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a b s t r a c t

In this study, a three-dimensional wellbore stability model is presented that takes into account thermal
stresses combined with an integrated circulation temperature model for horizontal well drilling, the
bottom hole temperature simulation were then validated using field measurements, and compared with
results for vertical wells. A subsequent analysis of temperature sensitivity revealed that the heat source
term, the length of horizontal section and mud specific heat were the main reasons cause the bottom
hole temperature for horizontal wells rises above the static formation temperature. Results from the
wellbore stability model show that the temperature variation magnitude in horizontal well is smaller
than that in vertical wells, however, the effect of thermal stress on critical mud weight window in
horizontal is more sensitive. The wellbore at toe of horizontal section is more stable than that at heel of
horizontal section when the bottom hole temperature exceeds the static formation temperature. This
research can provide a theoretical reference for enhancing overall operational efficiency and safety for
horizontal well drilling.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In oil and gas resource development and exploitation, horizontal
wells have been widely used to enhance production by increasing
the amount of wellbore that has contact with the target reservoir.
Unfortunately, due to high temperature environments that
accompany such drilling, severe problems can be encountered such
as the instabilities caused by drilling fluids and in-situ stresses.

Many scholars have studied the heat transfer of geothermal
systems during drilling operations, using both analytical and nu-
merical methods to estimate the circulating fluid temperature.
Analytical methods are generally used for modeling simple drilling
systems, for example, with regular wellbore geometry and single
temperature gradients (Holmes and Swift, 1970; Ramey, 1962;
Edwardson et al., 1962; Tragesser et al., 1967; Kabir and Hasan,
1996). For more complex systems, however, simple analytical
methods are unable to accurately model the thermal behavior.
Numerical methods are required for studying more complex sys-
tems, and to provide a powerful predictive tool that can efficiently
solve the governing finite difference equations for unsteady-state
heat transfer in both wellbore and formation (Raymond, 1969;
Wooley, 1980; Marshall and Bentsen, 1982).

All mentioned above was suit for vertical wells, and some
scholars (Perkins and Gonzalez, 1981; Tang and Luo, 1998) pre-
sentedmodel predictions of the effect on the near wellbore stresses
of different temperature for vertical wells.

More recently, as horizontal well have been widely used,
Yoshioka et al. (2007) and Li and Zhu (2010) developed thermal
models to predict downhole temperature, pressure and flow rate
profiles for horizontal wells, but these models only consider the
heat transfer in horizontal section and the reservoir. Kumar et al.
(2012a, 2012b) developed a simple analytical model to analyze
heat generated from borehole friction and to predict downhole
temperatures for extended-reach well drilling operations. Their
model applies only to steady-state conditions and therefore does
not accuratelymodel the heat transfer processes. Iyoho et al. (2009)
discussed the influencing factors on wellbore temperature of hor-
izontal wells with long horizontal or near horizontal sections for
mud system design purposes, no theoretical details were revealed.
Gonzalez et al. (2004) found that the fracture gradient can be
influenced by wellbore temperature through leak-off test. Yu et al.
(2001) and Nguyen et al. (2010) modeling the thermal effects on
wellbore stability, separately. However, only limited studies
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presently exist that use numerical methods to study the thermal
effect on wellbore stability combining with thermal behavior of
horizontal well drilling systems, especially with long horizontal
section.

The temperature variation in horizontal wells is much different
from vertical wells (Trichel and Fabian, 2011), which cause a
different thermal effect on wellbore stability along the long hori-
zontal section, thus, we can't study either the temperaturemodel or
thermal effect on wellbore stability independently.

Given the above, the objective of our present research was to
develop a combined model that would serve to: (i) numerically
simulate the heat transfer processes during high temperature
drilling operations in horizontal wells, and (ii) determine the
thermal effect on wellbore stability under the true downhole dril-
ling environment with long horizontal wells, based on temperature
distribution derived from the simulations.

In this study, an integrated circulation temperature model of
horizontal well drilling was established to investigate the heat
transfer characteristics of horizontal wells. Thermal stress near
wellbore of horizontal well were analyzed combining with the true
downhole drilling environment, the thermal effects on the “critical
mud weight window” was discussed, providing a theoretical
reference for better understanding the thermal behavior and
thermal effect on wellbore stability in horizontal well drilling
operations.
2. Wellbore temperature of horizontal well and influencing
factors

2.1. Mathematical model development

A schematic diagram of the horizontal drilling operation is
shown in Fig. 1. The whole drilling system has five distinct regions:
(1) drilling fluid flow downward through the drill pipe; (2) drill
pipe wall region; (3) drilling fluid flow upward through the
annular; (4) formation region, and (5) drill bit region. According to
the well trajectory, each region can be divided into three parts:
vertical section, curved section, and horizontal section (excluding
region (5) above).

To develop the energy equations for describing thermal
behavior of the entire wellbore profile and surrounding formation,
the following assumptions are made:
curved section
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Fig. 1. Illustrative sketch of fluid circulatio
(1) Only heat conduction in horizontal direction is considered, as
the majority of formations drilled are layered rock.

(2) Physical properties of formations, i.e., density, specific heat
and thermal conductivity rate are constant; heat conduction
only is applied in modeling the formations.

(3) Fluid properties are independent of temperature, and well-
bore drilling fluids are incompressible and in steady-state
flow during each time step.

(4) Heat transfer within the drilling fluid occurs by axial con-
vection. Conduction is neglected except when the circulation
process is terminated.

(5) Horizontal well drilling has a rotational motion drilling,
without any buckling.

In applying these equations to model the thermal behavior of
the entire drilling system, five different sets of governing differ-
ential equations must be defined, one for each of the five regions
identified earlier, along with boundary conditions at each interface
as determined by flow continuity or other conditions.
2.1.1. The wellbore region
Thewellbore region can be divided into three sub-regions which

are fluidic region in drill pipe, drill pipe wall region and fluidic
region in annular. The energy conservation equations in each sub-
region in cylindrical coordinates can be written as the following
forms, separately:
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(1) fluidic region in drill pipe

(2) drill pipe wall region

(3) fluidic region in annular

(4) formation region

(5) drill bit region
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n in horizontal well drilling systems.
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2.1.2. Formation region
The formation encountered in well drilling operations is porous

medium. Formation porosity must therefore be considered in this
region. The formation thermal capacity can be written as (Qiu et al.,
2004):

ðrCPÞform ¼ ðrCPÞrockð1� FÞ þ ðrCPÞporoF (4)

lform ¼ lFporo þ l
ð1�FÞ
rock (5)

The energy balance equation for the formation regions in ver-
tical and curved section of the wellbore can be written as:

ðrCPÞform
vTform
vt

¼ lform
v2Tform
vr2

þ lform

r
vTform
vr

(6)

In horizontal drilling section, the axis of the wellbore is parallel
with the horizontal direction. Heat conduction both in the axis and
radial directions must therefore be considered. Furui et al. (2003)
investigated a reservoir inflow model for a horizontal well and
approximated the pressure and temperature profile in the reservoir
as a composite of 1D radial flow near the well, and a 1D linear flow
further away from thewell as shown in Fig. 2 below. They estimated
that the distance from the wellbore where linear streamlines
became radial as H/2, where H is as shown in the Figure.

When there is no fluid flow in the formation (the region of linear
streamlines), only heat conduction is considered, the energy bal-
ance equation then reduces to:
ðrCPÞform
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¼
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(7)
2.2. Model validation

A deep horizontal well (vertical depth 6180 m) in Tarim oilfield,
with a long horizontal section (678 m) was selected with actual
r

z

h

H/2

H

H/2

heat flow direction

Fig. 2. Schematics of heat transfer between wellbore and formation in horizontal
section.
drilling circulation schedule. This well utilized an 88.9 mm diam-
eter drill pipe set in a 152.4 mm diameter hole, with a very high
bottom hole static temperature in the horizontal section of about
150 �C. Oil-based drilling fluid was used for best borehole stability.
Rate of penetration varied from 0.71 to 3.76 m/h, with an average
rate of 1.6 m/h. The physical properties of materials in drilling cir-
culation system are shown in Table 1.

MWD (measurement while drilling) was used to detect down-
hole annular temperature in both wells. Themeasured temperature
was stored in the downhole tools. The device was able to contin-
uously record the downhole temperature in the annulus during
circulation.

Fig. 3 plots the predicted and measured temperatures at
different depths during drilling operations. Time-zero was set to
coincide with the time that the moving interface was at the landing
point (the beginning of the horizontal section). The static temper-
ature profile was used as the starting temperature at the
commencement of the simulation. This was not optimal, but after
8 h of simulation, results were seen to be not significantly depen-
dent on the initial conditions any longer. The calculated tempera-
tures were close to measured values, and the bottom hole
temperature gradually increased with the measured depth in-
crease, as the drill bit continued to break more rock.
2.3. Influencing factors on wellbore temperature of horizontal well

For vertical wells, the change of wellbore temperature was
mainly due to the heat transfer between the formation and well-
bore fluid. Because of geothermal gradients, formation temperature
varies greatly in the vertical direction. Compared with the heat
change caused by geothermal gradients, minor thermal effects such
as the heat caused by viscous dissipation in the drilling fluid can be
ignored. However, for horizontal wells, the temperature gradient
rarely changes in the horizontal section. When sufficient heat
transfer occurs between the long horizontal section of the wellbore
and the formation, any thermal effect will have a considerable
impact on the changes in wellbore temperature.

Fig. 4 shows the calculated heat flux distributions attributable to
forced convection, hydraulic energy and mechanical energy hear
sources, for various unit control volumes at different sections of the
wellbore in horizontal well drilling. The heat transfer and energy
source distribution ratios are calculated at the midpoints of the
Table 1
Physical properties of materials in drilling circulation system.

Density [kg/
m3]

Specific heat [J/
(kg �C)]

Thermal conductivity [W/
(m �C)]

Rock 2640 837 2.25
Drilling

pipe
7800 400 43.75

Cement 1900 2000 1.0
Drilling

fluid
1080 1647 (oil based

mud)
1.02
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Fig. 4. Comparison of control volume heat flux in different sections of the wellbore.
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Fig. 5. Effect of horizontal section length on the annular temperature profile.
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respective unit control volumes for the vertical section, curved
section, horizontal section, and the drill bit section. From Fig. 4, it is
apparent that as the depth increases, the transferred heat caused by
forced convection in unit control volumes decreases, mainly
because the horizontal section is in full contact with the formation,
which leads to small changes of fluid temperature in the axial di-
rection. However, the heat generated by hydraulic energy and
mechanical energy gradually increases with depth, and displays a
significant increase near the drill bit. The heat transfer between the
formation and the horizontal section of the wellbore, and
mechanical and heat sources themselves are the main reasons for
the different (i.e., higher) bottom hole circulating temperatures in
horizontal wells versus vertical wells.

The horizontal well geometry and materials physical properties
were used as a basis for a sensitivity analysis. The major difference
between horizontal wells and vertical wells in temperature profile
is that the horizontal section of the wellbore has a sufficient heat
transfer with the formations, where the bottom hole static tem-
perature is at its maximum and the temperature gradient rarely
changes. The length of the horizontal section reflects the size of the
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contact surface between the drilling fluid and the formation, as
shown in Fig. 5. The bottom hole circulating temperature increases
with length of the horizontal section. When this length reaches
700 m or more, the bottom hole circulating temperature exceeds
the static formation temperature.

Fig. 6 shows the effect of pressure drop distribution on the
wellbore circulation temperature profile. The wellbore circulation
temperature profiles of the horizontal section are affected mostly
by the pressure drop, which causes an 8 �C increase compared with
the bottom hole circulation temperature, without considering the
frictional pressure drop in BHA. Fig. 7 shows the effect of the heat
source component generated by torque on the annular temperature
profile. There is a 3 �C decrease in bottom hole calculation tem-
perature when without considering heat source term of torque.

Fluid systems with different specific heats generally exhibit
marked differences in their respective thermal behavior. Fig. 8
demonstrates the effect of different mud systems on borehole cir-
culation temperature profile. The specific heat capacity of water-
based mud is about twice that for oil-based mud, resulting in the
small temperature gradient of water-based mud in the annular
temperature profile. Compared with oil-based mud, the annular
temperature profile of water-based mud has a 20 �C decrease in its
bottom temperature, and a 7 �C increase in outlet temperature.

Reducing mud pump rate, on the one hand, will reduce
convective heat transfer coefficient between the drilling fluid and
formation, which in turn results in increased bottom hole
circulating temperature. On the other hand, it reduces the pressure
loss heat source term generated by the downhole tool, decreasing
the bottom hole circulation temperature. Consequently, there is no
obvious law between pump rate and bottom hole temperature, and
the relationship should be determined according to the specific
situation.
3. Thermal stress near wellbore of horizontal well

3.1. Stress induced by formation temperature changes in horizontal
well

When the temperature near the wellbore is changed, the ther-
mal stress occurs in the formation. It is well known that the thermal
stress occurs only when the heating expansion or cooling shrinkage
is restrained. The thermal stress resulting from a temperature
change DT (T-T0) for the rock which is fully constrained in one di-
rection is:

sT ¼ EaTDT (8)

where E is Young's modulus and aT is linear thermal expansion
coefficient of rock. If the DT is positive, it will cause a tensile stress,
and it has an opposite effect when the DT is negative.

The stresses induced by thermal effect near wellbore are given
as follows:

sr ¼ � EaT
1� y
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A homogeneous and isotropic formation around the wellbore is
assumed with constant formation properties. Based on the thermal
elastic mechanics theory (Xu, 1982), the thermal effect is consid-
ered by adding the thermal induced stress into the pure elastic
model (Fjaer et al., 1992), and the stress components can be
expressed in cylindrical coordinate (align with the wellbore axes)
as follows:



8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

sr ¼ R2

r2
piþ

�
sxxþsyy

�
2

�
1�R2

r2

�
þ
�
sxx�syy

�
2

�
1þ3R4

r4
�4R2

r2

�
cos 2qþ d

�
aBð1�2yÞ
2ð1� yÞ

�
1�R2

r2

�
�f

	�
pi�Pp

�� EaT
1� y

1

r2

Zr
R

DTrdr

sq ¼�R2

r2
piþ

�
sxxþsyy

�
2

�
1þR2

r2

�
�
�
sxx�syy

�
2

�
1þ3R4

r4

�
cos 2qþ d

�
aBð1�2yÞ
2ð1� yÞ

�
1þR2

r2

�
�f

	�
pi�Pp

�þ EaT
1� y

1

r2

2
4Zr

R

DTrdr� r2DT

3
5

sz¼szzþ y

"
sxxþsyy�2

�
sxx�syy

��R
r

�2
cos 2q

#
þ d

�
aBð1�2yÞ

1� y
�f

	�
pi�Pp

�� EaT
1� y

DT

(10)

M. Li et al. / Journal of Natural Gas Science and Engineering 23 (2015) 118e126 123
where, the sxx, syy, szz shown above are the three in-situ principal
stresses around the wellbore, for horizontal well, they have the
following equations:

8<
:

sxx ¼ sv
syy ¼ sH sin a2bþ shcos

2 b

szz ¼ sHcos2 bþ shsin
2
b

(11)

At the borehole surface, the equation (10) can be express as
follows:
8>>>>>><
>>>>>>:
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3.2. Failure of the wellbore

The stresses around the wellbore are then calculated based on
the pore pressure and temperature profiles by using the equations
shown above. Critical mud weights are determined using
MohreCoulomb failure criteria and tensile failure criteria,

The MohreCoulomb failure criteria has the following forms:
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Fig. 9. Scaling factors caused by Poisson's effect (Aadnoy and Belayneh, 2008).
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As for tensile failure criteria, the effects of Poisson's ratio must
be considered. Aadnoy and Belayneh (2008) described the effects of
Poisson's ratio on fracturing pressure and thermal stress by using
the scaling factor C and K, the temperature effect on the fracturing
equation can be expressed as:
sT ¼ KEaTDT (14)

where, K ¼ (1 þ y)2/(3y(1 � 2y) þ (1 þ y)2), Fig. 9 shows the
magnitude of Poisson's effect.

And the tensile failure criteria can be expressed as:

sbd ¼ �
smin � aPp

�þ st � 0 (15)

The critical mud weight window are computed by use of
equations above, the input parameters are given in Table 2
including thermal effects, wellbore information. The examples
Table 2
Input data of formation properties.

Variables Values

Overburden stress gradient 2.26 Mpa/100 m
Maximum horizontal stress gradient 2.04 MPa/100 m
Minimum horizontal stress gradient 1.88 Mpa/100 m
Pore pressure, equivalent 1.24 g/cm3

Thermal expansion coefficient 2.36 � 10�5 �C�1

Poisson's ratio 0.22
Biot's constant 0.9
Young's modulus 6895 Mpa
Cohesion 6.14 Mpa
Friction angle 30�

Tensile strength 0.69 Mpa
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shown in this paper were based on this input data combining with
well geometry and physical properties of materials discussed in
Section 2.2.

The minimum and maximum mud weight requirements for
both breakdown and collapse as a function of borehole inclinations
are plotted, as shown in Fig. 10. As the inclination angle increased,
the mud weight for breakdown decreased, and mud weight for
collapse increased, which makes the safety mud window of hori-
zontal well narrower than that in vertical well, and the horizontal
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Fig. 12. Critical mud weights window of horizontal well al
wellbore is more apt to fracture or collapse.
3.3. Thermal effect on horizontal well

Fig. 11 shows the thermal effect on critical mud weight for
vertical and horizontal wells. For vertical well, the breakdown mud
weight and collapse mud weight change by 1.16 � 10�3 g/cm3 and
5.81 � 10�4 g/cm3 for every 1 �C variation in a vertical well,
respectively. A linear relationship of thermal effect on critical mud
weight window is also obtained for horizontal wells. However, the
thermal effect on horizontal wells is more sensitive than on vertical
wells. The breakdown mud weight decreases by 2.32 � 10-3 g/cm3

for every 1 �C of decreasing for a horizontal well, while the collapse
mud weight only has a 5.81 � 10-4 g/cm3 decreasing, wellbore
temperature variation has a greater effect on the formation
breakdown pressure than on the formation collapse pressure for
both vertical and horizontal wells.

The wellbore is more apt to fracture when the formation tem-
perature is decreased because the cooling effect will cause a tensile
stress in circumferential directionwhich can reduce the hoop stress
near wellbore. Increasing the formation temperature increases
both the breakdown and collapsemudweights, however presents a
smaller effect on collapse mud weight.

Combining with the true drilling condition, critical mudweights
of horizontal well along the horizontal section with different mud
system are shown in Fig. 12. For oil-based mud, the temperature at
the toe of horizontal section is rise above the static formation
temperature, and causes a larger critical mud weight window,
while opposite situation occurs at the heel of horizontal section.
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Table 3
Sensitivity analysis of parameters affect borehole stability.

Variables Rate of change

Variables Collapse
pressure

Breakdown
pressure

Thermal expansion
coefficient

50% 0.38% 1.24%
�50% �0.38% �1.23%

Borehole temperature 100% 0.76% 2.47%
�200% �1.52% �4.94%

Poisson's ratio 36.4% 0.09% �1.67%
54.5% �0.10% 2.61%

Pore pressure 10% 3.17% 0.00%
�10% �3.17% 0.00%

Overburden stress 10% 11.30% �5.39%
�10% �11.30% 5.39%

Maximum horizontal stress 10% �3.39% 4.85%
�10% 3.39% �12.65%

Minimum horizontal stress 7.2% 0.00% 6.00%
�15.6% 0.00% �15.92%

Well inclination �50% �9.61% 11.20%
�100% �19.21% 16.41%
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When using the water-based mud, the temperature along the
horizontal section of the wellbore is below the static formation
temperature, which makes the critical mud weight window nar-
rower and move downward, as shown in Fig. 12.

Because of the sufficient heat exchange in the long horizontal
section, the temperature variation magnitude in horizontal well is
smaller than that in vertical by using either mud system, and the
bottom hole temperature in horizontal well is more close to the
static formation temperature. However, the effect of thermal stress
on critical mud weight window in horizontal is more sensitive,
therefore, the thermal effect on wellbore stability for different sit-
uations should be calculated with specific well geometry, material
properties and downhole environment.

4. Uncertainty analysis

Many parameters affect borehole stability. These parameters
include three principal stresses, pore pressure, mud weight, well
azimuth and inclination, borehole temperature. The problem of
applying a borehole stability model is that none of these parame-
ters can be accurately measured. Thus, in this section the uncer-
tainty analysis provide a confidence level to each calculated safe
mud weight range, parameters in Section 3.2 were used as a basis
for the uncertainty analysis, and the results are shown in Table 3.

From Table 3, we can see that when sV>sH>sh, the parameters
impacting on the safe mud weight to stabilize borehole are well
inclination followed by three principal stresses, pore pressure,
borehole temperature, thermal expansion coefficient and Poisson's
ratio. The thermal expansion coefficient, Poisson's ratio and bore-
hole temperature have an insignificant effect on collapse mud
weight. Pore pressure have an insignificant effect on breakdown
mud weight.

5. Conclusions

An integrated circulation temperature model for horizontal well
drilling was established and field-tested. Horizontal well thermal
performance is quite different from that for vertical wells, bottom
hole circulating temperature for horizontal wells can sometimes
exceed the formation temperature at the same depth.

Because of the sufficient heat exchange in long horizontal sec-
tion, the temperature variation magnitude in horizontal well is
smaller than that in vertical wells; however, the effect of thermal
stress on critical mud weight window in horizontal well is more
sensitive.
When the bottom hole temperature exceeds the static forma-

tion temperature by using oil-based mud, the critical mud weight
window at toe of horizontal section is larger than that at heel of
horizontal section. Using the water-based mud will narrow down
the critical mudweight window. Oil-basedmud is recommended to
use to minimize the cooling effect for the enlarging critical mud
weight window purpose.
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Nomenclature

BHA bottom hole assembly
CP specific heat capacity, J/(kg�C)
E Young's modulus, MPa
h convective heat transfer coefficient, W/(m2 �C)
MWD measurement while drilling
Pp pore pressure, Equivalent, g/cm3

Pi hydraulic pressure
Sa, Sp heat source term in annular and drilling pipe,

respectively, J/m3

S0 cohesion, MPa
t time, s
T temperature, �C
v velocity vector, m/s
aB Biot's constant
aT thermal expansion coefficients, �C�1

a wellbore deviation angle, �

b the angle between wellbore azimuth and horizontal, �

q angle of circumference, �

l thermal conductivity, W/(m�C)
r density, g/cm3

sbd breakdown stress, MPa
sH maximum horizontal stress, MPa
sh minimum horizontal stress, MPa
st tensile strength, MPa
sv overburden stress, MPa
sxx,syy, szz the stress field of surrounding rock inwellbore Cartesian

coordinate system, MPa
sr, sq, sz,trq the radial stress, the tangential stress, and the shear

stress of surrounding rock or casing, MPa
y Poisson's ratio
F formation porosity, %
4 friction angle, �
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