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The degree of damage to heritage structures in arid areas can be particularly serious due to long-term exposure to a harsh arid climate.
In this paper, the characteristics of evaporation and cracking of soil taken from heritage structures with different NaCl concentrations
are experimentally investigated by subjecting saturated soil samples taken from the Wang-Jing tower in Weihui City, Henan
Province. Making soil sample of water content of 110% is used to test the rate of evaporation at a constant temperature and humidity,
through which the changes in the evaporation rate, water content, fracture development, and fracture fractal dimension are obtained.
The results show that, (1) with higher water content, NaCl can affect the evaporation process by increasing the matrix suction of the
soil of the Wang-Jing tower and then affect the cracking process of soil. When 0%, 1%, 2%, and 4% NaCl are added, the residual water
content of the samples is 3.15%, 4.23%, 4.82%, and 5.89%, respectively, which show an obvious trend of increasing water content; (2)
the period with a stable fracture fractal dimension of the samples is shortened with an increase in NaCl concentration, and its
maximum fractal dimension is reduced in turn; and (3) at a lower water content, NaCl crystallizes and precipitates in the pores of the

soil, which provide a cementitious effect among the soil particles, thus inhibiting crack development.

1. Introduction

The rapid economic and large-scale infrastructure devel-
opments in China have impacted not only the environment
but also historical artifacts. Historical buildings, also known
as heritage buildings, remnants, tombs, ruins, and relics
(collectively called heritage structures here), are physical
markers of civilization that attest to the historical and
cultural developments of China. Some heritage structures
are unfortunately being demolished due to urbanization,
while others face deterioration caused by weather elements
such as heat, cold, frost, wind, and rain as well as damage
caused by humans such as graffiti. Heritage structures are
irreplaceable since they have historical value. Therefore, the
preservation of heritage structures is imperative so that they
can withstand the test of time. In particular, heritage

structures in arid lands, such as in northwestern China, face
special challenges due to extreme temperature ranges, wind,
and dry desert air, which accelerate the deterioration of
ceramic, porcelain, and earthly materials such as clay and
adobe bricks, with various degrees of damage [1]. Because of
the long-term exposure to such harsh climatic environ-
ments, the degree of damage to the heritage structures in arid
areas can be particularly serious. As such, many researchers
have studied the deterioration of heritage structures in arid
lands and found that the deterioration is mainly caused by
the degradation of the building materials. The degradation is
closely related to the basic properties of the materials, such as
their density, particle size, amount of soluble salt and
minerals, and mechanical strength [2]. In studying the wet-
dry cycle of soils, Shen et al. (2017) found that soils with
sodium sulfate (Na,SO,) added show Na,SO, on the surface
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of the material, while soils with sodium chloride (NaCl)
show less NaCl on the surface [3]. The degree of damage of
the material with salt depends on the crystallization process
of the minerals. When the initial water content of the soil
taken from the heritage structures in arid lands is less than
5%, its strength and durability decrease during the freeze-
thaw cycle, which eventually results in severe loss of strength
of the material [4].

In recent years, extreme weather conditions that range
from drought to heavy rainfall have resulted in an increase in
cracking of exposed soil surfaces, which has led to more re-
search activities that strive to understand soil cracking and
treatment, especially in arid lands [5, 6]. Dry shrinkage cracks
are a common phenomenon caused by capillary suction and
tensile stresses due to drying [7-9]. It is known that the for-
mation and expansion of cracks and crack networks depend on
many internal and external factors. For example, adding
biochar to soils can change the evaporation process and
therefore change the characteristics of drying and shrinkage
cracks of sodium soil. This effectively reduces the disorderly
arrangement of surface cracks of soil, which reduces or inhibits
soil cracking [10]. Yang et al. (2021b) studied the fractal di-
mension of surface cracks and the rate of crack growth by
adding different amounts of fly ash to soil. They concluded that
the shrinkage and evaporation processes in soil are closely
related to the properties of the soil, such as the clay content,
mineral composition, and internal soil structure [11]. Li et al.
(2021) and Yang et al. (2020) studied the development of
surface cracks on soil with biomass ash by using image pro-
cessing technology and the fractal theory. Some scholars found
that the addition of biomass ash to soil can effectively prevent
the evaporation of water in the soil and soil cracking [12, 13].
Wang et al. (2021) and Bing et al. (2021) proposed a statistical
framework to describe the probability of the distribution of the
fractured area as a function of the water content. The effects of
maize roots and NaCl on the changes in the morphology of the
fractures in the shrinkage and swelling of soil are determined
[14, 15]. Others found that the presence of salt can effectively
inhibit crack development. Tension cracks in soil slopes sig-
nificantly reduce their stability by allowing deeper and faster
infiltration of water into the slopes. The formation of tension
cracks depends on the type of soil, the degree of drying of the
slope surface, and the availability or lack of water [16-19].
Therefore, previous studies show that adding an additive, such
as salt or biochar, to soil can change the characteristics of soil,
which is relevant to this study, which involves an arid climate
and heritage structures that are constructed of soil.

The alkalization of soils in the arid areas of northwestern
China is due to intense rainfall that is short in duration and an
arid climate which contributes to a high rate of evaporation,
thus causing water and salt migration. On the one hand, water
movement in the soil results in salt migration from the top to
the bottom and the inside to the outside of the soil layer,
which may eventually accumulate and form a salinization
zone at the bottom of heritage structures that are made of soil
[20]. On the other hand, capillary action results in uneven
distribution of salt on the soil surface at the maximum height
of the capillary rise in the soil [21], which leads to alkalization
of the soil. The deterioration of the heritage structure includes
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flaking and stripping of the soil surface, erosion, and cracking,
which are closely related to water and salt transport in the soil.
The deterioration of the soil leads to serious damage to the
heritage structures [22, 23]. Shen et al. (2014) studied the
salinization process of soil with different concentrations of
NaCl and Na,SO, with the use of ultrasonic testing. They
found that the speed of the P wave gradually decreases with an
increase in the number of wetting and drying cycles. Also, an
increase in salt content accelerates the salinization process
[24]. Cui et al. (2019) found that heritage structures have been
damaged to various degrees due to the coupling action of
freeze-thaw cycles and salt salinization caused by snowfall by
monitoring the temperature, water contents, and soluble salt
concentration in the soil at three typical heritage structures
sites in Northwest China [25].

Many heritage structures in China are built on, in, or with
soils. However, with time, they degrade. As these structures
have historical importance, it is very important to study the
degradation of soils in order to preserve these structures.
There are a number of studies conducted on the foundation
soil of heritage structures in China. However, there are few
studies on the Wang-Jing tower located in Weihui City,
Henan Province, China. The Wang-Jing tower has special
relevance because it is the largest building constructed of
stone without any beams. In this paper, the foundation soil of
the Wang-Jing tower is studied to determine the effects of
NaCl on the mechanical properties of the soil. The effects of
NaCl are studied. As such, this addition of NaCl is expected to
change the evaporation rate of the soil, which can be mea-
sured by the change in the water contents. Drying of the soil
will lead to surface crack development, which is captured by
using a camera and processed with image processing software.
This will provide a quantitative measure of the effect of NaCl
on surface crack initiation and propagation in the soils.

2. Materials and Method

2.1. Materials. 'The soil used in the experiment was obtained
from the foundation of the Wang-Jing tower in Weihui City,
which is located on the North China Plain and has a warm
continental climate. There is an abundance of water from
rainfall and plenty of sunny days in Weihui. Hot and wet
summer days result in the wetting and drying cycles of the
ground, which promote surface crack development. The
walls of the Wang-Jing tower have visible cracks before and
after restoration work was done on the tower in 2006; see
Figure 1. The cracking of the tower might be caused by the
uneven settlement of foundation soil due to the cracking. In
order to study the foundation soil, four sampling points were
located near the tower. Soil samples were obtained at a depth
of 10 to 20 cm from the ground surface. The soil samples
were then air-dried in the laboratory, crushed, and sieved
through a 2 mm sieve; see Figures 2(a)-2(c). The physical
and mechanical properties of the soil are shown in Table 1.

2.2. Experimental Method. In the experiment, the soil
samples with a particle size less than 2 mm were divided into
four groups: a group without NaCl was used as the control,
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Figure 1: Condition of the Wang-Jing tower and foundation soil. (a) Before the repair. (b) After the repair. (c) Crack phenomenon of
foundation soil.
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FiGure 2: Flowchart of the experimental process.

TaBLE 1: Physical and mechanical properties of the soil from the Wang-Jing tower.
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and the other three groups had NaCl concentrations of 1%,
2%, and 4% of the dry soil mass. Distilled water was added to
all of the soil samples to give an initial water content of 110%
as shown in Table 2. The soils were thoroughly mixed for 30
minutes to produce a homogeneous material. The soils were
poured into 25 cm diameter cylindrical plexiglass containers
of 4 cm in height; see Figure 2(d). Two sets of samples were
made for each group for comparison of the test results.

The samples were placed in an environmentally con-
trolled incubator for 10 days under a constant temperature
of 25°C and humidity of 40% so that the NaCl could be
completely absorbed in the soil. After 10 days in the in-
cubator, the soil samples were removed and mixed again to
ensure that each sample was homogeneous. The samples
were placed in a constant temperature drying oven at a
temperature of 25°C and relative humidity of 40%. Pictures
were taken during the drying process to observe the crack
development. The water contents were calculated by mea-
suring the changes in the mass of the samples. The tests were
terminated when there were no observable changes in the
water content.

2.3. Image Processing. With the rapid development of
computer imagery, digital image processing technology has
been widely used in many fields in science and engineering.
In studying the process of fracture development, it is nec-
essary to process digital images quantitatively by calculating
various fracture parameters in order to analyze the geo-
metric and morphological characteristics of the fracture
network [26-28]. In processing digital images, the first step
is to convert the original colored image (Figure 3(a)) to
grayscale in order to better observe the cracks (Figure 3(b)).
Impurities due to sample defects or image noise are removed
in the second step to improve the quality of the image and
increase the accuracy of the quantitative fracture analysis
(Figure 3(c)). In the third step, the grayscale image is
binarized by using the threshold segmentation method to
convert the grayscale image into black and white pixels.
During the conversion, the target pixels within a certain
threshold range are assigned the same color, that is, black or
white, so that the contours and boundaries of the fractures
are enhanced (Figure 3(d)). Based on the black and white
image, the fracture network is enhanced in the fourth step;
see Figure 3(e). Finally, the fractal dimensions are calculated
for all of the fractures; see Figure 3(f).

2.4. Calculation of Evaporation Rate. During the test, the
loss of weight of the samples is due to the evaporation of
water. Drying of the soil also results in the development of
surface cracks. The evaporation rate (E) is an important
indicator of fracture development. At the experimental site,
the parallel sample (rectangular shape) was soaked with
water and placed in the air together with the electronic
balance, whose change of the weight at different times was
recorded by a computer. The evaporation rate (E) per unit
surface area of the sample can be calculated from the
following formula:
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TaBLE 2: Test design of the samples.

Sample no. Parallel sample NaCl (%) Initial water content (%)
1-1 1-2 0 110
2-1 2-2 1% 110
3-1 3-2 2% 110
4-1 4-2 4% 110

Am
P sy W

where Am is the mass of the evaporated water, At is the
evaporation time, and Sg is the surface area of the soil
sample.

Fractal dimension can quantitatively characterize the
morphological characteristics of fractures, which are an
important parameter that can be calculated from the digital
images of the fractures. In this study, the box dimension
method is used. The box dimension method calculates the
factual dimension by covering the entire image with square
boxes of dimension r. The fractal dimension D can be
calculated from the total number of box counts, N, as
follows:

D= lim Y0
r—o0 lgr

. (2)

3. Laboratory Test Results

3.1. Effects of Salt Content on the Rate of Evaporation. The
initial water content of all of the samples is 110%. The results
on the changes in the water content and the rate of evap-
oration are shown in Figure 4. Figures 4(a) and 4(b) show the
changes in water content with time. All four groups of
samples with different NaCl concentrations show a similar
trend with time, that is, a gradual decrease in the water
content with drying and reducing to stable water content at
the end of the drying process. However, there is some
fluctuation of the water content for Sample 1, which does not
contain NaCl, before reaching the final stable state. The
water content of Samples 2, 3, and 4 with NaCl concen-
trations of 1%, 2%, and 4%, respectively, is smoothly de-
creased before the final state. In the final stage of drying, the
residual water content in the sample with a high NaCl
concentration is significantly higher than that in the sample
with lower NaCl concentrations. The samples with 0%, 1%,
2%, and 4% NaCl have residual water contents of 3.15%,
4.23%, 4.82%, and 5.89%, respectively, which show an ob-
vious trend of increasing water content.

The trend of the rate of evaporation with time for all of
the samples with different NaCl concentrations is basically
the same; see Figures 4(c) and 4(d). Based on the evaporation
rate with time, the evaporation process can be divided into
three stages: the first stage is a constant rate of evaporation,
the second stage is a decreasing rate of evaporation, and the
final stage is the residual evaporation stage. In the first stage,
the soil has excess free water, and surface evaporation is
controlled by the relative humidity of the air in the
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surrounding environment. The evaporation rate is about
0.9 g/h and fairly constant with time. In the second stage,
when all of the excess surface water has been evaporated,
there is an unsaturated flow on the surface of the sample. The
rate of evaporation decreases with time due to the reduced
permeability of the soil at the surface under unsaturated flow
conditions. In the third stage, most of the free water has been
evaporated with only water particles that are more tightly
bonded to the soil particles remaining. Evaporation has
basically ceased, and the residual water content does not
change with time. Removal of the remaining water is not
only dependent on the relative humidity of the surrounding
air but also dependent on the temperature. Increases in
temperature will result in more removal of water from the
soil.

Based on the experimental results, the trend of the rate of
evaporation of the samples with different NaCl concentra-
tions is basically the same. The residual water content of
Samples 1, 2, 3, and 4 with NaCl concentrations of 0%, 1%,
2%, and 4% is 3.15%, 4.23%, 4.82%, and 5.89%, respectively,
after 142 to 167 hours of evaporation. All of the samples have
an initial water content of 110%, which is much higher than
the residual water content.

3.2. Effect Salt on Cracking of Soil. The distribution of the
surface cracks in the soil can be quantitatively described by
using the fractal dimension. A larger fractal dimension
denotes more irregular and complex surface cracks [29].
Based on the fractal dimension and changes in the water
content of the samples, the development of fractures is
divided into three stages accordingly; see Figure 5(a). In the
first stage, after the first appearance of the surface cracks, the
fractal dimension increases linearly with time. With the
rapid development of fractures, a network of connecting
fractures appears on the surface of the soil. In the second

stage, the rate of fracture development decreases with the
formation of secondary fracture networks. In the third and
final stage, the fracture network remains unchanged, but the
fractures continue to develop with depth and width.

The development of the main fractures in the first stage
begins at the end of the first stage of evaporation when all of
the free surface water has been evaporated. When cracking
of the surface begins, a single crack will develop into multiple
cracks, which form the main fracture network. The second
stage begins when the rate of evaporation starts to decline
and evaporation changes to unsaturated flow at the soil
surface. While the main fracture continues to develop,
multiple secondary fractures perpendicular to the main
fracture begin to appear. With the continuous development
of the secondary fracture network, the final fracture network
divides the sample into different sizes of blocks. The third
stage of fracture development begins at the later stage of the
second stage of evaporation. In this stage, fracture devel-
opment of the sample turns into deepening and widening of
the fractures until evaporation stops. At this stage, the
growths of the fracture network and fracture development
basically stop.

For Samples 2, 3, and 4, the development of fractures
follows the three stages discussed here. In comparison to
these samples with different NaCl concentrations
(Figure 5(a)), there is no obvious trend of the fractal di-
mensions with NaCl concentrations in the first stage of
fracture development. However, the length of time of the
second stage is dependent on the NaCl concentration. The
duration of the second stage for Samples 1, 2, 3, and 4 is 56 h,
52h, 20h, and 10 h, respectively, which shows a decrease in
time with an increase in NaCl concentration. The results
show that the fractal dimension of Sample 1 with 0% NaCl is
significantly higher than that of the other samples. However,
the fractal dimensions of Samples 2, 3, and 4 do not follow a
decreasing trend with an increase in NaCl concentration. In
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FIGURE 4: Rate of evaporation versus time. (a) Water content versus salt concentration. (b) Water content versus salt concentration of the
second set of samples. (c) Rate of evaporation of samples with time for different salt concentrations. (d) Evaporation rate of samples with

time for different salt concentrations of the second set of samples.

the third stage, the fracture development tends to be stable,
and the fracture fractal dimensions reach the maximum
values. The maximum fractal dimension decreases with an
increase in NaCl concentration. The maximum fractal di-
mension of Samples 1, 2, 3, and 4 is 1.78, 1.7, 1.67, and 1.62,
respectively. The maximum fractal dimension decreases
significantly with increases in NaCl concentrations; see
Figure 5(b).

4, Discussion

The evaporation rate of the soil samples clearly shows three
stages of development, namely, the constant rate of evap-
oration, decreasing rate of evaporation, and residual

evaporation stages; see Figure 4. Evaporation of the sample
occurs on the soil surface. The evaporation of water on the
surface of the sample is due to the migration of water from
the lower part to the sample to the surface. In the first stage
of evaporation, the escape of the water molecules on the
surface of the sample is replenished by the flow of water and
salt to the surface due to capillary action. Since the soil is
oversaturated and there is excess free water in the soil, the
flow of water from inside the sample to the surface is under a
saturated state. Not only is the flow of water relatively
constant as there is no significant change in the saturated
permeability of the sample, but also the rate of the water flow
is higher compared to the unsaturated state. Therefore, the
rate of evaporation is constant during this stage. Capillary
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FIGURE 6: Crack development of Sample 1 during drying. Figure 6 mainly expresses the evolution process of fractures. It is observed that the
main fracture appears at first, and then a secondary fracture appears in the direction perpendicular to the main fracture, continues, and
finally evolves into the network fracture shape in Figure 6(e). (a) w =39.82%. (b) w = 38.20%. (c) w=31.77%. (d) w = 22.34%. (e) w = 21.13%.

water is the free water in the soil, which is found when the
water content of the soil is higher than its plastic limit [30].
With further evaporation, the water content of the sample
approaches its plastic limit, the capillarity action is reduced
or even disappears, and the sample begins to crack. Evap-
oration enters the second stage. At this time, cracking results
in an increase of the surface area for evaporation and a
shortening of the migration path of capillary water, which
increases evaporation. However, the increase in matrix
suction when the soil becomes unsaturated makes evapo-
ration more difficult. The result is a decrease in the evap-
oration rate. In the third stage, evaporation stops with an
increase in the matrix suction and the disappearance of
capillarity.

Evaporation causes a decrease in the water content with
time, and the soil changes from a more fluid state to a solid
state. With decreases in the water content and increases in
the matrix suction, surface cracks develop due to increases in
the tensile stress. The number, length, width, and depth of
the cracks gradually increase with evaporation, and crack
development becomes more intense. For example, the crack
development process of Sample 2 with 1% NaCl is shown in

Figure 6. After 81h of drying, the water content of the
sample reaches 39.82%, which is close to the plastic limit of
the soil sample (Table 1), when cracking began. At this time,
the main crack @ appears as shown in Figure 6(a); when
evaporation continues, the water content of the sample
continues to decline, and secondary fractures, @ and ®,
begin to develop in the direction perpendicular to the main
fracture @; see Figures 6(b) and 6(c). Finally, a network of
fractures is formed; see Figure 6(d). As evaporation con-
tinues, the length and width of the cracks continue to in-
crease in the area ® in Figure 6(e) until evaporation stops.
After that, there are no more changes in the water content,
and the development of the fractures ceases.

In fracture development, the tensile force and tensile
strength of the material govern the initial crack development
process. During evaporation, a decrease in the water content
results in capillary action in the pores of the soil and the
development of tensile stress due to matrix suction. When
the tensile stress exceeds the tensile strength of the soil,
cracking occurs [31]. Because of the development of a
gradient in the water content from the surface to the middle
of the soil or between different soil layers, cracks first develop



on the soil surface, which has the lowest water content. Stress
concentration occurs at the tip of the crack, which leads to
crack propagation, expansion, extension, and widening until
a stable crack network is formed [32]. With the continuous
reduction in water content, crack development will continue
until a stable stress configuration is achieved when the
fracture network is fully developed.

Adding NaCl to the soil has different effects on the
capillarity and evaporation with surface crack development
in the soil. With increases in salt concentrations and water
content, the effective stress in the soil is increased with
higher matrix suction and tensile stresses. This results in
different initial cracking times. At lower water content, NaCl
crystallizes and precipitates in the pores of the soil, which
provide a cementitious effect among the soil particles, thus
inhibiting crack development [33]. In short, evaporation
makes the water content of soil lower than the plastic limit,
resulting in soil cracking. In turn, soil cracking further
intensifies evaporation. This process runs continuously.
After the evaporation stops, the fracture shape gradually
tends to be stable.

5. Conclusions

Many studies have shown that adding NaCl to soil can
change the evaporation rate of water. In this study, different
amounts of NaCl have been added to soil to determine the
effects of salt on the rate of evaporation. The evaporation
process can be divided into three stages: the initial stage with
a constant rate of evaporation, the second stage with a
declining rate of evaporation, and the final residual evap-
oration stage. The effect of NaCl on the rate of evaporation is
not significant. With increases in salt content, the average
rate of evaporation decreases. The final residual water
content of the samples with the same initial water content is
3.15%, 4.23%, 4.82%, and 5.89% for samples with 0%, 1%,
2%, and 4% NaCl, respectively. The changes in the evapo-
ration rate of the soils are mainly caused by the coupling
effects of the physical and mechanical properties of the soil,
including capillary action, water and salt migration, matrix
suction, and crack development.

Evaporation plays an important role in the cracking and
crack development of soils. Evaporation causes a decrease in
the water content of the soil until the soil reaches the plastic
limit when cracking occurs. Crack development continues
until the end of the evaporation process. Fractal dimension is
an important parameter to characterize the development
and distribution of surface cracks. With different NaCl
concentrations, the time for the initial cracking is different,
but the crack development process shows three obvious
stages. With increases in the NaCl concentration, there is no
significant change in the fractal dimension in the first and
second stages of evaporation. However, in the third stage,
the fractal dimension decreases with increases in NaCl
concentration. The maximum fractal dimension of the soil
samples is 1.78, 1.7, 1.67, and 1.62 for Samples 1, 2, 3, and 4,
respectively. The maximum fractal dimension decreases with
increases in NaCl concentration. The findings are helpful for
ensuring the sustainability and long-term stability of the
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Wang-Jing tower as well as other heritage structures in
northwestern China that are threatened by the same arid
climate with similar soil foundations.
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