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A clear understanding of the evolution characteristics of leaching solution’s damage to the basement rock
of ion-adsorbed rare earth deposits is essential in the in situ leaching mining. In this study, some lab-
oratory tests were carried out to investigate the deterioration behavior and failure mechanism of rock
under the erosion of leaching solution. For this purpose, granite specimens were soaked in the leaching
solution for different periods and then some physical and mechanical parameters were measured. The
experimental results show that the strength of the rock without any soaking is the maximum. After 60 d,
the rock strength, mass (dry) and P-wave velocity (dry) decrease to the minimum, while the porosity of
the specimens reaches the maximum. Moreover, the failure pattern of the specimens in the uniaxial
compression tests is affected as the soaking time increases. The scanning electron microscopy (SEM)
image results indicate that the erosion of quartz crystals inside the rock specimens gets more intense
with the increase of soaking time. Also, the internal crystal failure mode gradually changes from the
trans-granular to the inter-granular. The insights gained from this study are helpful for better under-
standing the evolution characteristics of leaching solution’s damage to the basement rock of ion-
adsorbed rare earth deposits.
� 2022 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Ion-absorbed rare earth ore is the weathering product of granite
and other igneous rock containing rare earth hydroxyl water ions.
These rare earth ions are adsorbed on the surface of kaolin, illite
and other clay minerals during the infiltration of aqueous solution,
which results in the formation of ion-absorbed rare earth deposits
(Chi andWang,1995; Huang et al., 2015; Jha et al., 2016;Wang et al.,
2017; Guo et al., 2020). The ion-absorbed rare earth ores are widely
distributed in southern China. Rare earth materials are strategic
resources of global concern, and are known as the mother of new
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materials and industrial gold. At present, the ion-absorbed rare
earth mines are mainly exploited by the in situ leaching method. A
schematic sketch of the leaching mining process is shown in Fig. 1.
The erosive effect of the leaching solution of the ion-adsorbed rare
earth mining usually results in the basement rock cracking and
local collapse of the liquid collection tunnel, which in turn cause
the loss of the leaching solution. Therefore, it is essential to study
the mechanical deterioration mechanism of the basement rock
under the erosion of the leaching solution for the ion-absorbed rare
earth mining.

In recent years, extensive research has been conducted to study
the effect of water and chemical solutions on the macro-structural,
physical and mechanical characteristics of rock materials (Dieterich
and Conrad, 1984; Feng et al., 2004; Li et al., 2014, 2019a, 2020a;
Miao et al., 2016; Asahina et al., 2018; Hampton et al., 2018; Lin
et al., 2019; Shu et al., 2019; Shang et al., 2020; Yu et al., 2020;
He et al., 2021). For instance, Xie et al. (2011) analyzed the changes
in the mechanical properties of porous limestone materials under
oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:daoxuey@126.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2021.12.002&domain=pdf
www.sciencedirect.com/science/journal/16747755
http://www.jrmge.cn
https://doi.org/10.1016/j.jrmge.2021.12.002
https://doi.org/10.1016/j.jrmge.2021.12.002
https://doi.org/10.1016/j.jrmge.2021.12.002
http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. A schematic sketch of the in situ leaching mining process.

Fig. 2. The sampling site in Longnan ion-adsorbed rare earth mine.

Table 1
Group definitions.

No. Group Soaking time (d) Uniaxial compression test Average UCS (MPa)

1 C1 0 Yes 115.36
2 C2 30 Yes 93.58
3 C3 60 Yes 84.69
4 C4 90 Yes 102.24
5 C5 120 Yes 96.18
6 SA Periodical No -

Note: UCS denotes the uniaxial compressive strength.
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chemical solution erosion. Their experiment results showed that
the chemical corrosion resulted in deterioration of the pore
collapse limit stress, elastic modulus and cohesion of the rock
specimen to some extent. Izadi and Elsworth (2015) studied the
permeability characteristics and failure mechanism of rocks under
thermo-hydro-mechanical- chemical coupling using FLAC3D

models. Li et al. (2019a) analyzed the chemical reaction between
the acidic solution and the main diagenetic mineral components
inside the sandstone specimen from the perspective of chemical
kinetics. Lin et al. (2019) used nuclear magnetic resonance (NMR)
technique to analyze the porosity evolution and pore size distri-
bution characteristics of sandstone specimens immersed in
chemical solutions with different pH values. They discussed the
degradation mechanism of sandstone under the corrosion of acid
solution. Shang et al. (2020) conducted direct shear tests on the
prefabricated fractured granite specimens under different chemical
solutions with different pH values and immersion times. Their re-
sults revealed the evolution mechanism of high mineralization,
acid, and alkaline groundwater on the short- and long-term me-
chanical behavior of fractured rock masses in geological engineer-
ing. He et al. (2021) analyzed the relations between the water
saturation, effective pressure and acoustic velocity by means of
multivariate function regression analysis. They indicated that the in
situ geophysical properties of rocks could be used to interpret the
acoustic wave velocities.

In the recent decades, a large number of studies on mining
engineering have been devoted to the study of the microscopic
defect structure of rocks under different environmental conditions
using different modern techniques such as scanning electron mi-
croscopy (SEM), NMR and computed tomography (CT) (Akhtar
et al., 2012; Shang et al., 2015; Liu et al., 2016; Saif et al., 2017;
Weng et al., 2018; Jin et al., 2019; Li et al., 2019b; Meng et al., 2019;
Zhu et al., 2019; Nicco et al., 2020; Tang, 2020; Wong et al., 2020).
These modern testing techniques also have been utilized to study
the structural evolution characteristics of micro-defects such as
micro-cracks and pores during the deterioration of rock materials
under the corrosion effect of water and chemical solutions. For



Fig. 4. T2 spectrum curves and the pore distribution of specimen SA-1 with different
soaking durations.
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example, Yang et al. (2019) conducted experiments to study the
mechanical behavior and evolution characteristics of quartz sand-
stone under the erosion of HCl, NaCl and NaOH solutions, and
distilled water through corrosion-freeze-thaw tests in the labora-
tory. In that study, SEM technology was used to compare and
analyze the morphology and structure of the minerals inside the
quartz sandstone under the erosion of different types of chemical
solutions. Li et al. (2018) used NMR to study the damage evolution
of chemically corroded limestone specimens under cyclic loads.
Their research results showed that with the increase of cyclic load,
the porosity and micro-crack density of corroded limestone speci-
mens gradually increased. Also, they found that the damage evo-
lution process of the corroded limestone specimens could be
divided into micro-crack initiation stage, micro-damage develop-
ment stage and damage acceleration stage. Cai et al. (2020) used
SEM to study the fracture evolution process of sandstone under
hydraulic coupling. They demonstrated that the fracture charac-
teristic of sandstone in the dry state was inter-granular fracture
within the grains, while that in the saturated state was inter-
granular fracture between grains.

Despite the extensive research in this field, the mechanical
behavior and deformation mechanism of the basement rock of ion-
adsorbed rare earth deposits under the erosion of leaching solution
were still not well understood. In this study, some experiments
were conducted to investigate the mechanical behavior and
deformation mechanism of the basement rock soaked for different
periods. In Section 2, the material preparation and the testing
procedures were explained. The correlation analysis of mass (dry
state), P-wave velocity (dry state), porosity, pH value of leaching
solution and uniaxial compression test data, along with the test
results of NMR, were discussed in Section 3. Discussion on the
experimental results, along with the test results of SEM-EDS, was
presented in Section 4.
2. Experiment setup

2.1. Specimen preparation

In this research, some laboratory experiments were conducted
to study the erosion effect of the leaching solution on the physical
and mechanical parameters of the basement rock of ion-adsorbed
rare earth deposits. For this purpose, some granite specimens
were collected from an ion-adsorbed rare earth mine located in
Fig. 3. The average mass and the average P-wave velocity of the specimens an
southern Jiangxi area in China. The location of the sample collection
site is indicated in Fig. 2. For laboratory experiments, some cylin-
drical specimens with the height of 100 mm and the diameter of
50 mm were prepared. The end parallelism of the rock specimen
was controlled within �0.02 mm. The specimen axis was perpen-
dicular to the end faces with amaximumdeviation of 0.25mm. This
is the standard specimen geometry for the laboratory experiments
as suggested by the International Society for Rock Mechanics
(ISRM) (Fairhurst and Hudson, 1999). The mineral composition of
the granite specimen was analyzed using X-ray diffraction (XRD)
tests. The XRD test results showed that the collected granite
specimen was mainly composed of quartz, feldspar, black mica and
hornblende. The dry density of the specimen was in the range of
2626e2636 kg/m3 and its porosity was between 1.16% and 1.18%. It
should be noted that the rock specimenswith the least variability of
P-wave velocity were selected to minimize the data discretization.
2.2. The leaching solution

The mineralization characteristics of ion-adsorbed rare earth
minerals are relatively special, and the rare earth ions are mainly
adsorbed on the surface of clay minerals in the form of hydrated
ions or hydroxyl hydrated ions. Therefore, many electrolytes can be
d pH value of leaching solution varying with different soaking durations.
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selected as the leaching solution (Chi et al., 2005). Considering the
cost and efficiency of leaching, most ion-adsorbed rare earth ore
extracts the rare earth ions in the ore body by in situ entry and exit
methods, and ammonium sulfate solution is generally used as the
leaching agent. The leaching equation generally follows the
equivalent exchange of ions, and the equation is as follows: Clay-
RE3þ þ 3NH4

þ / Clay-3NH4
þ þ RE3þ (RE3þ is a rare earth ion)(-

Moldoveanu and Papangelakis, 2012, 2013). The liquid that flows
into the collection tunnels after the chemical reaction between the
leaching solution and the rare earth components within the ion-
adsorbed rare earth deposit is called the leaching solution. The
leaching solutions used in this experiment were taken from an ion-
adsorbed rare earth mine in southern Jiangxi, which had a pH value
of 3.392. The leaching solution was mainly acidic and had an
erosive effect on the basement rock. In order to explore the dete-
riorating effect of leaching solution on the basement rock, the main
chemical components of the leaching solution were detected by
inductively coupled plasma optical emission spectroscopy test. The
major chemical components were NHþ

4 , SO
2�
4 , Hþ and ion-adsorbed

rare earth elements. This study uses the leaching solution collected
on site to discuss the chemical reaction between it and the base-
ment rock. And then the mechanical response characteristics and
deteriorationmechanism of the basement rock under the erosion of
the leaching solution were revealed.
2.3. Experimental scheme

The prepared rock specimens were divided into six different
groups with three specimens in each (Table 1). Five groups of rock
specimens were soaked in the leaching solution for different du-
rations of 0 d, 30 d, 60 d, 90 d and 120 d, which were named C1eC5,
respectively. It should be noted that for the specimens in group C1,
the soaking durationwas 0, whichmeans that theywere not soaked
at all. The specimens in groups C1eC5 were prepared for uniaxial
compression tests. The specimens in the 6th group were soaked for
120 d, and this group was named SA. In order to exclude the in-
fluence of rock natural micro-defects such as micro-cracks, pores
and joints on the experiment results, the specimens in SA were set
as the reference, on which only the immersion test was carried out,
but no mechanical loading test.

In this study, the mass and P-wave velocity of rock specimens
(SA) in dry state and the pH value of leaching solution were
measured at different soaking durations of 0 d, 30 d, 60 d, 90 d and
120 d. Moreover, NMR tests were performed on the reference rock
Fig. 5. The average porosity evolution characteristics of rock specimen with different
soaking durations.
specimens (SA) under different soaking durations to study the ef-
fect of the immersion duration on the pore distribution character-
istics of the rock specimens.

The uniaxial compression tests were conducted to study the
evolutionary characteristics of mechanical behavior of rock speci-
mens with different soaking durations. After removing the rock
specimens from the leaching solution, a paraffin wax and a water-
proof filmwere applied to the surface of the specimens to avoid any
loss of the leaching solution from the specimens. For this experi-
ment, the rock loading machine and the strain gages were required.
The RMT-150C servo-controlled mechanical testing machine
developed by the Chinese Academy of Sciences was used to conduct
the uniaxial compression tests. The axial and lateral strains during
the test were measured by the electrical resistance strain gages. The
loading test was carried out using the displacement control method,
at a loading rate of 0.001 mm/s. The specimens were continuously
loaded until the rock specimens were completely failed.

3. Results and analysis

3.1. Mass and P-wave velocity of specimens and pH value of
leaching solution

The reference group (SA) was used to measure the physical
properties of the rock specimens at different soaking durations. For
this purpose, the reference specimens (SA-1, SA-2 and SA-3) were
taken out of the leaching solution and dried, and then their mass
and P-wave velocity in the dry state were measured. Also, the pH
values of the leaching solution were measured using a MP551 pH/
ion concentration measuring instrument. These steps were
repeated at 0 d, 30 d, 60 d, 90 d and 120 d of soaking. The relations
between the average mass and average P-wave velocity of the
specimens in the dry state, and pH values of the leaching solution
and the soaking duration are shown in Fig. 3.

Fig. 3 indicates that the averagemass of the reference specimens
in the dry state decreased by 2.65 g during the soaking duration of
0e60 d and then increased by 2.47 g during the soaking duration of
60e120 d. The figure shows that the average P-wave velocities of
the reference specimens in the dry state decreased by 215 m/s
during the soaking duration of 0e60 d and then increased by
209m/s during 60e120 d of soaking. Meanwhile, it can be observed
from the figure that the pH value of the leaching solution increased
from 3.39 to 4.33 during the experiment (0e120 d of soaking). It
implies that the leaching solution had continuous chemical re-
actions with the rock specimens in the whole soaking duration of
0e120 d. It led to the evolution of micro-defect structure, which in
turn resulted in continuous changes in the mass and P-wave ve-
locity of the specimens.

3.2. Effect of the soaking duration on the pore distribution
characteristics of the specimens

According to the nuclear magnetic relaxation mechanism, the
fluids in different types of pores in the rock have different relaxa-
tion times and are distributed in different positions on the T2
(transverse relaxation time) spectrum curve (Li et al., 2020b). The
distribution of the peaks of each nuclear magnetic signal is helpful
to determine the development of micro-defects such as cracks,
pores and joints in the basement rock. The area of the peak reflects
the number of micro-defects in the basement. The width of the
peak reflects the distribution of a certain micro-defect structure.
The number of peaks reflects the continuity of the pores at each
level.

In this study, the NMR technology was utilized to observe and
measure the evolution of micro-defects in the specimens. Fig. 4



Fig. 6. The stressestrain curves of the specimens with different soaking durations.
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shows the T2 spectrum curves and the pore distribution of SA-1
specimen with different soaking durations. The figure shows that
with varying soaking duration, the size and distribution of micro-
defect structure inside the specimen change significantly. There
were macro-, meso- and micro-pores inside the rock specimens
that had not been soaked and the defect structures at various scales
had relatively good connectivity. However, only micro- and meso-
pores existed inside the rock specimen with 30e120 d of soaking.
As the soaking time increased, the peak value of the meso-defect
structures increased from 0.0662 to 0.0693 in 30e60 d of soaking
duration. It remained almost unchanged, at 0.0312 and 0.0316, in
30e60 d of soaking duration. As the soaking time increased, the
peak of the micro-defect structures increased from 0.0229 to
0.0251 in 90e120 d of soaking duration, and it were almost un-
changed, at 0.0621 and 0.0619, in 90e120 d of soaking duration.

In order to explore the effect of soaking duration on the porosity
of the rock, the porosity of SA specimens was measured under
different soaking durations using the NMR technique. The NMR



Fig. 7. The average strength and average peak strain of rock specimens with different
soaking durations.
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analysis results are shown in Fig. 5. The figure implies that the in-
crease of the soaking time resulted in changes in the porosity and
average porosity of SA specimens in different periods: (i) an in-
crease by 0.217 in 0e60 d, (ii) a decrease by 0.122 in 60e90 d, and
(iii) an increase by 0.009 in 90e120 d.

3.3. Effect of the soaking duration on the stressestrain curve and
failure pattern

The stressestrain relation is an important mechanical attribute
of rocks, which is essential for studying the elastic and plastic be-
haviors of rock. The uniaxial compression tests were conducted to
investigate the influence of soaking duration on the mechanical
behavior of rock specimens with different soaking durations. Fig. 6
shows the stressestrain curves for different specimens. Moreover,
the failure patterns of specimens C1-1, C2-1, C3-1, C4-1 and C5-1
are shown in Fig. 6. The figure shows an initial nonlinear
(concave) deformation stage in the stressestrain curve of unsoaked
specimens (group C1). The elastic deformation stages in the stresse
strain curves of C1-1, C1-2 and C1-3 are overlapped, which is an
indication of the rock homogeneity.

In Fig. 6, the failure pattern of specimens in C1 is mainly in the
forms of tensile and shear fractures. The results show that the
failure pattern of specimens in C2 (soaked for 30 d) is dominated by
shear fractures, and specimens in C3, C4 and C5 (soaked for 60 d,
90 d and 120 d, respectively) are dominated by tensile fractures.
The average strength and average peak strain of the rock specimens
with different soaking durations are shown in Fig. 7. In this figure,
the average strength of the rock specimens decreased by 26.69 MPa
in 0e60 d of soaking, increased by 16.9 MPa in 60e90 d, and
decreased by 6.06 MPa in 90e120 d. Furthermore, the average peak
strain of the rock specimens indicates a decrease by 2.29 � 10-3 in
0e30 d, an increase by 1.51 � 10-3 in 30e60 d, and a decrease by
1.71 �10-3 in 60e90 d of soaking duration. The average peak strain
of the rock specimens shows no significant changes in 90e120 d of
soaking duration.

3.4. Effect of the soaking duration on the characteristic stresses of
specimens

According to the stressestrain variation characteristics of the
rock specimen under uniaxial compression conditions, the full
stressestrain curve of the specimens can be divided into five
stages: (i) the crack closure stage, (ii) the linear elastic deformation
stage, (iii) the stable crack extension stage, (iv) the unstable crack
extension stage, and (v) the post-peak damage stage. The stress
levels at each stage are defined as the crack closure stress (scc), the
crack initiation stress (sci), the damage stress (scd), and the peak-
stress (sucs), respectively (Brace, 1964; Bieniawski, 1967; Pan and
Lü, 2018; Zhao et al., 2020).

The accurate determination of rock characteristic stresses is of
great theoretical and practical significance to rock engineering
problems. In recent years, extensive research has been conducted
to study the rock characteristic stress classification, and several
methods for classification of the crack class have been proposed.
Among them, the crack volume strain method (Fig. 8) is the most
widely used method (Zhao et al., 2020). In this study, the crack
volume strain method was used to investigate the effect of the
erosion of the leaching solution on the characteristic stresses of the
rock specimens under different soaking time conditions. For this
purpose, the average sci=sucs, scc=sucs and scd=sucs of the rock
specimens in groups C1eC5 were statistically analyzed using the
crack volume strain method (Fig. 9).

From Fig. 9, it can be seen that the average values of sci=sucs, scc=
sucs and scd=sucs for the rock specimens soaked for 30 d decreased
by 16.19%, 9.62% and 4.62%, respectively, compared to unsoaked
rock specimens. The average values of sci=sucs, scc=sucs and scd=sucs
for the rock specimens soaked for 90 d increased by 8.46%, 7.18%
and 1.97%, respectively, compared to the rock specimens soaked for
30 d. The average values of sci=sucs and scc=sucs for the rock
specimens soaked for 120 d increased by 4.24% and 2.86%,
respectively, while the average scd=sucs decreased by 2.84%,
compared to the rock specimens soaked for 90 d. The above test
results show that the immersion time has a significant effect on the
characteristic stresses of rock specimens.
4. Discussion

4.1. Changes in SEM images of the specimens

In this study, SEM images were used to study the changes in the
mineral composition and cracking of the rock specimens treated
with leaching solution for different soaking durations. Fig. 10 shows
the SEM images of specimens C1-1, C2-1, C3-1, C4-1 and C5-1. The
fracture characteristics of rock specimens treated with leaching
solution under different soaking duration conditions are marked in
Fig. 10, which are FS1, FS2, FS3, FS4 and FS5, respectively. The
fracture surface of the rock specimen without soaking treatment is
shown in Fig. 10a. The figure shows that the fracture surface is
relatively intact and the crystal particles are closely connected to
each other, while the micro-defect structures such as joints, micro-
cracks and pores are poorly developed. In the specimenwith 30 d of
soaking, the fracture surface (Fig. 10b) is rougher than that in the
specimen without any leaching treatment, and there are a large
number of visible micro-cracks at the fracture surface. The fracture
surface of the rock specimen soaked with the leaching solution for
60 d (Fig. 10c) is the roughest with a large number of convex and
concave pores. In addition, its pore density is also the highest,
which is basically in complete agreement with the pore distribu-
tion characteristics of the rock specimen measured by NMR tech-
nique. The fracture surface of the rock specimen treated with the
leaching solution for 90 d of soaking is shown in Fig. 10d. The figure
indicates significant corrosion traces between the crystal particles
on the fracture surface. The microstructure becomes unconsoli-
dated and a large number of secondary microcracks are produced
on the contact surface of the crystals. Also, fine mineral particles
between the micro-cracks can be observed, which result in a rela-
tively poor connectivity. The fracture surface of the rock specimen
treated with leaching solution for 120 d of soaking is shown in



Fig. 8. Stages in the progressive failure of intact rock in compression (modified from Zhao et al., 2020).

Fig. 9. Effect of the soaking duration on the characteristic stresses.
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Fig. 10e. Its internal micro-crack distribution is similar to that in the
specimen treated with leaching solution for 90 d.

There are two main failure modes of crystal particles in rock:
inter- and trans-granular failures (Zuo et al., 2018; Wu et al., 2019;
Tao et al., 2020). In order to explore the influence of leaching so-
lution erosion on rock degradation mechanism, the energy
dispersive spectroscopy (EDS) was used to study the form of crystal
destruction in rock. EDS is utilized to analyze the mineral compo-
sition of the fracture surfaces in the specimens C2-1, C3-1 and C4-1
(Fig. 11). This is helpful to investigate the effect of the leaching
solution on the chemical composition of the basement rock of ion-
absorbed rare earth deposits. Fig. 11 shows that both sides of the
crack of the rock specimen soaked in the leaching solution for 30 d
are sodium feldspar. There is no erosion inside the rock specimen,
and the main failure type of the internal crystal is trans-granular
failure. The internal quartz crystals of the specimen C3-1 (60 d of
soaking) are more altered. A large number of silicate crystals are
formed, and the main failure mode of the internal crystal is inter-
granular failure. After being soaked in the leaching solution for
90 d, the quartz crystal in the rock specimen is altered and
Al4(SiO4)3 crystals are formed. The main failure mode of the in-
ternal crystal is inter-granular failure.

The above test results show that with the increase of the soaking
time, the erosion of the quartz crystals inside the rock specimen
becomes more intense. Also, the internal crystal failure mode
gradually changes from the trans-granular to the inter-granular
mode.
4.2. The mechanism of chemical damage to basement rock
subjected to leaching solution of ion-absorbed rare earth

Mass is an inherent physical property of rock specimen. Under
the erosion action of the leaching solution, some rock-forming
mineral components undergo different degrees of chemical
decomposition, precipitation and adsorption reactions, resulting in
changes in their mass (Houston, 2001; Miao et al., 2016; Huang
et al., 2021). The decomposition reaction mainly includes several
reactions:

(1) The reaction of oxide with leaching solution:

MgOþ 2Hþ / Mg2þ þ H2O

CaO þ 2Hþ / Ca2þ þ H2O



Fig. 10. The SEM images of the specimen after treatment with the leaching solution of ion-absorbed rare earth with different soaking times: (a) 0 d, (b) 30 d, (c) 60 d, (d) 90 d, and
(e) 120 d.
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Al2O3 þ 6Hþ / 2Al3þ þ 3H2O

Fe2O3 þ 6Hþ / 2Fe3þ þ 3H2O

K2O þ 2Hþ / 2Kþ þ H2O

Na2O þ 2Hþ / 2Naþ þ H2O

SiO2 þ 2H2O / H4SiO4

(2) The reaction of potash feldspar and albite with leaching
solution:

NaAlSi3O8 þ 4Hþ / Al3þ þ 3SiO2 þ 2H2O þ Naþ

KAlSi3O8 þ 4Hþ / Al3þ þ 3SiO2 þ 2H2O þ Kþ

(3) The reaction of calcite with leaching solution:

CaCO3 þ 2Hþ / Ca2þ þ H2O þ CO2[
(4) The reaction of mica with leaching solution:

KAl3Si3O10(OH)2 þ 10Hþ / 3Al3þ þ 3SiO2 þ 6H2O þ Kþ

The presence of Hþ in the leaching solution leads to the
decomposition reaction of some mineral crystal particles inside the
rock specimen. These free ions in the leaching solution chemically
react again to produce insoluble substances or colloids adsorbed in
the micro-cracks and pores inside the bedrock specimens, which in
turn cause the gradual disappearance of themicro-cracks and pores
with large size inside the rock specimen. The average mass change
(Fig. 3) of specimens SA-1, SA-2 and SA-3 (dry state) under different
soaking times and the pore distribution (Fig. 4) measured by NMR
tests confirm this speculation. According to the chemical equilib-
rium principle, when the leaching solution contains a large amount
of SO2�

4 ions, CaSO4 becomes extremely insoluble, which eventually
makes it adsorbed in the form of CaSO4,2H2O crystals in the in-
ternal micro-defect structure of the rock specimen. Therefore, the
insoluble substances or colloids adsorbed inside the bedrock
specimens mainly include CaSO4,2H2O crystals and silicate col-
loids (Fig. 11).



Fig. 11. The SEM images and electron spectroscopy of granite specimens with different soaking times: (a) SEM image of specimen C2-1; (b) Electron spectroscopy of specimen C2-1;
(c) SEM image of specimen C3-1; (d) Electron spectroscopy of specimen C3-1; (e) SEM image of specimen C4-1; and (f) Electron spectroscopy of specimen C4-1.
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From Fig. 3, it can be seen that in 0e60 d of soaking, the
dissolution and separation rates of minerals in the rock specimen
are greater than the adsorption rate of mineral precipitation under
the erosion of leaching solution. With the increase of immersion
time, the porosity of the rock specimen increases, while its mass
and strength decrease. In 60e120 d of soaking, the dissolution and
separation rates of minerals are less than the adsorption rate of the
mineral precipitation under the erosion of leaching solution. The
new mineral particles are non-uniformly distributed in the micro-
defect structure of the rock specimen, and the large-scale micro-
defects are divided into several small size micro-defects. Thus, the
porosity of the rock specimen is decreasing in this soaking stage. At
the same time, because the newly generatedmineral particles block
some of the micro-defect structures, many closed micro-defect
structures are formed inside the rock specimen. These closed
micro-defect structures are filled by the leaching solution. As a
result, with the increase of the soaking time in 60e120 d, the mass
(dry state) and P-wave velocity of rock specimen increase. There-
fore, the phenomenon that the strength of rock specimens soaked
for 90 d is greater than that of 60 d is formed.

From Figs. 3, 4 and 6, it can be understood that compared with
the pore distribution of specimens in C2 (60 d of soaking), the
micro-scale cracks of specimens in C3 (90 d of soaking) increase,
and the meso-scale cracks decrease. The results show that a large
number of mineral crystal particles are adsorbed in the cracks of
rock specimen after being soaked in the leaching solution for 90 d,
and these newly formed mineral crystal particles play a supporting
role in the process of rock deformation and failure. Compared with
the pore distribution of rock specimen treated with leaching so-
lution for 90 d of soaking, the micro-scale cracks of rock specimen
treated with leaching solution for 120 d of soaking are further
increased. During 120 d of soaking, the pore water pressure inside
the rock specimen cannot be ignored. Under the undrained con-
dition, the porewater pressure inside the rock specimen plays a key
role in the decrease of the rock strength, which leads to the phe-
nomenon that the strength of the rock specimen soaked for 120 d is
less than that of the rock specimen soaked for 90 d.

5. Conclusions

In this study, NMR, SEM, EDS and uniaxial compression tests
were conducted on the basement rock specimens that were
corroded by leaching solution of ion-absorbed rare earth with
different soaking durations. The physical and mechanical
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properties (mass, P-wave velocity, porosity, UCS, failure pattern,
and characteristic stress points), microstructure characteristics and
deterioration mechanism of basement rock after erosion treatment
with different soaking durations were systematically examined.
Based on the experimental results, the following conclusions can be
drawn:

(1) With the increase of the soaking time, the average mass and
P-wave velocity of the basement rock specimen in the dry
state showed a decreasing and then increasing trend under
the erosion effect of the leaching solution, while the pH
values of the leaching solution showed a gradually increasing
trend. According to the NMR test results, the porosity inside
the rock specimen showed an increasingedecreasing trend
with the increase of the soaking time. Therefore, it can be
inferred that the loss rate of the leaching solution is gradually
increasing during 0e60 d of immersion, while the loss rate of
the leaching solution is gradually decreasing during 60e
120 d of immersion.

(2) With the increase of the soaking time, the failure pattern of
rock specimens showed the trend of tension and shear
fracture coexistingeshear fracture dominatedetensile frac-
ture dominated. With the increase of soaking time, the
strength and peak strain of the rock specimens showed a
decreasingeincreasingedecreasing trend, but some differ-
ences exist in time inflection point. The leaching solution had
a significant effect on the rock stresses sci=sucs, scc= sucs and
scd=sucs; and all of themwere reduced to theminimumvalue
when soaked for 30 d.

(3) With the increase of the soaking time, the erosion of the
quartz crystals inside the rock specimens under the erosion
of the leaching solution got more intense, and the internal
crystal failure mode changed from trans-granular to inter-
granular mode. The deterioration mechanism of the me-
chanical behavior of the rock specimen under the erosion of
the leaching solution was revealed by SEM-EDS and NMR
techniques from the perspective of corrosion dissolution and
precipitation adsorption of the rock-forming mineral com-
ponents inside the rock.
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