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Rockburst is still a stubborn disease in the field of engineering geology. *e present research pays more attention to the influence
of geological conditions on rockburst and less to the influence of type and stiffness of engineering support on rockburst. We
explore the influence of support stiffness from weak to strong on rockburst and reveal the characteristics of fracture and
microseismicity during rockburst through microseismic monitoring and numerical simulation. *e main results and conclusions
can be drawn: (1) Strong stiffness support makes the surrounding rock accumulates higher energy before rockburst.*e evolution
of microseismicity and its indexes can be used as precursors of potentially strong rockburst. (2) Strong stiffness support is easy to
concentrate high stress under the action of surrounding rock pressure, and it is easy to fail under the disturbance of external load.
*is will produce a “sudden unloading effect” on the surrounding rock mass and may lead to a more serious rockburst. Numerical
simulation verifies the existence of that effect and are consistent with the actual signs of failure. Our research is helpful to clarify
the rockburst problem in the field of engineering geology, specifically to reveal the mechanism of rockburst and the early warning
criteria of rockburst hazard under the action of supporting structure, which can provide practical data and theoretical support for
scientific and reasonable prevention and control of rockburst risk in tunnel and underground engineering.

1. Introduction

Rockburst is a kind of geological hazard with complicated
development mechanism, which is influenced by strati-
graphic lithology, geological structure, ground stress and
multi-field coupling factors and greatly threatens the field of
geological engineering and geotechnical engineering. When
the tunneling or underground opening is implemented in
the hard-brittle rock under high ground stress, the stress
adjustment will cause damage to the surrounding rock, so
that the elastic strain energy stored in the rock mass will be
released suddenly, resulting in loosening, spalling, ejection
and even throwing. Rockburst is that a type of dynamic
instability and geological disaster characterized by the
abruptness and violent nature. Prediction and early warning
of rockburst are challenging, posing significant challenges to

the construction safety and, thus, necessitating continuous
exploration of the development laws, early warning tech-
niques, and support methods of deep geological disasters to
serve the safety construction in deep engineering [1–5].

Due to the lack of deep understanding of rockburst,
engineers may design the high-strength and high-stiffness
support in tunnel to control the risk of rockburst, which
contradicts the generally accepted principle of releasing
rockburst energy. *is may lead to the failure of the sur-
rounding rockmass to give full play to the self-stability in the
stress adjustment, thus increasing the accumulation of strain
energy of surrounding rock and the destructiveness of
rockburst. For example, when the initial support system was
strengthened by shortening the spacing of the steel arch, the
rockburst in the Bamiao tunnel of Taoba expressway in-
tensified, and the initial lining near the tunnel face appeared
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large area exfoliation. Reinforced (rigid) support system has
been carried out in the rockburst section of Micangshan
tunnel of Bashan expressway, which poses a significant
impact on the characteristics of rockburst and
microseismicity.

To date, most of the researches on the influencing factors
of rockburst, such as geo-stress, stratigraphic lithology, rock
mass structure, topography, hydrology, excavation, and so
on, have achieved outstanding results [6–11]; however, very
limited studies have explored the impact of supporting
structures on rockburst. For instance, Fan et al. [12] explored
the influence of tunneling methods on the strainburst
characteristics during the excavation. Hu [13] analyzed the
response of support thickness to rockburst through nu-
merical simulation, suggesting that support exerts an in-
hibitory effect on rockburst, but excessive support thickness
might promote rockburst. Li et al. [14] determined the
mechanical effects of rockburst by numerically changing the
supporting parameters. Chen [15] investigated the rockburst
under different densities of anchor arrangement, and
thought that the rockburst under high density anchoring
would lead to the overall damage of surrounding rock. In
addition, Ortlepp [16, 17] described the characteristics and
extent of rockburst failure under different support strength,
and he thought it is futile to improve the support strength to
resist rockburst when strong rockburst may occur. Huang
[18] investigated the rockburst development under different
support strengths through numerical simulation and field
tests. *e above researches reveal to some extent the effect of
supporting system on rockburst, but these conclusions are
mostly qualitative or semi-quantitative.

*e development of rockburst accompanies a series of
microfracture (microseismic event). *e microseisms de-
termine the failure characteristics and mechanism of
rockburst [19–24]. To date, the interactive mechanism be-
tween microseismic activity and supporting structure re-
mains less investigated, and the microseismic activity is
rarely used to guide support strategy. In some representative
studies, support system was determined based on the mi-
croseismic data in the underground cavern of a hydropower
station [25]. Hu et al. [26] used the microseismic monitoring
to investigate the deformation and failure of surrounding
rock in an underground laboratory, and proposed reason-
able schemes of excavation and support. Gale [27] enhanced
the support structure by comparing microseismic data and
numerical simulation of different mining areas. In fact, the
initial support structure of the tunnel (such as support type,
support strength, support stiffness, and support timing)
exerts marked impact on the microseismic activity and
rockburst. It is imperative to study the influence mechanism
of the support system on fractures or microseismic activities
of the surrounding rock mass.

To investigate the impact of the initial support system on
rockburst, this study aims to explore the rockburst char-
acteristics and microseismic activity under weak and strong
stiffness of support based on the phenomena and data
collected in the Micangshan tunnel of the Sichuan-Shaanxi
expressway, combined with numerical simulation to eluci-
date the mechanism of the supporting structure affecting

rockburst characteristics and intensity. *is study will
provide practical data and theoretical guidance for the
reasonable strategy of supporting the rockburst and the
consideration of the rockburst warning criterion affected by
the support stiffness.*e relevant results are helpful to reveal
the rockburst mechanism under deep engineering activities
and to effectively prevent and control underground engi-
neering disasters.

2. Rockburst Influenced by Tunnel
Initial Support

2.1. Composite Stiffness Assessment of Tunnel Support and
Surrounding Rock. In order to distinguish the rockburst
characteristics corresponding to different support stiffness, it
is necessary to establish a method to determine the support
stiffness. However, because the initial support of the tunnel
is a composite system composed of a variety of supporting
structures (such as shotcrete and steel arch frame), it is very
challenging to propose a quantitative method for evaluating
the composite stiffness. For this reason, *is work is based
on the empirical judgment of the effectiveness of various
support types and support parameters in the actual con-
struction of Micangshan tunnel (which may change due to
engineering characteristics and geological types), a semi
quantitative evaluation method of composite system stiff-
ness considering both surrounding rock stiffness and initial
support mode is proposed. As shown in Table 1, the stiffness
evaluation method consists of two parts: the basic value A
and the construction parameter B. Of these, *e basic value
A is the empirical value considering the support type and
support specification for stiffness. the construction param-
eter B considers the contribution of the engineering dosage
of each support type to the stiffness. *e stiffness evaluation
of surrounding rock has no basic value, which depends on
the contribution of lithology quality grade to stiffness [28].

Specification of structure: steel arch- type I18, height
180mm, width 94mm and thickness 10.7mm; anchor- di-
ameter 22mm and length 3m; shotcrete- type C20. *e
determination of A/B value should also refer to the specific
geological conditions of each project.

2.2. Rockburst Characteristics Affected by the Tunnel Initial
Support. *e Micangshan extra-long tunnel of Sichuan-
Shaanxi expressway is about 13.8 km in length, which was
designed as the second longest expressway tunnel in China
and the third longest in the world. In the excavation of
K46+170-K45+800 mileage section of the tunnel, rockburst
hazards caused by the high ground stress occurred fre-
quently. As shown in Figure 1, “12.17” rockburst, “12.29”
rockburst, “01.14” rockburst, “03.12” rockburst and so on.
*e rockburst areas have the following conditions: the
buried depth is 530-760m and the lithology is mainly gabbro
and tectonic granulite; the grade of surrounding rock mass is
mainly grade III (medium), and grade II (better) or grade IV
(poor) in local; the gabbro and tectonic granulite are
interlaced and rockburst generally occurs in the location of
tectonic granulite. According to the identification, the
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original rock of tectonic granulite should be gabbro, which
undergo compressive rupture and recrystallize to form
granulite. *ere are many microfractures in the rock mass,
but it still has high residual ground stress, which satisfies the
occurrence conditions of rockburst. Due to the occurrence
of different degrees of rockburst, various support measures
have been adopted in the construction site. In order to
distinguish the stiffness changes of various support measures
and study the influence of initial support stiffness on the
characteristics of rockburst, the comprehensive stiffness
evaluation method in Table 1 is used to evaluate the stiffness
changes of “12.17” rockburst, “12.29” rockburst, “01.14”
rockburst and “03.12” rockburst. As shown in Table 2, in
comparison, the score of surrounding rock-support com-
posite stiffness of “1.14” rockburst and “3.12” rockburst is
higher than that of 12.17 “rockburst and” 12.29 “rockburst.
*erefore, the “12.17” rockburst and the “12.29” rockburst is

simply expressed as weak stiffness rockbursts, and the “1.14”
rockburst and “3.12” rockburst is simply expressed as strong
stiffness rockburst.

Tunnel support can be divided into initial support and
secondary support. *e initial support is carried out im-
mediately after the excavation of the tunnel, and is the main
structure to bear the pressure of surrounding rock. Experts
suggest adopting flexible support system for the initial
support of rockburst and following the principle of ab-
sorbing high energy, that is, the supporting structure should
not only satisfy a certain strength but also can deform
greatly, thus absorbing the kinetic energy of rockburst
[17, 29]. However, high strength and high stiffness support
are often used in rockburst due to the lack of comprehensive
understanding of rock mass fractures. Such treatment lacks
theoretical basis and is often controversial. For example, the
Micangshan tunnel shows the rockburst intensity varying

Table 1: Stiffness score of support and surrounding rock in Micangshan tunnel [28].

Type Basic value/ A Construction parameter/ B Score
Steel arch 10 Spacing (m) A× (1/B)
Strengthened steel arch 15 Spacing (m) A× (1/B)
Anchor 1 Anchor number per steel arch A×B
Shotcrete 2 *ickness (cm) A× (B/10)
Pre-grouting 3 Volumes (m3) A×B
Pressure release blasting 2 Number of boreholes –A×B
Surrounding rock mass – Grades (I-V) I- 50；II- 40；III- 30；IV- 20；V- 10

Hanzhong City,
Shaanxi
Province

Micang Mountain

Section of high geo-stress hazards

Bazhong City,
Sichuan Province

Hanzhong
City

Bazhong
City

Limestone 

ZK46+145ZK46+055 46+13246+11046+085
GradeGrade

“3.12” Rockburst,
depth 555.4 m

“1.14” Rockburst,
depth 565.7 m

“12.29” Rockburst,
depth 583.7 m

“12.17” Rockburst,
depth 584.7 m.

Gabbro Tectonic
granulite

Slate with
dolomite 

Quartz
diorite 

Dolomite Sandstone
with shale Fault

Grade Grade

Gabbro with
tectonic granulite 

Gabbro with
tectonic granulite

Gabbro with
tectonic granulite

Tectonic granulite
with gabbro

“1.4” Collapse,
depth 573.2 m

K40+000 K52+00041+000 51+00047+000 50+00042+000 46+000 49+00048+00043+000 44+000 45+000

Figure 1: *e geological cross-section along the Micangshan tunnel, China [28].
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with the change of initial support stiffness. In order to
further explore this change law, a microseismic monitoring
system was established in Micangshan Tunnel to capture
microseismic events and rockburst evolution. As shown in
Figure 2, *e microseismic sensor array is deployed as three
rows: two rows in the leading tunnel, one row in the fol-
lowing tunnel, and three sensors in each row, which ensures
the precision of microseismic source location and the ef-
fectiveness of the source parameters.

Figure 3 records the rockburst evolution in the following
tunnel of the twin-tube Micangshan tunnel. *e three cases
of rockburst disasters had developed in the period 2017/12/
16–2018/01/14 (pentagram denotes the rockburst time). *e
first “12.17 rockburst” occurred in grade-III surrounding
rock. *e initial support was composed of steel arch and
shotcrete anchor (weak stiffness). *e rockburst occurs with
a thunder-like bang and subsequent splitting sound, and the
broken rocks are ejected or collapsed. Most of rockburst
zones are controlled by a single set of dominant structural
planes, or presents a wedge or fornix shape controlled by two
or more sets of structural planes, with a maximum depth of
up to 3m. *e second “12.29 rockburst” occurred in grade-
III or IV surrounding rock. *e advanced grouting was used
in the local broken surrounding rock, and the stiffness of the
support system was slightly higher than that of the previous
rockburst (weak stiffness). *e maximum energy of mi-
croseismic event can reach one million joules, which is even
comparable to the tunnel blasting. Strong energy releases
impact on the equipment and surrounding rock mass of the
tunnel, resulting in large mechanical shaking or overturning,
cracking of the tunnel floor (floor heave), cracking of the
sidewall (sidewall heave), and initial support failure. *e
third “01.14 rock burst” occurred in grade-II or III sur-
rounding rock. Because of the frequent rockburst, the
number of bolts in each construction period increased, the
double-layer steel arch was adopted in local, and the support
stiffness was the highest at this time. During the rockburst,
the frequency of thunderous roar and splitting sound in-
creased significantly, and the development period of the
third rockburst was prolonged, the energy release was in-
creased, and the crack range of lining caused by rockburst
was enlarged.

2.3. Interpreting the Effect of Support Stiffness on Rockburst by
Microseismic Characteristics. *e microseismic indexes are
introduced to elucidate the characteristics andmechanism of
rockburst, and the process is divided as the developmental
stage and occurrence stage. *e occurrence time of rock-
burst is easily recorded by the microseismic monitoring
system, and the period before rockburst is considered to be
the developmental stage. For example, “12.29 rockburst” is a
weak-stiffness rockburst and “1.14 rockburst” is a strong-
stiffness rockburst.*ese rockbursts are developed in similar
environment of lithology, buried depth and ground stress,
and the space distance is close (Figure 1); therefore, we think
that the main factor causing the change of rockburst in-
tensity and characteristics is the support stiffness. Figure 4
shows the characteristics of the number of microseismic
events and the incidence of high energy in rockburst process
under strong and weak support stiffness. *e seismic energy
E denotes the elastic strain energy released by rock mass
fracture:

E �
8
5

 πρvR
2


ts

0
u
2
corr(t)dt. (1)

ρ denotes the rock mass density; v denotes the micro-
seismic velocity; R denotes the hypocentral distance; ts denotes

Table 2: Composite stiffness of surrounding rock and support system in rockburst.

Hazards Rockburst “12.17” Rockburst “12.29” Rockburst “01.14” Rockburst “03.12”
Time span 2017/12/15-12/17 2017/12/26-12/29 2018/01/10-01/14 2018/03/08-03/12

Lithology Gabbro with granulite
interbedded, grade III

Granulite with gabbro
interbedded, grade IV

Gabbro with granulite
interbedded, grade III

Gabbro with granulite
interbedded, grade III

Support
structure and
parameter

Steel arch: spacing 80 cm.
Anchor: 12 per steel arch.
Shotcrete: thickness 20 cm.

Steel arch: spacing 80 cm.
Anchor: 12 per steel arch.
Shotcrete: thickness 20 cm.

Strengthened steel arch:
spacing 70 cm. Anchor: 20 per
steel arch. Shotcrete: thickness

20 cm.

Steel arch: spacing 60 cm.
Anchor: 12 per steel arch.
Shotcrete: thickness 20 cm.

Stiffness score 58.50 48.50 75.43 62.67
Stiffness (For
these four
rockbursts)

Weak stiffness Weak stiffness Strong stiffness Strong stiffness

Fracture area
& MS events

Initial lining Secondary lining

Corss tunnel
& system

Leading tunnel

Sensors &
cables

Moment
Magnitude-1.8

300 1e+007

0.6
Energy

Following tunnel

Figure 2: *e layout of the microseismic monitoring system in the
Micangshan tunnel.
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the time span of microseismic signal; ucorr denotes the dis-
placement function of microseismic wave at the receiving end
[25]. *e number of daily cumulative microseismic events of
rockburst under the condition of strong stiffness is obviously
more than that of weak stiffness. *e daily occurrence rate of
high energy of rockburst is higher than that of weak stiffness
under the condition of strong stiffness in the first 3 days before

the occurrence of rockburst. But under the condition of strong
stiffness on the day of rockburst, the daily incidence of high
energy of rockburst is lower than that of weak stiffness.

Figure 5 shows the moment magnitude variation
characteristics of microseismic events in rockburst process
under strong support stiffness and weak support stiffness.
Moment magnitude Mw is determined by seismic moment
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calculation, which can directly represent the intensity of a
microseismic event [30]:

Mw �
2
3

log10M0 − 6.0. (2)

M0 is the seismic moment, that is, the point source
moment equivalent to the source fault dislocation that
caused the earthquake (N · m). In order to explore the
characteristics of the moment magnitude of the micro-
seismic event per hour before the rockburst, this study
defines the sum of the moment magnitude of the micro-
seismic event per hour as the hourly cumulative moment
magnitude:

Mh � 
n

i�1
Mw, (3)

where Mh is the cumulative moment magnitude per hour, n
is the number of microseismic events within one hour, and
Mw is the magnitude of a single microseismic event. It can be
found that the hourly cumulative moment magnitude of
microseismic events under the condition of strong stiffness
before rockburst (development period) is higher than that of
weak stiffness condition. under the condition of weak
stiffness after the occurrence of rockburst, the cumulative
moment magnitude of microseismic events per hour of
rockburst is obviously higher than that of strong stiffness. It
is worth noting that the cumulative moment magnitude per
hour after the occurrence of rockburst decreased obviously
under both conditions.

Figure 6 reveals the characteristics of average displace-
ment of microseismic source in rockburst process under
strong support stiffness and weak support stiffness. *e
deformation caused by the rupture of source rock mass can
be expressed by displacement, which can be expressed as
follows:

D
−

�
M0

μπr
2
0
. (4)

μ is the shear modulus of rock mass, M0 is the seismic
moment, and r0 is the radius of the fault plane [25]. It can be
obviously found that the cumulative source average dis-
placement of strong rigid rockburst is much higher than that
of weak stiffness rockburst, and the trend characteristic of
strong stiffness rockburst is more significant; after the oc-
currence of rockburst, strong stiffness rockburst basically
does not change, weak stiffness rockburst continues to in-
crease slowly.

Figure 7 shows the apparent volume series of rockburst
developmental and occurrence stages under both strong and
weak support stiffness. *e apparent volume index VA re-
flects the volume of inelastic shear deformation of rockmass:

VA �
M

2
0

2μE
. (5)

μ is the shear modulus of rock mass, M0 is the seismic
moment, and E is the microseismic energy [31]. In the
developmental stage, the mean apparent volume of strong-
stiffness rockburst (370 m3) is higher than that of weak-
stiffness rockburst (330 m3). In the occurrence stage, the
apparent volume of strong-stiffness rockburst increases
obviously, but then decays rapidly, and the average value
(397 m3) is lower than that of the weak-stiffness rockburst
(438 m3).

Figure 8 describes the source parameter space of mi-
croseismic event during the developmental stage of rock-
burst; the abscissa of the microseismic parameter space is the
apparent volume, the ordinate is the seismic energy, and the
microseismic event (small dot) can be located in this space.
When the stiffness of the support system changes from weak
to strong, the microseismic events migrate toward the di-
rection of arrow in the figure, indicating that the proportion
of the small energy and the large apparent volume event
increases. Based on the statistics in the development stage
(Table 3), the proportion of small-energy events increases
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when the support stiffness changes from weak to strong, and
the proportion of medium- and large-energy events de-
creases. Meantime, the proportion of small-volume events
decreases, but the proportion of medium-volume events
increases.

Classification of energy: small-energy event (≤ 104 J), me-
dium-energy event (104 -105 J), and large-energy event (≥ 105 J)
[32]. Classification of apparent volume: small-volume event (≤
200 m3), medium-volume event (200 -400 m3), and large-
volume event (≥ 400 m3) [28].

According to the indexes summarized in Table 4, the
support stiffness poses great influences on rockburst, and
they can be described as follows:

(1) *e reinforcement of the support stiffness imposes a
more rigid constraint on the surrounding rock,
which means a stronger confining pressure (support

pressure) on the surrounding rock. In the process of
rockburst, the high energy incidence of stress ad-
justment activities increased, the development time
of rockburst prolonged and the number of micro-
seismic events increased.

(2) with the increase of rigid constraint, the surrounding
rock mass is easier to accumulate energy. *e greater
the moment magnitude of the microseismic event is
in the process of stress adjustment.

(3) *e reinforcement of the support stiffness indicates
that the stress adjustment of surrounding rock re-
quires a larger apparent volume of source. *is is
similar to the fact that the process of deformation,
damage and near-critical failure of surrounding rock
needs to be accompanied by large deformation by the
increase of confining pressure. *e average apparent
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Figure 7: *e apparent volume series of microseismic events during rockburst: (a) the development stage; and (b) the occurrence stage.
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volume during the rockburst development increases,
and the average displacement of cumulative source
also increases significantly.

(4) In the source parameter space composed of seismic
energy and apparent volume, the motion path of
microseismic events points to the lower right due to
the enhancement of support stiffness, which indi-
cates that the type of microseismic events changes
and the proportion of events with both low energy
and large apparent volume increases. *e stress
adjustment activities in the rockburst development
tend to generate energy accumulation and energy
transfer, and lead to stronger energy release in the
occurrence stage of rockburst.

3. Numeric Simulation and Interpretation of
Rockburst Effect

3.1. Modeling and Simulation Scheme. We established a
tunneling model to simulate the rockburst affected by the
drilling and blasting method in the Micangshan tunnel
(Figure 9). Block-Dyna, a block-dynamic simulation soft-
ware based on continuous-discontinuous method (CDEM),
is used to simulate the whole process of damage and fracture
of the tunnel surrounding rock under the action of static and
dynamic loads. *e software simulates the progressive

failure process of materials by using the continuous medium
characteristics of block characterization materials and the
discontinuous medium characteristics of materials charac-
terized by the interface between blocks. *e software can
simulate not only a variety of damage and failure processes
of materials under static and dynamic loads, but also a series
of mechanical processes of bulk after crushing. *e overall
size of the model is 50m (hight)×50m (width) and the tunnel
size is 8m×12m, which includes the numbers of nodes and
elements, 29302 and 54900, respectively.*e tunnel length is
40m, which is designed as step by step excavation (5m per
step). *e model is composed of excavation body, sur-
rounding rock mass and lining of the tunnel; the thickness of
the lining is set to 20 cm and implemented immediately after
the excavation step; the monitoring points for the lining and
surrounding rock mass are set up. *e actual stress con-
ditions are applied to the model: the maximum principal
stress σ1 near the vertical direction is 25.2 MPa; the inter-
mediate principal stress σ2 near the axial direction of the
tunnel is 13.1 MPa; the minimum principal stress σ3 near the
horizontal direction is 12.9 MPa. Finally, we designed the
two schemes of rockburst simulation according to the actual
engineering situation.

(1) Simulation of weak-stiffness rockburst under static
load. Weak parameters of deformation and strength
are used for lining support, and strain softening
model is used for surrounding rock mass and lining.
Rockburst occurs after the five-step excavation of the
tunnel.

(2) Simulation of strong-stiffness rockburst under static
and dynamic loads. Because strong stiffness support
is also of high strength, rockburst does not generally
occur under a single static loading condition, but
needs to occur under the additional energy distur-
bance provided by dynamic load. In this simulation,
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Figure 8:*e source parameter space of the microseismic event during rockburst development stage. (E)1 � 4 and (E)2 � 5 are the threshold
for small-energy events, medium-energy events, and large-energy events, respectively. AV1 � 200 and AV2 � 400 are the threshold for small-
volume events, medium-volume events, and large-volume events, respectively.

Table 3: Statistics of microseismic event types in development
stage of rockburst.

Rockburst
Event type by seismic

energy
Event type by apparent

volume
Small Medium Large Small Medium Large

Low stiffness 13.0% 45.4% 41.6% 57.4% 25.0% 17.6%
High stiffness 25.2% 40.5% 34.3% 42.9% 41.7% 15.4%
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strong parameters of deformation and strength are
used for lining support, and strain softening model is
used for surrounding rock mass and lining.

Rockburst occurs after the five-step excavation of the
tunnel and the excavation face is blasted. *e cal-
culation parameters are presented in Table 5.

Table 4: Evolution of rockburst index with the strengthening of support stiffness.

Index Rockburst
stage

Stiffness condition
Weak stiffness Strong stiffness

Event type by seismic
energy

Development *e type of medium and large energy event is
more, and the small energy event is less.

*e type of medium, large energy event
decreases, and the small-energy event

increases.
Occurrence Mixed large and small energy events. *e large energy event is dominant.

Daily high energy rate
Development *e daily high energy rate increases gradually. *e daily high energy rate increases gradually

and higher than weak stiffness.

Occurrence Daily high energy rate decreases. Daily high energy rate decreases and lower
than weak stiffness.

Cumulative moment
magnitude per hour

Development Increase of high moment magnitude. Increase of high moment magnitude and the
whole is higher than the weak stiffness.

Occurrence *e cumulative moment magnitude per hour
decreased obviously.

*e cumulative moment magnitude per hour
decreased obviously, but lower than weak

stiffness.
Cumulative
microseismic source
average displacement

Development Slow growth Rapid growth and sudden increase.

Occurrence Slow growth No significant changes.

Event type by apparent
volume

Development *e type of small volume event is more, and
the other types are less.

*e type of small volume event decreases
largely, and the medium volume event

increases.

Occurrence Mixed extremely-larege, large and small
volume event. *e large volume event is dominant.

Site characteristics of rockburst

Rockburst occurs on the excavation surface or
tunnel roof, and is controlled by a single or
multiple sets of structural plane, which could
cause initial support cracking and fall of

ground.

Rockburst possesses the features of strong
energy release and large affected range, which
can trigger side wall heave, floor cracking or
floor heave in the same tunnel or adjacent

tunnel.

Lining

Surrounding
rock mass

Tunnel axial
section

Step by step
excavation

Excavation face
&

Explosion site

Monitoring site

σ1=25.2 MPa

σ2=13.1 MPa

σ3=12.9 MPa

Figure 9: *e excavation and blasting model of the Micangshan tunnel.
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*e Mohr-Coulomb strain softening model is intro-
duced to describe the damage and fracture behavior of the
rock mass:

C �

C0 1 −
cp





clim

⎛⎝ ⎞⎠, cp



< clim ,

0, cp



≥ clim ,

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

T �

T0 1 −
εp

εlim
 , 0< εp < εlim ,

0, εp ≥ εlim ,

⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(6)

In the formula, C, C0, T and T0 represent the current
and initial values of cohesion and tensile strength, re-
spectively; cp, clim, εp and εlim represent the current and
limit values of shear plastic strain and tensile plastic strain,
respectively. According to the experiments and recom-
mended values, clim � 0.03 and εlim � 0.01. *e strain
softening model realizes the linear deterioration of the
cohesion and the tensile strength with the plastic strain.

*e Landau explosion source model is introduced to
realize the tunnel blasting simulation:

PV
c

� P0V
c
0 P≥Pk( 

PV
c1 � PkV

c1
k P≥Pk( 

⎫⎪⎬

⎪⎭
,

P0 �
ρwD

2

2(c + 1)
,

Pk � P0
c1 − 1
c − c1

(c − 1)Qwρw

P0
− 1  

(c/c− 1)

.

(7)

*e blasting source model is based on the Landau–Stan
Newkovic formula. c � 3, c1 � 4/3; P, P0, V and V0 represent
the current and initial values of explosive gas pressure and
volume, respectively; Pk and Vk represent the pressure and
volume of explosive gas on the boundary of two-stage
insulation process; ρw denotes the charge density (kg/m3); D
denotes the explosion velocity (m/s); Qw denotes the ex-
plosive heat per unit mass (J/kg). *e time history curve of
blasting dynamic load shown in Figure 10 is generated, by
setting the blasting parameters ρw � 1630 kg/m3, D � 6930
m/s, Qw � 4.23 MJ/kg and the total charge 250 kg.

In the static calculation of tunnel excavation, horizontal
displacement constraint is applied to the surrounding
boundary and vertical displacement constraint is applied to
the bottom boundary. In tunnel blasting calculation, the
model boundaries are changed to viscous boundaries to
eliminate the false reflection.

3.2. Simulation of Rockburst Affected by Support Stiffness.
We introduce the stress evolution, damage factor and strain
energy index in order to elaborate the rock failure and

rockburst effect under static and dynamic loads. Figure 11
compares the simulation of rockburst effects by using the
accumulated strain energy and damage factor (the deteri-
oration of the strength parameters in the strain-softening
model). Under the weak stiffness support (Figure 11(a)), the
failure area of surrounding rock mass is concentrated on the
tunnel excavation face and located on the tunnel floor and
right tunnel roof. *e strain energy of the surrounding rock
near the tunnel surface is markedly decreased; that is, the
release zone of strain energy, where the regional damage
factor increases to 1 (a full failure of the surrounding rock).
*e strain energy concentration is transferred to the deep
surrounding rock. Under the strong stiffness support
(Figure 11(b)), the failure and damage range of the sur-
rounding rock is progressively expanding. *e energy re-
lease zone near the tunnel excavation face penetrates the
tunnel roof, right sidewall and tunnel floor; the maximum
energy release reaches 0.25 MJ/m3.

In order to further reveal the fracture characteristics of
rockburst disaster under the condition of strong and weak
stiffness. *e block velocity and fracture type of rockburst
are simulated by discontinuous model (Figure 12). Under
the condition of weak stiffness (Figure 12(a)), the rockburst
occurs on the upper right and floor of the tunnel, and the
maximum velocity of block ejection is 9.46 m/s. Under the
condition of strong stiffness (Figure 12(b)), the failure
strength and range of rockburst are obviously enhanced, and
the maximum ejection velocity of the block is 13.9 m/s. In
addition, in the fracture type diagram of rockburst block, the
value 0 indicates no failure, the value 1 indicates tensile
failure, and the value 2 indicates shear failure. It can be
found that the main failure of rockburst is tension under the
condition of weak stiffness, and the mixed failure type of
tension and shear increases obviously under the condition of
strong stiffness.

Figure 13 records the evolution of the maximum prin-
cipal stress of the surrounding rock mass and lining. Under
the weak stiffness support (Figure 13(a)), the maximum
principal stress increases gradually during the five-step
excavation and it declines after reaching the peak value. *e
lining stress drops behind the surrounding rock stress,
which is affected by the damage and failure of rock mass.*e
surrounding rock further loses strength and has a secondary
stress decline after the lining support fails. When the support
stiffness is strengthened (Figure 13(b)), the maximum
principal stress increases more severe than the weak-stiffness
situation and reaches the peak value, followed by a rapid
decline (representing the rockburst effect).

3.3.MechanismAnalysis. In order to interpret the rockburst
effect under strong stiffness support, we categorize the stress
evolution (Figure 13(b)) into three stages: the excavation
stage A (static calculation), blasting vibration stage B (dy-
namic calculation) and rockburst stage C (static and equi-
librium calculation). *e surrounding rock mass completes
step-by-step excavation and strong lining support at the
excavation stage.*e lining stress is highly concentrated and
far exceeds the surrounding rock stress, which indicates the
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lining stress approaches the critical state of failure. In the
blasting vibration stage, the lining has failed due to the stress
fluctuation of blasting, and the lining stress decreases to a
lower value. *e failure of the lining causes the loss of
support in the surrounding rock, which is similar to the
sudden unloading effect in surrounding rock and results in
the stress redistribution and rockburst stage.

Figure 14 presents the front stages (the excavation and
blasting stages) of the strong-stiffness rockburst. *e strong
lining largely constrains the deformation of the surrounding
rock at the excavation stage, and a large energy concen-
tration occurs in the lining (the stress approaches the critical
failure state); the damage value of the surrounding rockmass
is not apparent. In the blasting vibration stage, the lining

Table 5: Mechanical parameters of rock mass and lining.

Mechanical
parameters Density (kg/m3) Elastic

modulus (Pa)
Poisson’s
ratio

Cohesive
strength (Pa)

Tensile
strength (Pa)

Friction
angle (°)

Shear expansion
angle (°)

Rock mass (Tectonic
granulite) 28.8 5.5×1010 0.267 8×106 5×106 40.0 15

Weak-stiffness lining 28 2.5×1010 0.2 1.5×107 1.3×107 35.0 0
Strong-stiffness
lining 28 10×1010 0.18 1.8×107 1.5×107 35.0 0
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Figure 10: Time history curve of blasting dynamic load.
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Figure 11: Simulation and comparison of rockburst effect (continuous model): (a) weak support stiffness; (b) strong support stiffness.
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Figure 12: Simulation and comparison of rockburst disasters (discontinuous model): (a) weak support stiffness; (b) strong support stiffness.
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cracks before the surrounding rock mass, and the crack
number of the lining far exceeds that of the surrounding
rock (Figure 15); the energy concentration of the lining is
released and its damage value reaches one, which would

result in sudden unloading and rockburst effect of the
surrounding rock mass.

Figure 16 presents the site damage and failure of tunnel
lining. *e lining often cracks even in the absence of
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Figure 13: Stress monitoring of excavation and blasting during rockburst: (a) weak support stiffness; (b) strong support stiffness. Stage A is
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rockburst due to the strong stiffness support applied to the
high-stress surrounding rock (Figure 16(a)), which provides
evidence for the existence of the sudden unloading effect.
When rockburst occurs, large-scale cracks of the

surrounding rock and lining crack could occur, and its range
could reach 30 m (Figure 16(b)), including the lining crack
in the front stage of rockburst and the lining crack caused by
the strong energy release of rockburst.
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Figure 16: *e lining crack before and after rockburst: (a) before the rockburst; and (b) after the rockburst.
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4. Conclusions

(1) *e research shows that during the strong rock burst
of Micangshan tunnel, the design of the initial
support system greatly improves its strength and
stiffness and poses a significant impact on the
rockburst characteristics. *e frequency of large-
energy microseismic event and the developmental
period of rockburst increases. *e rockburst is
characterized by high intensity, strong energy release
and wide affected range.

(2) Rockbursts with unique fracture and microseismic
characteristics are selected to evaluate the impact of
support stiffness from weak to strong. Strong stiff-
ness support makes the surrounding rock unable to
give full play to its self-supporting capacity in the
excavation, thus accumulating higher energy. In the
development of rockburst, the frequency of micro-
seismicity largely increases; the intensity of micro-
seismic events increases obviously; the cumulative
microseismic source average displacement increases
significantly (or suddenly). *e characteristics of
these indicators can be used as precursors to po-
tential strong rockburst.

(3) Understanding the correlation between support
system and microseismicity of surrounding rock
mass is helpful to judge the suitability of support
system. Strong stiffness support changes the mi-
croseismic event type, and the proportion of events
with both low energy and large apparent volume
increases, which indicates the development of
rockburst tend to generate energy accumulation and
energy transfer. At the same time, the microseismic
activity of surrounding rock results in greater sur-
rounding rock pressure, and the supporting struc-
ture is in a high stress concentration and near failure
state. *ese phenomena indicate that the selection of
support system should make the surrounding rock
exert its self-supporting capacity and release the
pressure of the surrounding rock.

(4) *e rockburst effect is numerically simulated to il-
lustrate the influence of strong stiffness support on
rockburst. *e stress of lining is highly concentrated
after tunnel excavation and the lining is easily failed
under the impact of external loads (such as tunnel
blasting), which causes an “sudden unloading” effect
on the surrounding rock mass and results in a
stronger effect of rockburst. *e site photo confirms
the unloading effect of the lining on the surrounding
rock.

(5) *is study is helpful to clarify the mechanism of deep
underground engineering support system on sur-
rounding rock fracture, establish the early warning
and support criterion of deep engineering rockburst,
which can ensure the safe and efficient engineering
activities. However, our findings could be subject to
the particularity of engineering and geological
conditions. It is necessary to further explore the

mechanical effects of support system on rockburst
and reveal the interaction between support system
and microseismicity.
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