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Abstract:

The stability of underground caverns for compressed air energy storage (CAES) is critical for
safe operation under high internal pressure conditions. With the development of large-scale
CAES power plants, a single storage cavern can no longer meet energy storage demands,
making the study of cooperative stability in cavern groups of significant engineering im-
portance. Based on a three-dimensional numerical simulation method, this study establishes
a cavern group model to systematically investigate the influence of burial depth, cavern
diameter, and spacing on surrounding rock deformation and plastic zone distribution, with a
particular focus on the stability of intersecting regions. The results indicate that: (1) Surround-
ing rock deformation decreases with increasing burial depth but exhibits an upward trend
with larger cavern diameters. When the spacing exceeds 1.5D, the deformation gradually
stabilizes. (2) Under an operating pressure of 15 MPa, the optimal layout parameters for the
cavern group are a burial depth of 200 m, a cavern diameter of 5 m, and a spacing of 1.5D.
(3) Displacement in intersecting regions is generally higher than in single-cavern sections,
particularly at the connection between vertical shafts and main caverns, where deformation
shows asymmetry, with greater displacement on the side adjacent to neighboring caverns,
indicating significant interaction effects within the cavern group. This study provides a
theoretical basis for the optimal design of underground CAES cavern groups under high
internal pressure conditions.

1 Introduction

under long-term cyclic loading, while high-pressure air can
induce salt particle-induced corrosion on mechanical surfaces.

Under the global energy transition and the promotion of
”dual-carbon” goals, compressed air energy storage (CAES)
has emerged as a research hot spot in large-scale energy storage
due to its advantages of large storage capacity, long lifespan,
and low cost (Crotogino et al., 2001; Budt et al., 2016; Chen
etal.,2016; Lietal., 2018; Sun et al., 2025; Zhang et al., 2024).
Large-scale CAES systems primarily rely on underground stor-
age caverns, where rock masses serve as the main load-bearing
structures, offering higher economic efficiency compared to
above ground storage facilities. Underground storage solutions
can utilize various geological formations, including salt caverns
formed by salt layer dissolution (Yang et al., 2015; Sun et al.,
2024), lined rock caverns, abandoned mines, and aquifers (Jia
et al., 2015). However, during construction and operation, salt
caverns may undergo significant contraction and deformation
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Additionally, the uneven distribution of salt deposits and com-
plex geological conditions constrain site selection for storage
facilities (Zhao et al., 2023a,b; Han et al., 2022). Aquifer-based
geological structures, though economically advantageous due
to their porous nature, present challenges such as structural
complexity that introduces construction uncertainties and high
permeability that reduces operational efficiency (Li et al., 2021;
Wang et al., 2021; Tooseh et al., 2018). Abandoned mine tun-
nels significantly reduce construction costs but still face issues
related to stability concerns, renovation difficulties, and limited
site availability (Xu et al., 2021). In recent years, artificially ex-
cavated hard-rock caverns have become a critical development
direction for novel CAES systems, owing to their site flexibility
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and high controllability (Xu et al., 2022; Tunsakul et al., 2013).

The stability of surrounding rock in CAES underground
caverns under long-term cyclic high internal pressure load-
ing and multi-field coupling effects(temperature-air pressure-
stress) has become a critical and challenging focus in current
research. In recent years, scholars worldwide have achieved
significant progress in the study of CAES cavern stability.
Fang et al. innovatively established a thermo-hydro-mechanical
(THM) coupled analysis model to systematically investigate
the influence of complex thermodynamic processes on the air-
tightness of concrete-lined caverns (Fang et al., 2024). Li et
al. developed a finite element model incorporating multi-field
coupling effects and reinforced concrete structures, revealing
the dynamic evolution of mechanical displacement and stress
fields in surrounding rock through in-depth analysis (Li et al.,
2023). Ma et al. proposed a novel thermo-gas-mechanical (T-
GM) coupling theory that integrates gas seepage effects (Ma
et al.,, 2022). Zhou et al. advanced an analytical solution to
quantitatively characterize the mechanical response induced
by coupled air pressure-temperature variations in lined rock
caverns (Zhou et al., 2015a). Xia et al. further introduced a
simplified unified analytical model that couples heat exchange
between compressed air and surrounding rock, enabling precise
prediction of temperature-pressure evolution within caverns
(Xia et al., 2015). Chen et al. focused on the impact of the
Excavation Damaged Zone (EDZ) on the long-term stability of
CAES caverns, providing critical insights for engineering safety
assessments (Chen and Wang, 2022).

Despite existing achievements providing references for
CAES cavern design, the following limitations persist: Lack
of systematic quantification regarding the synergistic influence
mechanisms of multi-parameters (e.g., burial depth, cavern
diameter, spacing) in cavern groups. Insufficient research on
the stability of intersecting regions and fatigue damage under
cyclic loading. Compared to single caverns, the cooperative
behavior of cavern groups may induce stress superposition
and interconnected plastic zones, significantly amplifying the
risk of surrounding rock instability. Furthermore, intersect-
ing regions (e.g.,junctions between vertical shafts, connecting
tunnels, and main caverns) are prone to stress concentration
due to geometric discontinuities, becoming critical weak points
for structural integrity. Therefore, systematic investigation into
layout parameter optimization and stability control strategies
for intersecting regions in cavern groups is imperative to ensure
the safe operation of CAES systems.

To address the aforementioned challenges, this study focuses
on a CAES cavern group with parallel arrangement in hard-rock
formations. A combined approach of three-dimensional numer-
ical simulation and theoretical analysis is adopted to conduct the
following investigations: Systematic analysis of the influence
of varying parameters-burial depth (100 m, 200 m, 300 m),
cavern diameter (5 m, 7 m, 9 m, 11 m), and cavern spacing
(1D, 1.5D, 2D, 2.5D, 3D)-on surrounding rock deformation
and plastic zone distribution, under fixed conditions of lining
thickness (50 cm), concrete grade (C35), and operating pressure
(15MPa). Based on these results, optimized layout parameters
for the cavern group are proposed. At the same time, we investi-

gate the stress concentration characteristics and fatigue damage
evolution mechanism of the shaft-main cavern intersection area,
and evaluate its stability control factors, so as to provide refer-
ence for the design of the subsequent compressed-gas storage
power plant storage reservoir group.

2 Establishment of numerical model of gas
storage

2.1 Numerical model

The study object comprises a gas storage cavern group con-
sisting of three parallel circular tunnels. The distances from the
caverns to the left, right,lower, front, and rear boundaries of
the model exceed three times the cavern diameter, while the
distance to the upper boundary is determined by the specified
burial depth. The ground surface is defined as a free boundary.
Displacement constraints are imposed as follows: X-direction
constraints on the left and right boundaries, Y-direction con-
straints on the front and rear boundaries, and X, Y, and Z-
direction constraints on the lower boundary. The gas storage
pressure is simulated by applying a normal load to the inner wall
of the lining. A schematic diagram of the model is illustrated in
Fig. 1.

2.2 Yield criteria and parameter selection

In the numerical simulations, the surrounding rock is as-
sumed to be an ideal elastoplastic material governed by the
Mohr-Coulomb yield criterion. This theory is a shear stress-
based strength criterion that comprehensively characterizes the
strength behavior of rock, particularly reflecting its significant-
ly lower tensile strength compared to compressive strength. The
shear failure and tensile failure functions are defined as follows:

Fy =01~ Ny,03+2c+/N, @)

tho-B_O-t (2)

Where is the shear stress, is the normal stress, ¢ is the internal
friction angle, and c is the cohesion. Where o is the maximum
principal stress, and ois the tensile strength, 073 is the minimum
principal stress, N, = %

The shear failure potential function of the surrounding rock
adopts a non-associated flow rule, while the tensile failure po-
tential function uses an associated flow rule. Their expressions
are as follows:

gs =01 — 03Ny (3)
g = —03 “4)
(1 +siny)

N = (1 —siny) )

i is the expansion angle of rock. ( °).
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Fig. 1 Schematic diagram of the CAES model. (a) Surrounding rock mesh; (b) Cavern mesh.

Tab. 1 Material parameters

Materials Density  Elasticity modulus Internal friction Cohesive force Poisson’s ratio Tensile strength
y/KN-m-3 E/GPa angle ¢/° c¢/MPa n /MPa
Surrounding
rock 26 28 50 15 0.3 9
Lining 25 31.5 / / 0.17 /

The surrounding rock of the gas storage is granite, with the
lining made of C35 concrete and assumed to be an elastic
material. The initial in-situ stress only considers the self-weight
stress field. Material parameters were referenced from the Code
for Design of Hydraulic Tunnels, and the specific physical and
mechanical parameters are listed in Tab. 1.

2.3 Numerical simulation scheme

During the model calculation, three main influencing factors
were considered: burial depth, cavity diameter, and spacing.
The burial depths were set as 100 m, 200 m, and 300 m; cavity
diameters were set as 5 m, 7 m, 9 m, and 11 m; and spacings
were set as 1D, 1.5D, 2D, 2.5D, and 3D (where D denotes
the cavity diameter). The research schemes for the gas storage
under each working condition are listed in Tab. 2.

Tab. 2 Gas storage research program

Research object Circular tunnel gas

storage
Depth/m 100, 200, 300
Hole diameter/m 5,7,9,11

Distance between
holes/m

1D, 1.5D, 2D, 2.5D, 3D

2.4 Calculation Process

The calculation is divided into four steps: Step 1: Establish
initial in-situ stress equilibrium and reset displacement to zero.
Step 2: Excavate caverns sequentially (each tunnel excavated
in 2 m increments), deactivate the excavation and lining mesh
groups, and passivate the excavated grid elements. Step 3:
Install linings and activate the lining mesh groups; repeat Steps
2-3 cyclically until full excavation is completed. Step 4: Apply
gas storage pressure (15 MPa) to the cavern surfaces.

3 Experimental results and analysis

The monitoring point configuration for the cavern group is
illustrated in Fig. 2.

Vertical displacement analysis focuses on the vault (crown)
and invert (floor) points of the mid-cross-section of each cav-
ern: Left cavern: Points 11 (vault) and I3 (invert). Middle cav-
ern: Points J1 (vault) and J3 (invert). Right cavern: Points K1
(vault) and K3 (invert).

Horizontal displacement analysis targets the haunch (side-
wall) points of the mid-cross-section: Left cavern: Points 12 (left
haunch) and 14 (right haunch). Middle cavern: Points J2 (left
haunch) and J4 (right haunch). Right cavern: Points K2 (left
haunch) and K4 (right haunch).

Coordinate system: +Y: Upward (vertical direction). +X:
Rightward (horizontal direction). +Z: Inward (perpendicular to
the plane of the diagram).

3.1 Influence of different burial depths on the
stability of gas storage

3.1.1 Analysis of numerical simulation results

From the displacement nephograms illustrated in Fig.s 3 and
4, the following observations can be made: At a cavern burial
depth of 100 m, the maximum displacement of surrounding rock
reaches approximately 3.68 mm, occurring at the cavern crown
with inward-directed deformation. All displacement values re-
main within acceptable engineering limits. The maximum Z-
direction displacement of 2.36 mm is predominantly observed
at the cavern floor. When the burial depth increases to 200
m, the peak surrounding rock displacement decreases to ap-
proximately 2.23 mm, maintaining its occurrence at the cavern
crown but exhibiting an upward-leftward deformation vector
towards the cavern interior. Concurrently, the maximum Z-
direction displacement reduces to 1.53 mm, still concentrated at
the cavern base. At 300 m burial depth, the maximum displace-
ment further diminishes to 0.87 mm, retaining both the crown
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Fig. 2 Schematic diagram of monitoring points
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Fig. 4 Displacement cloud map in Z direction of different buried depths (a) 100m (b) 200m (c) 300m

location and upward-leftward deformation tendency. The cor-
responding maximum Z-direction displacement measures 0.7
mm, continuing to manifest primarily at the cavern floor.

From the stress nephogram presented in Fig.5, the follow-
ing mechanical characteristics can be interpreted: The exten-
sive stress distribution pattern reveals relatively uniform stress
redistribution across most regions, conforming to the typical
stress redistribution mechanism post-tunnel excavation. Max-
imum tensile stress concentrations in surrounding rock pre-
dominantly occur near the crown, sidewalls, and excavation
boundaries, though these values remain significantly below the
tensile strength threshold of the rock mass. Conversely, elevat-
ed compressive stresses are concentrated in the floor strata and
deeper rock zones, yet all measured stresses maintain sufficient
safety margins below critical levels required to trigger stress-
induced failure mechanisms.

From the strain nephogram depicted in Fig.6, the following
deformation characteristics are revealed: At a burial depth of
100 m, the cavern exhibits an extensive deformation zone,
with tensile strain concentrations predominantly observed near
the crown, sidewalls, and excavation boundaries, which may

induce crack initiation. Elevated compressive strains are likely
concentrated in the floor strata and deeper rock masses, ac-
companied by interconnected deformation patterns among the
left, central, and right cavern sections. When the burial depth
increases to 200 m and 300 m, the deformed area progressively
contracts,showing more homogeneous strain distribution across
the rock mass-indicating enhanced deformation compatibility.
Notably, both tensile and compressive strains maintain mag-
nitudes well below critical thresholds for structural instability
throughout all burial conditions.

The longitudinal deformation characteristics of the tunnel
crown are manifested as upward displacement in the central
section during through-excavation. The vertical unloading ef-
fects induced by breakthrough excavation generate localized
heave in the tunnel base and surrounding soils, creating upward
soil reaction forces that collectively elevate the central tunnel
segment. Subsequent longitudinal constraints at both portals
may result in forced upward displacement of the entire tun-
nel structure. Correspondingly, surface displacement monitor-
ing reveals a characteristic deformation pattern: central sec-
tion heave with portal settlement, primarily governed by three
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Fig. 6 Strain cloud map at different burial depths (a) 100m (b) 200m (c) 300m

coupled mechanisms-ground loss from shallow-buried mega-
section excavation, frost heave effects, and post-excavation
buoyancy response. Notably, crown subsidence demonstrates
positive correlation with surface settlement magnitude. Both
crown displacement and base heave exhibit progressive con-
traction with increasing burial depth, emphasizing the necessity
for real-time comparative analysis between internal and exter-
nal monitoring data to implement timely deformation control
strategies.

As demonstrated in Tab.3 and Fig.7 for gas storage caverns
with 5 m diameter and 1D spacing, displacement magnitudes
at critical monitoring points exhibitconsistent reduction with
increasing burial depth. This trend quantitatively verifies the
stabilizing effect of overburden pressure on excavation-induced
deformations.

3.1.2 Analysis of perimeter rock deformation

As shown in Fig. 7(a), when the burial depth of the gas
storage is 100 m, point I1 in the left cavern descended by 2.82
mm, and point I3 ascended by 1.91 mm; point J1 in the middle
cavern descended by 2.91 mm, and point J3 ascended by 2.00
mm; point K1 in the right cavern ascended by 2.77 mm, and
point K3 descended by 1.86 mm. The vertical displacements of
points I1 and I3 in the left cavern and points K1 and K3 in the
right cavern were all smaller than those in the middle cavern.
When the burial depth increased to 200 m, point I1 in the left
cavern ascended by 1.78 mm, and point 13 descended by 1.27
mm; point J1 in the middle cavern descended by 1.89 mm, and
point J3 ascended by 1.34 mm; point K1 in the right cavern
ascended by 1.79 mm, and point K3 descended by 1.26 mm.
The vertical displacements of points I1 and I3 in the left cavern
were basically the same as those in the right cavern. At a burial
depth of 300 m, point I1 in the left cavern ascended by 0.82
mm, point I3 descended by 0.66 mm, point J1 in the middle
cavern descended by 0.86 mm, and point J3 ascended by 0.70
mm; point K1 in the right cavern ascended by 0.84 mm, and

point K3 descended by 0.65 mm. As the burial depth increased
from 100 m to 300 m, the vertical displacements of points I1
and I3 in the left cavern, J1 and J3 in the middle cavern, and K1
and K3 in the right cavern decreased by 70.9%, 65.5%, 70.5%,
65%, 69.7%, and 65.1%, respectively.

Tab. 3 Displacements at key points of gas storage at different
burial depths (Simplified)

Key monitoring Depth/m
points 100 200 300
11 -2.82 -1.78 -0.82
13 191 127 0.66
Vertical n -291 -1.89 -0.86
displacement/mm 13 200 134 0.70
K1 -2.77 -1.79 -0.84
K3 1.86 1.26 0.65
12 -2.69 -1.56 -0.55
14 3.13 1.78 0.65
Horizontal 2 -2.99 -1.79 -0.63
displacement/mm 14 300 176 0.64
K2 -297 -1.77 -0.62
K4 272 1.59 0.56

As shown in Fig. 7(b), when the burial depth of the gas
storage is 100 m, the 12 point of the left cavern moves 3.13 mm
to the left, and the 14 point moves 3.13 mm to the right; the J2
point of the middle cavern moves 2.99 mm to the left, and the
J4 point moves 3.00 mm to the right; the K2 point of the right
cavern moves 2.97 mm to the left, and the K4 point moves 2.72
mm to the right. At a burial depth of 200 m, the 12 point of the
left cavern moves 1.56 mm to the left, and the 14 point moves
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Fig. 7 Deformation curve of surrounding rock with different burial depth

1.78 mm to the right; the J2 point of the middle cavern moves
1.79 mm to the left, and the J4 point moves 1.76 mm to the right;
the K2 point of the right cavern moves 1.77 mm to the left, and
the K4 point moves 1.59 mm to the right. When the burial depth
increases to 300 m, the 12 point of the left cavern moves 0.55
mm to the left, the 14 point moves 0.18 mm to the right, the J2
point of the middle cavern moves 0.28 mm to the left, and the J4
point moves 0.65 mm to the right. The horizontal displacement
of the 14 point in the left cavern is the largest, while that of the
12 point in the left cavern is the smallest; the displacements of
the J2 and J4 points in the middle cavern are nearly equal. As
the burial depth increases from 100 m to 300 m, the horizontal
displacements of the 12 and 14 points in the left cavern, J2 and
J4 points in the middle cavern, and K2 and K4 points in the right
cavern decrease by 79.6%, 79.2%, 78.9%, 78.7%, 79.1%, and
79.4%, respectively. The variation in horizontal displacement
is significantly larger than that in vertical displacement.

Analysis reveals that as the burial depth of the gas storage
increases, the self-weight of the surrounding rock increases
progressively. At a burial depth of 100 m, the self-weight of the
surrounding rock is much smaller than the gas storage pressure,
causing significant outward deformation of the gas storage un-
der the action of the gas pressure. As the burial depth increases,
the self-weight of the surrounding rock approaches the gas
storage pressure, leading to a reduction in the deformation of
the gas storage.

3.1.3 Analysis of the plastic zone of the surrounding rock

The front view of the plastic zone distribution in the sur-
rounding rock of gas storage caverns with different burial
depths is shown in Fig. 8, where the cavity diameter is 5 m and
the spacing is 10 m. As the burial depth increases, the surround-
ing rock gradually transitions from large plastic deformation to
elastic deformation. When the burial depth is 100 m, plastic
zones form at the bottom and side surfaces of all three caverns,
and connected plastic zones develop between the tunnels, with
particularly severe plastic zones occurring in the arch waist
regions of the left and right caverns. When the burial depth
increases to 200 m and 300 m, the plastic deformation of the tun-
nels is significantly reduced. This indicates that below a burial
depth 0of 200 m, the tunnels will not undergo plastic deformation
under a gas storage pressure of 15 MPa. Combining with the

variation law of the gas storage deformation with burial depth,
it can be concluded that burial depth has a significant impact on
the gas storage structure. Compared with the gas storage with
a burial depth of 100 m, those with burial depths of 200 m and
300 m are relatively more stable.
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Fig. 8 Distribution of plastic zones in the surrounding rock at
different burial depths (a) 100m (b) 200m (c) 300m
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Overall, the burial depth has a significant impact on the
deformation of the surrounding rock and the distribution of
the plastic zone in gas storage. The greater the burial depth,
the smaller the vertical, horizontal, and axial displacements of
the surrounding rock, which gradually transitions from plastic
deformation to elastic deformation. When the burial depth of
the gas storage is 200 m and 300 m, the surrounding rock is
relatively stable.

3.2 Influence of different hole diameters on gas
storage stability

3.2.1 Analysis of numerical simulation results

As shown in the surrounding rock displacement nephograms
of Fig.s 9 and 10, when the cavern diameter is 5 m, the max-
imum displacement of the surrounding rock is approximately
2.12 mm, occurring at the arch crown of the cavern with a
direction toward the upper left inside the cavern. The maximum
Z-direction displacement is approximately 1.43 mm, primarily
occurring at the cavern floor. When the cavern diameter is
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7 m, the maximum surrounding rock displacement is around
3.63 mm, also at the arch crown, with a direction toward the
upper interior of the cavern. The maximum Z-direction dis-
placement is approximately 2.10 mm at the cavern floor, and
the deformations of each cavern are interconnected. For cavern
diameters of 9 m and 11 m, the maximum surrounding rock
displacements are 5.22 mm and 7.81 mm, respectively, both at
the arch crown. The maximum Z-direction displacements are
approximately 2.84 mm and 3.95 mm, respectively, primarily at
the cavern floor, with no interconnection between the caverns.

As shown in the surrounding rock stress nephogram of Fig.
11, the stress distribution is relatively widespread, indicating
that stress release is uniform in most areas, which is consis-
tent with the typical law of stress redistribution after tunnel
excavation. The maximum principal stress in the surrounding
rock tends to exhibit tensile stress concentration near the arch
crown, sidewalls, or excavation surface, but this is far less
than the tensile strength of the surrounding rock. The floor
and deep portions of the surrounding rock may bear higher
compressive stress. The relatively uniform stress distribution
suggests a stable stress field; however, for deeply buried tunnels
or complex geological conditions, changes in stress direction
may pose a potential risk of structural plane sliding. Compared
with the cavern with a diameter of 5 m, stress concentration is
more pronounced in caverns with other diameters, which may
lead to crushing or shear failure.

Tab. 4 Displacements at key monitoring points of gas storage
reservoirs with different hole diameters

Displacement K'ey' Hole diameter (m)
type momt.orlng
pomt 5 7 9 11
11 -1.78 -2.73 -3.63 -5.77
13 1.27 1.66 2.19 2.69
 Vertical 1 <189 -2.90 -4.19 -6.15
displacement
(mm) I3 1.34 175 213 2.92
K1 -1.79 -2.73 -3.83 -5.74
K3 1.26 1.68 226 294
2 -1.56 -2.87 -427 -6.27
14 1.78 3.14 429 6.27
Horizontal 2 179 -3.14 -429 -7.23
displacement
(mm) J4 1.76 3.07 441 721
K2 -1.78 -3.07 -4.18 -7.05
K4 1.59 252 422 586

As observed from the surrounding rock strain nephogram
in Fig.12, as the cavern diameter increases, the area of the
deformed region in the surrounding rock gradually expands.
Tensile strain concentration occurs near the arch crown, side-
walls, or excavation surface, which may lead to cracking. The
uniform strain distribution indicates good deformation compat-
ibility. The floor or deep portions of the surrounding rock may
experience high compressive strain. Except for the cavern with

a diameter of 5 m, the deformations of the left, middle, and right
caverns are interconnected, potentially causing a series of strain
concentrations that affect cavern stability.

3.2.2 Analysis of perimeter rock deformation

As shown in Tab. 4 and Fig. 13, when the burial depth is
200 m and the spacing is 15 m, the displacement values at each
point in the surrounding rock of gas storage caverns increase
continuously as the cave diameter of the gas storage caverns
increases. As shown in Fig. 13(a), when the cave diameters are
5m,7m, 9 m,and 11 m, the vertical displacement at point 11
of the left cavern decreases by 1.78 mm, 2.73 mm, 3.63 mm,
and 5.77 mm, respectively; the vertical displacement at point
I3 of the left cavern rises by 1.27 mm, 1.66 mm, 2.19 mm,
and 2.69 mm, respectively; the vertical displacement at point
J1 of the middle cavern decreases by 1.89 mm, 2.90 mm, 4.19
mm, and 6.15 mm, respectively; and the vertical displacement
at point J3 of the middle cavern rises by 1.34 mm, 1.75 mm, 2.13
mm, and 2.92 mm, respectively. As the cave diameter increases
from 5 m to 11 m, the vertical displacement at the arch crown
continuously increases, while the vertical displacement at the
arch bottom rises slightly.

Fig. 13(b) shows that the horizontal displacement at the arch
waist of the gas storage caverns increases linearly with the
increase in cave diameter, with the horizontal displacement at
point J2 of the middle cavern being the largest and that at point
12 of the left cavern being the smallest. When the cave diameter
is 5 m, the horizontal displacements at points 12 and 14 of the
left cavern, points J2 and J4 of the middle cavern, and points
K2 and K4 of the right cavern are 1.56 mm, 1.78 mm, 1.79
mm, 1.76 mm, 1.78 mm, and 1.59 mm, respectively. When the
cave diameter is 11 m, these values become 6.27 mm, 6.27 mm,
7.23 mm, 7.21 mm, 7.05mm, and 5.86 mm, respectively, repre-
senting increases of 75.1%, 71.6%, 75.2%, 75.6%, 74.8%, and
72.9%. The increase in horizontal displacement is significantly
larger than that in vertical displacement.

3.2.3 Analysis of the plastic zone of the surrounding rock

The front view of plastic deformation in the surrounding
rock of gas storage caverns with different cave diameters at a
burial depth of 200 m and a spacing of 15 m is shown in Fig.
62. The Fig. indicates that the area of the plastic deformation
region in each cavern is smaller compared to that of caverns at
a burial depth of 100 m. Analysis shows that when the burial
depth of the gas storage caverns is 200 m and the spacing is
15 m, the self-weight of the surrounding rock is sufficient to
balance the gas storage pressure, ensuring that the stress applied
to the surrounding rock is less than its failure strength.Thus, the
surrounding rock does not undergo failure and remains stable
at all times. When the cave diameter of the gas storage cavern
increases, the excavation length decreases, the working space
increases, the construction period is correspondingly shortened,
and the required construction costs are reduced. To save costs, a
cave diameter of 5 m for each gas storage cavern is considered
reasonable.

3.3 Effect of different spacing on the stability of
gas storage reservoirs
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3.3.1 Analysis of numerical simulation results

As shown in the surrounding rock displacement nephograms

of Fig.s 15 and 16, the total maximum displacement value of the
surrounding rock is approximately 2.23mm, with the maximum
displacement occurring at the arch crown of the cavern when the
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Fig. 12 Minimum principal strain of surrounding rock with different diameters at 200m depth (a) Sm (b) 7m (c) 9m (d) 11m

cavern spacing is 5 m, and the displacement direction is toward
the interior of the cavern. As the cavern spacing increases,
the displacement values at the arch crown and floor of the
cavern gradually decrease. The Z-direction displacement pri-
marily occurs at the cavern floor. With the increase in spacing,
the vertical and horizontal displacements of the surrounding

rock first decrease and then remain constant. The horizontal
displacements at the left arch waist of the left cavern and the
right arch waist of the right cavern continuously decrease and
tend to stabilize, while the horizontal displacements at the arch
crowns of other positions gradually decrease and stabilize as
well.
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As shown in the surrounding rock stress nephogram of Fig.
17, the stress distribution is relatively widespread, indicating
that stress release is uniform in most areas, which is consistent
with the typical law of stress redistribution after tunnel exca-
vation. The maximum principal stress in the surrounding rock
tends to exhibit tensile stress concentration near the arch crown,
sidewalls, or excavation surface, but this is far less than the
tensile strength of the surrounding rock. The relatively uniform
stress distribution suggests a stable stress field. As the cavern
spacing increases, the phenomenon of surrounding rock stress
concentration decreases.

As observed from the surrounding rock strain nephogram
in Fig. 18, when the cavern spacing is 10 m, the area of the
deformed region in the surrounding rock is relatively large. Ten-
sile strain concentration occurs near the arch crown, sidewalls,
or excavation surface, which may lead to cracking. The floor
or deep portions of the surrounding rock may experience high
compressive strain, and the deformations of the left, middle,
and right caverns are interconnected. As the cavern spacing

increases, the phenomenon of strain concentration significantly
weakens, and the strain distribution becomes uniform, indicat-
ing good deformation compatibility.

3.3.2 Analysis of perimeter rock deformation

Tab. 5 and Fig. 19 present the deformation values and curves
of key points in the surrounding rock of each gas storage cavern
under different spacing conditions when the burial depth is 200
m and the cave diameter is 5 m. As shown in Fig. 19(a), when
the spacing between gas storage caverns increases from 1D
to 3D, the vertical displacement of point I1 in the left cavern
decreases from 1.78 mm to 1.63 mm, the vertical displacement
of point I3 in the left cavern decreases from 1.27 mm to 1.21
mm, the vertical displacement of point J1 in the middle cavern
decreases from 1.86 mm to 1.70 mm, and the vertical displace-
ment of point J3 in the middle cavern decreases from 1.34 mm
to 1.17 mm. The vertical displacements of the surrounding rock
in each cavern change slightly.

Tab. 5 Displacement of key monitoring points in gas storage
reservoirs with different hole spacings

Displacement K.ey. Hole spacing (m)
type monlt.ormg
point 10 15 20 25 30
I1 -1.78 -1.70 -1.67 -1.64 -1.63
I3 1.27 122 122 121 121
 Vertical <186 -1.76 -1.72 -1.70 -1.70
displacement
(mm) J3 1.34 1.25 121 1.19 1.17
K1 -1.79 -1.72 -1.71 -1.70 -1.71
K3 1.26 1.21 1.18 1.16 1.15
12 -1.56 -1.54 -1.53 -1.53 -1.52
14 1.78 1.69 1.66 1.57 1.58
Horizontal 2 -179 -1.67 -1.62 -1.66 -1.59
displacement
(mm) J4 176 174 167 168 1.56
K2 -1.78 -1.69 -1.64 -1.62 -1.62
K4 1.59 1.59 157 157 1.62

From Fig. 19(b), when the spacing is 1D, 1.5D, 2D, 2.5D,
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and 3D, the horizontal displacements of point 12 in the left
cavern are 1.56 mm, 1.54 mm, 1.53 mm, 1.53mm, and 1.52
mm, respectively; the horizontal displacements of point 14 in
the left cavern are 1.78 mm, 1.69 mm, 1.66 mm, 1.57 mm, and
1.58 mm, respectively;the horizontal displacements of point J4
in the middle cavern are 1.76 mm, 1.74 mm, 1.67 mm, 1.68 mm,
and 1.56 mm, respectively; and the horizontal displacements
of point J2 in the middle cavern are 1.79 mm, 1.67 mm, 1.62
mm, 1.66 mm, and 1.59 mm, respectively. The displacements
of points K2 and K4 in the right cavern are basically consis-
tent with those in the left and middle caverns. The horizontal
displacements of each point in the caverns decrease with the
increase in spacing,with a gradually decreasing rate of decrease,
while the vertical displacements of each point decrease slightly

and tend to stabilize as the spacing increases.

Analysis shows that the gas storage pressure inside point 14 of
the left cavern acts in the opposite direction to the displacement
direction of the left archwaist of the middle cavern, exerting
a constraining effect on its deformation. When the spacing
increases, the constraining effect on the left arch waist of the
middle cavern decreases, leading to an increase in horizontal
displacement. The same mechanism applies to the horizontal
displacement changes at the right arch waist of the middle
cavern and the left arch waist of the left cavern. The gas storage
pressure inside the middle cavern acts in the same direction
as the displacement direction of the left arch waist of the left
cavern, promoting its deformation. When the spacing increases,
this promoting effect weakens, causing the horizontal displace-
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Fig. 19 Deformation curves of surrounding rock with different spacing

ment at the left arch waist of the left cavern to decrease.

3.3.3 Analysis of the plastic zone of the surrounding rock

Fig. 20 presents front views of plastic zone distribution in

surrounding rock under different spacing conditions for under-
ground gas storage at 200 m burial depth with Sm cavern di-
ameter. The results indicate that no plastic failure was observed
in gas storage caverns with spacings of 1D, 1.5D, 2D, 2.5D,



68 Han ZC, et al. GeoStorage, 2025, 1(1): 56-70

and 3D. Combined with deformation analysis of surrounding
rock under varying spacings, the gas storage maintains stability
within the spacing range of (1-3)D. Notably, larger spacing
configurations require greater ground surface occupation and
consequently higher construction costs. To optimize economic
efficiency while ensuring operational safety, a cavern spacing
of 1.5D proves to be the most reasonable design parameter.
This configuration achieves effective balance between spatial
utilization and cost-effectiveness while maintaining structural
integrity under operational conditions.

o0G@

(b)

® @ @

® @
( )

Fig. 20 Distribution of plastic zones in the surrounding rock
at different spacing (a) 10m (b) 15m (c) 20m (d) 25m
(e) 30m

Fig. 21 Numerical model of intersection area of circular
tunnel (a) surrounding rock grid (b) intersection area
grid

4 Discussion

In compressed air energy storage underground gas stor-
age cavern complexes, intersection zones (e.g., shaft-chamber
connections and tunnel junctions) constitute critical structural
components where mechanical behaviors dominate, with their
stability being paramount to the safe operation of the entire
system. These regions typically serve as vulnerable areas for
surrounding rock deformation and plastic zone development

due to abrupt geometric transitions, stress concentrations, and
cyclic loading effects.

A three-dimensional numerical model was established to
investigate the stability of intersections involving shafts, con-
necting tunnels, and main chambers. The connecting tunnels
comprised left and right branches. The numerical simulation
considered main chambers at a burial depth of 200 m with
chamber diameter of 5 m and inter-chamber spacing of 15
m. Stability analysis focused on shaft-tunnel-chamber inter-
sections under maximum and minimum horizontal principal
stress conditions. As illustrated in Fig.21, the model boundary
conditions were defined by applying the maximum horizon-
tal principal stress along the axis of the main chambers and
the minimum horizontal principal stress perpendicular to the
chamber walls. Through simulation of excavation sequences for
underground chambers, connecting tunnels, and shafts under in-
situ stress conditions, the stress field distribution and displace-
ment patterns in surrounding rock masses were systematically
analyzed.

Figs. 22-24 show the distribution characteristics of excava-
tion stress and deformation responses at the intersection of the
circular tunnel shaft, connecting roadways, and main chamber.
It can be observed that for the left connecting roadway, the
floor deformation is relatively significant, while for the right
connecting roadway, the sidewall deformation is more pro-
nounced. The overall deformation magnitude in the intersection
zone remains at a relatively low level. Moreover, the stress
concentration degree in this area is higher than that in the main
chamber, with the maximum stress value reaching 8.83 MPa,
which still does not reach the critical stress level required to
induce stress-type failures. The distribution of plastic zones is
crucial in evaluating the stability of underground cavern groups,
optimizing support design, and guiding construction schemes.
It is of great significance for ensuring engineering safety, opti-
mizing design, and preventing disasters. From the plastic zone
results, certain plastic deformations exist in the intersection area
but remain within controllable limits. In terms of deformation
magnitude, the stability of main chamber sidewalls shows no
prominent influence from shaft intersection effects, specifically
manifested by insignificant deformation level variations at in-
tersection locations. Overall, the deformation magnitude in the
intersection zone maintains a relatively low level.

Although the presence of shafts and connecting tunnels in-
troduces certain perturbations to the stress distribution within
the surrounding rock of the cavern group, the stress conditions
required to induce stress-driven failure risks remain unmet.
The primary potential instability mechanism persists as large
deformations associated with the high sidewall configuration.
Intersection effects exacerbate the free-surface conditions at
adjacent rock masses, thereby reducing deformation stability.
Given the cutting effects of structural plane development on
rock integrity, the prerequisites for block failure formation are
further amplified, necessitating enhanced reinforcement mea-
sures.
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Fig. 22 Displacement cloud of circular tunnel crossing area (a) Total displacement (b) X-direction displacement (c) Y-direction

displacement (d) Z-direction displacement
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Fig. 24 Plastic deformation cloud in the intersection area of circular tunnels

5 Conclusions

Through three-dimensional numerical simulations, this study
systematically evaluates the impacts of burial depth, tunnel
diameter, and spacing on deformation characteristics and plastic
zone evolution in underground gas storage formations, with
particular attention to intersection stability. Key findings are
summarized as follows:

(1)Burial depth significantly affects the deformation and
plastic zone distribution of gas storage surrounding rock. As
burial depth increases, both vertical and horizontal displace-

ments of surrounding rock decrease, with the rock mass tran-
sitioning gradually from plastic to elastic deformation. With in-
creasing tunnel diameter, the horizontal displacement, vertical
displacement, and vault vertical displacement of surrounding
rock show continuous growth.

(2) Tunnel spacing exhibits relatively weaker influence on
rock deformation and plastic zone distribution. As spacing in-
creases, vertical and horizontal displacements of surrounding
rock initially decrease before stabilizing.

(3) Considering economic efficiency and construction feasi-
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bility under the assumed working conditions, the optimal layout
parameters for gas storage clusters are determined as: 200 m
burial depth, 5 m tunnel diameter, and 1.5D spacing when the
storage pressure reaches 15 MPa.

(4) Although certain plastic deformations exist in intersection
areas, all remain within controllable limits. Deformation moni-
toring reveals that the stability of main cavern sidewalls shows
no significant impact from shaft intersections, as evidenced by
negligible deformation variations at intersecting locations.
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