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Abstract:

Although low-permeability layered shale has been regarded as a natural barrier for CO,
leakage, the accumulation of CO, beneath the caprock may reactivate original fractures and
even connect interlayers. This behavior significantly threatens the sealing integrity of layered
shale caprock. Therefore, our study defines the “weak interlayer” as thin layer with low me-
chanical strength. Subsequently, we developed a phase-field framework to investigate initial
fracture activation, fracture extension and deflection, and pore pressure dispersion within
layers. The accuracy of the proposed model was validated through tensile experiments on
2D notched plates and hydraulic fracturing experiments conducted on specimens containing
circular perforations. Simulation results indicate that while the increase in in-situ stress raises
the threshold for activating original fractures, their extension tends to be along the vertical
direction. Similarly, a reduction in horizontal stress accelerates the fracture extension in the
vertical direction. Lowering the permeability of “weak interlayer” hinders lateral dispersion
of CO, pressure, promoting vertical migration through the caprock. Conversely, reducing
the injection rate allows easier lateral migration of CO, along “weak interlayer”, thereby
improving sealing efficiency. These findings provide practical guidance for site selection in
geological CO, geological sequestration, insights into fracture activation, propagation, and
connectivity, and an assessment of layered shale caprock sealing efficiency.

1 Introduction

CO; capture and storage (CCS) has been identified as one

Therefore, predicting fracture propagation within the caprock is
crucial for ensuring CO; sealing efficiency.

of the most feasible approaches for reducing atmospheric CO,
concentrations (IPCC, 2014, 2007). Ensuring long-term secure
storage of CO, critically depends on the integrity of the over-
lying low-permeability caprock. Initially, the caprock contains
few original fractures or these fractures remain in a closed
state, resulting in extremely low permeability. Consequently,
the caprock remains relatively stable before CO, injection.
The primary pathways for CO, leakage include: (i) diffusion
of dissolved CO; across the caprock, (ii) CO, breakthrough
via interconnected pore spaces, and (iii) CO, leakage through
faults, fractures, and wellbores (Kaldi et al., 2013). Among
these mechanisms, leakage through faults and fractures is sig-
nificantly more rapid and severe (Newell and Martinez, 2020).
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CO; in the reservoir gradually accumulates beneath the
caprock due to buoyancy forces, generating high pressure (Ono-
ja et al., 2019; Wang et al., 2015; Wang and Peng, 2014).
This elevated pressure can lead to ground uplift, increasing
the risk of caprock failure (Lee et al., 2013). For example, in
the In Salah CO, geological sequestration project, an uplift of
approximately 5 mm per year was observed (Rutqvist et al.,
2010). Furthermore, when the pressure of CO, accumulated
beneath the caprock exceeds the tensile strength of the caprock,
it may reactivate pre-existing fractures or induce new fractures,
which become major pathways for CO, leakage (Lee et al.,
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Layered shale caprock

Fig. 1 Schematic diagram of CO, penetration into layered shale caprock

2013). Vilarrasa et al. suggested that the boundaries between
the caprock and the reservoir are low-permeability interfaces
(Vilarrasa et al., 2010, 2011). During the initial stage of CO,
penetration into the caprock, CO, accumulates at the lower part
of the caprock, leading to a sharp increase in fluid pressure, at
which point the risk of caprock failure is the highest. Chen et al.
suggested that an increase in caprock burial depth significantly
raises the fracture pressure of the caprock, but the increment
in pore pressure and the uplift displacement of the formation
do not change notably (Chen et al., 2024). Therefore, the risk
of caprock fracture and leakage also increases accordingly.
Yamamoto et al. indicated that CO, penetration into the caprock
results in a significant increase in internal pressure accumula-
tion and deformation, which increases the deviatoric stress and
markedly raises the risk of caprock fracture (Yamamoto et al.,
2013). A higher injection rate exacerbates this effect, while
reducing the injection rate enhances the sealing security of the
caprock.

The aforementioned studies have discussed the impact of
external conditions on the sealing integrity of the caprock.
Layered shale caprock, as a type of sedimentary rock, inher-
ently contains high-permeability “weak interlayer” due to its
formation mechanism. Existing research has shown that layered
shale caprock with “weak interlayer” offers significant advan-
tages in terms of sealing security. However, under extreme
conditions, layered shale caprock containing “weak interlayer”
may still develop vertical fractures, leading to CO, leakage.
Therefore, predicting the fracture propagation path in layered
shale caprock containing “weak interlayer” is crucial for CO,

geological sequestration.

Currently, the phase-field method has shown significant ad-
vantages in predicting fracture growth in layered rocks. Liu et
al. used interpolation functions within the phase-field frame-
work to characterize the parameter differences between shale
layers and the matrix (Liu et al., 2019). While this method
partially reveals the impact of layering on rock fracturing, it
lacks theoretical support and is imprecise regarding the given
width of the bedding plane. To address these issues, Liu et
al. proposed two improvements to the model: (1) Introducing
low-dimensional interface elements and tangential derivative
variables to describe the phase-field evolution at interfaces,
discretizing the low-dimensional interface and the rock matrix,
and verifying models with varying bonding degrees in layered
rock fractures (Liu et al., 2021). (2)Assuming the formation
consists of elastic thin layers with independent mechanical
parameters, discretizing these layers along the rock matrix using
low-dimensional interface elements within the finite element
framework (Liu et al., 2022). Subsequently, Zeng et al. applied
this method to study hydraulic fracture propagation in multi-
layer formations, analyzing the effects of various factors on
fracture propagation behaviors (Zeng et al., 2023). In summary,
the phase-field method is well-suited for predicting fracture be-
haviors in layered rocks. However, most current studies on frac-
ture propagation in multilayer formations focus on hydraulic
fracturing and often overlook the effects of fluid properties
within the formation. During CO, geological sequestration,
CO; is stored in a supercritical state, which has lower density
and viscosity compared to water, and its physical properties
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change significantly as it migrates upward (Wang and Wang,
2018; Span and Wagner, 1996). Moreover, most models only
consider mechanical property differences between the “weak
interlayer” and the matrix. In reality, the permeability of the
“weak interlayer” is one to two orders of magnitude higher
than that of the matrix, which plays a critical role in fracture
propagation in layered shale caprocks. The fracture propagation
pattern of CO; in layered shale caprocks remains unclear.

This study presents a phase-field model to investigate initial
fracture activation, fracture extension and deflection, and pore
pressure diffusion during CO, penetration into the layered shale
caprock. It also analyzes the effects of in-situ stress, “weak
interlayer” permeability, and injection rate on these processes.
The rest of the study is organized as follows: Section 2 presents
the derivation process of the variational phase-field theory for
interfacial fracture. Section 3 provides model validation. Sec-
tion 4 presents a detailed numerical simulation exploring the
sensitivity of model parameters. Finally, Section 5 presents the
critical conclusions.

2 Formulation of governing equations
2.1 Energy functional

The phase-field method was initially derived from Griffith’s
theory and the variational principle (Francfort and Marigo,
1998). For CO; in layered shale caprocks, the energy functional
over the entire computational domain consists of elastic energy,
fracture surface energy, pressure dissipation energy, external
work, and the influence of fluid pressure in porous media (Lee
et al., 2016; Mikeli¢ et al., 2015; Zhou et al., 2018; Bourdin
et al., 2000; Mikeli¢ et al., 2015). Therefore, the overall energy
functional can be expressed as:

l//(u,F,p):fw(ge)dQ+chdQ+fap-(V~u)dQ
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where u and p represent the displacement field and fluid
pressure, respectively. Y(&°) represents the elastic strain energy.
G. is the critical energy release rate, d is the Biot coefficient, b
is the body force, and f is the prescribed external force applied
on the boundary.

The second term in equation (1), representing the fracture
surface energy, can be rewritten in the domain integral as
(Borden et al., 2012; Li and Zhou, 2019):

2
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The primary characteristic of the phase-field method is that
it is driven by elastic energy. In this approach, we adopt
an anisotropic formulation and eliminate unrealistic fracture
modes (Miehe et al., 2010). Based on the spectral decompo-
sition of the strain tensor, the elastic energy is decomposed into
compressive and tensile components:

d
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here, £+ and &°~ represent the tensile and compressive strain
tensors, respectively. £, and n, are the principal strain and its
direction. The operators (-)* and (-)~ are defined as (:)* =
max(-,0)) and (-)~ = min(., 0).

Therefore, the tensile and compressive strains are used to
construct the tensile and compressive parts of the elastic energy:

A
e = 5 (tr(e))s + utrl(e°*)°] )

The elastic energy density is updated by combining the ten-
sile and compressive energy components. It is assumed that the
phase field only affects the tensile component of the elastic
energy, while the compressive part is not considered (Miche
etal., 2010):

YEE) = [(1 = k(1 = ¢)* + kIt () + ¥ () (5)

where 0 < k < 1 is a model parameter that increases
numerical stability with the phase field tending to ¢ = 1.

2.2 Governing equations for phase field
evolution

By substituting equations (2) and (4) into equation (1), we
obtain the energy functional expression:
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According to the variational minimization principle, by tak-
ing the variation of the energy functionalL , the governing

equations for the phase-field fracture model can be derived (Liu
et al., 2020):
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The effective stress tensor o;; is given by the following
equation (Zhou et al., 2018):
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To ensure that the fracture is irreparable and that the phase
field is monotonically increasing, a history variable is intro-
duced to prevent fracture healing during loading or unloading
(Xia et al., 2017). It is defined as follows:

H(x,1) = max Y [e(x, 9)] )
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By replacing the tensile strain energy density function ¥°* in
equation (9) with H(x, t) , the phase-field fracture equation can
be rewritten as:

Bo-ij
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2.3 Governing equation for the flow field

For the fluid field, the entire region is divided into three parts:
the fractured zone, the transition zone, and the unfractured zone.
Therefore, we introduce two phase-field thresholds, ¢; and c;.
When ¢ < ¢y, it indicates the unfractured zone; when ¢ > ¢,
, it indicates the fractured zone; and when ¢; < ¢ < ¢y, it
indicates the transition zone. Li et al. proposed that the elas-
tic and hydraulic parameters in the unfractured and fractured
zones transition linearly in the transition zone(Liu et al., 2019).
Based on this assumption, Lee et al. introduced two indicator
functions, yx and y s which are defined as follows (Lee et al.,
2016):
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We apply Darcy’s law to describe the fluid flow in porous
media. The mass conservation for the entire region is given by
the following equation (Zhou et al., 2020):
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here,p, S, v, g,01andq,, represent the fluid density, storage co-
efficient, flow velocity, volumetric strain of the domain, and
source term, respect tively. By defining pz and p; as the fluid
densities in the unfractured and fractured zones, respectively,
we obtain p = prxr + prxy. Similarly, @ = agyr + apxy
Assuming the Biot coefficient in the fractured zone @ = 1 we
have @ = agyr +xr, Where ay represents the Biot coefficient in
the unfractured zone. In addition, &, represents the volumetric
strain.

The storage coefficient S can be expressed as (Zhuang et al.,
2020):

L (1-o@-g)

S =
e Kvol

(14)

here,¢, c and K, represent the porosity, fluid compressibility
coefficient, and bulk modulus, respectively. Similar to the pre-
vious expressions, the compressibility coefficient is given by:
¢ = cgyr +cfxy . The porosity ¢ = oRyr +¢fx s , where in the
fractured zone, ¢ = 1 thus ¢ = @Ryr + X .

The Darcy velocity 9 is defined as:

K
v= —;(Vp+pg) (15)

where, K and p represent the effective permeability and fluid
viscosity, respectively. Similar to the previous expressions, the
effective permeability is given by K = KRyr + Krx . The fluid
viscosity is expressed as 4 = pRyg + pyx s, where ug and s
are the fluid viscosities in the unfractured and fractured zones,
respectively, and represents gravity.

3 Model validation

This section simulates the plate tension test with a single-
edge notch and hydraulic fracturing problem, aiming to validate
the phase-field calculation for fracture propagation caused by
external force and fluid pressure.

3.1 Plate tension test with a single-edge notch

First, we validate fracture propagation in a notched square
plate under tensile loading. The geometry and boundary con-
ditions are shown in Fig.2(a). A displacement load is applied
to the upper boundary, while the lower boundary is fixed.
The material parameters are as follows: E=210GPa, v=0.3,
Gc=2700 N/m, and 10=1.5x10"2mm. Fig.3 presents the load-
displacement curve for the upper boundary of the plate, com-
paring it with the results obtained by Mieche et al. The load-
displacement curve from this study closely matches that of
(Miehe et al., 2010), demonstrating strong consistency between
the two.

3.2 Experimental results from hydraulic
fracturing

To further validate the feasibility of the model, we compare
the phase-field simulation results with the hydraulic fracturing
propagation experiments conducted on pre-notched specimens
with circular holes. The original experiment was performed by
Zhang et al., and subsequently Liu et al. (Zhang et al., 2017; Liu
et al., 2018). validated the experimental results using a damage
model. Fig. 2(b) illustrates the geometry and boundary condi-
tions of the experiment, where the upper and right boundaries
are stress boundaries, and water is injected into the specimen
through a pre-drilled circular hole at the center. The relevant in-
put parameters can be found in Liu’s study. Moreover, as shown
in Fig. 4, the fracture patterns obtained by using the phase field
model are in line with those results in the experimental tests and
damage simulations, further demonstrating the capability and
practicability of the phase field model in simulating hydraulic
fractures.

4 Numerical simulations and results discussions

To investigate fracture propagation within the “weak inter-
layer” during CO, geological sequestration, a model of layered
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Fig. 2 Model geometric configuration for (a) plate tension test with single edge notch and
(b)hydraulic fracturing experiments
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Fig. 3 Comparison of results from a square plate with an initial notch subjected to quasi-static tension loading

properties and permeabilities. The entire domain is discretized
into triangular elements, with local mesh refinement applied to
areas where fractures are likely to occur. The bottom boundary
is a no-flow boundary, while the other permeable boundaries

shale caprock is presented in Fig.5. This model has dimensions
of 100m in length and 25m in width, comprising three “weak in-
terlayer” and four matrix layers, each with different mechanical
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(a)

are set to zero pressure. Vertical stress is applied at the top
boundary, and horizontal stress is applied at the lateral bound-
aries, with the bottom boundary fixed in vertical displacement.
The injection source is modeled as a red rectangular area at the
bottom, with a flow rate of q;=50kg/ (m? - 5). The red point at
the top of the model is the displacement monitoring point, and
the red point at the bottom is the pressure monitoring point. The
input parameters for computation are listed in Table 1.

Tab. 1 Numerical simulation parameter

Parameter name Value/Unit
Matrix elastic modulus E 60 GPa
Weak interlayer elastic modulus £, 30 GPa
Poisson’s ratio v 0.3
[ 0.4
C 1.0
k 1x107°

4.1 CO; migration behavior in layered shale
caprock

This study investigates CO, migration behavior under three
in-situ stress conditions (12 MPa, 15 MPa, and 20 MPa) with a
constant injection rate of qf=50kg/(m? - 5). Fig. 7(a)-(d) depicts
fracture propagation paths under 12 MPa in-situ stress. At 7.5
s, the fracture vertically penetrates the matrix and reaches the
first “weak interlayer”. Due to the higher permeability of “weak
interlayer” compared to the matrix, CO, preferentially migrates
and diffuses along this layer, causing the fracture trajectory
to deflect horizontally. By 10 s, the fracture extends signif-
icantly along the “weak interlayer”, forming a characteristic
T-shaped fracture within the layered shale caprock. Fig. 7(g)-
(h) demonstrate that under 15 MPa in-situ stress, fractures
similarly develop T-shaped geometries. However, at 10s, the
fracture propagation is restricted to the first “weak interlay-
er”, indicating that elevated in-situ stress still inhibits fracture
propagation. Under 20 MPa in-situ stress (Fig.7(i)-(1)), while
fractures maintain T-shaped configurations, their propagation
dynamics exhibit distinct differences. At 50 s, the fracture

(b)

(©

Fig. 4 Comparison between presented results and previous experimental and numerical results

penetrates the first “weak interlayer” and continues vertical
propagation, likely because increased in-situ stress reduces the
CO, pressure dissipation rate, maintaining sufficient driving
pressure for vertical extension. By 100 s, the fracture reaches
the second “weak interlayer”, where it deflects and resumes
horizontal propagation.

Fig.8 further presents the CO, pressure evolution within the
caprock under three in-situ stress conditions. All three curves
display a consistent pattern of rapid pressure buildup followed
by a gradual decline. Notably, the fracture initiation pressure
increases with higher in-situ stress, rising from 32 MPa to 42
MPa. Taking the 20 MPa condition as a representative case, the
pressure evolution can be divided into four stages:

(1) 0-(a) Pressure accumulation stage: CO, pressure rapidly
accumulates until it reaches the fracture initiation threshold of
the caprock matrix, marking the onset of fracture propagation.

(i1) (a)-(b) Fracture propagation stage: The fracture propa-
gates steadily through the matrix until encountering the first
“weak interlayer”. A sharp pressure drop occurs at this stage due
to rapid fluid pressure dissipation through the highly permeable
“weak interlayer”.

(iii) (b)-(c) Secondary interlayer penetration stage: After
passing through the first “weak interlayer”, partial CO, mi-
gration occurs along this layer, leading to significantly slower
fracture propagation rates during this stage.

(iiii) (c)-(d) Stable horizontal propagation stage: Upon reach-
ing the second “weak interlayer”, the CO, pressure shows a
minor reduction.

At this point, the residual CO, pressure becomes insufficient
to sustain further vertical propagation. While pressure gradually
re-accumulates, the extensive existing fracture network limits
the efficiency of pressure buildup. Consequently, the fracture
transitions to horizontal propagation along the “weak interlay-
er” until reaching stabilization.

4.2 Sensitivity analysis

4.2.1 Effect of lateral stress

In the previous section, lateral and vertical stresses were
assumed to be equal. However, under realistic in-situ condi-
tions, lateral stress is ypically lower than the vertical stress.
As demonstrated by Zhou’s simulation results, reducing lateral



Fu YJ, et al. GeoStorage, 2026, 2(1): 27-39

weg

100m

Fig. 5 Geometry and boundary conditions of layered shale caprock
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Fig. 7 Comparison of fracture propagation paths under in-situ stresses of 12 MPa, 15 MPa and 20 MPa
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Fig. 8 Comparison of CO, pressure evolution under in-situ stress of 12 MPa, 15 MPa and 20 MPa

stress tends to promote vertical fracture propagation (Zhou
et al., 2020). Consequently, assuming equal lateral and vertical
stresses could lead to an overestimation of the caprock’s sealing
capacity. In this section, we maintain a constant vertical stress
of 15 MPa while reducing the lateral stress from 15 MPa to
12 MPa to systematically compare the CO, migration behavior
within the layered shale caprock.

Fig. 9(a)-(f) compares fracture propagation paths within the
layered shale caprock under two stress conditions:

(i) vertical stress of 15 MPa with equal lateral stress (15
MPa),

(i1) vertical stress of 15 MPa with reduced lateral stress (12
MPa).

At 8 s, both conditions show similar fracture advancement
towards the first “weak interlayer”. However, a significant di-
vergence emerges subsequently. Under the 12 MPa lateral stress
condition, fractures penetrate the second “weak interlayer” by
11.6 s and ultimately breach the third interlayer, reaching the
top of the caprock by 20 s. In contrast, under 15 MPa lateral
stress, fractures only deflect at the first “weak interlayer” by 20
s, forming characteristic T-shaped propagation.

Fig.10 further presents the corresponding CO, pressure evo-
lution. Both conditions demonstrate similar CO, pressure trend-
s, featuring a rapid increase followed by gradual decline. No-
tably, due to the reducing lateral stress from 15 CO; to 12 MPa,
fracture initiation pressure decreases from 37 MPa to 32 MPa.
Detailed analysis of pressure distribution at three “weak inter-
layer” under 12 MPa lateral stress (Fig.10a-c) reveals minimal
CO; migration along these “weak interlayer”. This observation
indicates that reduced lateral stress suppresses horizontal CO,
migration, thereby maintaining consistent pressure decline rates
throughout the fracture propagation process.

4.2.2 Effect of permeability differences in “weak
interlayer”

As discussed earlier, the high permeability of the “weak in-
terlayer” is critical for horizontal CO, migration within layered
shale caprock. However, due to variations in deposition patterns
within layered shale caprock, the permeability of the “weak
interlayer” may be relatively lower. In the previous cases, the
permeability of the “weak interlayer” was set to be two orders of
magnitude higher than the matrix, which may have overestimat-
ed the pressure dissipation capability of the “weak interlayer”
Therefore, in this section, the initial permeability of the “weak
interlayer” is reduced to 1 x 107> m?.

Fig. 11 compares fracture propagation paths in “weak inter-
layer” with permeabilities of 1 x 10~'*m? and 1 x 1073 m?. The
results demonstrate that reduced permeability (1 x 107m?)
produces fracture behavior is similar to that observed under
decreased lateral stress (12 MPa), where fractures vertically
penetrate “weak interlayer” without deflection. Specifically,
fractures breach the second and third “weak interlayer” at 18 s
and 50 s respectively, ultimately reaching the top of the caprock
(Fig.11d-f).

Fig.12 presents the pressure evolution for the “weak inter-
layer” with permeabilities of 1 X 107'%m? and 1 x 10~"m?.
The results indicate that the pressure evolution trends under
both conditions are similar, with no significant difference in
fracture initiation pressure. However, the reduced permeability
of the “weak interlayer” (1 x 10~'3m?) hinders gas pressure
dissipation. Consequently, the CO, pressure declines more
gradually from the peak to point (a). When CO, migrates to
the first “weak interlayer”, the pressure decreases by only 4
MPa before transitioning to an upward trend, suggesting that the
pressure dissipation efficiency of the “weak interlayer” cannot
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Fig. 9 Comparison of fracture propagation paths under lateral stresses of 15 MPa and 12 MPa
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Fig. 10 Comparison of CO, pressure evolution under lateral stresses of 15 MPa and 12 MPa

keep up with the CO; injection rate. This also explains the slow
pressure increase observed during the final stable propagation
stage (b)—(c).

4.2.3 Effect of injection rate

The aforementioned study reveals that elevated in-situ stress
restricts the horizontal dissipation of CO,, while rapid pressure
accumulation promotes vertical fracture initiation in layered
shale caprock, thereby facilitating CO, leakage. To mitigate this
risk, the injection rate was reduced to 25 kg/(m> - s) under an in-
situ stress of 20 MPa, and its effect on CO, migration behavior
was systematically investigated.

Fig. 13 compares fracture propagation paths under different
injection rates: ¢, = 50kg/(m>- s) and 25 kg/(m* - 5). While both
conditions exhibit T-shaped fracture patterns, distinct temporal
differences emerge in interlayer penetration behavior. At g, =

25kg/(m? - 5), fractures deflect immediately upon reaching the
first “weak interlayer” at 24 s. At q; = 50kg/ (m? - s), fractures
penetrate the first interlayer and only deflect at the second
“weak interlayer” at 100 s.

Fig.14 shows the pressure evolution under injection rates of
qr = 25kg/(m*-s) and gy = 50kg/(m*-s). The results reveal that
the two curves exhibit similar evolutionary trends. However,
under the lower injection rate g, = 25kg/(m> - 5)), the pressure
drops rapidly once the fracture propagates to the first “weak
interlayer”. The minimum pressure reached in this case is 3
MPa lower than that under gy = 50kg/ (m? - 5). Additionally,
a longer pressure accumulation period is required to restore the
pressure conditions necessary for further fracture propagation.
This demonstrates that the pressure accumulation rate under
the lower injection rate is insufficient to compensate for the
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Tab. 2 Summary of numerical simulation results

Case No S, (MPa) S, (MPa) Matrix permeability (m?)

“weak interlayer” Injection rate

Propagation mode  Fracture pressure (MPa)

permeability (m?) (kg/(m? - s))

a 12 12 1x 1071 1 x 107 50 Horizontal migration 32
b 15 15 1x 1071 1x 107" 50 Horizontal migration 37
c 20 20 1 x 10716 1x 1071 50 Concurrent 42
d 15 12 1x 10718 1x 1071 50 Horizontal migration 32
e 20 20 1x 1071 1x 1071 25 Vertical migration 38
f 15 15 1 x 10716 1x 1071 50 Vertical migration 37

pressure dissipation rate in the “weak interlayer”.

4.3 Evaluation of CO, geological sequestration
in layered shale caprock with “weak
interlayer”

As presented in Table 2, numerical simulations reveal that
the pressure required for vertical CO, migration through the
layered shale caprock is significantly higher than that needed
for lateral migration along the “weak interlayer”. Highly perme-
able “weak interlayer” facilitate rapid CO, pressure dissipation,
thereby preventing the buildup of sufficient pressure for vertical
migration. This demonstrates that “weak interlayer” plays a
crucially positive role in the sealing integrity of layered shale
caprocks during CO; storage. The fracture initiation pressure of
the caprock increases with higher geostatic stress. However, el-
evated stress conditions simultaneously restrict horizontal CO,
diffusion along the “weak interlayer”. Under prolonged CO,
accumulation, this stress configuration makes vertical leakage
more likely to occur. This tendency is further exacerbated by
reductions in lateral stress and increases in “weak interlayer”

permeability, which not only promote vertical leakage but al-
so dramatically shorten the timescale for CO, breakthrough
through the caprock. These results confirm that the primary
mechanism for vertical CO, leakage stems from the pressure
imbalance, where the “weak interlayer” dissipation rate cannot
match the fluid injection rate, leading to excessive pressure
buildup. Therefore, when necessary, implementing intermitten-
t CO; injection or reducing the injection rate can effective-
ly decrease CO, accumulation. This allows gradual diffusion
through the caprock, preventing pressure buildup sufficient
to drive vertical CO, leakage. Such operational modifications
significantly enhance the safety of geological CO; storage.

5 Conclusions

This study proposes a method using the phase-field approach
to simulate the CO, migration behavior in layered shale caprock
containing “weak interlayer”. The effects of different in-situ
stress conditions, reduced lateral stress, decreased “weak in-
terlayer” permeability, and reduced injection rate on CO, mi-
gration behaviors were analyzed. Additionally, various factors
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were comprehensively assessed to determine the optimal and
unfavorable storage conditions for layered shale caprock. The
following conclusions can be obtained:

This model effectively captures fracture evolution and
CO; migration patterns in layered caprocks during geolog-
ical sequestration of CO,. The findings establish that low-
permeability layered shale caprock containing “weak interlay-
er” should be prioritized as primary sealing units for geological
sequestration of CO,.

Under conditions of high in-situ stress, internal layers are
more likely to be vertically penetrated between them at high
fracture initiation pressures, thus forming connected flow path-
ways. Notably, sufficient CO, accumulation is a necessary
precondition for the fractures to still expand under high in-situ
stress.

“weak interlayer” will release the CO, accumulation pres-
sure, creating a T-shaped migration pattern. If the lateral stress
is relatively low, this stress-buffering effect will be replaced
by vertical fracture extension. Also, vertical fracture extension
is found to be negatively correlated with the permeability of
the “weak interlayer”. Finally, the injection rate significantly
increases the efficiency of interlayer fracture penetration.

Limitations

This study investigates fracture activation in layered caprock
and associated CO, migration, processes governed by both
physical property changes from supercritical state to gaseous
state (phase transition) and chemical reactions between CO,
and rock minerals. Several limitations must be acknowledged.
The current model is built upon an idealized framework that pri-
marily considers changes in CO, viscosity and density during
phase transition, while explicitly omitting chemical interactions
between CO, and reservoir minerals. This omission may limit
the model’s capacity to accurately represent long-term contain-
ment behavior. To address these constraints, future research will
integrate multiphysics simulations that concurrently capture the
coupled physicochemical interactions between CO, and geo-
logical formations. Furthermore, machine learning techniques
will be employed to systematically explore key parameter com-
binations and their nonlinear effects on containment security,
thereby enhancing the predictive transferability of the results
to practical engineering contexts. Finally, we will seek col-
laboration with ongoing industrial carbon storage projects to
incorporate representative field data for model inversion and
calibration. Collectively, these steps are designed to improve
the generalizability and practical utility of the findings, ulti-
mately contributing to the design of safer and more effective
CO,: storage systems as part of global carbon mitigation efforts.
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