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Abstract: The periodic injection-production process of natural gas in underground gas storage
make the rock bear alternating load under the gas-solid coupling. The alternating load changes the
physical properties of rock, and then influence the critical production pressure drop of injection-
production wells in gas storage. In the case of gas-solid coupling, the decisive factors affecting
the alternating load are the number of injection-production cycles and the injection-production
differential pressure. Therefore, a discrete element numerical simulation model is established to
simulate the gas-solid coupling process of gas storage wells under different injection-production cycle
and differential pressure. The influence mechanism of injection-production cycle and differential
pressure on particle cementation and primary crack is analyzed microscopically and also the influence
law of injection-production cycle and differential pressure on rock mechanical properties is analyzed
from the macroscopic. Finally, the influence law of injection-production cycle and differential pressure
on the critical production pressure drop of injection-production wells due to gas-solid coupling can
be obtained. The results show that under the influence of gas-solid coupling, the number of bonded
contact cracks and micro cracks in the model increase gradually, both the elastic modulus ratio
and the cohesion ratio decrease gradually with the increase of injection-production cycle and the
higher the injection-production differential pressure, the greater the decline range. Then, with
the injection-production cycle increasing the Poisson’s ratio increases gradually and the higher
the injection-production differential pressure, the greater the increase range. Finally, the internal
friction angle ratio increases greatly in the initial stage, after that decreases and then shows a linear
increase. According to the influence law, the relationship model between the critical production
pressure drop of injection-production wells in gas storage and the injection-production cycle and
differential pressure under the gas-solid coupling will be established, which is used for the dynamic
prediction of the critical production pressure drop of injection-production wells in the whole life
cycle of gas storage.

Keywords: gas-solid coupling; numerical simulation; modeling; injection-production differential
pressure

1. Introduction

With the rapid development of natural gas market, underground gas storage has
become an important part of peak shaving of natural gas supply, while gas storage in
depleted oil and gas reservoirs is the most commonly used type of gas storage at present,
and its working mode is periodic large-flow strong injection and strong production, but the
construction and operation of gas storage are still in the primary stage [1–5].

Separations 2022, 9, 305. https://doi.org/10.3390/separations9100305 https://www.mdpi.com/journal/separations

https://doi.org/10.3390/separations9100305
https://doi.org/10.3390/separations9100305
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations9100305
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations9100305?type=check_update&version=1


Separations 2022, 9, 305 2 of 17

Many scholars have studied the prediction of critical production pressure drop from
the micro and macro perspectives of rocks and have made certain achievements. Li et al. [6]
analyzed the development of horizontal cracks, the filling and cementation degree of
cracks, the distribution of UCS along the wellbore and the influence of well completion
fluid bubble invasion in cracked carbonate reservoirs, and established a critical production
pressure drop prediction model. Erarslan [7] studied the structural characteristics of crack
surface in the crack generation area in the rock from the micro point of view, and analyzed
the variation law of macro mechanical properties of the rock. Oluyemi et al. [8] found
the nonlinear character of rock failure envelope in oil and gas reservoirs based on a large
number of experimental analysis. Based on Hoek-Brown failure criterion, a prediction
model of critical production pressure drop of oil and gas wells suitable for damaged
reservoirs was established. Adeyanju et al. [9] modified Griffitti rock failure criterion using
McClintock and Walsh hypothesis and proposed a method for predicting the current critical
production pressure drop of oil and gas wells by using commonly available reservoir rock
mechanics parameters. Ge Xiurun et al. [10] made a triaxial loading test equipment matched
with CT scanner to analyze the meso-structure evolution characteristics of rock fatigue
damage under cyclic loading in real time. Nguyen et al. [11] combined the discrete element
numerical method and fatigue damage model to study the fatigue damage characteristics
of cemented materials.

According to the research results of the above scholars, the prediction of critical produc-
tion pressure drop mainly focuses on static prediction and uses rock mechanics parameters
which only represent reservoir physical properties at the initial stage of development to
predict critical production pressure drop without considering the influence of dynamic
changes of reservoir rock mechanics parameters with the production process under the
action of gas-solid coupling on critical production pressure drop, which leads to the fact
that the critical production pressure drop of injection-production wells predicted by static
model will not be applied to the whole life cycle of gas storage and has poor applicability.
On the other hand, considering that the fatigue damage of rock under gas-solid coupling
will affect the microstructure characteristics and macroscopic mechanical properties, it is
necessary to use CT and other technologies to analyze the internal structure changes of
rock. However, compared with numerical simulation methods, CT and other technologies
have higher cost in large sample test and less research on fatigue damage of formation rock
under gas storage operation mode.

Reasonable production pressure drop of injection-production wells is one of the key
factors to ensure the safe production of gas storage [12–14]. Therefore, it is necessary to
use numerical simulation method to build a numerical model to study the variation law of
reservoir rock mechanical parameters with the increase of injection-production cycle under
gas-solid coupling from micro and macro levels, modify the existing prediction model of
critical production pressure drop of oil and gas wells, and establish a prediction model of
critical production pressure drop of injection-production wells suitable for the production
and operation mode of gas storage to ensure the safe and efficient operation of gas storage
and injection-production wells.

2. Discrete Element Numerical Simulation Model and Experimental Conditions

As shown in Figure 1a, the size of true triaxial numerical model of core sample is
2.5 cm × 2.5 cm × 5 cm. The particle radius range is 0.27–0.74 mm, the model porosity
is 0.3, and the model particle density is 2550 kg·m−3. Creating crack network in particle
system model to simulate the original crack of core sample. In the discrete element model
of particle flow, discs with a certain size are used to simulate cracks [15–17]. According
to the size of the numerical model, the size range of crack diameter is 0.7–1.2 cm, and the
number of cracks is 180. The complex crack network model created is shown in Figure 1b.
The complex crack network model is embedded into the particle system model. Figure 1c
is the established core sample complex crack network particle model.
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Figure 1. Particle model of complex crack network for core sample. (a) Granular system. (b) Crack
network. (c) Numerical core.

In order to make the macroscopic mechanical properties of numerical core similar to
that of actual core sample, linear parallel bond model is selected for the contact between
particles in core particle system, and smooth joint model is used for complex crack network
passing through the contact between particles. As shown in Figure 2, numerical simulation
experiments of true triaxial compression under confining pressures of 10 MPa, 20 Mpa
and 30 Mpa are carried out by setting contact parameters. Based on the principle that
the elastic modulus, compressive strength and Poisson’s ratio obtained from the actual
core experiment and the numerical simulation experiment are consistent, the initial elastic
modulus of the numerical core is determined to be 10,012 Mpa, the initial Poisson’s ratio
in the horizontal minimum and maximum principal stress directions is 0.2616 and 0.2237,
respectively. The initial cohesive force is 12.631 Mpa and the initial internal friction angle is
38.39. The contact parameter values of the contact model are shown in Table 1.
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The operation mode of the gas storage is periodic injection and production. The
formation pressure changes during the injection-production process, resulting in the for-
mation rock bearing the alternating load. Therefore, the multi periodic alternating load
experiment is carried out on the numerical core by the particle flow discrete element nu-
merical simulation method and the effects of injection-production cycle and differential
pressure on the microstructure of core samples are studied from the microscopic point of
view. In addition, the numerical simulation experiment of constant confining pressure
axial alternating load loading is carried out on the core, and the confining pressures in the
direction of horizontal maximum and minimum principal stress are set to be 38 Mpa and
26 Mpa, respectively. Firstly, the confining pressure is applied to the two horizontal princi-
pal stress directions by using the servo control principle of lateral boundary wall, and the
confining pressure is kept constant in the process of simulation calculation. Then, setting
the upper and lower limits of axial alternating load to 76 Mpa and 60 Mpa, respectively.
At this time, the injection-production differential pressure is 16 Mpa. In addition, set the
injection-production differential pressure to 18 Mpa, 20 Mpa, 22 Mpa, 24 Mpa, 26 Mpa, and
28 Mpa, respectively. The axial alternating load is loaded in the form of triangular wave.
Finally, according to the production and operation life of the gas storage, the core is loaded
for 60 cycles, as shown in Figure 3.
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3. Results
3.1. Influence of Gas-Solid Coupling on Microstructure Change
3.1.1. Influence of Injection-Production Cycle and Differential Pressure on Sand Cementation

The formation rock is formed by sand cementation. During the gas-solid coupling
process, the cementation between sand particles will be partially broken due to the action
of alternating load, resulting in the cemented skeleton sand becoming free sand [18,19],
which will affect the mechanical properties of formation rock. Therefore, the influence
of injection-production cycle and differential pressure on core sand cementation due to
gas-solid coupling is analyzed from the micro perspective.

The characteristics of bond contact crack between particles in rock core under alter-
nating load in different cycles are shown in Figure 4. The red part shows the bond contact
crack of core after loading core for 1, 30, and 60 cycles. It can be clearly seen that with
the increase of alternating load loading cycle, the number and distribution range of bond
contact cracks in rock core gradually increase, and the increase is concentrated in the area
with dense distribution of original rock cracks. The reason is that the concentrated stress
will be generated in the area with dense crack distribution, and the distribution of bond
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contact crack is mainly controlled by the original crack distribution. Bond contact crack is
most likely to occur near the area with dense original crack distribution.
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cycle. (b) Load 30 cycles. (c) Load 60 cycles.

The statistical results of bond contact crack in rock core in each loading cycle of
alternating load are shown in Figure 5. It can be seen that the number of bond contact
cracks gradually increases with the increase of loading cycle of alternating load. In addition,
the bond contact crack in rock core in the first cycle of alternating load is the most serious.
The number of bond contact cracks in the first five cycles exceeds half of the total number
of bond contact cracks in the whole alternating load loading process. The bond contact
crack in the early stage of alternating load is much more serious than that in the late stage
of alternating load. The reason is that the internal structure of the core is heterogeneous,
and the external force borne by the particles in each area is different under pressure. In the
first cycle loading stage, the external force borne by the bonding contact between the local
particles of the core is large. When the external force exceeds the tensile or shear strength
limit of the bonding contact, the bonding contact will break, which is a rigid tensile or shear
failure. In the following 59 loading cycles, the external force borne by the bond contact
between particles gradually increases. When the external force exceeds the bond contact
strength limit, the bond contact will break, which is fatigue damage.
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3.1.2. Influence of Injection-Production Cycle and Differential Pressure on Crack Evolution

There is a complex original crack network in the formation of the gas storage. New
cracks may be generated in the formation due to gas-solid coupling during the cyclic
injection and production of injection-production wells. The emergence of new cracks
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will have a great impact on the overall mechanical properties of the formation of the gas
storage. Therefore, the influence of injection-production cycle and differential pressure on
the evolution and development of cracks in core under gas-solid coupling is studied from
the micro perspective of particle flow dispersion element.

The comparison of the distribution and evolution characteristics of new cracks in the
rock core at each stage of alternating load loading is shown in Figure 6. The blue ellipse
and yellow box areas can be divided into two types of new crack characteristics for analysis.
Compared with the yellow box area in Figure 6, it is found that with the increase of loading
cycle, some cracks will extend outward along the edge, and the distribution range of cracks
in rock core will increase slightly. The blue oval area in Figure 6 shows that a few cracks in
the core will be partially or even completely closed during loading. On the whole, the crack
development in the early stage of loading is more complex than that in the later stage.
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Figure 6. Crack development characteristics at different stages of alternating load loading. (a) Load 1
cycle. (b) Load 30 cycles. (c) Load 60 cycles.

According to the statistics of the number and area of new cracks in the rock core in
each alternating load loading cycle, as shown in Figure 7, it can be clearly seen that with the
increase of alternating load loading cycle, the number of cracks in the rock core increases
rapidly, then decreases slightly, and then increases slowly, while the crack area increases
gradually and the increasing trend slows down.

Separations 2022, 9, x FOR PEER REVIEW 7 of 19 
 

 

the increase of alternating load loading cycle, the number of cracks in the rock core in-
creases rapidly, then decreases slightly, and then increases slowly, while the crack area 
increases gradually and the increasing trend slows down. 

 
Figure 7. Crack development characteristics at different stages of alternating load loading. 

By comprehensively analyzing the variation law of the number and area of new 
cracks, with the increase of alternating load loading cycle, it is found that the number and 
area of cracks increase rapidly in 1–30 cycles of alternating load loading. It is considered 
that the development characteristics of total cracks in this stage are mainly characterized 
by the rapid initiation of cracks, and the increase of crack area is mainly caused by the 
increase of crack number; in 31–40 cycles of alternating load loading, the number of cracks 
decreases slightly and the crack area increases slowly. The reason is that the development 
characteristics of total cracks in this stage are mainly characterized by the outward exten-
sion of cracks along the edge and the mutual penetration and connection of multiple 
cracks. The decrease of crack number is caused by the mutual connection of multiple 
cracks into one crack, and the increase of crack area is mainly caused by the outward ex-
tension of cracks along the edge. The number and area of cracks increase slowly in 41–60 
cycles of alternating load loading. The reason is that the crack development characteristics 
at this stage are mainly characterized by the slow extension of cracks along the edge and 
the slow initiation of secondary cracks. The increase of crack area is caused by the outward 
extension of cracks along the edge and the increase of the number of cracks. 

3.2. Influence of Gas-Solid Coupling on Macro Mechanical Properties 
Firstly, keeping the confining pressure in the two principal stress directions of the 

numerical core loaded with alternating load in different injection-production cycles un-
changed and then unload the axial loading stress to the same size as the confining pressure 
in the direction of horizontal minimum principal stress. Finally, the true triaxial compres-
sion numerical simulation experiment will be carried out on the numerical core. Accord-
ing to the stress–strain data, the elastic deformation parameters of core in each injection-
production cycle are calculated to analyze the influence of injection-production cycle and 
differential pressure on the elastic deformation parameters of core sample under gas-solid 
coupling action. 

3.2.1. Influence of Injection-Production Cycle and Differential Pressure on  
Elastic Modulus 

After the true triaxial compression numerical simulation experiment is carried out on 
the numerical cores with different injection-production cycles under alternating load, the 

0 10 20 30 40 50 60

4800

4820

4840

4860

4880

4900

4920

4940

4960

4980
 Number of Crack
 Crack Area

Loading Cycle (cycle)

N
um

be
r o

f C
ra

ck
 (p

ie
ce

)

38

39

40

41

42

43

44

45

46

47

48

 C
ra

ck
 A

re
a 

(c
m

2 )

Figure 7. Crack development characteristics at different stages of alternating load loading.

By comprehensively analyzing the variation law of the number and area of new
cracks, with the increase of alternating load loading cycle, it is found that the number and
area of cracks increase rapidly in 1–30 cycles of alternating load loading. It is considered
that the development characteristics of total cracks in this stage are mainly characterized
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by the rapid initiation of cracks, and the increase of crack area is mainly caused by the
increase of crack number; in 31–40 cycles of alternating load loading, the number of cracks
decreases slightly and the crack area increases slowly. The reason is that the development
characteristics of total cracks in this stage are mainly characterized by the outward extension
of cracks along the edge and the mutual penetration and connection of multiple cracks.
The decrease of crack number is caused by the mutual connection of multiple cracks into
one crack, and the increase of crack area is mainly caused by the outward extension of
cracks along the edge. The number and area of cracks increase slowly in 41–60 cycles of
alternating load loading. The reason is that the crack development characteristics at this
stage are mainly characterized by the slow extension of cracks along the edge and the
slow initiation of secondary cracks. The increase of crack area is caused by the outward
extension of cracks along the edge and the increase of the number of cracks.

3.2. Influence of Gas-Solid Coupling on Macro Mechanical Properties

Firstly, keeping the confining pressure in the two principal stress directions of the
numerical core loaded with alternating load in different injection-production cycles un-
changed and then unload the axial loading stress to the same size as the confining pressure
in the direction of horizontal minimum principal stress. Finally, the true triaxial compres-
sion numerical simulation experiment will be carried out on the numerical core. According
to the stress–strain data, the elastic deformation parameters of core in each injection-
production cycle are calculated to analyze the influence of injection-production cycle and
differential pressure on the elastic deformation parameters of core sample under gas-solid
coupling action.

3.2.1. Influence of Injection-Production Cycle and Differential Pressure on Elastic Modulus

After the true triaxial compression numerical simulation experiment is carried out
on the numerical cores with different injection-production cycles under alternating load,
the elastic modulus under different injection-production cycles and differential pressure
is calculated according to the axial stress–strain data, and then the relationship between
the elastic modulus ratio and injection-production cycle and differential pressure will be
finally obtained.

According to the experimental test results, as shown in Figure 8 (dots are simulation
results and curves are trend lines), the change of elastic modulus ratio of each stress
amplitude is analyzed. It can be clearly seen that under each injection-production cycle, the
elastic modulus ratio gradually decreases with the increase of injection-production cycle,
and the decrease amplitude gradually slows down. Moreover, the higher the injection-
production differential pressure, the greater the decrease of elastic modulus ratio with the
increase of injection-production cycle. The reason is that after the injection-production
differential pressure increases, the number of bond contact cracks and crack area in the
numerical core increases under the same injection-production cycle, the overall strength
of the numerical core decreases, the ability of the numerical core to resist deformation
under the action of external force decreases, and the axial deformation of the numerical
core is greater at the same stress level. Therefore, the elastic modulus of the numerical core
decreases with the increase of injection-production differential pressure, and the greater
the injection-production cycle, the greater the overall strength decrease of the numerical
core. Therefore, the more the injection-production cycle, the greater the decrease of elastic
modulus and there is a good power function relationship between the elastic modulus ratio
and the injection-production pressure drop in this area. The power function can be used to
describe the relationship between the elastic modulus ratio and the injection-production
pressure drop in the change process of a single injection-production pressure drop, that is:

KE = a4 P−b (1)
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Figure 8. Elastic modulus ratio changes under different injection-production differential pressure
and cycle.

Fitting parameters a and b also have a good power function relationship with the
number of injection-production cycles, so the relationship model between fitting parameters
a and b and the number of injection-production cycles can be established by using power
function regression analysis, respectively, as shown in Figure 9. Then, the relationship
model between the fitting parameters a and b under each injection-production cycle and
the number of injection-production cycles of the gas storage is:

a = −0.3062 + 0.31628n0.33989 (2)

b = 1.96755− 0.97173n0.16973 (3)
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Figure 9. Fitting parameters (a and b) change with cycle increase range.

Substituting Equations (2) and (3) into Equation (1), the elastic modulus of rock under
injection-production pressure drop in any operation cycle of gas storage due to gas-solid
coupling can be calculated, namely:

E = EiKE = Ki

[(
−0.3062 + 0.31628n0.33989

)
4 P1.96755−0.97173n0.16973

]
(4)

where E is the elastic modulus of formation rock, MPa; Ei is the original elastic modulus
of formation rock, MPa; KE is the relative elastic modulus ratio, dimensionless;4P is the
injection-production pressure drop, MPa; n is the injection-production cycle, cycle; a and b
are the fitting parameters.



Separations 2022, 9, 305 9 of 17

3.2.2. Influence of Injection-Production Cycle and Differential Pressure on Poisson’s Ratio

After performing true triaxial compression numerical simulation experiments on
numerical cores with different injection-production cycles, the Poisson’s ratio with each
injection-production cycle under gas-solid coupling is calculated according to the axial
strain and transverse strain data. However, the true triaxial model has transverse strains in
the two directions of horizontal minimum and maximum principal stress, so the Poisson’s
ratios in the two directions can be calculated respectively. The ratio of the Poisson’s
ratio in each injection-production cycle to the initial Poisson’s ratio of the numerical core is
recorded as the relative Poisson’s ratio. The relationship between the relative Poisson’s ratio
in the direction of horizontal minimum and maximum principal stress and the injection-
production cycle, injection-production differential pressure is respectively obtained, as
shown in Figure 10 (dots are simulation results and curves are trend lines) and Figure 11.
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Figure 10. Relative Poisson’s ratio changes of minimum principal stress direction under different
injection-production differential pressure and cycle.
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Figure 11. Fitting parameters (c and d) change with cycle increase range.

As shown in Figure 10, according to the analysis of experimental test results, in
the direction of horizontal minimum principal stress, the relative Poisson’s ratio under
each injection-production differential pressure gradually increases with the increase of
injection-production cycle, and the increasing range gradually slows down. When the
injection-production cycle is the same, with the increase of injection-production differential
pressure, the relative Poisson’s ratio of gradually increases, and generally the more the
injection-production cycle is, the greater the increase of relative Poisson’s ratio is. On the
one hand, the reason is that after the injection-production differential pressure increases,
the number of bond contact cracks and crack area in the numerical core increase at the
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same injection -production cycle, the overall strength of the numerical core decreases,
the ability of the numerical core to resist deformation under the action of external force
decreases, and the transverse deformation and axial deformation of the numerical core
increase due to gas-solid coupling at the same stress level. On the other hand, the unbonded
contact and new cracks produced by bonded contact crack cannot bear tensile stress but
compressive stress, resulting in the increase of transverse deformation of numerical core at
the same stress level is greater than that of axial deformation. Therefore, with the increase of
injection-production differential pressure, the Poisson’s ratio in the direction of horizontal
minimum principal stress of numerical core increases, while the more injection-production
cycles, the greater the overall strength decline of numerical core, and the more injection-
production cycles, the greater the increase of Poisson’s ratio in the direction of horizontal
minimum principal stress of numerical core. Secondly, there is a good power function
relationship between the relative Poisson’s ratio in the direction of the minimum principal
stress and the injection-production pressure drop in this area. The power function can be
used to describe the relationship between the relative Poisson’s ratio in the direction of the
minimum principal stress and the injection-production pressure drop in the change process
of a single injection-production pressure drop, that is:

Kmin
v = a4 P−b (5)

Fitting parameters c and d have a good power function relationship with the number
of injection-production cycles, so the relationship model between fitting parameters c
and d and the number of injection-production cycles can be established by using power
function regression analysis, respectively, as shown in Figure 11. Then, the relationship
model between the fitting parameters c and d under each injection-production cycle and
the number of injection-production cycles of the gas storage is:

c = 1.41174− 0.53704n0.11422 (6)

d = −0.03954 + 0.10824n0.22596 (7)

Substituting Equations (6) and (7) into Equation (5), Poisson’s ratio in the direction
of minimum principal stress of rock under injection-production pressure drop in any
operation cycle of gas storage due to gas-solid coupling can be calculated, namely:

v = vi Kmin
v = vi

[(
−1.41174− 0.53704n0.11422

)
4 P0.03954−0.10824n0.22596

]
(8)

where v is Poisson’s ratio of horizontal minimum principal stress direction of the formation
rock, dimensionless; vi is the original Poisson’s ratio of formation rock, dimensionless;
Kmin

v is the relative Poisson’s ratio in the direction of horizontal minimum principal stress,
dimensionless; 4P is the injection-production pressure drop, MPa; n is the injection-
production cycle, cycle; c and d are the fitting parameters.

As shown in Figure 12 (dots are simulation results and curves are trend lines), accord-
ing to the experimental test results, in the direction of horizontal maximum principal stress,
the relative Poisson’s ratio under each injection-production differential pressure gradu-
ally increases with the increase of injection-production cycle, and the increase amplitude
gradually slows down. Moreover, the higher the injection-production differential pressure,
the greater the increase of relative Poisson’s ratio with the increase of injection-production
cycle. In addition, under the condition of the same injection-production cycle, the relative
Poisson’s ratio gradually increases with the increase of injection-production differential
pressure, and the increase difference of relative Poisson’s ratio in each injection-production
cycle with the increase of injection-production differential pressure is not obvious. On
the one hand, with the increase of injection-production differential pressure, the increase
mechanism of Poisson’s ratio in the two horizontal principal stress directions is the same,
and the difference of confining pressure leads to the increase of Poisson’s ratio in the direc-
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tion of maximum principal stress is less than that in the direction of minimum principal
stress. On the other hand, with the increase of injection-production differential pressure,
the increase mechanism of Poisson’s ratio in the two horizontal principal stress directions
is the same. The difference of confining pressure leading to the increase of Poisson’s ratio
in the direction of maximum principal stress is less than that in the direction of minimum
principal stress. Then, the relative Poisson’s ratio of the maximum principal stress direction
in this area has a good logarithmic function relationship with the injection-production cycle.
The logarithmic function can be used to describe the relationship between the relative
Poisson’s ratio of the maximum principal stress direction and the injection-production cycle
in the change process of a single injection-production cycle, that is:

Kmax
v = e ln(n) + f (9)
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Figure 12. Relative Poisson’s ratio changes of maximum principal stress direction under different
injection-production differential pressure and cycle.

Firstly, regression analysis is used for fitting parameters e and f respectively, and
the relationship model between fitting parameters e and e and injection-production cycle
number is established, as shown in Figure 13. Then, the relationship model between
the fitting parameters e and f under each injection-production pressure drop and the
injection-production pressure drop of the gas storage is:

e = −38.42 + 5.834 P− 0.34 P2 − 0.00464 P3 (10)

f = 1.03 + 0.0034 P (11)
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Substituting Equations (10) and (11) into Equation (9), the relative Poisson’s ratio in the
direction of the maximum principal stress of rock under injection-production pressure drop
in any operation cycle of gas storage due to gas-solid coupling can be calculated, namely:

v = viKmax
v =

(
−38.42 + 5.834 P− 0.34 P2 − 0.00464 P3

)
ln(n) + 1.03 + 0.0034 P (12)

where v is the Poisson’s ratio in the direction of the maximum principal stress of the
formation rock, dimensionless; vi is the Poisson’s ratio of the original maximum principal
stress direction of the formation rock; Kmax

v is the relative Poisson’s ratio in the direction of
maximum principal stress, dimensionless;4P is the injection-production pressure drop,
MPa; n is the injection-production cycle, cycle; e, f is the fitting parameter.

3.2.3. Influence of Injection-Production Cycle and Differential Pressure on Cohesion Ratio

After three groups of true triaxial compression numerical simulation experiments with
different confining pressures under gas-solid coupling are carried out on numerical cores
with different injection-production cycles. Then, the Mohr strength envelope of numerical
cores is obtained according to the compression failure strength data of three groups of
numerical cores under different confining pressures. Finally, the cohesion is obtained from
the longitudinal intercept of the Mohr strength envelope. Among them, the cohesion in each
injection-production cycle is dimensionless into cohesion ratio, and lastly the relationship
between cohesion ratio and injection-production cycle and injection-production differential
pressure is shown in Figure 14 (dots are simulation results and curves are trend lines).
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Figure 14. Cohesion ratio changes under different injection-production differential pressure and cycle.

A as shown in Figure 14, according to the analysis of the experimental test results, un-
der each injection-production differential pressure, the cohesion ratio gradually decreases
with the increase of injection-production cycle, and the reduction range gradually slows
down. Moreover, the higher the injection-production differential pressure, the greater the
decrease of cohesion ratio with the increase of injection-production cycle. Under the condi-
tion of the same injection-production cycle, with the increase of injection-production differ-
ential pressure, the cohesion ratio decreases gradually, and the more injection-production
cycles, the greater the decline of cohesion ratio. On the one hand, the reason is that with
the injection-production differential pressure increases and the effect of gas-solid coupling,
the number of bond contact cracks and crack area in the numerical core increases under the
same injection-production cycle, the overall strength of the numerical core decreases. The
unbonded contact and new cracks generated by the bond contact crack in the numerical
core cannot bear the tensile stress, resulting in the loosening of local particle system. There-
fore, the injection-production differential pressure increases and the cohesion decreases. On
the other hand, the more the injection-production cycle is, the greater the overall strength
decline of the numerical core is. Therefore, the more injection-production cycles, the
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greater the decline of cohesion. Additionally, there is a good power function relationship
between the cohesion ratio and the injection-production pressure drop in this area. The
power function can be used to describe the relationship between the cohesion ratio and the
injection-production pressure drop in the change process of a single injection-production
pressure drop, namely:

Kc = g4 P−h (13)

Fitting parameters g and h have a good power function relationship with the number
of injection-production cycles, so the relationship model between fitting parameters g, h
and the number of injection-production cycles can be established by using power function
regression analysis, respectively, as shown in Figure 15. Then, the relationship model
between the fitting parameters g and h under each injection-production cycle and the
number of injection-production cycles of the gas storage is:

g = −0.03318 + 0.05422n0.70366 (14)

h = 1.28067− 0.28935n0.36088 (15)
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Substituting Equations (14) and (15) into Equation (13), the cohesion of rock under
injection-production pressure drop in any operation cycle of gas storage due to gas-solid
coupling can be calculated, namely:

c = ciKc = ci

[(
−0.3062 + 0.31628n0.33989

)
4 P1.96755−0.97173n0.16973

]
(16)

where c is the cohesion of formation rock, MPa; ci is the original cohesion of formation rock,
MPa; Kc is the cohesion ratio, dimensionless;4P is the injection-production pressure drop,
MPa; n is the injection-production cycle, cycle; g and h are the fitting parameters.

3.2.4. Influence of Injection-Production Cycle and Differential Pressure on Internal
Friction Angle

After three groups of true triaxial compression numerical simulation experiments with
different confining pressures are carried out for numerical cores loaded with alternating
load in different cycles. Firstly, the Mohr strength envelope of numerical cores is obtained
according to the compression failure strength data of numerical cores under three groups
of confining pressures. Then, the internal friction angle will be obtained from the angle
between Mohr strength envelope and transverse axis. Among them, the internal friction
angle of numerical cores in each injection-production cycle is dimensionless into the internal
friction angle ratio. Finally, the relationship between the internal friction angle ratio and
injection-production cycle and differential pressure can be obtained, as shown in Figure 16
(dots are simulation results and curves are trend lines).
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Fitting the internal friction angle ratio in Figure 16 with the numerical simulation data
of injection-production cycle, the following relationship is obtained:

kϕ = λeβn (17)

Fitting the internal friction angle ratio under each stress amplitude in Figure 16 with
the data of injection-production cycle to obtain the fitting parameters λ and β The variation
with the increase of injection-production cycle is shown in Figure 17. It can be seen
that the fitting parameters in formula (18) and formula (19) increase with the increase of
injection-production cycle λ decrease and then increase, β gradually increase and then
decrease, namely:

λ = 0.02643∆p2 − 1.14881∆p + 12.556 (18)

β = −0.00431∆p3 + 0.2724∆p2 − 5.547∆p + 36.75 (19)
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Substituting Equations (18) and (19) into Equation (17), the internal friction angle of
rock under injection-production pressure drop in any operation cycle of gas storage due to
gas-solid coupling can be calculated, namely:

ϕ = ϕiKϕ = ϕi

(
0.02643∆p2 − 1.14881∆p + 12.556

)
e(−0.00431∆p3+0.2724∆p2−5.547∆p+36.75)n (20)

whereϕ is the internal friction angle of formation rock, (◦);ϕi is the original internal friction
angle of formation rock, (◦); Kϕ is the internal friction angle ratio, dimensionless; ∆p is the
injection-production pressure drop, MPa; n is the loading cycle of alternating load, cycle; λ
and β are fitting parameters.
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4. Discussion
4.1. Dynamic Prediction Model of Critical Production Pressure Drop under Gas-Solid Coupling in
Gas Storage

The mechanical properties of formation rock will change with the increase of injection-
production cycle in the process of gas-solid coupling in gas storage, which leads to the
change of critical production pressure drop of gas storage injection-production wells with
the increase of injection-production cycle. According to the influence law of alternating
load on numerical core mechanical parameters, the relationship between critical production
pressure drop of injection-production wells in gas storage and injection-production cycle
and operating pressure is established, as shown in Equation (21). Therefore, given the
original parameters of reservoir formation rocks, combining Equations (4), (8), (12), (16)
and (20), the above method can be used to calculate the critical production pressure drop of
gas storage under any injection-production cycle and differential pressure due to gas-solid
coupling action, namely:

4 pc =
2
[ 2v

1−vα− 1
]
Pr − 2c tanϕ+ 2v

1−v P0
2v

1−vα− 2
(21)

where4pc is the critical production differential drop, MPa; c is the cohesion of formation
rock, MPa; ϕ Is the internal friction angle of formation rock, (◦); Pr is the boundary pressure
of oil and gas reservoir, MPa; v is Poisson’s ratio of stratum rock, dimensionless; P0 is
the vertical in-situ stress of the formation, MPa; α is the Biot coefficient of formation
(α = 1− E

3(1−2v) × 10−5), dimensionless; E is the elastic modulus of formation rock, MPa.

4.2. Comparison and Analysis of Prediction Results of Dynamic Prediction Models for Critical
Production Pressure Drop of Gas Storage

At present, the prediction model of critical production differential drop is established
according to the one-way flow operation mode of oil and gas reservoirs, and the critical
production differential drop is predicted using the static rock mechanics parameters of
the formation that only represent the physical property state of the reservoir at the initial
stage of development. In fact, the mechanical properties of formation rock will change
dynamically under the effect of gas-solid coupling. Therefore, the dynamic and static
models considering the gas-solid coupling and not considering the gas-solid coupling are
used to compare and analyze the prediction results of the two models. It is known that
the injection-production well depth of a gas storage in the west is 3557.7 m, the original
formation pore pressure is 33.96 MPa, and the variation range of formation pore pressure
during the production and operation of the gas storage is 18–34 MPa. See Table 2 for
specific block physical parameters and Figure 18 for the calculation results.

Table 2. Physical parameters of reservoir.

Formation Parameter Ei/MPa vi/(N·m−1) ci/MPa ϕi/(◦)

Values 9.2 7.0 0.4 12.0

Figure 18 shows the model prediction results of 60 cycles of cyclic injection and
production in the gas storage under the conditions of formation pressures of 18 MPa,
22 MPa, 26 MPa, 30 MPa, and 34 MPa, respectively, during production and operation. It can
be seen that the prediction results of the dynamic and static critical production differential
drop prediction models are obviously different. The difference between the prediction
results of the static model and the dynamic model gradually increases with the increase
of the injection-production cycle. Under the conditions of formation pressure, the critical
production differential drop of the injection-production wells in the gas storage decreases
with the increase of the injection-production cycle, and the change trend is basically the
same. When the formation pressure in the 60th cycle of circulating injection production is
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30 MPa, the critical production differential drop of injection-production wells predicted
by the dynamic model is 10.34 MPa lower than that predicted by the static model, a year-
on-year decrease of 51.23%. This shows that the gas solid coupling effect is very obvious
during the injection and production operation of the underground natural gas storage,
and the prediction results of the static model without considering the gas solid coupling
cooperation are conservative and cannot be applied to the full life cycle of the gas storage.
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5. Conclusions

The results show that the number of bond contact fractures and micro-fractures in the
model increases gradually with the increase of injection-production cycle due to gas-solid
coupling. The elastic modulus ratio and cohesion ratio decrease gradually, and the higher
the injection-production pressure difference, the greater the decline. At the same time,
with the increase of injection-production cycle, Poisson’s ratio gradually increases, and the
higher the injection-production pressure difference, the greater the increase. The angle ratio
of internal friction increases linearly after increasing greatly at the initial stage. According
to the influence law, the relationship model between critical production pressure difference,
injection-production cycle and pressure difference of injection-production wells in gas
storage under the action of gas-solid coupling is established, which is used to predict the
dynamic performance of critical production pressure drop of injection-production wells in
the whole life cycle of gas storage.
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