
Lateral Thrust in Frozen Granular Soils 
Caused by Temperature Change 
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Frozen soil containing ice, when subjected to a temperature rise, will 
exert pressure against confining boundaries. The object of this in
vestigation was to measure the expansive force of sand-ice speci
mens exerted on retaining boundaries under conditions approaching 
those in a fully restrained frozen sand layer. Two different sands 
made into 140 specimens composed of either sand and a variety of 
ice contents were included in the program. The strain in the frozen 
soil was measured by means of bonded resistance strain gages em
bedded in the sand-ice system. 

The pressure (a) exerted by the frozen sand was found to be a func
tion of five variables: the initial sample temperature, T 0 ; the rate 
of increase of the sample's temperature, e; time of temperature in
crease, t; initial porosity of the soil, n; and degree of ice satura
tion, Si. Experimental results, when plotted in the form of pressure
time curves, showed the same tendency for every curve to attain its 
maximum after a certain time and then decrease to zero. The values 
of maximum pressure, a max, and the required time, tm, to reach this 
pressure were measured for each experiment, and graphs were drawn 
showing the influence of the parameters (T0 , e, Si, and n) on cr max 
and tm. 

Summarizing the experimentally obtained results, general equa
tions were derived for the following: (a) pressure-time curves, 
(b) values of maximum pressure developed by sand-ice layer, and 
(c) period of time required bythe sand-ice layer to reach its maxi
mum pressure. 

•IN NORTH AMERICA in areas having a moderate climate, during the winter the top 
foot or more of soil is frozen. Frozen soil containing ice, when subjected to a temper
ature rise, will exert pressure against confining boundaries. At present, very little is 
known about the magnitude of this pressure. 

The object of this investigation was to measure the lateral expansive force exerted 
by frozen sand samples on retaining boundaries under conditions approaching those in 
a fully restrained frozen sand layer. This knowledge, in turn, can be applied to the 
frozen sand stratum in nature if the penetration of the temperature wave from the sur
face into the soil-ice system is known. 

THE SOIL 

Two different sands were used in the experimental investigation. Sand No. 1 was a 
crushed uniform sand from Ottawa, Illinois (uniformity coefficient 1.5); sand No. 2 was 
a natural, well-graded sand from Paris, Ontario (uniformity coefficient 3.8). The grain 
size distributions are shown in Figure 1. The soil specimens tested were composed of 
either of the sands and a variety of ice contents. 
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Figure 1. Grain size distributions. 

APPARATUS 

Following the idea originated by Will
mot (1), the apparatus (Fig. 2) consisted 
of a steel cylinder with a cylindrical rub
ber diaphragm positioned inside and 
sealed inside to both ends of the steel 
cylinder. The small void between the 
Ya-in. thick diaphragm and cylinder was 
filled with oil and connected to a hydrau
lic pressure pump so that the oil pres
sure could be applied through the dia
phragm to the specimen to provide any 
<lesired amount of restraint. The oil 
pressure was measured by means of an 
external pr essur e test gage connected to 
the pressure line. Horizontal strain in 
the frozen sand was measured with BLH 
Type A- 9 bonded resistance strain gages 
embedded in the sand and connected to 
the SR- 4 Type N strain indicator by 
means of the switching and balancing 
unit. 

To increase the bond between the 
frozen soil and strain gages, the latter 
were coated on both sides with Eastman 
910 adhesive cement and then covered 

v:ith particles of sand. To compensate for the effect of te111pe1 .. ature changes on the 
strain measurements, a "dummy" gage was used; it was loosely attached to a flat con
crete bar and buried in a box containing dry sand of the same type as the specimen be
ing investigated. For each experiment the thickness of the sand cover over the dummy 
gage was adjusted so that the strain gage was always exposed to the same temperature 
environment as the "active" gage, but isolated from mechanical strain. 
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The steel cylinder of the apparatus was insulated all around except for the top sur -
face of the sample, which was open to the atmosphere, so that the heat flow from the 
air into the sand-ice system followed the pattern existing in nature. 

PREPARATION OF SAMPLES 

The sand-ice specimens were prepared as follows. A known weight of dry sand and 
required amount of water were thoroughly mixed together to give the desired ice con
tent or degree of ice saturation. The prepared soil was placed in the hollow core of the 
apparatus and gently compacted to form a 9%-in . diameter and 4-in. high sample of a 
certain void ratio. Two 6-in. long strain gages (previously described) were placed 
horizontally, halfway down the sample's depth, symmetrically about the specimen's 
centroidal axis. In a large number of samples, two BLH Type A-9-4 vertical gages 
were also installed to measure the vertical displacement of the frozen sand. 

The temperature of the sample was measured by means of four copper-constantan 
thermocouples placed in the specimen at three different levels and connected to the 
potentiometer through a multipolar rotary switch. One thermocouple was located % in. 
below the top surface, two were placed at a 2-in. depth (one at the center and the other 
1 in. from the side of sample), and the fourth was embedded % in. from the bottom. In 
addition, a fifth thermocouple recorded the air temperature above the sand-ice speci
men, and a sixth measured the sand temperature around the dummy gage. 

On completion of sample preparation, the apparatus was placed in the freezing cham
ber where the specimen was frozen. Before it was tested, the frozen sample was left 
in a selected constant temperature (referred to as initial temperature) for not less than 
24 hours to ensure uniform temperature distribution. 

TEST PROCEDURE 

The test method consisted of zeroing the strain bridge with the frozen soil at a con
stant initial temperature and then raising the soil temperature at a desired rate while 
simultaneously applying and measuring the resisting radial pressure required to pre
vent the soil-ice system from expanding. The rate of the sample's temperature in
crease was controlled by the forced flow of air of the desired temperature above the 
frozen specimen's top surface. The source of heat was provided by a remote-controlled 
heating element augmented by heat reflecting plates and air fan placed inside the freez
ing chamber. More than 140 specimens were included in the program, with starting 
temperatures of O, 10, 20, 25, and 30 F subjected to a constant rate of temperature 
increase of either 3, 6, or 9 F per hour. 

During the course of the experiment, the heat flow in the soil progressed from the. 
top surface toward the bottom; therefore, the representative temperature of the speci
men for plotting and comparing purposes was assumed to be the average temperature 
existing at the mid-height of the soil sample. The temperatures, although observed 
continuously, were recorded every 5 min at the same time that the applied pressure on 
the sample was adjusted. 

After completion of each test, the specimen was unloaded and allowed to recover at 
31.5 F for a period of 36 hours before being used again. No more than three tests were 
performed on each sample; this was sufficient to complete a set of experiments com
prised of three different constant rates of temperature increase, starting from the same 
initial temperature. 

TEST RESULTS 

The pressure, cr, exerted by the soil-ice system was investigated as a function of 
the following five variables: initial sample temperature, T 0 ; rate of increase of the 
sample's temperature, 0; time of temperature increase, t; initial porosity of the soil, 
n; and degree of ice saturation, Si, or ice content, i. 

The first set of experiments consisted of 60 tests performed on 20 sand-ice speci
mens of sand No. 1, all with a constant initial soil porosity of 46.6 percent. The se
lected ice contents of 10, 15, 25, and 30 percent corresponded to ice saturation of 
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Figure 3. Pressure-time curves for temperature rise of 6 F per hour and 33.3 percent ice 
saturation from the indicated initial temperatures. 

33.3, 50, 83.3, and 100 percent. It has been indicated by Tsytovich (2) that, in granular 
soils, unfrozen water content is negligible; therefore, the ice content in each frozen 
specimen was assumed to be equal to its water content before freezing took place. De
gree of ice saturation, however, was based on 9 percent volume expansion of the pore 
water upon freezing. 

Figures 3, 4, and 5 show the relationships among the average pressure exerted by 
frozen samples and the time for 9 = 6 F per hour and different values of T 0 and Si. The 
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Figure 4. Pressure-time curves for temperature rise of 6 F per hour and 50 percent ice 
saturation f(Off1 the indicated initial temperatures. 
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results from all experiments show the same tendency, i.e., all pressure-time curves 
tend to attain their maximum after a certain time and then decrease to zero at the time 
required for the sample's average temperature to reach about 30 to 32 F. The shape 
of the pressure-time curves reflects the different stages of creep to which each sample 
has been subjected, until the time when destruction of the crystalline structure takes 
place. 

For each pressure-time curve, the relationship between pressure and time can be 
approximated by -Eq. 1 (see broken lines in Figs. 3, 4, and 5). 

where 

A = coefficient, psi/min; 
t = time, min; and 

cr = At exp (-t/tm) 

tm =time required to reach maximum pressure, min . 

From Eq. 1 it follows that 

cr max = 0.3679 A tm 

(1) 

(2) 

Because the values of maximum pressure, cr max, and the required time to reach 
this pressure, tm, were measured for each experiment, it was possible to plot the in
fluence of the previously mentioned parameters (T0 , e, Sj_) on a max and tm· The re
sults obtained are shown in Figures 6 through 10 and lead to the following conclusions: 

1. The maximum pressure increases with an increase in the rate of temperature 
rise and also with an increase of ice saturation, but decreases with an increase in the 
initial temperature of the sample. 

2. The time required to reach maximum pressure decreases with an increase in 
the rate of temperature rise and also with an increase of the sample's initial temper -
ature, but increases with an increase in ice saturation. 

It can also be observed that, for conditions indicated in Figures 8, 9, and 10, the 
maximum pressure is directly proportional to the ice content or degree of ice satura-
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Figure 6. Maximum pressure and time to reach maximum pressure for sand No. 1 and ice 
saturation of 50 percent related to rate of temperature rise. 

tion of the frozen sand. The validity of this observation was confirmed by more than 
50 additional experiments conducted on the sand-ice specimens where the experimental 
procedure was reversed, i.e., the degree of ice saturation was kept constant while the 
soil porosity varied. 
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Figures 11 and 12 show the influence of porosity on the maximum pressure for two 
different degrees of ice saturation (Sj_ = 50 percent and Sj_ = 100 percent) for both sands 
No. 1 and No. 2. The straight-line relationship is visible, and each line when extended 
to n = 0 passes through the origin. 

It is also evident that both sands, when tested under the same conditions of porosity, 
saturation, initial temperature, and rate of temperature change, develop almost the 
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same values of maximum pressure. This leads to the conclusion that the pressure de
veloped by the sand-ice system is practically independent of the sand's gradation and 
particle shape. Taking into consideration that the average coefficient of thermal ex
pansion of the sand particles is about three times smaller than that of ice, it is not sur
prising that the expansive behavior of the sand-ice system is governed by its ice com
ponent. 

A number of check tests were run on frozen samples to determine the reproducibility 
of the apparatus and technique. In general, the average deviation in the maximum pres
sures for duplicate tests on a given sample was about 6 percent. Much larger varia
tions (an average of 18 percent) were found in the maximum pressures reached by the 
reproduced equivalent sand-ice samples tested under the same conditions. The largest 
deviations were usually shown by specimens having high initial temperature (T 0 = 30 F) 
where the small difference in applied pressure (i.e., 0.5 psi) could change the value of 
maximum pressure by 50 percent or more. 

The values of maximum pressure developed by a confined sand-ice system (Figs. 
6 through 10) can be expressed by the following empirical equation: 

cr max = 46~6 [0.475 Si (1 - T 0 / 30) em + CJ 

where 

cr max = maximum pressure, psi; 
m = 0.225 + 0.00075 Si; 
C = 0 for T 0 :s: 25 F; 

(To - 25) a Si 
C = 

2500 
for25F :s: T0 :s: 30 F; 

n = sand porosity, percent 
Si = degree of ice saturation, percent; 
a = rate of sample's temperature increase, deg F per hour; and 

T 0 = initial sample temperature, deg F. 

(3) 
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where, 

for T
0 

$: 20 F, 

K = 4.95 - 0. 11 T 0 , 

L = - (0.076 - 0.015 T 0 / 20 ), and 
p = - (0.06 + 6.5 T 0 / l,500); and 

for 20 F $: T 0 $: 30 F, 

K = 6.9 (1 - T0 / 31.8), 
L = - (0.183 - 0.0061 T 0 ), and 
p = - (0.113 + T 0 / 750). 

Good agreement between values 
calculated from Eq. 3 and those 
obtained from the experiments can 
be seen in Figures 11 and 12. The 
broken lines representing Eq. 3 
are almost the lines of best fit for 
experimentally obtained values of 
maximum pressure. 

Figure 13 shows the relation
ship between maximum pressure 
and porosity for fully saturated 
sand-ice specimens. The solid 
portion of the straight lines indi
ealei:; the porosity range in which 
sands can be found in nature. When 
projected to n = 100 percent, the 
lines point to maximum pressure 
exerted by pure ice. It is of in
terest to mention that the magni
tude of ice pressures so indicated 
came close to results r epor ted by 
Monfore (3), who investigated pure 
ice samples subjected to uniaxial 
restraint only. 

The period of time required for 
a 4-in. thick frozen sand-ice layer 
to reach its maximum pressure 
can be obtained with relative ac
curacy from the following empiri
cal equation: 

(4) 

Equation 4 summarizes results shown in Figures 6 through 10 and also includes the ef
fect of soil porosity on the time, tm, required for a given sand-ice sample to reach its 
maximum pressure. 

To simplify Eq. 4, the relationship between porosity and tm for given constant values 
of Si, T0 , and 9 was approximated to be a straight line. Because the porosity range 
in whidt all i:;andi:; in nature are found is very small (n = 29 to 50 percent), the resulting 
error from the above approximation is negligible. Unlike Eq. 3, Eq. 4 cannot be ex
tended to predict the behavior of pure ice specimens. 

The pressure exerted by the sand-ice system at any selected time after the increase 
in temperature took place can be calculated from Eq. 1 by substituting a max/0.3679 tm 
for coefficient A. 
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CONCLUSIONS 

It is beyond the scope of this paper to discuss the magnitude of lateral thrust that 
can be developed by a frozen sand layer under all possible conditions oflateral restraint. 
However, the values of maximum pressure calculated from Eq. 3 could give some guid
ance to practicing engineers. Being derived under the most severe conditions of full 
radial restraint, they are in this respect the maximum pressures that the frozen sand 
layer can exert on rigid retaining structures. 

The temperature of the sand-ice system at the time when it begins to be subjected to 
temperature increase is of great importance. At a high initial temperature of 30 F, a 
frozen sand layer will exert lateral pressure approximately 50 times smaller than when 
it is at 0 F. 

Ice saturation in frozen sand is one of the major factors influencing the resultant 
magnitude of lateral thrust developed by sand-ice specimens. At a constant porosity, 
the relationship seems to be linear, with the slope of the straight line being determined 
by the rate of temperature change and the initial temperature of the sample. 

Two different sands, having the same porosity and degree of ice saturation and also 
conditioned to the same initial temperature, developed almost the same maximum pres
sure when subjected to the same rate of temperature increase. Therefore, it would ap
pear that the maximum pressure that a sand-ice system can develop is independent of 
the sand's particle shape, size, and gradation. 
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