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Abstract: Geosynthetic clay liners (GCLs) are often used as anti-seepage systems in landfills and at the
bottom of tailing ponds. The anti-seepage performance of GCL will change under different temperatures.
In this study, bentonite was mixed with test solutions at different temperatures to measure the basic
performance indexes of bentonite components and analyze the permeability. The composition and micro-
structure of bentonite at different temperatures were analyzed by X-ray diffraction, X-ray fluorescence
spectrum, and SEM, and the change rule of permeability property with the mine leachates at different
temperatures was understood by combining the macro-measured parameters with the microscopic
analysis results. The research results indicate that the fluid loss of two bentonites increased with the
increasing temperature due to the inhibition of ion exchange between bentonite and mixture by the
increased temperature. The swelling index of the bentonite increased at high temperatures. The micro-
structure analysis showed the increase of the pore size attributed to high temperature, and the uneven
distribution of the pore size resulted in the increase of the intrinsic permeability. The study would
provide the reference for the application of GCL in mining.

Keywords: mining leachates; hydraulic performance; geosynthetic clay liner; different temperatures

1. Introduction

There are various and large nonferrous metal mines in Hunan province. During the
mining process, large amounts of tailings and mineral waste residue pollute the groundwa-
ter and soil. Agentia, such as foaming agent, inhibitor, conditioning agent, and flocculant,
would be added in a beneficiation process [1–6]. These mining leachates are stored in the
tailing impoundment; therefore, heavy metal pollutants and chemical agents are in the
tailings. The mining leachates flowing into the groundwater system and soil affect crop
growth and the people’s health [7–12]; therefore, the tailing impoundment should establish
an anti-seepage system to prevent seepage of the leachates.

The geosynthetic clay liner (GCL) is an industrial product that has very low perme-
ability and greater freeze–thaw cycle resistance [13–16]. Due to its easy transportation and
low cost, GCL has been widely used in the anti-seepage systems of railways, roads, etc.,
and the cover or bottom layer for the tailings and landfills [17–20]. The low permeability of
GCL is due mainly to the swelling of its bentonite component. All the tests in the study are
conducted primarily on the bentonite component.

Temperature has great influence on the impermeability of GCL, and the reaction between
the metallic cations in the mining leachates and the acidic or alkaline solution release heat;
thus, the increased temperature may affect the hydraulic properties of GCL [20–23].

The bentonite component of GCL absorbs a lot of water from the soil at the time
landfill construction, and the ambient temperature around GCL in landfills can reach
55 ◦C or higher, which greatly reduces the amount of water absorbed by the bentonite
component [24–27]. However, at room temperature, the water content of bentonite reaches
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more than 100%. Therefore, the high temperature generated in the natural environment
will have a negative impact on the hydraulic performance of GCL [28–30]. The decrease
of water absorption increases the external pressure of bentonite, which results in cracking
and seriously reduces the anti-seepage performance of GCL. Lin et al. [31] discussed the
engineering performance of GCL under the temperature effect, and summarized Southen
and Rowe’s assessment of the cracking possibility of GCL’s bentonite component under the
thermal effect by using the SUMMIT model. Arden et al. [32] indicated that the increased
temperature exerts a negative impact on the permeability of GCL by reducing the amount
of water absorbed and leading to cracking and subsequent degradation of the hydraulic
performance of the GCL [33–38]. Southen and Rowe indicated that the cracking of the
bentonite component is greatly influenced by the initial water content of the underlying
soil and the temperature gradient. Lower water content and higher temperature gradient
result in a greater possibility of cracking [39–45]. The cracking of the bentonite component
at high temperature may be one of the main factors affecting the permeability of GCL.
Therefore, this study analyzes the cracking mechanism of the bentonite component and
the change of GCL permeability through a series of tests on the basic properties of GCL at
high temperatures.

Hanson et al. [46] studied the influence of temperature and humidity on the shear
strength of double-layer nonwoven GCL and high-density polyethylene mesh geomem-
branes (T-GM). In direct shear tests at the interface, pressures of 10, 20, and 30 kPa were
applied to the upper covered GCL, and pressures of 100, 200, and 300 kPa were applied to
the bottom GCL. The temperature environments were set at 20 ◦C and 40 ◦C. It was found
that the influence of temperature on the shear strength was greater than that resulting
from the moisture content, and the shear strength varied with temperature by up to 54%.
For the bottom liner, the shear strength was affected more by moisture content than by
temperature. The degree of variation with moisture content was 43%. Jiang [47] believed
that the components in landfill leachate are complex, and GCL’s bentonite component has
different absorption degrees of heavy metal ions at different temperatures.

Many studies on the hydraulic performance of GCL have already been conducted.
He [48] found that the permeability increased with the increasing temperature, and the
k increased 5.5× when the temperature increased from 20 ◦C to 70 ◦C. Shao et al. [49]
studied the liquid limit and swell index of three types of clay under 5 ◦C–50 ◦C. They found
that the liquid limit and swell index were increased with the increase of the temperature,
which was attributed to the water absorbed amount and the absorbed types. Research by
Ishimori [50] indicated that the free swell index values were higher at 60 ◦C than those at
20 ◦C in NaCl solutions. Ye et al. [51] obtained similar results by conducting the swell index
and hydraulic conductivity tests on Gaomianzi bentonite under different temperatures.

In this study, parameters such as fluid loss and free swell index are determined to
clarify the changing rule of the hydraulic performance of GCL under different temperatures.
Based on the previous research, this study conducts the tests under room temperature
(25 ◦C) and at 50 ◦C, 60 ◦C, and 70 ◦C. The composition and micro-structure of bentonite
is studied by using micro-observation, including XRD, XRF, and SEM. The hydraulic
performance of the GCL with different mining leachates are evaluated in this study.

2. Materials and Methods
2.1. Materials
2.1.1. Geosynthetic Clay Liners

The geosynthetic clay liners used in this study are both granular and those with non-
woven geotextile in the bottom and woven geotextile at the top. The bentonite components
were peeled out, and the constituent of two bentonites are shown in Table 1.
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Table 1. Basic constituents of bentonite.

Bentonite A Bentonite B

Mineral Constituents/%

Montmorillonite 78.1 74.1
Quartz 7.6 5.3

Feldspar 9.6 9.4
Calcite 4.7 6.1
Mica — 5.1

Element Constituents/%

O 47.5 45.4
Na 2.9 8.01
Mg 1.59 1.05
Al 8.67 8.18
Si 29.37 28.61
K 1.07 1.07
Ca 3.48 2.85

Others 5.42 4.38

2.1.2. Test Solutions

The three test solutions used in this study are deionized water and mining leachates
from Xikuangshan and Baojinshan mines, which are both in Loudi City, Hunan Province
(Figure 1). The main mineral resources of Xikuangshan are antimony, and mineral pro-
cessing agents include mainly lead nitrate, xanthate, sulfur nitrogen, and foaming agent.
Baojinshan is a typical gold mine; xanthate, black medicine, copper sulfate, and other
agents are adding in the process of mineral processing. The leachates constituents are
determined and shown in Tables 2 and 3.
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Table 2. Element content table of Xikuangshan ore leachate.

Element
Al Ca K Mg Na Pb S Si Sb Sr W

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Content 0.03 37.1 19.9 2 480 0.02 192 9 0.02 0.07 1.8

Table 3. Element content table of Baojinshan ore leachate.

Element
Al Ca K Mg Li Na S Si Sb Sr

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L

Content 0.26 20.9 22.0 3.9 0.124 441 316 8.4 0.023 0.208
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As shown in the tables, in the leachates of Xikuangshan tailings and Baojinshan
tailings, the sodium contents are higher and the calcium contents are relatively lower, and
the different compositions and concentrations of the two types of leachates have different
influences on the impermeability of GCL.

2.2. Conducted Tests
2.2.1. Fluid Loss Test

A modified fluid loss test was conducted by initially combining the American Petroleum
Institute (API) methods (API Spec 13A, 13B) with that of the American Society of Testing
and Materials (ASTM standard D5891). The main differences in our approach from the
ASTM method were that solutions were collected after 7.5 min, 30 min, 60 min, and 90 min,
the thickness of the filter cakes was measured using a Vernier caliper, and the wet and dry
masses of the filter cake were measured. In order to clarify the influence of the temperature,
the suspensions were placed in an incubator and heated in a water bath for 24 h to the test
temperature (50 ◦C, 60 ◦C, and 70 ◦C). The temperature-controlled devices were used to
prevent the heat loss during the tests. The detailed procedures are as follows: The bentonite
is ground to 100% through 200 mesh sieve; 22.5 g bentonite is mixed with 350 mL leachates
using blender; after stirring for 5 ± 0.5 min, the mixing cup is removed from the mixer,
and the bentonite adhering to the cup wall is scraped off; and the prepared suspensions
are placed in a water bath incubator and heated for 24 h with the temperature setting at
50 ◦C, 60 ◦C, and 70 ◦C. Heating plates are used throughout the subsequent test processes
to prevent heat loss. At 7.5 min, remove all adhesive liquid from the beaker and the drain,
immediately place the clean, dry 100 mL cylinder under the drain line, and collect the
liquids at 30.0 min, 60.0 min, and 90.0 min. The collected liquid volume, the bentonite cake
thickness, and the weight of the cake are recorded.

2.2.2. Free Swell Index Test

Free swell index tests were performed according to ASTM D5890, except that de-
ionized water was replaced with mining leachates. The detailed procedures are as follows:
(1) The bentonite was dried in the oven at 105 ◦C, ground to powdered bentonite 100%,
and passed through a 200 mesh sieve. (2) Weigh 2.00 ± 0.01 g dry powdered bentonite on a
weighing paper. (3) Add 90 mL de-ionized water to a clean 100 mL measuring cylinder.
(4) Take up no more than 0.1 g of powdered bentonite from the weighing paper and carefully
sprinkle it over the entire water surface in the cylinder within approximately 30 s. Let the
powdered bentonite moisten and settle to the bottom of the cylinder. Repeat Step 4 until
the entire 2.00 g sample has been added. (5) Rinse all the attached particles from the side of
the cylinder into the cylinder and pour the test liquid to 100 mL level. (7) After standing
for 16 h, the observed volume of hydrated bentonite was recorded. All the free swell index
tests were conducted under the setting temperature, and the temperature-controlled wrap
was used during the tests to ensure that the test was performed at the setting temperature.

2.2.3. X-ray Observation

X-ray diffraction (XRD) and X-ray fluorescence spectrum (XRF) were performed for the
bentonite powder in order to obtain quantitative analysis, and samples of the bentonites after
fluid loss test were sent to Changsha Institute of Mining and Metallurgy for quantitative
mineralogical analysis. The typical mineralogical methods used were as follows: the amount
of 1.5 g of oven-dried material was milled (<10 micron). The samples were then mixed
thoroughly before lightly back-pressing into stainless steel sample holders for XRD analysis.
XRD patterns were collected on a PANalytical X’ Pert Pro Multi-purpose diffractometer using
Fe-filtered Co K radiation (λ = 1.78897 Å), variable divergence slit, 1 ◦C anti-scatter slit, and
fast X’ Celerator Si strip detector. The diffraction patterns were recorded in 0.017◦ 2θ steps
with a 0.5 s counting time per step and logged to data files for analysis.
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2.2.4. Scanning Electron Microscope

Scanning electron microscope images were obtained on a Hitachi SU3500 SEM equip-
ment at Hunan University of Science and Technology. Powdered specimens of bentonites
(unreacted or reacted with mining leachates at different temperatures) were air-dried to
constant weight and then were affixed onto a stainless steel sub with carbon tape. The
prepared specimens were kept in a desiccator before testing to avoid moisture absorption.
Platinum coating was conducted on the specimens to improve image quality. The detailed
procedures are as follows: (1) Bentonite sample preparation: the filter cake obtained after
the fluid loss test is put into the oven at 105 ◦C for drying, and the dry cake is taken out for
future use. (2) Black conductive tape with a length smaller than the sample stage was cut
off and pasted on the sample stage. The conductive tape was smoothed with tweezers to
make the adhesive tape adhere more firmly. After smoothing, the protective film on the
other side of the tape was torn off with tweezers. The sample was taken out and fixed on
the conductive adhesive surface with tweezers and slightly pressed to make it stick well to
the conductive adhesive. After the sample was placed, a WD-40 powerful dust removal
tank was used to dust the sample surface. (3) The sample stage was placed into the holder
in the electron microscope. Since multiple samples were placed onto the stage, the numbers
were marked in a certain sequence, and photos were taken to prevent sample confusion
during observation. (4) The representative characteristic areas of each sample were selected,
and the bentonite micro-structure was observed in accordance with the magnifications of
200×, 500×, 1000×, 2000×, and 5000×.

3. Results and Discussion
3.1. Fluid Loss Test

The fluid loss changes of bentonite under different test solutions at various temper-
atures are shown in Figure 2. As shown, the fluid loss of both bentonites increased with
the gradual rise of temperature. This could be attributed to the inhibition of the ion ex-
change between bentonite and the mining leachates since ionic adsorption of bentonite is
an exothermic reaction. The increased temperature resulted in the reduction of the number
of absorbed water molecular layers, which indicates the degradation of the anti-seepage
performance of GCL. At 70 ◦C, the leachate volume of bentonite B with Xikuangshan mine
tailings reached 196.6 mL after 90 min. This indicates that the high temperature may even
lead to the failure of the anti-seepage system and greatly degrade the anti-seepage perfor-
mance. Moreover, the fluid loss values of bentonite in tailing leachate during the increase
from room temperature to 50 ◦C was greater than those from 60 ◦C to 70 ◦C. This indicates
that the temperature gradient also exerts an influence on the permeability of bentonite, and
the increase of the temperature gradient resulted in the increase in the amplitude of change
for the permeability.
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Figure 2. Fluid loss of bentonite with different test solutions at various temperatures ((a–c) are
bentonite with deionized water, Xikuangshan, and Baojinshan, respectively; A, B refer to bentonite A
and bentonite B, respectively).

3.2. Free Swell Index Test

The results of free swell index tests under different temperatures with various mining
leachates are shown in Figure 3. Generally, the free swell index of bentonite increases
slightly with the increase of temperature. For both bentonite A and B, the swell index
values are greatest in Baojinshan mining leachates. The species and content of cations in
the leachate of Baojinshan tailing mine make the ion exchange reaction of bentonite more
adequate than other leachates, and the high temperature improves the ion transport and
the bentonite dispersion.
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3.3. X-ray Diffraction and X-ray Fluorescence Spectrum

MDI Jade 6.5 was applied to analyze the XRD spectrum; as shown in Figure 4, the
diffraction angles of each peak of bentonite basically remain unchanged at different temper-
atures, which indicates that the increased temperature did not result in the change of the
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bentonite mineral composition. XRF shows an increased content of sodium but a decreased
content of calcium in the leachates at high temperatures (as see in Table 4). The increased
temperature speeds up the ion exchange reaction between the bentonite and the mining
leachates. The loss of sodium in the bentonite structure resulted in fewer absorbed water
layers microscopically and, therefore, increased the bentonite permeability.
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Table 4. X-ray fluorescence element content of Bentonite in Baojinshan leachate.

Sample
Element

O Na Mg Al Si P S Cl

A 47.200 2.650 1.490 8.952 28.050 0.114 0.055 1.227
A + 50 ◦C 46.100 2.800 1.500 7.999 27.230 0.089 1.479 1.290
A + 70 ◦C 47.500 3.510 1.580 8.163 27.490 0.099 0.715 1.200

K Ca Ti Cr Mn Fe Ni Cu
A 2.060 4.151 0.445 0.005 0.064 3.409 - 0.007

A + 50 ◦C 1.050 3.838 0.435 - 0.087 3.103 - -
A + 70 ◦C 0.958 3.709 0.447 - 0.077 3.156 - 0.003

Zn Ga Rb Sr Zr Nb Ba Others
A 0.010 - 0.005 0.011 0.009 - 0.073 0.010

A + 50 ◦C 0.009 - 0.004 0.027 0.016 - 0.065 2.154
A + 70 ◦C 0.009 - 0.004 0.029 0.014 - 0.069 1.962

O Na Mg Al Si P S Cl
B 42.200 5.460 1.350 8.877 28.960 0.087 0.398 0.886

B + 50 ◦C 47.900 3.380 1.500 8.240 28.260 0.101 0.551 1.280
B + 70 ◦C 47.400 3.830 1.480 8.079 30.150 0.091 0.362 1.240

K Ca Ti Cr Mn Fe Ni Cu
B 1.060 3.151 0.445 0.005 0.064 3.409 - 0.007

B + 50 ◦C 1.239 2.918 0.454 - 0.074 3.147 - -
B + 70 ◦C 1.100 2.890 0.436 - 0.073 3.131 - -

Zn Ga Rb Sr Zr Nb Ba Others
B 0.010 - 0.005 0.011 0.009 - 0.073 0.013

B + 50 ◦C 0.009 - 0.004 0.028 0.012 - 0.075 0.390
B + 70 ◦C 0.009 - 0.004 0.028 0.012 - 0.074 0.021

3.4. Scanning Electron Microscope

As shown by the SEM images in Figure 5, the bentonite surfaces were coarser and
denser at high temperature; this is because the rise of temperature resulted in the bentonite
crack, thereby making the particles look uneven and rough [52–56]. According to the
microscopic observation on bentonite SEM images under high temperature environment,
it can be found that the porosity of particles tended to increase, while the surface fractal
dimension slightly increased with the increase of temperature, indicating that the surface
structure and morphology of bentonite changed greatly at high temperatures. According to
the microscopic data of bentonite in a high temperature environment, it can be found that
the porosity of particles tended to increase with the increase of temperature. The increased
porosity resulted in higher permeability. This may be because the ionic exchange reaction
occurred after bentonite was mixed with the mining leachates, which is an exothermic
reaction. The increased temperature inhibited the reaction of ion exchange to some extent.
The cationic adsorption capacity of bentonite was weakened, the mutual attraction between
each particles was affected, and the distance of double layer decreased. All these changes
may degrade the hydraulic performance, which is consistent with the results of fluid
loss. The crack could be observed at high temperatures, and the space between particles
increased; therefore, the free swelling of bentonite increased as well, which is consistent
with the free swell index test results obtained in this study.
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3.5. Hydraulic Conductivity Analysis

One of the important indexes to test the impermeability of bentonite is its permeability
coefficient, which is estimated by Equations (1)–(5) through the bentonite fluid loss tests
under different temperatures.

As reported by Rushton et al. (2000) [57], materials under a constant applied stress
condition (i.e., 690 kPa in this study) should yield a filter cake of roughly constant density.
Therefore, the filter cake formed during the 30 min test is expected to be incompressible
with a constant void ratio (cake density) within the time frame. As such, the filter cake
volume is expected to linearly increase for each unit volume of suspension filtered, and the
constant of proportionality, β, can then be used to give an equation for cake thickness at
any time (Chung and Daniel, 2008) [58]:

L =
βV
A

(1)

where L is the thickness of the filter cake (m), V is the filter cake volume (m3), and A is the
filter cake area (m2).

Chung and Daniel (2008) calculated the β value with the method of a mass balance on
the solid and liquid in the filter system:

β =
Cmρw

(1 − Cm)(1 − nc)ρs − Cmncρw
(2)

where Cm is the mass fraction of solids in the suspension, ρw is liquid density, nc is the
porosity of the filter cake, and ρs is the particle density of solid.

The porosity (nc) of the filter cake can be calculated as:

e =
ρs

ρd
, nc =

1 + e
e

(3)

where e is the void ratio of filter cake, ρs is particle density of clay (assumed to be 2.7 g/cm3

for the bentonites used in this study), and ρd is the dry density of clay calculated from the
ratio of dry mass and volume of filter cake.

The filtration model derived by Rushton et al. (2000) from Darcy’s equation is:

dVf

dt
=

kc

γw

P0

L
A (4)

where Vf is the filtrate volume (m3), t is the filtration time (s), kc is the hydraulic conductivity
of filter cake (m/s), γw is the unit weight of liquids (kN/m3), P0 is the applied stress (kPa),
and L and A are defined as above.

Therefore, Chung and Daniel (2008) put forward an equation to calculate the hydraulic
conductivity (kc) of the filter cake as:

kc =
βγω

2A2

Vf
2

P0t
(5)

To assess the validity of Equation (5), Chung and Daniel plotted the data of P0t/Vf
against Vf to check for linearity. In the present study, the viscosity (η) changed with the
temperature; therefore, the equation is shown as:

kc =
βγω

2A2

Vf
2

P0tη
(6)
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The parameters including filtrate volume, cake thickness, and cake quality were
recorded at different times. The permeability coefficients of bentonite at various tempera-
tures are calculated according to Equation (5) as shown in Table 5.

Table 5. Calculation value of permeability coefficient of bentonite at high temperature.

Bentonite A B

Temperature( ◦C) 0 50 60 70 0 50 60 70

De-ionized water 6.96 × 10−9 8.12 × 10−9 1.22 × 10−8 3.24 × 10−8 2.04 × 10−8 4.63 × 10−8 6.11 × 10−8 8.56 × 10−8

Baojinshan leachates 2.62 × 10−8 4.46 × 10−8 7.15 × 10−8 9.35 × 10−8 4.37 × 10−8 5.12 × 10−8 7.26 × 10−8 9.44 × 10−8

Xikuangshan
leachates 9.18 × 10−9 6.04 × 10−7 8.81 × 10−7 2.12 × 10−6 4.14 × 10−7 4.78 × 10−7 6.88 × 10−7 8.66 × 10−7

As shown in Table 5, the permeability coefficient of bentonite gradually increases with
the rise of temperature. The increase of temperature inhibited the ion exchange reaction
of bentonite, resulting in the weakening of the cationic adsorption capacity of bentonite
in the test solutions. The particles dispersed and cracked, which was consistent with the
microscopic observation results. With the increase of permeability coefficient, the seepage
resistance of bentonite decreased, resulting in a gradual increase in the volume of filtered
liquid during the fluid loss test.

Katsumi et al. [59] showed that there is a strong correlation between bentonite perme-
ability coefficient (k) and free swell index (SI) in different test solutions (Figure 6a). The
correlation between the SI values of bentonite and calculated kc at different temperatures in
this study is shown in Figure 6b. As can be seen from the figure, the calculated k values
are consistent with those values from Katsumi et al. under different temperatures. The
calculated kc is slightly greater than the k from Katsumi, which may be because the samples
used in the Katsumi test are GCLs with the test pressure at 20–35.4 kPa, while the samples
in the fluid loss tests in this study are bentonite with the filtration pressure at 690 kPa; thus,
the calculated k value is greater than the measured k value from Katsumi et al.
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the data in this study).

The changes of bentonite permeability are complicated at different temperatures;
thus, the bentonite intrinsic permeability was studied by Equation (7) in order to further
investigate the change mechanism of bentonite permeability under different temperatures.
Generally, the permeability coefficient can be expressed as:

k = K
ρg
µ

= K
g
η

(7)

where k is permeability coefficient, m/s; K is the intrinsic permeability, m2; ρ is fluid density,
kg/m3; µ is fluid viscosity, Pa·s; η is the dynamic viscosity coefficient, m2/s; and g is the
acceleration of gravity, 9.81 m/s2. The density of fluids at different temperatures was
determined by reference [32].
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By calculating the natural permeability, the relationship between the natural perme-
ability at different temperatures was obtained (see Figure 7). Intrinsic permeability is
a parameter used to characterize the fluid conductivity of soil itself, and the values are
related to particle size, interface physical and chemical properties, pore characteristics, etc.,
but have no relationship with the properties of the testing leachates. It can be seen from
Figure 6 that the intrinsic permeability is not a constant, and it changes with the change
of temperatures. When the temperature gradually increases, the intrinsic permeability
increases with the increase of temperature. This may also be attributed to the bentonite
cracks with the increase of temperature, which results in the uneven distribution of the
pore size, finally leading to the increase of the intrinsic permeability.

Water 2023, 15, x FOR PEER REVIEW 13 of 16 
 

 

intrinsic permeability have superimposed effects on the impermeability of bentonite, ra-
ther than being in conflict with each other. 

  
(a) (b) 

Figure 7. Intrinsic permeability of two bentonites ((a) for bentonite A and (b) for bentonite B) at 
different temperatures. 

4. Conclusions 
In this study, three types of mine tailing leachate were used by setting different tem-

perature environments. The change rule of bentonite permeability was analyzed by meas-
uring the basic properties of bentonite components. X-ray diffraction, X-ray fluorescence 
spectroscopy, and SEM were used to analyze the composition of bentonite at different 
temperatures and observe the micro-structure changes. The fluid loss of both bentonite 
gradually increased with the increase of temperature because the increase in temperature 
inhibited the ion exchange between bentonite and the filtrate. In the free swell index test, 
the cracking of bentonite resulting from the high temperature also provided more swell-
ing space. X-ray diffraction and fluorescence spectrum analysis of bentonite found that 
the main composition of bentonite did not change with the change of temperature. XRF 
showed an increased content of sodium but a decreased content of calcium in the leachates 
at high temperatures. The increased temperatures sped up the ion exchange reaction be-
tween the bentonite and the mining leachates, which influenced the bentonite swelling 
and the hydraulic performance of GCL. SEM images showed that the surface of bentonite 
became denser and coarser with the increase of temperature during to the cracking. 

The permeability coefficient and intrinsic permeability of bentonite increased gradu-
ally with the increase of temperature because the increase of temperature inhibited the ion 
exchange reaction, leading to the particle dispersion and cracking and thus resulting in 
the increase. Through the calculation of the permeability coefficient and the study on the 
intrinsic permeability, it was found that the influence of the permeability coefficient and 
the intrinsic permeability on the impervious performance of bentonite was concurrent. 

Author Contributions: Software, X.L.; Writing—original draft, Y.T.; Writing—review & editing, 
Y.L. (Yang Liu); Project administration, Y.L. (Yang Liu); Methodology, Y.L. (Yulong Lu). All authors 
have read and agreed to the published version of the manuscript. 

Funding: This work was supported by the Natural Science Foundation of Hunan Province (Grant 
No. 2022JJ30244) and the Research Project of Teaching Reform of Hunan Province (Grant No. HNJG-
2022-0790). 

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is 
not applicable to this article. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

Figure 7. Intrinsic permeability of two bentonites ((a) for bentonite A and (b) for bentonite B) at
different temperatures.

Through the calculation of the permeability coefficient and the study on the intrinsic
permeability, it is found that the permeability coefficient and the intrinsic permeability
have the same change trend under different temperatures. Both of them gradually increase
as the temperature rises. This indicates that the permeability coefficient and the intrinsic
permeability have superimposed effects on the impermeability of bentonite, rather than
being in conflict with each other.

4. Conclusions

In this study, three types of mine tailing leachate were used by setting different tempera-
ture environments. The change rule of bentonite permeability was analyzed by measuring the
basic properties of bentonite components. X-ray diffraction, X-ray fluorescence spectroscopy,
and SEM were used to analyze the composition of bentonite at different temperatures and
observe the micro-structure changes. The fluid loss of both bentonite gradually increased with
the increase of temperature because the increase in temperature inhibited the ion exchange
between bentonite and the filtrate. In the free swell index test, the cracking of bentonite
resulting from the high temperature also provided more swelling space. X-ray diffraction
and fluorescence spectrum analysis of bentonite found that the main composition of ben-
tonite did not change with the change of temperature. XRF showed an increased content
of sodium but a decreased content of calcium in the leachates at high temperatures. The
increased temperatures sped up the ion exchange reaction between the bentonite and the
mining leachates, which influenced the bentonite swelling and the hydraulic performance of
GCL. SEM images showed that the surface of bentonite became denser and coarser with the
increase of temperature during to the cracking.

The permeability coefficient and intrinsic permeability of bentonite increased gradually
with the increase of temperature because the increase of temperature inhibited the ion
exchange reaction, leading to the particle dispersion and cracking and thus resulting in
the increase. Through the calculation of the permeability coefficient and the study on the
intrinsic permeability, it was found that the influence of the permeability coefficient and
the intrinsic permeability on the impervious performance of bentonite was concurrent.
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