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Coupled simulation study of CO,
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To enhance the safety and reliability of geological CO, sequestration, this study proposes a finite
element coupling simulation method based on representative elementary volume (REV) models
reconstructed from industrial CT imaging. The objective is to simulate gas migration and stress
response within the coal matrix under CO, adsorption conditions. The authentic three-dimensional
internal structure of coal was acquired via industrial CT scanning, and the optimal REV scale was
determined as 60 x 60 x 60 voxels through gradient error analysis. A multi-physics coupling model
incorporating seepage, adsorption, and mechanical behavior was established and implemented on
the COMSOL platform to perform numerical simulations under varying adsorption durations and
injection pressures of 6 MPa. The results indicate that the adsorption-induced swelling of the matrix
leads to a redistribution of internal stresses, exhibiting a directional transfer from fractures toward the
matrix. The stress response of the coal demonstrates a nonlinear “increase-then-decrease” trend: the
fracture domain stress increases from 0.66 to 0.73 MPa in the first day and then decreases to 0.54 MPa
at 7 days. These findings offer both technical support and theoretical foundations for elucidating the
multi-field coupling mechanisms in coal during CO, sequestration and for the development of robust
numerical simulation methodologies.
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As global climate change intensifies, geological carbon dioxide (CO,) sequestration has garnered widespread
attention as a critical strategy for achieving carbon neutrality!. Among potential sequestration sites, abandoned
coal mines are considered ideal due to their abundant spatial capacity and controllable seepage pathways>>.
However, under prolonged exposure to high-pressure CO,, the internal structure of coal inevitably undergoes
alterations, manifesting in phenomena such as fracture propagation and stress redistribution. These changes
may undermine coal seam stability and elevate the risk of leakage, thereby posing serious safety concerns for
long-term storage operations. Consequently, elucidating the effects of CO, adsorption on the structural integrity
of coal is essential to ensuring the sustained stability of sequestration projects.

Although extensive experimental studies have demonstrated that CO, adsorption canlead to coal degradation,
traditional experimental techniques still face significant limitations, including low spatial resolution, difficulty
in controlling variables, and high data variability. These challenges hinder the accurate characterization of CO,
distribution and behavior within coal matrices. In contrast, numerical simulation has emerged as a pivotal tool
due to its efficiency and controllability, enabling detailed analysis of the interaction between CO, and coal. In
recent years, researchers have developed a range of adsorption-seepage-mechanical coupling models using finite
element (FEM) and computational fluid dynamics (CFD) approaches. By systematically varying parameters
such as injection pressure, confining pressure, moisture content, fracture geometry, and pore structure, these
models evaluate the impacts of CO, injection on coal strength, permeability, and stress distribution. For example,
Wang et al.* used the COMSOL platform to simulate the mechanical response of coal under varying confining
pressures during CO, exposure, revealing that increasing the confining pressure from 0 to 30 MPa can effectively
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offset the strength reduction induced by CO, adsorption. Kumar et al.’ conducted a parametric analysis on
the relationship between injection pressure and mechanical properties using digital rock models. Zhou et al.5
extending the analysis to include coal moisture content, found that higher moisture levels significantly reduce
the compressive strength of coal.

To enhance simulation precision, Liu et al.” proposed a variable saturation model. This model was validated
by combining Langmuir adsorption theory with field monitoring data, confirming its efficacy in predicting
pressure evolution during the injection process. Yu et al.® conducted CO, injection simulations under different
pore arrangement conditions based on actual coal seam structures, revealing characteristics that suggest a higher
risk of CO, leakage in fractured regions. Niu et al.” developed an anisotropic permeability model and indicated
that the direction of cleat orientation in coal markedly affects the migration behavior of CO,. Teng et al.'®
proposed a fully coupled model of structural deformation, seepage, and adsorption, finding that while higher
injection pressures may improve sequestration efficiency, they also intensify coal damage and deformation,
thereby increasing the risk of gas leakage.

At present, the numerical simulation research of the interaction between coal and rock with CO, still has key
technical bottlenecks, which is difficult to meet the precision requirements of engineering practice. First, most
studies use ideal structural models such as “parallel plate fractures” and “cylindrical pores’, ignoring the inherent
multi-scale pore characteristics and structural plane effects of coal and rock-Liu et al.!! confirmed through
nitrogen adsorption experiments that real coal and rock pores can be clearly divided into adsorption pores (<
100 nm) and seepage pores (>100 nm). The connectivity and migration resistance of the two types of pores are
significantly different. However, the ideal structural model cannot quantify the impact of this difference on CO,
seepage, resulting in a deviation of 1 to 2 orders of magnitude between the simulation results and the actual
seepage rate. Secondly, discontinuous features such as primary fractures and structural planes are common
in coal and rocks. Li et al.!? pointed out in a study on the rockburst mechanism of coal and rocks containing
structural planes that stress will transfer directionally near the structural planes, which will then change
the crack expansion paths and fluid migration channels. However, traditional models do not consider such
structural effects, making it difficult to capture the uneven process of CO, accumulating preferentially in high-
permeability channels and slowly diffusing into the matrix. Finally, in multi-physical field coupled simulation,
traditional methods are often divorced from the real structural parameters of coal and rock. Li et al.!* found
through microseismic and electromagnetic radiation monitoring that there is dynamic feedback between the
energy release and pore evolution of coal and rock under stress, and the ideal model cannot reflect the regulation
of this feedback on permeability, resulting in the inability to accurately predict the seepage stability during CO,
storage.

In summary, although current numerical simulation techniques have made significant strides in the study
of CO,-coal interactions, most research still employs idealized fracture structures and does not fully account
for the heterogeneity and complex geometry of coal structures. To address this, the present study reconstructs
actual three-dimensional digital rock cores based on industrial CT images, creating finite element coupling
models on the basis of real fracture structures revealed by CT reconstruction. This work simulates fluid pressure
diffusion and coal stress response under CO, adsorption conditions. The research outcomes are expected to
provide theoretical foundations and technical support for the safety assessment of CO, sequestration projects
and the optimization of injection strategies.

Numerical modeling method

To delve into the influence of CO, adsorption duration and pressure on the structural and mechanical properties
of coal, this study reconstructs the actual internal geometry of the coal matrix based on industrial CT imaging.
It combines finite element modeling with multi-physics field coupling simulation methods to construct a
comprehensive numerical simulation system for CO, migration and coal response. Model development utilizes
the COMSOL Multiphysics platform and is deployed on a high-performance computing cluster, with the SLURM
job scheduler facilitating efficient parallel solving.

Overview and processing methods of industrial CT scanning systems

To construct a geometric model that reflects the true internal structure of coal, this study employs an industrial
CT scanning system to obtain three-dimensional images of the coal sample prior to adsorption. The system
utilizes a cone-beam scanning approach, the working principle of which is depicted in Fig. 1. The scanning
method uses a fixed X-ray source and detector, while the specimen rotates around an axis. Its core advantage is
acquiring a 3D projection dataset via a single rotation, which improves X-ray source utilization and shortens
scanning time. Additionally, the cone-beam scanning mechanism endows it with isotropic voxel resolution—
that is, axial and horizontal resolution are consistent—effectively improving the clarity and spatial detail
representation of the reconstructed images.

The physical basis of CT imaging stems from the attenuation effect that occurs when X-rays interact with the
object under examination. As X-rays penetrate an object, their intensity diminishes due to the absorption and
scattering of photons. This process follows Lambert-Beer’s law'4, which states that the attenuation of intensity
along the path of the rays is directly proportional to the material’s linear attenuation coefficient. This attenuation
model forms the physical foundation for collecting CT projection data and subsequent three-dimensional
reconstruction.

Post-scanning, the slice images can undergo calibration and analysis using post-processing software, with the
specific workflow as follows:

(1) Utilizing filtering algorithms to denoise the images, thus enhancing the clarity of fracture boundaries;
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Fig. 1. Principle of cone-beam CT scanning.
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Fig. 2. CT post-processing workflow.

(2) Employing grayscale thresholding to segment the fracture regions and extract geometric characteristic pa-
rameters of fractures;

(3) Generating three-dimensional geometric models from two-dimensional slice images through reconstruc-
tion techniques to visually analyze fracture characteristics under adsorption conditions, as depicted in
Fig. 2.

Overview of numerical simulation software and system
This research utilizes the COMSOL Multiphysics platform to perform numerical simulations analyzing the CO,
adsorption process in coal.

The platform, based on the finite element method (FEM), discretizes continuous physical systems into
several elements. By introducing shape functions, unknown field variables are transformed into a solvable set of
algebraic equations, thus enabling the simulation of complex boundary conditions and nonlinear multi-physics
processes!'>16. The principle of finite elements is illustrated in Fig. 3.
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Fig. 3. Schematic of finite element principles.

Additionally, COMSOL software offers excellent meshing capabilities for three-dimensional models and
compatibility with three-dimensional models reconstructed from industrial CT scanning. With straightforward
model-building import features, high-precision simulations of coal fracture structures can be achieved.

To satisfy the demands of large-scale three-dimensional simulations, the model is deployed on a high-
performance computing cluster (HPCC) platform and utilizes the SLURM job scheduling system for dynamic
resource allocation and parallel solving. SLURM’s modular structure supports task scheduling and node load
balancing, enhancing simulation efficiency. Figure 4 displays the system architecture and actual running logs,
significantly reducing solution times and improving simulation precision.

Extraction and construction of representative elementary volume (REV) models

In multi-physics simulations of CO, adsorption and coal response, accurate construction of the geometric
model is key to simulation precision. Coal fracture structures exhibit high heterogeneity and irregular spatial
distribution. Directly using entire CT scan data to establish simulation models could lead to poor mesh quality,
heavy computational burden, and severe boundary distortion. To balance the representativeness of the structure
with numerical efficiency, this study introduces the concept of Representative Elementary Volume (REV). Stable
structural areas within the coal CT images are cropped and extracted to be used in subsequent multi-field
coupling simulations.

The necessity of constructing REV
Coal internal fracture morphology is complex, exhibiting typical characteristics such as “multi-scale nesting,
strong discontinuity, and large spatial variability” Traditional simulations often simplify coal as a regular fracture
model, which fails to reflect its true evolutionary process. Therefore, establishing a real geometric model based
on CT scans is key to enhancing the credibility of simulations. However, within the entire three-dimensional
scanning body, there exist discontinuous structures such as CT artifacts and isolated noise points (as shown
in Fig. 5); regions with excessive sparsity or density of fracture structures; and large voxel models that are
computationally intensive and difficult to converge!”.

Thus, it is necessary to ensure statistical representativeness while extracting and selecting stable structural
areas to construct an REV model that conforms to the true physical characteristics. The selected REV should not
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Fig. 4. High-performance cluster computing (HPCC) system architecture.

Fig. 5. Extraction of digital rock core noise.

only possess typical fracture morphologies but also reflect the average response characteristics of the coal body
on a certain scale.

REV extraction process

REV extraction is based on the following three principles: the geometric structure within the selected volume
should have statistical uniformity; the variation range of parameters such as fracture porosity, connectivity,
and fractal dimension within the extracted area should tend toward stability; and the size should be as small as
possible to reduce computational costs while ensuring representativeness.

To ensure that the geometric modeling area is statistically representative, the relationship between fracture
porosity and image cropping size is explored. By plotting the curve of fracture porosity changes at different
cubic sizes (as shown in Fig. 6), it can be seen that as the size of the cube increases, the fracture porosity initially
fluctuates and then stabilizes. When the cropping size reaches approximately 60 voxels, the fracture porosity
becomes stable, and the fluctuation amplitude significantly decreases, indicating that this size can serve as an
effective representative elementary volume (REV). A reasonable REV can not only accurately characterize the
statistical properties of coal fractures but also avoid the randomness of results due to too small a model size, or
computational redundancy due to too large a model size.

To further optimize the selection process of REV, this article introduces the gradient error analysis
method, which quantitatively assesses the change gradient of key physical quantities (such as fracture porosity,
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Fig. 6. Analysis results for REV selection.

permeability, stress distribution) under different REV sizes. The method identifies the scale where the error
is minimized and the change tends toward stability by calculating the rate of change of physical quantities
with varying REV sizes, thus determining the optimal REV size. The core idea of gradient error analysis is
to find the “physical quantity change stability zone,” which corresponds to the minimum volume size when
the gradient error value approaches zero. At this point, the model achieves a good balance between structural
representativeness, simulation accuracy, and computational efficiency. Compared to the traditional trial-and-
error method, gradient error analysis has advantages such as strong objectivity, good adaptability, and clear error
control. It can be widely used in different coal body structures and multi-physics field simulations to optimize
the REV scale. The gradient error can be defined as!®:

kiy1—ki—q
- 1
0(kit1 + ki—1) M

er =

where er represents the gradient error; k,,, and k; _, are the outputs corresponding to the i+ 1 and i — 1 samples,
respectively; J is voxel increment at adjacent REV scales. In this study, the REV scale increases in steps of 20
voxels when less than 60 x 60 x 60 voxels, § =20, and then 60 voxels are taken as steps, & =60.

The calculation process is as follows. When the REV scale is 60 x60 x 60 voxels, the fracture porosity at
subsequent scales is close to that at this time (as shown in Fig. 6). At this time, ki 1 k. 1 =0, tends to 0, the

1
gradient error begins to stabilize, therefore, the REV size for the simulation model is set to 60 x 60 x 60 voxels.
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Fig. 7. Schematic diagram of fracture connectivity.

Construction of the geometric model

In the reconstruction process of coal structure, the internal fracture structures can be divided into three types'’
(as shown in Fig. 7): i—connected fractures, ii—internally isolated fractures, and iii—single boundary contact
isolated fractures.

Among these, connected fractures traverse the interior of the coal matrix, forming a fracture network that
dominates fluid migration and mechanical responses; these are of significant research interest. In contrast,
isolated fractures (types ii and iii) often segment the coal matrix domain into multiple disconnected regions,
leading to increased computational redundancy and time cost in simulations, as well as the potential for
cumulative numerical errors that reduce the overall model accuracy.

To improve simulation efficiency and consistency, it is necessary to extract REV containing cracks and matrix
from the sample (Fig. 8a), and isolated cracks need to be addressed appropriately (Fig. 8b). For internally isolated
fractures, a common approach is to fill them in order to ignore their effects and maintain the continuity of
the coal matrix domain; for single boundary contact fractures, a decision is made based on their contact area
and geometric shape on whether to convert them into boundary conditions or to eliminate them directly. This
strategy not only retains the structural authenticity of the coal fracture network but also effectively simplifies the
geometric model, enhancing the stability and computational efficiency of numerical simulations.

This experiment focuses on the simulation of CO, gas migration under matrix and fracture conditions.
Therefore, minerals within the coal are considered part of the matrix, with the entire coal divided into two parts:
fractures and matrix. To restore the gas-solid coupling occurrence state of the coal, an air domain is set outside
the REV, with the size of the air domain set to 70 x 70 x 70 voxels. The essence of fluid-solid coupling is the
interaction between fluid dynamics and solid mechanics. Its important feature is the two-way influence between
two-phase media: deformed solids will move or deform under the action of fluid loads, and this deformation will
in turn change the distribution of the flow field. Without a clearly modeled air domain, the software will not be
able to calculate key field variables. Then using mesh processing software, a model like the one shown in Fig. 9
can be generated. In the COMSOL software, the preliminarily meshed file is data interfaced, and the grid quality
is visually inspected for zero-value color blocks (Fig. 9). If low-quality meshes are found, secondary repair and
optimization are performed until there are no red meshes in the model entity, which means the model mesh
division is suitable for simulation calculations.

Control equations and parameter settings

Construction of control equations

To systematically describe the migration and diffusion behavior of CO, adsorption in coal and its induced
structural stress response, this paper constructs a coupled multi-physical field mathematical model based on the
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(b)

Fig. 8. Model preprocessing. (a) Schematic of REV cutting, (b) treatment of isolated fractures.
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Fig. 9. Digital rock core mesh processing. (a) Simulation geometric model, (b) mesh quality.

theories of porous media mechanics and seepage mechanics. The model primarily includes the solid momentum
conservation equation, fluid mass conservation equation, Darcy’s law, and a density expression based on fracture
porosity to replicate the dynamic evolution of the stress field and seepage field in coal under CO, adsorption.

To characterize the mechanical response of coal under the action of CO, pressure and external body forces,
the following momentum conservation expression based on Newton’s second law is introduced?’:

82110
P o

—V.S+F, @)

where p is the effective density of the coal body, in kg/m? u represents the solid skeleton displacement field, in
meters; S is the total stress tensor, in Pascals; F is the external body force, in Newtons.
Assuming slow and steady diffusion of CO, gas, the fluid mass conservation equation is expressed as*":

B
a(spﬂf) + V- (pju1) = Qm 3)

where ¢_ is the fracture ratio, in percent, which is considered zero due to the attributes of the REV as fracture
characteristics have been extracted, hence no additional fracture parameter influences the coal matrix; p_is the
fluid density, in kg/ m?; u, is the fluid velocity vector, in m/s; Q,, represents the external mass source or sink term
(such as CO, injection volume). This equation simplifies to:

V- (psur) = Qm (4)
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According to Darcy’s law, under low flow conditions, velocity is directly proportional to the pressure gradient,
and is expressed as?%:

u; = —EV;D (5)
i

where k is the coal permeability, in m% y is the fluid viscosity, in Pa s; p is the fluid pressure field. Substituting
Egs. (4-5) into Egs. (4-4), we obtain the final CO, migration control equation:

k

This expression, driven by the pressure gradient, accurately describes the spatiotemporal distribution of CO, in
the coal fracture structure.

In a coupled fluid-solid system, the dynamics response of the system is determined by both the solid and
fluid masses. The following density expression is introduced to represent the overall density distribution of the
fracture-matrix mixed system??:

p=¢pps(l —ep)ps 7)

where p_is the density of the coal matrix, in kg/m?. This relationship implies that with fluid permeation and by
setting & =0, the overall system density simplifies to p=p_. Substituting this density relation into the momentum
conservation Egs. (2-4), we obtain the revised coupled fluid-solid momentum equation:

82
(epps + (1 - 5p)ﬂs)871;0 =V-S5; +F, (8)

Finally, by combining Eqs. (4-6) and (4-8), we establish the core set of control equations that describe the
seepage and structural response of coal under the combined effects of CO, adsorption pressure and time,
providing a theoretical foundation for subsequent coupled numerical simulations.

Applicable boundary for simplified matrix fracture porosity

In this study, the core basis for simplifying the matrix fracture rate to 0 is the functional zoning characteristics of
coal and rock pores: through industrial CT scanning and gray threshold segmentation, the coal body is clearly
divided into “fracture domain” and “matrix domain’, among which the fracture domain contains all macro
fractures and some micro fractures that can participate in seepage flow (porosity 8.1-8.3%), while the matrix
domain is a dense skeleton, containing only primary pores with a pore size of less than 10 nm. Such micropores
are limited by the compactness of the coal and rock skeleton, and can only store CO, through physical adsorption
and cannot form a continuous seepage channel. Their contribution to the migration of CO, is negligible, so it is
reasonable to set the fracture rate to 0.

The simplified applicable coal types are bituminous coal and anthracite with low porosity (<10%): the
connectivity of matrix pores and fracture networks is weak, and the diffusion rate of CO, in the matrix is
much lower than that in the fractures. The seepage rate, the influence of the matrix on the overall seepage
field is negligible. For lignite and long-flame coal with high porosity (>20%), transition pores (50-100 nm) are
developed in the matrix and are connected to the fractures, and CO, can migrate through the transition pores of
the matrix. At this time, a dual porous medium model needs to be adopted. The matrix is regarded as a “porous
medium” and endowed with a non-zero fracture rate. The simplification of this study is not applicable to such
coals.

Parameter setting and simulation boundary condition determination

To accurately obtain the initial mechanical properties of coal in the unadsorbed state, this paper conducts
uniaxial compression tests on three sets of parallel coal samples, measuring and statistically analyzing key
physico-mechanical indicators such as compressive strength, elastic modulus, and density. By examining the
characteristics of the stress-strain curves, the deformation and failure behaviors of coal during the loading process
are evaluated, providing reliable data for material parameter settings in subsequent numerical simulations.
Related experimental data are shown in Fig. 10; Table 1.

Notes:

1. The average density of 1437.5 kg/m? in the table directly corresponds to the coal matrix density ps in govern-
ing Eqgs. (7) and (8). This density is the skeleton density of the dry coal sample, which is consistent with the
model assumption that ' the matrix domain is a dense solid | ensuring the accuracy of the density parameter
in the fluid-solid coupling calculation;

2. The average elastic modulus of 1.18 GPa corresponds to Young’s modulus that characterizes the elastic defor-
mation of the coal matrix in the conservation equation of solid momentum (2). It is used to construct the
elastic matrix in Eq. (8) and calculate the stress-strain relationship of the solid skeleton;

3. The average peak strength of 12.3 MPa is used to constrain the simulation boundary conditions: the max-
imum stress of the coal body in the simulation is set to not exceed 12.3 MPa to ensure that the model is in
the elastic deformation stage (to avoid coal body damage interfering with the seepage and stress coupling

Scientific Reports |

(2025) 15:44358 | https://doi.org/10.1038/s41598-025-28024-3 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

| ——P1
13.0 P9

— P3
10.4

7.8 |

52

Stress ( MPa)

2.6

0.0 2.5 5.0 7.5 10.0 125

Strain

Fig. 10. Stress-strain curve.

Sample No. P1 P2 P3 Mean

Diameter x Height | 55 1 49 10 | 25.12x50.11 | 24.99x49.56 | 25.04x 49.56

mmxXmm

Ig\/Iass 353 35.1 349 35.1

Density

Ko/ms 1463.4 14133 1435.7 14375
g/m

Elastic Modulus 121 124 119 118

GPa

Peak strength

MPa 12.4 12,5 12,0 123

Table 1. Sample physical parameter Measurement.

process), which is consistent with the results of Section “Evolution of coal stress distribution under CO,
adsorption” “The maximum stress in the fracture zone is 0.73 MPa (much lower than 12.3 MPa);

4. The average diameter x height 25.04 x 49.56 mm in the table is used to verify the representativeness of the CT
scan samples and ensure that the structural characteristics extracted by REV are consistent with the statistical
characteristics of the macro coal samples.

One side of the air domain is set as the gas inlet, while the surfaces of the air domain are constrained with roller
supports, and all faces in the matrix are set as free displacement faces, with detailed settings shown in Fig. 11.
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Fig. 11. Boundary setting schematic diagram. (a) Injection face setting, (b) constraint face setting.

Parameter Name Value
Coal Density p /kg m™3 1437.51
CO, density p/kg m™ 3 1.784
Coal permeability k/m?* 1x10718
CO, fluid viscosity u/Pa s 1.38x10°°
CO, injection pressure p,/MPa | 6

Table 2. Parameter settings.

In the fluid module of COMSOL software, the basic parameters are set using a transient solver for computation,
with time steps set to (0, 2, 7). Key parameters are shown in Table 2.

Simulation results and analysis

CO, migration and distribution characteristics

Using the post-processing capabilities of COMSOL, the evolution curve of CO, gas pressure inside the coal
under a 6 MPa adsorption condition was obtained, as shown in Fig. 12.

Simulation results indicate significant heterogeneity in gas migration. CO, preferentially infiltrates and
accumulates rapidly along permeability-favored pathways—fracture domains and the external surfaces of the
matrix domain, as seen in Fig. 13. Driven by seepage and diffusion, gas migrates from these favored regions to
the matrix interior, achieving full equilibrium after 7 days.

Compared to the fracture domain, where pressure quickly responds and redistributes, the rise and diffusion
of CO, pressure within the matrix domain show a distinct lag. This phenomenon profoundly reveals the inherent
impediment effect of the coal matrix on CO, migration, which is fundamentally due to the matrix’s high density
and low diffusion characteristics. This impediment effect induces a significant non-equilibrium stress state in the
initial stages of adsorption; the fracture domain exhibits local high-pressure saturation due to rapid gas filling,
while the deep matrix maintains a low-pressure area close to its initial state.

Evolution of coal displacement field distribution under CO, adsorption

Based on a deformation analysis of the representative elementary volume (REV) bisecting plane (see Fig. 14), the
study found that prolonged CO, adsorption time leads to increased displacement and deformation in the coal
fracture domain. However, the deformation induced by CO, adsorption within the REV matrix domain shows
significant disparity. The specific transfer mechanism of deformation is as follows: when the internal expansion
deformation of the matrix domain becomes apparent, its deformation effect transfers to the adjacent fracture
faces. During this process, influenced by external boundary constraints and matrix expansion, some fracture
edges shift away from the matrix domain. Conversely, if the expansion deformation in the matrix domain
is not pronounced, the region is mainly controlled by boundary compression, with the fracture faces being
predominantly influenced by the gas-phase CO, pressure.

As the CO, pressure accumulation and expansion deformation in the matrix domain continue, the
deformation effect is further transmitted to the fracture domain. Regions of the matrix with higher expansion
push the adjacent fracture faces outward and prompt the transfer of pressure within the fracture domain to the
fracture faces of the matrix domain with lower expansion. This uneven deformation causes an overall shift in the
fracture domain and exerts additional compression on the fractures in the constrained matrix areas, leading to
increased fracture aperture and volume (Fig. 15).

In summary, CO, adsorption not only directly induces expansion in the matrix domain but also regulates
the evolution of the fracture domain through a stress transfer-feedback mechanism. This process enhances the
expansion and connectivity of the fracture network during adsorption.
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Fig. 13. Contour maps of CO, pressure change during REV adsorption.

Evolution of coal stress distribution under CO, adsorption

The analysis of the homogenized stress field evolution in the coal body throughout the full CO, adsorption cycle
(0-7 days) under a 6 MPa injection condition (Fig. 16) reveals that in the initial stage of adsorption (0-1 day), the
average stress within the fracture domain rapidly increased from 0.66 to 0.73 MPa. This reflects the significant
expansion response and structural damage effects induced by the instantaneous accumulation of high-pressure
CO, in the high-permeability fracture network. As the adsorption time extended from 1 to 7 days, fracture stress
displayed a non-monotonic evolution: the average stress gradually decreased from its peak of 0.73-0.54 MPa
(at 7 days). This stage fundamentally represents a stress redistribution process dominated by gas diffusion from
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Fig. 14. Displacement contour map of REV sections.
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Fig. 15. Schematic diagram of REV displacement principle.

fractures into the matrix domain: on one hand, the expansion stress generated by the matrix’s continuous CO,
adsorption is transferred to the fracture-matrix interface, forming a directional constraint that inhibits fracture
propagation; on the other hand, the homogenization of the CO, pressure field significantly alleviates localized
high-pressure concentrations within the fractures. The coupled mechanism of diffusion-expansion ultimately
leads to a dynamic evolution of stress in the fracture domain, characterized by an initial increase followed by a
decrease.

Moreover, high-pressure conditions (6 MPa) intensify fracture propagation through two pathways: firstly,
they amplify the extent of irreversible fracture expansion caused by instantaneous gas saturation during the
initial adsorption stage; secondly, they notably weaken the constraining effect of matrix expansion stress on
fractures during the middle and late stages, making it difficult to counteract the dominant expansion established
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Fig. 17. Contour maps of REV stress distribution change under CO, influence.

by high-pressure gas in the initial stage, as shown in the 7-day stress contour map in Fig. 17. This weakening
of the constraint is the fundamental mechanical cause behind the more intense fracture propagation and the
continued enhancement of connectivity under high-pressure CO, injection.

Conclusions

(1) This study integrates industrial CT scanning and the finite element method to develop a multi-physics nu-
merical simulation model that couples CO, adsorption, seepage, and mechanical behavior in coal. By incor-
porating a representative elementary volume (REV) extraction approach with the optimal scale identified as
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60 % 60 x 60 voxels, the model reconciles the structural heterogeneity of coal with computational efficiency,
achieving a balance between fidelity in structural representation and feasibility in numerical simulation.

(2) During the initial adsorption stage (1 day), CO, rapidly accumulates in fracture zones, while diffusion into
the matrix domain is significantly delayed. This pressure disparity induces non-uniform stress redistribu-
tion, which promotes fracture propagation and enhances fracture connectivity. Over 7 days of adsorption,
the stress within the fracture domain exhibits a nonlinear “increase-then-decrease” trend: rising from 0.66
to 0.73 MPa in the early stage, then decreasing to 0.54 MPa. This forms a complex dynamic feedback loop
between CO, migration and coal structural deformation.

(3) The modeling methodology and simulation framework established herein provide a robust technical path-
way and theoretical foundation for analyzing fracture evolution, stress redistribution, and sequestration
risk prediction in coal formations. By quantifying the spatiotemporal dynamics of CO, migration and stress
response, this work offers actionable insights for optimizing geological CO, storage strategies and evaluat-
ing long-term safety.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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