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Abstract

Underground water reservoir (UWR) technology has been used to protect mine water resources. The main underground space
for UWREs is the caving zone formed by longwall mining. Broken rock mass movement in the caving zone affects the porosity
distribution and seepage characteristics during the UWR’s circulation, storage, and discharge. We used a fluid-solid coupled
model, implemented in PFC3D and combined with Python, to simulate water seepage in the caving zone. The influence of
particle size and fluid element size on the error of the simulation results was analysed. Then, we investigated the effect of
seepage on broken rock mass porosity under different stress states. Simulations with various particle sizes and compaction
stresses show that the average displacement of broken rock decreases exponentially with increased stress. Because large
broken particles form the primary bearing structure in the model, it is mostly small particles that move under high-stress
levels, so porosity is less affected. Larger particles also migrate if the compaction stress is low; this significantly changes
the porosity and leads to roof uplift. Finally, we designed an engineering scale model based on our simulation method using

the actual UWR situation in a coal mine.

Keywords Underground mine reservoir - Caving zone - Particle size - Compaction stress - Porosity

Introduction

In recent years, coal production in China has gradually
shifted from the eastern coal fields to the west. However,
the climate in the western mining area is dry, with less rain-
fall. Therefore, high-intensity mining activities have severely
impacted the local ecosystems (Reta et al. 2019). Statistics
have shown that the coal mining industry produces 8 bil-
lion tons of groundwater every year in China, but only a
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quarter is well utilised. The loss of mine water resources
is equivalent to 60% of the annual industrial and domestic
water shortage (10 billion t) (Gu 2013; Si et al. 2010; Wang
et al. 2017). Therefore, coordinating coal mining and water
resource protection is one of the serious challenges of the
western region. Gu (2015), Xie et al. (2015), and Yuan et al.
(2018) presented several concepts for underground water
and energy storage using underground coal mine open-
ings. The proposed concepts, including underground water
storage in the goaf, sewage treatment centers, and pumped
storage power stations, provide promising ways to reuse the
underground space and mine water and protect the environ-
ment and local ecologies. The underground water reservoir
(UWR) technology (Fig. 1) has been used in the Shendong
mining area. Thirty-five underground reservoirs with a total
water storage of 25 million m? have been built; these could
store more than 95% of the produced water from mining
activities and surrounding industries, promoting its reuse in
the area (Zhang et al. 2021).

During the construction of an underground reservoir, the
main issues are the storage capacity of longwall goafs and
the stability of the reservoir structures (Li et al. 2017a; Liu
et al. 2019; Wang et al. 2020; Yao et al. 2020; Zhao et al.
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Fig. 1 Bearingstructure of underground reservoir in a mine

2019). Longwall goafs are the primary storage of under-
ground reservoirs, and the porosity of the caving zone and
its evolution law dominate the storage capacity (Wang et al.
2019; Zhang and Zhang 2019), as shown in Fig. 1. There-
fore, porosity evolution in the caving zone during under-
ground reservoir operation is an essential factor that affects
water storage. The evolution of the caving zone’s porosity
is mainly divided into two stages, mining and underground
reservoir operation (Li and Ju 2018; Li et al. 2019; Zhang
et al. 2016, 2019). In the mining stage, the porosity of the
caving zone (@) gradually decreases with the overlying strata
subsidence, and some models for calculating porosity were
proposed (Bai et al. 2014, 2016; Yu et al. 2016; Zhang et al.
2016). However, these models need particle distribution
parameters, which are usually challenging to obtain in the
goaf (Karacan 2010; Fan and Liu 2017) proposed a method
to calculate the porosity and permeability at each compac-
tion stage of the caving zone without considering the broken
rock mass dimension:

3

s

where o, is the vertical stress, k, and k are the permeabil-
ity before and after deformation, respectively. V, and V, are
the initial volume and deformation volume of the particle,
respectively, and E is the secant modulus. The secant modu-
lus gradually increases as the goaf compacts, which affects
the porosity and permeability.

Permeability modes derived from experiments can con-
sider many factors, for example, particle size and shape,
particle strength, stress regime, and moisture effect (Chu
et al. 2017; Jia et al. 2017; Li et al. 2017b; Zhang and
Zhang 2019). However, these models cannot fully describe
the permeability and porosity evolution in the goaf, which
usually spatiotemporally evolves depending on the compac-
tion process, stress environments, roof structures, and other

Artificial dam

factors. Numerical models have been developed to simulate
the compaction process in the caving zone and the associ-
ated stress and permeability changes due to the limitations
in the current theoretical and experimental models (e.g. Jin
et al. 2010; Zhang et al. 2019). However, porosity evolution
during compaction is usually ignored (Packham et al. 2011;
Xia et al. 2016).

Numerical methods of physical and mechanical changes
during caving zone compaction include microscopic lab-
oratory-scale models using the discrete element method
(DEM), and macro field-scale models using the finite ele-
ment method (FEM). The main steps of DEM (e.g. PFC
model) inversion are: (1) the broken rock mass can be simu-
lated by particle clusters, which usually comprises several
sub-particles. The clusters could further fail to simulate frag-
mentation of the rock blocks during the compaction process;
(2) during the simulation process, the particle parameters
and contact parameters can be modified to reproduce experi-
mental results; and (3) the effect of particle breakage on
the macroscopic behaviour of the assembly during the com-
paction process can then be realistically simulated (Manso
et al. 2018; Sitharam and Vinod 2010; Zhang et al. 2020a).
FEM models generally simulate the physical and mechanical
behaviour of the goaf at the engineering scale. Experiment-
derived models can be employed in these models (Bai et al.
2016; Zhang et al. 2016). However, porosity evolution in the
caving zone during the mining stage cannot be used during
the operation of underground reservoirs. The UWR is con-
structed after the longwall mining is completed, so that the
caving zone will stay in a long-term immersion and loading
environment (Fig. 1).

The effect of water infiltration on the deformation of an
assembly of fragmented rocks is shown in Fig. 2. The pore
structure of the assembly alters significantly during long-term
water immersion. Ma et al. (2019) also found that the bro-
ken rock mass porosity increases during water flow due to
mass loss, and erosion inhibits the growth of the fluid Forch-
heimer coefficient. Thus, broken rock mass movement affects
the porosity distribution and seepage characteristics of the
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Fig.2 Verticalsections of
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plane of the sample (Nguyen
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an additional 30 min loading
with a flow rate of 0.45 cm/s
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caving zone during the circulation storage and discharge in
UWRs. Currently, research on the fluid-solid coupled of the
broken rock mass usually focuses on particle soil loss. A new
fluid-solid coupled numerical approach combined the DFM
(dynamic fluid mesh) method with the DEM to simulate soil
suffusion (Zhang et al. 2020b). This novel approach accounts
for permeability and porosity changes due to soil skeleton
deformation and suffusion. Nguyen and Indraratna (2020) used
a similar method to address the complex processes of energy
transformation during the internal erosion of soils subjected
to fluid flow. This method can realise the fluid-solid coupled
simulation of particles. However, the effect of the external
stress and flow velocity on the simulation was rarely previ-
ously considered. In the underground reservoir, the complex
and varying stress environment affects the porosity of the cav-
ing zone. Thus, this study establishes the coupled equation of
mine water seepage and broken rock mass through theoreti-
cal analysis, which we then embedded in PFC3D and Python.
Using the DEM-CFD coupled program, we investigated the
effect of seepage on broken rock mass porosity under different
stress states. The results clarify the porosity evolution of the
caving zone in the process of mine water seepage.

Methodology

Hydraulic Forces Acting on Particles due to Fluid
Flow

The hydraulic force exerted on the particles by the fluid (fluid-

solid coupled interaction force) consists of the drag force and
the force caused by the fluid pressure gradient:

- - 4 =
fﬂuid =fdrag + g”r3vp )
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where zﬂuid is the total force exerted by the fluid on the par-
ticles, f ., 1s the ﬁdrag force applied by the fluid, r is the
particle size, and Vp is the fluid pressure gradient.

The drag force exerted on the particles is individually
determined based on the conditions of the fluid element. It
should be noted that the hydraulic forces acting on particles
are exerted on the centroid of the particle, and there is no
torque effect. There are several methods to estimate the drag
force (Wang and You 2011; Kafui et al. 2002) suggested
that Felice (1994) can better present a smooth variation of
drag force over porosity. This approach has been widely used
(Nguyen and Indraratna 2020; Tao and Tao 2017). The drag
force can be calculated using Eq. (3).

- 1 o oo o\ g
fdmg=§Cdpf7rr2|u — v|(u V)¢t 3)

where C, is the drag coefficient, which can be calculated by
Eq. (4), yis the particle velocity, ¥ is the fluid velocity, pris
the fluid density, and @ is the porosity of the fluid element
where the particle is located. y is an empirical coefficient
that considers local porosity. This correction coefficient
makes the drag force suitable for high-porosity and low-
porosity systems and supports a wide range of Reynolds
numbers, as expressed in Eq. (5) (Felice 1994; Xu and Yu
1997).

2
c, =063+ 23 @)
v/Re,
(1.5 - logloRep)2
¥ =37-065exp| — )

2

where R, is the particle Reynolds number and can be
expressed as:
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where i, is the fluid viscosity. If all particles are in the fluid,
the equations describing the fluid-particle interaction are:
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where f”mech is the sum of the external mechanical forces
acting on the particles, which includes the applied external
forces and the contact forces, g is the gravity, W is the parti-
cle angular velocity, / is the moment of inertia, and M is the
moment acting on the particles.

Solve Permeability and Fluid Velocity

Darcy’s law can be used to describe the low Reynolds
number for fluid in porous media. The upper limit of the
Reynolds number corresponding to Darcy’s law is between
1 and 10 (Diersch and Kolditz 2002). The velocity of the
underground reservoir is low-speed flow. Therefore, Dar-
cy’s law can be expressed as:

- K¢
v=—Vp
m ©

where K is the permeability and p is the fluid pressure. It is
assumed that the compressibility of the fluid can be ignored.
Therefore, the fluid pressure can be obtained according to
the flow velocity through an implicit solution. The perme-
ability coefficient is calculated based on the porosity of the
porous media model. This study uses the Kozeny—Carman
equation to calculate the permeability coefficient.

L. i @r? ¢$<0.7
K(¢) =14 180 (1 -¢) (10)
K(0.7) ¢ > 0.7

To calculate the permeability coefficient and concur-
rently consider the condition of the reservoir, the upper
limit of porosity is set to 0.7 (Itasca 2018). When the
porosity exceeds 0.7, the permeability coefficient is con-
stant. Equation (9) is the Darcy flow equation for a low
Reynolds number. When the Reynolds number exceeds
10, Darcy flow is no longer applicable; the flow in porous
media can then be described by the Forchheimer formula,

where f is the non-Darcy flow factor. This study only
focuses on Darcy flow.

Numerical Implementation

In this study, PFC3D was used to simulate the behaviour
of the assembly of caved rocks, while computational fluid
dynamics (CFD) solver was used to perform the fluid-solid
coupled. In the coupling, the porosity and stress of each
fluid element were calculated in PFC3D. The fluid veloc-
ity, fluid pressure, fluid pressure gradient, fluid density,
and hydrodynamic viscosity coefficient in each fluid ele-
ment were determined by the CFD solver (Fig. 3). The CFD
module automatically exerts the fluid-particle interaction
force for the PFC particles. Bidirectional coupling was
achieved by updating the porosity and permeability in the
fluid flow model and fluid velocity field in the CFD module.
The steady-state flow field was automatically periodically
updated at a particular step interval of the mechanical cal-
culation. Synchronisation and exchange of data between the
two solvers were performed via TCP socket communication
using FISH or Python scripts.

The centre method was used to update the porosity of
each fluid element due to its high accuracy. It is suitable for
particles that are entirely immersed within the fluid element,
so the fluid element and particle size need to be restricted.
The generation of zero porosity in the fluid unit will lead
to a singularity in the fluid governing equation (Eq. 3, the
drag force will be infinite). Thus, the porosity of the fluid
element was limited to more than 0.005. In using the com-
plete particle volume to estimate porosity, the overlapped
part is not accounted for, which causes the calculated poros-
ity to be less than the actual value. Thus, to improve the
reliability of the simulation, it is necessary to address the
effect of scale factors R (fluid element size/particle diam-
eter) and porosity on the numerical results. Several models
with different scale factors and porosities were designed, as

Fluid velocity, Fluid
pressure gradient, and
Fluid element parameters

PFC" version 6.0
General Purpose Distinct-Element
Modeling Framework

Porosity, Particle
velocity, Body force and
Particle parameters

® python

Fig.3 CFD-DEMcoupling method by PFC3D and the CFD solver
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shown in supplemental Fig. S-1; the simulation parameters
are listed in Table 1.

The corresponding flow velocity simulation results are
shown in Fig. S-2, accompanying the errors between the
numerical results and theoretical calculation (Eq. 9). As can
be seen from Fig. S-2, the flow velocity obtained by simula-
tion increases exponentially with increased porosity, which
is consistent with the theoretical calculation. However, as
R decreases, the deviation between the simulation results
and theoretical calculations gradually enlarges, which is
due to increased porosity calculation error when R is small.
This occurs mainly when one fluid element contains more
particles. Porosity also plays a significant role in numerical
accuracy. When the porosity is less than 0.25, the error rises
to 14.1% even if the coefficient R reaches 20. Decreasing the
porosity will increase the numerical error. A porosity of less
than 0.1 would produce a deviation exceeding 100%. To limit
the error to less than 10%, the porosity should range between
0.3 and 0.5, and the proportional coefficient R should exceed
3. When the coefficient R exceeds 10, the upper limit of the
porosity can be increased. Figure S-3 shows the variance
of porosity between the model generation process and the
calculated value. It clearly shows that less porosity (<0.3)
produces a larger error.

A porosity correction operation was introduced in the
simulation to remove the porosity error. First, the average

Table 1 Model parameters

porosity of the CFD element was obtained by PFC3D cal-
culation. Then, the porosity correction factor was calcu-
lated by the model porosity and average calculated porosity.
Finally, the porosity used in the CFD solver was updated by
the porosity correction factor. This operation can improve
numerical accuracy, as shown in Fig. S-4. Consequently, the
available ranges of R and porosity increased. The porosity
should be within 0.2-0.4 to meet the error limitation (10%),
for R>2. If R> 5, the available porosity can range between
and 0.1-0.5, covering most situations it may encounter in
this study.

In addition to the flow velocity, the drag force error dur-
ing simulation also affects the simulation results (Fig. S-5).
According to the theoretical analysis, the drag force first
decreased rapidly before increasing with porosity (Fig. 4)
and diminished at porosity =0.2. The simulation results
shown in Fig. S-5 are consistent with the theoretical results.
There should be no dramatic increase in the simulation
results because porosity in an underground reservoir is gen-
erally above 0.1.

Like the flow velocity, as R increases, the numerical
errors gradually decrease (Fig. S-5b). However, when the
ratio coefficient R is 1, the numerical results are much larger
than the theoretical values. Particle overlap is attributed to
this large error because the calculated porosity approaches
0 under the condition of R=1, as shown in Fig. 4. In the

Particle radius (m) Emod (GPa) Kratio Fric

Inlet pressure (Pa)

Outlet pressure (Pa)  Fluid density (kg/m3) Fluid viscosity (Pa s)

0.025 25 2.0 0.5 500

0 1000 0.001

Fig.4 Relationshipbetween
porosity and drag force in low
porosity assembly
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process of fluid calculation, the overlapped part is not con-
sidered, resulting in the model’s porosity tending to O or
even a negative number. The porosity of the fluid element
is limited to 0.005 to avoid the occurrence of zero porosity.
According to the porosity evolution and drag force (Fig. 4),
the drag force sharply increases to 1.3 x 10~* N when the
porosity tends to 0.005, which is much larger than when the
porosity is 0.1 (1.76 x 1075 N).

Porosity correction can remove the drag force error, as
shown in Fig. S-5b. When R>2 and porosity is <0.2-0.4,
the error can be limited to < 10%. When R > 5, the error can
meet the requirements if the porosity is <0.5. In summary,
to limit numerical errors, if the porosity ranges between
0.2 and 0.4, R should exceed 2. When R > 5, the simulated
porosity can be between 0.1 and 0.5.

Laboratory Calibration

Calibration of our model should be precise to accurately
assess the storage capacity. Thus, we used the experimen-
tal results of Zhao et al. (2018) for laboratory calibration.
The axial stresses in their tests were 10, 20, and 30 MPa,
respectively. Four groups of particle sizes (3.8, 7.5, 12.5, and
17.5 mm) were assessed in their report. In our study, similar
simulation parameters were used to simulate the stress-flow
test with particle sizes of 3.8 and 12.5 mm. In each numeri-
cal case, the initial porosity was determined according to
the measured permeability at 10 MPa. Then, a flow test of
20 and 30 MPa was used for calibration in our method. The
simulated model and calibration results are shown in Fig. 5,
the average errors (and normalized root mean square errors)
for the test with particle sizes of 3.8 and 12.5 mm were 8.4%

(b)

(6.2%) and 7.9% (6.7%), respectively, which clearly shows
that the numerical and experimental results match well.

Fluid-Solid Coupled Simulation
of the Caving Zone

In the error analysis, the vertical stress on the caving zone
was not considered and the particle size of the broken rock
mass was not consistent with that obtained from the experi-
ment. In the caving zone, the contact stress between broken
rocks significantly increases under the action of compaction
stress, making it difficult for the broken rock mass to flow
with the water. Therefore, this section further demonstrates
particle migration and porosity evolution under different
stress states during water seepage.

Model Setup

Water flow in the caving zone was simulated for this study.
The vertical thickness of a goaf with a highly irregular
shape and different granular broken rocks could reach
4-11 times the mining height (Karacan and Luxbacher
2010). The broken rocks were gradually compressed by
the overburden load caused by mining (Fig. 1). Thus, the
goaf broken rocks could be treated as a porous medium
consisting of residual coal and broken rock blocks gener-
ated by caving, pilling, and recompression. To improve
the calculation efficiency, the model had a cross-sectional
size of 0.1 x0.1 m and a length of 0.2 m. Impermeable
walls were generated around the model. The flow rate at
the inlet of the model was 0.2 m?/s and the pressure at the
outlet was set to 0. The rock block radius was divided into

0 < Laboratory test-3.8 mm
\
\
\\\ O Laboratory test-12.5 mm
AY
\\\ - - - - Simulation-3.8 mm
AY
\
N - - -~ Simulation-12.5 mm
\\
\
N
N
\
N
N
0
S~ AN
-~ o .
‘ ‘ ‘ ‘ — ‘
5 10 15 20 25 30 35

Axial stress/MPa

Fig.5 Comparisonbetween laboratory test results and numerical simulation, a is laboratory testbroken rock, b is simulation model and ¢ is com-

parison curves
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Fig.6 Brokenrock mass model
and porosity monitoring
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©»
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[«
Ball group Any
Balls (21581)
B vig
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Disc 1
Normal micro-
model
Contact
width —
Disc 2

Fig.7 RollingResistance Linear Model (modified after Ai et al. 2011;
Wensrich and Katefeld 2012)

three groups based on the error analysis: 0.001, 0.003, and
0.005 m. The fluid element size was set to 0.05 m and the
R of the three particle groups were 25, 8.3, and 5, respec-
tively. The proportions of the three groups were 10%,
20%, and 70%, with 21,581 spheres. The initial porosity
of the model was 0.6. When the overburden stress reached
1 MPa, the porosity remained constant (= 0.5), meeting
the simulation requirement. The model is shown in Fig. 6.

To understand the influence of particle shape on the
flow and mechanical behaviour, the rolling resistance lin-
ear contact model was used to describe the interaction
between particles (Fig. 7); this model is described in
more detail in Ai et al. (2011) and Wensrich and Katefeld
(2012). The simulation parameters are listed in Table 2
(Shao et al. 2020). Ten groups (nine monitoring points in
each group) were arranged inside the model to quantita-
tively analyse the porosity evolution at different positions
of the model (Fig. 6B).

@ Springer
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Table 2 Contact parameters of broken rock mass

Elastic modulus  Stiffness Friction coef-  Rolling friction

(GPa) proportional ficient coefficient
coefficient
25.00 2.0 0.49 0.9

Results and Discussions
Displacement of the Rock Blocks

Simulations were conducted under axial stresses of 1, 2, 3,
4,5, 10, and 15 MPa to study the influence of overburden
stress on the displacement of rock blocks. Smaller parti-
cles usually move with greater velocity. We assumed that
the model had stabilised when the average displacement
increase of small particles was less than 107> m in 10,000-
time steps. The time steps required to reach equilibrium
for each scenario are shown in Table 3. Figure 8§ proves the
particle displacement after the model stabilised.

The particle displacement depends on the stress condi-
tions even under the same flow velocity. When the over-
burden stress was small (1 and 2 MPa), particles near the
water inlet side had larger displacements. As the stress
increased, particle migration near the inlet was immensely
reduced. For models with less overburden pressure (1 and
2 MPa), the roof was lifted because the flow produced
higher fluid stress than the overburden pressure (Fig. 9),
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Table 3 Displacement of particles after stabilization under different overburden stress

Stress /MPa 1 2 3 4 5 10 15

Average displacement/mm Big 2091 8.99 4.98 3.69 2.82 1.23 0.80
Medium 23.49 10.36 5.84 4.51 3.61 1.96 1.51
Small 33.76 16.91 10.69 8.73 7.59 5.51 4.93

Maximum displacement/mm Big 54.26 33.66 21.96 19.98 17.96 14.71 12.60
Medium 67.41 36.50 28.41 28.73 28.47 22.72 20.88
Small 168.17 135.10 132.68 134.44 136.20 84.79 66.91

Time steps=1x 107" s 2.1x108 53%x10° 2.0x10° 1.9%x 10 1.1x10° 1.0x 10 0.9%10°

Fig.8 Migrationof broken rock
mass under different stress
conditions

Fig. 9 Roofuplift under low
axial stress

(a)IMPa

which is consistent with the current study of the surface
uplift caused by the water level recovery (mine flooding)
in abandoned mines(Dudek et al. 2020; Zhao and Koni-
etzky 2020).

The equilibrium time required for 1 MPa to reach equilib-
rium is much longer than that for the other scenarios. Under
the stress condition of 1-4 MPa, small particles did not
reach equilibrium when operated for 80,000 steps (Fig. 10).
When the stress exceeded 5 MPa, the particle displacement
roughly remained after 50,000 steps, indicating that over-
burden stress also affects the particle balance time (Table 3).

As the overburden stress increased, the average displace-
ment of the assembly decreased exponentially, Fig. 11a. At

4MPa

Ball displacement(mm)

(b)2MPa

the same stress level, large particles witnessed similar dis-
placement evolution as that of the medium particle group,
but much less than the small particle group because the
acceleration of small particles in the same flow field was
greater than that of larger particles. Another reason was
those small particles were generally located in spaces sur-
rounded by larger particles, which usually have lower stress,
as can be seen in Fig. 6. However, all the curves in Fig. 11a
show similar variation with stress, which indicates that par-
ticle size did not affect the stress dependence of particle
displacement. In Fig. 11b, the maximum displacement of
small particles varies only slightly under the stress of 5 MPa,
while the maximum displacement of broken rock masses

@ Springer
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Fig. 10 Displacementevolution of small particles under different
stress conditions

with large and medium particles decreased exponentially
(Fig. 11b), confirming that small particles in the assembly
are not the main load-bearing body of stress.

Porosity Evolution

The migration of rock blocks directly affects the porosity
evolution of the model, which, in turn, also affects the per-
meability and water storage capacity of the caving zone. Fig.
S-6 shows the average porosity of each monitoring layer of
the model under different stress states.

The evolution of the porosity depends on both the loca-
tion and overburden stress. In the first layer (close to the
inlet), the porosity gradually increased and remained con-
stant, regardless of the stress. The porosity of the last two
layers (near the outlet) monotonously decreased. When the

40 A & Big
O  Medium
35 A A A Small
v Fitting results-big

30 1 Y y=5.81+65.63¢08x Fitting results-medium
£ £ Fitting results-small
£254 3
g WA

20 A A
é_:g \“\‘ \ y=2.27+51.06¢0-8%
157 NN
a

10 1 B Aa A y=1.52+45 54¢0:86¢

5 A \\@'::::@.— @ ------ yAY A

0 . — : g : —8

0 2 4 6 8 10 12 14 16

Stress/MPa
(a) Average displacement

overburden stress was 1 MPa, the porosity of each layer fluc-
tuated. This trend was more significant in layers 3—8. The
reason for this is believed to be the uplift of the top boundary.
When the overburden stress was increased beyond 1 MPa,
the porosity of layers 2—8 were not significantly affected
(0.4-0.5), but when the overburden stress was exceedingly
high, the first layer showed a marginal increase in porosity,
that is 0.047 at 10 MPa and 0.023 at 15 MPa. The porosity
increase in the first layer was much greater within the range
of 0.54-0.14 as the overburden stress increased from 1 to
5 MPa (Fig. S-6), which is mainly because only small par-
ticles migrate under high-stress conditions, with little effect
on the porosity. Moreover, an increase in overburden stress
further enhances the migration resistance of rock blocks and
reduces the pore space between larger particles. The former
dominates the migration of large particles, while the latter
controls the migration of small particles. Note that poros-
ity changes are closely related between two adjacent layers.
With the rapid porosity increase in the previous layer, other
layers would simultaneously witness porosity decreasing,
indicating particle migration.

Notably, the size of the broken rock mass in the cav-
ing zone was much greater than the simulated cases in this
study. The overburden stress was roughly 5 MPa (at a buried
depth>?200 m). Therefore, the drag force generated by fluid
flow in the underground reservoir cannot move the large
particles. The migration of small rock blocks (including
dust) dominates the porosity changes. Further, the increase
in the water inlet porosity can be obtained from the simula-
tion in which the porosity was gradually reduced near the
outlet. With so many small particles in the caving zone, the
porosity near the outlet was greatly reduced, obstructing the
water outlet.
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Fig. 11 Displacementand stress evolution curves of broken rock mass with different particle sizes
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Discussions

This study used a numerical method to study the migration
and pore evolution of broken rock masses during the stor-
age and discharge of underground reservoirs. The influence
of overlying stress and particle size on porosity changes
was investigated. Numerical results showed that the pro-
posed method could mimic fluid-solid coupling in the
caving zone and reproduced well the migration of small
particles observed in laboratory experiments. For example,
a series of seepage-induced particle erosion experiments
were conducted by Ma et al. (2019), who found that the
porosity of the broken rock mass was increased by the
mass loss. Further, large particle rearrangements in the
early stages dominate the sharp increase in porosity, and
small particle losses induces a slight decrease in porosity.
Moreover, the porosity of the model under different over-
burden stresses agreed well with the experimental results
obtained by Li et al. (2019) and Zhang et al. (2019). The
effects of porosity, particle size, and water pressure (flow
rate) on the drag force and the simulation results were
consistent with the theoretical model (Dong et al. 2014;
Kaur and Alam 2016; Rubinstein et al. 2016; Wang et al.
2011), as shown in Fig. S-7. The average errors (and nor-
malized root mean square errors) for the simulation with
particle sizes of 0.005 m and a flow rate of 0.2 m¥s were
5.1% (0.2%) and 7.9% (0.1%), respectively. Earlier, we
compared our simulation results with the laboratory flow
test of broken rock mass under different loading stresses
by Zhao et al. (2018). The simulation results matched
the experimental results. However, compared with other
experiments, our simulation results were not exceptionally
good, mainly because we did not consider the re-crushing
of the broken rock mass during loading. It should be possi-
ble to solve this problem by using a parallel bond model to
generate particle clusters (Zhang et al. 2020a, b), enhanc-
ing the accuracy of the simulation.

Due to the high calculation consumption, a small-scale
model with large particles was used to simulate particle
migration and the associated porosity changes. The model
also simplified field conditions, for example, neglecting the
water pressure and flow rate variation, particle size effect,
and mass loss during discharge; therefore, the numerical
results cannot be applied to field applications. Thus, our
model should be upscaled, considering critical factors such
as preferential flow; the concept will be useful in assess-
ing the behaviour and storage capacity of goaf material in
different flow fields. Residual coal pillars in underground
reservoirs will also affect the water seepage law (Fig. 1) and
should be considered in further studies. Besides, only the
migration law of water in the caving zone was simulated.
After longwall mining, the overlying strata form caving,
fractured, and bedding zones, ordered from bottom to top.
The caving zone has the largest storage volume, and the
fractured zone contains the majority of the water-conducted
channels (Palchik 2003; Zhang et al. 2017, 2018). Moreo-
ver, the fractured zone can also provide storage space for an
underground reservoir and the water flow in the fractured
zone will also carry particles (Yang et al. 2021; Zhang et al.
2021). Thus, the water flow in the fracture zone should also
be considered in the CFD-DEM coupled simulation of an
underground goaf reservoir.

At present, the most important issue for field-scale simu-
lation is to determine the size of the broken rock mass in
the caving zone. For several reasons such as difficulty in
entering the goaf, the measurement of the size distribu-
tion of the broken coal and rock mass is very challenging.
Pappas and Mark (1993) and Singh and Singh (2011) have
reported the gradation of broken rock mass in the goaf. Pho-
tographs of the actual mine goaf were digitised to obtain
approximate particle size gradations of the goaf material.
Figure 12 shows the estimated gradation curves for each
goaf site photographed and indicates that the goaf gradation
for the three sites may fall within a narrow range. However,
in these two studies, only the bottom of the caving zone
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Fig. 12 Gobmaterials photographed and approximate particle size gradations of gob material
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could be photographed, where the caved rocks are usually
more finely fragmented than in the upper part of the goaf.
Thus, further studies of particle size distributions in the
goaf remains a critical need. Moreover, the low computa-
tional efficiency for field-scale models is also a challenge to
be solved. Taking the Shangwan coal mine as an example,
the model dimensions need to be at least 300X 300x 10 m.
According to the goaf grading distribution given by Pappas
and Mark (1993), a reduced scale model (30 x30x 1 m) with
a porosity of 0.4 is shown in Fig. 13. There are 246,512 balls
in this model; the number of balls in the full-scale model
would be ~ 250 million, beyond the ability of common com-
puters. However, the proposed method demonstrates a prom-
ising way to study the fluid-solid coupled of water seepage
in a goaf reservoir. Future work will focus on more realistic
field conditions, as shown in Fig. 13.

Conclusions

In this study, we constructed a fluid-solid coupled model
to simulate the migration and pore evolution of broken
rock masses during the storage and discharge of under-
ground reservoirs. This model mainly describes the force
between the fluid and particles in the form of fluid stress
(drag force + buoyancy). The Kozeny—Carman equation was

Fig. 13 Flow-solidcoupling (a)
model of caving zone under

engineering scale conditions, a

is the simulationscheme and b

is the reduced scale simulation

used to calculate the permeability based on the porosity of
the assembly. The theoretical model was embedded in the
PFC3D code and combined with the Python flow solver to
realise the fluid-solid coupled simulation. The influence of
particle size and fluid element size on the error of the simu-
lation results was analysed. Then, we investigated the effect
of seepage on broken rock mass porosity under different
stress states. The proposed method is a promising method
for assessing the behaviour and storage capacity of goaf
material under actual conditions. The major findings were:

(1) The numerical results showed that the error between
the pre-set porosity and the calculated porosity plays
a significant role in the simulation results. Introduc-
ing porosity correction is a feasible way to weaken the
effects of this error. When the porosity is set between
0.2 and 0.4, the coefficient R should be larger than 2.
When the simulated porosity is expanded between 0.1
and 0.5, the coefficient R can be above 5. With this
correction, the simulation errors can be reduced to less
than 10%.

(2) Simulations with various particle sizes and stress
regimes show that when the overburden stress is rela-
tively small (1 and 2 MPa in this study), the rock parti-
cles will migrate significantly during the seepage pro-
cess, causing the roof to rise. As the stress increases,

The inlet pressure is equal to the measured water pressure
and changes continuously according to the flow rate
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the average displacement of the broken rock particle
decreases exponentially. Small particles always move
more than large particles. Under high-stress conditions
(10 and 15 MPa), only small rock particles, which usu-
ally reside in pore spaces, will experience significant
displacement.

(3) The movement of particles in the broken rock model
directly affects the porosity of the model. Under high-stress
conditions (10 and 15 MPa), large particles become the main
bearing structure. Therefore, the migration of small particles
dominates porosity changes, having a limited effect on water
seepage. If low overburden stress (1-5 MPa) is applied, the
model’s porosity gradually increases from the outside to the
inside according to the particle migration.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10230-021-00826-7.
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