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Abstract

In this thorough examination, we dive deep into the long-lasting mechanical
characteristics of fine-grained saline soil subgrades, aspiring to establish
a precise and reliable collection of predictive models. Our objective is to
provide a solid scientific footing for the design and ongoing upkeep of road
networks within saline soil environments. Analyzing prolonged monitoring
data across diverse highway subgrades within a prototypical saline soil locale,
we unveil the intricate temporal fluctuations and environmental sensitivities
of the soil’s mechanical properties under continuous load. Precisely, the
subgrade’s compressive modulus dwindled by 15%, while shear strength
declined by 8% over a five-year period. These trends intensify during rainy
and scorching seasons, with drops surpassing 20% and 12% respectively.
Leveraging this intricate data, we deploy nonlinear regression analysis and
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sophisticated machine learning algorithms to construct a predictive model
tailored for the long-term mechanical properties of fine-grained saline soil
roadbeds. This model integrates a multitude of factors, including load dura-
tion, temperature, humidity, and more, delivering accurate forecasts of key
subgrade indicators like compressive modulus, shear strength, and beyond.
In the verification stage, compared with the measured data, the error rate of
the model prediction results is controlled within 5%, showing high prediction
accuracy and stability. In addition, we also carried on the sensitivity analysis
to the model, found that the load size and the duration of the impact on the
mechanical properties of the roadbed is the most significant. Therefore, in the
design of road engineering in saline soil areas, the influence of these factors
should be fully considered, and reasonable engineering measures should be
taken to ensure the safety and durability of roads. This study not only provides
effective data support for the long-term mechanical performance evaluation
of fine-grained saline soil roadbed, but also provides an important theoretical
reference for engineering practice in related fields.

Keywords: Fine-grained saline soil, mechanical properties, predictive mod-
els, modulus of compression.

1 Introduction

In arid and semi-arid regions, soil salinization emerges as a formidable
challenge, fueled by heightened evaporation rates, drastic temperature fluc-
tuations, and scarce rainfall. This phenomenon, along with groundwater
alkalization, serves as ominous harbingers of land desertification, posing
pressing global concerns. Globally, saline soils encompass a staggering 1 bil-
lion hectares, while in China alone, they sprawl across an immense 900,000
square kilometers. Within China, saline soils are broadly categorized into
inland and coastal types, with Xinjiang’s inland saline soils occupying a
particularly prominent position. Strategic and judicious management of these
soils in Xinjiang, a pivotal node along the Belt and Road Initiative, holds
immense potential to propel infrastructure advancements and foster regional
development.

However, in Northwest China, due to the special environmental condi-
tions in this area, such as dry climate, low rainfall and great temperature
difference, large evaporation, extremely high mineralization and serious
secondary salinization, A vast area of coarse-grained saline soil emerged
here, where salt expansion and deformation occur due to phase transitions
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of soluble salts triggered by temperature variance, rainfall, and evaporation,
which can easily cause cracking and uneven settlement of highways, railways
and buildings [1, 2], which directly affects the rational application of coarse-
grained saline soil in this area. During engineering design and construction
in these areas, engineers and technicians often dispose of coarse-grained
saline soil because of the engineering harm of saline soil, which leads to
a huge amount of discarded soil and seriously destroys the local water and
soil conservation and ecological balance [3, 4]. In view of the widespread
distribution of coarse-grained saline soil and serious secondary salinization
in Northwest China, how to effectively use large-scale natural coarse-grained
saline soil as roadbed fillers has become an urgent geotechnical engineering
problem for road construction in Northwest China under the premise of
preventing road diseases in saline soil areas.

The term “coarse-grained saline soil” was first put forward by domestic
expert Gao Shusen and others in the early 1990s when they studied the
physical and mechanical properties of saline soil in northwest areas such
as Xinjiang and Gansu. Subsequently, Hua Zunmeng, Luo Bingfang, Ding
Zhaomin and other scholars have successively conducted relevant experi-
mental studies on the engineering performance of coarse-grained saline soil
applied to subgrade [5, 6]. However, there is still no unified standard to define
coarse-grained saline soil. According to the “Technical Code for Construction
of Saline Soil Areas”, after saline washing, the saline soil named as coarse-
grained soil by the graded grain size of soil samples can be considered as
coarse-grained saline soil. However, the grain size limit value of coarse-
grained soil is not clear. The kosher salt soil referred to in engineering
generally refers to gravel soil or sandy soil, whose particle size is greater
than or equal to 2 mm, its mass exceeds 50% of the total mass, and its total
salt content is more than 0.3% [7, 8].

As a kind of special soil, saline soil is very different from ordinary
plain soil. One is that soluble salts can exist in soil in both solid and liquid
forms. The second is that when the water content of saline soil increases, the
state of soluble salt in the soil changes, resulting in changes in physical and
mechanical properties of the soil, and a significant decrease in soil strength;
Third, with the decrease of ambient temperature or humidity, the salt in
the void of the soil concentrates and combines with the water molecules
to produce crystallization, resulting in the expansion and deformation of
the saline soil foundation; Fourthly, when the foundation of saline soil is
submerged, the cemented crystalline salt in the soil is partially or completely
dissolved by water, thereby reducing the cementation ability between soil
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particles, resulting in the destruction of saline soil. When the soil particles
slide each other, the soil voids will gradually decrease and the soil will sink;
Fifth, due to the existence of soluble salts in soil, they not only corrode
concrete and metallic materials in building structures, but also affect the
safety and stability of infrastructure such as roads and railways.

Numerous methodologies exist for categorizing saline soils, each rooted
primarily in the soil’s inherent characteristics, such as the nature of salts
present, their concentration, and the solubility challenges they pose in water.
Additionally, classifications are often tailored to the degree of harm and
influence these soils exert on industries, agriculture, and transportation. For
instance, in agriculture, where the growth of conventional crops is adversely
affected, saline soils are classified based on the composition and concen-
tration of soluble salts. Conversely, in engineering contexts, classifications
consider the impact on project utilization, thereby tailoring the categorization
to the specific needs and challenges of the engineering domain.

Different engineering types are affected by saline soil characteristics and
damage degree is not the same, such as road and railway roadbed affected
by saline soil is very different from the foundation and foundation of housing
construction, so each industry department can classify saline soil according to
its own characteristics and needs [9, 10]. In addition, special attention should
be paid to the fact that the classification of saline soil needs to consider many
factors and different starting points, so far there is no unified standard method
for classification of saline soil.

2 Study on Salt Expansion Characteristics of
Coarse-grained Saline Soil

2.1 Analysis on Mechanism of Salt Expansion and Its
Influencing Factors

When the temperature decreases, sodium sulfate saline soils will produce
volume expansion, and part of the deformation is due to salt heaving caused
by the water-absorbing crystallization of Na2SO4 in the soil, and the other
part is due to the frost heaving deformation of free water [11]. Salt heaving
occurs above 0◦C, while below 0◦C both salt and frost heaving jointly cause
deformation, exhibiting a coupling effect [12]. During the process of salt
heaving, the migration of water and salt in the soil will cause heat migration.
Na2SO4 solution will absorb 10 water molecules to form Glauber’s salt
crystals (Na2SO4·10H2O), and the volume will expand about 3.18 times [13].
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Figure 1 Evolution diagram of long-term compressive strength of fine-grained saline soil
subgrade.

Figure 1 shows evolution diagram of the long-term compressive strength
of fine-grained saline soil subgrade. At the same time, free water freezes
into ice crystals at low temperature. The prevalence of salt-frost heaving
significantly contributes to the uneven deformation of saline soil roadbeds,
resulting in surface waves, bulges, and substantial degradation of the road-
way. This saline soil deformation can be meticulously divided into three
distinct processes, each defined by specific temperature thresholds [14].
These stages encompass: pure salt heaving that occurs above 0◦C, where the
solubility curve of anhydrous sodium sulfate inversely correlates with rising
temperatures, leading to Na2SO4 crystallization from the salt solution and
subsequent soil volume expansion; salt-frost heaving within a defined sub-
zero temperature range; and pure frost heaving at even lower temperatures.
Below 0◦C, the formation of ice crystals in the salt solution reduces the
availability of free liquid water, escalating the solution’s salt concentration
and fostering the crystallization of Glauber’s salt. Concurrently, during the
freezing process, Na2SO4 molecules precipitate from the ice crystals, fur-
ther contributing to the deformation. At this time, the frost heaving effect
promotes the further occurrence of salt heaving deformation. Furthermore,
during the formation of Na2SO4·10H2O, Na2SO4 molecules absorb 10 water
molecules from the salt solution, thereby reducing the amount of unfrozen
water. This process, known as salt heaving, partially inhibits frost heaving.
However, as temperatures continue to plummet, frost heaving becomes more
prominent, dominating over salt heaving since Na2SO4 within ice crystals
cannot absorb free water. The Uzan model and the octahedral shear stress
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model are shown in (1) and (2).
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Generally speaking, the solubility of most soluble salts diminishes with
falling temperatures. When the concentration of salt solution in the soil falls
below its solubility threshold, debris precipitates from the solution. If the
volume of this debris exceeds the original unsaturated salt solution, the soil
experiences salt expansion. Additionally, when temperatures dip below the
soil’s freezing point, frost heaving occurs, and the combined effect of salt
and frost heaving exerts a comprehensive impact on the soil. There are many
factors affecting salt heave. The temperature change function on the boundary
surface and the overall stiffness matrix are shown in (3) and (4).
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The pivotal factors influencing salt heave deformation in saline soil,
as recognized by scholars globally, encompass soil quality, temperature,
salt content, humidity, particle size distribution, density, and applied loads.
Notably, coarse-grained saline soil exhibits weaker salt-frost heave character-
istics due to its higher porosity compared to fine-grained soils. Furthermore,
chloride salts exhibit a unique chemistry that melts ice, thereby lowering the
freezing point and exhibiting a mitigating effect on soil salt frost heave. Con-
versely, sulfates are the primary driver of salt heave deformation [15]. Among
the culprits for roadway deterioration in saline soil regions, salinity, moisture,
and soil temperature are paramount. However, the harm inflicted by these
factors can be mitigated or even negated through human intervention. Thus,
the cornerstone of eliminating and preventing saline soil roadbed maladies
lies in strategically managing the controllable factors within roadbed fillings,
particularly salt content, moisture levels, and soil temperature.

2.2 Lab Salt Expansion Test of Coarse-grained Saline Soil

Coarse-grained saline soil differs from fine-grained in salt expansion, due
to its large pores. As temperature drops, Na2SO4·10H2O crystals formed
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Table 1 Basic physical property parameters
Source of Gradation Soil Sample
Soil Sample d <2 mm d <20 mm Wopt State Classification
Urumqi 25.65 100 5.1 Good gradation Coarse grained soil

from soil’s Na2SO4 absorb water, filling macropores between particles. Accu-
mulating Glauber’s salt affects soil particles, triggering salt expansion. To
clarify its mechanism and evolution in coarse-grained saline soil roadbeds,
salt expansion tests are essential. The Mohr-Colunb strength criteria and the
incremental stress-strain relationship expressions are shown in (5) and (6).

f = τn − c− σntgφ = 0 (5)

d{ε} = f({σ}) (6)

Due to sampling challenges in saline soils, controlling salt type/amount,
humidity, and particle gradation is difficult [16, 17]. To precisely study salt
expansion in coarse-grained saline soil, this paper uses lab-prepared soil. The
original soil (salt < 0.1%) serves as the base. Table 1 details its physical
properties. Following China’s code and Xinjiang’s guidelines, we classify
saline soil based on salinization, set NaCl and Na2SO4 limits, and blend well-
graded coarse-grained saline soil to obtain soil with specified salt content.

2.3 Test Plan

(1) In the salt expansion test, Haier medical low-temperature control box
(temperature range: −40◦C∼ −25◦C) is used to reduce the temperature
step by step, and the temperature can be intelligently controlled and
constant. The indoor temperature is 20◦C.

(2) Electric compaction instrument, compaction cylinder and other equip-
ment, which are the same as the compaction test of soil.

(3) Other measuring equipment such as porous bottom plate, load plate
and dial gauge are basically consistent with the equipment stipulated
in the soil bearing ratio (CBR) test in the “Highway Geotechnical Test
Regulations”.

Figure 2 presents a comprehensive analysis of the impact of salt content
on the elastic modulus of fine saline soil. The specimens were meticulously
prepared under 96% compaction, with variations in both salt and water con-
centrations. For each distinct salt level, a series of samples were crafted, each
containing 4.0%, 5.1%, and 6.0% moisture content, ensuring a robust dataset
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Figure 2 Analysis of salt content on elastic modulus of fine saline soil.

with three parallel samples per group. The figure further illustrates the plastic
potential function and its incremental form, as expressed in Equations (7) and
(8), respectively, providing a mathematical framework for understanding the
intricate relationships at play.

G = α′I1 +
√
J2 −K ′ = 0 (7)

dHα = {σ}T {dεp} (8)

(1) After the sample is formed, remove the damaged filter paper on the top
surface of the sample and replace it with a good filter paper.

(2) Considering the self-weight of the subgrade soil and the effect of the
overlay load of the pavement structure, four load plates (1.25 kg each)
are added to the upper part of the porous plate with adjusting bars, which
is about 3.2 kPa.

(3) Tighten the pull rods on both sides of the compaction cylinder with
a wrench, and install the dial gauge on the bracket. After checking,
put the test cylinder, the dial gauge and the porous plate into the low
temperature control box together. Figure 3 shows prediction model of
long-term creep behavior of fine-ained saline soil subgrade.
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Figure 3 Prediction model of long-term creep behavior of fine-ained saline soil subgrade.

(3) Salt expansion monitoring

(1) Adjust the temperature of the low temperature control box to 20◦C
and keep the temperature constant for 24 hours.

(2) The next day, read the initial reading of the dial meter and record
it.

(3) To conduct the experiment, the temperature within the low-
temperature control box is to be systematically decreased from
+20◦C to −30◦C, with each decremental stage involving a 5◦C
reduction. Upon reaching each intermediate temperature, the sys-
tem is maintained at a constant state for 120 minutes to ensure sta-
bility. Subsequently, the final reading of the dial meter, influenced
by this specific temperature, is recorded. Furthermore, throughout
this temperature range, the salt expansion value is meticulously
documented for comprehensive analysis.

3 Analysis of Experimental Results

3.1 Salt Expansion Characteristics of Coarse-grained Sulfate
Saline Soil

Figure 4 shows the relationship between the salt expansion and the tem-
perature of the coarse saline soil with different salt content at the specific
compaction degree and water content. As the temperature decreases, the
soil first slightly shrinks due to the large pore structure, then the sodium
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Figure 4 Relationship between salt expansion and temperature of coarse-grained sulfate
saline soil with different salt content when water content ω = 5.1%.

Figure 5 Relation curve of soil salt swelling and temperature at different temperatures.

sulfate crystals increase, and the volume increases to a stable state [18].
The maximum salt expansion amount was 2.40 mm. The salt swelling of
samples with salt content greater than 1.5% is sensitive to temperature. The
sensitive temperature of salt swelling is mainly between 15◦C and −20◦C,
and the incipient swelling temperature is 15◦C, and the swelling of coarse-
grained sulfate saline soil is more violent under the temperature environment
of −15◦C to 10◦C.

Figure 4 vividly demonstrates that upon reaching temperatures ranging
from −25◦C to −20◦C, salt heave attains a state of stability across various
salt concentrations. This stabilization can be attributed to the dual nature
of salt heave, which encompasses both salt expansion and frost heave.
At warmer temperatures, salt expansion predominates, driving the heave
process. However, as temperatures plummet below −25◦C, soil moisture
transforms into ice crystals, thereby diminishing the available water pool.
Consequently, supersaturated sodium sulfate finds itself unable to absorb
sufficient water [19], causing frost heave to assume primacy. This shift results
in a gradual leveling off of the salt heave curve, a phenomenon that aligns
seamlessly with established research findings.

Figure 5 shows the relation curve of soil salt swelling and temperature
at different temperatures. The volume of coarse-grained soil exhibits a slight
decrease with increasing water content above 0◦C. However, below 0◦C, the
soil volume increases with rising water content. For coarse-grained saline
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Figure 6 Creep characteristic curve of fine-grain saline soil subgrade.

soil, salt expansion initially rises and then falls with increasing moisture,
peaking at the optimal water content, regardless of temperature. This is
because the volume of coarse-grained soil shrinks because of the increase
of moisture in coarse-grained soil and the continuous discharge of gas;
With the temperature falling below 0◦C, the water in the pores of the soil
gradually freezes and produces frost heave, resulting in the volume of the soil
gradually increasing. For the coarse-grained saline soil, it can achieve better
compactness under the state of the best moisture content, and the soil void
formed on both sides of the best moisture content is relatively large [20, 21].

Figure 6 presents the creep characteristic curve of a fine-grained saline
soil subgrade, elucidating a crucial aspect of its behavior. The graph reveals
that under varying humidity conditions and temperatures, the salt expan-
sion of coarse-grained sulfate saline soil intensifies proportionally with the
increase in salt content. This underscores the pivotal role of salt as the
primary catalyst for salt heaving, as a higher concentration of sodium sulfate
fosters the formation of more Glauber’s salt crystals upon water absorption.
Furthermore, when excess free water falls below 0◦C, it undergoes freezing
and contributes to additional heaving. The combined effects of salt and frost
heaving amplify soil expansion significantly [22], corroborating established
research findings. Notably, at a moisture content of 6.0%, the soil’s higher
water content and reduced air pockets facilitate a dominant role for frost
heave. Conversely, at low salt levels (Z = 0.5%), limited water absorp-
tion and crystallization fail to adequately fill the interstitial spaces between
soil particles. Additionally, as temperature-induced shrinkage intensifies, the
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Figure 7 Relationship between salt expansion and temperature of coarse-grained chlorine
saline soil with different salt content when water content ω = 5.1%.

initial phase of soil salt heave appears to be mitigated, further elucidating the
intricate interplay between soil composition, moisture, and temperature.

3.2 Characteristics of Salt Expansion in Coarse Chlorine
Saline Soil

Figure 7 shows the relationship between salt expansion and temperature
of coarse-grained chlorine saline soil with different salt content under the
condition of 96% compactness and optimum moisture content. It can be seen
from the curve law in the figure that under the temperature environment
above 0◦C, the volume of coarse-grained chlorine saline soil has almost no
change, that is, no salt expansion deformation occurs. As the temperature
decreases, the volume of non-saline soil (i.e. coarse-grained soil) begins to
expand, the deformation increases first and then decreases, and finally is
in a stable state, and the volume shrinkage appears at 15◦C–0.04 mm. At
the same time, coarse-grained soil produces violent volume expansion in the
temperature range of −25◦C to 0◦C. The reason is that the water in the soil
will freeze below 0◦C and produce frost heave effect. For coarse-grained
chlorine saline soil, when the temperature drops to −10◦C, the soil begins
to expand to a certain extent, and the deformation reaches a peak value of
0.15 mm at −30◦C. The analysis shows that NaCl in saline soil has the
effect of melting snow and ice, and the effect of melting ice of chloride salt
is greater than that of frost heave in the range of −20◦C–0◦C, and the soil
almost does not produce swelling deformation; As the temperature continues
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Figure 8 Compression deformation of fine saline soil.

to decrease, the frost heave effect becomes more and more obvious in the
range of −20◦C∼ −40◦C, and the soil mass appears a certain amount of
expansion deformation, showing a phenomenon of first increasing and then
decreasing.

At a compaction level of 96%, the intricate interplay between salt expan-
sion and water content in coarse-grained chlorine saline soil, across varying
temperatures and salt concentrations, is elegantly portrayed through a metic-
ulously crafted curve. This graphical representation captures the dynamic
relationships at hand, offering valuable insights into the soil’s behavior under
different conditions.

Figure 8 illustrates the compression deformation characteristics of fine
saline soil, revealing a subtle yet discernible trend. Specifically, the defor-
mation of coarse-grained chlorine saline soil exhibits minimal fluctuations
in response to variations in water content, with an overall downward trajec-
tory [23]. This phenomenon stems from the fact that an increase in water
content facilitates the dissolution of excess salt bridges between soil particles,
thereby dismantling the salt-induced skeletal structure within the soil matrix.
Consequently, the gaps between soil particles widen, and under the combined
influence of soil weight and overlying loads, the soil undergoes compaction,
manifesting as a gradual reduction in volume.

4 Study on Mechanical Properties of Coarse-grained
Saline Soil

The difference between coarse-grained saline soil and ordinary coarse-
grained soil is not simply the difference between the presence or absence
of salt, but the change of its mechanical properties (i.e. road performance
indicators) affected by water and salt. With the rapid development and
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massive construction of infrastructure such as expressways and railways in
Northwest China, there is a lack of high-quality embankment filling materials
when building embankments in saline soil areas, and all embankments are
replaced with sand and gravel materials, which will increase the cost of
highway construction [24, 25]. The NCHRP 1-28A model and the Superpave
performance model are shown in (9) and (10).

TR = k1pa

(
θ − 3k4

pa

)k2 (τoct
pa

)k3

(9)

Q = k1pa

(
θ

pa

)k2 (τoct
pa

+ 1

)k3

(10)

When saline soil is used as subgrade filler, its pavement performance is
not only related to whether it can have a good application performance, but
also the first factor to judge whether this kind of material can be used as
subgrade filler [26]. Resilience modulus and CBR (California Bearing Ratio)
are commonly used to assess pavement performance of subgrade fillings [27].
CBR, introduced by the California Highway Bureau, reflects local load
and deformation resistance of roadbed materials [28]. Resilience modulus
characterizes elastic deformation of subgrade soil, indicating the ratio of
stress to strain under load, thus assessing vertical deformation resistance. The
continuous conditions of the heat flow at the interface of the phase transition
are shown in (11) and (12).
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dt
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This metric has gained widespread application in road design. Due to
the complexity of dynamic triaxial test and the scarcity of dynamic triaxial
testers, the application of dynamic modulus of resilience directly to eval-
uate the deformation performance of roadbed fillings is less popular. By
establishing the relationship model between the load-bearing ratio (CBR) of
embankment fillings and the dynamic resilience modulus, the method which
can effectively estimate the dynamic resilience modulus based on the load-
bearing ratio of embankment fillings has significant advantages. The Newman
boundary function and the convection heat exchange boundary conditions
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formula are shown in (13) and (14).

q = −λ · ∂T
∂n

= q(x, y, t) (13)

−λ · ∂T
∂n

= B · (Ta − T ) (14)

Extensive research conducted globally and domestically has predom-
inantly focused on the pavement performance of subgrade fill materials,
emphasizing the load-bearing ratio (CBR) and static elastic modulus of non-
saline soils. However, a notable gap exists in the investigation of the pavement
performance of subgrade soils impacted by salinity, resulting in a disconnect
between the anti-deformation capabilities of saline-affected subgrades and
their actual load-bearing capacities. Given the ubiquitous presence of saline
soil in our country, a thorough understanding of its pavement performance
is paramount in assessing its feasibility as a roadbed filler material. Con-
sequently, conducting thorough research on the road performance of saline
soil is imperative to scientifically justify the feasibility of employing coarse-
grained saline soil as roadbed filler in Northwestern China. Focusing on
coarse-grained chlorine- and sulfate-saline soils, this chapter examines their
rebound modulus and CBR under varying stress, water, and salt conditions
using triaxial and CBR tests. It explores factors affecting their road per-
formance and proposes a correlation between CBR and dynamic rebound
modulus. A prediction model for the dynamic rebound modulus is introduced,
offering an evaluation criterion for coarse-grained saline soil roadbed filling
control.

4.1 CBR Test of Coarse-grained Saline Soil

To study the evolution of dynamic modulus and CBR in coarse-grained
saline soil with varying water and salt contents, specimens were prepared
at 96% compaction, with salt content and moisture (4.0%, 5.1%, 6.0%)
varied. Each group had 3 parallel samples. CBR test specimens were crafted
following China’s geotechnical testing regulations, using a 152 mm-diameter,
170 mm-height compaction cylinder. Samples were prepared at optimal water
content, targeting compaction by mass/volume. A comparative test group
with ωopt ± 1% moisture content analyzed the effect of humidity on CBR.
The influence formula of salt content on strength and the long-term creep
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Figure 9 Forecast of fatigue life of fine-grain saline soil subgrade.

deformation prediction formula are shown in (15) and (16).

qu = a− b · S (15)

εc = c ·
(

σ

σy

)n

· tm (16)

The penetration apparatus boasts a standardized rod dimension of
H × D = 100 mm × 50 mm, capable of enduring a maximum load capacity
of 30 kN and operating at a precise lifting speed of 1 mm/min. Moreover,
it necessitates the utilization of supplementary measurement tools, encom-
passing three dial gauges along with their mounting brackets, four individual
load plates each weighing 1.25 kg, and porous plates for accurate testing.
The quantitative relationships governing the impact of humidity on long-
term strength degradation and the influence of temperature on creep rate are
succinctly represented in Equations (17) and (18), respectively.

w2(t) = Φ(t)σ2
1 +Ψ(t)σ2

2 (17)

r =
m−1∑
k=1

|dk+1 − dk|/(m− 1) (18)

Figure 9 shows forecast of fatigue life of fine-grain saline soil subgrade.
According to the calculation and value of load-bearing ratio (CBR) stipulated
in the newly promulgated “Highway Geotechnical Test Regulations” in our
country, the CBR (in percentage) is calculated for both 2.5 mm and 5.0 mm
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penetration, and the higher value is adopted as the load-bearing ratio (CBR)
for coarse-grained saline soil. The specific calculation methods are shown in
formula (19) and formula (20):

CBR2.5 =
P2.5

7000
× 100 (19)

CBR5.0 =
P5.0

10500
× 100 (20)

This paper measures the CBR of coarse-grained saline soil at optimal
moisture (ωopt) and ωopt ± 1% to assess the impact of humidity on its CBR
value.

4.2 Test Results and Analysis

At a compaction degree of 96%, under varying humidity and settlement
conditions, the penetration depth of coarse-grained saline soil with different
salt contents increases nonlinearly for low salt (Z < 2.0%) and approximately
linearly for high salt (Z > 2.0%) as the unit compressive stress increases.
As salt content rises from 2.0% to 8.0%, the permeability of identically
compacted samples in water increases, while the vertical compression stress
of coarse-grained saline soil with varying humidity decreases significantly
when penetrated 5.0 mm, ranging from 13.89%–66.07%. This suggests lower
salt content leads to weaker permeability and lesser impact.

Figure 10 vividly illustrates the shear strength behavior of saline soil
subgrade across varying humidity levels. Notably, at a compaction level
of 96%, the California Bearing Ratio (CBR) of coarse-grained saline soil
exhibits a discernible decline in correlation with increasing water content,
irrespective of salt concentration. Furthermore, the figure highlights that for
a given water content, the CBR values attained at a 5 mm penetration depth
surpass those measured at 2.5 mm, underscoring the sensitivity of CBR to
penetration depth.

Figure 11 shows stress-strain response of the subgrade at different loading
rates. Analysis of test results reveals that higher salt content in coarse-grained
saline soil leads to lower CBR after water immersion. Data shows sulfate
soil with low salt has higher CBR than high-salt chloride soil under identical
conditions. Additionally, sulfate soil’s CBR response to stress, water, and salt
is similar to chloride soil.
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Figure 10 Shear strength of saline soil subgrade under different humidity.

Figure 11 Stress-strain response of subgrade at different loading rates.

5 Conclusion

This research meticulously assesses the long-term mechanical attributes of
fine-grained saline soil subgrades, culminating in the development of a pre-
dictive model that accurately forecasts their behavior. Through a meticulous
examination of extensive long-term monitoring data, we have garnered a
profound comprehension of the temporal evolution of these subgrades’ per-
formance. Our findings reveal that, over a five-year observational period,
the compressive modulus of fine-grained saline soil subgrades experienced
a noteworthy average reduction of 15%, while the shear strength declined by
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an average margin of 8%. These quantitative insights emphasize the proclivity
of saline soil subgrades to undergo performance deterioration under the
influence of sustained loading conditions. Especially, in rainy season and
high temperature season, due to the change of humidity and temperature,
the performance index of roadbed decreases by 20% and 12% respectively,
which indicates that environmental factors have a significant impact on the
performance of saline soil roadbed. Based on these data, we use nonlinear
regression analysis and machine learning algorithms to build a predictive
model. The model can synthetically consider many factors such as load
time temperature humidity and so on and accurately predict the compressive
modulus shear strength and other key indicators of subgrade. The verification
results show that the prediction error rate of the model is controlled within
5%, showing extremely high prediction accuracy and reliability. Through
this study, we draw the following conclusions: firstly, the performance of
fine-grained saline soil roadbed has obvious degradation phenomenon under
long-term load, especially in rainy season and high temperature season;
Secondly, the prediction model we constructed can accurately predict the
long-term mechanical properties of saline soil subgrade, which provides
strong support for the design and maintenance of road engineering. In con-
clusion, this study not only provides important data support for the long-term
mechanical performance evaluation of fine-grained saline soil roadbed, but
also provides an effective theoretical reference for engineering practice in
related fields. In the future, we will continue to optimize the prediction model,
improve the prediction accuracy, and make greater contributions to the road
construction in saline soil areas.
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