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Abstract
Permafrost is typical temperature-sensitive
sediment, and geo-mechanical issues such as

wellbore collapse and sand production are prone
to occur during the oil and gas development.
Therefore, it is crucial to elucidate the patterns and
mechanisms of wellbore instability throughout
the drilling process and to develop/propose
effective control strategies. In this study, based
on sensitivity analysis of wellbore stability, a
method for determining the safe windows of
drilling fluid temperature, density, and salinity was
proposed, along with corresponding measures for
preventing wellbore collapse. The investigation
results indicate that the collapse of sediments
around the wellbore was primarily distributed
within an elliptical region oriented along the
direction of the minimum horizontal principal
stress. Furthermore, the worsening of wellbore
collapse gradually slows as drilling operation
progresses, and the final borehole enlargement
rate corresponding to the default investigation case
reaches 89.84%. Sensitivity analysis showed that
higher drilling fluid temperature, lower density,
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and elevated salinity all negatively affect wellbore
stability. However, wellbore stability is easier to
maintain when the permafrost has high initial
ice saturation, low stress difference, and shallow
burial depth. Ultimately, the safe mud temperature,
density, and salinity windows derived from the
wellbore stability simulations are beneficial for
accurately controlling wellbore stability within the
required range.

Keywords: wellbore integrity, numerical simulation,
permafrost, wellbore collapse, engineering optimization.

1 Introduction

At present, the development and utilization of
emerging sustainable energy sources, such as solar and
geothermal energy, are gradually gaining attention [1].
Nevertheless, fossil fuels, including oil, natural gas and
coal, will continue to serve as the important energy
sources for supporting rapid economic and social
development for the foreseeable future. However,
the decline in production capacity of mature oil
fields in central and eastern China has driven the
expansion of exploration and production operation
into unconventional oil and gas resources, such as
polar permafrost area [2-4]. According to USGS
(United States Geological Survey), unexplored oil and
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Drilling in permafrost

Figure 1. Schematic diagram of wellbore collapse in permafrost region.

natural gas reserves in the Arctic region account for
13% and 30% of the global totals, respectively [5].
The total oil and gas reserves amount to as much
as 400 billion barrels of crude oil. Against the
background of rapid global economic development
and increasing energy constraints, the strategic
significance of Arctic oil and gas resources has become
increasingly prominent [6-8]. At present, research and
application related to the development of oil and gas
resources in polar permafrost regions remain largely
dominated by Arctic Rim countries such as Canada,
Norway, and Russia [9, 10]. Although China has
made notable progress in these areas over the past
decade, investigations on wellbore stability prediction
and control technologies in permafrost remain in its
early stage [11]. This has adversely affected the safe
and efficient development of oil and gas resources
in polar permafrost regions for China. Therefore,
in-depth investigation on polar drilling is of substantial
significance for ensuring the implementation of arctic
and subarctic oil and gas development.

In the Arctic, permafrost may extend to depths
exceeding 1,000 meters [8]. It is essential
for the development and extraction of oil
and gas in polar region to drill through this
formation [12, 13]. However, the permafrost is
a typical temperature-sensitive formation, and
its susceptibility to melting leads to more severe
sediment instability and wellbore deformation
during drilling operation compared to conventional
reservoirs [14, 15]. Just as shown in Figure 1,
the high-temperature drilling fluid circulating

Drilling in reservoir below permafrost

in the annulus transfers heat to the surrounding
permafrost during drilling operation, inevitably
causing ice melting and a reduction in sediment
strength. Combined with stress concentration, severe
plastic deformation can occur in the surrounding
sediment, potentially resulting in wellbore collapse
and sediment damage [16-18]. Furthermore, the
pronounced creep characteristics of permafrost can
intensify borehole enlargement and collapse, thereby
further hindering the effective exploitation of polar
oil and gas resources [19, 20]. In addition, wellbore
instability tends to intensify with longer drilling
duration and deeper wellbore penetration.

Currently, investigations into borehole stability
in permafrost are far less advanced than those
for conventional reservoirs, with limited analyses
addressing borehole deformation during drilling
in permafrost. Although existing studies have
offered valuable insights into mechanisms of
wellbore instability, a number of shortcomings and
limitations still remain [21]. To begin with, both
the complexity of the mathematical models and
the challenges of numerical solutions make fully
coupled multi-physics simulations difficult. Thus,
many existing studies have solved models through
sequential coupling strategy [22, 23]. However,
such simplifications inevitably introduce deviations
in the simulation results, which may affect the
formulation and implementation of corresponding
engineering measures and strategies. What is more,
the mechanisms and synergistic effects of multiple
influencing factors have not been systematically
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Figure 2. Geometric model used for simulation of wellbore stability.
Table 1. Configuration of boundary conditions and loads.
st nd
Boundary 1% step 2% step
Type Value Type Value
Fixed temperature boundary / Fixed temperature boundary Drilling fluid temperature
Borehole AE  Fixed pore-pressure boundary / Fixed pore-pressure boundary Drilling fluid pressure
Mechanical boundary Ux=Uy=Uz=0 Mechanical boundary Bottom-hole pressure
Fixed temperature boundary / Fixed temperature boundary /
ABand ED  Fixed pore-pressure boundary / Fixed pore-pressure boundary /
Mechanical boundary Fix normal displacement Mechanical boundary Fix normal displacement
Fixed temperature boundary / Fixed temperature boundary  Initial sediment temperature
BCand CD  Fixed pore-pressure boundary / Fixed pore-pressure boundary Initial pore pressure
Mechanical boundary Fix normal displacement Mechanical boundary Initial horizontal stresses

analyzed, leading to a limited understanding of
stability evolution in permafrost [24-26]. This, to
some extent, constrains the use of simulation results
for regulating and managing wellbore instability.
Last but not least, existing models have largely
neglected the potential chemical reactions, such
as ice melting [27, 28]. This may compromise
the accurate mathematical representation of the
thermo-hydraulic-mechanical-chemical coupling
mechanism around the wellbore. Overcoming these
limitations to achieve an accurate characterization of
the wellbore instability process is of great significance
for enabling precise control of wellbore stability
during drilling in permafrost [29, 30].

Based on these limitations, this study investigates
characteristics of ice melting range, physical
parameters, and yield area in the near-wellbore region
were studied. Simultaneously, the effects of geological

128

factors, such as ice saturation, and engineering factors,
such as drilling fluid density, on wellbore collapse
and instability were analyzed. The corresponding
influencing mechanisms were investigated from the
perspectives of stress distribution, physical property
variations, and ice melting. By synthesizing the
quantitative results of wellbore instability obtained
above, key engineering parameters—including
drilling fluid density, temperature, and salinity—were
optimized and designed.

2 Geometric Model for Wellbore Stability
Analysis

2.1 Model Geometry

Figure 2 presents the geometric model used for
the numerical simulation of wellbore stability in
permafrost. To balance computational efficiency with
simulation accuracy, the model is developed as an
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Table 2. Initial conditions in simulation.

Objective Type Value
Initial stress In-situ stresses (i.e., 0,0, om0 and o)
Whole model Initial temperature Initial sediment temperature, T;

Initial fluid saturation
Initial pressure

Initial saturation of gas, ice and water (i.e., Sio, Swo and Syo)
Initial pore pressure in sediment, Py

axisymmetric two-dimensional configuration, thereby
effectively reducing the required mesh density. As
illustrated in Figure 2, the arc AE in the lower-left part
of the model denotes the borehole formed by the drill
bit, with a radius of 0.25 m. The boundary length is
15 m (60 times the wellbore size), allowing boundary
effect to be effectively avoided. The boundaries AB and
DE are axisymmetric, and the full-model results can
be obtained through mirror symmetry. In addition,
boundaries BC and CD form the model’s outer
boundary, on which temperature and pore-pressure
boundary conditions must be applied during the
simulation. Since the disturbance induced by drilling
operations is confined to a limited area around
wellbore, the 5.0-m region surrounding the wellbore
is defined as the near-wellbore region. Meanwhile,
the elements in this region (the near-wellbore region)
are refined to be smaller than those away from the
wellbore. After mesh refinement, the model contains
a total of 43,200 CPE4P elements, of which about 74%
are located within the near-wellbore region.

The simulation includes two analysis steps with
different functions. The first analysis step aims to
establish the initial state of the permafrost, which
serves as the foundation for simulating wellbore
collapse. The second analysis step is the main one,
which controls the main simulation process. Based
on the reservoir depth and the purposes of the two
analysis steps, the simulation times of both steps
are defined as 1 s and 3 days, respectively. When
building the geometric model, the permafrost region
corresponding to the wellbore is pre-segmented using
the “Partition” function. It should be emphasized that
no interaction exists between this permafrost region
(i.e., wellbore) and the remaining region. In addition,
the activation and deactivation of the elements within
wellbore across the two analysis steps must be
controlled through the “Model Change” function.
During the first analysis step, the investigation model
consists of an intact rectangular domain measuring 15
m x 15 m. At this analysis step, the “Model Change”
function is inactive, indicating that the elements within
wellbore are still part of the model in their original

state. When the simulation proceeds to the second
analysis step, the Model Change function is activated,
and the corresponding elements in wellbore region
are removed from the model. On this basis, Table 1
summarizes the configuration of boundary conditions
and loads applied in the two analysis steps of the
simulation respectively.

Furthermore, four initial conditions must be specified
for the wellbore stability simulation in permafrost, as
summarized in Table 2.

2.2 Basic Data

The fundamental parameters required for simulation
are equally critical to the numerical analysis of
wellbore stability. Therefore, the key parameters
adopted for the simulation of wellbore stability in
permafrost are summarized in Table 3.

Table 3. Basic data for simulation of wellbore stability in
permafrost [1, 12].

Parameter Value Unit
Model size 15 m
Depth of wellbore 500 m
Initial porosity 42.46 %
Thermal conductivity 14 W/(m-K)
Ice saturation 30.00 Y%
Reservoir temperature -8.0 °C
Initial cohesion 1.25 MPa
Initial internal friction angle 23.5 °
Initial elastic modulus 500 MPa
Initial Poisson’s ratio 0.28 -
Reservoir pore pressure 5.0 MPa
drilling fluid density 1014.3 kg/ m>
Specific heat of sediment 1900 J/(kg-K)
water saturation 25.0 Y%
Density of reservoir skeleton 2500 g/cm3
Absolute permeability 4.00 mD
Maximum horizontal principal stress ~ 4.60 MPa
Minimum horizontal principal stress ~ 3.06 MPa
Vertical principal stress 6.15 MPa
Drilling fluid temperature 30.0 °C
Relative mud density 0.98 -
Wellbore radius 0.25 m
Drilling fluid salinity 20 g/L
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Figure 3. Initial distribution of various physical parameters in the model.

2.3 Evolutionary Features of Wellbore Instability

As noted earlier, the purpose of the first analysis step
(i.e., the Geostatic step) is to establish the initial state of
the sediment within the model, thereby providing the
requisite initial conditions for the subsequent wellbore
stability simulation.

Figure 3 presents the spatial distributions of the
various physical parameters within the model. As
shown in Figure 3, all reservoir characteristic
parameters exhibit uniform spatial distributions
consistent with the initial values, with the exception
of the sediment deformation. For instance, the
maximum and minimum horizontal principal stresses
throughout the model are 4.60 MPa and 3.06 MPa,
respectively, which are fully consistent with the
corresponding values listed in Table 3. In addition,
the spatial distributions of ice saturation, temperature,
and pore pressure within the model exhibit the same
uniform patterns and characteristics. Besides, there
are similar distribution patterns and characteristics
for ice saturation, temperature, and pore pressure
distribution. In Figure 3, the sediment deformation
within the model is on the order of 107" m, a
magnitude that can be directly ignored. This “stressed
yet strain-free” condition can therefore be adopted as
the initial state for the wellbore stability simulation in
the second analysis step.

In this study, the equivalent plastic strain (PEEQ) was
adopted as parameter to determine wellbore instability.
In this study, PEEQ>0.00 is defined as the threshold
for local structural failure (collapse). The borehole

130

enlargement rate is determined by the area of the
region where PEEQ exceeds this threshold, expressed
as rbe = (Aot — Ainp) /Ainp X 100%. Where, Acol is the
area of the region where PEEQ is greater than 0, and
Ainb is the cross-sectional area of wellbore. Obviously,
both larger equivalent plastic strain values and more
extensive distribution of positive PEEQ indicate a
more severe case of wellbore instability. Figure 4
presents the distributions of equivalent plastic strain
(i.e., PEEQ) in the near-wellbore region at various
drilling times. The results shown in Figure 4 indicate
that the wellbore instability occurring during drilling
operations in permafrost exhibits a pronounced
temporal dependence. As observed in Figure 4,
collapse first occurs at the two intersection points of
wellbore with the vertical plane passing through the
minimum horizontal principal stress at approximately
0.2s after drilling operation begins. At this time, both
the severity and range of the collapse are limited,
confined to these two collapse points. If corresponding
engineering measures are taken at this time, the
stability of wellbore will not be threatened. However,
as the drilling operation progresses, the collapse
area gradually expand outward from the two initial
collapse points in both radial and circumferential
directions. Although the radial and circumferential
expansion of the collapse area occurs simultaneously
throughout the drilling process, there is a clear
difference in the drilling cycle dominated by these
two expansion modes. In the initial 12 hours of the
drilling operation, the expansion of the collapse area
occurs predominantly in the circumferential direction.
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Figure 4. Evolution distribution of equivalent plastic strain within the near-wellbore region throughout the drilling
process.

At this stage, the collapse area exhibits a rapid and
pronounced expansion. However, once the collapse
areas on both sides closed at 12 hours, radial expansion
begins to dominate. Upon entering this stage, the
expansion of the collapse area gradually slows down.
The reason is that the rate of ice melting around the
wellbore decreases over time. At the end of the drilling
operation, the collapse area surrounding the wellbore
exhibits an elliptical distribution. Of course, not all
collapse area around wellbore are a complete ellipse
under all drilling conditions.

The evolutionary pattern shown in Figure 4 can
provide critical guidance for field operations.
Specifically, the elliptical distribution of the collapse
area, oriented along the minimum horizontal principal
stress, suggests that directional well trajectories should
ideally be aligned with the maximum horizontal
principal stress direction to minimize the non-uniform
stress concentration and subsequent borehole
enlargement. Furthermore, the rapid circumferential
expansion observed within the first 12 hours highlights

a critical window for casing operations. To ensure
wellbore integrity and avoid the detrimental effects
of secondary radial expansion driven by ice melting,
casing should be inserted and cemented as soon as
possible after the target depth is reached, preferably
before the transition from circumferential to radial
dominance in collapse evolution.

Under the default drilling parameters, the collapse
region finally expands to 89.84% of the original
wellbore cross-sectional area, indicating severe
instability. This parameter is designated as the
borehole enlargement rate, and wellbore stability is
quantified by it in the following sensitivity analysis.

3 Effect of Geological Factors on Wellbore
Stability

In this section, the influence of three geological
factors, namely initial ice saturation, in-situ stress, and
model depth, on wellbore stability during drilling
in permafrost was analyzed. Although these factors
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Figure 5. Effect of initial ice saturation on wellbore stability.

cannot be artificially controlled, in-depth investigation
can clarify their influence mechanisms and supports
the design and optimization of drilling operation in
permafrost.

3.1 Initial Ice Saturation

Ice saturation modifies the mechanical behavior of
permafrost, which in turn reshapes the stress field
around the wellbore and may trigger its instability
or collapse [31, 32]. Therefore, differences in initial
ice saturation have a pronounced impact on wellbore
stability during drilling in permafrost. To evaluate the
influence of ice saturation, simulations were conducted
for initial values of 0.30, 0.45, 0.60, and 0.75, while the
other model parameters followed the settings provided
in Table 3.

The PEEQ distribution nephogram in the
near-wellbore region for initial ice saturations
of 0.30, 0.45, 0.60, and 0.75 are shown in Figure 5.
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From Figure 5, it can be clearly seen that higher initial
ice saturation in permafrost leads to an extensive
reduction in the range of the potential collapse area
surrounding the wellbore. However, when the initial
ice saturation is lower than 0.60, the plastic yield
region (i.e., potential collapse area) around wellbore
is fully interconnected. For initial ice saturation above
0.60, the plastic yield region no longer interconnects
and is limited to a small region around wellbore
in the direction of the minimum principal stress.
Additionally, as revealed in Figure 5, the intensity of
plastic yielding (i.e., PEEQ value) decreases markedly
as the initial ice saturation increases, and the stability
of the wellbore stability is significantly improved. The
results presented in Figure 5 provide only a qualitative
indication of how initial ice saturation affects wellbore
stability during drilling in permafrost. To provide a
more reliable theoretical basis for drilling engineering
design, the further quantitative analysis of wellbore
stability is required. Thus, the relationship curve
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between borehole enlargement rate and initial ice
saturation is displayed in Figure 6. As evidenced
by Figure 6, the sensitivity of wellbore stability to
initial ice saturation is substantially heightened in the
low-saturation interval, whereas the effect diminishes
as saturation increases. The point at which the
influence begins to weaken is situated near an ice
saturation of 0.50. As the initial ice saturation rises
from 0.30 to 0.50, the borehole enlargement rate drops
sharply from 89.84% to 33.82%, with a reduction of
up to 56.02%. However, as the initial ice saturation
increases from 0.50 to 0.80, the decline in the borehole
enlargement rate is markedly attenuated, falling only
from 33.82% to 8.83%. This transition point (i.e., ice
saturation of 0.5) arises from a transformation of the
skeleton support mode in permafrost. When the ice
saturation exceeds 0.5, the skeleton support mode
will change from a soil-particle-dominated mode to
an ice-dominated mode. As the filling of pores by
ice becomes saturated, its marginal contribution to
sediment shear strength gradually decreases.

100 89.84%
S
§ 80 | ,,\
] N
L '\
£ 60 | ~.58.37%
on
5 )
= N
() N
40 | .
g Ses33.82%
E] U~
Exnl <. 15.51%
“~.._.10.56%
---\.&.,830
0 =
0.0 0.30 0.40 0.50 0.60 0.70 0.80

Initial ice saturation

Figure 6. Effect of initial ice phase saturation on wellbore
stability.

The influence mechanism of initial ice saturation
on wellbore stability can be explored from two
perspectives: (i) its effect on ice melting, and (ii) the
associated variations in the stress state. To further
explain the results presented in Figures 5 and 6,
Figure 7 illustrates the evolution of the ice-melting
range under various initial ice saturations. At
low ice saturation, the ice cementation within the
permafrost is weak, enabling rapid heat transfer from
the high-temperature drilling fluid to the sediment
and resulting in accelerated ice melting. For example,
when the initial ice saturation is 0.30, the melting
range of ice around wellbore is as wide as 32.54 cm
(see Figure 7). For this case, the permafrost within
the large-scale ice-melting region around wellbore
was severely softened, leading to a marked reduction

in mechanical strength. Therefore, the wellbore
stability worsens, resulting in a larger borehole
enlargement rate. Meanwhile, the mechanical strength
of permafrost with low ice saturation is weak, making
the skeleton are prone to particle rearrangement
and plastic deformation after being disturbed by
drilling operations. = Moreover, in low-strength
sediments, stress is released rapidly, which further
aggravates borehole enlargement and collapse.
As the initial ice saturation increases, permafrost
strength is enhanced due to the strengthened ice
cementation. Consequently, the structural integrity
of the permafrost becomes more stable. Moreover,
at high initial ice saturation, the expansion of the
ice-melting region around wellbore was significantly
restricted [33]. As illustrated in Figure 7, the width of
the ice-melting region decreases to 6.84 cm when the
initial ice saturation is 0.75. Under conditions of high
ice saturation, the localized melting of ice and the
limited range of stress concentration alleviate wellbore
instability, thereby slowing down the reduction in
borehole enlargement rate.
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Figure 7. Range of ice melting around wellbore for different
initial ice saturation in permafrost.

3.2 Difference Between in-situ Stresses

Wellbore stability analysis is essentially governed
by mechanics, and the sediment stresses in the
model play a critical role in determining the wellbore
behavior [34, 35]. Thus, assessing the impact of in-situ
stress is of considerable engineering significance for
improving wellbore stability. Figure 8 illustrates
the equivalent plastic strain distribution within the
near-wellbore region for in-situ stress ratios of 1.15,
1.30, 1.45, and 1.60. In this work, the ratio—defined
as the difference coefficient—denotes the ratio of the
maximum horizontal principal stress to the minimum
horizontal principal stress, and represented as x =
oH/oh.

From the nephogram displayed in Figure 8, it can
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Figure 8. Effect of difference between in-situ stress components on wellbore stability.

be clearly seen that an increase in the difference
between in-situ stresses can lead to a pronounced
enlargement of the collapse area around wellbore.
When the difference coefficient is low, such as y = 1.15,
the potential collapse area around wellbore is small.
For this case, the wellbore stability is good, with a
borehole enlargement rate of 19.21%. As the stress
difference increases, the collapse area around wellbore
expands significantly, extending toward the right. This
is because an increase in the difference between the
in-situ stress components induces more pronounced
stress concentration, causing sediment yielding over
a larger area around wellbore [36, 37]. The borehole
enlargement rate has increased to 89.84% when the
difference coefficient is 1.45. When the difference
coefficient reaches 1.60, the plastic yield area around
wellbore nearly encompasses the entire wellbore,

with the borehole enlargement rate reaching 125.72%.

For these high difference coefficient conditions, the
wellbore is critically unstable, with a high probability
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of uncontrollable borehole collapse.
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Figure 9. Effect of difference between in-situ stresses on ice
melting around wellbore.

The difference in ice melting under different in-situ
stresses is also an important potential factor affecting
wellbore stability. Figure 9 presents the quantitative
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results for the ice melting range around wellbore
under various in-situ stress conditions. As shown in
Figure 9, although the melting ranges of ice around
wellbore becomes slightly narrower with increasing
difference between stress components, this reduction
is minimal. As the difference coefficient increased
from 1.15 to 1.60, the melting range of ice around
the wellbore narrowed from 34.11 cm to 31.92 cm,
corresponding to a reduction of only 2.19 cm. This
slight variation in the melting range of the ice can be
attributed to the pronounced reduction in sediment
permeability when differential coefficient is high. This
reduced permeability slows both heat transfer and
fluid seepage, thereby diminishing the disturbance
caused by drilling operations on the stability of ice
within the near-wellbore region [38]. Nevertheless,
this impact is weak. Therefore, the variation in ice
melting induced by differences in in-situ stresses is
not the primary factor governing the wellbore stability
results shown in Figure 8.

3.3 Model Depth

Variations in the depth of permafrost can change
factors such as temperature, pressure, and stress
within the model, thereby influencing wellbore
stability [39]. Before investigating the influence of
permafrost depth on wellbore stability, it is first
necessary to determine the possible depth distribution
range of the permafrost layer. In Arctic region, the
depth of permafrost typically ranges from several tens
to several hundreds of meters. In some cold regions,
the thickness of the permafrost layer can reach between
500 and 1000 meters [40]. For example, in regions such
as Siberia and Alaska, the average permafrost thickness
typically ranges from 300 to 500 m. When the surface
temperature and geothermal gradient are assumed to
be -15 °C and 2.8 °C/100 m, respectively, the maximum
depth of the permafrost layer is determined to be 535.71
m. Based on this, wellbore stability was examined at
permafrost depths of 125 m, 250 m, 375 m, and 500
m in this section. The corresponding nephogram and
quantitative results were presented in Figure 10.

As shown in Figure 10, the range of PEEQ distribution
around wellbore during drilling in the permafrost
increases prominently with increasing model depth.
This indicates that wellbore stability deteriorates as the
depth of investigation model increases. For shallow
permafrost, the temperature of the sediment itself is
low, and the ice within the sediment remains naturally
stable under such low-temperature conditions. In
this case, most of the heat transferred from the

high-temperature drilling fluid is consumed in raising
the sediment temperature, and only a small portion
is used for ice melting [41]. Therefore, in shallow
permafrost conditions, the melting range of ice around
the wellbore is extremely limited. When the model
depth is 125 meters, the final range of ice melting
within the near-wellbore region is only 2.43 cm (see
Figure 11). Even when the model depth increases
to 250 m, the melting range of ice in the permafrost
around the wellbore is only 9.12 cm. Moreover, in
shallow permafrost, the stresses in all directions are
low, and the permafrost structure is comparatively
stable. In this case, stress concentration around
the wellbore is minimal, and wellbore stability can
be maintained. When the model depth is located
shallower than 168.4 m, no yield area develops in
the sediment within the near-wellbore region, and
the borehole enlargement rate is zero. Even when
the model depth increases to 250 m, the borehole
enlargement rate is only 7.86%. As the model depth
increases, the sediment temperature gradually rises,
and the heat transferred from the high-temperature
drilling fluid is primarily consumed by the melting
of the ice. When the model depth reaches 375 m and
500 m, the melting front extends to 17.86 cm and 32.54
cm from the wellbore, respectively. The melting of
ice significantly reduces the strength of permafrost,
and the wellbore is prone to plastic deformation or
collapse. For the models with depths of 375 m and 500
m, the final borehole enlargement rates were 43.24%
and 89.84%, respectively. It can be inferred that at
deeper depths, wellbore collapse and instability will
become more severe, and higher borehole enlargement
rates will be presented.

Nevertheless, we can see from Figure 10 that the
influence of permafrost depth on wellbore stability
varies across different depth ranges. This effect
strengthens with increasing depth, as illustrated and
revealed by the slope of the curve in Figure 10.
This is primarily because ice melting in permafrost
becomes progressively easier as the depth increases. In
particular, the influence of depth on wellbore stability
arises from the coupled effects of the geothermal
gradient and in-situ pressure. The high initial
temperature at deeper depths promotes more rapid
melting of ice and accelerates the expansion of
the affected region. Meanwhile, the high-pressure
environment intensifies the risk of shear failure in
the ice-melted region, which results in a significant
reduction in wellbore stability. Therefore, during
the drilling process of permafrost, special attention
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Figure 10. Effect of model depth on wellbore stability.

should be paid to the stability of the wellbore and sediment in deep permafrost. It is recommended
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500

to take appropriate engineering measures to reduce
potential instability risks of wellbore.

4 Effect of Engineering Conditions
Wellbore Stability

The properties of the drilling fluid (e.g., temperature,
density, and salinity) can also influence wellbore
stability in permafrost. In this section, the influence
of the drilling properties on the wellbore stability in
permafrost was explored, in order to lay a theoretical
foundation for engineering designs related to drilling
operations.

on

4.1 Drilling Mud Density

For conventional reservoirs such as shale, an important
cause of borehole collapse is the insufficient drilling
fluid density, which results in inadequate bottom-hole
pressure to effectively support the borehole [42].
However, in temperature sensitive reservoirs such as
hydrate deposits and permafrost, hydrate dissociation
or ice melting leads to a decrease in sediment strength
and stress relief, which exacerbates this phenomenon.
Therefore, in this section, instability and collapse
of vertical wellbore in permafrost were numerically
studied for drilling fluid relative densities ranging
from 0.98 to 1.10. Meanwhile, the corresponding
mechanisms were then discussed. It should be noted
that the relative density is defined with respect to a
drilling fluid density with a salinity of 20 g/L.

Figures 12 and 13 present the qualitative and
quantitative characterization results, respectively, of
the influence of drilling fluid density on wellbore
stability in permafrost. From Figures 12 and 13,
it can be observed that the distribution range of
PEEQ around wellbore significantly decreases with
the increasing drilling fluid density. This indicates
that, within the investigated density range, wellbore

stability progressively improves as the drilling fluid
density increases. Under underbalanced drilling
conditions (i.e., when the relative mud density is below
1.0), the lower hydrostatic pressure cannot effectively
support the wellbore. The melted permafrost around
wellbore is prone to collapse due to stress relief, which
causes borehole enlargement. In addition, due to stress
sensitivity, the sediment exhibits higher permeability
atlower drilling fluid densities, leading to more intense
thermal convection in the near-wellbore region [43].
This leads to a wider region of ice melting around
wellbore, further exacerbating wellbore stability. As
observed in Figure 13, it when the relative density
of the drilling fluid is 0.98, the range of ice-melting
region is 32.54 cm (see Table 4), and the borehole
enlargement rate reaches 89.84%. Within the lower
range of fluid densities, the borehole enlargement rate
decreases progressively as the drilling fluid density
increases. At a relative drilling fluid density of 1.01,
the borehole enlargement rate has been reduced to
57.65%.

As the drilling fluid density increases, the higher
hydrostatic pressure can provide enough support
to the wellbore, thereby helping to prevent severe
wellbore collapse and instability.  Besides, the
permeability of the sediment surrounding the wellbore
decreases due to the elevated stress it experiences
under higher hydrostatic pressure and the associated
thermal convection is weakened. In this case, ice
melting range with the near-wellbore inevitably
becomes narrower to some degree. When the relative
density of the drilling fluid increases to 1.07, the
ice-melting region has narrowed to 29.22 cm, which
is only 3.32 cm less than that observed at a relative
density of 0.98. As the density further increases
to 1.10, the ice-melting region continues to narrow,
reaching 28.56 cm. Overall, the rate at which the
borehole enlargement rate decreases with increasing
drilling fluid density gradually diminishes, which can
be evidenced by the progressively flattening trend of
the curve in Figure 13(b). When the relative fluid
density increases to 1.10, the borehole enlargement
rate has decreased to 2.68%. The effect of reduction in
sediment strength and the stress relief induced by ice
melting are largely outweighed by the stabilizing effect
of the increased hydrostatic pressure, which provides
sufficient support to the borehole [44].

Therefore, the drilling fluid density must be designed
and optimized to ensure that it provides adequate
supporting pressure, thereby preventing borehole
collapse and excessive borehole enlargement.
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Table 4. Melting range of ice for different drilling fluid densities.
Relative density of drilling fluid

098 1.01 104 107 110

Melting range/cm  32.54 31.26 30.10 29.22 28.56

Parameter

Meanwhile, it should be noted that drilling fluid of wellbore leakage. That is to say, the density
design must also account for the potential risk of drilling fluid designed should also not make

138



ICJK

Reservoir Science

100

—0.980 —1.01

0
(=

—1.04 —1.07

—1.10

N
(=]

i
(=}

Borehole enlargement rate/%

\o]
o

30 45

Time/hours

60 75

(a) Evolution of borehole enlargement rate

100

80

60

40

20

Borehole enlargement rate/%

0

0.97 1.00 1.03 1.06 1.09

Relative density of drilling fluid

1.12

(b) variation of borehole enlargement rate with fluid density

Figure 13. Quantitative relationship between borehole enlargement rate and drilling fluid density.

the bottom-hole pressure higher than the fracture
pressure of permafrost. To balance the high density
required for borehole collapse prevention with the
leakage risk in permafrost, a strategy combining
sealing and moderate density is necessary. A
dense, low-permeability mud cake can be formed to
effectively isolate pressure transmission and thermal
invasion. In this way, wellbore stability can also be
maintained at a lower equivalent circulating fluid
density.

4.2 Drilling Mud Temperature

In drilling operation, the drilling fluid is jetted through
the bit to clean the bottom of wellbore, and then
transport the cuttings upward through the annulus
by mixing with invading pore fluids [45]. Therefore,
the temperature of the drilling fluid flowing in the
annulus is influenced not only by the temperature
of the drilling fluid in the mud pit but also by the
temperature of the target formation. The influence of
fluid temperature on wellbore stability was studied,
and the corresponding mechanism was also explored.
In this study, the drilling fluid temperature ranging
from 0°C to 30°C was selected to investigate its impact
on the distribution region of PEEQ around wellbore,
and the results were shown in Figures 14 and 15.

To further clarify the mechanism, Table 5 summarizes
the variations in heat transfer from high-temperature
drilling fluid in the annulus, as well as the
corresponding melting range of ice at different
drilling fluid temperatures. From Figures 14 and
15, and Table 5, it can be seen that when fluid
temperature is low, heat conduction is weak due to
the minimal temperature difference between fluid
and permafrost. In this case, stability of both ice

and permafrost structure can be well maintained
during the drilling process. When the temperature
of the drilling fluid is 0°C, the total heat transfer
obtained from the simulation results is 1.219x10°
J. Although limited heat transfer takes place under
this simulation condition, the temperature of the
near-wellbore sediment remains below the melting
point, and thus no ice melting is observed. At this fluid
temperature, there is almost no distribution of plastic
yield zones around the wellbore, and the borehole
enlargement rate is only 16.17%. This observed
borehole enlargement rate is attributable solely to
insufficient bottom-hole pressure to support the
wellbore and is unrelated to any ice melting around
the wellbore. Across all drilling fluid temperatures
that do not induce ice melting in the near-wellbore
region, wellbore instability is governed entirely by
this mechanism. When the drilling fluid temperature
increased to 1.45 °C, the permafrost near the wellbore
began to exhibit noticeable ice melting. Nevertheless,
the borehole enlargement rate at this temperature
remained unchanged at 16.17%.

As the temperature of the drilling fluid increases,
the plastic yield region (i.e., PEEQ distribution
region) around the wellbore expands rapidly. This
markedly compromises wellbore stability and leads
to a significant increase in the borehole enlargement
rate.  When the fluid temperature increases to
10°C, the total heat transferred in simulation reaches
6.699x10° J, and the ice-melting front expands to a
position 12.37 cm away from wellbore. Consequently,
the borehole enlargement rate rises sharply to
53.27%. 1If the drilling fluid temperature continues
to be increases, the ice-melting region will further
expand, and the borehole enlargement rate will rise
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sharply. This rapid escalation continues until the
drilling fluid temperature reaches 12.94°C. In this
stage, the rapidly increasing borehole enlargement
rate is attributed to the rapidly increasing heat
transfer, which leads to the rapid expansion of
the ice-melting region.  The ice-melting range
and borehole enlargement rate corresponding to
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a drilling fluid temperature of 12.94°C are 18.33
cm and 74.35%, respectively. If the drilling fluid
temperature continues to rise beyond 12.94 °C, the rate
of change in both the borehole enlargement and the
surrounding yield region progressively diminishes.
When the drilling fluid temperature reaches 20°C
and 30°C, the borehole enlargement rate increases
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Table 5. Heat transfer and melting range of ice for different drilling fluid temperature.

Parameter Drilling fluid temperature (°C)
0 10 20 30
Heat transfer, .J,, 1.219 x 106 6.699 x 106 8.858 x 106 1.266 x 107
12.37 26.48 32.54

o . - - .

to 81.23% and 89.84%, respectively. The reason is
that although high-temperature drilling fluid can
promote ice melting over a larger area around wellbore,
the accompanying heat consumption also increases
substantially. This, in turn, limits the further transfer of
heat and inhibits additional ice melting in regions more
distant from the wellbore. Therefore, optimization of
the drilling fluid temperature is critical for maintaining
wellbore stability during drilling in permafrost.

4.3 Drilling Mud Salinity

The increase in the mineralization or salinity of the
drilling fluid typically lowers the freezing point of
water and the melting point of ice [46, 47]. This occurs
because the Na™ released from dissolved salts disrupt
the hydrogen-bonding network of water molecules
through hydration and electrostatic interactions. This
disruption makes it more difficult for water molecules
to organize into stable ice crystals. This phenomenon
is known as the “freezing point depression” effect. The

influence of drilling fluid salinity on the freezing point
can be described by a theoretical model, expressed as:

ATf:Kf-m-i (1)
where AT is the depression of freezing point in °C, Ky
is the depression coefficient of freezing point, which is
1.86 °C-kg/mol for water. m is the molar concentration
of the solute in mol/kg. i is the Van't Hoff factor,
which represents the number of ions produced when
an inorganic salt dissolves in water. For sodium
chloride, the Van’t Hoff factor is « = 2, as NaCl ionizes
into Na® and Cl~ in water. However, the salinity
and molar concentration of inorganic salts need to be
converted in order to determine the parameter ATY.
Nonetheless, to determine the parameter AT}, the
salinity of the drilling fluid must first be converted
to the corresponding molar concentration of the
inorganic salts. Taking sodium chloride as an example,
if the salinity of the drilling fluid is Cnaci(g/L), its
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molar concentration can be calculated by

m = CNaCl(g/L)/58-44-

Based on this, wellbore stability was investigated in
this section for drilling fluid salinities of 6 g/L, 13 g/L,
20g/L, and 27g/L, and the instability mechanisms
were also examined. The corresponding depression
of freezing point for these four salinities are 0.381 °C,
0.823°C, 1.268°C, and 1.717°C, respectively, as
summarized in Table 6. The distribution of yield
area around wellbore under different fluid salinity
conditions is shown in Figure 16. Correspondingly,
the relationship between borehole enlargement rate
and drilling fluid salinity is quantitatively presented
in Figure 17.

As shown in Figures 16 and 17, when the drilling fluid
salinity is below 6.0 g/L, the freezing-point depression
effect is weak, and the ice-melting region exhibits
only minor changes with salinity. As the salinity
of drilling fluid increased from 0g/L to 6.0g/L, the
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final range of the ice-melting region expanded only
from 17.67 cm to 20.34 cm, increasing by 15.11%. The
limited change in the ice-melting region leads to
a correspondingly slight variation in the borehole
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permafrost.

enlargement rate within this salinity range, increasing only from 41.18% to 50.44%. However, when the
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salinity of drilling fluid exceeds 6.0 g/L, the borehole salinity (see Figure 17). When the drilling fluid
enlargement rate increases rapidly with the increasing salinity is 20.0g/L, the borehole enlargement rate
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Table 6. Melting range of ice for different drilling fluid salinity.

Drilling fluid salinity, g/L

Parameter
0 6 13 20 27
Melting point, °C 0 -0.381 -0.823 -1.268 -1.717
Drilling fluid density, kg/m® 1000 10043 1009.3 1014.3 1019.3
Melting range, cm 17.67 2034 2775 3254 34.63

rises to 89.54%. The comparison indicates that the
rate of change in borehole enlargement rate (i.e.,
the slope of the curve) within the salinity range
from 6g/L to 20g/L is greater than that within the
range between 0 g/L and 6.0 g/L. This is because the
freezing-point depression effect is pronounced within
this salinity range, causing a considerable expansion
of the ice-melting region. Thus, the surrounding
permafrost experiences both a reduction in strength
and stress relief over a larger area.

Moreover, although high salinity can expand the
collapse area around wellbore, its effect weakened in
the high salinity range. As shown in Figures 17, when
the fluid salinity exceeds 20 g/L, the rate at which the
borehole enlargement rate increases with salinity slows
down. In other words, within this salinity range, the
instability rate of wellbore slows down with increasing
salinity. This is because, although increasing salinity
raises the borehole enlargement rate by expanding the
ice-melting region around wellbore, this expansion
is limited. As the fluid salinity increases from 20 g/L
to 27 g/L, the range of ice-melting region expands by
only 2.09 cm (see Table 6). Besides, the increase in
fluid salinity slightly raises the drilling fluid density,
thereby enhancing its support for the wellbore and
partially counteracting the expansion of the potential
collapse region.

5 Engineering Strategy for

Wellbore Stability

Wellbore stability in permafrost is influenced by
both uncontrollable factors, primarily geological
characteristics, and controllable factors, such as the
properties of the drilling fluid. In this section, based on
the simulation results of wellbore stability, the drilling
fluid parameters were optimized by considering
the requirements for maintaining wellbore stability.
Figure 18 presents the optimized results of drilling
fluid temperature, density, and salinity corresponding
to different acceptable borehole enlargement rates
(rpea ) When the initial ice saturation is 0.15. It should
be noted that there are no unified requirements for

Maintaining
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maintaining wellbore stability, as it is affected by
various factors, including formation properties and
drilling technology. In Figure 18, the acceptable
borehole enlargement rates are 5%, 10%, 15%,
20%, 25%, and 30%, respectively. The values
within the colored area of Figure 18 indicate
the recommended combinations of drilling fluid
temperature, density, and salinity under the acceptable
borehole enlargement rate. Furthermore, the data
combinations located within the cool-toned regions are
more strongly recommended for drilling operations in
permafrost.

As shown in Figure 18, under high wellbore stability
requirements (i.e. small 7p.,), the colored area are
concentrated in narrow regions with high density, low
temperature, and low salinity. The narrow safe mud
temperature, density, and salinity windows inevitably
pose challenges and difficulties for the design and
implementation of drilling operations. However, as
the acceptable borehole enlargement rate increases,
the colored area expands toward regions of higher
salinity, higher temperature, and lower density. The
proportion of this region gradually increases across
the entire plotted area. This indicates that the width
of the safe mud density, temperature, and salinity
windows progressively widens. An increasing number
of recommended combinations of drilling fluid density,
temperature, and salinity are available for selection in
the design of drilling operations in permafrost. This
exhibits both similarities and differences compared
to the design of drilling operations in conventional
reservoirs, such as shale. Whether in conventional
reservoirs or temperature-sensitive formations such
as permafrost, as drilling requirements are relaxed,
the safe mud weight window expands. However, for
permafrost, both the safe mud temperature window
and the safe mud salinity window also need to be
accounted for in the drilling operation design.

Figure 19 and 20 present the recommended
combinations of drilling fluid temperature, density,
and salinity for initial ice saturations of 0.30 and
0.60, respectively. Figure 19 and 20 displays optimize
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patterns and results similar to those observed in
Figure 18. Meanwhile, comparison of Figures 18, 19,
and 20 reveals that, for consistent requirement of
wellbore stability, the colored regions in Figures 19,
and 20 are significantly larger than those in Figure 18.
This difference indicates that permafrost with higher
ice saturation contribute positively to maintaining
wellbore stability during drilling. This is because
high ice saturation increases the permafrost strength.
As a result, it can resist a certain degree of borehole
deformation and sediment yielding even under
conditions of low fluid density, low temperature, and
high salinity.

It should be noted that Figure 18, 19 and 20 only
present the recommended combinations of drilling
fluid temperature, density, and salinity for different
initial ice saturation.

6 Conclusions

In the present work, factors affecting wellbore
stability in permafrost were investigated, and limited
engineering measures were then proposed. Based on
this, the following main conclusions are obtained.

1. As the drilling operation proceeds, the
advancement of the ice melting front surrounding
the wellbore gradually slows down. This trend
is generally consistent with the evolution of
the borehole enlargement rate. Therefore, the
main cause of wellbore collapse during drilling
in permafrost is permafrost melting and the
resulting weakening of permafrost strength, as
well as stress relief within the melting region.

2. Variations in formation characteristics—such as
initial ice saturation, in-situ stress differences, and
permafrost depth—can all lead to differences in
wellbore stability. The investigation reveals that
wellbore stability improves with the increasing
initial ice saturation. This is because the
permafrost strength is greater, the melting
range is narrower, and stress concentration is
less pronounced at higher ice phase saturation.
However, elevated in-situ stress anisotropy and
increasing model depth both exacerbate wellbore
instability. This occurs because higher in-situ
stress anisotropy and greater model depth
increase stress concentrations, as well as intensify
ice melting in the near-wellbore region.

3. Engineering conditions,  particularly the
temperature, density, and salinity of the drilling
fluid, also exert a substantial impact on wellbore

stability when drilling through permafrost. An
increase in drilling fluid temperature and salinity,
coupled with a reduction in fluid density, leads
to a marked worsening in wellbore stability.
The impact of drilling fluid salinity on wellbore
stability arises from its freezing-point depression
effect, and the density of drilling fluid alters
borehole enlargement rate by influencing the
stress distribution around wellbore. However,
thermal disturbances induced by the drilling
fluid modify the temperature distribution within
the permafrost, changing the conditions for
ice melting and impacting the stability of the
wellbore.

4. With the increasing requirements for wellbore
stability, the allowable safe mud windows for
density, temperature, and salinity markedly
narrows, which is not conducive to the design
of drilling fluid. Moreover, for permafrost
with high ice saturation, the safe window for
mud density, temperature, and salinity is wide,
facilitating safe and efficient drilling operation.
The specific design of drilling fluid temperature,
salinity, and density should be determined
through a comprehensive evaluation of wellbore
enlargement requirements, as illustrated in
Figures 18, 19, and 20.
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