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Abstract

This study simulates the impact of a shale gas well casing breach near a longwall mine. Field studies are conducted to measure
mining-induced permeability changes over the abutment pillar of a longwall mine, and a geomechanical model is developed
in 3DEC, a three-dimensional numerical modeling code, to predict the aperture of fractures in the overburden at the study
site. The predicted aperture values are used to determine mining-induced permeabilities and the results are compared with
the field measurements. These aperture values are provided as inputs into fracture flow code (FFC), which generates a sto-
chastic discrete fracture network (DFN) model for the study site and predicts the potential shale gas flow to the mine. Results
from 100 DFN realizations are statistically analyzed using the bootstrapping method to compensate for notable variation
in fracture geometry. The results show a significant difference between the gas inflow for nearby panels due to increase in
the induced permeability during mining of the second panel. The average gas flow to the mine was calculated as 4.72x1072
m?>/s (49 cfm) for a hypothetical breach at the Sewickley horizon during the first panel mining, 8.97x107> m*/s (19 c¢fm) for
a hypothetical breach at the Uniontown horizon during the first panel mining, 2.16x10~" m%/s (458 cfm) for a hypothetical
breach at the Sewickley horizon during the second panel mining, and 8.07x1072 m®/s (171 cfm) for a hypothetical breach
at the Uniontown horizon during the second panel mining. Depending on the mine ventilation system, this could result in
methane concentrations exceeding regulatory limits. Hence, these findings provide insights into the potential risk of an
unconventional gas well casing breach near a longwall mine under shallow cover.
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1 Introduction

The numbers of unconventional shale gas wells near current
or potential future longwall coal mines have increased in
the USA due to technology advances in the gas extraction
of tight gas deposits. For example, within 1 week in Febru-
ary 2021, the Pennsylvania Department of Environmental
Protection (PA DEP) received 19 unconventional gas well
permit requests [1]. In some of the locations in Southwest-
ern Pennsylvania, the wells have penetrated different coal
seams such as the Sewickley, Pittsburgh, Upper Freeport,
and Kittanning seams, which could be mined through within
the next few years. The gas pressures from these wells are
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significantly greater than those from the conventional gas
wells, and there could be multiple wells on a single well pad
[2]. Any casing breach on this well pad could allow flow of
high-pressured gas towards the mine creating safety con-
cerns. Fluid transport in the overburden strata of a longwall
mine is dependent on the complex interaction between long-
wall caving and subsidence, pore pressure, and permeability
changes, which are governed by site-specific hydrogeologi-
cal, geological, and geotechnical conditions [3].

For permeability changes, longwall mining induces stress
changes along with surface and subsurface subsidence in
the overburden, classified as the caved zone, fractured zone,
and continuous zone [4]. The caved zone is characterized
by broken rocks and could extend up to 4-6 times the min-
ing height. The fractured zone consists of three parts: rock
blocks, vertical fractures, and horizontal fractures due to
bedding plane separation as shown in Fig. 1. The lower por-
tion of the fractured zone has three parts; the middle portion
has fewer vertical fractures, and the upper part is mainly
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Fig. 1 Illustration of a longwall
mine overburden
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made up of separate horizontal fractures due to bedding
plane separation [5]. This fracture network provides path-
way for gas transport through the overburden due mining-
induced permeability. Adhikary and Guo measured pre- and
post-mining permeability and reported about a 1000-fold
increase in permeability over the gob and up to a 50-fold
permeability increase in the solid coal pillar [6]. Overtime, it
has been proven that numerical models calibrated with field
measurements provides are representative of the longwall
induced deformation [3].

Similarly, it is important to predict the location of possi-
ble casing damage due to mining-induced deformations. The
longwall mine data from PA DEP show that the Pittsburgh
Coal Seam could range from 73 m (240 ft) to 366 m (1200
ft) below surface. For example, Blacksville mine is mining
the Pittsburgh Coal Seam between 192 m (630 ft) and 366 m
(1200 ft), and Emerald mine is mining the Pittsburgh Coal
Seam between 183 m (600 ft) and 308 m (1010 ft). Similarly,
the shale reserves often targeted in these regions are the
Marcellus shale, which could have a depth range of 2100 m
(7000 ft) to 2750 m (9000 ft). So, it is certain that the gas
wells drilled near these mines would penetrate the Pittsburgh
Coal Seam. The 2017 technical guidance document high-
lighted subsidence, pillar deformation, and floor failure as
mechanisms that could adversely impact unconventional gas
wells [2]. Considering these failure mechanisms, a previous
study on this project focused on identifying the potential
breach locations at a study site in southwestern Pennsylva-
nia [7]. Inclinometer readings were used to monitor surface
subsidence during mining of the first and second longwall
panel. The modeling conducted with FLAC3D™ identified
the Sewickley and Uniontown Coal Seam horizons as pri-
mary zones of horizontal displacement. Horizontal displace-
ments of 17 cm and 4 cm were observed at the Sewickley
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horizon and at the Uniontown horizon, respectively [7]. To
determine the likelihood of gas flow through these horizons,
Watkins et al. monitored permeability changes during the
mining of two adjacent panels [8]. Therefore, these identi-
fied horizons are simulated in this study to predict potential
shale gas flow to the mine. The findings in this paper provide
insights into an emerging field with limited studies in the
literature [9-13].

2 Research Approach

Figure 2 presents an overview of the research approach used
in this study. Field studies are conducted to estimate mining-
induced permeability at a site mining the Pittsburgh coal
seam at 146.9 m (482 ft) horizon. The study conducted slug
test over the abutment pillar with three boreholes (FEB1,
FEB2, and FEB3 in Fig. 3). A detailed methodology of the
field findings is published in [8] and the key findings are
presented in Table 1. The fourth borehole (GCB) as shown
in Fig. 3 measured ground movement data at the site, which
are used for calibration and validation of the geomechanical
model.

The geomechanical study was conducted in 3DEC and
used to determine aperture of mining-induced fractures
from surface to the mine horizon. After validating the
geomechanical analysis with the ground movement data,
the aperture data are used to model permeabilities and
compare them with field measurements at the three spe-
cific horizons. The complete descriptions of the geome-
chanical model along with calibration and validation have
been published in [14]. Figure 4 shows the histograms
of fracture aperture obtained from 3DEC for horizons
near the mine and below the Sewickley horizon. Aperture
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Fig.3 View of the study site with boreholes used for permeability
measurement

values above 1 mm are mostly related to fractures located
close to the panel edge where strata curvature and bending
occur because of a high concentration of shear and tensile
stresses, which activates nearby fractures and enhances
their apertures. The smaller values of aperture are associ-
ated with the fractures above the gob at the center of the
panels. With successful validation of the 3DEC model,
the aperture data are used to characterize the gas flow
models using fracture flow code (FFC), a code developed

Table 1 Overview of field permeability measurements [8]

4 N\ e N

Using FFC, predict potential
shale gas flow to the mine from
100 DFN realizations for a
breach at the Uniontown
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100 DFN realizations for a
breach at the Sewickley
horizon for both panels.
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Development of two-fracture
model for parametric studies
using aperture values from
3DEC.

Conduct statistical analysis of
the results using boot-
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specifically for this study. The first flow model consists
of two fractures used to study a simplified flow pathway
to the mine and predict the isolated impact of pillar set-
back distance, while the second model is a stochastic
discrete fracture network (DFN) model of two longwall
panels developed for the study site. Before conducting the
comprehensive stochastic analyses using FFC, the code is
verified by comparing the results with a similar simplified
model developed in 3DEC. After verification, 100 DFN
realizations are generated in FFC and simulated to predict
gas flow. The results are analyzed using the bootstrapping
method for statistical inference from the model.

2.1 FFC Calculations

As illustrated in Fig. 1, fractures are the main conduit for
potential shale gas flow to the mine. Therefore, this study
develops a discrete fracture network (DFN) method to
simulate the impact of the potential casing breach. The
DFN approach is often preferred to equivalent continuum
model (ECM) because the fractures are modeled explic-
itly [15]. The model assumes that fracture permeability
are orders of magnitude greater than the permeability of
the rock matrix. A discrete fracture network (DFN) flow
through the fractures is solved using cubic law as follows:

Borehole ID Depth, m (ft) First panel permeability, m? (mD) Second panel permeability, m? (mD)

FEB 1 124.97 (410-ft) 4.07%x10713 (411)-1.35%x107'2 (1,360) 1.09%x 1072 (1,100)-5.03 x 10~'2 (5,080)
FEB 2 79.29 (260-ft) 2.17%x107'*(21.9)-2.43 x 1073 (245) 1.14x 107" (11.5)-3.82x 107" (386)

FEB 3 41.15 (135-ft) 2.70x 10712 (2,730)-3.26 x 10! (32,900) 3.81x 1071 (38,500)-1.31x 10719 (132,000)
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Fig.4 Aperture of panel 2 vertical fractures: a abutment pillar 126.2-128.9 m depth, b abutment pillar 128.9-130.7 m depth, ¢ abutment pillar
130.7-135 m depth, d Gob 126.2-128.9 m depth, e Gob 128.9-130.7 m depth, f Gob 130.7-135 m depth
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In Eq. 1, w is the fracture height. Q is the volumetric
flow rate (m’/s), AH is the pressure head difference, y is the
dynamic viscosity of the fluid (N es/m?), p is the density of
fluid (kg/m3), L is the length of the fractures (m), b is the
fracture aperture (m), and g is the acceleration due to gravity
(mls?). As a case study, Fig. 5 shows a simple fracture net-
work with a horizontal and near-vertical fracture. The inter-
nal node pressure heads are unknown and are obtained by
solving for mass conservation at each of the internal nodes.
In this case, it is assumed that the breach occurs at point 1
and the released gas flows through a horizontal fracture to
point 2, which is assumed to be the edge of the panel. From
point 2, the gas flows through a near-vertical fracture to the
mine (point 3). If the gas pressure head at point 3 is zero
(H;=0) , mass conservation is applied at point 2 and the gas
flow to the mine (Q,3) is derived as:

3.3
pgby by H,

Oy =

- : (@)
124 [BhyLas + B L |

In Eq. 2, by, is the aperture from points 1 to 2 and b,; is
the aperture from points 2 to 3. Similarly, L,, is the fracture
length from points 1 to 2 and L,; is the fracture length from
points 2 to 3. 0,5 is the gas flow rate from points 2 to 3. For
the stochastic DFN model, FFC uses the same approach by
applying mass conservation at the internal node to predict
the gas pressure at different locations in the overburden. To
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Not to scale

Fig.5 Schematic of the two-fracture flow model

illustrate this beyond the two-fracture model in Fig. 5, Fig. 6
shows a deterministic DFN model with 6 internal and 10
external nodes with a hypothetical casing breach at node
15. The pressure at point 15 is defined with pressure of the
shale gas and the pressure of the other external nodes are
defined as zero. The pressure heads for the internal nodes are
obtained by solving the system of equations obtained after
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applying mass conservation at each of the internal nodes.
For gas flow from fracture node i, to node j, the volume flow
rate in Eq. 1 is represented as:

0, =Ciy (H; = H,) ©)
where C;_;, the fracture conductance is:

c =2 b “

ST )

By applying mass conservation at the internal node 1,
Eq. 5 is obtained:

Cys_y (Hjs—H;) + Cio_y (Hig—H,) + Co_y (H,—H;) =0
&)
This process is repeated for all the internal nodes and a

system of equation is obtained and solved in FFC to obtain
the internal pressure heads. After obtaining the internal

Fig. 7 Stochastic DFN model

pressure heads, the gas flow across all the boundaries can
be calculated since the external pressure heads are assumed
to be known [16].

2.2 Stochastic Discrete Fracture Network Model

The potential flow pathways in the overburden could be
more complex than the two-fracture case study described
in section 2.1. Therefore, this section describes the
development of a two-panel DFN model for the site. This
model is developed using a FFC developed specifically
for this study. The code generates the discrete fracture
network and solves for flow based on the defined bound-
ary conditions. Like the geomechanical model, the DFN
model is developed based on the site core log data. The
overburden strata are classified into 50 layers with thick-
nesses greater than 0.6 m from the surface (continuous
zone) to the top of the caved zone at a depth of 135.3 m
(444 ft). The orientations of the near-vertical fractures are
modeled with Von-Mises Fisher’s distribution [17]. The
fracture density is varied to replicate the possible vari-
ation in the number of induced fractures from the mine
roof to the surface [14]. The aperture of the fractures
is modeled with a lognormal distribution proven to be
representative of fracture apertures under different stress
conditions. Based on the distinct fracture characteristics
for fractures over the abutment pillar compared to the
gob, each panel is classified into three zones as shown in
Fig. 7. The zones over the pillars are classified as rib area
(tailgate abutment pillar area and headgate chain pillar
area) for each panel. Similarly, the zone over the region
where coal has been extracted is classified as the gob
area. Therefore, the peak of the lognormal distribution is
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selected from the geomechanical studies to predict frac-
ture aperture for different depths.

2.3 Model Validation for FFC

Since the FFC was developed specifically for this study,
it is important to verify that the results are representa-
tive of field conditions. Therefore, 100 DFEN realizations
are developed in the FFC and used to predict the perme-
ability changes over the abutment pillar at the Uniontown
horizon for the first panel. The permeabilities are then
compared with the field measurements as published in [8,
18]. Figure 8 shows the comparison between the meas-
ured permeabilities and permeabilities predicted from the
FFC for the Uniontown and Sewickley horizon. The results
show that each of the DFN realizations is representative
of different field conditions. The measured permeability
was changing based on the location of the longwall face
compared to the measurement location. However, the sto-
chastic DFN approach does not consider the location of
the longwall face and time, but the results in Fig. 8 show
that this calibrated FFC model has the capability of rep-
licating the variation observed during the field measure-
ments. Therefore, 100 DFN realizations used to simulate

Fig. 8 Comparison of field per-
meability measurements with

permeabilities from 100 DFN 6/9/2018
realizations during mining of 1.0E-11
the first panel at the a Union- .
town horizon and b Sewickley b=
horizon E 1.0E-12
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a
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a hypothetical casing breach at the Sewickley and Union-
town coal horizons.

2.4 Model Assumptions/Limitations and Boundary
Conditions

The model assumes that the properties of shale gas could
be represented with methane. The effect of gas generation
at different strata in the overburden is not considered since
the objective is to predict the isolated impact of the casing
breach. Gas desorption within the rock matrix or gas gen-
eration along the fracture length is a conventional problem
in coal longwall mining with or without a shale gas cas-
ing breach. If the strata are non-gas bearing, this impact
is minimized but could be impactful if the strata are gas
bearing. However, in this study, cubic law is used to predict
the isolated impact of the casing breach. Based on knowl-
edge of water saturation for most fractures in the Northern
Appalachian basin [19], the fractures are assumed to be 25%
saturated with stationary water. This implies that 75% of the
aperture opening is available for gas flow—a conservative
scenario since the water saturation level could be signifi-
cantly greater. The predicted gas flow will be higher if the
fractures completely drained (dry) and a simulation of the
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O Field Measurement
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impact of water saturation on the predicted gas flow will
be worthwhile for future studies. However, there was water
in the boreholes at these horizons over the abutment pillar
during the monitoring period and therefore, some level of
water saturation is assumed. In the modeling of gas flow in
coal mines by Kissell and Edwards’s [19], they assumed an
initial water saturation of 70% for modeling gas flow in coal
mines. It is also possible that fractures over the gob have
lower water saturation due to higher permeability and this
could be further investigated.

The hypothetical shale gas well casing failure is mod-
eled independently at the two horizons predicted as poten-
tial breach locations (Sewickley and Uniontown horizons)
[7]. At each horizon, it is assumed that the breach point is
at the bedding interface (horizontal fracture) near the cas-
ing. Hence, the gas pressure at the horizon is modeled as
the pressure of the flowing gas well and is assumed to be
2.41 MPa (350 psi) and defined at the breach location. Even
though some of the gas pressure might be lost as the gas
flows into the horizontal fracture, this assumption is made to
represent the worst-case scenario, where the horizontal frac-
ture at the breach location is directly connected to the casing.
So, the entire 1-m depth of this two-dimensional model is
assumed as the source; if the aperture at the breach horizon
is 1 X 10™* m, the pressure is applied directly to an area of
1 x 10™* m?2. For this aperture value, the critical pressure to
obtain a 2300 Reynold’s number is %25.5 MPa (3698 psi) for
a fracture length of 5 m. The gas pressure used in this study
is quite representative of the production pressure at this gas
sites. However, if the gas well is shut-in, the pressure will
be significantly higher.

2.5 Results and Discussion
2.5.1 Gas Flow to the Mine from the Two-Fractures Model

For the case study with two fractures in Fig. 5, Fig. 9 shows
the shale gas volumetric flow rate to the mine for different
setback distances and fracture apertures in the event of a
breach at the Sewickley horizon. This study is conducted
using the assumptions described in section 2.4 with a 25%
stationary water saturation in the fractures. The setback dis-
tance is defined as the length of the horizontal fracture from
the breach location to the vertical fracture (L,,). To quantify
the variation in the gas flow model, the apertures in Fig. 9
are varied in increments of 10%. Figure 9 shows that the
gas flow rate increases with an increase in the fracture aper-
ture. Though this is an expected result, the model provides
insight into the quantification of the gas flow variation. For
the three setback distances and aperture range considered,
a 10% increase in the apertures corresponded to over a 20%
increase in the gas flow and up to a 33% increase in some
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cases, which explains the sensitivity of the gas flow to the
fracture apertures.

Therefore, a slight increase in the aperture due to mine-
induced deformation could change gas flow significantly.
Three setback distances: 12.19 m (40 ft), 15.24 m (50 ft),
and 18.29 m (60 ft) are considered to study the impact of
the shale gas location from the edge of the panel. As shown
in Fig. 9, the gas volumetric flow rate is lower for greater
setback distances. Even though increasing the setback dis-
tance could have some impact on the mine-induced fracture
apertures, this study focuses on determining the isolated
impact of the setback distance or fracture length on the gas
flow rate. With a 25% increase in setback distance from 40
to 50 ft, the gas flow rate decreased by 15-20% depending
on the aperture values. Similarly, with a 20% increase in
setback distance from 50 to 60 ft, the gas flow rate to the
mine decreased by 13-17%. Therefore, using this simple
case study, the impact of the setback distance and fracture
aperture could be significant for the gas flow to the mine.
Consequently, it is necessary to conduct further geomechani-
cal studies on the aperture distribution variation for different
setback distances.

2.5.2 Gas Flow from the Stochastic DFN Model

This section discusses the results for 100 DFEN realizations
generated for mining the first and second panels using the
FFC. The choice of 100 realizations for this Monte Carlo
simulation assumes that one realization represents 1% likeli-
hood of the fracture network in the overburden. The simula-
tion of multiple realizations further represents the variation
in fracture geometry in the overburden similar to the varia-
tion observed in the permeability measurements by Watkins
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et al. [8]. A casing structural failure or breach is modeled
at the Sewickley and Uniontown horizons for mining the
first and second longwall panels. For a breach at any of
the horizons, a pressure loss is anticipated as the gas flows
through the nearly closed fractures over the abutment pillar.
So, as a case study, Figs. 10 and 11 show a typical gas gauge
pressure distribution for a breach at the Uniontown horizon
without considering the impact of mine roof pressure. Fig-
ure 10 shows a detailed map of the gas pressure from the
hypothetical breach point (79 m) to the overburden. Due to
the limitation in the range of values that could be displayed
in the color map in Fig. 10, Fig. 11 presents the pressure
plot with depth to show the exact values near the mine roof.
The result shows a significant pressure loss as the gas flows
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through the underlying strata. At the breach horizon, there
are locations where the gas pressure is greater than 100 kPa
(14.5 psi) and decreases as it approaches the mine. For this
realization, most of the gas flows towards the mine since it
is the path of least resistance.

The results from the field measurements show that the
mining-induced permeability is greater during completion
of the second panel due to the enhanced aperture. Hence, it
is anticipated that the impact of a casing breach is greater
for the second panel. This model simulates a breach at the
Sewickley and Uniontown horizons for both the first and sec-
ond panels with the summary of results shown in Fig. 12 for
100 DFEN realizations. Similar to Fig. 8, there is no time or
face position parameter in the plot. However, the realizations
with the greatest predicted gas flow have permeabilities in
very close range to the maximum field permeability meas-
urement. The results show that the distribution of potential
gas flow to the mine is a non-normal distribution for the four
conditions simulated. It is further observed that most of the
predicted values are within the low ends of the plot (1-400
cfm), which indicates a greater probability that flow to the
mine is likely within this low range. The higher ends of his-
togram are linked to DFN realizations, where the predicted
DFN model permeabilities are closest to the greatest values
of the experimentally verified permeability, as measured
when the longwall face position is close to the well collar or
just past it. Obviously, there are notable differences in the
inflow based on the breach location and the panel being con-
sidered. For both panels, the gas flow to the mine is less for a
breach at the Uniontown horizon compared to the Sewickley
horizon, which indicates that the risk is lower if the breach
location is farther from the mine.

For both horizons, there is a significant difference
between the results for the first and second panels due to
the differences in the mining-induced permeability. Though
these are not absolute values, since the model is two-dimen-
sional, they provide a good measure for comparison on
the impact of different parameters in the event of a casing
breach. It is also important to note that the flow calculated
is the total boundary flow per meter, since FFC is a two-
dimensional model that assumes a 1-m thickness in the out-
of-plane direction (Table 2). Clearly, the risk is lower if the
panel is farther from the pillar and if the potential breach
location is farther from the mine and if a bridge layer is
present between the mine and the casing breach horizon.
These findings provide some relevant information on meas-
ures to be used in developing guidelines to ensure safety in
similar mines.

2.5.3 Statistical Analysis Using Bootstrapping Method

The motivation for employing an inferential statistical tech-
nique was to make probability statements about the 90th
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Table2 Average flow to the mine from the simulation of 100 DFN
model realizations

Sewickley horizon Uniontown horizon

49 cfm
458 cfm

19 cfm
171 cfm

Panel 1
Panel 2

percentile (value marking off the greatest ten percent) of
potential gas inflow values. Estimating this parameter allows
a description of the range within which the lowest 90% of
potential gas inflow values could be expected to fall. If it
were reasonable to assume that the distribution of potential
gas inflow values could be well approximated by a known
theoretical distribution such as the normal distribution,
parametric methods (which are based on the assumption
of normality) could be used to estimate the percentiles of
interest. However, in this case, this assumption would not
be reasonable because the distribution of the percentiles
of interest in the samples of 100 realizations for the four
locations was extremely skewed to the right as shown in
Fig. 12. In a right-skewed distribution, most observations
are found at the lower end of the range, while relatively
few extreme values are found at the upper end of the range.
Bootstrapping is a nonparametric procedure, meaning that
no assumptions are made about the form of the distribution
of the parameter of interest. To estimate the parameter of
interest, bootstrapping makes use of the technique of resa-
mpling. Resampling involves generating a large number—
usually 1000 or more—subsamples or replications from the
sample of observed values to approximate the distribution
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o

—
1000 >1000
Gas Inflow (cfm)

00l

48 74 100 126 152 178 204 228 254 280
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Fig. 13 Distribution of the 90th percentile of gas inflow for a breach
at the Sewickley horizon

of the parameter of interest. Sampling is done with replace-
ment, meaning that each observation can be selected mul-
tiple times [20].

In the present study, 1000 replications were generated for
the 100 DEN realizations for a breach at the Sewickley hori-
zon during mining of the first panel. The 90th percentile was
computed and recorded for each replication. A histogram
of the 90th percentile value, obtained from 1000 bootstrap
replications of the samples of 100 realization values for min-
ing the first panel at the Sewickley horizon, is shown in
Fig. 13. The histogram illustrates the extreme right skewness
of the 90th percentile distribution, which resulted from the
extreme right skewness of the original samples of 100 reali-
zations. For this case study, the mean of the 90th percen-
tile is 100 cfm. The intent of this section is to establish the
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bootstrapping method as a means of further analyzing the
result from the stochastic DFN model and it is verified using
one of the case studies. The choice of the Sewickley horizon
for this study is because it is closer to the mine compared
to the Uniontown horizon. The 90th percentile for the other
scenarios is 47 cfm for panel 1 at the Uniontown horizon,
342 cfm for panel 2 at the Uniontown horizon, and 1194 cfim
for panel 2 at the Sewickley horizon. Hence, it is prudent to
use the 90th percentile to evaluate the impact on the mine
ventilation system. Therefore, it is recommended that these
values should be incorporated in the mine ventilation model
to determine measures for ensuring the safety of the workers
in the event of such an occurrence. Further analysis could be
conducted using computational fluid dynamics (CFD) to pre-
dict specific mine locations where the gas could accumulate.
Continuous gas sampling and analysis would be required
to proactively predict the presence of shale gas in specific
locations of the mine.

3 Conclusions

In this paper, the authors studied an intricate problem by
combining field measurements and numerical modeling
using a researcher-developed code (FFC) and a commer-
cial software (3DEC). The geomechanical model in 3DEC
is used to predict the aperture of the mine-induced fractures,
and the gas flow to the mine is simulated using FFC. Though
this could be a transient flow problem in real life with several
variables, the authors used a steady-state flow assumption to
predict potential gas flow to the mine if there is a hypotheti-
cal casing breach. The stochastic DFN modeling approach
is used to consider the effects of variabilities in fracture
length, location, orientation, connectivity, and aperture on
the inflow results. The results show that:

a. The location of the breach has a significant impact on
the potential gas flow to the mine. In events where the
breach location is notably distant from the mine, the gas
pressure from the breached casing could drop signifi-
cantly between the breached location and adjacent strata.

b. The significant differences between the gas flow rates
for a breach during mining of the first and second panels
could be attributed to an increase in permeability during
mining of the second panel.

c. Due to the nonparametric distribution of the inflow
range, the mean of the 90th percentile value, which rep-
resents the greatest 10%, could be used to predict the
impact of the well breach on the mine ventilation.

Though this model has provided results on poten-

tial gas flow to the mine in the event of a hypothetical
breach, there are further opportunities for improvement.

@ Springer

The mining horizon considered in this study is at 146.9
m (482 ft), which is a shallow cover site with antici-
pated increased permeability changes due to mining.
Under a deep cover scenario, the induced permeability
could be significantly lower. Hence, a future study of
this scenario will be highly beneficial to the industry.
The predicted gas flow is the boundary flow per unit
meter (m?/s-m) based on the 1-m depth assigned to the
out-of-plane direction. Hence, it is important to study
the impact of the out-of-plane length to obtain the abso-
lute gas volumetric flow rate. In addition, this model
assigned a peak value for a range of depths as presented
in Table 1; the next phase of this study will incorporate
the actual 3DEC aperture data with respect to both axes.
It is also important to state that this study addresses the
potential consequences of one breached well, but some
well pads could contain multiple wells and there could be
multiple breaches. Hence, there is a need to simulate cor-
responding scenarios to predict the impact on the mine.
Finally, it is also important to note that well performance
changes over time such that the parameters used for this
simulation could be different. These variabilities could
also be considered in future studies. However, the results
from this study provide a basis for future analyses and
simulations of this intricate problem.
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