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Abstract

The objective of this multi-year, multi-institutional research project was to develop the
knowledge base and quantitative predictive capability for the description of geomechani-
cal performance of hydrate-bearing sediments (hereafter referred to as HBS) in oceanic
environments. The focus was on the determination of the envelope of hydrate stability
under conditions typical of those related to the construction and operation of offshore
platforms. We have developed a robust numerical simulator of hydrate behavior in geo-
logic media by coupling a reservoir model with a commercial geomechanical code. We
also investigated the geomechanical behavior of oceanic HBS using pore-scale models
(conceptual and mathematical) of fluid flow, stress analysis, and damage propagation.

The objective of the UC Berkeley work was to develop a grain-scale model of hydrate-
bearing sediments. Hydrate dissociation alters the strength of HBS. In particular, trans-
formation of hydrate clusters into gas and liquid water weakens the skeleton and, simul-
taneously, reduces the effective stress by increasing the pore pressure. The large-scale
objective of the study is evaluation of geomechanical stability of offshore oil and gas
production infrastructure.

At Lawrence Berkeley National Laboratory (LBNL), we have developed the numerical
model TOUGH + Hydrate + FLAC3D to evaluate how the formation and disassociation
of hydrates in seafloor sediments affects seafloor stability. Several technical papers were
published using results from this model. LBNL also developed laboratory equipment and
methods to produce realistic laboratory samples of sediments containing gas hydrates so
that mechanical properties could be measured in the laboratory. These properties are re-
quired to run TOUGH + Hydrate + FLAC3D to evaluate seafloor stability issues.

At Texas A&M University we performed a detailed literature review to determine what
gas hydrate formation properties had been measured and reported in the literature. We
then used TOUGH + Hydrate to simulate the observed gas production and reservoir pres-
sure field data at Messoyakha. We simulated various scenarios that help to explain the
field behavior. We have evaluated the effect of reservoir parameters on gas recovery from
hydrates. Our work should be beneficial to others who are investigating how to produce
gas from a hydrate capped gas reservoir. The results also can be used to better evaluate
the process of producing gas from offshore hydrates.

The Schlumberger PETREL model is used in industry to the description of geologic hori-
zons and the special distribution of properties. An interface between FLAC3D and Petrel
was built by Schlumberger to allow for efficient data entry into TOUGH + Hydrate +
FLAC3D.
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Executive Summary

The objective of this multi-year, multi-institutional research project was to develop the
knowledge base and quantitative predictive capability for the description of geomechani-
cal performance of hydrate-bearing sediments (hereafter referred to as HBS) in oceanic
environments. The focus was on the determination of the envelope of hydrate stability
under conditions typical of those related to the construction and operation of offshore
platforms. We have developed a robust numerical simulator of hydrate behavior in geo-
logic media by coupling a reservoir model with a commercial geomechanical code. We
also investigated the geomechanical behavior of oceanic HBS using pore-scale models
(conceptual and mathematical) of fluid flow, stress analysis, and damage propagation.

We used data from the literature and we conducted laboratory studies to generate data to
(1) evaluate the conceptual pore-scale models, (ii) calibrate the mathematical models, (iii)
determine dominant relations and critical parameters defining the geomechanical behav-
ior of HBS, and (iv) establish relationships between the geomechanical status of HBS and
the corresponding geophysical signature. Four organizations, Texas A&M University
(TAMU), University of California at Berkeley (UCB), Lawrence Berkeley National
Laboratory (LBNL), and Schlumberger (SLB), who were involved in this project..

Pore Scale Modeling by UCB

The objective of the UC Berkeley work was to develop a grain-scale model of hydrate-
bearing sediments. Hydrate dissociation alters the strength of HBS. In particular, trans-
formation of hydrate clusters into gas and liquid water weakens the skeleton and, simul-
taneously, reduces the effective stress by increasing the pore pressure. The large-scale
objective of the study is evaluation of geomechanical stability of offshore oil and gas
production infrastructure. The output of the micro-scale model described here will be
used in the numerical simulations of coupled flow and rock mechanics at reservoir scale.

We modeled the mechanical deformation of HBS or, more generally, of a granular me-
dium, by numerical simulations of a pack of elastic spherical grains. Although this ap-
proach cannot entirely displace laboratory tests as the ground truth, it offers some oppor-
tunities which may be not available otherwise. Grain-scale simulations provide unique
insights into the processes and phenomena underlying the classical continuum-medium
models.

A grain-scale model of granular material has been verified against available experimental
data and numerical simulations by others. The model is based on the principle of quasi-
static equilibrium, and uses physical parameters as input data, with no adjustments for
calibration. Variational approach made possible development of efficient numerical al-
gorithms.

After successful verification, the model has been applied to quantitative estimates of the
impact of hydrate dissociation on the mechanical strength of hydrate-bearing sediments.
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The results have been reported in journal publications, presented at a number of scientific
conferences and invited seminars.

Summary of TOUGH+/FLAC3D Model Development by LBNL

Lawrence Berkeley National Laboratory researchers 1) submitted a topical report entitled
“Approach to Forming Hydrate Bearing Samples in Fine-Grained Material”, 2) designed
and completed fabrication of a geomechanical properties and geophysical signature test
cell, 3) tested seismic transducers to be used in the test cell, and 4) attended and made
two presentations at the DOE Program Review.

The topical report entitled “Approach to Forming Hydrate Bearing Samples in Fine-
Grained Material”, summarized methods to make methane hydrate for the geomechanical
tests to be performed, in the types of sediments recommended by Texas A&M Univer-
sity. These sediments were described as (1) 100% sand sized particles (100 microns), (2)
50% silt-sized particles (10 microns) mixed with 50% clay-sized particles (1 micron), and
(3)100% clay sized particles.

The method proposed follows these steps and the method was accepted by DOE in July,
2007.

®*  Mix dry mineral components until visually homogeneous

o Add water using a pipette (for sand), by equilibrating in a humidified chamber (silt
or clay), or by stirring in flakes of frost ice (samples containing clay) and mix thor-
oughly

*  Pack moistened material into the sleeve

*  Rapidly evacuate air from the sample

* Chill sample to the appropriate temperature

* Pressurize sample with methane gas, and monitor T, P until hydrate is formed.

. Saturate with water

Simulation of Gas Production from Hydrates Using TOUGH+Hydrate by TAMU

To simulate geomechanical stability in subsea hydrate bearing sediments, it is important
to understand the fundamental concepts of gas production from gas hydrates or free gas
zones beneath gas hydrates. The flow of gas and water are inherently coupled with the
mechanical properties of the hydrate bearing sediments. To model a field scale geome-
chanical failure or response, one should clearly understand the field scale flow concepts
in a hydrate bearing sediment.

Once the TOUGH+Hydate had the FLAC3D model added as a subroutine, we con-
ducted simulation work to investigate how gas production from gas hydrate zones affects
the formation mechanical properties and seafloor slope stability. To be certain we are
simulating the gas flow from gas hydrate deposits correctly, we decided to use
TOUGH+Hydate to analyze data from the one known gas hydrate field that has been

11



produced. As such, we used the TOUGH+Hydrate simulator to reproduce some impor-
tant observations and pressure behavior at Messoyakha. Through our modeling study of
Messoyakha, we evaluated different reservoir/rock properties which are important for
response of hydrate bearing sediments/rocks. This study has actually helped us under-
stand how to accurately model flow in hydrate bearing sediment.

We have used TOUGH+Hydrate to simulate the observed gas production and reservoir
pressure field data at Messoyakha. We simulated various scenarios that help to explain
the field behavior. We have evaluated the effect of various reservoir parameters on gas
recovery from hydrates. Our work should be beneficial to others who are investigating
how to produce gas from hydrate capped gas reservoir. We were able to generate results
that are very similar to the reported flow rates and pressure behavior in the Messoyakha
Field. The value of absolute permeability in the hydrate layer and the lower free gas layer
substantially affects the continued dissociation of hydrates during shut-down. We also
modeled the formation of secondary hydrates near the wellbore that can cause reduced
gas flow rates. The important parameters affecting the gas production are the formation
permeability in the gas layer, the effective gas vertical permeability in the hydrate layer,
the location of the perforations, and the gas hydrate saturation.

Summary of Petrel-FLAC3D Data Exchange by Schlumberger
The PETREL model contained, among other things, the description of horizons and the
special distribution of properties. An interface between FLAC3D and Petrel was built by

Schlumberger to allow for efficient data entry into TOUGH + Hydrate + FLAC3D during
Phase III of this project. However, Phase III was cancelled by the DOE.
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Chapter 1 — Overview of the Project
Objective

The main objective of this research project has been to develop the knowledge base and
quantitative predictive capability for the description of geomechanical performance of
hydrate-bearing sediments in oceanic environments. There are two main areas where our
geomechanics research results can be applied. First, we have developed a better under-
standing of how gas hydrate deposits affect seafloor stability under conditions typical of
those related to the construction and operation of offshore platforms. Second, we have
determined how the production of natural gas from hydrate deposits in deep water as an
energy resource affects the mechanical stability of the seafloor and the development
planning for such deposits.

Scope of Work

To achieve the objectives of the project, the following approach was employed:

e The geomechanical behavior of oceanic hydrate bearing sediments (hereafter re-
ferred to as HBS) was investigated using pore-scale models (conceptual and
mathematical) of fluid flow, stress analysis, and damage propagation.

e Laboratory studies were conducted to (i) evaluate the conceptual pore-scale mod-
els, (i1) calibrate the mathematical models, (iii) determine dominant relations and
critical parameters defining the geomechanical behavior of HBS, and (iv) estab-
lish relationships between the geomechanical status of HBS and the correspond-
ing geophysical signature.

e A robust numerical simulator of hydrate behavior in geologic media was coupled
with a commercial geomechanical code, thus developing a numerical code for the
stability analysis of HBS under mechanical and thermal stresses.

e Numerical studies were conducted to analyze the HBS stability performance un-
der conditions (i) representative of an offshore platform installation and operation,
and (ii) typical of oceanic hydrate accumulations under production.

e A thorough literature review was done to document all of the reservoir and geo-
logic data in the public domain for marine hydrate deposits that have been evalu-
ated during recent scientific cruises.

e An evaluation of the reservoir mechanisms associated with the gas production

from the Messoyahka gas hydrate reservoir was accomplished using the TOUGH
+ Hydrate model.
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e An interface between FLAC3D and Petrel was built by Schlumberger to allow for
efficient data entry into TOUGH + Hydrate + FLAC3D during Phase III of this
project. However, Phase III has been cancelled by the DOE.

Project Participants

The project was managed by Dr. Stephen A. Holditch, the Head of the Department of Pe-
troleum Engineering at Texas A&M University. There are 3 other organizations in-
volved in this project. Lawrence Berkeley National Laboratory (LBNL) developed soft-
ware and conducted laboratory measurements. Dr. George Moridis was the main partici-
pant at LBNL. The University of California at Berkeley (UCB) developed pore scale
models using the discrete element method. The work at UCB was under the direction of
Dr. Tad Patzek. Schlumberger was our industry participant and their work was lead by
Dr. Richard Plumb with the assistance of Pat Hooyman. Schlumberger provided in-kind
contributions to include manpower, data and software.

List of Individual Tasks by Phase
PHASE | (Budget Period I) — Initial Fundamental Studies and Model Development

Task 1.0 — Research management plan

Task 2.0 — Technology Status Assessment

Task 3.0 — Fundamental Studies Part I
Subtask 3.1 - Fundamental studies of pore-scale geomechanical behavior of hy-
drates in porous media
Subtask 3.2 Development of Interface between Petrel and FLAC3D
Subtask 3.3 — Description of hydrate-bearing zones as documented by the Ocean
Drilling Program and the Chevron-DOE Gulf of Mexico JIP to determine typical
gas hydrate bearing sample characteristics

Task 4.0 — Development of the coupled geomechanical numerical model

Milestones for Phase |

TAMU | Compile literature survey on typical sediments con- | Completed
taining gas hydrates in the ocean

TAMU | Develop recommendations on how to create sedi- Completed
ments in the laboratory

TAMU | Demonstration that typical sediments can be created | Was completed in
in a repeatable manner in the laboratory and gas hy- | Phase Il
drates can be created in the pore space

UCB Development of a conceptual pore-scale model Completed
based on available data and reports

UCB | Testing the developed concepts on simple configura- | Completed
tions and verification of the result against known
measurements and observations

LBNL | Completion of FLAC3D routines Completed
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LBNL | Completion of TOUGH-Fx/HYDRATE modifica- Completed
tions and extensions

LBNL | Completion of the TOUGH-Fx/FLAC3D interaction | Completed
interface

LBNL | Component integration and final testing of the cou- | Completed
pled geomechanical numerical model
TFxH/FLAC3D

SLB Demonstration that Petrel can be used to develop an | Completed
earth model for providing data to the TOUGH-
Fx/FLAC3D

PHASE |1 (Budget Period 1) — Modeling and Laboratory Measurements
a)

Task 5 — Revised research management plan

Task 6 — Fundamental studies of pore-scale geomechanical behavior Part II

Task 7 — Laboratory studies of basic rock properties in oceanic hydrate bearing sediments
Subtask 7.1 — Definition of methodology for creation of Synthetic Hydrate-
Sediment mixture samples
Subtask 7.2 Analysis of the basic thermodynamic and kinetic behavior of the hy-
drates in oceanic environments
Subtask 7.3 Production of large-scale cores of artificial hydrate-bearing sediments
using the techniques developed by LBNL
Subtask 7.4 Study the geomechanical properties in high-P, low-T triaxial cells,
with simultaneous CT X-ray imaging
Subtask 7.5 Determine the geophysical signature of hydrates in porous media, and
the effects of thermal and loading stresses

Task 8 — Developing Data Sets for Hydrate Deposits in Deep Water

Milestones for Phase 11

TAMU | Demonstration that typical sediments can be created | Completed
in a repeatable manner in the laboratory and gas hy-
drates can be created in the pore space

UCB Fundamental studies of pore-scale geomechanical Completed
behavior

LBNL | Develop TOUGH + Hydrate + FLAC3D and begin | Completed
laboratory mechanical properties testing

SLB An interface between FLAC3D and Petrel was built | Completed
to allow for efficient data entry into TOUGH + Hy-
drate + FLAC3D

DECISION TO FORGO PHASE 11

Following a DOE-NETL held peer review of hydrate program projects in late 2007 and
subsequent internal NETL evaluation of peer review feedback and other relevant project
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related information, it was decided that his project would not be continued beyond the
completion of project Phase II. As such, activities planned under project Phase III (inte-
gration of models and data generated during Phase I and II) were not carried out under
this cooperative agreement.

The work done during Phases I and II of this contract were to develop a model that could
be used to study seafloor stability in the present of natural gas hydrate deposits, to con-
duct laboratory testing to generate reliable data for use in the model, and put together the
data sets for the model by reviewing the literature and understanding all of the measure-
ments and data that have been published in the public domain from offshore gas hydrate
expeditions

The goal of the originally planned Phase III was to use the models and data generated in
Phases I and II to assess issues of seafloor stability in areas of known natural occurrence
of gas hydrate, due to DOE decision not to continue the effort beyond Phase II many of
the activities planned for Phase III were not conducted. However, some activities (per-
formance of predictive studies of hydrate bearing sediments geomechanical behavior)
related to planned Phase III work were continued, but under the other existing LBNL
field work proposals (ESD05-048 and G308).

PHASE 111 (Budget Period I11) — Integration of Models and Data

Note: Due to DOE decision not to continue this project beyond Phase II, these activities were not con-
ducted under this cooperative agreement.

Task 9 — Revised research management plan
Task 10 — Predictive studies of hydrate bearing sediment stability performance under
conditions representative of an offshore platform installation and operation
Subtask 10.1 Effect of structure weight on the geomechanical properties and sta-
bility performance of HBS in oceanic sub-floors in the immediate vicinity of plat-
form anchors and/or foundations.
Subtask 10.2 Effect of heat exchange with non-insulated fluid production pipes on
the geomechanical properties and stability performance of HBS.
Subtask 10.3 Effect of gas production from oceanic hydrate accumulations on the
HBS geomechanical stability, with particular emphasis on sloping oceanic ter-
rains.
Subtask 10.4 Long-term potential damage to wells and pipes located within HBS
as a result of the geomechanical properties and displacement tendencies of HBS,
and the effects of the issues discussed in subtasks 8.1 — 8.3.
Subtask 10.5 Integration of the localized studies in Tasks 8.1 to 8.4 in the evalua-
tion of the large-scale stability of the hydrate-bearing oceanic sub-floor forma-
tions.
Subtask 10.6 Hydrate Stability Performance During Production and Its Impact on
Borehole Stability and Well Casings
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Chapter 2 — Numerical Studies on the Geomechanical
Performance of Hydrate-Bearing Sediments

Introduction

This chapter describes the LBNL activities within the framework of the larger joint pro-
ject entitled “Geomechanical Performance of Hydrate-Bearing Sediments in Offshore
Environments” with participation by Texas A&M University (TAMU), the University of
California at Berkeley (UCB) and Lawrence Berkeley National Laboratory (LBNL), and
Schlumberger (SLB). The overall objective is to develop the necessary knowledge base
and quantitative predictive capability for the description of geomechanical performance
of hydrate-bearing sediments (hereafter referred to as HBS).

In this report we describe LBNL activities and the current status of geomechanical stud-
ies related to HBS under this cooperative agreement. The description of FY06 and FY07
work related to numerical studies on the geomechanical performance of the HBS is di-
vided into the following tasks:

Task 06-1: Development of a Coupled Geomechanical Numerical Model

Task 06-2: Laboratory Studies of Geomechanical Behavior of HBS

Task 06-3: Predictive Studies of HBS Geomechanical Behavior and of the Corresponding
Geophysical Signature

Task 07-1: Laboratory Studies of Geomechanical Behavior in Oceanic HBS

Task 07-2: Validation of Coupled Geomechanics/Flow Code by Using Data From a Ge-
omechanical Lab Experiment

Task 07-3: Project Integration

Task 06-1: Development of a Coupled Geomechanical Numerical Model

This task was completed. The numerical simulator developed within this project has
been described in detail in previous reports and is only briefly described here. The simu-
lator was developed by coupling of the TOUGH+HYDRATE simulator (hereafter re-
ferred to as T+H) with a commercial geomechanical code (FLAC3D) (Figure 2-1). The
capabilities of the T+H code are well known as being one of the most-advanced codes
currently available for the simulation of system behavior in geological media containing
gas hydrates. FLAC3D is a code widely used (several thousand licensed worldwide) for
studies related to soil- and rock mechanics in both academia and engineering.

FLAC3D has built-in constitutive mechanical models suitable for soil and rocks, includ-
ing various elastoplastic models for quasistatic 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. Moreover, the FLAC3D contains built in
programming capabilities enabling with access to internal parameters enabling the cou-
pling with an external simulator, such as T+H. As a result of the select approach, the nu-
merical simulator for studies of geomechanical performance of the HBS could be devel-
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oped and tested within a year and has already been applied to study geomechanical per-
formance of both offshore (oceanic) and onshore (permafrost) HBS as will be described
below.

In general, numerical studies of geomechanical performance of an HBS with T+H begins
with analysis of the system behavior using T+H without considering geomechanical ef-
fects. Then the GEOMECHANICS option is invoked in the T+H input file and the cou-
pled T+H and FLAC3D simulation runs seamlessly without user interference. We are in
close contact with the ITASCA Company in Minnesota who develops the FLAC3D code
and they have added several features to the FLAC3D code specifically for an increased
efficiency of coupled T+H and FLAC3D simulations. They do this work for free, obvi-
ously realizing the future benefits of being part of one of the most advanced and useful
simulator for the analysis of geomechanical performance of HBS.

The numerical simulator was first presented at the OTC 2007 symposium (Rutqvist and
Moridis, 2007) in Houston, May 4-8 2007, and was also be presented at the 42™ US Rock
Mechanics Symposium in San Francisco June 29-July 2, 2008 (Rutqvist and Moridis,
2008).

TOUGH+HYDRATE *‘\
I ‘ \\ ——— Direct couplings
o A == Indirect coupling
» %5 VH Ad . k, Pc C = Cohesion

/ G = Shear modulus

- K = Bulk modulus
k = Intrinsic permeability
P = Pressure
P. = Capillary pressure
Sy = Hydrate saturation
qAPj €T, €4 . T = Temperature
\ z & = Strain

\\ * | ¢ = Porosity

~ ‘D| FLAC3D 1 = Goefficient of friction

o' = Effective stress

THM MODEL
HYDRATE-BEARING
SEDIMENTS

Figure 2-1 — Couplings of TOUGH+HYDRATE and FLAC3D for the analysis of
geomechanical behavior of hydrate bearing sediments.
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Task 06-2: Laboratory Studies of Geomechanical Behavior of HBS

The laboratory studies formed a continuous two-year effort. The results for FY06 and
FYO07 are described together, under Task 07-1 in a subsequent section.

Task 06-3: Predictive Studies of HBS Geomechanical Behavior and of the Corre-
sponding Geophysical Signature

Studies of Offshore (Oceanic) HBS

The first comprehensive numerical study of geomechanical performance of oceanic HBS
was presented in Rutqvist and Moridis (2007), at the 2007 Offshore Technology Confer-
ence (OTC 2007). In this study we investigated in three cases of coupled hydraulic, ther-
modynamic and geomechanical behavior of oceanic hydrate-bearing sediments. The first
involved hydrate heating as warm fluids from deeper conventional reservoirs ascend to
the ocean floor through uninsulated pipes intersecting the HBS. The second case de-
scribed system response during gas production from a hydrate deposit, and the third in-
volved mechanical loading caused by the weight of structures placed on the ocean floor
overlying hydrate-bearing sediments.

Our simulation results indicated that the stability of HBS in the vicinity of warm pipes
might be significantly affected, especially if the sediments are unconsolidated and more
compressible. Figure 2-2 presents the three-dimensional model domain for this case,
which includes detailed representation of a layers HBS and intersecting wellbore assem-
bly. Figure 2-3 presents results of the evolution of volumetric strain, in which the red
contours with volumetric strain exceeding 10% being associated with irreversible me-
chanical failure of the sediment. This failure was caused by heating and dissociation of
the hydrates that in turn lead to a significant pressure increase essentially fracturing and
shearing the formation around the heated well bore. Gas production from oceanic depos-
its 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.

The second numerical study on oceanic HBS was presented at OTC 2008 (Rutqvist et al.
2008a), focusing on geomechanical behavior of oceanic HBS, during depressurization-
induced gas production, and in particular the potential well-bore instability and casing
deformation. We investigated the geomechanical changes and wellbore stability for two
alternative cases of production using horizontal well in a Class 3 deposit and vertical well
in a Class 2 deposit (Figure 2-4).
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Warm Fluid

Figure 2-2 — Quarter-symmetric 3D model used in the analysis of geomechanical stability during
hydrate heating as warm fluids from deeper conventional reservoirs ascend to the ocean floor
through uninsulated pipes intersecting the HBS.
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Figure 2-3 — 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.
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1) Reservoir-scale simulation

2) Wellbore model

18.26m

Time evolution of:
Boundary stress
Temperature
Pressure

Hydrate saturation

0.im . 05m >

Figure 2-4 — Simulations of geomechanical performance of HBS and wellbore and casing stability
for horizontal and vertical production wells during depressurization production from the Tigershark
formation, Gulf of Mexico.

We compared the geomechanical responses and the potential adverse geomechanical ef-
fects for the two different cases. Our analysis showed that geomechanical responses dur-
ing depressurization-induced gas production from oceanic hydrate deposits is driven by
the reservoir-wide pressure decline, which is in turn is controlled by the induced pressure
decline near the wellbore. Because any change quickly propagates within the entire res-
ervoir, the reservoir wide geomechanical response can occur within a few days of produc-
tion induced pressure decline. Our study showed that there is a major difference in the
geomechanical performance around horizontal and vertical wells. In the case of produc-
tion from horizontal wells, the anisotropic stress induced by the general reservoir depres-
surization can cause shear failure near the wellbore adjacent to the perforation. For pro-
duction from a vertical well on the other hand, the formation will be unloaded uniformly
in a plane normal to the axis of the wellbore. Therefore, the load on the wellbore casing
will decrease and failure of the formation around the perforation is prevented. This result
is shown in Figure 2-5, where it is apparent that formation failure does not occur near the
well bore although failure occurs away from the wellbore, especially in the water zone
below the HBS.
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Figure 2-5 — Simulation results of geomechanical performance for production from a vertical well
after 6 months of constant rate production.

Block State

None
shear-n shear-p
shear-p

Shear
failure

Figure 2-6 — Simulation results of shear failure occurring near the casing around a horizontal
production well.
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In the case of a horizontal well, the main concern is increased compression (load) against
the upper part of the well bore casing caused by the compacting reservoir. This compres-
sive load first caused local shear failure (yielding) in the formation (Figure 2-6). Such
shear failure may lead to loss of bonding between grains, which in turn could result in
production of solid sediment particles and formation of cavities around the perforation.
Our analysis shows that for reasonable strength properties of an oceanic HBS, there is a
very high potential for such localized shear failure. In the case of a vertical well, the main
concern is the vertical settlement of the formation, which may be substantial, especially
in the vicinity of the well where pressure is the lowest.

Studies of Onshore (Sub-Permafrost) HBS

The first-ever assessment of the impact of production on the well stability and the likeli-
hood of formation failure in a sub-permafrost HBS was presented at the upcoming Inter-
national Conference on Gas Hydrates (ICGH 2008), Vancouver, British Columbia,
CANADA, July 6-10, 2008 (Rutqvist et al. 2008b). In this simulation study, we analyzed
the geomechanical response of two known Class 3 permafrost deposits: the Mallik
(Northwest Territories, Canada) deposit and Mount Elbert (Alaska, USA) deposit. Gas
was production from these deposits was simulated at constant pressure using horizontal
wells placed at the top of the hydrate layer (HL). Figure 2-7a presents the model geome-
try whereas Figure 2-7b shows a profile of sonic velocities that were used to define the
mechanical properties of the HBS and overlying permafrost zone.
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Figure 2-7 — (a) Simulation domain geometry and (b) sonic velocity profiles across the Mallik
deposit.
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Figure 2-8 presents the calculated distribution of temperature, pressure, hydrate satura-
tion, and volumetric strain after 3 years of production. The numerical analysis showed
that the depressurization-induced dissociation begins at the well bore, and then spreads
laterally mainly along the top of the HL. The depressurization results in an increased
shear stress within the body of the receding hydrate, and causes a vertical compaction of
the reservoir. However, its effects are partially mitigated by the relatively stiff permafrost
overburden, and compaction is limited to less than 0.5%.

The increased shear stress may lead to shear failure in the hydrate-free zone that is
bounded by the HL overburden and the downward-receding upper dissociation interface.
This zone undergoes complete hydrate dissociation, and the cohesive strength of the
sediment is low. We determined that the likelihood of shear failure depends on the initial
stress state, as well as on the geomechanical properties of the reservoir. The Poisson’s
ratio of the hydrate-bearing formation is a particularly important parameter that deter-
mines whether the evolution of the reservoir stresses will increase or decrease the likeli-
hood of shear failure.
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Figure 2-8 — Pressure, temperature, hydrate saturation and volumetric strain after 3 years of
simulated constant pressure production at Mallik.
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Task 07-1: Laboratory Studies of Geomechanical Behavior in Oceanic HBS

This task was completed. Understanding the geomechanical and geophysical properties
of oceanic HBS is critical for successful engineering of subsea equipment platforms and
for well placement and design. Changes in hydrate abundance will change the strength of
the medium, necessitating changes in design, and will impact geophysical signals, rele-
vant to monitoring. A suite of measurements of geophysical and geomechanical proper-
ties of tetrahydrofuran (THF) hydrate-bearing sediments have been made by others, with
THF hydrate being an analog for methane hydrate. Verification and validation of this
analogy using methane hydrate is needed to allow for unconstrained use of the existing
data.

To address these issues, LBNL designed and built a unique pressure vessel capable of
forming methane hydrate in the pore space of sediments, applying a confining stress and
independently applying an axial load, while allowing simultaneous measurements of the
compressive and shear wave velocities, sample length, and spatially resolved sample den-
sity using x-ray CT scanning to observe sample structure. A schematic of the vessel is
presented in Figure 2-9.

bleed valve flulid inlet  confining

J,-ﬂund port

A. Top endcap (SS)
B. Top plug (SS)

bd C. Confining cylinder (AL)
L ' D. Bottom plug (SS)

Diffuser
E. Bottom chamber (SS)
1 — F. Bottom endcap (SS)
TexLoc F_EP Heavy- ——
Wall Tubing teflon G. LVDT holder (Acrylic)

~ jacket

Aluminum
shell —

Figure 2-9. Cell schematic and photo showing assembly
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Test of Acoustic System

Elements used in the geomechanical cell were assembled and independently tested prior
to assembly in the cell. One critical component is the seismic (acoustic) source and re-
ceiver installed within the loading pistons (Figure 2-10). Seismic measurements will pro-
vide data regarding the mechanical property changes in test cores during hydrate forma-
tion and a loading test, which will augment and compliment x-ray CT imaging.

One common problem when conducting S-wave measurements in a long core sample is
the degradation of wave quality due to P-waves (which travel faster than S-waves) and
conversions into surface or flexural waves (which causes waveform dispersion). To miti-
gate this problem, S-waves in our test cell uses are generated via the torsion mode rather
than commonly used polarized shear mode. The quality of the seismic signal was tested
across an acrylic cylinder, using lead foil between the acrylic and the platens to aid in
contact (Figure 2-11).

Using the seismic transducers, two types of source excitation methods were used. The
first method drove the source element with a square-shaped high-voltage pulse. By
choosing an optimal pulse width, the piezoelectric element is brought to resonance, gen-
erating large-amplitude seismic waves. This method has an advantage of generating large
amplitudes. However, the waves are limited to relatively high frequencies (~200 kHz).
Examples of P- and S-wave signals using the resonant-mode excitation are shown in Fig-
ure 2-12.

An alternative method is to drive the source quasi-statically using electric signals with
arbitrary shapes. This has an advantage of generating waves with a broad band of fre-
quencies, though the resulting signal amplitudes are generally small. For testing attenuat-
ing (high-loss) materials, the amplitude loss of high-frequency waves during propagation
may be more disadvantageous than the initial small amplitude of low-frequency waves.
Using this technique, we have identified the optimal excitation frequencies to be used for
the measurements, based upon the quality of measured seismic pulses. For P-waves, this
was 200 kHz, and for S-waves, 50 kHz. The relatively long wavelength resulting from
the S-wave’s lower frequency should help to reduce expected degradation of signal qual-
ity due to scattering by heterogeneities within a hydrate-bearing sediment core.

(a) Piezoelectric elements and trans- (b) Installed in the housing. Elec- (c) Potted with epoxy for electric
ducer housing trodes attached. insulation and mechanical stability

Figure 2-10. Construction of piezoceramics-based seismic (acoustic) transducers
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Figure 2-11. Testing seismic signal quality using an acrylic core. The stainless steel
cylinders at the top and the bottom of the sample house piezoelectric elements and serve
as transducers. These are the actual components of the new hydrate-testing cell under
construction.
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Figure 2-12. Seismic signals measured using resonant-mode excitation of the source.
Three samples were tested in the vessel to develop the procedure. These samples were

composed of THF hydrate in US Silica F110 silica sand. The THF hydrate was used in
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place of methane hydrate while safety computations on the pressure vessel were being
performed. The three samples had different hydrate saturations and formation procedures
to address different issues. The first sample was fully saturated with a mixture of water
and THF in a ratio such that nearly all of the pore space would be filled with hydrate.
The second sample was fully saturated with a different mix of THF and water and hy-
drate was formed at a lower temperature such that 50% of the pore space was filled with
hydrate, and the remaining pore space was filled with THF and some water. The third
sample was formed by moistening sand with a THF-water mixture to attempt to form hy-
drate in 50% of the pore space leaving the remaining pore space filled with gas. We hy-
pothesized that because of formation technique, Samples 2 should result in pore-filling
hydrate, and Sample 3 should result in grain-cementing hydrate. Each of the samples
were prepared away from the CT scanner, and then mounted to the CT table (Figure 2-
13).

Sample 1 was tested by applying an increasing stress on the sample and measuring strain.
Samples 2 and 3 were tested by applying increasing strain on the sample and monitoring
the stress required to attain that strain. Two locations are highlighted on each curve in
Figure 2-14. The square on each curve indicates the separation of the “quasi-elastic” re-
gion (stress-strain region beneath the grain-scale failure point) from the large-strain re-
gion. The second location on each curve, shown by the circles, identifies the maximum
stress the sample withstood.

Sample#1 Sample#2 Sample#3

Porosity 36% 34% 38%

Sample Volume 120.01 cc 122.15 cc 134.98 cc

(from CT)
THF hydrate 100% 50% 40% Cementation
Saturation ‘ model
THF (liquid) 0% 50% ~0%

Saturation

Cooling temp. +1°C -12°C +1°C

(hydrate formation (4.4°C) (-10°C) (4.4°C)

temp.)

pendular

Pore-filling model

Table 2-1. Experiment conditions
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Figure 2-13. Pressure vessel containing sample mounted on x-ray CT scanner.
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Figure 2-14. Results of initial tests.
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Figure 2-15 shows the spatial density along an axial plane selected to most clearly show
the sample changes that occurred on loading. For samples 1 and 2, hydrate formation in-
duced very small changed in the sample density, however packing Sample 3 resulted in a
heterogeneous distribution. Loading Samples 1 and 2 resulted in regions of shear local-
ization and dilation, having lower density where failure occurred. Sample 3 however,
behaved entirely differently. This sample was packed in lifts, resulting in initial density
heterogeneity. Where the porosity was lower, the liquid saturation would be higher due to
capillary imbibition. When hydrate formed, this heterogeneity was enhanced. Upon load-
ing, the sample showed much greater dilation with perhaps some shear localization.

An example of compression and shear wave behavior is shown in Figure 2-16 for Sample
1, with sequential curves shifted downwards. With the sand/fluid system (top curves),
waves become more distinct and speeds increase with increasing axial load. When hy-
drate formed, there was a very large increase in both amplitude and velocity. With in-
creased axial stress, velocities increase until failure, and then begin to decrease on addi-
tional loading.

Our attempt to observe the difference between the cementing and pore-filling hydrate in-
dicated that heterogeneity on a scale larger that the grain scale strongly influenced the
behavior of the material. Hydrate-bearing sediment with this mesoscale heterogeneity
exhibited much smaller strength and seismic velocities than an HBS sample with uniform
distribution of hydrate (which can be pore filling and possibly grain cementing), for simi-
lar hydrate saturations.

Vessel Redesign

Engineering calculations on the pressure vessel identified possible elevated stress concen-
trations in the vessel, resulting in a re-design and remanufacture of the vessel prior to
testing any methane hydrate bearing samples. Figure 2-17 shows an engineering sche-
matic of the redesigned vessel. Locations of stress concentrations have been minimized,
while retaining the valuable features of the previous vessel. Measurements using the new
vessel will begin upon completion and shake down.
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Figure 2-15. Cross sections of CT images for Samples 1, 2, and 3 showing the initial
condition, density following hydrate formation, failure, and shear localization (following
extended loading in Sample 1 only).
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Figure 2-17. Schematic of redesigned vessel.
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Task 07-2: Validation of Coupled Geomechanics/Flow Code by Using Data From a
Geomechanical Lab Experiment

This task was completed in FY2008 instead of FY2007 at no additional cost to the pro-
ject. In FY2007, the original vessel could not be used because of safety concerns (possi-
ble stress concentrations), and had to be remanufactured. Upon completion of the re-
manufacturing process, laboratory data were used to validate the coupled geomechan-
ics/flow model. The data and results related in the validation effort are included in a sci-
entific paper under preparation for presentation in an upcoming scientific conference.

Task 07-3: Project Integration

This task was completed. The integration effort represented interaction between LBNL
and TAMU through the training and supervision of students working on the subject, and
includes the identification and description (in terms of geological models) of problems to
be investigated. Deliverables included:

(1) A TAMU student trained in the use of T+H/FLAC.

(2) A minimum of two problems identified for further analysis, with development of
the corresponding geological models and of the necessary input files (activity
completed by TAMU student with LBNL supervision).

(3) Contribution of information to Texas A&M University as required to meet report-
ing requirements of the associated cooperative agreement (DE-FC26-05NT42664)
with respect to activities conducted under this field work proposal.

(4) Four conference papers and four conference presentations on the subject, with one
paper additionally submitted to a refereed journal for publication.

Concluding Remarks

Presently we have developed a novel simulator for analysis of geomechanical perform-
ance of HBS and we already applied the simulator on studies related to the geomechani-
cal behavior of both offshore (oceanic) and onshore (sub-permafrost) hydrate deposits. In
these studies we have addressed the questions about the geomechanical performance of
the HBS and the potential for well bore instability and casing deformation. The next step
will be to expand our analysis to two-way coupled effects, i.e. investigating the effect of
compaction-induced changes in porosity and permeability on the production perform-
ance. Moreover, additional geomechanical studies related to geomechanical performance
of soft oceanic sediments and seafloor stability will be considered.

The results of these studies have been presented at several conferences, and all the corre-
sponding scientific papers are under review for publication in peer-reviewed journals:

Nakagawa, S., T.J. Kneafsey, and G.J. Moridis (2008). Mechanical Strength and Seismic

Property Measurements of Hydrate-Bearing Sediments (HBS) During Hydrate
Formation and Loading Tests. OTC 19559. Paper presentation at the 2008 Off-
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shore Technology Conference held in Houston, Texas, U.S.A., 4-8 May 2008.
doi 10.4043/19559-MS.

Rutqvist J. and Moridis G. (2007). Numerical Studies on the Geomechanical Stability of
Hydrate-Bearing Sediments. OTC-18860. Paper presentation at the 2007 Off-
shore Technology Conference held in Houston, Texas, U.S.A., 30 April-3 May
2007.

Rutqvist J., Moridis G., Grover T., and Holditch S. (2008a). Coupled Hydrological,
Thermal and Geomechanical Analysis of Wellbore Stability in Hydrate-Bearing
Sediments. OTC-19572. Paper presentation at the 2008 Offshore Technology
Conference held in Houston, Texas, U.S.A., 4-8 May 2008.

Rutqvist J. and Moridis G. (2008). Development of a Numerical Simulator for Analyzing
the Geomechanical Performance of Hydrate-Bearing Sediments. Proceedings of
the 42™ U.S. Rock Mechanics Symposium, San Francisco, California, USA,
June 29-July 2, 2008: American Rock Mechanics Association ARMA, Paper
No. 139.

Rutqvist J., Moridis G., Grover T., and Collett T. (2008b). Geomechanical response of
known permafrost hydrate deposits to depressurization-induced production. Pro-
ceedings of the 6th International Conference on Gas Hydrates (ICGH 2008),
Vancouver, British Columbia, CANADA, July 6-10, 2008.
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Chapter 3 — Natural Gas Hydrates — Issues for Gas Production
and Geomechanical Stability

This chapter describes the activities at Texas A&M University within the framework of
the larger joint project entitled “Geomechanical Performance of Hydrate-Bearing Sedi-
ments in Offshore Environments” with participation by Texas A&M University (TAMU),
the University of California at Berkeley (UCB) and Lawrence Berkeley National Labora-
tory (LBNL), and Schlumberger (SLB). The overall objective is to develop the necessary
knowledge base and quantitative predictive capability for the description of geomechani-
cal performance of hydrate-bearing sediments (hereafter referred to as HBS).

In this report we describe recent activities on geomechanical studies related to HBS and
our analysis of the gas production from the Messoyahka Gas Hydrate Reservoir in Rus-
sia.

Some of the results of this work have already been presented or are about to be presented
at several conferences and in a Doctor of Philosophy Dissertation by Tarun Grover.
These documents are listed below:

Rutqvist J., Moridis G., Grover T., and Holditch S. (2008a). Coupled Hydrological,
Thermal and Geomechanical Analysis of Wellbore Stability in Hydrate-Bearing
Sediments. OTC-19572. Paper presentation at the 2008 Offshore Technology
Conference held in Houston, Texas, U.S.A., 4-8 May 2008.

Grover T., Moridis G., and Holditch, S.A. (2008a). Analyis of Reservoir Performance of
the Messoyakha Gas Hydrate Field. Proceedings of the 18™ International Off-

shore and Polar Engineering Conference (ISOPE 2008), Vancouver, British Co-
lombia, CANADA, July 6-11, 2008.

Rutqvist J., Moridis G., Grover T., and Collet T. (2008b). Geomechanical response of
known permafrost hydrate deposits to depressurization-induced production. Pro-
ceedings of the 6th International Conference on Gas Hydrates (ICGH 2008),
Vancouver, British Columbia, CANADA, July 6-10, 2008.

Grover T., Moridis G., and Holditch S.A. (2008b). Analysis of Reservoir Performance of
the Messoyahka Gas Hydrate Reservoir. Proceedings of the 2008 Annual Tech-

nical Conference and Exhibition of the Society of Petroleum Engineers (SPE),
Denver, Colorado to be held 21-24 September 2008.

Grover T. (2008c). Natural Gas Hydrates — Issues for Gas Production and Geomechanical

Stability. A Dissertation for a Doctor of Philosophy Degree at Texas A&M
University, August 2008.
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Introduction to Study of Gas Production at Messoyahka

Natural gas hydrates have been the subject of active research in the oil and gas industry
since their role in blocking fluid flow in oil and gas pipelines was demonstrated by
Hammerschmidt (1934). Later, Makogon (1965) proposed that naturally occurring gas
hydrates could exist in the earth’s subsurface. Since 1965, a number of research projects
have been performed to estimate and quantify the volume of naturally occurring gas hy-
drates. Although there is uncertainty over the quantity and distribution of naturally oc-
curring hydrates in the earth, there is general agreement that substantial volumes of gas
hydrates do exist in nature (Sloan and Koh, 2008). According to the latest data gathered
by various expeditions for hydrates, the gas resource in hydrate ranges from 10° to 10°
Tcf (US Department of Energy, 2007).

Natural gas hydrates (NGH) are crystalline compounds formed by the association of
molecules of water with natural gas. NGHs are a subset of substances known as clath-
rates, which means “cage like structures”. The formation of natural gas hydrates depends
upon pressure, temperature, gas composition, and the presence of inhibitors such as salts.
NGHs are found in the subsurface in two distinct types of settings. One is within and be-
low the permafrost in arctic regions and the second is in deepwater marine environments.

The volume of gas present in the form of hydrates around the world has been estimated to
range from 10° to 10° Tcf (US Department of Energy, 2007). The characterization of
hydrate deposits involves collection and interpretation of geological, geophysical,
geochemical, sedimentological, reservoir, and thermal data. Hydrates can be dissociated
by the following three fundamental mechanisms (Makogon, 1966):

1. reducing the reservoir pressure;

2. increasing the reservoir temperature; and

3. using chemicals to change the equilibrium conditions.

The first instance of finding gas hydrates was in the Messoyakha field on the eastern bor-
der of Siberia. This discovery was published by Makogon and his co-workers (1970;
1971b). The Messoyakha gas field has been described as a gas reservoir overlain by gas
hydrates and underlain by an aquifer of unknown strength. Many observed phenomena at
the Messoyakha Field during its production operations appear to indicate the presence of
gas hydrates (Makogon, 1981). Important observations reported by Makogon (1981) in-
cluded:
1. An increase in the average reservoir pressure when the field was shut-in for sev-
eral years;
2. No change in the elevation of the gas-water contact during the last 30 years of
production;
3. The wells completed within the hydrate layer flowed at very low rates compared
to the wells completed in the free gas zone; and
4. Methanol injection into low-producing wells resulted in significantly increased
production at higher wellhead pressures
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The main objective of this study was to use a special reservoir simulation model called
Tough + Hydrate to simulate the Messoyakha reservoir behavior during the initial pro-
duction and shut-in period. This project was designed to reconcile the available data on
the Messoyakha Field with conceptual and fundamental knowledge of hydrates. The rec-
onciliation study essentially was important to delineate the uncertainties in the available
data. These uncertainties prompted us to develop a series of 2D cylindrical models that
can be used to study the characteristics of the Messoyakha Field. Additional detail can
be found in the dissertation by Grover (2008).

The Messoyakha Field - Thermodynamic State

Figure 3-1 shows the thermodynamic state at the top and bottom of the Messoyakha gas
reservoir with respect to the equilibrium Pressure — Temperature curve that describes the
coexistence of the gas, aqueous and hydrate phases. Figure 3-1 indicates a typical Class 1
deposit (Moridis and Collett, 2002), with the upper part of the hydrate layer deeply in the
hydrate stability zone, equilibrium conditions at the bottom of the hydrate layer (which
coincides with the bottom of the stability zone), and a zone with free mobile gas (outside
the hydrate stability zone) below the gas hydrate layer.
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Figure 3-1 — Initial thermodynamic state of the Messoyakha reservoir

The Geology

A cross-sectional schematic of the Messoyakha field is shown in Figure 3-2 (Makogon et
al., 2005). The Messoyakha gas field is enclosed in an anticlinal structural trap and is
overlain by a 420 to 480 m thick permafrost zone. The producing intervals are located in
the Dolgan formation (sandstone) which is sealed by an overlying shale layer. The Dol-
gan formation is frequently interbedded with shale streaks (Makogon, 1981; Krason and
Ciesnik, 1985; Krason and Finley, 1992; Makogon, 1997) which can result in a low value
of vertical permeability.
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Temperature, °C.

Figure 3-2 — Cross section of the Messoyakha reservoir (from Makogon et al., 2005)

The structural enclosure of the field is 84 meters and the areal extent of the field is 12.5
km x 19 km (Makogon et al., 2005). A contour map of the top of the Cenomanian Dol-
gan Formation at the Messoyakha field is shown in Figure 3-3 (Krason and Finley, 1992).
The depths (in meters) refer to the elevation below mean sea level.

Figure 3-3 — Contour map of the Messoyakha field (from Sapir et al., 1973)

Operations

More than 60 wells have been drilled in this field on a pattern that was essentially a 500
m x 1000 m well spacing. Production began in 1970 and continued until 1977. Initial
production rates per well was reported to range from 111 Mscf/day to 6,275 Msct/day.
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The production in the Messoyakha field was reduced to zero from 1979-82. While the
field was shut-in, the reservoir pressure increased. This pressure increase was interpreted
to have been caused by the continued dissociation of hydrates (Makogon, 1981). Figure
3-4 (Makogon et al., 2005) shows the reservoir pressure behavior and the corresponding
gas production history at the Messoyakha Field. Figure 3-4 illustrates that since the pro-
duction rates were reduced beginning in 1979, the average pressure has continued to in-
crease.
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Figure 3-4 — Production behavior at the Messoyakha (from Makogon et al., 2005)
Gas reserves

The volumetric gas reserves (free gas + hydrated gas) in the Messoyakha field has been
estimated by different individuals and ranges from 1.3 to 14 Tcf, as shown in Figure 3-5
(Krason and Finley, 1992). There is significant uncertainty in the estimates of gas
trapped in the hydrate layer of the Messoyakha Field. Sheshukov (1973) calculated that
2.2 Tcf of gas was in hydrate form in upper portion of Messoyakha and 0.6 Tcf gas pre-
sent as free gas in the lower portion of the Messoyakha. Makogon et al. (2005) reported
that initial in-place gas (free-gas) at Messoyakha was 848 Bcf and the producible reserves
from hydrate state were 424 Bcef. Figure 3-5 illustrates the uncertainty in the total gas
reserves (free gas + hydrate gas) at the Messoyakha field.
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Figure 3-5 — Various estimates of gas in place in the Messoyakha field (data from Krason
and Finley, 1992)

Production

The production rates from the wells that were completed within the hydrate layer were
significantly lower than those from the wells that had been perforated deeper in the free
gas zone of the reservoir. Table 3-1 shows the gas production rates from selected wells
(Makogon et al., 1971a), as well as the location of the corresponding perforated intervals
with respect to the original elevation of the base of the hydrate layer. The wells that were
completed in the hydrate zone were stimulated by using chemicals such as calcium chlo-
ride and methanol. These chemicals inhibit the formation of gas hydrate, by causing the
equilibrium curve to shift. After injecting the solvents, the wells could operate at higher
wellhead pressures because of higher effective permeability in the vicinity of the perfora-
tions. Figure 3-6 (Makogon et al., 1971a) demonstrates the effect of methanol injection
on the production rate O, of one of the wells in the Messoyakha Field.

Table 3-1 — Production from various perforation locations at the

Messoyakha (from Makogon et al., 1971b)

Well Percentage of per- | Distance from perfora- Production rate

No. forations in hydrate tions to hydrate-gas (1000 m3/D)
zone (%) interface (m)

121 100 +64 26

109 100 +6 133

150 81 -6 413

131 0 -59 1000
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Figure 3-6 — Effect of chemical stimulation for Well 133 (data from Makogon et al., 1971)
Gas-water contact

The depth of the gas-water contact as reported in the literature (Krason and Finley, 1992)
has been estimated to be between -779 to -819 m. According to Makogon et al. (2005)
and Makogon (2007), the gas-water contact has not moved during the entire period of gas
production at the Messoyakha Field.

Rock and Fluid Properties

The rock and fluid properties we used for the Messoyakha Field simulations are shown in
Table 3-2 (Makogon et al., 1971a; Meyerhoff, 1980; Krason and Ciesnik, 1985; Krason
and Finley, 1992; Makogon et al., 2005). The gas composition at Messoyakha is 98.8%
methane.

Table 3-2 — Reservoir properties at the Messoyakha (from
Makogon et al., 2005)

Property Range
Porosity 16-38%
Permeability 10 to 1000 md
Geothermal gradient 4.2 °C/100m
Residual water saturation 29 to 50%
Initial reservoir pressure at “hy- 7.92e6 Pa (1150 psi)
drate-free gas” interface

Saturation Distribution
The only data available on saturation distribution of water, gas and hydrates in the re-

spective zones (the upper hydrate zone and the lower free gas zone) is from Makogon et
al. (2005). Average water saturation was described to be about 40%, salinity to be 1.5%,
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and initial hydrate saturation to be about 20%. The saturation data discussed in Makogon
et al. (2005) is tabulated in Table 3-3. If these saturations do occur during the initial “un-
disturbed” state of the reservoir, the hydrostatic pressures should exactly follow the equi-
librium hydration pressure at each point within the hydrate layer. However, if methane
and water coexist in a 3-phase regime, they are expected to react and form hydrate until
the exhaustion of one of the two. The only possibility of occurrence of three phases in the
hydrate layer is a finely balanced salt distribution, which would be next to impossible to
maintain over long periods (as this would mean effective elimination of molecular diffu-
sion). Because of the difficulty (if not impossibility) of meeting all these conditions, the
coexistence of all 3 phases can not occur in the hydrate layer at the Messoyakha Field.

Table 3-3 — Average saturations at the Messoyakha
(from Makogon et al., 2005)
Saturations Hydrate layer Free gas layer
SH 20 0
Sa 40 40
Se 40 60

The Messoyakha Field is a typical representative of a Class 1G hydrate deposit. Class
1G means that the hydrate layer consists of hydrate and gas and the lower free gas layer
consists of gas and water. Such deposits are the most attractive targets for gas produc-
tion, because while the free gas can be produced by conventional methods, the hydrate
dissociation will keep recharging the gas into the reservoir and will contribute to the
overall gas production.

In our opinion, the most reasonable description of the initial state of the Messoyakha field
includes (a) a hydrate layer characterized by a 2-phase (gas and hydrate) regime, and (b)
an underlying 2-phase zone of mobile fluids that include gas and water (often referred to
as the “free gas zone”).

Reservoir Modeling - Model Set-up

To simulate the Messoyakha field, we used the Tough + Hydrate model developed by
Moridis (2003). We did not have enough data on all the wells to run a full field model.
Instead, we used a series of 2-D cylindrical models representative of one of the wells in
the Messoyakha Field.

Figure 3-7 illustrates the cylindrical domain used in this simulation study. The model ra-
dius was 400 m, resulting in a system with a volume equal to that of the Messoyakha well
spacing of 500 x 1000 m. The thickness of the reservoir was 90 m. The model was discre-
tized into 100 radial elements and 135 layers (a total of 13500 elements). The fine discre-
tization scheme was necessary to capture the sharp front and rapid saturation changes oc-
curring in the hydrate layer and in the vicinity of the well bore. The base case in this
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study used an impermeable shale overburden and underburden, and no water drive. The
input parameters for the base case are shown in Table 3-4.

Table 3-4 — Base case input parameters in T+H for the
Messoyakha study
Property Hydrate layer Free gas layer
Thickness, m 50 40
Porosity, fraction 0.35 0.35
Gas production rate 6 MMscf/day
Absolute permeability, md 500 md 500 md
Initial hydrate saturation, Sy 0.5 0
Initial gas saturation, Sg 0.5 0.5
Water saturation, S 0 0.5
Irreducible water saturation 0.28 0.28
Table 3-5 — Aquifer parameters for no hydrate case
Aquifer type Aquifer permeability (Kaqu)
Strong 500 md (Same as free gas layer)
Intermediate 1md
Weak 0.001 md
r
Z SHALE
-730 m
HYDRATE LAYER
(Hydrate + Gas)
-780 m
Perforated — FREE GAS LAYER
interval (Gas + Water)
-820 m
SHALE
-850 m

Figure 3-7 — Simulation model for the Messoyakha reservoir
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Model Initialization

The initialization process in Tough + Hydrate has been discussed in detail in Moridis and
Kowalsky (2005). The following assumptions were made to initialize the model:

1. Salinity was assumed to be zero. Since the upper portion of the reservoir includes
only gas and hydrate, we cannot define salinity in this system. In other words,
neither the “gas phase” nor the “hydrate phase” can account for salt. This is a
reasonable approach, given that it is not known where the 1.5% salinity reported
in Makogon et al (2005) was measured.

2. The initial pressure at the hydrate-gas interface is 7.92e6 Pa (1150 psia) which
corresponds to the hydrostatic pressure at the base of the hydrate layer at the
Messoyakha field. Based on the pressure at the base of the hydrate layer, the
temperature is about 10.88°C (for 3-phase methane-hydrate-water) equilibrium
which is close to 10°C isotherm defined in (Makogon et al., 2005).

The initialization process involves the determination of the correct initial pressure and
temperature distribution along a single column that is used as a stencil for the entire do-
main. Figure 3-8 shows the initial conditions for base case in the model. The shale
boundaries at the top and bottom of the reservoir in the model were 30 meters thick. This
thickness was based in the earlier scoping studies by (Moridis, 2003; Moridis and Kowal-
sky, 2005) and “was sufficient to accurately represent heat exchange with the hydrate de-
posit”(Moridis and Kowalsky, 2005). More detail on the initialization process can be
found in the dissertation by Grover (2008).
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Figure 3-8 — Initial conditions for the base case in Tough + Hydrate
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Production Parameters

Gas was produced at a volumetric flow rate of 6 MMscf/day. The well was completed
from 0.5 m below the base of hydrate layer (BHL) to 16.5 m below the BHL (thickness
of the perforated interval is 16 m).

Contribution of hydrates to overall gas production
Moridis and Kowalsky (2005) introduced the concept of “Rate Replenishment Ratio

(RRR)” and “Volume Replenishment Ratio (VRR)” for production from Class 1 hydrate
deposits. These two are defined as follows:

RRR= %
9,
[o.@ar
VRR= Yr=D

£ jQp (t)dt

where O is the CHj release rate in the reservoir, O, is the CHy4 production rate at the well,
V: is the cumulative volume of CHy released and V), is the cumulative volume of CHy
produced.

Base Case Results and Analysis - Base Case with No Water Drive

We ran the base case for 8 years at a constant production rate and then shut in the well for
3 years. The results showing the reservoir pressure and temperature during the 8 years of
production are presented in Figures 3-9 and 3-10, respectively. The gas-phase pressure
distribution (along the z-axis at r = 50 m) in Figure 3-9 indicates that, when gas produc-
tion begins, the gas pressure is essentially uniform in both the hydrate layer and the un-
derlying free gas zone. Figure 3-10 shows that the temperature in the reservoir decreases
because of the dissociation of hydrates. The decreasing temperature exhibits the “bottle-
neck” to gas production from hydrates because less heat is available to transfer to hy-
drates for continued dissociation.
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Figure 3-10 — Evolution of the temperature distribution along the z-axis at r = 50 m in the
base case of the Messoyakha study

Figure 3-11 shows the thermodynamic path at the bottom and at the top of the hydrate
layer, at r = 50 m from the wellbore. Initially, the hydrate-gas interface is at the equilib-
rium curve and the top of the hydrate layer is away from the equilibrium curve. When
the gas is produced from the free gas portion of the reservoir, gas hydrate in the hydrate
layer dissociates due to depressurization and starts charging the free gas portion of the
reservoir. The pressure and temperature regime in the hydrate layer follows the equilib-
rium curve as production continues until the hydrate is completely dissociated. The hy-
drate becomes completed dissociated at the base of hydrate layer after slightly over 3
years of production. After production stops at t = 8 years, the temperature begins to in-
crease because of (a) continuous geothermal heat flow from the top and bottom bounda-
ries towards the hydrate zone, (b) drastic reduction of dissociation with the interruption of
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production, and (c) practical elimination of flow, and of the corresponding Joule-
Thomson cooling. In addition, the pressure increases because of temperature increase in
a system with a fixed volume, pressure equilibration within the reservoir, and continued
net hydrate dissociation.

Methane-water-hydrate equilibrium
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Figure 3-11 — Thermodynamic path during gas production for the base case

Figure 3-12 shows the methane release rate from the hydrate dissociation in the reservoir.
The spikes in the methane release rates in Figure 3-12 are related to the gridding in the
model and indicate that a hydrate layer in the model has dissociated completely. As the
gas is produced (at a constant rate) from the free gas portion, the gas release rate contin-
ues to increase. The increase in gas release rate means that the gas hydrates are dissociat-
ing more vigorously as time advances. At 2880 days of gas production, the gas release
rate in the reservoir (Q;) reaches about 2.5 MMscf/day. The gas production rate at the
well O, is 6 MMscf/day. Hence, the rate replenishment ratio (RRR) at the end of 2880
days is about 42%. The VRR reaches about 22% after 8§ years of production.
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Figure 3-12 — Methane release rate for the base case

Another important effect observed in the simulations was the formation of secondary hy-
drates in the vicinity of the top of the perforations close to the hydrate-gas interface. In
the base case, the top of the perforated interval is about 0.5 m away from the hydrate-gas
interface. When gas is produced, cooling occurs because of the endothermic nature of the
gas-releasing hydrate dissociation, and because of Joule-Thomson cooling caused by de-
pressurization and high gas velocities near the well. The availability of gas and water
(either native or originating from hydrate dissociation) and the continuing cooling lead to
the formation of secondary hydrate near the well, where the gas velocity is at its highest
and the temperature at its lowest level in the reservoir. The formation of secondary hy-
drates can lead to higher pressure drops around the perforations and eventually choking
of the well causing essentially complete blockage of flow. The formation of secondary
hydrates is illustrated in Figure 3-13, which shows such hydrates around the well after
180 days of production. However, for the base case, the effect was not important later
during the production because of fluid mixing with the warmer gas from the free gas por-
tion of the reservoir. The perforations very close to the hydrate-gas interface may exhibit
secondary hydrate formation around the well during initial the early stages of production.
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Figure 3-13 — Formation of secondary hydrate for base case at 180 days

Base Case with Water Drive

The literature is not clear about the strength of the aquifer at Messoyakha. Makogon et
al. (2005) suggests that the gas-water contact has not moved during the last 30 years of
production. However, water influx is a potential mechanism that could cause the reser-
voir pressure to increase during the time the field was shut-in, so we decided to simulate
the addition of an aquifer to our base case. To model the effects of an aquifer, we had to
develop and initialize a new modeling grid. Figure 3-14 shows the initial pressure and
temperature conditions in the reservoir. The capillary pressure parameters were changed
to give the initial gas saturation and water saturation profiles shown in Figure 3-15.
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If the aquifer was modeled as a strong aquifer, the water from the aquifer displaced the
free gas near the well bore very quickly. Because of the low temperature and the in-
creased availability of water, secondary hydrates form near the well, and reach satura-
tions that are sufficiently high to block flow, thus resulting in the cessation of production
(Figure 3-16). When O, = 6 MMscf/day, it takes about 10 days for gas hydrates to form
at the perforations and block gas flow. The formation of secondary hydrates around the
perforations occurs in the presence of strong water drive. Moreover, in the simulation
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results, it was observed that the rapidly rising water from the aquifer, starts forming more
hydrate in the hydrate layer.
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Figure 3-16 — Pressure map for the water drive case after 10 days

Comparing the simulation results for various strength aquifers and the observations of
Makogon that no movement in the gas-water contact has occurred, we concluded that the
aquifer at the Messoyakha has to be weak and does not play any significant role during
the gas production from the Messoyakha field.

Sensitivity analysis

In the dissertation by Grover (2008), a large number of sensitivity cases were run to
investigate how gas hydrates could have affected gas production in the Messoyakha field.
Results of the most pertinent of these sensitivity studies is described below.

Sensitivity to hydrate layer permeability

As this research progressed, it was clear that lower intrinsic permeability in the hydrate
layer tended to result in enhanced reservoir pressure increase after the well was shut-in.
By determining the pressure response of the system to various levels of permeability in
the hydrate layer, it was also possible to test the suggestion of Makogon et al (2005) that
the reservoir pressure continued to increase in Messoyakha after the wells were shut-in
and the pressure increase was due to continued gas hydrate dissociation.

All reservoir and fluid parameters, other than the permeability in the gas hydrate layer,
remained the same as in the base case. We looked at three cases, Cases 2A, 2B, and 2C
where the permeability in the gas hydrate layer was 0.01, 0.1 and 1.0 md., respectively.
These low values of vertical permeability can easily be explained by the thin shale layers
that are known to exist in the Dolgan formation. Figure 3-17 shows the thermodynamic
path of conditions at the top and bottom of the hydrate layer for Case 2B at r = 50 m from
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the well. When compared with the thermodynamic path for base case, it can be seen that
as the production continues, the pressure difference (4p;) between the top of the hydrate
layer and the bottom of the hydrate layer continues to increase. Apx is the result of very
low effective gas permeability in the hydrate. Because of lower effective permeability in
the hydrate layer for Case 2B, as compared to that of base case, the gas flow through the
hydrate layer is reduced. At the bottom of the hydrate layer (and in the free gas layer),
the gas flows much easily because of high effective permeability.

Methane-water-hydrate equiibrium
= =fi}= = Base of hydrate layer B
1200 |- =8 Top of hydrate layer Initial

1000 -

800 -
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Figure 3-17 — Thermodynamic path of conditions at two points at r = 50 m during gas
production where khydrate = 0.1 md

The bottom of the hydrate layer (/otom) dissociates in less than 3 years and the thermo-
dynamic conditions for /peem Start to deviate away from the equilibrium curve. The
thermodynamic conditions of top of the hydrate layer (/) are still on the 3-phase equi-
librium curve. After 3 years of shut-in (at time = 11 years) the conditions of Apeom moved
very close to the equilibrium curve (Figure 3-17). The temperature increases because of
the heat flow during the shut-in period, which results in continued hydrate dissociation
and hence pressure increases in the /poom and free gas layer. The conditions of Ay, are
such that after shut-in, the pressure and temperature still follows the equilibrium curve
downwards (solid arrow) and pressure and temperature continues to decrease at /p. The
permeability is so low in the hydrate layer that a pressure gradient persists between the
top and the bottom of the hydrate layer, leading to flow and continuing dissociation. The
temperature profile (Figure 3-18) for Case 2B, where the permeability in the gas hydrate
layer is 0.1 md., is such that after the shut-in of the well, the temperature differential be-
tween Aiop and Apoom. results in more dissociation at 4, and charging of that gas towards

hbottom-
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khydrate = 0.1 md of the Messoyakha study

Figure 3-19 illustrates the average pressure (payg) in the free gas layer plotted as a func-
tion of time. pa,, Increases when the well is shut-in and the permeability of the hydrate
layer is lower than that of the free gas zone. When the well is shut-in, there is a substan-
tial pressure differential between the hydrate layer and the free gas layer below keeps hy-

drates dissociating vigorously even after shut-in.

For the cases where the vertical

permeability is either 0.01 or 0.1 md, the pressure increase after shut-in is similar to
the pressure behavior observed at Messoyakha field. Even if only a portion of the
hydrate bearing layer at the Messoyakha Field has low permeability, due to thin shale
layers or some other factor, it could have led to higher measured pressures in the free gas

layer during the shut-in.

Average Free Gas Layer (FGL) pressure, psi

Figure 3-19 — Average free gas layer pressure (pavg) profiles for Cases 2A, 2B and 2C
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Figure 3-20 shows the methane release rate in the reservoir during production and after
shut-in for Cases 2A, 2B and 2C, where the permeability in the gas hydrate layer was
0.01, 0.1 and 1.0 md., respectively. All three curves show that as much as 15 — 20% of
the gas produced at Messoyakha could have come from the gas hydrate zone.
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Figure 3-20 — Volumetric Release Rates for Cases 2A, 2B and 2C
Other Sensitivity Analyses

In the dissertation by Grover (2008), additional sensitivity cases were also run to investi-
gate how gas production from the Messoyakha has been affected by the presence of the
gas hydrate layer above the free gas zone. Sensitivity cases were run to investigate the
following parameters:

e absolute permeability in free gas layer,
e hydrate saturation,

e the well completion interval,

e the gas flow rates, and

e the case where no gas hydrate existed.

For the case where we simulated Messoyakha with no gas hydrate, we wanted to test if
the pressure response at the Messoyakha can be reproduced if it is assumed that there
were no hydrates present in the reservoir. To simulate the no hydrate case, it was
necessary to initialize the model differently. Gas and water were assumed to be present,
overlain by shale and underlain by an aquifer. In the analysis of the reservoir sensitivity
to the aquifer strength when no hydrates are present, we investigated three cases. In these
run, we could manage to model the pressure decrease during production and the pressure
increase during shut-in as observed in Messoyakha.  However, if one accepts the
observation that the gas-water contact at Messoyakha has not moved during the life of the
field, then the cases with an aquifer and no gas hydrates can not be accepted as plausible.
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Conclusions

On the basis of our reservoir simulation results for a reservoir with properties similar to
the Messoyakha Field, we present the following conclusions:

1.

Our simulation results indicate that the published description of the Messoyakha Field
as a hydrate layer, underlain by a free gas layer, and a weak aquifer is the correct
description.

As the gas in the free gas layer was produced, the pressure and temperature declined,
and as much as 15-20% of the gas produced during the early years at Messoyakha
came from gas hydrate dissociation.

We simulated the reservoir pressure increase after the wells were shut-in in 1979 by
decreasing the vertical permeability in the gas hydrate zone to 0.01 to 0.1 md. These
values of vertical permeability are likely caused by the thin shale layers that exist in
the Dolgon formation.

Our modeling shows that if the perforations are close to the hydrate-gas interface, the
rapid cooling due to both hydrate dissociation and the Joule-Thomson cooling effect
will lead to the formation of secondary hydrates around the perforation (perforation
choking). The formation of secondary hydrates will lead to reduction in permeability
(essentially a damaged zone) that can lead to a rapid decrease in gas flow rates. The
damage can be removed by injecting solvents or heat to melt the secondary gas
hydrates.

We need to know for sure if the gas-water contact at Messoyakha has moved during
the life of the field. If we believe that the gas-water contact has not moved with time,
the increase in pressure due to continued hydrate dissociation after shut-in is a
plausible scenario. Otherwise, the increase of reservoir pressure can be simulated
using an intermediate strength aquifer.

55



Chapter 4 — Offshore Hydrate Deposits

Introduction

Gas hydrates are distributed around the Continental margins. Figure 4-1 illustrates vari-
ous areas around the world where hydrates are thought to exist (Makogon et al., 2007).

Map__of_ Discovered Gas H_ydrate Deposits
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By Core
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Figure 4-1 — Distribution of hydrates around the world (from Makogon et al., 2007).

The known gas hydrate deposits were discovered either from a BSR or by drilling wells
into the sediments. The oceanic hydrate resource is believed to be huge as compared to
onshore hydrates in or below the arctic permafrost (Sloan and Koh, 2008).

Oceanic hydrates have been found in different geological settings such as convergent and
divergent margins (Milkov, 2005). Although numerous small expeditions conducted have
studied the-near-seafloor hydrates, only a limited number of expeditions have been con-
ducted where deep boreholes were drilled and have acquired samples from various
depths. There is still a great deal of uncertainty surrounding the location and volume of
gas hydrate deposits in the ocean. We know where some deposits exist because we have
found them. However, most of the ocean is unexplored for gas hydrates.

Important data such as water depths, geothermal gradients, gas compositions and sedi-
ment properties has been collected from various literature sources for the offshore gas
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hydrate deposits. Efforts wee concentrated on offshore hydrate deposits because of pro-
ject focus on studying the seafloor stability issues in hydrate bearing sediments. The most
relevant data are described in the following sections.

Various hydrate expeditions have been carried out by the Ocean Drilling Program (ODP),
the Japanese Government (Nankai Trough) and the Chevron/US Department of Energy
(DOE) joint industry project (JIP) (Gulf of Mexico). The lithological and mineralogical
details are reported for the hydrate bearing sediments in the following sections.

Blake Ridge

The Carolina rise, particularly along the Blake Ridge, was one of the areas where marine
gas hydrate was first identified on the basis of bottom simulating reflector (BSR) data.
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Figure 4-2 — Map of the Blake Ridge (from Shipboard Scientific Party, 1996).

Figure 4-2 shows the map of the possible area of gas hydrate occurrence on the basis of
where the BSR can be identified from seismic. A total of seven sites (991 to 997) and 17
wells were drilled in the Blake Ridge region. A number of large solid gas hydrates sam-
ples were recovered from sites 994, 996, and 997. The samples from sites 994 and 997
were either nodular or thick massive pieces of gas hydrate. X-ray computed tomography,
diffraction, nuclear magnetic resonance and Raman spectroscopy gave results that indi-
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cated the gas was essentially 100% methane. Thermal conductivity values of gas hydrates
from Blake Ridge range from 0.3 to 0.5 W/m/K. Equilibrium dissociation indicated that
the equilibrium curve is almost the same as that of pure synthetic methane hydrate.

A large amount of microbial gas was encountered at the previous Deep Sea Drilling Pro-
ject (DSDP) drill sites on the Blake Ridge and no indications of thermogenic gases were
noted in these holes. At site 994, the sediments were very gassy. The probability of find-
ing gas hydrate in this hole was high (>50%) at depths from 100 to 450 meters below the
sea floor (mbsf) because of low chlorinity values in the pore water. The average geo-
thermal gradient in this area was found to be 35.4 °C/km. The gas hydrates were recov-
ered from nanofossil-rich clay at a sub-bottom depth of 260 to 330 m, about 200 to 120
meters above the BSR. The traditional method of core description does not work for gas
hydrates because the hydrates are unstable at surface conditions. For this reason, different
proxy techniques were used for the estimation of hydrate concentration in the pores. Us-
ing the chloride values, the gas hydrate concentration of some samples was as high as
14%. On the average, the values of 1.3%, 1.8% and 2.4% of the sediment above 450 mbsf
was filled with gas hydrates at sites 994, 995, and 997. Gas volumes from the Pressure
Core Sampler (PCS) indicated the range of hydrate concentration to be in between 0%
and 9%. Seismic data from vertical seismic profiles indicate that the sediments contain at
least 2% gas hydrates.

Nearly as much gas hydrate was inferred to occur at site 994 (no BSR present) as with
sites 995 and 997 (where extensive BSR was present). This demonstrates that gas hy-
drates may be present at a given location even if a BSR is not identified by seismic. Sites
991, 992, and 993 were the diapir sites. Shallow holes (50 to 60 mbsf) were drilled on the
flanks and crest of the Cape Fear Diapir and Blake Ridge Diapir. The sediments from
these three sites were strongly deformed.

Cascadia Margin
Figure 4-3 shows the expeditions performed in the Cascadia Margin, by the Ocean Drill-

ing Program (ODP) Leg 168, 204 and International Ocean Drilling Program (IODP) Ex-
pedition 311.
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Figure 4-3 — Map of drilling sites at Cascadia Margin (from Trehu et al., 2006).

Leg 311 targeted a segment of northern Cascadia Margin where the sediments were
coarser grained. The sediments encountered during the Leg 204 were finer grained. Leg
204 was carried out at Hydrate Ridge.

Hydrate Ridge is a 25-km long and 15-km wide ridge in the Cascadia accretionary com-
plex, formed as Juan De Fuca plate subducts obliquely beneath North America at a rate of
~4.5 cm/year (Shipboard Scientific Party, 2003). Sediment on the subducting plate con-
tains large volumes of sandy and silty turbidites. Hydrate Ridge is characterized by a
northern summit at a water depth of ~600 m and a southern summit at a water depth of
~800 m (Figure 4-4).
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Figure 4-4 - Drilling sites during Leg 204 (from Gracia et al., 2006).

ODP Leg 204 was the first expedition to evaluate gas hydrates distribution in accretion-
ary complexes. The distribution of gas hydrates in the nine sites and 45 wells is very het-
erogeneous, both laterally and vertically. The gas hydrates are present in the form of
lenses and nodules of sub-millimeter to centimeter thickness. These lenses and nodules
occur in clusters, and are several meters thick, and have orientations ranging from hori-
zontal to vertical (Janik et al., 2003; Trehu et al., 2004; Abegg et al., 2006). Gas hydrates
are usually present along the vertical fractures and do not significantly alter the sediment
stiffness. The gas hydrate distribution at Cascadia Margin is a result of two different re-
gimes of gas transport in the sediments, low flux settings and high flux settings (see
Chapter II).

The water depths at Cascadia Margin drilled wells range from 790 to 1200 meters. The
calculated geothermal gradient from the temperature measurements at different wells has
an average value of 55°C/km. The BSR is present ubiquitously throughout the Hydrate
ridge. A total of 13 hydrate bearing samples were subjected to X-ray Diffraction (XRD)
measurements. Out of the 13 samples, 8 samples showed the hydrate concentration rang-
ing from 1 to 7%. Five samples showed higher gas hydrate concentrations ranging from
20 to 70%. Detailed fabric analysis of the recovered samples showed that the gas hy-
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drates were present in layers with different dips. In the shallow sediments (<40 m below
seafloor) the gas hydrate layers were found to be parallel or subparallel to the bedding
planes. At depths greater than 40 m, gas hydrate layers were found to be present at
steeper dip angles (30° to 90°). The gas hydrates were interpreted to be fracture filling at
these steeper angles.

Figure 4-5 illustrates the drilled wells at Cascadia Margin during Leg 204. The BSRs are

shown in the cross-section and the color contours show the calculated gas hydrate satura-
tions.
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Gulf of Mexico

Gas hydrates have been recovered in more than 53 sites in the northwest portion of the
Gulf of Mexico (GOM) at water depths of 440 to 2400 m (Sassen et al., 1999a). Accord-
ing to Krason and Ciesnik (1985), the total volume of hydrate-bound gas in the GOM is
estimated to be between ~0.5 and 255 x 10'? m®. BSRs are rare in the GOM and no rela-
tionship has been observed between the presence of actual hydrates and the geophysical
signatures. Sassen et. al. have performed numerous field sample studies from the shallow
sediments from the GOM. There have also been two cruises in the GOM, namely Leg 96
of Ocean Drilling Program and the Chevron/DOE JIP work in 2005.

Although the GOM originated as a passive Continental margin, it is tectonically-active
with complex geological features. These features are faults, folds and salt piercements.
The main characteristic in the GOM that is different from other continental margins is
that hydrates are found in the shallow sediments. In other Continental margins (e.g. Blake
Ridge, Costa Rica margin, Cascadia margin and Nankai accretionary margin) the top of
the GHSZ for methane gas is found from tens to hundreds of meters below seafloor. Fig-
ures 4-6 to 4-13 (Milkov and Sassen, 2003) illustrate some of the areas studied for hy-
drates in the Gulf of Mexico.

Gas hydrates in Gulf of Mexico occur in various forms; from seafloor to deeper sedi-
ments.
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In addition to the sites mentioned above, two sites have been drilled by US-
DOE/Chevron JIP. Those two sites are Atwater Valley 13/14 and Keathley Canyon 151
(Figure 4-14). A total of seven wells were drilled during this expedition at water depths
ranging from 1290 — 1320 meters.

- J GOM 6as Hydrate JTP
: | Drill Sites

5

/- Atwater Valley:13/14

Keathley Canyon 151

93 -92 91 90
Figure 4-14 — US-DOE/Chevron JIP gas hydrate drill sites (from Conte and Bloyes, 2005).

Nankai Trough

The Nankai Trough is a convergent margin offshore southwest Japan. It is situated along
the subduction zone between the Philippine Sea Plate and the island arc system of Japan.
This area has been the focus of geologic and geophysical investigations for gas hydrates.
Convergent margins are favorable locations for the formation of gas hydrates and it is
estimated that two-thirds of total worldwide marine hydrates are found in these geologi-
cal structures. According to Krason (1994), total gas resources in the form of gas hydrates
in Nankai Trough is around 15 to 148 Tcf. Figure 4-15 (He et al., 2006) describes the
geological setting of Nankai Trough. Gas hydrates were indicated by the detection of
BSRs in the early 1980s. However, the first samples of cores containing gas hydrates
were collected in 1990 during ODP Leg 131. During the Nankai Trough expedition, hy-
drates were noted in cores between 90 to 140 meters below the seafloor (mbsf). The
methane in the cores was considered to be of biological origin because of the low concen-
tration of higher hydrocarbons.
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The ODP carried out another expedition in Nankai Trough in 2000 and drilled seven
holes. Japan National Oil Company and Japan Petroleum Exploration Corporation drilled
three boreholes in eastern Nankai Trough as a part of Japan’s effort to study the feasibil-
ity of gas production from the marine hydrate deposits. The world’s first offshore natural
hydrate exploratory wells were drilled from November 1999 to February 2000 at a single
location at the water depth of 945 meters. Up to about 100 mbsf the sediments are com-
posed of flat-lying mudstone-siltstone with occasional ash beds. Below 100m, the forma-

tion is mudstone and with increasing depth, the number and thickness of sandstone beds
increases.

132°E 134°

136°
EEE——
EURASIAN PLATE ’.? i
36 ) .
! = F
\ % v Honshu : _,J
o [ L {
o, ' [ Ly R = i .
34'N ! ! :5 ‘.’ PACIFI N /!_ ¢ -
[ A N .
: & ( \ ‘
2 = el
y - A Ha
LU A | .Y
‘:f%_\. 2% PHILIPPWNE ). ) o~ Q(‘)'Q«c}\ i
\’% % SEAPLATE l el -'pgi“ 4
1 1 |
\;%35 % o \ ‘\\U\__\ 3 \J;/_/ 4 «

wl P & 7 Shikoku Basin l_“"“:I
i ¢ <
N @Qfsp@ 0 45 90
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Chapter 5 — Pore Scale Modeling
Summary of Grain-Scale Modeling by UCB

The proposed model studies alteration of hydrate-bearing sediments (HBS) caused by
hydrate dissociation. Simulated tests of stressing rock samples in laboratory produce es-
timates of the core-scale elastic moduli of the samples. Simulations employ a quasi-static
variational approach, where deformation of granular matter is presented as a continuous
sequence of equilibrium configurations. Our model is based on the principle of quasi-
static equilibrium and uses physical material properties as input data, with no adjustments
for calibration. Variational approach made possible the development of efficient numeri-
cal algorithms.

Ultimately, the objective of this effort is to develop a grain-scale model of HBS. Hydrate
dissociation alters the strength of HBS. In particular, transformation of hydrate clusters
into gas and liquid water weakens the skeleton and, simultaneously, reduces the effective
stress by increasing pore pressure. The large-scale objective of the study is the evalua-
tion of geomechanical stability of the offshore oil&gas production infrastructure. The
output of the micro-scale model described here is intended to be used in the reservoir-
scale simulations of coupled flow and geomechanics.

We model the mechanical deformation of HBS or, more generally, of a granular medium,
by numerical simulations of deformation of a pack of elastic spherical grains. Although
this approach cannot entirely replace laboratory tests as the ground truth, it offers insights
and capabilities that may be not available otherwise. Grain-scale simulations provide
unique insights into the mechanisms underlying phenomena such as strain hardening and
hysteresis. Moreover, they can be used to play various what-if scenarios, which cannot
be performed in a laboratory.

Milestones:
e The conceptual model developed within Phase One of the project has been veri-
fied against published laboratory test data.
e The quasi-static grain-scale model of HBS has been extended to incorporate tan-
gential contact forces at grain-to-grain contacts.
e The computational performance has been significantly enhanced by the develop-
ment and implementation of customized algorithms.

This report covers results within Subtask 3.1 and Task 6. Due to the discontinuation of
DOE funding, the work on the project ceased rather prematurely, see the Further Reading
section.



Technical Approach

The proposed model of rock deposition and alteration is based on the quasi-static varia-
tional approach, where deformation of granular matter is presented as a continuous se-
quence of equilibrium configurations. A disordered heterogeneous grain pack, con-
strained by solid walls, models granular medium, see Figure 5-1. Grain sizes and mate-
rial properties are assigned with values from uniform and normal distributions, respec-
tively. Each equilibrium configuration corresponds to a minimum of appropriately de-
fined energy functional. Macroscopic elastic moduli are evaluated from the deformations
and displacements of individual grains. The method relies on sound physics, and the
simulation-based estimates of elastic moduli of glass-bead packs and sandstones ade-
quately predict available published laboratory measurements with no adjustments of ma-
terial properties [Holtzman et al 2008]. At the same time, simulated experiments can re-
produce arbitrary reservoir conditions, including those which are impossible to realize in
a laboratory test.
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Figure 5-1. An example of computer-generated disordered 3D grain pack. The distribution
of grain sizes and material properties are taken from published data.

Hydrate dissociation weakens the solid skeleton by “melting” hydrate clusters. Unless
evacuated immediately, the gas released by dissociation increases the pore pressure.
Since the overburden stress remains constant, the excess pore pressure reduces the effec-
tive stress. As a consequence, the shear strength of the HBS goes down. Grain-scale
simulations provide insights into the interaction between these two mechanisms of forma-
tion damage and provide estimates that can be used as input in large-scale coupled flow
and geomechanical simulations [Rutqvist, J. and Moridis, G. J., 2007].

Computer-generated HBS grain pack

Gas-hydrates are crystalline solids composed of water molecules arranged into a rigid
framework of cages, occupied by gas molecules. Hydrates form under relatively high
pressures and low temperatures, with sufficient supply of gas [Sloan, 1998, 2003]. There
is a variety of models of hydrate distribution in the pore space. In the context of the pre-



sent study, the most interesting case is where the hydrates are integrated into the solid
skeleton as load-bearing particles. In simulations, the hydrates are represented by the
smaller grains, assigned with material properties of methane-hydrate. There is no affinity
between hydrate and rock grains in the model presented here.

We model the effect of hydrate dissociation on the mechanical properties of an HBS
sample using the quasi-static variational model mentioned above. In a computer-
generated HBS sample, hydrates clusters are part of the load-bearing solid skeleton. A
partial dissociation of hydrates results in shrinking of the hydrate phase, and a reduction
of the effective stress caused by an increase of the pore pressure. Both phenomena dra-
matically reduce shear strength of the HBS. Moreover, simulations show that this
strength reduction happens as an abrupt drop, which is followed by a more gradual fur-
ther weakening of the material.

Main parameters

Using the convention that hydrates are a part of the pore volume [Jin et al., 2002], the hy-
drate saturation, S, is defined as S = V;/Vior. Here Vj, denotes the volume occupied by hy-
drates, and Vi is the total pore volume. The porosity is defined here as the water-filled
porosity, see [Jin et al. 2002]. Weakening of HBS is the result of two main factors: (a) A
shrinking of the solid skeleton, as some of the hydrate grains are converted into gas and
liquid water; and (b) a decrease of the effective stress due to the growing pore pressure.
Reduction of hydrate saturation, S — S—-AS, AS > 0, quantifies the dissociation. The hy-
drate shrinkage is modeled by scaling down the hydrate grain radii by a uniform factor.
The computed reduction of the elastic moduli of the pack serves as a measure of forma-
tion damage.

The grain pack used in simulations contained 2740 grains. The radii were uniformly dis-
tributed between 0.07 and 0.09 mm. The bulk and shear elastic moduli of solid grain ma-
terial were 47.6 and 43.5 GPa respectively, which correspond to material properties of
quartz grains. A portion of grains of radii 0.07-0.075 mm was assigned material proper-
ties of methane-hydrate: 6.1 GPa for the bulk modulus, and 2.5 GPa for the shear
modulus.

The initial porosity and hydrate saturation prior to dissociation were ¢ = 36% and S =
0.22. The initial effective stress was 21 MPa. The choice of the magnitude of initial
stress reflects the overburden including the gas or oil recovery structures (e.g. an oil plat-
form) standing on the ocean floor.

Determination of the relation between the pore pressure and the decrement of hydrate
saturation requires account of the kinetics of hydrate dissociation: the excess pressure
varies with factors such as dissociation rate, sediment permeability, and initial pore pres-
sure [Xu & Germanovich, 2006]. We simulate several dissociation scenarios, by using a
range of saturation decrements and excess pressures evaluated from the model of [Xu &
Germanovich 2006] as input parameters. By varying the excess pressure and the satura-
tion decrement independently, computations generate a series of configurations represent-
ing different scenarios.

Simulations



A range of possible dissociation scenarios was modeled by varying the excess pressure,
Dex, between 0—1 MPa, and the saturation decrement, AS, between 0-0.015. The varying
elastic moduli were used as indicator of rock weakening. Thus, simulations included two
components. First, deformation of the grains and rearrangement of the pack were com-
puted at changing conditions: shrinking hydrate grains and decreasing effective stress due
to growing pore pressure. Second, the elastic moduli were determined by simulation of
small displacements of the solid walls bounding the grain pack, and numerical evaluation
of the corresponding variations of the macroscopic stress. Flow modeling and relaxation
of the excess pore pressure are a part of large-scale simulations, which are outside of the
scope of our grain-scale model. Therefore, both the excess pressure and the degree of
dissociation are input parameters.

Figure 5-2 shows the effective moduli versus excess pore pressure, assuming fixed
shrinking of the hydrate grains that corresponds to the saturation decrease of one percent.
Figure 5-3 shows a plot of computed decrease of the moduli versus saturation decrement
assuming a fixed excess pore pressure, pex, of 1.0 MPa. Both these figures show an al-
most instantaneous drop in the shear modulus caused by excess pore pressure. Practi-
cally, this result implies that unless the released gas has a highly-permeable evacuation
path from the dissociation area, the instability of the see floor can be a serious hazard and
lead to the most dramatic undesired consequences.
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Figure 5-2. Simulations showing weakening of a hydrate-bearing sediment caused by
hydrate dissociation. Weakening is demonstrated by a reduction in bulk (dashed line) and
shear (solid line) modulus vs. increasing the excess pore pressure, p.y, for a fixed
saturation decrement, AS = 0.01.
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Figure 5-3. Reduction in bulk and shear moduli plotted as dashed and solid lines,
respectively, vs decreasing the saturation for a fixed excess pressure, p.x =1 MPa. Note
instantaneous shear modulus drop due to the effective stress reduction.

Concluding Remarks

We have modeled the mechanical deformation of HBS or, more generally, of a granular
medium, by numerical simulations of a pack of elastic spherical grains. This approach
offers opportunities which are unavailable in laboratory experiments or in a field test.
Grain-scale simulations provide unique insights into the processes and phenomena under-
lying the classical continuum-medium models. They explain such phenomena as strain
hardening and irreversibility. Simulations can address the various what-if scenarios at
reservoir conditions, which cannot be performed otherwise. The quasi-static variational
model discussed above has a significant potential for study of sediment failure caused by
hydrate dissociation.

Hydrate dissociation is modeled as the shrinking of a part of the solid skeleton that is the
hydrate “grains”. A decrease of the effective stress is related to the evolution of trapped
gas. Simulations show that excess pore pressure causes an almost instantaneous dramatic
weakening of shear strength of the formation. Although these simulations treat the mag-
nitude of the growing pore pressure as an input parameter, they show that if the gas
formed by the dissociation is trapped, the loss of the ocean floor stability can be dramatic.

Ultimately, stability of the slope at the ocean floor can be predicted by the coupled large-
scale simulations that account for both fluid flow and geomechanics. Such simulations
require input in the form of trend curves, which are determined by the micromechanics of



the medium. A micromechanical model capable of providing such input has been devel-
oped here.

Further Reading

Some results have been published in Holtzman et al. [2008] and SPE Paper 114223.
Also, see Micromechanics of sediments: a variational approach to grain-scale simula-
tions, PhD Thesis by Ran Holtzman, University of California, Berkeley, 2008
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Chapter 6 - PETREL-FLAC3D Data Exchange, Description
and Workflow

Problem Statement

Given a PETREL database, provide software tools and describe a workflow for the crea-
tion of a FLAC3D model ready-to-run.

The PETREL model contains, among other things, the description of horizons and the
special distribution of properties. As part of this project, an automatic method of creating
a FLAC3D grid must be developed. The resulting grid must be composed of multiple
materials representing the various regions of the PETREL database delimited by the hori-
Zons.

In addition to the grid, an automatic and conservative method of extracting material prop-
erties from PETREL should also be devised. The extracted properties should be auto-
matically assigned to the individual FLAC3D grid element. The user will complement
the missing material properties and mechanical behavior law parameters by adding them
manually to the FLAC3D data file.

A number of comments are in order

1. Data sets extracted from PETREL may be very large. A automatic method should
be devised to coarsen (decimate) the data, while maintaining pertinent details.

2. The PETREL model may contain features ranging in size from tens of meters to
hundreds of kilometers. This requires a non-traditional meshing approach that
would keep the total element count in the FLAC3D model to a minimum while
ensuring adequate representation of details and adequate transition between
FLAC3D element sizes.

3. Property transfer from PETREL to FLAC3D should be conservative

4. The workflow should be simple and robust

FLAC3D and the 3DShop option

FLAC3D is a numerical modeling software for the advanced geotechnical analysis of
soil, rock, and structural support in three dimensions. FLAC3D is used in analysis, test-
ing, and design by geotechnical, civil, and mining engineers. It is designed to accommo-
date any kind of geotechnical engineering project where continuum analysis is necessary.
FLAC3D uses an explicit finite volume formulation that models complex behaviors not
readily suited to finite element software, such as problems consisting of several stages,
large displacements and strains, non-linear material behavior and unstable systems
(yield/failure over large areas, or total collapse, etc.).

FLAC3D version 3.1, combines speed (using multithreading on multiple processors, see
multiprocessor speedup in Figure 6-4), virtually unlimited model size (with the new 64
bit implementation), and geometrical flexibility (with its ability to create both hexahedral
and tetrahedral grids using the 3DShop option)
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Figure 6-4: FLAC3D 3.1 Parallel performance: multiprocessor speedup as a function of
number of processors

In addition to hexahedral grids, FALC3D 3.1 accepts more complex models using tetra-
hedral grids supported with the Nodal Mixed Discretization (NMD) scheme which en-
sures accurate plasticity results for tetrahedral grids. 3DShop’s local mesh refinement
facility allows for a more economical use of memory by concentrating elements near ar-
eas of interest.

The 3DShop option of FLAC3D is a powerful solid modeler that can be used to import
complex models or create them from scratch. 3DShop includes an automatic hexahedral
and tetrahedral grid generator for FLAC3D (Figure 6-6).

Auto Hex-
meshing:

KUBRIX

Modelling: Simulation:

ModelDesign FLAC3D
Auto Tet-
meshing:

TETMESH

Figure 6-5: Organization of 3DShop



In contrast to many solid modelers used in mechanical engineering, 3DShop can handle
complex non-manifold surfaces commonplace in geotechnical engineering applications.
CAD and GIS data can be read from a variety of geotechnical analysis and mechanical
computer-aided engineering tools such as GoCad, Vulcan, Map3D, DataMine, AutoCad,
SolidWorks, SolidEdge, ProEngineer and Catia through the STEP, IGES, 3DS
(3DStudio), STL, VRML, DXF and DWG (AutoCad) file format to produce both hexa-
hedral and tetrahedral grids (Figure 6-6).
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Figure 6-6: Geometrical flexibility in FLAC3D 3.1 with hexahedral and tetrahedral grids
Importing Horizons into 3DShop

As part of the present project, a module was developed to read and parse zmap files. This
functionality enables users to export horizons from PETREL as zmap files and read them
into 3DShop. In future developments the more straightforward import of horizons as
.grid files may be envisaged.

Imported horizons can be visualized in 3DShop and saved as a single STL file. An STL
file is an ASCII file used to store triangular element information. If the horizons cover a
wide area and as a result their triangle count is large, 3DShop allows for the automatic
coarsening or decimation of these meshes.

Data decimation

The decimation procedure substantially reduces the number of triangles in an imported
horizon file while maintaining small details. The decimation process starts with the se-
lection of a threshold dihedral angle by the user (usually in the order of 5°) and proceeds
as follows:

e Sorting of all edges where the edge is the smaller of the two other edges in each
of the adjacent triangles



Sorting of the previous list in the order of increasing dihedral angles

e Collapse of all edges and their corresponding adjacent triangles, up to the thresh-
old dihedral angles specified by the user

e This procedure is iterated several times until no edge collapse is possible

An example of the outcome of this procedure for a given horizon is shown in Figure 6-7.
It can be noted that this decimation approach preserves details while reducing the triangle

count by nearly an order of magnitude.

Details are
conserved

Figure 6-7: zmap file translation and subsequent mesh decimation

After reading all the horizons, the assembled geometry can be visualized in 3DShop
(Figure 6-8).

Figure 6-8: Final assembled horizons. Highlighted are show two or more tangent horizons.

A closer look at Figure 6-8 shows that the geometry of the assembled horizon presents a
major challenge. The highlighted area shows that two or more horizons are tangent. This
represents a challenge for traditional solid modeling where surfaces should intersect at
clear edges without causing topological ambiguity or any angle close to zero. If we were
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to clean up this geometry, we would have to decide where the intersection of the horizons
occurs, and assume a clean description of the intersection curve. This would require
manual intervention. The Oct-tree meshing approach avoids this problem.

Oct-tree Mesh Generation

Mesh generation should not require any operator intervention. This leaves us with any of
the available automatic meshing options. But automatic meshing requires the creation of
a so-called solid model. This requirement can also be described as that of creating a wa-
tertight triangulation of all the surfaces constituting the horizons and the outer block. Be-
cause of the topological ambiguity due to tangent horizons, we propose an oct-tree mesh
generation technique.

Oct-tree meshing follows these steps:
1. Determination of a bounding cube. This cube is called the root element
2. Ifthis element intersects the horizon, subdivide it into 8 cubes
3. If the edge length of the cube is smaller than a user-specified value, STOP
4. FElse, go to step 2.

Because of its simple structure, the oct-tree mesh has a simple data structure depicted in
Figure 6-9.

Figure 6-9: Data structure of an Oct-tree mesh

I- == M
|
o
ot

With an Oct-tree mesh, the size of the smallest captured detail is about the size of the
smallest cube of the oct-tree; in the example above, the size of the pink cube.

The Oct-tree is first used to detect the geometry. Figure 6-10 shows a 2-D illustration of
this approach. The blue region is the oct-tree’s interpretation of the geometry.
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Figure 6-10: Principle of Oct-tree geometry detection

The standard oct-tree can cause abrupt grid refinements. The A region of Figure 6-10
show an abrupt 1 to 8 refinement and region B show an asymmetrical 1 to 3 refinement.
These types of mesh refinement, while supported in FLAC3D, introduce large errors and
are not recommended A balanced Oct-tree is one in which all refinements are 1 to 2 in
2D and 1 to 8 in 3D (

Figure 6-11). These types of refinement are preferable.

Figure 6-11: Original (unbalanced) and balanced Oct-tree. In a balanced oct-tree, two
adjacent cubes are always no more than one generation apart.

The dark blue region delineates the various regions. The next step is to identify the re-
gions as shown in Figure 6-12.



Figure 6-12: Partition of the space using an oct-tree. Left: regions + boundary. Right:
regions

The oct-tree approach is very economical in terms of element count.

Figure 6-13 shows the increase in number of elements as cubes are cut into smaller and
smaller pieces. In the limit, the number of elements is multiplied by 4 every time cube
splitting advances one generation.

U: N(n+1)=4 x N(n)
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Figure 6-13: Number of elements as a function of oct-tree generations. U represents an
unbalanced oct-tree while B is a balanced one which results in a slightly larger number of
elements

In the present test case, the model’s geometrical features vary in size from 30 to 3000 m.
As a result, the number of oct-tree generations will be in the order of:

N =log (3000/30) /log2 = 6
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FLAC3D is one of the only commercial software packages that can handle oct-tree
meshes because it can handle so —called dangling nodes. FLAC3D requires some over-
head to handle such grids but all in all, using oct-tree grids results in substantial savings
in memory and CPU time requirements. Figure 6-14 shows the present model meshed
with a 7 level Oct-tree mesh.

Figure 6-15 shows a complex salt dome structure meshed with the same technique.

Figure 6-14: The present model meshed by a 7 level oct-tree
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Figure 6-15: Example of a salt dome meshed with oct-trees
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To verify that the oct-tree mesh results do not introduce any spurious artifacts in the re-
sults, we modeled the complete geometry as a single homogeneous elastic material, and
computed the stresses caused under its own weight.

A vertical cross-section trough the middle of the geometry is shown in Figure 6-16. It
can be seen that artifacts caused by the oct-tree mesh do not exceed the local maximum
element size.
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Figure 6-16: Contour of vertical stress SZZ for the present model represented as
homogeneous elastic material.

PETREL Grid Extraction

In practice, material properties are extracted from a .grid file outputted by the PETREL
database. The following guidelines should be creating when creating a .grid file:

1. Make sure that the grid file contains only the properties that you intend to read
The dimensions and location of the parallelepiped containing the model (for
which the .grid file is produced) should match those of the parallelepiped contain-
ing the horizons

3. Grid orientation must be direct with the Z-direction pointing upwards

The grid file is read by 3DShop during mesh generation. If a material is available in the
grid file, it will be read by 3DShop.

PETREL Property Extraction
A key concern in extracting material properties is that the property assignment be conser-
vative. To comply with this requirement, we have implemented a method in 3DShop that

computes, for each FLAC3D element, its volume intersection with all the PETREL cells
concerned. For each PETREL cell P; intersecting the FLAC3D element ¢, its contribu-
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tion to the FLAC3D element ¢ is weighed by the volume of intersection. The sum of all
contributions is the FLAC3D element property (Figure 6-17).

FLAC3D element © PETREL cell

Pp=Ps Vot PgVg+ Po Vo + Pp Vo + Pe Ve + Pe Ve + P Vg + Py Vy

Figure 6-17: Computation of the FLAC3D element property based on PETREL cell
properties

As properties are calculated for each FLAC3D element, 3DShop adds the property of that
element to an ASCII file. Once mesh generation is complete and FLAC3D is launched,
FLAC3D uses a FISH function to read the property file and assign the right property to
each element.

Sample Calculation

An elastic model is used and several typical material properties are assigned to the vari-
ous layers between the horizons. The FLAC3D data file is shown below.



;Schlumberger ECLIPSE-FLAC3D Data Transfer test case created by Reza Taghavi 3/27/07
res al_lev7.sav
model elastic

group sandstonel range group group4
group sandstone2 range group group5
group sandstone3 range group group3
group mudstonel range group group9
group mudstone2 range group group6

;All groups other than sandstone 1, 2 & 3 and mudstone 1 & 2 are joints prop bulk 4.17E+08 shear 4.55E+08
density 2710
;coh 0 fric 3.00E+01 tension 0

prop bulk 8.03E+09 shear 6.53E+09 density 2310 range group sandstonel ;coh 1.50E+07 fric 4.10E+01 tension
1.50E+06 range group sandstonel

;group 5 sandstone 2
prop bulk 1.33E+10 shear 1.00E+10 density 2310 range group sandstone2
;coh 2.00E+07 fric 4.90E+01 tension 2.00E+06 range group sandstone2

;group 6 sandstone 3
prop bulk 1.17E+10 shear 8.42E+09 density 2420 range group sandstone3
;coh 2.30E+07 fric 4.30E+01 tension 2.30E+06 range group sandstone3

;group 14 mudstone 1
prop bulk 3.22E+10 shear 6.48E+08 density 2710 range group mudstonel
;coh 1.20E+07 fric 4.70E+01 tension 1.20E+06 range group mudstonel

;group 17 mudstone 2
prop bulk 6.62E+09 shear 6.98E+09 density 2710 range group mudstone2
;coh 1.90E+07 fric 3.00E+01 tension 1.90E+06 range group mudstone2

set gravity 0 0 -9.81

;Apply Uniform Boundary Stress Field Values
fix x range x -2 2

fix x range x 1767 1771

fix y rangey -2 2

fix y range y 1248 1252

fix x y z range z -2203 -2197

;1000 kg/m3 * 1333 meters * 9.81 = 13.07e6 = pressure
apply nstress -13.07¢6 range x 2 1767 y 2 1248 z -1500 -900
hist unbal

plot show base

save al lev7 FElastic_preSolve.sav
solve

save al_lev7_Final.sav

ret

define TranslateAndScaleToMeters
gp = gp_head
loop while gp#null
gp_xpos(gp) = 0.3048 * ( gp_xpos(gp) - 1643300 )
gp_ypos(gp) = 0.3048 * ( gp_ypos(gp) - 9730950 )
gp_zpos(gp) = 0.3048 * gp_zpos(gp)

gp = gp_next(gp)
end loop
end

impgrid al_lev7.flac3d
TranslateAndScaleToMeters
del range group group2
attach face tol 1.

save al_lev7.sav




Figure 6-18 shows the generic group assignments as produced by 3DShop. The arrowed
numbers in

Figure 6-19 refer to the new group definitions in the FLAC3D data file.

Figure 6-20 Shows the FLAC3D grid after removal of the group corresponding to the ma-
terial “water”. This is done in the FLAC3D data file. Please note that it this test case,
properties are not read from PETREL but assigned explicitly in the FLAC3D data file.
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Figure 6-18: Sample calculation grid

Water

sandstone

3
mudstone
2
1 ..... 2 -
1__
joint

Figure 6-19: New group assignments done in the FLAC3D data file
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Figure 6-20: The final FLAC3D grid after removal of “water”

Figure 6-21 shows a result of this simulation

Fd FLACID 3.10-430 (32-bHt) - [View Dase/

P Dl [t jetrngs Blabtens Wndow
FLAC3ID 310

£2006 Hasca Consulting Growg, Inc.

Slep 5543 Mods! Projection
14:16:38 Tue May 01 2007

Cantar: Ratation:

¥ 8834002 X 20000
V62484002 Y: 0000
L1750 I 200

Dist: 5.513e<003  Size: 1.755e+003
Increments:

Move: 218384002

Ret.: 10,000

Contour of Displacement Mag

Magfac = 0.000e+000

Live mach 20nas shown
0.0000e+000 to 2.5000:001
2,5000e-001 o 5.0000e-001
5.00002-001 to 7.5000e-001
7.5000e-001 to- 1.0000e+000
1.0000e+00 to 1.2500+000
1.2500e+000 1o 1.5000+000
1.5000e+000 to 1.7500+000
1.7500e+00 to 2.0000+000
2.0000e+000 to 2.2500e+000
2.2500e+000 10 2.5000e+000
2.5000e+000 to 2.73002+000
2.7500e+000 to 2.9320e+000

Interval= 25001

Itasca Consulting Group, Inc.
Minnsapalis, MN USA

Figure 6-21: Sample elastic calculation: contour of displacement magnitude

PETREL to FLAC3D Workflow



Figure 6-22 shows a flow chart of the workflow. Yellow rectangles represent the devel-
opment work performed in the framework of the present project. Light-blue squares are
files and orange squares represent existing software applications.
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Figure 6-22: PETREL to FLAC3D Workflow Diagram
The various steps involved in creating a working FLAC3D model are as follows:

I. Collecting Geometry and Translation into STL files
1. Collect the following items
1) Grid file. In PETREL, export a grid file representing a parallelepiped. The file
must contain the properties that you are would like to assign to FLAC3D ele-
ments (porosity, density, etc...). All dimensions are in feet.
2) Horizons in the zmap format. The file must cover the same parallelepiped,
with all dimensions in feet.

Il. Translate the horizons:
3) Run:

Kubrix —i waterbottom —it zmap —translate stl
This produces a file called x.stl

4) Rename X.stl to w.stl (mv x.stl pl.stl)
5) Run:

Kubrix —i pleistl —it zmap —translate stl



6) mv Xx.stl pl.stl
7) repeat the same operation with pleist2, unconform1 and unconform?2

At the end, we have 5 files: w.stl, pl.stl, p2.stl, ul.stl, u2.stl

Creating the Horizon Model & Determining the Extent of the FLAC3D Grid
. Run 3DShop

1) Create a new document

2) Insert w.stl, pl.stl, p2.stl, ul.stl, u2.stl in the new document
3) Save the complete model as: al.stl

4) Reflect the entire model with respect to the z = 0 plane

5) Save the complete model, again, as: al.stl

You have created the input geometry

2. Determine the box containing the FLAC3D mesh...

1) Determine the smallest and largest X,y and z of the model using 3DShop.

IV. Create the FLAC3D Mesh Based on al.stl (Preparation)

3. Run 3DShop...

1) Readin al.stl

2) Select Applications|kubrix|Hexahedral Meshing. The Hexahedral Meshing dia-
log box opens...

3) Click on Default to enter default values in all fields

4) Enter the following string in the field marked New Keywords:

-mode octree -olevel 5 -obox 1646200 9733000 -5220 5800 4100 4000 -app petrel

5) Mode: specifies the custom Octree mesh type

6) Olevel: specifies the level of Octree mesh generation

7) Obox: specifies the position of the box: the first 3 floats are the coordinates of the
center of the box and the next 3 indicate the dimensions of the box

8) app: specifies the custom application

V. Create the FLAC3D Mesh Based on al.stl (Mesh Generation)

VI.

4. Click on Compute...

1) 3DShop reads al.stl

2) Creates and octree mesh that fits in the box specified by obox with olevel number
of levels

3) Parses the grid file, extracts the cells

4) Extracts the properties

5) Computes the contribution of each PETREL cell to each FLAC3D element

6) Outputs PetrelProperties.dat

7) Outputs al.flac3d

Output from 3DShop



PORO

a.
o.
a.
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056446
0512567
0564004

.05136897
0540277

0565643

0791058
ENSITY
13922
06322

26

. 18523
21041

06196
.19566
. 20858
07038

LI

*

FLAC3D input deck produced by KUERIX wersion 9.3.0

mesh built:

Thu Hay 03 07:14:01 2007

—app 3dshop —i C:“Documents and Settings-~Reza Tagh
Taghavi~Desktop~Itasca~geo~Schlunberger03i2z307~al. fla
—obox 1646200 9733000 -5220 5800 4100 4000

*
*GRIDPOINTS

G 1, 1.643300e+006, 9.730950e+006, —7.220000e+003

G 2, 1.649100e+006, 9.730950e+006, —7.220000e+003

G 3, 1.649100e+006, 9. 735050e+006, -7 . 220000e+003

G 4, 1.643300e+006, 9.735050e+006, -7 . 220000e+003

G 11593, 1.64891%+006, 9.734922e+006, -4 .470000e+00
G 11594, 1.649100e+006, 9.734922e+006, -4 .470000e+00
G 11595, 1.64891%+006. 9.735050e+006., —4.470000e+00
*ZONES

Z B3 1. 9. 47, 35, 36, 48, 37, 49, 50

Z B8 2 47, 2, 48, 49, 51, &0, 52, 53

Z B8 3. 35, 48, 10. 37. 54, 41, 50. &5

7 B8 8889, 11577, 11578, 11589, 11581, 11590, 11593
Z BS 8890. 11583, 11589, 11585, 11587, 11591, 2324,
Z BS 8891, 11589, 11590, 11591, 11593, 11592, 11585
*GROUPS

ZGROUP groupl

1290 1292 1293 1294 1295 1300 1302 1304 1305 1306 13
1318 1319 1320 1321 1323 1328 1330 1336 1337 1338 13

Figure 6-23: PetrelProperties.dat and a1.flac3d files

VIl. Running FLAC3D

8) Run FLAC3D

9) Run ReadPetrelProperties.fis
10) Remove water

11) Attach face tol 1

12) Complement missing properties
13) Manage model through FISH



Conclusions

The objective of this multi-year, multi-institutional research project was to develop the
knowledge base and quantitative predictive capability for the description of geomechani-
cal performance of hydrate-bearing sediments (HBS) in oceanic environments. The focus
was on the determination of the envelope of hydrate stability under conditions typical of
those related to the construction and operation of offshore platforms. On the basis of
our work, we offer the following conclusions:

Pore Scale Modeling by UCB

e We modeled the mechanical deformation of HBS or, more generally, of a granular
medium, by numerical simulations of a pack of elastic spherical grains. Although this
approach cannot entirely displace laboratory tests as the ground truth, it offers some
opportunities which may be not available otherwise.

e QGrain-scale simulations provide unique insights into the processes and phenomena
underlying the classical continuum-medium models.

e A grain-scale model of granular material has been verified against available experi-
mental data and numerical simulations by others. The model is based on the principle
of quasi-static equilibrium, and uses physical parameters as input data, with no ad-
justments for calibration.

e After successful verification, the model has been applied to quantitative estimates of
the impact of hydrate dissociation on the mechanical strength of hydrate-bearing
sediments. The results have been reported in journal publications, presented at a
number of scientific conferences and invited seminars.

e Hydrate dissociation is modeled as the shrinking of a part of the solid skeleton that is
the hydrate “grains”. A decrease of the effective stress is related to the evolution of
trapped gas.

e Simulations show that excess pore pressure causes an almost instantaneous dramatic
weakening of shear strength of the formation. Although these simulations treat the
magnitude of the growing pore pressure as an input parameter, they show that if the
gas formed by the dissociation is trapped, the loss of the ocean floor stability can be
dramatic.

e Ultimately, stability of the slope at the ocean floor can be predicted by the coupled
large-scale simulations that account for both fluid flow and geomechanics. Such
simulations require input in the form of trend curves, which are determined by the
micromechanics of the medium.

TOUGH+/FLAC3D Model Development by LBNL

e We coupled the TOUGH+/HYDRATE code (developed by LBNL and used for the
description of system behavior in HBS) with FLAC3D (a commercial code that is
widely used in soil and rock mechanics engineering and for scientific research in aca-
demia).

e TOUGH+/HYDRATE allows the study of flow and transport of fluids (distributed
among four phases) and heat in hydrate deposits, and accurately describes the ther-



modynamics of hydrates as they are distributed among fifteen possible states (i.e.,
phase coexistence combinations).

e FLAC3D has built-in constitutive mechanical models suitable for soil and rocks, in-
cluding various elastoplastic models for quasi-static yield and failure analysis, and
viscoplastic models for time-dependent (creep) analysis.

e The coupled model is the first of its kind, can be used for the joint analysis of hydrau-
lic, thermal, flow and geomechanical behavior in HBS, and is a unique tool for the
analysis of the effect of hydrate dissociation processes on the structural stability and
possible displacement of HBS and of their overburdens.

e Presently we have developed a novel simulator for analysis of geomechanical per-
formance of HBS and we already applied the simulator on studies related to the ge-
omechanical behavior of both offshore (oceanic) and onshore (sub-permafrost) hy-
drate deposits.

e In these studies we have addressed the questions about the geomechanical perform-
ance of the HBS and the potential for well bore instability and casing deformation.

e The next step will be to expand our analysis to two-way coupled effects, i.e. investi-
gating the effect of compaction-induced changes in porosity and permeability on the
production performance.

Simulation of Gas Production from Hydrates Using TOUGH+Hydrate by TAMU

We have used TOUGH+Hydrate to simulate the observed gas production and reser-
voir pressure field data at Messoyakha. We simulated various scenarios that help to ex-
plain the field behavior. Due to limited data, we constructed a number of 2D cross sec-
tional models to answer as many questions as possible. We list here important conclu-
sions.

e Our simulation results indicate that the published description of the Messoyakha Field
as a hydrate layer, underlain by a free gas layer, and a weak aquifer is the correct
description.

e As the gas in the free gas layer was produced, the pressure and temperature declined,
and as much as 15-20% of the gas produced during the early years at Messoyakha
came from gas hydrate dissociation.

e We simulated the reservoir pressure increase after the wells were shut-in in 1979 by
decreasing the vertical permeability in the gas hydrate zone to 0.01 to 0.1 md. These
values of vertical permeability are likely caused by the thin shale layers that exist in
the Dolgon formation.

e Our modeling shows that if the perforations are close to the hydrate-gas interface, the
rapid cooling due to both hydrate dissociation and the Joule-Thomson cooling effect
will lead to the formation of secondary hydrates around the perforation (perforation
choking). The formation of secondary hydrates will lead to reduction in permeability
(essentially a damaged zone) that can lead to a rapid decrease in gas flow rates. The
damage can be removed by injecting solvents or heat to melt the secondary gas
hydrates.

e We need to know for sure if the gas-water contact at Messoyakha has moved during
the life of the field. If we believe that the gas-water contact has not moved with time,
the increase in pressure due to continued hydrate dissociation after shut-in is a
plausible scenario. Otherwise, the increase of reservoir pressure can be simulated
using an intermediate strength aquifer.



It is important to know the absolute permeability of hydrate bearing rock for produc-
tion as well as geomechanical issues. The absolute permeability is responsible to
change the pressure profile in a hydrate reservoir and more so in a hydrate capped gas
reservoir. If the hydrates make the rock “tighter”, the feasibility of other stimulation
techniques such as hydraulic fracturing must be studied in detail.

Hydrate saturation has an important effect on gas recovery from Class 1G reservoirs.
As the hydrate saturation decreases, the depressurization will be less effective as
compared to high hydrate saturation case. This is because the gas is more compressi-
ble and hence it has less vigorous pressure wave traveling through it.

Laboratory Testing of Gas Hydrate Filled Core Samples for Rock Mechanics

Lawrence Berkeley National Laboratory researchers developed an approach to form-
ing hydrate bearing samples in fine-grained material and then designed and com-
pleted fabrication of a geomechanical properties and geophysical signature test cell.
The method proposed follows these steps and the method was accepted by DOE in
July, 2007, and can be summarized as follows:

0 Mix dry mineral components until visually homogeneous,

0 Add water using a pipette (for sand), by equilibrating in a humidified chamber
(silt or clay), or by stirring in flakes of frost ice (samples containing clay) and
mix thoroughly,

Pack moistened material into the sleeve,

Rapidly evacuate air from the sample,

Chill sample to the appropriate temperature,

Pressurize sample with methane gas, and monitor T, P until hydrate is formed,
0 Saturate with water.

O 00O

To measure rock mechanical properties in the laboratory, LBNL designed and built a
unique pressure vessel capable of

forming methane hydrate in the pore space of sediments,

applying a confining stress and independently applying an axial load,

while allowing simultaneous measurements of the compressive and shear wave ve-
locities,

sample length, and

spatially resolved sample density using x-ray CT scanning to observe sample struc-
ture

Summary of Petrel-FLAC3D Data Exchange by Schlumberger

The PETREL model contains, among other things, the description of horizons and the
special distribution of properties. As part of this project, an automatic method of cre-
ating a FLAC3D grid was developed. The resulting grid is composed of multiple ma-
terials representing the various regions of the PETREL database delimited by the ho-
rizons.

In addition to the grid, an automatic and conservative method of extracting material
properties from PETREL should was devised. The extracted properties can be auto-
matically assigned to the individual FLAC3D grid element.

When using PETREL +FLAC3D, the user should be aware that



0 Data sets extracted from PETREL may be very large. An automatic method has
been devised to coarsen (decimate) the data, while maintaining pertinent details.

0 The PETREL model may contain features ranging in size from tens of meters to
hundreds of kilometers, which requires a non-traditional meshing approach that
would keep the total element count in the FLAC3D model to a minimum while
ensuring adequate representation of details and adequate transition between
FLAC3D element sizes.

0 Property transfer from PETREL to FLAC3D should be conservative.

e FLAC3D is a numerical model for the advanced geotechnical analysis of soil, rock,
and structural support in three dimensions. FLAC3D is used in analysis, testing, and
design by geotechnical, civil, and mining engineers. It is designed to accommodate
any kind of geotechnical engineering project where continuum analysis is necessary.

e FLAC3D uses an explicit finite volume formulation that models complex behaviors
not readily suited to finite element software, such as problems consisting of several
stages, large displacements and strains, non-linear material behavior and unstable sys-
tems (yield/failure over large areas, or total collapse, etc.).
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Abstract

We seek to quantify the impact of hydrate dissociation
on the strength of hvdrate-bearing sediments. Dissociation
of gas-hydrates in marine sediments converts the solid hy-
drate structure into liquid water and gas. Together with
the associated pore pressure increase, this process reduces
the stiffness of the sediments, which may fracture or be flu-
idized. If sediment failure occurs, seafloor subsidence and
landslides can severely damage offshore infrastructure.

To evaluate the mechanical properties of a sediment
sample, we simulate loading of a disordered pack of spher-
ical grains by incremental displacements of its boundaries.
The deformation is described as a sequence of equilibrium
configurations. Each configuration is characterized by a
minimum of the total potential energy. This minimum is
computed using a modification of the conjugate gradient
algorithm. We verify our model against published data
from experiments on glass beads. Our simulations capture
the nonlinear, path-dependent hehavior of granular mate-
rials observed in experiments.

Hydrates are modeled as load-bearing solid particles
within the pores. To simulate the consequences of dissoci-
ation, we reduce the solid fraction by shrinking the hydrate
grains. The effect of the associated excess pore pressure is

modeled by isotropic compression of the solid grains, and
reduction in macroscopic effective stress. Weakening of the
sediment is quantified as a reduction of the effective elastic
moduli.

Introduction

Gas-hydrates are solid materials formed under a range
of high pressures and low temperatures. Dissociation con-
verts them into liquid water and free gas. The volumetric
expansion of gas can lead to an appreciable increase in pore
pressure,’ reducing the effective stress. Thus, dissociation
impacts the mechanical properties of hydrate-bearing sed-
iments (HBS) by reducing both the solid fraction and the
effective stress. Hydrate dissociation caused, for instance,
by hot fluids produced from deep formations, can desta-
bilize the ocean floor and lead to massive landslides® that
can damage nearby structures such as off-shore platforms.

On the one hand, obtaining undisturbed HBS samples
requires special coring which preserves the in-situ condi-
tions. On the other hand, artificial creation of representa-
tive samples is difficult.? For these reasons, there is no sin-
gle definitive model for the distribution of hydrates within
the pore space.® This distribution depends on the forma-
tion mechanism, along with many other factors.

We seek to evaluate the mechanical response to dissoci-
ation of gas-hydrates in marine sediments. The response
of composite materials such as HBS is determined by the
interactions among discrete grains. Grain-scale numeri-
cal simulations have become a valuable tool in the study
of granular materials.*® Most grain-scale simulations are
based on the Discrete Element Method (DEI\-‘I).'3 In DEM,
interactions hetween the particles are treated as a dynamic
process, accounting for the inertia of the grains. How-
ever, tight constraints imposed on the time step used in
the numerical integration,” make DEM simulations time-
consuming. To accelerate computations and damp grain
oscillations, material properties such as the density of the
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erains and their contact stiffness are often adjusted®? to
unrealistic values.

In this paper, a phyzically-based discrete model is pre-
zented. We simulate an irregular pack of spherical grains,
loaded by incremental displacements of its boundaries.
The contact forces are determined by the Hertzian model,
assuming [rictionless contacts. Using a quasi-static model,
we find the equilibrium configurations using a modifica-
tion of the conjugate sradient (CG)'™ algorithm. This ef-
ficient computational procedure, implemented in Matlah
by Holtzman, is also utilized to generate a dense initial ar-
rangement, required for simulations. The interactions be-
tween the hydrate and the sediment are considered from
both the grain and the sample scale. The degradation of
zecdiment strength is quantified via the reduction in elastic
moduli.

Simulating quasi-static deformation

W(-! Himu]:i.L(—! arn exp(—!r‘irr](—ml, on oA Hii.[“[l](-! nl:a.t{e nf CO-
hesionless grains in a rectangular container. The zample
is loaded by incremental displacements of the container
walls, allowing the grains to reach static equilibrium fol-
lowing each perturbation. Fach equilibrium configuration
is computed by minimizing the total potential energy of
the system. The initial conditions are the positions of the
graing, prior to the simulated test. The positions and ori-
entations of the container walls provide for the boundary
conditions.

Grain pack model. We model granular materials as a
three-dimensional (3D) irregular (“random™) packing of
apherical grains, see Fig, 1. The grains are agsumed to be
homogenous and isotropic. To model heteragenous materi-
als such as clastic sediments, we assign Lhe grain properties
from a given distribution of sizes and elastic moduli. The
deformations are assumed to be amall and localized near
the contacts, allowing to approximate the shape of a de-
formed grain by a sphere. We hypothesize here that in a
tight packing, the macroscopic stress is mostly affected by
the normal component of the conlact forces.® 1512 This
assumption iz based on the argument that the size of the
asperities that resist lateral or angular displacements is
much smaller than the size of the grains themselves. Thus,
Wi (J[]]}" account r()r Lhﬂ l]()rTT’IH.l r()T!:(5 (:()mp:m(:nl,:-;.

The arientation and rotalions of the grains are of no im-
portance under the assumplion of [riciionless contact be-
tween spherical grains. In a fixed coordinate aystem, each
erain is fully described by the coordinates of its center and
its radius. Fach configuration is characterized by the posi-
tions of the grain centers, providing 3N degrees of freedom
for a pack of N grains. Given a relerence conliguration in
equilibrium, we perturh the boundary conditions, forcing
the grainz to deform and rearrange to a new equilibrium
configuration (“current”). Labeling all grains with a single
index i = 1,2, .., N, we denote the radius-vector of the
center of grain i by r;. Lel u; denote the displacement of
grain @ u; = 7; — Pyy), where subsecript (0) cenotes the
reference configuration, see Fig. 1. The radius of hody 7 is

() Adeprog

Carain f

Bourdary i

Fig. 1: Left: a typical pack with 5036 grains used in the
numerical simulations. Right: schematic description of the
contact geometry. The initial configuration of the grains is
marked with grey dotted lines. The dashed lines represent
grain overlap caused by deformations.

H;, its mass is m;, and the Young's moduluz and Poiszon’s
ratio of its material are E; and u;, respectively. Subseript
w denotes a boundary wall, w = 1,2,...,6.

Contact model. According to Hertzian contact theory,
the magnitude of the compressive normal force acting at
the contact between a pair of grains ¢ and 7 is

) 4. L 1/2 3/2

.|Pi.r' ” = §F"|z'j (Rij,J (hi;}') ' (U

where |la] = (a-a)uz is the magnitude of a vec-
SR

tor @. Parameters h’}:?- = (\E + F}) and EY =

(1-vp)  (A-4)
E; E;
tic coefficient associated with thai contact, respectively.
Eq. (1) is applicable to a grain-boundary contact, by mod-
eling the latter as a grain of an infinite radius. The contact
deformation is measured by the overlap hy; = 0,

are the effective radius and elas-

hi = Ri + Ry — |7y

for grain-grain contact

Fiw = Bi — (15 — @) - 1y for grain-boundary contact
(2)
where 1y = 7; — 15, @y, denotes the initial contact point
with the wall w, and n,, iz an inward unit normal to the
wall, see Fig. 1. Here the orientation n,, was held fixed,
and thus @, can be chozen arbitrarily on w. The force
acting on grain i at the contact with another grain § or a
wall w is directed along ri; or my, respectively. Thus, no
moment relative to the center of the grain is developed.

Obtaining equilibrium configurations. Al equilib-
rium, the balance of forces for each grain yields three scalar
equationz. For N grains, the total number of equations i
3N. The unknowns, i.e. the grain displacements, can be
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written as a column vector @ = |uq. ..uN]T, where u; is
a row vector, and superscript 1" is the transpose. The ex-
ponent of 3/2 in Eq. (1) makes the svstem of equations
nonlinear.

We seek an equilibrium configuration by employing an
equivalent variational formulation. Namely, an equilibrium
configuration is characterized by a set of displacements @
corresponding to a minimum of the tolal potential energy
of the syatem. This energy iz a function of the deforma-
tions (strain energy) and the gravitational energy of the
grains. The elastic strain energy of a pair of bodies in
(,'()['IL?J.(:I. Iﬁ‘s C(ll]}l.] 1;{) L}I(: Sum <>f W()rk d()ﬂ(: arn ()1'-].(,'}1 l){)(l)"
Lo deform it. This work is the dol product of the force
with the displacement increment, integrated over the to-
tal displacement. Thus, the strain energy Uy stored in
the deformed contact region between bodies ¢ and j is (cf.
Eq. (9.15) in Ref.13)
8E(RE)Y?

15
The total potential energy of the system is the sum of the
strain energy of all contacts and the gravitational poten-
tials of all grains

U (ug, uy) = (his)** (3)

N[ X o,
I1(e) = L 5 L Uy + L Usw + mag(r; - &, — 2%)
=1 =1 w=1

)
Here z* is an arbitrary fixed reference elevation, €, is a unit
veclor pointing opposite to the direction of gravity, and ¢
is the gravity acceleration. N; and N} are the number
of contacts for grain ¢ with other grains and boundaries,
respectively. Their sum N ; + N{ iz the coordination num-
ber of that grain. Note that the set of contacts for each
grain varies with the deformation of the pack, introducing
additional nonlinearity.
The gradient of IT with respect Lo @ is a column vectlor
Voll = —[F ... Fy]T, where the row veclor F; is the sum
of forces on grain ¢,

Nt N
F = Z P+ E Py — myge, (5)
j=1 w=1

Thus, the vanishing gracient of IT iz equivalent to the
balance of forces. This minimum is found numerically us-
ing a modification of the CG algorithm, see Appendix.

Initial grain pack generation. Simulations of a deform-
ing grain pack requires a sufliciently dense initial configura-
tion.’ 15 Such an initial configuration could be obtainec
from a physical sample, e.g. using MRI'® or X-ray to-
mography imaging.'? However, these techniques are cum-
bersome. Allernatively, an initial irregular configuration
could be generated numerically using wither “construc-
tive” or “dynamic” algorithms. Constructive algorithms
are bazed on geometry alone and thus require relatively

small computing time; however, the current state-of-the-
art constructive algorithms produce 3D arrangements with
low coordination numbers, gaps, or anisotropic structure.®
In dynamic algorithms, a loose packing iz created by plac-
ing a relatively small number of grains in a bounded do-
main. Then, its density is increased by either expanding
the grains or moving the boundaries closer together. A
static equilibrium configuration is found by simulating in-
tergranular interactions, e.g. uzing DEM. The large num-
ber of collisions and grain rearrangements makes such a
procedure very time-consuming.'®

Instead, we use our quasi-stalic algorithm, which pro-
vides an efficient alternative to DEM. Here, we start by
selecting a portion of a pack generated by DEM, bound-
ing it by a rectangular domain. Thiz packing iz loose, with
many grains supported by less than 4 contacts, rendering
I.}l(}”] TT]U(:}l?l.l]i(.'i-].]ly l]i"lﬁL?J.})l(L FF() ()l)[&l.i I i (i(}”:’s(:r I)i-].(.'kiﬂg
we firsl expand Lhese unstable grains, until their coordi-
nation number reaches 4. Then, we shrink the pack by
equal dizplacements of all boundaries, and apply our algo-
rithm to abtain an equilibrium configuration. This process
is repeated until practically* all grains have coordination
l]l]"'l})e]" ()r 4 or IT]()TH.’ J').f'l(] H.[)[)I"H(Jii!.bl[—! (:()”I.H.(,'L I‘()T(:(—!ﬁ (.{(—.L
velop.

Evaluating macroscopic stress and strain. Macro-
scopic, continuum parameters such as stress and strain can
be obtained from grain-scale parameters by spatial averag-
ing. However, there are several methods for transforming
belween discrete and continuum parameters, in particular
for the strain.'® Here we consider the pack Lo be a ho-
mogenous reprezentative volume of a larger medium, and
compute the average stress and strain within this volume
as described below.

The external normal forces applied on the boundaries
are caleulated from the sum of the contact forces on the
container walls. The average normal stresses are evaluated
by dividing these external forces by the area of the reapec-
tive walls. To confirm the validity of our stress evaluation
procedure, we also calculate the averaged Cauchy stress,
taking into account the entire set of cantact forces within
the sample volume.®® This calculation yielded similar val-
ues to those obtained from our procedure.

To estimate mumerically the macroscopic strains € —
% [un. - (un)T] /2, we replace the derivatives with fi-
nite differences. In the last equation & is a radius-vector to
an infinitesimal volume, and = is its displacement.!® Tor
a reclangular domain, the normal strain in the -direction
({ =1,2,3) reduces to ALy/Lyqy, where AL; = Ly — Ly,
Ly and Ly being the current and the reference (unde-
formed) length of the domain in that direction, respec-
tively. In our simulations, the macroscopic strains serve as
boundary conditions, enforced by displacing the conlainer
walls. By applying uniform or different normal strains
in three principal directions, we simulate an isotopic or

*A complete elimination of unstable grains may not be possible!?
because of grain sizes variation: the opening between large grains can
be large encugh to contain a small grain, not in stable equilibrium.
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a polyaxial test. A uniaxial test is simulated by applying
strain in a single direction.

Macroscopic elastic moduli. To describe mechanical
properties as they evolve with the deformation, we dis-
cretize the load path and assion a set of constant effective
elastic moduli for each loading interval. The moduli for
each interval are evaluated by filling the siress-strain re-
sults with Hooke's law. Hooke's law for a homogenous,
isotropic body is @ = Atr(e )I + 2(e, where o is the stress
Lensor, Lr(€) is the trace of €, and I is the unil second or-
der tensor. The moduli A and & are Lame’s constant and
the shear modulus, respectively. Other elastic moduli can
be evaluated from A and .13

T'he maduli evaluated using the procedure above are the
bulk-averaged, effective moduli, correzponding to an effec-
tive homogeneous and isotropic elaztic medinum. Because
the moduli depend on the deformation, stress-induced
anisolropy can develop when loads in different directions
are significantly different,' as ohserved in our simula-
tions. To verify whether a grain pack iz isotropic, we sim-
ulate a polyaxial test and compare the moduli for each
pair of principal directions. If they are similar within a
given tolerance, we consider the response isotropic. We
minimized stress-induced anisotropy by applying relatively
izotropic strains, evaluating the moduli at different loads
by a uniaxial test. Anisotropy can also develop if the num-
ber of grains in the pack is too small, as macroscopically
isolropic systems may exhibit local anisolropy.?2 To avoid
such scale-related anisotropy, we used packs with sides not
smaller than ~15 grain diameters. This length scale de-
pends on the properties of the grains and their spatial ar-
rangement, and was determined by trial and error. As a
result of using the above measures, the estimates of the
moduli in different directions were praclically identical.

Model verification

Input parameters. U'o verify our model, we compare our
estimated macroscopic moduli with those measured in ex-
periments on spherical and relatively smooth glass beads.
The elastic moduli of the grains were assigned mean val-
ues of £ = 70 GPa for Young's modulus and 7 = 0.2 for
Poisson’s ratios.*? In other simulations, quartz sand was
modeled by assigning £ — 100 GPa and 7 = 0.15.20% The
clastic moduli were normally distributed with a standard
deviation of 10% of the mean. The radii of the grains were
distributed uniformly between 0.07-0.13 mm. The density
of both types of grains was taken to be 2.65 g/em?, Ref.?!

Stress-Strain. To capture hysteresis and stress-induced
anisotropy, we simulated loading-unloading cyele in a
polyaxial test, on a pack of 2651 quartz grains (de-
noted by QUARTZ2654). The porosity and mean coor-
dination number varied as 35.8-30.8% and 7.23-8.26 ac-
cordingly, with stresses of ~50-300 MPa. To verily our
model against experiments on glass beads, we simulated
a test on a pack of 5036 glass beads (CLASS5036). For

300

2501~

150

Stress (MPa)

1 00 | S—

- . :
% o005 o001 o015 ~ 002 0025
Strain (=)

0.03 0.035

Fig. 2: Stress-strain curves obtained from numerical sim-
ulations of loading and unloading in a polyaxial test on
QUARTZ2654. Hysteresis is evident as different loading and
unloading curves.

GLASS5036, the porosity and mean coordination num-
ber varied as 37.1-35.7% and 6.48-6.97, accordingly, with
stresses of ~1-22 MPa. The stress-strain curves calculated
for QUARTZ2654 are plotled in Fig. 2. A stress drop Is
noliceable, associaled with variations in the complex net-
work of contacts (“fabric”) and contact forces.® Some of
these microstructural variations are irreversible, contribut-
ing to the hysteretic response observed in experiments.®®
This hysteresis 1s evidenl in Fig. 2 as diflerent loading
and unloading curves. A more elaborale discussion and
additional results will be publizhed elsewhere.

Elastic moduli. The macroscopic elastic moduli for dif-
ferent stages of isotropic compression were evaluated for
sample GLASS5036 by a uniaxial test. These moduli es-
timales are plotted in Fig. 3 vs. the confining stress
7., defined by the mean of the lateral stresses perpendic-
ular to the principal loading direction. The bulk modu-
lus K estimates are in agreement with calculations from
acoustic velocity data measured in experiments on glass
l)!%].l]ﬁ?QS‘QT‘QS I.I]()l]g}] BOTme: V?!.ll]f::'i Hre "s]]g}]”}" I{lW(:r Lh?lll
the data. In addition, our predicted rate of moduli growth
with o, agrees with the data, indicating that the mocduli
grow faster than the power law o,1/% predicted by the of-
fective medium theory (EMT).2?

AL E.}l(: SErmnoe Liﬂ"lf:.’ our ﬁh(ﬂl.f TT]{J(]UIUH ﬁr;l'()]"lg]}" ll]"ldf:['—
estimales the experimental data. In particular, al lower
slresses, the evaluated shear modulus drops sharply, be-
coming negligibly small as the mean coordination number
approaches 6 and the porosity exceeds ~37%. Similar loss
of shear rigidity was obszerved in DEM simulations using
a frictionless contact model 22 We consider the discrepan-
cies belween our predictions and the data Lo be caused by
the frictionless contact asswmption, a2 the shear modulus
greatly depends on the intergranular shear.®®
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Fig. 3: The evaluated effective bulk (top) and shear (bot-
tom) modulus from our simulations using GLASS5036 vs. the
confining stress o.. Also shown are calculations from acoustic
velocities measured in glass beads,?*?"?® in addition to results
from DEM simulations and effective medium theory (EMT),*

obtained by digitizing Figure 1 in Ref.?*

Impact of hydrate dissociation

Modeling hydrate dissociation. We use the procedure
described above to quantify the mechanical response to
hydrate dissociation in HBS. Diszociation impacts the me-
chanical properties of [TIBS by reducing baoth the solid frac-
tion and the effective siress. The excess pressure due fo
dissociation varies with factors such as dissocialion rale,
sediment permeability, and initial pore pressure.’ Predict-
ing this excess pressure as a function of dissociation iz out-
side the scope of thiz paper. Thus, we consider a number
of dissociation scenarios, for a range of possible dissocia-
tion amounts and excess pressures. This range, taken from
other models, is used as inpul paramelers in our simula-
tions.

To model the inleraction belween the sediment. and Lthe
hydrale, we consider methane-hydrale formed preferen-
tially in the larger pores, rather than in the pore-throats.
Such distribution makes hydrates a part of the granular

frame, i.e. load-bearing solid particles. Such hydrate dis-
tribution can represent sediments with low hydrate satu-
ration, where the gas iz slowly introduced in the agqueous
phase.? The distribution of hydrates within the pore space
depends on the formation mechanism, among other factors,
and a wide variety of distribution models exists.®

The hydrate saturation is defined by 5 = V"/V, where
V" iz the volume occupied by hydrate and V is the to-
tal pore volume (including the hydrate). We quantify the
amount of diszociation by the decrement of hydrate satu-
ration AS < (), decreasing the saturation to S + AS. The
reduction in solid fraction due Lo dissociation is modeled
by shrinking the hydrate grains. The impact of the excess
pore pressure p, iz modeled at both the grain and the
sample level. At the grain scale, with the assumption of
small deformations, the contact area is much smaller than
I.}'I() Sl]rril.(:(] A ()r I.}'I(] g['?].il’lﬁ, r]-‘hl]ﬁ? as:-aulning Unif()rm
pore pressure within the sample, the grains experience
izotropic compression, with a net force applied by the fluid
pressure which is practically zero. The volume of grain ¢,
Vi, changes by AV; < 0, determined by —pe. = Kicpp s,
where K; and ez ; are the bulk modulus and the volu-
melric strain of grain 4, respectively. For small changes,
ered ~ AV;/Vio At the sample scale, the reduction in
effective stress is modeled by applyving a tensile macro-
scopic strain e > 0, expanding the sample isotropically.
This strain is determined from the poroelastic constitu-
Live equation oy per = Kegg, where oy, is the Biol-Willis
coefficient .’

Elastic moduli reduction by hydrate dissociation.
The effect of dissociation in HBS is quantified via the evo-
lution of the elastic moduli. The initial siate of an TBS
Ha.rr]p](—! Ih [T'I!)l]H]H(] HE A l]H”ﬁH :a.rr‘;ing(—!m(—!nl. !)r SI)I'I(—!I"‘I(:H.I
grains, where some of the smallest grains are considered
to be methane-hydrate. These hydrate grains are linearly-
elastic, with moduli of £ = 6.6 GPa and » = 0.32 and
density of 0.9 g/cm®, Rel.*! To model quariz sand as the
host. sediment, the other grains were assigned properties
ol quartz. The initial porosity and hydrate saluration was
¢ m45% and S = 0.215, respectively. The effective stress
for thiz initial packing, determined from the contact forces
on the walls, was ~21 MPa. The pack is considered to be
under a specified initial pore pressure, which may be larger
than hydrostatic pressure il the sediment is conlined by a
low-permeability layer. The resulting total stress, which ia
considered fixed in our simulations, can exceed the litho-
static stress if the sediment carries the weight of a nearhy
()ﬂ—ﬂ}l{lrﬂ EJL"!.I.[‘!)I'”'I.

By varying the excess pressure p., and the saluration
reduction AS independently, we produce a series of con-
figurations, covering a range of possible scenarios. For each
configuration, the elastic moduli are evaluated by simulat-
ing a uniaxial test. In Fig. 4 (top), these moduli are
plolied against the excess pressure pg,, for a fixed change
in saturation AS = —0.01. Conversely, Fig. 4 (bottom)
shows the moduli as functions of AS| for a fixed pressure
ee — 1 MPa. The initial moduli prior to dissociation are
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Fig. 4: Simulating reduction in bulk (dashed line) and shear
{solid) modulus due to hydrate dissociation. Top: varying
the excess pore pressure p.., for a fixed saturation decrement
AS = —0.01. Bottom: varying the saturation decrement AS,
for a fixed excess pressures p.. — 1 MPa.

plotted in the left-most parts of both figures. We used a
value of o, = 0.8, corresponding to thal of sand.?®

Weakening of HBS is evident [rom a reduction in elas-
tic moduli, as the sediment becomes looser and softer.
This observation is in qualitative agreement with exper-
iments® 3 and other numerical simulations.®? Further dis-
sociation may lead to a significant deecrease in the solid
support, reaching a critical state with loss of shear rigid-
ity. In such a state, the sediment iz more susceptible to
lanclslides and subsidence, threatening the safety of adja-
cent off-zhore platforms.

Discussion and conclusions

We quantify the mechanical effect of hydrate dissociation
in marine sediments using grain-scale simulations. We de-
Sffl"il)ﬂ HRS A8 A grii.ﬂl]]iir rr];i.l.(—!ria.[? m()(]e“ng “an HRS Bam-
ple as a three-dimensional, disordered packing of elastic
apherical grains, bounded by a rectangular container.

We uze a quasi-static model, where the pack iz loaded

by incremental displacements of the container walls. Each
equilibrium configuration is found by minimizing the to-
tal potential energy of the system. A modification of the
conjugate gracient algorithm is used to obtain this mini-
mum. This approach results in an efficient computational
procedure, which is also used to generate a dense initial
arrangement.

The macroscopic stress, strain, and elastic moduli are
evaluated from the contact forces and the displacements
of the boundaries. Our results capture the nonlinear
and path-dependent macroscopic strain-stress response ob-
served in experiments, such as loading and unloading hys-
teresis,

We have verified our physics-bazed model against avail-
able experimental data. The good agreement between pre-
dicted and measured values of the macroscopic bulk maod-
ulus has been achieved with no adjustments of the relevant
material properties. The macroscopic shear modulus eval-
uated from the simulations underestimates typical experi-
mental data. We attribute this deficiency to the frictionless
contact model employed, using the Hertzian contact the-
ary. A rore: a.{lvu.n(:::cl m:)(]{:] i]i:f:!)l][]l;iTlg rﬁ)l' rri(fl.i()l] 1'-].]'1(!
inter-granular cementation will be presented elsewhere.

Hydrates are modeled as load-bearing solid particles
within the pores. To simulate the consequences of dissoci-
ation, we reduce the solid fraction by shrinking the hydrate
gra.in:-i. ’T‘}I(E (}W{Xfl. {}f I.}'I(] ilﬁﬁ:}(:iﬂ.l.(!d CROCSS pOre pressura ]“1
modeled by izotropic compression of the solid grains, and
recduction in macroscopic effective stress.

A series of possible scenarios has been simulated, show-
ing degradation of sediment strength as a reduction in the
macroscopic elastic moduli. This trend agrees qualitatively
with the published results of experiments and numerical
simulations. Further diszociation might lead to a loss of
solid support of the skeleton, canzing seafloor instabilities
such as landslides and subsidence. To predict such instabil-
ities and their pessible impact on off-shore platforms, our
model can be used to produce constitutive relationships
for large-scale simulations (e.g. Ref.?).
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SUMMARY

The mechanical properties of cohesionless granular materials are evaluated from grain-scale simulations.
A three-dimensional pack of spherical grains is loaded by incremental displacements of its boundaries. The
deformation is described as a sequence of equilibrium configurations. Each configuration is characterized
by a minimum of the total potential energy. This minimum is computed using a modification of the
conjugate gradient algorithm.

Our simulations capture the nonlinear, path-dependent behavior of granular materials observed in
experiments. Micromechanical analysis provides valuable insight into phenomena such as hysteresis,
strain hardening and stress-induced anisotropy. Estimates of the effective bulk modulus, obtained with
no adjustment of material parameters, are in agreement with published experimental data. The model is
applied to evaluate the effects of hydrate dissociation in marine sediments. Weakening of the sediment is
quantified as a reduction in the effective elastic moduli. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The mechanical properties of cohesionless granular materials are important in many applications,
making them the subject of intensive research [1]. When a granular material undergoes deformation,
its bulk response is determined by the interactions among discrete grains. This property makes
grain-scale numerical simulations a valuable tool [2-5]. For instance, such simulations provide
contact forces in three-dimensions which are currently unavailable from experiments [5], and
enable insight into the mechanical response of granular matter [6].
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Interactions between grains are modeled by contact laws, relating the loads at the grain contacts
to their relative displacements and deformations. For elastic deformations, the force component
acting normal to the contact interface can be calculated by the Hertzian model [7], which has been
verified by experiments [8]. To evaluate loads related to intergranular friction such as shear, the
model by Mindlin and Deresiewicz [9] (M-D) is considered adequate [10]. Since it is cumbersome
to implement M-D theory for multiple contacts, simplified versions are used for computations,
e.g. [10]. However, simulations show that the normal components of the contact forces dominate
many aspects of the bulk response [11-14]. Thus, essential aspects of the mechanics of granular
materials can be captured by using a ‘frictionless” contact law, accounting for the normal contact
forces only [15].

Deformation can be described by a quasi-static model, as a sequence of equilibrium configura-
tions corresponding to incremental changes of the boundary conditions. These configurations are
found by using a discrete, grain-scale model. Most grain-scale simulations are based on the discrete
element method (DEM) [16]. In DEM, interactions between the grains are treated as a dynamic
process, accounting for the grain inertia. The equilibrium configurations are found by numerical
integration over time. The tight constraints imposed on the time step used in the integration [17]
make DEM simulations time consuming. To accelerate computations and damp grain oscillations,
material parameters such as the density of the grains and their contact stiffness are often adjusted
[13,18] to unrealistic values.

In this paper, we present a technique that does not include such adjustments. The input parame-
ters in our model are the sizes, densities and elastic moduli of the grains, cbtained from published
experiments. We use a quasi-static model, where each load increment is followed by a static
equilibrivm. The contact forces are determined by the Hertzian model, assuming frictionless
contacts. Thus, all forces can be obtained as gradients of a potential field. Employing a vari-
ational approach, we seek equilibrium configurations of the grains by minimizing their total
potential energy. A variational approach in the context of granular mechanics was proposed in
[19,20].

Three-dimensional (313) micromechanical analysis is used to demonstrate mechanisms leading
to phenomena such as hysteresis and stress-induced anisotropy. Macroscopically, our simula-
tions capture the nonlinear, path-dependent response observed in experiments. With no adjust-
ment of material parameters, our estimates of the effective bulk modulus are in agreement with
published experimental data. However, the shear modulus is underestimated; this is attributed
to the frictionless contact model employed. Elsewhere [21], we extend our variational approach
to account for intergranular friction. This extension produces more accurate predictions of the
moduli.

Our model is applied to evaluate the mechanical response to dissociation of gas-hydrates
in marine sediments. Hydrate dissociation caused, for instance, by hot fluids produced from
deep formations, can destabilize the ocean floor and lead to landslides [22], posing risk to
nearby equipment such as offshore platforms. The mechanical properties and structure of hydrate-
bearing sediments (HBS) are not well-known, due to difficulties in sampling, imaging and testing
[23,24]. We quantify the degradation of strength in an HBS sample by a reduction in elastic
moduli.

The outline of this paper is as follows. Section 2 describes our model and simulation method-
ology. Grain- and sample-scale observations from our simulations are presented in Section 3. Tn
Section 4, we quantify the effects of hydrate dissociation in marine sediments. We discuss our
results in Section 5.
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2. SIMULATING DEFORMATION OF GRANULAR MATERIALS

We simulate loading of cohesionless grains packed in a rectangular container. Load is applied by
incremental displacernents of the container walls, allowing the grains to reach a static equilibrium,
Each equilibrium configuration is computed by minimizing the total potential enerzy of the pack.
The initial conditions are the positions of the grains prior to the simulated test. The positions
and orientations of the container walls determine the boundary conditions, from which the strains
are evalnated, By applying uniformn or different nommal strains in three principal directions, we
sirmlate an isotopic or a polyazial test. A uniazial test is sirmlated by loading in a single
direction.

2.1, Grain pack model

We model gramilar matter as a heterogeneous, irregular (‘random”) 30 packing of spherical grains,
see Figure 1. Each grain is homogeneous and isotropic, To model heterogenous materials such
as clastic sedirments, we assign the grain sizes and elastic moduli frorn a given distribution. The
deformations are assumed to be small and localized near the contasts, allowing for the shape of a
deformed grain to be approximated by a sphere.

In a fixed coordinate systemn, the geometry of the pack is fully described by the coordinates
of the zrain centers and their radii. The orientations of the grains are of no importance under the
assumption of frictionless contacts. Thus, fora pack of N grains, each confipuration has 34 degrees
of freedom, i.e. the grain center coordinates, Labeling all grains with a single index, {=1,2,..., N,
we denote the radius-vector of the center of grain { by ;. Given a reference configuration in
equilibriurm, we perturb the boundary conditions, forcing the grains to deform and rearrange to a
new equilibrium configuration (‘current’). Let vy denote the displacement of grain i: v =1y —ryy),
where subscript (U) denotes the reference confipuration, see Figure 1. The radius of grain i is Ry,
its mass is 713, and Young's modulus and Poisson’s ratio of its material are E; and v;, respectively.
Subscript w denotes a boundary wall.

We hypothesize here that in a tight packing, the macroscople stress is mostly affected by the
normal component of the contact forses [11-14]. This assumption is based on the argument that

yimmy®
1

x {mrm)

Figure 1. Left: a typical pack with 5036 grains used in the mmerical simulations. Right! schematic
description of the contact geometry. The reference confisuration of the grains is marked with gray dotted
lines. The dashed lines show the shapes of the undeformed grains in the current configuration
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the size of the asperities that resist lateral or angular displacements is much smaller than the size
of the grains themselves. Thus, we only account for the normal force components.

2.2. Contact model: force—displacement relation

According to Hertzian contact theory [7], the magnitude of the compressive normal force acting
at the contact between a pair of grains, i and j, is

1Pyl =3 B (R V2 iy "

172 ig the magnitude of a vector a. Parameters

-1
11y A= 1-v)
Ri=( =+ d pr=| J
i (RﬁRJ-) o { E | E

are the effective radius and elastic coefficient associated with that contact, respectively. Equation
(1) is applicable to a grain—boundary contact, by modeling the latter as a grain of infinite radius.
The contact deformation is measured by the overlap 7;;2:0,

where |a| =(a.a)

hij=R;+R;— vy for grain—grain contact @

Miw = R; — (r; —xy)-ny, for grain—boundary contact

where r;; =r; —1;, the initial contact point with the wall w is x,, and ny, is an inward unit normal
to the wall, see Figure 1. As long as the orientation n,; is held fixed, x,, can be chosen arbitrarily
on the boundary w. The force acting on grain i at the contact with another grain j or a wall w is
directed along r;; or ny,, respectively. No moment relative to the center of the grain is developed.

2.3. Obtaining equilibrium configurations

At equilibrium, the balance of forces for each grain yields three scalar equations, a total of 3N
equations for N grains. The unknowns, grain displacements, can be written as a column vector
0=[u;...uy]T. Here u; is a row vector and superscript T is the transpose. The exponent of % in
Equation (1) makes the system of equations nonlinear.

We seek an equilibrium configuration by employing a variational formulation. Namely, an
equilibrivm configuration is characterized by a set of displacements 8 correspending to a mininuim
of the total potential energy of the pack. This minimum is found numerically using a modification
of the conjugate gradient (CG) algorithm [25], see Appendix. The total energy is a function of the
deformation (strain energy) and the gravitational energy of the grains. The elastic strain energy
of a pair of grains in contact is equal to the sum of work done on each grain to deform it. This
work equals the dot product of the force with the displacement increment, integrated over the total
displacement. Thus, the strain energy, U/;;, stored in the deformed contact region between grains
i and j is (cf. Equation (9.15) in [26]):

Uy (o ) = {5 B3 (RIY? gy )2 3)
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The total potential energy of the pack is the sum of the strain energy of all contacts and the
gravitational potentials of all grains

W W
Ui+ 3 Upp+mig(ri-€,—2z%) €
=1 w=1

N

1

Here z* is an arbitrary fixed reference elevation, €, is a unit vector pointing opposite to the direction
of gravity and g is the gravity acceleration. By Ng, and Nli we denote the number of contacts
of grain i with other grains and boundaries, respectively. The coordination number of grain i is
NgH»N;. Note that the set of contacts for each grain varies with the deformation of the pack,
introducing additional nonlinearity.

The gradient of TT with respect to 8 is a columm vector, VgII=—[F;...Fy]T, where the row
vector F; is the sum of forces on grain i,

g N
Fi=3% Pij+ 3 Pi—mjge; (5)
j:l w=1

Thus, the vanishing gradient of IT is equivalent to the balance of forces.

2.4. Initial grain pack generation

To simulate deformation of a grain pack, a sufficiently dense initial configuration is required
[27,28]. Such an initial configuration could be obtained from a physical sample, using advanced
imaging [29,30]. Alternatively, an initial configuration could be generated numerically using
either ‘constructive’ or ‘dynamic’ algorithms. Constructive algorithms are based on geometry
alone and thus require relatively small computing time; however, these algorithms may produce
3D arrangements with low coordination numbers, gaps or anisotropic structure [28]. In dynamic
algorithms, a loose packing is created by placing a relatively small number of grains in a bounded
domain. Then, the packing density is increased by either expanding the grains or moving the
boundaries closer together. A static equilibrium configuration is found by simulating intergranular
interactions, e.g. using DEM. The large number of collisions and grain rearrangements makes such
a procedure time-consuming [28].

Instead, we use a quasi-static algorithm. Here, we start by selecting a portion of a pack generated
by DEM [31], bounding it with a rectangular domain. This packing is loose, with many grains
supported by less than four contacts, rendering them mechanically unstable. To obtain a denser
packing we first expand the unstable grains, until their coordination numbers is at least 4. Then,
we shrink the pack by displacing its boundaries, and apply our variational algorithm to obtain an
equilibrium configuration. This process is repeated until practically all grains have coordination
number of 4 or more, and appreciable contact forces develop.

2.5. Evaluating macroscopic parameters

2.5.1. Stress and strain. There are several methods for transforming between discrete, grain-scale
parameters and continuwm, macroscopic stress and strain (e.g. [32, 33]). We consider the pack to
be a representative volume of a larger medium, and compute the average stress and strain within
this volume as described below.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J Numer Anal. Meth. Geomech. (2008)
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The external normal forces applied on the boundaries are calculated from the sum of the contact
forces on the container walls. The average normal stresses are evaluated by dividing these external
forces by the area of the respective walls. To confirm the validity of our stress evaluation procedure,
we also calculate the averaged Cauchy stress, taking into account the entire set of contact forces
within the sample volume [32]. This calculation yields values similar to those obtained from our
procedure.

To estimate numerically the macroscopic strains, £ = [Vyu+ (Vam11/2, we replace the deriva-
tives with finite differences. In the last equation, x is a radius-vector to an infinitesimal volume, and
u is its displacement [26]. For a rectangular domain, the normal strain in the I-direction (¢ —1,2,3)
reduces to [L; — Lyoy]/Lio), where L; and Lyq are the current and the reference (undeformed)
length of the domain in that direction, respectively. In our simulations, the strains determine the
boundary conditions, enforced by displacing the container walls.

2.5.2. Elastic moduli. To describe the mechanical properties as they evolve with the deformation,
we discretize the load path and assign a set of constant effective elastic moduli for each loading
interval. The moduli for each interval are evaluated by fitting the stress—strain results with Hooke’s
law. Hooke’s law for a homogeneous, isotropic medium is czltr(s)iJr 2Ge, where ¢ is the stress
tensor, tr(g) is the trace of & and Tisa identity second-order tensor. The moduli 4 and G are
Lame’s constant and the shear modulus, respectively. Other elastic moduli can be evaluated from
Aand G [26].

The moduli evaluated using the procedure above are the bulk-averaged, effective moduli corre-
sponding to an effective homogeneous and isotropic elastic medium. Because the moduli depend
on the loads, stress-induced anisotropy can develop when loads in different directions are signifi-
cantly different [34]. This phenomenon is observed in our simulations, see Section 3.3. To verify
whether a grain pack is isotropic, we simulate a polyaxial test and compare the moduli for each
pair of principal directions. If they are similar within a given tolerance, we consider the response
isotropic. We minimize stress-induced anisotropy by applying relatively isotropic strains, evaluating
the moduli at different loads by a uniaxial test.

Macroscopically isotropic systems may exhibit local anisotropy, if the number of grains within
the selected volume is too small [15]. To avoid such scale-related anisotropy, we use packs with
sides not smaller than ~ 15 grain diameters. This length scale depends on the properties of the
grains and their spatial arrangement, and was determined by trial and error. As a result of using
the above measures, the estimates of the moduli in different directions are practically identical.

3. SIMULATIONS

3.1. Model paramerers

To verify our model, we compare our simulation results with published experiments. In particular,
we compare our results with experiments on glass beads, since they are relatively spherical and
smooth. Thus, the elastic moduli of the grains are assigned mean values of £ =70GPa for Young’s
modulus and y=0.2 for Poisson’s ratio (carresponding to bulk and shear modulus of K =38.9GPa
and G=29.2GPa, respectively), similar to glass beads [33]. In other sinmlations, quartz sand is
modeled by assigning E =100GPa and y=0.15 (K =47.6GPa and G =43.5GPa) [36,37]. The
elastic moduli are normally distributed with a standard deviation of 10% of the mean. The radii of
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Figure 2. The distribution of grain sizes (left) and Young’s modulus values (right) for pack
G50306, representing a sample made of 5036 glass beads.

the grains used to generate the initial pack are distributed uniformly between 0.07 and 0.13 mm.
Since the initial pack generation procedure involves expansion of the unstable grains, the final
grain radii slightly deviate from this distribution. The density of glass and quartz grains is taken to
be 2.42 and 2.65 g/cm? [36]. The number of grains is 5036 and 2654 for the glass beads and quartz
sand, denoted by G3036 and (2654, respectively. The distribution of grain sizes and Young’s
modulus values for 5036 are plotted in Figure 2.

3.2. Macro-mechanical analysis

3.2.1. Stress—strain. To capture hysteresis and stress-induced anisotrapy, we simulated a loading—
unloading cycle in a polyaxial test on sample 02654, The porosity and mean coordination number
varied as 35.8-30.5% and 7.23-8.26, accordingly, with stresses of ~60-300MPa. The stress—
strain curves caleulated for 02654 are plotted in Figure 3. The abrupt changes in the slopes are
associated with variations in the complex network of contacts (‘fabric’) and contact forces. Some of
these microstructural variations are irreversible, contributing to the hysteretic response observed in
experiments [38]. This hysteresis is evident in Figure 3 as different loading and unloading curves.

3.2.2. Elastic moduli. To verify our model against experiments we simulated isotropic compression
of sample G5036, evaluating the macroscopic elastic moduli for different loads by an incremental
uniaxial loading. In these simulations, the porosity and mean coordination number were 37.4—
35.1% and 6.24-7.15, accordingly, with confining stresses of ~ 1-35MPa. Our moduli estimates
are plotted in Figure 4 vs. the confining stress o, defined by the mean of the lateral stresses
perpendicular to the principal loading direction. Figure 4 also shows results of acoustic experiments,
DEM simulations and effective medium theory (EMT) by [35, 36,39] using glass bead samples
with micro-properties similar to those used in our simulations. The DEM and EMT calculations
in [35] employed a contact law that prohibits sliding of grains, i.e. assigning infinitely large
intergranular friction.

Our bulk modulus (K) estimates are in good agreement with the published experimental data,
with some values slightly lower than the data. In addition, except at o, <2MPa, our evaluated shear
modulus (G) growth agrees with the experimental data, showing faster growth rate than the power
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Figure 3. Stress—strain curves obtained from the simulations of a polyaxial loading—unloading cycle on
sample 2654, Hysteresis is evident as different loading and unloading curves. This hysteresis is related
to the abrupt change in the slopes (encircled).
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Figure 4. The effective bulk (left) and shear (right) modulus vs. confining stress, ¢.. The evaluated

moduli from simulations on sample G5036 are compared with published results of acoustic experiments

in glass beads [35, 36, 39], in addition to DEM and effective medium theory (EMT) predictions [35]. The
numerical values of data from [35, 39] have been obtained by digitizing Figure 1 in [35].

law ¢ '/? predicted by EMT [40]. The discrepancy between the EMT predictions and experimental
data is discussed in [35,41,42].

At the same time, our shear modulus strongly underestimates the experimental data. In particular,
the evaluated shear modulus drops sharply at low stresses. Loss of shear rigidity is observed as
the mean coordination number approaches 6 and the porosity exceeds ~37%. However, loss of
rigidity is expected to occur at lower packing densities, as intergranular friction strengthens the
pack [43]. We associate the discrepancies between our predictions and the data with the frictionless
contact assumption. Unlike the bulk modulus, the shear modulus greatly depends on intergranular
shear [43].
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3.3. Micromechanical analysis

Relating grain-scale parameters to macroscopic, continuum parameters can improve our under-
standing of the complex behavior of granular materials [14]. The effect of the spatial distribution
of grain-scale parameters cannot be captured by averaged, macroscopic quantities. For example,
by tracking the contact forces larger than a certain threshold, we chserve force chains, as most of
the load is carried by relatively few grains. This can lead to fracturing and failure of the material,
which cannot be predicted from the average stress. Force chains have been observed in exper-
iments using photoelastic disks (e.g. [44] and references within) and in DEM simulations (e.g.
[3,6,12,15,43]).

Correspondence between abrupt changes in the slopes of the stress—strain curves and substantial
variations in the contact network and the force chains is noticed in our simulations. A similar
correlation was observed between deviator stress drops and microstructural variations [3]. Some of
these variations are irreversible, contributing to the hysteretic bulk response. Tracking hysteresis via
grain-scale parameters can be performed quantitatively using the fabric tensor [38]. Qualitatively,
we cbserve that these noticeable variations are correlated to relatively large displacements expe-
rienced by several grains. These displacements are possible at particular combinations of contact
forces and geometry, as grains are ‘pushed’ through constrictions. Following such events, the local
sets of contacts and the shapes of these constrictions are altered significantly, so that a reverse
perturbation of the boundary conditions cannot restore the original configuration. In loading, these
rearrangements create an overall stiffer pack, which may be interpreted as strain hardening.

Stress-induced anisotropy is observed in simulations of highly anisotropic loading on sample
02654, To investigate the mechanisms leading to such anisotropy, we analyzed the directions of the
contact forces that were larger than the mean. Under isotropic loads these directions are uniformly
distributed. In contrast, under anisotropic loads corresponding to anisotropic moduli, these forces
are preferentially aligned with the main loading direction. Similar observations were made from
experiments [44] and simulations [12].

4. IMPACT OF HYDRATE DISSOCIATION IN MARINE SEDIMENTS

4.1, Modeling hydrate dissociation

We apply our model to quantify the mechanical response to hydrate dissociation in HBS. Gas-
hydrates are solid materials formed under a range of high pressures and low temperatures. Disso-
ciation converts them into liquid water and free gas. The volumetric expansion of gas can lead
to an appreciable increase in pore pressure [22], reducing the effective stress. Thus, dissociation
impacts the mechanical properties of HBS by reducing both the solid fraction of the sediment and
the effective stress. We quantify the effect of dissociation via the evolution of elastic moduli.

The pressure increase varies with factors such as dissociation rate, sediment permeability and
initial pore pressure [22]. Predicting the excess pressure as a function of dissociation is outside the
scope of this paper. Here, we consider a number of dissociation scenarios. A range of dissociation
amounts and excess pressures, taken from other models [22], is used as input parameters in
our simulations.

The distribution of hydrates within the pore space depends on their formation mechanism, among
other factors, and a variety of distribution models exists [23]. To model interactions between the
host sediment and the hydrate, we consider methane-hydrate formed preferentially in the larger
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pores, rather than in the pore-throats. This type of hydrate distribution can occur if small amounts
of hydrate are slowly introduced in the aqueous phase [24]. Such a distribution makes hydrates a
part of the solid skeleton, i.e. load-bearing solid particles.

‘We quantify the amount of dissociation by the decrease in hydrate saturation, from § to S+AS,
where AS<0. The hydrate saturation is § = V1/V, where V! is the volume occupied by hydrate
and V is the total pore volume (including the hydrates). We model the reduction in solid fraction
due to dissociation by shrinking the hydrate grains, assuming that all grains experience similar
volumetric strains. The impact of the excess pore pressure, peyx, is modeled at both the grain and the
sample level. We assume uniform pore pressure within the sample. Since the contact area is much
smaller than the surface area of the grains, we isotropically compress the grains, neglecting the
net force applied by the fluid pressure. The volume of grain i, V¥;, is changed by AV; <0. For small
changes in volume, AV;/V; is approximately equal to the volumetric strain, and can be determined
by pex = —K;AV;/V;. Here K; is the bulk modulus of grain i. At the sample scale, the reduction in
effective stress is modeled by applying a tensile macroscopic strain, e >0, expanding the sample
isotropically. This strain is determined from the poroelastic constitutive equation oy pex = K 8z,
where ¢, is the Biot—-Willis coefficient [45].

4.2. Elastic moduli following hydrase dissociation

The initial state of an HBS sample is modeled as a dense arrangement of 2740 spherical grains,
where some of the smallest grains are methane-hydrate. Hydrates are assigned the elastic moduli
of F;=6.6GPa and v; =0.32 (K; =6.1GPa and G;=2.5GPa), and a density of 0.9g/em? [46].
To model quartz sand as the host sediment, the other grains are assigned the properties of quartz,
see Section 3.1, and o, =0.8 [47]. The initial porosity and hydrate saturation are ¢ ~45% and
S =0.215. The effective stress for this state, determined from the contact forces on the walls (see
Section 3.2.1), is ~21 MPa. The initial pore pressure may be larger than hydrostatic pressure if the
sediment is confined by a low-permeability layer. The resulting total stress, which is considered
fixed in our simulations, can exceed the lithostatic stress if the sediment carries the weight of a
nearby offshore platform.
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Figure 5. Reduction in bulk (dashed line) and shear (solid line) modulus vs. hydrate dissociation. Left:
increasing excess pore pressure, pex, for a fixed saturation decrement, AS=—0.01. Right: decreasing the
saturation for a fixed excess pressure, pex=1MPa.
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By varying the excess pressure and the saturation decrement independently, we produce a series
of configurations, covering a range of possible scenarios. For each configuration, the elastic moduli
are evaluated by simulating a uniaxial test. In Figure 5 (left), these moduli are plotted against the
excess pressure, for a fixed saturation decrement, AS = —0.01. Conversely, Figure 5 (right) shows
the moduli vs. AS, for a fixed excess pressure pex —1MPa. The initial moduli prior to dissociation
are plotted in the left-most parts of both figures.

Weakening of HBS is evident from a reduction in elastic moduli, as the sediment becomes
looser and softer. This observation is in qualitative agreement with experiments [23, 24] and other
numerical simulations [48]. Further dissociation may lead to a significant decrease in the solid
support, with a possible loss of shear rigidity. In such a state, the sediment is more susceptible to
landslides and subsidence, threatening the safety of adjacent offshore platforms.

5. DISCUSSION

A technique for estimating the mechanical properties of cohesionless granular materials from
numerical simulations has been presented. We model granular matter as a 3D disordered packing
of elastic spherical grains, bounded by a rectangular container. Using a quasi-static model, the pack
is loaded by incremental displacements of the container walls. The contact forces are calculated
using Hertzian contact theory. Each equilibrivm configuration is found by minimizing the total
potential energy of the systerm. A modification of the CG algorithm is used to obtain this minimum.
This approach results in an efficient computational procedure, which is also used to generate a
dense initial arrangement.

By micromechanical analysis we demonstrate mechanisms responsible for hysteresis, strain
hardening and stress-induced anisotropy. Macroscopically, our results capture the nonlinear and
path-dependent response observed in experiments. We have verified our physics-based model
against published experimental data, using similar grain properties. All material parameters used
in simulations are obtained from published experiments. The good agreement between predicted
and measured values of the macroscopic bulk modulus is achieved with no adjustments of
parameters.

These results confirm that the normal contact forces play an important role in determining the
overall response, and that grain-scale elasticity is suitable to describe many features of the inelastic
response of granmular materials. The bulk modulus, for example, mainly depends on the normal
contact forces, which are adequately described by the Hertzian theory. Nevertheless, our model
underestimates the shear modulus. We attribute this deficiency to the frictionless contact model
employed. Extension of our variational approach to account for shear and sliding at the contacts
provides more accurate predictions of the moduli [21].

We apply our model to quantify the effect of hydrate dissociation in marine sediments. Hydrates
are modeled as load-bearing solid particles within the pores. To moedel dissociation, we reduce
the solid fraction by shrinking the hydrate grains. The effect of the related excess pore pressure is
modeled by expanding the sample to account for the decrement of effective stress and compressing
the grains. A series of possible dissociation scenarios has been simulated, showing degradation in
sediment strength as a reduction in the macroscopic elastic moduli. This trend agrees qualitatively
with the published results of experiments and simulations. Further dissociation might lead to
loss of solid support of the skeleton, causing seafloor landslide and subsidence. To predict such
instabilities and their impact on offshore platforms, cur model can be used to provide constitutive
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relationships for large-scale simulations (e.g. [48]). To quantitatively verify our predictions, more
experimental data are required.

APPENDIX A: MINIMIZATION ALGORITHM

Each equilibrium configuration is found numerically, using a medified CG algorithm. We seek
displacements 0, which provide a local minimum of the functicnal IT. Tterative updates #11 =
o — o p* are performed until the displacements converge to provide a local mininmim of IT within
a desired accuracy. Superscript k denotes the iteration index. The updates are performed in the
so-called search directions pk:kaﬂkpk*I, where ﬁk: —([|R¥|| /IIR*—1|))%. The residual vector
R equals the gradient of TI, R¥ = f[F’{ . .FIJ‘V]T.

We use the steepest descent method, finding a value for the scaling coefficient o, which provides
a minimum for TI(F — o pk)‘ To avoid nonphysical artifacts such as grain permutations, the value
of o is restricted within each iteration. The iterations are stopped if at least one of the following
holds true:

I —IF e ITF or  ||RTYP <2y N(ER%Y? (A1)

where R is the mean grain radius. For example, for sample $2654, E = 10!! Pa and R =1.003
10~%m. The tolerance parameters were chosen to be 21=10"1Y and s, =103, These values
provide for each grain a residual force F;, which was smaller than the maximum contact force on
that grain by at least 3 orders of magnitude. Note that due to inevitable round-off error, the chosen
tolerance cannot be arbitrarily small.

For a linear system of the crder 3N with a positive-definite matrix, CG is proven to yield an exact
solution within 3N iterations [25]. However, the nonlinearities related to the force—displacement
relation and variations in the fabric, in addition to accumulated round-off error, may cause loss of
convergence, as updating 0% in the direction of p* may not reduce the value of IT. To avoid this
behavier, we refresh the CG algorithm by performing an update in the direction of the gradient
RX. The frequency of this operation is determined by trial-and-error.
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