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Abstract: The lithology of the transitional facies of the Longtan Formation in the southern
Sichuan Basin is complex, with soft/hard thin interlayers of mud shale, sandstone, and lime-
stone. Drilling this layer often results in wellbore instability, including frequent blockages,
tripping resistance, and sticking. This study focuses on a shale gas block in the Longtan
Formation in Zigong, where a geomechanical profile was established by integrating ground
stress, rock parameter tests, and logging data. The critical collapse pressure was calculated,
and wellbore instability was simulated using the Mohr–Coulomb failure criterion and
the discrete element method. Results indicate significant variability in the mechanical
strength of the rocks, with notable longitudinal heterogeneity and a high risk of wellbore
instability. The critical collapse pressure equivalent density ranges from 1.05–1.69 g/cm3.
Under low-density conditions, wellbore expansion and reduction coexist due to local shear
and dropping. Even when the drilling fluid density exceeds the collapse pressure equiv-
alent, stress imbalance can still cause localized dropping at lithologic interfaces. These
findings offer valuable insights into the mechanical mechanisms behind wellbore instability
in formations with soft/hard thin interlayers and provide guidance for the prevention and
control of wellbore instability and associated risks.

Keywords: Longtan formation; thin interlayer; wellbore instability; discrete element method

1. Introduction
Wellbore collapse and the instability of wellbores may lead to pump blockages and

wellbore pressure fluctuations, as well as complications such as tripping resistance, ream,
circulation loss, sticking, and buried pipe issues [1,2]. These are among the key constraints
for achieving safe and efficient drilling. The Permian Longtan Formation in the Zigong area
of southern Sichuan is a marine–terrestrial transitional depositional system, specifically
characterized by fluvial overbank and tidal flat deposits [3]. The formation exhibits com-
plex and variable lithology, including bauxite mudstone, gray-black shale, siltstone, fine
sandstone, limestone, and coal, with multiple thin interlayer lithologies. For a long time,
wellbore instability in the Longtan Formation has been a common challenge in drilling
the Upper Permian in the eastern and southern Sichuan Basin. In recent years, during the
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large-scale development of shale gas in the southern Sichuan region, frequent wellbore
instability and sticking incidents in the Longtan Formation have become key obstacles to
accelerating drilling in the upper formations.

The primary causes of frequent wellbore instability are believed to be the unbalanced
stress around the wellbore after its formation, hydration of the shale, and weak structural
planes such as natural fractures [4–7]. Correspondingly, scholars have successively es-
tablished various constitutive models for wellbore instability, including the linear elastic
analytical model [8], the elastoplastic model [9], the thermo-poroelastic model [10], and
the chemo-poroelastic model [11]. Additionally, they have developed multi-field cou-
pling wellbore instability models considering single or grouped weak planes, such as
fluid–solid, fluid–solid–chemical, thermo–fluid–solid, and fluid–solid–chemical–thermal
models [2,12,13]. Although these models have made progress in predicting wellbore sta-
bility, most assume homogeneous or simple layered formations, making it difficult to
accurately describe the impact of soft/hard thin interlayers on wellbore stability [14–17].
While significant advancements have been made in wellbore stability, several critical limita-
tions remain. Most existing models rely on the assumption of homogeneous or simplified
layered formations, which fail to adequately capture the effects of frequent vertical litholog-
ical variations and soft/hard thin interlayers that significantly influence wellbore stability.
Additionally, conventional failure criteria such as the Mohr–Coulomb and Drucker–Prager
models, while effective for assessing overall stability, are insufficient in accurately mod-
eling localized stress concentrations, shear failure, and block detachment at lithological
interfaces [18–20]. Furthermore, traditional approaches that focus on increasing drilling
fluid density to mitigate instability have proven to be inadequate [21]. Logging data shows
that the Longtan Formation commonly exhibits characteristics of shale interspersed with
hard sandstone/limestone. The existing wellbore instability models have not adequately
explained this wellbore instability phenomenon and its control mechanisms.

This paper takes the Longtan Formation in the Zigong area of southern Sichuan as
its research object. Through laboratory experiments on rock mechanics and in situ stress
parameters, combined with logging data, a single-well geomechanical profile of a typical
well is established to analyze the potential wellbore instability characteristics of the Longtan
Formation. Furthermore, the discrete element method is used to simulate the wellbore
instability characteristics under conditions of thin interbeds in the complex lithology of the
Longtan Formation. This approach allows for a more accurate representation of localized
shear failure, stress redistribution, and block detachment at lithological interfaces, which
are typically overlooked by conventional models. This study innovatively integrates ge-
omechanical profiling with numerical simulation to address the limitations of traditional
wellbore stability models that fail to capture the effects of lithological heterogeneity. Addi-
tionally, by analyzing the impact of drilling fluid density variations, this paper provides
new insights into the limitations of conventional mud weight control strategies. The results
offer valuable support for safe and efficient drilling operations in the Longtan Formation,
as well in as other formations with similar complex lithological characteristics, thereby
advancing the understanding of wellbore instability mechanisms and improving practical
drilling strategies.

2. Basic Characteristics of Formation
During the Late Paleozoic era, influenced by the Caledonian and Dongwu orogenies,

the Longtan Formation of the Upper Permian in the Zigong area of southern Sichuan
experienced several transgressions and regressions [3,22]. During regression periods, the
Upper Permian was characterized by coastal swamp, continental lake, localized riverbed,
and coal-bearing swamp deposits. The lithology mainly consisted of bauxite mudstone,
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tuffaceous sandstone, and shale. During transgression periods, it was characterized by
shallow marine deposits, with lithologies primarily consisting of limestone, bioclastic
limestone, and shale. The base is marked by a boundary between gray bauxite mudstone
and the underlying light gray-brown limestone of the top of the fourth section of the
Maokou Formation, presenting an unconformable contact. This depositional background
created the lithological characteristics of the Longtan Formation, which includes interlayers
of mudstone, shale, tuffaceous sandstone, limestone, and thin coal.

Logging data (Figure 1) similarly indicates that the lithology of the Longtan Formation
in the Zigong area of southern Sichuan is complex, with a significant occurrence of wellbore
collapse. The average wellbore enlargement rate is 8.17%, with the lower sections averaging
11.3% and reaching a maximum of 41.5%. Additionally, comparing the true formation
resistivity (Rt) and flushed zone resistivity (RXO) reveals minimal differences between the
two curves, suggesting that natural fractures in the formation are relatively underdeveloped.
The main causes of wellbore instability are most likely low-strength, easily hydrated shale
and coal formation, as well as the instability of thin interlayer strata.

Processes 2025, 13, x FOR PEER REVIEW 3 of 13 
 

 

Upper Permian was characterized by coastal swamp, continental lake, localized riverbed, 
and coal-bearing swamp deposits. The lithology mainly consisted of bauxite mudstone, 
tuffaceous sandstone, and shale. During transgression periods, it was characterized by 
shallow marine deposits, with lithologies primarily consisting of limestone, bioclastic 
limestone, and shale. The base is marked by a boundary between gray bauxite mudstone 
and the underlying light gray-brown limestone of the top of the fourth section of the 
Maokou Formation, presenting an unconformable contact. This depositional background 
created the lithological characteristics of the Longtan Formation, which includes interlay-
ers of mudstone, shale, tuffaceous sandstone, limestone, and thin coal. 

Logging data (Figure 1) similarly indicates that the lithology of the Longtan For-
mation in the Zigong area of southern Sichuan is complex, with a significant occurrence 
of wellbore collapse. The average wellbore enlargement rate is 8.17%, with the lower sec-
tions averaging 11.3% and reaching a maximum of 41.5%. Additionally, comparing the 
true formation resistivity (Rt) and flushed zone resistivity (RXO) reveals minimal differ-
ences between the two curves, suggesting that natural fractures in the formation are rela-
tively underdeveloped. The main causes of wellbore instability are most likely low-
strength, easily hydrated shale and coal formation, as well as the instability of thin inter-
layer strata. 

 
Figure 1. Lithology and logging curve diagram of the Longtan Formation in a shale gas well in
southern Sichuan.



Processes 2025, 13, 727 4 of 12

3. Geomechanical Parameter Test and Analysis
Selected rock samples from the Longtan Formation in the Zigong area of southern

Sichuan were subjected to stress magnitude testing using the differential strain analysis
method [23]. The differential strain analysis method operates on the principle that a core
sample, under the influence of in situ stress in the formation, remains compressed, and
naturally occurring fractures remain closed. Once the core is brought to the surface and the
stress is released, the rock expands, generating microfractures whose opening magnitude
and orientation are closely related to the original in situ stress field. To determine the
magnitude of in situ stress, a complete core with a marked orientation is selected from
the field. This core is then machined into a cubic sample, fitted with strain gauges, and
placed into a pressure chamber. Various levels of confining pressure are applied, and
the strain responses in each direction are recorded. Through tensor analysis of these
strain measurements, the magnitudes and orientations of the principal stresses can be
obtained. The experimental results, as shown in Table 1, indicate that the vertical, maximum
horizontal, and minimum horizontal principal stress gradients of the Longtan Formation
are 2.47 MPa/100 m, 2.72 MPa/100 m, and 2.34 MPa/100 m, respectively, indicating an
overall strike-slip stress state. Principal stress gradients refer to the rate at which the three
principal stresses change with respect to the true vertical depth (TVD). The magnitude
of the principal stress gradient is calculated by dividing the principal stress (measured
using the differential strain analysis method) by the TVD. Influenced by regional tectonics,
the direction of the in situ stress in the Longtan Formation in this area is predominantly
east–west, with the main distribution around 90◦ to 110◦.

Table 1. Experiment on crustal stress of Longtan Formation in southern Sichuan.

Formation Depth
/m

Vertical
Stress
/MPa

Minimum
Horizontal
Principal

Stress/MPa

Maximum
Horizontal
Principal

Stress/MPa

Gradient of
Vertical Stress

/MPa

Gradient of
Minimum
Horizontal
Principal

Stress/MPa

Gradient of
Maximum
Horizontal
Principal

Stress/MPa

Longtan 3190 78.31 74.13 85.56 2.45 2.32 2.71
Longtan 3193 79.05 75.40 87.2 2.48 2.36 2.73

Ave. \ 78.68 74.77 86.88 2.47 2.34 2.72

Simultaneously, random outcrop samples from the Longtan Formation were selected
for uniaxial rock mechanics testing. The test results, as shown in Figure 2, indicate that
the uniaxial compressive strength of the samples ranges from 16.2 to 187.4 MPa, with
an average value of 84.9 MPa. The compressive strength test values show significant
fluctuations and exhibit a clear positive correlation with sample density. Combining this
with the density and gamma logging in Figure 1, it is evident that changes in sample
density to some extent reflect changes in formation lithology. Specifically, samples 3 to
23 are primarily shale, with relatively low rock compressive strength, while samples 24 to
26 and sample 31 are from limestone sections, exhibiting high rock mechanical strength with
an average uniaxial compressive strength of about 178.2 MPa. Sample 27, taken from a coal
interlayer, shows very low strength, displaying typical coal-rock mechanical characteristics.

Using the correlation formulas summarized by previous studies [24,25] on common
sandstone, shale, and limestone rock mechanics parameters and sonic logging parameters
in the Sichuan Basin, combined with the logging data of the target formation, a profile
of the rock mechanics parameters of the target formation can be derived. As shown in
Figure 3, the vertical rock mechanics parameters, including uniaxial compressive strength,
elastic modulus, Poisson’s ratio, cohesion, and internal friction angle, exhibit significant
heterogeneity and large fluctuations. Specifically, the uniaxial compressive strength ranges
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from 45.2 to 112.3 MPa, the elastic modulus ranges from 18,850 to 39,910 MPa, Poisson’s
ratio ranges from 0.213 to 0.315, cohesion ranges from 4.29 to 26.54 MPa, and the internal
friction angle ranges from 27.7◦ to 38.4◦. These results are generally consistent with the
aforementioned mechanical testing and the lithological characteristics of the formation.
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Based on the depth of stress testing samples and the experimental data on in situ
stress magnitudes combined with the rock physical parameters interpreted from logging
data, the horizontal tectonic stress coefficient for the target formation was calculated
using the structural stress coefficient method proposed by Huang Rongzun [26] with the
following formula.

σH =
µ

1 − µ
(σv − αPp) + αPp +

E
1 − µ

ξH +
Eµ

1 − µ
ξh (1)

σh =
µ

1 − µ
(σv − αPp) + αPp +

Eµ

1 − µ
ξH +

E
1 − µ

ξh (2)



Processes 2025, 13, 727 6 of 12

In the formula, σv, σH, and σh represent the vertical, maximum horizontal, and min-
imum horizontal in situ stresses, respectively, in MPa. µ is Poisson’s ratio of the rock
(dimensionless). E is the elastic modulus of the rock in MPa. Pp is the formation pressure in
MPa. α is the Biot coefficient of the rock. ξH and ξh are the tectonic stress coefficients in the
directions of the maximum and minimum horizontal stresses, respectively (dimensionless).
Based on experimental data, the horizontal tectonic stress coefficients for the target interval
were determined to be 7.9504 × 10−4 and 6.1258 × 10−4, respectively.

Given the known in situ stress and rock mechanics parameter profiles for a single well,
the critical collapse pressure equivalent density of the wellbore can be calculated using the
Mohr–Coulomb failure criterion for vertical wellbore rock. As shown in Figure 3 (right),
the collapse pressure equivalent density of the Longtan Formation wellbore ranges from
1.05 to 1.69 g/cm3, with an average value of 1.44 g/cm3. This is generally lower than the
density of the drilling fluid used in practice (1.53 g/cm3). The critical collapse pressure
density of the lower Longtan Formation is relatively higher, locally exceeding the drilling
fluid density, making it a potential high-risk area of instability. This is consistent with the
borehole enlargement rate profile calculated from the logging data (Figure 1).

4. Discrete Element Simulation of Wellbore Instability in Thin
Interlayer Formation

The discrete element method, also known as the granular element method, is a nu-
merical simulation method proposed by Cundall [27] and widely used in the fields of
geotechnics, mining, and petroleum engineering to study the mechanical behavior of gran-
ular or cemented materials. In discrete element method (DEM) simulations, several basic
assumptions were made to simplify the model. These include the following: (1) each
particle is modeled as a rigid body with finite mass and is either spherical (3D) or circular
(2D); (2) particles can independently translate and rotate; (3) interactions occur only at
point contacts; (4) small overlaps between particles are allowed, with contact forces de-
termined by a force-displacement law; and (5) bonds can form at particle contacts, with
bond strength defined by the user [27,28]. These assumptions, based on conventional
DEM frameworks, ensure the computational efficiency and feasibility of simulating large
systems [29,30]. In recent years, some scholars have introduced discrete element methods,
such as particle flow code (PFC), into the study of wellbore stability [31–33]. These methods
demonstrate significant advantages in aspects such as large wellbore deformations, weak
plane cementation, discrete fracture networks, and micro-mechanical analysis. Considering
the characteristics of the thin interlayer lithologies in the Longtan Formation, this paper
employs the discrete element method to establish a numerical model for wellbore instability
in the Longtan Formation.

As shown in Figure 4, an open hole section is established based on the actual size
of the borehole, with the formation consisting of thin interlayer structures of shale, sand-
stone, limestone, and coal. The discrete element model for wellbore instability consists of
29,980 particles, primarily simulating rock mineral particles. The bonding between particles
is represented using the linear parallel bond model, with different bonding strengths set
between particles to characterize the degree of rock cementation. Specifically, particles
are grouped, and differentiated mechanical parameters are assigned to different groups of
particles and their bonds to represent the rock mechanical properties of various lithologies.
Detailed information can be found in Table 2.
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Table 2. Particle and cementation parameter assignment for the discrete element model of wellbore
instability [29,34,35].

Parameter
Value

Shale Siltstone Sandstone Limestone Coal

Density of particle (g/cm3) 2.7 2.7 2.7 2.7 1.8
Mean particle radius of particle (mm) 7.5 7.5 7.5 7.5 7.5

Contact modulus of particle (MPa) 20,000 30,000 35,500 40,000 8000
Stiffness ratio of particle 2.6 2.0 1.5 1.5 2.0

Friction coefficient of particle 0.45 0.55 0.6 0.52 0.35

Effective modulus of parallel bond (MPa) 20,000 30,000 35,500 10,000 8000
Stiffness ratio of parallel bond 2.6 2.0 1.5 1.5 2.0

Tensile strength of parallel bond (MPa) 2.0 5.0 6.0 6.0 1.0
Cohesion strength of parallel bond (MPa) 10 20 30 25 4

Friction angle of parallel bond (◦) 30 35 40 38 25

Based on the numerical model, stress boundaries are applied to the model in accor-
dance with the in situ stress test results for the Longtan Formation as shown in Table 1.
Additionally, fluid pressure is assigned between the particles in the model according to
the actual pore pressure coefficient (1.32 g/cm3), and the wellbore fluid column pressure
is assigned based on the actual drilling fluid density (1.53 g/cm3). The flow of formation
fluids and drilling fluids follows Darcy’s law. The stress exerted on the particles directly
affects the size of the flow channels, and the fluid pressure between the particles simultane-
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ously acts back on the rock particles, influencing particle movement and the cementation
failure behavior between particles. This simulation process is a fluid–solid coupling process,
detailed in references [36,37].

As shown in Figure 5, under the combined control of the in situ stress field, fluid
pressure field, and rock mechanical strength in the open hole section, the wellbore exhibits
characteristics of local instability in weak formations such as shale and coal seams. The
primary cause of instability and falling blocks in the upper thin coal layers is probably the
low strength of the rock itself. In the lower thin interlayer sections of shale, sandstone, and
limestone, wellbore instability is more pronounced, particularly at lithological interfaces. It
is believed that instability and falling blocks in the shale layers at lithological interfaces can
disrupt the stress equilibrium, potentially triggering the collapse of relatively high-strength
sandstone and limestone formations. Because these types of blocks have high mechanical
strength, they are not easily fragmented. Once fallen, they tend to form local ledges, often
leading to difficulties in tripping and stuck pipe incidents. When drilling through the
Longtan Formation and other formations with thin interbeds of hard and soft layers is
carried out, irregular hard blocks are frequently returned, and the wellbore tends to form
ledges, consistent with the simulation results. Meanwhile, the right image shows that
micro-scale shear failure events occur in the rock mass around the wellbore at heights
consistent with the unstable layers, indicating that shear failure of the rock is the primary
mechanical mechanism inducing wellbore instability and falling blocks.
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Figure 6 illustrates the impact of drilling fluid density changes on the wellbore stability
of thin interlayer formations with varying hardness. When the drilling fluid density is
1.3 g/cm3, severe collapse and enlargement occur in the lower part of the wellbore, with
a maximum enlargement rate of 40.8%. In the middle and upper parts of the borehole,
insufficient support from the drilling fluid leads to a certain necking, with a maximum
necking rate of 15.8%. As the drilling fluid density increases to 1.5 g/cm3, the phenomena
of falling blocks and collapse are effectively curbed. Localized block falls mainly occur in
the coal and the thin interlayer sections of lower shale and hard sandstone/limestone, with
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a maximum enlargement rate of 34.1%. Simultaneously, under these conditions, a certain
necking also occurs in the borehole near the block fall positions, with a necking rate of
6.4%. The analysis suggests that the dilatancy effect during the shear instability process
of the rock and local deformation caused by stress imbalance are significant reasons for
the coexistence of borehole enlargement and necking in unstable areas. This also aligns
with field feedback, where wellbore instability areas in vertical sections often experience
tripping resistance and back-reaming issues.
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As the drilling fluid density increases to 1.7 g/cm3, the simulation results show that
the wellbore remains stable overall, with no significant necking phenomena. However,
localized falling blocks still occur at the lithological interfaces in the lower thin interlayer
sections of soft and hard formations. This indicates that insufficient support from fluid
column pressure is no longer the primary cause of wellbore block falls. Instead, the stress
imbalance at lithological interfaces, caused by the differences in macroscopic in situ stress,
fluid pressure field, and rock mechanical strength, is most likely the main reason for block
falls. These wellbore block falls are often difficult to prevent by increasing the fluid density
and are a significant risk factor in inducing sticking during drilling. Finally, through
the overall analysis of Figure 6, it is observed that wellbore block falls and instability in
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long open hole sections with thin interlayer formations tend to occur in the middle and
lower parts of the borehole. This area is often where large-diameter drilling collars and
downhole tools are located, further increasing the risk of tripping resistance and sticking.
These factors need to be considered when preventive measures for sticking during drilling
are implemented.

5. Conclusions
1. In the Longtan Formation of the Zigong area in southern Sichuan, the vertical, maximum

horizontal, and minimum horizontal principal stress gradients are 2.47 MPa/100 m,
2.72 MPa/100 m, and 2.34 MPa/100 m, respectively, indicating a strike-slip stress state.
Vertically, the formation consists of thin interlayer structures of various lithologies,
with significant differences in rock mechanical strength between layers, resulting in
marked heterogeneity and a high risk of wellbore structural–mechanical instability.

2. Based on the geomechanical parameter profile of the Longtan Formation, the Mohr–
Coulomb failure criterion was used to calculate the critical collapse pressure equiva-
lent density of the wellbore, which ranges from 1.05 to 1.69 g/cm3. At certain weak
layers such as shale or lithological interfaces, the wellbore collapse pressure exceeds
the actual drilling fluid density (1.53 g/cm3), making these points potential triggers
for wellbore instability and falling blocks.

3. A fluid–solid coupled discrete element model of wellbore instability was established
for the multi-lithology thin interlayer structure of the Longtan Formation. The in-
stability simulation results with varying drilling fluid densities show that under
low-density conditions, both wellbore enlargement and necking coexist. Under high-
density conditions, due to stress imbalance, localized block falls may still occur at the
lithological interfaces of the soft and hard thin interlayer formations. These findings
are significant for revealing the mechanical mechanisms of wellbore instability in
thin interlayer formations during actual drilling and for guiding the prevention and
control of wellbore instability and associated risks.

6. Discussion
While this study provides new insights into wellbore instability mechanisms in the

Longtan Formation, several aspects warrant further investigation to improve the applicabil-
ity of the proposed approach. Future research could focus on the following key directions:

1. The current study is based on a single-well geomechanical profile and numerical
simulations. To enhance its applicability, future work could extend this approach to
multi-well case studies and field-scale analyses, incorporating real-time drilling data
to validate the model’s predictive accuracy under varying geological conditions.

2. This study primarily considers stress redistribution and lithological heterogeneity.
However, the inclusion of anisotropy, thermal effects, and chemical interactions could
further refine wellbore stability predictions. For instance, thermal expansion and
hydration effects may significantly alter the mechanical behavior of rock, particularly
in formations with high clay content.

3. With advancements in big data analytics and artificial intelligence, future studies
could integrate machine learning algorithms with geomechanical modeling to develop
real-time, data-driven wellbore stability forecasting systems. By training models on
large datasets from different well conditions, predictive accuracy and drilling risk
mitigation strategies could be significantly improved.
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