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Abstract

The existence of joints in the surrounding rock mass has a considerable effect on tunnel rockbursts. Herein, we studied the
effect of layered joints with different inclination angles and spacings on rockburst in deep tunnels and investigated the failure
area, deformation process of the surrounding rock mass, stress change inside the surrounding rock mass, velocity of the failed
rock, and the kinetic energy of the failure. The failure type of the surrounding rock mass can thus be determined. The results
showed that the intensity of rockburst increases as rock quality designation (RQD) decreases, while the deformation rate
of the surrounding rock mass first increases and then decreases. The deformation rate exhibits a turning point between
RQD =50 and 70, below which the deformation rate of the surrounding rock mass gradually decreases, ultimately ceasing
to be a rockburst. Rockburst always occurs perpendicular to the direction of the joint. When o, =0, as the joint inclination
angle changes from 45° to 90°, the intensity of a rockburst first decreases (from 45° to 60°), and then increases (from 60° to
90°). When combined with the evolution law of stress and strain energy, the rockburst process can be divided into four stages.

Keywords Rockburst - Jointed rock mass - Numerical simulation - Deep tunnel

1 Introduction 2009; He et al. 2021a, b), and numerous efforts have been

made to understand their mechanisms.

Rockbursts usually occur in hard rock areas with high in situ
stress (Chen et al. 2014; Gong et al. 2018a, 2018b, 2019,
2020; Feng et al. 2015, 2021; Christopher 2016; He et al.
2020). The number of rockburst incidences increases with
the excavation depth (Zhang et al. 2021; Gao et al. 2021;
Dou et al. 2021; Wang et al. 2020; Chen 2020). A rockburst
is accompanied by a high-speed ejection of the rock block,
which can have disastrous consequences (Su et al. 2016,
2017). Rockbursts pose a serious threat to worker safety and
investment (Dowding and Andersson 1986, Cai 2013; Chen
et al. 1997; Whyatt et al. 2002; Zhang et al. 2013; Zhu et al.
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In recent years, with the gradual increase in mining
depths and excavation activities, the number of rockburst
incidences around the world has increased (Leger 1991; Gu
et al. 2002; Chen et al. 2021; Itasca Consulting Group Inc.
2016; Jian et al. 2012). To address this problem, numerous
scholars (Tan et al. 1990; Zhou et al. 2014; Charlie 2021;
Zhu and Song 2003) have examined the theories of energy,
strength, stiffness, instability, damage, fault failure, and cou-
pled failure to explain the causes of rockbursts. These stud-
ies show that a rockburst is a sudden dynamic failure phe-
nomenon, and the current solution is to predict their location
and intensity. Several scholars (Zhang and Fu 2008; Xu and
Wang 2001) have proposed a number of rockburst models to
predict these occurrences. However, the actual working con-
ditions are very complex. There are numerous factors that
affect rockbursts (Lee et al. 2004; Mansurov 2001; Wang
and Park 2001; Kaiser and Cai 2012), the four main factors
being seismic events, geology, geotechnical properties, and
mining activity. Studies have been conducted on the impact
of these factors on rockbursts (Kaiser et al. 1996; Reddy
and Spottiswoode 2001; Salamon 1983; Zhang et al. 2013;
Zhu et al. 2010). Among them, the joint has a crucial influ-
ence on the rockburst, which is more likely to occur when

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40789-022-00489-x&domain=pdf

21 Page 2 of 21

M. He etal.

there is a joint near the surrounding rock of a tunnel (Hedley
1992; Paige et al. 2013; Zhang et al. 2013; Zhou et al. 2014;
Zhou et al. 2015; Feng et al. 2019; Amin and Cai 2018).
According to on-site monitoring and analysis of moderate
and strong rockbursts, most are affected by structural planes
(Feng et al. 2019). Numerous rockburst cases affected by
weak planes can be categorized into slip, shear fracture, and
tensioning slab crack types (Zhou et al. 2015; Jiang et al.
2021a, b). However, it is difficult to assertain the stress and
energy changes in the rockburst process by field monitoring.
Numerical simulations have been used to study unstable rock
failures near underground openings (Jiang et al. 2010, 2015;
Kias and Ozbay 2013; Zhang et al. 2014). The above studies
explain rockbursts near tunnels from a number of perspec-
tives. It is still unclear what effects joints have on rockbursts.

In this study, we employ the particle flow code software
(PFC2D) to investigate the effect of joints on rockbursts in
deep tunnels (Cheng 2012; Wu 2019). We obtain the defor-
mation process of the surrounding rock and the evolution
law of stress and strain energy from excavation to rockburst.
The influences of the inclined angle 8 and spacing d of the
joints and the initial ground stress on rockbursts are studied.
Finally, we summarize the variation law of stress with time
in the surrounding rock corresponding to rockbursts of dif-
ferent intensities. The research results aid in establishing a
more intuitive understanding of the rockburst process and in
establish a prediction model for rockbursts in jointed rock
masses.

2 Model setup and tunnel excavation
simulation method

A rockburst is a typical dynamic failure phenomenon. We
construct the discrete element method based on dynamic
theory, which is suitable for the simulation of complex
dynamic phenomena. PFC2D uses the discrete element
method to simulate the motion of circular particles and the
interactions among them, which effectively simulates the
failure process of a rockburst.

2.1 Model setup
2.1.1 Contact model principle of PFC software

PFC2D simulates the contact between particles and distin-
guishes different materials by choosing the type of contact
and assigning different parameters to it. Numerous studies
have shown that the linear parallel bond model is suitable
for simulating hard rock (Qiu et al. 2020a). The principle of
the linear parallel bond model (Fig. 1a) can be regarded as
adding cement material at the contact position, which trans-
fers both force and momentum. We employed this model to
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Fig. 1 Linear parallel bond model (Itasca 2016)
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Fig.2 Smooth joint model (Itasca 2016)

simulate the rock medium in this experiment. Its mechani-
cal components are shown in Fig. 1b. This contact model is
composed of linear contacts and parallel bonds. The parallel
bond breaks when the stress reaches the strength limit of
the bond, at which time the model is equivalent to the linear
model. Smooth joint models are used to simulate joints in
a rock mass. When a smooth joint model is added to the
model, the contacts on both sides of all particles passed by
the joint are transformed into a smooth joint model, and
its parameters are reassigned. After the contact model is
changed, the particles can slide along the direction of the
joint (Fig. 2).

2.1.2 Model setting and parameter calibration

The rockburst simulation caused by tunnel excavation
proceeds through two stages. In the first stage, the initial
in situ stress is simulated by applying gravity and con-
trolling the movement of the upper, left, and right walls
to squeeze the particles. When the internal stress of the
model reaches the preset value, and the unbalanced force
between particles is less than or equal to 107, the loading
is stopped. In this process, a stress measurement circle is
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Fig. 3 Model diagram. Note: the green line represent the joints

Table 1 Particle size table of different regions of the model
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Table 2 Microscopic parameter values of parallel bonding model

Zone (m) R, (mm) R ax (mm) Number of balls Type Item Value
6Xx6 10 15 61,571 Ball parameter Ball density (kg/m®) 2500
10x 10 15 20 56,390 Modulus E (GPa) 24.15
14x 14 20 25 51,126 Stiffness ratio k,/k 3
21x21 25 30 87,845 Friction coefficient u 0
Parallel bond parameter Modulus E (GPa) 24.15
Stiffness ratio k/k, 3
placed at the center of the model to determine whether the Tensile strength (MPa) 155
Cohesion (MPa) 155

stress in the x- and y-directions reaches the requirements
after the model is loaded. It is confirmed that the initial
in situ stress reaches the preset value. In the second stage,
all particles in a 3 m diameter circular area at the center of
the model are removed to simulate tunnel excavation. At
this stage, the stress on the wall remains stable (Qiu et al.
2020b; Wu 2019).
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Fig.4 Uniaxial compression test and split test results

The size of the model was 21 mx 21 m (Fig. 3); the diam-
eter of the simulated tunnel was 3 m, and a total of 256,746
particles were included in the model. Due to the small joint
spacing, the particle size must be sufficiently small to obtain
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Table 3 Values of microscopic parameters in numerical simulation

Table 4 Values of microscopic parameters of smooth joint model

Test Uniaxial Tensile strength  Modulus of
compressive (MPa) elasticity (GPa)
strength (MPa)

Laboratory test 261.25 18.74 31.52

Numerical 270.11 18.99 31.52

simulation
test
Gy
Oy = - G,
d
0

Fig.5 Schematic diagram of the scheme

a good simulation effect. Therefore, the method of gradually
increasing the particle size is adopted to allocate different
particle sizes to different areas (Table 1), which can reduce
the calculation burden and provide more accurate simula-
tion results near the tunnel (John et al. 2009).

The granite block was processed into @50mm X 100 mm
and @50 mm X 25 mm (ISRM) standard specimens, and the
uniaxial compression test and split test were performed to
obtain the stress—strain curve. Rock samples of the same
size were established in the software for the uniaxial com-
pression test and split test. The different parameters of the
linear parallel bond model were adjusted continuously by
the "trial and error method" (Potyondy and Cundall 2004)
to make its stress—strain curve and failure mode similar to
the actual rock (Fig. 4). The microscopic parameters of the
parallel bond model and the mechanical parameters are sum-
marized in Tables 2 and 3. Table 4 summarizes the micro-
scopic parameters of the smooth joint model (Huan 2021).

2.2 Experimental scheme

This numerical simulation mainly studies the influ-
ences of the initial in situ stress, joint inclination €, and
joint spacing d on tunnel rockbursts. Four different joint
inclined angles € (45°, 60°, 75°, and 90°) were added to
the model, and each joint inclined angle had five different
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Fig.6 Schematic diagram of failure location
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Fig.7 Arrangement of measuring points

joint spacings d (6.0, 7.3, 9.2, 12.2, and 19.0 cm). The
joint spacing was obtained by RQDs of 50, 60, 70, 80,
and 90 through the conversion formula of the fracture fre-
quency (Eq. (1)), and 20 rock models with different joints
were established. Deep tunnels are usually subjected to
upper earth pressure and horizontal tectonic stress; hence,
biaxial loading is used for the model (Fig. 5). Different
initial in situ stresses were simulated by changing the lat-
eral pressure o, and the vertical stress o,. A total of five
initial in situ stress conditions, o, = oy (o,= o,= 30, 50, and
70 MPa) and o,# 06, (6,=50 MPa, 6,=25 and 75 MPa),
were simulated. However, due to the long calculation time
required, it is difficult to carry out a large number of cal-
culations for each scheme. Therefore, most models were
calculated to 0.085 s after excavation, and only individual
cases were calculated to 0.6 s.
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(a) Intact rock

Fig.8 Comparison diagram of failure results (for o, =0, =70 MPa)

Priest and Hudson (1976) derived the relationship
between fracture frequency 4 and RQD, as shown in Eq. (1):

RQD = 100e™#(Ar + 1) (1)

where ¢ is the length threshold (r=0.1 m).

2.3 Monitoring program

In this numerical simulation, the change in the surround-
ing rock during the failure process, the change in stress and
velocity at the point of failure, and the overall kinetic energy
of the model were recorded to identify whether a rockburst
occurred and determine its intensity. First, the position and
velocity of particles in the model were saved every 0.005 s
(the physical time calculated in the software) to observe
the processes of deformation and failure of the surrounding
rock. Second, after several trial calculations, it was found
that the tunnel was always damaged perpendicular to the
joint after excavation (Fig. 6). Therefore, twenty measur-
ing circles and velocity measurement points (Fig. 7) were
arranged along the perpendicular direction of the joint. The
radius of the measuring circles was 10 cm to enable record-
ing the change process of the stress (o,, 0, and 7,,) in the
region from the moment of excavation start to the damage.
The velocity measurement point was selected at 1 cm in
the surrounding rock perpendicular to the direction of the
joint. The kinetic energy change of the whole model was
monitored after excavation, as the failure range could not be
predicted. Thus, the maximum kinetic energy KE, . of the
layered joint model was obtained. By using KE, to subtract

'

the maximum kinetic energy KE", . of the intact rock model

(b) Layered jointed rock (for
0=90° and d=9.2cm)

(no failure) to reduce the influence of particle movement in
the nonfailure area on the kinetic energy, the kinetic energy
KE'in the case of rockburst failure could be estimated.
The radial and tangential stresses (o, and o) at the meas-
uring circles are calculated by Eq. (2) (Qiu et al. 2020b).

0, = 0,sin° & + 6, cos’ a + 27,,, sin @ cos
0y =0, cos?a + o, sin*a — 27, sina cos &

@

where « is the angle between the line connecting the circle,
center of the tunnel, and the Y axis (Fig. 7).
The kinetic energy of rockburst is estimated by Eq. (3).

KE' = KE,,, +KE" 3)
where KE, ., is the maximum kinetic energy of the layered

joint model after excavation, and KE",, is the maximum
kinetic energy of the intact rock model.

3 Results
3.1 Influence of joints on tunnel rockburst

There is no failure of the surrounding rock in the rock
model, and only a few particles are ejected (Fig. 8a). We
note V.. =4.0 m/s and KE,,, =103 kJ from the rock mod-
eling results. In the layered jointed model, the surround-
ing rock on both sides of the tunnel is broken into blocks
and ejected (Fig. 8b). For V., =12.1 m/s, KE,,, =138 kJ
and KE'=35 kJ, the results indicate that strong rockburst
occurred. Evidently, the joints in the surrounding rock can

directly affect the occurrence of rockburst.
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Fig.9 Rockburst process
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3.2 Rockburst process of layered jointed rock joints in the surrounding rock, but the failure process is

slightly different. When tunnel rockburst occurs, the surface
Tan (1989) proposed three stages of tunnel rockburst: "split-  rock mass is always destroyed first, after which the internal

ting into slabs, fragmentation into blocks, and ejection." The ~ rock mass is split into slabs, broken into blocks, and ejected
failure mode is roughly the same as that of a tunnel with  (Fig. 9).
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Fig. 11 Stress change diagram of the left wall

The range of rockburst damage can be obtained after
completing the first calculation. The strain energy within
the damage range can be monitored. The monitoring posi-
tion is shown in Fig. 10a. According to the failure charac-
teristics at different times in combination with the changes
in stress (Fig. 10) and strain energy (Fig. 11), a rockburst in
the layered jointed surrounding rock can be divided into the
following four stages: slab buckling of the tunnel sidewall,
internal rock mass splitting into slabs, internal slab fracture,
and rock mass breakup and ejection.

Slab buckling of the tunnel sidewall is shown in Fig. 9a.
The strain energy (section OA) increases by 426 kJ within
0.023 s, and the o, at measuring circle 1 increases by
69.6 MPa within 0.026 s after tunnel excavation. Therefore,
the surface surrounding rock first splits along the joint and
moves toward the free surface. At this point, the outermost
rock slab is only subjected to o,. If 6, continues to increase,
the rock slab will be damaged. After failure, the stress rap-
idly decreases and approaches 0 (measuring circles 1, 2, and
3 in Fig. 11), accompanied by the release of strain energy.
There are two types of failure modes. In the first case, the
rock slabs bend toward the free surface after compression,
and the surrounding rock bulges and then breaks off. In the
second case, shear failure occurs in the rock slab, and the
tunnel wall is broken and bursts out, accompanied by fall-
ing blocks, which is characteristic of a weak rockburst (Gu
et al. 2002).

Internal rock mass split into slabs is shown in Fig. 9b,
c. When the surface rock mass is damaged, one side of the
subsequent rock mass unloads to form a free surface, and ¢,
increases faster (the rate of increase of o, from 1.95 to 2.58
GPa/s at measuring circle 4 in Fig. 11); a larger distance
indicates a smaller increase range, resulting in the internal

—+—] —e—2 —+—3 —v—4 —+—5 —<«6 ——7 —e—38

9 ——10

rock mass being split into slabs along the joint. However,
compared with the sidewall, the free surface decreases,
and the height of the rock slab with uniaxial compression
decreases; the height—diameter ratio of the internal rock slab
gradually increases, and the uniaxial compressive strength
increases. Furthermore, the radial stress from the excavated
surface to the interior of the surrounding rock also gradually
increases, and the compressive strength of the surrounding
rock increases. When the compressive strength of a cer-
tain internal rock mass is larger than o, the failure zone no
longer extends to the interior, such that the final failure zone
is V-shaped (Fig. 9). In this stage, the strain energy (section
AB) fluctuates in a small range.

The internal slab fracture is shown in Fig. 9d. The rock
slab gradually breaks down along the surface to the inter-
nal rock mass after stratification of the internal rock mass.
Rock mass failure occurs at measuring circles 4 and 5, and
the stress decreases rapidly, whereas only partial failure
occurs at measuring circles 6, 7, and 8, where the residual
stress is relatively high. At this state, the strain energy is
suddenly released at approximately 117 kJ (section BC).
Finally, the rock mass gradually fails at each measuring
circle; the stress decreases rapidly, and the strain energy
accumulated in the failure area is released (section CD)
with a decrease of approximately 250 kJ. The fracture pat-
tern is similar to that of the first stage.

The rock mass broken up and ejected is shown in Fig. 9e,
f. The strain energy accumulated within the failure range is
released after the fracture of the rock slab, and the rock slab
is gradually broken into blocks after being crushed by the
top rock mass and disturbed by internal rock mass destruc-
tion. A large amount of kinetic energy is produced, and rock
is ejected toward the free surface, causing rockburst.
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(a) g,=25MPa, 6,=50MPa, 6=60°,

RQD=60 RQD=60

(d) 0,=6,=50MPa, H=45°,
RQD=70

(b) 6,=25MPa, 6,=50MPa, 6=75°,

(e) 0,=0,=T0MPa, 6=45°,
RQD=80

(¢) o,=0,=70MPa, =75°,
RQD=60

() 6,=0,~30MPa, 6=45°,
RQD=90

Fig. 12 Failure results under different conditions Note: The green line represents the joint and the red line represents fractures

3.3 Failure results of different types

The damaged area and the degree of damage is shown in
Fig. 12. In Fig. 12a—c, the surrounding rock has a large
failure area and a high failure degree—it has reached the
third stage of rockburst failure. The surrounding rock has
been split into slabs and fractured, and numerous parti-
cles and a few lumps of rock have been ejected. The maxi-
mum velocities V,,,, of the three cases are 6.40, 8.85, and
9.36 m/s; the maximum kinetic energies KE,,, are 80.6,
86.4, and 142.7 kJ, and the kinetic energy differences KE'
are 41.4, 47.2, and 39.7 kJ, respectively. Strong rockburst
has occurred in all three cases. In Fig. 12d, the first layer of
the rock slab is fractured into a block, but there is no inter-
nal damage. This represents the first stage of rockburst. The
maximum velocity V. is 8.27 m/s; the maximum kinetic
energy KE, . is 66.3 kJ, and the kinetic energy difference
KE'is 12.8 kJ, indicating that a weak rockburst has occurred.
In Fig. 12e, the surface rock mass of the surrounding rock
splits into slabs, but KE'is low. The maximum velocity V,,,.
is 6.06 m/s; the maximum kinetic energy KE,,, is 107.8 kJ,
and the kinetic energy difference KE' is 4.7 kJ. Spalling
damage has occurred. In Fig. 12f, the surrounding rock
remains stable, and only a few particles are ejected. The
maximum velocity V. is 1.82 m/s; the maximum kinetic
energy KE, . is 23.1 kJ, and the kinetic energy difference

@ Springer

KE'is 4.3 kJ, indicating that no failure has occurred. This
also indicates that it is feasible to identify rockbursts from
Vax and KE'.

max

4 Influence of various control factors
on rockbursts

4.1 Influence of RQD on Rockbursts

Rock mass quality designation (RQD) is an indicator of rock
integrity (Deere 1964). RQD has a great influence on the
compressive strength of a rock mass. Gu et al. (2002) noted
the important influence of the integrity of surrounding rock
on rockbursts in a study of tunnel rockbursts. Therefore,
the influence of integrity on tunnel rockbursts is studied by
changing the spacing between the joints added in the model.

4.1.1 Influence of RQD on change in tangential stress
during rockburst process and kinetic energy
at rockburst moment

High stress is one of the most important factors that cause
rockburst. The stress in the surrounding rock is redistrib-
uted after the disturbance of an excavation. The radial stress
decreases, and the tangential stress o, increases. When o,
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reaches the bearing limit of the rock mass, the surrounding
rock breaks. The accumulated strain energy in the rock mass
is rapidly released from the perspective of energy. Part of
the strain energy is consumed when the rock mass ruptures.
In this process, a small fraction is converted to heat. The
remaining energy is converted into kinetic energy, causing
the fractured rock mass to eject at a high speed, hence result-
ing in a rockburst. Studying the change in o, and the mag-
nitude of kinetic energy during a rockburst aids in under-
standing the characteristics of a rockburst and revealing the
rockburst mechanism.

A tunnel excavation usually fails in two places. The posi-
tion with the largest o, in these two places is selected for
research. Figures 13, 14 and 15 indicate that as the RQD
increases, the stress law of o, with changes in time. Fig-
ure 14a shows that when 6, = o,= 50 MPa and 0=45°, with
increasing RQD, the shape of the tangential stress curve
changes. For RQD =50, the tangential stress o, increases
before the peak stress Aag reaches 16.6 MPa and decreases
after the peak stress Ao, reaches —53.0 MPa within 0.03 s.
The residual stress accounts for 15.2% of the peak stress.
For RQD =60, the tangential stress o, increases before the
peak stress Aaé reaches 36.6 MPa, and decreases after the
peak stress Aoy’ reaches —84.1 MPa within 0.020 s. The
residual stress accounts for 9.1% of the peak stress. For
RQD =70, the tangential stress o, increases before the peak
stress Aoy reaches 51.7 MPa and decreases after the peak
stress Ao, reaches —28.6 MPa within 0.003 s. The residual
stress accounts for 80.8% of the peak stress with increasing
RQD, Ao-é, and the reduction speed of o, after the peak is
increased. The reduction speed of o, after the peak likewise
improved. The residual stress accounting for the peak stress
improves when RQD =70, indicating that the failure degree
of the surrounding rock decreases. When RQD =80 and
90, the tangential stress o, becomes steady after increasing,
which means that the surrounding rock does not fail after
excavation. The in situ stress also affects the change law
of o,. With increasing in situ stress, Aa(; and the reduction
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speed of o, increase, while the residual stress accounting for
the peak stress decreases at the same RQD and 6. KE' gradu-
ally decreases with increasing RQD under the same initial
in situ stress condition, and the change law is similar with
the same joint inclined angle (Fig. 16). The kinetic energy
released during rockburst likewise increases with increas-
ing in situ stress, and the increased amplitude gradually
decreases with increasing RQD. The in situ stress increases
by 20 MPa each time, and the increment of KE',,, is 19 and
26.5 kJ. With increasing in situ stress, the increase in kinetic
energy is nonlinear. This indicates that a lower RQD leads
to a higher in situ stress and larger kinetic energy. However,
high in situ stress is the fundamental cause of rockburst. The
energy accumulated in the surrounding rock is lower under
the lower initial ground stress; the kinetic energy released
during rockburst is lessened, and no rockburst, or only a
weak rockburst occurs.

The measured velocity has several limitations, as the
deformation of the rock mass simulated by the discrete ele-
ment is closer to the discontinuous deformation of the real
rock mass. The maximum velocity cannot fully represent the
intensity of a rockburst. In this experiment, because the large
amount of data and the failure mode are known through the
stress change, and the curve of the maximum velocity with
the change in RQD shows a high trend in the middle and low
on both sides (Fig. 17). This indicates that the kinetic energy
of a rockburst is high when RQD is small, but the ejection
velocity is low. Therefore, strong ejection-type rockbursts
only occur in relatively intact surrounding rocks.

4.1.2 Influence of RQD on Rockburst Failure

The failure range refers to the range of damage and is deduc-
ible from the crack propagation area shown in Fig. 18. The
failure extent indicates the fragmentation degree of the
block in the damaged area. The failure range and extent
of the surrounding rock after a rockburst can reflect the
destructiveness of the rockburst. Both the failure range and
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Fig. 18 Failure results of different RQD values (for o, = o,= 50 MPa and §=45°)
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the number of crack strips decrease with increasing RQD
(Fig. 18). When RQD =50, the failure range is very large,
but only the surface rock on the left sidewall is fractured
with V., =8.65 m/s, and the surrounding rock on the right
sidewall is split into slabs, but not damaged. The maximum
kinetic energy is 27.4 kJ, and medium rockburst occurs.
When RQD =60, the failure range decreases, but the failure
degree clearly increases; the failed rocks on the tunnel left
sidewall blow out with V,_,. 9.87 m/s, and the internal rock
mass splits into slabs. When the maximum kinetic energy
is 21.3 kJ, a medium rockburst occurs. At RQD =70, only
the surface of the surrounding rock on the left sidewall
breaks out with V, ,, =8.27 m/s. When the maximum kinetic
energy is 12.7 kJ, a weak rockburst occurs. At RQD =80 and
RQD =90, there is little damage to the surrounding rock, and
only a few particles are ejected. When the maximum kinetic
energies are 4.3 and 6.2 kJ, respectively, no rockburst occurs.
Furthermore, the tensile failure of the surrounding rock is far
greater than the shear failure. When RQD is small, the range
of failure is large, but the extent of failure is small. With
the increase in RQD, the range of failure decreases, and the
extent of failure increases. The integrity of the surround-
ing rock likewise has a significant influence on rockbursts.
Under the same in situ stress condition, as RQD decreases,
the deformation velocity of the surrounding rock increases
first, and then decreases. Therefore, a strain burst could
occur for joint rock masses at relatively low RQD. Although
the ejection speed of this kind of rock burst is relatively low,
the volume of the ejected rock block will also increase.

4.2 Influence of joint inclined angle on rockbursts

Studies (He et al. 2021a, b) have shown that the inclined
angle of joints in a rock mass is an important factor affect-
ing the mechanical behavior of a rock mass. The change in
the inclined angle affects not only the compressive strength
of the rock mass, but also the failure mode. As o, in the
surrounding rock increases after tunnel excavation, the
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surrounding rock cracks in the same direction as the o,
expand rapidly and eventually split the rock mass (Gu et al.
2002). Therefore, the inclination angle of the joint contained
in the surrounding rock may have a certain influence on a
rockburst.

4.2.1 Influence of joint inclined angle on change
of tangential stress in rockburst process and kinetic
energy during a rockburst

The joint inclined angle only affects whether ¢, is released
and the degree of release in a few cases (Figs. 19b, 20c, d,
21d). This indicates that € is not the main controlling fac-
tor for the failure of the surrounding rock, and only when
RQD and induced stress are close to the critical value of a
rockburst, will they have a more significant impact. In these
cases, the tangential stress release degree decreases first,
and then increases as 0 increases from 45° to 90°, with the
minimum occurring at 75°. In other cases, the joint inclined
angle has a significant influence on the stress peak.

As shown in Fig. 22, when RQD =50 and
0,=0,< 50 MPa, KE' continues to increase with @ increas-
ing from 45° to 90°. However, KE' decreases first (from
45° to 60°) and then increases at 6, =0, =70 MPa. In other
cases, KE' also decreases first (from 45° to 60°) and then
increases (from 60° to 90°), with a minimum at = 60° and
a maximum at §=45° or 90°. This indicates that, except
for RQD and the in situ stress being low (RQD =50 and
0,=0,<50 MPa), as 6 increases from 45° to 90°, the rock-
burst 'intensity decreases first (from 45° to 60°) and then
increases (from 60° to 90°).

4.2.2 Influence of joint inclined angle on rockburst failure

The surrounding rock splits into slabs along the joints and is
destroyed perpendicular to them (Fig. 23). The failure mode
is mostly tensile failure and less shear failure. Tensile failure
mostly occurs at the edge of the failure area and the splitting
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Fig. 23 Failure results of different joint inclination angles (for 0,=0,= 70 MPa and RQD =70)
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Fig. 25 Tangential stress with different o, in the same inclined angles of joints (RQD =60)

and breaking of the surface rock slab, while shear failure
mostly occurs at the internal rock slab. Moreover, when
0=45°, the surface of the surrounding rock only undergoes
a bending uplift. With increasing €, when 6=90°, some
large blocks are ejected, and part of the surface rock mass

will fracture into blocks and be completely separated from
the surrounding rock. @ is the main controlling factor of the
rockburst position, and with 6 increasing from 45° to 90°,
the damage degree of the surrounding rock increases slightly.
Because the position of rockburst is always perpendicular to
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Fig. 30 Failure results under different o, (for o,= 50 MPa, RQD =60 and 6=60°)

the joint, it can be considered that the angle between tan-
gential stress and the joint at the failure location is small.
Therefore, when o, =0,, the change in 6 mainly affects the
position of the rockburst, and it is not the main controlling
factor of the occurrence and intensity of the rockburst.

4.3 Influence of lateral pressure on rockburst

4.3.1 Influence of lateral pressure on change in tangential
stress during rockburst process and kinetic energy
at time of rockburst

When RQD is relatively small (RQD = 50 and 60), the
compressive strength of the rock mass is low. The change
in lateral pressure o, mainly affects the time required for o,
to reach peak stress (Figs. 24, 25); when 8 =45°, a larger
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o, requires a shorter time, and vice versa. With increasing
RQD, the influence of ¢, is gradually reflected in oy,
(Figs. 26, 27, 28). When 8=45° and 60°, a larger o, leads
to a larger oy,,,,- When =75°, with increasing o,, the
minimum of 6, occurs at 6,=25 MPa, and the maximum
of 6, occurs at 6,=50 MPa. When =90°, the maximum
of ¢, occurs at 6, =25 MPa, and the minimum of 6, occurs
at o,=75 MPa.

The change in kinetic energy KE' with the lateral stress
o, shows a trend of first decreasing and then increas-
ing (Fig. 29), and the law is related to 8 and RQD. When
0=45°, RQD <60, and with increasing ¢,, KE' remains
unchanged (from 25 to 50 MPa), and then increases (from
50 to 75 MPa). When 8=90° and RQD >80, KE' contin-
ues to decrease as o, increases. In other cases, KE' first
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4.3.2 Influence of lateral pressure on rockburst failure

When 6, =25 MPa, the surface of the surrounding rock is
fractured, the internal rock mass is split into slabs, and some
rock blocks are ejected with V,,, =6.4 m/s (Fig. 30). When
the maximum kinetic energy is 41.4 kJ, a strong rockburst
occurs. At 6,=50 MPa, the damage of the surrounding rock
is reduced. The KE’ is low (KE’=14.3 kJ), and no larger
blocks are ejected. When the maximum velocity is 5.9 m/s,
a weak rockburst occurs. At o,=75 MPa, the rock mass
on the right sidewall is broken into blocks, and the blocks
blow out with V., =7.47 m/s. When the maximum kinetic
energy is 46.2 kJ, a strong rockburst occurs. This indicates
that increasing (from 50 to 75 MPa) or decreasing (from 50
to 25 MPa) the lateral pressure o, can increase the intensity
of a rockburst. When o, < oy the intensity of the rockburst
decreases with increasing o,; when ¢, = oy, the rockburst
intensity is the lowest; when o, > o,, the intensity of the
rockburst increases with increasing o,.
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Fig. 34 Depth of failure with different 6, RQD values (for o, =0,=50 MPa)
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5 Discussion and conclusions KE' <10 No Rockbrust
10 < KE' £ 20 Weak Rockbrust 4
Currently, research on rockburst processes is mostly based 20 < KE' £ 30 Medium Rockbrust )
on field observations (Gu et al. 2002; Tan 1989) or labo- 30 < KE' Strong Rockbrust

ratory tests (Gong et al. 2018a, b). These methods are
highly effective, however, it is difficult to study the defor-
mation characteristics, stress, and strain energy changes
inside the surrounding rock during a rockburst event. In
this study, PFC2D is used to simulate the excavation of
a layered jointed surrounding rock tunnel, and the entire
process from excavation to rockburst is obtained (Fig. 9).
The o, in the surrounding rock increases after excavation,
and the increase rate of the o, is faster the closer it is to
the free surface. Moreover, the o, inside the surrounding
rock is increased after the failure of the rock mass near
the free surface, and the increase rate of stress is faster,
showing a form of layered failure from the sidewall to the
interior. The compressive strength of the rock mass grad-
ually increases with decreasing free surface area. Com-
bined with the evolution law of strain energy during the
rockburst process, and the deformation characteristics of
the surrounding rock inside and outside, the rockburst of
the layered jointed tunnel can be divided into four stages:
slab buckling of the tunnel sidewall, internal rock mass
splitting into slabs, internal slab fracture, and rock mass
breakup and ejection.

Yeung and Leong (1997) used the discontinuous defor-
mation analysis (DDA) model to simulate the excavation
of horseshoe tunnels with cross joints and studied the
influence of joint inclination and spacing on rockbursts.
However, most simulated results ended in slippage failure,
and they did not provide the effect of joint inclined angles
and spacing on the ejection velocity and kinetic energy
release analysis. In this study, the changes in stress, ejec-
tion velocity, and kinetic energy of the surrounding rock
are combined with the failure results of the surrounding
rock, and a more detailed study is conducted. First, KE' is
compared with the failure results of the surrounding rock,
and the results of 100 groups of numerical simulation
tests are classified. When ¢, = oy, the results are classified
according to Eq. (4).

When o,= 50 MPa, 6,=25 and 75 MPa, the change in lat-
eral pressure leads to an increase in the number of particles
flying out of the tunnel wall (Fig. 30), which significantly
increases the measured kinetic energy. However, there is
no corresponding degree of damage inside the surrounding
rock. Equation 6 must be modified, so when 0, F0y, it is clas-
sified according to Eq. (5).

KE' <20 No Rockbrust

20 < KE' £ 25 Weak Rockbrust

25 < KE' < 35 Medium Rockbrust )
35 < KE' Strong Rockbrust

When KE'is relatively small, there are still some surround-
ing rocks with delamination failure, but the deformation
velocity is relatively small, such that it can be considered
that spalling damage occurs. The classification results are
shown in Fig. 31.

The occurrence and intensity of rockburst are mainly
determined by the quantity and release rate of energy dur-
ing failure of the surrounding rock. According to Fig. 10b,
all strain energy accumulated in the surrounding rock after
excavation was released during the rockburst. The magnitude
of the released energy can be considered equal to the mag-
nitude of the strain energy accumulated in the surrounding
rock after excavation disturbance. Moreover, the accumu-
lated strain energy is released suddenly after the rock mass
has broken to a certain extent. The released strain energy W,
is converted into other energy after the rockburst, as shown
in Eq. (6) (Charlie 2021).

where, W, is the strain energy; W; is the energy consumed
by rock fracture; W, is the kinetic energy of the ejected rock,
and W, is the thermal, vibration and other energy generated
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Fig. 36 Different types of stress curves with time

during the rockburst process. After obtaining the rockburst
intensity under various conditions, the occurrence condi-
tions of rockburst under the same rock conditions can be
simply analyzed as follows:

(1) Integrity

The tunnel surrounding the rock is a carrier of energy
storage, and the more complete the rock is, the higher the
energy W;consumed by failure will be. Figure 31 shows that
under the same joint inclined angle 8 and initial in situ stress,
a smaller RQD indicates that a rockburst is more likely to
occur, leading to larger rockburst intensity. In this process,
the change in W, is small under the same conditions, while
W, only accounts for a small part. Thus, W; decreases in
the process of decreasing RQD, resulting in an increase in
W, and a more violent rockburst. However, previous stud-
ies found that the 6, and kinetic energy changes at RQD
50 are different from those at RQD >50. When ¢, =0,, the
maximum deformation velocity of the surrounding rock is
analysed (Fig. 32). Because only weak rockburst occurs, this
is not considered when 6, = 0o, = 30 MPa.

When §=45°, 60°, and 75"’, the maximum deformation
velocity of the surrounding rock has a turning point between
RQD 50 and 70 (Fig. 32). After the turning point, as RQD
decreases, the deformation velocity of the surrounding
rock gradually decreases. The maximum distance between
the fractures generated by the failure and the sidewall is
defined as the depth of failure. The depth of failure gradually
decreases with increasing RQD. Because the failure range
of the surrounding rock increases exponentially (Figs. 18,
33, 34), the unit kinetic energy decreases, and the deforma-
tion rate of the surrounding rock decreases, although the
overall kinetic energy increases at the time of failure. This
indicates that there must be a threshold value of RQD, below
which the deformation velocity is very small, and the failure
of the surrounding rock is no longer a rockburst. However,
when §=90°, the deformation velocity of the surrounding
rock continues to increase with decreasing RQD. Evidently,
the inclined angle of the joint has a certain influence on it.
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The change in the kinetic energy during rockburst with & is
given in Fig. 22. The kinetic energy of the rockburst first
decreases, and then increases with the inclination of the joint
from 45° to 90°, and it is the smallest at 60°.

Figure 35 shows that the influence of the joint inclined
angle on the stress peak is still related to RQD. When rock-
bursts (RQD 50 and 60) or no rockbursts (RQD 90) occur
in the surrounding rocks, the stress peak value changes with
the joint inclination angle. Only when RQD =60 does the
rock mass in the measuring circle completely undergo brittle
failure. According to Fig. 35b, the compressive strength of
the rock mass increases first and then decreases, reaching
a maximum at 60°, while the rockburst intensity decreases
first and then increases, reaching a minimum at 60°. Thus,
when RQD > 60, the higher the compressive strength of the
rock mass leads to a lower rockburst intensity.

(2) Insitu stress

The initial in situ stress is the source of energy in the
surrounding rock, and its magnitude directly determines
the magnitude of W, in the rock mass. When o, =0,, as the
in situ stress increases, the intensity of rockburst occurring
at the same RQD and the inclined angle increase (Fig. 31a).
This demonstrates that the strain energy W, increases with
increasing in situ stress. When o, #0,, the damage degree of
the surrounding rock increases, and the number of particles
ejected from the cave wall increases (Fig. 30). Compared
with o, =o0,, the rockburst intensity increases significantly
(Fig. 31b). According to the Kirsh solution, for a circular
cavity, the maximum shear stress around the cavity appears
in the direction parallel to the maximum principal stress, and
its value is 36,—05. The minimum shear stress is in the direc-
tion parallel to the minimum principal stress, and its value
is 303-0,. When o, is less than o, assuming that o is the
maximum principal stress and o, is the minimum principal
stress, the circumferential stress increases gradually with 6
from 45° to 90°. When 6, > o, assuming that o, is the maxi-
mum principal stress and o, is the minimum principal stress,
the circumferential stress decreases gradually with 6 from
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45° t0 90° (Fig. 35). This is similar to the distribution pattern
of rockburst occurrence and intensity shown in Fig. 31b.

(3) Energy release rate

By observing the change rule of ¢, for the rock mass at
the failure position during a rockburst, the change curve of
stress with time can be divided into the following four types
(Fig. 36). According to the combination of the rate of stress
reduction and the failure kinetic energy, the ejection veloc-
ity, and failure results corresponding to these four types of
stress—time curves, three surrounding rock deformation modes
corresponding to these four changing laws are obtained:

(a) o, gradually increases after the tunnel is excavated. The
rock mass is destroyed after the compressive strength
of the rock mass is exceeded, and the stress suddenly
drops sharply. At this time, there two scenarios are
possible. The residual stress is extremely low, which
means that all the rock masses within the range of the
measurement circle are damaged, the bearing capacity
is completely lost, the kinetic energy is large, the failure
range is large, and the ejection speed is high.

(b) The residual stress is high and may continue to grow,
which means that only part of the rock mass in this
range has failed, while the bearing capacity has not
been completely lost. Hence, after part of the rock mass
is split into slabs, only bending deformation or surface
rock mass fracture occurs. These two stress curves can
distinguish the rockburst intensity according to the
magnitude of the instantaneous release of the stress.

(c) After oyincreases slightly, the surrounding rock gradu-
ally breaks, and the stress releases slowly, indicating
that the stored energy inside the rock mass releases
slowly. This is more common when the ground stress
is low, and the surrounding rock is more broken. As
shown in Fig. 13a, ¢, weak rockburst occurs.

(d) o, in the surrounding rock of the tunnel increases, but
does not exceed the compressive strength of the rock
mass. After the increase, it gradually stabilizes. A small
number of particles may be ejected, and the surround-
ing rock does not break.

The stress release process represented by the type (a),
(b), (¢) and (d) curves in Fig. 36 is a necessary condi-
tion for the occurrence of high-speed ejection-type strong
rockburst.
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