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Abstract

Wellbore strengthening is a widely applied technique to mitigate wellbore leakage during
drilling operations in complex formations characterized by narrow mud weight windows.
This method enhances the wellbore’s pressure-bearing capacity by using lost circulation
materials (LCMSs) to bridge natural or induced fractures. In recent years, advanced sealing
technologies such as wellbore reinforcement have gradually been applied and developed,
but their related influencing factors and mechanisms have not been deeply revealed. This
article uses the Cohesive module of ABAQUS to establish a wellbore fracture sealing
model. By establishing a porous elastic finite element model, the elastic mechanics theory
of porous media is combined with finite element theory. Under the influence of factors
such as anisotropy of geostress, reservoir elastic modulus, Poisson’s ratio, and fracturing
fluid viscosity, the circumferential stress distribution of the wellbore after fracture sealing
is simulated. The simulation results show that stress anisotropy has a significant impact
on Mises stress. The greater the stress anisotropy, the more likely the wellbore sealing
is to cause wellbore rupture or instability. Therefore, it is necessary to choose a suitable
wellbore direction to avoid high stress concentration areas. The elastic modulus of the
reservoir is an important parameter that affects wellbore stability and fracturing response,
especially in high modulus reservoirs where the effect is more pronounced. Poisson’s
ratio has a relatively minor impact. In fracturing and plugging design, the viscosity of
fracturing fluid should be reasonably selected to balance the relationship between plugging
efficiency and wellbore mechanical stability. In the actual drilling process, priority should
be given to choosing the wellbore direction that avoids high stress concentration areas to
reduce the risk of wellbore rupture or instability induced by plugging, specify targeted
wellbore reinforcement strategies for high elastic modulus reservoirs; using models to
predict fracture response characteristics can guide the use of sealing materials, achieve
efficient bridging and stable sealing, and enhance the maximum pressure bearing capacity
of the wellbore. By simulating the changes in circumferential stress distribution of the
wellbore after fracture sealing, the mechanism of wellbore reinforcement was explored to
provide guidance for mechanism analysis and on-site application.

Keywords: wellbore reinforcement; fracture sealing; cohesive zone model; wellbore stress;
parameter analysis

1. Introduction

In recent years, China’s swift economic growth has led to a steadily rising demand
for oil and gas resources [1]. The domestic oil and gas resources and production capacity
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are no longer sufficient to meet the needs of daily life. By 2023, China’s dependence on
foreign crude oil and natural gas will exceed 70% and 40%, respectively, and the tight
supply situation will become increasingly prominent, posing a bottleneck constraint on the
sustained and healthy development of the national economy [2,3]. To support the country’s
economic growth, future oil and gas exploration and development will concentrate on two
key areas: conventional oil and gas resources, and emerging types of oil and gas resources.
Due to the increasing degree of exploration and development, the scope of development is
also becoming wider, and the requirements for drilling are also becoming higher [4,5]. As
a global drilling engineering technical problem, well leakage not only delays production
time, causes loss of working fluid, pollutes oil and gas reservoirs, but also triggers drilling
accidents such as stuck drill, well collapse, blowout, and even serious economic losses such
as wellbore scrapping [6]. Consequently, the global petroleum industry has increasingly
focused on researching how to employ effective drilling fluid technologies to enhance
formation pressure resistance, expand the safe density range of drilling fluids, and address
on-site fluid leakage issues [7,8]. According to reports, over 12% of NPT is caused by well
leakage during drilling n the Gulf of Mexico shelf [9]. The impact of wellbore leakage
on drilling operations is enormous, with an estimated annual loss of USD 2 billion to
USD 4 billion in time, drilling fluids, and materials used to contain losses [10]. About
40% of the wells in North America experience well leakage during the drilling process
of carbonate 0il and gas reservoirs and shale oil and gas. In the drilling process of the
China National Petroleum Corporation, the loss caused by well leakage accounts for over
70% [11,12]. In addition, Chen et al. [13] studied the evolution of mechanical properties
and acoustic emission damage characteristics of coal rock bonding under hydrochemical
corrosion. The research results indicate that as the acidity of the solution increases, the
accumulated energy and AE count of the sample decrease to varying degrees. Compared
with the combined coal rock section, water rock interaction has a more severe impact on
the damage of sandstone sections.

Among various methods, wellbore strengthening and sealing technology has increas-
ingly emerged as a key approach to enhancing the pressure-bearing capacity of formations.
Its main purpose is to increase the fracture pressure of formations that are prone to leakage,
in order to solve the problem of drilling fluid leakage under narrow safety density window
conditions. This method enhances the fracture gradient or the maximum pressure the
wellbore can endure by using sealing or bridging materials to close fractures and prevent
fluid loss. At present, the main types of wellbore reinforcement methods include the
following: circumferential stress enhancement, such as stress cage (a method of increasing
formation fracture pressure or fracture reopening pressure by changing the stress state
near the wellbore wall); fracture closure stress; and the enhancement of fracture resistance
and tip screening, also known as fracture propagation resistance [14-19]. Despite some
reported successes, wellbore strengthening operations are still largely performed through
trial and error, due to a limited understanding of the fundamental mechanisms involved.
The impact of several parameters is still not fully understood, and a comprehensive pa-
rameter study is needed for wellbore reinforcement to understand process mechanics and
optimize on-site operations.

This article chooses the Cohesive module of ABAQUS 2021to establish a cohesive
force model, sets the material properties of the model, and applies a certain load module
to simulate the stress state of porous elastic media wellbore and fractures before and after
sealing. Assuming that there are pre-existing fractures on the wellbore, whose surface is
parallel to the direction of the maximum horizontal principal stress or the X-axis, a porous
elastic finite element model was established to combine the theory of porous media elasticity
with finite element theory. Under the influence of factors such as anisotropy of geostress,
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reservoir elastic modulus, Poisson’s ratio, and fracturing fluid viscosity, the circumferential
stress distribution changes in the wellbore after fracture sealing were simulated, and the
mechanism of wellbore reinforcement was explored to provide guidance for mechanism
analysis and field application.

2. Mathematical Models
2.1. Cohesive Zone Model

The goal of this article is to develop a pore elasticity model that considers fluid flow
inside rocks and studies the circumferential stress and fracture geometry before and after
wellbore plugging. Dugdale [20] introduced the theory and application of the Cohesive
Zone Model (CZM) in early research and established the concepts of debonding and
damage zones. This model has since been applied to many engineering fracture mechanics
problems. The softening traction-separation law describes the physical mechanism of
material degradation at the interface, and the separation behavior of these materials is
described in the constitutive equation, which relates the surface traction force of the fracture
to the material separation on the fracture, as shown in Figure 1.

Compared with classic fracture mechanics, this model can avoid singularity at the
fracture tip [21,22]. Compared with the previous classic fracture mechanics relationships,
this advantage enables the cohesive model to better solve complex nonlinear fracture and
convergence problems. In summary, this study chose the Cohesive module of ABAQUS
to establish a cohesive force model, set the material properties of the model, and apply a
certain load module to simulate the stress state of the porous elastic medium wellbore and
fractures before and after sealing.
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Figure 1. Traction separation law in CZM [23].

2.2. Principle of Virtual Work

To proceed with the finite element analysis of the cohesive force model, it is essential
to clarify the virtual work principle applied to the cohesive zone. There is a pair of virtual
fracture surfaces in the potential fracture path. These fracture surfaces receive separation
forces, known as cohesive traction forces. These traction forces target both internal and
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external fracture surfaces simultaneously. The mechanical equilibrium equation takes into
account the contribution of cohesive forces as follows [22]:

/EﬁMQ:/ mzmw+/ Tyt - SudS (1)
14 Sint Scxt

Among them, 7 is the nominal stress tensor; F is the deformation gradient; ), S;,;; and
Sext represent the volume, inner surface (i.e., cohesive surface), and outer surface of the
model, respectively; Tc represents the cohesive traction vector; Teyt represents the external
traction vector; u represents displacement vector; A = u™ — u~ represents a displacement
jump across two adjacent cohesive surfaces.

As indicated by the volume integral on the left-hand side of Equation (4), the total
deformation force acting on the fracture surface is balanced by the traction integral over
the inner surface of the cohesive zone (i.e., the region ahead of the fracture and its tip) as
well as the traction on the outer surface of the cohesive zone. The cohesive forces under
normal and shear forces can be derived as follows:
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Among them, S, defines the maximum normal traction force that can be achieved
under pure normal load; dy is the material separation amount with the maximum cohesive
strength under normal load; Ay, and Ay, respectively, define the cohesive forces in the
normal and shear directions; b defines the internal potential ratio. The above equation
describes that as the normal spacing increases, it will increase the normal traction force
until the spacing reaches &y.

This also implies that under cyclic loading, cohesive regions may experience endless
cycles without exhibiting degradation. To allow for the degradation of the viscous zone,
fracture mechanics provides a damage coefficient (D). This factor can be introduced through
the law of traction separation, as follows:

p o[ A=DTTy>0

T 3)
T, = (1— DT,
T,=(1-D)T;

Among them, T; and i = #,s,t, respectively, represent the normal direction and
two shear directions; T; and i = n, s, t, respectively, represent the tensile strength and shear
strength in the corresponding direction.

In order to estimate the current damage status, a description of the damage evolution
is required. There are two definitions of fracture evolution, namely, based on effective
displacement and based on fracture energy. An additional aspect of defining fracture
propagation involves specifying damage and final failure characteristics, which can be
accomplished through the use of linear or exponential softening laws [24]. In this article,
the fracture propagation criteria required for the modeling process were extracted by con-
sidering rock fracture experiments. The fluid flowing into the fracture can be considered as
tangential flow and normal flow, as shown in Figure 2. Tangential flow refers to the move-
ment of fluid within the gap separating viscous elements and can be characterized using
either Newtonian or power-law models. Normal flow refers to the fluid passing through



Processes 2025, 13, 2185

50f16

the gaps between viscous elements, reflecting the resistance caused by agglomeration or
scaling effects [25,26].
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Figure 2. Illustrates a schematic of fluid entering cohesive elements, taking into account both
tangential and normal flow.

The simulation used in this study is a power-law model. In the power-law model, the
definition of constitutive relationship is:

T= fc')’y 4)

Among them, 7 is shear stress; 7 is the shear strain rate; f. is the viscosity of the fluid;
y is a power-law coefficient (flow behavior index).
The tangential volumetric flux can be described as:

1/y Ly
gi— (-2 (L dy A

The top and bottom of the viscous component are defined with normal flow rate and
leakage coefficient:

1—y
ERA ©)

Jtop = Ctop (pi - Ptop) (6)
dbot = Cbot(pi - pbot)
Among them, g1, and gy, are the fluid flow rates at the bottom and top, respectively;
p; is the pressure inside the cohesive element; pt,p and py,; is the pore pressure on the top
and bottom surfaces.
Fluid injection leads to an increase in pore pressure throughout the reservoir rock. The
effective stress relationship of Biot was used to analyze the fracture response under the
combined action of pore pressure and geostress caused by injection [27].

2.3. Constitutive and Seepage Equations

The constitutive behavior of fluid flow is controlled by Darcy’s law and Forchheimer’s
law. Darcy’s law typically applies to lower fluid flow rates, while Forchheimer’s law
typically involves higher fluid flow rates. In short, Darcy’s law can be seen as a linear
simplified version of Forchheimer’s law. Forchheimer’s law describes the flow of pore
fluids as [23]:

Vw = — . ke (2 pog (7)
v sngow (1 + Ver /U - Uw) 6X v
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Among them, k is the permeability of porous media; v;, is the average velocity of
the wetting liquid (also known as the permeation velocity); V. is the velocity coefficient;
Darcy’s law is achieved by setting ¢ = 0.

It is evident that as the fluid velocity approaches zero, Forchheimer’s law converges to
Darcy’s law. The permeability is influenced by both the fluid saturation and the medium’s
porosity, assuming these factors can be treated independently.

k = ksk 8)

Among them, k;(s) provides saturation dependence; ks(1) = 1.0; and k is a fully
saturated permeability; for isotropic materials, k = kl.

2.4. Control Equation

As this study simulates fluid flow through porous media, it is essential to first examine
the fundamental control equations for finite element modeling before discussing mesh
generation and the development of the numerical model.

The governing equations of solids are very similar to those of fluids in many ways.
However, there are also some differences between the two, such as the inability of fluids
to support any deviatoric stress when not in motion. Therefore, stationary fluid can only
apply average compressive stress or pressure. When adeviatoric stress is applied, the fluid
begins to move, which is the main research point of fluid dynamics. The primary distinction
between the governing equations of fluid flow and solid mechanics lies in the substitution
of displacement vectors with velocity vectors, as illustrated in the following equation:

v;,i=1,2,30rv = [010203]T 9)

This will replace displacement variables in solid mechanics. Strain rate is the main
cause of general stress, which can be defined as:

. 1( év; 57]]’

The relationship between strain rate vectors is as follows:
€= Sv (11)

Among them, S is the strain rate operator; v is the velocity vector.

To characterize the stress—strain behavior of linear isotropic fluids, it is essential to
introduce the concepts of deviatoric stress and pressure. Specifically, the deviatoric stress is
defined as:

1 . 1. .
Tij = 0ij — 300k = 2t (Sz‘j - 35ij€kk) (12)

Among them, 7j; is deviatoric stress; y is dynamic (shear) viscosity, similar to the shear
modulus G in linear elasticity; the part in parentheses describes the deviation strain rate,
where A (517 is the Kronecker increment.

In addition:

€k = €11+ € + €33 (13)
Ok = 011 + 022 + 033 (14)

The pressure relationship of fluid flow can be written as:

1 .
p=—3%%= —keg + po (15)
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Among them, k is the volumetric viscosity coefficient, similar to the bulk modulus K
in solid mechanics; py is the initial hydrostatic pressure.
Combining the equation, the following results can be obtained:

1. . .
ij = Tij — §5ij€kk + kijexk — dijpo (16)
. 2 .
0ij = 2u&;j + 6 (k — 3”) €k — 0ijPo (17)

In addition, there is the following equation:
2
A=k— 3 (18)

Disregarding the compressibility and volumetric viscosity of the fluid, the resulting
equation is expressed as follows:

A Su; Ou;j 2 Suy
(7'1']' = 2‘1/1 <€ij — 35ij€kk) = U [(54 + 5}(;) - 35ij§xk‘| (19)

If compressibility is ignored, the above equation is the same as the linear elasticity
equation. Fluid has no anisotropy, so it always behaves purely isotropic.

3. Model Establishment
3.1. Model Geometry

This article considers the simulation of wellbore wall sealing in vertical shafts. It is
assumed the wellbore is in a plane strain state, as shown in Figure 3. Due to symmetry,
only a quarter of the wellbore was used in finite element numerical analysis. The radius of
the wellbore is 0.10795 m. The length of the quarter model is 2 m and the width is 1.5 m.

l Shmin

SH max

Figure 3. Schematic diagram of two-dimensional wellbore under far-field stress [28]. The green
arrows indicate two horizontal directions and do not require explanation.

As shown in Figure 4a, the “black” boundary of the model is designed symmetri-
cally [28], assuming that there are pre-existing fractures on the wellbore, their surfaces are
parallel to the direction of the maximum horizontal principal stress or the X-axis. The use
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of a fracture length of 13.97 cm (5.5 inches) is to maintain consistency or approach the work
of other researchers [29,30]. The fracture is blocked by Loss Circulation Material (LCM),
as shown in Figure 4b. It is important to note that while the role of LCM bridge material
properties (such as strength and permeability) in wellbore reinforcement has long been
a debated topic in the drilling industry, the influence of these properties falls outside the
focus of this study.

Pore
Pressure

f Shmin

(a) (b)

Figure 4. Wellbore sealing model: (a) Geometric shape and boundary conditions of the model;
(b) Model details.

Unlike previous studies, this study assumes a perfect blockage at the blockage point,
which is a rigid body with zero magnetic conductor. Therefore, ignore the fluid flow after
the blockage point. To create the bridging effect in fractures, the velocity in the Y-direction
at the bridging point is set to zero. As illustrated in Figure 4a, the quadrant angle starts at
0° on the X-axis and increases to 90° around a quarter of the wellbore.

3.2. Boundary Conditions

As shown in Figure 4a, symmetric boundaries are applied to the left and upper bound-
aries of the model. The maximum horizontal stress is along the X direction (Sgmax) and the
minimum horizontal stress is along the Y direction (Sjmin). As shown in Table 1, various
horizontal stress values were used to study the influence of horizontal stress comparison.

The wellbore pressure acts on the inner wall of the wellbore and can propagate along
the fracture path until effective sealing is formed, keeping the pressure inside the fracture
consistent with the wellbore pressure. After using leakage circulation material LCM to
achieve fracture bridging, the front section of the fracture (i.e., from the wellbore to the
LCM bridging position) still maintains the same pressure as the wellbore. In the fracture
segment beyond the bridge plug (i.e., from the LCM bridge plug to the fracture tip), the
wellbore fluid can no longer reach this area due to the blockage. As a result, its pressure
is no longer supported by the wellbore and gradually equilibrates with the formation
pore pressure. This is because the fluid inside the fracture will continuously leak into the
formation, causing the pressure to decay to equal the pore pressure of the formation.

In order to accurately simulate the dynamic behavior of fluids before and after the
formation of bridge plugs, appropriate leakage rate boundary conditions need to be applied
on the wellbore wall and fracture surface to characterize the leakage process of fluids into
the formation and reflect the spatial differences in pressure distribution in fractures.
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Table 1. Input parameters of numerical model.

Parameter Value Units
Model dimension 2x15 m
Wellbore diameter 0.10795 m
Elastic modulus 15 GPa
. Poisson’s ratio 0.25 /
Reservoir Permeability coefficient 1 x 1077 m/s
Void ratio 0.2 /
Minimum horizontal principal stress 10 MPa
Maximum horizontal principal stress 10~20 MPa
Tensile strength 1 MPa
Shear strength 5 MPa
Cohesive element Elastic modulus 15 GPa
Filtration coefficient 1x 104 m3/s/Pa
Viscosity 1 mPa-s
Displacement —0.005 m3/s
Other Simulation time 50 s
Fracture length 0.1397 m

3.3. Input Parameters

Table 1 provides the input parameters for finite element numerical simulation. The
total size of the model is approximately ten times the size of the wellbore to eliminate
the influence of boundaries on the stress and strain state near the wellbore. Select typical
geological rock characteristics. Apply maximum and minimum horizontal stresses with
varying stress contrasts between 1 and 2.0. In addition, parameter sensitivity studies also
include the effects of reservoir elastic modulus, Poisson’s ratio, fracturing fluid viscosity,
and fracturing fluid displacement, assuming perfect sealing.

4. Simulation Results and Parameter Analysis

This section introduces the results of finite element numerical simulation using the
input parameters in Table 1. The influence of stress anisotropy, elastic modulus, Poisson’s
ratio, fracturing fluid viscosity, and fracturing fluid displacement was studied using param-
eter sensitivity analysis. Using the above finite element model, the circumferential stress
state near the wellbore and fractures was analyzed for various combinations of influencing
parameters. Figure 5 illustrates the circumferential stress distribution before and after
the fracture was sealed using LCM. In this study, negative pressure values and positive
pressure values represent compressive stress and tensile stress, respectively. It is evident
that before sealing, the fracture tip is in a stretched state, and the rock near the wellbore
transitions from a stretched state to a compressed state. At the sealing location, stress
concentration is observed, indicating increased resistance to fracture opening. Additionally,
the reduced tensile stress near the fracture tip suggests that further propagation is more
challenging, as anticipated.
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Figure 5. Distribution of circumferential stress before and after the sealing of wellbore fractures:
(a) before sealing; (b) and after blockage (Label unit: Pa).

4.1. Influence of Anisotropy of Geostress

By keeping the minimum horizontal principal stress constant at 10 MPa, the minimum
horizontal principal stress values were sequentially changed to 10 MPa, 12 MPa, 14 MPa,
16 MPa, and 20 MPa. Other main parameters are shown in Table 1. After calculating the
fracture sealing, the circumferential stress on the wellbore wall at 0~90° was compared
under different horizontal stress differences, as shown in Figure 6. For the Mises stress
distribution around the wellbore after sealing, Figure 6 shows the Mises stress distribution
around the wellbore with different stress anisotropy ratios (i.e., the ratio of the Sy to the Sj)
as a function of the wellbore azimuth angle. From the graph, it can be seen that Mises stress
increases first and then stabilizes with an increasing angle. Specifically, all curves reach a
peak around an angle of approximately 30°, indicating that the stress concentration on the
wellbore is most pronounced in this direction, which is a sensitive area where damage may
occur [31]. Afterwards, the stress changes tend to ease, indicating that the deformation or
instability risk borne by the wellbore in other directions is relatively small.

30 -

Mises / MPa

—&=S,/5~=1.0
—H— =S/ =1.2
=Su/Sy=1.4
=S4/S,=1.6
— o =5,/5,=2.0

2o L . 1 . 1 . 1 .
0 20 40 60 80

Degree / ©

Figure 6. Comparison of Mises stress around the wellbore under different stress anisotropy after

fracture sealing.

The anisotropy of stress has a significant impact on Mises stress. When Sy /Sj, = 1.0,
that is, when the stress is isotropic, the overall level of Mises stress is the lowest and the
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fluctuation is also small. As Sy/S}, increases, the overall stress level rises and the peak
becomes more pronounced, indicating that the greater the stress anisotropy, the more
unfavorable it is for wellbore stability. The maximum Mises stress occurs at Sy /Sy, = 2.0,
reaching approximately 30 MPa. For situations where the stress ratio is higher than 1.4,
special attention should be paid to wellbore reinforcement and mud pressure control
strategies. When Sp/5y, is large, wellbore blockage is more likely to cause wellbore rupture
or instability, and a suitable wellbore direction should be chosen to avoid high stress
concentration areas.

4.2. Influence of Elastic Modulus

Previous mechanical experiments have shown that elastic modulus is a key parameter
of reservoir rocks. By establishing different elastic modulus parameters for reservoirs, we
can study the impact of changes in reservoir elastic modulus on wellbore sealing. The
elastic moduli of the reservoir are set at 10 GPa, 15 GPa, 20 GPa, 25 GPa, and 30 GPa,
respectively, with a stress ratio of 1. Other main parameters are shown in Table 1. After
sealing the fracture, the circumferential stress on the wellbore wall at 0~90 ° was compared
with different elastic moduli, as shown in Figure 7.

60

50 | ..o‘

A
=

— T

L 2

L

Mises / MPa
(%)
(=)
|

.3
AL o
20 POV 2 2000000 4000000004 <
¢ E=10GPa —*  E=15GPa
10 - E=20GPa E=25GPa
¢ E=30GPa
0 1 " 1 " 1 " 1 " 1
0 20 40 60 80
Degree / °

Figure 7. Comparison of Mises stress around the wellbore under different reservoir elastic modulus
conditions after fracture sealing.

Under the simulation conditions of this study, for the Mises stress distribution around
the wellbore after sealing, Figure 7 shows the Mises stress distribution around the wellbore
with different reservoir elastic modulus conditions and azimuth angles. It can be seen
that as the elastic modulus of the reservoir increases from 10 GPa to 30 GPa, the Mises
stress around the well shows an overall upward trend, and the maximum stress generally
occurs in the angle range of 30-40°, indicating a strong stress concentration phenomenon
in this area. Due to their strong rigidity, high modulus reservoirs can cause local stress to
be difficult to release, which can easily lead to wellbore instability or fracture propagation;
low modulus reservoirs, on the other hand, have strong deformation ability and may
exhibit elastic energy absorption, but at the same time, there is a risk of reduced wellbore
diameter. Therefore, the elastic modulus of the reservoir is an important parameter that
affects wellbore stability and fracturing response and should be given special consideration
in reservoir engineering design for wellbore plugging. In addition, in engineering, fracture
sealing not only helps to improve wellbore stability, but also reduces the risk of local
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damage, especially in high modulus reservoirs where the effect is more pronounced.
Therefore, it is necessary to design sealing materials and construction processes reasonably
based on reservoir mechanics parameters.

4.3. Influence of Poisson’s Ratio

In addition, the Poisson’s ratio of the reservoir is also a key parameter of the reservoir
rock. Different elastic modulus parameters of the reservoir are established to study the
effect of changes in the Poisson’s ratio of the reservoir on wellbore sealing. Poisson’s ratios
of the reservoir are set to 0.20, 0.22, 0.25, 0.28, and 0.30, and the geostress ratio is 1. Other
main parameters are shown in Table 1. Following fracture sealing, the circumferential stress
on the wellbore wall within the 0-90° range was analyzed for various elastic moduli, as
illustrated in Figure 8.

35
0 b4 22444
* PRF* bolokad 2 2 200,
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& :A;"“.‘o‘ 22983333334
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Figure 8. Comparison of Mises stress around the wellbore under different Poisson’s ratio conditions
after fracture sealing.

For the Mises stress distribution around the wellbore after sealing, Figure 8 shows
the Mises stress distribution around the wellbore with different reservoir elastic modulus
conditions and azimuth angles. It can be clearly seen that compared to the horizontal
stress difference and reservoir elastic modulus, the change in Poisson’s ratio has a smaller
impact on the stress distribution of Mises around the wellbore. From the graph, it can
be seen that as Poisson’s ratio of the reservoir increases, the Mises stress around the well
shows a significant downward trend overall. This indicates that after fracture sealing,
low Poisson’s ratio rocks are more prone to significant equivalent stress concentration
compared to high Poisson’s ratio rocks. Specifically, when Poisson’s ratio is low, the Mises
stress curve is steeper and the values are higher, indicating a lower stress diffusion ability
of rock materials under the influence of blockage. As Poisson’s ratio increases, the Mises
stress curve becomes smoother and the peak value significantly decreases, indicating that
high stress concentration is less likely to occur near the wellbore, reducing the risk of
instability or failure. Therefore, in practical engineering, Poisson’s ratio characteristics of
reservoirs should be comprehensively considered, and more effective stress control and
sealing materials should be used in low Poisson’s ratio reservoirs to reduce the risk of
wellbore instability. In general, Poisson’s ratio has a comparatively minor effect.
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4.4. Influence of Fracturing Fluid Viscosity

In addition, the viscosity of fracturing fluid is also a key parameter. In this section,
establishing the viscosity parameters of fracturing fluid and studying the effect of changes
in fracturing fluid viscosity on wellbore plugging are performed. The viscosity of the
fracturing fluid is set to 1, 10, 100, 500, and 1000 mPa-s, respectively, and the geostress
ratio is 1. Other main parameters are shown in Table 1. After sealing the fracture, the
circumferential stress on the wellbore wall at 0~90° was compared with different fracturing
fluid viscosities, as shown in Figure 9.
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Figure 9. Comparison of Mises stress around the wellbore under different fracturing fluid viscosity
conditions after fracture sealing.

For the Mises stress distribution around the wellbore after plugging, Figure 9 shows
the Mises stress distribution around the wellbore with different fracturing fluid viscosities
and azimuthal angles. It can be clearly seen that compared to the horizontal stress difference
and reservoir elastic modulus, the changes in fracturing fluid viscosity and Poisson’s ratio
have a relatively small impact on the stress distribution of Mises around the wellbore. From
the graph, it can be observed that as the viscosity of the fracturing fluid increases, the overall
Mises stress level around the well gradually increases and reaches the stress peak near
an angle of 40°. The Mises stress corresponding to low viscosity fracturing fluid (such as
Fv =1mPa - s) is relatively low, while the stress corresponding to high viscosity fracturing
fluid (such as Fv = 1000 mPa - s) is significantly increased, especially in the range of 20~60°,
where the stress curve differentiation is more obvious. In addition, as the angle increases to
90°, all curves show a downward trend, but the high viscosity liquid still maintains a high
stress value, indicating a stronger stress concentration phenomenon near the wellbore. After
the fracture is sealed, the viscosity of the fracturing fluid affects the Mises stress around the
wellbore. High viscosity fracturing fluid induces higher equivalent stress near the wellbore,
which may be related to its longer retention time and more significant plugging effect.
However, excessive Mises stress may increase the risk of wellbore instability. Therefore,
in the design of hydraulic fracturing and plugging, the viscosity of the fracturing fluid
should be reasonably selected to balance the relationship between plugging efficiency and
wellbore mechanical stability.
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5. Conclusions

While numerous successful field cases have been documented in the drilling industry,
the fundamental mechanisms of wellbore plugging—particularly the localized stresses
within the wellbore and fractures—remain inadequately understood. In order to better
understand the sealing of wellbore fractures, the finite element model presented in this
paper shows local circumferential stress. The impact of various parameters was analyzed
using simulation results, leading to the following conclusions.

(1) As the horizontal stress difference (S /Sp) increases, the peak Mises stress around
the wellbore significantly increases, and the anisotropy of stress exacerbates the risk
of wellbore instability. When Sg;/Sp, > 1.4, it is necessary to strengthen wellbore rein-
forcement and pressure control and optimize wellbore orientation to avoid high stress
concentration areas. The stress isotropic (S /Sy = 1) condition has the best stability.

(2) The increase in reservoir elastic modulus (10-30 GPa) leads to an increase in Mises
stress around the wellbore, with significant stress concentration at the 30-40° azimuth
angle. High modulus reservoirs (>20 GPa) are prone to wellbore instability due to
increased rigidity, and it is necessary to optimize sealing materials to alleviate stress
concentration; low modulus reservoirs (<15 GPa) have strong deformation ability but
need to prevent wellbore shrinkage. Elastic modulus is a key control parameter for
sealing design and wellbore stability.

(3) Anincrease in Poisson’s ratio (0.20~0.30) leads to a decrease in Mises stress around the
wellbore, while low Poisson’s ratio (<0.25) results in more significant stress concen-
tration in the reservoir, requiring strengthened sealing measures; high Poisson’s ratio
(>0.28) reservoirs have a smoother stress distribution and better stability. Compared
to the difference in geostress and elastic modulus, Poisson’s ratio has a weaker impact,
but it is still necessary to optimize the sealing design in low Poisson’s ratio reservoirs
to reduce the risk of instability.

(4) The increase in viscosity of fracturing fluid leads to an increase in Mises stress around
the well, with the most significant stress concentration occurring at a 40° azimuth angle.
High viscosity (>500 mPa - s) fracturing fluid exacerbates wellbore stress concentration,
and viscosity optimization is needed to balance sealing effectiveness and stability;
although low viscosity (<10 mPa - s) results in lower stress, the sealing efficiency may
be insufficient. The influence of viscosity is weaker than that of stress difference and
elastic modulus, but it still needs to be reasonably controlled during construction.

In practical applications, the damage evolution process of prefabricated fractures is more
complex, and fracture propagation has different dynamic characteristics. Therefore, this factor
should be considered in practical applications, and the selection of wellbore direction and
LCM should be optimized based on numerical simulation and actual site conditions.
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