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Abstract: The mining-induced overburden bed separation grouting technique can control surface
subsidence through the high-pressure grouting and filling into the bed separation during mining. The
physical simulation method can be used to objectively reproduce the dynamic migration process of
filling slurry in the bed separation but the traditional similar-simulation materials are not suitable for
the simulation of bed separation grouting. Considering the water disintegration, weak water storage
capacity, and poor permeability of traditional simulation materials, the existing similar-simulation
materials were modified in this study. The improved similar-simulation materials have adjustable
physical and mechanical parameters, stable properties in a water-filled environment, and high water
storage and permeability, and the reasonable ratio of similar-simulation materials was determined
for hard rock, medium-hard rock, and soft rock. The similarity simulation function suitable for bed
separation grouting was deduced and the time similarity coefficient and permeability similarity
coefficient of the bed separation grouting simulation were obtained to judge the similarity and
applicability of similar-simulation materials with specific proportions. This study provides a reliable
experimental simulation scheme for the physical simulation of mining-induced bed separation
grouting and provides a theoretical basis for the improvement of similar-simulation materials with
fluid-solid characteristics.

Keywords: grouting filling; similar simulation; green mining

1. Introduction

China is the main country of coal energy production and consumption [1], and coal
mining brings many problems to the environment [2]. For example, underground coal
mining activities can lead to ground subsidence [3,4] and the failure of the upper critical
layer can lead to mining-induced fissures [5], which can cause serious problems such as
damage to surface structures. Therefore, it is necessary to maintain a balance between
mining and environmental protection [6,7]. As an efficient method in green mining, the
mining-induced overburden bed separation grouting technique [8] can effectively reduce
subsidence by the high-pressure grouting and filling into the bed separation during min-
ing [9]. The key to its success lies in the reduction of mining subsidence by the support of
the compacted ash body [10] formed by slurry bleeding and consolidation [11] in the filling
layer [12]. Physical similarity simulation has been commonly used in the research of bed
separation grouting. At present, transparency and visualization are the main development
directions of similar-simulation materials [13] and the simulation method is the research
focus. However, it is difficult to simulate the similarity of bed separation grouting.

In the traditional physical similarity simulation, gypsum powder is usually used as
a cementing agent. However, gypsum powder tends to be muddy and disintegrate after
absorbing water, and most grouting materials [14,15] are transported into bed separation
by water. Therefore, the existing similar-simulation materials cannot meet the needs of
grouting simulation.

Minerals 2022, 12, 502. https:/ /doi.org/10.3390 /min12050502

https:/ /www.mdpi.com/journal /minerals


https://doi.org/10.3390/min12050502
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min12050502
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min12050502?type=check_update&version=1

Minerals 2022, 12, 502

2 of 14

Moreover, the improved new similar-simulation materials are mainly targeted for
fluid-solid coupling problems and used for the simulation of the impermeable layer [16].
As a result, the permeability of these materials is relatively low. Aiming at the water-
disintegrable problem of simulation materials, Qingxiang [17] used clay as a binder and
developed a new type of similar-simulation material. The results show that the new similar-
simulation material can maintain the corresponding physical and mechanical properties in
the rich water environment and meet the needs of physical simulation. To prevent water dis-
integration of simulation material, Jie [18], Wenbin [19], and Huiqing [20] et al., developed
a variety of similar-simulation materials with different binder bases. However, during the
bed separation grouting process, the water released from the slurry penetrates and is stored
in the rock mass. Therefore, in addition to the non-disintegration of water, the simulation
material should have high permeability and a high water storage to achieve the physical
similarity of the simulation process. Due to the significant hydrophobicity as well as poor
permeability and water storage performance, the above similar-simulation materials are
generally used as water-resisting layers. Although no disintegration and argillization
occur after contacting water, the physical strength of these similar-simulation materials is
significantly reduced, which cannot meet the requirements of grouting filling simulation.

To meet the simulation requirements of grouting filling material, simulation material
should have strong water storage and permeability under the premise of similar physical
and mechanical properties. The permeability of materials can be improved by the simulated
rock strata with prefabricated micro-cracks. Relevant researchers [21] prefabricated the
rock cracks to improve the permeability of simulated materials to study the pathway of
water inrush from the coal mine floor. Since the simulation experiment is carried out under
the condition of filling water, the water-soluble polyvinyl alcohol (PVA) [22] entity can be
used to prefabricate cracks. Based on the previous research [23], straw powder can be used
to improve the water storage performance of similar-simulation materials [24].

In this study, a similar-simulation material was developed to simulate the bed separa-
tion grouting and three ratios were determined to simulate hard rock, medium-hard rock,
and soft rock. The physical property experiments were carried out under a dry state and
after different immersion times. The innovation of simulation material is that the strength,
water storage rate, and permeability can be adjusted, and the physical and mechanical
properties in the slurry (water-bearing environment) are stable. Additionally, the time
similarity coefficient of bed separation grouting simulation I'l; and the permeability sim-
ilarity coefficient of bed separation grouting simulation I, are deduced. When models
are built with different geometric dimensions, these coefficients can be used to efficiently
adjust the experimental parameters by judging whether the time and permeability meet
the requirements.

2. Experimental Program
2.1. Deduction of the Similarity of Fluid-Solid Materials

Similar-simulation materials should have some relations with the actual environment
in geometric size, physical and mechanical characteristics, hydraulic properties, time
factors, and other parameters considering similar-simulation materials have similarity to
the prototype. When establishing a three-dimensional physical simulation system, the
similarity ratio between the prototype and the model should be considered. Thus, it is
necessary to derive the material similarity. In addition, the similarity criterion is required
to quickly determine the similarity degree after adjusting the similarity parameters.

The geometric similarity, dynamic similarity, and physical similarity between materials
in the similar-simulation model and the prototype should be fully met. According to the
simulation effect and research content, the similarity should be adjusted to meet the
similarity transformation between the model and the prototype, and the appropriate
similarity ratio should be determined.

Geometric similarity can be used to determine the mathematical relationship between
the geometric structure of the model and the prototype. It is assumed that the similarity of



Minerals 2022, 12, 502

3of 14

the system is uniform deformation, that is, there is no affine similarity. Therefore, the change
in the coordinate direction of each field is consistent. Here, the similarity is determined by
using the similarity constant. From the geometric similarity theorem, it is concluded that:

xl / ZI l/ ml n
_Yy _z _ =— ... =C 1)

x// y// Z// ll/ m// n//

where x’,/, and z’ are the coordinates of the model; x”, y”, and 2z are coordinates of
the prototype; I, m’,and n’ are the sizes of the model; x”, i/, and z” are the sizes of the
prototype; and C;, is the similitude parameter.

The simultaneous similar system equation is as follows:

fl(x,/y,/Z//' : 'l//m//n/) =0 (2)
fz(x//,y//,ZN, . n//) -0

When the similarity transformation ratio is introduced, Equation (3) can be obtained
as follows:
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Then, Equation (3) can be converted into Equation (4):
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From the above equations, Equation (5) can be obtained:

KXYz, --L', M',N)=0

FZ(X// Yl/ Z// . LII M// N//) — 0
Due to the invariance of the similar system equation, F; and F; are identical. Thus,
F(X,Y,Z,---L,M,N) =0 6)

Similar-simulation materials focus on the field phenomena of various physical quanti-
ties distributed in space, especially the steady field. Based on the derivation of the geometric
similarity system equation, the following similar physical fields can be established:

4):f(x/]//zldlle/"'dn/llzl2/"'ln) (7)

where x,y, and z are geometric coordinates, and d and [ are physical parameters.
A simultaneous similar system equation is expressed as follows:
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From the steady similarity, it can be found that:
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Since the steady similar physical field is affine similar, the similarity transformation
on Equation (8) should be performed as follows:

o = g =Xy = Y52 = 17! (10)
= lpLy 1 = Lldy = DY d] = dgD]

OO0, e BHADL D) =0y

F(®,X,Y',Z,L},---L,D},---D}) =0

Similarly, the time similarity ratio is introduced to solve the velocity field similarity of
unsteady physical quantities as follows:
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where C; is the geometric similarity ratio; C; is the time similarity ratio; and C; is the
velocity similarity ratio. Then, Equation (13) can be obtained as follows:

C,C drr
&Y = 13)
1

To ensure the invariance of similar system equations, the motion similarity index
is constrained: cc
vt
C= o 1 (14)
To simplify the similarity simulation theory and determine the similarity criterion, the
IT theorem is used to construct the physical variables of the physical phenomena involved
in this experiment. When the similar-simulation material is used to realize the simulation
of the mining-induced bed separation grouting process, the physical variables involved in
this experiment mainly include mass m, size I, time ¢, bulk density v, stress o, permeability
k, Poisson’s ratio 1, and water absorption W,. Therefore, the function can be expressed
as follows:

f(m,1,t,v,0,u,Wa) =0 (15)

The dimensional matrix is solved as follows:

m It v o k
M| 1 0 0 1 1 0
L|0 1 0 —2 -1 2
T 0 0 1 -2 -2 0 (16)
mij-1 2 2 1 0 O
n2y{-1 1.2 0 1 0
I3{ o -2 0 0 0 1

In other words, Iy, I'T5, and I3 can be obtained as follows:

—
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In summary, the similarity criterion of similar-simulation materials is obtained as I1;,
IT,, and I3, and the similarity ratio to be determined is C,, C;, and C;. The similarity
assumption is made for the similar-simulation material in this experiment and the similar-
ity constant is determined as C; = 0.0025. Then, the stress similarity ratio is obtained as
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Co = 0.0018 and the bulk density similarity ratio is obtained as C,, = 0.72. After simplifica-
tion, it can be obtained that Iy = ¢t?/1, IT, = gt?/1, and T15 = k/I?, therefore I1; = IT,. The
solution of the similarity criterion must be determined in combination with subsequent ex-
periments. The calculated similarity criterion can be used to quickly determine whether the
similarity degree of the material meets the requirements and the water-physical properties
of similar materials can be adjusted according to the similarity criterion. Since I1; is mainly
determined by geometric similarity ratio C; and time similarity ratio C¢, then I1; is defined
as the simulation time similarity coefficient of bed separation grouting. I3 is mainly deter-
mined by geometric similarity ratio C; and permeability similarity ratio Cy. Therefore, I1; is
defined as the permeability similarity coefficient of the bed separation grouting simulation.
According to the compressive strength of the original rock, the expected strength of the
similar-simulation material can be determined. Based on the control variable method,
similarity constant, and strength similarity ratio, the physical and mechanical parameters
of the model are measured to verify the similarity of the similar-simulation material.

2.2. Determination of Preparation Parameters

Considering the results of the previous research and experiments, sand, paraffin,
talcum powder, lubricating oil, straw powder, and polyvinyl alcohol (PVA) were selected
as raw materials. Specifically, sand was used as an aggregate and paraffin was used to
hot-melt bond the aggregate; lubricating oil and talc powder were used as modifiers to fill
the gap, strengthen the continuity of the material, and properly adjust the brittleness and
plasticity of the material; and straw powder and PVA melt water material were used to
adjust the water storage and permeability of the material.

The straw powder is a kind of biomass powder with a porous structure. It has a large
specific surface area, strong water absorption, and stable physical and chemical properties.
Under the action of pressure, straw powder can maintain its structural characteristics and
play a role in water storage and infiltration. PVA is a kind of solid formed by 3D printing
and melted in water. According to its water-soluble properties, PVA material can be made
into the crack entity in advance and mixed with similar-simulation materials. When PVA
is dissolved in water, a specific crack cavity is left to simulate fractures in the rock mass.
Figure 1 shows the detailed preparation process.

6.Preparation of specimens
by compaction.

4. Add paraffin and PVA and stir well.

Figure 1. Preparation process of similar-simulation materials.
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Through a large number of experiments, three groups of ratios were determined
to simulate the hard rock, medium-hard rock, and soft rock in the similar-simulation
experiments (Table 1).

Table 1. Ratios of similar-simulation materials (%).

Simulated Lithology Paraffin Lubricating Oil Talc Powder Sand Straw Powder PVA
Hard rock 4.5 4.5 9 80 2 2
Medium-hard rock 3 4.5 10.5 80 2 2
Soft rock 2 4.5 11.5 80 2 2

Note: PVA disappeared after dissolving in water, thus it was not involved in the total mass ratio.

2.3. Physical and Mechanical Tests

Based on the above ratios of similar-simulation materials, standard cylindrical speci-
mens with different ratios were prepared for the compressive strength test, including three
groups of the hard rock group (H group), three groups of the medium-hard rock group
(M group), and three groups of the soft rock group (S group). The specimens prepared
in the same batch were in a group. To reduce the influence of human error caused by
preparation, three batches of specimens with different ratios were prepared, respectively.
These specimens were numbered 1-1, 1-2, and 1-3 (as shown in the figure). The standard
cylinder specimen was prepared by the steel two-lobe mold and a uniaxial compression
test was carried out on the universal servo testing machine. The complete stress—strain
curve and failure characteristics were obtained, as shown in Figure 2.

200 150
— H1-1 — M1-1
150
o —H1-2 100 —_— 12
=100 H1-3
n = (']
50 —_— -
é 50 § M1-3
= ,
0 '] 0 'l L J
0.00% 1.00%, .2.00% 3.00% 0.00% 1.00% 2.00% 3.00%
Strain rain
( 3 ‘ ‘ )
(a) Hard rock (b) Medium-hard rock
100
— S1-1
80
§ 60 — 81-2
a 40 —51-3
S 20
7

0
0.00% 1.00% 2.00% 3.00%
) Strain

(c) Soft rock

Figure 2. Stress—strain curves of specimens in different groups.
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The above experimental results show that:

1.  For the hard rock group (H group), the compressive strength of rock specimens
prepared in different batches is different; the maximum compressive strength is
154 KPa, the minimum compressive strength is 129 KPa, and the average compressive
strength is 144 KPa, with a deviation of 10.2. The strength deviation of rock specimens
in the H1-3 group is relatively large.

2. For the medium-hard rock group (M group), the maximum compressive strength of
rock specimens is 137 KPa, the minimum compressive strength is 115 KPa, the average
compressive strength is 126 KPa, the deviation is 6.6, and the overall data are credible.

3. For the soft rock group (S group), the maximum compressive strength of rock spec-
imens is 89 KPa, the minimum compressive strength is 64 KPa, and the average
compressive strength is 80 KPa, with a deviation of 11.1. The deviation of rock
specimens in the 51-3 group is relatively large.

It can be seen that at the elastic stage, the strength limit of rock specimens with different
lithologies is generally less than 40 KPa; at the yield stage, the serrated elastic-plastic
deformation characteristics near the horizontal line continue to appear and the total strain
is less than 5%; and at the failure stage, axial splitting or weak surface splitting commonly
occurs in hard rock and medium-hard rock, with significant brittleness characteristics,
while the Y-shaped failure and ductile failure occur in soft rock, and the two sides of the
specimen are obviously bulged, with the significant plastic characteristics.

According to the above experimental conclusions, the physical and mechanical prop-
erties of rock specimens prepared by three ratios of simulation materials can meet the
similar-simulation requirements.

3. Hydrological Experiments

In the physical simulation experiment of bed separation grouting, similar-simulation
materials should fully absorb the free water precipitated in the slurry under the premise of
maintaining the physical and mechanical stability, and quickly penetrate the water into the
rock strata.

To avoid the experimental error caused by water filling in the bed separation, similar-
simulation materials should maintain a certain compressive strength, high water absorption
rate, and strong permeability and should not disintegrate in water.

3.1. Water Immersion Experiment

Since the physical simulation experiment period is not more than 24 h, the standard
specimens of the H, M, and S groups were soaked for 72 h and then the uniaxial compressive
strength of the specimens was tested (Figure 3).

The results show that the sample prepared with this ratio can maintain its integrity
after immersion in water for 72 h. After the immersion test, the strength of the sample
decays to varying degrees. Specifically, the attenuation rate of the strength of the hard
rock samples is 41%, that of the medium-hard rock samples is 36.7%, that of the soft rock
samples is 48.8% and the attenuation rate of the average strength is 41.9%. In the limit state,
the specimen can still maintain morphological integrity and has 58% of the strength of the
original specimen, which can meet the needs of the experiment.
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Figure 3. Immersion characteristics and complete stress—strain curve of rock specimens.

3.2. Water Storage Experiment

This study focused on the water storage rate of the rock material in a saturated state.
Since the water storage rate is mainly determined by the proportion of straw powder,
it is necessary to determine the water storage capacity of the specimen with different
proportions of straw powder. To simplify the experimental process, the hard rock group
and soft rock group were selected for 72 h of continuous measurement of water content.

For the specimen number, H indicates the hard rock group, S represents the soft rock
group, 1-x represents the rock specimen without straw powder, and 2-x represents the rock
specimen with straw powder. The overall curve of the water storage rate in all rock groups
during 72 h of immersion is shown in Figure 4.
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0, -
10.0% F  _y25 —y2:3 — RI-1 —RI2
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Figure 4. Total curves of water storage rate of rock specimens in 72 h.
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Figure 5 shows the water storage rate of rock specimens with and without straw

powder after 24 h of immersion. Figure 6 shows the water storage rate of rock specimens
with and without straw powder after 48 h of immersion. Figure 7 shows the water storage

rate of rock specimens with and without straw powder after 72 h of immersion.

S3
W Straw-containing group
S2
W No straw-containing group
S1
g m
e
S
Q0
H2
HI
0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00%

Water storage rate

Figure 5. Comparison of water storage rate of specimens after 24 h immersion.

S3

o W Straw-containing group

s M No straw-containing group

H3

Group

H2

H1

0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00%

Water storage rate

Figure 6. Comparison of water storage rate of specimens after 48 h immersion.

33

m Straw-containing group

52
m No sraw-containing group

51

H3

Group

H2

H1

1
0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00%
Water storage rate

Figure 7. Comparison of water storage rate of specimens after 72 h immersion.
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Through the above analysis, it can be concluded that:

There is a linear relationship between the time and the water absorption rate of rock
specimens in different groups, and the saturation no longer increases after 72 h. The
average saturated water storage rate of rock specimens with straw powder is 9.6%
and that of rock specimens without straw powder is 3%. Therefore, the straw powder
can improve the water storage rate of rock specimens by more than 300%.

The average water storage rate of rock specimens with straw powder is 2% within
24 h and that of rock specimens without straw powder is less than 1%. After 48 h,
the average water storage rate of rock specimens with straw powder is more than
4.5%, while that of rock specimens without straw powder is less than 2%. It can be
seen that the water absorption rate of rock specimens with straw powder is relatively
slow at the first 24 h and then the water absorption rate significantly increases. This is
because the oil film inside the material hinders the formation of the water absorption
pathway. However, with the increased time, the oil film continues to seep out and
form a pore channel inside the sample. Therefore, the water absorption rate slowly
increases first and then increases rapidly.

3.3. Permeation Experiments

In this section, the permeability of similar-simulation materials is mainly explored.

Since the similar material without straw powder and PVA material has poor permeability,
new materials were added to improve its permeability and PVA (Figure 8) was selected as
the permeability improvement material in this experiment.

(b) Immersion for 1 min (c) Immersion for 10 min

Figure 8. Water immersion of PVA materials.

PVA is a kind of thermoplastic material dissolved in water. The prefabricated fracture

entity can be formed by 3D printing. The specimen with a PVA content of 2% was used
as a control group and then a variable head permeability test was conducted. The rock
specimens with PVA material in different groups were numbered H1, M1, and S1, and the
rock specimens without PVA material were numbered H2, M2, and S2. The permeability
test results are shown in Figure 9.

Through the above analysis, it can be found that:

The permeability difference of rock groups with different lithologies is small and the
greater the hardness of rock specimens, the worse the permeability.

The average permeability of the rock group without PVA is 1.45 x 10~° cm/s, while
the average permeability of the rock group with PVA can reach 2.36 x 107> cm/s.
Therefore, PVA material significantly improves the permeability of rock materials and
the permeability improvement rate reaches 1627%.
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Figure 9. Permeability test of specimens.

4. Application

Based on the above research results, three-dimensional physical simulation experi-
ments were carried out by using the improved similar-simulation material to verify whether
the simulated material can achieve the effect of insolubility in water and water absorption
from the slurry.

The geometric similarity ratio was determined as 1:400. The experimental scale was
1000 mm x 500 mm x 300 mm and the widths of the coal pillars on the three sides of the
working face were 150 mm, 150 mm, and 125 mm, respectively.

The mining period of the working face was 2 h. During mining, the simulated mining
extraction plate was extracted one by one to represent coal seam mining. The separated
cavity appeared above and the fly ash slurry was injected into the cavity, and the grouting
compaction was used to improve the filling amount. The simulation process is shown
in Figure 10.

Surface . Separation zone

Main key stratum —%» Permeability zones

mined-out area
Coal seam e

(b) Before mining - (c¢) After mining

Figure 10. Similar simulation of mining bed separation grouting.

The horizontal axis in the diagram represents the serial number of the extraction plate
extracted from the simulated mining. The volume of the pressed solid (Figure 11) can
be calculated after monitoring by the displacement sensor. The volume of the injected
slurry can be obtained by flow monitoring. After slurry injection into the bed separation, a
part of the water will penetrate into the rock layer and transform into a compressive solid.
Therefore, the difference between the volume of the injected slurry and the volume of the
pressed solid is the volume of secreted water absorbed by the rock.
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6000 = 6000
N Compression volume
5000 P Water absorption volume = 5000
=== Actual grouting volume
4000 F = 4000
E
S~
o
£ 3000 F = 3000
=]
©°
>
2000 = 2000
1000 = 1000
0 0

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Extracting plate number

Figure 11. Comparison of injected slurry volume and solid volume.

In the process of simulated mining, the initial bed separation increased continuously
and grouting began after grouting conditions were met. After the grout was injected into
the bed separation, the water loss consolidation occurred under pressure and the compacted
ash was formed. The water secreted by the grout was infiltrated into the similarly simulated
rock strata. As shown in Figure 11, when the plate with the serial number 3 was extracted,
the stopping distance accounted for 28% of the total length and the volume of injected
slurry (1000 mL) was larger than that of the pressed solid (623 mL), indicating that the
water in the slurry was secreted and infiltrated into the rock stratum.

With the further increase of the advancing distance, the difference between the injected
slurry volume and the compressed solid volume increased continuously, indicating that
more slurry outflow water flowed into the rock stratum. When plate number 9 was
extracted (i.e., the stopping distance reached 64%), the difference between the injected
slurry volume and the compressed solid volume was basically constant, indicating that the
water absorption of rock strata was close to or was in a saturated state. The experiment
shows that similar-simulation materials can well simulate the water absorption and seepage
capacity of the overburden during the grouting.

5. Conclusions

In this study, a simulation material was developed for a similar-simulation process of
bed separation grouting. The main characteristic of this material is that the strength, water
storage rate, and permeability of similar materials have certain adjustability and similarity;
it remains stable after encountering water rather than disintegrating. The effectiveness of
the material has been verified by the model with a scale of 1:400. The main conclusions are
as follows:

(1) According to the above experimental results, the similarity coefficients of the time
similarity ratio, geometric similarity ratio, and permeability similarity ratio are ob-
tained as follows: IT; =TT = ¢t /1 = 0.025 and I3 = k/I?> = 1,600,000. Additionally, IT;
and I'l, are defined as the time similarity coefficients of the bed separation grouting
simulation and 113 as the permeability similarity coefficient of the bed separation
grouting simulation. These coefficients provide a reference for research and devel-
opment of similar-simulation materials for the bed separation grouting simulation.
According to the experimental needs, these coefficients can be used to adjust the
geometric similarity ratio, time similarity ratio, and permeability similarity ratio.
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(2) A similar-simulation material with the adjustable strength of 80 KPa-144 KPa was
obtained under limited experimental conditions. The experimental results verify that
this material does not disintegrate in water and its water storage rate can be adjusted
between 3% and 9.6%, and the permeability can reach 2.36 x 107> cm/s.

(3) The similar-simulation experiment of mining-induced bed separation grouting was
carried out in a three-dimensional physical experiment system at a similarity ratio
of 1:400. The results show that the permeability of the similar-simulation material is
strengthened by the generated cracks via the rock strata migration undermining and
the volume of the bed separation is smaller than that of the grouting in the grouting
process. This indicates that the material can successfully simulate the water loss and
consolidation process of slurry and be used for grouting simulation experiments.
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