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To explore the effect of leaching erosion on the deterioration mechanism of ionic rare earth
slope bedrock. The E-TOPSIS method and fuzzy grey correlation method were used to
fuse and analyze the multi-source heterogeneous information such as porosity, pH, mass,
volume, density, P-wave and characteristic strength of bedrock specimens. The dominant
response parameters of bedrock deterioration of slopes under leaching erosion were
obtained, and the multi-source information fusion correlation analysis model was
established. The results show that compared with the basic physical parameters of
bedrock, the influence of leaching erosion on the pore structure of bedrock is more
significant; the pore space and leaching solution pH show obvious dominant
responsiveness in the E-TOPSIS analysis with soaking duration. Basically, from the
results of fuzzy grey correlation analysis, the micropore of bedrock specimens
continued to increase after the decrease in the early stage of soaking, and the porosity
varied significantly; the micropore and porosity of bedrock specimens had the highest
correlation with the characteristic strength of bedrock, followed by the pH of leaching
solution.

Keywords: ion-absorbed rare earth mine slopes, bedrock, leaching erosion, deterioration, multi-source information
fusion

1 INTRODUCTION

Ion-adsorption rare earth ores are the weathering products of granites and other igneous rocks
containing rare earth hydroxyl water ions. These rare earth ions are adsorbed into the surface of clay
minerals such as kaolinite and illite during the permeation of aqueous solutions, forming ion-
adsorbed rare earth deposits (Huang et al., 2015; Guo et al., 2020). The Gannan region of China is
rich in medium and heavy rare earth elements, which are in short supply in the world. Rare earth
materials are a strategic resource of global concern and are known as the mother of new materials and
industrial gold (Chen, 2011; Dutta et al., 2016; Zhong et al., 2021). At present, rare earth mining
mainly adopts in-situ leaching mining method (Liang et al., 2018), in which the leaching solution is
used to replace the rare earth elements enriched in rare earth slopes. The leaching solution is a
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complex solution containing multiple ions, where the main
chemical components of the leaching solution are sulfuric
acid, ammonium sulfate and ionic rare earth elements (Silva
et al., 2019). Influenced by the mining method of ionic rare earth
mines, their slope bedrock has been subjected to long-term
erosion by the leaching solution, resulting in different degrees
of deterioration of bedrock mechanical properties, which in turn
affects the stability of ion-adsorbed rare earth mine slopes (Fan
etal.,2017; Zhao et al., 2018; Luo F. Y. et al., 2021). Therefore, the
study of the deterioration mechanism about the mechanical
properties of ionic rare earth slope bedrock under the erosion
of leaching solution provides theoretical basis for the work in
disaster warning of ionic rare earth mine slopes.

In recent decades, researchers have conducted numerous
studies on the deterioration mechanisms of rocks under the
corrosive action of acid solutions, and fruitful results have
been obtained. Acid solution erosion affects the macroscopic
physical and mechanical properties of rocks to different degrees
(Miao etal., 2016; Nietal., 2017; Luo T et al., 2021). This is due to
the water-chemical interactions between the acidic solution and
its crystalline mineral particles inside the rock specimen,
including ion exchange, dissolution, hydrolysis, and erosion,
which change the mineral particle connectivity as well as the
mineral composition and structure of the rock (Huang et al.,
2021). When erosion of acidic solutions occurs, the roughness of
the rock surface increases, while the mass and longitudinal
velocity gradually decrease with increasing erosion time (Geng
et al., 2019) and the porosity tends to increase (Miao et al., 2018).

The mechanical properties of rock are affected by liquid
immersion (Zhang et al., 2020), especially under the condition
of acid solution immersion, and their mechanical properties vary
with soaking duration. The construction of mathematical models
for characterize the degree of rock deterioration under different
soaking duration conditions is a scientific problem that needs to
be solved urgently, and scholars have studied the characterization
of the degree of deterioration through the perspective of
mathematical analysis. In this paper, E-TOPSIS method and
fuzzy grey correlation analysis are chosen to characterize the
degree of bedrock deterioration of ionic rare earth mine slopes
under the effect of leaching erosion. The TOPSIS method was
founded by Hwang and Yoon in 1981, which ranks evaluation
targets by calculating the distance of evaluation targets from the
optimal solution and the worst solution, and selects the
evaluation targets that are closest to the optimal solution and
farthest from the worst solution (Behzadian et al., 2012); one
particularly important step is the determination of evaluation
parameter weights, and this paper chooses The entropy method
(EM), which does not need to consider subjective preferences and
only needs objective data to calculate weights, is chosen as the
method for weight determination in this paper (Chen, 2019). In
previous studies, this approach is called entropy-based TOPSIS
(abbreviated as E-TOPSIS). Grey system theory, founded by Deng
Julong in 1982, focuses on the study of problems involving small
samples and low information content, and deals with uncertain
systems with partially known information by generating, mining
and extracting useful information from the available information
so that the operational behavior of the system and its evolutionary

Bedrock Deterioration Under Leaching Erosion

laws can be correctly described and effectively monitored (Deng,
1983). The TOPSIS preference method can reflect the overall
similarity between the alternative target and the ideal target by
means of function curves, but cannot well reflect the difference
between the change trend of factors within the target and the ideal
target; the grey correlation method can well illustrate the
difference between the change trend of factors within the
alternative target and the ideal target, and is applicable to the
poor information evaluation where some information is known
and some information is unknown environment, but has
shortcomings in the overall judgment of system goals (Si et al.,
2018).

The existing analyses mainly focus on the analyses of a single
local characteristic parameter of the slope bedrock, and few
studies have been reported on the overall information of
multiple sources of slope bedrock deterioration under leaching
erosion. In order to study the effects of leaching erosion on the
physical and mechanical properties of slope bedrock, this paper
integrates E-TOPSIS and fuzzy grey correlation analysis to
analyze the porosity, pH, mass, volume, density, wave velocity,
and characteristic strength of slope bedrock under leaching
erosion and other multi-source heterogeneous information,
and tries to establish a model of slope bedrock deterioration
under leaching erosion and extract the physical parameters that
can characterize the degree of bedrock deterioration under
different soaking durations.

2 MATERIALS AND METHODS
2.1 Materials

The specimens in this paper were taken from the bedrock of the
slope of an ionic rare earth mine in Gannan, China, and the
sampling depth was about 5-10 m below the bedrock. The
leaching solution used in this experiment were taken from a
rare earth mine in Ganan, which has a pH value of 3.392 and its
main chemical components are NH,", SO,* and ionic rare earth
elements. The leaching solution is an acidic solution, which has
an erosive effect on the bedrock of the slope. The corresponding
ionic rare earth leaching equation is: Clay-RE**+3NH,*—Clay-
3NH,"+RE>*(RE*" is rare earth ion). According to the
International Society for Rock Mechanics (ISRM) test
protocol, a standard cylindrical specimen with a height of
100 mm and a height-to-diameter ratio of 2:1 was made
(Figure 1). Quartz, feldspar, black mica, hornblende, and
other minerals determined by X-ray diffraction using an
Empyrean type apparatus are the principal rock-forming
mineral compositions of the granite specimens. To ensure the
homogeneity of the specimens, all bedrock specimens were taken
from the same rock block, and the bedrock specimen with less
variability of P-wave was selected as the material for this test
(Zhong et al., 2021). In order to avoid the end effect of the
bedrock specimen during the test, the end parallelism of the
bedrock specimen is controlled within +0.02 mm, the end face
and the bedrock specimen axis are guaranteed to be mutually
perpendicular, and the maximum deviation of the end face and
axial perpendicular angle is controlled within +0.25.
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2.2 Methods
2.2.1 Experimental Methods

In this paper, the erosion of bedrock by leaching solution during
in-situ leaching is investigated by means of laboratory simulation
tests. In order to eliminate the influence of chance errors on the
test results during the test, the selected bedrock specimens were
divided into six groups of six bedrock specimens each and
numbered, in order, as the first group (GS1-1 to GS1-6), the
second group (GS2-1 to GS2-6), .. ., and the sixth group (GS6-1
to GS6-6). Each group of bedrock specimens was placed in an
infiltration cell made of inert corrosion-resistant material, and the
leaching solution was poured into the cell and all bedrock
specimens were buried. The first group of bedrock specimens
was used as the control group without immersion treatment, and
the remaining five groups of bedrock specimens were subjected to
immersion treatment for 30, 60, 90, 120 and 150 days,
respectively. After immersion, the bedrock specimens were
dried, and characteristics such as mass and P-wave of the dry
bedrock specimens were measured (Table 1).

In order to investigate the effect of soaking duration on the
microstructure of granite and the pH of the leaching solution, the
pore distribution condition of the bedrock specimens with
different soaking durations was measured using a MesoMR23-
060H-I model NMR analyzer, and the pH of the leaching solution
under different duration conditions was measured using an
MP551 pH/ion concentration measuring instrument.

The uniaxial compression test of bedrock specimens under

different immersion time conditions was performed using a
digitally controlled electro-hydraulic servo tester - RMC-150C,
developed and produced by the Chinese Academy of Sciences.

2.2.2 E-TOPSIS Methods

The E-TOPSIS method is an improvement of the traditional
TOPSIS method, in which the weights of the parameters
are first determined by the entropy weight method, and
then the ranking of the evaluation objects is determined
by the TOPSIS method wusing the technique of
approximating the ideal solution. The main calculation
steps of the E-TOPSIS method are as follows (Behzadian
et al., 2012; Chen, 2021):

® Assuming that there are m evaluation targets (different
soaking durations, the same below) and 7 evaluation
indicators (parameters, the same below) for each
evaluation target, construct a judgment matrix.

X=(xy), (=12 mj=12-"n) (1)

®@ Normalization of the judgment matrix:
Xij
Xij = — ()

Xmax

where x;; refers to the maximum value under the same index.

® Calculate the information entropy:

€ij = —kzP,J lnP,-j (3)

i=1

i
where Pjj = w5k = .
Xij

@ Define the weights of the indicators.
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1-e;
wl-:ij (4)

:(1 —ej)

1

J

n
where w; € [0,1], and Z1wj =1.
i=

® Calculate the weighting matrix:

R= (rij)mxn, ri]— = (Uj . xij (l = 1, 2, ,m,] = 1, 2, ,}’l) (5)

® Determine the optimal and inferior solutions:

+ - .
AJ = max(rlj) sz, Y rnj)’Aj = mln(rlj) ij’ ) rnj) (6)

@ Calculate the Euclidean distance of each solution from the
optimal and inferior solutions:

@)
Calculate the composite evaluation index:
D;
Ci=——"=C;€[0,1 8
b oG e ®)

where the larger the value, the lower the degree of deterioration.

2.2.3 Fuzzy Grey Correlation Methods

Fuzzy grey correlation is the degree of similarity or dissimilarity
of dynamic trends between objects and factors, and it is a method
to study and analyze the correlation between things based on the
degree of similarity of time series curves between factors. The
main calculation steps of the fuzzy grey correlation analysis
method are as follows (Liu et al., 2016).

(® Determining the analysis series:

Let Xo = {xo(t),t =1,2,---,m} be the reference series and
Xi={xi(t),t =1,2,-~,m;i=1,2,--,n} be the comparison
sequence.

@ Dimensionless processing:

i (¢ )
xi(t):xf.),t:1)2,...,,,,,,;,:1,2)...,” )

1

where t corresponds to the time period and i corresponds to a row
(i.e., a feature) in the comparison series.

® Calculation of the number of links:
min mtin A (t) + pmax max A; (1)

() =— A; (t) + pmax max A (t) o

where p € (0, e ), is the resolution factor. The smaller the p is, the
greater the resolving power is, and the general value of p is (0, 1),
depending on the situation. This paper takes p = 0.5 (Liu et al,, 2016).

Bedrock Deterioration Under Leaching Erosion

@ Calculate the correlation

n

1
ri:;Z(i(t),t: 1,2,-n (11)

t=1

where r; refers to the correlation between the comparison series
and the reference series.

3 EXPERIMENTAL RESULTS

3.1 Uniaxial Compression Experimental
Results

According to the test results, the combination of axial strain
method and axial stiffness method (Zhao et al., 2021b; Zhao et al.,
2021c) was used to classify the compression-density stage, linear
elastic deformation stage, plastic deformation stage and post-peak
deformation damage stage of each bedrock specimen. And
because of the limited pages, only the characteristic stresses
and damage modes of GS1-1, GS2-1, GS3-1, GS4-1, GS5-1
and GS6-1 specimens are shown in this paper (Figure 2).

From Figure 2, it can be seen that there are more significant
differences in stress-strain curves and characteristic stress stages
of ionic rare earth slope bedrock specimens under different
soaking durations conditions.

In the compression stage, the pores inside the bedrock
specimen gradually become smaller under the action of axial
pressure, and the stress-strain curve of the bedrock specimen is
concave, and the length of the concave section and the degree of
concavity both reflect the pore development of the bedrock
specimen. From Figure 2, it can be found that the concave
section of the stress-strain curve of the bedrock specimen
gradually grows and the degree of concavity gradually deepens
after soaking, which is a significant change compared with that of
the unleached specimen. This is due to the fact that the
dissolution of mineral particles inside the bedrock gradually
deepens with the increase of soaking duration, and the pore
development becomes more and more significant.

In the linear elastic deformation stage, the stress-strain curve is
linear, and the pores inside the bedrock specimen gradually
compact with the increase of axial pressure and then enter the
deformation stage. Young’s modulus E is an important index to
describe the resistance to deformation of solid materials, and the
more severely the rock is eroded, the smaller the E value (Zhao
et al., 2020). The specimens of unleached bedrock showed the
typical damage characteristics of granite, and the elastic phase
was more obvious, with the increase of soaking duration, Young’s
modulus and elastic phase strain both showed different degrees of
decrease. From Figure 2, it can be seen that the elastic stage strain
decreased by 8-9% at 30 days of soaking, and the elastic stage
strain was stable after 30 days, as can be seen from Figure 3, the
Young’s modulus of the bedrock specimens gradually decreases,
and the depreciation rate reaches 46.66% in the late stage of
soaking compared with that in the unleached ore. The above
analysis shows that the effect of the leaching solution is relatively
more significant mainly in the first 30 days of soaking, and
remains relatively stable thereafter. Decrease in Young’s
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FIGURE 3 | Characteristic strength and Young’s modulus of bedrock
specimens.

modulus and elastic stage strain indicates that the mechanical
properties of bedrock are more significantly affected by the
erosion of leaching.

In the plastic deformation stage, with the continuous increase
of axial pressure, the internal microfractures of the bedrock
specimen are generated, connected and penetrated, and the
bedrock specimen appears plastic deformation until
destruction. From Figure 2, it can be seen that the percentage
of plastic stage and the relative deformation gradually increase
with the increase of soaking duration, which indicates that the
bedrock specimens are gradually affected by erosion.

In the post-peak damage stage, unlike the brittle performance
of the bedrock specimen when it was not leached, with the
increase of soaking time, the bedrock specimen showed
different degrees of flow damage, ductility increased, and the
peak softening stage appeared. From Figure 2, it can be seen that
the damage form of bedrock specimens changed from
penetration damage in the natural state to penetration damage
and flake flaking damage at 150 days of soaking, and the softening
effect of leaching erosion was significant, and a certain strength
could be maintained after the damage. The bedrock specimens
showed brittle damage before 90 days of soaking, and with the
increase of soaking duration, the number of internal microcracks
also increased, and the pores inside the specimens were connected
and penetrated to form a certain degree of lamellar defect
structure, which led to the peak softening stage and lamellar
spalling damage of the bedrock specimens, and at this time the
specimens had a tendency to change from brittle to ductile in the
form of breakage.

The above analysis shows that with the increase of soaking
duration, the bedrock specimen is gradually deepened by erosion,
the pore development is more and more significant, the
compressive stage of rock stress-strain curve is gradually
obvious, the elastic stage is gradually shortened, the plastic
stage is gradually reduced and the peak softening stage
appears, and the bedrock damage form shows the trend of

Bedrock Deterioration Under Leaching Erosion

brittle to ductile development with the increase of soaking
duration.

In order to investigate the effect of erosion on the
characteristic strength of bedrock specimens, statistical analysis
of the test results was conducted (Figure 3). The trend of the three
characteristic strengths under the leaching erosion was basically
the same, and the characteristic strengths decreased significantly
in the period of 0-30days; the peak strength of the three
characteristic strengths maintained a faster rate of decrease in
the period of 30-60 days, and the cracking strength and damage
strength decreased slowly. The three characteristic strengths were
the lowest in the period of 60 days of soaking, indicating that the
deterioration of the bedrock specimens was the highest in the
period of 60 days of soaking. In the remaining soaking duration
except for a small decrease in the three characteristic intensities at
90-120 days, the overall trend is increasing, indicating that the
deterioration of the bedrock specimens is gradually reduced.

3.2 Pore Evolutionary Characteristics

In order to investigate the effect of soaking duration on the
microstructure of granite and the pH of the leaching solution, the
pore distribution of the bedrock specimens with different soaking
durations was measured by NMR analyzer, and the pH of the
leaching solution under different duration conditions was
measured by pH/ion concentration measurement instrument.
Because of the limited pages, only the NMR test results of
GS1-1, GS2-1, GS3-1, GS4-1, GS5-1 and GS6-1 specimens
under different soaking duration conditions and the pH
measurement of the leaching solution are shown in this paper
(Figure 4).

Figure 4 shows the trends of porosity and pH of leaching
solution with soaking duration. It can be seen from the figure that
the porosity of the specimens increased with the soaking duration
and then fluctuated within a certain range, in which the
macropore of the specimens increased first with the increase
of the soaking duration and continued to increase after a certain
retreat at 90 days; the micropore of the specimens was the highest
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FIGURE 4 | Soaking environment and microscopic characteristics.
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at 60 days and then tended to decrease. The variation of pores
inside the specimens caused the variation of characteristic
strength, and the transformation of macropore and micropore
inside the bedrock specimens was visible at 90 days, and the
characteristic strength of bedrock specimens decreased faster at
this time, when combined with the trend of characteristic
strength variation of bedrock specimens. This phenomenon
was also mirrored in the pH of the leaching solution, which
steadily increased with the length of leaching duration, with the
maximum rate of variation between 60 and 90 days.

3.3 Multi-Source Information Fusion

Analysis Parameter Selection

Combined with the mechanical mechanism of bedrock specimen
deterioration under chemical solution erosion (Zhao et al,
2021a), the effect of leaching erosion on the internal
microstructure of granite specimens, including mineral
deconstruction, microfractures, intergranular voids, lattice
defects and microdefects, was considered comprehensively.
Following the principles of independence, comprehensiveness
and quantifiability in the selection of parameters, four parameters
of physical properties, fine structure, mechanical characteristics
parameters and soaking conditions of the bedrock specimens
were selected in this paper to establish a more comprehensive
analysis system of granite deterioration under leaching erosion.
The specific parameters are shown in Figure 5.

3.3.1 Basic Physical Parameters

Four parameters, such as mass, volume, density and wave
velocity, were analyzed. For granite in natural state, the basic
physical parameters are not the same, which leads to the
difference of deterioration degree of different bedrock
specimens in the same area. The basic physical parameters are
important indicators for the evaluation and analysis of bedrock
specimen outside the laboratory. In the field, limited by
equipment and time constraints, it is not possible to conduct
exhaustive laboratory tests including composition analysis and

other tests, so the analysis of the basic physical parameters such as
mass, volume, density and P-wave is necessary.

3.3.2 Microstructural Parameters

Four parameters of porosity, macropore, micropore, and NMR
T2 relaxation time (T2) were analyzed. In the preliminary
laboratory test analysis of bedrock mechanics, in addition to
the analysis of the basic physical parameters of bedrock specimen,
we often start from the microstructure parameters of bedrock
specimens (Li et al, 2019), following the principle of
quantifiability, this paper selects the pore parameters of
bedrock specimens as the parameters of microstructure analysis.

3.3.3 Mechanical Characteristics Parameters

The Cracking strength, Damage strength and Peak strength are
also called the characteristic strength of the bedrock specimen
deterioration process. The characteristic strength of the rock is
based on the development of the crack activity state stage before
the peak of the rock damage process, the stress corresponding to
the end point of the linear elastic stage is the starting crack
strength, the stress corresponding to the end point of the stable
development stage of the crack is the damage strength, and the
stress corresponding to the end point of the unstable
development section of the crack is the peak strength. These
parameters are the visual representation of the development of
the deterioration mechanism of the bedrock specimen. Adding
these strengths to the parameter system as a comparison sequence
can make the analytical model results more accurate.

3.3.4 Soaking Parameters

The parameters were analyzed in terms of both leaching duration
and pH of the leaching solution. Ionic rare earth mining is often
carried out by pool leaching and heap leaching, and with the
replacement of rare earth ions during the leaching period, a large
amount of leach solution will be stored in the collection lane for a
long time, and the bedrock of ionic rare earth slopes will be at risk
of deterioration under the action of leaching solution (Fang et al.,
2018). In this paper, the leaching duration is used as the time
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TABLE 1 | The average basic physical and mechanical parameters of each group of bedrock specimens.

Soaking durations my my \") P V4 V2
(day) (9) (9) (cm®) (9/cm®) (m/s) (m/s)
0 510.17 510.17 192.69 2.65 4328.67 4328.67
30 511.73 511.89 193.93 2.64 4357.24 4399.50
60 512.22 511.93 193.92 2.64 4413.08 4427.33
90 509.78 511.02 194.33 2.63 4472.57 4446.00
120 510.53 508.107 192.86 2.63 4439.52 444467
150 509.65 508.332 192.88 2.64 4379.65 4400.83

my: Average mass of each group of bedrock specimens before leaching; my: Average mass of each group of bedrock specimens after leaching; v,: Average P-wave of each group of
bedrock specimens before leaching; v.: Average P-wave of each group of bedrock specimens after leaching.

TABLE 2 | Calculation results of entropy value method.

Target Information Positive Negative Weighting
entropy value e ideal solution A,-* ideal solution A; factor w (%)
Porosity 0.9982 0.20 0.15 7.27
pH 0.9971 0.52 0.39 11.59
Macropore 0.9917 0.48 0.29 33.65
Micropore 0.9985 0.09 0.07 6.00
T2 0.9898 172.05 99.86 41.37
Mass 0.9999 0.53 0.53 0.01
Volume 0.9999 0.02 0.02 0.01
Density 0.9999 0.00 0.00 0.00
P-wave 0.9999 4.14 4.03 0.09
TABLE 3 | Table of TOPSIS calculation resullts.
Positive ideal solution Negative ideal solution Relative proximity Sort results
distance distance
D+ D- c
C1 0.23 72.19 0.99 1
Co 70.79 1.40 0.02 5
Cs 7219 0.13 0.01 6
Cy 40.06 32.12 0.44 3
Cs 56.45 15.73 0.21 4
Cs 40.06 32.12 0.44 2

parameter for model analysis, and an attempt is made to analyze
the difference in the degree of deterioration of bedrock specimens
under different leaching durations and to find out the
characteristic parameters of dominant response accompanying
the deterioration. It has been shown that the granite will show
obvious deterioration under acidic solution soaking, and the pH
variation of the solution after soaking is an important indicator
for the analysis of the degree of granite deterioration under acidic
conditions (Han et al., 2016; Huang et al., 2020).

3.4 Deterioration Analysis of Bedrock
Mechanical Properties Based on E-TOPSIS
Method

In order to obtain the dominant response of parameters for
bedrock specimen deterioration under different soaking

durations, the judgment matrix under different soaking
durations was established by the parameter system in
Figure 5, and the entropy values and weights of different
soaking durations were calculated according to Eqs 1-4,
respectively (Table 2); the Euclidean distances of the
parameter values from the optimal solution (A}) and the
worst solution (A7) and the closeness to the optimal
solution were calculated according to Eqs 5-8, respectively,
and the scores were ranked (Table 3). In the E-TOPSIS
method analysis, the mechanical parameters of bedrock
specimen are a developmental characterization of the
deterioration mechanism of the bedrock specimen, and
their values are linearly related to the degree of
deterioration of the bedrock specimen, so the characteristic
parameters of the bedrock specimen are not brought into the
analytical model as analytical parameters.
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FIGURE 6 | Entropy method weighting proportion.

As can be seen from Table 2, the larger difference between the
positive ideal solution At and the negative ideal A~ solution in the
parameter layer, the greater the degree of variability is indicated,
and the larger the entropy value is, indicating that the parameter
has a lower responsiveness to the degree of deterioration of the
bedrock specimen at different soaking durations, and thus the
smaller the weight is. Conversely the smaller the entropy value of
the parameter, the larger the weight. Among the parameter
weights, the NMR 2 relaxation time and large pores have the
largest weight (>30%); the pH value of the soaking solution also
has a larger weight (>10%); the porosity and micropore have a
smaller weight (>5%); and the basic physical parameters of the
bedrock specimen (mass, volume, density, and P-wave) have the
smallest weight (<0.1%).

The weighting results are shown in Figure 6. From the size
of the weights, it can be seen that the NMR T2 relaxation time
occupies the largest weight, while the macropore and the pH
of the leaching solution are second, and the porosity and
micropore are smaller, indicating that along with the variation
of the soaking duration, the parameter with the most
dominant response to it is the NMR t2 relaxation time, and
from the microscopic level. At the microscopic level, the
response of macropore to soaking is more prominent
compared to porosity and macropore.

Table 3 shows the comprehensive scores p of the response
parameters of bedrock specimens under different soaking
durations according to TOPSIS method based on the entropy
results, where the smaller the Euclidean distance p between the
comprehensive scores of the parameter system and the positive
ideal solution, and the larger the Euclidean distance p from the
negative ideal solution, the better. The results were
C1>C6>C4>C5>Cp>¢3, indicating the response of the parameter
system to the degree of deterioration at different soaking
durations, where the degree of deterioration was lowest at
0 days of soaking, followed by 150 days of soaking, and the
highest degree of deterioration was observed at 60 days of
soaking. By comparing with the peak strength of bedrock
specimens at different soaking durations, it was found that the
model results were consistent with the degradation degree of
bedrock specimens. It indicates that the E-TOPSIS method has

Bedrock Deterioration Under Leaching Erosion

TABLE 4 | Fuzzy grey correlation coefficient table.

Micropore Macropore Porosity pH T2

lao 0.5236 0.3815 0.4448 0.4432 0.7801
Cazo 0.9354 0.7080 0.8115 1.0000 0.7614
Caco 0.5499 0.7376 0.6255 0.7780 0.6401
Lago 0.8103 0.7394 0.9613 0.7764 0.6764
Cat20 0.8784 0.5689 0.6979 0.6900 0.7476
lats0 0.7361 0.6949 0.9841 0.8214 0.7193
[ 0.5388 0.3976 0.4610 0.4593 0.8571
{bao 0.9035 0.7017 0.7949 0.9589 0.8577
{beo 0.5943 0.7976 0.6762 0.8414 0.6920
Cboo 0.8650 0.7658 0.9836 0.8292 0.7029
{bi20 0.9199 0.6021 0.7354 0.7273 0.7864
Cbiso 0.7901 0.7185 1.0000 0.8428 0.7722
{eo 0.6087 0.3865 0.4781 0.4755 0.5216
(o0 0.9052 0.7590 0.9276 0.8358 0.6159
{eo0 0.4792 0.6793 0.5572 0.7254 0.5726
{00 0.9265 0.5964 0.7923 0.8689 0.5423
{e120 1.0000 0.5486 0.7189 0.7078 0.7908
{e150 0.7049 0.6181 0.9468 0.7556 0.6846
(o Cracking strength; {»: Damage strength; {.: Peak strength.

TABLE 5 | Fuzzy grey correlation table.

Micropore Macropore Porosity pH T2

Cracking strength 0.7686 0.6639 0.7752 0.7765 0.7780
Damage strength 0.7389 0.6384 0.7542 0.7515  0.7028
Peak strength 0.7707 0.5980 0.7368 0.7282  0.6213

some analytical ability to explain the deterioration degree of
bedrock specimens under different soaking durations. In order
to reveal the response of each parameter in this parameter system
to the characteristic intensity of bedrock specimens, further fuzzy
grey correlation analysis is required.

3.5 Study on Mechanical Property
Deterioration of Bedrock Based on Fuzzy

Grey Correlation Analysis Algorithm
Combined with the E-TOPSIS method analysis, the differences in
the basic physical parameters of the bedrock specimens under the
leaching erosion conditions have a small effect on the parameter
system as a whole, so the soaking parameters and microstructural
parameters are analyzed as the focus in the fuzzy grey correlation
analysis. The fuzzy grey correlation coefficients of the parameter
system on the characteristic strength of the bedrock specimens
were calculated according to Eqs 9, 10, respectively, Table 4, and
then their correlations were calculated according to Eq. 11,
Table 5.

Table 4 and Table 5 show the correlation coefficients and
correlations of each parameter with the average cracking strength,
average damage strength and average peak strength of the
bedrock specimens under different soaking time conditions,
respectively. The correlation between micropore, porosity and
pH of the leaching solution is larger, followed by macropore and
NMR T2 relaxation time.
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4 DISCUSSION

Uniaxial compressive strength is an important parameter for
evaluating the stability of bedrock of ionic rare earth ore slopes,
and some rock-forming mineral components under the erosion of
leaching solution undergo different degrees of chemical
decomposition and precipitation-adsorption reactions, causing
different degrees of variations in their uniaxial compressive
strength (Zhang and Zhao, 2013; Wang et al., 2020). In order
to study the effect of leaching solution on the uniaxial
compressive strength of bedrock specimens of ionic rare earth
ore slopes, the average uniaxial compressive strength of bedrock
specimens and its variation rate under different soaking duration
conditions were statistically analyzed (Figure 7).

As can be seen from Figure 7, the mechanical properties of the
bedrock of the slope are different with different soaking duration
conditions. The peak strength of the bedrock specimens
decreased from 112.03 MPa in the natural state to 102.75 MPa
at 150 days of soaking, with a decrease of about 8.28%, which is
obvious. The mechanical properties of the bedrock fluctuate
greatly due to the influence of leaching erosion, and the peak
strength of the bedrock specimens decreases the most at the early
stage of soaking, and then rebound at 90 days, after which it
fluctuates in a small range. The analysis is due to the fact that at
the early stage of soaking, the micropore of the bedrock specimen
gradually increased by the erosion of the leaching solution, and
the internal structure of the bedrock specimen was damaged,
resulting in the decrease of mechanical strength.

The fusion analysis of the mechanical parameters of the slope
bedrock with its physical parameters under different soaking
duration conditions shows that the micropore, macropore and
porosity of the bedrock specimens, the NMR T2 relaxation time
and the pH of the leaching solution are correlated with the
characteristic stress parameters of the bedrock specimens to
some extent. In order to explore the dominant response
factors of mechanical parameters of bedrock specimens under
different soaking duration conditions. In this paper, the

T2

Porosity

Micropore Macropore
Parameter

FIGURE 8 | Comparative analysis of correlation.

correlations of characteristic stress parameters of bedrock
specimens under the conditions of different response factors
were compared and analyzed (Figure 8).

As can be seen from Figure 8, in the fuzzy grey correlation
analysis, the correlation between all parameters and the
characteristic strength is high, and the parameter with the
most significant difference from other parameters is the
micropore, which has a higher correlation with the peak
strength than the damage strength and cracking strength.
Combined with the analysis in Figure 4, it can be seen that
the micropore has the highest percentage at 60 days of soaking,
and then starts to decrease. This is related to the pattern of
damage of bedrock specimens under uniaxial compression.
Combined with Figure 3, it can be seen that the trends of the
three characteristic strengths are roughly the same, with the
characteristic strength of bedrock specimens continuously
decreasing at the beginning of the soaking period, reaching the
highest degree of deterioration at 60 days, rebounding sharply at
90-120 days of soaking, and fluctuating in a small range
thereafter. The above results of test indicate that there is a
more significant correlation between micropore and the
characteristic strength of bedrock specimens.

The results of the previous test showed that the pH value of the
leaching solution continued to increase with the increase of
soaking durations, presumably due to the chemical reaction
between the leaching solution and the bedrock specimen to
generate new minerals, resulting in a decrease in
concentration. The porosity ratio of the bedrock specimens
when not leached was mostly micropore and less macropore;
the porosity continued to increase from soaking to 90 days, and
the micropore ratio reached the maximum at 60 days; the
macropore continued to decrease after reaching a high point
at 30 days of soaking, and gradually increased during 90-120 days
of soaking.

In the fuzzy ash correlation analysis, the correlation coefficient
of parameters is an important quantitative index to judge the
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FIGURE 9 | Comparison of the correlation coefficient under different parameters. (A) Micropore; (B) Porosity; (C) pH; (D) T2; (E) Macropore.

correlation between the reference and comparison sequences, and
the more obvious variations of the correlation coefficient of
parameters indicates the higher correlation between the
reference and comparison sequences (Liang et al., 2018). The

analysis of the fuzzy grey results shows that the correlation
coefficient of pH of the leaching solution varies significantly at
the beginning of soaking, and the fluctuation becomes slower
with the increase of soaking duration, Figure 9C; the correlation
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coefficient of micropore fluctuates sharply from 0 to 90 days of
soaking and slows down at the end of soaking, Figure 9A; the
correlation coefficient of macropore shows an increasing trend at
the beginning of soaking until the fluctuation at the end of
soaking, Figure 9E. And the porosity correlation coefficient
shows strong fluctuations throughout the soaking process,
indicating that the microscopic pore variations of bedrock
specimens under leaching erosion is highly correlated with the
deterioration activity of bedrock specimens, Figure 9B; combined
with Figure 9D, the correlation coefficient curve of NMR T2
relaxation time decreases at the beginning of soaking and
fluctuates significantly at the end of soaking. NMR T2
relaxation time is an important parameter reflecting the
variations of bedrock pore structure, and the fluctuation
variation of the correlation coefficient of NMR T2 relaxation
time is roughly related to the variation trend of the characteristic
intensity of bedrock specimens. From the above analysis, it can be
seen that there is a more significant correlation between the
trends of micropore and porosity of bedrock specimens and the
internal deterioration activities of bedrock specimens, followed by
the pH value of leaching solution.

5 CONCLUSION

In this paper, the E-TOPSIS method and fuzzy ash correlation
analysis were combined to fuse the multi-source heterogeneous
information of porosity, pH, mass, volume, density, p-wave and
characteristic strength of ionic rare earth slope bedrock under
leaching erosion. This research can serve as a theoretical
foundation for predicting slope hazards in ionic rare earth
mines. From the research, the following results were drawn:

1) The bedrock parameters of ionic rare earth slopes have the
characteristic of changing with the variation of soaking
duration. The E-TOPSIS method with the advantage of
analysis under different time conditions and the fuzzy grey
correlation method are selected to fuse the characteristic
parameters of slope bedrock under leaching erosion. The
entropy weight method shows that the influence of
leaching erosion on the pore parameters is more significant.
Under the leaching erosion, the mechanical properties of the
bedrock specimens showed a significant decrease and then a
significant recovery, followed by fluctuations in a small range.
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