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Abstract

Natural gas hydrate is widely distributed all over the world and may be a potential resource in the near future, whereas hydrate
dissociation during the development affects wellbore stability and drilling safety. However, the present modeling of hydrate
reservoir parameters ignored the influence of effective stress and only considered the hydrate saturation. In this paper, a series of
stress sensitivity experiments for the unconsolidated sandstone were carried out, and the influence of mean effective stress on
physical parameters was obtained; a comprehensive model for the physical parameters of hydrate reservoir was developed
subsequently. With the help of ABAQUS finite element software, the established comprehensive model was verified by the
use of the wellbore stability numerical model of hydrate reservoir. The verification results show that ignoring the effect of mean
effective stress on the parameters of hydrate formation aggravates the invasion of drilling fluid into the hydrate formation.
Besides, ignoring the stress sensitivity of reservoir physical parameters will underestimate the wellbore instability during hydrate
drilling, which will be a threat to the safety of gas hydrate drilling. At the end of the drilling operation, the maximum plastic strain
of'the model for considering and not considering stress sensitivity was 0.0145 and 0.0138, respectively. Therefore, the established
comprehensive model will provide a theoretical support for accurately predicting the engineering geological disasters in hydrate
development process.

Keywords Stress sensitivity - Wellbore stability - Hydrate dissociation - Finite element simulation - Coupling of multi-physics
fields

Introduction

Natural gas stored in hydrate sediments may be a potential
resource in the near future because of the characteristics of
both the massive reserve and the clean energy (Yan et al.
2017). Consequently, it is undeniable that the development
and utilization of methane hydrate are attractive and drawing
public attention (Sakamoto et al. 2007; Su et al. 2013; Moridis
and Reagan 2007; Schnurle et al. 2002; Gai and Sanchez,
2017). At present, three main development methods are

>4 Qingchao Li
1084346639 @qq.com

Yuanfang Cheng
B16020225@s.upc.edu.cn

School of Petroleum Engineering, China University of Petroleum
(East China), Qingdao 266580, China

2 PetroChina Huabei Oilfield Company, Rengiu 062500, China

considered to be practical for producing natural gas from hy-
drate sediments: depressurization, thermal stimulation, and
use of the inhibitor (Su et al. 2010; Su et al. 2013; Moridis
and Reagan 2007; Bybee 2007). However, hydrate dissocia-
tion caused by different development methods may result in a
series of engineering geological hazards (e.g., wellbore insta-
bility, formation subsidence, and submarine landslides)
(Briaud and Chaouch 1997; Li et al. 2013; Liu et al. 2014;
Qiu etal. 2015; Li et al. 2018), which will pose a danger to the
environment and to the safety of human’s lives. Experimental
investigation of geological hazards that occurred during hy-
drate development is time consuming and costly, whereas nu-
merical simulation is an effective and economical method to
evaluate the probability of disaster occurrence. Furthermore, it
is the basis of numerical simulation to obtain a comprehensive
model that can reflect the variation law of physical parameters
in hydrate dissociation.

Over the past few decades, numerous studies have been
carried out to investigate the relationship between physical
parameters of hydrate reservoirs and hydrate saturation, by
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using both experiments and logging data analysis (Minagawa
et al. 2005; Klar and Soga 2005; Rutqvist and Moridis 2007,
Yohan et al. 2016). Masuda et al. (1997) established a model
for determining the relationship between the relative perme-
ability of hydrate reservoir rocks and hydrate saturation,
which is widely accepted by domestic and foreign scholars.
In their model, the relative permeability of the hydrate
reservoir decreases exponentially with the hydrate saturation.
Minagawa et al. (2005) carried out a series of experiments and
obtained the fitting formula between the intrinsic permeability
of hydrate reservoirs and hydrate saturation; it showed that the
intrinsic permeability exhibited an exponential relationship
with the change of hydrate saturation. Klar et al. (2010) de-
veloped the best fit prediction model of mechanical parame-
ters for hydrate sediment by simulation experiments of hy-
drate dissociation; the results showed that the internal friction
angle and the Poisson’s ratio are constant values, but the elas-
tic modulus and cohesion are the linear functions of the hy-
drate saturation. Rutqvist and Moridis (2007) gave the rela-
tionship between the mechanical parameters and the hydrate
saturation by fitting the experimental data performed by
Masui et al. (2007) and summarizing the data from various
literatures, and the similar results were presented with that of
Klar et al. (2010). Besides, the similar conclusions have also
been drawn by Ng et al. (2008) and Uchida et al. (2012).
Besides, all these previous studies have been summarized
and presented by Yohan et al. (2016) in their paper. In a word,
these studies above are all valuable and have been used for
investigating stratum deformation and stress distribution with-
in the hydrate reservoirs during hydrate development from
different perspectives. Both the dissociation effect of hydrate
and the stress sensitivity of reservoirs are two important fac-
tors influencing the physical properties of hydrate reservoir
(Cheng et al. 2010). However, nearly all the fore-mentioned
studies have only considered the hydrate dissociation effect
during hydrate development, and neglected the influence of
stress variation during development on physical parameters.
The deficiency of physical parameters model for hydrate sed-
iment seriously restricts the accuracy and reliability of numer-
ical simulation.

As mentioned above, the study of stress sensitivity plays an
important role in analyses of reservoir deformation and
wellbore stability, and some scholars have conducted
investigations into the stress dependence of mechanical
properties of hydrate sediment to a certain extent. Kwon et
al. (2011) performed standard consolidation tests of undis-
turbed hydrate sediment cores and studied the effect of
stresses on volume responses. The experimental analyses
provide important geotechnical engineering parameters for
numerical simulation. Kim et al. (2012) and Lee et al.
(2013) carried out the experimental analyses of hydrate sedi-
ments recovered in expedition and gave the basic geotechnical
properties. The experimental results showed that the shear
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wave velocities indicate high stress sensitivity, which indirect-
ly indicates that the strength parameters of hydrate sediment
are stress-dependent. Accordingly, it is of great significance to
establish a comprehensive model that takes into account of
both the hydrate dissociation effect and the stress sensitivity.
However, these studies do not give quantitative relationships
between the mechanical parameters of hydrate-bearing sedi-
ments and the effective stress.

By introducing both hydrate dissociation effect and
stress sensitivity of hydrate reservoirs, a comprehensive
model for physical parameters of the hydrate reservoirs
was established on the basis of the triaxial experimen-
tal results. Meanwhile, a finite element model for
studying the wellbore stability of hydrate sediment
was established by coupling thermo-hydro-mechanical
fields. Based on the numerical simulation results of
the wellbore stability in hydrate formations, the appli-
cability of the above-established comprehensive model
is verified in detail. Thereby, the research in this paper
can provide more accurate parameter model for the
evaluation of engineering geological disasters and com-
plex underground accidents in the process of hydrate
development.

Experiment section
Experimental system

In order to satisfy the requirements of determining the physi-
cal parameters of the unconsolidated sandstone, an experi-
mental system (Fig. 1) for studying the stress sensitivity of
reservoirs was established. The system mainly consists of ax-
ial pressure loading system, confining pressure loading sys-
tem, pore pressure loading system, and the servo-controlled
system, as well as other devices for preparing the rock sam-
ples. The preparation of rock sample and the measurement of
physical parameters are integrated into one single experimen-
tal system. With the help of the established experimental sys-
tem, all physical parameters needed in numerical simulation
can be measured simultaneously under loading conditions.
The maximum confining pressure and maximum pore pres-
sure that the experimental system can withstand are 100 and
60 MPa, respectively, which can fully meet the experimental
requirements. The axial piston can achieve any displacement
load within 100 mm with accuracy of + 1%, and a load of up
to 1000 KN can be applied to the rock sample in the axial
direction. Two displacement gauges were used to measure the
axial and radial displacements, and the maximum displace-
ment that the displacement gauge can measure was 8§ mm with
the accuracy of up to + 1 um. Furthermore, three servo valves
(servo valve — 1, servo valve — 2, servo valve — 3 in Fig. 1),
which were controlled by the servo-controlled system, were
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Fig. 1 Sketch map of the servo-controlled triaxial experimental system for measuring properties of sample

used to control the pore pressure, axial pressure, and confining
pressure of the samples in autoclave in real time. Figure 2
shows the photos of the servo-controlled triaxial experimental
system (Fig. 2a) and the rock sample that has been installed
with two displacement gauges (Fig. 2b).

Experimental method

The composition of hydrate sediment in different marine
areas is quite different (Zhu et al. 2011). Take the hy-
drate samples obtained in the South China Sea for

Fig. 2 Photos of the servo-
controlled triaxial experimental
system and the placed sample

@ Triaxial rock mechanics testing machine b

example, analysis of hydrate samples indicates that most
of the hydrate reservoirs found in the South China Sea
are unconsolidated sediment. The aim of the experi-
ments is to analyze the stress sensitivity of unconsoli-
dated muddy sandstone reservoirs that store natural gas
hydrates. Therefore, the test samples used in this study
are artificial samples with no hydrate, and the ratio of
sand and clay in the rock sample is 1:3. Seven standard
diameter samples were prepared and used for stress sen-
sitivity experiment. The basic characteristics of rock
samples are demonstrated in Table 1.
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Table 1 Basic characteristics of

rock samples No. Length (mm) Diameter (mm) Density (kg/m3 ) Effective stress (MPa)
1 53.20 24.60 2030 0.0
2 51.00 24.60 2014 5.0
3 53.23 24.80 2020 10.0
4 52.80 24.70 1985 15.0
5 53.00 24.50 2025 20.0
6 5222 24.50 2018 25.0
7 52.41 25.10 2020 30.0

In order to study the stress sensitivity of the uncon-
solidated sandstone, the experimental method of fixing
the pore pressure and adjusting the confining pressure
is adopted. The stress sensitivity experiment of uncon-
solidated sandstone is performed in the following two
steps:

(1) Preparation and placement of rock samples. Mix the sand
and soil into the mold and use the triaxial test machine to
compact the sample. Thereafter, the thermoplastic tube is
placed around the sample to prevent the hydraulic oil
from entering the sample, and the displacement gauges
are then placed around the core to measure axial and
radial deformations.

(2) Determination of physical parameters. Keep the
confining pressure and pore pressure constant
and slowly loaded the axial pressure at a rate of
0.1 KN/s until the sample is damaged; both the
stress-strain curve and the permeability curve can
be obtained simultaneously during the loading
process. During the whole experiment, the phys-
ical parameters of the rock samples were mea-
sured over the effective stress range from 0 to
30 MPa.

Experimental results and analysis

After obtaining the physical parameters, for the convenience
of analysis, dimensionless treatment of the experimental re-
sults is adopted to study the stress sensitivity of the reservoir
bearing sediments. The dimensionless result is defined as the
ratio of the experiment value to the initial value. The stress
sensitivity analysis of four physical parameters (Poisson’s ra-
tio, porosity, permeability, and elastic modulus) is conducted
in this study. When the effective stress is gradually increased
from 0 to 30 MPa, the relationships between the physical
parameters (dimensionless Poisson’s ratio, dimensionless per-
meability, dimensionless porosity, and dimensionless elastic
modulus) of the reservoir and the mean effective stress are
obtained by a series of experiments. Figure 3 shows the di-
mensionless results obtained experimentally.

@ Springer

As can be seen in Fig. 3a, Poisson’s ratio of the
reservoir rocks increases slightly with the increase of
average effective stress. The binomial fitting form be-
tween Poisson’s ratio and mean effective stress has
higher fitting accuracy, and the general form can be
expressed using the following equation:

Vdim = vexp/vini = a'Uz +bo+c (1)

where the variable v represents the Poisson’s ratio; o is
the mean effective stress in MPa, and it can be calcu-
lated by o=(0;+ 05+ 03)/3, where oy, 05, and o5 are
the principal stresses; subscript dim, exp, and ini are the
dimensionless data, the experimental data, and the initial
experimental data, respectively; and a, b, and ¢ are the
regression coefficients for experimental data (the regres-
sion coefficients of the experimental data in this study
are a=—0.0002, b=0.0139, and ¢=0.9697 (R*=
0.6911)).

Figure 3b shows the experimental results and the
fitting curve of dimensionless permeability. The perme-
ability of reservoir rock decreases significantly with
the increase in the mean effective stress when the ef-
fective stress is less than 20 MPa, but the curve tends
to be stable when the effective stress exceeds 20 MPa.
As with the dimensionless Poisson’s ratio, the fitting
binomial formula with the correlation coefficient of
R*=0.9801 is well consistent with the experimental
data. The general form of stress sensitivity fitting
curves for dimensionless permeability can be described
as follows:

K gim = Kexp/Kini = do-z +eo +f (2)

where K is the permeability of reservoir rock and d, e,
and f are the regression coefficients for experimental
results, which are 0.0009, —0.0495, and 0.9745, re-
spectively, in this study.

Within the range of effective stress studied in the experi-
ment, the dimensionless porosity of reservoir rock g, de-
creases with the increase of mean effective stress o, as shown
in Fig. 3c. It is understandable that as the effective stress
gradually increases, the effective porosity within the rock
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sample is compressed, and the reservoir rock will be further
compacted correspondingly, resulting in a gradual decrease in
porosity and permeability. In fact, an exponential function
with a natural constant as the base can be used to describe
the relationship between ¢4, and o, which is expressed by
the following formula:

¢dlm = ¢exp/¢im’ = g-exp(h-a) (3)

where g and % are the coefficient and exponent of the
fitting formula, respectively. In the study, g and / are
0.978 and —0.041 when the correlation coefficient R is
equal to 0.9971.

The dimensionless elastic modulus of the reservoir rock
shows the similar variation trend with the dimensionless
Poisson’s ratio, and it can also be expressed by a binomial
function with a correlation coefficient R of 0.9745; the gen-
eral form of the fitting function is shown as the following
equation:

Egim = Eexp/Eini = i'Uz + jo + k (4)

where i, j, and k are the coefficients of the fitting function, and
they are —0.0005, 0.0263, and 1.0202 in this experiment,
respectively.

Comprehensive modeling for the physical
parameters of hydrate reservoir

As stated above, some defects still exist in the modeling
for the physical properties of hydrate reservoirs, al-
though some progress has been made (Masuda et al.

1997; Kambiz and Goodarz 2007; Freij-Ayoub et al.
2007). Among them, failure to take into account the
stress sensitivity is on the top of the list. Therefore, a
comprehensive model considering the stress sensitivity
is established and verified by analyzing of wellbore sta-
bility in hydrate sediments.

Comprehensive model for pore characteristics

Li et al. (2014) established a model for the relationship be-
tween the relative permeability of hydrate bearing sediments
in the South China Sea and hydrate saturation using the nu-
clear magnetic resonance measurements. In this model, the
relative permeability of the hydrate reservoir decreases expo-
nentially with the hydrate saturation, which is shown as the
following equation:

Ko = K(Sy) /Ko = (1-8;,)"""" (5)

where S, is the hydrate saturation and K., K(S}), and K,
correspond to the relative permeability, permeability of hy-
drate reservoir, and the permeability of hydrate-free reservoir,
respectively.

For conventional hydrate-free reservoirs, formation perme-
ability can be assumed to be affected only by the mean effec-
tive stress o, as shown in Eq. (1). However, for hydrate reser-
voirs, hydrate reservoir permeability is also a function of hy-
drate saturation Sj,. Therefore, the comprehensive model of
hydrate reservoir permeability (Eq. (6)) is obtained by
substituting Eq. (5) into Eq. (1).

K(Sy,0) = Ko (d-o” + 6.04_]-)_(1,517)7.9718 (6)
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Similarly, the effective porosity of hydrate reservoir ¢(S;,)
is also affected by hydrate saturation, and the relationship
between them is expressed as follows (Masuda et al. 1997):

¢(Sn) = bo-(1-Sh) (7)

where ¢ is the porosity of hydrate-free reservoir.

Considering the effect of hydrate dissociation (Eq. (7)) and
stress sensitivity (Eq. (3)) on the porosity of hydrate reser-
voirs, a comprehensive model of hydrate reservoir porosity
is obtained, which can be given by

¢(S, 0) = b (1=S1)-(g-exp(h-0)) (8)

Comprehensive model for elastic parameters

Assume that the Poisson’s ratio of hydrate reservoir does not
vary with the hydrate dissociation (Klar and Soga 2005;
Masui et al. 2005). That is, the Poisson’s ratio of the hydrate
reservoir in the comprehensive model is only a single-variable
function of the mean effective stress, so it can be obtained by
Eq. (1) and given as the following formula:

v(0) = vp-(a-0” + b-o +c) 9)

where v, is the Poisson’s ratio before hydrate dissociation.

Kim (2016) obtained the change of elastic modulus during
hydrate dissociation by experiment, which can be written as
the following formula:

E = Ep(1 4 13.25:)) (10)

As with the above process, the comprehensive model of
elastic modulus in hydrate reservoir can be obtained by com-
bining Egs. (4) and (10), which is shown as the following
equation:

E(Sy,0) = Eg(1 + 13.25:S))-(i-0” + joo + k) (11)

where E is the elastic modulus of hydrate-free sediment.

Comprehensive model for strength parameters

Hydrate dissociation produces extra pore space and thus dam-
ages the cementation between the matrix particles within the
formation. Freij-Ayoub et al. (2007) established a linear model
of cohesion and porosity during hydrate dissociation, as fol-
lows:

C(Si,0) = Cor(1-1.2:(6-0,)) (12)

where C and C, are the new and initial cohesion of
hydrate sediments. Besides, with respect to the change
of the internal friction angle during the hydrate
dissociation, Shi (2009) established the directional
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relationship between the internal friction angle 6(S))
and the cohesion in the study of the wellbore stability,
which is shown as the following equation:

0(Sy, 0) = 20 + 2.564~lg[(59.83—1.785C)2 + \/60.83—1.785C]
(13)

Although the hydrate saturation S, and the effective stress
o are not present in Eqs. (12) and (13), the porosity ¢(S},) is a
function of the hydrate saturation and the effective stress (as
shown in Eq. (8)). Thus, Egs. (12) and (13) can indirectly
indicate the comprehensive model for strength parameters of
hydrate sediment.

As for the dilation angle 1, it is assumed that it is just
relevant to the hydrate saturation, and has nothing to with
stresses. The relationship between dilation angle and hydrate
saturation is expressed by the following equation (Ng et al.
2008):

Sin(1h) = 0.05 + 0.5, (14)

Implementation of comprehensive model
Basic of wellbore instability

Wellbore instability is a common accident in the process of
drilling, mainly attributed to the replacement of rock within
borehole with drilling mud during the drilling operation,
which brings about stress redistribution and concentration
within the surrounding rock and disturbs its stability. The
borehole will be destroyed when the stresses of the surround-
ing rock exceed the rock strength (Cheng 2015). Modeling of
wellbore stability during methane gas hydrate development is
a complex undertaking, which consists of many different
physical processes (i.e., heat transfer, invasion of drilling fluid
into the hydrate formation, hydrate dissociation, and wellbore
instability). Different wellbore structures are suitable for dif-
ferent purposes (Merey 2016). In general, hydrate exploration
usually adopts riserless drilling (as illustrated in Fig. 4a),
whereas drilling with riser are generally conducted for hydrate
development (Fig. 4b). Considering that the drilled borehole is
still used for the subsequent development of the hydrate, the
offshore drilling with riser is adopted (Merey 2016), and the
configuration of hydrate drilling system is illustrated as Fig. 4
(Qiu et al. 2014). There are mainly three components within
the wellbore stability system: casing, drill pipe, and the reser-
voir. Due to complicated thermo-hydro-mechanical interac-
tions within hydrate reservoir, a finite element model is creat-
ed by ABAQUS software for simulating the non-liner behav-
ior of borehole.
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Hydrate dissociation and coupling mechanism

The stability of natural gas hydrate is mainly determined by
factors of temperature, pressure, gas composition, and pore
fluid salinity (Wu et al. 2007). According to results of geo-
physical exploration for hydrate reservoirs in the South China
Sea, the composition of hydrocarbons in hydrate of the South
China Sea is mainly methane (to be exact, between 96 and
100%); ethane and propane only occupy a small share (Wu et
al. 2007, 2011; Lietal. 2010). In this case, the P-Trelationship
of pure methane hydrate in seawater is given as the following
equation (Sun et al. 2011):

Pd =9 x 10-1460.1136Td

(15)

where P, is the pressure in MPa and ¢, is the temperature in K
at any depth below the seafloor.

At a given pressure, the hydrate phase equilibrium temper-
ature will decrease correspondingly when the appropriate hy-
drate inhibitor is added. The reduced amplitude can be calcu-
lated by (Hammerschmidt 1939)

AT = 2335 x C/M(100-C) (16)

where AT is the temperature depression caused by inhibitor,
°C; C is the inhibitor concentration, wt%; and M is the molec-
ular weight of inhibitor.

Hydrate exists in solid form at several hundred meters be-
low the seafloor, but it gradually dissociates when the temper-
ature rises above equilibrium temperature or pressure falls
below phase equilibrium pressure (Klar and Soga 2005;
Tréhu et al. 2006; Merey 2016). Based on hydrate phase equi-
librium conditions and the established comprehensive model,

Injection of
Drilling Mud

Seafloor(1200m)

l«—— Conductor(36")

Overlying formation

Underlying formation

b Drilling for hydrate production (riser drilling)

two field variables are defined firstly to realize the hydrate
dissociation effect and the stress sensitivity effect, respective-
ly. By writing the USDFLD subroutine, the temperature, pore
pressure, and stresses of every integration point within the
hydrate formation are imported into the simulation program
to implement the established comprehensive model.

Figure 5 shows the computational algorithm used for
predicting wellbore stability while drilling in hydrate forma-
tion. The order for the sequential coupling of the heat transfer-
seepage-deformation multi-physics simulation can be de-
scribed as follows: (1) heat transfer analysis is carried out
firstly to obtain the spatial distribution of temperature on each
node; (2) then, the temperature result obtained in the previous
step is imported into the coupled solid-fluid model for analy-
sis; and (3) with the help of the USDFLD subroutine, both
hydrate dissociation and thermal-fluid-solid coupling analysis
can be performed. Consequently, the wellbore stability while
drilling in the hydrate formation can be analyzed.
Nevertheless, it should be noted that the model size and ele-
ment size should be consistent in heat transfer analysis and the
subsequent thermo-hydro-mechanical coupling analysis, and
the only difference is the element type, which will be de-
scribed in detail in the following sections.

Geomechanical modeling for analysis
of wellbore stability

Developing a finite element model for simulating wellbore
stability mainly contains the following steps: describing the
model geometry, boundary and initial condition definition,
and the material property definition.

@ Springer
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Fig. 5 Sequential coupling
process of wellbore stability
analysis during drilling in hydrate
formation
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Hydrate
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instability?

Next time
increment

Finite element modeling and material

The target well is a vertical well for hydrate development in
the Shenhu area of the South China Sea, and the measured
seafloor depth is about 1230 m (Wang et al. 2011). Owing to
the serious lack of description for methane hydrate develop-
ment wells drilled in the South China Sea, borehole structure
of target well should refer to the wells in similar sea area; the
size of different casings used for simulation are described as
Fig. 4b (Qiu et al. 2014).

The site SH2, which is one of the earliest sites for hydrate
exploration in the South China Sea by the Chinese Geological
Survey in 2007, is taken as the example to analyze the
wellbore stability. The hydrate layer is located at the depth
between 195 and 220 m (Xiao et al. 2013; Yang et al. 2008).
The finite element model in Fig. 6 consists of only one com-
ponent: the formation. To avoid the influence of far field
boundary effect on simulation results, the dimension of the
finite element model is 25 m in both the X (lateral) and Y
(vertical) directions, and the wellbore size is set to be 8.5 in.
The red lines of AB and CD in Fig. 6 are two paths located in
X and Y directions along the radial direction, respectively.

To improve the quality of meshing, partitioning the model
into separate parts is necessary. To be exact, the finite element
model is divided into two parts, the near-wellbore region and
the far-field region. The elements within the near-wellbore
region are uniform, but the elements inside the far-field region
change along the radius in a certain proportion; sizes of ele-
ments close to the near-wellbore are set to be five times as
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larger as that of elements on the boundary. After meshing,
there are 3840 DC2D4 or CPE4P elements within the whole
model. Among them, the DC2D4 elements are heat transfer
elements for simulating the heat transfer process, and the
CPE4P elements are pore fluid/stress element for carrying
out the fluid-solid coupling simulation. In addition, the char-
acteristics of hydrate formation for the simulation model are
listed in Table 2.

Boundary conditions and initial conditions

Just as shown in Fig. 5, the simulation adopts the one-way
coupling technique, and it can be divided into two phases, i.e.,
heat transfer analysis and solid-fluid coupling analysis.
Normal displacement of the wellbore and the outer boundary
are fixed during the whole simulation. Besides, the wellbore
during the heat transfer simulation is set to be the temperature
boundary, but it needs to be converted to the pore pressure
boundary in the solid-fluid coupling analysis. The drilling
conditions used in this paper determine that the numerical
model simulates the over-balanced drilling process, which
can ensure that the hydrate dissociation is minimized.

In terms of the variation of formation temperature with
depth, Wang et al. (2011) have fitted the field temperature
measured at the SH2 site, and gave the curve of temperature
versus depth.

T = 0.0456d + 5.6723 (17)
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Fig. 6 The finite element model
and mesh

The Near-Wellbore Region

P,— drilling mud pressure

where the parameter 7'is the temperature in °C at certain depth
of d (mbsf) and d is determined to be 200 m. Assuming that
the pore fluid in sediment is considered to be interconnected
with seawater, and then the hydrostatic pore pressure can be
calculated from the depth and the average seawater density
(Ning et al. 2013a; Ning et al. 2013b).

PP = psewatg(d +H) (18)

where the seawater density pgewar 1S 1.03 g/cm3 and H is the
depth of seawater (m).

Porosity of the formation also changes with depth; it can be
expressed as Eq. (12) (Guo et al. 2011), and the void ratio e
can be calculated by e=¢/(1 — ¢).

L °
x A A

Initial conditions should be defined to carry out the simula-
tion, which consists of initial pore fluid saturation, initial void
ratio, initial temperature, initial pore pressure, and initial geostress
field. The initial conditions are listed in Table 3. Figure 7 indi-
cates the practical conditions of hydrate formation in Shenhu area
and the phase equilibrium conditions. As can be observed from
the curve in the figure, hydrate in formation is in the steady state,
and the temperature and pressure conditions of the drilling mud
may lead to the dissociation of the hydrate. Then, the wellbore
may lose stability due to hydrate dissociation.

The mechanical properties of hydrate formation change
with the hydrate dissociation and stresses within the forma-
tion, which will, in turn, significantly affect both the exploita-
tion of hydrate and wellbore stability. Mostly, mechanical pa-

¢ = (-7.4366 x In(d) + 85.3829)% (19)  rameters of the hydrate formation are considered to be related
Table 2 Physical parameters of
simulation model and the drilling Parameter Value Unit Reference
conditions
Density, p 2000 kg/m’ Liu et al. 2017)
Initial Young’s modulus, £, 625 MPa Ng et al. (2008)
Initial dilation angle, v 17.46 °
Poisson’s ratio, v, 0.45 - Freij-Ayoub et al. (2007)
Friction angle, € 35 °
Initial cohesion, C, 1250 KPa Ng et al. (2008)
Thermal conductivity, A 1.5 W/(m K) Wan et al. (2016)
Specific heat capacity, Cy, 1362 J/kg K) Zhao (2010)
Initial permeability, & 10 mD Su et al. (2011)
Initial porosity, ¢ 45.98 % Guo et al. (2011)
Initial hydrate saturation, Sy, 47 % Su et al. (2011)
Drilling mud pressure, P, 15.5 MPa
Drilling mud temperature, 7, 17.79 °C
Drilling time, #; 3.00 h
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Table 3 Initial conditions in the model

Initial conditions Value Unit  Reference
Saturation 1 - -

Void ratio 0.8512 — Equation (19)
Pore pressure 14.64 MPa Equation (18)
Vertical effective stress, oy 1.1 MPa Chaetal. (2016)
Maximum horizontal stress, o (Y) 0.6 MPa -

Minimum horizontal stress, o;, (X) 0.8 MPa -

Temperature 14.79 °C Equation (17)

only to the hydrate saturation (Ng et al. 2008; Konno et al.
2010). However, the effective stress of the hydrate formation
during the hydrate dissociation process is another factor con-
tributing to the change of mechanical parameters; the imple-
mentation of the comprehensive model has been described
above.

Validation of the comprehensive model

Based on the numerical model and theory mentioned above, a
quarter of the two-dimensional finite element model is
established, considering the symmetry of both the formation
and the wellbore. A series of simulations have been performed
to verify the comprehensive model and analyze the impact of
hydrate dissociation caused by drilling mud invasion during
hydrate drilling phase on wellbore stability.

Hydrate dissociation during drilling operation

Based on the basic assumption that reservoir fluid flow and
rock deformation do not affect the heat transfer process, Fig. 8
shows the temperature distribution along AB at different

25
—a— Phase equilibrium conditions
® Conditions in Shenhu area
204 - L
A Drillling consitions
L 15
g (14.79°C, 14.6ampa) ® m(17.79°C, 15.5MPa)
kS
:?—) Stable zoon
& 104
Q
a
Unstable zoon
5 -
O T T T

0 5 10 15 20
Temperature/centigrade

Fig. 7 Temperature and pressure conditions of drilling operation and the
phase equilibrium conditions
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Distance along the radius from wellbore/m

Fig.8 Temperature distribution within the near-wellbore region along the
path of AB at different times

times. As illustrated in Fig. 8, the temperature front moves
forward gradually within the near wellbore region over time.
It can be clearly found that heat conduction is a very slow
process, and as the drilling time passes, the advancing speed
of the temperature front becomes slower and slower. When the
drilling mud that with the constant temperature of 17.79 °C is
in contact with the hydrate formation that with the initial tem-
perature of 14.79 °C for 3 h; that is, when the hydrate forma-
tion is drilled for 3 h, the temperature front goes deep to a
depth of 0.26 m from wellbore. The result confirms the prede-
cessors’ conclusions that it is not a wise choice to develop hy-
drates just relying on the hot fluid heating in wellbore (Li et al.
2011; Su et al. 2010; Moridis and Reagan 2007). Additionally, it
is still an important issue and challenge to ensure that the drilling
fluid is at a lower temperature during the drilling phase.
During the overbalanced drilling, the invasion of high-
pressure drilling mud prevents the hydrate within the reservoir
from dissociation, whereas the high-temperature drilling mud
will boost its dissociation. Figure 9 shows the spatial

| I
0.5 !
[} 1
1 1
S5 04 : : —e— AB, Sh, 10800s
S bisociation | | |
8 issociation | )
© 0.3 region : :
% 1 1 Transition region
o 0.21 il
© l
° I
f 0.1 - ] Original hydrate region
I
0.0- :
1 1

0.000 0.025 0.050 0.075 0.100 0.125 0.150
Distance along the radius from wellbore/m

Fig. 9 Hydrate saturation along the path of AB or CD at the last of the
drilling operation
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distribution of hydrate saturation at the end of the drilling
phase. As illustrated in the figure, continuing drilling for 3 h
in hydrate formation under the drilling conditions given in this
paper resulted in a hydrate dissociation of about 6 cm in thick-
ness. However, the hydrate dissociation process does not oc-
cur instantaneously, and therefore, there is a transition region
between the original hydrate region and the hydrate dissocia-
tion region. It can be seen from Fig. 9 that the thickness of
transition region is about 2 cm under the drilling conditions in
this paper.

Effect of stress sensitivity on pore pressure
propagation

Figure 10 shows the results of pore pressure along the radius
direction whether the stress sensitivity is considered or not at
different circulation times. It is observed that the pore pressure
travels faster than the heat of the drilling fluid during over-
balanced drilling operation in hydrate formation. At the end of
the drilling phase, pore pressure propagated to the place that is
about 20 m away from the borehole (Fig. 10f), which is up to
77 times the heat transfer distance (i.e., 0.26 m; see in Fig. 8).
Logically speaking, the seepage in the porous media mainly
depends on the permeability coefficient of the formation, and
the propagation of pore pressure in homogeneous and isotro-
pic formation should be the same in all directions if the stress
sensitivity has not been taken into account. Nevertheless, the
permeability coefficient is relevant to the hydrate saturation S,
and the stresses in every node within the formation. According
to Fig. 3b and Eq. (2), the permeability coefficient decreases
gradually with the increase of the mean effective stress.

As can be seen from every subgraph in Fig. 10, at any time,
the pore pressure at any node for the model in which the mean
effective stress is considered is generally greater than that of
the conventional model (in which the effect of mean effective
stress is not taken into account). This difference is shown in
Fig. 10 as the separation of the pore pressure curves for the
two models. Moreover, as the drilling operation continues, the
pore pressure gradually propagates from the borehole to the
distant formation, and the separation of the pore pressure
curves for the two models is more and more obvious. This is
because, when the physical properties of the hydrate forma-
tion are modeled, if the effect of the mean effective stress on
the permeability coefficient is taken into account, the decrease
in the permeability coefficient hinders the invasion of drilling
fluid and its seepage in the formation.

Effect of stress sensitivity on the equivalent plastic
strain

Equivalent plastic strain is one of the parameters that can be
used to evaluate whether the wellbore will undergo deforma-
tion and instability. The collapse and instability of wellbore

always occur at the Gaussian integral node where the equiva-
lent plastic strain is largest (Huang 2016). That is, the wellbore
instability may occur at any location near the wellbore region
where the plastic yield is presented. Because the drilling pro-
cess will only lead to a small yield area, Fig. 11 indicates the
equivalent plastic strain of the near-wellbore at different times
during the hydrate drilling process.

As can be seen from Fig. 11, under the effect of non-
uniform horizontal stresses, the stress of rock around the
wellbore in the direction of the minimum horizontal stress is
the most concentrated, and the surrounding rock in this direc-
tion is most likely to be unstable. Consequently, as can be seen
in Fig. 11, the maximum equivalent plastic strain always exists
in the direction of minimum principal stress (X axis direction).
Besides, the maximum plastic strain increases as the drilling
operation continues. At the end of the drilling phase, the max-
imum equivalent plastic strain for the model in which the
stress sensitivity is considered has reached 0.01447.

In order to determine the influence of mean effective stress
on the physical parameters of hydrate sediments, the relative
error § is defined to describe this difference, which is per-
formed by the Eq. (20).

_ |P EE anfstress_P EE Qstress‘
B PEEQ

stress

5 x 100% (20)

where PEEQ,,, syress and PEEQgq.ss are the maximum plastic
strain of the comprehensive model that considers the stress
sensitivity and that of the traditional model that does not con-
sider the effect of stress, respectively.

Table 4 displays the comparison results of the maximum
equivalent plastic strain between two different models at dif-
ferent times. From Table 4, we can see that the relative errors
of the equivalent plastic strain during the whole drilling oper-
ation are all greater than 10%. In addition, the maximum
equivalent plastic strains of the established comprehensive
model at different times are always greater than that of the
traditional model. This is because that when the stress sensi-
tivity is considered, the decrease in permeability hinders the
invasion of the drilling fluid into the formation, which reduces
the dissociation of natural gas hydrate and thus results in a
smaller equivalent plastic strain. Consequently, we can draw
the conclusion that the accuracy of wellbore stability evalua-
tion will be seriously restricted if the influence of stress on
formation physical parameters is not taken into account.

Effect of stress sensitivity on wellbore deformation

Borehole size is a direct parameter describing the borehole
stability. Figure 12 shows radial deformation of borehole at
different times during drilling and the comparison of relative
errors of radial deformation between two models. In order to
better show the effect of hydrate dissociation on borehole

@ Springer
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deformation when stress sensitivity is considered, the defor-
mation curves at different times are divided into two sub-
graphs. From Fig. 12, it could be found that the largest
wellbore deformation caused by hydrate dissociation during
drilling is always present in the direction of maximum hori-
zontal principal stress (i.e., Y axis direction), but the severe
stress concentration in the direction of the minimum horizon-
tal principal stress results in the maximum diameter enlarge-
ment of the wellbore in this direction.

Not only that a tiny gap exists between two defor-
mation curves (black line and red line), which indicates

@ Springer

that the stress sensitivity has certain influence on the
simulation and evaluation of borehole stability. The blue
lines are the relative error curves for wellbore radius,
and the relative error varies greatly with angle 7.
Besides, the largest relative error of borehole deforma-
tion for the two parametric models increases as the dril-
ling operation continues, and detailed statistics are given
in Table 5. After drilling in hydrate formation for half
an hour, the relative error is only 2.02%, whereas the
relative error has reached 75.99% at the end of the
drilling phase.
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Fig. 11 Equivalent plastic strain of the formation within the near-wellbore region at different drilling times. a #;=500s. b #,=3600 s. ¢ #,= 10,800 s. /
The comprehensive model, 2 the model without considering the stress sensitivity

Table4 Comparison of the maximum equivalent plastic strain between
two models mentioned in this paper at different times

Time/s 1,800 3,600 7,200 10,800
The comprehensive model  0.01158  0.01167  0.01437  0.01447
The traditional model 0.01052  0.01069 0.01359 0.01375
Relative error 6/% 9.15 8.40 4.73 4.98

Conclusion

In this investigation, a series of experiments has been carried
out to explore the effect of mean effective stress on properties
of hydrate formation, and then, a comprehensive model for
parameters of hydrate formation is established. Additionally,
in order to verify the stress sensitivity of hydrate formation, a
coupling thermo-hydro-mechanical numerical model has been
established to analyze the wellbore stability while drilling in
hydrate formation. Therefore, the conclusions obtained in this
paper are approached as follows:
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Fig. 12 Radial deformation of the borehole at different times during drilling phase and the relative error between the two models
1. Stress change caused by hydrate development has signif- Besides, the exponential fitting relationship be-
icant influence on the parameters of the unconsolidated tween dimensionless porosity and mean effective

sediment that forms the framework of hydrate reservoirs.
Both dimensionless permeability and the dimensionless
porosity decrease with the increase of the mean effective
stress, but the dimensionless Poisson’s ratio and the di-
mensionless elastic modulus show the opposite trend.

Table 5 Comparison of the maximum relative error between the
borehole deformations for two models at different times

Time/s 1,800 3,600 7,200 10,800

The maximum relative error/% 2.02 28.86 73.20 75.99

@ Springer

stress can be well matched with the experimental
data, while other dimensionless parameters can be
fitted as binomial functions of the mean effective
stress.

Based on the established comprehensive model and over-
balanced drilling operation, drilling for 3 h lead to a de-
composition range of about 6 cm thick in the hydrate
formation, whereas the temperature front goes deep to a
depth of 26 cm from wellbore. This is because that hy-
drate dissociation depends on two factors: pore pressure
and temperature.
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3. In analyzing the wellbore stability while drilling in hy-
drate sediment, when the stress sensitivity is considered,
the decrease in permeability caused by effective stress
hinders the invasion of the drilling mud into the forma-
tion, which reduces the dissociation of natural gas hydrate
and thus results in a smaller equivalent plastic strain.

4. Borehole size is a direct parameter to evaluate wellbore
stability. By comparing the borehole size of the traditional
model that without considering the influence of stress
with that of the comprehensive model that considering
the of stress sensitivity, it is found that the maximum
relative error increases with the continuous drilling
operation.
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