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Study on unconfined compressive 
strength and deformation 
characteristics of chlorine saline 
soil
Hongru Li 1,2 & Min Yang 3*

The distribution of saline soil is wide and the area is large in China. The saline soil in different regions 
shows their own characteristics. The saline soil of single salt is configured by adding different contents 
of NaCl to the loess in Xi’an. The effects of chlorine content and water content on soil strength and 
volume change in a large water content range was studied, and the change mechanism was analyzed 
by scanning electron microscopy. The results show that the strength of chloride saline soil increases 
with the decrease of water content. The moisture content of 12% is the critical point of strength 
change of chloride saline soil. When the moisture content is greater than 12%, the strength of soil 
decreases with the increase of salt content. When the water content is less than 12%, the strength 
of saline soil is 3% NaCl content > 1% NaCl content > 5% NaCl content > 0% NaCl content. The volume 
change of the sample consists of three parts: elastic deformation during sample pressing, volume 
shrinkage during water loss and salt expansion. In the absence of NaCl and 1% NaCl content, the 
sample was in the state of shrinkage during the loading process, in which with the decrease of 
moisture content shrinkage rate slowed down. The volume change rate of 3% and 5% NaCl showed 
an inflection point from negative to positive when the water content was 15%. When the water 
content is less than 12%, the saline soil with 3% NaCl content has the characteristics of high strength 
and unobvious salt expansion. The method of adding 3% NaCl to loess in Xi ’an area can be used 
to simulate the cement between soil particles, which provides a reference for artificially preparing 
structural soil. According to the microstructure analysis, the higher the salt content of saline soil, the 
smaller the soil pores, and the contact form of soil particles gradually develops from the point contact 
between soil particles to the salt-wrapped structure.

Whether tropical or cold, southeast coastal or northwest inland, saline soil is distributed in China. Saline soil 
has different characteristics in different climatic zones. The total area of saline soil is about 36 million hectares, 
accounting for 4.88% of the available land area in China1. When the soluble salt content of loess is more than 
0.3%, the collapsible coefficient of soil is large under water immersion condition, which shows strong collaps-
ibility. The loess with salt content greater than this soluble salt content is defined as saline loess2. In recent years, 
with the rise of the groundwater level in Xi’an, the rise of storage level of the moat outside the city wall and the 
construction of urban hydrophilic environment, a large number of saline disasters have occurred in the ruins 
of the Tang and Ming emperors’ city walls. The salt of the earthen site is released and adhered to its surface, 
which causes the surface of the cultural relics to fall into pieces of crisp powder and seriously affects the life of 
the cultural relics, as shown in Fig. 1.

Many scholars have made a series of achievements in the formation of saline soil3–5, the water and salt 
migration laws5,6, soil–water characteristic curve7, the influence of freeze–thaw cycles on strength and 
microstructure8–10, the relationship between freezing temperature and volume change of saline soil11,12, and the 
influence of stress state on deformation and surrounding structure of saline soil13–15, salt content detection and 
difference of microstructure caused by phase change16–19, which provides a theoretical basis for explaining the 
mechanical phenomenon and disease mechanism of saline soil.
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The strength and deformation of soil are the most concerned issues in construction projects20–22. As a special 
soil, the strength and deformation of saline soil are greatly affected by water content and salt content23. In order 
to have a comprehensive understanding of saline soil, it is necessary to carry out the physical and mechanical 
tests of different salts and composite salts of different proportions under different salt contents in a large water 
content range. Yu et al.24 studied the variation of strength parameters with moisture content of soda-saline soil 
in the process of water loss and moistening by air-drying and drip method. Liang et al.25 analyzed the variation 
mechanism of soil strength, liquid and plastic limit and difference of surface potentials with chloride content 
from the microscopic, and explored the strength of saline soil from different aspects, which provided a new idea 
for subsequent research. As another characteristic of saline soil, salt expansion has also achieved some research 
results. Most of them are obtained through laboratory tests. Aiming at the sulfate or composite salt containing 
sulfate with obvious salt expansion effect, a salt expansion calculation formula considering various factors such 
as salt content, water content, dry density and overlying load is proposed and the parameter sensitivity analysis 
is carried out. The correctness of the formula is verified by the test results26.

In these researches on the strength of saline soil and formulas for calculating salt expansion, only the effect 
of the decrease of water content on the strength and the salt expansion caused by salt crystallization caused by 
water loss were considered. These formulas do not consider the inhibitory effect of the dehydrated shrinkage of 
the sample on salt expansion. This is mainly the research results of saline soil of sulfate or compound salt in a 
small water content range. These results do not fully consider the differences in soil properties by the influence 
of water content in the larger interval and the different salts, which affect the strength and deformation of saline 
soil. In view of the complexity of the composition of natural saline soil, it is difficult to distinguish the influence 
of different salts on the properties of soil. In this paper, a single salt saline soil was prepared by adding different 
contents of NaCl to the loess in Xi’an. The influence of chloride content and water content on soil strength and 
volume change of samples considering water loss shrinkage were studied in large water content range. The reasons 
for the macro change were analyzed from the microscopic aspect.

Sample design
Soil sample preparation
The soil specimens are the saline soil prepared by adding part of NaCl to the remolded loess in the eastern sub-
urbs of Xi’an. The content of each ion in the soil is determined by the method mentioned in the Specification of 
Soil Test. The results are shown in Table 1.

The specific making methods of saline soil are as follows: (1) When the water content of the sample is 21%, 
prepare the water it needs. (2) The saline soil in the test is to integrate NaCl into the water according to three mass 
ratios of NaCl to soil is 1%, 3% and 5% respectively, and stir it fully. (3) When NaCl was completely dissolved in 
water, the NaCl solution was mixed in the soil which was dried in advance and passed through a 2 mm sieve. In 
the process of soil mixing, it is found that the higher the chloride content is, the more likely the agglomerates are 
to appear in the soil. In order to ensure the accurate and uniform salt content of the prepared soil, it is necessary 
to pass 2 mm sieve on the prepared soil again. For larger agglomerates, they should be crushed and continue to 
be sieved until all the soil is sieved.

Figure 1.   Salt precipitation on the surface of the site.

Table 1.   The ion content in natural loess.

Types Na+ Mg2+ Ga2+ Cl− SO4
2− CO3

2−

content/% 0.21 0.15 0.08 0.27 0.11 0.16
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The prepared soil was sealed in a preservative bag and placed in a moisturizing cylinder for 24 h to ensure 
that the water and salt were evenly distributed to meet the test requirement. Measurement of moisture content 
before sample preparation, the wet soil mass is calculated according to the dry density and the moisture content 
of the test. The cylindrical specimens with a diameter of 3.91 cm and a height of 8.0 cm are prepared by strati-
fication into 5 layers.

Test scheme
Unconfined compressive stress is the case where the surrounding pressure is zero under triaxial stress. In this 
paper, SJ-1A strain triaxial apparatus is used to apply axial pressure to the sample without applying peripheral 
pressure. After many attempts, the shear rate is finally selected as 0.166 mm/min, and the sample is compressed 
by 0.1 mm to read the measuring force ring once.

The method of making samples with different water content is to spray humidification or air drying of 
unsaturated samples to test moisture content. The fresh-keeping film is wrapped and sealed with transparent 
tape to prevent the water loss of the samples or the moisture absorption of the saline soil samples under low 
water content. The wrapped samples are placed in the moisturizing cylinder for 24 h to make moisture of the 
sample to uniformly. The saturated sample is made by vacuum saturation method. The specimens are subjected 
to unconfined compression test, salt expansion and microstructure scanning test. Through these, the effects 
of water content and chloride content on strength, volume change and microstructure were analyzed. The test 
scheme is set as shown in Table 2.

Unconfined compressive strength of chlorine saline loess
Effect of water content on unconfined compressive strength of chloride saline soil
The relationship between the unconfined compressive strength (qu) of saline soil with different chloride content 
and water content under three dry densities are shown in Fig. 2. Figure 2 shows that the unconfined compressive 
strength decreases with the increase of water content in the test water content range. When the moisture content 
is in the range of 9% and 21%, the strength decreases rapidly, and the strength decreases relatively slowly in the 
remaining range of water content. Regardless of the dry density and saline soil of samples with chlorine salt 
content, the moisture content of 12% is the intersection point of its strength change. When the water content is 
12%, the strength of soil with the same dry density and different chlorine salt content is basically the same. When 
the water content is greater than 12%, the higher the salt content, the lower the strength. When the water content 
is less than 12%, the strength of saline soil with 3% NaCl is the highest, and the strength of soil without NaCl is 
the lowest. When the water content of the soil sample is 12%, a comparative test of the effect of salt content on 
liquid and plastic limit and plasticity index was carried out, but the correlation between the two was not found, 
so it is necessary to continue to carry out in-depth research.

Table 2.   Test scheme.

Parameters Values

Dry densities (g/cm3) 1.4, 1.45, 1.5

Salt contents (%) 0, 1, 3, 5

Water contents (%) 6, 9, 12, 15, 18, 21, 32.78

a Dry density of 1.4 g/cm3 b Dry density of 1.45 g/cm3 c Dry density of 1.5 g/cm3
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Figure 2.   Relationship between soil strength and water content.
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Effect of NaCl content on unconfined compressive strength of saline soil
Figure 3 shows that the influence of salinity in different moisture content range on unconfined compressive 
strength is different. At a saturated moisture content of 32.78%, the strength of the soil is low, and the chlorine 
content has little impact on the strength. When the water content is 21% and 18%, the water content in the soil 
is higher, and the salinity is still in the dissolved state, which increase the thickness of the hydrated film in the 
soil and reduce the friction between the soil particles, resulting in the soil strength decreases with the increase 
of salt content. When the moisture content is 15% and 12%, the soil strength fluctuates slightly with the salin-
ity. This is because some salts begin to crystallize, for the soil with the minor dry density (ρd = 1.4 g/cm3), the 
cementation between the salt and the soil particles don’t increase the soil strength. When the salinity (5%) is 
higher, or the dry density (ρd = 1.45 g/cm3 and ρd = 1.5 g/cm3) is larger, salt crystallization enhances the connec-
tion between soil particles or fills into pores, which increase the soil strength. The interaction of multi-factor 
such as salinity, moisture content and dry density makes the soil strength fluctuate when the moisture content is 
15% and 12%. When the water content is 9% and 6%, the strength of the soil increases first and then decreases 
with the increase of the salt content. When the NaCl content reaches 3%, the soil strength is the highest. This 
phenomenon is caused by the fact that salt crystals enhance the connection between soil particles under low 
moisture content. Excessive salt crystals (5% NaCl) cause soil expansion and damage the soil structure, which 
lead to the decrease of soil strength.

The effect of salt content on strength of saline soil with low water content has obvious regularity, while the 
effect of salt content on strength of saline soil with high water content is irregular. Therefore, the strength problem 
of saline soil is the result of the coupling effect of water content, salt content and physical and chemical proper-
ties. This problem is difficult to explain clearly with a parameter change.

Volumetric‑change characteristics of saline soil
The volumetric-change of saline soil is a complex physical process, which is the result of coupling effect of water, 
heat, salt and force27. The volumetric-change rate δ is the ratio of the difference between the volume after the 
test and pre-experiment to the sample volume before the test. The calculation method is shown in Formula (1).

When δ is soil volume change rate, V0 is volume of samples, and its calculation formula is formula (2). V1 is 
the volume of the sample after the experiment is completed.

The influence of water content on the deformation characteristics of chloride saline soil
Figure 4 shows that the volumetric-change rate of saline soil is closely related to the salt content of the sample 
under different water content condition. When the water content of the sample is higher, the salt in the soil exists 
in the form of solute, which has no effect on the volume change of the sample. When the moisture content of the 
sample is lower, the body shrinks, which is caused by the volume reduction due to the loss of water. The sample 
has salt swelling, which is caused by the increase of sample volume due to salt crystallization. The research on 
saline soil deformation mainly focuses on shrinkage and salt expansion at low water content. For samples with 
different dry densities, when NaCl is not added and NaCl content is 1%, the volume reduction of the sample 
shows monotonically increasing with the decrease of water content. This phenomenon is due to the fact that the 
volume shrinkage of the sample is greater than the salt expansion of the sample at lower salt content, showing a 

(1)δ =
�V

V0

=
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Figure 3.   Relationship between soil strength and NaCl content.
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negative volume change rate. When the salt content is 3% and 5%, the effect of salt expansion is more obvious. 
With the decrease of water content, the volumetric-change rate gradually changes from the initial positive value 
to the negative value. When the water content decreases to 15%, the volumetric-change rate of the sample is the 
minimum value. As the water content continues to decrease, the effect of salt expansion is greater than that of the 
volume shrinkage. The free volumetric-change rate of the 5% NaCl sample gradually recovers from the negative 
value to the positive value. These test results show that the salt expansion of saline soil is not only related to salt 
content, but also has a great relationship with water content.

The influence of NaCl content on the deformation characteristics of chloride saline soil
Figure 5 shows that soil volume change rate of samples with different dry densities is positive at 21% water 
content, and that does not change obviously with the increase of salt content. When the water content is 18%, 
15% and 12%, the volumetric-change of the sample fluctuates from volume expansion to volume shrinkage due 
to the rebound deformation, volume shrinkage caused by water loss and salt expansion of the sample during 
standing. When the water content gradually decreases to 9% and 6%, salt expansion is the main influence. The 
volumetric-change rate of the sample changes smoothly from volume shrinkage to volume expansion with the 
increase of salt content. In the process from volume shrinkage to volume expansion, the higher the salt content 
and the lower the water content.

According to the analysis of the calculation formula of volume change rate, the volumetric-change rate under 
the moisture content of the sample should be zero. Figure 4 shows that the volume expansion rate increases with 
the increase of dry density when the moisture content of the sample is 21%. The reason is that the cyclo-hoop of 
the sample preparation device during the sample pressing process makes the sample produce elastic compres-
sion deformation. During the standing process of the sample, the elastic compression deformation gradually 
recovered. The greater the dry density of the sample, the greater the rebound deformation.

a Dry density of 1.4 g/cm3 b Dry density of 1.45 g/cm3 c Dry density of 1.5 g/cm3
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Figure 4.   The relationship between soil volume change rate and salt content under different water content 
condition.
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Figure 5.   The relationship between soil volume change rate and water content under different salt content 
condition.
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It is found that for soil samples with high water content, no matter how the salt content changes, the difference 
of volume change is not obvious. For soil samples with low water content, the difference effect of salt content on 
volume change is obvious.

Microstructure analysis
Scanning electron microscope can directly observe the particle shape, location, connection form and pore distri-
bution on the surface of the soil. These microstructures affect the mechanical properties and volumetric-change 
of saline soil28–32. In order to understand the microscopic changes of soil structure after freezing and thawing 
cycl of saline soil, scanning electron microscopy tests of coarse-grained soil were carried out under the different 
time of the freeze- thaw cycles, and the microscopic evolution of salt expansion were analyzed through these 
experiments33,34. In order to explain the influence mechanism of NaCl content on soil deformation and strength 
in this paper, the field emission scanning electron microscopy (JSM-6700F) was selected. The samples with dry 
density of 1.45 g/cm3 and NaCl content of 0%, 1%, 3% and 5% were selected for electron microscope scanning. 
The samples were cut into cubes of about 5 mm. After the soil samples were sprayed with gold, vacuumed to 
below 4.4 × 10–4 Pa, voltage loaded to 20 kv, focusing and other steps, the microstructure SEM image of the soil 
samples could be collected. The magnification was 500 times, 1000 times and 2000 times. The representative 
points can be selected for observation.

The SEM images of Figs. 6, 7, 8 and 9 can clearly reflect the pore size, and the connection form of crystalline 
salt and soil particles under different magnification and different salt content. The enlarging the image by 500 
times clearly shows the shape of the particle connection and the distribution between the particles and the pores, 
but the tiny pores and salt crystals are not observed. This picture can only observe the structure of saline soil, but 
it cannot observe the micro-pores and salt crystals. The observation area of the image magnified by 1000 times is 
reduced by half compared with the observation area magnified by 500 times. The pore distribution and size can be 
clearly observed, but the salt crystallization cannot be clearly observed. The image is clear at the magnification of 
2000 times. The material showing a smooth surface in the picture is NaCl crystallization. The connection between 
NaCl and soil particles can be observed. It is found that some NaCl crystals are filled in the pores of the soil.

In the absence of NaCl, the soil pores are numerous and densely distributed, and most of them are connected 
pore. The soil particles are connected by the original soluble salt crystallization in the soil, which makes the soil 
strength low and the volume shrinkage obvious. The pores of the soil with 1% NaCl content are smaller than those 
without NaCl, but the number is comparable. There is only a small amount of salt crystallization on the surface 
of the soil, which is not obvious for the improvement of soil strength and the inhibition of soil deformation. 

a Magnify 500 times b Magnify 1000 times c Magnify 2000 times

Figure 6.   SEM images without NaCl.

a Magnify 500 times b Magnify 1000 times c Magnify 2000 times

Figure 7.   SEM images of 1% NaCl content.
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A large number of cube NaCl crystal can be observed on the surface of soil with 3% NaCl content. Some of 
these salt crystal fill the original pores of the soil, which reduce the pores and cause the sample to swell. These 
crystals also act on the bonding of soil particles, enhancing the bonding strength between particles. There are 
fewer pores on the surface of 5% NaCl soil. In the case of magnification of 2000 times, it is observed that the salt 
crystals completely encapsulate the soil particles, and a smooth NaCl crystal layer is formed on the surface. The 
volumetric-change of the soil becomes significantly larger. The measured strength value of 5% NaCl is smaller 
than that of 3% NaCl and 1% NaCl. Combined with the characteristics of SEM images, the reason why the higher 
the salt content of soil samples, the lower the strength was analyzed. On the one hand, salt expansion destroys 
the structure of soil. On the other hand, the soil particles are wrapped by NaCl salt, and the friction strength of 
soil is reduced, which reduces the strength of the soil. This should be paid attention to in practical engineering.

When the salt content of the soil sample is high, the microstructure of the soil sample is fibreized blocky, there 
are more fly-over structures, and the solid particle are mainly chloride and other mineral particles of the sheet 
prismatic. After the salt content of the soil sample is reduced, the microstructure of the soil sample is crumb 
structure, fly-over structure formed between the solid particles is reduced. The solid particles of the soil sample 
are refined, there is no flaky salt crystals, and the pores become smaller. It can be seen that the change of salt 
content will change the pore structure of soil.

Conclusion
Saline soil is prepared by adding NaCl to loess in Xi ’an. The volumetric-change characteristic and unconfined 
compressive strength of samples with different dry densities under different salt content and water content con-
dition were studied, and the change mechanism were analyzed from the microcosmic aspect. The conclusions 
are as follows.

(1)	 Through experiments, it is found that regardless of the dry density and salt content of chlorine saline soil, 
soil strength increases with the decrease of water content. The moisture content of 12% is the critical point 
of strength change of chloride saline soil. When the water content is more than 12%, the strength of soil 
decreases with the increase of salt content, but it is lower than that of the soil without chlorine salt. When 
the moisture content of the test is less than 12%, the strength of the chloride saline soil is higher than that 
of the soil without chloride.

(2)	 When the water content is less than 12%, the unconfined compression strength of saline soil under 3% 
NaCl content is the highest, followed by 1% NaCl, and 5% NaCl is the smallest. Although the addition of 

a Magnify 500 times b Magnify 1000 times c Magnify 2000 times

Figure 8.   SEM images of 3% NaCl content.

a Magnify 500 times b Magnify 1000 times c Magnify 2000 times

Figure 9.   SEM images of 5% NaCl content.



8

Vol:.(1234567890)

Scientific Reports |         (2024) 14:1478  | https://doi.org/10.1038/s41598-023-50441-5

www.nature.com/scientificreports/

chloride salt helps to enhance the strength of soil under low water content, excessive salt content will break 
the soil structure and reduce the strength of soil.

(3)	 The volumetric-change of chloride saline soil samples is composed of three parts: elastic deformation 
during compression, volume shrinkage during water loss and salt expansion. In the absence of NaCl and 
1% NaCl content, the sample was in the state of shrinkage, in which with the decrease of moisture content 
shrinkage rate slowed down. The volume change rate of 3% and 5% NaCl showed an inflection point from 
negative to positive when the water content was 15%.

(4)	 When the water content is less than 12%, the saline soil with 3% NaCl don’t occur bulking, the chloride 
salt increases the connection between the soil particles and enhances the strength of the soil. If you want 
to simulate the preparation of artificial structured soil by adding NaCl to simulate the cement between soil 
particles, it is recommended that NaCl with a mass ratio of 3% should be added to the loess in Xi ’an.

(5)	 The microstructure change of saline soil has a great influence on the strength and deformation of soil. The 
SEM image show that the higher the salt content of saline soil, the smaller the pore size of the sample, and 
the contact form of soil particles also gradually develops from the point contact between soil particles to 
the salt particle wrapping structure. The microstructure changes from the fly-over structure to the crumb 
structure. The solid particles of the soil sample are refined, there is no flaky salt crystals, and the pores 
become smaller. It can be seen that the change of salt content will change the pore structure of soil.

Data availability
The data used to support the findings of this study are included within the article.

Received: 23 December 2022; Accepted: 20 December 2023

References
	 1.	 Yang, J. et al. Research on salt-affected soils in China: History, status quo and prospect. Chin. J. Acta Pedol. Sin. 59, 10–27 (2022).
	 2.	 Zhang, S., Zelong, Yu., Zhao, K. & Chen, W. A sensitivity study of influencing factors of collapsibility properties for coarse-grained 

saline soil as an embankment filler. Arab. J. Geosci. https://​doi.​org/​10.​1007/​s12517-​023-​11224-4 (2023).
	 3.	 Chai, S. et al. Analysis of Stalinization of Saline Soil in West Coast Area of Bohai gulf (Chinese Journal of Rock and Soil Mechanics, 

2008).
	 4.	 Zhang, Y., Fang, J., Liu, J.-K. & Xu, A. Variation characteristics of hydrothermal state and migration laws of water and salt in Quran 

Salt Lake region. Chin. J. Geotech. Eng. 34, 1344–1348 (2012).
	 5.	 Bao, W., Li, Z. & Luo, B. Test method for soluble salt in saline soil in highway engineering. Chin. J. Geotech. Eng. 32, 792–797 

(2010).
	 6.	 Chai, S., Zhang, L., Wei, L. & Tian, M. Compressive Properties and Microstructure of Saline Soil Added Fiber and Lime Under 

Freezing-Thawing Cycles (Chinese Journal of Hydrogeology & Engineering Geology, 2022).
	 7.	 Liu, Q., Li, J., Cai, G., Li, P.-L. & Li, X. Experimental study on water retention characteristics of saline soil in the full suction range. 

Geotechnics 42, 713–722 (2021).
	 8.	 Li, M., Yu, H., Du, H., Cao, B. & Chai, S. Mechanical properties of saline soil solidified with the mixture of lime, fly ash and modi-

fied polyvinyl alcohol under freeze-thaw cycles. Chin. J. Rock Soil Mech. 43, 489–498 (2022).
	 9.	 Shen, J. et al. Evolution process of the microstructure of saline soil with different compaction degrees during freeze-thaw cycles. 

Eng. Geol. https://​doi.​org/​10.​1016/j.​enggeo.​2022.​106699 (2022).
	10.	 Cheng, S., Wang, Q., Wang, N., Wang, J. & Han, Y. Study on mechanical properties of saline soil and evaluation of influencing 

factors. J. Cold Regions Eng. https://​doi.​org/​10.​1061/​(ASCE)​CR.​1943-​5495.​00002​47 (2021).
	11.	 Anhua, Xu., Pengcheng, W. & Jianhong, F. Study on the mechanical properties of chlorine saline soil under the interaction of 

multiple factor. Math. Probl. Eng. https://​doi.​org/​10.​1155/​2021/​66696​97 (2021).
	12.	 Wan, X. & Lai, Y. Experimental study on freezing temperature and salt crystal precipitation of sodium sulphate solation and sodium 

sulphate saline soil. Chin. J. Geotechn. Eng. 35, 2090–2096 (2013).
	13.	 Zhao, F., Chang, L. & Zhang, W. Analysis on the influence of cyclic stress ratio and vibration frequency on microstructure of saline 

soil. Chin. J. Glaciol. Geocryol. 42, 854–864 (2020).
	14.	 Lu, S., Ma, Y., Nie, S. & Li, Z. Effects of Different Large Principal Stress Direction Angle Shear on the Deformation Characteristics of 

Remolded Saline Soil (Chinese Journal of Qinghai University, 2022).
	15.	 Feng, Z., Wu, Y., Cheng, C., Wang, T. & Liu, X. Salt dissolution and salt-heaving characteristics of plate-like saline soil. Chin. J. 

Geotechn. Eng. 32, 1439–1442 (2010).
	16.	 Han, L. et al. Response of physical and mechanical parameters of saline soil to the salt content variation and its microstructure 

characteristics. Chin. J. Qinghai Univ. 41(3), 65–71. https://​doi.​org/​10.​13901/j.​cnki.​qhwxx​bzk.​2023.​03.​010 (2023).
	17.	 Feng, Z.-J., Cheng, C., Wang, T. & Liu, X. Effect of microstructural changes of plate-like saline soil on its strength in extremely 

arid desert area. Chin. J. Geotechn. Eng. 33, 1142–1145 (2011).
	18.	 Bing, H., Wu, J. & Deng, J. Variations of physical and mechanical properties of saline loess before and afterdesalting. Chin. J. Glaciol. 

Geocryol. 33, 796–800 (2011).
	19.	 Xiao, Z., Lai, Y. & You, Z. Water and salt migration and deformation mechanism of sodium chloridesoil during unidirectional 

freezing process. Chin. J. Geotechn. Eng. 39, 1992–2001 (2017).
	20.	 Niu, J., Jin, P., Li, D. & Lv, J. Study of the uniaxial compressive strength of frozen saline sandy soil. Chin. J. Glaciol. Geocryol. 37, 

428–433 (2015).
	21.	 Bao, W. & Zhang, S. Experimental study on salt expansion and thawing subsidence properties of sandy Saline soil. Chin. J. Geotechn. 

Eng. 38, 734–739 (2016).
	22.	 Li, M., Chai, S., Hongpu, Du. & Wang, C. Effect of chlorine salt on the physical and mechanical properties of inshore saline soil 

treated with lime. Soils Found. https://​doi.​org/​10.​1016/J.​SANDF.​2016.​04.​001 (2016).
	23.	 Wang, J. & Chang, L. Experimental Study on the Mechanical Properties of Saline Soil Under the Influence of Temperature and Water 

Content (Chinese Journal of Qinghai University, 2023).
	24.	 Yu, Q., Sun, W., Chen, B., Yang, L. & Zhang, G. Research on strength of Song-Nen Plain soda-saline line soil. Chin. J. Rock Soil 

Mech. https://​doi.​org/​10.​16285/j.​rsm.​2008.​07.​027 (2008).
	25.	 Liang, J., Fang, Y. & Chen, S. Experimental research on effect of salt content on strength of tiny-particle clay. Chin. J. Rock Mech. 

Eng. 28, 3821–3829 (2009).

https://doi.org/10.1007/s12517-023-11224-4
https://doi.org/10.1016/j.enggeo.2022.106699
https://doi.org/10.1061/(ASCE)CR.1943-5495.0000247
https://doi.org/10.1155/2021/6669697
https://doi.org/10.13901/j.cnki.qhwxxbzk.2023.03.010
https://doi.org/10.1016/J.SANDF.2016.04.001
https://doi.org/10.16285/j.rsm.2008.07.027


9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:1478  | https://doi.org/10.1038/s41598-023-50441-5

www.nature.com/scientificreports/

	26.	 Zhang, S. et al. Simplified prediction model of salt expansion rate for gravel sulfite saline soil. China J. Highway Transp. https://​
doi.​org/​10.​19721/j.​cnki.​1001-​7372.​2015.​11.​001 (2015).

	27.	 Gu, Q., Wu, A. & Ll, N. the experiment study of salt heaving behaviors of sulphate saline soil. Chin. J. Xi’an Univ. Technol. 25, 
283–287 (2009).

	28.	 Wang, X., Zhang, S. & Zhao, K. Salt Expansion Characteristics and Analysis Model of Coarse-Grained Sulfate Saline Soil Embank-
ment Fill Material with Increasing Fines Content (Chinese Journal of Rock and Soil Mechanics,2022)

	29.	 Chai, S., Zhang, L., Wei, L. & Tian, M. Compressive Properties and Microstructure of Saline Soil Added Fiber and Lime Under 
Freezing-Thawing Cycles (Hydrogeology & Engineering Geology, 2022).

	30.	 Tovey, N. K. A digital computer technique for orientation analysis of micrographs of soil fabric. J. Microsc. 120, 303–315. https://​
doi.​org/​10.​1111/j.​1365-​2818.​1980.​tb041​50.x (1990).

	31.	 Cui, K., Chen, W., Wang, X., Han, W. & Zhu, Y. Study of microscopic mechanism of effect of aeolian erosion ullage at salinization 
belt on earthen ruins in arid region. Chin. J. Rock Soil Mech. https://​doi.​org/​10.​16285/j.​rsm.​2012.​04.​016 (2012).

	32.	 Steiger, M. Crystal growth in porous materials-I: The crystallzation pressure of large crystals. J. Crystal Growth https://​doi.​org/​10.​
1016/j.​jcrys​gro.​2005.​05.​007 (2005).

	33.	 Zhang, S., Xie, Y., Yang, X. & Dai, Z. Research on microstructure of crude coarse grain saline soil under freezing and thawing 
cycles. Chin. J. Rock Soil Mech. https://​doi.​org/​10.​16285/j.​rsm.​2010.​01.​038 (2010).

	34.	 Feng, Z., Cheng, C., Wang, T. & Liu, X. Effect of microstructural changes of plate-like saline soil on its strength in extremely arid 
desert area. Chin. J. Geotechn. Eng. 33, 1142–1145 (2011).

Acknowledgements
This work was supported by Loess Soil Mechanics and Engineering Key Laboratory of Shaanxi Province Founda-
tion (13JS073), Natural Science Foundation of Shaanxi Province (2017JM5059).

Author contributions
H.R.L. provided overall guidance on the article as well as wrote this paper. M.Y. modified the article language.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.Y.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.19721/j.cnki.1001-7372.2015.11.001
https://doi.org/10.19721/j.cnki.1001-7372.2015.11.001
https://doi.org/10.1111/j.1365-2818.1980.tb04150.x
https://doi.org/10.1111/j.1365-2818.1980.tb04150.x
https://doi.org/10.16285/j.rsm.2012.04.016
https://doi.org/10.1016/j.jcrysgro.2005.05.007
https://doi.org/10.1016/j.jcrysgro.2005.05.007
https://doi.org/10.16285/j.rsm.2010.01.038
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Study on unconfined compressive strength and deformation characteristics of chlorine saline soil
	Sample design
	Soil sample preparation
	Test scheme

	Unconfined compressive strength of chlorine saline loess
	Effect of water content on unconfined compressive strength of chloride saline soil
	Effect of NaCl content on unconfined compressive strength of saline soil

	Volumetric-change characteristics of saline soil
	The influence of water content on the deformation characteristics of chloride saline soil
	The influence of NaCl content on the deformation characteristics of chloride saline soil

	Microstructure analysis
	Conclusion
	References
	Acknowledgements


