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Abstract: Micro-cracks and material deterioration occur in concrete under high-temperature condi-
tions. To reveal the impact resistance of concrete at a high temperature, a dynamic splitting test and
dynamic compression test were carried out using a split Hopkinson pressure bar (SHPB). The failure
process and dynamic stress—strain curve of the concrete specimens were obtained, investigating the
failure mode and dynamic tensile and compressive strength of the concrete. The test results showed
that the surface cracks appeared along the loading direction and extended to the core area under the
impact load. With an increase in the temperature, different degrees of damage would be caused, the
dynamic strength and toughness of the concrete would decrease, showing brittle failure, and the
energy absorbed in the failure process would also decrease correspondingly.

Keywords: high temperature; concrete used in mine sealing wall; SHPB; dynamic behavior; dissipation
of energy

1. Introduction

There are a large number of crossheadings designed in the coal mine production
process, which need to be closed in the process of continuous excavation. When the
working face is exposed to fire, it is difficult to effectively control it in a short time, and
the fire area can be closed for isolation and fire suppression [1]. A high-strength fireproof
fiber flexible mold bag filled with inorganic curing material has the advantages of a high
strength, good durability, and being flame retardant, and the inorganic curing material
filled in the mold bag is mainly concrete [2-4]. Flexible film bags are widely used in
roadway support [5,6], gob filling [7,8], fire control in roadways [9,10], and so on. It is
easy to induce a gas explosion with fire in coal roadways, and the sealing wall of the
crossheading and temporary sealing wall of the fire area will bear the coupling effect of the
high temperature and explosion shock [11]. It is necessary to study the dynamic behavior of
concrete at a high temperature in order to improve the impact resistance of the sealing wall.
At present, research on sealing walls is mainly carried out through numerical simulations
to study their antiknock performance [12-14]. Most researchers focus on the dynamic
compressive properties of materials after high temperatures and cooling [15-20]. Su, Li,
and Chen et al., respectively, designed a high-temperature dynamic loading device to
explore the dynamic compression characteristics of concrete at a high temperature [21-23].
Yu et al., used the yield criterion in exponential form and associated flow rule to describe
the plastic characteristics of concrete at a high temperatures [24]. Jin et al., investigated
the dynamic compression failure behavior and dynamic splitting behavior of concrete at a
high temperature and its microscopic damage mechanism [25,26]. Li et al., investigated
the dynamic compression behavior of concrete-filled steel tubes under single and multiple
impacts using a split Hopkinson pressure bar (SHPB) [27]. Su et al., researched the dynamic
compressive strength of concrete at different temperatures using a self-developed heating
device [21]. Chen et al., conducted high-temperature and high-strain-rate tests on ordinary
concrete using an SHPB test device and self-developed industrial microwave heating
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furnace, and discussed the influence of the temperature and strain rate on the mechanical
properties of the concrete materials [23]. In addition, Wang, Li, and Zhang et al., conducted
high-temperature dynamic loading tests on concrete materials to explore the dynamic
damage performance and failure mode of the concrete [28-30].

Concrete composites used in mines are susceptible to catastrophic failure under intense,
sudden blasts or explosions. These types of structure must be rendered less susceptible
to failure through the adoption of materials with a high energy absorption capacity [31].
Liu et al,, revealed the damage and failure mechanism of concrete in mines from the
perspective of energy and damage [32]. Yang et al., carried out an SHPB impact test and
numerical simulation on plain concrete and fiber-reinforced concrete, and the total energy
consumption of the concrete increased with the increase in the strain rate [33]. Feng et al.,
defined the damage sensitivity of energy absorption, which links the dynamically imposed
energy, overall damage, and fragmentation distribution, and reveals the energy absorption
characteristics of foamed concrete [34]. Liu et al., carried out a series of drop-weight
impact tests on concrete, and analyzed the developments of impact force, strain, the contact
stress—strain relationship, and absorbed energy during the drop-weight impact test [35]. In
impact tests, the energy consumption is a comprehensive reflection of strength and ductility.
The dynamic properties of concrete can be further revealed from the perspective of energy.

However, dynamic tests on concrete materials at a high temperature are all based
on temperature gradient, and the overall heating method is used to study the dynamic
characteristics. In this paper, only one side of the mine sealing wall is placed in the high-
temperature condition, and the concrete specimen is heated on one side to study its impact
resistance at different temperatures, which provides a basis for the design of the filling
thickness and location of the sealing walls in crossheadings.

2. Materials and Methods
2.1. Materials

According to the actual requirements of mine crossheadings that are explosion-proof
and fireproof [36], the designed mix ratio of concrete is shown in Table 1. Using P.O. 42.5 grade
normal Portland cement, the fineness modulus of sand was 2.92 and the particle size of
stone was 5~15 mm. In order to improve the fluidity, strength, and shrinkage of concrete,
a magnesium aluminosilicate suspension agent, polycarboxylic acid reinforcement agent,
and UEA expansion agent were added. The concrete mixture was accurately weighed,
mixed with water, and vibrated on a shaking table. The specimens were placed in standard
curing equipment with a constant temperature (20 £ 2 °C) and humidity (95%) for 28 d.
The specimens with a curing age of 28 d were treated with high temperatures at 20 °C,
100 °C, 200 °C, 300 °C, and 400 °C, and dynamic impact tests were carried out. In order
to ignore the influence of the axial and transverse inertia effects of the specimen [37] and
consider the diameter of the pressure rod of the test equipment, the specimen size for the
dynamic impact test was a cylindrical specimen with a diameter of 75 mm and height of
50 mm. The prepared specimens are shown in Figure 1. Before the test, the end faces of
the specimens were polished to ensure that the flatness and parallelism of the end met the
requirements of the test. High-grade lubricants were applied on both ends of the specimens
to reduce the adverse effects of friction.

Table 1. Mix proportion of concrete (unit: kg~m_3).

Suspension  Reinforcement Expansion
Agent Agent Agent

350 600 1550 10 5 3.5

Cement Sand Stone
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Figure 1. Concrete specimens.

2.2. SHPB Test

According to the temperature change law of the sealing wall in the closed fire area [11],
one side of the test specimens was heated using a stainless steel electric heating plate
(DB-1AB), and 5 temperature conditions, including 20 °C, 100 °C, 200 °C, 300 °C, and
400 °C, were set, respectively. When the heating plate reached the target temperature,
the temperature was maintained for 2 h. The heating system’s power was 1.8 kW, as
shown in Figure 2. At each temperature condition, the concrete specimens under constant
temperature conditions for 2 h were subjected to a dynamic impact test. The impact load of
the compressive test was 0.1 MPa, and the impact load of the splitting test was 0.08 MPa. In
the impact test, an SHPB with a diameter of 76 mm was adopted, as shown in Figure 3. The
SHPB system consisted of a striker, input bar, output bar, stoper, and monitoring equipment.
By attaching strain gauges to the input bar and output bar, a dynamic strain gauge was used
to collect the dynamic waveform data of the specimen, and the test data were converted
into the stress—strain curve of the specimen. During the dynamic impact test, a pre-impact
test was carried out on the specimen, and three repeated tests were carried out under the
same working conditions. The average of the three groups of effective data was selected as
the test result.

Figure 2. Heating system.

Input bar ﬁ Output bar Stoper
|| = IO A~ I |

| Dynamic strain acquisition device |

| Computer processing |

Figure 3. SHPB loading system.
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3. Test Results and Discussion
3.1. Failure Mode

In order to reveal the progressive failure process of concrete specimens under impact
load, the failure modes of the concrete specimens during an impact splitting test and impact
compression were recorded using a high-speed camera.

3.1.1. Dynamic Splitting Test

Under the impact splitting load, the failure process of the concrete specimen is shown
in Figure 4. In the process of the impact splitting test, the specimen was slightly damaged
at the loading point first under the splitting load. With an increase in the load, the damage
zone of the specimen extended from the loading points on both sides to the center, and a
penetrating crack was formed in the loading direction. A triangular crushing zone was
formed at the loading point of the input bar or the output bar. The reason for the different
positions of the crushing zone was the difference between the loading boundary of the
splitting test and the internal structure of the specimen. Under the continuous action of
the impact load, the triangular crushing zone gradually expanded along the central crack,
and the specimen was pulled and split into two parts, as shown in Figure 5, and part of
the concrete block was crushed. After a high-temperature treatment, the specimen showed
brittle failure. The concrete specimens treated at 300 °C and 400 °C were finally crushed
under the impact splitting load, and the specimens were broken into fine blocks.

(b)

Figure 4. Cont.
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(d)

(e)

Figure 4. Failure modes of concrete specimens at different temperatures: (a) 20 °C; (b) 100 °C;
(c) 200 °C; (d) 300 °C; and (e) 400 °C.

I 75mm | I 75mm |
I | [ I
—( Center crack - — Dq -—
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e - — q R
(a) (b)

Figure 5. Failure model of specimen: (a) center crack of specimen; and (b) crack expansion mode of
specimen.

3.1.2. Dynamic Compressive Test

The failure mode of the concrete specimen under the impact load is shown in Figure 6.
At the initial stage of loading, the specimen was damaged from the edge and cracks
appeared on the surface. The direction of the cracks was consistent with the direction of
the loading. With the increase in the load, micro-cracks developed and merged, resulting
in the surface block of the specimen falling off and the main cracks developing towards the
core concrete. When the impact load was transmitted in the specimen, the crack spread
along the loading direction. Due to the Poisson effect, the specimen exhibited axial splitting
failure. In the failure stage, as the impact load continued to increase, the concrete specimen
continued to absorb energy, forming micro-cracks inside the specimen, and the concrete
specimen finally broke into small pieces along the main crack. However, under the impact
load, the specimen treated at 400 °C only broke into three large blocks, showing significant
brittle failure and a decreasing impact toughness.
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Figure 6. Cont.
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(e)

Figure 6. Failure modes of concrete specimens under compression at different temperatures: (a) 20 °C;
(b) 100 °C; (c) 200 °C; (d) 300 °C; and (e) 400 °C.

3.2. Dynamic Stress—Strain Characteristics
3.2.1. Dynamic Splitting Test

Under the impact load, the dynamic stress—strain curves of the specimens treated
at different temperatures are shown in Figure 7. The dynamic splitting strength is the
peak stress on the curve, which is one of the important indexes for reflecting the impact
resistance of concrete. At the initial stage of loading, the curve increased linearly, and
the specimen was in the elastic stage. When the impact load reached the splitting tensile
strength of the specimen, the peak strain of the specimen was about 0.5%, many small
micro-cracks appeared, the concrete in the loading area was crushed, and the specimen was
damaged. With the increase in the load, the strength of the specimen decreased sharply, the
cracks penetrated rapidly, many split concrete blocks were crushed, and the structure of
the specimen was damaged. The dynamic splitting tensile strength curves of the concrete
specimens at different temperatures are shown in Figure 8. At 100 °C, 200 °C, 300 °C,
and 400 °C, the dynamic splitting tensile strengths of the specimens were 80.34%, 74.93%,
65.81%, and 62.96% of the normal temperature, respectively. After the action of the high
temperature, micro-cracks in the matrix structure appeared and the material deteriorated,
resulting in the dynamic splitting tensile strength of the concrete gradually decreasing
with the temperature. At the same time, the peak strain of the specimen also showed a
decreasing trend. After the high-temperature treatment, the toughness of the concrete
decreased significantly, so the specimen showed brittle failure in the failure stage.

40 F  0C
35 ¢ ——100°C
3.0 —200°C

—u

220

215
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0.5 |
00 ' | ' | ' | ' |
0.0 0.1 0.2 0.3 0.4
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Figure 7. Dynamic stress—strain curve of specimens in dynamic splitting test.
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Figure 8. Dynamic splitting tensile strength at different temperature.

3.2.2. Dynamic Compressive Test

Under the impact load, the dynamic compressive stress—strain curves of the concrete
specimens treated at different temperatures are shown in Figure 9. At the initial stage of
loading, the stress—strain curve increased linearly, the specimens were in the elastic stage,
and quickly reached the compressive strength of the specimens. The elastic modulus of the
specimens treated at different temperatures was basically the same. With the increase in the
impact load, the stress of the specimens decreased gradually. When the strain was about
0.4%, the stress of the specimen had a minimum value, then a small increase, and finally
presented a plastic flow until failure. The dynamic compressive strength change curves
of the specimens treated at different temperatures are shown in Figure 10. The dynamic
compressive strengths of the specimens at 100 °C, 200 °C, 300 °C, and 400 °C were 86.04%,
81.74%, 78.69%, and 67.21% of the normal temperature, respectively. With the increase in
the temperature, the peak stress decreased significantly. During the heating process, the
free water and partially bound water inside the concrete produced water vapor pressure,
which caused micro-cracks and the concrete to be strained, resulting in concrete damage
and a decline in the axial compression strength and splitting strength. The peak strain of
the concrete specimens showed a decreasing trend, and the elastic modulus of the concrete
was basically unchanged, indicating that a high temperature had an obvious deterioration
effect on the concrete, and the deformation ability and strength were reduced gradually.

35 ——20°C
30 | —100°C

i ——200°C
2T ——300°C

400°C

Stress (MPa)
—_ [\)
wn O
T 71

10 F
. —_—
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0.0 04 0.8 1.2 1.6
Strain (%)

Figure 9. Dynamic stress—strain curve of specimens in dynamic compressive test.
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Figure 10. Dynamic compressive strength at different temperature.

3.3. Energy Dissipation Analysis

The energy consumed by the specimen is a comprehensive reflection of the two
mechanisms of strength and ductility. The energy dissipation performance of concrete
is mainly affected by the external impact energy and internal initial damage state. The
external impact energy causes the initiation, development, penetration, and destruction of
concrete cracks, which consume a lot of energy. The initial defects formed in the processes
of preparation and maintenance of the specimen affect the ability of the specimen to resist
the impact load, and then affect the macro-energy performance of the specimen.

The process of the dynamic splitting and failure of the specimens was essentially a
process of energy transfer and conversion. Ignoring the energy loss between the rods,
the bullet impacted the input bar under high pressure and converted kinetic energy into
incident energy, which was transferred in the form of stress waves and finally converted
into reflected energy, transmitted energy, and dissipated energy. The formula for calculating
the energy carried by the stress wave propagation process in an SHPB test is as follows:

W; = AEC, / E(1)dt (1)
Wi = AEC, / €2 (+)dt 2)
Wy = AEC, / (D dt @3)

where Wi is the incident wave energy, Wy is the reflected wave energy, and Wr is the
transmitted wave energy. €1(f), er(f), and et () are the incident strain, reflected strain,
and transmitted strain at time ¢, respectively. Cy is the wave velocity in the bar, A is the
cross-sectional area of the press bar, and E is the elastic modulus of the material. Ignoring
the energy loss between the bar and the specimen when the stress wave propagates, the
dissipated energy of the specimen (W;s) is calculated as follows:

Ws = W — W — Wr 4)

According to the above formula, the variation law of the dissipated energy of the
concrete specimens treated at different temperatures in the dynamic compression test and
dynamic splitting test is shown in Figure 11. With the increase in the temperature, the
energy absorption value of the samples in the two groups of tests gradually decreased,
showing a strong temperature effect. At a high temperature, the cohesiveness and vis-
coelasticity of the test specimens decreased due to various thermal damages caused by the
high temperature, such as the decomposition of gelling products and the weakening of the
interface adhesion in the transition zone. The energy absorbed by the specimen for crack
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initiation development increased, and the energy dissipation increased. However, as the
temperature increased, the strength of the specimen decreased continuously, the absorbed
energy became less under the same impact load, and the absorbed energy required for the
specimen to achieve failure decreased. Therefore, in the dynamic splitting test and dynamic
compression test, the dissipated energy of the specimens decreased with an increase in
temperature.

20 —O— Impact spliting test
—/— [mpact compression test

S 16k

> L

en

5 12 |

5 |

2 st

§ L
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Figure 11. Variation curves of dissipated energy of specimens at different temperatures.

4. Conclusions

In this paper, concrete specimens were treated with different temperatures, and a
dynamic splitting test and dynamic compression test were carried out. The progressive
failure process of the concrete specimens was studied, the splitting and compression failure
modes of the specimens were determined, and the influence mechanism of temperature on
the dynamic stress—strain curves and impact resistance of the concrete was revealed. The
main conclusions are as follows:

(1) In the impact splitting test, the specimen was first slightly damaged at the loading
point, and gradually extended to the core area of the specimen to form a triangular
crushing zone. Finally, a penetrating crack was formed in the loading direction, and
the specimen was split into two parts. In the impact compression test, the specimen
was damaged from the edge and cracks appeared on the surface. The direction of the
cracks was consistent with the direction of the loading. With an increase in the load,
micro-cracks developed and merged, resulting in the surface block of the specimen
falling off, the main crack developing in the core concrete, and the specimen presenting
axial splitting failure. After the high-temperature treatment, the specimen showed
brittle failure and was finally crushed into fine blocks.

(2) In the impact splitting and impact compression tests, the specimen was in the elastic
stage at the initial stage of loading, and quickly reached the peak of the dynamic
strength. With an increase in the load, the strength of the specimen decreased sharply,
the crack broke through quickly, and the specimen was crushed. After the action
of high temperature, the free water and partially bound water inside the concrete
produced water vapor pressure, which caused the concrete to be strained and pro-
duced micro-cracks and material deterioration, resulting in concrete damage. The
dynamic impact resistance of the concrete decreased gradually with the temperature,
the toughness of the concrete decreased significantly, and the specimens showed brittle
failure in the failure stage. The next steps are to optimize the mix ratio and improve
the strength of the sealing wall.

(3) Under impact load, the concrete specimens consumed a lot of energy in the processes
of crack initiation, development, penetration, and failure. At a high temperature,
the cohesion and viscoelasticity of the specimens decreased due to various thermal
damage changes caused by the temperature. The energy of the specimen for crack
initiation development increased and the energy dissipation increased. However, the
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strength of the specimen decreased continuously with the increase in temperature,
the absorbed energy was less under the same impact load, and the absorbed energy
required for the specimen to achieve failure decreased. Finally, with the increase in
the temperature, the dissipated energy generally showed a decreasing trend.
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