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Abstract: To study the soil-water effect of red clay, a leaching test is conducted by loading red clay
into a soil column and collecting the leaching waste liquid periodically for analysis of the ion content
and conductivity changes in the leaching waste liquid. After leaching and filtering, the soil is removed
from the column and reconstituted as a straight-shear specimen for a straight-shear test. Ca2+, Mg2+,
and SO4

2− ions increased and then stabilized in water samples as leaching time increased, while Na+,
Cl−, and NO3

− declined and then stabilized. Due to their presence in the leaching solution, Ca2+,
Mg2+, and SO4

2− ions are initially adsorbed by the soil and then saturated by adsorption. In contrast,
Na+, Cl−, and NO3

− precipitate out of the soil due to the dissolution and ion exchange of the soil
sample, thereby weakening their effects. Consequently, these ions appear to vary in various ways.
The relationship between ion content in solution and conductivity has also been discovere, and the
conductivity varies with the total ion charge in the solution. The angle of internal friction decreases
as the leaching time increases, but the cohesion of the soil increases.

Keywords: soil and water effects; ion; conductivity; direct shear

1. Introduction

As a regional special soil, red clay has a high water content, a high liquid limit, a high
plastic limit, and high porosity ratio [1–3]. It is distributed in most provinces of China,
especially in the southwest provinces of Hunan, Guangxi, Guizhou, and Yunnan [4–6].
Red clay is generated through the weathering and lateralization of carbonate rocks, and
its formation of red clay varies depending on the region. Red clay from Guilin consists of
kaolinite, illite, siderite, alumina trihydrate, potassium feldspar, sodium feldspar, hydro-
magnesite, quartz, and other mineral components [7,8]. It is abundant that are hydrophilic,
therefore aqueous solutions will affect its properties. When a small amount of water is
present in the soil, the soil particles are in direct contact with each other and bond tightly,
with the frictional interaction between the particles is dominant. With the increase in water
content, the clay minerals in the soil adsorb the bonded water, the bonded water film
becomes thinner, the particle spacing decreases, and the water film linking force and the
electrostatic gravitational force between the particles increase. When the water content
rises again, the water-binding film begins to thicken, free water fills the pores between
the particles, the negative charge on the surface of soil particles is largely neutralized
by hydrated cations, and the water film linkage and electrostatic gravitational force are
significantly weakened.

Guilin is situated in a subtropical monsoon climate zone with an average annual
rainfall of 1884 mm [9], and there are more rivers and groundwater. In the presence of
aqueous solutions, soils undergo physicochemical changes. This reaction is water-soil
action, which modifies the soil properties; Fuller soil and water action as the time of soil
and water action increases. [10–19]. Since water usually carries ions in nature, the ions

Sustainability 2023, 15, 959. https://doi.org/10.3390/su15020959 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su15020959
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su15020959
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15020959?type=check_update&version=2


Sustainability 2023, 15, 959 2 of 10

carried by an aqueous solution are also involved in soil-water action. When specific ions are
present in a solution, ion exchange happens, resulting in the transformation of coexisting
clay minerals, and the ions in solution are adsorbed by the clay, thus changing the original
electrostatic gravitational force [20–24].

Zhang [25] conducted a leaching test on the original red clay of Miaoling. With an
increase in leaching time in the Miaoling red clay, the free water in the soil dropped and the
bound water increased; the agglomerate structure was destroyed and its structural form
changed from a compact grain cluster stacking structure to an aggregate - loose particle
structure. Wei [26] discovered that CaSO4 was soaked by the clay straight shear specimens.
Liu [27] measured the electrostatic repulsion in soil water by soaking the soil column with
various electrolyte concentration (EC) and sodium adsorption ratio (SAR) solutions. He
discovered that the electrostatic repulsion in soil water decreased with increasing electrical
conductivity and increased with increasing SAR, and that the decrease of Ks was related to
the repulsion in water. Zhang [28] found that the cohesion and internal friction angle of the
specimens dropped with soaking time, and the decline of cohesion and internal friction
angle reduced with soaking time and finally stabilized by conducting direct shear tests
on the red-bedded soft rock at various durations. Wu [29] discovered that the strength
of specimens saturated with distilled water was greater than that of specimens saturated
with other solutions, and that the cohesive force of specimens saturated in NaCl and AlCl3
decreased and then increased, while the opposite was true for specimens saturated with
CaCl2 solution. Meng [30] soaked the red clay in NaCl and CaCl2 solutions, respectively,
and discovered that as the solution concentration grew, the plastic limit of the soaked
soil samples declined and the liquid limit increased, with the influence of Na+ ions being
stronger than that of Ca2+ ions.

Long-term water interaction destabilizes soils composed of red clay. When utilized as
a base soil, replacement fill is usually used as a measurement, which inevitably results in
waste of resources and environmental damage. However, not all projects require re-filling;
therefore, study on the soil and water effects of red clay soils is necessary. In this paper, a
leaching test was conducted on Guilin red clay soil using tap water to study the changes in
the soil after leaching, and several leaching durations were set for the red clay soil. After
leaching, the change of soil shear strength of soil samples with differing leaching durations
was evaluated

2. Materials and Methods

The red clay utilized in this experiment was obtained from a depth of around 3 m in
the Yanshan District of Guilin, Guangxi. The optimal moisture content was 30%, and the
maximum dry density was 1.55 g/cm3. The test soil was allowed to naturally dehydrate
until its moisture content was stable and easily crushed. The crushed soil is then filtered
through a 2 mm sieve and deposited in a bucket for use in the test. In this study, a soil
column test was conducted to leach the red clay in the column by loading the red clay
into the column and then utilizing the solution to leach the red clay in the column. The
peristaltic pump was connected to the solution at one end and the soil column at the
other end, and the test solution was pumped to the column at a constant flow rate by the
peristaltic pump, the equipment and schematic diagram are shown in Figure 1. This time,
tap water was used as the test solution since it is rich in ions and is more similar to the river
water, and the test results prove this [31]. According to the pre-experiment, the flow rate of
the peristaltic pump was set to 30 mL/min. The experimental periods were set as 1 day,
15 days, 30 days, 45 days, and 60 days, in reference to prior experimental studies [32–34].
At regular intervals, filtered wastewater samples were collected from the outlet of the
soil column and the ion concentration and conductivity of the water were measured at
each time point. The conductivity of a solution is its ability to conduct an electric current,
which can reflect the concentration of ions in the solution, and can also indirectly reflect
information such as the salt content and total dissolved solids quality of the solution [35]. It
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is a key indicator for detecting the ion-containing, salt-containing, and impurity-containing
components of a solution.
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Figure 1. Test setup.

After each group of soil columns had been leached, the test soil was removed from the
columns. The soil is air-dried until its moisture content is stable and easily crushed, and then
the crushed soil is filtered through a 2mm sieve. According to the 30% moisture content,
the water will be sprayed evenly on the soil and thoroughly mixed before being placed
in a bag and sealed for several hours to ensure uniform moisture content. In accordance
with the geotechnical test specification and previous studies [36–38], the prepared test soil
was loaded into the ring knife. Since the roadbed should be more than 90% compacted, the
dry density of its straight shear sample is 1.395 g/cm3. The ring-knife sample is placed
in a vacuum cylinder, sucked and saturated with water for 24 hours. Following that, the
straight shear test was started. Five straight shear samples were collected for each leaching
time group. The specimens were loaded into the shear box, and each straight shear sample
was exposed to 100 kPa, 200 kPa, 300 kPa, 400 kPa, and 500 kPa, respectively, of vertical
pressure. After 24 hours of consolidation, the fast shear began. Each specimen group
underwent two sets of parallel testing, and the average values were used to obtain the
values of cohesion and internal friction angle using the Coulomb formula. The formula is
as follows:

τf = c + σtan∅ (1)

τf is the shear strength; c is the cohesion of the soil, σ is the total stress; ∅ is the angle
of internal friction of the soil.

3. Experimental Results and Discussion
3.1. Analysis of Ion Change in Water Sample

Figure 2 depicts the ion concentration of the dewatering waste solution and the ion
concentration of the test solution at various leaching times. The Ca2+, Mg2+, and SO4

2−

concentration in the water were low at the beginning of the experiment, as shown by the
graph, but began to rise as leaching time increased. The concentrations of Na+, Cl−, and
NO3

− in the water dropped as leaching time increased. In contrast, Al3+, K+, and F− did
not change appreciably.

As indicated in Figure 3, the Ca2+ concentration ranges between 1.498 and 15.68 mg/L,
the Mg2+ concentration ranges between 0.165 and 1.063 mg/L, and the SO4

2− concentration
ranges between 0.902 and 3.476 mg/L. Since the variations in Ca2+ were comparable to
those of Mg2+ and SO4

2−, but the changes of the Ca2+ interval were greater, Ca2+ was used
as the primary object of analysis. Initially, the Ca2+ ion concentration in the water sample
was low and significantly lower than the Ca2+ ion concentration in the test solution. This
is due to the fact that Ca2+ in the aqueous solution was adsorbed by the soil, resulting in
a reduction in Ca2+ concentration in the aqueous solution. At the beginning of the test,
the quantity of ions adsorbed in the soil particles was low and it had a relatively large
adsorption capacity, and the Ca2+ concentration in the test solution was high, so more
Ca2+ could be adsorbed; additionally, the majority of the soil had a preference for Ca2+
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adsorption and was more likely to adsorb Ca2+ [39]. As the drenching time increased, Ca2+

in the drenching waste stream grew as a result of a rise in Ca2+ adsorption in the soil, and
the soil’s adsorption capacity for Ca2+ began to weaken, leading to an increase in Ca2+ in
the water sample. In the later stage, Ca2+ in the leachate almost stabilized and did not
change much.
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Figure 3. Ca2+ and, NO3
− ionic content change diagram.

The change in Na+ concentration ranged from 0.979 to 2.83575 mg/L. With increasing
leaching time, the Na+ concentration in the water sample began to decline and eventually
stabilized at approximately 1 mg/L. This may be because the clay with adsorbed Na+

ions initially encountered free Ca2+ ions or other cations, releasing the Na+ ions and
adsorbed the Ca2+ ions for cation exchange. Consequently, the water sample contains more
Na+ ions and less Ca2+ ions than the initial solution. After a period of leaching, the
adsorption and desorption of Na+ ions by the clay are in dynamic equilibrium, thus the
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Na+ ion concentration in the later water samples is approximately 1 mg/L, which is
comparable to the ion concentration of the solution (Figure 4).
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Cation exchange processes have a crucial function in controlling the chemical compo-
sition of groundwater [40]. The soil retains cations by electrostatic action, and the initial
cations are easily exchanged with other cations in solution due to electrostatic action [41].
Its cation exchange follows a specific pattern [42,43]. Because Ca2+ ion exchange capacity is
greater than that of Na+, it is easy to adsorb on the surface of soil particles and replace the
Na+ adsorbed on the surface of soil particles again, balancing part of the negative charge;
its cation exchange principle is depicted in Figure 5; therefore, Ca2+ and Na+ in the leaching
waste solution appear in various forms. The fluctuations of Mg2+ and the underlying causes
were similar to those of Ca2+, but the Mg2+ concentration in the test solution was lower,
therefore it rapidly stabilized. In the early stage of the test, the NO3

− concentration in the
leachate was greater than the NO3

− concentration in the test solution, and then gradually
decreased and finally stabilized. This may be the result of the competing adsorption of
NO3

− and SO4
2−, with SO42− displacing NO3

−. Similar trends are observed for SO4
2−

and Ca2+ due to the cation induced adsorption of SO4
2− to balance its charge. Thus, the

adsorption of Ca ions by the soil increased and that of SO4
2− also increased [44,45].
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3.2. Analysis of Conductivity Changes in Water Samples

When a solution is more pure, its conductivity is diminished and its conductivity is
reduced. It can be seen in Figure 6a that the conductivity first declines with time before
rising and then stabilizing. Since the conductivity values are impacted by temperature, ion
species, and ion concentration [46,47], the conductivity variation in this test is primarily
attributable to the change in different ion concentration. Since the total ion change does not
correspond with the conductivity change, the valence of the ions was taken into account.
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To examine the relation-ship between the valence number and concentration of ions in their
solutions relate to the change in conductivity. The ion concentration was transformed to
electrons using the following equation.

ni =
mi
Mi

(2)

ei = ni ∗ Ei (3)

e = ∑ ei (4)
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The formula ni is the molar concentration of an ion (mol/L), mi is the mass concentra-
tion of an ion (g/L), M is the relative atomic mass, ei is the total number of electrons lost or
gained by an ion in the solution, and Ei is the number of electrons lost or gained by an ion.
e is the total number of electrons lost or gained by all ions in the solution.

The mass concentration of ions in the solution was calculated to obtain the sum of
all positive and negative electron numbers, and the resulting total charge per liter of the
solution was compared with the conductivity, as depicted in Figure 5. This comparison
reveals that both the conductivity and the total charge decreased initially and then increased
with time, exhibiting similar trends. Figure 7 depicts a one-dimensional linear fit of the
conductivity to the total amount of charges, with the fitting equation being

σ = 90083.26425e − 12.60317 (5)

where, σ is the electrical conductivity (µS/cm)
The fit is displayed in the table below, and its fitted result R-squared is 0.993, indicating

that the fit equation is a good match and that the two data sets are linear. The range of
its Durbin-Watson value is 0–4, and the data are independent. f is 1314.931, p < 0.001.
Consequently, the model effectively depicts the relationship between conductivity and
ionic concentration (Table 1).
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Table 1. Model parameters.

R R-Squared Adjusted R-Square Durbin-Watson F

0.997 0.994 0.993 2.461 1314.931

The above equations were integrated to establish a mathematical model between
solution ion concentration and solution conductivity, and the equation is shown below:

σ = 90083.26425 ∑
mi
Mi

Ei − 12.60317 (6)

When temperature and ion species are held constant, the change in solution conduc-
tivity is primarily caused by the change in the concentration of each ion in the solution;
and the higher the valence of the ion, the more pronounced the effect of the change in its
ion concentration on the solution conductivity. As the ion concentration rises, so does the
solution conductivity.

3.3. Analysis of the Variation of Strength Index of Soil Samples

Figure 8 depicts the variations in cohesion and internal friction angle of the soil samples
after different times of leaching. The cohesive force of soil samples grew steadily as leaching
time increased. And the cohesion diminished as the leaching time increased. Red clay
cohesion depends on the gravitational force of soil particles, the water film force, and the
cementing force generated by the cementing material in the soil. According to studies,
soils containing montmorillonite, kaolinite, and illite are susceptible to the influence of
Mg ions [48]. Mg influences the structural stability of the soil [49], resulting in a greater
swelling of the clay due to its greater hydration energy and wider hydration shell. Greater
swelling inevitably results in weakened aggregate bonds, which diminishes the stability of
the soil sample. Since the solution contains Mg2+, which is adsorbed by the soil sample,
there is a moderate increase in soil cohesion after a brief soaking. The adsorption of
Ca2+ increased in consecutive soil samples, while the adsorption of Mg2+ remained stable.
The Ca2+ ions adsorbed in the soil sample played a calcium cementation role, the soil
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particles were cathodic, the Ca2+ ions in the solution exchanged with K+ and Na+ ions
on the clay surface, and the negative soil particles directly adsorbed the Ca2+ ions in the
solution; after ion exchange and the adsorption of calcium ions on the soil particles, the
film water on the surface of the soil particles became thinner, the molecular attraction
between the soil particles increased, and the strength of the soil was improved. The closer
the structure between soil particles, the more cohesive its force. The internal friction is a
function of the particle size, roughness, and compactness of the soil body. After prolonged
water leaching, the particle size and structure of the soil body are altered, and the test soil
sample becomes more rounded and smoother, so the internal friction angle decreases as
leaching time increases. Consequently, the cohesion and the angle of internal friction of the
soil samples after leaching exhibit such a change pattern
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4. Conclusions

We conducted a leaching test on the red clay to study the ion changes and conductivity
changes in the leaching waste solution, and a direct shear test on the leached soil to study
the changes in the cohesion and internal friction angle of the specimens, and found the
following:

1. With the increase of leaching time, the Ca2+, Mg2+, and SO4
+ ions in the water samples

increased and then decreased because the soil adsorbed these ions in the solution at
the beginning, resulting in the decrease of ion content in the water samples. The ion
content of Na+, Cl−, and NO3

− ions decreases and then stabilizes because the ion
content in the water sample increases due to the decomposition and precipitation of
these ions in the soil as a result of leaching.

2. The content of each ion in the water sample was converted into the total charge
carried by the ions and fitted with the conductivity model, which was found to be a
good response to the changes in conductivity, indicating that the change in the total
amount of ions in the water sample is the main factor affecting the conductivity, and
the solution ions can be judged indirectly through the conductivity.

3. Soil samples with different leaching times were made into remodeled straight shear
samples. It was found that the cohesion of the soil samples gradually increased be-
cause the molecular attraction between the soil particles increased after the adsorption
of calcium ions by the leaching effect, and the strength of the soil was improved, and
the structure between the soil particles was tightened. The cohesive force is increased.
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The internal friction angle decreases with the increase of leaching time, because the
soil particles become rounded and smooth by leaching, thus reducing the internal
friction angle.
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