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Abstract: The development of cracks and solution cavities in carbonate reservoirs can notably
reduce the rock’s mechanical properties, leading to a severe wellbore collapse problem during drilling
operations. To clarify the influence of the characteristics of cracks and solution cavities on the wellbore
stability in the Dengying Formation carbonate reservoir in the Gaoshiti–Moxi area of Sichuan, the
mechanical properties of carbonate rock were analyzed. Then, the influences of the attitude and
width of cracks, the size and quantity of solution cavities, and their connectivity on wellbore stability
were studied using FLAC3D 6.00 numerical simulation software. Our results show the following:
(1) The cracks and solution cavities in the Dengying Formation carbonate rock cause significant
differences in the rock’s mechanical properties. (2) The equivalent drilling fluid density of collapse
pressure (ρc) considering the effects of cracks and solution cavities is 6.4% higher than without these
effects, which is in good accordance with engineering practice. Additionally, cracks play a more
significant role than solution cavities in affecting the wellbore stability. (3) When the orientation of a
crack is closer to the direction of maximum horizontal stress, and the dip angle and width of the crack
increase, the stress and deformation at the intersection of the crack and wellbore gradually increase,
and correspondingly, ρc also increases. (4) The stress and displacement of various points around the
solution cavities gradually increase with the increases in diameter and quantity of solution cavities,
and ρc also increases. (5) Compared with the situation where cracks and solution cavities are not
interconnected, the stress disturbance area around the wellbore is larger, and ρc is greater when
cracks and solution cavities are interconnected.

Keywords: wellbore stability; dengying formation; carbonate rocks; cracks and solution cavities
characteristics; numerical simulation

1. Introduction

Wellbore instability, which is the key to impeding quality and efficient drilling, is
the focus of attention in the petroleum engineering field [1–6]. In particular, carbonate
rocks are tricky for oil and gas drilling because they are full of unpredictable cracks and
solution cavities [7–10]. These features can disrupt the pressure distribution and weaken
the rock, leading to instability issues of the wellbore in the drilling process [11,12]. The
instability of the wellbore in carbonate formation has perplexed engineers and researchers,
even though this problem has been on the research radar for a while now [13–15], especially
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since there is still a lot we do not know about how these cracks and solution cavities affect
the wellbore stability.

It is a common understanding that cracks and solution cavities play a key role in
affecting the wellbore stability in carbonate formation. Undoubtedly, the cracks can affect
the rock’s mechanical properties and fluid flow in the formation, resulting in instability
of the wellbore. Yan et al. [16], Zhang et al. [17], Liu et al. [18], and Karatela et al. [19]
pointed out that the crack’s properties, such as strength and friction, are crucial for the
wellbore stability. Cui et al. [20] discovered that the weak plane effect is significant, and the
borehole wall is prone to collapse along the crack. Liu et al. [21] believe that the higher risk
of wellbore instability may correspond to the formation with relatively high permeability,
porosity, and gas saturation. Zhang et al. [22] found that cracks would promote rock
hydration and then weaken the stability of the wellbore. On the other hand, the size and
distribution of formation pores have a significant impact on wellbore stability. The size
and distribution of pores can greatly affect the effectiveness of mud in supporting the
wellbore [23]. Pore throats can affect the flow of drilling fluid in the formation and change
the wellbore stability condition [24,25]. Moreover, pores can also impact the pore pressure
distribution and ultimately result in a different wellbore collapse condition [26]. Researchers
have tried various ways to evaluate the stability of wellbores in the formation of cracks and
solution cavities. For example, Gentzis et al. [27] utilized lithological descriptions to predict
rock strength parameters and subsequently introduced a wellbore stability evaluation
method based on finite element theory. Based on a Monte Carlo probability analysis and
the Mogi-Coulomb failure criterion, AI-Ajmi et al. [28,29] proposed a method for evaluating
the wellbore collapse pressure of a carbonate reservoir. Karatela et al. [19] and Karatela and
Taheri [30] established a discrete element numerical model to study the wellbore stability
of fractured shale formation. Guo et al. [31] proposed a generalized H-B criterion model
based on acoustic data for evaluating the wellbore stability of multi-set fractured limestone
formation. Liu et al. [32] employed the fractal method to fit the functional relationship
between the cohesion, internal friction angle, and fractal dimension of micro-fractured
rocks and then developed a wellbore stability evaluation method for fractured carbonate
formation. Based on the thermo-poroelastic medium theory, Gomar et al. [33] proposed
a wellbore stability evaluation method for porous formation. These studies attempted to
obtain a method to evaluate the wellbore stability of carbonate formation, considering the
effect of cracks and solution cavities. Still, many of these studies did not fully address how
unevenly distributed these cracks and solution cavities can be.

As mentioned above, although scholars have recognized that the development of
cracks and solution cavities is a key factor influencing the wellbore stability of carbonate
formation, and some methods for evaluating its wellbore stability were obtained, there is
currently a lack of systematic research on the influence of the distribution characteristics
of cracks and solution cavities on the wellbore stability in carbonate formation. In the
present work, the characteristics of cracks and solution cavities, the mechanics properties
of the carbonate rock in the Ordovician Dengying carbonate reservoir in the Gaoshiti–
Moxi area of the Sichuan Basin are analyzed using log interpretation, electron microscope
scanning experiments, and rock triaxial experiments. Then, employing the FLAC3D
numerical simulation software, the influence of the distribution characteristics of cracks and
solution cavities on the wellbore stability in carbonate formation is studied considering the
orientation and dip angle of the crack, size, and quantity of solution cavities, connectivity
of crack and solution cavity. These results can provide guidance for the drilling design in
the carbonate formation with developed cracks and solution cavities.

2. Reservoir Rock Characteristics and Engineering Problems
2.1. Geological Features of the Dengying Formation Carbonate Reservoir

The Dengying Formation carbonate reservoir of the Gaoshiti–Moxi area in the Sichuan
Basin sits within the Gaoshiti-Anpingdian-Moxi latent tectonic zone, depicted in Figure 1.
This formation is located in the eastern part of the ancient Anyue–Suining–Tongnan up-
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lift [34–36] and is characterized by its low and gentle structure. Shaped by intersecting
structural lines running north to south and east to west, the area is marked by moderate
elevations and a scarcity of faults. Notably, the seismic top structure here is more pro-
nounced and enclosed than the cold top structure. The Dengying reservoir, known for its
antiquity, exhibits notable plasticity and density, reinforced by strong compaction strength.
Dominated by fractured-vuggy reservoirs, it is defined by its fragmented nature and limited
capacity to withstand formation pressure. These geological features often lead to issues
such as formation collapse, blockages, and stuck drill strings during drilling operations,
presenting considerable challenges to the natural gas exploration and development efforts
in the area.
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2.2. Rock Cracks and Solution Cavities Characteristics

The rock samples were collected from the Dengying Formation at depths ranging from
4959 m to 5481 m of Well GS10 in the Gaoshiti–Moxi area of the Sichuan Basin using the
core drill bit, as shown in Figure 2. These rock samples were obtained when the drilling
operation reached the gas-producing reservoir. The dissolution pores in the rock of the
Dengying Formation exhibit a variety of shapes, predominantly irregular or nearly circular.
The distribution of these pores is notably uneven, often displaying band-like, honeycomb,
patchy, and scattered arrangements. The formation is rich in solution cavities, with an
average density of 26.45 per meter. Horizontal cracks are more common, followed by
inclined ones. A large number of small cracks are also presented, with quantity densities
ranging from 0.86 to 8.26 per meter. Notably, in the solution cavities and cracks, we observe
fillings of quartz, dolomite, and asphalt. Additionally, some cracks are observed to be
associated with solution cavities, indicating a complex interplay of geological processes.

2.3. Rock Mechanical Parameters

The triaxial compression tests on rock samples were conducted using a specialized
apparatus (GCTS Ltd., RTR–1500, Tempe, AZ, USA), adhering to the method specified in
the “Regulation for testing the physical and mechanical properties of rock—Part 20: Test
for determining the strength of rock in triaxial compression” (Chinese Standard, Standard
ID: DZ/T 0276.20–2015) [37]. The tests were carried out in accordance with the procedures
detailed by Zhang et al. [38], using the samples extracted from the 5182 m to 5187 m depth
interval of Well GS10, as shown in Figure 2. The results of these tests are listed in Table 1. A
notable observation is the increase in rock compressive strength and elastic modulus with
elevated confining pressure. However, the variation in the Poisson’s ratio with confining



Appl. Sci. 2024, 14, 10099 4 of 22

pressure is not evident. A significant disparity in compressive strength is observed across
different rock samples tested under identical confining pressure conditions. For instance, at
a confining pressure of 50 MPa, the highest compressive strength recorded is 53.63% greater
than the lowest. This substantial variation emphasizes the profound impact of cracks and
solution cavities on the mechanical characteristics of carbonate rock, thus highlighting the
distinct variability of the rock’s mechanical parameters.
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Figure 2. Rock samples collected from the Dengying Formation: (a) Brownish-gray solution cavities
in dolomite at a depth from 5480.27 m to 5480.41 m; (b) Dark gray dolomite with solution cavities at
a depth from 5460.12 m to 5460.22 m; (c) Light gray dolomite, at a depth from 4970.32 m to 4970.41 m;
(d) Blackish-gray muddy dolomite, at a depth from 4959.81 m to 4959.89 m.

Table 1. Rock parameters of the carbonate rock tested by the triaxial compression tests.

No. Compressive
Strength/MPa

Elastic
Modulus/GPa Poisson’s Ratio Confining

Pressure/MPa

1 143.61 33.45 0.23 0
2 264.20 46.32 0.32 50
3 415.38 53.55 0.24 60
4 174.99 41.10 0.22 0
5 402.31 48.84 0.29 50
6 390.08 50.06 0.26 60
7 197.03 36.20 0.23 0
8 358.30 49.30 0.27 50
9 383.27 50.01 0.23 60

10 253.11 38.41 0.24 0
11 261.86 49.34 0.21 50
12 391.34 49.19 0.28 60

2.4. Wellbore Instability Problem

A critical wellbore collapse incident occurred at a depth ranging from 5182 m to 5187 m
in Well GS10, which is located in the Gaoshiti–Moxi area of the Sichuan Basin. The target
reservoir in this area is the Dengying Formation. The Dengying Formation was designed as
the fifth opening section of Well GS10 with a drill bit diameter of 127 mm. This issue arose
while using an oil-based drilling fluid with a density of 1.14 g/cm3, which was initially
selected to prevent clay mineral hydration. However, this density decision did not factor in
the presence of cracks and solution cavities, leading to mechanical instability. As a remedial
measure, the density of the drilling fluid was increased to 1.24 g/cm3, which effectively
resolved the issue, allowing for the successful completion of the drilling operation in this
section. Subsequent imaging logging analysis highlighted the extensive development of
cracks and solution cavities in the formation. As depicted in Figure 3, notable features
included two large cracks with a dip angle of 19.81◦ and a maximum width of 10 mm and
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three solution cavities, each with an average diameter of 10 mm. According to the cutting
logging result based on the lithologic difference analysis, the maximum width of the crack is
bigger than 30 mm, and the largest diameter of the solution cavity is approximately 900 mm.
Therefore, the analysis concluded that these developed cracks and solution cavities were
the key contributors to the wellbore instability due to the mechanical properties of the
carbonate rocks decreasing significantly when the cracks and solution cavities appear in
the rock. This indicates that the influence of the distribution characteristics of cracks and
solution cavities on the wellbore stability in carbonate formation is worth further studying
to optimize the drilling design on the new wells in this area.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 23 
 

2.4. Wellbore Instability Problem 
A critical wellbore collapse incident occurred at a depth ranging from 5182 m to 5187 

m in Well GS10, which is located in the Gaoshiti–Moxi area of the Sichuan Basin. The 
target reservoir in this area is the Dengying Formation. The Dengying Formation was 
designed as the fifth opening section of Well GS10 with a drill bit diameter of 127 mm. 
This issue arose while using an oil-based drilling fluid with a density of 1.14 g/cm3, which 
was initially selected to prevent clay mineral hydration. However, this density decision 
did not factor in the presence of cracks and solution cavities, leading to mechanical 
instability. As a remedial measure, the density of the drilling fluid was increased to 1.24 
g/cm3, which effectively resolved the issue, allowing for the successful completion of the 
drilling operation in this section. Subsequent imaging logging analysis highlighted the 
extensive development of cracks and solution cavities in the formation. As depicted in 
Figure 3, notable features included two large cracks with a dip angle of 19.81° and a 
maximum width of 10 mm and three solution cavities, each with an average diameter of 
10 mm. According to the cutting logging result based on the lithologic difference analysis, 
the maximum width of the crack is bigger than 30 mm, and the largest diameter of the 
solution cavity is approximately 900 mm. Therefore, the analysis concluded that these 
developed cracks and solution cavities were the key contributors to the wellbore 
instability due to the mechanical properties of the carbonate rocks decreasing significantly 
when the cracks and solution cavities appear in the rock. This indicates that the influence 
of the distribution characteristics of cracks and solution cavities on the wellbore stability 
in carbonate formation is worth further studying to optimize the drilling design on the 
new wells in this area. 

 

 
Figure 3. Distribution of cracks and solution cavities in the 5182–5187 m section of Well GS10 in the 
Gaoshiti–Moxi area of the Sichuan Basin: (a) 5182–5185 m section; (b) 5184.5–5187.5 m section. 

Figure 3. Distribution of cracks and solution cavities in the 5182–5187 m section of Well GS10 in the
Gaoshiti–Moxi area of the Sichuan Basin: (a) 5182–5185 m section; (b) 5184.5–5187.5 m section.

3. Methodology and Model Parameters
3.1. Numerical Simulation Scheme

According to the real-life scenario of cracks and solution cavities characteristics in the
carbonate formation of the Gaoshiti–Moxi area of the Sichuan Basin (Figure 3), three factors
are considered for evaluating the influence of cracks and solution cavities on the wellbore
stability, including cracks characteristics, solution cavities characteristics and connectivity
between cracks and solution cavities. Based on the formation reality stated in Section 3.1,
the parameters setting of these factors in the numerical simulation is simplified through
an arithmetic progression to obtain the favorable rules regarding the influence of cracks
and solution cavities characteristics on the wellbore stability, as shown in Table 2. The
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total stresses are employed to determine the stability of the wellbore. This is because the
rock strength parameters, which are used for the numerical simulation, are calculated by
using logging data. Additionally, there is another reason for using total stress. Considering
the actual situation where a properly formed mud cake exists on the borehole wall, it
is assumed that the gas in the formation does not flow. The equivalent drilling fluid
density of collapse pressure (ρc) is calculated for these different conditions to analyze
these factors affecting the wellbore stability. The model designs of the angle of the crack
strike and the maximum horizontal principal stress direction (β), the dip angle of the crack
(θ), the solution cavity diameter (D), and the solution cavities quantity (N) are shown in
Figures 4–7, respectively.

Table 2. Parameters setting of the analytical factors for the numerical simulation.

Factor Parameter Parameters Setting Other Parameters

Cracks characteristics
β 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦ Lf = 10 mm, θ = 90◦

θ 0◦, 15◦, 30◦, 45◦, 60◦, 75◦, 90◦ Lf = 10 mm, β = 90◦

Lf 8 mm, 12 mm, 16 mm, 25 mm, 30 mm β = 90◦, β = 90◦

Solution cavities
characteristics

D 152 mm, 304 mm, 457 mm, 609 mm, 762 mm, 914 mm L = 300 mm

N

1 (Unilateral distribution), 2 (Symmetrical
distribution), 4 (Symmetrical distribution around the
circumference), 8 (Symmetrical distribution around

the circumference with two groups), 16 (Symmetrical
distribution around the circumference with

four groups)

L = 300 mm, D = 152 mm

Connectivity between
cracks and solution

cavities
Connectivity

Situation I: The cracks are not connected to the four
solution cavities.

Situation II: the cracks are connected to the four
solution cavities.

Lf = 10 mm, D =1 52 mm

β is the angle of the crack strike and the maximum horizontal principal stress direction, ◦; θ is the dip angle of the
crack, ◦; Lf is the crack width, mm; D is the solution cavities diameter, mm; N is the solution cavities quantity,
Integer; L is the distance from the solution cavities to the wellbore wall, mm.
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3.2. Numerical Simulation Method

The software FLAC3D, which is adept at calculating equivalent stress by assessing
the equivalent plastic strain, was employed for the numerical simulations. It is vital to
determine the stress state after the plastic yield of the surrounding rock. When the wellbore
rock’s plastic yield value surpasses its critical threshold, the convergence of the calculation
should be judged. If the calculation cannot converge, it signals a state of instability and the
potential failure of the surrounding rock.

Following the factors and parameters detailed in Table 2, the numerical simulation
to assess the influence of cracks and solution cavities on wellbore stability comprises
several stages:

(1) The stratum model containing the cracks and solution cavities according to the pa-
rameters setting as shown in Table 2 is created, the model parameters are set, and
initial stress and pore pressure are applied to the model. The model then undergoes a
calculation phase to achieve stress balance.

(2) Within this stratum model, a borehole is simulated. Since the main concern is the
deformation of the strata around the wellbore, the inside of the wellbore is set as a
certain pressure boundary condition considering the supporting effect of drilling fluid
on the wellbore wall. To ensure the stability of the rock surrounding the wellbore, a
high fluid column pressure is applied in the borehole at first.

(3) The fluid column pressure is gradually decreased. The point at which the wellbore
collapses with a fluid column pressure (Pc) is determined by the onset of plastic
deformation without a convergence result in the surrounding rock, and the Mohr–
Coulomb criterion is used to justify this plastic deformation. From this, the equivalent
drilling fluid density of collapse pressure (ρc) is calculated by dividing Pc by the
formation depth (H).

The numerical simulation flow chart is illustrated in Figure 8.
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3.3. Numerical Simulation Model

The numerical simulation model is designed as a 3-m cube featuring a vertical wellbore
at its center to replicate an actual wellbore, as illustrated in Figure 9a. In this setup, the four
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lateral sides of the model are fixed horizontally, while vertically, they are subject to free
boundary conditions. Normal stress is applied to the model’s outer boundaries to maintain
a balance between the internal and external forces. Given that the stresses in all three
directions exceed 120 MPa, the gravitational effect on the cube is considered negligible.
The mesh layout of the model is displayed in Figure 9b. A more accurate simulation result
can be obtained when a denser mesh is set compared to when a sparse mesh is set for
numerical simulation; thus, a denser mesh is generated around the wellbore area. After
establishing the numerical simulation model, as shown in Figure 9, the rock, cracks, and
solution cavities are generated by changing the material parameters of the designated
area in the numerical simulation model according to the numerical simulation scheme, as
introduced in Section 3.1.
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3.4. Model Parameters

By utilizing the well logging data for the 5182 m–5187 m section of Well GS10 (as
shown in Figure 10), the pore pressure and three in situ stresses (overburden pressure,
minimum principal stress, and maximum principal stress) were determined. The pore
pressure was calculated using the Eation method [39], and the three in situ stresses were
calculated using Huang’s model [40]. The parameters of the numerical simulation are
presented in Table 3. Due to the discrepancy in stress conditions between rock core tests
and the actual formation, rock parameters were first calculated using logging data and
then corrected with test results. Therefore, the rock strength parameters in Table 3 are
determined by total stresses since effective stress cannot be determined through well
logging interpretation.

Table 3. Parameters for numerical simulation.

Parameter Value

Maximum horizontal stress/MPa 154.08
Minimum horizontal stress/MPa 122.49

Vertical stress/MPa 142.58
Formation pressure/MPa 65.00

Elastic modulus of rock/GPa 49.52
Poisson’s ratio of rock 0.28
Cohesion of rock/MPa 20.52

Internal friction angle of rock/◦ 39.60
Elastic modulus of the fillings in cracks/GPa 25.68

Poisson’s ratio of the fillings in cracks 0.23
Cohesion of the fillings in cracks/MPa 7

Internal friction angle of the fillings in cracks/◦ 25.90
Elastic modulus of the fillings in solution cavities/GPa 3.85

Poisson’s ratio of the fillings in solution cavities 0.13
Cohesion of the fillings in solution cavities/MPa 7

Internal friction angle of the fillings in solution cavities/◦ 3.20
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4. Results and Analysis
4.1. Verification of the Numerical Simulation Results

Reflecting the imaging log data for the 5182–5187 m section of Well GS10, the numerical
model was designed to explore three situations: one without the influence of cracks
and solution cavities, another considering only the presence of cracks, and the third one
encompassing both cracks and solution cavities. In the latter two situations, the cracks
and solution cavities were determined based on the imaging logging chart, as depicted in
Figure 3. Two cracks with a dip angle of 19.81◦ were designed to cross the well in the model.
The width of one crack was 10 mm, while the width of the other was 3 mm. Ten solution
cavities were designed around the well, with diameters ranging from 3 mm to 20 mm and
an average value of 10 mm. The third case was consistent with the actual situation on
the site. Following the methodology mentioned in Section 3, the equivalent drilling fluid
densities of collapse pressure (ρc) were calculated for these varied conditions, as shown in
Table 4. Notably, ρc considering the impacts of both cracks and solution cavities increases
by 6.42% compared to ignoring cracks and solution cavities. Furthermore, ρc considering
both cracks and solution cavities increases by 1.75% compared with the value for only
considering cracks, and ρc considering only cracks increases by 4.59% compared with the
value for ignoring cracks and solution cavities. This indicates that cracks play a more
significant role than solution cavities in affecting the wellbore stability.

From a practical standpoint, as discussed in Section 3.1, the initial employment of
an oil-based drilling fluid with a density of 1.14 g/cm3, which overlooked the effects of
cracks and solution cavities, resulted in significant wellbore collapse. Adjusting the drilling
fluid density to 1.24 g/cm3 subsequently alleviated this problem. This practical situation
corresponds well with our simulation findings in Table 4, reinforcing the validity of our
numerical approach. By accounting for both cracks and solution cavities, this method offers
a more accurate and dependable means for assessing wellbore stability in the Dengying
Formation carbonate reservoir in the Gaoshiti–Moxi area of the Sichuan Basin.
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Table 4. Equivalent drilling fluid densities of collapse pressure for the three situations.

Situation Description Result/g·cm−3

Without considering cracks and
solution cavities The formation is considered as the intact rock 1.09

Only considering cracks
Two cracks with a dip angle of 19.81◦ are designed in the

formation model. The width of one crack is 10 mm, while the
width of the other is 3 mm

1.14

Considering cracks and solution cavities

Two cracks with a dip angle of 19.81◦ and ten solution cavities
are designed in the formation model. The width of one crack is
10 mm, while the width of the other is 3 mm. The diameters of

the solution cavities range from 3 mm to 20 mm, with an
average value of 10 mm. This situation is consistent with the

actual situation on the site

1.16

4.2. Influence of Cracks Characteristics on the Wellbore Stability
4.2.1. Influence of Crack Orientation on the Wellbore Stability

Figures 11 and 12 present the stress and displacement patterns around the wellbore,
varying with the angle (β) between the crack strike and the maximum horizontal principal
stress direction, as shown in Table 2. The observed trend is the following: with a decrease
in β, both the stress and displacement at all points around the wellbore gradually increase.
The lowest stress and displacement values are recorded when β equals 90◦. For instance, at
β = 0◦, the stress and displacement at point A are measured at 125.21 MPa and 1.53 mm,
respectively. In contrast, at β = 90◦, these values drop to 105.61 MPa and 1.25 mm, rep-
resenting decreases of 15.65% and 18.30%, respectively. This pattern suggests that when
cracks align parallel to the maximum horizontal principal stress, the stress and deformation
at the crack-wellbore intersection are at their peak. Conversely, these values progressively
reduce as β increases. This can be attributed to the following reasons: At β = 0◦, the maxi-
mum horizontal stress causes the cracks near the wellbore to undergo tensile expansion,
leading to concentrated stress and increased tensile displacement in the area. However, at
β = 90◦, the maximum horizontal stress tends to close the cracks, resulting in lesser stress
concentration and tensile displacement compared to the former situation.
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Figure 13 showcases the correlation between the equivalent drilling fluid densities
of collapse pressure (ρc) and the angle (β) between the crack strike and the maximum
horizontal principal stress direction. A notable trend emerges from the graph: ρc linearly
diminishes with an increase in β. Specifically, ρc is 1.26 g/cm³ at β = 0◦ but drops to
1.06 g/cm3 at β = 90◦, marking a substantial reduction of 15.87%. When considered along-
side the previously discussed stress and displacement data, this trend suggests a clear
rule: in situations where cracks run parallel to the maximum horizontal stress, vertical
cracks intersecting the wellbore are prone to tensile expansion. This expansion significantly
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contributes to the weakening and potential failure of the rock formation surrounding the
wellbore, thus resulting in the highest collapse pressure under these conditions.
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4.2.2. Influence of Crack Dip Angle on the Wellbore Stability

Figures 14 and 15 illustrate the variations in stress and displacement around the well-
bore in response to different crack dip angles (θ). Analyzing these figures leads to two
significant observations: First, an increase in θ results in both stress and displacement at
points around the wellbore. For example, at θ = 0◦, the stress and displacement at point A
are recorded at 82.58 MPa and 0.85 mm, respectively. At a higher angle of θ = 60◦, these
values increase to 102.56 MPa and 1.08 mm, indicating increases of 24.08% and 27.05%,
respectively. The rationale behind this trend is that as θ increases, more points along the
crack surface come closer to the wellbore. This proximity weakens the integrity of the sur-
rounding rock layers, preventing the formation of a uniformly stressed, arch-like structure
around the wellbore. Consequently, areas where cracks intersect the wellbore experience
heightened stress concentration and larger displacement, as shown in Figures 14 and 15.

Figure 16 presents the relationship between the equivalent drilling fluid density of
collapse pressure (ρc) and the crack dip angle (θ). The graph in Figure 16 illustrates that
ρc exhibits a linear increase as θ rises. For instance, ρc is calculated at 1.08 g/cm3 at θ = 0◦,
and it escalates to 1.41 g/cm3 at θ = 90◦, representing a substantial increase of 30.56% from
the initial value. Correlating this with the stress and displacement changes depicted in
Figures 14 and 15, it becomes evident that an increase in θ adversely affects the integrity
of the rock surrounding the wellbore. This weakening of the rock structure makes the
wellbore more prone to damage, thus leading to an increase in ρc with the rising θ.
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4.2.3. Influence of Crack Width on the Wellbore Stability

Figures 17 and 18 illustrate the variations in stress and displacement around the well-
bore concerning various crack widths (Lf). Notably, both the stress and the displacement
at different locations around the wellbore increase gradually as Lf increases. For example,
when Lf is 8 mm, the stress and displacement values at point A are 108.23 MPa and 1.27 mm,
respectively. However, when Lf is 30 mm, the stress and displacement values at point A rise
to 146.32 MPa and 1.52 mm, respectively. This represents a substantial increase of 35.13% in
stress and 19.68% in displacement compared to the previous values. This trend underscores
the fact that an expansion in the crack width leads to a reduction in the stability of the
surrounding rock, consequently resulting in elevated stress and displacement levels at
various points around the wellbore.
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Figure 19 presents the relationship between the equivalent drilling fluid densities of
collapse pressure (ρc) and crack widths (Lf). It is evident from the figure that ρc exhibits
a linear increase with the increase in Lf. For example, when Lf is 8 mm, ρc is measured
as 1.06 g/cm3, while for Lf = 30 mm, ρc increases to 1.33 g/cm3, representing a 25.47%
increment compared to the previous value. This observed increase can be attributed to the
reduced stability of the rock surrounding the wellbore as Lf increases, resulting from stress
concentration near the cracks, as demonstrated in Figure 17. Consequently, ρc exhibits an
upward trend with the growth of Lf.
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4.3. Influence of Solution Cavities Characteristics on the Wellbore Stability
4.3.1. Influence of Solution Cavities Size on the Wellbore Stability

Figures 20 and 21 present the variations in stress and displacement around the wellbore
for various solution cavity diameters (D). These figures reveal a consistent trend: stress and
displacement at different locations around the wellbore gradually increase with an increase
in D. For instance, when D is 152 mm, the stress and displacement values at point A are
measured as 201.03 MPa and 3.52 mm, respectively. However, with D increased to 914 mm,
the stress and displacement at point A rise to 256.32 MPa and 4.03 mm, respectively. This
represents a significant increase of 28.01% in stress and 14.48% in displacement compared
to the previous values.
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This phenomenon can be attributed to the lower mechanical strength of the fillings
within the solution cavities compared to the surrounding rock. In such cases, stress tends
to concentrate on the solution cavities wall due to the limited supporting capacity of the
fillings, as exemplified by the conditions observed at point A in Figure 20. Furthermore, this
stress concentration amplifies with the enlargement of D, leading to increased deformation
in the solution cavities area, as shown in Figure 21.

Figure 22 presents the relationship between the equivalent drilling fluid densities of
collapse pressure (ρc) and solution cavities diameter (D). The figure reveals an initial linear
increase in ρc with the growth of D, and ρc for the situation of D = 609 mm is increased by
14.12% compared with the situation of D = 152 mm. However, when D exceeds 609 mm,
there is no significant change in ρc. This phenomenon can be ascribed to the fact that when
the size of the solution cavities reaches a certain value, for example, D = 609 mm, it may
cause wellbore collapse and damage to the surrounding rock mass, thereby forming a
substantial cavity. As shown in Figure 21, the area (area B) with a displacement larger than
3.5 mm for D = 609 mm increases sharply compared to that for D = 457 mm. In this case,
the main factor affecting wellbore stability would be the damage to the rock between the
solution cavity and the borehole, and this cavity may become large enough to minimize the
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impact of further increases in solution cavity size on ρc. Therefore, the linear relationship
between the diameter of solution cavities and ρc rises to 609 mm and then becomes flat.
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4.3.2. Influence of Solution Cavities Quantity on Wellbore Stability

Figures 23 and 24 illustrate the variations in stress and displacement distribution
around the wellbore for varying solution cavity quantities (N). Notably, these figures
illustrate a consistent trend: as solution cavities quantity (N) increases, both stress and
displacement around the wellbore gradually rise. For example, when N = 1, the stress and
displacement values at point A are measured as 165.42 MPa and 2.78 mm, respectively.
However, with an increase in N to 16, the stress and displacement at point A increase to
178.62 MPa and 2.92 mm, respectively. This marks a notable increase of 7.98% in stress and
5.03% in displacement compared to the previous values.
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This trend can be attributed to the fact that an increase in the quantity of solution
cavities near the wellbore can compromise the integrity of the rock, significantly reducing
the stability of the surrounding rock mass. Consequently, stress and displacement around
the wellbore, particularly in proximity to the solution cavities, increase as N grows.

Figure 25 presents the relationship between the equivalent drilling fluid densities
of collapse pressure (ρc) and the number of solution cavities (N). Figure 25 reveals an
approximately linear increase in ρc with the growth of N. For instance, when N = 1, ρc is
measured at 1.18 g/cm3, whereas for N = 16, ρc increases to 1.31 g/cm3. This represents
a notable increase of 11.02% compared to the previous value. This trend indicates that
wellbore stability would significantly decrease with an increase in the number of solution
cavities. This decrease in stability is attributed to the compromised integrity of the rock
surrounding the wellbore, as mentioned above.
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4.4. Influence of Connectivity Between Cracks and Solution Cavities on the Wellbore Stability

Figures 26 and 27 illustrate the variations in stress and displacement distribution
around the wellbore under different conditions of cracks and solution cavities connectivity.
Figure 22 shows the following: (1) The disturbed stress area around the wellbore is 45.23%
larger for the condition of connected cracks and solution cavities compared to the condition
of disconnected cracks and solution cavities. (2) The stress around the wellbore is higher
when the cracks and solution cavities are connected. For instance, when the cracks and
solution cavities are disconnected, the stress at point A is measured as 222.25 MPa. How-
ever, when the cracks and solution cavities are connected, the stress at point A increases
to 278.62 MPa, representing a 25.36% increase compared to the previous condition. As
for Figure 27, it is observed that the connectivity of cracks and solution cavities has an
insignificant impact on the displacement of various points around the wellbore. This may
be because the connectivity of cracks and solution cavities does not significantly affect the
integrity of the surrounding rock, resulting in minimal differences in rock deformation
around the wellbore. However, when cracks extend through the solution cavities into the
formation, deformation of the solution cavities might lead to stress release, which would in-
crease the influence of cracks on the stress distribution around the wellbore. Consequently,
stress disturbance for the condition of connected cracks and solution cavities would expand
compared to the condition of disconnected cracks and solution cavities.

The equivalent drilling fluid densities of collapse pressure (ρc) under the conditions of
disconnected and connected cracks and solution cavities are 1.202 g/cm3 and 1.362 g/cm3,
respectively. It reveals that ρc for the condition of connected cracks and solution cavities
increases by 13.33% compared to that for the condition of disconnected cracks and solution
cavities. This emphasizes the importance of carefully surveying the connectivity of cracks
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and solution cavities during drilling design. It also highlights the need to pay greater
attention to carbonate formation with connected cracks and solution cavities during the
drilling process in such formation.
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Figure 27. Displacement nephogram around the wellbore for (a) disconnected cracks and solution
cavities; (b) connected cracks and solution cavities.

4.5. Sensitivity Analysis of Cracks and Solution Cavities Characteristics on the Wellbore Stability

Figure 28 shows the percentage of the maximum change in the equivalent densities of
collapse pressure under the circumstances of variations in crack orientation, crack dip angle,
crack width, solution cavities size, solution cavities quantity, and the connectivity between
cracks and solution cavities. As shown in Figure 28, cracks have a much more significant
impact on wellbore stability than solution cavities. When comparing the influencing factors
such as the orientation, dip angle, and width of cracks, the wellbore stability is most
sensitive to the crack dip angle, followed by the crack width and crack orientation. For
example, the equivalent drilling fluid densities of collapse pressure (ρc) for a crack dip angle
(θ) of 90◦ is 30.55% higher than that for θ = 0◦; ρc for a crack width (Lf) of 8 mm is 25.47%
higher than that for Lf = 30 mm; and ρc for a crack orientation (β) of 0◦ is 15.87% higher
than that for β = 90◦. Regarding the influencing factor of the solution cavity characteristics,
the solution cavity size has the greatest impact on the wellbore stability, followed by
the connectivity between cracks and solution cavities and the solution cavities quantity.
However, the difference in the influence among these solution cavities characteristics
factors is smaller than that of the cracks characteristics factors. It should be noted that
the sensitivity analysis of cracks and solution cavities characteristics on wellbore stability
here is based on the numerical simulation conditions and parameter settings, as shown
in Section 3.2, which is in line with the real-life scenario of cracks and solution cavities
characteristics in the carbonate formation in the Gaoshiti–Moxi area of the Sichuan Basin.
The results of the sensitivity analysis may be different if other formations or geological
conditions are studied.
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As previously discussed, the presence of cracks and solution cavities in carbonate
formation significantly diminishes the wellbore stability. In the case of vertical wells,
cracks oriented closer to the direction of maximum horizontal stress can lead to reduced
wellbore stability. Furthermore, the increased dip angle and width of cracks, along with
the greater quantity and size of solution cavities, including connected cracks and solution
cavities, all contribute to wellbore instability in carbonate formation. Consequently, a
meticulous survey of cracks and solution cavities is essential during the drilling design
phase for carbonate formation. This survey should encompass the relationship between
cracks and in situ stress, crack dip angle and width, solution cavity diameters and quantity,
as well as the connectivity of cracks and solution cavities. A comprehensive analysis of
the characteristics of cracks and solution cavities should then be integrated to evaluate
the wellbore stability. Ultimately, this approach enables the development of a reliable
drilling design that incorporates appropriate drilling fluid densities and excellent drilling
fluid properties. Such a design is crucial for ensuring the safety of drilling operations in
carbonate formation.

5. Conclusions

(1) Cracks and solution cavities are prevalent in the Dengying Formation carbonate
reservoir in the Gaoshiti–Moxi area of the Sichuan Basin. Horizontal cracks are
the most predominant, followed by inclined cracks, with an average crack density
ranging from 0.86 to 8.26 per meter. Additionally, there is a multitude of solution
cavities, with an average development density of 26.45 per meter. The extensive
development of cracks and solution cavities contributes to the discrete nature of the
rock’s mechanical parameters.

(2) Taking into account the influence of cracks and solution cavities, the equivalent
drilling fluid density for collapse pressure (ρc) in the 5182–5187 m section of Well
GS10 is determined to be 1.16 g/cm3. This represents a 6.42% increase compared to the
value obtained without considering the effect of cracks and solution cavities, which
aligns well with engineering practice. In addition, cracks play a more significant role
than solution cavities in affecting the wellbore stability.

(3) As the angle of the crack strike deviates further from the direction of maximum
horizontal principal stress, stress and displacement at all points around the wellbore
progressively increase, resulting in a linear increase in ρc. Similarly, as the dip angle
and width of cracks increase, both stress and displacement at the intersection of cracks
and the wellbore gradually intensify, leading to a linear increase in ρc.

(4) As the solution cavities diameter (D) increases, the stress and displacement at various
points around the wellbore gradually intensify, and initially, ρc increases linearly.
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However, when D exceeds 609 mm, there is no significant change in ρc. Additionally,
as the number of solution cavities increases, both stress and displacement around the
wellbore progressively rise, and ρc increases approximately in a linear trend.

(5) The disturbed stress area around the wellbore increases by 45.23% when cracks and
solution cavities are connected compared to when disconnected. Furthermore, the
stress around the wellbore is higher when cracks and solution cavities are connected
than when disconnected; ρc for the situation when cracks and solution cavities are
connected increases by 13.33% compared to when disconnected.
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