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Abstract

Understanding the evolution of gob compaction and related gas transport behavior is necessary for the planning and opti-
mization of gas ventilation and control in longwall coal mines. In particular, the detachment of the undermined roof into
the gob leaves a loosely compacted perimeter that skirts the longwall panel. This permeable gob perimeter in plan view
forms as a result of shear separation from support provided by the solid ribs. This detachment and the resulting rotated and
reduced stresses limit compaction, elevate permeability and exert significant control on gas flow during active longwall
mining operations. We report gob compaction experiments on in-mine-collected fragmented rock and conduct mechani-
cal compaction on stacked samples that are either uniformly coarsening upwards (case A) or are coarsening upwards, but
capped by a segregated upper layer of coarse rock (case B). Observed compaction is linked to a capillary model representing
porosity reduction and permeability evolution. As applied uniaxial stress increases from 0 to up to ~ 2000 kPa, the porosity
decreases from 0.64 to 0.41(~36%) for the uniform stacked material (A) and but only from 0.66 to 0.51 (~23%) where the
gob is topped with a layer of coarse “roof” rock simulants (B). Particle—particle self-adjustment dominates the compactive
behavior at initial low stress and results in significant strain—followed by a linearly elastic region through the remainder of
loading. The elastic regime is used to predict the permeability of the loosely compacted gob, considering the redistribution
of stresses induced by shear collapse at the rib. Permeability evolution is scaled through the evolving compactive strains
and particle size distribution of the fragmented rock, enabling results to be up-scaled to mine scale. These results provide
a first rational method for analyzing the interactions between caved gob and the ventilation system towards mitigating gas
concentrations and minimizing the hazard.
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1 Introduction

Longwall mining is an efficient and economically favorable
method for the recovery of coal (Peng 2008; Alehossein and
Poulsen 2010; Sajjad et al. 2019; Wang et al. 2020). In a
typical longwall mining system, the longwall panel advances
incrementally as the coal is continuously extracted (Fan
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and Liu 2017; Wang et al. 2019). Ideally, the unsupported
immediate roof and the overlying strata will fracture and
collapse to form the gob—avoiding excessive cantilevered
loading by the intact roof to the face supports. This caved
zone will compact as the face advances and arching support
diminishes. This jumble of irregular caved blocks of rock
and residual coal fill the caved zone and form the dynamic
gob region. Depending on the degree of compaction of
the caved gob materials, the height of the caved zone may
reach ~4-to-11 times the thickness of the coal seam (Kara-
can 2009a, b; Li et al. 2020). Within the mine gob region,
the compacted rock/coal mass provides viable, complex and
dynamic pathways for airflow and the concurrent migration
of methane (Karacan 2010). Although the gas flow pathways
may constrict with compaction, the high permeability path-
ways will endure and will affect the leakage of ventilation
airflow from working face to the gob, the flow of methane
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from surrounding sources towards the gob and into the mine
face, and the performance of methane extraction gob gas
ventholes (Karacan 2009a, b; Karacan et al. 2007). Thus,
understanding and predicting the compaction behavior of
the caved zone can provide a mechanism-based approach
to define the evolution of gas flow behavior and in propos-
ing effective gas mitigation strategies. The goal of this is
to minimize gas outing and its related mine safety hazard.

The overburden stress in the caved zone evolves dynami-
cally as a result of repetitive loading then unloading (Zhang
and Zhang 2019; Zhao et al. 2019). This quasi-static load-
ing modulates porosity and permeability as a function of
both stress-induced deformation and stress-induced dam-
age (Wang et al. 2018; Zhu et al. 2016). By recalling the
Mohr—Coulomb failure criterion—even the criterion does
not govern the compaction of broken rocks in the gob,
where evolving tensile or shear stresses exceed the truncated
Mohr—Coulomb failure criterion, the broken rock blocks
comprising the gob will fail and compact towards a final
equilibrium state. Thus, the overburden stress profile and its
evolution uniquely determine the deformation in the caved
zone, which will also influence the dimensions and shapes
of the broken rock together with the associated evolution of
porosity and permeability.

The gob compaction process can be idealized as one-
dimensional quasi-static consolidation (Karacan 2010).

Mining Height

Fig.1 Schematic of longwall mining and the distribution of rock/
coal mass in the gob region: a schematic representation of longwall
mining with a shearer [modified from Karacan (2009a)]. b Gas-flow
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Figure 1 shows a schematic representation of longwall
mining with a shearer as well as the distribution of rock/
coal mass in the caved gob. Field observations (Forster and
Enever 1992; Adhikary and Guo 2014; Zhang et al. 2016)
suggest a gas drainage model illustrated in Fig. 1b. Indeed,
the caved rock mass comprising the gob is heterogeneous but
structured as a permeable boundary gob perimeter-shaped
ring skirting the more fully compacted gob to the interior
(Fig. 1c). This structure results from the action of the rib
supports significantly influences the stress and permeability
distribution (Fig. 1c) through this loosely compacted zone
B. Vertical compaction within this zone mobilizes friction
from the local rib confinement along the boundary between
the rock mass and the rib. This frictional force rotates the
principal stresses within the loosely compacted Zone B.
Thus, the compactive behavior within this skirting “gob
perimeter” shaped ring will be linked to the local rib con-
finement (Fig. 1b, c¢), concomitantly impacting the porosity
and permeability evolution.

We present experimental observations of scaled-gob
compaction and dynamic permeability evolution using mine
roof-rock materials. We develop an analytical model to eval-
uate the re-distribution of stresses within the loosely com-
pacted Zone B adjacent to the rib. This defines the impact
of the local shear stress on the volumetric response of the
gob rock mass and its impact on permeability. The analytical

Rib Area Gob Area Rib Area
&— / \( ____________________ -)/

ubjsidence

(b)

Fully Compacted Zone

Return <=

(C) Mining Direction «

Intake m———

model proposed for the gob area and rib area [modified from Forster
and Enever (1992)]. (c) Plane-view of the interior compacted gob
zone skirted by a lightly-compacted O-shaped ring
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models are validated against available observations with
probability density functions of the particle size distribu-
tion providing the link between laboratory and field scale
behavior. The validated models are then used as mechanism-
based model to predict porosity/permeability evolutions in
the gob region.

2 Background and Previous Studies

As the longwall mining panel progressively advances, the
gob rock mass, including the immediate roof rock, overlying
strata, and residual coal gradually compacts. The resulting
compactive state is highly related to the dimensions, gra-
dation, shapes, and distribution of the broken rock blocks
(Arya and Paris 1981; Auset and Keller 2004; Mortensen
et al. 2005; Sirivithayapakorn and Keller 2003; Wu et al.
2008). Specifically, the gob material is highly fragmented
with irregular shapes of various sizes. The rock fragment
size distribution influences the mechanics of fluid transport
in the fragmented medium (Karacan 2010). The size distri-
bution of the fragmented rock blocks is one key property
that links laboratory scale response to field scale—mobiliz-
ing the power of digital imaging (Rieu and Sposito 1991).
Mechanical deformation may be digital imaged to establish a
three-dimensional (3D) model then allowing the simulation
of stress—seepage coupling effects (Zhao et al. 2018). The
disordered nature of the broken rock blocks is amenable to
fractal description for the fragment size distributions ena-
bling fractal porosity and permeability models to be devel-
oped. Specifically, the permeability and porosity expressions
can be shown as Karacan (2010):
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where k is the permeability, m?; Ar is the total area to flow,
m?: L, is the representative length, m; « is the shape factor in
the Hagen—Poiseuille equation, dimensionless; Dy is the tor-
tuosity fractal dimension, fractal dimension; Dy is the pore-
area fractal dimension, fractal dimension; r,;, and r,,,, are

the minimum and maximum pore sizes respectively, m, and:
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where ¢,,; and ¢, are successive porosities under compac-
tion, dimensionless; A is plastic compressibility index, 1/
MPa; Dy is the fragmentation fractal dimension, fractal

dimension; m is the Weibull modulus, dimensionless; o,
and o; are the applied macroscopic stresses, MPa.

The above fractal theory-based models are essential in
understanding the effects of particle size/spatial distribution
on the evolution of porosity and permeability. Incorporating
the evolution of average stress enables dynamic compaction
effects to be explicitly incorporated into the permeability
model. In addition to porosity and permeability models
accommodating fractal theory, the Carman—Kozeny equa-
tion may be applied to estimate gob permeability as Ester-
huizen and Karacan (2007):
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where k is the initial permeability of the broken rock at the
maximum porosity, m?; and ¢ is the porosity, dimensionless.
One concern related to Eq. (3) is the determination of the
initial permeability, which is challenging due to the inacces-
sibility of the gob environment.

Gob permeability is highly dependent on the in situ
overburden stresses (Lowndes et al. 2002). Semi-empirical
formulae quantify fractured rock permeability, defining an
exponential relationship between permeability and the volu-
metric strain as Jozefowicz (1997):

k=-4x107"%> —6x 1072 —=7x 107 *¢, + 107",
(€]
where ¢, is the volumetric strain, dimensionless. In addition,

exponential relations link fracture permeability to stress as
Karacan et al. (2007):

k, = kyexp[-0.25(0,, — 0.)], (5)

ki = knoexp[=0.25(o, — 0,40) ] ©6)

where k, and k;, are the independent permeabilities in the
vertical and horizontal directions, m?%; k,, and k,, are the
initial permeabilities, m?; o,. and o, are the prevailing
stresses and o, and o, are the initial vertical and horizon-
tal stresses, respectively, MPa.

Such models of porosity and permeability are stress
dependent. Stress-induced rock mass deformation and damage
can significantly impact porosity and permeability ass. Spe-
cifically, the stress-dependent permeability can be linked to
porosity evolution (Egs. (1) and (3)) or directly developed from
the impact of stress level on volumetric strain (Egs. (4-6)).
These models implicitly show that the stress level, as well as
the stress-dependent rock mass properties, drives the dynamic
changes in porosity/permeability. Significant effort has been
devoted to characterizing the stress—strain relationship for gob
rock masses. The classical quantitative stress—strain relation-
ship for compacting gob can be defined as
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Ee,
o= l_‘L’\v/em, (7)
where o, is the vertical stress, MPa; E is the initial tangent
modulus of the broken rock, MPa; ¢, is the vertical strain,
dimensionless; €, is the limiting maximum vertical strain,
dimensionless. Among these parameters, E and €, can be
quantified as Zhang et al. (2019):
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where b is the bulking coefficient, dimensionless; o, is the
maximum uniaxial compressive strength, MPa; ¢, and ¢, are
the coefficients related to the strength of the immediate roof,
which can be fitted from the experimental data based on
the semi-empirically equation; /4 is the height of the caved
zone, m. Based on the assumption of elastic response, a con-
ceptual model for the stress—strain constitutive law may be
developed by assuming that the contact connection between
two adjacent rock particles is similar to that in a cubic mass
(Fan and Liu 2017):

E,
b ©
o
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where E, is the elastic modulus of rock particles, MPa;
a is the uniaxial elastic modulus coefficient, dimension-
less, which is an empirical parameter based on a concep-
tual model and can be fitted through experimental data. In
addition to the evolving stress level in the caved zone, the
stress-dependent material properties are also sensitive to the
stress level. Based on deformation experiments, the stress-
dependent secant modulus exhibits a linear relationship with
the stress level as Pappas and Mark (1993):

E=aoc, +b, (10)

where E is the secant modulus of the rock particles, MPa; a
and b are the experimental fitting parameters, dimensionless.
Also, the elastic modulus and Poisson ratio of the caved rock
mass evolve with the one-dimensional consolidation (Zhang
et al. 2019). Typically, the bulk modulus of the broken rock
blocks evolves with the accumulation of vertical strain and
the maximum vertical strain as
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where G is the shear modulus, MPa; and E; is the initial
tangent modulus of the broken rock blocks.

Previous studies mainly concentrated on empirical and
regression-fit experimental observations. Some analytical
models attempted to link stress-induced deformation and
damage with the evolution of porosity and permeability
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(Guo et al. 2015, 2009). Accommodating stress-dependent
rock mass properties improved predictions of volumetric
response and gas flow behavior in the caved zone. However,
the majority of these studies assume that the overburden
stress is the only compactive force impacting porosity and
permeability evolution, neglecting the important role of rib
confinement, as illustrated in Fig. 1c.

In this study, we report the physical gob compaction
experiments on in-mine-collected fragmented rock and con-
duct mechanical compaction on stacked samples that are
uniformly coarsening upwards. Based on the experimental
results, the specific emphasis is made on the variation in
compactions between the outer and central regions as this
is considered analogous of the gob abutments. The detach-
ment of the undermined roof into the gob leaves a loosely
compacted perimeter that skirts the longwall panel. This
permeable perimeter forms as a result of shear separation
from support provided by the solid ribs. The theoretical
models for quantifying the rotated stresses and the porosity/
permeability were proposed based on the conceptual model
origins from the experimental observations in this study
and idealized geometry models from literatures (Forster
and Enever 1992; Karacan 2009a). Since we cannot col-
lect enough effective data under very high loadings based
on our own experimental setup, the proposed models were
subsequently validated against with the public data (Pappas
and Mark 1993). The validated models were then used as
mechanism-based models to predict the permeability evolu-
tions. The predicted results were analyzed and discussed by
comparing with other work from literature (Karacan 2010).
This study can ultimately provide a comprehensive model
framework to study the porosity/permeability evolution
under in situ complex inaccessible condition, which can be
used for the ground control and operation optimizations for
gob degasification strategies.

3 Experiments and Observations

3.1 In-mine Sample Collection and Experimental
Design

Caved broken rock was collected from a deep longwall min-
ing operation in China at the Tangkou coal mine. The Tang-
kou coal mine is located in Jining city, Shandong Province,
China. The actively mined seams are of Permian (Shanxi
formation) and Carboniferous (Taiyuan formation) (Fig. 2a)
ages. These comprise six coal seams numbered as #3, #6,
#10, #15, #16, and #17 (Fig. 2a) with the #3, #16, and #17 as
the primary targeted seams for longwall mining. Annual pro-
duction is planned at~5 million tons/year (Liu et al. 2020b).
The #3 coal seam is mined by the LTTC mining method and
is the object of this study. A field in-mine ventilation survey
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was conducted at the 6304 working face within the #3 coal
seam, subject to the panel layout illustrated in Fig. 2b. The
average thickness of the coal seam at the 6304 working face
is~9.76 m, with a detailed mine layout reported previously
(Liu et al. 2020b). An initial width of 182 m transitions to a
final narrow panel width of 60 m with a working face length
of ~ 1565 m (Fig. 2b).

Compaction experiments used caved rock from multiple
locations immediately behind the shield following caving,
as shown in Fig. 2c. The density of the collected mudstone
sample was measured as~2.1 g/cm>. The collected caved
rock blocks were manually selected with diameters less
than 25 cm. The broken rock samples were classified into

fractions with edge dimensions < 5 cm, 5-10 cm, 10-15 cm,
and > 15 cm (Fig. 3). These gob materials were used in com-
paction tests in the laboratory.

The experiments simultaneously measure both displace-
ment and flow in the simulated gob samples. The experi-
mental system (Fig. 4) comprises a high-stress uniaxial
(zero lateral strain) rock compaction chamber to contain the
caved rock mass (Fig. 4a). The cylindrical chamber is 40 cm
in diameter and 60 cm in height, as shown in Fig. 4a. The
chamber was placed in a loading frame with a maximum
loading capacity is 600 kN with both axial load and vertical
displacement continuously monitored.

Gradually Coarsening-upwards

< 5cm

Fig. 3 Gob materials collected from longwall coal mine

10 — 15cm
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Fig.4 Schematic of the experimental setup. a Schematic of the load deformation and fluid flow testing system. b Inside view of the sample
chamber. ¢ Gas outlet and pressure transducer. d Exterior view of the sample chamber. e Mass flowmeter

Field observation (Fig. 2) identifies distinct layer-
ing in the caved rock mass—with component rock block
sizes increasing in size from floor to roof. To replicate this
observed structure, the fragmented samples were weighted
and mixed in different modes for both two tests, as shown
in Fig. 5.

Layer 3

Layer 2

Layers Gradually Coarsening-upwards

Layer 1

(a) Test A

Fig.5 Different layering behavior of gob materials in Tests A and B
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Then, experiments were conducted in two modes (Table 1
and Fig. 6): Test A with layers gradually coarsening-upwards
and Test B with similar coarsening-upwards layers capped
with single coarse top layer. In Test A, the rock samples
(dimensions of <5 cm and 5-10 cm) were packed in the
first layer with the mass ratio of 1:4. That is, 20% by weight

Layer 2

Layers Gradually Coarsening-upwards

Layer 1

(b) Test B
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;I'alzle 1 Raw data for the two Tests Height(cm)  Weight (kg)  Particle size distribution (mass percentage) Porosity
ests
<5cm 5-10cm 10-15cm > 15cm  Initial  Final
Test A
Layer1 8 7.50 20% 80% - - 0.64 0.43
Layer2 8 7.50 - 20% 80% -
Layer3 8 7.48 - - 20% 80%
Test B
Layer1 5 442 20% 80% - - 0.66 0.51
Layer2 5 4.50 - 20% 80% -
Layer3 5 442 - - 20% 80%
Layer4 5 5.00 - - - 100%
80%
20%
80% |
20% I
80%
20% I

Fig.6 Schematic of experimental design for Tests A and B

of <5 cm and 80% by weight of 5-10 cm, packed as the first
layer as shown to the bottom left of Fig. 6. For the second
layer, the mass ratio remains as the same at 1:4 but with
incremented gradations of 5—10 cm and 10-15 cm, respec-
tively. The third layer is finally packed with further incre-
mented gradation dimensions of 10—15 cm and 15-25 cm
again at a 1:4 mass ratio. All three layers in Test A have the
same packing height of approximately 8 cm and the same
rock mass weight of ~7.5 kg, as shown in Fig. 6. Similar-
ity, the new four layers of the second test B were packed

as shown in Fig. 6. The four layers in Test B again have
a uniform packing height now of approximately 5 cm and
the same rock mass weight of ~4.5 kg in each layer—but
the uppermost capping layer comprises the coarsest frac-
tion, only—representing the in situ observation of a coarse-
graded top-gob. For Tests A and B, the loading rates were
set as 0.1 kN/s and 0.05 kN/s, respectively, with the maxi-
mum applied loads for the two tests as 300 kN and 200 kN,
respectively. It should be noted that the two packing types
are the reasoning results of the field observation and other

@ Springer



5496

A.Liuetal.

work from literature (Zhao et al. 2018), which replicate dif-
ferent layering behavior of gob materials. The aim of two
different experimental loading rates in Test A and Test B was
to achieve two totally different scenarios. If we can observe
the similar permeable gob perimeters from two totally differ-
ent tests, then it is confident to build the conceptual model.
Future studies might incorporate detail layering information
and loading rate with respect to lithology and overburden
stress respectively.

3.2 Mechanical Behavior of the Broken Rock Mass
with Uniaxial Loading

Figure 7 shows images of the fragmented rock mass both
before then after the compaction experiments for the

contrasting gradations of Tests A and B. Apparent is that the
rock blocks in all layers compact, crush and fail into smaller
sized fragments. In both Tests A and B, the fragments in the
center of the sample were fully compacted with those on the
periphery relatively loosely compacted and less damaged—a
direct miniature analog of behavior at gob scale—although
this is not the focus of the experiments. For both Tests A and
B, the lower layer (i.e. basal layer) was severely compacted
and crushed compared to the upper layers (i.e. layer 3 in test
A or layer 4 in test B). As shown in Figs. 6 and 7, the frag-
ments in both tests were packed with layers gradually coars-
ening from bottom to top. Based on the results from Karacan
(2010) and Fan and Liu (2017) and our experimental results,
it can be justified that the relatively large fragmented rock
mass at the top layer tends to have flat surface (i.e. cuboid,

(b) Test B

Fig. 7 Mine-roof rock mass both before (top) and after (bottom) compaction experiments of Tests A and B
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polyhedron) and the mutual contact between large fragments
can be regarded as areal contact. The smaller sized frag-
ments in bottom layer tend to have sharp and uneven sur-
faces, i.e. triangular awl shape. The irregular distribution of
smaller sized fragments in bottom layer tends to lead to pre-
vailing point contacts across fragments. The cumulative and
statistical contact area in top layer is expected to be higher
than bottom layer. With the same applied vertical force, the
smaller sized fragments at the bottom are subject to higher
point-contact loads than the upper layers. The experimental
results indirectly represent the “O-shaped” type compaction
behavior for the gob at lab scale, analogous to Fig. 1c as a
result of rib support and friction induced forces.

Figure 8a shows the mechanical response of the frag-
mented rock under uniaxial loading. The stress—strain
curves show distinct differences between the gradations of
Tests A and B. The response may be separated into two seg-
ments—initial high-compaction followed by elastic compac-
tion (Fig. 8a). During initial compaction, the stress—strain
response remains flat with the initial small applied seating
stress. After the initial compaction, the response switches
to linearly elastic. For the continuously coarsening upwards
gradation of Test A, a strain of ~0.25 is the threshold to elas-
tic response at an average stress of ~0.38 MPa (correspond-
ing to a force of 48.33 kN). The average stress is computed
from the force applied over the average cross-sectional area
of the experimental chamber. The maximum strain for Test
A is~0.39 corresponding to a maximum stress of ~1.95 MPa
(corresponding to a force of 245.26 kN) during the second
load cycle. For Test B, ~0.17 is the threshold strain for elas-
tic response representing an average stress of 0.41 MPa (cor-
responding to a force of 51.38 kN). The maximum strain
is~0.30 at a stress of ~ 1.59 MPa (corresponding to a force

Mudstone - Test A
Mudstone - TestB

1994 Elastic compaction stage

1.59

1.19 4

Stress (MPa)

0.80

0.40

0.00 T L T 1 T T
0.0 0.1 02 03 04

Strain

(@)

of 200 kN). Although similar two-stage trends are observed
for both Tests A and B, comprising the same materials, the
differing thresholds result from the different stacking and
packing configurations—both are coarsening upwards but
Test B has a larger gradation and is capped with a single
course layer, or different loading rates. This indirectly sug-
gests that the overburden strata control gob compaction as
illustrated in Fig. 1b. Based on the experimental data, we
infer that the gob material can be treated as a linear and
elastic medium after an initial seating-in compaction. How-
ever, the elastic assumption may not be appropriate for the
initial compaction period with excessive deformation under
low stress conditions. Additionally, we need to point out that
the elastic behavior of the compacted gob materials cannot
be applied for unloading process. Strictly, the compacted
gob materials are not continuous mediums, which consist
of many fragments with different sizes. As the loadings
continuously increase, the contacts between fragments will
become more and more tight and the linear elastic behavior
will be much more obvious. Conversely, any unloading of
the gob materials will easily break the contacts between the
compacted fragments and thus the linear elastic assumption
is untenable for unloading process.

For both Tests A and B, the porosity of the fragmented
rock mass in the sample chamber was calculated from

¢ = %, where V, is the total volume of the broken rock

blocks—total volume of the sample is assumed constant as

V.= % (where m is the total mass of the sample, p is the

density of the rock sample). V, is the time-dependent volume
of the sample chamber in use, which includes the constant
sample volume and the stress-dependent void volume. The
time-dependent volume V, is calculated from

0.70

Mudstone - Test A
Mudstone - Test B

0.654

0.60 —

0.55 4

Porosity

0.50 4

0.45 4

0.40 : .
0.0 05 1.0 15 20

Stress (MPa)

(b)

Fig.8 Mechanical behavior and porosity evolution of the broken roof-rock masses under uniaxial loading. a Stress—strain response. b Porosity

evolution
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V., = A(H,— S), where A is the cross-sectional area of the
testing chamber, H,, is the initial packing height of the sam-
ple and S is the compactive deformation of the load point.
Thus, the stgess-dependent porosity is recovered from

A(Hn—S)—; R .
= ) As shown in Fig. 8b, the porosities in both

tests decrease nonlinearly with increasing stress at relatively
low stresses. In Test A, the porosity decreases from 0.64 to
0.41 (~36%) as stress increases from 0 to ~ 1953 kPa, while
for test B, the porosity decreases ~23% from 0.66 to 0.51 at
the maximum stress of ~ 1592 kPa. Since the applied uni-
axial stresses in both tests continuously increase with time,
we can compare the porosity changes at the same loading
stage. The maximum loading stress of Test A is higher than
Test B does and thus the porosity evolutions of the two tests
as the applied uniaxial stress increases from 0 to ~ 1592 kPa
were compared. The results showed that as applied uniaxial
stress increases from 0 to ~ 1592 kPa, the porosity decreases
from 0.64 to 0.43(~33%) for the uniform stacked material
(A) and but only from 0.66 to 0.51 (~23%) where the gob is
topped with a layer of coarse “roof” rock simulants (B). In
addition, the monitored time-dependent loading force and
the associated displacements was collected and summarized
as a data set, which can be downloaded from the Zenodo
website (https://zenodo.org/record/3929410).

Finally, we noted that only materials from the immediate
roof were collected and used because the upper caving zone
materials are inaccessible. The experimental data plotted
here are collected from limited number of tests and thus
which may not be inclusive for all the field conditions. The
data presented in the work should be cautiously used for
further extrapolation. It should be noted that the experimen-
tal observations obtained from the two compaction tests on
gob materials can provide a justified conceptual model with
physical understandings. These experimental results provide
at least a preliminary evaluation of the stress—strain behavior
for the gob materials. Future studies might incorporate the
upper overlying strata, representing the detachment zones,
potentially at higher stresses and on larger grades samples.

4 Prediction of Porosity and Permeability
Evolution with Compaction

With continuous advancement of the longwall panel, the
overlying roof strata behind the support shield may “hang-
up” as a rock cantilever before breaking into rock blocks
with irregular shapes and sizes within the gob (Fan and
Liu 2017).The caved gob will gradually consolidate under
the overburden load and porosity and the permeability will
evolve with time. Prediction of porosity and permeabil-
ity is important in defining mitigation strategies to mini-
mize gas (mainly the fugitive methane) concentrations and
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related hazard. From the compaction experiments in the lab
(Fig. 8a), the gob materials show elastic properties as they
fully compact, suggesting this as an appropriate model for
uniaxial consolidation.

4.1 Stress Distribution within the Caved Gob

In longwall mining, the caved zone can reach 4-11 times
the thickness of the mining height where overburden rocks
are weak and porous (Karacan 2010). In the caved zone, the
broken rock mass stacks layer by layer with continuous cav-
ing, as shown in Fig. 9a. Failure begins with the immediate
roof strata with the overlying strata sequentially stacking on
the gob and loaded by the overburden. Mohr’s circle may be
used to describe the state of stress in the gob—representing
the Mohr—Coulomb failure envelope as shown in Fig. 9b. In
Fig. 9b, the vertical stress (the maximum principal stress)
can be estimated from the overburden load—average den-
sity (kg/m3) X gravity (m/s?) x the depth of cover (m). This
ignores friction along the boundary between the fragmented
rock medium and the rib resulting from movement in vertical
direction. As illustrated in Fig. 9b, if the frictional force is
ignored, the overburden stress and the horizontal component
due to the ‘Poisson effect’, should be the maximum and min-
imum principal normal stresses. The Poisson’s effect is not
accurate to describe the stress variation of horizontal compo-
nent induced by overburden stress at early compaction stage.
The gob is a granulated medium, particularly during early
low stress portion when fragments re-orient under load. The
horizontal component of in situ stress as the result of tec-
tonic strains seems better approximate the lateral/horizontal
stress component. The maximum principal normal stress in
the vertical direction increases with an increase in overbur-
den depth with the induced horizontal stress (the minimum
principal stress) proportionally increasing (Fig. 9b). For
example, as the maximum principal normal stress increases
from V| to V,, the corresponding horizontal stress induced
by the Poisson effect increases from H; to H,. Theoretically,
the overburden stress and the horizontal stress are location
dependent, as identified in Fig. 9b, while in practice quanti-
fying them is challenging (this will be discussed in Sect. 6).
Simplifying, we assumed that the local overburden stress
(0,) and the horizontal stress (o) in the following deriva-
tions are the average values (Fig. 9a). It should be noted that
the shear stress (Fig. 9a) is the combined effects of the hori-
zontal stress and the movement of the rock mass in the verti-
cal direction, based on Amonton’s law (7y = fo},, where 7y
is the shear stress and f is the dynamic friction coefficient).

As shown in Fig. 1b, the fragmented rock mass deforms
with the overburden load. Due to the Poisson effect, a hori-
zontal stress is applied to the fragmented rock mass by the
rib. Due to continuous compaction, the friction force is
generated at the rib to resist the vertical displacement of
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the compacted rock mass in the loosely compacted Zone B,
illustrated in Fig. 1. This induced shear resistance along at
the rib changes the state of stress in the loosely compacted
Zone B. As illustrated in Fig. 10, the principal stress coordi-
nates at the immediate gob rock mass in Zone B are rotated
with the rotation angle depending on the intensity of the
shear resistance between the rib and Zone B.

The stress rotation cannot be better described through
Mohr’s circle in cartesian coordinate system. Rather,
Fig. 10a shows the advantages of using a polar coordinate
system. For example, if we quantify the normal and shear
stresses of plane “A” in the Mohr’s circle plot, this represents
the plane at an angle § to the maximum principal normal
stress direction. In the Mohr’s diagram, the deflection angle
of this plane is 2§ in the Cartesian coordinate system as
shown in the Fig. 10. But in the polar coordinate system,
the angle between plane “A” and the plane of the maximum
principal normal stress is shown directly as the angle f.
In the polar coordinate system, the deflection angle of the
maximum principal normal stress at the boundary of the
loosely compacted Zone B, relative to the vertical direc-
tion, is as shown in Fig. 10b. In Fig. 10b, the fragmented
rock medium is assumed a porous continuum and the maxi-
mum principal normal stress in the center of the caved zone
(fully compacted Zone A) is vertical. At the boundary of
the caved zone (loosely compacted Zone B), the maximum
principal normal stress rotates towards the vertical direction

by an angle f. The rib-induced shear resistance requires that
the state of the stress for the immediate gob near the rib
(Zone B) should be re-analyzed. As quantified in Fig. 10b,
the maximum principal normal stress in the center of the
caved gob remains vertical with its direction unaffected by
the shear stress in the vertical direction (this will be further
discussed in Sect. 6). In this study, a representative element
volume (REV) is represented by the gob region near the
rib (Zone B) and the rotated maximum/minimum principal
stresses are regarded as uniform normal stresses applied over
the full REV. If the friction force is ignored and the vertical
and horizontal stresses are uniformly distributed, the Mohr’s
circle for the representative element volume (REV) is as
shown by the dashed Mohr’s diagram (Fig. 11). Here, the
Mohr—Coulomb failure criterion is adopted to evaluate the
failure state of the rock mass, which can be expressed as

T = uo + Cy, (12)

where 7 is the shear stress, MPa; ¢ is the normal stress, MPa;
C, is the cohesion, MPa; 4 is the internal friction coefficient,
where y = tan @, dimensionless; and ¢ is the angle of inter-
nal friction, degrees.

Since the fragmented rock mass is stacked layer by layer, the
rock blocks in the roof fail as the overburden stress increase to
its maximum value. We analyze this failure limit—the principal
stresses approach this limit as the shear stress reaches the failure
envelope. In Fig. 11a, the vertical stress, absent the effect of
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Fig. 10 Mohr’s circle stress T4
diagram in a Cartesian and
polar coordinates, and b rotated
to the principal coordinates of
the system

Fig. 11 Rotated Mohr’s circle T |
stress diagrams in Cartesian
coordinates
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friction, is shown as o, This is the maximum principal normal
stress with the horizontal stress—that is also the minimum prin-
cipal stress—is shown as o}, (Fig. 11c¢). If the friction force is
considered—as shown in Fig. 9a—the plane with the horizontal
stress (oy,) has a shear stress (7y) that is perpendicular to the
horizontal stress due to the confinement. The rotated Mohr’s
circle, including the friction force, will pass through location
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M with coordinates (oy, f0y,), while the shear stress 7y can be
calculated from fo}, based on Amonton’s law (Fig. 11b). The
new Mohr’s circle will have a revised radius determined by
recalling the relationship between the new Mohr’s circle and
the Mohr—Coulomb failure criterion. Since the fragmented rock
blocks are at failure, the radius of the new Mohr’s circle may
be determined from
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(O'h - a)2 + (fah)2 = (GN - a)2 + TI%]

where the location with coordinates (oy,7y) is the tangent
between the new Mohr’s circle and the Mohr—Coulomb fail-
ure envelope (point N in Fig. 11). Point o’ has coordinates
(a, 0) and the second equation of Eq. (13) describes the
relationship between the tangent (failure envelope) to the
Mohr’s circle and its radius (o’ — N).

Based on Eq. (13), the unknown parameter a can be deter-
mined as

a= o, + uoy, + Cou

principle normal stresses in horizontal and vertical directions
will be both lower than their original stress levels with consid-
ering shear separation from support provided by the solid ribs.

4.2 Porosity and Permeability Evolution in the Gob

The porosity of the porous medium forming the gob is
important in controlling permeability. However, direct meas-
urement of the porosity is difficult, due to its inaccessibility.
The porosity of the stacked rock mass will vary with the
shapes and size distribution of the fragmented rock blocks.
In light of the disordered nature of the fragmented blocks/
particles, several successful attempts have been made to
characterize soil particle-and aggregate-size distributions by

14

+ \//ﬂaﬁ + pol + Cou? + 2Cypoy, + 2Coploy, — f202 — f2ulol + C.

Based on the geometry, the radius of the new Mohr’s cir-
cle (') can be expressed as

/

= Cycoto..
Sing a+ Cycote (15)

From Eq. (14), the geometric relationship, the maximum
principal normal stress in the new Mohr’s circle can be
expressed as

o/ = (1+sing) (o, + u’o, + Cou

invoking the concept of fractal dimension (Burke and Plum-
mer 1928; Yu and Liu 2004). The fractal dimension links the
number size of fragmented particles, as Mandelbrot (1982):

N(w > 1) = Bpy™ ¥, (18)

where N is the cumulative number of particles of size @
greater than a characteristic size #, dimensionless; the expo-
nent Dy, is the fragmentation fractal dimension; and B is a

+ \/pﬂalf + pol + Cou? + 2Copoy, + 2Co 3oy, — f202 — f2 o] + Cé) + C, cos @.

(16)

Equation (16) defines the maximum principal normal
stress in loosely compacted Zone B by considering the rib
resistance. From the new Mohr’s circle, the minimum prin-
cipal normal stress (‘712) can be calculated as

o) = (1 —sing)(oy, + u’o, + Cou

coefficient related to the number of particles of unit diam-
eter, dimensionless.

Fractal theory has also been adopted to characterize the
characteristics of the fragmented rock medium in the gob.

+ \/u%ﬁ + pol + Cou? + 2Copoy, + 2Co 3oy — f202 — f2 o] + Cé) — Cycos .

a7

In addition, the plane “M” in the newly formed Mohr’s
circle defines the redistributed horizontal stress and the asso-
ciated shear stress along the rib. The horizontal and vertical
principal normal stresses must be orthogonal and are therefore
defined as in Fig. 10a. The redistributed vertical stress along
the boundary can be calculated from point “M”” in the new
Mohr’s circle (Fig. 11). As a result of shear separation from
support provided by the solid ribs, the overburden compaction
will be weakened to some extent. As theoretically quantified in
Egs. (16) and (17) and illustrated in Fig. 11, the redistributed

Typically, the fractal porosity in terms of particle size is
given as Karacan (2010)

Mmin D
p=1-|— ) 19)
Mmax

where ¢ is the porosity, dimensionless; #,,,;,, and #7,,,,,, are the min-
imum and maximum rock block sizes, respectively, m. Based
on Eq (19), the initial porosity of the porous medium can be
estimated by characterizing the rock sizes and their distribution.
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For the fragmented rock mass in the caved gob, the compaction
process is uniaxial and thus the associated porosity evolves as a
unique function of the variable loading stress in vertical direction.
Normally, the porosity of the porous medium can be defined as
Kai et al. (2017), Liu and Harpalani (20144, b), Liu et al. (2020a).

E,=E(1+24), 24)

where E is the secant modulus, MPa.

By introducing Egs. (23), (24) into Eq. (22), and then
substituting into Eq. (21), the evolving porosity with the
increasing vertical stress can be expressed as

1 —
p=1- %0 :
(3—sin ) <6h+[420'h+C0}4+ \/yzoﬁ +[44O';“:+C§y2+2C0M6h+2C0}436h—f26§ —f2H26§+Cr2) ) —Cycos @ (25)
1- E(1+22)
Yo
¢ = Vo (20) The fragmented roof blocks collapse into the caved zone
b

where Vp is the void volume, m>; and V, is the total volume
of the porous medium, m”>.

Based on Eq. (20), the evolution of porosity with uniaxial
compaction can be expressed as

S

Vo Vb()<1 —fv)’
1%
=1-— _—1-(1-
ey T %)

b Ve 14

| @)

(l—e\,)’

where V,, is the total volume of the porous medium at an initial
time, m’. Implicit in Eq. (21) is that there is no variation in the
solid volume based on an assumed constant rock-medium den-
sity. In the caved zone, the initial high void ratio created by the
fragmented rocks evolves with time due to the successive com-
paction of the overburden. With vertical compaction, the broken
gob stiffens due to particle rearrangement, slip, and crushing
of the fragmented components in the limited caved zone. A
reduction in the effective void ratio restricts the fluid pathways
to airflow and limits the concurrent migration of methane.

A model quantifying the volumetric strain of the frag-
mented rock medium is Fan and Liu (2017):

e="F o 22)

where A is the confining coefficient representing the intensity
of the induced horizontal stress due to overburden compac-
tion, A = ?, dimensionless; E, is the uniaxial elastic modu-
lus, MPa. In the rotated principal coordinate system, the
confining coefficient (A) may be expressed as A’ = %, which

can be further developed from Egs. (16) and (17) asv

and create viable pathways for airflow and the concur-
rent migration of methane. The permeability of the zone
is related to the size distribution of the fragmented roof
blocks—the porosity and the associated permeability are
typically used to define the permeability of the gob region.
Permeability may be defined through the Carman—Kozeny
equation for fluid flow in aggregates that

D2 ¢3
= @—(1 mpre (26)
where k is the permeability of the packed bed at a speci-
fied state, m?; D is the characteristic size of the aggregate
particles, m; and ¢ is the porosity of the porous medium,
dimensionless. An equivalent diameter, D, may be defined
for a series of particles with irregular shapes—commonly by
taking the average of the maximum and minimum particle
sizes. However, this may significantly overestimate perme-
ability (Karacan 2010).

Based on Eq. (18), the total number of the particles in the
size range #,,;, t0 ., in the packed bed can be estimated as

-D,
Nlotal(w > nmin) = BFI']mmF, (27)

where n,,;, and 7,,,,, are the sizes of the smallest and largest
particles, respectively, m. Differentiating Eq. (18) and then
dividing by Eq. (27), defines the probability density function
of the particle size distribution as

dN DF”_DF_]d
V{ = —F n. (28)

A=

(1 —sin (p)(ah + oy + Cop + \/[420'13 + ﬂ40'}21 + Cg;ﬂ +2Cypoy, + 2Cy 3oy, — f2 1% —fzyzaﬁ + Cg) —Cycos @

2 2
(1+sin(p)<ah+u26h+C0/4+\/u26§+u46§+C§u2+2C0/wh+2C0/430'h —f%'ﬁ(%) —fzuzof(i) +C§)+C0005(p

(23)

In addition, the uniaxial elastic modulus E_ is described
as Fan and Liu (2017)
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Enabling a characteristic particle size to be defined, based
on the probability density function as

Mmax h_ _D.
D= _/ _DF” Dr ll’]di’]= _ DF’/Imax <7Imax) ’ + Danin
—D, .
I’]minF (DF - 1) Mmin (DF - 1)
(29)

By replacing the characteristic size of the aggregate parti-
cles and porosity in Eq. (26) by Egs (29) and Eq. (25) gives

D 2
_ Difla (ﬂmax) 4 Detinin
(DF_I) Mmin (DF_l)
180

Mmin

be validated via public data. Fortunately, previous scholars
provided the well accepted data set, and which really helped
us validate the proposed models in this study (Pappas and
Mark 1993; Karacan 2010). The public data and the detailed
background information were summarized in Appendix 1.
Uniaxial compaction experiments are conducted in this
study to augment previous studies (Pappas and Mark 1993).
Porosity and permeability evolve with compaction, as quan-
tified in Egs. (25) and (30). The uniaxial elastic modulus £

1 _ ]_¢0

1—

(3-sin w)(ah +u20p+Cou+ \/MZ o +utol+CouP+2Conon +2Co u3 oy ~f2 0 /2 2ol +c(2))—c0 cos g

(30)

E(1+24")

1—¢y

2

(3-sin ¢)<Uh+uz op+Cou+ \/;42 o'ﬁ +,44a}21+cg W242Co o +2Cou3 oy, 2 5}21 —f2u2 uﬁ +c%)7co cos @
1

E(1424)

Equation (30) gives the final predictive permeability
model of the fragmented rock medium as a result of succes-
sive compaction. It is apparent that Eq. (30) can be used to
define the permeability evolution of the loosely packed gob
region (Fig. 1c) incorporating the effect of stress rotation
due to the rib resistance. Also, Eq. (30) can be simplified to
describe the permeability evolution in the fully compacted
Zone A (Fig. 1c) by neglecting the effects of shear resist-
ance. This model provides an essential link between per-
meabilities measured at lab scale and application to field
scale response. We wanted to point out that the permeability
model is a universal model, which is appropriate to describe
the central gob and gob abutment. However, it should be
noted that the main difference between the central gob and
the gob abutment is the stress distribution, which will be
discussed in Sect. 6.

5 Results and Analyses

In this study, we first developed the conceptual model based
on the physical understandings of the two experiments in
Sect. 3. Subsequently, the universal models for quantify-
ing stress, porosity/permeability were proposed in Sect. 4.
Since we cannot collect enough experimental data under
very high loadings based on our experimental setup (Fig. 4),
we tried to use the public data to validate our proposed mod-
els. The proposed models are universal models which can

is a measure of the secant modulus of the fragmented rock
medium. Uniaxial compression data are already available
for shale, weak sandstone, and strong sandstone (Pappas and
Mark 1993). These results show that the secant modulus of
the fragmented rock medium is linear with the uniaxial load-
ing stress, which can be expressed as

E = (ao, +b), (31)

where a and b are linear fitting parameters.
The secant moduli (E = %) of the fragmented rock

medium are calculated from the nonlinear stress—strain curve
of Fig. 12. The nonlinear stress—strain curve shows an initial
highly compactive stage, attributed to the high void ratio of
the packed zone. With further compaction, the fragment
pack stiffens and deformation becomes linear in stress. The
fitted values of a and b are then used to calculate the uniaxial
elastic modulus based on Eqs. (24) and (31). Figure 12
shows comparisons between the modeled and experimental
results for porosity evolution based on Eq. (25). Porosity
evolves non-linearly with an increase in stress with good
agreement between experimental and modeled data. The
modeled porosities show an obvious deviation from the
experimental results only at low stresses—due to the
assumption of a linear response in stress—strain (Fig. 8a).
The fragmented rock blocks in the sample chamber are
loosely packed as illustrated in Fig. 7. The loosely packed
rock blocks fully compact and transition to elastic response
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Fig. 12 Stress—strain response and secant modulus for broken rock
blocks under successive compaction Data adapted from Pappas and
Mark (1993)
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Fig. 13 Comparisons of experimental and modeled porosities Data
adapted from Pappas and Mark (1993)

under elevated stresses, as shown in Fig. 13. An approxi-
mately 11-fold increase in stress (~ 1.70 MPa to~ 18.68 MPa)
results in a nonlinear decrease in porosity of ~63% (from
0.533 to 0.198) for shale Test A, ~73% (from 0.369 to 0.099)
for shale Test B, ~62% (from 0.509 to 0.195) for sandstone
Test C, and ~56% (from 0.439 to 0.194) for sandstone Test
D.

Predictions of permeability evolution have been largely
from changes in porosity with magnitudes evolving from
0.026 cm? to 0.074 cm? for a gob initially composed of
larger rocks and from 0.009 to 0.026 cm? for smaller
rock blocks (Karacan 2010). As proposed in Eq. (26), the
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permeability of the fragmented rock medium is linked to
porosity through the Carman—Kozeny relation. As quanti-
fied in the Carman—Kozeny equation, the particle size dis-
tribution (characteristic size) of the fragmented rock and
the porosity are the only two parameters that determine the
associated permeability evolution. Previous studies have
estimated the dimension of the broken rock blocks by tak-
ing the average of the maximum and minimum dimensions
of the aggregates (Karacan 2010). We recover the average
dimension directly from the probability density function
of the particle size distribution. Figure 14a shows perme-
abilities of the compacted rock blocks predicted from this
model and compares them with previous modeling stud-
ies (Karacan 2010). The predicted permeability model is
fractal and captures the irregular shapes of the different
flow channels including circular, triangular, and elliptical
sections. Figure 14a shows the predicted permeabilities of
previous studies (Karacan 2010), assuming that flow chan-
nels are elliptical in section. The permeability—stress curves
divide naturally into two segments—representing the non-
linear initial stage and the linear later (high stress) stage
(Fig. 14a). For elliptical flow channels, as the loading stress
increases from 0 to 18.68 MPa, the predicted absolute per-
meabilities for the of shale Test A and the weak sandstone of
Test C decrease from 0.0017 to 7.4 x 10~ cm?>—an 11-fold
decrease. Similarly, the predicted permeabilities for the
shale of Test B and the weak sandstone of Test D decrease
from 0.0037 cm? and 0.0017 cm?, respectively (Karacan
2010). Based on the proposed permeability model, as the
loading stress increases from 3.40 to 18.68 MPa, the pre-
dicted permeabilities for Tests A, B and D decrease by two
orders of two orders of magnitude, from 3.10 X 103 em? to
4.18%x 107% cm?® (Test A), from 2.15x 1072 to 4.98x 10~
cm? (B), and from 1.1x 1072 cm? to 4.58 x 10~ cm? (D),
respectively, while for Test C, the permeability decreases
from 6.60x 107> to 2.87 x 10~ cm? (C) by one order of
magnitude. At low stresses and under loose compaction, the
predicted results in our study are distinctly higher than those
of previous modeling studies (Karacan 2010). After initial
compaction, the newly compacted rock mass behaves elas-
tically and both models predict permeabilities to the same
order of magnitude. As illustrated in Fig. 8, the excessive
compaction at low stress suggests that initial permeabilities
should indeed be high—as implicitly defined for this pro-
posed model in this study. This nonlinear early response is
not incorporated in previous permeability models (Karacan
2010), resulting in this mismatch. Prior models mainly con-
sider the size distribution of the broken rock mass, which
explains the negligible differences between the predicted
permeabilities between the test groups (i.e. Tests A and C,
Tests B and D) even though these groups were packed with
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Fig. 14 Comparisons of experimental observations with modeled permeabilities Raw data adapted from Pappas and Mark (1993)

different types of fragmented rock. Typically, the dimensions
of the maximum and minimum particles in Tests A and C are
the same but the rock aggregates in Tests A and C exhibit
different elastic properties—thus, the apparent volumetric
responses exhibit clear differences (Fig. 12). The proposed
model in this study accurately predicted the differences of
the permeabilities among the test groups for the four rock
mass types based on Eq. (30).

The effects of the average dimensions of the particles on
permeability predictions are compared in Fig. 14b. The aver-
age particle dimensions were taken from the mean value of

. .. . . = 4
the maximum and minimum particle sizes (D = '7’““—2”‘"‘“)

as well as estimated from the probability density function
(PDF) of the fractal particle size distribution (D in Eq. (29)).
As shown in Fig. 14(b), if the average dimensions of the par-
ticles are calculated from the maximum and minimum par-
ticle sizes, alone, the predicted permeabilities are distinctly
higher than those recovered using the PDF. The results illus-
trate that the form of the size distribution of the particles,
and the associated flow architecture, significantly influences
the permeability evolution, as confirmed in the experimental
observations of Fig. 8.
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Fig. 15 Schematic of nonuniform distributions of vertical stress in the caved zone

6 Discussion and Improved Understanding
of the Gob Compaction

The longwall panel is typically very wide for its productiv-
ity, the rib resistance and support effects at the boundary
near the rib area will not influence the stress distribution in
the middle of the gob region based on the classical Saint-
Venant’s principle, as illustrated in Fig. 15a. In Fig. 15, the
vertical stress in the middle region of the gob flattens out
after a certain distance. For our study, we assume the loca-

o,=2Xa—oy,

= 2(O'h + ﬂzah + Coﬂ

the center of the caved zone is maximum and the minimum
vertical stress is expected near the rib area.

In Sect. 4.1, the rotation of the coordinate system repre-
senting the principal stresses, as induced by rib resistance,
was modeled as shown in Fig. 11. However, it should be
noted that the derivations assume that the gob material is
subject to uniform stresses—represented as average verti-
cal and horizontal stresses. From the rotated Mohr’s circle
(Fig. 11a), the modified vertical stress can be calculated
from Fig. 11 as

(32)

+\/;420'}21 + ;440'}? + Cg[,tz + 2Cyuoy, + 2Cyuioy, —fzof —fzyzof‘ + Cg) — 0}

tion of gob at three times of the caved zone thickness (h) will
reach its maximum based on the Saint-Venant’s principle.
However, the stress in the loosely compacted area near the
fully compacted gob zone will be influenced by the shear
stress. The modified vertical stress model demonstrates that
the vertical stress in the caved zone varies with locations, as
shown in Fig. 15b. Specifically, the average vertical stress in
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Equation (32) defines the vertical stress acting on the
loosely compacted gob adjacent to the rib. Thus, the ver-
tical stress in the near-rib region will be less than in the
center, as a consequence of rib resistance and support. To
capture the nonuniform distribution of the vertical stress in
the caved zone (Fig. 15b), we first assume no vertical dis-
placement in the compacted gob at the center line of the
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caved zone—illustrated as the Y axis. Due to this symmetry,
no shear stress will be induced on the vertical plane of the
gob centerline. If there is no shear stress on the centerline,
the shear stress at any given vertical plane from the center
line to the gob boundary can be defined as

fon
T="—2x

p (33)

where 7 is the shear stress on a given vertical plane at a
distance x from the centerline ;x is the distance between the
centerline and the given plane; and d is the half width of the
caved zone.

From Eq. (33), we can define the dynamic friction coef-
ficient at given vertical plane as

f'==

Oh

X
Ut (34)
where f” is the dynamic friction coefficient on a given plane
at a distance x away from the centerline of the gob.

By replacing the boundary friction coefficient f in
Eq. (32) as f, the vertical stress at different locations can
be expressed as

o, = 2(6h + yloy + Cou

rib support. This detachment and the resulting rotated and
reduced stresses limit compaction, elevate permeability and
exert significant control on gas flow during active longwall
mining operations. We report gob compaction experiments
using in-mine collected rock fragments stacked in different
modes—without (A) and then with (B) a top layer of coarse
material. We use a model of the observed compaction behav-
ior to define permeability evolution, in particular, identifying
a permeable ring that skirts the compacted gob. Based on
this study, the following conclusions can be made:

1 This study documents a load deformation test to observe
the volumetric compaction behaviors for the longwall
gob material. Experiments were conducted in two
modes A and B. As applied uniaxial stress increases
from 0 to ~ 1592 kPa, the porosity decreases from 0.64 to
0.43(~33%) for the uniform stacked material (A) and but
only from 0.66 to 0.51 (~23%) where the gob is topped
with a layer of coarse “roof” rock simulants (B). Parti-
cle—particle self-adjustment dominates the compactive
behavior at initial low stress and results in significant
strain—followed by a linearly elastic region through the

2
+ \/;ﬂaﬁ + ;440'3 + ngz + 2Cypoy, + 2Cy 130y, —fzat%({)

d

—f? 262<£>2+C2 -0
K on\ g 0 h’

(35)

where Eq. (35) defines the vertical stress at different loca-
tions in the caved zone. The modified vertical stress model
demonstrates that the vertical stress in the caved zone varies
with location, as shown in Fig. 15. From this model for verti-
cal stress, an increase of dynamic friction coefficient results
in a corresponding decrease in vertical stress.

7 Summary and Conclusion

In longwall coal mining, the detachment of the undermined
roof into the gob leaves a loosely compacted perimeter that
skirts the longwall panel. This permeable gob perimeter in
plan view forms as a result of shear separation from the

remainder of loading.

2 The granulated gob materials evolve with an initial
highly compacting response where particulate read-
justment dominates the response, followed by a stiffer
response that is near linear between stress and strain.
For the continuously coarsening upwards gradation of
Test A and Test B, the strains of ~0.25 and ~0.17 are the
thresholds to elastic responses at the average stresses
of ~0.38 MPa and ~0.41 MPa, respectively. The maxi-
mum strains for Test A and Test B are ~0.39 and ~0.30
corresponding to the maximum stresses of ~1.95 MPa
and ~ 1.59 MPa, respectively, during the second load
cycle.

@ Springer
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3 The experimental results indirectly demonstrate the
“O-shaped” type compaction behavior for the gob
materials at lab scale. A loosely compacted gob perim-
eter develops around the gob as a result of shear col-
lapse and associated shear resistance at the rib sup-
port. This zone exhibits a skirting ring of elevated
permeability and controls gas flow in and adjacent
to the gob and significantly impacts longwall mining
operations.

4 The predictive permeability model incorporates the
elastic properties of the compacting gob and the size
distribution of the component blocks, enabling the
known redistribution of stresses to define perme-
ability evolution in the gob. Based on the proposed
permeability model, as the loading stress increases
from 3.40 to 18.68 MPa, the predicted permeabilities
for Tests A, B and D decrease by two orders of two
orders of magnitude, from 3.10 X 1073 t04.18x 107
cm? (Test A), from 2.15x 1072 to 4.98 x 10™* cm? (B),
and from 1.1 x 1072 to 4.58 x 10~* cm? (D), respec-
tively, while for Test C, the permeability decreases
from 6.60 % 1072 to 2.87 x 10~* cm? (C) by one order
of magnitude.
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Appendix 1

In this study, the raw experiment data for validating the
proposed model was cited from Pappas and Mark (1993).
In addition, the raw data was also organized by Karacan
(2010). Pappas and Mark (1993) conducted compaction
tests on gob materials collected from one site in a Virginia

@ Springer

mine in the Pocahontas Coalbed, and two sites in an eastern
Kentucky mine in the Harlan Coalbed. The test results of
each simulated gob material were summarized in Table 2.
The particle size distribution before and after correspond-
ing loads were shown in Fig. 16 and the fragmentation
fractal dimension Dy was calculated based on Eq. (18)
and the results were summarized in Table 3. As shown in
Fig. 10, the stress—strain curves were monitored and the
corresponding displacements were obtained through the
compaction experiments. Based on the stress—strain curves
and the initial porosities (Table 2), the stress-dependent
porosities can be calculated by referring the methods illus-
trated in Sect. 3.2.

Table 2 Summary of the four tests from Pappas and Mark (1993) and
Karacan (2010)

Test Rock type Maximum Maximum Initial Final
size (cm)  stress porosity porosity
(MPa)
A Shale 5.1 19.0 0.802 0.160
B Shale 8.9 21.3 0.679 0.078
C Sandstone 5.1 19.3 0.790 0.152
D Sandstone 8.9 21.1 0.719 0.162
—8— Initial distributions of Tests A &C : [P
1004 —e— afier 19MPaload (Test A) : - /
—&A— after 19.3MPa load (Test C) ;
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Fig. 16 Particle size distributions of four tests after maximum stress
loads (Pappas and Mark 1993; Karacan 2010)
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T?b"? 3 Particle size . Test Before loading After loading Dy
distributions and the associated
the fragmentation fractal Minimum Maximum Minimum Maximum Before loading After loading
dimensions of four tests (Pappas size (cm) size (cm) size (cm) size (cm)
and Mark 1993; Karacan 2010)

A 1.5 5.1 0.5 5.1 2.19 2.89

B 1.7 8.9 0.6 8.9 2.25 291

C 1.5 5.1 0.4 5.1 2.19 2.81

D 1.7 8.9 0.8 8.9 2.25 2.87
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