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 A B S T R A C T

This study presents a numerical investigation of pressure solution creep and its influence on the mechanical 
behavior of salt caverns for underground hydrogen storage. A 3D modeling framework, implemented in the 
open-source simulator SafeInCave, incorporates both dislocation and pressure solution creep mechanisms and 
is applied to caverns with varying geometries, depths, temperatures, and interlayer positions under realistic 
conditions. The creep models are appropriately calibrated against experimental results from the literature to 
account for both stress and temperature effects. Results show that pressure solution creep becomes increasingly 
significant over time, particularly in shallow and cold formations, where it dominates deformation. It is more 
active away from cavern walls, where stresses and temperatures are low, while dislocation creep concentrates 
near the cavern walls and governs behavior at greater depths and higher temperatures. Overall, the study 
demonstrates that accurately capturing the effect of pressure solution creep is essential for reliable prediction 
of deformation and structural integrity in underground hydrogen storage caverns.

1. Introduction

The transition to renewable energy requires large-scale storage 
solutions to address the inherent intermittency of renewable energy 
generation.1 Among various storage technologies, underground hydro-
gen storage (UHS) is one of the most promising one, due to hydrogen’s 
high energy density and clean combustion properties.2 With the poten-
tial to provide large-scale storage, UHS plays a critical role in stabilizing 
the power grid and enhancing the reliability of renewable energy 
systems.3,4 However, ensuring safe and efficient large-scale hydrogen 
storage remains a key challenge in the energy transition, with geolog-
ical formations offering the most viable and scalable solution.5 Salt 
formations, including bedded salt deposits and salt domes, provide a 
geologically favorable environment for underground hydrogen storage. 
These formations, being widely distributed across many continents 
particularly Europe and Asia, are regularly assessed to evaluate their 
potential and storage viability.6–8

Salt caverns are crucial for underground hydrogen storage due 
to their extremely low permeability, high structural integrity, and 
self-healing properties, which facilitate repeated hydrogen injection 
and withdrawal.5,9–11 However, their long-term stability under cyclic 
loading conditions remains a critical concern.12,13 The processes of 
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hydrogen injection and withdrawal induce time-dependent deforma-
tion mechanisms, potentially leading to cavern closure, permeability 
changes, and mechanical instability over extended periods of time.14,15

Accurate numerical modeling of stress and deformation of salt 
caverns is essential for evaluating their long-term performance un-
der different operational conditions.16 The cyclic pressurization and 
depressurization of these caverns introduce complex geomechanical 
responses, necessitating a comprehensive understanding of stress re-
distribution, deformation mechanisms, and time-dependent creep beha-
vior.17,18 These factors significantly influence the long-term structural 
integrity of salt caverns, being crucial for successful operations and 
abandonment.19,20 Therefore, reliable simulation of these complex de-
formation mechanisms and investigating the stress intensities during 
underground hydrogen storage operations is crucial.13,21

The stability and long-term integrity of salt caverns subject to 
hydrogen storage conditions remains as an important topic in the 
literature.13 The mechanical behavior of salt rock, particularly its 
creep response, plays a pivotal role in determining the durability 
and reliability of these caverns over extended periods.22 As such, a 
comprehensive understanding of the underlying creep mechanisms is 
essential for ensuring the safe and sustainable storage of hydrogen.23
An experimental–numerical study of salt cavern stability under cyclic 
loading was presented by Ref. 24, showing that cyclic pressurization 
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Fig. 1. Creep rate as a function of effective stress for various salt specimens under different temperature conditions (from Ref. 25.) Here, 𝜎eff  represents the von 
Mises stress, and the creep rate is measured in units of per day.

strongly influences stress redistribution, cavern convergence, and long-
term stability, while highlighting the importance of thermo-mechanical 
coupling and non-ideal cavern geometries in realistic performance 
assessment.

Salt rock deformation under stress is governed by three distinct 
creep phases: primary, secondary, and tertiary creep.26,27 The primary 
creep involves rapid initial deformation driven by dislocation move-
ment within the crystal lattice. This is followed by the secondary, or 
steady-state, phase in which the deformation occurs. Once the stress 
surpasses the dilatancy threshold, the tertiary creep initiates, resulting 
in accelerated deformation and eventually failure due excessive accu-
mulation of damage.27,28 The two principal mechanisms controlling 
steady-state in salt caverns are dislocation creep and pressure solution 
creep. Dislocation creep, which occurs dominant at higher stresses 
and temperature values due to lattice defects, has been extensively 
investigated through laboratory experiments to assess its impact on 
the long-term stability and structural integrity of underground storage 
systems.29–34 In contrast, pressure solution is a stress-driven mecha-
nism involving the dissolution of mineral grains at high-stress contact 
points and their subsequent reprecipitation in lower-stress regions, 
facilitating grain deformation at relatively low stresses in the presence 
of brine.27,28,35 While both mechanisms have been studied in the 
context of rock mechanics, the growing application of salt caverns 
for underground hydrogen storage has resulted in increasing interests 
in understanding how the two creep mechanisms contribute to the 
overall response of the system, specially over many years of cyclic 
operations.12,13,27,35–40

A growing body of experimental, microstructural, and numeri-
cal evidence has demonstrated that pressure solution creep plays a 
decisive role in the time-dependent deformation of rock salt. Labo-
ratory and field investigations have shown that dissolution precipita-
tion processes along grain boundaries facilitate long-term strain accu-
mulation and markedly influence cavern stability under operational 
conditions.30,41–44 Recent modeling studies further emphasize that 
accurate representation of pressure solution mechanisms is essential for 
reproducing observed deformation rates and predicting the safe and 
efficient performance of hydrogen storage caverns.22,23,25 Moreover, 
investigations addressing cyclic pressurization and depressurization 
demonstrate that pressure solution creep governs the mechanical re-
sponse of salt caverns during repetitive loading, strongly affecting 

convergence, closure, and long-term integrity.12,45 Collectively, these 
studies confirm that pressure solution creep is a governing mechanism 
that must be explicitly included in constitutive models to ensure 
reliable prediction of deformation in subsurface hydrogen storage 
systems.

As shown in Fig.  1, the dataset includes laboratory measurements 
from WIPP, BGR, and Bérest studies, covering a temperature range 
from 7.8 ◦C to 200 ◦C. The experimental results are fitted using the 
material constitutive law presented in Ref. 46. The figure reveals that 
creep rate is strongly dependent on temperature and a non-linear stress 
dependency (i.e., 𝑛 > 1) is observed for higher stresses, which is 
attributed to dislocation creep mechanism. At lower stresses (< 5 MPa), 
however, creep rates present a linear dependency on stress, suggesting 
pressure solution mechanism is dominant over dislocation creep.25 This 
is in accordance to microstructural analyses showing the important role 
of dissolution, diffusion, and precipitation in controlling deformation.42

A comprehensive review of geomechanical aspects of underground 
hydrogen storage (UHS) in both depleted reservoirs and salt caverns 
was presented by Ref. 47. Combining laboratory, numerical, and field-
scale studies, the review emphasizes that cyclic hydrogen injection 
and withdrawal strongly influences stress redistribution and cavern 
deformation, underscoring the need for constitutive models capturing 
time-dependent mechanisms. In particular, recent investigations sug-
gest that, although transient and reverse transient creep mechanisms 
are essential to fit cyclic triaxial tests, steady-state dislocation creep 
deformations (pressure solution was not included) plays a dominant 
role for field scale simulations.48 Salt cavern simulations with consti-
tutive models including pressure solution creep have been performed 
by many authors.37,45,49–51 However, given the importance of pressure 
solution creep, a thorough understanding and systematic investigation 
of when and under which circumstances pressure solution creep is more 
or less important is still lacking. Moreover, model calibration has been 
shown to be both challenging and crucial for accurate results in salt 
cavern simulations.16,48 To the best of authors knowledge, a systematic 
calibration procedure simultaneously performed for both dislocation 
and pressure solution creep have not been presented in the literature.

A range of constitutive formulations has been proposed to represent 
time-dependent deformation of rock salt. Many cavern-scale studies em-
ploy steady-state power-law (Norton-type) dislocation creep relations 
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or multi-mechanism formulations such as the Munson-Dawson model, 
which efficiently capture high-stress and high-temperature behavior 
but may underestimate deformation at low deviatoric stress levels.52,53
Laboratory investigations have shown that pressure solution creep 
becomes increasingly important under low-stress conditions, where 
diffusion-controlled mechanisms dominate long-term deformation.25,42
Recent cavern-scale studies under cyclic loading further highlight the 
sensitivity of stability and convergence to constitutive assumptions 
and operational pressure histories.54 These developments indicate that 
model applicability strongly depends on the stress–temperature regime 
and loading path, motivating systematic comparison of creep mecha-
nisms under hydrogen-relevant cyclic operation.

While numerous numerical studies have investigated salt cavern 
behavior during gas storage operations, most existing works primarily 
focus on dislocation creep or consider pressure solution effects in a 
limited or qualitative manner. The present study advances beyond prior 
approaches by systematically integrating pressure solution creep with 
dislocation creep within a calibration and by explicitly accounting 
for cyclic gas pressurization representative of underground hydrogen 
storage, together with constant-pressure reference cases. By quantify-
ing their competing roles across varying temperatures, depths, cavern 
geometries, and interlayer configurations, this work provides a uni-
fied assessment of when and where pressure solution creep governs 
deformation. This systematic comparison enables improved prediction 
of cavern convergence and operational stability, thereby addressing a 
key gap in current cavern-scale geomechanical simulations. Although 
the intrinsic creep behavior of salt is independent of the stored gas 
type, underground hydrogen storage is characterized by more frequent 
cyclic pressure variations than conventional natural gas storage, which 
can amplify time-dependent deformation and cavern convergence.

In this context, the primary objective of this research is to quantify 
the influence of pressure solution creep on the stability of salt caverns 
used for cyclic hydrogen storage. More specifically, it is intended to 
identify under which operational conditions and salt cavern config-
urations pressure solution creep tends to be more or less important. 
The adopted three dimensional numerical modeling framework enables 
a systematic evaluation of how pressure solution creep affects the 
mechanical response of salt formations under low deviatoric stress 
conditions (below 5 MPa), where laboratory evidence indicates that 
diffusion controlled deformation dominates.25,42 This analysis provides 
essential insight into the deformation mechanisms governing cavern 
integrity and their implications for the safe and efficient operation of 
underground hydrogen storage systems.

To achieve this analysis, a comprehensive deformation model (elas-
tic, dislocation creep, and pressure solution creep mechanisms) is uti-
lized with and without the pressure solution creep component. Ad-
ditionally, a calibration procedure is presented for both dislocation 
and pressure solution creep models with respect with temperature and 
stress, such that the experimental results shown in Fig.  1 are repro-
duced. For various types of salt caverns, including complex geometries 
with interlayers at their top, middle and bottom, the influence of 
pressure solution creep is quantified over many cycles of operations. 
Results are investigated to highlight the influence of pressure solu-
tion, particularly after extended periods of operation. To validate the 
implementation of the pressure solution mechanism in our simulator, 
benchmarking with the lab data has been performed on block-shaped 
salt rock samples. All the implementations are made in the open-source 
SafeInCave simulator.48

While the constitutive creep formulations adopted in this study are 
established in the literature, the contribution of the present work lies 
in their calibration and systematic comparison under hydrogen-relevant 
cyclic loading. By integrating pressure solution creep with dislocation 
creep and quantifying their competing roles across temperature, depth, 
cavern geometry, and interlayer configurations, this study provides 
a focused cavern-scale assessment of long-term deformation mecha-
nisms. Thermal effects are represented through prescribed temperature 

scenarios to isolate creep-driven mechanical behavior, while fully cou-
pled thermo-hydro-mechanical evolution during leaching is beyond the 
scope of the present work.

While mathematical developments are not the primary focus of this 
study, we emphasize the underlying deformation physics by incorpo-
rating pressure solution creep into a fully implicit three-dimensional 
framework. Beyond routine sensitivity analyses, the simulations are de-
signed to systematically isolate competing creep mechanisms and quan-
tify their impact on cavern convergence, which has received limited 
attention in prior cavern-scale studies.

The rest of the manuscript is structured as follows. Next, the govern-
ing equations are presented, where the pressure solution mathematical 
model is presented along with other deformation mechanisms in great 
details. Then, in Methodology Section, simulation strategy and test 
cases description are presented. Cavern geometries, mesh topologies, 
material parameters etc. are all described in the Methodology Section. 
Next, Numerical results are presented in a following section. First, 
calibrations and validations against laboratory tests are presented, and 
then simulation results for various test cases under different load-
ing conditions and configurations are presented. The paper is finally 
concluded with important remarks and learning points.

2. Governing equations

Salt rock deformation under a given load is time dependent and 
involves both elastic and inelastic mechanisms. For reliable assessment 
of the integrity of the caverns under cyclic loading, relevant to under-
ground hydrogen storage, the constitutive models used to describe such 
complex deformations must include these mechanisms accurately.55
Under equilibrium conditions, the principle mathematical formulation 
that governs momentum balance reads 
∇ ⋅ 𝝈 = 𝐟 , (1)

where 𝝈 is the stress tensor and 𝐟 denotes the body force per unit vol-
ume. Eq. (1) is subject to appropriate boundary and initial conditions, 
the appropriate consideration of which, beside the model construction 
and parameter calibration, also influences performance estimations and 
stability analyses.

To solve Eq. (1), one has to define a consistent relationship between 
the stress and strain (deformation) tensors, which is done via the choice 
of constitutive models, presented next.

2.1. Constitutive model

The constitutive model adopted in this work incorporates elastic and 
steady-state creep components, representing the primary mechanisms 
governing the mechanical behavior of rock salt under stress.45 A con-
ceptual representation of the constitutive model is depicted in Figs.  2
and 3(a). Additionally, the small-strain assumption is adopted such that 
the principle of additive decomposition can be applied. In this manner, 
the total strain can be written as 
𝜀𝜀𝜀 = 𝜀𝜀𝜀𝑒 + 𝜀𝜀𝜀𝑑𝑠 + 𝜀𝜀𝜀𝑝𝑠, (2)

where 𝜀𝜀𝜀𝑒 denotes the elastic strain. Moreover, 𝜀𝜀𝜀𝑑𝑠 and 𝜀𝜀𝜀𝑝𝑠 represent 
the strains associated with the dislocation and pressure solution creep 
responses, respectively.

The stress tensor relates to the elastic strain tensor according to 
Hooke’s law, i.e., 
𝝈 = C ∶

(

𝜺 − 𝜺𝑖𝑒
)

, (3)

where the inelastic strain, in this case, is 𝜀𝜀𝜀𝑖𝑒 = 𝜀𝜀𝜀𝑑𝑠 + 𝜀𝜀𝜀𝑝𝑠. Moreover, C
represents the fourth-order elastic tensor, whose components are given 
by 
𝐶𝑖𝑗𝑘𝑙 = 𝜆𝛿𝑖𝑗𝛿𝑘𝑙 + 𝜇(𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘), (4)

where 𝛿𝑖𝑗 denotes the Kronecker delta function, and 𝜆 and 𝜇 are the 
first and second Lamè’s parameters.56

Next, the mathematical models for dislocation (𝜀𝜀𝜀𝑑𝑠) and pressure 
solution (𝜀𝜀𝜀𝑝𝑠) creep are presented.
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Table 1
Summary of creep mechanisms considered in this study and their governing relations, stress depen-
dence, and cavern-scale roles.
 Creep mechanism Governing form Stress

dependence
Cavern-scale role  

 Dislocation creep
(ds)

𝜀̇𝑑𝑠 =
𝐴𝑑𝑠 exp

(

− 𝑄𝑑𝑠

𝑅𝑇

)

𝑞 𝑛−1𝑠
Power-law Dominates near the cavern 

wall under higher stress and 
elevated temperature, 
contributing to localized 
deformation and stress
redistribution

 

 Pressure solution
creep (ps)

𝜀̇𝑝𝑠 =
𝐴𝑝𝑠

𝑇𝑑𝑚 exp
(

− 𝑄𝑝𝑠

𝑅𝑇

)

𝑠 Linear More relevant at lower stress
and temperature, driving 
long-term bulk cavern 
convergence away from the 
cavern wall

 

 Combined (ds+ps) 𝜀̇𝑖𝑒 = 𝜀̇𝑑𝑠 + 𝜀̇𝑝𝑠 Mixed Interaction of near-wall 
deformation and long-term 
cavern closure

 

Fig. 2. Schematic illustration of strain rate as a function of von Mises stress, 
showing the transition from pressure solution creep (𝜀ps) to dislocation creep 
(𝜀ds). At low stress, the strain rate increases linearly with stress (slope ≈ 1), 
while at higher stress, dislocation creep dominates, following a power-law 
relation (stress exponent ≈ 3–5). The lower part shows a rheological model 
with elastic (𝜀𝑒), pressure solution, and dislocation creep.

2.1.1. Dislocation creep mechanism
Dislocation creep is a dominant deformation mechanism in salt 

rock under high deviatoric stress conditions and elevated temperatures. 
The dislocation creep mechanism is commonly described by a power-
law function together with Arrhenius’ law.23 The expression for the 
dislocation creep strain rate can be written as 

𝜀̇𝜀𝜀ds = 𝐴ds exp
(

−
𝑄ds
𝑅𝑇

)

𝑞𝑛−1𝐬, (5)

where 𝐬 and 𝑞 are the deviatoric and von Mises stress terms, re-
spectively. Moreover, 𝐴𝑑𝑠 is a material parameter, 𝑛 is the stress ex-
ponent, 𝑄 is the activation energy, 𝑅 is the universal gas constant 
(8.314 J mol−1 K−1), and 𝑇  represents the absolute temperature.

2.1.2. Pressure solution creep mechanism
The pressure solution creep is a slow process controlled by diffusion 

in which mineral grains dissolve under high pressure and precipitate in 
regions of lower stress.42 In the present framework, pressure solution 
creep is modeled as a diffusion-controlled micro-mechanical process 

involving stress-enhanced dissolution at grain contacts, mass transport 
through intergranular fluid films, and precipitation in pore spaces. This 
process can be mathematically described as 

𝜀̇𝜀𝜀ps =
𝐴ps

𝑇𝑑𝑚
exp

(

−
𝑄ps

𝑅𝑇

)

𝐬, (6)

where 𝑑 is the grain diameter, 𝑚 is the grain size exponent and 𝐴𝑝𝑠 is 
a material parameter. Moreover, as in the dislocation creep equation, 
𝐬 denotes the deviatoric stress, 𝑄 is the activation energy, 𝑅 is the 
universal gas constant (8.314 J mol−1 K−1), and 𝑇  represents the absolute 
temperature.

Deviatoric stress 𝐬 plays a fundamental role in creep mechanisms as 
it governs inelastic deformation in materials,57,58 and is defined as 

𝑠𝑖𝑗 = 𝜎𝑖𝑗 −
1
3
𝛿𝑖𝑗 𝝈𝑘𝑘. (7)

von Mises stress 𝑞 plays an important role in determining the 
effective stress acting on the material during the creep process,59,60 and 
is defined as 

𝑞 =
√

3
2
𝐬𝑖𝑗𝐬𝑗𝑖. (8)

2.1.3. Complete constitutive model for salt rock creep
To accurately capture the time-dependent deformation behavior 

of salt rock under underground hydrogen storage conditions, a com-
prehensive rheological model is required. This model integrates the 
principal inelastic deformation mechanisms (dislocation and pressure 
solution creep) combined with an elastic element to represent re-
coverable strain. The total inelastic strain rate, i.e., 𝜺̇ie, can thus be 
decomposed into contributions from dislocation creep 𝜺̇ds and pressure 
solution creep 𝜺̇ps, i.e., 

𝜺̇ie = 𝜺̇ds + 𝜺̇ps. (9)

The total inelastic strain rate is, therefore, given by 

𝜀̇𝜀𝜀ie = 𝐴ds exp
(

−
𝑄ds
𝑅𝑇

)

𝑞(𝑛−1)𝐬 +
𝐴ps

𝑇
exp

(

−
𝑄ps

𝑅𝑇

)

𝐬. (10)

Table  1 provides a concise overview of the dominant creep mecha-
nisms considered in this study and their respective governing relations 
and cavern-scale implications.

Accordingly, the combined (ds+ps) and dislocation creep (ds) for-
mulations are adopted to represent both near-wall deformation and 
long-term cavern convergence.

To isolate the influence of pressure solution creep on the overall 
deformation of the cavern, this study compares two constitutive mod-
els: (i) one considering elastic and dislocation creep responses, and 
(ii) another one incorporating elastic, dislocation and pressure solution 
creep responses. This comparative approach enables quantification of 
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Fig. 3. (a) Elements composing the constitutive model, (b) Constitutive models (ds) is elastic and dislocation creep and (c) Model (ds+ps) is elastic, dislocation 
creep and pressure solution creep.

the pressure solution creep’s contribution to both short- and long-term 
deformation, thereby clarifying its role in the mechanical deformation 
and stability of salt caverns. As illustrated in Fig.  2, the combined me-
chanical behavior of pressure solution and dislocation creep is shown 
as a function of von Mises stress. At low stress levels, strain rate 
is primarily governed by pressure solution creep, exhibiting a linear 
stress dependence. With increasing stress, dislocation creep becomes 
dominant, characterized by a nonlinear, power-law relationship with a 
typical exponent between 3 and 5. The rheological model depicted at 
the bottom of the figure captures this behavior using a spring and two 
dashpot elements in series, representing the total strain as the sum of 
elastic, pressure solution, and dislocation creep components.

3. Methodology

This section outlines the methodological framework adopted to 
investigate the mechanical behavior of salt caverns under conditions 
representative of underground hydrogen storage. The analysis begins 
with the formulation of the governing equations and constitutive mod-
els used to characterize both elastic deformation and creep mecha-
nisms, with a particular emphasis on pressure solution creep. These 
constitutive formulations are implemented in the open-source, three-
dimensional simulator SafeInCave,c which solves the geomechanical 
problem using a robust numerical scheme and simulation strategy.48
Additional details of the numerical solution strategy, including the 
fully implicit time integration and Newton–Raphson linearization, are 
provided in Appendix A. The present study builds upon this validated 
numerical framework to focus on the calibrated integration of pressure 
solution creep with dislocation creep and their systematic cavern-scale 
comparison under hydrogen-relevant cyclic loading conditions.

To systematically evaluate the role of pressure solution creep in 
cavern evolution, a series of well-structured numerical test cases is 
presented. Each test scenario is developed to isolate and examine a 
specific facet of this mechanism under varying boundary and loading 
conditions. These simulations serve two primary objectives: (1) to 
facilitate model calibration against experimental or literature-based 
data, and (2) to quantify the influence of pressure solution creep on 

c https://gitlab.tudelft.nl/ADMIRE_Public/safeincave

salt caverns.

3.1. Constitutive models

Fig.  3(b and c) illustrates the constitutive models used in this study. 
The Model (ds) comprises elastic and dislocation creep elements, while 
Model (ds+ps) incorporates elastic, dislocation creep, and pressure 
solution creep elements. The comparison between these models aims 
to assess the significance of pressure solution creep in influencing the 
mechanical behavior of salt rocks.

3.2. Simulation strategy

To ensure transparency and reproducibility, this section describes 
the complete simulation strategy for one time step, with particular 
focus on how the pressure solution creep is incorporated into both the 
outer-loop nonlinear Newton–Raphson loop and the inner-loop linear 
system.

The mathematical details of the tangent (Jacobian) operator are 
provided in Appendix A. At each time step, i.e., advancing from [𝑡𝑛 to 
𝑡𝑛+1], the Newton–Raphson procedure iterates over index 𝑘 index until 
the residual norm falls below a prescribed tolerance. More precisely, at 
iteration 𝑘 + 1, the momentum balance equation reads 
∇ ⋅ 𝝈𝑘+1 = 𝐟 , (11)

where 
𝝈𝑘+1 = C ∶

(

𝜺𝑘+1 − 𝜺𝑘+1𝑖𝑒
)

, (12)

and 𝜺𝑘+1𝑖𝑒 = 𝜺𝑘+1𝑑𝑠 + 𝜺𝑘+1𝑝𝑠  is the total inelastic strain at the iteration index 
𝑘+1. A backward Euler time integration is performed in a time interval 
𝛥𝑡, resulting in the following expression for the inelastic strain, i.e., 
𝜺𝑘+1𝑖𝑒 = 𝜺𝑛𝑖𝑒 + 𝛥𝑡 𝜺̇𝑘+1𝑖𝑒 , (13)

where the superscript 𝑛 indicates that the corresponding variable is 
evaluated at the known last time state 𝑡𝑛, while the superscript 𝑘 +
1 indicates the new iteration index to reach the current time 𝑡𝑛+1. 
Additionally, 𝜺̇𝑘+1𝑑𝑠  and 𝜺̇𝑘+1𝑝𝑠 , constituting the total inelastic strain 𝜺̇𝑘+1𝑖𝑒 , 
which depend on the stress 𝝈𝑘+1 (see Eqs.  (5) and (6)).
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Fig. 4. Flowchart of the fully implicit Newton–Raphson iterations for one time step in SafeInCave, including dislocation and pressure solution creep.

The inelastic strain rate 𝝈𝑘+1 in Eq. (13) is linearized,48 i.e., 

𝜺̇𝑘+1𝑖𝑒 = 𝜺̇𝑘𝑖𝑒 +G𝑘
𝑖𝑒 ∶ 𝛿𝝈𝑘+1, (14)

where 𝛿𝝈𝑘+1 = 𝝈𝑘+1 − 𝝈𝑘 is the stress increment within the Newton–
Raphson loop, and the Jacobian matrix G is calculated numerically and 
can be expressed as 

G𝑘
𝑖𝑒 =

𝜕𝜺̇𝑘𝑖𝑒
𝜕𝝈

=
𝜕𝜺̇𝑘𝑑𝑠
𝜕𝝈

+
𝜕𝜺̇𝑘𝑝𝑠
𝜕𝝈

. (15)

In this manner, combining Eqs. (14), (13) and (12) and solving for 𝝈𝑘+1

yields 

𝝈𝑘+1 = C𝑘
𝑇 ∶

(

𝜺𝑘+1 − 𝜺𝑘𝑖𝑒 +G𝑘
𝑖𝑒 ∶ 𝝈𝑘) , (16)

where C𝑘
𝑇 =

(

C−1 +G𝑘
𝑖𝑒
)−1 is the consistent tangent stiffness tensor.

Finally, substitution of Eq. (16) into Eq. (11) leads to the linearized 
momentum balance equation solved in SafeInCave, that is, 
∇ ⋅ C𝑘

𝑇 ∶ 𝜺𝑘+1 = 𝐟 − ∇ ⋅ C𝑘
𝑇 ∶

(

𝜺𝑘𝑖𝑒 −G𝑘
𝑖𝑒 ∶ 𝝈𝑘) . (17)

Here, 𝜺 = 1
2

(

∇𝐮 + ∇𝐮𝑇
) holds for infinitesimal strains, and 𝐮 denotes 

the displacement vector.
Eq.  (17) results in the linear system solved at each Newton–Raphson 

iteration. The Jacobian matrix of the linearized system depends explic-
itly on 𝜕𝜀̇𝑖𝑒∕𝜕𝜎, which includes the contribution of pressure solution 
creep through 𝜕𝜀̇𝑝𝑠∕𝜕𝜎. This derivative is stress-independent (see Ap-
pendix A, Eq. (21) for more information) but must be included at every 
iteration to preserve the quadratic convergence of the solver.

The numerical procedure for a single time step follows a fully 
implicit Newton–Raphson framework in which the coupled effects of 
dislocation and pressure solution creep are consistently incorporated. 
This is illustrated in the flowchart of Fig.  4, where the iterative cycle 

International Journal of Rock Mechanics and Mining Sciences 203 (2026) 106555 

6 



M.S. Amini et al.

begins by calculating the consistent tangent operators (G𝑖𝑒 and C𝑇 ), 
followed by the solution of the linearized momentum equation, which 
provides displacements to calculate 𝜺𝑘+1. This new total strain is used 
to update the stress field, which in turn is used to update the disloca-
tion and pressure solution strain rates. This process is repeated until 
a convergence criterion is satisfied, before moving to the next time
step.

3.3. Cavern geometries

This study employs an axisymmetric salt cavern geometry, gener-
ated using Gmsh, to represent realistic underground storage conditions. 
Three test cases are developed to assess the influence of key mechanical 
and geological parameters.

3.3.1. Test case 1
To ensure the accuracy and reliability of the numerical framework, 

a preliminary calibration and verification model was developed using 
a simplified cubic domain representing a homogeneous salt rock speci-
men. The model comprises a 1m×1m×1m cube subjected to boundary 
and loading conditions consistent with laboratory-scale mechanical 
tests. Simulations were conducted at three distinct temperatures 25 ◦C, 
60 ◦C, and 80 ◦C to investigate the temperature dependence of creep 
behavior (three constant temperature conditions maintained constant 
throughout the domain). Each model was subjected to a constant von 
Mises equivalent stress, denoted as 𝑞, ranging from 0.1MPa to 100MPa, 
to capture the transition in dominant creep mechanisms.

3.3.2. Test case 2
This geomechanical modeling scenario investigates the combined 

influence of cavern geometry (regular and irregular) and positioning 
of a distinct Carnallite interlayer. All simulations are conducted within 
a consistent three-dimensional domain of 2000m×2000m×1700m. The 
stratigraphic model features a weak Carnallite interlayer (45m) em-
bedded between halite formations beneath a sedimentary overburden 
(400m). By varying its position (top, middle, or bottom of the cavern), 
the study evaluates its impact on stress localization and deformation 
behavior. A total of 18 simulation models are developed that encom-
pass two cavern geometries (regular and irregular), three positions 
between layers, and three temperature conditions maintained constant 
throughout the domain (25 ◦C, 60 ◦C, and 80 ◦C), to comprehensively in-
vestigate the combined effects of geometry, interlayer, and temperature 
on cavern behavior. In this test case, two operational scenarios were ex-
amined: (i) constant gas pressure to evaluate the displacement response 
(15MPa) and (ii) cyclic gas pressure to analyze its impact on cavern 
convergence (10MPa and 15MPa). The irregular cavern geometries with 
various interlayer positions (top, middle, and bottom) used in this study 
are illustrated in Fig.  5(A). Details of the regular cavern geometry, are 
presented in the Supplementary Information (See Figure S1).

3.3.3. Test case 3
To assess the effects of cavern depth and geothermal gradients 

on mechanical behavior, a third series of models is developed by 
varying only the vertical position of an irregular cavern with constant 
geometry within a 2200m × 2200m × 2000m domain. The models 
include a 400m thick overburden and a 1600m halite layer, with cavern 
placements at depths of 750m, 1000m, and 1300m. A geothermal 
gradient of 27 ◦C∕km is applied, starting at 25 ◦C at the surface and 
increasing linearly with depth throughout the domain. In this test case, 
the time-dependent cavern convergence was investigated under cyclic 
gas pressure conditions. The irregular cavern geometries, along with 
three different cavern positions considered in this study, are illustrated 
in Fig.  5(B).

3.4. Boundary and initial conditions

In Test Cases 2 and 3, displacement boundary conditions are ap-
plied to simulate a confined geological environment. All four vertical 
boundaries are fixed to prevent normal displacement, while the top 
surface remains free to allow the application of overburden stress 
and cavern pressure. An internal pressure is applied directly to the 
cavern wall under two scenarios (Test Cases 2): (1) a cyclic pressure 
fluctuating between 10MPa and 15MPa, and (2) a constant pressure of 
15MPa, used to isolate the influence of pressure solution creep. The 
domain is defined with impermeable boundaries and realistic vertical 
stress distributions based on material densities: 2000 kg∕m3 for the 
overburden, 2200 kg∕m3 for halite, and 1600 kg∕m3 for the Carnallite 
interlayer. Prior to the operational phase, an equilibrium preloading 
stage is performed to establish a realistic in-situ stress field based on 
gravity loading and imposed boundary constraints.

The initial in-situ stress state is established under lithostatic loading 
together with an initial uniform cavern pressure, prior to applying 
cyclic pressure schedules. The cavern geometry is assumed to be the 
outcome of the solution-mining process and is treated as a fixed initial 
void at 𝑡 = 0. The initial condition is established by solving a mechani-
cal equilibrium problem before applying any pressure schedule. During 
this preloading stage, a constant internal pressure of 𝑝(𝑡 = 0) = 15 MPa
is applied uniformly to the cavern wall. The boundary conditions and 
gas pressure conditions for (Test Cases 2) the simulations are illustrated 
in Fig.  6. In test case 3, the cavern pressure during cyclic loading ranges 
between 80% (maximum) and 20% (minimum) of the lithostatic pres-
sure. This setup enables direct comparison of depth-dependent stress 
distribution and deformation under consistent boundary and material 
conditions. In this study, ‘‘short-term’’ and ‘‘long-term’’ refer to the 
early (approximately 100 days) and later (approximately 300 days) 
stages of the simulated operational period, respectively.

3.5. Material parameters

The material parameters used in this study are categorized into 
three groups: elastic, dislocation creep, and pressure solution creep 
parameters. Elastic parameters, including Young’s modulus and Pois-
son’s ratio, are based on values from Ingraham et al.61 The mate-
rial parameters for dislocation creep and pressure solution creep for 
halite were extracted from our calibration results, whereas the cor-
responding parameters for carnallite were partially adopted from the 
literature.25,45,62 Carnallite is adopted as a representative weak evapor-
ite interlayer to assess the mechanical influence of low-stiffness layers 
on cavern stability, supported by experimental studies demonstrating 
its reduced strength and distinct creep behavior relative to halite.62–64
Table  2 presents the complete set of material parameters, including 
those used for halite, the carnallite interlayer, and supporting materi-
als, thereby enabling the implementation of the proposed constitutive 
model.

3.6. Code implementation

A Python-based three-dimensional finite element simulator has been 
developed to perform time-dependent geomechanical analyses. The 
formulation is implemented using the Dolfin interface,65 part of the 
FEniCS Project version 2019.1.66 Geometries and meshes are generated 
in Gmsh version 4.10.1,67 and subsequently converted to the required 
.xml format using the dolfin-convert utility. The framework supports 
multiple time integration schemes, including explicit, Crank–Nicolson, 
and fully implicit methods. Iterative solvers with appropriate precondi-
tioners are employed to ensure numerical efficiency. Its modular design 
enables straightforward integration of additional material models and 
boundary conditions. All simulations are performed on a standard 
workstation, with model calibration supported by automated param-
eter sweeps. The resulting open-source three-dimensional simulator, 
SafeInCave, is specifically designed to solve the non-linear governing 
equations governing salt cavern deformation.
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Fig. 5. (A) The irregular cavern model includes three interlayer positions: (a) top, (b) middle, and (c) bottom of the cavern. (B) Three different irregular cavern 
positions: (a) at a shallow depth, (b) at an average depth, and (c) at a great depth.

3.7. Model assumptions

The numerical models are constructed under simplifying assump-
tions to balance computational efficiency with geomechanical accuracy. 
Salt is modeled as a homogeneous, isotropic material with distinct con-
stitutive laws for dislocation and pressure solution creep. A prescribed 
temperature gradient represents thermal effects, but heat transfer is 
not modeled. Temperature effects are incorporated through prescribed 
thermal conditions (constant temperatures or a geothermal gradient), 
while fully coupled thermo-mechanical evolution during leaching, in-
cluding transient heat transfer and staged excavation, is beyond the 
scope of the present study. In this study, ‘‘cold’’ salt caverns refer to 
caverns with initial temperatures in the range of 20–30 ◦C, represen-
tative of shallow storage depths or low geothermal gradients, whereas 
‘‘warm’’ caverns correspond to higher initial temperatures in the range 

of 60–80 ◦C, representative of deeper formations (Test Case 1 and 2). 
In addition a depth-dependent thermal profile is considered using a 
geothermal gradient of 27 ◦C/km, with the initial cavern temperature 
defined consistently with the corresponding storage depth (Test Case 
3). Material properties are time-invariant, with no consideration of 
damage, fracturing, or chemical processes. These assumptions enable 
focused analysis of geometric, temperature, and mechanical influences 
on long-term salt cavern deformation. To account for geometric uncer-
tainty arising from solution mining, both regular and irregular cavern 
geometries with varying interlayer positions are considered.

4. Numerical investigations and results

This section presents the results of the numerical simulations per-
formed using the custom-developed finite element framework, namely 
the simulator SafeInCave.
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Fig. 6.  Boundary conditions and pressure schedules for constant pressure (top-right) and cyclic loading (bottom-right) scenarios. (for Test Case 2).

Table 2
Sets of material properties for halite (Test Cases 1–3), carnallite interlayer (Test 
Case 2), and overburden.
 Element Halite Carnallite Overburden 
 Elastic
 𝐸 (GPa) 35 17 15  
 𝜈 (–) 0.25 0.33 0.20  
 Dislocation creep
 𝐴𝑑𝑠 (Pa−𝑛s−1) 5.27 × 10−21 2.75 × 10−30 –  
 𝑄𝑑𝑠 (J/mol) 72 819 85348 –  
 𝑅 (J K−1 mol−1) 8.32 8.32 –  
 𝑛 (–) 3.20 5.10 –  
 Pressure solution creep
 𝐴𝑝𝑠 (Pa−1s−1) 1.29 × 10−19 3.18 × 10−19 –  
 𝑄𝑝𝑠 (J/mol) 13 184 32526 –  
 𝑅 (J K−1 mol−1) 8.32 8.32 –  
 𝑚 (–) 3 3 –  
 𝑑 (mm) 10 10 –  

Table 3
Material parameters extracted from the fitted curves based on Bérest et al. 
(2019).25

 T, ◦C 𝐴̄ds(𝑇 ) 𝑛 𝐴̄ps(𝑇 )  
 25 3.00 × 10−33 3.2 2.30 × 10−18 
 60 2.00 × 10−32 3.2 3.00 × 10−18 
 80 9.00 × 10−32 3.2 4.30 × 10−18 

4.1. Test case 1: Model calibration

The goal of this section is to calibrate the coefficients 𝐴ds, 𝑄ds, 
𝑛, 𝐴ps, and 𝑄ps so that Eq. (10) reproduces the creep rate curves 
presented in Ref. 25 for 25 ◦C, 60 ◦C, and 80 ◦C. The procedure starts 
by performing individual calibrations for the creep curves for each 
temperature. Let us define the following functions: 

𝐴̄ds(𝑇 ) = 𝐴ds exp
(

−
𝑄ds
𝑅𝑇

)

and 𝐴̄ps(𝑇 ) =
𝐴ps
𝑇

exp
(

−
𝑄ds
𝑅𝑇

)

. (18)

We first find the values of 𝑛 and the values of functions 𝐴̄ds(𝑇 ) and 
𝐴̄ps(𝑇 ) that fit the creep curves corresponding to each temperature 
individually. The obtained values are shown in Table  3, and are also 
plotted in Fig.  7(a) and 7(b). The solid lines in Fig.  7(c) represent the 
individual creep curves obtained with the coefficients shown Table  3. 
The reason the fitted curve for 𝑇 = 25 ◦C does not fit well with the 
experimental data is due to the choice of 𝑛, probably because a different 
salt was used for this experiment.

Based on the values of 𝐴̄ds(𝑇 ) presented in Table  4 and Figs.  7a, 
we use least-squares to find coefficients 𝐴ds and 𝑄ds that better fit the 

Table 4
Material parameters for use in analytical and numerical analyses.
 T (◦C) 𝐴ds

(Pa−𝑛s−1)
𝑛
(–)

𝑄ds
(J/mol)

𝐴ps
(Pa−1s−1)

𝑄ps
(J/mol)

 

 25, 60, 80 5.27 × 10−21 3.2 72820 1.29 × 10−13 13184  

points. The same procedure is performed for obtaining the pressure 
solution coefficients. The obtained coefficients are summarized in Table 
4, and the resulting curves for 𝐴̄ds(𝑇 ) and 𝐴̄ps(𝑇 ) are shown by the solid 
lines Fig.  7(a) and 7(b), respectively. The dashed lines in Fig.  7(c) are 
the creep curves obtained with Eq. (10) and the coefficients shown in 
Table  4. It can be verified that, except for dislocation creep rates at 
25 ◦C, our creep model agrees well with the experimental data.

To verify the numerical implementation of the model, 30 simu-
lations (cubic block of salt rock) were performed under various von 
Mises stress conditions at 25 ◦C, 60 ◦C, and 80 ◦C. Fig.  7(d) compares 
simulation results (colored markers), experimental (Bérest et al. 2019) 
(solid lines) and analytical results (dashed lines) obtained with Eq. (10). 
The agreement among the results across all temperatures confirms the 
accuracy and correct implementation of the numerical framework.

4.1.1. Comparison of dislocation and pressure solution creep coefficients
Fig.  8 compares the coefficients multiplying the deviatoric stress 

tensor (𝐬) in the strain rate formulations for dislocation creep (𝐴̄𝑑𝑠(𝑇 , 𝑞)) 
and pressure solution creep (𝐴̄𝑝𝑠(𝑇 )), calculated using the same mate-
rial parameters shown in Table  4. The results show that the relative 
importance of dislocation creep depends strongly on both temperature 
and von Mises stress, whereas pressure solution creep depends only 
on temperature. At low temperatures (𝑇 ≈ 25 ◦C), 𝐴̄𝑝𝑠 is significantly 
larger than 𝐴̄𝑑𝑠 (𝐴̄𝑝𝑠 ≫ 𝐴̄𝑑𝑠) for all stresses (1 ≤ 𝑞 ≤ 20 MPa), indicating 
that pressure solution creep dominates in colder cavern conditions. 
At intermediate temperatures (𝑇 ≈ 60 ◦C), pressure solution remains 
dominant only under low stresses (𝑞 ≤ 3 MPa), whereas dislocation 
creep prevails at higher stresses. At high temperatures (𝑇 ≥ 80 ◦C), 
𝐴̄𝑑𝑠 consistently exceeds 𝐴̄𝑝𝑠, confirming that pressure solution creep 
becomes negligible in deep, high-temperature salt formations.

Overall, this figure demonstrates that pressure solution creep is 
most significant at lower temperatures (𝑇 < 40 ◦C), while at higher 
temperatures (𝑇 > 80 ◦C) dislocation creep dominates regardless of 
stress. For example, at 𝑇 = 25 ◦C and 𝑞 = 3MPa, 𝐴̄𝑝𝑠 is several times 
larger than 𝐴̄𝑑𝑠, whereas at 𝑇 = 80 ◦C and the same stress level, 
𝐴̄𝑑𝑠 surpasses 𝐴̄𝑝𝑠 by more than an order of magnitude. These trends 
highlight the importance of accurately considering pressure solution 
creep in long-term displacement modeling of shallow or colder salt 
formations, while it can often be neglected for deep, high-temperature 
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Fig. 7. Calibration and verification of the creep constitutive models. (a) Fitted curves for the temperature dependence of the dislocation creep coefficient 𝐴̄ds(𝑇 ), 
with material parameters extracted from the fitted curves based on Bérest et al. (2019); (b) Fitted curves for the temperature dependence of the pressure solution 
creep coefficient 𝐴̄ps(𝑇 ) based on Bérest et al. (2019); (c) Comparison between experimental data (Bérest et al. 2019), analytical results, and individual fitted 
curves; (d) Numerical simulation results compared with experimental (Bérest et al. 2019) and analytical results for 30 models at three temperatures.

Fig. 8. Comparison of the temperature dependence of the dislocation creep coefficient (𝐴̄𝑑𝑠(𝑇 , 𝑞)) and the pressure solution creep coefficient (𝐴̄𝑝𝑠(𝑇 )) for various 
von Mises stresses (𝑞 = 1, 3, 5, 10, 20 MPa).

storage caverns. Notably, the effect of pressure solution creep is more 
pronounced at locations far from the cavern wall, where the von Mises 
stress is lowest, whereas dislocation creep dominates in regions closer 
to the cavern boundary, where von Mises stresses are higher.

4.2. Test case 2(a): Regular and irregular caverns with interlayer

All results in these cases present the time-dependent displacement 
at three points (A, B, and C) located adjacent to a irregular cavern with 
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Fig. 9. Displacement at monitoring points A, B, and C for the irregular cavern geometry, with the carnallite interlayer located at the top of the cavern.

an interlayer (Carnallite) positioned at the top, middle and bottom of 
the model (thickness = 45m). The analysis compares results for three 
temperature conditions (25 ◦C, 60 ◦C, and 80 ◦C) and for two creep 
scenarios: dislocation creep only (ds) and dislocation plus pressure 
solution creep (ds+ps), under constant gas pressure. Fig.  9 presents 
the displacement behavior at three points for the irregular cavern with 
the interlayer positioned at the top of the cavern. Point A, located 
near the top of the cavern and within the interlayer zone, exhibits 
the highest displacement among the three points. Also, the maximum 
displacement occurs at 80 ◦C. Point B, situated along the cavern wall, 
shows moderate displacement, while Point C, located at the bottom of 
the cavern, exhibits the lowest displacement.

Fig.  10(a) and 10(b) indicate that the highest displacement occurs 
at 80 ◦C. Additionally, the effect of pressure solution creep is more 
pronounced in the colder cavern compared to the warmer one.

Fig.  11 presents the evolution of displacement differences (𝛥𝑢) 
between dislocation-only (ds) and dislocation plus pressure solution 
(ds + ps) creep for three interlayer positions (top, middle, and bot-
tom of the irregular cavern) at 25 ◦C. In the top interlayer, Point B 
shows the highest displacement difference, reaching about 0.037m 
after 300 days, whereas Point A remains slightly lower (0.030m). The 
middle interlayer exhibits more significant displacement, with Point B 
increasing to approximately 0.044m at 300 days, indicating enhanced 
creep activity in stress-concentrated regions. The bottom interlayer 
displays the strongest influence of pressure solution creep, with Point C 
attaining the highest displacement difference overall (around 0.055m 
at 300 days). Conversely, Point A in the bottom interlayer records 
the lowest difference (roughly 0.017m), consistent with its position 
farther from the most deformable zone. These results highlight the 
strong sensitivity of pressure solution creep to interlayer position and 
cavern geometry.

All results for the regular cavern are provided in the Supplemen-
tary Information (See Figures S2–S4), including displacement plots for 
points A, B, and C and the graphs for (𝛥𝑢) and (See Figure S5).

4.3. Test case 2(b): Convergence behavior in regular and irregular caverns 
with interlayer effects

Fig.  12 shows a relationship between temperature and the magni-
tude of convergence under cyclic loading condition for regular (top) 

and irregular (bottom) caverns. Convergence, expressed as a percentage 
reduction from the initial volume, reflects the extent of time-dependent 
cavern wall displacement. Convergence increases with temperature, 
with the 80 ◦C condition showing the largest convergence cycles across 
all cases. The percentage difference between the dashed and solid lines 
at the end of 100 days illustrates that the difference is greatest at 
25 ◦C. This suggests that pressure solution creep is more pronounced in 
the colder cavern (lower temperatures), contributing more significantly 
to total cavern convergence under cyclic loading. This finding is also 
observed under constant gas pressure conditions, where the results 
are similar to those obtained under cyclic loading. There is a slight 
difference between the regular and irregular caverns in the final values 
of convergence, indicating that the irregular cavern exhibits a higher 
convergence compared to the regular one. Additionally, when an inter-
layer is located in the middle of the cavern (thus directly influencing 
the cavern shape) the overall convergence is largest for both cavern 
geometries.

4.4. Test case 3: Irregular caverns at different depths

To evaluate the impact of pressure solution creep and cavern depth 
on volumetric closure, convergence was analyzed over time for shallow 
(blue), average (green), and great (red) depth cavern positions using 
dislocation (ds) and dislocation plus pressure solution (ds+ps) creep 
models.

Fig.  13 shows that cavern convergence under cyclic loading con-
ditions increases with depth, due to the higher temperatures and von 
Mises stresses associated with deeper locations. Under cyclic loading, 
the great-depth cavern exhibits the greatest convergence, reaching 
approximately 1.2% within the first 100 days. Also, the shallow cavern 
has a lower temperature, while the great-depth cavern experiences a 
higher temperature.

Fig.  13 illustrates that the percentage difference between the dis-
location creep model (ds) and the dislocation–pressure solution creep 
model (ds+ps) increases at shallower depths, whereas this difference 
remains negligible at greater depths. This trend indicates that pressure 
solution creep has a stronger influence in colder, shallow regions of 
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Fig. 10. Displacement at Points A, B, and C for the irregular cavern geometry with the Carnallite interlayer located (a) in the middle and (b) at the bottom of 
the cavern.

the cavern, while its contribution diminishes with increasing depth and 
temperature.

As illustrated in Fig.  8, the influence of pressure solution creep 
is more significant at lower von Mises stress (q) levels and lower 
temperatures. This is the case for the shallow cavern, where the von 
Mises stress is smaller compared to the cavern at greater depth. The 
figure further indicates that under lower temperature and low von 
Mises conditions, pressure solution creep plays a dominant role in the 

deformation process, whereas at greater depths characterized by higher 
temperatures and von Mises stresses, dislocation creep becomes the 
primary mechanism governing long-term deformation. Although these 
trends are qualitatively expected from the known dependence of creep 
on stress and temperature, this scenario quantitatively verifies that the 
implemented constitutive framework reproduces the correct transition 
between pressure solution and dislocation creep dominated regimes 
under realistic temperature gradients and lithostatic stress conditions. 
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Fig. 11. Displacement difference 𝛥𝑢 = 𝑢ds+ps − 𝑢ds [m] between the dislocation-only and the dislocation plus pressure solution creep models at Points A, B, and 
C for the irregular cavern at 25 ◦C, based on new simulation results.

Fig. 12. Cavern convergence under cyclic loading condition for regular (top row) and irregular (bottom row) caverns geometries with interlayers positioned at 
the top, middle, and bottom. The plots compare the effects of temperature (25 ◦C, 60 ◦C, and 80 ◦C) and creep mechanisms (dislocation vs. dislocation + pressure 
solution) on the time-dependent convergence behavior over 100 days.

The test therefore confirms the robustness of the model when both pres-
sure and temperature vary simultaneously, ensuring reliable prediction 

of depth-dependent deformation and stress distribution after extended 
operation (100 days and beyond).
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Fig. 13. Cavern convergence over time for irregular cavern geometries at different depths, using dislocation (ds) and dislocation plus pressure solution (ds+ps) 
creep models. Corresponding von Mises stress distributions q at 𝑡 = 100 days for the three different cavern depths scenarios.

5. Conclusions

This study presents a comprehensive numerical investigation into 
the influence of pressure solution creep on the short- and long-term 
mechanical behavior of salt caverns used for underground hydrogen 
and energy storage. A creep formulation, which incorporates both the 
dislocation and pressure solution mechanisms, was developed and ap-
plied to a series of three-dimensional cavern models under geologically 
representative boundary and loading conditions. The simulations exam-
ined a variety of factors that affect the behavior of salt creep, including 
cavern geometry (regular vs. irregular), different cavern depth, inter-
layer positioning, and the effects of temperature gradient. The specific 
contribution of pressure solution creep was assessed by comparing 
models employing dislocation creep alone with those incorporating 
both mechanisms.

The key conclusions drawn from this investigation are listed below.

• The influence of pressure solution creep and the resulting dis-
placement becomes increasingly significant over time, with only 
modest differences observed during the early stages, but sub-
stantial effects emerging after extended periods (200 and 300 
days). Furthermore, the displacement is larger when an inter-
layer is present in the cavern shape, combined with an irregular 
cavern geometry and higher temperature conditions. In contrast, 
displacement is smaller under lower temperature (colder) con-
ditions. This trend is also consistently observed in the cavern 
convergence.

• The comparison of creep model coefficients demonstrates that 
pressure solution creep dominates at lower temperatures. This 
trend is consistently supported by the numerical simulations, 
which show larger deformation differences in colder caverns 
when the pressure-solution mechanism is included.

• Convergence analysis reveals that the effects of pressure solu-
tion creep are consistently more pronounced at lower tempera-
tures (25 ◦C) and in cases where interlayers are located in stress-
intensified regions. For both regular and irregular cavern geome-
tries, the inclusion of pressure solution creep mechanisms accel-
erates convergence, particularly under varying temperature con-
ditions. While overall convergence tends to be larger in warmer 
caverns, the relative contribution of pressure solution creep is 
more significant in colder conditions.

• The analysis confirms that pressure solution creep is a dominant 
deformation mechanism in shallow or colder salt formations, 
whereas dislocation creep governs the behavior in deeper, high-
temperature environments. At low temperatures (𝑇 < 40 ◦C) 
and low von Mises stresses (𝑞 ≤ 3MPa), pressure solution creep 
significantly exceeds dislocation creep, highlighting its critical 
role in long-term deformation under such conditions. In contrast, 
at high temperatures (𝑇 ≥ 80 ◦C), dislocation creep consistently 
dominates regardless of stress level, rendering the contribution 
of pressure solution creep negligible. Spatially, pressure solution 
creep is more active in regions far from the cavern wall, where 
both temperature and von Mises stress are relatively low, while 
dislocation creep is concentrated near the cavern walls, where 
higher stress and temperature prevail. These findings emphasize 
the necessity of incorporating pressure solution creep into predic-
tive models for shallow or low-temperature underground storage 
caverns. Moreover, both creep mechanisms should be simultane-
ously considered in all analyses, as their combined interaction 
ensures more accurate predictions and minimizes modeling errors 
in the assessment of long-term cavern performance.

The present study delivers three specific quantitative insights that 
extend beyond established salt creep theory. First, the stress
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–temperature thresholds at which each mechanism dominates are quan-
tified at the cavern scale: pressure solution creep governs deformation 
across all operationally relevant stresses (1–20 MPa) at temperatures 
below 40 ◦C, whereas dislocation creep dominates at temperatures 
above 80 ◦C regardless of stress level. Second, the deformation error 
introduced by omitting pressure solution creep reaches up to 0.055 m 
at 300 days in shallow, cold formations, a magnitude with direct 
engineering significance for cavern design and safety assessment. Third, 
the spatial separation of mechanism dominance is resolved within 
the three-dimensional domain: dislocation creep concentrates near the 
cavern wall where stresses are highest, while pressure solution creep 
governs the far-field where both stress and temperature are low. These 
results translate laboratory-scale creep physics into operational-scale 
performance metrics and provide a quantitative basis for the design 
and long-term assessment of underground hydrogen storage systems.
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Appendix A. Strain rate derivatives

The consistent tangent operator C𝑇  defined in Eq. (15) requires the 
explicit derivatives of each creep strain rate with respect to the stress 
tensor 𝝈. For dislocation creep, differentiating Eq. (5) via the chain rule 
gives: 
𝜕𝜀̇ds𝑖𝑗
𝜕𝜎𝑘𝑙

= 𝐴ds exp
(

−
𝑄ds
𝑅𝑇

)[

𝑞𝑛−1
𝜕𝑠𝑖𝑗
𝜕𝜎𝑘𝑙

+ (𝑛 − 1) 𝑞𝑛−3 𝑠𝑖𝑗 𝑠𝑚𝑛
𝜕𝑠𝑚𝑛
𝜕𝜎𝑘𝑙

]

, (19)

where 𝐴ds [Pa−𝑛 s−1] is the dislocation creep pre-exponential coefficient, 
𝑄ds is the corresponding activation energy, 𝑅 is the universal gas 
constant, 𝑇  is the absolute temperature, 𝑛 is the stress exponent, 𝑞 is 
the von Mises stress (see Eq. (8)), and 𝑠𝑖𝑗 are the components of the 
deviatoric stress tensor (see Eq. (7)). The derivative of the von Mises 
stress with respect to the stress tensor is obtained by differentiating 
𝑞 =

√

3
2 𝑠𝑖𝑗𝑠𝑗𝑖, i.e., 

𝜕𝑞
𝜕𝜎𝑘𝑙

= 3
2
𝑠𝑘𝑙
𝑞
. (20)

For pressure solution creep, differentiating Eq. (6) gives 
𝜕𝜀̇ps𝑖𝑗
𝜕𝜎𝑘𝑙

=
𝐴ps

𝑇 𝑑𝑚
exp

(

−
𝑄ps

𝑅𝑇

) 𝜕𝑠𝑖𝑗
𝜕𝜎𝑘𝑙

, (21)

where 𝐴𝑝𝑠 [𝑃𝑎−1 𝑠−1] is the pressure solution pre-exponential coeffi-
cient, 𝑄ds is the pressure solution activation energy, 𝑑 is the mean grain 
diameter, and 𝑚 is the grain-size exponent. Note that Eq. (21) is stress-
independent because 𝜺̇𝑝𝑠 is linear in 𝐬; nevertheless it must be included 
in Gie at every Newton–Raphson iteration (see the convergence remark 
below).

The derivative of the deviatoric stress tensor, shared by both
Eqs.  (19) and (21), follows directly from Eq. (7), i.e., 
𝜕𝑠𝑖𝑗
𝜕𝜎𝑘𝑙

= 1
2

(

𝛿𝑖𝑘𝛿𝑗𝑙 + 𝛿𝑖𝑙𝛿𝑗𝑘
)

− 1
3 𝛿𝑖𝑗 𝛿𝑘𝑙 , (22)

where 𝛿𝑖𝑗 is the Kronecker delta and indices 𝑖, 𝑗, 𝑘, 𝑙, 𝑚, 𝑛 range over 
{1, 2, 3} with repeated indices implying Einstein summation.

The complete tangent operator is assembled as Gie = 𝜕𝜺̇ds∕𝜕𝝈 +
𝜕𝜺̇ps∕𝜕𝝈 from Eqs. (19)–(22). It is worth to be mentioned that al-
though the pressure solution contribution, i.e., Eq. (21), is stress-
independent, it must be included in the Jacobian matrix Gie at every 
Newton–Raphson iteration to preserve the quadratic convergence of the 
nonlinear solver.

Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.ijrmms.2026.106555.

Data availability

the codes and data are open source.
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