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Abstract

In cold regions, hydro-thermal characteristics and deformation behaviors of soils are important factors to evaluate the stabili-
ties of engineering. In this study, the volumetric unfrozen water contents and deformations of silty clay exposed to freeze—
thaw cycles were experimentally investigated, as well as dry density and porosity. The results showed that, in the first fifteen
freeze—thaw cycles, the volumetric unfrozen water content, deformation, dry density, and porosity greatly changed. Besides,
the influence of water seepage on volumetric unfrozen water content of soils is larger than that of the water migration during
freeze—thaw cycles, the residual volumetric unfrozen water contents of soils are mainly determined by the lowest ambient
temperature. Furthermore, the freeze—thaw actions make opposite effects on the soils with different dry densities, namely,
the dense soils with high densities are expanded, while the soils with low densities are compressed after freeze—thaw cycles.
There is a critical dry density and residual porosity where the soil samples does not change its volumes, dry densities, and
porosities. For the silty clay, the critical dry density is around 1.60 g/cm®, and the residual porosity ranges from 0.40 to 0.41.
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Introduction cycles might be more than one time due to the fluctuations of

air temperatures (Aldaood et al. 2016; Hohmann-Porebska

Freeze—thaw cycles, as weathering processes, have signifi-
cant effects on the performance of earthwork structures,
such as railway and highway embankments (Ma et al. 2019;
Wu and Niu 2012), tunnel (Li et al. 2017a; Zhang et al.
2017a), dam embankments (Zhang et al. 2021), foundation
(Liu et al. 2015), and canal (Li et al. 2014, 2015). In cold
regions, engineering structures are subjected to at least one
freezing and thawing process every year (Kalkan 2009); for
the soils near the surface layer, the number of freeze—thaw
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2002). It has been found that the physical characteristics of
soils are changed after cyclic freeze—thaw, such as unfrozen
water content (Kozlowski and Nartowska 2013; Tian et al.
2019), matric suction (Lu et al. 2019), thermal conductiv-
ity (Zhang et al. 2018a), deformation (Lu et al. 2018), free
energy (Yao et al. 2009), permeability (Chamberlain and
Gow 1979; Viklander and Eigenbrod 2000), microstructure
(Aldaood et al. 2016; Tian et al. 2019), grain-size distri-
bution (Moghbel and Fall, 2016), shear strength (Cui et al.
2014; Liu et al. 2019a, b), and damping ratio (Zhao et al.
2020). Their changes are related to many factors, e.g., soil
types, depth of frost heave, number of freeze—thaw actions,
and duration of freezing and thawing processes (Kamei et al.
2012; Simonsen et al. 2002). Therefore, to accurately select
soil parameters for deformation analysis and stability evalua-
tion of engineering, e.g., embankments, tunnels, slopes, and
airports in cold regions, especially those underlain by deep
seasonally frozen areas and permafrost, the variation of soil
properties due to the effect of freeze—thaw actions must be
taken into account.

Some studies have been conducted to study the variations
of mechanical and physical properties of soils subjected
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to freeze—thaw actions. Liu et al. (2019a) investigated the
variations of the volume of unsaturated silty clays during
freezing processes and found that there is a critical satura-
tion degree. For a given soil sample, when the initial satura-
tion degree is lower than the critical saturation degree, frost
shrink happens. Otherwise, the frost heave and frost crack
occur. Qi et al. (2008) overall concluded the variations of
the mechanical properties and physical characteristics for
the soils after the freeze—thaw actions, e.g., hydraulic per-
meability, void ratio and density, Atterberg limits, resilient
modulus, undrained shear strength, etc. This study gives us
significant guidance to better understand the freeze—thaw
actions on properties of soils. Li et al. (2017b) studied the
freeze—thaw cycles on properties of compacted loess, and
obtained that the density of the upper soil layers significantly
changed due to freeze—thaw erosions. These results imply
that many properties of soils are significantly varied after
freeze—thaw actions, especially for the mechanical and phys-
ical properties. However, for the above studies, the duration
of freeze—thaw actions was quite limited. Therefore, the soil
samples could hardly retain a balanced structure. Conse-
quently, to some extent, the representative values, such as
critical dry density, residual porosity, and their correspond-
ing number of freeze—thaw cycles, could not be obtained.
In cold regions, hydro-thermal characteristics and defor-
mation behaviors of soils are significant factors in determin-
ing the stabilities and assessing the risks of engineering,
especially in permafrost. When soils are exposed to freezing
process, and the soil temperature is in the negative tempera-
ture, the water—ice phase transition occurs. Consequently,
the frost heave might subsequently happen. Otherwise, dur-
ing the thawing process, the thaw settlement would occur.
Generally, some hydro-thermal phenomenon (e.g., heat
transfer, moisture migration, water redistribution, ice for-
mation and accumulation) and deformation characteristics
(e.g., frost heave, thaw settlement, cold shrink, and thermal
bulge) are accompanied with freezing and thawing processes
(Qi et al. 2006, 2008; Lu et al. 2018; Zhang et al. 2017b),
and these hydro-thermal and deformation phenomena are
basic factors in determining the stability and assessing the
risks of engineering in cold regions. Furthermore, if the soils
are exposed to freeze—thaw actions, then the hydro-thermal
characteristics and deformation behaviors are more compli-
cated. In the study of hydro-thermal characteristics, many
studies have been carried out to investigate the variations
of thermal properties (Lu et al. 2021), water migration and
redistribution (Tian et al. 2018; Wan et al. 2019; Zhang et al.
2018b), ice formation and salt crystallization of soils (Lai
etal. 2017; Wan et al. 2017). In terms of deformation behav-
iors, it is found that the freeze—thaw cycles have significant
influences on the characteristic variable deformation due to
the changes of pore distribution and structure of soils during
the first freeze—thaw cycle (Lu et al. 2018). Besides, some
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other studies are focused on the frost heave and thaw settle-
ment behaviors of soils after freeze—thaw actions (Lai et al.
2017; Zhang et al. 2017c).

It can be seen that much works have been carried out to
study the variations of the mechanical and physical char-
acteristics of soils exposed to freeze—thaw actions. How-
ever, there are barely studies focusing on the hydro-thermal
characteristics and deformation behaviors of soils during
freeze—thaw cycles. Therefore, in this study, some labora-
tory experiments were performed to investigate the hydro-
thermal characteristics and deformation behaviors, as well as
variations of the dry density and porosity of soils subjected
to freeze—thaw cycles.

Experimental design
Experimental apparatus

Figure 1 shows the freeze—thaw apparatus used in this experi-
ment, and it consists of three systems, namely, insulation
chamber, temperature-controlled unit, and data acquisition
unit. The insulation chamber is surrounded with a 5-cm-
thick insulation rigid polyurethane board, and the insulation
chamber dimension is 50 cm (length) X 50 cm (width) X 55 cm
(height). The temperature-controlled unit includes an air
cooler, three cooling fans, an auto temperature controller,
and an inner chamber temperature sensor. The temperature of
the insulation chamber is controlled by the three cooling fans
installed at the top and sides of the chamber, and the three
cooling fans are connected to the air cooler, which gener-
ates cooling or heating. Eventually, the insulation chamber is
controlled in a desired temperature after the auto temperature
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Fig. 1 Schematic of experimental equipment
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controller is automatically set according to the feedback values
of the inner chamber temperature sensor (Fig. 1).

The data acquisition unit included deformation sensor,
unfrozen water content sensor, and temperature sensors
(Fig. 1). The deformation sensor (linear displacement sensors)
with a precision of +0.1 E.S. (full scale) is arranged on the top
of the soil samples (D1). The unfrozen water content sensor
(dielectric permittivity soil moisture sensor) with a precision
of +0.03 m*m? and a working temperature ranging from — 40
to+50 °C was located at the middle of the soil sample (M1)
(sensor calibration as shown below). The temperature sen-
sors (thermistors) with a temperature range of —30 to+30 °C
and a precision of +£0.05 °C were buried at the depth of 5 cm
from the top (T1) and depth of 5 cm from the bottom (T2),
respectively. Eventually, a data logger was used to connect the
sensors, and the data are automatically collected every 5 min

(Fig. ).
Sensor calibration

To accurately measure the unfrozen water contents, it is essen-
tial to calibrate the unfrozen water content sensors using the
silty clay. For a given soil, the dielectric permittivity soil mois-
ture sensors are relevant to the volume of liquid water and the
volume of soils, the gravimetric water content was changed to
volumetric unfrozen water content as follows:
Whq

bu= ()
where 0, and w are volumetric and gravimetric unfrozen
water contents of soils, respectively. p, and p,, are dry den-
sity of soil and water density, respectively. Based on the
Topp et al. (1980) and the Eller and Denoth (1996) equa-
tions, a third-order polynomial equation was used to calcu-
late the volumetric unfrozen water contents:

0,=ak,’ +bK,}>+cK,+d )

where a, b, c, and d are fitting parameters; K, is the dielectric
permittivity of soils, and the fitting parameters are summa-
rized in Table 1, it presents the correlation coefficient for the
fitting equation in this study (R?=0.9958), which is nearly
1, indicating the strong positive correlation for the silty clay
(Table 1).

The calibration curve of volumetric unfrozen water con-
tent is presented in Fig. 2. It shows that, in the range with
low water contents, the measured volumetric unfrozen water
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Fig.2 Calibration curve of unfrozen water content

contents have good agreement with the calculated ones by the
Topp et al. (1980) equation, while in the range with large water
contents, the volumetric unfrozen water contents calculated by
the Topp et al. (1980) equation are larger than the measured
ones, and it indicates that in this range the Topp et al. (1980)
equation might overestimate the volumetric unfrozen water
contents of silty clay.

Experimental procedure

The silty clay comes from the soils widely distributed in the
Hexi Corridor on the northwest of China. The particle size dis-
tribution of the soil is shown in Fig. 3, and its liquid and plastic
limits are 29.81% and 18.54%, respectively. Besides, the ther-
mal conductivities of the soil in frozen and unfrozen states
are 1.83 W/(m."C) and 1.19 W/(m.’C), respectively. Here, six
column soil samples were prepared, the heights of the soil
samples are 25.0 cm, and the diameters are 15.0 cm (Table 1
and Fig. 1). Besides, the initial gravimetric water contents of
soil samples are all 17.4% (Table 2). In order to investigate
the water migration and water seepage under the action of
freeze—thaw cycles, the volumetric unfrozen water contents
in soil sample No. VI (Table 2) at the positions of 50 mm and
125 mm from the top were measured and analyzed.

Besides, in order to study the ambient temperature on the
hydro-thermal characteristics and deformation behaviors of
silty clay, two ambient controlled temperature conditions
were performed, the highest ambient temperatures for the

Table 1 Parameters of
regression equations

Types of equation b c d R?
Topp et al. (1980) equation 430x10%  —550x10*  292x102  —530x102  0.9791
Fitted equation in this study ~ 8.07x10°  —857x10™*  3.46x102  —836x1072  0.9958
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two controlled ambient temperature conditions are +9.0 °C,
and the lowest ambient temperatures for the controlled ambi-
ent temperature conditions 1 and 2 are — 8.0 °C and —3.0 °C,
respectively (Table 2 and Fig. 4). Before the experiment, the
soil sample were set for 12 h under an ambient temperature

of +9.0 °C to reach a hydro-thermal equilibrium state. Then,
the ambient temperatures were decreased gradually from+9.0
to—8.0 °C and —3.0 °C for the controlled ambient temperature
conditions 1 and 2, respectively (Fig. 4). Subsequently, dur-
ing the warming processes, the ambient temperatures were
gradually increased from —8.0 and —3.0 to+9.0 °C for the
controlled ambient temperature conditions 1 and 2, respec-
tively (Fig. 4). For the soil samples, a total of 39 freeze—thaw
cycles were applied in the experiment (Fig. 4).

Results and analysis
Analysis of hydro-thermal characteristics

Figures 5 and 6 present the volumetric unfrozen water con-
tents for the controlled ambient temperature conditions 1 and
2 under the action of freeze—thaw cycles, respectively. The
figures show that the change of maximum volumetric unfro-
zen water contents for the six soil samples in freeze—thaw
cycles could be distinguished into two stages, namely,
increasing stage and stable stage (Figs. 5 and 6). In detail,
for the increasing stage, the maximum volumetric unfrozen
water contents gradually increase from the first to the fif-
teen freeze—thaw cycles. For the stable stage, the maximum

Table 2 Design of soil samples

Sample no  Initial dry den- Initial gravimetric ~ Porosity =~ Column size Controlled ambi-
sity (g/cm3) water content (%) (h (mm)X@ (mm)) ent temperature
°C)
Lowest  Highest
I 1.45 17.40 0.4630 250% 150 —8.00 +9.00
II 1.55 17.40 0.4260 250% 150 —8.00 +9.00
I 1.60 17.40 0.4074 250% 150 —8.00 +9.00
v 1.60 17.40 0.4074 250% 150 —3.00 +9.00
v 1.62 17.40 0.4000 250% 150 —3.00 +9.00
VI 1.70 17.40 0.3704 250% 150 -3.00 +9.00
Fig’ 4 quitored .ambient tem- 14 Controlled ambient temperature condition 1
peratures in experiments 12+

***** Controlled ambient temperature condition 2

From F-T5 to F-T37

Ambient temperature (°C)

0 20

@ Springer

40

60 80
Time (h)

740 760

780



Arab J Geosci (2022) 15: 446 Page50f9 446
Fig.5 Volumetric unfrozen 34
water .COl’ltCIltS versus time for ‘Q\Q 30 | Sample-l ,,,,,,,,, Sample—H R Sample—IH
the soil sample nos. I, II, and III = Stable st
= 20 L . stage stable stage ., | 80=27.84%
F.»g) 30 Increasing S48 f
g 28} .
o AT T R R R T R e e e b e T T
8 26}
< IR T 0 B0 A DR TSt (Y T A At SR URE (Y AR 0 0 R A8 oY L R 1 4 R
2 04 f 60=26.97%
=
§ 2 I 6,=25.23%
&
S 20
E 18 1 6y is tl.le initial
51 volumetric  water
g 16 |- content of soil
° B samples
= 14
12 1 1 1 1 1 1 1 1 1 1 1 1
0 60 120 180 240 300 360 420 480 540 600 660 720 780

volumetric unfrozen water contents seldom changed with
freeze—thaw cycles (Figs. 5 and 6). This might be due to
the water migration, seepage, and water distribution during
freezing and thawing processes.

Besides, Figs. 5 and 6 also show that the controlled ambi-
ent temperatures greatly influenced on the volumetric unfro-
zen water contents, especially on the residual volumetric
unfrozen water contents, which are mainly related to the
lowest ambient temperatures. Namely, the residual volumet-
ric unfrozen water contents under the controlled ambient
temperature condition 1 (the lowest ambient temperature
is — 8.0 °C) are lower than those for the controlled ambient
temperature condition 2 (the lowest ambient temperature
is—3.0 °C) (Figs. 4, 5 and 6). Furthermore, under the same
ambient temperatures, the initial water contents rarely influ-
ence the residual volumetric unfrozen water contents, e.g.,
for the soil sample nos. I, II, and III (controlled ambient

Fig.6 Volumetric unfrozen

Time (h)

temperature condition 1), the residual volumetric unfrozen
water contents varied from 14.9 to 17.2% (Figs. 4 and 5), and
for the soil samples nos. IV, V, and VI (controlled ambient
temperature condition 2), the residual volumetric unfrozen
water contents varied from 18.4 to 20.6% (Figs. 4 and 6).
From the above analyses, it is found that the maximum
volumetric unfrozen water contents changed with the
freeze—thaw cycles (Figs. 5 and 6). Generally, during the
freeze—thaw cycles, there are two factors affecting the dis-
tribution of volumetric unfrozen water in the soil samples,
namely, water seepage and water migration (Fig. 7). Dur-
ing the freezing processes, liquid water in soil samples can
migrate from unfrozen zone to frozen zone under tempera-
ture gradients, which would lead into the increase of water
contents of frozen zone. Simultaneously, during the freezing
and thawing processes, water seepage occurs under the grav-
ity (Fig. 7). Therefore, it is necessary to investigate which
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Fig.7 Water flow in soil during
freezing and thawing processes
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of the two factors is more important on the redistribution
of unfrozen water contents under the freeze—thaw actions.
Figure 8 shows the volumetric unfrozen water con-
tents at different positions of soil sample no. VI during the
freeze—thaw cycles, where points A and B are located at
the depth of 50 mm and 125 mm from the top of soil sam-
ples, respectively (Fig. 7). Figure 8 shows that during the
freeze—thaw cycles, the variations of maximum volumetric
unfrozen water contents at points A and B can be divided
into two stages, while there are different change trends for
points A and B during the first fifteen freeze—thaw cycles
(Fig. 8). For the point A (depth of 50 mm from the top),
the maximum volumetric unfrozen water content decreases,
while the reverse trend occurs for the point B (depth of
125 mm from the top) (Fig. 8). Besides, it also presents that
in the first fifteen freeze—thaw cycles, the maximum volu-
metric unfrozen water content at point B is lower than that at
point A. Therefore, it could be concluded that the influence

| wg/Juugg

Water
migration
A

Temperature
gradient

of water seepage on volumetric unfrozen water contents dur-
ing the freezing and thawing processes is larger than that of
the water migration during the freezing processes. After the
first fifteen freeze—thaw cycles, the maximum volumetric
unfrozen water contents for the two points tends to be stable
(Fig. 8).

Analysis of deformation behaviors

Figure 9 presents the variation of deformation with time for
different soil samples. The figure shows that the deforma-
tions rapidly change from the first to the fifteen freeze—thaw
cycles, and then slowly change with freeze—thaw cycles
(Fig. 9). Moreover, the freeze—thaw cycles significantly
influence the deformation of soil samples with different ini-
tial dry densities. For the soil samples with low dry densi-
ties, i.e., soil sample no. I (p, = 1.45g/cm®) and soil sample
no. II (p,; = 1.55g/cm3), the deformations decrease with

Fig.8 Volumetric unfrozen 38
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Fig.9 Variations of deformation with time for different soil samples

freeze—thaw cycles. It indicates that the volumes compressed
and net compactions occur, and after the freeze—thaw cycles,
the final net deformation for the soil sample nos. I and II
(initial dry density less than 1.60 g/cm®) are — 13.45 mm
and — 6.57 mm (negative values represent compression),
respectively (Fig. 9). However, for the soil sample with high
dry densities, i.e., soil sample no. VI (p,; = 1.70g/cm®), the
deformation increases with freeze—thaw cycles, which means
that the volume expands and net heave occurs, the final net
deformation for the soil sample no. VI is 12.7 mm (positive
values represent heave) (Fig. 9).

Additionally, for the soil sample nos. III and
IV (p; = 1.60g/cm®), and the soil sample no. V
(pg = 1.62g/cm3), the deformations seldom change with
freeze—thaw cycles, and the final net deformations of the
soil samples nos. III, IV and V are —0.31,—0.65 and 1.54,
respectively (Fig. 9). It is preliminarily concluded that there
is a critical dry density where the soil sample seldom change
its volume after freeze—thaw cycles.

It has been found that the dense soils with high densities
are expanded (heave), while the soils with low densities are
compressed (settlement) after freeze—thaw cycles (Fig. 9).
It indicates that there is a critical dry density and critical
porosity where the soil samples does not change its volumes,
dry densities and porosities. Therefore, it is significant to
find the critical dry density and critical porosity of soils,
which will give important guidance for the construction,
operation, and maintenance of engineering in cold regions.

The dry density of soil samples during the freeze—thaw
processes could be obtained as,

4m;

Pd = TP hy + A @)

Time (h)
Fig. 10 Variations of dry densities with time for different soil samples

where my is the mass of the dry soils; d, h,, and Ah are
the diameter, initial height, and deformation of soil samples,
respectively.

Thus, the porosity of soil samples is expressed:
n=1-2 @)

GS

where G, is the density of soil particle.

Figure 10 shows the variations of the dry densities for
different soil samples during freeze—thaw cycles, it presents
the dry densities decrease for the dense soil sample no. VI
(pg = 1.70g/cm?) and increase for the loose soil sample nos.
I(p; = 1.45g/cm3) andII (p,; = 1.55g/cm3) under the actions
of freeze—thaw cycles. Besides, for the soil sample no. V
(p, = 1.62g/cm?), the dry density slightly decreases. How-
ever, for the soil sample nos. IIT and IV (p, = l.60g/cm3),
the dry densities seldom change during the freeze—thaw
cycles (Fig. 10). Therefore, it is concluded that the critical
dry density of the silty clay is around 1.60 g/cm?® during the
freeze—thaw cycles.

Considering the opposite influences of freeze—thaw
actions on the dense and loose soils, a residual porosity
was proposed, which meant that both dense and loose soils
would tend to the residual porosity after a certain number of
freeze—thaw actions (Viklander 1998). Figure 11 presents the
variations of porosities for different soil samples during the
freeze—thaw cycles. It shows that, the porosities of the soil
sample nos. I and II decrease after the freeze—thaw actions,
ranging from 0.46 to 0.43 for soil sample no. I, and rang-
ing from 0.43 to 0.41 for soil sample no. II. While reversed
change occurs for the soil sample no. VI, the porosity ranges
from 0.37 to 0.40 after the freeze—thaw cycles (Fig. 11).
Besides, under the freeze—thaw cycles, the porosities of soil
sample nos. III, IV, and V seldom change (Fig. 11). It can

@ Springer
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Fig. 11 Variations of porosities with time for different soil samples

be obtained that the residual porosity of the silty clay is
ranging from 0.40 to 0.41, although the porosities of soil
sample nos. I, II, and VI does not change to the interval of
0.40 to 0.41, which may be due to factors, i.e., number of
freeze—thaw cycles.

Conclusions

This paper experimentally investigated the influence of
freeze—thaw cycles on the hydro-thermal characteristics and
deformation behaviors of a silty clay, and some conclusions
are drawn:

(1) The volumetric unfrozen water content, deformation,
dry density and porosity of the silty clay rapidly change
in the first fifteen freeze—thaw actions, and tend to be
stable with freeze—thaw cycles. It indicates that the
influences of freeze—thaw cycles on the hydro-thermal
characteristics and deformation behaviors of the soil
mainly occur in the first freeze—thaw cycles.

(2) The controlled ambient temperatures significantly influ-
ence the volumetric unfrozen water contents, and the
residual volumetric unfrozen water contents of soils
are mainly related to the lowest ambient temperature.
Besides, during freeze—thaw cycles, the influence of
water seepage on volumetric unfrozen water contents
is larger than that of the water migration.

(3) The freeze—thaw cycles have opposite effects on the
dense and loose soils, i.e., the dense soils with high
densities are expanded (heave), while the soils with low
densities are compressed (settlement) after freeze—thaw
cycles. Furthermore, for the silty clay, the critical dry

@ Springer

density and residual porosity are around 1.60 g/cm® and
0.40~0.41, respectively. Therefore, for the construction
of practical engineering in cold regions, it is important to
determine the critical dry density of soils and roll to the
residual porosity for some civil engineering (e.g., sub-
grade filling) exposed to drastically freeze—thaw cycles.
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