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In underground coal mining systems, the occurrences of coal burst hazards and pillar failures relate not only to the condition of
stress distribution but also the geometry of roof-coal-floor structures. To study the failure response of these structures, the rock-
coal-rock (RCR) sample, in which a coal component is sandwiched between rocks, is always employed as the experimental subject.
In this study, the effect of height ratio (a ratio represents the height percentage of coal component in an RCR sample) on the
mechanical properties and deformation behavior of RCR samples was numerically investigated by using the distinct element
model (DEM). ,e results reveal the following. (1) ,e uniaxial compression strength (UCS) of the RCR sample decreases with
increasing height ratio as an inverse proportional function. (2) With increasing height ratio, the elastic modulus of the RCR
sample decreases exponentially, while the postpeak modulus is strengthened in an inverse proportional manner. (3) Micro-
cracking activity of the RCR sample is different from that of the pure sample during loading. Specifically, a reactive period always
occurs after the quiet and active periods in the RCR sample. (4) ,e RCR sample fails in a progressive manner, in which cracking
bands develop preferentially in coal and then extend to rocks. Expectably, the mechanical properties and failure behavior of RCR
samples are height ratio dependent, which may contribute to predicting the hazard of coal bursts and estimating the failure of
rock-coal-floor structures.

1. Introduction

Coal bursts occur frequently in underground coal mining
systems, causing fatal injury and facility damage [1–3].
,erein, coal pillar bursts refer to failures of roof-pillar-floor
systems that have been a significant safety concern in deep coal
mines (Figures 1(a-1) and 1(b-1)) [4–7]. Since coal seam is
sandwiched between the roof and floor strata, the destruc-
tion of pillar is influenced not only by the condition of
stress distribution but also the geometry of roof and floor
(Figures 1(a-2), 1(a-3), 1(b-2), and 1(b-3)) [8]. ,erefore,
understanding the mechanical properties and failure mech-
anisms of roof-pillar-floor structures under variable composite
geometries is significantly important regarding safety mining.

In experimental scale modelling, pure coal and pure
rock samples are always employed to conduct uniaxial

compression tests [9–11]. However, the shortcoming is that
the pure samples cannot accurately reflect the overall me-
chanical properties of roof-pillar-floor structures. ,us, two
types of composite cylindrical samples were simplified to
conduct laboratory and numerical investigations. ,e first is
rock-coal (RC) type, in which roof and coal components are
considered (Figure 1(c-1)) [12–14]; another is rock-coal-rock
(RCR) type, where the coal is sandwiched between roof (rock)
and floor (rock) components (Figure 1(c-2)) [15–17]. Geo-
logically, coal seams and the surrounding strata may vary in
thickness, which in turn indicates that the roof-pillar-floor
structures may differ in physical geometry. In this study, the
physical geometry refers to the height percentage (hr) of the
coal component in a composite sample.

To date, numerous attempts have been made to study
the mechanical properties and deformation behavior of
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composite samples under uniaxial and triaxial com-
pression conditions. In these studies, the most height
ratios were between 40% and 60%, and the results show
the following. (1) ,e uniaxial compression strength
(UCS) of the composite sample depends mostly on the
coal component [12]. (2) A higher UCS of rock com-
ponent always implies a greater UCS, and the RCR
sample with a lower height ratio tends to burst easier
[18]. (3) Most failure modes of composite samples are
conjugate X-shaped shearing failures [12, 13, 16]. Briefly,
these foregoing investigations demonstrated that the
UCS and failure behavior of composite samples are
material properties dependent. However, these studies
have been mainly concentrated on either the effect of
material property or the damage of coal [19, 20].

In the aspect of geometrical effect, some studies in-
vestigated the failure response of composite rocks with
different composite types (e.g., rock-coal, rock-rock-coal,
and rock-coal-rock) [21], with different geometrical sizes
[22] and with different inclined angles [23]. Interestingly,
Chen et al. [14] found that the UCS of the RC sample
decreases with increasing height ratio. Furthermore,
a lower height ratio of the composite sample always im-
plies a greater rock burst accident [24]. ,ese studies
contribute to our knowledge about the geometrical in-
fluence on the mechanical properties of composite sam-
ples. However, the relationship between height ratio and
UCS of the RCR sample is not fully understood due to
prior inadequate considerations of roof-coal-floor geom-
etry. In addition, limited effort has been applied to de-
termine the influence of the height ratio on the
deformation evolution of RCR samples under uniaxial
compressive loading. ,erefore, in addition to the factors
such as the physical properties of coal and rock compo-
nents, it is also a significant issue to consider the height
ratio of the RCR sample.

Apart from the mechanical properties and failure
behavior of composite structures, acoustic emission (AE)
is often a concern because related dynamical effects may
lead to great failure and pillar damage in underground
mining systems [25, 26]. Previous research has described
the effect of the loading rate on the microcracking ac-
tivities of RC and RCR samples [15, 27] but did not deal
with the influence of the height ratio on the microcracking
evolution of composite samples, which is a key issue to be
investigated in this work.

,is paper aims to study the effect of the height ratio on
the mechanical properties and deformation evolution of
RCR samples by conducting numerical simulation tests.
Furthermore, by considering time-dependent cracks of the
RCR sample, the microcracking characteristics in the de-
formation process of the RCR sample were simultaneously
studied. In the following, the details of the methodology and
results and discussion are explained.

2. Numerical Methods and Materials

,e particle flow code in 2 or 3 dimensions (PFC2D (3D))
models the movement and interaction of circular (2D) or

spherical (3D) particles using the DEM. It is possible for the
blocks to break because they are composed of bonded
particles [28, 29]. ,is software employs a DEM algorithm,
and the DEMmethod iteratively solves Newton’s second law
of motion for an assembly of particles with a predefined
contact bond model applied at the grain-grain contacts. ,e
AE monitoring technology in discrete element modelling
(DEM) is particularly suitable for studying the micro-
cracking activities of samples.

2.1. Contact BondModel in PFC. Two bonding behaviors are
embodied in the contact-bond model (CBM) and parallel-
bond model (PBM) (Figures 2(a) and 2(b)) [30], both of
which can be envisioned as a kind of glue joining two
neighboring particles. A contact bond also can be envisioned
as a pair of elastic springs with constant normal and shear
stiffness acting at a contact point. ,e two springs located
between two adjacent particles have specified shear and
normal strengths and control the micromechanical behavior
of a contact bond.

,e intrinsic difference between CBM and PBM is that
the CBM (Figure 2(a)) can only transmit forces acting at the
contact point, while the PBM (Figure 2(b)) can transmit
both forces andmoments between particles. Moreover, bond
breakage in PBM immediately results in stiffness reduction
since stiffness is contributed by both contact and bond
stiffness (Figure 2(d)) [30]. In PFC, rock can be represented
as a heterogeneous material composed of cemented grains. A
PBM provides the mechanical behavior of a cement-like
material substance between two contacting particles, and the
PBM has been widely employed in estimating the me-
chanical behavior of rocks [31, 32]. ,erefore, in this re-
search, we chose the PBM to carry out the numerical
simulations.

2.2. Numerical Samples and Calibrations. ,e RCR samples
were composed of sandstone and coal (Figure 3(a)), and
nine samples with height ratios ranging from 0% to
100% were generated for uniaxial compression tests
(Figure 3(b)). It is clear that samples with height ratios of
0% and 100% are pure sandstone and pure coal samples,
respectively.

According to the ISRM standard [33], the dimension of
a sample that undergoes uniaxial compression is 50mm in
width and 100mm in height. In this study, each RCR sample
(φ50mm× 100mm) is discretized into 6673 particles, and
the particle size (i.e., diameter) followed a uniform distri-
bution ranging from 0.35mm to 0.58mm [34]. ,e in-
terparticle friction for particle is 0.577, and the normal-to-
shear stiffness ratio is set as 2.5 for both rock and coal
particles. ,e average unit weights of sandstone and coal are
2600 kg/m3 and 1800 kg/m3, respectively. ,e parallel-bond
tensile strengths of sandstone and coal are 24.0MPa and
40.0MPa, individually. ,e parallel-bond cohesive strength
of coal is higher than that of sandstone: 15.0MPa versus
8.4MPa.

In PFC, numerical calibration requires back calculations
using measured values of some commonly measured rock
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FIGURE 1: Coal pillars with two di�erent geometries in longwall mining systems. 
e lower 	gures are in situ roof-coal-�oor combinations
and simpli	ed RCR samples. (a-1) and (b-1) are the 3D schematics of longwall mining systems. (a-2) and (b-2) are the magni	ed 	gures of
pillars. (a-3) and (b-3) are the two kinds of in situ roof-coal-�oor structures with di�erent height ratios. (a-4) and (b-4) are the schematics of
RCR samples with di�erent height ratios. (c-1) Rock-coal (RC) sample. (c-2) Rock-coal-rock (RCR) sample.
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properties, such as elastic modulus and UCS. Table 1
presents the calibrated results, which are comparisons be-
tween experimental and numerical data of sandstone and
coal samples under uniaxial compression tests, and the coal
and sandstone were taken from Yunhe coal mine (Jining,
Shandong Province, China) [14].

2.3. Microcracking Activity Measurement and
Testing Procedures

2.3.1. Microcracking Activity Measurement Method. In or-
der to understand the failure mechanisms in rock, moni-
toring AE events caused bymicrocracking activities is always
employed [35–37]. In PFC, bond breakages can be simul-
taneously monitored using the program’s internal language
(FISH). Furthermore, the initiation and propagation of
microcrack can be represented as a progressive breakage of
contact bonds [28, 35]. 
erefore, the microcracking ac-
tivities were historically recorded by monitoring the bond
breakage events.

2.3.2. Uniaxial Compression Method. During the test, an
external load was applied on the top of the RCR sample in
the axial direction (Figure 3(b)). As recommended by the
user manual of PFC [28], the loading rate for compression
tests was set as 0.02m/s. It should be noted that the nu-
merical loading rate is related to time step, which is di�erent
from that employed in laboratory tests. In this word, the time
step in each calculation cycle was 1.16×10−7 s. 
us, the
loading rate of 0.02m/s can be translated to
2.32×10−6mm/step, which means that it requires more than
431,000 steps to move the loading plate 1.0mm. A brief

review of the loading rate setting in PFC can be found in the
research of Zhang and Wong [38].


e simulated samples were compacted and tested as
follows. (1) Generating an RCR sample; (2) removing
�oating particles; (3) identifying the coal component; (4)
applying linear parallel contact bond to particles and setting
the mechanical properties of the RCR sample; (5) applying
a constant velocity of 0.02m/s on the top wall in all nu-
merical runs; and (6) ceasing the compression process until
40% of the UCS is reached. During the loading process,
mechanical and physical parameters (e.g., axial compression
stress, axial strain and bond breakage events) were recorded
in real time.

3. Results and Discussion

Axial stress-strain curves for RCR samples under uniaxial
compression tests are shown in Figure 4, in which the stress-
strain curves of the pure sandstone sample (height ratio
equals to 0%) and pure coal sample (height ratio equals to
100%) are also plotted. 
e curves of the RCR samples are
located between those of pure sandstone and pure coal
samples. From the shapes of these curves, it is clear that the
height ratio has a key e�ect on themechanical properties and
deformation behavior of RCR samples, which will be ana-
lyzed in detail.
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Figure 3: Numerical RCR samples with height ratios ranging from 0% to 100% (a), and the framework of uniaxial compression test (b).

Table 1: Calibrated results [14].

Rock type
Peak strength (MPa) Elastic modulus (GPa)

Experimental Numerical Experimental Numerical
Sandstone 87.30 89.30 8.13 8.37
Coal 29.24 30.60 3.06 3.11
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3.1. E�ect of Height Ratio on the UCS of RCR Samples. In this
section, the in�uence of the height ratio on the UCS of the
RCR sample is investigated. In accordance with the stress-
strain curves shown in Figure 4, the UCS values (σc) for all
samples are given in Table 2 and presented graphically in
Figure 5. Generally, the UCS decreases with increasing
height ratio. Speci	cally, the UCS values of RCR samples
are all lower than that of pure sandstone (89.36MPa) and
higher than that of the pure coal sample (30.64MPa), which
is consistent with previous studies [14, 16]. Figure 5
demonstrates the relation between height ratio (hr) and
UCS (σc) of samples (namely, hr∼σc relationship), and the
relationship can be illustrated by an inversed proportional
function:

σc � 24.7 +
5.85
hr
, (1)

where σc and hr are UCS (MPa) and height ratio of the RCR
sample, respectively.


e decreasing trend of the hr∼σc curve is most pro-
nounced for the RCR and pure coal samples, and the cor-
relation coe�cient of the regressive curve is 0.992.
According to the UCS values, the hr∼σc curve can be divided
into three stages. In stage I (i.e., height ratios between 10%
and 40%), the UCS decreases sharply from 82.89MPa to
38.57MPa. In stage II (i.e., 40% to 60%), the UCS expe-
riences a slight decrease from 38.57MPa to 32.72MPa,
while a proximate stable trend can be identi	ed afterward
in stage III (from 32.72MPa to 31.14MPa). 
erefore, the
critical height ratios of 40% and 60% may have key e�ects
on both the mechanical and deformation behavior of RCR
samples.

In quasistatic compression of the RCR sample, the load is
equally applied on the tops of coal and rock components.

Once the external load reaches the UCS of the coal com-
ponent, failure of coal would occur and the whole RCR
sample may lose load-bearing capacity. 
us, the UCS of the
RCR is determined by the strength of coal [12]. However, it is
not always the same for composite samples with variable
height ratios [14]. From Figure 5, it can be concluded that the
UCS of the RCR sample is strongly in�uenced by the height
ratio. 
us, a question may be posed: does the UCS of the
RCR sample determined by the size e�ect of coal or rock
component?

In this part, the size e�ects on the UCS of individual rock
component and RCR sample were studied. Tuncay and
Hasancebi [39] reviewed the size e�ect of length to diameter
ratio on the UCS of the sample, indicating that the height-
diameter ratio is highly correlated with USC of the rock
sample. Hoek and Brown [40] suggested that the UCS de-
creases with increasing sample diameter (Figure 6(a)), and
they suggested the following equation to convert the UCS
value of a di�erent diameter sample to that of a 50mm
sample:

UCS
UCS50

�
50
φ

( )
0.18

, (2)

where UCS50 is the UCS of the sample with a diameter of
50mm (ASTM standard). φ is the diameter of a test sample.
Notice, the height of all samples employed in this method is
100mm (Figure 6(a)).

According to the de	nition of the height-diameter ratio,
the height ratio (hr) of an RCR sample can be converted into
the height-diameter ratio. As shown in Figure 6, an indi-
vidual coal or rock component can be represented by a pure
sample with a height of 100mm. However, the diameter of
the pure sample should be zoomed out or zoomed in
according to the height-diameter ratio.
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Figure 4: Stress-strain curves of the samples.
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Based on Equation (2), the theoretical UCS/UCS50
values of sandstone and coal components in an RCR sample
can be calculated and plotted in Figure 7. In accordance with
the UCS values of RCR samples shown in Table 2, the
numerical UCS/UCS50 values of coal and rock components
in RCR samples are also plotted. Interestingly, the theoretical
curve is between the numerical curves of rock and coal
samples. Furthermore, the numerical UCS/UCS50 curve of
the sandstone component has a similar trend with the
theoretical curve, while the numerical curve of the coal
component experiences a reversed shape. 
erefore, the
hr∼σc relationship cannot be simply illustrated as a result of
size e�ect but may also be caused by the e�ect of coal-rock
interface [20].
e strength of weak coal is enhanced near the
interface, while the strength of sandstone is weakened, thus
the global strength may be modi	ed.

3.2. E�ects of Height Ratio on the Elastic and Postpeak
Modulus of RCR Samples

3.2.1. Relation between Height Ratio and Elastic Modulus.

e elastic modulus (E) is a mechanical property of an object
which represents resistance to being deformed elastically
when loading. In a stress-strain curve, the elastic modulus is

de	ned as the slope of the elastic deformation region
(Figure 8). At the stage of elastic deformation, the com-
pression stress increases linearly with axial strain, and the
elastic deformation dominates a stress-strain curve in the
prepeak stage. According to the stress-strain curves shown
in Figure 4, the elastic modulus values of RCR samples which
are listed in Table 2 and presented in Figure 9 can be re-
gressively derived. 
e relation between height ratio and
elastic modulus (namely, hr∼E relationship) is also
presented.

As shown in Figure 9, the height ratio has a key e�ect on
the value of the elastic modulus. 
e elastic modulus values
of RCR samples are between the values of pure sandstone
(7.10GPa) and pure coal (3.11 GPa) samples. On the whole,
the elastic modulus of the sample nonlinearly decreases
with increasing height ratio. According to the regressive
curve, the hr∼E relationship of the RCR sample is
expressed as

E � 2.58− 5.58 × 0.1196hr , (3)

where E and hr are the elastic modulus (GPa) and the height
ratio of the RCR sample, respectively.

As mentioned in Section 3.1, the e�ect of rock-coal
interface should be taken into consideration when analyz-
ing the UCS of RCR samples. In an RCR, the frictional force
exists on the rock-coal interface to restrict the deformation
of rock and coal, which is di�erent from the no-frictional
interface in the idealized sample (Figure 10(a)). 
us,
a mechanical model was established (Figure 10) and dis-
cussed in the following parts.

Let Erock, Ecoal, and Krock, Krock denote, respectively, the
elastic modulus and sti�ness where the subscripts “coal” and
“rock” identify the coal and rock components, and suppose
Erock >Ecoal and Krock <Kcoal. It is known that the sti�ness of
a rock is a measure of the resistance o�ered by an elastic body
to deformation. For an elastic rock, the sti�ness is de	ned as

K �
F

δ
, (4)

where F and δ are external load on the top of an elastic body
and elastic deformation, respectively.

For the series-connected sample (Figure 10(a)), the rock-
coal interaction at a connecting layer can be neglected due to
the eliminated friction caused by rollers.
e sti�ness of such
series-connected sample, Kw, can be expressed as

Table 2: Uniaxial compressive strength, elastic modulus, and postpeak modulus of RCR samples.

Sample Height ratio (hr) Size (mm) σc (MPa) E (GPa) Er (GPa) Note
RCR-0% 0% φ50×100 89.36 8.37 −225.19 Pure sandstone
RCR-10% 10% φ50×100 82.89 7.10 −270.09 RCR
RCR-20% 20% φ50×100 53.30 6.23 −235.00 RCR
RCR-30% 30% φ50×100 47.05 5.52 −114.50 RCR
RCR-40% 40% φ50×100 38.57 4.95 −65.03 RCR
RCR-50% 50% φ50×100 37.94 4.54 −104.16 RCR
RCR-60% 60% φ50×100 32.72 4.16 −75.39 RCR
RCR-80% 80% φ50×100 31.14 3.58 −78.76 RCR
RCR-100% 100% φ50×100 30.64 3.11 −38.98 Pure coal
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Kw �
1

∑ni�1 1/Ki( )
, (5)

whereKw is the sti�ness of the composite sample, N/m;Ki is
the sti�ness of an individual component; and n refers to the
number of components.


e elastic modulus of a material is not the same as the
sti�ness of a component made from that material [43]. Spe-
ci	cally, sti�ness is an extensive property of the elastic body that
is dependent on the material properties, shape, and boundary
conditions. For a rock in compression, the axial sti�ness is

K �
EA

H
, (6)

where E is the elastic modulus of samples. A and H are the
cross-sectional area and height of a rock, respectively.

By arranging Equations (5) and (6), the elastic modulus
of a composite sample without interface friction can be
obtained as follows:

Ew �
H

A∑ni�1 Hi/EiAi( )
, (7)
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where Ew is the elastic modulus of the composite sample
without interface friction.Ai,Hi, andEi are the cross-sectional
area, elastic modulus, and the height of individual component,
respectively.

In the RCR (Figure 10(b)), the mechanical properties of
a composite sample not only are in�uenced by the size e�ect
but may also by the e�ect of the rock-coal interface. Con-
sidering the elastic modulus of the area of rock-coal interface

(Kr−c) is nonconstant, but it varies with the height of this
area, which is di�erent from that of the series-connected
sample shown in Figure 10(a). By taking Saint-Venant’s
principle (i.e., boundary conditions) into consideration [44],
the elastic modulus of an RCR can be expressed as

Ew �
H

∑n

i�1 fi hr( )/f Ei( )( )
. (8)
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With

f Ei( ) �

Erockf hr( ), rock component,

f Erock,Ecoal( )f hr( ), rock∼coal component,

Ecoalf hr( ), coal component,

f Ecoal,Erock( )f hr( ), rock∼coal component,

Erockf hr( ), rock component,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(9)

where f(Ei)
is the function of the elastic modulus of

a component, f(hr) is a shape function that determines the
heights of components, and f(Ecoal,Erock) is the elastic modulus
in the area of rock-coal interface.

,e elastic modulus along the height of the RCR sample
can be primarily depicted in the below parts of Figure 10.
According to Equation (5), the elastic modulus of the series-
composite sample (Figure 10(a)) is a constant value and is
unrelated to the height ratio. However, as can be seen easily
in Figure 10(b), the elastic modulus along the height of the
RCR sample gradually changes from Erock to Ecoal, which is
different from that of the series-connected sample
(Figure 10(a)). Further, according to Equation (7), the
height ratio has a key effect on the elastic modulus along the
height, because the height ratio determines the values of the
elastic modulus in rock-coal areas. ,erefore, the coupled
effects of the height ratio and elastic modulus of each
component may result in the nonlinear phenomena in hr∼σc

and hr∼E curves.

3.2.2. Relation between Height Ratio and Postpeak Modulus.
,e postpeak stage of a typical strain-strain curve shows that
the strength decreases with increasing strain (Figure 8). ,e
postpeak modulus (Er) [42], determined based on the
progress of a postpeak failure stage, is a mechanical pa-
rameter of great importance in solving mining geo-
mechanics problems. ,e value of postpeak modulus is
determined by the tangent of angle of the inclination of a line
being a linear approximation of the stress-strain curve. More
detailed descriptions on the postpeak modulus can be found
in the research of Bukowska [41].

,e approximate linear portions of postpeak stages are
plotted in Figure 11, in which linear fitted curves are also
presented. ,e correlation coefficients of these linear fitted
curves are between 0.953 and 0.993. ,e values of the
postpeak modulus are listed in detail in Table 2. It can be
seen that the postpeak modulus of pure sandstone and pure
coal samples are −225.19GPa and −38.98GPa, respectively.
In Figure 12, hr∼Er relationship is graphically presented. It
is clear that the postpeak modulus grows up with increasing
height ratio as an inversely proportional function which can
be illustrated as

Er � −43.8− 24.7/hr, (10)

where Er and hr are postpeak modulus (GPa) and height
ratio of RCR sample, respectively.

,e fitted hr∼Er curve is primarily divided into two
stages by the critical height ratio of 40%. In stage A, the
postpeak modulus increases sharply with height ratio
(10%–40%), which means the postpeak curve tends to fall
more rapidly with a steeper slope in the postpeak stage.
However, in stage B, the postpeak modulus keeps stable with
increasing height ratio (above 40%).

3.3. Effect of Height Ratio on the Microcracking Activity of
Samples. ,e microcracking activity can be presented and
counted by monitoring bond breakage events in PFC [28].
Figure 13 shows the stress-strain curves and microcracking
evolutions of pure sandstone and pure coal samples during
the whole loading history, while Figure 14 shows those of
RCR samples. In accordance with the microcracking activity
and stress-strain results, a detailed investigation for the
microcrack characteristics of pure and composite samples
was carried out.

In Figure 13, the microcracking activity of pure samples
is divided into two periods, namely, the quiet period and the
active period. During the quiet period, there is no bond
breakage, and the stress linearly grows up with increasing
strain. During the active period, stress-strain curves of pure
sandstone and coal samples undergo two different stages,
i.e., the stage of elastic deformation and the stage of crack
growth and propagation. Moreover, microcracking activities
of the pure coal sample are much more intense than those of
the pure rock sample. ,is is because the sandstone with
a higher brittleness experienced a sharp stress drop after
failure, while the coal sample failed in a progressive manner.

,e microcrack characteristics of RCR samples are
different from those of pure samples. As shown in Fig-
ure 14, the reactive period occurs after the quiet and active
periods. ,e microcracking behavior of RCR samples
during the quiet period is not dependent on the height
ratio. In the active period, the stress increases linearly at the
stage of elastic deformation. However, when it increases to
small peak stress, the stress-strain curve occurs to depart
from the linear curve and shows distinctly stress drop
behavior. After the active period, another active period
(i.e., reactive period) occurs, because the propagation of
microcrack causes the redistribution of the contact force.
As shown in the elliptical zones in Figure 14, the RCR
samples progressively fails. It can be seen that before the
failure of the whole sample, the component of coal fails
with several stress drops.

3.4. Discussion on the Failure Mode of RCR Samples

3.4.1. Validation of the Simulation Results

(1) Comparison between the Simulation Results and Labo-
ratory Test Results. In this section, we conducted a comparison
between the simulation results and the laboratory test results.
,ese final failure modes of RCR samples (RCR-20% and
RCR-40%) are shown in Figure 15, wherein the left are
simulation results and the right are laboratory test results.

Advances in Materials Science and Engineering 9




e failure modes of laboratory test results are
consistent with those of simulation results. As can be seen
in Figure 15(a), with an increase of uniaxial compression stress,

the deformation of rocks is not apparent and lateral de-
formation of the coal is marked and much greater than that of
rocks; the coal ruptures vertically 	rst. With further increase of
compressive stress, the coal section splits and smashes into
a columnar form; at the time of coal failure, the rock generates
splitting failure rapidly. As can be seen from both the simu-
lation and laboratory test results (Figure 15(b)), the coal bodies
are broken more thoroughly than the rock bodies. 
e lower
part of the coal body is tapered, suggesting that the X-type
shearing fracture surfacemust have been formed inside the coal
before failure. Shear fracturemainly occurs before splitting, and
the 	nal destruction of the coal is dominantly splitting [16].

(2) Comparison between the Simulation Results and the in
Situ Test Results. Figure 16 presents the comparison between
the simulation results and the in situ test results, wherein
Figure 16(a) is the simulation failure mode of the RCR sample,
and Figures 16(b) and 16(c) are the in situ failuremodes.
e in
situ test pillar (Figure 16(b)) is about 2m in width [45, 46].

In the coal component of the RCR sample, the conjugated
shear bands can be easily identi	ed (Figure 16(a)). Similarly,
such conjugated shear bands can be identi	ed in the in situ
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rock/coal pillars (Figure 16(b) and 16(c)). 
is failure mode
was also called double-pyramid type of failure [46]. Generally,
the in�uence on the pillar strength of the lateral con	nement
generated at the pillar ends decreases with distance from the
end interfaces. As shown in Figure 16, this is evidenced by the
hourglass shape of the stressed pillars. It is one reason why the
strength of a pillar with a given width decreases with in-
creasing pillar height. 
is is consistent with the e�ect of the
height ratio on the failure mode of the RCR sample.

3.4.2. E�ect of Height Ratio on the Failure Mode of RCR
Sample. Figure 17 illustrates the in�uence of the height ratio
on the ultimate failure modes of the RCR samples under
uniaxial compression tests. 
e crack distributions are
depicted as short colored lines, and the red line occurred
later than the yellow and green lines.

In pure sandstone and pure coal samples, the conjugated
shear bands can be easily identi	ed. However, in the RCR
samples, fractures initiated in coal components and then
propagated to the whole RCR samples, resulting in multi-
stress drops in the stress-strain curves (Figure 14). In ac-
cordance with the time-dependent microcracking activities
shown in Figure 17, it can be concluded that the failure of
coal component causes the 	rst stress drop in the stress-
strain curve, and the last stress drop results from the collapse
of rock component or the whole sample.

3.5. Progressive Application of the Results. 
e failure of rock
samples in laboratory testing is similar to the dynamic di-
sasters in the 	eld [47]. 
e pure coal sample experiences
splitting and comminuting failure. However, the failure of
the RCR sample is progressive. 
e cracking bands develop
preferentially in the component of coal, and then the de-
velopment of cracks gradually extends to the rock portion.

is is because the constraint force exerted on the interface
between the coal and the rock in the direction perpendicular
to the axis is small, and the tensile stress caused by the radial
expansion of the sample exceeds the tensile strength of coal

	rst, thus resulting in a columnar splitting failure of the coal
section [15].


e determiner, controlling the failure of the whole RCR
sample, changes from rock to coal component with in-
creasing height ratio. According to Figures 14 and 17, the
critical height ratio can be identi	ed as 60%. Prior to the
critical height ratio, the UCS of the RCR sample is de-
termined by the failure of rock, while the UCS of the RCR
sample is controlled by the failure of coal component af-
terward. We can wonder that the in situ roof-coal-�oor
structure experiences such progressive failure. 
us, the coal
failure in the roof-coal-�oor structure with a height ratio
lower than 60% would not result in systematical failure, and
the systematical failure often takes place after one or two
dense AE events. However, if the height ratio of a roof-pillar-
�oor structure is higher than 60%, the failure of coal would
lead to systematical failure of the whole structure. 
ese
results may contribute to predicting the hazards of coal
bursts and estimating the failure of rock-coal-�oor struc-
tures in underground coal mining systems.

4. Conclusions

In this paper, we studied the mechanical properties and
deformation behavior of RCR samples with variable height
ratios ranging from 0 to 100%. 
e e�ects of the height ratio
on the UCS, elastic modulus, postpeak modulus, micro-
cracking activity, and failure mode of RCR samples were
systematically investigated. 
e following can be concluded:

(1) 
e UCS of the RCR sample is strongly a�ected by
the height ratio, and the increase of the height ratio
decreases the UCS as an inverse proportional
function. In addition, the UCS versus height ratio
curve is divided into three stages, namely, dramatical
decrease stage (height ratio: 0 to 40%), slight decrease
stage (height ratio: 40% to 60%), and stable stage
(height ratio: 60% to 100%).

(2) 
e elastic modulus tends to decrease exponen-
tially with increasing height ratio, while the
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Figure 13: Microcracking evolution of pure sandstone (a) and pure coal (b) samples under uniaxial compression tests.

Advances in Materials Science and Engineering 11



0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3

Cr
ac

k 
nu

m
be

r

RCR-80%

Coal fail

Coal fail

Quiet period

Active period

Reactive period

0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3
Cr

ac
k 

nu
m

be
r

RCR-60%

Coal fail

Coal fail

Quiet period
Active period

Reactive period

0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3

Cr
ac

k 
nu

m
be

r

RCR-50%

Coal fail

Rock fail

Quiet period
Active period

Reactive period

0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3

Cr
ac

k 
nu

m
be

r

RCR-40%

Coal fail
Rock fail

Quiet period
Active period

Reactive period

0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3

Cr
ac

k 
nu

m
be

r

RCR-30%

Coal fail

Rock fail

Quiet period Active period
Reactive period

0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3

Cr
ac

k 
nu

m
be

r

RCR-20%

Coal fail

Rock fail

Quiet period Active period

Reactive period

0

4

8

12

16

20

0 2 4 6 8 10 12
0

20

40

60

80

100

A
xi

al
 st

re
ss

, σ
 (M

Pa
)

Axial strain, ε×10–3

RCR-10%

Cr
ac

k 
nu

m
be

r

Coal fail

Rock fail

Quiet period Active period

Figure 14: Relation between stress and microcracking evolution of RCR samples.
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(a)

(b)

Figure 15: Comparison between the simulation results (left) and the laboratory test results (right). (a) Failure mode of the RCR sample with
a height ratio of ∼20%.,e laboratory test result is derived fromHuang and Liu [15]. (b) Failure mode of the RCR sample with a height ratio
of 40%. ,e laboratory test result is derived from Liu et al. [16].

(a) (b) (c)

Figure 16: Comparison between the simulation results (left) and the in situ test results (right). (a) Failure mode of an RCR sample; (b) and
(c) are the failure modes of the in situ pillars [45, 46].
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postpeak modulus value prefers to rise with the
increasing height ratio in an inverse proportional
manner.

(3) ,e microcracking activity of RCR samples is dif-
ferent from that of pure samples. ,e reactive period
always occurs in RCR samples after the quiet and
active periods. ,e active period in an RCR sample
comes up with the failure of coal component, while
the reactive period always implies the failure of the
whole RCR sample.

(4) ,e RCR sample fails in a progressive manner. ,e
cracking bands develop preferentially in the com-
ponent of coal, and then the development of cracks
gradually extends to rocks. However, the determiner
of the UCS of the RCR sample varies in the height
ratio. Prior to the critical height ratio of 60%, the
UCS is determined by the failure of rock, while the
UCS is controlled by the failure of coal component
afterward.
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