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Abstract: A mechanical property experiment was carried out on steel-polypropylene fiber-reinforced
concrete after elevated temperatures by using a 50 mm diameter SHPB apparatus. The regulations of
compressive strength, elastic modulus, Poisson’s ratio, and other mechanical properties under six
heating temperature levels (normal temperature, 100 °C, 200 °C, 400 °C, 600 °C, and 800 °C) and three
impact pressures (0.3 MPa, 0.4 MPa, 0.5 MPa) were studied. Using ANSYS/LS-DYNA 19.0 numerical
simulation software and LS-PrePost post-processing software, numerical simulation analysis was
conducted on the dynamic Hopkinson uniaxial impact compression and uniaxial dynamic impact
splitting mechanical experiments of C40 plain concrete and steel-polypropylene hybrid fiber concrete.
The results show that the dynamic compressive strength of hybrid fiber concrete with the optimal
dosage reaches its maximum at a temperature group of 200 °C, and the dynamic compressive strength
of hybrid fiber concrete with the optimal dosage increases by 97.1% compared to C40 plain concrete at
a temperature group of 800 °C. The impact waveform and stress-strain curve results of the numerical
simulation are very similar to the experimental results. The errors in calculating the peak stress and
peak strain are within 6%, which can truly and accurately simulate the static mechanical properties
and failure process of hybrid fiber-reinforced concrete.

Keywords: steel-polypropylene hybrid fiber; elevated temperature; mechanical property; SHPB;
numerical simulation

1. Introduction

As a very economical and practical construction material, hybrid fiber-reinforced
concrete (HyFRC) is widely used in bridge engineering, civil engineering, fortification,
nuclear reactor containment, and other civil and military buildings. Due to the shortcom-
ings of regular concrete, such as vulnerability to bursting from high temperatures, poor
durability, and poor crack resistance and toughness, it cannot satisfy the high mechanical
property requirements of engineering buildings [1]. Concrete modification research mainly
involves the incorporation of fibers dispersed within the concrete during the preparation
process to improve the shortcomings of regular concrete, such as large early shrinkage, low
tensile strength, poor durability, and vulnerability to cracking [2,3]. HyFRC is a composite
concrete material formed by mixing two or more different types of fibers into concrete,
allowing for a combination of different fiber characteristics or complementary effects. It is
the future research and development trend of fiber concrete modification, and the corre-
sponding findings are of great value for the promotion and application of HyFRC materials
in engineering applications [4].

In recent years, scholars and experts have been constantly searching for new build-
ing materials with better mechanical properties. After continuous exploration, it was
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found that the fiber mixed in the concrete matrix could improve the high-temperature
and burst resistance, enhancing various mechanical properties of regular concrete [5-10].
Liu et al. [11] systematically studied the variation of mechanical properties of fiber concrete
with temperature. The results showed that temperature caused the mechanical properties of
fiber concrete to deteriorate. After high-temperature treatments, the compressive strength
of three steel-fiber concretes with different water-to-cement ratios decreased by varying
degrees. Yang [12] conducted an experimental study on the bursting phenomenon of
reactive powder concrete mixed with steel and polypropylene fibers at high temperatures.
The comparison revealed that the incorporation of steel and polypropylene fibers could
enhance the burst resistance of concrete. Huang [13] investigated the durability and high-
temperature resistance of polyvinyl alcohol fiber concrete. The damage of fiber concrete in
compression after high temperatures was characterized by an acoustic emission detection
system device. With the increase in temperature, the axial compressive strength of fiber
concrete first increased and then decreased, indicating that polyvinyl alcohol fiber signifi-
cantly improved the high-temperature resistance of concrete. Varona et al. [14] conducted
mechanical tests on steel-polypropylene fiber-reinforced concrete at high temperatures. The
results showed that the compressive strength and tensile strength of steel-polypropylene
fiber-reinforced concrete increased and then decreased at different heating temperatures
of 20 °C, 450 °C, 650 °C, and 825 °C. Kodur et al. [15] investigated the thermo-mechanical
properties of polypropylene fiber-reinforced concrete, steel fiber-reinforced concrete, and
HyFRC. The results showed that 600 °C was the threshold temperature for changes in the
thermodynamic properties of the three types of concrete. Before 600 °C, the thermal con-
ductivity of HyFRC was gradually enhanced with temperature. After 600 °C, the thermal
conductivity was significantly weakened with the temperature. In addition, polypropylene
fibers showed the least effect on the thermal conductivity of the HyFRC, while the addition
of steel fibers greatly increased the heat transfer capacity of the concrete. Sanchayan and
Foster. Ref. [16] investigated the variation pattern of residual strength and elastic modulus
of HyFRC under high-temperature conditions after mixing steel and polyvinyl alcohol
fibers with concrete in different volumetric admixtures. The results showed that as the
temperature increased, HyFRC exhibited more significant effects in suppressing explosive
spalling compared to regular reactive powder concrete, indicating that concrete reinforced
with steel and polyvinyl alcohol fibers is more suitable for high-temperature environments
compared to regular concrete.

In this study, a & 50 mm Split-Hopkinson pressure bar (SHPB) system was used to
perform impact loading tests on plain concrete and steel-polypropylene fiber-reinforced
concrete with different fiber admixtures under different impact air pressures (0.3 MPa,
0.4 MPa, 0.5 MPa) and different temperatures (ambient, 100 °C, 200 °C, 400 °C, 600 °C,
800 °C). The influence of heating temperature and impact velocity on the mechanical
properties of steel-polypropylene fiber-reinforced concrete was investigated. In addition,
a high-speed camera was used to observe the damage process of the specimen, and the
damage process of the specimen in the uniaxial impact compression test was simulated by
ANSYS/LS-DYNA finite element software. The simulation results were compared with the
test results to further explore the damage mechanism of the specimens under room and
high temperatures.

2. Test Overview
2.1. Mixing Proportion of Raw Materials

In this study, the test was performed with normal Portland cement produced by
Yunnan Yiliang Southwest Cement Co., Ltd., Kunming, China, with a density of 2930 kg/m3
and a variety grade of P-O42.5. The cement with this factory number conforms to the
requirements of the technical indexes in GB175-2007 “Common Portland Cement” [17].
The coarse aggregate was granite gravel with a continuous grading of 5~16 mm. The
fine aggregate was quartz sand with mud content of 1.8% by mass, fineness modulus
of 2.4, and excellent particle grading. The water-reducing admixture was a composite
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polycarboxylic acid high-efficiency water-reducing admixture. It has a water reduction rate
of about 28%, excellent compatibility with cement, and meets the requirements for workable
concrete. The fly ash was a high-quality grade I fly ash produced by BoRun Materials
Ltd., Zhejiang, China, conforming to the provisions of GB/T1596-2017 “Fly Ash Used
for Cement and Concrete” [18]. The selected steel fiber was shear-wave-type steel fiber
produced by Hengshui Junye Material Co., Ltd., Hengshui, China, and the polypropylene
fibers were high-strength bundled filament fibers produced by Huixiang Fiber Material
Factory (see Tables 1 and 2, Figures 1 and 2). In this experiment, PC and S1PP0.2 (steel fiber
1%, polypropylene fiber 0.2%) with strength grades of C40 were used. The water-cement
ratio was 0.4 and the sand ratio was 0.3. The concrete mixes were calculated according to
the “Concrete Mixing Ratio Design Regulations” (JGJ55-2011) [19] (see Table 3).

Table 1. Technical parameters of steel fiber.

Filament . Elastic Tensile .
Diameter Cu:;c;?)gth ](ie;z?)r Modulus Strength Eloglt;?:;e( %)
(mm) (GPa) (MPa) &
1 35 7850 202 1000 2.6

Table 2. Technical parameters of polypropylene fibers.

Filament Length Relative Elastic Tensile Elongation at
Diameter (um) (mm) Density (-) Modulus Strength Break (%)
(GPa) (MPa)
48 12 091 4.8 500 15

Figure 2. Polypropylene fiber.
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Table 3. Concrete mixing ratios.
Water-
Cement Water Sand Gravel Fly Ash Reducing
(kg/m®) (kg/m?3) (kg/m3) (kg/m3) (kg/m®) Admixture
(kg/m®3)
463 185 541 1261 93 2.25

2.2. Specimen Preparation

According to (CECS13:2009) [20] “FRC experimental method standard”, the fiber
concrete was stirred. In order to avoid the agglomeration of hybrid fibers, the coarse and
fine aggregates were mixed for 30 s, and then the cement and mineral admixtures were
added for dry mixing for 30 s. Then the fibers were added in batches and stirred for 60 s.
Finally, the mixture of water-reducing agent and water was added and stirred for 60 s.
After mixing, the concrete was loaded into 30 mm x 30 mm x 30 mm cubic concrete molds.
The pouring height was half that of the concrete mold, and the concrete was vibrated with
a plug-in vibrator. The mold was then removed after 24 h of curing, and the concrete was
moisturized and cured until the specified age of 28 days. After curing, the cylindrical
concrete specimens with a diameter of & 50 mm and a height of 40 mm were prepared by
coring, cutting, and polishing. The non-parallelism of the two end faces of the specimen
was ensured to be less than 0.02 mm after polishing (see Figure 3). The heating of specimens
in different temperature groups was performed using the KRX-17B box-type resistance
furnace (see Figure 4). To ensure that the specimens were heated uniformly to achieve a
predetermined temperature, the cylindrical concrete specimens were placed in one layer
in parallel and upside down. A gap was left between the specimens to increase the heat
area. Based on our previous findings and other previous studies [21,22], the temperature
gradient of all the prepared specimens was classified into six temperature groups (25 °C,
100 °C, 200 °C, 400 °C, 600 °C, and 800 °C). Each group contained three specimens, and
the average values of the test results were taken. The average heating rate of the resistance
furnace is set to 5 °C/min, and the heating curve is shown in Figure 5. After heating to
the target temperature, the temperature is kept constant for 2 h and then cooled to room
temperature in the furnace.

Figure 3. Prepared concrete specimens.
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Figure 5. Time-history curve of heating at the same heating temperature.

The static compression test of PC and S1PP0.2 specimens after heating treatment was
carried out by HUT-106, a double space electro-hydraulic servo testing machine. The
automatic loading scheme was set up, the loading speed was 0.6 MPa/s, and the test was
run until failure. The test data were recorded, and the average value of the three data was
taken as the final test result. The test results are shown in Table 4.

Table 4. Static compressive test results of PC and SIPP0.2 at different temperatures.

Specimen Static Compressive Strength/MPa
Types 25° 100° 200° 400° 600° 800°
PC 41.6 42.7 43.7 36.2 26.5 14.8
S1PP0.2 53.2 56.0 61.2 51.9 40.0 27.0

2.3. Test Device and Principle

The diameter of the incident, transmission, and absorption bars is 50 mm, the density
of the compression rod is 7.85 g/cm3, the elastic modulus is 210 GPa, the length of the
incident and transmission bars is 2000 mm, and the length of the spindle-shaped bullet
is 400 mm (see Figure 6). SHPB dynamic impact tests and dynamic splitting tests were
performed using & 50 x 40 mm cylindrical specimens, with an optimal L/D ratio between
0.5 and 1.0. In this study, the length-diameter ratio of the cylinder is 0.8. The principle
of SHPB tests was based on two fundamental assumptions (i.e., the one-dimensional
assumption and the stress uniformity assumption), which were also applicable in combined
dynamic and static loading tests [23]. During the loading process, two strain gauges are
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pasted and welded at the middle position of the incident bar and the transmission bar to
measure the strain signal. The data acquisition system uses an 8-channel dynamic strain
gauge to output the strain signal measured by the strain gauge as an electrical signal,
and the sensitivity is 1 V/1000. The data were processed using the three-wave method to
obtain the average stress (0s), average strain (gs), and average strain rate (gs) of the concrete
specimens, as expressed by Equations (1)—(3).

% Ay

s 7 = ZASE(si +er+€r) 1)
t Co rt
&g = /0 ggdt = L—S/O (&1 — er — ep)dt 2)
- 01— 07 o @ L .
&= L (e —&r — &) 3)

where ¢;, ¢, and ¢; are the incident strain, reflection strain, and transmission strain, re-
spectively; E, ¢y, and A are the elastic modulus of the compression bar, wave velocity,
and cross-sectional area, respectively; As; and L are the cross-sectional area and length of
the specimen, respectively; t is the propagation time of the impulse signal in the concrete
specimen (s); 01 and o7 are the stresses of the specimen at the incident and transmission
ends, respectively; and v; and v, are the mass velocities at the incident and transmitted
ends of the specimen, respectively.

3 . X Strain gauge Strain gauge {Strain gauge Strain gaug
Nitrogen cylinder bullet Laser velocimeter " e k! e
launcher \ D/ \D/
{ \ testpiece i, LJ |
s P - I -
i a—m e  strain gauge “Strain gauge
input bar transmission bar

Figure 6. Schematic diagram of the SHPB test system.

3. Test Scheme and Result Analysis
3.1. Stress Uniformity Verification

In order to ensure the validity of the test data, the specimen needs to meet the uni-
formity assumption during the impact process. Typically, the strain data obtained by
the impact of a normal-temperature concrete specimen under the impact rate of 0.3 MPa
are used to verify the stress balance. From Figure 7, it can be seen that the two are in
good agreement and meet the stress uniformity conditions, indicating that the test data
are effective.

Incident wave (g;)

0.0008 -

Reflected wave (g,)

0.0006 - Transmitted wave (g,)

Incident wave (g;) +Reflected wave (g,)

0.0004 -
0.0002

0.0000 -

Strain €

-0.0002

-0.0004

-0.0006

-0.0008 L— L L L L L L L L L )
20 40 60 80 100 120 140 160 180 200 220

Time(us)

Figure 7. Stress uniformity verification.
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3.2. Uniaxial Dynamic Impact Compression Test
3.2.1. Test Results

C40 plain concrete and polypropylene-steel HyFRC specimens in six temperature
groups (25 °C, 100 °C, 200 °C, 400 °C, 600 °C, and 800 °C) were subjected to conventional
uniaxial dynamic impact compression tests. The impact air pressure was 0.3 MPa, 0.4 MPa,
and 0.5 MPa. Three sets of effective parallel tests were carried out for each group of
working conditions. If the relative error between the test results is less than 5%, the data
are considered to be valid. If the relative error is greater than 5%, the test is repeated. The
average of the three effective experiments is taken as the final result. The experimental
results of dynamic impact compression peak stress and peak strain are shown in Table 5.

Table 5. Dynamic compression test results of specimens.

o . Impact Air Peak .
Temperature/°C  Specimen Code Presgure /MPa Stress/MPa Peak Strain

PC-25-1 03 487 0.0034

PC-25-2 0.4 49.9 0.0039

PC-25-3 0.5 524 0.0044

25 S1PP0.2-25-1 0.3 711 0.0062
S1PP0.2-25-2 0.4 69.7 0.0072

S1PP0.2-25-3 0.5 71.8 0.0081

PC-100-1 0.3 50.4 0.0041

PC-100-2 0.4 51.7 0.0052

PC-100-3 0.5 529 0.0058

100 S1PP0.2-100-1 0.3 711 0.0087
S1PP0.2-100-2 0.4 72.8 0.0112
S1PP0.2-100-3 0.5 75.6 0.0122

PC-200-1 0.3 516 0.0065

PC-200-2 0.4 53.3 0.0074

PC-200-3 0.5 542 0.0083

200 S1PP0.2-200-1 0.3 79.6 0.0089
S1PP0.2-200-2 0.4 783 0.0119
S1PP0.2-200-3 0.5 81.4 0.0128

PC-400-1 0.3 40.9 0.0075

PC-400-2 0.4 431 0.0099

PC-400-3 0.5 449 0.0113

400 S1PP0.2-400-1 0.3 63.8 0.0098
S1PP0.2-400-2 0.4 67.0 0.0128
S1PP0.2-400-3 0.5 69.0 0.0132

PC-600-1 0.3 30.2 0.0094

PC-600-2 0.4 318 0.0109

PC-600-3 0.5 334 0.0133

600 S1PP0.2-600-1 0.3 492 0.0117
S1PP0.2-600-2 0.4 516 0.0147
S1PP0.2-600-3 0.5 54.0 0.0157

PC-800-1 0.3 17.0 0.0125

PC-800-2 0.4 186 0.0134

PC-800-3 0.5 19.2 0.0152

800 S1PP0.2-800-1 0.3 335 0.0133
S1PP0.2-800-2 0.4 35.6 0.0157
S1PP0.2-800-3 0.5 36.5 0.0176

Note: “PC” indicates plain concrete, “S” represents steel fiber, and “PP” denotes polypropylene fiber; the number
“0.2” of “S1PP0.2” indicates the percentage of volume mixing.

3.2.2. Dynamic Peak Intensity

The relationship between peak stress and temperature was plotted based on the results
of uniaxial dynamic compression tests at different impact air pressures (see Figure 8).
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Under the same impact air pressure, C40 plain concrete and HyFRC show a temperature
enhancement effect within 25 °C~200 °C. With the increase in temperature, the compressive
strength increases slightly. The reason is that in this temperature range, the internal
microstructure of concrete will produce secondary hydration [24], and the mechanical
properties will be improved. At the same time, the impact load has a compaction effect on
the microcracks of the concrete material, which significantly reduces the number of primary
bubbles and microcracks in the internal structure of the concrete, and the macroscopic
performance is the enhancement of mechanical properties. At the temperature gradient of
200 °C~800 °C, the specimens exhibit a significant temperature damage effect, and their
compressive strength decreases significantly with increasing temperature. The variation
mechanism is basically consistent with static compression. However, another reason for the
enhanced dynamic compressive strength is the compaction of microfractures in the concrete
material by impact loading, significantly reducing the number of indigenous air bubbles
and microcracks in the internal structure of the concrete. The HyFRC exhibits both positive
and negative effects. The dynamic compressive strength of SIPP0.2 HyFRC at 200 °C
was the greatest, with an increase of 51.7%, 49.3%, and 50.2% in dynamic compressive
strength compared to C40 plain concrete at impact air pressures of 0.3 MPa, 0.4 MPa, and
0.5 MPa, respectively. At an impact air pressure of 0.3 MPa and a temperature of 800 °C,
the dynamic compressive strength of SIPP0.2 HyFRC increased by 97.1% compared to C40
plain concrete.

90
L —®—PC-0.3 v S1PP0.2-0.3
—e— PC-0.4 —¢— S1PP0.2-0.4

;/// \\ - —A—PC-0.5-<SIPP0.2-0.5

Peak stress(MPa)
[\ (98] B (9] N ~ 2]
oS O e e e} e e
\
A\
<«

—_
oS O
——

0 100 200 300 400 500 600 700 800
Temperature(°C)

Figure 8. Peak stress of specimens of different temperature groups at different impact air pressures.

3.2.3. Dynamic Peak Strain

Different impact air pressures in the air chamber attribute different initial velocities to
the bullets, indirectly leading to differences in the damage strain rate of concrete specimens
during dynamic impact [25]. According to the peak strain results, the peak strain variation
patterns of specimens in different temperature groups at different impact air pressures were
explored (see Figure 9). It can be seen that the peak strain of C40 plain concrete and S1PP0.2
HyFRC increases with the increasing impact air pressure under the same temperature
conditions. At the same impact air pressure, the peak strain of C40 plain concrete and
51PP0.2 HyFRC increases with the increasing temperature gradient. This result indicates
that the dynamic peak strain of both C40 plain concrete and S1PP0.2 HyFRC is enhanced
with increasing temperature and impact air pressure.
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Figure 9. Dynamic impact peak strain of C40 plain concrete and S1PP0.2 hybrid fiber reinforced
concrete under impact pressure and temperature.

3.2.4. Stress-Strain Curves

In order to more intuitively show the dynamic strength and mechanical properties of
C40 plain concrete and optimally mixed S1PP0.2 HyFRC, the SHPB processing software
was used to plot the stress-strain curve according to the test results (see Figures 10 and 11).
By comparing the stress-strain curves of C40 plain concrete and S1PP0.2 HyFRC in the
six temperature groups (25 °C, 100 °C, 200 °C, 400 °C, 600 °C, and 800 °C), it can be
observed that with the increase in the impact air pressure, the peak stress and peak strain
of the concrete in the same temperature group gradually increase, demonstrating the
reinforcing effect of the impact air pressure. At the same impact rate, the dynamic stress-
strain curves of C40 plain concrete and S1PP0.2 HyFRC in the same temperature group
are relatively similar. The change rule of the stress-strain curve of the specimen after
temperature treatment is obviously different from that of the normal temperature specimen,
and the higher the temperature is, the more significant the difference is. With the increase
in the temperature gradient, the plastic stage of the curve continues to extend, showing
plastic damage characteristics, and the peak stress continues to decline. The macroscopic
performance shows that the mechanical properties of concrete specimens continue to
decrease, and the degree of damage continues to increase. On the other hand, the effect of
high temperature enhances the plastic deformation capacity of concrete upon damage, and
the HyFRC exhibits a more significant enhancement in its ductility. It can also be observed
from the figure that the stress-strain curve shows the phenomenon of maximum ultimate
strain rebound, i.e., the maximum ultimate strain gradually converges with the peak strain.
The reason for this phenomenon is that after the dynamic load compacts, the microcracks
in the concrete material during the dynamic impact test, recovery rebound occurs under
the action of inertia as the dynamic impact load decreases [26].
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Figure 10. Dynamic impact stress-strain curves for the C40 concrete in different temperature groups
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Figure 11. Dynamic impact stress-strain curves for S1IPP0.2 HyFRC in different temperature groups.

3.2.5. Analysis of Failure Modes

In order to study the effect of temperature on the macroscopic damage of concrete
materials in dynamic impact compression tests, uniaxial dynamic impact compression
tests of regular C40 plain concrete and S1PP0.2 HyFRC in different temperature groups
were conducted, and the macroscopic failure modes were comparatively investigated. The
failure modes of C40 plain concrete and S1IPP0.2 HyFRC in six temperature groups (25 °C,
100 °C, 200 °C, 400 °C, 600 °C, and 800 °C) at an impact air pressure of 0.3 MPa is shown in
Figures 12 and 13.

In general, both C40 plain concrete and S1PP0.2 HyFRC in all six temperature groups
become severely damaged with increasing temperature. At 25 °C and 100 °C, the failure
mode of C40 plain concrete is surface spalling; at 200 °C and 400 °C, the failure mode is
mainly core failure; at 600 °C and 800 °C, the failure mode develops into mass fragmentation
and crushing. S1IPP0.2 HyFRC exhibits no significant failure at 25 °C and 100 °C, with only
small cracks observed; the failure mode at temperatures of 200 °C and 400 °C is surface
spalling, exhibiting unpropagated cracks under the action of hybrid fibers; at 600 °C and
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800 °C, the failure mode is dominated by the core failure, and the steel fibers passing
through the body of the concrete as well as those pulled out during the core failure process
can be clearly observed. Under the same impact air pressure and the same temperature
condition, S1PP0.2 HyFRC is less damaged and more resistant to impact compression than
C40 plain concrete [27].

(d) 400 °C (e) 600 °C (f) 800 °C

Figure 12. Failure modes of C40 plain concrete at different temperatures.

(d) 400 °C (e) 600 °C

Figure 13. Failure modes of SIPP0.2 HyFRC at different temperatures.
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3.3. Analysis of High-Speed Camera Results

The entire process of uniaxial dynamic impact compression and uniaxial dynamic impact
splitting tests of the specimens was filmed using an Y7S2MotionPro high-speed camera (see
Figure 14). It can more intuitively and dynamically reproduce the deformation and damage
characteristics of concrete specimens under dynamic impact compression and splitting and
compensate for the inability to visualize the development of specimen cracks in the case of rapid
impact and a high-strain rate [28-31]. In order to highlight the advantages of the high-speed
camera, a maximum impact rate of 0.5 MPa was adopted to record the damage process of C40
plain concrete and S1PP0.2 HyFRC under uniaxial dynamic impact compression and uniaxial
dynamic impact splitting at 25 °C (see Figures 15 and 16). In order to compare the damage
process at the same moment, one photo was selected at an interval of six photos, and a total
of six photos were selected to reproduce the whole destruction process. The direction of the
arrows in the Figures 15 and 16 indicates the sequence of the damage process.

Figure 14. Physical diagram of the high-speed camera.

Figure 15. Impact compression damage process of C40 plain concrete (impact loading from the right side).
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Figure 16. Impact compression damage process of SIPP0.2 HyFRC (impact loading from the right side).

The comparison of photos in Figures 15 and 16 reveals a significant difference in the
damage patterns of C40 plain concrete and S1PP0.2 HyFRC under uniaxial dynamic impact
compression. Since the dynamic tensile capacity of concrete is much smaller than the
dynamic compressive capacity, C40 plain concrete is first damaged by spalling along the
axial surfaces, followed by core failure. Under the action of the impact compression stress
wave, the specimen presents fragmentation failure and crushing failure. S1PP0.2 HyFRC
improved the toughness of concrete, leading to significantly different failure modes from
C40 plain concrete. The S1PP0.2 HyFRC exhibits splitting and tensile damage along the
axial direction, dominated by progressive surface spalling and core failure.

4. Numerical Simulation
4.1. Establishment of the SHPB Finite Element Model

Considering the limitations of the test, it can only obtain the macroscopic mechanical
properties of the test and cannot further study the stress propagation law of the specimen
under impact load. That is, the finite element software ANSYS/LS-DYNA is used to carry
out SHPB numerical simulation, and the simulation results and experimental results are
compared and analyzed, so as to achieve the purpose of mutual verification. The model
is mainly composed of four parts: the concrete specimen, incident bar, transmission bar,
and bullet. The eight-node hexahedron Solid164 volume element is selected. The bullet,
incident bar, and transmission bar were made of linear elastic steel material with a length
of 2 m, a radius of 0.025 m, a modulus of elasticity of 211 GPa, and a density of 7850 kg/m?.
The incident bar, transmission bar, and specimen were all meshed hexahedrally using the
mapping method, the contact of the specimen with the compression bar was encrypted
with an 8-quantile mesh, and the specimen was meshed with a 30-quantile mesh. The
spindle-shaped bullet was divided into hexahedral meshes using the sweeping method,
with eight equal encryptions on the two end faces and the middle circular portion. The
contact between the spindle-shaped bullet and the incident bar was defined as automatic
end-face contact, and the contact between the specimen and the incident and transmission
bars was defined as erosional end-face contact. A penalty function algorithm was adopted
as the contact algorithm to effectively control and reduce the hourglass effect. Numerical
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simulation of the uniaxial dynamic impact compression and splitting tests of C40 concrete
and S1PP0.2 HyFRC were performed (see Figure 17).

ELEMENTS

i
Wi %Mﬁ

L

e

(b) Concrete specimen meshing

(c) Three-dimensional model

Figure 17. Uniaxial dynamic impact compression model.

4.2. Determination of Concrete Material Parameters

The HJC constitutive model is suitable for studying the dynamic mechanical properties
of concrete, allowing for accurate characterization of changes in the mechanical properties
of concrete under the dynamic impact [32-35]. It mainly consists of a yield surface equation,
a damage evolution equation, and a state equation.

(1) Yield surface equation

The yield surface equation for the HJC constitutive model can be expressed by
Equation (4):
o* = [a(1- D)+ BP™N] (14 CIné") 4)
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where A is the normalized viscous strength; B is the normalized pressure hardening
coefficient; C is the influence coefficient of strain rate; N is the pressure hardening coefficient.
D is the damage factor; c* and P* are the normalized equivalent stress and hydrostatic
pressure obtained by dividing the actual equivalent stress and the true hydrostatic pressure
of the unit by the static compressive strength, respectively; and ¢" is the normalized true
strain rate obtained by dividing the true strain rate ¢ by the reference strain rate ¢.

(2) Damage evolution equation

The damage evolution equation in the HJC model characterizes the damage based
on the equivalent plastic strain and the plastic volume strain accumulation, which can be
expressed by Equation (5):

D= 2 Agp + Auy
Dy (P + T*)P2

where D is the damage factor; D1 and D; are the damage coefficients; Agp and Auy, are the
equivalent plastic strains and the corresponding volumetric strains, respectively; and T* is
the normalized maximum tensile stress obtained by dividing the maximum tensile strength
by the static compressive strength.

)

(3) State equation

The state equation describes the relationship between hydrostatic pressure P and
volumetric strain y (see Figure 18). The variation can be divided into three stages.

P X
C
P, B
/
P, A .
0 H, i, u

Figure 18. Relationship between hydrostatic pressure and volumetric strain.

The first stage (O to A) is the linear elastic stage (P < Pc). When the pressure is less
than or equal to P, it satisfies the Equation (6), where K is the bulk modulus.

P =Kpu (6)

The second stage (A to B) is the compaction transition stage (Pc < P < P;). When
the pressure is greater than or equal to P; or less than or equal to P, the concrete mate-
rial is compacted and produces a plastic volumetric strain, which can be expressed by
Equation (7):

P —P)(p—
P = ( 1 C)(‘u ‘MC) +PC (7)
Hi — Hc

The third stage (B to C) is the failure stage (P > P;). When the pressure is greater than

Py, the concrete is completely crushed and damaged, satisfying Equations (8) and (9):

P = KiJi + Kofi® 4 K37 (8)
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1+

where P and . are the crushing pressure and volumetric strain; P; and y; are the lock-
ing pressure and locking volumetric strain, respectively; K;, K; and K3 are the pressure
parameters; and 7 is the corrected volumetric strain.

The HJC constitutive model consists of 21 parameters, and all of them can be de-
termined by tests or computational equations, except for normalized viscous strength A,
normalized pressure hardening coefficient B, strain rate influence coefficient C, and pres-
sure hardening coefficient N. Parameters such as density p and static uniaxial compressive
strength f. can be accurately obtained from the tests, and some of the parameters can be
calculated from Equations (10)—(12):

ﬁ:

E

C= 3y (19
_ [

Pe=73 (11)

T = 0.62(f.)? (12)

where G and E are shear modulus and elastic modulus, respectively; v is Poisson’s ratio;
and T is static tensile strength.

The remaining parameters are less sensitive to the strength of the concrete material,
and their values are determined according to the relevant literature [36-38]. Based on the
test data of C40 plain concrete and S1PP0.2 HyFRC at 800 °C and an impact air pressure of
0.3 MPa, the values of the A, B, C, and N parameters were corrected by repeated calculations
after substituting them into the constitutive model. It is worth mentioning that because
there is no change in heat during the impact compression test of heated concrete, the
damage caused by temperature to concrete specimens is macroscopically manifested in the
deterioration of the physical and mechanical properties of concrete materials, which can
be characterized by the change in material model parameters [39]. The basic mechanical
parameters of the specimens at room temperature and after heating were obtained by static
experiments. In this way, the numerical simulation results derived from the modified
parameters of the HJC constitutive model can more accurately reflect the test results (see
Tables 6 and 7).

Table 6. Main parameters of the modified HJC constitutive model for C40 plain concrete.

Density p (kg/m?) 2181 Pressure at the crushing point P. (MPa) 49
Shear modulus G (GPa) 2.75 Volumetric strain at the collapsing point ji, 0.000675

Normalized viscous strength A 0.45 Pressure at the compaction point P; (MPa) 810
Normalized pressure hardening coefficient B 1.28 Volumetric strain at the compaction point 0.1
Strain rate influence coefficient C 0.006 Damage factor D 0.04
Normalized pressure hardening coefficient N 0.61 Damage factor Dy 1.0
Static uniaxial compressive strength f. (MPa) 14.8 Pressure parameter K; (GPa) 85

Static tensile strength T (MPa) 2.38 Pressure parameter K, (GPa) —-171
Reference strain rate ¢y (ms™1) 0.001 Pressure parameter K3 (GPa) 208

Total plastic strain before damage EF i, 0.01 Failure mode FS 0.004

Normalized maximum strength SFmax 7
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Table 7. Main parameters of the modified HJC constitutive model for S1TPP0.2 HyFRC.
Density p (kg/ m?) 2317 Pressure at the crushing point P. (MPa) 9.0
Shear modulus G (GPa) 4.28 Volumetric strain at the collapsing point i, 0.000675

Normalized viscous strength A 0.51 Pressure at the compaction point P, (MPa) 810
Normalized pressure hardening coefficient B 1.42 Volumetric strain at the compaction point 0.1
Strain rate influence coefficient C 0.007 Damage factor D; 0.04
Normalized pressure hardening coefficient N 0.63 Damage factor D, 1.0
Static uniaxial compressive strength f. (MPa) 27.0 Pressure parameter K; (GPa) 85

Static tensile strength T (MPa) 3.22 Pressure parameter K, (GPa) —-171
Reference strain rate ¢y (ms™1) 0.001 Pressure parameter K3 (GPa) 208

Total plastic strain before damage EFyi, 0.001 Failure mode FS 0.004

Normalized maximum strength SFmax 7

4.3. Numerical Simulation Results

The d3plot result file derived from the LS-DYNA Solver was imported into the LS-
PrePost software 19.0 to examine the numerical simulation results (see Figures 19 and 20).
Firstly, the spindle-shaped bullet impacts the incident bar to produce an incident stress
wave. After the incident stress wave arrives at the specimen position, reflection and
transmission occur at the specimen interface, resulting in the reflected stress wave and the

transmitted stress wave.

LS-DYNA user input

Time= 319.98

Contours of Effective Stress (v-m)
min=0, at elem# 1
max=0.00301154, at elem# 23073

2 Post

3.012x10°

~

2.108x10--
1.807x10-
1.506x10-
1.205x103-
9.035x10-_
6.023x104

3.012x1 0"‘:I
0.000-

Figure 19. Propagation of the 360 stress us wave.

LS-DYNA user input

Time = 700

Contours of Effective Stress (v-m)
min=0, at elem# 1
max=0.00325757, at elem# 23057

2Post

2.606x103~
2.280x103
1.955x1027]
1.629x1027
1.303x1037
9.773x10+

000-

Figure 20. Propagation of the 740 ps stress wave.

Effective Stress (v-m)

2.71 0x10'5:I
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3.258x%10°3
2,932x1 0'5:|

6.515x10*
3.258x1 0'4:I
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The velocities measured by the velocimetry system under 0.3 MPa, 0.4 MPa, and
0.5 MPa air pressure are 9.6 m/s, 11.8 m/s, and 14.1 m/s, respectively. The measured
bullet velocities in the test were consistent with the bullet velocity settings in the numerical
simulation. The modified waveforms and the comparisons of stress-strain curves can be
seen to be in very good agreement (see Figures 21 and 22).

20r Test (incident and reflected waves)

—+ Test (transmitted wave) _—~—Test (incident and reflected waves)
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Figure 21. Comparison of typical waveforms obtained from tests and numerical simulations.
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Figure 22. Comparison of stress-strain curves obtained from tests and numerical simulations.

The modified HJC model accurately reflects the mechanical properties of C40 plain
concrete and S1PP0.2 HyFRC. Numerical simulations considering the homogeneity of the
specimens and the reference values taken for the parameters of the modified HJC model
introduce errors. However, the errors of numerical simulation and test results are small,
and the error range of peak stress and peak strain at different impact velocities is within 6%
(see Table 8).

The failure modes of C40 plain concrete and S1PP0.2 HyFRC in the 800 °C temperature
group at impact velocities of 9.6 m/s, 11.8 m/s, and 14.1 m/s were analyzed by numerical
simulation (see Figures 23 and 24). The comparison reveals that the numerical simulation
results are consistent with the failure modes obtained from practical tests. The failure
processes of C40 plain concrete and HyFRC under the same impact air pressure are firstly
from the outer surface and then gradually extend to the middle of the specimen. At a certain
level of failure, large crack damage occurs, and the failure mode of the concrete specimen
changes from gradual damage to rapid damage. The damage mechanism of concrete under
dynamic impact compression loading can be explained based on the stress wave. Since
the end faces of the concrete specimen are in contact with the incident and transmissive
bars, the tensile stress wave—formed after the impact compression wave arrives at the
end faces of the specimen—results in tensile damage to the concrete specimen [40]. The
damage degree of the same concrete specimen at the same moment increases significantly
with increasing impact rate. Moreover, compared to C40 plain concrete, SIPP0.2 HyFRC
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exhibits a significant improvement in the damage degree and a significant reduction in the
number of fragments at the same impact rate. The failure mode changes from the crushing
failure of C40 plain concrete to core failure. Numerical simulation also reflects that HyFRC
significantly improves the mechanical properties of concrete and enhances its resistance to
dynamic impact compression.

Table 8. Comparison of numerical simulation results and test results.

Type of Concrete  Impact Velocity Test Method Peéall;::?ss Peak Strain Pegllfr::l;:ss Pe;l;riir:in
9.6m/s Numeric:fle:itmulation gg 883? 2.94% 3.20%
€40 concrete 118m/s Numeric;rle:itmulation igg gggg 4.84% 2.99%
14.1m/s Numeric;rle:itmulation ;Z; 8812; 5.21% 2.63%
9.6m/s Numeric:lezitmulation ggi’ 8832 4.78% 0.75%
i{l}ljlljlgcz 118m/s Numericzle:itmulation g?g 8812; 4.49% 3.82%
141m/s Numeric;fle:itmulation ggg gggg 411% 341%
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Figure 23. Impact compression damage process of C40 plain concrete at different impact velocities
(impact loading from the right side).
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Figure 24. Impact compression damage process of S1PP0.2 HyFRC at different impact velocities
(impact loading from the right side).

5. Conclusions

(1) Both C40 and S1PP0.2 HyFRC have temperature enhancement effects at temper-
atures ranging from 25 °C to 200 °C. The peak strength of the sample is the highest at
200 °C, and the peak strength of the sample also increases significantly with the increase in
impact pressure. When the temperature gradient exceeds 200 °C, both types of concrete
experience temperature damage effects. In addition, both C40 plain concrete and S1PP0.2
HyFRC exhibit enhanced dynamic peak strain effects with increasing temperature and
impact air pressure.

(2) With the increase in temperature, the damage forms of C40 plain concrete and
S1PP0.2 HyFRC are different in the uniaxial dynamic impact test, and the damage degree
becomes more and more prominent. At 25 °C and 100 °C, the failure mode of C40 plain
concrete is surface spalling; at 200 °C and 400 °C, the failure mode is mainly core failure;
and at 600 °C and 800 °C, the failure mode develops into mass fragmentation and crushing.
In contrast, SIPP0.2 HyFRC shows no obvious damage at 25 °C and 100 °C; at 200 °C and
400 °C, its failure mode is surface spalling; and at 600 °C and 800 °C, its failure mode is
dominated by core failure. Hybrid fiber concrete has an obvious reinforcement effect.

(3) Uniaxial dynamic impact compression tests are simulated using modified consti-
tutive model parameters for C40 concrete and HyFRC. The obtained impact waveforms
and stress-strain curves are consistent with the test results, with the comparison error
between peak stress and peak strain effectively controlled within 6%. The HJC constitutive
model is suitable for studying the dynamic mechanical properties of concrete, allowing for
accurate characterization of changes in the mechanical properties of concrete under the
dynamic impact.
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