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ABSTRACT: Although underground coal gasification (UCG) has been tested in many countries as an
environmentally friendly technique for gasification of deep un-mineable coal seams in situ, there are
geomechanical risks during and post operation of UCG. It is a thermal-hydro-chemical-mechanical process.
Evolution of the cavity along with high temperature may result in fracturing and collapsing of the formation
adjacent to the gasification chamber as well as groundwater contamination. This paper presents results of a
series of 3D coupled fluid-thermal-mechanical simulations of an example deep UCG site to evolution of a cubic
cavity. The numerical simulation model included caprock on top, a layer of coal in the middle including a cubic
cavity under syngas pressure and temperature, and underburden rock. Five scenarios were studied in order to
investigate impacts of different operational conditions and material properties on the geomechanical response
of the strata to UCG activity. This study revealed that evolution of the cavity containing high temperature
syngas resulted in large volumetric strain and change in pore pressure as well as increase in mean effective
stress and mechanical failure of the strata around the cavity. Impacts of running UCG plant under different
operational pressures as well as using temperature-dependent elastic modulus and permeability for coal on the
geomechanical response of the strata was also investigated.
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l. INTRODUCTION

1.1. Advantages of UCG

The 2010 Survey of Energy Resources estimated world coal reserves about 860 billion tonnes. Since
2000, global coal consumption has grown faster than any other fuel — at 4.9% per year- and is expected to rise
by over 60% by 2030 [1] which asks for more coal extraction. There are greater resources deep underground
that can be a supplement to the proved reserves but, based on current technology, are not economic to be mined.
Underground coal gasification (UCG) has been identified as an environmentally friendly technique that can
address the extra demands for coal consumption with the gasification of deep un-mineable coal seams, but with
substantially less capital expenses and a smaller CO, footprint compared to the equivalent conventional surface
gasifiers[2].

1.2. UCG Risks
Although UCG has been tested and trialed in many countries across the world [2], because of the

nature of the process, which is a coupled thermal-hydro-chemical-mechanical process, there are always
geomechanical risks in a UCG operation. Evolution of the cavity along with high temperature well over 1000
degrees Celsius as well as change in pore fluid pressure may result in fracturing and collapsing of the formation
adjacent to the gasification chamber. Subsidence of the ground surface in shallow UCG and contamination of
ground water are the other risks associated with the UCG projects.
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1.3. Previous Studies of UCG

In order to optimize the UCG process and mitigate risks during and after gasification, extensive
laboratory, analytical, and numerical studies as well as field monitoring have been done. Laboratory studies of
mechanical, thermal and hydraulic properties of coals from different basins were performed [3, 4, and 5]. A few
coal gasification experimental set ups were utilized under laboratory conditions [6, 7,8,and9].

Numerous analytical models were also developed for cavity growth prediction mainly based on the
chemical process of combustion [10,11,and 12]. Rate of syngas production, its composition and temperature as
well as change in porosity and permeability of the coal seam due to gasification (which leads to formation of a
cavity) has been the focus of numerical simulations [6, 8,13,14,15,and 16].

A few field monitoring results of UCG trial sites were also published [17 and18]. Recently, the world’s
deepest ever UCG pilot test was successfully conducted at depth of 1400 m in Swan Hills, Alberta, Canada [19].
Geomechanical module of a UCG project has two important aspects. First, geomechanical response of the strata
to the coal gasification process can determine the level of risk or safety of the UCG project site. Second, failure,
cracking, deformation and, in general, geomechanical changes in coal and rock layers around the cavity will
influence the chemical process of coal gasification by changing the flow properties e.g. porosity and
permeability. Geomechanical simulations can provide the opportunity to predict the response of the coal seam
and the surrounding formation to coal gasification and allows investigating caprock and bedrock integrity at
different timesteps and under different operational conditions. To date, limited geomechanical simulations of
UCG process have been published. Advani et al. [20 and 21] analyzed plane strain linear thermoelastic finite
element models with an elliptical cavity within which high temperature and pressure was applied to investigate
the tangential stress changes around the cavity. Tan et al. [22] performed plane strain finite element simulation
of a UCG cavity with the aid of ANSYS software. To represent UCG process, high temperature was applied to
the boundaries of the cavity, but no considerations was done for groundwater or syngas pressure. They used
temperature dependent thermal and mechanical properties for coal and rocks and conducted coupled thermal-
mechanical analysis in order to study changes in stress. Vorobiev et al. [23] performed two-dimensional finite
element modeling of a disc-shaped reservoir. To simulate UCG activities, they did element removal and
observed stress redistribution and surface subsidence. The pressure and temperature in the cavity was set to zero
and elastic material was assumed. Three-dimensional modeling of an UCG cavity was done by Morris et al. [24]
using LDEC (Livermore Distinct Element Code) by assuming an initial, instantaneous cavity and then
predicting and removing the portions of the coal mass rendered unstable by the excavation, in the presence of
gravity and an in situ stress field but without considerations for gasification temperature and groundwater or
syngas pressure. They also examined influence of coal cleat orientation and persistence on the cavity evolution.
Lawrence Livermore National Laboratory recently developed a new integrated 3D UCG simulator which is
capable of both gasification and geomechanical simulations of UCG [25] however this package is not
commercially available to the public.

1.4. Scope and Objectives of this Research

Published geomechanical modeling of UCG did not consider syngas pressure and temperature, and
mechanical impacts together hence, a set of 3D fluid-thermal-mechanical analyses may represent the field
behavior more realistically. The main objective of this study was to investigate the response of an example UCG
site in a high in-situ stress condition (deep UCG) to evolution of a cubic cavity along with syngas pressure and
temperature being applied to the cavity. A series of 3D fluid-thermal-mechanical simulations were conducted
for five scenarios having different operational conditions and material properties.

1. DESCRIPTION OF THE SIMULATION MODEL
In this study, FLAC3D 4.00 of ITASCA was used. FLAC3D is a three-dimensional explicit finite-
difference program for modeling advanced geotechnical/geomechanical analyses of soil and rock media to
calculate stress and deformation, fluid flow, and heat conduction and convection using several built-in material
models [26]. The geometry of the simulation model, initial configuration and material properties are explained
in the following sub-sections.
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1.1 Geometry

The model studied in this paper included three geological units; a coal seam overlaid with a layer of
caprock on top and underlain with underburden rock layer. Thicknesses of these layers from top to the bottom
are 247, 6, and 247 m, respectively. The model dimensions in both X and Y directions are 2000 m. A cubic
cavity with the size of 6 X 6 X 6 m, which extended to the entire thickness of the coal seam, was considered.
Fig. 1 shows one quarter of the model that was constructed in FLAC3D software in order to reduce the
simulation runtime. As shown in Fig. 1, a finer mesh was adopted around the cavity to capture geomechanical
changes more accurately however the mesh became coarser farther away from the cavity. The total number of
grid points and zones were 3751 and 2970, respectively. Also shown in Fig. 1 are the locations of four
monitoring points on the perimeter of the cavity. Point A is the top center, B is the bottom center, C is the center
point along the X-axis, and point D is the center point along the Y -axis of the cavity.

A
Cavity - IC B col

Yy }Z 8
X

All dimensionsin m |

1000 |

Figurel: 3D finite difference mesh and the cavity used in the analyses

11.2. Initial Configurations and Material Properties

In the geomechanical simulations, the bottom of the model was fixed, sides were selected as rollers and
top of the caprock was assigned free boundary. High initial in-situ stress corresponding to a depth of 1400 m
was assigned to the model such that total vertical stress at the middle of the coal seam was o, = 0, = 0, =
31 MPa. Stress ratios for X and Y directions was chosen as unity. The initial hydrostatic pore pressure was
assigned to the model such that pore pressure at the middle of the coal seam was 11.5 MPa. Initial temperature
for the formation was set equal to 60°C.

A set of input material properties was selected for the fluid-thermal-mechanical analyses as
summarized in Table 1. The rock layers were considered mechanically stronger but 10 times less porous than
the coal however thermal conductivity or the rock materials was greater than the coal. It should be noted that the
permeability used in FLAC3D is actually a mobility coefficient and defined as the ratio of the intrinsic
permeability to the fluid dynamic viscosity. The equivalent permeability in millidarcy(mD) unit for the coal and
rock are 1 and 0.1, respectively. All strata were assumed homogeneous and isotropic, and Mohr-Coulomb elastic
perfectly plastic model was selected for mechanical analyses for both coal and rock layers using the
corresponding parameters shown in Table 1. Isotropic fluid flow and isotropic thermal flow was also considered
for all layers.

After initializing the initial in-situ stress condition, the cavity was excavated. To simulated UCG
process, average temperature of 500 °C was applied to the cavity boundaries. Syngas pressure in the range of 10
to 13 MPa was considered as a constant fluid pressure at the cavity boundaries. The reservoir pressure in this
simulation is 11.5 MPa for which the steam saturation temperature is about 320 °C[27]. Blocks of coal and rock
in the vicinity of the cavity may experience temperatures above the steam saturation temperature, i.e. pore water
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will change phase from liquid water to steam. In a similar temperature and pressure condition in a real UCG site,
there is a mix of other gases such as CH,, CO, CO,, and H,, but this simulation assumed single-phase Darcy
fluid flow. Any interactions between syngas, steam and water as well as chemical reaction between syngas and
coal was not included.

Table 1: Geomechanical, thermal, and fluid properties of the coal and rock used in this study

Property Coal Rock
Elastic Modulus, E (MPa) 5000 30000
Poisson’s Ratio, v 0.3 0.3
Friction Angle, ¢(°) 40 60
Cohesion, C (MPa) 10 35
Density (Kg/m3) 1200 2500
Porosity (%) 0.0866 0.05
Permeability x 10713 (m2/Pa. sec) 9.81 0.981
Thermal Conductivity, k (W /mo() 0.3 25
Specific Heat, C,, (J/Kgo¢) 1400 1100
Coefficient of Linear Thermal Expansion, a, x 107¢(1/°C) 9 15
Fluid Bulk Modulus (GPa) 1.5 1.5
Fluid Density (Kg,/m3) 1000 1000
Fluid Volumetric Thermal Expansion Coefficient, 3a; (1/°C) | 0.734 x 107 | 0.734 x 1073
(@ P=11.5 MPa, t= 100 °C)
Matrix Volumetric Thermal Expansion Coefficient, g (1/°C) 883x107® | 79.5%x107°
(@ P=11.5 MPa, t= 100 °C)

11.3. Coupled Fluid-Thermal-Mechanical Analyses

UCG operation imposes significant geomechanical changes to the strata. The cavity evolution
introduces mechanical deformation which in turn influences fluid pressure. Syngas extraction, while running the
UCG plant at a pressure different from initial reservoir fluid pressure, causes mechanical deformation and alters
the in situ stress condition. These are in compliance with the Biot’s three-dimensional theory of poroelasticity
which states that a change in stress produces a change in fluid pressure or fluid volume in a porous medium
likewise a change in fluid pressure or volume yields a change in the volume of a porous medium [28]. High
temperature of coal gasification causes thermal stress and deformation as well as thermally-induced pore
pressure. All the aforementioned geomechanical perturbations happen simultaneously which ask for a coupled
fluid-thermal-mechanical analysis.

The fluid flow capability of FLAC3D is applicable to any problem involving single-phase Darcy flow
of any type of fluid in a porous medium. It requires information regarding the variables pore pressure, saturation
and the three components of the specific discharge vector. The thermal module of FLAC3D incorporates both
conduction and advection models. Only conduction was included in the simulation for this study. The variables
involved in heat conduction in FLAC3D are the temperature and the three components of the heat flux. Any of
the fluid, thermal, mechanical modules can be run independently or coupled to the others.

The formulation of coupled fluid-mechanical processes in FLAC3D is based on the Biot’s theory of
poroelasticity. The variables in the coupled fluid-thermal-mechanical module are related through the Darcy’s
law for fluid transport, balance laws (fluid mass balance equation, thermal energy balance equation, momentum
balance equation), and a constitutive law relating changes in pore pressure to saturation, volumetric strains, and
temperature [26]. The material properties used in the coupled analyses of this study are provided in Table 1.

The fluid-thermal-mechanical constitutive law in FLAC3D has the general form of Equation 1. This Equation
allows calculation of change in pore pressure due to temperature change and deformation of the saturated
matrix.
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where( is the variation of fluid content, M is the Biot modulus, a is the Biot coefficient (equal to 1 for
incompressible solid grains), € is the volumetric strain, and g is the undrained volumetric thermal expansion.
The Biot modulus is related to the fluid bulk modulus, K¢, and porosity, n, through Equation 2:

- %
M= " )
For an ideal porous material, § is related to the volumetric thermal expansion coefficients for the grains, 3a;,
and the fluid, 3a;, through Equation 3:

B = 3a;(@a—n)+ arn] 3)

Equation 1 gives some insights about the contributions of the three constituents on pore pressure
change; namely fluid content in the pore space, deformation of the matrix, and temperature of the matrix. Based
on Equation 1, adding more fluid to the pore space will increase the pore pressure likewise, increase in
temperature will raise the pore pressure. Volumetric strain has a reverse effect on pore pressure. If the matrix
expands, pore pressure will drop and vice versa.

To perform a coupled fluid-thermal-mechanical simulation of a UCG cavity, the following steps were
taken. The initial configuration was run for mechanical equilibrium, a cavity was created, and then a series of
thermal, mechanical and fluid steps were followed until the intended simulation time was met. Each step
includes one thermal loop, followed by enough mechanical steps (to maintain quasi-static equilibrium) and
sufficient flow loops which was again followed by enough mechanical steps after every flow step. It should be
noted that fluid timestep for this simulations was orders of magnitude smaller than thermal timestep hence, a
mechanism was coded in FLAC3D in order to synchronize the fluid and thermal times by performing enough
fluid loop per each thermal loop.

11.4. Description of the Five Scenarios Studied

The numerical simulations were performed on five different scenarios to investigate impacts of different
operational pressure and material properties on the geomechanical response of the cavity. The cavity
temperature for all scenarios was 500 °C. Information regarding the five scenarios is presented below which is
summarized in Table 2.

Table 2: Summary of the five numerical simulation scenarios

Scenario Cavity Syngas Deviation in Material Properties
Temperature (°C) | Pressure (MPa) from Table 1
1 500 11.5 =
500 10 -
3 500 10 Temperature-dependent elastic modulus
for coal seam (as in Fig. 2)
4 500 10 Temperature-dependent permeability
for coal seam (as in Fig. 3)
5 500 13 -

11.4.1. Scenario 1
This scenario used constant material properties as in Table 1. The syngas pressure for scenario 1 was

selected as 11.5 MPa which is equal to the initial reservoir pressure at the middle of the coal seam. With that
being said any changes in pore pressure after running the model is supposed to be due to the thermally-induced
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pore pressure caused by the elevated temperature and/or mechanically-induced pore pressure because of the
perturbation caused by the cavity evolution.

11.4.2. Scenario 2
This scenario was the same as scenario 1, except syngas pressure (which was 10 MPa) was below the

initial pore pressure in the middle of the coal seam (which was 11.5 MPa). UCG practitioners prefer to operate
the plant below the initial reservoir pressure to prevent syngas diffusion to adjacent strata and instead having
water influx to the gasification chamber. This will reduce contaminant transport to ground water.

11.4.3. Scenario 3
This scenario had similar specifications to scenario 1; except it used 10 MPa for syngas pressure and

elastic modulus of the coal was assumed to be temperature-dependent. Like any mechanical properties of coal,
elastic modulus of coal changes at elevated temperature. Change in elastic modulus of coal specimens from
Hanna Basin coal was studied by Glass, 1984 [4]. He carried out triaxial experiments up to 250 °C and uniaxial
tests conducted in air at 350 °C and 450 °C, perpendicular and parallel to the bedding plane. Normalized elastic
moduli of Hanna Basin are plotted versus temperature in Fig. 2. It can be seen in Fig. 2 that there was an initial
gain in elastic modulus at temperature of 80 °C in direction parallel to bedding plane. The normalized elastic
modulus curves approached the abscissa at temperature about 350 °C however in direction normal to bedding
plane, continuous decline of elastic modulus occurred during heating. The solid step-wise function in Fig. 2 is
the one adopted for this simulation. Elastic moduli of coal blocks were calculated as the multiplication of the
initial elastic modulus of the blocks (as in Table 1) and the normalized values at the corresponding temperatures
from the solid step-wise function in Fig. 2.

14
ﬁ 12 R ++esk---« E_Norm/bed (Glass, 1984)
3 L’ \\ - -o— - E_Paral/bed (Glass, 1984)
§ 1.0 S \ Assumption Used in this Study
o Ty
g N
W 06 .
3 \
N 0.4 s
= SN
€ 02
o
Z 00 L L h

0 100 200 300 400 500

Temperature (°C)

Figure 2: Normalized elastic modulus of Hanna Basin coal versus temperature normal and parallel to
bedding plane [4] and the assumed function used for scenario 3

11.4.4. Scenario 4
For this scenario syngas pressure was 10 MPa and temperature-dependent permeability was used for

coal. As a coal specimen is heated, its permeability increases. Thermal deformation and microcrack generation
as well as release of volatile matters during heating of coal result in change in pore volume and permeability of
coal matrix. Thorsness et al., 1978 [29] investigated change in permeability of Wyodak coal specimens during
drying and pyrolysis. The ratios of permeability of Wyodak coal at elevated temperatures to the corresponding
values at ambient temperature (which was 20 °C) are plotted against temperature in Fig. 3. Although the data
points show an exponential trend but a line could be fitted to the initial linear part of the data points. A line was
selected such that it reasonably fits the data points for temperature in the range of 60 to 500 °C. The assumed
line predicts normalized permeability equal to 1 and 125 at temperature of 60 and 500 °C,
respectively.Permeability of coal blocks in the heated area around the cavity was calculated as the multiplication
of the initial permeability of the blocks (as in Table 1) and the normalized values at the corresponding
temperatures.
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Figure 3: Normalized permeability of Wyodak coal versus temperature [29]and the assumed function
used for scenario 4

11.4.5. Scenario 5
In this scenario, everything was identical to scenario 1, except syngas pressure that was selected equal

to 13 MPa which was above the initial reservoir pressure. The intention for this scenario was to get some insight
about how the geomechanical response would change if the UCG plan loses operation and exceeds the reservoir
pressure. It is worth-mentioning that the environmental influence of such a loss was not in the scope of this
study.

1. RESULTS AND DISCUSSIONS
This section provides some geomechanical responses for all scenarios (Fig.s 4 to 9) and discussions on
the results. The geomechanical responses include changes in temperature and pore pressure, mean effective
stress and volumetric strain in the middle of the coal seam as well as base of the caprock. It should be noted that
the coordinates for Fig.s 5 to 9 were set on the center of the cavity. Magnitudes of displacements of four
monitoring points on the boundary of the cavity (points A, B, C, and D in Fig. 1) are shown in Fig. 10.

111.1.  Results of Scenario 1

Fig. 4 includes some of the observed changes in the strata after 182 days. Fig. 4.a shows temperature
contour. As it can be seen in this figure, temperature front extended more into the rock layers than in the coal
seam which is because of this fact that thermal conductivity of the rock was chosen greater than the coal seam
(Table 1). The displacement contour is presented in Fig. 4.b which shows that larger deformation happened
around the cavity. This is also in compliance with the volumetric strain contour shown in Fig. 4.c. One
important issue in underground activities such as UCG is maintaining caprock and bedrock integrity.
Investigating development of plastic zone around the UCG reactor and potential failure of the caprock, bedrock
and the adjacent coal material is of significant importance as the materials in the plastic zone may undergo large
deformation which can lead to failure or at least increase in porosity and permeability. Combination of thermal
stress induced by high temperature of coal gasification and mechanical perturbation caused by the cavity
evolution were the reasons for strain localization and consequently forming a plastic zone around the perimeter
of the cavity which is seen in Fig. 4.d.

Fig. 5 shows plots of changes in temperature and pore pressure, mean effective stress and volumetric
strain in the middle of the coal seam as well as base of the caprock. Fig. 5.a shows distribution of changes in
temperature and pore pressure versus distance on the middle of the coal seam at different times; 1, 10, 30, and
182 days. By time, temperature front moved farther from the cavity boundary which resulted in decline of pore
pressure. Similar behavior was observed in base of the caprock (Fig. 5.b). Mean effective stress and volumetric
strain in coal and caprock are shown in Fig. 5.c and d, respectively. Initial mean effective stress in the middle of
the coal seam and base of the caprock was about 20 MPa which increased significantly due to UCG activity
such that after 182 days, maximum mean effective stress in in the middle of the coal seam and base of the
caprock was 64.6 and 162.0 MPa, respectively. The corresponding values for volumetric strain were 0.022 and
0.030, respectively.
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Based on Fig. 5, it can be concluded that due to the cavity evolution and high temperature of syngas,
large volumetric strain happened around the cavity. The amount of observed volumetric strain in base of the
caprock was greater than the middle of the coal seam. Because of the large deformation of the strata around the
cavity, pore pressure in the coal and rock declined. Similar trends of pore pressure responses were observed in
the coal and caprock. At later times, either syngas diffused or water moved from farther points to the pore
pressure decline area which compensated pore pressure drops (Fig. 5.a and b).

Besides the large deformation of the strata around the cavity, mean effective stress in the coal and base
of the cap rock also increased. Base of the caprock experienced larger mean effective stress than the middle of
the coal seam. The maximum mean effective stress in the base of the cap rock occurred close to the top corner
of the cavity. Moreover, it was found out that the UCG influence on pore pressure profiles extended to a larger
distance from the cavity (a few hundred meters) that its influence on temperature, mean effective stress, and
volumetric strain profiles. This fact can be seen in Fig. 5.a and b through Fig. 9.a and b.
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Figure 4: Contours from scenario 1 after 182 days: a) temperature, b) displacement, c)volumetric strain,
and d) plastic zone around the cavity
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Figure 6: Results from scenario 2: a) change in pore pressure and temperature along middle of the coal
seam, b) change in pore pressure and temperature along base of the caprock, c) mean effective stress
along middle of the coal seam and base of the caprock, and d) volumetric strain along middle of the coal

seam and base of the caprock
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Figure 7: Results from scenario 3: a) change in pore pressure and temperature along middle of the coal
seam, b) change in pore pressure and temperature along base of the caprock, c) mean effective stress and
elastic modulus along middle of the coal seam as well as mean effective stress along base of the caprock,
and d) volumetric strain along middle of the coal seam and base of the caprock
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Figure 8: Results from scenario 4: a) change in pore pressure and temperature along middle of the coal
seam, b) change in pore pressure and temperature along base of the caprock, ¢) mean effective stress and
permeability along middle of the coal seam as well as mean effective stress along base of the caprock, and
d) volumetric strain along middle of the coal seam and base of the caprock
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Figure 9: Results from scenario 5: a) change in pore pressure and temperature along middle of the coal
seam, b) change in pore pressure and temperature along base of the caprock, ¢) mean effective stress
along middle of the coal seam and base of the caprock, and d) volumetric strain along middle of the coal
seam and base of the caprock

111.2.  Impacts of Syngas Pressure on the GeomechanicalResponse

For scenarios 1, 2 and 5 the value of syngas pressure was selected equal to, less than, and greater than
initial pore pressure. As it can be seen in sub-sections a and b of Fig.s 5, 6, and 9, base of the caprock and
middle of the coal seam exhibited similar pore pressure responses despite the fact that permeability of the rock
layers was one order of magnitude smaller than the coal seam. No matter what the syngas pressure was, in all
cases, in early ages, pore pressure dropped in the vicinity of the cavity and then increased by time. In scenario 1
which the syngas pressure was chosen equal to the initial pore pressure, after 182 days pore pressure returned
back to the initial pore pressure (Fig. 5.a and b). In scenario 2, the formation maintained the pressure difference
between syngas and initial reservoir pressure (Fig. 6.a and b). Although for scenario 5 the syngas pressure was
selected above the initial reservoir pressure, in the early ages, pore pressure a few meters away from the cavity,
pore pressure dropped. Later, pore pressure gained value and experienced some rise.

Change in syngas pressure through scenarios 1, 2, and 5 did not show significant impacts on volumetric
strain and mean effective stress in the coal and caprock. This simulation study only considered thermal
conduction however thermal convection was not included hence, change in syngas pressure did not create any

influence on temperature plots.

111.3.  Impacts of Temperature-Dependent Coal Elastic Modulus on the Geomechanical Response

Decline of elastic modulus of coal as a function of temperature for different simulation times are shown
in Fig. 7.c. In comparison to scenario 2, by considering temperature-dependent stiffness, coal became softer
around the cavity which allowed more deformation and larger volumetric strain in the coal however smaller
mean effective stress was observed just next to the cavity in both the coal seam and the caprock. This
assumption did not result in any changes to the temperature plots.
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I11.4.  Impacts of Temperature-Dependent Coal Permeability on the Geomechanical Response

By this assumption, coal permeability exhibited up to two orders of magnitude changes in the vicinity
of the cavity where high temperature gradient existed (Fig. 8.c). The initial permeability of coal, just next to the
cavity, was 9.81 x 10~13(m?/Pa. sec) which increased to 7.82 x 10711 (m?/Pa. sec) after 182 days. It was
observed that because of the enhanced coal permeability around the cavity, compared to scenario 2, pore
pressure in coal and base of the cap rock rapidly reached the steady state condition. No changes were seen in
temperature front as thermal convection was not included in these simulations. This assumption did not create
any noticeable changes to volumetric strain and mean effective stress plots in the coal and rock.

I11.5.  Displacements of the Monitoring Points through Scenarios 1 to 5

Displacements of the four monitoring points are plotted in Fig. 10. In all scenarios, points A to D
moved towards to the center of the cavity which indicates that the strata deformed towards the cavity. Each
monitoring point had almost the same displacement throughout the scenarios except scenario 3 which used
temperature dependent elastic modulus for coal. Since in scenario 3 coal stiffness declined in the vicinity of the
cavity as a function of temperature, all monitoring points experienced larger displacements towards the center of
the cavity. Displacements of points A, B, C, and D in scenario 3 were -0.021, 0.093, -0.142, and -0.128 m,
respectively.
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Figure 10: Displacements of the four monitoring points in different scenarios;a) point A, b) point B, c)
point C, and d) point D

V. SUMMARY AND CONCLUSIONS
To investigate geomechanical response an example deep UCG site to evolution of a cubic cavity along

with syngas pressure and temperature, a series of 3D coupled fluid-thermal-mechanical simulations were
conducted in FLAC3D software on a model for five scenarios having different operational conditions and
material properties.The numerical simulation model included caprock on top, a layer of coal in the middle
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including a fixed size cavity under syngas pressure and high temperature, and underburden rock. Based on the
results obtained in this study, the following conclusions were drawn.

Due to the cavity evolution and high temperature of syngas, large volumetric strain happened around the
cavity.
Base of the caprock experienced larger volumetric strain than the middle of the coal seam. Because of the
large deformation of the strata around the cavity, pore pressure in the coal and rock dropped. At later
times, pore pressure decline was compensated. Similar trends of pore pressure responses were observed
in the coal and caprock.
Mean effective stress in the coal and base of the cap rock increased. Base of the caprock experienced
larger mean effective stress than the middle of the coal seam.
For the three assumptions for syngas pressure, in early ages pore pressure dropped in the vicinity of the
cavity and then increased by time.
Change in syngas pressure did not show significant impacts on volumetric strain and mean effective
stress in the coal and caprock.
Using temperature-dependent elastic modulus for coal resulted in larger deformation and volumetric
strain in the coal but smaller mean effective stress in both the coal seam and the caprock was observed.
Using temperature-dependent permeability for coal helped pore pressure in the coal and base of the cap
rock rapidly reached the steady state condition but no noticeable changes to volumetric strain and mean
effective stress occurred.
In all scenarios, the four monitoring points on the perimeter of the cavity moved towards the center of the
cavity which indicates that the strata deformed towards the cavity. In scenario with temperature-
dependent elastic modulus for coal, all monitoring points experienced larger displacements towards the
center of the cavity.
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