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ABSTRACT

ARTICLE INFO

Saline soil refers to soil with a high concentration of ions such as sodium and
chloride, which destroys structures and construction materials. Thus, it's crucial
to understand their nature and behavior. This study examines the effect of salinity
on the compaction and shear characteristics of clayey soils by adding two types
of salt, sodium chloride, and sodium sulfate, with different concentrations (0.5%,
1%, 2%, and 5%) to two clayey soils in Iran. Eighteen soil samples were prepared,
and tests were carried out in three repetitions. The results showed that the samples’
optimum moisture content and maximum dry density were within the range of
20-23%, and 1.56-1.63 gr/cm?®, respectively. These changes were within
acceptable tolerance limits, suggesting that salt concentration has a negligible
effect on the compaction characteristics of clayey soils. However, salinity
concentrations significantly affected the shear strength parameters. Adding 0.5%
sodium sulfate decreased cohesion by 50% and 35% in the high and low plastic
clayey soils, respectively. Similarly, 0.5% sodium chloride reduced cohesion by
47% in the low plastic soil and 35% in the high plastic soil. Furthermore, the
internal friction angle increased by 20% in the low-plastic soil and 34% in the
high-plastic soil with 0.5% sodium sulfate. It was also found that the type of
anions and cations, as well as the plasticity of soils, play a crucial role in
describing the relation between pore water salinity and shear parameters of soils.
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1. Introduction

Saline soils are characterized by having
more than 0.3 percent soluble salts and often
exhibit undesirable features such as erosion,
swelling, solution, etc., in engineering
construction bed material (Liu et al., 2020; Shen
et al., 2022). These soils are predominantly
found in arid, semi-arid, and coastal regions
across the globe (Stipho, 1985). The amount and
type of salt present in saline soils typically have
dynamic changes due to natural environmental
conditions (evaporation, precipitation, etc.) and
human activities such as farming (Wang et al.,
2020). Variations in salt content can lead to
alterations in the structural properties of the soil
and its engineering characteristics, leading to

issues such as slope instability, settlement, etc.
(Han et al., 2020; Liu et al., 2020). Thus, it is
essential to investigate the impact of salt content
on the physical and mechanical properties of
saline soils to ensure the safety of engineering
structures. Previous research has demonstrated
that the salinity of pore water significantly
influences the mechanical behavior of soft soils,
such as the compressibility potential of soils and
shear strength properties (Onitsuka et al., 2003;
Xing et al., 2009; Horpibulsuk et al., 2012;
Geng et al., 2022). For example, Geng et al.
(2022) reported that compressibility decreases
with increasing salinity. However, the results of
studies on the effect of salinity on soil strength
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increases with increasing salinity (Sridharan et
al., 2002; Paassen and Gareau, 2004), others
have reported different results (Yan and Chang,
2015; Al-Obaidi et al.,, 2018). Numerous
studies have been made on the effects of the
chemical composition and concentration of salt
in pore water on the mechanical properties of
soil has been extensive. Studies have focused
on compressibility (e.g., Horpibulsuk et al.,
2011; Deng et al., 2018) and shear strength
(e.g., Siddigua et al., 2011; He et al., 2014,
Mokni et al., 2014; Tiwari and Ajmera, 2015;
Zhang et al., 2016; De Rosa et al., 2016). These
studies generally have shown that pore water
salinity significantly affects the mechanical
properties of marine soft soils. For example,
Maio and Fenelli (1994) conducted direct shear
tests with montmorillonite and kaolinite
saturated in sodium chloride solutions and
concluded that the shear strength of
montmorillonite increases with increasing pore
water salinity, while the strength of kaolinite
does not change significantly with salinity.
Saline soils are classified based on the type of
salt present in sulfate, carbonate, and chloride
saline soils. The negative impact of salinity on
yield stress and other engineering properties
must be considered in engineering studies. For
instance, Pan et al. (2023) examined the effect
of pore water salinity on the compressive
behaviors of marine clay stabilized with ash and
concluded that while the compression index in
the pre-stress stage is not affected by changes
in salinity It decreases as salinity increases
during the post-stress stage. Additionally, the
yield stress of the soil decreases with increasing
salinity but significantly increases over seven
days.

In carbonate saline soils, different contents of
salts such as NaHCO; can have varying effects
on soil properties. Shen et al. (2024) studied the
impact of different NaHCOs contents on the
Atterberg  limits, shear strength, and
compressibility of a carbonate saline soil and
found that when the NaHCO; content is less
than 1.5 percent, the plasticity index and
compressibility of the soil increase, while shear
strength decreases. However, beyond this
threshold, soil porosity decreases, and
mechanical properties improve due to the
cementation effect of salt crystals.
Understanding the mechanisms behind all these
changes is essential. For instance, Di Maio
(1996) and Maio and Fenelli (1994) found that

chloride content significantly affects the
mechanical behavior of bentonite. They
attributed this effect to changes in the thickness
of the bound water surrounding clay particles.
Kang et al. (2019) observed that clay minerals
under different concentrations of sodium
chloride exhibit varying microstructural
characteristics that influence their mechanical
properties.

Despite existing research, the mechanisms by
which pore water salinity affects the
macroscopic engineering behaviors of soils are
not yet fully understood. Abbasi and Nazifi
(2013) reported that chloride anion promotes
the formation of a flocculated structure in the
soil, reducing its potential for dispersion,
whereas other anions tend to induce soil
dispersion to varying degrees. They explain the
impact of various anions or cations on clay
dispersion using the diffuse double-layer
theory. According to this theory, the thickness
of the double layer is influenced by the balance
of repulsive and attractive forces that particles
experience as they approach each other.
Flocculation happens when the thickness of the
double layer is sufficiently reduced, making
short-range attractive forces predominant. In
contrast, dispersion occurs when the double
layer's thickness increases. Flocculation occurs
at high electrolyte concentrations when the
repulsive forces diminish and attractive forces
become dominant. Conversely, as the Sodium
Adsorption Ratio (SAR) increases, the
thickness of the double layer grows, leading to
dispersion (Sparks, 2000; Panayiotopoulos et
al., 2004). As mentioned earlier, most of the
studies reported in the literature were focused
on the effect of salts as a general term of salinity
on the physical and mechanical properties of
soils, whereas the effect of different salts is
different on the engineering characteristics of
different soils. Therefore, the present research
aims to fill this gap as much as possible. To this
end, the impact of two types of salts with
sodium cations and chloride and sulfate
anions—the most prevalent cation and anions
found in Iranian soils—on two types of clay
soils was studied.

2. Material and methods
2.1. Preparation of soil samples and specimens

This research was conducted in the soil
mechanic laboratory of the Iranian Agricultural
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Engineering Research Institute (AERI). To this
end, two clay soil samples representing the
typical characteristics of predominant clay soils
in Iran were collected from Kamal Abad in
Alborz province and Moghan Plain in Ardabil
province. According to the Unified Soil
Classification System (USCS), these soils were
classified as CL (a clayey soil with low
plasticity having a liquid limit of less than 50
percent) and CH (a clayey soil with high
plasticity having a liquid limit of less than 50
percent), respectively. Then, different synthetic
soil samples were prepared by adding various
percentages of sodium chloride and sodium

sulfate to these soils. To achieve samples with
the desired chemical properties, different
amounts of these salts, including 0.5, 1, 2, and
5 percent by weight were added to the soils.
Thus, considering two types of soil, two types
of salt, four concentration levels of each salt,
and two control samples (natural soils), a total
of 18 synthetic soil samples were prepared.
Each sample was identified by a unique code as
shown in Table 1, where CL and CH represent
the soil type, C and S indicate the salt type for
chloride and sulfate respectively, and the
numbers show the salt concentration.

Table 1. The specification of the synthetic samples.

Ref. Sample Code Soil type Salt type Salt percentage
1 CL-00 CL - 0
2 CL-C0.5 CL Sodium chloride 0.5
3 CL-C1 CL Sodium chloride 1
4 CL-C2 CL Sodium chloride 2
5 CL-C5 CL Sodium chloride 5
6 CL-S0.5 CL Sodium sulfate 0.5
7 CL-S1 CL Sodium sulfate 1
8 CL-S2 CL Sodium sulfate 2
9 CL-S5 CL Sodium sulfate 5
10 CH-00 CH - 0
11 CH-C0.5 CH Sodium chloride 0.5
12 CH-C1 CH Sodium chloride 1
13 CH-C2 CH Sodium chloride 2
14 CH-C5 CH Sodium chloride 5
15 CH-S0.5 CH Sodium sulfate 0.5
16 CH-S1 CH Sodium sulfate 1
17 CH-S2 CH Sodium sulfate 2
18 CH-S5 CH Sodium sulfate 5

To prepare the synthetic samples, the required
amount of salt based on the desired weight
percentage was first determined and dissolved
in water. Then, the soil was added to the
solution and left to dry in the laboratory

environment. After one week, the samples were
spread out on the ground to dry completely.
Once fully dried, they were crushed with a
plastic hammer and passed through a No. 10
sieve (Fig.1).

~ (c) air-dried s‘aimb:l_e_s‘ .

(d) crushing and sieving the dried samples

Fig. 1. Different procedures of preparation of the synthetic samples.
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2.2. Determination of index properties of the
samples

To identify, classify, and determine the
physical properties of natural samples different
tests including; grain size analysis, specific
gravity (Gs), Atterberg limits (liquid limit,
plastic limit, and shrinkage limit), and
compaction were conducted based on ASTM
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test procedures and then classified according to
the Unified Soil Classification System (USCS).
To determine the compaction characteristics of
various samples (optimum water content and
maximum dry density), compaction tests were
performed on the samples by Harvard miniature
test. The physical and index properties of the
soils are shown in Table 2.

Table 2. Physical properties of the samples.

Sample  Specific Gravity  Classification Compaction Characteristics Atterberg limits (%)
Gs USCS Harvard Proctor Shr.' nlfage Pl_as_tlc L|_qu_|d
limit limit limit
Ya Wopt Ya Wopt
(gr/cm3) %) (gricm?) (%)
Karaj 2.7 CL 1.68 225 1.7 21.8 16.5 235 475
Moghan 2.65 CH 151 27 15 275 18 27.5 67.5

2.3. Chemical analysis of treated samples

Chemical characterization of the treated
samples including EC, pH, SAR, CEC, levels
of anions (COs*>", Cl", and SO+*"), and cations
(Na*, Ca*', and Mg*") were determined using
standard test methods. To achieve this,
saturated soil paste was first prepared.
Subsequently, calcium and magnesium cations,
and carbonate, bicarbonate, and chloride anions
were measured via titration using a burette.
Sodium and sulfate were measured using flame

respectively. Chloride was determined by
titration with 0.01 N silver nitrate. Calcium and
magnesium were measured using
ethylenediaminetetraacetic  acid (EDTA)
titration. Carbonate and bicarbonate levels were
measured through titration with sulfuric acid, in
the presence of phenolphthalein and methyl
orange. Sulfate concentration was determined
using barium chloride precipitation and a
spectrophotometer. Table 3 presents the
chemical characteristics of the synthetically
treated samples.

photometry and a  spectrophotometer,
Table 3. Chemical properties of the samples.
Anions (meg/lit) Cations (meg/lit)
Ref. Sanéple dgj: pH Sum Sum
code  (dS/m) SO, CI' HCO;?  COy? K*  Na* Ca* Mg*
1 CL-00 1.47 7.8 55.8 30 20 10 115.8 - 90.5 20 22 1325
2 CL-C0.5 13.6 7.48 4.33 128 4 0.6 141.33 - 89.36 29 20 13836
3 CL-C1 25.7 7.48 4.38 250 8.2 0.6 263.18 - 186.36 37 27  250.36
4 CL-C2 30.9 7.49 2.16 310 4.6 34 320.16 - 239.7 55 18 312.7
5 CL-C5 97.3 7.49 461 1000 5.8 1.8 1012.21 - 840.1 52 58 950.1
6 CL-S0.5 9.4 7.88 70.2 30 20 10 130.1 - 100.2 20 25 145.2
7 CL-S1 12.7 7.86 100 30 20 10 160.9 - 145.07 20 25 190.0
8 CL-S2 17.1 788  196.7 30 20 10 256.7 - 250.6 18 22 290.6
9 CL-S5 473 788 6405 30 20 10 700.5 - 848.4 20 22 890.4
10 CH-00 1194 840 55.83 30 20 10 115.83 - 90.5 20 22 1325
11 CH-C0.5 12.63 8.30 70.17 30 20 10 130.17 - 100.2 20 25 145.2
12 CH-C1 16.19 847 10098 30 20 10 160.98 - 14507 20 25  190.07
13 CH-C2 2709 879 19678 30 20 10 256.78 - 250.60 18 22 290.60
14 CH-C5 76.7 895 64050 30 20 10 700.50 - 84840 20 22 890.40
15 CH-S0.5 2084 810 5338 120 22 10 205.85 - 18888 20 25 23388
16 CH-S1 29.9 8.08 50.38 207 23 12 292.38 - 27022 22 25  317.22
17 CH-S2 5890 794 3020 555 20 12 617.2 - 590.80 20 20  630.80
18 CH-S5 1679 760 20.30 2130 25 5 2180.3 - 2265.6 22 20 2207.6

2.4. Compaction and triaxial tests

To determine the compaction characteristics
(optimum water content and maximum dry
density), of wvarious treatments, standard

Harvard Miniature compaction tests were
performed .Harvard Miniature compaction
(Fig. 2) was developed by Wilson (1950). In
this test, the soil is compacted using a
cylindrical tamping foot with a diameter of 0.5
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inches. The apparatus includes a mold that is 1
5/16 inches in diameter and 2.816 inches long,
with a volume of 1/454 cubic feet. The tamping
foot is operated through a pre-set compression
spring to ensure that the tamping force does not
significantly exceed a predetermined value.
Typically, the test involves compacting the soil
into three layers, each with 25 tamps. The
primary advantages of this test are that it

requires only small amounts of soil (which must
pass through a No. 4 sieve) and it produces
samples of dimensions suitable for unconfined
or triaxial compression testing (Krystal et al.,
2007). Harvard compaction Apparatus and a
compacted sample are shown in Fig. 2. Each of
these treatments was tested in three replicates
for various physical and mechanical properties.

Fig. 2. The Harvard miniature compaction apparatus and a compacted sample.

2.5. Unconsolidated-Undrained triaxial
compression tests

Also, to determine soil shear parameters, a
triaxial compression test Apparatus was used
(Fig. 3). In this research for evaluation of shear
strength parameters of treated soils the
Unconsolidated-Undrained, UU, Triaxial tests
were conducted by ASTM standard test
procedures. This test method involves
determining the strength and stress-strain
relationships of a cylindrical specimen of
cohesive soil, which can be intact, compacted,
or remolded. The specimens are placed in a
triaxial chamber and subjected to a confining
fluid pressure. During both the application of

(a) assembling of the specimen on the cell base
Fig. 3. The triaxial test apparatus and assembling of the specimen.

the confining fluid pressure and the
compression phase, no drainage of the
specimen is allowed. The specimen is then
axially loaded at a constant rate of axial
deformation (strain-controlled). In this test
method, the compressive strength of the soil is
measured in terms of total stress. As a result,
the observed strength depends on the pressure
generated in the pore fluid during the loading
process. Also, fluid flow into or out of the soil
specimen is not allowed while the load is
applied. Consequently, the resulting pore
pressure and, therefore, the strength, will differ
from what is observed when drainage is
permitted. Test detailed procedures are given
by ASTM D2850.

(b) the triaxial test apparatus
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3. Results and discussion

3.1. The effect of salinity on compaction
characteristic of soils

By conducting the Harvard miniature
compaction test on the various treatments, the
compaction curves for each of the test samples
were plotted. Using these curves, the

compaction  characteristics, namely the
maximum dry unit weight and the optimum
moisture content for all the test samples were
determined. Figs. 4 and 5 show the compaction
curves of the samples examined for the two
salts. Also, the optimum moisture content and
maximum dry density values of the synthetic
samples are presented in Table 4.

NaCl
175 — T T
[| e 0%
& 1.70 [
\\’@ 1.65 || et 105
= i
2 160 [| =e==2% ,
g | el 50/ ot
5 155 |
[ —i—10%
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145 |
1.40 = ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
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Mositure content
Fig. 4. The compaction curves for the samples containing sodium chloride.
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Fig. 5. The compaction curves for the samples containing sodium sulfate.

According to these Figs and Table 4, it is
observed that for all the concentration levels,
the optimum moisture content varied between
20 to 23 percent. In practical projects, a
tolerance of 2 percent is considered acceptable
for the optimum moisture content. In this study,
for the natural soil sample, with an optimum
moisture content of 22 percent, the range of 20
to 24 percent is considered acceptable.
Therefore, it can be concluded that the effect of

different types and amounts of salts on the
optimum moisture content is insignificant and
can be ignored. Additionally, the range of
maximum dry density obtained for the various
samples was between 1.56 and 1.63 g/cm?, with
the difference between the highest and lowest
values being less than 5 percent. This amount is
also less than the acceptable tolerance for the
maximum dry density.
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Table 4. The results of compaction tests.

Salt percentage

Optimum water content

Maximum dry density

CL-00
CL-C0.5
CL-C1
CL-C2
CL-C5
CL-S0.5
CL-S1
CL-S2
CL-S5
CH-00
CH-CO0.5
CH-C1
CH-C2
CH-C5
CH-S0.5
CH-S1
CH-S2
CH-S5

21.8
21.6
215
214
20.5
21
20.8
20.8
20.5
27.4
27.2
27.1
26.8
26.5
27.2
27.2
27
26.8

1.57
1.58
1.58
1.58
1.64
1.58
1.59
1.60
1.64
1.52
1.49
1.50
1.53
1.55
1.48
1.50
151
1.52

3.2. The effect of salts on the shear characteristic of
the soils

The UU triaxial tests were conducted on
samples containing both sodium chloride and
sodium carbonate salts with different
concentrations to determine the cohesion (C)
and internal friction angle (&) in three
replicates. To evaluate the effect of salt
concentration and type on soil cohesion and
internal friction angle, graphs depicting the
changes in cohesion and internal friction angle
concerning sodium sulfate and chloride
concentrations were plotted (Figs. 6 and 7).

As shown in Figs. 6 and 7, with the increase in
sodium sulfate concentration up to 0.5 percent,
the cohesion of the soil decreases. For both soil
samples, the minimum cohesion was observed
with the addition of 0.5 percent sodium sulfate
where the cohesion of the soils reduces to about

60 kPa in the CH sample and 100 kPa in the CL
sample indicating 50 and 35 percent reduction
in comparison to natural soils, respectively. As
the salt concentration increases from this value
onward, cohesion rises slowly. When the
sodium chloride concentration reaches up to 0.5
percent, cohesion decreases in both samples in
the same way as for sodium sulfate, dropping to
about 83 kPa in the CL sample and 97 kPa in
the CH sample, which represents reductions of
approximately 47 and 35 percent compared to
natural soils. When the sodium chloride
concentration increases from 0.5 to 2 percent,
cohesion increases, reaching its maximum
value at 2 percent sodium chloride. Further
increases in sodium chloride concentration led
to a continuous decrease in cohesion, reaching
a minimum value of 55 kPa in both soil samples
at 10 percent sodium chloride.

200
180
160
140
~120
< 100

a

Cohesion (
N b OO
o O O o
Il

o

Percentage of sodium sulfate

6 8 10 12

Fig. 6. The changes in cohesion concerning sodium sulfate concentration.
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Fig. 7. The changes in cohesion concerning sodium chloride concentration.

Figs. 8 and 9 illustrate how the internal friction
angle changes with different amounts of
sodium sulfate and sodium chloride salts for the
soils under study. According to Fig. 8, unlike
the cohesion, the internal friction angle
increases as the sodium sulfate concentration
increases up to 0.5 percent in the CL sample and
1 percent in the CH sample, which indicates
about 20 and 34 percent increase in the internal
friction angle, respectively. Also, when the salt
concentration increases from these values
onwards, the internal friction angle decreases
up to about 2.5 percent of salt. After that, the
increasing trend continues as the salt
concentration increases. Thus, salt
concentration does not have a constant effect on

the internal friction angle. In fact, up to a certain
concentration (about 1%), sodium sulfate
increases the internal friction angle, but after
that, it decreases the internal friction angle back
to its initial value. Subsequently, for
concentrations above approximately 2.5%, the
internal friction angle increases with further
increases in the salt concentration. These
variations indicate a similar trend for sodium
chloride. However, as can be seen in Fig. 9, the
effect of sodium chloride on the CH soil is
much more than on the CL soil, implying that
sodium chloride has a greater effect on soils
with high plasticity compared to those with low
plasticity.

Intrenal friction angle (¢)

0 2 4

Percentage of sodium sulfate

6 8 10 12

Fig. 8. The changes in the internal friction angle concerning sodium sulfate concentration.

Figs. 10 and 11 show the variation of the angle
of internal friction and cohesion of the soils
with the total amount of salinity in terms of

electrical conductivity, EC, regardless of the
type of salt.
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As can be seen from Figs., there is no clear
relationship between electrical conductivity
and shear parameters. That means the effect of
salinity on soil shear properties cannot be
expressed only by the amount of salinity in
terms of electrical conductivity, EC, instead in
addition to salt concentration, the type of anions
and cations as well as the plasticity of soils play
a crucial and decisive role in explaining the
relationship between pore water salinity and
shear parameters of soils. Based on the overall
results obtained from this research, it is obvious
that the effect of the salts on the maximum dry
unit weight of the soil is also negligible. In
which, the amount and type of soil salinity do
not significantly impact the compaction
characteristics of the soils. These findings agree
with findings reported by other researchers
(Nasr, 2015).

Also, it was found that in cases where the
increase of salt in the soil reduces its cohesion,
it increases the internal friction angle of the soil
and vice versa. This issue is in complete
agreement with the concept of these two
parameters. Also, it is found that the effect of
salts depends on the quantity and type of anions
and cations existing in the pore water of soil and
the index properties of the soils. Furthermore, it
was also found that there is no clear relationship
between electrical conductivity and shear
parameters, and then, the effect of salinity on
soil shear properties cannot be expressed only
by the amount of salinity in terms of electrical
conductivity, EC.

These findings Also, generally the fiction angle
and shear strength of soil. The overall findings
of this study are consistent with the results
presented by Deng et al.(2021), in which the
friction angle and shear strength of clayey soils
increase with an increase in pore water salinity.

4. Conclusion

The study found that soil salinity does not
significantly impact compaction characteristics
such as optimum water content and maximum
dry density. However, an increase in sodium
sulfate concentration up to 0.5% decreased
cohesion by about 50% in CL soils and 35% in
CH soils, with a slight increase beyond this
concentration.  Similarly, sodium chloride
reduced cohesion by about 50% in CL soils and
35% in CH soils, with a continuous decrease
reaching a minimum of 55 kPa at 10% sodium
chloride. Unlike cohesion, the internal friction

angle increased with sodium sulfate
concentration up to 0.5% in CL soils and 1% in
CH soils, indicating a 20% and 34% increase,
respectively. Beyond certain concentrations,
the internal friction angle decreased before
increasing again at higher salt concentrations,
showing a similar trend for sodium chloride.
The effect of sodium chloride was more
pronounced in CH soils than CL soils,
suggesting a greater impact on high-plasticity
soils. The study also highlighted that the effect
of salts depends on the type and number of
anions and cations in the pore water and soil
index properties. There is no clear relationship
between electrical conductivity and shear
parameters, indicating that salinity's effect on
soil shear properties cannot be solely expressed
by electrical conductivity.

The type of anions and cations, along with soil
plasticity, plays a crucial role in describing the
relationship between pore water salinity and
shear parameters. However, the present study
has certain limitations, including its focus on
specific clayey soils in Iran, which may limit
the generalizability of the results to other soil
types or regions. The controlled laboratory
settings and specific salt concentrations
examined might not fully reflect real-world
conditions with varying environmental factors.
Future research should expand to include a
broader range of soil types and regions,
considering adequate replication for each test to
statistical analysis, investigating long-term
effects of salinity on soil properties, exploring
the impact of various salts and combinations,
and developing effective soil treatment
methods to mitigate the adverse effects of
salinity.

Acknowledgment

This research was conducted in the Soil
Mechanics Laboratory of the Iranian
Agricultural Engineering Research Institute
(AERI). The authors gratefully acknowledge
the support of the Iranian Agricultural
Engineering Research Institute for making
available the required facilities to conduct.


https://www.sciencedirect.com/topics/engineering/friction-angle
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/porewater

40 Abbasi, N. et al., / Sustainable Earth Trends  5(4) 2025 30-41

References

Abbasi, N. & Nazifi, M.H., 2013. Assessment and
Modification of Sherard Chemical Method for
Evaluation of Dispersion Potential of Soils.
Journal Geotechnical and Geological
Engineering, 31 (1), 337-349.

Al-Obaidi, A., Ihssan, A., Allawi, H., Al-Attar, T.S., Al-
Neami, M.A. & Abdulsahib, W.S., 2018. Studying
the combined salts effect on the engineering
properties of clayey soil. Matec Web of
Conferences, 162, 01011.

De Rosa, J., Pontolillo, D.M., Maio, C.D., & Vassallo, R.,
2016. Chemical clay soil improvement: From
laboratory to field test. Procedia Engineering,
158, 284-289.

Deng, Y., Zhang, T., Cui, Y., Chen, Y., Deng, T. & Zhou,
X., 2018. Pore water salinity effect on the intrinsic
compression behaviour of artificial soft soils.
Applied Clay Science, 166, 299-306.

Di Maio, C., 1996 Exposure of bentonite to salt solution:
Osmotic and mechanical effects. Geotechnique, 46
(4), 695-707.

Deng, Y., Xue, H., Wu, Y., Zhang, T., Wu, Z., Chu, C.,
2021. Effects of pore-water salinity on soil
identification using in situ cone penetration tests,
Engineering Geology, Volume: 292, ISSN 0013-
7952,
https://doi.org/10.1016/j.engge0.2021.106252.

Geng, W., Han, W,, Yin, J. & Lu, Zh., 2022. Salinity
effects on the strength and morphological indices
of soft marine clay. Scientific Reports, 12, 17563.

Han, Y., Wang, Q., Xia, W, Liu, J., Wang, J., Chen, Y. &
Shen, J., 2020. Experimental study on the
hydraulic conductivity of unsaturated dispersive
soil with different salinities subjected to freeze-
thaw. Journal of Hydrology, 583, 124297.

He, P., Ohtsubo, M., Abe, H., Higashi, T. & Kanayama,
M., 2014. Quick clay development and cation
composition of pore water in marine sediments
from the Ariake Bay area, Japan. International
Journal of Geosciences, 5 (6), 595-606.

Horpibulsuk, S., Phojan, W., Suddeepong, A.,
Chinkulkijniwat, A. & Liu, M.D., 2012. Strength
development in blended cement admixed saline
clay. Applied Clay Science, 55, 44-52.

Horpibulsuk, S., Yangsukkaseam, N., Chinkulkijniwat, A.
& Du, Y., 2011. Compressibility and permeability
of Bangkok clay compared with kaolinite and
bentonite. Applied Clay Science, 52 (1-2), 150-
159.

Kang, X., Xia, Z., Chen, R.P., Liu, P. & Yang, W., 2019.
Effects of inorganic cations and organic polymers
on the physicochemical properties and
microfabrics of kaolinite suspensions. Applied
Clay Science, 176, 38-48.

Krystal, W., Kalaiarasi, V. & Vipulanandan, C., 2007.
Index Properties and Strength of Artificial Soil
Using the Harvard Miniature Method. Final
Report Department of Environmental and Civil
Engineering University of Houston.

Liu, Y.W., Chang, M.S., Wang, Q., Wang, Y., Liu, J.,
Cao, Ch., Zheng, Y., Bao, Y. & Rocchi, I., 2020.
Use of Sulfur-Free Lignin as a novel soil additive:
a multi-scale  experimental  investigation.
Engineering Geology, 269, 105551.

Maio, C.D. & Fenellif, G.B., 1994. Residual strength of

kaolin and bentonite: The influence of their
constituent pore fluid. Geotechnique, 44 (2), 217-
226.

Mokni, N., Romero, E. & Olivella, S., 2014. Chemo-
hydro-mechanical behaviour of compacted Boom
Clay: Joint effects of osmotic and matric suctions.
Geotechnique, 64 (9), 681-693.

Nasr, A.M.A., 2015. Geotechnical Characteristics of
Stabilized Sabkha Soils from the Egyptian—Libyan
Coast. Geotech Geol Eng, 33, 893-911.

Onitsuka, K., Modmoltin, M., Kouno, M. & Negami, T.,
2003. Effect of organic matter on lime and cement
stabilized ariake clay. Journal of Geotechnical
Engineering, 729 (62), 1-13.

Paassen, L.A.V. & Gareau, L.F., 2004. Effect of pore fluid
salinity on compressibility and shear strength
development of clayey soils. Engineering Geology
for Infrastructure Planning in Europe, 104 (39),
327-340.

Pan, L., Liu, H., Qiu, W. & Yin, J., 2023. Effects of
Salinity and Curing Time on Compression
Behavior of Fly Ash Stabilized Marine
Clay. KSCE Journal of Civil Engineering, 27,
4141-4151.

Panayiotopoulos, P., Barbayiannis, N. & Papatolios, K.,
2004. Influence of electrolyte concentration,
sodium adsorption ratio, and mechanical
disturbance on dispersed clay particle size and
critical flocculation concentration in Alfisols.
Communications in soil science and plant
analysis, 35 (9-10), 1415-1434.

Shen, J., Wang, Q., Chen, Y., Han, Y., Zhang, X. & Liu,
Y., 2022. Evolution process of the microstructure
of saline soil with different compaction degrees
during freeze-thaw cycles. Engineering Geology,
304, 106699.

Siddiqua, S., Blatz, J. & Siemens, G., 2011. Evaluation of
the impact of pore fluid chemistry on the
hydromechanical behaviour of claybased sealing
materials. Canadian Geotechnical Journal, 48 (2),
199-213.

Sparks, D.L. 2000. Soil Physical Chemistry. CRC Press,
Florida.

Sridharan, A., EI-Shafei, A. & Miura, N., 2002.
Mechanisms controlling the undrained strength
behavior of remolded ariake marine clays. Marine
Georesources and Geotechnology, 20 (1), 21-50.

Stipho, A.S., 1985. On the engineering properties of salina
soil.  Quarterly Journal of Engineering
Geology, 18 (2), 129-137.

Tiwari, B. & Ajmera, B., 2015. Reduction in fully
softened shear strength of natural clays with NaCl
leaching and its effect on slope stability. Journal
of  Geotechnical and  Geoenvironmental
Engineering, 141, 1.

Truc, N.N. & Mihova, L., 2020. Hanoi cohesive soil in
salt-affected conditions: soil properties and 2d
consolidation analysis. International Journal of
Civil Engineering, 18, 137-150.

Wang, J.Q., Wang, Q., Kong, Y.Y., Han, Y. & Cheng,
S.K,, 2020. Analysis of the pore structure
characteristics of freeze-thawed saline soil with
different salinities based on mercury intrusion
porosimetry. Environmental Earth Sciences, 79
(7), 161.

Wilson, S.D., 1950. Small soil compaction apparatus
duplicates field results closely. Engineering News-


https://doi.org/10.1016/j.enggeo.2021.106252
https://www.nature.com/articles/s41598-022-22627-w#auth-Zhijun-Lu-Aff1
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(PANAYIOTOPOULOS)
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(BARBAYIANNIS)
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=auteursNom:%20(PAPATOLIOS)
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=listeTitreSerie:%20(Communications%20in%20soil%20science%20and%20plant%20analysis)
http://www.refdoc.fr/?traduire=en&FormRechercher=submit&FormRechercher_Txt_Recherche_name_attr=listeTitreSerie:%20(Communications%20in%20soil%20science%20and%20plant%20analysis)

Abbasi, N. et al., / Sustainable Earth Trends ~ 5(4) 2025 30-41 41

Record, 145 (18), 34-36. and friction angle of three selected fine grained

Xing, H.F., Yang, X., Xu, C. & Ye, G., 2009. Strength materials. Engineering Geology, 193, 153-157.
characteristics and mechanisms of salt-rich soil- Zhang, L., Sun, D. & Jia, D., 2016. Shear strength of
cement. Engineering Geology, 103 (1- 2), 33-38. GMZ07 bentonite and its mixture with sand

Yan, W.M. & Chang, J., 2015. Effect of pore water saturated with saline solution. Applied Clay

salinity on the coefficient of earth pressure at rest Science, 132-133, 24-32.



