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Analysis for Microseismic Energy of Inmediate Rockbursts in
Deep Tunnels with Different Excavation Methods

Yang Yu'; Bing-rui Chen?; Chang-jie Xu®; Xin-hong Diao*; Li-hong Tong®; and Yu-feng Shi®

Abstract: This study integrates microseismic data and data from hundreds of rockbursts of different intensities that occurred in a water
drainage tunnel and four deep headrace tunnels at Jinping Il Hydropower Station in Sichuan Province, China. The tunnels with overbur-
den depths between 1,900 and 2,525 m, the maximum principal stress of which reaches 63 MPa in a rock mass, is composed mainly of
marble. The tunnels have a total length of 12.4 km. The microseismic energy produced during the development of immediate rockbursts
induced by the excavation by the drill-and-blast method (DBM) and a tunnel-boring machine (TBM) were studied. The results indicate
that the daily maximum microseismic energy can be used as a basis for estimating rockburst intensity. The daily maximum microseis-
mic energy (logarithm) corresponds to intense rockbursts (>6), moderate rockbursts (between 5 and 6), weak rockbursts (between 4
and 5), and no rockbursts (<4). Before the occurrence of intense rockbursts, there were numerous weak and moderate rockbursts during
TBM excavation, whereas such a phenomenon was not observed during DBM excavation. The microseismic energy (logarithm) primar-
ily concentrated in the range of 1 to 5 under TBM excavation, which is concentrated in the range of —1 to 4 under DBM excavation. For
rockbursts of the same intensity, the range of microseismic energy remained the same for either type of excavation method. The distri-
bution range of the microseismic energy moved in the direction of high energy as the level of rockburst intensity rose (intense
rockbursts > moderate rockbursts > weak rockbursts > no rockburst). Microseismic energy can be used as a guideline for building a
warning system and reduce the risk of rockbursts during construction. DOI: 10.1061/(ASCE)GM.1943-5622.0000805. © 2016
American Society of Civil Engineers.

Author keywords: Drill-and-blast method (DBM); Tunnel-boring machine (TBM); Immediate rockburst; Microseismic events;

Microseismic energy; Rockburst intensity.

Introduction

Rockbursts occur frequently in deep hard-rock tunnels during tun-
nel construction, and they can cause safety problems, construction
delays, and economic losses. For example, hundreds of rockbursts
were observed during the excavation of a drainage tunnel, four
headrace tunnels, and two assistant tunnels in the Jinping II
Hydropower Station in Sichuan Province, China, and caused bil-
lions of yuan (¥) in economic loss and more than 100 casualties
(Tang 2000; He et al. 2010; Zhang et al. 2012a; Feng et al. 2013).
Rockbursts in deep tunnels can be categorized as time-delay or
immediate rockbursts on the basis of their time of occurrence. The
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former occur several days or several months after excavation, with
interrupted occurrences of microseismicity. However, the latter
occurs between 0 and 30 m from the working face within a few
hours to several days after excavation, and microseismicity occurs
continuously (Chen et al. 2012). In deep hard-rock tunnels, most
rockbursts are immediate. These immediate rockbursts are studied
in this paper. Immediate rockbursts in diversion tunnels of the
Jinping II Hydropower Station were divided into three levels of in-
tensity (weak, moderate, and intense) on the basis of the sound,
shape, and failure features of the rockbursts (Tang 1992; Wang et
al. 1999), as shown in Table 1.

In the high-stress conditions during TBM and DBM excavation,
the stress path and extent of damage are different. The initial in-situ
stress of the working face is a static unloading stress field during the
TBM excavation, and the elastic strain energy stored in the rock
mass is released gradually (Barton 2000; Li et al. 2007; Eshragi and
Zare 2015). However, in DBM excavation, the initial in-situ stress
is a dynamic unloading stress field, and the damage to the surround-
ing rock caused by the dynamic unloading stress wave is produced
near the working face (Cook et al. 1966; Abuov et al. 1988). Cai
(2008) considered DBM excavation to mean that transient unload-
ing and instantaneous blasting can produce large quantities of
unbalanced force. Under such circumstances, part of the strain
energy is transformed into kinetic energy, which must be released
in the process of stress adjustment. This is quite different from
TBM excavation, in which the stress is static unloading. Yan et al.
(2011) also found that the stress paths during TBM (static unloading
stress fields) and DBM (dynamic unloading stress fields) excavation
in deep tunnels are different. Hence, there is a need to distinguish
between the two in excavation engineering and geomechanics
research.
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Stress waves generated by the process of rock mass failure are
called microseismic. They can be detected by seismic instruments.
Analyzing and processing these microseismic waves can determine
size, time, space, energy, and other information about the microfrac-
turing that occurs in the process of rock mass failure. Microseismic
monitoring has been applied successfully during the construction of
deep tunnels (Tang et al. 2009; Feng et al. 2013; Rutqvist and Rinaldi
2013). Microseismic energy is one of the most important parameters
used to describe the size of microseismic events (Chen et al. 2015).
This paper focuses on the relationship between the microseismic
energy and rockbursts that result from two different excavation meth-
ods, TBM and DBM, in deep tunnels. The relationship between rock-
burst intensity and the daily maximum microseismic energy events is

studied. The distribution range of microseismic energy in the evolu-
tionary process of rockbursts of different intensities involves contras-
tive analysis. Few studies have explored these processes, and this
study addresses that gap.

Project Introduction and Microseismic Monitoring

Project Introduction

In this paper, the authors use as a case study the Jinping II
Hydropower Station, which is located on the Yalong River in
Sichuan Province in southwest China. Fig. 1 shows the geographical

Table 1. Intensities of Immediate Rockbursts in Deep Tunnels of the Jinping II Hydropower Station

Intensity of

Construction

rockburst Main failure type Sound Depth of failure (m) affected
Weak Slight spalling and slabbing in surface of sur- Cracking sound was heard occasionally <0.5 Barely affected

rounding rock mass; rock mass was not ejected
Moderate Severe spalling and slabbing of surrounding Cracking sound like a detonator blast; slight >0.5 and <1.0 (failure ~ Affected to some

rock mass; rock mass was slightly ejected cracking sound lasted for some time inside ~ range was obvious) extent

the rock mass

Intense Great deal of rock mass was ejected suddenly Failure sounded like an explosive blast; it >1.0 (failure range was  Seriously affected

with great power was loud and lasted longer extensive)
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Fig. 1. Location and geological section of diversion tunnels for the Jinping IT Hydropower Station (data from Feng et al. 2013)
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location and geological section of diversion tunnels in the Jinping IT
Hydropower Station, the lengths of which are approximately
17.3 km on average (Feng et al. 2013).

The rock surrounding the diversion tunnels is mainly com-
posed of category II and III marble (Poisson’s ratio is 0.21-0.33,
maximum principal stress is 46—73 MPa, compressive strength is
55-114 MPa, elasticity modulus is 25-40 GPa, and modulus of
deformation is 8—16 GPa) (Zhang et al. 2012a). The length of the
tunnels that are covered by a rock mass with a thickness greater
than 1,500 m is approximately 75%, and the maximum buried
depth of these tunnels is 2,525 m (Feng et al. 2013).

Real-Time Microseismic Monitoring of the Rockburst-
Development Process

Microseismic monitoring took place on the five diversion tunnels,
the four headrace tunnels, and the drainage tunnel. TBM excavation
(No. 3 headrace tunnel chainage K10+ 049~11+165) and DBM
excavation (No. 1, 2, 3, and 4 headrace tunnels and the drainage
tunnel) were both used in the course of construction, as shown in
Fig. 2. The construction process indicated that rockbursts
occurred frequently with primarily weak-to-moderate intensity,
caused significant safety problems, and, in local areas, even
intense rockbursts occurred (Feng and Zhou 2006; Zhang et al.
2012b).

The adopted microseismic monitoring system was constructed
on the basis of the South African Integrated Seismic System (ISS).
Two groups of microseismic sensors were installed behind the
working face, and the seismic data acquisition unit and microseis-
mic sensors were moved forward as the tunnel face advanced. The
system was designed to maintain a reasonable distance between the
sensors and the working face to ensure the personal safety of per-
sonnel during its installation and to prevent damage to the equip-
ment caused by blasting. On this basis, a real-time microseismic
monitoring method was established for a deep tunnel as follows:

DBM excavation . .
1

~
~
1 ~

first, a row of microseismic sensors (numbered D1-1 to D1-4) was
installed 110 m behind the working face; then, a second row (num-
bered D2-1 to D2-4) was installed 40 m in front of the first row (i.e.,
70 m behind the working face). Sensors D1-2 and D2-3 were accel-
eration sensors; the others were velocity sensors. The drill-hole
depth for sensor installation was 3 m, as shown in Figs. 3(a and b).
As the tunnel excavation proceeded, when the working face was
150 m in front of the first row of sensors (i.e., 110 m in front of the
second row), the sensors in the first row were recycled and rein-
stalled some 40 m in front of the second row (i.e., 70 m behind the
working face). The procedure was repeated as required. In the
end, eight channels were allocated to the two rows: the first and
second rows were 110-150 and 70-110 m, respectively, from the
working face in this deep tunnel, as shown in Fig. 3(c). Moreover,
the spatial layout of the microseismic sensors was deemed rea-
sonable, and different types of sensors working cooperatively can
improve positioning accuracy more effectively. Microseismic in-
formation on hundreds of rockbursts has been recorded by real-
time microseismic monitoring systems (Feng et al. 2015).

Characteristics of Microseismic Energy Induced by
Immediate Rockbursts

Energy of Microseismic Events

There are many cracks generated during the evolution of a
rockburst. During rock mass failure, rockbursts radiate energy
in the form of a stress wave (Savoikar and Choudhury 2012;
Chattopadhyay et al. 2014) for each microseismic event. These
microseismic events, which are caused by elastic deformation
becoming inelastic, can be received by seismic recording
instruments. Feng et al. (2015) suggested a method for describ-
ing the changes in a rock mass before rockbursts by collecting
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Fig. 2. Ranges of microseismic monitoring of TBM and DBM excavation of diversion tunnels for the Jinping II Hydropower Station (Note: 1*, 2,
3* and 4% are the indexes of the four headrace tunnels; P* is the drainage tunnel; A* and B are traffic tunnels; and B'¥, B*, and B** are branches of
traffic tunnel BY that were used to accelerate the construction of the four headrace tunnels; units are meters)
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Fig. 3. Real-time microseismic monitoring method in a deep tunnel: (a) distribution of sensors; (b) section distribution of sensors; (c) sensor distribu-

tion plan

the information of microseismic events that happened during
rockbursts.

Fig. 4 shows a waveform from a microseismic source during
crack generation in a rock mass. According to the velocities of the P
wave and the S wave, and the difference in their arrival times, the
distance R from the microseismic source to each sensor was known.
The location of the microseismic event is determined from the eight
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channels shown in Fig. 3(a). The energy released can be received
and computed by the installed microseismic monitoring instruments
(Mendecki et al. 1999) as

ts

8
Ep = 3 wpv,R? Juzorr(t)dt (1)
0
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Fig. 4. Waveform of a typical microseismic source

ts

8
Es = 3 wpv,R? Jugm(t)dt 2)
0

where Ep s (Ep plus Eg) = energy released from the microseismic
event averaged across the eight installed channels (called microseis-
mic energy here); p = density of the rock; v, ; = velocity of the P
wave and S wave; ¢, = duration; and u..(t) = coefficient for correct-
ing far-field velocity.

Occurrence of Inmediate Rockbursts

An intense rockburst with a loud sound like blasting occurred at
the northern sidewall of the No. 3 headrace tunnel at chainage
K11+041~049 at approximately 4:00 p.m. on September 9,
2010, during TBM excavation. The surrounding rock was
coarse-grained white marble T2b with no geological structural
planes. The failure pit of the rockburst was approximately 1.4 m
deep, 8 m wide, and 9 m high. The surface of the rockburst pit is
shown in Fig. 5(a). Microseismic events that happen between
10 m ahead of and 30 m behind the working face [Fig. 5(b)]
have an impact on rockbursts and were selected as a warning of
immediate rockbursts (Feng et al. 2013). This range was used
for investigating the rockburst. The microseismic events moni-
tored in the zone (10 m ahead of and 30 m behind the working
face) [Fig. 5(b)] were selected for study of the rockburst. The
spatial distribution of microseismic events in this zone during
the development of the rockburst on September 9, 2010, is
shown in Fig. 5(b). It can be seen that the maximum and mini-
mum microseismic energies (logarithmic) are 6.33 and 1.10,
respectively.

At approximately 11:00 a.m. on April 28, 2011, an intense im-
mediate rockburst occurred in the south wall of the No. 4 head-
race tunnel at chainage K5+722~734 during DBM excavation.
The failure pit of the rockburst was approximately 1.2 m deep,
11.4 m wide, and 8.5 m high, and the surface of the rockburst pit
was rough, as illustrated in Fig. 6(a). A moderate rockburst
occurred in the north wall at chainage K6+062~068 in the drain-
age tunnel at approximately 4:00 a.m. on August 16, 2011. The
pit of the rockburst [shown in Fig. 6(b)] was approximately 0.7 m
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deep, 6.2 m wide, and 5.1 m high. A large number of rockbursts
that occurred in the Jinping II Hydropower Station are not
listed.
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Fig. 6. Rockbursts in the No. 3 headrace tunnel on (a) April 28, 2011,
and (b) August 16, 2011 (images by authors)
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Relationship between Microseismic Energy
and Intensity of Inmediate Rockburst during
TBM Excavation

A large number of microseismic events were produced during the
evolution of the rockbursts on the basis of fracture mechanics. If the
process of cracking is static, it will not release energy. However, if
the crack produced propagates rapidly, it will release more energy
and be more harmful to the engineering. Thus, study of the evolu-
tionary characteristics of maximum-energy microseismic events
during the process of deep tunnel excavation is important in guiding
the establishment of a dynamic warning system to reduce the risk of
rockbursts during construction.

No. 3 headrace tunnel chainage K10+676-11+165 (Fig. 2), with
overburden depths between 1,972 and 2,029 m and lengths of 589 m,
was excavated by a TBM (July 31 to September 19, 2010). The sur-
rounding rock (which had good integrity, Karst nondevelopment, and
moderate amounts of groundwater) is composed mainly of marble.
Fig. 7 shows the relationship between rockburst intensity and daily
maximum-energy microseismic events in the warning zone, and
Table 2 shows the occurrence time and energy release (logarithm) of
the typical rockburst in this excavation section. It can be seen in
Fig. 7 and Table 2 that the energy released from the rockburst events
is the maximum, and the daily microseismic events with maximum
energy along the working face can be used for estimating the imme-
diate rockburst intensity. The daily maximum microseismic energy
(logarithm) in intense rockbursts is >6; in moderate rockbursts, it
ranges from 5 to 6, in weak rockbursts, it ranges from 4 to 5, and
when there is no rockburst, it is <4. Before the occurrence of intense
rockbursts, numerous weak and moderate rockbursts occurred in the
warning zone during TBM excavation. On September 5, there were
no rockbursts, whereas from September 6 to 8, weak rockbursts
occurred frequently (three times per day on September 6, and
increased to 11 times per day on September 8, until an intense rock-
burst occurred on September 9, as shown in Fig. 8).

Energy was released by the surrounding rock step by step during
the TBM excavation. A large number of rockbursts of different
intensities occurred frequently in the same range. Before the occur-
rence of intense rockbursts, there were numerous weak and moder-
ate rockbursts (before moderate rockbursts, there are often weak
rockbursts also). Therefore, to reduce (or prevent) intense rock-
bursts and ensure security and efficiency in deep hard-rock tunnels

® Weak rockbursts

A Intense rockbursts

X
3 T /\xxx 0 /x/x ) X XX\/X
X \ox X X
X
\ ¥
X

2010/7/31 2010/8/10

2010/8/20

2010/8/30 2010/9/9 2010/9/19

date

Fig. 7. Relationship between rockburst intensity and daily maximum-energy microseismic events during TBM excavation
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during TBM excavation, when numerous weak and moderate rock-
bursts occur frequently within the same range, the excavation speed
should be reduced to ensure that the stress and energy of the sur-
rounding rock can be adjusted and released. At the same time, sup-
porting measures should follow the working face closely.

Fig. 9 shows the energy distribution of microseismic events dur-
ing TBM excavation in areas of rockbursts of different intensities

Table 2. Occurrence Time and Energy Release (Logarithm) of a Typical
Rockburst in Deep Tunnels of the Jinping II Hydropower Station

(none, weak, moderate, and intense). It can be seen in Fig. 9 that the
range of energies (logarithmic) of all microseismic events was
between —1 and 7, primarily concentrated in the range of 1-5. The
energy distribution of microseismic events during the evolution of
rockbursts of different intensities is not same. The distribution range
of the microseismic energy moves in the direction of high energy as
the level of rockburst intensity increases (intense rockbursts > mod-
erate rockbursts > weak rockbursts >no rockburst). The energy
(logarithm) of microseismic events for intense rockbursts ranges
from —1 to 7, that of moderate rockbursts ranges from —1 to 6, that
of weak rockbursts ranges from —1 to 5, and that of no rockbursts

Date  Time (h:min:s) Rockburst intensity Energy release (logarithm) ranges from —1 to 4.
Sep.9  16:02:19 Intense 6.33
Sep. 12 11:23:42 Weak 4.21 Relationship between Microseismic Energy
Sep. 13 3:32:11 Moderate 5.72 and Intensity of Inmediate Rockburst during
Sep. 14 16:02:19 Moderate 5.80 DBM Excavation
Sep. 15 12:20:53 Weak 4.81 DBM excavation of drainage tunnel chainage SK4+810~5+196
Sep. 16 14:08:07 Intense 6.62 . . "
(Fig. 2) has the same geological conditions and overburden depths
Date Rockburst Intensity
5 Sep. 2010 No rockburst
6 Sep. 2010 CEX:
7 Sep. 2010 POODO
8 Sep. 2010 DPPDDPPDODDDD D
9 Sep. 2010 PODDODO
Note: All of the rockbursts are derived from the field monitoring, arranged in chronological order up to the
occurrence. In Fig.8 ® @@ represent weak, moderate, and intense rockbursts, respectively.
Fig. 8. Weak and moderate rockbursts before the intense rockburst on September 9, 2010
60 O No rockburst
B Weak rockburst
50 7 Moderate rockburst
© @ Intense rockburst
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Fig.9. Energy distribution of microseismic events in immediate rockbursts of different intensities during TBM excavation
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as the TBM excavation. The relationship between rockburst inten-
sity and maximum microseismic energy (logarithmic) in the DBM
excavation has the same characteristics as in the TBM excavation:
with intense rockbursts, >6; with moderate rockbursts, from 5 to 6;
with weak rockbursts, from 4 to 5; and with no rockburst, <4, as
shown in Fig. 10.

The occurrence of rockbursts in the four headrace tunnels
and the drainage tunnel during DBM excavation indicates that
all rockbursts occur singly. A large number of rockbursts that
frequently occurred within the same range during TBM excava-
tion was not found. The energy distribution of microseismic
events for rockbursts of different intensities during DBM exca-
vation is shown in Fig. 11. As seen in Fig. 11, the range of ener-
gies (logarithmic) of all microseismic events during the DBM
excavation fell between —1 and 7 as well, concentrated in the
range of —1 to 4. The energy distribution of microseismic events

during the evolution of rockbursts of different intensities fol-
lows the same rule as that of TBM excavation (intense >
moderate > weak > none).

Microseismic Energy Characteristics of Different
Methods of Excavation

The microseismic energy (logarithmic) distribution of rockbursts of
the same intensity is shown in Fig. 12 (all of the microseismic events
during TBM and DBM excavation in the monitoring range are shown
in Fig. 2). For rockbursts of the same intensity, the range of micro-
seismic energy remained the same for either method of excavation:
no rockbursts ranged from —1 to 4, weak rockbursts ranged from —1
to 5, moderate rockbursts ranged from —1 to 6, and intense rockbursts
ranged from —1 to 7. The microseismic energy distribution under
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Fig. 10. Relationship between rockburst intensity and daily maximum-energy microseismic events during DBM excavation
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TBM excavation was higher than that under DBM. Figs. 12(a—d)
also indicate that the energy distribution of microseismic events
during the evolution of rockbursts of different rockburst intensities
are not the same (intense rockbursts > moderate rockbursts > weak
rockbursts > no rockburst).

In the evolution of processes of rockbursts of the same intensity
during TBM and DBM excavation, the distribution range of micro-
seismic energy was the same, but the concentration range differed (the
microseismic energy of TBM excavation was larger than that of
DBM). TBM excavation leads to static unloading, in which microseis-
mic events are caused by the unloading process of the surrounding
rock. The microseismic energy from TBM excavation was concen-
trated in the range of 10'=10° J. The initial in-situ stress of the work-
ing face consists of dynamic unloading stress fields during DBM
excavation. The integrality and bearing capacity of the surrounding
rock are reduced by blasting effects. When combined with the impact
of the microcracking caused by the blasting stress wave, microseismic
energies from DBM excavation were concentrated in a range of < 10*
J. The concentration range with TBM excavation, then, was larger
than that with DBM.

Analysis and Discussion

The relationship between the maximum energy microseismic
events of the working face and the intensity of immediate rock-
bursts are the same in deep tunnels regardless of whether TBM or
DBM excavation is used, as shown in the rockburst cases discussed
earlier. Given this, it appears that microseismic energy can be used
as a basis for estimating the immediate rockburst intensity.

TBM excavation involves static unloading, with which damage
is to the local area. The bearing capacity and storage capacity of
energy of the surrounding rock are greater than those of DBM exca-
vation. In the evolution of intense rockbursts during the TBM exca-
vation, the energy release by the surrounding rock takes place step
by step (Barton 2000). Before the occurrence of intense rockbursts,
a large number of weak and moderate rockbursts frequently occur
in the range of the intense rockburst zone and increase with the evo-
lution of intense rockbursts (Figs. 7 and 8). Initial in-situ stress of
the working face during DBM excavation consists of dynamic
unloading stress fields, where the area of damage is wide. The bear-
ing capacity and storage capacity of energy of the surrounding rock
are relatively poor (Read 2004). All of the rockbursts occur singly
and completely release the elastic potential energy of the surround-
ing rock (Fig. 10).

The findings of this paper not only reveal the relationship
between immediate rockbursts and microseismic energy but also
provide an important guide for the establishment of a dynamic
warning system to reduce the risk of rockbursts during different
excavation methods. In addition to the authors’ work on immediate
rockbursts, investigation of time-delay rockbursts is necessary.

Conclusions

This paper investigates the microseismic energy in the evolutionary

process of immediate rockbursts in deep tunnels at Jinping II

Hydropower Station in Sichuan Province, China. The following

conclusions are drawn:

1. The daily maximum energy of microseismic events of the
working face can be used as a basis for estimating the immedi-
ate rockburst intensity.

2. In the evolutionary process of high-level rockbursts during
TBM excavation, a large number of low-level rockbursts
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frequently occur in the same range and increase with the evolu-
tionary process of high-level rockbursts. This phenomenon was
not found to occur during DBM excavation.

3. In the evolutionary processes of same-intensity rockbursts,
microseismic energy has the same distribution range for each
excavation method. The distribution range of microseismic
energy moves in the direction of high energy as the level of
rockburst intensity increases.

4. With TBM excavation, microseismic energy (concentrated in
the range of 10'-10° J) is higher than that with DBM excava-
tion (concentrated in a range <10* ).
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