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+e soil-water characteristic curve of silty soil in seasonal frozen area during freezing-thawing process was studied in this study. By
means of a laboratory test, specimens with different compaction degrees and different initial moisture content were prepared and
put into the temperature change testing machine for freeze-thaw action. +e influence of different degrees of compaction and
different times of freeze-thaw action on SWCC of low liquid limit silt was analyzed, a V-Gmodel was used to fit the test data, and a
set of fitting parameters with a reference value was obtained. At the same time, the change of microstructure between soil particles
during the freezing-thawing cycle is illustrated. +e results showed that with the same water content and the same compactness,
the matric suction of the test soil decreased with the increase of freeze-thaw cycles. For the same number of freeze-thaw cycles, the
greater the compactness, the greater the matric suction of the soil.+e V-Gmodel can well represent the SWCC of low liquid limit
silt during the freeze-thaw cycle.

1. Introduction

China’s seasonal frozen soil area takes up 53.5% of its land
area and is widely distributed throughout North China,
Northwest China, and Northeast China [1]. +e building
foundation, road subgrade, and hydraulic structure’s
properties of seasonal frozen soil areas are affected by the
freezing-thawing process [2].When the temperature is lower
than zero, the volume of soil expands, thus resulting in frost
heaving. When the climate is warming, the overall moisture
content of soil increases, resulting in a melting and sinking
effect. +is kind of repeated freezing-thawing action in the
superstructure of the damage is inevitable and lasts a
long time. Such damage can be serious and can lead to
building or structural damage. Meanwhile, Wang et al. [3]
explored the dynamic characteristics and thawing-

settlement characteristics of roadbed fillers in a place on the
Qinghai-Tibet Plateau. +e test results showed that the soil
samples with higher and lower compaction showed frost
heave deformation. In order to thaw and deform, the dy-
namic characteristics of the soil sample after six freeze-thaw
cycles were stable. Ishikawa and Kawabata studied the effect
of freezing-thawing action and water content on the me-
chanical properties of subgrade through the CBR test and
model test of subgrade soil, and the results showed that the
bearing capacity of subgrade increased in the freezing season
and decreased in the melting season [4]. Solanki et al.
compared the durability of subgrade soil with additives
under the freezing-thawing cycle through laboratory tests
[5]. +e test results showed that the unconfined compressive
strength and elastic modulus of all test groups decreased
with the number of freezing-thawing cycles and the
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maximum reduction was achieved when the number of
freezing-thawing cycles was 1. Ruan et al. analyzed the
influences of various environmental factors on the durability
of subgrade, especially the huge effects of the freeze-thaw
cycle and dry-wet cycle on the durability of subgrade [6]. Lin
et al. [7] used a dynamic triaxial test to explore the law of
accumulated plastic strain of soil samples under freezing and
thawing. +e greater the number of cycles, the greater the
accumulated strain. In view of the effect of frost heave and
thawing-settlement problem, Hansson and Lundin [8],
Shoop et al. [9], and Klinova et al. [10] have carried out a
series of experiments, and the results showed that the in-
ternal structure of unsaturated soil subjected to freeze-thaw
action, temperature, water, and the solute changes, physical
and mechanical properties and chemical properties gets
more complex in the internal structure of soil, and irre-
versible damage is produced in the buildings and structures
located in the area after the freeze-thaw action, respectively.
Compared with the complex stress state experienced by
engineering soils, the freeze-thaw action often lasts for a long
time and causes great damage to the superstructure. In
particular, the freeze-thaw action in engineering often oc-
curs underground and has concealment. +erefore, it is
necessary to discuss and analyze the effect and law of the
effect of freezing and thawing on soil water-holding capacity.

Actually, the evaluation of soil water-holding capacity
needs to be explained with the help of unsaturated soil
theory. Since the 1920s, with the large-scale construction of
water conservancy and transportation projects, a large range
of unsaturated soil mechanics problems have appeared in the
project, which has also prompted people to start research on
unsaturated soil [11]. Unsaturated soil is composed of the
solid phase, gas phase, liquid phase, and the interface be-
tween the liquid phase and the gas phase (shrink film). +e
biggest difference between it and saturated soil is the exis-
tence of shrink film, which makes the physical and me-
chanical properties of unsaturated soil than the saturated soil
complex. +e fundamental reason is that the forces on both
sides of the shrink film are different. +is makes the un-
saturated soils to have suction. +e suction in the soil is an
important factor affecting the physical and mechanical
properties of the soil. From the middle of the 20th century,
many scholars began to study the engineering problems of
unsaturated soils and committed to establishing a complete
and independent theoretical system, including Croney [12],
Aitchison [13], and Fredlund and Rahardjo [14]. +e soil-
water characteristic curve (SWCC) describes the nonlinear
relationship between soil matric suction and water content,
in which matric suction is the difference between pore water
pressure and pore air pressure inside soil. In addition,
according to the soil-water characteristic curve, the physical
and mechanical parameters of the unsaturated soil shear
strength [15], volumetric strain [14], and permeability co-
efficient [16] can be deduced.

+e shape of the soil-water characteristic curve is
influenced by many factors, such as compaction, mineral
composition, initial moisture content, and particle size.
Many studies on SWCC focus on the pore structure and
mineral composition of unsaturated soil. Vatsala and

Murthy [17] proved the influence relationship between the
degree of compactness and the suction of soil media through
experiments, and the two were positively correlated.
Meanwhile, it was found that the influence degree mainly
depended on the initial pore structure. Assouline et al. [18]
have analyzed and compared the results from Brazil’s Pal-
otina and Cascavel’s soils and have found that under the
same soil pore structure, the water-holding properties of the
two soils are also affected by the mineral composition, such
as iron oxide and free aluminium hydroxide. Wang et al. [3]
studied the influence of salinity on the soil-water charac-
teristic curve of the Yili loess by using the centrifugal method
and filter paper method in view of the high salinity state
inside the loess in Yili, China, but the test results showed that
salinity had little influence on the soil-water characteristic
curve. +e results in Zhou et al.’s research [19] showed that
the dry density, particle size, and hydrophilic mineral
content of the soil had a great impact on the soil-water
characteristic curve. +e residual water content of the soil
with high dry density was higher, while the soil-water
characteristic curve of the soil with strong mineral hydro-
philicity was relatively gentle. Gao et al. [20] carried out a
series of experiments on sand, and the test results showed
that the soil moisture transfer was positively correlated with
the heat source temperature and sand with higher initial
water content also had a higher thermal conductivity. Jiang
et al. [21] studied the influence of different fine grain
contents on the soil-water characteristic curve by using a
pressure plate instrument. +e test results showed that when
fine grain content was between 10 and 60%, soil water-
holding capacity gradually decreased with the increase of
fine grain content.

In addition to the above influencing factors, in un-
saturated soil in construction projects, especially subgrade
filling soil in the process of road construction, its water-
holding performance cannot be separated from the in-
fluence of stress state [22]. In general, the stress state is
divided into two parts: the weight of the overlying
structure and the cyclic load [23]. Considering the stress
state as a nonnegligible factor, some engineering re-
searchers devote themselves to studying the influence of
stress state on soil internal microstructure and the soil-
water characteristic curve. Pereira and Fredlund [24] used
a triaxial apparatus to obtain soil-water characteristic
curves under different net average stresses and explored
the change process of matrix suction during soil collapse.
Ng and Pang [25] developed a new type of a pressure plate
instrument with controllable stress and conducted an
experimental study on the influence of vertical stress on
the soil-water characteristic curve of pyroclastic soil. +e
test results showed that under the same volume moisture
content, vertical stress was positively correlated with
matric suction. However, the vertical stress used in this
test was relatively low, with a maximum of only 80 kPa.
Limited by the existing technology and test conditions, the
current test cannot simulate the complex coupling effect
of humidity and stress. +e study of the impact of this
dynamic stress is only a qualitative analysis and cannot be
directly used in engineering design.
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Considering the action process of freezing-thawing
cycle, the purpose of this study is to accurately describe
the change rule of water-holding performance of low
liquid limit silt soil under the combined action of
freezing-thawing cycle and initial physical conditions
(compaction and moisture content). At the same time,
based on the V-G model, a set of model parameters with
high precision is proposed to provide reference for road
construction and design in cold region. +e structure of
this paper is as follows: in Section 2, the basic theory of
matric suction is discussed and a typical soil-water
characteristic curve is shown to describe the soil dehu-
midification process. +en several typical soil-water
characteristic curve models are discussed. In Section 3, it
introduces material properties, freeze-thaw cycle testing
methods, and matric suction measurement methods.
+en, the experiment results are presented in Section 4,
and the effects of two important factors, compaction and
freeze-thaw cycles on SWCC were analyzed. At the same
time, a set of predictive model parameters with a reference
value is provided through statistical analysis. Finally,
some findings are summarized in the last section.

2. Methodology

Soil suction has two components: matric suction and
osmotic suction. +e matric suction is defined as the
capillary part of free energy of water in soil; that is, the
vapor pressure of water in unsaturated soil is in equi-
librium with the groundwater containing minerals. +is
is expressed as the difference between pore air pressure
and pore water pressure, as shown in equation (1). +e
osmotic suction is the solute part of the free energy of
water in the soil; that is, the vapor pressure of
groundwater containing minerals at equilibrium with
respect to distilled water. +e total suction is the total
free energy of the water in the soil; i.e., the vapor pressure
of the mineral-containing water in the unsaturated soil
relative to the distilled water. Finally, the total suction is
the sum of matrix suction and osmotic suction, as shown
in equation (2). Research related to suction has con-
tinued in recent years. For example, Sreedeep and Singh
[26], Arifin and Schanz [27], and +yagaraj and Rao [28]
have studied the relationships between total suction,
matrix suction, and osmotic suction through laboratory
tests, respectively. +eir results show that, in addition to
the large influence of the suction in the soil in some high-
salt areas on the properties of the soil, the main factor
affecting the properties of the soil is the matrix suction.
As the difference between the total suction and the
matrix suction, the impact on the mechanical properties
of the soil has been confronted with a complex situation
so far. Leong and Abuel-Naga [29] studied the influence
of the unsaturated soil penetration suction on the shear
strength separately. With the increase of seepage suction,
the shear strength of the soil does not change, and the test
results of Mokni et al. [30] show that with the increase of
seepage suction, the shear strength of the soil decreases
slightly. In addition, a large number of studies have

shown that the reduction of osmotic pressure can cause
soil volume expansion [31–33]. When the mineral
concentration in the unsaturated soil has little effect on
the suction (i.e., when the osmotic suction is negligible),
the matrix suction in the soil is the total suction. In this
paper, the effect of osmotic suction can be neglected, and
matrix suction is then used to describe the index of the
soil’s water-holding capacity:

ψ � Ua − Uw, (1)

ψm � ψ + ψ0, (2)

where ψ is the matrix suction; Ua is the pore air pressure; Uw

is the pore water pressure; ψm is the total suction; and ψ0 the
osmotic suction.

+e SWCC can be used to analyze the water absorption
and retention ability of unsaturated soil. +e SWCC rep-
resents the relationship between the suction (matric suction)
of unsaturated soil and the weight or volume water cut or
saturation. +e SWCC can be described as a measure of soil
water-holding capacity when water content changes with
suction. +erefore, the SWCC model is the basis for de-
termining the matric suction under various humidity con-
ditions of subgrade soil.

Figure 1 shows a typical SWCC. As can be seen, the
matrix suction rises with the decrease of water content and is
roughly “S” shaped. +e curve is divided into three areas by
two characteristic points: namely, boundary effect zone,
transition zone, and residual zone. +e abscissa of the first
characteristic point C1 is the intake pressure value. +is
point describes that the air begins to enter the pores in the
soil, and the soil enters the unsaturated state. +e ordinate of
the second characteristic point C2 is the residual water
content. +is point characterizes the state of the pore water
in the soil as suspended water. At this time, the drainage of
the soil pore water must be premised on a large change in the
matrix suction.

+e whole freezing and thawing process of soil from
saturated state to dry state undergoes three phases. First, the
pores of the soil in the boundary effect zone are filled with
water; the matrix suction cannot be changed at this point. At
this time, the mechanical properties of the soil can be de-
scribed by the effective stress theory of saturated soil. +en,
when the pore water of the soil begins to drain, the matrix
suction increases with the curve, and the curve enters the
transition area. +e matrix suction increases with the de-
crease of the water content. +is area is the most significant
influence of the soil-water content on the strength and
deformation properties of the soil area. Eventually, when the
pore water content of the soil decreases to a certain degree,
the curve enters the residual area, the pore gas and the
atmosphere circulate, the pore water remains in some pores,
and the matrix suction rises rapidly as the water content
decreases.

In the past few decades, a considerable number of
scholars proposed various SWCC models. At present, two
models are widely accepted by researchers and engineers:
the van Genuchten model and the Fredlund and Xing
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(F&X) model. Several kinds of the concrete forms of the
model are shown in Table 1 along with the parameters,
their definitions, and the applicable conditions.

3. Materials and Methods

3.1. Materials. +e soil samples used in the tests were taken
from Daxing airport in Beijing. +e average minimum
temperature in this region is −16°C for many years, and the
average maximum temperature with a hottest temperature
of 7 days is 34°C, which is typical of regions with seasonal
frozen soil. +e performance-related soil property tests,
including the sieve analysis, Atterberg limits, and the Proctor
test were performed on the selected materials. +e sieve
analysis and the Atterberg limit tests were carried, out and
the result displayed that the soil is defined as the low liquid
silt according to Universal Soil Classification System
(USCS). Physical properties and grain-size distribution
curves of soil samples are shown in Table 2 and Figure 2,
respectively.

3.2. Sample Preparation. +e selected soil sample was
screened using a 2mm standard sieve, after which the
screened soil was baked in an oven at 105°C for 24 h to
ensure that the samples were sufficiently dried. In order to
obtain a more complete SWCC, based on the optimal water
content (13%), 4%, 7%, 10%, 13%, 16%, 19%, and 22% were
selected as the test water contents. Simultaneously, in order
to reflect the influence of relative compactness on the soil
matrix suction, sufficient samples of compactness range

should be set for the test. +erefore, the test samples were
prepared in five compactions of 80%, 85%, 90%, 95%, and
100%, respectively. +e soil samples were configured
according to the designed moisture content. Once the water
content in the soil sample reached the balance state, the
samples with different relative compactness conditions were
prepared by static pressure formation. According to the
requirements of ASTM D5298-10 for filter paper type,
container volume, and test details, the sample size of
61.8mm in diameter and 20mm in height was selected for
the soil-water characteristic curve test.

3.3. Testing Methods. +e saturated moisture content of the
soil can be determined through three steps. In the first step,
the soil is made into samples under different compaction
conditions. In the second part, the sample is placed inside a
vacuum saturation machine for saturation. +e third part is
to determine the saturated moisture content of the sample
after conducting the saturation and moisture content test. In
order to ensure that the data obtained by the test are suf-
ficiently accurate, two sets of parallel samples were tested
simultaneously, and the obtained data are averaged. +e
saturated water content of the soil is shown in Table 3 for
reference.

According to the climatic data of this region, the annual
lowest temperature in Beijing has been −16.4°C ∼ −18.7°C in
the past ten years. Normally, the freezing temperature of the
specimen should be lower than the local minimum tem-
perature. +erefore, in this study, the freezing temperature
of the specimen was set at −20.0°C to cover the possible
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Figure 1: A typical soil-water characteristic curve.

Table 1: Common soil-water characteristic curve model.

Model Expression
Van Genuchten [34] θw � θr + (θs − θr/[1 + (aψ)n]m)

Mckee and Bumb [35] (θw − θr/θs − θr) � θr + (θs − θr/(1 + e(1)[(ψ− a)/b]))

Fredlund and Xing [36] θw � C(ψ)[θs/[ln[e + (ψ/a)n]]m], C(ψ) � [1 − ln(1 + (ψ/ψr))/ln(1 + (106/ψr))]

ψ is the soil suction; θw is the volume water content; θr is the saturated water content; a, b, n, and m are the fitting parameters.
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range of low temperature changes. +e freezing time of each
freeze-thaw was set at 12h. In order to ensure that the frozen
specimen can completely melt in each freeze-thaw cycle,
according to the principle of energy conservation, the
positive temperature when the specimen is melted is set to
20°C, and themelting time is set to 12h. After comprehensive
consideration of the three factors, the complete test plan is
shown in Table 4.

+e temperature alternating test machine provides
temperature environment for the freeze-thaw cycle test. +e
device is composed by the ambient temperature bin and the
intelligent control panel, in which the temperature range of
the ambient temperature bin can be set to −65°C∼150°C,
which means it covers all the temperature range of frozen
region. Meanwhile, the panel can set the number of freeze-
thaw cycles, freezing duration, and melting duration. +is
machine can execute the setting procedure by itself and can
set the maximum freeze-thaw cycle to 100 times. +e ma-
chine is shown in Figure 3(a).

For samples that need to be frozen, these were sepa-
rately sealed after the formation of the static pressure and
then placed inside the aluminium box. +e outside part of
the aluminium box was sealed to ensure that the water in
the cutting ring sample does not drain during the freeze-

thaw cycle. When the sample was placed in the temper-
ature alternating test machine, the total length of a freeze-
thaw cycle was 24 h (12 h freezing time and 12 h melting
time). +e automatic control program can control the
number of freeze-thaw cycles. Whenever the specimen
reached the set number, we took out this part of the
specimen and continued the test on the remaining
specimens. +e specimen after the freeze-thaw cycles is
shown in Figure 3(b).

At present, the methods of SWCC mainly include the
pressure plate, the filter paper, and the saturated solution
methods. From the measurement range of the matrix
suction, the SWCCs measured by the pressure plate, filter
paper, and saturated salt solution methods had suctions
ranging from 0 to 0.4MPa, 0 to 40MPa, and 3 to 367MPa,
respectively. In terms of test time, the pressure plate, filter
paper, and saturated salt solution methods took about
10–15 days, 10–15 days, and 2–3 months to obtain SWCCs,
respectively. +e pressure plate apparatus may not be
suitable for the test, which required processing a large
number of test samples. Considering the large range of
matric suction that can be measured by the filter paper
method, such a method is appropriate for this kind of
testing, which evaluates a considerable number of samples.
Moreover, it is low-cost and highly accurate. +us, the filter
paper method is chosen as the test method of the research
content in this research.

+e type of filter paper is determined as the common
Whatman’s No. 42. +e finished specimens were divided
into two groups for testing: the control group and the test
group. +e numbers of freeze-thaw cycles in the test group
were determined as 1, 3, 6, 9, and 10, respectively. In
contrast, the control group was the sample with 0 freeze-
thaw cycles. +e samples of the control group were sealed
after adding the filter paper and then placed at 25°C for 14
days to ensure that the moisture of the soil samples
reached a balanced state. After the freeze-thaw cycle is
completed, we placed three layers of the filter paper in the
middle of the two prepared soil samples and allowed them
to make full contact with the soil samples. Next, we
measured the matric suction of the soil samples through
the middle filter paper. +e outer two pieces were used to
protect the middle filter paper from being absorbed and
polluted by the soil samples and to ensure the accuracy of
the measurement. +e test pieces to be tested were placed
inside the moisture cylinder for 7 days, and the moisture
content of the filter paper was tested after 7 days. +en, the
matrix suction was calculated, as shown in the following
equation:

lgψ � 4.945 − 0.0673w, (w< 47%),

lgψ � 2.909 − 0.0229w, (w≥ 47%).
 (3)

Table 2: Physical properties of soil samples in Daxing airport.

Liquid limit
(%)

Plastic index
(%)

Less than
0.075mm (%)

Soil particle density
(g/cm3)

Maximum dry density
(g/cm3)

Optimal moisture
content (%) Classification
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60

80

100

Pe
rc

en
ta

ge
 p

as
sin

g

0.1 1 100.01
Grain size (mm)

Figure 2: Grain-size distribution curves of samples.

Table 3: Saturated water content under different degrees of
compaction.

Degree of compaction (%) Saturated water content (%)
100 23.04
95 24.50
90 26.97
85 29.46
80 30.92
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4. Results and Discussion

4.1. Effect of Freeze-"aw Action on SWCC. Many previous
researches have been proved that the freeze-thaw cycle has a
great impact on the mechanical properties of subgrade, and
this process is also an unfavorable factor that must be
considered in the design of subgrade and pavement in cold
regions. In order to explore the effect of freeze-thaw cycles
on the SWCC of soil samples, five samples with compaction
conditions were analyzed. Among them, SWCCs under 0, 1,
3, 6, and 10 freeze-thaw cycles under each compaction
condition were used for comparison.

+e result is shown in Figure 4 that under different
compaction conditions and freezing times, the water-
holding capacity of the soil has a significant effect. With
the same volume of water content, the greater the number
of freeze-thaw cycles, the smaller the matrix suction of the
soil. +is reflects a phenomenon that the freeze-thaw cycle
improves the water-holding capacity of the soil. With the
same water content, the matric suction of the test soil
decreases with the increase of the number of freezing-
thawing cycles, and the variation range of matric suction
decreases with the increase of the number of freezing-
thawing cycles and finally tends to be stable. In particular,
the value of matric suction decreases by about 50% during
the initial freezing-thawing cycle. At the same time, after
repeated freezing-thawing, the boundary effect area and
transition area of the soil-water characteristic curve

became smaller, while the scope of the residual area be-
came larger, and the numerical starting point of matric
suction decreased from about 1000 kPa to several hundred
kPa. In addition, under repeated freezing and thawing, the
intake pressure value and residual moisture content of the
soil samples with the same compaction degree continue to
decrease, and the air intake value of the high-pressure
compaction sample even drops from several hundred kPa
to tens of kPa, which is an order of magnitude. And the
drop in residual moisture content is within 10%.

4.2. Effect of Compaction on SWCC. +e degree of com-
paction is a key indicator for controlling the quality of
subgrade filling and characterizes the compaction state and
physical and mechanical properties of the filler after com-
paction. It may sometimes deviate from the design standard
due to various factors during construction and post-
operations. +erefore, the degree of compaction is a com-
mon variable in the process of freezing and thawing
subgrades, and its impact on the freezing and thawing cycle
effects of soil is also a matter of concern. +e degree of
compaction and the number of freeze-thaw cycles should be
regarded as two independent variables.+e four compaction
degrees of 80%, 85%, 90%, 95%, and 100% were used as
variables to analyze the effects of different degrees of
compaction on SWCC under different freeze-thaw cycles.
+e relevant results are shown in Figure 5.

Table 4: Freeze-thaw cycle test plan.

Total sample Factor A, number of freeze-thaw cycles Factor B, degree of compaction (%) Factor C, moisture (%)
175 0, 1, 3, 6, 10 80, 85, 90, 95, 100 4, 7, 10, 13, 16, 19, 22

(a) (b)

Figure 3: Temperature alternating test system: (a) testing machine; (b) specimens that suffered freeze-thaw cycles.
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Figure 4: Continued.
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Figure 5: Continued.
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Figure 4: +e relationship between ψ and θw under different compaction degrees: (a) 80%; (b) 85%; (c) 90%; (d) 95%; (e) 100%.
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Notably, the low degree of compaction SWCC is located
under the high degree of compaction SWCC. Simultaneously,
this phenomenon is reflected in every freeze-thaw cycle con-
dition, indicating that the degree of compaction changes the
density of the soil and that such a change can become an in-
dependent variable to change the matrix suction of the soil. At
the same time, it is also noticed that the inlet pressure of soil
samples with the same number of freeze-thaw cycles decreases
with the decrease of compaction, and the decrease range is
within 10kPa. For the same volume of water content, the higher
the degree of compaction, the greater the matrix suction,

thereby indicating that the degree of compaction can improve
the hydrophilic capacity of the soil. In other words, the greater
the degree of compaction, the denser the soil, the smaller the
pores between the particles, and the greater thewater absorption
capacity of the soil.

4.3. PredictingModels andDiscussion. In general, the choice
of the model to describe the SWCC depends on multiple
factors, the basic properties of the material, the physical
state, the complexity of the model expression, and so on.
Obviously, the expression of the V-G model is much
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Figure 5: +e relationship between ψ and θw under different freezing and thawing cycles: (a) 0 cycles; (b) 1 cycles; (c) 3 cycles; (d) 6 cycles;
(e) 10 cycles.
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simpler than the F&X model. If a simple model processes
the data and obtains ideal results, then this model with a
simpler expression is easier to be accepted by the majority
of practitioners in the design and construction process.
+is is an important consideration in the model selection
process.

+ere is no doubt that all the data must be characterized
by a model, i.e., the SWCC model described in the second
chapter. Simply, the V-G model and the F&X model have
their own advantages, but the V-G model expression is
relatively simpler and its use is relatively wider; it can also be
applied to the SWCC expression of various soils. +erefore,
the V-G model was used to fit the above experimental data.
+e fitting curves are shown in Figures 4 and 5. Meanwhile,
the parameters obtained by using the V-G model are pre-
sented in Table 5 for reference.

Basically, the effect of the freeze-thaw process on the
SWCC should be explained from the basic theory of matric
suction. For the unsaturated subgrade fillers, the Young-
–Laplace equation of their internal capillaries can be
expressed as equations (4) and (5), respectively.

Ua − Uw �
2Ts

Rs

, (4)

ψ �
2Ts

Rs

, (5)

where Ts is the surface tension of the water-air interface,
which is generally considered unchanged, and Rs is the
effective radius of the intergranular pores.

As can be seen, when the value of Ts is unchanged, the
matrix suction of the soil mainly depends on the effective
radius of the intergranular pores. +is means that, regardless
of the change in compaction or the effect of freezing and
thawing on the soil, the main indicator of change in the soil
is Rs. In other words, the increase in the degree of com-
paction tightens the bond between the particles inside the
specimen. In turn, this reduces the effective radius of the
pores between the particles; thus, the matrix suction under
the same state increases as the degree of compaction
increases.

Meanwhile, the water in the pores between the
particles will freeze into ice when the temperature rea-
ches below 0°C. +is process will cause the volume of ice
to be greater than the volume of the original water, with
an increase of about 9%. +e growth of pore ice is
constrained by the surrounding particles and produces
frost heave force. When such a force exceeds a certain
limit, it will destroy the coupling effect between the
particles, push the particles, and change the pore shape.
When the pore ice is at a positive temperature, when
melted, the pushed particles cannot be completely reset.
+erefore, a complete freeze-thaw process consisting of
freezing and thawing will broaden the effective radius of
the pores between the particles, lead to the decay in the
matrix suction, and decrease the material’s water-
holding capacity. Furthermore, as the number of re-
peated freeze-thaw cycles increases, this can lead to the
following phenomena: the pores between the particles
are gradually expanded, the effect of the development of

Table 5: Results of soil-water characteristic curve models for the experimental data.

Compaction (%) Cycles
Fitting parameters

R2
a m n

80

0 4.5712 4.20142 1.43921 0.99827
1 4.582 3.18942 1.47668 0.99881
3 4.78188 2.06556 1.46411 0.99852
6 5.08542 1.87439 1.52775 0.99875
10 4.72054 1.61743 1.51167 0.99926

85

0 4.1733 6.18363 1.41428 0.99934
1 4.302 3.71573 1.41838 0.99723
3 4.12408 2.54878 1.41191 0.99806
6 5.28803 2.50454 1.51857 0.99885
10 4.83545 2.5964 1.54692 0.99853

90

0 2.8785 9.92239 1.37029 0.99987
1 4.46301 6.18273 1.43168 0.99824
3 4.29728 3.78323 1.41879 0.99741
6 5.53637 3.75511 1.53103 0.99869
10 5.46588 3.14734 1.54047 0.99909

95

0 3.26176 19.04207 1.4008 0.99878
1 4.38445 9.52057 1.42939 0.99922
3 5.03771 7.34694 1.47461 0.99904
6 6.10299 5.86249 1.55485 0.99837
10 5.88419 4.93641 1.55873 0.9984

100

0 5.14721 39.64917 1.53008 0.99873
1 5.36124 16.46128 1.48824 0.99599
3 5.10752 12.55566 1.50705 0.99869
6 5.74374 8.58724 1.51118 0.99861
10 5.56827 7.03759 1.52734 0.99955
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pore ice on the particles gradually weakens until the
pores between the particles are increased to sufficiently
accommodate the volume expansion of water due to
phase change, the effective radius of the pores will no
longer expand, and, finally, the attenuation of the matrix
suction stops.

Graphically, the entire freeze-thaw cycle can be roughly
divided into three processes: a, b, and c. In the process a, the
whole soil sample has not been frozen, which is equivalent to
the state of N� 0. At this time, the particles are in close
contact, as shown in Figure 6(a).

When the freezing starts, the frost heaving effect occurs.
As the water changes to ice, the contact between particles
gradually decreases and is replaced by ice. At this time, the
contact between many soil particles changes from “soil-soil”
to “soil-ice,” and many soil particles are lifted, as shown in
Figure 6(b).

After being subjected to multiple freeze-thaw cycles, the
pores in the soil approach a stable state. Compared with the
N� 0 state, the pores in the soil are larger in this state. In fact,
at this time, no matter how many times the freezing and
thawing process occurs, the pores in the soil will no longer
increase. +is state is close to the case of N> 6 in the test,
which is shown in Figure 6(c).

5. Conclusion

In this paper, the freezing-thawing cycle of low liquid limit
silty soil in the seasonal frozen area is studied.+e purpose is
to reveal the change rule of water-holding performance of
low liquid limit silty soil under freezing-thawing cycle and
describe the change rule by SWCC. At the same time, after
discussing several typical SWCC models, the V-G model is
adopted to obtain a set of high-precision parameters for the
design and construction of cold areas:

Contact

Water

(a)

Ice

Frost
heaving

(b)

Stable
state

Water

(c)

Figure 6: Microstructure of soil particles under freezing-thawing cycles.
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(1) SWCC plays an important role in unsaturated soils.
+is curve is affected by factors such as the type of
soil and the physical state of the soil, and the SWCC
forms of unsaturated soils vary. For the soil in
seasonally frozen areas subject to freeze-thaw effects,
the freeze-thaw effects will also have a significant
impact on SWCC. +is study has some guiding
significance for the design, construction, and
maintenance of roads in the regions with widely
distributed seasonal permafrost.

(2) Both freezing-thawing cycle and compacting degree
affect SWCC of soil in seasonal frozen area. With the
same volume water content and the same com-
pactness, the matric suction of the test soil decreases
with the increase of freeze-thaw cycles. For the same
number of freeze-thaw cycles, the greater the com-
pactness, the greater the matric suction. Meanwhile,
the V-G model can very appropriately describe the
SWCC of the low liquid limit silt in the process of the
freezing and thawing cycles. At the same time, the V-
G model can be applied for the matrix suction of the
soil on the seasonal frozen area and then can provide
reference for the seasonal frozen area road design.

(3) Effective radius between particles is a key index to
determine soil matric suction. +e freezing-thawing
cycle essentially changes the effective radius between
the particles in the soil particles through the freezing-
thawing effect of the water in the soil, resulting in the
change of matric suction. When the freezing-
thawing cycle is repeated enough, the effective radius
between the particles will not change, and the state
between the particles tends to be stable.

Data Availability

+e testing data used to support the findings of this study are
included within the article.

Conflicts of Interest

+e authors declare no conflicts of interest.

Authors’ Contributions

Yongsheng Yao conceptualized the study, prepared the
methodology, administered the project, and was responsible
for funding acquisition; Junfeng Qian and Shenping Luo
were involved in data curation and wrote the original
manuscript; Junfeng Qian performed formal analysis;
Shenping Luo investigated and validated the study; Hongbin
Xiao collected the resources; Jue Li visualized the study and
arranged the software; Yongsheng Yao and Hongbin Xiao
supervised the study; Junfeng Qian and Yongsheng Yao
reviewed and edited the draft.

Acknowledgments

+e authors would like to acknowledge ShineWrite editorial
team for editing this manuscript. +is research was funded

by the National Natural Science Foundation of China, grant
no. 51908562; the Standardization Project of Hunan Prov-
ince; the Youth Scientific Research Foundation, Central
South University of Forestry and Technology, grant no.
QJ2018008B; the Research Foundation of Education Bureau
of Hunan Province, China, grant no. 19B581; the Natural
Science Foundation of Hunan Province, China, grant no.
2020JJ5987; +e State Forestry Administration 948 Project
(2015-4-38); Hunan Transportation Science and Technology
Plan Project (201803); and the Scientific Research Foun-
dation for the Talent Introduction of the Central South
University of Forestry Science and Technology, grant no.
2019YJ033.

References

[1] C. Liu, S. Lv, D. Jin, and F. Qu, “Laboratory investigation for
the road performance of asphalt mixtures modified by rock
asphalt/styrene butadiene rubber,” Journal of Materials in
Civil Engineering, vol. 3611, p. 1943, 2021.

[2] S. Liu, S. Zhou, and A. Peng, “Analysis of moisture suscep-
tibility of foamed warm mix asphalt based on cohesion, ad-
hesion, bond strength, and morphology,” Journal of Cleaner
Production, vol. 277, p. 123334, 2020.

[3] Y. Wang, A. Zhang, W. Ren, and L. Niu, “Study on the soil
water characteristic curve and its fitting model of Ili loess with
high level of soluble salts,” Journal of Hydrology, vol. 578,
p. 124067, 2019.

[4] T. Ishikawa and S. Kawabata, “Influence of freeze-thaw on the
mechanical behavior of the granular base and fatigue life of
pavement structures in Japan,” in Proceedings of the Geo-
China International Conference, pp. 77–85, Shandong, China,
July 2016.

[5] P. Solanki, M. Zaman, and R. Khalife, Effect of Freeze-"aw
Cycles on Performance of Stabilized Subgrade, Sound Geo-
technical Research to Practice, pp. 566–580, Honoring Robert
D. Holtz II, Reston, VI, USA, 2013.

[6] Y. Ruan, B. He, and W. Wu, Study on the Long-Term Per-
formance of Subgrade Structure Considering Environmental
and Climatic Factors, Transportation Research Congress 2016:
Innovations in Transportation Research Infrastructure,
pp. 396–399, American Society of Civil Engineers Reston,
Reston, VI, USA, 2018.

[7] B. Lin, F. Zhang, D. Feng, K. Tang, and X. Feng, “Accumu-
lative plastic strain of thawed saturated clay under long-term
cyclic loading,” Engineering Geology, vol. 231, pp. 230–237,
2017.

[8] K. Hansson and L.-C. Lundin, “Equifinality and sensitivity in
freezing and thawing simulations of laboratory and in situ
data,” Cold Regions Science and Technology, vol. 44, no. 1,
pp. 20–37, 2006.

[9] S. Shoop, R. Affleck, R. Haehnel, and V. Janoo, “Mechanical
behavior modeling of thaw-weakened soil,” Cold Regions
Science and Technology, vol. 52, no. 2, pp. 191–206, 2008.

[10] G. I. Klinova, V. I. Aksenov, and N. I. Dzhakhangirova,
“+aw-induced deformation properties of frozen soils,” Soil
Mechanics and Foundation Engineering, vol. 47, no. 3,
pp. 102–107, 2010.

[11] J. Qian, Y. Yao, J. Li, H. Xiao, and S. Luo, “Resilient properties
of soil-rock mixture materials: preliminary investigation of
the effect of composition and structure,” Materials, vol. 13,
no. 7, p. 1658, 2020.

12 Advances in Civil Engineering



[12] D. Croney, Suction of Moisture Held in Soil and Other Porous
Materials, Her Majesty’s Stationery Office, London, UK, 1952.

[13] G. Aitchison, “Relationships of moisture stress and effective
stress functions in unsaturated soils,” Golden Jubilee of the
International Society for Soil Mechanics and Foundation
Engineering: Commemorative Volume, vol. 20, 1985.

[14] D. G. Fredlund and H. Rahardjo, Soil Mechanics for Unsat-
urated Soils, John Wiley & Sons, New York, NY, USA, 1993.

[15] D. G. Fredlund, A. Xing, M. D. Fredlund, and S. L. Barbour,
“+e relationship of the unsaturated soil shear strength to the
soil-water characteristic curve,” Canadian Geotechnical
Journal, vol. 33, no. 3, pp. 440–448, 1996.

[16] D. G. Fredlund, A. Xing, and S. Huang, “Predicting the
permeability function for unsaturated soils using the soil-
water characteristic curve,” Canadian Geotechnical Journal,
vol. 31, no. 4, pp. 533–546, 1994.

[17] A. Vatsala and B. R. Srinivasa Murthy, “Discussion: influence
of soil structure and stress history on the soil-water charac-
teristics of a compacted till,” Géotechnique, vol. 51, no. 6,
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