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Abstract: Hole-like defects are very common in natural rock or coal mass, and
play an important role in the failure and mechanical behaviors of rock or coal
mass. In this research, multi-holed coal specimens are constructed numerically
and calibrated based on UDEC-GBM models. Then, the strength, deformation
and failure behavior of the porous specimens are analyzed, with consideration
of hole density (P) and confining pressure (o3). The simulation results are highly
consistent with those available experiment results, and show that the compressive
strength decreases exponentially with the increasing hole density. The strength
loss is mainly caused by the reduction of cohesion when P < P, (critical hole den-
sity) and the reduction of frictional angle when P > P, Also, the increasing hole
density linearly reduces the tangent and secant modulus and causes greater non-
linear deformation of multi-holed specimens. Finally, the failure patterns, coales-
cence mechanism and damage behavior of the multi-holed specimens are revealed
based on the analysis of mesoscopic displacement fields and stress distribution
around holes. This research promotes a better understanding of the effects of hole
density and confining pressure on the failure and mechanical behavior of porous
geomaterials.
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1 Introduction

Recent years, underground engineerings have developed rapidly, including both traditional underground
engineerings, such as tunnels and mines, and some emerging geothermal engineerings, waste storage
engineerings, and CO, geological sequestrations etc. However, the development of underground engineerings
has also encountered many challenges, most of which are caused by the discontinuity, heterogeneity and
anisotropy of geological rock mass. The rock or coal mass always contains various discontinuities: joints,
faults, bedding planes and pores or cavities. The disturbance caused by underground excavations may
induce crack initiation, propagation and coalescence between these flaws, leading to the instability of
surrounding coal and rock mass. In order to study the strength, deformation deterioration and damage
mechanism caused by these defects, scholars have used pre-cracked rock-like materials to study the crack
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types, coalescence modes and propagation process under uniaxial or triaxial compression [ 1-8]. As the rock-
like materials are very difficult to simulate the heterogeneity, mineral grains, boundary effect and
cementation of the real rock materials, many scholars have also studied the cracking behavior of pre-
cracked real rock such as sandstone [9,10], marble [11-13], and granite [14,15].

Although the research results are very rich about the strength, deformation and failure mechanism of
rock or rock-like materials containing crack-like flaws, there are relatively few studies on hole-like flaws.
In fact, on a macroscopic scale, rock materials such as tuff [16], weakly cemented coarse sandstone [17]
and some other natural rock masses [18] always contain many macroscopic cavities, as shown in Figs.
la—Ic. On a microscopic scale, rock or coal materials contain very complex pore or hole structures, such
as the sandstone [19], Fig. 1d; low-rank coal [20] (coal with a lower degree of coalification, usually has a
large and rich pore structure, Fig. le) and SC coal [21] (i.e., subbituminous coal, always presenting a
significant pore spaces for coalbed methane adsorption, Fig. 1f). In order to explore the effect of hole-like
flaws on mechanical behavior of brittle rock materials, Lajtai et al. [22] and Martin [23] studied the
fracture around circular opening and observed three types of cracks around the hole i.e., initial cracks,
remote (or far-field) cracks and shear cracks. Wong et al. [24] explored the axial splitting failure of one-
hole granite samples with various hole diameter and sample width, and concluded that the interaction
between hole and sample boundary can promote the tensile cracks propagation along the axial direction.
Also, Li et al. [25] applied DIC technique to record and analyze the deformation and fracturing process
of one-hole marble specimens. Zeng et al. [26] explored the strength and deformation behavior of brittle
sandstone specimens containing different shapes of holes under uniaxial compression. To examine the
coalescence and failure behavior between two or more holes, Zhu et al. [27], Huang et al. [28] and Lin
et al. [29] have studied the effect of rock bridge length and bridge angle on the crack initiation,
coalescence mode and peak strength of specimens. And three basic coalescence modes can be observed
in their results: tensile mode, shear mode, and mixed mode by tensile and shear. In addition, the effect of
hole density (or macroporosity) on strength and deformation of void-rich rock specimens have been
studied based on tuff [16,30-35], sandstone [36—38] and pre-holed plaster specimens [32,33]. Their
results showed that the uniaxial compression strength (UCS) and elastic modulus tend to decrease with
the increasing macroporosity (or hole density). Although the above experiments can reveal some
macroscopic mechanical behavior of rock materials containing void-like flaws, the mesoscopic

Figure 1: Hole-like flaws in real rock or coal materials. (a) Tuff specimens [16]. (b) Poor cemented coarse
sandstone [17]. (c) Natural rock mass [18]. (d) Coarse grain sandstone [19]. (¢) Low-rank coal [20]. (f) SC
coal samples [21]
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coalescence and failure mechanism are still not clear for the powerlessness of those experiments. Besides, the
uniaxial compression is difficult to reflect the real in-situ stress state, for overlooking the effect of confining pressure.

Recent years, numerical simulation methods have been increasing applied to rock mechanics and
engineerings, especially for the discrete element method (DEM) firstly proposed by Cundall et al. [39].
DEM such as Particle Flow Code (PFC) and Universal Distinct Element Code (UDEC) would provide a
deeper insight into the mesoscopic failure mechanism of rock materials by allowing finite displacements,
rotations and detachment of discrete bodies [40—42]. Also, DEM has a greater flexibility than test
methods in simulating the complex stress or boundary conditions. Compared with the bonded particle
models in PFC, the polygonal block models based on Voronoi tessellation in UDEC can provide a more
realistic representation of rock micro-structure and better reflect the full contact between grains and
interlocking effect. Using the UDEC, Christianson et al. [43] conducted numerical triaxial testing of
simulated lithophysal tuff samples to supplement existing uniaxial compression data. Damjanac et al. [16]
explored the mehcanical degradation behavior of emplacement drifts with consideration of in situ,
thermal, seismic loads and time effect in UDEC. Kazerani et al. [44] presented a formal methodology for
parameters calibration in UDEC by simulating a series of uniaxial/biaxial compression and brazilian
tension. In which, the ratio of compressive to tensile strength of rock samples is accurately captured. Lan
et al. [45] explored the effects of microgeometric heterogeneity, grain-scale elastic heterogeneity and
microcontact heterogeneity on micromechanical behavior and macroscopic response of Lac du Bonnet
granite based on UDEC-GBM. Gao et al. [46] used breakable grain-based model based on UDEC Trigon
to explore the inter-granular and intra-granular failure within sandstone under both compression and
direct-shear tests.

In this paper, multi-holed coal specimens are constructed numerically and calibrated based on UDEC-
GBM models. A series of uniaxial and triaxial compression tests are firstly performed to calibrate the model
parameters to match the macro-response of tested coal specimens. Then, the strength, deformation and
damage behavior of multi-holed coal specimens are analyzed with considering the effect of hole density
and confining pressure. This research is dedicated to a clear understanding of the effects of hole-like
defects on the failure and mechanical behavior of porous coal materials, and provides theoretical basis for
some underground engineerings [47,48].

2 Numerical Modelling

2.1 Constitutive Relation of UDEC-GBM

In the UDEC, a rock material is treated as an assembly of discrete blocks. The blocks which can be either
rigid or deformable are separated by interfaces which are viewed as contacts. A force-displacement law is
applied at the contacts to find the contact force from the known displacement and Newton’s second law is
applied to calculate the motion of the blocks resulting from the known forces acting on them. Therefore,
In UDEC-GBM models, the macroscopic mechanical behavior of materials mainly depends on the
mechanical response of the microscopic contacts between the Voronoi blocks. The force-displacement
relationship between the contacts obeys the Coulomb slip constitutive model, as shown in Fig. 2. The
contact parameters mainly include stiffness parameters (normal stiffness—#, and shear stiffness—*k;) and
strength parameters (cohesion—c'; friction angle—¢'; tensile strength—oy; residual cohesion—c; and
residual internal friction angle—¢,’). These micro-properties of the block contacts control the mechanical
response of the material and the calibration of the micro-properties of the contacts must be carried out
prior to use within a specific rock mass model.

Cracks will be initiated at a contact when the stress applied on the contact exceeds either its tensile or
shear strength. This represents the fracturing of the rock masses through intact material. In this study,
Coulomb slip model is employed for the contacts so that they may fail either in shear or in tension based
on the stress inducing failure. In the normal direction of contact, the normal stress o, depends on the
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Figure 2: Structure, micro-mechanical properties and constitutive relation of UDEC-GBM
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magnitude of normal displacement x,, and normal stiffness k,, see Eq. (1) [49]. Ag, is the effective normal
stress increment and Au, is normal displacement increment. if ,, <—0¢, then o,, = 0. The contact is judged to
be tensile failure.

Aoy, = —k, - A, (1)

In the tangential direction of contact, tangential stress z, is determined by tangential displacement u, and
tangential stiffness &, see Eq. (2) [49]. Az, is tangential stress increment; Aus® is elastic shear displacement
increment. However, the peak shear strength 7, of contact is determined by the cohesion ¢’ and internal
friction angle ¢, see Eq. (3) [49]. When |ty > z,*, the contact is determined to be shear failure.

Aty = —k, - Ap* @)
7" = g, tan ¢/ + 3)

Using the UDEC built-in programming language FISH, a function was developed to record the number
of shear and tension cracks formed during the simulated tests. A shear crack forms when the shear stress
applied on a contact exceeds its shear strength, which is a function of the normal stress, cohesion and
friction angle, Eqs. (2) and (3). A tension crack is formed when the normal stress applied on a contact
exceeds its tensile strength.

2.2 Establishment of Numerical Specimens

The coal specimens are constructed numerically according to ISRM [50] suggested standard specimen
size (width x height = 50 mm x 100 mm), as shown in Fig. 3. The coal specimen is placed between two rigid
platens, and the interfaces between platens and specimen are set to frictionless. Considering the modeling
uncertainty caused by block size, the numerical specimen is finely divided into small blocks with an
average side length of 1 mm, which is accurate enough to achieve stable and repeatable numerical
solution, according to Gao et al. [46] and Zang et al. [51]. During the compression, confining pressure
(03) is firstly applied, enough calculation steps are necessary to reach the hydrostatic stress state. Then,
top platen moves down and the bottom platen is fixed. The loading rate is set to 0.05 ‘m/s’, that is about
1.5 x 10°® mm/step meaning a slow enough loading rate. During the loading process, the vertical stress
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() is recorded by the monitor points on the top surface, and the vertical strain (¢;) can be calculated by the
vertical displacement of top platen.

In the numerical multi-holed specimens, these holes are uniformly distributed and generated by deleting
blocks within a diameter of 3 mm. During the generation of holes, the random number generator is used to
generate randomly distributed points in the specimen region, then the blocks around these points will be
deleted, until a specified hole density P is met. P is calculated by dividing the total area of holes by the
specimen area, see Eq. (4). In addition, There should be enough distance between these random holes to
ensure the existence of ‘rock bridge’.

_AhXNh

P
A

“4)

where, P—hole density; A,—area of a single hole; N,—number of holes; A.—area of specimen. Based on
the above, the multi-holed specimens with different hole density, i.e., P =0 (intact), P = 3%, P= 6%, P=9%
and P = 12%, were established.

2.3 Parameters Calibration

For a specific rock material, a unique set of contact parameters can be calibrated so that they satisfy the
appropriate material properties including the Young’s Modulus, Poisson’s ratio, tensile strength, internal
friction angle and cohesion. Based on the tests data from Gao et al. [52], micro-parameters calibration is
conducted according to the methods suggested by Kazerani et al. [44]. The model parameters in UDEC
mainly consists of block parameters (density p, bulk modulus K, shear modulus G) and contact
parameters showed in Fig. 2. During the calibration process, a method of ‘trial and error’ is necessary to
continuously adjust the microparameters, until the obtained macroscopic strength, deformation and failure
pattern are consistent with the test results. The following calibration process is proposed:

(1) Young’s modulus was firstly calibrated by varying k, according to Eq. (5). Both the K and G of
blocks are equal to those of real specimens. # is a multiplication factor (1 < n < 10); Azy,;, is the smallest
width of an adjoining zone in the normal direction.
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(2) Poisson’s ratio was then calibrated by varying k/k,. A relationship supposed by Kazerani et al. [44]
can be used for a rapid calibration, see Eq. (6).

k G 1

k_n:E:2(l+u) (6)

(3) The tensile strength should be thirdly calibrated by varying the contact tensile strength.

(4) Cohesion and friction angle was finally calibrated by varying the contact cohesion and friction angle.
It may be necessary to perform several iterations to match both values.

The calibrated model parameters are shown in Tab. 1. Fig. 4 shows that the numerical stress-strain
curves and macroscopic failure patterns are quite similar to test results. The simulated stress-strain curves
of intact coal specimens in Fig. 4b are greatly consistent with experimental results in Fig. 4a [52]. Both
show an obvious elastic-brittle behavior of intact coal specimens. Also, the triaxial compressive strength
(0,) increases linearly with increasing confining pressure, the linear regression line is highly coincident
with the test results, as shown in Fig. 4c. In addition, the failure under lower confining pressure (o3 = 0.5
MPa) shows obvious axial splitting failure, then converts to mixed splitting and shear failure under o5 =
2.0 MPa, finally presents a single shear fracture under o3 = 3.5 MPa, as shown in Fig. 4d. The high
consistency between numerical simulation and test results indicates the reasonability of model parameters
used in this research.

Table 1: Calibrated micro-parameters used in UDEC-GBM for coal specimen

Block Contact
Parameters  p K G kn ks d @ o o) o}
Units kg/m® GPa GPa GPa/m GPa/m  MPa ° MPa  ° MPa
Value 1298 2.13 0.95 169827  6501.8 9.8 40 0 15 2.0

3 Numerical Simulation Results

3.1 Strength Behavior

Previous studies have showed that the uniaxial compression strength (UCS) of void-rich rock or rock-
like materials decreases exponentially with the increasing hole density, no matter for the harder or softer
rocks, as shown in Fig. 5a. The numerical results in this research further shows that there is still an
approximate exponential relationship between o, and P under various confining pressure, as shown in
Fig. 5b. To further understand the strength behavior for multi-holed coal specimens, the relationship
between triaxial compression strength (o) and confining pressure (o3) was presented in Fig. 6a. It can be
seen that there is a good linear relationship between o, and 3. Therefore, the Mohr-Coulomb criteria,
described by Eq. (7) [53], can be used to investigate the strength behavior of multi-holed coal specimens.

2ccosp 1 +4singp
o

(7

Gszgo+q03:1—sin<p 1 —singp :

In Eq. (7), oo represents the uniaxial compressive strength of rock samples; ¢ is a coefficient related to
the effect of o3 on ;. Both ¢y and ¢ are related to the cohesion ¢ and friction angle ¢ of materials.
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Figure 4: Comparison of strength and failure between numerical simulation and test results [52]. (a) Test
results [52]. (b) Numerical results. (¢) Linear regression. (d) Failure patterns
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Figure 5: Variations of compressive strength of multi-holed specimens with hole density (a) Variation of
UCS with hole density, (b) Variation of triaxial compression strength with hole density

From Fig. 6b, we can see that the increasing hole density firstly causes an obvious decrease of cohesion,
then causes the decrease of friction angle. For example, ¢ decreases from 6.44 MPa to 3.44 MPa (fall by
46.5%) when P increases from 0 to 6%, while ¢ changed not much. When P increases from 6% to 12%,
¢ decreases from 47.7° to 45.0° and no change has occurred in c. Therefore, the increasing hole density
may cause two different damage mechanism, which can be divided by a critical porosity (P.,), i.e., 6%
for the multi-holed coal specimens.
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Figure 6: Changes of Mohr-Coulomp parameters with hole density

Based on the Mohr-Coulomp criteria, the strength of rock materials mainly consists of two parts: the
inherent cohesive strength and the frictional strength caused by friction effect [54]. Therefore, for multi-
hole coal samples, when P < P, the increasing hole density mainly leads to cohesion strength loss,
whereas leading to frictional strength loss when P > P.. Furthermore, the exponential relationship
between o, and P (see Fig. 5) shows that strength reduction caused by cohesion loss is more greater than
by friction loss. For example, the o, decreased by 23.1%48.1% when P increase from 0 to 6% (P..),
while only a reduction by 10.3%-14.2% occurs when P increase from 6% (P,,) to 12%.

3.2 Deformation Behavior

Fig. 7 shows the deviatoric stress-strain curves of multi-holed coal specimens with different hole density
(P = 3%—12%) under various confining pressure (o3 = 0-5.0 Mpa). Comparing those curves of intact
specimens showed in Figs. 4a and 4b, we can find that the pre-peak stage of multi-hole coal specimens
contains both linear elastic stage and non-linear stage. Furthermore, the non-linear stage tend to be more
obvious with the increasing hole density. To clearly understand the pre-peak deformation behavior,
tangent modulus E; and secant modulus E are used to describe the deformation characteristics of multi-
holed coal samples, as shown in Fig. 8a. E\ is defined as the slope of linear elastic stage and E; is defined
as the slope of the line connecting the origin and the peak point.

The change of tangent modulus E; with the hole density under different confining pressure was shown in
Fig. 8c. It can be seen that E; tends to decrease linearly with the increasing hole density under various
confining pressure. This result is consistent to the experimental results of Tuff [16,32,34] and pre-holed
plaster specimens [32] under uniaxial compression, as shown in Fig. 8b. In addition, Fig. 8c shows that
the decreasing rate of E, is related to the confining pressure. With the increasing o3, the decreasing rate of
E tend to be more smaller. This reflects that the elastic deformation of specimen with higher hole density
is more sensitive to confining pressure. However, for the intact specimens (P = 0%), E; remains
unchanged with confining pressure.

Fig. 8d shows that secant modulus FE is little affected by confining pressure and has a tendency to
decrease near-linearly with the increasing hole density. The decreasing rate of £ is much bigger than that
of E,, indicating that £ is more sensitive to the hole density than ;. To describe the degree of nonlinear
deformation of pre-peak stage, the values of E/E; are calculated and showed in Fig. 8e. It can be seen
that EJ/E, tend to decrease near-linearly with the increasing hole density, indicating that the degree of
non-linear deformation of multi-holed specimens tend to be greater with the increasing hole density.
However, Fig. 8f shows that peak strain is mainly affected by confining pressure rather than hole density.
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Figure 7: Deviatoric stress-strain curves of multi-holed coal specimens under different confining pressure.
(a) P=3%. (b) P=6%. (c) P=9%. (d) P=12%

&p tends to increase linearly with the increasing o3, indicating that deformation capability of multi-holed coal
specimens tends to be stronger under a higher confining pressure.

The above analysis indicates that both hole density and confining pressure have an significant influence
on the deformation behavior of multi-holed coal specimens. The increasing hole density significantly
decreases linear elastic deformation, while causes greater nonlinear deformation. However, the
deformation capability of multi-holed coal specimen mainly depends on the confining pressure.

3.3 Failure Patterns

Fig. 9 shows the failure patterns of multi-holed coal specimens with different hole density (P)
under different confining pressure. Two types of failure modes can be observed in these failed multi-
holed specimens.

1. Splitting failure (Mode-I). This mode results from tensile cracks coalescences along the vertical
holes. It can only be observed under uniaxial compression.

2. Shear failure along the diagonal tensile coalescence bands (Mode-II). This failure mode involves
both tensile cracks coalescence in the bridge areas and shear displacement along the coalescence
bands. It is characterized by obviously crushed fragments and holes collapse along the shear
planes, and can be observed under various confining pressure.

In order to deeply understand the fracture mechanism of these two types of failure modes, the
mesoscopic displacement field was revealed in this research. Fig. 10 shows the mesoscopic displacement
of blocks on both sides of the fracture planes. The dense black small arrows in enlarged views represent
the magnitude and direction of displacement vector, which is also highlighted by red unfilled arrows
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Based on the magnitude and direction of blocks displacement, the relative motion relation between
blocks can be identified and the fracture mechanism can be clear. In this research, six types of
displacement relationships can be concluded in Fig. 11. S5 and Sg are total displacement vector of
blocks, S, and Sg” are displacement components along the normal direction of fracture plane, S,* and
Sg" are components along the tangential direction.



269

CMES, 2020, vol.125, no.1

P=12%

P=9%

P=6%

P=3%

A
04 ® o o°

/&(M ~

.0 %

edINOT="0

Figure 9: Failure patterns of multi-holed coal specimens
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Figure 10: Mesoscopic displacement fields of blocks on both sides of fracture planes. (a) 6%—0.0 MPa. (b)
9%—0.0 MPa. (c) 12%—0.0 MPa. (d) 3%—0.5 MPa. (e) 6%—2.0 MPa. (f) 12%—3.5 MPa. (g) 9%—3.5
MPa. (h) 12%—5.0 MPa
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Figure 11: Six types of displacement relationships between blocks in UDEC. (a) Direct tension (DT). (b) Relative
tension (DT). (c) Direct shear (DS). (d) Relative shear (RS). (e) Tensile shear (TS). (f) Compressive shear (CS)

1. Direct tension fracture (DT). S,” and Sg” are in the opposite direction, which directly result in blocks
separation along normal direction of fracture plane, Fig. 11a.

2. Relative tension fracture (RT). S5” and Sg” are in the same direction (if y-direction) and S, is larger
than Sg”, which indirectly result in blocks separation along normal direction of fracture plane, Fig. 11b.

3. Direct shear fracture (DS). Sp™ and Sg™ are in the opposite direction, which directly result in blocks
slipping along tangential direction of fracture plane, Fig. 11c.

4. Relative shear fracture (RS). S,™ and Sg™ are in the same direction but different magnitude, which
indirectly result in blocks slipping along tangential direction of fracture plane, Fig. 11d.

5. Tensile shear fracture (TS). This type is a coexistence of blocks separation (DT or RT) along normal
direction and slipping (DS or RS) along the fracture plane, Fig. 11e.

6. Compressive shear fracture (CS). This type is a coexistence of blocks squeeze along the normal
direction and slipping along the fracture plane, Fig. 11f.

Based on the analysis of mesoscopic displacement field of blocks in Fig. 10, we can see that the splitting
failure of specimens under uniaxial compression is mainly caused by RT or DT. However, shear fracture is
closely related to the confining pressure. Under uniaxial compression or lower confining pressure (0.5-2.0
MPa), shear fractures are mainly controlled by RS or TS. Whereas, CS tends to be dominant when a higher
confining pressure (3.5-5.0 MPa) acts.

4 Discussion

4.1 Coalescence Mechanism between Holes
Coalescence is defined as the linkage of two flaws through a combination of tensile and/or shear carcks
[4,5]. Based on the numerical results, five types of coalescence modes between holes can be observed, as
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Figure 12: Five types of coalescence modes between holes

shown in Fig. 9. Each coalescence mode can match well with some previous test results, further indicating
the accuracy of numerical simulation, as shown in Fig. 12.

1.

Type-I: Indirect mixed crack coalescence (IM). This type usually happens between two horizontally
adjacent holes. It is a combination of shear fracture originating from hole sides, and tensile cracks
occurring in the material matrix.

Type-II: Single tensile crack coalescence (ST). This type is formed by the tensile cracks coalescence
between vertically adjacent holes.

Type-III: Wing tensile crack coalescence (WT). The wing cracks always initiates from sides of hole
and propagates near-vertically until coalescing with adjacent holes.

Type-IV: Single mixed carck coalescence (SM). This mode is formed by the combination of tensile
crack occurring near the poles of hole and shear fractures at sides of hole. Usually, SM presents an
arcuate cracking path along the rock bridge and sometimes is accompanied by ST.

. Type-V: Double mixed crack coalescence (DM) or Double tensile crack coalescence (DT). The

coalescence mode of DM or DT is in fact a coexistence of double SM or ST in the bridge area.
The difference between DM and DT is the occurrence of shear fractures near sides of hole. In the
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simulation results, both DM and DT can be observed. However, it may be difficult to distinguish DM
and DT in experiment, because the shear cracks generated near the hole is sometimes very small and
not easy to be observed.

In fact, different coalescence modes result from different interaction between holes, which is closely
related to the relative locations between holes. To understand the coalescence mechanism, the effect of
ligament angle (f) on the stress distribution in rock bridge areas are further researched. Fig. 13 shows the
principal stress distribution in rock bridge areas with different ligament angle (5). Fig. 14 quantitatively
shows the changes of principal stress magnitude with ligament angle.
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Figure 13: Principal stress distribution around holes with different ligament angle. (a) Minimum principal
stress. (b) Maximum principal stress

Figure 14: Changes of principal stress in the bridge area with different ligament angle. (a) Minimum
principal stress. (b) Maximum principal stress

From Figs. 13 and 14, it can be found that the ligament angle (f) significantly affects the stress state in
the bridge areas. When f = 0°-45°, the stress state of rock bridge area is dominated by tensile stress, as shown
in Fig. 13a. The higher magnitude of minimum principal stress usually occurs at 5 = 30°—45°, as shown in
Fig. 14a. When f increased to 60°, the tensile stress areas in rock bridge are greatly reduced. Whereas, the
maximum principal stresses in rock bridge areas increase obviously with the increasing f, as shown in
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Fig. 14b, showing dominate compressive stress areas at f = 60°-90°, as shown in Fig. 13b. The above
indicates that the dominant stress state in rock bridges changes from tension to compression with the
increasing ligament angle. Therefore, the coalescences by tensile fractures such as Type II-V usually
occur with a smaller . Whereas, the indirect coalescence (Type-I), dominated by shear fractures, mainly
occurs at the rock bridges with a larger S.

4.2 Effect of P on the Bearing Area of Specimen

For the splitting failures of multi-holed specimens under uniaxial compression, it is interesting to find
that most fractures are located near the boundaries of specimens. This phenomenon can be observed in
detail from Fig. 15, which shows the progressive fracture process of specimen (P = 9%) under uniaxial
compression. From Fig. 15, we can see that the micro-cracks firstly initiate uniformly on the north and
south poles of holes (Fig. 15a). Then, those tensile cracks near the lateral boundaries rapidly expand at
0.62 UCS (Fig. 15b) and get coalescences from 0.87 UCS (Fig. 15¢) to UCS (Fig. 15d). Eventually, a
relatively intact region is retained in the core area of multi-holed specimen, i.e., Core Bearing Region
(CBR). Two reasons may be responsible for the existence of CBR in multi-holed specimen: (1) In the
core area, the compressive stress superpositions between horizontally arranged holes result in many
horizontal compressive bands, which may greatly suppress the vertical propagation of tensile cracks in
the core region. (2) The interaction between holes and specimen boundaries could promote the
propagation and coalescence of tensile cracks in the near-boundary regions [24].

Figure 15: Fracture process of multi-hole coal specimen (P = 9%) under uniaxial compression. (a) 0.37
UCS. (b) 0.62 UCS. (c) 0.87 UCS. (d) UCS

In fact, the existence of CBR is very important for the design and support of coal pillars in underground
coal mining engineering. The width of CBR is an important parameter to determine the reasonable width of
coal pillars [55,56]. The simulation results in this research showed that the width of CBR may decrease with
the increasing hole density, as shown in Fig. 16, indicating that a wider coal pillar will be required for the coal
mass with higher macroporosity to ensure the stability of coal pillars.

4.3 Effect of P and 63 on Damage Behavior

The strength and deformation behavior are essentially a macroscopic performance of the accumulated
microscopic damage of specimens. In this section, the number of tensile and shear cracks is used to
quantitatively evaluate the tensile and shear damage of multi-holed specimens. Fig. 17 shows the effect of
hole density (P) and confining pressure (g3) on the number of cracks (V,) at the peak stress.
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Figure 16: CBR of multi-holed specimen with different hole density. (a) Intact. (b) P = 3%. (c) P = 6%.
(d) P=9%. (e) P=12%
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Figure 17: Changes of the number of tensile and shear cracks with different 3 and P. (a) P = 0%. (b)
P=3%.(c) P=6%. (d) P=12%

From Fig. 17, we can see that the number of shear cracks increases nonlinearly with the increasing o5.
The increase of shear cracks tend to be larger under a higher confining pressure (2.0-5.0 MPa), especially for
those with lower hole density. However, the number of tensile cracks gradually decreases with the increasing
o5. This indicates that the increasing confining pressure will cause more shear damage and less tensile
damage. Furthermore, the critical confining pressure o3, When the ratio of shear to tension is near 1.0, is
3.5 MPa for intact samples, then increases to near 5.0 MPa when P = 3%, and tend to be greater when P
> 3%. Therefore, the o3, tends to increase with the increasing hole density, indicating that the conversion
of dominant damage from tension to shear will occurs under a higher confining pressure for specimens
with a higher hole density.
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The effect of confining pressure on the stress state around holes can be seen in Fig. 18, taking P=12% as
an example. From Fig. 18a, we can see that the compressive stress concentration around the hole is more
intense with the increasing confining pressure, while the tension stress concentration gradually shrinks
and even disappears. Simultaneously, more and more stress zones tend to be in compressive state, while
the percentage of tension zones is getting smaller, as shown in Fig. 18b. Therefore, the increasing
confining pressure not only strengthens the compressive stress concentration around holes but also
expands the compressive stress areas, leading to a stronger tendency to shear damage.

(a) (b)
g W Tension zone g Compression zone
=~ Q 100%
s = ”
%] 4 iz 5
= 1S £ 60%
S ] a8
= 5 R 5 40%
S 5,1 & = ~
A — 20%
a 0%
-4 N Omin/MPa 00 1.0 20 35 50
4 0 -4 -8 -12
Tension _1__, compression 03/MPa

Figure 18: Changes of stress state in multi-holed coal specimens with different confining pressure (a)
Minimum principal stress along monitoring line, (b) Percentage of tension and compression zones

5 Conclusions

In this research, the strength, deformation and failure behavior of multi-holed coal specimens are
explored based on UDEC-GBM models. The main conclusions are as follows:

1. The strength and deformation characteristics of multi-holed coal specimens are obviously affected by
hole density (P) and confining pressure (o3). The increasing P linearly reduces the tangent modulus
and increases the degree of non-linear deformation in pre-peak stage. The strength of multi-holed
coal specimens decreases exponentially with the increasing P. When P < P, (critical hole
density), the increasing P mainly lead to the cohesion strength loss, while leading to the frictional
strength loss when P > P,

2. Six types of mesoscopic displacement modes can be observed in UDEC and used to reveal the failure
mechanism of multi-holed coal specimens. Splitting failure of multi-holed specimens is mainly
caused by Relative Tension (RT) or Direct Tension (DT). However, shear fractures are mainly
controlled by Tensile Shear (TS) or Relative Shear (RS) under lower confining pressure, or by
Compressive Shear (CS) under a higher confining pressure.

3. Five types of coalescence modes between holes can be observed based on the numerical results. The
coalescence modes are determined by the dominant tensile or compressive stress state of rock
bridges, which is closely related to the rock bridge angle (#). With the increasing S, the dominant
stress state changes from tension to compression.

4. Both hole density (P) and confining pressure (o3) have a significant effect on the damage behavior of
multi-holed coal specimens. The increasing confining pressure not only strengthens the compressive
stress concentration around holes, but also expands the compressive areas, leading to an increasing
percentage of shear damage. In addition, the conversion of dominant damage from tension to shear
will occurs under a higher confining pressure for specimens with higher hole density.
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