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INTRODUCTION

The in situ conversion of coal into combustible gas provides an attractive avenue for
optimum utilization of the United States' principal fossil fuel resource. The pri-
mary benefits of underground coal gasification (UCG) over conventional mining methods
are health, safety, controlled environmental subsidence, and maximum recovery of
energy from coal deposits which are difficult to mine or are unminable. The success
of UCG methods from environmental, technical, and economic considerations depends on
a host of physical, chemical, and geological parameters. These factors have been
extensively discussed in monographs detailing Soviet technology (1,2) and the recent
British National Coal Board Status review of studies in the United Kingdom, Russia
and United States (3). The major U.S. Department of Energy (DOE) sponsored projects
in the United States are the Linked Vertical Well (LVW) programs at Hanna, Wyoming
(4), and at Pricetown, West Virginia (5), in the medium thick western and thin eastern
coal seams, respectively; and the Packed Bed Process (PBP) experiments near Gillette,
Wyoming (6), also in the thick western coal seams.

The surface and subsurface environmental impact of in situ coal gasification may be
predicted by utilizing the thermo-mechanical-structural properties of the in situ
materials. The most serious structural mechanics related problems of UCG are those
dealing with surface subsidence, roof stability, and coal permeability thermo-
mechanical changes. The ensuing subsurface environmental consequences include
possible gas leakage, water contamination, water influx into the combustion zone, and
heat loss to the overburden. Control of the UCG process rate advancement, its
stability, and surface and subsurface subsidence response is believed to be primarily
due to the thermally induced strain and in situ stresses. In addition, coalbed perm-
eabilities in the swelling bituminous coals are also influenced (7). Hence, the basic
structural and constitutive properties of the in situ materials must be known in order
to predict the effects of a gasification scheme with regard to roof collapse, coal
fracturing, porosity, permeability, and surface subsidence.

This study represents an effort to provide somewhat more realistic and comprehensive
experimental data of in situ gasification materials for utilization in subsidence
comparisons from various empirical and phenomenological theories for the stratigraphy
conforming to the Morgantown Energy Research Center (MERC) UCG experiments. An
elastic finite element theory with specified failure criteria is used to identify the
surface displacements, surface strains, and roof and surface failure zones.

PREVIOUS INVESTIGATIONS

Most of the research performed to determine the strength of coal has been from
uniaxial compression tests on cubical, rectangular, or Irregular shaped specimens
(8,9,10). Coal has a greater ultimate compressive strength when loaded normal to
the bedding planes than when loaded normal to either the face or butt cleats (8,9).
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The ultimate strength increases when the stresses become representative of in situ
tectonic stresses as shown from triaxial loading experiments (9,11,12,13). The
ultimate compressive strength of coal whether loaded normal to the bedding planes
or the cleat planes is test specimen size dependent (14,15,16), and increases
exponentially with decreasing specimen size.

Similarly, there are many widely used shapes and sizes in determining the mechanical
properties of rock; such as, cylinders, prisms and plates (17-25). The various
studies on rock do not support the size dependence as shown in coal (22,23,26-31);
that is, an increase in specimen size may or may not affect the ultimate strength of
rock. However, under triaxial loading conditions the size effects are only present
for low confining pressures (32).

There is evidence that coal and rock are viscoelastic materials and that coal behaves
like a viscous fluid at elevated temperatures. Brewer (33) states that when bitum-
inous coal is heated under appropriate conditions, it may exhibit plastic, viscous,

or elastic flow, and often combinations of all three. Macrae and Mitchell (34)
reported that the ultimate failure stress and deformation were notably time dependent.
At room temperature, failure occurred after a high stress had been maintained on the
specimen for an extended period of time. Sanada and Honda (35) have demonstrated

that the time-temperature superposition principle can be applied to coal. Singh (36)
demonstrated the three stages (primary, secondary, and ter;iary) of the idealized
creep curve in rock.

The utilization of thermo-mechanical properties of the involved materials in the
application of subsidence and strata control theories, to underground mining, in the
United States is relatively recent. The pioneering pre-World War || German experience
and European efforts on pre-calculation of coal mine subsidence (37-41) have served

as .blueprint characterizations for sophisticated modeling. The techniques for pre-
dicting mine subsidence are based either on mathematical representations for the con-
tinuous trough profile or the influence function expressing the extraction of
infinitisimal elements. A comprehensive survey of these methods and vertical sub-
sidence S(x) computations for several profile or influence functions are given by
Brauner (42). The empirical relations

V(x) = €y (dS/dx) 1)
and
E(x) = C,d2S/dx? 2)

are employed for evaluation of the horizontal displacement V(x) and the horizontal
surface strain E(x). Brauner (42) also presents considerations for time dependent
and inclined strata subsidence behavior. The Subsidence Engineers' Handbook (43)
furnishes extensive field results and design curves for predicting displacements,
tilts, and strains. For critical or super critical widths, the maximum vertical
subsidence Spax is generally from 0.50 to 0.90 of the seam thickness while the
maximum horizontal displacement Vg« is about one-third of Sp,.. The corresponding
maximum tilt, compressive strain, and tensile strain values are approximately 2.5
Smax/depth, 0.5 Sp../depth, and 0.67 S;,./depth, respectively.

The mine subsidence representations discussed in the literature sited above are
primarily semi-empirical and do not address local geo-mechanical variables. Various
phenomenological model representations have been attempted to include geometric and
material property effects. These investigations encompass two- and three-dimensional
linear isotropic and anisotropic elasticity theory models (Lh-48), viscoelastic
responses (49), experimental models (50), and elastic as well as elasto-plastic
finite element model subsidence evaluations (51-53) utilizing experimental field data.
Several roof stress response studies relating to underground opening design and
mining operations have been conducted utilizing the finite element stress evaluations
(54-56). Similar studies on the influence of stresses on roof rock fractures, block
boundary weakening, and cavability have been conducted (57). Other investigators (n
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and reports (2) have also presented qualitative discussions relative to surface
subsidence, roof collapse and the ensuing technical and environmental problems.

EXPERIMENTAL STUDIES

In examining structural property effects on subsidence, rocf collapse, and various
modes of failure, specific types of data are required, The basic properties required
are directional (for coal) and temperature-dependent stress-strain relations and
failure stresses in compression and shear.

The Pittsburgh bituminous coal and its adJacent overburden were evaluated in the
experiments. All experiments were conducted in uniaxial compression and simple
shear, in determining both the elastic and viscoelastic properties of the materials.
Because of the size dependency of coal with regard to its ultimate strength, four
different specimen sizes, " x &' x 1", 1" x 1" x 2", 2" x 2" x 4", and W' x 4" x 8"
(1.27 x 1.27 x 2.54 ecm, 2.54 x 2.54 x 5.08 cm, 5.08 x 5.08 x IO.]6cm, and 10.16 x
10.16 x 20.32 cm), were used in the uniaxial compression tests and one in simple
shear, 4" x 2" x 2" (1.27 x 5.08 x 5.08 cm) (figure 1). One specimen size was used
in the overburden experiments in uniaxial compression, %' x #' x 1" (1,27 x 1,27 x
2.54 ¢cm). The thermo-mechanical properties test apparatus and experimentation
details are described elsewhere (58).

Elastic Experiments -- Temperature has a dramatic effect upon the ultimate strength
and ultimate strain of coal and the overburden (figures 2-4). Regardless of specl-
men size, the ultimate strength of the coal is greatest at 2000F (930C) (figure 2},
The dark gray shale, which contains carbon, responds similarly to coal in that the
largest ultimate strength is shifted to the right to approximately 3500F (177°C),
while the light gray shale displays progressively increased strength as the tempera-
ture increases over the temperature range obtained (75°-700°F (249-371°C)}. The
ultimate strain is relatively constant for the coal and dark gray shale until the
temperature of the specimens exceed 500OF (260°C) and 5759F (3020C), respectively,
where large finite strains occur; while for the light gray shale the ultimate strain
remains relatively constant over the temperature range investigated (750-7000F (240-
371°C)) (figures 2 and 3). Notice, figure 4, the characteristic S-shape of the stress-
strain curves and the elasto-plastic response of the coal to uniaxial compressive
toading.

Theory does not support the phenomen observed in the coal and dark gray shale that
their strengths increase with temperature before a final decrease to very small
values (figures 2-4). However, these characteristics have been observed in coal (34)
and dark gray shale (59). Macrae and Mitchell (34) postulated that the increased
strength at approximately 2120-2480F (1000-1200C) was due to the weaker secondary
forces of the van der Waals-type between structural units being affected and that
heating affects the mode of fracture from tension at ordinary temperatures to shear
at temperatures above 2120F (1000C). These results were generally validated in the
experiments.

The ulitimate shearing strengths from the shear tests were, in general, independent of
the orientation of loading (varied less than 200 psi (0.138 x 107 N/mi) over the tem-
perature range) (figure 5). The results for loadings normal to the face and butt
cleats in uniaxial compression are also similar, but different from loadings normal
to the bedding planes (figure 6). This similarity indicates that at least along
these two directions the Pittsburgh coal behaves as a transversely |sotroplc material
as also observed (9,35,60) for other coals.

Viscoelastic Experiments -- The viscoelastic properties of the coal and overburden
also represent a large variety of linear and nontinear rheological properties, The
effect of orientation of the constant applied load on the creep compliance in coal
is demonstrated in figure 7 at 5000F (2600C). Notice, the difference between the
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curves, compressive loading normal to the bedding planes demonstrates failure in
tertiary creep after approximately six minutes, while for loadings normal to the face
and butt cleats failure did not occur until much later (35 minutes). This directional
effect is apparently due to increased resistance to deformation in the face and butt
cleat directions caused by the interlayering of the organic and inorganic materials
when the loading is parallel to the bedding planes. The Pittsburgh coal can also be
represented by the time-temperature superposition principle (figure 8).

ROOF RESPONSE EVALUATIONS AND SUBSIDENCE COMPUTATIONS

The presented experimental data is employed for the evaluation of UCG fractured roof
zones, roof convergence, and surface subsidence. Figure 9a reveals the selected
two-dimensional model corresponding to the planned Morgantown Energy Research Center
line-drive experiments at Pricetown, West Virginia. Figure 9b illustrates the propa-
gating cavity configuration at a specified time instant with the adjacent coke,

softened layers, and overburden. The corresponding ''steady state' constant temperature

profiles, computed by the Alternating Direction Implicit Method (61) are shown in
figure 9c.

The stress model simulations entail use of the NASTRAN finite element code for an
initially selected cavity configuration at time t;. The effects of temperature
loading, in situ stresses, and internal pressure are superposed and temperature
dependent mechanical properties are assumed for the Pittsburgh coal and overburden
shale elements. On the basis of the computer principle stresses, fallure criteria
in terms of the tensile and compressive yield strengths are applied as follows,

Compression Failure -- This failure occurs when
1
+ ue?
Co= 03 - op| LT RE) Fur 3
(1 + ue?)® - uf

where 0; and 03 are the major and minor principal stresses, respectively, Co, is the
uniaxial compressive strength, and pf is the internal coefficient of friction.

Tension Failure -- For the case 30; + 03 > 0, the limiting failure criterion is
01 =Tp L)

where T, is the uniaxial strength in tension.

Shear Failure -- For the case 30, + 03 < 0, failure is governed by

- (o1 - 93)%(oy + 03) ! = BT, 5)

At the initial specified time instant, the elastic model is simulated and the failure
zones are identified. The elastic properties of these failure regions are then
reduced by a factor of 100 since the normal horizontal stresses are relieved. The
resulting stress distributions, roof convergence, and surface subsidence values are
determined. The procedure is continued until maximum roof convergence is obtained.
For each subsequent time instant, this method is repeated and the new corresponding
failure zones are obtained along with the roof convergence profile and surface
subsidence.

The selected mechanical and thermal properties for the model simulation are presented
in table 1 and figure 10. The roof and coal failure zones for different time
instants computed from the NASTRAN model simulation and assigned failure criteria

are illustrated in figure 11. The corresponding non-dimensionalized elastic and
"fractured" roof convergence profiles are revealed in figure 12 with the vertical
surface subsidence profiles shown in figure 13.
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TABLE 1. Selected Mechanical and Thermal Properties for the Master Model.
Softened Light Gray Dark Gray
Property Symbo1 Units Coal Coal Layer Coke Sandstone Shale Shale
Young's ¢ psi 186 x 10° 500 130 x 10° 2.0 x 10"’0 B0 x w: See
Modulus (/n?) (128 x 107) | (0.345 x 107) [ (89.6 x 107} {(1.38 x 10'%) | (552 x 207) | Figure 10
Poisson’s v - 0.4 0.47 0.25 0.12 0.15 0.45
Ratio ;
Thermal /°F 7.78 x 160 | 5.40 x 1070 | 4.50 x 100 | 4.50 x 1070 | 4.50 x 10': 450 x 10
(Expanston ® (°0) (5.00 x 10°) [ (9.72 x 10%) { (8.10 x 107°) | (8.10 x 10%) | (B.10 x 1078 [ (.10 x 107%)
oefficien!
w " w % 5
Thermal < Btu/%F-in-sec | 2.79 x 1075 | 5.15 x 10C | 7.50 x 10 : 2.50 x 10 g 2.50 1072 [ 2.50 x 107
Conductivity (Kgea1/O¢-m-sec) | (4.98 x 10°%) | (9.20 x 10°%) [ (13.4 x 107%) | (4.47 x 10°) | (4.47 x 107) [(4.47 x 207)
Mass R Tbm/in® 0.046 0.028 0.037 0.070 0.078 0.078
Density (xg/m®) (1,273) (775) (1,028) (1,938) (2,159) (2,159)
Compressive | Small Specimen psi 4,000 — . 14,000 ; 14,000 ; 14,000 ;
Strength ¢ (N/n?) (2.76 x 107} (9.65 x 107) [ (9.65 x 107) | (9.65 x 107)
Compressive Scaled psi 2,800 . . . 2,800 ; 2,800 5 ;.30007)
Strength <, (/m) (1.93 x 107) (1.93 x 107) [(1.93 x 107) |(1.93 x 1
Tensile | Small Specimen psi 430 o . 2o C 3
Strength T, (n/n?) (0.3 x 107) 0.3 x10") | (2.3x107) | (0.3 x10")
Tensile Scaled psi 86 ; I i 86 ; 86 ; ; 86107)
Strength T, (/) (0.06 x 10') (0.06 x 10"} [(0.06 x 10) | (0.06 x
DISCUSSION AND CONCLUSIONS

The tests conducted on the Pittsburgh coal and adjacent overburden were conventional
ones used for determining the properties identified for elastic or viscoelastic

isotropic, homogeneous materials.

The data from these tests represent a large

variety of linear and nonlinear rheological properties including plasticity and creep,

depending upon temperature.

In reality, the Pittsburgh coal and dark gray shale

behave as plastic, elasto-plastic viscoelastic materials under different conditions
and none of the existing elasto-plastic or other known plastic theories are suitable

for totally describing the stress-strain-time characteristics.

have been described by others (33-35).

Similar phenomena

These experimentally obtained Pittsburgh coal and overburden thermo-mechanical
properties furnish basic data for the detailed structural simulation of the roof
and surface subsidence responses during in situ gasification processes.
study (62), utilizing an elasto-plastic finite element mode! with temperature in-
dependent overburden properties, has demonstrated that the maximum surface subsidence
is 0.52 X seam thickness (for the two-dimensional plane strain model stratigraphy

The corresponding yielded
zone extends to a distance of approximately 350 feet (107 m) immediately above the

simulated here with a 500 foot (152 m) extraction width).

roof.

A related

This value apparently represents an upper bound since conservative overburden

compressive and tensile structural strengths are used (Co = 2800 psi (1.93 x 107 N/m?)

and To = 86 psi (0.06 X 107 N/m2)).

For the simulations presented here, the surface

subsidence corresponding to an extracted width of 100 feet (30.5 m) is 0.14 X seam
thickness (figure 13) with a vertical overburden fractured shear and tensile zone of

approximately 36 feet (11 m) (figure 11).

ducted on crack propagation in the overburden roof rock.
the roof block provides an avenue for water influx into the combustion zone to
enhance the heating value of the produced gas.
via the thermal cracks and the tensile and shear induced fissures in the roof, does

not appear probable for this case.

Related studies (61,62) have been con-

This thermal cracking of

However, gas leakage to the surface,

The magnitudes and slopes of the roof convergence

profiles in figure 12 are important indicators of the intermittent roof fracturing

process.

The propagation of the combustion front is enhanced by the severe compressive

stress concentrations induced at the cavity edge (figure 11, the Longwall Generator
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underground gasification concept is here represented). Similar stress analysis
considerations also apply to the Linked Vertical Well gasification concept with a
tear drop shaped cavity. The corresponding sweep areas are limited for thin seam
coal since the radial combustion velocities are limited and the resulting roof
stress concentrations are considerably less severe than for the Longwall Generator
case.

These thermo-mechanical data also become useful in understanding the basic
mechanisms involved in mass and energy transport and mechanical-structural effects
in gasification processes. For example, decreased permeability shortly after
initiation of a burn in modeling coal gasification processes in the laboratory
with the Pittsburgh coal and overburden is readily understood to be due to the
swelling and effervescent nature (bubbling of tars into the fissures) of the
Pittsburgh coal at elevated temperatures. The tars, along with the swelling of
the Pittsburgh bituminous coal, tend to restrict the outward movement (reduce
permeability) of the combustion front around a borehole or cavity as well as
inhibit a forward burn along a borehole. However, the swelling, effervescent and
coalescent nature of the Pittsburgh coal becomes an asset in control of channeling
or short-circuiting in 1ine-drive gasification processes (7) in that the fluidic
coal will be forced into these channels by the pressure of the fractured roof
(overburden) and the swelling of the coal.

Although water influx effects into the combustion zone are not explicitly considered
in the subsidence analysis, the additional subsidence due to extraction of the
neighboring fluids can be included by assigning the ratio of the depleted fluid
volume during gasification to the caved block volume (62). The subsidence curve
can then be accordingly modified.
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