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a b s t r a c t

Deep shale gas reservoirs have geological characteristics of high temperature, high pressure, high stress,
and inferior ability to pass through fluids. The multi-stage fractured horizontal well is the key to
exploiting the deep shale gas reservoir. However, during the production process, the effectiveness of the
hydraulic fracture network decreases with the closure of fractures, which accelerates the decline of shale
gas production. In this paper, we addressed the problems of unclear fracture closure mechanisms and
low accuracy of shale gas production prediction during deep shale gas production. Then we established
the fluidesolideheat coupled model coupling the deformation and fluid flow among the fracture surface,
proppant and the shale matrix. When the fluidesolideheat coupled model was applied to the fracture
network, it was well solved by our numerical method named discontinuous discrete fracture method.
Compared with the conventional discrete fracture method, the discontinuous discrete fracture method
can describe the three-dimensional morphology of the fracture while considering the effect of the
change of fracture surface permeation coefficient on the coupled fractureematrix flow and describing
the displacement discontinuity across the fracture. Numerical simulations revealed that the degree of
fracture closure increases as the production time proceeds, and the degree of closure of the secondary
fractures is higher than that of the primary fractures. Shale creep and proppant embedment both in-
crease the degree of fracture closure. The reduction in fracture surface permeability due to proppant
embedment reduces the rate of fluid transfer between matrix and fracture, which has often been
overlooked in the past. However, it significantly impacts shale gas production, with calculations showing
a 24.7% cumulative three-year yield reduction. This study is helpful to understand the mechanism of
hydraulic fracture closure. Therefore, it provides the theoretical guidance for maintaining the long-term
effectiveness of hydraulic fractures.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Most of the shale gas enrichment layers in the Sichuan Basin of
China are deep shale gas with a burial depth of more than 3500 m.
A large-scale long-effective hydraulic fracture network is the key
technology to realize the economic exploitation of deep shale gas.
Therefore, in deep shale gas production, the study of fracture
0908@163.com (K.-X. Qiu).

y Elsevier B.V. on behalf of KeAi Co
closure mechanism under high temperature, high pressure and
high closure stress has a critical guiding significance for increasing
and stabilizing deep shale gas production. The research purpose of
fracture closure is to maintain the maximum hydraulic fracture
conductivity as much as possible, that is, the effective fracture
width. However, is fracture conductivity the only factor affecting
the shale gas production of hydraulic fractures? Is the fracture
conductivity the higher, the better?

The change in formation pressure causes the multi-field
coupling problem in the production process. The correct shale gas
flow mechanism is the basis for accurately calculating formation
pressure. Freeman et al. (2013) found that the seepagemodel based
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on Darcy's law cannot explain the production data of shale gas
reservoirs, and they proposed that the diffusion effect is the leading
way to tight gas flow. Cronin et al. (2019) considered diffusion the
primary control mechanism of fluid flow in tight reservoirs and
gave the mass concentration diffusion equation based on Fick's law
without considering the influence of Darcy flow. The established
diffusionmodel canwell explain the field production data. Based on
the NeS equation of compressible fluid and the theory of small
Mach number flow (Klainerman and Majda, 1982), Jin and Chen
(2019) established the control equation of gas self-diffusion flow
in the primary exploitation of tight gas, pointing out that diffusion
is the primary flow mechanism of low porosity and low perme-
ability reservoirs. Jin et al. (2020) fitted the production of shale gas
wells in Sichuan, China, based on the self-diffusion flow equation at
the macro scale and found that the yield fitting results were
significantly better than the conventional Darcy and Knudsen
diffusionmodels. In this paper, the self-diffusion equation is used to
describe the flow of shale gas.

The fluidesolid coupling model is the theoretical basis for
simulating the fracture closure process. Valliappan and Khalili-
Naghadeh (1990) derived the effective stress coefficients of two
pressure systems based on the dual-porosity medium model by
considering the porosity changes of matrix pores and natural
fractures, respectively. Based on the fluidesolid coupling model of
double porous media, Lu et al. (2021) deduced the fluidesolid
coupling model of triple porous media. The multi-medium model
treats natural fractures as continuous media and cannot describe
the local flow characteristics of natural fractures. Researchers have
proposed a discrete fracture model to solve the flow in natural
fractures and matrices, respectively. However, the discrete fracture
model applies the effective stress principle to couple the pressure
and stress fields. Due to the continuity of the pressure field, the
stress field and displacement field are also continuous, which
makes the discrete fracture model unable to capture the mechan-
ical interaction mechanism between hydraulic fractures and natu-
ral fractures. Wei et al. (2021) modified the discrete fracture model
and proposed a discontinuous discrete fracture model, which
realized the description of discontinuous displacement and the
spatial configuration of fractures.

After hydraulic fracturing in oil and gas reservoirs, the fracture
closure has a significant impact on the fluid flow process, especially
on the long-term production process. Zhou et al. (2019) proposed a
fluidesolid coupling model in the early flowback process of shale
oil reservoirs and solved it by the finite element method. Zhou's
results showed that the fracture closure was uneven during the
flowback process. Excessive production pressure drop may destroy
the connectivity between fractures and the wellbore. Liu et al.
(2019) considered the effects of fracture closure and uneven
proppant distributionwhen simulating fracturing fluid distribution
and shale gas recovery. The numerical simulation showed that if
the fracture width in the closure process was neglected, the final
recovery factor would be about 40% higher. Lacy et al. (1998)
believed that the proppant embedment would reduce the frac-
ture width by 10%e60% and reduce the oil and gas production.
Reducing fracture width by 20% may reduce the recovery rate by
50%e60%. According to Fan et al. (2010), the excessive pressure
drop will lead to fracture closure, resulting in some fractures
disconnected from the wellbore, thereby reducing oil and gas well
recovery. Yan et al. (2020) simulated the fluidesolid coupling
process of fractured shale reservoirs using an efficient hybridmodel
composed of multiple continua and embedded discrete fracture
models (EDFM). They studied the effect of partial support fracture
closure on reservoir gas production. The current numerical simu-
lation work evaluates the influence of fracture width, or fracture
conductivity change, on the production of fractured wells. The
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reason is that the current numerical model only considers the in-
fluence of fracture conductivity on fracture-matrix coupling flow
and fails to consider the influence of fracture surface properties on
fractureematrix coupling flow.

In this paper, the fracture closure process is regarded as the
fractureeproppantematrix coupling deformation process, and a
fluidesolideheat coupled model for the fracture closure process is
established. The discontinuous discrete fracture model is used to
describe the fracture network. The influence of the permeation
coefficient of the fracture surface on the fractureematrix coupling
flow and the actual morphology of the fracture is considered. The
finite element method is used to solve the coupling model.
2. Mathematical model

2.1. Governing equations

Considering temperature, fluid pressure and adsorbed gas
desorption, the total stress of shale can be expressed as follows:

s¼s0 þD : ½εþasðTs � Ts0ÞI� þ abðp0 � pÞI � KεL
p

pþ pL
I (1)

where s0 is the in-situ geo-stress field, MPa; ε is the skeleton strain;
as is the coefficient of thermal expansion of the shale matrix, 1/K; Ts
is the temperature of the shale matrix, K; Ts0 is the original for-
mation temperature, K; ab is the effective stress coefficient; p and
p0 are respectively the current pore pressure and the initial pore
pressure, MPa; K is the bulkmodulus of rock skeleton, MPa; εL is the
Langmuir strain constant indicating the influence of adsorbed gas
desorption on rock deformation; pL is the Langmuir pressure, MPa;
I is the identity diagonalmatrix;D is the stiffnessmatrix of dry rock,
and for the homogeneous rock, it can be expressed as

D¼ E
ð1þ vÞð1�2vÞ

2
6666664

1� v v v 0 0 0
v 1� v v 0 0 0
v v 1� v 0 0 0
0 0 0 1�2v 0 0
0 0 0 0 1�2v 0
0 0 0 0 0 1�2v

3
7777775

(2)

where E is the elastic modulus, MPa; v is Poisson's ratio.
Considering the quasi-static process of solid deformation, the

stress balance equation is

V ,sþ rsg ¼ 0 (3)

where g is the gravitational acceleration, m/s2; rs is the rock den-
sity, kg/m3.

The formation pressure decreases continuously during the
production process, and the area of formation pressure reduction
increases continuously with the increase in production time, so the
adsorbed gas desorption process will always be in a dynamic non-
equilibrium process. Gas adsorption can be described using the
nonequilibrium Langmuir equation:

Rad ¼ kað1� qÞrga (4)

The desorption process of adsorbed gas can be described by
Henry's theorem:

Rde ¼ kdrgs (5)

where Rad is the mass of adsorbed gas per unit volume of rock per
unit time, kg/(m3 s); ka is the adsorption rate of free gas, 1/s; rga is



Table 1
Real gas calculation coefficients (Heidaryan et al., 2010).

Coefficient for Z Value Coefficient for m Value

0.2 < ppr < 3 ppr > 3

A1 2.827793 3.252838 B1 1.022872
A2 �0.468820 �0.13064 B2 �1.651432
A3 �1.262290 �0.64492 B3 5.757386
A4 �1.536520 �1.51803 B4 �7.389 � 10�2

A5 �4.535050 �5.39102 B5 8.389 � 10�2

A6 0.068951 �0.01380 B6 2.977 � 10�1

A7 0.190387 0.066006 B7 �1.451318
A8 0.620000 0.612078 B8 4.682506
A9 1.838479 2.317431 B9 1.918239
A10 0.405237 0.163222 B10 �9.945 � 10�2

A11 1.073574 0.56606
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the density of free gas, kg/m3; Rde is the mass of desorbed gas per
unit volume of rock per unit time, kg/(m3 s); kd is the desorption
rate of the adsorbed gas, 1/s; rgs is the density of the adsorbed gas,
kg/m3; q is the ratio of the occupied adsorption sites to all
adsorption sites in inner pore surfaces, and q ¼ rgs/rgsm; rgsm is the
density when the concentration of adsorbed gas reaches the
maximum, that is, the maximum adsorption capacity of shale, kg/
m3.

The net desorption rate per unit volume of shale can be written
as

Rnet ¼Rde � Rnet ¼ kdrgs � kað1� qÞrga (6)

Some previous literature reported that shale gas transportation
was controlled by diffusion mechanisms (Freeman et al., 2013;
Cronin et al., 2019; Jin and Chen, 2019). In this paper, the self-
diffusion model is employed to formulate the free shale gas flow
(Jin and Chen, 2019). Combining the dynamic desorption of the
adsorbed gas, the transportation of the shale gas can be described
using the equation below.

v
�
frga

�
vt

� V,
�
DeffVrga

�
¼ Rnet (7)

Deff ¼
mb þ 4m=3

r
(8)

where Deff is the effective self-diffusivity of gas, m2/s.
Surface diffusion of adsorbed gas also occurs on the solid surface

(Wei et al., 2019). The governing equation of adsorbed gas is

vrgs
vt

� DSV ,
�
Vrgs

�¼ � Rnet (9)

where DS is the surface diffusion coefficient of adsorbed gas, m2/s.
Deep shale gas reservoirs are characterized with high temper-

ature and high pressure. Fracturing fluid injection and flowback in
the fracturing process can bring great heat loss to the formation,
especially in the area near hydraulic fractures. At this point, the
influence of temperature on gas properties must be considered. The
density and pressure of real gas can be formulated by the state
equation:

pVL ¼ ZRT; rg ¼ pM
�ðZRTÞ (10)

where VL is the molar volume of gas under the temperature T, m3/
mol; rg is the density of gas, kg/m3; R is the thermodynamic con-
stant, 8.314 J/(mol K);M is the molecular mass, kg/mol; Z is the gas
compression factor. Since the critical temperature of methane
is�82.56 �C, the adsorbed gas under the formation condition is also
gaseous, so Eq. (10) is used for both free gas and adsorbed gas.

The gas compression factor and shear viscosity of gas vary with
gas composition, pressure and temperature. The empirical formula
of Heidaryan et al. (2010) is adopted in this paper. The compression
factor and shear viscosity of methane can be expressed as follows:

Z ¼ ln

2
66664
A1 þ A3 lnppr þ A5

Tpr
þ A7

�
lnppr

�2 þ A9
T2
pr
þ A11

Tpr
lnppr

1þ A2 lnppr þ A4
Tpr

þ A6

�
lnppr

�2 þ A8
T2
pr
þ A10

Tpr
lnppr

3
77775

(11)
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m¼ ln

2
6664
B1 þ ðB2 þ B3Þ

�
M
T

�
þ B4rga þ B5r2ga þ B6r3ga

1þ B7

�
M
T

�
þ B8

�
M
T

�2

þ B9

�
M
T

�3

þ B10rga

3
7775 (12)

ppr¼p
.
ppc (13)

Tpr ¼ T
�
Tpc (14)

where ppr is the gas contrast pressure, MPa; Tpr is the gas contrast
temperature, K; ppc is the critical gas pressure, MPa; Tpc is the
critical gas temperature, K; T is the gas temperature, K; Ai and Bi are
the calculated coefficients obtained from the experiment, as shown
in Table 1.

The thermal convection caused by the temperature field can be
expressed by Eq. (15):

qg"TT5843c571""ADT ¼ �rgabTVT (15)

where bT is the heat conductivity, m2/(s K).
Therefore, the gas mass flow rate after considering heat con-

vection can be written as

qg ¼ �DeffVrga � rgabTVT (16)

Using Eq. (16) to modify the self-diffusion flow model, we can
obtain the governing equation of shale gas flow considering the
influence of the temperature field:

v
�
frga

�
vt

� V,
�
DeffVrga þ rgabTVT

�
¼ Rnet (17)

If the rock is considered a slightly compressible porous medium,
then we have the following:

v
�
frga

�
vt

¼ rgafcs
vp
vt

þ fM
RT

v

vt

�p
Z

�
¼ cs

fMp
ZRT

vp
vt

þ fMp
ZRT

�
1
p
� 1
Z
vZ
vp

�
vp
vt

¼
	
fMp
ZRT

�
cs þ 1

p
� 1
Z
vZ
vp

�

vp
vt

¼ rgaf

�
cs þ 1

p
� 1
Z
vZ
vp

�
vp
vt

(18)

Considering the real gas effect caused by pressure and temper-
ature changes, the gas mass flow rate can be written as
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�DeffVra ¼ �Deff

�
M
ZRT

Vpþ pM
ZR

V
1
T
þ pM

RT
V
1
Z

�

¼ �Deff

	
M
ZRT

Vp� pM
ZRT2

VT � pM
RTZ2

�
vZ
vp

Vpþ vZ
vT

VT
�


¼ �Deff

	
rga

�
1
p
� 1
Z
vZ
vp

�
Vp� rga

�
1
T
þ 1
Z
vZ
vT

�
VT



(19)

Substituting Eqs. (18) and (19) into Eq. (17), Eq. (17) can be
written as follows:

rgaf
�
cs þ Zp

� vp
vt

� V,
h
rgaZpDeffVpþ rgaðbT þ ZTÞVT

i
¼ Rnet

(20)

Zp ¼1
p
� 1
Z
vZ
vp

(21)

ZT ¼
1
T
þ 1
Z
vZ
vT

(22)

When gas flow caused by rock deformation is taken into account,
the governing equation of shale gas flow can be written as

rgaf
�
cs þ Zp

� vp
vt

þ rgaða� fÞ vεv
vt

� V,
h
rgaZpDeffVpþ rgaðbT

þ ZTÞVTg
i

¼ Rnet
(23)

Due to the limited heat transfer efficiency between gas and
solid, the temperature in gas and solid is not the same, and this
phenomenon is called local thermal nonequilibrium (Gao et al.,
2017). Considering heat exchange brought by gas flow, the gov-
erning equation of the gas temperature field can be expressed by
Eq. (24) (Xia et al., 2021; Detournay et al., 2022):

frgaCg
vTg
vt

� hg1V
2Tg � hg2V

2p ¼ QTf (24)

hg1 ¼ fkg þ bTT
�
ZT
�
Zp � rgaCg

�
(25)

hg2 ¼ � Tg

	
bTþ

�
ZT
�
Zp � rgaCg

�Deff
p



(26)

QTf ¼
qsf

1� f

�
Ts � Tg

�
(27)

where Cg is the specific heat of gas, J/(kg K); qsf is the interstitial
convective heat transfer coefficient, J/(m3 K s); Tg is the gas tem-
perature, K; Ts is the rock temperature, K.

The governing equation of the rock temperature field is:

rsCs
vTs
vt

þVð�ksVTsÞ¼QTs (28)

QTs ¼
qsf
f

�
Tg � Ts

�
(29)

where Cs is the specific heat capacity of the rock, J/(kg K); Ks is the
thermal conductivity of rock, W/(K m).

Eqs. (3), (9), (20), (24) and (28) constitute the
gasesolidethermal coupling model based on the self-diffusive flow
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model.
2.2. The influence of water absorption and shale creep on the
fracture surface

Related studies have shown that the mechanical properties of
shale change after water absorption manifested as the decrease in
Young's elastic modulus and the increase in Poisson's ratio (Akrad
et al., 2011; Das et al., 2014). Akrad et al. (2011) conducted me-
chanical parameter testing and proppant embedding experiments
in Bakken, Barnett, Eagle Ford, and Haynesville shales. The results
show that Young's modulus of shale decreases after immersion in
fracturing fluid, and both high temperature and carbonate content
positively affect the decrease in Young's modulus after immersion
in water.

Table 2 shows the elastic modulus test results of shale cores in
different regions of the United States before and after immersion by
Akrad et al. (2011). It can be found that, due to the different mineral
compositions of shale cores in different regions, the reduction de-
gree of elastic modulus varies greatly after immersion. For the shale
in the same area, the high temperature increases the loss of the
shale elastic modulus after water immersion.

Wang (2015) conducted uniaxial compression experiments
under constant confining pressure (15 MPa) to study the effects of
moisture content and stress on shale creep. Fig. 1 shows part of
Wang's experimental results. Due to the elastic response of shale,
initial strain is generated at the initial time. With the increase in
water content, the initial strain variable of the core increases, which
indicates that the elastic modulus of shale decreases with the in-
crease in water content. With the increase in loading time, shale
creep occurs, and the maximum creep of shale increases with the
increases in water content and load.

In the fracturing process, the fracture surface is immersed in
fracturing fluids, which reduces the elastic modulus of the fracture
surface and increases the creep of the fracture surface. Maxwell's
model is used to describe the creep of the fracture plane in this
paper. Maxwell's model consists of a viscous element and an elastic
element in series, both of which bear the same stress, and its strain
is the sum of the strains of the viscous element and the elastic
element, see Fig. 2. Therefore, the constitutive relation of Maxwell's
body can be expressed as

_ε¼ _s

Es
þ s

h
(30)

where Es is the elastic modulus of the fracture surface, Pa; h is the
creep viscosity coefficient, Pa s.

By integrating the time term of the strain in Eq. (30), the creep
equation of Maxwell's model can be expressed as

ε¼1
h
s0t þ

s0
Es

(31)

The equivalent elastic modulus can be obtained from Eq. (31):

~Es ¼ Es
1þ Est=h

(32)

As shown in Fig. 3, the fracture surface is soaked with the
fracturing fluid during fracturing, which will change the perme-
ability and porosity of the fracture surface. The permeability and
porosity near the fracture surface will increase if fracturing fluids
induce micro-fractures in the shale matrix and decrease if there is
no microfracture.

Suppose there is a transition zone with minimal thickness from
shale matrix to fracture surface, whose thickness is ht. Then the



Table 2
Test results of shale elastic modulus before and after water immersion in different areas.

Region Immersion conditions Elastic modulus, GPa Reduction degree, %

Before immersion After immersion

Lower Bakken Room temperature, 5 days, 2% KCl slickwater 24.18 20.39 15.67
Room temperature, 30 days, 2% KCl slickwater 47.39 33.85 28.56
149 �C, 2 days, 2% KCl slickwater 47.39 36.85 22.24

Middle Bakken Room temperature, 30 days, 2% KCl slickwater 57.38 34.11 40.56
149 �C, 2 days, 2% KCl slickwater 70.84 33.73 52.39
149 �C, 2 days, 2% KCl distilled water 74.39 35.73 51.97

Barnett Room temperature, 5 days, 2% KCl slickwater 45.97 41.35 10.06
Room temperature, 15 days, 2% KCl slickwater 45.97 38.93 15.32
Room temperature, 30 days, 2% KCl slickwater 47.22 40.98 13.22
149 �C, 2 days, 2% KCl slickwater 50.57 34.45 31.88
149 �C, 2 days, 2% KCl distilled water 74.17 44.05 40.61

Eagle Ford Room temperature, 5 days, 2% KCl slickwater 35.09 25.18 28.25
Room temperature, 15 days, 2% KCl slickwater 44.85 21.25 52.63
Room temperature, 30 days, 2% KCl slickwater 35.09 19.35 44.85
149 �C, 2 days, 2% KCl slickwater 35.09 10.50 70.08

Haynesville Room temperature, 5 days, 2% KCl slickwater 38.74 35.79 7.62
Room temperature, 30 days, 2% KCl slickwater 38.74 36.32 6.29
149 �C, 2 days, 2% KCl slickwater 38.74 36.41 6.01

Fig. 1. Creep curves of shale with different loads and water saturation (Wang, 2015).

Fig. 2. Maxwell deformation characteristics.

Fig. 3. Shale matrix and fracture after fracturing.
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mass flow rate of gas passing through the transition zone is
1800
v ¼ �Deff"TT5843c571""ADtVr ¼ �rgaDeff"TT5843c571""ADtZpVp

(33)

When ht is very small, Eq. (33) can be written as

v ¼ rgaDeff"TT5843c571""ADtZp
pm � pf

ht
¼ rgaRb

�
pm � pf

�
(34)

Rb ¼ Deff"TT5843c571""ADtZp
ht

(35)

where Deffet is the self-diffusivity of transition zone, m2/s; Rb is the
permeation coefficient of fracture surfaces, m/(s Pa), and it is
affected by the fracture surface porosity; pm and pf are the matrix
pressure and the fracture pressure, respectively, Pa; and pm is the
same to p; ht is the thickness of the transition zone, m.
2.3. The influence of proppants on fracture closure

According to the geometry, the commonly used proppants are
divided into spherical proppant and cylindrical proppant. The
packing mode of proppant in hydraulic fracture is supposed to be
face-centered dense packing, as shown in Fig. 4. For spherical
proppants, each proppant is in contact with four (number of layers
equal to two) or eight (number of layers greater than two) prop-
pants, and for cylindrical proppants, each proppant is in contact
with two (number of layers equal to two) or eight (number of layers
greater than two) proppants.



Fig. 4. Proppant accumulation mode.
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For the convenience of model derivation, it is assumed that

(1) The proppant is evenly distributed inside the fracture;
(2) The proppant has the same particle size and mechanical

properties, and its deformation is elastic;
(3) Neglecting the broken part of the proppant.

Thus, the displacement of fracture surfaces only includes the
elastic deformation of proppants and the proppant embedment in
the fracture surface, which can be expressed as follows:

Dwf ¼ ðn� 1Þasin4þ 2ða0 þ hÞ (36)

where n is the number of proppant layers; a is the elastic defor-
mation between proppants, m; a0 is the elastic deformation of
proppant in the layer in contact with the fracture surface, m; h is
the depth of proppant embedded in the layer in contact with the
fracture surface, m; 4 is the center line angle between proppant in
different layers, �. For spherical proppant, 4 ¼ 45�, and for cylin-
drical proppant, 4 ¼ 60�.

Based on Hertz contact theory (Johnson, 1987), the elastic
deformation between two forward contact spherical particles
shown in Fig. 5 is (Puttock and Thwaite, 1969)

a ¼ ð3pÞ2=3
2

F2=3,ðV1 þ V2Þ2=3,
�
1
d1

þ 1
d2

�1=3
(37)

V1 ¼ 1� v21
pE1

(38)

V2 ¼ 1� v22
pE2

(39)

where a is the elastic deformation of spherical particles, m; F is the
force exerted on a spherical particle, N; d1 and d2 are spherical
particle diameters, m; E1 and E2 are the Young's modulus of two
spherical particles, MPa; v1 and v2 are Poisson's ratios of two
spherical particles.
Fig. 5. Forward contact of spherical particles.
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Fig. 6 shows the contact mode of spherical proppant inside the
fracture. The force decomposition relationship is as follows:

F 0 ¼ F
. ffiffiffi

3
p

(40)

The force acting on a single proppant is

F
0 ¼ Apseff ¼

pd2pseff
4
ffiffiffi
3

p (41)

where Ap is the central section area of proppant, m2; seff is the
fracture closure stress, MPa; dp is the proppant diameter, m.

By substituting Eqs. (40) and (41) into Eq. (37), the elastic
deformation between two spherical proppant layers in the fracture
can be obtained

ad ¼ ð3pÞ2=3
2

 
pd2pseff
4
ffiffiffi
3

p
!2=3

,
�
2Vp

�2=3
,

�
2
dp

�1=3

(42)

Vp ¼ 1� v2p
pEp

(43)

where Ep is the elastic modulus of proppants, MPa; vp is Poisson's
ratio of proppants.

As shown in Fig. 7, the fracture plane can be regarded as
spherical particles with infinite radius, but the creep of the fracture
surface needs to be considered. Therefore, the sum of the elastic
deformation of the proppant in contact with the fracture surface
and the proppant embedment in the fracture surface is

a
0 þ h ¼ dp

2
,

8>>>>>>>><
>>>>>>>>:

3pseff

4

2
64 1

ð1�n2pÞ
.

Epþð1�n2s Þ
.

~Es

3
75

9>>>>>>>>=
>>>>>>>>;

2=3

(44)

Vs ¼ 1� v2s

p~Es
(45)

where ~Es is the elastic modulus of the fracture plane after creep is
considered, MPa; vs is Poisson's ratio of the fracture plane.

Assuming that the elastic modulus of the fracture surface is
infinite, that is, the fracture surface will not be deformed, the
deformation of the proppant layer in contact with the fracture
plane can be obtained from Eq. (42) as follows:
Fig. 6. Contact mode of spherical proppant.



Fig. 7. Interaction between proppant and fracture surface.
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a
0 ¼ ð3pÞ2=3

2

 
pd2pseff
4
ffiffiffi
3

p
!2=3

,V2=3
p ,

�
1
dp

�1=3
(46)

Therefore, the proppant embedment depth in the fracture plane
is obtained through Eqs. (44)e(46):

h ¼ ð3pÞ2=3
2

 
pd2pseff
4
ffiffiffi
3

p
!2=3

,
h�
Vp þ Vs

�2=3 � V2=3
p

i
,

�
1
dp

�1=3

(47)

Based on Hertz contact theory (Puttock and Thwaite, 1969),
following the above derivation process from Eq. (37) to Eq. (47), we
can get the formulation of the embedment of cylindrical proppant:

ad ¼
ffiffiffi
2

p
dpseffVp,

"
1þ ln

 
2
ffiffiffi
2

p
l2p

d2pseffVp

!#
(48)

a0 ¼dpseffffiffiffi
2

p Vp,

(
1þ ln

"
2
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2

p
l2p

d2pseffVp

#)
(49)

h¼ dpseffffiffiffi
2
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�
,
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p
l2p

d2pseff
�
Vp þ Vs

�
!#

� Vp ,

"
1þ ln

 
2
ffiffiffi
2

p
l2p

d2pseffVp

!#)
(50)

2.4. The influence of proppants on mass transfer between rock
matrix and fractures

When gas flows from the shale matrix into the fracture, the
embedded proppant acts as a “plug” to block the pores on the
fracture surface, as shown in Fig. 8. When the fracture closure stress
Fig. 8. The proppant on the fracture surface is embedded to block the matrix hole.
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is 0, the proppant is not embedded, and the contact between the
proppant and the fracture surface is point contact. At this time, the
effective drainage surface area of the fracture is maximum. As the
production time goes on, the embedment of the proppant will
decrease the fracture surface porosity, thus decreasing the
permeation coefficient of the fracture surface.
2.4.1. Spherical proppant
As seen in Fig. 9, the area of the embedded part of the spherical

proppant is

Sem ¼ p
h
R2 � ðR� hÞ2

i
(51)

where h is the proppant embedding depth, mm; R is the proppant
radius, mm.

Therefore, the ratio of the embedded area of the proppant to the
central section area of the proppant is as follows:

ratem ¼ Sem
Sem þ Sou

¼R2 � ðR� hÞ2
R2

¼1�
�
1� h

R

�2

(52)

where Sem and Sou are respectively the embedded area of the
proppant and the central section area of the proppant.

There is still an area that cannot be covered by the proppant. The
lateral view of the first proppant layer on the fracture surface is
shown in Fig. 10. Then

S2 ¼ S3 ¼ S4 ¼ pR2

6
(53)

S1 ¼
ffiffiffi
3

p
R2 � S2 � S3 � S4 ¼

� ffiffiffi
3

p
� 1
2

�
R2 (54)

Therefore, the area coverage of proppant on the fracture plane is

ratov ¼ S2 þ S3 þ S4
S1 þ S2 þ S3 þ S4

¼
pR2

.
2ffiffiffi

3
p

R2
¼ p

2
ffiffiffi
3

p (55)

Assuming that the elastic deformation of the proppant has little
effect on its radius, Si (i ¼ 1�4) in Fig. 10 does not change with
proppant embedment. So, the proportion of proppant embedding
area in the total fracture area is

ratha ¼ ratem � ratov ¼ p

2
ffiffiffi
3

p
"
1�

�
1� h

R

�2
#

(56)

The spherical proppant embedment can be calculated with Eq.
(47).
Fig. 9. Single spherical proppant embedded in top and side views.



Fig. 10. Top view of spherical proppant laid on crack surface.

Fig. 12. Front view of cylindrical proppant on fracture surface.
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2.4.2. Cylindrical proppant
Fig. 11 shows that the area of the embedded part of the cylin-

drical proppant is

Sem ¼2lp
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � ðR� hÞ2

q
(57)

where lp is the column proppant length, mm; R is the cylindrical
proppant radius, mm.

Therefore, for the area covered by a single proppant, the ratio of
the embedded area to the central section area of the proppant is

ratem ¼ Sem
2Rlp

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
1� h

R

�2
s

(58)

When the proppant is closely laid on the fracture surface, the
frontal view of the proppant on the fracture surface is shown in
Fig. 12. Therefore, considering that proppants cover the entire
fracture surface, the proportion of proppant embedding area
occupying the total fracture area is

ratha ¼ ratem ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�

�
1� h

R

�2
s

(59)

Assuming that gas cannot enter the fracture from the fracture
surface area where proppant is embedded, the relationship be-
tween the effective drainage surface area of the fracture and
proppant embedment can be expressed as follows:

Rb ¼Rb0ð1� rathaÞ¼
DeffZp
ht

ð1� rathaÞ (60)
Fig. 11. Single cylindrical proppant embedded in top and side views.
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Whether it is a spherical proppant or cylindrical proppant, it
only needs to substitute the corresponding value into Eq. (60) to
calculate the effect of proppant embedding on the mass transfer
between rock matrix and fractures. In Eq. (60), the thickness of the
transition zone of the matrix to fracture, ht, is influenced by frac-
turing fluid invasion. Therefore, Eq. (60) reflects the influence of
fracturing fluid invasion and the proppant embedment on the mass
transfer rate between fractures and rock matrix.
3. Discontinuous finite element method

The left figure of Fig. 13 shows the actual fracture schematic
diagram. The middle figure of Fig. 13 compares the discrete fracture
model and the discontinuous discrete fracture model (Wei et al.,
2021), and the right figure compares the mesh generation results
of the discrete fracturemodel (DFM) and the discontinuous discrete
fracture model (DDFM). DDFM is modified from DFM, which aims
to solve the following 3 problems: 1) Considering the influence of
the fracture surface on the mass transfer rate between fracture and
matrix. 2) Considering the displacement discontinuity of fracture
surfaces. The fracture node in the numerical calculation of DFM is
also the matrix node. At the same time, the finite element method
is a continuous interpolation calculation method, so the calculated
solid displacement is continuous at the fracture. Thus, it is impos-
sible to calculate the closure displacement of the propped fracture
directly. 3) Considering the actual morphology of fractures. Since
the realistic fracture width changes from its center to the tip, the
displacement required for complete closure of the fracture at
different positions is different. Therefore, it is essential to consider
the fracturemorphology. DDFMdeveloped in this section solves the
three disadvantages of DFM while retaining the advantages of the
discrete fracture model.
3.1. Coupling flow between the matrix pores and discrete fractures

In Fig. 13, Um and Uf are the matrix region and the fracture re-
gion, respectively, Gþ

f and G�
f are the upper and lower surfaces of

the fracture, respectively. According to Eq. (34), the mass transfer
through the upper and lower fracture surfaces can be expressed as

vþ ¼ rgaRb
�
pm � pf

�
,nþ

f (61)

v� ¼ rgaRb
�
pm � pf

�
,n�

f (62)

The governing equation of matrix flow considering fluidesolid



Fig. 13. Comparison between discrete fracture and discontinuous discrete fracture.
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coupling can be written as follows:

rgaf
�
cs þ Zp

� vp
vt

þ rgaða� fÞ vεv
vt

� V,
�
rgaZpDeffVp

�
¼ vþ,nþ

f þ v�,n�
f (63)

According to Biot's theory of pore-elasticity (Chen and Teufel,
1997), we have

vεv
vt

¼ a

3K
vp
vt

(64)

where a is the effective stress coefficient; K is the matrix bulk
modulus, MPa.

Substituting Eq. (64) into Eq. (63), the matrix flow governing
equation can be written as follows:

rga

	
f
�
cs þ Zp

�þ aða� fÞ
3K



vp
vt

� V,
�
rgaZpDeffVp

�
¼ vþ,nþ

f þ v�,n�
f (65)

The weak form of Eq. (65) is

rgaf

�
cs þ Zp þ aða� fÞ

3K

�ð
Um

dp
vp
vt

dU

�
ð
Um

h
dpV,

�
rgaZpDeffVp

� i
dU

¼ �rgaRbht

ð
Gþ
f þG�

f

dp
�
pm � pf

�
dG (66)

The weak form of the flow governing equation for each fracture
surface is

wf �
ð
Gþ
f

dpf

	
rgaffZp

vpf
vt

� V,
�
rgaZpDeff"TT5843c571""ADfVpf

� 

dG

¼ rgaRbht

ð
Gþ
f

dpf
�
pm � pf

�
dG

(67)

wf �
ð
G�
f

dpf

	
rga4fZp

vpf
vt

� V ,
�
rgaZpDeff�fVpf

�

�


dG¼ rgaRbht

ð
G�
f

dpf
�
pm � pf

�
dG (68)

To consider the influence of fracture surface properties on the
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mass transfer between the fracture and matrix, different from DFM
(Wei et al., 2019), DDFMwill not add Eqs. (66)e(68) together during
numerical calculation. It is the reason why different pressure
symbols (pm is the pressure in the matrix and pf is the pressure in
the fracture) are used to distinguish the flow equation in thematrix
from the flow equation in the fracture.

For the jointed fractures shown in Fig. 14, there will be pressure
discontinuity in the joint of each fracture. The reason is that the
flow in the same fracture is interrupted at the joint. A flow node is
added at the joint to solve the problem of discontinuous flow of
fractures at the joint, as shown in Fig. 15. Eq. (69) gives the mass
conservation equation at the point.

V,vf ¼ V,
�
� rgaZpDeff"TT5843c571""ADfVpf

�
¼ 0 (69)

As shown in Fig. 15, using finite element method, the numerical
discretization scheme of Eq. (69) can be easily assembled with the
numerical discretization schemes of Eqs. (66)e(68), as shown in
Fig. 16.
3.2. Fracture closure

For the initially open fracture, the mesh generation result is
shown in Fig. 17. For the same fracture, the fracture nodes of its two
surfaces correspond individually. Therefore, the initial aperture of
the fracture can be expressed as

wð0Þ
f ¼ðxB � xAÞ,nA (70)

wherewð0Þ
f is the fracture width of the initial calculation step, m; xA

and xB are the coordinates of the corresponding fracture nodes.
The fracture aperture considering closure can be calculated by

Eq. (36):
Fig. 14. Cross crack and its internal pressure distribution.



Fig. 15. Calculation of flow distribution at the joint.

Fig. 17. Node changes during crack closure.
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wðnÞ
f ¼wðn�1Þ

f � Dwf (71)

where wðnÞ
f and wðn�1Þ

f are the fracture widths of the nth and

(n�1)th time steps, respectively, m. When wðnÞ
f � 0, the fracture is

completely closed. As can be seen from Fig. 17, each pair of the
fracture surface nodes merges into one matrix node, which ap-
proximates the mechanical behavior of the completely closed
fracture to that of the matrix.
Fig. 18. Geometry model of single fracture.
3.3. Model verification

There are three innovations of DDFM compared with DFM.

(1) Characterize the topology of the fracture.
(2) Quantify the change in the fracture surface area.
(3) Capture the discontinuous displacement of solid in fracture

surfaces and the stress concentration in fracture tips.

An actual fracture, shown in Fig. 18, is built to verify the three
innovations above of DDFM. The fracture has the same dimension
as the rock matrix for the actual fracture model. Moreover, the
fracture flow is described using the NeS model. To make this paper
as concise as possible, readers can refer to Wei et al. (2022). Fig. 19
shows the difference of the mesh between the actual fracture
model and DDFM.

Nonflow boundary and fixed displacement boundary are
Fig. 16. Matrix assembly for num
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applied to the outer boundary:

Vp,n ¼ 0; u ¼ 0 (72)

The middle point of the fracture is set as the constant pressure
boundary:

p¼ ph (73)

The fracture surface is set as the positioning displacement
boundary, and the displacement was calculated by the stress on the
fracture surface using Eq. (36). In this section, only the spherical
proppant support was considered.

Fig. 20 shows the simulation results of pore pressure using
erical calculation of DDFM.



Fig. 19. Mesh of the actual fracture model (left) and DDFM (right).

Fig. 21. Comparison of fracture aperture after 300 days of production.

Fig. 22. 3-dimensional geometry model of single fracture.
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DDFM and the actual fracturemodel. It can be seen from themiddle
figure and the right figure that the fracture closure degree of the
DDFM is slightly greater than that of the actual fracture model. The
reason is that when the real fracture flow space is established, the
fracture space needs to be divided into grids, and the grid inside the
fracture also has a specific stiffness, increasing the support effect on
the fracture surface. Therefore, the fracture closure calculated by
the actual fracture model is smaller than that of DDFM, as shown in
Fig. 21.

4. Result analysis

4.1. Closure of fracture networks and its influence on shale gas
production

In this chapter, a random complex fracture network is estab-
lished. Each fracture is an ellipsoid in 3D space, as shown in Fig. 22.
The initial maximumwidth of the primary fracture is 1 cm, and the
initial maximum width of the secondary fracture is 5 mm. The
height of the primary fracture is 60 m and the length is 200 m. The
height of the secondary fractures is from 25 to 50 m, and the length
Fig. 20. Pressure comparison after different production time.
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Table 3
Simulation parameters.

Simulation parameter Value

Thermal conductivity of the rock ks, W/(K m) 3.29
Thermal conductivity of the gas kg, W/(K m) 0.14
Heat conductivity bT, m2/(s K) 3 � 10�11

Specific heat capacity of the rock Cs, kJ/(kg K) 0.937
Specific heat capacity of CH4 Cg, kJ/(kg K) 2.227
Interstitial convective heat transfer coefficient qsf, W/(m3 K) 1000
Effective stress coefficient a 0.8
Elasticity modulus of the rock E, GPa 25
Poisson's ratio of the rock v 0.23
Creep viscosity coefficient of the rock h, Pa s 1 � 1017

Elasticity modulus of the fracture surface Es, GPa 12
Poisson's ratio of the fracture surface vs 0.2
Creep viscosity coefficient of the fracture surface hs, Pa s 1.6 � 1016

Desorption rate of adsorbed gas kd, 1/s 1 � 10�5

Adsorption rate of free gas ka, 1/s 1 � 10�6

Langmuir strain constant εL 2.72 � 10�3

Gas viscosity m, Pa s 3 � 10�5

Initial pore pressure p0, MPa 40.12
Critical pressure of CH4 pc, MPa 4.539
Critical temperature of CH4 Tc, K 190.7
Bottom hole pressure ph, MPa 27
Langmuir pressure of CH4 pL, MPa 4.48
Rock density rs, kg/m3 2500
Minimum horizontal principal stress Sh, MPa 47.3
Maximum horizontal principal stress SH, MPa 50.6
Initial formation temperature T0, K 429.15
Elasticity modulus of the proppant Ep, GPa 5
Poisson's ratio of the proppant vp 0.23
Number of proppant layers n 5
Thickness of Tthetransition zone in fracture surfaces ht, m 0.05
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is from 40 to 100 m. The minimum horizontal principal stress is
along the x axis and perpendicular to the primary fracture. The
maximum horizontal principal stress is along the y axis. The over-
burden stress Sv¼ 55MPa is along the z axis. The outer boundary of
the geometry model in Fig. 22 is nonflow boundary and fixed
displacement boundary, shown in Eq. (72). The middle point of the
primary fracture is set as the constant pressure boundary, i.e., Eq.
(73). Fig. 23 shows the geometric model of the complex fracture
network used in this chapter, and the basic simulation parameters
are listed in Table 3.

It can be seen from Fig. 24 that the fracture aperture decreases
with production time, which reduces the effective length and
height of fractures. The primary fracture has a larger initial width
and is filled with more layers of proppants. Therefore, the primary
fracture maintains a larger aperture than the secondary fractures.

Existing studies only consider the adverse impact of fracture
closure on production, including decreased fracture aperture,
length and height. Because the proppant embedding will block the
pores on the fracture surface, thus reducing the fracture surface
porosity, i.e., reducing the mass transfer rate between the matrix
and the fracture. Besides the fracture closure, DDFM also considers
the adverse effect of proppant embedment on production by
reducing fracture surface porosity. As seen from Fig. 25, the
dimensionless permeation coefficient of fracture surfaces, i.e., Rb/
Rb0, continuously decreases during the production process. The
dimensionless permeation coefficient of fracture surfaces reaches
the minimum value, decreasing to 0.2, after one year of production.

In Fig. 26, as production time goes on, the pressure drop inside
the fracture gradually expands from the primary fracture to the
secondary fracture, which indicates that more fractures begin to
play the role of gas transportation. It is also why gas production
keeps rising in the early production stage (see Figs. 27 and 28).

The impact of shale creep on gas production is analyzed by
fixing the bottom hole pressure. From Fig. 27, the accumulated
production considering creep is reduced by 15.2% in one year and
30.8% in three years. The main reason is that shale creep increases
the proppant embedment in the fracture surface, reduces the
fracture aperture, lowers the effective fracture length and height,
and brings down the porosity of the fracture surface. The impacts of
fracture closure and surface porosity are analyzed in Fig. 28, which
shows that the damage of the fracture surface porosity (or surface
permeation coefficient) has a more significant impact on produc-
tion than fracture closure. When only fracture closure is consid-
ered, the accumulated production decreases by 12.7% in one year
and 18.1% in three years. When the fracture closure and the fracture
surface porosity damage are taken into account, the accumulate
production decreases by 32.8% in one year and 42.8% in three years.

4.2. The influence of shale creep on fracture closure and shale gas
production

The fracture surface is immersed in fracturing fluid during the
hydraulic fracturing process, thus having a higher water content
than the shale matrix. The creep viscosity coefficient of the fracture
Fig. 23. 3-dimensional geometry model of complex fracture network.
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surface will be smaller than that of the rock matrix. In this section,
only the creep viscosity coefficient of the fracture surface is
changed to study the influence of shale creep on fracture closure
and shale gas production without changing its elastic modulus.
Three scenarios of the creep viscosity coefficient of the fracture
surface are investigated: 1 � 1015, 1 � 1016, and 1 � 1017 Pa s. The
smaller the creep viscosity coefficient, the stronger the creep
property of the fracture surface.

As seen in Fig. 29, the fracture aperture increases significantly
with the increase in the creep viscosity coefficient of the fracture
surface, especially for secondary fractures. Fig. 30 shows the impact
of the creep viscosity coefficient of the fracture surface on the
dimensionless permeation coefficient of fracture surfaces after 1
year of production. As seen in Fig. 30, the average values of the
dimensionless permeation coefficient of fracture surfaces increase
up to 0.3 and 0.75 when the creep viscosity coefficient of the
fracture surface increases from 1 � 1015 to 1 � 1016 and
1 � 1017 Pa s.

It is known that a larger creep viscosity coefficient indicates
more prominent creep characteristics of shale. Fig. 31 shows that
the gas production rate and the accumulated gas production
decrease significantly with the decline of the creep viscosity coef-
ficient of fracture surfaces (i.e., the creep property of shale is
enhanced). The accumulated gas production of 900 days decreases
up to 12.9% and 50.1% when the creep viscosity coefficient of frac-
ture surfaces decreases from 1 � 1017 to 1 � 1016 and 1 � 1015 Pa s.
As the laboratory results shown in Fig. 1, the increase in water
saturation will enhance the creep property of shale, i.e., the larger
the water saturation in shale, the smaller the creep viscosity coef-
ficient of fracture surfaces. Therefore, understanding the creep
properties of shale after fracturing is essential to predict fracture
closure and shale gas production.



Fig. 24. Fracture aperture change during production (left: 1 month; middle: half year; right: 1 year).

Fig. 25. Dimensionless permeation coefficient of fracture surfaces (Rb/Rb0) change during production (left: 1 month; middle: half year; right: 1 year).

Fig. 26. Fracture pressure change during production (left: 1 month; middle: half year; right: 1 year).
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4.3. The influence of initial formation temperature on fracture
closure and shale gas production

The formation temperature has a significant influence on the
bulk viscosity of CH4, which has a significant influence on the
diffusion coefficient of shale gas. In addition, the rise of formation
temperature accelerates the desorption rate of adsorbed gas. In this
section, different initial formation temperatures are changed to
study the impact of formation temperature changes on fracture
closure and shale gas production at a given bottom hole tempera-
ture (333 K).

Fig. 32 shows that the fracture aperture increases slightly with
the initial formation temperature increasing. On the one hand, as
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the initial formation temperature increases, the difference between
bottom hole temperature and formation temperature increases,
leading to greater thermal stain, i.e., shrinkage of the shale matrix.
On the other hand, with the increase in temperature difference, the
desorption rate of adsorbed gas will be higher, which will increase
the shrinkage of the shale matrix.

In Fig. 33, the shale gas production rate decreases with the in-
crease in initial formation temperature. According to the relation-
ship between the volume viscosity of methane and temperature in
Fig. 34, mb (370 K) > mb (400 K) > mb (430 K), and the bulk viscosity
(mb) of CH4 is much larger than its shear viscosity. Therefore, the
diffusion coefficient of CH4 is reversely related to the formation
temperature. The gas flow capacity is enhancedwith the increase in



Fig. 27. Effect of shale creep on gas production.

Fig. 28. Effect of fracture closure and surface porosity on gas production.
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the initial formation temperature. The formation pressure distri-
bution in the middle section is shown in Fig. 35. The formation
pressure near the fracture drops with the increase in the initial
formation temperature.
Fig. 29. Effect of fracture surface creep viscosity coefficient on fracture aperture after 1 yea
1 � 1017 Pa s).
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4.4. The influence of proppant type on fracture closure and shale
gas production

This section compares the supporting effects of spherical
proppant and cylindrical proppant under the same degree of
placement inside the fracture. The diameter and mechanical
properties of different types of proppants are the same, and the
length of a cylindrical proppant is 2, 4, and 6 times its diameter,
respectively.

As can be seen from Fig. 36, the aperture of cylindrical proppant
propped fractures is close to that of spherical proppant propped
fractures. According to the cubic law of fracture conductivity, the
fracture conductivity is linear related to the cubic of fracture
aperture, which means that the fracture conductivity of the four
scenarios in Fig. 36 is almost the same. Fig. 37 represents the
dimensionless permeation coefficient of fracture surfaces after 1-
year production. The dimensionless permeation coefficient of the
cylindrical proppant propped fracture surface is higher than that of
the cylindrical proppant propped fracture surface. And the smaller
the ratio of the proppant length to its diameter, the higher the
dimensionless permeation coefficient of the fracture surface. As
stated in Section 2.4, the embedment of the proppants will reduce
the mass transfer rate between the fracture and the matrix. The
spherical proppant is in point contact with the fracture surface,
while the cylindrical proppant is in linear contact with the fracture
surface. Therefore, the embedment of the cylindrical proppant is
smaller than the spherical proppant.

Fig. 38 shows that the gas production rate of the four scenarios
differentiates after 30 days of production. And the production rate
of the cylindrical proppant propped fracture is higher than that of
the spherical proppant propped fracture. When the cylindrical
proppant with lp ¼ 2dp is used, the accumulated gas production of
900 days is the highest and is 12.2% higher than that when the
spherical proppant is employed. As analyzed from Figs. 36 and 37,
the reason for the production difference in Fig. 38 is proppant
embedment, not the fracture conductivity. From previous litera-
ture, we note that they attribute the reduction of production to the
reduction of fracture conductivity and believe that different prop-
pants lead to different embedding amounts, which leads to
different fracture conductivity. The reason is that the discrete
fracturemodel cannot separately consider the fracture conductivity
and the permeation ability of the fracture surface.
r of production (from left to right, the creep viscosity coefficient is 1 � 1015, 1 � 1016,



Fig. 30. Effect of fracture surface creep viscosity coefficient on the dimensionless permeation coefficient of fracture surfaces after 1 year of production (from left to right, the creep
viscosity coefficient is 1 � 1015, 1 � 1016, 1 � 1017 Pa s).

Fig. 31. Effect of fracture surface creep viscosity coefficient on shale gas production.

Fig. 32. Effect of initial formation temperature on fracture aperture after 1 year of production (from left to right, the initial formation temperature is 370, 400, 430 K).

Fig. 33. Effect of initial formation temperature on shale gas production.

S.-M. Wei, Y. Xia, Y. Jin et al. Petroleum Science 21 (2024) 1796e1813
5. Conclusions

In this paper, to comprehensively evaluate the effectiveness of
the fracture network in the production process, both the fracture
closure and the change of the fracture surface permeation coeffi-
cient are considered. A fluidesolideheat coupled model is estab-
lished, and the discontinuous discrete fracture method is employed
to solve the coupled model. The effectiveness of the fracture net-
works during the production process is mainly evaluated through
shale gas production. Furthermore, some conclusions can be drawn
from the simulation results.
1810
(1) Shale creep increases the proppant embedment in fracture
surfaces, reducing the fracture aperture (i.e., flow conduc-
tivity) and the fracture surface permeation coefficient. Under
fully equivalent conditions, shale gas production after ac-
counting for shale creep has minimal impact in the first two
months, but the accumulated gas production is 42.8% lower
after 900 days of production.

(2) When the fracture is well propped, the effect of the proppant
embedment on the fracture surface permeation coefficient is
more significant than that on the fracture conductivity.



Fig. 34. Relationship between the formation temperature and the ratio of the bulk
viscosity to the shear viscosity of CH4 (Cramer, 2012).

Fig. 35. Effect of initial formation temperature on formation pressure after 900 days of p

Fig. 36. Fracture aperture with different type
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(3) Compared with spherical proppant, cylindrical proppant can
reduce the degree of fracture closure and the loss of fracture
surface permeation coefficient, thus increasing shale gas
production. There is an optimal value for the height-to-
diameter ratio of cylindrical proppant. Under the condi-
tions this paper calculated, the optimal height-to-diameter
value is 2.

(4) For the deep shale formation, when the formation temper-
ature is higher than 370 K, the gas production decreases with
the increase in the formation temperature.
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Fig. 37. Dimensionless permeation coefficient of fracture surfaces propped with different types of proppants after 1-year production.

Fig. 38. Shale gas production with different types of proppants.
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