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Stress Effects on Soil Freezing
Characteristic Curve: Equipment
Development and Experimental Results
Q.Y. My, C. Zhou,* CW.W. Ng, and G.G.D. Zhou

The soil freezing characteristic curve (SFCC) defines the relationship between
soil temperature and unfrozen water content. This curve is important for pre-
dicting water flow and heat conduction in frozen soils, as well as freezing heave
and thawing settlement. So far, SFCCs reported in the literature were usually
determined at zero stress. To investigate stress effects on SFCC, a stress- and tem-
perature-controlled triaxial apparatus was developed in this study. The unfrozen
volumetric water content was measured using a newly developed noninvasive
time domain reflectometry (TDR) probe. The new apparatus was used to measure
SFCCs of two typical soils (i.e., clay and sand) at different stress conditions (i.e.,
30, 100, and 200 kPa). Each specimen was subjected to compression, and then
a cycle of freezing and thawing. As expected, for both soils, the saturated water
content prior to freezing was smaller at higher stresses because of compression.
During the subsequent freezing and thawing, the soil specimen at a higher stress
was able to retain more liquid water than that at a lower stress. The higher unfro-
zen water retention capacity at higher stresses is mainly because the pore size
of a soil specimen becomes smaller during compression. Hence, more water can
retain a liquid state due to the enhanced capillarity. On the other hand, stress
effects on the SFCC were found to be more significant for clay than for sand. This
is likely because the stress-induced change in pore size distribution is larger in
clay due to its higher compressibility.

Abbreviations: NMR, nuclear magnetic resonance; SFCC, soil freezing characteristic curve; TDR, time do-
main reflectometry.

S0ils are subjected to daily and seasonal variation in the field (Zhou and Ng, 2016). When
the temperature is below 0°C, some pore water s still able to retain a liquid state. This
is due to the freezing point depression attributed to the surface tension at the ice—water
interface (Spaans and Baker, 1995, Zhou et al., 2018). According to Kelvin’s equation,
the freezing point depression is more significant when the radius of ice—water interface is
smaller (Lebeau and Konrad, 2012; Mu et al., 2018). The relationship between tempera-
ture and unfrozen water content is defined as the soil freezing characteristic curve (SFCC).
A good understanding of SFCC is of primary importance for studying water flow and
heat conduction in frozen soils (Flerchinger etal., 2006), as well as freezing heave and
thawing settlement of the ground (Zhang and Michalowski, 2015). On the other hand,
soils are usually subjected to various stress conditions in the field, affecting pore structure
(Ngand Pang, 2000; Zhou and Ng, 2014) and thus SFCC. Konrad (1990) and Azmatch
et al. (2012) studied effects of stress history on SFCC. In their tests, soil specimens were
first loaded and then unloaded to zero stress. They found that after a cycle of loading and
unloading, the soil specimen was able to retain more water in a liquid state during freez-
ing (i.c., a higher retention capability of unfrozen water). It should be noted that all of the
above SFCCs were determined at zero stress. To fully understand the effects of stress on
SECC, it would be necessary to maintain a nonzero stress during freezing and thawing.
In an SFCC test, unfrozen water content is generally determined through cither
nuclear magnetic resonance (NMR) (Watanabe and Wake, 2009, Tian et al., 2017) or
time domain reflectometry (TDR) (Spaans and Baker, 1995; Bittelli et al., 2003; He and
Dyck, 2013; Tian et al., 2015). The TDR method is popular because it is low cost and can
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be used to obtain continuous measurements easily. Currently, the

widely used TDR probe is invasive, with three steel rods (about
4-8 mm in diameter and 100-200 mm in length) inserted in soil

specimen during the test (Spaans and Baker, 1995; Watanabe and

Wake, 2009; He and Dyck, 2013; Tian et al., 2015). With three

steel rods in soil, it is very difficult to control uniform stress dis-
tribution within a soil specimen. Bittelli et al. (2003) developed a

thermodielectric analyzer that includes a noninvasive TDR probe

and a thermistor. During freezing and thawing, the SFCC could

be determined by simultaneously measuring the soil unfrozen vol-
umetric water content and temperature through the noninvasive

TDR probe and the thermistor, respectively. However, accurate

control of soil stress state is unavailable with the thermodielectric
analyzer. It is therefore necessary to develop a new apparatus for
measuring SFCC with the following features: (i) accurate measure-
ment of unfrozen water content, (ii) control of uniform soil stress,
and (iii) high-quality of temperature control.

In this study, a new triaxial apparatus was developed for
measuring stress-dependent SFCC. The newly developed appa-
ratus was modified from a conventional triaxial cell by adding a
noninvasive TDR probe and a temperature control system. The
performance of the new triaxial apparatus is demonstrated by
testing two typical soils (i.c., clay and sand) at different confin-
ing stresses. These measurements are interpreted to reveal stress
effects on SFCC.

Description of the Newly
Developed Triaxial Apparatus

Figure 1 shows a schematic diagram of the new triaxial appara-
tus. The device consists of a noninvasive TDR probe, a temperature

il
=] LH_] |

control system, and a conventional Global Digital Systems triaxial
cell. The non-invasive TDR probe is used to measure soil unfrozen
volumetric water content. Its design and calibrations are described
in detail in the Noninvasive TDR Probe section below. The tem-
perature control system consists of a thermostat, a pump, a bath, a
spiral tube, antifreeze liquid, and rubber insulation cotton. The
working principle and verification of the temperature control
system are described in the Temperature Control System sec-
tion below. In addition, the conventional triaxial cell consists of
an acrylic chamber, an advanced Global Digital System pressure
controller for controlling confining pressure, and a loading frame
for controlling deviator stress.

Noninvasive Time Domain Reflectometry Probe
Design of the Probe
Figure 2 shows the schematic diagram of the noninvasive
TDR probe. A circular groove is produced on the top cap where the
noninvasive TDR probe is embedded. During testing, the top cap
equipped with the noninvasive TDR probe was placed on top of the
specimen to sense the soil medium. The noninvasive TDR probe was
produced from a metal-coated printed circuit board (Nissen et al.,
2003). Three parallel copper plates are positioned on the surface of
acircuit laminate to form a transmission line. To ensure a sufficient
length of the transmission line, the copper plates are configured in
a serpentine pattern similar to the design proposed by Selker et al.
(1993). The separation between neighboring copper plates is 5 mm.
For each copper plate, the thickness and width are 0.02 and 1 mm,
respectively. Furthermore, the circuit laminate with a thickness of
6 mm was chosen to ensure that the sample area of the noninvasive
TDR probe is independent of the dielectric permittivity of the cir-
cuit laminate and the surrounding soil (detailed discussion is shown
below). In addition, the noninvasive TDR probe is
connected to a coaxial cable (impedance = 50 €2) by

soldering. The center conductor of the coaxial cable is

Loading frame 0 soldered to the center copper plate, whereas the shield
Loadcell - is soldered to the two outer copper plates.
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Fig. 1. Schematic diagram of the new triaxial apparatus for measuring stress-dependent
soil freezing characteristic curve (SFCC). LVDT stands for a linear variable differential
transformer, TDR stands for time domain reflectometry, and GDS stands for Global

Digital Systems.

et al. (1998). According to Knight (1992), the
weighting factor [w/(x, y)] was used to quantify the
measurement sensitivity of the proposed noninva-
sive TDR probe in the plane perpendicular to the
wave propagation.
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Fig. 2. Schematic diagram of the noninvasive time domain reflectom-
etry (TDR) probe installed in the top cap: (a) cross-sectional view
and (b) plane view.
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where ®(x, y) is the electrostatic potential in the heterogeneous
e(x, y) field and @ (x, y) is the electrical potential in the case of
auniform e field. To compute the distributions of ®(x, y) and
®_(x, ), the following Laplace equation should be solved (Zhan
etal., 2013):

V[s—: (x.y)V® (x,y)]zO (2]

This equation is very similar to the governing equation for
the steady state water flow within the saturated porous material:

V[K (x,y)VH (x,y)]z (3]

where K(x, y) and H(x, y) are the permeability coefficient and
the hydraulic head, respectively. It is clear that the £(x,y) and the
®(x,y) in Eq. [2] correspond to the K(x,y) and the H(x,y) in Eq. [3],
respectively. Hence, a finite element software (e.g., Geostudio) for
calculating H(x,y) was used here to determine the distribution of
D(xy).

It should be noted that Eq. [1] is used to quantify the measure-
ment sensitivity of each point surrounding the noninvasive TDR
probe. This distribution of measurement sensitivity is adopted to
determine the sample area of the noninvasive TDR probe, on the
basis of a parameter fintroduced by Ferré et al. (1998):

100%2; w; A,

f w;dA

where w and A define the measurement sensitivity and research

(4]

area, respectively, w; is the measurement sensitivity of the 7th finite
element, A ;i the area of the element, and wy,; represents the largest
value of w,. On the right hand side of Eq. [4], the numerator is
calculated by summing the product of w, and A4,, starting with
those elements with the highest w; and progressively decreasing w,.
The denominator is the summation of the product of w; and A4, for
all elements. Following this definition, fis a function of w,, and its
value ranges from 0 to 100%. When fTeaches 90%, all the clements
considered in the calculation of numerator form the sample area

(Zhan etal., 2015).

Numerical Studies for Calculating the Sample Area
According to the above theoretical analysis, numerical stud-
ies were performed to determine the sample area of the proposed
noninvasive TDR probe in the plane perpendicular to the wave
propagation. Figure 3 illustrates the numerical model for comput-
ing the electrostatic potential around the noninvasive TDR probe

Plane section
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Fig. 3. Illustration of the numerical
model for computing the electrostatic
potential field in the plane perpendicular
Unit: mm to the wave propagation.




in the plane perpendicular to the wave propagation. The variable
D represents the thickness of the circuit laminate. The value of D
was set to 1.5, 3.0, and 6.0 mm. Other dimensions such as the sepa-
ration of the copper plate and the height and width of the copper
plate were the same as those described above. The variables M1
and M2 represent the material of circuit laminate and the target
medium, respectively. In this study, the permeability coefficient of
M1 was set as 1 and 80, which represent the diclectric permittivity
of air (€ = 1) and water (g = 80), respectively. The permeability
coefficient osz was set as 3.5, corresponding to the measured
dielectric permittivity of the circuit laminate. On the other hand,
B1, B2, and B3 represent the boundary conditions. For the seep-
age analysis, B2 and B3 were sct as a constant hydraulic head of
H = —1and H = 1 respectively, which correspond to a constant
electric potential of @ = —1 and @ = 1. As the rescarch region is
large enough to cover the whole sample area of the noninvasive
TDR probe, the boundary of B} was set as a zero-flow condition
(e, OH/O% =0).

Figure 4 shows the sample area in the plane perpendicular to
the wave propagation (i.c., cross-sectional plane 1-1 in Fig. 3) with
three different thicknesses of laminate circuit. Figure 4a shows the
sample area of the noninvasive TDR probe with a circuit laminate
thickness of 1.5 mm. For a probe surrounded by a medium with
a dielectric permittivity of 1, the sample area penetrates beyond
the upper boundary of the circuit laminate and extends into the
medium above. The sample area can be represented as an ellipse
with a semimajor axis of 6 mm and a semiminor axis of 3.5 mm.

As the dielectric permittivity of the surrounding medium increases
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Fig. 4. Sample area of the noninvasive time domain reflectometry
(TDR) probe with laminate circuit thickness of (a) 1.5 mm, (b) 3 mm,
and (c) 6 mm. € 1S the d%clicc.tric pe}‘mit.tivity‘of target material,
and e is the dielectric permittivity of circuit laminate.

from 1 to 80, the distance between the upper boundary of the
sample area and the circuit laminate decreases from 3.6 t0 2.3 mm.
Furthermore, none of the sample area penetrates into the medium
above the circuit laminate. It is clear that the sample area decreases
significantly as the dielectric permittivity of the surrounding
medium increases.

Figure 4b shows the sample area of the noninvasive TDR probe
with a circuit laminate thickness of 3 mm. For a probe surrounded
by a medium with a dielectric permittivity of 1, an elliptical sample
area with a semimajor axis of 6 mm and a semiminor axis of 3.6 mm
is obtained. The sample area decreases significantly as the dielec-
tric permittivity of the surrounding medium increases from 1 to
80, similar to the probe with a circuit laminate thickness of 1.5 mm.
More importantly, the sample area of the probe with a circuit lami-
nate thickness of 3 mm is ~v1.5 times larger than that of the probe
with a circuit laminate thickness of 1.5 mm.

Figure 4c shows the sample area of the noninvasive TDR probe
with a circuit laminate thickness of 6 mm. Here, the sample area is
evenly distributed between the circuit laminate and the surround-
ing medium. The distribution of the sample area shows a pattern
similar to the sample area obtained using the probes with a circuit
laminate thickness of 1.5 and 3 mm. Furthermore, the sample area
is constant as the dielectric permittivity of the surrounding medium
increases from 1 to 80. Thus, the sample area is independent of the
diclectric permittivity of the circuit laminate and the surrounding
medium when using a circuit laminate thickness of 6 mm. With
such a TDR probe, a linear calibration relationship between the
effective dielectric permittivity measured by the noninvasive TDR
probe and the dielectric permittivity of the surrounding material
can be obtained (Zhan et al., 2015). The determination of water
content using a probe with a constant sample area is expected to
be more accurate than measurements conducted with probes with
a circuit thickness of 1.5 or 3 mm. Therefore, the thickness of the
circuit laminate used for this study was 6 mm.

To ensure that the measurement of a TDR probe can repre-
sent the average unfrozen water content of the soil specimen, the
sample volume should be larger than the representative element
volume, V. According to some previous studies (Razavi et al,,
2006; Al-Raoush and Papadopoulos, 2010), v, is about 20,000
times VDSO’ which is the volume of a sphere with a diameter equal
to the mean diameter of soil particles. In this study, the sampling
size of the noninvasive TDR probe has a diameter of ~76 mm and
a height of ~4 mm (see Fig. 4c). The ratios of the sample volume
and Vs of clay and sand are around 1.0 x 1010 and 5 x 10,
respectively. Hence, the measurement of the noninvasive TDR
probe may be considered to represent the average water content

of the whole specimen.

Calibration of the Proposed Probe
Calibration for Measuring
the Soil Dielectric Permittivity
The dielectric permittivity measured by the noninvasive

TDR probe is an effective dielectric permittivity (¢ .¢), which



is a weighted average of the soil dielectric permittivity (e, ;) and
the dielectric permittivity of the circuit laminate (€ ;). To obtain
€oil from the measured Eefp the calibration equation based on
the homogenization model proposed by Birchak et al. (1974)
was used:

) =alw) +A=a)eq)" (5]

where 7 is a parameter that reflects the geometry of the medium
with respect to the applied electric field, and 4 is a constant rep-
resenting the weighting factor of the soil medium. It should be
noted that the measured dielectric permittivity is affected by
the dielectric permittivity of soil and circuit laminate around
the waveguide. The ratio of soil dielectric permittivity to the
measured dielectric permittivity is denoted by parameter 4. For
the noninvasive TDR probe designed in the current study, the
sample areas in the soil and circuit laminate are symmetrical
about the waveguide plane, as shown in Fig. 4c. Hence, soil and
circuit laminate have identical contribution to the measured
dielectric permittivity. The value of 2 is thus always equal to 0.5.
On the other hand, the value of 72 ranges from —1 to 1, where
=1 if the medium is a parallel connection of capacitors, and 7 =
—1 for a series connection of capacitors (Lin et al., 2006). In this
study, the soil and the circuit laminate were placed in parallel
with the copper conductors in between (see Fig. 4c). Therefore,
the value of 72 used for this work is 1. In addition, the measured
value of € j was 3.5.

Clay and sand specimens with different known water con-
tents were used to calibrate the noninvasive TDR probe for
measuring the soil dielectric permittivity. It should be noted that
the TDR technique has a relatively low accuracy at low water
contents. Furthermore, the amount of liquid water retained in
the frozen soil is usually small. Therefore, the noninvasive TDR
should be well calibrated at low water contents to obtain accurate
measurements of unfrozen water content. In this study, 14 soil
specimens with volumetric water content <20% were used to cali-
brate the relationship between €, and the soil volumetric water
content (0 ). After specimen preparation, € ¢ was measured
using the noninvasive TDR probe. A conventional three-rod
TDR probe was subsequently inserted into the soil specimen to

measure €. The calibrated relationships between € grand €

soil* soil
for clay and sand are shown in Fig. 5. The result shows good
linear relationships, as proved by the high R? values (i.e., 0.99).
The calibrated relationships provide equations to calculate €,
from the measured € ¢

g g —L75

Egoil = (6]
0.5

The measurement sensitivity of 0.5 is consistent with the
numerical results (see Fig. 3¢), showing that the sample arca of the
noninvasive TDR probe is evenly distributed through the circuit
laminate and the soil. Therefore, the soil dielectric permittivity
contributes 50% to the effective dielectric permittivity measured

by the noninvasive TDR probe.
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Fig. 5. Calibrated relationships between measured effective dielectric
permittivity and dielectric permittivity for clay and sand.

Calibration for Measuring
the Soil Unfrozen Volumetric Water Content

In the literature, functional relationships and composite
model are widely used to correlate soil water content and dielectric
permittivity. Some previous studies show that functional relation-
ships are not applicable for unfrozen soil, mainly because that the
dielectric permittivity of ice is different from the dielectric per-
mittivity of air (Spaans and Baker, 1995; Seyfried and Murdock,
1996). In this study, the composite model proposed by Bittelli et
al. (2003) was used, where the dielectric permittivity of ice and
water, as well as their temperature dependence, can be accounted
for. After obtaining the soil dielectric permittivity, the unfrozen
volumetric water content was calculated by the composite model
(Bittelli et al., 2003):

Eooil )k =(1-n)E, )k +0, Ey )k +6; (5'31)é

+(n—0, -0, )(Ea )k

where € o By Ep ande L are the dielectric permittivity of soil matrix,

7]

air, liquid water, and ice, respectively, 6 W 18 the volumetric water
content (m3 m_3), Oi is the volumetric ice content (m3 m_3), 7 is
the soil porosity, and £ is a geometric factor. As mentioned above,
the calibration tests were performed at room temperature (22 +
1°C). Since no ice phase was present, Eq. [7] can instead be writ-

ten as

0 = (8s011 )k - (l—n)(gs )/5 _n(sa )k
w C. )/e _<€a)k

Figure 6 shows the calibration relationships between the

(8]

volumetric water content and the dielectric permittivity of clay
and sand. High values of R? (i.e., 0.97 and 0.98) are obtained for
the calibration relationships. The values of parameter # are equal
to 0.57 and 0.55 for clay and sand, respectively. In this study, the
values of parameter £ (i.e., 0.55 and 0.57) are similar to the calibra-
tion results of Roth et al. (1990), who suggested that a value of 0.5
for parameter £ is appropriate to describe the composite model of
different soils.

In the following experimental study, soil specimens were first

completely saturated before freezing was applied to measure the



SFCC. The medium in the soil specimen thus consisted of the soil
matrix, liquid water, and frozen water. This mixture allows Eq. [7]
to be rewritten as

PP o O e
w C. )057 G )0.57
Based on extensive calibration tests on 13 types of soils

(including clay, sand, and silt at various densities), Roth et al. (1990)
found that parameter £ is independent of the soil type and soil den-

[9]

sity. The value of £ is found to be controlled by the frequency and
mode of electromagnetic field applied to the waveguide. Hence, it
is reasonable to use the same £ at different temperatures in the pres-
ence of ice. In the composite model, the temperature dependence
of the dielectric permittivity of liquid water (e ,) is accounted for
by using equations and methods proposed by Archer and Wang
(1990). On the other hand, thermal effects on the dielectric per-
mittivity of ice (¢;) are considered by using the empirical equation
proposed by Bittelli et al. (2003):

e(T)=332 + 121 x 10 *T + 1.18 x 10 °T*

[10]
+527° + 84 x 10774

Temperature Control System

For the temperature control system, the antifreeze liquid is
used to fill the bath and the triaxial cell (see Fig. 1). The tempera-
ture of the antifreeze liquid in the bath is controlled using the
thermostat. Antifreeze liquid with a controlled initial temperature
is circulated through a spiral tube that runs around the soil speci-
men. Soil specimen is frozen or thawed through heat exchange
with the circulating antifreeze liquid. To reduce energy loss and
to minimize soil temperature fluctuations, the triaxial cell is insu-
lated with rubber cotton that has a very low thermal conductivity
(0.03 W m~1 K1) (see in Fig. 1).

Calibration tests using three thermocouples attached at the
top (P1), middle (P2), and bottom (P3) of a dummy sample were

performed to measure temperature uniformity and observe any
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Fig. 6. Calibrated relationships between the dielectric permittivity
and volumetric water content for clay and sand. €_is the dielectric per-
mittivity of soil particles, ey is the dielectric permittivity of water, 7 is
soil porosity, and  is the geometric factor.

measurement fluctuations in the new triaxial apparatus. Freezing
and thawing were applied in steps of =5°C, with temperatures rang-
ing from 20 to —20°C. The confining stress used in the triaxial cell
was 30 and 200 kPa, values similar to those used during measure-
ments of SFCC:s of clay and sand specimens in the section below.

Figure 7 shows temperatures measured at the top (P1), middle
(P2), and bottom (P3) of the dummy during freezing and thaw-
ing. The confining stress applied was 100 kPa. It is clear that the
measured temperatures decrease at each temperature step during
freezing and increase in the subsequent thawing process. For
each temperature step, the temperatures reach equilibrium (soil
temperature at the center is equal to the soil temperature at the
boundary) after ~4 h. At the equilibrium state, a temperature
fluctuation of +0.2°C was observed. To further reduce the tem-
perature fluctuation, a propeller can be installed inside the cell in
future to promote uniform temperature by convection. On the
other hand, the temperature at P2 takes approximately an addi-
tional 30 min until an equilibrium state is reached compared with
temperatures measured at P1 and P3. This delay in the evolution
of sample temperature is mainly attributed to the thermal diffu-
sion process within the specimen. As the specimen tested is axially
symmetric, the measured temperatures at P1, P2, and P3 demon-
strate that the temperature is uniform within the specimen at the
equilibrium state. Calibration tests at confining stresses of 30 and
200 kPa show similar results to those in Fig. 7, demonstrating the
repeatability of the temperature control system.

Soil Type, Experimental Program,
and Test Procedures
Test Soil Properties

The SFCC of both clay and sand specimens were measured
in this study. The information about the physical properties of
the test soils are given in Table 1. According to ASTM D 2487-11
(ASTM, 2011), the clay and sand are classified as lean clay (CL)
and silty sand (SM), respectively. To prepare the soil specimens,
the soil was first air dried and then passed through a 2-mm sieve.
The prepared soil was evenly spread on a steel plate and deionized

water was sprayed onto the soil to increase its water content until
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Fig. 7. Measured temperature distribution within soil specimen during
a heating and cooling cycle.




Table 1. Physical properties of the test clay and sand.

Parameters Clay (Ngetal.,2017)  Sand

Specific gravity 2.69 2.67

Liquid limit, % 36 -

Plastic limit, % 19 -

Plasticity index, % 17 -

Unified Soil Classification System  Lean clay (CL) Silty sand (SM)

agravimetric water content of 9.2% was reached. The mixture was
again passed through the 2-mm sieve to reduce soil clod size, then
transferred to and stored in a sealed plastic bag for 4 d for moisture
equalization. Cylinder specimens, which are 76 mm in diameter
and 30 mm in height, were compacted by three layers in a split

mold. The target dry density of the soil specimens was 1.18 g cm™3.

Test Program and Procedures

Five temperature-controlled triaxial tests were conducted to
measure the SFCC of saturated soil specimens at different confin-
ingstresses. The stresses considered were 30, 100, and 200 kPa. A
minimum confining stress of 30 kPa was applied to ensure that soil
specimen was always in contact with the noninvasive TDR probe.
More details about the test program are given in Table 2.

Each test consisted of three stages: saturation, consolidation,
and freezing and thawing. The clay specimens were prepared
using the method of static compaction. The initial void ratio
after compaction is 1.09 and the initial dry density is 1.18 g cm™3,
which corresponds to a relative compaction of 75%. During the
compression to 30, 100, and 200 kPa, void ratio of these speci-
mens reduced to 1.08, 0.88, and 0.78, respectively. The measured
relations between void ratio and stress are consistent with those
reported by Ng et al. (2018). On the other hand, the sand speci-
mens were statically compacted to the same initial void ratio as the
clay specimens for comparing the SECCs of these two materials.
Upon the application of confining pressure, void ratio reduced to
1.06 and 1.05 at 30 and 200 kPa, respectively. The relationships
between stress and void ratio are consistent with the compression
curve of aloose sand, which has a similar particle size distribution
(Pestana and Whittle, 1995). After consolidation, the tempera-
ture of each specimen was decreased from 0 to —10°C in steps
of 0.5°C at a constant confining stress. The ice nucleation of the
pore water occurs in a relatively small temperature range because
of supercooling. To measure SFCCs accurately, a small interval of
thermal loading (0.5°C) was applied during the freezing. For the
subsequent thawing, the pore ice was expected to thaw gradually
with an increase in soil temperature. Therefore, a large thermal
loading interval of 1°C was set during the thawing to shorten the
experimental duration. It should be noted that the soil tempera-
ture is directly recorded through the thermocouples attached to
the soil specimen, but not the temperature in the thermostat. The
unfrozen water content of the soil specimen was measured with

the noninvasive TDR in the both freezing and thawing processes.

Table 2. Test program parameters.
Confining ~ Void ratio,e,  Void ratio, ¢, (after
Testseries  Test material  stress (initial state)  consolidation)
kPa
I Clay 30 1.172 1.082
100 1.168 0.878
200 1.177 0.780
II Sand 30 1.068 1.063
200 1.071 1.055

Experimental Results

Stress Effects on the
Soil Freezing Characteristic Curve

Clay under Freezing and Thawing

Figure 8 shows the measured SFCCs of clay at confining
stresses of 30, 100, and 200 kPa. For the soil specimen at a con-
fining stress of 30 kPa, the unfrozen volumetric water content is
almost constant at temperatures ranging from 0 to —2°C. This is
because that all soil water is able to retain liquid state because of
the presence of metastable nucleation (Zhang et al., 2015). When
soil temperatures further decrease from =2 to —10°C, the unfro-
zen water content decreases dramatically. During the subsequent
thawing, the SFCC is almost flat at temperatures ranging from
—10 to —1°C. When soil temperatures further increases from —1
to 0°C, a steep increase in the unfrozen volumetric water con-
tent is observed. On the other hand, there is a marked hysteresis
loop between freezing and thawing curves of SFCC. The hyster-
esis of SFCC was also observed in previous experimental studies
(Bittelli et al., 2003; Tian et al., 2017). According to the SECC
model developed by Mu et al. (2018), the capillary pressure at the
ice—water interface (”i_”w’ where u and u,, are the ice and water
pressures, respectively) increases when soil temperature decreases.
Water in a given pore would freeze when the capillary pressure
increases to 20, cos(a)/r, where 0, o, and 7 are the surface
tension coefficient, contact angle, and pore radius, respectively.

—a—P=30kPa

—e—P=100 kPa

—&—P=200 kPa

= 0= Silty clay (Tian et al., 2017)

Unfrozen volumetric water content (%)

Temperature (°C)

Fig. 8. Soil freezing characteristic curve (SFCCs) of clay subjected
to freezing and thawing under confining stresses () of 30, 100, and
200 kPa.
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The values of o are different along the freezing and thawing pro-
cesses. A hysteresis between the freezing and thawing SFCCs is

thus expected. On the other hand, the SECC of a clay specimen

obtained in the literature (Tian et al., 2017) is also included in the

figure for comparisons. This result of SFCC was measured using

the NMR technique without applying any stresses. During testing,
the sample experienced three-dimensional freezing and thawing in

a closed system, which is the same as the thermal loading condition

adopted in this study. It can be seen that the SFCCs measured by
Tian et al. (2017) show similar nonlinear patterns together with a

similar hysteresis loop between the freezing and thawing curves. At

agiven temperature, the different unfrozen water retention capaci-
ties between their soil and the clay specimen tested in this study

are probably due to different soil properties (e.g., specific surface

area) and soil states (c.g., density).

For the clay specimens at confining stresses of 100 and
200 kPa, the measured SFCCs are qualitatively similar to that
at 30 kPa. At a quantitative level, the unfrozen water content at
200 kPa is much larger than that at 100 and 30 kPa at tempera-
tures ranging from —3 to —10°C during freezing and temperatures
ranging from —10 to -1°C during thawing. On the other hand,
the size of hysteresis loop decreases with increasing stresses. It
clearly shows that the unfrozen water retention capacity of clay
increases with increasing confining stresses. As explained above,
the phase change between ice and water within a soil specimen can
be described using the theory of capillarity (Tian et al., 2017; Mu
etal., 2018). The void ratio of clay decreases by 33.7% when con-
fining stress increases from 30 to 200 kPa (see Table 2), inducing
a significant reduction of soil pore size. With a reduction of pore
size, the capillarity is enhanced according to the Young-Laplace
equation and hence soil specimen is able to retain more water at
liquid state.

Figure 9 shows the changes in the void ratio of clay specimens
during freezing and thawing. The soil void ratio at a given negative
temperature is defined as the ratio of the volume occupied by liquid
water and ice to that of soil particles [ep = (10e;, — 0 _1)/(9 + 0 1),
where ¢, and 0 - are the initial soil void ratio and the unfrozen vol-

umetric water content at a given negative temperature, respectively].

1.4
12F p—a—pi—p—m—a—a—————
~§ -m-Em-mn
= 1Of
§ __é.—;,*—o—ﬁ—.—.—.'—.—.
o-00-00
08 W@ kPa
—e— P=100 kPa
—— P=200 kPa
06 1 1 1 1 1 J
0 -2 -4 -6 -8 -10 -12

Temperature (°C)

Fig. 9. Changes in void ratios for clay specimens subjected to freezing
and thawing under confining stresses () of 30, 100, and 200 kPa.

The void ratios of all clay specimens increase when the liquid water
is frozen, whereas the thawing of the pore ice induces a decrease
in the soil void ratio. It should be noted that the density of liquid
water (1.0 g cm73) is ~v1.1 times larger than that of ice. Therefore,
the freezing of liquid water and the thawing of ice would cause the
expansion and contraction of clay specimens, respectively. In addi-
tion, the patterns of the changes in soil void ratio with temperature
are similar to that of SFCCs.

Sand under Freezing and Thawing

Figure 10 shows the measured SFCCs of sand at confining
stresses of 30 and 200 kPa. The SFCC of sand tested by Tian et
al. (2017) using the NMR technique is also included in the figure
for comparisons. Similar patterns of SFCCs were determined
through the NMR technique and the TDR method. It proves the
efficiency of the newly developed triaxial apparatus in this study.
On the other hand, for the sand specimens at confining stresses
of 30 and 200 kPa, the measured SFCCs generally share similar
patterns to that of clay specimens during both freezing and thaw-
ing processes. The ice nucleation and ice melting mainly occurs in
the temperatures ranging from —2 to —3°C during freezing and
temperatures ranging from —1 to 0°C during thawing, respectively.
The hysteretic behavior of the measured SFCC is also observed in
sand specimens at confining stresses of 30 and 200 kPa. Similar
explanations for the freezing and thawing hysteresis loop of clay
(e.g., pore size irregularities) could also apply to the sand specimens.
More importantly, stress effects on SFCCs and its hysteresis loop
of sand specimens are much smaller than those of clay specimens.
This is probably because that the stress-induced change in pore size
distribution is smaller in sand due to its smaller compressibility
(Cuietal., 2016). As shown in Table 2, the void ratio of sand only
decreases by 1.5% with increasing the confining stress from 30 to
200 kPa. The enhancement of capillarity by the confining stress
is not as significant as clay.

Figure 11 shows the changes in the void ratio of sand speci-
mens under freezing and thawing. The determination of the void
ratio of sand specimens at each of temperature step is similar to the
method described in the Fig. 9. The void ratios of sand specimens

—u—P=30 kPa

—4—P=200 kPa

= 0= Sand (Tian et al., 2017)
40

30

20

Unfrozen volumetric water content (%)

0 -2 -4 -6 -8 -10 -12
Temperature ("C)

Fig. 10. Soil freezing characteristic curve (SFCCs) of sand subjected to
freezing and thawing under confining stresses () of 30 and 200 kPa.
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Fig. 11. Changes in void ratios for sand specimens subjected to freez-
ing and thawing under confining stresses (P) of 30 and 200 kPa.

also increase when the ice nucleation occurs, whereas the thawing
induces a decrease in the soil void ratio. Similar to clay specimens,
the changes in the void ratio of sand specimens with temperature
could also be explained by the density differences between ice and
liquid water.

Summary and Conclusions

In this study, a new stress- and temperature-controlled triaxial
apparatus was developed for measuring SFCC at various confin-
ing stresses. The unfrozen water content was determined using a
new noninvasive TDR probe installed in the top cap. Calibration
tests show that dielectric permittivity measured by the noninvasive
TDR probe is highly related to soil water content (i.e., R > 0.97).
The new apparatus was used to measure SFCCs of two typical soils
(i.c., clay and sand) at different confining pressures. The following

conclusions can be drawn:

1. Thickness of the circuit laminate installed in the top cap
strongly affects sample area of the noninvasive TDR probe. For
the new triaxial apparatus, a thickness of 6 mm is able to ensure
almost constant sample area and to eliminate the influence of
sample area on sensor responses.

2. With an increase in confining pressure, both clay and sand are
able to retain more pore water at liquid state. This is mainly
because that the capillarity is enhanced due to stress-induced
compression. The above finding implies that the conventional
method without stress control would overestimate the ice con-
tent and shear strength of frozen soils.

3. Stress effects on the SFCC of sand are much less significant
than that of clay. It is because the stress-induced change in pore
size distribution of sand is much smaller than that of clay, so
that the stress-induced enhancement of capillarity for sand is
less significant.
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