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SUMMARY

A study of frost heave forces acting on structural members

embedded in, or resting on a Lake Agassiz silt is presented

in this thesis. The investi-gation was made using a fuII

scale model in the laboratory. The apparatus consisted of

a large tank equipped with a freezing unit which provided

unidirectional freezing of the soil"

A series of six Ëests were run, and the frost heave

forces were studied under constant rates of frost penet-

ration. Soil temperatures, frost heave forces on the struc-

tural members, surface heave of unrestrãined ground, and

surface heave around an embedded structural member \{ere

observed during the tests.

The surface heave results of unrestrained ground indicated

that the higher the rate of frost penetration, the larger

the initial rate of heave. The relationship obtained was in

good agreement with results obtained by other researchers"

The surface heave of the soil seemed to be influenced by

the load acting on frost front. The test results showed

that the surface heave decreased rapidly after the over-

burden pressure at the frost front exceeded approximately
a

110 rb/ft' . .

The surface heave was impeded by the embedded member, and

the radius of the influence \,vas approximately 18 inches "
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There was no apparent effect of the rate of frost penet-

ration on the frost heave forces acting on the embedded

members. The adfreeze stress which was calculated on the

basis of the uplift force and the depth of frost penet-

ration, increased approximately linearly with a decrease

in the average frozen soil temperature" The unit adfreeze

stress was expressed as a function of frozen soil tempera-

ture by the following equation for a temperature range of

29.soP to -.13.oor:

t = 53.1

where

1.8 r

: Unit adfreeze stress (psi)

: Frozen soil temperature (Fo)

ï

t

The frost heave force on

the soil surface, increased

an increase in the depth of

force was influenced by the

the results indicated that

penetration, the lesser the

a structural member resting on

approximately linearly with

frost penetration. The uplift

rate of frost penetration, and

the faster the rate of frost

frost heave force"
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CHAPTER

INTRCDTJCTION

Frost heave of the ground surface commonly occurs in a

region 'ishere there is seasonar freezing and thawing of the

soiI. The expansion of moisture in the soil pores during

freezing or the formation of an ice lens at the frost line

results in a volume increase of the soil. studies of frost

heave have been made by such investigators as casagrande(1)
(21 /?\L932, Beskow\-' 1935, Linell\"/ 1959. Frequently the rela-

tionship between frost heave and particre size of the soil

was studied in order to determine the frost susceptibility

of the soil.

Frost heave of soil may generate an enormous uplift force

on structures resting on, or embedded in the soi1, causing

undesirable vertical movements and damage to the structures "

ïn the case of embedded structures, the upward movement of

soil is transmitted to the structure by means of an "adfreeze

stress" between the structure surface and the frozen soil"
I /l\

Kinoshita t-' studied the frost heave force on buried pipes

in the field. In his study, three pipes of different

materials were used; plastic, steel, and concrete. penner

(5'6'7) recently conducted experiments in the field which

dealt with the frost heave forces on a surface plate, orr

i:::.:: r:ìlì:;::::;'.È



buried pipes, and on walls. The primary objectives \¡rere

to establish field measurements of the frost heave forces

exerted on surface or embedded struetures. Since these

studies vrere conducted in the field, environmental conditions

':;'..-..such as rate of frost penetration and moisture in the soil :'""""'

were not controlled.

A full scale model research pro ject dealing with the frost .: 
.r:

heave forces on structurar members rocated on or within '.:'."tt.'

,.'.,.:.,.,t, ,

frozen soil has been underway at the University of Manitoba, ';:,,'.

Civil Engineering Department, for the past three years" 
I

The experiment was undertaken in the laboratory by utirizing

a large tank equipped with a freezing unit in order to ,

create unidirectional freezing of the "oit within the tank"

rnstrumentation was provided to measure soir and air tem-

peratures, frost heave and uplift forces developed on

structural members. The objectives were to measure the

frost heave forces under different rates of freezing. A

series of six tests were run with the rate of frost penet-

ration varying from 0,5 inches to 3.0 inches per day.

rn this thesis a summary of the test resurts is presented
i-.,': : --,:

along with correlation studies of the results :'j1:-:::
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CHÃPTER 2

FROST ACTTON OF SOILS

In this chapter, a review is made of research pertaining

to the mechanism of soil f.reezing, magnitude of frost heave,

and the frost heave forces acting on surface or embedded

structures,

Mechanism of Soil Freezing

I¡Ihen heat extraction occurs below freezing temperatures

and supplies of water are provided in the soil, ice crysta-

llization occurs in the soil pores. The formation of crys-

tals may occur on the basis of both heteriogeneous ànd homo-

geneous nucleation, heterogeneous nucleation being the

initiation of growth or formation of an ice crystal by a

foreign substance, and homogeneous nucleation being initial

growth on the basis of a bud of crystallization formed with-

in the water phase.

The nucleation starts at a somewhat lower temperature

than the freezing point. Linell's investigatior(3) showed

that the nucleation temperature could be as low as 25op

depending on the soil type. This extra cooling to initiate

the nucleation is called "super coo1ing". Also the presence

of solutes such as salts in pore water can lower the freezing



temperature.

The mode of frost propagation depends on the soil

Yong and Vüarkentin(8) illustrate two different types

frost propagation, the first type of which is shown

following schematic diagram, Figure 1.
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Coarse grained soils have large pores and large soil

particles, therefore the pore water can flow freely through

the voids, and gravity is the most dominant force acting

on both pore water and soil particles. Consequently the

pore water changes to ice progressively from one void to

the next as the frost front progresses, and the ice formation

takes place without significant movement of water to the
ÇpoiÀt of ice crystallization " Thus there is nð significant

increase in volume during the freezing of coarse grained

soiIs.

fn fine grained soils, because of the small size of both

soiL particles and pores, the electro-potential and the

surface force are the most dominant forcås acting òn the

soil particles and the pore water. The pore water exists

in two ways, free water and adsorbed water. Tn fine grained

soils, the formation of ice starts within the free water

rather than the adsorbed water. After ice crystallization

of the free water has been made in the void, further growth

of ice can take place by migration of water up to the point

of ice crystallizatioir. This process of ice lens formation

takes place until the energy required to supply the water

for ice growth becomes too large. Then other ice lenses

may be formed further downward where the temperature may

be lowered within the nucLeation temperature range. This

process is shown in Figure 2.
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: , As the ice lenses propagate into the soil pores, a force

develops at the ice-water interface along the curvature

of the soiL pores. This force is called heaving pressure"
lqì

.:,:..:, A theoretical analysis made by Everett and Haynes'-' l-ed
' ¡.'-:-:¡:¡:

to the following equations for the heaving pressure with a

close-pack array of spherical- particles of uniform size;

p=?6L* + 2 ( di=-dws)
rir

where P : heavingpressure

(1)

9-w: ice-water interfacial energy

di, t ice-solid interfacial- energy

dws, water-solid interfacial energ'y

ri : radius of pore

r : radius of sphere

applying the Young-Dupre equation;
:,--

'.t, ,

:: di, dws = ot* cos g

,:.i..:l

where O is the contact angle between

ice-water and water-solid surface"

and defining B' as r/ri cos 9;

P- 29*ços O (l+e')
r

ft is not within the scope of this thesis to discuss
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the details of this equation, however, the following imp-

lications from the theory should be recognized;

i) a maximum heaving pressure is attained when the ice

is about to penetrate through the foramina of soil

structures.

ii) the equation implies that the smaller the pore si-zeo

the greater the heaving pressure generated.

Frost Heave

Early investigations of frost heave have been undertaken

by such investigators as CasagranAe(1) tgSZ, or geskow(2)

1935. For the frost susceptibility of soi1s, studies

regarding the effects of soil type or texture on frost

heave have been carried out by cathy(lo) 1962, and r,inell(3)
of u.s. Arctic construction and Frost Effects Laboratory

(ACFEL) 1959, The ACFEL standardLzed their frost heave

tests as follows; six inch high cylindrical samples are

frozen at a rate of frost penetratLon of 3/4 to I/z

inches per day. The frost susceptibility criteria prepared

by the ACFEL, which is based on the rate of heave of the

soil, is presented in Figure 3.

rt has been well established through these investigations

that a soil consisting of intermediate grained particles

such as silt or clayey silt is most frost susceptible in
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terms of frost heave. Terzaghi and p".L(11) gave the

following reasoning for the frost heave of such soil;

"the tendency of ice lenses to develop and grow

increases rapidly with decreasing grain size"

On the other hand the rate at which the water

flows in an open system toward the zone of free2ing,

decreases with decreasing grain size. Hence

it is reasonable to expect that the worst-heave

conditions would be encountered in soils having

an intermediate grain size, ',

The frost heave of soil- is known to be influenced by

two factors other than soil type, one being the load on the

frost line and the other being the rate of heat extraction.
/1r\Kapler'-o', using a freezing test on emall cylindrical

samples similar to the ACFEL samples showed that frost heave

decreased with increasing load on the frost line. Osler(13)

also pointed out the importance of the load, showing that

the frost heave in natural grounds would vary with depth

of frozen soil, and, therefore, should be examined in terms

of the particle size of the soil and the depth of frozen

soil.

The rate of heat extraction, which is in turn related to

the rate of frost penetration, influences the frost heave.



(]-2l ( 1 a\Kapler's'--' and Pennerrs\*-' labcratcry investigations

shcwed that the higher the rate of frcst penetraticn, the

greater the initial rate of frcst heave. Pennet(1s) further

shcwed that increasing the rate of heat rem?va1 from the

freezLng olane, increased the rate rf migratíln cf moisture

to the frost front, and consequently increased the heaving

rate.

Frost Heave Force on Surface or Embedded Structures

The ice lenses propagating ínto the soil pores generate

a force called the heaving pressure at the ice,/water inter-

face, and the theory accounting for this phenomena was

presented in the preceeding section of this chapter" In

case of f.reezing of natural grounds, the heaving pressure

continues to develop at the frost front as the ice lenses

grow, and this force can be transmitted to the structures

if the surface heave is restraíned by the structure"

(s)
Penner' made an investigation of the frost heave force

on a restrained surface plate in the field, and found the

following general trends for the frost heave force;

1 " The variation of the frost heave force was closely

associated with weather conditions "

Cold weather resulted in an increase of the force, and2.
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periods of moderating weather reduced the force value.

3. Generally the frost heave force increased as the frost

depth increased.

Since the heaving pressure develops in the.same direction

as the heat flow, it is possible that the frost heave force

acts laterally if the ground freezing takes place laterally

such as in case of vertical- cuts of the ground. McRostie

and Schriever(l6) showed an example of such a frost heave

force developed on the tie-back plates in vertical cuts.

Unfortunately few investigation have been made of the

frost heave force on surface structures, and the subject

has not been fully explored"

Frost heave forces can also act on embedded structures.

VÍhen the soil is frozen to a1 embedded structure, a bond

or adhesive force develops at the interface between the

frozen soil and the structure. This process is called

adfreezing. Thus frost heaving of soil may cause an uplift

force on the embedded structure by way of the adfreezing

phenomena.

penner(6'7) and Kinoshita(4) investigated the frost

heave force on embedded structures in the field. Kinoshi-

ta's study indicated that the material of the embedded

pipes influenced the frost heave force. His test results
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showed that steel pipe gave the largest heave force, follo-

wed by plastic pipe, and then concrete pipe. Russian

researchers, oalmatov(17) and vyalov(18), studied the

adfreeze strength in relation to frozen soil temperature.

'' ..".' Their studies \dere based in laboratory investigations::'::i.j::.-.: - -;i.

using a slow rate of shear and they found that the adfreeze

strength increased with a lowering of the temperature of

the frozen soil. r,u"""(19) studied adfreeze strength by

a model test. The adfreeze strength obtained varied from

40 psi to 75 psi with frozen soil temperatures ranging
-between 18or to 25or.

These adfreeze strength were considerably higher than

those reported by Penner(6'7) . Because the approach taken

by Nees was to measure the maximum shear resistance of the

frozen bond under rapid loading, it may not represent the

same phenomena that take place in the seasonal freezíng of

the ground.



CHAPTER 3

EXPERTMENTAL IN\¿ESTIGATION

This chapter deals with the test apparatus, soir proper-

ties, test programme, and procedure.

Test Apparatus

¡.Iarge tank equipped with a freezing unit was used to

create unidirectional freezing of the soil within the tank

as shown in Figure 4. The soil was made up of upper silt

layer and lower sand layer. The depth of the silt was 6g

inches. I^7ater was supplied to the soil from the bottom

of the tank. The phreatic level was kept at 35.to'3? inches

below the, soil surface using an outside resevoir attached

as shown in Figure 4"

T\¡¡o vertical meirbers consisting of 3" x 3" structural steel

angles, embedded in the soil as shown in Figure 4, were

used for the adfreeze study. The embedment depths of the.

vertical members \,vere 45.5 and 55 inches. A proving ring

and a load cel1 were placed between the vertical members

and an overhead floor beam to measure the uplift forces

on the verticar members. The loading capacities of ttre

proving ring and the load cell $/ere 11.5 kips and 20 kips

respect ively.
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A horizontal member which was a 32-inch long S-7x15.3 .,,,,:.,

I-Beam, was placed on the soil surface, and upward movement

of the horizontal member was restrained by a reaction beam.

A load cell was placed between the horizontal member and
a::,,t,-,1

the reaction beam to measure the uplift force. The capacity ,..,i.,

of the load cell was 200 kips "

Thermocouples to moaj-tor the soil temperature \^/ere moun-

ted on a wooden strap (1" x 4") and buried in the soil near

the centre of the tank as shown in Figure 5 "

A surface steel plate I2't x B" x \" was used to monitor

the unrestricted surface heave of the soil. A surface

heave measurement assembly, âs shown in Figure 6, was used

to monitor the surface heave of the soil in the vicinity

of a vertical member"

Soil Properties

Silt from the Lake Agassiz basin was used for the inves-

tigation. The gradation of the soil is given in Figure 7.

The envelope in the figure shows the range of the grain

size distribution obtained from four tests. The silt was

predominantly inorganic and light brown in colour" The

Liquid Limit ranged from 23.O to 23.8, and the Plasticity

Index ranged f.rom 4.4 to 5.0. The compaction moisture

content of the soil ranged between 15 and 25 percent varying
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$/ith depth as shown in Figure 8. The silt was compaeted by

hand tamping to dry densities ranging between 108 and 118

ta/*3 .

Test Programme and Procedure i,','.',','"

A series of six tests \dere performed to investigate the

frost heave forces. A summary of the six tests is gi.ven

in Table 1. The first test lvas run with an attempt to

maintain a constant boundary freezing temperature. iFtre

remainder of the tests vrere run with an atterhpt to mai,ntain

the rate of frost penetration constant during each test.

The rate of frost penetration was varied from 0.5 inch to

3.0 inches per day. The rate of frost penetration-wa,s

controlled by carefully monitoring the soil temperatures

in the tank, and the boundary freezíng temperature lrras

adjusted by manual- operation of the thermostat on the

freezing unit as required.

Measurements of the air and soil temperatures, surf,ace

heave, and the frost heave forces on vertical and horizon-

tal members \,vere taken at intervals of 1 to 2 hours during

the day. The freezing phase of the test was continued until

the f.rost penetration exceeded the depth of the vertical

members. Observations were continued during the thawi_ng

phase of the test.
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CHAPTER 4

TEST RESULTS AND ANALYSES

This chapter deals with the results and analyses of the

six tests performed according to the test programme outlined

in Table 1. six comprehensive reports (2o' 2r' 22' 23' 24' 25)

containing the details of the individual tests and the

results, have been previously prepared. The reports contain

test data on soil temperature, frost heave, uplift thrust

on buried vertical members, and uplift thrust on a surface

horizontal member. In the following sections, the results

and correlation studies of the six tests are presented

according to subject matter"

Soil Temperature and Frost Penetration

Using soil temperature readings, the depth of the 32of'.

isotherm was established and was assumed to be the depth

of frost penetration. The location of the 32of'. isotherm

\iras determined by either using polynomial curve fitting or

by using linear interpolation between two thermocouple

readings that were above and below 32 degrees Fahrenheit.

fn most cases, the polynomial curve fitting was used. TIE

details of the two methods are as follows:

For polynomial curve fitting, a fourth degree polynomial
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was fitted to the soil temperature distribution" The co-

efficients of the polynomial \¡/ere calculated applying the

Least Squares Method. Figure 9 shows a typical temperature

distribution and its representation by a fourth degree

polynomial. The depth corresponding to the 32o¡'. isotherm

lvas determined by the HaIf Interval Search Method" The

error in temperature approximation for this numerical method

was set as É O.O5o¡'.. An example of the calculation is

given in the Appendix.

. Linear interpolation was employed where the polynomial

curve fitting was not satisfactory because of a large vari-

ance in soil temperature. The data were examined and the

two thermocouple readings which straddled the 32o¡'. isothe-

rm vrere selected. A linear variation of temperature with

depth was assumed between the two thermocouples and the

location of the 32of. isotherm was thus located.

Using the above procedures for tocating the 32oF. isotherm,

frost penetration as a function of time is shown in Figure 10

for the six tests. As can be seen from Figur.e 10, in four

tests, (Test No.3 through No"6), a constant rate of frost

penetration was achieved. The achieved rates \^/ere 2 inches

per day, 0.5 inch per day, l- inch per day and 3 inches per

day for Test Nos.3,4,5 and 6 respectively. The rates of

frost penetration in Test No.1 and No.2 varied during the test.
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using the porynomial equations the depths corresponding to
different isotherms vrere also determined. A typicat plot of
soil temperature isotherms as a function of time during the

freezing phase is shown in Figure 11. As can be seen from

Figure 11, the soir temperature at any depth generarry

decreased with time. A significant time lag existed bet_
ween changes in surface temperature and temperature ctrange

in the vicinity of the frost front. The time lag ranged from

1 to 2 days which made the controrling of the rate of frost
penetration somewhat difficult 

"

The average soir temperature in the frozen zone hras

determined as follows. Using the polynomials, the area

representing the product of depth and temþerature as shown

in sketch (a) below, \^7as computed by integration, and the
average frozen soi-I temperature v¡as obtained by dividing
the area by the depth of froz,en soil

roera.tu

Depth Depth

(a) (¡)
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IVhen the depth of frost penetration exceeded the length of

one of the vertical members, the average soil temperature

within the depth of the vertical member was computed as

shown in sketch (b) by dividing the shaded area by the

length, L, of the vertical member. The above procedure vras

used when the temperature distribution was represented by -

a polynomial. When polynomial curve fitting was unsatis-

factory, a numerical integration by Gregory's formula or

Simpson's rule was used to compute the shaded area.

The averagfe frozen soil temperature is presented as a

function of the depth of frost penetration in Figure 12.

As can be seen from Figure 12, the average frozen soil

temperature generally decreased as the depth of frost pene-

tration increased., but there.lvas no relationship between

the average frozen soil temperature and the depth of frost

penetration, and no identifiable interrelationship between

the average f.rozen soil temperature, the depth of frost

penetration, and the rate of frost penetration.

Surface Heave of Unrestrained Ground

The surface heave

the surface plate is

frost penetration in

of unrestrained ground monitored by

presented as a function of depth of

Figure 13 for all six tests. The
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surface heave continued throughout the f.reezing phase'with
i

the rate of heave generally decreasing with an increase in

the depth of frozen soil. The observed maximum heave was

1.95 inches at a depth of frost penetration of 51 inches

(rest No.5) .

As can be seen from Figure 13, there was no definitive

correlation between the amount of surface heave and the

rate of frost penetration"

An attempt was made to correlate the maximum heaving rate

of the six tests with the different rates of frost penet-

ration. Surface heave increased rapidly at the beginning

of each test and continued thereafter at a decreasing rate

for the duration of the freezing phase. The maximum rate

of heave, therefore, corresponds to the initial tangential

slope of "the heave versus time" curve, âs shown in Figure

J-4. The maximum rates of heave and the corresponding rates

of frost penetration are presented in Figure 15 and Table 2 "

Also shown in Figure 15 is the computed heave rate based on

expansion of pore water assulning the soil to be saturated

and no inflow of moisture,

A comparison of the writer's results with those obtained
(1A.\

by Penner*--' is seen in Figure 15. As can be seen from

Figure 15, the ralationship between the maximum rate of

heave and the rate of frost penetration agrees with the
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TEST No.

Maximum Rate of Heave and
Frost Penetration Rate.

Table 2.

I

2

MAXIMUM
RÄTE.OF HEAVE

3

0 . 10 ( in .,/day)

4

5

0.348 (in.,/dayi

6

0 .048 ( in .,/day)

O .257 ( in .,/day)

CORRESPONDING R.ATE

OF FROST PENETR.ATTON

0 .410 ( in.,/day)

1.0 (ín./day)

,.:a

2.O (in./d,ay)

0.5 ( in.,/day)

l- .0 ( in . ,/day )

3 .0 ( in .,/day)

I

(,
(Jl

I



results obtained by Penner" 
i

Although the ralationship between the maximum rate of

heave and the rate of frost penetration shows good ag'ree-

ment with Penner's result, the trend of surface heave in-

crease with frost penetration differed. fn the writer's

investigation, âs the depth of frost penetration increased,

the rate of surface heave decreased, whereas the experiment

conducted by Penner showed almost a linear increase of sur-

face heave with frost penetration. The difference may be

attributed to the much larger depth of frost penetration

in the writer's study. Consideration of this is presented

in the next section"

It has been noted by various investiga.tors, Beskow(2) i

and Kaplar(L2) , that a load placed on a specimen under-

going freezing reduces the rate of heaving. This is expj

lained by the following energy concept. fn the heavirrgi

process, work is performed in lifting a load above the

freezing front and in raising water up to the freezing

front. ff the load is increased then the amount of energy

available for raising the load is expended on lifting it

a somewhat shorter distance than if the load had not been

present.

In the freezing of soil, the frozen soil above the
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freezing front acts as a surcharge 1oad. A correlation l.'','

study was made between the magnitude of heave and the depth

of frost penetration. The ratio of surface heave (H) to

depth of frozen soil (Z) is plotted on Figure 16 against
t-,t,t..'t,t;':,t.

the depth of frozen soil (Z) . AIso_ the overburden pressures :.:::'..

corresponding to the depth of f,rozen soil are shown in the

f igure. As can be seen from Figure L6, with the exception 
,,,,,.,;,,,

of one test, the heave ratio increased to a magnitude of '""t",'
j 
,t 

t 
,l tt.,t't -t

7% to 12% at a depth of frost penetratíon of about 10 inches ':i ..::'.

which corresponds to about 110 psf overburden pressure, :

and decreased thereafter, to a magnitude of about 3% to

s%.

Therefore it may be concluded that the magnitude of sur-

face heave is impeded by the overburden pressures in excess

of 110 psf "

The effect of the rate of frost penetration on the heave

ratio-overburden pressure relationship appears to be insig-

nificant as can be seen in Figure 16.

. 
Surface Heave in The Vicinity of The Vertical Member

The vertical ground movements around the vertical member

v/ere measured in Test No.5 and No.6, and the observations

are shown in Figures 17 through 20. Figures 17 and 18
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present the ground movements at various distances from the
i

vertical member as a function of time. From Figures \7 and

18, it is evident that the presence of the stationary

vertical member had an influence on the surface heave of

the soil adjacent to it. The radius of influence of the

vertical member would appear to be about 16 to 20 inches

as indicated in Figure 18, in which the surface heave at

distances greater than t6 inches is relatively constant

in magnitude.

In Figures l9 and 20, the variation in surface heave

with distance from the member is shown for different

elapsed times. The figures indicate that the pattern of

heave versus distance is consistent with time. Although

no surface heave measurements vüere taken at the member-soil

interface, observations at the end of the test indicated

that there was a continuous displacement between the vertical

member and the contact soil"

The above results indicated that some plastic flow occurred

along the interface of the vertical member throughout

the test and that the vertical member impeded the frost

heave within a distance of about 16 to 20 inches from the

vertical member. These findings disagree somewhat with

other researchers' observations Q6) ' (71 . saltytcoy(26)

conducted a laboratory test and also a field test to study
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frost heave in the vicinity of an isolated stationary pipe.

He reported that, in the laboratory test in which a 5 cm

diameter wooden post was used, plastic deformation of the

.soil was observed within 1 cm radius of the post and free

frost heave occurred beyond that. penne.'"(6) observations

vrere made under field conditions with an embedded 3.5 inch

diameter steel pipe. Based on the measurement of ground

heave around the pipe at radii of I ft,2 ft,3 ft and

9 ft, he found that there was no impediment of frost heave

by the embedded steel pipe. Hov/ever, p.rrrr.r(7) observed

a difference in heave pattern due to geometrical differen-

ces in foundation structures. He found that the impediment

of frost heave in the case of a long wall was as much as

7 feet,

An attempt was made to present the nature of the displa-

cement adjacent to the vertical member. Figure 27 depicts

the relative heave of soil adjacent to the vertical member

as a function of the depth of frost penetration, The re-

lative heave is éxpressed as a ratio between the frost

heave at a distance of 2 inches from the member and the heave

of the surface plate. The two-inch distance was chosen

because it represented the frost ileave measurement nearest

to the vertical member. As can be seen from Figure 2I,
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both curves indicate an increase in the relative treave up

to a depth of frost penetration of about 20 inches and

thereafter the relative heave reaches a constant. This

indicates that the impediment to frost heave by the verti-

cal member is greatest at a shallow frost penetration then

decreases to a constant vaLue at a depth of frost penetra-

í:.,. tion of about 20 inches.

The relative heave in Test No.5 was larger than that in

Test No.6. However, there was insufficient test data to

draw any valid conclusions regarding the èffects of rate

of frost penetratíon on relatíve heave.

The results of "relative heave" and corresponding depth

of frost penetration are given in Tables- 3 and 4 of the

Appendix.

Adfreeze Stress

fn this section, the measured uplift thrust and the

calculated adfreeze stress on the vertical members are

analyzed.

The maximum and average uplift thrust on the vertical.

members are presented as a function of the depth of frost

penetration in Figures 22 and 23 for the six tests. The

test number and rate of frost penetration are indicated
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on the curve to which they correspond"

As can be seen in the figures, the uplift thrust increased

with the depth of frost penetration during the freezing

period as wourd be expected. The maximum uplift thrust 
,f ,-,,- ,..

occurred in Test No.5 and was 18 kips with a corresponding

depth of frost penetration of 51 inches"

In general the following observations \^/ere made regarding .,;,;::

the resurts: 
.'. 

:,.l',"¡¡','.,

'_ . '. .1

1) the uplift thrust started after a depth of frost penet-

ration of about eight inches"

2) the relationship between the uplift thrust and the

depth of frost penetration was not linear. The rate

of uplift force increased with an increase in the

depth of frost penetration.

3) there was no definitive relationship between the uplift

thrust and the rate of frost penetration. 
;;.,,:,;,,;,;,,,.:,'.,;

The adfreeze stress was obtained by dividing the uplift

thrust by the area of contact between the member and the fro-

zen soil. The maximum and average stresses for the two verti-

cal members are presented as a function of the depth of frost

penetration in Figures 24 and 25 respectively. The test number

and rate of frost penetration are indicated on the curve

to which they correspond. The maximum adfreeze stress was
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33 psi. which occured in Test No.S"

In general the following observations were made regarding

the results:

1) the adfreeze stress generally increased as the freezing

phase progressed, but there \Á/ere short-term deviations

from this trend.

2) the different rates of frost penetration had no defini-

tive effect on the adfreeze stress

It is known that the mechanical properties of frozen soil

are highly dependent on the temperature of the soil" Russian

researchers, Vyatey(18) and Dalm¿¿sv(17) , studied the effect

of temperature on the shear strength of frozen soils. Both

researchers found that there was an increase in shear strength

with a lowering of the soil temperature,

Adfreeze stress is a measure of the creep strength of f.rozen ..:,:,':
:: .. ;.a:,'a:

soil, since it is generated by plastic flow at the interface 
1.,.,:,.,,

between the member and the frozen soil. The relationship ' r':.'

between the adfreeze stress and the average temperature of

frozen soil was investigated. For this correlation study ,..,.,'..:,

the data corresponding to the vertical member having the

larger magnitude of adfreeze stress was used, rather than the

averag'e of the two members. Figure 26 shows the correlation

between the adfreeze stress and the average temperature of
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the frozen soil. As can be seen from Figure 260 the adfreeze ,"

stress generarly increased with a decrease in average frozen

soil temperature and the ralationship was approximated by a

straight line. The results of Test No.3 deviated considerably
..,,:. 

''.a'from the linear relationship shown, and the results indicated -':,:,'.:

that the adfreeze stress was essentially independent of the

average temperature of the frozen soil. The linear reration-

ship is represented by the following equation;

lmax = 1.8 x (29.5 - t"rr") for Z9.5or >turr">llor

where t..* : Maximum adfreeze stress (psi)

t ave : Average frozen soil temperature (Fo)

ft should be noted here that the adfreeze stress presented
)

in the writer's investigation is based on the assumption

of uniform distribution of stress along the interface.

since there is considerable variation in the frozen soil

temperature along the interface, there is probably a vari-

ation in the adfreeze stress since it is temperature depen-

dent.

An analysis of the unit adfreeze stress distribution was

made using the results of the writer's investigation and

the relationship between the frozen soir temperature and

the bond strength of frozen soil, as determined by Darma-

¡ey(17) and Vya1ov(18) e



Dalmatov suggested a linear variation of adfreeze strength

with frozen soil temperature, and gave the following

equation;

S=c-bt 
,

where S : Adfreeze strength (k7/cm2l

c,b: Parameters dependent on soil

type, determined experimentally ,

t : Frozen soil temperature (Co)

However vyalov suggested a non-linear variation of adfree-

ze strength with frozen soil temperature, expressed by. the

following relationship î

S=So +a,lE

where S : Adfreeze strength (l<g/cm2')

. So : Adfreeze strength at OoC

soíI temperature (Ug /em2 )

a : A parameter dependent on soil

type, determined experimentally

t : Frozen soil temperature (co)

Both investigators obtained their equation from temperature

controlled laboratory tests

It was demonstrated in the writer's investigation that

the adfreeze stress was temperature dependent and the
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relationshÍp was approximately linear. Thus the results

support the linear relationship suggested by Dalmatov. The

rinear relationship obtained from the writer,s investigation

gives the following equation for average unit adfreeze str-

ess as a function of soil temperaturei

T = 53.1 - 1.9 t ... ... o (1)

where T : Unit adfreeze stress (psi)

. t : Soil temperature (Fo)

The d.istribution of unit adfreeze stress along the interface

is thereby obtained using equation (r) and the soil temp-

erature distribution within frozen zone. The temperature

distribution was expressed as a function of depth by means

of a fourth degree polynomial;

t = Ar + A2z + A3z2 + A4z3 + e5z4

Therefore the rerationship between unit adfreeze stress

and depth is given by;

Ï = 53.1 - 1.8 (Ay +A2z + A3z2 + A4z3 + A5z4)

where\ shall be positive, ox zero.

Typical examples of unit adfreeze stress distribution along

the interface are depicted in Figure 27 and 29"
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Uplift Thrust on The HoTizontal Member

The uplift thrust exerted on the horizontal member is

presented in terms of a frost heave pressure which repre-

sents the unit stress acting on the base of the horizontal

member. The frost heave pressures are presented as a fun-

ction of the depth of frost penetratíon in Figure 29. The

test number and rate of frost penetration is indicated on

each curve.

The maximum heave pressure observed was 352 p.s.i. which

occurred in Test No.4. However, this does not necessarily

represent the maximum value of frost heave pressure gene-

rated in Test No.4 because the thrust exceeded the capacity

of the load ceIl, and the readings beyond the capacity were

discounted because they could not be converted to load with

any reliability.

As can be seen in Figure 29, it is clearly demonstrated

that;

1) the frost heave pressure did not level off during the

freezing phase"

2) there was almost a línear relationship between the

depth of frost penetration and the frost heave pressure"

3) the difference in the rate of frost penetration seemed

to have an effect on the uplift thrust. V'iithin the

limited number of tests conducted, the. slower the rate
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of frost penetration, the larger was the uplift thrust
for a given depth of frost penetration.

A linear relationship between the depth of frost penetra_

tion and the contact pressure indicates that uprift thrust
on a horizontal member is more crosely related to the depth

of frost penetration than to the surface heave. This is
demonstrated in Figure 30 which shows the surface heave

force in relation to the depth of frost penetration and

arso to the surface heave. As can be seen in the figure,
the surface heave force increased almost linearly with the

depth of frost penetration, but it did not show the same

trend when compared with the surface heave.

The observation that the slower the rate of frost pene-

tration, the larger the uplift thrust for a given depth of
frost penetration may be explained from the view point of
ice lense activity at the frost front.

p"m"r(27) conducted an experiment of ice lense activity
and he concluded that "the maximum heaving pressure devel_

ops after the period of active frost penetration and rises
to this maximum when the ice-water interface is essentially
stationary. " The "heaving pressure,' represents the.press-

ure generated by the expansion of ice lenses at the frost

front. This experimentar observation by penner conforms
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with the Everett's theory for porus media. Everett,s(9)

theory says that the heaving pressure is generated by the

ice lense propagation into the pore, and that the equilib-

rium at ice-water interface is necessary to attain the

maximum heaving pressure. This suggests that, when there

is a constant downward penetration of the freezing front,

equilibrium at the ice-water interface cannot be achieved

and therefore the maximum heaving pressure cannot be att-

ained. Furthermore it may be that the faster the rate of
frost penetration, the further the conditions at the ice-

water. interface are from equilibrium which may expÌain the

trend between the uplift thrust and the rate of frost pe-

netration observed in the writer's investígation. The

lack of an observed maximum heave pressure may also be

explained on the basis of continual frost penetration"
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CHAPTER 5

CONCLUSTONS A¡üD FURTHER RECOMMENDATION

The research project described herein was primariry de-

signed to investigate the factors that affect the adfreeze

and frost heave forces. ïn this chapter the findings are

summarized and recommendations for further study are

presented.

Conclusions

1) The distrÍbution of temperature with depth in the soil

for a constant rate of frost penetration during the

freezing phase was nonlinear and was best represented

by a fourth degree polynomial"

2) 
. surface heave continued throughout the freezing phase

with the rate of heave generally decreasing with an

increase in the depth of frozen soil"

3) Overburden pressure appeared to effect the surface

heave. The general trend was that the expansion of

soil due to freezing was largely impeded by overburden

pressures in excesq of about 110 tA/tt2.
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4') The maximum rate of heave increased as the rate of
frost penetration increased, which was similar to the

trend found in penner,s investigation.

5) surface heave was infruenced by the presence of the

buried structural member with the radius of infruence

being about 16 to 20 inches.

6) The adfreeze stress was best correlated with average

temperature of the frozen soil. The unit adfreeze

stress increased linearry with a decrease in the frozen

soil temperature according to the following equation:

t = 53.1 - I.g t for eg.sor> t > -I3.oop

where ï : unit adfreeze stress (psi)

t : Frozen soil temperature (f'o)

7) The uprift thrust on a horizontal member increased

throughout the freezing phase of the test. There was

almost a linear relationship between the depth of

frost penetration and the uplift thrust.

8) Tliere was no correration between heave of the soil

surface ànd the uplift thrust on the horizontal member"



9) The rate of frost penetration appeared to have an effect

on the uplift thrust on the horizontal member. The. trend

observed was that the slower the rate of frost penetra-

tion, the larger the uplift thrust for a given depth

of frost penetration.

Recommendations for Further Study

1) The maximum uplift thrust on a horizontal member should

be determined with a stationary frost front. This study

should include the effect of the size of the horizontal

member on the unit uplift thrust.

2) A theoretical study of ice lense activity at the frost

front should be continued in order to have a clear un-

dersÈanding of the mechanism of frost heave forces.

In particular the effects of the rate of frost penet-

ration on the heaving pressure at the frost front should

be studied

3) The relationship between the frozen soir temperature

and the unit adfreeze stress should be studied further"

Attention should be given to the distribution of the

adfreeze stress with depth.



..--........_:.....r.i._::.j:.::.":t_t -::::i.::_t:,-::_.:;.'-il-a-:\-.).......:-::.-..,:-::

'67 -

LIST OF REFERENCE

1. Casagrande, 4., "Discussíon on Frost Heaving", Highway

Research Board, Proceeding VoI.11, part 1, pp,169

r72, Ig32

2. Beskow, G., "'Soil Freezing and Frost Heaving with
Special Application to Road and Railroads, ',, The S\^re-

dish Geological Society, 26th yearbook No.3, Series C,

No.375, 1935, (Translation by J. O. Osterberg', The

Technological Institute Northwestern University, Evan-

ston, I11i., 1947)

3. finell , R. 4., and Kaplar, C. W., ',The Factor of Soil
and Material Type in Frost Action.", Highway Research

Board, Bulletin No.225, 1959, pp.8I-J-26

4. Kinoshita, S. and Ono, T., "Heaving Force of Frozen

Ground, 1, - Mainly on The Results of Field Researches,',

Low Temperature Science, Series A, 2I", pp.117-739,
1963, (Technical Translation No.1246, I96G, National
Research Council of Canada)

5. Penner, 8., "Frost Heaving Forces in Leda Clay, ,r,

Canadia.n Geotechnical Journal, VoL "7 , February , Ig7O,

pp .8-16 r .. :
,t.r'.':,,t

6. Penner, 8., and lrwin, Vü, W., "Ad,freezing of Leda CIay

to Anchored Footing Columns. ", Canadian Geotechnical

Journal, VoL.6, No.3, 1969, pp.327-337



6B

7. Penner, E., and Gold, L. W., "Transfer of Heaving For-
ces by Adfreezing to Columns and Foundation $Ialls in
Frost-Susceptible Soils. ", Canadian Geotechnical Jour-
nal, VoI.8, No.4, L97I, pp.514-526

8. yong, R. N. and Warkentin, B. P., "Introduction to
Soil Behavior. ", The Macmillan Company, New york

9. Everett, D. H. , and Haynes, J. M., ',Capillary proper-

ties of Some Model Pore Systems with Reference to
Frost Damages.", RTLEM Bulletin, New Series 27, pp.
31 _38

10" Cathy, T. f., and Townsend, D. L., "pore Size and

Field Frost Performance of Soils. ,', Highway Research

Board, Bulletin No.331, 1962

11. Terzaghi, K., and Peck, R. 8., "Soil Mechanics ín
Engineering Practice. ", John, lViley and Sons, fnc.,
New York, pp .I4g-151

72. Kaplar, C. W., "Phenomenon and Mechanism of Frost
Heaving, ", Highway Research Board, Record 3O4, Ig7O,

pp,1-13

13. osler , J. c. , "The rnf ruence of Depth of Frost penet- 
.'1.,_..,:_,.

ration on The Frost Susceptibility of Soils, ", Canadi-
an Geotechnical Journal, VoL.4, 1967, pp.334-346

14. Penner, 8., "Tnfluence of Freezing Rate on Frost Hea-

ving. ", Highway Research Board, Record No.393 , !g72,



6g

pp.56-64

15. Penner, E,, "The fmportance of Freezing Rate on Frost
Ac.tion in Soils. ", proceedings, ASTM, VoI.6O, 1960,

pp.1Is1-1165

16. McRosite and Schriever, ,'Frost pressure in The Tie-
Back System at The National Arts Centre Excavation.,,,
Engineering Journal , E.f .C., 50. (3), pp.17-21

::: a'-::::.., ::..

17. Tsytovich, N. 4., and et.
ology (Permafrost Studies)
cryology, Chap. III, Basic
Frozen on Thawing SoiI.,',
Translation No.1239, 1969

al., "Principles of Geocry-

, Part ÍÍ, Engineering Geo-

Mechanics of Freezing,
pp.28-79, NRC, Technical

18. Vialov, S. S., "Reologicheskie Sovvistvia i Nesushcha-

ra sposobnost Merzliykh Gruntov. ", rzdaterstov Akademii
Nauk sssR, Moscow. (Reologicar eroperties and Bearing
Capacity of Frozen Soils.), IransL.74, U.S.Army Mate-
rial Command, CRREL, Hanover, September 1965

19. Nees, L.4., "Pile Foundations for Larger Towers on

Permafrost .", Proceedings ASCE, VoL.77, Separate
No.103, November, 1951

20. Domaschuk, L., and Tanaka, y., "Adfreeze Stress on

Buried Structural Members. ,', Test No.1, Technical
Report, Department of Civil Engineering, The Univer-
sity of Manitoba, December, Ig72



-70

21. Domaschuk, L. and Tanaka, Y., "Adfreeze Stress on

Buried Structural Members . rtr Test No .2, Technical

Report, Department of Civil Engineering, The Univer-
sity of Manitoba, FebruarY ' I973

22. Domaschuk, L. and Tanaka, Y., "Adfreezå Stress on

Buried Structural lr{embers. rr, Test No.3, Technical
Report, Department of Civil Engineering, The Univer-
sity of lvlanitoba, March, 1973

23. Domaschuk, L. and Tanaka, Y., "Adfreeze Stress on

Buried Structural Members.", Test No.4n Technical
Report, Department of Civil Engineering, The Univer-
sity of Manitoba, August ' 1973

24. Domaschuk, L. and Tanaka, Y., "Adfreeze Stress on

Buried Structural Members.", Test No.5, Technical
Report, Department of Civil Engineering, The Univer-
sity of Manitoba, October, I973

25. Domaschuk, L. and Tanaka, Y., "Adfreeze Stress on

Buried Structural Members.", Test No.6, Technical
Report, Department of Civil Engineering, The Univer-
sity of Manitoba, November, 1973

26. Saltykov, N. T., "Ca1culating Frost Heaving Forces on

Foundatiorìs. ", Izvestiia Akademii ttauk SSSR, 1944,

Otdelenie Tekhnickeskikh Nauk, No.6, pp.305-412,
(Translation No.46, by Jaroslov J. P., SIPRE eiblio-
graphy Project, Library of Congress, Washington)



-7r

APPENDIX



Table 3.
Relative Surface Heave Adjacent to a Vertical Member;Test No.5

Time (hr. )

Surface Heave ( in. ) Depth of frost
penetration ( in. )at 2 in.

(A)
at 31 in

(B)
A/B
(%\

96 .0
t22.O
146.O

169 .0
r94.O

218.0
242.0
266.O

300 .0
314 .0
338 .0
387 .0
410.0
434.O

458 .0
481.0
506 .0

530.0
553,0
578 .0

604.O

626.O

650.0
674.O

722.0
748.O
770.O

794.O
818.0
842.O

0.106
0.15r
o.216
0,304
0.378
0.501
0.581
0.65t
o.694
0.751
o.792
0.881
0.918
0 .933

0 .998
0.993
1 .015

I.O27
1 .036
1 .031

1 .054
r.o72
1 .068

1 .086

t.r24
I .119
1.148
1 .169
T.I97
I .200

o.r77
o.447
0 .606

o.7L7
0 .860

0.980
]- 081

1.166

L.267

1.301
r.352
r.436
I.467
1 .501

t.549
1.573
L.597

t.624
I.637
1 .656

L.67I
I.682
r.694
1.710
I.739
I.756
L.770

I .785
r.799
I .812

59.9

33 .8
35.7
42.4
44.O

5r.1
53.7
55.8
54.8

57 .7
58 .6
61..3

62.6
62 "2
64.4
63 .1

63.7

63 .3
63 .3
62.4
63 .1
63 "8
62.4
63"5

64.7
63 .8
64.9
65.5
66.6

66.2

3.7
5.1
6"5
7.4
8.4
9.2

10.3
TT.2

12.8
13.4
14.3
15 .8
L6.4
17 .3

18,1
]-9.4

2L "L
22 "5
23.r
24.9
26.I
26.9
27.8
28.9
30 .9
32.O
32.5
33 .5
34.4
35.s

''¡. 
.
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Table, 3.

( continued )

Time (hr. )

Surface Heave ( in. ) Depth of frost

penetration ( in. )at2
lA)

].n, at 31
tB)

in. A/B
(%)

867 .O

889.0
914.0
940.O

962.O
986 .0

1010 .0
1058.0

1083 .0
1130 .0
1180.0

L225.O

t.r97
L.216
T.2T6
\.226.
I.230
r.243
T.247
r.248
r.262
I.26I
T.27I
I .27I

1 ,836

I.842
I .853
I .863

I.872
I .880
I .886
1 .899

1 .905

1.918
r.932
r.946

65 ,3

66.O

65.7
65.8
65.7
66.2
65.9
65.8
66.3

65.8
65.8
65.3

36.1
37 .O

37 .8
38 .8
39.4
40.6
4r.6
43.7

44.4
46.3

48.4

50.4



Tab1e 4.
Relative Surface Heave Adjacent to a Vertical Member;Test No.6

Time (hr. )

Surface Heave(in.) -Depth of frost
penetration ( in. )at 2 in.

(A)
at 31 in.

(e)
e/s
(%)

24.O
48.0
73.O

97 .O

T2T.5
I44.O
168.0
I92.O
216.O

240.O

266.O

288.0
3I2.O
338 .0
360.0
383 ,5
407 .O

430.0
459.0
480.0
504.O
528 .0

552 .0

576.O

599.0
623.O

648.O

672.0

0.1410
0.1579

0.3125

0.4185
o.4909
0,5413

0.5660
o.5767

o.5789
0.5828
o.5970
0 .6038

o.6125
0.6180

o.6205
o.62L2
0.6210

0 .6070
0.6r05
0.61r0
o.6230
0 .6 100

0 .6 100

0.6320
0 .6565

0,6690

o.6728
o.7r20

0.0921
0.4358

o .7I99
0.9109
I.Or77
1 .0841

1.1251
1.1518

1.1670
r "r777
I ,1923

r.2049
t.2I78
1.2319

I.2430
I.2554
r.269I
L.2832
r.2979
1 .3078

1.3258
1 .3438

1 .361s
7.3720
I .3843

1 " 3935

I.4064
1.4100

153 .0
36.2

43.4

45.9
48.2
49.9

50.3
50. t
49.6
49.5

50.1

50.1
s0.3
50.1

49.8
49.5
49.O

47 .3
47 .r
46.7

47 .O

45.3
44.8
46.r
47 .8

48.0
47 -8
50.5

3,0
6.0
8.4

11.6
]-5.2
18 .0

20.8
23.1

25.2
27 .5
29.4
31.5
33 .3
35.0
36.6

38 .0
39.0
40.5
4r.9
43.r
44.O
45.3

46.7

47 .5
47 .8

48.O

48.6
48.7



7,5

Half IntervaL Search Method

Since there is no solution available fot' a high degrees

of polynomial equation, the solution can be obtained by

successive trial error procedure. The HaIf Interval Search

Method is illustrated as follows;

Temperature (t)
32.O

< o.o5tro

z3

^24N

-22
s
+J
O{
o
A

where
Al=
Az=

(zO+ zL) /2
(zI+ zz) /2

etc "

AI+. A2z+ A3z+ A4z+ ASz

ZO, ZL, ... are successive trial values of,:depth, and

the above procedure will be repeated until the descrepancy

becomes less than the specified error (0.05 Fo)"

zI

Z


