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Abstract: Naturally fractured formations usually have strong heterogeneities. Drilling and production
operations in such formations can involve unwanted formation failure risks such as wellbore collapse
and wellbore fracturing. This study presents a coupled thermal-hydraulic-mechanical numerical
model for near-well stress evolutions during drilling in naturally fractured formations. The evolution
of pressure, temperature, and geo-mechanical responses on the wellbore wall and in the near-well
region is simulated. The effects of wellbore pressure, internal friction angle, and natural fracture
length on formation rock risks are discussed. A failure index is used to quantify the formation rock
failure risks. The existence of natural fractures magnifies the heterogeneous system response induced
by drilling. Increasing the wellbore pressure from a relatively low value can improve the support
for the wellbore wall, which reduces the failure risks caused by shearing. In mechanically weak
formations, the effect of natural fractures on formation rock failure becomes more significant. When
the natural fracture length is large, the near-well region tends to have greater failure risks as the
formations become more mechanically weak. This study provides a quantitative understanding of
the effects of drilling and formation parameters on failure risks.

Keywords: natural fractures; formation rock; wellbore collapse; failure criterion; simulation

1. Introduction

Fractured formations bear a large amount of oil and gas resources and drilling op-
erations are important during the exploitation process [1–5]. Drilling and production in
naturally fractured formations can be disturbed by unwanted formation instability is-
sues, since natural fractures are mechanically weaker than the rock matrix [6]. This can
lead to significant increases in Non-Production Time and can lead to safety problems [7].
Wellbore stability is closely related to the stress fields on and near wellbores [8] The im-
plementation of accurate and appropriate constitutive equations and failure criteria can
help to quantify this problem [9]. To better address wellbore instability issues in naturally
fractured formations, it is relevant to understand the distribution and evolution of stress
near wellbores.

Compared to wellbore instability issues in formations without natural fractures, it is
more difficult to understand wellbore instability problems in naturally fractured formations,
as natural fractures have different rock mechanical, fluid flow, and thermal properties. This
makes the problem more heterogeneous and anisotropic. In previous studies, experimental,
analytical, and numerical methods have been proposed to analyze near-well stress fields
and wellbore stability issues in naturally fractured formations. Wang et al. [10,11] indicated
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that establishing a fracture with pressure lower than the minimum horizontal stress can help
to strengthen the wellbore and the mud window can be extended by using this technique.
They then numerically analyzed the near-well stress and identified the role of hydraulically
conductive fractures in wellbore instability. Helstrup et al. [12] proposed a poro-elastic
model for the simulation of transient behaviors of wellbore instability and ballooning in
naturally fractured formations. Two fractures are included in the model and they revealed
that matrix permeability, mud cake build-up, stress contrast, elastic properties, and fracture
dimensions are relevant parameters affecting wellbore instability. Wellbore interpretation
techniques are important in the discrimination between drilling-induced fractures and
naturally occurring fractures, and the in-situ stress states are key in this discrimination
process [13]. Kidambi and Kumar [14] introduced a field study in the Persian Gulf where
a mechanical earth model was constructed. In this high-pressure and high-temperature
naturally fractured region, logs and core samples were used to establish the correlations
between dynamic and static elastic mechanical properties. Breakouts and natural fractures
were mainly located and analyzed based on image logs, stress concentrations near the
vertical wellbore were quantified and a safe mud weight window was proposed. Fekete
et al. [7] foregrounded the importance of proper geo-mechanical modeling in naturally
fractured reservoirs in the process of determining minimum mud weight. They also
indicated that the time effect is significant when analyzing wellbore instability in naturally
fractured reservoirs: collapse failure areas decrease as excavation proceeds and wellbore
spalling is only existent for short periods after the beginning of drilling. Near-well stress
concentration was identified as a key factor affecting the efficacy of wellbore strengthening
jobs [15]. Han et al. [16] presented a package for wellbore stability analyses in naturally
fractured rocks. This can deal with elastic problems and time-dependent poro-elastic
problems. It employs a dual-porosity and dual-permeability model to consider the effect
of natural fractures. Critical mud weights were determined in field applications and the
reliability of the method was discussed. In another attempt to calculate the mud weight in
a vertical well in a naturally fractured reservoir in southwestern Iran, UBI logs helped to
distinguish natural fractures from drilling-induced fractures. The calculation accurately
predicted shear failures and breakouts [17]. Meng et al. [18] derived an analytical solution
for wellbore instability in naturally fractured reservoirs based on dual-porosity, single-
permeability, and finite radial fluid discharge. They stated that the model has advantages
in ultralow permeability reservoirs and can provide safer mud weight calculations in
dual-porosity and single-permeability scenarios.

Near-well stress states and their evolution patterns are key in predicting and quan-
tifying damage and failure in the formation [19,20]. Since the stress evolution process in
near-well regions is multi-physical, coupled modeling is often used in the literature, along
with poromechanical theories [21–24]. Several strategies are commonly used to couple the
fluid flow with geomechanics, and full coupling is the most stable method. Comparatively,
sequential coupling has lower numerical stability and faster computation speed [25,26].
Cheng et al. [27] proposed a multi-physical model for wellbore stability problems. This
model couples the hydraulic, chemical, thermal, and elastic problems on wellbore walls and
in near-well formations. Shale hydration and weak planes are also considered. Based on
the comprehensive analysis, they optimized mud weights in a shale reservoir for inclined
wellbores with different deviation angles. Gao et al. [8] introduced a coupled thermo-hydro-
mechanical-chemical wellbore stability model for inclined wellbores in chemically active
formations. This semi-analytical model can calculate shear and tensile failures. A modified
failure evaluation index was also proposed. Fan et al. [28] then derived a wellbore stability
model considering the effects of weak bedding layers in the Ordos Basin. In their analysis,
wellbore stability is sensitive to bedding strength, cohesion, and formation pressure.

The literature review indicates that, although there are many experimental and mathe-
matical models describing the mechanical responses in the formation during drilling opera-
tions, a comprehensively transient model for the coupled thermal-hydraulic-mechanical
problem in naturally fractured formations was not existent. This knowledge gap can be



Processes 2023, 11, 1744 3 of 16

filled by carrying out a transient modeling study considering both the coupled multi-
physical behaviors and the existence of natural fractures.

Based on the literature review, it is noted that a numerical analysis of near-well stress
evolution in naturally fractured formations based on the multi-physical coupling of the
thermal, hydraulic, and mechanical fields can provide a quantitative reference for the
understanding of wellbore instability in naturally fractured formations. In this study,
a coupled thermal-hydraulic-mechanical (THM) model considering natural fractures is
introduced for the analysis of the system response on wellbore walls and in near-well
regions during drilling. Effects of the existence and dimension of natural fractures on
near-well system response are discussed. Near-well damage and failure risks are also
quantified. This study provides a reference for wellbore stability analyses in naturally
fractured reservoirs from the viewpoint of coupled THM modeling. The structure of the
article is as follows: first, the transient model for the coupled THM behaviors during drilling
in naturally fractured formations is introduced; second, a base-case simulation model is
presented and the results are discussed; third, the effects of wellbore pressure, internal
friction angle and natural fracture length are quantified; finally, conclusions are reached.

2. Methodology
2.1. Governing Equations

A coupled THM model is introduced for the numerical analysis in the study. Three
physical fields of the porous media flow, the heat transport, and the rock deformation
are considered. The governing equation for the porous media flow problems is seen in
Equation (1):

∂(φρ f )

∂t
+∇·(φρ f u f s) = ρ f q f (1)

where φ is porosity; ρ f is the density of a phase; t is time; u f s is the velocity of a phase
between the rock and the fluid flow; and q f is the inlet/outlet flow [29,30].

The velocity term is often expressed by Darcy’s law as:

u f s = −
k
µ
∇p (2)

where k is permeability; µ is viscosity; and p is pressure. Since this study considers the
near-well system response in a 2D domain for a vertical well, the effect of gravity is
not considered.

For slightly compressible fluids in the porous media

c =
1
ρ f

dρ f

dp
(3)

where c is compressibility.
In Equation (4), the governing equation of the heat transport problem in the solid rock

is expressed as:

ρrcr
∂T
∂t
−∇·(λ∇T) = qh (4)

where T is temperature; ρr is the density of rock; cr is the rock specific heat; λ is thermal
conductivity; and qh is the heat inlet/outlet.

The governing equation of rock deformation is seen in Equation (5):

∇·σ = 0 (5)

where σ is the stress tensor.
Equations (1)–(5) describe the physical problem in each field under uncoupled con-

ditions. Since the near-well system response is multi-physical, it is important to couple
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multiple fields. In this study, heat transport through the solid rock and by the porous media
flow is considered. Therefore, the heat transport process can be expressed as:

ρrcr
∂T
∂t
−∇·(λ∇T) + ρ f c f u f s∇T = qh (6)

where c f is the specific heat of the fluid flow. Thus, conduction and convection can both
be expressed.

In addition, the fluid flow is also coupled with rock deformation:

∂(φρ f )

∂t
+∇·

[
φρ f

(
us + u f s

)]
= ρ f q f (7)

where us is used to express the deformation of rock and is the solid phase velocity or solid
strain rate related to fluid flow-induced deformation [23,31]. us is much smaller than u f s
as it denotes the contribution of rock deformation. It is not neglected, since the coupled
flow and geo-mechanical mechanism is relevant to this study. The rock deformation field is
also coupled with the temperature field by incorporating thermal expansion. The failure
evaluation is based on the Mohr-Coulomb criterion, where cohesion cMC and internal
frictional angle ϕ are used.

The equations above address the coupled THM behaviors on wellbore walls and
near-well continuum. In naturally fractured formations, the existence of natural fractures
should also be considered. In this study, local grid refinement techniques are used for
the representation of natural fractures in the model. Hydraulic, thermal, and mechanical
properties of natural fractures are assigned to the refined grids. Mixed finite element
methods are used for the spatial discretization in the numerical solution. Validation
between the coupled flow and mechanical fields has also been achieved [24,32]. The
validation between the pressure field, the temperature field, and the deformation field has
been achieved in [33].

In the numerical solution, mixed methods are used for the finite element, and spatial
discretization is also based on these methods. The solid problem is discretized by quadratic
serendipity element shape functions; the porous media flow problem is discretized by
quadratic element shape functions; the heat transport problem is discretized by linear
element shape functions. A backward Euler method is used in the time stepping. By using
this method, good convergence rates can be achieved. A multifrontal massively parallel
sparse direct solver is used to arrive at numerical solutions [34].

2.2. Limitations and Assumptions

Some assumptions are used in the methodology and certain limitations and uncer-
tainties are introduced in the numerical study. The assumptions used in the governing
equations are: natural fractures are represented by a continuum with different rock physical
and mechanical properties, and local grid refinements are used to represent the natural
fractures; linear elasticity is considered in the rock deformation problem.

The use of these assumptions introduces some limitations . Continuum modeling in
formations with natural fractures does not directly solve for the discontinuity shearing and
opening. Instead, a failure index is used. Linear elasticity is considered, which means that
the model can provide relatively accurate results in elastic formations and is not suitable
for formations with strong inelasticity or plasticity. These limitations should be noted when
analyzing the results from this model.

3. Results and Discussion

In the numerical analysis, several cases are investigated. First, the base case with a
vertical wellbore drilled in a naturally fractured formation is discussed. The near-well evo-
lution of pressure, stress, and failure or risk of failure is quantified. Then, several parametric
studies are conducted to understand the effects of natural fracture properties on near-well
evolution patterns. The natural fracture data are based on published datasets [35,36].
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3.1. Base Case

In the base case, the formation is embedded with conjugate natural fractures. The
fracture length is 0.21 m and the width is 0.003 m. Modeling parameters are shown
in Table 1.

Table 1. Modeling parameters of the base case.

Parameter Value

Natural fracture width 0.003 m

Natural fracture length 0.21 m

Conjugate angle of natural fractures 60◦

Wellbore radius 0.1 m

Young’s modulus of the matrix 40 GPa

Poisson’s ratio of the matrix 0.2

Rock matrix density 2600 kg/m3

Biot’s coefficient 1.0

Maximum horizontal principal stress 95 MPa

Minimum horizontal principal stress 75 MPa

Overburden stress 90 MPa

Reservoir fluid density 1000 kg/m3

Viscosity 1 mPa·s
Rock matrix permeability 1 mD

Reservoir pressure 65 MPa

Porosity 0.1

Natural fracture permeability 1000 mD

Reservoir temperature 493 K

Reservoir fluid thermal conductivity 0.598 W/(m·K)

Reservoir fluid heat capacity 4184 J/(kg·K)

Rock thermal conductivity 2 W/(m·K)

Rock heat capacity 2000 J/(kg·K)

Temperature at the wellbore wall 470.15 K

Figure 1 shows the setup of the simulation problem. A large square domain of 50 m
by 50 m is considered. The boundary conditions of the THM problems are stress boundary,
no-flow boundary, and thermal insulation boundary. The results and natural fractures
in a near-well zone of R = 2 m are considered and the far-field is not considered in the
discussion of results. This setup can minimize the boundary effect on the coupled THM
behaviors in the near-well region.

In the base case, a pressure value of 67 MPa on the wellbore wall is first investigated.
A strike slip stress regime is considered. Figure 2 shows the near-well distribution of
pressure, temperature, and stress after 24 h of the exertion of the pressure load on the
wellbore wall. The pressure increase on the wellbore is about 2 MPa due to the pressure
difference between the pressure boundary and the initial pressure. The existence of natural
fractures makes the pressure contour non-uniform. Natural fractures are more conductive
and pressure drawdown is intensified in and near natural fractures. In the temperature
results, the temperature difference between the wellbore and the formation leads to radial
distributions of temperature contours. Compared to the pressure result, the effect of natural
fractures is not as significant and the temperature field is more uniform. This is because
the temperature field is affected by both conduction through the formation and convection
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through the fluid. Then, the distribution of Sx and Sy is plotted. Stress concentrations
are observed on and near the wellbore, while stress away from the wellbore is relatively
uniform. Note that the initial minimum horizontal principal stress is in the x direction and
the initial maximum horizontal principal stress is in the y direction.
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In order to understand the failure risk on and near the wellbore, the Mohr-Coulomb
criterion is used and a failure index is used:

f i =
(σ1–σ2)/2[

cMC + tanϕ(σ1+σ2)
2

]
/
√

1 + tan2 ϕ
(8)

In this study, the failure risk is directly governed by the value of the failure index above.
Specifically, when the failure index is below 1, the Mohr-Coulomb failure is not reached.
Indices equal to or greater than 1 indicate that failure is reached. This signifies closeness to
failure [37]. Therefore, a lower index value indicates a lower failure risk, while a higher
index value means that the failure risk is higher. Figure 3 shows the distribution of the
failure index in the near-well region. In general, there is no failure under the investigated
condition. Based on the result, the most heterogeneous system response is on the wellbore
wall and near the wellbore. The greatest failure index is in the x direction on the wellbore
wall, which corresponds to the orientation of the initial minimum horizontal principal
stress. In contrast, the failure index on the wall and near the wellbore in regions in the y
direction is the lowest. This result is in accordance with the wellbore collapse patterns in
the strike slip stress regime.
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In Figure 4, curves are plotted to describe the circular distribution of the failure index
on the wellbore wall and 0.02 m in the formation. They cover the circular distribution
from 0◦ to 360◦ starting from the positive side in the x direction. On the wellbore wall,
failure index values at orientations 0◦ and 180◦ are the highest, which corresponds to the
wellbore collapse mechanism in the stress regime. Failure index values also increase locally
at naturally fractured locations. This indicates that the existence of natural fractures can
increase the failure risk on the wellbore wall. This effect is very localized and it does not
affect locations without natural fractures. When it moves 0.02 m into the formation, the
effect of natural fractures on the sudden increase in the failure index is still observed. In
general, the failure index values are lower than those on the wellbore wall, indicating that
the failure risk decreases as it moves into the formation.
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Figure 5 shows the pressure distribution along the circle 0.02 m into the formation from
the wellbore wall. It also presents the temporal change in pressure in the naturally fractured
near-well region. Since the wellbore pressure is 2 MPa greater than the formation pressure,
near-well pressure values are elevated by the pressure boundary condition. Naturally
fractured regions are more conductive, and the pressure in these regions is distinguishably
higher than in un-fractured formation regions. These results indicate that the existence
of natural fractures near the wellbore leads to heterogeneous distribution patterns of
pressure. Compared to the homogeneous near-well pressure distribution in uniform
formations, naturally fractured near-well regions are characterized by heterogeneities in
the pressure field.
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In Figure 6, the distribution of temperature along the circle 0.02 m into the formation
from the wellbore wall is presented. Since the wellbore temperature is lower than the
formation pressure, drops in temperature are observed in the near-well region. Compared
to the original temperature of 493 K, the near-well region is effectively cooled after 2 h, and
the temperature keeps dropping in 12 and 24 h. After 2 h, it is noted that the naturally
fractured locations experience the most significant temperature drop. It is because natural
fractures have the most drastic fluid diffusivity and the convective heat transport in natural
fractures is enhanced. This results in rapid and heterogeneous heat transport in these
regions. As time increases, the oscillation in the temperature results is gradually reduced.



Processes 2023, 11, 1744 9 of 16

After 12 h and 24 h, the amplitudes of the oscillatory temperature distribution curves
decrease, indicating that the effect of natural fractures on temperature distribution becomes
weaker as the drilling time increases.
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3.2. Effect of Pressure on the Wellbore Wall

In the base case, a wellbore pressure value of 67 MPa is discussed. This is slightly
greater than the formation pressure of 65 MPa. In this study, several different wellbore
pressure values (72 MPa and 77 MPa) are also investigated. In these new cases, the wellbore
fluid pressure values are increased.

Figure 7 shows the pressure and temperature distribution along the circle 0.02 m into
the formation from the wellbore wall when the wellbore pressure is 72 MPa. Results at
several time steps (0 h, 2 h, 12 h, and 24 h) are plotted. In the pressure results, the effect
of the existence of natural fractures is significant at the time of 0 h. In the beginning,
the exertion of the boundary pressure on the wellbore wall leads to an instantaneous
pressure increase in the natural fractures. The pressure increase rapidly propagates into
the formation through highly conductive fractures. Although the pressure in naturally
fractured regions is largely increased at the beginning, it does not reach the wellbore
boundary pressure of 72 MPa. After 2 h, the pressure in the near-well region is effectively
increased, while the naturally fractured areas have the highest pressure, equal to the
wellbore pressure. The most significant pressure increase is between 0 and 2 h. After
2 h, pressure values around the wellbore in the near-well region are generally elevated
to nearly 72 MPa, which is the wellbore boundary pressure. After 12 h and 24 h, further
change in pressure is not as significant as in the first 2 h. Pressure distribution curves at
the beginning time steps are much more heterogeneous than those at later time steps. This
means that the heterogeneous evolution of pressure in naturally fractured near-well regions
becomes weaker as the drilling time increases. In the temperature results, a heterogeneous
temperature drop is also observed. In the beginning, temperature distributions are not
uniform, and naturally fractured locations are locally cooled. After 2 h, the effect of natural
fractures on the drop in temperature becomes more significant, and naturally fractured
locations have the lowest temperature. Compared to the base case, the pressure curves are
largely affected. This is intuitive because of the elevated wellbore pressure boundary. The
temperature curves at the same time step are also lower. This is because the porous media
flow and the heat transport process are closely coupled in this model. When the boundary
pressure on the wellbore wall becomes higher, the porous media flow becomes more rapid
and the heat transport through the fluid flow becomes more drastic. Since the wellbore
wall temperature is lower than the formation temperature, the cooling process becomes
more significant in this case.
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Figure 7. Pressure and temperature distribution along the circle 0.02 m into the formation from
the wellbore wall with a boundary pressure of 72 MPa. Results are for pressure and temperature
distributions 0.02 m in the formation (a,b).

In Figure 8, the failure index distribution on the wellbore wall and in the naturally
fractured near-well region is plotted. Similar to the observation in Figure 4, the existence
of natural fractures leads to the heterogeneous distribution of the failure index. However,
a difference is that, when the wellbore pressure is increased to 72 MPa, the maximum
failure index drops, from greater than 1 to 0.85 on the wellbore wall and from 0.7 to 0.55
in the near-well region 0.02 m into the formation. This is because the increased wellbore
pressure provides more support to the near-well formation and the wellbore collapse risk
is alleviated in this case. This pattern is also observed in the naturally fractured locations,
indicating that increasing the wellbore pressure to 72 MPa reduces the collapse risk on
the wellbore and in the near-well region for both naturally fractured and un-fractured
formations. This is attributed to the increased support from the wellbore pressure boundary.
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Then, the case with a boundary pressure value of 77 MPa is investigated and the
distribution curves are shown in Figure 9. The general spatial and temporal evolution
trends are similar to those in Figure 7. The existence of natural fractures expedites the
physical changes induced by the boundary pressure in the near-well region. After 2 h,
natural fractures effectively increase the formation pressure and decrease the formation
temperature at naturally fractured locations. Compared to the case with a 72 MPa wellbore
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pressure boundary, the near-well pressure values are higher and the near-well temperature
drop becomes more significant. These can be explained by the change in the pressure
boundary condition.
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Figure 9. Pressure and temperature distribution results along the circle 0.02 m into the formation
from the wellbore wall with a boundary pressure of 77 MPa (a,b).

In the case with a wellbore pressure boundary of 77 MPa, the general failure index
values become lower, especially at orientations of 0◦ and 180◦ (Figure 10). This is because
the elevated wellbore pressure decreases the failure risk. However, it is noted that, at
orientations of 90◦ and 270◦, the failure risk values become greater than those in the case
with a wellbore pressure value of 72 MPa. This phenomenon is related to possible wellbore
collapse and wellbore fracture patterns in a vertical wellbore in a strike slip stress regime.
As the wellbore pressure increases from a value slightly above the formation pressure
to a value around the minimum principal stress, the shear failure risks at orientations of
0◦ and 180◦ (the orientation of the initial minimum horizontal principal stress) become
lower and the tensile failure risks at orientations of 90◦ and 270◦ (the orientation of the
initial maximum horizontal principal stress) increase. These phenomena indicate that,
although the existence of natural fractures leads to heterogeneous evolution of failure
risks around the wellbore, the general pattern follows that of classic analytical wellbore
instability behavior.
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3.3. Effect of Internal Friction Angle

In the previous section, the effect of wellbore pressure on the near-well system response
is quantified. This is closely related to the drilling process. In this section, the effect of the
rock mechanical parameter of internal friction angle is studied. In the base case, an internal
friction angle of 20◦ is used. In this analysis, two internal friction angles of 10◦ and 30◦

are discussed.
Figure 11 compares the distribution of the failure index values on the wellbore wall

for cases with internal friction angles of 10◦ and 30◦. Results indicate that the failure index
values are highly sensitive to internal friction angle. Decreasing the internal friction angle
from 20◦ (the base case) to 10◦ significantly increases failure risks and the wellbore area
experiencing failure is largely increased. This indicates that wellbore collapse magnitude
and risk are both increased in a case with a relatively low internal friction angle. When the
internal friction angle is increased to 30◦, the failure risk is lowered. The result indicates
that, in formations with relatively high internal friction angles, wellbore collapse risks are
low and the potential wellbore collapse area is also limited.
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with a wellbore pressure of 67 MPa.

In Figure 12, the distribution of the failure index values in the near-well region for
cases with internal friction angles of 10◦ and 30◦ is plotted. It is noted that, in naturally
fractured locations, the failure risk indices are elevated compared to the results on the
wellbore wall. This is observed for both internal friction angle cases. This is related to the
heterogeneous near-well rock mechanical property distributions and the different elastic
properties in natural fractures and in the formation matrix. In un-fractured locations,
the general failure indices are lower than those on the wellbore. This means that, as it
moves into the formation, failure risks in the locations without natural fractures get lower.
These results show that the relationship between internal friction angle and failure risk
distribution is not homogeneous. Locations with and without natural fractures can exhibit
different patterns.
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3.4. Effect of Natural Fracture Length

In the previous studies, the natural fracture length of 0.21 m has been analyzed. In this
section, the effect of this parameter is quantified. Two cases with natural fracture lengths of
0.11 m and 0.41 m are studied. In this analysis, the length of natural fractures is changed
while the location and orientation are not changed during the simulation.

Figure 13 shows the near-well distribution of failure indices after 24 h of drilling for
the cases with natural fracture lengths of 0.41 m and 0.11 m. This presents the failure
risks around the wellbore. In the case with longer natural fractures, it can be observed
that the maximum failure index is higher and the potential wellbore collapse near-well
area becomes greater. In contrast, the case with shorter natural fractures has low wellbore
collapse risks and the area with failure index values above 1 is very limited. Based on this
comparison, it can be observed that the failure risks and wellbore collapse risks in heavily
naturally fractured formations are greater than those in less naturally fractured formations.
This is because the increase in natural fracture length can lead to a more drastic system
response and the existence of longer natural fractures results in weaker rock mechanical
properties in near-well formations.
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3.5. Discussion

Based on the datasets involved in the study, the comparison between the field observa-
tions and the modeling results is made. The in-situ stress states, the wellbore fluid pressure,
and the general geometries of natural fractures are based on the field data in Junggar Basin.
Compared to the drilling and caliper logging data in the field, slight wellbore wall col-
lapses were observed and the orientations are generally in accordance with the numerical
modeling results. Temperature results are also validated with the temperature logging data.
However, it is noted that the temperature results are only validated against the wellbore
logging data, while the formation temperature cannot be directly compared or validated.

Based on the observations in this study, wellbore stability, and near-well formation
stability are sensitive to the rock mechanical properties and natural fracture distributions.
However, these parameters are usually directly measured when the wellbores are estab-
lished. Thus, wellbore walls may already endure instability issues. Therefore, it is important
to obtain the quantification of rock mechanical and natural fracture data before drilling.
Coring from the same formation and seismic interpretation can be helpful in this process.
In the optimization of drilling parameters, the modeling results can help to determine the
wellbore pressure that provides sufficient support for the wellbore wall; they can also help
to analyze situation in which the presence of natural fractures lowers the wellbore collapse
pressure. The consideration of natural fractures in this study can help to determine the
well design parameters, especially in the naturally fractured depth intervals. Note that the
study is focused on strike slip stress regimes.

4. Conclusions

In this study, a coupled THM model is established considering the effect of natural
fractures in near-well formations during the drilling in hydrocarbon-bearing formations.
Natural fractures are prescribed in the mode using local grid refinement techniques. Some
conclusions are drawn as follows:

(1) The temporal and spatial evolution patterns of pressure near the wellbore are more
sensitive to the existence of natural fractures than those of temperature. Natural
fractures only facilitate fluid flow.

(2) Natural fractures cause heterogeneous geo-mechanical responses. However, the
general wellbore failure patterns still follow the analytical solutions.

(3) Wellbore failure risks are highly sensitive to the internal friction angle of the formation.
Natural fracture length also governs the near-well failure risks. Longer natural
fractures increase the failure index values and the area with high failure risks.

(4) It is important to characterize the internal friction angle and the geometry of natural
fractures for the optimization of drilling parameters in naturally fractured formations.
Improving the quantification quality of these parameters before drilling can effectively
reduce formation failure risks.
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