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The in-situ coal is converted to the synthetic gas in the process of underground coal
gasification (UCG). In order to increase the rate of in-situ coal combustion in the
UCG process, the contact surfaces between the steam, heat, and coal fractures should
be raised. Therefore, the number of secondary cracks should be increased by raising
the heat and existing steam pressure during the process. This paper emphasises on the
secondary crack growth mechanism of the pre-existing cracks in the coal samples
under different loading conditions. Different geometric specifications such as the
length of the pre-existing cracks (coal cleats) and their inclinations are considered.
The numerical modeling results elucidate that the first crack growths are the wing
cracks (also called the primary or tensile cracks) formed due to unbonding the tensile
bonds between the particles in the assembly. Ultimately, these cracks may lead to the
cleat coalescences. On the other hand, the secondary or shear cracks in the form of
co-planar and oblique cracks may also be produced during the process of crack
growth in the assembly. These cracks are formed due to the shear forces induced
between the particles as the initial cleat length is increased and exceed the dimension
of coal blocks. The cavity growth rate increases as the secondary cracks grow faster
in the coal blocks. In order to achieve the optimum conditions, it is also observed that
the best inclination angle of the initial coal cleat changes between 30 to 45 degrees
with respect to the horizon for the coal samples with the elasto-brittle behavior.

1. Introduction

In the underground coal gasification (UCG)
method, coal seams with variable thicknesses are
converted to synthetic gas in-situ without
traditional mining operations [1]. Recently,
research works on UCG has increased, and many
modeling research have been done for
investigating various effects on the gasification
efficiency, flame propagation, coal consumption,
etc. [2, 3]. However, this process can cause gas
leakage to the surrounding layers, groundwater
contamination, surface subsidence, etc., as a result
of improper UCG operation, and lead to abnormal
evolution of the underground cavity. For the
solution of these problems, it is necessary to
accurately study the failure behavior of coal and
control the process of UCG. In order to
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investigate the cavity growth rate and speed in the
UCG process, a precise evaluation of the
combustion area of the underground coal seam is
necessary [4]. Most of the previous research
works have examined the cavity growth rates in
terms of chemical reactions and operational
control of the UCG process [5, 6].

For the safety and productivity of the UCG
process, also for evaluating and economizing the
UCG method in a coal layer, the rates of both,
cavity growth, and coal combustion should be
controlled. Accordingly, the evaluation of the
cavity growth and environmental hazards need to
study the process of cracking or crack propagation
in the coal layer under different stress conditions.
Therefore, investigating the gas stress resulting
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from coal combustion at different cavity
temperatures and the fracture mechanism of the
rocks during and after the UCG process are of the
most important operational scenarios to be
considered in the UCG method for in-situ coal
mining. Although some useful research works
have been carried out in the recent years [4, 7],
there is little information on the fracture activities
including the cracks’ initiation and propagation
process in the cavity of the UCG method of coal
mining. Su et al. have performed UCG laboratory
simulations on the samples of coal blocks gained
from the Kushiro and Bibai Coal Mines in
Hokkaido, Japan [4]. They tried to use the in-site
UCG models in their laboratory experiments. The
results of their studies have shown that increasing
the number or size of cracks in the coal layer or
coal block, the contact surfaces increase, and the
steam and flame resulting from the combustion
penetrate into the coal bed via the induced coal
surfaces. This phenomenon leads to increase the
combustion rate of coal, and increase the cavity
growth, and ultimately results in the production
enhancement of the synthetic gas. Therefore, the
crack initiation and growth increase the cavity
growth rate, also raise the calorific value of the
gas, which results in the higher quality of the
synthetic gas.

It is therefore clear that to analyze the cavity
growth rate in the UCG process, it is necessary to
examine the parameters affecting the growth of
cracks (cleat) in the coal bed.

The fracture mechanics of quasi-brittle or rock-
like materials and the mechanism of cracks
propagation have been studied in the literature by
various researchers for modeling in different
numerical solutions [8-12]. Currently, there is a
lot of research works on the mechanism of crack
propagation in coal at the micro- or macro-scale
[13-17]. These research works have been
performed using various methods such as the
computed tomography (CT) scanning, the
scanning electronic microscopy (SEM), the
acoustic emission method, the optical microscopy,
the high-definition (HD) camerawork, and the
numerical simulation methods [4, 18]. Yin et al.
have performed a CT scan test to investigate the
damage evolution in coal wunder wuniaxial
compressive load [18]. Zhang and Wong have
investigated the initiation, propagation, and
coalescence of cracks in quasi-rock materials
containing two pre-existing open parallel flaws
(stepped and coplanar) under a uniaxial
compressive load using a parallel bonded-particle
model [19]. They found that wing tensile cracks
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were mostly the first cracks to appear in both
BPM simulations and physical experiments. Zhao
et al. have used experimental and numerical
methods to investigate the fracturing of coal under
impact load [13].

Xie et al. have measured the effect of initial
crack surface friction on the initiation and
propagation of cracks in quasi-rock materials
subjected to compressive loads using the extended
finite element method (XFEM) [20]. They found
that the effect of crack surface friction was the
lowest on stress distribution around defects with
inclination angles of 30 and 45 degrees. However,
as the inclination angle of the defect increased to
60", the magnitude of this effect increased. Also
the starting point and angle of the wing cracks
were not affected by friction.

Xiangchun et al. have examined the rate of
crack propagation in coal containing gas, and
have found the relationship between gas pressure
and crack propagation rate [14]. Wang ef al. have
studied the mechanical properties of coal masses
with cross-sectional cleat networks under uniaxial
compressive load [15]. They generated five sets of
cubic cleat networks with uniform sizes by using
the synthetic rock mass (SRM) method, and
finally the effect of uniaxial compressive strength
scale (UCS), relationships between fracturing
states and strain-stress behaviors and fluctuation
main causes in the stress-strain curves were
extensively investigated. Wu et al. have
investigated the crack propagation properties of
coal by using three experimental methods, and
discussed crack propagation paths and deflection
angles [16]. Li et al. have performed uniaxial
compression tests by using a fracture mechanics
model on the coal specimens. During the
experiments, a high-quality camera, scanning
electronic and optical microscope were used to
examine the crack propagation. They have studied
the behavior of coal in an underground coal mine
with different distances from the coal face [17].
Some research works have been done on the other
rock samples; for example, Yue et al. have
investigated the dynamic fracture coalescence of
granite specimens using the Split Hopkinson
Pressure Bar system [21]. Lin et al. have
performed uniaxial compression tests on the
jointed rock-like specimens with two dissimilar
layers. They investigated the influence of the joint
angle and rock bridge angle on the mechanical
behavior and failure processes in layered rock
masses [22].

The UCG  operations are performed
underground, and it is not clear exactly where the
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coal face is located at each stage of the UCG
operation. Therefore, it is necessary to study the
growth and propagation of crack to determine the
cavity growth and combustion rate from the
viewpoint of fracture mechanics in order to have a
proper understanding of the coal face condition.

However, the previously reported research on
the mechanism of crack propagation in coal is far
less than studies on other rock samples. In this
study, the cavity growth rate in the UCG process
will be investigated by analyzing the production,
propagation, and coalescence of primary and
secondary cracks under uniaxial compressive
loading. In fact, the purpose of this research work
is the determine the optimal conditions of the
geometric properties of the pre-existing cleat
including length and inclination, and its effect on
the geo-mechanical parameters to study the cavity
growth rate.

2. Crack Propagation Mechanism

The theories of fracture mechanics are used to
study the cracks’ formation and cracks’ growth
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mechanism in brittle rocks and coals under
different loading conditions. However, the crack
propagation in the material samples mainly occur
due to induced tensile stresses near the pre-
existing crack tips [23].

Typically, three types of cracks are propagated
in the rock-like materials under compression, as
shown in Figure 1 [24]. Primary cracks are
formed by the tensile mode of fracture (mode I) at
the tip of pre-existing cracks, and two types of
secondary cracks (co-planar and oblique) are
created by the shear mode (mode II). Thus the
wing cracks start from the tip of the flaw due to
tensile stresses and propagate along the curved
path and eventually align with the loading
direction. The secondary cracks resulting from
shear stress start at the tip of the defect (initial
cleat in coal samples) and propagate parallel or
perpendicular to the defect trend. In the elasto-
brittle materials, a shear zone is formed around
the tip of the pre-existing crack after the growth of
the wing crack, and the secondary cracks pass
through this shear zone.

/ Pre-existing
crack

\ Wing

,:” Secondary crack
(coplanar)

’-‘ Secondary crack
(oblique)

Figure 1. Pre-existing crack (initiation cleat) grow mechanism due to compressive loading [24].

The study of crack growth and its propagation
mechanism can be performed by the well-
established numerical methods in addition to the
analytical and semi-empirical methods such as the
continuum damage-based models considering the
maximum principal tensile strain and F-criterion
[25-27]. There are a variety of numerical methods
to study the initiating and propagating of cracks
with different fracture criteria based on the

fracture mechanics’ principles such as the finite
element method (FEM), discrete element method
(DEM), hybrid finite-discrete element methods
(FDEM), numerical manifold method (NMM),
and displacement discontinuity method (DDM)
[24, 27-29].

In this work, a discrete element method is used
to accurately predict the crack growing paths and
to solve the existing crack extension problems by
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adopting a proper crack propagation criterion
based on the linear parallel bond model (LPBM).
The most important advantage of this method (in
the two-dimensional particle flow code (PFC2D))
is that the complex empirical -constitutive
behavior can be replaced by a simple particle
contact logic. The linear parallel bond model can

Piece 2
(ball or pebble)

Piece 1
(ball or pebble)

(a)

Piece 1
(ball or pebble)

Journal of Mining & Environment, Vol. 13, No. 2, 2022

be arranged in both the ball-ball and ball-facet
contacts, as depicted in Figure 2. A parallel bond
provides the mechanical behavior of a typical geo-
material specimen of cement-like material
deposited between the two contacting pieces (ball-
ball, or ball-facet) similar to the epoxy cementing
the glass beads (Figures 2a and 2b) [30].

Piece 2
(Wall facet)

(b)

Figure 2. Particle cementation in PFC2D software when parallel bond has not yet been broken considering
contact of two particles (a) or contact of one particle with wall facet (b), respectively [30].

Generally, the relationship between particles or
pieces and walls is expressed by the force-
displacement law in the PFC software. The force-
displacement law for the linear parallel bond
model, contact force, and the moment is expressed
as the following [30]:

F=F +F'+F (1)

M.=M )

where F', F¢, and F are linear force, dashpot
force, and the parallel bond force, respectively,
and M is the parallel bond moment. The parallel
bond force is evaluated by a normal and shear
force, and the parallel bond moment is evaluated
by a twisting and bending moment based on the
following equation:

M:Mt;le +Ma (4)

where F, and F are the normal and shear force
from the force, M; and M, are the twisting and
bending moment in force-meter, and f. is the
normal direction of contact plane, and F, > 0 is
tension force.

The relationship between the torsional and
bending stiffness by torsional and bending
moment between particles is defined as follows:

=k, k=2 5)
L
EI

M, =k, kh:T (6)

where “k” and “k,” are the torsional and
bending stiffness, respectively, “0;” and “0,” are
the twist and bend rotation, respectively, “G” is
the shear modulus, “J” is the polar moment of
inertia of the cross-sectional area about the axis of
the shaft, “E” is the Young’s modulus, “I” is the
moment of inertia of the cross-sectional area
about the neutral axis of the beam, and “L” is the
length of bond [30].

When a parallel bond is formed through the
bond method, an interface is formed between two
notional surfaces, and the parallel bond force and
moment are equal to zero. A parallel bond creates
an elastic corresponding effect between these two
notional surfaces, and this interaction is removed
as soon as the bond breaks. The relation between
maximum normal and shear stress around the
parallel bond is expressed as the following
equations:
_ 7 MR
o = +5 =

™)
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HF 0, 2D
T iR (8)
Py 3P

where F, and F; are the normal and shear forces
from the force, A, T, and T are the cross-sectional
area, the moment of inertia, and pole moment of
inertia of parallel bond the cross-section,
respectively, and R is equal to the particle radius,
and P is the moment share ratio and a number
between 0 to 1. If the values of the applied normal
and shear stress to the bond between particles
were more than the above equations, the bond
would break and a macro-crack would be formed
by linkage of tension, shea, or hybrid micro-
cracks [30]. In the following, in order to
determine the effect of length and inclination of
pre-existing cleat on the crack growth and growth
of the cavity, the calibration stages of the sample
are expressed.

3. Model Calibration

The PFC calibration is carried out for solving
the problem in hand by the linear parallel band
model in order to investigate the growth and
propagation of cracks in brittle geo-materials by
the discrete element modeling techniques.
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Therefore, in this research work, 5 bituminous
coal samples with elasto-brittle behavior were
considered. The values of peak strength, secant
elastic modulus, and brittleness for these 5
representative coal samples are shown in Table 1
(a representative sample is a sample that has the
average properties of 5 coal samples). The
properties of the representative sample are very
close to those of the 5 coal samples, and the
brittleness indicates the brittle behavior of the
samples, as shown in Table 1. Brittleness is area
under the stress-strain diagram up to the peak
point divided by the total area below the stress-
strain diagram (from the beginning to the end of
loading) that the closer it is up to 1, the more
brittle the material is [31]. The brittleness
equation is defined as follows:
Brittleness = _AE 9)
AE+ AP

where “AE” is the area below the strain stress
diagram to the peak point and “AP” is the area
below the strain stress diagram from the peak
point to the end of the loading. Therefore, in this
work a representative sample was used for further
analysis.

Table 1. Comparison of mechanical properties of 5 coal samples and representative sample used for crack

analysis.
Sample Peak stress (MPa) Secant modulus of elasticity (GPa) Brittleness
A 21.14 3.63 0.871
B 17.49 3.99 0.701
C 19.73 2.8 0.775
D 24.49 3.45 0.909
E 25 2.95 0.847
Average of 5 samples 21.57 3.36 0.821
Representative sample 22.53 3.56 0.906

3.1. Calibrating properties of representative
sample

In order to calibrate a representative sample, the
micro-mechanical and the macro-mechanical
properties of the sample must be matched. The
conventional tests such as the wuniaxial
compressive strength (UCS) and the Brazilian
tensile strength (BTS) tests are used for this
purpose. The investigated samples are cylinders
with a diameter and height of 50 mm and 100
mm, respectively. In this calibration procedure,
the simulated sample consists of 7244 balls with
dimensions of 0.3 mm to 0.6 mm, which are
located as constituent particles inside the facets.
According to the laboratory sample test, the inter-

grain porosity was equal to 4% and the particle
density was equal 1600 kg/m’. The model s
reached initial equilibrium for eliminating the
particle overlap and proper emplacement of the
particles throughout the simulated sample.

In the linear parallel bonding model, the
particles, in addition to the compressive and shear
forces, withstand the tensile and bending forces.

In order to simulate the sample behavior
consistent with the real laboratory testing
specimens, 28 models were built in PFC2D.
Therefore, the micro-model parameters must be
changed to simulate the macro-behavior. The
micro-parameters used for constructing the final
numerical model in PFC2D are given in Table 2.
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Table 2. Calibrated micro-parameters used for numerical modeling of representative sample.

Micro-parameter Value Micro-parameter Value
emod (GPa) 1.7 g (m) 0.5¢e-4
Krat 2 Pb_ten (MPa) 7
Rmax (mm) 0.6 Pb_coh (MPa) 6
Rmin (mm) 0.3 Pb fa (°) 25
p (kg/m3) 1600 dp nratio 0.5

emod: Specify effective young’s modulus of the particle

Krat : Normal-to-shear stiffness ratio
Rmax: Upper bound of particle radius
Rmin: Lower bound of particle radius

p: Particle density

g: Reference gap

Pb_ten: Parallel bond tensile strength
Pb_coh: Parallel bond cohesion
Pb_fa: Parallel bond friction angle

dp_nratio: Normal critical damping ratio

It should be noted that the Poisson's ratio value
is approximately equal to 0.24 using the fish PL
(programming language) in the PFC software.

In order to calculate the tensile strength of the
simulated sample, the Brazilian test was used. In
order to model the sample in the PFC software, a
disk with a diameter of 50 mm and a length of 100
mm was subjected to axial loading. The particle
radius was between 0.3 mm and 0.6 mm, and
2933 balls or particles were located in a circular
container with a diameter of 50 mm.

In this work, the value of force applied at the
peak point was approximately 9.184 kN, which
concluded that the tensile strength of the sample
was 4.67 MPa. Since the tensile strength of the
rock was between one tenth and one-fifth of its
compressive strength, it follows that the analysis
was performed correctly. After calibrating the
model and obtaining the micro-mechanical
parameters, different lengths and inclination
angles of the initial cleat were considered in the
model to obtain the best conditions for crack
growth in the representative sample because the
crack growth pattern had a significant effect on
the gasification rate of the in-situ coal in UCG
method.

4. Analysis of Results

In general, the cleat networks have a significant
impact on the coal strength. It is necessary to
study the types of cleats in coal considering the
effect of cleat networks on cavity growth in the
UCG method. There are generally two main sets
of parallel fractures in the coal seam: face cleats

and orthogonal butt cleats. Face cleats are formed
first, and are oriented perpendicular to the
direction of minimum (compressive) principal
stress applied on the coal during coalification.
Butt cleats form later, and terminate at the face
cleats due to the relaxation of the original stress
field. As cleats are natural fractures resulting from
the interaction of de-volatilization, dehydration
and regional tectonics during the coalification
process, cleat networks can present with different
spatial distributions in the in-situ coal. Field
observation and microscopic examination of coal
show that the characteristics of total networks are
related to the coal type, rank of coal, layer
thickness, and regional coal structure [15].

The effect of the parameters such as angle and
direction of cleat, cleat step angle, cleat length,
length and angle of rock bridge, spacing, and
opening on the speed or type of crack growth in
coal samples were numerically studied. Figure 3a
shows the geometrical view of the expressed and
defined parameters. Also Figure 3b shows the
distance of a wing crack initiation from the tip of
the crack. In the subsequent sections, the angles of
the wing crack, co-planar and oblique cracks
initiated relative to the applied vertical stress were
calculated. Therefore, in this work, the geometric
effects of cleat (or natural fractures) were
examined considering different lengths and angles
(0 to 90 degrees relative to the horizon) away
from the coal face that are not affected by the high
heat, the synthetic gas pressure, and the stress
induced due to coal caving.
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0: Cleat dip relative to

horizontal / Pre_existing cleat
. i di

d: Spacing \ Wing crack

L;j: Cleat length

L:: Rock bridge length Secondary crack

(coplanar)

p: Bridge angel

y: Cleat step angel d: Secondary

crack (obli
A:Cleat tip to tip angel crack (oblique)

Cleat:

(@) (b)

Figure 3. Characteristics of primary cleat and secondary cracks a: Geometric parameters to investigate effect of
geometric properties of cleat on crack growth in coal, b: Characteristics of distance wing crack tip from primary

cleat tip.

Two geometric parameters were examined for effects of these parameters were investigated on
the pre-existing flaws (cleats) in the coal sample the model output that included the length and
(i.e. the length and inclination angle of the cleat) angle of the wing crack, type of the propagated
in such a way as to obtain the best conditions for crack, peak stress, strain at the peak stress, crack
the crack growth pattern. The geometric initiation stress, distance from the crack tip, shear
parameters of the length and inclination angle of crack length, number of micro-cracks at the peak
the coal cleat are shown in Table 3. Also the stress, brittleness, and the elastic modulus.

Table 3. Investigation of changes in different parameters of coal cleat on crack propagation in representative sample.

Mode 1 2 3 4 5 6 7
Cleat length to sample width ratio 0 008 01 02 03 04 05
Dip () 0 15 30 45 60 75 90
In the following section, the effects of cleat 4.1. Effects of sample geometry such as e ratio
length to sample width ratio and cleat inclination of cleat length to sample width on its
angle on the crack growth mechanism and geo- mechanical behavior

mechanical parameters for the cavity growth in a

coal bed are investigated. Changes in the cleat length to the width of the

sample (50 mm) were done according to the ratios
expressed in Table 3. Figures 4 and 5 show the
changes in the cleat length parameter on other
geo-mechanical parameters that these diagrams
can help to analyze and interpret the effect of the
initial cleat on the growth of secondary cracks and
failure of the coal sample.
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PeakStress (MPa)
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Pre-existing cleat length to sample width ratio (dip of cleat is 45°)

Figure 4. Effect of cleat length on geo-mechanical parameters.

=O=Brittleness =O=-Crack Length Distance from crack tip
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E
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= g
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=
9
<
5
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=
04 i 0 (/ T T T T — |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Pre-existing cleat length to sample width ratio (dip of clate is 45°)

Figure 5. Effect of coal cleat length on wing crack length, distance of new crack formation from crack tip and

brittleness
The modulus of elasticity and the value of strain width to 0.6 is encountered by decreasing 21 and
at the peak stress decrease with increasing the 25 percent compared to the initial state,
cleat length, as shown in Figure 4, so that by respectively. Also the value of peak stress and
increasing the cleat length relative to the sample crack initiation stress in the maximum value of
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cleat length is reduced by 42% and 75%,
respectively, compared to the state of intact coal
sample (without cleat). This value indicates a
decrease in the elastic state of the specimen and a
move towards the plastic behavior, and as the
cleat length increases, the specimen fracture will
occur with less load and more easily than the
specimen without the cleat.

Also brittleness and the average distance
between the right and left side wing crack
formation of the crack tip decreases with
increasing cleat length. The increase value of
wing crack length was investigated in different
values of cleat length at applied stress (13 MPa),
which showed that the length of wing tensile
crack increased by increasing cleat length. The
created wing crack angle with relative to the
applied vertical stress in the counterclockwise
does not show a definite trend, and its so-called
values are sinusoidally and alternately increasing
and decreasing. Also co-planar and oblique cracks
do not form in all samples. The co-planar cracks
are formed in the ratio of cleat length to sample
width with values of 0.2, 0.3, and 0.6, and its

SS=Stress-strain curve

SS (non of clate) SS (0.08)
SS (0.4) SS (0.6)
NC (0.2) NC(0.3)

25 -

Stress (MPa)

0 0.001 0.002 0.003

Journal of Mining & Environment, Vol. 13, No. 2, 2022

angle respect to the vertical stress applied in the
counterclockwise increases in these three samples
with increasing cleat length. Oblique cracks are
formed in the ratio of cleat length to sample width
with values of 0.2, 0.4, and 0.6, and its angle
respect to the vertical stress applied in the
counterclockwise is not a specific trend in these
three samples.

Figure 6 shows the total of the created cracks
and the strain-stress diagram in samples with
different cleat lengths. According to this figure,
with increasing the cleat length, the value of peak
strength and elastic behavior of the sample
decreases, and the number of micro-cracks
increases. The number of tensile or shear micro-
cracks at first increases and then decreases in all 6
samples at the peak strength point of the stress-
strain diagram with increasing the length of the
initial cleat, and generally shows an increase of
8% to 160% compared to the sample without
cleat. At the end of loading, the number of micro-
cracks in the sample with the longest cleat has the
highest value.

Number of cracks=NC

- = —=8S(0.1)

NC (non
NC (0.4)

T -

0.004

Strain

— - — S8S(0.2) SS (0.3)

of clate) NC (0.08) NC (0.1)

NC (0.6)
- 8000

- 7200

- 6400

- 5600

- 4800

- 4000

- 3200

Number of cracks

- 2400

- 1600

- 800

0

0.006 0.007 0.008

Figure 6. Number of created micro-cracks and strain-stress diagram of coal sample with different initial cleat
lengths (cleat length inside parentheses is shown in mm).
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The value of the required force to break the
normal and shear bond in the wing crack path
relative to the increase in cleat length is shown in
Figures 7 and 8. In these figures, the values of
normal and shear force for breaking the bond are
shown at three points near the tip of the crack, the
middle point and the end point of the wing crack
(monitored points). The monitored points in the
crack path are defined so that the parameters are
measured at these points, as are shown in Figure
9.

As it is known, the maximum value of normal
and shear required force to break the bond is the
case that the ratio of cleat length to the width of
the sample is 0.1, and by increasing this ratio, the
value of the required force decreases to break the
bond. Also the value of normal force for bond

Cleat length to sample width ratio

Journal of Mining & Environment, Vol. 13, No. 2, 2022

break is always greater than the shear force.
Therefore, in the UCG method with brittle geo-
elastic behavior, if the coal blocks are formed in
such a way that the cleat dimensions to the block
are equal to 0.1, cavity growth will be slower.
Moreover, in these diagrams the values of the
formed wing crack angle respect to applied
vertical stress and the length of the wing crack
relative to the cleat length was shown. As the
cleat length increases, the wing crack length
increases at a certain stress, and the wing crack
angle does not show a definite trend. Also the
initiation stress of co-planar and oblique cracks
decreases with increasing cleat length of coal. It
should be noted that this type of crack is not
formed in all samples.

Cleat length to sample width ratio

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 = 0.08
20000 L L L 1 1 1 40
D] =
_
9 02
16000 - e -3 £
s T
~= — (.3
."o / £<
=~
12000 - ! 7 24 28 04
58
~ ¢ :;a = — (.6
Z 23
8 8000 1 r 16 gog O Wing crack
;5 g : length
= 3 E = =0= = Wing crack
g ;5_ angle
4000 - -8 F E
=%
0 - T . -0 E
Crack tip point Midpoint (between The endpoint of crack °
)
=
<

crack tip and end of

the crack)

path
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Figure 7. Value of normal required force to break parallel bond between particles and changes in length and
wing crack angle relative to changes in cleat length.

4.2. Changes in coal cleat inclination angle

The cleat of coal can have inclination due to the
existing tectonic conditions, different stresses
resulting from the cavity roof caving in the UCG
method and the different sequences of coal seams.
For this purpose, the effect of cleat inclination on
crack growth was done in the representative coal

sample (in Table 1), which has elasto-brittle
behavior, and it can be said that the inclination
parameter plays an important role in changes in
the crack propagation length, direction, and
velocity. For this work, the considered cleat
inclinations were 0, 15, 30, 45, 60, 75, and 90
degrees relative to the horizon.

616



Shahbazi et al.

Cleat length to sample width ratio
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The cleat length in all samples was considered
to be 15 mm, and the effect of inclination changes
on the output of the analysis parameters is shown
in Figures 10 and 11. The value of peak strength
and strain (in peak strength) decreases with
increasing the inclination of the initial cleat in the
sample from 0 to 45 degrees and increases from
an inclination of 45 degrees, as shown in Figure
10. The value of this increase is done with more
rate after 45 degrees for cleat inclination. This

condition also occur for the wing crack initiation
stress, i.e. it has a decreasing trend up to a 45
degree (for cleat inclination) and then an
increasing one. The modulus of elasticity
affectivity is negligible against these changes. The
crack initiation stress in the cleat with an angle of
45 degrees is about 40% and 66% less than the
initial horizontal and vertical cleat state,
respectively. The value of peak strength in cleat
with a 45 degree angle is 30% less than the peak
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strength in the sample without initial cleat.

The value of wing crack length (when stress is
15 MPa) has an increase-decrease trend relative to
initial cleat inclination increasing, i.e. it reaches
its value maximum up to an inclination of 30
degrees of cleat, which is about 3.3 times its value
in the cleat inclination of 60 degrees, and after
this decreases. Wing cracks are not formed in the
cleat inclination of 75 and 90 degrees, and the
specimen is ruptured in shear (diagonally). The
distance of wing crack formation decreases from

Journal of Mining & Environment, Vol. 13, No. 2, 2022

the pre-existing crack (cleat) tip of coal with
increasing cleat inclination, which has also
happened in the previous studies on various rocks
with brittle behavior. The brittleness value
increases with increasing the inclination of the
initial cleat so that in the inclination of the initial
cleat of 90 degrees the brittleness value is 20%
more than the case where the initial cleat is
horizontal. The brittleness value with a cleat
inclination of 90 degrees relative to the horizon is
equal to a sample that lacks the initial cleat.

=0O=LElasticity modulus =O=Strain in Peak point —O=Crack Initiation stress Peak stress
7 A |' 25 =
- o
S s
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Sx  6- 20 =%
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= 7 o
D o
=
3 -5 =

2 T T T T T 0
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Figure 10. Effect of cleat inclination angle on geo-mechanical parameters of coal sample.

The normal force of the crack tip required to
break the bond between the particles in terms of
cleat inclination changes is shown in Figure 12.
According to this figure, it is clear that with
increasing the cleat dip, the amount of required
force to break the bond increases. The value of
this force is the lowest at the crack (cleat) tip. This
parameter is inverse relation to the value of wing
crack length, i.e. with more bond force between
the particles, the wing crack length decreases,
which seems quite reasonable. The maximum

length of wing crack length is formed in the cleat
inclination of 0 and 30 degrees. This work was
performed up to a cleat inclination of 60 degrees
relative to the horizon because at a cleat
inclination of 75- and 90-degrees wing cracks
were not formed in the sample. As the cleat
inclination increases, the wing crack angle also
increases because with the rotation of the cleat in
different samples in a counterclockwise direction,
the formed wing cracks also repeat this process so
that its angle with respect to the horizon increases.
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It should be noted that the shear force changes
required to break the bond between the particles
relative to cleat inclination are similar to the
normal force and are not expressed. Also oblique
and co-planar cracks cannot be examined due to
the lack of formation in some samples and their
oscillating changes, and they do not have a
specific trend. Figure 13 shows the sum of the
cracks created and the strain-stress diagram in
samples with different cleat inclination.
According to this figure, the value of peak
strength decreases by increasing the cleat
inclination up to an angle of 45 degrees, and then

SS = Stress-strain curve (pre_existing cleat dip)

Journal of Mining & Environment, Vol. 13, No. 2, 2022

increases so that it reaches its maximum value at
an angle of 90 degrees. The value of the peak
strength with a cleat inclination of 90 degrees is
equal to the state that the sample does not have
initial crack or the cleat. The elastic behavior of
the sample increases negligibly up to a cleat
inclination of 75 degrees, and the number of
created micro-cracks doubles up to a cleat
inclination of 60 and after that decreases. On the
whole, the number of micro-cracks shows
increasing between 3% to 211% compared to the
sample without cleat.

Number of cracks = NC (pre_existing cleat dip)
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Figure 13. Number of created micro-cracks and samples’

stress-strain diagrams with different initial cleats’

inclination angles (shown in parentheses and in degrees).

According to the above, the lowest peak stress
and crack initiation stress are formed in a sample
with a cleat inclination of 45 degrees relative to
the horizon. On the other hand, the most growth
occurs in wing crack in the sample with the initial
cleat with an inclination of 30 degrees compared
to other samples. Since connection and coalesce
of pre-existing cracks is done in the UCG process
with wing cracks (because the wing cracks are the
first cracks to form), so the best angle of

inclination of the initial cleat can be between 30
and 45 degrees relative to the horizon for
bituminous coal with brittle behavior (elasto-
brittle) in order to maximize the cavity growth
rate. Table 4 shows the tensile and shear crack
propagation and particles fragment condition of
all samples at the end of loading considering the
types of length and inclination of the simulated
initial cleat in this study.
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Table 4. Effect of initial size and inclination cleat on crack propagation and particles fragment condition of samples at end of

loading.
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Table 4. Continuous of Table 4.
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5. Conclusions

In this work, the effects of geometrical
parameters of the initial cleats in coal samples
were considered to investigate the cavity growth
rate in the UCG process by the particle flow code
in two dimensions (PFC2D), which is a numerical
software based on the versatile discrete element
method (DEM). A discrete element method called
the linear parallel bond model was used to
accurately investigate the crack path and the type
of formed cracks in the coal samples. The most
important reason for using this method is that it is
suitable for investigating the path and dimensions
of shear cracks, which are easily distinguishable
from the micro-tensile cracks. In this research
work, the crack propagation mechanism of brittle
coal was investigated considering an elasto-brittle
behavior for coal, which was followed by the
cavity growth in the UCG process of in-situ coal
mining. The changes in the cleat length and its
inclination angle in coal samples were studied to
investigate the crack propagation pattern and the
of the cavity growth of the coal seam on the
length and angle of the wing cracks, type of the
propagated cracks, peak stress, value of the strain
at peak stress, crack initiation stress, distance
from the crack tip, shear crack length, number of
micro-cracks at the peak stress, brittleness, and
the modulus of elasticity of the representative coal
sample.

The most important results of this research work
are as follow:
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A shear zone is formed in the coal sample with
brittle behavior. This is a high strength zone
around the tip of the pre-existing cleat, where
the secondary oblique and co-planar cracks are
being produced after the growth of wing cracks
and pass through this shear zone.

The average normal forces required to break the
bonds in the assembly for the wing cracks are
less than those for oblique and coplanar cracks
so that the growth of tensile wing cracks occurs
faster than the shear in the coal sample.

The modulus of elasticity and the value of strain
at the peak stress decrease with increasing the
cleat length, as the cleat length increases, the
specimen fracture will occur with less load and
more easily than the specimen without the cleat.
Also brittleness decreases and the length of
wing tensile crack increases by increasing the
cleat length. With increasing the cleat length,
the value of peak strength and elastic behavior
of the sample decreases and the number of
micro-cracks increases.

The value of peak strength and strain (in peak
strength) decreases with increasing the
inclination of the initial cleat in the sample from
0 to 45 degrees, and increases from an
inclination of 45 degrees. This condition is also
occurring for the wing crack initiation stress, i.e.
it has a decreasing trend up to a 45 degree (for
cleat inclination) and then an increasing one.
The lowest peak stress and crack initiation
stress are formed in a sample with a cleat
inclination of 45 degrees relative to the horizon.
This condition also occurs for the wing crack
initiation stress, i.e. it has a decreasing trend up
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to a 45 degree (for cleat inclination) and then an
increasing one. The modulus of elasticity
affectivity is negligible against these changes.
Generally, the length of the wing crack
decreases and the brittleness increases by
increasing the inclination of the initial cleat.

e According to the modeling of this research
work, it is concluded that in the underground
coal gasification method with brittle geo-elastic
coal behavior, the coal blocks are formed in
such a way that the dimensions of the initial
cleats relative to that of the coal block are
considerable so that the cavity growth rate occur
faster and increasing the production rate of the
synthetic gas. Also the best initial cleat
inclination angles can be between 30 and 45
degrees with respect to the horizon for
bituminous coal with brittle (elasto-brittle)
behavior in order to maximize the cavity growth
rate due to the lowest peak and crack initiation
stresses which ultimately leads to the maximum
growth rate of the wing cracks in the coal
samples.
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