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ABSTRACT. The global reserves of natural gas hydrates are extremely
abundant, but hydrate reservoirs are usually clayey silt hydrate reservoirs with
low strength, and borehole collapse is a key issue during the drilling
operation. In the present work, both the investigation method and the finite
element model that used for investigating borehole collapse in hydrate-
bearing sediment are developed, and the superiority of the investigation
method developed herein is also analyzed. The results show that changes in
temperature and/or potre pressute do not necessarily lead to the hydrate
dissociation. Hydrate dissociation occurs only when both temperature and
pore pressure satisfy the conditions of hydrate dissociation. Moreover, the
applicability of the investigation method developed herein is verified by
comparing the equivalent plastic strains obtained by the coupled model
developed in this paper and the simplified model respectively. In addition, the
simplified model overestimates the extent of the wellbore collapse for the
drilling operation in hydrate-bearing sediments. All these results demonstrate
that both the investigation method and the finite element model can be used
for borehole stability simulation in hydrate-bearing sediments.
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INTRODUCTION

atural gas hydrates are crystalline structures formed by natural gases (mainly methane, generally more than 96%)
and pure water under the conditions of low temperature and high pressure [1-3]. More and more attention has

N been paid to methane hydrate development from hydrate-bearing sediments in deep water for its clean property
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and the vast reserves. Although the estimation of global hydrate reserves is uncertain, according to incomplete statistics,
the energy stored in natural gas hydrates all over the world is at least twice as much as that stored in fossil fuels currently
known [4-6]. Although various countries have conducted a series of hydrate production test activities recently (especially
China and Japan), the current research on methane hydrates is generally in the stage of theoretical research and laboratory
exploration. The production test activities are listed in Tab. 1.

Canada US.A Japan China
1st test 20d test 1st test 1st test 2ad test 15t test
Time 2002 2007 2012 2013 2017 2017
Test area Mackenzie Delta North Slope of Nankai Trough Shenhu
Alaska area
Lithology Sandy Sandy Sandy Clayey silt
Method HOt Wa.ter Depressurization Replacerr.lentf Depressurization thc.l
circulating Depressurization extraction
Production time 5d 6d 30d 6d 36d 60d
Cumulative gas 516m3 13000m3 24000m3 120000m3 235000m3  309000m3
Reasons for stop - - - Sand Production

Table 1: Production test activities of natural gas hydrates Worldwide [7].

Some development strategies have been studied by numerous experts for the development of natural gas hydrates, of
which the depressurization method is the most effective and the most commonly used one [8]. However, hydrate
reservoirs in deep water are generally low-strength formations, which make the wellbore collapse to be a commonly
occurred issue during hydrate production process [9-12]. In addition, hydrate dissociation during hydrate production
operation is another contributor to both the complex accidents within the borehole (i.e., borehole instability and casing
damage, etc.)[13-17] and the geological disasters (such as slope slide and submarine earthquakes)[18, 19]. Hydrate
dissociation at high temperature and/or low pressure determines that drilling operation in hydrate reservoirs is more
difficult than conventional oil and gas reservoirs. The caliper logging curve at the SH4 site in Shenhu area of the South
China Sea shows that serious borehole collapse and borehole enlargement has emerged during the drilling process within
the hydrate interval [20]. Therefore, exploration of a method for borehole stability investigation in hydrate reservoirs and
thorough analysis of borehole collapse mechanism are of great importance to ensure the construction safety in hydrate
reservoirs.

Up to now, the main focuses of numerous scholars have been paid on gas production from hydrate-bearing sediments,
and different production strategies have been investigated in detail [7, 21-25]. However, the threat of hydrate dissociation
to the stability of both the reservoir and wellbore is an important research topic in the development of natural gas
hydrates. On the one hand, hydrate dissociation leads to changes in both the pore pressure and the effective stresses
within hydrate reservoir. On the other hand, hydrate dissociation also weakens the reservoir strength, which severely
affects the strata stability. In spite of this, the investigations of wellbore behavior caused by hydrate dissociation during
hydrate development in deep water only attract a few scholars’ interests [13-17, 26, 27]. Although these studies are
valuable for studying borehole behavior during a drilling operation in hydrate formation, neatly all these related
investigations did not integrate three physical fields of seepage, deformation, and heat transfer to thoroughly analyze
borehole stability in hydrate reservoirs.

In this paper, the finite element (FE) model used for investigating borehole stability during the drilling operation in
hydrate reservoirs is established by integrating seepage, deformation, and heat transfer. Based on this, the results of
borehole collapse are compared when the coupled FE model (investigated herein) and the simplified model (both seepage
and heat transfer are neglected) are used respectively, then the applicability of the investigation method can be verified.
Moreover, the yield range evolution within the near-wellbore area is also investigated with the coupled FE model.
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FUNDAMENTAL THEORY

Borehole instability in hydrate reservoirs
ellbore instability usually manifests as shear failure and/or tensile failure. Borehole collapse generally occurs in
the direction of the minimum principal stress due to the stress concentration caused by the low drilling mud
density [28, 29]. Hydrate reservoirs are usually sandstone reservoirs with high porosity, and borehole collapse is
the main form of borehole instability in hydrate formations. Hydrate dissociation results in the changes of both pore
pressure and the effective stresses. Therefore, hydrate dissociation within the near-wellbore region during drilling
operation can aggravate the borehole collapse. And, borehole collapse in hydrate reservoirs depends on the initial
formation conditions and the conditions of drilling mud within the wellbore. Schematic diagram of borehole instability
while drilling in hydrate reservoirs is shown as Fig.1. Therefore, determining the collapse area during a drilling operation
in hydrate reservoirs needs to consider the effect of hydrate dissociation caused by the invasion of drilling mud.
During the determination of collapse area, the equivalent plastic strain is used as the parameter for judging the collapse of
a wellbore. When the surrounding rock shows a positive equivalent plastic strain value, it is considered that the borehole
may collapse.

|:| Hydrate reservoir

- Collapse area caused
by hydrate dissociation

Oy

[ Original collapse area
[~ Original borehole
Figure 1: Schematic diagram of borehole instability while drilling in hydrate reservoirs.
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Figure 2: Schematic diagram of the relationship between various coordinate systems.

Elffective stresses around arbitrary borehole
The effective stress is the key for wellbore stability, and the relationship between the total stress, the effective stress and
the pore pressure can be expressed by the principle of effective stress, which is shown as the following equation.
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o, =0,+P, (1)

In order to accurately determine the effective stresses around the arbitrary borehole, four coordinate systems (Fig.2) are
defined, that is, the in-situ stress coordinate system (Xs-Ys-Zs), the geographic coordinate system (X¢-Yo- Zc), the
borehole coordinate system (Xp-Y3-Zp) and the wellbore polar coordinate system (7-6-Zp).

The in-situ stresses (o, 03, and ;) can be transformed from the in-situ stress coordinate system to the borehole coordinate
system with two transformation steps [30]. Firstly, the in-situ stresses are transformed from the in-situ stress coordinate
system to the geographic coordinate system. Then the stresses in geographic coordinate system are transformed from the
geographic coordinate system to the borehole coordinate system. The whole transformation process can be expressed by
the following equation.

XX )9’ Xz
Oy Op Oy
—J v g2\ — T T
0p=103 0Oy O =RR;0,R Ry @

oy of of
where the tensor Ry and Rp are expressed as Eqn. (3) and Eqn. (4).

cosal - cos B sinct - cos 3 -sinf3
Ro=1cosat - sinfB - siny-sinat - cosy  sinQ - sinfB - siny+cosct - cosy  cos B - siny (3)

oS - sinf3 - cosy-sin@ - siny  sinQ - sinf3 - cosy-cosQ - siny  cos B - cosy

cos(Az)eos(Ine)  sin(Az)eos(Inc)  -sin(Inc)
Ry=9 -sin(Az) cos(Az) 0 4
cos(Azg)sin(Ine)  sin(Ag)sin(Ine)  cos(Ine)

The stresses around borehole in the cylindrical coordinate system can be expressed as Eqn. (5) when the drilling fluid
pressure is P, [31].

o,=b,-P,
oy=0y +oy 20y -0y )ws20-467 5in20-P,-P,
®
0.=0j —20[(0'3 -oj )50529-{-263' sznZH]-Pp
O'azZZ(O'BRmx@—O'g%sm@)
The maximum and minimum effective principal stresses need to be determined when Mohr-Coulomb criterion is used for

borehole stability analysis. However, determining the three effective stresses around borehole (g, g and az) in borehole
cylindrical coordinate system is the basis, which can be calculated using Eqn. (6).

o0,=0,=P,-P,

o /.:o.s(aﬁ@)+o.5\/(oe-a{)2+4o§z ©)

5,=05(0,+0. )~ 0.5\/(09-0% )2 +40,

The maximum and minimum effective principal stresses can be obtained by comparing these three effective stresses.
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Conditions for hydrate stability
Loh et al. investigated the dissociation of seawater hydrates (3.03 wt% NaCl) and gave the empirical phase boundary
equation for methane hydrate in porous media, which is shown as Eqn. (7) [32]. The equation shows that the hydrate will

dissociate when the temperature T exceeds the phase equilibrium temperature T,, under the corresponding pore pressure
P,
p.

P, =13+1.66exp(0.141T,, ) ™

Eqgn. (7) can be used for determining whether the methane hydrate dissociate or not.
FINITE ELEMENT MODEL

Firstly, investigation of borehole stability while drilling in hydrate-bearing sediments can be simplified as the plane

strain problem. Furthermore, hydrate reservoir is thought of as the isotropic porous media. Also, the temperature
of the drilling mud is constant during the whole drilling operation. Finally, the effects of hydrate dissociation on both the
temperature and the pore pressure of hydrate reservoir are neglected. However, no matter how the investigation problem
is simplified, it is a complex physical process involving physical fields such as seepage, deformation and heat transfer. The
established 2D FE model is displayed as Fig.3. As can be seen from Fig.3, the wellbore is assumed as the vertical open-
hole one drilled in the clayey silt hydrate reservoir. Moreover, the diameter of the borehole is the same as that of the drill
bit, and it is 8 /2 inches. In order to ensure that the temperature and pote pressute at the outer boundaries are not
affected during the entire simulation, both the length and width of the FE model are 20m. Herein, the widely used Mohr-
Coulomb constitutive model has been used herein to describe the relationship between the stress and the strain of the
porous media.

B efore the establishment of the FE model, some assumptions are made to simplify the investigation problem.

lr Injection of
drilling mud

Drilling string

Hydrate reservoir

(plane strain model: open hole) Borehole(8-1/2")

Drilling bit

i

Figure 3: Schematic of borehole stability model during a drilling operation in hydrate reservoir.

Boundary conditions and the initial conditions

The entire simulation process can be divided into two steps, namely, the geostatic step and the borehole stability analysis
step. In the first step, the normal displacements at the outer boundaries of the FE model are fixed. The borehole also
needs to be fixed in this step to simulate the state that the hydrate reservoir has not been disturbed. Fig.4 shows the
boundary conditions of the FE model in the first step. And, in order to clearly show the boundary condition of the
borehole in this step and the detailed elements within the near-wellbore area, Fig.4b demonstrates the mesh model of the
near-wellbore area.

90



Q

In the FE model, 4500 stress/pore pressure elements are obtained to simulate the borehole collapse in hydrate formation.

Since the hydrate dissociation during drilling operation mainly occurs in the near-wellbore area (Fig.4b), the elements
within the near-wellbore area are denser than other area.
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‘ Nomal displacement fixed

» Principle stress

L. >
Figure 4: The boundary conditions in the first step (the geostatic step). (a): the whole model, (b) elements in the near-wellbore area.

Just as the first step, Fig.5 demonstrates the boundary conditions of the FE model in the second step (the borehole
stability step). In the borehole stability step, the boundary conditions are listed as the following items:

(1) The fixed displacement of borehole should be removed first, which is an alternative to drilling operation;

(2) Then, boundary conditions of both the temperature and pore pressure should be applied to the borehole;

(3) Also, boundary conditions of both the temperature and pore pressure should be applied to the outer boundaries
synchronously;

(4) Besides, the bottom-hole pressure P, generated by the gravity of the drilling fluid needs to be applied to the borehole.

Oy

Nomal displacement fixed

< ___ Temperature boundary
condition
__ Pore pressure boundary
] condition

P, Drilling mud pressure

Principle stress
A A a A * P

Figure 5: The boundary conditions in the second step (the borehole stability step).

The initial conditions herein are the initial pore pressure and the initial temperature within the hydrate-bearing sediments.
In addition, the in-situ stresses also need to be determined. The initial conditions and the boundary conditions can be
determined by the logging data and/or the seismic data obtained from exploration activities.
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Simulation methodology and workflow

According to the load, the initial conditions and the boundary conditions described in these two simulation steps, the
investigation methodology and workflow herein is presented as Fig.6. Firstly, the initial stress state without human
disturbance within the investigation model for wellbore stability simulation can be generated by the geostatic step. Then,
based on the results obtained by the first step, the borehole collapse can be investigated by the second analysis step.
However, the focus of the whole simulation is the coupling of the three physical fields of heat transfer, seepage, and

deformation.
m Mechanical parameters
Seepage parameters
Property subroutine | N EI R S S
Assembly [l The FE model
The Geostatic step
m—’_ Borehole stability step
load i —
Boundary conditions
m Submit and run the job
m POR: Pore pressure
Sh: Hydrate saturation
Figure 6: Workflow of borehole simulation in hydrate-bearing sediments.
CASE STUDY

Basic input data for simulation

T he basic input data for investigation of borehole stability in the clayey silt hydrate-bearing sediments are listed in
Tab. 2 and Tab. 3 [33]. However, the physical parameters of hydrate-bearing sediments are different from each
other in different area all over the world for the difference in so many factors such as the lithology or hydrate

saturation. Therefore, a series of empirical formulae describing the characteristics of hydrate reservoirs have been

obtained from the research on artificial or natural hydrate samples.

Parameter Value Unit Parameter Value
Density, o 2000 Kg/m? Thermal conductivity, A 1.5 W/(m-K)
Initial Young's modulus, Ey 625 MPa Specific heat capacity, Cy 1362 J/(Kg-K)
Initial dilation angle, ¢ 17.46 ° Drilling mud pressure, P, 15.5 MPa
Poisson's ratio, » 0.35 - Drilling mud temperatutre, T,,  18.79 °C
Friction angle, € 25 ° Drilling time, 3 h
Initial cohesion, Cy 1.25 MPa Bias ratio 5 -

Table 2: Physical parameters of investigation model before hydrate dissociation and the drilling conditions.
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The relationship between Young's modulus of hydrate-bearing sediments E and hydrate saturation ) can be expressed by
Eqn. (8) [34].

E=125+1000-S5,

®)
The cohesion C also changes with hydrate saturation, and it can be expressed by the following equation
C=25MPaxS$, )
In addition, change of dilation angle caused by hydrate can be expressed by Eqn. (10).
siny =0.05+0.5x.5, (10)
Parameter Value Unit Parameter Value Unit
Void ratio 0.8512 - Initial hydrate saturation, Sy 47 %
Initial pore pressure 14.64 MPa Max. horizontal stress, oy, (Y) 0.9 MPa
Vertical effective stress, o1 1.1 MPa Min. hotizontal stress, oh, (X) 0.6 MPa
Initial permeability, £y 1014 m? Initial temperature, T' 14.79 °C
Initial porosity, ¢o 45.98 %

Table 3: Initial conditions of the FE model.

Hydrate dissociation during the drilling operation

In this case, the bottom-hole pressure (P,) is 15.5MPa, which is larger than the initial pore pressure (14.64MPa). Therefore,
the investigation case can be defined as the overbalanced drilling operation (ODB). The properties of hydrate-bearing
sediments listed in Tab. 2 and Tab. 3 have been as close as possible to that of the hydrate reservoirs in the South China
Sea. Although it is ODB case, the conditions of drilling mud pressure (i.e., 15.5MPa) and its temperature (17.79°C, which
is higher than the phase equilibrium temperature calculated by drilling mud pressure) can result in the dissociation of

seawater hydrates. Fig.7 shows the temperature distribution of at different drilling times along a path extending radially
from the borehole.
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Figure 7: Temperature distribution of at different drilling times along a path extending radially from the borehole.
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From Fig.7, the temperature front gradually moves forward from the borehole, but its speed gradually slows down. When
the formation is drilled for 10 min, the temperature front reached a position of 4.30 cm from the borehole. However, the
temperature front reaches the position of 35.72 ¢cm when the hydrate-bearing sediment has been drilled for 3 hours.
However, the temperature disturbance in the hydrate reservoir does not imply the hydrate dissociation. Fig.8 shows the
dissociation range of hydrate-bearing sediments within the near-wellbore area at different times. It can be seen from Fig.8
that drilling operation only results in the hydrate dissociation within a range of 17.94 ¢cm around the borehole in the near-
wellbore area, which indicates the fact mentioned above that the temperature disturbance in the hydrate reservoir does not
imply the hydrate dissociation. Therefore, only when both the pore pressure and temperature reach the dissociation
condition of methane hydrates, hydrate dissociation can occur. By comparing the simulation results shown in Fig.7 and
Fig.8, it can be seen that the dissociation speed of seawater hydrates in hydrate-bearing sediments during the drilling
operation is similar to that of temperature front, and both speeds slow down as drilling operation continues.

T T T T T T T T T T

_
(o]
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-
(8]
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34 [ —— Hydrate dissociation range|

Dissociation range from borehole / cm

0 I T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Time / min

Figure 8: Dissociation range of hydrate-bearing sediments within the near-wellbore area.

Yield area caused by hydrate dissociation

The area where the equivalent plastic strain (PEEQ) generated is the area that borehole collapse may occur. Therefore, the
equivalent plastic strain can be used as an important parameter to describe the borehole collapse/instability duting a
drilling operation in hydrate reservoirs. The evolution of yield range (where the PEEQ value is positive) within the near-
wellbore area during the drilling operation in hydrate-bearing sediments of the South China Sea is demonstrated in Fig.9.
As can be seen from Fig.9, within half an hour of the whole drilling operations, not only the yield range of the near-
wellbore region, but also the maximum equivalent plastic strain continuously increase as drilling operation continues.
However, although the yield range within the near-wellbore area changes little after half an hour of the drilling operation,
the equivalent plastic strain (PEEQ) continues to increase rapidly. In spite of this, larger yield area where borehole
collapse may occur can present with the increase of the dissociation area.

Superiority and applicability of the conpled FE method

In order to verify the superiority of the simulation method developed herein, results obtained from two different FE
models are compared. Among them, a model is the finite element model proposed in this paper that couples seepage,
deformation and heat transfer together (which is named as “Model 17). The other is a simplified model that ignores
seepage and heat transfer (which is defined as “Model 27). Fig.10 shows the comparison results of equivalent plastic strain
at last between these two different models described above. From Fig.1, the maximum collapse area should present at the
direction of the minimum horizontal principal stress. However, as shown in Fig.10b, when the FE model neglects seepage
and the heater transfer (Model 2), the yield area is evenly distributed along the borehole. Therefore, as can be seen from
Fig.10, simulation of borehole collapse during the drilling operation in hydrate reservoirs is more realistic using the
coupled FE model (Model 1) that integrates seepage, deformation and heat transfer. In addition, borehole collapse
simulation with the FE model neglects seepage and the heater transfer (Model 2) overestimates the borehole collapse.
Therefore, all these comparison results indicate the applicability of both the coupled FE method and the investigation
method established herein.
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Figure 9: Equivalent plastic strain (PEEQ) within the near-wellbore area during drilling operation in hydrate-bearing sediments. (a):
1min, (b): 10min, (¢): 30min, (d): 1h, (¢): 2h, (f): 3h
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Figure 10: Comparison results of equivalent plastic strain at the last (drilling in hydrate formation for 3h) of the drilling operation

between these two different models. (a): PEEQ of Model 1, (b): PEEQ of Model 2.

Effect of mesh size on hydrate dissociation and borehole collapse

Effect of mesh size on hydrate dissociation and borehole collapse are shown as Fig.11 and Fig.12 respectively. Herein, the
Bias ratio (1 and 10 are investigated herein) has been defined a parameter to describe the size ratio between the maximum
and the minimum elements within the near-wellbore region. It can be seen from Fig.11 that hydrates dissociate more
when mesh quality of the FEM is not very good (Bias ratio is equal to 1). This is because hydrate dissociation within
hydrate-bearing sediments during the analysis process is based on the temperature and pore pressure of each mesh
element. The poor mesh quality makes the element interval within the near-wellbore area larger, resulting in faster hydrate
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dissociation. Conversely, the better mesh quality within the near-wellbore area means that the mesh size increases from
the borehole radially outward, which makes the hydrate dissociation simulation closer to the actual situation.

181 —=— Bias ratio = 10 1
—e— Biasratio= 5
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Figure 11: Dissociation range of hydrate-bearing sediments within the near-wellbore area when the Bisa ratio is different.

Fig.12 displays the equivalent plastic strain of the hydrate formation within the near-wellbore area at the last of the drilling
operation when the mesh size is different. As can be seen from Fig.12, the equivalent plastic strain is larger when the
mesh quality is good (when the Basi ratio is 5), this is related to the hydrate dissociation in Fig.11. When the mesh quality
is poor, more hydrate dissociation leads to more severe wellbore collapse and instability. For example, when the Basi ratio
is 10, the maximum equivalent plastic strain is 2.977X102, but the maximum equivalent plastic strain increases to
3.051%10-2 when the Basi ratio changes to 5. In addition, the yield range caused by hydrate dissociation changes little for
models with two different mesh sizes. All these results indicate that mesh size is an important factor when the FEM was
used to investigate wellbore stability in hydrate-bearing sediments.
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Figure 12: Comparison results of equivalent plastic strain at the last (drilling in hydrate formation for 3h) of the drilling operation
between these two different mesh size within the near-wellbore area. (a): PEEQ when Basi ratio is 10, (b): PEEQ when Basi
ratio is 5.

CONCLUSIONS AND SUGGESTIONS

he major results are as follows:
(1) The investigation method of borehole collapse in hydrate-bearing sediments is developed, and a two-
dimensional seepage-deformation-heat transfer coupled finite element model is also established.
(2) Hydrate stability depends on so many factors, such as the temperature and the pore pressure. Only when both the pore
pressure and temperature reach the dissociation condition of methane hydrate, hydrate dissociation can occur.
(3) Equivalent plastic strain caused by hydrate dissociation increases with the continuous drilling operation in hydrate-
bearing sediments. And, borehole collapse first occurs at the intersection of the minimum horizontal principal stress
direction with the borehole.
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(4) It is impractical to investigate borehole collapse using the simplified model that neglects both the seepage and the heat
transfer (i.e., Model 2 in this paper). By comparison, the coupled finite element model and the investigation method
established herein are feasible for simulating borehole instability during the drilling operation in hydrate-bearing sediments.
(5) Poor mesh quality is not conducive to realistically simulating the hydrate dissociation during the drilling operation and
the resulting wellbore collapse. Mesh size is also an important factor when the FEM was used to investigate wellbore
stability in hydrate-bearing sediments.

Although the research method proposed in this paper has some advantages compared with previous studies, there are still
many shortcomings and need further improvement:

(1) Effect of the anisotropy of reservoir properties on borehole collapse needs to be investigated.

(2) Effect of hydrate dissociation on temperature and pore pressure must be considered to realistically simulate the actual
situation.

(3) A temperature change of drilling mud during mud circulation also a limitation requires to be considered.
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NOMENCLATURE
Symbol Interpretation Symbol Interpretation

O The total stress, MPa Az and Inc The azimuth and the inclination, °
O The effective stress, MPa P, Drilling mud pressure, MPa
P, The pore pressure, MPa v The Poisson's ratio
op The in-situ stress tenser, MPa e 3:;5;12;21:}%;2 borehole cylindrical

Ry and Rg The transformation matrices Tey Equilibrium temperature of methane hydrate

a, fand y  Three rotation angles, ° P, Equilibrium pressure of methane hydrate
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