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1  INTRODUCTION 

Moisture accumulation in the base material below an 
impervious pavement was reported, as a cause of 
frost damage to highways, airport runways and high-
speed railways in cold regions (Eigenbrod and 
Kennepohl, 1996; Zhang et al. 2016a, 2016b). The 
unique moisture accumulation can take place in arid 
and semi-arid regions, where the groundwater table 
is relatively deep and the soil is rather dry. Zhang et 
al. (2016a) gave the theoretical explanation for this 
phenomena: vapour transfer in unsaturated soil ac-
celerated by the process of vapour-ice desublima-
tion. They also highlighted that vapour transfer is of 
great importance and cannot be ignored for geotech-
nical design in cold and arid climates.  

Moisture in an unsaturated soil exists in three 
states: liquid water, vapour and pore ice when soil 
temperature drops blew the freezing point. The 
phase changes of water in soil such as liquid water to 
vapour, and liquid water to ice have drawn much at-
tention in the literature (Philip and de Veris, 1957; 
Hansson et al. 2004; Teng et al. 2016), while the 
process of vapour-ice desublimation is largely un-
known to geotechnical engineers. Some experi-
mental research on vapour diffusion in soils has been 
reported in the literature. For example, Nakano and 
Miyazaki (1979), Dobchuk et al. (2004), Guthrie et 
al. (2006). While these studies showed the im-
portance of vapour diffusion in unsaturated soils, it 
is relatively unknown (1) when vapour diffusion be-

comes the dominant mechanism of moisture transfer 
in soils, (2) what factors will affect vapour diffusion 
in soils, (3) how much moisture can accumulate un-
der impervious covers due to vapour diffusion.   

The objective of this study is to experimentally 
investigate the mechanism of canopy effect. A series 
of laboratory experiments are performed using a 
specifically designed device where supply of exter-
nal moisture to the soil specimen can only be 
achieved through vapour diffusion. A variety of test 
conditions are applied to the soil specimen, includ-
ing different values of initial water content, soil den-
sity, boundary temperature, water supply pattern and 
test duration. The experimental data allows a better 
understanding of the mechanism of moisture accu-
mulation under impermeable covers.  

2 MATERIALS AND METHODS 

2.1 Soil material 

The soil studied is a coarse calcareous sand, with a 
specific gravity of 2.64 g/cm3, and particle sizes 
ranging from 0.5 mm to 1 mm. The diameter and 
height of soil column is 10 cm and 13.5 cm, respec-
tively. The minimum and maximum densities of the 
sample are 1.20 and 1.50 g/cm3. The saturated hy-
draulic conductivity (ks) measured though constant 
head test is 6.11×10-4 cm/s. The measured soil water 
retention curve of the calcareous sand is given in 
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Figure 1, where the fitting curve by the model of van 
Genuchten (1980) is presented as well. 

Because of its coarse grains, the chosen sand is 
considered not frost susceptible, according to Cham-
berlain (1981), Konrad (1999) or Sheng et al. (2013), 
which means that it should not generate much ice 
accumulation or frost heave when frozen. As exist-
ing frost susceptibility criteria do not consider the 
ice formation via vapour-ice desublimation, it will 
be interesting to study the capacity of the chosen soil 
in accumulating water (ice) when frozen without ac-
cess to liquid water supply. 
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Figure 1. Measured and simulated soil water retention curve of 
the sand, with symbols representing the measured data and sol-
id line the fitted by the van Genuchten model. 

2.2 Test apparatus 

The test program was carried out in a newly devel-
oped laboratory device, which was patented to Cen-
tral South University. A detail of this device can be 
found in Zhang et al. (2016a). This device includes a 
couple of thermostats, a soil column (10 cm in diam-
eter and 13.5 cm in height), a Mariotte bottle, and a 
data-logging system.  

The top and bottom temperatures of the soil spec-
imen are controlled through a pair of aluminium 
plates, which are connected to two independent 
thermostats by circulating tubes respectively. The 
tubes are filled with anti-freezing solution. The soil 
container is a polypropylene transparent cylinder 
with a wall thickness of 1 cm. A series of holes, 3.5 
cm apart on one side and 2 cm apart on the other 
side, are drilled along the column. A couple of ther-
mal insulating layers are applied to wrap along the 
column in order to minimize lateral heat transfer. 
The top of the specimen is sealed against vapour and 
liquid flux with a plastic film. The specimen in the 
cylinder is fitted to a steel perforated plate at its bot-
tom, which can be removed up and down along the 
inside of the cylinder, such that a void is left be-

tween the soil specimen and base pedestal. The void 
ensures only vapour able to enter into the specimen. 
The top aluminium plate and the base pedestal are 
both sealed to the cylinder by rubber O-rings.  

The Mariotte bottle of 300 ml is used to supply 
distilled water to form a water reservoir above the 
base pedestal. Two kinds of sensors are installed at 
different locations of the soil column. TDR trans-
ducers are used for recording changes in soil volu-
metric water content on one side the soil column, 
while thermistors are installed on the other side for 
measuring soil temperatures. The data acquisition 
system is programed by the Visual Basic language. 
The real-time data can be recorded and displayed 
graphically on a computer screen.  

2.3 Test method 

Oven-dry calcareous sand grains were first mixed 
with a certain amount of distilled water to produce 
samples with different initial water contents. Three 
TDR moisture sensors (EC-5) were installed every 
3.5 cm (i.e. 3.5, 7 and 10.5 cm heights) and seven 
thermistors were installed at different elevations (i.e. 
1, 3, 5, 7, 9, 11 and 13 cm heights). When the height 
of a sensor position was reached, the sensor was in-
serted from the side port to the central axis of the 
soil column. More soil was then added above the 
sensor and lightly compacted. The above procedures 
were repeated until the finial height of soil reached 
13.5 cm. The perforated plate separated the soil 
specimen from the base pedestal, leaving a void ap-
proximately 3 cm high. Distilled water was supplied 
by the Mariotte bottle to the void, forming a 1-cm-
deep water reservoir above the base pedestal. Water 
contents at different depths were checked before and 
after the completion of the test.  

In order to investigate the mechanism of vapour 
transfer in unsaturated freezing soils, 12 different 
conditions are designed, as shown in Table 1. In 
these tests, the effects of initial water content, dry 
density, temperature gradient, and water supply pat-
tern, are studied. Case 1 is the control test for this 
study. Three initial gravimetric water contents are 
chosen, namely, 0%, 5% and 10% for Case 1, 2, and 
3 respectively. Cases 4 to 6 are used to investigate 
the effects of initial density, and Cases 7 to 10 of 
boundary temperatures. In Case 7, the temperature 
gradient in the specimen is reduced by adjusting the 
top temperature to -5 ºC, compared to the control 
test. In Case 8, the top temperature is decreased in 
steps, approximating a ramped freezing mode. In 
cases 9 and 10, the top temperatures remain positive 
during the test. In Cases 11 and 12, the influences of 
water supply at the bottom boundary are studied, one 
for a closed bottom boundary (no water or vapour 
supply) and the other for liquid water supply only.

 

 



Table 1 Test conditions 

Case 
Initial gravimetric 

water content (%) 

Dry density 

ρd (g/cm3) 

Bottom temper-

ature (ºC) 
Top temperature (ºC) Water supply and test period 

1 5 

1.3 10 -10 

Control test, Vapour, 7d 

2 10 Vapour, 7d 

3 0 Vapour, 7d 

4 

5 

1.2 

10 -10 Vapour, 7d 5 1.4 

6 1.5 

7 

5 1.3 

10 -5 

Vapour, 7d 
8 10 

-3(2d)/-6(2d)/-

10(3d) 

9 20.5 0.5 

10 20.5 10.5 

11 
5 1.3 10 -10 

No water/vapour, 7d 

12 Liquid water, 7d 

 
 
3 RESULTS AND DISCUSSIONS 

The measured water content profile along the 13.5 
cm long specimen in Case 1 is shown in Figure 2. It 
is observed that a rapid increase in the total water 
content occurred at the top surface of the specimen 
which was considered not frost susceptible. This 
peak water content represents the formation of clear 
ice between the soil specimen and the top aluminium 
plate. The mirror-like soil surface is a clear indica-
tion of high ice content (Figure 2). The thickness of 
ice layer is approximately 0.5 cm at 7 days. Near the 
freezing front (0 °C line, at a height of about 10 cm 
as presented in Figure 3), a hardened soil block is 
observed, which is an agglomeration of soil particles 
formed by cohesive force of pore ice. The water con-
tent near the freezing front is about 24% in gravimet-
ric water content, which indicates another position of 
significant moisture accumulation. As for the soil 
between top surface and freezing front, its moisture 
exists mainly in form of pore ice, and the total water 
content at the end of the test is higher than its initial 
value. The soil color after pore ice thawing is darker 
than the initial soil sample as shown in Figure 2. 
Figure 3 shows the measured temperature profile for 
Case 1. It is observed that the temperature profile is 
approximately stabilised after one day of freezing. 
The temperatures at the specimen ends are somewhat 
different than the control temperatures, due to the 
heat loss/gain at the end plates and lateral surface of 
the cylinder.  

The variations of liquid water content with time 
at three locations are shown in Figure 4. The water 
contents for the soil at 3.5 cm and 7.0 cm gradually 
decrease during the test, and finally reach at a value 
of 4.0 % and 3.0%, respectively. Such results indi-
cates that a part of the initial water content in the soil 
(even if it is as low as 5%) was sucked into the 
freezing part of the specimen. For the soil at 10.5 
cm, the water content decreases in the first 1 day, 
and then increases with time. The finial water con-
tent is about 4.8%, which is lower than the total wa-
ter content as shown in Figure 2. The reason is that 
pore ice is practically undetectable with TDR, the 
measured data was only an estimation for the unfro-
zen water content.  
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Figure 2. Measured water content profile for Case 1 at the end-
ing time, and the symbols represent the measured data.
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Figure 2 and Figure 4 show an evident increase in 

the total and liquid water content within the frozen 
zone of the soil column and at the freezing front, re-
spectively. This result is in contrast with our current 
understanding that coarse soils like sand is not frost 
susceptible. The observed results can be explained as 
follows. When the top boundary is assigned a sub-
freezing temperature, the initial liquid water in the 
specimen will solidify into ice, and the suction at the 
ice-water interface will draw in vapour and liquid 
water to feed the growth of the ice. Since the soil is 
relatively dry, soil pores are mainly air-connected, 
and the upward vapour flow is then the dominant 
mechanism of moisture what feeds the growth of ice 
(Zhang et al. 2016c). Vapour will first condense into 
liquid water when it reaches the cold and impervious 
plate, and then change into ice directly through de-
sublimation. This is the reason for the peak water 
content at top surface (as shown in Figure 2) and the 
decrease of water content at the first day (as shown 
in Figure 4). As the temperature continues to drop in 
the soil, the freezing front continues to penetrate into 
the specimen until it stabilizes at a height of 10 cm 
after one day (as shown in Figure 3). Pore ice con-
tinue to grow in the soil behind the freezing front, 
through solidification of liquid water and desublima-
tion of vapour. The formation of pore ice in the soil 
will reduce the permeability of the soil to vapour and 
liquid water. When sufficient pore ice accumulates 
behind the freezing front, the supply of liquid water 
and vapour towards the impervious plate will be-
come impossible, and a new ice-rich layer forms in 
the soil, which is the reason for the observed second 
peak in the total water content profile. 
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Figure 4. Evolutions of water content at different positions. 

 
Figure 5 shows the effect of the initial water con-

tent in the specimen, by comparing the total water 
content profiles for Cases 1, 2, and 3. It is interesting 
to note that the peak water contents at the top surface 
of the specimens are almost identical for the 3 cases, 
a clear indication that moisture accumulation under 
an impervious top plate is not dependent on the ini-
tial water content of the soil and can take place in a 
very dry soil (Case 3). For Case 1 and Case 2, the 
water content profiles are similar in shape, with a 
somewhat reduced water content in the unfrozen 
zone from the initial values (5% and 10%). An ice-
rich layer can be observed near the freezing front, 
leading to a second peak in the total water content 
profile. A higher the initial water content seems to 
lead to a larger second peak in the total water con-
tent. In Case 3 where there is no initial liquid water 
in the soil, vapour flow was impeded only blow the 
impervious plate, and no ice-rich layer near the 
freezing front was found. The magnitude of the sec-
ond peak water content at the freezing front seems to 
be related to the initial water content. If we integrate 
the water content along the profile, the total amount 
of water stored in soil is obtained. This total amount 
of water minus the initial value results in the amount 
of water flowing in from the bottom boundary, as 
shown in the embedded chart in Figure 5. It is ob-
served that a higher initial water content corresponds 
to a greater amount of water accumulated in the fro-
zen soil. However, the amount of external water 
flowed into the specimen is almost the same for 
Cases 1, 2 and 3. The reason is that the evaporation 
from the water reservoir above the bottom pedestal, 
the only mechanism of external water supply to the 
specimen, is predominantly affected by the tempera-
ture gradient in the specimen and less so by the ini-
tial water content in the specimen. On the other 
hand, the initial water content affects the liquid wa-
ter migration within the specimen, in consistent with 
the classical theories of frost heave or frost suscepti-
bility which are solely based on liquid water migra-
tion.   
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Figure 5. The effect of initial water content on total water con-
tent profile. 

 
Figure 6 shows the effect of the initial dry density 

on the total water content profile. The shapes of the 
total water content profiles for these 4 cases are ra-
ther similar: there are two peak water contents, re-
spectively at the top surface and at the freezing front. 
The first peak at the top surface is less dependent on 
the initial density. The second peak at the freezing 
front seems to be inversely related to the initial dry 
density. The reason for such a result that a lower 
density stands for a greater size of soil pore, the soil 
particle imposes a less restriction on the growing of 
pore ice, as a result the ice formation is much more 
significant. The embed chart shows that the greater 
the dry density, the higher the total water stored in 
the soil, since a great dry density indicates a large 
amount of initial water for the same gravity water 
content. In all, the dry density seems to have a less 
pronounce influence on ice formation in soil. 
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Figure 6. The effect of dry density on total water content pro-
file. 

 
The effect of boundary temperatures on total wa-

ter content profile can be obtained from Cases 7, 8, 
9, and 10, which is shown in Figure 7. The result of 
Case 7 shows that the freezing front stabilizes at a 

higher position, but its total water content at freezing 
front exhibits a lower value comparing to the result 
of Case 1. The reason may be that a higher top tem-
perature enlarges the unfrozen zone of soil, and thus 
leads to the increase of vapour transferring path in 
soil. The second peak in Case 8 is less pronounced 
comparing to that in Cases 1 and 7, because it takes 
longer for the freezing front to stabilize in a ramped 
freezing mode. Comparing the profiles in Cases 1 
and 9 that have a same temperature gradient, it 
shows that the shape of water content profile largely 
differs from each other, for the non-freezing condi-
tion, i.e. Case 9, water content gradually increases 
from bottom to top without any peak value. The 
amount of water supplied from bottom boundary in 
Case 9 is less than that in Case 1, which indicates the 
desublimition process in soil possesses a greater 
driving force for moisture flow than the condensa-
tion process. The temperature gradient in Case 10 is 
about 0.74 °C/cm comparing to 1.48 °C/cm in Case 
9. The results in Cases 9 and 10 depict that increas-
ing the temperature gradient facilitates the vapour 
flow in soil and leads to much more water condens-
ing in soil. 
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Figure 7. The effect of boundary temperatures on total water 
content profile. 

 
Cases 11 and 12 change the water supplying pat-

tern in the test, the bottom boundary was sealed in 
Case 11 while the bottom soil was contacted with 
liquid water directly in Case 12. The results are pre-
sented in Figure 8. It can be observed that water con-
tent at top surface is about 18% and 30% respective-
ly for Case 11 and 12. It is because the formed ice 
lens at soil surface is such thin, that the sampling for 
oven-dry includes some relatively dry soil at sublay-
er. The depths of freezing front in Cases 1, 11 and 12 
are approximately in same level. Comparing the pro-
files of Case 1 and Case 11, it is found that vapour 
supply from bottom can remarkably improve the wa-
ter content of soil at frozen zone. As for Case 12, to-
tal water content at freezing front reaches a high val-
ue, about 32%. It is caused by the growing of 



continues pore ice at this layer as depicted by the 
photo embedded in Figure 8. In this case, the water 
content at unfrozen zone is sustained by capillary 
water, it gradually increases from top to bottom. 
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Figure 8. The effect of water or vapour supplying pattern on 
total water content profile. 

4 CONCLUSIONS 
On basis of a specially designed laboratory device, 
this study presents an experimental approach to in-
vestigate the mechanism of canopy effect. A series 
of test conditions were applied to the soil specimen. 
The following conclusions can be drawn based on 
the test results.   

An evident increase of water content at the top 
frozen zone can be observed for all the cases with a 
negative top temperature. There are two peak values 
at the water content profile, the one is near the top 
surface, and the other locates at the freezing front. A 
higher initial water content always results in a great-
er the total water content at the freezing front, but in-
itial water content is found has little influence on 
vapour inflowed from bottom void into specimen.  

Vapour flow in unsaturated freezing soil seems to 
have a less pronounced relation with soil density. In-
creasing the temperature gradient facilitates the va-
pour flow in soil. For the non-freezing condition, 
water content gradually increases from bottom to top 
without any peak value. Vapour supply from bottom 
can remarkably improve the amount of accumulated 
moisture comparing to the non-vapour supply condi-
tion. Liquid water supply from bottom will lead to 
the growing of continues pore ice at the freezing 
front. 

The experimental data allows a better understand-
ing for the mechanism of moisture accumulation 
caused by vapour transfer. Meanwhile, the result can 

be used for the validation of the theoretical and nu-
merical models dealing with moisture transfer in un-
saturated freezing soils. 
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