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ABSTRACT
Predicting rockmass permeability is critical in evaluating 
various engineering designs, including estimating gas inflow 
to a longwall mine in the case of a hypothetical breach in 
the gas well. This study conducted field permeability mea-
surements to validate a geomechanical model capable of 
predicting rockmass permeability during longwall min-
ing. A series of slug permeability tests were conducted in 
an active mine in Pennsylvania. A model of the mine was 
constructed in 3DEC numerical modeling software, and 
permeabilities were calculated. The modeling results agreed 
well with the pre- and post-mining permeability measure-
ments, showing the applicability of this tool to evaluate gas 
well stability near mine workings.

INTRODUCTION
The intrinsic permeability of a rock or soil is a measure 
of the rock or soil’s ability to transmit fluid as the fluid 
moves through it (Schwartz and Zhang, 2003). Evaluation 
of rockmass permeability is essential in various rock engi-
neering designs such as constructing dams (Thawatchai, 
Bunpoat, & Warakorn, 2021), tunnels (K. Zhang et al., 
2021), geothermal reservoirs (Tomac & Sauter, 2018), oil 
and gas reservoirs (Gehne & Benson, 2019), and waste 
containment structures (Sasaki & Rutqvist, 2021). Another 
application is the evaluation of permeabilities enhanced 

by mining where shale gas reservoirs underlie active or 
future longwall mining operations (PADEP, 2018). In the 
Northern Appalachian Basin in the United States, some of 
the production wells in shale gas reservoirs intersect with 
minable coal seams and thus require specific design consid-
erations to allow both operations to coexist. In most cases, 
the gas wells are positioned in the mine abutment pillars for 
protection against mining-induced ground deformations. 
However, one of the safety concerns is excessive ground 
movement that might damage gas well production cas-
ing, leading to the leakage of explosive gas into the mine 
working. Under such scenario, mining-induced rockmass 
permeabilities and relevant changes induced by mining 
becomes of main importance.
In previous work (Khademian, et al. 2021)(Khademian, 
et al. 2021), a geomechanical modeling methodology was 
developed based on the Discrete Fracture Network (DFN) 
technique to calculate the permeability evolution during 
mining of a shallow, 145-m-cover mine in the Pittsburgh 
coal seam. In-situ measurements were used to constrain 
and calibrate the range of DFN parameters in the model. 
The methodology was then validated against field perme-
ability measurements in a deeper mine, at a 341-m-cover 
site in the Pittsburgh seam (Khademian et al., 2022). In 
this paper, another case is studied in a 352-m deep mine, 
and field permeability measurements are conducted before 
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and after the first panel mined by the measurement site. 
The previously developed methodologies were used, and 
the mining was modeled using a geomechanical model 
constructed in 3DEC software (Itasca, 2016). The model-
ing results show the permeability calculated in the model 
agrees with the field measurements after the first panel 
mine-by. The measurements will continue until after the 
second panel mines by the test boreholes in Nov 2023. The 
modeling results reported here will be compared with the 
field measurements in a future paper.

DESCRIPTION OF MINE SITE
A longwall mine under 352-m cover in southwestern 
Pennsylvania in the Pittsburgh coal bed is selected for this 
study. The Marcellus shale and Pittsburgh coal seam are 
1,200–2,100 m apart in the strata but share much of the 
same areas within Pennsylvania and West Virginia. The 
selected mine site is located above the Marcellus shale so 
that to enable shale gas production, gas wells are positioned 
in longwall pillars used to protect the casing from subsur-
face deformation. The longwall panel is 456-m wide with a 
mining height of 2.13 m within a three-entry gateroad sys-
tem (Figure 1). Overburden geology to the mining depth of 
352 m was interpreted by correlating a test site gamma log 
and a nearby core hole (Van Dyke et al., 2022).

The rock types in the overburden are shale, sandstone, 
sandy shale, limestone, coal, and shaley limestone with 

the field-scale geomechanical properties listed in Table  1 
(P. Zhang et al., 2020).

The slug permeability tests are conducted in two bore-
holes drilled above the abutment pillar (43.7  m width) 
between the second and third panels in the district. The 
perforated interval of the first borehole targeted the 
Uniontown horizon at the depth of 290  m. The second 
borehole was perforated at the depth of 327 m, targeting 
the Sewickley horizon. Figure 2 shows the overall overbur-
den geology of the area.

FIELD PERMEABILITY MEASUREMENTS
Two monitoring boreholes were drilled in the overburden 
to conduct slug permeability tests as the first panel and sec-
ond panels mine by the test site. Falling-head slug tests were 
conducted by the research team at regular intervals dur-
ing the first panel mine-by. The second panel is currently 
approaching the site, so the data collection is ongoing. The 
predicted values by the model in this paper will be com-
pared with the measurements once the second panel mines 
by the test site by November 2023.

Water head pressures were measured at the Uniontown 
and Sewickley horizons (Figure  2). Permeability values 
were calculated based on the falling water slug test method 
detailed in previous works (Harris et al., 2023). An INW 
PT2X (SeametricsTM) piezometer tracked the long-term 
equilibrium water height and water slug height.

The data was recorded using the Aqua4TM software 
package. For the falling-head slug tests, a water slug height 
of up to 3 m was added to the boreholes. A previous study 
conducted under shallow cover (127  m to the Sewickley 
horizon and 76  m to the Uniontown horizon) (Watkins 
et al., 2021) recorded the fall of water head at 5, 30, or 
60-s intervals, depending on the expected drainage rate of
the water. Compared to the site described by Watkins et
al. (2021), the new site was at a greater overburden depth.
Consequently, fracture permeabilities were lower, produc-
ing a slower rate of water loss during testing. Therefore,

Table 1. Geomechanical properties applied to the model for 
each lithology
Rock Type E ν C φ° T
Coal 2.1 0.3 1.9 28 0.3
Shale 11.6 0.25 11.7 35 4.5
Sandy 
Shale

11.6 0.25 11.7 35 4.5

Sandstone 11.6 0.22 17.9 35 6.9
Limestone 17.4 0.25 15.9 35 6.1

E: Elastic modulus (GPa), ν: Poisson ratio, C: Cohesion (MPa), 
φ: internal friction angle, T: Tension (MPa)

Figure 1.  Surface topographical and top-of-coal contours 
and location of the boreholes for permeability measurements
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the data during the longwall mine-by was recorded with 
a 15-minute interval, and the falling rate was later deter-
mined from the downloaded data. Later, after the longwall 
panel passed the abutment pillar and the permeability val-
ues returned to pre-mine-by values, the data was collected 
every 60 minutes.

The initial H0 and current Hw water slug heights were 
recorded by the piezometer and then converted to Hw /
H0 values. Hw /H0 values were plotted on a semi-log graph 
to determine the T37 time which is the time (minutes) in 
which the water slug drained to 37% of the initial water 
slug height. Equation 1 can be used to obtain the absolute 
permeability of the screened section from T37 (Istok, 1992).
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where r is the radius of well casing, L is the length of the 
well screen, R is the radius of the well screen (the same 
as well casing in this case), r is density of the fluid, µ is 
the dynamic viscosity of the fluid in kg/ms, and g is the 
gravitational acceleration. Multiple assumptions are made 
when calculating permeabilities from slug test head drop 
or from 3DEC aperture calculations. For the slug test, the 
permeability is obtained from Hvorsley method with the 

assumptions that flow in the ground is radially outward and 
follows Darcy’s law. The aquifer is assumed significantly 
larger than the borehole diameter with an incompressible, 
homogeneous, and isotropic matrix that is vertically con-
fined by aquicludes.

Figure  3 displays the permeability measurements 
before, during, and directly after the first panel mine-by. 

Figure 2.  Generalized stratigraphic profile for the monitoring boreholes (not to scale) (Harris et al., 2023)

Figure 3.  Measured permeability values for the Uniontown 
(VEP-U) and the Sewickley (VEP-S) horizons under deep 
cover are shown during the mine-by of the first longwall panel
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The first measurements were conducted in August 2021 
when the longwall face was 364 m outby the measurement 
site.

The blue vertical line marks the day of the longwall 
panel mine-by. At the Sewickley horizon, the highest per-
meability, 1.76 × 10–14 m2 (17.8 mD), occurred two days 
after the first panel mine-by. After the longwall panel mine-
by, the permeability values varied in the range of 0.97 × 
10–15 m2 to 1.93 × 10–15 m2 (0.98 mD to 1.96 mD). For 
the Uniontown horizon, the maximum permeability under 
deeper cover was 5.33 × 10–15  m2 (5.4 mD). After this 
maximum value, the permeability dropped to a low of 8.78 
× 10–16 m2 (0.89 mD) before slightly rising.

Figure 4 displays the long-term values measured over 
a period of 22 months. The last measurements were con-
ducted in May 2023 when the face was 1311 m inby. The 
permeability values +150 days post-mine-by ranged from 
0.11 × 10–15  m2 to 0.29 × 10–15  m2 (0.11 mD to 0.29 
mD) at the Uniontown horizon and 0.09 × 10–15 m2 to 
0.72 × 10–15 m2 (0.09 mD to 0.73 mD) for the Sewickley 
horizon.

In summary, the first permeability measurements at the 
Sewickley and Uniontown horizons were 0.19 × 10–15 m2 
and 1.02 × 10–15  m2 (0.19 and 1.03 mD), respectively, 
and are considered to be pre-mine-by permeability values. 
The last recorded permeability values at the Sewickley and 
Uniontown horizons were 0.09 × 10–15  m2 and 0.11 × 

10–15 m2 (0.09 mD and 0.11 mD), respectively, and are 
considered the post-mine-by permeabilities. The pre- and 
post-mine-by permeability values were used to validate the 
geomechanical calculation of permeabilities.

GEOMECHANICAL MODEL
The 3DEC software is used to construct a pseudo-2D 
longwall model of the study site (Figure  5) with one-
meter length in the out-of-plane direction. DFN is used 

Figure 5.  Details of the 3DEC model of the deep longwall mine with DFN elements defining rockmass structures in 105 
modeled lithologies

Figure 4.  Long-term measured permeability values for the 
Uniontown (VEP-U) and the Sewickley (VEP-S) horizons 
under deep cover are shown for the mine-by of the first 
longwall panel
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for explicitly modeling fractures in rockmass since the fluid 
flow through fractures vastly dominates the flow through 
matrix pores. This is mainly because the cross-sectional area 
of the fracture, and thus the flow rate through fractures, is 
several orders of magnitude larger than that of pores within 
the rock matrix.

Model Geometry
There were 105 geologic layers modeled from the core log 
data, each with a thickness greater than 0.6 m (Figure 5). 
The model length is extended in the horizontal direction to 
a total of 8,000 m to avoid boundary effects on the mining-
induced deformations. One of the uncertainties in DFN 
implementation for fractured rock is in constraining site-
specific fracture geometries and frictional properties that 
best represent rockmass behaviors under stress.

 Studying core samples from above abutment pillars 
in longwall mines suggests propagation of subvertical frac-
tures perpendicular and parallel to the mining face (Van 
Dyke at al., 2022). Therefore, the DFNs are modeled with 
a constant dip direction of 90 degrees (perpendicular to the 
face) and a dip angle with a mean of 90 degrees. From field 
observations in Southwest Pennsylvania (Kohl, 1980), the 
variation of the subvertical fracture dip angles is approxi-
mated to be 15° from 0–10 m above the mine roof, 12° 
from 10–30 m, 10° from 30–60 m, and 5° degree for the 
rest of the domain. Although fracture distribution can be 
affected by the overall geology of the overburden, depth 
of mining, panel width, and mining height, the use of val-
ues suggested by Kohl (1980) showed promising results for 
permeability calculations as shown by (Khademian et al., 
2021).

The length of fractures is assumed limited to the thick-
ness of host strata with a negative power law distribution 
and a scaling exponent of 1.1. The position of DFN frac-
tures is defined by a uniform distribution within each indi-
vidual lithology because pre-mining fracture systems are 
believed to be the physical properties of the host rock (Feng 
et al., 2018).

The density of fractures in each stratum is defined as 
the P32 value, which is the cumulated fracture surface per 
unit volume. Due to the lack of data for the fracture den-
sity in this site, the values are based on the previous cali-
bration study on a shallow Pittsburgh coal longwall mine 
(Khademian et al., 2021). Figure 6 shows the fracture den-
sities in each stratum in the model. Fracture densities range 
from 0.1 to 0.3 m2/m3 with higher values applied to weaker 
zones that are identified by the logging data and field obser-
vations. The weak zones include the shallow weathered 
zone, Waynesburg horizon, Uniontown horizon, Sewickley 

horizon, and an interconnected fracture zone mainly caused 
by the longwall mining. The interconnected fracture zone 
represents a system of channels allowing flow transport to 
the mine level. The combined thickness of the caved area 
and the lower part of the fractured zone above it are known 
as the interconnected fracture zone.

Through a set of field measurements, Palchik (2003) 
suggested that the interconnected fracture zone is within 
19–43 times the mining height, and Khademian et al. 
(2021) showed the interconnected fracture zone around 

Figure 6.  DFN density applied to generate subvertical 
fractures

Figure 7.  Surface subsidence calculated in the 3DEC model 
with a maximum subsidence of 1.47 m
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23 times offers acceptable results. Thus, the intercon-
nected fracture zone is considered 53-m thick. Following 
Khademian et al. (2021), the friction of the subvertical 
DFN fractures and bedding planes are assumed 60% of 
the internal friction of rock in each stratum, except for the 
strata within the interconnected fracture zone with a con-
stant friction angle of 10 degrees.

The initial aperture of the fractures in the model needs 
to be defined before solving the model under in-situ stresses. 
It is concluded that an initial aperture of 0.4 to 0.5 mm for 
bedding planes and sub-vertical fractures gives a relatively 
good agreement between the pre-mining values of perme-
ability from site measurements and models.

Gob Model
In longwall mining, formation of gob material due to the 
roof caving prevents overstressing the chain pillars. Gob 
compaction degree and its residual voids affect the overall 
deformation and stress distribution around the longwall. A 
gob model in the roof of longwall panels is installed during 
mining each panel in the model.

Simulation of gob materials in the continuum model-
ing environment such as FLAC3D can be done with an 
equivalent element method (Esterhuizen, et al. 2010). In 
this approach, the caving zone in the model is replaced with 
zones whose cohesion is reduced during the model run. 
However, this approach in 3DEC may lead to an exces-
sive overlap of blocks within the equivalent element zones 
because the DFN-generated blocks can experience large 
displacement, overlapping the equivalent element zones.

To avoid the excess overlap, Khademian et al. (2022) 
simulated the effects of the gob materials instead of 
explicitly modeling the caving process. In this approach, 
counteracting loads are applied onto the mine roof in 
the model and are gradually reduced until the mine roof 
is fully relaxed. At the same time, incremental stresses are 
applied as gob effects with a=5 MPa and a maximum strain 
of 44%. Details of the  approach can be found elsewhere 
(Khademian et al., 2022).

Once the model reaches equilibrium, the surface sub-
sidence and pillar stresses are recorded. Figure 7 shows the 
super-critical surface subsidence recorded in the model 
with a maximum value of 1.5 m, about 70% of the mining 
height, that is expected from a supercritical longwall panel. 
Figure 8(a) and (b) show the modeled pillar vertical stress 
after the first and second panels are completed, respectively.

In Figure 8, the in-situ vertical stress at the mine level is 
about 8.9 MPa. The average vertical stress within the abut-
ment pillar (between the second and third panels) increases 
to 13  MPa and to 24  MPa after the second and third 

panel mining. Figure 8 also shows the gob stress after min-
ing each panel. With the simulated gob effects, the stress 
within the roof gradually approaches the in-situ stress level 
of 8.9  MPa, which reflects the expected gob effects after 
mining the panels.

Aperture Variation
During mining of the two panels, apertures of all fractures 
are recorded in the model. Figure 9 shows the aperture of 
the subvertical fractures evolving with the progress of min-
ing in mm. The heat maps are based on a discretization of 
the 3DEC model with a 17×17 m squares from the roof to 
the surface of the mine. Values assigned to each square are 
the average of the aperture of fractures falling within the 
defined area of the square. The aperture values in Figure 9 
correspond to the first, second, and third panel mining. 
All fractures are initialized with an aperture of 0.3  mm. 
In-situ stresses expand the range of apertures from 0.3 mm 
to between 0.005 and 10 mm. This range further expands 
as mining continues. For visualization purposes the range 
of the aperture legends are limited between 0.25 mm and 
2 mm. The subvertical fractures within the predefined set 
of DFNs are activated due to the mining-induced deforma-
tion and stresses. The activation in shear or tensile modes 
increases their aperture from the initial values.

Figure 8.  Vertical stress at the mining horizon after mining 
the second panel (a) and after mining the third panel (b)
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As shown in Figure 9, the fractures located within the 
caved zone and above the panel edges experience the larg-
est increase in aperture. In contrast, the horizontal stresses 
induced by mining reduce the aperture of subvertical frac-
tures at the middle of the panels.

Figure 10 shows the aperture plots for bedding plane 
permeabilities. Bedding plane separation can be seen in the 
area above each panel but is pronounced above the panel 
edges and in the caving zone. The lowest aperture values are 
within the area above the pillars from mine level to 150 m 
above the roof.

Figure 11 shows the aperture plots for permeabilities of 
both sub-vertical fractures and bedding planes. The aper-
ture distribution is mainly dictated by bedding planes as 
they correspond to the larger aperture values. The area with 
lowest aperture values is still above the pillars but is shrunk 
to 120 m above the mine.

Permeability Calculation
Rockmass permeability is mostly controlled by the permea-
bility of fractures due to the typically low permeability of the 
rock matrix. So, it is assumed the rock matrix permeability 

Figure 9.  3DEC results on the aperture values in mm for subvertical fractures (a) after mining the first panel (b) after mining 
the second panel (c) after mining the third panel
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is zero. The approach for calculating the permeabilities in 
the model is based on the Cubic Law and Darcy’s equation. 
As part of the calibration efforts, the mechanical apertures 
are reduced by 60% to represent the hydraulic apertures 
(Khademian et al., 2021).

The objective here is to calculate permeability val-
ues and compare them with the field measurements. The 
contribution of bedding planes or vertical fractures to the 
overall of the permeability measured by slug tests can-
not quantitatively be determined. Besides, it is not clear 

what volume of rock surrounding the perforated intervals 
is represented by the measured permeability of slug tests. 
However, if the permeability of the borehole wall at the 
perforation intervals is less than that farther away from the 
borehole, the lower permeability values determine the flow 
conditions. Thus, we calculate permeabilities in each layer 
within a 44-m abutment pillar width and then 22 m radii 
from the borehole locations and select the minimum values 
between the two. Based on fracture densities, one may fur-
ther reduce the length to find the minimum permeability 

Figure 10.  3DEC results on the aperture values in mm for bedding planes (a) after mining the first panel (b) after mining the 
second panel (c) after mining the third panel
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closest to the borehole. The red X’s in Figure  12(a) and 
12(b) show the field measurement of the permeability val-
ues after mining the first and second panels in the model. 
The modeling results are shown by circles for permeability 
of sub-vertical fractures and by squares for the permeability 
of bedding planes. The first and last records of permeabili-
ties in the field are considered as the pre-mine-by and post-
mine-by permeabilities, respectively. Figure 12c shows the 
permeabilities after the third panel is mined. Table 2 lists 
the predicted values by the model and field measurements.

Field measurements will continue during the third 
panel mining, and the results will be compared with values 
in Table 2 in future works. The results listed in Figure 12 
and Table 2 show a good agreement between the predicted 
values in the model and the measured values in the field.

CONCLUSION
A comparison was made between field measurements and 
the modeled values of rockmass permeabilities above the 
abutment pillar in a longwall mine in the Pittsburgh coal 

Figure 11.  3DEC results on the aperture values in mm for all fractures (a) after mining the first panel (b) after mining the 
second panel (c) after mining the third panel
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seam under 352-m cover. Two boreholes were drilled above 
an abutment pillar in the mine. Slug permeability measure-
ment tests were conducted in the boreholes at two perfo-
ration intervals located in the Sewickley and Uniontown 
horizons. A modeling methodology previously developed 
by researchers at the National Institute for Occupational 
Safety and Health (NIOSH) was used to investigate the 
fracture propagation and aperture changes due to mining. 
It was shown that the minimum aperture values are located 
in an area above the abutment pillar from the mine roof to 
120 m above. The results show that the modeling approach 
can be used to predict permeability values in similar mining 

and geologic conditions. Future work can quantify the 
effects of geological parameters, mining layout, and over-
burden depth on the fracture aperture evolution and its 
effects on the rockmass permeability.

LIMITATIONS
This study shows that the field measurement of permeability 
altered by mining agrees well with the modeling results for 
a deep cover longwall mine in Southwestern Pennsylvania. 
However, further work is required to validate the proposed 
modeling methodology in different geology and operation 
settings.
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Figure 12.  Results of modeled and measured permeability along the depth for (a) first panel is mined, (b) second panel is 
mined, and (c) third panel is mined

Table 2.  Field measurements and model predictions of permeabilities
Sewickley Uniontown

Model Field** Model Field
SV BP — SV BP —

First panel mined 1.4 mD 20.6 D 1.03 mD 0.9 mD 17.7 D 0.19 mD
Second panel mined 1.4 mD 0.14 mD 0.09 mD 2.9 mD 0.1 mD 0.12 mD
Third panel mined 1.9 mD 0.2 mD — 2.27 mD 0.15 mD —

SV: subvertical fractures; BP: Bedding planes; Field: Slug test measurement results
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DISCLAIMER
The findings and conclusions in this paper are those of the 
authors and do not necessarily represent the official posi-
tion of the National Institute for Occupational Safety 
and Health (NIOSH), Centers for Disease Control and 
Prevention (CDC). Mention of any company or product 
does not constitute endorsement by NIOSH.
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