylene fiber. The main performance parameters of the polypropylene fiber that
was used in this test are shown in Table 4.

Table 4. Main performance parameters of polypropylene fiber.

Characteristics Parameters Characteristics Parameters

Color White or faint yellow Shape Monofilament bundle

Density 1.18 (g/cm3) Equivalent diameter 9–30 um

Length 3–9 (mm) Melting point 220 (◦C)

Acid resistance Excellent Alkali resistance Excellent

Tensile strength ≥900 Mpa Elongation at break ≥15–25 (%)

Elastic modulus ≥13,000 Mpa Water absorption Water resistance

Besides cement and fly ash, many other components and their ratios for normal
concrete are listed in Table 5. In the grade list of Table 5, N indicates normal concrete and B
indicates normal concrete with polypropylene fiber.

Table 6 gives the main component ratios for the high-performance concrete. In the
grade list, H indicates high-performance concrete, while B indicates high-performance
concrete with polypropylene fibers added.

Table 5. Ordinary concrete mix ratio (kg/m3).

Grade Water Cement River Sand Stone Polypropylene Fiber Water—Binder Ratio Sand Ratio

N-C30 215 360 693 1132 - 0.60 38%

N-C40 215 450 659 1076 - 0.48 38%

N-C50 215 540 625 1020 - 0.40 38%

N-C30-B 215 360 693 1132 1 0.60 38%

N-C40-B 215 450 659 1076 1 0.48 38%

N-C50-B 215 540 625 1020 1 0.40 38%

Table 6. High-performance concrete mix ratio (kg/m3).

Grade Water Cement Fly Ash Silica
Fume

River
Sand Stone Polypropylene

Fiber
Water

Reducing Agent
Water—Binder

Ratio
Sand
Ratio

H-C30 160 234 108 18 714 1166 1 7.2 0.44 38%

H-C40 160 292.5 135 22.5 680 1110 1 9 0.36 38%

H-C50 160 351 162 27 646 1054 1 10.8 0.30 38%

H-C30-B 160 234 108 18 714 1166 - 7.2 0.44 38%

H-C40-B 160 292.5 135 22.5 680 1110 - 9 0.36 38%

H-C50-B 160 351 162 27 646 1054 - 10.8 0.30 38%

2.2. Test Equipment

A camber-type electric resistance furnace, as illustrated in Figure 1a, was employed
to heat the concrete samples to a specific temperature in order to test the dynamic and
thermal behavior of the ordinary concrete and the HPC under various loading rates and
after various high-temperature treatments. The temperatures used in this research for the
concrete samples were set as indoor temperature (25 ◦C), 100 ◦C, 200 ◦C, 400 ◦C, 600 ◦C,
and 800 ◦C. Figure 1b shows the equipment used for maintaining a constant temperature
for the specimens. As illustrated in Figure 2a, the TAW-2000 computer-controlled automatic
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pressure-testing machine was used to carry out the static test for the normal concrete and
the HPC. Figure 2b,c shows the specimens placed in the machine during testing.
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As illustrated in Figure 3, the split Hopkinson pressure bar (SHPB) was adopted to
carry out the dynamic test for the normal concrete and the HPC, and comprised a gas
gun, a striker, an incident bar, a transmission bar, and a dynamic strain meter system. To
illustrate how the SHPB works, a schematic of the SHPB is given in Figure 4. During the
test, the gas gun was used to accelerate the striker bar to impact on one end of the incident
bar. Then, the dynamic compressive strain wave produced propagates towards the other
end of the incident bar. During the interaction of the incident bar and the sample, some
part of the compressive wave is reflected, while the remaining part of the wave propagates
towards the specimen. As the transmitted compressive strain wave reaches the interface of
the specimen and the transmission bar, the disk is subjected to dynamic loading.
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2.3. Principles of Split Hopkinson Pressure Bar (SHPB)

Figure 5 shows a diagram of the Hopkinson pressure bar during the dynamic test in
order to illustrate the principle of the SHPB during HPC dynamic testing. Many researchers
have explained the principles of the SHPB during the test in terms of mathematics [55,56].
In the following paragraphs, the principles of the split Hopkinson pressure bar (SHPB) are
explained in terms of wave propagation based on previous research [5,55–57].

When the striker bar hits the incident bar, a compressive stress pulse wave of approxi-
mately one-dimensional propagation is generated in the incident bar. During the test, the
compressive stress wave in the incident bar will propagate to the interface (the 1-1 interface
in Figure 5). Some of the compressive stress waves can continue to propagate into the
concrete samples, while the rest of the compressive stress waves will be reflected into the
incident bar. As the compressive stress waves in the concrete sample reach the contact
surface of the sample and the transmission bar (the 2-2 interface in Figure 5), the stress
waves will partly be reflected back to the concrete sample and partly transmitted into the
transmission bar, as happened in the 1-1 interface. As the compressive stress waves are
reflected back and forth three to six times through the 1-1 and 2-2 interfaces in the rock
sample, the stress equilibration is established in the rock sample.
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As illustrated in Figure 3, the cross-sectional area of the incident bar and the trans-
mission bar is A0, while the cross-sectional area and length of the concrete sample are A
and L, respectively. The stress at the interface of 1-1 and interface of 2-2 is σ1(t) and σ2(t),
respectively. C0 and Eo indicate the wave velocity and the elastic modulus, respectively,
of the incident bar and the transmission bar. εi and εr indicate the incident wave and the
reflected wave in the incident bar. The transmission wave in the transmission rod is εt.
u1 and u2 indicate the mass velocities at the interface of specimen 1-1 and the interface
of specimen 2-2, respectively. If the average strain in the specimen is ε, the strain rate is
.
ε. Based on the continuity condition of the displacement and the one-dimensional stress
hypothesis of stress waves, the following equations can be constructed.

Velocity at the interface 1-1:

u1(t) = C0[εi(t)− εr(t)] (1)

Velocity at the interface 2-2:
u2(t) = C0εt(t) (2)

Strain rate in the rock sample:

.
ε(t) =

u1(t)− u2(t)
L

=
C0

L
[εi(t)− εr(t)− εt(t)] (3)

Strain during time t:

ε(t) =
c0

L

∫ t

0
[εi(t) − εr(t) − εt(t)]dt (4)

Stress at 1-1 interface:

Aσ1(t) = A0E0[εi(t) + εr(t)] (5)

Stress at 1-1 interface:
Aσ2(t) = A0E0εt (6)

Average stress in specimen:

σ(t) =
[σ1(t) + σ2(t)]

2
=

A0E0

2A
[εi(t) + εr(t) + εt(t)] (7)

When the stress pulse wave propagates to and fro several times in the specimen, a
stress equilibrium state is established. In this case, the three strains are equal, as shown in
Equation (8).

εi + εr = εt (8)
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Thus, by substituting Equation (8) into Equations (1)–(7), the following equations can
be achieved:

.
ε(t) = −2C0

L
εr(t) (9)

ε(t) = −2C0

L

∫ t

0
εr(t)dt (10)

σ(t) =
A0E0

A
εt(t) (11)

Equations (8) and (9) can be used to calculate the stress, strain, and strain rate in
this research.

3. Test Results
3.1. High-Performance Concrete Insulation Measures

During the high-temperature SHPB test of high-performance concrete, asbestos-
wrapped specimens were loaded on the test bench, as shown in Figure 6, to reduce the
heat loss of the concrete specimens to the surrounding air and to keep the test specimens
in a relatively sealed environment. Thus, the concrete specimen can be kept at a constant
temperature during the tests.
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3.2. SHPB Test Results

Three kinds of ordinary concrete and high-performance concrete with different strength
grades, C30, C40, and C50, were used as samples for the dynamic tests using SHPB. The
normal concrete was only tested at room temperature, while the high-performance concrete
was divided into nine temperature gradients: room temperature (25 ◦C), 100 ◦C, 200 ◦C,
300 ◦C, 400 ◦C, 500 ◦C, 600 ◦C, 700 ◦C, and 800 ◦C. There were also at four pressures of
0.4 MPa, 0.6 MPa, 0.8 MPa, and 1.2 MPa for the gas gun. V1, V2, V3, and V4 are used to
indicate four speeds of the striker corresponding to the four gas gun pressure settings.

Figure 7 shows the test results of the HPC specimens at the same pressure (1.2 Mpa)
with various high-temperature treatments—i.e., 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C,
600 ◦C, 700 ◦C, and 800 ◦C—from the first picture to the last one.
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Figure 7. Fracture patterns of HPC specimens after impacts at different temperatures.

It can be seen from the first picture—i.e., the specimen that received a 100 ◦C tem-
perature treatment—that many fractures were produced. However, it was not smashed
into fragments. For the rest of the test results, the size of the fragments decreases as the
temperature increases.

Since the melting point of the polypropylene fiber in the admixture is 165 ◦C, the test
sample at 100 ◦C becomes “cracked” without spreading, while the test samples at 200 ◦C
and 300 ◦C appear to fracture into “large blocks” after impact. The distribution gradually
becomes “crushed” as the temperature rises.

4. Discussion
4.1. Effect of the Loading Rate on Dynamic HPC Strength

High-performance concrete is a heterogeneous multiphase composite material. There
are a large number of pores, microcracks and micropores between the materials of synthetic
concrete, and the microcracks and micropores between the materials are random. At
the same time, the solid particles of synthetic concrete and hardened cement mortar
have significant differences in mechanical properties such as strength, strain, and elastic
modulus. These differences in mechanical properties determine the complexity, variability,
and discreteness of concrete materials.

Figures 8–10 illustrate the stress–strain curves of the HPC under coupled various
loading rates after high-temperature treatments of 300 ◦C.

For the HPC C30 (Figure 8), at the loading rate of 84.5 S−1 the stress increases with the
increase in the strain. At a strain value of approximately 0.0075, the stress reaches its peak,
which affects the compressive strength of the specimen, which is approximately 38 Mpa.
Thus, at the loading rate of 84.5 S−1 the loading rate does not significantly influence the
compressive strength of the HPC C30. At the loading rate of 92.1 S−1, the peak stress is
about 45 Mpa when the strain is 0.0042. For the loading rate of 139.7 S−1, the peak stress
is about 70 Mpa when the strain is 0.005. This indicates that a higher loading rate can
significantly influence the compressive stress of the HPC C30. In addition, the strains are
different for the HPC C30 when stress level reach their peak at different loading rates.
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Figures 9 and 10 indicate the same conclusion: the higher loading rate significantly
influences the compressive strength, while the stress levels reach their peaks at different
strains for the same kind of HPC.

Thus, it can be seen from the stress–strain curves of the specimens that the dynamic
compressive strength of the concrete specimens increase with the increase in the strain rate
at the same temperature of 300 ◦C for all three types of HPC—i.e., C30, C40, and C50.
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Figure 8. Stress-strain curves for HPC (C30) under various loading rates at a high temperature of
300 ◦C.
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Figure 9. Stress–strain curves for HPC (C40) under various loading rates at a high temperature of
300 ◦C.
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Figure 10. Stress–strain curves for HPC (C50) under various loading rates with a high temperature
of 300 ◦C.

4.2. Effect of the High Temperature on Dynamic HPC Strength

Figures 11–13 illustrate the dynamic compressive strength curves of the HPC under
the bullet impact air pressure from 0.4 MPa to 1.2 MPa.
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Figure 11. Dynamic compressive strength curves of concrete with grade C30.
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Figure 12. Dynamic compressive strength curves of concrete with grade C40.
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Figure 13. Dynamic compressive strength curves of concrete with grade C50.

When the temperature of the specimen is below 300 ◦C, these results indicate that the
dynamic compressive strength would increase with the rise in loading rate and reach a
peak when the temperature approaches 300 ◦C. Under the same temperature condition,
the dynamic peak stress of the low-strength HPC (C30) does not change much with the
increase in temperature. When the loading rate is 0.6 MPa or 0.8 MPa, there are fluctuations.
However, when the temperature is above 300 ◦C, the dynamic compressive strength
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rapidly decreases. According to the trend across all test results, the dynamic compressive
strengths of the HPC specimens show a trend of first increasing and then decreasing. The
obtained results agree well with those well documented in the literature in terms of the
compressive increasing and decreasing trend at various loading rates and after different
high-temperature treatments [4,6,7,58,59].

5. Conclusions

In this study, polypropylene fiber-reinforced high-performance concrete (HPC) was
made using local materials in Kunming, Yunnan Province, China. Since high-strength
HPC has been widely studied, this research focused on low-strength HPC. Three types of
concrete—C30, C40, and C50—were made and a number of HPC specimens were produced
in order to test the dynamic and thermal behavior of the polypropylene fiber-reinforced
concrete. The split Hopkinson pressure bar (SHPB) was employed for the dynamic tests
and the principles of the SHPB were introduced in detail. An electric resistance furnace
was employed to heat the samples while insulation measures for the specimens during the
test were taken to maintain stable temperatures. Then, the polypropylene fiber-reinforced
HPC was taken under the coupled various loading rates with different high-temperature
treatments. It is concluded that the temperature significantly influences the HPC fracture
patterns. During the SHPB test with the same air pressure (1.2 MPa) in the gas gun, many
fractures were produced in the specimen with a 100 ◦C temperature treatment. However, it
was not smashed into fragments. For the other specimens heated to higher temperatures
from 200 ◦C to 800 ◦C, the specimens were smashed into fragments. The main reason for
this is that the melting point of the polypropylene fiber is 165 ◦C.

It can be seen from the stress–strain curves of the specimens that the dynamic com-
pressive strength of the concrete specimens increase with the increase in the strain rate at
the same temperature.

The temperature can influence the HPC strength. At temperatures lower than 300 ◦C,
the HPC’s compressive strength increases with increases in temperature. At temperatures
higher than 300 ◦C, the HPC’s compressive strength decreases with increases in temperature.
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