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In this paper, three freezing-thawing tests are designed to study the freeze-thaw resistance of stabilized sulfate type saline soil. *e
results show that different destructive modes and erosion extents are caused by different freeze-thaw conditions. *e destructive
effect from salt tends to be limited if there is no external water intrusion. When sufficient water is provided, ice expansion,
dissolution recrystallization of salts, and ettringite growth during the thawing phase may take place. Soil water potential is used for
analysis and explanation of the driving force and water migration in the stabilized soil. Pressure potential caused by the air sealed
in the stabilized soil specimen leads to early water concentration in the outer parts of the specimen, and the surface layer is first
eroded under the freeze-thaw cycles. A high percentage of soil stabilizer can improve the freeze-thaw resistance of stabilized soil,
but a sufficiently long curing period plays a more important role.*is study provides useful insights for improving the freeze-thaw
resistance of solidified saline soil in road engineering.

1. Introduction

*ere is a large amount of inland saline soil distributed
widely in northwest China. Saline soil is a type of soil whose
salt content exceeds a certain threshold, and some common
classifications include chlorine saline soil, sulfate saline soil,
and carbonate saline soil. Among these, sulfate saline soil
occupies the largest area in northwest China and is most
harmful for roadbed engineering [1]. It may be necessary to
build roads in saline soil zones due to exploration and
exploitation of mineral resources such as salt lakes. How-
ever, the content of soluble chloride and sulfate salt in saline
soil is very high, and the mass percent of saline soil may
exceed 30%, which can often cause road engineering hazards
such as dissolution, salt expansion, frost damage, and frost
heaving [2–4]. In a harsh saline soil environment, ordinary
concrete will severely corrode, and its service life is only a
few years. Such a harsh environment will pose a severe threat
to the durability of ordinary concrete and severely limit the
feasibility of using concrete for construction.

One of the most effective technical solutions is to use
stabilized saline soil as a base or subbase of roads, sometimes
even as a pavement for low-grade roads. Methods of soil
stabilization can generally be divided into physical rein-
forcement (mechanical force stabilization and heat treat-
ment stabilization) [5, 6], chemical stabilization (trinity
mixture fill stabilization, modern curing agent stabilization,
salt solution, and asphalt stabilization) [7–10], and biological
stabilization (microbiologically induced calcite precipita-
tion, MICP) [11–15]. *e relevant properties of stabilized
soil have undergone significant improvement, and appli-
cation technologies of stabilized soil are becoming in-
creasingly advanced [16, 17].

It should be noted that the environment in northwest
China is harsh, with hot summers and dry and cold winters,
especially in the northwest of Qinghai-Tibet plateau where
the sunshine is strong, the annual average temperature is
below 5.1°C, and the temperature difference between day and
night is high with an extreme minimum temperature of
−29°C to −34°C [18]. During the long winters, highway
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engineering structures experience severe freeze-thaw cycles
many times. Similar to expansive clay, saline soil has a high
sodium sulfate content that may expand or shrink through
crystallization or dissolution with moisture change. It also
has the properties of relatively high solubility and corro-
sivity. In cold areas, road and railroad engineers need to
consider problems such as roadbed swelling and frost
boiling resulting from the presence of sulfate saline soil [19].

Many previous studies have investigated the damage
mechanism of the freeze-thaw cycle in saline soil in cold
areas. In a cold environment, the migration and accumu-
lation of free water in saline soil are affected by the cooling
rate and temperature gradient [20]. *e freezing of water in
saline soil is a dynamic process of hydrothermal and salt-
mechanical interaction [21, 22]. It has been reported that the
frost deformation of saline soil can be divided into three
steps [23]. *e first is a salt heaving period when the
temperature is higher than the freezing point of water;
sodium sulfate will form, and the amount of free water
decreases as the temperature decreases. *e second step is a
salt heaving and frost heaving period when the temperature
is between the freezing point and the salt swelling tem-
perature. Hence, salt heave and frost heave occur at the same
time, resulting in a rapid volume expansion. *e last step is
the frost heaving period when the temperature continues to
decrease and is lower than the salt swelling temperature, and
finally the frost heaving appears. To investigate the mech-
anism of the salt heaving effect on saline soil, previous
studies [24, 25] have proposed a thermo-hydro-salt-me-
chanical coupled model considering a phase change and
stated that the most important method for the protection of
constructions in saline soil areas is to effectively prevent the
migration, accumulation, and phase change of water and salt
[26, 27].

Based on existing research [17, 28, 29] on saline soil such
as salt crystallization, salt and water transfer, salt defor-
mation and frost heave, and a water-heat-salt coupled
model, many researchers [7, 16, 30, 31] have conducted
investigations to improve the freezing resistance of saline
soil. However, these have been for natural saline soil. *e
freezing resistance of stabilized saline soil, especially saline
soil stabilized by cement-based materials, has not yet re-
ceived sufficient attention, and the understanding of
mechanisms such as freeze-thaw damage and improvement
of freezing resistance deserves further attention. *ere is no
special test or standard to evaluate the freezing resistance of
stabilized saline soil, which is not conducive to promoting
the use of saline soil stabilized by cement-based material in
severe cold areas. Successfully stabilizing saline soil and
improving its durability are of important significance for
solving road traffic problems in the saline soil areas in
northwest China.

Herein, we therefore study the freezing resistance of
saline soil stabilized by cement-based materials. We focus on
salt crystallization, salt and water transfer, and the migration
driving force of stabilized saline soil under different methods
of water supply in freezing and thawing conditions. We
firstly design three types of water supply tests and transfer
the cured samples of stabilized saline soil of different ages

into a freezer to undergo different freeze-thaw cycles. *en,
we record the appearance and measure the unconfined
compressive strength and cumulative mass loss of samples.
Finally, we introduce a soil water potential model to explain
the damage mechanism and failure mode of stabilized saline
soil under different water supply methods.

2. Materials and Test Methods

2.1. Saline Soil. A typical natural sulfate saline soil from
Golmud, Qinghai Province, China, was used in this study.
*is soil is local salinized clay that contains about 4% soluble
salts (mainly sodium sulfate) on a dry-weight basis. *e
physical properties and chemical analysis of the saline soil
are detailed in Tables 1 and 2, respectively.

2.2. Soil Stabilizer. *e saline soil has an extremely high
content of soluble salt, especially chlorine and sulfate.
According to the principles of hydration hardening of cement-
basedmaterials and the chemical excitation principles of binder
materials, we designed a wide variety of proportions of curing
agents by referencing previous studies and then tested their
effectiveness in stabilizing the saline soil in Qinghai Province.
After several optimizations and trials, we found that mixing
ordinary Portland cement, fly ash, and ground granulated blast
furnace slag in a certain proportion can provide the best curing
effect. *e soil stabilizer used in this study therefore consists of
20% Portland cement, 20% fly ash, and 60% ground granulated
blast furnace slag by weight. *e chemical compositions of
these cementitious materials are given in Table 3.

2.3. Test Methods

2.3.1. Preparing, Curing, and Unconfined Compressive
Strength (UCS) Testing of Specimens. *e Sieved saline soil
and the soil stabilizer were mechanically mixed. *e mass of
the soil stabilizer accounted for 10%, 15%, or 20% of the total
weight of the dry sample, and then water was added. *e
mixing was continued until the fresh mixture became ho-
mogeneous. *e water content was controlled to ensure that
the sample reached the maximum dry density, that is, the
optimum water content [32] *e fresh mixture was then
placed into a cylindrical mold with a 50mm diameter and a
50mm height and compacted to 100% of the maximum dry
density. After being demolded, specimens were sealed in
plastic bags and placed into a curing environment at a
constant temperature of 20± 2°C and 100% relative hu-
midity (standard curing conditions). *e designed curing
ages were 7 and 28 days. *e specimens were taken out from
the curing room 1 day before the designed age and saturated
in water for 24 hours before UCS testing [33]. *e level of
water was about 2 cm higher than the top of the specimens.
In the UCS testing, a constant loading rate was controlled at
about 1mm/min.

2.3.2. Test Methods for Freeze-3aw Cycles of Stabilized
Saline Soil. Since there is no standard method for evaluating
the freeze-thaw resistance of stabilized soil in China at
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present, and the testing methods of concrete are not suitable
to adopt, this study modified and designed three test
methods by referring to the ASTMD560-16 [34] freeze-thaw
test method as follows.

Test I: Cyclic freeze-thaw test of all-round water supply
to specimens without pressure. At the end of the curing
period, the specimens, whose surfaces were wet, were
placed into a moist room at a constant temperature of 20°C
and relative humidity of 100%. After 24 hours, a water-
saturated felt pad was placed between the specimens and
the carriers, and the sample was placed in a freezing cabinet
at a constant temperature of -25± 2°C for 12 hours. It was
then moved to the moist room at a constant temperature of
20± 2°C and a RH >95% again to thaw for 11 hours. During
the thawing period, all the side surfaces and upper top
surface of the samples of saline soil were wetted by mist and
then supplied with free water. In such a high relative
humidity, we consider that the test samples were close to
being soaked in water, so all the surfaces in contact with the
mist had similar water supply conditions as the bottom
surface of the specimen that was in contact with the felt
pad. In every freezing and thawing step, it was necessary to
keep the water-saturated felt pad in place, so sufficient
potable water was available to permit the specimens to
absorb water by capillary action.

Tomeasure themass loss of specimens after thawing, two
firm strokes were given on all surfaces of each specimen with
a wire scratch brush according to the method presented in
ASTMD560-16. Before and after this step, the mass changes
of specimens were recorded for calculating the percentage of
cumulative mass loss (PCML). After brushing, the speci-
mens were turned over endways before they were placed on
the water-saturated pads.

*e above procedures constitute one cycle (24 hours) of
freezing and thawing. It should be noted that no extra
pressure was applied in the process of supplying water to the
specimens, which is different from the case when specimens
are immersed into water where there is a pressure difference
created by the water depth on the specimen surface.

Test II: Cyclic freeze-thaw test of unidirectional water
supply to specimens without pressure. In this test, specimens
from the curing storage were placed directly in sealed plastic
bags, on the bottom of which one hole with a diameter of about
1mm was created at the center of each specimen. In this test, a
piece of water-saturated felt pad was always placed between the
sealed bags holding the specimens and carriers, so that water
could move to the bottom of each specimen through the holes.

*e mass change of each specimen was measured every
three cycles until thorough destruction took place.*e water
content of the specimens at a temperature of 105°C at the
end of the curing period was recorded in order to obtain the
critical value at the time when complete destruction oc-
curred. If the mass increase is regarded as the increase of
water content during freeze-thaw cycles, the critical water
content can be calculated.

In Test II, the procedure continued as in Test I, but
without giving two firm strokes on all areas of specimens and
turning specimens over endways when they were placed on
the water-saturated pad.

Test III: Cyclic freeze-thaw test without external water
supply. In this test, specimens were placed in sealed plastic
bags in order to separate them from moisture in the freezing
and thawing steps. *e remaining procedure continued in
the same way as in Test II.

*e water supply patterns in these three tests are
sketched in Figure 1. In addition, other groups of specimens
were cured under standard curing conditions with their
strength determined simultaneously with the samples af-
fected by the freeze-thaw cycles.

3. Results and Analysis

Experimental UCS data obtained from the three tests are
given in Table 4.

3.1. Test I. Figure 2 shows the PCML of specimens in Test
I. *e changing patterns in UCS have a similar tendency to
that in PCML.With increasing numbers of freezing-thawing

Table 1: Physical properties of saline soil.

Plastic
limit (%)

Liquid
limit (%)

Plasticity
index (%)

Optimum water
content (%)

pH value of
soil solution

Cl− concentration of
soil solution (mg/L)b

SO4
2− concentration of

soil solution (mg/L)b
Soluble salt
content (%)

16.56 20.98 4.42 15.5 9.48 886.50 3326.20 4.0
a*e solution was prepared at a mass rate of soil to deionized water ratio of 1 : 2.5. b*e solution was prepared at a mass rate of soil to deionized water ratio of
1 :10.

Table 2: Chemical composition of saline soil (% by weight).

Loss on ignition SiO2 Al2O3 CaO Fe2O3 MgO K2O Na2O SO3 Cl− P2O5 Total
10.09 48.67 11.13 9.45 4.09 3.58 2.53 3.77 4.76 0.97 0.19 99.22

Table 3: Chemical analysis of Portland cement, slag, and fly ash (% by weight).

Materials SiO2 A12O3 Fe2O3 CaO MgO Na2Oeq SO3 Loss on ignition
Cement 22.80 4.55 2.82 65.34 2.74 0.55 2.92 3.90
Slag 34.63 13.92 0.29 38.28 10.52 — 0.25 0.25
Fly ash 57.60 21.90 7.70 3.87 1.68 0.41 4.05 0.43
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Specimen
Carrier

Free water

Water-saturated
felt pad

Sealed bag

Hole

Specimen Specimen

Test I Test II Test III

Figure 1: Sketch of the water supply conditions in the three tests.

Table 4: Changes in UCS of stabilized soil after freeze-thaw cycles in three tests.

Specimen
group

Percent of
stabilizer (%)

Age
(days)

Initial
strengtha

(MPa)

UCS after 12 cycles
(MPa)

UCS after 24 cycles
(MPa)

UCS after 60 cycles
(MPa)

SSb Test
I

Test
II

Test
III SS Test

I
Test
II

Test
III SS Test

I
Test
II

Test
III

1 10
7

4.4 6.8 1.5 —c 4.4 9 — — 2.1 9.5 — — 1.2
2 15 5.4 8.3 2.6 3.9 5.9 9.9 — — 3.6 11.2 — — 2.9
3 20 7.1 9.8 3.9 4.9 6.9 11.1 — — 5.4 13.5 — — 5.0
4 10

28
7.1 9 3.6 5.1 7.1 9.5 2 2.6 5.6 9.8 — 1.0 4.0

5 15 10 9.9 5 5.8 10.0 11.7 2.8 6.2 7.3 12 — 5.1 7.4
6 20 10.7 11.4 5 6.3 10.3 13.1 4.8 6.9 8.9 14.4 3.5 6.5 7.6
aInitial strength means the value of the strength at the end of the curing period. bSS means the synchronous strength of the specimens cured under standard
conditions. c— means the group of specimens were destroyed in or before this cycle.
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Figure 2: Cumulative mass loss of specimens with curing periods of 7 days (a) and 28 days (b) in Test I (SS means soil stabilizer).
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cycles, the UCS decreases gradually until destruction occurs.
*e PCML of specimens with curing period of 7 days
(specimen groups 1–3 in Table 4) begins to increase rapidly
after five or six cycles. After eight or nine cycles, cracks
appear one after another on these specimens. *e failure
patterns of these specimens are shown in Figure 3.

*e UCS and PCML results reveal that the repeated
freeze-thaw under the condition of all-round water supply to
specimens has a strong destructive effect on the specimens
with a short curing period. Furthermore, this destructive
effect cannot be effectively reduced by increasing the content
of the soil stabilizer. *is is proved by the fact that the
specimens stabilized by 20% stabilizer performed a little
better than the ones with 10% stabilizer, yet they were
destroyed completely after 12-18 cycles.

*e PCML values of groups 4–6 with a curing period of
28 days were 5.5%, 3.8%, and 2.4%, respectively, at the end of
the 15th cycle and increased slowly. After 15 cycles, the
PCML of group 6 specimens maintained a slow increase.
However, for groups 4 and 5, the PCML of specimens started
to rise steeply. Erosion in these specimens took place from
the surface towards the core with water incursion, but visible
cracks were hardly seen before 24 cycles. *e PCML of
specimens stabilized by 20% soil stabilizer did not exceed
5%, even after 30 cycles, and the UCS remained more than
3MPa after 60 cycles. *erefore, a sufficiently long curing
period is important to improve the freeze-thaw resistance of
stabilized saline soil.

3.2. Test II. In this test, water migrated from the water-
saturated felt pad to the center bottom of a specimen
through a hole in an otherwise sealed bag. Similar to Test I, it
is obvious that the freeze-thaw resistance of the specimens
cured for short period is not as good as that for specimens
cured for a longer period.

However, for the specimens with a curing term of 7 days,
the failure pattern in Test II is distinctly different from that in
Test I. In Test II, there was no obvious change in the mass
and volume of specimens before six cycles. After six cycles,
specimens of group 1 (10% stabilizer) began to rapidly
expand in the upper part until the whole specimen fell apart
to powder. *e typical failure pattern of group 1 after night
cycles is shown in Figure 4(a). *e specimens of group 2
(15% stabilizer) and group 3 (20% stabilizer) still had 3-
4MPa UCS after 12 cycles but began to increase rapidly in
mass and in volume after 12 cycles. *e typical failure
pattern of group 3 after 24 cycles is shown in Figure 4(b).

Conversely, the severe erosion phenomena did not show
up in the specimens cured for 28 days. *ese specimens had
no evident change in mass or appearance, even after 60
cycles. In Test II, the erosion extent of the specimens cured
for 7 days exceeded that in Test I, while it was the opposite
case for the specimens cured for 28 days.*is conclusion can
be deduced from the changes in UCS (Table 4).

3.3. Test III. In this test, specimens were separated from
external moisture by sealed bags. *e UCS data in Table 4
show that this had the least destructive effect on the

stabilized soil specimens compared to the other two tests.
However, the decreasing UCS data indicate that the de-
struction may be due to the salt in the soil.

4. Discussion

4.1. Failure Pattern of Specimens. As a result of rich sodium
sulfate, large amounts of ettringite may form during hydration
of the stabilizer-soil mixture (Figure 5; the rod-shaped phases
are ettringites). However, in Test III, in addition to the negative
influence of low temperature on potential activity of the soil
stabilizer, crystallization of sulfate in the stabilized soil affected
by repeated freeze-thaw is also a main cause of the reduction in
the mechanical properties of specimens.

Despite many studies on the crystallization of sodium
sulfate over the last 150 years, the reason why it generates
damage remains controversial. Sodium sulfate has two stable
phases at room temperature, thenardite (an anhydride) and
mirabilite (a decahydrate), as well as a metastable phase
[35–37]. At low temperature, the solubility of sodium sulfate
largely decreases so that the pore liquid in the stabilized soil
reaches supersaturation, which is a necessary condition for
the occurrence of crystallization pressure [38, 39]. With
decreasing temperature, both thenardite and mirabilite
precipitate from a saturated sodium sulfate solution. *e-
nardite is the most abundant phase when precipitation
occurs at low relative humidity in a porous material [40, 41].
As the temperature decreases and the amount of free water
reduces, the salt concentration in the solution increases
while the water activity decreases. A lower water activity is
beneficial to the formation of thenardite. In micropores,
precipitation of anhydrous sodium sulfate is promoted due
to water activity reduction. Furthermore, crystallization of
thenardite can generate tensile hoop stresses of the order of
10–20MPa, which is higher than that caused by mirabilite at
the same supersaturation ratios [42–44].

Figure 6 shows the changes in pore characteristics of
specimens affected by freeze-thaw cycles in Test III. Curve 3
indicates that salt crystallization may be one of the factors
that causes a higher porosity of specimens cured for short
periods. Curve 2 appears close to Curve 1. *is reveals that
salt crystallization has little effect on specimens with a longer
curing term after 12 cycles.

In Test III, the specimens are in a dry condition, which
means only air is present in the macropores and meso-
pores, while any liquid tends to be in the micropores.
*erefore, part of the sodium sulfate dissolves in the
liquid in the micropores where the solution reaches a
saturated state, and the rest of the sodium sulfate acts as
part of the soil skeleton. *e destructive effect is induced
only from the sodium sulfate dissolved in the pore liquid,
where crystallization of the sulfate and water can take
place during the freeze-thaw cycles. *e sulfate acting as
the soil skeleton has little damage effect on the specimen
given that there is no external moisture. In addition, the
presence of a large volume of voids can relax the stress
caused by crystallization of the salt and water. Arora et al.
[45–47] pointed out that freeze-thaw cycles did not have
any detrimental effect on cement-treated mixtures of
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nonsaline sandy soil even though specimens were placed
in a humidity chamber for thawing. *us, the decrease in
UCS shows the presence of the decay effect resulting from
salt crystallization, but this effect is far slighter than those

in Test I and Test II, where external water can invade
specimens during the cyclic freeze-thaw process. *ere-
fore, water content is a key factor in freeze-thaw damage
of stabilized saline soil.

(a) (b)

Figure 4: Appearance of representative samples of group 1 (a) after nine cycles and group 3 (b) after 24 cycles in Test II.

5μm

Ettringite

Fly ash

Ca (OH)2

Figure 5: SEM image of saline soil stabilized by 15% stabilizer at an age of 7 days.

(a) (b)

Figure 3: Appearance of representative specimens of group 2 (a) and group 3 (b) after nine cycles in Test I.
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In Test I and Test II, the freeze-thaw resistance of
specimens cured for 28 days was much higher than that of
specimens cured for 7 days. *is is because the former
specimens have a more compacted microstructure to pre-
vent external water invasion. In addition, before repeated
freezing and thawing, long-term curing is helpful for poz-
zolanic activity development of the soil stabilizer and for
strength growth of specimens. Water intrusion damage is
partly due to the expansion stress of ice. With increasing
water content, more and more pores are filled with liquid,
and thus the risk of frost damage grows. At the same time,
more salt serving as part of the solid skeleton is dissolved
into the pore liquid. *is means that the salt solution in the
specimen increases, and hence the zone influenced by the
salt solution enlarges. When the temperature is lowered,
crystallization of salts may cause serious damage to speci-
mens. Moreover, the presence of moisture provides a nec-
essary condition for growth of ettringite in the thawing steps.
Expansion of ettringite can lead to serious damage in a
hardened specimen.

When water content reaches a critical value, the
specimen is rapidly destroyed in a freezing test. Figure 7
presents the percentage of mass increase of specimens in
Test II. For the specimens cured for 7 days, when the
percentage of mass increase reaches about 3.5%, corre-
sponding with a water content of 18% (the water content of
specimens is about 14.5% at the end of the curing period),
complete destruction of the whole specimen occurs. For the
specimens cured for 28 days, the critical value of percentage
of mass increase is above 4.5%, corresponding with a water
content of 20%. It should be noted that the time at which
the water content of a specimen reaches a critical value is
determined by its hydraulic conductivity. *e longer the
curing period, the lower the hydraulic conductivity that the
specimen possesses.

As noted above, the specimens with short-term curing
have two obviously different failure patterns under the
conditions of all-round (Test I) and unidirectional (Test II)
water supply to specimens. In Test I, erosion of specimens
begins from the surface layers and goes on towards the core
with water invading, until the whole specimen is separated
into several blocks by the expanding crystal phases of water
and salt (Figure 3). In Test II, expansion first takes place in
the upper part of a specimen, followed by crushing of the
whole specimen (Figure 4). *e cause of the two failure
patterns is related to the migration of external water into
specimens and internal moisture within specimens during
the freeze-thaw cycles.

4.2.DrivingForce ofWaterMigration. In agrology, soil water
potential is defined to characterize the total potential energy
of water in soil. It can be defined as the Gibbs free energy in
thermodynamics [48, 49]:

dG � VdP − SdT + 
n

1

zG

zci
dci +

zG

zθ
θ + dwg, (1)

where G is the Gibbs free energy, V dP is the pressure
potential caused by a change of pressure P, V is the volume,
-SdT is the temperature potential caused by a change of
temperature T, and S is the entropy. *e third term on the
right-hand side of this equation is the solute potential caused
by change in concentration ci of the ith kind of solute, the
fourth term is the matric potential caused by change of water
content θ, and dwg is gravity potential. Potential gradient is
the driving force of water migration. Soil water migrates
along the normal direction of the equipotential plane from
high potential to low potential.

When focusing on the problem of water migration in
solidified soil, the gravity potential and solute potential in the
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soil water potential can be ignored [21, 50]. As the influence
created by temperature change on other aspects such as surface
tension of water, matric potential, and pressure potential
largely exceeds the change of temperature potential [51], es-
pecially for small-scale specimens in which the temperature
gradient is small, the term -SdT can be ignored and other
factors deserve more attention. *us, (2) can be simplified as
[52]

dG � VdP +
zG

zθ
dθ . (2)

Matric potential is generated by the holding effect of the
soil matric on moisture, which is dominated by either the
adsorption effect at low water content or capillary attraction
at high water content. *erefore, it is a function with respect
to water content, θ. As the matric potential is a negative
value, the term for soil water suction is defined as its opposite
number. Soil water suction, Fsu, can be expressed as

Fsu � −
zG

zθ
dθ � a

θ
θs

 

b

, (3)

where θs is the saturation water content, and a and b are
empirical constants. Equation (3) indicates that soil water
suction has a decreasing power relation with water content
before the saturated water content is reached. In [53], it was
found experimentally that soil water potential in frozen soil
increases at a power rate with decreasing temperature.
According to (3), it can be explained by equivalently de-
creasing the water content when the liquid water in pores
turns gradually into ice at low temperatures. Furthermore,
soil water suction is also elevated due to increasing surface
tension with decreasing temperature.

Before freezing, external water tends to be sucked into
the specimen by a matric potential gradient between the
surface and the core of the specimen when the specimen is in
contact with water. When freezing, external water first ices.
Due to the surface energy effect of soil particles on water and
the salt dissolving in the water, the freezing point of water in
the specimen decreases, so the external water source supply
is shut off. Consequently, not much water enters the
specimen during the freezing step. When thawing, the
thawing front progresses from the outside towards the core
of the specimen. *e outer side of this thawing front
maintains a relatively lowwater content and thereby a higher
soil water suction compared with the inner side, where
thawed liquid is sucked towards the outer side of the thawing
front.*us, water suction occurs with a progressing thawing
front mainly during the thawing step.

4.3. Patterns of Water Migration. *e similarity between
Tests I and II is the pressure-free water supply; i.e., no extra
water pressure or air pressure is applied throughout the
testing process. Besides, the difference between these two
tests is that Test I adopts the all-round method of water
supply to ensure there is sufficient free water on the surface
of the specimens, whereas Test II supplies limited water in
one direction from the bottom of samples, and the other
surfaces of samples are always in a dry state.

In Test I, no extra pressure is exerted on specimens
except for atmospheric pressure when water is supplied
from all directions. *erefore, air in the pores of the core
of the specimen is sealed by water on the surface and
cannot escape. Figure 8(a) sketches external water mi-
gration in connected pores from the surface towards the
core under the conditions of Test I. Before freezing, ex-
ternal water is sucked from the surface of the specimen
through capillaries. By assuming that the solidified soil is
an isotropic material, considering only the connected
pores from the surface to the inside, and assuming cy-
lindrical capillaries, a model of external water invading
the specimen is as given in Figure 8(b), where water in the
specimen is neglected due to the low water content,
resulting in the macropores and mesopores being in an
almost dry state.

If gravity action is not considered, soil water potential
consists of matric potential and pressure potential. *e
intruding water compresses the air, so the inner pressure
increases. When the pressure difference between the inner
and outer parts equals the additional pressure created by the
concave meniscus in the capillary, the external water stops
intruding. *e pressure difference can be expressed by the
Young-Laplace equation:

ΔP � P − P0 � c
1

R1
+

1
R2

 , (4)

where P is the inner air pressure, P0 is the external atmo-
spheric pressure, c is the surface tension of water, andR1 and
R2 are two radii of the meniscus curvature. *e inner air
pressure can be estimated by the ideal gas law equation:

PV � nRT, (5)

where n is the number of moles of air and R is the ideal gas
constant. Before the beginning of the freezing step, the inner
air may be regarded as being under isothermal compression.
*erefore, the change of air volume can be obtained from

ΔV �
V0 P0 − P( 

P
� −
ΔPV0

P0 + ΔP( 
, (6)

where V0 is the original volume of the inner air, corre-
sponding with pressure P0. *e absolute value of ΔV is the
volume of intruded water, ΔVw:

ΔVw �
V0

1 + P0/ c 1/R1 + 1/R2( ( ( 
. (7)

When the temperature is lowered to T2, which is above
the freezing point of the external water, the inner air shrinks
until the pressure difference can balance the additional
pressure from the concave meniscus. *e volume of in-
truded water can be calculated according to

ΔVw � V0 1 −
P0T2

T0 P0 + c 1/R1 + 1/R2( ( 
 . (8)

Furthermore, γ increases with decreasing temperature,
which promotes water intrusion. V0 can be estimated
according to
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V0 � Vsp −
ms

ρs

−
ml

ρl

, (9)

where Vsp is the volume of the specimen, ms and ml are the
dry mass andmoist mass, respectively, of the specimen at the
end of curing, and ρs and ρl are the density of soil particles
and the density of water, respectively.

Once freezing occurs, external water cannot intrude any
more, even though the inner air pressure continues to de-
crease and soil water suction increases. However, the neg-
ative/suction pressure generated is the driving force that
sucks free water from the thawing front in the thawing step.

In Test I, due to the presence of this air pressure po-
tential, external water is kept out of the specimen core and
accumulates only in the outer part, where the microstructure
of the specimen is firstly eroded. *is is why erosion takes
place from the surface towards the core in Test I. With a
short curing period, the pozzolanic reactivity of the soil
stabilizer cannot fully develop. *erefore, the specimen is
not compact enough, and there are some big flaws in the
microstructure, through which external water can intrude
the core of the specimen. An uncompacted microstructure
leads to high hydraulic conductivity. Accordingly, these
specimens fail early. *is is why the specimens cured for a
short period are destroyed as in Figure 3.

Unlike Test I, no pressure potential appears under the
experimental condition of unidirectional water supply to
specimens because the pressure in pores connected with air

always equals atmospheric pressure. *us (2) can be further
simplified to

dG �
zG

zθ
dθ + dwg. (10)

Equation (10) reveals that the water migration depends
on the gradient of the matric potential and the gravity
potential. In Test II, water migrates from the bottom of the
specimen upwards. Figure 9 sketches the water migration
and water content distribution in the specimen under this
condition. Since water content in the top part is always lower
than that in the bottom part before the whole specimen
reaches saturation, the gradient of matric potential always
drives water upwards.

Since external water is obtained only through the hole
from the water-saturated felt pad, it is not sufficient, and the
intruded water is fully dispersed in the specimen due to the
action of soil water suction. *erefore, the water content
even in the bottom part cannot reach the critical value at
which the specimen is completely destroyed, and the bottom
can keep sucking water from the environment.

*us, each part of the specimen strives to acquire water to
reach the balance of the soil water potential, leading to full
dispersion of water in the whole specimen. *erefore, it is
difficult to accumulate water in some parts, for example, the
bottom.*is is why the destructive phenomenon of specimens
under this condition occurs later than that under the condi-
tions of all-round water supply to specimens. Only when the

Air

Water migration

Air

Water migration

All-round water supply
without pressure

(a)

The model of external water
invading soil body

AirP

Matrix

External water

P0

(b)

Figure 8: Sketch of water migration and the simplified model of Test I.
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water content in the whole specimen synchronously reaches
the critical value, will frost damage suddenly occur.

When water content in the matric is low, the holding effect
onwatermainly depends on adsorption.*erefore, themethod
of capillary rise is not suitable for estimation of intruded water.
With increasing water content, more sodium sulfate dissolves
into the pore liquid and then rises to the upper part, together
with migrating moisture. Expansion and destruction of spec-
imens occur firstly in the upper part, which proves that cu-
mulative salt in the pore liquid is the most significant cause
leading to specimen failure in Test II. After 12 cycles, the
content of the dissoluble salt in the upper and lower halves of
specimens belonging to group 2 was measured. *e results
revealed that the salt content in the lower half was only 81% of
that in the upper half, which confirms that the salt moved from
the lower part and accumulated in the upper part during the
cyclic freeze-thawprocesses.Moreover, the uneven distribution
of salt may produce osmotic potential and then further affect
the migration of water.

5. Conclusion

By designing three test methods for freeze-thaw cycles of
stabilized saline soil, this study has investigated the freeze-thaw
resistance of saline soil stabilized by cement-based material

under different types of water supply. It has also analyzed the
failure modes of the specimens and the role of salt and water in
the freezing and thawing process. *e concept of soil water
potential has been introduced, and the dynamic mechanism
and migration of water and salt have been described through
theoretical models. *e effect of water content on the freeze-
thaw resistance of stabilized saline soil has also been discussed.
*e main conclusions of this study are as follows.

In cyclic freeze-thaw tests, external water is one of the
most important factors in the destruction of stabilized
saline soil. Different failure patterns are caused by
different water supply patterns in freeze-thaw tests. If
no external water is supplied, specimens have no ob-
vious appearance of erosion, even though the UCS
gradually decreases with increasing number of freeze-
thaw cycles.
Under the condition of all-round water supply to
specimens, the pressure potential caused by the inner
air leads to water accumulating first in the outer part of
the specimen. For specimens with a long-term curing
period, erosion from the surface towards the core is a
distinct characteristic of the failure pattern.
Under the condition of unidirectional water supply to
specimens, air pressure potential is eliminated and

Unidirectional water supply without
pressure and water content distribution

before saturation 

Air

Figure 9: Sketch of water migration and water content distribution before saturation in Test II.
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matric potential drives moisture to migrate from the
bottom upwards, finally dispersing all over the speci-
men. *e sulfate in the lower part of the specimen is
dissolved and then carried to the upper part. Gradual
accumulation of salt causes the specimen to turn into
powder when a certain water content is reached.
*e water content is an important factor for appearance
of macroscopical frost damage. In this study, the es-
timated critical value of water content was about 18%–
20%.
*e pozzolanic reactivity of soil stabilizer is reduced by
low temperature. A high percentage of soil stabilizer
can improve the freeze-thaw resistance of stabilized
soil, but a sufficiently long curing period plays a more
important role.

Abbreviations

a and b: Empirical constants
ci : Concentration of the ith kind of solute
Fsu: Soil water suction
G: Gibbs free energy, J
ms and
ml:

Specimen dry mass and moist mass at end of
curing, kg

n: Number of moles of air
P: Air pressure, Pa
P0: External atmospheric pressure, Pa
R: Ideal gas constant
R1 and
R2:

Radii of meniscus curvature, m

r: Pore radius, m
S: Entropy
T: Temperature, K
T2: Final temperature, K
V: Air volume, m3

Vsp: Volume of specimen, m3

V0: Original volume of inner air, m3

wg: Work done by gravity on water, J
αH2O: Water activity
c: Surface tension of water, mN/m
ΔV: Volume difference of air of intruded water, m3

ΔVw: Volume of intruded water, m3

θ: Water content of soil body
θs: Saturation water content
ρs and ρl: Density of soil particles and density of water, kg/

m3.
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