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Abstract: To study the surrounding rock stability of the excavated geologically weak section of the
#2 diversion tunnel in the Xulong Hydropower Station, a quasi-3D numerical model was built using
the Realistic Failure Process Analysis (RFPA3D) system to simulate the damage and failure process
consisting of crack initiation, growth, and penetration in the rock mass after tunnel excavation, and
reveal the instability failure mechanism inside the rock mass. Moreover, the microseismic monitoring
technology was employed to delineate potential danger areas in the surrounding rock of the tunnel
and explore possible instability failure modes. Results indicate that the surrounding rock of the
tunnel profile failed as different degrees during the excavation process, most obviously near the
vault and corners of the side wall, where tensile failure predominated. As the excavation proceeded,
microseismic events increased gradually at the vault and corners of the side wall, and the energy
from acoustic emissions accumulated steadily, thus raising the possibility of collapse and rock bursts
in this area. The research results can provide technical support for the construction of the diversion
tunnel project in the Xulong Hydropower Station and serve as a guide for the construction of similar
geologically weak underground projects.

Keywords: surrounding rock stability; RFPA3P; microseismic monitoring; diversion tunnel; Xulong
Hydropower Station

1. Introduction

China has focused on the development and use of hydropower projects in the lower
reaches of the Yalong River and upper reaches of the Jinsha River, with the aim of “achiev-
ing carbon neutrality before 2060”. Southwest China is located in the high mountain valley
area of the Hengduan Mountains on the eastern edge of the Qinghai-Tibet Plateau. It is
characterized by its high altitude, high ground stress, and complex rock structure. For
hydropower plants in this area, underground caverns are often the most practical and
cost-effective option for meeting topographic, spatial, building layout, and construction
requirements. The construction of underground caverns for hydropower projects will
face great risks and challenges due to the strict requirements for rock quality, construction
cycle and safety standards, and complicated construction procedures. The surrounding
rock is likely to become unstable and damaged during construction due to poor exca-
vation and delayed support, which could result in casualties and property losses. For
example, the Baihetan underground powerhouse has the largest excavation size in the
world. During the excavation of underground caverns, rock collapses dominated by high
geostress and geological structures posed serious threats to field construction [1]. An
unexpectedly powerful rock burst that occurred in November 2009 during the construction
of the Jinping-II drainage tunnel destroyed all the support systems in the affected sections,
seriously damaged the TBM equipment, and killed seven workers [2]. Tunnel excavation

Appl. Sci. 2022, 12, 9939. https:/ /doi.org/10.3390/app12199939

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app12199939
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-4206-8487
https://doi.org/10.3390/app12199939
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app12199939?type=check_update&version=2

Appl. Sci. 2022,12, 9939

2 of 14

of the Neelum-Jhelum Hydropower Project in Pakistan has been hindered by the ground
composition of the Himalayas, faces the project complexities, geological environments
involving significant overburden and tectonic stresses, and effects of the excavation method
on tunnel stability. This causes time and cost overruns directly [3]. Therefore, it is crucial
to assess the stability of surrounding rock during the excavation and unloading of under-
ground caverns, to promptly inform the constructor of unstable areas, and to implement a
reasonable construction and support reinforcement plan.

As an important research method, numerical modeling is now widely used by scholars
to study the rock excavation and unloading process, and predict the instability failure mode
and impacted area in the rock mass. To determine the deformation and stress distribution
around the caverns and to analyze the impacts produced by weak structural planes and
multiple caverns in the rock mass, Dhawan et al. [4] developed a three-dimensional finite
element model for analyzing the stability of underground caverns. Hao et al. [5] examined
the impact of faults on the plastic zone and displacement of underground caverns using the
Universal Distinct Element Code (UDEC) numerical modeling software. Yazdani et al. [6]
performed displacement-based back analysis using finite element and discrete element
methods to determine geomechanical properties of the rock in underground caverns, such
as stress ratios and joint parameters. Ma et al. [7] investigated the failure mechanisms
and movement characteristics of rockfalls through a three-dimensional discontinuous
deformation analysis (3D DDA) method. Song et al. [8] conducted pore-scale modeling on
the methane hydrate dissociation and transportation in the reconstructed three-dimensional
models of the MH-bearing sediment. Cai et al. [9] studied the acoustic emission pattern
during the excavation and unloading process of underground plants using the FLAC/PFC
coupled numerical modeling method. Jing [10] studied the stability of rock with anisotropic
fractures in a tunnel using discontinuous deformation analysis (DDA) in the discrete
element method (DEM).

In addition to numerical simulation, Field monitoring is also a common method for
studying the mechanical response and stability of the underground rock. Field monitoring
data can visually reflect the stress-strain characteristics of the rock mass in underground
caverns. Routine monitoring methods include ground stress measurement, bolt stress
meters, acoustic testing, and geological radar [11-14]. The monitoring results can better
reflect changes in deformation and mechanical parameters on the section, but they have
spatial limitations and make it difficult to capture micro-fractures within the rock mass,
which are frequently the precursor to macroscopic instability failure in the rock mass. As a
3D monitoring method, microseismic monitoring can detect micro-fractures within the rock
mass in advance, allowing for the forecast of risk areas in the rock. Li et al. The authors
in [15] analyzed the microseismic b-values associated with rock mass large deformation
and their temporal variation. Li et al. [16], based on tempo-spatial characteristics of
the microseismic events, analyzed the relation between microseismic activities and field
construction and revealed the main damage regions. Le$niak and Isakow [17] analyzed the
clustering characteristics of microseismic events and developed a time-based function for
high-energy fractures in coal mines. Hudyma and Potvin [18] developed a microseismic
monitoring method to manage hazards in underground hard rock mines. Ma et al. [19]
investigated the focal mechanism of seismic events induced by underground mines using
an optimized moment tensor inversion method. Cai et al. [20] quantified the rock damage
in the experimental tunnel using the source radius. Ma et al. [21] examined the stability
of the surrounding rock of high-slope tunnels by analyzing the spatial and temporal
characteristics of microseismic events. Dai et al. [22] classified the dominant factors of
clustering microseismic events and proposed a method for studying the large deformation
of rock in underground plant caverns based on source parameters.

In the present study, the incorporated method involving RFPA®P and MS monitor-
ing technique is applied to analyze the stability of the surrounding rock, aiming at the
instability failure problem inside the rock mass caused by the redistribution of ground
stress after excavation in the geologically weak section of the #2 diversion tunnel in the
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Xulong Hydropower Station in the upper reaches of the Jinsha River, and analyzes the
progressive instability failure of the tunnel using the RFPAP numerical modeling software
by comparing the spatial and temporal evolution characteristics of microseismic events
to reveal the whole process from micro-fracture initiation, growth, and propagation, to
penetration within the surrounding rock after tunnel excavation, and identifies potentially
unstable areas after tunnel excavation. The research findings can be used to provide techni-
cal support for stability evaluation and risk prediction prior to and after excavation of the
#2 diversion tunnel in the Xulong Hydropower Station, and can also provide experience
for similar hydraulic tunnel excavation.

2. Engineering Background

The Xulong Hydropower Station is located in the upper reaches of the main stream
of the Jinsha River at the junction of Deqin County, Yunnan Province and Derong County,
Sichuan Province. This primary task of the project development is power generation, which
is one of the backbone power points for west-east power transmission. It has an average
annual flow of 990 m3/s at the dam site and an average annual runoff of 31.3 billion m3.
The reservoir has a normal water level of 2302 m, a dead water level of 2294 m, a designed
flood level of 2303.42 m, a maximum flood level of 2305.89 m, and a total capacity of about
847 million m3. The hydropower station has an installed capacity of 2400 MW and can
generate 10.319 billion kWh of electricity annually.

According to site exploration data, the larger-scale faults on the left bank of the dam
site were F1, F2, and F3, while the rest were III or IV structural planes, primarily steeply
dipping faults orthogonal to the Jinsha River. The ground stress increased generally with
burial depth, primarily at a medium level, and the concentration area of local stress was
dominated by medium and high levels of stress. The riverbed area showed an obvious
stress increase, with the maximum horizontal principal stress ranging from 2.9 MPa to
16.7 MPa, and high ground stress phenomena such as core discing occurred locally. The
rocks are mainly granite, migmatite, and amphibolite schist. Their uniaxial compressive
strength is 80~120 MPa and elastic modulus is 30~50 GPa. Figure 1 shows the geological
axis profile of the #2 diversion tunnel on the left bank. Located at the downstream lateral
border of the F2 fault, the inlet of the diversion tunnel had an elevation of 2155 m, a length
of 1446.67 m, and a thickness of the overlying rock on the vault ranging from 50 m to 280 m.
Moreover, the diversion tunnel and auxiliary tunnels were dominated by a medium level
of ground stress.
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Figure 1. Geological axis profile of the #2 diversion tunnel.

3. Numerical Modeling
3.1. Basic Principles of RFPA

The RFPA is a numerical calculation method for analyzing the material fracture
process based on finite element stress analysis and statistical damage theory, as well as a
numerical test tool capable of simulating the entire material progressive fracture process
until instability [23]. It is a new numerical analysis method for the material fracture process,
which can simulate nonlinearity through material non-uniformity and mechanical problems
of discontinuous media with the continuum mechanics theory. One significant aspect of this
method is that it takes material non-uniformity into account. In 1995, Tang et al. [24] from
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Northeastern University developed the RFPA2D system based on the finite element theory
and a new material fracture process algorithm thought, which simulates the nonlinearity of
material by considering its non-uniformity, simulates material discontinuous behaviors
like deformation and failure by weakening elements, and can be used to study the whole
process of the rock (rock mass) material from mesoscopic damage to macroscopic failure.

Based on this basic principle, the parallel algorithm was introduced to the RFPA3P
system that is a numerical analysis tool [25] for solving the mechanical problems of discon-
tinuous media with the continuum mechanics theory by performing mesoscopic element
failure analysis and finite element stress analysis. Combining the statistical damage theory
with the numerical calculation method and considering the non-uniformity of rock material,
it simulates the nonlinear behavior of rock formation and fracture. The development of the
RFPA3P system aimed to build a 3D model with higher theoretical research value, and it
has been more widely used in engineering.

3.2. Twin-Shear Unified Strength Criterion

In 1994, Professor Yu [26] from Xi’an Jiaotong University proposed the unified strength
theory applicable to geotechnical materials—twin-shear unified strength, which holds that
the failure of material begins when the combination of the two larger shear stresses applied
to the twin-shear element and the positive stress applied to the element surface reaches a
critical value. Its mathematical expression is:

T3 + b1i2 + B(013 + bopp) = ¢

(T12 + Boi2 > T3 + Bo23)

F = 1
Ti3 + bz + ,3(0'13 + 170'23) =c @

(T12 + Borz < T3 + Po23)

where b is the coefficient reflecting the effect of the intermediate principal shear stress, 5 is
the coefficient reflecting the effect of the positive stress on the failure of the material, and ¢
is the strength parameter of the material.

In geotechnical engineering, the compressive strength parameter o, is generally used,
and Equation (1) can be expressed as:

%0’1 - fﬂ(baz +03) =0;

(02 < 52)
F = 1
w01 +boz) — 03 = 0c
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where « is the maximum ratio of the tensile to the compressive strength of the material,
thatis, x = 0y/ 0.

In this paper, this strength theory was introduced by simulating the damage to the
surrounding rock after tunnel excavation with RFPA3P.

()

3.3. Modeling

Since stakes K0+765 to K0+775 of the #2 diversion tunnel in the Xulong Hydropower
Station pass through the F1 fault, due to the existence of faults, the stress and deformation
distribution of surrounding rock are seriously affected. This section is dominated by class V
surrounding rock, with high ground stress and high possibility of disaster. [27]. Therefore,
this section was selected for the study. Since there are some limitations on the establishment
of complex models in RFPASP, the solid model can be established in the finite element
analysis software ANSYS first, and the data transformation interface program AtoR can be
prepared using C language to extract and import the node and element information from
the ANSYS model into RFPA®P. Modeling and imposing constraints is simple in ANSYS
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and it is also easy to mesh the model. This will allow for the creation of the tunnel model to
be constructed more quickly and conveniently [28-30]. According to site actual conditions,
a geological model of 50 m x 50 m x 10 m was firstly established in ANSYS, and a
horseshoe-shaped tunnel cavern was excavated in the middle of the model with a height of
16 m and a width of 14 m according to the actual structural and dimensional characteristics
of the diversion tunnel. Then, the model was meshed to ensure that all elements were
hexahedrons with eight nodes, and the sweep function was recommended in meshing,
as shown in Figure 2. Finally, normal constraints were applied to a triple (0, 0, 0), and a
stress boundary condition with a lateral pressure coefficient of 1 was applied to a triple
(50, 50, 10) according to the actual ground stress environment of the tunnel. After the
model with meshes and constraints was imported into RFPA3P, a 3D model considering
the non-uniformity of the rock mass was generated according to the Weibull distribution,
as shown in Figure 3.

Figure 2. Model meshing.

Figure 3. A 3D calculation model.

To reveal the rupture zone, observe acoustic emission and compare with microseismic
monitoring, the Mohr—Coulomb model was selected, which is more consistent with reality.
The input parameters were determined by consulting the geological data obtained through
field measurements; Table 1 lists the selected mechanical parameters of the rock mass. The
strength reduction method [31] was employed in the calculation process, which continu-
ously reduced the initial strength f; of the material, and f; unified the compressive (shear)
and tensile strengths of the element material according to the following reduction criterion:

fotriul _ fO (3)

- Fstrial

where fo!"! is the test strength and Fs"" is the test safety factor.
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Table 1. Mechanical parameters of the rock mass.

Elastic Uniaxial Compressive Poisson’s Ratio Internal Friction Residual Streneth Coefficient of Coefficient of
Modulus (GPa) Strength (MPa) Angle (°) 8 Confining Pressure  Homogeneity
10 35 0.25 30 0.1 2 5

3.4. Modeling Results and Analysis

Figure 4 shows the distribution of the maximum principal stress. Under the action of
the applied confining pressure, the maximum principal stress first started to concentrate at
the bottom corner of the side wall of the tunnel, and the stress on the surrounding rock of
the tunnel profile also increased immediately. As the loading continued, cracks started to
be generated from the tunnel vault and bottom corners of the side wall, forming multiple
main cracks that propagated around and bifurcated during the propagation process. The
cracks on the vault and bottom developed faster, and those on the side wall developed
slower. The tunnel was unstable at this point because the late loading stage caused all the
cracks in the surrounding rock of the tunnel profile to be penetrated. Figure 5 shows the
distribution of the maximum principal strain, which was constant throughout the loading
and failure process of the rock mass. Figure 6 shows the changes in the elastic modulus of
the rock, with the red color indicating the failure area. It can be seen that the distribution of
the failure is consistent with that of the maximum principal stress.
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Figure 6. Distribution of the elastic modulus.

In practical engineering, the ground stress field cannot be directly observed, but rock
fracture will occur, so the acoustic emission phenomenon can be monitored to understand
the failure of the surrounding rock. Figure 7 shows the spatial distribution of the acoustic
emission phenomenon during the failure process of rock. The center of the sphere in the
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figure represents the location of the acoustic emission, and the radius of the sphere indicates
the relative magnitude of the energy released from the acoustic emission. In Figure 7, the
red sphere and blue sphere represent the acoustic emission events generated from the
failure of elements satisfying the tensile criteria or shear criteria, respectively. As can be
seen from the figure, in the initial loading stage, a large number of red spheres started to
concentrate at the tunnel vault and bottom corners of the side wall, indicating that the rock
damage gradually propagated at this moment. As the loading proceeded, the red spheres
on both sides of the tunnel also started to increase, and there were red spheres of larger
radius gathering at the tunnel vault and corners of the side wall continuously, indicating
that the rock fracture intensified and the energy released increased at this time. Meanwhile,
blue spheres began to appear at the tunnel vault and bottom, indicating that shear failure
occurred locally, but this area was dominated by tensile failure. In the late loading stage,
the red spheres kept expanding inward and the blue spheres kept increasing, indicating
that the damage to the side wall kept intensifying and that more and more energy was
released by micro-fractures. Especially, acoustic emissions were mainly concentrated at
the tunnel vault and corners of the side wall. The damage distribution of the vault and the
corners of the side walls are influenced by the in situ stress and weak structures. Moreover,
the distribution of the initial in situ stress field in the tunnel surrounding rock will influence
the damage range and degree. Inevitably, the increase of lateral pressure coefficients will
expand the damage range and degree. Therefore, this area had a high probability of rock
bursts and required intensive monitoring in the project, so that preventive measures could
be taken before the disaster occurred.
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Figure 7. Acoustic emissions during the tunnel failure.

4. Characteristics of Microseismic Events in the Tunnel
4.1. Microseismic Monitoring System of the #2 Diversion Tunnel

The deformation and failure caused by the excavation of underground caverns was
essentially the evolution process of rock micro-fractures from initiation, growth, propa-
gation, aggregation, and penetration, to macroscopic failure. Therefore, the aggregation
and evolution characteristics of micro-fractures in the rock mass are often used as the
precursor of macroscopic instability failure of the rock mass. Microseismic monitoring, as a
3D monitoring method, originated abroad when the first seismic station was established in
the Ruhr coalfield in Germany in 1908 to monitor seismic events induced by mining [32].
The microseismic monitoring system can collect micro-fracture information inside the rock
mass in real time for assessing the stability of the engineering rock mass. In response to
the randomness and multiplicity of deformation, rock bursts, and other issues caused by
the excavation and unloading of deep tunnels, the diversion tunnel project in the Xulong
Hydropower Station was equipped with the high-sensitivity microseismic monitoring
system produced by Canadian ESG, which could provide real-time monitoring. It mainly
consists of the acceleration sensor, Paladin digital signal acquisition system, and Hyperion
digital signal processing system. Figure 8 shows the network topology of the microseismic
monitoring system.
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Figure 8. Network topology of the microseismic monitoring system.

The microseismic monitoring system of the #2 diversion tunnel implemented 24 h
monitoring. In particular, the microseismic sensor converted the received microseismic
signals into electrical signals, which were transmitted to the Paladin digital signal acquisi-
tion system through the cable and converted into digital signals with a 24-bit ADC. Finally,
the digital signals were recorded and saved automatically by the Hyperion digital signal
processing system. Due to the long transmission distance from the Paladin acquisition
substation to the Hyperion host, they were connected by optical fiber in order to ensure the
stability and integrity of the transmitted signals, and the conversion between digital signals
and optical signals was completed by using an optical-to-electrical (O/E) converter. The
data collected onsite could be shared through wireless network transmission, so that the
Xulong camp office and the calculation and analysis center in Chengdu could download
the microseismic data in real time, thus conducting risk warning and stability evaluation
for the excavation of the #2 diversion tunnel based on calculation, analysis, and research.

4.2. Spatial and Temporal Distribution of Microseismic Events

The microseismic monitoring system of the diversion tunnel started to run normally on
17 December 2021, and stakes K0+765 to K0+775 of the #2 diversion tunnel were excavated
from 3 June to 13 June 2022. During the construction period, a total of 104 valid events
were collected after the site interference signals such as mechanical noise were removed,
including 92 microseismic events.

Figure 9 shows the temporal distribution of microseismic events. As can be seen from
the figure, the microseismic events gradually increased from 3 June to 8 June, reached
the peak on 9 June to 10 June, and maintained at about 20, and the surrounding rock was
continuously disturbed. Based on the energy dissipation principle, each micro-fracture
of the surrounding rock is accompanied by the release of energy. The cumulative energy
released from microseismic events suddenly increased on 9 June and 10 June, indicating
that frequent microseismic events intensified the release of energy. Then, the number of
microseismic events decreased significantly from 11 June to 13 June and maintained at about
5. The moment magnitude was mostly distributed between —1.0 and 0.5, representing
small-magnitude events, as shown in Figure 10. The site construction dynamics indicated
that the site was under normal construction from 3 June to 8 June, and the construction
intensity started to increase on 9 June and 10 June in order to complete the workload, which
directly led to the intensification of internal micro-fractures of the rock mass and extremely
frequent microseismic events. The site investigation showed that the deformation and
failure of the rock mass occurred on the left front of the tunnel face (as shown in Figure 11),
and there were risks of rock bursts. For construction safety purposes, the blasting work was
stopped on 11 June and 12 June, and support was provided for the surrounding rock. After
the support was completed on 13 June, the tunnel excavation was continued, with a much
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lower intensity than before, so the microseismic events remained at a low level during
these days. Thus, the frequency of microseismic events could better reflect the construction
intensity of underground plants.
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Figure 9. Temporal distribution of microseismic events.
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Figure 11. Deformation and failure of the surrounding rock on the left side of the tunnel face.
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Figure 12 shows the spatial distribution of microseismic events, in which the size of
the sphere represents the energy level of microseismic events, and different colors represent
varying magnitudes of microseismic events. From Figure 12a,b, it can be seen that most of
the microseismic events were distributed near the tunnel vault and corners of the side wall,
and a few appeared near the side wall of the tunnel, indicating that most of the microseismic
events were distributed at the tunnel vault or corners of the side wall. Therefore, more
serious failure occurred in this area. The failure area of the surrounding rock of the tunnel
can be seen from the spatial distribution of microseismic events. Figure 12¢,d are the
density cloud maps of the microseismic events, in which the color shades represent varying
densities. It can be seen that the energy loss of the rock mass after tunnel excavation was
mainly concentrated near the vault and corners of the side wall, which was consistent with
the spatial distribution of microseismic events. Therefore, it can be revealed that this area
was the main damage zone of the tunnel rock and there were risks of instability failure.

4.3. Comparison between Modeling Results and Microseismic Monitoring Results

A comparative analysis of the spatial evolution of acoustic emissions during the tunnel
failure after excavation modeled by RFPA3P and the monitoring data of microseismic events
(as shown in Figure 13) shows that the spatial evolution of acoustic emissions based on
the twin-shear unified strength theory and the strength reduction method was consistent
with the distribution of detected microseismic events. They all prove that the most serious
failure of the surrounding rock occurred at the tunnel vault and corners of the side wall,
which had high risks of collapse and rock bursts. According to the seismological theory,
the ratio of S-wave energy to P-wave energy, Es/Ep, is often used as one of the indicators
to reveal the failure mechanism of the surrounding rock. In particular, slip or shear failure
often occurs when Eg/Ep > 10, and tensile failure often occurs when Eg/Ep < 3 [33]. As
can be seen from Figure 10, the majority of microseismic events had Es/Ep < 3 in this
area and a fraction of microseismic events had Eg/Ep > 10, so the excavated section of the
tunnel was dominated by tensile failure accompanied by shear failure. This conclusion is
consistent with the modeling results in Figure 7, which shows that the integrated method
based on the combination of field microseismic monitoring and RFPA3P modeling software
can be more accurate and effective for stability analysis of the excavation of the #2 diversion
tunnel in the Xulong Hydropower Station.
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Figure 13. Comparison between numerical modeling and field monitoring.

Tensile failure mainly occurs in the excavation of the geologically weak section of
the tunnel, and the failure is concentrated at the tunnel vault and corners of the side wall.
The existence of joints or faults may worsen the distribution of stress and deformation of
surrounding rock. Fractures tend to occur around the locations of joints or faults due to tress
concentration and weak mechanical properties of structures. In addition, the energy and
magnitude of microseismic events around the structures are relatively large and the failures
are dominated by tensile fractures, accompanied with some shear fractures. Therefore, it is
necessary to focus on the areas during excavation.

5. Conclusions

Based on RFPA3P numerical modeling and microseismic monitoring, the stability
of the excavated geologically weak section of the #2 diversion tunnel in the Xulong Hy-
dropower Station was analyzed and evaluated, with the following conclusions reached:

(1) Surrounding rock damage after excavation of the geologically weak section of the
#2 diversion tunnel was modeled by using RFPA3P. The maximum principal stress
concentrated around the tunnel profile and at the corners of the side wall in the study
area, and cracks were initiated and grew from the tunnel vault and bottom corner of
the side wall until they penetrated the entire profile. Acoustic emissions also started
to accumulate at the vault and corners of the side wall and then propagated along the
floor and side wall. The acoustic emissions at the vault and corners of the side wall
gradually increased in energy, making it a key monitoring target in the study area.

(2) Microseismic events were mainly concentrated near the vault and footwall during
the excavation of stakes K0+765 to K0+775. It was dominated by tensile failure
accompanied by shear failure. The frequency of microseismic events could better
reflect the frequency of excavation activities in underground plants, and microseismic
monitoring helped infer the damage evolution of the rock during the instability failure
process of the surrounding rock and delineate the potential risk area.

(3) The RFPA3P numerical modeling results and the data collected by the actual micro-
seismic monitoring system were consistent, which verified the damage area of the
surrounding rock in the excavated geologically weak section. The vault and corners
of the side wall, in particular, sustained the most serious damage, so it is necessary to
pay close attention to this area and provide timely support. Microseismic monitoring
played a key role in controlling the stability of the tunnel surrounding rock, and
it is required to continue to strengthen microseismic monitoring and take effective
measures to ensure the safety and stability of the slope during the construction and
operation periods in the subsequent construction process.
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