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Evaluation of Fully-Coupled Strata
Deformation and Groundwater Flow
in Response to Longwall Mining
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A finite element poroelastic model is presented 1o evaluate fully-coupled strata
deformation and groundwater flow resulting from underground longwall nining
in variably saturated fractured geologic media through an eguivalent porous
elastic comtinuum  representation, The explicit coupling between the
groundwaier flow field and 1he solid skeleton deformation field is achieved by
simultaneously solving the governing equations for groundwater flow and solid
skeleton deformation. The implicit coupling between these two fields is also
accomplished by considering the effects of both unsaturated water flow and
solid sieleton deformation on the hydraulic properties such as water content
and hydraulic conductivity. In addition to the implicit coupling caused by
unsaturated water flow, the other implicit coupling caused by solid skeleton
deformation is also important because it may produce hydraulic heterogeneity
and anisotropy in a geologic medium affecting the groundwater flow field even
when the system is in a fully saturated condition. 4 physically based
constitutive model is proposed to accoumt for the deformation (strain)-depen-
dencies of porosity and saturated hydraulic conductivity of the fractured media.
To evaluate the impacts of longwall mining and to understand their
hydrogeomechanical nature, the monerical model is applied to a well
doctmented case study with satisfactory results. Although the numerical
simulation results presented in this paper will not apply to all underground
longwall mines because of differences in site-specific hydrogeological and
geomechanical settings, the methodology described herein may find some useful
applications in many longwall mining projects. © 1998 Elsevier Science Ltd

INTRODUCTION coupled strata deformation and groundwater flow taking
place simultaneously. The increasing use of coal as an
energy source has prompted the need for a better
understanding of hydrogeological and geomechanical
behavior of the geologic media associated with longwall
mining. Such knowledge may provide some useful
guidelines for controlling and minimizing the longwall
mining-induced adverse environmental impacts.
Numerical methods (e.g. finite difference and finite
element methods) have emerged as powerful tools for
predicting and analyzing hydrogeological and geome-
chanical problems in a wide range of environments (e.g.
mining, excavation, surface loading, pumping, and
drainage). These methods permit complex geometry,

A variety of field studies have documented the
environmental impacts of longwall mining {(rapid and
high extraction ratio underground coal mining) includ-
ing land subsidence, depressurization of aquifers, and
severe modification of hydraulic properties [1-7). These
studies also show that such longwall mining-induced
impacts arise not only from the drainage of groundwater
into mined panels (hydraulic stress) but also from the
changes in the overburden stress regime (mechanical
stress). In other words, longwall mining disrupts the
pre-existing hydravlic and mechanical equilibrium
conditions in fractured peologic media creating fully-
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various boundary conditions, non-linear material behav-
ior, heterogeneity as well as anisotropy to be considered.
Various numerical studies have been performed in
modelling longwall mining-induced groundwater flow
[8-111 or land subsidence [12-16] based on the
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conventional theory of groundwater flow or solid
skeleton deformation by decoupling the groundwater
flow field from the solid skeleton deformation field.
However, such approaches may not be rigorous because
longwall mining intrinsically induces the hydraulic—
mechanical interaction between these two fields. This
fully-coupled phenomenon can be better understood
through the theory of porecelasticity [17-20], which
explains groundwater flow through deforming variably
saturated geologic media. In this theory, a simultaneous
solution is sought for the pore water pressure and both
vertical and horizontal displacements taking place
simultaneously in a three-dimensional system. Thus
poroelastic theory makes it possible to provide a more
rigorous and realistic treatment of the hydrogeomechan-
ical behavior of deforming geologic media. On the basis
of poroelastic theory, several numerical studies have
been conducted in modelling longwall mining-induced
solid deformation and its effects on hydraulic conduc-
tivity and groundwater flow within saturated geologic
media [21-25]. However, unsaturated groundwater flow
was not considered in these numerical studies. In
addition, the solid skeleton deformation field and the
groundwater flow field were actually uncoupled and
solved sequentially in most cases [21,23-25].

This paper presents a general multidimensional finite
element model to simulate fully-coupled sirata defor-
mation and groundwater flow in variably saturated
fractured geologic media. In addition, a physically based
constitutive model is proposed to account for the
deformation (strain)-dependencies of porosity and
saturated hydraulic conductivity of the fractured media.
To evaluate the impacts of longwall mining and to
understand the basic processes, the numerical model is
validated against a well documented case study. The
basic assumption underlying this study is that the
fractured rock mass behaves as an equivalent porous
elastic continuum with interconnected fractures domi-
nating the groundwater flow and strata deformation
patterns [26-28]. The obvious advantage of treating
fractured geologic media as equivalent continua is that
the governing equations for groundwater flow and solid
skeleton deformation, which have been developed for
porous media, can be applied directly, and no additional
assumptions and parameters are involved. This equival-
ent porous elastic continuum representation is also
convenient since it enables changes in porosity and
hydraulic conductivity that result from strata defor-
mation to be straightforwardly evaluated by using body
(rock mass) strains.

FRAMEWORK OF HYDROGEOMECHANICAL
MODEL

A general hydrogeomechanical model describing
saturated—unsaturated groundwater flow in deforming
geologic media may be formulated by fully, i.e. explicitly
and implicitly, coupling the groundwater flow field and
the solid skeleton (medium) deformation field. The
explicit coupling between these two fields can be
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achieved by simultaneously solving the mathematical
equations governing groundwater flow and solid
skeleton deformation. The implicit coupling between
these two fields can also be accomplished by accounting
for the effects of both unsaturated water flow and solid
skeleton deformation on the hydraulic properties such as
water content and hydraulic conductivity.

Governing equations

The governing equations for groundwater flow in a
deformable variably saturated geologic medium can be
derived based on the following basic assumptions: (1) the
geologic medium is porous and elastic, while individual
solid grains are incompressible, (2) saturated—unsatu-
rated fluid flow follows Darcy’s law, and (3) Hooke's law
helds for elastic deformation of the geologic medium.
These governing equations may be written as [17-20]:
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In equation (1), K is the effective hydraulic conductivity
tensor, fi = P/y. is the pressure head, z is the elevation
head, n is the porosity, S. is the degree of water
saturation, f. is the compressibility of water, y. = p.g is
the unit weight of water, u, is the displacement of a solid
in the k direction, g is the fluid source(+)/sink(—) term,
and 7 is time, Here P is the pore water pressure {positive
for compression), p. is the density of water, and g is the
gravitational acceleration constant. Note that ¢ = s 4z
is the hydraulic head, dS./d#h is the specific saturation
capacity, f. = nS. is the water content, and ¢, = Ju. /0,
is the volumetric strain. In addition, g, = ~K-V(h+2)is
the Darcy velocity (fux). In equation (2), G=E/
2(1 + v} is the shear modulus, 4 = Ev/(1 + v}{(1 — 2v) is
the Lamé’s constant, E is Young's modulus (=effective
rock mass modulus E...), v is Poisson’s ratio, &; is the
Kronecker's delta (1 if f =, and 0if i # j), p, is the solid
density, and g is the component of gravitational
acceleration in the / direction. The superscript e in
equation (2) denotes the incremental values of physical
quantities, For example, #* = h — I° is the incremental
pressure head in which s and #° are the current and
initial pressure heads, respectively. On the left hand side
of equation (2), the sum of three terms in the square
bracket is equal to the incremental total stress tensor oj
{positive for tension), while the sum of the first two terms
is equal to the deformation-producing incremental
effective stress tensor oj° (positive for tension). The last
term on the left hand side of equation (2) also represents
the incremental body force f.
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Meanwhile, for variably saturated deforming media,
the water content 8, and effective hydraulic conductivity
tensor K in equations {1} and (2) may be considered
functions of both pore water pressure P and incremental
effective stress tensor ¢;° or, in turp, functions of
pressure head /i and resulting strain tensor ¢; as follows:

3)
(4)

where K is the relative hydraulic conductivity, and K.,
is the saturated hydraulic conductivity tensor. In
deriving equations (3) and (4), it is assumed that the
unsaturated hydraulic properties (S, and K,) are unique
functions of the pressure head, whereas the saturated
hydraulic properties (# and K., are unique functions of
the strain tensor.

8. = 0.(P, 6;7) = 8.(h, &) = S.{IOnle;)

K =K{P, 67) = K(h, ¢;) = KAMK.aley)

Effect of unsaturated water flow on unsaturated hydraulic
properties

In an unsaturated flow condition where the pressure
head 4 becomes negative or less than an air-entry value,
the water saturation . and relative hydraulic conduc-
tivity K, become dependent upon the pressure head as
described in equations (3) and (4). To consider these
relationships for porous media, various physical models
{29-31] have been developed based on experiments and
theories. Peters et al. [32] and Reitsma and Kueper [33]
applied Brooks and Corey's [29] and Van Genuchten’s
[30] models to fractured media and showed that these
models can also be used in characterizing unsaturated
water flow in fractured media as well as in porcus media.
The following constitutive mathematical relationships
can also be used for fractured media to consider the
changes in unsaturated hydraulic properties under an
unsaturated flow condition [34}:

=i
Se=1= (1~ Sw) 3= ;Ia h<h<h (5
f—hy
K= {1 ~ (=S = p - SW}
X (1= Su)™' ho<h<h (6)

where S.. is the residual water saturation, I, is the
air-entry value or bubbling pressure head, and /, is the
allowed minimum pressure head. The specific saturation
capacity term dS./dh in equation (1) can be obtained by
differentiating equation (5) with respect to the pressure
head A.

On the other hand, the change in water saturation due
to the unsaturated water flow gives rise to the change in
degree of coupling between the proundwater flow field
and the solid skeleton deformation field and the change
in body force as described in the governing equations (1)
and (2). Thus the unsaturated water flow induces a
non-linear implicit coupling across the groundwater flow
and solid skeleton deformation fields.
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Effect of solid skeleton deformation on saturated hydraulic
properties

In deforming geologic media, the porosity and
saturated hydraulic conductivity are not constant but are
changed by the deformation of solid skeleton as
described in equations (3) and (4). Several experimental
studies have shown that the aperture (opening) and
spacing of a fracture and its saturated hydraulic
properties change as a function of normal stress or strain
acting on it [35-39]. Thus the deformation of solid
skeleton induces another non-linear implicit coupling
across the groundwater fiow and solid skeleton
deformation fields. When the media are fully saturated,
this effect becomes more important because the water
content and hydraulic conductivity become unique
functions of incremental effective stress or resultant
strain, and hence heterogeneity and anisotropy of such
hydraulic properties may be produced in the media
affecting the groundwater flow field. In addition, the
change in porosity due to the solid skeleton deformation
gives rise to the change in the body force as described
in equation {2). A physically based constitutive model is
proposed here to account for such deformation
(strain)-dependencies of porosity and saturated hy-
draulic conductivity of the fractured media.

The basic equation of the elastic deformation of a rock
mass as a two-compoenent (matrices and fracture sets)
system in the direction perpendicular to the fracture sets
is derived as follows. A fracture set is defined here as a
set of fractures that have the same orientation (strike and
dip) and upiform f{racture spacing and aperture,
Considering a rock mass between centerlines of two
adjacent fractures in a fracture set, the rock mass (body)
displacement 1w, which is normal to the fracture set is the
summation of the displacements in the matrix and
fractures as:

Hin = tmn + Upr (N
where u,, 15 the rock matrix normal displacement
bounded between the two fractures, wy, is the fracture
normal displacement in the fractures, and the subscript
n denotes the direction normal to the fracture set. By the
definition of strain, equation (7) becomes:

(®

where ¢, is the average rock mass strain, €., is the rock
matrix strain, ¢, is the fracture strain, which are also
normal to the fracture set, s, is the initial fracture
spacing, and b, is the initial fracture aperture. From
Hooke’s law for a rock mass, equation (8) can be
rearranged as [40]:
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where ¢,° is the incremental effective stress acting normal
to the fracture set, E.. is the effective rock mass
modulus, Enuge 15 the rock matrix modulus, and
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k, = Enuin€ /Do 1s the normal fracture stiffness in which ¢
is the normalized mineral contact area on the fracture
wall. In deriving equation {9), it is assumed that the
incremental effective stresses are in local equilibrivm. In
other words, the incremental effective stresses in the rock
matrix, in the fractures, and hence in the rock mass are
identical. Using equations (8) and (9), the fracture
normal displacement i in equation (7) can be expressed
as:

e [m - (_E;@:l = (50— (50~ Bu)RuJew (10)

where Ra = Enas/Emuiz = Sokn/[(5e — bo)hn + Emueis] rep-
resents the modulus reduction ratic which controis the
partitioning of the rock mass normal strain €, between
the rock matrix and fractures. Theoretically, the
modulus reduction ratio R, varies between zero and
unity. When R, = 1, the rock mass normal strain €, is
uniformly distributed between fractures and matrix
resulting in the smallest changes in fracture porosity and
saturated hydraulic conductivity. When Rn — 0, the
strain is applied entirely to the fracture system and
precipitates the largest possible changes in fracture
porosity and saturated hydraulic conductivity. The
modulus reduction ratio R, may be readily evaluated
from a variety of rock mass classification systems such
as the Geomechanics Classification or the Rock Mass
Rating (RMR) system developed by Bieniawski [41].
Since the deformability of a rock mass depends directly
on the fracture {requency I {=1/s), the fracture spacing
5 as one of six parameters utilized in the Rock Mass
Rating (RMR) system may be used in determining the
modulus reduction ratio R,, [23]. This method avoids the
difficulty of defining a value of the modulus reduction
ratio R, that is unlikely to be available in practice. The
rock mass normal strain ¢, in equation (10) can be
obtained from a global strain tensor by coordinate
transformation from global coordinates to local
coordinates of the fracture set using direction cosines.
The direction cosines can be calculated from strike and
dip of the fracture set [42,43].

The deformation-dependent fracture porosity n; of a
fracture set j can be expressed using equations (7), (8),
and (10) as:

b byt )by by
= 5 Sop+ Uy ]Sy +11 L S
X ij:}fuﬁ}(l + &)™ (11)

where the subscripts f and o denote the fracture set index
and the initial values of physical quantities, respectively.
Note that n,; = b,;/sy is the initial fracture porosity of the
jth fracture set before the deformation takes place.
Considering fracture intersection, the total fracture
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porosity n of a fractured medium consisting of & fracture
sets may then be expressed as follows:

13 1 2
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where it is assumed that the probability that more than
three fractures intersect at the same point is zero.

The equivalent saturated hydraulic conductivity K., in
the direction parallel to a planar fracture set J is related
to its fracture spacing s; and fracture aperture b, as
[44,45]:

g 1 (by+ Ui )’
e 125 g 12 5o+ thy

(13)

where K., is the equivalent saturated hydraulic
conductivity of the jth fracture set, and . is the dynamic
viscosity of water. Substituting equations (7), (8), and
(10) into equation (13} gives:

_ sy [Su=ba\p | U
K;alj = Ks:u,,j{l + [bqj ( boj )ij}glﬂj}

x(1 +&y)"" (14)

where K., is the initial equivalent saturated hydraulic
conductivity of the jth fracture set before the
deformation takes place. The global deformation-depen-
dent equivalent saturated hydraulic conductivity tensor
K., of a fractured medium consisting of k fracture sets
may then be calculated from equation (I14) using
coordinate transformation and summation for each
fracture set as:

k k
Ksnt = z Ks:uj = Z RJ?‘KSCUJ'RJ.

i=l j=1

(15)

where R, is the rotation matrix from global coordinates
to local coordinates of the jth fracture set, Kq, is the
global deformation-dependent equivalent saturated
hydraulic conductivity of the jth fracture set, Ky is the
local deformation-dependent equivalent saturated hy-
draulic conductivity tensor of the jth fracture set which
is equivalent to equation (14), and the superscript 7
stands for matrix transpose. Here the rotation matrix R;
for the jth fracture set can also be obtained from the
direction cosines [42,43].

As shown in equations (11) and (14), if a fracture is
under normal extension (i.e. €. > (), its porosity and
saturated hydraulic conductivity increase, and vice versa.
Comparing equation (11) with equation (14), it is also
recognized that the equivalent saturated hydraulic
conductivity of a fracture set is more sensitive to the
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deformation of solid skeleton, which is expressed here by
the rock mass normal strain e,, than its fracture
porosity.

FINITE ELEMENT FORMULATION

As mentioned above, the governing equations (1} and
(2) constitute a general mathematical statement of the
physical problem of fully-coupled hydraulic-mechanical
phenomena in variably saturated geologic media.
Unfortunately, a general analytical solution for this
problem does not exist. Numerical methods are the only
tools that can be used to achieve the general solution for
such a general problem. The Galerkin finite element
method [46,47) is chosen here to approximate these
governing equations because of its ability to treat
heterogeneous and anisotropic regions with complex
boundaries.

In the Galerkin finite element method, an unknown
variable ¢, which represents the pressure head h and the
displacements u,, u,, and u. in the governing equations
(1) and (2), can be approximated by a trial solution § in
space by means of the basis (shape) functions and their
nedal values:

elx,y, 2, )= ox,»,z,1)

NN
=Y Nix,p,2)0A2) @ =h, e, u, 1. (16)

Ja

where N, is the basis function for node J, ¢, is the
value of ¢ at node J, and NN is the total number of
nodes in the region of interest. Substitution of equation

(16) into equations (1) and (2) and application of
following matrix’

Galerkin’s the

gquations:

principle yields

JVN, K-VN, dR{h}+jN,(n Lt nSufu )
R
oh 6N_.r Olii
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R
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where {-} represeats the vector of the unknown variable
¢ or its time derivative, R is the domain of interest with
boundary B, and x;is the component of the outward unit
vector n normal to the boundary B in the j direction. The
finite difference scheme with a time weighting factor o
(0 <w <) is then employed to discretize the time
derivative terms in equation (17).

Equations (1) and (2) describe initial and boundary
value problems. Thus the matrix equations {17) and
{18} must be completely constrained by initial and
boundary conditions before they are solved. Initial
distributions of pressure head and displacement must
be prescribed in the entire domain of interest R.
The boundary conditions associated with equation
(17) and (18) are of the following four types:
Dirichlet-type prescribed pressure head J/i(t), Neumann-
type prescribed normal flux to boundary q(f} =
—n[K-V({1+z)], Dirichlet-type prescribed displacement
in the i direction u:{¢), and Neumann-type prescribed
surface traction in the 7 direction () =oin;. In
addition, mixed-type boundary conditions, which are
combinations of the Dirichlet and Neumann boundary
conditions, are sometimes necessary to treat more
realistic situations occurring on the boundary. The
variable rainfall-evaporation-seepage and excavation
boundary conditions are examples of such mixed-type
boundary conditions. The numerical implementations of
these two mixed-type boundary conditions were
described in detail by Yeh [48] and Kim [49],
respectively.

In order to solve the non-linear problem associated
with changes in hydraulic properties due to unsaturated
water flow and solid skeleton deformation at each time
step, the incremental Picard scheme using a non-linear
iteration parameter Q (0 < Q < 2) is adopted. For the
next non-linear iteration level, the most recently updated
nodal values of the dependent variables are used to
compute the giobal coefficient matrices and load vectors
in equations (17) and (18). The non-linear iteration is
continued until the numerical solution satisfies a
specified convergence criterion (tolerance). At each
non-linear iteration level, the linearized matrix equation
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can be solved by one of the iterative nonsymmetric
preconditioned conjugate gradient (NSPCG)} methods
[50]. For this particular study, the ICGMRES (incom-
plete Cholesky LU decomposed, generalized minimal
residual) method is employed among the NSPCG
methods in order to solve the linearized matrix
equations.

Based on the finite element method described in
this section, a numerical model, named COWADEI23D
[51], has been developed to solve equations (1) and (2)
for a variety of fully-coupled hydrogecmechanical
phenomena in variably saturated geologic media. The
model has been tested by Kim [49] for accuracy by
comparing the results with analytical solutions for the
following four simplified cases: loading on a top
drainage column [17}], pumping from a confined aquifer
[52], pumping from a leaky aquifer [52], and pumping
from an unconfined aquifer [53]. In all the cases, the
results show almost perfect or extremely good agreement
between the analytical and numerical solutions.

MODEL APPLICATION: A CASE STUDY

The validity of the proposed numerical model may be
best illustrated by direct comparison with field
measurements taken at a working longwall panel. A coal
mine located in Monongalia County, West Virginia,
U.S.A. is chosen for this particular study. The mine site
lies atop a broad and flat crest at the end of a long
steep-sided topographic ridge. As a part of the Eastern
Coal Province of the Appalachian Coal Basin, the area
contains a significant amount of high-volatile bitumi-
nous coal reserves. The longwall mining operation has
been applied to extract the Pittsburgh Coal seam. The
average thickness of coal extraction is about 1.75 m, and
the mining rate is approximately 8 m/day. The study
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panel is 182 m wide and 2195m long and is at an
approximate average depth of 216 m below the land
surface. The site geology and hydrogeology were
described in detail by Su and Hasenfus [4] and Hasenfus
et al. {5).

Geologic and hydrogeologic settings

The geology of the study area is characterized by
relatively flat-lying, alterpating strata of sandstone,
siltstone, shale, claystone, limestone, and coal of
Pennsylvanian (Conemaugh Group and Monongahela
Group) and Permian (Dunkard Group) ages. The
Pittsburgh Coal seam is located at the base of the
Monongahela Group. Based on the lithologic and
hydrogeologic characteristics, these strata are subdi-
vided into five hydrostratigraphic units as shown in
Fig. 1: shallow aquifer 1 (61 m thick surface soil,
sandstone, and sandy shale), aquitard (91.6m thick
shale and claystone with intermittent beds of limestone
and sandstone), intermediate aquifer I (63.8 m thick
limestone and sandstone), Pittsburgh Coal seam (1.75m
thick coal), and deep aquifer 1l (more than 200 m thick
limestone and sandstone). The intermediate aguifer II
and deep aquifer III are hydraulicaily connected to each
other although they are separated by the Pittsburgh Coal
seam. The average depth to water table is 10 m from the
land surface, and it shows significant seasonal fluctu-
ation up to about 3.5 m. The systematic rock joints in the
study area strike mainly N69°W and NI19°E and have
vertical dips [54]. Another fracture set is developed along
the horizontal bedding planes. These three fracture sets
form a mutually orthogonal fracture network primarily
controlling groundwater movement in the study area.
The average annual precipitation rate in the surrounding
area during the period 1971-1985 was about 1.28 m/yr
{55].

Agulfer b
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Aquifer il

400 m

f =

Plttshurgh Coatl
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z 600 m
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X

Number of elements: 355
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Fig. 1. Geologic cross section of the study area and finite element mesh used in the numerical simulation,
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Initial and boundary conditions

Considering the lateral symmetry with respect to the
centerline of the panel and assuming plane strain, only
the right half portion {600 m x 400 m)} of the cross
section is taken as a two-dimensional vertical system
with a unit thickness (ie. 1m) as shown in Fig. 1.
Accordingly, two vertical and horizontal fracture sets
are considered. Prior to the start of the mining, the initial
hydrostatic condition corresponding to the measured
water table located 10 m below the land surface is used
because an initial distribution of hydraulic head in the
study area is not available except for the water table
location. Along the left-hand side at x = 0 m, no-flow
and no-horizontal displacement boundary conditions
are applied considering the symmetry, but vertical
displacement is allowed. Along the right-hand side at
x = 000 m, a constant head boundary condition with the
hydraulic head ¢ being equal to 10 m below the top
surface and a no-horizontal displacement boundary
condition are applied, but vertical displacement is
allowed. The impermeable bottom surface at z =0m is
fixed vertically, but it is free to move horizontally. The
top (land) surface at z =400 m is free to move both
vertically and horizontally and is treated as permeable
by applying a variable rainfall boundary condition [48]
with a rate of 1.28 m/yr to take into account possible
changes in infiltration rate cause by the mining. For such
a case, the maximum pressure head on the land surface
is set equal to its initial pressure head (i.e. —10m) in
order to prevent a possible water table rise up to the land
surface during and after the mining period because it is
not likely to happen in most real situations. Two
different sets of boundary conditions are prescribed
along the mined void depending on the time. The
simulated mining period is set equal to 3 hr to take into
account the instantaneous opening (excavation) of the
mtined void in the numerical simulation, which in reality
is created by a mining rate of 8 m/day and a unit
thickness (i.e. 1 m) of the system. During the mining
period (simulation time ¢ < 3 hr), no displacement is
allowed along the mined void because the mine roof rests
on the hydraulic supports. At the same time, a variable
seepage boundary condition [48] is also applied to
account for possible dewatering (desaturation) around
the mined void. For such a case, the maximum pressure
head along the mined void is set equal to zero so that
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no ponding is allowed on the seepage face (mined void),
and no water fow is allowed into the surrounding strata
from the mined void. After the mining period
(simulation time ¢> 3 hr), an excavation boundary
condition [49] is applied along the mined void as a
combination of prescribed surface traction and displace-
ment boundary conditions. A surface traction boundary
condition is first applied to account for collapse due to
the overburden load, which is equivalent to the unit
weight of overburden material multiplied by its thickness
(i.e. 5.64 % 10°N/m*). Overclosure of the open space
(mined void) is then prevented by applying a
displacement tolerance as a displacement boundary
condition to contacting surfaces between the mine roof
and floor. The displacement tolerance is set equal to the
height of the mined void (i.e. 1,75 m). The flow boundary
condition is not assigned along the mined void because
it is completely closed after the mining period in the real
situation observed.

Material properties of hydrostratigraphic units and
groundwater

Equations (5) and (6) are employed to determine the
effect of unsaturated water flow on the unsaturated
hydraulic properties, while the deformation-dependen-
cies of porosity and saturated hydraulic conductivity are
evaluated by eguations (11), (12), (14), and (15). The
material properties of the geclogic media (hydrostrati-
graphic units) in the study area are obtained by
incorporating all sources of information available for the
mine site and surrounding area. These material
properties are summarized in Table 1. It is assumed that
each hydrostratigraphic unit is initially homogeneous
and isotropic. The premining (initial} saturated hy-
draulic conductivity K., was determined by in situ
pumping and shug tests [5]. The mechanical properties
such as Poisson’s ratio v and the rock matrix modulus
Eowin were determined from laboratory uniaxial
compressive loading tests {14]. Some of the mechanical
properties were extrapolated from the laboratory test
results. The solid density p, of each hydrostratigraphic
unit was calculated by taking an average of those of
typical rocks and minerals that constitute the unit [43].
The in situ fracture spacing measured from outcropping
rocks ranges from 0.04 to 0.35m [56]. Accordingly, a
uniform initial fracture spacing s, of 0.2 m is assumed

Table 1. Material properties of the hydrostratigraphic units in the study area

Property Aquifer | Aquitard Aquifer [I  Piutsburgh Coal  Aquifer [II
(shallower) {deeper)
Poisson’s ratio, v {dimensionless) 0.27 0.18 0.20 0.37 0.20
Young's modulus, £ = £.,, (N/m*= Pa) 2.40 % 10° 8.32 x 100 5.14 %< 10* 1.81 =< 108 6.34 x 10°
Selid density, g (kg/m*) 2.67 % 19? 263 x 107 2.68 x 198 144 x 0P 20 x i
Initial saturated hydraulic eonductivity, Ka, {m/s) 2.01 x 10-3 7.55 x 107 391 x 10-¢ 2.36 x 10t 139 x 10-¢
Initial fracture spacing, s, (m) 0.2 0.2 0.2 0.2 6.2
Initial fracture aperture, b, {m) [.70 x 10-4 570 x 103 9.86 x 10~* 8.33 x 10 9.40 % 10-*
Initial porosity, #. {dimensionless) 170 x 1072 570 < 104 9.86 x 104 8.33 x 10— 9.40 x 10—
Modulus reduction ratic, R. {dimensionless) 0.5 0.5 0.5 0.5 0.5
Residual water saturation, S.. {dimensionless) 0.07 0.07 0.07 0.07 0.07
Air-entry value, A {m) 0.0 0.0 0.0 0.0 0.0
Allowed minimum pressure head, /i {m) —50 % 10 —50x 10 —5.0x 10 —5.0 x 10 —50 % 1Q

RMMS J48—E
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throughout the entire geologic media. The initial
hydraulic fracture aperture b, can be calculated from the
initial saturated hydraulic conductivity K., and fracture
spacing s, by using equation {13) with 1, = m, = 0. The
initiai porosity #, can then be estimated by using
equations (11} and (12). The modulus reduction ratio R,
of the geologic media was determined to be about 0.5
from the assumed initial fracture spacing s, of 0.2 m by

COUPLED STRATA DEFORMATION AND GROUNDWATER FLOW

using a table developed by Cuyang and Elsworth [23]
based on the Rock Mass Rating (RMR) system [41]
Then Young’s modulus E (=effective rock mass
modulus E..) was calculated {rom the rock matrix
modulus E... and modulus reduction ratio R, by using
a relationship (i.e. FEus = FsunicRa), which is im-
plemented in equation (10). Values of the unsaturated
hydraulic parameters (S.., h., and #,) were extrapolated
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Fig. 2. Spatial distributions of displacement vector, horizontal and vertical saturaied hydraulic conductivities, pressure head,

hydraulic head, and Darcy velocity at the end of mining (simulation time 1 = 3 he). The horizontal and vertical saturated

hydraualic conductivities are normalized with respect to the initial values, and the null influence contour is represented by a

ratio of unity. An unsaturated zone is represented by an area of negative pressure head. The units of displacement vector,

pressure head, and hydraulic head are m, and the unit of Darcy velocity is m/s. The units of the horizontal and vertical
coordinate axes are m.
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Fig. 3. Spatial distributions of displacement vector, horizontal and vertical saturated hydraulic conductivities, pressure head,

hydraulic head, and Darcy velocity at the quasi-steady state after mining (simulation time ¢ = 43 days). The horizontal and

vertical saturated hydraulic conductivities are normalized with respect to the initial values, and the null influence contour is

represented by a ratio of unity. An unsaturated zone is represented by an area of negative pressure head. The units of

displacement vector, pressure head, and hydraulic head are m, and the unit of Darcy velocity is my/sec. The units of the
horizontal and vertical coordinate axes are m.

from measurement data reported in the literature
[32,33]. These values are typical of fractured rock mass.
The compressibility of water f. is set equal to
5.0 x 107" m*N, and the unit weight of water v, is set
equal to 9.806 x 10° N/m’. The dynamic viscosity of
water is equal to 1.002 x 102 Ng/m’,

Spatial and temporal discretizations and solution scheme

The domain of interest is discretized into 355
(=20 x 18 — 5) 4-node isoparametric quadrilateral
elements of unequal sizes with 399 (=21 x 19) nodes as
shown in Fig. 1. The element size is smaller around the
mined panel and gradually increases outward. During
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the mining period (simulation time ¢ < 3 hr), a constant
time step size of 15 min is used. After the mining period
(simulation time ¢> 3 hr), the first time step is also
15 min, and the time step size is successively increased by
a factor of 2 until it reaches 30,720 min. The total
simulation time period is about 43 days (more exactly
3.6963 x 10%sec). The time weighting factor w is set
equal to 1.0 (implicit backward time stepping). The
non-linear iteration parameter Q is set equal to 0.25
{under-relaxation scheme) to prevent numerical oscil-
lation. The convergence criteria (tolerances) for pressure
head and displacement are set equal to 107°m for
non-linear iterations and 10~ m for linear iterations,
while the linearized matrix equations are solved by the
ICGMRES (incomplete Cholesky LU decomposed,
generalized minimal residual) method,

Numerical simulation results

The spatial distributions of displacement vector,
horizontal and vertical saturated hydraulic conduc-
tivities, pressure head, hydraulic head, and Darcy
velocity at ¢ = 3 hir (at the end of mining) and 1 = 43
days (at the quasi-steady state after mining) are shown
in Figs 2 and 3, respectively.

The subsidence {vertical displacement) profile on the
tand surface drops to its maximum position very quickly
as soon as the mined void is closed at 1 = 3 hr 15 min as
shown in Fig. 4(a). This mechanically induced
deformation as a result of mine roof collapse occurs
within 15min of applying the change in mechanical
boundary conditions along the mined wvoid. The
computational time step is [5min, so this dramatic
change in the subsidence profile may physically occur
somewhat more rapidly ({essentially instantaneously).
Then it approaches to the final steady state position
which is slightly less than the maximum subsidence. This
oscillation results from the recovery of water level after
the mining period. An adequate match is apparent
between measured and predicted final subsidence profiles
on the land surface as shown in Fig. 4(b). The predicted
final vertical displacement at the panel centerline

(x=0m) is .14m, whereas the measured value is
1.13m {4]. However, the predicted final subsidence
profile shows more extensive ground deformation than
that actually measured. This may indicate the presence
of heterogeneity within each hydrostratigraphic unit or
the mechanical failure of the overburden strata, or may
result from neglecting the direct influence of overlying
local topography or the existence of unconsolidated soils
which are apparently non-linear and inelastic.
Whichever of these causes are operative, the difference
between the measured and predicted subsidence profiles
is not critical. Hence the match can be considered
reasonable recognizing that there is no calibration
procedure involved in this numerical simulation.
Therefore, the results from this numerical analysis are
expected to represent the field behavior closely and
adequately.

Although each hydrostratigraphic unit is considered
to be initially homogeneous and isotropic, a significant
heterogeneous and anisotropic hydraulic conductivity
field develops as a result of mining (both drainage and
collapse). During the mining period (Fig. 2}, the greatest
decreases in both horizontal and vertical saturated
hydraulic conductivities develop in the area around the
panel where large compressional deformation resuits
from mine drainage without mine collapse because the
mined void remains open owing to the hydraulic
supports. Horizontal saturated hydraulic conductivity
increases vertically from the panel because it is modified
by vertical deformation, while vertical saturated
hydraulic conductivity increases horizontally from the
panel because it is controlled by herizontal deformation.
However, after the mining period (Fig. 3), a totally
different saturated hydraulic conductivity field is
developed due to mine collapse. As anticipated, the
greatest increases in horizontal and vertical saturated
hydraulic conductivities occur in the area immediately
over the panel where large extensional deformation
results from mine collapse. The zone of horizontal
saturated hydraulic conductivity enhancement develops
vertically above and below the panel and extends to the
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land surface as a result of high vertical extensional strain
toward the panel. Another small isolated enhancement
zone of horizontal saturated hydraulic conductivity is
also formed outside the panel edge. The enhancement of
vertical saturated hydraulic conductivity is, however,
limited to a narrow region around the panel. This
enhancement zone appears coincident with the area of
high horizontal extensional strain that develops at the
abutment and slopes upward and downward at an angle
of about 45°. The same longwall mining-modified
hydraulic conductivity fields were predicted from other
numerical simulations [22,23,25]. Postmining borehole
packer tests conducted in the study area also confirmed
both increasing and decreasing saturated hydraulic
conductivities relative to premining values as a result of
strata movement and dilation of existing joints and
bedding planes [5].

Two desaturation zones are formed between the
mined void and the aquitard within the intermediate
aquifer II during the mining period (Fig. 2) and are
resaturated after the mining peried (Fig. 3). As shown
in Fig. 5(a), the hydraulic head in the shallow aquifer 1
is relatively unaffected by longwall mining owing to the
presence of the underlying relatively impermeable
aquitard, whereas the water levels in the intermediate
aquifer II and deep aguifer I1I show significant declines.
The water level in the intermediate aquifer II (z = 204 m)
even becomes negative during the mining period. The
same trends {but different magnitudes) were observed in
six monitoring wells, which were located directly over
the study panel [5]. Water levels in wells W2, W4, and
W6 completed in the shallow aquifer 1 declined by less
than 3m and then recovered to near their premining
levels. However, wells W1, W3, and W35 completed in the
intermediate aquifer I1 showed significant drawdown,
more than 120m, and sometimes went dry, ie.
desaturated. Ultimately, they showed very slow recovery
toward the premining levels. These water level responses
suggest that, in the study area, the shallow aquifer I is
hydraulically isolated from the mined void by the

underlying less permeable aquitard, while the intermedi-
ate aquifer II and deep aquifer 11} remain hydraulically
connected to the mined void. Furthermore, the water
levels at x =320 m in the intermediate aquifer II and
deep aquifer 111 continue to decline even after the mining
period but eventnally recover to near their premining
levels as shown in Fig. 5(b).

CONCLUSIONS

On the basis of an equivalent porous elastic
continuum representation and corresponding poroelas-
tic theory, a fully-coupled hydrogeomechanical model
for saturated—unsaturated groundwater flow in deform-
ing geologic media and its numerical formulation have
been presented. Unsaturated hydraulic parameters
necessary for its application were selected from
formulations available in the literature. The explicit
coupling between the groundwater flow feld and the
solid skeleton deformation field is achieved by
simultaneously solving the mathematical governing
equations for groundwater flow and solid skeleton
deformation. The implicit coupling between these two
fields is also accomplished by considering the effects of
both unsaturated water flow and solid skeleton
deformation on the hydraulic properties such as water
content and hydraulic conductivity. In addition to the
implicit coupling caused by unsaturated water flow, the
other implicit coupling caused by solid skeleton
deformation is also important because it may produce
hydraulic heterogeneity and anisotropy in a geologic
medium affecting the groundwater flow field even when
the system is in a fully saturated condition. Thus a
physically based constitutive model has alse been
proposed to account for the deformation (strain)-depen-
dencies of porosity and saturated hydraulic conductivity
of the fractured media. To evaluate fully-coupled strata
deformation and groundwater flow induced by under-
ground longwall mining and to understand their
hydrogeomechanical nature, the numerical model has
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been applied to a real mine site. A series of consistent
trends is evident, to a certain extent, between the results
from the simulation and those from the field
measurements. Although the numerical simulation
results presented in this paper will not apply to all
underground longwall mines becaunse of differences in
site-specific hydrogeological and geomechanical settings,
the methodology described herein may find some usefui
applications in many longwall mining projects. Further
development of the numerical model (e.g shear and
tension failures) and field application are encouraged to
better fit the observed field behavior.
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