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Abstract

To investigate wellbore stability evolution during directional drilling in deepwater shal-
low soft hydrate reservoirs, a coupled thermo-hydro-mechanical-chemical (THMC)
model incorporating hydrate phase change was established. The effects of drilling time,
drilling fluid temperature, density, and well inclination were analyzed. The results indi-
cate that wellbore collapse alters heat transfer paths, thereby expanding hydrate dissoci-
ation and plastic zones. With increasing drilling time, accumulated plastic deformation
significantly intensifies wellbore instability. Maintaining drilling fluid density within an
optimal range is the most critical factor for stabilizing the wellbore, and lowering the drill-
ing fluid temperature can effectively reduce the hydrate dissociation extent and the bore-
hole enlargement rate. Notably, well inclination exhibits a strong nonlinear influence: as
inclination increases from 0° to 75°, the maximum plastic strain increases from 0.0047 to
0.0262, and the borehole enlargement rate rises from 38.1% to 152.6%; stability deteriorates
dramatically beyond 30°. Higher initial hydrate saturation and greater water depth are
beneficial to wellbore stability, whereas increased overburden thickness intensifies stress
concentration. These results provide a reference for the directional drilling design of hy-
drate formations in deepwater shallow soft reservoirs.

Keywords: natural gas hydrate; directional well; wellbore collapse; multi-physical field
coupling

1. Introduction

A scientific and rational energy supply structure is the fundamental guarantee for
sustainable economic and social development. However, the development of conven-
tional oil and gas in China has entered the middle and late stages, gradually failing to
meet the increasing oil and gas demand of the industrial society, and the external depend-
ence on oil and gas is rising year by year. Statistics [1,2] show that China’s external de-
pendence on oil and gas was 43.9% and 0.9% in 2005, and exceeded 70% and 40%, respec-
tively, in 2025, as shown in Figure 1. In addition, the current global situation is complex
and volatile, and energy security has become strategically more significant. Therefore, the
efficient development of unconventional oil and gas resources such as natural gas hy-
drates is a research focus in the current oil and gas field [3].
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Figure 1. Distribution of external dependence on oil and gas in China.

Wellbore stability research is one of the key factors to ensure safe drilling operations,
and a complete mechanical-chemical coupling research system has been formed for con-
ventional formations [4-6]. However, relatively few drilling operations have been carried
out for hydrate-bearing formations, and the research in this field is still in its initial stage.
Since hydrates exist in shallow formations in deep water, they are subject to low overbur-
den pressure and low consolidation degree [7]. At the same time, drilling disturbance can
cause hydrate dissociation, which further reduces the bearing capacity of the formation
and is very likely to cause wellbore collapse and instability [8-10]. Therefore, the analysis
of wellbore stability in hydrate-bearing formations under the action of multi-physical field
coupling is a current research hotspot.

In the early studies on wellbore stability in natural gas hydrate reservoirs, researchers
made a large number of simplifications. For example, Birchwood et al. [11] assumed that
the formation has the same in situ stress in different directions in their research; the study
by Freij-Ayoub et al. [12] did not consider hydrate dissociation during drilling, which re-
sulted in significant differences between these research results and actual working condi-
tions. With the deepening understanding of the multi-physical field coupling effect of the
formation during hydrate dissociation [13-16], researchers such as the team of Professor
Cheng Yuanfang [17-20] and the team of Professor Ning Fulong [21-24] have gradually
established a thermal-hydraulic-mechanical-chemical (THMC) multi-field coupled well-
bore stability analysis model considering hydrate phase transition so as to explore the
operation scheme for maintaining wellbore stability inhydrate reservoirs. Rutqvist et al.
[25] proposed through numerical calculation that balanced drilling can effectively improve
the stress distribution of the wellbore, reduce the range of the plastic zone, and inhibit well-
bore collapse. Cheng et al. [26] pointed out that when the temperature and pressure conditions
of drilling fluid deviate too much from the stable conditions of hydrate, the stability of the
wellbore is greatly affected, and even severe wellbore collapse may occur in the early stage of
drilling. Sun et al. [27] proposed that reducing the salinity of drilling fluid and reducing hy-
drate dissociation in the near-wellbore formation can effectively extend the wellbore stability
period of hydrate formations. Wei et al. [28] suggested that measures such as cooling drilling
fluid and reducing drilling time can be taken simultaneously to maintain wellbore stability. Li
Qingchao et al. [29,30] provided a method for determining the bottom hole pressure and bot-
tom hole temperature to maintain wellbore stability in hydrate formations. Li et al. [31] pro-
posed that the great difference in mechanical properties between the hydrate dissociated zone
and the undissociated zone leads to secondary stress concentration and new yield zones in the
undissociated formation, which makes the hydrate dissociation range play a decisive role in
the formation yield range. Liao et al. [32] analyzed the yield distribution law of the horizontal
well section in hydrate formations, which provided guidance for the design of horizontal well
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length. Hu et al. [33] proposed a fast solution method for transient wellbore stability. Mao et
al. [34] studied the influence of in situ stress inhomogeneity on the plastic development law
around the wellbore in hydrate formations, and pointed out that the increase in the degree of
in situ stress inhomogeneity significantly increases the range of the plastic zone.

The above research results show that wellbore stability in hydrate-bearing for-
mations is the result of the synergistic effect of multiple fields and factors. Meanwhile,
due to its characteristics of weak cementation and easy hydrate dissociation, wellbore col-
lapse is a damage process caused by a gradual accumulation of yield. Current studies have
a relatively clear understanding of multi-physical field coupling during drilling. How-
ever, due to the difficulty in solving nonlinear solid mechanics, most mechanical modules
for wellbore stability analysis of hydrate-bearing formations adopt elastic models or ideal
elastoplastic models, ignoring the influence of their nonlinear mechanical response char-
acteristics [35,36], which leads to certain differences between calculation results and actual
results. At the same time, since the current main research still focuses on vertical wellbore
stability, there is a lack of analysis on the drilling stability of complex well types such as
directional wells, especially for the analysis of drilling stability in complex well types such
as directional wells in deepwater shallow soft hydrate-bearing formations.

2. Mathematical Model

During the drilling process in hydrate-bearing formations, drilling fluid continu-
ously transfers mass and heat to the formation through the wellbore, changing the distri-
bution of formation temperature, pore pressure, stress, and chemical field. When the for-
mation temperature and pore pressure do not meet the phase equilibrium conditions of hy-
drate, hydrate dissociation in the near-wellbore surrounding rock is caused. Hydrate dissoci-
ation further changes the heat transfer, seepage, and mechanical properties of the formation,
affecting wellbore stability. Therefore, the analysis of wellbore stability in hydrate-bearing for-
mations is a thermal-hydraulic-mechanical-chemical (THMC) multi-field coupling process
involving hydrate phase transition, formation heat transfer, fluid migration, and skeleton de-
formation [37,38], as shown in Figure 2. In this chapter, a multi-field coupled mathematical
model for wellbore stability during horizontal well drilling in hydrate-bearing formations is
established based on the coupling mechanism between seepage, heat transfer, hydrate phase
transition, and solid mechanics in hydrate-bearing formations.

Temperature field
(principle of energy conservation)

T

Variation of mechanical parameters
with hydrate dissociation

Seepage field Stress field
(principle of mass conservation) < (principle of virtual work)

Figure 2. Multi-field coupling diagram of hydrate formation drilling.
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Due to the complexity of the multi-field coupling law of the near-wellbore surround-
ing rock during drilling in hydrate-bearing formations, certain assumptions need to be
made for the mathematical model. These assumptions ensure that the model meets the
requirements of actual working conditions, simplifies the calculation amount of the
model, and improves the calculation efficiency of the model. According to the actual drill-
ing conditions of hydrate-bearing formations, the following assumptions are made for the
mathematical model [39,40]:

(1) The deformation of the near-wellbore surrounding rock in hydrate-bearing for-
mations satisfies the small deformation theory, while the phase transition and disso-
ciation behavior of hydrates are controlled by user-defined subroutines;

(2) The gas component in the hydrate layer is mainly methane. Therefore, it is assumed
that all hydrates in the hydrate reservoir are methane hydrates, and the formation
pores are completely filled with three phases: water, hydrate, and methane gas;

(3) Hydrate only undergoes phase change during the entire drilling process and does
not move relative to the rock skeleton in the pores;

(4) During the drilling process, the formation fluid migration satisfies the generalized
Darcy’s law. At the same time, it is assumed that the water phase has a fixed com-
pression coefficient, and the Klinkenberg effect of the gas phase is ignored;

(5) The effects of drilling fluid infiltration on formation heat conduction and flow per-
formance are neglected in the seepage module, and these physical characteristics are
coupled within the user-defined hydrate phase transition subroutine;

(6) The density and heat transfer characteristics of hydrate and formation skeleton do
not change during the drilling process.

2.1. Seepage Field Equation

The mass change of each component fluid in the microelement of the hydrate-bearing
formation is equal to the sum of the net mass flow rate of the component flowing into the
microelement and the fluid mass generated by the source-sink term, as shown in Equations
(1)(3) [41,42]:

App,S,) .
—V~(pgug)=—v-((ppgngg>= ag : —m, 1)
methane gas phase: t
0 S )
—V-(pwuw)=—V-(¢pw5wvw)=—(¢gw i, @
water phase: t
0 S )
_V'(phuh):_v'(q)phshvh):%_mh 3)
hydrate phase: t

In the equations, vg, Yy , and Y represent the velocity vectors of methane gas,
pore water, and hydrate particles, respectively, in m-s.

Among them, the velocity vectors of the fluids can be decomposed into the velocity
vector of the formation skeleton and the relative velocity vector of the fluid to the for-
mation skeleton, as shown in Equations (4) and (5):

v, =V, tv, (4)
v, =v_ Ty ©)

\ 4
In the equations, '™ is the relative velocity vector of methane gas to the formation

\ 4
skeleton, in m's?; "™ is the relative velocity vector of formation pore water to the
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formation skeleton, in m-s; Vi is the velocity vector of formation skeleton particles, in
m-s.

During the drilling operation in hydrate-bearing formations, the formation skeleton
will undergo a small amount of deformation and movement. Since the movement of the
formation skeleton is much smaller than the movement velocity of formation fluids, the
continuity equation followed by its skeleton particles is obtained through differential
post-processing, as shown in Equation (6):

I(1-9) P,

[P (1=@)IV v, = p, ===+ (1-9) = (6)
The change of gas saturation is affected by the relative velocity of gas to the formation
skeleton, the velocity of the formation skeleton, the gas production rate from hydrate dis-
sociation, the change of formation pores, and the change of gas density. Moreover, since
the South China Sea hydrate reservoir is a weakly cemented and underconsolidated for-
mation, the bulk modulus of the formation skeleton is much higher than that of the for-
mation. Therefore, the time derivative term of pore pressure can be ignored in the calcu-
lation process. In summary, the continuity equation under the coupling effect can be ob-

tained by performing a differential operation and expanding Equation (1):

€ oS p
V_;’_ _g+ S g
ot PP ot £ ot

When fluids move in formation pores, their flow law satisfies the generalized Darcy’s

-V (pp,S,v,,)+m, =p,S, o )

law. Thus, the movement velocities of methane gas and pore water in hydrate-bearing
formations can be expressed as:

K,

oSy, =——(VP,—p,g) (8)

g

kk
PS Yy = —ﬂ—"w(VPw —P.8) ©)

w

In the equations, k' is the absolute permeability of the formation, in m? " is the
gas relative permeability of methane gas, in m? #e is the gas viscosity of methane gas,
in Pa-s; Pg is the gas phase pressure of methane gas, in Pa; & s the gravitational accel-
eration vector, in m-s2; krW is the relative permeability of pore water, in m? Hs, is the

viscosity of pore water, in Pa-s; F, is the liquid phase pressure of pore water, in Pa.

Pore water and methane gas are immiscible two-phase fluids. When flowing in po-
rous media, due to the difference in wettability, a curved surface will be formed at the
two-phase interface, resulting in capillary force. According to the definition of capillary
force, the correlation between gas phase pressure and water phase pressure can be shown
in Equations (10) and (11):

P,=P-P (10)
VP, =VP,-VP :Vg—gﬁc

w

Vs, 11)

P
In the equations, ~ ¢ is the capillary force, in Pa.
Substituting Equations (10) and (11) into Equation (7), the gas saturation control
equation can be obtained as shown in Equation (12):

https://doi.org/10.3390/pr14152491



Processes 2026, 14, 2491

6 of 23

o€ dp aS, p.kk p.kk .
vt |S tgp —2=V.| B2 (VP _pg)|+V.| EEmyp |4
[pg a ? azj £y, 4, VE-n®) 7 w3

Similarly, according to Equations (2) and (3), the water phase saturation control equa-
tion and the hydrate phase saturation control equation can be obtained as shown in Equa-
tions (13) and (14):

e, , 0dp as, Pk .
98v L p%Pw | + w .| B yp _ + 13
(pw =~ coatjwm = [ (VR —pug) 9

e, as, .

— S, top, =L =m 14
Pn ot PP, Y h (14)

Among them, the density and pressure of the liquid phase satisfy [43]:

_1ldp,

Py = C dP, (15)

In the equation, C is the compressibility of the liquid, in MPa™.

Changes in formation pressure will change the gas density, and the two satisfy the
non-ideal gas state equation, as shown in Equation (16):
_EM,

nZRT

In the equation, Z represents the gas compressibility factor, which can be obtained
by the Peng—Robinson equation of state and is dimensionless.

P, (16)

2.2. Temperature Field Equation

According to the principle of energy conservation, the sum of the heat obtained by
the unit volume formation through heat conduction, the heat lost by pore fluid heat con-
vection, and the heat source term should be equal to the rate of change of heat in the stud-
ied unit, and its expression is shown in Equation (17) [44]:

d
5[(1_¢)err+¢Shthh +¢Sgngg+¢SwpwHW:|:

local rate of change

_ (17)
V(AVT)-V-(puH,+pu,H,)+0
heat convection heat source
conduction

In the equation, A s the comprehensive thermal conductivity of the hydrate-bear-

ing formation, in W-m-K-; T is the formation temperature, in K; P r 1% h P & and
Py are the densities of formation skeleton, hydrate, methane gas, and pore water, re-
H H H H

spectively, inkgm=3; T, h g and W are the enthalpies of formation skeleton,

S

S,
hydrate, methane gas, and pore water, respectively, in J'kg™; , £,and WV are the
saturations of hydrate, methane gas, and pore water, respectively, dimensionless; ? s
the formation porosity, dimensionless; ¥ is the fluid seepage velocity, in m-s; 0 is the
heat supplemented from the outside, in W-m-.

Due to the different heat conduction efficiencies of heat in solid, liquid, and gas ma-
terials, the heat conduction performance of hydrate reservoirs is affected by the
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composition of pore-filling substances. Therefore, the comprehensive thermal conductiv-
ity of hydrate reservoirs is shown in Equation (18):

A=¢(A,S, +A4S)+(1=p) A +(9, - 94, (18)
In the equation, ﬂf, /1"’ , ﬂg , and ﬂh are the thermal conductivities of formation,

pore water, methane gas, and hydrate, respectively, in W-m1-K; P is the initial poros-
ity of the formation, dimensionless.

Since the local rate of the change term and convection term of the energy conserva-
tion equation shown in Equation (17) are characterized in the form of enthalpy, further
derivation is needed to express enthalpy as a function of temperature, forming a temper-
ature field control equation with temperature as the unknown term. During hydrate dis-
sociation, hydrate, methane gas, and pore water satisfy the law of mass conservation.
Since the influence of temperature change on the volume of methane hydrate (solid phase)
is extremely small, the influence of solid volume change on heat convection is ignored.
The mass conservation of each phase is shown in Equations (19)—(21):

P) .
= @S,p, ()= 19
P) .
a(wwpw +V-(p,m,)=m, (20)
p) .
E(¢Shph) =my, (21)

The expressions of the hydrate phase change’s latent heat are shown in Equations
(22) and (23) [45]:

Tt
0, =~ F(56599-16.744T[K)) (23)

g

In the equations, G, is the latent heat of hydrate phase change, in W-m=.

Solving the temperature field equation, one can obtain the formation temperature
field distribution during drilling. The simplified form can be obtained by performing a
differential operation and expansion on Equation (17) and substituting Equations (19)-
(21) into Equation (24):

d 0 d d
(1—(ﬂ)g(err)Jr((PShph)g(Hh)+((PSng)g(HgH((PSWPW)E(HW)

=V-(AVT)—(p,u,)VH, - (p,u,)VH, +0+0,

(24)
The enthalpy H o of gasisrelated to temperature and pressure. The total differential
of H , With respect to temperature and pressure is shown in Equation (25):

oH, oH, B
H,= 57 dT + P dr, =C,,dT +o0,dh,=C dT (25)
g

c [0}
In the equation, P¢ is the specific heat capacity of methane gas, in J- kg™ K1, &
is the Joule-Thomson coefficient of methane gas, in J-kg-Pa’. Since the order of
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magnitude of the Joule-Thomson coefficient of methane gas is small, the Joule-Thomson
effect of methane gas can be ignored.

A formation’s pore water, hydrate, and skeleton’s thermodynamic behavior can be
regarded as an isobaric process. Therefore, the simplified calculation equation of the tem-
perature field in hydrate-bearing formations can be obtained as shown in Equation (26):

oT
I:(l - w)pmcpm + ¢Shphcph + ¢Sgpgcpg + ¢Swpwcpw :I__ V ’ (/leffVT)

ot (26)
Hpu,Coy + pu,C ) VI=0+0,

2.3. Deformation Field Equation

A microelement will reach a static equilibrium state under the combined action of
internal and external forces, and the tensor form of its static equilibrium differential equa-
tion can be expressed as shown in Equation (27) [46,47]:

0, + /=0 27)

O, .
In the equation, ¥/ is the total stress tensor borne by the hydrate formation skel-

Ji

eton, in Pa; “? is the body force tensor borne by the formation, in Pa.

When considering the supporting effect of formation pore fluid on the formation
skeleton, according to Terzaghi’s effective stress principle, the effective stress borne by the
hydrate formation skeleton can be expressed as follows (tension is positive, compression

is negative):

0, =0;—aPy, (28)

(o
In the equation, Y is the effective stress tensor of the hydrate formation skeleton,

in Pa; Sj ' is the Kronecker delta.
Substituting Equation (28) into Equation (27), the static equilibrium equation of porous
media materials considering pore pressure can be obtained as shown in Equation (29):

o, +f—(a5,P) =0 (29)

i, F

Under the premise of the small deformation assumption, the tensor form of the geo-
metric equation of the hydrate-bearing formation can be expressed as:

g = %(u,.,j +u,,) (30)

In the equation, Y is the strain tensor; "/ is the displacement tensor.
For the elastic part of the stress—strain relationship of the hydrate-bearing formation,
the incremental form of its constitutive equation can be expressed as:

{do} =[D"[{de"} (31)
In the equation, {dO'} is the stress increment; [De] is the elastic matrix, which is
determined by Young’s modulus and Poisson’s ratio.

For the elastoplastic part of the stress—strain relationship of the hydrate-bearing for-
mation, its strain is related not only to the stress magnitude but also to the stress path. The
incremental form of the elastoplastic constitutive model of the hydrate-bearing formation
can be expressed as:

{do} =[D™]{de] (32)
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p
In the equation, [D¥] is the elastoplastic stiffness matrix of the hydrate-bearing for-
[DP=[D°]-[D"]. [D"]
of the hydrate-bearing formation, which is related to the yield surface function, hardening
rule, and flow direction.

mation, which is determined by is the plastic stiffness matrix

2.4. Hydrate Phase Transition and Dissociation Equation

To more accurately describe the dynamic process of hydrate dissociation in the near-
wellbore surrounding rock during drilling, a dynamic hydrate phase transition model is
adopted in this paper. Natural gas hydrate is a clathrate crystal compound formed by
methane gas and water under low-temperature and high-pressure conditions, and the
equation of hydrate phase transition reaction is:

CH, -nH,0+Q & CH, +nH,O (33)
In the equation, 1 is the hydration number of methane hydrate, with a value range

of 5.5-7.65, and 6.00 is adopted in the subsequent calculations of this paper; 0 is the
latent heat of methane hydrate phase transition, in kJ-mol.

The correlation between the phase equilibrium temperature and pressure of methane
hydrate is shown in Equation (34) [48]:

In(P,)=1.94x10° +3.31x10°T —2.26T°

273 44 -85 (34)
+7.68x107°T° —1.30x1077T" +8.86x10™"T
. P, . _—
In the equation, ~ *¢ is the phase equilibrium pressure of hydrate at temperature 1’
,in MPa.
When a hydrate inhibitor is present in the solution, a temperature correction value
needs to be added to the temperature term in Equation (34), and its calculation method is
shown in Equation (35) [48,49]:

In(1-x')

Ao =Alo )

(35)

. AT, . . .
In the equation, D is the temperature correction value caused by the hydrate in-

hibitor, in °C; ATD" is the reference temperature correction value caused by the inhibi-
i !
tor, in °C; T is the mole fraction of the hydrate inhibitor in the liquid phase; Your is the
reference mole fraction of the hydrate inhibitor in the liquid phase.
According to the Kim-Bishnoi hydrate dissociation kinetic model, the calculation
method of the rate of methane gas generated by hydrate dissociation per unit volume of
porous media is shown in Equation (36) [50]:

mg = KrdMgAdec (])eq - })g) (36)
A

e .. K. .
surface area of hydrate phase transition in porous media, in m>m=3; ~ ™ is the hydrate

In the equation, ¢ is the molar mass of methane, in kg-mol™; is the specific

dissociation rate constant, in mol-s-Pa’>m? ¢ is the rate of methane gas generated
P
by hydrate dissociation per unit volume of porous media, inkg-m=3-s?; = °1 isthe hydrate

P
phase equilibrium pressure, in Pa; ~# is the gas phase pressure of methane, in Pa.

https://doi.org/10.3390/pr14152491
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Since the occurrence mode of hydrates in the South China Sea is a pore-filling type,
during hydrate formation, the hydrate formation rate is related to the saturations of hy-
drate, pore water, and methane gas; during hydrate dissociation, the hydrate dissociation

rate is related to the hydrate radius. Therefore, its specific surface area Age can be cal-
culated according to Equation (37):
@S, for B, > P,

A4 =107 [m*/m’] I = 37
dec s[ ] s SgSw(l_Sh) fOI'PeqSPg ( )

, S, . . . S, .
In the equation, b is the hydrate saturation, dimensionless; ¢ is the methane gas

saturation, dimensionless; SW is the pore water saturation, dimensionless.

According to Equations (33) and (36), the hydrate dissociation rate and pore water
generation rate per unit volume of formation can be expressed as shown in Equations (38)
and (39) [51]:

t, (38)

m, = —(mg +m,) (39)

In the equations, % is the pore water generation rate per unit volume of for-

mation, in kg'm3-s1; " " is the hydrate dissociation rate per unit volume of formation,
in kg-m2s.

2.5. Criterion for Wellbore Collapse in Hydrate-Bearing Strata

During drilling operations in hydrate-bearing strata, the near-wellbore formation in-
evitably undergoes plastic deformation. Owing to the weak cementation and under-com-
pacted characteristics of hydrate reservoirs, conventional shear failure does not occur im-
mediately under mechanical loading. Accordingly, a moderate magnitude of plastic de-
formation in the near-wellbore zone is tolerable. Structural formation failure and wellbore
collapse only occur when the accumulated plastic deformation exceeds a critical threshold.
In view of this unique mechanical behavior, a targeted criterion for evaluating wellbore
collapse in hydrate-bearing strata is proposed in this study.

Once the wellbore formation enters the strain-softening stage, its bearing capacity
degrades continuously with further strain accumulation, leading to a significantly in-
creased risk of wellbore instability. Therefore, the critical strain corresponding to the ini-
tiation of the strain-softening stage is adopted as the collapse threshold. Based on the tri-
axial mechanical test results of hydrate-bearing rock samples, a critical plastic strain is
determined for wellbore collapse judgment. On this basis, the wellbore enlargement ratio
of hydrate-bearing strata is defined, as shown in Equation (40).

¢$=(D,, —D)/D (40)

where g is the wellbore enlargement ratio, in %; D s the initial outer diameter of the well-

. D . . . .
bore, inm;and "V is the maximum outer diameter of the wellbore after collapse, in m.

https://doi.org/10.3390/pr14152491
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3. Numerical Model for Wellbore Stability of Directional Wells in
Deepwater Shallow Soft Hydrate Formations

3.1. Establishment of the Numerical Model

For horizontal well drilling in hydrate-bearing formations, the formation at the heel of
the horizontal section is the first region to be drilled, with the longest exposure time to drilling
fluid and the highest risk of wellbore instability. Therefore, a wellbore stability model for di-
rectional well drilling in deepwater shallow soft formations was established using numerical
simulation software. The schematic diagram of the simulated working condition is shown in
Figure 3, and the material parameters of the model are listed in Table 1.

Build-up Overlying shallow
section soft formation

Figure 3. Simulated working conditions.

Table 1. Calculation parameters of wellbore stability model for directional wells in hydrate reservoirs.

Parameter Value Unit Parameter Value Unit
overburden pressure 16.83 MPa underlying formation pressure 18.16 MPa
. .. . tectonic stress coefficient of mini-
tectonic stress coefficient of maximum ef- . . L.
. . L. 0.66 — mum effective horizontal in situ 0.70 —
fective horizontal in situ stress stress

pore pressure (upper boundary) 13.83 MPa pore pressure (lower boundary) 14.33 MPa
formation temperature (lower

formation temperature (upper boundary) 12.28 °C boundary) 14.58 °C
depth of hydrate layer below mudline 180 m geothermal gradient 0.046 °Cm™
thermal conductivity of water 0.6 W-m-°C!  specific heat capacity of water 42  KkJkgteCt
density of water 1000  kgm=®  thermal conductivity of methane 0.00335 W-m-°C!
specific heat capacity of methane 2.093 KkJ-kg'-°C' thermal conductivity of hydrate 04 Wm?°Ct
specific heat capacity of hydrate 21  KkJkgteCt density of hydrate 910 kgm=
thermal conductivity of formation 15 W-m™-°C1 specific heat capacity of formation 16  KkJ-kg'-°Ct
density of formation 2700  kgm3 permeability 0.000987  pm?
initial void ratio 0.605 — initial hydrate saturation 0.45 —
initial water saturation 0.55 — initial free gas saturation 0 —
Biot coefficient 1 — drilling fluid salinity 3.05 wt%
drilling time 240 h drilling fluid density 1.00 g-cm
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3.2. Validation of the Wellbore Stability Numerical Model for Directional Wells in
Hydrate-Bearing Formations

The working condition simulated by the validation model is drilling in the hydrate
layer at Site SH2 in the Shenhu area of the South China Sea. The depth of the formation
below the mudline is 217.5 m, the overburden pressure is 16.70 MPa, and the horizontal
in situ stress is 15.74 MPa. The initial pore pressure, temperature, and hydrate saturation
are 14.689 MPa, 14.175 °C, and 0.27, respectively. The drilling fluid pressure and temper-
ature used are 14.975 MPa and 15.2 °C. According to the drilling fluid composition, the
phase equilibrium temperature of hydrate under the drilling fluid pressure is 14.865 °C,
and the wellbore diameter is 228.6 mm [17,27]. Figure 4 shows the geometric model and
mesh generation of the validation model for hydrate dissociation around the wellbore.

(b)

Figure 4. Diagram of geometric model and meshing of hydrate decomposition around borehole.

(a) Schematic diagram of geometric model. (b) Mesh generation.

Figure 5 shows the hydrate saturation distribution around the wellbore at 2 h, 12 h,
and 24 h after wellbore drilling. It can be seen that when affected by heat transfer and
seepage of the drilling fluid, hydrate in the formation around the wellbore gradually dis-
sociates, and the dissociation range expands continuously with the increase of exposure
time. The solid line in the figure represents the results calculated by Sun et al. [27] using
TOUGH+HYDRATE, and the dashed line represents the results calculated by the model
in this paper. It can be seen from the comparison that the hydrate saturation distribution
calculated in this paper is in good agreement with the results from TOUGH+HYDRATE.
The maximum error of the complete hydrate dissociation zone is 5.38%, and the maximum
error of the hydrate dissociation front is 5.60%. Meanwhile, the numerical simulation data
are validated against the measured dissociation degree data obtained from physical ex-
periments of surrounding wellbore reservoirs. A favorable consistency can be observed
between the numerical predictions and experimental measurements. Accordingly, the
proposed program possesses high accuracy and is capable of simulating and analyzing
wellbore stability during drilling operations in hydrate-bearing reservoirs.
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Figure 5. Model accuracy validation. (a) Hydrate validation [17,27]. (b) Validation of wellbore hy-

drate dissociation degree and model accuracy.

4. Influencing Factors of Wellbore Stability in Directional Wells in
Deepwater Shallow Soft Formations

4.1. Effect of Hydrate Dissociation Degree on Wellbore Stability

Hydrate dissociation degree directly changes the solid cementation structure and
pore fluid occurrence state of the formation, thereby significantly weakening the overall
mechanical strength and structural integrity of deepwater shallow sediments. The inher-
ent characteristics of hydrate-bearing formations, such as weak cementation, low bearing
capacity, and high sensitivity to temperature and pressure variations, result in a close cor-
relation between hydrate dissociation degree and wellbore stability. In this section, a well-
bore stability model considering hydrate dissociation is established in which the dissoci-
ation degree is characterized by drilling time, namely 0 h, 0.125 h, 6 h, and 240 h.

Figures 6 and 7 show the contours of plastic strain around the wellbore and the cor-
responding hydrate saturation contours under different dissociation degrees, and Figure
8 shows the borehole diameter expansion ratio under different dissociation degrees. It can
be observed that with the increase of hydrate dissociation degree, the maximum plastic
strain of the wellbore rapidly reaches a peak value, while the wellbore enlargement ratio
continues to increase slowly. At 0 h of drilling, the maximum plastic strain is 0.01130 and
the wellbore enlargement ratio is 78.2%. At 0.125 h, the maximum plastic strain rises to
0.01347, and the enlargement ratio increases to 113.6%. After drilling time exceeds 0.125
h, the maximum plastic strain remains constant at 0.01347, whereas the enlargement ratio
still increases gradually. When drilling time reaches 6 h and 240 h, the enlargement ratios
are 128.6% and 135.7%, respectively.

The fundamental mechanism underlying such variation is as follows. On the one
hand, hydrate dissociation converts solid hydrate into gas and liquid phases, which re-
duces the effective stress of the formation, drastically attenuates the cementation strength,
and significantly lowers the bearing capacity of the formation skeleton, making plastic
yielding and deformation more likely to occur under the same stress condition. On the
other hand, massive fluids generated by dissociation elevate the pore pressure, further
reducing the effective confining pressure of the wellbore and aggravating stress concen-
tration and local instability risk. In addition, a higher hydrate dissociation degree corre-
sponds to a larger formation weakening zone and poorer uniformity, which destabilizes
the wellbore stabilization and stress transfer effects of drilling fluid and tends to induce
stress exceeding the limit and erosional enlargement locally. Consequently, the plastic
strain accumulates continuously, and the risk of wellbore instability increases sharply.
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Figure 6. Contours of plastic strain around the wellbore under different dissociation degrees.
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Figure 7. Hydrate saturation contours under the corresponding dissociation degrees.
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4.2. Effect of Inclination Angle of Directional Wells on Wellbore Stability in Hydrate Reservoirs

The inclination angle of a directional well directly alters the interaction between the
wellbore and the in situ stress field, thereby affecting the distribution and intensity of
stress concentration around the wellbore. Due to the weak cementation and easy dissoci-
ation characteristics of deepwater ultra-shallow hydrate formations, wellbore stability ex-
hibits higher sensitivity to variations in inclination angle. In this section, wellbore stability
models with different directional well inclination angles are established, with the angles
set to 0°, 15°, 30°, 45°, 60°, and 75°, respectively.

Figure 9 presents the contour distributions of equivalent plastic strain around the well-
bore under different inclination angles. It can be seen that the plastic distribution region
around the wellbore gradually expands with the increase of directional well inclination an-
gle. Figures 10 and 11 show the numerical variation laws of the maximum plastic strain and
wellbore enlargement ratio under different inclination angles. It is observed that both the
maximum plastic strain and the wellbore enlargement ratio increase nonlinearly with the
rise of the inclination angle, and the plastic strain around the wellbore gradually decreases
along the direction away from the wellbore, corresponding to the minimum horizontal in
situ stress. At an inclination angle of 0°, the maximum plastic strain is 0.0047 and the well-
bore enlargement ratio is 38.06%. When the angle increases to 30°, the maximum plastic
strain is 0.0087 and the enlargement ratio rises to 105.65%. As the angle reaches 75°, the
maximum plastic strain reaches 0.0262 and the enlargement ratio is as high as 152.64%.

PEEQ
+ 8662002
+7.9406-02
+7.218e-02
+6.496e.02
+5.7756-02
+5.0836-02
+4.331e-02
+3.6096-02
+2887c-02
+ 2165602
+ Lddde-02
+7.2186-03
+ 11106416

PEEQ
+ 4658602
+4.2706-02
+3.882¢-02
+ 3494002
+3.105e-02
+2717602
+2329c.02
+ 1941602
+1.553e-02
+ 1165603
+7.763¢:03
+3.882¢-03
+0.000c+16

+1110e+16

PEEQ
+1.347¢01
+1.235¢.01
+ 112301
+1.010e-01 8
+8.981e-02
+7.858¢-02
+6.735¢-02
+5.613¢-02
+4.490¢-02
+3.368¢-02
+2.245¢-02
+1123e-02
+1110e+16

PEEQ
+2723¢01
+24966-01
+2269¢-01
+2.043¢:01
+1816¢-01
+ 1589601
+ 1362601
+ 113501
+9.078¢-02
+6.808¢-02
+4539¢-02
+2.269¢-02
+1.110e+16

PEEQ
199701
+ 1830601
+ Logte01
+ 1497601
F1331e01
116501
+9.983e-02
831902
6655602
199202
+3.328e-02
£ 1664e-02
1110616

Figure 9. Distribution of equivalent plastic strain contours around the wellbore under different di-
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The core mechanism of this variation is as follows. On the one hand, the increase in
directional well inclination angle enlarges the hydrate dissociation zone and the weak-
ened region of formation mechanical properties, reducing the bearing capacity of the well-
bore and resulting in larger plastic deformation under the same stress condition. On the
other hand, a larger inclination angle intensifies the stress concentration around the well-
bore, causing the stress in local regions of the wellbore to exceed the yield strength of the
formation and leading to continuous accumulation of plastic strain. In addition, a larger
inclination angle corresponds to a larger contact area between the wellbore and the for-
mation, which results in a more non-uniform support effect of drilling fluid on the well-
bore and insufficient support pressure in local areas, further promoting the development
of plastic deformation and wellbore enlargement.

4.3. Effect of Initial Hydrate Saturation on Wellbore Stability

Initial hydrate saturation is a core parameter determining the mechanical strength of
deepwater ultra-shallow hydrate reservoirs, directly controlling the formation cementa-
tion characteristics and bearing capacity. Due to the reservoir’s inherent weak cementa-
tion and significant response to thermal-hydraulic-mechanical-chemical (THMC) cou-
pling, wellbore stability is extremely sensitive to changes in initial saturation. In this sec-
tion, multiple groups of numerical simulations on wellbore stability are carried out with
different initial hydrate saturation conditions, where the initial saturations are set to 0.1,
0.2, 0.3, and 0.4, respectively. The contour distribution of the equivalent plastic strain re-
gion of the reservoir around the wellbore is shown in Figure 12.

Figures 13 and 14 show the variation laws of the maximum plastic strain of the well-
bore and the wellbore enlargement ratio under different initial hydrate saturations. It can
be observed that with the increase of initial hydrate saturation, both the maximum plastic
strain of the wellbore and the wellbore enlargement ratio show a significant decreasing
trend: when the saturation is 0.1, the maximum plastic strain is 0.02723 and the wellbore
enlargement ratio is as high as 201.7%; when the saturation increases to 0.2, the maximum
plastic strain is 0.01997 and the enlargement ratio decreases to 124.5%; when the satura-
tion reaches 0.4, the maximum plastic strain is only 0.00866 and the enlargement ratio is
as low as 76.3%.
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Figure 12. Contours of plastic strain distribution around the wellbore under different initial saturations.
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The intrinsic mechanism behind this variation is as follows. On the one hand, the
higher the initial hydrate saturation, the stronger the cementation and filling effect of
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hydrate in the sediment pores, which significantly improves the formation elastic modu-
lus, cohesion, and shear strength; enhances the overall bearing capacity of the wellbore;
and makes plastic yielding less likely to occur under the same stress and drilling fluid
disturbance. On the other hand, the reservoir with high hydrate saturation has higher
thermal stability and phase equilibrium stability, resulting in a smaller dissociation range
and weaker dissociation degree of hydrate under the same temperature and pore pressure
conditions, and the range of the mechanical weakening zone is significantly reduced. In
addition, the formation with high saturation has weaker pore connectivity, which inhibits
fluid infiltration and pore pressure diffusion effects, makes the effective stress distribution
more uniform, and further slows down the expansion of the plastic zone around the well-
bore and the wellbore enlargement deformation.

4.4. Effect of Hydrate Reservoir Thickness on Wellbore Stability

The thickness of the overburden above the hydrate layer directly controls the magni-
tude of the effective confining pressure and the in situ stress state of the formation, thereby
changing the stress distribution characteristics around the wellbore and the wellbore in-
stability mode. In this section, wellbore stability models with different overburden thick-
nesses are established for analysis. The overburden thicknesses are set to 150 m, 165 m,
and 180 m, and the corresponding boundary conditions are listed in Table 2.

Table 2. Boundary conditions corresponding to the thickness of overlying layer.

Overburden
Thickness/m

150
165
180

Pore Pressure Pore Pressure Drilling Fluid Temperature Temperature Overburden Overburden
at Upper at Lower Hydrostatic at Upper at Lower  Pressure at Upper Pressure at Lower
Boundary/MPa Boundary/MPa Pressure/MPa Boundary/°C Boundary/°C Boundary/MPa Boundary/MPa
13.54 14.03 13.79 10.90 13.20 2.50 3.33
13.69 14.18 13.94 11.59 13.89 2.75 3.58
13.84 14.33 14.08 12.28 14.58 3.00 3.83

Figures 15 and 16 show the plastic strain distribution in the horizontal in situ stress
direction under different overburden thicknesses. It can be seen that both the range of the
plastic zone and the maximum plastic strain increase with the increase of overburden
thickness. The range of the plastic zone is affected by the hydrate dissociation range, while
the significant difference in the maximum plastic strain is attributed to the fact that a larger
overburden thickness corresponds to higher effective in situ stress, resulting in more severe
stress concentration around the wellbore. This also leads to an approximately linear increase
in the wellbore enlargement ratio with the increase of overburden thickness, as shown in Fig-
ure 17. When the overburden thickness is 150 m, the wellbore enlargement ratio is 101.2% after
240 h; when the overburden thickness is 180 m, the wellbore enlargement ratio reaches 165.0%.
Therefore, when the mechanical properties of formations at different depths are similar, drill-
ing in shallower formations can greatly improve wellbore stability.
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Figure 15. Contours of plastic strain distribution around the wellbore under different overlying

strata thicknesses.
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Figure 17. Distribution of diameter expansion ratio under different overburden thicknesses.

4.5. Analysis of the Effect of Water Depth on Wellbore Stability

Different water depths change the initial pore pressure distribution of the formation
and also affect the magnitude of the drilling fluid hydrostatic pressure. In this section,
wellbore stability models with different water depths are established to analyze the influ-
ence of water depth on the wellbore stability of horizontal wells in hydrate-bearing for-
mations. The pore pressure boundaries corresponding to different water depths are
shown in Table 3.

Table 3. Pore pressure boundary conditions at different seawater depths.

Pore pressure at Upper  Pore Pressure at Lower

Water Depth/m Boundary/MPa Boundary/MPa Drilling Fluid Hydrostatic Pressure/MPa
1232 13.84 14.33 14.08
1332 14.82 15.31 15.06
1432 15.80 16.28 16.04

Figures 18 and 19 presents the formation’s plastic strain distribution in the horizontal
in situ stress direction. It can be observed that the affected range in the near-wellbore area
and the maximum plastic strain of the wellbore decrease with increasing water depth. For
example, when the water depth is 1232 m, the maximum plastic strain is 0.211; when the
water depth is 1432 m, the maximum plastic strain is 0.191. Furthermore, the wellbore

https://doi.org/10.3390/pr14152491
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enlargement ratios at different water depths can be obtained according to the intersection
points between the critical plastic strain line and the plastic strain distribution curves, as
listed in Figure 20. Therefore, when the hydrate reservoir is located on a submarine slope,
drilling at the deeper slope bottom can effectively reduce the risk of wellbore instability.
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Figure 18. Contours of plastic strain distribution around the wellbore under different water depths.

. —=—1232m
0.02 :\ ® 1332m
4 1432m
\
= .
g 0.01 : \
=2 \
0.00 - - - a
T T T
0.00 0.05 0.10 0.15

Distance from wellbore wall/m

Figure 19. Formation plastic strain distribution under different water depths.
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Figure 20. Borehole diameter expansion ratio under different water depths.

It is worth noting that deterministic single-factor analysis cannot capture the interac-
tive effects between different parameters or quantify the wellbore instability risks origi-
nating from parametric uncertainty. As such, the results obtained in this study only reflect
the independent influence of each individual parameter. Furthermore, deepwater shallow
hydrate reservoirs exhibit pronounced heterogeneity in hydrate saturation, porosity, per-
meability, and cementation quality. The homogeneous numerical model adopted in this
work is incapable of characterizing local instability hazards induced by spatial parameter
heterogeneity, which may overestimate the reliability of the current prediction results to
a certain extent. To address the above limitations, global sensitivity analysis and
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heterogeneous modeling methods will be incorporated in future studies to further opti-
mize and refine the analytical framework for wellbore stability evaluation.

5. Conclusions

(1) The wellbore stability of directional wells in deepwater shallow soft hydrate reser-
voirs is highly sensitive to the inclination angle. The maximum plastic strain and
wellbore enlargement ratio increase nonlinearly with the increase of inclination an-
gle, and the stability deteriorates sharply when the angle exceeds 30°

(2) Initial hydrate saturation is a core factor controlling the mechanical strength of the
reservoir. Higher saturation leads to stronger formation-bearing capacity, smaller hy-
drate dissociation range, and significantly reduced plastic deformation and wellbore
enlargement ratio;

(3) Hydrate dissociation has an immediate and significant effect on wellbore stability.
With the increase of drilling time (dissociation degree), the maximum plastic strain
of the wellbore rapidly reaches a peak value, and the wellbore enlargement ratio con-
tinues to rise even after the strain stabilizes;

(4) Overburden thickness and water depth impose opposite effects on wellbore stability.
A thicker overburden aggravates stress concentration around the wellbore and in-
creases collapse risk, while greater water depth optimizes pore pressure distribution
and effectively improves wellbore stability.
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