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ABSTRACT

Based on global initiatives such as the clean energy transition and the development of renewable energy, the pumped
storage power station has become a new and significant way of energy storage and regulation, and its construction
environment is more complex than that of a traditional reservoir. In particular, the stability of the rock strata in
the underground reservoirs is affected by the seepage pressure and rock stress, which presents some challenges in
achieving engineering safety and stability. Using the advantages of the numerical simulation method in dealing
deal with nonlinear problems in engineering stability, in this study, the stability of the underground reservoir of the
Shidangshan (SDS) pumped storage power station was numerically calculated and quantitatively analyzed based
on fluid-structure coupling theory, providing an important reference for the safe operation and management of the
underground reservoir. First, using the COMSOL software, a suitable mechanical model was created in accordance
with the geological structure and project characteristics of the underground reservoir. Next, the characteristics of
the stress field, displacement field, and seepage field after excavation of the underground reservoir were simulated
in light of the seepage effect of groundwater on the nearby rock of the underground reservoir. Finally, based on the
construction specifications and Molar-Coulomb criterion, a thorough evaluation of the stability of the underground
reservoir was performed through simulation of the filling and discharge conditions and anti-seepage strengthening
measures. The findings demonstrate that the numerical simulation results have a certain level of reliability and are
in accordance with the stress measured in the project area. The underground reservoir excavation resulted in a
maximum displacement value of the rock mass around the caverns of 3.56 mm in a typical section, and the safety
coefficient of the parts, as determined using the Molar-Coulomb criterion, was higher than 1, indicating that the
project as a whole is in a stable state.

KEYWORDS

Underground reservoir; fluid-structure coupling; numerical simulation; pumped storage power station; filling and
discharge

1 Introduction

Compared with other energy storage facilities (such as Li-ion batteries), pumped storage power
stations have the advantages of a low installation cost and smaller environmental impact [1-4], and they
play the roles of peak load and valley filling in the power grid system. In 2017, Germany successfully
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built the first pumped storage power station using an abandoned coal mine roadway (Pros Per-H).
Following that, many countries started to investigate whether it would be feasible to convert a defunct
mining region into a pumped storage power station [5-7]. Although some progress has been made
in technical research, there is still little research on engineering stability. The engineering safety and
timeliness are significantly influenced by the stability of the surrounding rock underground [8—11]. The
excavation of an underground reservoir will cause the secondary stress field of the surrounding rock to
change quickly, which could result in the failure of the surrounding rock [12—14]. In addition, through
pore pressure and physicochemical interaction, groundwater speeds up the expansion and evolution of
nearby rock fissures, worsening the degradation and destruction of the mechanical characteristics of
the rock [15,16]. As a result, the coupling effect of the stress and seepage may cause serious engineering
accidents [17,18]. The influence of fluid-structure (HM) coupling must be considered when analyzing
the stability of the underground reservoir of a pumped storage power station.

Terzaghi’s investigation of land subsidence marked the beginning of the study of the interaction
between seepage and stress; Terzaghi developed a one-dimensional (1-D) consolidation model and
the effective stress principle, which is the theoretical cornerstone of contemporary soil mechanics
and the first model of HM coupling [19]. Boit solved the three-dimensional (3-D) consolidation
problem of saturated soil based on Terzaghi’s 1-D consolidation theory and also established the
HM coupling equation for soil and laid the theoretical groundwork for the investigation of the HM
coupling problem [20,21]. Based on the research of Terzaghi and Biot, further HM coupling model
research was conducted. After Truesdell [22] introduced the concept of mixing theory in 1957, the
assumptions of macroscopic homogeneity and superposition began to be applied to heterogeneous
dielectric materials. Bowen [23,24] developed and improved the coupling equation system for rock
mechanics within the framework of hybrid theory and proposed a typical constitutive theory of elastic
stress-hydraulic hybrid. On this basis, Noorishad et al. [25] analyzed the rock consolidation theory
and the porous continuum numerical model by combining the HM coupling theory and obtained
the porous continuum seepage and stress coupling model. Since then, numerical codes capable of
simulating HM coupling under a finite element framework have been well developed. Rutqvist and
Stephansson [26] introduced a numerical model of HM coupling using the finite element technique
and discussed some conceptual methods for representing the HM coupling behavior of fractured rock
with an equivalent continuum. Cammarata et al. [27] used the finite element program and the Galerkin
weighted residual program to study the HM coupling response in discrete assemblages of rock blocks
and seepage cracks. In recent years, based on HM coupling theory and models, many scholars have
conducted numerical simulations of the stability of the surrounding rock of underground engineering
structures under the action of HM coupling in actual engineering projects [28,29]. In the reservoir
slope stability, Maihemuti et al. [30] established an equivalent continuum mathematical model for the
coupling of the seepage field and stress field and conducted an experimental study on rock deformation
and failure under the coupling of seepage and stress on the reservoir slope of an open-pit coal mine
hydropower station, providing a reasonable reference for solving the water-rock coupling problem.

The planned Shidangshan (SDS) pumped storage power station located in Zhenjiang City, China,
was once an abandoned copper mine. Its construction can both significantly cut costs and address
the area’s energy needs. It is of great significance to study the stability of the underground reservoir
for the safe construction of the project. Thus, taking the SDS pumped storage power station as the
research object, in this study, we established a continuum mechanical model of this area using the HM
coupling theory and the numerical simulation method. Then, we simulated the characteristics of the
underground seepage field, stress field, and displacement field after excavation of the underground
reservoir. Finally, we analyzed the stability and timeliness of the reservoir under filling and discharge
conditions, as well as the anti-seepage reinforcement. Our results provide a scientific basis for the safe
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operation of this future project and also provide an important reference case for the construction of
other pumped storage power stations.

2 Basic Conditions of the Underground Reservoir

The planned SDS pumped storage power station is located between Nanjing City and Zhenjiang
City, Jiangsu Province (119°7'16.1" E-119°9'22.1 E, 32°8'41.4" N-32°9" 47.2" N) (Fig. 1; Table S1).
The project is planned to be built in an abandoned copper mine covering an area of about 6.6 km?.
The abandoned roadway provides enough underground space for the construction of an underground
reservoir for the pumped storage power station. The elevation difference between the upper and lower
reservoirs can also be fully utilized to construct a pumped storage power station, addressing the issue
of the shortage of hydraulic resources caused by the flat terrain. Furthermore, the project is located
in the important power consumption areas of Zhenjiang City and Nanjing City and thus plays a key
role in solving the power load problem of the entirety of Jiangsu Province.
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Figure 1: The triangle and rectangle represent the location of the pumped storage power station and
the research area, respectively

According to the drilling data, the rock strata in this area mainly consist of Silurian to Triassic
sedimentary rocks and Late Yanshan intrusive magmatic rocks (Fig. 2), which are primarily hard
rock groups (quartz diorite) and reasonably hard rock groups (marble). The rocks surrounding the
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underground reservoir caverns are dominated by class II and class III rocks [31], the majority of
which is breeze-fresh rock with little weathering. The groundwater in this region is buried at a depth of
approximately 30 m, primarily as seepage into the goaf. There is no active fault in the project area, and
the area has good structural stability and few engineering geological difficulties. The main components
of the underground reservoir include the water storage cavity, water inlet and exit, and ventilation

cavity, among others.
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Figure 2: (a) Schematic of the strata distribution in the plane in the research area at an elevation of
—300 m. I-I through VI-VI are six geological profiles with measured data that provide critical strata
data for the development of this regional geological model. The dotted lines indicate the positions
of the projected underground reservoir’s caverns. (b) It is composed of eight parallel caverns, totaling
20,460 m in length. (¢) Each cavern profile is horseshoe-shaped, with an 18 m span and a height of
29 m. The clear distance between the adjacent caverns is 42 m, and the top and bottom elevations are

—271.0 m and —300.0 m, respectively
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3 Numerical Simulation
3.1 Establishment of 3-D Geological Model

As a professional modeling software, Rhino has been widely used in the field of geological
engineering. It has the advantages of a high modeling accuracy and strong operability. Therefore, the
geological model was established in COMSOL with the help of Rhino software. First, the geometry
without rock strata interfaces was produced using COMSOL (Fig. 3a). The surface elevation data
were obtained from the Advanced Land Observing Satellite (ALOS) global 12.5 m precision digital
elevation model (DEM) (https://search.asf.alaska.edu). The bottom is at an elevation of —400 m, and
the sides of the geometry are vertical planes defined according to the scope of the research area.
Then, based on the drilling data and geological profile (Fig. 2; Fig. S1), the rock strata interfaces were
constructed in Rhino according to the corresponding spatial position (Fig. 3b). Finally, the rock strata
interfaces (.stl) were successively imported into COMSOL, and the overall geometry was segmented to
form a 3-D geological model containing nine domains (union) (Fig. 3¢). The rock strata of each group
were sampled in the field, and the samples were tested in the laboratory in accordance with the rock
mass parameter test methods suggested by the International Society for Rock Mechanics (ISRM) [372],
including compressive strength test, tensile strength test, elastic modulus test, Poisson ratio test and
so on. Among them, two to three groups of samples were collected from each group of rock strata,
and the parameters used in the model were the mean values of each group of lithologic parameters.
Table 1 displays the physical and mechanical characteristics of each group of rock samples obtained
through laboratory testing.

Table 1: Physical and mechanical parameters of rock strata

Lithology Density  Cohesive Internal Young’s Poisson Porosity  Permeability

(kg/m?®) force friction modulus ratio (mD)
(MPa) angle (°) (GPa)

3 2750 8.77 62 88.7 0.14 0.005 0.001
Sof 2780 9.73 61.2 61.6 0.26 0.002 0.001
D;w 2630 12.5 65.9 81.6 0.06 0.005 0.0013
Cg 2770 5.66 65.9 82.9 0.19 0.0015 0.0015
Cyh+;c 2690 2.82 49.3 85.5 0.29 0.0115 4.71
Py 2690 5.91 48.4 73.5 0.08 0.006 0.0071
P,g 2700 11.1 60 72.7 0.25 0.002 0.008
P,l 2700 11.6 60 72.7 0.25 0.002 0.008

T,q 2830 5.99 62.4 82.4 0.14 0.00226  0.0023
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Figure 3: Construction of a 3-D geological model of the research area. The model is 3000 m long (due
east direction) and 1200 m wide (due north direction), and the base elevation is —400 m. The different
colors represent the different strata. The specific meanings are the same as in Fig. 2

3.2 Establishment and Solution of the Governing Equations

In the numerical simulation of the stability of the underground reservoir, the simultaneous changes
in the rock mass strain and pore pressure due to the bidirectional coupling effect of the stress field and
seepage field are taken into account. The corresponding equations of the physical fields are as follows.
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The governing equations of stress field:
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where G is the shear modulus [L~'MT2], v is Poisson ratio, « is the Biot consolidation coefficient, p is
pore pressure [L'MT™], u,, u, and u. represent the derivatives of the displacement (u, v, w (L)) in the
X, y, and z directions [LT™!], respectively.

The governing equation of seepage field [33]:
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where S, is the 3D specific storativity [L'], k is permeability [L?], « is the hydrodynamic viscosity
coefficient [L"MT™].

According to the HM coupling equations, the seepage field and stress field are coupled bidirec-
tionally with pore pressure and displacement as transfer terms. As a general multi-physics coupling
simulation software [34], COMSOL finite element method has been widely used to solve multi-
physics coupling problems. In this paper, Darcy’s law and solid mechanics modules corresponding
to the seepage field and stress field are established respectively in the COMSOL software, and the
bidirectional coupling of the seepage field and stress field is realized in the multi-physical porous elastic
interface. By solving the coupling equations, the characteristics of the seepage field, stress field, and
displacement field in the underground reservoir region are obtained. The geometry established using
COMSOL is a union, and the mesh and physical quantities at the internal interfaces are continuous.
The mesh at the interface is automatically refined by the union in the mesh division, so a solution with
a relatively high precision can be obtained [35].

3.3 Initial Stress Field and Seepage Field

Before the stability analysis of underground reservoir excavation, the crustal stress field and
seepage field are in a stable equilibrium state under the action of natural flow field and gravity. Based
on the 3-D geological model established above, the steady state simulation of stress field and seepage
field in the research area can be obtained with the help of COMSOL software, and it is used as the
initial condition for the stability analysis of the underground reservoir excavation. First, the boundary
conditions of the 3-D geological model are set. The bottom border of the 3-D geological model (Fig. 4)
is set with no displacement, while the side boundaries have no horizontal displacement, and the upper
boundary is free. The peripheral boundaries are set as the pressure head according to the measured
value of the groundwater level, and the fluid is assumed to be incompressible. It is also assumed that the
lower border is not a flow barrier. Before excavation, it is presumable that the underground reservoir’s
initial stress field and seepage field have reached a stable condition (Figs. 5a—5d). The findings indicate
that the first primary stress in the research area is —7.09—1.46 MPa and that the third principal stress
is —17.8-0.04 MPa before the excavation of the underground reservoir. The maximum displacement
of the rock mass after reaching equilibrium under the action of gravity is 52.6 mm, which occurs at the
highest elevation in the research area, and the highest pore pressure in the research area is 4.12 MPa.
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Figure 4: Three-dimensional numerical calculation model of the underground reservoir before exca-
vation. The model has 153,208 domain elements, 29,605 boundary elements, and 1615 edge elements
after mesh subdivision, and the element quality distribution is shown in Fig. S2

Hydraulic fracturing testing is one of the recommended methods for measuring rock stress issued
by the ISRM in 1987 [36], and it is a direct method for measuring in-situ stress. Before the excavation of
the underground reservoir, 20 in-situ stress tests were conducted at the same elevation as the reservoir in
the research area. According to the test results, the maximum stress at this elevation in the horizontal
direction is o = 12.42 MPa (compressive stress), with a direction of N61°E. It can be concluded
that the underground reservoir is a medium-stress area. The inversion results of the initial stress field
obtained using COMSOL are close to the measured values (Fig. 5b).

3.4 Stress Field and Seepage Field after Excavation

The geometry of the underground reservoir is generated in the 3-D geological model in accordance
with its spatial placement and geometric properties, and the difference set is then processed (Fig. 6).
The boundary conditions of the 3-D numerical calculation model of the underground reservoir after
excavation are consistent with those of the model before excavation. However, the underground
reservoir is designed with exhaust holes, so the boundaries of the underground reservoir are set as
free and zero pressure head boundaries. The initial conditions for the numerical simulation following
excavation are the steady state conditions of the stress field and seepage field of the underground
reservoir before excavation. The simulation results show that the underground reservoir can reach a
new steady state after excavation, and obvious stress concentration occurs around the caverns (Figs. 5¢
and 5f). The zero pressure head line drops to the vicinity of the underground reservoir (Figs. 5h and
51); that is, driven by the pore pressure, the groundwater penetrates downward in the underground
reservoir.
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Figure 5: Three-dimensional numerical simulation results for the underground reservoir before and
after excavation in the research area, including the (a—b) initial stress field, (¢) displacement field, and
(d) seepage field and the calculated (e—f) stress field, (g) displacement field, and (h) seepage field after
underground excavation. (i-1) present the results of the 2-D calculation for the typical section (x =
1000 m) after underground excavation, including the (i—j) stress field, (k) displacement field, and (1)
seepage field. To better show the change in the displacement field caused by the excavation of the

underground reservoir, (k) shows the change in the displacement field after excavation relative to the
initial displacement field
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Figure 6: In the 3-D numerical calculation model of the underground reservoir after excavation, the
inner mesh density is the boundaries of the underground reservoir. The model contains 359,576 domain
elements, 53,881 boundary elements, and 5582 edge elements, and the element quality distribution is
shown in Fig. S2

Given that the boundary conditions, mesh generation, and other variables may have an influence
on the 3-D model’s correctness, in this paper, we further create a 2-D fine model at a typical profile
location (x = 1000 m) in the research area and conduct more research. The section of the 3-D model
can be used to determine the geometry of the 2-D model, and the rock mass’s physical and mechanical
properties agree with the 3-D model. The top of the model has a free boundary, the bottom has no
displacement, and the two sides have no horizontal displacement. According to the measured value of
the groundwater level, the two sides are established as the pressure head boundary, and the bottom
is the no-flow border. The numerical simulation results show that in the typical section of the 3-
D model, the first principal stress ranges from —6.69 to 5.15 MPa, the third principal stress ranges
from —26.1 to 0.311 MPa, and the maximum displacement around the caverns is 3.42 mm (Fig. S3),
which are similar to the 2-D numerical simulation results (the first principal stress ranges from —6.9 to
5.35 MPa, the third principal stress ranges from —28.2 to 0.341 MPa, and the maximum displacement
around the cavern is 3.56 mm). The displacement mostly affects the top and bottom of the caverns in
the underground reservoir, and the displacement on both sides is minimal.

4 Discussion
4.1 Stability Analysis after Excavation

Currently, because the factors affecting the stability of the underground reservoir are very
complex, there has not been a consistent method for evaluating the stability of the surrounding rocks
[37,38]. In this paper, the stability of the underground reservoir of the pumped storage power station
is thoroughly evaluated based on the results of the numerical simulation (stress and displacement),
the Mohr-Coulomb criterion, and the construction specifications of the nation (7echnical code for
engineering of ground anchorages and shotcrete support (GB 50086-2015)) in which the project is
located. The material yields in accordance with the Mohr-Coulomb yield criterion when the stress
state reaches the following thresholds:
f=t—otanp—c=0 3)
where tand o are the shear stress and positive pressure on the failure surface, respectively.

When o, > 0, > 03, Eq. (3) can be rewritten as:

0, + 03 0y — 03

1
—5(01—03)cosgo=c—( ) sintp)tango 4)




CMES, 2024, vol.139, no.2 1391

Then:
0, — 03 = 2ccosg — (0, 4+ 03) sing %)
Based on this, the yield surface equation can be written as:
f:%(al—03)+%(al+a3)sin<p—ccosgo=0 (6)
where o, is the first principal stress, o; is the third principal stress, ¢ is the cohesive force, and ¢ is the

internal friction angle.

From above, the factor of safety defined by Mohr-Coulomb yield criterion in the stress space can
be expressed as:

F = (ccoscp _a —;03 sin(p)/(a1 ;%) @)

After the excavation of the underground reservoir, the displacement of the surrounding rock mass
around the caverns ranges from 0.1 to 3.56 mm, which are substantially less than the maximum
displacement permitted by local national standards (approximately 50.4 mm). Additionally, each
component’s factor of safety, as determined by the Mohr-Coulomb criterion, is greater than 1, further
indicating that the entire underground reservoir is stable and safe after excavation.

4.2 Stability Analysis of Filling and Discharge Conditions

During the operation of the pumped storage power station, the frequent filling and discharge of
the underground reservoir with water may affect the local stress field, resulting in deformation and
destruction of the surrounding rock mass. Therefore, the stability of the underground reservoir under
filling and discharge conditions is numerically simulated under the condition when excavation anti-
seepage measures are considered in the actual project; that is, the boundaries of the underground
reservoir are set as impervious. The draining and filling of the underground reservoir are assumed to
be possible working conditions, the bottom of the reservoir is regarded as the dead water level (—300
m), and the arch of the reservoir is regarded as the maximum storage water level (—271 m); that is, the
water level fluctuates between —300 and —271 m under the operation conditions of the underground
reservoir (Fig. 7).

270F 7 : _ —
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Figure 7: Filling and discharge conditions of the underground reservoir. At the initial time (t = 0 d),
there is no water in the reservoir, and the water level is —300 m. At t = 0.5 d, the reservoir is filled with
water, and the water level is —271 m. At t = 1 d, the reservoir is drained, and the water level is restored
to —300 m
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Considering the connection between the underground reservoir and the atmosphere, as well as the
timely implementation of anti-seepage measures during the excavation process, there is no hydraulic
exchange at the boundaries of the underground reservoir in the numerical simulation under the filling
and discharge conditions. In addition, the pressure head can be transformed into the boundary load
and can change over time. When the groundwater depth is 29 m, the maximum load generated is
0.29 MPa. According to the operating conditions shown in Fig. 7, the stability of the underground
reservoir after 10 years was numerically simulated using an operation cycle of 1 day and considering
anti-seepage measures (Figs. 8a—8d). It can be seen that the effect of the water pressure increases the
factors of safety of the arch crown and cavern bottom. Compared with the steady state without any
protective measures (Fig. 5k), the side wall’s factor of safety decreases from 1.123 to 1.118 under the
influence of the pressure cycle, a reduction of 0.44%. The maximum displacement of the arch crown
decreases from 3.56 to 3.3 mm, a decrease of 7.3%; and the maximum displacement of the arch bottom
increases from 2.18 to 3.09 mm, an increase of 41.74%.

4.3 Stability Analysis of Anti-Seepage Anchorage Measures

For unsafe phenomena such as rock bursts that may occur in underground engineering, the
common treatment measures include bolt support and concrete lining, among others. In this paper,
a straightforward anti-seepage anchorage measure was simulated. The steel bars used for anchoring
have a prestressing force of 1000 KN, a diameter of 28 mm, a length of 6.5 m, and a bar spacing of
2m. In Figs. 8e-8h, the impacts are also illustrated. The results show that the safety factors of the side
wall and bottom increase from 1.2 to 1.3 and from 1.123 to 1.46, respectively, when the subterrancan
reservoir reaches a stable condition following anti-seepage anchoring (Table 2). The maximum vault
displacement decreases from 3.56 to 2.59 mm, by 27.25%, compared with the situation without any
measures (Fig. 5k). The arch bottom’s maximum displacement decreases from 2.18 to 1.96 mm, by
10.09%.

4.4 Sensitivity Analysis of Parameters

The chosen rock mechanics parameters frequently have an influence on the effectiveness of the
numerical simulation method in the stability analysis of underground engineering. The rock mass
characteristics measured via laboratory and field experiments may be slightly different from the actual
rock mass because the surrounding rock is affected by the mineral structure and geological structure,
which results in a great deal of spatiotemporal variability in its mechanical behavior. Considering that
Young’s modulus and Poisson ratio are two important parameters that reflect the deformation degree
of a rock mass under stress, in this paper, we examine the sensitivity of Young’s modulus and Poisson
ratio to the surrounding rock by using the caverns in the S,/ rock formation as the research object
and the maximum primary compressive stress around the caverns as the evaluation index. As shown in
Fig. 9, the coefficients of variation of Young’s modulus and Poisson ratio are 0.1, which means that the
other characteristics of the rock mass are unaffected, while Young’s modulus can vary between 55.44
and 67.76 MPa, and the Poisson ratio can vary between 0.234 and 0.286. According to the results of
the parameter sensitivity analysis, the maximum main compressive stress of the rock surrounding the
cavity is more sensitive to Young’s modulus than to the Poisson ratio. Therefore, when determining the
maximum compressive stress of the surrounding rock following underground engineering excavation,
special attention should be paid to Young’s modulus.
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Figure 8: Numerical simulation results of the stress field, displacement field, and seepage field in a
typical section. Images (a—d) present the results for underground reservoir operation for 10 years under
the filling and discharge conditions with anti-seepage measures. Images (e-h) present the results for a
steady state underground reservoir with simultaneous anti-seepage and anchoring measures
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Table 2: Fs of the rock surrounding the underground reservoir under various numerical simulation

CMES, 2024, vol.139, no.2

settings
Arch crown  Side wall  Bottom
After the excavation 2.18 1.123 1.2
Filling and discharge conditions 2.52 1.118 1.77
Anti-seepage and anchoring measures  3.31 1.46 1.3

Note: The value of Fi is the average value within a certain range of the tunnel wall.
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Figure 9: Results of the analysis of the sensitivity of the maximum compressive stress around the cavern
to (a) Young’s modulus and (b) Poisson ratio, E = 61.6 MPa, v = 0.26

5 Conclusions

Taking into account the bidirectional coupling effect of the stress and seepage of porous media,
in this study, we used the finite element method in COMSOL to conduct numerical simulations of the
stability of the rock surrounding an underground reservoir after excavation and under the operating
conditions, and we analyzed the stability and efficiency of the underground reservoir. Due to the
good geological conditions of the site, the deformation of the surrounding rock of the underground
reservoir is small, and no damage has occurred after the excavation. Even when only anti-seepage
measures are considered, the cavern remains stable after 10 years under the filling and discharge
conditions. In addition, it was found that the anti-seepage anchorage measures are very effective in
reducing the tension stress around the cavern and the deformation of the surrounding rock. Inevitably,
in the numerical simulation, the same rock strata are regarded as a homogeneous isotropic material
in the stability analysis of the surrounding rock of the cavern, which may lead to some deviation of
the simulation results from the actual situation. In addition, because the distribution of the faults
and cracks in the project region is quite sparse, their influence on the outcomes was ignored in this
numerical simulation. However, the findings of this study can still be used as a general guide for
managing and operating projects safely in the future.
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Figure S1: Profiles of the 3D geological model (YZ plane)
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Figure S2: Distribution of element mass after mesh division of geological model
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