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A newly developed microseismic (MS) monitoring system was employed in
the Tianshan-Shengli tunnel to detect MS activities and then predict and
provide early warning of rockburst disasters. The system not only has the
advantages of accuracy of artificial analysis but also real-time analysis and
warnings. The positioning accuracy for MS events is approximately 5–10 m. A
new sensor installation scheme was proposed to achieve fast sensor installation
and recovery, taking advantage of semicircular steel tubes and hose clamps. In
addition, the rockburst risk level prediction criteria adopted multiple evaluation
indexes such as MS event energy and moment magnitude and number, and it
revealed that the evolution of maximum energy has a good positive correlation
with that of maximummoment magnitude through analyzing the monitored MS
events. It also showed that the rockburst generally occurred 2 days after the rock
mass was exposed by the tunnel boring machine (TBM) tail shield and belonged
to the delayed rockburst category, according to the field statistical results. The
preliminary application cases indicated that the rockburst prediction and early
warning based on MS monitoring agree with the site survey results. Therefore,
the newMSmonitoring system is a reliable tool for predicting and providing early
warnings of rockburst disasters.

KEYWORDS

rockburst prediction, microseismic monitoring, cloud service platform, rockburst risk
level, prediction criteria

1 Introduction

More and more infrastructure facilities, such as expressways, railways, and pumped
storage power stations, have been built in recent years. When excavating a parallel pilot
expressway or railway tunnel in a mountainous area (Zhu et al., 2019; Xie et al., 2022;
Lu et al., 2023) or a water conveyance tunnel for a power station (Feng G. L. et al., 2022),
a tunnel boring machine (TBM) excavation is usually a good option, because of its
high excavation speed, safety, automation level, and lower disturbance to surrounding
rock (Arshad and Abdullah, 2016). Like a tunnel excavated using the drilling and
blasting method, a TBM excavation also faces numerous safety risks, including water
inrush, support failure, collapse, and rockburst. Rockburst disasters have appeared
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in many geotechnical andmining engineering situations (Dou et al.,
2014; Mazaira and Konicek, 2015; Feng et al., 2017), causing serious
casualties and great economic losses. Compared with the drilling
and blasting method, less rock damage is caused by a TBM
excavation on account of the reduced disturbance to surrounding
rock. However, in the process of stress redistribution after TBM
excavation, the magnitude of microseismic (MS) events is larger
than that of the drilling and blasting method. The rupture
size of the microfracture source is larger, and more energy is
released as the rock mass breaks, which causes a higher risk of
rockburst. Moreover, a TBM tunnel is generally extremely long and
deeply buried with complex geological conditions. Hence, disaster
monitoring and early-warning systems are indispensable in the
construction process (Deng, 2018).

Because rockburst is a very complex rock dynamics problem,
there is no consensus on its definition at present. Its typical
characteristic is the sudden and violent breaking of the surrounding
rock mass, which produces a violent shock wave and quickly
releases a huge amount of energy (Liu et al., 2022). As a special
form of rock mass failure, the evolution and occurrence of
rockburst are affected by many factors, such as geostress, geological
structures, excavation methods, and so on. Rockbursts can be
classified into strain rockburst and fracture rockburst, in general,
according to the rockburst mechanism (Wu et al., 2022), or
instant rockburst and delayed rockburst based on the time
from unloading to rockburst (He et al., 2012). However, the
classification of rockburst has not yet formed a unified standard.
Due to the complex occurrence mechanism and huge hazard,
the prediction and early warning of rockburst is difficult and
significant work.

Empirical criteria and in situ monitoring methods are two
widely used rockburst prediction methods. The former is often
applied in the design phase of the tunnel construction and relies
on some rock stress and strength indexes to determine support
schemes (Barton et al., 1974; Farhadian, 2021). In the construction
phase, the in situ monitoring method is widely accepted as
an effective tool for detecting the rock mass dynamic fracture
process and forecasting the rockburst risk level. Both acoustic
emission (AE) and MS monitoring are mature technologies for
the detection of the temporal-spatial evolution of microfractures
within rock mass (Wang, 2014; Liu J.po et al., 2020; Feng et al.,
2023). Their difference is that the seismic motion frequencies of
AE signals (50–5,000 kHz) are higher than that of MS signals
(0.1–50 kHz) (Cai et al., 2007; Cheon et al., 2008; Goodfellow and
Young, 2014), resulting in the AE signal attenuating very fast.
Therefore, AE monitoring is suitable for a small volume of
rock in laboratory experiments, while MS monitoring is more
suitable for rockburst MS event monitoring in rock engineering
projects (Wu et al., 2022). An MS monitoring system is a form
of stationary installation in underground mines (Cai et al., 2018)
and hydraulic power station chambers (Zhao et al., 2018). The
MS monitoring and early-warning area during these engineering
constructions is also a fixed range. However, the MS monitoring
range must always change with the rapid excavation of a TBM
tunnel. Due to the different geological conditions, detector type,
MS system performance, rockburst risk level prediction criteria,

etc., in TBM tunnel projects, rockburst prediction and early
warning in a tunnel with a TBM excavation still face many unique
challenges.

Many case studies about rockburst prediction and early warning
in TBM tunnels have been published in recent years. Xue et al.
(2020) introduced the application of MS monitoring in the access
tunnel construction of a hydropower station, using six uniaxial
accelerometers in three cross sections, which were cemented
inside boreholes at a 2 m depth at the sidewalls. They selected
two parameters as the evaluation indexes of rockburst risk level,
that is, the number of daily MS events and the b-value of the
MS events, where the b-value is the proportional relationship
between the number of large magnitude events and the number
of small magnitude events (Liang et al., 2020a). Furthermore, a
downward shift phenomenon of frequency band energy distribution
(Liang et al., 2020b), apparent stress, apparent volume, and main
frequency (Xue et al., 2021) were also considered as early-warning
indicators of rockburst. The MS monitoring system based on
accelerometers was likewise applied in other water headrace
tunnels (Xu et al., 2016; Liu Q. S. et al., 2020; Yang et al., 2023) and
railway tunnels (Voza et al., 2023).

To predict rockburst of TBM excavation during the Duoxiongla
highway tunnel construction (Tang et al., 2018), nine geophones,
divided into three cross sections, were installed in the concrete
segment region, including the left and right sides at a depth
of 1 m, and the top installed outside the hole. The b-value,
number of MS events, and magnitude were employed to assess
the overall stability of the tunnel. Li et al. (2023) used geophones
in three cross sections, containing two triaxial sensors and six
uniaxial sensors, and arranged eight speed-type sensors in the TBM
tunnel of a hydropower plant in Pakistan to predict rockburst
on the basis of the number and energies of the MS events.
The geophysical seismometers are all installed inside the top
holes to ensure the quality of monitoring data, and the first-row
sensors were positioned 10–30 m from the tunnel face, with a
spacing of 40 m between adjacent rows (Li et al., 2019). Ma et al.
(2018) compared the prediction results obtained by MS monitoring
and landsonar positioning, respectively, when excavating the
headrace tunnel of a hydropower station using a hard-rock
TBM, and the adopted evaluation indexes are peak energy
of MS events, magnitude, and amount. In addition, they also
mentioned that their wave detector was coupled to the rock
face by butter.

Recent studies make it clear that there is no uniform standard
for sensor type selection, sensor installation form, and rockburst
risk level prediction criteria in a TBM excavated tunnel, and it
is difficult to guarantee the prediction and early-warning quality
of rockburst. However, as more and more deep- and ultradeep-
buried tunnels and mines are constructed, the requirements for
the overall accuracy of rockburst prediction and early warning
will become higher. This paper focuses on rockburst prediction for
the parallel pilot tunnel with a TBM excavation in the Tianshan-
Shengli tunnel and provides a useful case study and discussion about
our self-developed MS monitoring technology. We aim to set up a
reasonable MS monitoring system layout scheme and to summarize
suitable rockburst risk level prediction criteria in the specific tunnel

Frontiers in Earth Science 02 frontiersin.org

https://doi.org/10.3389/feart.2024.1391509
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao et al. 10.3389/feart.2024.1391509

FIGURE 1
Photograph of the Tianshan-Shengli tunnel entrance.

project. The preliminary application results confirm the feasibility
and reliability of our system.

2 Engineering background

2.1 Project overview

The Tianshan-Shengli tunnel is an ultra-long highway tunnel
with a length of 22 km. It is a key control project of the G0711
expressway connecting Urumqi to Yuli Country, crossing the
TianshanMountains region in Xinjiang, China.The direction of the
tunnel axis is 233°–210°.The tunnel is divided into two construction
sections of approximately 11 km each. The maximum buried depth
is approximately 1150 m, and the average altitude is approximately
3,000 km. The tunnel construction is planned from 2019 to 2025,
with a period of 6 years. The Tianshan-Shengli tunnel consists
of three tunnels: two main tunnels and a middle parallel pilot
tunnel (see Figure 1), and the distance between adjacent tunnels
is approximately 30 m. The main tunnels are excavated by the
drilling and blasting method at a highly mechanized level, and the
middle tunnel is excavated by TBMmethod. As planned, it will take
38 months (3.17 years) to complete the middle tunnel excavation.
Under normal conditions, the average daily TBM excavation footage
is approximately 10 m.

Two open TBMs are employed in the entrance and exit sections
of the middle pilot tunnel.The tunnel section diameter is 8.4 m.The
tunnel support is designed with a double-layer lining structure, with
anchor bolts, steel arches, and shotcrete as the first lining and cast-
in-place reinforced concrete as the secondary lining. In particular,
limited by the TBM function design, the first 80 m behind the tunnel
face is a non-shotcrete area reinforcedwith only anchor bolt and steel
arch support, which is a high incidence of rockburst. Four measures
are required to handle the rockburst risk during TBM excavation:

reinforced support, stress release, surrounding rock improvement,
and MS monitoring.

2.2 Geological conditions

The Tianshan-Shengli tunnel is located in the Tianshan
Mountains region southwest of Urumqi, Xinjiang. The straight-
line distance from the tunnel entrance to Urumqi is approximately
92 km. According to the geology survey report provided by
China Communications Construction Group Co., Ltd., which is
implementing the tunnel project, the tunnel strata are mainly
composed of siltstone, granodiorite, granite, marble, granite
porphyry, and so on, as shown in Figure 2. There are about 14 main
faults in the tunnel excavation area, and the horizontal width varies
from 20 m to 140 m. Rock mechanics experiments indicate that the
saturated unconfined compressive strength (UCS) of granodiorite
and granite is approximately 71–120 MPa, while it is 41–92 MPa for
marble and 43–58 MPa for granite porphyry.The groundwater in the
tunnel area consists of three types: loose rock pore water, bedrock
fissure water, and karst water, which is mainly supplemented by
atmospheric precipitation.

The hydraulic fracturing technique and numerical simulation
are employed to measure geostress, and Figure 3 presents the
geostress distribution along the middle pilot tunnel. It shows that
the maximum horizontal stress in the tunnel area is generally
greater than the vertical stress. In detail, when the buried depth
is deeper than 100 m, the maximum horizontal stress (σH) is
approximately 7.3–32.4 MPa, while the minimum horizontal stress
(σh) is 3.1–23.9 MPa and the vertical stress (σZ) is 2.6–30.7 MPa. In
accordance with the ratio between maximum shear stress along the
tunnel section and the UCS of surrounding rock, most of the tunnel
region has a higher rockburst risk level when the buried depth is
more than 600 m.

In this study, the MS monitoring region is approximately
2 km long, approximately 9–11 km from the tunnel entrance,
corresponding to peg no. PK84+632 ∼ PK86+782 in the
study area shown in Figure 2, and the depth is approximately
700–1,000 m. Furthermore, two faults located in the middle
of the monitoring region, Fw-11 and Fw-12, may induce a
serious fracture rockburst. A strain rockburst is possible in
other parts of the monitoring region with granodiorite and
granite strata.

3 TBM excavation MS monitoring
system

3.1 MS monitoring principle

Microfracture generation and energy release always occur before
a rockburst, and MS sensors can capture MS signals released
from rock mass fracture effectively. Under the static-dynamic
loading and the original flaws, the microfracture will penetrate the
preexisting flaws to generate macroscopic fragmentation, followed
by tensile and shear failure with energy dissipation (Feng et al.,
2021; Feng et al., 2022 P.), which radiates outward in the form
of MS waves. Hence, MS monitoring technology is a mature
measure to forecast the source location of rockburst by analyzing
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FIGURE 2
Geological profile of the Tianshan-Shengli tunnel along the middle pilot tunnel (provided by China Communications Construction Group Co., Ltd.).

FIGURE 3
Geostress inversion results along the tunnel.

FIGURE 4
MS monitoring principle.

the temporal and spatial evolution characteristics of MS events
(Jiang et al., 2020). However, it is still difficult to accurately predict
the time of a rockburst occurrence. The MS monitoring principle is
introduced in Figure 4.

It can be seen from Figure 4 that a rockburst will generate
MS signals induced by the microfractures of surrounding rock or
the slip of fault during the stress redistribution. Meanwhile, the
MS signals radiate outward in the form of MS waves along the
propagationmedium (that is, surrounding rock). In order to capture
these original MS waves in real time and analyze MS signal features,

a set of sensors is used to monitor the vibration waves in rock mass
in real time. The sensors are placed inside the surrounding rock in
boreholes or tightly coupled to the surrounding rock surface. When
the vibration wave amplitude captured by the sensors increases
significantly, it is regarded as an MS triggering, but the increase
may be caused by an MS event or by rock drilling, TBM rock
cutting, blasting, and so on. At the same time, the vibration signals
are converted to analog electrical signals by sensors and then sent
to the signal acquisition and processing instrument through the
signal cable. To filter out the vibration wave of non-MS events,
preliminary signal processing is completed by the signal acquisition
and processing instrument, and then the effective MS event features
are transmitted to the data storage server located in the data analysis
center through wireless or fiber optic networks.

Based on these effective MS event signals, the location, moment
magnitude, signal strength, and energy of the fracture source
are determined by further processing and analysis. Then, the
rockburst risk information can be evaluated by analyzing a series of
recordedMS event waveform characteristics, including the potential
rockburst location and risk level.

3.2 BGRIMM Seismic Network (BSN)
system characteristic

At present, there are many mature MS monitoring systems in
the world: ESG Solutions in Canada, SOS and ARAMIS/MS in
Poland, as well as ISS in South Africa (Cao et al., 2009; Chen et al.,
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FIGURE 5
BSN system architecture.

2020) and IMS in Australia (Goldswain, 2020). As the demand
for rockburst prediction and early warning increases in the mine,
tunnel, and hydropower projects in China, more and more Chinese
research groups have started to develop MS monitoring systems
independently in the past decades. For instance, a new, high-
precision, intelligent MS monitoring system jointly developed by
the Institute of Rock and Soil Mechanics, Chinese Academy of
Sciences, andWuhan Seaquake Technology Co. Ltd. has beenwidely
used in multiple mine, tunnel, and hydropower projects (Yuan-
hui et al., 2018).

Since 2014, the Beijing General Research Institute of Mining
and Metallurgy (BGRIMM) has also been developing the BSN
(BGRIMM Seismic Network) monitoring system. The system
architecture is shown in Figure 5. It has the functions of signal
acquisition, multi-channel time synchronization, denoising,
automatic onset time picking, and source location. Unlike other
systems, the BSN system has a cloud service to integrate data
collection, transmission, automatic analysis, and real-time warning.
In detail, based on in situ monitoring and cloud service platform
analysis, it first establishes template libraries, such as data reports,
analysis reports, and early-warning information, and then, by
the real-time synchronization of in-site data and the foreground
application development of the cloud platform, the whole process
of MS monitoring publishes to the cloud platform, including data
synchronization, MS event analysis, statistics, statements, and early-
warning reports. It is convenient for users to obtain the parameters
of the MS event and its position information on time. In addition,
it also supports the real-time push of early-warning information to
users when large-energy MS events occur.

The main BSN system parameters are listed in Table 1. The
accelerometer has a wider monitoring frequency domain and a
higher sensitivity than a geophone. The measurement distance of
the accelerometer is smaller, and the accelerometer may cause
peak clipping of MS waves in near-field monitoring because the
amplitude of large-energy MS events may be beyond the measuring
range of the accelerometer (Hu et al., 2020). In addition, the BSN
system supports the self-diagnosis of sensor malfunction and

self-identification of sensor serial numbers.The data acquisition and
recorder instrument uses 100–240 V AC as the power supply and
quickly switches to an uninterruptible power supply (UPS) battery
in the event of external power failure. The data acquisition process
is as follows: 1) the sensor captures the MS signal and converts
it into an analog signal, 2) the electrical signal is transmitted to
the data conversion device through the signal cable, and the data
conversion device converts the electrical signal into a data signal, 3)
the data signal is transmitted to the data acquisition device through
the network cable for collection and storage.

For data processing, a wavelet threshold denoising
algorithm based on synchronous extrusion wavelet
transform (Daubechies et al., 2011) is implemented in the BSN
system. The system filtering consists of multiple filters based on
band-pass, notch, high-pass, and low-pass filtering methods, and
the frequency domain characteristics of tunnel background noise
waves are collected and analyzed first to reduce the impact of tunnel
background noise. It adopts the synchronous extrusion wavelet
analysis method to identify the MS event efficiently. On the one
hand, the one-dimensional time-domain signal is transformed to
the two-dimensional time-frequency domain in the continuous
wavelet transform, and the energy is compressed at the same time to
avoid energy leakage.The time and frequency range of theMS signal
can be clearly distinguished for effective detection and extraction
via the time-frequency spectrum.

3.3 In situ sensor array

There have been many rockburst accidents in the Tianshan-
Shengli tunnel since construction started. To avoid heavy rockburst
accidents in the final stage of construction, the BSN system was
adopted in August 2023 to monitor the MS activities in the middle
tunnel excavated by TBM and predict and provide early warning
of rockbursts. In this case study, the BSN system adopts the
geophone, as mentioned in Table 1, which supports eight uniaxial
geophones. It is first assembled and debugged outside the tunnel,

Frontiers in Earth Science 05 frontiersin.org

https://doi.org/10.3389/feart.2024.1391509
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao et al. 10.3389/feart.2024.1391509

TABLE 1 Main parameters of the BSN system.

BSN system Index Parameter

Sensor

Sensitivity
220 V/(m/s) (geophone)

30 V/g (accelerometer)

Frequency domain
10–2000 Hz (geophone)

0.1–5000 Hz (accelerometer)

Data recorder
Sampling rate 105 kHz

Time synchronization accuracy 0.01 msec

Artificial analysis MS event positioning accuracy 5–10 m

FIGURE 6
BSN system assembly and debugging.

as shown in Figure 6. The data acquisition and processing box has
the advantages of complete functions, compact structure, and easy
to carry.The data exchange between the data acquisition and storage
instruments is completed through a 4Gwireless network to avoid the
interruption of long-distance optical fiber transmission data affected
by construction.

In the initial installation state, four front-row geophones were
placed at approximately 20 m behind the tunnel face, and four
rear-row geophones were placed roughly 45 m from the tunnel
face. That is, there was a distance of 25 m between the two rows
of sensors (Figure 7).The system is composed of four geophones for
each sensor cross section, and it is limited by the borehole drilling
capacity of the TBM, the installation method selected to install the
sensors on the rock surface. In terms of specific operation, 1) it
selects four bolt tails as the installation points of sensors at the
sensor cross section. The four bolts cannot be in the same axial
direction and should be distributed on the left, middle left, middle
right, and right side of the cross section. At the same time, the
two adjacent installation points should be staggered by 1–2 m as
far as possible. Attention should be paid to conducting a test on
whether the anchoring between the bolt and surrounding rock is
effective, and the bolt tail of a loose bolt cannot be selected as the
installation location. Then, 2) semicircular steel tubes are welded at
the selected bolt tails. The axial direction of the steel tube should

be parallel to the axial direction of the tunnel. For each sensor
installation point, the geophone is fastened in the inner diameter
of the semicircular steel tube by using two hose clamps. After the
installation of the sensor, the spatial position coordinate value of the
sensor should be measured with the assistance of the construction
crew. Finally, 3) for each sensor cross section, four signal cables
are combined into one cable, and cable ties or hooks are used
to arrange, bind, and fix the cable to the roof bolt mesh along
the tunnel roof. The cable is extended to the data acquisition and
processing box, which is initially fixed in a position 10 m behind the
rear-row sensors.

The migration installation state involves sensor recovery and
reinstallation. To guarantee the monitoring quality and to avoid
burying the rear row sensors in the shotcrete, each time the
TBM advances approximately 25 m, the rear row sensors must
be moved forward to keep the sensors close to the tunnel face.
It is easy to recycle the rear row sensors after removing the
hose clamp. Reinstallation is similar to the initial installation: 1)
selecting installation positions in the new cross section of the
front row sensors, 2) welding semicircular steel tubes, fastening
geophones, and measuring their coordinate value, and 3) arranging
the signal cables.

The microseismic source location accuracy is affected by
many factors, including sensor array distribution, wave velocity
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FIGURE 7
Initial sensor array and the installation scheme of the BSN system.

model, first arrival time picking, and so on (Cheng et al., 2018).
For the sensor array of the microseismic monitoring network,
the key monitoring area and the feasibility of sensor installation
should be taken into full consideration. In a TBM tunnel
excavation, the higher rockburst risk area is approximately
100 m behind the tunnel face, which does not have shotcrete
support, especially in the roof area approximately 50 m behind
the tunnel face. Locating a microseismic event requires at
least four sensors that detect microseismic signals. Therefore,
each sensor section of the microseismic monitoring network
consists of four sensors. Meanwhile, to avoid the microseismic
source solution equation not converging or finding no solution,
the sensor spacing in the sensor section should increase
appropriately.

4 Preliminary application of rockburst
prediction and early warning

For engineering reasons, the TBM is down most of the time
during the MS monitoring period. Although the BSN system
remains operational during the TBM downtime, theMS activities in
the support area without shotcrete are weak, and the corresponding
rockburst risk is extremely low. Therefore, this study mainly
introduces several case studies for rockburst prediction and early
warning during the normal TBM excavation period.

4.1 MS monitoring program

MS waves are not physically different from seismic waves,
and they can be understood as seismic waves with lower energy.
With respect to MS event waveform recognition and denoising,
the TBM working environment is complex, resulting in the MS
monitoringwith several complex noise seismic signals, where typical
noises include TBM rock breaking signals, rock drilling signals
of the bolt rig, blasting signals, etc. One of the most obvious
features of the MS event waveform is its short duration, generally
only a few tenths of a second or so. The characteristic of small
amplitude is also an important criterion for distinguishing effective
MS signals (Chen et al., 2018). The phase features of MS events
include arrival time, waveform, amplitude, period, etc., while the
data extracted from MS events mainly include the arrival time
and phase features of the MS P- and S-waves. The P-wave is
picked up according to the difference in statistical properties of
waveform data before and after the arrival of the MS signal, and
the Akaike information criterion (AIC) method is used to pick
up the P-arrival time in the selected time window. The difference
between P- and S-wave MS signals can be analyzed using the
Hilbert–Huang transform method. The instantaneous frequency
component of the signal can be obtained to obtain the first
arrival time of the S-wave. After determining the initial arrival
time of the P- and S-waves, the phase, amplitude, period, and
other parameters can be extracted by time-domain analysis of
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FIGURE 8
MS signal waveform of the BSN system in the Tianshan-Shengli tunnel.

the MS waveform, which provides effective parameters for MS
source positioning, MS source parameter calculation, and post-
microseismic analysis.

Figure 8 presents a typical MS signal waveform of the BSN
system monitored in the Tianshan-Shengli tunnel. A rock drilling
signal has a long durationwithmultiple intermittentwave crests.The
signal induced by blasting excavation is also sustained for a long time
with numerous continuous wave crests, and its wave attenuation
is far slower than MS signals. In a word, these noise signals have
obvious characteristics compared with the MS signals generated by
the surrounding rock fracture.

The MS signals are essentially elastic waves propagating within
the rock mass, with a wave speed on the order of kilometers per
second. The accurate wave speed is a crucial parameter for MS data
acquisition and processing to ensure the accuracy of MS source
positioning. BeforeMSmonitoring, granite sampleswere taken from
the tunnel face, and then acoustic wave speed experiments were
completed at Xinjiang University. Table 2 gives the test results, while
there is a certain error for positioning if using the experimental value
because of the complexity of the surrounding rock composition. A
wave speed correction must be carried out after rock mass property
changes. The correction is based on the inversion technique of
the wave speed field of the active source signal. The wave speed
and the system positioning are calibrated by manually knocking
the surrounding rock within the tunnel and then calculating the
location of the knocking point using the BSN system. In addition
to the knock test, when the TBM cuts and breaks rock mass, the
source parameters and the spatial relationship between the source
and sensors are known, so the rock mass wave speed can also be
corrected by the rock-breaking signal.

Apart from the wave speed, determining the spatial location of
theMS source is a challenging task. In 1912, Geiger (1912) proposed
a method based on the ideal earth in the time domain, and its
principle is to linearize the nonlinear problem and give the least
square solution. Because the positioning equation is a nonlinear
equation, the Geiger method makes it easier for the inversion to
fall into the local minimum, and then the accuracy of inversion
positioning is reduced. In contrast, the nonlinear positioning
method can avoid the solution falling into the local minimum point
because it does not require the calculation of partial derivatives
and has a weak dependence on the initial position, but it is of

low efficiency and requires much calculation. A double-difference
earthquake location algorithm was developed by Waldhauser and
Ellsworth to reduce the effect of rock mass structure on wave speed
and positioning accuracy (Waldhauser and Ellsworth, 2000). The
double-difference algorithm minimizes positioning errors due to
unmodeled velocity structure without the use of station corrections.
Therefore, the positioning algorithm of the BSN system combines
the Geiger method and the double-difference algorithm.

4.2 Rockburst prediction program

Quantitative analysis of the MS data against reasonable
rockburst prediction criteria to produce an early warning is an
important procedure. However, the occurrence ofMS events usually
has certain random characteristics due to the complexity of the
geological environment. Hence, statistical theory is usually used to
analyze MS events in a certain time and space. So far, a variety of
parameters have been selected as MS event statistical parameters
and rockburst risk assessment indicators (Ma et al., 2015;Mendecki,
2023), including 1)MS event numbers, such asMS event distribution
density and frequency concentration ratio, 2) MS event energy,
such as energy density, energy index, energy ratio, total amount of
energy,momentmagnitude, apparent stress, apparent volume, 3)MS
event number and energy composite index, called the b-value. In
this study, the BSN system employs three parameters as evaluation
indexes: the number of MS events, moment magnitude, and energy.
Among them, MS energy is defined as the energy radiated from the
MS source, which is the occurrence position of the microfracture in
the rock mass. The radiated seismic energy (EP,S) can be calculated
by Eq. 1 (Liu J. P. et al., 2020), and it is the most important and
widely used rockburst warning parameter. In general, the radiated
seismic energy (EP) of the P-wave is much smaller than that (ES) of
the S-wave (Boatwright and Fletcher, 1984).

EP,S =
8
5
πρvP,SR

2∫
ts

0
μ2corr(t)dt, (1)

where ρ is the rock density, vP,S is the velocity of P- or S-wave, R
is the propagation distance of MS wave, μcorr is the velocity pulse in
the radiation pattern, and ts is the MS event duration.

Moment magnitude, MW, is another important parameter in
MS monitoring, calculated by Eq. 3, and it mainly describes the
mechanical strength of a seismic event. The moment magnitude of
an MS event is determined by the following equations (Stork et al.,
2014). M0 must be estimated, and, therefore, MW is calculated. In
addition to Eq. 2, M0 can be estimated based on the MS waveform
in the time domain or the frequency domain.

M0 = uDS, (2)

MW =
2
3
logM0 − 6.0, (3)

where M0 is the seismic moment, u is the shear modulus, D is
the average slip distance of microfracture, and S is the area of the
microfracture surface.

According to existing research experience, the energy of MS
events varies from 0 to thousands or tens of thousands, but the
indicator range of the moment magnitude may only be from −3 to 3
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TABLE 2 Wave speed experiments of granite.

Specimen number Wave type Wave speed (m/s) Average P-wave speed (m/s)

1# P-wave 3,176

2,821
2# P-wave 2,417

3# P-wave 2,917

4# P-wave 2,775

TABLE 3 Rockburst risk level prediction criteria.

Rockburst risk level
prediction

Primary evaluation index Auxiliary evaluation index Auxiliary evaluation index

Energy range (J) Moment magnitude range Number of MS events

No rockburst 0∼900 −3 ∼ −0.2 ≥0

Slight rockburst 900∼9000 −0.2∼1 ≥1

Moderate rockburst 9000 ∼ 2e6 1∼3 ≥5

Intense rockburst 2e6 ∼ 2e7 3∼5 ≥10

Extremely intense rockburst >2e7 >5 ≥20

for a microseismic event. To better classify the rockburst risk level,
theMS event energy was considered as the primary evaluation index
on account of its large indicator range, and the other two parameters,
moment magnitude and number of MS events, were regarded as
the auxiliary evaluation indexes. The rockburst risk level prediction
criteria were first established based on previous project experience
and then modified to form reasonable prediction criteria according
to the in situ microseismic activity and rockburst situation of the
specific project. It follows that it is almost impossible to summarize
one uniform criterion for the rockburst prediction, especially for
differentmonitoring projects. Table 3 exhibits the prediction criteria
suitable for the Tianshan-Shengli tunnel. It should be noted that only
the index range of the slight rockburst is verified in the Tianshan-
Shengli tunnel, while the index ranges of other rockburst risk levels
are based on previous project experience. The criteria values need
to be corrected and verified if they will be used as a reference for
other projects.

In Table 3, the rockburst risk level is determined mainly on
the basis of the maximum daily MS event energy monitored.
The event energy is highly positively correlated with the moment
magnitude, and the latter can be used as an auxiliary index. The
number of daily MS events is generally not used as an evaluation
index, but the daily evolution of the number of events helps to
determine the rockburst risk level and can be used as an auxiliary
index. The threshold values documented in Table 3 are the most
significant and key parameters to assess the rockburst risk level in a
specific MS monitoring situation. These values are determined after
field verification and correction, in combination with our previous
practical experience in other projects. The listed threshold values
are validated via field application comparison; that is, the actual

rockburst situation is compared with the rockburst level predicted
according to the monitoring data and prediction criteria.

4.3 Application case of rockburst early
warning

The BSN system operates continuously for 24 h every day,
except during sensor migration. In the process of carrying out
MS monitoring and rockburst prediction, the working outputs
are presented in the form of daily monitoring and early-warning
reports. Every day, technicians need to visit and check the rock
mass situations near the tunnel face during TBM maintenance
to verify the accuracy of the previous day’s warning results.
During the checking, the location of the rockburst should be
photographed, recorded, and marked with spray paint to facilitate
future comparison and research. For the Tianshan-Shengli tunnel,
the TBM maintenance time is from 8 a.m. to 12 a.m. In the
meantime, other technicians extract the previous day’s MS event
monitoring data from the data storage server and thenwrite the daily
report to predict and early warn about the current rockburst risk
level, combining with MS data, surrounding rock properties, and
prediction criteria.

The following is an application example case from 11 August
2023. The daily report documented eight MS events in the warning
area from 09:00 on 10 August 2023 to 09:00 on 11 August 2023,
with energies ranging from 0.12 J to 7645 J andmomentmagnitudes
ranging from −1.56 to 0.51. Of these, one MS event had a large
energy and moment magnitude. The MS events were mainly
concentrated on the left and top of the tunnel, as shown in Figure 9.

Frontiers in Earth Science 09 frontiersin.org

https://doi.org/10.3389/feart.2024.1391509
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhao et al. 10.3389/feart.2024.1391509

FIGURE 9
Case 1: Spatial and temporal distribution characteristics of MS events and the actual occurrence of rockburst. (A) Spatial and temporal distribution
characteristics of MS events on 2023.08.10; (B) Slight rockburst in the roof on 2023.08.11.

In the warning area of the tunnel, the main surrounding rock is
granodiorite, which has a breezed, blocky structure with slightly
developed joints and cracks. The rock mass is relatively complete
with a fissured blocky structure, and uniaxial compressive strength
Rc = 71–120 MPa. The surrounding rock classification is grade III,
with average self-stability. Hence, it is inferred that the rock mass
fracture is more likely to occur near peg no. PK84+627∼PK84+646,
and there is a slight rockburst risk.Themeasure recommended in the
daily report to handle rockburst risk is to strengthen the surrounding
rock inspection and personnel protection near the risk area. The in
situ actual rockburst that occurred on 11 August 2023 confirmed the
report results (see Figure 9).The rockburst occurred in the roof area
at a location (peg no. PK84+633) close to the warning area. Potential
rockbursts generally occur within 1–2 days after the rockburst risk
earlywarning in the daily report, and the lead time in this application
case was approximately 10 h.

In another application case on 16 August 2023, the daily report
mentioned that eight MS events were detected from 09:00 on 15
August 2023 to 09:00 on 16 August 2023 in the warning area. The
energies of MS events ranged from 4.5 J to 1030 J with moment
magnitudes of −1.06 to −0.19. Seven of the MS events had large
energies and moment magnitudes. The monitored MS events were
mainly concentrated in peg no. range of PK84+682 ∼ PK84+692,
as illustrated in Figure 10. Furthermore, in combination with the
rockmass properties and the surrounding rock classification similar
to Case 1, the daily report on 16 August inferred that the rock
mass fracture was more likely to occur in the roof near peg no.
PK84+682 ∼ PK84+692, which was the location of the monitored
MS events with large energies, and there was a slight rockburst
risk. Recommended measures to handle rockburst risk included
strengthening the surrounding rock inspection in the existing
rockburst area, cleaning loose stone in a timely manner, covering
and filling the rockburst area, and strengthening support to avoid
continued rock caving. After the daily report, rockbursts occurred
at multiple warning locations, including peg nos. PK84+677 and

PK84+687 (see Figure 10). The second case also reveals a good
agreement between the rockburst prediction and early-warning
achievements and site survey results.

Accurate rockburst prediction and early-warning results can
help the tunnel TBM construction crew to take measures in advance
to deal with the rockburst risk. Based on the two application cases,
most of the rockburst in the Tianshan-Shengli tunnel is delayed
rockburst. Combinedwith previous rockburst records, the rockburst
generally occurs at least 2 days or more after the rock mass is
exposed from the TBM tail shield, and the rockburst mainly occurs
at the tunnel vault and spandrel and then at the sidewall. In this
application case, the rockburst occurred approximately 24 h after the
early-warning report.

The comprehensive prediction accuracy of the BSN system is
more than 90%, including positive and negative predictions. The
accuracy of positive rockburst prediction is about 85%. Tominimize
false early warnings, it is necessary to continuously correct and
improve the prediction criteria.Moreover, the positioning algorithm
and the influence of sensor arrays andparameters need further study.

The characteristic evolution of the monitored MS events from
10 to 16 August is summarized in Figure 11. It can be seen that the
change of maximum energy has a good positive correlation with
that of maximum moment magnitude, so it is reasonable to select
one parameter as the primary evaluation index of the rockburst risk
level and another as the auxiliary index, as mentioned in Table 3.
Based on statistical analysis of a large amount of monitoring data,
their logarithmic values are linearly correlated. In addition, there
is not a clear correlation between the number of MS events and
maximum energy or moment magnitude. Hence, it is infeasible to
predict rockburst effectively only by the number of MS events.

Because of the artificial analysis and prediction workflow, the
prediction period is delayed by 1 day and is not ideal for providing
timely warning about large-energy or large-magnitudeMS events to
the TBM construction operations. The BSN cloud service platform
can make up for this deficiency. The MS data can be automatically
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FIGURE 10
Case 2: Spatial and temporal distribution characteristics of MS events and the actual occurrence of rockburst. (A) Spatial and temporal distribution
characteristics of MS events on 2023.08.15; (B) Slight rockburst at the peg nos. PK84+687 and PK84+677 on 2023.08.16.

FIGURE 11
MS event characteristic evolution from 10 August 10 to 16 August.

transmitted from the data storage server to the cloud platform in
real time after the MS data are sent from the data acquisition box
to the data storage center. At the same time, the automatic analysis
of MS data is also completed in the cloud platform in real time,
including the analysis results of MS event position, energy, moment
magnitude, and so on.The automatic analysis process is the same as
the artificial analysis; that is, theMS event identification is based on a
waveform, and then event characteristic calculations include energy

and moment magnitude. When the energy or moment magnitude
of an event exceeds a set threshold, the cloud platform will send
a warning of a large-energy MS event to users through the cloud
platform’s interactive interface, messages, and emails. The threshold
adopts the value of a slight rockburst risk level mentioned in Table 3,
and the warning time of a large-energy MS event is a few seconds
after an event that exceeds the threshold. Because the analysis is
affected by the complex signal environment in the tunnel and the low
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FIGURE 12
Interactive interface of the BSN cloud service platform.

accuracy of MS signal waveform recognition, the warning messages
from the BSN cloud service platform should be handled first by
the MS monitoring group. That group will further identify the
effectiveness of the detected MS event and then decide whether
to alert to a rockburst risk for the tunnel construction team. The
BSN cloud service platform provides a real-time warning for large-
energy events that is more timely than a daily artificial analysis
rockburst report. Furthermore, the BSN cloud service platform
also has functions such as a system failure alarm and MS activity
statistics, as shown in Figure 12.

The BSN monitoring system has good reliability based on its
preliminary application in the Tianshan-Shengli tunnel. The MS
monitoring can effectively predict and warn of rockburst disasters
for the tunnel excavated by TBM by using the artificial analysis of
daily reports and automatic analysis of the cloud service platform. A
large number of MS events clustered near the sensors is a common
phenomenon for the BSN system. As the distance from the sensor
array increases, the system sensitivity decreases, and more work
needs to be done to improve the ability of the BSN system to detect
MS events far from the sensors.

Compared with the existing methods used for rockburst
prediction and early warning in tunnel excavation projects, the
proposed approach based on the BSN system is simple to install
and offers high timeliness and automation. The obvious limitations
include shorter monitoring distances and fewer application cases.

5 Conclusion

This article presents a valuable application case of rockburst
prediction and early warning in a tunnel excavated by TBM using
a new MS monitoring system, the BSN system, including the
monitoring principle, system characteristics, and sensor array. The
following conclusions can be drawn.

(1) The potential rockburst risk level of the Tianshan-Shengli
tunnel is analyzed first by its geological characteristics and rock
mechanical properties.Within the 2 kmmonitoring area, most
areas are at risk of strain rockburst due to higher geostress and

rock strength. When the tunnel face is close to a geological
fault, the probability of a severe fracture rockburst is higher
because more energy is stored in the large-scale geologic
structure.

(2) The BSN monitoring system developed by BGRIMM has
hardware advantages, and the BSN system combines the
Geiger method and the double-difference algorithm as the
positioning algorithm. Its comprehensive positioning error is
5–10 m. It is an outstanding highlight for the BSN system
that combines artificial analysis and cloud platform automatic
analysis. The former provides more accurate daily rockburst
prediction and early warning, while the latter offers real-time
early warning for large-energy or large-magnitude MS events.
As for the sensor installation, a new layout scheme is proposed
for the Tianshan-Shengli tunnel. The geophone is fixed on
the tail of a 2 m bolt with the help of a semicircular steel
tube and hose clamp, thus reducing the amount of drilling
work and improving the convenience of installation and
recycling.

(3) According to the preliminary application of the BSN system
in the Tianshan-Shengli tunnel, rockbursts in the middle pilot
tunnel excavated by TBM are mainly delayed rockbursts that
occur approximately 2 days after the rock mass is exposed
from the TBM tail shield. The occurrence position of a
rockburst can be predicted, and the rockburst mainly occurs
at the tunnel vault and spandrel and then at the sidewall.
However, it is difficult to forecast the occurrence time of a
rockburst, even though the generation time of MS events can
be determined. In terms of MS activity and rockburst risk
level prediction, the BSN system selects the MS event energy
as the primary evaluation index of the rockburst risk level
and the number of MS events and moment magnitude as
the auxiliary index. The evolution of maximum energy over
time is highly positively correlated with that of maximum
moment magnitude. For the two application cases mentioned
in this article, the rockburst prediction and early-warning
achievements have good agreement with the site survey
results. Therefore, the BSN monitoring system is a reliable
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tool to predict and provide early warning of rockburst
disasters.
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