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Abstract

This study investigates wellbore stability in ultra-deep extended-reach wells (ERWs) in the
East China Sea, where perforated pipes (a type of screen completion) are commonly used
to support wellbore walls and prevent collapse. Cost constraints sometimes lead to the
omission of this support, yet significant wellbore collapse is rarely observed. The instability
is primarily attributed to variations in production pressure differences. A predictive
model for critical pressure difference was developed based on immersion experiments
and single-triaxial rock mechanics tests. The results from immersion tests revealed that,
in water-bearing strata, the critical pressure difference decreased significantly, drop-ping
by 20.07% after two days of rock core immersion and by 28.35% after seven days. Key
factors influencing this difference, such as well inclination, rock cohesion, internal friction
angle, Poisson’s ratio, and Biot coefficient, were identified. As production continues, pore
pressure depletion reduces this difference, particularly when pore pressure falls below
23.5 MPa, leading to wellbore instability. On-site validation in three ultra-deep ERWs
showed that the model’s predictions aligned well with actual conditions, with a confidence
interval analysis further validating the model’s accuracy. The proposed model provides
valuable guidance for future ultra-deep well development in the East China Sea.

Keywords: ultra-deep extended-reach wells; oil and gas production; open-hole wellbore
stability; critical production pressure difference

1. Introduction

The exploration and development of offshore oil and gas resources are increasingly be-
ing directed toward deep and ultra-deep areas. The oil and gas resources in the East China
Sea have been identified as one of the key strategic areas for offshore exploration and devel-
opment in China. Since exploration was initiated in the mid-1970s, substantial progress has
been achieved in the evaluation of low-permeability tight sandstone gas reservoirs within
the East China Sea. The East China Sea has huge gas reservoir resource potential and is one
of the most important oil- and gas-rich areas in China [1,2]. The reservoir is characterized
by typical low-porosity, low-permeability, and high-water-saturation properties, which
present numerous challenges during production operations [3-5]. The complex geological
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conditions of the East China Sea Basin, particularly the high temperature, high horizontal
stress, and tight rock characteristics, pose significant challenges to wellbore stability during
the production phase of ultra-deep ERWs [6]. During production, the long-term weakening
effect of formation water on rock strength, along with pore pressure depletion, increases
the risk of wellbore collapse and shear failure. The sandstone formations in the study area,
though mechanically strong, have low porosity and permeability, which limits fluid flow
and further exacerbates the risks to wellbore stability during production.

In this context, ERWs and cluster wells have been increasingly adopted as preferred
development solutions in this region, primarily due to their ability to resolve offshore land-
use conflicts, enable distal reservoir access from single platforms, and generate substantial
economic returns. From an engineering perspective, open-hole completion technology has
been widely implemented in East China Sea ultra-deep ERWs to enhance hydrocarbon
productivity while reducing operational expenditures, owing to the complex subsurface
environment [7,8]. Nevertheless, wellbore collapse incidents have been observed in certain
well sections during production phases, typically necessitating the installation of perforated
pipes for wellbore support. In this study, a perforated pipe refers to a pipe with perforations
that creates a fluid passage between the wellbore and the formation; they are mainly
used in open-hole completions and provide support to prevent wellbore collapse during
production. In contrast, screen completion involves installing a sand control screen to
prevent sand particles from entering the wellbore, protecting equipment and pipes. We
provide a clear definition of “perforated pipe” when it first appears to distinguish the
two concepts. Notably, many ultra-deep ERWs have been successfully completed without
perforated pipe deployment. Field production data have demonstrated that these wells
maintain stable wellbore conditions while achieving considerable hydrocarbon output and
economic benefits. Conventional wellbore stability analysis methods are generally based
on the premise of the drilling fluid pressure balancing the pore pressure. However, this
approach becomes problematic when applied to gas wells, which are predominant in the
East China Sea, where wellbores are gas-filled during production. Consequently, reliable
evaluation criteria for open-hole stability during production in ultra-deep ERWs remain to
be established, highlighting a critical research gap that needs to be addressed for future
engineering design optimization and operational planning.

Significant research efforts have been devoted to investigating open-hole wellbore
stability by scholars worldwide. A semi-analytical solution model was developed by Aad-
noy [9], incorporating the anisotropic elastic properties, directional shear, and directional
tensile strength of the wellbore-surrounding formation. This model was subsequently en-
hanced by See Hong Ong [10], who established a stress calculation model for anisotropic for-
mations. The stability of the wellbore was evaluated using a three-dimensional anisotropic
strength failure criterion, with particular attention given to wellbore collapse phenomena
in anisotropic formations. Lee [11] combined the strength of isotropic and anisotropic rocks
and the stress state around the wellbore, considered two kinds of shear failure modes,
and established a wellbore stability model to evaluate the influence of in situ stress, weak
plane and wellbore trajectory on the wellbore stability of drilling into thin layers. He [12]
introduced a new wellbore stability model considering a weak bedding plane, analyzed the
geometric relationship between the weak bedding plane and wellbore, and the influence
of weak bedding plane parameters and in situ stress on wellbore stability. Li [13] estab-
lished a new wellbore stability analysis model for transversely isotropic shale formations
by considering the influence of transversely isotropic characteristics of shale on stress
concentration and combining the changes of tensile breakdown and shear collapse criteria.
Li [14] proposed a three-dimensional wellbore stability model considering thermal stress by
analyzing the temperature sensitivity of horizontal drilling combined with the circulation
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temperature model. He [15] analyzed the influence of water-based drilling fluid on shale
strength and failure mode through mechanical experiments and established a wellbore
stability model for shale formations. Zhou [16] studied the influence of anisotropic seepage
and weak bedding plane on wellbore stability during horizontal well drilling. Wei [17]
overcame the wall instability of the F7H well in the Dongfang gas field, South China Sea, by
improving the structure of the suspended packer and closely monitoring the wellbore con-
dition, in addition to completing the high-temperature and high-pressure small-borehole
perforated pipe lowering operation. Fu [18] used numerical modeling combined with the
Drucker—Prager strength criterion and effective plastic strain criterion to simulate and ana-
lyze the influence of production pressure difference on the stability of fractured wellbore,
in addition to establishing a design method for the completion fluid density for ultra-deep
wells in horizontal section of long open hole based on wellbore stability control. Based on
the ‘C’ formula method, Huang [19] introduced the additional stress of oil and gas seepage,
established the calculation model of wellbore circumferential stress, and proposed an im-
proved wellbore stability evaluation method. Sun [20] determined the salinity of drilling
mud to control the amount of free gas produced by marine GHBS, thereby strengthening
the stability of the wellbore. Wang [21] found that the use of colder wellbore fluid can
move the maximum tangential stress on the wellbore wall into the stratum. Ma [22] found
through experiments that the traditional Mohr-Coulomb criterion is too conservative in
predicting wellbore stability, and the minimum safe molecular weight predicted by the
innovative integrated breakthrough width model and the Mogi—-Coulomb criterion is the
closest to reality. Guo [23] proposed a new elastic—plastic analysis solution for the wellbore
stability of MHBS drilling by combining the reduction in stratum stiffness and strength
after hydrate dissociation and the partial coupling between seepage, temperature, salt con-
centration and the mechanical field. Liu [24] tested the physical, chemical and mechanical
properties of Longmaxi Formation shale soaked in different working fluids through exper-
iments, establishing a theoretical model to evaluate the wellbore stability of shale under
different working conditions of drilling, fracturing and completion. Liu [25] constructed a
three-dimensional creep equation by extending the one-dimensional creep equation and
combining the viscoelastic—plastic characteristics and damage effects. Yousefian [26] used
boundary element numerical code to simulate the formation process of drilling holes after
20 steps of fracture propagation in a shaft in southwestern Iran; they found that a very
narrow and unclear breakthrough area can be predicted using numerical simulation and
FMI data. Rashidi [27] focused on the risk of instability in the long-term injection of CO; in
the open hole section and used the thermal—fluid-solid unidirectional coupling dynamic
geomechanical model to evaluate the integrity of the open-hole completion section in
the full cycle of CO; injection. Chen [28] established a model for MSE prediction during
horizontal section drilling of horizontal wells. Merey [29] described the special completion
operations of cementing, perforating, sand screening, and completion strings during the
completion of natural gas hydrate wells, which provide a reference for equipment design
during drilling and completion of wells in natural gas hydrate reservoirs. However, the
existing research, as reviewed above, primarily focuses on wellbore stability during the
drilling phase, with comprehensive models and criteria established for scenarios where
wellbores are filled with drilling fluid. A significant research gap remains regarding the
stability of open-hole wellbores during the production phase of ultra-deep ERWs, especially
in gas reservoirs where the wellbore is gas-filled and the support from drilling fluid is
absent. Furthermore, the long-term weakening effect of formation water on rock strength
and the evolution of in situ stress due to pore pressure depletion over the production life
cycle are often not adequately integrated into existing models.
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To address these gaps, this study aims to: (1) Quantify the time-dependent weakening
of rock mechanical parameters due to formation water immersion through laboratory
experiments; (2) Develop a novel predictive model for the critical production pressure
difference that incorporates the effects of thermal stress, pore pressure depletion, and the
evolution of in-situ stress around the wellbore. The critical production pressure difference
refers to the maximum pressure difference that the wellbore can withstand during produc-
tion. If this value is exceeded, the wellbore may collapse or fail. The model predicts this
maximum value to ensure that the actual pressure difference during production does not
exceed it, thereby maintaining wellbore stability; (3) Identify and analyze the sensitivity of
key parameters influencing wellbore stability during production; (4) Validate the model’s
accuracy and engineering applicability using field data from three ultra-deep ERWs in the
East China Sea. The findings of this research are expected to provide a theoretical basis and
technical support for optimizing the production and development of ultra-deep ERWs.

2. Rock Mechanics and Immersion Experiments

In the completion and production stages, the main rock mechanics parameters in-
volved in the study of wellbore stability in the production stage of ultra-deep ERWs include
compressive strength, elastic modulus, Poisson’s ratio, cohesion, internal friction angle, etc.
These parameters jointly characterize the strength characteristics, deformation behavior and
failure mechanism of rocks under external forces. In order to study the wellbore stability
of low-permeability oil and gas reservoirs in the East China Sea during the production
stage, considering the interaction between strata water and surrounding rock during the
production process, this study selected the H3b core to carry out rock mechanics experi-
ments. The cores collected on site were soaked in simulated strata water, and the relevant
mechanical performance parameters were analyzed. The experimental core photos are
shown in Figure 1, and the strata water preparation experiment is shown in Figure 2. The
experimental data obtained are shown in Table 1.

-
-

-
-

Figure 1. Preparation of rock mechanics experiment and RTR-1000 true triaxial rock mechanics
test machine.
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(b)

Figure 2. Preparation diagram of strata water experiment. (a) Chemical reagents for the actual

formation water compatibility experiment. (b) Completed configuration diagram of the formation
water experiment.

Table 1. Parameter diagram of rock mechanics experiment.

Confining  Compressive Elastic Angle of
C Length Diameter Quality Density Poisson Cohesion Internal
ore No. (mm) (mm) ©) (e/em®) Pressure Strength Modulus Ratio (Mpa) Friction Remark
8 8 (Mpa) (Mpa) (Gpa) P )

1 46.74 2543 57.14 241 0 101.9 213 0329
2 4294 25.43 52.35 240 30 278.1 39.0 0.237 21.02 45.15 unsoaked
3 4676 25.42 56.87 240 0 86.5 202 0348
4 4677 25.44 57.37 241 30 269.7 348 0292 17.50 45.94 soak for 48 h
5 4678 25.41 57.67 243 0 80.5 192 0387
6 46.68 25.45 57.32 242 30 261.0 342 0349 1641 45.64 soak for 168 h

The relevant rock cores are divided into three groups: the dry group remained in the
original unsoaked state; immersion group I was immersed in simulated strata water with a
salinity of 10,000 mg/L for 48 h; immersion group Il was immersed in the same simulated
strata water for 168 h (seven days). After soaking, uniaxial compression tests and triaxial
compression tests were conducted on the three core samples. The experimental results were
used to fit the final rock strength after stabilization under the influence of water soaking.
The results are shown in Figure 3.
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Figure 3. Changes of uniaxial and triaxial compressive strength with soaking time.
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By comparing and analyzing the strength parameters of rock after different soaking
times, it is determined that the soaking of strata water has a significant weakening effect
on rock strength, and this weakening effect began to appear in the early stage of 48 h
soaking; it tends to be relatively stable after 168 h of complete exposure to water. The
uniaxial compressive strength of the strata rock decreased from 101.09 MPa to 80.5 MPa,
and the triaxial compressive strength decreased from 269.7 MPa to 259 MPa. Strata water
immersion cannot indefinitely weaken the compressive strength of rocks. The uniaxial
compressive strength decreased to 79.63%, and the triaxial compressive strength decreased
to 96.28%. The effect of exposing the core completely to water on uniaxial compressive
strength is even more pronounced. This is mainly because, under triaxial stress conditions,
the presence of confining pressure partially inhibits the physical and chemical softening
effect of water on the internal structure of rocks, whereas, under uniaxial stress conditions
without confining pressure, the weakening effect of water is more fully manifested.

3. Critical Production Pressure Difference Model

First, through field research, it was found that the geothermal gradient in the East
China Sea geological conditions exceeds 3.7 °C/100 m, and the target stratum depth exceeds
3800 m, which constitutes a high-temperature stratum. Due to the temperature difference
generated in the wellbore, according to the theory of thermal elasticity, the additional
thermal stress on the wellbore wall caused by temperature changes can be expressed by
Equation (1) [30]:

1
ol =K- r—zf:w AT(r") - r'dr’
1
ol = —K fzfr:u AT(r") -v'dr’ — AT (r) 1)
ol =K-AT

zz

where o] is the radial stress caused by temperature change in the wellbore; 0, is the
hoop stress caused by temperature change in the wellbore; ¢, is the axial stress caused
by temperature change in the wellbore; ' is the radial distance, m; AT is temperature
change during the production process, MPa/°C; and K is the temperature effect coefficient,
MPa/°C.

K can be expressed by Equation (2):

Eiar

K=3a-w

2)
The parameters E; and v, which change with the soaking time of the formation water,
were obtained through a binomial fit shown in Table 1.

E; = 39 — 2.66517t — 0.28286t° 3)

v = 0.237 + 0.0321t — 0.0023t2 (4)

where E; is the Young’s modulus with the soaking time of formation water, at is the
volumetric thermal expansion coefficient of the rock matrix, and v; is s Poisson’s ratio with
the soaking time of formation water.

It should be noted that, under typical conditions, the reservoir does not come into
contact with formation water. Therefore, in standard production scenarios, the rock strength
is generally not weakened by soaking. For this reason, the effects of soaking on rock
strength degradation are not considered in the subsequent calculations. This simplification
is deemed reasonable for the scope of this study and does not significantly impact the
primary estimation of the critical drawdown pressure.
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However, due to depletion of the reservoir during the later stages of production,
changes in pore pressure have a significant impact on in situ stress, which can be expressed
by the following equation:

1-20v

where Ap, is the change value of the pore pressure caused by the exhaustion of pore
pressure, Aoy is the change value of maximum horizontal in situ stress caused by the
exhaustion of pore pressure, and Aoy, is the change value of minimum horizontal in situ
stress caused by the exhaustion of pore pressure.

As shown in the Figure 4, the formulas for calculating the overburden pressure,
maximum horizontal in situ stress, and minimum horizontal in situ stress in the global
coordinate system are given by Equations (6)—(8). According to the geological characteristics
of East China Sea and the experience of similar reservoirs, the effective stress coefficient of
the target sandstone reservoir is generally in the range of 0.90~0.95:

H
Ty = /0 p(h)gdh (6)
oy = (1 usu + str1> (00 — apPy) + apPy + Aoy (7)
- Hsg
o, = (1 usu - str2> (00 — apPy) 4+ apPy + Aoy, (8)
- Us

where 0, is overburden pressure, 0y is the maximum horizontal in situ stress caused by
the exhaustion of pore pressure, ¢}, is the minimum horizontal in situ stress caused by the
exhaustion of pore pressure, and «, is Biot’s parameter.

O-II

Figure 4. The conversion of coordinates and stress distribution around the wellbore: coordinate
conversion for deviated wellbore [31].

As shown in the Figure 5, the vertical stress and the maximum and minimum horizon-
tal in situ stress in the principal stress coordinate system (x/, i, z’) are transformed into the
component of the stress around the well in the axial coordinate system (x, y, z) [31-33]:

Oxx Txy Tz OH T
Tyx Oy Tyz | = [L] oy, [L] 9)
Tzx  Tzy Ozz Oz
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z

Figure 5. The conversion of coordinates and stress distribution around the wellbore: principle stresses
at the wellbore wall [31].

The expression for L is as follows:

cosxcosff cosasinf —sinf
L= —sin 8 cos f3 0 (10)
sinxcosB sinacosP cosf

Through mathematical deduction:

2 2 2

Oyxx = Op COS2 & COS2 B+ op,cos”a sin® B+ oy sin® a

0y = o sin® B+ 0y, cos® B

2 2

0yz = 0 Sin? & cos? B+ oy sin? a sin? B+ 0y cos”a (11)

Tyy = —0pH COS & oS Bsin B + 0}, cos a cos B sin B
Tyz = O} COS X COS & cos? B+ o cosasina sin? B
Tyz = —0y sina cos Bsin B + 0y, sin i cos B sin B

where 0y, 0y, 02 are x’,y/, and 2’ axial stresses in local wellbore coordinate, respectively,
and Tyy, Txz, Ty; are three components of shear stresses in local wellbore coordinate.

After the linear superposition treatment, the stress around the ERW considering the
influence of temperature effect and pore pressure failure can be expressed as follows:

R? (Uxx + Uyy) R2 (Uxx - Uyy) 3R* 4R?
Urr:rﬁpij(l_}’T) f(lﬁ—rj—r—z)cosZG
3R 4R~ . 1 .
oy (1 —2|— e —( r—z) sm)ZG +K -ZerrZE AT(r') - ,;/dr/ 4
_ R Oxx + Oyy R Oxx — Oyy 3R
oo = 3 p‘Z+ 5 (1+ r2) 5 (1+ o ) cos 26
R 1
oy (1 + 3r—4) sin26 — K szr; AT(r') - v'dr' — AT(I’)}
R 2 R 2 (12)
Opz = Ozz — V| 2(0xx — Uyy)(7) cos 26 +4ny(7) sin20| + K- AT
(0yy — Oxx) 3R* 2R?. . 3R* 2R?
To, = 0z (1 + r—z)COSQ —oxz(1+ 7—2) sin 6
2 RZ
Tor = Oz (1 — r—z) cosf + oz (1 — r—z) sin @

where 0;, is the radial stress around the wellbore including the temperature and exhaustion
of pore pressure’s effects, oyy is the hoop stress around the wellbore including the tem-
perature and exhaustion of pore pressure’s effects, o, is axial stress around the wellbore
including the temperature and exhaustion of pore pressure’s effects, 7,9, Tp,, Tz are three
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components of shear stress around the wellbore including the temperature and exhaustion
of pore pressure’s effects, and 0 is the circumferential angle around the wellbore measured
counter-clockwise from the x-axis.

In the wellbore, the stress component of the wellbore considering thermal stress and
pore pressure depletion is expressed by Equation (13):

0r = pw — 0p(pw — Pp)

09 = Aoy + Boy + Coy + (K — 1)py — Kpp + SAT

0, = Doy + Eoy + Foy + K(pw — pp) + SAT (13)
Tp, = Gog + Hop + Jo

T =Tz =0

The coefficients A-] can be expressed by Equation (14):

A = cos? « cos? (1 — 2cos 20) + sin® a(1 + 2 cos 26)
+2 sin 2 sin 260 cos y
B = sin? a cos? (1 — 2cos 26) + cos? (1 4 2 cos 26)
—2sin 2« sin 26 cos y

C = sin? (1 — 2cos 26)

D = cos? asin? (1 — 2 cos 20) + 2v cos 26 (sin? & — cos? & cos? )
+2v sin 26 sin 2a cos y
E = sin? asin? (1 — 2 cos 260) + 2v cos 20(cos? & — sin? & cos? 7y) (14)
—2vsin 26 sin 2« cos 7y
F = cos?y — 2v cos 20 sin” v
G = — cos? asin 27 sin § — cos -y sin 2a sin 20
H = —sin®asin 27 sin 6 + cos y sin 2« sin 26

J = sin2vysinf
S—5 ocp(l 21/)

where A-J are the factors of coordinate conversion.
As shown in the diagram, the radial stress oy, is the main stress, and the normal stress
o and tangential stress T at an angle <y to the z-axis can be expressed by Equation (15):
0 = 0gg cOs? Y + 2Ty, COS Y sin 7y + 03 sin 7y (15)
T = 0.5(0%; — 0pg) 8iN 27y + T COS 27y

where 7 is the angle between the Z axis and the normal stress, ¢ is the normal stress, and
Tis the shear stress.
In order to calculate the principal stress, let % = 0. Thus, we obtain Equation (16):

=1 2T
{ Y1 = 2alrc:’ran o2 (16)

7-[ 27y
Y2 =75+ zarctanrg o

Taking Equation (16) into Equation (15), three principal stresses on the inclined shaft
wall of ultra-deep ERWs can be obtained:

=0y = Py
— %[ . ZE “apy + (A=2a — 1)pa + 2KAT|

%\/ (Y —pi) + (17)
=[x - X=2ap, + (X5)a — 1)po + 2KAT|

% (Y- Pi) +Z
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The three principal stress factors can be expressed by Equation (18):

X=(A+D)o,+ (B+E)oy+ (C+F)oy
Y=(A-D)oy,+ (B—E)oy+ (C—F)o, (18)
Z = 4(GGay, + Hoy + Joy )

where X, Y, and Z are three factors of principal stresses.
According to Mohr-Coulomb failure criterion, the minimum bottom hole flowing
pressure to keep the wellbore from shear failure can be expressed by Equation (19):

1+sin¢ n 2ccos @

1-sing 1-—sing (19)

o —apy = (03 —app)
where 07 is the maximum value among 03, 0; and 0y, 03 is the minimum value among ¢;, 0;
and oy.
The critical production pressure difference that maintains the bare borehole wall stable
open hole during the production stage can be expressed by Equation (20):

Pmax—pro = Pp — Pw (20)

4. Model Validation and Example Analysis

As production time progresses, pore pressure depletion occurs, and the predicted
pore pressure data from the field are incorporated into the model. The following data only
consider changes in pore pressure. To validate the accuracy, reliability, and engineering
applicability of the model for evaluating the stability of long horizontal wellbore walls
established in this study, we selected three production wells (X1, X2, and X3) of the East
China Sea that had been drilled, completed, and put into production as typical application
cases for comparative analysis. All three wells encountered the target low-permeability
sandstone reservoir and were completed using open-hole completion methods, but there
were differences in completion protection measures and production pressure difference
control, providing good comparison conditions for model verification. Using the model
established in the previous section, the critical production pressure differences for wells
X1, X2, and X3 were calculated. The established mathematical model was compared and
verified with the actual measurement data from the field, and the results are shown in
Figures 6-8. The 95% confidence band and 95% forecast band were generated using Origin
software. The confidence band represents the possible range of the true regression line
with 95% confidence, considering model errors; meanwhile, the forecast band represents
the possible range for future observations, considering both model uncertainty and the
inherent variability in the data. These bands were generated using the regression model
applied in Origin software without employing Analysis of Variance (ANOVA), Monte
Carlo simulations, or Bootstrap resampling methods.

Figure 6 shows that the actual production pressure difference of the X1 well is much
lower than the calculated critical production pressure difference during the production date,
and the perforation pipe is not put down for additional support when the well is completed.
Throughout the production cycle, no obvious wellbore collapse or instability was observed
by means of well logging, sand production monitoring and downhole television. The
model predicts that the well has a high stability margin under a low production pressure
difference, which is highly consistent with the actual production performance.

As shown in Figure 7, during the production period, the actual production pressure
difference at well X2 exceeded the critical production pressure difference on multiple
occasions. During the production testing phase of this well, noticeable signs of wellbore
instability were detected, indicating a high risk of collapse. Based on model predictions and
early production indicators, a perforated pipe was installed during actual construction to
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provide radial support and enhance wellbore stability. After inserting the perforated pipe,
signs of wellbore instability were effectively controlled. The model successfully predicted
the risk of wellbore instability under high production pressure difference, consistent with
the actual observed risks and the protective measures taken.

12
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Figure 6. Comparison of actual production pressure difference and simulated critical production
pressure difference in well X1.
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Figure 7. Comparison of actual production pressure difference and simulated critical production
pressure difference in well X2.
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Figure 8. Comparison of actual production pressure difference and simulated critical production
pressure difference in the X3 well.



Processes 2025, 13, 3373

12 of 20

As shown in Figure 8, during the production period, the actual pressure difference of
X3 was close to the critical pressure difference. The model predicted that the well was in a
critical stable state and had a certain risk of collapse. Based on the model assessment results,
preventive measures were taken during the completion process by installing perforated
pipes to prevent potential wellbore instability. The model accurately predicted that the well
was in a stable boundary state, and the protective measures actually taken verified the risk
assessment value of the model. After the perforated pipe was lowered, production was
stable and no serious instability occurred. Comprehensive comparison results show that
the model’s prediction results are basically consistent with the actual situation on site, and
it has good engineering applicability and guidance value.

5. Sensitivity Analysis of Critical Production Pressure Difference

The sensitivity of the critical production pressure difference for well X1 in the case
study is explored based on the data in Table 2, where the true vertical depth, overburden
pressure, maximum horizontal stress, minimum horizontal stress, pore pressure, angle be-
tween the azimuth of wellbore and the azimuth of maximum horizontal stress, and wellbore
inclination are derived from field data. Poisson’s ratio, Biot’s parameter, tensile strength,
Young’s modulus, and the friction angle are derived from the unsoaked experimental data
in Table 1.

Table 2. Input data for modeling.

Model’s Parameters Values Units

True vertical depth 3798 m
Overburden pressure 2.45 g/cm?
Maximum horizontal stress 2.2 g/ cm3
Minimum horizontal stress 2.1 g/ cmd

Pore pressure 1.05 g/cm3

The angle between the azimuth of the

wellbore and the azimuth of the maximum  21.02 deg
horizontal stress

Wellbore inclination 89 deg

Wellbore diameter 212.73 mm

Poisson’s ratio 0.237 dimensionless
Biot’s parameter 0.9 dimensionless
Tensile strength 0.8 MPa

Young’s modulus 39 GPa

Friction angle 45.15 deg
Volumetri'c thermal expansion coefficient of 259 x 10-5 1/K

rock matrix

Wellbore wall temperature 423 K

5.1. Production Time and the Soaking Time of Formation Water

Through the study of the above immersion experiments, the results show that, in the
case of the unimmersed rock core, if the critical production pressure difference is 2 MPa,
according to Figure 9, open-hole completions without perforation pipes could be safe to
produce until 2027. Meanwhile, in the case of two days of rock core immersion, the strength
of the rock core is only able to be maintained up to the year 2026, and the strength of
the rock core with seven days of core immersion decreases further, with strength only
maintained up to 2025. In addition, the critical production pressure difference can reach
up to 10.56 MPa without being soaked, while, for the rock strength of two days of core
soaking, the critical production pressure difference decreases by 20.07%, and, at seven days
of soaking, the ultimate production pressure difference decreases by 28.35%.
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Figure 9. Change in critical production pressure difference with production year under different
soaking times.

5.2. Well Inclination Angle

As shown in Figure 10, at the same well inclination angle, the critical production
differential pressure tends to decrease year by year as the production year increases. Within
the same production year, as the well inclination angle increases from 0° to 90°, the critical
production pressure difference gradually decreases. This indicates that the wall stability of
the horizontal section of the development well becomes progressively worse as the well
inclination angle increases. Specifically, compared to the values in 2023, the critical produc-
tion pressure difference range decreased from 21-25 MPa to 6-10 MPa by 2034, representing
a reduction of 60% to 71%. This trend suggests that both a prolonged production time and
an increased well inclination angle exacerbate wellbore instability, resulting in a significant
narrowing of the allowable production pressure window. Therefore, effective measures are
required to ensure wellbore stability under these conditions.

—
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Critical production pressure differential (MPa)
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Figure 10. Change in the critical production pressure difference with production year under different
inclination angles.

5.3. Cohesion

As shown in Figure 11, the cohesion of the rock reflects its strength, stability, and
failure characteristics. Under the same azimuth conditions, the better the strength, stability,
and destructiveness of the rock, the greater its cohesion, and the critical production pressure
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difference also increases accordingly. When the cohesion of the rock is 25 MPa or 30 MPa,
the critical production pressure difference remains positive across all azimuths, suggesting
that normal production can be sustained using open-hole completion. However, when
the cohesion decreases to 20 MPa, a production requirement of 5 MPa can only be met
when the critical production pressure difference approaches 5 MPa along the direction of
the minimum horizontal stress. If the cohesion is further reduced to 15 MPa, the critical
production pressure difference becomes negative at all azimuths, indicating that open-hole
completion can no longer maintain normal production.

0°

315°

270°

225° 180°

Figure 11. Variation in critical production pressure difference with cohesion in different directions.

5.4. Friction Angle

As shown in Figure 12, the internal friction angle of the rock is indicative of its
shear resistance. Under consistent azimuth conditions, higher internal friction angles
correspond to greater shear resistance, which in turn leads to an increase in the critical
production pressure difference. When the internal friction angle is 30°, 35°, or 40°, the
critical production pressure difference remains positive across all azimuths, indicating that
open-hole completion can sustain normal production under these conditions. However,
when the internal friction angle decreases to 15° or 20°, the critical production pressure
difference becomes negative in all azimuths. This suggests that open-hole completion
cannot maintain normal production under such conditions.

3152

270°

I |Friction ang
180° [ Friction angle=15

225°

Figure 12. Variation in critical production pressure difference with internal friction angle in
different directions.



Processes 2025, 13, 3373

15 of 20

5.5. Poisson’s Ratio

As shown in Figure 13, the required bottomhole flowing pressure to maintain wellbore
stability gradually decreases as Poisson’s ratio decreases. This phenomenon suggests that a
reduction in Poisson’s ratio improves the rock’s resistance to deformation, thereby reducing
its susceptibility to shear failure and leading to an increase in the critical production pres-
sure difference. However, the influence of Poisson’s ratio on the critical production pressure
difference is relatively modest. For Poisson’s ratios of 0.1, 0.2, 0.3, and 0.4, the critical pro-
duction pressure difference remains positive at all azimuths. This indicates that open-hole
completion can be maintained under stable production conditions in these scenarios.

-
1

w S [ o
1 1 1 1

Critical production pressure difference (MPa)
I~
1

T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth (°)

Figure 13. The variation of critical production pressure difference with Poisson’s ratio in
different directions.

5.6. In Situ Stress Nonuniformity

As shown in Figure 14, under a constant azimuth angle, the critical production pres-
sure difference increases with the degree of in situ stress nonuniformity, represented by the
ratio of the maximum to the minimum horizontal in situ stress. For all four stress ratios
considered, the critical production pressure difference remains positive at every azimuth,
suggesting that open-hole completion can be feasibly implemented under these conditions.
However, at an azimuth of 90° and a stress anisotropy coefficient of 1.25, the critical produc-
tion pressure difference is reduced by 4.5 MPa compared to the case where the coefficient is
1.1. This reduction indicates that increased nonuniformity of in situ stress may adversely
affect wellbore stability, thereby lowering the critical production pressure difference.

20

—=—sigma_H/sigma_h=1.1 sigma_H /sigma_h=1.15
sigma_H /sigma_h = 1.20 sigma_H /sigma_h = 1.25

Critical production pressure difference (MPa)

T T T T T T T T T
0 30 60 90 120 150 180 210 240 270 300 330 360
Azimuth (°)

Figure 14. Variation in critical production pressure difference with nonuniformities of in situ stress in
different directions.
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5.7. Pore Pressure

As shown in Figure 15, under a constant azimuth angle, the critical production pressure
difference increases with increasing pore pressure in the long horizontal open-hole section.
When the pore pressure decreases to 23.5 MPa, the critical production pressure difference
becomes negative for all azimuths except along the direction of the minimum horizontal in
situ stress. This indicates that open-hole completion is not feasible under these conditions,
and casing completion must be employed instead. These results highlight the significant
influence of pore pressure on wellbore stability, particularly under low-pore-pressure
conditions. In such scenarios, wellbore stability is considerably reduced, making open-
hole completion incapable of meeting production requirements. Consequently, alternative
reinforcement measures are necessary to ensure stable and efficient operations.

31152

270°

Figure 15. Variation in critical production pressure difference with pore pressure in different directions.

5.8. Biot Coefficient

As shown in Figure 16, under a fixed azimuth angle, the critical production pressure
difference increases as the Biot coefficient decreases. For all five Biot coefficients presented,
the critical production pressure difference remains positive across the entire range of
azimuth angles. This suggests that the Biot coefficient is not a determining factor for
the feasibility of open-hole completion in this stratum. These results demonstrate that,
although the Biot coefficient influences wellbore stability to some extent, it does not play a
decisive role in the practical application of open-hole completions. Other strata parameters,
such as pore pressure and rock strength, are observed to have a more significant impact.

3152

270°

225° 180°

Figure 16. Variation in critical production pressure difference with the Biot coefficient in different
directions.
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6. Conclusions

(1) Based on rock mechanics experimental data and in situ stress evolution theory, a
model for the critical production pressure difference in stable open-hole ultra-deep ERWs
was established. The model was rigorously validated through field applications in three
representative horizontal ERWs (X1, X2, and X3). The results show that, for the X1 well,
the ultimate production pressure difference is much higher than the actual production
pressure difference; thus, perforated pipes are not needed. In contrast, for wells X2 and
X3, the ultimate production pressure difference, considering the confidence interval effects,
is slightly higher or lower than the actual production pressure difference. Both wells
have a risk of collapse and require perforated pipes, which aligns with the actual field
completion situation.

(2) Immersion experiments showed significant differences in the critical production
pressure difference between soaked and non-soaked conditions. Specifically, after soaking
the rock core for two days, the ultimate production pressure difference decreased by 20.07%
compared to the non-soaked baseline. After soaking for seven days, the ultimate production
pressure difference decreased by 28.35% compared to the non-soaked rock core.

(3) A detailed analysis was conducted on the effects of key parameters, including the
well inclination angle, cohesion, internal friction angle, Poisson’s ratio, Biot coefficient, and
pore pressure, on the critical production pressure difference in open-hole long horizontal
sections. The results indicate that, as the well inclination angle increases, the critical
production pressure difference decreases. Significant variations in the critical production
pressure difference were observed with varying cohesion (30 MPa, 35 MPa, and 40 MPa)
and internal friction angles (30° and 35°). As the internal friction angle increases, the
ultimate production pressure difference also increases. In contrast, Poisson’s ratio exhibits a
comparatively small influence. Its effect is generally an order of magnitude less pronounced
than that of cohesion or the internal friction angle under the studied conditions. Therefore,
for practical design purposes in the target reservoir, Poisson’s ratio can often be considered
a secondary factor, whereas an increase in the Biot coefficient significantly reduces the
critical production pressure difference. As the production years increase, the depletion of
pore pressure leads to a significant narrowing of the pressure difference range.

This study provides theoretical support for well completion design in ultra-deep
extended-reach wells, particularly for predicting wellbore stability and production pressure
differences. The findings offer valuable guidance for similar wells in terms of completion
design and risk assessment. However, future research could focus on the following areas:
first, further optimization of model parameters, especially in relation to different geological
conditions and well inclination angles; second, expanding experimental conditions to study
the influence of various rock types and complex stress fields on critical pressure differences;
and third, analyzing more complex real-world scenarios, such as the impact of multiphase
flow, to enhance the model’s applicability and accuracy.
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Nomenclature

Symbol Parameter Name (English)

xr Volumetric thermal expansion coefficient of the rock matrix

AP, Change value of pore pressure caused by exhaustion

Aoy Change value of maximum horizontal in-situ stress caused by pore
pressure exhaustion

Aoy, Change value of minimum horizontal in-situ stress caused by pore
pressure exhaustion

AT Temperature change during the production process

0 Circumferential angle around wellbore measured counter-clockwise
from the x-axis

vt Poisson’s ratio

oy Maximum horizontal in-situ stress

lo Minimum horizontal in-situ stress

0y Overburden pressure (Vertical stress)

ol Radial stress caused by temperature change in the wellbore

(ng Hoop stress caused by temperature change in the wellbore

ol Axial stress caused by temperature change in the wellbore

Opr Radial stress around the wellbore including temperature and exhaus-
tion of pore pressure’s effects

Opo Hoop stress around the wellbore including temperature and exhaus-
tion of pore pressure’s effects

Oz Axial stress around the wellbore including temperature and exhaus-
tion of pore pressure’s effects

Tr9, 702, Tr=  Components of shear stress around the wellbore include temperature
and exhaustion of pore pressure’s effects

0% Angle between the Z axis and the normal stress

A—] Factors of coordinate conversion

E; Young’s modulus

K Temperature effect coefficient

L Transformation matrix component

by Pore pressure

7! Radial distance

X, Y Z Three factors of principal stresses

ap Biot’s parameter

log Normal stress on a plane

T Shear stress on a plane

01,072,053 Principal stresses
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