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Abstract

Coal seam casing deformation is a key engineering challenge restricting the efficient de-
velopment of coalbed methane. Frequent casing deformation in complex tectonic stress
zones seriously affects wellbore integrity and fracturing performance. This study takes the
in situ stress characteristics of coal seams and the mechanism of casing deformation as the
research objects, comprehensively employing theoretical analysis and numerical simulation
methods to systematically carry out in situ stress evaluation, numerical simulation of casing
deformation, and sensitivity analysis of formation dip angle. First, based on five indicators,
including stress difference, stress ratio, maximum shear stress, lateral pressure coefficient,
and failure proximity, a comprehensive risk index evaluation model was constructed, and
the analytic hierarchy process was used to determine the weights of each indicator. Second,
numerical simulations of casing deformation under different stress differences and rock
Young’s modulus conditions were carried out, and the influence of formation dip angle
variation on casing deformation was analyzed. The results show that in the in situ stress
reversal zones, multiple indicators overlap, indicating an extremely high risk of casing
deformation, with stress difference and stress ratio being the main controlling factors. For
the formation block in this study, when the stress difference exceeds 15 MPa, the radial dis-
placement of the casing increases significantly. In addition, when the formation dip angle
exceeds 50◦, casing deformation increases sharply, and the coupling effect of compression
and shear significantly increases the risk of casing deformation. The above results have
important guiding significance for casing deformation assessment in the target block.

Keywords: coalbed methane; in situ stress; numerical simulation; casing deformation;
formation dip angle

1. Introduction
Casing deformation in coal seams is a frequently encountered engineering challenge

during the development of shale gas and coalbed methane. Especially in complex tectonic
stress zones, casing damage directly affects wellbore integrity, fracturing effectiveness, and
single-well productivity [1,2]. In recent years, researchers have conducted extensive theoret-
ical analyses, experimental tests, and numerical simulations on in situ stress characteristics
and casing mechanical response mechanisms, achieving a series of important advances.

In terms of coalbed in situ stress and casing deformation risk assessment, researchers
generally agree that horizontal principal stress difference is the fundamental cause of
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non-uniform loading on the casing, leading to subsequent deformation. Under strike-slip
fault and reverse fault stress states, the horizontal principal stress exceeds the vertical
principal stress, subjecting the casing to significant lateral compressive loads [3–5]. Based
on statistical analyses of extensive measured in situ stress data, the distribution character-
istics of in situ stress in different basins and strata have been preliminarily revealed, and
casing deformation risk assessment methods based on parameters such as stress difference
have been established [6,7]. Studies show a significant positive correlation between casing
deformation and stress difference; when the stress difference exceeds a certain range, the
probability of casing deformation increases substantially. Regarding in situ stress testing,
hydraulic fracturing, acoustic emission, differential strain analysis, and well log inversion
are the most commonly used technical approaches, among which hydraulic fracturing
is considered an important method for coal-rock in situ stress measurement due to its
relative simplicity and reliable results [8–10]. Based on these methods, researchers have
systematically tested the in situ stress characteristics of coal seams with different coal ranks
and structural positions, revealing an overall linear increasing trend of coalbed in situ
stress with burial depth. However, due to the low strength and strong heterogeneity of
coal seams themselves, their in situ stress distribution often exhibits greater dispersion and
local anomalies compared to conventional sandstone layers [11,12]. Significant differences
exist between coal seam in situ stress and the surrounding roof and floor strata, with stress
release or stress concentration phenomena frequently occurring within the coal seam itself.
These differences are important causes of casing deformation, wellbore instability, and
asymmetric fracture propagation [13,14]. Some studies have further explored the relation-
ship between in situ stress and coal-rock mechanical parameters, finding that formation
mechanical parameters such as Young’s modulus, Poisson’s ratio, and compressive strength
are closely related to the magnitude and state of in situ stress. Coal-rock intervals with
low modulus and high Poisson’s ratio often correspond to lower stress levels or local
stress reversal [15–17]. However, existing research has mostly focused on the testing and
description of in situ stress data, while studies on multi-parameter fusion evaluation of
in situ stress and quantitative correlation with engineering risks remain relatively weak.
There is a particular lack of comprehensive evaluation methods for casing deformation risk
that consider in situ stress heterogeneity and local anomalies.

Regarding numerical simulation of casing deformation, the finite element method
has been widely used to analyze casing mechanical response under different working
conditions. By establishing casing-cement sheath-formation assembly models and setting
different stress differences, rock mechanical parameters, cement sheath properties, and
construction conditions, researchers have simulated the radial displacement, stress dis-
tribution, and plastic yield characteristics of casings [18,19]. Studies indicate that stress
difference is a key factor controlling the degree of casing deformation, with casing radial
displacement exhibiting a nonlinear increasing trend as stress difference increases. Rock
Young’s modulus also has a certain influence on casing deformation; low-stiffness forma-
tions provide weaker constraint on the casing, making it more susceptible to yield under
non-uniform loads [20–22]. The integrity and mechanical properties of the cement sheath
also affect load transfer efficiency. In recent years, some studies have begun to focus on
the influence of geological factors such as formation dip angle on casing deformation. By
rotating the coordinate system to simulate in situ stress redistribution under different dip
angle conditions, it has been found that the shear stress component increases in high-dip
formations, subjecting the casing to coupled compression and shear effects [23,24]. Nev-
ertheless, existing numerical simulation studies have mostly concentrated on sensitivity
analyses of stress difference and rock mechanical parameters. Systematic investigations of
casing deformation mechanisms when the formation dip angle exceeds a certain threshold
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remain relatively limited, and quantitative comparisons of casing deformation patterns
under different dip angle conditions are lacking.

In summary, although existing research has achieved certain results in in situ stress
evaluation and casing simulation, the following deficiencies remain. First, casing deforma-
tion risk assessment indicators are relatively dispersed, lacking comprehensive evaluation
methods that integrate multiple indicators along with weight allocation mechanisms. Sec-
ond, numerical simulation studies on the influence of formation dip angle on casing defor-
mation are still insufficient, particularly lacking systematic parameter sensitivity analysis.
To address the above issues, this paper constructs a comprehensive risk index evaluation
method based on five indicators including stress difference, stress ratio, maximum shear
stress, lateral pressure coefficient, and failure proximity. The analytic hierarchy process is
used to determine the weights of each indicator. Numerical simulations of casing deforma-
tion are carried out under different stress differences, rock Young’s modulus values, and
formation dip angles, aiming to provide a theoretical basis for the prediction and prevention
of coal seam casing deformation. This method mainly lies in comprehensively considering
the stress distribution of the formation and the combined effects among formation stresses,
thereby improving the reliability of the casing deformation risk analysis results.

2. Methods
2.1. Calculation Model for In Situ Stress and Rock Mechanical Parameters

Young’s modulus and Poisson’s ratio are the two most fundamental elastic parameters
describing rock mechanical behavior. Their accuracy directly affects the reliability of in situ
stress calculation, wellbore stability evaluation, and casing deformation risk prediction.
Young’s modulus refers to the ratio of stress to strain in rock under uniaxial compression
conditions, characterizing the rock’s ability to resist elastic deformation. The larger the
Young’s modulus value, the greater the rock strength, and the smaller the elastic strain
generated under the same stress. Poisson’s ratio refers to the ratio of lateral strain to axial
strain in rock under uniaxial compression conditions, characterizing the degree of lateral
expansion of the rock when subjected to stress. The larger the Poisson’s ratio, the higher
the proportion of vertical stress converted into horizontal directional stress, which directly
affects the magnitude of in situ stress and the two-directional stress difference.

Based on acoustic travel time and density logging data, Young’s modulus and Pois-
son’s ratio of rock can be calculated. The compressional wave travel time is usually
measured directly in well logging, from which the compressional wave velocity can be
obtained. There exists a specific physical relationship between compressional wave veloc-
ity and shear wave velocity. Therefore, the shear wave velocity can be derived from the
compressional wave velocity as follows:

Vp =
1

∆tp
(1)

Vs = (0.61 ∼ 0.53)Vp (2)

where ∆tp is the compressional wave travel time, Vp is the compressional wave velocity,
and Vs is the shear wave velocity.

Based on the shear wave velocity, compressional wave velocity, and rock density,
the dynamic Young’s modulus and dynamic Poisson’s ratio of the rock can be calculated
as follows:

Ed = ρVs
2

(︂
3Vp

2 − 4Vs
2
)︂

(︂
Vp

2 − Vs
2
)︂ (3)
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µd =

(︂
Vp

2 − 2Vs
2
)︂

2
(︂

Vp
2 − Vs

2
)︂ (4)

where ρ is the rock density, Ed is the dynamic Young’s modulus, and µd is the dynamic
Poisson’s ratio.

Static Young’s modulus and Poisson’s ratio are key parameters for calculating in
situ stress. After obtaining the dynamic Young’s modulus and Poisson’s ratio, the static
Young’s modulus and Poisson’s ratio are derived through a dynamic-static conversion
model as follows:

Es = aEd + n (5)

µs = bµd + m (6)

where Es is the static Young’s modulus, µs is the static Poisson’s ratio, and a, b, n, m are
constants which can be obtained through rock mechanical experiments. These constants
were obtained in this study from some measured values within the study area, and are
usually taken as the average of the values from four nearby wells.

Young’s modulus and Poisson’s ratio can evaluate the deformation strength of rock
but cannot directly describe the stress state of rock in the formation. The overburden
pressure, maximum horizontal principal stress, and minimum horizontal principal stress
can effectively characterize the stress state of the formation. Overburden pressure refers
to the total vertical pressure generated by the rock matrix and pore fluid in the formation
above a certain depth. Based on point-by-point integration of density logging data, the
overburden pressure can be calculated as follows:

σi
v =

ρ0H0 + ∑i ρidhi
H0 + ∑i dhi

(7)

σH =

(︃
µs

1 − µs
+ ξ1

)︃
(σv − αPp) + αPp (8)

σh =

(︃
µs

1 − µs
+ ξ2

)︃
(σv − αPp) + αPp (9)

where σi
v is the overburden pressure gradient, ρ0 is the average density of the section

without density logging data, ρi is the logging density data, H0 is the length of the section
without density logging data, dhi is the formation thickness of the corresponding interval,
σH is the maximum horizontal principal stress, σh is the minimum horizontal principal
stress, σv is the overburden pressure, α is the effective stress coefficient, ξ1 and ξ2 are
tectonic stress coefficients, and Pp is the formation pore pressure.

2.2. Formation Casing Deformation Risk Assessment Method Based on In Situ Stress

In situ stress is the fundamental mechanical factor controlling casing deformation
in coalbed methane wells. Coal seams are typically characterized by well-developed
cleats, low mechanical strength, and significant anisotropy. During drilling, fracturing,
and drainage processes, the non-uniformity of in situ stress is transmitted to the casing
wall through the casing-cement sheath-formation assembly, inducing deformation failures
such as diameter reduction, ovalization, and shear misalignment. Therefore, quantitatively
evaluating the influence of in-situ stress characteristics on casing deformation risk is a
key step in preventing casing deformation, optimizing wellbore structure, and designing
fracturing schemes. The horizontal principal stress difference, horizontal principal stress
ratio, lateral pressure coefficient, maximum shear stress, and failure proximity can be used
to measure the distribution of anisotropic stress in the formation, thereby elucidating the
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risk of formation casing deformation. Among these indicators, the horizontal principal
stress difference, horizontal principal stress ratio, lateral pressure coefficient, and maximum
shear stress focus on characterizing the degree of non-uniformity and the magnitude rela-
tionship of the stress field, while failure proximity further incorporates material strength
characteristics, enabling a more comprehensive assessment of the state of the formation
or casing approaching failure. The stress difference and maximum shear stress directly
reflect the intensity of non-uniform loading. The stress ratio and lateral pressure coefficient
describe the type and directionality of the stress field. Failure proximity provides a quanti-
tative criterion combined with material failure criteria. In practical applications, multiple
indicators are typically used together to construct a comprehensive rating system for casing
deformation risk, thereby identifying high-risk intervals and guiding the formulation of
engineering prevention and control measures.

The difference between the maximum horizontal principal stress and the minimum
horizontal principal stress (Equation (10)) is the most direct and commonly used indicator
for evaluating casing deformation risk. The larger the difference, the stronger the non-
uniformity of the horizontal stress field, and the greater the elliptical compressive load
borne by the casing, making it more susceptible to diameter reduction deformation or col-
lapse failure. In coalbed methane wells, a high stress difference is often the dominant factor
controlling casing deformation. Particularly during fracturing operations, an excessively
large stress difference can limit the propagation morphology of hydraulic fractures while
exacerbating local stress concentration on the casing.

∆σ = σH−σh (10)

k =
σH
σh

(11)

The stress ratio refers to the ratio of the maximum horizontal principal stress to the
minimum horizontal principal stress (Equation (11)), reflecting the degree of anisotropy of
the horizontal stress field. The closer the stress ratio is to 1, the more uniform the stress
field, the more symmetric the loading on the casing, and the lower the risk of deformation.
The larger the stress ratio, the more pronounced the non-uniform external extrusion load
on the casing, making it prone to ovalization deformation or even rupture. This indicator
correlates with the stress difference, but its dimensionless nature makes it more convenient
for comparative analysis across different blocks and different depths.

λ =
σH + σh

2σv
(12)

τmax = max
(︃

σH − σh
2

,
|σ H − σv|

2
,
|σ v − σh|

2

)︃
(13)

The lateral pressure coefficient is the ratio of the sum of the maximum horizontal
principal stress and the minimum horizontal principal stress to twice the vertical principal
stress (Equation (12)), characterizing the magnitude of horizontal stress relative to vertical
stress and reflecting the type of crustal stress field.

The maximum shear stress is an important mechanical indicator for determining whether
the rock or the material surrounding the casing has reached yield or failure (Equation (13)).
In the casing-cement sheath-formation assembly, the magnitude of the maximum shear stress
directly reflects the intensity of asymmetric loading on the casing. When the maximum
shear stress exceeds the shear strength of the material, shear failure will occur. For casing
deformation risk assessment, the higher the maximum shear stress, the greater the possibility
of shear misalignment or diameter reduction deformation of the casing.
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Failure proximity is a comprehensive parameter for evaluating the degree to which
the formation or the rock surrounding the casing approaches a failure state (Equation (14)),
defined as the ratio of the distance from the current stress state to the failure boundary to
the distance from the failure boundary to a certain reference point. This indicator integrates
principal stress magnitude, stress difference, and material strength characteristics, and can
quantitatively characterize the degree of plastic yield of the formation around the casing.

Based on the above evaluation indicators, this study proposes a comprehensive risk in-
dex (Equation (15)) for comprehensively assessing the risk of formation casing deformation.
This index introduces weight coefficients, through which multiple indicators are integrated.

FI =
τmax

τlim
(14)

CRI = a·∆σ′ + b·k′ + c·λ′ + d·τmax
′ + e·FI′, a + b + c + d + e = 1 (15)

where τmax is the maximum shear stress borne by the rock under the current stress state, τlim

is the ultimate shear stress that the rock can withstand, a, b, c, d, e are weight coefficients
determined by comparing individual indicator analyses with actual results, and ∆σ′, k′,
λ′, τmax

′, FI′ are the normalized values of stress difference, stress ratio, lateral pressure
coefficient, maximum shear stress, and failure proximity, respectively.

2.3. Numerical Simulation Model for Coal Seam Casing Deformation

Casing deformation is the result of the synergistic interaction among the formation,
cement sheath, and casing (Figure 1). During coalbed methane extraction, engineering
activities such as drilling, fracturing, and drainage induce redistribution of the in situ stress
field. The non-uniform in situ stress is transmitted through the formation to the cement
sheath and then from the cement sheath to the casing wall, leading to stress concentration
and even plastic yield deformation of the casing. Therefore, establishing a mechanical
model comprising the three-layer structure of formation, cement sheath, and casing, along
with selecting appropriate yield criteria based on the mechanical characteristics of different
materials, is the core approach for quantitatively evaluating casing deformation risk. The
casing is made of ductile metallic material, and the Von Mises yield criterion is adopted.
This criterion considers the influence of the intermediate principal stress and is suitable
for describing the yield behavior of steel under complex stress states. The formation and
cement sheath are geomaterials characterized by compression-shear failure and sensitivity
to hydrostatic pressure. The Drucker-Prager yield criterion is adopted. This criterion
can reflect the strength enhancement of geomaterials under high pressure and is more
suitable than the Von Mises criterion as a failure criterion for coal rock and cement sheath.
The model comprehensively considers the influence of in situ stress non-uniformity and
differences in formation mechanical parameters on casing loading, enabling the simulation
of casing deformation processes under different working conditions.

The Von Mises yield criterion is based on the distortion energy theory, which states
that a material enters a plastic state when the equivalent stress reaches the uniaxial tensile
yield strength of the material. Its core expression is as follows:

σvm =

√︃
1
2
[(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ1 − σ3)

2] ≤ σy (16)

where σvm is the Von Mises equivalent stress, σ1, σ2, and σ3 are the three principal stresses
(σ1 > σ2 > σ3), and σy is the yield strength of the casing material. When σvm > σy, the
casing enters a yield state.
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Figure 1. Geometric model of casing deformation.

The Drucker-Prager yield criterion is a smooth approximation of the Mohr-Coulomb
criterion, overcoming the numerical difficulties of the latter at the corners while retaining
the essential characteristics of pressure sensitivity of geomaterials. The yield function is
expressed as follows: √︁

J2 + αI1 = K f (17)

I1 = σ1 + σ2 + σ3 (18)

J2 =
1
6
[(σ1 − σ2)

2 + (σ2 − σ3)
2 + (σ1 − σ3)

2] (19)

α =

√
3sinφ

3
√

3 + sin2 φ
(20)

K f =

√
3cosφ

3
√

3 + sin2 φ
C (21)

where J2 is the second invariant of the deviatoric stress tensor, I1 is the first invariant of
the stress tensor, Kf and α are parameters related to material cohesion and internal friction
angle, φ is the internal friction angle of the material, and C is the material cohesion.

The casing-cement sheath-formation assembly is simplified as an axisymmetric annu-
lar model under plane strain conditions. The model consists of, from inside to outside, the
casing, cement sheath, and formation. The external load on the model is a non-uniform
in situ stress field, which results from the combined action of the maximum horizontal
principal stress and the minimum horizontal principal stress.

3. Results
3.1. In Situ Stress Prediction and Evaluation

Based on the coal seam burial depth range of 1000~1800 m in the study area, combined
with logging data from 21 wells and regional in situ stress measurements, the overburden
pressure, maximum horizontal principal stress, and minimum horizontal principal stress
were calculated using an in situ stress model. To determine some constants in the calculation
model, this study conducted a comparative analysis using partial measured data from
21 wells to ensure that the calculation results are accurate and reliable. Meanwhile, dynamic
Young’s modulus and dynamic Poisson’s ratio were calculated from acoustic logging
data, and static Young’s modulus and Poisson’s ratio were obtained through dynamic-
static conversion.

https://doi.org/10.3390/app162010155

https://doi.org/10.3390/app162010155


Appl. Sci. 2026, 16, 10155 8 of 20

In the depth range of 1000~1800 m, the overburden pressure generally ranges from
37 to 48 MPa, the maximum horizontal principal stress ranges from 23 to 44 MPa, and
the minimum horizontal principal stress ranges from 22 to 40 MPa (Figure 2). The overall
magnitude relationship among the three stresses shows that the overburden pressure
is greater than both the maximum and minimum horizontal principal stresses. Near a
depth of 1270 m, a local reversal phenomenon occurs where the overburden pressure
falls below the horizontal principal stresses, indicating possible stress unloading due to
well-developed cleats, abnormal high pressure, or coalbed methane enrichment at this
depth interval. Overall, the three curves exhibit an increasing trend with depth, and
their fluctuation patterns show a certain correlation, reflecting the combined influence of
formation heterogeneity on multiple stress components.

Figure 2. In situ stress calculation results of Well A.

Based on acoustic logging data, the static Young’s modulus in the coal seam within the
depth range of 1000~1800 m in the study area generally ranges from 2.1 to 6.6 GPa, showing
an increasing trend with burial depth, which reflects the enhancement of compaction.
A significant low-value depression occurs near 1540 m, corresponding to the development
of thin coal seams, indicating that the coal rock has weak rigidity and is prone to compres-
sive deformation. Static Poisson’s ratio generally ranges from 0.26 to 0.39, with relatively
small variation with depth (Figure 3). The variation patterns of the above mechanical
parameters are consistent with the lithological interpretation results, providing a reliable
parameter basis for subsequent in situ stress calculation and fracturing design.

3.2. Formation Casing Deformation Risk Classification

To systematically evaluate the risk of casing deformation in coal seams within the
study area, five evaluation indicators were selected and divided into three groups for com-
prehensive analysis. The first group consists of stress difference and maximum shear stress,
primarily used to characterize the magnitude of shear loading generated by differences
in horizontal principal stresses. The larger the stress difference and the higher the shear
stress, the stronger the non-uniform radial load on the casing, and the higher the risk of
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shear deformation. The second group consists of stress ratio and lateral pressure coefficient.
The stress ratio is defined as the ratio of the maximum horizontal principal stress to the
minimum horizontal principal stress, representing the anisotropy of the horizontal stress
field. The lateral pressure coefficient is defined as the ratio of horizontal stress to vertical
stress, reflecting the relative relationship between horizontal and vertical stresses as well
as the regional tectonic stress environment. The third group is failure proximity, which is
based on the Drucker-Prager criterion and comprehensively reflects the degree to which
the current stress state of the coal rock unit approaches the yield surface. It can be directly
used to determine whether plastic yield of coal rock around the casing occurs and the risk
of casing squeezing. Based on the above three groups of indicators, the casing deformation
risk within the depth range of 1000~1800 m was analyzed section by section, and the
comprehensive risk index was used to assess the risk of formation casing deformation.

  
(a) Young’s Modulus (b) Poisson’s Ratio 

Figure 3. Calculation results of static rock mechanics parameters for Well A.

The calculation results of stress difference show that within the depth range of
1000~1800 m in the study area, the stress difference generally ranges from 2 to 28 MPa,
and the maximum shear stress ranges from 2 to 13 MPa (Figures 4 and 5). Overall, both
stress difference and shear stress increase with well depth. The maximum values of stress
difference and shear stress can reach 28 MPa (at a depth of 1621 m) and 13 MPa (at a depth
of 1595 m), respectively. In this region, the rock is subjected to strong non-uniform loading,
which easily leads to local high stress concentration on the casing wall and increases the
risk of casing deformation. Corresponding to the aforementioned in situ stress reversal
zones (1450 m~1650 m), the stress difference in these intervals is greater than 15 MPa, and
the shear stress is greater than 10 MPa, indicating concentrated horizontal tectonic stress
in this region and a significant increase in the non-uniform load on the casing. Compre-
hensive analysis suggests that the risk of casing deformation is relatively high in the above
depth intervals, and it is recommended to enhance wellbore integrity monitoring during
fracturing and production processes.

The calculation results of the stress ratio and lateral pressure coefficient indicate
that within the depth range of 1000~1800 m in the study area, the stress ratio generally
ranges from 1.0 to 2.9, and the lateral pressure coefficient generally ranges from 0.5 to
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1.5 (Figures 6 and 7). Overall, both the stress ratio and lateral pressure coefficient tend to
increase with well depth. The maximum stress ratio can reach 2.9 (at a depth of 1583 m),
and the maximum lateral pressure coefficient can reach 2.5 (at a depth of 1620 m), indicating
that the region is generally in a strike-slip to reverse fault stress state, where horizontal
tectonic stress plays a dominant role, and the risk of transverse compressive deformation
of the casing increases. Corresponding to the aforementioned in situ stress reversal zones
(1450 m~1650 m), the stress ratio in this interval is greater than 1.8, and the lateral pressure
coefficient is greater than 1.2. In some sections, the lateral pressure coefficient exceeds
1.3, indicating that the minimum horizontal principal stress has exceeded the overburden
pressure, significantly enhancing the compressive load on the casing from the horizon-
tal direction, and even a circumferential uniform pressure state occurs in local sections.
Comprehensive analysis suggests that tectonic compression is strong in the above depth
intervals, and the risk of casing deformation is relatively high.

Figure 4. Stress difference analysis results.

Figure 5. Shear stress analysis results.

The calculation results of failure proximity indicate that within the depth range of
1000~1800 m in the study area, the failure proximity generally ranges from 0.2 to 1.7
(Figure 8). Overall, the failure proximity exhibits a fluctuating upward trend with well
depth. In the shallow section (1000~1200 m), the failure proximity is generally below 0.8,
indicating a relatively low stress level in the coal rock at this interval, a greater distance
from the yield surface, and relatively good stability of the rock mass around the casing. As
burial depth increases, the failure proximity gradually increases, reflecting that the increase
in in situ stress causes the coal rock to gradually approach a yield state. In the in situ stress
reversal zones (1450~1650 m), the failure proximity exhibits a pronounced high-value zone,
with a maximum value of up to 1.7 (at a depth of 1543 m), indicating that the coal rock in
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this region is close to or already in a plastic yield state. The rock mass around the casing is
prone to significant deformation or even failure, exerting strong non-uniform compression
on the casing. In addition, in thin coal seam development sections, the failure proximity
also shows locally elevated characteristics, which may be related to the low strength of the
coal rock itself and its susceptibility to yield. Comprehensive analysis suggests that when
the failure proximity exceeds 0.7, the risk of casing deformation increases significantly.

Figure 6. Stress ratio analysis results.

Figure 7. Lateral pressure coefficient analysis results.

The calculation results of the comprehensive risk index show that within the depth
range of 1000~1800 m in the study area, the comprehensive risk index generally ranges from
0.2 to 1.6. In the well section from 1000 to 1300 m, the comprehensive risk index is generally
low, with an average value of 0.4, indicating a low risk of casing deformation (Figure 9).
In the in situ stress reversal zones (1450~1650 m), the average value of the comprehensive
risk index reaches 0.8, with a maximum value of 1.6, indicating an extremely high risk of
casing deformation.

According to the calculation results of the comprehensive risk index, combined with
the actual casing deformation statistics within the study block, the casing deformation risk
of coal seams in the study area is divided into three categories: low risk, medium risk, and
high risk. For the formation block in this study, when CRI ≤ 0.6 (this threshold is only
applicable to the block in this study and is not universally applicable to other areas), the
formation casing deformation risk is low; when 0.6 < CRI ≤ 1.0, the formation casing
deformation risk is medium; when 1.0 < CRI, the formation casing deformation risk is
high (Figure 10). Within the study area, the high-risk zone for casing deformation accounts
for 9.9%, the medium-risk zone accounts for 19.3%, and 70.8% of the area is classified
as low-risk zone (Figure 11). The high-risk zones are mainly concentrated in areas with
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large stress differences. Within the high-risk well sections, the high-risk zones for casing
deformation mainly include three regions: A, B, and C. Casing deformation prevention and
control should be emphasized in the above regions during construction (Figure 10).

Figure 8. Failure proximity analysis results.

Figure 9. Comprehensive risk index analysis results.

Figure 10. Identification of casing deformation risk zones.
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Figure 11. Statistics of casing deformation risk zones.

3.3. Numerical Simulation of Casing Deformation

To quantitatively evaluate the influence of stress difference on casing deformation,
four horizontal stress difference conditions of 5 MPa, 10 MPa, 15 MPa and 20 MPa were
set up respectively, and numerical simulation of casing deformation was carried out to
obtain the variation law of casing radial displacement with stress difference. The simulation
results show that when the stress difference is 5 MPa, the maximum radial displacement
of the casing is 0.3 mm, and the casing basically remains in an elastic state with negligible
deformation. When the stress difference increases to 10 MPa, the maximum radial displace-
ment increases to 4.2 mm, but plastic yield has not yet occurred. When the stress difference
reaches 15 MPa, the maximum radial displacement significantly increases to 11.3 mm, the
casing locally enters a plastic state with obvious ovalization, and wellbore integrity is
threatened. When the stress difference further increases to 20 MPa, the maximum radial
displacement reaches 21.7 mm, and the casing undergoes severe collapse deformation
with local instability (Figure 12). Comprehensive analysis indicates that when the stress
difference exceeds 15 MPa, the risk of casing deformation increases significantly, which
is consistent with the measured results of stress difference greater than 15 MPa in the
aforementioned in situ stress reversal zones (1450~1650 m), verifying the conclusion that
the casing deformation risk in this well section is extremely high.

To evaluate the influence of rock stiffness on casing deformation, four Young’s mod-
ulus conditions of 2.5 GPa, 3.5 GPa, 4.5 GPa and 5.5 GPa were set up respectively, and
numerical simulation of casing deformation was carried out under the same stress differ-
ence (10 MPa). The simulation results show that the influence of Young’s modulus on the
radial displacement of the casing is smaller than that of stress difference, but the variation
pattern is clear. When the Young’s modulus is 2.5 GPa, the maximum radial displacement
of the casing is 19.1 mm, with the most significant deformation, indicating that low-stiffness
rock has a weaker constraint capacity on the casing, and non-uniform loads are more likely
to cause casing yield. When the Young’s modulus increases to 3.5 GPa, the maximum
radial displacement decreases to 14.8 mm; when it increases to 4.5 GPa, it further decreases
to 12.6 mm; when the Young’s modulus reaches 5.5 GPa (hard rock, corresponding to
tight sandstone), the maximum radial displacement is 8.9 mm, and the degree of casing
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deformation is significantly weakened (Figure 13). Comprehensive analysis indicates that
the lower the rock Young’s modulus, the more prone the casing is to deformation, meaning
that the casing deformation risk in coal seam sections is higher than that in surrounding
rock sections, which is consistent with the previous conclusion that the failure proximity
increases in thin coal seam development areas.

Figure 12. Simulation of casing deformation under different stress differences.

 

Figure 13. Simulation of casing deformation under different Young’s modulus conditions.
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4. Discussion
4.1. Influence of Different In Situ Stress Evaluation Methods on Casing Deformation
Risk Classification

The comprehensive risk index method for formation casing deformation risk assess-
ment is composed of five indicators: stress difference, stress ratio, maximum shear stress,
lateral pressure coefficient, and failure proximity. Each indicator has a different weight
in the evaluation system, reflecting the varying degrees of contribution of different me-
chanical factors to casing deformation risk. The analytic hierarchy process was used to
determine the weights of each indicator. By constructing a judgment matrix and calculating
the consistency ratio, the rationality of the weight allocation were ensured. The calculation
results show that stress difference and stress ratio have the largest weights, being 0.38 and
0.29 respectively, together accounting for 67%, exceeding two-thirds of the total weight,
indicating that horizontal principal stress difference and tectonic stress environment are
the dominant factors controlling casing deformation risk. Among them, stress difference
directly reflects the intensity of non-uniform loading in the horizontal direction, with the
highest weight of 0.38, making it the core indicator for casing deformation risk assessment.
The stress ratio, defined as the ratio of the maximum horizontal principal stress to the
minimum horizontal principal stress, has a weight of 0.29 and is used to characterize the
dominance of tectonic stress relative to vertical stress. Together, these two constitute the
main control indicator system for casing deformation risk. The weights of maximum shear
stress, failure proximity, and lateral pressure coefficient are 0.14, 0.11, and 0.08 respectively,
together accounting for approximately 33%, serving as auxiliary indicators for the refine-
ment and correction of formation casing deformation risk assessment (Figure 14). Among
them, maximum shear stress reflects the absolute value of shear load, failure proximity
comprehensively determines whether the coal rock is approaching a yield state, and the
lateral pressure coefficient, defined as the ratio of the sum of the maximum and minimum
horizontal principal stresses to the vertical stress, supplements structural information from
the perspective of the ratio of the minimum horizontal principal stress to the vertical stress.
The above weight allocation scheme indicates that casing deformation risk assessment
should take stress difference and stress ratio as the core, supplemented by shear stress,
failure proximity, and lateral pressure coefficient for local correction, thereby achieving a
comprehensive and quantitative assessment of coal seam casing deformation risk.

 

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

W
ei
gh
t

Δσ k τmax FI λ
Method

Figure 14. Weight coefficients of different evaluation indicators.
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The stress difference and the comprehensive risk index basically show a linear posi-
tive correlation. The larger the stress difference, the higher the comprehensive risk index,
indicating that the difference in horizontal principal stresses has a direct and nearly lin-
ear controlling effect on casing deformation risk. The stress ratio also shows a positive
correlation with the comprehensive risk index, but with nonlinear characteristics. When
the stress ratio is low, the comprehensive risk index increases slowly. After exceeding a
certain threshold, the comprehensive risk index accelerates its rise. When the stress ratio
reaches a relatively high level, the comprehensive risk index tends to level off (Figure 15).
This nonlinear characteristic indicates that there is a threshold interval for the stress ratio.
Below this interval, tectonic action is weak and casing deformation risk is controllable.
After exceeding the threshold, tectonic compression is significantly enhanced and casing
deformation risk rises rapidly, eventually entering a high-risk plateau. The above obser-
vations verify the rationality of stress difference and stress ratio as the main controlling
indicators for casing deformation risk.

 
(a) Stress difference (b) Stress ratio 

Figure 15. Relationship between stress difference, stress ratio and comprehensive risk index.

4.2. Influence of Formation Dip Angle on Casing Deformation

To investigate the influence of formation dip angle on casing deformation, this study
simulates the distribution characteristics of in situ stress under different dip angle condi-
tions by rotating the coordinate system. First, an initial in situ stress field is established
in the coordinate system of horizontal layered strata, where the vertical principal stress
and horizontal principal stresses are orthogonal to each other. When the formation has
a dip angle, the initial in situ stress field is rotated to a new coordinate system parallel
to the formation plane using a coordinate transformation matrix, i.e., rotating a specific
angle around a certain horizontal axis, and this angle is the formation dip angle (Figure 16).
After rotation, the original vertical principal stress and horizontal principal stresses are
decomposed again in the new coordinate system, generating new normal stress compo-
nents and shear stress components that act on the casing and surrounding rock mass. As
the formation dip angle increases, the shear component gradually strengthens, and the
non-uniform load pattern on the casing changes from primarily horizontal compression to
a coupling of compression and shear. By setting up multiple sets of dip angle conditions
and comparatively analyzing the casing radial displacement and stress distribution char-
acteristics under different dip angles, the influence law of formation dip angle on casing
deformation risk can be quantitatively evaluated.

To investigate the influence of formation dip angle on casing deformation, the casing
radial displacement was simulated under four formation dip angle conditions: 30◦, 40◦,
50◦, and 60◦. The simulation results show that as the formation dip angle increases, the
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maximum casing deformation exhibits an accelerating growth trend. When the formation
dip angle is 30◦, the maximum deformation is 21 mm; when increased to 40◦, the maximum
deformation is 24 mm, a relatively small increase; when the formation dip angle reaches
50◦, the maximum deformation significantly jumps to 51 mm, more than double that of
the 40◦ condition; when the dip angle further increases to 60◦, the maximum deformation
reaches 63 mm, and the casing undergoes severe collapse deformation (Figures 17 and 18).
The above results indicate that when the formation dip angle is less than 40◦, the degree of
casing deformation is relatively controllable; when the dip angle exceeds 50◦, the deforma-
tion increases sharply, and the casing deformation risk significantly rises. Analysis suggests
that under high dip angle conditions, the shear stress component generated by coordinate
rotation significantly enhances, and the casing transitions from primarily horizontal com-
pression to a coupled compression-shear effect, leading to changes in the non-uniform
load pattern and intensified local stress concentration. It is recommended to optimize
casing selection and adopt targeted anti-deformation measures in well sections where the
formation dip angle exceeds 50◦.

Figure 16. Simulation of formation dip angle variation by rotating the coordinate system.

 

Figure 17. Simulation examples of casing deformation under different formation dip angle.
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Figure 18. Relationship between formation dip angle and casing deformation.

5. Conclusions
This study takes the risk of coal seam casing deformation as the research object, com-

prehensively employing methods such as in situ stress evaluation, numerical simulation,
and parameter sensitivity analysis to systematically carry out in situ stress characteris-
tic analysis, casing deformation simulation under different stress difference and Young’s
modulus conditions, and investigation of the influence law of formation dip angle. The
following main conclusions are drawn. The conclusions below are all specific to the study
area and study conditions of this research, and are not universal results applicable to
all studies:

(1) The comprehensive risk index evaluation results based on five indicators, namely
stress difference, stress ratio, maximum shear stress, lateral pressure coefficient, and failure
proximity, show that multiple indicators overlap in the in situ stress reversal zones, with
the comprehensive risk index reaching its maximum value, indicating an extremely high
risk of casing deformation. Among these, stress difference and stress ratio are the dominant
controlling factors, with weights of 0.38 and 0.29, respectively. Both show a positive
correlation with the comprehensive risk index, with stress difference exhibiting a linear
relationship and stress ratio exhibiting a nonlinear characteristic.

(2) The numerical simulation results of casing deformation indicate that stress differ-
ence is a key factor controlling casing radial displacement. For the formation area in this
study, when the stress difference exceeds 15 MPa, the risk of casing deformation increases
significantly. Rock Young’s modulus has a relatively smaller influence on casing deforma-
tion, with lower modulus corresponding to larger displacement, reflecting that soft rock
provides weak constraint and is more prone to deformation.

(3) Formation dip angle has a significant influence on casing deformation. For the
formation area in this study, when the formation dip angle exceeds 50◦, the maximum
casing deformation sharply jumps from 24 mm to 51 mm, reaching 63 mm at a dip angle of
60◦, indicating that the coupling effect of compression and shear intensifies under high dip
angle conditions, leading to a significant increase in casing deformation risk.

This study mainly aims to provide a new method for studying casing deformation.
The quantitative conclusions obtained in this study are only applicable to the study block,
and for new study areas, testing and verification should be carried out according to the
method proposed in this study.
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