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Abstract: Taking the “11.28” rockburst occurred in the Jinping II Hydropower Station as the engineer-
ing background, the evolution mechanism of structure-type rockburst was studied in detail based on
the particle flow code. The results indicate that the failure mechanism of structure-type rockburst
includes a tensile fracture induced by tangential compressive stress and a shear fracture caused
by shear stress due to overburdened loadings and shear slip on the structural plane. In addition,
it is found that the differences between structure-type rockburst and strainburst mainly include (a)
the distribution of the local concentrated stress zone after excavation, (b) the evolution mechanism,
and (c) the failure locations. Finally, the influence of four factors on the structure-type rockburst
are explored. The results show that (1) when the friction coefficient is greater than 0.5, the effect of
structural plane is weakened, and the rock near excavation tends to be intact, the structural-type
rockburst intensity decreases; (2) the dissipated and radiated energy in structural-type rockburst
reduces with rockmass heterogeneity m; (3) the lateral pressure coefficient has a significant effect on
the intensity of deep rock failure, specifically in the form of the rapid growth in dissipative energy;
(4) and the structural-type rockburst is more pronounced at a structural plane length near 90 mm.

Keywords: structure-type rockburst; evolution mechanism; particle flow code; flat-joint model

1. Introduction

Globally, there is an increasing demand for clean energy due to national controls on
CO2 emissions [1]. Hydropower is a typically clean energy source that contributes about
16% of global electricity production at all renewable energy sources [2], which plays an
important role in maintaining social stability and sustainable development. However, many
deep tunnels are designed in hydropower stations, owing to topographical and geological
conditions. Therefore, during construction, rockbursts often occur in hard brittle rocks after
excavation under high geostress [3], which severely limits the safety and sustainability of
site construction.

Rockburst is a failure phenomenon in which the tangential stress in hard brittle sur-
rounding rock exceeds its strength limit due to excavation unloading under high in situ
stress. Due to sharp release of elastic energy, rockburst is usually accompanied by spalling
of rock debris, dynamic ejection of rock blocks, and different degrees of crackling sound.
Both strainburst and spalling are common stress-induced failure phenomena after excava-
tion in brittle rock under high geostress [4]. Strainburst is a violent failure accompanying
the ejection of rock fragments and a large release of energy [5]; however, spalling is a static
progressive failure in a stable manner with no obvious ejection performance [6], which de-
pends on the magnitude of energy stored in surrounding rock before failure. Structure-type
rockburst in this study is the kind of rockburst influenced by the local geological structure
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near excavation, e.g., joints, faults, or other structural planes, in the surrounding rock of
deep underground engineering [7,8]. The main difference between structure-type rockburst
and strainbursts is that the former is obviously impacted by the structural plane, which
makes the two distinct in terms of the mechanisms of energy release and the excavation
damage processes [5].

In order to effectively prevent and control rockburst, it is extremely important to study
the evolution mechanism of rockburst. A large number of laboratory tests had been carried
out to study the rockburst. He et al. [9] reproduced the rockburst process in the laboratory,
which was divided into four stages, namely the calm period, small grains ejection, rock
flakes and/or grains ejection, and entire fracture collapse. He et al. [10] then studied the
acoustic emission characteristics of the limestone rockburst process under true triaxial
unloading. Chen et al. [11] conducted a series of true triaxial tests to quantitatively study
the energy dissipation of rock blocks during the rockburst process. Su et al. [12] studied
the characteristics of strainburst with different loading rates under true triaxial conditions.
Zhai et al. [13] comparatively analyzed the rupture, fragmentation characteristics, and
failure modes of six rock types during the rockburst process. It is worth noting that cuboid
rock specimens were used in the above studies, which mainly adopted the method of
keeping one face free or unloading σ3 to simulate the strainburst occurring in the tunnel
sidewalls after excavation.

Hu et al. [14] studied the acoustic emission characteristics of rockburst using cubic
specimens with a circular hole under biaxial load. Si et al. [15] performed a series of
true triaxial tests, in which the cubic specimens with a circular hole were loaded in three
directions with different stresses. The results indicated the middle part at both sides of
the circular holes was damaged first, then developed radially to the deep part, and finally
formed two symmetrical V-shaped notches. Gong et al. [16] further found that the line
connecting the centers of the two V-shaped notches was perpendicular to the maximum
principal stress direction. Liang et al. [17] discussed the effect of the horizontal load on the
energy evolution law of rockburst and revealed the occurrence mechanism of rockburst in
the tunnel from the energy point of view. Although cubic specimens with prefabricated
holes were used in the above experiments, the simulated phenomenon was also essentially
the strainburst.

The experimental evidence for revealing the mechanism and evolution process of
strainburst was provided in the above studies. However, structural planes often exist in
rock mass, and the influence of structural planes on the failure of rock mass should also
be carefully studied [18,19]. Durrheim et al. [20] summarized 21 rockbursts in the deep
gold mines of South Africa in detail and believed that regional structures such as faults
and rock walls were the main controlling factors for triggering rockburst. Based on field
micro-seismic monitoring and numerical simulation, the impact of the structural plane
of the tunnel on the location of the rockburst is reported by Hu et al. [21]. Liu et al. [18]
investigated the characteristics and evolution process of rockburst controlled by structural
planes through field micro-seismic monitoring technology. Moreover, it was reported
that several severe rockbursts affected by the structural plane occurred in the Jinping
II Hydropower Station. For example, the “11.28” rockburst in the drainage tunnel at a
depth of 2330 m caused seven deaths, one injury, and the destruction of a tunnel boring
machine [22], resulting in serious economic losses and severe social impact.

Therefore, it is very necessary to study the influence of the structural plane on rock-
burst. Zhou et al. [8] qualitatively analyzed the mechanism of structure-type rockburst,
and structure-type rockburst was divided into fault-slip burst, shear rupture burst, and
buckling burst. Based on the rockburst in the diversion tunnel of Jinping II Hydropower
Station, they [23] further conducted a series of shear tests to study the effect of the structural
plane on rockburst. The results revealed that there were three failure mechanisms of the
structural plane under shear stress: slip dislocation, tensile failure, and impact fracture.
Zhang et al. [24] explored the failure development of the surrounding rock mass in “11.28”
rockburst and “7.14” rockburst of the Jinping II Hydropower Station using FLAC3D soft-
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ware. Based on Abaqus 2D simulation, Manouchehrian and Cai [25] found that weak
planes around deep underground tunnels might affect rockburst failure when they were in
the right position and orientation.

The above-used numerical methods belong to the continuous numerical analysis meth-
ods. However, the continuous method could not effectively reproduce the failure process of
rockburst [26], because the contact mode among system elements could not continuously
vary with the deformation process [27]. In addition, it is difficult to simulate the structure-
type rockburst in laboratory tests, especially the excavation process at the ground stress
state. Moreover, the study on the effect of structural plane on deep rockmass failure based
on laboratory and numeirical shear tests neglected the effect of excavation [23,28].

Therefore, this study numerically further investigates the evolution mechanism of
structure-type rockburst using PFC 2D, a well-known discrete element numerical method,
taking into account the interaction between the tunnel and the structural plane after
excavation. The reasons for using PFC 2D models in this study are as follows: (1) the
exposed fault after the “11.28” rockburst event was sub-parallel to the tunnel axis [22];
(2) the distance of the damaged cross-section at the drainage tunnel was long in the “11.28”
rockburst (about 25 m) [25]. Therefore, the 2D plane strain models built in this study are
reasonable. In addition, the calculation time of the 3D model for PFC is usually longer than
that of the 2D model due to excessive particles in the 3D model, so the latter is generally
given priority.

2. Generation of Numerical Model

Particle flow code (PFC) is a commercial numerical simulation software in geotechnical
engineering developed by Itasca, Minneapolis, MN, USA, counted as one of the discrete
element methods (DEMs). Compared with finite element softwares, PFC software has
prominent advantages in simulating the discontinuous characteristics of the research object.

2.1. Contact Models
2.1.1. Flat-Joint Model

The flat-joint model (FJM) was first proposed by Potondy [29,30] in 2012. The model
is composed of rigid grains, which include disc particles and notional surfaces in two
dimensions. The two grains are bonded by flat-joint contact (FJC) to simulate the interface
behavior between two notional surfaces. The notional surface is rigidly connected to
the corresponding grains. A grain could form several FJCs with other grains, which
means one grain could have multiple notional surfaces. Therefore, the effective contact
between the grains in an FJC becomes the contact between the notional surfaces. In a
two-dimensional (2D) model, the middle surface is a straight line segment, which can be
discretized into several small elements with equal length (Figure 1). Each element can be
bonded or unbonded. Therefore, the behavior of the middle surface is mainly acted as
bonding or unbonding and varied along the contact surface. Interested readers can refer
to previous publications for other features of FJM [29,31,32]. The FJM had been proven to
be capable of simulating the characteristics of brittle rocks well [26], such as a high ratio
of uniaxial compressive strength and tensile strength, large friction angle, and non-linear
strength envelope.
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Figure 1. A typical schematic diagram for a 2D flat-joint contact.

2.1.2. Smooth-Joint Model

The SJM can ignore the direction of particle contact to simulate the sliding of a surface.
The frictional joint can be simulated by assigning SJM to initial contacts between particles
located on both sides of the joint. The smooth-joint contact (SJC) can be regarded as a group
of springs, which are evenly distributed on a circular cross section, centered on the contact
position, and parallel to the joint surface. If the load exceeds the bond strength, the bond
will break, and the associated particles can slide along the surface. The smooth-joint model
was often adopted to simulate the shear behavior of faults or joints near the excavation
boundary in the surrounding rock [33] and prefabricated fissures in rock specimens [34].
For detailed information about SJM, readers can refer to previous publications [35,36].

2.2. Calibration of Micro-Parameters

The Jinping II Hydropower Station is a typical deep underground project in China, and
the maximum buried depth exceeds 2500 m. During the construction period, failure phe-
nomena of deep rock mass, such as rockburst, were commonly observed. Zhang et al. [22]
reported that four extremely intense rockbursts occurred in the drainage and headrace
tunnels of the Jinping II Hydropower Station in detail. Among them, the most intense
rockburst took place on 28 November 2009, at Stake SK9+283-9+322 in the drainage tunnel
with a diameter of 7.2 m, which was known as the “11.28” rockburst. More information on
the “11.28” rockburst can be found in References [22,24].

Jinping marble is a typical brittle rock, and its mechanical properties have been reported
in many studies [31,37–43]. In this study, the Jinping marble is used for parameter calibration,
and a set of mechanical properties of Jinping marble, including uniaxial compressive
strength (UCS), elastic modulus, Poisson’s ratio, and tensile strength (TS), are matched with
the simulated values [31,43]. The calibrated micro-parameters are then used to study the
evolution mechanism of structure-type rockburst from a mesoscopic viewpoint.

In the parameter calibration, the size of the generated specimens in the PFC is consis-
tent with that used in laboratory tests. For the numerical specimen in uniaxial compression
tests, the height (H) of the model is set to be 100 mm, and the ratio of height (H) to diameter
(d) is set to be 2. For the numerical specimen in Brazilian splitting tests, the height of
the model is set as 25 mm, and the ratio of height to diameter is set to be 0.5. The grain
diameter is in the range from 0.7 to 1.16 mm, which obeys uniform distribution, and the
ratio of maximum to minimum grain diameter is 1.66. Moreover, the grain density is set to
be 2690 kg/m3. According to the calibration procedures proposed by Wu et al. [31], the
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simulated mechanical properties are obtained, which agree well with those in laboratory
tests (Table 1). The calibrated micro-parameters are shown in Table 2.

Table 1. Laboratory test results and simulation results.

Category UCS (MPa) TS (MPa) Poisson’s Ratio Elastic Modulus (GPa)

Laboratory test 114.2 6.5 0.26 42.8
FJM results 113.6 5.4 0.26 43.4

Table 2. Micro-parameters in flat-joint model.

Micro-Parameters Value

Installation gap ratio, gratio 0.3
Bonded element fraction, ϕB 0.9

Slit element friction, ϕS 0.1
Contact elements, N 2

Effective modulus of both particle and bond, Ec = Ec(MPa) 35
Ratio of normal to shear stiffness of particle and bond

kn1/ks1 = kn/ks(GPa) 1.5

Bond tensile strength, σb1(MPa) 8.7
Bond cohesion strength, cb1(MPa) 50.5

Based on field observation of “11.28” rockburst in previous studies, a structural plane
with a dip angle of 40◦~50◦, which was straight and smooth with no filling, was detected
near the failure zone [8,22,24,44]. The rock mass beneath the fault collapsed in the rockburst,
creating a V-shaped failure zone with a depth of 7 m [22]. In the present study, the dip angle
of the structural plane is assigned with a value of 45◦. The structural plane is represented by
unbonded SJM in the numerical model [36]. Several parameters, including normal stiffness,
shear stiffness, and the friction coefficient, are associated with unbonded SJM. According
to the results by Duan et al. [34], the shear stiffness of SJC has negligible influence on the
simulated UCS and Young’s modulus. The normal stiffness has a significant effect on the
mechanical behavior, only when the dip angle of joints is smaller than 45◦. Because the
dip angle of the structural plane is set as 45◦, we only consider the effect of the friction
coefficient in this study. The micro-parameters of SJC were usually determined on the
basis of the rock mechanical properties with inclined pre-existing fracture or different
bedding plane inclinations [45,46], which is obviously not suitable for this study due to
lack of the mechanical properties of the rockmass at the drainage tunnel. Therefore, the
micro-parameters of SJC were calibrated to acquire simulation results that are closer to
the observed failure range or locations of the surrounding rock observed in the field after
“11.28” rockburst. Micro-parameters used in the smooth-joint model are shown in Table 3.
The joint length is assumed to be 90 mm due to the lack of detailed information, and the
influence of the joint length on the simulation results will be discussed later.

It needs to be noted that the FJM model is used for all the particles of the rock mass,
while the SJM model is only used for the particles of the structural plane.

Table 3. Micro-parameters in smooth-joint model.

Normal Stiffness
kn2/GPa

Shear Stiffness
ks2/GPa Friction Coefficient µ

Tensile Strength
σb2/MPa

Cohesion Strength
cb2/MPa

Angle of Internal
Friction φr2

5 5 0.7 0 0 0

2.3. Simulation Procedures

To model the evolution of “11.28” rockburst, a square numerical model is generated
(Figure 2). The particle size in the model is the same as that used in numerical specimens for
parameter calibration. In previous studies, the dimension of a cubic model for simulating
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underground tunnels ranged from 70 to 240 mm [47–49]. In view of the boundary effect
and calculation time of the model, the side length of the model in this study is set as
250 mm. A circular hole with a radius of 25 mm is built into the model by directly deleting
the particles in the range, which is one-fifth of the horizontal distance between the center
of the circular hole and the boundary of the model. A total of 73,333 particles are included
in the model. The similarity between the numerical modeling and the actual tunnelling
case will be discussed in Section 5.

Figure 2. Generated numerical models: (a) before stress is applied, (b) at initial geostress state, (c) after excavation.

After model generation, the unbalanced forces are eliminated, and the overlap between
particles is reduced gradually. The FJM is then installed at ball–ball contacts when the
distance between two particles is less than installation gap. As shown in Figure 2, the load
is firstly applied to the model step by step till the initial geostress is reached (i.e., vertical
stress of 140 MPa and horizontal stress of 70 MPa). Then, a circular hole with a diameter
of 50 mm was excavated by deleting particles, and the stress in vertical and horizontal
directions was kept constant in the servo-controlled loading.

2.4. Energy Balance Calculations

In PFC, based on the law of energy conservation, the meso-scale energy equation can
be obtained:

Wb = We + Wd (1)

Wd = Ek + Ed + Es (2)

where Wb is the boundary work accumulated, which is generated by the external forces
acting on the boundary of numerical model. We is strain energy stored in the model. Wd
is the dissipative energy, which is the released energy from the surrounding rock after
excavation and can be considered a measure of overall damage in rockmass [50,51]. Ek is
the kinetic energy of particles. Es is the slip energy, defined as the total energy dissipated
by frictional slip. Ed is the energy dissipated by local damping. The sum of both Ed and
Ek, which is the radiated energy from surrounding rock as a result of unstable failure after
excavation, can be a measure of rockburst intensity [50,51].

3. Analysis of Simulation Results
3.1. Evolution Mechanism of Strainburst

The simulation results in terms of micro-cracking pattern and force chain of rockburst
without a structural plane are shown in Figures 3 and 4, respectively. Because the rockburst
zones at the walls of both sides are symmetric, the right side wall is taken as an example to
illustrate the evolution process of rockburst.

After excavation, tangential stress concentration gradually occurs in the middle por-
tion of the right side wall. When the model runs to 5000 steps, damage occurs in the surface
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and interior of the right wall within a small range, and scattered particles fall off, showing
slight spalling failure.

At 15,000 steps, the spalling damage of the right side wall further aggravates and
develops unceasingly toward the interior. Due to tensile fracture induced by the tangential
stress, the surrounding rock is cut into thin rock plates, which can be considered to be a
slight slabbing phenomenon. The thickness of the force chain is positively correlated with
the magnitude of contact force among particles, and the black force chain formed in the
evolution process of rockburst at the right side wall is regarded as the rock plates.

Figure 3. Micro-cracking patterns at corresponding steps.



Sustainability 2021, 13, 8036 8 of 26

Figure 4. Force chain diagrams at corresponding steps.

At 20,000 steps, the range of the slabbing failure further extends. Once the bending
stress caused by the compressive stress exceeds the bending strength, the rock plates
formed previously will break into numerous rock blocks and eject, indicating the occurrence
of rockburst.

At 30,000, 45,000, and 60,000 steps, the above rock failure is repeated constantly
until it reaches a stable state. It is worth noting that as the fracture propagates to the
interior of the surrounding rock, its vertical fracture range is shrinking, forming a typical
V-shaped fracture zone. Haimson [52] believed that the failed thin rock plate left hanging
cantilevers at the upper and lower ends, which might limit the length of the next spalled
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rock fragments. As the failure deepened, spalled rock fragments became shorter, resulting
in the decrease in the vertical failure span continuously. The entire process would stop once
the rock plates were supported steadily by the remaining cantilever that was previously
damaged. The simulation results in this study are quite consistent with the laboratory test
results [53] and the field observation results [52].

The surrounding rock in the underground opening is often subjected to high tangential
compressive stress but zero or low radial stress, which is similar to uniaxial compressive
loading or conventional triaxial loading under low confining pressure. The uniaxial
compression state is considered in this study. Based on the stress relations of the circular
hole in elastic theory (Equation (3)) [54], the damage range around the tunnel can be
estimated. The condition for rock failure is that the axial stress is equal to or larger than the
UCS of the rock. Taking the left side wall as an example, the damage range is from −66◦ to
66◦. As shown in Figure 5a,b, the simulation result in the present study agrees well with
the analytical result.

σθ =
(p + q)

2

(
1 +

a2

r2

)
− (q − p)

2

(
1 + 3

a4

r4

)
cos 2θ (3)

where σθ is tangential stress in the surrounding rock, q is the horizontal load, p is the
vertical load, a is the radius of the tunnel, r is the length of the connecting line between a
point in the rock mass and the center of the tunnel, which is called the polar radius, and θ
is the angle between the polar radius and the horizontal axis.

Figure 5. Schematic diagram of damage range for the simulation result (a) and the analytical
result (b).

3.2. Evolution Mechanism of Structure-Type Rockburst

The simulation results of the micro-cracking pattern in the model with the structural
plane are shown in Figure 6.

At 500 steps, the damage zone first occurs in the Location-1 where it is most vulnerable
to excavation. At 5000 steps, with the adjustment of the tangential stress, a lot of tensile
and shear cracks generate at the local crack band (Location-4) and the left and right side
walls (Location-2 and Location-3). A large damage zone occurs in the interaction zone
between the structural plane and the tunnel (Location-1). The local crack band at the left
side wall (Location-4) propagates towards the upper left. It is worth noting that the oblique
secondary crack band (Location-5) is formed in the upper end of the structural plane. This
is because the upper end of the structural plane is far away from the tunnel and is less
affected by the tunnel compared with the lower end of the structural plane.
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Figure 6. Micro-cracking patterns at corresponding steps.
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At 15,000 steps, the damage degree at Location-1 greatly increases, and the tensile and
shear cracks become denser compared with the results of 5000 steps. After the damage
reaches a certain degree, small-scale collapse occurs at the right arched shoulder. It is worth
noting that rockburst occurs at Location-3 in Figure 6, which is the symmetric position of
Location-1. The local crack band (Location-4) develops towards the upper left, and the
oblique secondary crack band (Location-5) at the upper end of the structural plane further
extends to the lower left.

At 30,000 steps, rockburst occurs in the right and left side walls (Location-2 and
Location-3), forming two small-scale V-shaped notches. Tensile cracks caused by tangential
compressive stress tend to be accompanied by buckling and slabbing phenomena. The
oblique secondary crack band (Location-5) coalesces gradually with the local crack band
(Location-4), but the coalescence of the internal cracks in the two bands (Location-4 and
Location-5) has not formed yet, indicating that the two bands still have a certain bearing
capacity. The interaction zone between the structural plane and the tunnel (Location-1)
continues to be damaged until it reaches the structural plane.

At 60,000 steps, ultimate failure occurs in the interaction zone between the structural
plane and the tunnel (Location-1). The V-shaped notches on both wall sides continue to
develop toward the interior of surrounding rock to form the final V-shaped failure surface.
The cracks inside the two crack bands (Location-4 and Location-5) continue to expand, so
the rock inside the two crack bands still has part of the bearing capacity. When the gravity
of the uncollapsed rock in the enclosed area between two crack bands and the structural
plane exceeds the bearing capacity of the rock inside the two crack bands, the uncoalesced
parts among the cracks in the two crack bands will be snipped to form a macro fracture
band and shear fracture occurs, causing severe rockburst and forming a large V-shaped
pit. As shown in Figure 7, the simulation results are in good agreement with the results
obtained from field observation [55].

Figure 7. V-shaped failure at PFC numerical result in this study.

In order to obtain slip displacement on the structural plane, we arrange five measuring
points (MP1~MP5) to record the histories of slip displacement, as shown in Figure 8. At each
measuring point we monitor the displacement of three particles in the hanging wall and
footwall, respectively.

It is obvious that slip displacement at MP1, MP2, and MP3 along the structural
plane is less affected by excavation compared with that at MP4 and MP5 due to the
relative distances from the tunnel, which are 0.01, 0.03, and 0.05 mm, respectively. The slip
displacement at MP4 is greater than that at MP5 until 49,200 steps, after which the opposite
occurs. This can be attributed to the randomness of particles movement in terms of the
magnitude and direction and the effect of contact force concentration at MP5. In general,
the slip displacement on the structural plane is approximately positively correlated with the
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distance between the measuring point and tunnel, which is consistent with the simulating
results from Manouchehrian and Cai [25].

Figure 8. Slip displacement on the structure plane. (a) Arrangement of measuring points along the structure plane;
(b) measuring results.

3.3. Comparison between Strainburst and Structure-Type Rockburst

Based on the simulation results in this study, it is found that the main differences
between strainburst and structure-type rockburst are as follows:

(1) Figure 9 displays the contact force vector plots for strainburst and structure-type
rockburst at 2000 steps after excavation. As shown in Figure 9, the existence of the structural
plane directly changes the original in situ stress field, making the stress distribution more
complicated after the tunnel excavation. Under high in situ stress, stress concentration
zones for structure-type rockburst are formed at various places, i.e., both ends of the
structural plane, left and right side walls, and the interaction zone between the structural
plane and the tunnel. However, stress concentration zones for strainburst appear at the left
and right side walls, which have good symmetry.
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(2) The strainburst is mainly caused by the tensile cracking induced by tangential
compressive stress, in which buckling and slabbing failure is formed, accompanied by
ejection of thin rock blocks. However, the cause and evolution process mentioned above
also exists in the structure-type rockburst. Moreover, for structure-type rockburst, the shear
fracture in two crack bands (Location-4 and Location-5), due to high in situ stress and shear
stress induced by overburdened loadings and shear slip along structural plane, results in a
larger-scale rockburst with a large V-shaped pit.
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(3) The failure locations for strainburst mainly exist in the middle of both side walls,
while the failure locations for structure-type rockburst are closely related to the location of
the structural plane.

4. Sensitivity Analysis
4.1. Influence of Structural Plane Roughness

The existence of structural plane has a significant effect on the intensity and failure
mode of rockburst [23]. However, the study related to the effect of the structural plane
roughness on the rockburst is still limited. Moreover, the results from previous studies
showed that the shear strength increased with the increase in friction coefficient µ in the
SJM [56,57], and the joint roughness coefficient (JCR) was positively correlated with the
shear strength [58].

In this study, the effect of structural plane roughness on the rockburst is investigated.
The roughness is represented by the friction coefficient in the SJM. The friction coefficient is
assigned with the values of 0.3, 0.5, 0.7, and 0.9 in the present study. The simulation results
of the four cases are shown in Figure 10. It is seen intuitively that the width and the density
of two crack bands and the range of the V-shaped notch formed at the left and right side
walls decrease with the increasing friction coefficient. The structure-type rockburst is not
obvious at 0.9 of the friction coefficient because the oblique secondary crack band and the
local crack band (Location-4 and Location-5) are not fully penetrated. The above analysis
suggests that structure-type rockbursts are more likely to occur at the friction coefficient of
less than 0.9.

Figure 10. Micro-cracking patterns of numerical models with different friction coefficients.
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Figure 11 shows the variation of the crack number for numerical models with different
friction coefficients at 60,000 steps. It is seen that the number of tensile cracks and shear
cracks for the model with the friction coefficient of 0.3 is very close to that for the model
with the friction coefficient of 0.5. When the friction coefficient is larger than 0.5, the crack
number greatly decreases, indicating that the intensity of the overall rockburst weakens.

Figure 11. Number of generated cracks for numerical models with different friction coefficients.

It can be seen from Figure 12 that varying the friction coefficient has little to zero
impacts on the dissipated and radiated energy after excavation when the friction coefficient
is less than 0.5. However, the dissipated and radiated energy decrease when the friction
coefficient is larger than 0.5, which is consistent with the variation of the crack number with
the friction coefficient. The above analysis shows that the impact of a friction coefficient
below 0.5 on the structural-type rockburst intensity and overall damage in surrounding
rock is not obvious. When the friction coefficient is greater than 0.5, the effect of the
structural plane is weakened, the rock near the structural plane tends to be intact, and the
intensity of structural-type rockburst decreases.

Figure 12. Dissipated energy (a) and radiated energy (b) in models with different friction coefficients after excavation.
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4.2. Influence of Rockmass Heterogeneity
4.2.1. Simulation of Heterogeneity

The heterogeneity in PFC can be considered in two ways. The first one is a direct
incorporation of geometric heterogeneity of rock in a grain-based model [59,60]. The second
one is an indirect method using statistical distribution models (i.e., Weibull distribution)
for micro-parameters [61–63]. In this study, the Weibull distribution is used to describe
the heterogeneity of micro-parameters (i.e., cohesion, effective modulus) of the FJM. The
probability density function of the Weibull distribution is expressed as

ϕ(E) =
m
E0

∗
(

E
E0

)m−1
∗ exp

[
−
(

E
E0

)m]
(4)

ϕ(c) =
m
c0

∗
(

c
c0

)m−1
∗ exp

[
−
(

c
c0

)m]
(5)

where E is the effective modulus, E0 is the average value of the effective modulus, c is
the cohesion, c0 is the average value of the cohesion, and m is a shape parameter, which
can reflect the degree of rock heterogeneity. The smaller the parameter m is, the larger the
heterogeneity will be. Taking the effective modulus as an example, the probability density
curves under different m values are shown in Figure 13.

Figure 13. Probability density curves with different m values.

4.2.2. Influence of Cohesion Heterogeneity

The rock macro-mechanical properties are closely related to the micro-parameters
in the model, especially the cohesion and effective modulus. The results from previous
studies showed that the UCS increased with the increase in cohesion in FJM [64,65]. Hence,
the UCS in the model may vary due to the change of the cohesion cb in grain scale [66].

The parameter m for the cohesion is assigned with 3, 5, 7, and 9 in the study, and the
corresponding simulation results are shown in Figures 14–16; it is seen that the variation of
the number of shear cracks and tension cracks under different parameters m is basically
the same. However, the proportion of the number of shear cracks to the total number of
cracks decreases with the increase in parameter m for cohesion.

The shear strength τc follows the Coulomb criterion with a tension cut-off for bonded
elements in the FJC [29,31], which is expressed as

τc = cb − σ̂ tan∅b (6)

where cb is the cohesion, ∅b is the friction angle, and σ̂ is the normal stress. The bonded
state is broken in shear, and a shear crack is generated when the shear stress τ

(e)
max exceeds
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the shear strength τc. The cohesion cb will be more discrete as the heterogeneity m decreases,
which will make shear strength τc more discrete. Therefore, many contacts with the low
shear strength distribute non-uniformly in rockmass, which makes it easier for shear cracks
to form. Due to the randomness of the cohesion value at assignment for the grains at
different positions, the distribution of shear cracks also has the characteristic of scatter.

Figure 14. Micro-cracking patterns in models with different m values for cohesion.

Figure 15. Number of cracks in models with different m values for cohesion.
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Figure 16. Shear cracks to total cracks ratio.

As shown in Figure 17, dissipated and radiated energy in models decreases with the
growth of cohesion heterogeneity m. The energy dissipated for the cases at m of 3, 5, 7, and
9 is 2229.06, 1839.90, 1760.31, and 1543.22 J, respectively, which increase by 40.40%, 15.87%,
10.85%, and −2.82% compared with the 1587.97 J of dissipated energy for homogeneous
rockmass. The energy radiated for the cases at m of 3, 5, 7, and 9 are 1237.71, 1142.54, 1113.56,
and 1078.71 J, respectively, which increase by 15.67%, 6.78%, 4.07%, and 0.81% compared
with the 1070 J of that for homogeneous rockmass. This indicates that the structure-type
rockburst intensity and overall damage in surrounding rock decrease and rockmass near
excavation tends to be homogeneous with increasing cohesion heterogeneity m.

Figure 17. Dissipated energy (a) and radiated energy (b) in models for different m values of cohesion heterogeneity.

4.2.3. Influence of Effective Modulus Heterogeneity

The simulation results in models with different m for effective modulus are shown in
Figures 18 and 19. It can be seen that the overall coalescence of the crack bands in models
with different m is basically the same. In addition, due to the strength variation in rockmass
under heterogeneous condition, discretized cracks may appear at some positions far away
from the tunnel. It is worth noting that the number of cracks is not a completely negative
correlation with the parameter m for the effective modulus. The number of cracks at m = 5
is less than that at m = 7. Dai et al. [63] also observed a similar result.
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Figure 18. Micro-cracking patterns in models with different m values for effective modulus.

Figure 19. Number of cracks in models with different m values for effective modulus.

As shown in Figure 20, dissipated energy in models after excavation decreases with
the growth of modulus heterogeneity m except m = 7, at which dissipated energy is slightly
larger than that at m = 5. This is in accordance with the variation of cracks number. The
energy dissipated for the cases at m of 3, 5, 7, and 9 are 1995.89, 1638.03, 1675.05, and
1540.44 J, respectively, which increase by 25.70%, 3.15%, 5.48%, and −3.00% compared
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with the 1587.97 J of dissipated energy for homogeneous rockmass. The energy radiated
for the cases at m of 3, 5, 7, and 9 are 1304.68, 1160.14, 1148.35, and 1102.56 J, respectively,
which increase by 21.93%, 8.42%, 7.32%, and 3.04% compared with the 1070 J of that for
homogeneous rockmass. This shows the structure-type rockburst intensity and overall
damage in surrounding rock decrease in general and rockmass near excavation tends to be
homogeneous with the growth of modulus heterogeneity m.

Figure 20. Dissipated energy (a) and radiated energy (b) in models for different m values of modulus heterogeneity.

4.2.4. Comparison for Influence of Cohesion and Modulus Heterogeneity

It can be found from Figure 21a that the number of shear and tensile cracks in the
models with cohesion heterogeneity is significantly higher than that in the models with
modulus heterogeneity at the same parameter m, which means that the effect of cohesion
heterogeneity on overall damage in surrounding rock is greater than the effect of modu-
lus heterogeneity. In order to compare the impact of two parameters’ heterogeneity on
rockburst, as shown in Figure 21b, the radiated energy is normalized with the value for
homogeneous rockmass. It is obvious that normalized radiated energy in the models with
cohesion heterogeneity is always lower than that in the models with modulus heterogeneity,
indicating the effect of modulus heterogeneity on the structure-type rockburst intensity is
greater than the effect of cohesion heterogeneity.

Figure 21. Crack number (a) and normalized radiated energy (b) of the two micro-parameters under different homogene-
ity levels.
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4.3. Influence of Lateral Pressure Coefficient

In this section, we study the effect of lateral pressure coefficient λ on the simulation
results. The lateral pressure coefficient λ is defined as the ratio of vertical in situ stress
to horizontal in situ stress. In this study, the vertical in situ stress is kept unchanged
(i.e., 140 MPa). The horizontal in situ stress is set to be 35, 70, 105, and 140 MPa, and the
corresponding λ is 0.25, 0.5, 0.75, and 1, respectively.

The simulation results for models with different λ are shown in Figure 22. When the
λ is 1, the failure zones are formed in the two ends of the structural plane, the interaction
zone between the structural plane and the tunnel, and the lower half of the tunnel. It can
be seen that the structure-type rockburst is not obvious at λ of 1. The results for models
with λ of 0.25, 0.5, and 0.75 are quite different from that for the model with λ of 1. The
oblique secondary crack band (Location-5) and the local crack band (Location-4) (see blue
arrow in Figure 22) are connected at λ of 0.25, 0.5, and 0.75, which becomes more obvious
as λ decreases. Moreover, the width of the failure zones at both side walls decreases with λ
owing to the existence of the structural plane and the reduction of horizontal in situ stress.
The damage zone at both side walls becomes very small at λ of 0.25 compared with that at
λ of 0.5. Therefore, it can be concluded that structure-type rockburst is more pronounced
when the λ is close to 0.5.

Figure 22. Micro-cracking patterns in models with different coefficients of lateral pressure.
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As shown in Figure 23, the dissipative and radiated energy after excavation rise with
lateral pressure coefficient λ. Concretely speaking, the energy dissipated for the cases at
λ of 0.25, 0.5, 0.75, and 1 are 1333.59, 1587.97, 2298.68, and 4474.17 J, respectively, which
increase by 19.07%, 53.81%, and 175.11%, respectively, compared with that at λ of 0.25,
indicating that λ has a very significant effect on the overall damage in surrounding rock.
The energy radiated for the cases at λ of 0.25, 0.5, 0.75, and 1 are 949.98, 1069.98, 1351.7,
and 2327.76, respectively, which increase by 12.63%, 42.29%, and 145.03%, respectively,
compared with that at λ of 0.25, showing λ has a very significant effect on the intensity
of rockmass failure. The results show that the elastic strain energy stored in the rock
under initial in situ stress eliminates with the decreasing lateral pressure coefficient under
constant vertical in situ stress. The dissipative energy during the stress redistribution
after excavation reduces obviously, accompanied by the decrease in crack number and
radiated energy.

Figure 23. Dissipated energy (a) and radiated energy (b) in models for different lateral pressure coefficient after excavation.

4.4. Influence of Structural Plane Length

The results in previous sections show that the existence of the structural plane has a
significant effect on rock failure in deep ground. However, the effect of structural plane
length on rock failure is seldom discussed in previous studies. This section examines the
influence of structural plane length on the simulation results. Numerical models with
structural plane length ranging from 50 to 130 mm are generated, and the simulation results
of different models are shown in Figure 24.

The length of the structural plane in the “11.28” rockburst that occurred in the Jinping II
Hydropower Station is not given in the literature. It is found that when the structural plane
length is near 90 mm, the simulation results agree with the field observation. If the length
of the structural plane is smaller, the damage is mainly concentrated in the interaction zone
and both side walls. The oblique secondary crack band and the local crack band are not
developed sufficiently, so it is difficult to form a V-shaped failure zone at the tunnel dome.
If the length of the structural plane is larger, the damage mainly occurs in the interaction
zone and the left side wall. The upper end of the structural plane is less affected by the
tunnel, so the V-shaped failure zone at the tunnel dome is hard to form. Therefore, it can
be concluded that structure-type rockburst is more pronounced when the structural plane
length is close to 90 mm.



Sustainability 2021, 13, 8036 22 of 26

Figure 24. Micro-cracking patterns in models with different structural plane lengths.

5. Similarity between the Numerical Modeling and the Actual Tunnelling Case

In order to explore the evolution mechanism of the “11.28” rockburst from the view of
DEM, based on the field observations, this problem was considered as the PFC 2D plane
strain model at the laboratory scale, e.g., the interaction mechanism between the single
joint and the circular hole under high geostress and unloading induced by excavation. In
this study, the initial geostress state near the tunnel before excavation was reached and
kept constant by the servo mechanism, which is in agreement with the actual tunnelling
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case and is difficult to achieve in laboratory tests currently. A more realistic simulation
can be carried out by building the models of the same size as the field tunnel to study the
failure mechanism of a tunnel near the fault. However, due to ISRM’s requirements for
specimen size in the uniaxial compressive test [67] and Brazilian split test [68], the particle
size used in the micro-parameters calibration is in the range of 0.7~1.16 mm, which is
usually consistent with the particle size in the model due to the dependence of mechanical
properties for numerical specimens on the particle radius [26,69,70]. However, this also
limits the overall size of the model in PFC. The field-scale numerical models based on the
particle flow code are still needed to further study the problem in the future.

6. Conclusions

The present numerical study investigates the evolution mechanism of structure-type
rockburst using a discrete element modeling approach. The main conclusions are as
follows:

(1) For the structure-type rockburst, the failure occurs first in the interaction zone
between the structural plane and the tunnel. A small-scale strainburst occurs at both sides
of the tunnel before complete failure of rock mass. The secondary crack band develops
obliquely downwards and connects with the local crack band that develops upward. The
shear slip along the structural plane may happen through the whole loading process. Before
the two crack bands penetrate completely, shear fracture occurs in the positions where
micro-cracks are incomplete coalescence, causing violent rockburst and V-shaped notch.

(2) The main differences between strainburst and structure-type rockburst mainly
include (a) the distribution of local concentrated stress zone, (b) the evolution mechanism,
and (c) the failure locations.

(3) For the friction coefficient greater than 0.5, the influence of the structural plane
is weakened, the rock near excavation tends to be intact, and the dissipated and radiated
energy in model decreases. The structure-type rockburst is more likely to occur when the
friction coefficient is less than 0.9.

(4) The dissipated and radiated energy and crack number in structural-type rockburst
reduce with increasing cohesion and effective modulus heterogeneity m in rockmass.

(5) The lateral pressure coefficient has a significant effect on the intensity and failure
mode of deep rock failure, and the dissipative and radiated energy after excavation rise
obviously with lateral pressure coefficient under constant vertical stress. The structural-
type rockburst is more pronounced when the structural plane length is close to 90 mm.

Furthermore, this study is based on a two-dimensional plane strain model and inter-
mediate principal stress is not considered. In addition, due to the limitation of the particle
size, numerical models at the laboratory scale rather than field scale are built to study the
evolution mechanism of structure-type rockburst. Therefore, further research is still needed
in the future.
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