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Abstract: Drilling is a key step in the exploitation of deep oil and gas resources. In order to clarify
the stress state of the rocks and the mechanism of rock breakage in deep-well drilling, a thermal-
hydro-mechanical coupling model for deep-well drilling was established, and the effects of drilling
on the temperature, pressure, and stress in the formation were studied. Furthermore, the effects of
the formation parameters and wellbore parameters on the bottomhole stress were analyzed. The
results revealed that after the formation was drilled, the temperatures in different horizontal in situ
stress directions were not significantly different, but the difference in the pore pressure between the
maximum and minimum horizontal stress directions was large. The average effective stress at the
bottom of the hole was the smallest, and in some areas, it was tensile stress. For deep-well drilling, as
the formation pressure increased, the in situ stress increased, and the permeability decreased, leading
to greater average effective stress of the bottomhole rock. As a result, it was harder to break the rock,
and the drilling efficiency decreased. Reducing the wellbore pressure and wellbore temperature is
conducive to forming tensile stress near the borehole axis in the bottomhole, causing tensile damage.
The average effective stress of the formation near the shoulder of the drill bit was compressive
stress, and it is advisable to take advantage of the rock shear failure characteristics to improve the
drilling efficiency in this area. The results of this study can help us to understand the stress state
of the bottomhole rocks and the mechanism of rock breakage and can provide a reference for the
optimization of drilling tools and drilling parameters in deep-well drilling.

Keywords: thermal-hydro-mechanical coupling; bottomhole stress field; deep-well drilling; finite
element analysis; rock breakage mechanism

1. Introduction

With rapid economic and social development, there has been an increasing demand
for energy. With the background that shallow oil and gas resources are depleted, energy
resources from the deep part of the earth have become an important alternative for increas-
ing oil and gas reserves and production [1,2]. The deep oil and gas reserves in the world
are rich, and efficient development of deep oil and gas resources is of great significance
to the development of the global economy [3,4]. Drilling is a key step in deep oil and
gas exploitation. It not only plays a role in confirming the oil and gas reserves in deep
formations but also provides oil and gas migration channels for later deep oil and gas
extraction [5]. However, due to the complex lithology, high strength, strong abrasiveness,
and poor drillability of deep formations [6-9], as well as the significant coupled effect
of multiple physical fields during drilling [10], deep-well drilling faces the challenges of
low drilling speed and efficiency, which greatly restrict the exploitation of deep oil and
gas resources.

In order to increase the rock-breaking efficiency and rate of penetration (ROP) of
deep-well drilling, a variety of drill bits have been developed, such as polycrystalline
diamond compact (PDC) bits, composite bits, and dual-diameter PDC bits [11-15]. New
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drilling techniques have also been developed, such as high-pressure water jet drilling,
electro-pulse drilling, particle jet impact drilling, and laser drilling [9,16-19]. In addition
to the development of new tools and drilling techniques, analysis of the stress state of
bottomhole rocks during drilling can also help clarify the mechanism of bottomhole rock
breakage during drilling, which can provide references for optimizing drilling tools and
drilling parameters. In this field, Peng et al. [20] used the finite element method to simulate
formation stress state before drilling, during drilling, and after drilling of the formation.
They found that there was stress concentration in the bottom area near the wellbore wall,
which led to poor drillability of the rocks in this area. Regarding the high-pressure water
jet drilling process, Li et al. [21] studied bottomhole rock stress under high-pressure water
jet drilling using finite element and finite volume methods. Their results showed that
the maximum principal stress of bottomhole rocks increased as the jet velocity increased.
Furthermore, Wang et al. studied the stress release mechanism of deep bottomhole rock
using ultra-high-pressure water jet slotting [16]. Their results suggest that the stress release
was due to the combined action of three drivers, namely, horizontal stress release, stress
concentration in the area away from the cutting plane, and increased pore pressure caused
by rock mass expansion. Under the condition of underbalanced drilling, Li et al. [22] used
the finite element method to study the stress state of bottomhole rocks, and their results
indicate that the mechanical properties of the rocks near the bottomhole were affected
by a number of factors, including the in situ stress, pore pressure, well diameter, and
fluid column pressure. Compared to a permeable borehole wall, rocks are easier to break
under impermeable borehole conditions. In view of the influence of the bit structure,
Heydarshahy and Karekal [23] carried out finite element simulations to study the stress
distribution characteristics under different drill bit shapes. It was found that increasing
the height of the cone-shaped bit led to an increase in the high-stress area of bottomhole
rocks. Shen and Peng [24] analyzed the bottomhole stress field when a dual-diameter PDC
bit was used. Their results showed that there was significant equivalent stress unloading,
which improved the ROP.

The above studies focused on bottomhole rock stress under different drilling tech-
niques and different drill bit shapes but did not consider the multi-physical coupling
effects of the bottomhole rocks during drilling. Actually, after the formation is drilled,
because some of the rocks are replaced by the drilling fluid, the stress, temperature, and
pressure of the bottomhole rock changes accordingly, and these changes impact the stress
state of bottomhole rocks. This process is a complex thermal-hydro-mechanical coupling
process. In order to analyze the influence of the coupling effect on bottomhole rock stress,
Warren and Smith [25] established a hydro-mechanical coupling model for studying the
formation stress near the bottom of a borehole and analyzed the distribution of the mean
bottomhole stress under different over-balance pressures. They concluded that a high
over-balance pressure was not conducive to improving the rock-breaking efficiency. Chang
et al. [26] analyzed the formation stress under different bottomhole pressure differences
using numerical simulation methods. Their results showed that reducing the wellbore
pressure could promote bottomhole rock breakage. Chen et al. [27] used the finite difference
method to analyze the formation stress near the bottom of the wellbore by considering
the hydro-mechanical coupling effect during the drilling process, and they found that the
rock mass expansion at the bottom of the wellbore led to a decrease in the pore pressure,
thereby affecting the drilling efficiency. Hu et al. [28] carried out finite element simulations
to study the dynamic variations in bottomhole rock stress and pore pressure, considering
hydro-mechanical coupling. Then, Hu et al. [29] analyzed the dynamic variations in the
stress field under balanced drilling conditions, and their results showed that the variations
in bottomhole stress were caused by the changes in the pore pressure. In addition, Hu
etal. [13,14] designed a dual-diameter PDC bit and studied the bottomhole stress release
mechanism of the drill bit under the influence of coupled hydro-mechanical conditions.
Their results showed that the stress concentration area at the shoulder of the reaming bit
was significantly reduced, and a large stress unloading area formed at the intersection of
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the reaming bit and the pilot bit. Moreover, some scholars have studied the comprehen-
sive influence of the thermal-hydro-mechanical coupling effect. For instance, Li et al. [30]
studied the stress of bottomhole rock in underbalanced drilling using the finite element
method. Their results suggest that both the wellbore pressure and temperature can affect
bottomhole stress. Moreover, Zhang et al. [31] established an analytical model for calcu-
lating bottomhole pressure and the thermally induced near-wellbore stress. They found
that when the wellbore pressure changed from overbalanced to underbalanced, the stress
state of the bottomhole rocks changed from compressive stress to tensile stress. In addition,
Zhang et al. [32] also analyzed bottomhole stress distribution and its influencing factors in
underbalanced drilling by considering thermal-hydro-mechanical coupling.

Based on the above analysis, it can be seen that most previous studies analyzed the
bottomhole rock stress while neglecting the coupling effect or only considering hydro-
mechanical coupling. A few studies have considered the influence of thermal-hydro-
mechanical coupling in underbalanced drilling conditions. Although underbalanced
drilling is beneficial to improving the drilling efficiency, its safety is still controversial,
and the related risks are high. In deep-well drilling practices, in order to ensure drilling
safety, overbalanced drilling is generally used. In overbalanced drilling, the wellbore fluid
under positive pressure difference will penetrate the formation. Due to the difference
between the temperature and pressure of the wellbore fluid and the original formation,
bottomhole rocks will be directly affected by the thermal-hydro-mechanical coupling effect.
The objective of this study was to analyze the stress of bottomhole rocks during deep-well
drilling by considering the thermal-hydro-mechanical coupling effect. First, a thermal-
hydro-mechanical coupling model was established. Then, numerical simulations were
carried out to reveal the dynamic evolution of the temperature, pressure, and stress of
the bottomhole rocks. Furthermore, the mechanisms by which the formation pressure, in
situ stress, formation permeability, wellbore pressure, and wellbore temperature influence
bottomhole rock stress were analyzed. The results of this study can improve our under-
standing of bottomhole stress and the mechanism of rock breakage; moreover, the results
can be used to analyze wellbore stability by combing the rock strength criterion, which is
of great significance for improving the safety and efficiency of deep-well drilling.

2. Thermal-Hydro-Mechanical Coupling Model for Deep-Well Drilling
2.1. Assumptions

In order to simplify the model, the following assumptions were made.

(1) The formation is continuous, homogeneous, isotropic, and meets the small deforma-
tion condition.

(2) The fluid seepage in the formation is single-phase flow.

(3) The variations in the wellbore temperature and pressure were neglected.

(4) The effect of the water jet on bottomhole rock stress was neglected.

(5) The influence of the thermal radiation on the wellbore temperature was neglected.

2.2. Field Equations
2.2.1. Stress Field

For porous elastic materials, when the external load, pore pressure, and temperature
are considered, the constitutive equation of the porous media is [33]

0ij = 2Gejj + %8051‘1’ — apdij — BsK(T — To)dj; 1)

where E
R TCEET ®
K— 2G(1+v) 3)

C3(1-2v)’
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and
3(vy —v)

B(1-2v)(14+vy) @)

N =

In Equations (1)-(4), 0;; is the second-order stress tensor component (MPa). ¢; is the
dimensionless second-order strain tensor component. &, is the dimensionless volume strain;
djj is the Kronecker symbol, which is dimensionless. G is the shear modulus (GPa). E is
the Young’s modulus (GPa). K is the bulk modulus (GPa); v is the Poisson’s ratio. v, is the
undrained Poisson’s ratio, which is dimensionless. B is Skempton’s coefficient, which is
dimensionless. « is the dimensionless Biot coefficient. p is the pore pressure (MPa). s is
the volumetric expansion coefficient of the rock (1/°C). T is the formation temperature (°C).
Ty is the initial formation temperature (°C).

By substituting Equation (1) into the momentum conservation equation and combining
it with the deformation coordination equation, Equation (5) can be obtained.

Gui,]‘]' + —ap;— ,BSKTJ' +F =0, (5)

1— oy b
where u is the displacement (m), and F; is the body load component (MPa).

Next, Equation (5) is written in tensor notation. Without considering the body load, the
governing equation of the stress field, considering thermal-hydro-mechanical coupling, is

GV?u + <1G2V)V(V~u) —aVp — BsKVT = 0. (6)

2.2.2. Seepage Field

Considering the thermal-hydro-mechanical coupling effect, changes in the volumetric
strain, pore pressure, and temperature of the formation will lead to changes in the fluid
content in the pores as follows [34]

C=a(V - u)+ 42— Buy(T = To), )
where BK
M= —aBy ®
and
ﬁsf: ("‘_‘P)ﬁs‘i‘(i)ﬁf' )

In Equations (7)—(9), ¢ is the change in the fluid content in a unit volume of rock (m3).
M is the Biot’s modulus (1/MPa). ¢ is the formation porosity, which is dimensionless, and
B is the coefficient of volumetric expansion of the fluid (1/°C).

Because the formation is considered to be a closed system, there is no external mass
exchange. Therefore, the mass flux of the fluid is equal to the rate of change in the mass
of the fluid. According to the law of conservation of mass, the process can be expressed

as follows:
a(g:g) +V - (psor) =0, (10)

where

k
v = ——Vp. (11)
f I p

In Equations (10) and (11), py is the fluid density (kg/ m?). vy is fluid seepage velocity
(m/s). k is the formation permeability (m?). u is the fluid viscosity (mPa-s).
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When the fluid density is constant, the governing equation of the seepage field,
considering thermal-hydro-mechanical coupling, is

d T k
a (Vou)+ 5k [(a—¢)5s+¢ﬁf}§+v (—pr) =0. (12)

2.2.3. Temperature Field

Considering the thermal-hydro-mechanical coupling condition, according to the sec-
ond law of thermodynamics, deformation of an object, changes in the pore pressure, and
changes in the temperature will all lead to a change in the system'’s entropy. The entropy
change can be expressed as follows:

T — T,
S = —BsK(V -u) —ppsp + PmCmTOr (13)

where

pmem = (1= @)psCs + PppsCy. (14)

In Equations (13) and (14), S is the change in entropy (J/(K-m?)). C; is the specific heat
capacity of the rock (J/(kg-K)). Cy is the specific heat capacity of the fluid (J/(kg-K)). ps is
the density of the solid phase (kg/m3).

Based on the relationship between the change in entropy, temperature, and energy, the
change in energy caused by the change in entropy can be expressed as follows:

Q=S5-To = —BsKTo(V - u) = ¢ Top + pmcm(T — To), (15)

where Q is the change in energy (J/m?).
The heat transfer in the formation includes thermal conduction and convection. Based
on Fourier’s law of thermal conduction, the heat flux in the formation is as follows [35]:

q= —/\mV(T—To)“"PfoUf(T—TO), (16)

where
A= (1—¢)As + gb)\f. (17)

In Equations (16) and (17), g is the heat flux (J/m). A; is the thermal conductivity of
the rock (J/(m-K-s)). Asis the thermal conductivity of the fluid (J/(m-K-s)).
Since the system satisfies the law of energy conservation, the sum of the rate of change
in the energy and the heat flux is zero, that is,
0Q
= .qg=0. 1
% V-gq=0 (18)
By substituting Equations (15) and (16) into Equation (18), the governing equation of
the temperature field of the rock, considering thermal-hydro-mechanical coupling, can be
obtained as follows:

3 J aT
— BsKTo= (V- 1) - ¢ﬁfT0£ +pmem 5 + V- [fAmV(T —To) +psCrof(T—To)| =0. (19)

2.3. Initial and Boundary Conditions

Due to the symmetry of the formation conditions, a 1/4 formation model was estab-
lished to reduce the amount of numerical computations. The side length of the formation
was 2 m, and the borehole radius was 0.111 m. The geometric models before and after the
drilling of the borehole in the formation are shown in Figure 1a,b. It should be noted that
the numbers in the figure represent the different surface of the geometric model. Before
the formation is drilled, the formation is in a state of equilibrium under in situ stress; the
initial temperature of the formation is equal to the original formation temperature; and the
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initial formation pressure is equal to the original formation pressure. Therefore, the initial
conditions of the whole system are as follows:

u=20
p=pi (when t=0), (20)
=T
where p; is the original formation pressure (MPa), and T; is the original formation tempera-
ture (°C).

After the formation is drilled, some rocks are replaced by drilling fluid. At this time,
the boundary conditions in the system are determined by the wellbore parameters:

u=f(pw)
P = Puw (On Iy when t > 0), (21)
T=Ty

where py, is the wellbore pressure (MPa), and Ty, is the wellbore temperature (°C).

For the outer boundary of the system, the formation displacement, temperature, and
pressure remain stable. Therefore, the internal and external boundary conditions of the
system are as follows:

u=20
p=pi (On Iy U Is when t > 0). (22)
T=T,

(9%}

Figure 1. Geometric models of the formation before and after the drilling of the wellbore. (a) Before
drilling; (b) After drilling.

2.4. Model Solving and Validation

Since the contour of the drill bit is complex, and the model involves thermal-hydro-
mechanical coupling, the finite element method was used to solve the proposed model,
which was carried out in two steps. The first step was the in situ stress balance process,
in which, the boundary conditions of surfaces #1, #2, #3, #7, and #8 in Figure 1a were set
as the roller support. The maximum horizontal in situ stress was applied on surface #4,
and the minimum horizontal in situ stress was applied on surface #5. In addition, vertical
stress was applied on surfaces #6 and #9. In this way, the in situ stress distribution before
drilling was simulated, which provided the prestress for subsequent drilling and eliminated
the influence of the strain generated by the in situ stress on the formation deformation
around the well. The second step was the simulation after the formation was drilled. In
this step, the geometric elements in the blue area in Figure 1 were deleted from the model
to simulate the formation after drilling. The initial conditions and internal and external
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boundary conditions of the model were set according to Equations (20)—(22). Next, the fully
coupled solution method was used to calculate the transient changes in the formation stress,
temperature, and pressure after drilling. Positive values represented compressive stress,
and negative values represented tensile stress. After obtaining the stress components, the
following equation was used to describe the stress components in the cylindrical coordinate
system:

. . T
0y T Tz cost) sin® O [ox Tay Tax cosf sinf O
Tg 09 Tpz| = |—sinf cos® O |Tay 0y Typz||—sin® cos6® 0| , (23)
Tz Toz Oz 0 0 1] | Tox Tyz 0z 0 0 1

where 0, 09, 03, Trg, Trz, and Ty, are the stress components in the cylindrical coordinate
system (MPa), and 6 is the well circumference angle (°).

After obtaining the stress components in the cylindrical coordinate system, the three
principal stresses of the bottomhole rocks were obtained:

i = 0Oy
1
2 2
0;=3(0p+02) + 3 [(09 —0) + 4’(54 , (24)
1
o= g +0z) — 3 {(09 —0)? +4T§Z} :

where 0}, 0}, and oy are the three principal stresses (MPa).
Furthermore, based on the effective stress expression, the average effective stress of
the bottomhole rocks was obtained:

E:%(Uﬁ—aj%—ak)—zxp, (25)

where 7 is the average effective stress of the bottomhole rocks after drilling (MPa).

In order to verify the accuracy of the model, the bottomhole stress model proposed by
Warren et al. [25] was used to calculate the bottomhole rock stress using the parameters
listed in Table 1. The results of Warren et al.’s model are shown in Figure 2a. Hu et al. [28]
also employed Warren et al.’s model to calculate the average effective stress of bottomhole
rocks after drilling, using the finite element method. Their results are shown in Figure 2b.
The results of the model proposed in this study using the same parameters are shown in
Figure 2c. It can be seen that the results of the proposed model are consistent with those
of the two previous studies. It should be noted that the influence of temperature was not
considered in the above analysis. In order to further verify the thermal-hydro-mechanical
coupling process, the parameters in Table 2 were used to calculate the temperature, pressure,
and stress distribution along the radial direction of the borehole after the formation was
drilled, using the finite element method. The numerical simulation results were compared
with the analytical results [36] (Figure 3). It can be seen that the numerical simulation
results obtained in this study are in good agreement with the analytical solution, which
further demonstrates the accuracy of the model proposed in this study. Therefore, the
proposed model can be used to study bottomhole stress in deep-well drilling, considering
the thermal-hydro-mechanical coupling effect.
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Table 1. Basic parameters of the Warren et al. model.
No. Parameters Value Units
1 Well depth, k 3048 m
2 Borehole radius, ry 0.111 m
3 Drilling fluid density, pf 1050 kg/m3
4 Vertical in situ stress, o, 68.95 MPa
5 Wellbore pressure, py 32.41 MPa
6 Formation pressure, pg 32.41 MPa
7 Maximum horizontal in situ stress, oy 48.26 MPa
8 Minimum horizontal in situ stress, 07, 48.26 MPa
9 Young’s modulus of the rock, E 13,789.5 MPa
10 Poisson’s ratio of the rock, v 0.25 -
11 Formation permeability, k 1 mD
12 Formation porosity, ¢ 0.15 -
13 Rock density, ps 2262 kg/m3
14 Rock compression coefficient, c 2.697 x 1075 MPa~!
15 Drill bit profile code TADC5-3-7bit -
201 (a) i : (b) 20 | (0 MPa
45
1.5F 1.5F 1.5k
- - - 40
1.0} 1.0+ . 1.0+ -
| Borchole | Unit: MPa L >
0.5} Surface 05F 05F 30
L L 25.0
0 ; 0 360 :
L. (2413 _ . "
-0.5 .5 [ —().5?) )
Unit: MPa 1% 13
~1.0}- -10L - p
20.68 - 0F 2007 10
-1.5F -15F —15F 5
Warren et al.'s result Hu et al.'s result Our result N
-2.0 L L L I -2.0 1 1 1 -2.0 L 1 1
0 0.5 1.0 15 20 0 05 1.0 15 20 0 0.5 1.0 1.5 2.0

Figure 2. Average effective stress of the bottomhole rock after the formation was drilled. (a) Warren

et al.’s result; (b) Hu et al.’s result; (c) Our result.

Table 2. Basic parameters of the thermal-fluid-solid coupling model.

No. Parameters Value Units
Material parameters

1 Poisson’s ratio of the rock(drained), v 0.291 -
2 Young’s modulus of the rock, E 26.3 GPa
3 Poisson’s ratio of the rock(undrained), v, 0.45 -
4 Skempton’s coefficient of the rock, B 0.85 -
5 Formation permeability, k 1 mD
6 Formation fluid viscosity, u 5 mPa-s
7 Formation porosity, ¢ 0.1 -
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Table 2. Cont.
No. Parameters Value Units
8 Rock density, ps 2680 kg/m3
9 Formation fluid density, py 1000 kg/m3
10 Specific heat capacity of the rock, Cs 890 J/(kg-K)
11 Specific heat capacity of the fluid, Cy 2510 J/(kg-K)
12 Thermal conductivity of the rock, As 46 J/(m-K-s)
13 Thermal conductivity of the fluid, A 26 J/(m-K-s)
14 Coefficient of volumetric expansion of the rock, s 5x 1075 1/°C
15 Coefficient of volumetric expansion of the fluid, B¢ 2x 1074 1/°C
Formation parameters
16 Original formation temperature, Ty 130 °C
17 Original formation pressure, pg 50 MPa
18 Maximum horizontal in situ stress, oy 132 MPa
19 Minimum horizontal in situ stress, 0y, 110 MPa
20 Vertical in situ stress, 0 144 MPa
Wellbore parameters
21 Borehole radius, 7 0.111 m
22 Wellbore pressure, pyw 54 MPa
23 Wellbore temperature, Ty, 70 °C
130 F (@) 280 —_————
£ *f — s
1201 / Analytical solution —— t=10s
ok [ “1s 53k t=100s
~ 1 / Analytical solution ——t=10s )
& —— =100 s o Els
g 100 - ) < 2F Numerical solution t=10s
= . N =100s
()0 |- - S
i Numerical solution t=10s 51k
2ol [ o t=100s
20l 501
o 02 03 04 0.5 0.0 04 03 12 Lo 20
r/(m) r/(m)
70 170
©_ . 000-000000006600¢ @ 100 N
,’/ Analytical solution ——— t=10s 150 120 F \\‘\\\.
S0 § — t=100s H
~ 5, ° :*l]im = 140 ‘ ;00 3 Q\NM__
g 40 Numerical solution =10s & 130f ¢ 80 L L .
= ) Py o =100s = i 201 02 03 04 05 I
=l of - < o} | k — s
o8 0 : ] 60 ;/,_ © H Analytical solution — t=10s
ol 1 a0t I/ 1o | i ; =100s
bl I 1 ° t=ls
20f ‘[Il 100 - Ks"‘ Numerical solution t=10s
10} S : i o =100s
§ Y002 03 04 05 o e SRR
o L . . . : 30 . . . .
0.0 0.4 0.8 12 1.6 2.0 0.0 0.8 1.2 1.6 2.0
7/ (m) r/(m)

Figure 3. Radial distributions of the temperature, pressure, and stress after drilling. (a) Temperature;
(b) Pore pressure; (c) Radial stress; (d) Circumferential stress.



Processes 2023, 11, 683

10 of 19

g,

S
Jllll ] |III::::

3. Distribution of Formation Temperature, Pressure, and Stress due to Drilling

Understanding the distribution and evolution of the formation temperature, pressure,
and stress under the action of thermal-hydro-mechanical coupling is the basis for analyzing
bottomhole rock stress and studying the mechanism of rock breakage. Therefore, based on
the model proposed in this study and the parameters in Table 2, the distributions of the
formation temperature, pressure, and average effective stress along the directions of the
maximum and minimum horizontal in situ stresses were calculated. The results are shown
in Figures 4-6.

Figure 4a—d show the formation temperature in the direction of the maximum horizon-
tal in situ stress at different drilling stages, and Figure 4e—h show the formation temperature
in the direction of the minimum horizontal in situ stress at different drilling stages. It can
be seen that for the homogeneous and isotropic formation modelled in this study, the
temperatures around the wellbore along the directions of the maximum and minimum
horizontal crustal stresses are approximately the same; that is, the change in the formation
temperature caused by the deformation of the formation around the wellbore and the
change in the pore pressure are small, and the formation temperature is mainly controlled
by thermal conduction and thermal convection. After the formation is drilled, under the
cooling effect of the drilling fluid, the temperatures of the wellbore wall and bottomhole
are the same as that of the drilling fluid. Then, under the joint action of thermal conduction
and convection, the low temperature zone gradually increases and expands to the deep
part of the formation.

C
130

120

110

100

“ 90

80

70

Figure 4. Formation temperature around the wellbore after drilling. (a) t =0.5s; (b)t=1s;(c)t=10s;
(d)t=100s;(e)t=05s;(f)t=1s;(g)t=10s; (h)t=100s.

Figure 5a—d show the formation pressure in the direction of the maximum horizontal
in situ stress, and Figure 5e-h show the formation pressure in the direction of the minimum
horizontal in situ stress. It can be seen that shortly after the start of drilling (t = 0.5 s
and t =1 s), the formation pressures along the directions of the maximum and minimum
horizontal in situ stresses are greatly different. This mainly occurs on the wellbore wall,
and the difference near the bottom of the well is small. When the tangent plane of the
stratum is along the direction of the maximum horizontal in situ stress, the pore pressure
near the wellbore wall is the lowest. However, when the tangent plane of the stratum is
along the direction of the minimum horizontal in situ stress, the pore pressure near the
wellbore wall is the highest. At t = 0.5 s, the maximum difference in the pore pressure
between the two directions is about 10 MPa. The main reason for this difference is that
the wellbore along the direction of the maximum horizontal in situ stress is under tension,
and the volume of the pores of formation rock increases under the tensile stress, which in
turn leads to a decrease in the pore pressure around the wellbore. Conversely, the wellbore
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along the direction of the minimum horizontal in situ stress is subjected to compressive
stress, and the formation is further compressed, which leads to an increase in the pore
pressure around the wellbore. With the progression of drilling, the high-pressure area
around the wellbore gradually spreads toward the low-pressure area; the minimum pore
pressure along the direction of the maximum horizontal in situ stress gradually increases,
whereas the maximum pore pressure along the direction of the minimum horizontal in situ
stress gradually decreases. After a certain period of time, the pore pressures in the two
directions become approximately equal.
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Figure 5. Formation pressure around the wellbore after drilling. (a) t =0.5s;(b)t=1s;(c) t =10s;
(d)t=100s;(e)t=05s;(f)t=1s;(g)t=10s; (h)t=100s.
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Figure 6. Average effective stress of the formation around the wellbore after drilling. (a) t =0.5s;
(b)t=1s;(c)t=10s;(d)t=100s; (e)t=0.5s;(f)t=1s;(g)t=10s; (h) t =100s.

Figure 6a—d show the average effective stress in the direction of the maximum hori-
zontal in situ stress, and Figure 6e—h show the average effective stress in the direction of the
minimum horizontal in situ stress. The results show that when the maximum horizontal
in situ stress and the minimum horizontal in situ stress are not the same, the average
effective stresses of the formation around the wellbore in the directions of the maximum
and minimum horizontal in situ stresses after drilling are also different, and the average
effective stress along the direction of the minimum horizontal in situ stress is larger than
that along the direction of the maximum horizontal in situ stress. It can also be seen that
the average effective stress near the shoulder of the drill bit is the largest, while the average
effective stress near the centerline of the bit is the smallest. Moreover, the average effective



Processes 2023, 11, 683

12 0of 19

stress is tensile stress in some areas, and the minimum average effective stress is located
on the bottom of the wellbore. Starting from the centerline of the drill bit, the average
effective stress at the bottomhole initially increases and then decreases along the contour
of the drill bit. With the progression of drilling, the maximum average effective stress
gradually decreases, and the minimum average effective stress remains stable. Moreover,
the bottomhole area under tension increases slightly.

4. Factors Affecting Bottomhole Rock Stress under the Thermal-Hydro-Mechanical
Coupling Effect

The influences of the formation parameters and wellbore parameters on bottomhole
rock stress in deep-well drilling were investigated using the proposed model. Under each
set of conditions, the parameter of interest was set to different values, while the other
parameters were held constant. The average effective stress of the bottomhole rocks under
different formation pressures, in situ stress, formation permeability, wellbore pressures, and
wellbore temperature values were calculated. In order to facilitate the analysis, the average
effective stress was calculated at three locations, namely, the drill bit contour parallel to the
direction of the maximum horizontal in situ stress; the contour parallel to the direction of
the minimum horizontal in situ stress; and the axis of the wellbore (Figure 7). The results
are described in Sections 4.1-4.5.

OH

[N

The arc parallel to
the direction of oy,

The arc parallel to
the direction of gy

The line along the
axis of the borehole

Figure 7. Points of data extraction in the analysis of the bottomhole stress parameters.

4.1. Formation Pressure

The formation pressure is very important to the drilling process. The safe density
window of the drilling fluid is determined based on the formation pressure. In addition,
the formation pressure directly affects bottomhole rock stress during the drilling process.
In order to understand the influence of the formation pressure on bottomhole rock stress,
the average effective stress was calculated at the above three locations under different
formation pressure values (40, 50, 60, and 70 MPa). The results are shown in Figure 8. It
should be noted that the overbalance pressure was set to 4 MPa under the four formation
pressure conditions, and the result was the average effective stress at 1 s after the formation
had been drilled. It can be seen from Figure 8a that the average effective stress at the bottom
of the wellbore was the smallest, and the average effective stress was tensile stress in some
areas. The average effective stress was the largest near the shoulder of the drill bit, and
there were large fluctuations in this area. In summary, the smaller the formation pressure
was, the greater the average effective stress near the shoulder of the drill bit was. After
the wellbore was formed, the average effective stresses of the wellbore walls parallel to
the directions of the maximum and minimum horizontal in situ stresses were different.
Under formation pressures of 40, 50, 60, and 70 MPa, the average effective stress of the
wellbore wall parallel to the direction of the maximum horizontal in situ stress was 42.2,
33.8,25.3, and 16.9 MPa, respectively, and the average effective stress of the wellbore wall
parallel to the direction of the minimum horizontal in situ stress was 74.5, 66.0, 57.6, and
49.1 MPa, respectively. That is, the higher the formation pressure was, the lower were the
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average effective stresses of the wellbore wall parallel to the directions of maximum and
minimum horizontal in situ stresses. It can be seen from Figure 8b that after the formation
was drilled, the average effective stress at the bottomhole was the smallest. For formation
pressures of 40, 50, 60, and 70 MPa, the average effective stress of the bottomhole rock near
the borehole axis was —19.2, —18.3, —17.4, and —16.5 MPa, respectively, indicating that a
larger formation pressure did not lead to a smaller average effective stress at the bottom
of the wellbore. The increase in the average effective stress at the bottom of the hole with
increasing formation pressure may have been caused by the high fluid column pressure
at the bottomhole under high formation pressure conditions. With increasing depth, the
average effective stress initially increased and then became stable. In the region of the
formation far away from the bottom of the wellbore, due to the very limited influence of
the drilling, the average effective stress was controlled by the in situ stress and the original
formation pressure. Therefore, the higher the formation pressure in this region was, the
smaller the average effective stress was.
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Figure 8. Average effective stress of the bottomhole rocks under different formation pressure condi-
tions. (a) The arc parallel to the direction of oy and 7; (b) The line along the axis of the borehole.

4.2. In Situ Stress

In situ stress directly affects bottomhole rock stress. In order to understand the
influence of the in situ stress on the bottomhole rock stress in deep-well drilling, the
maximum horizontal in situ stress was adjusted, and the average effective stress was
calculated at the three locations under maximum horizontal in situ stress to minimal
horizontal in situ stress ratios of 1.0, 1.2, 1.4, and 1.6, while holding the minimum horizontal
in situ stress in Table 2 constant. The results are shown in Figure 9. It can be seen from
Figure 9a that the in situ stress had a large influence on the bottomhole rock stress. When the
maximum and minimum horizontal in situ stresses were equal, for the same arc length, the
average effective stress of the wellbore parallel to the direction of the maximum horizontal
in situ stress was the same as that parallel to the direction of the minimum horizontal in
situ stress. When the maximum and minimum horizontal in situ stresses were not equal,
the difference in the average effective stresses at the two locations was small near the center
of the bottomhole. With increasing arc length, the difference in the average effective stress
increased accordingly. In the bottomhole area from the center to the shoulder of the drill bit,
the higher the in situ stress ratio was, the higher the average effective stress at the bottom
of the hole was. However, on the wellbore wall, the average effective stresses parallel to
the maximum and minimum horizontal in situ stresses exhibited different change trends.
When the wellbore wall was parallel to the direction of the maximum horizontal in situ
stress, the average effective stress decreased with increasing in situ stress ratio. For oy /07,
ratios of 1.0, 1.2, 1.4, and 1.6, the average effective stress was 43.7, 33.8, 23.7, and 13.7
MPa, respectively. However, when the wellbore wall was parallel to the direction of the
minimum horizontal in situ stress, the average effective stress increased with increasing in
situ stress ratio. For o/ 0y, ratios of 1.0, 1.2, 1.4, and 1.6, the average effective stress was
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43.7, 66.0, 88.3, and 110.5 MPa, respectively. It can be seen from Figure 9b that as the /07y,
ratio increased, the average effective stress at the bottom of the hole increased. For oy /0y,
ratios of 1.0, 1.2, 1.4, and 1.6, the average effective stress of the bottomhole rock near the
borehole axis was —19.3, —18.3, —17.3, and —16.4 MPa, respectively. With increasing depth,
the average effective stress of the formation initially increased and then became stable. In
summary, the higher the in situ stress ratio was, the higher the average effective stress of
the bottomhole rock was. Since the rock strength increases with increasing effective stress,
the bottomhole rocks become more difficult to break under a high in situ stress, which leads
to a low drilling efficiency.

4 The arc parallel to the direction of &, IThc arc parallel to the direction of o, 204
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Arc length / (m) z/r,, 1 (
Figure 9. Average effective stress of the bottomhole rocks under different in situ stress ratio conditions.
(a) The arc parallel to the direction of oy and ¢7,; (b) The line along the axis of the borehole.

4.3. Formation Permeability

After the formation is drilled, the wellbore drilling fluid filtrate penetrates the forma-
tion due to the overbalance pressure, which leads to changes in the formation pressure and
temperature at the bottom of the hole. Thus, the penetration process is closely related to the
formation permeability. In order to analyze the impact of permeability on bottomhole rock
stress, the average effective stress of the bottomhole rocks was calculated under formation
permeabilities of 10, 1, 0.1, and 0.01 mD at 1 s after the formation had been drilled. The
results are shown in Figure 10. It can be seen that the formation permeability had a sig-
nificant influence on the average effective stress of the bottomhole rock near the borehole
axis. The lower the permeability was, the smaller the average effective stress was, and the
smaller the area under tension was. At the center of the bottomhole along the borehole
axis, for formation permeabilities of 10, 1, 0.1, and 0.01 mD, the average effective stress
was —18.5, —18.3, —14.9, and —2.4 MPa, respectively. In the area near the shoulder of the
drill bit, the difference in the average effective stress under the different permeabilities was
small. As the formation depth increased, the average effective stress of the bottomhole rock
initially increased and then became stable. The lower the formation permeability was, the
smaller the bottomhole area disturbed by the drilling was. In the undisturbed area, the
average effective stress of the rocks was the same, and it was not affected by the formation
permeability. The higher the permeability was, the easier it was for the drilling fluid to
penetrate the formation. Therefore, the range of the high-pressure area at the bottomhole
was large when the permeability was high. Moreover, a high permeability resulted in more
drilling fluid penetrating the formation; therefore, the drilling fluid had a more significant
cooling effect on the bottomhole rock under the effect of thermal convection. For the
above two reasons, the average effective stress of the bottomhole rocks was smaller under
a low formation permeability. In terms of deep-well drilling, the greater the formation
depth is, the higher the degree of formation compaction is; that is, the lower the formation
permeability is, the greater the average effective stress of the formation is, and the harder it
is to break the bottomhole rocks, which results in a slower ROP.
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Figure 10. Average effective stress of the bottomhole rocks under different formation permeability
conditions. (a) The arc parallel to the direction of oy and 7,; (b) The line along the axis of the borehole.
4.4. Wellbore Pressure
In order to study the influence of wellbore pressure on bottomhole rock stress, the
average effective stress of the bottomhole rocks at 1 s after the formation had been drilled
was calculated, under wellbore pressures of 40, 45, 50, and 55 MPa. The results are shown
in Figure 11. It can be seen that in the bottomhole area near the borehole axis, the lower
the wellbore pressure was, the smaller the average effective stress of the bottomhole rocks
was. For wellbore pressures of 40, 45, 50, and 55 MPa, the average effective stress was
—19.9, —19.3, —18.8, and —18.2 MPa, respectively. However, in the bottomhole area near
the shoulder of the drill bit and the wellbore wall, the average effective stress increased
with decreasing wellbore pressure. Since the maximum and minimum horizontal in situ
stresses were not the same, the average effective stresses on the wellbore walls parallel to
the directions of the maximum and minimum horizontal in situ stresses were also different.
Specifically, the average effective stress on the wellbore wall parallel to the direction of
the maximum horizontal in situ stress was significantly lower than that parallel to the
direction of the minimum horizontal in situ stress. With increasing formation depth, the
average effective stress of the bottomhole rocks initially increased and then became stable.
In the area of the formation near the bottomhole, the average effective stress decreased
with decreasing wellbore pressure. With increasing formation depth, when z/r;, was, for
example, greater than 0.25, the average effective stress increased slightly with decreasing
wellbore pressure. In summary, decreasing the wellbore pressure is conducive to generating
tensile stress in the bottomhole formation near the borehole axis, causing tensile damage
to this area. However, the average effective compressive stress of the formation near the
shoulder of the drill bit is large. Therefore, the recommendation is to generate shear failure
in the formation near the shoulder of the drill bit so as to improve the drilling efficiency.
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Figure 11. Average effective stress of the bottomhole rocks under different wellbore pressure condi-
tions. (a) The arc parallel to the direction of oy and ¢7; (b) The line along the axis of the borehole.
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4.5. Wellbore Temperature

In deep-well drilling, due to the presence of a geothermal gradient, a deep formation
generally has a high temperature. Under the cooling effect of the drilling fluid, the rock
at the bottom of the wellbore will contract, thereby generating thermal stress. In order
to understand the influence of wellbore temperature on bottomhole rock stress, the av-
erage effective stress was calculated at three locations in the bottomhole under wellbore
temperatures of 130 °C, 110 °C, 90 °C, and 70 °C. The results are shown in Figure 12. The
results show that with decreasing wellbore temperature, the average effective stress of the
bottomhole rocks decreased. In the bottomhole area near the borehole axis, the average
effective stress was the smallest. For wellbore temperatures of 130 °C, 110 °C, 90 °C, and
70 °C, the average effective stress at this location was 1.0, —5.4, —11.8, and —18.3 MPa,
respectively. In the bottomhole area between the borehole axis and the shoulder of the
drill bit, the average effective stress gradually increased and exhibited fluctuations near the
shoulder. Furthermore, between the drill bit shoulder and the wellbore wall, the average
effective stress initially decreased and then became stable. With increasing formation depth,
the average effective stress initially increased and then became stable. The difference in
the average effective stress at different wellbore temperatures gradually decreased with
increasing formation depth, which was mainly due to the shorter drilling duration and the
limited variation in the formation temperature at the bottomhole. In summary, a lower
wellbore temperature is beneficial to reducing the average effective stress of the bottomhole
formation and accelerating bottomhole rock breakage. Therefore, under the premise that
the drilling fluid meets the relevant requirements, it is recommended to keep the wellbore
temperature as low as possible so as to improve the drilling efficiency.
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Figure 12. Average effective stress of the bottomhole rocks under different wellbore temperatures.
(a) The arc parallel to the direction of oy and ¢7,; (b) The line along the axis of the borehole.

5. Conclusions

In this study, based on the laws of momentum conservation, mass conservation, and
energy conservation, a thermal-hydro-mechanical coupling model for deep-well drilling
was established. The finite element method was used to simulate the distribution and
evolution characteristics of the formation temperature, pressure, and stress due to drilling.
Finally, the thermal-hydro-mechanical coupling model was used to analyze the influences
of the formation pressure, in situ stress, formation permeability, wellbore pressure, and
wellbore temperature on the average effective stress of the bottomhole rock. The main
conclusions of this study are as follows:

(1) The formation temperature around the wellbore was controlled by thermal conduction
and convection. The formation temperature around the wellbore wall was approx-
imately the same in the different in situ stress directions. With the progression of
drilling, the low-temperature zone gradually extended deeper within the formation.
In the initial stage of drilling, the pore pressure near the wellbore wall along the
direction of the maximum horizontal in situ stress was the smallest, and the pore
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pressure along the direction of the minimum horizontal in situ stress direction was
the largest. With the progression of drilling, the difference in the pore pressure in the
two directions gradually decreased.

After the wellbore was drilled, the average effective stress of the formation near the
shoulder of the drill bit was the largest, and the average effective stress of the forma-
tion near the axis of the drill bit was the smallest. With the progression of drilling, the
maximum average effective stress gradually decreased, while the minimum average
effective stress remained stable. The bottomhole area under tension increased slightly.
In the bottomhole area near the borehole axis, the average effective stress increased
with increasing formation pressure. The higher the in situ stress ratio was, the larger
the average effective stress of the bottomhole rocks was. For the wellbore walls, the
variation in the average effective stress was different in the different in situ stress
directions. The average effective stress in the direction parallel to the maximum
horizontal in situ stress decreased as the in situ stress ratio increased, whereas the
average effective stress in the direction parallel to the minimum horizontal in situ
stress increased as the in situ stress ratio increased.

The formation permeability had a significant effect on the average effective stress of
the bottomhole rock near the borehole axis. The lower the formation permeability was,
the smaller the average effective stress was, and the smaller the area under tension
was. As the wellbore pressure decreased, the average effective stress of the bottomhole
rocks near the borehole axis decreased. However, in the bottomhole area between
the drill bit shoulder and the wellbore wall, the average effective stress increased
with decreasing wellbore pressure. Reducing the wellbore temperature is beneficial to
reducing the average effective stress of the bottomhole formation, thereby promoting
bottomhole rock breakage.

With increasing formation depth, the average effective stress of the bottomhole rocks
initially increased and then became stable. The formation permeability and wellbore
temperature had greater influence on the average effective stress of the formation
near the bottomhole area. However, the formation pressure and in situ stress had
greater influence on the average effective stress of the formation farther away from
the bottomhole area. In addition, the influence of the wellbore pressure on the average
effective stress of the formation below the bottomhole area was minimal.

The present work focuses on the thermal-hydro-mechanical coupling effect on bottom-
hole rock stress in deep-well drilling, and the proposed model can be used to calculate
the bottomhole stress, pore pressure and temperature during drilling. However, the
model also exhibits some limitations. For example, the model neglected the influ-
ence of water jet, dynamic wellbore pressure, dynamic wellbore temperature, and
multiphase flow in formation, and those aspects need to be improved in future work.
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