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Gas wells penetrating longwall mining areas are prone to fail by shear and distortion due to vulnerability to ground
movements caused by coal mining, especially when they pierce layered strata. This work explores the influence of
topography on stability for shale gas wells piercing a longwall pillar after sequential removal of the flanking panels.
We examine the magnitudes of shear offsets, longitudinal distortions, delamination, lateral and vertical strains
along the vertical well trajectories through a longwall pillar and as a result of mining, and evaluate their impact
upon the anticipated performance and stability of the wells. Results indicate that the presence of weak interfaces

ﬁﬁg{fﬁ;nw separating monolithic beds is a crucial factor that modulates wellbore instability. Contrast between benign relief
Topography and incised surface topography amplifies shear offsets for wells in the overburden by ~20-30%. Well distortions
Longwall mining are largest close to the surface or hilltop for mining at shallow depths (100 m) and migrate downwards with an in-
Distortion crease in panel depths reaching a maximum in the vicinity of the seam. Tensile failure is more likely to occur for gas
Shear offset

wells penetrating the overburden with incised topography, especially for the case with a higher ratio of hill height to
the thickness of overburden below the valley floor, with a largest delamination of 42 mm. Incised topography does
not cause a significant change in magnitude for axial distortions along well trajectories (limited to +3 x 10~2) but
does elevate lateral strains over the horizontal case to different extents. For all topographic conditions, lateral shear
offsets and various strains are largest for boreholes that cross the pillar closest to the panel rib and reduce monoton-
ically towards the gateroad, where both the shear offsets and axial distortions reduce to about one-fifth (horizontal)
and one-tenth (incised) of the maximum at 7.5 m inboard of the gateroad. Well deformations are most severe when
mining is shallow <100 m, then moderate when mining at an intermediate depth ~200 m, and then become large
again as the seam deepens >300 m. The spread in the distribution of strain magnitudes between the five horizontal
trajectories through the pillar all converge when mining is deeper.

Delamination
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1. Introduction

Gas wells are conduits for the transmission of shale gas, coalbed
methane and other natural gas resources from the reservoir to the sur-
face. In regions where the gas resource underlies mineable coal seams,
the recovery of that coal may jeopardize the integrity of the well even
if an unmined buffer-region is left around the well. This is especially
the case where high extraction mining, such as longwall mining, is
used as a method of recovery. In this instance the integrity of the
wells may be affected by deformation in the overburden, underburden
and coal that both precede and follow proximal mining. This issue has
been recognized for example in the Pennsylvania Mining Act of 1957
where a barrier pillar surrounding a pre-existing well is required to be
of 200,000 ft? in tributary area. However, where the recovery is by full
extraction (longwall) mining, it is not always feasible to leave an
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equiaxed (square) pillar due to both mining logistics and the layout of
adjacent panels. In this work we examine the rationale for the dimen-
sioning of protective barrier pillars to enable both effective
mining and the safe extraction of gas. In addition, the prevention of
well failures is important in coal-seam degassing (Karacan et al,, 2011;
Whittles et al., 2007) where, absent drainage, the accumulation of
methane may be significant (Burrel and Friel, 1996; Kral et al., 1998)
and these and also gob gas ventholes (GGVs) are important (Karacan,
2013). The effects on gas drainage wells installed prior to mining are
clearly greater than for those installed into the gob post-mining —
although the general issues of well stability is similar. In this work we
examine the rationale for gas well stability under the effects of longwall
mining and explore the influence of both topography and seam depth to
enable both effective mining and the safe extraction of gas.

A variety of studies have examined the stability of boreholes
although most of these have examined the influence of the drilling
process and its influence on the resulting stability of the well. These
have concentrated on evaluating drilling design, including the provision
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of mud weight and typically assuming that the rock material is linear
elastic, homogeneous, and isotropic in deformability and in strength
(Bradley, 1979; Santarelli et al., 1986) and extending these analyses to
anisotropic strength representing shales and phyllites (Aadnoy, 1988;
Ajalloeian and Lashkaripour, 2000; Aoki et al., 1993; Chenevert and
Gatlin, 1965; Donath, 1964; Lee et al,, 2012; McLamore and Gray,
1967; Niandou et al., 1997; Ong and Roegiers, 1993; Ramamurthy
et al., 1993; Tien et al., 2006). Borehole failure mechanisms are also im-
portant in determining the integrity of the well (Aadnoy and Chenevert,
1987; Gough and Bell, 1981; Haimson and Song, 1993; Tan and
Willoughby, 1993; Tan et al., 1998; Zheng et al., 1989; Zoback et al.,
1985) and may also be used to determine the orientation of in situ
stresses. Failure is also influenced by rock lithology and the physical-
mechanical or chemical-mechanical interactions between clay min-
erals and drilling fluids or groundwater (Hale et al., 1993; Tan et al.,
1996; Van Oort et al., 1994; Zeynali, 2012), but these effects may be
minimized by the application of improved drilling methods (Bennion
et al., 1996; Bjornsson et al., 2004; Clancey et al., 2007; Supon and
Adewumi, 1991) to maximize the effectiveness of drilling.

Despite a significant number of studies relating to well stability for hy-
drocarbon wells, relatively fewer results are available to define stability
under the influence of strata movement and control, or of the effects of
pillar crushing. One reason is that the importance of unconventional nat-
ural gas reservoirs underlying mineable coal seams has only become an
important issue relatively recently (Wang et al., 2013). However, the
evaluation of stability for wells piercing minable coal seams may draw
on a significant body of work related to the evaluation of the performance
of gob gas ventholes (Karacan, 20093, 2009b; Karacan and Goodman,
2009; Karacan and Olea, 2013), the failure modes of the surface venthole
casing during longwall mining (Chen et al., 2012), localization of mining-
induced horizontal fractures along rock layer interfaces in overburden
(Palchik, 2005), the influence of coal mining on ground-water supplies
(Elsworth and Liu, 1995; Liu and Elsworth, 1997, 1999) and the influ-
ence of topography on horizontal deformations (Gebauer et al.,
2009) adjacent to the mined panels. Despite these contributions,

the mined panels and examine the lateral and vertical strains, horizontal
shear and vertical delamination displacements and vertical distortions
applied along the candidate paths of wells that extend from the sur-
face/hilltop, through the pillar and to depth. We presume the rock to be
laminated and capable of separation at bedding interfaces as a represen-
tation of mixed sandstone shale sequences in the overburden and
underburden. We use this analysis to evaluate areas where the wellbore
is prone to collapse or more specifically disruption by shear offset.

2. Mechanistic model

We idealize the subsurface as a deformable medium comprising
laminated units with a slip interface, as shown in Fig. 2. The model
closely replicates the morphology of interbedded shales and sandstones
adjacent to the coal seams with the deformability properties of the units
and interfaces controlling the response. We examine the distribution of
displacements and strains along a vertical well trajectory, as induced by
longwall mining, and evaluate their impact upon the anticipated perfor-
mance and stability of the wells.

2.1. Strata deformation and distortion

We follow the distortion, tension and compression, delamination,
and lateral shear offsets that occur at interfaces between alternating
layers of hard and soft strata. This shear slippage and distortion repre-
sents the anticipated failure mode for gas wells that traverse the pillar
between longwall panels. Compared with compaction in the vertical di-
rection, shear displacement and axial distortion are likely more damag-
ing to wellbores — although all modes may be examined. We represent
this interface between layers of alternating mechanical properties by an
interface element (Fig. 2) where the elastic distortion, &, irrecoverable
shear slip distortion, ¢; and total distortion, e; = ¢, + ¢; are defined as
(Fig. 2):

. o . U, Uj=Uj
few analyses exist on the topographic influence on well stability for & = 1- 4
gas wells penetrating longwall mined seams. AU Uyj)—Uj 1
This study examines the stability of wells piercing a horizontal seam & = N Ad M
and subject to sequential mining first on one side and then the other e T, U1y —Uigj—1y
(Fig. 1). In particular, we incorporate the influence of topography above t7d d
Hilltop
300m
a
|V Panel 1 Pillar ~ Panel 2 _ 4_5 I 2
b 200m § e _|_ - / 100m/200m/300r
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b — the overburden
below the valley
¢ — underburden

Fig. 1. Two dimensional model with a 2 m thick coal seam at an elevation of 100/200/300 m below the valley-base and with twin panels flanking a central pillar (Pillar geometry between
the twin extracted panels is shown in the excerpted frame. Panel 1 is removed first and then panel 2 is also removed afterwards. Pillar widths are in meters and correspond to multiples of
element widths of 2.5 m. Numbers refer to grid points in the yield pillar (70-76), intervening gate road (76-78) and the barrier pillar (78-90)).
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Fig. 2. Typical deformation of a well in and between layers of alternating soft shale and stiff sandstone as the well is distorted by the strata after coal mining (with slip interfaces between

alternating layers).

in terms of elastic shear offset, U,, relative slip offset, AU, total offset,
T, = Uy + AU and normalized over the bed thicknesses, d or Ad, refer-
ring to the separating distance between layers. U; refers to the lateral
shear (horizontal) displacement of node (i, j), with a similar meaning
for Ui(i -1 and Ui(i +1) in Flg 2.

2.2. Failure criterion at interfaces

The deformation response is conditioned primarily by the yield be-
havior as characterized by the Mohr-Coulomb properties of cohesion
and friction and the stiffness of the interface. The Mohr-Coulomb
criterion is defined as:

T=C+0, tan¢ (2)

where, T is the shear strength, c is the cohesion, o, is the normal stress
and ¢ is the angle of internal friction. This can also be expressed in the
form:

_ 1+ 5sing

o o 2ccosd
1" 1—sing °

1—sin¢

3)

where, 07 and 03 are the peak vertical stress and confining stress, respec-
tively. This criterion assumes that a shear failure plane is developed in
the rock material at the most critical orientation. When the stresses

developed on the failure plane satisfy the shear strength condition,
rock failure occurs.

2.3. Interface stiffness

One key behavior that will influence the distortion applied to the
vertical wellbore is the presence of shear offsets at the bed interfaces
and delamination. An interface is represented with normal and shear
stiffness between two planes which may contact or separate as shown
in Fig. 3 (FLAC2D, User's Manual, 2002), in which, S is the slider shear
strength and T the tensile strength, K, and Ks are the normal and
shear stiffnesses, and L,, and L, separately refer to the length associated
with grid point N and M. More detailed information about this model is
available in the FLAC2D manual.

Through maintaining a list of the grid points that lie on each side of
any particular surface, each point is taken, in turn, and checked for con-
tact with its closest neighboring point on the opposite side of the inter-
face (FLAC2D, User's Manual, 2002). Referring to Fig. 3, for example, grid
point N is checked for contact on the segment between M and P. If con-
tact is detected, the normal, n, to the contact, N, is computed, and a
“length”, L, defined for the contact along the interface belonging to N,
where L is equal to half the distance to the nearest grid point to the
left plus half the distance to the closest grid point to the right, irrespec-
tive of whether the neighboring grid point is on the same side of the in-
terface or on the opposite side. In this way, the entire joint is divided

Side A
. . . .=
R NL 9o
gridpoint s k iT
! I == ) | ' '
w e e
! ! L ! Side B

zZone

Fig. 3. An interface represented by two blocks (sides A and B), connected by shear (K) and normal (K,) stiffnesses (The dashed line placed halfway between adjacent grid points denotes

limits for joint segments) (FLAC2D, User's Manual, 2002).
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into contiguous segments, each controlled by a grid point. The incre-
mental relative displacement vector at the contact point is resolved
into the normal and shear directions and the total normal (F,) and
shear (Fs) forces can be determined by the following equations:

F;HA[) _ Fglt)_KnAUngAt/Z)L (4)
FgHAt) _ th)—I(SAU£t+At/2)L

or be expressed in matrix form as (Ardeshiri and Yazdani, 2008):
AF,\ _[K, 0] [AUL 5)
AF, [T |0 K | \AUL

where, AU,, and AUjs are separately the displacement increment of the
interface element in the normal direction and of a segment of interface
element in the tangential direction and L is the segment length of the in-
terface element.

There are two conditions of the weak plane between alternating
layers, which can be determined by the following criteria:

(1) Coulomb shear-strength — the Coulomb shear-strength criterion
limits the shear force by the following relation:

Fsmax =cL+ tand)Fn- (6)

If the criterion is satisfied (i.e., if |Fs| > Fsmax), then Fs = Fypax,
with the sign of shear preserved.

(2) Tensile yield condition:

~—

Fi=0,—t (7)

where, 0 is the tensile stress acting on the interface and ¢ is the
tensile strength of the interface. If F, > 0, then the interface
breaks and the shear and normal forces are set to zero. In this
application the tensile strength of the interface is zero.

3. The topographic geological model
3.1. Basic assumptions

A variety of factors affect the stability of gas wells that pass through
the coal seams that will be mined as proximal longwall panels. These
factors can be classified into three categories. The first are the geological
factors, including overburden characteristics, the magnitude and orien-
tation of in-situ stresses, dip angle of beds, faults and other geological
formations, topography and groundwater conditions. The second are
factors relating to mining geometry and including seam thickness,
depth, mining method, advance rate and orientation of panels, time in-
terval post-mining, panel size and pillar size. The third are features of
the well construction including drilling method, drilling fluids, borehole
orientation and casing material and performance. Here we focus on the
influences of topography for a given longwall mining method on the
distortions in the overburden and presumed level of distress applied
to the cased well. We consider all strata as elastic-plastic materials
where the plastic response is provided at the interface between layered
strata. Furthermore, we neglect any added resistance to distortion by
the well casing, as this is a trivial influence relative to the motive distor-
tions of the strata.

3.2. Geological model and parameters

We use the finite difference analysis program FLAC, which is capable
of modeling large displacements for continuous media, to build the
topographic geological model. Interface elements are employed in this
model to represent weak planes between laminated strong and weak
layers on which sliding and separation may occur. In this work,

emphasis is placed on the effects of such horizontal weak planes,
while the influence of vertical through-going fractures is not consid-
ered. This is a simplification but the presence of weak bedding planes
are the key features to represent, as illustrated by the validation studies
completed against field data. The mining geometry is as shown in Fig. 1
and comprises overburden, coal seam and underburden materials. The
model is 2000 m x 402 m ~ 902 m representing a flat-topped hill
flanked by two valleys. Valley base and hilltop spans are each 200 m
wide and the valley depth is 300 m with a relatively steep slope of
45°. The coal seam is 2 m in thickness, and the overburden from coal
seam to the valley-base is 100, 200 and 300 m in thickness in different
scenarios. Gas wells are drilled from the hilltop or ground surface to
the shale gas reservoir and penetrate the coal seam beneath the hill.
The extracted panels are 370 m in width and flank a single central pillar
which is divided into a yield pillar (15 m wide) and a barrier pillar (30 m
wide) and contains three entries (each entry is 5 m wide). The panels
are advanced into the page — in this 2D analysis, each panel is excavated
instantaneously and to infinite length — first on the left, then subse-
quently on the right.

In the analyses the resistance of the casing in arresting the shear
displacement between beds is not considered. A simple scaling analysis
reveals that the failure-in-bending-resistance of the casing is small in
comparison to the couple that must be applied to prevent shear in the
beds. Thus this effect is ignored and with no loss of fidelity. In the analysis,
the model is first built with the initial surface (Fig. 1), then excavations
are conducted in sequence as follows: zones 1 and 2 are elastically exca-
vated (the topographic surface forms) — change the model material
from elastic to plastoelastic — the intervening gateroad is excavated (de-
formations are reset) — excavate panel 1 to equilibrium — excavate
panel 2 to final equilibrium.

The lateral and basal boundaries of the model are rollered (zero nor-
mal displacement or velocity) and the upper boundary is stress-free.
The model has been calibrated against observed and recorded surface
subsidence in the Appalachian coalfields — specifically during the
undermining of I-79 (Gutierrez et al., 2010) — and calibrated against
projected empirical fits to data where subsidence data are not directly
available. As apparent in Table 1, these parameter magnitudes are es-
sentially the same for analyses of different depths. Interfaces are set to
yield bed thicknesses of 10 m and 20 m for overburden either below
or above the valley base, respectively, except for the uppermost layer
at the hilltop, which is 30 m in thickness.

The initial condition for the model is met by applying gravity with a
lateral stress ratio of unity. The model is run to an initial equilibrium and
the gateroad then excavated. Model displacements are then set to zero

Table 1
Parameters of rock mass and interface used in the model.

Lithology Thickness Bulk Shear Density Cohesion Friction Tension
(m) GPa) (GPa) (Kg/m®) (MPa) angle (MPa)
(deg)
Sandstone 30 133 8.0 2650 88 30 1.0
Shale 20 33 20 2300 21 30 0.4
Sandstone 20 133 8.0 2650 88 30 1.0

Alternating layers of 10 m/20 m thick soft shale and stiff sandstone in
overburden under/above the valley-base

Sandstone 10 133 8.0 2650 88 30 1.0
Shale 10 33 20 2300 21 30 0.4
Coal 2.0 23 14 1500 15 30 0.01
Shale 10 33 20 2300 21 30 0.4
Sandstone 10 133 8.0 2650 88 30 1.0

Alternating layers of 10 m thick soft shale and stiff
sandstone in underburden

Property parameters of interface (unglued)

Ks (GPa) Kn (GPa) Friction angle (deg)
1.7 1.7 20
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Table 2
Location of gas wells as they penetrate the pillar. Wells are taken along the edges of
individual elements.

Borehole  Grid points# gas Distance to Distance to the  Distance to

trajectory  wells thruin lateral panel 1 (m) pillar centerline panel 2 (m)
direction [left] (m) [right]

1 73 7.5 —175 -

2 81 - 2.5 22.5

3 83 - 7.5 17.5

4 85 - 12.5 12.5

5 87 - 175 7.5

Note: For distance to the pillar centerline, negative and positive values represent that the
well is drilled to the left and right side of the pillar centerline, separately.

and the left panel (panel 1) was excavated first. These displacements
and strains are then recorded before the right panel (panel 2) is subse-
quently excavated. Displacements are recorded throughout but are
analyzed for potential well trajectories that pierce the remaining 50 m
wide coal pillar. These are at nodes 73, 81, 83, 85 and 87 from the left
to right in the lateral direction, respectively (Fig. 1). The five wells pen-
etrate the pillars at distances from the flanked panels and the centerline
of pillar as defined in Fig. 1 and Table 2.

3.3. Scenario design

We examine two scenarios using this geological model that incorpo-
rates topography, all for alternating beds of soft shale and stiff sandstone
and with weak interfaces. These are for cases both (i) without and
(ii) with topography. In each of the two scenarios there are three sub-
scenarios representing panels at depths of 100, 200 and 300 m either
below ground surface or the valley floor (Table 3). These results are
discussed in the following.

4. Analysis and discussion of model results

Well failures due to shear, distortion, tension or compression are
caused by strata movements after the twin panels are sequentially re-
moved. Three zones usually develop over the gob after the extraction
of the panels as long as the overburden is sufficiently thick. These are
the caved zone, a fractured zone and zone of continuous deformation,
respectively (Bai and Elsworth, 1990; Palchik, 1989; Peng, 1992). Over-
burden loading is transmitted through the remnant pillar and the side
flanking coal and is sustained by underburden after mining. Even
though the gas well is located within the pillar, which can provide
certain protection for the well, various patterns of deformation, includ-
ing shear, distortion, compression and tension, still occur within the
surrounding rock of the well above the pillar.

To define the likely impact of longwall mining on the integrity of
wells, the following first examines the magnitudes of shear offsets and
bed separations experienced by wells in the overburden — by shear off-
set and delamination at the interfaces and, by inference, shearing and
stretching of the casing. We then explore other modes of distress in-
cluding vertical compaction where longitudinal shear strains along the
well may be large. The wellbore trajectories are all vertical and extend

Table 3
Scenarios of numerical modeling for topographic influence on stability for gas wells.

from the surface to a depth of 300 m below the mined panel. We
presume that these deformations are independent of the presence of
any wellbores.

4.1. Magnitudes and distribution of shear offsets

We compare lateral shear offset (AU) (Fig. 2) at the interface be-
tween alternating monolithic shales and sandstones for both a horizon-
tal surface and for incised topography. In each of these cases, mining is
at the three depths of 100 m, 200 m and 300 m below the valley-base/
ground-surface and involves the removal of the first one panel (left),
followed by the other (right) and leaving a remnant intervening pillar.
Profiles of shear offsets for the five well trajectories through this pillar
in the two scenarios are shown in Figs. 4 and 5, with magnitudes of
shear offsets for sub-scenarios listed in the summary table — Table 4.

4.1.1. Horizontal surface

As shown in Fig. 4 and Table 4, horizontal shear offsets increase as
the seam deepens after either panel 1 or both panels are removed.
After removing panel 1, most of the lateral offsets (for paths 2 to 5)
are less than 100 mm. The largest offsets are for path 1 (closest to the
rib of panel 1) and occur at the surface when mining is shallow
(100 m), and migrate to the shallow roof (20-30 m above the seam)
when mining is deeper (>100 m). As panel 2 is mined, ranges of shear
offsets are —94-104 mm, —142-119 mm and —166-134 mm
(Table 4) for seam depths of 100, 200 and 300 m, respectively. The
sense of shear distortion in the beds reverses from counterclockwise
to clockwise at some heights along these vertical wells, especially for
paths 2 to 5 penetrating shallower seams, which are illustrated in
Fig. 6. The positive offsets recover partially (Fig. 6(b)) but are replaced
by even larger negative offsets when the second panel is removed
(Fig. 6(c)). Shear offsets are largest for paths closest to the twin mined
panels (paths 1 and 5) and reach a peak in the shallow roof (10-20 m
above the seam). Path 2, which is closest to the center of the pillar,
has the smallest resulting offsets after the twin panels are removed.

We note that the annular space between the production casing and
the coal protection casing in the design used in practice allows for
150 mm, for the sake of safety, we limit the threshold of the annular
space to 100 mm in the modeling design. This threshold, corresponding
to the maximum allowable horizontal shear offset (both the positive
and negative ones — 4- 100 mm), is indicated by the dashed lines in
Figs. 4 and 5. The gas well is most likely to shear at heights where
shear offsets exceed 4+ 100 mm.

4.1.2. Incised valley topography

For wells penetrating overburden with incised valley topography
the resulting wellbore deformation is similarly also represented as hor-
izontal sliding and longitudinal distortion as wells move with the over-
burden. As the seam depth increases the ranges of lateral shear offsets
for wells in the overburden below the valley are 39-188 mm,
31-206 mm and 19-215 mm for seam depths at 100, 200 and 300 m re-
spectively after panel 1 is removed, and are reset to —161-134 mm,
—180-145 mm and — 203-154 mm after the removal of panel 2. The
maximum offsets are larger than those for a horizontal surface — the

Scenario Topography (hill thickness/m) Thickness of overburden (below the valley-base)/m Ratio of hill thickness to that of overburden below the valley
i 1 - 100 -

2 - 200 -

3 - 300 -
ii 4 300 100 3.0

5 300 200 1.5

6 300 300 1.0
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magnitudes are amplified by about 20-30% by the incised topography
(Table 4). The larger the ratio of hill height to the thickness of overbur-
den below the valley, the larger the shear offsets are amplified for wells
below the valley. Also in this case, the larger shear offsets are induced
near the crest of the hill. The enhanced shear effect on the wellbore in-
duced by the addition of topography are mitigated as the seam deepens.
However, magnitudes of shear offsets for wells within the hill are rela-
tively smaller, especially for wells through deeper seams ( 100 m), of
which the offsets are all less than 4+ 100 mm (Table 4). When mining is
shallow (100 m, with the max ratio = 3), as noted above, a few large off-
sets still arise near the hillcrest after coal mining (Fig. 5(a) and (b)).
Shear offsets are largest in the shallow roof (10-30 m over the seam)
and also above the pillar edges. Interior to this, shear offsets reduce
sharply, most of which are less than 4100 mm.
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Table 4

Statistical comparison of variation range of shear offsets in different scenarios after the removal of panel 1 and then panel 2.

Scenario Thickness of overburden/m Panel 1 Range of shear offsets/mm
Percentage change Panels 1 and 2 Percentage change
i 1 100 22-149 - —94-104 -
2 200 25-160 - —142-119 -
3 300 30-171 - —166-134 -
ii 4 300 —5-128 - —200-19 -
100 39-188 77%-26% —161-134 71%-29%
5 300 —3-22 - —84-9 -
200 31-206 24%-29% —180-145 27%-22%
6 300 —4-14 - —9-7 -
300 19-215 —37%-26% —203-154 22%-15%
First mined panel Within the hill

(@) | (b) I () | (d) l

(e)

Second mined panel

Fig. 6. Schematic diagrams of well (rock beds) deformations due to sequentially mining of panel 1 and panel 2 in various scenarios with slip interface between alternating layers both
without and with topography, (a) a single well passing through layers before removing panels, (b) then deformed after the removal of panel 1, (b)-(e) then showing the recovered
and then even the reversed well (rock beds) deformation in various degrees after the sequential removal of panel 2, and the deformation in (e) only occurs for wells penetrating layers

within the hill.

4.1.3. Statistical analysis of large shear offsets

A well would likely not survive an offset greater than its diameter if
applied over a short (i.e. less than one about diameter) vertical interval.
In order to further analyze the topographic influence of shear-slippage
caused by coal mining on well-survival, we aggregate separately the
number of weak interfaces (Niso) at which larger shear offsets occur
along the trajectory of a well in each sub-scenario. As noted above, the
threshold, corresponding to the maximum allowable horizontal shear
offset, is limited to 100 mm, here we define the threshold for the
“largest shear offset” (LSO) with the same value. The aggregating rule
is as follows: define the lateral displacement of node (i, j) as U;, and
the lateral displacement for node (i, j + 1) as Ui + 1). Then, if |AU| =
|Uij + 1) — Uyl 100 mm, then Niso = Niso + 1. After calculating this
we obtain the results shown in Figs. 7 and 8, for scenarios 1 and
2, separately. In Figs. 7 and 8, the data linked by the solid line
refer to Niso for wells after only panel 1 is removed and those
linked by a dashed line are for wells after both panels are sequen-
tially mined.

When the ground surface is flat (Fig. 7), well trajectory 1, which is
closest to the left panel, has the largest number of hazardous interfaces
at which the LSOs occur after panel 1 is extracted, while N;so reduces
sharply as the well is located progressively further from the left panel.
As panel 2 is excavated, both well trajectories 2 and 3, which are close
to the center of the pillar, have the least number of (N;so = 0) high-
risk interfaces. For incised topography, in the overburden below the
valley (Fig. 8(a)), the distribution of Ny is similar to that for the
horizontal case, but more high-risk interfaces arise for candidate
paths 2-5. In addition, the magnitudes of shear offsets also enlarge
(Table 4), indicating that the presence of topography significantly in-
creases the risk of shear-instability for wells. For wells within the
hill, the magnitudes of shear offsets decrease sharply as the seam
deepens with only a few high-risk interfaces arising for wells pierc-
ing the shallowest seam (100 m, Fig. 5(a) and (b)). When mining is

deeper ( 100 m), magnitude of offsets are much smaller compared
with that occur in the overburden below the valley (Fig. 5(c)-(f)).

In general, it seems that there are more heights at which gas wells
are prone to shear when penetrating shallower seams (Figs. 4, 5, 7
and 8), though these shear offsets are usually less than those for
wells piercing deeper seams. This conforms to Karacan and Olea's result
(Karacan and Olea, 2013), indicating that gob gas ventholes (GGVs)
located at lower surface elevations might be more productive than
those drilled through thicker overburden, because more fractures are
formed and the permeability and transmissibility of these fractures are
higher within a thinner overburden, which also indirectly reflects the
extent of rock damage.
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Fig. 7. Statistical results of the LSOs that occur at weak interfaces between alternating
layers for a horizontal surface with no topography (scenario (i)) after the mining of the
first panel (solid line) then both (dashed line) panels.
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Fig. 8. Statistical results of LSO that occur at weak interfaces between alternating layers for
mining with topography (scenario (ii)) after the mining of the first panel (solid line) then
both (dashed line) panels.

4.2. Magnitudes and distribution of delaminations

Delaminations occur at weak planes between layered strong and
weak strata due to their different physical characteristics and also influ-
ence the stability of gas wells (Palchik, 2005). We compare the delami-
nation displacement (Ad) (Fig. 2) at the interface between alternating
monolithic shales and sandstones for both a horizontal surface and for
incised topography. Magnitudes and distribution of delamination for
each scenario are tabulated in Table 5, and the range of height where
bed separation occurs along the five well trajectories is also indicated
by the right bracketed region (“}”) in Figs. 4 and 5.

For wells penetrating overburden with a horizontal surface, the
maximum delamination increases with seam depth and the depth oc-
currence also deepens with seam depth after either panel 1 or both
panels are removed. All the maximum delaminations, for seams at

Table 5

various depths (100, 200 and 300 m), occur within a depth of 100 m
below the surface. The greatest delamination is 12 mm and occurs at a
height of 220 m above the seam for the deepest seam (300 m). While
the lowest height where delamination forms goes up after the second
panel is mined because partial horizontal fractures which are relatively
close to the seam (at lower heights) are compacted due to the removal
of the second panel. For cases with incised topography, the maximum
delamination usually forms at a depth less than 200 m below the hill-
crest after either panel 1 or both panels are removed, and the depth de-
creases as the seam deepens. However, the deeper the seam, the smaller
the value of the maximum delamination, which is opposite to cases with
a horizontal surface. After the second panel is removed, values of the
maximum delamination increase but the range of height where delam-
inations occur is reduced. The greatest delamination is 42 mm after the
twin panels are removed when mining at a shallow depth (100 m)
under the hill.

Large delaminations induce tensile deformation in the borehole and
casing, so that gas wells are likely to experience tensile failure within
the shallow strata (less than 100 m deep) for cases with a horizontal
surface. In contrast, tensile failure is more likely to occur for wells pierc-
ing the overburden with incised topography, and especially for cases
with a higher ratio of hill height to the thickness of the overburden
below the valley.

We also observe a connection between the ratio (H/m) of distance
between the seam and the interface where the delamination forms
(H) to the seam thickness (m) (Table 5). The height at which separate
horizontal fractures occur is 30-140 and 45-140 times the seam thick-
ness (60-280 m and 90-280 m above the seam) after the removal of the
first one and then both panels when mining under a horizontal surface.
And the height increases to 45-285 and 65-285 times (90-570 m and
130-570 m above the seam), respectively, the seam thickness after
the sequential extraction of the twin panels when mining under incised
topography. It is generally believed that the height of the fractured zone
varies significantly amounting to 20-100 times the seam thickness after
mining, and this fracture height depends on the characteristics of the
overburden, bed thickness, uniaxial compressive strengths of overlying
layers, location of layer interfaces and the coal seam thickness (Palchik,
2003, 2005; Peng, 1992; Turchaninov et al., 1977). In our study, the
lower bound of the height where horizontal fractures form conforms
to the previous conclusion, while the upper bound is exceeded for
cases with a horizontal surface and is dramatically exceeded for cases
with incised topography. We surmise that, on the one hand, there are
no thicker and stronger layers which can restrain the upward develop-
ment of the delamination in our model; on the other hand, the incised
valley topography will also generate more horizontal fractures at higher
elevations within the overburden.

4.3. Magnitudes of longitudinal well distortions, lateral and vertical strains

We analyze the comparative longitudinal well distortions (e,) that
develop for different scenarios. These distortions are equivalent to
changes in lateral displacement with depth. We also analyze the lateral
and vertical strains (e and ¢,,) around wells which could generate ten-
sile and compressive failure in the casing. Since strains cannot be

Statistical results of delamination and its distribution for different scenarios after the removal of panel 1 and panel 2.

Scenario Seam depth (m) Panel 1 Panels 1 and 2

Max (mm) Height/depth (m) Range of height/depth (m) H/m Max (mm) Height/depth (m) Range of height/depth (m) H/m
1 100 2 60/—40 60-90/—40 30-45 1 90/—10 90/—10 45
2 200 11 140/—60 60-190/— 140 30-95 6 140/—60 110-190/—90 55-95
3 300 12 220/—80 130-280/—170 65-140 12 220/—80 160-280/— 140 80-140
4 300 + 100 35 210/—190 110-370/—290 55-185 42 250/—150 130-350/—270 65-175
5 300 + 200 29 350/—150 110-470/—390 55-235 33 390/—110 190-470/—310 95-235
6 300 + 300 17 490/—110 90-570/—510 45-285 21 490/—110 150-570/—450 75-285
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directly calculated by FLAC, a FISH subroutine has been designed to get
these data. Model results are shown in Figs. 9-14 and Tables 6-8.

4.3.1. Longitudinal well distortions—ey,

For the case with a horizontal surface (Fig. 9 and Table 6), longitudi-
nal well distortions fluctuate along the path of a well as the properties of
strata alternate. The differences in magnitude between these five paths
narrow as mining deepens. For shallower seams ( 300 m), shear strains
developed for wells following path 1 are much larger than those of
paths 2-5. The peak shear strains usually occur at the surface and in
the shallow roof of the seam. Traversing in the lateral direction, magni-
tudes of shear strains are largest above pillar edges, reaching a maximum
of —22-23 x 10™4, or equivalent to —22-23 mm horizontal displace-
ment within one 10 m thick bed. Interior to the edge of the pillar, shear
strains reduce noticeably, which are less than +5 x 10~* for most of
the length of these wells. Where incised topography is considered (sce-
nario (ii)) (Fig. 10 and Table 6), magnitudes of shear strains for wells
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Fig. 10. Longitudinal well distortions (&) for scenario (ii) (cases with incised valley topog-
raphy and the seam at three depths of 100, 200 and 300 m below the valley-base) due to the
mining of the first panel to the left (a, c, e) followed by the second panel to the right (b, d, f).

within the overburden below the valley are slightly smaller than those
absent topography (scenario (i)). As for wells within the hill, longitudinal
distortions are largest for the shallowest seam, and reduce sharply as the
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seam deepens. On the whole, the well distortions are largest near the
hillcrest (for the shallower seam) and in the vicinity of the seam (for
the deeper seam), which are all limited to 4 3 millistrain. Incised valley
topography does not result in a significant change in the magnitudes of
longitudinal distortions along well trajectories over the case absent
topography.

4.3.2. Lateral strains — exy

The distribution and magnitudes of lateral strains in each sub-
scenario are shown in Figs. 11, 12 and Table 7. For all cases, lateral
strains are principally extensional along the vertical trajectory of the
well after either one or both panels are removed. Lateral compressive
strains only occur immediately above and below the pillar, and the dif-
ferences in magnitude between these five paths also narrow as the seam
deepens.

For cases with a horizontal surface, lateral strains are greatest
around the seam, which are limited to ~6 millistrain in lateral extension
and are less than ~3 millistrain in compression as panel 1 is removed.
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Fig. 12. Lateral strains (&) around wells for scenario (ii) (cases with incised valley topog-
raphy and the seam at three depths of 100, 200 and 300 m below the valley-base) due to
the mining of the first panel to the left (a, c, ) followed by the second panel to the right
(b, d, f).

After the extraction of panel 2, lateral strains are amplified slightly
with maximums of ~8 and ~5 millistrain in lateral extension and com-
pression, respectively. For incised topography (scenario (ii)), the peak
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lateral strains occur around the seam and close to the hillcrest, which
are separately limited to ~10 and ~6 millistrain in extension and com-
pression for wells in the overburden below the valley, and are less
than ~90 millistrain in extension within the hill. The incised topography
results in only a small change in the magnitude of lateral strains
(percentage changes are all less than 4= 15%) after panel 1 is removed,
but results in a larger increase after the removal of panel 2. This is
especially the case for lateral compression (increase 89% at most) and
this effect is mitigated as the ratio of hill height to the thickness of the
overburden below the valley is reduced.

4.3.3. Vertical strains — ey,

The distribution of vertical strains (Figs. 13, 14 and Table 8) is regular
and similar between all the sub-scenarios. The overall trends are that
vertical strains are largest both at the surface/hilltop where they are ex-
tensional and directly above and below the pillar where they are princi-
pally compressive, regardless of the topography. For cases with a
horizontal surface, induced vertical strains are limited to ~3 millistrain
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raphy and the seam at three depths of 100, 200 and 300 m below the valley-base) due to
the mining of the first panel to the left (a, c, e) followed by the second panel to the right
(b, d,f).

in compression and ~17 millistrain in extension after the extraction of
both panels. Where topography is included (scenario (ii)), the greatest
vertical tensile strains are ~7 millistrain within the hill and are
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Table 6

Features of the distribution of longitudinal well distortions (&,,) above the coal seam after the removal of panel 1 and then panel 2 for different scenarios.

Scenario Thickness of overburden/m Range of ¢,,/E-4
Panel 1 Percentage change Panels 1 and 2 Percentage change
i 1 100 —1-19 - —21-18 -
2 200 —1-16 - —21-17 -
3 300 —1-22 - —22-23 -
ii 4 300 —2-22 - —20-31 -
100 —2-14 —26% —23-13 —28%
5 300 0-8 - —11-17 -
200 —3-14 —13% —24-13 —24%
6 300 0-3 - —2-4 -
300 —3-15 —32% —23-13 —43%

Note: The percentage change in Table 6 is only for the positive shear strains, because the negative ones are relatively smaller as the first panel is removed, and there is almost no change in
magnitude for the negative shear strains between cases with horizontal and incised topography after the second panel is removed.

Table 7

Features of the distribution of lateral strains (&) above coal seam after the removal of panel 1 and panel 2 for different scenarios.

Scenario Thickness of overburden/m Range of &y /E-4
Panel 1 Percentage change Panels 1 and 2 Percentage change
i 1 100 —21-59 - —27-68 -
2 200 —25-51 - —39-81 -
3 300 —26-52 - —47-77 -
ii 4 300 —1-90 - —4-89 -
100 —24-51 14%-—14% —51-84 89%-24%
5 300 —1-43 - —1-45 -
200 —25-47 0-—8% —55-82 41%-1%
6 300 —1-53 - —1-54 -
300 —27-45 4%-—13% —60-96 28%-25%

separately limited to ~3 and ~1 millistrain in vertical compression and
extension for wells beneath the valley. Vertical compressive strains im-
mediately above the seam are significantly elevated by the influence of
the incised valley topography (increase 200% at most), while the tensile
strains close to the hillcrest are much smaller compared with those near
the surface when topography is absent (scenario (i); decrease 97%
at most). Along almost the entire length of the well, except where
it pierces layers near the surface or hillcrest and close to the seam,
magnitudes of vertical strains for wells are principally of the order
of 107°-10"4

5. Comparison with the previous studies

Few data are available to define the levels of distress experienced by
wells undermined in the manner suggested here. In order to further eval-
uate the specific performance of wells and magnitudes of deformation
under the impact of coal mining, especially for combining the influence
of topography and weak interfaces, a comparison of this study is made
against the results of the previous studies that address a subset of the is-
sues examined here (topography, weak separations). These studies have
evaluated axial strains along the well trajectories for longwall mining

Table 8

around a gas well at the Cumberland Mine in Pennsylvania (Luo et al,
1999; Vincent and Russell, 2013); deformations around a CNX well
(Vincent and Russell, 2013); and evaluation of strains, displacements
and distortions around a 2D longwall section with and without delami-
nation and for a horizontal surface (Rostami et al., 2012). This latter
study (Rostami et al., 2012) is augmented by this current study to exam-
ine the impacts of incised topography. The background for each study
and the areas of overlap between them are tabulated in Table 9. We com-
pare and contrast these studies in the following.

Seam depth, thickness and pillar widths are congruent in all the
studies (Table 9) with impacts on the wells being the most severe in
this most recent study that incorporates the most complex behavior.
In prior work, vertical strains on the inner pipe of a well caused by short-
ening (Luo et al., 1999) are predicted to be 6 x 10~ after the removal of
the first panel and are magnified 10 times (6 x 10~4) as the second
panel is mined. However, these are significantly smaller than those
caused by subsidence (Rostami et al., 2012) which are of the order of
10~*-1073. Similarly, maximum shear offsets (Vincent and Russell,
2013) are of the order of 1.2-2.3 cm for various thicknesses of stiff
beds (0.5-3 m), and are separately limited to + 10 cm and £ 20 cm in
prior (Rostami et al., 2012) and current studies, in which layers are all

Features of the distribution of vertical strains (&,,) above coal seam after the removal of panel 1 and panel 2 for different scenarios.

Scenario Thickness of overburden/m Range of ¢,,/E-4
Panel 1 Percentage change Panels 1 and 2 Percentage change

1 100 —6-46 - —9-83 -
2 200 —10-27 - —16-45 -
3 300 —15-149 - —22-164 -
4 300 —2-8 - —3-71 -

100 —18-6 200%-—87% —25-10 178%-—88%
5 300 0-5 - 0-27 -

200 —20-4 100%-—85% —28-10 75%-—78%
6 300 —1-4 - 0-9 -

300 —22-5 47%-—97% —31-12 41%-—93%




Table 9

Comparison of lateral shear offsets, shear, lateral and vertical strains with the previous studies.

Second mined panel

First mined panel

Seam Pillar

Burial

Study conducted by

Vertical

Lateral

Shear

Shear offset

Lateral Vertical
AU/cm

Shear

Shear offset

AU/cm

width/m

thickness/m

depth/m

strain/exy strain/e,,

strain/ey,

strain/ey strain/e,,

strain/ey,

—6E-4

—6E-5

56
65

19
1.7
2.0
2.0
2.0
2.0

307
315
300

Luo et al. (1999)

1.2-2.3

0-3

Su, 2009 (Vincent and Russell, 2013)

Rostami et al. (2012)
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Note: In Rostami et al. (2012), “homogeneous” refers to homogeneous strata without a deformability contrast between alternating layers and “layered” refers to the case of alternating 10 m thick monolithic beds of alternating high and low moduli but
under conditions that neglect delamination or shear slip (bonded interface). In these two scenarios the shear offset (AU) is equal to the bed thickness multiplied by local distortion (shear strain). In this study with “delamination” we refer to the cases

discussed here with bed-delamination and slip for geometries with a “horizontal” surface and those with “incised” topography.

10 m thick. Thus it may be surmised that shear offset is positively relat-
ed with bed thickness. Compared to the case where delamination and
slip on bed interfaces are not suppressed (this study), peak lateral
shear offsets double under the effect of weak contacts (horizontal to-
pography; Table 9), and further increase as influenced by incised topog-
raphy (incised topography; Table 9). Shear strains in the strata (this
study) are reduced over the layered case (Rostami et al., 2012), we sur-
mise that bedding slip dissipates the magnitudes within the solid media.
Strains in lateral extension and vertical compression decrease due to
bedding slip and separation, respectively, while strains in lateral com-
pression and vertical extension increase.

6. Conclusions

Gas wells that penetrate mineable coal seams may be subject to
distress caused by ground movements due to longwall mining. Especial-
ly important are the lateral shear offsets and axial distortion, which are
most damaging for wellbores. To replicate typical conditions in the Ap-
palachian basin, a geological model that considers the combined effects
of topography, weak interfaces between monolithic beds and various
mining depths is presented in the foregoing. These conditions adequate-
ly represent the principal features of the anticipated response of gas
wells that are near-undermined by longwall panels. We examine the
magnitudes of longitudinal distortions, lateral shear offsets, delamina-
tions, and vertical and lateral strains along vertical wells drilled to inter-
sect the seam at various locations within the longwall pillar. We analyze
the distribution of these deformations and predict areas where the most
severe deformation would occur. Based on this work, the influence of
topography and the presence of monolithic beds with weak interfaces
are examined with respect to their influence on the resulting deforma-
tion field and the likelihood for the survival of gas wells, so affected.
Through this study, the following conclusions are drawn:

(1) The principal mechanisms of wellbore distress for gas wells pen-
etrating the longwall pillar is mainly in response to horizontal
sliding between layers and axial distortion as wells move with
overburden. These are the two principal deformation patterns
which promulgate large strains that may be sufficient to induce
failure of wellbores and contained well casings. In contrast,
much smaller axial distortion of wells results from distortion in
the beds and more gradual changes in lateral displacements.
Incised topography generates significant impacts on well defor-
mations over the case of an assumed horizontal ground surface.
Compared with wells drilled vertically through strata with hori-
zontal surface, the magnitudes of shear offsets for wells in the
overburden but below the valley are amplified about 20-30%.
The larger the ratio of hill height to the thickness of overburden
below the valley, the larger the amplification of the shear offsets.
The largest shear offsets for a horizontal surface do not exceed
170 mm and are limited to 220 mm for cases with incised topog-
raphy.

Well distortions are largest close to the surface/hilltop for mining
at shallow depths (~100 m) and migrate downwards with an in-
crease in panel depths (>100 m). These reach a maximum in the
vicinity of the seam but also reduce in magnitude with an in-
crease in seam depth. Incised topography does not cause a signif-
icant change in magnitude for longitudinal distortions along well
trajectories, which are all limited to &3 x 10>, Lateral strains
are greatest in the vicinity of the seam for cases with a horizontal
surface (—5-8 x 107 3) and are largest around the seam and
close to the hilltop for incised topography (—6-10 x 10~3). In-
cised topography causes only a mild change in lateral strains fol-
lowing the removal of panel 1 (percentage changes are all less
than +15%), but an apparent increase after the removal of the
second panel (percentage changes are around 30%). For incised
topography, vertical compressive strains immediately above

(2
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the seam are much larger than for the horizontal surface
reaching a peak magnitude of — 3 x 10~ 3, while the peak vertical
tensile strains close to the hillcrest are much smaller compared
with those near the horizontal surface (~1.6 x 1072).
Irrespective of whether the topography is incised or horizontal,
well deformations (lateral shear offsets and various strains) are
largest in the lateral direction for boreholes that cross the pillar
closest to the panel rib. These ensemble deformations reduce
monotonically towards the gateroad, where both the shear off-
sets and axial distortions reduce to about one-fifth (horizontal)
and one-tenth (incised) of the maximum at 7.5 m inboard of
the gateroad. In the vertical direction, wells are prone to failure
in layers around the seam and close to the ground or hillcrest
surface. Well deformations are most severe when mining is shal-
low (<100 m), then moderate when mining at an intermediate
depth (~200 m), and then become large again as the seam
deepens (>300 m). The spread in the distribution of strain
magnitudes between the five horizontal trajectories through
the pillar all narrow when mining is deeper.

Tensile failure is another pattern of wellbore instability which

may occur between delaminating layered strong and weak stra-

ta, due to the presence of large delamination deformations along
these weak interfaces after the sequential excavation of panels.

The largest delamination deformations are 12 and 42 mm after

the twin panels are removed when mining under a horizontal

surface and an incised valley topography, respectively. Gas
wells penetrating overburden with incised topography are rela-
tively more likely to fail in tension, especially for the case with

a higher ratio of hill thickness to that of overburden below the

valley. The peak delamination deformations decrease for cases

with a horizontal surface but increase for cases with incised to-
pography due to the removal of the second panel.

(5) Sequential extraction of the twin panels flanking the coal pillar
also engenders different impacts on well stability. That is, after
the removal of the second panel, the initial positive shear offsets
resulting from the removal of the first panel are reset and even
overridden by larger negative offsets — resulting in a net distor-
tion of negative sense. Both the extensional and compressive lat-
eral and vertical strains increase after the extraction of the
second panel.

(6) Through comparison with other studies, we find that shear offset
is positively correlated with the thickness of the monolithic beds
comprising the overburden. Incorporating inter-layer slip be-
tween beds is important as otherwise predicted shear offsets
may be only half of the correctly predicted offsets with slip.
These analyses inform methods of mitigating casing distress
and elevating survivability of wells — these include strength-
ening the strata in shallow regions, potentially by grouting,
destressing these areas, or over-reaming wellbore diameters
and soft-grouting in casing with a soft sacrificial annulus to
allow the accommodation of shear offset while still retaining
an open hole section that can accommodate the central casing
stem.
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