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It is well known that the perturbed stress field beneath valleys can result in roof instabilities in shallow
underground coal and stone mines. Quantitatively predicting the magnitude of these stress perturba-
tions, particularly beneath complicated three-dimensional (3D) topography, has not become common-
place in mine planning, perhaps due to the complexity and time-consuming nature of the problem. Here
we utilize 3D digital elevation models and the 3D boundary element method (BEM) approach to
efficiently calculate the pre-mining topographically perturbed stress field in the vicinity of the Carroll
Hollow coal mine in eastern Ohio. We find that regions of elevated compressive stress in the mine
correspond to areas in which cutter roof failure is a common source of roof instability. Furthermore, both
the magnitude and inclination of the principal stresses calculated from the 3D topographic BEM model
are found to be consistent with observed failure distributions within the mine. We propose that the
approach outlined in this study can be efficiently applied to the mine planning process in order to
mitigate or avoid potentially hazardous mining conditions.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Of the 77 reported fatalities in underground coal mines nation-
wide from 2007 to 2011, 26 resulted from roof or rib falls [1].
Furthermore, Moebs and Stateham [2] reported that as many as
90% of roof falls in underground mines in the Appalachian Basin
occurred in mines beneath stream valleys [2]. While this is a
difficult number to confirm, Molinda et al. [3] mapped roof failures
in five mines in Pennsylvania and found that 52% of roof failures
occurred directly beneath valley bottoms, whereas fewer than 10%
of roof falls occurred beneath hills. The same study indicated that
valley shape is also an important factor, and risk of roof failure
beneath broad valleys is generally greater than beneath sharp
v-shaped valleys [3]. The cause of increased roof failure rate beneath
valleys has many potential sources, including (1) magnification of
the horizontal compressive normal stress and (2) long-term
degradation of roof rocks due to fracture and fluid infiltration;
however all of these potential sources are directly related to
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a perturbation in the regional stress field associated with uneven
topography. The general relationship between stream valleys and
roof instability has been recognized for quite some time [2-5];
however surface topography has not commonly been taken into
account quantitatively when planning underground excavations.
Roof stability in underground mines is controlled by the quality
and thickness of the rock layers which encase the excavation, the
geometry of the excavation, the stress state around the mine
excavation, and the presence of pre-existing geologic structures
such as joints, faults, and channel sand deposits. Mechanisms of
roof instability can be divided into geologic and stress-related
mechanisms as well as post-mining degradation of the roof rock
due to exposure to fluids. For shallow coal and stone mines, stress-
related mechanisms are principally controlled by the greatest
horizontal compressive stress, oy, in layered sedimentary rocks
[6]. Because topography perturbs the stress field in the near
surface, particularly where the depth is of the same order of
magnitude as the topographic relief, the magnitude and orienta-
tion of oy, and other stress tensor components, can be extremely
heterogeneous throughout the mine; yet no efficient method has
been developed to calculate its distribution during the mine
planning phase. However, given some basic observations, the state
of stress acting on a target layer (coal seam, limestone, etc.) can be
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predicted with significant confidence a priori. Here we study the
heterogeneous stress field induced at the scale of an individual
mine by modeling the interaction of topography and tectonic
stresses using the three-dimensional (3D) boundary element
method (BEM) code Poly3D. The computed stress fields are
evaluated in terms of mapped roof failure mechanisms throughout
the mine. The results suggest that the computed stress field
accurately represents the state of stress acting on the coal seam
before creation of the excavations. Therefore, the approach out-
lined in this manuscript represents a potentially powerful, efficient
means to optimize mine planning in order to minimize potential
risks related to stress-related roof failure mechanisms.

2. Previous work

Molinda and Mark [6] listed several factors which commonly
result in unplanned roof failures in underground coal mines,
including geologic heterogeneities, moisture degradation of the
roof rocks, extreme loading conditions, multiple seam mining, and
inadequate support. A number of roof fall types, including stack-
rock delamination, cutter roof, and spalling roof are typically
attributed to large magnitudes of “horizontal stress”, the compo-
nent of normal stress acting parallel to the roof strata [6,7]. Layer—
parallel loading leads to buckling of the stratigraphic roof layers.
Furthermore, moisture degradation can be enhanced in areas of
large horizontal stress due to damage and increased permeability
in roof layers, and unstable conditions around geologic defects can
likewise be exacerbated by magnified horizontal stress.

The study of the mechanics of failure in undermined strata has
been a topic quantitative research for some time. Bucky [8]
pioneered the use of a centrifuge to build scale mechanical models
of underground openings in stratified rock, and Bucky and Taborelli
[9] showed that fractures formed at the mid-span of roof layers are
the dominant mechanism of failure under gravitational loading
conditions. Evans [10] developed a “Voussoir Beam” model, in
which an arched and cracked elastic beam is confined between
abutments, to study the failure mechanisms of rock crushing of roof
strata at abutments or midspan, buckling of the beam and tensile
failure of the beam at midspan, and sliding of the beam at
abutments. Many more recent researchers have studied and
improved Evans’ Voussoir Beam approach in recent years [11-13];
however the model is ultimately two dimensional, and therefore
limited in its applicability to complicated mine geometries such as
room and pillar mines where stress perturbations associated with
adjacent rooms are prone to mechanical interaction. Furthermore,
the Voussoir Beam model is difficult to apply successfully where the
3D state of stress is heterogeneous and/or anisotropic.

A significant amount of work across the fields of geology and
engineering has shed a great deal of light on the multi-scale nature
of the state of stress in the earth's crust. The state of stress in the
earth's crust is heterogeneous and anisotropic; yet at the global
(crustal) scale, the directions and magnitudes of principal stresses
are remarkably systematic, and stress trajectories are largely
related to tectonic processes [14-17] (Fig. 1A). For example, in
the northeastern United States, the maximum principal horizontal
stress (oy) follows a NE-SW trend, and in the Appalachian Plateau
in eastern Ohio, the location of the current study, oy trends
approximately N60°E (Fig. 1A). At the regional scale, however,
the state of stress may be highly heterogeneous, affected by
geologic structures such as faults, and, near the earth's surface,
by irregular topography (Fig. 1B). Given that many underground
mine workings in the Appalachian Basin region are at depths less
than a few hundred meters, stress perturbations at this scale due
to topography are of immense importance, as such perturbations
may decrease (or increase) the stability of mine workings.
Furthermore, once the excavation is introduced in this already
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Fig. 1. Nature of the (A) global, (B) regional, and (C) local excavation-scale states of
stress. (A) is shown in map view while (B) and (C) are vertical cross-sections.

heterogeneous stress field, the local stress field is further per-
turbed (Fig. 1C).

The importance of topographic effects on subsurface stress has
been recognized for some time. Unfortunately, however, perhaps due
to the complex nature of the problem, quantitative assessments of
the increased risk associated with mining under stream valleys are
not customarily made. Empirical estimates of the stress effects of
stream valleys [4] have focused on shape factors of the overlying
valley, as well as the ratio of excavation depth to total surface relief as
critical parameters in the estimation of stability risk; however it is
difficult to incorporate the far-field tectonic stress state in such
models, as this component of the stress field is independent of local
factors such as topography. A number of workers have utilized the
method of conformal mapping pioneered by Muskhelishvilli [12] to
derive exact closed-form solutions for the elastic stress fields beneath
slopes under different loading conditions [18-21]. While such solu-
tions produce quick estimates of subsurface stresses, they are limited
to simple idealized topographic shapes. Pan and co-workers [22-25]
were able to develop a semi-analytical approach by combining the
conformal mapping and the integral equation methods. Under
gravitational stress only, they found that beneath irregular, asym-
metric valleys and ridges, there can be several locations of local stress
maxima and minima which could be potential locations of rock
failure [22,24]. They also showed that under a horizontal tectonic
stress, the compressive stress on the bottom of the valley could be
several times larger (more compressive) than the applied tectonic
stress. They further showed that, under combined gravitational and
tectonic stresses, a stress concentration could also exist on the
shoulder of the ridge [25]. They concluded that the topographically
perturbed stress field depended strongly on the depth of the valley,
the rock elastic properties, and the orientation of the rock strata [23].
For transversely isotropic rocks for which the plane of anisotropy is
horizontal, as is the case for flat-lying sedimentary rocks, the increase
of the horizontal compressive stress relative to the background global
value can be considerably greater than for the isotropic case.
A preliminary application of such findings is on the optimal selection
of unlined pressure tunnel alignment [26].
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Due to the complex geometry of real topography and room/pillar
mines, only a few studies in the mining literature have focused on
modeling topographic stress perturbations, using two-dimensional
(2D) finite element method (FEM) models [27] or finite difference
(FD) codes such as FLAC [28]. Unfortunately complex geometries,
particularly in regions in which topography varies significantly in
three dimensions, render such FEM and FD methods overly cumber-
some to be practically utilized during mine planning. Martel [29] and
Martel and Muller [30] extended the BEM method to solve the 2D
elastic stresses beneath slopes and long ridges. In their model the
state of stress at any point in the subsurface is a result of the
superposition of vertical gravitational stress ¢, and the global tectonic
stress gy. Because the topographic surface is irregular, the gravita-
tional component of stress is non-uniform throughout the model
(Fig. 1B). The stress field beneath a topographic surface can be
calculated by subtracting the gravitationally induced stresses imposed
by the overburden on the underlying material from the stresses in a
semi-infinite half plane in which the free surface is coincident with
the highest topographic point in the study area (Fig. 1B) [30]). The
resulting model is one in which the tractions acting on the topo-
graphic free surface are zero, and the stresses beneath the free surface
are non-uniform beneath an arbitrary topographic profile. The
method of Martel [29] and Martel and Muller [30] has several distinct
advantages over previous approaches in that (1) BEM requires
discretization of only model boundaries (the topographic surface,
underground opening, geologic discontinuities) rather than the entire
problem domain, so it is easy to represent any arbitrary topographic
surface; (2) it is easy to incorporate tectonic and gravitational stress
inputs, if information about the tectonic stress state is known; and

(3) the method is easily extendable to 3D using commercially available
BEM codes such as Poly3D [31]. This latter advantage is particularly
critical in regions such as the Appalachian Basin, where surface
topography is shaped principally by dendritic drainage patterns which
make 2D plane strain models of topography inadequate.

If the mining engineer had a priori knowledge of the state of
stress as it varies across the entire target layer, he could employ that
information to implement any number of well-established ground
control techniques, including reorientation of openings relative to
the prevailing orientation of the maximum horizontal compressive
stress, oy, and stress shadowing [9]. Of course, once the excavation
in the subsurface is introduced, the local stress state is perturbed on
a finer scale (Fig. 1C). The perturbation of the stress field at this scale
depends on the local driving stress (from the regional perturbation),
the geometry of the mine opening(s), the rock mechanical proper-
ties, and the presence of structural discontinuities (joints, faults,
bedding interfaces). It is this local stress perturbation which
ultimately determines the stability of the mine opening. In an ideal
situation, it would be beneficial for the mining engineer to estimate
the state of stress on the regional scale prior to excavation, and use
this information to calculate the local perturbation should an entry
of a particular geometry be excavated.

3. Field area and geologic setting
The case-study area for our investigation lies in Carroll County,

Ohio, in the western half of the Appalachian Plateau geologic
province within the Appalachian Sedimentary Basin, although the
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Fig. 2. Location of the study area, and overlay of topography over the mine map. Dates of completion are noted in each portion of the mine map.
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Fig. 3. Occurrence of cutter roof in the Carroll Hollow mine and model for cutter roof formation.

approach developed herein is broadly applicable to mines through-
out the world. Geologically, the Appalachian Plateau is defined as
the transition zone between intense deformation of the Valley and
Ridge Province, manifested by twisting and faulting of the bedrock
to the east, and weakly deformed rocks to the west. The Appala-
chian Plateau region is defined by rolling topography above broad
folds in the rock layers, and blind thrust faults which cut the rocks at
depth. These faults are rarely exposed at the surface and can cause
local roof instabilities when cut by mine workings [32].

The Carroll Hollow Mine utilizes the room and pillar mining
method and exploits the Middle Kittanning Coal (MKC) Seam
(Fig. 2). The MKC in northeast Ohio is part of the Allegheny
Formation and is middle Pennsylvanian (300-320 Ma.) in age.
The actively-mined coal seam is found between 50 and 150 m
below the present earth surface. It is overlain by thick black
carbonaceous oil shale (cannel shale) grading up to a siderite
(FeCO3)-rich shale which is in turn overlain by a sandy shale/
sandstone [33]. Each of these units represents a mechanical layer
separated by structural discontinuities that often form the detach-
ment surface for roof falls in the mine. Of particular concern is a
thin shale layer of ~40 cm thickness which forms the immediate
roof. The upper contact of this roof shale is formed by a ~1 cm
thick clay layer, which serves as a major structural discontinuity
prone to detachment from the overlying layers. Individual rooms
are roughly 6 m wide and the seam thickness (room height) ranges
from 0.8 to 1.1 m. The mine exhibits several roof control issues
which are thought to be related in large part to elevated horizontal
compressive stress beneath overlying valleys, with the most
common issue being cutter roof failure (Figs. 2 and 3), a feature
distinguished by a sub-vertical fracture extending from the roof-
rib intersection upward into stratigraphic layers|[34]|. Cutter roof
failure is thought to nucleate due to beam instability in thin roof
layers, and subsequent fracturing allows roof members to delami-
nate (Fig. 3A), initially resulting in guttering (local delamination
and fall of roof rocks) around the fracture, and ultimately leading
to roof collapse (Fig. 3B) [6,34]. In Fig. 2, the mine entrance is in
the northwest corner of the map area and the slope from the
entrance is at a ~9° incline. Red lines denote areas of documented
cutter roof failure. Cutter roof failure was generally focused in the
eastern portion of the 1st East Mains and the entire length of the
2nd East Mains (Fig. 2). In the Carroll Hollow mine, areas prone to
cutter roof failure are also prone to spalling of coal pillars (Fig. 3B).

4. Methods
4.1. Boundary element method (BEM)

The BEM is a unique numerical technique for modeling pro-
blems in solid mechanics, and has been used in mining applica-
tions for over three decades. In this study we model stress
perturbations due to irregular topography (and, potentially, geo-
logic structures) using Poly3D, a 3D BEM in which 3D surfaces can
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Fig. 4. Model geometry, including the topographic surface (contoured) and the coal
seam/roof shale bedding discontinuity below.

be discretized into 2D polygons, allowing for accurate depictions
of surfaces of any geometry (Fig. 4) [30,35,36] Poly3D can solve for
the stress, strain, and displacement fields throughout an otherwise
isotropic, homogeneous body as long as the boundary conditions
(i.e., tractions or displacements) are prescribed along the model
surfaces. For the case of the current application, the state of stress
at any point in the subsurface is a result of the superposition of
vertical gravitational stresses and the far-field tectonic stresses.
Because the topographic surface is irregular, the gravitational
component of stress will be non-uniform throughout the model.
The stress field beneath a topographic surface can be calculated by
subtracting the gravitationally induced stresses imposed by the
overburden on the underlying material from the stresses in a
semi-infinite body [30]. The resulting model is one in which the
tractions acting normal to the topographic surface are zero, and
the stresses beneath the free surface are non-uniform beneath an
arbitrary topographic profile. As a BEM code, Poly3D only requires
discretization of the discontinuities forming the model bound-
aries, rather than volumetric meshing of surrounding rock as
required by the FEM. Consequently, this code facilitates easy
manipulation of model geometry [31,35,37], and computation
time for the simulations conducted in this study is less than an
hour on a standard desktop PC.

4.2. Geometry and boundary conditions

For simulations of the heterogeneous stress field throughout
the mine, several inputs are required, including (1) the geometry
of the topographic surface which constitutes the model boundary
in our simulations (Fig. 4), (2) the regional tectonic stress state
(Fig. 1B), and (3) the elevation of points on the target layer
throughout the area of interest: the “observation points” at which
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perturbed stresses that act on the mine workings are calculated
(Fig. 4). The discretized topographic surface has been created using
an XYZ point cloud derived from freely available Light Detection
and Ranging (LiDAR) data from the Ohio Statewide Imagery
Program (¢(http://ogrip.oit.ohio.gov/ProjectsInitiatives/Statewidel
magery.aspx)). For modeling purposes the XYZ point cloud is
discretized into a mesh consisting of triangular elements using
Delaunay triangulation tools within Matlab©. An example of the
topographic surface derived from this dataset for the region
surrounding the Carroll Hollow Mine is shown in Fig. 4. The
triangular elements in the simulation mesh had a roughly uniform
edge size of ~40 m, smaller than the minimum depth to the coal
seam. Preliminary mesh sensitivity investigations showed that
decreasing triangle size had little effect on stress calculations on
the coal seam. Furthermore, the lateral extent of the topographic
model surface extends far beyond the lateral tips of the model coal
seam surface in order to minimize tip effects on stresses calculated
on the coal seam. The coal seam elevation is derived from a
combination of exploratory borehole data and in-mine surveying
of the active mine workings, and the resulting 3D surface shown in
Fig. 4 is constructed using the resulting point cloud in the same
manner as the topographic surface, although it should be stressed
that unlike the topographic surface, the coal seam surface is
merely a set of observation points at which stresses and displace-
ments are calculated, not a discontinuity required to satisfy local
traction boundary conditions. The regional stress state has been
devised from published data as discussed below.

The state of stress in the Appalachian Basin in eastern Ohio and
Western Pennsylvania is characterized by a horizontal maximum
compressive stress, gy, which trends roughly N60°E [38] (Fig. 4).
The stress regime is stratified: at depths greater than approxi-
mately 1km, the vertical normal stress, g,, exceeds the inter-
mediate principal stress oj therefore the Andersonian stress
regime is one of strike slip faulting [39]. At shallower depths
typical of coal mining in the region, however, oy > ¢, > ¢, and the
shallow crust is subject to a thrust faulting stress regime [40,41].
Near the earth's surface, the relationship between the magnitude
of principal stresses and depth is difficult to predict as it can be
highly variable. In a classic Andersonian thrust faulting stress
regime, the minimum compressive stress direction is vertical (a,),
the maximum compressive stress oy is horizontal, and the inter-
mediate principal stress is ¢, also horizontal. Several investiga-
tions of the in-situ stress state of the crust at depth have suggested
that the crust is critically stressed, that is, pre-existing faults and
fractures are stressed just to the point of frictional failure
[14,42,43]. Following this assumption, a reasonable starting point
for a stress state characterized by thrust faulting can be calculated
at a particular depth by assuming that o, is equivalent to the
overburden stress, the magnitude of gy and o}, are such that an
optimally oriented thrust fault would be at its critical threshold for
frictional slip [42]. This requires the assumption that ,=(ogy+
a,)[2, i.e., that the intermediate principal stress is equal to the
mean normal stress. Assuming that the crust is critically stressed, a
common assumption based on abundant direct stress measure-
ments in the upper crust [43], both oy and ¢, can be calculated
assuming an approximate Byerlee friction coefficient of u~ 0.75
[44]. In this paper this stress model is described as Model A, the
“frictional constraint” model (Fig. 5), and the equations for each
stress term are summarized in Table 1. One particular problem
with the frictional constraint model is that all stress components
decay to zero at the earth's surface; however evidence from direct
shallow stress measurements in Ohio suggests this is not typically
the case [45]. In order to produce a more realistic representation of
stress magnitudes in the shallow crust, Mark and Gadde [46]
compiled a large database of in situ stress measurements from
mining regions around the world, and conducted a series of linear
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Fig. 5. Global stress state models for northeast Ohio, including the Model A, the
frictionally constrained model [42] shaded in dark gray solid lines, and Model B
based on Mark and Gadde [46] shown in light gray and dashed lines.

Table 1

Stress boundary conditions. Relevant terms are density (p) in kg/m>, acceleration
due to gravity (g) in m/s?, elevation relative to the highest point in the model (z) in
m (see Fig. 4B and Fig. 5), and a dimensionless pore-fluid factor (1) which
represents the ratio of pore-fluid to rock density.

Model oy (MPa) o, (MPa) gy (MPa) Reference
A 3pgz(1-2)x 10 %+0, (On+0v)/2  pgz1-2)x 107 [36]
B 2.6+0.03z+2.08 (OH+0v)/2  pgz(1-2)x 1076  [40]

regressions to derive empirical equations for vertical gradients in
each of the three principal stress components (ay, o, and a,).
Regressions were performed for each major coal producing region
in the world for which data was available. The resulting empirical
equations for the Appalachian Basin region are given in Table 1
and shown in Fig. 5 where the Mark and Gadde [46] stress model
is referred to as Model B.

Because we take a multi-scale modeling approach in this paper,
differentiating the stress terms at each stage of the modeling
process can be somewhat confusing. For clarity, throughout the
remainder of this paper, we will refer to the global, far-field
principal stresses (Fig. 1A) as oy, o, and o,,.. These will constitute
the far-field stresses which drive deformation in simulations of
topographic stress perturbations using Poly3D. Because the result-
ing perturbed stress fields along the coal seam are no longer
constrained to be vertically and horizontally oriented, we adopt
the terminology of ¢4, g5, and o3 for the regionally-perturbed
maximum compressive, intermediate, and least compressive prin-
cipal stresses calculated by our Poly3D model. Far-field boundary
conditions are prescribed as stress gradients oy, o5, and g, all of
which increase linearly with depth, and are defined for each model
in Table 1. For these calculations we assume average density
p=2500 kg/m> for the packages of sedimentary rocks overlying
the mine (limestone, sandstone, shale), pore fluid factor 1=0.4,
and acceleration due to gravity g=10 m/s% Like density, elastic
rock properties are chosen to represent average expected proper-
ties of the sedimentary cover, Young's modulus E=30 GPa and
Poisson's ratio v=0.2.

5. Results

Aspects of the computed stress fields along the coal seam based
on Model B are plotted in Figs. 6 and 7. Calculated stress fields
based on Model A are similar to those based on Model B and,
because we prefer the better-constrained global stress state of
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Model B, we omit the results of Model A for brevity. It is observed
from Figs. 6 and 7 that the stress magnitudes are highly hetero-
geneous, with the maximum perturbed compressive stress o,
varying locally by as much as 2.7 MPa. As expected ¢, generally
increases beneath valleys, and decreases beneath ridges in all
models. Peak differential stress approaches the magnitude of o,
indicating that o3 in those locations is close to zero. The 2nd East
Mains corridor (Fig. 2), the site with most intense cutter roof
failure, is coincident with a region of elevated ¢, relative to the
average value (Fig. 6A). The largest magnitude of ¢, occurs along a
large north-south trending valley on the western side of the coal
seam along the 2nd East Mains (Figs. 2 and 6A). Variations in stress
magnitude are less extreme in the region of the existing mine,
however areas of mapped cutter roof occurrence (Figs. 2 and 3) do
correspond to areas of more compressive-than-average magni-
tudes of 7.

Principal stress directions deviate from the remote stress
orientation in both Models A and B, in terms of azimuth and

inclination (principal direction). Deviations (A1) of the azimuth of
o1 from oy can be as great as 6.9° in Model A and 5.5° in Model B,
whereas inclination (¢) of g, could be as great as 4.1° in Model A
and 5.7° in Model B (Table 2). Unlike the variation of stress
magnitude, where larger magnitudes of ¢ typically occur beneath
valleys, variation in azimuth and inclination of ¢ is less intuitive.
Comparing Fig. 7A with Fig. 4, variations in ¢ azimuth A«; tend to
be negative in sign and larger magnitude beneath valleys, as
compared to Aa; beneath ridges; but the degree of azimuth
deviation varies significantly depending on the valley trend and
nearby topography. Variations in ¢; inclination ¢; are perhaps
more intuitive, in that oy generally plunges toward the valley
floor, away from ridges; however like patterns of Aqj, the
magnitude of y; depends largely on the trend of the valleys
relative to the azimuth of oy (¢, is the greatest when the valley
trend is roughly perpendicular to the trajectory o). The range in
stress azimuth is not likely be significant in terms of mine
planning, as a variation of Aa; ( < 6°) is probably within the range
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Table 2
Representative perturbed stress results. For fully-perturbed stress fields, see
Figs. 6 and 7.

Max Min Ave Max Ave Max Ave Max
(a1) (01) (01) (0a) (04) (#1)  (#1) (Ay1)
(MPa) (MPa) (MPa) (MPa) (MPa)
Model A 10.8 8.6 9.6 10.5 8 41° 11° 6.9°
Model B 11 8.3 9.3 10.5 7.6 57° 1.7° 55°

of error encountered in practice when cutting pillars in any
particular orientation. As shown in the next section, however,
the simulated variance in ¢, is quite significant in predicting
patterns of stress-related roof failure.

6. Discussion

It has been long understood that “valley stresses”, or amplified
magnitudes of the horizontal compressive stress relative to aver-
age global values, increase the risk of ground control problems in
shallow underground mines. However, the exact manifestation of
these “valley stress” perturbations has not received a significant
amount of attention in the literature, particularly not for realistic
3D geometries. As shown in the previous section, for the Carroll
Hollow mine, the magnitude of the greatest compressive stress ¢4
may vary by as much as 30% of its peak value (Fig. 6), the azimuth
may vary as much as 6°, and the inclination may vary by as much
as 5° In other regions in the Appalachian Basin with greater
topographic relief at the earth's surface (western Pennsylvania,
West Virginia, Kentucky), these deviations from the regional
principal stress magnitude and direction are expected to be more
significant, particularly for mines with average overburden thick-
ness comparable to the Carroll Hollow mine (~50-150 m).

In an attempt to both verify that the computed stress fields are
realisticc and to demonstrate the utility of the approach of
computing topographic stress perturbations, we have conducted
simulations of the effect of the topographically perturbed stresses
on local stress distribution around openings at the scale of
individual rooms in the mine (Fig. 1C). In order to verify the
calculated stresses, we surveyed the local mine geometry, includ-
ing roof failures, in a section of the mine where cutter roof and
related guttering have been observed (Fig. 8). Note that the
location of Fig. 8 is indicated by a box along the 1st East Mains
in Fig. 2. As part of the site selection, we constructed 2D vertical
NE-SW slices of the mine geometry through rooms/pillars
between entries 14 and 15 as well as 15 and 16 (Fig. 8). These
sections were selected because cutter roof and guttering were
observed along them, their cross-section makes a reasonably small
angle with the orientation of gy in the region, and this section of
the active mine was accessible during surveying. Furthermore, the
pillars are cut at approximately 90° angles, allowing for plane
strain modeling of stresses in a 2D cross section as a rough
approximation. The geometry of the mine openings along each
slice were produced by use of a radial laser surveying device
designed for cave surveying [47]. Using this device, we reproduced
the true aspect ratio of each room in the cross-section [48]. For
modeling purposes, we ignored the presence of gutters, and we
assumed that the original, undeformed excavation geometry was
that of a rectangle with smooth corners. Resulting aspect ratios in
these surveys were on the order of 3.8-7.7 (length to height) as
summarized in Table 3 and shown graphically in Fig. 9. During
surveys, we noted the presence of cutter roof and the depth and
width of gutters which formed around the cutter roof fractures.

Entry 11

e

] &1 o1 B B [

[/ 2 [c3 P2l [l )
EEEEEEE
rransectfor | |[22] [B4] [c) (24 [E] 4]

Figures 9

Entry 12
Entry 13
Entry 14
Entry 15
Entry 16

1 [ 59 [eq [oel [l [
EDDDDDD

—_— — — 1

O 50m %\l

Fig. 8. Region of in-mine vertical cross-section to create the 2D local geometry of
the mine openings. Location of this figure shown in Fig. 2.

Entry 17
Entry 18

Table 3
Measured aspect ratios (width to height) of openings surveyed in Carroll Hollow
Mine, OH.

Entry Height (m) Width (m) Aspect ratio
Wall-A4 1.32 5.02 3.80
Wall-A5 115 5.53 481
A4-B4 1.24 532 4.29
A5-B5 1.40 6.20 4.44
B4-C4 1.09 6.99 6.41
B5-C5 1.31 5.61 4.28
C4-D4 1.37 741 5.41
C5-D5 1.20 6.80 5.66
D4-E4 1.33 6.17 4.64
D5-E5 1.23 6.61 537
E4-F4 1.09 5.45 5.00
E5-F5 1.34 5.60 418
F4-Wall 1.02 4.66 4.57
F5-Wall 0.81 6.25 7.71
Minimum ratio 3.80
Mean ratio 5.04
Maximum ratio 7.71

As shown in Table 4, the gutters were typically on the order of
10-30 cm deep, corresponding to the approximate thickness of the
immediate shale roof thickness, and the width of the gutters scales
with the gutter depth. The depth of gutters supports the inter-
pretation that once cutter roof fractures penetrate the roof strata,
guttering is a product of cantilevering of the roof layers to a
stratigraphically controlled detachment. Note that the location of
the gutters listed in Table 4 are shown schematically in Fig. 8.
Gutters were noted on both the left (southwest) and right (north-
east) corners of openings in both surveys; however 2/3 of the
gutters were present on the left (southwest) side of each opening
(Table 4).

Using the opening geometries constructed using the radial
laser surveying technique discussed above as model boundaries,
we used simple 2D, plane strain BEM simulations to calculate the
stress fields associated with the introduction of the mine openings
along the survey lines. In these simulations, the local mine
geometry forms the model boundaries discretized into fictitious
stress elements embedded in an infinite elastic medium [49]. The
model boundaries are assumed to be traction-free, and the rocks are
loaded by a far-field stress, corresponding to the topographically-
perturbed stresses acting on the coal seam in the vicinity of the
survey lines by the Poly3D simulations. The closest observation
point on the coal seam had a calculated value of 6, = —9.4 MPa and
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Table 4
Dimensions of gutters present in surveyed section of Carroll Hollow Mine.

Entry Left pillar ~ Right pillar Left gutter Right gutter

Name Name Name Width Depth Width Depth
(m) (m) (m) (m)
Wall-A4  Wall A4 N/A N/A 0.76 0.10
Wall-A5  Wall A5 N/A N/A N/A N/A
A4-B4 A4 B4 1.05 0.09 N/A N/A
A5-B5 A5 B5 N/A N/A N/A N/A
B4-C4 B4 C4 119 0.20 0.81 0.03
B5-C5 B5 C5 1.60 0.28 N/A N/A
C4-D4 c4 D4 1.98 0.15 N/A N/A
C5-D5 c5 D5 1.06 0.08 N/A N/A
D4-E4 D4 E4 N/A N/A N/A N/A
D5-E5 D5 E5 N/A N/A N/A N/A
E4-F4 E4 F4 1.09 033 N/A N/A
E5-F5 E5 F5 137 0.23 N/A N/A
F4-Wall F4 Wall 116 0.15 1.03 0.16
F5-Wall  F5 Wall N/A N/A 0.89 0.15

o3=—1.7 MPa, with ¢, inclined at an angle ¢; ~2° toward the
southwest as defined in the inset in Fig. 7B. Rocks are modeled as
homogeneous, linear elastic materials with Young's modulus of
E=16 GPa, Poisson's ratio »=0.29, and uniaxial compressive

strength UCS=30 MPa as determined using standard uniaxial
compression tests on cylindrical specimens to failure.

It should be noted that the simulations at the local scale are
intentionally simple. Our goal is to isolate the effect of topogra-
phically perturbed stresses on the local stress field around open-
ings. We make no attempt to simulate time- or path-dependent
processes such as fracture growth, fluid flow, or frictional sliding
on pre-existing discontinuities. As a result of the model simplicity,
we do not expect these simulations to produce precise depictions
of the stresses acting in the pillars just after mining. We do,
however, expect the results to give a good approximation of
the typical stress magnitudes surrounding openings perturbed
by the topography, and we also expect to gain some insight into
the general patterns of stress perturbations in the mine.

We investigate the local stress field around mine excavations
for two cases which results from the topographic perturbation. In
both cases, 61=—9.4 and and o3= — 1.7, values calculated in the
vicinity with Poly3D in Figs. 6 and 7. In the first case (Fig. 9A-C),
we consider ¢; and o3 to be horizontal and vertical (¢;=0°),
respectively. In the second case (Fig. 9D-F), we consider the
inclinations of these stresses (¢;=2.5°) modeled using Poly3D.
Contours of the local stress fields produced using the 2D BEM
models are shown in Fig. 9A and D, calculated as a factor of safety
F, which, following Esterhuizen et al. [44], is expressed as the ratio
of the UCS to the calculated ¢, in the model. Areas in which F< 1
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are considered to be prone to compressive/shear failure. Fig. 9B
and E show a detailed view of F around the fifth hole, while Fig. 9C
and F show the hoop stress (in-plane normal stress) as it varies
with angle around the hole. In Fig. 9A, we observe some general
trends which contrast from those summarized by Hill [28] under
purely gravitational loading. Specifically, under pure gravitational
loading, larger aspect ratios result in larger compressive stress
magnitudes at the corners of rectangular excavations. When the
tectonic stress component is larger than the gravitational compo-
nent as is the case for the current study and mines throughout the
Appalachian basin, smaller aspect ratios result in larger compres-
sive stresses at the corners. In the case of ¢;=0° compressive
hoop stress magnitudes at corners of excavations are magnified by
as much as a factor of 4 compared to the far-field maximum
compressive stress g, and the magnitude of hoop stress exceeds
the UCS of the roof shale in several of the upper corners (Fig. 9B
and C). Note that along floors and roof away from the corners, the
hoop stress is compressive roughly equal ¢, (Fig. 9B) because roof
and floors are modeled as straight horizontal surfaces. Corners in
which the magnitude of modeled hoop stress exceeds the UCS do
not, in general, correspond to the locations of mapped gutters
(Table 3). In the current case, hoop stress magnitudes in corners
are controlled by opening aspect ratio as well as mechanical
interaction between neighboring openings. On pillars, the hoop
stress is tensile, reaching a magnitude of 5MPa in the most
extreme case (left side of pillar B5, Fig. 9C). This result is consistent
with the common observation of pillar spalling (Fig. 3C). For the
case of ¢1=2.5° the distribution of hoop stress becomes asym-
metric, with greater compressive values in the upper left and
lower right corners as compared to upper right and lower left
corners, respectively. This distribution is consistent with the
general observation that 2/3 of the observed gutters associated
with cutter roof failure occurred in the upper left-hand corners.

As mentioned previously, these models are highly idealized,
but the efficacy of the general multi-scale modeling approach is
demonstrated in several respects. First, based on the consistency
between simulation and field observation of (A) areas of elevated
compressive stresses in the 3D topographically-perturbed stress
models and areas of mapped cutter roof failure and (B) observed
asymmetry of local compressive stress concentrations and cutter
roof/gutter distribution within 2D transects across the mine, the
approach appears to be successful in capturing the general trends
of stress perturbation throughout the mine. Second, because only
the model boundaries need to be discretized, this approach is
extremely efficient. Furthermore, abundant digital topography
data are available for active mining regions throughout the United
States. Given information about the local stress field, digital
elevation data which can be converted into a 3D triangular mesh,
and the geometry and elevation of the target layer, a mechanical
model predicting the perturbed stress state such as that pictured
in Figs. 6 and 7 can be produced in as little as one day worth of
work by a well-trained scientist or engineer armed with the
appropriate software. The resulting model can help mine engi-
neers in designing mine plans which incorporate appropriate
measures to mitigate ground control hazards, or to avoid hazar-
dous areas.

There are a number of limitations to the current study
approach, and these should be the focus of future work. First, 2D
plane-strain simulations clearly cannot account for the stress
perturbation throughout room/pillar mines [50]. Creating such
3D model geometries can be extremely cumbersome. Our 2D
approach was aimed at getting a first-approximation of the stress
perturbation around the local-scale excavation geometry in order
to evaluate the performance of the larger-scale 3D topographic
models. However, in practice it would be desirable to be able to
quickly evaluate stress distributions with different 3D mine

models. Furthermore, we made no attempt to model pre-existing
anisotropy or material heterogeneities inherently associated with
sedimentary rocks. Heterogeneities and mechanical discontinu-
ities in the form of channel deposits, joints, and faults can cause
local stress perturbations or weaken rocks significantly. Without
knowing the distribution of such heterogeneities a priori, it is
difficult to incorporate these into models; however sedimentary
rocks can typically be represented satisfactorily as transversely
anisotropic materials. Finally, the use of the UCS as a failure
criterion describing the onset of cutter roof failure is an inherent
oversimplification, particularly in anisotropic rocks. Cutter roof
failure is a complex process which deserves extensive study in its
own right, and a satisfactory failure criterion has not been
adequately described in the literature. Addressing these limita-
tions is the focus of our ongoing work. These include developing a
new BEM model to account for rock anisotropy and layered joints
surrounding excavations with realistic 3D geometries.

7. Conclusion

We calculated the topographically-perturbed stress field by
taking into account both gravitational and tectonic stresses as well
as complicated 3D topography, in the region of the Carroll Hollow
coal mine in Carroll County, Ohio. In the region of the Carroll
Hollow mine, computed maximum compressive stress can vary as
much as 30%, and the maximum compressive stress direction may
be inclined by more than 5°. Models of the local-mine-scale stress
perturbations show that increased regional compressive stresses
in some regions of the mine are large enough to induce compres-
sive roof failure. Furthermore, the calculated stress inclinations
produces asymmetries in the maximum compressive stress field
which qualitatively matches the observed distribution of gutters
associated with cutter roof failure in the mine. Calculation of the
stress magnitudes throughout the intended mining region allows
us to identify areas of high potential hazard as well as predicts
asymmetry in the distribution of stress-related roof hazards. This
study demonstrates the efficacy of such a multi-scale modeling
approach to predicting ground control problems; however some
limitations of the current approach warrant further work. Specifically,
a 3D modeling tool which allows for simultaneous simulation of the
topographic surface and planned mine geometries in anisotropic rock
would greatly increase our ability to predict ground control hazards in
the planning stages of shallow underground mines.
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