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In this article, changes of pore water pressures (PWP) in silty clay subjected to freezing and thawing were measured under an
open-system condition. A total of five soil samples were tested, with water contents of 10.70%, 18.28%, 23.98%, 31.00%, and
37.65%, respectively. Each experienced a first-step freezing stage, a thawing stage, and a second-step freezing stage. 'e results
showed that changes in PWP depended on the water content, soil type, salinity, ice content, air, pressure, temperature, and others.
'e PWP minimum with initial water content has a “w-shaped double-valley” characteristic, which described two PWP minima
existing in two optimum water contents as initial water content increased. An influence-factor analysis of PWP was proposed and
gave a reasonable interpretation on the “w-shaped double-valley” characteristic of PWP. In addition, the tensiometer method to
measure PWP in frozen soil was further discussed with regard to its advantages and disadvantages.

1. Introduction

Construction and operation in cold regions may encounter
many environmental and engineering problems, such as
permafrost degradation, frost heaving, icing, thaw settle-
ment, thermokarst, and infrastructure failure. With the
development of our country’s economy and implementation
of Western development strategy, increasing projects are
built in cold regions, including railway, highway, power
transmission line, and petroleum pipeline. 'erefore, in-
creasing research work begins to focus on the deformation
process of frozen soil involving construction of these
projects. Frost heave and thaw settlement are two uppermost
hazards generally causing significant damages during en-
gineering construction and operation, and accurate pre-
diction of the deformation process is an important issue that
needs to be urgently solved.

Water migration and ice segregation as two essential
issues of the frost heave and thaw settlement problem have
always been of interest to researchers [1, 2]. When soils are
subjected to freezing, soil water freezes in situ with volume

increasing of 9%, or freezes in ice segregation way with
volume increasing of 109%. During ice segregation, water
migration occurs. Numerous investigations have focused on
the mechanisms of water migration and ice segregation, and
many theories and models have been proposed and studied,
including primary heaving theory [3–5], second heaving
theory [6–8], and segregation potential theory [9, 10].
Moreover, PWP measurement in freezing soil has been an
essential and key research work for further exploring the
mechanisms of water migration and ice segregation [11].

However, most of investigations on PWP were empirical
speculations or model calculations without direct experi-
ment data support. 'e measurement method of PWP has
been a challenge; only little work was focused on this re-
search, including hygrometer method [12], axis-translation
technique [13–15], Pf-meter method [16], and tensiometer
method [17–21]. Recently, increasing attention began to
focus on the tensiometer method. Zhang et al. [22] gave a
further improvement to this method based on previous
investigations on the measurement of PWP during soil
freezing. Using the novel PWP gauge, the PWP of sandy soil
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was measured in laboratory [22]. Based on the testing re-
sults, a change mode of PWP was suggested, and then the
frozen fringe process is analyzed, including the consolida-
tion of unfrozen zone, ice segregation, water migration, the
applicability of the generalized Clausius–Clapeyron equa-
tion (GCCE), and phase transition [23]. In addition, soil type
is a key influence factor for the frost heave and thaw set-
tlement deformation, and water migration and ice segre-
gation are more likely to occur in the frost-susceptible soils.
'erefore, compared to sandy soil, silty clay as a frost-
susceptible soil is more helpful to reveal the behaviors of
water migration and ice segregation.

Herein, we performed a series of PWP measurements on
silty clay subjected to freezing and thawing, and then a de-
tailed analysis on influence factors of the PWP is presented,
which will favor a further understanding of phase change
processing of soil water during soil freezing and thawing.

2. Materials and Methods

2.1. Sample Preparation. Silty clay as a typical type of soil
along the Qinghai-Tibet railway was tested, and the grain
size distribution and Atterberg limit of this soil are shown in
Table 1. 'e soil samples were prepared and tested at the
State Key Laboratory of Frozen Soil Engineering in Lanzhou,
China. 'e soil was thoroughly mixed with certain water
content and then hammered by a plane hammer into a
cylindrical Perspex cell. 'erefore, each soil sample had a
diameter of 101mm. A total of five soil samples were pre-
pared and measured during the experiments. 'e water
content of samples CN1, CN2, CN3, CN4, and CN5, re-
spectively, were 10.70%, 18.28%, 23.98%, 31.00%, and
37.65%. Other specific soil sample parameters, such as the
initial water content and height, are shown in Table 2.

2.2. Testing Program and Condition. 'e cylindrical Perspex
cell packed with the tested soil sample was put into the box of
the freeze-thaw cycling test machine. All of the temperature
probes and porous ceramic cups of PWP gauges were
inserted into the soil sample through the small holes in the
wall of the cell. Figure 1 is the detailed probe arrangements
on the cylindrical Perspex cell. 'e detailed sketch of freeze-
thaw cycling test machine and the design of PWP probe refer
to the article written by Zhang et al.[22]. Each sample ex-
perienced a process that included three stages: a first-step
freezing stage (abbreviated as fre1), a thawing stage (thw),
and a second-step freezing stage (fre2). Every step-freezing
stage (fre1 or fre2) was also divided into three steps (ab-
breviated as I, II, and III) according to different top plate
temperatures. In every step of the freezing stage (fre1 or
fre2), the testing time is approximately 48 hours. In the
thawing stage, soil sample thawed under room temperature
with a time of approximately 24 hours. All temperature
conditions of the samples tested are listed in Table 2. During
testing, PWP, temperature, and water volume absorbed into
soil sample were measured and recorded. After every test
ended, the water content distribution of each sample was
also obtained using gravimetric method.

3. Results

3.1. Water Migration Volume. Figure 2 is the variations of
water volume absorbed into silty clay samples CN1, CN2,
CN3, and CN4. As shown in Figure 2, the water volumes
absorbed into samples have the characteristics as follows:

(1) During soil freezing, the water volumes absorbed
into samples CN1, CN2, CN3, and CN4 linearly
increased over time. 'is implied that increasing
water was absorbed into samples during freezing.

(2) Samples with different water contents differed
greatly in water volumes absorbed into the samples,
and the water volumes absorbed into samples de-
creased as the initial water content increased. For
example, as shown in Figure 2, after the same testing
time (312 hours), the water volumes absorbed into
samples CN1, CN2, CN3, and CN4 are approxi-
mately 471.87, 309.60, 379.52, and 238.98 cm3, re-
spectively. 'e average migration rates of water
absorbed into samples are approximately 0.027,
0.018, 0.022, and 0.014 cm3/M.

(3) As the initial water content increased, sample in the
early stage of freezing experienced a state transition
from water absorption to drainage. For example, in
the early stage of freezing (fre1.I), water was
absorbed into sample CN1 but squeezed out of
samples CN2, CN3, and CN4. 'is state difference
exactly explained why sample with lower initial water
content had a larger water volume absorbed into it.

(4) In the thawing stage, except little water absorbed into
the samples in the early stage of thawing, no water
was absorbed into samples.

Figure 3 is the water content distributions of samples
CN1, CN2, CN3, and CN5 at the end of each testing. As
shown in Figure 3, we found the following:

(1) Water content of the bottom part of sample (the
unfrozen zone) was smaller than that of the upper
part of sample (the frozen zone), which implied that
there exists water migration from the unfrozen zone
to frozen zone.

(2) Water contents at the bottom part of all samples (the
unfrozen zone) were smaller than the initial con-
tents, which implied that there existed certain
consolidation in the unfrozen zone.

3.2. Displacement of Soil Sample. Figure 4 is the variations of
displacement of samples CN1, CN2, and CN4 during
freezing and thawing. As shown in Figure 4, samples CN1,
CN2, and CN4 differed greatly in displacement during
freezing and thawing and presented some characteristics as
follows:

(1) During soil freezing, there existed heaving of sample;
the heaving displacement decreased as the water
content increased; for each sample, the heaving
displacement in the second freezing stage (fre2) was
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larger than that in the first freezing stage (fre1). For
example, in the first freezing stage (fre1), the heaving
of samples CN1, CN2, and CN4 is approximately
4.38, 1.80, and 1.79mm, respectively; in the second

freezing stage (fre2), the heaving of samples CN1,
CN2, and CN4 is approximately 5.79, 2.20, and
3.92mm, respectively. During soil freezing, the
measured displacement, actually, is a sum of de-
formations of the frozen zone and the unfrozen zone.
'e deformation of the frozen zone was induced by a
frost heave process, which generally induced the
surface lifting. However, the deformation of the un-
frozen zone might be induced by two different pro-
cesses according to water content.Whenwater content
was large, the unfrozen zone mainly experienced a
consolidation process, which generally induced the
surface collapse. Conversely, when water content was
low, the unfrozen zone mainly experienced an
expanding process because some water was absorbed
into this zone from the reservoir bottle, which gen-
erally induced the surface lifting.'erefore, the surface
lifting decreased as the water content increased.
However, the heaving displacements in the second
freezing stage (fre2) were larger than those in the first
freezing stage (fre1), which may be attributed to the
fact that the displacements induced by consolidation in
the second freezing stage (fre2) are smaller, compared
to those in the first freezing stage (fre1).

(2) During soil thawing, there existed settlement in all of
samples; the settlement increased as the water content
increased. For example, the thawing of samples CN1,
CN2, and CN4 is approximately 0.55, 1.65, and
9.49mm, respectively. 'is thawing settlement is
mainly ascribed to the consolidation and frost heaving
during freezing which are both increase with water
contents increase. 'erefore, the settlement increased
as the water content increased during thawing.

3.3. PWPs during Soil Freezing and,awing. Figures 5–9 are
the variations of PWP of samples CN1, CN2, CN3, CN4, and
CN5 during the freezing and thawing. As shown in

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

Soil type Liquid limit Plastic limit
Particle size (mm)

<0.075 0.075–0.1 0.1–0.25 0.25–0.5 0.5–1.0 1.0–2.0 >2.0
Silty clay (%) 25.5 11.9 19.83 51.90 17.0 7.43 2.90 0.47 0.0

Table 2: Temperature conditions of soil samples tested.

Samples Initial water content (%) Height (mm)

Temperature (°C)
Fre1

thw
Fre2

Top plate Bottom plate Top plate Bottom plate
(I/II/III) (I/II/III) (I/II/III) (I/II/III)

CN1 10.70 112.3 −5/−8/−11 1.5

R

−3/−5/−11 1.5
CN2 18.28 107.0 −11/−14/−17 1.0 −5/−9/−12 3.0
CN3 23.98 121.0 −3/−7/−14 3.0 −3/−7/−14 3.0
CN4 31.00 121.0 −3/−7/−11 3.0 −3/−7/−11 3.0
CN5 37.65 125.0 −5/−10/−15 1.0 −5/−10/−15 1.0
∗R denotes room temperature.
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Figure 1: Probe arrangement on the cylindrical perspex cell. Pw1,
Pw2, and Pw3 for pore water pressure probes; T1–T10 for tem-
perature probes.
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Figure 3: Water content distributions of samples CN1, CN2, CN3, and CN5 at the end of tests.
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Figure 2: Variations of water volume absorbed into silty clay samples CN1, CN2, CN3, and CN4.
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Figure 5–9, we found some characteristics in the PWP as
follows:

(1) During soil freezing, PWP decreased as temperature
decreased. However, PWP in sample with low water
content was less sensitive to the temperature change.

(2) During soil thawing, PWP increased as temperature
increased.

(3) During soil freezing, the drop of PWP increased as
the soil depth increased.

(4) 'e minimum of PWP with initial water content had
a “w-shaped double-valley” characteristic, which
described that two minima of PWP exist in two
different water contents as initial content increased.
Table 3 is the minima of PWP during every freezing
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Figure 5: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN1. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN1. (c) Variation in the pore water pressure
Pw3 and temperature T7 during the freezing and thawing of sample CN1.
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Figure 4: Variations in displacement of samples CN1, CN2, CN3, and CN4 during freezing and thawing.
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Figure 6: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN2. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN2. (c) Variation in the pore water pressure
Pw3 and temperature T7 during the freezing and thawing of sample CN2.
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Figure 7: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN3. (b) Variation in
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Figure 8: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN4. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN4. (c) Variation in the pore water pressure
Pw3 and temperature T7 during the freezing and thawing of sample CN4.
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Figure 9: (a) Variation in the pore water pressure Pw1 and temperature T2 during the freezing and thawing of sample CN5. (b) Variation in
the pore water pressure Pw2 and temperature T5 during the freezing and thawing of sample CN5. (c) Variation in the pore water pressure
Pw1 and temperature T7 during the freezing and thawing of sample CN5.
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stage (fre1 and fre2) of testing. Figure 10 is the
minima of PWP with different initial water contents,
which was plotted based on Table 3. For example, as
shown in Figure 10, the initial water content of A, B,
C, D, and E corresponded to the water contents of
being 10.70%, 18.28%, 23.98%, 31.00%, and 37.65%,
respectively. 'e PWP change tendencies differed
greatly in the different water content ranges, de-
creasing in the range of AB and CD, increasing in the
range of BC and DE. 'is implied that soil water has
different free energy states in different ranges of
water content. For the sake of analysis, water content
is divided into six ranges, including OA, AB, BC, CD,
DE, and DZ.

4. Influence Factor of PWP

Change of PWP upon freezing is affected by temperature,
pressure, soil type, air, ice content, water content, water
supply condition, salinity, supercooling, and others [23, 24].
Based on PWPmeasurements of silty clay, we gave a detailed
discussion on some key influencing factors of PWP.

4.1. Influence of Temperature on PWP. If the PWP variations
over time were related to temperature changes over time in the
same depth of the soil sample, a temperature dependence of

the PWP could be established. As shown in Figure 11, the
PWP with temperature generally experienced a change mode
including three phases. In the first phase, the PWP generally
had a slight increasing as the temperature decreased. In the
second phase, the PWP had a fast drop as the temperature
decreased. In the third phase, the PWP slightly increased as the
temperature decreased. Using the PWP Pw2 of sample CN5 in
the fre1.I step as an example (Figure 11), at first, the PWP had
a slight increase of approximately 5 kPa and then decreased to
a minimum −20.0 kPa as the temperature decreased; finally, it
increased slightly as the temperature decreased.

When the soils experienced a further second or third
freezing step, the soils still experienced a similar change
mode as described in the first freezing step above when
the temperature had a sudden drop. 'e PWP decreased
to an extreme point and then increased slightly with
decreasing temperature. Using the PWP Pw2 of sample
CN5 in the fre1.II step as an example (Figure 11), at first,
the PWP remained approximately −11.5 kPa, then de-
creased to a minimum −32.8 kPa as the temperature
decreased, and finally increased slightly as the temper-
ature decreased.

However, we must realize that the PWP change with
temperature is actually a combined effect of all influence
factors, not depending only on temperature. Based on phase
equilibrium, the PWP change is generally described by
GCCE as follows:

Table 3: 'e minima of pore water pressure during every freezing stage (fre1 and fre2) during tests.

Samples Initial water content %
Fre1 Fre2

Minimum of PWP (kPa)
Pw1 Pw2 Pw3 Pw1 Pw2 Pw3

CN1 10.70 −12.49 −18.689 −16.93 −16.42 −19.07 −17.21
CN2 18.28 −14.89 −44.75 −32.99 −17.22 −61.46 −33.02
CN3 23.98 −20.5 −27.99 −31.72 −18.22 −32.00 −29.33
CN4 31.00 −32.31 −37.93 −35.43 −34.02 −19.29 −45.46
CN5 37.65 −23.12 −33.18 −33.14 −31.16 −33.23 −32.52
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uw

ρw

−
ui

ρi

� L
T − Tf

Tf

; Ts ≤T≤Tf, (1)

where L is the latent heat of fusion; Tf is the freezing point of
water; T is the temperature of the ice and water; ρw and ρi are
the densities of water and ice, respectively; uw and ui is the
gauge pressure of water and ice; and Ts is the ice segregation
temperature. 'e PWP change depends only on the tem-
perature, irrespective of ice pressure. However, soil freezing
may be more inclined to be a nonequilibrium (irreversible)
thermodynamic process [23], and thus the PWP change
should have some time effect, which needs further research.

4.2. Influenceof IcePressureonPWP. In a range of high water
content (DE), irrespective of ice-water phase transition, ice
skeleton begins to form and bear the vast majority of load as
the water content increases, ice pressure increases based on
effective stress principle, and thus the PWP increases. In
addition, as the water content increases, the strength of ice
skeleton increases, and part of unfrozen water is confined in
the occluded space by ice. When there occurs the ice-water
phase change in soils, a larger ice pressure occurs because of
a larger density of water than ice. 'e PWP increases as ice
pressure increases, based on the GCCE (1).

Based on the effects above, we suggested that the PWP
induced by ice pressure increases as water content increases
in the range of high water content (DE), especially when the
unfrozen water is confined in the occluded space by ice. For
example, as shown in Figure 9(b), during the freezing stage
(fre1.III) of sample CN4, although the temperature T5 is
subzero, the maximum of PWP Pw2 reached 15 kPa. 'e
high PWP may be ascribed to the fact that the PWP probe is
confined in an occluded space by ice.'erefore, the PWP has
a fast increase because of ice-water phase change.

4.3. Influence of Soil Type on PWP. Compared to the results
of sandy soil that are referred to by Zhang et al. [22], silty clay

differs greatly from sandy soil in the change characteristic of
PWP as follows:

(1) 'e PWP drop of silty clay is larger than that of
sandy soil during the freezing, whichmay be ascribed
to the differences in particle size composition, pore
size, surface energy, permeability, specific surface
area, etc.

(2) In the early stage of freezing, silty clay has a slight
increase in PWP, while sandy soil remains constant.
'e difference implied that soil water of silty clay is
more susceptible to pressure, compared to sandy soil.
'e differences in the PWP may result from a
combination of two factors. First, the PWP in the
sandy soil sample has a faster dissipation rate than
the PWP in the silty clay sample because of the
higher permeability of sandy soil. Second, silty clay
may have a more significant increase in frost heaving
stress than the sandy soil during freezing.

(3) In silty clay, the PWP at a position can be affected by
the PWP at its adjacent position, while in sandy soil,
the PWP at a position is not affected by the PWP at
its adjacent position. 'is may be ascribed to two
factors: one is that the permeability of sandy soil is
larger than silty clay; the other is that more unfrozen
water content of silty clay than sandy soil favors
building a connected path for water migration.

(4) 'e PWP of sandy soil has a different change mode
between the first- (fre1) and the second- (fre2) step
freezing (i.e., before and after the freeze-thaw pro-
cess). 'is implies that the physical and mechanical
properties of sandy soil experience a significant
change after freeze-thaw cycles. However，the PWP
of silty clay has not a different change mode between
the first- (fre1) and the second- (fre2) step freezing.
'is may be because the number of freeze-thaw
cycles is so small (one freeze-thaw cycle) to induce a
significant change in the physical and mechanical
properties of silty clay.
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Figure 11: 'e PWP Pw2 of sample CN5 with temperature during two freezing steps (fre1.I and fre1.II).
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In addition, ice material also can bear load and absorb
water as soil does, and thus ice can be regarded as a special
type of soil, in some sense.

4.4. Influence of Air on PWP. In unsaturated soil, the total
soil suction is composed of matric and osmotic suctions,
which can be presented as follows:

ψ � ua − uw(  + π, (2)

where ψ is the total soil suction; (ua − uw) is the matric
suction; ua is the pore air pressure; and π is the osmotic
suction. 'e osmotic suction depends on the solute con-
centration. 'e item on the osmotic suction is ignored
because no or little salinity exists in the soil tested, and thus
the total soil suction is presented as follows:

ψ � ua − uw( . (3)

In addition, in terms of the partial vapor pressure of soil
water, the total soil suction can be presented as follows
(Richards, 1965):

ψ � −
RT

υw0ωv

ln
uv

uv0
 , (4)

where R is the molar gas constant; T is the absolute tem-
perature; υw0 is the specific volume of water; ωv is the
molecular mass of water vapor; uv is the partial pressure of
pore water vapor; and uv0 is the saturation pressure of water
vapor over a flat surface of pure water at the same tem-
perature. Based on equations (3) and (4), we can present the
PWP as follows:

uw � ua −
RT

υw0ωv

ln
uv

uv0
 . (5)

When the water content of sample is low, the axis-
translation technique is generally used to measure the soil-
water characteristic curve; a high air pressure is generally
applied. 'e air pressure has a further sharp increase as
water content further decreases, and thus, the first item on
the right side of equation (5) is larger, while the total soil
suction has a logarithmic relationship with the partial
pressure of pore water vapor, based on equation (4).
'erefore, when the water content is low, the second item of
equation (5) is also relatively larger. Based on a combined
effect of the first and second items, in a range of low water
content (OA), the PWP change is little as water content
change.

4.5. Influence of Water Content on PWP. 'e PWP change
depends on water content. During soil freezing, PWPs in
samples with low water content were less sensitive to the
temperature change, while PWPs in samples with larger
water content were sensitive to the temperature change.
When water content of soil sample is low, the phase tran-
sitions between ice, water, and vapor are nearly stopped.
'erefore, the change of PWP with temperature is less
sensitive. However, when water content of soil sample is

larger, the phase transition between ice and water is very
significant. 'erefore, the PWP change with temperature is
sensitive.

5. Analysis on Influence Factor of PWP

'e “w-shaped double-valley” characteristic in PWP is ac-
tually a response of soil water energy state to varied factors,
which is a combined effect from temperature, pressure,
salinity, matric potential, ice content, air, etc. We can de-
scribe this relationship as followss:

ΔPwf � ΔPwT + ΔPwp + ΔPwc + ΔPws + ΔPwi + ΔPwG,

(6)

where ΔPwf is the total PWP change; ΔPwT is the PWP
change induced by the temperature gradient when the soil
sample is saturated; ΔPwP is the PWP change that is
influenced by the internal stress changes of the soil (which
involves the changes of external load and frost heaving stress
or ice pressure); ΔPwc is the PWP change induced by the
solute concentration; ΔPws is the PWP change induced by
the soil matrix, i.e., matric potential;ΔPwi is the PWP change
induced by the ice matrix; and ΔPwG is the PWP change
induced by air.

Figure 12 is the influence-factor decoupling analysis on
PWP with initial water content, which is described based on
equation (6). Refer to Section 4.1, ΔPwT mainly depends on
the temperature in the temperature ranges of phase tran-
sition and thus nearly remains constant with water content
increasing. ΔPwc remains zero or a slight depression because
no or little salinity exists in the soil tested. In the range of low
water content, as initial water content increases, the matric
suction decreases and thus ΔPws increases. As initial water
content increases, ice content and its specific surface area
increase, and ice skeleton forms. 'e matric suction of ice
skeleton increases and thus ΔPwi decreases. When initial
water content is low, almost all of pores remain connect and
are full of air, and thus PWP is mainly affected by air
pressure.'erefore, ΔPwG decreases as air content decreases.
When initial water content is high, almost all of pores re-
main connect and are full of ice, and the unfrozen water is
generally confined in a closed space. 'erefore, ΔPwP in-
creases because of volume increasing induced by ice-water
phase change as water content increases in the ranges of high
water content.

Based on influence-factor analysis method, we can present
a reasonable interpretation to the “w-shaped double-valley”
characteristic of PWP. 'e PWP valley V1 is ascribed to a
combined effect of ΔPwG and ΔPws. Both of them intersect at
point A.When the initial water content is smaller than point A,
the drop rate of ΔPwG is larger than the increase rate of ΔPws;
when the initial water content is larger than point A, the drop
rate of ΔPwG is smaller than the increase rate of ΔPws.
'erefore, there exists a minimum of PWP in point
A. Similarly, the PWP valley V2 is ascribed to the combined
effects of ΔPwi and ΔPwP. Both of them intersect at point
B. When the initial water content is smaller than point B, the
drop rate ofΔPwi is larger than the increase rate ofΔPwP; when
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the initial water content is larger than point A, the drop rate of
ΔPwi is smaller than the increase rate ofΔPwP.'erefore, there
exists a minimum of PWP at point B.

'e different PWP is commonly referred to as the free
energy state of soil water, which refers to the content and
energy of free water, capillary water, weakly bound water,
strongly bound water, and interfaces between ice, water, and
air. In addition, the soil water state is closely related to the
pore morphology, mineral composition, and grain size
composition. 'ese issues all need a further detailed
research.

6. Discussion on the Tensiometer Method for
PWP Measurement in Frozen Soil

Using tensiometer method, we found that PWP had a drop
during soil freezing and increased during soil thawing.
'erefore, a reasonable change tendency in PWP can be
measured using this method, which indicated that the
method is valid. However, there still exist some limitations in
the method, which is mainly embodied in the following four
disadvantages:

(1) Cavitation occurs in the inner liquid of probe
lead to measurement failure. For example, as
shown in Figures 5–9, the discontinuity of data is
mainly ascribed to the measurement failure in-
duced by cavitation occurring in the inner liquid
of probe. 'is problem is always a challenge
for design of this kind of probe. To avoid cavitation
occurring and obtain consistent and valid data,
the probe must be reasonably saturated before
testing.

(2) 'e porous ceramic cup is relatively smaller in
strength, easy to fracture when subjected to high
stress. 'erefore, the probe is not suitable to apply
under high stress condition. During soil freezing, a

high frost heaving stress occurs in the soil because of
frost heave. A high stress also can occur in the soil
under heavy external load. 'e high stress frequently
makes the probe fracture and failure.

(3) 'e PWP has generally a broad change range (from
−100 kPa to several megapascals) during soil freezing
under heavy load. 'erefore, the positive measuring
range is much larger than the negative measuring
range, and the significant difference between positive
and negative measuring range will impose restric-
tions on the accuracy of probe.

(4) It is always questioned whether or not the PWP of
frozen soil with low water content can be measured.
'e method is based on a thermodynamic equilib-
rium between liquid in the sensor and unfrozen
water film in the soil. However, the unfrozen water is
relatively less and has a poor fluidity in the frozen soil
with low water content. 'is low water content will
cut off the connection of water film and further
destroy the thermodynamic equilibrium required by
the probe.

In conclusion, a more detailed investigation on the
method will be performed to measure the PWP of soils
subjected to negative temperature and high stress.

7. Conclusions

'e following conclusions can be obtained from the PWP
measurement of silty clay subjected to freezing and thawing:

During soil freezing, as temperature decreases, PWP
first has a slight increase, then decreases to a minimum,
and finally has a slight increase. During soil thawing,
PWP increases as temperature increases.
'e PWP minimum has a “w-shaped double-valley”
characteristic as initial water content increases.
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'e PWP changes depend on multifactors. An influ-
ence-factor analysis of PWP was proposed and gave a
reasonable interpretation on the “w-shaped double-
valley” characteristic of PWP.
'emethod to measure PWP used in this article is valid
for the PWP measurement during soil freezing and
thawing. However, there still exist some limitations for
further research.
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