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Abstract

The overwhelming majority of experimental and numerical tests show the depend-
ence of mechanical response on discontinuities (such as joints, faults, and bedding
plane). In this study, fracture process is numerically investigated using finite-dif-
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sents the sum of intact rock and fracture) has been developed to describe the fracture
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perimental results and was shown to simulate satisfactorily the fracture propagation
in the tensile, shear as well as the mixed (tensile and shear) modes. This model then
has been used to investigate the fracture processes during the 2D long-wall mining
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either 2D or 3D cases; (b) roof failure is mainly caused by shear fractures rather than

tensile fractures during the 2D long-wall mining.
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1 | INTRODUCTION

such influence is essential to investigate aiming at achieving
realistically mechanical response of geo-materials.

Natural discontinuities (eg, joints, faults, and bedding planes)
are generated through long-term geological processes. The
mechanical response of rock mass is known to be greatly
impacted by these discontinuities. The existence of these
discontinuities has been the principal obstacle to estimate
precisely the deformability and stability of rock masses in
practical engineering design. Thus, better interpretation of

Up to now, it has been reported that the formation of
these discontinuities most likely correlate with fracture ini-
tiation, propagation, and coalescence. More effort there-
fore has been made to gain better understanding of the
mechanism of fracture propagation based on the theoretical
analysis'® and available experimental tests.”'® These data
show that not only the peak strength (at failure) but the
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fracture process (eg, initiation, propagation, coalescence,
etc) are also strongly dependent on such discontinuities.
This indicates that on one hand, the experimental/numer-
ical tests using widely used intact specimen (without dis-
continuities) are not sufficient to constrain the real rock
properties, on the other hand, the comprehensive model in-
volving detailed information of fracture behaviors, in most
cases, is not commonly available.

Considering the information achieved, the mechanism
of the fracture process within the fractured rock is yet to be
fully understood. As a result, different constitutive models
(according to continuum or dis-continuum theory) involving
the description of fracture behavior also have been proposed,
but they were practically not used due to their complexity
and limitations. In continuum methodology,”'20
sumed that fractures should be uniformly distributed in each
numerical zone. The impact of fractures on mechanical re-
sponse was regarded as stress-dependent anisotropy of corre-
sponding constitutive parameters (such as Young's modulus,
Poisson's ratio) while plastic strain is employed to quantify
the displacement discontinuity. However, since plastic strain
is irreversible, this is contradictory with the fact that the con-
tact states of fracture (opening, closure, and slippage) are
reversible. To solve this problem, in dis-continuum method-
ology, fracture constitutive models®"** have been used to de-
scribe the mechanical response (eg, aperture variation, shear
dilation, and slippage) for both contact and noncontact state
of the fractures. A common view in these models is that rock
failure is mainly attributed to the accumulation of open frac-
tures, which are characterized by a constant normal stiffness.
These obtained results show that fracture models have the
ability to reproduce the real mechanical behaviors within the
discontinuous rock mass. However, as mentioned above, on
account that these fracture models usually have many param-
eters and are complex and complicated, they have been not
widely used. A fracture constitutive model with simple func-
tion is therefore required to describe the fracture behaviors in
a fractured rock.

Numerical methods are particularly useful for incorporat-
ing the influence of discontinuities on fracture process. Better
understanding has been achieved on fracture initiation, prop-
agation, and coalescence in discontinuous rock mass through
numerous modeling simulations.’*>! However, most of these
existing methods have their limitations in representing the
true physics of fracture behavior. Finite element method®>*?
is the first numerical method adopted to investigate the frac-
ture behaviors, but re-meshing is required while calculating
each step of fracture growth. This is time-consuming and
may cause possible errors when interpolating variables from
the old to the new mesh. Although some authors*** have
proposed the extended finite element method (XFEM) to
solve the problem of re-meshing, XFEM is still not able to
simulate the complex cases of fracture intersections. Discrete

it was as-

element methods provide good results in modeling fracture
propagation, but cannot reflect the real characteristics in con-
tinuum field. On another aspect, most of the numerical inves-
tigations were focused on the 2D applications and only a few
deal with 3D applications of engineering cases, which are
typically more complicated, time-consuming, and costly or
are impossible via experimental tests. Obviously, 3D analy-
sis is more realistic and suitable for engineering applications.
In the present study, we investigate the fracture process in
a fractured rock. This work has been motivated by many re-
cent studies focusing on the fractured rock (using specimens
with discontinuities) properties. An original quasi-contin-
uum model is introduced that meets the requirement of being
simple and at the same time capturing the principal features
of the fracture behaviors. This model has been implemented
into the finite-difference 3-D dynamic time-marching explicit
code Flac3D. The proposed model was tested against the re-
sults from two types of experiments on rocks. The verifica-
tions show that the code could simulate fracture propagation
in a tensile, shear, and the mixed (tensile and shear) modes.
This model then has been used to investigate the fracture pro-
cesses in the 2D long-wall mining and 3D pillar failure.

2 | GOVERNING EQUATIONS

2.1 | Geomechanical model

The linear elasticity theory is adopted to describe the me-
chanical behavior of rock formations, which includes the
equilibrium equation Equation (1), the geometrical equation
Equation (2) and constitutive equation Equation (3)

dv;
oys+p (b= — ) =0 1
L 2
£j=75 (i +u;,) @)
do;=2Gde;+ aydey s, 3)

where p is the rock density (kg/m?); b is the body force vec-
tor per unit volume (m/ s2); v is the velocity vector (m/s); E
is Young's modulus (MPa); G is shear modulus (MPa); v is
Poisson's ratio ( — ) ; a; =K—2G/3;ij.kl€(1,2,3).

According to quasi-continuum theory, fractured rock
could be regarded as a mixture of two parts, namely rock
matrix element and fracture element (Figure 1). In view of
this point, a composed constitutive model is proposed to de-
scribe the fracture initiation and propagation in rock matrix
elements as well as the fracture behaviors in fractured ele-
ments. The theoretical parts of the models are described in
detail below.
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2.2 | Constitutive model for intact
rock matrix

In the elastic-plastic domain, the total strain incremental de;
is the sum of elastic dsg.’ and inelastic deg. incremental strains

de;=de; +de!; @)
where dsfil is defined from Hooke's equations
degl =doy /L, (5)
z?jlkl is the elastic stiffness tensor,
dg
de’ =di—-
i Jo. (6)

)

where dA is a non-negative scalar function and g is the plas-
tic potential function. The yield function used is the classical
Mohr-Coulomb criterion (it can be any yield criterion) that is
most widely used in rock engineering because of its simplicity.
The yield functions (for shear mode in Equation (7) and for ten-
sile mode Equation (8)) read

CHEN ET AL.
F,=0,-N,03+2c4/N, (N
F,=05—0, (®)

where N, =(1+sin @) /(1 —sin@); ¢ is the internal friction
angle (°), c is the cohesion (MPa). Both ¢ and c are defined
as usual from the conventional (axisymmetric) compression
data that can be presented as o, (0'3) envelope. o, is the ten-
sile strength that can be evaluated from direct or indirect tensile
tests (MPa). We assume that g is equal to F'; and F, (associated
rule), respectively, for shear and tensile modes. In this study,
we use the second strain tensor deviator to evaluate the shear
plastic strain.*® It reads

_JlEm A e e e
g 6

(€))

Accordingly, for tensile plastic strain, the maximum ten-
sile strain is employed. It reads

g =&f3’ 10)

When the maximum shear (or tensile) strain is reached,

calculation element fails. In general, the orientation of frac-
ture is related to rock failure mode. For example, fracture
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FIGURE 1

the fracture; m, / axis in the local coordinate system is decomposed from z,)

Sketch of quasi-continuum method (o, is normal stress; z, is shear stress; o, is normal stress for the fracture; z; is shear stress for
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FIGURE 2 Contact condition of
fracture surfaces: (A) noncontact; (B)
contact (" is tensile stress of the fracture; e}
is tensile strain of the fracture)

(A) Noncontact

caused by tensile mode is perpendicular to the maximum ten-
sile principal strain; as for shear fracture, it is generated at the
position where it has the least shear strength.

2.3 | Constitutive model for the
fractured element

According to quasi-continuum theory, the total incremental
strain of a fractured element is decomposed on the increment
of the elastic strain de;’ and the fracture elastic strain dsi;..37’38

Its expression is as follows:
_ el
dsij—dsij+ds’;. (11)
For the intact part of the fractured element, defjl is related

to stresses by Hooke's equations (Equation 5). As for frac-
ture, it includes two cases: contact and noncontact states
(Figure 2). For example, for the contact state, the fracture
can yield compression and shear stresses; otherwise, the
fracture cannot bear any stress for the noncontact condition.
Thus, the additional strain caused by the fractures should be
respectively calculated with different constitutive models
for the two conditions. The brief descriptions are as
follows.

2.3.1 | Contact state
For contact state, the normal ds’; | and shear a's’: | elastic
strains are calculated according to Goodman® as
de! | =do, [k, (12)
de | =dr, [k, (13)

where o,, 7, are normal and shear stresses (MPa); &, k, are
normal and shear stiffness (k, =k, =10GPa/m in this study);
I, =V/S,, which is the characteristic length of the fracture (m),
V is the volume of the fractured element (m3); S, is the fracture
area in the fractured element (mz). In the contact state, the nor-
mal stress imposed to the fracture surface plane is compressive,

(B) Contact

which means a nonzero shear stress along the fracture defined
as

Tmax = 0, tan @ (14)

where tan ¢; is the friction coefficient of the fracture surface
and reflects the degree of fracture roughness. Once shear stress
exceeds the maximum shear stress, shear slip (or dilation)
occurs.

2.3.2 | Noncontact state

In the noncontact state, normal and shear stresses are both
zero. In fact, fracture strain is equal to the strain of intact rock
matrix. It is calculated as

del ,=—0,/e, (15)

de! ,=~1,/2G (16)

S,

where e, =K +4G/3.

2.3.3 | Transition of the contact state

In reality, the contact state of the fracture surfaces does not
remain constant but always changes. The transition of frac-
ture state can be divided into two modes (Figure 2): con-
tact — noncontact; noncontact — contact. Since the normal
stress and strain of contact fracture satisfy the elastic rela-
tionship in the contact state, in this study, we take strain as
criterion. That is, when the tensile strain is generated on
the fracture surface, the fracture varies from contact state
to noncontact state. On the contrary, when the tensile strain
becomes zero, the fracture changes from noncontact state
to contact state.

2.4 | Solution strategy

The formulated constitutive models have then been imple-
mented into the finite-difference 3-D dynamic time-marching
explicit code Flac3D® for the numerical modelings in this
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FIGURE 3 Flow chart of the solving

procedure
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work. The global methodology and procedure for the finite-
difference method (FDM) computation is briefly introduced.
Figure 3 shows the flow chart of the solving procedure. The
solution starts with model initiation. Then, according to the
type of calculation elements, different constitutive models are
employed for intact (Section 2.2) and fractured (Section 2.3)
elements, respectively. For intact elements, the basic vari-
ables of elements, such as stress and displacement are com-
puted to obtain the shear and tensile plastic strains. When the
obtained either shear or tensile plastic strain in some element
exceeds the corresponding maximum value, this element
fails and it is immediately changed to fractured element. As
for fractured elements, the contact state of the fractures must
be first determined based on the description in Section 2.3.3
and then the corresponding constitutive model in Section
2.3 is adopted for continuing computation. The mechanical

calculation terminates once the maximum unbalance force
meets the preset error tolerance. To verify the effectivity and
applicability of the models, some simulations of traditional
rock mechanic tests first are carried out, as described in the
next section.

3 | VERIFICATIONS

3.1 | Three-point bending tests (specimen
with one single flaw)

3.1.1 | Modeling setup

In this case, notched three-point bending tests reported by
Luo et al*’ are employed to verify the applicability of the
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TABLE 1 P ters f dstone i
. . arameters for sandstone m Properties E, GPa v ¢, MPa a,° Ten, MPa £ max £ max
three-point bending tests ? ?
Specimen 3.9 0.26 4 35 3.37 0.01 2.5e-3
Platen 200 0.1 - - - -
FIGURE 5 Fracture propagations for (A) Nx =61 (B) Nx =121

different grid sizes at a =20°. Nx represents
the number of zones in x direction

(C) Nx =181

proposed model for tensile mode. The modeling setup was
designed to be as close to the real experimental conditions
as possible. The numerical model consists of three stiff
platen (cylinders) and specimen. The sandstone speci-
mens simulated have the same size as the experimental
samples, 180mmXx76 mmx90mm and contain one cen-
tral prefabricated flaw (Figure 4A) introduced as a frac-
ture. During the testing process, the downward velocity
(V,==1x107% m/s) is imposed to the upper platen until
the model fails. The parameters used for this series are
listed in Table 1. Note that since the maximum shear and
tensile plastic strain decide how easy the calculation ele-
ments are fractured, the fracture process is greatly affected
by these values. For all the simulation examples in this
study, they are manually adjusted to matching the corre-
sponding experimental tests.

3.1.2 | Results

We first begin with testing the role of the grid size (resolution)
on the fracture propagation. We use homogeneous brick grids
and specimen model sizes 61 x 122, 121 %242, 181x362 and
241 %482 numerical zones in the x and z directions, respec-
tively. Nx stands for the number of zones in x direction. Figure 5
presents fracture propagations for different grid sizes at a =20°
. It is seen that the isolated failure plane thickness decreases as
grid resolution increases. To clearly observe the errors, fracture
paths for different grid sizes are illustrated in Figure 6. It shows
that fracture path depends on the grid size but very little. Since
the objective of this work was to simulate the fracture process,

M Rock matrix [l Fractured elements

Prebricated fractured elements

(D) Nx =241

| B

l"‘ — Nx =61
\ Nx =121
Nx =181
Nx =241

L.,

FIGURE 6 Fracture path comparison for different grid sizes at
a=20°

the following numerical models were performed with Nx=61
in order to save calculating time.

The curves of load force vs displacement obtained from
simulations are illustrated in Figure 7A. It is clear that load
force decreases steeply (to approximately zero) until the peak
value is reached, which also holds rather common for exper-
imental tests. In addition, good fittings between experimen-
tal and numerical results (Figure 7B) are found in the failure
strength (peak point at each curve in Figure 7A) as well as its
variations with the increase in dip angle.

Figure 8 shows the numerical results of horizontal (x)
and vertical (z) displacement distributions at different dip
angles (a¢=0° 10° 20°, 30° and 45.9°). It is clearly ob-
served that the evolution of displacement accompanied with
fracture propagation, which allows for the fracture propa-
gation path to be visualized. An example of the horizontal
displacement distributions for different calculation steps
(Figure 9) and its final grid deformation (added by 10 times
horizontal and vertical displacement) at @ =20° (Figure 10)
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FIGURE 7 The results of three-point bending tests at different dip angles: (A) stress-strain curves; (B) comparison of peak stresses between

numerical and experimental tests

(A) X Displacement (mm)

F 1.888¢-01
a=0°

—1.885¢—01

[ 3.321e-01
a=10°

—3.223¢-01

f1.741e-01
o =20°

—1.698¢—01

F1.962¢-01
o =30°

|—1.891e—01

f2.011e-01
a =459°

|—l.983e—0|

are presented. It can be seen that first the fracture initiates
from the fracture tip and then propagate approximately lin-
early with terminating at the center of the upper boundary.
For convenience in comparison, the outlines of fractures at
each dip angle for experiments and simulations are shown
in Figure 11. Overall, there are no significant differences
in fracture paths between the experimental and numerical
results except of the case at @ =45.9°. The relatively larger
discrepancy at a =45.9° might be due to the heterogeneity
of the experimental specimen. These results suggest the
proposed model could simulate the fracture process in the
tensile mode.

(B) Z Displacement (mm)

FIGURE 8 The horizontal (A) and
vertical (B) displacement distribution at

1 1360e-01 different dip angles

-1.400e-01

1 1.674e-01

—1.914e-01

1 1.352e-01

—1.733e-01

1 1.552¢-01

| —2.092e-01

I 1.632¢-01

| -2.536e-01

3.2 | Uniaxial compression tests (specimen
with one single flaw)

3.2.1 | Modeling setup

The experimental tests reported by Zhao et al'* are taken as
an example to confirm fracture initiation and propagation in
the shear mode. In this series of tests, the rectangular pris-
matic rock-like samples (40mmXx10mmx100mm) with
one central prefabricated flaw (14 mm in length) were used,

as shown in Figure 4B. The model includes cuboid speci-
men and two stiff elastic platens corresponding to steel. The
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(A) Step 30

e

—le-5

(A) Step 111

—4e-5

(C) Step 113

—6e-5

(B) Step 60

—2e-5

(B) Step 112

—4e-5

(D) Step 114

—8e-5

FIGURE 9 The horizontal displacement distributions at different calculation steps (a =20°)

specimen and platens are separated by the frictional inter-
faces with zero cohesion and the interface friction angle
(p=15°, close to the real case). The elastic-plastic properties
corresponding to the constitutive model are listed in Table 2.
Note that all the presented models in this section below are
run with the same parameters listed in Table 2. The only pa-
rameter that varies is dip angle a, and its values are specified
in the Figure 12. During the testing process, the downward
velocity (V,=—1x107% m/s) is applied to the upper platen
until the model fails.

3.22 | Results

Figure 12A shows the numerical stress-strain curves of the
specimens with one prefabricated flaw at different dip an-
gles. It is apparent that the stress-strain curve first approxi-
mates a straight line corresponding to the linear elasticity
and then exhibits a steep drop until the strain reaches a cer-
tain value, which captures well the postpeak characteristic

W Rock matrix [l Fractured elements Prebricated fractured elements

FIGURE 10 The grid deformation (added by 10 times
horizontal and vertical displacement) at a =20°

of the experimental result. Figure 12B shows that the peak
stresses for experimental and numerical results are matched
rather satisfactorily as well as its variation as the dip angle
increases. For instance, the peak stress is minimum when the
dip angle is 60°, which is also true for the numerical result.
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(A) Experiment (Luo et al 2017)

FIGURE 11

Figure 13 compares the horizontal displacement distribution
for experimental and numerical results. It is shown that some
discrepancies in displacement fields between experimental
and numerical results exist clearly, but many experimental
features are also numerically captured. For instance, the posi-
tions where the maximum displacements occur are similar.
Overall, the numerical results capture well the real character-
istics of experimental results.

As for fracture process, it can be observed from
Figure 14 that on the whole, the fracture model could
simulate the fracture process in the shear mode and even
mixed mode (shear and tensile) well in comparison with
experimental tests. However, there are still larger errors

CHEN ET AL.
(B) Numerical result (¢) Comparison

Experimental result o =0°
——— Numerical result

Experimental result a=10°

Numerical result

Experimental result a=20°

Numerical result

Experimental result a=30°
e Numerical result

Experimental result o =459°

Numerical result

The failure outline: (A) experimental tests; (B) numerical simulation; (C) comparison

in the fracture propagation path (than those in three-point
bending tests) between experimental and numerical re-
sults. These errors might be due to heterogeneities of the
specimen and pre-existing micro-fractures, which result in
deviations at random for some degree along the propaga-
tion path. But in most cases, like experimental tests, the
fractures numerically initiate from the vicinity of the pre-
fabricated fracture tips and propagate along the loading di-
rection to the upper and lower boundaries of the specimen.
The evolution of the horizontal displacement distributions
for different calculation steps at a=30° is presented in
Figure 15. Overall, the numerical results in Figure 14A
are reasonable.
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TABLE 2 P ters f dstone i
. ?Iame ers for sandsfone i Properties E, GPa v ¢, MPa a,’ Ten, MPa € max € max
uniaxial compression tests ? ?
Specimen 28.7 0.23 16.59 20 2.5 3.5¢-3 7.5e-3
Platen 200 0.1 - - - - -
(A) 40 (B) 50
—15° P E A Experiment E
| o Simulation
| 40 -
S ] o ]
30 A a " .
Stress | - ]
4
(MPa) 20 . =
10 E
0 T T T T T T p 0 T T ¥ T v T = T % T ¥
0.00 0.05 0.10 0.15 0.20 0 15° 30° 45° 60° 75° 90°

Strain (%)

FIGURE 12 The results of uniaxial compression tests at different dip angles: (A) stress-strain curves; (B) comparison of peak stresses
between numerical and experimental tests

(A) Numerical results - X Displacement (mm)

3.424e-02 4.086-02 4.086-02 2.569¢-02 3.946¢-02
|3437<:02 ‘407%02 ‘mncoz ‘256%02 “%96%02

o=15° o = 30° a =45° a = 60° a=75°
(B) Experiment (Zhao et al 2019)
B EES 4.6e-02 6.1e=02 1.05¢-01 1.58¢-01
fl
—1.16e=01 —~1.01e=01 L —6.9¢-02 —9.4¢-02 —1.32¢-01

FIGURE 13 The horizontal displacement distribution: (A) numerical simulation; (B) experimental tests
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(A) Numerical results

—— Tensile —— Shear —— Tensile + shear

FIGURE 14 The failure outline: (A)
numerical simulation; (B) experimental
tests; (C) comparison (tensile or shear

( means only tensile or shear failure occurs

while tensile + shear means both tensile and
shear occur in the fracture path)

(C) Comparison

— Experimental result —— Numerical result

La=15° a=30° a=45° a=60°

=75 |

Besides, the fracture propagation path was clearly marked
into two modes to study the failure mode (tensile and shear
modes, Figure 14A). The numerical results show that when
the dip angles are small (15° and 30°), the failure modes are
mainly tensile; when the dip angles are beyond 30°, the mac-
roscopic fractures exhibit a mixture of tensile and shear char-
acteristics and tensile fractures dominate over shear fractures.
It indicates that failure mode does not remain constant but
varies as dip angle increases.

In general, numerical results provide good fittings to not
only three-point bending tests (specimen with one single
flaw) but also uniaxial compression tests (specimen with one
single flaw). This implies that the new fracture models pro-
posed in this study are able to describe well the real charac-
teristics related to the fracture initiation, propagation and the
failure pattern in tensile mode, shear mode, and the mixed
mode (tensile and shear).

4 | APPLICATION TO THE 2D
PHYSICAL MODEL OF LONG-WALL
MINING

41 | Modeling setup

A numerical model measuring Smx0.4mx1.85m in x,y,z
directions, respectively, is created in Flac3D to simulate
the physical model performed by Kang et al.*! The model
contains mainly five rock seams: coal seam, fine sand-
stone, sandy mudstone, mudstone, siltstone, as shown in
Figure 16. In the numerical model, the coal seam is at a
depth of approximately 0.275 m and has a thickness of
0.15 m. Bedding planes are introduced as the ultrathin thin
interlayer with elastic properties between different rock

seams. The corresponding constitutive properties are listed
in Table 3.
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FIGURE 15 The horizontal displacement distributions at different calculation steps (a« =30°)
FIGURE 16 Modeling setup of long-
wall mining T Siltstone
Sandy mudstone
Fine sandstone
Mudstone
Coal seam

1.85m

In this case, according to the boundary condition of the physi-
cal model, the vertical stress (0.23 MPa, in z-direction) is applied
on the top of the model and the horizontal (in x-direction) stress
imposed to the model was 0.27 MPa. The bottom of the model is
fixed in its normal direction. The same stepwise caving process
in the coal seam is simulated from the origin (the left side, 1 m) to
the right side (4.1 m). Each step involves a 0.05 m advance and a
total of 59 steps are imposed, which are the same as the physical

I m === Advance direction

z
L.
model. At each stage, sufficient calculation steps (17 000) have

been performed to relieve stress and to allow the roof to cave.

4.2 | Results

Figure 17 provides illustrations of the numerical progressive
roof failure. To gain more detailed information on fracture
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Properties E,GPa v ¢, MPa «,° Ten, MPa
Coal 0.118 0.122  0.226 22.6  0.0639
Sandy mudstone 0.2 0.269  0.249 22.6  0.0748
Fine sandstone 0.371 0.089  0.358 22.6  0.0964
Siltstone 0.274 0.167  0.302 226  0.152
Mud 0.148 0.139  0.249 22.6  0.0497
Bedding plane 0.25 0.125  0.15 30 0
——— Tensile —— Shear
(A) 0.25m
L
(€)1.75m
S
I gt 5
(E)3m a
e S
= -
%: =
Wpmea—— e
i ‘ i

FIGURE 17 Progressive roof failure at different stages

process, shear and tensile fractures are tracked during the
calculation. Note that only the zones above coal seam are
monitored. Blue lines stand for shear fractures while red
lines represent tensile fractures. It can be found that, new
shear fractures are generated in the overburden (in particu-
lar around the corner of roof) due to the stress concentration
caused by the extraction process and then extend deeper into
the roof as the face continues to advance. However, tensile
fractures mainly appear in the form of bedding separation
(the horizontal straight lines shown in Figure 17) because
of the enhanced vertical subsidence (vertical displacement).
This is so in the literature on long-wall mining researches.*
Moreover, a comparison of the final fracture characteris-
tics between the physical and numerical model is made in
Figure 18. We can see that the numerically captured failure
patterns and the experimentally captured failure patterns are
rather similar on many aspects. Open fractures (characterized
as the fractures in rock matrixes) zones located horizontally
some distance above the immediate roof and vertically on
the left side of the crushed roof, which is the similar case

TABLE 3 Parameters for rocks in 2D

Somex | Fmax long-wall mining
8e—3 le—4
8e—3 le—4
8e—3 le—4
8e—3 le—4
8e—3 le—4
(B)1.25m
r—
(D)2.25 m
e e
T 1
(F31m ! =
=
=t
’5/‘1—‘7; lllll A s

for the physical model. The left and right dip angles of the
crushed zones in numerical model are 61° and 57°, respec-
tively, in comparison with 55° and 60° in the physical model.
The larger discrepancy in left dip angle is attributed to the
deviation in the center of subsidence area (Figure 19) and
in the larger abutment pressure along the floor of coal seam
near the left boundary of the model (Figure 20). Note that the
abutment pressure distribution along the floor of coal seam
(Figure 20) produced by simulation (dash line) approximates
physical model (solid line) rather satisfactorily.

In addition, the initial fracture interval is numerically
identified (dash line shown in Figure 17F). The main dif-
ference in failure pattern is that on the right side of this line
the immediate roof shows crushed failure characteristics
while bedding separation is the main failure type on the
left side of this line. However, in physical modeling, the
crushed failure is also observed on the left side of this line.
The reason might be that in reality the roof strata on the left
side of this line falls down and then broke into pieces due to
the gravity effect, which is not captured in the simulation.
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FIGURE 18 The comparison of (A)
morphology characteristics at final stage:
(A) local region of physical model; (B)

physical model; (C) numerical simulation

(B)

2641

©

Compacted Zone

FIGURE 19 Vertical displacement
distribution at final stage

After statistics for rock matrixes, shear fractures dominate
over tensile fractures by a ratio of approximately 10:1, which is
in good agreement with numerical results (9:1, Gao et al**) and
field observation.* Furthermore, herein, we define damage as
the ratio of the number of fractured zones to that of total zones
above the coal seam. Figure 21 displays the progressive damage
during the mining process. All the three series of points (shear,
tensile, and total) show the same trend but different slopes. The

Z-dis (m)

I 1.95e-4

1.55e-2

3.17e-2

function D, (d) (D,, stands for progressive damage, and d is the
mining distance) must meet the following requirements: (a) have
qualitatively the same trend as the points in Figure 21; (b) the
slope remains more or less constant at larger mining distance.
The numerous trials have led to the following simple functions
for shear Equation (17) and total damage Equation (18):

S 6 _ 6
D} =26343.63d/ (6.63x10°~1.65x10°d) 17
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D' =9.94d/ (1522.4-352.16d) (18)

Note that d in the equations is limited due to the special
experimental condition. D} and D7’ represent shear and total
damage, respectively. Shear damage shows a hyperbolic rela-
tionship with mining distance. And this is the case for total
damage, which is reasonable on account that shear failure
mode is dominant for rock matrix during the mining process.
As for tensile damage, it is related to linear relationship:

D; =0.00291+0.00586d (19)

where D' is the tensile damage. Besides, the orientations of
these fractures for rock matrixes are also calculated in Figure 22.

£ 35
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§ 25 —— Physical

£l

B
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FIGURE 20 Vertical stress distribution along the coal panel
floor
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FIGURE 21 Progressive damage during the mining

(A) Shear fracture

(B) Tensile fracture

Most of the simulated fractures (shear and tensile) are oriented
approximately 30° and 150° with respect to the horizontal line
of roof, as can be observed in physical model (Figure 18A).

The modeling findings in this section show good accor-
dance with the large-scale physical model. It indicates that
the proposed constitutive models are able to reproduce the ac-
tual phenomenon for the 2D complex case in reality. The next
section, therefore, moves on to discuss further 3D application
of pillar failure, which is difficult to test via experiments.

5 | APPLICATION TO 3D PILLAR
FAILURE

51 | Modeling setup

Generally, rock pillar has 3D geometries. Considering the
effect of existing geological structure and in situ stress on
the pillar behavior, a simply symmetric model (Figure 23)
of a typical block caving pillar in an underground mine is
analyzed. The mechanical properties are listed in Table 4. In
this case, for boundary conditions, the displacements on each
side of the model are fixed perpendicular to the direction of
boundaries. The initial stresses imposed in the x-direction, y-
direction and z-direction are 10 MPa, 10 MPa, and 15 MPa,
respectively. The extracted area shown in Figure 23 will be
first extracted, and then sufficient calculation steps (10 000)
have been run for stress release and pillar failure.

5.2 | Results

To quantitatively assess the degree of damage that pillar un-
dergoes, the ratio of fractured zones to total zones in the pil-
lar is computed and illustrated in Figure 24. The curve in
Figure 24 depicts that firstly there is no damage after the ex-
tracted area is immediately extracted; then the slope increases
due to the progressive generation of fractures; after reach-
ing a certain damage, there is a rapid reduction in the slope;
lastly, the slope remains more or less constant. The contours
of the maximum principal stress corresponding six points
marked in Figure 24 are drawn in Figure 25. It depicts that as
calculation step continues, distressed region (corresponding
to fractured region in Figure 26) appears at the corner of the

FIGURE 22

of fractures for rock matrixes: (A) shear

Statistics of orientations

fracture; (B) tensile fracture
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FIGURE 23 Modeling setup of the
pillar
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FIGURE 24 Progressive damage of pillar failure

pillar surface, then extend to the entire surface and eventually
propagate toward the core. Figure 27 shows the progressive
outlines of the fractures at different cross sections. We can
see from Figure 27 that fractures firstly are generated at the
corner of the pillar corresponding to the slabbing in situ and

E, GPa

x

.........

v ¢, MPa a,® Ten, MPa £

5, max €/, max

0.25 3.26 33 0.9 4e-3 le-3

similar results are also obtained by Wagner,44 then fractures
extend to the center of the pillar corresponding to continued
spalling in situ; lastly the pillar forms a “hourglass” failure
shape (Figure 26). These findings above are in well keep-
ing with the numerical observations of Sainoki and Mitri®
and the field observations of Pritchard and Hedley.46 These
results indicate the models proposed are capable of dealing
with 3D engineering cases.

6 | CONCLUDING DISCUSSION

The impact of discontinuities such as fractures, joints and
fault on mechanical behaviors has been long known from
the experimental and numerical information. These results
show discontinuities could strongly affect rock properties
including strength, deformability and fracture process, etc.
Traditionally, plastic damage are often employed to describe
these effects of discontinuities in plastic constitutive models.
Generally, this approach used in plastic models is capable of
providing good explanations in many topics related to rock
mechanics. However, since in reality the contact state of
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FIGURE 25 The contour of the maximum compression stress at the points marked on damage curve in Figure 24

(A)

(B)

Fracture

FIGURE 26
observation*®

fractures constantly changes from contact to noncontact state
(or from noncontact to contact state), these plastic models are
not completely reasonable. This study therefore proposes a
quasi-continuum model by considering the mechanical be-
haviors of fractures for both contact and noncontact states.
Using the finite-difference code Flac3D as the numerical tool,
the present study efficiently simulates the influence of dis-
continuities on fracture process in a rock. Then, this model
is adopted to a 2D complex long-wall mining case and a 3D
simple case of a typical block caving pillar. The obtained
simulation results are in general agreement with the physical
model and field monitoring. The specific conclusions are as
follows:

3D failure shape comparison at point d in Figure 24: (A) numerical fracture shape; (B) zones without fracture; (C) field

1. Fracture processes including fracture initiation and prop-
agation in three-point bending and uniaxial compression
tests have been successfully reproduced with the proposed
fracture constitutive model. It indicates this model can
be utilized to simulate fracture processes in the tensile,
shear, and mixed modes.

. During the long-wall mining, shear fractures dominate over
tensile fractures (mainly generated in form of bedding sep-
arations) in terms of rock matrixes. The most majority of
fractures are orientated at 30° and 150° with respect to the
horizontal roof line. This might be particularly useful in ex-
plaining the permeability anisotropy and predicting methane
migration in situ but not discussed in detail here.



CHEN ET AL.

2645

Energy Science & Engineering

FIGURE 27 The progressive failure

outlines for different cross sections at
different stages corresponding to the points (A) Sr=p:1000

marked in Figure 24

’

(B) Step 2000 \

/
(C) Step 3000
A

(D) Step 4000
§

3. The pillar experiences three stages (slow-growth damage;
accelerated-growth damage; constant-growth damage)
before failure. The obtained results of 3D case indicate
the proposed model is capable of simulating the fracture
initiation and propagation on 3D scale.

Overall, the proposed model could provide a new way
to simulate the fracture initiation and propagation in many
fields where fracture behaviors need be taken into account.
Further work is required to clearly identify the limits of the
proposed model and investigate some more complex engi-
neering applications in particular in fully 3D scale.
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