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Salt crustis a soil layer formed by the cementation of soluble salt on the surface or
inside of soil with soil particles. The salt crust can alter the soil's ability to resist
wind erosion. To explore the characteristics of different types of salt crust, six
kinds of salt (CaCl,, KCl, Na,SO,4, NaCl, Na,COs, and NaHCO-) were selected and
sixsalt contents (0.2, 0.5, 1, 2, 3, and 4%) were set up to conduct the experiment of
a sandy soil crust. The experiment compares the characteristics of crust
appearance, compressive strength, and toughness of six selected kinds of salt
crust. The results showed that Na,SO4 formed the subflorescence, while CaCly,
KCl, NaCl, Na,COs, and NaHCO3 formed the efflorescences. The compressive
strength and toughness of Na,SO, salt crust initially increased and then
decreased as the salt content increased, and both the strength and toughness
reached the maximum when the salt content was 3%. At first, the compressive
strength of NaCl crusts increased and then stabilized as a result of the increase in
salt content. The toughness of the NaCl salt crust experienced an initial increase
and then a decrease, reaching the maximum when the salt content was 3%. The
compressive strength and toughness of the salt crusts of CaCl, and KClincreased
as the salt content increased. There was a slight increase in the compressive
strength of the crusts formed by Na,COsz and NaHCOs3, with hardly any noticeable
change even as the salt content increased, and the maximum compressive
strength was only 0.03 and 0.40 MPa, respectively. The crusts of Na,COz and
NaHCOgz were susceptible to wind erosion, while the crusts of KCl, CaCl,, NaCl,
and Na,SO,, having high compressive strength and crust toughness, were
capable of resisting wind erosion.

KEYWORDS

salt crust, crust appearance, compressive strength, crust toughness, wind erosion
resistance

Introduction

Soil wind erosion is an important component of soil desertification, and its control is
important to sandy soil management (Vi et al., 2006). Some kinds of soil crusts can compact
the soil structure and also improve the resistance of the soil to wind erosion (Li and Shen,
2006). There are two types of soil crust: biological crust and physical crust. A biological crust is
a layer formed by mosses, algae, microorganisms, etc., and their secretions cement soil
particles. Biocrust formation requires a long period, but it has high resistance to wind erosion.
Physical crusts are formed when fine particles clog the soil surface pores during rainfall
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splashing or when fine particles adhere to large soil particles during
soil water evaporation. Physical crusts are formed in a short time and
are much less resistant to wind erosion than biological crusts
(Langston and Neuman, 2005; Li and Shen, 2006). Salt crust is a
special type of physical crust, which is a layer of soil crust formed
when soluble salts in the soil cement with surface particles or internal
particles (Li, 2018). The presence of salt crusts alters the structure of
the soil and affects its resistance to wind erosion (Ji, 2001). In
addition, salt crusts can increase the water content in the soil beneath
the crusts (Zhang et al,, 2010), thereby causing a further increase in
the binding capacity of soil particles, which in turn improves the
resistance of soil to wind erosion (Chepil, 1951; Yi et al., 2006).
Where vegetation is scarce, the presence of salt crusts is of great
importance to soil resistance to wind erosion.

The formation of salt crust is influenced by a variety of factors.
When the brine solution evaporates in the porous medium, as
evaporation proceeds, salt solubility increases and reaches the salt
saturation concentration, resulting in precipitation of salt crystals. The
initial salt concentration of the brine solution, temperature, and
humidity affect the formation of salt crusts (Clercq et al., 2013; Rad
et al, 2015; Menéndez and Petranova, 2016; Shokri-kuehni et al.,
2017a; Shokri-kuehni et al., 2017b). The higher the initial concentration
of the brine solution, the higher the evaporation temperature of the
evaporation surface, and the lower the humidity of air, the earlier the
formation of salt crystals, and the easier it is to form salt crusts. The type
of salt crust formed by different salts also varies. Na,SO, forms the
subflorescence at room temperature, with salt crystals crystallizing in
the pores of the surface soil layer, while NaCl forms the efflorescences,
with salt crystals aggregating on the soil surface (Benavente et al,, 2015;
Lindstrom et al,, 2015; Desarnaud et al., 2016). The efflorescences of
NaCl have two forms, “crusty” and “patchy”. When the particle size of
the medium material is larger, when the medium has more water-
repellent particles, or the medium particles have irregular angles, it
tends to form a discrete crust, which is the “patchy” crust. When the
particle size of the medium material is fine, it forms a continuity crust,
that is, a “crusty” crust (Eloukabi et al,, 2013; Rad and Shokri, 2014). In
further studies on salt crust, it was found that continuity crusts had
better resistance to wind erosion and reduced water evaporation from
the soil (Nield et al,, 2016a; Zhang et al., 2019).

To investigate the characteristics of different types of salt crust,
six salts, CaCl,, KCI, Na,SO,, NaCl, Na,CO3, and NaHCO3, were
selected in this study to compare the crust appearance, compressive
strength, and crust toughness formed by the six salts. The aim was to
compare the crust characteristics formed by the six salts to provide
theoretical support in the practical application of salt crust.

Materials and methods
Materials

The sandy soil used in the experiment was obtained from the
dunes at the Gurbantunggut Desert in Xinjiang, China. The
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distribution of the particle size of the natural sandy soils is shown
in Table 1. To ensure the uniformity and representativeness of
the sandy soil, we selected soil with a particle size range of
100-200 um for the experiment. To remove the interference of
soluble salts in the soil, the soil was cleaned with deionized water,
and the cleaned sand was placed in an oven at 105°C for drying.
The salts used for the experiment were CaCl,, KCl, Na,SO,,
NaCl, Na,CO3, and NaHCOj; (purity >99.99%). Six gradients of
salt content were set for each salt, 0.2, 0.5, 1, 2, 3, and 4% (the
value of soluble salt mass as a percentage of the soil mass). The
solvent was deionized water.

Crust experiment

For the experiment, the mass of the soil was fixed at 750 g,
and the corresponding mass of salt at all salt content is shown
in Table 2. 100 ml of deionized water was added, stirred well,
and then poured into a mold (a cylindrical plastic cup of
3.5 cm height and 4 cm radius). The surface of the mold was
then smoothed, and the bulk density is 1.43 gcm™, after
which the samples were placed in an oven at 75°C until all
the water in the samples evaporated and the sample mass
reached constant weight. Ten replicates were carried out for
all salt content.

Data acquisition and processing

The dried samples were cooled to room temperature (the
average temperature is 24.41°C and the average humidity is
20.85% indoor). Photographs were taken from above and on
the side of the samples to observe the apparent morphological
characteristics of the crusts. The process of taking pictures
lasts about 2-3 min, and then the compressive strength was
immediately measured. The crust compressive strength was
tested with a digital electronic manometer (HANDPI, HP-
1000N, accuracy: 0.1 N, range: 0-1000 N). The manometer
was fixed on a holder, and the speed of the manometer probe
was set to 1 mm s™' and the diameter of the manometer probe
is 10 mm. The stress-time curves were automatically recorded
by the manometer connected to a computer. The compressive
strength of a sample was the value of the maximum
compressive strength on the stress-time curve of the
sample. The average and standard deviation of the
compressive strength of each salt content were calculated,
and the average of the compressive strength was represented
as the compressive strength of the samples at the same salt
content. The energy absorbed by the crust per unit area is the
toughness of the crust, that is, the ratio between the work done
by the manometer probe and the area of the manometer probe
when the compressive strength of the crust reaches its

maximum.
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TABLE 1 Particle size of natural wind sand.

Particle size <50 (%) 50-100 (%) 100-200 (%) 200-300 (%) 300-500 (%) >500 (%)
(um)
Ratios (%) 12 1.8 722 175 42 3.1
TABLE 2 Quantity of crystalline salt at different salt content. crystals appeared on the surface of the salt crusts, except for
Salt content 02% 05% 1% 2% 3% 4% Na,SO,. The salt crusts formed by Na,CO; had the largest area of
salt crystals on the surface and had some fine polygonal fractures.
Wind-sand soil quantity (g) 750 750 750 750 750 750 When the salt content was 4%, the salt crystals did not appear on
Salt quantity (g) L5 375 75 15 15 30 the surface of Na,SO, salt crusts still, and the salt crystals on the
surface of the other five salt crusts increased noticeably.
Polygonal fractures existed on the surface of both salt crusts
of Na,CO; and NaHCOs3, and an obvious expansion could be
Results seen in the crust formed by Na,CO;.
The side view photographs of Na,CO; and NaHCOj crusts are
Characteristics of salt crust appearance shown in Figure 2. When the salt content was 0.2%, the surface of
the crusts formed by Na,CO; and NaHCO; had cracked but did
Figure 1 shows the appearance of the crusts of the six salts at not exhibit swelling. When the salt content was 1%, obvious
different salt contents. As can be seen from Figure 1, there were swelling could be seen in the Na,CO; samples, and swelling
differences in the appearance of crusts formed by the different was seen only in the surface edge area in the NaHCO; samples.
salts. When the salt content was 0.2%, there were no macroscopic When the salt content was 4%, the swelling phenomenon inside
salt crystals on the surface of all six salt crusts, and the color of the both samples was further intensified, the crusts formed by Na,CO;
crusts was brownish-red. There were a few cracks at the surface of had separated from the soil thoroughly, and the internal loose sand
Na,CO;3; and NaHCOj crusts, while cracks were not seen on other under the crust could be seen. The crusts formed by NaHCO; were
salt crusts. When the salt content was 1%, macroscopic salt lifted noticeably from the sample.

FIGURE 1
Apparent morphology of salt crusts (A, B, C, D, E, and F represent CaCl,, KCl, Na;SO4, NaCl, Na,COs, and NaHCOs3 six kinds of salt, respectively;
1, 2, and 3 indicate salt content of 0.2, 1, and 4% respectively).
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FIGURE 2

Side view photographs of Na,COsz and NaHCOx3 salt crusts
(E, F represent Na,CO3z and NaHCOs respectively; 1, 2, and
3 indicate salt content of 0.2, 1, and 4% respectively).
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FIGURE 3
Diagram of compressive strength variation of salt crust.

Compressive strength of salt crusts

Figure 3 showed the variation of compressive strength with salt
content for the six salt crusts. The compressive strength of different
salt crusts varied with the salt content variation. With the increase
in the salt content, the compressive strength of the Na,SO, crust
increased first and then decreased, reaching a maximum of
5.12 MPa at a salt content of 3%. The compressive strength of
the NaCl crust increased first and then remained stable, and the
compressive strength of the crust of NaCl reached 3.59 MPa when
the salt content was 3% and 3.76 MPa when the salt content was
4%, which was only an increase of 4.7%. The compressive strength
of KClI and CaCl, crusts increased almost exponentially with the
increase of the salt content. The compressive strength of NaHCO;
crusts increased slightly but then decreases, reaching a maximum
at 0.5% salt content, but its compressive strength was only
0.40 MPa. The compressive strength of Na,CO; crusts was
almost stable, and the maximum was only 0.03 MPa.
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When the salt content was <3%, the compressive strength of
the crust formed by Na,SO, was significantly higher than that of
the other five salt crusts (p < 0.05), and the compressive strength
reached 1.15 MPa when the salt content was 0.2%. When the salt
content was >3%, the compressive strength of the crusts formed
by CaCl, and KCl salts was higher than that of the crusts formed
by Na,SO,. The compressive strength of CaCl, and KCI salt
crusts reached 5.36 and 4.98 MPa at 4% salt content, respectively,
while the compressive strength of Na,SO, and NaCl was slightly
less, 4.53 and 3.76 MPa, respectively.

Stress-time curve and toughness of crusts

Figure 4 showed the stress-time curves of four salts, Na,SO,,
NaCl, CaCl,, and KCl at different salt contents (the stress-time
curve of Na,CO; and NaHCO; crusts was not considered
because the compressive strength of their crusts was very
small). The energy absorbed by the crust per unit area is the
toughness of the crust, and Figure 5 is the graph of the crust
toughness of four salts. From Figure 4 and Figure 5, it could be
seen that the crust compressive strength and crust toughness did
not always have a positive correlation, and there were differences
in the toughness of different salt crusts. The toughness of the
Na,SO, crusts and the NaCl crusts all increased and then
decreased. The crust toughness of KCl and CaCl, increased
gradually as the salt content increased, with the crust
toughness of KCI being slightly higher than that of CaCl,.
When the salt content is <3%, the crust toughness of Na,SO,
was higher than that of CaCl,, KCl, and NaCl, while in the range
of the salt content between 2 and 3%, the difference between the
crust toughness of Na,SO, and NaCl was not obvious. When the
salt content is 4%, the crust toughness of CaCl, and KCl was
greater than that of Na,SO, and NaClL

Discussion
Salt crust surface characteristics

Under these experimental conditions, Na,SO, formed the
subflorescence, with most of the salt crystals distributed inside
the soil and fewer salt crystals distributed on the surface of the
soil, which was the same as the results of the previous studies
(Espinosa et al., 2007; Shahidzdeh-bonn et al., 2010; Gentilini
et al, 2012; Li et al,, 2021). NaCl, CaCl,, KCI, Na,CO3, and
NaHCO; formed the efflorescences. As the salt content
increased, the crystals of salts gradually increased on the
surface of a sample. The crusts formed by Na,CO; and
NaHCOj; produced the phenomena of cracks and swelling on
the samples, which was related to the crystallization process of
Na,CO; and NaHCOs;. Both solutions could produce hydrate
crystals. The hydrate crystals were all bigger than the crystals of
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FIGURE 4
Stress-time curves of four salts with different salt content.

Na,CO; and NaHCO;. The saturated Na,COj3 solution produced
Na,CO3-10H,0 crystals, and the Na,CO5-10H,O crystals would
increase in volume, and the formation of hydrate crystals in the
soil would produce stress to the surrounding sand grains, causing
the soil to swell. The crystals of Na,CO;-10H,O would lose water
at temperatures higher than 33°C to form anhydrous Na,CO;
crystals. The crystals of anhydrous Na,CO; decreased in volume.
Crystal expansion and shrinkage resulted in soil expansion and
cracking. The Na,CO3-10H,O crystal layer crystallized on the
surface of the soil lost water and then decreased in volume,
resulting in the surface crust being cracked (Rijniers et al., 2005;
Liu, 2016). The NaHCOj solution had a similar phenomenon to
the Na,CO; solution, but the volume expansion of NaHCO;-
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10H,0 was smaller than that of the Na,CO3-10H,0, so its cracks
and expansion were smaller than those of Na,COs. The swelling
phenomenon of Na,CO; and NaHCOj salt crusts was related to
salt content. The greater the salt content, the more obvious the
salt swelling phenomenon, which could be verified from Figure 2.

Compressive strength

During the evaporation of soil water, the brine in the fine pores
evaporates and the salt crystallizes as the salt solution reaches
saturation solubility (Rad et al, 2013; Li et al, 2021). In this
experiment, the crystals of Na,SO, formed the subflorescence, and

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.905410

Xu et al.

0.012 4

—=—CaCl,
- e KCI

0.010

0.008

o

f=

S

(=}
1

Crust toughness (J/cm?)
g ;
9
1

0.002

0.000

0.2% 0.5% 1% 2% 3% 4%

Salt content %

FIGURE 5
Diagram of a variation of crust toughness.

most of the salt crystals crystallized in the internal pores of the soil.
When the Na,SO, content was <3%, with the increase in salt content,
the number of salt crystals crystallized in the pores gradually
increased, the cementation between salt crystals and soil particles
became strong, and the compressive strength of the salt crust
increased. With a further increase in salt content (>3%), the
crystals gradually filled the soil pores and generated salt swelling
pressure, which damaged the soil structure, and the compressive
strength of the salt crust formed by Na,SO, decreased obviously. In
these experiments, NaCl, KCl, and CaCl, formed the efflorescences,
with salt crystallization occurring mainly on the soil surface. As
evaporation proceeded, the salts gradually accumulated on the soil
surface, and the thickness of the salt crust on the surface increased;
thus, the increase in salt content only increased the number of the
crystals on the surface of the soil and did not affect the internal
structure of the soil. Therefore, the compressive strength of these
three salts gradually increased with the increase of salt content. The
compressive strength of NaCl crusts remained stable at salt
content >3%, which might be due to the detachment of the salt
crust of NaCl from the soil surface, which hindered water evaporation
and inhibited the movement of salt ions to the soil surface (Nachshon
etal, 2018). The crystallization process of Na,CO3 and NaHCO; salts
resulted in severe salt swelling, which led to salt crust bulging. The
compressive strength of the two salt crusts was extremely low, with
the maximum compressive strength of the crusts of Na,CO; being
only 0.03 MPa and that of NaHCO; being 0.40 MPa.

Implications for wind erosion resistance

The crust strength and crust toughness of the crusts affect
the wind erosion resistance of the crusts. The greater the crust
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strength and crust toughness, the greater the potential
resistance of the crust to wind erosion, and the more
potentially erosive events the soil crust can withstand
(Nickling and Ecclesstone, 1981; Nield et al., 2016b). This
study compared the wind erosion resistance of six salt crusts
by three indicators: crust appearance, crust compressive
strength, and crust toughness. The surface of the crust
formed by Na,CO; and NaHCOj salts had obvious swelling,
exposing the loose soil beneath the crust (as shown in Figure 2),
and the compressive strength of the crust was extremely low.
The compressive strength of the crust formed by the two salts
was far from the sand fixation strength of 1 MPa (Han et al,
2000), and the crusts formed by the two salts would be
susceptible to wind erosion. The crusts formed by Na,SO,,
NaCl, KCl, and CaCl, were flat relatively, the salt expansion was
not observed, and the compressive strength of the salt crust was
stronger than that of other salt crusts. These salt crusts could be
used for increasing soil resistance. The compressive strength
and crust toughness of the Na,SO, crust both increased and
then decreased with the increase of the salt content. The
compressive strength could reach 1.15MPa at the salt
content of 0.2%, and the compressive strength and crust
toughness reached the maximum at the salt content of 3%,
with the best resistance to wind erosion. There are two stable
crystalline phases during Na,SO, solution crystallization,
decahydrate (Na,SO,4-10H,0) and anhydrous state (Na,SO,);
when the temperature is high, anhydrous Na,SO, is generated,
and as the humidity in the air increases, anhydrous Na,SOy is
transformed into Na,SO,4-10H,0. The solubility of Na,SO,-
10H,O is less than that of anhydrous Na,SO,, resulting in
super-saturation of Na,SO,4-10H,0, generating a crystallization
pressure and causing damage to the medium material (Steiger
and Asmussen, 2008; Saidov et al., 2015). Thus, the optimal salt
content of the Na,SO, crust for wind erosion resistance under
field conditions still needs to be further investigated. The
compressive strength of the NaCl crust increased first and
then stayed stable with the increase of salt content, reaching
the maximum of 3.76 MPa at the salt content of 4%. The
toughness of NaCl crust increased first too and then
decreased with the increase in salt content. The toughness
reached its maximum at the salt content of 3%, and its
compressive strength also reached 3.59 MPa, which was
slightly lesser than that of 4% (about 0.16 MPa). Thus, for
NaCl, the best potential resistance to wind erosion of the salt
crust was the salt content of 3%. The compressive strength and
crust toughness of KCl and CaCl, crusts increased gradually
with the increase in salt content, and the compressive strength
already reached 1.94 and 1.60 MPa, respectively, at 2% salt
content, both having wind erosion resistance. For the crusts
formed by Na,SO,4 NaCl, KCl, and CaCl,, the compressive
strength and toughness of the crust formed by the Na,SO, are
higher than those of the remaining salts, and the wind erosion
resistance is the best when the salt content is <3%; the crust
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formed by CaCl, has the best wind erosion resistance when the
salt content is 4%, its compressive strength is the greatest, and
the crust toughness is also better.

Conclusion

In this article, Na,SO,, NaCl, CaCl,, KCl, Na,CO;, and
NaHCO; were selected for salt crusting experiments to
investigate crust properties related to resistance to wind
erosion, and the following was concluded.

1) Na,SO, formed a subflorescence, and the appearance of the
salt crust was not affected by the increase in the salt content.
CaCl,, KCl, NaCl, NaHCOj; and Na,CO; formed
efflorescences. The area of crystals on the surface of the
soil increased gradually with the increasing salt content.
Soil expansion occurred with Na,CO3; and NaHCO; crusts
as salt content increased.

2) The compressive strength of Na,SO, crusts increased first and
then decreased with increasing salt content, reaching the
maximum at 3% salt content. The crust compressive strength
of CaCl, and KCI increased continuously with increasing salt
content. The compressive strength of the NaCl crust increased
first and then stabilized at the salt content of 3% with increasing
salt content. The crust compressive strength of Na,CO; crusts
was low, with a maximum of only 0.03 MPa. The compressive
strength of NaHCO; crusts was low too, and the maximum was
only 0.40 MPa.

3) The crust toughness of both Na,SO, and NaCl increased and
then decreased with increasing salt content, and the crust
toughness reached the maximum at 3% salt content. While
the crust toughness of both KCl and CaCl, gradually
increased with increasing salt content.

The salt crust of Na,CO3 and NaHCO; swelled, destroying
the internal structure of the soil, and the compressive strength of
the crusts was low, which is not suitable for protecting wind-sand
soils. The salt crust formed by Na,SO,, NaCl, KCI, and CaCl, had
higher crust strength and better crust toughness, having the
power to resist wind erosion. Under these experimental
conditions, the optimum salt contents of the four salts were 3,
3, 4, and 4%, respectively. The crust formed by Na,SO, has the
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