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In this paper, the failure and fracture process of mylonite with a prefabricated circular opening under biaxial loading is studied by
PFC2D code. Firstly, the hoop stress change law of opening wall in the process of loading is theoretically analyzed and three
fracture patterns of rocks are proposed. Secondly, the biaxial loading tests of mylonite for numerical simulation are carried out,
and the failure and fracture are analyzed from three aspects of space-time evolution of microcracks, energy conversion process,
and final damage patterns. As the load progresses, the microcracks start to initiate at the side wall of the opening and the growth
velocity of microcracks develops from the slow to fast and then slows down again. +e final damage pattern of mylonite with a
prefabricated circular opening belongs to shear fracture. +e fracture zones start with the side wall spalling and then gradually
extend to the border of the rock, which widen from the opening boundary to the border of the rock and slightly twist in themiddle.
+e final fault zone width is about 6 times wider than the average size of simulation particles. Finally, based on the uniaxial
compressive strength of mylonite in the laboratory, it is inferred that the fracture pattern of mylonite with a prefabricated circular
opening by theoretical analysis is indeed shear failure, which is consistent with the result of numerical simulation.

1. Introduction

In recent years, with the continuous depletion of shallow
mineral resources and global environmental agitations
against mining, deep mining is becoming the development
trend in the future. With the increase in mining depth,
engineering geological disasters will become more frequent
[1, 2], such as roof falling, side wall slabbing, and rock
blasting. In order to ensure the safe and efficient mining of
deep orebodies, it is essential to study the failure and fracture
evolution mechanism of the surrounding rock mass after the
orebody is mined [3–7].

Although the on-site monitoring results of the rock mass
responses with mining operations are more reliable [8–10],
the field industrial test is time-consuming and labor-in-
tensive, making it difficult to achieve. In contrast, laboratory

and numerical simulation tests for small-sized rocks are easy
to control the loading and boundary condition and set up
more monitors, and the failure evolution process and the
final fracture pattern of actual excavated rock mass can be
correctly speculated according to the laboratory and nu-
merical simulation tests [11–18]. +erefore, laboratory and
numerical simulation tests for small-sized rocks have be-
come the mainstream to study the damage mechanism of
rock mass around underground excavation [19, 20].

+roughout the experimental studies of rocks with
prefabricated openings in the whole world, it is shown that
under the uniaxial compression condition, the ultimate
damage pattern of the rock with a circular opening mainly
presents the tensile fractures at the top and bottom of the
opening paralleling to the loading orientation, the com-
pression fractures are produced on both sides of the opening,
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and the far-field failures occurs around the opening [12, 21].
However, the final damage patterns cannot be characterized
as the whole failure process of rocks, which includes the
initiation, growth, and coalescence of microcracks. Com-
pared with the physical experiment in the laboratory, nu-
merical simulation can reproduce the failure evolvement of
rocks during the loading process, and it not only can be used
to analyze the failure and fracture mechanism of rocks from
different aspects but also the numerical simulation tests can
be repeated to generate the reliable results [11, 21, 22]. If the
numerical model can be accurately calibrated, the results will
provide a guide for better forward prediction of the be-
haviors of engineering structures in rock mass.

At present, continuum model and discrete element
method (DEM) are commonly adopted to simulate the
damage and deformation behaviors of rocks [11, 23].
Compared with the continuum model, DEM does not in-
volve the division of grids, so the mesh size sensitivity of
grids does not need to be considered. DEM generates
macroscopic response by the superimposition of mechanical
behaviors among microscopic unit bodies, which saves the
effort of presetting complex mathematical constitutive re-
lationship into the model. +e particle flow code PFC2D

based on the DEM can well simulate the local anisotropic
behaviors of rocks during the loading process and can re-
produce the space-time evolution of microcracks and the
eventual fracture zones so which is therefore widely adopted
to study the mechanical behaviors of various of rock mass
[24] which utilized PFC2D to predict the fracture zones of the
Canadian underground laboratory. Potyondy and Autio [25]
simulated the damage pattern of gneiss with an excavated
circular opening during uniaxial compression process.
Fakhimi et al. [11] conducted biaxial loading simulation tests
of granite with a pre-existing circular opening, and the
microcracks development results by numerical simulation
and acoustic emission test were consistent. Fan et al. [26]

used the PFC program to establish numerical models
containing one open flaw and two circular openings. Cao
et al. [27] researched the mechanical behavior of an opening
in a jointed rock-like specimen under uniaxial loading by
experimental studies and particle mechanics approach. +e
above studies have confirmed that PFC2D software can
successfully simulate the mechanical behaviors of rocks with
loading. However, previous studies have certain limitations
as on the one hand they did not consider the differences in
terms of rock type; on the other hand, they are relatively lack
of the analysis of rock failure mechanism, therefore which
cannot be accepted in predictions of the failure evolution
mechanism of the other rocks.

+e surrounding rock mass in the footwall at –850 depth
in a Chinese gold mine mainly belongs to the mylonite,
which is a kind of metamorphic rock, and the stability is
relatively good. In this paper, the mylonite is taken as the
research object, and the failure and fracture process of
mylonite with a prefabricated circular opening is researched
under the biaxial loading condition by PFC2D. +e simu-
lated results are analyzed from three aspects: space-time
evolution of microcracks, energy conversion process, and
the final fracture patterns.

2. Theoretical Analyses

In order to understand the failure and fracture mechanism
of mylonite with a prefabricated circular opening under the
biaxial loading condition, the elastic stress state of the rock is
calculated by Equations (1) to (4) [28]. Figure 1 shows the
geometric loading condition of the rock, and the boundary
stresses in vertical and horizontal directions are, respec-
tively, shown as P0 and λP0, where λ is the lateral pressure
coefficient. Based on the theory of elasticity, the radial, hoop,
and tangential stresses [28] of the rock around the circular
opening are calculated, respectively, as following formulas:
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where σr, σθ, and τrθ are radial, hoop, and tangential
stresses, respectively; R0 is the radius of the circular
opening; and r is the distance from the opening center to
the point for obtaining the stress state. It can be calculated
that when r � 0, the stress state at the wall of the circular
opening is

σr � 0,

σθ � (1 + λ) P0 + 2 (1 − λ) P0 cos 2 θ,

τrθ � 0.

(4)

As shown in Figure 2, during the biaxial loading tests of
rocks, the lateral pressure coefficient λ continuously
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decreases with loading but which is always less than 1.
Corresponding to different λ, the distribution of hoop
stresses on the circular opening wall of the rock is shown in
Figure 3 [29]. +e straight length which surrounds and is
perpendicular to the opening represents the magnitude of
hoop stresses on the opening wall. When the straight line is
located inside the opening, it represents tensile stress, while
when it is located outside the opening, it indicates com-
pressive stress. It is apparent from Figure 3 that the re-
duction of λ may result in the increase in compressive
stresses on the two sides of the opening wall as well as the
reduction of compressive stresses at the top and bottom of
the opening wall. When λ� 1/3, the hoop compressive
stresses at the top and bottom of the opening wall are re-
duced to 0, and the tensile stress begins to appear at the top
and bottom of the opening wall along with continuous
loading.

Based on the variation of hoop stresses on the opening
wall during the biaxial loading process, it can be speculated
that there are no more than three reasons that eventually
lead to rock fractures. (1) When the tensile stresses at the top
and bottom of the opening do not reach the peak strength
while the compressive stresses on both sides of the opening
have already reached the peak strength, only the shear
fractures of rocks occur on both sides of the opening and the
both sides of the opening spall and extend to the border with
loading, as schematically shown in Figure 4(a). (2) When the
compressive stresses on both sides of the opening do not
reach the peak strength while the tensile stresses at the top
and bottom of the opening have already reached them peak
strength, the tensile fractures of rocks occur at the top and
bottom of the opening and the top and bottom of the
opening spall and extend to upper and lower ends with
loading, as schematically shown in Figure 4(b). (3)When the
compressive stresses on both sides of the opening and the
tensile stresses at the top and bottom of the opening all reach
the peak strength, the shear fractures of rocks occur on both

sides of the opening and the tensile fractures of rocks occur
at the top and bottom of the opening. Meanwhile, the both
sides of the opening spall extend to the border and the top
and bottom of the opening spall and extend to upper and
lower ends, as schematically shown in Figure 4(c).

3. Numerical Simulation

When PFC2D is applied to simulate the mechanical be-
haviors of rocks, the rock is modeled as a collection of
circular particles for 3D or disks for 2D. +e deformation of
rocks is achieved by the positive and shear stiffness between
particles, and the rock strength is controlled by additional
contact bond keys and friction parameters. +e formation of
failures follows the Coulomb criterion, and the initiation of
microcracks is consistent with the breaks of bond keys. +e
contact constitutive model between the particles is shown in
Figure 5.

3.1. Determination of Microscopic Parameters. Before sim-
ulating the mechanical behaviors of specific types of rocks,
PFC2D needs to determine a set of particle microscopic
parameters such as particle size distribution, contact stiff-
ness, and strength between particles. +e microscopic pa-
rameters of the numerical model are the basis for obtaining
accurate simulation results. However, the mechanical be-
havior of rocks is commonly described by the elastic de-
formation constant, compressive strength, residual strength,
and other macroscopic parameters. As the microscopic
parameters of numerical simulation are nonlinear to the
macroscopic response of laboratory tests, the microscopic
parameters cannot be calculated directly by the macroscopic
response.

In view of the blindness of “trial and error method”
[11, 30] for determining the microscopic parameters of the
PFC2D numerical model, Li et al. [31] proposed a parameter
determination method based on laboratory test response in
the previous research. +e geometry parameters of the
numerical model are obtained by the basic characteristics of
rocks. +e contact constitutive parameters between particles
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Figure 1: Geometric loading condition.
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Figure 2: Conceptual axial deviatoric stresses with different λ.
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are calculated by means of laboratorial test response, and the
specific process can be summarized as the following steps.
(1)+e elastic modulus E, Poisson’s ratio v, peak strength bc,
initial failure strength bci, and post-peak residual strength
bca of mylonite are obtained by the uniaxial or conventional
triaxial physical test and which are, respectively, 3.48e10 Pa,
0.26, 5.21e7 Pa, 16.1e6 Pa, and 74.5e6 Pa. (2) On the basis of

ensuring that the boundary, loading, and termination
conditions are consistent with the physical tests, numerical
simulation experiments are carried out. (3) +e corre-
spondence between the numerical simulation microscopic
parameters and the macroscopic response is established by
continuously changing the constitutive parameters in an
orderly manner. (4) +e specific values of various contact
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Figure 3: Hoop stresses distribution on the opening wall: (a) λ� 1.00, (b) λ� 0.75, (c) λ� 0.33, and (d) λ� 0.25.
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Figure 4: Final fracture patterns: (a) shear fractures, (b) tensile fractures, and (c) coexistence of shear and tensile fractures.
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Figure 5: PFC2D microscopic contact constitutive model.
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constitutive parameters are calculated according to the equal
principle of macroresponse between numerical simulation
and physical test. +e detailed process can refer to the
previous research [31]. As shown in Table 1, the determined
microscopic parameters of mylonite located in the footwall
of −850 depth in a Chinese gold mine can be described as the
maximum and minimum radius ratio Rmax/Rmin � 1.66,
where Rmin � 0.2e−4m, and the particle radius satisfies
uniform distribution, particle collection porosity n� 9%, the
density per unit volume ρ� 2630 kg/m3, contact modulus
between particles Ec � 6e10MPa, positive stiffness and tan-
gential stiffness ratio Kn/Ks � 4.5, positive strength
Tn � 45e6MPa, positive strength to tangential strength Tn/
Ts � 1/5, the strength deviations Tdn/Tn and Tds/Ts are 1 :10,
and friction coefficient u� 0.5. On the basis of the micro-
scopic parameters, uniaxial and biaxial simulation experi-
ments are carried out. As shown in Figure 6, the results show
that the response of numerical simulation and laboratory
test has a good consistency. +erefore, it is confirmed that
the determined microscopic parameters are reliable and
have strong applicability.

3.2. Numerical Model and Loading Condition. In order to
simulate the failure evolution of rocks with the prefabricated
circular opening, the rock sample is constructed in
Figure 7(a), with height×width� 100mm× 50mm, and the
diameter of the prefabricated circular opening is 10mm and
which is located in the center of sample. During the biaxial
loading, a constant loading velocity Vp � 1e−3mm is
designed and the confining stress is kept as 10MPa. +e
specific loading condition is shown as in Figure 7(b).

3.3. Results and Analysis. +e failure and fracture evolution
mechanism of mylonite with a prefabricated circular
opening is analyzed from three aspects: space-time evolution
of microcracks, energy conversion process, and the final
fracture patterns. PFC2D software identifies failures by
monitoring the quantity of microcracks and drawing the
microcracks with loading. Figure 8 shows the relationship
between the quantity change of microcracks and the stress-
strain curve during the biaxial loading test. Figure 9 is the
spatial evolution process of microcracks, where the solid
yellow line indicates breaks of the positive bonds and the
solid red line represents breaks of the tangential bonds.

+e results show that at the initial loading period, rocks
with prefabricated openings are in the elastic deformation
stage without cracks generation. As the load progresses,
when the axial stress reaches the initial crack generation
strength (about 73% of the peak strength), microcracks
occur and the rock begins to enter the plastic deformation
phase. Because of the concentration of compressive stress,
shear cracks are created on both sides of the opening, as
shown the red tangential bonds breaking in Figure 9(a).
Before reaching the peak strength, microcracks are gener-
ated in a moderate speed, and the quantity of microcracks
increases rapidly after the peak strength is reached and
before the residual strength stabilizes when individual
microcracks link and mutually merge, resulting that the

rupture zones gradually generate and extend to the
boundary of the rock, as shown in Figures 9(b) and 9(c).
Meanwhile, the far-field cracks are formed and are far from
the opening region. When the residual strength is stable, the
fracture zones are basically shaped and the crack generation
velocity slows down as well, as shown in Figure 9(d).

+e rock loading process is often accompanied by the
energy conversion. Figure 10 shows the evolution of dif-
ferent kinds of energies with loading. It can be seen that the
whole loading process is mainly about the conversion of
strain energy, border energy, and friction energy, and the
variation trend of strain energy has a good correlation with
axial stress-strain curve. +e loading process can be divided
into two stages from the perspective of energy conversion.
Before the microcracks are generated, only border energy is
converted into the strain energy, and the rock is in an elastic
deformation stage. As the loading continues, a certain
amount of border energy is further consumed and the crack
is generated, and the coalescence of individual microcracks
occurs and particles on the fracture regions begin to slip,
causing that the friction energy increases. Meanwhile, the
elastic strain energy at the rock damage zones is released.
+erefore, the border energy mainly converts to the strain
energy and friction energy. Before the peak strength is
reached, the elastic strain energy of rock keeps increasing.
However, as the elastic strain energy derived from border
energy is not sufficient to offset its dissipation caused by
extensive damage after the peak strength, the elastic strain
energy starts to decrease. Before the residual intensity sta-
bilizes, the strain energy decreases at a quite significant
velocity, which is caused by the rapid generation of nu-
merous microcracks at this stage, as shown the microcracks
generation curve in Figure 8.

+e failure evolution of mylonite with a circular opening
extends from both sides of the opening to the boundary of
the rock, as shown in Figure 9, and the final fracture pattern
belongs to the shear failure. A central symmetric shear
fracture zones are formed on the two sides of opening, whose
direction is at an angle of 30° from the axial loading di-
rection. Figure 11 shows the enlarged view to the left of
fracture zones in Figure 12(a), and the arrows represent the
particle displacement field. +e solid blue lines indicate
breaks of the positive bonds, and the solid red lines represent
breaks of the tangential bonds. +e displacement field of the
ultimate fault zones can be divided into three regions of A, B,
and C. In the region A and C, the particle moving follows the
standard rigid body motion, which is greatly different from
the transition region B. +e region B is exactly the fault zone
where particle displacement is almost zero and contains
most of the microcracks. Meanwhile, the direction of
microcracks is not exactly the same as that of the macro-
scopic fault zones. +e fault width of region B keeps in-
creasing from the opening to the border of rock, and the
fault region slightly twists in the middle. +e width of the
fault zone is about six times wider than the average size of
particles, i.e., the average diameter of particles is 0.532mm
and the average thickness of the fault is 3.2mm.

When the confining stress is 10MPa, the relationship
among the maximum compressive stress σcmax, the
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maximum tensile stress σtmax, and the lateral pressure co-
efficient λ of mylonite and sandstone are listed in Table 2
(corresponding to Figures 3(a)–3(d)) as the load progresses.
+e average uniaxial compressive strength of mylonite lo-
cated in the footwall at −850 depth in a Chinese gold mine is
71.5MPa [31]. +erefore, when the axial stress reaches the
compressive strength of the rock, there is still no tensile
stress in the hoop stress on the opening wall, resulting that
the final damage conforms to the first shear fracture pattern
of theoretical analysis, as shown in Figure 4(a). +e damage

pattern of mylonite by theoretical analysis is consistent with
numerical simulation, as shown in Figure 9. In order to
further verify the three fracture patterns in Figure 4, the
damage pattern of sandstone is evaluated. +e uniaxial
compressive strength of sandstone studied by Fakhimi et al.
[11] was about 43MPa, and when the axial stress reaches the
compressive strength of the rock, tensile failure still does not
occur. +erefore, the ultimate damage pattern of sandstone
is shear fracture, which compares well with the physical
experiment, as shown in Figure 12(c) and Table 2.

Table 1: +e microscopic parameters of the PFC2D numerical model.

Parameters Rmax/Rmin Rmin (m) ρ (kg/m3) n (%) Ec (Pa) Kn/Ks Tn (Pa) Tn/Ts Tdn/Tn (Tds/Ts) u
Value 1.66 0.2e−4 2630 9 6e10 4.5 45e6 1/5 1 :10 0.5
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4. Conclusion

In this paper, the failure and fracturemechanism ofmylonite
with a prefabricated circular opening is studied. From the
perspective of theoretical analysis, three kinds of fracture
patterns of the rock with a circular opening are proposed,

that is, shear fractures at the sides of the opening, tensile
fractures at the top and bottom of the opening, and the
coexistence of shear and tensile fractures. In the biaxial
loading process of mylonite with a prefabricated circular
opening, the microcracks initiate on the side wall of opening
when the loading stress is of about 73% of the peak strength
with a 10MPa confining stress. +e fracture zones mainly
start to spall from the side wall and then gradually extend to
the border of the rock. In terms of energy conversion, the
process of rock fractures can be divided into two stages.
Before the generation of microcracks, only the border energy
is converted into the elastic strain energy of the rock, while
after the microcracks begin to appear, the border energy is
transformed into strain energy and friction energy. After the
test load is completed, the fault zones widen and slightly

Figure 11: Microstructure of the fault zones after loading.

Damaged notches  

Damage pattern

(a) (b) (c)

Figure 12:+e fault zones and notch formation: (a) the displacement field, (b) the damaged notches near the opening, and (c) the sandstone
fault pattern [11].

Table 2: Statistics of the maximum compressive stress and the
maximum tensile stress with different λ.

Lithology λ 1 0.75 0.33 0.25

Mylonite σcmax/MPa 20 30 79.5 110
σtmax/MPa 0 0 0 10

Sandstone σcmax/MPa 7.5 22.5 60.075 82.5
σtmax/MPa 0 0 0 7.5
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twist in the middle from the opening boundary to the border
of the rock, and the fault zone width is about six times wider
than the average size of simulation particles. According to
the uniaxial compressive strength of mylonite in laboratory
tests, when the loading stress reaches the peak compressive
strength, there is no hoop tensile stress on the opening side
wall, so the final fracture pattern of mylonite should be the
shear failure pattern, which coincides with the numerical
simulation.
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