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A series of tests for water transfer and ice accumulation were conducted under different soil types and conditions of water supply
method, temperature gradient, and initial water content; the influence of the above parameters on the efficiency of water and vapor
transfer was investigated and discussed.,emain conclusions drawn are as follows. First, due to the difference in permeability for
different soil type, water (i.e., liquid water and vapor) transfers differently.,e water (or ice) accumulated in the soils of calcareous
sand, silty soil in Lanzhou (SSL), red clay in Changsha, and silty soil in Hohhot (SSH) under the top plate is 34.5%, 21.0%, 11.33%,
and 26.7%, respectively. In addition, the water (or ice) accumulation is determined by the holding capacity of water. Second, the
supply method of liquid water is more efficiently compared with that of vapor supply, with the water contents increasing to 60.5%
and 57.3% for liquid water and vapor supply. ,ird, the larger the temperature gradient, the greater the water accumulation in the
frozen area.,e increased amount of water mass under different temperature boundary conditions is 227.9 g, 253.3 g, and 273.8 g,
respectively. Finally, the initial water content in silty soil has a significant influence on water and vapor transfer. ,e increased
amounts of water for the tests of the initial water content of 5%, 10%, and 15% are 282.6 g, 253.3 g, and 132.5 g, respectively. ,e
smaller the initial water content, the greater the water transfer in the unfrozen zone and vapor transfer in the frozen zone.

1. Introduction

,e foundation of airport runways is fully covered by the cement
concrete pavement; the vapor in the deep foundation migrates
upward and accumulates in the form of ice crystals under the
cement concrete pavement in the winter. However, the massive
deposit of ice then melts into water in summer and leads to a
reduction in bearing capacity of foundation.,erefore, the study
of moisture transfer in foundations, particularly in the condition
of large coverage with airtight materials, is important before
some effective measures are adopted to prevent the accumu-
lation of ice under the concrete pavement.

In the 1930s, Taber [1] observed the existence of ice-
permeable crystals through experiments, suggesting that
frost heave was produced by the migration of unfrozen water

to the frozen front, rather than the volumetric expansion of
water freezes. ,is work firstly proves that the external water
supply is the necessary condition resulting in frost heave; in
addition, the moisture transfer under the freezing point is
the primary source of freezing-leaded problems in the
foundations or embankments. Since then, numerous re-
searches have been conducted to study the issues with
moisture transfer, for instance, the capillary action theory
[1, 2], the frozen edge theory [3, 4], the hydrothermal
coupling theory [5, 6], and the theory of segregation po-
tential [7, 8]. However, those theories mainly focus on the
water flow transfer in saturated soils without considering the
vapor transfer in the unsaturated conditions.

Recently, it was found that the unique moisture accu-
mulation can take place in arid and semiarid regions, where
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the groundwater table is relatively deep, and the soil is
initially very dry. Noting that this phenomenon occurs in
soils which have experienced freezing, Li et al. [9] proposed a
“pot cover” effect to explain this potential reason. It is said
that the moisture transfers upward in a form of air (i.e.,
vapor transfer) and then accumulates in a form of ice crystal
under the ice-cold cover (e.g., cement concrete pavement) in
winter and then a large amount of ice crystals melts in
summer, leading to the reduction in bearing capacity. Based
on this explanation, Teng et al. [10] suggested that the vapor
transfer derived from the temperature gradient was the main
approach leading to the water accumulation under the
pavement, while the possibility of capillary action was
eliminated because a deep groundwater table cannot be the
source of water supply. Furthermore, Teng et al. [10] dis-
cussed that two possible reasons lead to the “pot cover”
effect: the first is the vapor condensation in the unsaturated
soils; the other is the vapor transfer under freezing condi-
tion. Based on the two above two explanations, two ana-
lytical models were proposed for the calculation of the
accumulation of ice crystals under a “pot cover,” which
proved that the vapor transfer is the main reason resulting in
the “pot cover” effect. Zhang et al. [11] developed an in-
novative test equipment and then performed a series of
vapor transfer tests for clay under the different initial water
content and temperature conditions to investigate the oc-
curring and developing mechanism of the “pot cover” effect.
In particular, the “pot cover” effect is more significant in the
freezing condition after comparing the test results of un-
frozen soil. Furthermore, the experimental observations
indicated that the water content at the top of frozen samples
significantly increased compared with the unfrozen samples,
which agrees with the conclusions by Teng et al. [12]. Be-
sides, Gao et al. [13] and Bai et al. [14] conducted a series of
frost heave tests of different fine particles and stated that the
vapor transfer is essential to the frost heave of coarse-grained
soils, especially in the condition of low water content.
,erefore, the vapor transfer should be paid much attention
in practice to prevent the damage derived from frost heave.
Finally, other experimental tests also observed that the silty
soil is one of the soil types that is much easier to frost heave
compared with other soils such as sand and clay [15–17].

Although the research on formation and development
mechanism of the vapor transfer, the subsequent water
accumulation, and the further frost heave are conducted,
the influence of the boundary, soil type, and environment
conditions on the water transfer and ice accumulation
needs to be systematically studied, which is quite im-
portant to avoid frost heave damage in practice. Partic-
ularly, in the design of airport foundation and driveway
pavement, the height of frost proof layer, the selection of
subsoil when different soil types are available, the initial
water content of soil compaction after the maintenance of
compactness, and so on can be properly determined based
on this study.

In this paper, the tests of water (i.e., liquid water and
vapor) transfer were performed for different soil types, in-
cluding calcareous sand, silty soil in Lanzhou (SSL), red clay
in Changsha, and silty soil in Hohhot (SSH). In addition, the

influence of water supply method, temperature gradient, and
initial water content on the water or ice accumulation under
the pavement was comprehensively studied, and its sensi-
bilities were discussed.

2. Materials and Equipment

2.1. Materials. ,e silty soil obtained from Hohhot Airport,
China, was used in the laboratory tests. To make a com-
parison of the water transfer behavior for different soil types,
the tests were also conducted for them. ,e grain size
distributions of the soils are shown in Figure 1. ,e specific
gravity of the silty soil (SSH) is 2.67, and the maximum and
minimum densities are 1.74Mg/m3 and 1.41Mg/m3, re-
spectively. Moreover, the liquid and plastic limits of the soil
are 23.7% and 13.5%, respectively. Besides, the other typical
soil types, including calcareous sand, SSL soil, red clay in
Changsha, are adopted to make a comparison of the effi-
ciency of the vapor transfer. ,eir properties are available in
the literature [12, 18, 19].

2.2. Equipment. A water transfer testing instrument was
developed, which is available for monitoring temperatures in
a soil sample and controlling the temperature gradient. ,e
instrument contains three major parts: a test model system, a
temperature cycle control system, and a data logging system.
,e schematic diagram of the instrument is presented in
Figure 2.

,e test model system mainly consists of a plexiglass
cylinder, a water supply device, a thermal insulation
device, and some mechanical connection devices. ,e
sample cylinder has an outer diameter of 12 cm, an inner
diameter of 10 cm, and a height of 20 cm. ,e plexiglass
material of the sample cylinder is strong enough for soil
compaction and frost resistance. In addition, the sample
height and the changes in soil sample during the tests are
easily observed through the transparent cylinder wall.
Below the sample cylinder, there is a water supplement
device, which is connected to a Mario bottle to control
the water table and keep the water height throughout the
test process; thus, the efficiency of vapor transfer at
constant water table can be studied via this design. It
should be noted that the tests with water supply and
vapor supply can be achieved by changing the water table
in the space between the base pedestal and the soil sample
(see Figure 2). As the water table increases to a height
that higher than the bottom of soil sample, the water
supply method is obtained. Differently, the vapor supply
is achieved by leaving a gap between the water and the
bottom of the soil sample. ,e thermal insulation device
consists of two metal leaves containing 2 cm thermal
insulation cotton to ensure a one-dimensional temper-
ature gradient. ,e temperature control system consists
of two cryogenic circulation boxes providing constant
temperature refrigerant. ,e temperature control range
is between −30 and +90°C, and the control accuracy is
0.1°C. ,e circulation box is connected to the data log-
ging system.
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2.3. Test Program. A series of one-dimensional water
transfer tests regarding different soil types, water supply
method, temperature gradient, and initial water content
were performed using the proposed instrument. ,e in-
fluences of the above conditions on water transfer and the
redistribution of the water content in soil samples were then
obtained and discussed. ,e size of the soil sample of 10 cm
in diameter and 13.5 cm in height was adopted.

Firstly, there is a wide range of soil types in the cold
regions around the world; among them, sand, silt, and clay are
the three typical ones. In addition, the silty soil is the most
commonly used soil for the filling of embankment of airport
in Northern China, where it always suffered from the “pot
cover” effect; thus, the study of different silty soil in different
regions on vapor transfer is also needed. ,erefore, the in-
fluence of soil types, including calcareous sand, SSL, SSH, and
red clay in Changsha, on the vapor transfer was studied in this
paper.,e initial water content of samples was 5% and the dry
density was 1.5 g/cm3. ,e water table was controlled at a
relatively low level to achieve the vapor supply (i.e., avoid the
water contacting with the soil sample).,e top plate (negative
temperature) temperature is −10°C and the bottom plate
(positive temperature) temperature is 10°C. Every test lasted
for five days, and the test scheme is shown in Table 1.

Secondly, the water table varies seasonally in field, so the
water supplymethod forwater transfer is different. It is the liquid
water supplymethodwhen thewater table is high and vice versa.

,erefore, to study the influence of water supply method on the
water transfer in soil sample, the tests of different ground water
table were conducted. In these tests, the change in water table in
Mario bottle results in different water supply method. As the
water table was below the bottom of the soil sample, the vapor
supply was achieved. ,e soil sample parameters and temper-
ature controls in the test scheme are shown in Table 2.

,irdly, it is known that the temperature of land surface
varies seasonally across the world, while the temperature in
the relative deep foundation keeps constant in the whole
year. Hence, different temperature gradient appears, so the
study on the influence of different temperature gradient on
the water transfer is necessary. In this study, the temperature
of the top plate of negative temperature was controlled at
−5°C, −10°C, and −15°C, respectively, and the bottom plate
of positive temperature was consistently controlled at 10°C
to study the influence of temperature gradients on water
transfer. ,e test scheme is shown in Table 3.

Lastly, the suction of different degree of saturation (i.e.,
water content) can be the power to transport the water in soil
sample, which then promotes the water transfer. In addition,
whether the initial water in soil sample contributes to the
water transfer is another interesting issue worth studying.
,erefore, the influence of the initial water content on the
water transfer was investigated in this study, with the initial
water content values of 5%, 10%, and 15%, respectively. ,e
test scheme is shown in Table 4.
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Figure 1: Grain size distribution of the different soil types. (a) SSH. (b) SSL. (c) Calcareous sand. (d) Red clay.
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3. Result and Discussion

3.1.4e Influence of Soil Type. Figure 3 shows the initial mass
and increasedmass of water in different soils before and after
the water transfer tests. For calcareous sand, SSL soil, and
SSH soil, the increased masses of water are 24.0 g, 29.5 g, and

32.5 g, respectively. However, due to the low permeability,
the increased value of the red clay tends to be zero. ,e
accumulated water (or ice) under the top plate is mainly
from the soil in the zone of positive temperature, and the
power for the vapor transfer is the temperature gradient and
the matric potential in soils. In general, the silty soil,
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Figure 2: Schematic diagram of the vapor transfer test instrument [12].

Table 1: Influence of different soil types.

Case
no. Soil types Water supply

method
Dry density
(g/cm3)

Initial water content
(%)

Duration of test
(d)

Top/bottom
temperature

1 Calcareous sand

Vapor 1.5 5% 5 −10°C/10°C

2 Silty soil in Lanzhou
(SSL soil)

3 Red clay in
Changsha

4 Silty soil in Hohhot
(SSH soil)

Table 2: Influence of water supply method for SSH.

Case no. Supply method Dry density (g/cm3) Initial water content (%) Duration of test (d) Top/chassis temperature
5 Liquid water 1.5 10% 5 −10°C/10°C6 Vapor

4 Advances in Civil Engineering



including the SSH and SSL in this study, experienced the
largest water increase. ,erefore, the soil type significantly
influences the vapor transfer.

Figure 4 shows the distribution of the water content with
depth of different soil types after the vapor transfer test. As
the soil type has a significant influence on the vapor transfer,
the water (or ice) accumulated in the soils of calcareous sand,
SSL, red clay, and SSH under the top plate, with the water
content being 34.5%, 21.0%, 11.33%, and 26.7%, respectively.
It is known that clay and sand have the lowest and highest
permeability among the tested soils. In addition, since the
tests were conducted under the supply method of vapor, the
permeability plays the dominant role in vapor transfer. ,e
result proves this conclusion that more water is accumulated
at the top of the soil sample for the soil of higher perme-
ability. Although the total increase in water masses for
different soil types was observed, the water content distri-
butions in different soil columns need further discussion.

As shown in Figure 4, the frozen front positions (the
peak point) of calcareous sand, SSL, red clay, and SSH are at
10.6 cm, 11.5 cm, 11.5 cm, 11.5 cm height, respectively. ,e
water content at the frozen front position in the calcareous
sand sample reached 23.2%, while the corresponding water
content values for the SSL and SSH are 8.1% and 9.0%,
respectively. Noting that there is no peak point for the red
clay, the reason for this is that the red clay has quite low
permeability, leading to a very small amount of water re-
plenishment. ,e water under the top plate mainly comes
from the initial water in the soil, and the slight decrease in
water content in the lower height of soil proves this. In
addition, the mean pore diameter of silt is small, and the
vapor is prone to condensation after entering the soil; as a
result, the water content in the positive temperature zone
then increased. Subsequently, comparing with the red clay
soil, there will be more vapor transfer and water accumu-
lation for the silty soils under the top plate. For the cal-
careous sand at such low water content, the liquid water in
the soil will not flow downward under the action of gravity.
In addition, the adsorption force on the surface of ice crystals
promotes the migration of unfrozen water to the frozen
zone, leading to the reduction in water content in the
positive temperature zone. However, as a whole, the water in
the calcareous sand sample increased much (see Figure 3)
due to vapor transfer from the environment (i.e., Mariotte
bottle), which is different from the red clay sample that the

no vapor transfer occurs between the outside water sup-
plement and the soil sample.

3.2. 4e Influence of Water Supply Method. To study the
influence of water supply method on vapor transfer, two
tests were carried out for the soil sample of SSH. A steady
temperature distribution in samples during the test pro-
cesses is shown in Figure 5. ,e temperature in the soil
sample is approximately linearly distributed, and the frozen
fronts of vapor supply and liquid water supply are at 12.0 cm
and 11.5 cm height.,e temperature at the top of the sample
is measured by a sensor placed right the bottom of the
negative temperature plate (top plate). Once the sensor
contacts the sample, a sudden change of temperature was
observed due to the difference in thermal conductivity be-
tween the soil and the top plate.

As a whole, the increased amount of water mass in the
soil sample of different water supply method is shown in

Table 3: Influence of temperature gradient in SSH.

Case no. Supply method Dry density (g/cm3) Initial volumetric water content (%) Duration of test (d) Top/chassis temperature
7

Liquid water 1.5 10% 5
−5°C/10°C

5 −10°C/10°C
8 −15°C/10°C

Table 4: Influence of initial water content in SSH.

Case no. Supply method Dry density (g/cm3) Initial water content (%) Duration of test (d) Top/chassis temperature
9

Liquid water 1.5
5%

5 −10°C/10°C5 10%
10 15%
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Figure 3: Amount of water in samples of different soil type.
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Figure 6. ,e increased water mass in five days is 106.1 g for
the vapor supply method, which accounts for 66.7% of the
initial water mass. Under the condition of liquid water
supply, the increased water mass is 253.3 g, accounting for
159.3% of the initial value. Although the water transfer is
more remarkable for the liquid water supply method, it
cannot be neglected under the vapor supply condition since
the increased water mass by vapor transfer is still in a large

amount compared with the initial water content. In par-
ticular, the vapor transfer will be enlarged when a larger
temperature gradient appears in practice.

Figure 7 shows the final distribution of water content in
soil samples. ,e curves for the liquid water supply and
vapor supply are in similar shape but different absolute
values. ,e phenomenon of water accumulation can be
observed, and the water contents are 60.5% and 57.3% for
liquid water and vapor supply. At the frozen front position,
the water contents are much smaller, with 29.5% and 22.4%
being shown, respectively. ,e overall water content for the
test of liquid water supply is larger than the other; the
possible reason can be drawn as follows: the water transfer
with liquid water supply is mainly driven by the matric
potential, while the water transfer with vapor supply is
determined by the temperature gradient, from which the
condensation and deposition of liquid and vapor water then
happen [20]. ,e water transfer driven by matric potential
plays the dominant role, so more significant water transfer
occurred in the soil samples with liquid water supply
comparing with that of vapor supply.

3.3. 4e Influence of Temperature Gradient. Vapor transfer
tests were performed for samples of different temperature
gradients, and the stabilized temperature distributions along
the soil columns are shown in Figure 8. ,e trends of those
temperature distributions are the same, and they are ap-
proximately linear. Under the boundary temperature con-
ditions of −5°C/10°C, −10°C/10°C and −15°C/10°C, the zero-
degree line (freezing front) is at 12.5 cm, 11.5 cm and 10.5 cm
height, respectively. With a lager temperature gradient, a
lower position of the freezing front was exhibited.

Figure 9 shows the increased amount of water mass
under different temperature boundary conditions of −5°C/
10°C, −10°C/10°C, and −15°C/10°C, with the increased water
masses being 227.9 g, 253.3 g, and 273.8 g, respectively. It is
clearly seen that the transferred water increases with the
increase in the temperature gradient under the same con-
ditions. In this case, a higher depth of freezing zone formed,
and a more significant pumping effect subsequently occurs,
so more ice is accumulated under the top plate. ,at means
the lower temperature of environment results in a larger
amount of water (or ice) accumulation under the pavement
or airport driveway.

Figure 10 shows the water content distribution in soil
columns under different temperature gradients. It can be
observed that the trends of the water content distribution for
the tests are similar, and there is a large amount of water (i.e.,
ice) accumulation under the top plate. ,e water contents in
the top of soil sample reached 59.0%, 60.5%, and 68.2% for
the tests at the boundaries of −5°C/10°C, −10°C/10°C, and
−15°C/10°C. Accordingly, the water accumulation at the
freezing front height was also obvious, with the water
content increasing to 31.2%, 29.5%, and 29.1%, respectively.
As a whole, the water content at the top of the sample and the
frozen front is approximately the same under different
temperature gradient conditions. In the frozen area, the final
water content in the soil sample increases with the increase
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of the temperature gradient. ,e water freezes into ice and
the frozen water acts as a pump to provide power for vapor
transfer, and then an ice layer appears. ,e test of larger
temperature gradient has the thicker ice layer, so the frozen
height reaches the lower position, and the accumulated
water or ice is more. In the unfrozen area, there is no
significant difference in the final water content, which means
temperature gradient has little influence on the water
transfer in the tests of liquid water supply.,e water transfer
in silty soil is mainly powered by capillary action; thus, the

influence of temperature gradient on the water content can
be neglected. Based on this reason, the increase of water in
the area of positive temperature is closely related to the water
holding capacity of the soil; that is, the soil water charac-
teristic curve is the key to the water increase in unfrozen
zone.

3.4. Influence of InitialWater Content. Tests were performed
on soil samples of different initial water contents. ,e sta-
bilized temperature distributions in the soil column are
shown in Figure 11. ,e initial water content has little in-
fluence on the temperature distribution in the soil sample,
with a similar linear trend shown.,e zero-temperature line
(freezing front) is between 11.5 cm and 12 cm.

,e increased water mass under different conditions of
initial water content is shown in Figure 12. ,e increased
amounts of water for the tests of the initial water content of
5%, 10%, and 15% are 282.6 g, 253.3 g, and 132.5 g, re-
spectively. More water was transferred into the soil sample
for the tests of smaller initial water content. As discussed, the
smaller initial water content has the higher matrix potential
in unfrozen zone and higher freezing pumping effect in
frozen zone; hence, the water transfer is more remarkable. In
addition, another reason is the difference in permeability of
the soil sample under different initial water content.
According to the study of [19], the soil sample of lower water
content normally has higher permeability, which then re-
sults in a larger amount of water transferred. Furthermore,
the difference in the total water in the three soil samples after
tests is relatively minimal. ,is is because the water in the
unfrozen zone accounts for a large proportion of the soil
sample, which will reach a limited level for the three tests.

Figure 13 shows the water distribution in the soil sample
under the condition of different initial water contents. In
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general, the soil water content similarly varies with the
height of soil column for the three tests. In addition, there is
a large amount of water (or ice) accumulation under the top
plate, with larger water accumulation for the lower initial
water content. ,e possible reason is that the water

accumulated under the top plate is mainly derived from
water transfer, and the soil of smaller initial water content
has a higher matrix potential and permeability, which results
in a higher power and efficiency for water transfer. More-
over, the water content experienced a peak at the position of
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frozen front for the three tests, and the accumulated amount
of water at the frozen front and below this position is almost
the same. At the beginning of the test, the sample with lower
water content has a larger matrix potential and then a larger
amount of water migrated upward. However, the matrix

potential of the soil decreases as the water content of the soil
increases, and the amount of water supplied decreases
during this process. Due to the limited holding capacity for
water in the soil, the water content eventually reaches an
equilibrium state. ,erefore, the final water content at and
below the frozen front is basically the same.

4. Conclusion

In this study, the tests for water transfer and ice accumu-
lation were conducted under different soil types and con-
ditions of water supply method, temperature gradient, and
initial water content; the influence of the above parameters
on the efficiency of water transfer was investigated and
discussed. ,e main conclusions are drawn:

(1) Due to the difference in permeability of different soil
type, the water (or ice) is accumulated in the soils,
including calcareous sand, SSL, red clay, and
SSH,differently under the top plate, with the water
content being 34.5%, 21.0%, 11.33%, and 26.7%,
respectively. ,e vapor transfers the most in sand
sample and least in clay sample. However, with a
relatively higher holding capacity of water for silty
soil, the accumulated water (or ice) is more.

(2) ,e supply method of liquid water in the silty soil
can promote water transfer and ice accumulation.
,e increased water mass in five days is 106.1 g for
the vapor supply method, which accounts for
66.7% of the initial water mass. Under the con-
dition of liquid water supply, the increased water
mass is 253.3 g, accounting for 159.3% of the initial
value. However, the vapor supply method can also
provide water source for the water accumulation
under the top plate, which cannot be ignored in
practice.

(3) Temperature has a significant influence on the water
transfer during freezing process in silty soil. ,e
increased amount of water mass under different
temperature boundary conditions is 227.9 g, 253.3 g,
and 273.8 g, respectively. ,e larger the temperature
gradient, the greater the water accumulation is in the
frozen area.

(4) ,e initial water content in silty soil has a significant
influence on water transfer. ,e increased amounts
of water for the initial water contents of 5%, 10%, and
15% are 282.6 g, 253.3 g, and 132.5 g, respectively.
,e smaller the initial water content, the greater the
water transfer in unfrozen zone and vapor transfer in
frozen zone. After a period of time, the final water
content of the soil sample in unfrozen zone tends to
be consistent at a limited value regardless of the
initial water content.

Data Availability

,e data used to support the findings of this study are
available from the corresponding author upon request.
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