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ABSTRACT: The development of underground gas storage (UGS) systems is vital for maintaining stability between
energy supply and demand. This study explores the dynamic response mechanisms of carbonate reservoirs subjected to
intense injection–production cycling during UGS operations. By integrating three-dimensional digital core technology
with a coupled poro-mechanical model, we simulate the pore-scale behavior of a representative Huangcaoxia UGS
carbonate core. The results demonstrate that fluid–solid coupling effects markedly amplify permeability reduction,
far exceeding the influence of porosity variations alone. More significantly, gas production leads to a pronounced
decline in permeability driven by rising effective stress, arising from localized stress concentration at pore throats
and reorganization of the internal flow field. The provided insights are intended as a theoretical basis for refining
operational strategies and enhancing the long-term performance and reliability of underground gas storage facilities.
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1 Introduction

The importance of UGS is universally acknowledged in regions with evolving energy structures and
growing reliance on natural gas. The efficient construction and safe operation of UGS facilities are critically
dependent on dynamic simulation monitoring during the injection and production processes [1]. Such
monitoring is indispensable for optimizing storage strategies, ensuring operational safety, and mitigating
risks associated with rapid cycling and fluctuating reservoir pressures.

The efficacy and safety of UGS operations are fundamentally governed by the multiphysical processes
occurring at the pore scale, where the microstructure of the rock dictates fluid flow and geomechanical
response [2,3]. In this context, “microscopic seepage” refers specifically to the complex flow dynamics of
natural gas within the intricate network of pores and throats (typically at micron to nanometer scales),
driven by pressure gradients during injection and production cycles [4]. It is critical to distinguish this
pore-scale physics from microseepage, a term used in near-surface geochemistry to describe the vertical
migration of light hydrocarbon gases to the surface [5,6]. Recent advances, particularly leveraging modern
sensing and interpretation frameworks, highlight the growing application of microseepage detection for
integrity surveillance of geological gas storage sites [6]. Understanding microscopic seepage is paramount
because it directly controls the macroscopic properties of the reservoir, such as absolute permeability and
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storativity [7]. Dynamic alterations in pore geometry, which are induced by the effective stress changes
from cyclic pressure loading, can significantly modify these properties. This process ultimately determines
the injectivity, deliverability, and long-term integrity of the storage facility [8].

Accurately modeling this pore-scale coupling is therefore critical for predicting reservoir integrity
and optimizing storage operations, yet it remains a formidable challenge. Macroscopic field-scale models,
which are currently predominant in UGS simulation studies [9], often inadequately represent the fluid-solid
coupling effects that dynamically alter key seepage parameters, including porosity, permeability, and
volumetric strain, at the microscale during cyclic injection and production [10]. These alterations are driven
by effective stress variations induced by pore pressure fluctuations [11–13]. The theoretical underpinnings
for fluid-solid coupling (FSC) in deformable porousmediawere established by Terzaghi’s principle of effective
stress [14] and subsequently generalized into a three-dimensional continuum theory by Biot [15]. The
ensuing decades saw the development of robust computational frameworks to solve these coupled equations
numerically. Foundational work by Lewis, Schrefler, Zienkiewicz, and others [16,17] was instrumental in
formalizing the Finite Element Method (FEM) for poroelasticity, while other numerical strategies like the
Finite Difference Method (FDM) and Finite Volume Method (FVM) were advanced for efficient solution
on structured grids [18,19]. For explicitly modeling discontinuities, the Discrete Element Method (DEM)
introduced a transformative approach [20]. While these matured theoretical and numerical frameworks
have been successfully applied to predict macroscopic field-scale behavior in problems ranging from
hydraulic fracturing [21–23] to salt cavern integrity [24], a significant gap persists. The majority of
these applications, including recent investigations into hydrogen storage [25] and repurposed mines [26],
operate at the macroscopic scale. They often rely on constitutive models that cannot resolve the critical
pore-throat deformation mechanisms and the consequent dynamic evolution of flow pathways, which are
the fundamental origins of the macroscopic behaviors they seek to predict. Furthermore, while multiscale
modeling frameworks [27,28] have been proposed to bridge this scale disparity, their application in predicting
the evolution of microscopic seepage parameters in UGS contexts remains limited.

This critical gap impedes amechanistic understanding of how pore-throat deformation and seepage field
evolution interact, ultimately limiting the predictive accuracy of macroscopic models for UGS performance.
To address this fundamental limitation, this study investigates a typical carbonate reservoir from the
Huangcaoxia Gas Storage facility. We construct a true digital core model derived from high-resolution 3D
X-ray computed tomography (CT) scanning data. Moving beyond conventional macroscopic approaches or
simplified pore-network models, we develop a novel microscale finite-element fluid-solid coupling model.
This model uniquely integrates the Navier-Stokes equations for fluid flow with a linear elastic constitutive
model for the solidmatrix [29,30], enabling the simulation of fully coupled hydro-mechanical processes at the
pore scale. The primary objective is to systematically simulate the impact of stress-pressure cyclic loading
during intense injection-production operations on reservoir multi-physical field parameters. This framework
allows us to quantitatively elucidate the dynamic deformation characteristics of pore-throat structures [23],
the stress-dependent evolution of flow channel efficiency, and the energy transfer mechanisms between
the matrix and fluid phases [31], thereby providing pore-scale insights that are critical for predicting the
long-term behavior of UGS reservoirs. Furthermore, while this study focuses on the internal pore-scale
mechanisms governing storage performance, it is recognized that ensuring the long-term security of UGS
operations also relies on monitoring external signals. Techniques such as geochemical microseepage
detection provide an independent and critical means to verify containment security by detecting potential
gas leakage to the surface, thereby complementing the predictive models developed from fundamental
pore-scale studies [5].
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2 Microscopic Fluid-Solid Coupling Theory and Model Solving Steps

The simulation methods for solving fluid-solid coupling (FSC) problems are constantly evolving,
with each technique offering distinct advantages for specific scenarios. The commonly used numerical
methods include the finite volume method (FVM), renowned for its inherent conservation properties
making it a predominant choice for computational fluid dynamics problems [18]; the finite difference
method (FDM), which is straightforward to implement for structured grids but can become complex for
irregular geometries [19]; and the discrete element method (DEM), which excels in simulating discontinuous
media, such as the mechanical behavior of fractured rock masses [20].

However, for modeling the complex, heterogeneous geometries of real pore-fracture systems and solving
the coupled system of partial differential equations governing fluid flow and solid deformation, the finite
element method (FEM) presents superior advantages. The FEM provides exceptional flexibility in handling
intricate boundaries and a strong theoretical foundation for modeling multiphysics phenomena [29,30], which
are critical requirements for this study.

Consequently, this study employs an innovative numerical simulation approach based on FEM to
achieve precise modeling of microscale seepage behavior in realistic pore-fracture systems, with full
consideration of fluid-solid coupling effects. Themethodology bridges the gap in conventional single-physics
modeling by establishing mutual coupling between hydrodynamic and geomechanical fields. Specifically,
the mathematical framework consists of three core equation systems: the fluid flow governing equations,
the solid deformation governing equations, and the bidirectional fluid-solid coupling equations. The model
is solved using the finite element method, with adaptive mesh refinement technology implemented to
ensure micron-level computational accuracy at pore-fracture interfaces.

2.1 Mathematical Model

The governing equations for fluid flow adopt an incompressible formulation with gravitational effects
neglected. This simplification is justified for the following reasons: (1) At the pore scale and for the pressure
gradients investigated in this study, the Bond number is significantly less than 1, indicating that capillary
forces dominate over gravitational forces. (2) For the single-phase methane flow under the operational
pressures of the target gas storage facility, the pressure changes are insufficient to induce significant density
variations, justifying the incompressible flow assumption. This approach maintains computational efficiency
while capturing the essential flow physics dominated by viscous and capillary forces at the pore scale. The
momentum equation is written according to the conservation of momentum.

It is acknowledged that these assumptions limit the direct applicability of the results to scenarios with
stronger buoyancy drives (e.g., CO2 storage) or significantly higher pressure differentials.

The seepage process is described by the Navier-Stokes equation that reflects the velocity field
𝐯 = (𝑢, 𝑣, 𝑤) of the spatial moving coordinate system and the pressure 𝑝 [32,33]:

𝜌

𝜕𝐯

𝜕𝑡

− ∇ ⋅ [−𝑝𝐈 + 𝜇(∇𝐯 + (∇𝐯)
𝑇

)] + 𝜌((𝐯 − 𝐯𝑚) ⋅ ∇)𝐯 = 𝐅 (1)

∇ ⋅ 𝐯 = 0 (2)

where 𝜇 is the dynamic viscosity of the fluid, Pa⋅s; 𝐯 is velocity, m/s; 𝜌 is the density of the fluid, kg/m3;
𝐈 is the unit diagonal matrix; 𝑝 is the pressure, Pa; 𝐅 denotes the volume force acting on the fluid phase,
N/m3. In the present formulation, gravitational and other external body forces are neglected, so 𝐅 = 0. The
coordinate system velocity is 𝐯𝑚 = (𝑢𝑚, 𝑣𝑚, 𝑤𝑚).
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The solid mechanics governing equation characterizes the solid volume strain by the effect of stress [34].
The solid mechanics governing equation applicable to micro-deformation is as follows:

𝜌𝑠

𝜕
2
𝐮

𝜕𝑡
2
= 𝐟𝑣 + ∇𝑥 ⋅ 𝜎 (3)

𝜎 = 2𝜇
′
𝜀 + 𝜆(tr𝜀)𝐈 (4)

𝜀 =

1

2
(∇𝐮 + (∇𝐮)

T
) (5)

where 𝜌𝑠 is the density of the solid material, kg/m3; 𝐮 is the displacement field vector, m; 𝐟𝑣 is the volume
force, N/m3; 𝜇′ and 𝜆 are Lame constants, 𝜇′ = 𝐸

2(1+𝜈)
, 𝜆 =

𝐸𝜈

(1+𝜈)(1−2𝜈)
, 𝐸 is Young’s modulus of solid material,

Pa; 𝑣 is Poisson’s ratio of solid material, dimensionless.
The fluid-solid coupling equation reflects the fluid load on the structure [35]:

𝐅𝐀 = [−𝑝I + 𝜇(∇𝐮 + (∇𝐮)
𝑇

)] ⋅ 𝐧 (6)

where 𝐅𝐀 represents the sum of pressure and viscous force, Pa; 𝐧 is the normal vector of the boundary,
dimensionless.

And the effect of velocity transfer to the fluid [35]:

𝐮tr =
𝜕𝐮solid
𝜕𝑡

(7)

where 𝐮tr is the structural velocity, m/s; 𝐮solid
𝜕𝑡

characterizes the temporal variation rate of structural
deformation, m/s.

2.2 Model Solving Steps

This study employs the finite element method to numerically solve the established fluid-solid coupling
governing equations [36], with Fig. 1 illustrating the complete solution workflow. The implementation
procedure consists of the following key steps:
(1) Model Discretization & Initialization: The computational domain is spatially discretized using

high-order tetrahedral elements (quadratic shape functions) based on imported mesh files, dividing
the region into characteristic elements. Initial material parameters (including porosity, permeability,
elastic modulus, etc.) are assigned to each representative element, with triaxial stress and pore pressure
boundary conditions applied according to operational scenarios.

(2) Nonlinear System Solution: The coupled nonlinear PDE system is solved via Newton-Raphson iteration,
where the fluid field adopts incremental Navier-Stokes equations and the solid field employs updated
Lagrangian formulation for finite deformation. Interface data transfer ensures field coupling at each
iteration.

(3) Multiphysics Data Extraction: Key physical quantities are extracted from representative elements
post-calculation, including: Von Mises stress (matrix strength), logarithmic strain (finite deformation),
volumetric flow rate (seepage capacity), and displacement vector fields (structural deformation), with
3D field distributions exported.
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(4) Parametric Sensitivity Analysis: Systematic variation of triaxial confining pressure and pore pressure
investigates effective stress effects on the coupled system. Comparative analysis with uncoupled
models (single-field only) quantifies fluid-solid interaction mechanisms.

Figure 1: Numerical simulation solution process.

3 Fluid-Solid Coupling Model Based on 3D Digital Core

The Huangcaoxia reservoir, as a typical porous carbonate formation, has its complex spatial
characteristics accurately characterized through 3D digital core technology. As shown in Fig. 2, the research
team first conducted high-resolution CT scanning (0.15 µm resolution) of core samples, followed by
threshold segmentation using an improved Otsu algorithm and 3D connectivity analysis to eliminate
noise interference. The characteristic Representative Elementary Volume (REV) scale was determined by
analyzing the convergence of the porosity [37]. To ensure statistical robustness and avoid contingency,
the mean porosity was calculated from sub-volumes extracted from three independent locations (top,
center, and bottom) of the digital core for each volume size. As shown in Fig. 3, the mean porosity
stabilizes (variation < 1%) when the cube edge length exceeds ~130 voxels. Considering pore-throat network
integrity and computational efficiency, a cube of 150 × 150 × 150 voxels was selected for digital core
reconstruction. This REV scale is characteristic of the complex pore structure and heterogeneity of the
studied carbonate sample.

Figure 2: Fluid-solid coupling model establishment: (a) CT image; (b) 3D reconstruction; (c) Digital core; (d) Cropped
pore model; (e) Matrix-pore model; (f) Domain (purple: pores, gray: matrix).
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Figure 3: REV verification results.

Based on the grid independence verification (Fig. 4) and considering both grid quality and computational
stability, the optimal mesh size was determined to be 84,816 cells [38]. The corresponding mesh structure
was illustrated in Fig. 2e. To accurately capture the physical behavior of methane (CH4) under reservoir
conditions (8.2~12.6 MPa), its density and dynamic viscosity were defined as functions of local pressure,
implemented via user-defined functions based on the Peng-Robinson equation of state and the Lucas
method, respectively. By coupling solid mechanics with laminar flow and dynamic meshing, a high-fidelity
fluid-solid coupled FEM model was established.

Figure 4: Grid independence verification.

To accurately characterize rock mechanical behavior in fluid-solid coupling simulations, mechanical
parameters must be calibrated against experimental data. Triaxial tests from Well #1 of Huangcaoxia Gas
Storage (Table 1) reveal significant heterogeneity: under 30 MPa confining pressure, core samples from
1040.37–1040.53 m depth show Young’s modulus of 49.5 GPa, Poisson’s ratio 0.29, and compressive strength
171.2 MPa; whereas samples from 1072.13–1072.25 m exhibit higher stiffness (68.79 GPa) and strength
(527.1 MPa) at 20 MPa.
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Table 1: Partial results of triaxial compression experiment of Caochu 1 well.

Sample Depth (m) Confining Pressure
(MPa)

Young’s Modulus
(GPa) Poisson’s Ratio Compressive

Strength (MPa)

1 1040.37~1040.53 30 49.50 0.29 171.2
2 1072.13~1072.25 20 68.79 0.36 527.1
3 1169.97~1170.18 30 52.61 0.27 385.4

For the purpose of this pore-scale study, which focuses on the universal response of pore structures to
effective stress changes rather than modeling a specific depth interval, a representative set of mechanical
parameters is adopted. The matrix material parameters in the coupling model are set as: density 2700 kg/m3,
Young’s modulus 5 × 1010 Pa (i.e., 50 GPa), and Poisson’s ratio 0.3. These values were obtained through a
weighted averaging of the experimental data (<3% error) to represent the general mechanical behavior of the
carbonate formation. We acknowledge that this approach homogenizes the inherent heterogeneity of the
rock. However, given that the digital core model itself captures the geometric heterogeneity of pore spaces,
and considering that the primary objective of this study is to investigate fundamental mechanisms and
relative comparisons of stress-dependent permeability evolution at the pore scale, the use of representative
averaged mechanical properties provides a consistent and well-defined baseline for such mechanistic
exploration, an approach that is well-established in pore-scale numerical studies [13,25]. Future work will
incorporate spatially varying mechanical properties to explore the effects of mineralogical heterogeneity
on the coupled processes.

Fig. 5 provides a schematic representation of the boundary conditions implemented in the fluid-solid
coupling model. For the matrix domain, a triaxial stress model was established: fixed constraints were
applied to the bottom surface along three axial directions, overburden pressure was imposed on the top
surface, while maximum and minimum horizontal principal stresses were applied to the other two side
surfaces to simulate confining pressure conditions. For the pore domain, an initial pore pressure value was
set to simulate the pore pressure environment.

Figure 5: Schematic diagram of boundary conditions.
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4 Numerical Simulation Results and Analysis

4.1 Stress Response Characteristics under Multi-Stage Confining Pressure Loading

An integrated coupled hydro-mechanical model was developed to examine stress-dependent behavior
variations across varying confinement scenarios, with simulations conducted under a consistent pore fluid
pressure of 1 MPa. The confinement pressure was systematically elevated from an initial 5 MPa to a final
40 MPa, employing 5 MPa stepwise increments throughout the pressure range (5, 10, 15, 20, 25, 30, 35,
and 40 MPa). Fig. 6 clearly demonstrates the Von Mises stress distribution within the rock matrix at four
representative confining pressure levels (10, 20, 30, and 40 MPa). Numerical results exhibit a pronounced
positive dependence of rockmatrix stress magnitude on the applied confinement pressure. Specifically, when
the confining pressure was set at 10 MPa, the corresponding matrix stress reached approximately 2.53 MPa.
This value exhibited a substantial increase to 21 MPa when the confining pressure was elevated to 40 MPa,
indicating a strong stress sensitivity response. Furthermore, distinct stress concentration phenomena were
consistently observed at the interfaces between the matrix and pores, particularly noticeable at higher
confining pressure conditions. These interfacial stress concentrations were most pronounced in regions
surrounding pore throats and irregular pore geometries. The interfacial stress concentrations highlight the
importance of microstructural heterogeneity in stress distribution characteristics.

Figure 6: VonMises stress distribution under different confining pressures: (a) 10 MPa, (b) 20 MPa, (c) 30 MPa, (d) 40 MPa.

Fig. 7 displays the spatial patterns of displacement fields within the rock matrix across four confinement
levels (10, 20, 30, and 40 MPa). The computational outcomes indicate a marked progressive escalation in
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displacement amplitudes corresponding with increasing confinement intensity. Specifically, the matrix
displacement reaches approximately 5.48 × 10−4 µm at 5 MPa confining pressure, and rises to 4.43 × 10−3 µm
at 40 MPa (representing an 8.1-fold increase). The displacement field displays remarkable anisotropy: a
pronounced displacement gradient develops along the loading direction, with maximum displacements
occurring at the pressure-applied surfaces. Of particular note is the distinct displacement concentration
effect observed at matrix-pore interfaces.

Figure 7: Displacement distributions under different confining pressures: (a) 10 MPa, (b) 20 MPa, (c) 30 MPa, (d) 40 MPa.

The porosity of the model is defined as the ratio of the volume of the current pore space to the volume
of the pore matrix. Therefore, the porosity of the model considering the influence of matrix deformation on
the spatial volume of the seepage channel is:

𝜙2 =

𝑉p,2
𝑉p,2 + 𝑉s,2

(8)

where 𝜙2 is the porosity after simulation, dimensionless; 𝑉p,2 is the simulated pore space volume, m3; 𝑉s,2
is the simulated matrix volume, m3.

Fig. 8 demonstrates the porosity evolution under varying confining pressures. As the confining pressure
increases from 5 MPa to 40 MPa, the porosity decreases by 0.13%. Theoretical analysis reveals that the
pore volume exhibits higher sensitivity to confining pressure variations compared to the matrix volume,
resulting in a monotonic decreasing trend of porosity with increasing pressure. However, constrained



3082 Fluid Dyn Mater Process. 2025;21(12)

by the high stiffness characteristics of carbonate rocks (elastic modulus = 50 GPa), the volumetric strain
induced by confining pressure changes remains below 0.15%, leading to limited stress sensitivity effects
on porosity.

Figure 8: Variation of porosity with confining pressure.

4.2 Analysis of Fluid-Solid Coupling Effect

To simulate the fluid-solid coupling effects during the gas injection phase in underground gas storage
operations, the initial geomechanical boundary conditions were meticulously defined. The in-situ stress
field was characterized through a robust numerical-experimental methodology. Core samples from the
target interval of the Huangcaoxia Jialingjiang Formation (at approximately 1100 m depth, carbonate rock)
underwent triaxial compression testing to determine the fundamental rock mechanical parameters (as listed
in Table 1, Section 3). A one-dimensional stress profile was subsequently calculated and calibrated against
field data. This calibrated model provided the definitive in-situ stress state at the wellbore: a vertical stress
of 36.5 MPa, a maximum horizontal principal stress of 38.2 MPa, and a minimum horizontal principal stress
of 30.3 MPa. The initial pore pressure was set to 8.2 MPa, and a production pressure differential of 100 Pa
(equivalent to a pressure gradient of 4.44 MPa/m) was applied to drive the injection process. This approach
ensures that the simulated stress regime is physically consistent and directly constrained by experimental
measurements from the specific storage formation.

To assess the representativeness of the digital core model itself, the macroscopic permeability and
porosity were upscaled from the simulation results, yielding values of approximately 2.4 mD and 4.4%,
respectively. These values align well with the characteristic range of properties measured from core
samples within the target depth interval of the Huangcaoxia formation, providing a primary validation of
the model’s geometric accuracy. While this pore-scale study provides fundamental mechanistic insights,
it is acknowledged that a full field-scale validation, such as history matching the model’s predictions
against long-term injection/production data from the entire storage facility, remains beyond its scope. This
represents a necessary future step to translate these microscopic findings into operational forecasts.

The finite element simulation results presented in Fig. 9 reveal two key interrelated phenomena:
localized strain zones develop within the reservoir matrix, and these mechanically deformed regions exhibit
significant perturbations in flow velocity fields. This demonstrates the bidirectional coupling mechanism
under fluid-solid interaction, where matrix deformation first alters pore geometry, subsequently modifying
flow fields, and ultimately generating fluid pressure feedback that affects solid stress fields.
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Figure 9: Fluid-solid coupling results: (a) Velocity; (b) Stress; (c) Displacement; (d) Volumetric strain.

Building upon the modeling results, a systematic investigation was conducted on the coupling
mechanisms between pore fluid transport and matrix deformation. As demonstrated by the volumetric
strain cross-section in Fig. 10, both fluid flow behavior and solid deformation characteristics are significantly
governed by effective stress, with enhanced sensitivity observed in narrow throat regions.

To move beyond qualitative description and quantitatively unveil the heterogeneity of deformation
induced by pore-throat structures, the statistical distribution of volumetric strain is meticulously analyzed
and presented in Fig. 11. The histogram, constructed from 2077 data points, provides profound insights
into the micromechanical behavior of the rock matrix under stress.
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Figure 10: Volume strain section results.

Figure 11: Histogram of volume strain distribution.

The distribution is characterized by a strong negative skewness, with the vast majority of data points
(over 99%) exhibiting negative volumetric strain, confirming the dominance of compaction throughout the
modeled domain. The mean volumetric strain is calculated to be −8.29 × 10−4, which aligns with the overall
compaction trend. However, the key novelty lies in the significant standard deviation of 4.07 × 10−4 and the
extreme values revealed by the distribution.

Notably, the strain values range from severe compaction of −70.07 × 10−4 to slight dilation of
+11.36 × 10−4. This range of nearly 81.43 × 10−4 underscores the intense deformation heterogeneity
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at the pore scale. Critically, the distribution features a long tail towards the negative end, indicating the
presence of localized “strain hotspots” where deformation is dramatically intensified. Approximately 6%
of the elements experience compaction exceeding −15.00 × 10−4, with the most extreme 1% of values
falling below −22.50 × 10−4. These hotspots are unequivocally associated with the geometric complexities
of pore throats and grain contacts, where stress concentration is maximal. This quantitative analysis
directly links specific microscopic features to the mechanical response, providing a predictive framework
for understanding stress-sensitive permeability evolution.

Under effective stress, the volumetric strain of the matrix leads to the progressive expansion of its
irregular protrusions, which subsequently encroach upon the pore space. This deformation results in the
narrowing of fluid flow channels, causing concurrent reductions in both porosity and permeability. The
fluid-solid coupling effect manifests through dual mechanisms: firstly, the matrix volume changes directly
alter the pore structure morphology; secondly, the pressure-driven directional flow exerts continuous
hydraulic impingement on the protrusions, inducing dynamic deformation responses in the matrix. These
two mechanisms interact synergistically, collectively influencing the seepage characteristics of the reservoir.

Using the aforementioned fluid-solid coupling simulation results as the benchmark, two uncoupled
control models were established under identical stress boundary conditions: a mechanical model considering
only the stress field and a fluid model considering only the seepage field. Through systematic numerical
simulations, comparative data of key parameters (including porosity, permeability, and volumetric strain)
were obtained between the coupled and uncoupled models.

The model permeability was calculated using a modified Darcy’s law formulation, with the assumptions
of incompressible fluid, steady-state single-phase flow, and no chemical reactions between the fluid and
rock matrix. Thus, the permeability calculation formula for the model is expressed as [39]:

𝐾 =

𝑣𝜇𝐿

Δ𝑝

(9)

where 𝑣 is the seepage velocity at the outlet of the model, m/s; 𝜇 is the dynamic viscosity of the fluid,
Pa⋅s; 𝐿 is the longitudinal length of the model (the direction from the inlet to the outlet of the model is
longitudinal), m; Δ𝑝 is the seepage pressure difference, Pa.

Statistical analysis of porosity, permeability, and volumetric strain results from the fluid-solid coupling
model, compared with uncoupled models (Table 2), reveals that incorporating coupling effects leads to a
0.07% reduction in porosity, 5.6% decrease in permeability, and 1.27% increase in volumetric strain. The
results demonstrate that coupling effects exert more pronounced impacts on permeability than on porosity
or strain. This is attributed to microstructural alterations in pore-throat geometry under effective stress,
which interact with fluid flow to significantly modify seepage velocity. For the dense carbonate rocks from
Huangcaoxia Gas Storage (elastic modulus = 50 GPa), minimal matrix deformation results in negligible
changes in porosity and strain.

Table 2: Statistical comparison of fluid structure coupling and uncoupled models.

Model Porosity (%) Permeability (mD) Volumetric Strain

Coupling model 4.390 2.328 −5.56E−4
Uncoupled model 4.393 2.466 −5.49E−4
Ratio of change (%) 0.07 5.6 1.27
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4.3 Fluid-Solid Coupling Mechanisms under Dynamic Effective Stress Evolution

To investigate the mechanical response during gas storage injection-production cycles, this study
conducted a series of fluid-solid coupling simulations under different effective stress conditions. These
conditions were designed to represent key stages of an operational cycle (e.g., initial state, peak injection,
production), with the confining and pore pressures for each scenario prescribed as constant values, informed
by pressure evolution data from 4D geomechanical simulations as presented in Table 3. Although the
pressures were held constant within each simulation, this multi-scenario approach allows for the analysis
of how deformation induced by different effective stress levels fundamentally alters the pore structure
and consequently impacts the seepage field. The effective stress for each scenario was computed as a
constant using the classical relationship governed by the preset pore fluid pressure and three-dimensional
confinement stresses:

𝜎𝑒 =

𝜎1 + 𝜎2 + 𝜎3

3

− 𝑝
′ (10)

where 𝜎𝑒 is the effective stress, MPa; 𝜎1 is the maximum horizontal principal stress, MPa; 𝜎2 is the minimum
horizontal principal stress, MPa; 𝜎3 is the vertical stress, MPa; 𝑝′ is pore pressure, MPa.

Table 3: Four dimensional stress simulation results of Caochu 1 well.

Vertical Stress
(MPa)

Maximum Horizontal
Principal Stress (MPa)

Minimum Horizontal
Principal Stress (MPa)

Pore Pressure
(MPa)

Effective Stress
(MPa)

36.5 38.2 30.3 8.2 26.8
36.7 38.5 30.9 9.3 26.1
36.9 38.7 31.5 10.4 25.3
37 38.9 32.2 11.5 24.5
37.1 39.3 32.6 12.6 23.7

Fig. 12 presents a magnified view of the volumetric strain distribution, where distinct stress concentration
phenomena are observed at pore-matrix interfaces under effective stress. These localized loading zones
induce micrometer-scale matrix deformation and adaptive pore structure reorganization, though the overall
volumetric strain and porosity variations remain constrained due to the high stiffness of carbonate matrix.
Correspondingly, Fig. 13 reveals that effective stress variations significantly alter hydrodynamic characteristics
in flow channels, particularly generating abrupt velocity gradients at narrow pore throats—a microscopic
mechanism accounting for the sensitive macroscopic permeability response. Comparative analysis of both
figures demonstrates the spatial heterogeneity of mechanical deformation and flow response in tight reservoirs.

Numerical simulations elucidate the evolution of petrophysical properties and matrix deformation
under varying effective stress (Fig. 14). During gas production phases (increasing effective stress), the
model exhibits distinct stress-sensitivity responses: permeability decreases by 34.4%, whereas porosity
and volumetric strain decrease merely by 0.02% and 4.3% respectively. To validate the model’s predictive
capability, the magnitude of permeability reduction (from 3.8 mD to 2.5 mD as effective stress increases
from 23.7 MPa to 26.8 MPa) was compared against experimental stress-sensitivity curves for carbonates
reported in the literature [40]. The observed 34.4% reduction falls within the reported range of 0.7% to 37.5%
for various carbonate pore structures under similar effective stress changes, thereby corroborating the
reliability of our numerical results. This divergence in property evolution stems from the dual characteristics
of tight reservoirs—while fluid velocity shows high sensitivity to effective stress (drastically reducing flow
channel efficiency), the high-stiffness matrix (elastic modulus = 50 GPa) effectively resists bulk deformation.
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Figure 12: Volumetric strain distribution under progressively decreasing effective stress: (a) 26.8 MPa, (b) 26.1 MPa,
(c) 25.3 MPa, (d) 24.5 MPa, (e) 23.7 MPa.

Figure 13: Fluid velocity results under progressively decreasing effective stress: (a) 26.8MPa, (b) 26.1MPa, (c) 25.3MPa,
(d) 24.5 MPa, (e) 23.7 MPa.

Figure 14: Stress-dependent characteristics: (a) porosity; (b) permeability; (c) matrix deformation under varying
effective stress.
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These findings strongly advocate for implementing a cyclic pressure management strategy during
intense injection-production operations. This strategy is defined as the active regulation of pore pressure
within a predefined optimal window. Based on our quantitative analysis of permeability evolution, this
window can be defined with greater operational specificity:

The upper limit remains bounded by the caprock fracture pressure to ensure geomechanical stability.
The lower limit should be strategically set to maintain the in-situ effective stress below a critical

threshold of approximately 26 MPa, corresponding to the onset of significant permeability damage in
our model.

Our simulations reveal that allowing the effective stress to escalate into a “high-risk” band (26–27 MPa)
would induce a substantial permeability reduction of 20–34%, directly compromising well deliverability.
Therefore, the paramount objective of this strategy is to maintain the effective stress within a “safe operating
band” (below 26 MPa), thereby mitigating the stress-induced permeability damage identified in this study
and preserving the reservoir’s long-term flow capacity.

5 Conclusion

This study established a microscale fluid-solid coupling model for Huangcaoxia Gas Storage carbonate
reservoirs by integrating high-resolution 3D digital core technology with finite element simulations. The
investigation yields the following key insights with significant engineering implications:
(a) Pore-throat scale mechanics control macroscale response: The model reveals that stress concentrations at

microscopic pore throats are the primary driver of macroscopic deformation and permeability reduction.
This multiscale interaction explains how localized deformation propagates through heterogeneous
microstructures to govern overall reservoir performance during injection-production cycles.

(b) Permeability is the most stress-sensitive parameter: Comparative analysis demonstrates that the
fluid-solid coupling effect induces a significantly more pronounced reduction in permeability compared
to changes in porosity or volumetric strain. This differential response underscores that permeability is
the critical, limiting factor for gas storage performance.

(c) Effective stress management is paramount for storage integrity: The rapid elevation of effective stress
during gas production is identified as the fundamental cause of irreversible permeability damage.
Consequently, the core operational strategy must focus on maintaining a relatively low effective
stress environment.
These findings directly advocate for the implementation of a cyclic pressure management strategy

during intense injection-production operations. This strategy involves actively regulating reservoir pressure
within a predefined optimal window bounded by an upper limit to ensure caprock and geomechanical
stability and a lower limit to prevent severe stress-induced permeability damage that compromises well
deliverability. By prioritizing the mitigation of effective stress, operators can preserve the long-term flow
capacity and ensure the injectivity/productivity sustainability of underground gas storage facilities.
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