OTC 18860

Numerical Studies of Geomechanical Stability of Hydrate-Bearing Sediments
Jonny Rutqvist and George J. Moridis, SPE, Lawrence Berkeley National Laboratory

Copyright 2007, Offshore Technology Conference

This paper was prepared for presentation at the 2007 Offshore Technology Conference held in
Houston, Texas, U.S.A., 30 April-3 May 2007.

This paper was selected for presentation by an OTC Program Committee following review of
information contained in an abstract submitted by the author(s). Contents of the paper, as
presented, have not been reviewed by the Offshore Technology Conference and are subject to
correction by the author(s). The material, as presented, does not necessarily reflect any posi-
tion of the Offshore Technology Conference, its officers, or members. Papers presented at
OTC are subject to publication review by Sponsor Society Committees of the Offshore Tech-
nology Conference. Electronic reproduction, distribution, or storage of any part of this paper for
commercial purposes without the written consent of the Offshore Technology Conference is
prohibited. Permission to reproduce in print is restricted to an abstract of not more than 300
words; illustrations may not be copied. The abstract must contain conspicuous acknowledg-
ment of where and by whom the paper was presented. Write Librarian, OTC, P.O. Box
833836, Richardson, TX 75083-3836, U.S.A., fax 01-972-952-9435.

Abstract

The thermal and mechanical loading of oceanic Hydrate-
Bearing Sediments (HBS) can result in hydrate dissociation
and a significant pressure increase, with potentially adverse
consequences on the integrity and stability of the wellbore
assembly, the HBS, and the bounding formations. The percep-
tion of HBS instability, coupled with insufficient knowledge
of their geomechanical behavior and the absence of predictive
capabilities, have resulted in a strategy of avoidance of HBS
when locating offshore production platforms, and can impede
the development of hydrate deposits as gas resources.

In this study we investigate in three cases of coupled hy-
draulic, thermodynamic and geomechanical behavior of oce-
anic hydrate-bearing sediments. The first involves hydrate
heating as warm fluids from deeper conventional reservoirs
ascend to the ocean floor through uninsulated pipes intersect-
ing the HBS. The second case describes system response
during gas production from a hydrate deposit, and the third
involves mechanical loading caused by the weight of struc-
tures placed on the ocean floor overlying hydrate-bearing
sediments.

For the analysis of the geomechanical stability of HBS,
we developed and used a numerical model that integrates a
commercial geomechanical code and a simulator describing
the coupled processes of fluid flow, heat transport and ther-
modynamic behavior in the HBS. Our simulation results indi-
cate that the stability of HBS in the vicinity of warm pipes
may be significantly affected, especially if the sediments are
unconsolidated and more compressible. Gas production from
oceanic deposits may also affect the geomechanical stability
of HBS under the conditions that are deemed desirable for
production. Conversely, the increased pressure caused by the
weight of structures on the ocean floor increases the stability
of underlying hydrates.

Introduction
Background. Gas hydrates are solid crystalline compounds in
which gas molecules (referred to as guests) are lodged within
the lattices of ice crystals (called hosts). Under suitable condi-
tions of low temperature and high pressure, a gas G will react
with water to form hydrates according to

G+ NH HzO = G‘NH HzO,
where Ny is the hydration number. Of particular interest are
hydrates formed by hydrocarbon gases when G is an alkane.
Natural hydrates in geological systems also include CO,, H,S
and N, as guests. Vast amounts of hydrocarbons are trapped in
hydrate deposits'. Such deposits occur in two distinctly differ-
ent geologic settings where the necessary low temperatures
and high pressures exist for their formation and stability: in
the permafrost and in deep ocean sediments.

The three main methods of hydrate dissociation are”: (1)
depressurization, in which the pressure P is lowered to a level
lower than the hydration pressure P, at the prevailing tem-
perature 7, (2) thermal stimulation, in which T is raised above
the hydration temperature 7, at the prevailing P, and (3) the
use of inhibitors (such as salts and alcohols), which causes a
shift in the P.-T, equilibrium through competition with the
hydrate for guest and host molecules. Dissociation of the solid
hydrate phase results in the production of gas and water.

Gas hydrates exist in many configurations below the sea
floor, including massive (thick solid zones), continuous layers,
nodular, and disseminated, each of which may affect the sea-
floor stability differently. The hydrates in all of these configu-
rations may be part of the solid skeleton of the load-bearing
formation, which ultimately supports platforms and pipelines
needed for production from conventional oil and gas re-
sources, and from hydrate accumulations (when it becomes
economically and technically viable).

The thermal and/or mechanical loading of Hydrate-
Bearing Sediments (HBS) can result in hydrate dissociation
and a significant pressure increase, with potentially adverse
consequences on the integrity and stability of the wellbore
assembly, the HBS, and the bounding formations. The percep-
tion of HBS instability, coupled with insufficient knowledge
of its geomechanical behavior and the absence of predictive
capabilities, has led to the avoidance of HBS when locating
offshore production platforms, and can emerge as an impedi-
ment in the development of hydrate deposits as gas resources.

Objective and Problem Description. The main objective of
this study is to evaluate the geomechanical stability of oceanic
HBS subjected to thermal, mechanical and hydraulic loading.
We investigate the behavior of oceanic HBS systems in three
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cases that involve coupled (interacting) hydraulic, thermal,
thermodynamic and geomechanical processes and phenomena.

The first case involves hydrate heating as warm fluids
from deeper conventional reservoirs ascend to the ocean floor
through uninsulated pipes intersecting the HBS. Note that,
although geomechanical stresses occur in both permafrost and
oceanic hydrate accumulations exposed to the aforementioned
processes, the consequences and their severity differ substan-
tially between the two types of hydrate deposits. Thus, the
proximity of HBS to the ocean floor can have catastrophic
economic and safety consequences in marine hydrate accu-
mulations.

The second case addresses the question of system response
during gas production from a hydrate deposit. Depressuriza-
tion-based gas production from HBS leads to the gradual de-
pletion of the hydrates, in addition to a pressure drop. Thus,
the weight of the overlying sediments (initially borne by a
composite solid phase comprising the grains of the porous
medium and the cementing hydrates) is carried by a progres-
sively smaller solid volume as hydrates dissociate, while the
counteracting fluid pressure declines. Depending on the prop-
erties of the porous medium, this can lead to significant geo-
mechanical changes (including compaction and subsidence),
in addition to potentially important impacts on the hydraulic
properties of the geologic media. These geomechanical and
hydraulic changes can affect further gas production and the
integrity of the wellbore assembly.

The third case involves mechanical loading caused by the
weight of structures placed on HBS at the ocean floor, and the
effect on HBS stability of mechanical stresses caused by the
weight and the anchoring of offshore platform structures and
pipelines within the hydrate deposits. The hypothesis to be
tested is whether the resulting higher pressures can cause par-
tial hydrate dissociation at the locations of maximum stress (in
a manner akin to ice melting at higher pressures) and, if these
are extensive, the loss of stability, and the potential for subma-
rine landslides when such structures are located on slopes.

Geomechanical properties of the HBS

Because of the paucity of data on the geomechanical behavior
and properties of HBS, we apply mechanical properties repre-
senting different host sediments ranging from soft
unconsolidated clays to competent sandstones. To simulate the
mechanical behavior of the HBS, we apply an elastoplastic
mechanical model, with a modified Mohr-Coulomb failure
criterion. The elastic-plastic properties of the HBS are de-
pendent on the properties of the host medium (e.g. sandstone
or clay), which are modified to take into account the cement-
ing effects of pore-filling hydrates.

Table 1 lists the properties of the three types of porous
media in HBS considered in this study: Toyoura sand’, clay,
and a competent sandstone (such as the Berea Sandstone). In
the base case of this study, the geomechanical properties of the
HBS were taken from the laboratory experiments of Masui et
al’ on hydrate-bearing Toyoura sand. The parameters de-
scribing the mechanical properties of the Toyoura sediment
are corrected for pore-filling solid content (hydrate and ice).
Following the approach of Masui et al.’, we assumed that
certain mechanical properties (bulk and shear moduli, and
cohesion) increase linearly with hydrate saturation. Such an

assumption is necessitated by the dearth of laboratory or field
data on the subject. For example, the cohesion varies from 0.5
MPa at 0% hydrate saturation to an extrapolated 2.0 MPa at
100% hydrate saturation (Table 1). This linear model matches
the laboratory data quite well over the range of hydrate con-
tent relevant to this study. Additionally, following the experi-
mental results of Masui et al.’, the friction angle is considered
independent of the hydrate saturation Sy and equal to 30°.

Among the properties listed in Table 1, only the properties
for Toyoura sand were rigorously determined from laboratory
experiments on HBS. The properties of the unconsolidated
soft clay in Table 1 represent reasonable approximations that
were either inferred from typical values for clay, or were ex-
trapolated from laboratory data’. Thus, the properties of soft
clay (i.e., the cohesion and the bulk and shear moduli) were
approximated as being 25% of the corresponding Toyoura
sand values. Because the competent Berea Sandstone is com-
paratively stiff and cohesive, we assumed that the pore-filling
solid content (hydrate and ice) had a minimal effect on the
HBS’s mechanical properties in that case.

Note that the base case in our geomechanical studies in-
volves the Toyoura sand properties, and is the most internally
consistent with the hydraulic and thermal properties used in
the multi-phase flow and heat transport calculations. The
studies based on the mechanical properties of clay and Berea
sandstone are conducted for the comparative evaluation of the
relative geomechanical responses of the various geological
media in HBS.

The numerical simulation code

For the analysis of the geomechanical stability of HBS, we
developed and applied a numerical model that integrates a
commercial geomechanical code into a simulator describing
the coupled processes of fluid flow, heat transport and ther-
modynamic behavior in geologic media. The starting point of
our approach is the TOUGH+HYDRATE simulator™®, which
describes the system hydraulic, thermal, and thermodynamic
behavior in geological media containing gas hydrates. This
code predicts the evolution of all the important thermophysical
properties (e.g., pressure, temperature, phase saturation distri-
bution, salt concentration, etc.) in hydrate-bearing systems
undergoing changes through any combination of mechanisms
that can induce hydrate dissociation or formationz, i.e.,
changes in pressure, temperature, and/or in the concentration
of inhibitors (such as salts and alcohols). To consider geome-
chanical effects, the TOUGH+HYDRATE code was coupled
with FLAC3D’ geomechanical simulator. This simulator is
widely used in soil and rock mechanics engineering, and for
scientific research in academia. FLAC3D has built-in consti-
tutive mechanical models suitable for soil and rocks, including
various elastoplastic models for quasi-static yield and failure
analysis, and viscoplastic models for time dependent (creep)
analysis, that could be used directly or modified for analysis of
geomechanical behavior of HBS.

In the resulting coupled simulator (hereafter referred to as
T+F), the two constituent codes—TOUGH+HYDRATE and
FLAC3D—are linked through a coupled thermal-hydrologi-
cal-mechanical (THM) model of the HBS (Figure 1). The
THM model is consistent with the porous media model (one of
the several available as ontions in TOUGH+HYDRATE) that
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describes media deformation as a result of geomechanical
changes. The basic couplings between hydrological and me-
chanical processes in the deformable porous media are consid-
ered through:

(1) An effective stress law, that defines how a change in
pore pressure affects mechanical deformation and
stress, and

(2) A pore-volume model that defines how a change in
stress or strain affects the fluid flow.

In addition, there are numerous couplings—including changes
in mechanical and hydrological properties—that are conse-
quences of changes in effective stress and pore-volume. The
relationship between hydraulic and geomechanical properties
is further complicated by couplings related to temperature
changes, and the possible effects of inhibitors (salts are pre-
sent in all oceanic hydrate deposits, and salts and alcohols are
occasionally used to enhance hydrate dissociation). These
coupling routines were developed within the framework of the
object-oriented FORTRAN 95 architecture of TOUGH+® and
the FISH programming language available in FLAC3D’.

Note that, while all these interactions are accounted for in
T+F using generally accepted models, information on the spe-
cific parameters describing the HBS behavior is currently
scarce’ because this area of research has so far received scant
attention. Specialized laboratory experiments are needed to (a)
validate and verify the mathematical models, and (b) to deter-
mine the corresponding parameters.

In Figure 1, the data exchanges between TOUGH+
HYDRATE and FLAC3D are illustrated with arrows going
through the central THM model. The arrow on the right hand
side of Figure 1 shows the transmission of the effective stress
o’ and strain ¢ (that are computed in FLAC3D) to TOUGH+
HYDRATE for the calculation of the updated porosity ¢, and
of the corresponding porosity change A¢. This mechanically
induced A¢ has an immediate effect on the fluid flow behav-
ior. For example, if a change in 0’ and ¢ causes ¢ to decrease,
the pore pressure is expected to rise, especially if the perme-
ability is low. Two models for mechanically induced porosity
changes are implemented in the current version of T+F:

(1) A poroelastic model (based on the approach proposed
by Settari and Mourits’) that considers macroscopic
stress/strain changes and grain deformability, and

(2) An empirical model (proposed by Rutqvist and
Tsang'®) that describes a non-linear change in poros-
ity as a function of the effective mean stress

The A¢ computed from either of these models is used to
estimate changes in k by means of empirical equations®''. The
updated ¢ and & values are in turn used to estimate changes in
the hydraulic and wettability properties of the porous medium
(i.e., aqueous and gas phase relative permeabilities &,4 and k¢,
and capillary pressure P.) by employing appropriate scaling
equations™'? that are available as options in T+F.

The arrow on the left side of Figure 1 depicts the flow of
data obtained from TOUGH+HYDRATE (namely the pres-
sure P, temperature 7, and phase saturations S;) to FLAC3D
for processing and estimation of their impact on the effective
stress aAP (a being Biot’s effective stress parameter), as well
as on the thermal and swelling strains (g, and &, respectively)
Additionally, changes in P, T and S, result in changes in other

HBS mechanical properties that are listed in Figure 1. These
include the bulk modulus K, the shear modulus G, the cohe-
sion C,, and the coefficient of internal friction u. The T+F
model includes an empirical relationship to adjust the HBS
geomechanical properties for changes in the solid phase satu-
rations, i.e., hydrate and ice saturations (Sy and S, respec-
tively). T+F allows the implementation of alternative models
as more laboratory data and theoretical models relating Sy and
Sy to mechanical properties become available.

The earlier work of Rutqvist et al."” (involving joint ther-
mal, flow and geomechanical processes) incorporated a
loosely coupled scheme, which involved interacting (rather
than fully coupled) flow and geomechanical component codes,
and was used to analyze coupled THM problems related to
nuclear waste disposal and CO, geological sequestration. In
the current T+F model, the two component codes TOUGH+
HYDRATE and FLAC3D are seamlessly integrated. FLAC3D
is treated as a simple C-language subroutine that is invoked
from within the FORTRAN 95 body of TOUGH+HYDRATE,
resulting in a tighter and more rigorous coupling, and to sub-
stantially improved efficiency.

Three coupling schemes are available in T+F:

(a) Jacobian: This is the highest level of iterative cou-
pling, in which all the geomechanical and flow pa-
rameters are continuously updated (in every Newto-
nian iteration of every timestep), and their changes
are accounted for in the computation of the Jacobian
matrix.

(b) Iterative: In this scheme, the geomechanical and flow
parameters are corrected at the end of each Newto-
nian iteration of each timestep, and the contribution
of their changes between Newtonian iterations are not
accounted for in the computation of the Jacobian
matrix.

(c) Time-step: This represents the weakest coupling op-
tion, and involves correction of the geomechanical
and flow parameters once in (at the end of) each time
step. As in the iterative scheme, the parameter
changes do not contribute to the computation of the
Jacobian matrix.

The full Jacobian option is a sequentially implicit scheme,
whereas the iterative and the time-step coupling options are
sequentially explicit schemes. The full Jacobian scheme is
necessary in problems where pore-volume (direct) couplings
dominate, i.e., when a mechanically induced A¢ gives rise to a
relatively strong and rapid change in pore pressure, and where
it is necessary to rigorously preserve the fluid mass and heat
balances. In problems where the so-called property changes
(indirect) couplings dominate, iterative or time-step coupling
schemes are sufficient.

In this study we focus on the geomechanical behavior of
the HBS, and we limit our simulations to one-way coupled
analysis. That is, we investigate the effects that changes in P,
T and Sj induce on the geomechanical stability of HBS (as
described by all relevant geomechanical parameters), but we
do not account for the effect of the mechanically induced
changes in the hydraulic and wettability properties on the
multiphase flow behavior. Such complete (two-way) coupling
is the subject of a study currently in progress, and is far more
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computationally intensive than the (already demanding) one-
way coupling work discussed in this paper.

Problem 1: Hydrate heating through uninsulated
pipes intersecting an oceanic HBS

Objective and problem description. The main objective of
this problem is to investigate the response of marine HBS to
thermal loading. Such thermal loading occurs when heat from
hot reservoir fluids (produced from deeper reservoirs) flows
into the HBS through uninsulated piping. This problem was
first studied by Moridis and Kowalsky'* using a code that did
not have full geomechanical capabilities, but was limited to a
simplified model of pore compressibility. As such, it could not
internally estimate the o and ¢ resulting from the P, T and Sj
changes in response to the HBS heating and hydrate dissocia-
tion, and their subsequent effects on the HBS hydraulic, ther-
mal and geomechanical properties system, and on the overall
system behavior (e.g., deformation and subsidence). Thus, the
analysis was limited to the prediction of the evolution of im-
portant hydraulic and thermal properties and conditions, which
could then serve as inputs in subsequent geomechanical stud-
ies.

With the availability of the geomechanical capabilities of
T+F, Problem 1 is revisited in order to investigate in detail the
geomechanical stability of a complex HBS system under
thermal loading. Because of the very large computational re-
quirements of the geomechanical analysis, we concentrated on
the reference case (Case A) of the Moridis and Kowalsky"
study, and conducted a sensitivity analysis of the system re-
sponse to changes in the geomechanical properties.

Rising temperature 7' in the HBS can have serious conse-
quences'®. Even before dissociation is attained, it is expected
to affect the mechanical strength of hydrate-bearing sediments
— possibly severely, given the narrow temperature difference
between hydrate stability and dissociation. When 7 reaches the
hydrate equilibrium temperature 7, (see Figure 2) at the pre-
vailing pressure P (usually close to the hydrostatic pressure at
the location), hydrate dissociation occurs. This leads to the
rapid release of large amounts of gas, which can in turn result
in rising pressure and, potentially, in formation fracturing. The
consequences could be serious if the confining (impermeable)
top boundary of an underlying reservoir is compromised and
reservoir fluids escape. The increased P, if sufficiently high,
could also have a detrimental effect on the wellbore assembly,
including cement fracturing and wellbore collapse.

Another problem that might arise from thermal loading is
the deterioration of the structural stability of the geologic for-
mation in the vicinity of the wellbore. Hydrates are very ef-
fective cementing agents®, and their dissociation can lead to
substantial subsidence and other adverse geomechanical
changes in the thermally affected region. Unless accounted
for, these changes can pose a hazard to the structural stability
of the wellbore assembly.

The reason for the concern is demonstrated in the photo-
graph of Figure 3, which shows a dissociating core of a marine
HBS. While the more isolated inner portion of the core (where
hydrate still remains) appears “solid” and structurally strong,
the medium in the outer annular space (where hydrate disso-
ciation is in progress or has already occurred) has a fluid and
verv weak consistencv because of the loss of the cementing

hydrate and shows evidence of escaping gases (bubbling).
Because of its consistency, the remaining watery mud is char-
acterized as soupy sediment. The impact of its evolution on the
structural stability of marine HBS demands evaluation, espe-
cially where compressible sediments such as marine muds and
clays are involved. Finally, during dissociation, the basal zone
of the gas hydrate can become under-consolidated and possi-
bly over-pressurized because of the newly released gas",
leading to a zone of weakness (characterized by low shear
strength, where failure could be triggered by gravitational
loading or seismic disturbances) and the possibility of subma-

rine landslides'®!”.

Geology and model setup. The geometry and HBS multi-
phase fluid and heat transport properties are as described by
Moridis and Kowalsky', and represent realistic geology and
conditions found in natural oceanic HBS (Figure 4). The geol-
ogy composed of a layered sequence of five formations (A
through E), confined at the top and bottom by effectively im-
permeable shale layers (designated as formations U and L,
respectively). The most important hydrologic and thermal
properties and parameters of the various formations involved
in hydrate dissociation, multiphase flow and heat transport are
given in Tables 2 and 3.

The geomechanical properties are listed in Table 1. As dis-
cussed above, the base case involved the geomechanical prop-
erties of the Toyoura sand’, while the properties of an
unconsolidated clay were also used for sensitivity analysis
studies. All five hydrate-bearing formations, as well as the
overburden to the surface and the underburden, were assumed
to have the same geomechanical properties.

In this simulation, heat from the hot fluids in the inner
tubing flows through the well assembly to the hydrate-bearing
formations, causing a temperature rise and hydrate dissocia-
tion. The confining formations, although impermeable, allow
heat exchange with the overburden and the underburden. The
gas released from dissociation cannot, therefore, escape into
the ocean, but remains trapped and leads to higher pressures.
The geothermal gradient to the base of the hydrate (i.e., at the
bottom of layer E) was d7/dz = 0.0332 °C/m. With this geo-
thermal gradient, the base of the hydrate layer coincided with
the bottom of the hydrate stability zone, at which elevation P
=12.4 MPa.

Model domain and boundary conditions. As before'!, an
infinite-acting single-well system was used. The outer reser-
voir radius was placed at r,, = 1000 m, where an outer con-
stant-conditions boundary was located. However, in the pre-
sent coupled multiphase fluid flow and geomechanical simu-
lation, a 3-D grid (representing one quarter of the single-well
system) was adopted (Figure 4a) instead of the 2-D cylindrical
domain of Moridis and Kowalsky'*. This was necessitated by
the grid requirements of FLAC3D, and allowed the application
of appropriate geomechanical boundary conditions and con-
sideration of anisotropic in situ stresses. The domain was dis-
cretized into 30,000 gridblocks, resulting in 120,000 simulta-
neous equations. The uppermost and lowermost layers were
constant temperature, no-flow boundaries, while the layers
corresponding to the top and bottom confining layers (over-
burden and underburden. respectively. i.e.. formations U and
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L, Table 3) were impermeable but allowed heat exchange with
the adjacent hydrate layers.

The design and material properties of the wellbore assem-
bly, along with details of the system geometry, are given in
Table 4 and in Figure 4b. In the discretized domain, the first
23 radial elements (Figure 4b) describe the well system, and
provides a high-resolution description of the heat flow into the
HBS through the inner tubing, the five steel casings (including
the outer conductor), and the corresponding cement— and
brine—filled annular spaces.

In terms of geomechanical boundary conditions, (a) the
uppermost boundary was allowed to move freely, (b) the low-
ermost boundary was fixed for normal displacements, whereas
(c) the horizontal outer boundary (i.e., at » = r,,,) was fixed
for any displacement. Additionally, a vertical stress repre-
senting the weight of the overlying water column was applied
on the free moving top boundary.

Because previous studies'™'*?" have shown that the most
important processes and phenomena occur within a limited
radius around the well, we also used a fine radial discretization
in the HBS to describe accurately the critically important vi-
cinity of the wellbore (especially in the » <25 m zone). The
thermal properties of the different components of the well
assembly can be found in Table 4.

In terms of mechanical behavior, the well was simulated as
a rigid boundary with the displacement normal to its surface
fixed to zero. Such a rigid mechanical boundary is justified
because oceanic sediments (here represented by Toyoura sand
and clay) are much softer than the materials (steel and cement)
in the well assembly. In principal, the well assembly could
also be included explicitly in the mechanical calculation for a
more detailed investigation of its mechanical response to the
HBS dissociation.

Initial conditions. We determined the initial conditions in the
reservoir by following the initialization process described by
Moridis and Kowalsky'. The initial temperature distribution
was computed from the known temperature at the mud line (5
°C at the upper boundary of the model) and the corresponding
geothermal gradients. The pressures in the subsurface profile
were assumed to follow a hydrostatic distribution. This is con-
sistent with observations of natural hydrate accumulations in
geologic media®'. The initial pressures were computed using
the water depths reported earlier, and a pressure-adjusted sa-
line water density typical of ocean water (1030 kg/m’ at at-
mospheric pressure). In this first simulation of coupled geo-
mechanical system response, we assumed an isotropic initial
stress field that increases with depth below the ocean floor and
is based on a geologic medium bulk density of 2600 kg/m’.

Simulation steps and outputs. The simulation period was 30
years, corresponding to the typical production life span of the
deeper hot reservoir. In this first attempt to model complex
and coupled multiphase fluid flow, heat transport and geome-
chanical interactions, we begin with a one-way coupled analy-
sis focusing on the mechanical stability of the HBS. The re-
sults of the multiphase flow and heat transport part are essen-
tially the same as those earlier reported'*. This was expected
because the systems were identical in all aspects except the
grid geometry.

Thus, as a result of heat exchange between the hot produc-
tion fluids and the colder (initially) hydrate-bearing formation,
T in the HBS increases, hydrate dissociation begins, gas and
water are released, and the pressure rises. Dissociation tends to
be self-limiting because it is strongly endothermic (thus con-
suming a large portion of the heat supplied by the wellbore),
and because the rising pressure makes further dissociation
progressively more difficult. Details of the spatial evolution
and distribution of pressure, temperature, hydrate, gas, and
aqueous saturations, as well as salinity, over the 30-year pe-
riod are given in Moridis and Kowalsky'*. Here, we will focus
only on the distribution of parameters relevant to the geome-
chanical behavior of the HBS.

Spatial distributions of key variables. Figures 5a to 5c show
evolution of P, T and Sy. In Figure 5a, the P distribution indi-
cates that the region of maximum pressure P, is observed in
the lowermost hydrate-bearing formations (where the lowest &
and ¢, and the highest Sy occur). The T distribution in Figure
5b indicates that the temperature rise caused by the heating
from the wellbore affects mostly a narrow cylindrical zone.
The hydrate saturation distribution in Figure 5c is limited in
extent, decreases with depth, and is barely larger than » = 15 m
at its maximum after 30 years of heating. The staircase ap-
pearance of Sy distributions in Figure Sc is attributed to the
layered pattern (Table 3) of decreasing k and increasing Sy
with depth”. In Figure 5a we observe a very significant pres-
sure rise at the bottom of formation E, which is expected to
induce significant geomechanical responses.

Geomechanical stress and failure. Figure 6 presents the
evolution over time of key principal stress o components. Fig-
ure 7 shows the evolution of volumetric strain ¢,. In Figure 7,
the red contour area of large volumetric strain is a good indi-
cator of yielding, which occurs when the critical stress (as
defined by the Mohr-Coulomb criterion) is exceeded and leads
to inelastic deformation.

In general, the yield zone (indicated by the region of large
volumetric strain ¢,) in Figure 7 coincides with the zone of
near-zero minimum compressive effective stress o', in Fig-
ure 6b. A near-zero effective stress indicates that the increased
fluid pressure caused a complete unloading and tensile failure.
This near-zero o'y, in Figure 6b is oriented verti-
cally—indicating that horizontal tensile fractures could
form—and is especially evident near at the bottom of layer E
of the HBS, i.e., at its interface with the lower impermeable
formation L. Note that tensile failure may be accompanied by
shear failure caused by high shear stress.

The relatively high &, in the upper part of the system (Fig-
ure 7) is not necessarily coincident with the zone of near-zero
O'in, but may be in part the result of the lower Sy at that loca-
tion. The cohesion C,, of the HBS is proportional to Sy in Fig-
ure 5c. Thus, C,, = 0.5 MPa in an HBS layer that has experi-
enced complete hydrate dissociation (indicated by the purple
contour in Figure 5c), and increases linearly with Sy (see Ta-
ble 1) in the undisturbed parts of the lowermost hydrate layer
E (where the highest Sy occurs). Figure 7 indicates (a) the
potential for collapse of the HBS in the vicinity of the well
assembly, and (b) that the failure zone could propagate (mov-
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ing upward through the sediments from layer E toward layer
A) to reach the upper impermeable layer after 20 to 30 years.
Figure 6a shows that high compressive stress develops at
the well assembly near the bottom of the layered HBS, where
the fluid pressurization is at its highest (Figure 5a). The corre-
sponding higher total compressive stress is caused by the in-
creasing fluid pressure in the geomechanically-constrained
medium. The highest compressive stress is oriented along the
radial direction, which means that this stress acts upon the
well assembly. However, adverse consequences are not ex-
pected because of the steel and cement involved in the con-
struction of the well assembly are mechanically competent.

Effect of geomechanical properties on the system response.
To determine the effect of the texture of the geologic media on
the geomechanical response of the system in Problem 1, we
conducted an additional coupled geomechanical simulation
assuming the properties of an unconsolidated clay (applied to
all layers) in addition to the reference case involving Toyoura
sand’ (Table 1). The hydraulic and thermal properties were
retained as in the base case (Table 3) to ensure a comparison
limited to the effects of geomechanical properties.

Figure 8 compares the volumetric strain and vertical dis-
placement for the two different media textures. The extent and
magnitude of volumetric strain is significantly larger for the
softer clay, especially near the top and bottom impermeable
layers. The vertical displacement is also larger. Settlement
(subsidence) of up to 1 m is observed near the lower imperme-
able layer. Conversely, a small uplift on the order of 0.1 to 0.2
m is observed at the ocean floor. This uplift is caused by the
increased fluid pressure in the upper HBS layers, where the
gas released from hydrate dissociation accumulates because
the impermeable overburden prevents escape.

Problem 2: Geomechanical system response during
gas production from an oceanic Class 3 deposit
Problem description. The main objective of this problem is
to investigate whether geomechanical changes during gas pro-
duction from an HBS undergoing depressurization-induced
dissociation can adversely affect the stability of the system
and further production. The concern is that the progressive
transfer of mechanical loads from the solid hydrate to the
geologic media (as hydrate dissociates) can have a negative
impact on the wellbore stability and structural integrity. Re-
ductions in the media ¢ and £, (and, consequently, changes in
k.5 and P.), with corresponding adverse consequences for gas
production, are also possible. Additionally, subsidence has to
be investigated to address its impact on structures anchored to
the ocean floor.

System geology, properties, and initial conditions. The
geologic system in this study was based on that of the Tiger-
shark area” located in the Alaminos Canyon Block 818 of the
Gulf of Mexico. Log data from an exploration well in about
2750 m (9000 ft) of water at the site indicated the presence of
an 18.25-m (60-ft) thick sandy HBL (10,530 to 10,590 ft
drilling depth) with a porosity ¢ of about 0.30 and Darcy-
range intrinsic permeability””. Preliminary calculations'® indi-
cate that the Sy is in the 0.6-0.8 range, and that the base of the

gas hydrate stability zone at this location occurs at or slightly
below the base of the HBL**?’,

The hydrate accumulation in Problem 2 is assumed to be a
Class 3 deposit™, i.e., composed of a single hydrate interval
and bounded by confining (impermeable) layers, with no un-
derlying zone of mobile fluids. Although the Tigershark de-
posit is a Class 2 deposit'’ (i.e., with a zone of mobile water
underlying the hydrate layer), its properties are particularly
valuable in the study of a Class 3 deposit because they de-
scribe a promising target for gas production (as indicated by
the high Sy and the thermodynamic proximity of the HBL to
the Lw-H-V line in Figure 2), and because there are few other
such data available. The initial conditions, and the most rele-
vant multi-phase flow and heat transport properties are pro-
vided in Table 5.

Production approach and model setup. Gas production from
this Class 3 deposit was investigated by Moridis and
Reagan™, who employed constant-pressure production using
vertical wells. In this study, we investigate depressurization-
induced gas production from the same hydrate deposit using a
horizontal well maintained at a constant pressure. This type of
production method is recommended in Class 3 deposits™ be-
cause of uncertainties over (a) the magnitude of the effective
permeability k. of the original (undisturbed) HBS, and (b) the
ko evolution over time. These uncertainties preclude constant-
rate production.

Production in Problem 2 involves a system of parallel
horizontal wells, with a well spacing of 1,000 m. Within the
HBS, the horizontal well is located 1 m below the imperme-
able ovrburden. Hydrate is depressurized by applying a con-
stant pressure P,, = 2.8 MPa at the well. Because of the sym-
metry of the well configuration and of the production ap-
proach, only a fraction of the affected domain need be mod-
eled. Figure 9 shows the configuration of the parallel well
system (upper part), and the geometry of the simulated domain
(lower part), which represents a unit length (= 1 m) of the
horizontal well. The domain is discretized in 97 x 106 = cells
in (x,z), resulting in about 10,300 cells and about 50,000 si-
multaneous equations.

We investigated the geomechanical behavior of the HBL
in the course of depressurization-induced gas production using
the mechanical properties of all three types of the host media
listed in Table 1 (i.e., the base case of the Toyoura sand’, an
unconsolidated clay, and the Berea competent consolidated
(lithified) sandstone). In all cases, the impermeable confining
layers were assumed to have the same geomechanical proper-
ties as the HBS they bound. For example, if the HBS is as-
sumed to be composed of the weak Toyoura sand, then the
surrounding impermeable layers are considered to be weak
shales with the same geomechanical properties.

Simulation steps and outputs. The simulation period in this
case is limited to 1 year, because this time was deemed suffi-
cient long to observe significant pressure and temperature
changes, in addition to substantial hydrate dissociation (with
the corresponding phase changes) near the well. Because the
HBS is hydraulically confined by shales, depressurization is
expected to be rapid and effective, leading to hydrate disso-
ciation and cooling (because of the strongly endothermic na-
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ture of the hydrate reaction). The largest drop in pressure oc-
curs in the vicinity of the well. The pressure differential in-
duces flow of gas and water released from dissociation toward
the well, and the flow is expected to increase over time (at
least initially) as hydrate dissociation proceeds and k. in-
creases.

In the multiphase flow component of the T+F simulation,
we monitor the evolution of the rates of gas release, gas pro-
duction and water production (Qg, Qp and Q y, respectively),
as well as the salt mass fraction Xp of the produced water
(Figures 10 and 11). Additionally, we calculate the spatial
evolution and distribution of the following flow-related vari-
ables: P, T, Sg, Su, S4, as well as the salt mass fraction X in the
aqueous phase (Figures 12 and 13). These variables are the
most relevant to the geomechanical behavior. The geome-
chanical variables that we determine as a result of changes in
the conditions within the HBS in the course of gas production
are discussed subsequently.

Production performance of the horizontal well. Before at-
tempting to investigate the geomechanical response of the
HBS to depressurization-based gas production, it is necessary
to ascertain whether the use of a horizontal well is a viable
approach, with its performance meeting some absolute and
relative criteria of minimum performance'>° (the subject has
not been investigated prior this study). Figure 10 shows the
evolution of O and Qp during the first year of production for
a 500 m-long horizontal well (production figures for different
wells scale linearly).

The results in Figure 10 indicate that both gas release into
the reservoir and production from horizontal wells are at their
highest very early after the initiation of the operation (when
the maximum pressure differential AP,, applies to the well).
QOr continues to decline monotonically during the entire pro-
duction period, but Qp stabilizes at about ¢ = 55 days, and then
rises slowly (as the effect of the decreasing AP,, on production
is outweighed by the effect of a continuously expanding zone
of increasing k.4 as dissociation advances). Finally Qp begins a
slow continuous decline (when a large HBS volume has disso-
ciated, k.4 is either stabilized or increases very slowly, and the
ko effect is overcome by that of the decreasing AP,,).

Figure 10 shows convincingly that the use of horizontal
wells appears to be an attractive production option in Class 3
hydrate deposits, yielding large production rates Op (averaging
6.72 ST m’/s = 20.5 MMSCFD for a 500 m-long well over the
year-long production period of the study), and confirming
earlier observations that Class 3 deposits appear to be prom-
ising gas resources™. Additional studies covering lengthier
production periods are needed to determine the long-term per-
formance of such wells.

The water production rate in Figure 11a indicates that O,
is initially quite large (about 100 kg/s = 53,000 BPD on the
first day), but declines rapidly, dropping to about Q,, = 30 kg/s
(= 16,000 BPD) at ¢ = 30 days, and to Q,, = 2.2 kg/s (= 1,160
BPD) at ¢t = 360 days. These results are consistent with previ-
ous observations that the performance of hydrate deposits
continuously improves with time in terms of water produc-
tion'**°. Further confirmation of this continuous improvement

is provided by the cumulative water-to-gas ratio Rcy that is
defined as

x _Jo,dr
CGW — prdt

Rewe provides a relative criterion, which, in addition to the
absolute criteria of the magnitudes of Oy and Qp, is employed
to evaluate the overall production performance of the sys-
tem'%. Rewe in Figure 11b is shown to decline monotonically
and exponentially with time, indicating continuous improve-
ment of the water vs. gas balance. Thus, Rcyg reaches very
low levels (4.89 kg of H,0 / ST m® of CH,4 = 0.84 Barrels of
H,0 / MSCF of CHy,) in less than 10 days, and is further re-
duced to Reyg = 2.27 kg of H,O / ST m® of CH, = 0.39 Barrels
of H,O / MSCF of CH, at £ = 360 days.

In Figure la, Xp drops rapidly, and is below 50% of its
original value within a year from the inception of production.
This was not unexpected, given that (a) there is no source of
saline water other than that which coexisted initially with the
hydrate in the pore space, and (b) hydrate dissociation releases
large amounts of fresh water. The disposal of such low-
salinity water (much lower than that of the water produced
from vertical wells*”) may be a cause for concern because it
may adversely affect chemosynthetic communities if released
near the ocean floor without mixing with ocean water at ap-
propriate ratios.

Spatial distributions of key variables Figures 12a to 12d
show the spatial distribution of P, T, and X in the domain,
while Figures 13a and 13b show the corresponding distribu-
tions of Sy and Sg, respectively. The P distribution (Figure
12a) indicates a rather uniform depressurization of the reser-
voir, from initially 33 MPa, to about 3 MPa, as dictated by the
constant pressure P,, = 2.7 MPa at the well. The cooling of the
HBS (a direct consequence of the hydrate dissociation) is evi-
denced by the low temperature (from its original level of about
21 °C) in the formation (Figure 12b). As expected, the lowest
temperature is observed near the well bore, where 7 drops to
as low as 0.5 °C after 1 year of production (Figure 12b). This
is because of the dissociation-induced general cooling, in ad-
dition to Joule-Thompson cooling as gas flows at high veloci-
ties near the wellbore.

The X distribution in Figure 12¢ indicates maximum salin-
ity reduction at the top of the HBS (i.e., in contact with the
impermeable overburden), and a significant salinity reduction
at the base of the receding lower hydrate interface. The largest
salinity reductions occur at the locations of maximum hydrate
dissociation (Figure 13a), consistent with expectationszo. Low-
salinity water in contact with the impermeable boundaries may
have significant implications for their geomechanical stability.
Exposure of marine shales to fresh water can induce swelling
and, consequently, structural weakening'®. In this study we did
not investigate the effects of fresh water release and swelling
on the geomechanical performance of the shales confining the
HBS.

Review of the phase saturations in Figure 13 indicates that
the observations made in the study of gas production from
Class 2 and Class 3 hydrates'** using vertical wells apply to
this problem of production from the Class 3 deposit using
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horizontal wells. The depressurization-induced dissociation is

characterized by the following common features:

(a) The evolution of an upper dissociation interface (Figure
13a) at the top of the hydrate layer (caused by heat flows
from the upper boundary) that moves downward, in addi-
tion to the lower dissociation interface at the bottom of
the HBL, which advances upwards as dissociation pro-
ceeds.

(b) Gas accumulation below the base of the overburden be-
cause of continuing dissociation and buoyancy-driven gas
rise to the top of the formation (Figure 13b). The gas ac-
cumulation pattern has particularly important (and poten-
tially severe) implications for gas production from oce-
anic deposits because lack of a confining overburden
could lead to gas percolation though the overburden and
release at the ocean floor.

(c) Processes and phenomena that occur within a narrow zone
around the well control gas production from the entire
hydrate deposit. The extent of this critical zone is limited
to a few meters, and fine discretization must be used in its
simulations if these near-well phenomena are to be cap-
tured and accurately described. Beyond the critical zone,
dissociation, phase saturations and flow patterns are sur-
prisingly uniform and have smooth gradients (Figures 12
and 13). This observation has important implications in
the study of the geomechanical behavior of the HBS.

Geomechanical stress and failure analysis. The results de-
picted in Figures 14 through 16 are based on the mechanical
properties of the Toyoura sand (Table 1), and describe the
geomechanical response of the HBS at the end of the first year
of production.

In Figure 14, the maximum compressive effective stress
O ey 18 about 3 times the minimum compressive effective
stress 0”,;,. Note that the negative values in Figure 9 (and in
the subsequent Figure 15) indicate compressive stress. The
factor of 3 is dictated by the Mohr-Coulomb failure criterion,
as computed for the 30° internal friction angle of the Toyoura
sand. The results in Figure 14 indicate that the principal
stresses are located on the Mohr-Coulomb failure envelope,
and that continuous yielding (resulting in inelastic deforma-
tion) takes place after the Mohr-Coulomb criterion is attained.

The production (and the corresponding depressurization)
tends to increase the shear stress in the reservoir, which is
proportional to the difference between the maximum and
minimum principal stresses. At the inception of production,
the shear stress is zero because the initial stress field is iso-
tropic. However, depressurization causes poroelastic stressing
in the mechanically-confined horizontal direction, whereas the
vertical stress remains constant because the model is free to
contract in the vertical direction. This is illustrated in Figure
15, where the maximum compressive (vertical) principal stress
0. Temains constant and equal to its initial magnitude of -40
MPa. Conversely, the minimum compressive (horizontal)
principal stress 0,,;, changes from its initial -40 MPa level to -
12 MPa at the end of the first year of production.

In general, gas production and the associated depressuri-
zation increase the compressive effective stress in the reser-

voir, causing increased pressure on the grains of the HBS,
which in turn increases shear strength.

Figure 16 shows the volumetric strain &, = 0.44, which is
quite uniform in the HBS. Because of lateral confinement, the
volumetric strain is equal to the vertical strain. The associated
settlement at the top of the reservoir and at the ocean surface
is U, = 0.8 m. Most of this settlement (subsidence) is caused
by elastic deformation during depressurization in the course of
gas production, and the rest of the settlement is the result of
yielding within the HBS. Because all of the subsidence occurs
within the HBS, it important to consider it during the well
design to avoid potential problems caused by shear stresses on
the wellbore.

Review of the spatial distributions of the variables of inter-
est in Figures 14 to 16 reveals a surprising uniformity of their
magnitude in the entire HBS, as reflected by the lack of gra-
dation in the corresponding contour plots. This observation is
valid even in the immediate vicinity of the well (the critical
zone), where localized variations in the multiphase flow vari-
ables are observed. The obvious conclusion is that the geome-
chanical response of the formation during gas production is
uniform in the entire HBS, and this is attributed to the uni-
formity in the distribution of the multiphase flow variables
discussed in the previous section. This uniformity may have
important implications for the installation and anchoring of
facilities on the ocean floor (including wellbore assemblies)
over hydrate accumulations under production.

Effect of geomechanical properties on the system response.
In addition to the base case discussed in the context of Figures
14 to 16, in Problem 2 we conducted two additional coupled
simulations of geomechanical response of the HBS in the
course of methane production using the geomechanical prop-
erties for an unconsolidated clay and of a Berea sandstone
(Table 1). In these sensitivity analysis studies, the hydraulic
and thermal properties of the base case (Table 5) were retained
to ensure a comparison limited to the effects of geomechanical
properties.

Table 6 presents the results of the comparison. The general
geomechanical responses are similar (in terms of overall
trend) for all three sets of mechanical properties, but they dif-
fer in magnitude. The largest fraction of settlement is essen-
tially proportional to the deformation modulus of each me-
dium, with the remainder depending on yielding. Although
yielding occurs in the weaker Toyoura sand and clay, it is not
observed in the competent Berea sandstone. The results of
Table 6 indicate a higher o,,;, in the weaker sediments. This is
attributed to yielding, which tends to reduce the difference
between maximum and minimum principal stresses. For ex-
ample, in the case of the clay properties, the ratio of maximum
to minimum compressive stress must be maintained below 2 in
order to avoid exceeding the Mohr-Coulomb failure criterion
(as computed for the 20° internal friction angle of the clay).

The potential for borehole stability was investigated by
considering the theoretical elastic solution for stress concen-
trations around a borehole. In the cases of the Toyoura sand
and of the clay, yielding is triggered at an early stage within
the HBS, and consequently, the well bore is susceptible to
yielding. With the Berea sandstone, the maximum tangential
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stress occurs on the side of the horizontal borehole, and is cal-
culated as 0, =30, - 0, =3 x40 — 9 = 111 MPa. The tangential
stress at the top and bottom of the borehole can be calculated
as 0y =30, - 0,=3x9 —40 = -13 MPa. These values sub-
stantially exceed the uniaxial compressive and tensile
strengths for Berea sandstone. Hence, borehole instability is
likely. The location of the horizontal well within the HBS may
play a role in reducing this risk.

The calculated settlements U, of 0.8 m and 4 m in the Toy-
oura sand and clay, respectively (Table 6), may adversely af-
fect the integrity and stability of the wellbore assembly during
gas production from dissociating hydrates in the HBS. If, on
the other hand, the geomechanical properties of the reservoir
medium are akin to the competent Berea sandstone, then set-
tlement is expected to be insignificant (Table 6).

Problem 3: Loading caused by the weight of struc-
tures placed on hydrate bearing sediments at the
ocean floor

Problem description. In this case we investigate the geome-
chanical behavior of oceanic HBS at or near the ocean floor,
in which anchors or foundation of structures (such as offshore
platforms) are installed. The host sediment is assumed to be
weak and unconsolidated sediment with Si = 0.1. Such a HBS
is typical of a widely-occurring type of hydrate deposits'***
both in terms of texture (soft and structurally weak muds and
clays are common at the ocean floor, with the cementing hy-
drates providing the only structural strength of the HBS) and
hydrate saturation®. We load the system by applying a stiff-
plate load under a static vertical load. The impact of the pres-
ence of hydrate was evaluated by comparing the results with
and without the 10% initial hydrate saturation.

Stress and failure analysis. The preliminary analysis of this
problem indicated that the thermodynamics of the system are
sufficiently simple and straightforward that conclusions can be
drawn without the need for a computationally demanding
simulation. By increasing the load on the ocean floor (under
the weight of a foundation or the tension of an anchoring ca-
ble), the effective compressive mean stress increases. Addi-
tionally, compression of the sediment can also result in a
higher pore pressure as pores are mechanically squeezed. The
magnitude of pressure increase depends on the load, whereas
T remains almost constant (as it is controlled by the water T at
the ocean floor, and its localized variations are short-term).

A simple review of the phase diagram in the hydrate P-T
equilibrium graph of the water—CH4—hydrate system in Figure
2 easily demonstrates why, unlike ice (that can melts under
sufficiently high pressures), compression of the HBS cannot
result in dissociation. At worst (in terms of thermodynamic
and mechanical stability), hydrate in an HBS at the ocean floor
can occur at a point along the 3-phase equilibrium line
Lw—H-V. Increasing P at a constant temperature (a change
depicted by the red arrow in Figure 2) moves the state of the
system away from the hydrate-gas coexistence curve toward a
more stable region of the phase diagram.

Thus, the hydrate becomes more stable, although Sy in-
creases (albeit very slightly) because of the increased gas

solubility in the aqueous phase. The analysis of this problem
chowse that the anestion of whether cionificant vieldino of the

HBS will occur is highly dependent on the mechanical prop-
erties (shear strength) of the host sediment. The presence of
hydrate causes a strengthening of the HBS, hence indicating
no adverse effects of hydrates for foundation.

Conclusions

In this study we investigated in three problems the coupled

multiphase flow, thermal, thermodynamic and geomechanical

behavior of oceanic HBS. The first involved hydrate heating
as warm fluids from deeper conventional reservoirs ascend to
the ocean floor through uninsulated pipes intersecting the hy-
drate bearing sediment. The second problem described system
response during gas production (supported by depressuriza-
tion-induced hydrate dissociation) from a Class 3 hydrate de-
posit, and the third involved mechanical loading caused by the
weight of structures placed on an HBS. The analysis was con-
ducted using the newly developed T+F numerical model that
integrates geomechanical system analysis into a simulator
describing the coupled processes of fluid flow, heat transport
and thermodynamic behavior in geologic media.

Based on the results of this study, the following conclu-
sions can be drawn:

(1) The stability of HBS in the vicinity of warm pipes may
be significantly affected, especially near the ocean floor
where the sediments are unconsolidated and more com-
pressible. When geomechanically-weak sediments are
involved, collapse of the formation around the wellbore
is possible. Increasing geomechanical weakness of the
host sediments adversely affects the system stability.

(2) Depressurization-based gas production from oceanic
hydrate deposits may also significantly affect the geo-
mechanical stability of HBS if structurally weak forma-
tions are involved. Stronger sediments exhibit little to
negligible adverse geomechanical reaction to the results
of depressurization and hydrate depletion during gas
production. Conversely, geomechanically weak sedi-
ments such as clays can be severely affected. Conse-
quently, care should be exercised during the design and
installation of production structures and facilities on the
ocean floor over HBS.

(3) The spatial distribution of all the geomechanical vari-
ables of interest is very uniform within the HBS because
of the uniformity of the multiphase flow variables and
conditions in the course of depressurization-induced gas
production.

(4) The increased pressure caused by the weight of struc-
tures or anchoring stresses on the ocean floor increases
the stability of hydrates.

It is important to point that these conclusions are valid only for
the conditions and properties assumed in each of the problems
we studied, and that extrapolations outside these limited re-
gions are inadvisable because of the paucity of data on the
subject and the limited body of relevant studies (insufficient to
determine the envelope of possible system responses). How-
ever, the study clearly shows that the issue of geomechanical
stability needs to be carefully analyzed at any field site in-
volving HBS.
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Nomenclature
C = specific heat (J/kg/K)
C,, = cohesion (Pa)
G = shear modulus of elasticity (Pa)
k = intrinsic permeability (m?)
ko = effective permeability = k &, (m?)
k5 = relative permeability of phase 8 (= 4, G, H)
kg = thermal conductivity (W/m/K)
kerp = thermal conductivity of dry porous medium
(W/m/K)
kerw = thermal conductivity of fully saturated porous
medium (W/m/K)
= bulk modulus of elasticity (Pa)
Ny = hydration number
= pressure (Pa)
P. = capillary pressure (Pa)
» = constant well pressure (Pa)
= volumetric rate (ST m’/s)
0,, = water mass production rate (kg/s)
Rewe = cumulative water-to-gas ratio (kg/ST m’)
x,r,z = coordinates (m)
Fmax = maximum radius of the simulation domain (m)
Sg = saturation of phase 8 (= 4, G, H)
¢t = time (days)
T = temperature (K or °C)
U, = settlement, subsidence (m)
X = mass fraction of salt (kg/kg)

Greek Symbols
a = Biot’s effective stress parameter (Pa™)
ap = Pore compressibility (Pa™)
€ = strain
A = van Genuchten exponent — Table 2
u = coefficient of internal friction
o = stress (Pa)
o' = effective stress (Pa)
0, = tangential stress (Pa)
¢ = porosity
A¢ = porosity change

Subscripts and Superscripts
0 = denotes initial state
A = aqueous phase
B = base of HBS
e = equilibrium conditions
G = gas phase
H = solid hydrate phase
I = solid ice phase
irG = irreducible gas
ir4 = irreducible aqueous phase
max = maximum
min = minimum
n = permeability reduction exponent — Table 2
P = production stream
ref = reference Case C
R = rock, released
sw = swelling
v = volumetric
A = thermal
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Table 1 — HBS Geomechanical Properties
Property Toyoura | Clay’ Competent
sand® sandstone
(“Berea“)°
Cohesion Cp, Sh=0 0.5 0.125 21
(MPa)
Su=1 2.0 0.5 21
Friction angle (°) Su=0 30 20 35
Su=1 30 20 35
Bulk Modulus Su=0 95 24 28,000
K (MPa)
Su=1 670 670 28,000
Shear Modulus Sh=0 87 22 7,200
G (MPa)
Su=1 612 612 7,200
? Fitted to experimental data in Masui et al.’

® Clay properties assumed to be 25% of Toyoura Sand

° From various literature sources

Table 2 — Hydraulic and Thermal Properties in Problem 1

14

conductivity model*®

Capillary pressure model®?

SmxA
A

Py
Relative permeability model®

Sire
SirA

Parameter Value
Permeability k; 10" m*(=1mD)
Porosity ¢ 0.30
Pore compressibility o, 10 Pa”
Grain density pr 2750 kg/m®
Dry thermal conductivity kerp 1.0 W/m/K
Wet thermal conductivity kerw 3.3 Wim/K
Composite thermal Koc = Korp

+(Sa"*+S4"?) (Korw — K orp)
+ ¢S Kot

/A -

P, = -P, [(S) 1 —1]

* (S/\ - Su/\)
S S5

1
0.45
2000
Kia = (SA*)n
ke = (SG*)n
Sa*=(Sa-Sia)/(1-Sira)
S6*=(S6-Siic)/(1-Sia)
OPM model’

Relative permeability exponent® n | 4

0.02
0.20
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Table 5 — HBS Properties for Problem 2%°

Parameter

| Value

Hydrate zone thickness
Initial pressure Pg

(at base of HBL)

Initial temperature Tg
(at base of HBL)

Gas composition

18.25m
3.3x10” Pa

294.15K

100% CHa

Initial saturations in the HBL Sy=0.7,S,4=0.3

Water salinity (mass fraction)

0.03

Initial saturations in the HBL SH=0.7,S,4=0.3

Intrinsic permeability kx=k;
(HBL and water zone)
Intrinsic permeability kx=k;

7.5x107° m?
(=0.75D)
0 m?(= 0 D)

(overburden & underburden)

Grain density pr
(all formations)

2750 kg/m®

Constant pressure at the well 2.7x10° Pa

Puw

Dry thermal conductivity 0.5 W/m/K

korp (all formations)

Wet thermal conductivity 3.1 W/m/K

korw (all formations)

Composite thermal koc = kerD

conductivity model*® +(Sa"?+S1"?)  (Korw
keorp) + ¢ Si Kol
S P

Capillary pressure model®* w = 70 [( ) - ]
S = (SA - SirA)

(S mxA S:rA)

Sira 1

A 0.45

Po 10° Pa

Relative permeability kea = (Sa*®)"

Model® ki = (Sc*)"

n (from Moridis et al.zo)
Sirc
Sira

Sa*=(Sa-Sia)/(1-Sira)
Sc*=(Se-Sirc)/(1-Sira)
OPM model

3.572

0.02

0.25

Table 6 — Comparison of geomechanical behavior for
different types of host sediments

Table 3 — HBS layer properties in Problem 1"
Formation Depth (m) ] k (mD) Sy
U 0-50 0 0 0
A 50-90 0.5 10" 0.20
B 90-130 0.475 107° 0.30
c 130-170 0.45 5x10™"" 0.40
D 170-210 0.425 10" 0.45
E 210-250 0.40 5x10°™"® 0.50
L 250-280 0 0 0
Mbml: meters below mudline
Mudline elevation: -1000 m
Table 4 — Well design, description and properties'
oD ID Density ke c
Component radius radius (kglms) (Wim/K) | (J/kg/K)
(in) (in)
Conductor 18 17 7850 45.35 461
Cement 1 17 10 1561 0.66 2100
Casing 1 10 9.365 7850 45.35 461
Cement 2 9.365 8 1561 0.66 2100
Casing 2 8 7.505 7850 45.35 461
Brine 1 7.505 6.6875 1250 0.55 4800
Casing 3 6.6875 6.2075 7850 45.35 461
Brine 2 6.2075 5.375 1250 0.55 4800
Casing 4 5.375 4.88 7850 45.35 461
Brine 3 4.88 2.75 1250 0.55 4800
Tubing 2.75 2.389 7850 45.35 461
Hot fluids 2.389 - - - -

Parameter Toyoura | Clay Berea
sand Sandstone
Minimum Compressive -12 -21 -9
Reservoir Stress Opin
(MPa)
Maximum Compressive -40 -40 -40
Reservoir Stress O max
(MPa)
Magnitude of settlement of 0.8 4.3 0.05
the ocean floor U, (m)
Yielding within the HBS Yes | Yes No
Borehole instability Yes | Yes Yes
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TOUGH+HYDRATE *<

| A \
T.P, Sy A

THM MODEL
HYDRATE-BEARING

J/ SEDIMENTS
KaGs C: 1
U.AP, ET, €1 o s
\ 3
‘. v [
bR o FLAC3D

Figure 1 — Linking of TOUGH+HYDRATE with FLAC3D in the T+F
code for the analysis of the geomechanical behavior of HBS.
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n_ . -
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ﬂ.ﬂ ] C
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- ] Lw-V C
& :
£ ] C
2 -

: S LR

4 -
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T(K)

Figure 2 — Pressure-temperature equilibrium relationship in the
phase diagram of the water—CH,—hydrate system' (Lw: Liquid
water; H: Hydrate; V: Vapor (gas phase); I: Ice; Qi: Quadruple
point =1 + Lw + H + V) Pressure-temperature equilibrium relation-
ship in the phase diagram of the water—CH,—hydrate system' (Lw:
Liquid water; H: Hydrate; V: Vapor (gas phase); I: Ice; Q;: Quad-
ruple point=1+Lw+H + V).

“Soupy
sediment”

Firm
hydrate-bearing
sediment

Figure 3 — Dissociating sample of a marine HBS core'. Note the
firm appearance of the hydrate-bearing inner core, as opposed to
the “soupy sediment” (soft mud of fluid consistency with evi-
dence of bubbling gas) in the dissociating outer annulus (source:
Deep Sea Drilling Program, Leg 67, courtesy of C.K Paull of the
Monterey Bay Aquarium Research Institute).
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Symmetry Boundaries:

No fluid and heat flow
and no displacements
normal to surface

Outer Boundary:

Constant pressure,
Temperature and no
Top Boundary: displacement normal

(Bottom of the ocean to surface

Wa."“ 1,000 meters below ocean
Fluid
surface)
= Constant temperature,
T fluid pressure and vertical

280 m stress

7

:000
Bottom Boundary: m
Constant temperature, \
fluid pressure and no

displacement normal to
surface

Impermeable
top and bottom
shale layers

(a)

HBS

Conductor

Cement

Warm Fluid

Figure 4 — Quarter-symmetric 3D model used in the analysis of Problem 1: (a) grid of the entire 3D domain, and (b) detail of the discretization
of well assembly and its vicinity (see Table 4).
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Figure 5 — Evolution of the spatial distributions of key variables in Problem 1 during 30 years of thermal loading: (a) pressure P, (b) tempera-
ture T, and (c) hydrate saturation S.
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Figure 6 — Evolution of the spatial distributions (a) maximum compressive stress and (b) minimum compressive effective stress in Problem 1
during 30 years of thermal loading.
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Figure 7 — Evolution of the spatial distribution of volumetric strain (indicating areas of significant plastic yield of the geological formations) in
Problem 1 during 30 years of thermal loading. The mechanical properties of the HBS are those of the Toyoura sand’.
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Figure 8 — Comparison of the system response in Problem 1 for two sets of geomechanical properties (Toyoura sand® and unconsolidated
clay): spatial distributions of (a) volumetric strain (indicating areas of significant plastic) and (b) vertical displacement (subsidence or uplift)
after 30 years of thermal loading.
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Production in long
range horizontal wells
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Q2 | Lateral symmetry La —— Salt mass fraction i
! boundaries and s 24
i bottom boundary: No 2 r L
mass or heat heat x 22 &
"""""""" transfer and no a - a
Shale 30 m displacement normal 2.0 =
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Figure 10 — Rates of hydrate-originating CH, release in the reser-
voir (Qg) and CH, production at the well (Qp) during production
from the Class 3 oceanic hydrate deposit in Problem 2. The aver-
age production rate (Q.,,) over the simulation period (360 days) is
also shown.
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Figure 12 — Spatial distributions of key variables in Problem 2 at the end of 1 year of production using a horizontal well: (a) pressure P, (b)

temperature T, and (c) salt mass fraction in the aqueous phase X.

-475

E.480
N
-485

-490

-475

-—

£ .480

N
-485

-490

0 100 200
r(m)

Figure 13 —Problem 2: Spatial distributions of (a) hydrate saturation S, and (b) gas saturation S; at the end of 1 year of production.
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Figure 16 — Problem 2: Spatial distribution of the volumetric strain
after 1 year of production. The vertical settlement (subsidence)
U.er is also indicated.
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Figure 14 — Problem 2: spatial distributions of (a) maximum com-
pressive effective stress and (b) minimum compressive effective
stress after 1 year of gas production.
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Figure 15 — Problem 2: spatial distributions of (a) maximum com-
pressive stress and (b) minimum compressive stress after 1 year
of gas production.
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