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Abstract: Rock burst in TBM construction will have a great influence on the construction safety and
construction speed. At the same time, there are few practical projects using micro-seismic monitoring,
and the accuracy of prediction is not satisfactory. Therefore, this paper was based on a large number
of micro-seismic monitoring reports and data from two hard rock TBM projects in China. The actual
rock burst situation was continuously tracked and recorded on site for comparison and verification.
The accuracy of rock burst monitoring was statistically analyzed from the aspects of rock burst
grade and location. The applicability was analyzed from the perspective of rock burst construction
safety, advance rate, and prevention measures. It was concluded that the accuracy of micro-seismic
monitoring increased with the increase in the rock burst risk level. The precision location of Grade
I and Grade II rock burst could be realized basically, while Grade III rock burst prediction was
relatively low. It is suggested that micro-seismic monitoring should be adopted when there are Grade
I and II rock burst risks. The research results will have important guiding significance for the TBM
construction of deep-buried tunnels in the future.
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1. Introduction

The great risk faced by deep-buried tunnels with complex geological conditions
is rock burst such as the C-Z Railway, Gaoligongshan Tunnel of Dali-Ruian Railway;,
Shaanxi Yinhanjiwei Project, Xinjiang ABH Project, etc. Once strong rock burst occurs
in these projects, it will seriously affect the construction progress of TBM and threaten
the safety of construction personnel and equipment [1]. A large number of strong rock
burst, even extremely strong rock burst, occurred during the excavation of Jinping II
Hydropower Station. This led to the active suspension of the construction of two TBMs and
the destruction and burial of one TBM, resulting in casualties and huge economic losses [2].
The Yinhanjiwei Project, which is under construction, has also encountered strong rock
burst, which has damaged the existing support many times. At the same time, the impact
of rock burst caused serious damage to the TBM equipment, which had a great impact
on the construction safety and progress [3]. Both TBMs of the N-J] Hydropower Project
tunnels in Pakistan suffered frequent rock burst impacts, causing casualties and serious
damage to equipment [4]. The TBM construction of the Kobbelv HPS water conveyance
tunnel in Norway also had casualties due to rock burst [5]. Due to the large burial depth,
high geostress, complex structure, and a large number of brittle hard rocks such as granite
and marble along the line, the C-Z Railway Project to be constructed will face a strong rock
burst risk during the tunnel construction process, causing great difficulties to the planning,
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design, and construction of the project [6]. Therefore, effective prevention and control
measures must be taken to solve the rock burst problem in TBM construction.

In order to prevent and control rock burst, it is necessary to study the mechanism
and influence of rock burst. For example, Nooraddin Nikadat et al. [7] studied the stress
distribution of tunnel excavation in jointed rock mass, and pointed out that the joint dip
angle and joint spacing have an important influence on the stress distribution of the tunnel’s
surrounding rock. Rohola Hasanpour et al. [8] studied the mechanism of TBM jamming
and carried out a three-dimensional simulation of the machine and surrounding rock by
using finite difference software FLAC3D, effectively evaluating the influence of an adverse
geological environment on TBM construction. Jamal Rostami [9] summarized the existing
models of TBM performance prediction in order to develop better models to improve the
accuracy of performance estimation and improve the utilization rate of TBM. On one hand,
there is a need to carry out research on the theoretical criteria for rock burst prediction. For
example, C.S. Ma et al. [10] proposed a new rock burst criterion based on the Pakistan N-J
Hydropower Project, that is, to judge rock burst according to the ratio of rock mass strength
to the horizontal stress of the vertical tunnel axis. On the other hand, the research is to
introduce a microseismic monitoring system to monitor and forecast rock burst during TBM
construction such as the Jinping Il Hydropower Station Project, Shaanxi Yinhanjiwei Project,
Xinjiang ABH Project, etc. Zhao Zhouneng et al. [11], based on the microseismic monitoring
data and rock burst cases of the Jinping II Hydropower Station Project, analyzed the space—
time law of rock burst from the perspective of microseismic monitoring results, indicating
that there is a strong space-time correlation between microseismic events and rock burst.
Yu Qun et al. [2] analyzed the change of microseismic monitoring data before and after rock
burst at the Jinping II Hydropower Station. He found that most rock bursts have micro
fracture precursors that can be monitored, which preliminarily proved the feasibility of
applying a microseismic monitoring system for the early warning of rock burst risks in
TBM construction. Chen Bingrui et al. [12] found that the faster the TBM tunneling speed,
the stronger the microseismic activity through the analysis of the microseismic activity law
in the TBM tunneling process. When the TBM starts tunneling again after maintenance,
4~6 h is the high incidence period of rock burst. Wang Jun [13] obtained statistics on the
rock burst microseismic monitoring results and rock burst conditions at the upstream and
downstream of Qinling Tunnel #3 and #4, and believed that the prediction accuracy rate
was 95.89%, 90.00%, and 88.46%. Ma Tianhui et al. [14] analyzed the rock burst at Jinping II
Hydropower Station and found that the accuracy of rock burst prediction in this project
could reach 80.6%. It can be seen that the application of a microseismic monitoring method
in TBM construction is making progress, but whether rock burst microseismic monitoring
and prediction systems are used in TBM construction still produces some confusion.

First of all, there are a few cases of rock burst projects constructed by TBM, and even
fewer projects using microseismic monitoring. The first one that introduced a microseismic
monitoring system into domestic TBM construction was the Jinping Il Hydropower Station
Project. The accuracy of the initial prediction was not satisfactory, and its role is contro-
versial among all parties involved in the construction. Later, with the deepening of the
practical understanding, the prediction effect was continuously improved. A microseismic
monitoring system has also been introduced into the Yinhanjiwei Project and Xinjiang
ABH Project under construction. The systematic research and analysis on the accuracy and
applicability of its monitoring and prediction will play an important role in guiding the
introduction of microseismic system to other TBM projects in the future.

Second, the microseismic monitoring system predicts whether there is rock burst and
whether the rock burst grade and location are accurate, which directly affects the safety of
personnel and equipment, what construction prevention and control measures are taken,
and the construction progress. Prediction results lower than the actual rock burst level
will bring security threats, and the prevention and control measures taken for higher than
the actual rock burst prediction will reduce the construction progress and increase the
construction cost.
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In addition, the monitoring and prediction of only a few TBM construction microseis-
mic monitoring projects have been carried out by contractors with microseismic monitoring
systems. The accuracy of the prediction results provided to the public is relatively general,
and a detailed, specific, comprehensive, and systematic analysis is insufficient. At the
same time, there is a lack of research suggestions on the applicability of microseismic
monitoring from the perspective of construction impact and construction prevention and
control measures, leading to differences in the recognition of microseismic monitoring by
all parties involved in the project.

Based on the above situation, this paper took Xinjiang ABH Project and Shaanxi
Yinhanjiwei Project as the supporting project cases, and according to a large number of
microseismic monitoring reports and data, continuously tracks and records the actual
rock burst situation on site for comparative verification. The accuracy of rock burst moni-
toring was statistically analyzed from the aspects of rock burst grade, location, etc., and
the applicability of a rock burst microseismic monitoring system was analyzed from the
perspective of rock burst construction safety, prevention and control measures, and the
impact of construction speed to provide a reference for deep buried tunnel projects such as
the C—Z Railway.

2. Description of the Projects Used for This Study
2.1. Xinjiang ABH Project

The total length of the main tunnel of the Xinjiang ABH Project is about 41 km, 9 km
has been excavated by the drilling and blasting method, and 32 km excavated by two open
TBMs. Among them, the planned excavation stake number of Section III studied in this
paper is K9+600~K23+600, with a total length of 14 km and a tunnel diameter of 6.53 m.
The ground elevation of the tunnel is 1750~3777 m. The tunnel section with a buried
depth of more than 1500 m is about 7700 m, accounting for 53.4% of the total length of the
bid section. The maximum buried depth is 2253 m. The tunnel is located in the strongly
uplifted area of the North Tianshan Mountains, with developed folds and fractures, strong
seismic activity, and high geostress. Along the line, there are hard and brittle rocks such as
siltstone, metamorphic mudstone, granodiorite, etc. The compressive strength of the rocks
is 55.6~148.7 MPa, which is in the geological conditions for rock burst.

As of July 2019, the stake number of the microseismic monitoring system is K11+569~
K17+452, the driving mileage is 5883 m, and 110 microseismic monitoring reports have
been submitted. During this period, 119 rock bursts actually occurred including 72 minor
rock bursts, 17 minor to medium rock bursts, 30 medium rock bursts, and no strong to
extremely strong rock bursts.

The geological conditions along the construction line of Bid Section III of the ABH
Project are shown in Figure 1.
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Figure 1. Geological profile of the Bid Tunnel Section III of the ABH Project.

2.2. Shaanxi Yinhanjiwei Project

The Yinhanjiwei Project is located in the Qinling Mountains in south central Shaanxi
Province, with a total length of 98.3 km. It is jointly excavated by the drilling and blasting
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Buried depth Starting point

method and two open TBMs with a diameter of 8.0 m. The Lingnan section of the bid
section under study is planned to be constructed with a total length of 18.28 km. The
excavation stake number is K28+085~K46+360. The stake number K28+490~K37+011.5 is
the first TBM excavation section, and the stake number K39+511~K46+360 is the second
TBM excavation section. The elevation of the tunnel ranges from 1050 to 2420 m, the
maximum burial depth is about 2012 m, and the geostress is high. Along the tunnel, there
are mainly hard rocks such as quartzite, granite, diorite, etc. The compressive strength of
the rocks is 107 to 317 MPa, with an average of about 170 MPa. In the dry and waterless
tunnel section, there are conditions for strong rock burst [15].

As of November 2019, the stake numbers of the microseismic monitoring system
deployed in the TBM construction section are K33+860~K37+011.5 and K39+511~K40+434,
and the TBM tunneling mileage is 4074.5 m. A total of 531 microseismic monitoring reports
were submitted, during which 731 rock bursts occurred successively including 247 minor
rock bursts, 83 minor to medium rock bursts, 150 medium rock bursts, 80 medium to strong
rock bursts, and 171 strong rock bursts.

The geological conditions along the south section of the Yinhanjiwei Project are shown
in Figure 2.
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Figure 2. Geological profile of the Lingnan Tunnel Section of the Yinhanjiwei Project.

3. Overview of Rock Burst
3.1. Rock Burst Mechanisms

Rock burst is a phenomenon where rock mass in a high stress area is disturbed by
excavation and other activities, so the elastic strain energy stored in it is suddenly released,
which leads to rock mass fracture and ejection or throwing. Stress field and rock mass
conditions are two main factors that control the occurrence of rock burst. TBM tunneling
destroys the initial stress balance state, causing stress redistribution in the surrounding
rock, stress unloading in the direction perpendicular to the excavation boundary, and the
local stress concentration in the direction parallel to the excavation boundary. Under the
condition of deep burial and high stress, this stress redistribution process may directly lead
to rock burst and related damage in the surrounding rock [16]. For a long time, researchers
have been investigating the stress evolution, rock burst, and related damage distribution of
the surrounding rock during tunnel excavation by various means. Elastic—plastic mechanics
provides a reference for the stress analysis of the surrounding rock of the TBM tunnel [17,18].
Regarding the rock mass conditions, the intact rock has a high elastic modulus, and TBM
excavation does little damage to the rock, which can better maintain the integrity of the
surrounding rock. However, once the balanced geostress of the rock at the airport surface
is changed, it can only be distributed to the airport surface. In the process of stress wave
propagation, the integrity of the rock in [19,20] is damaged, which leads to rock burst.

3.2. The Evaluation Method of the Influence Range of Rock Burst on TBM Excavation

The influence range of rock burst includes the length of a single rock burst section and
the occurrence position of rock burst. To facilitate the statistics, the length of a single rock
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burst can be expressed by D. The length of a single rock burst section refers to the distance
between the starting pile number and the ending pile number of rock burst after the rock
burst occurs, and 5 m, 15 m, and 20 m can be used as grouping nodes. Statistical analysis of
the daily footage of each rock burst section was conducted by summarizing the rock burst
data of the same grade to obtain an average daily footage. The influence of different grades
of rock burst on construction was obtained by comparing the average daily footage of the
rock burst section with that of the conventional section under similar surrounding rock.

3.3. Monitoring Method of Rock Burst

Along with the development of science and technology, monitoring methods of rock
burst are becoming more and more advanced. Nowadays, monitoring methods commonly
used in the field mainly include microseismic, microgravity, seismological prediction,
and the drilling cuttings method. The microgravity method can predict rock burst early,
and the prediction range is wide, but the cost is high and the predicted position is not
accurate enough. The seismological prediction method can realize real-time monitoring
and accurately find out the source position, but it is very expensive and is easily affected
by the blasting operation. The drilling cuttings method is limited in space, takes up the
workers’” working time, and the judgment result is easily influenced by the subjectivity of
the monitor.

4. Microseismic Monitoring System and Classification of Rock Burst
4.1. Rock Burst Microseismic Monitoring System

The rock burst microseismic monitoring system can monitor the rock burst by moni-
toring the micro fracture generated in the process of the stress release of the rock mass. The
microseismic monitoring method was initially mainly used in the mining field. In recent
years, some deep buried water tunnels in China have also adopted microseismic methods
to monitor and warn of rock bursts [21], mainly including the Jinping II Hydropower
Station Project, Xinjiang ABH Project, and Shaanxi Yinhanjiwei Project.

The rock burst microseismic monitoring system in a TBM construction project is
generally composed of one Paladin data acquisition instrument, six acceleration sensors,
and one monitoring host [22,23]. Three monitoring sections are arranged in the direction
of the tunnel axis, each section is equipped with two sensors, and the spacing of the
monitoring sections is 40~50 m. This can be adjusted flexibly according to the specific
construction situation on site, but at least four sensors will work normally. The monitoring
host system and the receiving substation are placed on the TBM trolley, and the sensors
are connected with the substation by communication cables. The substation and host
processing system are connected by an optical fiber to realize signal transmission. The
microseismic monitoring system monitors the rock burst in real-time as the working face
advances. The monitoring system layout is shown in Figure 3.

Sensor

40~50m 40~50m 50m
® ®
S1 S3 S5

Data acquisition instrument

Tunnel face
S2 4 S6 |
®  4050m ©®  40-50m

Figure 3. Sensor layout of the microseismic monitoring system. Note: S1-S6 are acceleration sensors.

When a microseismic event occurs, each acceleration sensor can determine the distance
from the microseismic event to the sensor, so a circle can be obtained with the acceleration
sensor as the center and the distance from the microseismic event as the radius, so several
different circles can be obtained, and the specific position of the microseismic event can
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be determined through their intersection points. Generally speaking, the more sensors
are laid, the more accurate their positioning. However, due to the fact that the sensors
can only be laid along the axis of the tunnel and the harsh construction environment,
the positioning accuracy is affected to some extent. Moreover, microseismic events often
have a distance from the tunnel excavation surface, and the rock burst recorded in the
actual construction process is only observed from the surrounding rock of the excavated
tunnel, which leads to certain errors in the monitoring results. Therefore, in some cases,
the monitoring grade and position of rock burst often have a certain deviation, so it is
necessary for the on-site monitoring personnel to gradually eliminate this part of the
influence through the continuous accumulation of experience to obtain more accurate rock
burst prediction results.

A microseismic monitoring system can monitor microseismic events in the surround-
ing rock during excavation. It can determine the location of rock burst according to the
location of the concentration of microseismic events as well as the grade of rock burst
according to the number and energy level of microseismic events. The magnitude of micro-
seismic events is the main purpose of microseismic monitoring, and it is also one of the
bases to measure the energy of rock fracture [24]. The magnitude used in microseismic
monitoring is generally the local magnitude, and its calculation formula is as follows:

m = 0.3441gE + 0.516lgM — 6.572 )

where M is the seismic moment and E is the microseismic energy.

The criteria are as follows: the number of microseismic events within 24 h is not
less than 20, which can be considered as rock burst risk; if there are no less than three
microseismic events reaching a certain energy level, it is considered that there is a rock
burst risk corresponding to that energy level. In order to ensure the safety of construction,
the highest rock burst risk level shall be the final prediction result [25,26]. The energy levels
of different rock bursts are shown in Table 1.

Table 1. Energy levels of different grades of rock burst.

Rock Burst Grade

Slight Rock Burst Medium Rock Burst  Strong Rock Burst Extremely Strong Rock Burst

Energy level (k])

10~100 100~1000 1000~5000 >5000

Due to the complex tunnel construction environment, sensors can only be deployed
along the tunnel axis. Moreover, the microseismic events are mostly in the rock mass, and
there is a distance from the excavated surrounding rock, which leads to a certain deviation
between the monitoring results and the actual rock burst [27]. Therefore, the characteristics
of the rock burst microseismic monitoring system should be explored so that the monitoring
results can guide the construction more accurately.

4.2. Rock Burst Classification in TBM Construction

During TBM construction, the prediction results of rock burst grade are subdivided
into: slight rock burst, slight~medium rock burst, medium~strong rock burst, strong rock
burst, and extremely strong rock burst. Different levels of rock burst have different impacts
on the construction, and the prevention and control measures taken are also different.
According to the characteristic laws and the prevention and control technologies of rock
burst in TBM construction analyzed by Wang Jiaxing [28], and considering the prediction
level of rock burst and its impact on TBM construction safety, construction speed, and the
prevention and control measures, rock burst in TBM construction can be further classified
into three risk levels, namely, I1], I, and I, as shown in Table 2. The accuracy analysis of rock
burst prediction classified into three risk levels is more significant for engineering practice.
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Table 2. Rock burst risk level classification.

Risk Level Rock Burst Grade

Grade III Slight rock burst, slight~medium rock burst
Grade II Medium rock burst, medium~strong rock burst
Grade I Strong rock burst and rock burst of above grade

e  Grade III risk rock burst.

If the number of microseismic events is >20, and there are more than three microseis-
mic events with an energy of 10~100 k]J, it is considered that there is a Grade III risk rock
burst in this tunnel section. When there is a Grade III rock burst risk in TBM construction,
TBM tunneling and initial rock support shall be carried out at the same time, and the
shield and initial support can protect the construction personnel. The Grade III risk rock
burst energy is low, and most of them cannot damage the shield and the initial support
behind the shield. Therefore, rock burst has a small impact on the TBM construction speed
and safety.

e  Grade Il risk rock burst.

If the number of microseismic events is >20, and there are more than three microseis-
mic events with an energy of 100~1000 k], it is considered that there is Grade II risk rock
burst in this tunnel section. When there is a Grade II rock burst risk in TBM construction,
the rock burst will reduce the construction speed to a certain extent, and the support and
TBM equipment will not generally be threatened with serious damage. It is necessary to
comprehensively judge whether it is necessary to take corresponding measures to reduce
the severity of rock burst according to the surrounding rock conditions and microseis-
mic monitoring results, and the support operation should closely follow the excavation
operation. Safe, fast, and effective support measures should be selected according to the
surrounding rock type and rock burst prediction.

e  Grade I risk rock burst.

If the number of microseismic events is >20, and there are more than three micro-
seismic events with an energy >1000 k], it is considered that there is a Grade III risk rock
burst in this tunnel section. When a Grade I rock burst risk exists in TBM construction,
the rock burst will greatly reduce the construction speed, which may cause casualties,
equipment damage, large-scale shutdown, and even a single extremely strong rock burst
may destroy the project. When there is a Grade I rock burst risk in the project, the machine
should be stopped immediately to judge whether there are effective measures to allow
the TBM construction to pass through safely. If necessary, stress release in advance can be
considered. When TBM is required to pass through a strong rock burst tunnel section, the
TBM cutterhead and shield should be designed in a robust way, tunneling and support
should be coordinated and controlled, the advance rate should be actively controlled, and
an effective support scheme should be adopted to ensure construction safety. No strong or
above rock burst occurred.

During the construction of the tunnel section where the microseismic monitoring
system was deployed in the ABH project, 72 minor rock bursts and 17 minor to medium
rock bursts occurred, which were classified as Grade III risk rock bursts; 30 medium rock
bursts were classified as Grade II risk rock bursts.

During the construction of the tunnel section where the microseismic monitoring sys-
tem was deployed in the Yinhanjiwei Project, 247 minor rock bursts and 83 minor to medium
rock bursts occurred, which were classified as Grade III risk rock bursts; 150 medium rock
bursts, and 80 medium strong rock bursts were classified as Grade II risk rock bursts;
171 strong rock bursts were classified as Grade I risk rock bursts.
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5. Accuracy Analysis of Rock Burst Microseismic Monitoring

Based on the actual rock burst records at the construction site, the prediction accuracy
of the rock burst risk level and location can be obtained by comparing the rock burst
microseismic monitoring results.

5.1. Accuracy of Rock Burst Risk Grade Prediction

Based on the microseismic monitoring report, the actual rock burst risk levels within
the predicted pile number range in the microseismic monitoring report were counted when
the rock burst prediction results were Grade III, Grade II, and Grade I, respectively, and
the actual rock burst probability of each grade was obtained when different rock burst
prediction results were obtained.

The rock burst occurred in the supporting project should be classified according to
the construction risk level, and the early warning results of the microseismic monitoring
system before the occurrence of Grade III, II and I rock bursts are counted respectively.
In this way, the accuracy of the rock burst risk prediction can be obtained, as shown in
Figure 4.

B Grade II1
I Grade 11

B Grade 1

Figure 4. Accuracy of the rock burst risk grade prediction. Note: The inner ring is the ABH Project
and the outer ring is the Yinhanjiwei Project.

It can be seen from Figure 4 that for Grade III and Grade II rock bursts, the accuracy of
rock burst risk prediction for the ABH Project and Yinhanjiwei Project at the same level
was not different, and the accuracy was relatively low at 47.2% and 40.3% for Grade III
and 53.3% and 55.2% for Grade II, respectively. Regarding the Grade I rock burst, the ABH
Project has not experienced it yet. The prediction accuracy of the Yinhanjiwei Project was
78.4%, reaching a high level. Based on the results of the rock burst prediction of the two
projects, it was found that with the increase in the rock burst risk level, the prediction
accuracy of the microseismic monitoring system gradually improved.

5.2. Accuracy of Rock Burst Location Prediction

Based on the records of the actual rock burst, the position prediction and position
prediction deviation of different grades of rock burst were counted, respectively. The
position prediction deviation could be divided into three categories, as shown in Figure 5.
Figure 5 shows the rock burst risks predicted by stations A~B and C~D, but there were no
rock burst risks predicted by stations B~C, and rock bursts occurred in stations 1~2.
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Figure 5. Error classification of the rock burst position prediction. Note: (a) rock burst risk in the

microseismic monitoring report before it occurred. (b) rock burst risk in the microseismic monitoring
report before its occurrence, and the rest were predicted to have no rock burst risk. (c) no rock burst
risk in the microseismic monitoring report before it happened.

Completely monitored: The range of the actual rock burst pile number was predicted
to have rock burst risk in the microseismic monitoring report before it occurred, as
shown in Figure 5a. This kind of rock burst can be considered as no deviation in
position prediction, and recorded as 0.

ii.  Partial monitoring: Some parts of the actual rock burst pile number range were

predicted to have rock burst risk in the microseismic monitoring report before its
occurrence, and the rest were predicted to have no rock burst risk, as shown in
Figure 5b. The deviation of the predicted position of this kind of rock burst can be
approximately regarded as the length of the rock burst that is predicted to have no
risk of rock burst, that is, the distance from station B to station 2.

iii.  Not monitored: The range of the actual rock burst pile number was predicted as no

rock burst risk in the microseismic monitoring report before it happened, as shown in
Figure 5c. In this case, from the monitoring report submitted before the rock burst, the
data report closest to the rock burst location can be selected as the judgment basis, and
the maximum value of the rock burst pile number from this group of predicted data
can be calculated as the predicted position deviation, that is, the minimum value of
the distance from pile number B to pile number 2 and the distance from pile number 1
to pile number C.

The accuracy of the rock burst location prediction can be obtained by separately
counting the positioning of the rock burst by the microseismic monitoring system before
the occurrence of Grade III, Grade II, and Grade I rock bursts, as shown in Figure 6. When
the range of pile numbers where rock burst actually occurs is detected in advance, it can
be considered that the location of the rock burst is accurate; if the range of the actual rock
burst pile number is not completely monitored in advance, it is considered that there is a
deviation in the positioning.

It can be seen from Figure 6 that the accuracy rate of rock burst positioning of the
Yinhanjiwei Project was slightly higher than that of the ABH Project, which was mainly
related to the number of rock bursts and personnel positioning experience. With the
enhancement in the rock burst risk level, the accuracy of the microseismic monitoring
system for rock burst location gradually improved. Among them, the accuracy of the
prediction of the location of Grade I rock burst in the Yinhanjiwei Project could reach 100%.
In general, the prediction accuracy of microseismic monitoring location was high, which is
of great significance for rock burst prevention and control in TBM construction.

In conclusion, with the increase in the rock burst risk level, the accuracy of the rock
burst risk level prediction and rock burst location had been improved. Therefore, from the
perspective of the accuracy of the rock burst microseismic monitoring results, it is more
reasonable to apply the microseismic monitoring system to the monitoring of high-risk
rock burst.
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Figure 6. Accuracy of the rock burst location prediction. Note: The inner ring is the ABH Project and
the outer ring is the Yinhanjiwei Project.

6. Applicability Analysis of Rock Burst Microseismic Monitoring

During TBM construction, the microseismic monitoring system is easy to deploy,
which can realize real-time and continuous monitoring, with low monitoring cost and
stable monitoring data. It is reasonable to apply a microseismic monitoring system to TBM
construction. However, judging from the accuracy of rock burst warning and positioning,
the microseismic monitoring system is more suitable for monitoring high-level rock burst.
In order to further analyze the applicability of the microseismic monitoring system, accord-
ing to the early warning of the microseismic monitoring system and the accuracy of rock
burst positioning at all levels, we analyzed the effect and impact of construction according
to the microseismic monitoring results when rock bursts of different risk levels occur to
draw more reliable conclusions.

6.1. Applicability Analysis for Grade III Rock Burst

In the two supporting projects, the accuracy of the Grade III rock burst location was
60.7% and 88.5%, respectively. As Grade III rock burst has little impact on the construction,
the prevention and control measures mainly focus on personnel protection, and there is
no need to take advanced stress release measures. Therefore, the above results have little
impact on the construction. The accuracy rate of early warning of Grade III rock burst
risk was 47.2% and 40.3%, respectively. See Figures 7 and 8 for the specific early warning
information.

Grade III rock burst had little impact on construction. Generally, normal construction
can be carried out after the personnel and equipment are protected. If Grade III rock burst
is predicted as no rock burst due to the low energy of the rock burst and the protective
effect of the initial support, even if rock burst occurs, it will not have too much of an impact
on the personnel or equipment. If Grade III rock burst is predicted to be Grade II or Grade I
rock burst risk, certain prevention and control measures may be taken before construction,
which will reduce the construction efficiency and increase the construction cost.

If rock burst monitoring is not carried out, the Grade III rock burst is regarded as the
situation without rock burst. After rock burst, the impact on construction is small. After
microseismic monitoring was adopted in the ABH Project, 22.5% of the Grade III rock
burst was predicted to be of Grade II rock burst risk, which will increase some unnecessary
construction costs. After microseismic monitoring was adopted for the Yinhanjiwei Project,
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50.0% of Grade III rock bursts were predicted to be Grade II rock bursts, 7.6% of Grade III
rock bursts were predicted to be Grade I rock bursts, and more than half of the Grade III
rock bursts can only be constructed after prevention and control, which will greatly reduce
the construction efficiency and increase the construction costs.
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Figure 7. Grade III rock burst prediction at the ABH Project.
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Figure 8. Grade III rock burst prediction at the Yinhanjiwei Project.

To sum up, when a TBM project only has a Grade III rock burst risk, the construction
effect is not obvious after the introduction of a microseismic monitoring system, and
many unnecessary construction costs will be increased. Therefore, in this case, it is not
recommended to use the microseismic monitoring system for the early warning of rock
burst risk.

6.2. Applicability Analysis for Grade II Rock Burst

In the two supporting projects, the accuracy of the Grade II rock burst location was
93.3% and 98.3%, respectively. As a result, some prevention and control measures will
be properly taken for Grade II rock burst in combination with the construction situation.
Therefore, there are certain requirements for rock burst positioning, and the two projects
cannot achieve the complete positioning of Grade II rock burst. Therefore, it is still necessary
to summarize the experience and strengthen the positioning accuracy of Grade II rock
burst. The accuracy of Grade II rock burst warning was 53.3% and 55.2%, respectively; See
Figures 9 and 10 for specific early warning information.
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Figure 9. Grade II rock burst prediction at the ABH Project.

0.6 ] Yinhanjiwei Project
0. 552

0.5

=
N
1

Accuracy rate
f=]
(%]
L

0. 261
0.2 1
0. 144
0.1
0. 043
0.0 T T T T T T T v
Grade | Grade I Grade Il No rockburst risk

Rockburst grade
Figure 10. Grade II rock burst prediction at the Yinhanjiwei Project.

Grade II rock burst will have a certain impact on the construction, but the loss caused
by Grade II rock burst can be greatly reduced after reasonable construction measures are
taken. If Grade Il rock burst is predicted as Grade III rock burst risk or there is no rock burst,
the construction safety and efficiency may be affected due to a failure to take prevention
and control measures. If Grade II rock burst is predicted as Grade I rock burst risk, greater
prevention and control measures need to be taken to ensure safety before construction,
which will also affect the construction efficiency.

If rock burst monitoring is not carried out, the Grade II rock burst will be regarded
as the situation without rock burst, and the safety of personnel and equipment will be
threatened in the case of Grade II rock burst. When the number of rock bursts is large, slag
removal, arch repair, and damaged equipment will take a lot of time and affect the work
efficiency. After microseismic monitoring was adopted in the ABH Project, 53.3% of Grade
II rock burst could be effectively controlled; 46.7% of Grade II rock burst was predicted to
be Grade III rock burst risk, which can effectively reduce the TBM construction risk due to
the protection of personnel and equipment. After microseismic monitoring was adopted
in the Yinhanjiwei Project, 81.3% of Grade II rock burst could be effectively controlled,
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but 26.1% of Grade II rock burst was predicted to be Grade I rock burst risk, which will
increase the construction costs. In addition, 14.4% of Grade II rock burst was predicted to
be Grade III rock burst risk, which can also effectively reduce the TBM construction risk
after protection.

Through comprehensive analysis, when there is only Grade II rock burst risk in a TBM
project, the introduction of a microseismic monitoring system can effectively reduce the
construction risk of most rock bursts. Therefore, in this case, the use of a microseismic
monitoring system for rock burst risk early warning is recommended.

6.3. Applicability Analysis for Grade I Rock Burst

Grade I rock burst has not occurred in the ABH Project, and the accuracy rate of
the Grade I rock burst location in the Yinhanjiwei Project was 100%. This can realize the
complete positioning of Grade I rock burst, which is of great significance for the prevention
and control of Grade I rock burst. The accuracy rate of Grade I rock burst warning was
78.4%. See Figure 11 for the specific warning information.
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Figure 11. Grade I rock burst prediction at the Yinhanjiwei Project.

Grade I rock burst has a great impact on the construction. After implementing pre-
vention and control measures in advance, certain prevention and control effects can be
produced. If Grade I rock burst is predicted as Grade II or Grade III rock burst risk, the
safety of the construction personnel can be improved, but the effect of rock burst prevention
and control is not significant. If Grade I rock burst is predicted as no rock burst due to
no or insufficient measures taken, not only are personnel and equipment greatly threat-
ened, but the support measures taken may also be damaged, which is very dangerous
for construction.

If rock burst monitoring is not carried out, the Grade I rock burst will be regarded as
the situation without rock burst, which is very dangerous. After microseismic monitoring,
78.4% of Grade I rock burst could be forewarned, and a good control effect could be
achieved after taking measures; 14.0% of Grade I rock burst was predicted to be Grade II
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rock burst. It can also be said that the sum of Grade I and Grade II rock burst was 92.4%.
Grade I and Grade II rock burst are medium and strong rock burst, which have a great
impact on the safety of the TBM construction. Although the prediction level was 14.0%
lower, the monitoring system was still very useful for construction control, which can
improve the safety of personnel and equipment; 7.6% of Grade I rock burst was predicted
to be Grade III rock burst risk, so there is still a large safety threat.

When the TBM project only has a Grade I rock burst risk, the introduction of a
microseismic monitoring system can greatly improve the safety of construction. In this
case, the microseismic monitoring system should be used for rock burst risk early warning.

In conclusion, when there is only Grade III rock burst risk in a project, the use of a
microseismic monitoring system for rock burst risk early warning is not recommended;
in the case of Grade Il and Grade I rock burst risks in a project, microseismic monitoring
system should be adopted for rock burst risk warning.

7. Discussion

At present, there are only three cases in which a microseismic monitoring system has
been introduced into the TBM construction of deep-buried tunnels in China including the
Jinping II Hydropower Station Project, which has been completed and put into operation,
and the ABH Project in Xinjiang and the Yinhanjiwei Project in Shaanxi, which are under
construction at the time of writing this paper. There are still a few cases of microseismic
monitoring, and the research on its accuracy and applicability is still lacking, and the
accuracy of the monitoring and prediction results is disputed. However, the C-Z Railway,
which is about to be built, plans to use TBM in large quantities, and its tunnels are deeply
buried, complicated in structure, and high in in situ stress. Therefore, the conclusions of
the two engineering case studies in this paper have important guiding significance for the
construction of deep-buried tunnels such as the C-Z Railway. A further summary of the
applications of microseismic monitoring in TBM construction projects will further improve
the accuracy of microseismic monitoring. In this paper, the rock burst in TBM construction
was further classified into three risk levels: III, II, and I. It is more valuable for engineering
practice to analyze the accuracy of rock burst prediction classified into three risk levels.

8. Conclusions

In this paper, two TBM deep tunnel projects were taken as the studied cases to verify
and analyze the microseismic monitoring results of rock burst. Among them, the mi-
croseismic monitoring tunnel of Xinjiang ABH Project is 5883 m long, and there were
110 microseismic monitoring reports, with 119 actual rock bursts. The microseismic moni-
toring of Shaanxi Yinhanjiwei Project is 4074.5 m, and the microseismic monitoring report
was 531, with 731 rock bursts. The following conclusions can be drawn regarding the
accuracy and applicability of microseismic monitoring in TBM construction:

e  The higher the rock burst risk level in TBM construction, the higher the accuracy of
the rock burst risk level and location prediction, and the accurate positioning of Grade
I and Grade II rock bursts can basically be achieved.

e  The accuracy rate of the Grade I rock burst prediction of the Yinhanjiwei Project
reached 78.4%, and 14.0% of Grade I rock burst was predicted as Grade IL

e  The accuracy rate of the Grade Il rock burst prediction was 55.2%, and 26.1% of the
Grade II rock burst was predicted as Grade 1.

e  The prediction accuracy rate of the Grade II rock burst of the ABH Project was 53.3%,
and 46.7% of Grade II rock burst was predicted to be Grade III, and the prediction
level and positioning accuracy of Grade III rock burst were relatively low.

e  Through comprehensive consideration of the accuracy of rock burst prediction, the
construction speed, construction safety, and the prevention and control measures, the
rock burst in TBM construction was further divided into three risk levels: III, II, and 1.

e  When there is only a Grade III rock burst risk in a TBM construction project (i.e., rock
burst below the medium level) due to the low prediction accuracy and the low risk of



Sustainability 2023, 15, 4232 15 of 16

construction safety and construction progress, the use of a microseismic monitoring
system for the early warning of rock burst risk is not recommended.

e When the project has Grade II and Grade I rock burst risks, that is, above the medium
rock burst, due to the high prediction accuracy and the high risk of construction safety
and construction progress, it is advisable to use a microseismic monitoring system for
the early warning of rock burst risk to ensure construction safety.
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