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Abstract: Underground compressed air energy storage chambers are a promising emerging energy
storage technology with strict limitations relating to the stability of the surrounding rock. This study
conducted displacement and plastic zone analyses during the excavation and stabilization phases of
the chamber utilizing the finite difference method based on engineering data, demonstrating that
the stability of salt rock can effectively withstand internal pressures ranging from 0 to 9 MPa, with
an average of 15 mm in the Z-axis and 19.23 mm in the X-axis. To further investigate the feasibility
of subterranean energy storage reservoirs, the FOS for various surrounding rocks was calculated
at different burial depths. These results facilitated a parameter sensitivity analysis on the stability
of the surrounding rock of the underground energy storage reservoir. The dynamic reaction of the
underground chamber was studied using synthetic seismic wave technology, demonstrating that the
seismic capacity of the structure adhered to the code, and the post-seismic displacement remained
within the safe range (Z-axis 34 mm, horizontal 19 mm). The results demonstrate the stability analysis
method of the chamber and establish a foundation for the extensive implementation of CAES which
will contribute to the development of energy storage technology.

Keywords: CAES; underground chamber; dynamic analysis; sensitivity study; FLAC3D; finite
difference method; FOS; energy storage; geotechnical engineering

1. Introduction

Compressed air energy storage (CAES) technology is an innovative large-scale energy
storage solution that effectively addresses the challenges of power system peak shaving and
the temporal and spatial discrepancies in energy utilization [1]. In the context of the global
advocacy for carbon neutrality and the reduction of energy consumption and emissions, the
environmental protection benefits of compressed air subsurface energy storage chambers
are especially significant [2]. Unlike traditional coal or gas power plants, CAES systems
produce nearly zero direct CO2 emissions. Although a minimal quantity of natural gas may
be necessary for heating during the release of compressed air, the total carbon emissions are
significantly lower than those from fossil fuel power generation. Furthermore, the energy
storage medium (air) is ecologically sustainable and regenerative, generating neither waste
nor pollution as chemical batteries do [3]. CAES utilizes compressed air as a medium for
storing surplus energy, primarily to manage power fluctuations and enhance power quality.
The primary components of a CAES power plant consist of compression, gas injection, and
heat exchange systems, and storage apparatus [4]. This technology utilizes subterranean
geological formations, such as caves, caverns, or salt caverns, to store substantial quantities of
compressed air. The objective is to compress and store air underground via the compressor
during periods of low power demand and surplus supply. During periods of elevated power
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demand and inadequate supply, compressed air is discharged to activate the turbine for
electricity generation, therefore balancing the grid load and enhancing energy efficiency [5].

The operational principle of compressed air subterranean energy storage consists of
two primary stages: the charge phase and the discharge phase [6]. During periods of low
electricity demand, such as the night-time or during peak wind and solar generation, a
power surplus typically exists. Concurrently, the surplus electricity in the grid powers a
compressor that extracts and compresses atmospheric air. Compressed high-pressure air
is held in designated geological formations underground, such as constructed excavation
chambers, natural caves, or salt caverns [7]. Due to their typical subterranean location, these
geological formations possess excellent sealing and pressure-bearing capabilities, enabling
them to endure and to retain substantial quantities of compressed air. This process equates
to the transformation of electrical energy into the internal energy of air. Upon the arrival of
peak power demand, the stored compressed air is discharged. During the release process,
compressed air is initially heated through preheating or by combusting a small quantity
of natural gas to elevate the temperature and pressure of the air, subsequently driving a
turbine to produce energy. This process transforms the internal energy of compressed air
into mechanical energy, which is subsequently turned into electrical energy and reintegrated
into the grid to satisfy electricity demand. The expansion of compressed air upon release can
propel the turbine, facilitating continuous electricity generation for a limited duration [7].

Compared with other energy storage technologies, the compressed air underground
storage chamber has several significant advantages. Firstly, its energy storage scale can
be very large, which is suitable for power grid peak shaving at a national or regional
level. Due to the huge volume of the underground chamber, it can store large amounts of
compressed air, which means that it is able to provide long-term power output, lasting for
hours or even days, to meet large-scale electricity demand. Secondly, CAES can effectively
balance the load of the grid, especially during peak consumption hours. By storing excess
energy during power demand troughs and releasing this energy during peak demand
hours, CAES can help grid operators alleviate power supply tightness and avoid blackouts,
voltage fluctuations, and other energy supply problems. The application of this technology
can significantly improve the reliability and flexibility of the power grid [8].

Compressed air storage facilities are mainly divided into ground gas storage tanks
and underground gas storage. Considering factors such as cost and application scale, the
practical application of underground gas storage is more extensive. Underground gas storage
is mainly concentrated in abandoned or water-soluble underground salt caverns, abandoned
underground mine tunnels [9,10]. The first three need to meet specific geological conditions,
but suitable geological conditions may not be found in some areas, which limits their wide
promotion and application. Therefore, when there is a lack of suitable geological conditions in
the area, the site selection of a more flexible rock lining chamber is a better choice.

Full-size CAES systems are in operation in Germany (Huntorf CAES plant) and the
United States (McIntosh CAES plant) [11], and the Huntorf plant in Germany [12], one
of the pioneers in the application of CAES technology, is representative of the successful
experience in utilizing salt caverns as an underground gas storage reservoir [13]. During
its long-term operation, Huntorf Power Station has accumulated a huge amount of data,
covering the mechanical response of salt rock under different pressure conditions, deforma-
tion characteristics, and long-term stability monitoring results, etc. These data are useful
for the in-depth study of salt rock geology. These data provide a reference for the in-depth
study of the characteristics of CAES system under the geological conditions of salt rock.
The McIntosh Power Station in the United States is in the hard rock geologic area, and it has
shown a series of innovative design and construction methods when facing the challenges
of granite geologic conditions [14]. In the design of the underground gas storage facility,
unique support structures and excavation methods were used to address the significant
impact of granite joint fractures on stability. A salt rock gas storage project in a region of
China incorporates the rich salt rock resources and specific geological conditions of the area.
The engineering feasibility of this underground gas storage reservoir was analyzed [15].



Buildings 2024, 14, 3778 3 of 20

The underground storage chamber has the characteristics of high internal pressure.
During the compressed air storage process, high-pressure air generates significant pres-
sure [16]. Since the overlying rock mass is unstable, it may result in rock rupture, collapse,
or even ground subsidence, hence jeopardizing the safe operation of energy storage facili-
ties [17,18]. The stability of the overlying rock mass is particularly important in areas with
frequent crustal movement and seismic activity [19]. A robust rock mass can endure these
high-pressure conditions for an extended duration, guaranteeing the reliable functioning
of the energy storage system for decades or more. Conversely, unstable rock formations
progressively diminish in stability under prolonged high pressure, potentially resulting in
diminished system performance and heightened maintenance costs and operating risks.
Consequently, analyzing the stability of the overlying rock mass is crucial. This work
focuses on tunnel-type subterranean gas storage chambers. The research findings possess
significant engineering applicability for assessing and verifying the burial depth of the
subterranean rock-liner chamber during the initial feasibility study phase of the tunnel-type
compressed gas energy storage power station.

In the field of geotechnical engineering, the finite difference method is a powerful
numerical technique. It discretizes the governing equations of a physical problem into a set of
difference equations [20]. By dividing the domain into a grid and approximating derivatives
with finite differences, it enables the solution of complex problems such as the stability
analysis of underground storage chambers. This method has been widely adopted due to
its ability to handle nonlinear and heterogeneous materials, providing accurate predictions
of the mechanical behavior and stability of geotechnical structures [21]. In this study, the
results were verified through comparative analysis with prior research, benchmarking against
established standards, and correlating with available field data, ensuring its accuracy and
reliability in representing the physical system of the underground storage chamber.

The rest of this paper is structured as follows: Section 2 describes in detail the sim-
ulation techniques used in this study. Section 3 analyzes the static analysis results of the
underground storage chamber and the sensitivity study of the parameters. Section 4 ana-
lyzes the dynamic response process of the chamber through synthetic seismic waves. In
Section 5, the conclusion is given. The flowchart of this study is shown in Figure 1.
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2. Method
2.1. Constitutive Model

In the analysis of subterranean structures, the material characteristics of soil and con-
crete are markedly distinct, necessitating the use of varied mechanical models to represent
their various mechanical properties correctly [22].

Soil is a quintessential nonlinear material, and its mechanical behavior is influenced by
numerous elements, including stress history, water content, density, and structure [23,24].
It will deform and fail when the stress attains a specific threshold. The Mohr–Coulomb
criterion has been validated across numerous engineering applications [25], particularly in
slope stability [26], tunnel design [27], and foundation-bearing capacity analysis. It utilizes
cohesive force (c) and internal friction angle (φ) derived from soil properties, accounting
for the frictional and cohesive characteristics of various soil types, including sand, clay, and
gravel, thereby providing a more precise representation of soil strength characteristics. It
effectively simulates soil yield behavior and demonstrates excellent reliability and practi-
cality [28]. In this study, it was found that the predominantly slightly weathered calcareous
silty mudstone underground rock formation behaved as a homogeneous material. Given
the formation’s uniform nature, the Mohr–Coulomb constitutive model was selected due
to its capability to accurately represent the mechanical behavior of soil and rock in this
context [29].

The main stress is used to represent the Mohr–Coulomb criterion in FLAC3D [30,31],
where σ1, σ2, and σ3 are the stress components in three directions in the 3D model. The
directions are determined according to σ1 ≤ σ2≤ σ3, and the corresponding strain compo-
nents are ϵ1, ϵ2, and ϵ3. The M–C criterion is represented in the σ1σ2 plane in Figure 2.
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Here, ϕ is the internal friction angle of the soil, c is the cohesive of the soil, the
remaining parameters in the figure are given in Equations (1)–(3), and σt is tensile strength.
σtmax = c/tanϕ

Nϕ =
1 + sin(ϕ)
1 − sin(ϕ)

(1)
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f s = −σ1 + σ3Nϕ − 2c
√

Nϕ (2)

f t = σ3 − σt (3)

During this iteration, when the stress point σI
i (i = 1, 2, 3) is located in domain 1 above

the failure envelope, shear failure occurs, ψ is the expansion angle, and the new stress
component σN

i is determined by Equations (4) and (5). When located in domain 2, the
soil undergoes tensile failure, and the stress component σN

i = σt. When the stress point is
below the envelope, that is, the yellow area, then the soil does not fail at this time, and the
stress component is still σI

i .

Nψ = 1+sin(ψ)
1−sin(ψ)

σN
1 = σI

1 + λs(α1 − α2Nψ

)
σN

2 = σI
2 + λsα2

(
1 − Nψ

)
σN

3 = σI
3 + λs(−α1Nψ + α2

) (4)

λs =
f s(σI

1 , σI
3
)(

α1 − α2Nψ

)
−

(
−α1Nψ + α2

)
Nϕ

(5)

The stress–strain relationship of concrete is nearly linear in the interaction between
the soil and supporting structure until it attains the yield point. A basic, isotropic linear
elastic model can characterize the mechanical behavior at this point. In this study, the
Mohr–Coulomb model is used for the surrounding rock, while the elastic model is utilized
for the concrete support structure.

2.2. Factor of Safety

In order to express the stability of the underground storage chamber more clearly
and intuitively, the Factor of Safety (FOS) is used to analyze the state of surrounding rock
when the chamber works stably [32]. The FOS represents the ratio of the maximum load
the structure can bear to the actual load and is calculated using strength reduction, which
can be applied to basically any failure model by gradually reducing the shear strength of
the material to reach the ultimate equilibrium state. In FLAC3D, firstly, a characteristic
response time (Nr) is automatically found, and the cohesion and friction strength are set to
larger values, so that the internal stress in the soil increases. In the process of continuous
iteration, if the time step required for calculation exceeds Nr, the calculation will stop, and
the FOS does not meet the requirements at this time. The reduction process of cohesion
and internal friction angle is shown in Equations (6) and (7).

ctrial =
1

Ftrial c (6)

ϕtrial = arctan
(

1
Ftrial tanϕ

)
(7)

2.3. Synthetic Seismic Waves

In the process of dynamic analysis in this study, an El-Centro synthetic seismic
wave [33] is used to better simulate the real earthquake situation. According to the geo-
graphical location of the tunnel, the simulated seismic fortification intensity is 8 degrees,
the designed basic seismic acceleration is 0.2 g, and the seismic waveform is shown in
Figure 3.

In the finite difference simulation analysis, the seismic force is usually inputted by
applying dynamic load at a boundary or an internal node, and the dynamic load is deter-
mined by using the acceleration time history, velocity time history, force time history, and
stress time history. In order to ensure the function of the viscous constraint boundary, it
is necessary to input the seismic wave in the way of the stress time history distribution
in the dynamic analysis. The seismic wave distributed in the acceleration time history
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is transformed into the velocity time history νs, νn, and then the velocity time history is
transformed into the stress time history σs, σn. The seismic load can be successfully applied
to the model and the integrity of the boundary characteristics can be ensured by using the
chart input at the bottom boundary of the model [34].
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The particle velocities νs and νn in tangential and normal directions are transformed
into stresses σs, σn, which is denoted by Equation (8).

σs = −2(ρ·Cs)νs
σs = −2(ρ·Cn)νn

(8)

where ρ is the density of the medium, kg/m3, and Cs, Cn are the wave velocities of the S
wave and P wave of the medium, respectively.

2.4. Boundary Conditions

The Lagrangian difference method [35] was used to simulate the dynamic response
under seismic action, and the coupling boundary conditions of free field boundary and
viscous damper were used. A static boundary is set at the bottom of the model, and a free
field boundary grid is generated around the model, so that the unbalanced force is applied
to the boundary of the main grid, and the vibration wave is reflected back to the main
structure. The critical minimum damping ratio was set to 0.03 and the minimum center
frequency of Rayleigh damping was set to 1.0 Hz in the model. The dynamic boundary is
shown in Figure 4.
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3. Static Analysis Results
3.1. Engineering Project Introduction

The projected dimensions of the subterranean sealing chamber are 100,000 cubic
meters, with a maximum operational internal pressure ranging from 4 to 9 MPa. It is
situated 150 m below the surface. The primary project is situated on the northern slope of a
mountain in a province in northwest China, encompassing around 100,000 square meters.
There are nine Holocene active faults in the region, one late Pleistocene active fault in the
proximal area, and no development of Holocene active faults. The engineering sector is
situated inside a seismic zone, where significant and intense earthquakes have historically
occurred with frequency. Numerous earthquakes exceeding magnitude VII have occurred,
with a chance surpassing 10% within a 50-year timeframe. The maximum acceleration of
bedrock ground motion is 0.2 g, equal to a seismic intensity of VIII, indicating poor regional
structural stability.

3.2. Soil Information

During the initial phase of geological exploration for the project, drilling results at
depths of 150 to 200 m indicate that the surrounding rock of the tunnel section predomi-
nantly consists of breeze calcarine silty mudstone, with minor inclusions of breeze morl
and breeze siltstone, and the rock mass appears relatively intact. Information regarding
the mudstone soil layer is presented in Table 1. The tunnel chamber section is chosen to
replicate the two-dimensional plane at the straight segment of the tunnel in the project,
with calculations based on the plane strain model. A unit length of 1 m is adopted. The
model’s left and right boundaries are restricted by normal displacement along the X-axis,
while the bottom boundary is confined by displacement in the Z-axis direction, with the
surface functioning as a free boundary. Based on the theoretical analysis of rock mechanics
and results from the engineering field test, the Mohr–Coulomb model is chosen for the
surrounding rock, while the elastic model is selected for the support and lining structure.
The bulk modulus and shear modulus characterize the deformation modulus and Poisson’s
ratio of the adjacent rock and soil, as seen in Equations (9) and (10).

K =
E

3 × (1 − 2ν)
(9)

G =
E

2 × (1 + ν)
(10)
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Table 1. Mudstone soil layer information.

Unit Weight
(kN/m2)

Deformation
Modulus

(Gpa)

Poisson’s Ratio
(µ)

Cohesive
Forces
(kpa)

Angle of Internal
Friction

(◦)

Saturated Uniaxial
Compressive

Strength
(Mpa)

Saturated Splitting
Compressive

Strength
(Mpa)

25.8 6 0.25 500 40 22.09 3.53

3.3. Support Structure Information

During the excavation of the chamber, the initial support entirely withstands the sur-
rounding rock pressure of the layer containing the gas storage chamber, but the secondary
lining is not designed to handle this pressure. During the stable operational phase, the gas
storage chamber can accommodate a working pressure range of 0.1 to 9 MPa, utilizing com-
pressed air as the gas medium, with minimal water and oil content. The secondary lining
primarily functions to convey the high-pressure gas within the chamber to the adjacent rock
formations. Table 2 presents the structural details of the major support and secondary lining.

Table 2. The structural information of primary support and secondary lining.

Option Concrete Material Technology Chamber Depth (m) Thickness (m)

Primary support C25 Shotcrete 150 0.l5
Secondary lining C40 Concreting 150 0.45

3.4. Static Analysis Result

Following the stabilization of the initial ground stress field, the stress relief and defor-
mation are examined by the simulation of chamber excavation, and the preliminary support
model is developed. The displacement cloud map (Figures 5 and 6) of the excavation phase
illustrates the displacement distribution along the X-axis and Z-axis of the circular section.
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The displacement cloud map can be utilized to ascertain the deformation of the
surrounding rock during cave excavation. The findings indicate that the settlement at the
higher end of the circular section is 8.633 mm, the settlement at the lower end is 8.727 mm,
and the horizontal expansion measures 0.470 mm during the excavation phase.

The plastic zone denotes the area where a material experiences plastic deformation
under certain stress circumstances, as determined by its stress–strain properties. The
varying geological conditions result in the distinct mechanical properties and deformation
characteristics of the surrounding rock during the chamber construction [36]. In rock
mechanics, the surrounding rock can be divided into elastic, elastic–plastic and plastic zones
according to the strength and strain properties of the surrounding rock [37]. The plastic
zone denotes the region where the material experiences permanent deformation upon
surpassing the strength threshold during stress application. It may result in the failure of
the surrounding rock and the deformation of the tunnel structure. Consequently, during the
design and construction of the chamber, it is imperative to thoroughly analyze and assess
the plastic zone of the surrounding rock to guarantee the stability and safety of the building.
Figure 7 illustrates the distribution of the plastic zone during the chamber excavation
phase. At this stage, plastic failure is confined to the periphery of the initial supporting
structure, extending 2 m, while the surrounding rock remains largely undamaged and in a
stable condition.

During the stable operation phase, the inner wall of the chamber withstands a maxi-
mum air pressure of 9 MPa. The simulation applies a normal pressure of 10 MPa to the
inner wall of the chamber, and the deformation is investigated under stable limit operat-
ing conditions. The displacement cloud diagram (shown in Figures 8 and 9) depicts the
displacement distribution of various section shapes under stable operation conditions.

The displacement cloud map reveals the deformation of surrounding rock under
stable working conditions in each segment of the chamber. The findings indicate that
during the stable operational phase, the upper extremity of the circular section experiences
a settlement of 36.432 mm, the lower extremity settles by 31.923 mm, and the horizontal
dimension expands by 19.703 mm, exhibiting little deformation in all directions.

The stable operational phase of the chamber reveals the distribution of the plastic zone,
as illustrated in the Figure 10. It is evident that, due to air pressure, the extent of the plastic
zone is significantly enlarged, predominantly along the Z-axis, extending 30 m upward
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and 25 m downward. Furthermore, an analysis of the chamber’s burial depth indicates that
the plastic flow along the Z-axis is constrained to five times the chamber’s diameter. The
current FOS is 4.67, indicating a secure condition. The variation of the internal pressure
within the range of 0–9 MPa has a profound impact on the mechanical behavior of the
underground storage chamber. As the internal pressure increases, the displacement of the
chamber structure, especially in the Z-axis direction, exhibits a significant upward trend.
For instance, at an operational pressure of 10 MPa, the upper settlement reaches 36.43 mm
and the lower settlement is 31.92 mm. This indicates that in the design of CAES systems,
the structural integrity and material strength of the chamber must be carefully designed to
withstand such deformations.
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3.5. Parameter Sensitivity Study

In order to further study the stability of the underground storage chamber in the stable
operation stage, in this study the granite surrounding rock and salt rock surrounding rock
in a location in northern China are introduced to compare and analyze with this project
under different burial depths and different pressure conditions. The geological conditions
of the comparison group are shown in Table 3.
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Table 3. Geological information characteristics of granites and salt rocks.

Soil Mass Unit Weight
(kN/m2)

Poisson’s
Ratio

(µ)

Cohesive
Force
(kpa)

Angle of
Internal
Friction

(◦)

Deformation
Modulus

(Gpa)

Bulk
Modulus

(Gpa)

Elastic
Modulus

(Gpa)

Granites 2650 0.25 2000 55 24 16 9.6

Salt 2200 0.3 450 40 4.5 3.75 1.73

When the chamber depth is 150 m, the FOS calculated according to the strength
reduction method is shown in Table 4, and the line chart is shown in Figure 11.

Table 4. FOS of different soils under different chamber operating pressures at 150 m buried depth.

Depth of Burial (m) Soil Mass Storage Pressure
(MPa) FOS

150

Mudstone

10 4.67

8 5.67

6 6.15

Granite rock

10 7.52

8 7.82

6 8.12

Salt rock

10 0.998

8 1.28

6 2.65
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When the chamber depth is 120 m, the FOS calculated according to the strength
reduction method is shown in Table 5, and the line chart is shown in Figure 12.
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Table 5. FOS of different soils under different chamber operating pressures at 120 m buried depth.

Depth of Burial (m) Soil Mass Storage Pressure
(MPa) FOS

120

Mudstone

10 2.21

8 3.52

6 5.98

Granite rock

10 4.7

8 6.02

6 7.22

Salt rock

10 0.82

8 1.12

6 3.82
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When the depth of the chamber is 80 m, the FOS calculated according to the strength
reduction method is shown in Table 6, and the line chart is shown in Figure 13.

Table 6. FOS of different soils under different chamber operating pressures at 80 m buried depth.

Depth of Burial (m) Soil Mass Storage Pressure
(MPa) FOS

80

Mudstone

10 1.871

8 2.41

6 3.45

Granite rock

10 4.3

8 5.45

6 7.7

Salt rock

10 0.78

8 1.28

6 2.65
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According to the line chart analysis of pressure and buried depth, with the decrease in
buried depth, the FOS of the surrounding rock is gradually increased, and the stability of
the surrounding rock is improved. The FOS of salt rock under the three burial depths is
less than 1, so it cannot be used as the surrounding rock of the storage chamber because it
may lead to serious geological disasters. However, for granite and mudstone, the FOS is
larger, but it still needs to be monitored during construction to prevent the occurrence of
rock burst.

Since the FOS can simply quantify the stability degree of the surrounding rock, the
change of the FOS represents the stability of the surrounding rock in the construction
and operation process to avoid geological disasters such as landslides. In the design of
underground engineering (such as tunnels, mines, etc.), the FOS of the surrounding rock
is one of the important design bases. From the experimental results, it can be analyzed
that for granite rock mass, due to its large rock stiffness, the change range of the FOS is
also large. In the construction process, the requirements for the burial depth control are
strict, otherwise the support structure needs to be changed significantly. However, the
FOS of mudstone is relatively stable and is less affected by burial depth, and the control
of burial depth is relatively loose for the same buried depth of the chamber. Since the
bearing pressure range is 0–9 MPa, the surrounding rock needs to have better stability, so
the selection of mudstone in the site selection of this project is more reasonable, which
is of great significance to ensure the long-term stability and safety of the underground
storage chamber. Previous research on underground storage technologies has shown that
different geological formations impact stability and dynamic response. For granite, some
studies reported high stability [38], similar to findings of a relatively high safety factor. Salt
rock’s instability in this study corroborates prior work [39]. Mudstone had a stable safety
factor, consistent with previous emphasis on its properties. Overall, this study refines the
understanding of different formations’ behaviors in underground storage, providing a
basis for future research and engineering applications.

In consideration of the influence of diverse geological conditions on the CAES system,
this study presumed mudstone as the homogenous surrounding rock based on the ground
investigation report. Additionally, preliminary analyses also assumed granite and salt
rock. However, the complexity of actual geology far exceeds these simplified assumptions.
Geological inhomogeneity is prevalent across all rock formations, and its impact on the
stability and performance of underground gas storage should not be overlooked. The
joints and fissures inherent in granite, the impurities and layered structures characteristic
of salt rocks, and the variability in the properties of different layers of mudstones present
numerous challenges to the operation of the CAES system. These challenges include
localized stress concentrations, uneven settlement, and potential damage to structural
integrity. In the future, further efforts will be directed towards exploring effective measures
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to counteract these geologic inhomogeneities, thereby ensuring the stable operation of
the system.

4. Dynamic Analysis Results

This selection of seismic parameters is in accordance with the relevant laws and
regulations in China for seismic design. By using the maximum seismic grade of 0.2
g seismic wave at the project site, we aim to ensure that the dynamic analysis of the
underground chamber is conducted under a realistic and safety-compliant seismic scenario.
This allows us to evaluate the seismic response of the structure and determine its ability to
withstand earthquakes in the region, providing a basis for assessing its seismic safety.

To assess the response and safety of underground gas storage chambers during seismic
events, optimize the design to improve seismic resilience, and devise effective vibration
mitigation strategies, thereby ensuring structural stability and safety during earthquakes
while enhancing economic viability and sustainability, this study conducted a dynamic
analysis of the chamber structure in a stable operational state (10 MPa) under mudstone
geological settings. Figures 14 and 15 illustrate the displacement cloud image of the
structure subjected to a high-frequency seismic condition of 25 Hz after 10 s.

Buildings 2024, 14, x FOR PEER REVIEW 16 of 20 
 

 
Figure 14. Seismic response X-axis displacement cloud map. 

 
Figure 15. Seismic response Z-axis displacement cloud map. 

It can be seen from the figure that the maximum displacement of the upper end of 
the chamber structure is 36.49 mm, the maximum displacement of the boĴom is 32.53 mm, 
and the maximum displacement of the horizontal is 19.76 mm. Compared with the stable 
operation state, the roof seĴlement increased by 0.1%, the boĴom seĴlement increased by 
2%, and the horizontal expansion increased by 1%. According to the local historical earth-
quake level, the displacement was less than the standard value, and the structure was still 
in a safe state. 

Figure 14. Seismic response X-axis displacement cloud map.



Buildings 2024, 14, 3778 16 of 20

Buildings 2024, 14, x FOR PEER REVIEW 16 of 20 
 

 
Figure 14. Seismic response X-axis displacement cloud map. 

 
Figure 15. Seismic response Z-axis displacement cloud map. 

It can be seen from the figure that the maximum displacement of the upper end of 
the chamber structure is 36.49 mm, the maximum displacement of the boĴom is 32.53 mm, 
and the maximum displacement of the horizontal is 19.76 mm. Compared with the stable 
operation state, the roof seĴlement increased by 0.1%, the boĴom seĴlement increased by 
2%, and the horizontal expansion increased by 1%. According to the local historical earth-
quake level, the displacement was less than the standard value, and the structure was still 
in a safe state. 

Figure 15. Seismic response Z-axis displacement cloud map.

It can be seen from the figure that the maximum displacement of the upper end of
the chamber structure is 36.49 mm, the maximum displacement of the bottom is 32.53 mm,
and the maximum displacement of the horizontal is 19.76 mm. Compared with the stable
operation state, the roof settlement increased by 0.1%, the bottom settlement increased
by 2%, and the horizontal expansion increased by 1%. According to the local historical
earthquake level, the displacement was less than the standard value, and the structure was
still in a safe state.

Figure 16 illustrates the displacement curve for each section of the chamber during
the matching 10 s earthquake. The blue line represents the displacement curve of the
chamber’s farthest end along the X-axis, the red line denotes the displacement curve of the
X-axis at the chamber’s top, the green line illustrates the displacement curve of the farthest
end along the Z-axis, and the yellow line indicates the displacement of the Z-axis at the
chamber’s top. The research indicates that the displacement of both the uppermost and
the most distant horizontal sections have a specific periodicity, with an overall tendency
resembling that of the input seismic wave. The seismic displacement of the most distant
horizontal section is significantly greater than that of the upper section, whereas the seismic
variation of the upper section is mostly influenced by the feedback effect of the soil and
overlay. The chamber’s horizontal end often experiences a more significant lateral impact
from the earthquake, whereas the distal end encounters a more intense lateral force. Upon
encountering the distal end of the chamber, the local seismic wave will concentrate energy
at that location, resulting in significant displacement. In terms of Z-axis displacement,
the seismic wave travels from the bottom to the top, causing a 0.1 s discrepancy in the
maximum displacement timing between the top and the farthest horizontal end. In contrast
to X-axis displacement, the seismic displacement at the farthest horizontal end of the Z-axis
is less than the top displacement, which is more vulnerable to P and S waves due to the
proximity of the chamber’s top to the surface. The waves resulted in an elevation of vertical
displacement at the chamber’s top. For mudstone surrounding rock, the results of static
analysis and dynamic analysis in this study are shown in Table 7.
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Table 7. Results of static and dynamic analysis of this project.

Analysis Phase
Displacement (mm) Plastic Zone (m2)

Top Bottom Horizontal Approximate Area

Static Excavation 8.633 8.727 0.470 35.184
Stable 36.432 31.923 19.703 423.600

Dynamic 36.490 32.530 19.760

5. Conclusions

This study selected three different geotechnical and geological scenarios from actual
engineering projects to evaluate the stability of the underground CAES chamber’s sur-
rounding rock. The finite difference method and limit equilibrium method were used, along
with a parameter sensitivity analysis considering actual engineering conditions. Authentic
engineering data enhanced the simulation’s effectiveness. FLAC3D was employed for
explicit Lagrangian iterations and dynamic analysis. The key findings are as follows:

1. The static analysis outcomes of the excavation phase and stable operation phase of
the underground storage chamber, utilizing the finite difference method, indicate that
during the excavation phase the top settlement of the chamber measures 8.633 mm, the
lower end settlement is 8.727 mm, and the outer expansion at the most distal horizontal
end is 0.470 mm. The stress distribution is symmetrical, and the displacement remains
within an acceptable range. At the operational limit of 10 MPa, the upper settlement of
the chamber measures 36.43 mm, the lower settlement is 31.92 mm, and the maximum
horizontal displacement is 19.70 mm. The deformation along the Z-axis is under
one-thousandth of the burial depth, and the horizontal deformation along the X-axis
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is below one percent of the chamber’s diameter, indicating that the chamber structure
is in a secure condition.

2. The simulation results of the plastic zone surrounding the rock indicate that during the
excavation phase, a plastic zone emerges within a 2 m radius of the chamber structure.
Following the transition to the stable operation phase, the plastic zone predominantly
extends along the Z-axis, with an expansion range of up to 30 m, which is less than
one-fifth of the burial depth, thereby ensuring the surrounding rock remains in a safe
condition.

3. The safety factor of the surrounding rock of the underground storage chamber is
analyzed by implementing the identical numerical simulation technique based on the
other two actual geological circumstances. The results indicate that in the excavation
and operation of rock masses with high stiffness, such as granite, the safety factor of
the surrounding rock is maximized but exhibits significant variability with respect
to the factors. Conversely, in mudstone rock masses, the safety factor remains more
stable and has minimal fluctuations. The salt rock mass has the lowest safety factor,
falling below 1 within the 8–10 MPa range, indicating considerable instability of the
rock mass. The parameter research of chamber stability establishes the foundation for
site selection in the actual project.

4. Under a 25 Hz, 0.2 g seismic acceleration wave, the upper end’s maximum displace-
ment was 36.49 mm, the bottom was 32.53 mm, and the post-earthquake maximum
horizontal displacement was 19.76 mm. Compared with the stable operation state,
the roof settlement increased by 0.1%, the bottom settlement by 2%, and the hori-
zontal spread by 1%, demonstrating the structure’s effective seismic capacity as the
post-seismic displacement remained within the safe range.

In summary, this study comprehensively analyzed the displacement and stability of the
underground CAES chamber in different phases, with a particular focus on the chamber’s
stability under various conditions and its seismic performance. The study demonstrates
that the mudstone geological condition offers relatively good stability and a stable safety
factor, making it suitable for the site selection of the underground storage chamber of the
CAES system, though attention must be paid to the influence of internal pressure and
burial depth. In contrast, the granite geological condition exhibits a relatively high safety
factor but is sensitive to burial depth, necessitating strict control in design and construction.
Conversely, the salt rock condition exhibits poor stability and requires special treatment
or should be avoided altogether. These findings provide a reliable basis for engineering
site selection and numerical simulation. Future research will focus on the development of
more sophisticated numerical simulation models to improve the accuracy of prediction of
underground CAES chamber behavior. At the same time, the joint information and failure
mode of the rock will be further analyzed.
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