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Abstract

The wellbore stability of soft mudstone formation is strongly affected by thermal and hydraulic loadings due to its low
strength and high plasticity under high-pressure and high-temperature conditions. A nonlinear coupled thermal—
hydraulic-mechanical (THM) model was proposed to evaluate the influence of temperature and fluid factors on wellbore
stability located in deep and complex soft mudstone formations. The evolution of near-wellbore formation strength and
permeability was quantitatively described by introducing a plastic damage variable in the THM model. The influence of
mud pressure and temperature on the stress and plastic damage distribution near the wellbore zone was analyzed using
the THM model. The accuracy of the models was verified by comparing the radial/hoop stress results with those from
classical thermopore elastic theory. Results show that the plastic failure of the near-wellbore zone and wellbore stability
are mainly controlled by the coupling effects of thermal and hydraulic deformations of the soft mudstone. Specifically,
the size of the damage zone is enlarged by 2.7 mm when the mud temperature increases by 40 °C. By contrast, the
damage scale is reduced by 1.7 mm as the temperature decrease by 40 °C due to the compaction effects in the near-
wellbore region. The mechanical behavior of the soft mudstone wellbore is time dependent, that is, with the increase in
time, the damage gradually extends to the periphery of the wellbore after the plastic equilibrium state near the wellbore is
reached. This study provides a THM modelling framework for understanding the mechanism of soft mudstone wellbore
instability and formulating corresponding preventive measures.
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1. Introduction

With the exploration and development of deep oil/gas and
geothermal resources, wellbore damage failure and gas
leakage accidents increase rapidly under high-pressure and
high-temperature (HPHT) conditions of complex formation
[1,2]. These problems contain complicated characteristics,
such as absorption, expansion, and nonlinear deformation, of
soft mudstone formation in deep formation. In addition, the
damage softening phenomena in the temperature and fluid
environments, which deteriorate the deformation and stress
distribution near the wellbore region and accelerate its
instability and damage, result in a significant increase in
drilling costs. Analysis of wellbore stability under thermal
and hydraulic loading conditions is becoming increasingly
prominent during drilling [3].

At present, the wellbore instability and failure
mechanism in complicated formation environments have
attracted considerable attention from scholars. Efforts have
been exerted on the development of elastic and inelastic
formations and pore flow-related models. However, the
traditional wellbore stability models have only been applied
to soft mudstone formations because only the mechanical
strength or deformation mechanism of the wellbore structure
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is considered. Hence, developing a wellbore stability
mechanical model coupled with wellbore temperature, flow,
and nonlinear formation deformation is necessary.

The local stress field in wellbore is gradually
reconstructed during drilling, leading to increased high-
stress concentration. This phenomenon further causes
plasticity deformation, damage, and failure near the wellbore
zone, especially for the sensitive soft mudstone formations
in the later stage of production and operation of oil/gas wells
[4, 5].

Generally, the stress and deformation distribution and
the damage degree of near-wellbore zones are used as the
key mechanical parameters for the quantitative evaluation of
wellbore stability. Limited studies have been conducted on
the effects of thermal-hydraulic coupling, plastic
deformation, damage, and failure to investigate the
mechanism of wellbore stability during drilling. As a result,
integrating the thermal-hydraulic-mechanical (THM)
coupling effects is crucial in the wellbore structure analysis.

In this study, a coupled THM model of mudstone
wellbore stability under thermal and hydraulic loadings was
developed. The stress distribution pattern and damage
evolution process during drilling were quantitatively
analyzed using nonlinear finite element method (FEM) of
the multiphysical field. This study aimed to predict the range
of the near-wellbore plastic damage zone under thermal—
hydraulic loads accurately and provide a reference for the
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stability control technology of soft mudstone wellbore
structures.

2. State of the Art

The THM coupling that occurs in porous medium
formations is extremely complex [6]. Formation damage and
wellbore instability caused by the changes of pore fluid
pressure and temperature have always been a leading
research topic in oilfield engineering. On the basis of the
geological environment, mechanical behavior, and loading
conditions, the study of wellbore stability in multiphysical
field coupling is generally classified as THM, thermal—
mechanical (TM), hydraulic-mechanical (HM), or seepage-
deformation coupling.

McTigue [7] derived the analytical solution of the stress
distribution in wellbore on the basis of the elasticity of TM
coupling theory. This model assumed that the formation is
an elastic porous material and that the pore permeability and
mechanical property parameters are constant with time,
which is relatively different from those of engineering
practice. The thermoelastic stress near the wellbore induced
by the change in drilling mud temperature (150 °C) was
studied numerically by Maury et al. [7]. Their results
suggested that the thermal effects of the wellbore
temperature cannot be ignored. Li Jingyuan et al. [§]
considered the HM effects, Mohr—Coulomb criterion, and
damage and softening of formation; they also analyzed the
elastoplastic stress distribution near the wellbore but ignored
the TM coupling effect during drilling. The THM coupling
of elastic medium theory and the models for wellbore
stability were reviewed by Roegers [9]. However, the effects
of initial stress during drilling were not discussed. Ghassemi
et al. [10] proposed a nonisothermal elastic THM coupling
model for shale reservoirs but did not incorporate the
quantitative analysis of the damage of formations near the
wellbore into their method. A coupled mathematical model
of elastic THM of geotechnical materials was established by
Zhang Wei [11] and Jia Shanpo et al. [12]. The secondary
distributions of the temperature, seepage, and stress fields
near the wellbore zone during drilling were quantitatively
analyzed, excluding the nonlinear deformation of formation.
Kanfar [13] studied the THM coupled model of anisotropic
formation and obtained the influence of the anisotropic heat
transfer characteristics on wellbore stress. Zhang Pengwei et
al. [14] established the HM coupling model of wellbore
stability in nonlinear soft mudstone formations on the basis
of plastic-damage theory and analyzed the plastic softening
and HM coupling effects during drilling. In their work, the
temperature effects were ignored. Gray [3, 15] studied the
cake effects of drilling mud on wellbore stress, plastic
damage, plastic-strain softening and permeability correction.
However, the thermal effect of the drilling mud temperature
was also ignored. Wu Yi et al. [16] analyzed the thermal
stress under circulating low-temperature drilling fluid. Their
results showed that decreasing the mud temperature reduces
the collapse of the formation and improves the wellbore
stability. However, the seepage near the wellbore zone
during drilling was ignored.

On the basis of the field data, the reconstruction or
reformation of in situ stress field during drilling is an
important starting point for evaluating wellbore stability in
the entire production life cycle. During drilling, the upper
part of the wellbore is heated by circulating mud, whereas
the bottom of the wellbore is heated only when the mud
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circulation is stopped. This nonuniform heating of the upper
and lower wellbore structures will cause expansion or
shrinkage deformation [7]. In addition, few studies have
been conducted to investigate the THM bidirectional
coupling mechanism of soft mudstone formations
thoroughly in the wellbore stability evaluation.

The evolution of near-wellbore formation strength and
permeability was quantitatively described in this study by
considering the plastic softening characteristics and
introducing a plastic damage variable of soft mudstone
under HPHT environment in the THM model. Apart from
the factors of pore fluid seepage and wellbore temperature,
this study focused on the drilling load/displacement
boundary changes and the nonlinear softening of soft
mudstone formations during the staged FEM analysis. Then,
all THM coupling characteristics of the wellbore structure in
mudstone formations were discussed, including stress
distribution, damage evolution, and structure integrity.

The remainder of this study is organized as follows:
Section 3 establishes the THM coupling numerical model of
soft mudstone wellbore stability and presents the solution
process of the numerical model. Section 4 compares the
experimental and theoretical solutions of the wellbore
thermopore elastic model to verify the accuracy and
reliability of the numerical model. The evolution of wellbore
stress and damage caused by time-dependent wellbore
temperature, seepage characteristics during drilling, and the
influence of mud temperature on wellbore stability is
numerically analyzed. Finally, Section 5 summarizes the
study and provides the main conclusions.

3. Methodology

3.1 Mechanical constitutive equation of soft mudstone
formations

3.1.1 Plastic softening model

The elastoplastic strain softening model of soft mudstone
was established based on the Drucker-Prager strength
criterion. Since the formation failure is indeed a gradual
damage process, the stress-strain curve of the whole process
for the soft mudstone obtained from the experiments has
various forms. Generally, in order to describe the intrinsic
deformation characteristics, the stress-strain curve can be
modeled as a simple form, as shown in Fig.1.

In Fig. 1, AB, BC, and CD represent the linear elastic
response, strain softening, and residual stress phases,
respectively. The post-peak B at the strain softening stage is
the most important parameter, which affects the failure
limitation level of soft mudstone. Beyond the post-peak
value, the Drucker—Prager yield criterion is used to describe
the plastic yield at the peak stress state for soft mudstone
[17].

F(o,¢)=J,(s(e)) +np(0) - )

where p=tr{g]/3 is hydrostatic pressure, J, =%s:s is the

second invariant of stress deviation, s=0 - p(O')I is the

deviatoric stress tensor, and C is cohesive force.n, & are
variables related to the internal friction angle ¢ , respectively.
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where m is the softening parameter.

In the proposed constitutive model, it is assumed that the
strength and the strain softening parameters are in the form
of a piecewise linear function. & represents the cohesive
force, ¢ and internal friction angle ¢ of the D-P yield
criterion, and the relationship between ¢ and y can be
expressed as follows:

43—(4“,)—4,)%, 0<y<y

o

c(= 3)

>

r=v

where £, and ¢ represent the intensity parameter at the

peak and at the residual phase, respectively. 7/* represents
the critical point between softening stage BC and residual
stress phase CD.
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Fig. 1. Soft mudstone stress strain curve
3.1.2 THM coupling model equation of soft mudstone
The formation deformation of incremental format is
expressed as [18].
(Ao} =[D]{Ae) @

where {Ac} is the total stress increment, {A¢}is the strain
increment, and [D]is the elastoplastic coefficients matrix.

In saturated porous media, the effective stress is
introduced into Equation (4).

{Ac}=] D' |{Ae}+Ap a{m} ()

where [D] is the effective elastoplastic coefficient matrix,

{m}T :{1 1100 0} , Ap, is the pore pressure change, and
«a is the Biot coefficient, respectively.

Under non-isothermal conditions, the total strain
increment {Ag&} can be expressed as the sum of the
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mechanical strain increment {Ag_} and the thermal strain

increment {Ag, } .

{Ae}={A¢g, } +{Ae,} (6)
where {A&‘T}T:aTAT {m} , «ay is the linear expansion

coefficient of the formation skeleton, and AT is the
temperature increase of the formation medium.

Combining Equations (5) and (6), the stress increment
equation of the formation THM coupling is expressed as:

(Ao} =[D']{agt-[ D'|(AT)ay {m} + Ap {m) )

Based on the mass conservation equation of pore fluid
and Darcy's law, the fluid seepage equation is expressed as:

0 k di
¢ﬂwa—‘j—v-[;<Vp+pfgw>]+\77’t‘:n ®)

where ¢ is porosity, B, is the compression factor, & is the
permeability of the formation, g is the viscosity of the
fluid, p ; is the fluid density, u is the formation deformation

vector, and f,, is the source item of fluid.

Energy conservation equation for soft mudstone matrix
has the following form [19].

oT
(pc)fE—k,VZT—q, =0 (O]

where (pc) =(1-@)c,p, +¢c,p, represents the total heat

capacity of the formation and fluid system,
k.= ¢k, +(1—- @)k, is the total thermal conductivity, g, is
the internal heat source intensity, and

¢.¢ps PP, >k k represent the specific heat, density and
thermal conductivity of the formation and fluid system,
respectively.

A renew local permeability formula of formation is
expressed as [20].

Q=de /" +B, (10)

k=(01-Q)k, +Qk,(1+¢,) (11)

where Qis the damage variable, & , is an equivalent plastic

pe
strain, ¢ is a material parameter and can be obtained
experimentally, AO:I/(e’]/"—l) , B, —1/(6’1/”—1) are the

coefficients relate to a, &,6 is the volumetric strain,

and k,, , k, is the permeability for non-damage and damage,
respectively.

3.2 FEM numerical model of wellbore stability

3.2.1 Geometric model

Sheng Li oilfield (Shandong, China) was used as the study
target zone. Fig. 2 shows the relevant data of wellbore
temperature, fluid pressure, geostress, and boundary
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parameters. The stress, plastic deformation, and damage near
the wellbore region under the THM coupling mechanism
were explored. In view of the complexity of the actual
wellbore structure, a 1/4 plane strain FEM model was
established. The model size was 5 m x 5 m and the wellbore
radius was 0.1 m.

The depth of wellbore formation is 1030m. According to
the data of logging, the Young’s modulus of soft mudstone
is 16.0GPa, Poisson's ratio is 0.25, cohesion is 3.0MPa and
internal friction angle is 40°. When the plastic damage limit
is reached, the cohesion is reduced to 0.2MPa. The
temperature of the formation and mud of wellbore are 85°C
and 45°C, respectively. The pressure of the wellbore and
formation are 12MPa and 8MPa. All other parameters of the
model, including thermal and hydrodynamic properties of
the wellbore/formation, are shown in Table 1.

P=F;T=1, o=0,

Fig. 2. FEM numerical model of wellbore stability

Table 1. The parameters of wellbore/formation

. Permeability coefficient (m/s) 1x10™"
Hydraulics l};ore ratio 0.25
Thermal Conductivity (W/m'C) 13
Thermodynamic Specific heat capacity (J/kgC) 18000
Thermal expansion coefficient (1/°C) 3x10°

3.2.2 Numerical simulation process

The simulation scheme of the multiphysical process for soft
mudstone wellbore stability was designed to accommodate
the complex thermal loading at the wellbore, hydraulic
seepage, and solid medium removal of wellbore during
drilling. The three steps of the process were initial geostress
equilibrium, drilling process, and THM coupling.

Initial geostress equilibrium. Before the drilling phase,
the zero displacement of formation corresponds with a
stabile stress field, namely, the initial equilibrium state of
geostress or in situ stress. This geostress data from
geological analysis is stored in an ODB file for subsequent
dynamic calls.

Simulations of the drilling process. The birth-and-
death element in FEM is used to simulate the drilling or
excavating removal process. When the elements inside the
well hole are progressively killed, the corresponding mud
pressure is simultaneously subjected to the inner wall of the
wellbore.

THM-coupled process. The wellbore mud pressure,
temperature, and horizontal principal stress loads were
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applied, and the THM response of the near-wellbore zone is
simulated during drilling. In addition, the permeability of
formation is updated dynamically using Equation (11) at
each increment step.

The simulation scheme of the coupled THM models is
designed to solve the temperature (T) and HM fields
sequentially [11]. The T and HMs field are two independent
systems that can be calculated separately. The HM coupling
simulation includes the linearization of equations and
increment optimization of loads. The, the T data are passed
into the HM field as the loading to weaken the coupling
between the T and HM fields at each incremental step.

4. Result Analysis and Discussion

4.1 Model verification of thermopore elastic coupling

The elastic THM coupling stress near the wellbore zone,
including temperature, pore fluid pressure, elastic radial
stress, and hoop stress, was analyzed to verify the validity of
the model and method. During drilling, the pore pressure and
formation temperature distributions were analyzed, as shown
in Fig. 3.

A stable seepage process from wellbore to formation was
assumed. The wellbore has a high pressure of 12MPa, and
the formation has a low pressure of 8MPa. A reverse thermal
conduction process from the formation to the wellbore was
also showed in the Fig.3, where the temperature of the
formation and wellbore are 85°C and 45°C, respectively. In
this process, the TH coupling effects were not considered,
only the TM and HM coupling of the near wellbore were
analyzed, respectively. Comparisons between the numerical
results and the analytical solutions of WANG et al. [21]
show a good agreement. At the normalized distance, the
relative error is less than 5.6%, indicating that the model is
valid.

90.0
12.0
—480.0
11.0+
= 470.0 2
g 10.0 —©—Pore pressure =
] —o—Temperature =
kS 460.0 Z
= =
g 9.0 9
A 450.0
8.0
L L L L 40.0
1.0 3.0 5.0 7.0 9.0 11.0

Normalized distance(r/r,,)
Fig. 3. The pore pressure and temperature plotted with the normalized
distance

4.2 THM coupling effects of nonlinear soft mudstone

The THM coupling effects and their influence on the plastic
deformation, stress, and damage of the near-wellbore zone
were further analyzed. The nonlinear volumetric strain of the
formation had an important effect on the permeability and
pore structure, which were updated using Eqgs. (10) and (11),
respectively. Figs. 5(a) and 5(b) show the variations of
temperature and pore pressure, respectively, with the
normalized distance obtained at THM coupling durations of
0, 0.3, 2.8, and 24 h. At the initial moment, the wellbore and
formation zones were isolated, and no heat conduction
occurred between the wellbore and formation. Thus, the
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temperature field was uniform. With the drilling excavation,
the hydraulic and thermal connections between wellbore and
formation were set up. The wellbore wall temperature
gradually decreased to the mud temperature by 45 °C after
0.3 h, and the temperature profile near the wellbore zone
conformed to the typical heat diffusion pattern.

0.0

=
(=
T

1

[e.2]

(=]
1]
]

Stress(MPa)
5 0
(= (=}

Analytical(c,)
Analytical(cg)
-20.0 o Numerical(c,)
©  Numerical(cg)
-24.0p " 1 " 1 " 1 " 1 "
1.0 3.0 50 7.0 9.0 11.0

Normalized distance(r/r,)
Fig. 4. Comparisons of numerical results with analytical solutions
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(b) pore pressure
Fig. 5. The variation of temperature with the normalized distance (at
THM coupling duration of 0, 0.3, 2.8 and 24h)

The plastic damage zone is formed near the wellbore
zone, which leads to an increase of the porosity and
permeability. The pore pressure distribution evolves from
the initial uniform steady state to the funnel shape of
pressure drop. After 24 h, a localized high permeability zone
appears in the range of 1.3 times of wellbore radius, as
shown in Fig. 5(b). The distribution pattern of pore pressure
in this high permeability zone will further enhance the
development of plastic damage, which has a negative effect
on the wellbore stability. In our experiments, we have
observed that PSO-net not only gives better modularity
values, but also yields meaningful community structures.
Figs. 4 and 5 show the ground truths and the obtained
clustering results for the karate and dolphin networks.

On the basis of the variation of temperature and pore
pressure near the abovementioned wellbore zone, the THM
coupling effects on the wellbore stability was quantitatively
evaluated by the change in stress distribution. The results in
Fig. 7 showed that the effective radial stress at the wellbore
was close to zero and the variation range was small under
THM coupling. With the increase in coupling duration, the
effective radial compressive stress near the wellbore region
was gradually decreased.

In comparison with the elastic THM coupling stress
distribution shown in Fig. 4, the distribution of effective
hoop stress near the wellbore zone shown in Fig. 6(b)
exhibited a clear difference. The position of the maximum
hoop effective stress migrated from the wellbore

(r/r,=1.0) to the periphery of the wellbore (r/r, >1.2).

With the increase in coupling time, this position moved
gradually away from the wellbore, thereby reflecting the
stress balance adjustment and plastic zone development in
soft mudstone formations. Therefore, the effective hoop
stress near the wellbore was the main control parameter for
wellbore structure stability [18].

Under the plastic damage and THM coupling effects, the
effective hoop stress at the wellbore was adjusted from the
elasticity (—22.5 MPa) to the plasticity (—7.2 MPa), as shown
in Fig. 6(b). The final effective radial stress reduced to zero,
which could reduce the local stress concentration at the
wellbore, as shown in Fig 6(a). The plastic deformation zone,
which was approximately 5.0 times that of the radius near
the wellbore zone, was formed progressively due to the
THM coupling effects.
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(a) Effective radial stress
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Fig. 6. The effective stress near the wellbore plotted with the
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4.3 Plastic deformation and damage near the wellbore
zone

As previously mentioned, when the plastic strain near the
wellbore zone accumulates to a certain extent, the soft
mudstone formation will be damaged. In this study, the
wellbore damage was characterized by a critical equivalent
plastic strain, which was set to 1.0%.

—0— Initial
—o0—10.3h
—4&—2.8h

—<—24.0h

equivalent plastic strain(%)

1
5.0
Normalized distance(r/r,,)

Fig. 7 Plastic damage evolution near the wellbore with normalized
distance

Fig. 7 shows the plastic damage evolution of the
mudstone formation near the wellbore under the THM
coupling effects. At 0.3 h, the plasticity occurred outside the
wellbore along the minimum horizontal stress, but it still
maintained a high hoop stress concentration. At this
moment, the plastic damage value reached 1.9%, exceeding
the critical value of 1.0%, thereby resulting in damage, as
shown in Fig. 8(a). At 24 h, the plastic damage zone
expanded to the periphery of the wellbore and finally
reached the position of the wellbore (r/r,,= 1.3), as shown
in Fig. 8(b).

From the plastic deformation and stress distribution
pattern near the wellbore mentioned above, the zone with a
range of 1.3<r/r,<5.0 is a plastic deformation zone, and

the elastic deformation is dominated in the zone with the
range of r/r,, >5.0, see Fig. 8(b). The plastic damage degree

and scale near the wellbore zone have important reference

100

value for subsequent completion and wellbore stability
control.
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4.4 Influence of temperature on wellbore stability
Temperature and thermal stress are impact factors affecting
the plastic damage near the wellbore zone. The stress
distribution and plastic damage near the wellbore in soft
mudstone formations demonstrate strong thermal sensitivity
of wellbore stability with the wellbore mud temperature
consistent with that in the practice of drilling engineering.

Assuming that the formation and wellbore mud
temperatures are 85 °C and 45 °C or 125 °C, respectively,
the effective stress changes near the wellbore zone were
analyzed. When the wellbore temperature changed from 45
°C to 125 °C, the corresponding temperature increments A7
were —40 °C and 40 °C, respectively.

Fig.9 shows the effective radial and hoop stress
distribution near the wellbore with mud temperature change
of -40°C, 0°C, and 40°C at coupling duration of 24h.
According to the effective radial stress showed in Fig.9 (a),
the concentration of the radial compressive stress near the
wellbore zone increases with the increase of wellbore
temperature. Compared with the wellbore mud temperature
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of 85°C (AT=0°C), the maximum radial compressive stress
in the wellbore zone increases by 1.2MPa at 125°C
(AT=40°C). In addition, the corresponding maximum
effective hoop compressive stress near the wellbore
increases by 8.4MPa in Fig.9 (b). When the wellbore mud
temperature decreases, the effective radial and hoop
compressive stresses near the wellbore zone decrease
significantly, about 0.27MPa and 5.5MPa, respectively. The
range of temperature effects in soft mudstone formation is

approximately 9 times of the wellbore radius ( »/r,,= 9.0).
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(b) Effective hoop stress
Fig. 9. Effective stress with the normalized distance (at temperature
change of -40, 0, and 40°C at coupling duration 24h)

Fig. 10 shows the variation of the plastic damage depth
near the wellbore zone with the temperature changes. When
the wellbore mud temperature was 125 °C (AT = 40 °C), the
plastic damage range of wellbore increased from the initial
22.5 mm to 31.2 mm after the duration of 24 h. When the
wellbore mud temperature was 45 °C (AT = —40 °C), the
effect of compaction occurred near the wellbore zone, and
the plastic damage range increased from the initial 18.6 mm
to 26.8 mm. Therefore, a low wellbore mud temperature can
effectively inhibit the development of plastic damage near
the wellbore zone.
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Fig. 10. Effect of temperature load on plastic damage depth

The results of the effective stress and damage near the
wellbore zone indicated that the temperature increase in the
wellbore mud has a significant negative effect on the
stability of the wellbore structure, especially for low-
intensity soft mudstone formations. The wellbore mud
temperature should be used as the main control parameter
for wellbore stability designs.

5. Conclusions

To investigate the oil/gas wellbore stability in deep and
complicated soft mudstone formations, this study presented
a coupled THM model considering various factors, such as
the behavior of elastoplastic strain softening, plastic damage,
and the drilling process. The following conclusions were
drawn from case studies with field data from the Shengli
oilfield.

(1) The mechanical characteristics of the wellbore
structure in soft mudstone formation is practically controlled
by the behavior of wellbore deformation, stress adjustment,
and THM coupling effects during drilling.

(2) The localized high permeability zone corresponding
to the plastic damage zone plays a key role in wellbore
stability, especially in water-absorbing soft mudstone
formations. The scale of the high-permeability zone is
consistent with that of the plastic damage zone. With the
increase in coupling duration, the effective radial
compressive stress near the wellbore region is gradually
decreased. The maximum hoop effective stress migrates
from the wellbore to the periphery, thereby causing the
plastic damage zone to expand to 1.3 times that of the
wellbore radius at 24 h.

(3) On the basis of the deformation characteristics of soft
mudstone, the near-wellbore zone is divided into plastic
damage, plastic, and elastic zones from the inside to the
outside. The effective radial/hoop stress in the plastic
damage zone can be adjusted to the plastic equilibrium state
after 0.3 h. This adjustment reduces the local hoop stress
concentration of the wellbore.

(4) The temperature of wellbore mud has a significant
effect on the stress distribution and damage degree near the
wellbore. As the wellbore mud temperature increases by
40 °C, the plastic damage range is enlarged by 2.7 mm.
When the temperature decreases by 40 °C, a compacted
deformation occurs near the wellbore zone, and the plastic
damage range is reduced by 1.7 mm.
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The THM coupling mechanism in this study is

significant for the wellbore stability in soft mudstone
formations. The proposed model has limitations for the true
states of wellbore structures due to the complexity and
unpredictability of geological environments. Constructing a

10.

11.

3D wellbore structure model and verifying it with field data
will be the emphasis of future studies.

This is an Open Access article distributed under the terms of the
Creative Commons Attribution License
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