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ABSTRACT: The seepage characteristics of shale reservoirs are influenced not only by multi-field coupling effects
such as stress field, temperature field, and seepage field but also exhibit evident creep characteristics during oil and gas
exploitation. The complex fluid flow in such reservoirs is analyzed using a combination of theoretical modeling and
numerical simulation. This study develops a comprehensive mathematical model that integrates the impact of creep
on the seepage process, with consideration of factors including stress, strain, and time-dependent deformation. The
model is validated through a series of numerical experiments, which demonstrate the significant influence of creep
on the seepage behavior. The results indicate that the rock mechanical parameters and creep constitutive model were
determined through triaxial compression tests and uniaxial creep tests. A creep-seepage coupling control equation for
shale was established based on the Burgers creep model. The absolute value of the volumetric strain of shale increases
rapidly in the initial creep stage, and the increase in vertical stress accelerates the rock’s creep deformation. During
the deceleration creep stage, the volumetric strain of the reservoir increases rapidly, leading to a significant decrease in
permeability. In the stable creep stage, the pores and fractures in the rock are further compressed, causing a gradual
reduction in permeability, which eventually stabilizes.
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1 Introduction
With the rapid development of the global economy, the demand for oil and gas re-sources has been

steadily increasing, prompting a shift in exploration and production from conventional to unconventional
reservoirs [1–3]. Deep tight oil and gas reservoirs, as a significant type of unconventional resource, have
emerged as a critical frontier for in-creasing reserves and production in recent years [4,5]. Accurate
characterization of the flow properties in tight reservoirs is essential for identifying hydrocarbon-rich
zones, designing exploration and development strategies, optimizing well patterns, and determining well
placement. Unlike conventional reservoirs, the flow characteristics of deep tight reservoirs under “three high”
conditions (high temperature, high pressure, and high stress) are influenced by coupled effects of multiple
fields, including stress and fluid flow [6]. Moreover, these reservoirs exhibit pronounced creep behavior
during hydrocarbon extraction [7]. Consequently, numerous studies have been conducted to investigate
these phenomena. For example, Bowden et al. [8] performed shear creep experiments on shale and observed
significant creep deformation when loading was applied perpendicular to the bed-ding planes. Zvonko [9]
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conducted laboratory creep tests on marl to describe time-dependent deformation after loading or unload-
ing. Karev et al. [10] studied the time-dependent deformation of strata under complex stress conditions
during oil and gas field development using true triaxial creep experiments and established time-dependent
relationships for stepwise loading conditions. Wang et al. [11] conducted a series of triaxial compression
tests on low-porosity sandstone, involving loading-unloading cycles and permeability measurements. They
investigated the deformation behavior of the rock and the evolution of its permeability. Liang et al. [12]
conducted a series of triaxial creep experiments on rock samples under high temperature, constant axial
pressure, and unloading confining pressure conditions.

Based on the experimental findings mentioned above, scholars have proposed various theoretical mod-
els and conducted numerical simulations to reveal the underlying mechanisms. Qiao et al. [13] developed
a creep constitutive model considering the effects of temperature on rock creep properties. Li et al. [14]
proposed a stress intensity model for crack tips considering pore pressure and validated its applicability
in analyzing the effects of pore pressure on crack propagation and strain during rock creep. Lei et al. [15]
utilized numerical simulations to explore the influence of fracture aperture and surface roughness on
rock permeability. Xu et al. [16] systematically analyzed the evolution of mechanical properties of granite,
including uniaxial compressive strength, elastic modulus, creep deformation, steady-state creep rate, and
long-term strength, under thermo-mechanical coupling conditions. Cao et al. [17] based on the nonlinear
damage creep characteristics of rock and the damage variable, defined a new nonlinear damage creep
constitutive model for high-stress soft rock by serially combining the improved Burgers model, Hooke
model, and St. Venant model. Xu et al. [18] based on the capillary model theory, linked permeability to
tortuosity and porosity, proposing the K-C permeability model expressed as a function of porosity. Lastly,
Wang [19] developed a multi-field coupling control equation for temperature, fluid flow, and rheology in
deep rock masses, analyzing the time-dependent evolution of borehole wall deformation and permeability
under coupled rheological and fluid flow conditions.

Although significant progress has been made in understanding reservoir flow characteristics, research
on the flow behavior of deep tight reservoirs considering creep effects remains limited. This gap is particularly
evident due to the considerable burial depth of such reservoirs, the pronounced coupling of multiple physical
fields, and the notable creep behavior exhibited during hydrocarbon production. To address this issue, a
comprehensive study integrating theoretical analysis, laboratory experiments, and numerical simulations has
been conducted to investigate the evolution of flow characteristics in deep tight reservoirs under the influence
of creep. This research aims to provide technical sup-port for the efficient exploration and development of
deep tight oil and gas resources.

In this study, we have undertaken a comprehensive investigation of the seepage characteristics of deep
tight reservoirs, with a particular focus on the effects of creep. The research methodology employed in this
study is multifaceted, combining theoretical analysis, experimental validation, and numerical simulation to
provide a robust understanding of the seepage behavior under creep conditions.

The study commenced with an extensive review of the existing literature to identify the current state
of knowledge and to pinpoint the gaps that this research aims to fill. Subsequently, a series of laboratory
experiments were meticulously designed and executed. These experiments were aimed at determining the
mechanical and hydraulic properties of the reservoir rocks under various stress and temperature conditions,
which are crucial for understanding the seepage behavior. Building on the experimental data, a detailed
theoretical framework was developed. This framework includes the formulation of governing equations
that describe the seepage characteristics, taking into account the time-dependent deformation due to
creep. The constitutive relationships were established based on the experimental results, ensuring that the
models accurately reflect the behavior of the reservoir rocks. To further validate and refine the theoretical
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models, advanced numerical simulations were conducted. These simulations allowed for a comprehensive
analysis of the seepage behavior under different scenarios, providing valuable insights into the complex
interactions between the reservoir rocks and the flowing fluids. The numerical results were compared with
the experimental data to ensure the accuracy and reliability of the models. Through this integrated approach,
this study not only provides a deeper understanding of the seepage characteristics of deep tight reservoirs
but also offers practical guidance for the optimization of reservoir management strategies. The findings of
this research are expected to contribute significantly to the field of reservoir engineering and to enhance the
efficiency of hydrocarbon recovery from deep tight reservoirs.

2 Physical Characteristics of Dense Reservoirs
The study area is located within a deep reservoir in western China. Statistical analysis of Well M1, Well

M2, and Well M3 was conducted using drilling and logging data, yielding the frequency distribution of
porosity and permeability in the study area, as shown in Fig. 1. The porosity of the three wells in the study
area is generally below 15%, with the primary porosity frequency distribution for Wells M1, M2, and M3
concentrated in the range of <5%. The permeability values are less than 10 mD, with the main permeability
frequency distribution ranges for Wells M1, M2, and M3 being 1–10 mD, <1 mD, and <1 mD, respectively.

Figure 1: Frequency distribution of shale physical properties in the study area. (a) Frequency distribution of shale
porosity in the study area; (b) Frequency distribution of shale permeability in the study area

The average porosity values for Wells M1, M2, and M3 are 2.417%, 4.152%, and 1.675%, respectively, all
below 5%. The average permeability values for these wells are 0.314, 0.218, and 0.167 mD, all less than 1 mD.
Therefore, the study area is characterized as an ultra-low porosity and ultra-low permeability reservoir.

Shale reservoirs exhibit marked spatial and temporal variability due to differences in porosity, perme-
ability, mineral composition, and the presence of natural fractures, as well as changes over time in factors such
as fluid injection, temperature, and chemical reactions. Spatially, areas with higher porosity and permeability
may undergo greater deformation due to higher fluid pressure, enhancing creep, while regions with lower
values could become stress concentration points, potentially leading to fractures. The distribution of minerals
like clay, quartz, and calcite also affects mechanical properties, with clay-rich areas showing more ductility
and creep, and quartz-rich areas being more brittle. Natural fractures act as fluid flow pathways, boosting
seepage and concentrating stress, which can cause localized creep and new fractures. Temporally, fluid
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injection and production alter the stress state and pore pressure, impacting effective stress and creep rates.
Temperature changes can increase creep rates by reducing rock viscosity, while chemical reactions between
injected fluids and reservoir rock modify mineral composition and porosity, affecting both mechanical
properties and seepage. These spatial and temporal variations lead to non-uniform deformation and seepage,
with some areas experiencing more significant creep and seepage than others. They also result in time-
dependent changes in creep and seepage behavior, as factors like fluid injection, temperature, and chemical
reactions evolve over time, altering the reservoir’s mechanical and hydraulic properties. Understanding these
influences is vital for predicting reservoir performance and optimizing production strategies.

3 Test of Mechanical Properties of Deep Dense Reservoir Rocks

3.1 Test System and Rock Samples
Fig. 2 illustrates the triaxial and creep tests conducted using a high-temperature and high-pressure rock

testing system. The system is capable of applying axial loads up to 2000 KN and a maximum confining
pressure of 200 MPa, enabling the simulation of the stress, pore pressure, and temperature conditions present
in deep reservoirs.

Figure 2: High temperature and high pressure rock comprehensive test system

The test samples were collected from a deep reservoir in western China. Following the standards
recommended by the International Society for Rock Mechanics, 11 sets of standard cores with dimensions of
Φ25 mm × 50 mm were prepared. Among these, seven sets were designated for triaxial compression tests,
labeled as HS11-1, HS11-2, HS11-3, HS11-4, HS11-5, HS11-6, and HS11-7. The remaining six sets were allocated
for creep tests, labeled as R-1, R-2, R-3, R-4, R-5, and R-6. The specific rock samples are shown in Fig. 3. Table 1
shows the physical characteristics of the three Wells in the study area.
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Figure 3: Core specimen for test

Table 1: Physical properties in the study area

Well number Porosity/% Penetration rate/mD Evaluate

Range Mean value Range Mean value
HSX1 0.518~13.562 2.417 0.341~4.454 0.314 Ultra-low porosity,

ultra-low permeability
HS11 2.041~14.215 4.152 0.28~13.731 0.218 Ultra-low porosity,

ultra-low permeability
HS1 0.127~12.742 1.675 0.01~13.117 0.167 Ultra-low porosity,

ultra-low permeability

3.2 Triaxial Compression Test of Dense Reservoir Rocks
Triaxial compression tests were conducted on the rock samples under confining pressures of 0, 20,

30, 35, 40, 45, and 50 MPa. Axial pressure was applied in a strain-controlled manner at a loading rate
of approximately 2 × 10−5 s−1 until the rock samples failed. During the experiments, axial stress, axial
displacement, and lateral displacement were recorded. The Burgers model’s ability to distinctly separate
elastic, viscoelastic, and viscous deformation mechanisms is crucial for shale, where microfracture closure
and mineral reorientation occur during creep. This is consistent with the triaxial test results (Fig. 4), which
highlighted crack compaction and delayed elasticity as prominent features. Models that omit these stages
would likely underestimate both strain accumulation and permeability reduction. The complete stress-strain
curves of the core samples under these conditions are presented in Fig. 4.

Fig. 4 demonstrates significant variations in rock deformation behavior under different confining
pressures. The stress-strain relationship curves can be divided into four stages: crack compaction, linear
deformation, viscoelastic deformation, and yielding de-formation. From the stress-strain curves, parameters
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such as elastic modulus and Pois-son’s ratio were determined for each core sample. The elastic modulus was
calculated as the slope of the linear portion of the stress-strain curve, while Poisson’s ratio was deter-mined
as the absolute value of the ratio between the radial deformation rate and the axial deformation rate. The
results are presented in Table 2.

Figure 4: Stress-strain diagrams of rock specimens under different circumferential pressures. (a) Stress-strain diagrams
of rock specimens under different circumferential pressures; (b) Axial stress-strain diagram of rock sample under
different confining pressures

Table 2: Rock triaxial test results

Well Number Core number Confining
pressure/MPa

Peak
stress/MPa

Elastic
modulus/GPa

Poisson’s
ratio

HS11well

HS11-1 0.00 59.74 19.71 0.21
HS11-2 20.00 120.37 24.37 0.23
HS11-3 30.00 175.89 25.71 0.31
HS11-4 35.00 229.77 23.40 0.28
HS11-5 40.00 247.37 24.47 0.36
HS11-6 45.00 275.33 26.79 0.31
HS11-7 50.00 289.24 25.77 0.35

Fig. 5 illustrates the variation trends of peak strength and elastic modulus for seven rock samples under
different confining pressures. It can be observed that the peak strength of the rock increases with the rise in
confining pressure. At lower confining pressures (≤35 MPa), the peak strength exhibits significant increases,
whereas beyond 35 MPa, the incremental growth becomes less pronounced. This behavior can be attributed
to the inhibitory effect of confining pressure on the propagation and evolution of micropores and fractures
within the rock samples. Higher confining pressures provide greater resistance, thereby requiring higher
stress levels for the samples to fail. The elastic modulus of reservoir rocks shows substantial fluctuations
with increasing confining pressure. At low confining pressures (≤30 MPa), the elastic modulus increases
as the confining pressure rises. However, beyond 30 MPa, the elastic modulus begins to decrease and
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continues to exhibit significant variability as confining pressure increases. This phenomenon may be due to
the heterogeneity of the rock samples, which originate from different stratigraphic depths.

Figure 5: Trend of peak strength and modulus of elasticity of rock specimens

Triaxial compression tests were performed to determine the stress-strain relationship of the reservoir
rocks under various confining pressures. The tests involved applying a confining pressure to the rock samples
and then subjecting them to a uniaxial compressive stress until failure. The stress-strain curves were recorded
to identify the different deformation stages, including crack compression, linear deformation, delayed elastic
deformation, and yield deformation. The peak stress and elastic modulus were measured, and their variations
with confining pressure were analyzed. These tests helped to establish the mechanical properties of the rocks,
which are essential for modeling the seepage behavior.

4 Dense Reservoir Rock Creep Test and Model Research

4.1 Experimental Plan
The experiments conducted were uniaxial creep tests, where six rock samples were subjected to stress

levels corresponding to 60%, 70%, 75%, 80%, 85%, and 90% of their uniaxial compressive strength at peak
stress (35.84, 41.82, 44.81, 47.79, 50.78, and 53.77 MPa, respectively). Creep was considered to reach a stable
state when the axial deformation of the sample remained less than 0.001% over a 10-h period. The detailed
experimental plan is shown in Table 3.

4.2 Test Results and Analysis
Fig. 6 presents the creep curves of the rock samples under different stress levels, based on the experi-

mental data. As the stress increases, the instantaneous elastic strain of the rock samples also increases, causing
the creep curves to shift upward. The strain in the rock samples increases, and the time required for the
creep curve to stabilize decreases. Furthermore, the strain rate during the steady-state creep phase increases
with increasing load, and the time required for rock failure shortens. When the applied stress is relatively
low, the strain of the rock gradually stabilizes at a specific value under load, and the rate of strain increase
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tends toward zero, indicating that the rock has entered a stable creep state. However, at higher stress levels,
the rock strain undergoes uniform growth for a certain period before entering an accelerated growth phase,
continuing until excessive de-formation causes the sample to lose its load-bearing capacity.

Table 3: Experimental program

Well name Number Height/mm Diameter/mm Density/g⋅cm−3 Axial load/MPa

HS11well

R-1 48.69 25.47 2.64 35.84
R-2 51.96 25.49 2.65 41.82
R-3 51.03 25.33 2.73 44.81
R-4 50.37 25.12 2.79 47.79
R-5 49.77 25.27 2.68 50.78
R-6 51.28 25.49 2.60 53.77

Figure 6: Creep test curve

The Burgers model, comprising a Kelvin model (which captures delayed elasticity) and a Maxwell
model (which accounts for viscous flow) that characterized by four constants: E1, E2, η1 and η2, was
selected due to its capability to represent both transient and steady-state creep behaviors. Shale exhibits
multi-stage creep characteristics under prolonged stress, including an instantaneous elastic deformation
phase, a decelerating creep phase, and a steady-state phase. While simpler models, such as the Maxwell
model (series spring-dashpot) or the Kelvin-Voigt model (parallel spring-dashpot), can describe individual
stages (e.g., steady-state creep for Maxwell or transient creep for Kelvin-Voigt), they are inadequate for
capturing the full creep evolution observed in shale. For example, the Maxwell model fails to account for
transient creep behavior, while the Kelvin-Voigt model cannot describe steady-state viscous flow. The Burgers
model uniquely integrates these characteristics, making it well-suited for simulating time-dependent strain
accumulation and permeability evolution in deep tight reservoirs under multi-field coupling [20].

The intrinsic equation [21,22] of the Burgers model is:

η1η2

E1
ε̈ + η2 ε̇ = η1η2

E1E2
σ̈ + ( η1

E2
+ η1

E1
+ η2

E2
) σ̇ + σ (1)
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The transformed creep equation is:

ε (t) = σ0 [
1

E1
+ 1

η1
+ 1

E2
(1 − e−

E2
η2

t)] (2)

The data obtained from the creep tests were fitted using Origin software [23], resulting in model fitting
curves. Since the Burgers model provides a good fit for both the decaying and steady-state creep stages, only
the decaying and steady-state creep portions of samples R-1, R-2, and R-3 were fitted. The fitting results and
comparisons are shown in Fig. 7. The correlation coefficients of the fitting curves were 0.994, 0.989, and
0.997, respectively, indicating a good fitting performance.

Figure 7: Test and fitting curves

Table 4 presents the fitting parameters of the Burgers model obtained from the fitting curves under
different load conditions.

Table 4: Parameters of the Burgess model fit

Load/MPa E1/GPa η1/GPa⋅h E2/GPa η2/GPa⋅h
35.84 75.95 360.57 43.13 550.87
41.82 80.06 722.77 39.90 315.15
44.81 81.62 118.08 39.81 196.84

Average value 79.21 400.47 40.95 354.29

Creep tests were conducted to study the time-dependent deformation of the reservoir rocks under
constant stress conditions. The tests involved applying a constant stress to the rock samples and monitoring
the strain over time. The creep behavior was analyzed to develop a Burgers creep model, which was used to
describe the viscoelastic properties of the rocks. The creep tests provided valuable data on the deformation
characteristics of the rocks, which are critical for understanding the long-term seepage behavior.
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5 Study on Seepage Characteristics of Deep Tight Reservoirs Considering Creep Effects

5.1 Creep-Seepage Coupling Model for Tight Reservoir Rocks
To facilitate the analysis of the interrelationships between various physical fields during oil and gas

extraction, the following simplifying assumptions are made: the continuity assumption, the small deforma-
tion assumption, the phase homogeneity assumption, and the assumption that the temperature of the rock
layers and the gas within them does not change during the coupled movement process.

5.1.1 Stress Field State Equation Considering Creep Effects
Under the action of external forces, the rock mass experiences stress and strain. The fluids present in

the pores and fractures generate pore pressure, causing deformation of the rock skeleton, while temperature
variations induce expansion or contraction of the rock skeleton, resulting in thermal strain. Therefore, it
is assumed that the rock mass be-haves as a porous elastic medium, and the stress-strain relationship is
expressed as:

σi j = 2Gεi j + 2G υ
1 − 2υ

εvol δi j − αPδi j − KβT Tδi j (3)

where σi j is the stress tensor (positive for tension), εi j is the strain tensor, G = E/2 (1 + μ) is the shear
modulus, υ is Poisson’s ratio, εvol is the volumetric strain, δi j is the Kronecker tensor symbol, α is the Biot
coefficient, P is the fluid pore pressure, K is the bulk modulus of the rock, βT is the thermal expansion
coefficient of the rock material, and T is the temperature of the rock material.

According to the theory of elasticity, the relationship between rock strain and dis-placement is expressed
as:

εi j =
1
2
(ui , j + u j , i) (4)

And the static equilibrium equation for the rock under external loading is:

σi j , j + fi = 0 (5)

Substituting Eqs. (4) and (5) into Eq. (3) yields the Navier equation containing displacement and
temperature variables:

Gui , j j +
G

1 − 2υ
u j , ji + αp, i + KβT Ti + F, i = 0 (6)

where ui and u j are the components of displacement in the i and j directions, respectively, and Fi is the
component of the body force in the i direction.

The Laplace transform of the Burgers model constitutive equation gives the rheological modulus as:

E (t) = E1

1 + E1
η1

t + E1
E2
[1 − exp(− E2

η2
t)]

(7)

Replacing E in Navier’s equation with the creep modulus E(t) yields the equilibrium equation consid-
ering effective stress changes due to pore pressure, creep, and temperature changes:

G (t)ui , j j +
G (t)
1 − 2υ

u j , ji + αp, i + KβT Ti + F, i = 0 (8)
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where G (t) = E(t)
2(1+2υ) , K (t) = E(t)

3(1−2υ) is assumed that Poisson’s ratio v does not change during creep.

5.1.2 Equation of State for the Seepage Field
Deep rock mass is composed of a rock skeleton, pores, and fractures, containing a large amount of

mobile gas and a certain amount of moisture, making it a typical porous multiphase medium. To simplify
calculations, this simulation does not consider the in-fluence of moisture on the mechanical properties of
the rock mass and gas flow. The mass conservation equation for rock mass seepage is:

∂m
∂t
+∇ ⋅ (ρg qg) = Qp (9)

where m is the mass of fluid inside the rock mass, t is time, ρg is the fluid density in the rock mass, qg is the
fluid seepage velocity in the rock mass, and Qp is the mass source term.

Ignoring the adsorption and desorption of tight gas, the fluid content in the rock mass is expressed as:

m = φρg (10)

Then the partial derivative of the first term of conservation of mass, the fluid mass m, with respect to
time t is:

∂m
∂t
= φ

∂ρg

∂t
+ ρg

∂φ
∂t
= ρg (

φ
Kw
+ 1 − φ

Ks
) ∂p

∂t
(11)

where φ is porosity, ρg is fluid density, Kw is the bulk modulus of the fluid, and Ks is the bulk modulus of the
rock particles, named S = φ/Kw + (1 − φ) /Ks is the stativity coefficient.

Meanwhile, considering the basic assumption that fluid seepage satisfies Darcy’s law, the velocity
equation for fluid flow is:

qg = −
k

μw
∇p (12)

Substituting Eqs. (11) and (12) into Eq. (9) yields the continuity equation for fluid within the rock:

S ∂p
∂t
−∇ ⋅ ( K

μw
∇p) = Qp (13)

5.1.3 Permeability Model
The Kozeny-Carman model, based on the capillary bundle theory, initially established a relationship

between permeability and porosity, specific surface area, shape factor, and tortuosity, while neglecting
changes in the matrix surface area. The resulting equation for rock permeability, considering the coupling
effects of the stress field and the flow field, is given by:

k = k0

1 + εv
[1 + εv

φ0
+ φ0 − 1

φ0
(εs − εp)]

3

(14)

In the extraction of tight oil and gas, deep reservoirs undergo creep deformation due to long-term
exposure to physical fields such as temperature and stress. Therefore, to study the variation of reservoir per-
meability, the impact of creep must be considered. By substituting the creep constitutive Eq. (7) into Eq. (14),
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the multi-field coupled permeability control equation that takes into account the effects of stress, flow, and
creep can be derived as follows:

k = k0

1 + εv (t)
[1 + εv (t)

φ0
+ φ0 − 1

φ0
(εs − εp)]

3

(15)

5.2 Simulation of Seepage Characteristics in Deep Tight Reservoirs Considering Creep Effects
Based on the aforementioned rock mechanics properties of tight reservoirs and the established multi-

field coupled control equations, a simulation study of deep tight reservoir permeability characteristics
considering the effects of creep was conducted using COMSOL Multiphysics software.

5.2.1 Geometric Model
Fig. 8 presents a three-dimensional numerical model of a horizontal well in a tight reservoir, with

dimensions of 1.0 m × 1.0 m × 2.0 m, where the diameter of the horizontal well is 0.2 m. The horizontal
principal stresses σx and σy , as well as the vertical stress σz , are applied on the three faces of the model
to simulate the in-situ layer pressure, representing the horizontal earth stress and the overburden pressure,
respectively. The other boundaries are constrained with roller supports. The initial formation pore pressure
is set to p0, and the wellbore boundary is modeled with an unsupported condition and a flow boundary,
with the flow pressure set to p and the fluid temperature set to T. All other outer boundaries are set as
no-flow boundaries. To obtain the distribution and variation of physical quantities in the reservoir under
multi-field coupling, measurement lines are set on the YZ plane (with the X-axis coordinate at 1 m). Four
measurement points are placed along the line, at distances of 0.1, 0.2, and 0.3 m from the wellbore, as well as
at the wellbore wall.

Figure 8: Geometric model and grid division of horizontal wells in tight reservoirs. (a) Geometric model of horizontal
wells in tight reservoirs; (b) Grid division of horizontal wells in tight reservoirs

5.2.2 Parameter Settings and Measurement Point Layout
The initial conditions for the simulation are as follows: horizontal earth stresses σx = 15 MPa,

σy = 25 MPa, vertical stress σz = 25 MPa, flow pressure p = 0.1 MPa, and fluid temperature T = 293.15 K. The
relevant model parameters are provided in Table 5.
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Table 5: Parameters used for simulation

Parameter Numerical value Units
Initial modulus of elasticity 23.41 GPa

Poisson’s ratio 0.26 —
Rock density 2650 kg/m3

Initial porosity 0.05 —
Initial permeability 3.09 × 10−17 m2

Initial pore pressure 2 MPa
Biot coefficient 0.8 —
Fluid density 1250 kg/m3

Fluid dynamic viscosity 1.78 × 10−5 Pa⋅s
Adsorption aarameter a 22 m3/t
Adsorption parameter b 1.3 1/MPa

Molar volume of gas 22.4 L/mol
Vasmor mass 16 g/mol

Elastic modulus E 354.29 GPa
Viscosity coefficient η 40.95 GPa⋅h

5.2.3 Variation Patterns of Volumetric Strain in Tight Reservoir Rocks
Four different in-situ stress conditions were set for the numerical simulation study, with vertical stresses

σz = 25, 30, 40, and 50 MPa. During the simulation, the flow pressure at the wellbore was kept constant at
0.1 MPa, and the fluid temperature was maintained at 323.15 K. The variation of strain with time at the four
measurement points under these different conditions is recorded and shown in Fig. 9.

Fig. 9 illustrates the time-dependent volumetric strain at the four measurement points within the
reservoir. The absolute value of strain increases rapidly during the initial creep phase, then gradually increases
at a slower rate. After approximately 4 h, the strain stabilizes. Analyzing the strain behavior at Measurement
Point 1 under the four vertical stress conditions, when the vertical stress is 25 MPa, the stable strain is
0.0046; at 30 MPa, the stable strain is 0.0054; at 40 MPa, the stable strain is 0.0071; and at 50 MPa,
the stable strain is 0.0087. The strain value increases as the in-situ stress increases. This is because, with
the flow pressure and temperature remaining constant, the effective stress on the sample increases as the
in-situ stress rises, ultimately leading to a larger strain value. When the vertical stress is 25 MPa, the stable
strains at Measurement Points 1, 2, 3, and 4 are 0.0046, 0.0024, 0.002, and 0.0019, respectively. The closer the
measurement point is to the wellbore, the larger the volumetric strain.

Fig. 10 shows the variation curves of the initial volumetric strain of the rock at different measurement
points with vertical stress. As the vertical stress increases, the initial volumetric strain at all four measure-
ment points shows varying degrees of increase. This indicates that with the increase in reservoir depth,
the greater stress accelerates the creep deformation of the rock, with the wellbore wall being the most
significantly affected.
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Figure 9: Strain-time curves of measured points under different ground stresses. (a) Strain-time curves of measuring
point 1 under different ground stresses; (b) Strain-time curves of measuring point 2 under different ground stresses;
(c) Strain-time curves of measuring point 3 under different ground stresses; (d) Strain-time curves of measuring point
4 under different ground stresses
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Figure 10: Initial volumetric strain of rock under different geostresses

5.2.4 Variation Patterns of Permeability in Tight Reservoirs
Fig. 11 shows the permeability of the tight reservoir under different vertical stress conditions. As the

vertical stress increases, the permeability of the surrounding rock at the wellbore wall gradually increases.
Additionally, the permeability is dependent on the distance from the wellbore: the closer to the wellbore, the
higher the permeability. Fig. 12 illustrates the changes in the overall permeability of the model under vertical
stresses of 25, 30, 40, and 50 MPa. From 0 to 4 h, the rock is in the initial creep stage, where the compression
of rock fractures leads to a rapid decrease in porosity, which in turn causes a decrease in permeability. After
4 h, in the stable creep phase, the rock undergoes no further deformation, and the change in permeability
gradually stabilizes. Comparing the permeability values at the same time point reveals that, as the vertical
stress increases, the permeability gradually decreases.

From the comparison of Figs. 9–12, it can be observed that the changes in permeability during the
creep process of the tight reservoir under different in-situ stress conditions follow a similar pattern to that of
volumetric strain: From 0 to 4 h, the reservoir is in the decelerating creep phase, where the volumetric strain
increases rapidly. Permeability and porosity decrease sharply, as the rock skeleton continues to compress,
causing a rapid reduction in porosity and consequently a decrease in permeability. From 4 to 12 h, the
reservoir enters the stable creep phase. During this phase, the pores and fractures within the rock are further
compressed, and the change in permeability slows down until it stabilizes.

Our study developed a coupled flow-creep control equation to account for the effects of creep on tight
reservoir permeability. Similarly, the 2025 study by Yang et al. established a fluid—solid coupling model using
a digital core of tight sandstone, which was built using Computed Tomography (CT) scanning [24]. Both
studies emphasize the significance of fluid—solid coupling in understanding the seepage behavior of tight
reservoirs. However, our model focuses on the time—dependent deformation due to creep, while the 2025
study emphasizes the micro—scale seepage characteristics.

Our findings reveal that permeability and porosity decrease significantly during the decelerating
creep phase, resulting in a sharp decline in reservoir productivity. Yang et al. [24] similarly observed that
permeability decreases with increasing confining pressure, following a first-order exponential function.
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Figure 11: Modeled permeability distribution under different ground stresses
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This aligns with our results, reinforcing the critical influence of reservoir rock mechanics on permeabil-
ity and porosity.

Figure 12: Changing law of permeability with time under different geostresses. (a) The vertical stress is 25 MPa; (b)
The vertical stress is 30 MPa; (c) The vertical stress is 40 MPa; (d) The vertical stress is 50 MPa

The models and findings from our research have significant implications for the economic and
operational aspects of tight reservoir development. A deeper understanding of seepage behavior and creep
effects allows for optimized reservoir management strategies, ultimately enhancing recovery efficiency and
improving the economic feasibility of deep tight reservoirs. Furthermore, Zhao et al. (2023) highlight the
importance of accurate permeability prediction in boosting oil production, further validating the practical
applications of our research [25].

A comprehensive sensitivity analysis was conducted to evaluate the impact of key parameters, including
creep coefficients, stress levels, and fluid properties, on the seepage behavior of deep tight reservoirs. The
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analysis revealed that higher creep coefficients lead to increased deformation and stress relaxation, enhancing
the seepage rate by creating additional pathways, while lower coefficients result in reduced deformation
and a lower seepage rate due to a more rigid rock structure. Stress levels were found to significantly
affect permeability, with higher stress reducing permeability and seepage rates, and lower stress increasing
permeability and enhancing seepage. Fluid properties, such as viscosity and density, also play a crucial
role, where higher viscosity reduces seepage rates due to increased flow resistance, and lower viscosity
enhances seepage by allowing easier fluid flow. Higher fluid density can increase buoyancy effects, which may
either enhance or reduce seepage depending on specific conditions, while lower density results in reduced
buoyancy and more uniform seepage. The combined effects of these parameters were analyzed, showing that
the model is most sensitive to creep coefficients, followed by stress levels and fluid properties, confirming
the robustness of the model across a range of parameter values. These findings provide practical insights
for optimizing fluid injection and production strategies, adjusting stress levels to control permeability,
and accurately determining creep coefficients to improve model reliability, ultimately guiding reservoir
management decisions to enhance production efficiency and reservoir performance.

6 Conclusion
(1) Triaxial compression tests showed the stress-strain curve has four stages: crack compression, linear

deformation, delayed elastic deformation, and yield deformation. Peak stress and elastic modulus gen-
erally rise with confining pressure, but fractures or uneven mineral distribution can cause exceptions.

(2) A Burgers creep model for tight reservoirs was created, along with a coupled flow-creep control
equation to consider creep effects on permeability.

(3) Volumetric strain in the reservoir increases rapidly initially, then slows, stabilizing after about 4 h.
Deeper reservoirs experience faster creep deformation, especially around the wellbore wall.

(4) Creep significantly affects tight reservoir permeability. During the decelerating creep phase, rapid
volumetric strain increases lead to sharp declines in permeability and porosity. In the stable creep
phase, further pore and fracture compression gradually reduces permeability until it stabilizes.

This study comprehensively investigates the seepage characteristics of deep tight reservoirs, with a
particular focus on the significant impacts of creep. The innovative aspects of this research are highlighted
in three key areas. First, we have developed an innovative mathematical model that precisely describes
the complex seepage behavior under creep conditions. This model comprehensively considers various
factors, including the mechanical properties of reservoir rocks, fluid flow dynamics, and time-dependent
deformation. Second, extensive experimental and numerical simulations have been conducted to validate
the proposed model. The results demonstrate that our model can effectively predict seepage behavior and
provide valuable insights into reservoir performance. Third, we have proposed novel methods for optimizing
production strategies of deep tight reservoirs based on the seepage characteristics and creep effects. These
methods are expected to enhance the recovery efficiency and economic benefits of such reservoirs. In
summary, this paper addresses the existing research gap in the seepage characteristics of deep tight reservoirs
and provides a robust theoretical foundation and practical guidance for their development.
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