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In undergroundmining and roadway support engineering of coal mine, the coal and rock layers bear loads together; therefore, the
deformation and mechanical characteristics of the coal-rock combined bodies are not the same as those of the pure coal or rock
bodies. In this paper, conventional triaxial compression tests of coal-rock combined bodies with different height ratios were
conducted. And the stress and deformation characteristics of coal-rock combined body were studied and the experimental results
were analyzed with different strength criteria. *e results show that the peak stress, elastic modulus, and strength reduction
coefficient of coal-rock combined body are negatively correlated with the ratio of coal to coal-rock combination height and
positively correlated with the confining pressure; the coal-rock combination shows obvious ductility under 10MPa confining
pressure. Under the conventional triaxial condition, the shear failure was the main cause of the lateral deformation of the coal
body in the coal-rock combination, which was much larger than that of the rock body.*e circle deformation value, volume strain
value, and the deformation rate in the postpeak stage of coal-rock combination are much higher than those in the prepeak stage.
Mohr–Coulomb and general Hoek–Brown strength criterion fit the experimental results well.

1. Introduction

With the continuous development and improvement of
roadway support technology and theory, more and more
mines choose to arrange the roadway in the coal seam to
reduce the amount of rock roadway excavation. In order to
maintain good roof conditions, for roadways with low coal
seam strength, the roadways are generally arranged along the
roof of the coal seam. Also for the mining of thin coal seams,
the side of the roadway is often in the state of half coal seam
and half rock. *e roadway driving along the roof is shown
in Figure 1(a) and the semicoal-rock roadway in Figure 1(b).

*e common features of these two types of roadways are
that the coal seam and roof rock of the roadway are weakly
adhered. *e strength of the coal body is low, and the coal
seam is prone to large deformation under the action of
vertical pressure. *e coal seam is liable to slip and deform
along the weak side of the coal-rock interface toward the

roadway, causing a large series of deformation and shrinkage
and then a series of deformation failure modes such as roof
sinking and floor bulging [1–7].

Many experts and scholars have done tests on the me-
chanical properties of coal and rock masses, including con-
ventional triaxial tests and true triaxial tests on pure coal and
rock masses and experiments on rock mechanical properties
under different stress paths [8–17]. However, in the under-
ground engineering, the overburden load is carried by the coal
body and the rock mass together, and the safety and stability
of the roadway are determined by the roof rock and coal mass.
*erefore, the deformation and failure characteristics of a
single coal or rock mass cannot accurately describe the de-
formation and stress characteristics of such a roadway.

In recent years, some experts have studied the me-
chanical properties of coal-rock combined samples under
different loads and obtained the precursor characteristics
and acoustic emission information of failure of coal-rock
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combined samples through experiments [18–26]. Zuo
[27, 28] studied the failure behavior and strength charac-
teristics of coal and rock masses in equal proportions, with
confining pressure as a variable. Tan [29] determined the
mechanical properties of coal-rock combined samples and
obtained a new approach considering the influences of roof
and/or floor which was proposed to evaluate the impact
capability of coal seam. Huang [30] performed uniaxial
compression tests on composite coal rocks under different
loading rates and analyzed the effects of loading and
unloading rates and paths on the mechanical properties of
combined coal and rocks. Lu [31] proposed a method to
reduce the impact tendency by weakening the strength of the
coal-rock combined body based on the experimental results.
Wang [32], in order to understand the sliding mechanism
between coal and rock, studied the unstable sliding condi-
tions of coal and rock samples, sliding types under different
conditions, displacement evolution law, and AE character-
istics through the sliding test between coal and rock. Li [21]
used a direct shear test under constant positive load con-
ditions to study the shear characteristics of the natural coal-
rock interface and analyze the acoustic emission signals
during the shear process. However, their research is based on
the proportion of coal and rock, and there is a little research
on the different proportion of coal height to the total height
of coal-rock combined samples.

At present, many scholars have developed a variety of
strength criteria based on conventional triaxial compression
test data, such as Hoek [33, 34], You [35], Zuo [36], and Peng
[35]. *ese strength criteria show good applicability and are
widely used in the failure of rock structure. Based on the
different thickness ratios of coal seams and roofs under
different geological conditions, this paper conducted a
laboratory test on the mechanical properties of coal-rock
combined samples with different height ratios of coal and
rock samples. *e relationship between the different height
ratios on the peak strength, elastic modulus, and strength
reduction coefficient of coal-rock combined samples was
analyzed. *e strength of coal-rock combination is verified
and analyzed by using the strength criterion and briefly
describes the reasons for the lateral deformation of the coal-
rock combination which provides a theoretical and exper-
imental basis for understanding the characteristics of

deformation, failure, and failure of surrounding rock in
roadway driving along the roof and the semicoal-rock
roadway with different coal seam roof thickness ratios.

2. Experiment

2.1. Samples Preparation. *e coal and rock samples of the
coal-rock combined bodies were taken directly from number
3 coal seam of Zhangcun Coal Mine, Shanxi Province,
China. During the transportation process, the samples are
sealed with cling film to reduce water loss and reduce the
degree of weathering and transport them back to the lab-
oratory for core processing in a timely manner.

Coal and rock samples are processed to different heights,
and the processing accuracy meets the requirements of the
test method. After the processing was completed, the rock
samples with obvious natural fissures were selected and re-
moved, and then the RSM-SY5 (N) digital intelligent ultra-
sonic instrument was used to detect and select the interior of
the rock. Figure 2(a) shows rock samples with good integrity
and uniformity. Due to the long-term high temperature and
high-pressure conditions during the formation of coal, the
coal seam has a certain degree of cohesive force with the direct
roof and is not a nonbonded free mode. *erefore, in the
experiments, the medium-viscosity white latex was used as an
adhesive to bond the coal and rock bodies and the adhesive
(see Figure 2(b)). *e adhesive should be coated as thin as
possible and ensure uniformity (see Figure 2(c)). After the
bond was completed, the coal-rock combined samples were
numbered and weighed. *e numbering was performed
according to the following principles, such as the number
RCB-1-3-1, the number “R” represents rock, “C” represents
coal, “B” represents the form of bonding between coal-rock
combined samples, “1-3” represents the height ratio of rock,
coal is 1 : 3, and the last “1” represents sample number 1 in this
group (see Figure 2(d)).

*e dimensions of coal-rock combined samples were
performed in accordance with the standard size of the In-
ternational Rock Mechanics Society [37]. *e total height of
the coal and rock specimens is 100mm and the diameter is
50mm. Before the test, the diameter, height, and weight of
the coal and the rock body were measured individually and
combined. Table 1 shows the measurement results.
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Figure 1: Two types of roadways. (a) Roadway driving along the roof. (b) Semicoal-rock roadway.
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D r and Dc represent the diameter of the rock and coal
body, Hr and Hc represent the height of the rock and coal
body,Ht represents the height of the coal-rock combination,
mr andmc represent the mass of the rock and coal body, and
ρ is the coal-rock combined body density.*e density of coal
body is between 1.378 and 1.39 g cm−3, the average density is
1.383 g cm−3, the density of rock body is between 2.685 and
2.736 g cm−3, and the average density is 2.704 g cm−3, and the
average density of coal-rock combined body is between coal
and rock samples.

2.2. Test Procedure. *e tests were divided into uniaxial tests
and conventional triaxial tests. *e samples include coal and
rock samples and coal-rock combined samples. *ere are
four groups of coal-rock combined samples with different
height ratios. In the conventional triaxial test, there are six
specimens in each group, and the confining pressure is
5MPa and 10MPa.*e uniaxial tests include two specimens
in each group. *e experimental results excluded the data
with large differences, and the remaining two groups of data
were averaged. *e test was completed on the MTS815.02
electrohydraulic servo rock mechanics test equipment of

China University of Mining and Technology.*e equipment
of MTS815.02 is shown in Figure 3.

In order to reduce the friction effect of the indenter on
the end of the test piece in the conventional triaxial test,
according to the research results of J. F. Labuz and Feng [38],
this article used a mixture of vaseline and stearic acid to
reduce the friction effect of the two ends of the sample. *e
test steps are as follows:

Step 1: firstly apply petroleum jelly to both ends of the
samples, wrap the test piece with a thin heat shrinkable
film, place the wrapped test piece on a gasket, then wrap
the two layers with a heat shrinkable film, and use 20 #
ethylene-propylene self-adhesive tape to wind it evenly
to prevent the oil from seeping in.

Step 2: place the sample in the center of the test bench,
use the force control mode, and preload 1 kN force to
fix the sample.

Step 3: install the hoop extensometer and drop the
triaxial cell.
Step 4: load the confining pressure to a predetermined
value at a loading rate of 0.1MPa/min.

(a) (b) (c) (d)

Figure 2: Coal and rock combined body manufacturing process. (a) Coal and rock samples. (b) White latex adhesive. (c) *e adhesive
applied to the interface. (d) Samples labeling and weighing.

Table 1: Grouping of coal-rock combined samples and their basic parameters.

Specimen number
Diameter
(mm) Height (mm) Weight (g)

Confining pressure (MPa) Density ρ/g·cm−3

Dr Dc Hr Hc Ht mr mc

Rock 50.09 100.79 544.75 0 2.744
Rock 50.16 101.83 547.25 5 2.720
Rock 50.18 101.88 541.45 10 2.688
Coal 50.06 100.60 275.25 0 1.390
Coal 50.05 102.07 277.30 5 1.381
Coal 50.15 102.56 280.40 10 1.384
RCB-2-1 50.12 50.09 66.81 33.99 100.99 90.25 360.10 0 2.254
RCB-2-1 50.11 50.14 66.90 34.46 101.65 92.03 360.47 5 2.256
RCB-2-1 50.02 50.14 66.82 34.01 101.07 89.53 356.67 10 2.241
RCB-1-1 50.14 50.19 49.90 51.63 101.65 133.45 265.50 0 1.985
RCB-1-1 50.14 50.13 49.99 51.16 101.34 132.63 265.13 5 1.988
RCB-1-1 49.95 50.16 51.71 49.76 101.86 136.53 256.60 10 1.962
RCB-1-2 50.03 50.12 34.58 65.93 100.7 175.10 181.65 0 1.803
RCB-1-2 50.03 50.06 34.44 66 100.61 176.50 180.57 5 1.804
RCB-1-2 50.04 50.09 34.22 65.87 100.31 178.23 181.67 10 1.822
RCB-1-3 49.91 50.07 25.55 75.73 101.41 200.30 130.05 0 1.659
RCB-1-3 49.91 50.07 25.55 75.73 101.49 200.30 130.05 5 1.659
RCB-1-3 50.12 50.12 24.88 76.94 102.2 205.00 135.25 10 1.688
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Step 5: load the axial pressure and use the displacement
control mode until the sample was broken. *e loading
rate was 0.003mm/s.

*e stress loading path of a conventional triaxial test is
shown in Figure 4.

3. Experimental Results

3.1. Stress-Strain Characteristics. Pure coal and pure rock
samples were subjected to uniaxial compression and con-
ventional triaxial compression tests with confining pressures
of 5MPa and 10MPa.*e stress-strain curves of the samples
are shown in Figure 5.

Under uniaxial compression, the peak stress of coal
samples is 6.38MPa, while that of rock samples is
53.32MPa. Under 5MPa confining pressure, the peak
stress of pure coal samples is 10.03MPa, and that of pure
rock samples is 66.2MPa. Under the confining pressure of
10MPa, the stress peak of the pure coal samples is
17.12MPa, and that of the pure rock samples is 90.94MPa.
*e stress-strain relationship between coal and rock has a
tendency to sink under uniaxial conditions, indicating that
coal and rock have obvious crack compaction stages, and
the pressure drops rapidly after the peak of the intensity,
and the residual strength is almost zero (see Figure 5). After
the confining pressure is loaded, due to the low strength of
the coal bodies, there is almost no crack compaction stage,
the rock strength is high, and the crack compaction stage is
not obvious. *e coal and rock masses have obvious
postpeak softening stages and have the characteristics of
ductile failure.

*e stress-strain relationship of coal-rock combination
under conventional triaxial compression conditions is
shown in Figure 6.

*e stress-strain curve of coal-rock combination under
uniaxial loading condition can be divided into four parts (see
Figure 6(a)):

(1) Fracture compaction stage: at this stage, the cracks in
the coal-rock combined body and the gaps between
the coal and rock were compressed and closed.

Because of the existence of the coal-rock interface
and the natural cracks in the samples, the coal-rock
combined bodies were initially loaded. *e strain
growth speed increases at the stage, and the stress
increases at a slower rate, so the curve at this stage
shows a downward trend.

(2) Elastic phase: at this stage, the internal cracks of the
coal-rock combination were closed, and the stress
and strain were in a linear relationship.

(3) Yielding stage: at this stage, the stress of the coal-rock
combination reached the yield load, internal cracks
were initiated, and cracks expanded.

(4) Uninstall phase: at this stage, the internal cracks of
the coal-rock combination penetrated, and the stress
suddenly dropped. *e curve of the coal-rock
combination after the peak unloading trend fell
below 90°.

*e conventional triaxial test preloaded 5MPa and
10MPa confining pressure on coal-rock combination. So
the fracture compaction stage of the coal-rock combination
is not obvious, but there are obvious elastic stage, yield
stage, and postpeak softening stage. *e peak stress of
sample RCB-1-3 is the lowest, and the peak stress of RCB-2-
1 is the highest (see Figures 6(b) and 6(d)). Increasing the
pressure of surrounding rock has a significant effect on the
strength of the combination, and the peak stress and the
postpeak residual intensity value are significantly in-
creased. *e strength of coal-rock combined bodies with
different height ratios increases, and the rate of stress drop
after peaks increases accordingly. *e coal-rock combined
samples of different combined form are classified, and the
coefficient δ value is introduced to express the percentage
of coal height in the height of coal-rock assemblage, which
is expressed as

δ �
hci

hM

, (1)

where hci is the height of the coal body in the coal-rock
complex and hM is the total height of the coal-rock body.

Figure 3: MTS815.02 electrohydraulic servo rock mechanics test system.
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Figure 5: Stress-strain curves of (a) pure coal samples and (b) pure rock samples under different confining pressures.
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Figure 6: Continued.
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*e peak strength and axial strain, elastic modulus, circle
strain, and volume strain of the test block are shown in
Table 2. *e uniaxial test only counts the axial strain.

*e stress peak of coal-rock combination increases with
the increase of confining pressure (see Figure 7(a)). Under
the same confining pressure, the peak stress of the coal-rock
combination is the greatest when δ = 0.33, the strength
decreases with the increase of the value of δ, and the peak
stress is the smallest when δ = 0.75. *e peak stress of coal
and rock samples and coal-rock combination increased with
the increase of confining pressure. *e peak stress of coal
rock pure samples and coal rock combination is positively
correlated with surrounding rock pressure. With the sur-
rounding rock pressure from 0MPa to 5MPa, the change
proportion of the pressure is basically smaller than that of

the surrounding rock pressure from 5MPa to 10MPa. *e
change ratio of rock is the smallest, which is less than 0.4.
*e change ratio of coal-rock combination is more than 0.7,
and the maximum value is 1.1, which indicates that the
surrounding rock pressure has an obvious influence on the
peak strength (see Figure 7(b)).

According to the research by Yang and Liu [39, 40], it
can be known that when the diameter of the rock is the same,
as the height increases, the strength of the rock gradually
decreases and finally tends to a fixed value. *erefore, it can
be concluded that when δ decreases gradually, the strength
of the coal body with smaller strength in the combination
increases gradually, and the peak strength of the coal-rock
combined samples increases, which proves that the exper-
imental results are reasonable.
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Figure 6: Axial stress-strain curve of coal-rock combination. (a) Axial strain of coal-rock combination under uniaxial loading. (b, c) *e
axial and circumferential strains and volume strains of coal-rock combined samples when the confining pressure is 5MPa. (d, e) *e axial
and circumferential strains and volume strains of coal-rock combined samples when the confining pressure is 10MPa.
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For the coal-rock combined samples under uniaxial
compression, due to the process of compaction of coal and
rock interface at the initial stage, the axial strain is relatively
large. *erefore, the actual axial strain of coal-rock com-
bined samples should be the strain that removing the in-
terface of the compressed coal-rock combination, the
calculation is shown in

ε1′ � ε1 −
Ht − Hc − Hr

Ht

, (2)

where ε1′ is the actual axial strain of the coal-rock combi-
nation, ε1 is the axial strain obtained from the test, Ht is the
height of the coal-rock combination containing the

interface, Hr is the height of the rock sample, and Hc is the
height of the coal sample. *e measured height values have
been calculated in Table 1.

*e peak strain of the rock is the highest when the
confining pressure is 0MPa, and the peak strain of coal
changes little under the confining pressures of 0MPa and
5MPa (see Figure 8). When the confining pressure reaches
10MPa, the peak strain value increases greatly. *e differ-
ence in peak strain is caused by the respective strengths of
coal and rock samples. *e uniaxial peak stress of the rock
exceeds 50MPa. Under the confining pressure of 10MPa,
the ductility characteristics of the rock are not obvious. On
the contrary, the coal body has better ductility. When the

Table 2: Test results of coal and rock pure samples and coal-rock combined samples.

Samples δ σ3
(MPa)

Elastic modulus
(GPa)

Peak stress
(MPa)

Residual strength
(MPa)

Axial strain
(10−3)

Circle strain
(10−3) Volume strain (10−3)

ROCK 0
0 6.88 53.32 0.85 9.04
5 7.7 66.20 6.32 8.93 –0.79 7.35
10 9.11 90.93 14.71 8.44 –0.59 7.26

RCB-1-3 0.75
0 1.44 5.61 0.75 6.22
5 3.37 10.9 6.51 5.06 –3.74 –2.42
10 3.74 18.71 12.09 7.79 –8.64 –9.49

RCB-1-2 0.67
0 1.54 6.36 1.23 5.89
5 3.38 12.33 7.02 5.55 –4.35 –3.15
10 3.52 24.57 18.08 8.83 –7.14 –5.45

RCB-1-1 0.5
0 2.48 7.93 1.95 6.27
5 3.58 14.12 7.20 5.28 –2.67 –0.06
10 3.89 29.51 22.7 9.05 –7.1 –5.15

RCB-2-1 0.33
0 2.19 9.72 1.21 6.68
5 4.48 17.92 8.13 6.32 –3.9 –1.48
10 4.63 33.92 23.32 8.92 –6.41 –3.9

Coal 1
0 1.22 6.38 1.8 7.98
5 2.07 10.03 2.21 6.88 –3.33 0.22
10 2.29 17.1 7.85 9.39 –7.58 –5.77
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Figure 7:*e relationship between the peak stress and its change value of coal-rock combination with δ under different confining pressures.
(a) Changes in stress peaks with δ. (b) Changes in stress peaks at confining pressures from 0MPa to 5MPa and 5MPa to 10MPa.
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confining pressure increases from 5MPa to 10MPa, the peak
strain increases more, indicating that the coal-rock com-
bination shows more obvious ductility characteristics, under
the confining pressure of 10MPa.

*e change of elastic modulus of coal-rock combination
with δ value under different confining pressures is shown in
Figure 9. *e elastic modulus of the coal-rock combination
increases with the increase of the confining pressure and has
a positive correlation with the confining pressure. Under the
same confining pressure, the elastic modulus of coal-rock
combination decreases gradually with the increase of δ value.
When the value of δ is greater than 0.67, the decrease in the
elastic modulus slows down, the elastic modulus of coal is
the smallest, and the elastic modulus of rock is the largest.

*e strength reduction coefficient of the rock can
characterize the brittleness of the rock. According to the
calculation formula of the strength reduction coefficient
proposed by Peng [41], the brittleness index of the coal-rock
combination can be calculated:

Ds �
σp − σr

σp

, (3)

where Ds is the strength reduction factor of the coal-rock
combination and σp and σr are the stress peak and residual
strength of the coal-rock combination, respectively, and
their values are shown in Table 2.

*e relationship between the strength reduction factor of
the coal-rock combination and the percentage of coal height
to the height of the coal-rock combination δ and the pressure
of the surrounding rock load are calculated (see Figure 10).

When the confining pressure is 0MPa, theDs value of all
samples is greater than 0.8, the brittleness characteristics are
obvious, and the Ds value of the rock sample is 1 (see
Figure 10(a)). When the confining pressure reaches 10MPa,
theDs value of coal-rock combination and pure coal samples
is less than 0.35, showing good ductility characteristics. With

the increase of confining pressure, the Ds values of the
samples decrease approximately linearly. *e brittleness of
pure rock samples is obvious, withDs values beingmore than
0.8. *e brittleness of pure coal samples and coal-rock
combined samples is small under confining pressure. In the
process of increasing the confining pressure, the coal-rock
combined samples transform from brittleness to ductility
quickly and have better ductility characteristics at low
confining pressure. Under uniaxial compression, the
strength reduction coefficient of coal-rock combination
decreases first with the increase of δ value and then gradually
flattens (see Figure 10(b)). When the confining pressure
reaches 5MPa, the overall strength reduction coefficient
decreases. When the confining pressure is 10MPa, the
strength reduction coefficient shows an approximately
horizontal trend. *e strength reduction coefficient Ds � 0.5
was used to represent the boundary value between brittle-
ness and ductility of the rock. Under the confining pressure
of 10MPa, the coal-rock combination is ductile, and under
the confining pressure of 5MPa, the ductility is only present
when the value of δ is greater than 0.33.

3.2. Deformation Features. Because the coal-rock combi-
nation and the coal and rock samples were sealed before the
conventional triaxial test, the sample should be completely
peeled off after the loading, especially for compressed and
brittle coal-containing samples. *e failure modes of coal
and rock samples and coal-rock combination are shown in
Figure 11.

*e deformation of rock and coal samples is shown in
Figures 11(a) and 11(b). During uniaxial compression,
multiple macrocracks appear on the surface of the coal and
rock samples, and the macrocracks are mainly vertical
tension cracks with a small number of shear cracks, which
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indicates that the coal and rock samples are mainly tension
cracks. When the confining pressure is 5MPa, the fracture
shape of the single coal is oblique shear failure. *e average
angle between the fracture surface and the axial direction of
the sample is 34.8°. *e fracture shape of the single rock is
mainly oriented to tensile failure, the axial angle of the
specimen is small, and the average is 12.3°. *e rock failure is
accompanied by multiple longitudinal cracks, which are
close to the uniaxial compression failure mode. When the
confining pressure is 10MPa, the angle between the fracture
surface of the coal and the axial direction becomes larger, on
average 50.3°, and the breaking angle of the rock is 33.5°.

*e failure mode of the RCB-2-1 tests of the coal-rock
combination is shown in Figure 11(c); under uniaxial
loading, the failure of the coal-rock combined samples is

mainly the longitudinal tensile fracture of the coal bodies,
accompanied by multiple cracks, and the upper rock part is
relatively complete. When the confining pressure is 5MPa,
the coal-rock combined samples are mainly shear failure.
*e average angle between the fracture surface of the
fracture surface and the axial direction of the sample is 28.6°,
and the rock part is intact. When the confining pressure is
10MPa, the average angle is 30.2°.

*e failure mode of the RCB-1-1 and RCB-1-2 tests of
coal-rock complex is shown in Figures 11(d) and 11(e),
respectively. Under uniaxial loading, the failure of the coal-
rock combination is mainly the longitudinal tensile fracture
of the coal body. *ere is a macromajor fracture surface in
the middle of the coal body, the fracture angle is close to the
vertical direction, and the upper rock part is relatively
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complete. When the confining pressure is 5MPa, the coal-
rock combined samples are mainly shear failure.*e average
angle between the fracture surface of the fracture surface and
the axial direction of the RCB-1-1 sample is 31.2°, while the
average angle of the RCB-1-2 is 37.2° and the rock is partially
intact. When the confining pressure is 10MPa, the average
angle of the RCB-1-1 sample is 39.2°, while the average angle
of the RCB-1-2 is 44.6°.

*e failure mode of the RCB-1-3 test for coal-rock
combination is shown in Figure 11(f). Under uniaxial
loading, the failure is mainly the tensile failure of the coal
body and the upper rock part is relatively complete. When
the confining pressure is 5MPa, the combination is mainly
the shear failure with an average angle of 34.2° and the rock
part is intact. When the confining pressure is 10MPa, the
angle is 42.3° on average.

Take one group δ = 0.67 as an example (see Figure 12), at
the initial loading, the coal-rock combination is compressed,
and the extreme point of volume compression is point C.
After point C, the volume of the coal-rock combination
changes from decreasing to gradually expanding, indicating
that point C is the starting point of the new crack initiation
in the coal-rock combination, and point B corresponding to
the stress-strain curve of point C is the critical point of the
elastic and plastic phases of coal-rock combination. In the
elastic stage, the hoop strain of the coal-rock combination is
almost zero. After reaching point A, the circle strain begins
to increase at an increasing rate. *e increasing starting
point A corresponds to point B on the stress-strain curve,
which indicates that the plastic deformation is the starting
point of the increase of hoop strain. *e circle deformation
value, volume strain value, and deformation rate in the
postpeak phase are much larger than those in the prepeak
phase. At the postpeak stage, the coal body in the coal-rock
combination has a shear fracture surface. *e difference
between the lateral deformation of the rock body and the
coal body in the coal-rock combination is mainly caused by
the shear expansion of the coal body.*e lateral deformation
of the coal body is far larger than the rock mass.

In summary, it can be considered that the confining
pressure has a significant effect on the failure morphology of
coal and rock samples and coal-rock combination.*e greater
the confining pressure, the greater the angle between the
fracture surface and the axial direction and the more pro-
nounced the shear failure. Under low confining pressure, the
main failuremode is tension failure. Under normal triaxial, the
circle deformation value, volume strain value, and deforma-
tion rate in the postpeak phase are much greater than in the
prepeak phase; shear failure is the main reason for the large
lateral deformation of coal body. δ has a significant impact on
the deformation and failure of coal-rock combination. *e
failure of combination is mainly due to the formation of the
main fracture zone in the middle of the coal body.

4. Strength Characteristics

4.1. Mohr–Coulomb Criterion. Mohr–Coulomb strength
theory has obvious physical background significance. Rock
has friction and cohesion. It is a strength theory based on the

summary of the results of failure tests of rock materials
under normal stress. Mohr–Coulomb strength theory holds
that the failure of rock is the result of the combined action of
shear stress and normal stress on the material’s failure
surface. In the principal stress space, Coulomb criterion can
be expressed as

σ1 � Q + Kσ3, (4)

where σ1 is the primary stress of rock failure, σ3 is the
secondary stress of failure, and Q and K are parameters
related to the cohesion and internal friction angle of the rock
material. K � tan2 ψ, Q � 2c tan ψ, ψ is the angle between
the rock failure surface and the axial direction of the rock,
and ψ � 45∘ − φ/2.

*e Coulomb criterion was used to fit coal-rock com-
bination with different height ratios. *e M-C criterion
fitting parameters and R2 are shown in Table 3 and the fitting
results are shown in Figure 13.

4.2. H-B Criterion. *e Hoek–Brown criterion [33] (a
comprehensive consideration of the effects of multiple
factors, which can better reflect the nonlinear failure
characteristics of rock masses) is an empirical equation,
which usually fits the test data well. *e original form of the
H-B criterion is expressed as

σ1 � σ3 + σc ·

��������

m ·
σ3
σc

+ 1


. (5)

In 1992, Hoek et al. [34] improved the H-B strength
criterion, called the generalized Hoek–Brown criterion. *e
GH-B strength criterion increases the coefficient describing
the integrity of rocks, which is not only applicable to
complete rock samples, but also applicable to rock samples
with internal fractures. *e generalized HB criterion is
expressed as
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Table 3: M-C criterion fitting parameters and R2.

δ Fitting curve R2 Cohesion *e angle of internal friction (MPa) *eoretical value ψ Actual value ψ
0 σ1 � 51.345 + 3.761σ3 0.968 13.24 35.4 27.3 22.9
0.75 σ1 � 5.37 + 1.277σ3 0.973 2.37 6.98 41.5 38.3
0.67 σ1 � 5.29 + 1.848σ3 0.922 1.94 17.32 36.33 40.9
0.5 σ1 � 6.38 + 2.158σ3 0.915 2.17 21.5 34.24 35.2
0.33 σ1 � 8.27 + 2.418σ3 0.917 2.65 24.5 32.74 29.4
1 σ1 � 5.81 + 1.32σ3 0.967 2.52 7.93 41.03 42.5
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Figure 13: Fitting curve of Mohr–Coulomb criterion.
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σ1 � σ3 + σc · m ·
σ3
σc

+ b 

n

, (6)

where σc is the uniaxial compressive strength of the rock, m
and b are constants about the mechanical properties of the
rock, the value of b ranges from 0 to 1, n is related to the
development degree of internal cracks in the rock, the value
is generally 0.5–0.65, and the value of the block with good
quality is 0.5.

*e test data of coal-rock combination and coal and rock
samples were fitted using the GH-B criterion (see Figure 14).

*e curve has a good fitting effect with experimental
results (see Figure 14(a)), R2 of the coal-rock combination
reaches above 0.9, and the strength of the coal-rock com-
bination shows an increasing trend with the increase of
confining pressure. However, the increase rate gradually
slows down. When δ � 0.5, the strength of coal-rock com-
bination is the largest, and the rate of strength increase is the
same. *e values of each parameter and R2 are shown in
Figure 14(b) and Table 4.

Among them, the m value of rock and coal is up to 7.09
and 1.1, and them value of coal-rock combination is between
them.*e values of n that characterize the internal voids and
fractures of the rock are between 0.5 and 0.54. Take δ � 0.67
as an example, take n and b as fixed values, and change the
value of m. When m is small value, the absolute value of the
intersection between the curve and the abscissa is larger, and
the tensile strength of the coal-rock combination is larger.
When the m value is 2-3, there is a better fitting trend.

5. Summary

In this paper, the conventional triaxial tests were performed
on the combination of number 3 coal seam and roof of
Zhangcun Coal Mine with different height ratios and
confining pressures. *e peak stress, elastic modulus, and
strength reduction coefficient of coal-rock assembly are
negatively related to the proportion of coal height and
positively related to the confining pressure.

Under uniaxial compression, the coal and rock samples
and coal-rock combined samples are mainly tensile failures.
*e forms are mainly inclined shear failures, under con-
ventional triaxial loading. *e angle between the fracture
surface and the axial direction is between 30° and 40°, the
M-C criterion is used for fitting, and the calculated fracture
angle is approximately equal to the actual one.

*e higher the confining pressure, the larger the angle
between the fracture surface and the axial direction and the

more obvious the shear failure characteristics. *e cir-
cumferential deformation value, volume strain value, and
deformation rate in the postpeak phase are much greater
than in the prepeak phase; shear failure is the main reason
for the large lateral deformation of coal body.

Using different strength criteria to fit experimental data
of coal and rock samples and coal-rock combination, the
fitted R2 values are all above 0.9, and the fitting effect is good.
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