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Abstract: The water diversion surge shaft is vital for a hydropower station. However, the complex ge-
ological properties of the surrounding rock make it challenging to obtain its mechanical parameters. A
method combining particle swarm optimization (PSO) and support vector machine (SVM) algorithms
is proposed for estimating these parameters. According to the engineering geological background
and support scheme, a three-dimensional model of the water diversion surge shaft is established by
FLAC3D. An orthogonal test is designed to verify the accuracy of the numerical model. Then, the
surrounding rock mechanical parameter database is established. The PSO-SVM intelligent inversion
algorithm is used to invert the optimal values of the mechanical parameters of the surrounding rock.
The support for excavating the next layer depends on the mechanical parameters of the current rock
layer. An optimized design scheme is then compared and analyzed with the original support scheme
by considering deformation and plastic characteristics. The research results demonstrate that the
PSO-SVM intelligent inversion algorithm can effectively improve the accuracy and efficiency of the
inversion of rock mechanical parameters. Under the influence of excavation, the surrounding rock in
the plastic zone mainly fails in shear, with maximum deformation occurring in the middle and lower
parts of the excavation area. The maximum deformation of the surrounding rock under support with
long anchor cables is 0.6 cm less than that of support without long anchor cables and 4.07 cm less
than that of support without an anchor. In the direction of the maximum and minimum principal
stress, the maximum depth of the plastic zone under the support with long anchor cables is 1.3 m to
2.6 m less than that of the support without long anchor cables and the support without an anchor.
Compared with the support without long anchor cables and support without an anchor, the support
with long anchor cables can effectively control the deformation of the surrounding rock and limit the
development of the plastic zone.

Keywords: water diversion surge shaft; parameter inversion; numerical simulation; particle swarm
optimization; support vector machine

1. Introduction

As an important part of a water diversion hydropower station, the stability of the
surrounding rock of the water diversion surge shaft directly affects the safety of its opera-
tion [1,2]. Affected by factors such as rock properties and ground stress, the surrounding
rock safety of deep underground tunnels will face various safety threats [3-5]. Since surge
shafts are usually located in complex geological conditions, the mechanical properties of the
surrounding rock usually show nonlinearity, heterogeneity and anisotropy [6-8], resulting
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in the acquisition of mechanical parameters of surrounding rock, and the prediction of its
deformation characteristics is a major problem in engineering design. Although traditional
indoor tests and in situ tests can provide some information on surrounding rock mechanical
parameters, they are difficult to carry out due to the complex construction environment,
large engineering volume and lack of large-scale in situ monitoring [9,10]. Especially in
deep underground projects, the variability and uncertainty of surrounding rock parame-
ters make the construction potentially dangerous [11-13]. Therefore, a method that can
efficiently and accurately obtain surrounding rock parameters has important application
value in practical engineering.

Traditional inversion methods make it difficult to handle complex nonlinear prob-
lems and are also inefficient. The intelligent inversion method is data-based, combining
traditional numerical simulation and modern machine learning intelligent algorithms. By
learning from measured data, the optimal solution can be found in the multidimensional
parameter space, and the efficient identification of engineering parameters can thereby be
realized. This method not only breaks through the high dependence of traditional inversion
methods on initial values and objective functions but also can handle engineering problems
under highly nonlinear, multidimensional and complex boundary conditions. However, it
has high requirements for computer numerical simulation technology and big data pro-
cessing capabilities. With the rapid development of artificial intelligence technology and
computer science, numerical simulation [14-18] and machine learning algorithms [19-22]
have been widely used in tunnel engineering and deep geological engineering. Param-
eter identification and prediction methods in the field of geotechnical engineering have
entered a new stage. Based on the XGBoost model, a macro parameter prediction and
micro parameter inversion model is established, which can solve the complicated macro
and micro parameter calibration problem in the discrete element method simulation of rock
mechanics [23]. To obtain rock creep parameters, a secondary particle swarm optimization
(PSO) for rheological parameters inversion is proposed by Yang et al. [24]. According to
the wavelet analysis theory, the support vector machine (SVM) method is used to perform
inverse calculations on geotechnical mechanics by Ruan et al. [25], and the particle swarm
algorithm is applied to optimize the parameter function. An improved adaptive parti-
cle swarm optimization with a neural network algorithm is proposed to realize the back
analysis of tunnel surrounding rock mechanical parameters based on the displacement
information of the engineering site [26]. Among various intelligent algorithms, particle
swarm optimization and support vector machine have gradually become the mainstream
methods in the inversion of surrounding rock parameters due to their excellent perfor-
mance in global search and classification capabilities, and many new algorithms have been
derived according to engineering needs. Chen et al. [27] use PSO to optimize velocity
inversion and improve the imaging accuracy of the surface wave while using a tunneling
method for predicting geological structures. A new back-analysis method of rock mechani-
cal parameters combining the LS-SVM model and Littlewood-Paley wavelets is proposed
by Wang et al. [28]. Using PSO to estimate the optimal rheological parameter set, Kovacevic
et al. [29] establish a prediction model for the medium- and long-term vertical settlement
performance of soft rock tunnels based on their self-developed neural network NetRHEO.
VGGNet, ResNet and SVM are used by Ma et al. [30] to establish surrounding rock classifi-
cation models, among which the SVM classifier had the highest accuracy, revealing that the
SVM classification model has greater robustness in learning and generalizing small samples
and unbalanced samples. Based on the area under the curve method, it is found that the
prediction accuracy of the coupled model for landslide susceptibility assessment is signifi-
cantly better than that of the single information volume model and the SVM model [31].
Zhang et al. [32] developed an intelligent optimization algorithm that combines PSO and
Gaussian process (GP) theory. Then, the finite difference method (FDM) is applied to form a
PSO-GP-FDM displacement inversion analysis method. Yan et al. [33] propose an improved
Gaussian process regression (IGPR) with combinatorial kernel functions by adding two
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mononuclear functions. Combining PSO with the IGPR model, the PSO algorithm can be
employed directly to search for the optimal rock force parameters.

While many studies focus on inverting rock mechanical parameters using machine
learning, there is a lack of research specifically addressing the inversion of these parameters
for the stratified excavation of the water diversion surge shaft. To perform rock mechani-
cal parameter inversion more accurately and efficiently, the particle swarm optimization
and support vector machine are combined to propose a new rock mechanical parameter
inversion method. Using the PSO-SVM rock mechanical parameter inversion method, a
three-dimensional numerical model of the water diversion surge shaft excavation process is
established by FLAC3D. By inversely analyzing the mechanical parameters of the surround-
ing rock of the water diversion surge shaft, its deformation and plasticity characteristics
will be studied to provide a scientific basis and technical support for the design and safety
assessment of deep underground engineering.

2. PSO-SVM Inversion Method of Rock Mechanical Parameters
2.1. PSO Method

Particle Swarm Optimization is a global optimization algorithm based on population
intelligence [34]. The principle of PSO is shown in Figure 1. It originated from the study
of the foraging behavior of bird flocks and was proposed by Kennedy and Eberhart in
1995 [35]. PSO has several advantages, including its easy implementation, few parameters
and strong global search ability. It is suitable for solving complex nonlinear and multi-
parameter inverse problems and has been widely used in function optimization, neural
network training and combinatorial optimization [36,37].

Figure 1. Schematic diagram of particle swarm optimization.

PSO realizes the search for a globally optimal solution through the following
four steps.

(1) Generating a set of particles with random initial positions and velocities in the
search space, with each particle representing a possible solution.

(2) Calculating the fitness value of each particle and evaluating the advantages and
disadvantages of the solution according to the fitness value.

(3) According to the historical and global optimal positions of particles, adjusting the
velocity and position of each particle concerning the specific optimization formula.

(4) Judging the fitness of the particles and outputting the optimal solution if it meets
the termination condition; otherwise, returning to step (2) to continue the iteration.

2.2. SVM Method

Support Vector Machine is a supervised learning model proposed by Vapnik in
1995 [38]. The principle of SVM is shown in Figure 2. It is mainly used for classifica-
tion and regression analysis. SVM classifies samples of different classes by constructing an
optimal hyperplane. It has good generalization ability and is suitable for high-dimensional
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and nonlinear datasets, especially in small samples and nonlinear problems. However, it
has high computational complexity on large-scale datasets [39-41].

Support
a\\: : A A A
A

© 0 o i
O O interval

Figure 2. Schematic diagram of support vector machine.

The basic principles of SVM are as follows.

(1) Commonly used kernel functions include linear, polynomial and radial basis
functions. The choice of kernel function significantly impacts the classification effect
of SVM.

(2) A hyperplane that maximizes the classification interval is found by solving a
constrained optimization problem.

(3) The optimal hyperplane is used to predict the classification or regression of
new samples.

2.3. Inversion Steps of Rock Mechanical Parameters

Based on the engineering geological background and design scheme, the appropriate
surrounding rock constitutive model, support constitutive model and boundary conditions
are selected. The three-dimensional numerical model of the water diversion surge shaft is
established by FLAC3D. According to the long-term monitoring data of the dome on site,
the influence of each parameter on the maximum deformation is analyzed by SVM, the
parameter selection is optimized and the parameter orthogonal analysis table is formulated.
The in situ stress inversion is carried out for the monitoring and measurement of the
displacement. The calculated displacement of the numerical model is compared to the
monitored displacement to verify accuracy. Then, the deformation parameter database of
the surrounding rock is established. After assigning initial values to rock mass parameters
according to preliminary geological characteristics, the three-dimensional numerical model
is excavated and supported in layers, and deformation characteristic data are recorded.
Rock mechanical parameter inversion is performed through a particle swarm optimization—
support vector machine algorithm. Through repeated updates and iterations, the minimum
error value is continuously reduced until the accuracy requirements are met and the optimal
value of the required parameter is obtained. Finally, assuming that the variability of rock
mass parameters is relatively consistent, the excavation of the next layer is based on the
rock mechanical parameters of that layer. The different support schemes are compared and
analyzed, and the above steps are repeated until the excavation is completed. The inversion
steps of rock mechanical parameters are shown in Figure 3.
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Figure 3. Inversion steps of rock mechanical parameters.

3. Inversion of Surrounding Rock Parameters of Water Diversion Surge Shaft
3.1. Engineering Situations

The shape of the water diversion surge shaft based on a water conservancy project
is a circular impedance surge shaft. The dome height is 14 m, the maximum excavation
diameter is 35 m, the excavation diameter of the shaft section is 33.40 m and the height is
79.50 m. The thickness of the overlying rock mass on the top arch of the surge shaft, which
is constructed in the fine-grained biotite monzogranite of the Yanshanian period, is 135 m.
Geological surveys and low-elevation exploration tunnels reveal that there are a small
number of randomly developed NW-trending steeply dipping small faults or compressive
fracture zones in the surrounding rock. The geological structure is mainly characterized
by joint fissures. The weathering degree of rock mass is generally slightly weathered with
four groups of dominant joints (N40°~60°W /SW(NE)£60°~80°, N55°~80°E /SE£65°~80°,
SN/EZ60°~80°, N30°~45°W /SW(NE)£10°~20°) whose spacing is large. The rock mass
has good integrity and is characterized by numerous block and sub-block structures.

3.2. Construction of the Numerical Model

According to the layout of the surge chamber, the numerical model of the cavern
is established by using the finite difference software FLAC3D V7.0 (Figure 4) to realize
the dynamic simulation of excavation. According to the Saint Venant principle [42], to
ensure that the initial stress state is always maintained around the model, the size of the
model should be about three to five times the maximum size of the excavation object.
Therefore, the transverse (X-axis direction) width of the model is 340 m, the longitudinal
(Y-axis direction) width is 200 m and the height from the bottom to the arch bottom (Z-axis
direction) is 190 m. The Shell element is employed to simulate the supporting structure,
and the Cable element is used to simulate the steel bar, prestressed anchor cable, anchor
bolt, etc. The total number of model elements is 3,078,024.
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Figure 4. Numerical model.

3.3. Parameter Inversion Results

Based on the dome monitoring data, the parameter orthogonal test plan (Table 1) is
developed, and the influence of each parameter on the maximum deformation is analyzed
by SVM, optimizing the mechanical parameters. The analysis results shown in Figure 5
demonstrate that with the increase in cohesion, the upper limit of the maximum defor-
mation of the surrounding rock remains unchanged, but the lower limit decreases. With
the increase in the elastic modulus of the surrounding rock, the upper and lower limits
of the maximum deformation of the surrounding rock decrease. The range of the maxi-
mum deformation of the surrounding rock increases with the increase in the surrounding
rock parameters.

Table 1. Orthogonal analysis table of mechanical parameters.

Experiment Elastic Modulus Internal Friction = Cohesive Force Maximum
Number (GPa) Angle (°) (MPa) Deflection (mm)
0 20 45 3 473
1 15 35 2.5 5.41
2 20 40 3 4.5
3 25 45 3.5 3.11
4 15 40 3.5 5.69
5 20 45 2.5 5.01
6 25 35 3 3.22
7 15 45 3 5.22
8 20 35 3.5 4.17
9 25 40 25 3.8

By using the numerical simulation analysis method, the deformation characteristics
of surrounding rock under different working conditions are obtained (Figure 6). Further-
more, the rock mechanical parameter inversion method based on the PSO-SVM algorithm
(Figure 7) is employed to obtain the characteristics of rock mechanical parameters at an
elevation of 2940 m, which demonstrates that the elastic modulus is 22 GPa, the internal
friction angle is 43°, and the cohesion is 0.3 MPa. According to the assumption that the
variability of rock parameters is minimal, the rock parameters obtained this time are used
to guide the excavation of the cavern at the next elevation, and the rock mechanical param-
eters at the elevations of 2922 m and 2898 m are obtained by inversion. The inversion of
surrounding rock at an elevation of 2922 m demonstrates that the elastic modulus is 23 GPa,
the internal friction angle is 41° and the cohesion is 0.3 MPa. The inversion of surrounding
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rock at an elevation of 2898 m demonstrates that the elastic modulus is 24 GPa, the internal
friction angle is 43° and the cohesion is 0.4 MPa.
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Figure 5. Influence of different mechanical parameters of surrounding rock on deformation: (a) The
influence of cohesion of surrounding rock on deformation; (b) The influence of elastic of surrounding
rock on deformation.
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Figure 6. Deformation characteristics of surrounding rock under different working conditions: (a)
elevation 2940 m; (b) elevation 2922 m; (c) elevation 2898 m. (the numbers 14 are the scheduled
installation positions of the multipoint displacement meters).
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Figure 7. PSO-SVM parameter inversion: (a) elevation 2940 m; (b) elevation 2922 m; (c) elevation
2898 m.

3.4. Comparison of Field Monitoring Data and Numerical Simulation Results

Multi-point displacement meters are installed on the profile near an elevation of
2926 m. Taking the deepest point of the anchor head as the relatively fixed point, the
absolute displacement values of the surface, depth 10 m and depth 5 m, are calculated. Its
location, number and installation process are shown in Figure 8.

Installation position

Elevation 2926 m

Figure 8. Installing a multi-point displacement meter.
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Absolute displacement (mm)

Absolute displacement (mm)

To verify the accuracy of the numerical model, the absolute displacement—time dia-
gram is drawn based on the displacement data (Figure 9). As shown in Figure 9, during the
monitoring period, the overall temperature change is relatively gentle and without sudden
changes. The average temperature change in the first two weeks is 0.39 °C per day, so the
impact on the displacement monitoring of each anchor head is negligible.
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Figure 9. Absolute displacement-time diagram: (a) S1; (b) S2; (c) S3; (d) S4.

The absolute displacement values of the 1# anchor heads of each multi-point displace-
ment meter showed a trend of increasing first and then stabilizing, among which S1-1#
reached a maximum value of 5.4 mm on the sixteenth day, S2-1# reached a maximum value
of 3.47 mm on the twenty-third day, S3-1# reached a maximum value of 3.71 mm on the
thirty-seventh day and S4-1# reached a maximum value of 5.32 mm on the forty-second day.
Except for the 52-2# and S2-3# anchor heads, the absolute displacement values of the 2#
and 3# anchor heads of the other multi-point displacement meters also showed a trend of
first decreasing and then tending to be stable. During the second week of monitoring, the
sudden increase in the absolute displacement values of each S2 anchor head may be related
to the heterogeneity of the surrounding rock. Since the elastic modulus of the surrounding
rock in the buried direction of the S2 multi-point displacement meter is relatively high, the
surrounding rock only has surface displacement in the early stage of excavation. As the
distance between the surface and the depth of the surrounding rock increases, the tensile
stress on the surrounding rock also increases. Eventually, the rock is destroyed, and the
absolute displacement of each anchor head increases accordingly.

Based on the measured displacement data recorded by the multi-point displacement
meter, the maximum relative displacements between the surface of the cavern monitored by
51,52, S3 and S4 and the depth of 10 m are calculated, which are 3.6 mm, 5.0 mm, 6.0 mm
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and 6.7 mm, respectively, with an average maximum relative displacement of 5.32 mm. As
shown in Figure 10, the displacement of the surrounding rock on the surface of the cave
is about 22.0 mm, and the displacement of the deep surrounding rock at 10 m is 17.5 mm,
resulting in a relative displacement of 4.5 mm. The numerical simulation results of the
relative displacement of the surrounding rock are compared with the average value of the
measured results; the difference between them is 1.82 mm, indicating that the numerical
simulation results are consistent with the measured results and proving that the numerical
model has high accuracy.

Zone Displacement Magnitude
‘Cut Plane: on front

2.20 % 102
.00 % 1072
i 102

ocoonohaND
55355238
KX XXXX XX
3333333

2
1
1
1
1
7
5.
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nt (O m) = 22.0 mm
nt (10 m) = 17.5 mm

Relative displacement=22.0 - 17.5=4.5 mm

Figure 10. Displacement of water diversion surge shaft in numerical simulation.

4. Analysis of Deformation Characteristics of Water Diversion Surge Shaft Under
Different Supports During Layered Excavation

According to the construction documents, the water diversion surge shaft is excavated
in layers. The profile of the support scheme along the water flow direction is shown in
Figure 11. (The red lines in the figure are long anchor cables that form an angle of 15°
with the horizontal plane. They are arranged in five rows at an elevation of 2916 to 2891,
with 17 cables in each row and a row spacing of 6 m. The short anchor bolts are shown in
the subsequent support schemes.) The support schemes in different elevations are shown
in Figure 12. A numerical simulation support model is established based on the support
schemes (Figure 13).

_ V295550
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\
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\
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1 v2838.00

Figure 11. Profile of the support scheme along the water flow direction. (A, B, C are marks for
dividing the general position profile of the water diversion surge shaft).
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Figure 12. Support schemes in different elevations: (a) 2916~2955 m; (b) 2890~2916 m; (c) 2876~2890 m.

Figure 13. Profile of the support scheme of the numerical simulation.

To study the differences between different support schemes, the deformation char-
acteristics of the water diversion surge shaft under the conditions of support with a long
anchor cable, support without a long anchor cable and support without an anchor are
analyzed based on FLAC3D. The research results are shown in Figures 14-16. By comparing
Figures 14-16, it is found that when the excavation depth is small, the maximum displace-
ment of the surge shaft mainly occurs in the middle part directly below the excavation
area. As the excavation depth increases, the maximum displacement of the side walls on
both sides of the water diversion surge shaft and the depth of the plastic zone increases
significantly, and the failure form of the plastic zone is mainly shear failure.
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Figure 14. Displacement and plastic characteristics of water diversion surge shaft in the dome:
(a) support with long anchor cable; (b) support without long anchor cable; (c) support without anchor;
(d) support with long anchor cable; (e) support without long anchor cable; (f) support without anchor.
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Figure 15. Displacement and plastic characteristics of water diversion surge shaft in elevation 2931:
(a) support with long anchor cable; (b) support without long anchor cable; (c) support without anchor;
(d) support with long anchor cable; (e) support without long anchor cable; (f) support without anchor.
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Figure 16. Displacement and plastic characteristics of water diversion surge shaft in elevation 2886:
(a) support with long anchor cable; (b) support without long anchor cable; (c) support without anchor;
(d) support with long anchor cable; (e) support without long anchor cable; (f) support without anchor.

According to the displacement characteristics, before excavation at the elevation of
2931 m, the interaction between the lower tunnel and the water diversion surge shaft is
weak. When excavated to the elevation of 2886 m, the interaction between the lower tunnel
and the water diversion surge shaft is greatly intensified, and attention should be paid to
observing the stability of the lower cavern. The influence on the dome is relatively weak
during the increase in excavation depth. After excavation at an elevation of 2886 m, under
the action of the extended anchor cable, the displacement of the side walls on both sides
of the water diversion surge shaft is relatively uniform, and the displacement on the right
side is slightly larger than that on the left side. Without the long anchor cable support, the
unevenness of the displacement of the side walls on both sides becomes more obvious,
and the displacement field is connected in the middle of the water diversion surge shaft.
Without anchor support, the displacement of the right side wall is significantly greater than
that of the left side. The support effect of the left support device is weak. The right side wall
displacement should be paid special attention to, and corresponding support measures
should be set up. Regarding the plastic characteristics, before excavation at the elevation of
2886, there is no significant difference in the plastic zone under the effect of the support with
long anchor cables and the support without long anchor cables. When excavating the dome,
the shear failure plastic zone is concentrated on the right side of the dome. When excavating
to the 2931 elevation, the plastic zone is concentrated in the middle of the surge shaft.

When comparing the displacement and plastic characteristics of the water diversion
surge shaft excavation process under three support schemes, it is evident that with anchor
support, the surrounding rock is influenced by the combined action of anchor bolts/cables
and shotcrete. This increases overall stability and effectively controls displacement and
deformation, resulting in a relatively uniform stress distribution area between the rock
mass and the support structure. Compared with the surrounding rock supported without
long anchors, the surrounding rock supported with long anchors has a smaller overall
displacement and significantly reduced plastic zone area. Compared with the surrounding
rock without anchor support, the surrounding rock with anchor support has improved
overall bearing capacity and a significantly reduced plastic zone area under the tension of
anchor bolts/cables and the constraint of shotcrete, thus reducing plastic deformation.
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5. Response Characteristics of Surrounding Rock of Water Diversion Surge Shaft at the
Excavation Completion Stage Under Different Support Schemes

After the completion of excavation in the water diversion surge shaft, the comprehen-
sive response characteristics of the surrounding rock under different support schemes need
to be further studied. FLAC3D is used to establish three-dimensional numerical models of
the schemes of support with long anchor cables, support without long anchor cables, and
support without anchor. The displacement and plastic zone characteristics of the surround-
ing rock at the excavation completion stage under different support schemes are compared
and analyzed under the maximum principal stress and the minimum principal stress.

5.1. Comparative Analysis of Surrounding Rock Displacement of Water Diversion Surge Shaft
Under Different Support Schemes

As shown in Figure 17, in the direction of maximum principal stress, under the in-
fluence of ground stress and excavation disturbance, the maximum deformation of the
surrounding rock under the long anchor cable support is 2.15 cm, and the maximum de-
formation of the surrounding rock after the long anchor cable is removed is 2.75 cm. The
maximum deformation of the surrounding rock under no anchor support is 6.22 cm. Com-
pared with the scheme of support without long anchor cables, the maximum deformation
of the surrounding rock under no anchor support increases significantly, with an increase
of 3.47 cm. In the direction of minimum principal stress, the maximum deformation of the
surrounding rock under each support scheme is smaller than the maximum deformation
of the surrounding rock in the direction of maximum principal stress. The maximum
deformation of the surrounding rock under support with long anchor cables is 2.0 cm, and
the maximum deformation of the surrounding rock under support without long anchor
cables is 2.25 cm. The maximum deformation of the surrounding rock without anchor
support is 6.1 cm, which increases by 3.85 cm compared with the support without long
anchor cables. The surrounding rock deformation degree of each support scheme shows
a trend of increasing first and then decreasing with increasing depth, and the maximum
surrounding rock deformation occurs in the middle and lower sections of the surge shaft.
After comparison, the support with long anchor cables has the best control effect on the sur-
rounding rock displacement, followed by the support without long anchor cables, and the
support without an anchor cannot effectively control the surrounding rock displacement.
Comparing Figure 17a,b, it can be seen that the displacement of the surrounding rock in
the direction of the maximum principal stress is greater than the displacement of the sur-
rounding rock in the direction of the minimum principal stress. To prevent the instability of
the surge shaft, the displacement of the surrounding rock in the direction of the maximum
principal stress should be focused on according to the displacement characteristics.

(a) 2950 (b) 2950
2940 2940
2930 2930
€ €
= 2920 = 2920
h=] g
22910 22910
[m] [
2900 2900
2890 2890
t
2805720 25 30 35 40 45 50 55 60 65 0905 20 25 30 35 40 45 50 55 60 65
Unilateral displacement (mm) Unilateral displacement (mm)
—o— 1#(support with long anchor cable) —e— 1#(support with long anchor cable)
2#(support without long anchor cable) i 2#(support without long anchor cable)
—&— 3#(support without anchor) —&— 3#(support without anchor)

Figure 17. Displacement characteristics under different elevations: (a) maximum principal stress
direction; (b) minimum principal stress direction.
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5.2. Comparative Analysis of Plastic Zone of Surrounding Rock of Water Diversion Surge Shaft
Under Different Support Schemes

As shown in Figure 18, in the direction of maximum principal stress, the maximum
depth of the plastic zone under the support with long anchor cables is 5.3 m. Under the
support without long anchor cables, the maximum depth of the plastic zone is 6.6 m. The
maximum depth of the plastic zone without anchor support is 7.9 m, which is 1.3 m higher
than that without long anchor support. As shown in Figure 19, in the direction of minimum
principal stress, the maximum depth of the plastic zone is 16.2 m under the effect of the
support with long anchor cables, and the maximum depth of the plastic zone is 18.6 m
under the support without long anchor cables. The maximum depth of the plastic zone
without anchor support is 21.2 m, and the depth of the plastic zone increases by 2.6 m
compared with the support without long anchor cables. The plastic zones of the three
surrounding rocks are mainly shear failure. It can be seen that the surge shaft has been
in a high-stress environment, and the excavation leads to various plastic states, resulting
in the instability of the surrounding rock damage. The plastic zone in the direction of
the minimum principal stress is much larger than that in the direction of the maximum
principal stress. Especially in the absence of long anchor cable support or anchorless
support, the plastic zone spreads to the entire surge shaft. To ensure the stability of the
surge shaft, the support with long anchor cables is essential and the plastic deformation in
the direction of the minimum principal stress should be focused on.

None
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Figure 18. Plastic characteristics of maximum principal stress direction: (a) support with long anchor
cable; (b) support without long anchor cable; (c) support without anchor cable.
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Figure 19. Plastic characteristics of minimum principal stress direction: (a) support with long anchor
cable; (b) support without long anchor cable; (c) support without anchor cable.

6. Conclusions

In this paper, a PSO-SVM surrounding rock mechanical parameter inversion algorithm
is established according to the geological conditions and monitoring data of a water diver-
sion surge shaft excavation project. Based on the SVM-PSO intelligent inversion algorithm,
the surrounding rock mechanical parameters are obtained. Using three-dimensional numer-
ical simulation software, the displacement and plasticity characteristics of the surrounding
rock during the excavation of the water diversion surge shaft are analyzed. The following
conclusions are drawn:

(1) A rock mechanical parameter inversion method is proposed, combining particle
swarm optimization and support vector machine. An orthogonal analysis is conducted
on monitoring data to establish a database of surrounding rock mechanical parameters.
The particle swarm optimization is employed to globally search for and optimize these
parameters. Finally, the support vector machine is applied to perform local refined fitting,
which effectively enhances the accuracy and efficiency of the parameter inversion process.

(2) By analyzing the plastic zone and displacement field of the surrounding rock under
the layered excavation, it is found that the main form of destruction of the plastic zone of the
surrounding rock is shear failure. With the increase in excavation depth, the support from
the upper surrounding rock decreases, increasing the stress of the lower surrounding rock.
The surrounding rock after stress redistribution produces the maximum deformation in
the middle and lower parts. Therefore, special attention should be paid to the shear failure
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area of the surrounding rock and the deformation of the middle and lower surrounding
rock during the excavation, taking corresponding support measures.

(3) After excavation, in the maximum principal stress direction, compared with the
long anchor cable support, the deformation increased by 0.6 cm under the support without
long anchor cables, and the deformation increased by 4.07 cm without anchor support.
In the minimum principal stress direction, compared with the long anchor cable support,
the deformation increased by 0.25 cm under the support without long anchor cables, and
the deformation increased by 3.99 cm without anchor support. In the maximum principal
stress direction, compared with the support with long anchor cables, the plastic zone
depth increased by 1.3 m under the support without long anchor cables. In the minimum
principal stress direction, compared with the long anchor cable support, the plastic zone
depth increased by 2.4 m under the support without long anchor cables. In terms of
controlling the deformation of the surrounding rock and limiting the development of the
plastic zone, the support with long anchor cables is significantly better than the support
without long anchor cables.

(4) Complex geological conditions will inevitably be encountered during the construc-
tion process. Taking into account the variability of surrounding rock parameters, how
to invert the mechanical parameters of expansive soft rock, a rock mass that is strongly
affected by hydraulic properties, will become the focus of our subsequent research.
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