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In order to investigate the high loading rate effect on the behaviour and mechanical properties of coal-rock combined body, the
dynamic compressive tests were conducted by using the Split-Hopkinson Pressure Bar (SHPB) device under the loading rate
range from 2.7x10° MPa/s to 4.0x10° MPa/s. The stress-strain curves, dynamic peak stress and strain, elastic modulus, and energy
distribution law of coal-rock combined body under different loading rates were analyzed and discussed. The results show that the
dynamic stress-strain curves of coal-rock combined body have a double-peak feature under high loading rate range, which can be
divided into the initial bearing stage, the bearing decline stage, the bearing enhance stage, and the unstable stage. The first peak
stress of the coal-rock combined body is independent of the loading rate, while the dynamic compressive strength (the second
peak stress) and dynamic peak strain (the second peak strain) have a strong loading rate effect and will generally increase linearly
with the loading rate. The first and second elastic moduli of coal-rock combined body are not sensitive to the loading rate. With
the increase of the loading rate, the incident energy and reflective energy of coal-rock combined body increase rapidly, while the
change of transmitted energy is very small. The absorption energy ratio of the coal-rock combined body shows a good linear law

with the incident energy under different loading rates.

1. Introduction

In deep mining of coal mine, rock burst or coal burst is often
encountered and is becoming more and more serious with the
increase of depth, which seriously threatens the safety of mine
production [1]. Rock burst is essentially a dynamic failure
of coal-rock combined body under the mining disturbance
[2-5]. In order to investigate the mechanical properties and
failure modes of coal-rock combined body, many researchers
have done a lot of experimental researches [6-10]. For
example, Zuo et al. [6-8] studied the influence of dip angle,
confining pressure, and different stress conditions on the
failure characteristics of coal-rock combined body. Huang et
al. [9] and Gong et al. [10] analyzed the effect of low loading
rate on the mechanical behaviour of coal-rock combined
body. In the above researches, the mechanical response of
coal-rock combined body in quasi-static range was mainly
studied. However, in the process of excavation, the coal-rock
combined body will inevitably be influenced by the dynamic

disturbances (such as mechanical shock, blasting load, etc.),
and it is also necessary to study the strength and deformation
characteristics of coal-rock combined body under high load-
ing rate. In addition, the experimental research on coal-rock
combined body under high loading rate was relatively few. In
this paper, the dynamic compressive tests were conducted by
using a Split-Hopkinson Pressure Bar (SHPB) device under
the loading rate range from 2.7x10°> MPa/s to 4.0x10° MPa/s,
and the strength characteristics, failure modes, and energy
distribution law of coal-rock combined body were obtained
and analyzed.

2. Specimen Preparation and
Testing Methodology

2.1. Specimen Preparation. Referring to literature [11], the
specimen of coal-rock combined body was designed into a
cylinder with a diameter of 50 mm and height of 50 mm.
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FIGURE I: Specimen photograph of coal-rock combined body.
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FIGURE 2: Experimental system sketch of SHPB apparatus.

The coal block and rock block were taken from Zhaogu
2# mine of Jiaozuo mining area, China. The average com-
pressive strength and elastic modulus of coal are 16.2 MPa
and 3.22GPa, and those of sandstone are 95.4MPa and
16.8 GPa. Moreover, the densities of coal and sandstone are
1371.4 kg/m® and 2301.2 kg/m’, respectively. Both the coal
sample and rock sample were processed into a cylinder of
50 = 25mm firstly. In order to get the complete coal-rock
combined body specimen, the adhesive was used to bond the
coal sample and the rock sample together subsequently. In
the existing literature, there are a variety of adhesives used
in the manufacture of coal-rock combined body specimen,
such as the super glue [9], the latex adhesive [11, 12], the
strong adhesive [13], the 502 glue [14], and the AB adhesive
[15]. Based on the consideration of the properties of above
adhesives and to satisfy the requirements of experimental
precision, a kind of modified acrylate adhesive with small
colloid volume, whose property is similar to that of the
strong adhesive or AB adhesive, was adopted to bond
the coal sample and rock sample. A representative well-
processed coal-rock combined body specimen is shown in
Figure 1.

2.2. Test Equipment and Testing Methodology. In the investi-
gation of the dynamic characteristics of rock or coal materials
under high loading rate [16-19], the Split-Hopkinson Pres-
sure Bar (SHPB) has been used widely and also adopted in
the dynamic compression tests of coal-rock combined body
in this paper (Figure 2). As shown in Figure 2, in order
to eliminate wave oscillation and reduce wave dispersion
effects, the half-sine incident stress wave generated with a
spindle-shaped striker has been suggested as the ideal loading
waveform for SHPB device [20]. Before the dynamic tests, the
coal-rock combined body specimen was sandwiched between
the incident bar and the transmitted bar, and the stress wave
transfer is made from the rock sample to the coal sample in
the combined body specimen to simulate the actual stressed
state of coal-rock strata under impact loading. After the
impact loading, the incident and reflective signals can be
recorded by strain gauge 1, and the transmitted signal was also
recorded by strain gauge 2 (Figure 3).

Before the tests, the basic geometric and physical param-
eters of coal-rock combined body were measured (Table 1).
The nitrogen valve was used to adjust the impact pressure and
to achieve different levels of incident energy. Three impact
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FIGURE 3: Incident wave, reflective wave, and transmitted waves recorded during the impact test.
TABLE 1: Testing results of coal-rock combined body. 150 4
No D L Prur , 14 Impact pressure 100
’ (mm) (mm) (kg/m’) (km/s) (MPa)
Al 480 512 18862 2.1 0.5 201
A2 48.1 50.9 1909.0 1.8 0.5 E 04
A3 48.0 52.4 1862.2 2.4 0.6 ‘E;;
A4 480 513 18529 2.0 0.6 R
A6 480 522 18714 21 0.7 100 ]
A7 48.1 52.4 1901.1 1.9 0.7
Note. D: diameter of combined body; L: thickness of combined body; p,,,,: —150 4
total density of combined body; v: longitudinal wave velocity of combined
bOdY =200 T T T 1
0 50 100 150 200
Time (us)
pressures of 0.5, 0.6, and 0.7 MPa were set separately and two _
specimens were tested at each impact pressure. Both the ends —o- it —A-
—o— re —y— int+re

of specimen were evenly coated with Vaseline to reduce the
influence caused by the end-face friction.

During the SHPB tests, stress equilibrium at both ends
of the specimen is the necessary condition to ensure the
accuracy of the test results. Figure 4 shows the results of stress
equilibrium check for the dynamic compression tests of coal-
rock combined body. It can be seen that the stresses on both
ends of the coal-rock combined body specimen are very close,
which indicates that the specimen will be in a state of stress
equilibrium during the dynamic loading process.

3. Dynamic Compressive Test
Results and Discussions

According to the principle of one-dimensional stress wave
propagation during SHPB test, the stress-strain curves of

FIGURE 4: Stress equilibrium check for the dynamic compression
tests of coal-rock combined body.

coal-rock combined body can be obtained. The results of
the loading rate, stain rate, peak stress, elastic modulus,
and energy consumption parameters are also calculated
(Table 2).

3.1. The Corresponding Relation of Rate Effect Parameters.
In dynamic tests, both loading rate and strain rate are
usually used as the rate effect parameters. However, the
corresponding relation between the two parameters was
rarely investigated. The previous studies show that there is a
linear function relationship between the logarithm of loading
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TABLE 2: Test results of dynamic compressive tests of coal-rock combined body.
No. G ¢ 0, o, E, E, E, Eg Ey E,
(MPa/s) (s (MPa) (MPa) (GPa) (GPa) 9)) 4) 9)) 9))
Al 2.71x10° 65.90 11.06 28.23 7.5 2.2 55.67 3754 2.89 15.23
A2 2.74x10° 70.25 9.51 34.43 8.2 2.3 52.02 34.83 6.75 10.44
A3 2.98x10° 65.90 9.36 37.23 6.8 2.7 60.49 40.02 3.87 16.58
A4 3.36x10° 77.07 9.43 41.32 8.5 2.6 79.81 56.91 6.22 16.67
A6 3.41x10° 80.14 10.63 43.36 7.5 2.8 88.15 58.93 5.85 23.35
A7 4.01x10° 92.12 10.20 44.49 8.0 2.8 107.42 74.38 6.00 27.03

Note. ¢: loading rate; &: strain rate; o : the first peak stress; 0,: the second peak stress; E 4: absorption energy; E;: the first elastic modulus before the first peak
stress; E,: the second elastic modulus before the second peak stress; E;: incident energy; Ep: reflective energy; Er: transmitted energy.
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FIGURE 5: Relationship between the logarithm of loading rate and
the logarithm of strain rate.

rate and the logarithm of strain rate under low loading rate
range [10]. Under high loading rate range of this paper,
the relationship between the logarithm of loading rate and
the logarithm of strain rate can also be expressed as linear
function as follows (Figure 5):

log (¢) = klog () + ¢ 1)

where k and c are fitting coefficients.

3.2. The Failure Mode of Coal-Rock Combined Body Specimen.
The failure modes of the coal-rock combined body specimen
at different loading rate are shown in Figure 6. It can be seen
that there is a great difference between the failure modes of
coal samples and rock samples in the coal-rock combined
body specimen. The coal samples were broken into small
pieces, while all rock samples have relatively large failure
blocks under different loading rates, which show that the
bearing capacity of rock samples was greater than that of coal
samples. With the increase of the loading rate, the broken
blocks of rock sample are getting smaller and smaller. When
the loading rate is less than 3.00x10° MPa/s, rock samples
were generally broken into 2-3 blocks. When the loading rate

is greater than 3.00x10°> MPa/s, the number of broken blocks
of rock samples is 6-8. The above results show that with the
increase of the loading rate, the external energy applied to
coal-rock combined body is getting higher and higher, and
the damage degree of coal-rock combined body is becoming
more and more serious.

3.3. The Stress-Strain Curves of Coal-Rock Combined Body.
The stress-strain curves of coal-rock combined body speci-
mens under high loading rate are shown in Figures 7 and 8. It
can be seen that all the stress-strain curves have a two-peak
feature on the whole. The stress-strain curve can be divided
into four stages, that is, the initial bearing stage I (ab), the
bearing decline stage II (bc), the bearing enhance stage III
(cd), and the unstable stage IV (de) (Figure 7(a)).

The reason why there are two peak stresses in the
stress-strain curve of combined specimen is closely related
to the propagation of stress waves in coal body and rock
body. During the loading process, the stress wave was first
introduced into the sandstone from the incident bar. Owing
to fast wave velocity and higher strength of sandstone,
the sandstone sample remains stable at the initial stage of
loading. When the stress wave is approximately transmitted
to the rock-coal body interface, a local failure occurs in
the coal sample because of its low velocity and weaker
strength. Thus, the first peak stress was formed in the early
stage of loading. However, with the transmission of stress
wave, the coal sample still possesses certain bearing capacity
that enables it to be compacted together with the rock
sample and continues to bear the dynamic load until the
rock sample also breaks up, then forming the second peak
stress.

3.4. Strength and Deformation Characteristics of Coal-Rock
Combined Body. To more systematically investigate the
strength and deformation characteristics of coal-rock com-
bined body under different high loading rates, the maximum
stress (the second peak stress) was defined as the dynamic
compressive strength of coal-rock combined body and the
corresponding strain (the second peak strain) is the dynamic
peak strain. As shown in Figure 9(a), the dynamic compres-
sive strength of coal-rock combined body increases with the
loading rate, which exhibits a strong rate effect on the strength
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FIGURE 6: Failure modes of coal-rock combined body specimen.

of coal-rock combined body. And as illustrated in Figure 9(b),
the dynamic peak strain of coal-rock combined body also
shows a good positive linear relationship with the loading
rate.

The stress values of the first peak in the stress-strain
curves of all specimens were also measured. As shown in
Figure 10, the first peak stress of coal-rock combined body
is not sensitive to the increase of loading rate. Compared to
Figures 9 and 10, it is concluded that the loading rate mainly
affects the second peak strength of coal-rock combined
body.

Due to the double-peak characteristic in stress-strain
curves, the elastic modulus of coal-rock combined body
cannot be calculated with the conventional method. The
first and second elastic moduli E; and E, can be obtained,
respectively, in the initial bearing stage I and the bearing
enhance stage III (Figure 11). From Figure 11, it can be seen
that both the first and second elastic moduli are insensitive
to loading rate, and the first modulus is always greater than
second modulus. Comparing Figures 9, 10, and 11, it can
be inferred that the loading rate mainly affects the dynamic
compressive strength and strain of coal-rock combined body

and does not change the ability of coal-rock combined body
to resist deformation.

3.5. Energy Characteristics of Coal-Rock Combined Body.
According to the one-dimensional stress wave propagation
theory in SHPB test, the incident energy E, reflective energy
Ey, and transmitted energy E; during the dynamic loading
process can be expressed as

E, = —¢ t)dt
" pC, Jo o)
A, (T,
E,=—% t)dt
= | o @

A, (T,
E, = ejotdt
TPCEOT()

e

where 0, (t), ox(t), and o (t) are the incident stress, reflective
stress, and transmitted stress correspondingto the time ¢,
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FIGURE 7: Stress-strain curves of coal-rock combined body specimens.

respectively; p,C, and p,C, are wave impedances of the elastic
bar and specimen, respectively. The incident energy, reflec-
tive energy, and transmitted energy of coal-rock combined
body specimen under different loading rates are shown in
Figure 12. With the increase of the loading rate, the rate
effect of the incident energy and reflective energy of coal-
rock combined body is particularly obvious, and transmitted
energy is insensitive to rate effect.

In the analysis of energy consumption law, the absorption
energy can directly reflect the energy consumption of coal-
rock combined body specimen and is given by

Ey=E; - Ep-Er €)
Further, the unit volume absorption energy E, can reflect

the material absorptive capacity of coal-rock combined body
and is calculated by

_Ea

E, v

(4)

where V is the total volume of specimen.

As shown in Figure 13, the unit volume absorption energy
E, of coal-rock combined body will increase linearly with the
increase of the loading rate, which shows that the increase
of the loading rate will make the combined body specimen
absorb more energy, and the specimen will be more broken
after the impact of the high loading rate.

4. Conclusions

By using SHPB testing system, the dynamic compression tests
of coal-rock combined body were carried out under different
high loading rates. Before the test, the stress equilibrium at
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FIGURE 9: The relationship between dynamic compressive strength, dynamic peak strain, and loading rate.

both ends of coal-rock combined body specimen has been
checked, and the results show that the specimens can achieve
stress equilibrium during the impact process. 3 kinds of air
pressure were set for impact, and the stress-strain curves
under 6 loading rates were obtained. The characteristics of
failure mode, strength and deformation, and energy dis-
tribution law of coal-rock combined body specimens were
analyzed. The main conclusions are as follows.

(1) The stress-strain curves of the coal-rock combined
body can be divided into four stages: the initial bearing stage,
the bearing decline stage, the bearing enhance stage, and the
unstable stage.

(2) The stress-strain curves of coal-rock combined body
have double-peak feature under high loading rate. The second
peak stress is defined as the dynamic compressive strength
of coal-rock combined body specimen and will increase with
the increase of the loading rate. The first peak stress has no
loading rate effect. Both the first and second elastic moduli
of coal-rock combined body are independent of the loading
rate.

(3) With the increase of the loading rate, the incident
energy and reflective energy of coal-rock combined body
will increase linearly, while the transmitted energy has
little change. Both the unit volume absorption energy and
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breaking degree of coal-rock combined body specimen will
increase obviously when the loading rate increases.
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