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Abstract: It is important to systematically investigate the similar materials with high similarity ratio
and low strength in multilayer shale deposits, to provide a scientific basis and experimental basis for
the research of underground mining of multilayer shale deposits. In this paper, using an orthogonal
experimental method, the physical and mechanical parameters of different material proportions
were analyzed with four control factors of mica powder/standard sand, filling material/bonding
material, Portland cement/gypsum, silicone oil ratio. Twenty-five groups of material proportioning
schemes were designed, and the density, porosity, compressive strength, and elastic modulus of
each group of materials were measured. Through the range analysis and significance analysis,
the influence of control factors on the material parameters was explored, and multivariate linear
regression analysis of test results was carried to eliminate outliers. The result showed that the
physical and mechanical parameters of similar materials prepared according to the proportioning
scheme were widely distributed, which can meet the preparation requirements of similar materials
with different lithologies. The density and compressive strength were most affected by the ratio of
Portland cement/gypsum, the porosity was most affected by the ratio of filling material/bonding
material, and the elastic modulus was mainly controlled by the silicone oil ratio. The proportioning
scheme was applied to three similar prepared shale materials with large lithology differences. The
error between actual similar constant and design similar constant of low strength similar material
was less than 1.62%. The physical and mechanical parameters of similar materials were in good
agreement with the original rock.

Keywords: similar materials; orthogonal experimental design; proportioning test; low strength
similar materials; shale

1. Introduction

The physical similarity simulation test is an important, effective, and scientific research
method to solve complex geotechnical engineering problems [1–3]. Choosing suitable
similar materials, which are according to the properties of the simulated prototype material,
is the basis of physical similarity simulation test, to truly reproduce the physical entity and
reflect the basic physical and mechanical properties of geotechnical media [4,5]. Similar
material simulating geotechnical mechanical properties must have the basic characteristics
of high gravity, low strength, low deformation modulus, and variable internal friction
angle. Materials that meet these requirements do not exist in nature and must be combined
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manually [6,7]. In sum, selection and proportioning of similar materials play a decisive
role in the physical similarity simulation test [8,9].

In the large-scale geotechnical engineering similarity simulation experiment, the
biggest difficulty is the reduction and simulation of the actual discontinuity and low-
strength rock (rock stratum). Similar materials with high similarity ratio, low strength,
and high adaptability are difficult to mix and prepare their models [10,11]. Scientists and
technicians have made many achievements in the study of discontinuities, similar materials,
and similar models of low-strength rocks. In this context, Zilong XU and co-workers [12]
composed the similar material of surrounding rock by using quartz sand as coarse aggre-
gate, barite powder as fine aggregate, and oil, Vaseline, and paraffin as binder. Physical
and mechanical parameters such as uniaxial compressive strength, elastic modulus, and
cohesion of materials were controlled through uniaxial compressive, direct shear, and split-
ting tests. They systematically studied the influence laws of mechanical parameters under
various ratios and explored the mechanism of crack damage of long-span tunnel lining and
the variation rules. Fu H.Y. et al. [13] developed similar materials for silty mudstone, which
has characteristics of low strength and water expansion, based on traditional materials
including gypsum, barite powder, clay minerals, and distilled water. They used the orthog-
onal design method to determine the mixing ratios of the similar materials, and selected
the density, uniaxial compressive strength, tensile strength, elastic modulus, and Poisson’s
ratio as control indicators of the similar materials. Sun Peng et al. [14] selected pulverized
coal as aggregate, sodium humate as cementing agent, and river sand as auxiliary mate-
rials, obtaining the similar materials with specific physical and mechanical parameters
and adsorption and desorption indexes used in coal and gas outburst simulation tests.
They designed orthogonal tests with six factors and five levels, and carried out the tests
of weighing, uniaxial compression, firmness, adsorption and desorption. The parameters
such as density, uniaxial compressive strength, elastic modulus, firmness coefficient, and
adsorption–desorption index of similar materials with different ratios were obtained, and
the sensitivity of each factor was analyzed by range analysis.

The research should identify which study of similar material model is one of the effec-
tive means to reveal the relationship between discontinuity and rock mass performance and
to study the geotechnical engineering in discontinuity. However, there are few studies on
the proportion and model of low-strength similar materials with high geometric similarity
ratio (uniaxial compressive strength less than 2 MPa) [15–18]. Therefore, it is necessary to
further study the similarity simulation model of low-strength similar materials and large-
size, high geometric similarity ratio of multi-layer shale deposits by using environmentally
friendly, low-cost, and effective similar materials, which are very necessary for the physical
similarity simulation test and underground mining research of this kind of deposit.

In this paper, the proportioning test of similar materials was designed based on the
similarity principle. The Shanghengshan multi-layer shale deposit was taken as the re-
search object, and sand, glycerol, gypsum, iron ore powder, and mica powder with low
cost and being environmentally friendly were used as the basic materials. The physical
and mechanical parameters of different material proportions were analyzed with four
control factors of mica powder/standard sand, filling material/bonding material, Portland
cement/gypsum, and silicone oil ratio, and designed with five different gradients (five lev-
els). Twenty-five groups of similar test proportions were designed based on the principle of
the orthogonal test. Through the proportion test of similar materials, the influencing factors
of various physical and mechanical indexes were analyzed, and the multiple linear regres-
sion analysis of removing abnormal points was carried out to determine the appropriate
proportion of similar materials. Combined with the occurrence conditions and exploration
conditions of geotechnical engineering, a large-scale physical similarity model was made.
This study can not only provide a basis for the actual similarity simulation research but
also serve as a scientific basis for the study of high similarity ratio and low-strength similar
materials’ proportioning.
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2. Design of Similar Material Proportioning Test Scheme
2.1. Similarity Test Design

There are three main aspects in the test of simulating similar materials of ore and
rock mass instead of the prototype rock mass. Firstly, the sensitivity test is carried out by
a uniform design method to prepare samples of similar materials [19,20]. Secondly, the
engineering rock mass test and geotechnical test are used to test the samples of similar
materials, measure the physical and mechanical property parameters of the samples,
and analyze and compare the relationship between different sand binder ratio, cement
content in cementitious materials, and the properties of similar materials. Finally, based on
the similarity principle, the physical and mechanical parameters of similar materials are
determined. Combined with the engineering research object, a similar material model is
made to verify the effectiveness of similar materials.

The method and procedure of the proportioning test of similar materials are shown in
Figure 1.
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Figure 1. Flow chart of determining the similar material proportion.

2.2. Similarity Test Similarity Principle

Selecting appropriate model materials in the physical simulation test is one of the key
links of quantitative simulation [21,22]. Similar materials and raw model materials need to
follow similarity criteria, determining their similarity conditions according to the character-
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istics of the research object, meeting the similarity in geometric characteristics, physical and
mechanical properties, deformation characteristics, etc. of similar materials [23,24]. The
similarity model and prototype should meet the similarity conditions in the structure and
its failure characteristics, boundary conditions, elastic–plastic stress state, time, etc. [25–27].

According to the physical and mechanical characteristics and simulation conditions of
ore and rock mass, the following similarity relationship is deduced through dimensional
analysis:

Cε = Cµ = Cϕ = Cn = 1

Cσ = CE = Cc = Cσc

Cσ

CρCl
= 1

where Cε, Cµ, Cϕ, Cn, Cσ, CE, Cc, Cσc, Cρ, and Cl are the similarity ratio of strain, Pois-
son’s ratio, internal friction angle, porosity, stress, elastic modulus, cohesion, compressive
strength, density, and geometry.

In this study, the dimensionless parameters such as Poisson’s ratio, porosity, and
internal friction angle of similar materials were selected, and the similarity constant was
1. The determined geometric similarity constant Cl was 100, and mechanical similarity
constants mainly included bulk density (density) and stress similarity constants, Cρ is 1.5
and Cσ is 150, respectively.

2.3. Orthogonal Experimental Design

In the proportion of similar materials, the water consumption in the test was 10% of
the total mass of the materials used. Therefore, the L25 (45) (four factors and five levels)
orthogonal design test was selected for the Proportioning Test of similar materials [28]. The
orthogonal scheme is shown in Table 1, and the proportioning scheme of similar materials
under different test conditions is shown in Table 2.

Table 1. Orthogonal design table of similar materials.

# 1 2 3 4

Factor Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio/%

1 0 6:1 3:7 0
2 0.25 7:1 4:6 2.5
3 0.50 8:1 5:5 5.0
4 0.75 9:1 6:4 7.5
5 1 10:1 7:3 10.0

Table 2. Test schemes of material proportions.

# Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio/%

1 0 6:1 3:7 0.0
2 0 7:1 4:6 2.5
3 0 8:1 5:5 5.0
4 0 9:1 6:4 7.5
5 0 10:1 7:3 10.0
6 0.25 6:1 4:6 5.0
7 0.25 7:1 5:5 7.5
8 0.25 8:1 6:4 10.0
9 0.25 9:1 7:3 0.0

10 0.25 10:1 3:7 2.5
11 0.50 6:1 5:5 10.0
12 0.50 7:1 6:4 0.0
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Table 2. Cont.

# Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio/%

13 0.50 8:1 7:3 2.5
14 0.50 9:1 3:7 5.0
15 0.50 10:1 4:6 7.5
16 0.75 6:1 6:4 2.5
17 0.75 7:1 7:3 5.0
18 0.75 8:1 3:7 7.5
19 0.75 9:1 4:6 10.0
20 0.75 10:1 5:5 0.0
21 1.00 6:1 7:3 7.5
22 1.00 7:1 3:7 10.0
23 1.00 8:1 4:6 0.0
24 1.00 9:1 5:5 2.5
25 1.00 10:1 6:4 5.0

3. Proportioning and Test Preparation of Low-Strength Similar Materials
3.1. Simulation Prototype of Proportioning Test of Similar Materials

This paper studied the mining project of the Shanghengshan multi-layer shale deposit.
There are 12 ore bodies in the ore section. The ore bodies are produced in layers, with
good continuity and simple shape. The ore-bearing rocks are mainly carbonaceous shale,
siliceous shale, and Vanadium-bearing shale, followed by siliceous rock. The ore body has a
dip of 150◦~220◦ and an inclination of 5◦~25◦. The ore length is 615~952 m, the thickness is
0.75~7.27 m, the thickness variation coefficient is 37.07~64.59%, and the inclined extension
depth is 103~223 m. Considering the deposit occurrence conditions and physical similarity
simulation conditions, the physical and mechanical parameters of ore and rock mass are
shown in Table 3 [21].

Table 3. Mechanics’ parameter of model materials.

Rock Formation Density
/(kg/m3)

Compressive
Strength

/MPa

Tensile
Strength

/MPa

Elastic
Modulus

/GPa

Poisson’s
Ratio

Cohesion
/MPa

Internal
Friction Angle

/(◦)

Siliceous shale 2564.72 112.63 17.24 59.8 0.21 10.7 41.0
Vanadium-bearing

shale 2482.53 76.69 12.56 58.8 0.21 9.3 40.4

Carbonaceous shale 2429.86 49.45 7.42 50.8 0.20 8.5 40.0

The engineering geological drilling of the Shanghengshan deposit showed that the
stability of the bottom layer of multi-layer gently inclined shale is poor, resulting in
increased mining risk of underground deposit. Therefore, the actual geological conditions
of the Shanghengshan gently inclined multi-layer deposit can be restored to the greatest
extent through indoor simulation experiments, and the mining methods and schemes are
designed and optimized according to the underground geotechnical environment of the
deposit. Accordingly, to truly represent the geological conditions of the gently inclined
multi-layer shale formation of the Shanghengshan deposit, it was necessary to build a
large-scale, high similarity ratio, and low-strength indoor physical similarity simulation
model with matching similar materials.

3.2. Raw Material Selection of Similar Materials

In the physical simulation test, selecting the appropriate model materials is one of the
key links of quantitative simulation. In the laboratory, similar materials are used to develop
the proportion of similar materials according to the similarity principle. The internal force
parameters, deformation state, and stress distribution law of the model are observed with
the help of the test instrument. We inferred the possible mechanical phenomena in the
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prototype according to the research results on the model, so as to use the research of a
similar model to solve the practical problems in production. For this purpose, the following
requirements must be met for similar materials.

· The main mechanical properties of similar materials should be similar to the structure
of simulated rock stratum.

· The mechanical properties of the material are stable and not easy to be affected by
external conditions, such as temperature, humidity, etc.

· Changing the ratio of materials can change the mechanical properties of materials to
meet the needs of similar conditions.

· Similar materials are easy to form, easy to manufacture, and have a short solidification
time.

· A wide source of materials with low cost is necessary.

According to the current scholars’ research on rock similar materials, combined with
the research of gypsum similar materials and mortar similar materials
(Chen Shaojie, et al., 2015 [29]; Li Jian Guang, et al., 2017 [30]; Lin Manqing, et al., 2020 [31],
Ko Tae Young, et al., 2020 [32]), standard sand and mica powder were selected as filling
materials, Portland cement and gypsum as the binder, and silicone oil and water as the
regulator. Among them, gypsum passed through 120 target standard sieves, and the sieve
residue was less than or equal to 0.2%. C32.5 Portland cement was selected for cement, and
the particle size of river sand was less than or equal to 12 mesh.

3.3. Matching Process of Similar Materials

According to the provisions of the test method for mechanical properties of ordinary
concrete [33] and the code for rock test of water resources and Hydropower Engineer-
ing [34], standard specimens with a diameter of 50 mm and a height of 100 mm were
selected for the test.

Firstly, the cementitious materials and filling materials were weighed according to
the specified ratio and poured into the container for full mixing. Water and glycerol were
added for further mixing. The mixed materials were poured into the steel test mold, and
the hydraulic universal pressure tester was used for mechanical compaction (forming
pressure 6 MPa). Then, the formwork was removed after being placed in the room under
constant temperature and humidity for 3 days. The label was pasted onto the surface of the
sample, and then placed in the room under constant temperature and humidity for drying
for 25 days. Samples of similar materials cured at room temperature are shown in Figure 2,
and Samples of similar materials after the test are shown in Figure 3.
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4. Test Results and Analysis
4.1. Applicability Analysis of Similar Materials

In combination with the needs of a later physical similarity simulation test, a mineral
material density instrument was used to test the density, a porosity instrument was used to
test the porosity, and a rock uniaxial instrument was used to test the parameters such as
compressive strength and Poisson’s ratio. After testing, the density, porosity, compressive
strength, and elastic modulus of each group of samples were obtained. The specific results
are shown in Table 4. According to the physical and mechanical parameter requirements of
this similar model test, the material ratio that meets or approximately meets the similar
requirements can be selected from the orthogonal test results.

Table 4. Experimental results of material proportions.

# Density/
(kg·m−3)

Porosity/
%

Compressive Strength/
MPa

Elastic Modulus/
GPa

1 1769.78 14.53 0.31 0.3394
2 1802.30 15.16 0.76 0.3868
3 1742.15 16.88 0.90 0.4273
4 1746.55 14.46 0.51 0.3944
5 1808.40 14.24 1.43 0.4092
6 1776.02 15.72 0.46 0.3569
7 1726.02 13.64 1.05 0.4454
8 1812.17 14.15 1.38 0.3992
9 1768.26 13.45 0.65 0.3824

10 1684.64 18.56 0.33 0.3268
11 1726.02 13.64 1.05 0.4454
12 1821.49 11.52 1.16 0.4007
13 1779.40 13.96 1.03 0.4064
14 1708.60 17.88 0.64 0.3807
15 1727.05 18.07 0.69 0.3762
16 1846.92 10.12 2.23 0.4168
17 1800.93 11.68 1.66 0.4460
18 1709.41 16.21 0.75 0.3991
19 1720.91 16.00 0.51 0.3456
20 1748.99 14.64 0.99 0.3962
21 1855.29 10.19 2.90 0.4225
22 1749.57 15.20 0.74 0.4183
23 1800.68 16.85 0.85 0.3895
24 1734.54 19.77 0.48 0.3762
25 1799.32 20.41 0.83 0.3944
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4.2. Sensibility Analysis of Factors
4.2.1. Density

We averaged the severe test of each factor, as shown in Table 5. The range of cor-
responding influencing factors can be obtained through the difference of the average
values of five levels of different factors. As shown in Table 4, the range of Portland ce-
ment/gypsum was the largest, followed by filling materials/bonding materials, and the
range of mica powder/standard sand and silicone oil content was close. To some extent, it
can be explained that the factor of Portland cement/gypsum was sensitive to the parameter
of sample density and was the main control factor. On the other hand, the proportion
of filling material can be appropriately increased or the proportion of silicone oil can be
reduced to increase the density of the sample.

Table 5. Range analysis of density kg/m3.

Level Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio

1 1773.84 1794.81 1724.40 1781.84
2 1753.42 1780.06 1765.39 1769.56
3 1752.51 1768.76 1735.54 1765.40
4 1765.43 1735.77 1805.29 1752.86
5 1787.88 1753.68 1802.46 1763.41

Range 35.37 59.03 80.89 28.98

4.2.2. Porosity

Although there is a close relationship between material density and porosity, there
were some differences in the sensitivity of different levels of indicators to density and
porosity in the orthogonal test. In this study, the porosity sensitivity analysis of materials
was to ensure the compactness of similar materials with low strength and a high similarity
ratio, which will affect the construction of physical similarity simulation model in the
later stage. Through the sensitivity analysis of density and porosity, the effects of different
levels and factors of similar materials on the differences of rock density and porosity were
compared, so as to provide more scientific guidance for determining the effective material
ratio.

The data processing method of the porosity test results was the same as that in
Section 4.2.1. As shown in Table 6, the range of filling material/bonding material was the
largest, followed by Portland cement/gypsum, and the range of silicone oil content was
the smallest. The range analysis showed that the filling material/bonding material was
the main factor to control the porosity. The higher the content of bonding material, the
smaller the porosity of the sample. The analysis was because the fineness of the bonding
material was larger than that of the filling material, which can fill the gap between standard
sand, resulting in the reduction of porosity. Meanwhile, the higher the content of Portland
cement in the same amount of bonding material, the smaller the porosity of the sample.
This was because the cementation strength of Portland cement was stronger than that of
gypsum, which can effectively gel all kinds of raw materials and form small porosity.

4.2.3. Compressive Strength

The range analysis results of compressive strength are shown in Table 7. According to
Table 7, the range from large to small is the proportion of Portland cement/gypsum, filling
material/bonding material, mica powder/standard sand, and silicone oil. It indicates
that Portland cement/gypsum was the main factor controlling the compressive strength.
Portland cement/gypsum and filling material/bonding material had a great influence on
the compressive strength of the sample, and the influence degree was similar. The mica
powder/standard sand and silicone oil ratio had little effect on the compressive strength of
the samples, and the influence degree was similar.
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Table 6. Range analysis of density %.

Level Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio

1 15.05 12.84 16.48 14.20
2 15.10 13.44 16.36 15.51
3 15.01 15.61 15.71 16.51
4 13.73 16.31 14.13 14.42
5 16.48 17.18 12.70 14.65

Range 2.75 4.34 3.77 2.32

Table 7. Range analysis of compressive strength MPa.

Level Mica powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio

1 0.78 1.39 0.55 0.79
2 0.77 1.07 0.65 0.97
3 0.91 0.98 0.89 0.90
4 1.23 0.56 1.22 1.18
5 1.16 0.85 1.53 1.02

Range 0.45 0.83 0.98 0.39

4.2.4. Elastic Modulus

The range analysis of elastic modulus is shown in Table 8. The range from large to
small is silicone oil ratio, Portland cement/gypsum, filling material/bonding material,
mica powder/standard sand. Among them, the influence of silicone oil ratio on the elastic
modulus of the sample was very obvious. On the premise of keeping the proportion of
raw materials of other similar materials unchanged, the elastic modulus of the sample can
be effectively enhanced by increasing the silicone oil ratio. Changing the three factors of
Portland cement/gypsum, filling material/bonding material, and mica powder/standard
sand had little influence on the change of cohesion, and the influence degree was similar.

Table 8. Range analysis of elastic modulus GPa.

Level Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio

1 0.3912 0.3961 0.3729 0.3823
2 0.3824 0.4192 0.3713 0.3176
3 0.4018 0.4038 0.4184 0.4830
4 0.4011 0.3763 0.4012 0.4002
5 0.4000 0.3807 0.4131 0.3877

Range 0.0204 0.0431 0.0468 0.1650

4.3. Significance Analysis

SPSS software was used to test the significance of multivariate linear regression [35,36].
Design statistical verification value is 0.05 < f < 0.10, and the analysis results are shown in
Table 9.

According to Table 9, the ratios of Portland cement/gypsum and filling material/
bonding material were two important factors controlling sample density and porosity, and
both were positively and negatively correlated. For compressive strength, the standardized
coefficients of the four factors were similar, and their effects were positively correlated.
The ratio of mica powder to standard sand had little effect on the elastic modulus, and the
other three factors had similar effects on the elastic modulus. Through SPSS significance
analysis, it was found that the calculation results were the same as those of factor sensitivity
analysis.
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Table 9. Multivariate significance analysis.

Parameter Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum

Silicone Oil
Ratio/%

Density 0.128 −0.404 0.612 −0.171
Porosity 0.080 0.624 −0.548 0.006

Compressive strength 0.154 0.057 0.001 0.005
Elastic modulus 0.166 −0.344 0.459 0.316

4.4. Parameter Determination

According to the value range of each physical parameter in Table 1, the proportion
scheme of similar materials of each ore and rock of multi-layer deposit was determined, as
shown in Table 10. Samples of similar materials were prepared according to the reference
ratio, and the physical and mechanical indexes of three groups of reference groups were
measured by the same method. The test results are shown in Table 11.

Table 10. Proportioning scheme of similar material.

Rock Formation Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum

Silicone Oil
Ratio/%

Siliceous shale 0.75 8:1 3:7 7.5
Vanadium-bearing shale 0 9:1 6:4 7.5

Carbonaceous shale 0.25 10:1 3:7 2.5

Table 11. Similar material selection and mechanical parameters.

Rock Formation ρ
/(kg/m3)

σc
/MPa

σt
/kPa

n
/%

E
/GPa ν

c
/kPa

φ

/(◦)

Siliceous shale 1704.41 0.75 114.87 16.21 0.3991 0.2133 71.218 41.087
Vanadium-bearing shale 1661.74 0.51 84.01 14.46 0.3944 0.2100 61.891 40.275

Carbonaceous shale 1620.98 0.33 49.42 18.56 0.3368 0.2033 56.748 40.106

After calculation, the actual similarity constants of similar materials are shown in
Table 12. The determined similar materials had a relatively dense structure and small
porosity. The similar constants of similar materials met the requirements of test similar
conditions, and the error range was less than 1.62%, which met the requirements of mineral
and rock materials of similar multi-layer shale deposits.

Table 12. Similar constants of similar materials.

Rock Formation Density Compressive
Strength

Tensile
Strength

Elastic
Modulus

Poisson’s
Ratio

Cohesion
Internal

Friction
Angle Cσ /(CρCl)

Siliceous shale 1.505 150.173 150.0827 149.837 0.985 150.243 0.998 1.0020 ≈ 1
Vanadium-bearing shale 1.494 150.373 149.5060 149.087 1.000 150.264 1.003 1.0003 ≈ 1

Carbonaceous shale 1.499 149.848 150.1416 150.831 0.984 149.785 0.997 0.9935 ≈ 1

5. Discussion

The experimental results briefly presented above show the complex behavior of this
like-rock. Since the primary motivation for this study was a similar material with high
similarity ratio and low strength, we focused our discussion principally on the mechanisms
controlling the compressive behavior of this rock-type. Other mechanical parameters, such
as tensile strength, Poisson’s ratio, and internal friction angle, are not discussed separately
in the significance analysis because the difference interval was small. In the discussion,
we supplemented the above-described laboratory programmer with some other tests that
were performed to check different hypotheses.
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5.1. Parameters’ Selection of Range Analysis

In this study, the physical and mechanical parameters of the rock mainly included
compressive strength, tensile strength, elastic modulus, internal friction angle, cohesion,
and Poisson’s ratio. On the one hand, considering the characteristics of large-scale, low-
strength similar materials to be constructed in the study, selecting similar materials with
good compactness and suitable strength conditions was the first point to be considered
in the study. On the other hand, due to the small differences in tensile strength, cohesion,
internal friction angle, and Poisson’s ratio of samples of similar materials, the effects of
various factors on the physical and mechanical parameters of samples were similar in
range analysis. Taking Poisson’s ratio as an example, the range analysis of different factors
and levels is shown in Table 13.

Table 13. Range analysis of Poisson’s ratio.

Level Mica Powder/Standard
Sand

Filling Material/Bonding
Material

Portland
Cement/Gypsum Silicone Oil Ratio

1 0.2114 0.2128 0.2076 0.2097
2 0.2088 0.2147 0.2104 0.2111
3 0.2128 0.2137 0.2126 0.2125
4 0.2146 0.2078 0.2147 0.2140
5 0.2126 0.2114 0.2151 0.2130

Range 0.0058 0.0069 0.0075 0.0043

Consequently, in the analysis of test results, four parameters were selected, which
were density, porosity, compressive strength, and elastic modulus.

5.2. Multivariate Linear Regression Analysis

Assuming that mica powder/standard sand is x1, filling material/bonding material is
x2, Portland cement/gypsum is x3, and silicone oil ratio is x4, multiple linear regression
analysis [37,38] was carried out on the density, porosity, compressive strength, and elastic
modulus controlled by these four factors, and the regression equation can be obtained as
follows.

yi = B0,i + B1,ix1 + B2,ix2 + B3,ix3 + B4,ix4 (1)

where yi is the physical and mechanical parameters of similar material samples. B0,i,
B1,i, B2,i, B3,i, and B4,i are linear regression coefficients, and i is 1~4, representing density,
porosity, compressive strength, and elastic modulus in turn.

The regression coefficients corresponding to each physical and mechanical parameter
were obtained by SPSS, as shown in Table 14. The residual independence of linear regression
data was tested by the Durbin Watson correlation coefficient, as shown in Table 15.

Table 14. Coefficients of multivariate linear regression analysis.

i B0,i B1,i B2,i B3,i B4,i

1 1822.953 16.039 −12.654 40.124 −2.142
2 8.076 0.594 1.156 −2.127 −0.004
3 1.233 0.484 −0.159 0.533 0.027
4 0.409 0.014 −0.007 0.021 0.003

Table 15. Durbin Watson coefficient of multiple linear regression analysis.

Parameter Density Porosity Compressive Strength Elastic Modulus

Durbin Watson 2.3326 1.2580 2.3932 2.6805

Meanwhile, outlier detection was detected for the test results, as shown in Figure 4.
Different physical and mechanical parameters had an outlier in different groups (box in
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Figure 2). The existence of outliers will lead to a certain deviation in the value of the linear
regression coefficients [39,40]. It was necessary to remove outliers and recalculate multiple
regression coefficients [41]. The regression coefficients corresponding to each physical and
mechanical parameter with outliers removed are summarized in Table 12.
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Figure 4. Outlier detection for test results. (a) Density. (b) Porosity. (c) Compressive strength.
(d) Elastic modulus.

Through multiple linear regression analysis of the Durbin Watson correlation co-
efficient [42] (Tables 16 and 17), it was determined that the residual was independent.
Meanwhile, the more uncorrelated the residual terms of each parameter after correction
(excluding outliers).

Table 16. Coefficients of multivariate linear regression analysis (excluding abnormal points).

i B0,i B1,i B2,i B3,i B4,i

1 1831.861 12.791 −13.466 39.461 −1.817
2 7.888 0.594 1.181 −2.117 −0.014
3 1.299 0.425 −0.166 0.538 0.036
4 0.380 0.024 −0.004 0.022 0.001
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Table 17. Durbin Watson coefficient of multiple linear regression analysis (excluding abnormal
points).

Parameter Density Porosity Compressive Strength Elastic Modulus

Durbin Watson 2.1310 1.2180 2.2600 2.0880

6. Conclusions

Using the orthogonal test method, the L25 (45) orthogonal design and 25 groups of
similar material ratio tests were adopted, and the density test, porosity test, and compres-
sion test were carried out in this paper. The physical and mechanical indexes such as
density, porosity, compressive strength, and elastic modulus of different similar material
ratio tests were obtained.

The results of the similar material proportioning test showed that the physical and
mechanical properties required by the prototype of the similar model were within its
distribution range. Among them, the distribution range of porosity and elastic modulus of
25 groups of samples with the similar material ratios was small, and the distribution range
of density and compressive strength met the requirements of the orthogonal test.

The sensitivity analysis and significance analysis of various factors by SPSS software
showed that the density and compressive strength of similar materials were most affected
by the ratio of Portland cement to gypsum. The porosity was most affected by the ratio
of filling material to bonding material. The proportion of silicone oil was the main factor
controlling the elastic modulus.

The multiple linear regression analysis of 25 groups of test results was carried out,
and the optimized multiple linear regression equation was obtained through anomaly
detection and anomaly elimination. According to the characteristics of the Shanghengshan
multilayer deposit and the research conditions of the material model, the similar materials
of siliceous shale, carbonaceous shale, and vanadium-bearing shale were determined. The
selected similar materials had a relatively dense structure and small porosity, and their
main physical and mechanical properties were similar to those of the simulated multi-layer
vanadium-bearing shale. Among them, the error between the actual similarity constant and
the design value of similar materials was less than 1.62%, which met the requirements of
test similarity conditions and can meet the requirements of simulated shale. The selection
of similar materials is feasible.
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