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To study the effects of different concentrations of zinc ions on the mechanical strength, material composition, and microstructure
of red clay, a triaxial test, an x-ray diffraction test, an x-ray fluorescence spectrometry test, a scanning electronmicroscopy test, and
a mercury intrusion test were carried out on contaminated soil to investigate the mechanisms of zinc ion-contaminated red clay.
,e results show that the higher the concentration of zinc ions, the smaller the shear strength and cohesion of the red clay. ,e
internal friction angle is increased first and then decreased. From material composition, zinc ion makes montmorillonite and
hemite disappear in red clay. With the increase of zinc ion concentration, quartz semiquantitative increase and kaolinite
semiquantitative decrease and the content of SiO2, Fe2O3, and Na2O reduces. Microscopically, the structure of red clay changes
from floc structure to granular and aggregate structure after the zinc ions are added, while the contact of the particles is converted
to point contact. With the increase of the concentration of zinc ions, the porosity and the fractal dimension of the red clay
gradually increase, and the stability of the granular structure is weakened.

1. Introduction

Red clay is widely distributed in the Sichuan, Yunnan,
Guizhou, Hunan, and Guangxi provinces in China. It is a
material with a high void ratio, high dispersion, high
strength, high water content, and low compressibility [1].
Red clay accounts for approximately 75% of the whole
quaternary distribution area in Guilin, China [2]. In recent
years, the development of the mining industry has resulted
in serious heavy metal pollution in this area. Heavy metal
ions change the structure of red clay, resulting in the var-
iation in its mechanical properties, often leading to slope
instability, pavement cracking, and uneven settlement of
foundations [3].

Regarding the pollution of heavy metals in soil, most
scholars focus on expansive soil [4], bentonite [5], kaolin,
and montmorillonite [6, 7]. ,ere are a few reports on the
effect of heavy metal ions on red clay. Zhang et al. [8] mixed
red clay contaminated with heavy metal ions with cement,
fly ash, and quicklime and then studied the effects of

different concentrations of sulfate and different erosion
time conditions on the strength and leaching character-
istics of contaminated red clay. Li et al. [9] studied the
relationship between soil characteristics and heavy metal
accumulation in the red clay layer and proved that alu-
minosilicate and oxides adsorbed heavy metals in the red
clay. ,ey found that weather and soil formation in the
source region are important driving forces for the change in
the heavy metal content in red clay. Bocanegra et al. [10]
used calcium carbonate and organics to solidify heavy
metal ions in red clay, changing the plasticity of the red clay
and degassing process during sintering. Agwaramgbo et al.
[11] used red clay to adsorb lead in polluted water and
achieved a good remediation effect. Gładysz-Płaska et al.
[12] used modified red clay to adsorb chromium and
phenol and obtained the absorption law with parameters
such as temperature, pH, ionic strength, and initial ad-
sorption ion concentration for phenol and chromium ions.
Gładysz-Płaska et al. [13] carried out absorption studies of
uranium (VI) and phosphate in red clay and obtained the
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results that, in the presence of phosphate, the adsorption of
uranium (VI) is mainly carried out by surface complexa-
tion or surface precipitation, and the participation of the
ion exchange is small. However, most of the previous
studies focused on the adsorption of heavy metal ions by
red clay and the solidification of heavy metal ions in red
clay but ignored the effect of heavy metal ions on the
mechanical properties of red clay.

Due to the rich zinc resources in Guilin and serious zinc
ion pollution in some building areas, the SO2−

4 anion ex-
periences physical adsorption, with little effect on the water
absorption capacity of red clay [14]. ,erefore, in this paper,
zinc sulfate was selected as the pollutant of the red clay. A
triaxial shear test, x-ray diffraction test (XRD), x-ray fluo-
rescence spectrum analysis test (XRF), scanning electron
microscope test (SEM), and mercury injection test (MIP)
were carried out in the laboratory. ,e variation in the
mechanical properties of remolded red clay under different
zinc ion concentrations and confining pressures was studied
by means of the controlling variable method. ,e effects of
zinc ions on the composition and microstructure of red clay
materials were analyzed. ,e microscopic mechanism of the
change in the macroscopic mechanical properties of the
contaminated soil is discussed.

2. Materials

,e red clay soil sample used in the test was taken from a
construction site in Yanshan District, Guilin City, at a depth
of 5–7m, which is in the upper Pleistocene residual layer
(Qel

3 ), and was brownish red. ,e soil has good representa-
tiveness and is relatively uniform and highly viscous. ,e
cross section of the soil is smooth, soft, and plastic, the cracks
are not developed, and there are no gravel particles. ,e exact
sampling location of the red clay is shown in Figure 1. ,e
basic physical properties are shown in Table 1. ,e relative
molecular weight of the pollution source ZnSO4·7H2O is
287.58, and its content is more than 99.5%. ,e pH value
(50 g/L, 25°C) is 4.4–6.0, the relative density is 1.957, and the
melting point is 100 of the white prismatic crystal. ,e stable
hydrate balanced with water at a range of 0∼39°C is gradually
weathered in dry air and is irritated. ZnSO4·7H2O has high
solubility and fast dissolution rate and is easily soluble in
water, but slightly soluble in alcohol and glycerol, and the
solution is colorless and transparent.

3. Effect of Zinc Ions on the Mechanical
Properties of Red Clay

According to the geotechnical standard test method [15], the
red clay soil sample retrieved was air-dried, crushed, sieved
through a 2mm sieve, and dried. ,e zinc sulfate solution
was prepared with distilled water to make the zinc ion
concentrations (zinc ion concentration is the mass ratio of
zinc ions to soil particles) of 0%, 0.1%, 0.2% 0.5%, and 1.0%,
respectively, and then sprayed with water according to 30%
of the optimal moisture content of red clay obtained from
the compaction test. ,e solution was stirred evenly and
sealed and allowed to stand for 24 hours. ,en, the mass of

the red clay was weighed according to a dry density of 1.35 g/
cm3, and the triaxial test sample was prepared by means of
the compaction method. ,e sample is 80.0mm in height
and 39.1mm in diameter. ,en, the sample was vacuumed
and saturated.

,e test instrument was the TSZ-1 strain gauge triaxial
instrument produced by Nanjing Soil Instrument Factory.
Under the confining pressure of 100 kPa, 200 kPa, and
300 kPa, the undrained consolidation triaxial shear tests with
a shear rate of 0.9mm/min were carried out. ,e tests were
terminated when the axial strain reached 15%. ,e failure
state of red clay samples with different zinc ion concen-
trations is shown in Figure 2. It can be seen that the red clay
samples with different zinc ion concentrations are dilatancy
failure. For the undrained test, it is mainly considered that
the zinc ions will flow out with the discharged pore water in
the drainage process, which leads to the uncontrollable
discharge of zinc ions and changes the initial variable of the
experiment. ,e peak of the deviatoric stress on the stress-
strain curve was taken as the failure point and when there
was no peak, the point on the curve corresponding to the
axial strain of 15% was taken as the failure point. ,e Mohr
circle was drawn based on the condition that the normal
stress was the abscissa and the shear stress was the ordinate,
and the common tangent was used to obtain the cohesion
and internal friction angle. Finally, the shear strength was
calculated according to the Mohr–Coulomb strength cri-
terion, as shown in (1). ,e calculation results of the shear
strength and shear strength index are shown in Table 2, and
the fitting curve is shown in Figure 3.

τf � c + σ tanϕ, (1)

where c is the cohesion and ϕ is the internal friction angle.
It can be seen from Figures 3(a) and 3(b) that the fitting

function of shear strength and cohesion with zinc ion con-
centration is y � a∗ exp(−x/b) + c (x is the concentration of
zinc ions; y is shear strength or cohesion; and a, b, c are
constants), and the fitting coefficient is quite large. When
x � 0, y � a + c, the red clay is not contaminated by zinc ions,
and the shear strength or cohesion is a + c. Under different
experimental conditions, the values of a and cwill change, and
the shear strength and cohesion will also change. When
x⟶ 1, thus y approaches a∗ exp(−1/b) + c. ,at is, when
the critical value of zinc ion concentration is exceeded, the
change in the zinc ion concentration has little effect on the
shear strength and cohesion of red clay, and the critical value
of the zinc ion concentration is approximately 0.2%. In ad-
dition, the shear strength is proportional to the confining
pressure (Figure 4), and the shear strength increases incre-
mentally with the increase in the radial confining pressure,
and the variation in shear strength with zinc ion concen-
tration is approximately the same under different confining
pressures. Under the same confining pressure, with the in-
crease in zinc ion concentration, the shear strength first
decreases rapidly, and when the zinc ion concentration
reaches 0.2%, the shear strength decreases gradually and fi-
nally tends to be stable. ,e variation in cohesion with zinc
ion concentration is consistent with the shear strength. ,e
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internal friction angle first increases and then decreases with
increasing zinc ion concentration (Figure 3(c)). ,e clay
mineral surface is negatively charged, and when the zinc ion
concentration is 0∼0.1%, the attraction between the zinc ion
and the clay mineral decreases the thickness of the electric
double layer, the distance between the soil particles becomes

smaller, and the bite force increases, so the internal friction
angle increases. When the concentration of zinc ion is in-
creased, the crystal water will be diluted when the solution is
mixed with red clay, which destroys the structure of red clay
and reduces the friction between soil particles, so the internal
friction angle decreases.
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Figure 1: Schematic diagram of the soil extraction position.

Table 1: Basic physical properties of red clay.

Liquid limit WL

(%)
Plastic limit Wp

(%)
Plasticity index

IP

Optimum water content ω
(%)

Maximum dry density ρd

(g·cm−3)
Relative density

ds

62.9 43.1 19.8 30 1.575 2.7

Figure 2: Failure state of red clay samples under different zinc ion concentrations.

Table 2: Shear strength and shear strength index.

Zinc ion concentration (%)
Shear strength (kPa)

Cohesion c Internal friction angle ϕ (°)
100 kPa 200 kPa 300 kPa

0 84.48 110.89 142.55 44.20 13.32
0.1 47.47 80.48 109.91 13.48 14.11
0.2 42.62 72.61 103.89 9.49 13.88
0.5 40.40 69.21 98.40 9.22 13.27
1 36.99 65.08 92.22 7.8 12.75
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4. Effect of Zinc Ions on the Composition of
Red Clay

,e contaminated soil used in the triaxial test was crushed
and dried after passing through a 0.075mm sieve. X-ray
diffraction tests (XRD) and x-ray fluorescence spectrometry
(XRF) were carried out to study the influence of zinc ion soil
on the mineral and chemical composition of red clay.

,e XRD test used the X′ PertPRO x-ray diffractometer
manufactured by PANalytical B.V. of the Netherlands [16].
,e initial angle was 10°, the end angle was 80°, and the test
data was processed by X′ Pert HighScorer software.
According to the “three-peak method,” the mineral com-
ponents were qualitatively and quantitatively analyzed. As

the x-ray diffraction patterns of red clay with 0.1%, 0.2%,
0.5%, and 1.0% zinc ions were similar, x-ray diffraction
patterns were taken as examples of 0% and 0.1%, as shown in
Figures 5(a) and 5(b), for each mineral.,e semiquantitative
results are shown in Table 3; the XRF test equipment used
the ZSX Primus II X-ray fluorescence spectrometer pro-
duced by Rigaku Corporation of Japan. ,e variation law of
the oxide percentage content in the soil sample is shown in
Table 4.

,e mineral components of the red clay obtained in the
XRD test were mainly quartz, kaolinite, montmorillonite,
and hematite. After adding zinc ions, the montmorillonite
and hematite disappeared, and the content of quartz and
kaolinite increased. As the concentration of zinc ions
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Figure 3: Relationship curves between zinc ion concentration and shear strength index. (a) Fitting curve of the relationship between zinc ion
concentration and shear strength. (b) Fitting curve of the relationship between zinc ion concentration and cohesion. (c) Curve of the
relationship between zinc ion concentration and internal friction angle.
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Figure 5: X-ray diffraction spectrum. (a),e x-ray diffraction pattern of red clay. (b),e x-ray diffraction pattern of red clay with a zinc ion
concentration of 0.1%.
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increased, the content of quartz increased and the content of
kaolinite decreased. According to the XRF test results, the
main chemical components of the red clay included SiO2,
Al2O3, Fe2O3, TiO2, K2O, CaO, MgO, Na2O, P2O5, and
MnO. ,e contents of SiO2, Al2O3, and Fe2O3 were as high
as 87.195%. ,e content of oxides changed after adding zinc
ions. With increasing zinc ion concentration, the contents of
SiO2, Fe2O3, Na2O, and CaO decreased gradually, and the
contents of Al2O3, TiO2, and K2O first increased and then
decreased.

5. Effect of Zinc Ions on the Microstructure of
Red Clay

,e study of the soil microstructure mainly focused on the
shape, composition, and arrangement of particles inside the
soil, as well as the crystal shape and distribution of minerals
and the plastic mold properties of the surface of the
structure. Electron microscopy images were used to intui-
tively and qualitatively analyze the pore size distribution in
the soil, and the mercury intrusion test was conducted to
quantitatively investigate the distribution of pores in the soil.
,erefore, the combination of electron microscopy (SEM)
and the mercury intrusion test (MIP) were effective methods
for studying the microstructure of the soil.

5.1. Scanning ElectronMicroscopy Test. ,e instrument used
in this test was the S-4800 field emission scanning electron
microscope produced by Japan Hi-Tech Co., Ltd. ,e
maximum accelerating voltage is 30 kV, the maximum
magnification is up to 800,000 times, the point resolution is
0.19 nm, and the line resolution is 0.14 nm. ,e contami-
nated soil was made into a soil sample with a dry density of
1.35 g/cm3 and subjected to electron microscopy scanning.
,e magnification was 3000 times, and the test results are
shown in Figure 6.

,e contact forms of the clay particles were point
contact, edge contact, surface contact, and inlaid contact.

It can be seen from Figure 6(a) that the main structure of
the red clay particles was a laminar, flat-shaped particle
aggregate with surface contact between the units, together
with a flocculation structure with surface or point contact,
and the superposition of the aggregates was tightly
superimposed with fewer fractures and micropores than
when the clay contains zinc ions. When 0.1% (Figure 6(b))
and 0.2% (Figure 6(c)) zinc ions were added, the pore and
particle arrangements of the red clay were observed.
Changes occurred, and cracks and pores gradually in-
creased. When the concentration of zinc ions was 0.2%,
the development of cracks was clearly visible. When the
concentration of zinc ions reached within the range of
0.5% (Figure 6(d)) to 1.0% (Figure 6(e)), the structural
changes of the red clay were quite obvious, mainly
composed of agglomerates and flaky particles, which were
bonded together by the cementing material in the form of
a hill shape, and open pores were observed. ,e aggregates
mainly consisted of granules and flaky particles, and the
aggregated arrangement was nonoriented. ,e size of the
particles was different, and the bond between the clay
particles was very loose. ,e edge of the soil particles was
obvious, and the contact form was mostly point contact.
,e contact area between the soil particles per unit volume
was reduced, and the pores and cracks were extremely
developed.

Taking the zinc ion concentration of 0.2% as an example
(Figure 7(a)), the original image obtained by SEM is
transformed into grayscale image by MATLAB, then edge
detection is carried out, and the corresponding threshold is
set by threshold segmentation method, which makes the
original grayscale image into binary image (Figure 7(b)).
After processing, there are only two colors: black and white,
black area represents pores, white area represents red clay
particles, and the porosity is calculated by the proportion of
black and white pixels. ,e data of the SEM images pro-
cessed by MATLAB is shown in Table 5. ,e curve of the
relationship between zinc ion concentration and porosity
and fractal dimension is shown in Figure 8.

Table 4: Oxide content of the soil sample.

Zinc ion concentration (%) SiO2
mass (%)

Al2O3
mass (%)

Fe2O3
mass (%)

TiO2
mass (%)

K2O
mass (%)

CaO
mass (%)

MgO
mass (%)

Na2O
mass (%)

P2O5
mass (%)

MnO
mass (%)

0 44.129 26.408 16.835 2.062 1.836 1.598 0.383 0.221 0.096 0.016
0.1 44.079 26.652 16.771 2.085 1.851 1.590 0.388 0.219 0.098 0.014
0.2 44.068 26.459 16.708 2.088 1.844 1.592 0.392 0.215 0.096 0.014
0.5 43.969 26.136 16.544 2.043 1.804 1.592 0.397 0.208 0.096 0.014
1.0 43.569 25.866 16.506 1.995 1.804 1.590 0.362 0.177 0.091 0.014

Table 3: Semiquantitation of the minerals.

Concentration
Semiquantitative mineral composition (%)

Quartz Kaolinite Montmorillonite Hematite
0 55 22 10 13
0.1 71 29 0% 0%
0.2 72 28 0% 0%
0.5 76 24 0% 0%
1 77 23 0% 0%
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(c) (d)

(e)

Figure 6: Microstructure of remolded red clay under different zinc ion concentrations. (a) Zinc ion concentration of 0%. (b) Zinc ion
concentration of 0.1%. (c) Zinc ion concentration of 0.2%. (d) Zinc ion concentration of 0.5%. (e) Zinc ion concentration of 1.0%.
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In general, the fractal dimension can be used to describe
the roughness or complexity of the surface of soil samples.
For larger fractal dimensions, the pore development of the
red clay was more obvious, the structure was more complex,
the surface was rougher, and the degree of dispersion was
higher. It can be seen from theMATLAB analysis of the SEM
images that the porosity and fractal dimension of the
remodeled red clay were proportional to the zinc ion

concentration after being contaminated by zinc ions. As the
zinc ion concentration increased, the porosity and fractal
dimension increased, the distribution area and dispersion of
the pores became larger, and the soil was looser.

5.2. Mercury Intrusion Test. ,e principle of the mercury
intrusion test is that the applied pressure and the cylindrical
pore radius satisfy the Washburn equation [17]. ,e pore
model where liquid mercury was injected could be expressed
in

P �
2Ts cos θ

r
, (2)

where P is the applied pressure; Ts is the surface tension
coefficient of the introduced liquid; θ is the contact angle of
the liquid with the solid material; and r is the radius of the
equivalent pore.

Equation (2) shows that a greater pressure will push a
more sufficient amount of mercury to enter the pores of the
soil. By measuring the amount of mercury that entered the
pores, the equivalent volume of the corresponding pores was
evaluated. ,e red clay samples contaminated with different
zinc ions were cut into strips with the size of 1 cm×

1 cm× 2 cm, frozen in liquid nitrogen, and dried in a quick
freeze dryer for 24 hours. ,e test instrument was a
POREMASTER33GT automatic mercury intrusion meter
produced by Conta Instruments, as shown in Figure 9. ,e
test pressure range was from 140 kPa to 231MPa, and the
curve of the increment of V (injected mercury) versus the
log-increment of D (diameter of the pores) was obtained
based on the test results, as shown in Figure 10.

,e relationship between mercury intrusion and pore
distribution could be obtained by the mercury intrusion
experiment. Figure 10 intuitively reflected the distribution of
the pore size of the measured soil sample. ,e pores in red
clay were irregularly connected or closed, and the pore size
distribution was relatively uniform, mainly concentrated in
small voids of 0.007 μm< d< 0.1 μm and large pores of

(a) (b)

Figure 7: Original image and binary image. (a) Original image. (b) Binary image.

Table 5: Processing image data by MATLAB analysis.

Concentration (%) Porosity Fractal
dimension Fitting coefficient

0 0.4632 1.7639 0.9995
0.1 0.4696 1.7706 0.9999
0.2 0.5442 1.7748 0.9991
0.5 0.5628 1.8360 0.9999
1.0 0.5801 1.8609 0.9997
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1 μm< d< 10 μm. More mercury entered the pores with
voids of 0.007–0.1 μm, indicating that the red clay was
mainly composed of small pores. After adding zinc ions, the
peak shape and position of the large and small pores of the
red clay did not change much, and the large pores decreased.
When the concentration of zinc ions was 0.1%, the small
pores of the red clay decreased, possibly due to the increased
content of quartz, kaolinite, Al2O3, or K2O. When the
concentration of zinc ions was 0.2% and 0.5%, the small
pores of red clay increased, and a higher concentration of
zinc ions resulted in the more pores. When the concen-
tration of zinc ions increased to 1%, the small pores of the
red clay showed a decreasing trend. ,at is, as the con-
centration of zinc ions increased, the small pores of the red
clay first decreased and then increased and then decreased.

,e variation in the small pores with zinc ion concen-
tration in red clay corresponds to the variation in the

internal friction angle. When the concentration of zinc ions
is from 0% to 0.1%, the small pores of the red clay decrease
and the corresponding internal friction angle increases, and
when the concentration of zinc ions continues to increase,
the small pores of the red clay increase and the corre-
sponding internal friction angle decreases. However, when
the concentration of zinc ions reaches 1%, both the small
pores and internal friction angle show a decreasing trend. It
is likely that high concentrations of zinc ions produce large
amounts of salts or zinc oxide particles [18], which not only
fills the pores but also plays a lubricating role.

6. Discussion

In terms of the mineral composition, the behavior of clay
depends to a large extent on the type and percentage of
minerals in the clay [19]. ,e surface friction and cemen-
tation degree of different types of mineral particles are also
very different, mainly because different clay minerals have
different particle characteristics, resulting in different spe-
cific surface areas, surface microelectric field strengths, and
electric double layer water film thicknesses. Furthermore,
the surface friction and cementation degree affect the me-
chanical properties of red clay [20]. Clay minerals have small
particle sizes, complex pore structures, strong cation ex-
change capacities, and large specific surface areas, and most
of them have negative charges. Heavy metal ions can be
adsorbed by direct binding, surface complexation, and ion
exchange. ,e clay particles have strong physical and
chemical interactions with heavy metal ions [21]. ,e
mineral composition of the red clay sample is mainly
composed of quartz, kaolinite, montmorillonite, and he-
matite which is evident by means of the XRD test. Mont-
morillonite is a 2 :1 clay mineral composed of two silica
tetrahedrons with alumina octahedron. Kaolinite is a clay
mineral with a 1 :1 structure composed of silica tetrahedron
and alumina octahedron. Both montmorillonite and kao-
linite belong to silicate and have a unique sheet or layered
structure. Quartz, a nonclay mineral, is usually acicular or
granular and belongs to a trigonal partial crystal, so the total
surface area of montmorillonite and kaolinite is much larger
than that of quartz [22]. When zinc ions were added to the
red clay, although the semiquantification of kaolinite and
quartz increased, montmorillonite and hematite dis-
appeared. ,e main reason for the decrease in the me-
chanical properties of the red clay is the disappearance of
hematite and the decrease of the free iron oxide cementation
between particles. Iron oxide in soil includes crystalline iron
and amorphous iron oxide, which have a strong fixation
ability [23]. Wang [24] also confirmed through the “iron
removal” test that the physical and mechanical properties of
laterite will be reduced significantly. With the increase in
zinc ion concentration, the content of kaolinite decreases
and the content of quartz increases. ,e clay mineral par-
ticles are gradually wrapped by quartz particles, and the van
der Waals force of the quartz particles [25] is lower, so its
dispersion is higher than that of the clay particles, and the
interaction between the quartz particles is defined by
physical action, which weakens the adsorption and
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cementation between the particles. ,e change in mineral
content will also reduce the specific surface area of red clay
particles, weaken the connection between soil particles,
reduce the force between soil particles, and weaken the
mechanical properties of red clay.

In terms of the chemical composition, cohesion can be
divided into curing cohesion and original cohesion [26]. ,e
content and existing form of cementation in soil determines
the magnitude of curing cohesion, such as iron oxide ce-
mentation and calcium cementation. ,e intermolecular
force produced by the motion of charged ions determines
the original cohesion force, such as an electrostatic force and
van der Waals force. ,e special properties of red clay are
mainly caused by the cementation formed by free oxidation.
Free iron oxide is distributed in very fine particles on the
surface of or among the mineral particles of red clay, and the
dispersed soil particles can be cemented together [27]. ,e
clay mineral surface is negatively charged, and part of the
free iron oxide is wrapped on the surface of the pellet in the
form of a “film,” in which this part of the free iron oxide film
is positively charged [28]. Because of its large specific surface
area and strong interfacial activity, intergranular colloidal
iron oxide (amorphous iron) easily forms a sol colloid by
means of water. ,e sol colloid has a strong adsorption
ability for zinc ions (but no obvious ion exchange property),
which makes the complex formed by amorphous free iron
oxide and zinc ions positively charged [29]. ,is kind of
complex is full of particles and repels with the particles,
which weakens the connection between the soil particles,
disperses easily, and reduces the strength of the red clay. In
addition, in the XRF test, as the zinc ion concentration
increased, the Fe2O3 content decreased, the cementation of
the soil particles decreased, and the curing cohesion of the
red clay decreased. Due to the different valence and con-
centration of cations, the thickness of the double layer on the
surface of the clay, the force of the chemical bond, and the
ionic electrostatic force will change, and the thickness of the
absorbent film will be different, which will directly affect the
properties of the soil [30]. ,erefore, the original cohesion
can be combined with the diffusion double layer theory to
explain the interaction between ions. According to the
diffusion double layer (DDL) theory, many chemicals tend
to reduce the thickness of the double layer (DDL), which
leads to the shrinkage of the soil skeleton, promotes the
flocculation of clay particles, and leads to internal dehy-
dration [31]. ,e thinnest double layer (DDL) structure can
be obtained by trivalent cations, followed by divalent cat-
ions, and univalent cations have little effect on the thickness
of the double layer [32]. ,ere is a negative charge on the
surface of clay minerals. When pore water is replaced by a
liquid with higher valence zinc ions, clay particles attract
zinc ions in water through static electricity, resulting in the
accumulation of ions near the double layer (DDL), resulting
in a decrease in the thickness of the double layer (DDL). ,e
accumulation of clay particles and the intersection and
overlap of the electric double layer DDL lead to a repulsive
force between particles [33], reducing the mechanical
properties of soil. On the other hand, from Table 4, with the
increase in the concentration of zinc ions, the contents of

metal cations such as Fe3+, Al3+, Ca2+, Na+, and K+ de-
creased, the ion exchange weakened, and the adsorption
connection between particles decreased, thus weakening the
original cohesion of the red clay. Wang et al. [34] analyzed
the relationship between shear strength, cohesion, internal
friction angle, and chemical composition of soil, which is
consistent with the experimental results obtained in this
paper.

In terms of the chemical properties of pollutants, most
of the physical and chemical properties of clay come from
the silicate layer morphology and particles less than 2 nm,
as well as the charge on the structure layer, so they can
adsorb ions and interact with heavy metals [35]. When clay
interacts with chemicals, the clay particles disperse,
resulting in significant changes to the geotechnical prop-
erties of clay [36]. When the cation exchange capacity and
cation concentration are changed, the arrangement of the
soil particles will also be changed; thus, the pore size and
distribution will be changed [37]. ,e forms of zinc in
polluted soil include free ion (Zn2+), zinc carbonate
(ZnCO3), zinc sulfate (ZnSO4), zinc sulfide (ZnS), and zinc
complexes [38]. Zinc sulfate is a strong acid and weak base
salt. After adding water, the zinc ion reacts with OH− to
form amphoteric hydroxide zinc hydroxide, and a large
amount of H+ ions are left to produce a weakly acidic zinc
sulfate solution. Zinc hydroxide dissolves in acid to form
zinc salt and dissolves in alkali to form zincate. Acidic and
alkaline liquids can react with clay minerals, dissolve clay
mineral particles, reduce clay content, increase effective
pore space, and weaken the connection between soil par-
ticles. From the analysis results of scanning electron mi-
croscopy and mercury injection tests, it can be found that
the pore volume of soil increases and the structure becomes
loose after the addition of zinc sulfate. Nayak et al. [39] also
found that the structure of soil samples polluted by acid
leachate showed aggregation, and the aggregation structure
increased the effective pore space of soil. When the con-
centration of zinc sulfate in soil is increased, the salt
content in pore water increases, zinc ion is further hy-
drolyzed, and the formation of clay particle flocculation
leads to an increase in pore volume and the spacing of soil
particles. As a result, the stability of stable soil is reduced. In
addition, high concentrations of sulfate in soil may be
harmful and lead to swelling and cracking of the soil [40].
Because the addition of a high content of zinc sulfate in soil
will produce sulfate crystallization, crystallization between
soil particles will produce pressure on the soil particles,
increase the pore volume but also cause the soil particles to
be broken into small particles as a result of expansion,
destroying its original structure and weakening the cohe-
sion between the soil particles. However, after increasing
the concentration of zinc ions, zinc ions combine with
calcium ions to form calcium zinc hydrate CaZn (OH)
H2O, which can form a barrier between soil particles [41]. It
may also destroy the cementation of calcium ions in soil
and reduce the strength of the soil.

In summary, zinc sulfate changes the mineral and
chemical composition of red clay, weakens the cementation
force and chemical bond force between soil particles,
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destroys the original structure of red clay, and causes an
increase in the pore volume and fractal dimension of red
clay. ,e increase of the fractal dimension and the deteri-
oration of the structural stability lead to the weakening of the
mechanical properties of red clay.

7. Conclusions

(1) With the increase in confining pressure, the shear
strength increases gradually, and the variation in
shear strength with concentration is roughly the
same under different confining pressures. Under the
same confining pressure, as the zinc ion concen-
tration increases, the shear strength and cohesion
decrease gradually, and there is a certain limit value.
,e angle of internal friction first increases and then
decreases.

(2) ,emain mineral components of red clay are quartz,
kaolinite, montmorillonite, and hematite. After
adding zinc ions, only the quartz and kaolinite are
left in the mineral composition, and the semi-
quantitative results increase. With the increase in
zinc ion concentration, the semiquantitative quartz
amount increases, and the semiquantitative kaolinite
amount is reduced. ,e composition of SiO2, Al2O3,
and Fe2O3 in red clay is as high as 87.195%. As the
zinc ion concentration increases, the SiO2, Fe2O3,
Na2O, and CaO contents gradually decrease, and the
Al2O3, TiO2, and K2O contents first increase and
then decrease.

(3) ,e red clay granules are mainly composed of
laminated structures such as laths and block ele-
ments. Fewer fractures and micropores exist in the
soil structure than when the clay contains zinc ions.
After adding zinc ions, the contact between the
particles changes from surface contact to point
contact. ,e structural skeleton is constructed with
loose interparticle connections due to the existence
of pores. According to the MATLAB analysis, as the
concentration of zinc ions increases, the porosity and
fractal dimension of red clay increase, and the pore
area and dispersion increase. ,e surface of the soil
particles is rough, and the structural stability is
weakened.

(4) ,e pore size distribution of red clay obtained by the
mercury intrusion test is relatively uniform, mainly
concentrated in small voids of 0.007 μm< d< 0.1 μm
and large pores of 1 μm< d< 10 μm. After adding
zinc ions, the peak shape and position of the large
and small pores of the red clay do not change much,
but the large voids decrease. As the concentration of
zinc ions increases, the number of pores first de-
creases, then increases, and finally decreases.
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