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ABSTRACT: Hydraulic fracturing is a key technology for the efficient development of deep oil and gas reservoirs.
However, fracture propagation behavior is influenced by rock elastoplasticity and thermal stress, making it difficult
for traditional linear elastic models to accurately describe its dynamic response. To address this, this study employs
the Continuum-Discontinuum Element Method (CDEM), incorporating an elastoplastic constitutive model, thermo-
hydro-mechanical (THM) coupling effects, and cohesive zone characteristics at the fracture tip to establish a numerical
model for hydraulic fracture propagation in deep elastoplastic reservoirs. A systematic investigation was conducted
into the effects of fluid viscosity, reservoir temperature, injection rate, elastic modulus, and horizontal stress difference
on fracture propagation. The findings show that a larger horizontal stress differential results in a more rectangular
fracture geometry, a shorter fracture length, and a wider fracture. An increase in elastic modulus has a negligible
impact on fracture length but reduces fracture width, resulting in a rounded rectangular morphology. Elevated reservoir
temperature induces thermal tensile stress around the fracture, mitigating in-situ stress effects and reducing both
breakdown and propagation pressures. Higher injection rates and fluid viscosity increase fracture initiation difficulty,
promoting shorter but wider fractures with enhanced height growth beyond interlayer barriers. Additionally, horizontal
stress significantly affects near-fracture plastic deformation: when the stress difference increases from 10 to 25 MPa,
the maximum cumulative plastic strain in the surrounding rock rises by 66.67%. By integrating elastoplasticity and
thermal stress effects, this study overcomes the limitations of conventional hydraulic fracturing simulations, offering
novel insights for optimizing extraction strategies in deep unconventional reservoirs.

KEYWORDS: Deep oil and gas reservoirs; elastoplastic reservoir; hydraulic fracturing; thermo-hydro-mechanical
coupling; fracture propagation

1 Introduction
From the perspective of global oil and gas development trends, deep reservoirs represent a key

frontier for future exploration. Complementing conventional carbonate and clastic reservoirs, shale gas
and coalbed methane are now prioritized in advanced geological exploration initiatives [1–5]. Due to their
greater burial depth, deep hydrocarbon reservoirs exhibit distinct characteristics compared to shallow
and intermediate formations, typically described as “three highs and one strong”: high temperature, high
pressure, high geostress, and strong plasticity. Overall, they are characterized by ultra-low permeability, low
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porosity, high compressive strength, and limited fracture propagation capacity [6–8]. Therefore, it is essential
to specifically account for the elasto-plastic behavior of deep reservoirs and the “three-high” geological
conditions when studying the fracture propagation mechanisms during hydraulic fracturing. These studies
lay the groundwork for optimizing production methods in deep, unconventional reservoirs [9,10].

The plastic deformation of rocks significantly impacts the propagation patterns and geometric con-
figurations of hydraulic fractures. Previous studies have predominantly used one of the two criteria,
Mohr-Coulomb or Drucker-Prager, to describe the plastic behavior of rocks or concrete. Wang et al. [11]
created a completely integrated poroelastic model of hydraulic fracturing by combining a cohesive zone
approach with Mohr-Coulomb plasticity theory. Their finite element simulations showed that plastic defor-
mation in the formation elevates the fracture initiation pressure and net extension pressure, decreases the
fracture propagation length, and increases the fracture width. Liu et al. [12] formulated a multi-physics
coupled model for stimulated deep shale reservoirs by integrating the Drucker-Prager plastic yield criterion
and cohesive zone theory with Finite Element Method-Finite Volume Method (FEM-FVM) hybrid model-
ing. Their computational results revealed that rock plastification induces a 15%–20% contraction in fracture
activation zones, 30%–50% expansion in mean fracture aperture, and 40%–60% amplification of propagation
pressure. Liao et al. [13] constructed a 3D FEM-based hydraulic fracturing framework incorporating the
Drucker-Prager yield criterion to explore vertical fracture growth dynamics within stratified geological sys-
tems. Xing et al. [14] established a thermally responsive Drucker-Prager thermomechanical model for shale
through integration of temperature-driven hardening criteria, cyclic thermal loading protocols, and fully
coupled thermo-stress-strain constitutive relationships. The framework effectively captures shale’s nonlinear
deformation behavior under multiscale confining pressure and temperature gradients. Sharafisafa et al. [15]
conducted thermo-hydro-mechanical (THM) coupled simulations of hydraulic fracturing in deep high-
temperature reservoirs using the finite-discrete element method (FDEM). Their results revealed that high
fracture density significantly alters hydraulic fracture trajectories and exacerbates near-wellbore pressure
accumulation, while thermal exchange between fluid and rock under elevated temperatures induces fracture
branching. To date, studies that comprehensively address the combined effects of rock elastoplasticity and
THM coupling on hydraulic crack propagation dynamics in deep reservoirs remain scarce.

State-of-the-art numerical simulation methodologies for hydraulic fracture propagation analy-
sis predominantly encompass the Finite Element Method (FEM), Extended Finite Element Method
(XFEM), Displacement Discontinuity Method (DDM), Discrete Element Method (DEM), and Continuum-
Discontinuum Element Method (CDEM). The FEM has been extensively employed in reservoir
geomechanics to tackle multiphysics challenges, demonstrating robust capabilities in precisely characterizing
nonlinear elastoplastic behavior and resolving heterogeneous boundary constraints inherent to hydraulic
fracturing simulations. However, FEM-based fracture propagation simulations are inherently governed by
predefined mesh topologies, which fundamentally restrict the accurate representation of stochastic fracture
propagation pathways and complex bifurcation behaviors [16–18]. The XFEM is an enhanced version
of the traditional FEM. XFEM employs enrichment functions within conventional FEM displacement
approximations to precisely resolve displacement discontinuities and stress singularities at fracture tips and
void interfaces, while preserving the computational efficiency inherent to FEM’s sparse matrix formalism. Its
key advantage lies in mesh independence, allowing fracture propagation without remeshing, which makes it
suitable for simulating complex, branched, or intersecting fractures. However, XFEM typically struggles to
accurately capture the interactions among multiple fractures and is limited in handling large-scale material
flow and post-failure block movement [19–21]. The DDM is a boundary element-based numerical technique
that models fractures as discontinuities in the displacement field. Since only the fractures are discretized,
DDM offers high computational efficiency and has certain advantages in simulating randomly propagating
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fractures. However, its limitations include the omission of the rock matrix’s permeability and reduced accu-
racy of the traditional Stress Intensity Factor (SIF) approach under realistic in-situ stress conditions [22,23].
The DEM is effective in the simulation of initiation, propagation, and interaction of cracks in discontinuous
media such as rock and concrete. It does not require predefining fracture paths and can naturally capture
dynamic fracturing processes. DEM is well-suited for modeling the deformation of discrete blocks. However,
it struggles to directly simulate the elastic or plastic deformation of continuous media, and it typically suffers
from high computational cost and limited numerical accuracy [24–26]. The CDEM is a hybrid numerical
approach for simulating the dynamic transition of materials from continuum to discontinuum states. Due
to the dynamic coupling mechanisms between continuum and discontinuum mechanics, it suffers from
high computational complexity and low efficiency when simulating material dynamic failure. However, this
method enables the simulation of progressive failure processes by representing continuum characteristics
through bulk elements and discontinuum behaviors through interfaces. Fracture propagation is achieved by
the failure of element boundaries and internal bulk regions. By integrating the advantages of both continuum
and discontinuum calculations—where continuum modeling employs methods such as the FEM, FVM, or
spring-network models, while discontinuum modeling adopts the DEM—this framework provides a robust
solution for addressing complex engineering problems involving multi-physics coupling [27–29].

Compared with the above computational simulation methods, CDEM effectively combines the
advantages of continuum-based and discrete element-based methods. This methodology enables precise
characterization of the complete process spanning continuous deformation, fracture nucleation, and subse-
quent block displacement. Such capability demonstrates distinct advantages in modeling highly nonlinear
deformation and fracturing behavior inherent to deep elasto-plastic reservoirs. Consequently, a THM
coupled model based on the CDEM framework was developed to simulate hydraulic crack propagation in
deep elasto-plastic reservoirs, with the aim of systematically evaluating the impacts of key operational and
geological factors on fracture propagation dynamics.

2 CDEM-Based Numerical Model of Fracture Propagation in Deep Reservoirs

2.1 Continuum-Discontinuum Element Method
CDEM establishes a time-explicit dynamic formulation employing fracturable element modules in

Lagrangian computational schemes. By combining the FEM and the DEM, it provides a unified approach to
model both continuous and discontinuous behaviors. This method captures progressive material failure by
simulating fractures along block boundaries and within blocks. It can represent the entire process of material
response, from continual deformation to fracture and subsequent block motion.

As illustrated in Fig. 1, the CDEM numerical framework comprises two fundamental components:
blocks and interfaces. The blocks, discretized as Finite Elements, simulate continuum mechanical responses
including plastic deformation and damage evolution. An interface is defined as the shared boundary
between two adjacent blocks. It explicitly identifies behaviors such as fracture initiation and frictional
sliding that are discontinuous. The interfaces in CDEM include both real and virtual types. Real interfaces
delineate prospective fracture planes between adjacent blocks, whereas virtual interfaces mediate mechanical
interactions and establish predefined propagation pathways for explicit crack advancement. Inter-block
connectivity is governed by contact springs comprising orthogonally oriented normal and tangential stiffness
components. The failure of these contact springs simulates the extension of fractures.



3016 Energy Eng. 2025;122(8)

Elastic spring 

Nodal point

Block Block A Block B

Figure 1: Schematic representation of the CDEM computational element

2.2 Multi-Physical Field Mathematical Model of Fracture Propagation in Deep Elastic-Plastic Reservoirs
The mathematical model of multi-physical field coupling of hydraulic fracture evolution in the deep

elastic-plastic reservoir is established by using the continuous-discontinuous element method (CDEM). As
illustrated in Fig. 2, a cohesive zone exists at the hydraulic fracture tip in the CDEM framework. When
fracturing fluid is injected, stress concentration occurs at the fracture tip. Zones of high shear stress develop
on either side of the tip, and the surrounding rock may undergo plastic deformation. As the fluid pressure
continues to increase, the interface between blocks fails, initiating fracture propagation [30].

Figure 2: Schematic diagram of hydraulic fracture propagation [30]

Therefore, strong coupling exists among rock deformation, fluid flow, and fracture propagation. In the
context of deep reservoirs, it is also necessary to consider the influence of temperature. As shown in Fig. 3,
hydraulic fracture propagation in deep formations is a multi-physical coupling process. The mathematical
model thus consists of four main components: (1) Solid Mechanics Model; (2) Fluid Flow Model; (3) Thermal
Field Model; (4) Fracture Propagation Criterion.

2.2.1 Solid Mechanics Model
According to D’Alembert’s principle, a body in dynamic “equilibrium” satisfies the following motion

governing equation [31]:

∂σi j

∂x j
+ bi − ρs

d2ui

dt2 − c dui

dt
= 0 (i , j = 1, 2, 3), (1)

where σi j is the effective stress tensor, Pa. x j represents the spatial coordinate, m. bi signifies the body force
per unit volume, N⋅m−3. ρs is the rock density, kg⋅m−3. ui defines the displacement vector, m. t corresponds
to time, s. And c designates the damping coefficient, N⋅s⋅m−4.
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Figure 3: Schematic diagram of thermo-hydro-mechanical coupling

Currently, the elasto-plastic behavior of rock is commonly described using the Drucker–Prager
criterion. The corresponding constitutive equation is given by:

f (σi j , β) =
√

J2 + αI1 − β, (2)

where f is the yield function. f < 0 indicates the elastic state, and f = 0 denotes the onset of plastic yielding.
σi j is the stress tensor, Pa. I1 denotes the first invariant of the stress tensor. J2 represents the second invariant
of the deviatoric stress tensor. Parameters α and β are material constants related to the internal friction angle
φ of the rock. Specifically, αI1 represents the shear yield strength, while β represents the cohesive
yield strength.

The principal stress invariants I1 (first invariant) and J2 (second deviatoric invariant) are mathematically
expressed as [32]:

I1 = S1 + S2 + S3 = 0, (3)

J2 = −(S1S2 + S2S3 + S3S1) =
1
2
(S2

1 + S2
2 + S2

3) . (4)

The parameters α and β are typically determined based on the Mohr-Coulomb criterion. When the
respective vertices of the Mohr-Coulomb hexagonal pyramid and Drucker-Prager conical yield surfaces
coincide, the constitutive correspondence between cohesion and internal friction angle can be mathemati-
cally established:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

α = 2 sin φ√
3 (3 − sin φ)

β = 6 cos φ√
3 (3 − sin φ)

.
(5)
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The effective stress tensor σij is formulated through the generalized Hooke’s constitutive framework as:

dσi j = Di jk l dεe
k l , (6)

where Di jk l denotes the elastic stiffness tensor, and dεe
k l represents the elastic strain increment tensor.

The elastic stiffness tensor Di jk l can be characterized as isotropic or anisotropic contingent upon
material symmetry characteristics. This section, Di jk l is simplified to be isotropic.

Di jk l =
E

1 + ν
[ 1

2
(δi k δ jl + δi l δ jk) +

ν
1 − 2ν

δi jδkl] , (7)

where E is the modulus of elasticity, Pa. And ν denotes Poisson’s ratio.
Considering the thermal strain and elastoplastic strain, the total strain tensor can be expressed as:

dεkl = dεe
kl + dεp

kl + dε0
k l , (8)

where ε0
k l represents the thermoelastic strain, and εp

kl denotes the plastic strain.
The plastic strain requires characterization of both its increment and flow direction, typically governed

by either associated or non-associated flow rules. This study employs a non-associated flow rule for
constitutive modeling:

dεp
i j = dλ ∂G

∂σi j
, (9)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

G (σi j) = αI1 +
√

J2

α = 2sinψ√
3 (3 − sinψ)

,
(10)

where dεp
i j denotes the plastic strain increment tensor; dλ is the plastic flow consistency coefficient

represents the plastic consistency parameter, and G is the plastic potential function under associated flow
rule conditions, which is the same as the expression of the yield function, and when the friction angle φ is the
same as the shear expansion angle ψ, the material parameter α is the same as α in the yield function Eq. (5),
resulting in an associated flow rule. Substituting Eq. (10) into Eq. (9) yields the plastic strain increment:

dεp
i j = dλ (αI1 +

si j

2
√

J2
) . (11)

The volumetric plastic strain is expressed as:

dεp
ν = 3 ∂G

∂σi i
dλ = αdλ. (12)

The thermoelastic strain εo
i j is given by:

dεo
i j = αi jdT , (13)

where αi j denotes the thermal expansion coefficient tensor.
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Substituting Eqs. (8), (11), and (13) into Eq. (6) yields the effective stress increment as:

dσi j = Di jk l (dεkl −
∂G
∂σi j

dλ) − 3KD αi jdT , (14)

where KD designates the bulk modulus, mathematically expressed as KD = E
3(1−2ν) , MPa.

Under elastoplastic deformation, the stress tensor is constrained to the yield criterion boundary,
necessitating compliance with the consistency criterion for geological material yielding:

d f (σi j , β) = ∂ f
∂σi j

dσi j +
∂ f
∂β

dβ = 0. (15)

Eq. (13) can be expressed as:

⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩

∂ f
∂σi j

dσi j − Adλ = 0

A = − 1
dλ

∂ f
∂β

dβ.
(16)

Substituting Eq. (14) into Eq. (16) yields the plastic multiplier:

dλ =

∂ f
∂σi j

Di jk l dεkl − 3αs KD
∂ f

∂σi j
dT

∂ f
∂σi j

∂G
∂σkl

Di jk l + A
. (17)

Substituting Eq. (17) into Eq. (14) yields the incremental formulation of the effective stress-strain
constitutive model:

dσi j = De p
i jk l dεkl − βe p

i j dT , (18)

where Dep
i jk l denotes the elastoplastic stiffness tensor, and βep

i j represents the symmetric thermal coupling
tensor. The explicit forms of Dep

i jk l and βep
i j are given by Eqs. (19) and (20), respectively:

De p
i jk l = Di jk l −

∂ f
∂σmn

Dmnkl Di j pq
∂G

∂σpq

A+ ∂ f
∂σst

Dstvw
∂G

∂σνw

, (19)

βe p
i j =
(Di j pq

∂G
∂σpq
)( ∂ f

∂σmn
3αs KD)

A+ ∂ f
∂σst

Dstvw
∂G

∂σvw

− 3αs KD . (20)

The strain and displacement fields must satisfy the kinematic compatibility equations:

εi j =
1
2
(ui j + u ji) , (21)
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where ui j and u ji represent the first-order partial derivatives of displacement components with respect to
spatial coordinates, dimensionless.

According to Hooke’s law, the contact spring forces between the end nodes of contact springs at element
interfaces are linearly related to their relative displacements. The predictive normal/tangential contact force
components for the subsequent computational step are formulated through an incremental algorithmic
framework:

{Fn (t1) = Fn (t0) − Kn Δun
Fs (t1) = Fs (t0) − Ks Δus , (22)

where Fn and Fs are the normal and tangential contact forces, N. Δun and Δus denote the relative normal
and tangential displacements between contact spring nodes, m. Kn and Ks being the corresponding contact
stiffness coefficients, N⋅m−1.

2.2.2 Fluid Flow Model
In incompressible Newtonian viscous flow regimes, the fundamental field equations originate in the

mass-momentum conservation principles:

∂p
∂t
+∇ ⋅ (v) + qap = 0, (23)

where v denotes the fluid velocity vector, m⋅s−1. And qap is the source (or sink) term, s−1.
The velocity at fracture element nodes can be described by the cubic law for fluid flow within fractures,

which gives:

ν f = −
w2

f

12μ
∇p f , (24)

where ν f denotes the aperture-averaged fluid velocity within the fracture, m⋅s−1. p f represents the total fluid
pressure at the discrete fracture node, Pa. And w f corresponds to the local fracture aperture, m.

The nodal flow rate within fracture elements is determined through the element’s velocity field analysis.

q f =
Nd

∑
j=1

(ν ⋅ n j) S j

N j
, (25)

where Nd denotes the total connected faces per discretized block node, dimensionless. ν represents the
velocity vector of the fracture element, m/s. n j is the unit outward normal vector of the j-th face of the
fracture element, dimensionless. And N j is the total number of nodes on the j-th face of the fracture
element, dimensionless.

The total flow rate at fracture nodes can be determined by accounting for the flow rate through
individual fracture nodes and external source/sink terms, with its mathematical representation consistent
with the relationship expressed in Eq. (26).

Q f = Q f n + Q f a p , (26)

Q f n =
Ne

∑
j=1

q j , (27)

where Q f n denotes the volumetric flux at the fracture node, m3/s.
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The dynamic relaxation method is employed to address the seepage field within fractures, with nodal
pressure formulated as:

p f (t) = p f (t0) +
Qt

Vc
Δt, (28)

where Vc denotes the equivalent volume of the fracture node, m3. And Qt denotes the cumulative flux
through connected element faces, m3⋅s−1.

For pore fluid flow, Darcy’s law applies and can be expressed as:

vi = −
ki

μ
ks

∂pe

∂xi
, (29)

where vi denotes the fluid velocity component in the i-direction, m⋅s−1. pe represents the total pore pressure
at the node, Pa. ki is the absolute permeability tensor component in the i-direction, μm2. μ is the fluid
viscosity, Pa⋅s. And ks is the relative permeability, dimensionless.

The porous element’s volumetric flux is formulated as:

qe =
Nd

∑
j=1

(ν ⋅ n j) S j

N j
, (30)

where Nd denotes the total connected faces per discretized block node, dimensionless. ν represents the
seepage velocity vector of the porous medium, m/s. n j is the unit outward normal vector of the j-th
pore element interface, dimensionless. N j is the total number of nodes on the j-th plane of the pore
element, dimensionless.

The total flow rate at pore element nodes can be determined by accounting for the flow rate through
individual pore nodes and external source/sink terms, with its mathematical representation consistent with
the relationship expressed in Eq. (31).

Qe = Qen + Qea p , (31)

Qen =
Nc

∑
j=1

q j , (32)

where Qen represents the net volumetric flow rate at the porous media node, m3/s. Nc is the total connected
porous elements, and q j denotes the flow rate of the j-th pore-connected element, with units of m3⋅s−1.

The nodal saturation can be expressed as:

Se (t) = Se (t0) −
Qe

∅Ve
Δt, (33)

where Qea p is the external flow boundary condition, m3⋅s−1. ∅ denotes the nodal porosity, dimensionless.
And Ve represents the nodal volume.

A zero-pressure condition is prescribed at nodes where fluid saturation is less than 1. Upon reaching
unit saturation, the total nodal fluid pressure can be expressed as:

pe (t) = pe (t0) +
1

S f

Qe

∅Ve
Δt. (34)
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The fluid exchange between pore and fracture elements can be calculated using Darcy’s law,
expressed as:

Qef = −ke
pe − p f

d
A, (35)

where ke denotes the absolute permeability of the matrix rock, μm2. pe represents the averaged pore pressure
within the matrix element, Pa. p f is the average pore pressure in the fracture element, Pa. d defines the
minimum distance from the matrix centroid to the fracture plane, m. And A quantifies the effective matrix-
fracture interaction area, m2.

By applying Qef is prescribed as a shared boundary condition for both matrix and fracture flow
calculations, the coupling between the porous matrix and fractures is achieved [31].

2.2.3 Thermal Field Model
Thermal disequilibrium develops between the injected fracturing fluid and formation matrix during

hydraulic fracturing operations, triggering time-dependent thermal convection processes. The heat transfer
mechanisms governing the evolution of the reservoir temperature field primarily include convective heat
transfer and thermal conduction [33–35]. The governing equation for the reservoir heat field, under the local
thermal equilibrium premise, can be expressed as follows:

QT +∇ ⋅ (λm∇Tm) − ρl Cl ν ⋅ ∇Tm = (ρC)m
∂Tm

∂t
, (36)

( ρC )m = ( 1 − ϕ ) ρsCs + ϕρl Cl , (37)

λm = ( 1 − ϕ ) λs + ϕλl , (38)

where QT denotes the volumetric heat source term, W⋅m−3. Tm represents the reservoir temperature, ○C.
ρl is the fluid density, kg⋅m−3. Cl indicates the isobaric specific heat capacity of the fluid, J⋅kg−1⋅○C−1. ν is
the fluid velocity vector, m⋅s−1. ρs is the rock matrix density, kg⋅m−3. Cs specifies the isobaric heat capacity
of the rock matrix, J⋅kg−1⋅○C−1. λm is the effective thermal conductivity of the matrix, W⋅m−1⋅○C−1. λs is
the thermal conductivity of the rock matrix, W⋅m−1⋅○C−1. And λl is the thermal transfer coefficient of fluid,
W⋅m−1⋅○C−1.

2.2.4 Fracture Propagation Criterion
In the field of non-linear mechanics, the most commonly used approach to describe fracture propa-

gation is the cohesive zone model. As shown in Fig. 4, the cohesive hydraulic fracture model consists of
three regions: (1) Initial Fracture Zone; (2) Fracture Process Zone; (3) Intact Zone [36–38]. Progressive
intensification of stress concentration occurs at fracture tips during sustained stimulation fluid injection.
When the tip stress reaches the material’s ultimate strength, damage initiates, and a fracture process zone
forms. Progressive crack aperture development induces attenuation of cohesive traction along the fracture
plane. When the cohesive force drops to zero, the traction between the fracture surfaces vanishes, and the
fracture fully propagates, resulting in a newly formed visible crack.

According to the bilinear cohesion ontological model, as shown in Fig. 5, the interface behavior is
considered linearly elastic prior to the onset of damage. When the fracture displacement reaches a critical
threshold, the cohesive traction within the fracture process zone progressively diminishes to zero during
crack propagation, ultimately resulting in complete fracture.
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Figure 4: Schematic diagram of the cohesion model

Figure 5: Schematic diagram of the bilinear traction-displacement ontological model

In Mode I fracture mechanics, the critical energy release rate Gc
l corresponds to the area under the

traction-separation curve, mathematically defined as:

Gc
l =

K2
IC

E
(1 − ν2) , (39)

where Gc
l is the critical fracture energy, Pa⋅m. KIC is the fracture toughness, MPa⋅m0.5. E is the modulus of

elasticity, GPa. And ν is Poisson’s ratio, dimensionless.
When the fracture tension displacement reaches a certain level, the fracture completely breaks, and the

complete damage displacement can be expressed as:

δ f
n =

2Gc
I

tn
0 . (40)

The expression for cohesion at the fracture interface can be categorized as before and after the
appearance of damage at the virtual interface:

t = {t Non−damaged
(1 − D) t Damage , (41)
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where t is the cohesive force with traction, MPa. t is the cohesive force component t = Kδ (MPa) predicted
by the traction-separation law in the absence of damage; K is the stratigraphic stiffness. And D is the damage
variable to characterize the damage of the rock material, expressed as:

D =
δ f

m (δmax
m − δ0

m)
δmax

m (δ f
m − δ0

m)
, (42)

where δm is the effective displacement, δm =
√
(δn

2) + δ2
s + δ2

t

2.3 Calculation Model for Fracture Propagation in Deep Reservoir Fracturing
2.3.1 Numerical Simulation Model

A 3D fracture propagation model for deep vertical well fracturing was established, as illustrated
in Fig. 6. The model dimensions were set to 80 m × 60 m × 30 m, with the injection point located at the
center. The numerical characterization of stress fields in deep geological structures was realized through
the following loading configurations: maximum horizontal principal stress orientation aligned with the
X-axis, minimum horizontal principal stress directionality assigned to the Y-axis, and high-stress barrier
layers were established at the upper and lower boundaries of the reservoir to simulate the vertical stress
confinement conditions in actual formations. To enhance computational efficiency while ensuring model
accuracy, hexahedral meshes with structured gridding were employed. Uniformly distributed 1 m grids were
implemented perpendicular to the minimum principal stress direction, while gradually coarsened grids were
adopted along the minimum principal stress direction, featuring a 1 m grid size at the central region and an
8 m at the outer boundaries.

Figure 6: Numerical simulation model of hydraulic fracturing
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2.3.2 Model Parameters
The relevant parameters in the model are summarized in Table 1, which mainly include rock mechanical

parameters, porosity, permeability, geostress, temperature, and so on. In this hydraulic fracturing simulation,
water-based fracturing fluid was utilized, with fluid parameters configured based on the properties of water.

Table 1: Parameter configuration of the numerical model

Parameters Value
Rock density/kg⋅m−3 2300

Poisson’s ratio 0.25
Elastic modulus/GPa 25
Rock cohesion/MPa 2

Rock tensile strength/MPa 2
Dilatancy angle of rock/○ 15

Internal friction angle of rock/○ 25
Injection rate/m3/min 1.8

Porosity 0.05
Permeability/μm2 10−16

Reservoir temperature/○C 200
Injection fluid temperature/○C 15

Maximum horizontal principal stress in reservoir/MPa 110
Minimum horizontal principal stress in reservoir/MPa 90

Inter-reservoir stress difference/MPa 8
Vertical ground stress/MPa 120

Rock thermal conductivity/W⋅m−1⋅○C−1 3
Specific heat capacity of rocks/J⋅kg−1⋅○C−1 850

Coefficient of thermal expansion of rocks/○C−1 5 × 10−6

Fluid heat transfer coefficient/W⋅m−1⋅○C−1 0.55
Coefficient of thermal expansion of fluids/○C−1 2.5 × 10−4

Specific heat capacity of a fluid/J⋅kg−1⋅○C−1 4200

2.3.3 Model Validation
The model used in this paper focuses on viscously dominated hydraulic fracture extensions, and in

order to verify the accuracy of the model, reference is made to the analytical model of circular fracture
penny derived by Dontsov [39] for comparison. Dontsov et al. derived an analytical equation for the viscous
dominated circular hydraulic fracture as:

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

w0 = 1.1901( μ2Q3
0 t

E2 )
1
9

R = 0.6944(Q3
0Et4

μ
)

1
9

,
(43)

E′ = E
1 − ν2 , μ′ = 12μ, (44)
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where w0 is the fracture width, m. R is the fracture half-length, m. E is the modulus of elasticity, GPa.
E′ is the so-called plane strain modulus, along with auxiliary parameters, is employed to streamline
subsequent mathematical formulations. μ indicates the fracturing fluid viscosity, mPa⋅s. ν is Poisson’s ratio,
dimensionless. t specifies the injection duration, s. And Q0 is the displacement, m3⋅s−1.

According to Table 1, a three-dimensional hydraulic fracture extension model is established as shown
in Fig. 7a, with the model size of 60 m × 60 m × 10 m, the grid size of 1 m in the plane, and the grid size of
2.5 m in the vertical direction, and the injection point is set at the center of the model, the displacement is
set at 0.02 m3/s of the constant displacement, the elastic modulus is 25 GPa, and the fracturing time is 50 s.
As shown in Fig. 7b, the final simulation results indicate that the fracture morphology is circular and that
the overall area is consistent with the analytical solution.

Figure 7: Comparison of Penny fracture numerical model and analytical model results. (a) Numerical model
schematic; (b) fracture width distribution

Temporal evolution of fracture aperture and propagation distance at the model centroid was tracked to
benchmark numerical solutions against analytical predictions, with comparative results shown in Fig. 8. The
average discrepancy between numerical and analytical solutions for fracture width is 3.6%, while that for
fracture length is 1.7%. The numerical results in the viscous-dominated regime are in excellent accordance
with the analytical results, thereby validating the precision of the proposed 3D fracture propagation model.

Figure 8: Comparison of numerical simulation and analytical solutions for hydraulic crack propagation: (a) fracture
length vs. time; (b) fracture width vs. time.
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3 Numerical Simulation Results

3.1 Influence of Differential Horizontal Ground Stress
By maintaining constant geological and engineering parameters while holding the maximum horizontal

principal stress fixed and varying exclusively the minimum horizontal principal stress, this study investigated
hydraulic fracture propagation characteristics in deep reservoirs under differential horizontal stress condi-
tions ranging from 10 to 25 MPa, with corresponding propagation patterns presented in Fig. 9. As graphically
demonstrated in the accompanying illustration, an increase in the horizontal in-situ stress difference results
in shorter hydraulic fracture length, greater fracture width, and a transition in fracture geometry toward a
rectangular morphology.

Figure 9: Geometric shape diagram of hydraulic fracture under different horizontal stress difference. (a) 10 MPa;
(b) 15 MPa; (c) 20 MPa; (d) 25 MPa

As shown in Fig. 10, an elevated horizontal in-situ stress difference makes crack propagation more
challenging, accompanied by significant elevation of both breakdown pressure and propagation pressure in
the reservoir. Elevating the horizontal stress differential from 10 to 25 MPa induced a 10.61 MPa escalation
in breakdown pressure and a 6.62 MPa augmentation in net extension pressure, concurrent with a 21.58%
contraction in fracture propagation length and a 12.53% expansion in aperture width. Fig. 11 quantifies a
66.7% escalation in peak cumulative plastic strain within the perifracture domain resulting from enhanced
horizontal stress contrast. Increasing the horizontal stress difference will strengthen the stress concentration
effect at the tip of the fracture extension process, and the rocks around the tip of the fracture are more likely to
enter the plastic state during the extension process, which makes the fracture consume more energy during
the extension process, and then reduces the extension capacity of the fracture.
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Figure 10: Numerical simulation results of hydraulic fracturing under different levels of in-situ stress differences.
(a) Fracture length vs time curve; (b) fracture height vs time curve; (c) fracture width at the injection point vs time
curve; (d) net pressure at the wellbore vs time curve

Figure 11: Maximum cumulative plastic strain at different levels of in-situ stress differences

3.2 Influence of Modulus of Elasticity
Keeping the rest of the geological parameters and construction parameters unchanged, the modulus of

elasticity of the formation was changed (15, 20, 25, 30 GPa) and the impact of the deep reservoir’s modulus of
elasticity on fracture extension was examined. The results are shown in Fig. 12. With increasing elastic modu-
lus of the formation, the hydraulic fracture geometry transitions toward a rounded rectangular morphology.
While the fracture length exhibits negligible variation, the fracture width progressively diminishes.

Numerical simulation results (Fig. 13) indicate that increasing the elastic modulus significantly influ-
ences hydraulic fracture width and height propagation. Specifically, fracture width decreases markedly,
vertical propagation time shortens, and both breakdown and propagation pressures increase substantially.
As the elastic modulus increases from 15 to 30 GPa, hydraulic fracture width decreases by 12.29%, vertical
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propagation time reduces by 32.05%, reservoir breakdown pressure rises by 9.98 MPa, and fracture propa-
gation pressure increases by 2.71 MPa. As shown in Fig. 14, under deep reservoir conditions, elevating the
elastic modulus exhibits limited efficacy in enhancing rock plasticity. The maximum cumulative plastic strain
in the reservoir decreases by only 7.37% with increasing elastic modulus. From the thermal stress calculation
formula, the increase of elastic modulus will lead to the increase of thermal stress and thus the decrease
of original stress in the formation, which will make the reservoir easier to rupture. From a petrophysical
perspective, the elastic modulus primarily represents the rock’s resistance to elastic deformation. Higher
elastic modulus corresponds to greater rock strength and reduced susceptibility to fracturing, thereby
requiring elevated fluid pressure within the fracture and resulting in increased reservoir breakdown pressure
and propagation pressure. In reservoirs with high elastic modulus, enhanced energy propagation efficiency
enables fractures to propagate preferentially along the maximum principal stress direction after rupture,
generating fractures with greater length and reduced width. Concurrently, the vertical growth tendency of
fractures is amplified, leading to fracture geometries that more closely approximate rectangular profiles.

Figure 12: Hydraulic fracture patterns in different strata with different modulus of elasticity. (a) 15 GPa; (b) 20 GPa;
(c) 25 GPa; (d) 30 GPa
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Figure 13: Numerical simulation results curve of hydraulic fracturing with different elastic modulus. (a) Fracture length
vs time curve; (b) fracture height vs time curve; (c) fracture width at the injection point vs time curve; (d) Net pressure
at the wellbore vs time curve

Figure 14: Maximum cumulative plastic strain for different modulus of elasticity

3.3 Influence of Reservoir Temperature
The fracture propagation behavior in deep reservoirs under varying temperatures (50○C, 200○C, 400○C,

600○C) was investigated while maintaining constant geological and operational parameters. Numerical
results (Fig. 15) demonstrate that increasing reservoir temperature induces significant variations in fracture
geometric parameters, while the fundamental fracture morphology remains largely unchanged.
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Figure 15: Hydraulic fracture morphology at different reservoir temperatures. (a) 50○C; (b) 200○C; (c) 400○C;
(d) 600○C

As shown in Fig. 16, increasing reservoir temperature exerts a pronounced influence on hydraulic
fracture propagation. Specifically, breakdown pressure, propagation pressure, and fracture length decrease
with rising temperature, whereas fracture width increases. Under progressive thermal loading elevating the
reservoir from 50○C to 600○C, the reservoir breakdown pressure decreased by 9.92 MPa, with the fracture
length reduced by 6.68 m and the fracture width increased by 1.89 mm. Fig. 17 reveals that variations in
reservoir temperature exhibit minimal impact on cumulative plastic strain in the rock, suggesting that
temperature is not a dominant factor controlling reservoir plastic deformation. The temperature difference
between the high-temperature reservoir and the low-temperature fracturing fluid generates thermal tensile
stress around the fractures. This thermal stress reduces the impact of in-situ stresses, making the reservoir
more susceptible to failure. Thereby reducing the rock breakdown pressure and propagation pressure.
Nevertheless, due to the thermal cooling effects propagating slower than the fracture advancement rate, the
thermal tensile stresses exhibited negligible influence at the fracture tip. This resulted in no enhancement
of fracture propagation capacity along the length direction, while under constant injection rate, the fracture
width experienced significant enlargement. In deep reservoirs, although the injection of low-temperature
fluid can significantly decrease formation crack pressure and reduce the impact of high pressure at depth,
the length of the fracture will decrease accordingly. Combined with the effects of rock plastic deformation,
this ultimately makes extending fractures in deeper reservoirs more difficult than in shallower ones.



3032 Energy Eng. 2025;122(8)

Figure 16: Numerical simulation results of hydraulic fracturing at different reservoir temperatures. (a) Fracture length
vs time curve; (b) fracture height vs time curve; (c) fracture width at the injection point vs time curve; (d) net pressure
at the wellbore vs time curve

Figure 17: Maximum cumulative plastic strain at different reservoir temperatures

3.4 Influence of Fracturing Fluid Displacement
Hydraulic fracturing simulations were conducted under constant total fluid volume while varying

injection rates (0.9, 1.8, 3.6, and 5.4 m3/min) and corresponding injection durations (1200, 600, 300, and
200 s) to investigate their effects on fracture propagation in deep elastic-plastic reservoirs. As shown
in Fig. 18, increasing injection rate results in significantly reduced fracture length, increased fracture width,
and a transition toward short-wide fracture geometry. When the injection rate reaches 3.6 m3/min, the
fracture height penetrates the barrier layers.
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Figure 18: Fracture width distribution under different injection rates. (a) 0.9 m3/min; (b) 1.8 m3/min; (c) 3.6 m3/min;
(d) 5.4 m3/min

As shown in Fig. 19, increasing the injection rate elevates fracture propagation resistance, resulting in
significant rises in reservoir breakdown pressure and propagation pressure. As the rate of injection went up
from 0.9 to 5.4 m3/min, the reservoir’s breakdown pressure climbed by 5.56 MPa. The crack propagation
pressure increased by 3.09 MPa, which was accompanied by a 11.71 m reduction in crack length and a
1.63 mm increase in crack width. Augmented injection rates generate intensified pressurization kinetics
within fractures, causing concomitant escalation of fracture initiation pressure and net propagation pressure.
This reduces the fracture’s ability to extend in the longitudinal direction, while increasing the fracture width
and enhancing its ability to break through vertical barriers. Moreover, at high injection rates, the contact time
between the low-temperature fluid and the high-temperature reservoir rock is shortened, limiting thermal
exchange. As a result, the influence of thermal stress is reduced, further increasing the breakdown and
propagation pressures compared to lower injection rates. As shown in Fig. 20, the effect of injection rate on
plastic deformation is relatively minor, exhibiting a trend of initial decrease followed by an increase with
rising injection rate. Compared to shallow reservoirs, deep reservoirs are more sensitive to injection rate
due to the combined effects of high temperature and rock plasticity. To maximize fracture length in deep
reservoirs, fracturing designs should prioritize lower injection rates whenever possible.
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Figure 19: Hydraulic fracture geometry under different injection rates. (a) Fracture length vs time curve; (b) fracture
height vs time curve; (c) fracture width at the injection point vs time curve; (d) net pressure at the wellbore vs time
curve

Figure 20: Maximum accumulated plastic strain under different injection rates

3.5 Influence of Fracturing Fluid Viscosity
Hydraulic fracturing simulations were conducted under constant geological and operational conditions

with varying fracturing fluid viscosities (1, 2, 5, and 10 mPa⋅s) to assess their impacts on fracture propagation
in deep reservoirs. As shown in Fig. 21, under constant injection rate, increasing fracturing fluid viscosity
significantly reduces fracture length while enhancing fracture width. When viscosity reaches 5 mPa⋅s,
fracture height propagation breaches interlayer barriers, and the fracture geometry transitions toward a
circular morphology.
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Figure 21: Hydraulic fracture morphology under varying fracturing fluid viscosities. (a) 1 mPa⋅s; (b) 2 mPa⋅s;
(c) 5 mPa⋅s; (d) 10 mPa⋅s

As shown in Fig. 22, increasing fracturing fluid viscosity leads to significant increases in reservoir
breakdown pressure and propagation pressure. As the viscosity of the fracturing fluid raises from 1 to
10 mPa⋅s, breakdown pressure rises by 6.90 MPa, propagation pressure increases by 9.78 MPa, fracture
length decreases by 13.22 m, and fracture width enlarges by 3.71 mm. High-viscosity fracturing fluids
exhibit restricted flow mobility within fractures and reduced fluid loss to the matrix, promoting pressure
accumulation within the fracture. This elevates the pressure gradient, thereby increasing both the reservoir
breakdown pressure and fracture propagation pressure. The increased difficulty in fracture propagation
results in enhanced fracture width and improved capability to penetrate barrier layers. As the viscosity of
the fracturing fluid reaches 5 mPa⋅s, the fracture penetrates the barrier layers vertically. As shown in Fig. 23,
the viscosity of the fracturing fluid has a limited impact on the plastic behavior of the rock surrounding the
fracture. In deep reservoir environments, the adverse effects of high-viscosity fluids on fracture propagation
can compound with the influence of rock plasticity, making fracture extension even more difficult.
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Figure 22: Numerical simulation results of hydraulic fracturing under different fracturing fluid viscosities. (a) Fracture
length vs time curve; (b) fracture height vs time curve; (c) fracture width at the injection point vs time curve; (d) net
pressure at the wellbore vs time curve

Figure 23: Maximum accumulated plastic strain under different fracturing fluid viscosities

4 Conclusion
This study used the CDEM to create a numerical model of hydraulic crack propagation in deep

reservoirs. Using a controlled variable approach, the impact of horizontal in-situ stress differences, elastic
modulus, reservoir temperature, injection rate, and fluid viscosity on fracture length, height, and width was
systematically examined. The key findings are as follows:

1. During hydraulic fracturing in deep reservoirs, rock plastic deformation consumes additional energy,
weakens the stress concentration at the fracture tip, and makes fracture propagation more difficult.
This leads to higher breakdown and propagation pressures, reduced fracture length, and increased
fracture width.
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2. In deep reservoirs, elevated horizontal in-situ stress differences and elastic modulus significantly increase
the difficulty of rock fracturing. A larger horizontal stress difference leads to shorter fracture length,
greater fracture width, and a transition of hydraulic fracture geometry toward rectangular morphology.
Conversely, reservoirs with higher elastic modulus tend to develop longer and narrower fractures.

3. Elevated reservoir temperature enhances the effect of thermal tensile stress, significantly reducing the
breakdown pressure. However, the resulting hydraulic fractures tend to be shorter in length and wider
in aperture.

4. Higher injection rates and fracturing fluid viscosities increase the difficulty of reservoir breakdown,
resulting in shorter but wider hydraulic fractures. Concurrently, the fractures demonstrate enhanced
capability to penetrate barrier layers in the vertical direction.
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