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A B S T R A C T

Both coal and uranium resources are found in the Dongsheng area which is located in the northern part of Ordos
Basin, China with the coal seam below the uranium deposit. In this paper, we attempt to study the feasibility of
co-exploitation of the coal seam and the uranium deposit. The permeability evolution in strata around the coal
seam are selected as the key parameter indexing the separate and safe concurrent recovery of two deposits and a
novel strain-dependent permeability model is proposed covering the full deformation range of rock. The pro-
posed model is first verified with experimental data with good fitting of the results. Then an upscaled numerical
model is established considering the geology conditions of Dongsheng area. This is implemented using COMSOL
Multiphysics; and the interface of COMSOL with MATLAB is used to study the damage to the rock mass. We show
that (a) compared with the stress-dependent permeability model, the strain-dependent permeability model
proposed in this work has the advantage that each strain value is associated with a unique permeability value;
(b) The feasibility of co-exploitation of the coal seam and the uranium deposit depends on the relative distance
between two resources. When the caved and fractured zone encroaches on the uranium deposit the coal seam
should be abandoned. Conversely, when the uranium deposit lays in the constrained zone, the recovery of the
coal seam would benefit recovery of the uranium deposit; (c) The feasibility of the co-recovery of the two
resources can be optimized by the choice of mining approach. The top-caving mining approach and room-and-
pillar mining approach can reduce the height of the caved and fractured zones and make the co-exploitation of
the uranium and coal feasible. This work provides a new approach to investigate the feasibility of co-exploitation
of uranium and coal.

1. Introduction

Uranium deposits are economically important in many parts of the
world as it is serves as a vital raw material for nuclear fuel.1 These
deposits are commonly detected in sandstone-hosted sedimentary ba-
sins and the recovery of uranium is often found co-located and inter-
woven with other resources (gas, oil and coal).2,3 The co-exploitation of
these co-existing resources is a significant issue that is explored in this
work.

Uranium (U) is a toxic heavy metal and radioactive element with its
toxicity 6 orders of magnitude more harmful than its radioactivity.4,5

When recovered, the uranium should be retained in solid form and
prevented from dissolving into aqueous solution and thereby

contaminating other resources. Issues of uranium concentrations in
water following Uranium mining have been widely studied.6,7 How-
ever, little addresses uranium leakage during the co-exploitation of
other resources such as gas, oil and coal. Atkins et al.5 studied uranium
concentration in groundwater in a coal seam gas development region in
Australia. In his study, the naturally occurring radioactive materials
were located in the target geological formations. While in some sedi-
mentary basins, the uranium and co-existing resources are not in the
same strata. For example, both coal and uranium are detected in the
Ordos Basin, China but at different buried depths.8 Some basic ideas of
co-exploitation of uranium and coal seams have been proposed but
remain only in the conceptual stage.9 In this work, the feasibility of co-
exploitation of uranium and coal seam is studied both theoretically and
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numerically.
Leaching is usually applied in the recovery of uranium10 where the

neutral solution should be contained within the uranium deposit. Un-
derground mining is the main method to access the coal seam causing
high-intensity strata movement and changing the properties of the ad-
jacent strata (e.g., stress, strain and permeability).11,12 The stratum
above the longwall mining area can be divided into a number of zones
characterized by different deformation mechanisms. In some studies,
four zones over the goaf are identified based on geological and geo-
technical evaluations of the region: the caved zone, fractured zone,
constrained zone and surface zone13–16 While in other studies, only
three zones are identified in ascending order: the caved zone, fractured
zone and bending zone.17–19 Empirical equations to define the height of
each zone are also proposed.11,20 The above mentioned zones broadly
describe the deformation of the stratum and changing of flowability.

The variations of stress,21 strain,22 displacement23 and damage
zone24 after coal mining have been widely discussed. In this work we
focus on the co-exploitation of uranium deposits and coal seams -
whether the neutral solution would leak from the uranium is a key
parameter to define the safe recovery of co-existing resources. There-
fore the variation of permeability in the intervening strata is a key
parameter and may be described by a suitable permeability model.25,26

Early models simply assumed that the permeability was a power func-
tion of effective stress.27,28 Permeability increases with high gas pres-
sure and low overburden pressure.29 Based on this, several popular
permeability models were proposed such as the Palmer-Mansoori model
and Shi-Durucan model30,31 with Liu et al. proposing the strain de-
pendent permeability model.32,33 The mining-induced permeability
anisotropy should also be considered in the permeability models as the
stress redistribution in the vertical and horizontal directions are sig-
nificantly different following coal mining which would lead to a varied
permeability value.34 To date, some anisotropic permeability models
have been proposed that incorporate permeability variation in a spe-
cific directions due to the anisotropic strain35 or stress36 evolution. It
should be noted that the above-mentioned permeability models are
limited to small deformation recoverable poroelasticity response.

However, damage normally occurs during mining activities and
consequently results in a great decrease in the elastic modulus and a
more significant increase in permeability.37 Triaxial compression tests
are usually applied to investigate the damage-induced permeability.38

These show that coal permeability is largely enhanced after the yield
point.39 In the theoretical work, the permeability evolution is assumed
as a function of the damage parameter (D)40 which is related to the
damage strain undergone when the coal is damaged. The Mohr Cou-
lomb criterion and maximum tensile stress criteria are often selected to
determine whether the damage is in tension or in shear.41 In recent
work, Xue et al.42 discussed the damage evolution law of coal under
compressive stress condition and proposed a stress-dependent perme-
ability model describing the influence of damage evolution on perme-
ability variation. However, in this approach, two permeability values
may be associated with a single stress value when the coal sample is
damaged due to deformation path effects.

Previous studies indicated that the stratum above the goaf can be
divided into several zones following coal mining and the deformation
includes both elastic and non-elastic stages. The mechanisms of per-
meability evolution are totally different in these two stages and the
permeability anisotropy should also be considered. In this work, a novel
permeability model is proposed to investigate the permeability evolu-
tion in both elastic and non-elastic deformation zones. In the model, the
permeability is defined as a function of the effective strain within the
stress threshold and as a function of damage parameter (D) beyond that
stress threshold. The permeability model is first verified against ex-
perimental data collected from stress-strain-permeability experi-
ments.42 Then the verified model is applied to investigate the feasibility
of co-exploitation of uranium deposits above a coal seam. A case study
based on the geological conditions of the Ordos Basin, China is

established and three contrasting simulation scenarios are analyzed.
Based on the model, the relative impacts of various coal mining ap-
proaches on the co-exploitation of the coal seam and uranium deposit
are studied.

2. Conceptual model

The governing equations for fluid flow in the strata around the coal
seam can be described as Darcy flow in which the velocity is propor-
tional to the permeability. Therefore in this work, the permeability
variation following coal mining is selected as an appropriate metric to
index the feasibility of the co-exploitation of coal and uranium deposits.
The change in permeability is related to the compaction and dilation of
the fractures caused by the variation of the normal stress with addi-
tional impacts of rock damage. In this section, basic concepts of per-
meability evolution and permeability anisotropy are introduced.

2.1. Permeability variation due to normal stress change

The permeability in one specific direction is defined as the function
of the aperture of the fracture oriented in that direction which is pirated
on by the normal stress perpendicular to that direction.43 For example,
when the vertical stress decreases, the aperture in the horizontal di-
rection increases and the horizontal permeability is enhanced. As
mentioned above, the equilibrium state of the formation stress is re-
distributed during mining. The strata above the mining area can be
divided into four major zones: the caved zone, fractured zone, con-
strained zone and surface zone as shown in Fig. 1.14–16 The perme-
ability evolution is different in the four zones and can be summarized as
follows: (a) The caved zone is located directly above the goaf. The rocks
in this zone rupture and collapse. The permeabilities in both directions
in this area increase significantly; (b) In the fractured zone immediately
above the caved zone, the rocks sag downwards and consequently suffer
bending, fracturing, joint opening and bed separation. As a con-
sequence, both directional permeabilities in this zone increase34; (c) In
the constrained zone immediately above the goaf, the horizontal stress
in this zone changes little, while the vertical stress in this zone is re-
duced significantly. Therefore, the vertical permeability maintains its
initial state while the horizontal permeability may increase. (d) In the
surface zone above the goaf, the strata drop vertically and the fractures
in the vertical direction are compressed. Therefore, the permeability in
the horizontal direction may remain constant with the permeability in
the vertical direction decreasing. From the above discussion, it can be
concluded that the permeability of rock strata within the caved zone
and the fractured zone can significantly increase and as a result water,
gas or other fluids in these two zones may discharge into the mining
panels, threatening the safety of personnel.

2.2. Permeability variation due to rock damage

As the in-situ practice suggests, non-elastic strain (damage strain in
this work) typically appears during the coal mining process. A typical
deviatoric stress-strain image (Fig. 2) is used to illustrate the partition
of the elastic strain and non-elastic strain.44 These are partitioned by
the post peak (strength stress of the system). In the pre-peak stage, the
stress increases (slightly-nonlinearly) with the strain. In the post-peak
stage, a strain-softening phenomenon occurs, and the rock is damaged.
The permeability evolution in these two stages exhibits significant
differences as some new fractures are generated during the damage
process. Before the peak load is reached, the strain remains in the
elastic range and the deformation is recoverable. After the peak load,
the deformation of the coal matrix is irreversible, and damage occurs. In
this stage, new fractures generate, providing new paths for fluids with
the permeabilities increasing significantly in all directions.45
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3. Mathematical model

In this section, a mathematical model governing rock deformation,
damage evolution and permeability variation is established.

3.1. Governing equation for rock deformation

Based on our previous work,33,46–48 the constitutive deformation
relation for the porous medium is defined as:

+ =Gu G
v

u f p p f p p f
1 2

( , ) ( , )i kk k ki f m f a m f i, , (1)

where u is the displacement; G is the shear modulus; ff is the body force
caused by the fluid flow; fa represents the body force caused by ad-
sorption, and fi is the other body force; p is gas pressure; Subscripts m
and f represent the matrix system and fracture system, respectively.

3.2. Permeability model

3.2.1. Governing equation of the permeability
The porosity of the rock is related to the effective strain as49:

= +1
0 0

e
(2)

where ϕ0 is the initial porosity, and the subscript (0) denotes the initial
value of the variable; εe represents the effective strain in the system. In
this work, the effects of gas flow and gas adsorption are neglected and

the effective strain is equal to the volumetric strain of the system:

=g v (3)

A typical relationship between porosity and permeability is the
cubic law46,49:

= = +k
k

1
0 0 0

e

3 3

(4)

3.2.2. Governing equation of permeability anisotropy
In this section, the equations governing the evolution of perme-

ability anisotropy is presented. Coal can be divided into a matrix and
fracture system. The flow rate in the fracture system is much higher
than that in the matrix system as the fracture system supplies the main
channels for gas migration. Therefore only the fracture permeability is
investigated here – the matrix acting as storage. The fracture network is
composed of face cleats and butt cleats.35 The x- and y-directions are
defined as the directions parallel to the face cleats and butt cleats, re-
spectively. In the following section, the variation of permeability in the
x-direction is taken as an example to illustrate the permeability aniso-
tropy.

The porosity of a certain set of fractures can be obtained from the
following equation35:

= =
+
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in which aface represents the matrix width and bface represents the
fracture aperture.

Thus we have:
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Combining Eq. (5), Eq. (6) and 1-ϕface= aface/lface, the following
equation is obtained:

=
dl
l
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a

d
1

face

face

face

face

face

face (7)

A Taylor expansion of the differential result is applied to Eq. (7).
With the assumption that (a) the high-order terms are omitted and (b)
the coal fracture porosity is much smaller than 1 (1-ϕface≈1), we can
obtain32:

Fig. 1. Stress distribution and permeability variation after mining activities.14–16

Fig. 2. The division of elastic strain and plastic strain.44
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where △εyb and △εym represent the linear strain variations of the coal
bulk and coal matrix in the y-direction, respectively. The former term
represents the global strain of the coal and the later term represents the
local strain of the matrix. The superposition of these two terms is the
effective strain (△εyfe) as defined in our previous work.32 Based on Eq.
(3), we obtain:

=y
fe

y
fv (9)

where the right part represents the volumetric strain obtained from Eq.
(1).

Therefore the fracture porosity ϕi in the direction of the ith co-
ordinate axis can be expressed as follows:

= + i j( )i i0 j
fv

(10)

Then the permeability anisotropy can be defined as50,51:
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3.3. Damage criterion for rock

The maximum tensile stress criterion or the Mohr-Coulomb criterion
is selected to determine whether the damage is in tension or shear
modes, and the expression is written as (positive for tension)41,52,53:

=

+ + =

F f or

F f

0

[(1 sin )/(1 sin )] 0
t

c

1 1 0

2 3 1 0 (12)

where ft0 and fc0 are uniaxial tensile and compressive strengths re-
spectively. φ is the internal frictional angle, and F1 and F2 are the two
damage threshold functions used to link tension and shear damage.

According to the principle of elastic damage, the elastic modulus of
an element degrades monotonically as damage evolves, and the elastic
modulus of the damaged material is expressed as:

=E E(1 D) 0 (13)

where D represents the damage variable, which lies between 0 and 1,
and E and E0 are the elastic moduli of the damaged and the undamaged
materials.

The evolution of the damage variable (D) is defined as follows.
When a uniaxial tension experiment is conducted, the initial-strain is
linearly elastic, and no damage occurs (D=0). In this situation ε< εt0
where εt0 is the tensile strain at the elastic limit as illustrated in Fig. 3.
As the maximum tensile stress criterion is reached (F1=0), damage
evolves and a power function is used to describe the softening process
until the residual stress(ftr) is obtained. The residual stress is given as
ftr=λtft0=λtE0εt0 and λt is the residual strength coefficient, defined as
the rate of the residual tensile strength ftr to the initial tensile strength
of the rock ft0. The rock evolves to be completely damaged and D=1
when the maximum tensile strain εtu is obtained. The stress-strain curve
during the uniaxial tension process is illustrated in Fig. 3 (the upper-
right part) and the damage variable D can be defined as52:
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The stress-strain relationship under triaxial compression is also il-
lustrated in Fig. 3 (the lower-left part). Similar to the condition of
uniaxial tension, the damage variable D can be evaluated as52:

=

>
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in which εc0 is the compressive strain at the elastic limit; εcu is the
maximum compressive strain, and λc is residual strength coefficient
defined as the ratio of the residual compressive strength fcr to initial
compressive strength of the coal rock fc0; n is a constitutive coefficient
and is set as 2 in this work.

Based on Eq. (13), the elastic modulus of the rock surrounding the
coal seam declines with an increased damage variable(D). Besides the
coal matrix strength, the fracture permeability also evolves as a func-
tion of the damage process.52 The exponential function is applied to
describe the evolution of permeability with damage as55:

=k
k

Dexp( )
0 (16)

where γ is the damage-permeability coefficient indicating the effect of
damage on the permeability. Note that Eq. (11) describes the perme-
ability evolution in the pre-peak stage (D=0), and the permeability
anisotropy is considered. Eq. (16) describes the permeability change
when damage occurs. In this situation, the permeability anisotropy is
caused by the uneven distribution of stress following coal mining.

4. Model verification

Before conducting sensitivity analyses of certain field geometries,
the proposed permeability model is verified against experimental data
from a stress-strain-permeability experiment.42 The experimental pro-
cedure, results and verification results are also introduced in this sec-
tion.

4.1. A triaxial compression test

Xue et al.42 conducted a stress-strain-permeability test with the
MTS815 rock mechanics test system with a maximum axial loading
capacity of 4600 kN. The coal samples were collected from No. 8 Coal
Mine of the Pingdingshan Colliery in Henan Province, China. The coal
samples were cylinders 50mm in diameter and 100mm in length.
Methane was selected as the targeted gas and its pressures were set at 1,
2, and 3MPa. The confining pressure was set at 10MPa.

The experimental process is summarized as follows42: (1) The
sample was placed in the testing machine with hydrostatic pressure

Fig. 3. The elastic damage-based constitutive law under uniaxial stress condi-
tions.54
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applied to the coal sample at 10 MPa at a rate of 3MPa/min; (2) The
methane gas container was connected to the saturated sample with an
increment of 0.25MPa. After the gas was completely adsorbed (1, 2,
3MPa), the initial permeability was measured using the steady state
method, via the Darcy's Law; (3) The confining pressure was retained
constant, while the axial pressure was increased at a rate of 10 kN/min.
During this process the gas flow rate was recorded, and the perme-
ability was calculated; (4) when the residual stage was reached, the test
was completed, and the above steps were repeated with the next
sample. During the loading process, stress-strain curves were recorded.

The steady state method56 is applied to calculate the permeability
value which can be written as:

=k Q P µL
A P P

2
( )

0 0

1
2

2
2 (17)

in which k is the gas permeability, Q0 is the volumetric flow rate at the
reference pressure, μ is the gas viscosity, L is the length of the coal
sample, P0 is the reference pressure, A is the cross-sectional area of the
coal sample, with P1 the upstream gas pressure and P2 the downstream
pressure.

4.2. Experiment results and verification

Because of the irreversibility of the experiment, three samples were
collected for the permeability measurement and the gas pressure was
maintained at 1MPa, 2MPa and 3MPa, respectively. The results are
shown in Fig. 4. Based on the stress-strain relationship in Fig. 3, three
stages (stage Ⅰ, stage Ⅱ and stage Ⅲ) can be observed in the experi-
mental curve labelled as shown in Fig. 4. Stage Ⅰ is the pre-peak stage,
also the elastic strain stage. Stage Ⅱ is in the post-peak stage before the
residual strain is obtained, while Stage Ⅲ is the post-peak stage within
the residual strain region. As mentioned above, each stage has its own
controlling parameters. The governing equation for permeability evo-
lution in the elastic range (Eq. (4)) is applied to fit the permeability data
in the pre-peak stage (Stage Ⅰ). The governing equation of permeability
evolution in the damage phase (Eq. (16)) is applied to fit the perme-
ability data in the post-peak stage (Stage Ⅱ and Stage Ⅲ) and the da-
mage parameter (D) is calculated based on Eq. (15). The least square
method is applied and the parameters used for the fitting curve are
displayed in Table 1. During the fitting process we find that a changing
γ instead of a constant γ can obtain good fits for Stages Ⅱ and Ⅲ. The
Goodness of Fit (Regression coefficient, R2) is used to illustrate the ef-
ficiency of the fitting results and its expression is written as:

=R
Y

1
(y )

(y y )
i i

i avg

2
2

2 (18)

in which yi is measured permeability, yavg is the average value of the
permeability data and Yi is the fitting value of the permeability data.

Shown as the regression coefficient values (R2) in Table 1, the good
fitting results are obtained especially when gas pressure is 2MPa. In the
original work, Xue et al. proposed a stress-dependent permeability
model to fit the experiment data42:

= × + ×k k D D
K K

p p) 1 exp 3 1 1
0

p
0 00

(19)

in which Kp is the modulus of pores, K is the modulus of the coal, and p
is the gas pressure. The fitting results conducted by Xue et al. are also
shown in Fig. 4 as the green line. As shown in the figure, two perme-
ability values may be obtained at a single mean stress in Xue's model
when the coal is damaged. While in our work, one strain value is as-
sociated with a unique permeability magnitude.

5. The topographic geological model and numerical model

In this section, the verified permeability model is applied to in-
vestigate co-exploitation of the coal seam and the uranium deposit. We
select the strata distribution of the Dongsheng area, located in the
northern part of Ordos Basin, China as the benchmark geologic condi-
tions. The permeability variations under different mining approaches
are investigated to assess the feasibility of the co-exploitation of the
coal seam and uranium deposit.

5.1. Multi-resource Co-existence in the Ordos Basin, China

The Ordos Basin is located in north China, surrounded by the
Yinshan Mountains to the north, the Qinling Mountains to the south,
the Helan Mountains and Liupan Mountains to the west, and the
Taihang Mountains to the east. It is the second largest inland sedi-
mentary basin in China which is also encompassed by the Yellow River
from its eastern, northern and western sides.57 The structural frame-
work of the basin is a large asymmetric syncline that dips gently 0.5–1.0
toward the east and north, and it has a slightly steeper dip angle of 2–3
toward the west and south.58

More than fifty types of resources are found in the basin among
which the coal, gas and sandstone-hosted uranium are essential for
national strategic development. The proven coal and gas reserves are
213.3 billion tons and 1789.3 billion cubic meters, respectively, ac-
counting for 13.7% and 17.3% of the national reserve. The general
burial depth for oil and gas surpasses 1500m, while coal resources have
a depth less than 1000m. Uranium was deposited in the Zhiluo
Formation of the Middle Jurassic and Lower Cretaceous with a general
burial depth ranging from 550 to 750m. The primary distribution areas
are the Haggin Banner, Ejin Horo Banner, Dongsheng area, and
Etuokeqian Banner.

5.2. Coal seam and uranium deposit Co-existence conditions

A large uranium metallogenic belt has already been found in the
Dongsheng area in the northern part of Ordos Basin, China. The
Dongsheng area is one of the three largest coal fields in China. The
Tarangaole coal minefield is located at the north part of Ordos Basin
and serves as the first coal mine with ten-million-ton annual coal pro-
duction in the Shenhua Group. The measured minable coal seams are 3-
1, 4-1, 4-2, and 5-1, and the total coal reserves are 1.556 billion tons.
The eastern region of this coal field is the Nalinggou uranium mine with
an area of 32.86 km2. The average burial depth of the uranium is 410m,
and the distances to the roof of coal seam 3-1, to the roof of the Jurassic
confined aquifer, to the floor of the Jurassic confined aquifer, and to the
floor of the Cretaceous confined aquifer are 90–150m, 13–54m,
80–147m, and 210m, respectively. The strata distribution of co-ex-
isting coal and uranium deposits is shown in Fig. 5.

5.3. Numerical model

The software COMSOL Multiphysics (Version 5.4) is used for the
numerical investigation of co-exploitation of the coal seam and uranium
deposits. The elastic-damage model and Mohr-Coulomb criterion were
used to determine the stress-strain state, and the permeability model
mentioned above is applied to investigate the permeability evolution
during the coal mining activity. The geometric model is established
based on the geological condition of Tarangaole coal mine. The strata
are assumed horizontal as the dip angle of coal seam is shallow. For
simplification, only the lower part of strata is simulated, and the effect
of the upper part is treated as a formation stress with a magnitude of
10MPa (based on the burial depth). The self-weight is also calculated.
For the boundary condition, a uniaxial condition is established: the base
of the model is a fixed constraint and the other sides were fixed in the
direction normal to the faces. In this approach, the in-situ horizontal
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stress is calculated. This approach is also adopted by other researchers24

and the application library of COMSOL Multiphysics.60 Coal seam 3-1 is
selected as the minable seam and the mining area is located
100m–300m along the horizontal direction from left to right. The strata
above the coal seam are mainly sandstone therefore in this work only
the coal seam and sandstone are considered. The interface between the
two domains are not treated in any special way other than that the
strain and stress on the interface between the two domains are

continuous. The numerical model is shown in Fig. 6 based on the strata
distribution shown in Fig. 5 and the parameter values shown in Table 2,
collected from the literature.34,61

Fig. 4. Experimental results and fitting curves with different gas pressures.42 It should be noted that in Xue's work, the permeability is fitted in mean stress scale and
the x-axis is in the top part of figure.

Table 1
Simulation parameters for model verification.

Gas Pressure Stage Ⅰ Stage Ⅱ Stage Ⅲ R2

k0 α in
Eq.
(4)

0 in
Eq. (4)

γ in
Eq.
(16)

εc0 in
Eq.
(15)

γ in
Eq.
(16)

λc in
Eq.
(15)

1MPa 19.26 0.97 0.027 8.75 0.012 3.06 0.8 0.93
2MPa 31.42 0.98 0.015 15 0.009 4.25 0.3 0.98
3MPa 8.536 0.98 0.022 6.77 0.011 3 0.39 0.97

Fig. 5. Schematic of the co-existing coal and uranium deposits in the
Tarangaole mine area in the Ordos Basin59
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The numerical model follows the rock deformation and implements
the damage criterion. The deformation of the rock is calculated using
the Solid Deformation module of COMSOL Multiphysics, and the da-
mage criterion is determined from Eq. (12) and checked with the MA-
TLAB. Once the criterion is satisfied, the reduced Young's modulus is
calculated based on Eqs. (13)–(15). Then the calculated Young's mod-
ulus is returned to COMSOL Multiphysics for the calculation of the next
step. This iteration process is carried out through COMSOL coupled
with MATLAB, a commercial software to connect COMSOL Multi-
physics to the MATLAB scripting environment.62

5.4. Parametric study

We designed three scenarios based on this geological model as
shown in Table 3. These scenarios are: (i) regular longwall mining, (ii)
coal room-and-pillar mining and (iii) coal top-caving mining. Scenario
(i) is used as the benchmark model and compared with the empirical
equation. Scenario (ii) has two sub-cases representing a single coal
pillar located at 180–220m (sub-case(a)), and two coal pillars located
at 160–180m and 240–260m (sub-case(b)). The mining areas of the
two sub-cases in Scenario (ii) are identical. The mining height is 4m in
Scenario (iii). The mining areas of Scenarios (ii) and (iii) are also the
same. The details of the three cases are illustrated in Table 3 and the
results are reported in the following sections.

6. Results and discussion

6.1. The results of benchmark model

The results of the benchmark model (Scenario (i)) are first reported
and compared with the empirical equations to verify the applicability of
the model.

6.1.1. Damage evolution of the coal mining area
When the coal seam is exploited, the rock mass around coal seam

experiences damage and deformation including roof fall and floor heave
as shown in Fig. 7. In this damage region, the resulting fractures pro-
vide flow channels for gas and other fluids. As shown in the figure, the
damage zone evolves with mining advance. When mining advance was
40m, a rectangular-shaped damage zone forms over the roof of the coal

seam with a length of 20m and a height of 4m. With the continuation
of the coal seam mining, the damage zone gradually expands. When the
mining advance was 200m, a trapezoid shaped damage zone above the
roof is formed with a length of 160m and a height of 21m. In that
situation, a large number of fractures form and eventually link-up
forming a channel for water or other fluids to the gob and working face.
The shape and size of the damage zone are similar with that shown by
Kong et al.24

6.1.2. Redistribution of stress
During the mining process, the stress is redistributed. In this section,

we analyze the variations of the horizontal stress and vertical stress
with the coal mining process at a height of 5m above the coal seam at
different mining advances. We select mining advances of 20m, 80m,
120m, 160m, and 200m and show the horizontal and vertical stresses
in Fig. 8. As shown in the figure, stress will increase at the coal face as
an abutment stress21 and it will compress and break the coal and rock
mass. Fig. 8 also shows that the peak value of the abutment stress
gradually increases with mining advance. Comparing Fig. 8 (a) and (b),
we find that the horizontal-stress and vertical-stress have different
changes. The vertical stress peak is in compression at the abutment and
is zero interior to panel edges – this is due to the boundary condition of
zero vertical stress on the panel roof and floor. The vertical stress de-
cays to background vertical stress away from the panel. The horizontal
stress approaches zero at the panel edge (since it is 5 m above the panel)
and is in tension over the panel due to the sagging of the panel floor and
roof. The horizontal stress approaches the regional horizontal stress
remote from the panel. Finally, the inflection of the horizontal stress
within the panel and towards the panel edge, is where the trajectory of
the measuring line transits the shear lobes at the panel edge that are
present symmetrically both above and below the panel. These are
standard results and this phenomenon is also is also confirmed by Yang
et al.21

In this section, seven reference lines above the goaf (5m, 20m,
40m, 60m, 80m, 100m and 140m) are selected to investigate the
variations of the stresses, with the results are shown in Fig. 9. The
vertical stresses on the seven reference lines all decrease over the
mining area (100m–300m) as shown in Fig. 9 (b). The vertical stress
returns to the in-situ stress gradually as the distance to the mining area
becomes larger. Also, the shorter the distance to the coal seam, the
larger the reduction in vertical stress. The redistribution of the hor-
izontal stress over the reference lines are more complicated than that of
vertical stress as shown in Fig. 9 (a). The evolution of horizontal stress
exhibits two opposing trends: the stress is lower than the original stress
when the distance to the goaf is within 60m and the horizontal stress is
released; but the stress will be higher than the original value beyond
this distance serving as a compression stress.

6.1.3. Comparison of numerical and empirical results
In this section, the numerical results of the benchmarked model are

compared with the results obtained from empirical equations. For flat
or nearly flat seams subject to longwall mining, the average height of
the caved roof can be determined by the following equation11,63:

=
+

H h
c h c

100
c

1 2 (20)

where Hc is the caved zone height; h is the mining height, and c1 and c2
are coefficients depending on strata lithology as shown in Table 4. Also

Fig. 6. The illustration of the numerical model.

Table 2
Simulation parameters for coal and uranium co-exploitation.34,61

Strata Density (kg/m3) Young's Modulus (GPa) Friction Angle (°) Cohesion (MPa) Uniaxial Tensile Stress (MPa) Uniaxial Compressive Stress (MPa)

Coal 1300 8 16 8 2 20
Sandstone 2500 28 28 10 5 48
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the following equation can be used for the estimation of the average
height of the fractured zone11,63:

=
+

H h
c h c

100
f

3 4 (21)

where Hf is the fracture zone height; h is the mining height, and c3 and
c4 are coefficients depending on strata lithology as shown in Table 4.

Based on Eqs. (20) and (21), and the parameters shown in Table 4,
the heights of the caved and fractured zones are 19m and 62.5m, re-
spectively. As illustrated above, a trapezoidal shape of the damage zone
above the roof would be formed and its height (21m) is almost equal to
the height of the caved zone (19m). From this perspective, the varia-
tion in size of the damage zone can partly represent the evolution of the
caved zone. Also as shown in Fig. 1, in both caved and fractured zones
the horizontal stresses are reduced while in the constrained zone the
horizontal stress is larger than the original value, serving as an effective
compressive stress. Based on our numerical results (Fig. 9 (a)), the
horizontal stress is larger than the original value at the reference line at
60m (the absolute value is used here). Below 60m, the horizontal stress
is destressed. We can conclude that the height of fractured zone pene-
trates approximately 60m into the mining area which corresponds
closely with the empirical equation (62.5 m).

To verify our model applicability, the evolution of the damaged
zone is compared with the work of Kong et al.24 and the heights of the
caved and fractured zones are compared with various empirical equa-
tions11,63 – all with satisfactory fits. The comparison of results de-
monstrates that our proposed model can accurate predict stratum
movement after coal mining even though the interface between the two
domains is not specially treated.

6.1.4. Investigation of permeability anisotropy
The redistributions of permeabilities in the horizontal direction and

vertical direction on the six reference lines above the goaf (5m, 20m,
40m, 60m, 100m, and 140m) are both illustrated in Fig. 10. We also
compared the difference of permeability values both with and without
considering the effect of damage.

As illustrated above, the height of the damage zone is ~21m high
above the goaf. As shown in Fig. 10, the calculated permeability value,
considering the damage effect, is much higher than that ignoring the
damage effect. The incremental ratios of the horizontal and vertical
permeability are assumed equivalent in the damage zone. Apart from
the damage zone, the value of horizontal permeability changes sig-
nificantly as the largest value is ~300 times that of the initial value,
while for the vertical permeability the value is only ~110 times. Gen-
erally, the incremental ratios of both horizontal and vertical perme-
abilities decrease when the distance to the goaf becomes larger. The
horizontal permeability near the working face is larger than the value in
the core of the caved zone because of vertical compression. The vertical
permeability is larger than the initial value on the rib area adjacent to
the goaf area.

Compared to Fig. 1, we observe that in both caved and fractured
zones, the horizontal and vertical permeabilities are larger than the
initial value especially in the damage zone. While in the constrained
zone, the horizontal permeability is larger than the initial value and the
vertical permeability retains its original value.

6.2. The results of coal room-and-pillar mining method

6.2.1. Damage evolution in the coal mining area
In the second scenario, we simulate the mining process with the

room-and-pillar mining. Two sub-cases are designed: for sub-case (a)
one pillar is left in the location 180–220m; for sub-case (b) two pillars
are left at locations 160–180m and 240–260m with the mining areas of
the two sub-cases identical. We first illustrate the damage zone evolu-
tion under the two sub-cases, with the results shown in Fig. 11.

Similar to the results of the benchmark model, a trapezoidally
shaped damage zone also exists above the mining area. Compared with
Fig. 7, the heights of the trapezoidal damage zone obtained from the
room-and-pillar approach are much smaller than that obtained from the
benchmark model representing regular longwall mining. Comparing
Fig. 11(a) and (b), the height of the damaged trapezoid of sub-case (a) is
larger than that of sub-case (b).

Table 3
Scenarios of numerical modeling for co-exploitation of coal and uranium.

Scenario Mining Area(m2) Mining Height(m) Pillar location

i longwall mining 1000 5 –
ii room-and-pillar mining –
a one pillar 800 5 180–220m
b two pillar 800 5 160–180m, 240–260m

iii top caving mining 800 4 –

Fig. 7. Damage zone evolution of Scenario (i) at mining distances of (a)40m and (b)200m.
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6.2.2. Investigation of permeability anisotropy
We also illustrate the permeability evolution of sub-case (a) and

sub-case (b) with the results displayed in Figs. 12 and 13, respectively.
The coal pillar separates the coal into several coal mining areas, and the
evolution of both the horizontal and vertical permeability above each
mining area are similar to the results under longwall mining. The most
significant difference is that there will be a permeability enhancement
area for the horizontal permeability between the two mining areas. The
variation rate (k/k0) is much smaller in both directions under both sub-
cases compared with the results for regular longwall mining. Com-
paring Figs. 12 with 13, we find that the permeability increment ratio of
the sub-case (a) is larger than that of sub-case (b) in the damaged zones.
In the undamaged zone, the horizontal permeability increment ratio of
sub-case (a) is larger than that of sub-case (b) while for the vertical
permeability the opposite situation is observed in the above region
between the two mining areas.

6.3. Results for top-caving mining

6.3.1. Damage evolution in the coal mining area
The evolution of the damage zone under the scenario of top-caving

is illustrated in Fig. 14. Similar to the results for longwall mining, a

trapezoid shaped damage zone appears above the goaf with its size
expanding with mining advance. Compared with Fig. 7, we find that the
size of the damage zone under the case of top-caving is similar to that of
regular longwall mining. As shown in the figure, the length of the da-
mage zone is almost the same as the benchmark model although the
height of the trapezoid zone is smaller than that resulting from regular
longwall mining.

6.3.2. Investigation of permeability anisotropy
Permeability evolution under the scenario of top-caving mining is

similar to the first case of the benchmark model as shown in Fig. 15
with the variation rate (k/k0) smaller in both directions compared with
the first scenario of longwall mining. Taking the variation rate of hor-
izontal permeability (kh/kh0) as an example, the largest variation ratios
in both the elastic and damage zones are each ~250 while the value of
the first scenario is ~300 that in the elastic zone and 350 in the damage
zone. It can be concluded that top-caving can reduce the area of the
damage zone and cause less disturbance on the overlying strata.

Fig. 8. Redistribution of (a) horizontal stress; and (b) vertical stress at different mining advances 5m above the panel.

Fig. 9. The redistribution (a) horizontal stress and (b) vertical stress at the different distance to the goaf.
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6.4. Discussion of coal and uranium Co-exploitation

6.4.1. Co-exploitation patterns of coal and uranium
Underground mining is widely applied to coal recovery in China. If

the same technology is applied to uranium resources, no more than one
ton of uranium can be extracted when 1000 tons of ore is excavated
underground, as the average uranium-bearing ore grade of China is
about 0.1%. Meanwhile, 3000 tons of waste water is produced.
Considering these disadvantages, leaching is typically applied to ur-
anium resource recovery with a neutral solution used composed of CO2,
O2, and water. Unlike underground mining, the leaching does not in-
duce significant strata deformation and the solid waste is only stored in
instruments, equipment, and pipes which are easily collected. Leaching
includes the following steps in sequence59: first, the leaching solution is
injected into the uranium strata through a borehole and a chemical
reaction is initiated between the leaching solution and the components
in the strata. Then the valuable components in the uranium deposit are
dissolved and a uranium-bearing leaching solution is formed. Finally,
the uranium-bearing leaching solution is extracted to the surface
through a liquid-extraction borehole.

Water is required for leaching, whereas water must be drawn off for
the coal mining. In addition to this, uranium is a radioactive element
and a possible leak will critically damage flora and fauna and endanger
personnel.4,5 Thus, improper co-exploitation of coal and uranium may
result in significant environmental and health problems. As analyzed
above, four zones are formed after coal mining, as defined with char-
acteristic permeability structure. If the uranium is close to the coal seam
and located in the areas of the caved and fractured zones, the coal
mining would induce a large strata movement and the leaching solution
would leak, threatening the workers and the mining operation. Under
this situation, a coal seam beneath the uranium deposit should be
abandoned. Conversely, if the uranium is located in the area of the

constrained zone, the horizontal permeability increases due to coal
mining but the vertical permeability may maintain its initial value.
Under this situation, coal mining would be helpful to the uranium ex-
ploitation as the increased horizontal permeability would enhance the
transport of the leaching solution. While some sealing technology could
be applied to the coal panel roof as the vertical permeability in the rib
area of constrained zone would increase.

6.4.2. The influence of the mining approach
As discussed above, the zone in which the uranium deposit would

reside following coal mining plays a significant role for the co-ex-
ploitation of the coal and uranium deposits. The division into the above
four zones and the related permeability variations vary with the dif-
ferent mining approaches. To fully illustrate this, we compared the size
of the damaged zone (caved zone) and the maximum permeability ratio
along the two reference lines (20m and 40m) above the goaf for the
different mining approaches with the comparison results shown in
Table 5. We first compare the results obtained from room-and-pillar
mining approach with longwall mining. As illustrated in the table, the
room-and-pillar mining approach can significant decrease the size of
damage zone. Both the horizontal and vertical permeability ratios at
20m above the coal mining area are significantly decreased. The per-
meability variations on the reference line at 40m are different: the
horizontal permeability ratio is sharply decreased, and the vertical
permeability decreases for the case of two pillars but increases for the
case of one pillar. While the maximum vertical permeability ratio on
the reference line at 40m appears on the location between the two
mining areas rather the area directly above the goaf. For the top-caving
mining approach, both the damaged zone and permeability ratios at
both reference lines are slightly decreased compared with the results of
regular longwall mining.

As discussed above, the best location for the uranium deposit is the

Table 4
Strata lithology parameters for the calculation of caved zone and fracture zone height.11,63

Strata Lithology Compressive Strength (σc, MPa) Coefficients

c1 and c3 c2 and c4

Strong and hard > 40 2.1 for caved zone 16 for caved zone
1.2 for fractured zone 2 for fractured zone

Medium strong 20–40 4.7 for caved zone 19 for caved zone
1.6 for fractured zone 3.6 for fractured zone

Soft and weak < 20 6.2 for caved zone 32 for caved zone
3.1 for fractured zone 5 for fractured zone

Fig. 10. Variation of permeability (a) horizontal and (b) vertical.
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constrained zone following coal mining as in this zone the increased
horizontal permeability would enhance the flow of the leaching solu-
tion in the uranium deposit and the invariant vertical permeability
would contain the leaching solution in the uranium deposit. The dis-
tance between the constrained zone and the coal mining area can be
adjusted by the mining approach. If the distance between coal seam and
the uranium deposit is very large, then the uranium deposit is located at
the surface zone or constrained zone after coal mining. The regular
longwall mining approach can be applied in that situation. If the dis-
tance between the uranium deposit and coal seam is small then the
uranium deposit would be located in fractured zone after the coal
mining. The regular longwall mining approach should be abandoned. In
that situation, the room-and-pillar mining approach or the top caving
mining approach should be applied. As shown in the simulation results,
both approaches would reduce the disturbance of the coal mining to the
zone above uranium deposit and decrease the maximum permeability
ratio. While the permeability variations are different under top-caving
and room-and-pillar mining approaches, the top caving approach can
slightly decrease the permeability ratio and can be applied when the
uranium deposit is located at the interface between fractured zone and
constrained zone. Conversely, room-and-pillar mining can significantly
decrease the permeability ratio and significantly shorten the length of
fractured zone. However when the room-and-pillar mining approach is
applied, sealing technology should be applied to the coal roof as the

vertical permeability between the coal pillars would increase. If the
uranium deposit is located very close to the coal seam, such as in the
caved zone, the coal seam should be abandoned for safety and en-
vironmental reasons.

7. Conclusions

In this work, a novel strain-dependent permeability model is pro-
posed to investigate the feasibilty of co-exploitation of coal seam and
uranium deposits. First, experimental data collected from a stress-
strain-permeability test are used for model verification. Then a nu-
merical model based on the geologic conditions of the Dongsheng area
in the northern part of Ordos Basin, China is established, and three
recovery scenarios are explored. The influences of mining approaches
on the co-exploitation of coal seam and uranium deposit are discussed.
Based on the model verification and simulation results, the following
conclusions are drawn:

(a) In this work, a strain-dependent permeability model is proposed in
which the permeability evolution is related to the effective strain in
the elastic range and associated with the damage parameter (D)
when coal is damaged. The proposed model is applied to curve-fit
the experimental data recovered from a stress-strain-permeability
test with good fitting results. A single strain value is associated with

Fig. 11. Damage evolution of the coal pillar mining approach after the exploitation of (a) with one pillar and (b) with two pillars removed.

Fig. 12. Variation in permeability of Scenario(ii) with one pillar for (a) horizontal and (b) vertical permeability.
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Fig. 13. Variation of permeability of Scenario (ii) with two pillars for (a) horizontal and (b) vertical permeability.

Fig. 14. Damage evolution for scenario (iii) with mining advances of (a) 40m and (b) 200m under the scenario of top caving.

Fig. 15. Variation in (a) horizontal and (b) vertical permeability due to top-caving.
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a unique permeability in our new model while in the stress-de-
pendent permeability model duplicate permeability values may be
obtained for a single mean stress value when the coal is damaged.

(b) After coal mining the strata above the goaf can be divided into four
zones in which the uranium deposit could reside after coal mining
plays a significant role for the feasible co-exploitation of the coal
seam and uranium deposit. When the uranium deposit lays in the
caved or fractured zones, the leaching solution would leak into the
coal seam and the coal seam under the uranium deposit would have
to be abandoned. When the uranium deposit lays in the constrained
zone, the enhanced horizontal permeability value would enhance
the flow of the leaching solution in the uranium deposit and the
coal seam mining would be a benefit to the uranium deposit ex-
ploitation. When the uranium deposit lays in the surface zone, the
exploitation of the two resources has almost no effect on each other.

(c) The locations of the four zones can be modified by the selected
mining approach. Longwall mining results in the largest dis-
turbance to the overlaying strata and the most extensive caved and
fractured zones followed by the top caving mining approach then
the room-and-pillar mining approach. If the uranium deposit is lo-
cated at the interface between the fractured and constrained zones,
top-caving mining should be applied to ensure that the uranium
deposit is located in the constrained zone. If the uranium deposit is
located in the fractured zone but near the constrained zone, then
the room-and-pillar mining approach should be applied. Meanwhile
sealing technology could be applied especially to the areas above
coal pillars to contain fluids migration and ensure safe operation.
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