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Abstract: The mechanical properties of hydrate-bearing strata in clayey-silt sediments are significantly
different from those of either conventional reservoirs or hydrate-bearing sandy sediments, which
poses great challenges for wellbore stability analyses. The stability characteristics of a deviated
borehole during drilling in hydrate-bearing clayey-silt sediments (HBS-CS) remain to be studied.
In this paper, an analysis of the wellbore stability characteristics of a deviated borehole using the
Mohr–Coulomb (M-C) criterion and Drucker–Prager (D-P) criterion was carried out based on the
elastic stress distribution model of the surrounding strata of the wellbore and the triaxial shear
tests of the HBS-CS. The results imply that the collapse pressure and safety density window are
symmetrically distributed with deviation angle and azimuth. Considering the effect of hydrate
decomposition, the collapse pressure gradient could become higher and the instability risks would
be amplified. Considering the combined effects of collapse, fracture pressure gradient, and the safety
density window, it is suggested that the borehole be arranged along an azimuth of 60–120◦, which
could greatly reduce the risk in a drilling operation.

Keywords: natural gas hydrate; clayey-silt; deviated borehole; stability characteristics; hydrate
saturation; collapse pressure; fracture pressure; safety density window

1. Introduction

Natural gas hydrate (NGH) is a kind of low-carbon fossil energy, and vigorously
developing NGH is of great significance [1–3]. At present, more than 30 countries and/or
regions have been actively involved in the development of NGH. In 1976, Russia began to
exploit NGH from the permafrost of the Messoyakha [4,5]. In 2002, Japex jointly carried out
the NGH pilot production in the Mackenzie delta of Canada in 2002 and 2007–2008 [6,7].
In 2008, the United States successfully exploited NGH on the northern slopes of Alaska
by using CO2 replacement [8,9]. In 2013, Japan completed the world’s first offshore NGH
development in the Nankai Trough [10,11]. In 2017 [12] and 2020 [13], China completed
two rounds of NGH production trials from the clayey-silt sediment in the northern South
China Sea.

To improve the gas productivity from HBS-CS, China’s second marine NGH produc-
tion trial was carried out via a horizontal wellbore. In the process of wellbore construction,
the whipstock section passes through the overlaying strata and extends horizontally in
the NGH-bearing layer. One of the most crucial challenges during horizontal well drilling
is to control the stability of the borehole [14–16], which is highly coupled with fluid
circulation and fluid losses [17]. For the study of NGH production wellbore stability,
Freij-Ayoub et al. (2016) established a wellbore stability analytic model for NGH produc-
tion [18]. Zhang et al. (2018) analyzed the effect of temperature on the stability of the NGH
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production borehole [19]. Sun et al. (2018) analyzed the effects of drilling fluid, and the
initial reservoir conditions based on the geological backgrounds of the first exploration in
the Shenhu area, northern South China Sea [20]. Yuan et al. (2020) simulated the wellbore
stability of a vertical wellbore during depressurization [21]. These studies mainly focus
on the wellbore stability of vertical or horizontal wellbores. However, the stability of the
wellbore of highly deviated sections was rarely reported. Additionally, the M-C criterion
was mostly adopted in the failure evaluation, but the influence of intermediate principal
stress was ignored, which might affect the calculation accuracy of wellbore stability.

In this paper, the stability characteristics of an inclined wellbore during drilling are
analyzed. The failure criteria of the M-C and the D-P are deployed, respectively. Taking the
collapse pressure, fracture pressure, and the safety density window as the main evaluation
indices, the effects of hydrate saturation (Sh), the deviation angle, and the azimuth on the
stability of the borehole are clarified. The results may have some significance for drilling
design in the clayey-silt HBS in the northern South China Sea.

2. Mechanical Parameters of HBS-CS

The basic mechanical parameters of the HBS-CS were obtained from triaxial shear
tests. A detailed description of the experimental devices can be found in our previous
publication [22,23]. The steps of the triaxial shear tests are as follows: (1) HBS-CS skeleton
prefabrication; (2) triaxial testing system installation; (3) apply confining pressure; and
(4) hydrate formation, which has real-time monitoring of the hydrate saturation by time
domain reflectometry, and finally the triaxial shear tests.

The sediment in the Shenhu area, northern South China Sea is mainly composed
of argillaceous siltstone with poor cementation strength and a high content of silt and
clay [23,24]. The particle size distribution of the sediment is shown in Figure 1, in which
the medium grain size is about 7 µm. The actual Sh range is between 20% and 60% [14],
and hence, the predetermined Sh is 15%, 30%, 45%, and 60% in the experiments. The
effective confining pressure was set as 1 MPa, 2 MPa, and 4 MPa in the triaxial shear
tests, respectively.
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The basic mechanical parameters of HBS-CS were obtained, as shown in Table 1. It
could be seen that the cohesion and the internal friction angle of the HBS-CS are much
lower than that of the conventional natural gas reservoirs (Li et al., 2020), and the cohesion
and friction angle increased with the increase in Sh. For a detailed analysis of mechanical
properties, refer to the literature [25,26].

Table 1. Mechanical parameters of the hydrate.

Sh σ3/MPa σ1/MPa Cohesion
C/MPa

Friction Angle
φ/◦

15%
1 1.62

0.0953 10.3402 3.17
4 5.95

30%
1 2.48

0.426 11.6122 4.16
4 7.03

45%
1 3.54

0.811 12.2752 5.12
4 8.17

60%
1 4.29

1.071 13.5682 6.00
4 9.15

3. Model Description
3.1. Stress Distribution around the Wellbore

Currently, scholars have mainly investigated borehole stability in NGH-bearing sedi-
ments by referring to similar problems in conventional formations. NGH-bearing sediments
are always regarded as elastic or elastic–plastic materials when doing borehole stability
analysis. In the analysis of collapse pressure, the elastic model was often used [18,20,27,28].
Therefore, in this study, the HBS-CS formation is assumed to be an elastic material, and
an elastic model is established to analyze the wellbore stability. The elastic model has few
parameters and clear physical meaning. The calculation results of the model are analytical
solutions rather than numerical solutions, and the calculation speed is extremely fast. It can
be used for the rapid analysis of the situation in a well. It has great advantages in dealing
with emergencies.

3.1.1. Conversion of Axis Coordinates of Wellbore

In the process of calculating the stress surrounding a deviated wellbore, the coordinate
transformation should be carried out first. The principal in situ stress coordinate (x2, y2,
z2) shall be converted into a wellbore axis coordinate system (x, y, z). The in situ stress
coordinate system, corresponding to the Ox2 axis, Oy2 axis, and Oz2 axis is consistent with
the principal ground stresses σH, σh, and σν directions, respectively. In the wellbore axis
coordinate system, axis Oz corresponds to the deviated wellbore axis and axes Ox and Oy
are located in a plane perpendicular to the well axis, and ψ, and ϕ are the deviation angle
and azimuth, respectively (Figure 2).

The principal in situ stress coordinate system rotates with the wellbore axis, and the
coordinate system transformation relationship can be derived from direction cosine, M(ϕ,ψ),
for which the expressions are listed as follows:

M(ϕ) =

cos ϕ − sin ϕ 0
sin ϕ cos ϕ 0

0 0 1

 M(ψ) =

 cos ψ 0 sin ψ
0 1 0

− sin ψ 0 cos ψ

 (1)
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M(ϕ,ψ) = M(ϕ) ·M(ψ) =

cos ϕ cos ψ − sin ϕ cos ϕ sin ψ
sin ϕ cos ψ cos ϕ sin ϕ sin ψ
− sin ψ 0 cos ψ

 (2)

where ϕ is the deviation angle of the wellbore in ◦; ψ is the azimuth in ◦.
In the coordinate system (x, y, z), each stress components calculation formula is

as follows: σxx τxy τxz
τyx σyy τyz
τzx τzy σzz

 = M(ϕ,ψ) ·

σH 0 0
0 σh 0
0 0 σν

 ·MT
(ϕ,ψ) (3)

where σH, σh, and σν represent the in situ stresses in MPa; σxx, σyy, and σzz are the principal
stresses in MPa in directions, x, y, and z, respectively; and τ is the shear stress in MPa.

Since the wellbore section is circular, polar coordinates can be used for simplicity. The
cartesian coordinates to polar coordinates transformation is performed as follows:

P(θ) =

cos θ − sin θ 0
sin θ cos θ 0

0 0 1

 (4)

where θ is the wellbore rounded angle in ◦.
Referring to Equation (3), transform to polar coordinates (r, θ, z), and each stress

component can be expressed as:

σr = σxx cos2 θ + σyy sin2 θ + 2τxy sin θ cos θ

σθ = σxx sin2 θ + σyy cos2 θ − 2τxy sin θ cos θ
σz = σzz
τθr =

(
σyy − σxx

)
sin θ cos θ + τxy

(
cos2 θ − sin2 θ

)
τzr = τxz cos θ + τyz sin θ
τzθ = −τxz sin θ + τyz cos θ

(5)

where σr, σθ , and σz are the radial stresses of the reservoir, the tangential stress of the
reservoir, and the vertical stress of the reservoir, respectively, in MPa.
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3.1.2. The Elastic Solution of the Stress around the Wellbore

In polar coordinates (r, θ, z), the problem of the redistribution of stresses generated
by the principal in situ stress σH, σh, and σν on the surrounding strata of the wellbore is
analyzed. It is assumed that the surrounding strata of the wellbore located in the HBS-CS
are homogeneous, isotropic, linear–elastic, without creep, and independent from viscosity
behavior. The stress of the original strata is in an isotropic state. The analytical solution is
solved according to the principle of elasticity. The stress on the surrounding strata meets the
plane-stress mechanics’ equilibrium and consistent equation [29], in which the plane-stress
equilibrium equation can be expressed as:{

∂σr
∂r + ∂τθr

r∂θ + σr−σθ
r = 0

∂τθr
∂r + ∂σθ

r∂θ + 2τθr
r = 0

(6)

The consistent equation is expressed as:(
∂2

∂r2 +
∂

r∂r
+

∂2

r2∂θ2

)
(σr + σθ) = 0 (7)

It is assumed that the pore pressure is independent of time and the borehole ra-
dius is at any position of the borehole. According to Equation (5), the stress compo-
nents and boundary conditions could be obtained by the independent action of liquid
column pressure, pi, and principal stress, σxx, σyy, τxy, τxz, and τyz. Equation (5) is substi-
tuted into Equations (6) and (7) to obtain the surrounding strata stresses of the wellbore
(Tables 2 and 3). In the vertical well, each component in Table 3 is 0.

Table 2. Stress distribution expression for the surrounding strata caused by pi, σxx, σyy, τxy, τxz,
and τyz.

σr σθ τθr

R2

r2 pi − R2

r2 pi /(
1− R2

r2

)
σxx
2 +

(
1− 4R2

r2 + 3R4

r4

)
σxx
2 cos 2θ

(
1 + R2

r2

)
σxx
2 −

(
1 + 3R4

r4

)
σxx
2 cos 2θ −

(
1 + 2R2

r2 − 3R4

r4

)
σxx
2 sin 2θ(

1− R2

r2

)
σyy
2 −

(
1− 4R2

r2 + 3R4

r4

)
σyy
2 cos 2θ

(
1 + R2

r2

)
σyy
2 +

(
1 + 3R4

r4

)
σyy
2 cos 2θ

(
1 + 2R2

r2 − 3R4

r4

)
σyy
2 sin 2θ(

1− 4R2

r2 + 3R4

r4

)
τxy sin 2θ −

(
1 + 3R4

r4

)
τxy sin 2θ

(
1 + 2R2

r2 − 3R4

r4

)
τxy cos 2θ

Table 3. Stress distribution expression for the surrounding strata caused by τxy, and τyz.

τrz τθz

τxz

(
1− R2

r2

)
cos θ −τxz

(
1 + R2

r2

)
sin θ

τyz

(
1− R2

r2

)
sin θ τyz

(
1 + R2

r2

)
cos θ

The stresses of the surrounding strata can be solved according to Hooke’s law. The
expression of Hooke’s law in direction z is as follows:

εz =
1
E
[
σzz − υ

(
σxx + σyy

)]
(8)

where εz and υ are the strain in direction z, and the Poisson’s ratio, respectively, and are
dimensionless; E is the elastic modulus in MPa.

Neglecting the deformation of the formation in the vertical direction z, and substituting
εz = 0 into Equation (8), the equation is transformed into:

σzz = υ
(
σxx + σyy

)
(9)
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Following this step, the component stresses of directions r and θ (Table 2) are summed
to obtain the expression of the wellbore surrounding stress caused by the overburden pressure.

σz = σzz − υ

[
2
(
σxx − σyy

)R2

r2 cos 2θ + 4τxy
R2

r2 sin 2θ

]
(10)

The linear superposition of all the stress components obtains the stress component
at the shaft wall (r = R). The principal in situ stresses σH, σh, and σν are obtained by
substituting the stress component of the wellbore axis coordinate system. These expressions
are as follows: 

σr = pi
σθ = AσH + Bσh + Cσν − pi
σz = DσH + Eσh + Fσν

σθz = GσH + Hσh + Jσν

σrθ = σrz = 0

(11)

where

A = cos ψ
[
cos ψ cos2 ϕ(1− 2 cos 2θ)− 2 sin 2ϕ sin 2θ

]
+ cos2 ϕ(1 + 2 cos 2θ)

B = cos ψ
[
cos ψ sin2 ϕ(1− 2 cos 2θ) + 2 sin 2ϕ sin 2θ

]
+ cos2 ϕ(1 + 2 cos 2θ)

C = sin2 ψ(1− 2 cos 2θ)
D = sin2 ψ cos2 ϕ− 2υ

[
cos ψ sin 2ϕ sin 2θ −

(
sin2 ϕ− cos2 ψ cos2 ϕ

)
cos 2θ

]
E = sin2 ψ sin2 ϕ + 2υ

[
cos ψ sin 2ϕ sin 2θ +

(
cos2 ϕ− cos2 ψ sin2 ϕ

)
cos 2θ

]
F = cos2 ψ− 2υ sin2 ψ cos 2θ
G = sin ψ sin 2ϕ cos θ − sin 2ψ cos2 ϕ sin θ

H = −
(
sin ψ sin 2ϕ cos θ + sin 2ψ sin2 ϕ sin θ

)
J = sin 2ψ sin θ

(12)

The rock unit on the deviated wellbore is shown in Figure 3. Since σr is the principal
stress, the deviated shaft wall is still a principal stress surface. To judge the location of a
rock failure, the other two principal stress planes must be solved first.
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According to stress analysis, the relationship between the normal stress, σr, shear
stress, τ, and each component is as follows:{

σ = σθ cos2 γ + σz sin2 γ + 2τθz sin γ cos γ

τ = 1
2 (σz − σθ) sin 2γ + τθz cos 2γ

(13)

by substituting dσ/dγ = 0 into Equation (13), the two principal stress expressions can
be obtained. Considering the influence of the pore pressure, the expression of the stress
distribution of the hydrate-deviated wellbore can be obtained as follows:

σi = σr = pi − αpp

σj =
1
2 (σθ + σz) +

1
2

√
(σθ − σz)

2 + 4τθz
2 − αpp

σk =
1
2 (σθ + σz)− 1

2

√
(σθ − σz)

2 + 4τθz
2 − αpp

(14)

where σθ and σz are the expressions as in Equation (11); pp is the pore pressure in MPa; α is
the effective stress coefficient and is dimensionless.

3.2. Failure Criteria

In this study, two failure criteria were used, namely the M-C failure criterion and the D-
P failure criterion [30,31]. The M-C failure criterion is the most widely used criterion when
analyzing the stability of the boreholes during drilling [32,33]. The criterion, however, only
considers the effect of maximum and minimum principal stresses and ignores the influence
of the intermediate principal stress. On the other hand, the D-P failure criterion also
takes into account the influence of the intermediate principal stress, and adds hydrostatic
pressure, thereby overcoming the main weakness of the M-C failure criterion. The D-P
failure criterion was also applied in the numerical analysis of formation stability at home
and abroad.

3.2.1. The M-C Failure Criterion

Coulomb proposed that the failure of rock was mainly caused by shear failure. The
strength of the rock, namely the frictional strength, was supposed to be equal to the
adhesion force of the rock, itself against the friction imposed by the shear, and the friction
force generated by the normal force on the shear surface. The general form is as follows [34]:

τ = C + σ tan φ (15)

where τ, σ, and C, all in MPa, are the shear stress, the normal stress on the shear plane, and
the cohesive force, respectively; φ is the angle of internal friction in ◦.

To facilitate the calculation, the principal stress form is rewritten as:

σ1 = σ3K2+2CK (16)

where K2 is the influence coefficient of confining pressure on axial bearing capacity,
K = cot

(
π
4 −

φ
2

)
.

3.2.2. The D-P Failure Criterion

The D-P failure criterion is an extension of the M-C failure criterion and the von Mises
failure criterion [35]. The difference from the M-C failure criterion is that the corner of
the yield surface for the D-P failure criterion is smooth and conical in the principal stress
space, eliminating the singular point caused by sharp angles, thereby facilitating numerical
calculation of the stability of the wellbore (Figure 4).
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The standard form of the D-P failure criterion is as follows [36]:

f = Q f I1(σij) +
√

J2(Sij) + K f = 0 (17)

where f, I1(σij), and J2(Sij) are the plastic potential function, the first invariant of the
stress tensor, and the second invariant of the stress partial tensor, respectively. Qf and
Kf are a function of cohesion C, and internal friction angle φ, respectively, as follows:

Q f =
√

3 sin φ

3
√

3+sin2 φ
, K f = −

√
3C cos φ√
3+sin2 φ

.

3.3. Collapse Pressure and Fracture Pressure

Since the M-C failure criterion only considers the influence of the maximum and the
minimum principal stresses and ignores the influence of the intermediate principal stress,
it is necessary to establish the principal stress Equation (14) to obtain the maximum and
the minimum principal stresses. Then, by substituting them into the M-C failure criterion
Equation (16), the value of pi that makes the equation hold was obtained, which is the
collapse pressure of the wellbore under the M-C failure criterion.

Similarly, by substituting these three principal stresses into the D-P failure criterion
Equation (17), the collapse pressure of the hydrate wellbore can be obtained by the D-P
failure criterion.

For the calculation of the fracture pressure, since only σk can be negative values in
Equation (16), the fracture pressure calculation expression is as follows:

f (pb) =
1
2
(σθ + σz)−

1
2

√
(σθ − σz)

2 + 4τθz
2 − αpp + St = 0 (18)

where St is the uniaxial tensile strength of the HBS-CS in MPa.
The above equations were substituted into Matlab to solve for the collapse and fracture

pressure of the HBS-CS-deviated wellbore.

4. Wellbore Stability Analyses

The basic formation parameters are shown in Table 4. The collapse and fracture
pressure of the deviated wellbore located in the HBS-CS are obtained.
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Table 4. Basic parameter values [37,38].

Parameter Value

Maximum principal stress, g/cm3 1.203
Minimum principal stress, g/cm3 1.159

Overburden rock stress, g/cm3 1.282
Poisson’s ratio 0.45

Effective stress factor 0.6

4.1. Effect of Sh on Collapse Pressure of Wellbore

To describe the stability characteristics of the deviated wellbore located in HBS-CS,
the lower hemisphere projection method proposed by Zoback was adopted [39] to show
the collapse pressure gradient distribution cloud diagram with different saturation at
different azimuth and deviation angles. The cloud diagram of the collapse pressure gradient
distribution around the deviated wellbore with different saturation by the M-C and D-P
failure criteria are shown in Figures 5 and 6, respectively.
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A brief comparison between Figures 5 and 6 implies that the collapse pressure gradient
varies with the azimuth in a centrosymmetric distribution at different saturations. This
is independent of the chosen failure criteria. The low collapse pressure gradient area is
concentrated in the middle “8” region. However, there are differences in the distribution
locations of the high collapse pressure gradient area for the different criteria. In the M-C
failure criterion, the area where the azimuth ranges over 330◦-30◦ and the deviation angle
is greater than 75◦ has the largest collapse pressure gradient. On the other hand, the
collapse pressure gradient is the highest in the annular region (the maximum principal
stress direction, deviation angle > 60◦; the minimum principal stress direction, deviation
angle > 75◦) by the D-P failure criterion.

The relationship between Sh and the collapse pressure gradient by the two criteria is
shown in Figure 7. The collapse pressure gradient increased with decreasing Sh. When
the saturation decreases from 60% to 15%, the collapse pressure gradient increases by
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7–10%. Li et al. (2020) and Sun et al. (2018) obtained the same discovery from the analysis
of stratum mechanical properties [17,20]. When the Sh decreases, the strength of HBS
decreases, the plastic zone increases, and the wellbore stability becomes worse. Therefore,
considering the influence of the hydrate decomposition on wellbore stability, the equivalent
density of drilling fluid should be appropriately increased to meet the needs of the wellbore
stability after hydrate decomposition.
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By comparing the curves of the two criteria, the collapse pressure gradient decreases
linearly with an increase in Sh under low saturation (<45%) by the two criteria. The
reason is that with decreasing Sh, the formation pore–space increases, and the cementation
ability of hydrate to the formation weakens, which results in a continuous increase in
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the collapse pressure gradient and the deterioration of the stability of the wellbore. At
high saturation (>45%), the M-C failure criterion curve trend is the same as is seen at low
saturation, while the D-P failure criterion curve is flat. At the same position, the calculated
value of the D-P failure criterion is greater than that of the M-C failure criterion at low
saturation, and the opposite is true at high saturation. It showed that the formation stability
in high saturation is higher when the influence of the intermediate principal stress is fully
considered. However, higher drilling fluid densities are required to maintain formation
stability in low saturations.

4.2. Influence of the Deviation Angle on the Collapse Pressure Gradient of the Wellbore

According to the formation basic parameters and the hydrate mechanics parameters,
the influence of the deviation angle on the collapse pressure gradient was calculated.
Taking 15% saturation as an example, the relationship curves between the deviation angle
and the collapse pressure gradient by the two criteria were obtained (Figure 8). Within a
quarter of the cycle (azimuth 0~90◦), the trends of the two curves are the same, and the
collapse pressure gradient rises, on the whole, with increasing deviation angle. When the
azimuth is less than 60◦ (curves 1–3), the collapse pressure gradient continues to increase
with increasing deviation angle. When the azimuth is higher than 60 ◦ (curves 4 and 5),
the collapse pressure gradient decreases first and then increases with changing deviation
angle, and the position of the inflection point is gradually delayed with increasing azimuth.
The collapse pressure gradient increases by 7.2–9.2% from the vertical wellbore section
(deviation angle 0◦) to the horizontal wellbore section (deviation angle 90◦). In other words,
the safe density that satisfies the horizontal section can also ensure the wellbore stability of
other sections, and will not collapse.

By comparing the two curves obtained from the two criteria, it is found that when the
azimuth is higher than 60◦, the inflection point of the collapse pressure gradient by the M-C
failure criterion appears earlier than that of the D-P failure criterion. When the azimuth is
60◦ and 80◦, the inflection points of the M-C failure criterion curve are 10◦ and 20◦, while
considering that the inflection point of the D-P failure criterion curve, under the influence
of the intermediate principal stress, is 15◦ and 30◦. The M-C failure criterion curve increases
abnormally near 65◦, while the D-P curve is smooth and without distortion. The reason for
this is that the yield surface of the D-P failure criterion is smooth and without sharp corners,
while the yield surface of the M-C failure criterion is hexagonal and with sharp corners
(Figure 4). Hence, the D-P criterion is more suitable for the wellbore stability calculation.

4.3. Effect of the Azimuth on the Collapse Pressure Gradient of the Wellbore

According to the formation of the basic parameters and the hydrate mechanics param-
eters, the influence of the azimuth on the collapse pressure gradient was calculated. Taking
15% Sh as an example, the relationship between the azimuth and the collapse pressure
gradient by the two criteria was obtained (see Figure 9). It was found that the collapse
pressure gradient decreases and then increases with an increasing azimuth on the high
inclination well sections (curves 2–6). The collapse pressure gradient reaches a minimum
value in the direction of the minimum principal stress (azimuth of 90◦). The same was
reported in the literature [40]. With an increase in the deviation angle, the fluctuation of the
curve is lower. That is, the difference in the collapse pressure gradient is not significant
during drilling in any direction. When the deviation angle is 30◦ and 90◦, the differences
are 0.038 and 0.018 g/cm3, respectively. In the near-vertical sections (curve 1), the minimum
collapse pressure gradient was obtained at an azimuth of 60◦. In summary, the wellbore
should be arranged along the azimuth between 60◦ and 120◦ for high wellbore stability.
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4.4. Fracture Pressure Gradient and the Safe Drilling Fluid Density Window

The safe drilling fluid density window is defined as the difference between the collapse
pressure gradient and the fracture pressure gradient. It is safer for drilling with a relatively
wide safe drilling fluid density window. Therefore, the variation pattern of fracture pressure
was analyzed first. According to the formation of the basic parameters and the hydrate
mechanics parameters, and taking the 15% Sh as an example, the relationship curve between
the azimuth and fracture pressure gradient was simulated, as shown in Figure 10. When the
deviation angle was higher than 45◦ (curves 4–7), the fracture pressure gradient increased
and then decreased with increasing azimuth, and the maximum value is in the direction of
the minimum principal stress. When the deviation angle is less than 45◦ (curves 1–3), the
fracture pressure gradient generally increases and then decreases with increasing azimuth,
but the peak value exists between 120◦ and 150◦. The azimuth corresponding to the peak
decreases gradually with increasing deviation angle, closer to the direction of the minimum
principal stress. During the drilling of horizontal wellbores, the drilling fluid density needs
to meet the stability of the wellbore in all sections. Therefore, a drilling fluid density is
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selected in the yellow zone formed below the vertical and horizontal wellbore curves
(curves 1 and 7), which can be safely drilled in any direction.
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The cloud diagram of the safe density window is drawn by the lower hemisphere
projection method, as shown in Figure 11. The safe density window has a center-symmetric
strip distribution in the range of 0.368–0.660 g/cm3. The density window of the upper and
lower belt regions is narrow, while the density window of the middle region is large. The
maximum safe density window is the “crescent” region in the direction of the minimum
principal stress. Drilling operations near this zone are most conducive to wellbore stability.
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5. Conclusions and Suggestions

1. The window distribution cloud chart of the collapse pressure gradient and the safe
drilling fluid density of HBS-CS has a centrosymmetric distribution with a deviation
angle and azimuth.

2. Hydrate decomposition will lead to a higher collapse pressure and poorer stability
of the formation. Therefore, the drilling fluid density should be appropriately in-
creased by 7~10% during drilling to ensure the stability of formation after hydrate
decomposition.

3. The collapse pressure gradient increases by 7.2–9.2% from the vertical wellbore to the
horizontal wellbore. From the perspective of preventing wellbore collapse, the safe
density that satisfies the horizontal section can also ensure the wellbore stability of
other sections. To prevent the wellbore fracture, a safe density that satisfies both the
horizontal and vertical sections is necessary to ensure wellbore stability in all sections.

4. Considering the combined effects of collapse, fracture pressure gradient, and safety
density window, it is suggested that the borehole be arranged along the azimuth of
60–120◦, which could greatly reduce the risk of the drilling operation.

The model can provide a safe density window in horizontal drilling design and guide
the selection of drilling fluid for construction. In case of an emergency, such as a kick and
overflow, the risk of wellbore instability can be calculated quickly by this model to guide the
formulation of corresponding disposal measures. However, the parameters involved in the
model are not comprehensive enough, and the calculation accuracy is slightly insufficient.
Therefore, the elastic model is just the beginning of the HBS-CS wellbore stability study.
Next, we will establish the plastic model and damage model and strive to improve the
prediction accuracy of wellbore stability, helping NGH mining.
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