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The type and structure of clay minerals are among the main factors affecting the physical
and mechanical properties of loess, and the salt content plays a dominant role in many
factors affecting aggregation. In this study, the grain size analysis, Atterberg limits tests,
scanning electron microscopy (SEM), and energy spectrum analysis (EDS) were used to
explore the microstructure and physicochemical mechanisms of the aggregation of clay
particles. Finally, the unconfined compressive test, direct shear test, and elastic wave
velocity test were conducted to explore the effect of sulfate agglomeration on loess
properties. The results show that the salt-washing process leads to the loss of the original
soluble salt, dispersion of the original aggregates, and increase of fine particles, such as
fine silt and clay. With the increase of sulfate content, the content of fine silt and clay
decreases, the liquid limit and plasticity index decrease, the plasticity limit remains
unchanged, the aggregate content of fine silt and clay increases, the adsorption
capacity weakens, and the diffusion layer compresses and thins. The mechanical test
results show that when the sulfate content is less than 3%, the sulfate is almost completely
dissolved and the aggregate is less, which increases compressive strength and the
cohesion; when the sulfate content is more than 3%, too much sulfate cannot be
dissolved and precipitated; hence, the aggregate increases. However, the existence of
large volume mirabilite crystals reduces the cementation, which reduces the compressive
strength, increases the internal friction angle, and weakens the cohesion.

Keywords: sulfate, aggregation, Atterberg limits, microstructure, macroscopic characterization

INTRODUCTION

There have been many studies on the interaction between salt and clay minerals, and these
interactions are mainly manifested in the macroscopic effect on the Atterberg limits. Some
scholars have tested bentonite, kaolin, beidellite, montmorillonite, and artificial bentonite kaolin
mixtures (Di Maio et al., 2004), and others have tested the consistency limits liquid limit, plastic limit,
plasticity index, sediment volume, and squeezing properties) of 10 soil types with distilled water and
natural seawater (Yukselen-Aksoy et al., 2008), and all of the results have indicated that salt has a
greater influence on the plastic limit of montmorillonite but less on kaolinite and illite. Based on a
large number of experiments, the proportion, optimum water content, liquid limit, and plastic limit
of the saline soil prepared from the Luoyang loess were obtained, which decreased with the increase
of chloride content, with a linear variation law; the maximum dry density of the chloride saline soil
increased with the increase of salt content when the salt content was less than 8% and decreased with
the increase of salt content when the salt content was more than 8% (Wang et al., 2009). (Bjerrum
and Rosenqvist, 1956a) found that the shear strength of clay deposited in fresh water would be two to
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three times of that deposited in brine. Using the clay consistency
limits of four different salt solutions (ammonium chloride,
potassium chloride, copper sulfate, and ferrous sulfate) at eight
different concentrations, it was proven that the liquid limit
increased with the increase of the concentration of the salt
solution containing chloride ions and decreased with the
increase of the concentration of the salt solution containing
sulfate ions. In addition, whether it was saline soil containing
chloride or sulfate ions, the plastic limit of clay decreased at a low
salt concentration and increased at a high salt concentration
(Arasan and Yetimoglu, 2008). By studying the effects of three
different inorganic salt solutions on the mixing characteristics,
liquid limits, free expansion, consolidation characteristics, and
water conductivity of two clay-bentonite mixtures, it was found
that the salt content of the salt solution increased the maximum
dry density of the mixture and lowered the optimum moisture
content and liquid limit of the mixture. The main reason for this
effect was that the diffusion layer of the clay particles changed
(Karimpour-Fard et al., 2011), which is consistent with the results
of the study conducted by (Mishra et al., 2005). Some studies
illustrated that the liquid limit of montmorillonite was
significantly reduced by the influence of the salt solution (Di
Maio, 1996; Gleason et al., 1997). The thickness of the diffusion
layer was mainly caused by the concentration of sodium ions in
pore water (Rao et al., 1993).

The aggregation of clay particles is the main microscopic
mechanism of the influence of salt on Atterberg limits. From a
quiescent sedimentation test of montmorillonite with different
salt content, it was found that the aggregation process presented
different speeds with the change of salt content, and the speed was
the fastest close to 19% salt content and the slowest close to 1%
salt content (Lin et al., 2013). SEM and FT-IR were applied to
analyze the microstructure of aggregates, and it was found that
the strength and particle size of aggregates increased with
increasing salt content. The role of salt was to replenish the
electrolyte, where the electric double layer adhered to form a
dense aggregate (Liu et al., 2007a). In addition, a 2.25 m settling
column was used to study the effect of the salt content on the
aggregation velocity of fine particles, indicating that the
aggregation velocity increased with the increase of salt content
and that the aggregation velocity in brine was greater than that of
fresh water (Portela et al., 2013). Some scholars measured the
particle aggregation rate of three types of clays in the same salt
solution and found that the probability of montmorillonite
aggregation was higher than that of kaolin and illite, and
montmorillonite was most easily aggregated (Edzwald and
O’melia, 1975). However, it was found that the aggregation
characteristics of different clay minerals (montmorillonite,
illite, and kaolin) in still water affected by the salt content of
water were different: illite and kaolin were both aggregated at a

The Aggregation of Clay Particles

salt content of 2-3%, while the aggregation of montmorillonite
did not change significantly with salt content (Whitehouse et al.,
1958a).

The type and structure of clay minerals are among the main
influencing factors affecting the physical and mechanical
properties of the loess. There is a special soil layer called the
loess salted soil distributed in Northwest China, which has the
characteristics of Malan loess and saline soil. Because of the
interaction of salt and clay minerals, the physical and
mechanical properties of loess salted soil are complex. At
present, studies on sulfate saline soil mostly focused on
exploring the influence of salt change on the internal
structure of single-clay minerals such as highly active
bentonite and the influence of salt change on the
macroscopic  properties of soil (Liu et al., 2007b).
Macroscopically, it is mainly manifested in the study of limit
water content (Aksoy et al., 2008). Sivchantra explored the shear
strength of saline soil with different water content and salt
content at different temperatures. The results show that the
shear strength decreases with the increase of salt content at
room temperature, has the highest shear strength at zero, and 0
and 0.5% saline soil have the highest shear strength at zero
(Chantra, 2019). Di Mai et al. (2004) showed that salt has a great
impact on the liquid plastic limit of montmorillonite but has
little impact on kaolinite and illite (Aksoy et al., 2008). However,
there are few studies on the influence of salt change on the
physical and mechanical properties of loess clay agglomeration.

Therefore, sulfate saline soil with different mass ratios (0, 0.3,
0.5, 3, 5.0, and 8.0%) was prepared from the soil after salt washing.
In this study, based on the grain size analysis and Atterberg limits
test, the aggregation of clay particles by sulfate was studied.
Scanning electron microscopy (SEM) and energy spectrum
analysis (EDS) were used to study the microstructure and
physicochemical mechanisms of the aggregation of clay
particles. Finally, through the unconfined compressive test,
direct shear test and elastic wave velocity test were conducted
to explore the effect of sulfate agglomeration on loess engineering
properties.

MATERIALS AND EXPERIMENTAL
METHODS

Materials
The original loess used in the experiment is Malan loess in
Lanzhou. The natural water content is 5.89%. The basic
physical parameters are shown in Table 1.

Anhydrous sodium sulfate is a kind of white crystalline
particle or powder, the content of which is not less than 99%.
The specifications are shown in Table 2.

TABLE 1 | Basic physical parameters of the original loess.
Plasticity index

Liquid limit (%) Plastic limit (%) Plasticity index
27.0 15.5 1.5

Mass fraction (%)

2-0.075 mm
1017

0.075-0.01 mm
73.72

<0.01 mm
16.12
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TABLE 2 | Specification parameters of sodium sulfate.

Sodium sulfate Water insoluble Loss on ignition Chloride Others

>99.0 =0.005 =02 =0.001 =0.121

TABLE 3 | Conductivity test results of the original loess.

Salt washing times Conductivity (us/cm)

769 774 758 765 802 795 771 757
319 325 322 343 324 335 319 324
221 220 221 220 220 219 221 222
169 168 164 159 169 164 158 168
138 138 136 136 137 136 135 136
136 136 133 135 136 135 134 133

oo~ WN =

Sample Preparation
To explore the nature of the fine particles and avoid the

influence of larger particles on the test results, the salted
soil was crushed and passed through a 2-mm sieve to
remove impurities such as organic compounds or large
particles. Then, the sieved soil sample and distilled water
were mixed according to a volume ratio of 1:5, and the salt
was sufficiently dissolved by stirring. After resting the solution
until clarified, the supernatant was sucked out by a straw to
leave behind a soil sample. After repeated artificial
desalination of the soil samples, the desalted loess was
obtained, and the process is defined as salt washing. It is
necessary to test the conductivity of each soil suspension
with a conductivity meter to test the desalting effect of soil
samples. In addition, the temperature was controlled at 20°C
during the test. Conductivity test results of original loess are
shown in Table 3.

According to the preparation gradient, a certain amount of
anhydrous sodium sulfate in powder was weighed to form the
sulfate saline soil with 0, 0.3, 0.5, 3, 5, and 8% salt content. The
prepared saline soil was placed for 7 days to obtain the
maximum exchange adsorption of salt in the soil sample.
To make the salt completely displace in the soil, the soil
sample after adsorption should be added with sufficient
pure water, immersed in pure water for 2 days, and then
dried in a natural state so that the salt can completely
displace in the soil. The air-dried samples were reground,
mixed, and passed through a 2-mm sieve.

TABLE 4 | Test information.
Test Instrument

Grain size analysis test
Atterberg limits test
Scanning electron

Mastersizer 2,000 laser particle size analyzer
LP-100D liquid-plastic limit tester
Thermoscientific Apreos scanning electron

microscopy microscopy
EDS INCA energy dispersive X-ray spectroscopy (EDS)
system

Compression test
Shear test
Elastic wave velocity test

CSS-WAWBSB00 universal material testing machine
ZJ strain—controlled direct shear apparatus
RSM-SY5 (T) non-metallic ultrasonic testing analyzer

The Aggregation of Clay Particles
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FIGURE 1 | Particle size distribution graph of loess samples before and
after salt washing.

Experimental Methods

The Atterberg limits of soil reflect the difficulty with which the
soil changes from one state to another. The greater the plasticity
index of the soil, the stronger the plasticity is. An LP-100D liquid-
plastic limit tester was used to measure the depth of the cone at
different water contents. A Mastersizer 2,000 laser particle size
analyzer was used to test the particle size and determine the mass
fraction of each particle group. A Thermoscientific Apreos
scanning electron microscope was used to characterize the
micromorphology, and the chemical element analysis was
analyzed by an INCA energy-dispersive X-ray spectroscopy
(EDS) system. Therefore, on the basis of the aforementioned
tests, the unconfined compressive strength and elastic wave
velocity were studied by a CSS-WAW300 universal material
testing machine and RSM-SY5 (T) non-metallic ultrasonic
testing analyzer. A Z] strain—controlled direct shear apparatus
was used to explore the relationship between cohesion, internal
friction angle, and salt content. The test instrument information
is shown in Table 4.

RESULTS AND ANALYSES
Physical Index

The Results of the Grain Size Analysis Test

Figure 1 is the grain size analysis graph of loess samples before
and after salt washing. The loess before salt washing is defined
as the loess without desalination, and the loess after salt
washing is defined as saline soil with 0% salt content. It can
be seen from the figure that the particle composition of the
loess without desalination and saline soil with 0% salt content
is mainly powder, the content of which is more than 80%. The
content of fine particles in the soil with 0% salt content
increased, and the amount of fine silt and clay (<0.01 mm)
increased by 6%. The results show that the salt washing process
makes the larger particles finer so that the cumulative
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TABLE 5 | Indexes of different soils.

Sulfate content (%) Indexes Particle diameter (mm)
Loess without desalination  Coefficient of uniformity 6.339
Coefficient of curvature 1.117
0 Coefficient of uniformity 8.781
Coefficient of curvature 1.738
0.3 Coefficient of uniformity 2.364
Coefficient of curvature 0.071
0.5 Coefficient of uniformity 6.140
Coefficient of curvature 1.143
3.0 Coefficient of uniformity 6.426
Coefficient of curvature 1.169
5.0 Coefficient of uniformity 5.689
Coefficient of curvature 1.092
8.0 Coefficient of uniformity 5.690
Coefficient of curvature 1.144

100 salt content(%o)
%% %

=% —=—00 —*—03
~ \ 0.5 3.0
S\j %0 \'x 50 —*— 8.0
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3 '
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FIGURE 2 | Particle size distribution graph of different sulfate content in
saline soil.

percentage content of each particle size increases compared
with the loess without desalination.

Figure 2 shows the grain size analysis graph of different sulfate
contents in saline soil. It can be seen that the fine silt and clay of
saline soil display obvious changes. When the particle size is
greater than 0.075 mm (mainly sand), the change in the particle
size distribution graph is small with the change of the sulfate
content, indicating that sulfate content has no effect on the
particle size; when the particle size is less than 0.075 mm,
there is a significant difference in the grain size analysis graph
between the saline soil and desalted soil, with a maximum
difference of 7.48%. With the addition of sulfate, the particle
state changes, and the content of fine particles decreases.

According to the particle analysis curve, different grading
parameters of all soil samples can be obtained. The results are
shown in Table 5. It can be seen that the non-uniformity
coefficient of all the samples is greater than 5, and the
curvature coefficient is 1-3. Therefore, the existence of sulfate
has no effect on soil gradation.

The grain composition of soil includes the particle size and
proportion of each particle size in the soil, among which particle
size is the main factor affecting soil properties. With the increase
in sulfate concentration, the ion content increases gradually, and
the thickness of the colloidal diffusion layer gradually decreases,
which breaks the balance of the electrostatic force in the soil. In
addition, the decrease of fine particles in soil leads to the decrease
in the ability of the soil to adsorb weakly bound water and
enhancing the aggregation of fine particles and clay particles.
The addition of sulfate as an electrolyte reduces the proportion of
fine particles and clay because of aggregation, which leads to a
decrease of wet water of the cohesive soil and capillary water
rising height and affects the water-physical properties of the soil,
such as permeability, disintegration, and grain composition.

The Results of the Atterberg Limits Test
To ensure the reliability of the test results, three parallel tests are
conducted for each sample, and the test parameters within the

allowable error range are selected as the final results. That is, the
double-logarithm curve of water content-cone penetration depth
shall ensure that the two straight lines formed by the high water
content point and the other two water content points and the
difference of water content at the subsidence of 2 mm shall be less
than 2%.

Table 6 shows the Atterberg limits graph of all samples. It can
be seen from the table that the loss of soluble sulfate and
scattering of agglomerated particles in the process of salt
washing leads to the increase of clay particles, resulting in the
increase of liquid limit, plastic limit, and plastic index of the test
loess after salt washing. In addition, when the sulfate content is
less than 3%, the liquid limit, plastic limit, and plasticity index
fluctuation value fluctuate greatly; when the sulfate content is
more than 3%, the liquid limit, plastic limit, and plastic index are
stable. In general, with the increase of sulfate content, the liquid
limit and plastic index decrease, and the plastic limit changes
slightly but has a certain increasing trend.

On the one hand, the sulfate solution in soil pores gradually
reaches saturation, while the excess sulfate exists in the form of
crystals between the soil particles (Chen et al, 2015). The
existence of sulfate crystals has a certain effect of plugging and
cementation on the soil pores, which makes the pore diameter of
the soil reduce, the soil more dense, and the plasticity reduce. On
the other hand, as an electrolyte, sulfate changes the
concentration of water and the content ratio of ions in the
soil, aggregating the fine silt and clay so that the proportion is
relatively increased, and the electric double-layer on the surface of
the soil particles is affected. The diffusion layer is compressed, the
thickness of the hydrated film is thinned, the repulsion between
the soil particles is weakened, the attraction is enhanced, the
spacing of the particles is reduced, and the amount of water that
can be adsorbed by the particles is increasingly less (Lei et al.,
2001). In general, the liquid limit and plasticity index of the soil
decrease.

Microscopic Test

SEM

To clearly observe the flocculated structure of “soil particles,”
1,000x electron microscopy magnification was chosen. SEM was
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TABLE 6 | Atterberg limits graph of all samples.

Sulfate content (%) Liquid Plastic Plasticity
limit (%) limit (%) index
Loess without desalination 27.0 15.5 11.5
0.0 31.6 15.6 16.0
0.3 32.4 144 18.3
0.5 29.7 17.5 17.2
3.0 31.0 13.1 17.9
5.0 28.6 15.0 13.6
8.0 27.0 18.9 8.1

labeled and is shown in Figure 4. Figures 3A-F show that with
the increasing sulfate content, sulfate as an electrolyte has an
aggregation effect on some fine particles. According to the results
of the granule analysis test, the aggregation consists of fine silt and
clay. With the increase of sulfate content, the number and volume
of irregular aggregates on the soil surface increase, that is, sulfate
has a certain degree of elutriation on soil particles. When the
sulfate content reaches 8%, a large number of sodium sulfate
crystals are precipitated.

EDS

Table 7 shows the element weight percentage statistics of
different sulfate contents in saline soil according to EDS. It
can be seen from Table 5 that the test soils with different
sulfate contents generally comprise C, O, Na, Al, Si, etc., of
which the most abundant element is O, and the content of Si
is second. The composition elements and proportion of saline soil
with different sulfate contents are approximately the same. For
the same clay mineral, the Si/Al ratio decreases with increasing
sulfate content.

Mechanical Property

The results of basic physical tests and microscopic test show that
the existence of sulfate makes the clay particles agglomerate in the
loess, and the change of the internal structure of loess particles
will inevitably have a certain impact on the mechanical properties
of the loess.

Compaction Test

Figure 4 shows the compaction curve of saline soil with different
sulfate content. It can be seen from the figure that the curve
change trend of different sulfate content of sulfate soil is similar.
On the dry side of the compaction curve (the moisture content is

100pm

salt content, and (F): 8.0% salt content.

FIGURE 3| SEM graph of different sulfate content in saline soil (A): 0% salt content, (B): 0.3% salt content, (C): 0.5% salt content, (D): 3.0% salt content, (E): 5.0%
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TABLE 7 | Element weight percentage statistics of different sulfate content in saline soil.
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Al Si Fe Si/Al Description
2.26 27.33 0.78 9.96 Montmorillonite
9.50 29.51 4.02 2.48 Kaolinite
1.98 13.94 1.41 5.03 Montmorillonite
4.78 27.72 0 - Montmorillonite

0 20.17 15.82 - Ilite
7.75 24.19 13.74 1.62 Kaolinite
2.82 32.12 1.47 8.74 Montmorillonite
13.94 20.58 412 1.24 Kaolinite
4.01 17.67 0 - Montmorillonite
12.15 16.12 1.89 1.19 Kaolinite
10.50 27.91 0.13 2.54 llite

0 35.53 0.14 — Montmorillonite
1.16 1.59 0.37 1.14 Kaolinite
0.70 48.47 0.44 - Montmorillonite
13.21 19.33 2.15 1.30 Kaolinite
6.56 7.66 1.19 1.038 Kaolinite
2.69 3.92 1.79 1.06 Kaolinite

0 0.06 0.15 0.80 Kaolinite
5.32 34.49 0.61 5.90 Montmorillonite
2.27 4.72 0 — Kaolinite

Sulfate Spot (] o Na
content (%)
0.0 1 11.98 53.00 1.41
2 3.53 24.74 0
3 38.66 38.12 0.80
0.3 1 12.21 44.02 1.86
2 7.97 46.72 2.01
3 6.21 31.11 1.90
0.5 1 10.22 48.56 0.32
2 7.32 41.63 117
3 1.34 6.49 0.09
3.0 1 5.85 53.20 3.10
2 7.36 41.11 10.15
3 7.67 53.21 1.41
5.0 1 5.01 38.74 36.40
2 8.29 38.71 0
3 6.59 51.08 0.65
4 4.71 41.25 19.12
8.0 1 4.08 40.59 26.76
2 11.09 27.39 28.81
3 5.76 48.83 1.26
4 4.45 35.80 30.66
1.75
salt content (%)
L7 —=—() ——03
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FIGURE 4 | Compaction curve of sulfate soil with different sulfate
content.

lower than the optimal moisture content), the dry density
increases with the increase of the moisture content and vice
versa. But the peak point of the compaction curve is different.
With the increase of sulfate content, the peak point shifts to the
lower right, that is, with the increase of sulfate content, the
optimum moisture content increases, and the maximum dry
density decreases.

When the sulfate content is low, the sodium sulfate is
almost completely dissolved. With the increase of the
sulfate content, the precipitated sodium sulfate crystals
further absorb water to form larger mirabilite crystals. The
existence of crystals will increase the connection strength of

soil, resulting in the decrease of the maximum dry density of
saline soil. In addition, because of the strong hydration
of sodium ions and existence of sodium sulfate decahydrate,
the optimum moisture content increases with the increase of
sulfate content (Pécsi and Bariss, 1993).

Compression Test
Figure 5 shows the relationship between compressive strength
and sulfate content of sulfate saline soil. It can be seen from the
figure that with the increase of sulfate content, the compressive
strength increases first and then decreases, and the maximum
compressive strength is obtained in this process. It shows that a
certain amount of sulfate in saline soil can improve the strength of
soil, but too much sulfate in saline soil is unfavorable to the soil.
The cementation of sulfate crystals has gradually developed
into the main factor affecting the compression test. With the
increase of sulfate content, the cementation becomes stronger,
and the compressive strength reaches the peak. After the peak
point, with the increase of sulfate content, excessive aggregates
and larger sulfate crystals lead to the increase of soil porosity and
roughness, which lead to the decrease of cementation and
compressive strength.

Shear Test
Figure 6 shows the relationship between vertical pressure
(100 kPa, 200 kPa, 300 kPa, and 400 kPa) and shear strength of
sulfate saline soil with different sulfate content. It can be seen
from the figure that with the change of sulfate content, the trend
of the curve is similar, but the slope and intercept of the curve
have great changes, that is, the existence of sulfate has a great
influence on the shear strength of the soil.

Figure 7 shows the relationship between sulfate content and
cohesion and internal friction angle. It can be seen from the
Figure 7A that with the increase of sulfate content, the cohesion
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FIGURE 5 | Compression strength of sulfate soil with different sulfate FIGURE 6 | Relationship between vertical pressure and shear strength
content. of sulfate saline soil with different sulfate content.

of sulfate soil increases first and then decreases and changes in the
range of 34.22 ~ 84.59 kPa. When the sulfate content is less than
3%, the cohesion increases with the increase of sulfate content.
When the sulfate content is more than 3%, the cohesion decreases
gradually. The change trend of the internal friction angle and
cohesion is basically opposite, as shown in Figure 7B.

When the sulfate content of the soil is low, with the increase of
the sulfate content, the soluble sulfate content gradually reaches
saturation (Williams, 1957), and the excess sulfate in the sample
precipitates in the form of sodium sulfate crystals, which act as
the skeleton of the soil particles so that the cohesion between the
soil particles is enhanced. The fine particles such as fine powder
and clay aggregate result in the reduction of sliding friction
between the particles. When the sulfate content of soil is high,
more fine silt and clay aggregate together, the friction and bite
force decrease, the internal friction angle of the soil increases, and
cohesion decreases (Handy and Spangler, 2006).

Elastic Wave Velocity Test

Figure 8 shows the wave velocity test results of samples with
different sulfate contents. The elastic wave velocity can indirectly
reflect the strength of the soil. It can be seen from the figure that
the elastic wave velocity of sulfate-bearing samples is generally
higher than that of loess samples after salt washing; with the
increase of sulfate content, the elastic wave velocity of the samples
increases, indicating that the existence of sulfate plays a certain
role in the solidification of soil.

DISCUSSION

(1) The results presented herein confirm that the aggregates
formed by sulfate change the physical structure of the
loess, resulting in changes in the physical and mechanical
properties of the loess, but the mineral composition

)

experiences no noticeable change. In the previous studies,
scholars mainly explored the influence of the existence of salt
on its physical and mechanical properties in the macro aspect
of saline soil and did not delve into the relationship between
agglomeration and property changes (Bjerrum and
Rosenqvist, 1956b; Bjerrum, 1967; Chen and Anadarajah,
1998).Moreover, the research on the microscopic properties
of agglomeration of saline soil mostly focuses on a single clay
mineral, mainly on the boundary moisture content, and does
not involve whether new substances are produced in the
agglomeration process (Edzwald and O’melia, 1975;
Whitehouse et al., 1958b). However, the cementation
between aggregates, that is, more uniform aggregate
formation have contributed to the physical structure
modification, which is responsible for the changes in
physicochemical and index properties (Kong et al.,, 2018;
Kong et al., 2019). Therefore, the change of loess properties
with different sulfate content is not a chemical reaction but
related to the change of the physical structure caused by the
formation of aggregates.

In addition, scholars have studied the agglomeration of single
clay minerals and found that the number and volume of
aggregates increase with the increase of sulfate, but when the
salt content increases to a certain extent, the agglomeration
speed decreases (Liu et al., 2007b; Edzwald and O’melia,
1975). At the same time, scholars also found that with the
increase of sulfate, the mechanical strength of the loess first
increased and then decreased, indicating that a large salt
content will inhibit the mechanical strength of the soil
(Chatterj and Jensen, 1999; Aksoy et al., 2008). However,
it should be noted that after the mechanical properties of the
loess reached the maximum, the number of aggregates
increased slowly and the volume increased significantly,
mainly because the aggregates in the later stage were
further agglomerated from the existing aggregates into
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FIGURE 7 | Cohesion and internal friction angle of sulfate soil with different sulfate content.
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large particles, which affected the structure of the loess and
led to the decline of mechanical strength. But, this conclusion
has only been confirmed in a single sulfuric acid saline soil,
and other types of saline soil and mixed saline soil still need
further research. As a whole, the agglomeration of fine
particles of a small amount of saline soil may facilitate
improving loess performance, and thus it has potential as
a new treatment technique for saline soil improvement so as
to improve the resource utilization rate of saline soil in
engineering construction.

Finally, this study adopts a special research method of combining
macro and microscopic aspects. It is found that the agglomeration
in saline soil mainly concerns fine silt and clay. In the early stage,
with the increase of salt content, the agglomeration speed is fast,
the volume is small, and the mechanical strength of loess
increases gradually. In the later stage, with the increase of

sulfate, the agglomeration speed is slow, the volume increases,
the mechanical strength of loess decreases, and no new substances
are produced in the whole process of agglomeration (Figures 2, 3,
5, 7). Thus, sulfate has the potential to be used as an eco-friendly
additive in soil improvement.

CONCLUSION

(1)

)

€)

(4)

Salt washing makes the larger particles finer, and the particles
which are easy to dissolve and agglomerate are washed away,
resulting in the increase of clay particles, liquid limit, plastic
limit, and plastic index.

Aggregation occurs in the state of fine silt and clay with lower
sulfate content, and as the sulfate content increases, new fine silt
and clay aggregations do not occur, but the existing aggregations
will further aggregate into large particles. With increasing sulfate
content, the number and volume of aggregates increased, and the
content of fine silt and clay decreased.

With the increase in sulfate content, the aggregation particles
increase, the framework grains change from point-surface
contact to plane-plane contact, the adsorption capacity
decreases, the compressibility increases, and the hydration
film becomes thinner.

When the sulfate content is low (less than 3%), the sulfate is
almost completely dissolved and exists in the form of ions.
The connection of soil is mainly based on the bound water,
which has less influence on the limit water content. In
addition, with the increase of sulfate content, the gradual
precipitation of sodium sulfate crystals in the soil makes the
internal cementation become stronger, the maximum dry
density increase, the compressive strength increase, and the
cohesion increase. When the sulfate content is large (more
than 3%), excess sulfate cannot be dissolved and is
precipitated in the form of crystals. The connection of the
soil changes into the cementation inosculation of bound
water and soluble sulfate, which has a great influence on
the limit water content. With the increase of sulfate content,
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because of the strong hydration of sodium ions, a large
number of sodium sulfate crystals are precipitated, and the
increase of aggregates leads to the maximum dry density
decrease, compressive strength decrease, internal friction
angle increase, and cohesion decrease.
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