Environmental Earth Sciences (2020) 79:161
https://doi.org/10.1007/512665-020-08903-w

ORIGINAL ARTICLE q

Check for
updates

Analysis of the pore structure characteristics of freeze-thawed saline
soil with different salinities based on mercury intrusion porosimetry

Jiaqi Wang' - Qing Wang' - Yuanyuan Kong? - Yan Han' - Shukai Cheng'

Received: 15 June 2019 / Accepted: 17 March 2020 / Published online: 30 March 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

The pore structure characteristics of soil are closely related to soil engineering properties. For saline soil distributed in season-
ally frozen areas, existing studies have focused on the influence of freeze—thaw cycles on pore structure, while the influence
of soluble salt in the soil is not well understood. This study aims to explore the influence of salt content and salt type on the
pore structure of freeze-thawed soil. Soil samples with different salt contents (0—2%) and types (bicarbonate salt and sulfate
salt) were subjected to 10 freeze—thaw tests, and their pore size distributions (PSDs) were obtained by mercury intrusion
porosimetry tests. In addition, the PSDs were quantitatively analyzed by fractal theory. For both salts, the PSDs of the tested
soil samples were bimodal after the freeze—thaw cycles, and the porosity of saline soil samples increased with increasing
salt content overall. However, the contents of various types of pores in soil samples with two salt types were quite different.
The variation in bicarbonate salt content mainly affected the mesopore and macropore contents in the soil samples, and their
change trends were opposite to each other. For soil samples with sulfate salt, the porosity and macropore content increased
significantly when the salt content exceeded 1%. In addition, the pore structures in saline soil presented fractal characteristics
after the freeze—thaw cycles, and the fractal dimension was positively correlated with macropore content. This study may
provide references for understanding the engineering properties of saline soil in seasonally frozen areas at the microscale.
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Introduction

The macroscopic properties of soil, such as the mechani-
cal and hydraulic properties, are controlled by its micro-
structure (Dalla Santa et al. 2019; Delage et al. 2006; Jiang
et al. 2014; Terzaghi and Peck 1996; Zhang et al. 2018). In
seasonally frozen soil areas, the soil experiences repeated
freeze—thaw cycles due to temperature changes. When the
temperature decreases, the liquid water in the soil gradually
transforms into solid ice; when the temperature increases,
the ice melts into water again. Moreover, freeze—thaw
cycles weaken the soil structure and destroy the bonding
force between the soil particles, leading to soil particle rear-
rangement (Konrad 1989; Wang et al. 2013). In recent years,
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researchers have studied the microstructural characteristics
of loess, soft soil, and silty clay under freeze—thaw cycles
(Cui et al. 2014; Oztas and Fayetorbay 2003; Zhang and Cui
2017). The results showed that repeated freeze—thaw cycles
significantly change the soil microstructure, which affects
its engineering properties.

Saline soil is a special soil with a total content of soluble
salt higher than 0.3% (Xiao et al. 2017), and it is widely
distributed throughout the world. In seasonally frozen
regions, the freezing process of saline soil is complicated
due to the existence of soluble salt in the pore solution
(Bing et al. 2007). Many studies have been performed on
the engineering properties and microstructure of saline soil
in seasonally frozen areas. Wang et al. (2018) studied the
pore size distribution (PSD) of saline soil samples subjected
to different numbers of freeze—thaw cycles and found that
an increase in the number of freeze—thaw cycles mainly
changes the macropore and mesopore contents in the soil,
and their change trends are opposite to each other. The types
of pores in soil samples are determined based on the pore
diameter. Mesopores are pores with a diameter between 0.4
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and 4 pm, and macropores are pores with a diameter greater
than 4 pm. Han et al. (2018b) demonstrated that freeze—thaw
cycles affect the shear properties of saline soil by chang-
ing its microstructure. Liu et al. (2019b) showed that the
porosity of lime-improved saline soils increased significantly
after freeze—thaw cycles, which resulted in a decrease in the
mechanical strength. These studies revealed that changes
in the pore structure of saline soil are important factors for
changes in the soil engineering properties. When the tem-
perature drops below the freezing point of the pore water,
the phase change of the pore water causes frost heaving in
saline soil. In addition, the salt solubility decreases as the
temperature decreases, and the salt in saline soil absorbs
water and crystallizes from the pore solution; as a result, salt
expansion occurs in saline soil due to the salt crystallization
(Fang et al. 2018; Lai et al. 2016; Wan et al. 2017). Under
these conditions, the pore structure characteristics of the soil
change significantly. However, the existing studies on the
pore structure of saline soil in seasonally frozen areas have
focused on the influence of freeze—thaw cycles, while the
influence of soluble salt in the soil is not well understood.
Bing et al. (2015) indicated that the water and salt
in saline soil migrate and redistribute under repeated
freeze—thaw cycles. Many studies have revealed that during
the freezing process, saline soil has different freezing points
and unfrozen water contents with variations in salt content
and type (Bing and Ma 2011; Han et al. 2018a; Liu et al.
2018). Bing and He (2010) studied saline soil with different
sodium sulfate contents and pointed out that the salt solu-
bility varies with temperature during freeze—thaw cycles,
and the soluble salt migrates with unfrozen water due to the
temperature gradient. As a result, ice and salt crystals pre-
cipitate simultaneously, thus changing the pore structure of
the soil (Xiao et al. 2018). Liu and Zhang (2014) indicated
that the microstructure of saline soil varies with salt content
and further determines its mechanical properties. You et al.
(2017) indicated that the PSD of frozen silty clay changes
with salt content. As the salt content increases, the porosity
first increases and then decreases, and the turning point is
at a salt content of approximately 1.5%. Therefore, under
freeze—thaw cycle conditions, soluble salt is an important
factor affecting the pore structure of saline soil. In seasonally
frozen areas, the salt content in saline soil fluctuates with
changes in the external environment. In addition, the salt
type in the soil is multi-component rather than single com-
ponent, which leads to a complicated phase-change process
in saline soil. Therefore, studying the pore structure charac-
teristics of saline soil with different salt contents and types
under freeze—thaw cycles is of great practical significance.
The Songnen Plain in the northeast of China is a typical
seasonally frozen area where a large area of saline soil is
widely distributed; the soluble salt content in the soil is high
(Zhang et al. 2017), the main salt type is bicarbonate salt,
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and there is a certain amount of sulfate salt. Under these
conditions, saline soil behaves as a structural soil; a large
number of fissures often develop on the surface and inside
of saline soil, leading to poor engineering properties and
resulting in engineering hazards, such as slope instability
and soil strength reduction. Therefore, studying the effects of
the salt content and type on the pore structure characteristics
of soil under freeze—thaw cycles can provide references for
understanding the formation mechanism of fissure structures
and the engineering properties of saline soil in seasonally
frozen areas from a microscopic perspective.

The size and shape of the pores in the soil are complex,
and the pore size covers multiple orders of magnitude, which
makes it difficult to study them by the conventional geomet-
ric approaches. Therefore, many researchers have adopted
fractal theory to study the pore structure of porous materials
(Mahamud 2007; Ru et al. 2014; Wang et al. 2019). Frac-
tal theory was proposed by Mandelbrot (1982) for studying
irregular and complex phenomena and behaviors in nature,
and has been widely used in many fields. Fractal theory is
characterized by self-similarity and scale invariance; that is,
there is similarity between a local area and the whole area
of an object within a certain range of scales (Brakensiek
et al. 1992; Mahamud and Novo 2008). Tyler and Wheat-
craft (1989) first applied fractal theory to study the pore
structure of soil and found that pores in soils have fractal
characteristics with statistically self-similarity; they also
found that fractal theory is suitable to study the pores in
soil. In recent years, many researchers successfully analyzed
the pore structure of different types of soil through fractal
theory, such as loess, silty clay, and consolidated clay (Hu
et al. 2014; Vallejo 1996; Zhang and Cui 2018), and the
results proved that fractal theory is an effective method to
study the pore structure of soil. The fractal dimension is an
important parameter in fractal theory. The fractal dimension
of pores indicates its irregularity and complexity. The larger
the fractal dimension is, the more irregular the pore shape,
the rougher the pore surface, and the more complicated the
pore structure (Cui et al. 2015; Wang and Li 1997; Ye and
Li 2019). In addition, the fractal dimension can well reflect
pore structure changes in soil (Zhang and Cui 2017). Many
researchers obtained pore fractal dimensions in porous mate-
rials through a combination of fractal models and micros-
copy tests, such as mercury intrusion porosimetry (MIP),
N, adsorption, scanning electronic microscopy (SEM),
nuclear magnetic resonance (NMR), and computed tomog-
raphy (CT) (Cai et al. 2013; Li et al. 2019; Liu and Nie
2016). The MIP test is considered a reliable and effective
method for the quantitative analysis of soil microstructure.
The PSD characteristics of soil can be obtained by record-
ing the mercury intrusion volume at each intrusion pressure
(Sasanian and Newson 2013). In recent years, the MIP test
has been successfully used by many researchers to study the
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pore structure of soils (Ninjgarav et al. 2007; Oualmakran
et al. 2016; Shao et al. 2018). Chen et al. (2019) used three
different fractal models to analyze the MIP data of loess and
found that the pores in the loess have fractal characteristics
of self-similarity within a pore size range of 3 nm—90 pm.
Hu et al. (2014) drew similar conclusions by analyzing the
fractal characteristics of loess before and after a stress path
test. Therefore, we adopted the MIP test combined with
fractal theory to analyze the pore structure of freeze-thawed
saline soil in this study.

The purpose of this study, under the conditions of
freeze—thaw cycles, was to explore (1) the PSDs of saline
soil with different bicarbonate salt and sulfate salt contents;
(2) the influences of bicarbonate salt and sulfate salt on the
pore structure of soil; and (3) the fractal characteristics of
the pores in saline soil with different salt contents and types.
Two groups of remolded soil samples with different salt con-
tents (0-2%) and salt types (NaHCO; and Na,SO,) were
prepared for 10 freeze—thaw tests in a closed system. After
the freeze—thaw tests, microscopic samples were taken from
each soil sample for MIP tests to obtain their pore distribu-
tions, and fractal theory was used to quantitatively analyze
the pores in soil samples. The variation in pore structure
characteristics of freeze-thawed saline soil with the salt con-
tent and type was discussed.

Materials and methods
Soil properties

The tested saline soil was collected in Zhenlai County in
Jilin Province of China, which is a typical seasonally frozen
area. The undisturbed soil behaves as a structural soil in this
region, and a large number of fissures and sand columns
develop on the surface and inside of the soil (Fig. 1). The
coordinate of the sampling point is N 45° 49" 41" E 123°

Fig.1 Sand columns and fissures in undisturbed soil

13’ 47", and the sampling depth is 20-50 cm, because the
saline soil at this depth has the highest soluble salt content
and is greatly affected by the change in external tempera-
ture. The collected disturbed soils were air-dried and mixed
evenly in the laboratory for testing. The basic properties
of the tested saline soil were obtained following the test
procedure in GB/T50123-1999 (1999) by parallel testing.
Tables 1 and 2 show the grain size distribution and miner-
alogical composition of the tested saline soil, respectively.
The particle-size composition was determined by the den-
simeter and sieve method, and the mineral contents were
tested by X-ray diffraction. The results show that the tested
saline soil has a relatively high clay content, and the domi-
nant mineral is quartz. According to the long-term obser-
vation data of the study area, western Jilin Province, the
main cation in the saline soil is Na*t, the main anions include
HCO,~ and SO,*", and the content of other ions is very low
(Han et al. 2018a, b; Wang et al. 2016; Zhang et al. 2019b,
2016). Therefore, we selected NaHCO; and Na,SO, as the
experimental focus in this study to investigate the effect of
their contents on the pore structure characteristics of soil
under freeze—thaw cycles. Table 3 shows the main physical
and chemical properties of the tested saline soil and the cor-
responding test methods. The tested saline soil is a lean clay
based on the USCS (ASTM 2011).

Sample preparation

Based on the chemical analysis results, two groups of
remolded soil samples were prepared with different contents
of NaHCOj; and Na,SO, for experiments. The long-term
monitoring experimental data showed that the salt content
in the saline soil varies with changes in the external environ-
ment, and the highest salt content can reach 1.54%. In addi-
tion, the boundary between saline soil and non-saline soil
is 0.3%. Therefore, the salt contents selected in this study
were 0%, 0.3%, 1%, 1.5%, and 2%. Note that the mean-
ing of “%” here is the weight of salt as a percentage of the
weight of dried saline soil. The saline soil collected for the

Table 1 Particle-size distribution of the tested saline soil

Particle size >2 2-0.075 0.075-0.005 0.005-0.002 <0.002

(mm)

Content (%) 0 8.4 47.0 3.7 40.9

Table 2 Mineral composition content of the tested saline soil

Relative contents of mineral (%)

Quartz Alkali feldspar Plagioclase Calcite Dolomite Kaolinite

49 15 25 6 3 2
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Table 3 Physical and chemical properties of the tested saline soil

Property Liquid limit (%) Plastic limit (%) Optimum water Maximum dry Total salt con-  Na‘* (%) HCO;™ (%) S0,
content (%) density (g/cm®)  tent (%) (%)
Value 37.5 20.7 19.5 1.72 0.42 0.10 0.19 0.01
Method  Liquid-plastic limit joint determi- Compaction test Water-bath Flame photom- Neutralization EDTA
nation method evaporation eter titration com-
plex
titra-
tion

Table 4 Salt contents and types of soil samples

Salt type Salt content in soil (%)  Salt mass concen-
tration in solution
(%)
NaHCO;, 0 0
0.3 1.5
1 4.9
1.5 7.2
2 9.5
Na,SO, 0 0
0.3 1.5
1 4.9
1.5 7.2
2 9.5

mg

Salt content in soil = % 100%; Salt mass concentration in solu-

mg+my
~_ x 100%; where m, my, and m,, represent the weight of

tion=

mg+m,,

salt povC/der, dried soil, and water, respectively

test was first desalinized with distilled water, and then, the
desalinated soil was crushed and passed through a 2 mm
sieve after drying in an oven. Next, the sieved desalinated
soil, distilled water, and salt powder (anhydrous NaHCO;
and anhydrous Na,SO,) were mixed uniformly according
to the calculated amount needed to obtain soil samples with
different NaHCO; and Na,SO, contents, as shown Table 4.
The target water content of all soil samples was 19.5%. The
soil samples were preserved in bags and sealed tightly for
24 h to allow an even distribution of water and salt. Then,
the soil samples were transferred to a cylindrical mold and
compacted into four layers according to a 90% degree of
compaction on the basis of maximum dry density; the dry
density of the remolded soil samples after compaction was
1.548 g/cm?. The remolded soil samples were covered by
fresh-keeping films and stored in a moisturizing container
to prevent the evaporation of water.

Freeze-thaw tests

In this study, freeze—thaw tests were performed in a closed
system using a custom temperature-controllable freezing
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device. The device can simulate a low-temperature environ-
ment with a minimum temperature of — 35 °C and with a
control accuracy of 0.1 °C. During the test, all soil samples
were wrapped in fresh-keeping films with no external water
supplement, and no loading was applied to the soil samples.
First, soil columns with different salt contents wrapped with
films were placed into a freezing chamber; the minimum
temperature was set to — 30 °C, and the temperature was
reduced by 4 °C per hour. After freezing for 12 h, the soil
columns were removed from the chamber and placed on a
table to thaw for 12 h at room temperature. There was no
external disturbance during the thawing process. The above
process constituted a complete freeze—thaw cycle test, dur-
ing which the water content of the soil columns remained
unchanged due to the presence of the fresh-keeping film.
Previous studies revealed that the structural and mechanical
parameters of soils changed slightly after 5-10 freeze—thaw
cycles (Liu et al. 2016; Xiao et al. 2014). Therefore, accord-
ing to the above procedure, all soil columns were subjected
to 10 freeze—thaw cycles in this study.

MIP tests

MIP tests were conducted on the soil samples after
freeze—thaw cycles using an Autopore IV9500 mercury
porosimeter (Micromeritics Instrument Corp.). The pore size
measurement range of the instrument is 0.003-360.000 pm.
After the freeze—thaw tests, several cubic soil samples, each
with a volume of approximately 1 cm?®, were cut carefully
from the center of each soil column group. Water can avoid
crystallization and transform into nonexpanding amorphous
ice when it is rapidly cooled at a low temperature below
136 K (Debenedetti 2003). Therefore, the soil samples were
placed in liquid nitrogen (— 196 °C) immediately for freez-
ing to convert the liquid water into nonexpanding amorphous
ice. Then, the soil samples were removed and instantane-
ously placed into a freeze dryer (Beijing Boyikang Experi-
mental Instrument Co. Ltd.) for vacuuming at — 50 °C for
24 h to cause sublimation of the amorphous ice. Therefore,
the dried soil samples were obtained without destroying the
original structure. The freeze-dried soil samples were placed
in a dilatometer and sealed after weighing; then, they were
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loaded into a low-pressure chamber for analysis. After that,
the dilatometer was weighed again and then loaded into a
high-pressure chamber for analysis. During the test, the sys-
tem automatically recorded the mercury intrusion volume at
each intrusion pressure. According to the Washburn equa-
tion (Washburn 1921), the pores in soil are assumed to be
cylindrical, and the relationship between the intrusion pres-
sure P and the pore radius r is P = —2y cos 8 /r, where y is
the surface tension of the mercury (0.480 N/m at 20 °C) and
0 is the contact angle (140°). For each salt content, at least
two soil samples were tested to ensure the reliability of the
experimental results, and the experimental data used in this
paper are the mean values of the experimental results. The
PSDs of soil samples with different salt contents and types
after freeze—thaw cycles were obtained by MIP tests.

Results and discussion

Influence of the sodium bicarbonate content
on the PSD

Figure 2 shows the PSDs of soil samples with sodium
bicarbonate contents of 0%, 0.3%, 1%, 1.5%, and 2% after
freeze—thaw cycles. The cumulative pore volume curve can
reflect the porosity of each soil sample, and the pore diam-
eters corresponding to the peak points in the pore size den-
sity curves are the most likely pore sizes, indicating that the
content of pores with that size is the highest in soil samples.

Figure 2a shows that the shape of the curves was simi-
lar when the sodium bicarbonate content was less than 1%,
and the slope of the curves changed at pore diameters of
approximately 6 pm and 0.06 um. The curves were flat when
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the pore diameters were between 0.06 pm and 6 pm, which
indicated that there was a high content of pores with diam-
eters > 6 pm and < 0.06 pm in the soil samples when the
salt content was less than 1%. When the sodium bicarbo-
nate content reached 1%, the shape of the curves changed;
the slope of the curves decreased when the pore diameters
were > 6 pm, increased when the pore diameters were
between 0.06 pm and 6 pm, and remained almost unchanged
when the pore diameters were <0.06 pm. Figure 2b shows
that the PSD of the soil samples with different sodium bicar-
bonate contents after the freeze—thaw cycles were bimodal,
in which the first peak was in the range of approximately
0.01-0.04 pm, and the second peak was in the range of
approximately 1-40 um with a larger distribution range.
It is worth noting that the values of the two peaks of soil
samples without salt were larger than those of the peaks of
the soil samples containing sodium bicarbonate, indicating
that the existence of sodium bicarbonate reduced micropore
and macropore contents in the soil samples. As the sodium
bicarbonate content increased, the change in the value and
position of the first peak was not obvious, and the difference
in the PSD was mainly in the range of the second peak.
Figure 2a shows that after experiencing the same number
of freeze—thaw cycles, the total pore volume of the saline
soil samples increased with increasing sodium bicarbonate
content, increasing by approximately 18.2%, 23.2%, and
45.2% at salt contents of 1%, 1.5%, and 2%, respectively,
compared to the soil sample with 0.3% salt content. The
total pore volume of the soil samples with salt contents of
0% and 1.5% was almost identical; however, the difference
in the PSD was obvious. To directly analyze the pore content
in different ranges of pore diameter in each soil sample, the
pores in soil are classified as micropores (< 0.04 pm), small
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Fig.2 PSDs of soil samples with different sodium bicarbonate contents: a cumulative pore volume curves; b pore size density function

@ Springer



161 Page6of16

Environmental Earth Sciences (2020) 79:161

pores (0.04-0.4 pm), mesopores (0.4—4 pm), and macropo-
res (>4 pm) according to (Wang and Wang 2000). Figure 3
presents the variation in the contents of different types of
pores with sodium bicarbonate content. It can be seen that
the micropore content showed a decreasing tendency, and
the small pore content showed an increasing tendency over-
all with increasing sodium bicarbonate content; the change
rate was relatively small. The contents of mesopores and
macropores changed significantly with increasing sodium
bicarbonate content.

Figure 3 shows that the content of macropores in the soil
samples without salt was larger than that in the soil sam-
ples containing sodium bicarbonate. During the freezing
process, the water freezes into ice completely in the soil
sample without salt, resulting in a very low content of unfro-
zen water. A large displacement of soil particles occurred
under the influence of frost heave. During the thawing pro-
cess, the soil particles cannot return to the original position
completely, leading to a high macropore content and a large
total pore volume. It is worth noting that the mesopore con-
tent increased first and then decreased with increasing salt
content with a turning point at a 1% salt content, while the
macropore content showed the opposite tendency. This may
be because frost heave is inhibited when the salt content is
low (Bao et al. 2018). Therefore, the content of macropores
in soil samples showed a decreasing tendency in the initial
stage, while the variation trend changed when the content
of salt exceeded 1%. In addition, the pore size distribution
characteristics of soils are closely related to their particle-
size distribution, and the existence of salt in the pore solu-
tion affects the particle size of the soil. The effect of the
variation in salt concentration on the particle-size distribu-
tion of clay is generally explained by diffuse double-layer
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theory (Chapman 1913; Gouy 1910). Clay particles usually
carry a negative charge; when they interact with a pore solu-
tion, they attract cations, forming a diffuse double layer on
the surface of the clay particles and creating a bound water
film around the clay particles (Dolinar and Trauner 2007;
Elkady and Al-Mahbashi 2017; Ye et al. 2014). The thick-
ness of the diffuse double layer around the clay is affected
by the cation valence and the ion concentration in the pore
solution, and its thickness decreases with increasing ion
concentration and cation valence (Mitchell and Soga 2005;
Zhang et al. 2019a; Zhu et al. 2013). The freeze—thaw test
is conducted in a closed system; thus, the water content of
all the soil samples is the same. In addition, the cations in
the pore solution of soil samples with different salt contents
are all Na*. Therefore, the main factor affecting the thick-
ness of the bound water film is the salt concentration. The
thickness of the bound water film around the clay particles
decreased with increasing salt concentration, and the dis-
tance between clay particles decreased, the force between
the clay particles appeared as net attractive force, which
resulted in an agglomeration of the clay particles (Deng et al.
2018; Zhang et al. 2013). The agglomeration effect of salt
was relatively small when the salt concentration was low.
Therefore, when the salt content was no higher than 1%, the
micropore content decreased, while the contents of small
pores and mesopores increased with increasing salt content.
When the salt content was higher than 1%, the agglomera-
tion effect of salt increased with increasing salt content, and
fine particles further agglomerated into coarse particles. As
a result, the macropore content increased, and the three other
types of pores showed a similar decreasing tendency overall;
the change rate in the macropore content was larger in the
range of 1.5-2% salt content than at other salt contents. The
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Fig.3 Variation in the contents of different types of pores with sodium bicarbonate content: a pore volume content; b percentage content
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migration of salt and water is a complicated process under
freeze—thaw cycle conditions. The higher the salt content
is, the more complicated this process. Therefore, the total
pore volume of saline soil samples showed an increasing
tendency with increasing sodium bicarbonate content after
the freeze—thaw cycles.

Influence of the sodium sulfate content on the PSD

Figure 4 shows the PSDs of soil samples with different
sodium sulfate contents after the freeze—thaw cycles. Fig-
ure 4a shows that the shape of the curves was similar when
the sodium sulfate content did not exceed 1%. The slope
of the curves also changed at pore diameters of approxi-
mately 6 pm and 0.06 pm; the curves were flat when the
pore diameters were between 0.06 pm and 6 pm. The shape
of the curves changed significantly when the sodium sul-
fate content exceeded 1% compared to the soil samples with
different contents of sodium bicarbonate. The shape of the
curves with pore diameters > 6 pm was steep, indicating that
the pore content with pore diameters > 6 pm increased sig-
nificantly when the sodium sulfate content exceeded 1%.
Figure 4b shows that the PSDs of the soil samples with dif-
ferent sodium sulfate contents after the freeze—thaw cycles
were bimodal. The value of the first peak was small, while
the value and position of the second peak changed signifi-
cantly with increasing sodium sulfate content. It is worth
noting that the second peak gradually moved to the right
when the salt content exceeded 1%; the peak values of the
soil samples with salt contents of 1.5% and 2% increased
by approximately three times compared with the soil sam-
ple without salt. The most likely pore sizes increased from
6.03 to 32.93 pm and 45.32 pm, respectively. The results
demonstrated that under repeated freeze—thaw cycles, the
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variation in sodium sulfate content significantly affected the
macropore content in soil samples.

Figure 4a shows that the total pore volume of the soil
samples showed an overall increasing tendency with increas-
ing sodium sulfate content after the freeze—thaw cycles.
The increase was most obvious in the soil samples with
salt contents of 1.5% and 2%. Figure 5 presents the varia-
tion in the contents of different types of pores with sodium
sulfate content. When the sodium sulfate content did not
exceed 1%, micropores and macropores were the main pore
types. With increasing sodium sulfate content, the change
trend of various types of pores was similar to that of soil
with sodium bicarbonate, i.e., the micropore and macropore
contents showed a decreasing tendency, while the contents
of small pores and mesopores showed an increasing ten-
dency overall. This is because when the sodium sulfate
content did not exceed 1%, it could completely dissolve in
the pore water. According to diffuse double-layer theory,
the thickness of the bound water film around the clay parti-
cles decreased with increasing salt content, which improved
the attraction between the clay particles, resulting in an
agglomeration of the clay particles. Therefore, the micropore
content decreased, while the content of small pores and
mesopores increased. When the salt content exceeded 1%,
the micropore, small pore, and mesopore contents decreased
with increasing sodium sulfate content; the macropore con-
tent increased significantly, and the change rate was the
largest in the range of 1-1.5% sodium sulfate content com-
pared with the other content levels. Except for the macropore
content, the contents of the three other types of pores were
low. Figure 6 shows the phase diagram of the Na,SO,~H,0
system (Steiger and Asmussen 2008). The corresponding
salt concentrations in the pore solution are 0.5 mol/kg and
0.7 mol/kg when the salt content of the soil samples is 1.5%
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and 2%, respectively. It can be seen from the phase diagram
that under these two salt concentrations, sodium sulfate
combines with ten water molecules to form Na,SO,-10H,0
above 0 °C, whose volume is 3.18 times higher than that of
anhydrous sodium sulfate (Fang et al. 2018); the higher the
salt content is, the higher the temperature at which the salt
solution reaches saturation, and the more salt crystals will
precipitate. The precipitation of mirabilite crystals generates
a salt expansion force in the soil samples, and the salt expan-
sion force increases with increasing crystallization, which
results in the expansion and deformation of the soil samples
(Lai et al. 2017; Wan et al. 2017). When the temperature
drops below the freezing point of the pore water, the water
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in the soil freezes to become ice, leading to frost heaving in
the soil samples. Under the combined influence of the salt
expansion force and frost heaving force, the compactness of
soil samples decreased, and the structure loosened, which
changed the PSD of the soil samples significantly under
repeated freeze—thaw cycles. Therefore, when the sodium
sulfate content exceeded 1%, the total pore volume and the
content of macropores increased significantly with increas-
ing sodium sulfate content under repeated freeze—thaw
cycles.

Comparison of bicarbonate salt and sulfate salt

The above test results revealed that the salt type has a sub-
stantial influence on the pore structure of soil. A comparison
of Figs. 2a and 4a suggests that the effects of salt contents
less than 1% do not differ much with content or anion type.
At 1.5% and 2.0% salt contents, sulfate increased the cumu-
lative pore volume relative to that of bicarbonate by factors
of 1.6 and 2.4, respectively, because the phase changes of
the sodium bicarbonate and sodium sulfate solutions during
the freezing process are different. Although, in the porous
media of soil, the phase transition of the pore solution is
not exactly the same as that of the free solution, the phase
transition in the free solution can provide a reference for the
phase transition in the pore solution to some extent (Xiao
et al. 2017). The phase diagram of the Na,SO,-H,0 system
is shown in Fig. 6 in the previous section. Figure 7 shows the
typical phase diagram of an inorganic aqueous binary sys-
tem (Hasan et al. 2017; van der Ham et al. 1999), where the
intersection of the ice line and the solubility line is called the
eutectic point. The eutectic point of sodium bicarbonate is
— 2.23 °C, and the corresponding salt mass concentration is
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6.27% (Hill and Bacon 1927; Pascual et al. 2010). The corre-
sponding salt mass concentration in the pore solution is 1.5%
and 4.9% when the salt content of the soil samples is 0.3%
and 1%, respectively, and the pore solution concentration is
less than the eutectic point concentration. It can be seen from
the phase diagram that when the pore solution concentration
is less than the eutectic point concentration, ice precipitated
first as the temperature decreased. In this process, the pore
solution concentration increased with decreasing liquid
water content. When the solution concentration increased
to the eutectic point concentration, salt crystallized from the
pore solution. The effect of salt crystallization on the pore
structure of the soil is not obvious, because the salt content
is low. When the salt content of the soil samples is 1.5%
and 2%, the corresponding salt mass concentration in the
pore solution is 7.2% and 9.5%, respectively, and the pore
solution concentration is larger than the eutectic point con-
centration. For both salts, the salt crystals precipitated as the
solution reached saturation, which resulted in a decrease in
the solution concentration. When the solution concentration
decreased to the eutectic point concentration, ice crystals
precipitated as the temperature continued to decrease.

For soil with sodium bicarbonate, the precipitated salt
crystals are anhydrous NaHCO,, which has a needle-
like shape with a very small size (Pascual et al. 2010).
The change in pore structure of soil samples during the
freeze—thaw cycle is mainly affected by frost heaving. For
soil with sodium sulfate, Lai et al. (2016) indicated that
when the salt content was less than 0.7%, salt crystallization
almost did not occur in the soil, and when the salt content
reached 1.5%, salt crystals precipitated from the pore solu-
tion before ice precipitated, resulting in salt expansion in the
soil. According to the phase diagram of the Na,SO,-H,O

system in the above section, the crystals that precipitated
from the sodium sulfate solution have different types and
states as the temperature decreases, such as heptahydrate
(Na,S0,-7H,0) and mirabilite (Na,SO,-10H,0), both
of which can generate crystallization pressure and cause
salt expansion in porous materials (Steiger and Asmussen
2008). Figure 6 shows that the concentration correspond-
ing to eutectic point A of the heptahydrate (Na,SO,-7H,0)
and ice is 1.096 mol/kg, and the corresponding salt content
is 2.9%. The maximum salt content selected in this study
is 2%, which is less than 2.9%. Therefore, the reason for
the change in the soil pore structure is the salt expansion
caused by the crystallization of mirabilite (Na,SO,-10H,0).
The corresponding salt concentrations in the pore solution
are 0.5 mol/kg and 0.7 mol/kg when the salt content of the
soil samples is 1.5% and 2%, respectively, which are higher
than the concentration corresponding to eutectic point B in
Fig. 6. Therefore, mirabilite (Na,SO,-10H,0) can be formed
at a positive temperature during the cooling process, and
the volume is approximately three times higher than that of
anhydrous sodium sulfate. The higher the initial salt concen-
tration is, the more crystals precipitate, and the larger the salt
expansion force. The soil structure became loose due to the
combined action of salt expansion and frost heaving; as a
result, the macropore content increased significantly. There-
fore, the cumulative pore volume of soil samples with sulfate
salt increased significantly compared to the soil sample with
bicarbonate salt when the salt content was > 1%. This sug-
gested that sulfate salt had a greater influence than bicarbo-
nate salt on the PSD of the soil under the freeze—thaw cycles.

Fractal analysis of the PSD

The commonly used fractal models for analyzing the MIP
test data include the Menger model (Friesen and Mikula
1987), Neimark model (Neimark 1992), and thermal frac-
tal model (Zhang and Li 1995; Zhang et al. 2006). Among
them, the thermal fractal model has been successfully used
by many researchers in different fields to analyze the pore
structure of porous materials including soils (Tang et al.
2014; Yan et al. 2012; Yang et al. 2019; Zhang and Cui
2018). In addition, researchers have analyzed the pore struc-
ture of soil using different fractal models and have compared
the analysis results. The results showed that the thermal
fractal model is more accurate than other models and can
obtain unique and reasonable fractal dimensions over the
entire pore size range of soil (Hu et al. 2014; Huang et al.
2019; Liu et al. 2019a). Therefore, in this paper, the frac-
tal characteristics of the PSD of freeze-thawed soil samples
were analyzed using the thermal fractal model based on
the experimental data obtained by MIP tests. This model is
derived based on the principle of thermodynamics.
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In the MIP test, the relationship between the intrusion
pressure and intrusion volume can be expressed as follows:

N

14
/PdV:—/ycosGdS, (1)
0

0

where P is the intrusion pressure; V is the mercury intrusion
volume; y is the surface tension of mercury; 6 is the contact
angle between mercury and the pore surface; and S is the
pore surface area.

Equation (1) is equivalent to Eq. (2) (Zhang and Li 1995):

Y PAV, = k2 PVP, )
i=1

Equation (2) can be written in the form of Eq. (3):

n

ZFIAVI = krﬁ(Vi”/rn)D, (3)

i=1

where F’i denotes the average intrusion pressure for the ith

time; AV, denotes the mercury intrusion volume for the ith

time; k is a constant; n is equal to the total intrusion segment

number minus 1; and r,, and V,, denote the pore radius and the

accumulated intrusion volume for nth times, respectively.
By designating:

i=1

Q,=V,"/r, &)
Equation (3) can be expressed as:
lg (W,/r?) = Dlg(Q,) + C. (©6)

Taking 1g(Q, ) as the abscissa and lg (W, /r?) as the
ordinate, the slope of the curve denotes the thermal fractal
dimension of the soil sample, where C is a constant.

Figures 8 and 9 show that there is an obvious linear rela-
tionship between lg (Wn/rl%) and lg(Qn). All fitting coef-
ficients reached 0.99, and the calculated fractal dimensions
were all between 2 and 3, which demonstrated that this
model is applicable for the tested soil samples (Zhang and Li
1995). Figure 10 presents the variation in the thermal fractal
dimension of saline soil samples with salt contents and types
after the freeze—thaw cycles. The results showed that the
thermal fractal dimension of the soil samples with sulfate
salt is larger compared to soil samples with bicarbonate salt.
For the soil samples with bicarbonate salt, with increasing
salt content, the thermal fractal dimension decreased first
and then increased with a threshold salt content of approxi-
mately 1.22%, as shown in Fig. 10a. For the soil samples
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with sulfate salt, the thermal fractal dimension showed an
increasing trend with increasing salt content, and the change
rate was the largest of the tested salt contents in the range of
1-1.5% salt content. Studies have shown that a larger fractal
dimension of pores means a more complex pore structure, a
rougher pore surface and a more irregular PSD in soil (Cui
et al. 2015; Zhang and Cui 2017). As a quantitative param-
eter to express the pore structure, the fractal dimension of
pores is related to the PSD and the pore volume content
in different pore size ranges in porous materials (Ru et al.
2014; Wang et al. 2014; Zhang and Bing 2015; Zhou and
Tang 2018). In addition, by comparing Fig. 10 with Figs. 3b
and 5b, it was found that the change trend of the thermal
fractal dimension and macropore content of soil samples
with salt content is similar. Therefore, the fitted relationship
between the thermal fractal dimension and the macropore
content of the soil samples is shown in Fig. 11. The results
showed that there is a positive correlation between the
thermal fractal dimension and the macropore content. The
larger the macropore content is, the larger the thermal fractal
dimension. Zhou and Tang (2018) indicated that the surface
structure of macropores is rougher than that of micropores.
Therefore, with an increasing macropore content in soil, the
pore distribution heterogeneity and the pore surface rough-
ness increased; thus, the fractal dimension of soil pores
increased. In other words, the pore size distribution varied
with salt content and salt type, which resulted in a change in
the fractal dimension of the pores in the soil samples.

Conclusions

MIP tests were performed to explore the pore structure of
soil samples with different salt contents (0-2%) and salt
types (NaHCO; and Na,SO,) after the samples experi-
enced ten freeze—thaw cycles. The freeze—thaw tests were
performed in a closed system. The results revealed that the
PSDs of soil samples with different salt contents and types
were all bimodal after the freeze—thaw cycles, and the poros-
ity of saline soil samples increased with increasing salt con-
tent overall. However, the PSDs were quite different.

The variation in bicarbonate salt content mainly affected
the mesopore and macropore contents in soil samples after
the freeze—thaw cycles. The mesopore content increased
first and then decreased with increasing salt content with
a turning point at a 1% salt content, while the macropore
content showed the opposite tendency. When the salt con-
tent exceeded 1%, fine particles agglomerated into coarser
particles with increasing salt content, which increased
the macropore content and decreased the contents of the
other three types of pores overall. For soil samples with
sulfate salt, the porosity and macropore content increased
significantly when the salt content exceeded 1% under the
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Fig.8 Thermal fractal dimension of soil samples with different sodium bicarbonate contents

combined influence of salt expansion and frost heaving, and  contents, sulfate increased the cumulative pore volume rela-
the change rate was the largest of the tested salt contents  tive to that of bicarbonate by factors of 1.6 and 2.4, respec-
in the range of 1-1.5% salt content. At 1.5% and 2.0% salt  tively. The essential reason for this result is that the phase
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changes of these two salt solutions are different during the  analysis after the freeze—thaw cycles, and the fractal dimen-
freezing process. In addition, the pore structures of saline  sion was positively correlated with macropore content. The
soil samples presented fractal characteristics through fractal ~ thermal fractal dimension of the sulfate saline soil was larger
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than that of the bicarbonate saline soil, indicating that the
PSD of the sulfate saline soil samples was more complex and
that the sulfate salt had a greater influence than the bicarbo-
nate salt on the PSD of the soil.

From the study, it can be seen that under freeze—thaw
cycles, different salt contents and types had a substantial
influence on the pore structure of soil, which further affected
its macroscopic properties. The results may provide refer-
ences for research on the engineering properties of saline
soil in seasonally frozen areas at the microscale.
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