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Accurate modeling of soil deformation depends on the consideration of both frost heave deformation in the fro-
zen zone and consolidation deformation in the unfrozen zone. Pore water pressure investigations are important
for revealing these two deformation behaviors. Herein, we aim to reveal the consolidation process bymeasuring
and analyzing changes in pore water pressure in the unfrozen zone. Using a custom-made pore water pressure
gauge, we performed a series of real-time pore water pressure measurements in the unfrozen zone of silty clay
and sandy soil samples that were exposed to closed and open freezing systems. The results show that the pore
water pressure in the unfrozen zone generally increases at first and then decreases. The temperature changes
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1. Introduction

Investigation of the porewater pressure du
tial when exploring the mechanisms of fros
several problems, including the driving force
mechanisms of ice segregation, accurate frost
in the unfrozen zone have no significant influence on the changes in pore water pressure, and the variations of
the porewater pressure aremainly controlled by the stress and hydraulic boundary (changes in porewater pres-
sure) conditions at the freezing front. Furthermore, changes in the porewater pressure are affected by several pa-
Vacuum-induced consolidation
Frost heaving stress

Water expulsion
The unfrozen zone
Frost heave
rameters, including soil type, water supply condition, initial moisture content, measured soil layer depth, and
hydraulic conductivity. Soil consolidation is mainly caused by change in effective stress, which results from in-
crease in total stress or decrease in pore pressure. Based on the observed pore water pressure variations and
its numerical simulations, we propose that consolidation in the unfrozen zone during soil freezing includes
compression-induced consolidation, which results from an increase in frost heaving stress, and vacuum-
induced consolidation, which results from a decrease in pore water pressure. Each consolidation pattern plays
an important role in the different stages of soil freezing. Compression-induced consolidation primarily occurs
during the early stage of soil freezing, while vacuum-induced consolidation mainly occurs during the later
stage of soil freezing.

© 2016 Elsevier B.V. All rights reserved.

ring soil freezing is essen-
t heave, which involves
of water migration, the
heave modeling, and the

zones: the frozen zone, the frozen fringe and the unfrozen zone. The
soil in the frozen zone experiences a frost heaving process throughout
the freezing process, while the soil in the unfrozen zonemay experience
a consolidation process. Research has indicated that consolidation of the
unfrozen zone is accompanied by the migration of water from the un-
frozen zone to the frozen fringe and frozen zones, but the relationship
validity of the Clausius-Clapeyron equation (Ma
 et al., 2015). Therefore, between the two processes remains unclear. Many studies have focused

on frost heave phenomenon in the frozen zone. However, few studies
it is important for geotechnical scientists and engineers to directly mea-

sure pore water pressure during experimental testing. However,

methods for measuring pore water pressure during soil freezing have
always been challenging (Zhang et al., 2013, 2014, 2015). Therefore, fur-
ther development of frost heave theory has encountered a research
bottleneck.

When considering soil deformation, soil samples that have been
subjected to unidirectional freezing are generally divided into three
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have focused on consolidation phenomenon in the unfrozen zone. Con-
solidation behavior in the unfrozen zone is closely related to changes in
pore water pressure and directly influences the accuracy of models for
predicting the surface deformation of soils subjected to freezing and
thawing. Therefore, as part of a series of studies, this paper mainly fo-
cuses on variations in pore water pressure and consolidation phenome-
non in the unfrozen zone during soil freezing.

Although the significance of consolidation in the unfrozen zone of
freezing soils has been widely acknowledged, most studies have been
based on theoretical speculations and have lacked supporting pore
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water pressure data due to the constraints of directly measuring pore
water pressure. Consequently, little progress has been made in this
field. Chamberlain and Gow (1979) speculated that the high consolida-
tion of thawed sub-sea permafrost is attributed to decrease in the pore
water pressure and increase in the effective stress during ground freez-
ing. Chamberlain (1981) noted that the amount of consolidation in the
unfrozen zone beneath the freezing front is likely related to the plastic
limit, which is equal to theminimumsoilmoisture content during freez-

pressurewere further simulated. In addition, the effects of frost heaving
stress on consolidation phenomenon were discussed. By clarifying the
variations in the pore water pressure and consolidation phenomenon
in the unfrozen zone, we expect to provide a reference for accurately
modeling frost heave.

2. Pore water pressure measurements in the unfrozen zone
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ing and thawing process. Tiedje and Guo (2011) found that growth of
ice lenses results in substantial decreases in pore pressure and ultimate-
ly dewatering and unsaturation in the unfrozen zone during closed-
system tests without an external water supply. Consequently, it is im-
portant to determine consolidation behavior by directly measuring the
pore water pressures within the unfrozen zone.

Moreover, experimental results showed that somewater is often ex-
truded from the unfrozen zone during the early stage of soil freezing
(Arenson et al., 2005; Mcroberts and Morgenstern, 1975; Nakano,
1999), especially when the soil sample was tested under an external
load (Loch, 1978a, 1978b; O'Neil andMiller, 1985). Thewater expulsion
phenomenon implied that pore water pressure increases in the unfro-
zen zone. Large increase in frost heaving stress was observed during
soil freezing (Penner, 1970; Takashi et al., 1981), which may greatly af-
fect the pore water pressure and consolidation in the unfrozen zone.
However, this topic has not been sufficiently studied. Most frost heave
models, including the hydrodynamic model (Bronfenbrener, 2013;
Harlan, 1973; Watanabe, 2008), segregation potential theory (Konrad
and Morgenstem, 1980, 1981), and rigid ice model (Miller, 1978;
O'neill, 1983; O'Neil and Miller, 1985), have always ignored consolida-
tion in the unfrozen zone to simplify calculations. Although some stud-
ies noted consolidation phenomena in the unfrozen zone (Thomas et al.,
2009; Zhou and Li, 2012), none had studied the impacts of frost heaving
stress on consolidation in the unfrozen zone.

To investigate consolidation in the unfrozen zone, custom-made
pore water pressure gauges were used tomeasure the pore water pres-
sures in the unfrozen zones of different soils under different water sup-
ply conditions (closed-system or open-system). A detailed analysis was
conducted to the pore water pressure changes and consolidation phe-
nomenon in the unfrozen zone, and then the changes in pore water
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Fig. 1. Sketch of the freeze
2.1. Materials and methods

2.1.1. Testing system and pore water pressure test method
Experiments were designed and conducted using the XT5405

freeze-thaw cycling test apparatus manufactured by Xutemp Temptech
Co. Ltd. (Fig. 1). The box temperature can be controlled between−20 °C
and 20 °C, and the temperatures of the top and bottom plates can be
controlled between−30 °C and 30 °C with a precision of ±0.2 °C. A cy-
lindrical Perspex cell with lateral thermal insulation was placed in the
test machine box. Two columns of holes were drilled in the wall of the
cylindrical Perspex cell. One column contained ten holes for installing
the temperature probes at intervals of 10 mm, and the other column
contained several holes for inserting the pore water pressure probes
into the soil at different depths below the surface. Two different cylin-
drical Perspex cells with different hole arrangements were applied
throughout the experiments. The specific hole and probe arrangements
are shown in Fig. 2. The high-sensitivity temperature probes (with a
precision of 0.05 °C and a valid temperature range of −30 °C–30 °C)
were manufactured and calibrated by the State Key Laboratory of Fro-
zen Soil Engineering (Liu et al., 2011). A displacement gauge was
installed on the top plate to measure the vertical displacement of the
soil sample. Soil freezing experiments with two different water supply
conditions (closed and open systems) were conducted using the test
system. The soil sample was frozen with no water supply (closed-sys-
tem freezing) when the valve was closed. The soil sample was frozen
with water supply (open-system freezing) when the valve was open.
Water was supplied using a reservoir bottle that monitored changes in
water volume in real time.

The experimental objective was to form a method for determining
pore water pressure. Takagi (1980) proposed a conceptual model for
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measuring pore water pressure inwhich an ideal tensiometerwas filled
with pure water and placed in contact with the unfrozen film water
through a semi-permeable membrane that allowed water to pass but
not solutes. In this system, the pore water pressure was obtained
when the pure water and film water achieve thermodynamic equilibri-
um. The main challenges when designing a pore water pressure gauge
included choosing an appropriate semi-permeable membrane material
and choosing a suitable medium for the tensiometer. In laboratory or

measuring range of −100 to 100 kPa with a reference pressure point
(a standard atmospheric pressure) and an overall accuracy of ±0.1%
FS (Full Scale).

2.1.2. Soil sample preparation and testing program
Two typical types of soil found along the Qinghai-Tibet railwaywere

tested: a silty clay soil and a sandy soil. The grain size distributions and
Atterberg limits of the soils are shown in Table 1. The soil samples were
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Fig. 2. Hole arrangements of two similar cylindrical Perspex cells.
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field experiments on thawed soils, these issues were generally resolved
because pure water was served as a transmission medium, and porous
ceramic was served as a semi-permeable membrane material (Fukuda,
1983). However, the pure water in the tensiometer will freeze at sub-
freezing temperatures and lose its transmission capability. Thus, a new
medium is necessary as a substitute for pure water, and must meet
two conditions. First, the medium must remain liquid at sub-freezing
temperatures. Second, the new medium cannot pass through the
semi-permeable membrane and enter the soil. Following considerable
research efforts, ethyl alcohol (C2H6O) was selected as a new medium
for use at sub-freezing temperatures (Mcgaw et al., 1983; Harris and
Davies, 1998; Eigenbrod et al., 1996). Mcgaw et al. (1983) measured
the pore water pressure during freezing using 10% ethyl alcohol.
Eigenbrod et al. (1996) obtained the pore water pressure during freez-
ing and thawing using 50% ethyl alcohol. However, Harris and Davies
(1998) did not indicate the ethyl alcohol concentration used in their
study.

Based on the results of these studies, we designed our pore water
pressure gauge in three parts, as shown in Fig. 3. A small porous ceramic
cup (approximately 5mm in diameter) is joined to a pressure transduc-
er via a plastic tube. The porous ceramic cup has a dual functionality,
similar to that of a semi-permeable membrane, and allows water to
pass freely while inhibiting the flow of alcohol into the soil sample to
prevent disturbing the actual porewater pressure. Furthermore, alcohol
can transmit the force as a highly effectivemediumat sub-freezing tem-
peratures. Therefore, the plastic tube is filled with 99.7% ethyl alcohol
(C2H6O) instead of pure water to permit pore water pressure measure-
ments under freezing conditions. The pore water pressure can be ulti-
mately acquired by using the pressure transducer, which has a

Porous ceramic cup 

Alcohol 
Fig. 3. Sketch of the pore w
prepared and tested at the State Key Laboratory of Frozen Soil Engineer-
ing in Lanzhou, China. Five soil samples were prepared and measured
during the experiments, a saturated sandy soil sample (SN1) and four
silty clay soil samples (CN1, CN2, CN3, and CN4). Each soil sample was
reconstituted by slurry mixing before being compressed into a cylindri-
cal Perspex cell with an inner diameter of 101 mm. Other specific soil
sample parameters, such as the initial moisture content and height,
are shown in Table 2.

Based onwater supply conditions, all experimentswere divided into
two groups. One group (SN1 and CN1) was tested under open–system
freezing, and the other (CN2, CN3 and CN4) was tested under closed–
system freezing. First, the cylindrical Perspex cell that was packed
with the prepared soil sample was placed into a box of the freeze-
thaw cycling testmachine. Next, the sensorswere installed, the temper-
ature probeswere inserted into the soil sample through the holes T1, T2,
T3, T4, T5, T6, T7, T8, T9 and T10 shown in Fig. 2; the porewater pressure
gauges were inserted into the soil sample through the holes PW1, PW2,
PW3, PW4 and PW5 shown in Fig. 2; the displacement gauge was
installed on the top plate, and the switching valve of the reservoir bottle
was opened or closed according to the water supply condition during
testing (Fig. 1). Finally, freezing experiments were conducted by con-
trolling the top and bottom plate temperatures, as shown in Table 2.
The CN2, CN3andCN4 sampleswere subjected to two temperature con-
ditions, constant temperature (stage I) and freezing (stage II), as shown
in Table 2. During the constant temperature condition, each sample was
kept at a temperature of 1.5 °C for approximately 15 h according to the
box temperature of freeze-thaw cycling test apparatus. During soil
freezing, each sample was frozen from the top down. However, samples
SN1 and CN1 were only exposed to a freezing temperature condition,
not subjected to the constant temperature condition, as shown in
Table 2. Meanwhile, the pore water pressure, temperature and water
volume absorbed into the soil sample were measured and recorded
over ten-minute intervals during testing.

2.2. Experimental results

2.2.1. Influences of temperature on pore water pressure
Temperature changes from 22.5 °C to 1.5 °C did not result in appar-

ent changes in the pore water pressure. The CN2, CN3 and CN4 samples
were subjected to constant temperature prior to soil freezing (Table 2).
The temperatures in the samples quickly decreased fromapproximately
22.5 °C to 1.5 °C, and the pore water pressures remained constant dur-
ing this stage (stage I). For example, the pore water pressures of Pw3
and Pw4 in the CN2 sample remained constant (0 kPa) during the con-
stant temperature period prior to freezing, as shown in Fig. 4. The results
were because the positive temperatures of thewhole sample did not re-
sult in ice-water phase change during the constant temperature stage,
and thus the pore water pressures remained unchanged.

Pressure transducer
ater pressure probe.
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However, the CN1 sample was not subjected to constant tempera-
ture prior to freezing (Table 2). In this case, the temperature in the un-
frozen zone quickly decreased from approximately 22.5 °C to 1.5 °C, and
the pore water pressure increased at first and then decreased, as shown
in Fig. 5. In addition, when soil freezing began (stage II), the T6 and T8
temperatures of the CN2 sample slightly decreased and the Pw3 and
Pw4 pore water pressures increased at first and then decreased, as
shown in Fig. 4. These results were attributed to the influences of soil

sandy samples and the CN1 silty clay sample showed similar changes
at the same positions. The T7 temperatures of the SN1 and CN1 samples
decreased quickly from room temperature before stabilizing at some
positive temperature. In addition, the T7 temperature of the SN1 sample
was slightly greater than that of the CN1 sample after 24 h. However,
the variations of the pore water pressure were not affected by the slight
temperature difference because the changes in the pore water pressure
were not correlated with the temperature changes in the positive tem-

early stage of freezing, the soil sample with a higher initial moisture

Table 1
Grain size distribution and Atterberg limits of soils tested.

Soil type Hydraulic conductivity (cm/s) Liquid limit Plastic limit Particle size (mm)

b0.075 0.075–0.1 0.1–0.25 0.25–0.5 0.5–1.0 1.0–2.0 N2.0

Sandy soil (%) 7.1 × 10−5 / / 21.3 46.8 21.7 6.2 3.7 0.3 0.0
Silty clay (%) 5.4 × 10−7 25.5 11.9 19.8 51.9 17.5 7.4 2.9 0.5 0.0

n
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freezing in adjacent area (the frozen fringe) where ice-water phase
change occurred due to sub-freezing temperature, and thus the pore
water pressures changed with the influences of the ice-water phase
change.

Based on the results, we concluded that the changes in pore water
pressure were not related to changes in temperature over a range of
positive temperatures because the positive temperature range did not
result in ice-water phase change. The change in pore water pressure
must be induced by other factors. To investigate these factors, we
made a detailed comparison of the porewater pressures in the unfrozen
zone of the SN1, CN1, CN2, CN3, and CN4 soil samples.

2.2.2. Influences of water supply conditions on pore water pressure
The CN1 and CN2 soil samples had similar initial moisture contents

but different water supply conditions. The CN1 soil sample was tested
under open-system freezing, and the CN2 soil sample was tested
under closed-system freezing. Fig. 4 shows the variations of the pore
water pressure and their temperatures at the same depths in the unfro-
zen zones of the CN1 and CN2 soil samples. It was noted from Fig. 4 that
the pore water pressures in the unfrozen zone showed similar behavior
under different water supply conditions (open-system and closed-
system conditions). However, the magnitude of pore water pressure
change under open-system conditions was smaller than that of the
change under closed-system conditions, which implied that the water
supply condition has influence on the changes in pore water pressure.

2.2.3. Influences of soil type on the pore water pressure
The same water supply conditions (open-system) were used when

testing the SN1 saturated sandy soil sample and the CN1 silty clay soil
sample. Fig. 5 illustrates the pore water pressure curves and their tem-
perature curves in the unfrozen zones. As shown in Fig. 5, the changes in
pore water pressures differed between the different soil types. For ex-
ample, the Pw3 pore water pressure of the CN1 silty clay soil sample in-
creased during the early stage of freezing and decreased during the later
stage of freezing. However, the Pw3 pore water pressure of the SN1
sandy sample showed unchanged. The T7 temperatures in the SN1

Table 2
Temperature conditions of experiments tested.

Samples Cell Moisture content Height (cm) Water supply conditio
SN1 a in Fig. 2 22.10% 11.9 Open-system
CN1 a in Fig. 2 37.65% 12.5 Open-system
CN2 b in Fig. 2 35.00% 13.3 Closed-system
CN3 b in Fig. 2 26.52% 13.3 Closed-system
CN4 b in Fig. 2 19.56% 13.3 Closed-system
perature range. Therefore, the differences in the pore water pressures
may result from a combination of two factors. First, the porewater pres-
sure in the sandy soil sample has a faster dissipation rate than the pore
water pressure in the silty clay sample due to the higher hydraulic con-
ductivity of the sandy soil (Table 1). Second, the silty clay soil sample
may have amore significant increase in frost heaving stress and a great-
er decrease in pore water pressure than the sandy soil at the freezing
front, which is recognized in the experimental observations where ice
segregation occurs in the silty clay but not in the sandy soil. Conse-
quently, the pore water pressure in the unfrozen zone of the silty clay
increased (during the early stage of freezing) and decreased (during
the later stage of freezing) more than the sandy soil.

2.2.4. Influences of the initial moisture content on the pore water pressure
The same water supply condition (closed-system) and different ini-

tialmoisture contents (Table 2)were used in the CN2, CN3 and CN4 silty
clay soil sample experiments. Fig. 6 shows the variations of the pore
water pressures in the unfrozen zone with different initial moisture
contents. The initial moisture content significantly affected the varia-
tions of the pore water pressure in the unfrozen zone. During the
content experienced a greater increase in pore water pressure. For ex-
ample, the pore water pressure increased by 17 kPa in the CN2 experi-
ment, by 7.5 kPa in the CN3 experiment, and by 2.5 kPa in the CN4
experiment. During the later stage of soil freezing, the frozen state
become stable, and the soil samplewith a lower initialmoisture content
have a smaller pore water pressure. For example, the pore water
pressure stabilized at approximately −20 kPa in the CN2 experiment,
−35 kPa in the CN3 experiment, and −50 kPa in the CN4 experiment.
During the constant temperature stage (stage I) before soil freezing,
the porewater pressurewas closely correlatedwith the initial soil mois-
ture content, and a lower initial moisture content resulted in a smaller
pore water pressure. For example, before the CN2, CN3 and CN4
samples were frozen, the pore water pressures were approximately
0 kPa,−7.5 kPa, and−15 kPa, respectively.

Temperature conditions (°C)

Constant temperature (stage I) Soil freezing (stage II)

Box temperature Box temperature Top plate Bottom plate
No 1.5 −3.0 3.0
No 1.5 −5.0 3.0
1.5 1.0 −8.0 3.0
1.5 1.0 −8.0 3.0
1.5 1.0 −8.0 3.0



2.2.5. Influences of depth on the pore water pressure
The Pw3 and Pw4 porewater pressure probeswere located at differ-

ent soil depths during freezing of the CN2 soil sample, as shown in Fig. 2.
The Pw3 and Pw4 porewater pressures increased at similarmagnitudes
during the early stage of freezing and dissipated at different rates during
the later stage of freezing, as shown in Fig. 7. The dissipation of the pore

water pressure resulted from the migration of water from the unfrozen
to the frozen zone. More soil suction occurred near the freezing front,
andwater was absorbed to the zone above the freezing front and served
as a water source for ice segregation. Therefore, more rapid dissipation
of the porewater pressure occurred near the freezing front, and the dis-
sipation of the pore water pressure proceeded from the top to bottom.

Fig. 4.Variations of the porewater pressure in the unfrozen zone of silty clay soil samples with different water supply conditions, soil sample CN1with an open-system condition and CN2
with a closed-system condition.

25L. Zhang et al. / Cold Regions Science and Technology 130 (2016) 21–32
Fig. 5. Variations of pore water pressure in the unfrozen zone o
f the sandy soil sample SN1 and the silty clay sample CN1.

Image of &INS id=
Image of Fig. 5


For example, the dissipation of the Pw3 pore water pressure occurred
earlier and faster than that of the Pw4 pore water pressure.

2.3. Analysis of the results

Generally, soil consolidation is affected by boundary conditions. In
freezing soils, changes in pore water pressure and consolidation in the
unfrozen zone are largely controlled by the hydraulic and stress

boundary conditions at the freezing front. Stress boundary conditions
of the unfrozen zone are generally affected by external loading, unit
weight of soil and the frost heaving stress of the frozen fringe. The
frost heaving stress in the frozen fringe as a stress boundary condition
has soil-compacting effects on the unfrozen zone during freezing. In ad-
dition, the stress induced by the unit weight of the soil is usually negli-
gible. Thus, when experiment is conducted with no external load,
increase in pore water pressure is mainly linked to increase in frost

Fig. 6. Pore water pressure variations in the unfrozen zone with different initial moisture contents.
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Fig. 7. Pore water pressure variations at different d
epths during the freezing of the CN2 sample.

Image of &INS id=
Image of Fig. 7


heaving stress in the frozen fringe. During freezing, a significant in-
crease in the frost heaving stress occurs that separates the soil particles
during ice formation and segregation processes. Some studies indicated
that increase in frost heaving stress results from increase in ice pressure
(Gilpin, 1980; O'Neil andMiller, 1985). However, other studies, indicat-
ed that increase in frost heave stress results from the increase of
thermo-molecular pressure due to the thinning of the premelted film
between the solid ice and soil particles (Dash et al., 2006; Wettlaufer

soil, the external load Pl(t), and the frost heaving stress σf(zf, t). There-
fore, the stress boundary conditions above the unfrozen zone can be
expressed as follows:

σ z¼z f tð Þ
��� ¼

Z H

z f tð Þ
γdxþ Pl tð Þ þ σ f z f tð Þ� �

: ð2Þ

Frost heaving stress at the freezing front increases as the freezing

ilty
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and GraeWorster, 2006). Although the surface of the soil sample was
regarded as a free boundary without displacement constraints through-
out soil freezing experiment, the soils in the frozen zone or frozen fringe
could produce a frost heaving stress that was greater than the sum of
the overburden soil weight and the external load (Fig. 8). This process
was explained by the existence of soil tensile strength (Nixon, 1991)
and by the frictional force between the frozen soil and thewall of the cy-
lindrical Perspex cell (Smith and Onysko, 1990). The effects of frost
heaving stress have rarely been considered in previous frost heave
models. In these models, the differential equation for the total stress at
equilibrium and at any time and point is presented as follows:

dσ
dz

þ γ ¼ 0; ð1Þ

where σ is the total stress, z is the height, and γ is the unit weight of the
soil. However, this equation is inappropriate if the effects of frost heav-
ing stress are not considered, and considerable efforts have contributed
to the measurement of frost heaving stress. The measured values were
more than several dozen kilopascals greater than the values calculated
by Eq. (1) during the ice-forming process (Akagawa et al., 2008; Smith
and Onysko, 1990; Williams and Wood, 1985; Wood, 1990). Nixon
(1991) first considered these excess values as the separation pressure
and suggested that a new ice lens forms when the ice pressure equals
or exceeds the sumof the overburden pressure and the separation pres-
sure. Furthermore, based on the porewater pressure analysis in the pre-
vious section, the increase in pore water pressure during the early stage
of freezing was controlled by the increase in the frost heaving stress.
Herein, it is assumed that the frost heaving stress is mainly distributed
in the frozen zone and frozen fringe (particularly in the frozen fringe),
with no distribution in the unfrozen zone. When the pore water pres-
sure and consolidation in the unfrozen zone are considered, the frost
heaving stress in the frozen zone and frozen fringe can be reduced by
varying the load σf(zf, t) at the freezing front. At the freezing front
xf(t), the soil particles mainly bear the weight of the overburden frozen

Sandy soil S
sz

fz
H

Unfrozen Zone Frozen Fringe 

0 

Fig. 8. Sketch of the zones and total stress during
front moves downward (Liu, 1981; Smith and Onysko, 1990). As
shown in Fig. 9 (Fig. 4 in Smith and Onysko, 1990), when the soil tem-
perature at some layer approaches a sub-freezing temperature Ts
(Fig. 9a), the frost heaving stress is maximized alongwith ice formation
and segregation (Fig. 9b). Next, the maximum frost heaving stresses at
soil depths of 15 cm, 25 cm and 35 cm were extracted and plotted in
Fig. 9c. The frost heaving stress in the freezing front is linearly related
to the depth of the freezing front. Consequently, we assumed that

σ f ¼ A H−z f tð Þ� �
: ð3Þ

Here, A is an empirical parameter with units of kPa/m (as shown in
Table 3) and can be determined experimentally. The total stress at the
freezing front can be obtained from equation (3) when the values of A
and the freezing front coordinate zf are known.

Accordingly, the total stress in the unfrozen zone can bepresented as
follows:

σ z; tð Þ ¼
Z z f tð Þ

z
γdxþ

Z H

z f tð Þ
γdxþ Pl tð Þ þ σ f z f ; t

� �
: ð4Þ

The hydraulic boundary conditions at the freezing front involve
changes in porewater pressure, which are controlled by thermodynam-
ic processes in the frozen fringe. For saturated soils that are subjected to
freezing, decrease in pore water pressure mainly results from negative
temperature (Harlan, 1973). For unsaturated soils, decrease in pore
water pressuremainly results fromdecrease in the degree of soil satura-
tion (Sheng, 2011). For example, a larger pore water pressure decrease
occurs when the initial moisture content is small (Fig. 6), and a smaller
pore water pressure decrease occurs when the initial moisture
content is large. Furthermore, based on the effective stress principle,
change in pore water pressure is also induced by soil stress change
(Chamberlain and Gow, 1979). For example, a significant increase in
the pore water pressure occurs during the early stage of freezing
(Figs. 4-7), which is mainly attributed to the pore compression that

 clay sepPoP
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Segregation Ice 

gH

Frozen Zone 

freezing of sandy soil and silty clay samples.
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results from an increase in frost heaving stress. Therefore, for unsaturat-
ed soils that are subjected to freezing, changes in pore water pressure
can be attributed to the combined effects of sub-freezing temperature,
the degree of saturation and soil stress. In addition, the solute concen-
tration in the soil also induces a change in pore water pressure (Loch,
1978a, 1978b). Consequently, we assume that change in pore water
pressure is controlled as follows:

the unfrozen zone can be reduced to a simple linear relationship as
follows:

Pwf ¼ B H−z f
� �

; ð6Þ

where B is an empirical parameter with units kPa/m (Table 3). Here, B
can be determined experimentally. The pore water pressure at the

Fig. 9. Evolution of stress during freezing. (a) Variations of temperature over time at different depths, (b) variations of frost heaving stress over time at different depths, and (c) the
dependency of the frost heaving stress on the soil layer depth.
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ΔPwf ¼ ΔPwT þ ΔPww þ ΔPwP þ ΔPws: ð5Þ

where ΔPwf is the total depression in pore water pressure; ΔPwT is the
depression in pore water pressure due to the temperature gradient
when the soil sample is saturated; ΔPww is the depression in pore
water pressure due to the degree of soil saturation; ΔPwP is the depres-
sion in pore water pressure that is influenced by the internal stress
changes of the soil (which involves external load and frost heaving
stress changes); and ΔPws is the depression in pore water pressure
due to the solute concentration.

In addition, the freezing rate is directly related to the decrease in
pore water pressure at the freezing front. If the freezing rate is high,
the freezing front advances quickly, and the pore water pressure de-
creases slightly. In contrast, if the freezing rate is slow, the freezing
front advances slowly and the pore water pressure decreases signifi-
cantly. Therefore, the relationship between pore water pressure and
the depth of the freezing front is similar to the relationship between
frost heaving stress and the depth of the freezing front, as shown in
Fig. 9. Similarly, the pore water pressure in the freezing front above

Table 3
Parameters and values of simulation for silty clay soil tested.

Parameter Value Parameter

A (kPa/m) 500 υ (1)
B (kPa/m) −600 E (MPa)
freezing front can be obtained using Eq. (6) when B and the freezing
front coordinate (zf) are known.

As shown in Figs. 4–7, the pore water pressure in the unfrozen zone
experiences a trend that increases first and decreases later. The
observed increase in pore water pressure is mainly attributed to pore
compression due to an increase in the frost heaving stress. In addition,
the decrease in the porewater pressure is associatedwith themigration
of water from the unfrozen zone to the frozen zone and frozen
fringe. Thus, based on the pore water pressure analysis, we propose
that consolidation of the unfrozen zone includes two components,
compression-induced consolidation and vacuum-induced consolida-
tion. Compression-induced consolidation results from an increase
in frost heaving stress in the frozen fringe or external load. The
compression-induced consolidation is dominant during the early stage
of freezing because the stress is more quickly transferred by the effec-
tive force. Vacuum-induced consolidation results from a decrease in
pore water pressure. The decrease in pore water pressure occurs in
the later stage of freezing, and thus the vacuum-induced consolidation
dominates the later stage of freezing.

Value Parameter Value

0.25 ku (m/s) 1×10−10

13 kf (m/s) 1×10−16

Image of Fig. 9


In addition, previous studies showed that water expulsion during
the early stage of freezing is commonly attributed to the volume change
as water phases into ice (McRoberts and Morgenstern, 1975; Nakano,
1999). Herein, we propose that consolidation in the unfrozen zone is a
significant factor forwater expulsion based on the above analysis.More-
over, as shown in Fig. 6, soils with higher initial moisture contents have
larger pore water pressure increases, and soils with lower initial mois-
ture contents have smaller porewater pressure increases. This result in-

By inserting Eqs. (8) and (9) into Eq. (7), the governing equation for
stress equilibrium with the displacement variable can be obtained as
follows:

E
2 1þ υð Þ∇

2U þ E
2 1þ υð Þ 1−2υð Þ∇ ∇ � Uð Þ ¼ αbPw: ð11Þ

In summary, the Biot consolidation theory under time-dependent
external loading in the unfrozen zone is composed of Eqs. (7), (8),
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dicates that water is more likely to be extruded from saturated soil
during freezing.

3. Numerical simulation

3.1. Theoretical model for pore water pressure and consolidation phenom-
enon in the unfrozen zone

According to previous analyses, the changes in pore water pres-
sure and consolidation phenomenon in the unfrozen zone was sim-
ilar to those described by vacuum consolidation theory. Thus, we
used vacuum consolidation theory as a reference to interpret the
consolidation behavior in the unfrozen zone during freezing. Vacu-
um consolidation was commonly simulated by using Terzaghi's
consolidation theory under a constant external load (Indraratna
et al., 2005; Mohamedelhassan and Shang, 2002; Rujikiatkamjorn
and Indraratna, 2007). However, the frost heaving stress during soil
freezing varied with time. Therefore, consolidation in the unfrozen
zone could be considered as vacuum-induced consolidation under
time-dependent external loads. Here, we used Biot's consolidation the-
ory to conduct a theoretical analysis and a numerical simulation, and
the key was determining the boundary conditions at the freezing front.

The unfrozen zone in the z coordinate system is illustrated in Fig. 8.
The bottom of the soil sample is located at z=0, and the top of the soil
sample is located at z= H, where H is the height of the soil sample. The
freezing front is located at the coordinate point zf(t), which is a bound-
ary that varies with time. During freezing, no frost heaving stress occurs
in the unfrozen zone. Therefore, the differential equation of total stress
at equilibrium and at any given time is

∇ � σ ¼ ρg: ð7Þ

Here, σ is the total stress tensor, ρ is the total density, and g is accel-
eration due to gravity. The governing equation for the flow field is de-
rived from Darcy's law, and the continuity equation for moisture is as
follows:

Sα
∂Pw

∂t
þ ∇ � −k∇Pwð Þ ¼ −αb

∂
∂t

∇Uð Þ: ð8Þ

Here, Pw is the pore water pressure, αB is the Biot-Willis coefficient,
Sα is the storage coefficient, and U is the displacement. The stress-
strain relationships are defined as follows:

σx
σ z

σ xz

2
4

3
5 ¼ E

1þ υð Þ 1−2υð Þ

1−υ υ 0
υ 1−υ 0
0 0

1−2υ
2

2
64

3
75

�
εx
εz
εxz

2
4

3
5−

αBPw 0 0
0 αBPw 0
0 0 αBPw

2
4

3
5: ð9Þ

where E is the Young'smodulus, υ is Poisson's ratio, and the termαBPw is
the contribution of the fluid pressure, which is often described as the
fluid-to-structure coupling expression (Nasvi et al., 2014). The
displacement-strain relationships are defined as follows:

εx ¼ ∂u
∂x

; εz ¼ ∂v
∂z

; εxz ¼ 1
2

∂u
∂z

þ ∂v
∂x

� �
; εxz ¼ εzx: ð10Þ
(9) and (10).

3.2. Case analysis

The size of the unfrozen zone varies with time as the freezing front
advances downward. This process is viewed as a moving boundary
problem and can be simulated using the arbitrary Lagrangian-Eulerian
(ALE) method in COMSOL (Carin, 2006). Furthermore, the simulation
must determine the variations in the stress and pore water pressure at
the freezing front, while the boundary at the bottom of the soil sample
is generally used to distinguish between open-system and closed-
system conditions. This simulation can reflect the changing trends of
pore water pressure that are affected by various factors.

3.2.1. Case A: the closed-system condition
Case A involved the freezing of CN2 saturated silty clay soil sample

under closed-system condition. In this case, the height of the soil sample
was 13.3 cm; the top, bottle and box temperatureswere−8 °C, 3 °C and
1 °C, respectively; and the sidewall of the cell was insulated. The freez-
ing front gradually advanced downward and then remained stable at a
height of 5.5 cm when a constant temperature was applied at the top
of the soil sample. The stress boundary and hydraulic boundary condi-
tions at the freezing front were based on Eqs. (2) and (6). Because the
soil sample was saturated and under no external load, the total stress
and pore water pressurewere approximated and reduced to simple lin-
ear relationships, as shown in Eqs. (12) and (13), regardless of the self-
weight of the soil sample.

σ z¼z f tð Þ
��� ¼ σ f z f tð Þ� �

≈A H−z f
� � ð12Þ

Pw zf ; t
� � ¼ PwT≈B H−zf

� � ð13Þ

The evolution of the freezing front was obtained by fitting the tem-
perature data in the CN2 experiment, as shown in Fig. 10a. Fig. 10c
shows the variations of the total stress and pore water pressure at the
freezing front with time based on Eqs. (12) and (13). The hydraulic
boundary at the bottom of the soil sample in the closed-system condi-
tion was presented as follows:

ku
∂Pw

∂z z¼0j ¼ 0; ð14Þ

where ku is the hydraulic conductivity of the unfrozen zone; the other
parameters used in the simulation are shown in Table 3. Parameter A
was obtained by referring to the pressures shown in Fig. 9. As shown
in Fig. 9c, the slope of the internal stress with depth was approximately
650 kPa/m. Thus, we assumed that this parameter was approximately
500 kPa/m. Similarly, parameter B was obtained from the pore water
pressure measured in our study. As shown in Fig. 6, the maximum de-
crease of the porewater pressure in the saturated soilwas approximate-
ly 35 kPa, and the depth of the freezing front was approximately 6 cm.
Therefore, the slope of the pore water pressure with depthwas approx-
imately −600 kPa/m. However, the υ, E, ku and kf parameters were all
obtained from papers that investigated similar soils (Yang et al., 2008;
Wen et al., 2011; Zhou and Li, 2012). Our calculations indicated that
the simulated Pw3 and Pw4 pore water pressures fit the measured
Pw3 and Pw4 pore water pressure data well (Fig. 11).



3.2.2. Case B: the open-system condition
This case investigated CN1 saturated silty clay soil sample under

open-system conditions. The height of the soil sample was 12.5 cm;
the top, bottle and box temperatures were −5 °C, 1 °C and 1.5 °C, re-
spectively; and the sidewall of the cell was insulated. The freezing
front gradually advanced downward and then stabilized at a height of
6.3 cm when a constant temperature was applied at the top of the soil
sample. The stress boundary and the hydraulic boundary conditions at

variations, which were expected to promote the theoretical develop-
ment of an accurate frost heave model. In the early stage of freezing,
some water is extruded from the saturated soil samples as the pore
water pressure increases. This process implies that the unfrozen zone
experiences an apparent compression-induced consolidation process.
However, the pore water pressure significantly decreased during the
later stages of freezing in the closed-system experiments. This finding
implies that the unfrozen zone experiences a vacuum-induced consoli-
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the freezing front under open-system condition were also represented
by Eqs. (12) and (13), which were similar to the closed-system condi-
tions presented in Section 3.2.1 (Fig. 10d). The evolution of the freezing
front with time was plotted in Fig. 10b. The hydraulic boundary at the
bottom of the soil sample under the open-system condition was
presented as follows:

Pw z¼0j ¼ 0: ð15Þ

The parameters required for the simulation can be found in Table 3.
According to our calculation, the simulated pore water pressure fit the
measured Pw3 pore water pressure data well (Fig. 12).

The uplift of the soil surface during freezing is the sum of the frost
heave in the frozen zone and consolidation in the unfrozen zone. How-
ever, in previous numerical simulations and in the analysis of data from
unidirectional freezing tests, the uplift of the soil surface has always
been reduced to the frost heave in the frozen zone without considering
consolidation in the unfrozen zone. Therefore, greater uplift is always
obtained from the simulation relative to the measured value at the
soil surface. Herein, the importance of consolidation is acknowledged.
Thus, the consolidation behavior and boundary conditions of the unfro-
zen zone were interpreted in detail with regard to pore water pressure
Fig. 10. The boundary conditions in the freezing front, including the (a) evolution of the freezin
(c) total stress and pore water pressure at the freezing front with time during experiment CN
experiment CN1.
dation process. Notably, deformation of the unfrozen zone depends not
only on consolidation process but on swelling process. For example,
some water will be absorbed into the unfrozen zone in the open-
system condition because suction occurs. Therefore, the unfrozen zone
may experience an apparent swelling process that is accompanied by
increase of moisture content. The relationships regarding the deforma-
tion of the unfrozen zone are considered an aspect of unsaturated soil
research. Herein, we did not conduct the further investigations that
are referred to by Sheng (2011).

4. Conclusions

This study of the pore water pressures in the unfrozen zone during
unidirectional freezing tests in the laboratory has yielded the following
conclusions:

1) Temperature changes over a range of positive temperatures do
not result in pore water pressure changes in the unfrozen zone. In addi-
tion, the porewater pressure in the unfrozen zone generally increases at
first and then decreases. Changes in the pore water pressure in the un-
frozen zone are mainly controlled by stress and hydraulic boundary
conditions. Furthermore, changes in pore water pressure are affected
by soil type, water supply condition, initial soil moisture content,
g front during experiment CN2, (b) evolution of the freezing front during experiment CN1,
2, and (d) the total stress and pore water pressure in the freezing front with time during

Image of Fig. 10


measured soil layer depth, and hydraulic conductivity. Conversely,
changes in the pore water pressure in the unfrozen zone indicated an
increase in the frost heaving pressure and a decrease in the pore
water pressure at the freezing front and the frozen fringe during
freezing.

2) Based on the changes of the pore water pressure in the unfrozen
zone, we propose that consolidation in the unfrozen zone during freez-
ing results from compression-induced and vacuum-induced consolida-

fringe because the pore water pressure decreased, which resulted in
vacuum-induced consolidation of the unfrozen zone.

4) In addition, the uplift of the soil surface during freezing is attrib-
uted to the combined effects of frost heave deformation in the frozen
zone and consolidation deformation in the unfrozen zone. The impor-
tance of consolidation is realized from the variations of the pore water
pressure that were observed in this paper. Therefore, consolidation de-
formation in the unfrozen zone should be considered for accurate frost

Fig. 11. Comparison of the measured and simulated pore water pressures in the unfrozen zone during closed-system freezing of CN2.
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tion. Different consolidation patterns are responsible for different stages
of freezing. Compression-induced consolidation primarily occurs during
the early stage of soil freezing as the pore water pressure increases, and
vacuum-induced consolidation mainly occurs during the later stage of
soil freezing as the pore water pressure decreases.

3) Water extrusion is commonly viewed as an increase in volume
that results from the transformation ofwater into ice. Furthermore, con-
solidation in the unfrozen zone is a significant factor that induces water
extrusion. During the early stage of soil freezing, water was extruded
because of the pore water pressure increases due to the compression-
induced consolidation of the unfrozen zone. During the later stage of
soil freezing, water was absorbed into the frozen zone and the frozen
Fig. 12. Comparison of the measured and simulated pore water pressures in the unfrozen
zone during open-system freezing of CN1.
heave modeling.
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