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Abstract

The deformation and failure behaviour of coal-rock combined body under uniaxial compression were investigated experimen-
tally and numerically. The mechanical parameters, including the uniaxial compressive strength (UCS), elastic modulus and full-
scale stress—strain curves, were obtained. A detailed analysis of the evolution of the internal cracks based on X-ray computed
tomography (CT) observations and acoustic emission (AE) locations is presented. The experimental results show that the
mechanical properties and deformation failure characteristics of the coal-rock combined body were governed mainly by the
coal. The UCS and elastic modulus of the coal-rock combined body were slightly larger than those of the coal and most of the
cracks occurring in the coal were a result of the uniaxial compression. Furthermore, a numerical simulation was conducted to
validate the experimental evidence. Finally, based on this understanding, a constitutive relationship was proposed using the
natural strain described in Hooke’s law for accurate modelling of the deformation of the coal-rock body. A good agreement was

obtained between the numerical results and experimental data during the pre-peak regime.
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Introduction

With a continued focus on energy-related problems, China has
focused a significant amount of attention on deep coal mining.
However, as the mining depth of Chinese coal mines has in-
creased, especially large-scale high-caving mining and thick
coal seam mining, many mine disasters have occurred, al-
though the number of deaths has decreased in recent years.
Many coal pillars, such as section pillars, pillar mining and
pillars that are used to protect faults, for strip mining and for
rooms, are kept intact to achieve a safe and efficient mining
operation at the working face (Wang et al. 2013; Ghasemi et
al. 2014). Therefore, a distinctive composite model of rock
masses composed of soft coal and relatively hard rock is
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formed. In this regard, the physical and mechanical behav-
iours of coal and rock are very important to evaluate the sta-
bility of the rock strata and coal pillar around the working
face. Both laboratory tests and field observations have indi-
cated that underground excavation and mining caused marked
damage to both coal and rock bodies (Kwinta 2012; Konicek
etal. 2013; Zhu et al. 2014; Cao et al. 2015; Gao et al. 2015;
Meng et al. 2016). A large-scale physical model has been
created to simulate a massive roof collapse during longwall
coal retreat mining (Kang et al. 2018). In addition, numerical
methods have been widely applied to investigate coal/rock
failures and outbursts in coal mines (Li et al. 2011; Gao et
al. 2014, 2015). This is an inevitable consequence of stress
relief that accompanies any excavation and mining activity
(Qian 2004; Xie et al. 2012b).

Excavation disturbed zones and excavation damaged zones
result from the excavation of underground openings (Tsang et
al. 2005; Wang et al. 2017a). In coal mining processes, both
coal and rock are excavated in a working panel or roadway.
The applied stress usually increases due to the coal-rock in-
teraction in front of the coal working face. This process may
crush the coal and possibly trigger coal and gas outbursts (Xie
et al. 2012a; Yang et al. 2012, 2018). Figure 1 shows the
schematic of an area of coal and rock excavation. Most
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Fig. 1 A schematic diagram of an engineering mining activity and test
models in three typical failure zones

research studies have focused on the failure of coal or rock
bodies, such as those in position #1 and position #2 (Paterson
and Wong 2005). However, few experimental studies have
focused on the failure of bodies in position #3. In fact, there
is a zone of concentrated stress near the area of position #3.
Field observations of a large number of disasters have clearly
indicated that the failures were not caused by a single rock
mass or coal seam but by the structural failure of the coal-rock
combined body. In other words, these disasters are induced
not only by the local material failure but also by the structural
failure of the coal-rock combination (Zhao et al. 2015). Based
on some actual mining activities, such as continued excava-
tion and blasting, the combined bodies of coal and rock are
normally subject to different stress states and may suddenly
fail.

A limited number of studies have been published on the
mechanical behaviour of coal-rock combined bodies.
Petukhov and Linkov (1979) were the first to determine the
stability of a two-body system composed of the roof, floor and
coal. Wang et al. (2014) carried out a double-shear frictional
test of a composite sandstone—coal sample under biaxial load-
ing and discussed the space—time evolution of the displace-
ment field, as well as the acoustic emission (AE) characteris-
tics during sliding. Zhao et al. (2015) investigated the failure
characteristics and compression—shear strength criterion of a
coal-rock combination model. Liu et al. (2015) studied the
effect of the rock strength on the failure mode and
mechanical behaviour of composite bodies, and drew the
conclusion that the peak strength of the combined bodies
decreased with increasing rock strength. Wang et al. (2017b)
studied the mechanical behaviour and seepage characteristics
of gas-bearing coals and coal-rock combined bodies under
triaxial conditions. Although previous studies have yielded
many facts on the failure mechanism and mechanical
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behaviour of coal-rock combined bodies, more research work
is needed to illuminate the dark corners of the comprehensive
studies of the mechanical and stability properties of coal-rock
combined bodies.

In this study, we attempt to improve our knowledge of the
deformation failure characteristics of coal-rock combined
bodies with the expectation to supply some basic information
support for mining engineering. To this end, uniaxial com-
pressive tests were conducted on the coal-rock combined
body to obtain the uniaxial compressive strength (UCS), elas-
tic modulus and complete stress—strain curves. We also
analysed the evolution of the damage of the specimens using
the spatial and temporal distribution of the AE counts. In
addition, X-ray computed tomography (CT) was performed
on the specimens after the uniaxial compression failure to
analyse the internal damage characteristics. In addition, a nu-
merical simulation of the experimental tests of the uniaxial
compression was conducted to interpret the failure mechanism
and patterns of the coal-rock combined body. Finally, a con-
stitutive model was formulated based on the experimental data
to describe the mechanical behaviour of the coal-rock com-
bined body.

Experimental materials and methods
Specimen preparation

The surrounding rock, which was sandstone, and the coal
samples were obtained from the working face #2071 of the
Qianjiaying colliery in Hebei Province, China, at a buried
depth of about 850 m. Large intact rock and coal blocks were
drilled from the working face. The rock and coal blocks were
directly transported to the laboratory and individually shaped
into cylindrical specimens of ® 35 mm x L 35 mm. The ends
were polished to a parallelism of 2/100. The combined coal—
rock body was composed of a coal and a rock sample with the
same dimensions ($35 mm x L 35 mm). Therefore, the total
dimension of the combined body was ® 35 mm x L 70 mm
and had a length to diameter ratio of 2.0. To reduce the factors
influencing the failure of the combined specimens, the coal
part and rock part were in direct contact with each other, with-
out the use of any superglue at the interface (Zuo et al. 2016).

Two combination patterns of the coal and rock were pre-
pared. The coal was on the top or bottom of the rock to sim-
ulate the actual conditions of the floor or roof, respectively, in
the mining operation. The coal was affixed to the top or bot-
tom of the rock using a piece of Scotch tape in the middle of
the combined body and was in direct contact with the rock at
the top or bottom. The images of the coal-rock combined
body specimens are shown in Fig. 2. Ultrasonic wave analysis
was used to determine the internal microstructure of the com-
bined body specimens. The sample details are presented in
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(b) RM
Fig. 2 Photographs of the coal-rock combined body samples

Table 1. The nomenclature of the test designations is provided
in the first column of Table 1 in the form of “MR (or RM)-0-

1~3”, indicating the combination patterns (MR: coal above
rock; RM: coal below rock), the unconfined stress and the
sample number, respectively.

An X-ray diffraction test was performed to determine the
mineral composition of the rock and coal (Fig. 3). The miner-
alogical constitution of the rock mainly included quartz, clay
and small amounts of siderite and dolomite. The coal
consisted of non-crystal material, clay and a small percentage
of siderite, dolomite and calcite. The lithology has a signifi-
cant effect on the mechanical characteristics due to the differ-
ences in the mineral constituents and structures (Zhang et al.
2015, 2017). The differences in the mineral composition and
microstructure between the rock and the coal provide a refer-
ence and micro-mechanical foundation for the analysis of the
deformation failure characteristics of the coal-rock combined
body presented later in this paper.

Testing equipment

The MTS 815 testing system was used to test the samples. The
maximum axial load capacity is 4600 kN. The horizontal and
axial ranges of the extensometer are = 4 mm and—2.5to +
12.5 mm, respectively. Since the failure strengths of both the
coal and rock are very small in relation to the measurement
range of the test apparatus, the machine can be regarded as a
rigid test machine, which meets the requirement of the
International Society for Rock Mechanics (ISRM) (Ulusay
and Hudson 2007). The AE output was recorded by a PCI-2
AE 3D measuring system made by Physical Acoustics Corp.
(PAC); six AE sensors were attached to the specimens to ob-
tain the spatial distribution of the AE events and the sampling
rate was 40 m/s. The experimental setup for a sample is illus-
trated in Fig. 4.

Table 1 Physical and mechanical properties of coal-rock combined body specimens under uniaxial compression
Sample no. Pattern  Length (mm) Diameter (mm) Wave velocity (m/s)  Elastic modulus (GPa) UCS (MPa) Strain at peak stress (%o)
€1 & €y

MR-0-1 Coal 35.38 34.56 2656.18 6.33 28.39 789 -10.52 -13.14
Rock 3443 34.94

MR-0-2 Coal 35.86 34.77 2360.66 5.41 25.44 820 —635 —451
Rock  34.49 34.89

MR-0-3 Coal 34.95 34.81 2313.25 5.22 21.02 729 —954 -11.78
Rock  35.00 34.43

RM-0-1 Rock  34.51 34.39 2451.01 7.45 2731 581 —1045 -—15.10
Coal 33.60 34.67

RM-0-2 Rock 3543 34.49 2293.25 6.61 23.58 6.01 —440 —2.78
Coal 35.05 34.65

RM-0-3 Rock  34.01 34.90 1611.18 5.79 19.76 456 =377 -297
Coal 35.15 34.29
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Fig. 3 X-ray diffraction patterns of the rock (a) and coal (b) samples

The X-ray CT scanning of the specimens was carried out
using a Nanotom 160 high-resolution micro-CT at a spatial
resolution of 30 um to explore the internal damage in the post-
compression specimens. Each sample was scanned before and
after the tests. In the present research, 21 horizontal cross-
sections and one vertical cross-section were scanned for every
specimen.

Fig. 4 The uniaxial compression test setup
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Testing procedure

Full-regime uniaxial compression tests of the samples were
conducted with real-time AE monitoring and positioning.
An axial displacement rate of 0.06 mm/min was applied until
the residual stress stage. Subsequently, the axial displacement
rate was increased to 0.1 mm/min.

Experimental results
Stress—strain relations

The uniaxial compression tests were performed on the three
coal-rock combined body specimens for each combination
pattern and the physical and mechanical properties are listed
in Table 1. The stress—strain curves of the coal-rock combined
body are presented in Fig. 5, where ¢4, €, and €, represent the
axial strain, radial strain and volumetric strain, respectively. ¢,
is the sum of the axial strain and twice the radial strain, i.e. £, =
€1+ 2¢,. It should be noted that the positive and negative
values of the strain refer to the compressive and dilatation
deformations, respectively. A similar behaviour was observed
for the six specimens. As for most geomaterials, the coal-rock
combined body exhibits a pressure-dependent behaviour.
Generally, the stress—strain curves of the coal-rock combined
body underwent six stages: compaction stage, linear elastic
deformation stage, inelastic deformation stage, strain-
hardening stage, post-peak softening stage and residual
strength stage, as shown in Fig. 6. The compaction stage under
uniaxial compression was very obvious, showing an inelastic,
concave-upward shape, which is due to the closure of the
existing microcracks and interface between the coal and rock.
The subsequent linear elastic deformation stage dominated the
linear portions of the stress—strain curves; during this stage,
the matrix deformed and the material exhibited intact geoma-
terial behaviour characterised by a constant stiffness. This was
followed by an inelastic deformation stage, during which the
curve lost its linearity and a significant increase in the strain
occurred as the microfractures began to propagate in a stable
manner. With the increase in the stress, the specimens entered
a strain-hardening stage, during which the crack initiation and
propagation led to a strain increase in an unstable manner up
to the peak stress, where an asymptotic failure state was ob-
served. Once the peak stress was reached, there was a post-
peak softening stage characterised by an obvious brittle drop
in the stress, during which the macrocracks coalesced but the
rock remained intact, even though its internal structure was
highly disrupted. Finally, the specimens entered the residual
strength stage, during which the specimen was divided to form
a series of blocks with a constant drop in the residual strength.

During the loading process, the volume change in the spec-
imens mainly resulted from the propagation of microcracks
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Fig. 5 Stress—strain curves of the coal-rock combined body under
uniaxial compression

and the volumetric strain was divided into two stages. At the
initial low stress, primary microfissures, as well as the
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Fig. 6 A typical stress—strain curve of the coal-rock combined body

interface between the coal and rock, were closed; the radial
strain was small, leading to volume compression without gen-
erating new damage. With the increase in the stress, the cracks
propagated and rock damage began to develop. As a result, the
radial expansion gradually became predominant and volumet-
ric dilatancy occurred. When the specimen failed, the sample
volume dilated rapidly until a large strain occurred due to the
coalescence of the cracks.

UCS and elastic modulus

The UCS refers to the maximum axial stress in a stress—strain
curve under uniaxial compression and the elastic modulus is
the slope of the approximately straight-line portion of the
curve prior to the peak stress. Table 1 lists the values of the
UCS and elastic modulus of the coal-rock combination spec-
imens in this study. Based on the data listed in Table 1, Fig. 7
shows the average UCS and elastic modulus of the coal-rock
combination, rock and coal bodies.

The average UCS was 24.95 MPa for the MR specimens
and 23.55 MPa for the RM specimens, and the average elastic
modulus was 5.65 GPa for the MR specimens and 6.62 GPa
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Fig.7 Average uniaxial compressive strength (UCS) and elastic modulus
of coal-rock combination, rock and coal bodies. The error bars range
from the minimum to the maximum measured values
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for the RM specimens. It can be seen that the values of the
UCS and elastic modulus were similar for the two types of
combination patterns, indicating that the combination pattern
did not affect the UCS and elastic modulus of the coal-rock
combined body.

The UCS and elastic modulus for rock and coal bodies
were also obtained for comparison purposes from published
data (Zuo et al. 2011a, b). The average UCS was 126.52 MPa
and 16.32 MPa and the average elastic modulus was
31.57 GPa and 3.75 GPa for rock and coal, respectively.

The average UCS and elastic modulus values of the two
types of coal-rock combined bodies were between the values
of the rock and coal and were around 80% lower than those of
the rock body and 44—76% higher than those of the coal body,
indicating that the mechanical properties of the coal-rock
combined body were governed by the coal, which is the
weakest part.

The wave velocity, elastic modulus and UCS of the coal—
rock combined bodies exhibited slight differences, which may
be attributed to pre-existing microcracks in the coal and rock.

Fig. 8 Typical fracture
geometries of the coal-rock
combination specimens under
uniaxial compression

(d) RM-0-1
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The X-ray CT scanning was not performed prior to the tests;
therefore, pre-existing cracks were not identified. In this study,
we focus on a qualitative analysis of the deformation failure
characteristics of the coal-rock combined body. The speci-
mens of the coal-rock combined bodies showed similar de-
formation failure characteristics, although the distributions of
the pre-existing cracks may have differed for the bodies. The
effect of the pre-existing microcracks on the discreteness of
the wave velocity, elastic modulus and UCS did not impact the
qualitative experimental results on the coal-rock combined
bodies.

Fracture mode

Figure 8 illustrates the fracture characteristics of the coal—
rock combination specimens under uniaxial compression.
The results show that the cracks mainly occurred in the
coal and there were almost no visible cracks in the rock
portion because the applied loading was much lower than
the strength of the rock.

(b) MR-0-2

(e) RM-0-2 (f) RM-0-3
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The radial deformation of the rock was very small, whereas
the radial deformation of the coal was much larger. Under
uniaxial compression, the failure of the coal-rock combina-
tion specimens was accompanied by the irregular longitudinal
splitting of the coal. As shown in Fig. 8, many axial splitting
cracks appeared in the coal, indicating a tensile splitting mode
in the coal. Also, a couple of shear cracks were observed.
Moreover, the cracks ended at the interface between the coal
and rock. Only one crack penetrated the entire coal part and
extended into the rock for a certain distance (Fig. 8b). One
possible explanation for this phenomenon is the large dynamic
fracture energy of the cracking that resulted in the fracture
extending into the rock until the energy was consumed.

It is worth noting that cracks are able to propagate from the
soft material to the hard material when the dynamic crack
propagation speed exceeds a critical value (Freund 1990;
Buehler et al. 2003). The dynamic fracture in composite geo-
materials deserves further investigation.

X-ray CT observation

After the uniaxial compression failure, the specimens were
analysed using an X-ray micro-CT scanning system. For the
horizontal cross-section, the CT images were captured from
the bottom to the top at 3-mm intervals. Thus, a total of 21
images of horizontal cross-sections were obtained in the CT
testing of the specimens. In addition, the vertical cross-section
was also scanned. The CT images can be used to observe the
macrostructure of the coal and rock. We selected the vertical
cross-sectional CT images of the specimens at heights of 12,
21, 30, 39, 48, and 57 mm, as shown in Fig. 9, to explore the
internal damage mechanism.

Figure 10 shows the vertical and horizontal cross-sections
at different heights of the coal-rock combination specimens

57 mm
———— 48 mm
T 39 mm
>30mm
>21mm
> 12 mm

AAAL)

/

Fig. 9 Illustrations of the directions of X-ray computed tomography (CT)
scanning and selected cross-section scans

after uniaxial compression failure. It is observed that the CT
images approximate the locations of the cracks shown in Fig.
8, which demonstrates that X-ray micro-CT scanning is suit-
able for exploring the internal damage in geomaterials.

The CT observations indicate that many axial cracks oc-
curred in the coal portion and the distribution of the cracks
was very complex, which resulted from the crack propagation
and coalescence inside the specimen with the increase in the
deformation. In contrast, no macroscopic fractures were ob-
served in the rock portion in most of the specimens. Only one
large splitting crack cut through the rock portion of specimen
MR-0-2 (Fig. 10b) and a small crack was observed at the
periphery of the interface between the rock and coal for spec-
imens MR-0-3 (Fig. 10c) and RM-0-1 (Fig. 10d).

It can be seen that the extent of the internal damage due to
the fractures in the coal portion in the coal-rock combination
specimens after uniaxial compression failure is lower near the
interface between the rock and coal and greater towards the
end. This observation suggests that the cracks initiated from
the interface of the coal-rock and then propagated towards the
end of the coal portion.

Spatial distribution of AEs

An AE event corresponds to a crack in the specimen during
the loading process. The spatial distribution of the AEs pro-
vides insights into the characteristics of the spatial distribution
of the microcracks inside the specimen. The development of
the microcracks of the coal-rock combined body was
analysed based on the three-dimensional distribution of the
AE:s to provide an explanation for the macroscopic mechani-
cal behaviour.

The spatial distributions of the AEs at different stress-level
intervals in the MR and RM specimens under uniaxial com-
pression were obtained and the examples of MR-0-1 and RM-
0-3 are shown in Fig. 11. The number of AE events was
extremely high during the early loading stage and then grad-
ually decreased with increasing stress levels. In other words, a
large number of microcracks occurred during the early stage
of loading and very few microcracks or AE events occurred
after the peak stress.

The AE events occurred throughout the loading process.
The spatial distribution of the AEs was highly concentrated
near the interface between the coal and rock and a conspic-
uous nucleation region was observed. Specifically, the AE
activities occurring in the coal portion accounted for ap-
proximately 80% of the total number of AE events in the
entire specimen. Because the coal has lower strength than
the rock, cracking occurred more easily in the coal portion
than in the rock portion under relatively low-stress condi-
tions. The induced microcracks occurred mainly in the coal
portion and it was the cracks parallel to the loading direction
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Fig. 10 CT images of the coal—
rock combination specimens after
axial compression

12 mm 21 mm 30 mm

(a) MR-0-1

12 mm 21 mm 30 mm

(b) MR-0-2

12 mm 21 mm 30 mm

(¢) MR-0-3
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Fig. 10 (continued)

(d) RM-0-1

(e) RM-0-2
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that resulted in the failure of the specimen in an axial split-
ting failure mode.

In the coal portion, microcracks were produced continu-
ously and extended and interconnected slowly and in an or-
derly manner throughout the coal. Several major cracks rap-
idly extended and interconnected near the peak stress as the
bearing capacity of the coal rapidly decreased.

It was observed that the cracks were first initiated at the
interface of the coal-rock combined body and then propagated
towards the weak region of the specimen. This is attributed to
the different mechanical properties of the rock and coal. A
complex stress state developed near the interface, including
areas of stress concentration. Furthermore, due to the compos-
ite material properties of the coal-rock combined body, a more
complex mechanical response than in either coal or rock bod-
ies was observed with regard to the deformation and fracture
of the component materials. The complex relationship of the
stress and strain results in the interface becoming the most
likely zone where cracks may first initiate and propagate (Li
et al. 2009, 2014).

Numerical analysis

For a better understanding of the failure mechanism of the
coal-rock combined body, the uniaxial compression tests
were modelled using the three-dimensional distinct element
code (3DEC). Because of the symmetry between the RM
and MR specimens, a numerical model was developed for
the MR specimen. The model of the coal and rock specimen
had a diameter of 35 mm and a height of 35 mm, which is the
same as the experimental specimens. A cohesionless connec-
tion between the coal and the rock was simulated in this case.
The material properties of the rock and coal were defined
based on previous experimental investigations, as shown in
Table 2. Both materials were described according to the
Mohr—Coulomb strength criterion. A constant displacement
rate of 0.06 mm/min was applied to the upper surface of the
specimen to control the failure process, whereas the lower
surface was fixed.

The simulated stress—strain curves and failure patterns of
the model MR specimen are shown in Fig. 12. The specimen
failure was accompanied by a longitudinal splitting of the coal
portion, whereas no damage and displacement occurred in the

rock. These results were in general agreement with the exper-
imental observations.

Constitutive modelling of the coal-rock
combined body

Since neither rock nor coal is a perfectly elastic medium, the
materials tend to retain a portion of the total deformation caused
by the loading process, such as plastic deformation. Plastic
deformation is due to the closing or sliding of the microcracks.
Some research indicates that the rock mass also exhibits non-
linear characteristics during the elastic phase (Brown et al.
1989; Nawrocki et al. 1998; Liong¢o and Assis 2000; Zuo et
al. 2008, 2009, 2014, 2015; Singh et al. 2015). In this section, a
new nonlinear constitutive relationship is proposed.

Formulation of the constitutive model

The constitutive model to describe the stress—strain relation-
ship of the coal-rock combined body was formulated based
on the experimental data and the concept of natural (or true)
volumetric strain (Freed 1995).

Figure 13 schematically shows the deformation process of
the coal-rock combined body under an external load F and
based on the failure mode observed in this study. Assume that
a uniformly distributed force is exerted on the ends of the
coal-rock combined body subject to elastic deformation.
Hooke’s law can be applied to the rock and coal portions
and is described by Egs. (1) and (2), respectively:

dO’R :mRERdSR (1)

dO'C = mCEchC (2)

where oy and o¢ are the axial stresses of the rock and coal
portions, respectively; Ex and E¢ are the elastic modulus of
the rock and coal portions, respectively; ez and ¢ are the axial
strains of the rock and coal portions, respectively; and my and
m are the correction coefficients of the elastic modulus of the
rock and coal portions, respectively. In this case, only the
constitutive model for the uniaxial compression is discussed.
Unlike purely solid materials that have a constant elastic
modulus, rock and coal are geomaterials and have many pores

Table 2 Physical and mechanical

parameters of the coal-rock Materials and Elastic modulus Poisson’s Cohesion Internal friction Dilatancy

combined body properties (Gpa) ratio (MPa) angle (°) angle (°)
Coal 3 0.33 6.74 20.82 18.5
Rock 30 0.3 26.32 25.60 23.0
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Fig. 12 Simulated stress—strain
curves and failure patterns of the
model MR specimen under
uniaxial compression
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Fig. 13 Illustration of the deformation process of the coal-rock combined
body under the external load F. Hz and H are the heights of the rock and
coal at the initial state, respectively; D and D¢ are the diameters of the
rock and coal at the initial state, respectively. The subscripts R and C
denote rock and coal, respectively. /g and /¢ are the heights of the rock
and coal under loading £, respectively; dr and d are the diameters of the
rock and coal under loading F, respectively; A is the displacement of the
combined body

and fractures of irregular sizes and shapes that result in a
heterogeneous and anisotropic material. Thus, the elastic
modulus of the rock E and coal E obtained from the exper-
imental tests is not constant throughout the rock or coal body.
A discreteness of the elastic modulus exists; therefore, the
correction coefficients mp and m for the elastic modulus are
used in Egs. (1) and (2), respectively. Since the coal-rock
combined body represents a combined system, the axial force
applied to the rock should be equal to that applied to the coal.
Therefore, we have:

dF = SRdO'R = Sch'C (3)

where S and S¢ are the cross-sectional areas of the rock and
coal portions, respectively, and F is the axial loading.

The cross-sectional areas of the rock (Sk) and coal (S¢)
portions are:

SR = 7TDR2/4 (4)
Sc = mDc? /4 (5)

Due to the different physical and mechanical characteristics
of the rock and coal, these materials can be regarded as the
hard and soft parts of the coal-rock combined body. The ex-
ternal loading F° deforms both the coal and rock. The heights
of the rock and coal decrease with the increase in the external
loads, whereas the diameters increase. The radial deformation
of the rock is relatively small compared to that of the coal.
Hence, based on Hooke’s law, the strain of the rock ey is
defined as (Jaeger et al. 2007):

dER =T (6)

where Hy is the initial length of the rock portion in an un-
stressed state and /i is the current length of the rock body in a
stress state. This strain calculated by Eq. (6) is termed the
engineering strain (Jaeger et al. 2007). The engineering strain
is used exclusively because the elastic strain is generally
small.

However, coal is inherently heterogeneous because it is
composed of a solid phase, pores and fractures with a variety
of geometric shapes and sizes. The elastic strain of the coal is
relatively small with regard to changes in the stress that are of
practical interest, but the elastic strain of the pores and frac-
tures is relatively large. The pores and fractures in the coal can
be subject to significant deformation and can even close
completely under a certain range of stress encountered in prac-
tical applications.

In this case, a large error would result if the engineering
strain method was used. Many researchers have argued that
the natural strain should be used for the accurate description of
material deformation (Freed 1995), including the deformation
of geomaterials (Liu et al. 2009, 2011; Wood 1973). The nat-
ural strain of coal de is defined as (Freed 1995):

d&c = (7)

where /¢ is the length of the coal body in the current stress
state.

The integration of Egs. (1), (2), (6) and (7) yields the stress
of coal and rock:

mpE
{UR:_ II;RhR‘f'CR

R
oc = _mCEcll’th + CC

(8)

where Cr and Cc are integral constants for the rock and coal,
respectively.

Subsequently, using the initial conditions of 1z = Hp and /¢
= Hc when o = 0, the integral constants can be obtained:

CR = mRER (9)
CC = mcEclan

Based on Egs. (8) and (9), the displacement of the rock and
coal can be obtained as:

Ag = hp—Hp = —Hp—2%
mrER (10)
oc
AC :hc_Hc :HC |:€Xp(_ >_1:|
mcEc

where Ay and A are the changes in the lengths of the rock
and coal under stress, respectively.

It is evident from Eq. (10) that the deformation of the rock
is linear and the deformation of the coal is nonlinear. The
deformation of the coal is nonlinear because of the heteroge-
neity of the pore geometry and the non-uniform pore size
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distribution in the coal and at the interface between the coal ~ Table3 ~ Values of mpg, mcand kc
and rock. Considering the compression of the cracks and pores ¢, ple no. i me ke
and the interface during the compaction stage, a coefficient k¢
is introduced. MR-0-1 0.112 0.00460 0.000756
Thus, the total displacement A of the coal-rock combined ~ MR-0-2 0.082 0.00692 0.000721
body under uniaxial compression can be obtained as: MR-0-3 0.050 0.00244 0.000227
RM-0-1 0.160 0.00233 0.000354
~A = Hy R |k cHe [l—exp <_ gc )] (11)  RM-02 0.091 0.00349 0.000586
mrEr mckc RM-0-3 0.080 0.00108 0.000542

By combining Eqgs. (3) and (11), the load—displacement
relationship of the coal-rock combined body is given as:

F F
————+ kcHc |1 —_—— 12
SRmRER+ ¢ C{ exp( ScmcEc)} (12)

By substituting Egs. (4) and (5) into the cross-sectional
areas of the rock (Sg) and coal (S¢) portions in Eq. (12), we
obtain:

F 4F
——— f keHe | 1—exp( ————— | | (13
¢ C{ exP( WDZCmcEC):|( :

Equation (13) is the proposed load—displacement relation-
ship for the coal-rock combined body. We should emphasise
that our theory is a macroscopic-scale approximation that uses
the natural strain-based Hooke’s law to describe the nonlinear
deformation behaviour of a coal-rock combined body subject
to large deformations.

Verification of the model

The uniaxial compression tests performed on the coal-rock
combined body exhibited significant nonlinear elastic defor-
mation prior to peak stress. The characterisation of the non-
linear elastic deformation is more complex for the coal-rock
combined body. Here, a general methodology for the determi-
nation of the model parameters for the stress—strain character-
istics is proposed and briefly outlined.

The equations involve ten parameters that can be deter-
mined directly from the interpretation of the uniaxial tests.
Hpy, Dy, He and D¢ were directly measured prior to the test
(Table 1). F was recorded automatically and continuously by
the test system. £z and E. were determined from the linear
part of the stress—strain curves obtained in the uniaxial com-
pression tests and the average values (Ez=31.57 GPa and
E-=3.75 GPa) were obtained based on various tests (Zuo et
al. 2011a, b). mg, mc and k¢ were identified by applying other
parameters to Eq. (12), and their values determined are listed
in Table 3.

The uniaxial compression tests were simulated using the
proposed model and the obtained parameters. Figure 14 shows
comparisons of the numerical simulations and experimental
data. The proposed model correctly described the pre-peak

@ Springer

behaviours of the coal-rock combined body but failed to re-
produce the softening phenomenon during the post-peak re-
gime. The derivation of a constitutive model able to simulta-
neously describe the pre- and postpeak behaviours of coal—
rock combined bodies will be considered in a follow-up study.
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Fig. 14 Comparison of the experimental and simulated results of the
uniaxial compression tests (the solid line represents the numerical results)
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Implications for underground mining risks

The surrounding rocks around coal roadways are composite
structures composed of weakly cemented soft coal and hard
rock, and the roadway stability is closely related to the overall
mechanical behaviour of the combined body. Based on the
analysis of the uniaxial compression experiments and numer-
ical simulations, it is concluded that the fracture and deforma-
tion characteristics are mainly influenced by the coal seam.

During deep mining, the stress is redistributed and the max-
imum and minimum stresses occur near the roadway, which
increases the fracture risk of the coal seam. Due to the differ-
ences in the stress distribution in the rock and coal, when the
coal enters the strain-hardening stage, the rock mass is usually
in the elastic deformation stage and the burst risk of the coal is
high. Cracking in the coal body under excavation stress in-
duces instability and leads to bursts in the coal. If the crack
propagates at a sufficiently high speed and has enough energy
to damage the roof rock, then coal and rock bursts may occur.
This is the main mechanism whereby coal bumps or coal and
rock bursts occur after excavation unloading. This study has
deepened our understanding of the mechanisms of coal-rock
compound dynamic disasters and provides theoretical bases
for their predictions during coal mining.

Conclusions and recommendations

To study the deformation failure characteristics of coal-rock
combined body in a systematic manner, a series of uniaxial
tests were performed on specimens. Based on an experimental
investigation, a constitutive model for elastic deformation is
proposed. The main concluding remarks are as follows:

(1) The uniaxial compression curve of the coal-rock com-
bined body exhibited six distinct phases and typical brit-
tle mechanical behaviour.

(2) The mechanical properties and deformation failure char-
acteristics of the coal-rock combined body were influ-
enced mainly by the coal. The mechanical properties of
the coal dominated the properties of the combined bod-
ies. The uniaxial compressive strength (UCS) and elastic
modulus of the coal-rock combined body were slightly
larger than those of the coal and much smaller than those
of the rock. The failure of the coal-rock combined body
was dominated by axial splitting tensile cracks in the
coal, following a tensile splitting mode. The interface
was the most likely zone where cracks first initiated
and propagated.

(3) A constitutive model was proposed to characterise the
coal-rock combined bodies using the concept of natural
strain. The proposed model describes the pre-peak be-
haviour quite well. The derivation of a general model

describing the overall mechanical behaviour of coal—
rock combined bodies will be considered in a follow-
up study.

(4) The existence of the weak coal changes the overall fail-
ure mechanism and strength in a coal-rock combined
body, thereby reducing the overall stability of a coal
roadway. Furthermore, it should be noted that the defor-
mation and failure of the coal-rock combined body have
an important influence on the design and excavation of
coal roadways in large cutting height coalfaces.

This preliminary study is intended to deepen our under-
standing of the mechanisms of coal and rock dynamic disas-
ters and provide theoretical bases for their predictions.
However, this study does not consider the stress release and
size effects, although they may be of interest in a follow-up
study to validate the results of this study. Unloading and multi-
scale tests will be conducted, allowing the stress release and
size effects to be investigated precisely in the near future.
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