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Heat flow measurements in freezing soils with various freezing front advancing rates 
MASAMI FUKUDA 

The Institute of Low Temperatures Science, Hokkaido University, Sapporo, Japan 

Field observations at the Tomakomai Forest experimental station (Hokkaido), during the winters 
of 1975-1976 and 1976-1977, were undertaken to determine the relationship between the rate of frost 
heave and the speed of progression of the freezing front, and to measure the associated thermal flux. 
The poor relationship between the observed and calculated thermal flux values is attributed to insuf- 
ficient knowledge of soil moisture conditions. Laboratory procedures are described which measure 
frost heave and soil moisture by the gamma ray attenuation method. 

Etudes sur le terrain a la station forestiere exptrimentale de Tomakomai (Hokkaido), durant les 
hivers 1975-76 et 1976-77, pour determiner la relation entre les taux de soultvement par le gel et la 
vitesse de progression du front de congtlation, et pour mesurer le flux thermique correspondant. Le 
manque d’accord entre les valeurs observtes et calcultes du flux thermique est attribut aux connais- 
sances insuffisantes des conditions d’humiditt. On dtcrit des mtthodes de laboratoire permettant de 
mesurer le soulhement par le gel et de surveiller les profils de teneur en eau par la mCthode d’attenua- 
tion des rayons gamma. 
Proc. 4th Can. Permafrost Conf. (1982) 

Introduction 
During the heaving process of soils, heat flow is cou- 
pled with moisture flow as water migrates upwards. 
The amount of undercooling at the freezing front is 
determined by the flux of heat through the soil and by 
the freezing front. The heat conducted away through 
the frozen soil comes from three sources: First, the 
heat conducted to the freezing front from below; 
secondly, latent heat from soil water in situ; and 
thirdly, latent heat from water migrating to the freez- 
ing front. Thus it is essential to establish the heat 
balance equation at the freezing front and to verify 
the equation by experimental studies in order to 
understand frost-heaving processes. 

The author conducted both field measurements of 
heat flow through unfrozen and frozen layers during 
soil-freezing and laboratory measurements. From the 
comparison of the results, the author attempted to 
verify the heat balance equation. 

Field Observations at Tomakomai 
Instrumentation 

For the study of frost heaving a field site was se- 
lected in the Tomakomai experimental forest, Hok- 
kaido. A concrete waterproof basin ( 5  by 5 m wide, 
and 2 m deep) was filled with a test soil, Tomakomai 
silt (Figure 1). The water level within the basin was 
controlled artificially so that a sufficient amount of 
water was supplied to the soil for frost heaving to 
occur. During freezing, temperature profiles were ob- 
tained by strain-gauge type sensors at depths of 0,5, 
10,20,30,40,60,80,100, and 150 cm below the sur- 
face of the test basin. Frost penetration was deter- 
mined by thin transparent pipes filled with a 
methylene-blue dye solution in water (this dye 

remains blue in an unfrozen state and turns colourless 
in a frozen state). Time-elapsed measurements of 
frost penetration at the test site were also done. 
Heave was monitored by displacement detectors con- 
nected to a data-logging system. From these measure- 
ments, time-variable heave rates and rates of advance 
for the freezing front were obtained. 

Heat-flow sensors were buried at depths of 10,20, 
30, 40, 50, and 100 cm from the ground surface. 
Heat-flux values were recorded at 30-minute intervals 
by the data-logging system. At the 0°C isothermal 
line in the ground, estimated as the freezing front, 
heat flows both in and out were measured under 
various conditions. 

Results and discussion 
Typical features of frost heave are shown in two 

sets of observed results from the experimental site. 
The first set is a record of changes in level of the sur- 
face and in depth of the freezing front with the lapse 
of time during the 1976-1977 season (Figure 2). Two 
different types of soil were tested. These differences 
affected the total amounts of heave and the maxi- 
mum depths of ground freezing. Type I soil is more 
susceptible to frost than type I1 soil. \Water content 
profiles of both frozen soil types showed an identical 
tendency, namely, that water accumulated in certain 
frozen layers. For example, water content profiles of 
type I1 soil on January 7 and March 8, had the maxi- 
mum peaks at the depths between 10 and 20 cm (Fig- 
ure 3). A similar tendency for type I soil was also ob- 
served. Below the freezing front, water contents were 
considerably smaller than in the upper frozen layer. 
This means that water in the soil was redistributed 
after freezing and that the water accumulating occur- 
red at the upmost layer (Figure 4). Comparison of the 
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FIGURE 1 .  Cross section of frost heave test basin at Tomakomai. 
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FIGURE 2. Results of soil freezing and heaving at test site I (Soil 
type I), 1976-1977. 
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FIGURE 3. Results of soil freezing and heaving at test site I1 (Soil 
type 11), 1976-1977. 



01 

0- 

02 

OL 



448 4TH CAN. PERMAFROST CONF. (1982) 

1975 

NOV.  DeC. 

1976 

Jan. 

'C.DaY 
FIGURE 5. Results of soil freezing and heaving at test site I11 (Soil type I), 1975-1976. 

creased to 71.06 x W/cm2. The data of the 
depth of the freezing front indicated that during these 
periods the freezing front passed the depth of 20 cm. 
The increase in heat flow was due to the released 

flux values corresponded to the heat flux into, and 
out of, the freezing front. It is expressed by the fol- 

lowing heat balance equation (Chalmers and Jackson 
1970). 

[ I ]  

where Kp K,, = thermal conductivities of the frozen 
and the unfrozen soil, respectively; 

dx aef ' aeu- PwLwv i- P L  - 
' d t  

K / a x  - K,, - - 
latent heat at the freezing front'and two measured ax  
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I FIGURE 6. Heat flow measurement at test site 111.1975-1976. 
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f,u = temperature gradients in the frozen 
a x  ax and the unfrozen layer, respec- 

tively; 
= densities of water and ice, respec- 

tively; 
= latent heats of water and soil, 

respectively; 
v = rate of flux of water transferred to 

the freezing front; and 

P ,  P, 

L , L ,  

dx 
dt front. 

= advancing rate of the freezing 

The left side of the equation is assumed to repre- 
sent the residual of the heat conducted out of, and 
into, the freezing front, which is equal to latent heat. 
This is separated into two parts. The first is due to the 
latent heat of water which flowed into the freezing 
front; the second is due to the latent heat of water 
frozen in situ. When measured values are substituted 
into the equation, the value of 50.1 x W/cm2 is 
obtained. The heaving rate and the advancing rate of 
the freezing front during this period were estimated as 
1 x cm/s and 6 x cm/s, respectively. 
Hence, estimated values of latent heat of water either 

83.5 x W/cm2 and corresponds to two terms of 
the equation. Consequently, the estimated value does 
not agree with the measured value. This is mainly due 
to the lack of water content values at that time 
period. 

The results of other observations made during the 
1977-1978 season are shown (Figures 7 and 8). For 
example on January 1 1 ,  the measured value of latent 
heat was Q2 - Q1 = 6.48 x W/cm2. However, 
the estimated value, based upon the heaving rate 
(2 x cm/s), the freezing advancing rate 
(2 x cm/s), and water content (0.3 cm3/ 
cm3), was 8.35 x W/cm2. In another case on 
January 27, the measured value was Q2 - Q1 = 
8.18 x W/cm2. Using a value for the heaving 
rate of 2 x lop6 cm/s, a freezing advancing rate of 
3 x cm/s and a water content of 0.3 cm3/ 
cm3, the value of 10.5 x W/cm2 was estimated. 
Again, in these two cases, the estimated values do not 
agree with the measured values. These disagreements 
are mainly due to insufficent data on water content 
and flux of water. For verification of equation 1, 
field observation gave general features of soil heaving 
such as either water accumulation or ice lenses. From 
this Doint of view. a relevant laboratory experiment 

redistributed or frozen in situ were 33.4 x lop5 and for ;oil freezing iscalled for, in order todetermine in 
50.1 x W/cm2. The sum of these two values is 
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a non-destructive manner the water-content profile. 
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FIGURE 7. Heat flow measurement and temperature profile at 
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FIGURE 8. Heat flow measurement and temorrature urofiie at 
test site 111, January 1 1 ,  1978. test site 111, January 27, 1978. 
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Heat flow measurement under a constant 
freezing front advancing rate 
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Experimental procedure 
The attenuation of a gamma beam is the most 

powerful technique for studying frost heaving phe- 
,nomena associated with soil freezing (Fukuda et al. 
1980; Hoekstra 1966; Jame and Norum 1976; Loch 
and Kay 1978). Attenuation of gamma radiation 
during transmission through soil has been developed 
and used for three decades as a non-destructive 
method for determining water content and dry-bulk 
density in other fields of study such as swelling proc- 
esses of clay soil. The author employed a single 
gamma source method with 350 mic I3'C as the 
source. The length of soil sample was determined as 
10 cm based upon a similar calculation done by 
Gardner et al. (1972). Overall accuracy of the water 
content determination was'+ 2 per cent or less. 

The soil sample was frozen from the top by a freez- 
ing plate attached to the top of the sample, in which a 
cooling fluid circulated. If the cooling fluid tempera- 
ture was constant, such as -5"C, the rate of the 
freezing front advance was found to alter. However, 
the rates of freezing front advance measured under 
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field conditions were almost constant in the time scale 
of a few days. Generally, the measured rates in the 
small soil column were 100 times larger than in the 
field. Thus it was desirable to conduct the soil freez- 
ing experiment with constant rate of freezing front 
advance. 

For this reason, the experiment of soil freezing with 
a constant rate of the freezing front advance was 
undertaken. The experimental procedure was as fol- 
lows. Temperature profiles of the soil column were 
measured at certain time intervals. By applying linear 
or multiple regression to the temperature profile, the 
0°C position was estimated. The movement of the 
0°C position was monitored and the rate of move- 
ment was calculated. If the rate of movement was 
greater than the value at which it was initially set, the 
cooling rate on the cold end was changed. The cool- 
ing rate was controlled by the on-off of the magnetic 
valve through which cold brine was supplied to the 
cooling plate. The monitored rate of movement was 
compared with the desired value, and the results of 
the comparison were fed back to the adjuster of the 
valve. A small computer was employed as the con- 
troller (Figure 9). 
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FIGURE 9. Diagram of the controlling system of the experiment. 
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Water was used as a freezing material. To eliminate 
convected heat transfer, one per cent agar solute with 
methylene-blue dye was added. The boundary of the 
frozen and the unfrozen layer was clearly visible, and 
the rates of movement were measured by both com- 
puter estimation and observation by eye. 

The soil column consisted of transparent Plexiglas. 
The column had double-sided walls and the space be- 
tween the walls was evacuated to insulate the column 
thermally. Using this system, the temperature profile 
and the moisture profile were measured. 

Results and discussion 
The result of the test were plotted. The position of 

the 0°C thermal line was plotted according to elapsed 
time (Figure 10). If the advancing rate was constant, 
a simple line could be drawn. Both the estimated and 
observed lines plotted as almost straight lines, which 
indicates that the control system works properly. 

The values of freezing front advancing rate are 
scattered around 0.15 cm/hour which was close to 

I 
0 5 10 6 20 a, 

ELPSSED TIME 

FIGURE 10. Result of a test run using water positions of the 0°C 
line are plotted. 
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FIGURE 1 1 .  Results of a freezing experiment with a constant rate 
of freezing front advance, test No. 1 .  

the initially set value (Figure 11). A small-size heat 
flow sensor (measured 10 by 10 mm) was inserted in 
the soil sample at a depth of 3 cm. The measured heat 
flow at 3 cm changed when the freezing front passed 
that location (Figure 12). During the same time 
period, water content at 3 cm depth was measured as 
0.306 cm3/cm3 by the gamma ray attenuation 
method. The heaving rate was measured also as 
0.1 x 10-5cm/s. 

Using equation 1, measured latent heat is equal to 
Qz- Ql = QL = 3.51 x W/cm2. The first part 
of the right side in equation is due to the latent heat of 
water flowing to the freezing front, which is esti- 
mated by pwlwv. The measured heave rate is substi- 
tuted into v (flux of water). Thus the estimated value 
is 3.4 x W/cm2. The second part is due to 
the latent heat of water frozen in situ estimated by 
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r 1  
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I 
Depth cm 

FIGURE 12. Heat flow measurement with a constant rate of freez- 
ing front advance, test No. 1 .  
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dx 
dt 

psLs - . The latent heat of soil (Ls) is equal to 

latent heat of water in soil, which is determined by the 
water content. Thus the measured water content and 

dx freezing advancing rate (-) are substituted. The 
dt 

calculated value is 4.01 x W/cm2. The meas- 
ured value (3.51 x W/cm2) is slightly smaller 
than the estimated value. However if one compares it 
with results of the field measurements, the result of 
the experiment agrees with the heat-balance equa- 
tion, l .  This agreement is mainly due to proper data 
of water content in soil by gamma ray attenuation 
method. The controlled freezing condition such as the 
constant rate of freezing front advance makes it 
possible to apply the experimental results using the 
equation without the limitation of the boundary 
condition. 

Conclusions 
During the heaving of soil, heat-flow measure- 

ments through the unfrozen and frozen layers were 
conducted both in the field and laboratory. For the 
purpose of verifying the heat-balance equation re- 
lated to moisture transfer in soil, water content pro- 
files were monitored by the gamma-ray attenuation 
method. The heat flux conducted to the freezing front 
from soil below was directly measured by a heat-flow 
sensor. The balanced heat sources at the freezing 
front are latent heat from soil water in situ and latent 
heat from water migrating into the front. These two 
values were calculated separately by measurement of 
the rate of advance of the freezing front the heaving 
rate, and the water content at certain times. Due to 
the lack of the water-content measurements in the 
field, the values of calculated latent heat did not coin- 
cide well with the measured values. 

The ratio between the latent heat from migrated 
water and the conducted heat in soil was termed the 
ice-segregation efficiency, E (Arakawa 1966). If ice 
segregation takes place will full efficiency, E is equal 
to 1. If no ice segregation takes place at the freezing 
front, E is equal to zero. According to the measured 
values of the experiment, E is equal to 0.8. Such a 
large efficiency of this soil is reflected in field 
observations. 

For the purpose of verification of the frost-heaving 
model, the heat- and moisture-balance equations 
might be established based upon relevant experimen- 
tal results. 
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