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Abstract: Hydraulic fracturing is the main means for developing low-permeability shale reservoirs.
Whether to produce artificial fractures with sufficient conductivity is an important criterion for
hydraulic fracturing evaluation. The presence of clay and organic matter in the shale gives the shale
creep, which makes the shale reservoir deform with time and reduces the conductivity of the fracture.
In the past, the influence of shale creep was ignored in the study of artificial fracture conductivity, or
the viscoelastic model was used to predict the conductivity, which represents an inaccuracy compared
to the actual situation. Based on the classical Perzyna viscoplastic model, the elasto-viscoplastic
constitutive model was obtained by introducing isotropic hardening, and the model parameters
were obtained by fitting the triaxial compression creep experimental data under different differential
stresses. Then, the constitutive model was programmed in a software platform using the return
mapping algorithm, and the model was verified through the numerical simulation of the triaxial creep
experiment. Then, the creep calculation results of the viscoplastic constitutive model and the power
law model were compared. Finally, the viscoplastic constitutive model was applied to the simulation
of the long-term conductivity of the fracture to study the influence of creep on the fracture width,
and sensitivity analysis of the influencing factors of the fracture width was carried out. The results
show that the numerical calculation results of the viscoplastic model were in agreement with the
experimental data. The decrease in fracture width caused by pore pressure dissipation and reservoir
creep after 72 h accounts for 32.07% of the total fracture width decrease.

Keywords: viscoplasticity; creep behavior; fracture closure

1. Introduction

In the current context of “carbon peak” and “carbon neutrality”, the demand for
natural gas as a clean and low-carbon fossil fuel is gradually increasing [1]. As an important
source of natural gas, shale has attracted increasing attention [2], and pores and natural
micro-fractures of shale are the main reservoir space of shale gas. However, shale has
extremely low porosity and permeability [3], usually ranging from millidarcy to nanodarcy,
and must be fractured to create complex artificial fracture networks to form effective
productivity. The key to hydraulic fracturing is determining whether a fracture with high
conductivity can be formed. The presence of clay and organic matter in the shale gives the
shale creep [4,5]. The proppants in the fracture are embedded in the shale reservoirs due
to shale elastic and creep deformation during the production of shale gas, which causes
fracture closure and long-term conductivity loss [6–8].
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A large number of creep experiment results using shale show that the majority of
the creep deformation is unrecoverable plastic deformation [9–11]. For example, Sone
and Zoback conducted a creep experiment with unloading/reloading differential stress
paths using a Haynesville shale sample, and the results showed that there is a significant
plastic component in the strain response [11]. Chang and Zoback conducted a laboratory
experiment on room-dried unconsolidated GOM shale under hydrostatic pressure and
triaxial compressive stress, and the results showed that shale exhibits negligible creep strain
accompanying unloading [9]. Therefore, it is appropriate to use the viscoplastic model to
describe shale creep.

There are two commonly used viscoplastic theories. One is the Perzyna model, and
the other is the Duvaut–Lions model. In 2020, Borja pointed out that the two models
can obtain similar creep results when the two models’ material parameters are selected
appropriately [12]. Figure 1 shows the creep strain responses calculated by the Perzyna
and Duvaut–Lions model when adjusting the ratio η/τ, η is the viscosity of the shale rock
and τ is the relaxation time. Since Perzyna proposed the elastic–viscoplastic theoretical
framework in 1963, many scholars have extended it to form their constitutive models and
applied them to engineering practice. In 2010, Chang combined the Perzyna viscoplastic
constitutive law with a modified Cambridge clay plastic yield model to describe the
viscoplastic behavior of room-dried shale [13]. In 2012, Darabi used the classical Perzyna
viscoplastic model to predict the mechanical response of asphalt concrete under cyclic
loading and unloading creep test and found that with the increase in the number of
cycles, the predicted value of the model significantly deviated from the experimental
data, so the viscoplastic-softening model was proposed [14]. In 2020, Kabwe replaced the
Newtonian element with a spring-pot in the Maxwell and VP components and obtained
the fraction-order derivative viscoelastic viscoplastic (FDVP) model to estimate the delayed
deformation characterized by squeezing [15]. In 2020, Haghighat developed a viscoplastic
model to reproduce creep behavior and inelastic deformation by combining the Perzyna-
type viscoplastic model and the modified Cam-clay model [16].
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Figure 1. Comparison of axial creep strain with time—two viscoplastic models. Units: η is in MPa3·h;
τ and time are in hours [12].

However, the effect of reservoir creep is rarely considered in fracture conductivity
modeling. Meanwhile, several scholars have applied viscoelastic models to account for
the creep embedments [17–20]. For example, [19] introduced the modified Burgers creep
model into the discontinuous embedment model for multiple-particle-size proppants. They
combined it with the KC equation to develop a conductivity prediction model. The results
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show that with an increase in rock viscosity, the fracture conductivity decreased to the same
level at approximately 300 days. Ref. [18] applied the Burgers model to investigate the role
of shale creep on proppant embedment and fracture conductivity. Ref. [17] utilized the
fractional Maxwell model to characterize the viscoelastic deformation of tight sandstones.
Combining the fractional Maxwell model with Hertz contact theory, an analytical model
of fracture width was established. Therefore, based on the classical Perzyna viscoplastic
model, the elasto-viscoplastic constitutive model is obtained by introducing isotropic
hardening. The constitutive model is programmed in a software platform using the return
mapping algorithm, and the model is verified. Then, the elasto-viscoplastic constitutive
model is applied to the simulation of the long-term conductivity of the fracture to study
the influence of creep on the fracture width.

2. Constitutive Formulation
2.1. Elastic–Viscoplastic Constitutive Formulation

The bedding planes and the fractures within them are the main sources of creep
anisotropy [10], and the results of many shale creep experiments show that the strain
of shale in the horizontal bedding sample is larger than that in the vertical bedding
sample [4,21]. Shale comprises hard materials (quartz, feldspar, and pyrite) and soft ma-
terials (clay, kerogen, etc.). The creep is mainly caused by clay and organics. Ref. [22]
conducted nanoindentation tests on hard frames (quartz and pyrite), clay, and kerogen in
shale. Experimental results showed that the hard frame exhibited anisotropic responses,
whereas the responses of clay and kerogen were isotropic [23–25]. Therefore, we assume
that the creep behavior of shale is isotropic, and that the anisotropy of shale is mainly re-
flected in elastic deformation. Since we focus on the creep properties of shale, the anisotropy
of shale elasticity is not considered, and a linear elastic constitutive formulation is adopted.

We assumed that the total strain εij can be decomposed into elastic strain εe
ij and

viscoplastic strain ε
vp
ij

εij = εe
ij + ε

vp
ij (1)

The linear elastic constitutive equation is as follows [26]:

σij = Cijklε
e
kl (2)

where σij is the stress tensor, and Cijkl is the fourth-order elasticity tensor. Cijkl can be
expressed as

Cijkl = λδijδkl + 2µδikδjl (3)

where λ and µ are Lame constants, which can be expressed by the elastic modulus E and
Poisson’s ratio ν. δij, δkl, δik, and δjl are Kronicker symbols.

According to the Perzyna-type viscoplastic model [27–29], the viscoplastic strain rate
.

ε
vp
ij can be expressed as

.
ε

vp
ij =

.
p

∂g
∂σij

.
p =
〈 f 〉
η

(4)

where
.
p is the viscoplastic multiplier, which determines the magnitude of the viscoplastic

strain rate, and the unit is s−1. ∂g
∂σij

determines the direction of the viscoplastic strain rate. η

is the viscosity constant, and the unit is MPa·s. f and g are the yield function and plastic
potential function, respectively. The associated viscoplastic flow rule is adopted, Therefore,
f equals g. 〈 f 〉 is defined as follows:

〈 f 〉 =
{

0, f ≤ 0
f , f > 0

(5)

The von Mises yield function considering isotropic hardening can be expressed as
follows:
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f = σe − σy0 − hp (6)

where σe(σe =

√
3sijsij

2 ) is the von Mises equivalent stress, sij(sij = σij − σkk
3 δij) is the stress

deviator tensor, σy0 is the initial yield stress, and h is the hardening material parameter. σy0
determines the size of the initial yield surface.

When the von Mises equivalent stress is less than or equal to the initial yield stress
(σe ≤ σy0, f ≤ 0), the viscoplastic strain rate

.
p is 0, and accordingly, the viscoplastic

strain p is also 0. When the von Mises equivalent stress is greater than the initial yield
stress (σe > σy0, f > 0), viscoplastic strain rate

.
p is generated, and viscoplastic strain

p accumulates accordingly (the yield surface expands due to isotropic hardening). The
magnitude of the viscoplastic strain rate is f

η , substituting (6) into

.
p =

f
η
=

σe − hp− σy0

η
(7)

By solving this differential Equation (7), the viscoplastic strain p can be written as

p = Ce−
h
η t
+

σe − σy0

h
(8)

When t = 0, the viscoplastic strain p is p0.

p = C +
σe − σy0

h
= p0 (9)

It can be seen that C can be obtained from Equation (9). Therefore, C is not an
independent material constant but depends on von Mises equivalent stress σe, the hardening
material parameter h, and the initial yield stress σy0.

When t→ ∞ , the viscoplastic strain p tends to a fixed value. Figure 2 shows a
schematic of the elastic–viscoplastic model.
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2.2. Power Law Model

The power law model is introduced here only for comparison creep calculation results
with the elastic–viscoplastic model.

The creep strain rate of the power law model of time hardening form can be expressed
in Equation (10):

.
ε = Aσm

e tn (10)

where σm
e is the von Mises equivalent stress, and t is the time. A, m, and n are material

constants. A and m must be positive and −1 < n ≤ 0.
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3. Modeling Creep in Shale
3.1. Triaxial Creep Experiment

The shale samples used in the experiment come from the Chang 7 reservoir in Ordos
Basin, with a depth of about 3000–4000 m. We conducted three creep experiments on
three cylindrical samples with a diameter of 25 mm and a height of 50 mm in a servo-
controlled triaxial apparatus at a temperature of 110 ◦C. The specimen wrapped in the
heat-shrink jacket was placed in the confining cell. Hydrostatic confining pressure was
applied to the specimen to 5 MPa and then held constant. Next, the axial differential stress
was increased to a fixed value and kept constant for 8 h. Figure 3 shows the axial strain
data of three shale samples under a confining pressure of 5 MPa and differential stresses of
10 MPa, 15 MPa, and 20 MPa.
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Figure 3. Axial strain data when the differential stress is 10MPa, 15 MPa, and 20 MPa.

The core samples do not enter the tertiary creep stage when differential stress is 10 MPa
or 15 MPa, and only show primary and secondary creep, in which the creep strain rate
decreases with time and remains constant. When differential stress is 20 MPa, the shale
sample exhibits all three stages of creep. A comparison of axial strain data under different
differential stresses shows that the shale sample enters the steady-state creep phase faster
with increase in differential stress. For example, when the differential stress is 15 MPa,
the time from primary creep to steady-state creep is about half that when the differential
stress is 10 MPa. When the differential stress is 20 MPa, the time from primary creep to
steady-state creep is shortened, and primary creep is hardly observed.

3.2. Parameter Identification

The elastic parameters in the elastic–viscoplastic constitutive model are calculated as
follows. We take the ratio of stress to strain of the elastic stage of the axial strain data as the
elastic modulus E, and Poisson’s ratio ν is assumed to be 0.3. Equation (8) is used to fit the
creep strain experimental data to obtain viscoplastic model parameters. Uniaxial or triaxial
compression tests must be performed to determine the initial yield stress σy0, and 1 MPa is
assumed here. The fitting results are shown in Figure 4.
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Table 1 lists the viscoplastic model parameters obtained by fitting experimental data.
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Table 1. Material parameters obtained by fitting.

Differential Stress (MPa) C η (MPa·h) h (MPa)

10 −3.51 × 10−4 47,598.67 21,174.86
15 −1.85 × 10−4 264,287.20 65,884.27
20 −0.00137 464,192 13,708

3.3. Algorithm Implementation

The elastic–viscoplastic constitutive model is programmed into the software platform
using the return mapping algorithm [30]. The algorithm is divided into two steps: the first
step is elastic prediction, and the second step is inelastic correction [26].

Elastic prediction refers to the update of stress calculated according to Equation (11).
The stress obtained at this point is called the probing stress σij

tr.

σij
tr = σij

n + ∆σ = σij
n + Cijkl : ∆ε (11)

In the formula, ∆σ is the stress increment, Cijkl represents the fourth-order elastic
tensor, and ∆ε is the strain increment. We set the magnitude of the viscoplastic strain p as
the state variable and keep it constant at this step, i.e., pn+1 = pn, with the initial p = 0.

We can substitute Equation (11) into the expression of the yield function to obtain
Equation (12) and check if it is greater than 0.

f (σij
tr) = σe

tr − σy0 − hpn+1 (12)

In the formula, σe
tr is the von Mises equivalent stress calculated from σij

tr. If the
yield function f ≤ 0 is used, the material exhibits elasticity, and the stress tensor σij

n+1 in
step n + 1 is the probing stress.

If the yield function f > 0, the material has entered the viscoplastic stage; subsequently,
it enters the second step of inelastic correction. The stress derivation for step n + 1 is
as follows:

σij
n+1 = σij

n + ∆σ = σij
n + Cijkl : (∆ε− ∆εvp) = σij

n + Cijkl : ∆ε− Cijkl : ∆εvp (13)

In the formula, ∆εvp is the increment in viscoplastic strain. Substituting Equation (11)
into Equation (13) yields

σij
n+1 = σij

tr − Cijkl : ∆εvp (14)

Substituting the expression ∆εvp into Equation (14) yields

σij
n+1 = σij

tr − Cijkl :
.
p

∂ f
∂σij

∆t (15)

In the formula, ∆t is the time increment. Substituting ∂ f
∂σij

=
3sij

tr

2σe tr into Equation (15)
yields

σij
n+1 = σij

tr − Cijkl :
.
p

3sij
tr

2σetr ∆t (16)

Considering Cijkl : sij
tr = 2Gsij

tr +λsiiδij = 2Gsij
tr, substituting it into Equation (16)

yields

σij
n+1 = σij

tr − 2G
.
p

3sij
tr

2σetr ∆t (17)

According to Equation (17), the stress σij
n+1 at step n + 1 depends on the value of

.
p.

The following solution process of
.
p is provided.
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We can satisfy the equation
.
p = f

η ; for ease of calculation, we can rewrite it as

∆p =
.
p∆t = f

η ∆t and solve it through Newton’s iteration. The specific derivation process
is as follows:

∆p− f
η

∆t + (1−
f ′∆p

η
∆t)d∆p = 0 (18)

In the formula, f ′∆p is the derivative of the yield function f to ∆p. Substituting the
expression of the yield function into Equation (18) yields the following:

∆p−
σe

n+1 − σy0 − hpn+1

η
∆t + (1−

∂(σe
n+1 − σy0 − hpn+1)

∂∆p
∆t
η
)d∆p = 0 (19)

Considering that σe
n+1 = σe

tr − 3G∆p, substituting it into Equation (19) yields
the following:

∆p−
σe

n+1 − σy0 − hpn+1

η
∆t + (1−

∂(σe
tr − 3G∆p− σy0 − hpn+1)

∂∆p
∆t
η
)d∆p = 0 (20)

Solution:

(∆p)n+1 = (∆p)n +

f
η ∆t− (∆p)n

1 + (3G + h)∆t
η

(21)

The increment in viscoplastic strain is calculated based on ∆p, i.e.,

∆εvp = ∆p
∂ f

∂σij
(22)

The increment in elastic strain is

∆εe = ∆ε− ∆εvp (23)

The stress at step n + 1 is

σij
n+1 = σij

n + ∆σ = σij
n + Cijkl : ∆εe (24)

The initial elastic stiffness matrix is still used here. The flowchart of the entire algorithm
is shown in Figure 5.

3.4. Elastic–Viscoplastic Model Validation

In this study, we simulate numerical creep experiments under triaxial loading to
verify the correctness of the viscoplastic constitutive relationship. Using the axisymmetric
model shown in Figure 6, the leftmost dashed line in the figure represents the axis of
symmetry. In order to compare with the experimental data, the geometric dimensions,
loads, and boundary conditions were set the same as those of the shale sample creep
experiment. The elastic parameters are taken as Young’s modulus E = 25 GPa and Poisson’s
ratio ν = 0.3. The parameters of the viscoplastic material are determined by fitting the
viscoplastic constitutive model to the first set of experimental data and the third set of
experimental data.

In order to improve the accuracy of the calculation, the unit type used is CAX4. We
use structured grid partitioning technology to divide the model into 1000 units. We set
two static analysis steps. In the first analysis step, confining pressure and axial pressure
are applied, and the load increases linearly with time, with a loading time of 90 s. In the
second analysis step, the load remains unchanged, with a total time of 7.995 h. In order to
obtain the same number of data points as the experiment, a fixed step size of 10 s is used.
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pressure loading and the triangle represents support).

Figure 7 shows a comparison between simulation results and experimental data.
As shown in Figure 7a, during the decay creep stage, there is a gap between the numer-

ical calculation results of the viscoplastic model and the experimental data. After entering
the steady-state creep stage (about 3 h), the simulation results agree with the experimental
data. As shown in Figure 7b, the numerical calculation results of the viscoplastic model are
in good agreement with the experimental data.
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There may be two possible reasons for the discrepancy between the numerical calcula-
tion results of the viscoplastic model during the attenuation creep stage in Figure 7a and
the experimental data. The first is the influence of shale anisotropy: compared to sandstone,
shale exhibits significant anisotropy due to bedding planes. The viscoplastic model itself is
an ideal model that does not consider the presence of internal pores, fractures, and defects
in the rock core. However, there are many natural original fractures within the actual shale
core itself. These original fractures may close in the early stage of creep, and over time,
they may expand and even cause creep fractures (Wang, 2012) [31]. Therefore, the rate of
decay creep is relatively high in the early creep stage.

Figure 8 compares the simulation results of the viscoplastic model and the power law
model inherent in the software platform and the third set of experimental data. As shown
in the figure, both the viscoplastic model and the power law model are in good agreement
with the creep experimental results.
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3.5. Parameter Analysis of Elastic–Viscoplastic Model

This section conducts sensitivity analysis on the viscosity parameters, initial yield
stress, and strengthening material parameters in the elasto-viscoplastic constitutive model
to understand their impact on creep strain.

Figure 9 shows the variation curve of creep strain over time under different viscosity
parameters. Figure 10 shows the time-dependent curves of creep strain at initial yield
stresses of 0.3 MPa, 0.8 MPa, and 1.3 MPa. Figure 11 shows the time-dependent creep
strain curves of reinforced materials with parameters of 11,210.76 MPa, 21,210.76 MPa, and
31,210.76 MPa.
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In Figure 9, under certain other conditions, as the viscosity parameter increases, the
creep strain rate decreases, and the time to reach the “limit” of creep strain extends. That is,
the viscosity parameter only affects the time to reach the maximum creep strain and does
not affect the final creep strain. When the viscosity parameter is set, the creep strain limit is
closer to the initial yield surface—that is, the viscoplastic solution is closer to the “pure”
plastic solution [29]. As shown in Figure 10, under certain other conditions, the larger the
initial yield stress, the smaller the creep strain rate and creep strain. For every 0.5 MPa
increase in initial stress, the creep strain decreases by approximately 0.23× 10−4. As shown
in Figure 11, under certain other conditions, as the strengthening material parameters
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increase, the creep strain decreases. Furthermore, there is a non-linear relationship between
creep strain and strengthening material parameters.
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4. Fracture Conductivity Simulation

We use finite element analysis software to apply the elasto-viscoplastic constitutive
model to the analysis of fracture conductivity, study the influence of creep on fracture
width, and analyze the factors influencing fracture width.

4.1. Fracture Conductivity Model Setup

We can simplify the plane strain problem of the rock fracture system and adopt the
following assumptions in modeling:

1. We do not consider the poro-elastic characteristics of shale;
2. The permeability of the fracture remains constant; it does not take into account the

changes in fracture permeability caused by the decrease in pore pressure, the increase
in effective stress on the proppant, and the detachment of the reservoir caused by the
embedding of the proppant, leading to the migration of debris and proppant;

3. There is an intermediate layer in the middle of the fracture, in addition to the relatively
large size of the proppant, which is believed to be composed of relatively small
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proppant particles, pores, and rock debris, and crystallization and clay-like minerals
formed by pressure solution diagenesis in the proppant [20];

4. We can ignore the influence of proppant gravity and fracture surface roughness.

Figure 12 shows the geometric model of the rock fracture system. Shale reservoirs are
located above and below, with proppant-filled layers between the reservoirs. The circular
particles in the middle are relatively larger proppant particles (double-layer proppant is
used here). The intermediate layer is in contact with the relatively larger proppants of
the upper and lower reservoirs (the following proppants refer to larger proppants). The
reservoir is 1.5 cm thick, with a fracture length of 5 cm, a width of 2 cm, and a proppant
radius of 5 mm. Except for the CPE4P element, which is a seepage displacement coupling
element with pore pressure degrees of freedom, all other components use the CPE4 element.
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Figure 12. Geometry model of rock fracture system.

The material parameters are shown in Table 2.

Table 2. Material parameters.

Model Material Parameter Specific Value

Elastic modulus of proppant (GPa) 30
Proppant Poisson’s ratio 0.3

Elastic modulus of shale reservoirs (GPa) 20
Poisson’s ratio of shale 0.25

Initial yield strength (MPa) 1
Strengthening material parameters (MPa) 14,276.18

Viscosity parameter (MPa·h) 461,543.53
Elastic modulus of intermediate layer (MPa) 100

Intermediate Poisson’s ratio 0.3
Liquid gravity (kN/m3) 10

Permeability coefficient (m/s) 10−10

Fluid bulk modulus (GPa) 2

Figure 13 shows the setting of boundary conditions for the model. We can fix the
horizontal and vertical displacement of the bottom surface. The horizontal displacement
of all components is limited, and only a vertical pressure of 85 MPa is applied on the top
surface. Considering that the pore fluid in the middle layer flows toward the wellbore
under closed pressure, we set the right boundary of the middle layer to have a pore pressure
of 0. The initial porosity ratio of the intermediate layer is set to 0.67. The decrease in pore
fluid pressure causes an increase in the effective stress on the proppant, and the compaction
process of the proppant is achieved through the contact between the larger proppant and
the upper and lower reservoirs, as well as between the intermediate layer and the upper
and lower reservoirs.
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Figure 13. Load and boundary condition settings (The arrow represents pressure loading and the
triangle represents support).

The specific settings for contact are as follows. Each proppant is set as the contact
surface, the upper and lower surfaces of the reservoir are set as the contact surface, the
upper and lower surfaces of the intermediate layer are set as the contact surface, and the
entire intermediate layer is set as the contact surface. A contact pair is set between each
proppant in the first layer and the lower surface of the reservoir. Usually, the surface with
high stiffness is chosen as the main surface, so the proppant is the main surface, and the
lower surface of the reservoir is the secondary surface. A contact pair is set between each
proppant in the second layer and the upper surface of the reservoir, with the proppant as
the main surface and the upper surface of the reservoir as the secondary surface. A contact
pair is set between the upper surface of the intermediate layer and the lower surface of
the reservoir, with the lower surface of the reservoir being the main surface and the upper
surface of the intermediate layer being the secondary surface. A contact pair is set between
the lower surface of the intermediate layer and the upper surface of the reservoir, with
the upper surface of the reservoir being the main surface and the lower surface of the
intermediate layer being the secondary surface. The contact properties are set to normal
hard contact, and the penalty friction formula with a friction coefficient of 0.5 is used for
tangential contact. We can set binding constraints between the entire intermediate layer
and each proppant, with the proppant as the main surface and the intermediate layer as
the secondary surface.

4.2. Results

Figures 14 and 15, respectively, show the overall stress distribution cloud maps of the
model at 0.3 h and 72 h, as well as the stress distribution cloud maps of the support agent.
Figure 16 shows the overall vertical displacement cloud maps of the model at 0.3 h and 72 h.

Based on Figures 14 and 15, it can be seen that the von Mises stress in the contact area
between the upper and lower layers of the proppant is the highest, with a maximum von
Mises stress of 1151.19 MPa. The von Mises stress in the contact area between the proppant
and the upper and lower reservoir rocks is secondary, with a maximum von Mises stress
of 854.54 MPa. This is mainly because the elastic moduli of the upper and lower layers of
proppants are equal, and they are less prone to deformation when in contact. The elastic
modulus of the proppant is slightly higher than that of shale, and the contact between the
two is relatively prone to deformation. Moreover, as the closing pressure increases and
time passes, the proppant is more likely to be embedded into shale reservoirs.
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Comparing the overall von Mises stress cloud maps of the 0.3 h and 72 h models with
the von Mises stress cloud maps of the proppant, it is easy to find that the von Mises stress
at 0.3 h is lower than that at 72 h, especially in the contact area between the proppant
and the upper and lower shale reservoir rocks, indicating stress relaxation at the fracture
surface, which is caused by the dissipation of pore pressure in the intermediate layer.

As shown in Figure 16, the vertical displacement decreases sequentially from the top
to the bottom. When the calculation is terminated, the proppant is slightly embedded in
the formation, and the amount of proppant embedded in the middle is about 0.0488 mm.
The variation in fracture width (referring to the minimum fracture width here) is 0.352 mm.
The embedding amount accounts for 27.7% of the half fracture width variation, and the
seam width variation rate, which is the ratio of fracture width variation to the original
fracture width, is 1.76%.

We defined a path along the exit direction of the fracture surface. Figure 17 shows
the distribution pattern of pore pressure in the middle layer along the outlet direction of
the fracture surface at different times. Obviously, the pore pressure gradually decreases
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along the direction of the fracture surface outlet, reflecting the process of pore pressure
dissipation. Figure 18 shows the distribution pattern of flow velocity along the outlet
direction of the fracture surface at the end of the calculation. It is easy to see that the
flow velocity gradually increases along the direction of the fracture surface outlet, and
the flow velocity at the insertion point of the support agent significantly decreases, which
indirectly reflects the decrease in permeability in the embedding area and the decrease in
diversion capacity.
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Figure 19 shows the variation in fracture width over time. As shown in the figure,
the instantaneous change in fracture width caused by closed stress is about 0.239 mm,
accounting for 67.93% of the total fracture width change. Subsequently, the change in
fracture width caused by pore pressure dissipation and rock creep accounts for about
32.07%. It can be seen that the changes in fracture width caused by the decrease in pore
pressure of the proppant filling layer and the changes in fracture width caused by rock
creep cannot be ignored.

4.3. Analysis of Factors Influencing Fracture Width

This section investigates the effects of physical quantities such as the closure pressure,
elastic modulus and Poisson’s ratio of proppants, the elastic modulus and Poisson’s ratio
of rocks, viscosity parameters, the strengthening material parameters, and the initial yield
stress on the fracture width.
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Figure 20 shows the variation in fracture width over time at closure pressures of
45 MPa, 65 MPa, 85 MPa, and 105 MPa. As shown in Figure 20, under certain other
conditions, as the closure stress increases, the fracture width gradually decreases. For
every 20 MPa increase in closure stress, the fracture width decreases by approximately
0.07 mm. As the closure pressure increases, the time for the fracture width to reach stability
is extended. The variation in fracture width can be divided into three stages. At the
moment of loading, due to the lack of time for pore pressure to dissipate, the reduction in
fracture width is mainly caused by the elastic deformation of the reservoir and proppant.
Subsequently, as the pore pressure dissipates, the effective stress on the proppant increases,
causing further deformation of the proppant and reservoir, resulting in a decrease in
fracture width. After the dissipation of pore pressure, due to the creep properties of the
reservoir rock, the reservoir continues to deform, and the fracture width further decreases.
As the viscoplastic model of the reservoir is an “upper limit” model, the fracture width will
gradually approach a fixed value over time. When the closure stress is increased, it impacts
all three stages.
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Figure 21 shows the variation in fracture width with time when the elastic moduli of
the proppant are 30 GPa, 40 GPa, 50 GPa, and 60 GPa. When other conditions are constant,
the larger the elastic modulus of the proppant, the wider the fracture width. This is because
the larger the elastic modulus of the proppant, the more effectively it can play its role; that
is, the proppant is less likely to deform and embed, and fractures are less likely to close.
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When the elastic modulus of the proppant increases from 30 GPa to 40 GPa, the decrease
in fracture width is greater than when the elastic modulus of the proppant increases from
40 GPa to 50 GPa. This indicates that when the elastic modulus of the proppant increases
to a value of around 40 GPa, it can better support fractures. If the elastic modulus of the
proppant continues to increase, it cannot significantly reduce the fracture width. When
comparing the time-varying curves of the fracture width with different elastic moduli of
proppants, the curves are parallel to each other, indicating that the elastic modulus of
proppants mainly affects the instantaneous application of closing stress and the early stage
of pore pressure dissipation. For the time period after small changes in pore pressure,
changes in the elastic modulus of proppants have almost no effect on the fracture width.
This is because the change in elastic deformation caused by the change in elastic modulus
is not related to the length of time but only to stress.
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Figure 21. Fracture width versus time for different elastic moduli of proppant.

Figure 22 shows the variation in fracture width with time when the Poisson’s ratio of
the proppant is taken as 0.2, 0.3, 0.4, and 0.45. As shown in the figure, when other conditions
are constant, the larger the Poisson’s ratio, the wider the gap. Due to the limitation of all
lateral displacements in the diversion capacity evaluation model, deformation can only
occur in the vertical direction. The larger the Poisson’s ratio of the proppant, the stronger
its ability to resist vertical deformation, and the less likely it is to reduce the fracture width.
Similarly to Figure 21, the time-dependent curves of fracture width under the influence of
different proppant Poisson’s ratios are parallel to each other, indicating that the proppant
Poisson’s ratio mainly affects the instantaneous application of closure stress and the early
stage of pore pressure dissipation. For the later stage of pore pressure dissipation, the
proppant Poisson’s ratio has almost no effect on fracture width. This is because the change
in elastic deformation caused by Poisson’s ratio is not related to the length of time but only
to the change in stress.

Figure 23 shows the variation in fracture width over time for shale reservoirs with
elastic moduli of 10 GPa, 15 GPa, 20 GPa, and 30 GPa. As shown in the figure, when
other conditions are constant, the larger the elastic modulus of shale reservoirs, the wider
the fracture width. The elastic modulus reflects the ability of a reservoir to resist elastic
deformation. The larger the elastic modulus, the stronger the resistance to deformation,
and the less likely the fracture width is to decrease. The reduction in fracture width caused
by the change in elastic modulus from 10 GPa to 20 GPa is 2.61 times that caused by the
change in elastic modulus from 20 GPa to 30 GPa. This is because the elastic modulus of the
proppant is 30 GPa. As the elastic modulus of the reservoir approaches 30 GPa, the two are
evenly matched, making the proppant less likely to deform and the fracture width less
likely to decrease. When the elastic modulus of the reservoir and the elastic modulus of the



Energies 2024, 17, 1122 19 of 23

proppant differ significantly, the proppant is prone to embedding and cannot effectively
support the fractures.
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Figure 23. Fracture width versus time for different elastic moduli of reservoir.

Figure 24 shows the variation in fracture width over time for shale reservoirs with
Poisson’s ratios of 0.2, 0.25, 0.3, and 0.35. As shown in the figure, when other conditions
are constant, the larger the Poisson’s ratio of the reservoir, the wider the fracture width.
The reason for this is the same as the effect of the Poisson’s ratio of the proppant on the
fracture width, so it will not be repeated here. The width of the fracture is not linearly
proportional to the Poisson’s ratio of the reservoir. When the reservoir Poisson’s ratio
increased from 0.2 to 0.25, the fracture width increased by 0.0087 mm; when the reservoir
Poisson’s ratio increased from 0.25 to 0.3, the fracture width increased by 0.0111 mm; and
when the reservoir Poisson’s ratio increased from 0.3 to 0.35, the fracture width increased
by 0.0144 mm. Similarly to Figure 22, the Poisson’s ratio of the reservoir mainly affects
the instantaneous application of closure pressure and the early stage of pore pressure
dissipation. For the later stage of pore pressure dissipation, the Poisson’s ratio of the
reservoir has almost no effect on fracture width.
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Figure 24. Fracture width versus time for different Poisson’s ratios of reservoir.

Figure 25 shows the viscosity parameters of shale reservoirs, which are η =
661,543.53 MPa·h, η = 561,543.53 MPa·h, and η = 461,543.53 MPa·h. The variation law of
fracture width with time at 361,543.53 MPa·h. As shown in the figure, for the 72 h diversion
capacity evaluation model, changes in viscosity parameters have almost no effect on the
final fracture width.
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Figure 25. Fracture width versus time for different viscous parameters of reservoir.

Figure 26 shows the variation in fracture width over time at initial yield stresses of
1 MPa, 21 MPa, 41 MPa, and 61 MPa. As shown in the figure, under certain other conditions,
as the initial yield stress of the reservoir increases, the fracture width increases. For every
10 MPa increase in initial yield stress, the fracture width increases by approximately
0.01 mm. Although this value is small, it cannot be ignored when measuring the effect of
initial yield stress on fracture width on a longer time scale, such as 10 years, given a creep
time of 72 h.

Figure 27 shows the variation in fracture width over time when the strengthening
material parameters are h = 14,276.18 MPa, h = 24,276.18 MPa, h = 34,276.18 MPa, and
h = 44,276.18 MPa. As shown in the figure, when other conditions are constant, as the
strengthening material parameters increase, the fracture width increases. The parameters of
strengthening materials mainly affect the process of stress, which no longer changes after the
dissipation of pore pressure. Increasing the parameters of strengthening materials is equiv-
alent to increasing the subsequent yield stress, resulting in a decrease in creep strain rate, a
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decrease in creep strain, and an increase in fracture width. As the variation in pore pressure
is small, the variation curves of fracture width with time corresponding to different strength-
ening materials are not parallel, indicating that the strengthening material parameters are
not linearly related to fracture width. This is consistent with the influence of strengthening
material parameters on creep strain in Figure 11. Comparing Figures 26 and 27, the influ-
ence of strengthening material parameters on seam width is greater than that of initial yield
stress on seam width. This is because the initial yield stress is only the “threshold value”
for entering viscoplasticity, while the strengthening material parameters affect the entire
creep process.
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5. Conclusions

This study introduces isotropic strengthening based on the classic Perzyna viscoplastic
model to obtain an elastic–viscoplastic constitutive model. The model was used to fit
triaxial compression creep experimental data under different differential stresses, obtain
model parameters, and program the model in the UMAT subroutine interface for model
validation. Finally, the viscoplastic model was applied to the calculation and simulation
of long-term fracture conductivity to study the effect of creep on fracture width and to
analyze the factors affecting fracture width. The conclusions drawn are as follows:
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(1) According to the 8 h high-temperature creep test results of shale with confining
pressure of 5 MPa and differential stresses of 10 MPa, 15 MPa, and 20 MPa, shale
mainly exhibits characteristics of attenuation creep and steady-state creep.

(2) The verification results of the viscoplastic model indicate that, during the attenuation
creep stage at a differential stress of 10 MPa, there is a gap between the numerical
calculation results of the viscoplastic model and the experimental data. After entering
the steady-state creep stage, the simulation results agree with the experimental data.
When the differential stress is 20 MPa, the overall agreement between the viscoplastic
model and experimental data is good.

(3) The sensitivity analysis of material parameters in the viscoplastic model shows that
the viscosity parameters only affect the time to reach the final creep strain and do not
affect the final creep. There is a linear inverse relationship between creep strain and
initial yield stress. There is a non-linear inverse relationship between creep strain and
strengthening material parameters.

(4) The simulation results of the artificial fracture diversion capacity evaluation model
show that, after 72 h, the reduction in fracture width caused by pore pressure dissipa-
tion and reservoir creep accounts for 32.07% of the total reduction in fracture width.
Further, the viscoplastic deformation of reservoirs cannot be ignored in predicting the
hydraulic conductivity of artificial fractures.

(5) The process of fracture width variation can be divided into three stages. The instanta-
neous application of closed stress, due to the lack of time for pore pressure to dissipate,
results in a decrease in fracture width mainly caused by the elastic deformation of
the reservoir and proppant. Then, as the pore pressure dissipates, the effective stress
on the proppant increases and is transmitted to the reservoir through contact, and
the fracture width continues to decrease. When the pore pressure has dissipated and
the effective stress on the proppant no longer changes due to the creep properties
of the reservoir, the strain will still gradually increase over time until it reaches the
maximum value of creep strain, and the fracture width will no longer change.
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