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Soil pollution due to acid contamination changes the chemical state of the soil and affects the water evaporation and desiccation
cracking characteristics of the soil. *e contamination of soils is becoming a serious problem due to increases in manufacturing,
construction, and industrial activities, especially in and around urban areas. Soil pollution has become a global issue with serious
and harmful impacts on the environment. *e purpose of this paper is to present a study on the evaporation characteristics of soil
contaminated with different acid concentrations. *e result indicates that water evaporation in soils can be divided into three
stages: the steady rate of evaporation, deceleration of evaporation, and residual evaporation stages. With increases in acid
concentration, there is critical water content at which the rate of evaporation starts to decrease with increase in the duration of
evaporation. Surface crack development in soils with different acid concentrations can be divided into three stages: initial
cracking, crack development, and crack stabilization. When the acid concentration is higher than 0.4mol/L, the initial cracking
and stabilization stages disappear, and cracks continue to develop until they become stable.

1. Introduction

Rapid industrial and urban developments have resulted in
serious soil pollution in many parts of the world [1–3]. *e
northwestern part of China has a fragile ecological envi-
ronment which is more prone to be affected by rapid in-
dustrial development. As such, soil pollution due to acid
from the leakage of chemical waste and acid rain has become
a serious problem there [4]. Pollutants in the soil can be
directly or indirectly absorbed by surface vegetation. With
the advancement of urbanization in the western regions of
China, land resources have become particularly scarce, and
the management of contaminated soil has therefore become
an important issue in geotechnical and geo-environmental
engineering [5–7]. Aside from soil contamination, industrial
activities also cause acid rain from the release of sulfur
dioxide and nitrogen oxide (acid forming compounds) into
the environment when fossil fuels are used. Acid rain affects
the environment in many ways. Such as does this acidic

precipitation directly damage the environment and changes
the chemistry of the soil which affects vegetation growth and
biological habitats. Moreover, it is difficult to maintain a
sustainable ecosystemwith acid rain [8, 9].*e impact of soil
pollution due to acidic precipitation on terrestrial ecosys-
tems is a major environmental issue which can be found in
many countries. *e acidic pollution of soil affects the ef-
fectiveness, mobility, and activity of biological organisms in
the soil, thus resulting in the substantial release of heavy
metals in the soil due to the presence of hydrogen, calcium,
magnesium, and ammonium ions (H+, Ca2+, Mg2+, and
NH4+). Acid pollution has become one of the important
reasons for the acidification of the environment. *is has
resulted in the increased mobility of cadmium (Cd) ions and
its toxicity to plants even though the mobility of Cd ions in
soil is lower at higher pH values [10].

*e problem of soil contamination is further exacerbated
with soil shrinkage and cracking, which are complex pro-
cesses that have important effects on the properties of soil
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and result in various engineering problems [11]. *e
cracking of the clay barrier and clay overburden materials in
landfills will facilitate leachate migration which poses the
threat of pollution to groundwater and the geological en-
vironment [12, 13]. Soil cracking is also a key factor that
reduces the stability of slopes in expansive soil since the
surface cracks increase rainwater infiltration thus resulting
in a significant reduction in the safety factor of the slopes and
leading to landslide hazards [14, 15]. Soil cracking reduces
the bearing capacity of soil and increases its compressibility
which results in cracking and failure of building founda-
tions. Cracking also increases the permeability of soil which
adversely affects groundwater flow and plant growth. With
global warming and the occurrence of more extreme climatic
conditions, especially in arid land, soil cracking will cause
even more serious engineering problems in the future.

*e problem of soil cracking has been well studied in the
literature. For instance, to study crack development in soils,
Hallett and Newson performed a deep notch bending test to
evaluate the crack tip opening angle (CTOA) in clay. Soil
cracking under a wet plastic state was analyzed by using a
new elastic-plastic fracture mechanics model [16]. Drying
experiments of clay indicated that with an increase in the
particle size of the soil, the density of the cracks decreases
and the length of the cracks is increased [17]. Ground
penetrating radar (GPR) has been used to detect the for-
mation of soil cracking during drying. It has been found that
GPR can detect cracks with a width of 1 to 2mm which
improves understanding of soil cracking [18]. Wang et al.
examined the dynamic cracking phenomenon of soil
through wetting-drying (W-D) cyclic tests which showed the
differences in the crack morphology between cracking and
dissolution. *ey also examined the degree of repeatability
of their test results on soil cracking which helps us to
quantify the shrinkage/expansion process and water mi-
gration in soils [19].

Many previous studies have also explored the mecha-
nism of drying and cracking in soils. However, few have
considered the effects of acid contamination. *e pore
structure, bulk density and water retention capabilities of
soil are changed due to changes in soil chemistry as a result
of acid contamination. *is also affects water evaporation
and desiccation crack development in soil. As such, the main
purpose of this study is to investigate the water retention
capacity and crack development of acidic soil. *e fractal
dimension method is used to analyze desiccation crack
development. *e crack characteristics and rate of evapo-
ration of acidic soil with different acid concentrations are
studied. *e mechanism of crack development and its
practical implications on soil are examined.

2. Laboratory Experiments and Test Materials

2.1. Test Materials. To understand crack development in
soils, a laboratory testing program is carried out in this
study. *e soil used in the test was taken from Yuzhou City
in Henan Province, China. *e samples were obtained at a
depth between 0.5m and 1.0m in a weakly acidic
groundwater environment. Yuzhou City is in the warm

temperate region with a monsoon climate (Figure 1) and
therefore has many warm days, abundant rainfall, sufficient
sunlight, and many long frost-free days during the year. Due
to its continental climate withmonsoonal rains, Yuzhou City
faces many weather-related challenges such as droughts,
waterlogging, strong winds, and hail. *e average annual
temperature lies between 13°C and 16°C. *e average annual
precipitation is about 650mm, and the average annual wind
speed is about 2.5m/s.

After the soil samples were obtained from the field, they
were air-dried outdoors and broken into pieces with the use
of a wooden hammer. *e soil was screened through a 2mm
sieve to remove large lumps and large soil particles. *e soil
samples were then stored in a sealed bucket for testing. *e
physical and mechanical properties of the soil are sum-
marized in Table 1. In order to simulate the effect of acid
pollution, concentrated hydrochloric acid (HCl) with an
initial mass fraction of 36.5% was added to the soil.

2.2. Laboratory Experiments. In preparing the soil samples
for testing, water was added to the soil and stirred thor-
oughly and evenly. An appropriate amount of HCl was
added to produce saturated slurry with an initial water
content close to 100%. *e acid concentrations (ACs) of the
samples were equal to 0.1, 0.2, 0.3, and 0.4mol/L. *e slurry
samples were placed in a sealed rectangular parallelepiped
glass container of 25× 25× 4 cm in size and stored in a
constant temperature and humidity chamber for 10 days.

Distilled water was added to some of the samples to be
used in the control group. *e control group samples were
also placed in a constant temperature and humidity chamber
for 10 days. All of the samples were stored for 10 days to
provide sufficient time for the acid to react with the soil to
produce a homogeneous sample in order to improve the
repeatability of the test results. A total of 5 sets of samples
with different acid concentrations were prepared for testing
with 3 soil samples for each set so that the each test could be
conducted three times. *e test parameters are summarized
in Table 2.

*e samples together with the electronic balance were
placed in a drying chamber at a constant temperature, and
the samples were dried at a temperature of 25°C with a
relative humidity of 40%, as shown in Figure 2. During
drying, the changes in the weight of the samples were
recorded by using a computer, which were used to calculate
the evaporation rate and the average water content of the
samples. *e evaporation rate per unit area of the soil
surface, Ea, can be determined from

Ea �
Δm
S • t

, (1)

where △m is the change in mass of the soil sample which is
equal to the mass of the water evaporated, S is the surface
area of the soil sample, and t is the elapsed time of
evaporation.

2.3. Image Processing of Surface Crack Photos. In order to
study crack development during drying, a camera was used
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to capture digital images of the soil surface (Figure 2).
Before a quantitative analysis of the images can be carried
out, the images had to be processed to eliminate digital
noise and interference in order to highlight the cracks.
*ere are digital noises in the image data, and the edge of
the crack may not be clear. To improve the image quality,
the median filtering method was used to remove image
noise. Figure 3 shows the crack image after undergoing
median filtering several times. *e color images contain a

large amount of data which makes it inefficient to extract
crack information from the images. *e color images were
therefore converted into grayscale images. Grayscale is
usually divided into 256 shades of gray which are rep-
resented by a number from 0 to 255. *e darkest gray is
black which is represented by the number 0, while the
brightest gray is white which is represented by the number
255. A gradual transition from black to white is repre-
sented by the remaining numbers from 1 to 254. Using the
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Figure 1: Location of Yuzhou city.

Table 1: Physical and mechanical properties of clay soil.

Density
(g·cm−3)

Liquid
limit (%)

Plastic
limit (%)

Plasticity
index

Cohesion
(kPa)

Internal friction
angle (°)

Coefficient of
compressibility (MPa−1)

Modulus of
compressibility (MPa)

1.88 60.34 37.71 22.63 58.13 23.31 0.223 9.094

Table 2: Parameters of soil samples.

Sample number Concentration of hydrochloric acid (mol·L−1) Number of samples *ickness of sample (mm)
1 0 3 5
2 0.1 3 5
3 0.2 3 5
4 0.3 3 5
5 0.4 3 5

Soil sample

PVC mold with perforated base

Electronic balance

Computer

CCD camera

Figure 2: Schematic of laboratory setup.
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grayscale, only one number is used to represent the color
for each pixel. A two-dimensional matrix can be used to
represent an image. To convert the color images to
grayscale, the following equation is used:

G � 0.40R + 0.40G + 0.20B, (2)

where G is the grayscale with a value from 0 to 255 and R, G,
and B represent the color scale, with a value from 0 to 255,
for red, green, and blue hues, respectively.

*e effect of converting a color image into a grayscale
image is shown in Figure 3. *e crack appears to be clearer
after the color image is converted to grayscale. Next, the
threshold segmentation method is used to binarize the
image to further distinguish the cracks from the rest of the
soil surface. *e method examines the differences in
grayscale between the target object, in this case the cracks,
and the background of the object—the uncracked soil
surface. *e image is regarded as a combination of the
different gray scales in the target and background. A
grayscale threshold value is used to distinguish between the
target object and its background. If the grayscale of a pixel
exceeds this threshold, it is considered to be the target
object. Otherwise, it belongs to the background. Let the
original pixel have a grayscale value of f(x, y) with a
threshold Th, and then the binarization pixel value g(x, y)

is calculated from

g(x, y) �
1, f(x, y)≥Th,

0, f(x, y)<Th.
 (3)

As shown in equation (3), the selection of an appropriate
threshold value is very important in the image binarization
process. First, the initial threshold Th is determined from the
grayscale histogram. *e image is then divided into two
parts, R1 and R2.*en the average gray levels μ1 and μ2 of the
regions R1 and R2 are calculated. A new segmentation
threshold T� (μ1 + μ2)/2 is calculated. *e process is re-
peated until there are no changes in the threshold. Figure 3
shows that the background of the image is completely white,
leaving only the cracked area black.

After processing the images and highlighting the cracks
on the soil surface, it is necessary to represent the cracks with
a measure/parameter so that the development of cracking
can be analyzed quantitatively. Fractal analysis with the use
of fractal dimension is a parameter that can be used to
describe an irregular system quantitatively. Consider a one-
dimensional problem of a line. Let the length of the con-
tinuous line segment be x, which is subdivided into N� b
equal segments. Each segment is proportional to the entire
line but reduced. *is proportion of the line segment is
called similarity which is represented by the similarity ratio
r, where r� 1/b� 1/n. For a two-dimensional problem, the
domain can be subdivided into N� b2 squares, which are
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Figure 3: Processing of soil sample images.
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similar to the entire two-dimensional domain. Each sub-
domain can be represented by a coordinate (x, y) such that

(k − 1)
X

b
≤ x<

kX

b
(k � 1, 2, ..., b),

(h − 1)
Y

b
≤y<

kY

b
(k � 1, 2, ..., b).

(4)

*e similarity ratio is equal to

r(N) �
1
b

�
1

N
(1/2)

.

(5)

For aD-dimensional domain, the similarity ratio is equal
to

r(N) �
1

N
(1/D)

, (6)

and therefore,

Nr
Ds � 1,

log r(N) � log
1

N
1/Ds( )

 

� −
logN

Ds

,

Ds � −
logN

log r(N)

�
logN

log(1/r)
.

(7)

3. Laboratory Test Results

3.1. Evaporation Process of Soil Subjected to Acid
Contamination. *e evaporation of water in soils is the
process of water entering the atmosphere from the soil
surface which results in a decrease in the water content and
gradual drying of the soil surface. As shown in Figure 4, the
evaporation process with different acid concentrations in the
soil can be divided into three stages: the steady rate of
evaporation, deceleration of evaporation, and residual
evaporation stages.

During the stage where there is a steady rate of
evaporation, the soil is completely saturated and the de-
crease in water content at the soil surface due to evapo-
ration is completely replenished by water transported by
capillary action. *erefore, evaporation is steady. Figure 4
shows the average rate of evaporation at this stage, which is
about 0.2 g/(cm2·min). *e evaporation force is greater
than or close to the molecular force of the water at the soil
surface under the immediate adjacent ambient conditions.
*e rate of evaporation is only affected by the ambient
conditions such as temperature and humidity. For different

acid concentrations 0, 0.1, 0.2, 0.3, and 0.4mol/L, the water
content in the soil is reduced to 35.63%, 35.2%, 34.85%,
34.00%, and 29.01%, respectively. With increases in the acid
concentration, the rate of evaporation decreases with an
increase in time. As the water content in the soil decreases,
the flow of water from the bottom to the top of the sample is
not sufficient enough to maintain a constant rate of
evaporation, and therefore, the rate of evaporation begins
to decline, and the first stage of the evaporation is
completed.

In the subsequent stage where there is deceleration of
evaporation, the water content in the soil continuously
decreases with time, and the rate of evaporation also con-
tinues to decrease. In this stage, the water content in the soil
gradually becomes the controlling factor for the rate of
evaporation, while the ambient conditions play a less im-
portant role. *is stage will continue until the soil surface
becomes dry. *e test results show that the duration of this
stage decreases with increases in acid concentration.

After this is the stage where there is residual evapo-
ration. *e soil surface and the soil are quite dry, and there
is no, or insufficient, water in the soil that can be trans-
ported to the surface. *is results in the termination of
surface evaporation. At this time, heat exchange between
the soil and water takes place, and water in the soil va-
porizes and escapes through the dry surface layer by
molecular diffusion. *e rate of vaporization of water is
mainly controlled by the water content of the soil below the
surface layer and the gradient of the vapor pressure in the
soil. *e rate of vaporization is, in general, extremely slow.
As drying continues downward, a thick hard soil layer is
formed on the upper part of the soil surface. Evaporation is
greatly reduced since the water molecules have to go
through a thicker and thicker dry layer of soil. In this stage,
evaporation is mainly controlled by the characteristics of
the soil layer. When the thickness of the dry layer of soil
reaches a certain value, evaporation becomes constant. At
this time, the water content of the soil surface is equal to the
residual water content. *erefore at this stage, the amount
of acid concentration has no significant effect on the rate of
evaporation.

3.2. Desiccation Cracks on Soil Surface with Different Con-
centrations ofAcid. Soil, in its natural state, is in the form of a
porous medium. When saturated, its pores are filled with
water. As shown in Figures 5 and 6, water in the soil decreases
to a certain amount before surface cracks begin to appear.
*ere are significant differences in the crack development for
different acid concentrations. During drying, the decrease in
the water content leads to suction and shrinkage of the soil
and the development of tensile stresses. When the tensile
stress exceeds the tensile strength of the material, fractures
develop. Facture development can be measured by fractal
dimensions. As shown in Figures 5 and 6, the development of
cracks in the soil according to the fractal dimensions with
different acid concentrations can be divided into three stages:
Stage I is the initial stage of cracking, Stage II is the crack
development stage, and Stage III is the crack stabilization
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stage. When the acid concentration is greater than 0.4mol/L,
Stages I and III disappear with only steady crack development
from the beginning to the end of the test.

3.3. Stage I: Initial Cracking Stage. In Stage I, as the water
content decreases, a single crack first appears on the soil
surface which is followed by further extension and devel-
opment of the crack. With time, a network of primary cracks
is formed by joining adjacent cracks due to the development
of suction in the soil.

3.4. Stage II: Crack Development Stage. After the formation
of the primary crack network, new cracks, which are referred
to as subcracks, begin to branch out from the primary cracks
with some growing perpendicular to the main cracks. Some
subcracks subdivide the primary block formed by the pri-
mary cracks into more secondary networks until they in-
tersect with the adjacent primary crack perpendicularly
which will stop them from growing further. In some blocks
formed by the secondary subcracks with large areas, it is
possible to further develop branch cracks on the subcracks,
thus leading to a complete secondary crack network.
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Figure 4: Drying time variations: (a) average moisture content of contaminated samples with different acid concentrations vs. time, (b) rate
of evaporation of contaminated samples with different acid concentrations vs. time.
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3.5. Stage III: Crack Stabilization Stage. After the steady state
stage of the development of a secondary crack network, no
new cracks appear on the soil surface even though the
evaporation continues. As drying continues, the existing
cracks gradually widen until they finally stabilize. *ere is
almost no change in the morphology of the surface crack
network except that the cracks become a little wider.

Figure 7 shows the critical water content for crack
formation with different acid concentrations. Suction and
tensile strength are two main parameters that control crack
formation [20]. *e introduction of acid mainly affects the
tensile strength of the soil during shrinkage. *e acid reacts
with the mineral composition of the clay which affects its
cohesion and tensile strength. Figure 8 shows that as the acid
concentration increases, a large amount of clay minerals is
chemically decomposed by the acid which cannot resist the
tensile stress developed in the soil. *is leads to an increase
in the deformation of the soil particles, thus reducing the
stability of the soil particle structure. *e results show that
acid contamination can significantly weaken the mechanical
strength of clay.

4. Discussion of Results

Clay minerals have high dispersibility, high hydrophilicity,
strong adsorption, and ion exchange properties. Flat clay
mineral particles are extremely small with a large specific
surface area [21, 22]. *ey have strong physicochemical
interaction with water and form the main components of the
solid phase of clay. *e interaction between clay minerals
and HCl is the primary reason that the properties of acid
contaminated clay are affected. *e mass fraction of iron III
oxide (Fe2O3) and aluminum oxide (Al2O3) in the clay

minerals is relatively high, generally reaching up to 25%.
When clay is contaminated with acid, a chemical reaction
occurs with increase in the HCl concentration. *e chemical
process can be expressed by the following equation:

Fe2O3 + 6HCl⟶ 2FeCl3 + 3H2O

Al2O3 + 6HCl⟶ 2AlCl3 + 3H2O
 (8)

*e clay in the studied area contains a large amount of
calcium carbonate (CaCO3) and magnesium carbonate
(MgCO3). When HCl is added to the clay, CaCO3 and
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Figure 6: Fractal dimension variations of cracks in contaminated samples: (a) fractal dimension of cracks vs. average moisture content; (b)
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MgCO3 will be dissolved in the HCl solution due to an
increase in the H+ ions, resulting in Ca2+ and Mg2+ ions.*e
newly formed ions will react with the HCl solution according
to the following equation:

CaCO3 + H+⟶ Ca2+
+ HCO−

3

MgCO3 + H+⟶ Mg2+
+ HCO−

3

HCO−
3 + H+⟶ H2O + CO2

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(9)

Figure 8(a) shows that as the concentration of the acid
solution is increased, the residual water content of the
sample is decreased, and the development time of the crack
is also decreased. When the acid concentration is greater
than 0.4mol/L, the samples begin to crack at a water content
of 78%.*e chemical reaction of the clay minerals in the soil
leads to a decrease in the hydrophilicity and adsorption
properties of the soil. At the end of evaporation, the residual
water content is the lowest with the longest crack devel-
opment time.

As shown in Figure 8(b), the degree of cracking of the
sample increases with a higher acid concentration and an
increase in the average rate of evaporation. However, the
average rate of evaporation of the soil is decreased when the
acid concentration is greater than 0.3mol/L. *is is because
when clay reacts chemically with the HCl, it corrodes the free
oxides, carbonates, and minerals in the soil, thus causing
disintegration of the aggregate structure of the soil. When
the mass fraction of the clay is increased, the pore ratio and
pore water content are increased accordingly. Meanwhile,
with an increase in the evaporation time, the HCl corrodes
the sesquioxides that act as a cement in the clay which then
leads to a reduction in the cementation between the soil
particles which in turn enhances crack development.

5. Conclusion

Acid contamination significantly changes the evaporation
characteristics and development of desiccation cracks in
soils. *e evaporation characteristics of the soil samples
contaminated with different acid concentrations can be
divided into three stages: the steady rate of evaporation,
deceleration of evaporation, and residual evaporation.
With increases in the acid concentration, the critical water
content, where there is a change in the rate of evaporation,
decreases and the time to reach this water content in-
creases. Surface crack development in soil with different
acid concentrations can be divided into three stages: initial
cracking, crack development, and crack stabilization.
When the acid concentration is greater than 0.4mol/L, the
initial cracking and stabilization stages disappear, and only
steady crack development is observed from the beginning
to the end of the test. When the acid reacts chemically with
the clay minerals in the soil, this results in a decrease in the
hydrophilicity and adsorption properties of the soil which
results in an increase in the water loss. *ere are other
effects of acid on the evaporation characteristics of soil
which should be investigated further. Field studies are also
required to confirm the laboratory-scale results in this
study.
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Figure 8: Residual water content, average evaporation rate, and maximum fractal dimension of cracks of contaminated samples with
different acid concentrations: (a) residual water content, and (b) maximum fractal dimension.
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