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Abstract

Horizontal cavern structures are discussed as a means to constructing energy
storage facilities in bedded salt formations. During their design, the spac-
ing of injection and discharge boreholes for solution mining is an important
variable determining cavern length, shape and construction cost. Increasing
the borehole spacing has been suggested in order to increase cavern capacity
and construction rate while decreasing construction cost but its mechani-
cal consequences have yet to be explored. In this paper, cavern geometries
constructed with different borehole spacings are obtained using a solution
mining simulation model. Static creep analyses have been conducted based
on these geometrical models to discuss the impact of the borehole spacing on
the mechanical behavior of the caverns. The results show that the creep de-
formation of the horizontal cavern induces limited volume change depending
on operating pressures. Increasing the borehole spacing initially increases
cavern roof displacement and volumetric convergence, but plateaus after a
distance 600m, i.e. 5-6 times the cross-sectional diameter. A similar behavior
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is observed in terms of selected integrity criteria. The results indicate the
principal possibility to access larger storage volumes and higher construc-
tion speed by increasing the borehole spacing to longer than 5-6 times the
designed cross-sectional diameter.

Keywords: Salt cavern, energy storage, solution mining, stability, creep,
OpenGeoSys

Nomenclature

Greek Symbols

Symbol Description Unit

ε Strain tensor −

εcr Creep strain tensor −

εel Elastic strain tensor −

εth Thermal strain tensor −

σ Stress tensor MPa

C Fourth-order stiffness tensor MPa

λ First Lamé constant MPa

µ Second Lamé constant MPa

ν Poisson’s ratio −

ρ Bulk mass density kg m−3

σt Tensile strength MPa

σref Reference stress MPa

σi Principal stresses (i ∈ {1, 2, 3} MPa

τoct Octahedral shear stress MPa
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ϕ Angle of internal friction °

Operators

Symbol Description Unit

: Double contraction −

˙( ) Material time derivative −

� A symmetric tensor product operator −

⊗ Dyadic product operator −

tr Trace of a tensor −

Roman Symbols

Symbol Description Unit

I Fourth-order identity tensor −

I Second-order identity tensor −

s Deviatoric stress tensor MPa

A Creep coefficient in BGRa model 1/a

c Cohesion MPa

E Young’s modulus GPa

G Shear modulus GPa

m Creep exponent in BGRa model −

Q Activation energy J/mol
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1. Introduction

Underground salt caverns have been widely used for energy storage since
the 1940’s [1, 2]. Nowadays, there are more than 90 salt cavern underground
gas storage sites in the world, with a daily working gas volume of about
1.56 · 1010 m3 accounting for about 23 % of the total working gas volume
of all kinds of underground gas storage [3]. About 66 % of the strategic
petroleum reserve is stored in salt caverns worldwide [4, 5]. Moreover, there
is a considerable number of studies related to the storage of H2, CO2 and
compressed air in salt caverns [6, 7, 8, 9]. Using salt caverns for toxic or
nuclear waste disposal has been reported as well [10, 11].

Usually, salt caverns are mostly solution mined vertical structures [12]
which are constructed in salt domes [13], where the height of the vertical
cavern can reach 400 m to 600 m, and the volume can reach 2 million m3.
However, as salt domes are not available in all locations and are increasingly
exploited, more attention is being paid to bedded salt formations which are
more widely distributed around the world, e.g. China, Canada, Poland, Ger-
many and the US[14, 15]. Such bedded salt formations are comparatively
thin and often contain many insoluble interlayers [16, 2, 17]. Due to their
different geological evolution, the mechanical properties of domal and bed-
ded salt formations also differ with consequences for stability and tightness
assessment [18]. Due to geometrical constraints and the layered structure,
the construction of vertical salt caverns can be very difficult in these forma-
tions. Particularly, the insoluble interlayers will result in irregularities and
reduce the cavern capacity. In China, most vertical salt caverns are lower
than 120 meters and thus comparatively shallow, and their volume usually
does not exceed 200 000 m3. The construction costs are higher as well, since
more drilling operations are required in order to obtain a volume compara-
ble to that of one large cavern in a salt dome. To obtain a larger cavern
capacity at lower cost, a two-well horizontal cavern construction method has
been proposed [19]. The horizontal cavern uses two boreholes for alternate
water injection and brine discharge [20, 21, 22]. As the injected fresh wa-
ter is lighter than the brine and will rise up very quickly [23, 24], primarily
the salt around the injection point will be dissolved. To extend the solution
process to the central part of the horizontal cavern, the injection tube is
usually designed in a retractable configuration [25]. In the beginning, the
injection tube orifice is placed close to the discharge borehole through the
injection borehole. A cavern appears near the discharge borehole due to the
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water injection and salt dissolution. During the subsequent stages, the injec-
tion tube is retracted step by step and gets closer to the injection borehole.
Caverns grow around the retracting injection tube’s origin borehole[20]. At
that stage, a horizontal tunnel-like cavern will have developed with a shape
reminiscent of candied fruit. The recorded length of a horizontal cavern can
reach 150 m to 500 m [21]. With such horizontal caverns, larger volumes can
be obtained than with vertical caverns in bedded salt formations [26]. Due
to the larger dissolution area, its construction efficiency is higher than a ver-
tical cavern as well [20]. It has been widely accepted that the horizontal
cavern is more suitable for developing larger storage caverns in bedded salt
in China [8, 20, 27, 28].

To ensure safe and economic storage of gas or oil, the cavern should be
carefully designed to minimize its convergence rate and deformation of the
surrounding rock mass and to limit the size of surrounding plastic zones
in which dilatancy may enhance permeability [21, 29]. One of the most
important design parameters of a horizontal cavern is the distance between
the two boreholes drilled for water injection and brine discharge, or “borehole
spacing” for short. This distance controls the total length and volume of the
cavern. Solution mining of a group of horizontal caverns was simulated with
increasing borehole spacing by Li et al. [28]. The results show that the
capacity of a horizontal cavern in a fixed salt formation can be higher than
a vertical cavern, and it increases with the borehole spacing of the cavern.
In addition, a longer horizontal cavern has a larger dissolution area and thus
a higher construction efficiency (dissolution rate). The consumption of fresh
water and energy per volume are lower as well [28]. However, according to
research by Chen et al. [29], the vertical displacement of the cavern roof and
the volume loss might increase with the aspect ratio of a salt cavern, which
indicates that the borehole spacing of a horizontal cavern might be subject to
an upper limit. The maximum length of the salt cavern was limited to about
120 m in the research by Chen et al. [29] and cannot be directly used for the
design of two-well horizontal caverns which are usually longer than 200 m.

There have been many studies concerning the mechanical behavior and
long-term stability of a horizontal cavern for gas and oil storage. Xing et
al. [27, 30] conducted a comparison of the mechanical behavior of vertical
and horizontal salt caverns and showed that a 200× 100× 70 m3 horizontal
cavern can meet all the design criteria for long-term operation of storage
caverns. Liu et al. [21, 8] dissolved a horizontal model cavern in the labora-
tory. Based on the obtained cavern shape, three caverns with top-enlarged,
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middle-enlarged and bottom-enlarged structures were assumed and analyzed
mechanically. The top-enlarged cavern was demonstrated to posses the best
serviceability and safety. Chen et al. [29] have conducted research on small-
space two-well salt caverns and discussed the impact of the width-to-height
ratio and inner gas pressure on the cavern stability.

Most previous studies have been discussing the reliability of the horizontal
salt cavern by comparing horizontal and vertical caverns, or by comparing dif-
ferent forms of horizontal cavities. However, discussions on the impact of the
length of horizontal salt caverns on their stability have not been presented.
In addition, shapes derived from sonar mapping suffer some limitations in
horizontal caverns, due to some blockage of the long horizontal tunnel by
insoluble sediments. Thus, several aspects of cavern morphology remain un-
known in bedded salt. Therefore, in most previous studies, a hypothetical
morphology was mostly used for the mechanical analysis [8, 21, 27, 29, 30],
which could only be qualitative but not quantitative.

In this paper, the impact of borehole spacing on the stability of the cavern
is discussed to optimize the parameter design and hence profitability while
maintaining the necessary safety of storage caverns. A series of cavern ge-
ometries with different borehole spacing and cavern length is obtained using
a construction modeling program of Li et al. [28]. Then 3D geomechani-
cal models are set up based on these geometries in the open-source finite
element framework OpenGeoSys [31] and analyzed using the software’s high-
performance computing features. The volumetric convergence ratio, cavern
roof displacement and extent of plastic zones are compared and discussed
to evaluate the mechanical performance of caverns with different borehole
spacing. The results provide insights into the construction and design of
horizontal salt caverns.

2. Numerical model of horizontal salt caverns for combined disso-
lution and geomechanical analysis

2.1. Solution mining model

A solution mining model has been proposed by Li et al. [28] to design
cavern construction protocols. The dissolution rate of the salt has been con-
sidered as mainly related to the angle of the brine-salt interface, the flow rate
and concentration of the brine, and the content of the insoluble substances.
The angle of the brine-salt interface can be easily calculated from the cavern
geometry, and the content of the insoluble substances can be accessed through

6



geological exploration. Thus, the flow rate and concentration of the brine re-
main as key factors to be determined. A simplified flow/concentration model
is used for the efficient solution of the 3D turbulent flow/concentration fields.
The brine concentration around the injection point is considered as homoge-
neous as in a vertical cavern, due to the blending of the upward flow of the
injected fresh water with the downward flow of saturated brine from the salt
dissolution. In long horizontal tunnel-like structures, the brine is assumed
to flow along the horizontal direction only, while vertical flow and vertical
concentration gradients are neglected. The dissolved salt is considered to
be evenly dispersed into the solution. Using these assumptions, the dynamic
flow and concentration fields of the brine in the entire cavern are solved based
on the laws of conservation of mass and momentum. Thus, the dissolution
rate of the salt boundary can be calculated and the shape of the salt cav-
ern predicted. This model has been implemented into a softwaren named
“Multi-Step Horizontal Salt Cavern Leaching Simulation” (M-SHSCLS), the
reliability of which has been validated by comparison with field data[28].

Using this program, a total of 11 horizontal salt cavern geometries con-
structed virtually based on different borehole spacings ranging from 200 m
to 1200 m have been obtained (Figure 1). The retraction distances of the
injection point are all 100 m in these simulations, thus the number of the
retraction steps during the construction phase ranges from 2 to 12. In each
step, a sub-cavern forms around the injection point due to the salt dissolu-
tion by the buoyant flow of the injected fresh water. The final shape consists
of several sub-caverns, the number of which increases with the length of the
horizontal borehole (i.e. the spacing between the corresponding vertical bore-
holes). The volume and height of these cavern peaks are similar since the
time and injection flow rate between the retraction steps remain fixed.

Comparing with the conventional vertical salt cavern shown in Figure 2,
the horizontal cavern is more suitable for the geological structure of bedded
salt in China. With the horizontal dissolution model, large volume caverns
comparable to their vertical counterparts in the salt domes could be ob-
tained provided roof heights essential for safety. If moderate deformation
and prolonged barrier integrity around horizontal caverns could be demon-
strated, this dissolution approach could largely increase the efficiency of the
construction and reduce the investment required for energy storage in China.
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Figure 1: Multi-step horizontal cavern solution mining model proposed by Li et al. [28]

Figure 2: Conventional vertical salt cavern model [5]

2.2. Geomechanical model

The first salt mine developed for natural gas storage in China is located
in Jintan [32]. There, more than 20 caverns have been constructed and an
energy storage site is in operation. After long-term investigation, research,
and construction, its geological parameters have been well investigated. Also,
it is a potential test site for horizontal salt caverns, motivating its use as a
representative site for the mechanical simulation of horizontal salt caverns
in this paper. The depth range of the numerical model is between −550 m
and −1550 m, with a 200 m thick salt layer ranging from −950 m to −1150 m
embedded between two mudstone layers. The roof of the salt formation is
composed of ash mudstone and silty mudstone layers with a thickness of
about 400 m. The bottom of the salt formation is a dense silty mudstone
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Figure 3: An example of a FEM model of a 600 m long cavern.

layer with a thickness of more than 100 m. A total 11 horizontal salt cavern
geometries with different borehole spacings (200 m to 1200 m) are modeled
based on the approach described in subsection 2.1 and Li et al. [28]. The
height and with of the caverns are about 120 m and 100 m, respectively. To
avoid unwanted boundary effects, a large domain size with a length of 3000 m,
a width of 1000 m and a height of 1000 m is chosen for the geomechanical
simulations, extending the thickness of the bottom mud stone layer to 400 m
as well. The caverns with different lengths are placed in the center of the
model, as shown in Figure 3. The geometric models are meshed with linear
tetrahedral elements using GMSH[33]. To accommodate both accuracy and
the efficiency requirements, the boundary of the model is meshed with a
relatively large maximum element edge length of about 50 m, while the mesh
around cavern uses a higher resolution with maximum element edge lengths
from 6 m to 9 m, resulting in models with 225 176 to 276 503 elements. This
resulted in 155 652 to 188 730 degrees of freedom. Static creep analyses have
been conducted based on these geometrical models with the open-source code
OpenGeoSys (OGS) [34, 31] based on the Finite Element Method (FEM).

2.2.1. Constitutive model

Salt rock exhibits pronounced time-dependent deformation or creep under
relatively low stress level and has very low permeability and porosity [35, 36].
To evaluate the deformation and barrier integrity of the salt rock energy stor-
age caverns, a suitable constitutive model is required. The initial transient
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creep phase of rock salt only lasts for several months, which is shorter than
the construction stage[21, 8]. The mechanical simulation here starts after
the cavern has been constructed. We further limited ourselves to static gas
pressures. Thus, transient creep phenomena were ignored, and a steady-
state creep law was used. To capture stationary creep under non-isothermal
conditions the BGRa [37, 36] model is used. The BGRa model has been
introduced[37] to describe the steady-state creep deformation of rock salt
as a function of temperature and stress based on Orowan’s law [38], which
has been tested and successfully applied to rock salt storage and disposal
projects [39, 36]. In the BGRa model, the creep strain rate is described as

ε̇cr =

√
3

2
Ae−Q/(RT )

(
σ̄

σref

)m
s

‖s‖
, (1)

where s = σ − 1
3
tr(σ)I is the deviatoric stress and σ̄ denotes the von Mises

equivalent stress defined as σ̄ =
√

3
2
‖s‖.

Equivalently, the creep strain rate can be written as

ε̇cr = b‖s‖m−1s (2)

by introducing

b =

(
3

2

)(m+1)/2
Ae−Q/(RT )

σm
ref

. (3)

The total strain rate considering creep and thermal strains is

ε̇ = ε̇el + ε̇th + ε̇cr, (4)

where ε̇el is the elastic strain rate, ε̇th is the thermal strain rate, and ε̇cr is
the creep strain rate.

Following Hooke’s law, the stress rate is given by

σ̇ = C:ε̇el = C:(ε̇− ε̇th − ε̇cr), (5)

where C = λI + 2GI � I is the fourth-order elastic stiffness tensor for lin-
early elastic isotropic media. Substituting Eq. (2) and C into the stress rate
equation, yields

σ̇ = C:(ε̇− ε̇th)− 2bG‖s‖m−1s. (6)
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OpenGeoSys uses an implicit time integration scheme [40, 41, 42] to ob-
tain the stress in the current time step, n + 1, which can here be expressed
as

σn+1 = σn + C:(∆ε− αT∆T I)− 2bG∆t
∥∥sn+1

∥∥m−1
sn+1 (7)

with αT being the linear thermal expansion coefficient and ∆ the increment
of a quantity over the current time step.

To solve for stress, the Newton-Raphson scheme is applied. Let

r = σn+1 − σn − C(∆ε− αT∆T I) + 2bG∆t
∥∥sn+1

∥∥m−1
sn+1 (8)

be the residual for the stress equation. The Jacobian of is derived as

Jσ =
∂r

∂σn+1

= I + 2bG∆t
∥∥sn+1

∥∥m−1
(
I − 1

3
I⊗ I + (m− 1)

∥∥sn+1
∥∥−2

sn+1 ⊗ sn+1

)
.

(9)
Once the stress integration is converged, the consistent tangent operator is
obtained from [43]

∂∆σn+1

∂∆εn+1 = J−1
σ C (10)

Since this study focuses on an initial assessment of long-term creep ef-
fects, an isothermal setting was considered. Therefore, ε̇th = 0, and the
temperature-dependent creep law-coefficient has been redefined by eliminat-
ing the Arrhenius term evaluated at a fixed temperature:

A← A exp

(
− Q

RT0

)
(11)

where T0 = 293.17 K is the in-situ temperature and Q = 54 kJ mol−1. There-
fore, the expression for b simplifies to

b =

(
3

2

)(m+1)/2
A

σm
ref

. (12)

Mudstone does not exhibit significant creep and the Mohr-Coulomb model
is frequently used to model its elasto-plastic behavior [44, 45]. Here, plastic
deformations in the mudstone layers are not considered during the simula-
tions, so they were represented as elastic materials.
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ρ E ν A n c ϕ σt

/ kg m−3 / GPa / a−1 / MPa / ◦ / MPa

Rock salt 2220 3.99 0.24 1.5× 10−6 4.48 1.0 35 1.0
Mudstone 2310 3.5 0.175 - - 1.0 30 1.0

Table 1: Parameters of rock salt and mudstone.

The parameters of rock salt and mudstone are given by Table 1 [46]. The
given strength parameters were not used in the constitutive model per se but
only in the analysis of the simulation results.

2.2.2. Integrity criteria

A number of mechanical criteria are typically used to assess the long-
term stability of salt structures such as mines or caverns. Among them,
the two most prevalent are the dilatancy criterion and the fluid pressure
criterion [47, 48] (equivalent to the no effective tensile stress criterion). The
latter criterion is here expressed as

Fp = pL − σmin, (13)

where pL is a hydrostatic pressure resulting from a hypothetical water column
to the considered depth, and σmin is the least compressive principal stress
(compression positive). Fp ≥ 0 implies failure. In the present case, the
hypothetical water column is given as

pL = ρLgz. (14)

The dilatancy criterion is sometimes evaluated in terms of total stresses
σ, sometimes in terms of effective stresses σ′ assuming a hypothetical water
column from the ground surface similar to the previous criterion. Here,
we use the dilatancy boundary following Cristescu und Hunsche employed
in [49, 47]

τf

σ∗
= a ·

(σm

σ∗

)2

+ b ·
(σm

σ∗

)
, (15)

τf

σ∗
= a ·

(
σ′m
σ∗

)2

+ b ·
(
σ′m
σ∗

)
, (16)

where σ∗ = 1 MPa and the parameters a = −0.0123, b = 0.7731 have been
fitted to data from Ma et al. [50] to represent the material considered in this
study.
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The dilatancy criterion is given as

Fdil,tot =
τoct

σ∗
− a ·

(σm

σ∗

)2

− b ·
(σm

σ∗

)
(17)

in a total stress formulation, and as

Fdil,eff =
τoct

σ∗
− a ·

(
σ′m
σ∗

)2

− b ·
(
σ′m
σ∗

)
(18)

in an effective stress form, where the effective stresses are obtained by means
of the hypothetical depth-dependent pore pressure defined in Eq. (14). The
octahedral shear stress is given as

τoct =

√
2

3
J2 =

√
2

3
σ̄ (19)

in both criteria (deviatoric measure). Again, violation of the criterion is
implied for Fdil ≥ 0.

2.2.3. Numerical methods

The quasi-static creep analyses were performed using OGS-6 [31, 51],
an open-source finite element simulation platform. Standard linear finite
elements were used. The global equilibrium iteration as well as the local
stress update procedures are based on a consistent linearization in the context
of a Newton-Raphson procedure [40, 41]. The non-linear absolute tolerance
of the global Newton-Raphson scheme was set to 1 × 10−10, the absolute
tolerance of local Newton-Raphson stress-integration scheme to 1× 10−12.

Due to the large computational domain sizes encountered in the simula-
tions of the horizontal caverns, an MPI parallelization was used to speed up
the simulation. For that purpose, the code was compiled and tested on the
Sunway TaihuLight Cluster equipped with nodes each having 2 E5-2680V3
processing cores [52]. Some initial test simulations were also conducted at
the JUWELS supercomputer at the Jülich Supercomputing Centre.

The internal communication speed of each node is higher than the com-
munication speed between the nodes. Thus, the following simulation strategy
was chosen. Each cavern model is run within one node with minimum com-
munication cost. For that purpose, each cavern model was decomposed into
12 partitions to utilize the 12 compute cores of the given node. In turn, the 12
cavern models representing different cavern lengths were run simultaneously
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on different nodes. Based on estimates derived from early phase simulations,
the speed-up achieved was at least a factor of 7, though this number should
not be considered an exact performance measure.

3. Results of geomechanical simulation of horizontal salt caverns

3.1. Creep deformation of horizontal cavern

According to the investigation, the vertical in-situ stress of the formation
in Jintan is around 23.87 MPa, and the horizontal stress factor is 1.0 [53, 32].
Therefore, a matching isotropic initial stress state is assumed here. To re-
produce the actual stress state in our simulation, gravitational effects were
considered in the entire model, and an overburden pressure of 12.64 MPa
was applied on the top surface of the FEM model, cf. Figure 3. The in-
ternal gas pressure is usually chosen according to the depth of the cavern
top and generally is set to a range of 0.3 to 0.8 of the vertical stress at the
cavern top [21, 54]. Thus, the internal gas pressure range could be 7.2 MPa
to 19.1 MPa in the present case. The primary focus of this study is the ba-
sic mechanical behavior of horizontal caverns with different lengths. Three
values were investigated for the internal pressure: a low, an average, and
a high internal pressure, with values 7.2 MPa, 13.15 MPa and 19.1 MPa, re-
spectively, see Table 2. The entire simulation period covered 30 years, which
is a typical designed service life of a salt cavern gas storage. The fast initial
unloading of salt cavern was modelled as instantaneous and thus occurred in
a practically elastic fashion. The simulation results of displacement distribu-
tion of salt cavern with length 600 m and 900 m after 30 years of operation
are shown in Figure 4. The largest displacements occur at the top-center
protrusion, the largest deformation location mostly depends on the length of
the cavern in relation to its other dimensions.

Operating pressure Low Mid High

Value in MPa 7.2 13.15 19.1

Table 2: Typical operating pressure of horizontal cavern

The creep displacement and volume change of the cavern with a length of
600 m are shown in Figure 5. The volumetric convergence representing the
averaged volume loss of the entire salt cavern is a crucial criterion in design, as
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(a) Length 600 m (b) Length 900 m

Figure 4: Displacement magnitude after 30 years of stationary creep for the ’mid’ pressure
scenario. Displacements in mm.

described elsewhere [21]. Under “Low” internal pressure, both the magnitude
of the maximum displacement and the volume loss are the most severe. What
appears as primary creep and secondary creep stages is a consequence of the
stress-dependence of the creep law in connection with stress redistribution
around the cavern. The material model itself only considers stationary creep.
The deformation cavern in the “High” pressure scenario, where pressure is
close to lithostatic, is consequently very small. Even in the “Low” internal
pressure scenario, the volume change after 30 years of operation is 14 % for
the chosen parameters, much lower than the stipulated level 30 % [21] . This
further demonstrates the need for more detailed assessments to demonstrate
the feasibility of this multi-step horizontal salt cavern storage.

The effect of cavern length is illustrated in Figure 6. Peak displacements
slightly increase with increasing length with a variation below 30 %. When
increasing the dissolution length of the horizontal cavern, the maximum dis-
placement and average deformation (volumetric convergence) do not increase
linearly. Once the horizontal length exceeds 600 m, i.e. 5 to 6 times the cross-
sectional diameter, the maximum deformation plateaus and does not change
appreciably afterwards. One can think of this phenomenon as the cavern
transitioning to a tunnel with a large cross sectional area. In the interior
regions, the cavern’s deformation is then determined by its cross section in a
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Figure 5: Deformation of salt cavern with length of 600 m for different internal pressure.
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Figure 6: Maximum displacement and volume loss depending on cavern length for the
’mid’ pressure case

3.2. Integrity criteria

Barrier integrity is evaluated by applying the fluid pressure criterion and
the dilatancy criterion, the latter both in total and effective stress form, where
positive values indicate a violation of the criterion, termed failure here for
short. The failure zones of the typical cavern model are shown in Figure 7 –
Figure 9. The cavern stress status does not exceed the dilatancy criterion in
total stress formulation for any of the pressures after 30 years creep, while
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for the fluid pressure criterion and effective stress-based dilatancy criterion,
failure zones exist at low cavern pressures and decrease when the pressure
increases, because the internal pressure balances the excavation-induced un-
loading and decreases deviatoric stresses. The failure zones marked by the
fluid pressure criterion affect the largest volume. The size effect of the hor-
izontal cavern is illustrated in Figure 10a, showing an an increasing failure
zone extent with increasing cavern length. When expressing the failure zone
normalized to cavern length (Figure 10b), the results dramatically show that
the failure volume of per unit horizontal length remains roughly steady, and
even reduces slightly as the cavern approaches tunnel character.

(a) Low (b) Mid (c) High

Figure 7: Failure zone following the fluid pressure criterion in the surrounding rock for a
cavern length of 600 m.

(a) Low (b) Mid (c) High

Figure 8: Failure zone following the dilatancy criterion (total stress) in the surrounding
rock for a cavern length of 600 m.

The time effect of indicated cavern failure zones can be seen in Figure 11:
the failure zone volume of the fluid pressure criterion and effective stress-
based dilatancy criterion increases due to creep and subsequent stress redis-
tribution at the first 2 years, and then reduces, due to the stress release,
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(a) Low (b) Mid (c) High

Figure 9: Failure zone following the dilatancy criterion (effective stress) in the surrounding
rock for a cavern length of 600 m.

likely due to deviatoric stress relaxation due to salt creep. This phenomenon
reflects the apparent primary and secondary creep behavior discussed ear-
lier. During the steady-state creep phase, the failure volume increase slows
down but has not yet levelled off after the 30 years simulated here. The fail-
ure zone volume of the total stress-based dilatancy criterion appears slightly
at the initial 2 years creep stage, and then vanishes. In addition to the
failure zone volume calculation in Figure 11, the parallel numerical mod-
els simulated with realistic shape facilitate a closer evaluation of the failure
zone distribution of different stages. The profiles in Figure 12 illustrate
the effective-stress based dilatancy zone distribution as it changes from the
initial state during the subsequent 30 years. At the initial step of the simula-
tion (cavern dissolution completed), results show the dilatancy zone covering
the immediate vicinity of the cavern. After decades of creep, the affected
area is redistributed and moves from some areas along the wall towards the
cavern roof. Other regions, previously subjected to high deviatoric stresses,
transition from violating the dilatancy criterion back to complying with it
associated with a relaxation of the high deviatoric stresses. In other words,
not only does the volume potentially affected by damage change, but also the
location of the affected regions shifts due to stress redistribution. The area
where dilatant damage accumulated during the creep phase coincided with
the irregular “bulge” shape caused by the control of the cavern dissolution
process.

3.3. Limitations and future work

Future work should take into account some extensions of the current anal-
ysis methodology. Firstly, more advanced material models [48, 40] might be
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(a) Initial step (b) 15 years creep (c) 30 years creep

Figure 12: Creep effects on the effective dilatancy zone of surrounding rock for a cavern
length of 600 m under Low pressure.

considered which account for primary, secondary and tertiary creep along
with an explicit calculation of dilatancy. Particular extensions for bedded
salt may also be considered [55]. This will allow for the modelling of storage
operations including charging and discharging of the cavern storage. De-
pending on the frequency of this cyclic loading, thermal effects due to gas
thermodynamics may have to be considered in the model (thermo-mechanical
analyses). If fluid effects at the boundary to the overburden or infiltration
of the storage medium into the cavern’s contour are of interest, hydraulic-
mechanical coupling may also be considered. Finally, the influence of in-
terfaces between rock types and associated with insoluble interlayers can be
considered for more realistic stress fields. Such interfaces and the likelihood
of encountering them with increasing size of the engineered structure will
have to be included in an actual safety assessment for a given site. Look-
ing at the solution mining itself, the step distance during construction of
the multi-step cavern, and the injection flow rate during dissolution might
influence the shape and thus stability of the cavern as well, and might be
discussed in subsequent studies.

4. Conclusion

The impact of the length of a horizontal cavern on its geomechanical
behaviour is analyzed, using the solution mining model M-SHSCLS to obtain
realistic cavern geometries with different length, and using OpenGeoSys to
conduct the mechanical analysis. The conclusions are as follows:

1. Three typical internal pressure values, 7.2 MPa, 13.15 MPa and 19.1 MPa,
were investigated in the present analysis ranging from 30 to 80 % of the
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lithostatic stress. Even in the mechanically most challenging setting
of low internal pressure, the volume change after 30 years of operation
was limited to 14 %. The horizontal cavern volume change thus remains
below the design criteria. It further demonstrates the principal feasibil-
ity of this kind of multi-step horizontal cavern. Note that this number
is an estimate based on the chosen parameters and modelling strategy
and may thus be subject to variation once more refined analyses are
performed.

2. With the increase of the horizontal length, the peak deformation first
increases, but begins to converge after the horizontal length exceeds
600 m, i.e. 5 to 6 times the cross-sectional diameter. Potentially dam-
aged zones are evaluated by applying the fluid pressure criterion and
the dilatancy criterion. The total volume affected by potential damage
increases with increasing horizontal length, while the failure volume
zone per unit length remains roughly steady, and even reduces slightly
as the cavern approaches tunnel character. Thus, it can be concluded
that increasing the horizontal length to longer than 5 to 6 times the
designed cross-sectional diameter is in principle feasible to access large
storage volumes.

3. Failure tends to accumulate at the lower parts of the cavern roof caused
by the uneven dissolution. It indicates that irregular shapes could in-
duce dilatancy-induced unstable cavern wall sections and confirms the
need to take into account realistic geometires. Therefore, the construc-
tion method and shape control technology are suggested to be improved
to realize a longer, and more regularly shaped horizontal cavern.
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