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Distributions of pore pressure and water saturation in matrix around fractures

after hydraulic fracturing and shut-in period will impact the shale gas well

production significantly. However, the influences of hydraulic fracturing and

shut-in period on pore pressure and water saturation are not considered in the

classical reservoir simulations. In this work, the embedded discrete fracture

model (EDFM), which is convenient to be coupled with an existing reservoir

simulator with high computational efficiency, was employed to simulate the

hydraulic fracture propagation coupled with matrix flow. Then, we developed a

model for simulating the integration process of hydraulic fracturing, shut-in

period, and well production based on the dual media theory. Distributions of

pore pressure and water saturation varying in different periods and the

production decline of shale gas well were obtained through the integrated

simulation model. The calculation result was validated by the field bottom hole

pressure data of a shale gas well in Sichuan Province, China. Simulation results

show that the variation of bottom hole pressure is not smooth during the

fracture propagation process because the initiations of different fractures are

not simultaneous. The fracturing fluid flow-back rate of shale gas well is much

lower than that of conventional reservoirs. There is still a large amount of

fracturing fluid retained in micro-fracture systems and matrix of shale after

production. It is also found that the permeability of the micro-fracture system

determines the drop rate of bottom hole pressure and the size of stimulated

reservoir volume (SRV) determines the decrease amplitude of bottom hole

pressure.
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Introduction

At present, shale gas has become an important part of

unconventional oil and gas resources (Yue et al., 2020; Zhou

et al., 2021; Zhao et al., 2022). Hydraulic fracturing is a key

technology in shale gas development (Zhang et al., 2022a; Zhang

et al., 2022b). And the fracturing fluid leak-off during hydraulic

fracturing impacts the distributions of pore pressure and water

saturation of matrix around hydraulic fractures significantly.

However, the three stages in the life of shale gas well

development are not fully considered in current reservoir

simulations. Taking into consideration the effects of invaded

fracturing fluid, it is important for simulation and prediction of

shale gas well production to obtain the distributions of pore

pressure and water saturation in the reservoir after fracturing and

shut-in period. To achieve that, a model which can simulate the

integration process of hydraulic fracturing, shut-in period, and

well production is essential.

In the hydraulic fracturing studies, Carter leak-off equation

(Zhao et al., 2020) and Darcy’s law (Salimzadeh et al., 2017;

Wang et al., 2017; Wang et al., 2020a) are often employed to

describe the fracturing fluid invasion during hydraulic fracturing.

Usually only the leak-off volume of fracturing fluid can be

recorded in current fracture propagation models; the fluid

flow in reservoir is not considered. And the distributions of

pore pressure and water saturation varying in hydraulic

fracturing periods also cannot be described. Therefore,

coupling the fracture propagation with the fluid flow in the

reservoir becomes an important issue. The embedded discrete

fracture model (EDFM) (Li and Lee, 2008), which is widely used

to describe hydraulic fractures in reservoir simulation, becomes a

possible solution.

In recent years, the EDFM is very popular due to its high

compatibility with existing reservoir simulators (Yu et al., 2018;

Dong et al., 2019; Zhang et al., 2020; Zhu et al., 2020). This

method can smoothly embed fractures in the reservoir without

impacting the existing grid. And the EDFM is both suitable for

Cartesian grids (Cavalcante-Filho et al., 2015; Cavalcante-Filho

and Sepehrnoori, 2017; Du et al., 2017) and unstructured grids

(Xu et al., 2019). In addition, the EDFM overcomes shortcomings

of complex grid division and low computational efficiency

brought by discrete-fracture models (DFMs) (Xu et al., 2017).

And the EDFM has been applied in various situations of reservoir

simulation, such as the simulation of CO2 Huff-n-Puff process

(Sun et al., 2019) and the history matching (Dachanuwattana

et al., 2018). In this study, the EDFM coupled fluid flow in

reservoir with fracture propagation. And this method is also used

to simulate shut-in period and production of shale gas well.

Current researches show that capillary pressure guides

fracturing fluid invade into the matrix during shut-in period,

which changes the distributions of pore pressure and water

saturation in the matrix (Ghanbari and Dehghanpour, 2016;

Shen et al., 2016; Liu et al., 2017; Liang et al., 2021; Liu et al., 2021)

and may enhance the viscosity of shale (Peng et al., 2020a). The

pressure gradient caused by hydraulic fracturing also guides the

fluid flow between fractures and matrix during shut-in period

(Zhao et al., 2019; Wang et al., 2020b). The influences of capillary

pressure and pressure gradient caused by hydraulic fracturing on

pore pressure and water saturation in the matrix become more

and more significant when the shut-in continues. And this

process can impact the initial productivity of shale gas well

and the flow-back rate of fracturing fluid (Fakcharoenphol

et al., 2016). In order to analysis the influence of shut-in time

on the production and fracturing fluid flow-back rate of shale gas

well, it is essential to compare the simulation results of different

shut-in times.

In this paper, we developed a model for simulating the

integration process of hydraulic fracturing, shut-in period,

and well production based on the EDFM and the dual media

model. The EDFM was employed to develop the hydraulic

fracture propagation model coupled with matrix flow. And

the distributions of pore pressure and water saturation

varying in different periods and the production decline of

shale gas well were obtained through the above integrated

simulation model. Then, how the shut-in time impacts the

production of shale gas well was discussed. Finally, the

influences of the size of SRV and the permeability of

micro-fracture system on bottom hole pressure during

shut-in period were analyzed.

Fracture propagation model coupled
with reservoir seepage

Distributions of pore pressure and water saturation and the

parameters of fractures after hydraulic fracturing directly impact

the shut-in and production process of shale gas well. The fracture

morphology and propagation patterns of hydraulic fracture are

the main focus in current fracture propagation models (Zhao

et al., 2015; Peng et al., 2019; Peng et al., 2020b). Therefore,

distribution changes of pore pressure and water saturation in

FIGURE 1
Explanation of fracture segments division in the EDFM.
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reservoir during hydraulic fracturing were not fully considered in

current fracture propagation models. Unfortunately, it is difficult

to smoothly couple fluid flow in the reservoir with the existing

fracture propagation models. In this paper, the embedded

discrete fracture model (EDFM), which has good

compatibility with reservoir simulators and outstanding

computational efficiency (Wang et al., 2021), is the method to

solve this problem. The EDFM is a fracture description method

widely used in reservoir simulator. In the two-dimensional (2D)

reservoir model, a fracture described by the EDFMwill be divided

into multiple fracture segments by reservoir grid, as shown in

Figure 1.

FIGURE 3
Parameters of the simulations. (A) Schematic diagram of physical model. (B) Relative permeability curves. (C) Capillary pressure in matrix. (D)
Capillary pressure in the micro-fracture system.

FIGURE 2
Schematic diagram of fracture propagation in the EDFM.
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Fluid flow model in fracture

In the 2D reservoir model, the fluid flow between fracture

segments is one-dimensional. There is flow exchange between

each fracture segment and the micro-fracture cell which is

intersected by a fracture segment. Therefore, the fluid flow in

the fracture can be described by

z

zξ
(βKFriKF

μiBi

zPFi

zξ
) + δwell

qFi
VF

+ QF−f i
VF

� z

zt
(ϕFSFi

Bi
) (1)

where QF−f i is the volume flow rate of phase i between a fracture

segment and the micro-fracture grid, m3/s; qFi is the volume flow

rate of phase i between a fracture segment and wellbore, m3/s; PFi

is the pressure of phase i in a fracture segment, MPa; KFri is the

fracture relative permeability of phase i; VF is the volume of a

fracture segment, m3; ϕF is the porosity of fracture; SFi is the

saturation of phase i in a fracture segment; Bi is the volume

coefficient of water phase i; δwell is the coefficient for judging the

intersection of a fracture segment and wellbore, if a fracture

segment intersects wellbore, δwell = 1; if not, δwell = 0.

When a fracture segment intersects the micro-fracture grid,

the flow exchange between the fracture segment and the micro-

fracture cell occurs under the pressure gradient. QF−f i can be

described as (Xu et al., 2017)

FIGURE 4
Comparison between the actual data and the simulation results in bottom hole pressure.

TABLE 1 Basic parameters used for the simulations.

Parameter Value Unit Parameter Value Unit

Initial reservoir pressure 40 MPa Pumping rate 12 m3/min

Reservoir thickness 30 m Fracture height 30 m

Reservoir temperature 352 K Number of fractures 6 —

Rock density 2,500 kg/m3 Cluster spacing 10 m

Young’s modulus 20,000 MPa Initial matrix permeability 0.005 mD

Poisson ratio 0.22 — Micro-fracture permeability 0.7 mD

Fracture toughness 2 MPa
��
m

√
Matrix porosity 0.10 —

Rock compressibility 0.000145 1/MPa Micro-fracture porosity 0.01 —

Gas density (1 atm, 293.15 K) 0.58 kg/m3 Initial micro-fracture water saturation 0.30 —

Gas molar mass 16 kg/kmol Initial matrix water saturation 0.30 —

Langmuir pressure 4.48 MPa Stress sensitivity coefficient 0.07 1/MPa

Langmuir volume 0.00272 m3/kg Maximum horizontal principal stress 50 MPa

Fracturing fluid viscosity 1 mPa·s Minimum horizontal principal stress 70 MPa

Wellbore radius 0.06 m Initial fracture length 3 m

Rarefaction parameter 0.9807 — Knudsen number 0.2102 —

The slip coefficient -1 —
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QF−f i � 2Kf lFHF(PFi − Pfi)
μidF−f i

(2)

where Kf is the permeability of micro-fracture cell which is

intersected by a fracture segment, mD; lF is the length of fracture

segment, m; HF is height of fracture segment, m; μi is the

viscosity of phase i, mPas; �dF−f is the average normal distance

frommicro-fracture cell to fracture segment; Pfi is the pressure of

phase i in a micro-fracture cell, MPa.

Subsequently, the well-fracture flow was described by the

EDFM and the Peaceman method (Moinfar et al., 2013). This

method ignores the effect of wellbore friction:

qFi � 2πβKFKFriwF(PFi − Pwf )
μiBi[ln( req

rwell
) + s] (3)

req � 0.14[(lF)2 + (HF)2]1/2 (4)

where β is unit conversion factor; wF is the width of a fracture

segment, m; Pwf is the bottom hole pressure, MPa; req is the

effective radius, m; rwell is the wellbore radius, m; s is the skin

factor. For multi-cluster fracturing, the sum of flow rates into all

fracture segments that intersect the well trajectory must be equal

to the fluid injection rate in the wellbore. Therefore, the internal

boundary condition is

FIGURE 5
Distribution of pressure in the micro-fracture system and matrix during fracture propagation. (In (A–C), the range of pressure in the micro-
fracture system is from 40 to 52 MPa. In (D), the range of pressure in matrix is from 40 to 44 MPa. In (E,F), the range of pressure in the matrix is from
40 to 45 MPa).
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FIGURE 6
Distribution of water saturation in micro-fracture during fracture propagation. (In (A–C), the range of water saturation is from 0.3 to 1.0. (D) is
profile of water saturation which is drawn from the data in the figure of water saturation distributon in micro-fracture during fracture propagation
(such as (A–C) and so on)).

FIGURE 7
Curves of bottom hole pressure after 30min, 60min, and 90min of hydraulic fracturing. (wellbore resistance is neglected, and the bottom hole
pressure is the same in the fracturing section).
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∑N
j�1
(qFi)j � Qt (5)

where Qt is pump rate, m3/s; N is the number of fractures.

Fracture propagation simulation

The fracture propagation is judged by comparing the

stress intensity factor KI and fracture toughness KIC. If

KI >KIC, the hydraulic fracture will expand, the length of

the fracture will increase, and new fracture segments will

generate, as shown in Figure 2. If KI ≤KIC, the length of

the fracture will remain, and the fracture segment will be

unchanged.

The stress intensity factor of the hydraulic fracture KI can be

calculated by Eq. 6 (Zhao et al., 2019).

KI � (PFi − σh)H
2E

���
2π
LF

√
(6)

where E is the Young’s modulus, MPa; σh is the minimum

horizontal principal stress, MPa; LF is the length of the hydraulic

fracture.

Fracture toughness KIC is a commonly used parameter to

judge the propagation of cracks. When KI >KIC, the length of

the fracture increases by 1 m. If a new fracture segment is

generated, the fracture parameters of the adjacent fracture

segment are selected for assignment.

Reservoir seepage model

Fluid flow in reservoir occurs in hydraulic fracturing, shut-

in period and production of shale gas well. In order to take the

fluid flow in the reservoir during fracturing and shut-in period

into consideration, we developed a gas-water two-phase

seepage model for shale reservoirs which considers shale

gas desorption, Knudsen diffusion, slippage

effect, stress sensitivity, and capillary pressure effect in dual

media.

The description of the flow in hydraulic fractures is the

same as Eq. 1 in the fracture propagation model. However,

during the processes of shut-in period and well production

have different boundary conditions in comparison to the

hydraulic fracturing stage. However, the boundary

conditions of shut-in period and well

FIGURE 8
Distribution of pressure in micro-fracture system and matrix during shut-in period. (The range of pressure is from 40 to 43.5 MPa. The
distribution of pressure in micro-fracture system is shown in (A–C). The distribution of pressure in matrix is shown in (D–F).
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production are different form that of hydraulic fracturing

stage.

During the shut-in period, the sum of

the flow rate of each fracture is zero, which could be

expressed as

∑N
j�1
(qFi)j � 0 (7)

The boundary condition in the production process is expressed as

Pwf � const. (8)

The gas-water two-phase flow equation inmicro-fracture system is

∇(βKfKf ri

μiBi
∇Pfi) − δf

QF−f i
Vf

+ α
βKmKmri

μiBi
(Pmi − Pfi)

� z

zt
(ϕfSfi

Bi
) (9)

where Kf is the permeability of micro-fracture system, mD;

Kf ri is the relative permeability of phase i in micro-fracture

system; Pfi is the pressure of phase i in micro-fracture system,

MPa; α is shape factor; β is unit conversion factor; Km is the

permeability of matrix, mD;Kmri is the relative permeability of

phase i in matrix; Pmi is the pressure of phase i in matrix, MPa;

ϕf is the porosity of micro-fracture system; Sfi is the saturation

of phase i in micro-fracture system; δf is the coefficient for

judging the intersection of a fracture segment and a micro-

FIGURE 9
Distribution of water saturation in micro-fracture system during shut-in period. (In (A–C), the range of water saturation is from 0.3 to 0.8. (D) is
profile of water saturation which is drawn from the data in the figure of water saturation distribution in micro-fracture system during shut-in period
(such as (A–C) and so on).
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fracture cell, if a fracture segment intersects a micro-fracture

cell, then δf = 1; if not, then δf = 0.

The gas-water two-phase flow equation in matrix is

∇(βKmKmri

μiBi
∇Pmi) − α

βKmKmk

μiBi
(Pmi − Pfi) � z

zt
(ϕmSmi

Bi
+ Vg)

(10)
where ϕm is the porosity of matrix; Smi is the saturation of phase i

in matrix; Vg is gas volume of adsorption, it exists only when

describing gas flow, expressed as

Vg � ρsVLPmg

Pmg + PL
(11)

where ρs is the rock density, kg/m3; VL is the Langmuir

volume, m3/kg; PL is Langmuir pressure, MPa. In the gas-

water two-phase seepage in shale pores, the effect of capillary

pressure cannot be ignored. Capillary pressure could be

expressed by Eq. 12:

{Pmc(Smw) � Pmg − Pmw

Pfc(Sfw) � Pfg − Pfw
(12)

where Pmc is the capillary pressure in the matrix, MPa; Pfc is the

capillary pressure in the micro-fracture system, MPa.

For shale gas reservoirs with low and ultralow

permeability, the following apparent permeability model

FIGURE 10
Distribution of water saturation inmatrix during shut-in period. (In (A–C), the range of water saturation is from0.3 to 0.303. (D) is profile of water
saturation which is drawn from the data in the figure of water saturation distribution in matrix during shut-in period (such as (A–C) and so on)).
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proposed by Beskok and Karniadakis (1999) was employed to

consider the gas slippage and diffusion effect:

Km � Km0(1 + aKn)(1 + 4Kn

1 − bKn
) (13)

where Km0 is the initial matrix permeability, mD; a is the

rarefaction parameter; Kn is the Knudsen number; b is the

slip coefficient.

The hydraulic fracture permeability and micro-fracture

permeability will decrease respectively with the decrease of

fracture pressure and micro-fracture pressure, which is the

stress sensitive effect. And exponential stress sensitivity

formula is introduced into the model:

Kς � Kς0e
−cς(Pς0−Pς) (14)

where c is the stress sensitivity coefficient, 1/MPa and ς

represents a fracture segment or micro-fracture cell.

Results

Basic parameters

We set up a reservoir model with dimensions of 350 m ×

180 m, as shown in Figure 3A. A 180 m length hydraulic

fracturing stage was selected and six initial fractures of 3 m

length were placed in the reservoir intersecting with the

FIGURE 11
Bottom hole pressure curve from hydraulic fracturing to
shut-in period.

FIGURE 12
Distribution of pressure inmicro-fracture system andmatrix during production period. (In (A–C), the range pressure inmicro-fracture system is
from 35 to 41 MPa. In (D), the range of pressure in matrix is 39–41 MPa. In (E,F), the range of pressure in matrix is from 35 to 41 MPa)
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horizontal well. The Cartesian grids with grid size of 1 m ×

1 m were used to divide the reservoir and fracture. And the

initial fracture segments are three so that the fluid flow can be

described by the EDFM. Table 1 lists the basic parameters of

reservoir and fractures for a shale gas well in Sichuan

Province, China. Fracture height is assumed to fully

FIGURE 13
Curves of daily production and cumulative production of shale gas well. (A) is daily production curves. (B) is cumulative production curves.

FIGURE 14
Production curves of shale gas well under different shut-in times. (A) Daily gas production curves. (B) Daily water production curves. (C)
Cumulative water production curve. (D) Flow-back rate curves.
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penetrate reservoir thickness. Gas desorption is considered

using Langmuir isotherm, which is widely used in shale gas

reservoir simulators. Figure 3B shows relative permeability

curves for the matrix, micro-fracture, and hydraulic fracture,

respectively. Figures 3C,D show capillary pressure curves of

matrix and micro-fracture system.

Model validation

Bottom hole pressure of shale gas well during hydraulic

fracturing and shut-in period was obtained by the integrated

model based on the parameters in Table 1. And the simulation

results were compared with the bottom hole pressure during actual

fracturing stimulation in Figure 4. It is evident that the simulated

results are in good agreement with the actual data. Bottom hole

pressure has a gradual upward trend during hydraulic fracturing.

But the variation range of the actual data is larger, which is mainly

caused by the instability of pumping rate. Therefore, the integrated

model in this paper has a high accuracy.

TABLE 2 Parameters used for the simulations.

Kf SRV

Case 1 0.5 mD 280 m × 550 m × 30 m (Fig.37(a))

Case 2 0.05 mD 280 m × 550 m × 30 m (Fig.37(a))

Case 3 0.5 mD 180 m × 350 m × 30 m (Fig.37(a))

Case 4 0.05 mD 180 m × 350 m × 30 m (Fig.37(b))

Case 5 0.5 mD 70 m × 310 m × 30 m (Fig.37(c))

Case 6 0.05 mD 70 m × 310 m × 30 m (Fig.37(c))

FIGURE 15
The size of SRV and bottom hole pressure curves in different cases. (A) The size of SRV in cases 1 and 2. (B) The size of SRV in cases 3 and 4. (C)
The size of SRV in cases 5 and 6. (D) Bottom hole pressure curves in cases 1, 3 and 5. (E) Bottom hole pressure curves in cases 2, 4 and 6.
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Distributions of pressure and water
saturation in the micro-fracture system
and matrix during fracturing period

The distributions of pore pressure and water saturation in

reservoir during the hydraulic fracturing period were obtained

based on the parameters in Table 1. The water saturation of the

matrix changes little during hydraulic fracturing process due to

low permeability. Therefore, the distribution of water saturation

in matrix was not shown in the figures. Figure 5 shows the pore

pressure distributions in micro-fracture system and matrix at

different times, respectively. These simulation results show that

the inner pressure of micro-fracture system and matrix around

hydraulic fractures increases gradually with time during

hydraulic fracturing stage. The pressure diffusion range in the

micro-fracture system and matrix also expand with time

gradually. The pore pressure of micro-fracture system and

matrix between the first and sixth hydraulic fractures is much

higher than that outside the above area. Because the flow of

fracturing fluid in the reservoir between hydraulic fractures is

hindered. The pore pressure in matrix increases slower than that

in micro-fracture system, because there is a large seepage

resistance between the matrix and the micro-fracture system.

Figures 6A–C show the variation of water saturation

distribution in micro-fracture system during hydraulic

fracturing. The variation of water saturation distribution in

matrix is small during hydraulic fracturing due to the low

permeability and shot stimulation time, so it is not shown. It

is evident from these figures that water saturation of micro-

fracture system around hydraulic fractures is positively

correlated with time. And the influenced range of water

saturation in micro-fracture system increases gradually with

time. Moreover, the invasive range of fracturing fluid in

micro-fracture system is significantly smaller than the

spreading range of high pressure in micro-fracture system at

the same time. The reason: relative permeability of water is much

smaller than that of gas at the initial water saturation of micro-

fracture system. Besides, gas has strong compressibility and

expands more easily. The invasive range of fracturing fluid in

micro-fracture system around different hydraulic fractures is

shown in Figure 6D. It is found that the invasive ranges of

the first and sixth hydraulic fractures far from other fractures are

larger than those between first and sixth hydraulic fractures. This

is a symptom of the inhibition of fluid flow in the reservoir area

between hydraulic fractures.

Bottom hole pressure curves in Figure 7 show that hydraulic

fracturing is a step-by-step process, which consists of fracture

initiating, fluid filling, and fracture re-initiating. First, bottom

hole pressure increases gradually with the pumping of fracturing

fluid. When KI >KIC, hydraulic fracture is initiated and new

fracture segments are generated. Then, the fracturing fluid enters

new fracture segments and bottom hole pressure drops. After

that, bottom hole pressure increases again with time until

hydraulic fracture is initiated again. Meanwhile, Figure 7

shows that the variation of bottom hole pressure is not

smooth during the fracture propagation process because the

initiations of different hydraulic fractures are not

simultaneous due to the different net pressure (Feng et al.,

2016). And the bottom hole pressure has a general upward

trend with the increase of pressure in micro-fracture system

and matrix.

Distributions of pressure and water
saturation in the micro-fracture and
matrix during shut-in period

In the shut-in period, the pumping rate drops to zero.

Figure 8 shows the distributions of pressure in micro-

fracture system and matrix during the shut-in period,

respectively. As shown in these figures, the high pressure

of micro-fracture system and matrix brought by hydraulic

fracturing gradually spreads to the deeper formation with the

increase of shut-in time. Pressure spreads in the micro-

fracture system slightly faster than the matrix due to the

low permeability of matrix.

Figure 9 shows that the fracturing fluid, which invaded into

micro-fracture, continues to flow into the deeper formation

under the pressure gradient and capillary pressure. The

invasive range of fracturing fluid increases with shut-in

time. Fig.(d) shows the profile of water saturation in micro-

fracture system during shut-in period. Micro-fracture water

saturations around the first fracture and sixth fracture decrease

fast. And the invasive ranges of fracturing fluid around the first

fracture and sixth fracture are the largest. Moreover, locations

of the maximum water saturation in micro-fracture system

around the first fracture and sixth fracture are not the same as

the locations of these fractures under the action of pressure

gradient.

Figure 10 shows that capillary pressure and pressure gradient

change the distribution of water saturation in the matrix during

shut-in period. The matrix pressure around the middle hydraulic

fractures is slightly higher than the micro-fracture pressure

around the middle hydraulic fractures at the same shut-in

time (Figure 8). But the strong capillary pressure in the

matrix (Figure 3C) also guides fracturing fluid flow gradually

into matrix from micro-fracture system. Figure 10 also shows

that water saturation of matrix and the invasive range of

fracturing fluid in matrix are positively correlated with the

shut-in time.

Figure 11 shows the bottom hole pressure from fracturing to

shut-in period. Bottom hole pressure is high during the hydraulic

fracturing. When shut-in period begins, the pumping rate of

fracturing fluid drops to zero and bottom hole pressure declines
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rapidly. Moreover, bottom hole pressure becomes steady

gradually with the increase of shut-in time.

Distributions of pressure and water
saturation in the micro-fracture system
and matrix during production period

The production of shale gas well begins after shut-in period.

In this paper, bottom hole pressure is constant during production

(Pwf = 35 MPa). Figure 12 shows the distributions of pressure in

micro-fracture system and matrix during production period after

5 days shut-in. These figures show that the pressure of micro-

fracture system and matrix continues to decrease during

production process and the drop rates of pressure in micro-

fracture system and matrix around fractures are the largest.

It is evident from Figure 13A that the shale gas well has a

high initial gas production rate in the early stage of production

(Luo et al., 2021) because water saturation of hydraulic

fractures decreases gradually during shut-in period. Gas

production of the initial stage mainly comes from hydraulic

fractures and daily gas production also decreases slightly as

the pressure in the fractures drops. Then gas in micro-fracture

system flows into hydraulic fractures, which increases the gas

saturation of hydraulic fractures and daily gas production. At

the end of this event, daily gas production decreases gradually

after reaching the peak. Figure 13B shows that the cumulative

water production is 265.17 m3 after producing 20 days. It is

less than 30% of the total injection volume of fracturing fluid

(the total injection volume of fracturing fluid is 1080 m3).

There is still a large amount of fracturing fluid retained in

micro-fracture system and matrix after 20 days production.

Discussion

The impact of shut-in time on the
production

The shale gas well productivities under different shut-in

times were simulated by integrated model to analyze the

relationship between shut-in time and production of shale

gas well.

Figures 14A,B show daily gas production and daily water

production under different shut-in times. Figure 14A shows that

the daily gas production at the early period of production increases

with the increase of shut-in time. The increase rate of daily gas

production decreases gradually with the increase of shut-in time.

The daily water production at the early period of production is

negatively correlated with shut-in time, as shown in Figure 14B. It is

evident that the invasive fracturing fluid gradually flows into the

deeper formation with the increase of shut-in time. Water

saturations of hydraulic fractures and micro-fracture system

around hydraulic fractures decrease, which causes a high

production capacity at the early period. The optimal shut-in time

was suggested as 10 days combining Figures 14A–C.

Figure 14D shows that the flow-back rate was negatively

correlated with the shut-in time. The volume of invasive

fracturing fluid in the matrix gradually increases with the

increase of shut-in time. And the invasion range of fracturing

fluid in micro-fracture system andmatrix gradually expands with

the increase of shut-in time. It is difficult to bring the invasive

fracturing fluid in micro-fracture system and matrix out of the

formation.

The impact of the range of SRV and the
permeability of micro-fracture system on
the bottom hole pressure

A high permeability area is often formed around hydraulic

fractures after hydraulic fracturing in the shale reservoir. And the

volume of this area is Stimulated Reservoir Volume (SRV), which

is the key index of hydraulic fracturing evaluation. In this paper,

the micro-fracture system was used to describe the area of SRV in

the reservoir. The range of SRV and the permeability of micro-

fracture system influence the pressure transmission in the

reservoir, which impacts the bottom hole pressure during

shut-in period. Bottom hole pressures of different cases in

Table 2 were simulated by the integrated model.

Figures 15D,E show that the range of SRV and the

permeability of micro-fracture system are negatively correlated

with the bottom hole pressure during the shut-in period. It is

difficult for high pressure in micro-fracture system caused by

hydraulic fracturing to spread to deeper formation when the

range of SRV is small. Bottom hole pressures of cases 5 and 6 are

still higher than that of other cases after a long time shut-in.

When the micro-fracture permeability becomes higher (cases 1,

3, and 5), high pressure in micro-fracture system caused by

hydraulic fracturing can spread to deeper formation

conveniently. Bottom hole pressures of cases 1, 3, and 5 are

lower than that of cases 2, 4, and 6 after a long time shut-in. The

permeability of micro-fracture system determines the drop rate

of bottom hole pressure and the size of SRV determines the

amplitude of decreased pressure.

Conclusion

A model for simulating the integration process of hydraulic

fracturing, shut-in period, and well production is developed. The

distributions of pore pressure and water saturation varying in

different periods and the production decline of shale gas well are

obtained through the integrated simulation model. And the

impact of shut-in time on production of shale gas well is also

discussed. Moreover, the influences of the size of SRV and the
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permeability of micro-fracture system on bottom hole pressure

during shut-in period are analyzed.

1) In hydraulic fracturing process, the distributions of pore

pressure and water saturation in micro-fracture system and

matrix around hydraulic fractures are impacted by the

fracturing fluid leak-off. The invasive range of fracturing

fluid and the spreading ranges of high pressure in the

reservoir around hydraulic fractures increase with time.

The variation range of bottom hole pressure is not the

same during the fracture propagation process because the

initiations of different hydraulic fractures are not

simultaneous.

2) During shut-in period, the high pressure in the reservoir

brought by hydraulic fracturing spreads to the deeper

formation with the increase of shut-in time. And the

invasive range of fracturing fluid in the reservoir also

increases with the shut-in time. The distribution of water

saturation in matrix changes significantly during shut-in

period due to the influences of capillary pressure and

pressure gradient. The bottom hole pressure drops rapidly

during shut-in period due to pressure transmission.

3) In production process, the pore pressure in the reservoir

around hydraulic fractures drops rapidly. And daily gas

production of shale gas well shows a falling-rising-falling

trend. The flow-back rate of fracturing fluid is less than 30%

of the total volume of fracturing fluid. And there is still a large

amount of fracturing fluid retained in micro-fracture system

and matrix after production.

4) With the increase of shut-in time, the daily gas production

increases and the daily water production decreases gradually.

A 10 days optimal shut-in time of the shale gas well in

Sichuan Province, China was suggested by comparing the

gas production under different shut-in times. The invasion

range of fracturing fluid in micro-fracture system and matrix

gradually expands with the increase of shut-in time. The flow-

back rate is negatively correlated with the shut-in time.

5) The range of SRV and the permeability of micro-fracture

system are negatively correlated with the bottom hole

pressure during shut-in period. And the permeability of

the micro-fracture system determines the drop rate of

bottom hole pressure, and the size of SRV determines the

amplitude of decreased pressure.
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