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The rapidly increasing demand for the consumption of natural gas has attracted the interests to store natural gas in aquifer
reservoir. However, natural gas injected into the aquifer reservoir, which could cause ground surface deformation and
mechanical integrity destruction of caprock. Taking the aquifer gas storage of S trap as the research object, according to the
geological structure and hydrogeological information, a coupling large-scale hydromechanical model is established to evaluate
the damage risk of the gas reservoir in S aquifer. The proposed methodology is based on the development of fluid-solid coupling
and application of FEM. The different failure mechanisms of S aquifer gas storage caprock can be evaluated on the basis of the
tensile failure criterion and Mohr-Coulomb shear failure criterion. To analyze the change of caprock in gas injection and
production process more clearly, a reference model is defined as an ideal calculation condition to discuss the mechanical
response, pore pressure variation, and surface deformation characteristics of the caprock during injection and production. On
this basis, the second scheme of sensitivity analysis is defined. The pressure injection rate, reservoir parameters, in situ stress,
and other factors are considered, respectively, and the influence of different input parameters on mechanical stability and
surface deformation of caprock is analyzed. Finally, the mechanical stability is analyzed and combined the above two criteria to
predict the upper limit injection pressure of S. Simulation results show that the permeability and in situ stress have a significant
influence on ground surface deformation and mechanical integrity of caprock, but Young’s modulus and Poisson’s ratio can be
ignored; the upper limit pressure coefficient of S is 1.908.

1. Introduction

Since the end of the 20th century, the global natural gas mar-
ket has fallen short in terms of supply and demand. For
example, the marginal profit of the European natural gas
market has fallen to negative values in 2020, while China’s
natural gas consumption is about 320 billion cubic meters,
about a 4% increase than last year [1]. With the increasing
demand for natural gas in China, accelerating the construc-
tion of gas storage facilities and improving the capacity of
natural gas peak sharing and responding to emergency needs
has become an important guarantee to promote social and
economic development. Such problems can be solved effec-

tively by the use of underground gas storage, which is the
most reliable means of natural gas supply and peak regula-
tion for the development and utilization of this resource [2,
3]. However, the process of the development and injection
of gas storage is bound to have geomechanical effects, while
the influence of rock mechanical and permeability properties
on natural gas storage and carbon dioxide sealing is still
unknown [4–6].

A large amount of natural gas is injected into reservoirs
continuously, which will damage the mechanical integrity
and sealing of the caprock [7]. Therefore, it is necessary to
quantitatively characterize the degree of deformation and
damage of the caprock during the processes of injection
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and production and to correctly evaluate its mechanical
integrity [8]. At present, most research on the stability of
aquifer gas storage caprock has focused on the field of geolog-
ical sequestration of CO2 [9, 10], with little research on the
analysis of caprock mechanical stability in aquifer gas stor-
age. Because there is a wealth of theoretical models available
for use in numerical simulations [11–13], such studies have
been widely used in the analysis of the mechanical stability
of caprock. Due to the complexity of the lithology and geo-
logical environment of caprock, different rock mass constitu-
tive models describe different effects on the deformation and
potential failure of caprock [14–16]. In the numerical simula-
tion of the mechanical integrity of caprock, the following
three constitutive models are mainly used: (1) the elastic con-
stitutive model, (2) the plastic constitutive model, and (3) the
discontinuous medium model. Among them, the elastic
model is widely used to simulate caprock mechanics during
CO2 storage owing to its ease in carrying out multifield cou-
pling calculations with a high degree of coupling [17, 18].
Based on the elastic constitutive model, a large number of
hydromechanical coupling geomechanical models have been
developed to analyze the mechanical integrity of caprock
during the processes of injection and production [19–23].
Current research shows that the mechanical integrity of cap-
rock will be affected by many factors during these processes
[24, 25]. For example, the injection rate, the initial in situ

stress, and the injection temperature have the greatest effects
on the mechanical integrity and stability of caprock [26–28].
However, there are few reports on the mechanical integrity
and stability of caprock under the action of multiperiod alter-
nating injection and production. Hence, it is necessary to
establish a reasonable geomechanical model to analyze the
mechanical integrity and stability of caprock under such
conditions.

This paper is aimed to analyze how fluid injection rate,
in situ stress coefficient, upper pressure coefficient, and
mechanical properties of caprock affect caprock stability
and sealing capacity. Based on the geological structure of
the S Aquifer storage, a large-scale 2D axisymmetric hydro-
mechanical finite element model is established firstly,
which considered the whole site (reservoir, caprock, under-
burden, and overburden). Then, the developed hydrome-
chanical coupling model is used to model 5 scenarios of
hydromechanical impact of the fluid pressure injection on
the effective stress field in the reservoir-caprock and dis-
cussed the stress sensitivity of caprock. Finally, the
mechanical integrity and sealing failure of S caprock are
evaluated according to the Mohr-Coulomb criterion and
tensile failure criterion.

2. Caprock Failure Tendency Assessment

This section introduced the theory of hydromechanical cou-
pling and the failure criterion of caprock.

2.1. Effective Stress Principle of Rock. Rock is a kind of
porous medium, which is composed of solid skeleton,
interconnected pores, and fluids (gas and water) stored
in the framework pores. The pore pressure is the pressure
borne or transmitted by the fluid in the rock, and the
effective stress is the stress transmitted by the contact sur-
face between the rock-solid particles. Many laboratory
experiments have shown that the pore pressure P has dif-
ferent effects on deformation and failure of the fluid fully
or partially saturated porous solid [29, 30]. Both theoreti-
cal and experimental studies have shown that failure is
controlled by the effective stress. In this paper, the stress
direction of tensile stress is defined as negative, and the
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Figure 1: Coulomb criterion in σ‐τ coordinate. (a) The Shear failure diagram. (b) The Mohr circle of stress.
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pore pressure of the compressive stress is positive, which
can be defined as follows [31]:

σ′ = σij + αδij χpw + 1 − χð Þpa½ �, ð1Þ

where σ′ is effective stress, σij is the total stress, δij is the
Kronecker symbol, pw is pore pressure of water, pa is pore
pressure of gas, and χ is a coefficient related to saturation
and surface tension. Since the test data is difficult to
obtain, it is generally assumed that, obviously, sw + sa = 1,
α the Biot’s coefficient, which can be defined as

α = 1 − KV

KS
, ð2Þ
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where KV is the volumetric compression modulus of rock
and KS is the compression modulus of solid particles.

The expression of effective stress can be expressed as

σ′ = σij + δij swpw + 1 − swð Þpa½ � = σij + δij�p, ð3Þ

where �p is the average pressure of the two fluids.
For the injection of fluid or gas, many literatures [32, 33]

have shown that a general reduction of the effective stress
might lead to caprock failure, which created the potential
flow paths for the gas to migrate towards the surface, i.e., to
a tremendous diminution of caprock integrity. Two main
mechanical failure mechanisms might occur during fluid
injection.

2.2. Tensile Failure Criterion. Tensile failure occurs when the
effective stress is significantly reduced and below the tensile
strength of rock. According to the theory of the first strength
of materials, the tensile failure criterion of caprock is defined
as follows [10]:

σ3′ ≤ σT , ð4Þ

where σ3′ is the minimum principal effective stress (MPa) and
σT is the tensile strength (MPa). Most sedimentary rocks
have relatively low tensile strength. Wu et al. [34] showed
that the rock matrix tensile strength is usually assumed to
be null, as a conservative assumption, it is assumed that ten-
sile failure will occur if the minimum effective stress is greater

than zero. Therefore, it is relatively easy to predict tensile
failure.

2.3. Shear Slip Failure Criterion. The shear stress τ is the
stress component, which acts along the fracture plane (as
shown in Figure 1). It is written using the principal stress
components as follows:

τj j = c + σn′ tan φ, ð5Þ

where τ is shear stress of shear plane, σn′ is the effective nor-
mal stress, c is the cohesion of rock, and φ is the angle of rock.

As shown in Figure 2, the strength criterion determined
by equation (5) can be represented by the failure line, whose
slope is f = tan φ and its intercept on the τ-axis is c.

During the gas injection stage, the pore pressure of
reservoir-caprock’s rock could increase, which leads to the
decrease of effective stress. The Mohr circle of stress will
move to the left and gradually approach the strength enve-
lope (as shown in Figure 2). When the stress Mohr circle is
tangent to the strength envelope, the shear failure will occur;
if the stress state is lower than the failure line, the caprock is
stable.

3. Geomechanical Model Setup

This section describes the geomechanical model of gas stor-
age, including geometry, fluid injection schedule, material
properties, initial and boundary conditions, and constitutive
laws. The geomechanical modeling was performed with a
finite element program.

3.1. Geometry. S is one of the traps located in the Bohai Bay
Basin where there is rich in water-bearing trap resources
and has carried out oil and gas exploration for more than
50 years. It has the location and technical advantages of con-
structing aquifer gas storage around the sea of Bohai. Since
2002, a number of aquifer trap targets have been preliminar-
ily screened. S is an anticline structure and the closure is
about 45m. There is no fault in the trap (as shown in
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Figure 3). The direct caprock is gray and purplish-red mud-
stone, the thickness of single layer is 3-14.5m, and the
cumulative thickness is 106.5m. The reservoir is mainly
composed of sandstone, which buried depth is about
1125-1320m, the thickness of single layer is 5-28m, and
the cumulative thickness is 71m. The average porosity
and permeability are 34% and 896mD, respectively. Con-
sidering the safety of injection and production, the site

selection evaluation and the geomechanical problems
could present in the process of gas storage injection and
production (as shown in Figure 4), it is necessary to carry
out the research on sealing and mechanical integrity eval-
uation of S aquifer caprock.

3.2. Numerical Model. The method of hydromechanical cou-
pling with single-phase fluid flow in porous media is
employed. Note that this paper mainly focuses on the
mechanical effect caused by the change of total pore pressure,
rather than the distribution of water and gas phase saturation
[36]. According to the basic geological conditions of S, a 3D
conceptual model of aquifer gas storage is established (as
shown in Figure 5), and the vertical injection well is simu-
lated by the axisymmetric method (as shown in Figure 6).
The use of the axisymmetric model enables us to consider a
very large lateral extension, allowing an accurate representa-
tion of hydraulic boundary conditions. This model extends
vertically from the ground surface to a depth of 2690m,
and the horizontally is around 12 km to simulate laterally
infinite conditions. It includes four typical horizon layers,
i.e., overburden, caprock, aquifer reservoir, and underbur-
den. The storage reservoir has a thickness of 30m, and the
thickness of the caprock is 36m. The top of the overburden
is placed at the depth of 1124m. The injection wellbore at
the symmetry axis of the reservoir (as shown in Figure 5).
Eight-node hexahedral displacement and pore pressure ele-
ments are used to mesh the model. A structured technique
mesh is used, which near the injection well with a minimum
mesh cell of 10 cm in the reservoir and caprock, and becomes
coarser further away (as shown in Figure 7). At the bottom
and lateral boundaries, no flow and the normal displace-
ments are fixed.

Table 1: Material parameters of S gas storage.

Material properties Elastic modulus (GPa) Poisson’s ratio Permeability (mD) Porosity Cohesion (MPa) Internal friction angle (°)

Overburden 1.2 0.25 0.1 20% — —

Caprock 5.0 0.25 0.1~0.0001 1% 0.01 30.0

Reservoir 2.5 0.30 286 27% — —

Underburden 5.0 0.25 0.001 1% — —

Table 2: Basic scenario of A0.

Input
parameters

Reservoir
permeability

(mD)

Caprock
Upper
pressure
coefficient

Injection time of peak fluid
pressure difference (year)

Lateral
pressure
coefficient

Young’s
modulus
(GPa)

Poisson’s
ratio

Permeability
(mD)

A0 286 5 0.25 0.001 1.6 0.5 1.0

Table 3: Input parameters of scenario A.

Input parameters A1 A2 A3 A4 A5

Injection time of peak fluid pressure difference (year) 0.1 0.2 0.3 0.4 0.5

Table 4: Input parameters of scenario B.

Input parameters B1 B2 B3 B4 B5

Upper pressure coefficient 1.3 1.4 1.5 1.6 1.7

Table 5: Input parameters of scenario D.

Input parameters D1 D2 D3

Lateral pressure coefficient 0.7 1.0 1.3

Table 6: Input parameters of scenario C.

Input parameters
Caprock C1-1 C1-2 C1-3 C1-4

Permeability (mD) 0.1 0.01 0.001 0.0001

Young’s modulus (GPa)
C2-1 C2-2 C2-3 C2-4

1 5 10 15

Poisson’s ratio
C3-1 C3-2 C3-3 C3-4

0.1 0.2 0.3 0.4
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3.3. Rock Mechanical Properties. The rock mechanical prop-
erties are obtained according to the available well logging
data of the S as well as laboratory experiments. Table 1
lists the rock mechanical properties and fluid-flow proper-
ties. This paper mainly discusses the mechanical integrity
and ground surface deformation of caprock. Therefore,
the reservoirs, overburden, and underburden are regarded
as linear elastic materials, which ignored the cohesion
and friction.

3.4. Initial Conditions.As shown in Figure 6, the model is cut
into 8 equal parts, which is used to simulate the influence
of different reservoir and caprock permeability areas on
the seal property of caprock in the process of injection
and production. The model is a semiopen boundary, with
a closure of 45m and a reservoir depth of about 1200m.
The parameters of the injection area are consistent with
the reservoir. The vertical well is injected along the reser-
voir depth range line, and the initial formation pressure of

Table 7: Input parameters of scenario E.

Input parameters E1 E2 E3 E4

Permeability coefficient of reservoir/mD 286 ~ 2:86 × 10−11 286 ~ 2:86 × 10−18 286 ~ 2:8 × 10−23 286 ~ 2:8 × 10−32
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Reservoir
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Figure 8: Horizontal stress nephogram. (a) Before injection. (b) After injection.
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the reservoir is 11.30MPa. The initial gas injection pres-
sure is about 21.26MPa. The coefficient of lateral pressure
is 1.0.

3.5. Boundary Conditions. As the lateral boundaries of the
geomechanical domain were set far from the injection point,
the normal displacements applied to the lateral boundaries
were fixed to zero. The vertical displacement at the bottom
of the geomechanical model was also fixed to zero (as shown
in Figure 6). No flow is considered at the top and bottom
boundaries. The right boundary is the hydrostatic bound-
ary. The excess pore pressure is used to calculate the in
situ stress in order to reach a mechanical equilibrium
between the initial stress fields and the applied boundary
conditions of the model.

4. Application to S Aquifer Case

This section analyzed two numerical simulation scenarios:
the first is defined as the ideal calculation condition, which
is taken as the reference scenarios to discuss the mechanical
response, pore pressure change, and ground surface defor-
mation characteristics of the caprock during gas injection
and production; the second is the sensitivity analysis scheme,
which discusses the influence of different input parameters
on the stability of caprock and ground surface deformation.

4.1. Modeling Scenarios.According to the geological informa-
tion and the feasibility research scheme of S, this paper
mainly discussed the following 5 scenarios (As shown from
Tables 2–7).

Caprock
Reservoir

2623 m

0

1124 m
1160 m

2690 m

1190 m

Y

XZ

Unit: Pa
–6.272e+05

–3.645e+06

–6.662e+06

–9.680e+06

–1.270e+07

–1.571e+07

–1.873e+07

–2.175e+07

–2.477e+07

–2.778e+07
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S, S22

(a)
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0
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–3.644e+06

–6.663e+06

–9.681e+06

–1.270e+07

–1.572e+07

–1.874e+07

–2.176e+07

–2.477e+07

–2.779e+07

–3.081e+07

–3.383e+07

–3.685e+07
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Figure 9: Vertical stress nephogram. (a) Before injection. (b) After injection.
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4.2. Reference Scenario No.1

4.2.1. Calculation Results of A0. Before gas injection and pro-
duction, the distribution of the initial in situ stress field
should be simulated to provide initial conditions. Based on
the equilibrium results of the initial stress field, the vertical
stress, horizontal stress, vertical displacement, pore pressure
nephogram, and half-year injection nephogram are taken
for comparative analysis, which is shown in the following
nephograms.

After gas injection into aquifer a half year, both horizon-
tal and vertical stresses are almost unchanged (as shown in
Figures 8 and 9), which indicated that injection rate of pres-
sure has little effect on caprock stress. With the injection
pressure accumulating, the pore pressure of the reservoir
increases obviously (as shown in Figure 10), which resulted
in the decrease of effective stress of the reservoir gradually.
The increase of formation pressure caused the expansion

effect of the reservoir. Furthermore, it leads to the tendency
that caprock may occur ground surface uplifting deforma-
tion of caprock. After half a year of injection, the maxi-
mum uplift displacement is about 6 cm (as shown in
Figure 11). The maximum horizontal displacement is
about 4 cm (as shown in Figure 12), which occurs in the
caprock of the injection area.

4.2.2. Results of a Half-Year Injection. After a half-year injec-
tion, three horizontal and one vertical survey lines were
selected. The horizontal survey lines are taken from the reser-
voir caprock interface, the middle part of the reservoir, and
the upper part of the caprock. The vertical survey lines are
taken from the whole model (R = 100), respectively. The
excess pressure is defined as the difference between final
and initial pore pressure. Figure 13 gives the excess pore pres-
sure distribution curve along the radial direction. It can be
seen that the top of the pore pressure of caprock is almost

POR
Unit: Pa

Caprock
Reservoir

0

1124 m
1160 m
1190 m

2690 m 2690 m

+2.704e–08

+2.372e–08

+2.040e–08

+1.707e–08

+1.375e–08

+1.043e–08

+7.108e–09

+3.786e–09

+4.646e–10

–2.857e–09

–6.179e–09

–9.501e–09

–1.282e–08

Y

X
Z

(a)

Caprock
Reservoir

0

1124 m
1160 m
1190 m

2690 m
2623 m

POR
Unit: Pa

+6.960e+06

+6.252e+06

+5.544e+06

+4.836e+06

+4.128e+06

+3.420e+06

+2.712e+06

+2.004e+06

+1.296e+06

+5.878e+05

–1.202e+05

–8.282e+05

–1.536e+06

Y

X
Z

(b)

Figure 10: Variation nephogram of excess pore pressure. (a) Before injection. (b) After injection.
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unaffected by the injection pressure, while the pore pressure
distribution along the survey line of the reservoir caprock
interface is completely consistent with the measuring line in
the middle of the reservoir. The maximum excess pore pres-
sure is mainly distributed in the injection near zone and,
then, gradually decreases and tends to be stable. When it is
close to the outer boundary, the excess pore pressure
decreases rapidly, and the effect of overpore pressure is obvi-
ous, and the response range is about 3 km, which is slightly
larger than the closed boundary.

Figure 14 gives the excess pore pressure distribution
curve along the vertical direction. It can be seen that the
pore pressure of reservoirs increases during the injection,
the pore pressure within the range of 50m of the bottom
of caprock has a certain effect, while the effect at the top
of the caprock is not significant. The pore pressure in
the middle of the caprock tends to decrease due to the

low permeability of the caprock and the deformation of
the caprock. The pore pressure also increased to a certain
extent (100m) at the bottom top.

Gas injection and production have a significant influence
on the formation of pore pressure, and the excess pore pres-
sure will direct influence on the formation effective stress
state and the caprock integrity. Figures 15 and 16 give the dis-
tribution curve of the formation effective stress (vertical and
horizontal) along the radial and vertical direction. The gas
injection made the formation pressure increased, which
resulted in the effective stress influence of formation is obvi-
ously reduced. The maximum stress reduction value occurs
in the reservoir injection near the zone (as shown in
Figure 15). This working condition is a special case with a lat-
eral pressure coefficient of 1. Before gas injection, the initial
horizontal stress and vertical stress are the same. However,
the magnitude of the vertical stress reduction is greater than

U, U2
Unit: Pa

Caprock
Reservoir

2623 m
2690 m

1190 m
1160 m
1124 m

0+4.391e–15

+3.697e–15

+3.003e–15

+2.309e–15

+1.615e–15

+9.208e–16

+2.269e–16

–4.671e–16

–1.161e–15

–1.855e–15

–2.549e–15

–3.243e–15

–3.937e–15

Y

X
Z

(a)

Caprock
Reservoir

2623 m
2690 m

1190 m
1160 m
1124 m

0

U, U2
Unit: Pa

+6.009e–02

+5.370e–02

+4.731e–02

+4.092e–02

+3.453e–02

+2.814e–02

+2.175e–02

+1.536e–02

+8.976e–03

+2.587e–03

–3.802e–03

–1.019e–02

–1.658e–02

Y

X
Z

(b)

Figure 11: Vertical displacement change nephogram. (a) Before injection. (b) After injection.
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that of the horizontal stress after a half year, because there is
no constraint effect on the ground surface and the lateral
deformation receives constraint effect. After the injection of
half a year, the pore pressure distribution curve is basically
consistent with the distribution trend of formation effec-
tive stress, but the formation stress is reduced and the
pore pressure is increased. Due to the influence of gas
injection, in the caprock-reservoir-bottom system, the
effective stress change amplitude of caprock and bottom
layer is obviously smaller than that of the reservoir (as
shown in Figure 16). The caprock mainly appears at the
bottom, while the bottom layer appears at the top. The
maximum stress change amplitude appears on the forma-
tion interface, where in the reservoir-caprock interface
and the middle reservoir interface.

Figure 17 gives the ground surface deformation along
the injection zone. The maximum ground surface defor-
mation is slightly smaller than the maximum caprock

deformation, which is about 4 cm, while the maximum
horizontal deformation is about 2.5 cm. The maximum
vertical deformation occurs at the injection zone, while
the maximum horizontal deformation occurs at the water
boundary. After 1 year (i.e., after the gas completes an
injection-production cycle), the ground surface deforma-
tion cannot completely recover to the initial state. The
maximum vertical ground surface deformation after one
injection-production cycle is about 1 cm (as shown in
Figure 17(a)), and the horizontal deformation is also
about 1 cm (as shown in Figure 17(b)). According to
the theoretical analysis of pore elasticity, it is mainly
because of the existence of a certain fluid excess pressure
in the formation, which caused the complete dissipation
time of excess pressure that is relatively large compared
with the production time. In other words, the low perme-
ability caprock and bottom layer take a relatively long
time to dissipate, which indicate that the key factor of
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Figure 12: Horizontal displacement change nephogram. (a) Before injection. (b) After injection.
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the ground surface deformation is the excess pressure in
the formation.

4.3. Critical Scenario No. 2. Focusing on the ground surface
deformation and stress failure of caprock, we selected three
measuring points and ground surface survey line to analyze
the sensitivity of each influencing factor. The input parame-

ters included caprock elastic modulus, Poisson’s ratio, per-
meability coefficient, permeability coefficient of caprock,
and in situ stress coefficient (in Table 8).

4.3.1. Ground Surface Deformation. A “one factor at a
time” sensitivity analysis is conducted to evaluate the
weight of each parameter on the ground surface
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deformation and stress failure of caprock. It consists of
varying each input parameter separately and to measure
its effect on the output. Each input parameter is alterna-
tively assigned its lower and upper values is shown in
Table 8, whereas the other input parameters are fixed
to their values as defined according to the basic scenario
A0. It can be seen from Figure 18 that the maximum
horizontal displacement and maximum vertical displace-

ment of the ground surface slightly increase with the
increase of the peak time of the injected fluid pressure dif-
ference or the upper limit pressure coefficient. But the
increasing extent is different, which indicates that the
influence degree of upper pressure coefficient is lower than
that of the pressure injection rate.

Figure 19(a) shows the maximum ground surface
displacement decreases with the increase of permeability
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Figure 15: Stress curve of horizontal survey line. (a) Vertical stress. (b) Horizontal stress.
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coefficient of caprock, which proved that the permeability
of caprock is the key factor about sealing capacity. How-
ever, the influence of other caprock parameters is slight
(as shown in Figures 19(b) and 19(c)).

Figure 19(d) gives the maximum ground surface defor-
mation with different boundary water openness. However,

the reservoir is an important position of gas storage, and
the influence of the opening degree of boundary perme-
ability changes on the surface is relatively small.
Figure 19(e) shows that the influence of lateral pressure
coefficient on surface deformation under fluid injection
can be negligible.
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Figure 16: The stress curve of vertical survey line. (a) Vertical stress. (b) Horizontal stress.
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4.3.2. Failure Sensitivity Analysis of Caprock. Through the
analysis of Section 3.2, the bottom of the caprock and the res-
ervoir interface are the areas with great stress changes. The
sudden changes of the lithology of reservoir and caprock is
easy to be damaged. Three measuring points at the bottom
of caprock are selected as the research objects to study the
influence of injection rate, upper limit pressure coefficient,
caprock permeability, caprock elastic modulus, Poisson’s
ratio, reservoir boundary, and in situ stress coefficient on
the mechanical integrity of caprock. The calculation results
are shown in the following figures. Where in these figures, j

τj/σm′ is the critical internal friction angle of caprock, and
σ3′ is the maximum effective principal stress.

The decrease of internal friction angle will lead to the
failure envelope gradually, which indicates that the inter-
nal friction angle is the key factor to judge whether the
seal failure occurs. Figure 20 shows the relationship
between fluid injection rate and the maximum effective
principal stress and internal friction angle. With the
increase of fluid pressure injection rate, the maximum
effective principal stress and friction angle in caprock
changes obviously. But it can be seen from Figures 21
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Figure 18: The variation curve of maximum ground surface deformation with different input parameters. (a) Injection rate pressure. (b)
Upper limit pressure coefficient.

Table 8: Upper and lower limits of sensitivity analysis parameters.

Input parameters Company Lower limit Upper limit

Time corresponding to maximum injection pressure Year 0.1 0.6

Permeability of caprock mD 0.0001 0.01

Elastic modulus of caprock GPa 1 15

Poisson’s ratio — 0.1 0.4

Initial stress coefficient — 0.7 1.3

Opening of trap boundary Magnitude 2 5
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Figure 19: The variation curve of maximum surface deformation with different input parameters. (a) Permeability coefficient of caprock. (b)
Elastic modulus of caprock. (c) Poisson’s ratio of caprock. (d) Different permeability of reservoir. (e) Lateral pressure coefficient.
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and 22 that the maximum effective principal stress and
internal friction angle changes greatly when upper limit
pressure coefficient and in situ stress coefficients changed,

which showed that the influence degree of upper limit
pressure coefficient and in situ stress coefficients are more
influential than fluid pressure injection rate.
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Figure 20: The influence of injection rate on mechanical integrity of caprock. (a) The minimum principal stress. (b) Critical internal friction
angle.
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Figure 21: Influence of upper limit pressure coefficient on mechanical integrity of caprock. (a) The minimum principal stress. (b) Critical
internal friction angle.
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As the key factor of gas storage safety construction, the
influence of in situ stress and upper limit pressure coefficient
should not only be considered. Therefore, it is necessary to
consider the mechanical response of the mechanical proper-
ties of the caprock to the injection and production process.

Figures 23–25 give the relationship between caprock
mechanical properties and the maximum effective principal
stress and friction angle, which proved the mechanical prop-
erties of the caprock have a little influence on the mechanical
integrity of the caprock, even can be ignored. Figure 26 shows

(a) (b)

Figure 22: Influence of in situ stress level on mechanical integrity of caprock. (a) The minimum principal stress. (b) Critical internal friction
angle.
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Figure 23: Influence of permeability coefficient of caprock on mechanical integrity of caprock. (a) The minimum principal stress. (b) Critical
internal friction angle.
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that the influence of reservoir boundary onmechanical integ-
rity of caprock also can be ignored.

5. Discussion

This section discussed the caprock mechanical stability and
upper limit injection pressure of S through basic scenario A0.

5.1. Mechanical Stability of S Caprock. Due to there are too
many scenarios in this paper, this section only selected A0
for caprock stability analysis. The selected measuring
points 1, 2, and 3 at the bottom of the caprock are ana-
lyzed. Figure 27 shows the stress damage during a period
of injection and production, which is analyzed in a Mohr
diagram. The dotted line is the outermost tangent line of

0 2 4 6 8 10 12 14 16

Critical tensile failure curve

Point 3

Point 2

5 GPa1 GPa
10 GPa 15 GPa

Point 1

Caprock983 m 2426 m 
1 2 3

𝜎′3 (MPa)

(a)

0 5 10 15 20 25 30

Internal friction of shear failure
Point 3

5 GPa1 GPa
10 GPa 15 GPa

Point 1

Point 2

Caprock983 m 2426 m 
1 2 3

|𝜏|/𝜎′m (°)

(b)

Figure 24: Influence of elastic modulus of caprock on mechanical integrity of caprock. (a) The minimum principal stress. (b) Critical internal
friction angle.

0 2 4 6 8 10 12 14 16

Critical tensile failure curve

Point 3

Point 2

Point 1

0.20.1
0.3 0.4

Caprock983 m 2426 m 
1 2 3

𝜎′3 (MPa)

(a)

0 5 10 15 20 25 30

Internal friction angle of shear failure
Point 3

Point 2

0.20.1
0.3 0.4

Point 1

Caprock983 m 2426 m 
1 2 3

|𝜏|/𝜎′
m (°)

(b)

Figure 25: Influence of Poisson’s ratio of caprock on mechanical integrity of caprock. (a) The minimum principal stress. (b) Critical internal
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the Mohr circle at each measuring point when the cohe-
sion is 0, and the straight line is the critical internal fric-
tion angle to judge whether the caprock is destroyed. For
the increase of injection rate, the formation appears excess
pore pressure, which leads to the decrease of effective
stress of caprock. It can be seen from Figure 27 that with
the change of injection rate, the effective principal stress
gradually decreases, resulting in the Mohr circle of stress
at the bottom of caprock to move to the left. When the
injection pressure reaches the peak times, the critical inter-
nal friction angle of the caprock gradually decreases and
far away from the failure envelope, which indicates that
the caprock does not undergo shear failure. In addition,
there is no tensile stress produced in the caprock of this
paper, which indicates that there is no tensile failure. After
a cycle of injection and production, the pore pressure of
the reservoir decreases gradually, and the minimum prin-
cipal pressure stress of the caprock increases, indicating
that the formation is gradually restored.

5.2. Prediction of Injection Upper Limit Pressure. Based on
the A0 condition, through the change of the injection
pressure and permeability to predict the upper limit
injection pressure of S gas storage caprock, the upper
limit injection pressure can be judged by the following
formula:

Pin = Pw + Δp, ð6Þ

where Pin is the pressure injected into reservoir, Pw is the
water pressure above the caprock, and Δp is the pressure
of reservoir pressurization value.

5.2.1. Critical Internal Friction Angle. According to the
Mohr-Coulomb shear failure criterion. When the injection
pressure is Pin = Pw + Δp = 11:3 + 13 = 24:3MPa, the Mohr
circle change trend of caprock stress is shown in Figure 28.
At this time, the maximum critical internal friction angle is
about 28.5°, which indicated that shear failure occurred
locally in the caprock. The minimum principal compressive
stress of the corresponding caprock is shown in Figure 29.
The caprock has always been in the state of compressive
stress without tensile failure.

5.2.2. Tensile Failure. According to the tensile failure crite-
rion, the maximum injection pressure is simulated, and
the corresponding minimum principal stress is calculated.
When maximum injection pressure is Pin = Pw + Δp = 17
+ 11:3 = 28:3MPa, the minimum principal compressive
stress is close to 0 (see Figures 30 and 31). The tensile fail-
ure occurs in the caprock when the compressive stress
approaches 0.

5.2.3. Breakthrough the Pressure. Due to the lack of mea-
sured breakthrough pressure data of caprock. According
to the former Soviet scholar pilip [37], who studied the
model of the relationship between permeability and
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Figure 26: Influence of reservoir boundary onmechanical integrity of caprock. (a) The minimum principal stress. (b) Critical internal friction
angle.
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breakthrough pressure through the test

Pc = ΔPcd = 1:05 × 1
k

� �0:33
, ð7Þ

where ΔPcd is the penetration pressure difference, unit:
MPa; k is the permeability of caprock, unit: mD.

According to the related data of the adjacent area, the
caprock permeability is 0.001mD, and the corresponding
breakthrough pressure is 10.26MPa. The critical injected
gas pressure of reservoir is about 21.56, which can be calcu-
lated by Eq. (6).

As shown in Table 9, under the constraints of the
three evaluation criteria, the caprock first happened gas
breakthrough, the second is a shear failure, and the last
is a tensile failure. In order to ensure the sealing of
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Figure 27: Mohr’s circle of stress. (a) Point 1. (b) Point 2. (c) Point 3.
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caprock in the process of gas injection and production,
the safest value should be selected as the critical injection
pressure. Therefore, 21.56MPa is selected as the upper
limit injection pressure, and the corresponding upper
limit pressure coefficient is about 1.908.

6. Conclusions

In the present work, a coupled large-scale hydromechan-
ical model was developed for modeling the mechanical
change of caprock. There are five factors that were con-
sidered to describe the influence degree on caprock integ-
rity, which included permeability, Poisson’s ratio, Elastic
Modulus, in situ stress, and upper limit pressure coeffi-
cient. Then, the maximum injection pressure was pre-
dicted by the Mohr-Coulomb, tensile failure criterion,
and capillary pressure.

Based on the geological structure, logging data, and con-
ventional triaxial tests, a large-scale FEM model has been
established for the engineering application. The results indi-
cate that the minimum horizontal principal stress of caprock
is in the range of the compressive stress when the maximum
injection pressure is less than the breakthrough pressure of
caprock, which indicates that there is no tensile failure
occurred. The Mohr circle is below the strength envelope line
during the injection production process, and for the caprock
with undeveloped fractures, there will be no shear failure bad.

The simulated result shows that the in situ stress coeffi-
cient is more sensitive to the mechanical integrity of the cap-
rock, followed by the upper limit pressure coefficient and
injection rate coefficient, while the elastic modulus and Pois-
son’s ratio of the caprock have little influence on the mechan-
ical integrity of the caprock, which can be ignored.

Further studies are necessary to be done for a better
understanding of the caprock integrity and the sealing capac-
ity. Especially when there are faults in the target trap, it will
be included in the future research work.
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