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Abstract: The utilization of sediment voids for natural gas storage represents the future direction of
salt cavern underground gas storage (UGS) in China. In this study, we first analyzed the way in which
the sediment interacts with the salt caverns and the equilibrium state of the process. Subsequently,
a novel approach employing the Discrete Element Method (DEM) for simulating sediment-filled
salt cavern UGS was introduced, successfully modeling the operational process of sediment-filled
salt cavern UGS. Moreover, deformation, plastic zone behavior, effective volume shrinkage rate,
equivalent strain, and safety factor were employed to assess the impact of sediment on salt cavern
stability. The findings indicate a positive influence of sediment on salt cavern stability, particularly in
regions directly contacting the sediment. Deformation and effective volume shrinkage of the cavern
were effectively mitigated, significantly improving the stress state of rock salt. This effect is more
pronounced at lower internal gas pressures. In summary, sediment enhances the stability of salt
caverns, providing a long-term and stable environment for natural gas storage within sediment voids.

Keywords: rock salt; UGS; sediment; stability; natural gas; energy storage

1. Introduction

The transition towards carbon neutrality and peak carbon emissions has emerged as
the pivotal trajectory guiding global energy development. Among the array of primary
energy sources, natural gas, lauded for its environmentally friendly attributes, has garnered
significant attention and promotion in China’s energy matrix. Over the past two decades,
China has witnessed an exponential surge in natural gas consumption. In 2005, the con-
sumption stood at 46.8 billion cubic meters, soaring to 194.7 billion cubic meters in 2015,
and further reaching 375.7 billion cubic meters in 2022. During this period, the contribution
of natural gas to China’s primary energy consumption burgeoned from 2.4% in 2005 to
8.4% in 2022 [1]. Figure 1 shows the consumption of natural gas in China from 2011 to 2022,
with an average growth rate of 9.86%. The trend underscores the tremendous potential
natural gas holds in China’s energy market. However, this promising outlook is accom-
panied by intricacies stemming from regional disparities in production and consumption.
While the primary natural gas reserves are concentrated in the southwestern regions of
China, the major centers of consumption are dispersed across the southeastern provinces.
Furthermore, pronounced seasonality characterizes natural gas consumption, with demand
surging during winter, sometimes exceeding summer usage by ratios exceeding 10:1, as
observed in Beijing. Large-scale natural gas storage facilities emerge as a crucial element in
maintaining a stable supply of natural gas [2].
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Rock salt, characterized by favorable rheology [4,5], ultra-low permeability [6,7],
and self-healing property [8], have gained attention as ideal reservoirs for CO2 geologic
storage, hydrocarbon underground reserves, and underground waste disposal [9–11]. Salt
cavern UGS employs water solution mining techniques to create caverns within deep
geological formations of salt rock. Freshwater is injected into the salt layer through wells,
dissolving the salt rock in the process, and brine is subsequently extracted. This cyclic
process continues, leading to the gradual dissolution of the underground salt layer and
the formation of a cavern. Finally, a debring process is carried out through gas injection
and brine removal to store natural gas within the salt cavern [12], as shown in Figure 2a.
However, layered salt rock formations are prevalent in China, often exhibiting a typical
interlayered structure with rock layers such as mudstone, dolomite, and anhydrite [13].
During the construction of salt caverns, exceeding a certain threshold of exposed interlayer
surface area can result in collapse [14]. Fragments of these interlayers accumulate at the
cavern base, forming what is referred to as sediment. In the case of the Dawenkou salt mine
in China, for example, the cumulative thickness of the interlayers can account for up to 50%
of the thickness of the salt-bearing strata, and when the bulking-expansion effect is taken
into account [15], the accumulation volume of the sediment can even exceed 80% of the
volume of the salt cavern. From the experience of traditional salt cavern UGSs, the volume
filled with sediment is rendered unusable. Consequently, to minimize the volume occupied
by sediment, it is generally recommended to establish salt cavern UGSs within salt-bearing
formations with as low an interlayer proportion as possible. In order to overcome the
limitations imposed by geological conditions on salt cavern UGS construction, the concept
of utilizing the voids within the sediment for natural gas storage has been proposed. In
this approach, the debring process still involves injecting gas and removing brine, but due
to the hindrance posed by the sediment, the brine removal process must rely on a well
directly connected to the base of the salt cavern, as depicted in Figure 2b.
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Figure 2. Schematic diagram of the process of debrining: (a) traditional salt cavern UGS; (b) sediment-
filled salt cavern UGS.

A large number of scholars have carried out studies on the stability of underground
caves under various conditions [16–18]. Studies on the effect of filled bulk on the stability
of the surrounding rock are common in the field of mining [19,20]. It is generally accepted
that force transfer between the filled bulk and the surrounding rock is achieved through
point contact and that the bulk increases the stability of the surrounding rock. Similarly,
sediment is generally believed to suppress the creep contraction of salt caverns due to
the support it provides to the surrounding rock. Similarly, it is this aspect that suggests
sediment-filled salt cavern UGS could potentially reduce the minimum internal gas pressure
of salt cavern, thus enhancing UGS operational capabilities. In summary, sediment is
thought to influence the stability of salt cavern, yet targeted research in this area is lacking.
Presently, research on sediment within salt caverns primarily focuses on characterizing the
physical state of sediment. For instance, Li et al. [21] employed fractal theory to predict
the porosity of insoluble materials, observing that porosity decreases with an increase
in fractal dimension. Zheng et al. [22] found that the porosity of accumulated insoluble
materials was approximately 50% and conducted simulation experiments to demonstrate
the drainage of brine from sediment voids. Li et al. [23] employed a coupled model to
analyze interlayer failure patterns and sediment accumulation forms. Liang et al. [24]
proposed a method for predicting sediment void volume based on brine compression
and salt cavern deformation. However, research on the stability of sediment-filled salt
caverns remains limited. In previous stability assessments of salt cavern UGS, the effect of
sediment on caverns was often simplified as fluid pressure applied to the interior walls of
the salt cavern or the shape and size of sediment were entirely neglected and simplified as
spheres [25]. These simplifications hinder a realistic portrayal of the interaction between
sediment and salt cavern, thus preventing an accurate assessment of sediment’s impact on
cavern stability.
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To investigate the influence of sediment on salt cavern stability, we first examined
the interaction process between sediment and salt cavern, identifying the conditions for
equilibrium in this process. Furthermore, a new method for modeling sediment-filled salt
caverns using the discrete element software 3DEC 5.0 is presented. The sediment and salt
caverns are modeled as rigid and deformable blocks, respectively. We utilized an ellipsoidal
elemental framework to simulate sediment blocks, meeting the desired requirements for
simulation. We separately simulated the 30-year operation of salt cavern UGS without
sediment and sediment-filled salt cavern UGS at various internal gas pressures using 3DEC.
We compared and analyzed the impact of sediment on salt cavern stability using five
indicators: deformation, effective volume contraction rate, plastic zone, equivalent strain,
and safety factor. The results demonstrate that sediment can effectively inhibit cavern
volume contraction, reduce the cavern’s plastic zone, and improve the creep damage and
expansion failure phenomena in salt rock during operation. In conclusion, sediment-filled
salt cavern UGS offers a more stable and secure gas storage condition compared to salt
cavern UGS without sediment. This study contributes as a reference for the stability
assessment of sediment-filled salt cavern UGS.

2. Interaction between Sediment and Salt Cavern

Salt rock exhibits remarkable rheological behavior, manifesting creep phenomena
when there is non-zero deviatoric stress within the salt rock. Traditional salt cavern UGS
relies on adjusting internal gas pressure to control the ultimate deformation of caverns
during their design service life. The internal gas pressure diminishes the deviatoric stress
within the cavern rock, resulting in smaller creep deformation over the specified time period.
Internal gas pressure merely imparts a fixed force to the surrounding rock, rendering it a
flexible constraint on cavern deformation. In contrast, sediment within the cavern can be
considered a rigid constraint. Sediment transmits force to the cavern rock through contact
(as depicted in Figure 3), and the interaction between sediment and the salt cavern changes
as both entities deform. Moreover, as an actual entity within the cavern, sediment establishes
a definitive boundary for cavern deformation. This boundary is reached when the cavern
contracts to a point where further compression of sediment is not feasible. At this juncture,
both the force and displacement between sediment and the cavern achieve a stable state.
These are the primary characteristics of deformation in sediment-filled salt caverns.
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The spatial arrangement of sediment particles dictates the upper limit of external
pressure it can withstand, termed the system resistance of sediment. We denote the existing
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system resistance of sediment as Pr. This is due to the overall compressive force exerted
on sediment resulting from cavern contraction, denoted as Pc. Rock salt creep is governed
by deviatoric stress, represented by σ′, the in-situ stress of salt rock. Given the reduction
in deviatoric stress within the salt rock due to sediment support, represented by σ′s, the
interplay between sediment and the cavern can be visually illustrated through a process
diagram, as depicted in Figure 4.
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3. Computational Principles

In this paper, the simulation of sediment-filled salt caverns is carried out using 3DEC,
a 3-dimensional discrete element method software. 3DEC is widely used in the analysis
of rock engineering projects and is particularly suited to the study of potential dam-
age patterns directly related to discontinuity features. The basic unit in 3DEC is the
block, which can be either rigid or deformable (by subdivision into elements). There are
20 built-in material models available for deformable blocks, including creep models, shear
yield models, etc. 3DEC is based on a dynamic (time-domain) algorithm that solves the
equations of motion of the block system by an explicit finite difference method.

In this paper, we simulate the sediment using rigid blocks, and the surrounding rock
of the salt cavern is simulated with deformable blocks, whose deformation is controlled by
the creep constitutive equations, which mainly take into account the remarkable rheological
property of the rock salt. The basic logic of 3DEC for computing the motion of rigid blocks,
deformable blocks and the interaction between different blocks through contact is briefly
described, which references the manuscript of 3DEC [26].

3.1. Motion of a Rigid Block

The translational and rotational equations of motion for a single block can be expressed
as Equation (1) and Equation (2), respectively.

..
xi + α

.
xi =

Fi
m

+ gi (1)

.
ωi + αωi =

Mi
I

(2)

where
..
xi the acceleration of the block centroid, i take the values 1 to 3, and denote com-

ponents of a vector or tensor in the global coordinate system;
.
xi the velocity of the block
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centroid; α the viscous (mass-proportional) damping constant; Fi sum of forces acting on
the block (from block contacts and applied external forces); m is the block mass; and gi
is the gravity acceleration vector, ωi is the angular velocity of the i-axis,

.
ωi is the angular

accelerations of the i-axis, Mi is a component of torque of the i-axis applied to the block, I
is the moment of inertia of the block.

A central finite-difference procedure is used to integrate the equations of motion. Then the
translational and rotational velocities of the block at time t can be expressed by Equation (3):

.
xi(t) = 1

2

[ .
xi

(
t− ∆t

2

)
+

.
xi

(
t + ∆t

2

)]
ωi(t) = 1

2

[
ωi

(
t− ∆t

2

)
+ ωi

(
t + ∆t

2

)] (3)

Equation (4) represents the translational and angular acceleration of the block:
..
xi(t) = 1

∆t

[ .
xi

(
t + ∆t

2

)
− .

xi

(
t− ∆t

2

)]
.

ωi(t) = 1
∆t

[
ωi

(
t + ∆t

2

)
−ωi

(
t− ∆t

2

)] (4)

The velocities at time [t + (∆t/2)] can be obtained via Equations (1)–(4). Further, the
increment of translation ∆xi and increment of rotation ∆θi are given by Equation (5): ∆xi =

.
xi

(
t + ∆t

2

)
∆t

∆θi = ωi

(
t + ∆t

2

)
∆t

(5)

The position of the block centroid is updated as Equation (6):

xi(t + ∆t) = xi(t) + ∆xi (6)

The new locations of the block vertices are given by Equation (7):

xv
i (t + ∆t) = xv

i (t) + ∆xi + eijk∆θj[xv
k (t + ∆t/2)− xk(t + ∆t/2)] (7)

where, xv
i (t) is the value of the coordinates of the vertex v at moment t, eijk is the permuta-

tion matrix, xk are the coordinates of the centroid of the block, j, k take the values 1 to 3,
and denote components of a vector or tensor.

3.2. Motion of a Deformable Block

The vertices of the tetrahedral elements are gridpoints, and the equations of motion
for each gridpoint are formulated as:

..
ui =

∫
s σijnjds + Fi

m
+ gi (8)

where S is the surface enclosing the mass m, lumped at the gridpoint; nj is the unit normal
to S; Fi is the resultant of all external forces applied to the gridpoint (from block sub-contacts
or otherwise); and gi is the gravitational acceleration.

Fi = Fz
i + Fc

i + Fl
i (9)

where Fl
i is the externally applied force and Fc

i is the sub-contact force, which exists only at
the gridpoints along the block boundary, Fz

i results from the contribution of the internal
stresses in the zones adjacent to the gridpoint.

When the force at the node is not zero, the acceleration of the gridpoint is denoted by
Equation (10):

.
u(t+∆t/2)

i =
.
u(t−∆t/2)

i + ∑ F(t)
i

∆t
m

(10)
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within each timestep, the strains and rotations are expressed in terms of the nodal displace-
ment as Equation (11): { .

εij =
1
2 (

.
ui,j +

.
uj,i).

θij =
1
2 (

.
ui,j −

.
uj,i)

(11)

The constitutive relations for deformable blocks are used in an incremental form so
that implementation on nonlinear problems can be accomplished easily. The actual form of
the equations is expressed as Equation (12).

∆σe
ij = λ∆εvδij + 2µ∆εij (12)

where λ and µ are the lame constants; ∆σe
ij are the elastic increments of the stress tensor;

∆εij are the incremental strains; ∆εv is the increment of volumetric strain; and δij is the
Kronecker delta function.

3.3. Interaction between Blocks

At each time step, the laws of motion and constitutive equations are applied. Sub-
contact force-displacement relationships are specified for both rigid and deformable blocks.
Integration of the laws of motion provides the new block position and, therefore, the contact
displacement increment (or velocity). The new sub-contact force is then obtained using
the sub-contact force-displacement law and applied to the block in the next timestep. The
mechanical calculation cycle is shown in Figure 5.
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The interaction between blocks relies on contact. The first thing that needs to be
known is the relative velocity of the motions of block A and block B when contact occurs,
i.e., the relative contact velocity, which determines the relative displacement increment at
the sub-contact in the next time step. For a rigid block, the relative contact velocity can be
expressed as Equation (13):

Vi =
.
xB

i + eijkωB
j (Ck − Bk)−

.
xA

i − eijkωA
j (Ck − Ak) (13)
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where Ak, Bk, are the position vectors of the centers of blocks A and B, respectively, and
Ck is the reference point of the common plane, which is determined by the relative positions
of blocks A and B, and is used to judge the contact relationship between A and B.

For deformable blocks, it is necessary to calculate the velocity at the contact using linear
interpolation, as shown in Equation (14). To compute the weight factor, the coordinates of
the three points on the face need to be transformed into a local reference system, which
is located in the face plane. The coordinates of vertex a can be expressed within this
coordinate system as Xa and Yb.

VF
i = WaVa

i + WbVb
i + WcVc

i (14)

where, Wa = (YcXb −YbXc)/
[
(Xa − Xc)(Yb −Yc)− (Xb − Xc)(Ya −Yc)

]
, The other two

factors can be obtained by circular permutation of the superscripts a, b, and c.
The relative velocity of the contact involving the deformable block is expressed as

Equation (15):
Vi = VV

i −VF
i (15)

The contact displacement ∆Ui can be expressed as Equation (16):

∆Ui = Vi∆t (16)

Using the constitutive equations of contact (the elastic constitutive equations are used
here as an example), it is possible to calculate the normal and shear force increments at the
contact by Equation (17): {

∆Fn = −Kn∆Un Ac
∆Fs

i = −Ks∆Us
i Ac

(17)

The updated normal and shear forces at the sub-contact are expressed as Equation (18):{
Fn := Fn + ∆Fn

Fs
i := Fs

i + ∆Fs
i

(18)

For a rigid block, the sum of forces and moments is updated, as shown in Equation (19):{
FA

i := FA
i − Fi

MA
i := MA

i − eijk(cj − Aj)Fk
(19)

For deformable blocks, on the vertex side of the sub-contact, this force is added to the
other gridpoint forces. On the face side, the force is distributed among the three vertices
(a, b, c), using the interpolation factors defined as Equation (20):

Fa
i := Fa

i ± FiWa
Fb

i := Fb
i ± FiWb

Fc
i := Fc

i ± FiWc

(20)

4. 3D Geomechanical Model
4.1. Modeling of Sediment

The model of sediment blocky particles is developed using an ellipsoidal elemental
framework. On the specified elemental surface, a defined number of points are randomly
selected to serve as vertices for the sediment blocky particle. Leveraging the topological
associations between points and faces within a polyhedron, the chosen points are inter-
connected through triangular faces to form a self-contained blocky structure. The precise
process can be elucidated as follows [27]:
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4.1.1. Selection of Random Vertices for Blocky Particles

For a given ellipsoidal elemental framework, as shown in Figure 6a, the position of
any point on the ellipsoid surface in a spherical coordinate system can be defined by five
parameters (R1, R2, R3, θ, ϕ), where R1, R2, and R3 correspond to the semi-axes lengths of
the ellipsoid’s first, second, and third principal axes, respectively.
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Figure 6. Generation of sediment particles based on ellipsoidal elemental framework. (a) ellipsoidal
elemental framework; (b) Simulation of sediment particles.

When employing an ellipsoidal elemental framework to construct a polyhedron with
N vertices, the ellipsoid is initially partitioned into upper and lower portions. Subsequently,
distinct random points are independently selected from the surfaces of these two partitions
to serve as vertices of the polyhedron, as shown in Figure 6b. The Ni vertices are positioned
on the upper surface of the ellipsoidal elemental framework. The values of θ and ϕ for
these random vertices can be determined through the following equations:{

θi =
2π
Ni

+ δ · 2π
Ni
(2η1 − 1)

ϕi = η2 · π
2

i = 1, 2, 3, · · ·Ni (21)

where η1 and η2 are two independent random variables that take values within the interval
[0, 1], and δ is a coefficient, set to 0.3 in this context. The remaining (N − Ni) vertices will be
obtained from the lower surface of the ellipsoidal elemental framework, and the positions
of these vertices can likewise be determined using Equation (21).

4.1.2. Connecting Random Vertices of Polyhedra

For any given convex polyhedron, there exists a distinct topological relationship
between the vertices and faces in space: each face connects three vertices, with all other
vertices positioned on the same side of the face. Leveraging this topological arrangement,
we establish a convex polyhedron by interconnecting the random vertices on the ellipsoidal
elemental framework using triangular faces.

Initially, each vertex pi is traversed to identify the vertex pj closest to it. Subsequently,
from the remaining vertices, a vertex pk is selected such that the (N − 3) remaining vertices
lie on the same side of the triangular plane formed by the points pi, pj and pk. Upon
systematically iterating through all vertices, duplicate triangular faces are eliminated,
leaving behind the remaining faces that constitute the external surface of the polyhedron.

4.2. 3D Geomechanical and Boundary Conditions

To investigate the influence of sediment on salt cavern stability, we constructed a
3D geomechanical model of a salt cavern filled with sediment, as shown in Figure 7. The
surrounding rock of the salt cavern was set up as a deformable block and the sediment
was considered as a rigid block and built up by the method described in Section 4.1. The
model took the form of a cube measuring 500 m in length, 500 m in width, and 500 m in
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height, with a top depth of 1000 m. The four vertical faces of the model were constrained
by displacement boundaries to prevent horizontal movement, while the model’s base
was constrained to prevent vertical displacement. No displacement constraints were
applied to the top surface of the model. The displacement constraints imposed on the
model allowed for free movement along the vertical direction. Given the rheological
behavior of salt rock and the assumption that tectonic stress has been fully released during
diagenesis, the initial state of the rock salt strata was considered to be under hydrostatic
pressure, with equal principal stresses in all three directions. A stress gradient equivalent
to the gravitational gradient of the rock salt, specifically 2.3 MPa/100 m, was applied to
the model. Additionally, we assumed instantaneous excavation of the salt cavern, with
sediment generated immediately after excavation completion. During sediment deposition
under gravity, the nodes of the mesh on the internal surface of the cavern were fixed to
maintain the integrity of the geological model. Following sediment deposition, the fixed
nodes were released. Considering the progressive nature of salt cavern formation, stress
redistribution within the model was first computed to align with the actual strata state
before embarking on creep calculations. Acknowledging the model’s substantial size and
the primary deformation occurring in the vicinity of the cavern, we enhanced mesh density
near the cavern while gradually enlarging the mesh size in regions distant from the cavern.
This approach ensured computational precision while enhancing efficiency, given the scale
of the model. Furthermore, the sediment size distribution in this model is based on the
results of indoor experiments, incorporating a total of 762 sediment particles. The simulated
sediment size distribution comprises four ranges: 2–5 m, 2–10 m, 0–20 m, and 20–40 m,
with respective volume percentages of 53.8%, 30.8%, 13.8%, and 1.6%. The total volume of
sediment particles amounts to 107,000 cubic meters. Additional parameters employed in
the simulation are detailed in Table 1.
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4.3. Simulation of Working Conditions

The operation of salt cavern UGS entails both a maximum internal pressure and a mini-
mum internal pressure. The maximum internal pressure significantly impacts the operational
capacity of the salt cavern UGS, whereas the establishment of a minimum internal pressure is
crucial to ensure cavern safety. Regarding the maximum internal gas pressure within the salt
cavern UGS, researchers have reached a relatively unified consensus that it should not exceed
80% of the overlying rock pressure or the formation pressure at the casing shoe depth. The
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determination of the minimum internal gas pressure within the salt cavern UGS is generally
associated with creep failure; however, there is currently no consensus on the determination
of this minimum pressure. Since this study focuses on the impact of sediment on salt cavern
stability, we have adopted an extreme approach by maintaining a fixed internal gas pressure
within the salt caverns throughout the investigation. We established two distinct salt cavern
models: one characterized by sediment fill and the other devoid of sediment. In light of the
caverns’ established depths, ranging from 1200 to 1300 m, we incorporated a range of internal
gas pressures (2, 6, 10, 14, 18, and 22 MPa) to simulate the variations in the salt cavern UGS
over its designed operational lifespan.

Table 1. Mechanical parameters used in the numerical simulations.

Regions Parameters Values

Rock salt

Density/(kg/m3) 2160
Elastic modulus/GPa 4.6

Poisson’s ratio 0.23
Cohesion/MPa 9.8

Friction angle /degrees 36
Tensile strength/MPa 1.5

A/(MPa−2.9/h) 5.8 × 10−9

n 2.7
Sediment Density/(kg/m3) 2900

Contact

Stiffness-normal/GPa 1.0
Stiffness-shear/GPa 1.0

Friction/degrees 40
Damping 0.8

5. Stability Assessment Criterion
5.1. Stability Assessment Criterion

Salt rock exhibits pronounced rheological behavior, self-healing capabilities, and
extraordinary plastic deformability. Consequently, a unified criterion for assessing the sta-
bility of salt cavern UGS remains elusive. In light of this, we have synthesized engineering
requirements and leveraged the experiences from salt cavern UGS projects in China to
employ an evaluation framework encompassing multiple criteria.

5.1.1. Deformation

Deformation serves as an intuitive assessment metric extensively employed in safety evalua-
tions of subsurface engineering structures. When considering the stability of sediment-filled salt
caverns, sediment is generally assumed to confer supportive strength to the cavity. Consequently,
the presence of sediment is commonly believed to curtail the deformation of the salt cavern.
However, the deformation of the surrounding rock beyond the interface of these two entities
necessitates dedicated investigation. During the simulation of the salt cavern operation, we also
automated the recording of deformation at specified points on the cavern’s surface.

5.1.2. Plastic Zone

The plastic zone is a pivotal indicator for predicting brittle failure in salt caverns, and
its minimization is imperative in the design of salt cavern UGS. Particularly, the occurrence
of plastic zones, especially in the cavern roof, must be avoided. This is crucial as it mitigates
the risk of cement sheath failure around the production casing, which could lead to gas
leakage. To assess the formation of plastic zones within the surrounding rock of the salt
cavern, we employ the Mohr–Coulomb criterion. The mathematical formulation of the
Mohr–Coulomb criterion is provided as follows:

σ1 − σ3 = (σ1 + σ3) sin φ + 2C cos φ (22)
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where σ1 and σ3 represent the first and third principal stresses, Pa. φ is the internal friction
angle, degrees. C denotes the cohesion, Pa.

5.1.3. Shrinkage of Effective Volume

In conventional salt cavern UGS operations, the volume of the cavern space buried
by sediment is disregarded, and only the net space above the sediment is considered the
effective volume for natural gas storage. However, within sediment-filled salt caverns, the
sediment deposit occupies a significant portion of the cavern’s volume. When considering
the construction of UGS facilities within such sediment-filled caverns, the void spaces within
the sediment become the effective volume for gas storage. The variation of these sediment
void volumes directly impacts the operational capacity of the salt cavern UGS. Therefore, we
incorporate this indicator to assess the stability of the sediment-filled salt cavern.

5.1.4. Equivalent Strain

Within the salt formation, the salt rock experiences in-situ stresses from three directions,
allowing it to possess considerable deformability under such stress conditions. The failure
process of salt rock exhibits distinct plastic deformation characteristics. Thus, we employ
equivalent strain to characterize the safety of salt cavern UGS during its operational period.
According to earlier investigations, the equivalent strain of salt rock within one operational cycle
of a salt cavern UGS should not exceed 3% [28]. The definition of equivalent strain is as follows:

ε =

√
2
3

eijeij (23)

where ε represents the equivalent strain, and eij signifies the deviatoric strain tensor.

5.1.5. Safety Factor

Salt rock failure is accompanied by significant dilatant behavior [29]. During dilatancy,
fractures within the salt rock increase, leading to an enhancement in permeability and
an increased risk of gas leakage in salt cavern UGS. Several scholars have investigated
the dilatant behavior of salt rock and proposed various dilatancy criteria [29–31]. Among
these, the criterion introduced by Van Sambeek et al. [32] is regarded as consistent with the
mechanical properties of Chinese rock salt. This criterion establishes a linear relationship
between I1 and

√
J2. Based on triaxial compression test results from the Dawenkou rock

salt, we have derived the dilatancy criterion for salt rock in this region as:

SF =
0.08 · I1√

J2
(24)

I1 = σ1 + σ2 + σ3 (25)

J2 =
1
6

[
(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ3 − σ1)

2
]

(26)

where I1 represents the first invariant of the stress tensor, σ1, σ2 and σ3 denote the maximum,
intermediate, and minimum principal stresses, respectively. J2 signifies the second invariant
of the deviatoric stress tensor. The rock mass undergoes collapse, failure, and damage
when the safety factors drop below 0.6, 1.0, and 1.5, respectively [33,34].

6. Results and Analysis
6.1. Deformation

Controlling deformation is crucial for the safety and gas storage capacity of salt cavern
UGS facilities. At present, a common approach to control deformation is by setting an
appropriate internal gas pressure for the salt cavern UGS, and it is generally observed
that higher gas pressure leads to reduced deformation [25]. Hence, various internal gas
pressures were applied in our study to investigate the influence of sediment on salt cavern
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deformation. Figure 8 illustrates the deformation contours of sediment-filled salt cavern UGS
and salt cavern UGS without sediment after 30 years of operation under different internal gas
pressures. From the simulated results, it is evident that sediment significantly diminishes cavern
deformation, particularly at lower internal gas pressures. Monitoring points were placed at the
midpoint of the top, bottom, and side walls of the salt cavern, as depicted in Figure 9.
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Figure 8. Displacement contours of different salt cavern UGSs after 30 years of operation under
different internal gas pressures (profiles perpendicular to the Y-direction, Y = 0): (a–f) are the
displacement contours of the unfilled salt cavern UGS, and (g–l) are the displacement contours of the
sediment-filled salt UGS.
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Figure 9. Displacement curves at different monitoring points. (a) Top monitoring point; (b) Bottom
monitoring point; (c) Sidewall monitoring point.

The restraining effect of sediment on deformation is most prominent at the bottom and
side walls of the salt cavern. Under internal pressures of 2 MPa, 6 MPa, 10 MPa, and 14 MPa,
the deformation of the bottom center point of the salt cavern without sediment was 22.1 m,
16.3 m, 11 m, and 6.5 m, respectively. In contrast, for the sediment-filled salt cavern under
corresponding internal gas pressure conditions, the displacement at the bottom center was
3.8 m, 3.6 m, 3.2 m, and 2.8 m. Thus, the presence of sediment reduced the displacement
by 82.8%, 77.9%, 70.9%, and 56.9%, respectively. Similar trends were observed for the side
wall center point. For instance, in a salt cavern without sediment, the displacement of
the side wall center point at internal gas pressures of 2 MPa, 6 MPa, 10 MPa, and 14 MPa
was −26.4 m, −20.2 m, −13.1 m, and −7 m. However, in the sediment-filled cavern, the
displacement ranged from −5 m to 4 m, resulting in reductions of 81.1%, 77.7%, 66.4%,
and 42.9% compared to the salt cavern without sediment. Moreover, smaller internal gas
pressures accentuated the creep phenomenon of the salt cavern, leading to the compression
of the sediment, and the increase in the height of the sediment top surface. However, the
location of maximum deformation on the side wall of the sediment-filled cavern remained
near the height of the sediment top surface. Notably, in the model including sediment, the
salt cavern’s top was not filled with sediment. Contrary to the model without sediment, the
displacement at the top monitoring point showed no significant reduction. This observation
underscores the importance of considering the stability of the unfilled portion in the salt
cavern when determining operational pressures for sediment-filled salt cavern UGS. In
conclusion, sediment fill effectively mitigates deformation in the sediment-filled portion
of the salt cavern, with a more pronounced effect at lower internal gas pressures. This
stands as an advantage of sediment-filled salt cavern UGS compared to the conventional
salt cavern UGS without sediment.
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6.2. Plastic Zone

In the simulation of the two types of salt cavern UGS facilities, we employed the
Mohr–Coulomb criterion to assess the development of plastic zones. Figure 10 illustrates
the distribution of plastic zones in the two types of salt cavern UGS facilities after 30 years of
operation under different internal pressure conditions. Regardless of the type of salt cavern
UGS, the plastic zones decreased as the internal gas pressure increased. However, there is a
significant distinction between the distribution of plastic zones between the two types of
salt cavern UGS. As evident from Figure 10g–l, plastic zones are mainly concentrated in
the areas that are not filled with sediment. This distinctly indicates that sediment assists in
reducing the plastic zones around the salt cavern. To provide a clearer comparison of the
impact of sediment on the development of plastic zones in salt cavern UGS, we plotted the
ratio of plastic zone volume to salt cavern volume (RPC), as shown in Figure 11.

Figure 10. Cont.
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Figure 10. Plasticity zones of unfilled salt cavern UGS and sediment-filled salt cavern UGS after
30 years of operation under different internal gas pressures.
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The trend in the development of the RPC is consistent for both types of salt cavern UGS
facilities. It experiences an initial rapid growth phase, followed by a gradual slowdown
in the growth rate, eventually reaching a relatively stable RPC level. Evidently, under
different internal gas pressure conditions, particularly lower internal gas pressures, the
sediment-filled cavern UGS exhibits a significantly lower final RPC compared to the unfilled
salt cavern UGS. At internal gas pressures of 2 MPa, 6 MPa, 10 MPa, and 14 MPa after
30 years of operation, the RPC for the unfilled salt cavern UGS is 2.07, 1.88, 1.58, and
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0.93, respectively. In contrast, under the same conditions, the RPC for the sediment-filled
cavern UGS is 0.74, 0.71, 0.59, and 0.48. The percentage reduction in RPC is 64.3%, 62.2%,
62.7%, and 48.4%, respectively. Furthermore, for the established sediment-filled cavern
UGS, the time taken to reach a stable RPC is notably shorter. As indicated in Figure 11,
under various simulated internal gas pressure conditions, the sediment-filled cavern UGS
takes approximately 5 years to achieve a stable RPC, while the unfilled cavern UGS requires
around 10 years.

In summary, sediment fill aids in controlling the development of plastic zones in the
surrounding rock of salt cavern. This not only significantly reduces the volume of plastic
zones but also accelerates the sediment-filled cavern UGS toward a stable development
stage of plastic zones compared to the unfilled cavern UGS.

6.3. Shrinkage of Effective Volume

Rock salt exhibits pronounced creep characteristics, and under the influence of in-situ
stresses, the volume of salt cavern UGS facilities will continue to contract. The volume of
the salt cavern dictates its operational capacity; excessive volume contraction can severely
undermine its economic viability and safety. In sediment-filled salt cavern UGS, gas is
mainly stored in the voids between sediment particles. Therefore, we define the volume
inside the salt cavern, excluding the sediment, as the effective gas storage volume. For
unfilled salt cavern UGS, the effective volume is equivalent to the cavern’s volume. We
define the reduction in effective volume within the salt cavern and its initial effective
volume ratio as the effective volume shrinkage ratio.

Figure 12 presents the effective volume changes over 30 years for the two types of salt
cavern UGS facilities under varying internal gas pressures. The curves depicting the change in
effective volume over time exhibit a pattern of rapid decline followed by stabilization. At the
same internal pressure, the effective volume shrinkage ratio of the sediment-filled salt cavern UGS
is consistently lower than that of the unfilled salt cavern UGS. However, the difference in effective
volume shrinkage ratio between the two diminishes with increasing internal gas pressure. As
the internal gas pressure approaches the in-situ stress of the salt cavern’s surrounding rock, the
effective volume shrinkage ratios of the two types gradually converge.
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For instance, at internal pressures of 2 MPa, 6 MPa, 10 MPa, 14 MPa, 18 MPa, and
22 MPa, the effective volume shrinkage ratios for the sediment-filled salt cavern UGS
and the unfilled salt cavern UGS are 56.8%, 49.5%, 41.7%, 29.9%, 17.7%, 7.4%, and 84.4%,
71.2%, 53.2%, 33.5%, 17.5%, 7.4%, respectively. This indicates that even at lower internal gas
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pressures, sediment can still assist in restraining the shrinkage of the effective volume within
the salt cavern, and this effect becomes more pronounced with decreasing internal gas
pressure. Furthermore, after undergoing a rapid volume shrinkage phase, the growth in the
effective volume shrinkage ratio of sediment-filled salt cavern UGS is slower compared to
unfilled salt cavern UGS due to the restraining influence of sediment on cavern deformation.
This implies that sediment-filled caverns can achieve a more stable effective volume level
more quickly. For salt cavern UGS, this characteristic is highly advantageous for extending
the lifespan of salt cavern UGS, maintaining relatively stable operational capacity over an
extended period, and enhancing economic viability.

6.4. Equivalent Strain

The equivalent strain contours, presented in Figure 13, offer valuable insights into the
behavior of the two types of salt cavern UGS after 30 years of operation. For the unfilled salt
cavern UGS, prominent zones of elevated equivalent strain are evident around the cavern,
with the top and mid-sections of the cavern walls exhibiting relatively higher equivalent
strain values compared to other areas. The maximum equivalent strain occurs slightly
below the center of the cavern wall. Notably, as the internal gas pressure increases, there
is a corresponding decrease in the overall equivalent strain. In this context, elevating the
internal gas pressure remains the sole strategy for mitigating equivalent strain around
the cavern periphery in the case of unfilled salt cavern UGS. However, it is important to
acknowledge that this approach concurrently results in a reduction in the operational gas
capacity of the salt cavern UGS.

In contrast, the equivalent strain contours for sediment-filled salt cavern UGS reveal
distinct behaviors. Under varying internal gas pressures, larger regions of equivalent
strain primarily encompass areas around the salt cavern that do not directly interface with
sediment. Specifically, the cavern’s top section consistently demonstrates considerable
equivalent strain. On the salt cavern walls in contact with sediment, the equivalent strain
values progressively decrease as sediment depth increases. Remarkably, the location of
the maximum equivalent strain aligns closely with the top surface of the sediment. This
observation underscores the vital role of sediment in providing effective support to balance
deviatoric stresses within the surrounding rock, consequently leading to reduced strain in
the rock directly interfacing with the sediment.

Consequently, for sediment-filled salt cavern UGS, a focal point should be the safety of
regions outside the sediment-filled zone. This consideration takes precedence when designing
the minimum internal gas pressure for the cavern. Decreasing internal gas pressure implies
greater compression on the sediment. As the sediment’s top surface rises, the position of
maximum equivalent strain on the cavern wall also ascends. In scenarios where potential
weak layers, such as micro-permeable interlayers, exist within the cavern’s depth range, it
is imperative to mitigate the occurrence of maximum equivalent strain in such areas. This
concern is paramount when crafting the design of sediment-filled salt cavern UGS.

6.5. Safety Factor

Figure 14 illustrates the safety factor (SF) contours for unfilled salt cavern UGS and
sediment-filled salt cavern UGS after 30 years of operation under varying internal gas pressures.
Previous studies have indicated that SF < 1.5 signifies localized damage, SF < 1.0 denotes
material failure, and SF < 0.6 indicates the onset of collapse [35]. The SF contours reveal
that the bottoms of unfilled salt cavern UGS consistently exhibit the lowest SF values, a
phenomenon particularly pronounced with lower internal gas pressures. At an internal
gas pressure of 2 MPa, extensive collapse areas have already emerged at the cavern bottom
after 30 years of operation. While increasing internal gas pressure significantly enhances SF
within the surrounding rock, this comes at the cost of sacrificing the gas-supplying capacity
of the salt cavern UGS. Figure 14g–l showcases the safety factor contours for sediment-
filled salt cavern UGS under different internal pressures after 30 years of operation. It is
evident that sediment exerts a substantial influence on the SF of the cavern’s surrounding



Energies 2023, 16, 7825 20 of 23

rock. Regions filled with sediment exhibit SF predominantly exceeding 1.5, implying that
sediment inhibits the dilatant behavior of the adjacent salt rock.
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Figure 13. ES contours of different salt cavern UGSs after 30 years of operation under different
internal gas pressures (profiles perpendicular to the Y-direction, Y = 0): (a–f) are the ES contours of
the unfilled salt cavern UGS, and (g–l) are the ES contours of the sediment-filled salt UGS.
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Figure 14. SF contours of different salt cavern UGSs after 30 years of operation under different
internal gas pressures (profiles perpendicular to the Y-direction, Y = 0): (a–f) are the SF contours of
the unfilled salt cavern UGS, and (g–l) are the SF contours of the sediment-filled salt UGS.

This observation underscores sediment’s role in curtailing the escalation of damage
resulting from salt rock deformation. Preserving the low permeability of the salt rock and
maintaining the sealing integrity of the cavern are highly advantageous consequences
of sediment-induced suppression of salt rock deformation and associated damage. This
further affirms the positive influence of sediment in bolstering the stability of sediment-
filled salt cavern UGS, emphasizing their potential for enhancing both safety and gas-
storage efficiency.

7. Summary and Conclusions

In this study, a new modeling method for sediment-filled salt caverns is introduced to
simulate the UGS in sediment-filled salt caverns, and the effect of sediment on the stability
of salt caverns is evaluated using a multi-parameter system. The primary conclusions can
be summarized as follows:

(1) A novel modeling approach was devised for sediment-filled salt cavern UGS. The
Discrete Element Method was employed to simulate sediment-filled salt caverns, with
both sediment and rock formations represented by rigid and deformable elements,
respectively. Drawing from experimental outcomes of simulated sedimentation, the
ellipsoidal elemental framework was employed to construct a sediment particle model
with a specified size distribution. This innovative modeling strategy successfully
elucidated the impact of sediment on salt cavern UGS stability.
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(2) Deformation, plastic zone development, effective volume shrinkage ratio, equivalent
strain, and safety factor were employed to assess sediment’s impact on salt cavern
stability. Through 30-year simulations of sediment-filled and unfilled salt cavern
UGS under varying internal gas pressures, it was observed that sediment signifi-
cantly curbed deformation, and reduced effective volume shrinkage, with a more
pronounced effect at lower internal gas pressures. Additionally, sediment’s supporting
role substantially diminished the plastic zones within the rock adjacent to sediment
and notably enhanced the safety factor of this section. Compared to unfilled salt
cavern UGS, sediment-filled counterparts reached a relatively stable effective volume
and plastic zone level more rapidly under similar internal gas pressure conditions,
ensuring a stable storage space for natural gas.

(3) The research outcomes underscore the long-term advantages of sediment-filled salt
cavern UGS. Nonetheless, it is essential to recognize that sediment’s impact on cavern
stability primarily affects the surrounding rock in contact with sediment. Hence,
while assessing cavern UGS stability or designing internal gas pressures, careful
consideration should be given to the rock sections within caverns not in direct contact
with sediment.

(4) Leveraging sediment-filled voids for natural gas storage constitutes a pivotal direction
for China’s salt cavern UGS development. The work in this paper shows that sediment
has a positive effect on the stability of salt cavern UGS, and the results of the study
can be used as a reference for the salt cavern research community.
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