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Abstract: This study addresses stability challenges in oil shale reservoirs during the in situ
conversion process by developing a thermo-hydro-mechanical damage (THMD) coupling
model. The THMD model integrates thermo-poroelasticity theory with a localized gradient
damage approach, accounting for thermal expansion and pore pressure effects on stress
evolution and avoiding mesh dependency issues present in conventional local damage
models. To capture tensile-compressive asymmetry in geotechnical materials, an equivalent
strain based on strain energy density is introduced, which regularizes the tensile component
of the elastic strain energy density. Additionally, the model simulates the multi-layer
wellbore structure and the dynamic heating and extraction processes, recreating the in
situ environment. Validation through a comparison of numerical solutions with both
experimental and analytical results confirms the accuracy and reliability of the proposed
model. Wellbore stability analysis reveals that damage tends to propagate in the horizontal
direction due to the disparity between horizontal and vertical in situ stresses, and the
damaged area at a heating temperature of 600 °C is nearly three times that at a heating
temperature of 400 °C. In addition, a cement sheath thickness of approximately 50 mm
is recommended to optimize heat transfer efficiency and wellbore integrity to improve
economic returns. Our study shows that high extraction pressure (—4 MPa) nearly doubles
the reservoir’s damage area and increases subsidence from —3.6 cm to —6.5 cm within
six months. These results demonstrate the model’s ability to guide improved extraction
efficiency and mitigate environmental risks, offering valuable insights for optimizing in
situ conversion strategies.

Keywords: THMD coupling model; in situ conversion; stability analysis; thermal damage;
oil shale reservoir

1. Introduction

Energy is a fundamental resource for the survival and advancement of human society.
In recent years, global energy consumption has continued to rise, accompanied by a
steady increase in oil prices, raising concerns about the sustainability of the world’s energy
supplies. Due to their vast potential, unconventional oil and gas resources have become a
key focus for many nations and energy companies [1-3]. Among them, oil shale, which
is a kind of sedimentary rock enriched with solid organic matter, is believed to be the
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most promising unconventional energy resource. Oil shale resources are particularly
abundant, with hundreds of deposits identified across 33 countries, containing an estimated
70 to 80 billion tons of resources. The “shale revolution” has enabled the United States
to achieve energy independence, significantly reshaping the global energy landscape.
However, extracting oil shale resources, especially low-maturity deposits with abundant
macromolecular solid organic matter but little movable oil, poses significant challenges.
To reduce extraction costs and enhance efficiency, in situ conversion technology is frequently
employed for low-maturity oil shale deposits [4-7]. This technique employs methods such
as electric heating to heat organic-rich shale formations at depths ranging from 300 to
3000 m. This heating process facilitates the physical and chemical reactions that pyrolyze
organic matter into lighter hydrocarbons, making extraction more feasible and economically
viable [8-12]. This study seeks to provide an in-depth examination of these challenges
and propose effective strategies to enhance the extraction process. Figure 1 illustrates the
schematic of the in situ conversion process in a horizontal well extraction system.

() Production well
@ Heating well

Figure 1. Schematic diagram of well network extraction.

During the in situ conversion process, the heating operations inevitably raise the
temperature of the rock surrounding the wellbore, leading to thermal expansion. This
results in stress concentration within the rock, and if the induced stress exceeds the rock’s
strength threshold, crack propagation and rock failure are likely to occur. Such failures
can compromise the structural integrity of the wellbore and, in severe cases, may cause
wellbore collapse [13-16], presenting significant risks to the safety and efficiency of oil and
gas extraction. Simultaneously, in situ heating initiates the pyrolysis of solid organic matter,
which contributes to rock damage and increases both porosity and permeability [17-19].
These changes can reduce the reservoir’s load-bearing capacity and enhance the extraction
of fluid products. As extraction proceeds, the decline in pore pressure leads to an increase
in the rock’s effective stress, which can result in reservoir compaction. This compaction
can destabilize the geological structure and potentially cause surface subsidence, affecting
the long-term sustainability of the extraction process. Therefore, a detailed investigation
into the mechanisms of thermally induced damage during shale oil extraction, as well as
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its effects on the integrity and stability of both the wellbore and the reservoir, is essential
for optimizing in situ conversion technology and enhancing extraction efficiency.

The analysis of thermal-hydraulic-mechanical (THM) coupling models and wellbore
damage has been widely studied. Meier et al. [20] conducted a series of hydrostatic pressure
loading experiments on a shale drilling model, identifying the formation of spiral shear
cracks during the drilling process. Nguyen et al. [21] developed a method for stability
analysis of fractured shale wellbores by integrating changes in pore pressure within both
fractures and the surrounding matrix into the governing equations. Dokhani et al. [13]
explored the effects of weak planes and clay mineral interactions on formation stability,
using an improved Jaeger criterion to assess wellbore stability. Guo et al. [22] enhanced the
THM coupling model by introducing a framework designed to optimize well placement for
geothermal energy extraction. Li et al. [23] developed a fully coupled THM model for three-
dimensional hydraulic fracturing simulations, providing a more accurate representation
of fracture behavior. Wang et al. [24] constructed a THM coupling model based on varia-
tional phase-field theory and proposed a stable and efficient iterative solution algorithm.
Additionally, Li et al. [25] established a thermal-hydraulic-mechanical damage (THMD)
coupling model that accounts for the micro-scale heterogeneity of rock, allowing for a
detailed analysis of rock column stability. Wei et al. [26] provided valuable insights into the
evaluation and prediction of underground nuclear waste repositories under coupled THM
conditions. Phan et al. [27] proposed a general framework for describing the behavior of
concrete under extreme loading conditions, such as those encountered during tunnel fires.

To effectively address the stability challenges of the wellbore and surrounding for-
mations during the in situ conversion process, it is crucial to account for the complexity
of THMD coupling effects. The THMD coupling model enables a comprehensive and
dynamic simulation of the behavior and evolution of the rock around the wellbore under
the influence of multiple interacting fields. This method offers a precise depiction of the
intricate processes involved, allowing for a detailed analysis of the interactions between
heat transfer, fluid flow, reservoir deformation, and damage evolution. Furthermore, re-
search on THMD coupling not only deepens our understanding of geomechanical behavior
but also offers a theoretical foundation for optimizing the design parameters during the
extraction process. This insight is critical for minimizing the risk of wellbore instability and
enhancing the overall safety and efficiency of shale oil extraction.

This work is devoted to optimizing the exploitation strategy to ensure stability during
the in situ conversion process of oil shale reservoirs. To this end, contributions have been
made in three key aspects: first, the development of a comprehensive THMD model that
builds upon traditional THM models by integrating a damage component to account for
material degradation under operational stresses; second, the consideration of horizontal
and vertical in situ stresses, as well as the multi-layer structure of the wellbore and dynamic
heating-extraction processes, to simulate real-world operational complexities; and third,
the adoption of a gradient damage model, which eliminates grid dependency issues com-
monly found in conventional damage modeling approaches. This study investigates the
stability of both the wellbore and the reservoir, utilizing numerical simulations to propose
optimized stability solutions specifically tailored to in situ conversion technology. These
advancements aim to enhance the safety and efficiency of the in situ conversion process,
providing targeted solutions that are well suited to the complexities of shale oil recovery.

The structure of this paper is organized as follows: Section 2 provides a comprehensive
introduction to the THMD coupling model and the nonlocal damage theory in the context
of the in situ conversion process. This chapter emphasizes the interrelationships among
the thermal, hydraulic, mechanical, and damage fields and introduces the nonlocal strain
formulation based on strain energy, along with the corresponding solution algorithms.
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Section 3 focuses on model validation, comparing the predictions of the constructed model
with theoretical solutions and experimental results to demonstrate its effectiveness in
predicting THM coupling and thermally induced damage. Section 4 analyzes the damage
evolution characteristics of the wellbore and surrounding formation under both single-well
and well-network conditions, investigating the effects of various heating methods and well
spacing designs on the stability of the wellbore and formation. Finally, Section 5 summarizes
the key findings of this paper and outlines potential directions for future research.

2. Methods
2.1. THMD Coupling Model

To accurately describe the complex coupling effects during in situ conversion processes,
we develop a THMD coupling model by integrating thermo-poroelastic mechanics with
nonlocal damage theory. First, we establish a displacement field equation for the rock
matrix during in situ conversion based on the differential equations of solid mechanic
equilibrium and displacement relations, incorporating the effects of effective stress and
thermal stress. Second, we derive a temperature field governing equation that accounts
for deformation energy based on the law of energy conservation as outlined by Forest [28].
Further, a fluid flow equation is formulated based on mass conservation and Darcy’s law
following the framework proposed by Zhou et al. [29]. Finally, a rock damage mechanics
model with tension—compression asymmetry is obtained based on nonlocal damage theory
and strain energy decomposition based on the work of Miehe et al. [30].

2.1.1. The Stress Equilibrium Equation

The classical mechanic equilibrium equation is stated as:

V-o+ppfp =0 (1)

where o is the total Cauchy stress tensor; fj, is the gravitational vector; p, = ¢ps + (1 — ¢)ps
is the bulk density; pf is the fluid density; ps is the solid density; and ¢ is the porosity,
which is defined as the ratio of the current pore volume to the bulk volume. The effective
stress relationship is:

oc=0c" —bps )

According to the constitutive relation of solid rock:
o' = Cy, : € — 30K0S (3)
Substituting into Equation (1) yields:
V-Cyq :&—bpéd—3aK05+ppfp =0 4)

where ¢ is the effective stress tensor; C4, represents the fourth-order elasticity tensor; p
denotes the pore pressure; 8 = T — T is the temperature change; T and Tj are the current
and reference temperatures, respectively; b is the Biot coefficient; « represents the linear
thermal expansion coefficient of the solid; K is the bulk modulus; J is the second-order
identity tensor; and ¢ is the linear strain tensor in the case of small deformations.

1

e=Vu=-(Vu+ (Vu)") (5)

N
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2.1.2. The Hydraulic Pressure Equation
In a quasi-static situation, Darcy’s law can be expressed as [31]:
w
V:E?:M—Vp+ﬁ@) (6)

where w is the mass of fluid passing through a unit area per unit time from the Eule-
rian perspective, Vs is the solid skeleton velocity, V; is the fluid velocity, k is the fluid
permeability, and f, is gravitational acceleration. Through the Gibbs free energy and the
pressure—temperature relationship, the following equations are derived:

d

r _ %E<—3ade 7)
s f
d¢:bda+%§—3%dT )

By taking the derivative of m; = py * ¢ on both sides and substituting into the above
two equations, we obtain:
dm
Y bde+ WP _ 3adT )
of M
The above equation indicates that the effects of temperature and pressure on the
solid will lead to changes in porosity, while the effects on the fluid will result in density
changes. Both factors jointly influence the equivalent fluid density of the porous medium.
Here, M is the Biot modulus, b is the Biot coefficient, and «,, is the overall thermal

expansion coefficient:

1_¢ 1

T e (10)
K

b=1- 2 (11)

Um = Py + i (12)

where Ky and K are the moduli of the fluid and solid, respectively, and a; and a; are the
thermal expansion coefficients of the fluid and solid, respectively. Substituting Equations (6)

dm
and (9) into the continuity equation ditf + Vx - M = (O results in the pressure equation:
de 1 oap o _»
b§ M§—3txm§—kv p (13)

2.1.3. The Energy Conservation Equation

Based on the second law of thermodynamics, the equation can be expressed as:

(% LT (5M)) = V- Q+ (14)

Substituting Fourier’s law Q = —xVxTQ = —xV xT into the equation yields:

T T L 15

(57 —5r=,) =« Tmp=-+Pm (15)
The last two terms on the right side can be neglected compared to the left side. Thus,

the equation simplifies to:

) = kV2T (16)
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For a linearly isotropic porous medium, the entropy change dS can be expressed as:

dS = sydm + 3aKde — 3a,,dp + CddTT 17)

Substituting Equation (17) into Equation (16) gives the temperature equation:

de
ot

op oT

_ —_— 2
5~ Cazp = xV°T (18)

3 T()K — 3uy, To

The coupling relation of the proposed model is shown in Figure 2.

Hydrological

Figure 2. Schematic diagram of in situ conversion.

Rock seepage

2.2. Nonlocal Damage Model
2.2.1. Localizing Gradient Damage Theory

The localizing gradient damage model is established within a generalized microme-
chanics thermodynamic framework [32,33], where an equivalent strain e is defined to
represent the swiftly varying deformations of micro-continua within the domain from a
macroscopic viewpoint. Additionally, a scalar damage variable D is employed to charac-
terize the degradation of isotropic materials [28,34,35]. The expression for the interaction
function g is defined as [36]:

o~ (1=R)exp(=1D) +R —exp(-) -

1—exp(=7)

where 7 is the interaction decay rate parameter and R is the residual interaction parameter.
In this study, # = 5 and R = 0.05 are adopted.
From the free energy density, the following constitutive relationship can be derived:

o':(l—D)C:s—l-h(e—é)% (20)
Combining Equations (3) and (20), we obtain

o' =(1-D)Cy: e+h(e—ag—z — 30K05 (21)
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The macroscopic-microscopic interaction control equation is:
e—e=V-(gI?Ve) (22)

where e and ¢ represent the equivalent strain at the macroscopic and microscopic scales,
respectively. The length scale parameter is . The damage evolution process is described
using the most widely used exponential damage law [37]:

0, if x<xp
flx) = Ko
1—?{1—tx+txexp[—,8(1c—;c0)]}, OTHERWISE
where « and  are material parameters, x is the initial damage strain, and x represents the

historical maximum value of equivalent strain:
x(t) = max{e(1)|0 < T <t} (23)
where t indicates the current loading time step.

2.2.2. Spectral Decomposition of Elastic Strain Energy Density

Geotechnical materials, as quasi-brittle materials, exhibit tensile-compressive asym-
metry, characterized by a significantly higher compressive strength compared to tensile
strength. The density of elastic strain energy is analyzed in a decomposed form as follows:

¥ = JAr(een))2 o+ pir(edy) 1)

where A and y are the Lame constants, () denotes the Macaulay bracket, &, is elastic strain,
n

which equals total strain minus thermal strain &, = € — &4, and e+ = Z(si>ini ® n;
i=1
represents the positive and negative components of the strain tensor. Here, €; and n; refer to

the magnitudes and directions of the principal strains, respectively. ¥," and ¥, represent
the tensile and compressive components of the elastic strain energy density, respectively.

For quasi-brittle materials such as geotechnical materials, to consider the asymmetry
of tensile and compressive force, we use the equivalent strain to be expressed using the
regularized tensile component of the elastic strain energy density:

= =Ml + r(eE,) @)

2.2.3. Finite Element Solution Algorithm

The finite element method is used to solve the established THMD model. To improve
convergence, a segregated iterative scheme is utilized. Algorithm 1 presents the solution
process of the segregated scheme for the in situ conversion process of the THMD model,
where a second-order backward differentiation formula (BDF) and automatic time stepping
are utilized. Figure 3 provides a flowchart illustrating the algorithm’s structure, offer-
ing a visual representation of the iterative solution process. We implemented the above
algorithms in COMSOL.
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Algorithm 1 The algorithm for TM coupling

Require: Damage threshold x, the interaction decay rate #, the residual interaction pa-
rameter R, the thermal expansion coefficients of the fluid and solid a f and «, etc.
Ensure: U, D, P, T correspond to displacement, damage variable, pressure, and tempera-

ture. ) ) . .

1 /* Initialization U_), DI_), PI=), T3 */
2: while t; < t;;, do
3 /* Minimization algorithm */
4 whileerr_d > 6; and j < max_iter do
5 /* Solve Newton—-Raphson segregated step */
6: whileerr_u > 6, and k < max_iter do
7: /* Solve Newton—Raphson segregated step */
8 whileerr_t > 6y and | < max_iter do
9 /* Solve Newton—-Raphson segregated step */

10: T/ = Step_T(U!, D!, P, T))
11: Pt = Step_p(U!, D!, P!, /™)
12: err_t < Get_err_t(U}, D}, PF1, TIH1, ul, DIF1, Pl T
13: I:=1+1
14: end while
15: TE « T/, PR« pit!
: 1 [ 1
16: UFt = Step_T(UF, DF, PFH, TFH)
17: err_u < Get_err_u(UFt, DF, A1 TIHL 1pk, pi+1 pk T+
18: k=k+1
19: englwhile - -
] k+1 7/ k+1 pl k+1
20: Lli‘ «~ ;" Ty ‘ <_T.i ‘,Pl. ‘<—P1. ,
21; DI = step_T(U/, D, P, T
22 err_d < Get_err_d(u*", DI, P/, T Ul DI, P T
23: j=j+1
24: end while
25: SaveAllFields(t;);
26: it=i+1

27: end while
28: return Outputs

J

Set parameters:
Ko, 1M, R, ay, ag, etc,

J (o )
Initialization of - -
variables: U, D, P,T :> Solve T/*and P/ |::>
g:> Solve Uf*!

Updated: U, D, P, T, _ ﬂ
P k=k+1

g

e
REnk

Figure 3. Flowchart of iteration process.
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3. Validation
3.1. THM Coupled Model Validation

To validate the reliability of the thermo-hydro-mechanical coupled numerical model,
a comparison between the simulation results and the analytical solution for Mandel’s
problem is presented in this section. In Mandel’s problem, as shown in Figure 4, a prescribed
temperature Tj is suddenly applied on the top boundary of the semi-infinite domain at
t = 0, and the bottom is set as the infinite boundary condition, which involves mapping a
finite region during modeling to a much larger area to meet the infinite boundary condition
requirements. The top, left, and right sides of the semi-infinite domain remain drained and
free of normal stress. The initial and boundary conditions for this problem are expressed as:

symmetry

p=Q,T=T1 /
symmetry /
Infinite Element Domain

Figure 4. The geometry and boundary condition of the numerical model for Mandel’s problem.

{ xx =P o (26)

T=T,oxx=p=0 forx=0

The analytical solutions for dimensionless temperature T and pressure p obtained
from Coussy’s work are as follows:

T=1 —erf(z\;Ce—t)
cp\ ! x a
=(-2) [lai) i)

The numerical results of T and  show good consistency with the analytical solution

(27)

as shown in Figure 5a,b, which illustrates the high accuracy of the established model for
thermo-hydro-mechanical coupled problems.

0.06 1.0

Numerical solution ©
) 4 Analytic 5
§ g Numerical solution
© 0.04 - =3 4 Analytic
a €
@ e
o g 054
c o
5 5
g 0.02 4 @
1S ©
a8 £
a
0.00 T T T T | 0.0 T et T T T
0 10 20 30 40 50 0 10 20 30 40 50
Distance (m) Distance (m)

(a) (b)

Figure 5. A comparison between numerical results and analytical results: (a) the dimensionless
temperature T (°C) varying with the longitudinal distance x (m); (b) the dimensionless pressure
P (Pa) varying with the longitudinal distance x (m).
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3.2. Thermal-Induced Damage Validation

This section validates the model in accurately predicting the generation and evolution
of thermal damage by comparing the numerical and experimental results of a quenching
test of ceramic plates. In Jiang et al.’s experiment [38], ceramic plates with dimensions of
50 mm x 10 mm x 1 mm are heated to high temperatures ranging from 300 °C to 600 °C
and quickly placed into water at 20 °C. After the cooling process, the plate is dried and
dyed with ink to display the crack morphology. Considering the symmetry of the model,
only half of the specimen is modeled, as shown in Figure 6. The size of the half model is
25 mm X 10 mm. The initial temperature is set as Ty = 400 °C, and a prescribed temper-
ature T; = 20 °C is applied on the top edge. Other parameters used in this simulation
are summarized in Table 1. Figure 7 shows the crack morphology of numerical and ex-
perimental results after cooling down from Ty = 400 °C. Overall, the crack growth on
the boundaries exhibits uneven distribution and is inhibited at the corners. Long cracks
that emerge along the longitudinal edges show almost equal spacing, and the long cracks
are mainly distributed in the middle of the lateral edges, resulting from the cooling after
high-temperature heating. As shown in Figure 7, the crack morphology obtained from
the numerical simulation shows amazing similarity with the results observed in the exper-
iment, which indicates the validity of the model in predicting thermal-induced damage
evolution. Additionally, Figure 8 provides a bar chart comparing key parameters—crack
numbers, crack length, and crack spacing—between the experimental and numerical sim-
ulation results, further reinforcing the model’s reliability in capturing detailed damage

characteristics.
T1=20°C
25mm ?
@
10mm T0=400°C =
s

Figure 6. The geometry and boundary condition of the numerical model for the thermal-induced

damage of the ceramics plate.

(a)

Figure 7. The crack morphology for the thermal-induced damage of the ceramics plate: (a) the
experimental results from Jiang et al. [38]; (b) the simulation results obtained from the model.
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Number of long crack

16

T
[ Crack numbers
[ Mean crack length
7771 Mean crack spacing

12

T
N
(3}

T
N
(&)}

T
N
o

T
o
3

o
(=}

T T
Experiment Numerical

Length (mm)

Figure 8. A comparison of the numerical results and experimental results in crack numbers, crack

length, and crack spacing.

Table 1. Parameters used in simulation of thermal-induced damage.

Parameter Symbol Unit Value
Young’s modulus E GPa 370
Poisson’s rate v - 0.3
Uniaxial tensile strength fi MPa 180
Thermal expansion coefficient « K1 7.5 x 107
Density 0 kg/m?3 3980
Specific heat C J/ (kg -K) 880
Thermal conductivity k W/ (m-K) 31

4. Results and Discussion

4.1. Analysis of Thermal Damage Around a Single Heating Well

This section studies the influence of long-term thermal loading on the stability of

the wellbore during the in situ conversion process. Due to symmetry, only one-fourth of

the model is simulated when analyzing the heating process of a single well, as shown in

Figure 9. The structure in Figure 9 consists of, from the inside out, a steel casing with an

inner diameter of 150 mm and a thickness of 50 mm, followed by a cement sheath with a

thickness of 50 mm, and then the oil shale reservoir. The outer layer is set to an infinite

element domain to simulate the infinite boundary conditions. The model takes into account

the influence of the initial reservoir pressure, with S, representing the horizontal in situ

stress and Sy representing the vertical in situ stress. Other parameters of the model are

listed in Table 2.

Table 2. Parameters used in simulations of single-well model.

Parameter Symbol Unit Value
Initial temperature T GPa 20
Young’s modulus of shale E, GPa 30
Young’s modulus of cement E. GPa 12.5
Young’s modulus of steel Es GPa 205
Poisson ratio of shale Uy - 0.3
Poisson ratio of cement Ve - 0.2
Poisson ratio of steel Vs - 0.28
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Table 2. Cont.

Parameter Symbol Unit Value
Shale density Or kg/m? 2450
Cement density Pc kg/m? 2300
Steel density Ps kg/m3 7850
Heat capacity of shale ky ]/ (kg - K) 880
Heat capacity of cement ke ]/ (kg - K) 880
Heat capacity of steel ks J/ (kg -K) 475
Sv
N R B
B 600 200
200
Unit: mm

\ <+
I
Infinite Element Domain P

<
= : \ Sh
g
= 600 |*
_l_ -«
50
T \ A B C |
—{ 75 |¢— symmetry

Figure 9. The model of a single well.

4.1.1. The Influence of In Situ Stress on Damage

For reservoirs in different locations, in situ stresses may vary greatly, so it is important
to analyze the influence of different in situ stresses on damage. In this section, the effects of
the difference and magnitude of horizontal and vertical in situ stresses on thermal damage
patterns are analyzed. It takes 3600 s for the temperature of the inner surface of the wellbore
to rise from the initial to the final value. As shown in Figure 10, the horizontally arranged
panels illustrate the influence of differences between horizontal and vertical in situ stresses
on damage morphology while maintaining a constant vertical in situ stress. The vertically
arranged panels demonstrate the impact of in situ stress magnitude on damage morphology
while keeping the stress difference constant. Sy, is the horizontal in situ stress and S is the
vertical in situ stress. In this paper, two parameters, ¢ and #, are used to characterize the
effect of in situ stress on damage morphology. ¢ is defined as:

MAX[if(D > 0.5,,0)]

L
&= tan (MAX[if(D > 0.5,x,0)]) “

It represents the orientation of damage evolution. The smaller the value of ¢, the more
the damage tends to develop in the horizontal direction. 7 is defined as:

/Q if(D > 0.8,1,0)dS

1’] =
/ if(D > 0.2,1,0)dS
Q

(29)
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It represents the ratio of the area with damage greater than 0.8 to the area with damage
greater than 0.2.

It can be seen in Figure 10 that as the difference between the horizontal and vertical
in situ stress increases, the value of ¢ decreases, indicating that thermal damage tends to
develop in the horizontal direction. When the in situ stress difference is the same, a higher
in situ stress value corresponds to a greater degree of damage. As illustrated in Figure 11,
an increase in the difference in stress results in a larger initial stress difference near the
wellbore between the horizontal and vertical directions. Since shear failure is primarily
caused by compressive stress, damage tends to propagate more horizontally. Higher in
situ stress values lead to increased initial stresses in both directions, resulting in a more

significant degree of damage and a more pronounced orientation.

(a) Sv=10MPa,Sh=10MPa  (b) Sv=10MPa,Sh=7.5MPa  (c) Sv=10MPa,Sh=5MPa  (d) Sv=10MPa,Sh=2.5MPa

0.4

0.2

0.0

(e) Sv=15MPa,Sh=15MPa  (f) Sv=15MPa,Sh=12.5MPa  (g) Sv=15MPa,Sh=10MPa  (h) Sv=15MPa,Sh=7.5MPa

Figure 10. The damage morphology under different in situ stresses. (a) S, = 10 MPa, S;, = 10 MPa.
(b) S, = 10 MPa, S, = 7.5 MPa. (c) S, = 10 MPa,S,, = 5 MPa. (d) S, = 10 MPa, S, = 2.5 MPa.
(e) Sy = 15 MPa, S, = 15 MPa. (f) S, = 15 MPa,S;, = 12.5 MPa. (g) S, = 15 MPa, S, = 10 MPa.
(h) S, = 15MPa, S;, = 7.5 MPa.
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Figure 11. Polar coordinate diagram of von Mises stress around single well under different in
situ stresses.
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4.1.2. The Impact of Temperature on Damage

In this section, the damage evolution under different heating rates is studied. The heat-
ing rate refers to how quickly the temperature of the inner surface of the wellbore reaches
the target heating temperature. Due to the existence of the casing and cement sheath,
the temperature of the reservoir will lag significantly, and the final temperature of the
reservoir will be much lower than that of the inner surface. The temperature in Figure 12
rises from 20 °C to 400 °C after 1 h, 2 h, and 4 h, respectively. The damage area ratio (DAR)
is adopted here to assess the severity of damage, defined as the area where the damage
parameter exceeds 0.2 relative to the total simulated area:

/Qif(D > 0.2,1,0)dS

/dS
Q

It can be seen in Figure 12d that the DAR presents a stepped profile under different
heating rates, indicating a large temperature gradient in the reservoir. After the stepped
section, the evolution of the damage region becomes gradually stable, where the higher
heating rate results in a larger damage area.

DAR =
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Figure 12. The damage morphology under different heating rates: (a) 380 °C/h. (b) 190 °C/h.
(c) 95 °C/h. (d) Damage area ratio.

The influence of heating temperature is also studied in this section. It can be seen from
Figure 13 that under the same heating rate, the stepped section ends at almost the same
time, while for the case with the lowest heating temperature, the damage evolution stops
after the step section ends. Higher temperatures result in larger temperature gradients,
leading to greater thermal stress and more severe damage progression. In conclusion,
the higher the heating temperature, the faster the damage evolution rate and the larger the
damaged area.
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Figure 13. The damage morphology under different heating temperatures: (a) 400 °C. (b) 500 °C.
(c) 600 °C. (d) Damage area ratio.

4.1.3. Effect of Wellbore Material on Damage

To clearly show the influence of the cement sheath and the steel casing on thermal
damage, the ideal situation of directly heating the reservoir is first analyzed, where the
cement sheath and the steel casing are not modeled. The temperature of the inner surface of
the wellbore is ideally set to the final heating temperature (T = 400 °C), without a gradual
ramp-up period. When the in situ stress is equal in the horizontal direction and vertical
direction, S, = S;, = 10 MPa, the damage evolution is shown in Figure 14. It can be seen
that the damage morphology has clear symmetry, which is consistent with the experimental
results [20,39,40], and clear spiral cracks are observed in Figure 15. Meanwhile, the damage
morphology almost remains the same after t = 2700 s. To accurately obtain the damage
condition of the reservoir, three points were selected at 0.10 m, 0.15 m, and 0.20 m away
from the wellbore in the horizontal direction, which are shown by A, B, and C in Figure 9,
to observe the stress variation with time. It can be observed from Figure 16 that there
are obvious peaks in the stress curves of the two points near the wellbore, which is the
initiation of damage. For the point 0.1 m away from the well, complete damage is achieved
around 2500 s. The point far from the wellbore does not reach the damage threshold, thus
maintaining load-bearing capacity.

The damage caused by indirect heating is shown in Figure 17. Indirect heating means
that the heating source does not directly act on the reservoir and the heat is transmitted to
the reservoir through the steel layer and the cement layer. Compared with direct heating,
the damage initiation time of indirect heating is longer, and the range of the damage area is
significantly reduced. As shown in Figure 18, the damage point did not appear until 1800 s
and the damage rate was still high after 2700 s. It can be seen that the selected points begin
to be damaged only after 2700 s in Figure 18, and the damage is not complete until 3600 s.
It can be seen that the symmetry, range, and rate of damage morphology are significantly
affected by the wall material. A thicker cement sheath delays the onset of damage in the
rock and reduces the overall extent of damage.
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Figure 14. Damage evolution around single heating well without casing and cement sheath: (a) 900 s.
(b) 1800 s. (c) 2700 s. (d) 3600 s.

Figure 15. Experimental results of damage caused by hydrostatic pressure from Meier et al. [20].
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Figure 16. The von Mises stress variation of the selected points.
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The effect of cement sheath thickness on damage morphology is also studied. As can
be seen from Figure 19, when the cement layer thickness reaches 75 mm, the reservoir hardly
suffers from damage and the stepped section disappears. The damage will be significant
if the cement layer is insufficiently thick, whereas an excessively thick cement layer will
result in lower temperatures and a smaller area of damage. Therefore, the thickness of the
cement layer should be controlled within 50 mm to achieve a balance between heat transfer
efficiency and wellbore strength.

(a) 1800s (b) 2250s

0.4

0.2

0.0

(c) 2700s (d) 3600s

Figure 17. Damage evolution around single heating well: (a) 1800 s. (b) 2250 s. (c) 2700 s. (d) 3600 s.
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Figure 18. The von Mises stress variation of the selected points.
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Figure 19. The damage morphology around a single heating well with different cement sheath
thicknesses: (a) 25 mm. (b) 50 mm. (c) 75 mm. (d) Damage area ratio.

4.2. Damage Analysis of the Well Network

To analyze the in situ conversion process in a horizontal well extraction system, in this
section, a complete well network model is established, and a simulation over 180 days
is conducted. The geometry and boundary conditions of the well network model are
provided in Figure 20, where an infinite element domain is used here to simulate the
boundary conditions at an infinite distance. In Figure 20, H denotes the heating well, and P
represents the production well. Due to the size of the model, the multi-layer structure of
wells is not included in the well network model. The in situ stress is set as S, = 10 MPa
and S;, = 5 MPa, with the heating well temperature increasing from 20 °C to 500 °C over
48 days. Figure 2le illustrates that the temperature distribution in the reservoir at the
conclusion of the simulation suggests the production well has a negligible impact on the
temperature profile. In Figure 21f, the dashed line on the left indicates the heating well
temperature reaching 500 °C, and there is also a stepped region in the network indicating
zones of material damage. However, due to the timescale, this stepped progression is not
prominent throughout the entire figure. After the stepped region, the damage rate tends to
stabilize. As extraction pressure increases, the damaged region gradually expands. By day
180, the damage area ratio (DAR) at an extraction pressure of —4 MPa exceeds twice that of
a pressure of —1 MPa, indicating a significant impact of extraction pressure on the extent of
the damage.

Figure 22 shows the evolution of reservoir pressure over time. As extraction con-
tinues, there is no replenishment of crude oil in the reservoir, and a low-pressure zone
gradually expands near the extraction well, where the pressure tends to align with the
extraction pressure.
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Figure 21. Damage area of well network model with different extraction pressures: (a) —4 MPa.
(b) —3 MPa. (c) Reservoir temperature distribution in 180 days. (d) —2 MPa. (e) —1 MPa. (f) Damage
area ratio.

In recent years, there has been increasing attention on environmental protection,
particularly regarding subsidence caused by the decrease in reservoir bearing capacity and
pore pressure during the extraction process. Figure 23 presents the subsidence levels under
different extraction pressures. After 6 months of drilling without extraction, the maximum
subsidence recorded was 2.79 cm, which was due to damage in the reservoir. When the
extraction pressure was set at —4 MPa, the maximum subsidence reached 6.35 cm after
6 months. The extraction process typically lasts for several years, during which the surface
experiences continuous subsidence. This indicates that extraction pressure has a significant
impact on surface subsidence.
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Figure 22. Pressure evolution of reservoir: (a) 45 days. (b) 90 days. (c) 135 days. (d) 180 days.
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Figure 23. Analysis of reservoir subsidence: (a) 0 MPa. (b) —1 MPa. (c¢) —2 MPa. (d) —4 MPa.

5. Conclusions

This paper establishes a coupled THMD model for the in situ conversion process,
simulating fluid flow using the continuity equation and Darcy’s law and heat transfer
through Fourier’s law and the energy conservation equation. Employing a gradient damage
model based on strain energy decomposition, the model captures damage caused by tensile—
compressive asymmetry, aligning closely with real-world scenarios. Numerical examples
validate the model’s accuracy in predicting temperature, pressure, and damage distribution,
including comparisons with experimental results for the rapid cooling of hot ceramic plates.

The study also analyzes a single-well model with a multi-layer wellbore to evaluate
the effects of heating rates, heating temperature amplitudes, and in situ stresses on damage.
Results show that heating temperature amplitude and cement sheath thickness signifi-
cantly influence the damaged area, with optimal thickness balancing heat transfer efficiency
and wellbore integrity. Extraction pressure strongly impacts both the damaged area and
reservoir subsidence, making it a key factor for stability in the well network model. We
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quantified the relationship between subsidence and extraction pressure, and the analysis
results show that extraction pressure not only significantly impacts the damaged area but
is also a primary factor contributing to subsidence. The proposed THMD model improves
shale oil recovery operations by accurately predicting damage and wellbore stability, pro-
viding guidance on strategies such as lower heating temperatures, slower heating rates,
thicker cement sheaths, and higher extraction pressures to ensure operational safety. This
underscores its potential as a valuable tool for promoting safer, more efficient, and sustain-
able extraction processes. Future work will extend the model to three-dimensional cases
and incorporate the effects of kerogen pyrolysis.
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