THE UNIVERSITY OF MANITOBA

FROST HEAVE FORCES ON
STRUCTURAL MEMBERS
by

YASUO TANAKA

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE DEGREE

OF MASTER OF SCIENCE

DEPARTMENT CIVIL ENGINEERING

® o o 6 0 58 06 00 000 s o 8 0 0 00 0

WINNIPEG, MANITOBA

May, 1975



FROST HEAVE FORCES ON
STRUCTURAL MEMBERS

by

YASUQ TANAKA

A dissertation submitted to the Faculty of Grad'uate Studies of
the Umvemty of Mamtoba in partial fulfﬂlment of the ruqumments _

of the degn.e ot

MASTER OF SCIENCE

- © 1975

Permission has been granted to the LIBRARY OF THLE UNIVER-
SITY OF MANITOBA fo lend or sell coi)ies of this dissertation, to
the NATIONAL LIBRARY OF CANADA to microfilm this
dissertation and to lend or sell copies of the’ illm and UNlVLRSlTY
MlCROF ILMS to pubhsh an abstract of this dxssertdtlon

The author reserves other publication rights, and neither the
dissertation nor extensive cxtracts from it may be printed or other-

wise reproduced without the author’s written permission.




TABLE OF CONTENTS

Page
ACKNOWLEDGEMENTS csscecerosessessessesssevoon iii
LIST OF TABLES R R iv
LIST OF FIGURES et ceectecieneeas v
SUMMARY ceesssesscscscsacsesanesonn iix
CHAPTER |
I. INTRODUCTION cessssesscsccscoscceseeceenas 1.
II.. FROST ACTION OF SOIL eecersscsscnacceareana l3.
Mechanism of Soil Freezing ceesscasess - 3.
Frost Heave ceersceveccsosssene ceceess 8.
Frost Heave Force on Structures Embedded in,
or Resting onS0il ..ceee sevscocscocsoccs 11.
III. EXPERIMENTAT, INVESTIGATION ceceesevssoan 14.
Test Apparatus cecnscsscsses ceceoces oo 14.
Soil Properties cecsesssecsecensersons l6.
Test Programme and Procedure ceceveces 21,
Iv. TEST RESULTS AND ANALYSES  ..... ceeecnnce 23.
Soil Temperature and Frost Penetration .. 23,
Surface Heave of Unrestrained Ground .... 29,
Surface Heave in The Vicinity of a
Vertical Member s escecssecssencasacs 37.
Adfreeze Stress cesesesnsacerascs ceeo 46.

Uplift Thrust on a Horizontal Member oo 59.




V. CONCLUSIONS AND FURTHER RECOMMENDATIONS ... 64,

LIST OF REFERENCES ® & & & & % & 0 ¢ W O F & Ve G OB 0SSO 67.

APPENDIX ceecessccccscssecsssccccscsnanan 71.




111

ACKNOWLEDGEMENT

The writer gratefully acknowledge the financial assistance

proVided by Manitoba Hydro during the research period.

The writer sincerely thanks Prof. L. Domaschuk for the
encouragement and conscientious guidance provided through-
out the thesis.

Prof. A. Baracos provided several véluable comments and

useful suggestions. His advice and interest are gratefully

~ acknowledged.
Special appreciation is expressed to Mr. G. McLure for

his criticisms and suggestions.




LIST OF TABLES

Description
Details of Test Programme

Maximum Rate of Heave and Frost Penetration

Rate.

Relative Surface Heave Adjacent to The

Vertical Member:; Test No.5

Relative Surface Heave Adjacent to The

Vertical Member; Test No.6

Page

22.

35.°

72.

74.




Figure

10.

11.

12,

LIST OF FIGURES

Schematic View of Soil Freezing in Coarse-
Grained Soils. ctsscececnsaacsosssscces
Schematic View of Soil Freezing in Fine-
Grained S»ils. ceeceseeccesccsnssscscssas
Frost Susceptibility Criteria Prepared by
The ACFEL. .;;;.......................,
Instrumentation. ......;............,..
Location of Thermocouples. ceesecccoeas
Surface Heave Mgasurement Assembly. .....
Grain Size Distribution Curve. cecocscos
Compaction Water Content Distribution

With Depth. cececessassssecsosssen cesss
Typical Relationship Between Sonil.
Temperature and Depth. ceecrscsssscnnnn
Depth of Frost Penetration Versus Time for
Different Rates of Frost Penetration. ....
TLocations of Different Isotherms as a
Function of Time; Test No.3. = ..... coean
Average Frozen Soil Temperature Versus Depth
of Frost Penetration For Different Rates of

Frost Penetration. teccecesscsoseencoas

Page

15,

17.

18.

190

20.

25,

26.

28.

30.




Figure Page
13, Surface Heave Versus Depth of Frost Penetration

for Different Rates of Frost Penetration. eeee 31,
14, Surface Heave Versus Time; Test No.5. eeeseees 33.
15. Heave Rate Versus Frost Penetration Rate. ...... 34.
l6. Heave Ratio Versus Depth of Frost Penetration

for Different Rates of Frost Pentration. ...... 38,
17, Surface Heave In The Vicinity of é Vertical

Menmber; Test No.5. teseeerencsrerrrsanrrearecssac 39,
18. Surface Heave in The Vicinity of a Vertical

Member; Test No.6. ceeessassessscssssssnsssase 40,
19. Surface Profile in The Vicinity of a Vertical

Member at Various Time Intervals; Test NofS. . 42,
20. Surface Profile in The Vicinity of a Vertical

Member at Various Days of Freezing; Test No.6. 43,
21, Relative Movement of Soil Adjacent to The

Vertical Member as a Function of Frost Depth... 45,
22, Maximum Uplift Thrust Versus Depth of Frost

Penetration for Different Rates of Frost

Penetration. Teses s e s s et er et ac et et onnn e 47.
23. Average Uplift Trust Versus Depth of Frost

Penetration for Different Rates of Frost

A.Penetration' T ® ¢ PO QPP QL e RN C AP EQC LY E RS OTEE 48



Figure | Page
24, Maximum Adfreeze Stress Versus Depth of Frost
\ Penetration for Different Rates of Frost

Penetration. s e st eeasees s s s st st asreesssse oo 50.
257 Average Adfreeze Stress Versus Depth of Frost

Penetration for Different Rates of Frost

Penetration.sseessserroerseeseosssesocnonnnnaces 51,
26. Average Frozen Soil Temperature Versus

Adfreeze Stress; Vertical Member Having The

Larger Magnitude of Unit Adfreeze Stress. .... 53.
27. Computed Variation of Unit Adfreeze Stress

With Depth, and Soil Temperature Distribution;

Test No.5 at 709 hrs. e 57.
28. Computed Variation of Unit Adfreeze Stress

With Depth, and Soil Temperature Distribution;

Test No.5 at 848 hrs. . teetecsstesessasrracons 58.
29, Frost Heave Pressure on Horizontal Member Versus

Depth of Frost Penetration for Different Rates of

"Frost Penetration. tresear e ss o sranns 60.
30. The Relationship Between Depth of Frost Penetration

Surface Heave, and Surface Heave Force on

Horizontal Member; Test No,6. Cesscarese s 62.



viii

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 investigation was made using a full
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 tests were fun, 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 unrestrained ground, and
surface heave around an embedded structural member were
observed during fhe 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
110 1b/ft2. .

The surface heave was impeded by the embedded member, and

the radius of the influence was 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-
ufation, 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

29.5°F to -13.0°F:

v = 53.1 - 1.8t
where & : Unit adfreeze stress (psi)

t : Frozen soil temperature (F°)

The frost heave force on a structural member resting on
the soil surface, increased approximately linearly with
an increase in the depth of frost penetration. The uplift
force was influenced by tﬁe rate of frost penetration, and
the results indicated that the faster the rate of frost

penetration, the lesser the frost heave force.




CHAPTER 1

INTRODUCTION

Frost heave of the ground surface commonly occurs in a
region where there is seasonal freezing and thawing of the
soil. 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(l)
1932, Beskow(z) 1935, Linell(B) 1959. Frequently the rela-
tionship betwéen frost heave and particle 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, Qr embedded in the soil, causing
undesirable vertical moveﬁents and damage to the structures.
In the case of4embedded 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.

(4)

Kinoshita studied the frost heave force on buried pipes
in the field. 1In 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, on




buried pipes, and on walls. The primary objectives were
to establish field measurements of the frost heave forces
exerted on surface or embedded structures. Sihce these
studies were 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 project dealing with the frost
heave forces on structural members located on or within
frozen soil has been underway at the University of Manitoba,
Civil Engineering Department, for the past three years.

The experiment was undertaken in the laboratory by utilizing
a large tank equipped with a freezing unit in order to
create unidirectional freezing of the soil within the tank.
Instrumentation was provided to measure soil 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.

In this thesis a summary of Ehe test results is presented

along with correlation studies of the results.




CHAPTER 2

FROST ACTION OF SOILS

In this chapter, a review is made of research pertaining
to the mechanism of soil freezing, magnitude of frost heave,
and the frost heave forces acting on surface or embedded

structures.

Mechanism of Soil Freezing

When 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 hetefogeneoqs and homo-
geneous nucleation, heterogeneous nucleation being the
initiation of growth or formation of an ice crystal by a
foreign substance, and homogéneous 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 investigation(3) showed
that the nucleation temperature could be as low as 25°F
depending on the soil type. This extra cooling to initiate
the nucleation is called "super cooling". 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 type.
Yong and Warkentin(g) illustrate two different-types of
frost propagation, the first type of which is shown in the

following schematic diagram, Figure 1.

ﬂ Heat out ﬁ .

///////////_////////

4

Soil -
particle

- Water in contact with surface of particles and subject
to surface forces

723 1ce
Supercooled water in bulk-water phase

Figure 1. Schematic View of Soil Freezing in Coarse-

Grained Soils, after Yong and Warkentin(s)




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
' pOiElt of ice crystallization. Thus there is no' significant
increase in volume during the freezing of coarse grained
soils.

In fine grained soils, because of the small size of both
soil particles and pores, the electré—potential and thé
surface force are the most dominant forces acting on the
soil particles and the pore water. The pore water exists
in two ways, free water and adsorbed water. 1In fine grained
solils, the formation of iée étarts 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 crystallization. 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 1is shown in Figure 2.
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Schematic ¥YYiew of Soil Freezing in Fine-Grained Soils.

After Yong and Warkentin(8),




As the ice lenses propagate into the soil pores, a force

develops at the icé—water interface along the curvature
of the soil pores. This force is called heaviﬁg pressure.
A theoretical analysis made by Everett and Haynes(g) led
Vfo the following equations for the heaving pressure with a

close-pack array of spherical particles of uniform size;

o’.
29w 4 2 (O -Oys) .en...(1)
rij r

P =

where P : heaving pressure

+ st . ice-water interfacial ener
w

O,; : ice-solid interfacial energy
Oys: water-solid interfacial energy

rjy : radius of pore

r : radius of sphere
applying the Young-Dupre equation;

diS - dWS = diw cos 9

where 6 is the contact angle between

ice-water and water-solid surface.

and defining B' as r/rj cos ©;

P = 2%, cos O (1+B'v) ....... (2)
r

It is not within the scope of this thesis to discuss



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 size,

the greater the heaving pressure generated.

Frost Heave

Farly investigations of frost heave have been undertaken

by such investigators as Casagrande(l) 1932, or Beskow (2)
1935. For the frost susceptibility of soils, studies
regarding the effects of soil type or texture on frost
heave have been carried out by Cathy(lo) 1962, and Line11(3)
of U.S. Arctic Construction and Frost Effects Laboratory
(ACFEL) 1959. The ACFEL standardized their frost heave
tests as follows; six inch high cylindricalvsamples are
frozen at a rate of frost penetration of 3/4 +to 1/2 -
inches per day. Tﬁe frost susceptibility criteria prepared
by the ACFEL, which is based on the rate of heave of the
soil, is presented in Figure 3.

It 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 Peck‘ll).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 freezing,
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.

(12)

Kapler , using a freezing test on small cylindrical

samples similar to the ACFEL samples showed that frost heave

decreased with increasing load on the frost line. 0sler(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.




(12) (14)

Kapler's and Penner's labnratnry investigations
showed that the higher the rate of frost penetratinn, the
greater the initial rate of frost heave. Penner(ls) further
showed that increasing the rate of heat remhval from the
freezing vplane, increased the rate »f migratinn »f moisture

" to the frost front, and consequently increased the heaving

rate.

Frost Heave Force on Surface or Embedded Structures

The ice lenses propagating into the so0il 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. 1In
case of freezing 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 restrained by the structure.

Penner(s) made an investigation of the frost heave foree
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.

2. Cold weather resulted in an increase of the force, and



periods of moderating weather reduced the force value.

3. Generally the frost heave force increased as the frosf
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

(16)

and Schriever 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.
When the soil is frozen to.an 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.

(6,7) (4)

Penner and Kinoshita 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




showed that steel pipe gave the largest heave force, follo-
wed by plastic pipe, and then concrete pipe. Russian

(17) and Vyalov(lB), studied the

researchers, Dalmatov
adfreeze strength in relation to frozen soil temperature.
Their studies were based in laboratory investigations

using a slow rate of shear and they found that the adfreeze
strength increased with a 1owering of the temperature of.
the frozen soil. Ness(lg) studied adfreeze strength by

a model test. The adfreeze strength obtained varied from
40 psi to 75 psi with frozén soil temperatures ranging
“between 18°F to 25°F.

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 resisténce of the
frozen bond under rapid loading, it may not represent the

same phenomena that take plaée in the seasonal freezing of

the ground.



CHAPTER 3

EXPERIMENTAL INVESTIGATION

This chapter deals with the test apparatus, soil proper-

ties, test programme, and procedure.

Test Apparatﬁs'

A .large 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 68
inches. Water was supplied to the soil from the bottom
of the tank. The phreatic level was kept at 35 to 37 inches
below the soil surface using an outside resevoir attached
as shown in Figure 4.

Two vertical members consisting of 3" x 3" structural steel
angles, embedded in the soil as shown in Figure 4, were
used for tﬁe adfreeze study. The embedment depths of thef
vertical members were 45.5 and 55 inches. A proving ring
and a load cell were placed between the vertical members
and an overhead floor beam to measure the uplift forces
on the vertical members. The loading capacities of the

proving ring and the load cell were 11.5 kips and 20 kips

respectively.
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A horizontal member which was a 32—inch long $-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
the reaction beam to measure the uplift force; The capacity
of the load cell was 200 kips.

Thermocouples to moeitqr the soil temperature were 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 12" x 8" x %" was used to monitor
the unrestficted surface heave of the soil. A surface
heave méasurement assembly, as 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 23.0 to 23.8, and the Plasticity
Index ranged from 4.4 to 5.0. The compaction moisture

content of the soil ranged between 15 and 25 percent varying




80 .

Depth of Thermocouple

Thermocouple Thermocouple Depth below
L set No. Soil Surface
vertical (inches)
member i 1 0.0 (air)
' 2 0.5
th.ef?‘.’.couples 3 to 26 1.5 to 36.0
< (3751 . (] .
i , inclusive at 1.5" interval
ii 27 to 39 33.0 to 51.0
inclusive at 1.5" interval

.
vertical
member

//l

freezing
unit

Plan view
of tank

Figure 5. Location of Thermocouple in Freezing Tank.
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with depth as shown in Figure 8. The silt was compacted by
hand tamping to dry densities ranging between 108 and 118

1b/£t3.

Test Programme and Procedure

A series of six tests were performed to investigate the
frost heave forces. A summary of the six tests is given
in Table 1. The first test was run with an attempt to
maintain a constant boﬁndary freezingbtemperature. The
remainder of the tests were run with an attempt to maiﬁtain
the rate of frost penetration constant during each test.
The rate of frost penetration was varied from 0.5 inech to
3.0 inches per day. The rate of frost peénetration was
controlled by carefully monitoring the soil temperatures
in the tank, and the boundary freezing temperature was
adjusted by manual operation'of the thermostat on the
freezing unit as required.

Measurements of the air and soil temperatures, surface
heave, and the frost heave forces on vertical and horizon-
tal membefs were taken at intervals of 1 to 2 hours during
the day. The freezing phase of the test was continued until
the frost penetration exceeded the depth of the vertical
members. Observations were continued during the thawing

prhase of. the test.




Table 1

Details of Test Programme

~Duration of Test Observation Frost Condition
Test No. (days)
freezing | thawing A B C D E
No.l 78 18 X - X X - Constant boundary
temperature
No.2 22 14 X - | x |x |- dz/dt=1.0 inches/day
(unsuccessful)
No.3 24 —_ X - X X - dz/dt=2.0 inches/day
No.4 102 22 X X X X - dz/dt=0.5 inches/day
No.5 51 19 X X X X X dz/dt=3.0 1nches/day
No.6 28 16 X X X X X dz/dt=1.0 inches/day

- Frost heave force on the vertical member

‘- Frost heave force on the horizontal member

Soil Temperature

- Surface heave

- Surface heave in the vicinity of a vertical
member

dz/dt - Rate of frost penetration

Note

Hoawk
1




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(zo’Zl'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,‘aﬁd 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 Prost Penetration

Using soil temperature readings, the depth of the 326F.
isotherm was established aﬁd was assumed to be the depth
of frost penetration. The location of the 32°F. isotherm
was determined by either using polynomial curve fitting or
by using 1inéar interpolation between two thermocouple
readings that were above and below 32 degrees Fahrenheit.
In most cases, the polynomial curve fitting was used. The
details of the two methods are as follows:

For polynomial curve fitting, a fourth degree polynomial



was fitted to the soil temperature distribution. The co-
efficients of the polynomial were 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 32°F. isotherm
was determined by the Half Inferval Search Method. The
error in temperature approximation for this numerical method
was set as % 0.05°F.. An example of the calculation is
given in the Appendix,

. Linear interpolation was em?loyed where thé polynomial
curQe 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 32°F. isothe-
rm were selected. A linear variation of temperature with
depth was assumed between the two thermocouples and the

location of the 32°F. isotherm was thus located.

Using the above procedures for locating the 32°F. isotherm,

frost penetration as a function of time is shown in Figure 10
for the six tests. As can be seen from Figure 10, in four
tests, (Test No.3 through No.6), a constant rate of frost
penetration was achieved. The achieved rates were 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.l and No.2 varied during the test.
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Using the polynomial equations the depths corresponding to

different isotherms were also determined.

soil temperature isotherms as a function of time during the

freezing phase is shown in Figure 11.

decreased with time. A significant time lag existed bet-
ween changes in surface temperature and temperature change
in the vicinity of the frost front. The time lag ranged from

1 to 2 days which made the controlling of the rate of frost

penetration somewhat difficult.

representing the product of depth and temperature as shown

in sketch (a) below, was computed by integration, and the

A typical plot of

As can be seen from

Figure 11, the soil temperature at any depth generally

The average soil temperature in the frozen zone was

determined as follows. Using the polynomials, the area

average frozen soil temperature was obtained by dividing

the area by the depth of frozen soil.

Temoerature (T)
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When 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 coméuted as
shown in sketch (b) by dividing the shaded area by the
iength, L, of the vertical member. The above procedure was
used when theltemperature 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 compﬁte the shaded area.

The average 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 averaée frozen éoil
temperature generally decreased as the depth of frost pene-
tration increased, but there'was no relationship between
the average frozeh soil temperature and the depth of frost
penetration, and no identifiable interrelationship between

the average frozen soil temperature, the depth of frost

penetration, and the rate of frost penetration.

Surface Heave of Unrestrained Ground

The surface heave of unrestrained ground monitored by
the surface plate is presented as a function of depth of

frost penetration in Figure 13 for all six tests. The
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surface heave continued throughout the freezing phase with
the rate of heave generally éecreasing 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
(Test 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, as shown in Figure
14. The maximum rates of heave and the corresponding rates
of frost penetration are pfesented in Figure 15 and Table 2.
Also shown in Figure 15 is the computed heave rate based on
expansion of pore water assuming the soil to be saturated
and no inflow of moisture.

A comparison of the writer's results with those obtained
by Penner(14) 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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Table 2.

Maximum Rate of Heave and
Frost Penetration Rate.

TEST No. MAXIMUM CORRESPONDING RATE
RATE OF HEAVE OF FROST PENETRATION
1 - 0.10 (in./day) 1.0 (in./day)
2 ———— —_—
{
3 0.348 (in./day) 2.0 (in./day) w
4 0.048 (in./day) 0.5 (in./day) :
5 0.257 (in./day) 1.0 (in./day)
6 0.410 (in./day) 3.0 (in./day)
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results obtained by Penner.
Although the ralationship getween the maximum rate of
heave and the rate of frost pénetration shows good agree-
ment with Penner's result, the trend of surface heave in-
érease with frost penetration differed. 1In the writér's
investigation, as the depth of frost penetration increased,
the rate of surface heave decreased, whereés_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 investigators, Beskow (2)

and Kaplar(lz)

that a load placed on a specimen under- -
going freezing'reduces the rate of heaving. This is exp-<
lained by the following enérgy concept. In the heaving:
process, work is performed in lifting a load above the
freezing front and in raising water up to the freezing
front. If 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




freezing front acts as a surchargé load. A correlation
study was made between the mégnitude 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

the depth of frozen soil (Z). Also the overburden pressures
corresponding to the depth of frozen soil are shown in the
figure. As can be seen from Figure 16, with the exception
of oﬁe test, the heave ratio increased to a magnitude of

7% to 12% at a depth of frost penetration of about 10 inches
which corresponds to about 110 psf overburden pressure,

ahd decreased thereafter, to a magnitudé of about 3% to

5%.

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
were 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
vertical member as a functio; cf time. From Figures 17 and
18, it is evident that the presence of the stationary
vertical member had an influence on the surface heave of
bfhe 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 16 inches is relatively constant
in magnitude.

In Figuresluaand 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 were 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 soii.

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

(26), (7) (26)

6ther researchers' observations Saltykov

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 1ab5ratory 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

(6)

frost heave occurred béyond that. Penner's observations
were 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 1 ft, 2 ft, 3 ft and

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

(7)

. by the embedded steel pipe. However, Penner 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 21 depicts
the relative heave of soil adjacént to the vertical member
as a function of the depth of frost penetration, The re-

lative heave is expressed 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 heave measurement nearest

to the vertical member. As can be seen from Figure 21,
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both curves indicate an increase in the relative heave up
to a depth of frost penetration of about 20 inches and
thereafter the relative heave reaches a constant. This
indicates that fhe impediment to frost heave by the verti-
cal member is greatest at a shallow frost penetration then
decreases to a constant value aﬁ a depth of frost penetra-
tion of abou% 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 effects of rate
of frost penetration on relative heave.

The resulté of "relative heave" and corresponding depth
of frost penetration are given in Tables"3 and 4 of the

Appendix.

Adfreeze Stress

In 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 would be expected. The maximum uplift thrust

occurred in Test No.5 and was 18 kips with a corresponding
depth of frost penetration of 51 inches.
In general the following observations were made regarding
the results: |
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 frostlpenetration.

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. Tﬁe 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 penefration are indicated on the curve

to which they correspond. The maximum adfreeze stress was




40.0D

//EthhS(LO)'

// 7-4(0.5)

inches per day

(*) Frost penetration rate

0. oo 5. ug 16.00 24.00  s2.00 4Q. Qo
UEPTH OF FROST PENETRATION

43.00
{INCHES)

55.00

Figure 24. Maximum adfreeze stress versus depth of frost penetration for

different rates of frost penetration.

FY.UD




4o.oo

00

32,
A

(PSI)

24,00

Test No.5(1)
rsc?///

7400.5)

TRESS

e

.3a

Lilep
N e

ADFREE

8.00

Lo ltvar)

[ ' (*) Frost penetration rate
‘—--"\ rF2tvar). inches per day

v/
S5, oo 2.00 16.00 2y.00 sa2.00 43.00 42.00 = §A.00 BY.U0
OEPTH OF FROST PENETRATION (INCHES)

00
,.
S

Figure 25. Average adfreeze stress versus depth of frost penetration for
- different rates of frost penetration.




33 psi. which occured in Test No.S5.
In general the following observations were made regarding
the results: |
1) the adfreeze stress generally increased as the freezing
“ phase progressed, but there were 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 femperature of the soil. Russian
researchers, Vyalov(l8) and Dalmatov(l7) , studied the effect
of tempéréture on the shear strength of frozen soils. Both
researchers‘found that there was an increase in shear strength
with a lowering of the soil temperafure,

Adfreeze stress is a measure of the creep strength of frozen
soil, since it is generated by plastic flow at the interface
between the member and the frozen soil. The relationship
between the adfreeze stress and the average temperature of
frozen soil was investigated. For this correlation study
the data éorresponding to the vertical member having the
larger magnitude of adfreeze stress was used, rather than the
average 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 26, the adfreeze
stress generally 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

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 relation-

ship is represented by the following equation;

Smax = 1.8 x (29.5 - tgue) for 29.5°F >t,,o>11°F
where .tmax : Maximum adfreeze stress (psi)

t ave Average frozen soil temperature (F°)

It should be noted here that the adfreeze stress presented
in t£e writer's investigation is based on the assumption
of ﬁniform distribution of stress along the interface.
Since there is considerablé variation in the frozen soil
temperature alohg 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 ihvestigation and
the relationship between the frozen soil temperature and

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

tov(l7) and Vyalov(ls).




Dalmatov suggested a linear variation of adfreeze strength

with frozen soil temperature, and gave the following

equation;

S =c¢c - bt
where S : Adfreeze strength (kg/cm?)
c,b: Parémeters dependent on soil
type, determined experimentally

t : Frozen soil temperature (c°)

However Vyalov suggested a non-linear variation of adfree-

ze strength with frozen soil temperature, expressed by the

following relationship;

S =8, +a/ t
where § : Adfreeze strength (kg/émz)
So : Adfreeze strength at 0°C
soil temperature (kg/bmz)
a : A parameter dependent on soil

type, determined experimentally

t : Frozen soil temperature (C°)

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




relationship was approximately linear. Thus the results

support the linear relationship suggested by Dalmatov. The
linear relationship obtained from the writer's investigation
gives the following equation for average unit adfreeze str-

ess as a function of soil temperature;

* =53.1-1.8¢t e (1)
where Y : Unit adfreeze stress (psi)

t : Soil temperature (F°)

%ﬁe éistribution of unit adfreeze stress along the interface
is thereby obtéined using equation (1) and the soil temp-
erature distribution within frozen zone. The temperature
dist;ibutiqn was expressed as a function of depth by me;ns

. of a fourth degree polynomial;
t =By + ByZ + A32% + a423 + Agz?

Therefore the relationship between unit adfreeze stress

and depth is given by;

T = 53.1 - 1.8 (A1 +AyZ + A322 + 3423 + Agz?d)

where ¥ shall be positive, or zero.

Typical examples of unit adfreeze stress distribution along

the interface are depicted in Figure 27 and 28.
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Uplift Thrust on The Horizontal Member

4

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 preésﬁres are presented as a fun-
ction of the depéh of frost penetration 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 ig 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 léad cell, 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;

l) the frost heave pressure did not level off during the
freezing phase.

2) there was almost a linear 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. WwWithin 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 uplift thrust
on a horizontal member is more closely 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
also to the surface heave. As can be seen ih the figure,
the surface heave force increased almost 1inear1y 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.

(27)

Penner 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 experimental 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-
Qater_interface are from equilibrium which may explain the
trend between the uplift thrust and the rate of frost pe-
netrationvobserved in the writer's investigation. The
lack of an observed maximum heave pressure may also be -

explained on the basis of continual frost penetration.




CHAPTER 5

CONCLUSIONS AND FURTHER RECOMMENDATION

The research project described herein was primarily de-

signed to investigate the factors that affect the adfreeze

and frost heave forces. 1In this chapter the findings are

summarized and recommendations for further study are

presented.

1)

2)

3)

Conclusions

The distribution 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.

Surface heave continued throughout the freezing phase
with the rate of heave generally decreasing with an

increase in the depth of frozen soil.

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 excess of about 110 lb/ft2.




4)

5

6)

7)

8)

The maximum rate of heave increased as the rate of
frost penetration increased, which was similar to the

trend found in Penner's investigation.

Surface heave was influenced by the presence of the
buried structural member with the radius of influence

being about 16 to 20 inches.

The adfreeze stress was best correlated with éverage
temperature of the frozen soil. The unit adfreeze
stress increased linearly with a decrease in the frozen
soil temperature according to the following equation:
X =53.1 -1.8t for 29.5°F> t > -13.0°F
where ¥ : Unit adfreeze stress (psi)

t : Frozen soil temperature (FO)

The uplift 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.

There was no correlation between heave of the soil

surface and the uplift thrust on the horizontal member .




9)

1)

2)

3)

The rate of frost penetration appeared to have an effectx
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

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.

A theoretical study of ice lense activity at the frost
front should be continued in order to have a clear un-
derstanding 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.

The relationship between the frozen soil temperature
and the unit adfreeze stress should be studied further.
Attention should be given to the distribution of the

adfreeze stress with depth.
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Table 3.
Relative Surface Heave Adjacent to a Vertical Member;Test No.5

Surface Heave(in.)

Depth of frost

Time(hr.) at 2 in. at 31 in} A/B penetration(in.)
() () (%)

96.0 0.106 0.177 59.9 3.7
122.0 0.151 0.447 33.8 5.1
146.0 0.216 0.606 35.7 6.5
169.0 0.304 0.717 42.4 7.4

194.0 0.378 0.860 44.0 8.4
218.0 0.501 0.980 51.1 9.2
242.0 0.581 1.081 53.7 10.3
266.0 0.651 1.166 55.8 11.2
300.0 0.694 1.267 54.8 12.8
314.0 0.751 1.301 57.7 13.4
338.0 0.792 1.352 58.6 14.3
387.0 0.881 1.436 61.3 15.8
410.0 0.918 1.467 62.6 16.4
434.0 0.933 1.501 62.2 17.3
458.0 0.998 1.549 64.4 18.1
481.0 0.993 1.573 63.1 19.4
506.0 1.015 1.597 63.7 21.1
530.0 1.027 1.624 63.3 22.5
553.0 1.036 1.637 63.3 23.1
578.0 1.031 1.656 62.4 24.9
604.0 1.054 1.671 63.1 26.1
626.0 1.072 1.682 63.8 26.9
650.0 1.068 1.694 62.4 27.8
674.0 1.086 1.710 63.5 28.9
722.0 1.124 1.739 64.7 30.9
748.0 1.119 1.756 63.8 32.0
770.0 1.148 1.770 64.9 32.5
794.0 1.169 1.785 65.5 33.5
818.0 1.197 1.799 66.6 34.4
842.0 1.200 1.812 66.2 35.5




Table 3.

(continued)

Ssurface Heave(in.)

Depth of frost

Time(hr.) at 2 in. at 31 in. A/B penetration(in.)
(A) (B) (%)
867.0 1.197 1.836 65.3 36.1
889.0 1.216 1.842 66.0 37.0
914.0 1.216 ~1.853 65.7 37.8
940.0 1.226 1.863 65.8 38.8
962.0 1.230 1.872 65.7 39.4
986.0 1,243 1.880 66.2 40.6
1010.0 1.241 1.886 65.9 41.6
1058.0 1.248 1.899 65.8 43.7
1083.0 1.262 1.905 66.3 44 .4
1130.0 1.261 1.918 65.8 46.3
1180.0 1.271 1.932 65.8 48.4
1225.0 1.271 1.946 65.3 50.4
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Table 4,
Relative Surface Heave Adjaéent to a Vertical Member;Test No.6

Surface Heave(in.) _Depth of frost
Time(hr.) at 2 in. at 31 in. A/B | penetration(in.)
() (B) (%)

24.0 0.1410 0.0921 153.0 3.0
48.0 0.1578 0.4358 36.2 6.0

73.0 0.3125 0.7199 43 .4 8.4

97.0 0.4185 0.9109 45.9 11.6
121.5 0.4909 1.0177 48.2 15.2
144.0 0.5413 1.0841 49.9 18.0
168.0 0.5660 1.1251 50.3 20.8
192.0 0.5767 1.1518 50.1 23.1
216.0 0.5789 1.1670 49.6 25.2
240.0 0.5828 1.1777 49.5 27.5
266.0 0.5970 1.1923 50.1 29.4
288.0 0.6038 1.2049 50.1 31.5
312.0 0.6125 1.2178 50.3 33.3
338.0 0.6180 1.2319 50.1 35.0
360.0 0.6205 1.2430 49.8 36.6
383.5 0.6212 1.2554 49.5 38.0
407.0 0.6210 1.2691 49.0 39.0
430.0 0.6070 1.2832 47 .3 40.5
459.0 0.6105 1.2979 47.1 41.9
480.0 0.6110 1.3078 46.7 43.1
504.0 0.6230 1.3258 47.0 44.0
528.0 0.6100 1.3438 45.3 45.3
552.0 0.6100 1.3615 44 .8 46.7
576.0 0.6320 1.3720 46.1 47.5
599.0 0.6565 1.3843 47 .8 47 .8
623.0 - 0.6690 1.3935 48.0 48.0
648.0 0.6728 1.4064 47.8 48.6
672.0 0.7120 1.4100 50.5 48.7




Half Interval Search Method

Since there is no solution available for a high degrees
of polynomial equation, the solution can be obtained by
successive trial error procedure. The Half Interval Search

Method is illustrated as follows;

Temperature (t)

32.0 ¢
207" T 7T ! ;/L/A<0.05F°
Az -

N A
/\24'————-}:.63*——‘-—-—-——
N i where A

] i Al= (zo+ z1)/2
.'Jg * A= (z1+ 22)/2
Q) \/A[ © @ 0 6 0000 000000
Q. - etc.

z2lf--- - ———— - .—l-t= Al+ Apz+ A3z+ A4z+ A5z

Z y

29, 21,... 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).



