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Abstract

The environmental risks associated with casing deformation in unconventional (shale) gas wells
positioned in abutment pillars of longwall mines is a concern to many in the mining and gas
well industry. With the recent interest in shale exploration and the proximity to longwall mining
in Southwestern Pennsylvania, the risk to mine workers could be catastrophic as fractures in
surrounding strata create pathways for transport of leaked gases. Hence, this research by the
National Institute for Occupational Safety and Health (NIOSH) presents an analytical model

of the gas transport through fractures in a low permeable stratum. The derived equations are
used to conduct parametric studies of specific transport conditions to understand the influence of
stratum geology, fracture lengths, and the leaked gas properties on subsurface transport. The
results indicated that the prediction that the subsurface gas flux decreases with an increase

in fracture length is specifically for a non-gassy stratum. The sub-transport trend could be
significantly impacted by the stratum gas generation rate within specific fracture lengths, which
emphasized the importance of the stratum geology. These findings provide new insights for
improved understanding of subsurface gas transport to ensure mine safety.
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1. Introduction

The increasing trend of shale gas production has created more awareness of environmental
risk, such as explosions and contamination to water aquifers [1-10]. An analysis of
compliance reports from gas wells in Pennsylvania shows that a gas well casing and/or
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cement failure occurs more often in an unconventional gas well than in a conventional gas
well [11,12]. As a result, studies have focused on contamination to groundwater aquifers
[10,13-19] and explosions in gas well sites/nearby locations [4,20]. However, there is
limited focus on worker’s safety in surrounding longwall mines even though some gas

wells have been drilled in vicinity of current or future longwall mines in Pennsylvania,

West Virginia, Ohio, Virginia, and Tennessee [21]. In addition, mining depth varies in these
locations and Western Marcellus depth could vary from 609.6 m to more than 2743.2 m
[22]. Therefore, this study focuses on predicting the impact of gas well casing failure on
worker’s safety in a nearby longwall mine. Longwall or room-and-pillar mining creates a
varying degree of deformation [23], such as separation along the bedding planes and shear
failure, which induces bending and rock fracturing in the overburden [24]. The overburden
strata is classified into the cave zone, the fractured zone, the continuous deformation zone,
and the soil zone [23,25] with dimensions related to the seam height. The mining-induced
fractured zone can extend up to 145 m [26], and can become a gas flow channel for

gassy coal-bearing strata [27-29]. Consequently, the porosity and permeability are altered as
longwall mining could induce over a 1000-fold increase in permeability [30] with chances of
a 50-mD (millidarcy) increase for a shear failure along the bedding plane [31].

Fig. 1 shows a schematic of a site in Southwestern Pennsylvania with a shale gas well,
longwall mine, shale composite, and coal seam; a detailed lithology with the composite
layers and thicknesses has been studied previously [29,32]. Findings from related studies
show that the gas well casing failure (as represented in Fig. 2) could occur in three horizons:
0-30 m above the mine roof, 0-10 m below the mine floor, and within the overlying coal
seam (highlighted in Fig. 1) [33]. If this occurs, the high-pressure gas finds its way through
the paths of least resistance and could connect to pre-existing geological faults or fractures
[34], which increases the risk of explosions in the mine (arrow direction in Fig. 1). The

fire and explosions that occurred in Hutchinson, Kansas (January 17, 2001) are linked

to subsurface migration of leaked gas for over 11 km, which resulted in two deaths and

loss of properties [34]. Nevertheless, sometimes the surrounding rock formation has low
permeability, but some of the gas could make it into the high-permeability fractured zone,
which increases the methane concentration in the gob. This could lead to higher methane
concentration in the longwall returns and bleeders, which could jeopardize compliance with
mandated methane concentrations [35]. Hence, it is important for the mine workers to
proactively plan the ventilation design to accommodate these conditions to ensure safety.

To investigate this condition, the produced shale gas is modeled as methane, since it is the
predominant constituent [1,36] and the potential gas transport conditions are classified into
two types based on flow regime:

1. The first is transport governed by advection, which occurs if the high-pressure
gas connects to the fracture network. Transport due to diffusion is negligible
compared to advection [37]; the combination of cubic law and Darcy’s equation
are applied to predict the boundary flow rates and permeability.

2. The second is flow governed by advection and diffusion and is often regarded
as low-velocity flow [37]. This is mostly in relatively low-permeability
environments or if the gas has lost most of its pressure before connecting
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to the fracture network. The gas flux might be low, but it could jeopardize
compliance with mandated methane concentrations in returns and bleeders
[35,38] or increase the risk of explosion.

As a starting point, this study focuses on developing an analytical model of the second
transport scenario considering both advection and diffusion [39,40]. The hypothesis is that
the methane flux from a compromised casing could jeopardize compliance with mandated
methane concentrations, which impacts safety. Therefore, the focus areas are: (1) predicting
changes to the gas flux for transport through fractures in a gassy or non-gassy bearing
stratum, and (2) determining if the gas flux could significantly increase the methane
concentration in the gob. These findings will provide prior information for effective mine
ventilation design in locations with shale gas wells to ensure safety. To investigate this
hypothesis, the equations for the gas transport through a single fracture and applications to a
discrete fracture network (DFN) are presented in Section 2. The results and discussions are
presented in Section 3, and the conclusion and future works are presented in Section 4.

2. Research approach

2.1. Gas concentration along a single fracture

The approach used in this study is to predict gas transport through a single fracture, and
then expand this into a DFN model. The equation for contaminant transport through a single
fracture is given as [41]

dc/dt=V -(DVe)= V- (Vo) — Ac+q o

where cis the gas concentration in kg/m3; tthe time in s; V/the velocity vector in m/s; Dthe
gas diffusion coefficient through the medium in m2/s; A the decay rate in 1/s, which could
represent the bacterial attenuation of methane in subsurface through oxidation [42]; and ¢
the stratum’s gas generation rate in kg/mSs as illustrated in Fig. 3. The three components

of the strata gas content are lost gas, desorbed gas, and residual gas [43]. In this case, ¢
represents methane desorption from the strata into the fracture or could be further described
as gas flux per unit aperture from the wall of the fractures. However, in some cases, the rock
acts as a medium of transport with no emissions from the strata.

Assuming steady, one-dimensional gas transport, and negligible gas attenuation/adsorption,
Eqg. (1) is simplified as

D(dzc/a’zz) —u(deldz) + g =0 @
where v is the advection velocity in m/s. Considering a length of fracture, L in m, and

solving Eq. (2) with boundary conditions, ¢(0) = ¢y and (L) = ¢, as illustrated in Fig. 3, the
gas concentration is derived as

o(z) = cpe*'P + ((CL — coet /D — qL/u)/(l - e“L/D))(l - e“Z/D) +qz/u ®)

Eq. (3) is then used with equations of diffusion and advection to predict the gas flux.
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2.2. Flux through a single fracture

Assuming gas transport by advection and diffusion (Fick’s first law of diffusion), the total
flux, Jin kg/m?s, is derived as

J(L) = u((cL - coelP - qL/u)/(l — egl)) + g(L — D/u) 4)
where ¥'= uL/D.

2.3. Flux through a discrete fracture network

Transport through a single fracture as presented in Section 2.2 is based on methods
developed previously [44-47], however, transport through the fractured zone is through a
fracture network. Therefore, this study develops the application of the derived equations to
a discrete fracture network. Using Fig. 4 as a case study for this DFN study, nodes 1-7 are
external nodes with assumed known concentrations, and nodes 8-13 are internal nodes with
unknown concentrations. The internal node concentrations are required and are calculated
using mass balance at the internal nodes.

Z Jj —i = 0 (5)
For flux from node jto 7, Eq. (4) is rewritten as

Ty = (il (1 = e = (e =01 = g

+aj_i(Lj—i— L1 =€) = DIu; ) ©

By assuming Egs. (7)—(9), Eq. (6) is simplified and rewritten as Eq. (10).

u,-_,-=u,_l-/(1—e“"f—f) ©)

Yi_i :uj_iewj_i/(l —eTj_[) (8)
5j—i=Qj—i(Lj—i_Lj—i/(l_eTj_i)_D/uj—i) 9)
Jj—i=pj—ici—Yj_ic;+&i—; (10)

For example, at node 10, Eq. (5) is applied to obtain

M1 —10c10— Y1—10c1 &1~ 10+ Mg —10c10 — Y — 108 + &8 — 10 + M2 — 10€10

1
—Yo_j000+&_10=0 )
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By applying a mass balance (Eqg. (5)) to all internal nodes in Fig. 4, the final form of the
equations is expressed in the form of AX= B.

Ho-8+Ho—s+Hy—s+u1-5 —Yo_3 —Yio-38 —Yii-g 0 0
~Ys_o Hs— o+ H7—0 0 0 0 0
—Ys_10 0 Hi—10+ Hg—10+ H2- 10 0 0 0
“Yg_n 0 0 Hs—ntH2-ntHg-1 —Yion 0
0 0 0 “Yii-12 Hi3—12+ 11— 12 -Yi3_12
0 0 0 0 “Yio13 -3t Hi-13+H2-13
s —&l0-8—S6-8—fo-g—&1-8+Ye-_sc | (12)
9 —&-9—&1-9+Y7_9c7
co| _[=é1-10=8&-10=&-10+ Y1100+ Y2 1002
en| —S-n—fn-n—&-n+Ys_uc
2 —S3-n-¢f-n2

ca3) |\=G-13-dG-13—fn-n3+Y3on3a-Yio3g

Thus, the internal node concentrations are calculated from Eq. (12). Eq. (4) is then applied to
each of the boundary fractures, and the total boundary flux, 4, is calculated as

n
Jo= ) Jj_iAj_il Ay 13)
=1

where 77is the number of fractures connecting the boundary; Ay ,the fracture area in mZ; and
Ap the boundary area in m2. For example, in Fig. 4, the boundaries are labeled as B1-B4. For
flux through B4, n= 2, and the fractures are J_g and Jy_7. For this two-dimensional model,
the fracture area is the aperture size, and the boundary area is the boundary length at a unit
distance normal to the flow plane [48]. The aperture used are assumed to be the hydraulic
aperture which produces the same flow rate as a rough-walled fracture under the same
pressure gradient [49-51]. Fracture apertures are dependent on vertical/horizontal tension
and compression due to stress on the strata [30,52] and could vary across the fracture length
[53]. This variation could be implemented using stress-based aperture distribution [54,55] or
lognormal distribution proven to replicate aperture values under different stress conditions
[52].

2.4. Advection velocity

The advection velocity (v in Eqg. (4)) is obtained from the cubic law [56,57].
0= —pgb’(12u)" - Vh-H (14)

where Qis the volume flow rate in m3/s; VA the pressure head gradient; 4 the fracture
aperture in m; g the acceleration due to gravity in m/s2; xthe dynamic viscosity in Ns/m?;
o the gas density in kg/m3; and A the fracture height assumed to be 1 m for this two
dimensional model. Fig. 4 illustrates the applied pressure gradient from boundary B3 to B1
with indication of the flow direction. With this approach, the velocity values and directions
are obtained for each fracture in the network.

2.5. Model assumptions

The followings are key assumptions that should be noted for this study:

1. The shale gas well is modeled as methane since it is the predominant constituent.
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2. A uniform strata generation rate is assumed for all fractures in the sample DFN
model.

3. The fracture length represents the effective length, and the tortuosity effect is
ignored.

4. The fractures are modeled assuming transport characteristics through air.

5. A uniform advection velocity with indicated flow direction is used for the sample
DFN study.

3. Results and discussions for low-velocity transport

This section discusses the results for the single fracture in Fig. 3 and the sample DFN
model in Fig. 4 based on the analytical modeling. The modeling parameters used for the
single fracture model (Section 3.1) are itemized in Table 1. The values of ¢y and ¢_are
hypothetical values used to represent 100% concentration for ¢; and 1% concentration for
.- Though the value of ¢y seems high, it represents a peak subsurface concentration of
methane at the mine depth as studies on methane emissions/content with depth have shown
methane values greater than 10 m3/t coal in a dry ash free state [58-60].

3.1. Result of flux through a single fracture

Fig. 5 shows the impact of fracture length on methane flux for different strata gas emission
rates (g) [43,61]. For a non-gassy stratum, g =0, it is observed that the flux decreases

with an increase in fracture length until about 100 m, beyond which the flux changes are
negligible. It is difficult to make conclusions from this observation, since an important
parameter that could vary is the advection velocity (Table 1). Therefore, a study on non-
gassy strata is conducted considering different advection velocities as shown in Fig. 6. Two
different trends are observed in Fig. 6 based on the velocity range. At very low velocities
(u=1x 1078 -1 x 10~ m/s) the flux continues to decrease with an increase in fracture
length because the flux is dominated by diffusion. However, as the velocity increases, there
is a point beyond which the flux is relatively constant as the fracture length increases. For
u=1 x 1078 m/s, the flux is constant beyond 100 m, and for v=1 x 107> m/s, the flux

is constant beyond 10 m. Hence, the flux trend for non-gassy strata is very sensitive to the
advection velocity of the leaked gas. This gives an insight into the domain size for sampling
or identifying high-risk locations and, in the event of a leak, this information could be used
to determine the important locations for sampling to determine associated risk downstream.

For gassy strata, Fig. 5 shows the changes in methane flux with fracture length considering
different strata generation rates. For g= 2.1 x 1078 kg/m3s, the flux decreases with an
increase in fracture length; however, beyond 100 m, the flux shows an increasing trend. At
this point, the methane generated from the fracture walls is sufficient to gradually increase
the overall flux. Similarly, the same observation is demonstrated for g= 2.1 x 1074 kg/m3s
and g = 2.1 x 1072 kg/m3s. However, the changes in trend occur at different fracture lengths
based on the methane generation rate of the stratum. Therefore, the methane generation

rate within the surrounding strata is critical at determining the gas flux and associated risk
in the case of a failure. Based on this finding, the flux downstream from the leak source
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could be higher as methane is generated from the strata. Therefore, the risk associated with
well casing failure is more serious if the overlying strata is gassy. Similarly, as described
in the Section 1, mining-induced formation changes affect the strata’s permeability, which
affects the aperture size and the advection velocity. So, the gas flux changes with different
advection velocities were investigated for gassy strata as shown in Fig. 7. The values used
for this computation are tabulated in Table 2, noting a constant gas generation rate. The
trend follows a similar pattern as the gassy strata plot in Fig. 5. However, the influence of
advection velocity diminishes as the fracture length increases.

3.2. Result of flux through a discrete fracture network

This section presents the implementation of the method outlined in Section 2.3 for the
sample DFN model in Fig. 4. Assuming a gas leak close to boundary B3 (in Fig. 3),

a pressure and concentration gradient is induced, and the gas influx is expected from
nodes 4-13 and 5-11. For a known boundary concentration as described in Section 2.3,
the internal node concentrations and individual fracture flux are obtained from Egs. (12)
and (4), respectively. Table 2 summarizes the fracture length, advection velocities, node
concentrations, and the gas flux for Fig. 4. A negative flux/velocity indicates that the flow
is in an opposite direction, i.e. /~jinstead of j~/ After obtaining the results, the model is
verified by ensuring that the total flux is zero, and methane mass flow rate is calculated.
Assuming a uniform boundary aperture of 1 mm, the mass flow rate through boundary B4 is
7.36 x 1073 kg/m2s x 1073 m2 + 8.35 x 1073 kg/m?s x 1073 m2 = 1.57 x 107° kg/s.

This calculated mass flow rate seems relatively low because there are only two boundary
fractures (8-6 and 9-7) connected to B4. However, the fractured zone is often denser with

a likelihood of more fractures (internal and external nodes), which increases the fracture
areas for methane desorption; a recent study on radon gas shows that, a 10% increase in the
fracture density increases the radon boundary flux by a factor 15% [39]. Even though this

is different gas, it gives an insight on the impact of fracture density on gas flux and opens

up more opportunities for future work on this study. Therefore, the accumulative effect of
flux from multiple boundary fractures could impact methane concentration in the gob, which
affects the mine ventilation requirements to ensure safety.

4. Conclusions and future work

The National Institute for Occupational Safety and Health (NIOSH) conducts research that
reduces the risk of mine disasters, such as those that may occur due to shale gas influx
from a sheared gas well. This work focuses on transport from a sheared gas well in a low
permeable fractured stratum. From the equations derived, gas transport through a single
fracture is studied. The results show that:

1. For non-gassy strata, the gas flux decreases with an increase in fracture length;
however, this depends on the advection velocity.

2. For a specific advection velocity in a non-gassy stratum, the gas flux is constant
beyond a specific fracture length and could be sufficient to determine the
associated downstream flux.
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3. For gassy strata, the strata methane generation rate affects the flux trend as
the fracture length increases. Beyond specific fracture length, the accumulation
of the desorbed gas increases the gas flux (or potential mine inflow), which
increases the associated risk. However, the extent of the impact is dependent on
the advection velocity of the shale gas.

In addition, this work verified the application of this method to a discrete fracture network
for determining the boundary flux, which gives an insight into the gas transport. The

DFN analysis demonstrates that: the derived equations could be extended to study methane
transport through a fracture network; the concentrations of the gas within the strata, which is
not accessible for measurements, could be determined using this approach as shown in Table
2; and the combination of this analysis with a site fracture data could be used to determine
high concentration zones for installation of gob ventilation boreholes (GVB) to prevent gas
inflow to the mine.

In reality, DFN models are often stochastic with fracture lengths, aperture, and fracture
orientation generated from statistical distribution; however, only a sample DFN model is
analyzed in the current research. The next phase of this study will: (1) refine the assumptions
described in Section 2.5 with non-uniform parameters along with pulse methane leakage
scenarios where ¢ could vary, (2) consider cases when the fractures are filled with water,

(3) introduce stress-based aperture distribution, and (4) expand the application of the derived
equations to a stochastically generated DFN model with consideration of uncertainties
related to the parameters. However, the findings presented in this study provide an in-

depth understanding of the gas transport and the necessary steps to proactively design the
ventilation system for the safety of mine workers in the event of a nearby breached well.
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Fig. 1.
Schematic of a site with longwall mine and shale gas well. The arrows indicate potential

locations for casing failure and gas transport into the mine. The circles are used to represent
caved rocks in the longwall gob.
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Fig. 2.
Schematic of shear failure for a shale gas well casing.
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Fig. 3.
Model for transport through a single fracture.
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Fig. 4.
Sample DFN model.
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Fig. 5.
Plot of methane flux with fracture length for a non-gassy (g = 0) and gassy (g > 0) strata.
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Table 1

Parameters used for analysis in Section 3.1.

Parameter ValueinFig.5 Value in Fig. 6 Value in Fig. 7

¢ (kg/md) 100 100 100

g (kg/md) 1 1 1

D (m?/s) 2.1x107 2.1x107° 2.1x107°

v (m/s) 1x1076 1x108-1%x10"° 1x10°9-1x107°

g(kg/m3s)  0-2.1x1072 0 2.1%x1076
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