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Abstract
The behavior of soils at small strains (< 10−5) is of significant interest for geotechnical engineers. Comparedwith the small-strain properties
of sand or clay, those of saline soil have been investigated less extensively and therefore remain poorly understood.Accordingly, this study
investigates the influence of microstructure on the small-strain shear modulus (G0) of saline soil. A series of specifically designed
experiments was conducted on saline soil specimens under unsaturated conditions via the resonant column technique and scanning
electron microscopy. The results showed that the G0 of saline soil increases with the dry density. The obtained values of the fitting
parameter, A, are between 52.06 and 63.42, with an average value of 58.82, while those of the fitting parameter, n, are between 0.284 and
0.363,with an average value of 0.322. TheNa2SO4 contentwas employed as a state variable, usingwhichHardin’s equationwasmodified
for proper consideration of the influence of the Na2SO4 content on the prediction of G0. The results show that G0 increases with the
Na2SO4 content. The inflection point of the Na2SO4 content with a significant change in G0 is 20%. The main contact forms of soil
particles are edge–edge, edge–surface, and surface–surface contacts. With increasing Na2SO4 content, the cementation of soil particles by
salt crystals gradually replaces the inter-particle contact, and sulfate crystal cementation becomes the dominant factor affecting G0.
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Introduction

Saline soil is a special type of soil that contains a certain amount
of salt and is widely distributed in western China. Saline soil
covers an area of up to 4.583 × 107 hm2 in Xinjiang, accounting
for 9.5% of the local available land area (Xu 1993). Owing to its
unique soil components and the high sensitivity of its engineering
properties to water and temperature, saline soil has been consid-
ered problematic, which has been the focus of extensive research
activities.

The microstructure of soil determines its macro-performance.
Thus, the special physical and engineering properties of saline
soil are also determined by its microstructure. The particle size
and shape are the most important microstructural parameters, as
these determine the pore distribution, particle connection, and
particle arrangement (Al-Mukhtar et al. 2012; Gao et al. 2018).
The microstructure of saline soil has been analyzed by several
scholars (Li et al. 2016; Liu and Zhang 2014). To elucidate the
relationship between the Na2SO4 content and the small-strain
shear modulus (G0), scanning electron microscopy (SEM)
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images of the saline soil pore structure have been analyzed both
qualitatively and quantitatively.

Resonant column tests are commonly conducted to investi-
gate the dynamic properties of soils. This method was popular-
ized by scientists such as Hall and Richart in 1963; Drnevich
et al. 1967; and Hardin and Black in 1968 (Hall Jr and Richart
Jr 1963; Drnevich et al 1967; Hardin and Black 1968). The
dynamic shear modulus and damping ratio are two important
parameters considered when describing soil dynamic character-
istics (Senetakis et al. 2013). These parameters are required to
build theHardin–Drnevich (Hardin andDrnevich 1972)model,
which describes the stress–strain relationship (Nie
et al. 2008;Liu et al. 2019). However, experimental investiga-
tions of the small-strain shear modulus and damping ratio of
saline soil have received considerably less attention than the
efforts focused on other soil types. Many of the previous ex-
perimental investigations of the dynamic properties of soils
have focused on sand, clay, and loess (Wichtmann and
Triantafyllidis 2009, 2013). Jafarian studied the dynamic prop-
erties of calcareous and siliceous sands under the conditions of
isotropic and anisotropic stress (Jafarian et al. 2014). Dutta
investigated the effect of saturation on the shear modulus (G0)
and damping ratio (D) of compacted clay through a series of
resonant column tests; it was concluded that G0 decreased and
D increased with increasing saturation (Dutta et al. 2017). Presti
explored the effect of the strain level, loading rate, number of
loading cycles, and type of loading on the variation inG0 andD
in two natural clays through a series of resonant column tests
(Presti et al. 1997). However, few studies have reported on the
dynamic properties of saline soil. In the near future, under the
guidance of the Belt and Road Initiatives, southern Xinjiang is
expected to invest hundreds of billions to build several major
road projects. In addition, Xinjiang experiences a high earth-
quake frequency and intensity, with large-magnitude earth-
quakes occurring over a wide range. Therefore, it is necessary
to study the microstructure and dynamic characteristics of the
saline soil in this area.

In this study, the influence of the dry density and Na2SO4

content on the G0 of saline soil was investigated through reso-
nance column tests and X-ray diffraction analyses. SEM exper-
iments were carried out on saline soils with different Na2SO4

contents to reveal the influence of the sulfate content on G0 on
a microscopic scale. The results of this study can provide an
important reference for engineering practice in regions with sa-
line soil.

Materials and methods

Study area and soil properties

Southern Xinjiang is an area with an arid continental desert
climate; it has a dryness of greater than 2.0, annual averageTa
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precipitation of 69.2–147.2 mm, and an annual average evap-
oration of 2175.7–2408.3 mm. Salt in the groundwater and
soil migrates and accumulates to a certain thickness on the
surface through capillary action, resulting in severe soil sali-
nization. Chloride and sulfuric acid in salinized soil are widely
distributed, and the salt content in some areas is as high as 20–
100 g/kg. Chlorine saline soil is white and cool on the tip of
the tongue, while sulfate saline soil is brown-yellow and bitter
on the tip of the tongue.

The saline soil in this study was sampled in Alar city,
Xinjiang, China, located in the north of the Taklimakan
Desert. Brown-yellow saline soil samples were taken at depths
of 0–30 cm; the groundwater depth was 1.3 m. Basic param-
eters and the particle size distribution of the saline soil samples
are listed in Table 1. The base ion content is presented in
Table 2. The basic parameters were determined according to
the Chinese standard for soil test methods (GB/T 50123-
2019). According to the chemical composition classification
equation of salt (Eq. 1), the saline soil is a chlorine saline soil:

ω ¼ c Cl−ð Þ
2c SO4

2−� � ð1Þ

where c indicates the content of Cl− and SO4
2− in millimoles.

Based on the salt content, the soil sample is a medium saline
soil.

Resonant column test

GDS resonant column apparatus is used in these experiments
(Fig. 1) and consists of a triaxial cell and a strictly restricted
base pedestal. During the resonant column tests, specimens
can be examined under dry, semi-saturated, or fully saturated
conditions with a height-to-diameter ratio of 2:1. The top ac-
tive end of the specimen is attached to an excitation source
consisting of two magnets surrounded by four coils, for tor-
sional loading, and one magnet with one coil for longitudinal
loading.

The specimen is 50 mm in diameter and 100 mm in height.
First, dried and ground natural soil and saline soil samples of
corresponding quality are weighed on the basis of the dry
density and sample volume. Subsequently, the samples are
mixed with water to achieve a certain moisture content and
stirred evenly. Finally, the mixture is divided into five layers
in a sample mold with a height of 20 mm, and the layers are
polished with a knife to render them rough and to ensure their
uniformity. The resonant column test scheme is summarized
in Table 3. In each test, increasing confining pressures are
applied to the specimen in steps of 50, 100, 200, 300, and
500 kPa. After the sample is loaded to a specific confining
stress level, it is consolidated for 30 min to allow the internal
linear variable differential transformer to become stable.

In the process of testing, the cylindrical sample was excited
in torsion mode by a driving system, which was consisted of a
four-arm rotor and a support cylinder. Theoretical basis of
resonant column test is to vibrate the tested specimen in a
basic pattern of vibration, and then produces the torsion or
flexure. The top-cap was positioned on the top of the sample,
and the drive system should be carefully aligned to ensure free
movement of each magnet within the coils. Then, specimen
was isobarically consolidated until the LVDT was stable. The
initial drive voltage was set to 0.008 V, during the test shear
strain was controlled between 10−6 and 10−4. Based on the
resonance frequency, sample density (ρ), geometric dimen-
sions, and boundary conditions of samples, theG0 was extrap-
olated by the following equation:Fig. 1 GDS resonant column apparatus with specimen

Table 2 Test results of soil salt-based ions

Sampling depth Cl- CO3
2

−
HCO3

- SO4
2- Ca2+ Mg2+ K+ Na+ Total soluble salts PH value

m g/kg –

0–0.2 3.067 – 0.11 1.2 1.4 0.45 6.69 7.615 20.53 8.26
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G0 ¼ ρ
2πfl
β

� �2

ð2Þ

where f is resonance frequency, ρ is sample density, l is sam-
ple height (mm), and β is eigenvalue of vibration equation.

Scanning electron microscopy

Electron microscopy can be used to observe the microtexture
and microstructure of materials at scales ranging from nano-
meters to micrometers. In this study, SEM (FEG650) was
used to investigate the microstructure and morphology of the
saline soil. The microtexture of specimens was observed in
grey-level images at × 2000 magnification. The porosity was
quantified on the basis of binary images, which were obtained
by thresholding the grey-level. For dealing with the grey-level
images at × 2000magnification, Image-Pro Plus (IPP), a com-
mercial software developed for image processing, was used to
threshold and count the number and measure the size of pores.
The SEM test scheme is summarized in Table 3.

Quantitative analysis of test result

X-ray diffraction results

The results of the X-ray diffraction (XRD) analyses of the
Alar saline soil (Fig. 2) reveal that the primary minerals

present are mica, quartz, and chlorite, with a small content
of calcite and kaolinite. Sodium sulfate is also detected at a
content of 2.2% via the XRD analyses. Quantitative analysis
of the mineral composition is carried out using X’Pert
HighScore Plus software. The obtained mineral content is as
follows: 20.3% quartz, 11% calcite, 6.6% kaolinite, 16.2%
chlorite, 29% mica, 14.6% feldspar, and 2.2% Na2SO4.
Chlorite and mica are flaky minerals that jointly account for
45.2% of the mineral content.

Shear modulus analysis through resonant column
tests

Shear modulus of saline soil under different dry density
conditions

The relationships between the shear modulus, G0, and confin-
ing pressure of saline soil specimens under different dry den-
sity conditions are shown in Fig. 3. It can be seen from Fig. 3
that the shear modulus increased with the confining pressure,
and the growth rate decreased gradually. For the condition of
ρd = 1.45 g/cm3 as an example, G0 increased by 28.91, 15.17,
and 8.71 MPa in the range of 0–100 kPa, 100–200 kPa, and
200–300 kPa, respectively.

The shear modulus,G0, of saline soil is significantly affect-
ed by the confining stress (Iwasaki et al. 1978; Kokusho 1980;
Tatsuoka et al. 1978). The power function presented in Eq. (3)
was initially proposed by Hardin and has been widely used to

0 100 200 300 400 500 600

20

40

60

80

100

120

140

160

confining stress (kPa)

G
0 

 (M
Pa

)

Dry density1.4g/cm3

Dry density1.45g/cm3

Dry density1.5g/cm3

Dry density1.55g/cm3

Dry density1.6g/cm3

Fig. 3 G0 at different dry densities

Table 3 Experimental scheme for the resonance column tests and scanning electron microscopy analyses of saline soil

Type of test Dry density (g/cm3) Moisture content (%) Salt content (%) Number of specimen

Resonant column test 1.4, 1.45, 1.5, 1.55 17 Natural salt content(20.53 g/kg) 4

1.5 18 Na2SO4 content 2%, 6%, 10%, 15%, 20%, 25%, 30% 7

SEM 1.5 0% Na2SO4 content 2%, 6%, 10%, 15%, 20%, 25%, 30% 12
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describe the quantitative relationship between the small-strain
shear modulus, G0 (MPa), and the effective mean confining
stress:

G0 ¼ AF eð Þ σ
0

Pa

� �n

ð3Þ

where σ′ is the confining pressure; Pa is a reference pressure,
usually considered as the atmospheric pressure; and F(e) is a
function of the void ratio (e), typically taking the following
form (Iwasaki and Tatsuoka 1977):

F eð Þ ¼ 2:17−eð Þ2
1þ eð Þ ð4Þ

Finally,A (inMPa) and n are material constants; the best-fit
values for parameters A and n are summarized in Table 4.

As can be seen from Table 4, the fitting parameter A is
between 52.06 and 63.42, with an average value of 58.82,
and n is between 0.284 and 0.363, with an average value of
0.322. The correlation coefficient R2 is close to 0.99.

Shear modulus of saline soil with different sodium sulfate
contents

Anhydrous Na2SO4 is added to natural saline soil to obtain
sodium sulfate contents of 2%, 6%, 10%, 15%, 20%, 25%,
and 30%. Figure 4 shows the relationship between the shear
modulus and Na2SO4 content. It can be seen from Fig. 4 that
under the same confining pressure, the shear modulus in-
creases gradually with increasing Na2SO4 content.

Under confining pressure of 100 kPa, in the range of 2–6%,
6–10%, 10–15%, 15–20%, 20–25%, and 25–30% of Na2SO4

content, the increment of shear modulus G0 is 1.6%, 35.2%,
16.5%, 21%, 16.5%, 137%, and 122%, respectively.
According to the trend of the curve in Fig. 4, when the content
of Na2SO4 is less than 20%, G0 increases gradually with in-
creasing sodium sulfate content; when the content of Na2SO4

is greater than 20%, there is a dramatic increase in G0.
Among the numerous factors leading to variations in G0,

the confining stress and void ratio are recognized as the most
fundamental (Liu et al. 2016; Yang and Liu 2016). G0 is
usually determined using Eq. (2); however, in view of the
complexity of crystallization and the change in void ratio after
Na2SO4 water absorption, the Hardin equation is modified in
this study. The modified equation is as follows:

G0 ¼ αF Na2SO4ð ÞF eð Þ þ B
σ

0

Pa

� �
ð5Þ

where F(Na2SO4) is the sulfate function. On the basis of the
variation in G0 in saline soils with different sodium sulfate
contents, the following sulfate function is proposed:

F Na2SO4ð Þ ¼ e−θω Na2SO4ð Þ ð6Þ
where ω Na2ð SO4Þ is the sulfate content. ORIGIN software is

used to fit the relationship between the shear modulus and
sodium sulfate content. θ, B, and n are fitting parameters,
which have values of − 0.1, 26.2, and 0.549, respectively.
The values of fitting parameter α are 7.71, 19.3, 17.7, 23.34,
and 30.5 at 50, 100, 200, 300, and 500 kPa, respectively.
Figure 5a and b shows the fitting of G0 at different sodium
sulfate contents under the same dry density.

SEM microstructure observations

Figure 6a–g show the microstructures of specimens with dif-
ferent Na2SO4 contents. In the SEM observations, the skeleton
particles of saline soil are mostly sheet- or plate-like aggre-
gates with non-uniform size. This is consistent with the results
of the XRD analyses, which indicated that the flaky chlorite
and mica minerals comprised 45.2% of the total mineral con-
tent. As shown in Fig. 6b and c, certain amounts of salt and
fine particles are adsorbed on the surface of the lamellar

Table 4 Fitting parameters for saline soil

Dry density (g/cm3) Best-fit parameters in Eq. (1)

A n R2

1.4 63.42 0.284 0.994

1.45 59.35 0.305 0.985

1.5 52.06 0.335 0.997

1.55 58.5 0.363 0.989

1.6 60.75 0.321 0.998
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Fig. 4 Relationship between Na2SO4 content and G0
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minerals through point–surface contacts. Micropores and tiny
cracks are also observed in the saline soil. The sheet-shaped
particles have irregular edges, and the skeleton of the soil
particles is disordered and loose. The main contact forms are
edge–edge, edge–surface, and surface–surface contacts (Fig.
6d). With increasing sodium sulfate content, the amount of
Na2SO4 crystal particles also increases. When the content of
sodium sulfate reaches 20% (Fig. 6e), gray- and white-colored
rhombic sodium sulfate crystals can clearly be observed. The
form of the connection between the soil particles gradually
transforms to sulfate crystal cementation. With increasing so-
dium sulfate content, the soil particles and Na2SO4 crystals
becomemore evenly distributed.With a further increase in the

salt content (Fig. 6f and g), the cementation of the salt crystals
is enhanced.

Finally, the skeleton structure is formed through the ce-
mentation of salt crystals, and a dense skeleton structure with
filled soil particles is formed. With increasing Na2SO4 crystal
cementation, the shear modulus (G0) increases gradually. At a
confining pressure of 50 kPa and the same dry density, the
growth rate of G0 is 1%, 28.5%, 58.5%, 84.6%, 339%, and
443% at sodium sulfate contents of 2%, 6%, 10%, 15%, 20%,
25%, and 30%, respectively.

The image acquisition, processing, and measurement abil-
ities of the IPP software are used to conduct qualitative and
quantitative analyses of the SEM images. To achieve the best
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observation effect, we adjust the color, contour, filter, and
sharpness of the images. After a qualitative analysis of the
image characteristics, binary processing is performed on the
SEM images, and the original image is converted into a binary
image for pore and particle identification. The binary process-
ing results are shown in Fig. 7.

In Fig. 7, the black and white colors represent soil particles
and pores, respectively. Image threshold segmentation is key
for accurately identifying soil particles and pores. In this
study, a manual adjustment method is employed to perform
threshold segmentation on the microimages. After binary im-
age segmentation, the binary image data is extracted and an-
alyzed, including the particle shape, pore size, and quantity.

The surface morphology was observed at medium magni-
fication of × 2000. For better analysis of the variations in
pores, the pores in the saline soil were divided into four cate-
gories on the basis of the loess pore classification proposed by
Lei and Cui (Lei 1985; Cui and Tang 2010): minipores (D < 2

μm), micropores (2 μm <D < 8 μm), mesopores (8 μm <D <
32 μm), and macropores (D > 32 μm).

IPP software was used to analyze the SEM images. In the
results, no minipores were found; the minimum pore size was
2.342 μm, which falls into the category of micropores.
Figure 8 shows that the number of micropores increased as
the Na2SO4 content increased, whereas pores with diameters
of greater than 8 μm decreased in number with increasing
Na2SO4 content. Among three types of pores observed, the
content of micropores was greatest, ranging from 68 to 74%;
the content of macropores was lowest, ranging from 2.1 to
2.9%.

In Fig. 9, it can be seen that macropores accounted for a
large proportion of the total pore area. The pore area statistics
generated by the IPP software indicate that although small
pores occurred in the greatest number, they accounted for
the smallest proportion of the total pore area. The distribution
trend of pore area is almost opposite to the pore number, and

Fig. 6 SEM images of saline soil with different sodium sulfate contents. a Na2SO4 content: 2%. b Na2SO4 content: 6%. c Na2SO4 content: 10%. d
Na2SO4 content: 15%. e Na2SO4 content: 20%. f Na2SO4 content: 25%. g Na2SO4 content: 30%
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Fig. 6 (continued)
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pore area of saline soil is mainly determined by large and
medium pores. With the increase of Na2SO4 content, the
macropore area decreases, and the minipore and mesopore
areas increase.

Discussions

The microstructure of soil determines its engineering proper-
ties, and the special mechanical properties of saline soil are
also determined by its microstructure. Saline soil is a kind of
special soil that is sensitive to the environment. Under certain
conditions, the phase state and quantity of soluble crystalline
salt will change. Soluble crystalline salt determines the

microstructure characteristics such as particle connection,
compactness, pore size, morphology, and arrangement, which
makes saline soil have unstable engineering characteristics.

In this paper, we carried out a series of resonance column test
and electron microscope scanning test with different Na2SO4 con-
tent to explain the dynamic characteristics of saline soil from its
microstructure. Results showed that when dry density and mois-
ture content are the same, G0 increases with the increase of
Na2SO4 content, which is related to the crystallization of
Na2SO4 in water. This occurs because anhydrous sodium sulfate
crystallizes when it contacts water through the following reaction:

Na2SO4 þ 10H2O→Na2SO4 � 10H2O ð7Þ

During crystallization of sodium sulfate, the volume ex-
pands by a factor of 3.11. The newly formed crystal fills in
the pores of the particles, which enhances the biting force
between particles. With the increase of Na2SO4 content, the
cementation between particles is enhanced, which is consis-
tent with Liu’s (Liu and Zhang 2014) results.

Conclusions

This study experimentally investigated the shear modulus
(G0) of reconstituted saline soil, focusing on elucidating the
effects of the dry density and Na2SO4 content. A series of
saline soils with different gradations were tested, while the
sodium sulfate content was well controlled, and a detailed
analysis of the test results was presented in conjunction with
SEM observations. An empirical equation accounting for
these effects was derived based on Hardin’s formula. The
main conclusions of this study are summarized as follows:

1. G0 increases with increasing confining pressure and dry
density. This occurs because increasing the dry density

Fig. 7 Binary plot of a saline soil specimen with Na2SO4 content of 2%
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and confining pressure results in more soil particles per
unit volume. As the dislocation between particles tends to
be difficult, the shear modulus increases.

2. Taking the dry density as the state variable, the parameters
of the Hardin equation are fit, and fitting parametersA and
n are obtained under different dry density conditions.
Using the Na2SO4 content as the state variable, Hardin’s
equation is modified to enable proper consideration of the
influence of the Na2SO4 content on the prediction of G0.

3. In general, G0 increases with the Na2SO4 content. The
underlying reason behind this phenomenon is likely that
anhydrous sodium sulfate crystallizes and expands to form
Na2SO4·10H2O after encounteringwater. The newly formed
crystals then fill in the pores of the particles, which enhances
the biting force between particles. On the other hand, with
increasing salt content, the cementation of salt crystals grad-
ually replaces the contact between soil particles to become
the dominant effect on the shear modulus of the saline soil.
The inflection point in the sodium sulfate content with a
significant change in the shear modulus is 20%.

4. The microstructure of the saline soil varies with different
salt contents. When the salt content is low, the soil parti-
cles are in contact with each other, and the salt crystals are
insufficient for effective cementation. With an increase in
the salt content, the microstructure of the saline soil grad-
ually transitions sequentially from edge-to-edge contact to
edge-to-surface contact, a surface-to-surface contact skel-
eton structure, and a dense skeleton structure composed of
particle pores filled with salt crystals.
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