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PREDICTING SUBSIDENCE OVER COAL~GASIFICATION SITES

" ABSTRACT

The extent to which earth subsidence may be caused by in situ coal gasi-
fication is studied using the method of finite elements. This study takes
into account rock failure modes and nonlinearity of rock stiffness. Two
models were studied for the site at Hoe Creek, where a coal seam is overlain
and underlain by interbedded clays and sandstones. These two étudies are
expected to bracket any subsidence that may occur. Maximum subsidence was
0.06 in. using the stiff model and 3.5 in. using the soft model, neither of

which suggests undesirably large subsidence.
INTRODUCTION

An investigation of surface movement has been undertaken in conjunction
with work at LLL to develop a method of in situ coal gasification. A priori
knowledgé of surface strains and displaccments can help answer many practical
questions about the design of an in situ plant, and it can provide information
about such a plant's environmental impact.

State-of-the-art predictive techniques employ measurements of actual
subsidence over existing cavities whose geometry and geologic surroundings
are similar to those of a cavity under consideration. The use of these
methods, therefore, is restricted to those areas where considerable previous
mining has taken place. We are attempting to find a more general method that
can be applied to any excavation, including ﬁinlng {or villier extraction) in
virgin areas. The technique chosen uses.current structural-analysis proce~
dures (in particular, the finite-element method) to predict surface movement.
Previous analyses have had limited success, except in the case of very deep
seams .

It is clear that most rock masses have low tensile strength. This
inability to carry tension can be an intrinsic property of the solid rock (as
it is in concrete, for instance) but it is more likely due to the presence of
faults and/or fractures. A routine qualitative estimation of the stresses

surrounding an underground opening shows that tensile stresses are to be



expected in the vicinity. Thus, it is evident that tensile failure is pos-
sible. A model for rock materials should therefore incorporate‘some failure
mechanism. Theoretically this presents no difficulty, but practically, fail-
ure is somewhat difficult to handle. Tensile failure is taken into account

in the present analysis by using a material whose modulus of elasticity in
tension is two to three orders of magnitude smaller than it is in compression.
In addition, an elastic-plastic analysis is also used to allow plastic
yielding.

Recent equation-of-state work has shown that many rocks exhibit non-
linear stress-strain behavior. This nonlinearity is difficult to incorporate
in practical anaiyses, and thus it has been largeiy ignored. The present"
method provides for uonlinqgr stress—strain-relations and for differences
between the loading and unloading/reloading properties of the material. ‘These
refinements, in combination with the analytical potential of the finite-
element method, provide a general technique for the prediction of surface
movement above underground openings.

The method of extraction, in SZtu coal gasification, presents some prob-
lems that are not encountered in more conventional mining situations. The
geometry of the pilot plants analyzed here shows that the ratio of the coal
seam thickness to the opening width is on the order of 0.5, whereas the cor-
responding ratio for conventional longwall coal mines is less than 0.01. This
difference indicates that comparisons of results from analyses of conventional
mines with those from analyses of coal gasification plants may not be valid.
It is therefore expected that verification of the analytical results can come
only from actual measurements of subsidence.

Perhaps the most significant problem to be overcome in developing this
analysis is the choice of suitable material properties. It is initially
tempting to simply use laboratory properties; however, the sampling and test
procedures result in much larger values for moduli than can be reconciled with
field behavior. In situ testing using geophysical methods also produces high
values for moduli, although we feel that the relative values. of moduli between
various layers may be well represented. The problem is then reduced to one
of adjusting the absolute values obtained from the logging to give reasonable
values for subsidence. It is assumed that a pragmatic approach should be

taken, i.e., the analysis will attempt only to predict subsidence.



ANALYSIS OF THE HOE CREEK SITE

The gasification experiment .planned for Hoe Creek is expected to produce
a cylindrical cavity approximately SO ft in diameter in a 25-ft-thick coal
seam at a depth-of 175 ft. The overburden material consists of interbedded
clays and sandstones. The geometry and stratigraphy are shown in Fig. 1. The
problem is idealized axisymmetrically to simplify the finite~element analysis.
This simplification allows the use of more time steps in the analysis, which
will produce a more accurate model of the progression of failure around the
cavity.

- In addition to the surface movements (UZ), the variation of horizontal

displacement (Ur) with depth is of considerable interest. The magnitude of
Ur is not as important as the derivative 8Ur/82, which, when large, indicates
a potential for slip displacement and therefore the possibility of damage to
the holes and pipes that supply reactant gases or extract product gas.

Another result of theAfinite—element analysis is information concerning
the behavior of subsurface strata. This information is necessary for eval-

uvating possible damage to aquifers that may overlie the coal seam.
MATERIAL MODELS

The overburden rock was modeled using an isotropic, nonlinear elastic
material to represent the clastic materials and an isotropic elastic-perfectly
plastic material to represent the clay. A von Mises yield criterion was
assumed. The presence of a water table at about 60 ft required that five
material zones be used. (The final finite-element mesh is shown in Fig. 2.)
The various material properties are given in Table 1. In the case of the non-
linear elastic materials, the properties are linear in tension but nonlinear
in compression, so both the initial and final tangent moduli are given. The
dependence of the compressive moduli on the volume strain (e) is (1) initial

compressive loading:
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and (2) repeat compressive loading and unloading:

~

K=X - K < e<
+ (KI K) 6/cl e ax < © 0
where
_ KF - (KI - KF) emax/cl
K = lesser of
KI

G = GF - (GF —-GI) exp(emax/cz)

and where the subscripts F and I represent final and initial values, respec-

tively. The constants c., and c, merely control the rate at which the final

tangent moduli are appro;ched with increasing compressive volume strain.

The lack of specific data on the elastic properties of the in situ
materials creates soﬁe uncertainty when modeling the actual site, However, a
bounding approach was used to show what would be considered a 'worst case.'
Birch gives typical ranges of values for bulk modulus (K) and shear modulus
(G) of 12 x 106 < K< 0.8 X 106 psi and 12 X lO6 < G < 0.5% 106 psi,
respectively.l Since these are laboratory values on solid rock, it is
appropriate to reduce them by one or two orders of magnitude to more accu-
rately model in situ materials.2 Thus, for the stiff model, the values of K
and G for rock were chosen to be 1.25 x lO6 psi and 0.38 x 106 psi, respec-
tively (Poissbn's ratio = 0.36); for the soft model, the values were

0.125 x 106 psi and 0.038 x 106 psi (see Table 1). It is anticipated that

3

Table 1. Properties for stiff and soft models. Soft propertieés are shown 1lu
parenthesis. :

Material Density KI KF GI GF Kt:ens Gtens
-3 5 5 : 5 5 c c 5 i S
Type Description No. (ft ) Q0" psi) (10" psi) (10” psi) (107 psi) 1 2 (10” psi) (107 psi)
Clay elastic- K :
(dry) plastic 1 112 1.6 1.6 0.157 0.157 - - 1.6 0.157
. (0.016) (0.016) (0.00157) (0.00157) (0.016) (0.00157)
Clastics nmnonlinear .
(dry) elastic 2. 135 1.6 12.5 1.25 3.80 0.05 0.006 0.5 0.4
(0.16) (1.25) (0,125) (0.38) (0.05) (0,006) (0.05) (0.04)
Coal noalinear .
elastic 3 90 .0.16 1.25 0.125 0.380 0.05 0.006 0.05 0.04
(0.016) (0.125) (0.0125) (0.0380) (0.05) (0.006) -(0.05) (0.04)
Clay elastic~
(sat.) plastic 4 120 1.6 1.6 0.157 0.157 - - 1.6 0.157
(0.016) (0.016) (0.00157) (0.00157) - - (0.016) (0.00157)
Clastics nonlinear .
(sat.) claotic S 142 1.6 12.5 1.25 3.80 0.05 0.006 0.05 0.04
‘ (0.16) (1.25) (0.125) (0. 38) ".05) (0.006) (0,05) (0.04)
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these choices should bracket the actual material properties and that the sub-

sequent analysis should reflect typical values of surface subsidence.
GEOMETRY AND BOUNDARY CONDITIONS

The finite-element idealization of the area surrounding the opening is
shown in Fig. 2. Past experience with subsidence problems indicates that the
model should extend laterally to a distance equal to at least 1,5 times the
depth to the seam and that the underburden should be of approximately the
same thickness as the overburden. These dimensions are desirable to minimize
the effects of boundary conditions.

The boundary conditions imposed on the model consist of a free surface
on top and conditions of frictionless confinement on the sides and bottom
(i.e., Ur = 0 on the sides and Uz = 0 on the bottom). Thus, the horizontal
stresses ¢, in the unexcavated states will be related to the vertical stresses

h
OV by the relationship

0h Tl Y v Ov
where v is Poisson's ratio.
The opening is developed in three stages by removing the elements shown
in the crosshatched area in Fig. 2. It is assumed that no matérial remains
after the burn front passes. It is also assumed that effects from thermally
induced strains and internal pressurization can be ignored. This latter
assumption merely indicates that the subsidenée values obtained will apply to
the final state of the gasificétion'opening. The first assumption will pro-
duce a conservative estimate, i.e., the predicted degree of subsidecnce will
be larger or equal to the actual subsidence if material is left in the cavity.
Previous calculations have shown that if the residual material is only 1/20
as stiff as the original material, no tensile stresses develop in the vicinity
of the cavity, and the subsidence is minimal. It is therefore felt that the
subsidence predicted by the current analysis will be greater than that meas-

ured in the field.
DISCUSSION OF RESULTS

The results of the analyses are shoWn‘in Figs. 3 through 13. The graphs

are'generally in pairs; the first shows the values for the stiff model, and
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the second shows those for the soft model. Figures 3 and 4 show the varia-
tion with depth of the vertical stress above the center of the opening; the

N

solid line represents Ehe stresses in the unexcavated state, while the dots
reﬁ;esent the final stresses after the excavation is complete. The final
stresses indicate that the effects of the opening become significant at about
50 to 60 ft above the opening. The degree of stress relief below the opening
is shown by the slow return of the vertical stress to the original stress
(solid line). The difference at Z = 307 represents the material removed.
Figures 5 and 6 show principal stress contours in the final deformed state.
The contours clearly depict the redistribution of stresses around the opening.
Of particular interest is the development of tensile stresses in the clastic
layers above the opening (this effect is more evident in the soft-material
analysis). A tensile region also develops in the region of the opening
itself. It should be assumed that the materials in the floor and roof, which
are in tension, have failed, and consequently, that the opening has been
enlarged. '

The displacement components are shown in Figs. 7 through 13. Figures 7
and 8 show the surface subsidence profiles for the two analyses. They are
typical of observed profiles for continuum analyses, i.e., no discontinuities
are bresent. The magnitudes of maximum subsidence for the two cases are
0.06 in. for the stiff model and 3.5 in. for the soft model. Neither of these
values indicates an undesirably large surface movement. As was stated pre-
viously, the material in the soft model should be less stiff than the <n situ
material, and therefore the 3.5 in. predicted displacement should be an upper
bound on the actual subsidence.

Figures 9 and 10 shuw the final dcformed shape nf rhe material layers,
The distoftion in the immediate vicinity of the opening is evident. It can
also be seen that there is very iittlé surface motion apparent even though
thé roof of the opening has moved several feet. The relative magnitudes of
horizontal displaceﬁents can be discerned from these figures as well.

An analysis of the horizontal displacement field is necessary to deler=~
mine the effects of ground motion on popes and casings near the oﬁening.
Figures 9 and 10 indicate that the maximum horizontal displacement occurs just
above the edge of the opening. Figure 11 shows the variation of horizontal
displacemént with increasing distance from the centerline at a depth of
166 fr. The maximum displacement occurs at R = 20.8 ft. This would indicate

the point at which the distortion of pipes or casings would be maximum.
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Figures 12 and 13 depict the variation of horizontal displacement with depth
along the line R = 20.8 ft; the plot would therefore represent the distorted
shape of a pipe in that zone. As expected, the soft model shows the largest
displacement, but the quantity of greatest interest is the flexural rotation
of the pipe, which is roughly the magnitude of the diéplacement divided by

the length over which the displacement occurs. In the case of the soft model,
a displacement of 25 in. occurs over a length of 9 ft (108 in.) for a rotation
of 0.23 radians, which is actually very severe. Flexible couplings would seem

advisable in the region of the cavity}

CONCLUSIONS

The analyses indicate that surface subsidence at the Hoe Creek site will
be minimal (on the order of a few inches). Some difficulty in holding pipes
may be experienced, but only when the opening is completed. The presence of
residue in the opening is a mitigating factor that would tend to reduce all
effects.

' The effects of internal pressurization or thermal strains have not been
included. These effects will not be present after gasification is completed,
which is when subsidense effects are greatest. During production, the exist-
ence of gases under pressure in the cavity should reduce tensile stresses and

subsidence.
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