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ABSTRACT

Equipment was designed and fabricated, and instrumen-

tation provided, Lo determine the engineering properEies (stress-

straÍn-t.ime relation and relaxation) of Lake AgassLz clays which

had not. been subjected to natural, annual fleezLng and thawing cycles

because of their depth below the ground surface. During this in-

vestigation, the soil specímens were frozen to predetermined con-

stant temperatures, eiEher uniaxially or from all directions, and

then tested" External T¡/ater (over and above natural soil moisture)

was provided for some tesË conditÍons" The reduction in strength

caused by one freezing and thawing cycle of remolded.-and undis-

turbed clay samples was also investigated. 0f special interest

was the study of heaving phenomena caused by Ëhe supply of external

ríater during the fteezing process"
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CHAPTER I

INTRODUCTION PURPOSE AND SCOPE

l. I The investigation T¡ras carried out in the laboratory of fhe Depart-

ment of Civil Engineering of the University of Manitoba. It is a

developmenË of qualitative tests begun in the Geological Engineering

laboratories of the UnÍversitv of Manitoba.

I.2 One of the original objectives vras Ëo determine what happens to

Ëypical Glacial Lake Agassiz clays when frozen for the first time.

Sealed Shelby tube samples were available. These samples had been

stored at. room temperature. The samples \À7ere obtained at a depth of

40 feet. The samples were trimmed and were frozen in rubber membranes

surrounded by ethyl a1cohol. Prior to freezLng, the clay was extremely

fírm. Manual squeezing produced very little impression" trnlhen thawing

had taken place, the previously frozen samples were soft, with the

approximate consistency of butter when compressed between Ëhe fingers.

1.3 In conversations with the lulateriaLs and Research Division,

Manitoba Department of Highways, this change in the physical properties

of the clay was mentioned. The remark precipitated discussion of some

subgrade fill failures thaE, had taken place. The Highways Ðepartment

had been considering whether excavated maËerials or cuts for subgrade

should be "left for a winterrr. One subgrade had functioned well during

Ëhe winËer but with the spring thaw, had failed completely" The



t

following conjecture \^ras suggested for discussion. Had the fteezLng

and subsequent thawing aLtered the propertíes of the clay, and in what

manner? Did freo'ino elror tha structure of the cTay? Did moisture

in the clav become re-dístribut.ed?

L.4 It was decided that a guantitaËive engineering analysis r.^Ias re-

quired. I^Iith the assistance of funds available from the National Re-

search Council for study of the urban geology of Met,ropolitan L{innipeg,

work was started Lo design and manufacture instruments to ËesË and in-

vestigate Ëhe properties of f.reezLng, f.Tozer:', and thawed soils in the

laboratory in undisÈurbed or remolded condiËÍons.
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CHAPTER ]I

DESIGN AND FABRICATION
OF EQUIPMENT AND INSTRUMENTATION---

2"L D.esign of equipment:

Equipment was designed and manufactured in the laboratory that
would permit controlLed f.reezing of soils, with or without waÈer supplied

to the sample. In addition, allowance had to be made for application

and measurement of either constant or varied axial stress or strain.

2"2 The function of the equipmenc:

a) to provide uníaxiar freezLng or thawing of samples und.er

control led temperat.ure 
"

b) to supply \,'ater under controlled head, when and where

required, according to the type of test performed.

c) to permit conLrol of the rate of freezLng or thawing

of the sample.

d) Lo apply constant or variable axial pressure to samples

and measure sample deformation.

e) to apply a controlled raËe of axial deformation and. to

measure the corresponding pressure. (A special case is the

measuremenË of stress release when axial deformation is not

a l lowed, )

f) to measure heaving

g) to measure adr.reezing of soil Ëo other materials in-

serËed in the soil before or at.ter freezíne.



h) to permit repeaËed cycles of f'reezíng and thawing under

the above conditíons "

i) to permit automatic or manual recordíng of temperatures

aË any desired location in the sample.

2.3 FeaËures of Ëhe Equipmenjl

A. Special features of the Freezing Cell (Fíe " 2"L)

a) controlled uniaxial freezing from Ëhe bottom.

This reduced vertical loads on sample and elímínated need for

counterbalance. (ínitíally desígned to reduce the vert.ical load

ori samples) Counterbalancíng could have been used to pennit top

freezing by direct conËact of the samples !'Iith the heat exchange

plates. AlternaËively, the eliminating of dífect contact wÍËh

Ëhe heaË exchange plates, but permiËËíng atmospheric heaË transfer,

as in naËure, insíde the freezing cel1 could be used. (See Fíg. 2.3)

b) the provision of cooling coils around bushing

and upper plate to minimize possible heat flow Eo the sample for

exËernal sources "

c) ability to freeze índividual samples (rather than

usíng cold room). This also allows quick changes ín temperaËure

if so desired.

d) ability Ëo handle samples up to 2"78 inches in

diameËer by 6"0 inches ín length"

sample.

e) control of amounts of water to be supplied Ëo Ëhe
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B. Spegial features of heat, exchange chgmber (Fi8. 221

a) electric motor (Z HP) used to drive a refrigeration

comDressor

b) refrigeraLion compressor reversible to cool or heaË

c) this compressor was used t.o cool or heat a thermo-

statically controlled alcohol bath.

d) submersible pump of 18"75 gaL"/tr" capacity used

to circulate either cooled or heated alcohol Eo freezíng cell.

e) an agLta9or provided to keep bath at uniform

Ëemperature "

f) heat exchange chamber designed to permit up to 5

samples to be flozen in the bath iËself .

2"4 DeËailed description of test equipment

A. Fr.eezi.ng Ce11

The freezing cell consisËs of the following compo-

nents; (Fig" 2"I)

f) Base plate (see Photograph 2.1)

2) Heat exchange pedestal (see Photograph 3. f)

3) Upper plate (see Photograph 2"1)

4) Cooling coils (see Photograph 2"1)

5) Loading cap (see Photograph, 2.2)

6) Water reservoir (see Figures 2"L and 2"2)

7) Loading piston (see Photograph 2"3)

B) InsulaËion hood (see Photograph 2.4)

9) Vapor barrier (see PhoËograph 2.3, 2"5 and 2"I5)



q

l) The base plate \n/as cast together with the heat exchange

pedestal. The base plate material used was perforated epoxy

resin" The purpose of the perforation r¡/as to further reduce the

1or¡ heat conductivity of the plate, while providing a rigid base.

2) The heat exchange pedestal was made of. N indn thick by

7N Lrrcln diameËer sËeel plate containing a LU ínch diameteï copper

cy1índer (see PhoËograph 2"6). Thís cylinder was machined flush

with the bottom face of the plate and projected t¿ Lnch above the

upper face to form the base on which Lhe cooling plate of the

sample rest,ed" A N inch I.D. copper coil was placed under the heat

exchange plate. To provide a larger contact surface, a zLnc plate

Tdas casË flush with the heat exchange coil whích, in turn, \Âras

fastened to the plate (see FLg" 2"L) "

3) The upper plate was fabricaLed of steel and contains a

bronze bushing to guide the loading piston. Copper coils r¿ere

placed around the bushing and horizonËally over the upper plaËe.

Three coils were placed vertically between the upper plaË,e and the

pedestal (see Photograph 2"L) " This minimLzed possible heat flow

Ë.o the sample from external sources" The upper plate was supported

in its posítion by three 5/8 ínch diameter studs which were weldecl

Ëo Ëhe pedestaL"

4) All cooling coils r¡rere connected to the circulating pump

of the heat, exchange chamber with 3/8 inch r,D" nylon tubing which

was placed within 2l Lnch o.D. by 1 inch wall Lhickness Armstrong

foam rubber insulation hose (see photograph 2"7) "
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5) The loading cap was made of low conductivíty acrylíc

materíal conËaining a vitrified bauxílite filter" The filter

faced the soil sample and connected vríth 1/B inch diameËer

polyethelene tubing to Ëhe vüater supply reservoír. The

upper surface of the cap vras machined to hold a L/2 ínch diameter

sËainless-steel ba11. The ball acËed Ëo transmíË load from the

pisËon which was símilarly machined. This ensured Ëhat the load

was applíec axially Ëo the sample during testing. A U16 inch

spiral groove was machined on the face of the loading cap in

cont.acË with bauxilíte filter Ëo provide uniform moisture dis-

tribuËíon to the filter and consequently to the soil sample.

6) Two kinds of water reservoí.r were used to supply Ì,ÍaËeï

to the samples during f.reezíng tests.

a) trnlater was supplied to Ëhe sample while the sample

was in the heat exchange chamber, (see Figure 2.2) or"

b) trrlater was supplied to the samplå whíle the sample

was placed for freezíng in the f.reezLng celI (see Figure Z"L) "

In the first ínsLanceran exËernal graduated burett,e was

connecËed to the top cap of the sample Ëhrough the upper insulat,ion

using 1/B inch r.D" nylon tubing. A valve was provided to cut off

the wat.er supply to Ëhe sample. The !,rater 1eve1 in Ëhe burette

could be adjusted t,o produce any desired head.

In the second insËance a reservoir containing a pre-

determined quantiËy of water \,üas directly connected Ëo the Ëop cap

and was heavíly ínsulated. The hydrauli-c head for experímenËaEion



rüas produced by a manometer after the sampre lras placed in the

freezíng ce-1--1-. A thermocoupre sensrng-junct.ion was placed ín
the reser:voi-r to determine the temperature of the liquid.

7) A i inch diameter acrylic rod was fabricaËed ínto a

loading p-r-ston to apply pressure to the sampre. This materÍar

ruas selected because of i-ts low heat conductívity and high

compressjve srrengrh (See photograph Z"L and 2"3).

B) The insulation hood. was made of styrofoam r t/z ínch Ín
thickness- This hood was placed above the rigid laËeral insulation
of the base plaËe to cover Èhe freezíng cerr- completely (see

Photographs 2.4, 2"6 and z"Lz). Two holes at Èhe Èop alrowed

passage of the aerylic piston and of rhe pin connecÈing the upper

plate for sËrain measurement (see Figure 2.1)" A semi-círc¡:lar

hole v¡as províded for exit of the insulated hose containing the

alcohol cj_rcularing Èubes (See photographs 2.6 and 2"7).

9) Fiaally o a 2 rnil plastic sheeE was used Ëo cover the

cell to prevenË atmospheric moistu-¡e from condensíng and freezing

around the cel1 componenËs during cooling operaËions (see photo-

graphs 2"5 and 2"8)

B. Hee!:exghqga _Boå

The heat exchange box

nents (see Fig" 2 "2):

1) Insulation box

2) Cooling liquid (erhyl

3) Heat transfer unit

consisËed of the following compo-

alcohol) reservoir



1/,

4) ThermosËats

5) CírculaËíng pump

6) AgiËator

1) The insulation box was made of 5 inch thick rqalls con-

sisting of rígíd styrofoame Ëo contain a L2 x L2 x 4 inch alcohol

reservoir and circulating pump" The cover of the box was made of

8 inch thick styrofoam insulaËion wiËh 3 t/Z inch diarneter holes Ëo

permit concurrent freezi-ng of five samples" These holes can be

plugged r,rith flexible insulation mat.erials when not used (see

Fig. 2"2 and Photograph 2"9).

2) The coolÍng liquid reservoír was made of plexiglass

containing a spíra1 copper coil connecËed t,o Ëhe heaË transfer

uníË refrigeration compressor" Fíve círcular holes \¡zere provided

in the cover of Ëhe reservoir. These permit dipping of the boËËom

face of the coolíng plaÉes of samples to be frozen in the heat. ex-

change box. OËher holes Ì,rere cut, Ëo permit. installatíon of the

agiËaËor shaft, thermocouple wires, ín1eË and outlet of Ëhe cír-

culating pump¡ thermost.aËs, and ínleË and outlet of Ëhe heat ex-

change coil . A L/2 inch dj.aneter, flexiblee transparent t.ube was

connected from the ouËside of the box to the alcohol reservoír,

alj-owing observation of the alcohol 1evel. The tube also provided

an auxilíary supply of alcohol Ëo the reservoír wíthout. necessit.aËíne

removal of the cover.



3) The heat transfer unit consisted of. a L/4 IIP refrigeration

compressor. A solenoid valve was used to reverse the compressor

from cool Ëo heaË or heaË to cool, keeping the thermostatically

conËrolled alcohol reservoir wíthin a Ëemperature range of -55oF

to 450oF (within t0.5oF accrrracy) .

4) Two thermostats were ínstal-led ín the alcohol reservoir

and were connected to the circuiË of Ëhe compressor moËor. 0n1y

Lhe first thermostat r¡ras engaged during treezíng, to control the

predetermined low temperature. The second thermostat r^7as required

simult,aneously when the compressor T,{as reversed Ëo heaË Ëhe alcohol

reservoír. This ËhermostaË was in control until the temperaËure of

the alcohol returned to thelevel at which Ëhe first Ëhermost,at

I47as re-engaged.

5) A submersible circulating pump of 18.75 gal. per hr"

capacity was placed inside Ëhe insulaËion box. It provided cir-

culation of cooled or heaËed alcohol Ëo the fxeezíng cel1 through

3/B inch I.D" polyethylene Ëubíng. At each íntake and outleË of

the circulatíng hose, a Ëhermocouple was installed to measure Ëhe

temperature dífferenËial of alcohol being circulated, This enabl-ed

calculatíon of the heat loss in the insulaËed box and freezing cel1,

and through Ëhe freezing process of the soil sample"

6) To províde a unifom ËemperaËure in the alcohol baËh, a

L L/2 ínch diaineter propeller, consisting of Ërro vanes, Tras insËalled

lnside Ëhe alcohol reservoir" ft was driven bv an electric moËor

whích was placed over Lhe cover of the insulaËion box and connected
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by a L/ B inch diameter stainless steel shaft" Prior to installa-

tion of the agit,ator recorded temperature differentials were noted

of +3oF at, different points within the alcohol reservoir. These

differentÍals were negligible after installation of Ehe agitator.

C. Loading System

Two loading systems were used as follows:

1) controlled stress (see Photograph 2.7)

2) controlled strain (see Photograph 2.8, 2.10 and 2.1-1)

i) For conËrolled stress load É.n axial loading frame supplied

with a balancing lever was used. After Xhe freezing cell had been

placed under the Loading frame, the bracket of the frame was lowered

until the groove in the middle of the bar touched Ë,he stainless steel

ball on the loading piston" A dial mÍcrometer lras positioned over

the bracket to obt,ain deformation readings. Predetermined loads r^rere

then hung on the weight hanger to load the sample (see FLguxe 2"4

and Photograph 2"LZ)

This frame r^ras also used to obtain the maEnitude of heave

of the soil samples during freezíng, without adding weight to the

hanger but keeping the balanced bracket in touch wíth the acrylic

piston which was resting on the sample being cooled.

2) Controlled strain - a Farnell electrically driven adjust-

able variable speed triaxial compression frame \¡ras used givíng strains

ranging between 0. 000013 inch per second Lo 0.0013 inch per second

(see Photographs 2.8, Z"LO arLd 2"LL).
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A proving ring (see Photograph 2 " 10) or transducer was used

(see Photograph 2.8 and 2"L3), to measure stTess applíed to the

load.

D. Temperature Measùr-êment

The temperatures of the soil sample, alcohol reservoir

and specific locations ín the cooling cell were obtained by means

of copper-constantan thermoeouple Ëemperature sensing poínts

(see Fig. 2"L, 2,2 and 2"3 and Photograph 2.2, 2.L4 and 2.15) and

potent.iometer, or Yellow Spríngs thermist.or probes and teleEher-

momet.er. The temperaËure of the Ëhermístor could also be recorded

on a Ëemperature recorder íf required"
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CHAPTER III

GEOTECHNICAL PROPERTIES
AND TYPE OF MATERIALS USED
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CHAPTER III

GEOTECHN]CAI PROPERTIES

3"1 The materials to be tested were taken in blocks approxímately

18 x 18 x 9 inches in dimensíon. These were obtained in an undis-

turbed condition from a 24 f.oot depth during construcËÍon of an

overpasss structure of the wínnipeg floodway near st. víËa1 duríng

september of. 1966 (see Fig. 3-1). AÈ rhis depth rhe clay could be

assumed to have remained unfrozen sínce deposíted in Glacial Lake

Agassiz.

3"2 seven blocks \¡rere !/rapped with a layer of "saranwrap,', a

layer of aluminum foi1, and a rayer of cheese c1oËh. They were

Ëhen covered wiËh molten microwax and placed in Ëhe humidíty

room of Ëhe Soil Mechanícs Laboratories of the UniversiËy of Manitoba.

3.3 The area from whích the maËerial was Ëaken is referred to as

the Red River Plain and represents only a smal1 porÉion of the ex-

Ëent, of the Lake Agassíz c1ay.

As a result of preistocene gracíation, a rarge area was

covered by glacial dríft or Ëí11. As Ëhe ice began to melt, the

glacial tíll was modified by geological agents other than ice, The

oríginal ti1l, which consisËed of cobbles, gravel, sand, silt an,j
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clay, mingLed indiscriminately Ín an unstratif ied mass, \¡7as severely

modified by the v/ater of the giacial lake. In addition, detritus from

the higher l-ying Cretacéous shales (which incLuded some bentonite and

gypsunr) ¡úas carried into the Lowlands as €i result of wave erosion.

stream transportation and density underflows" (2)

Along the shoreline and shallows, Ëhe \47aves of t,his gigantic

lake, 600 feet in maximum depth, eroded the ice-deposited drift and

shale bedrock. The erosive force of the \^7aves removed the finer par_

ticles and a density underflow t.ransported them to deeper sections of

the Lake bottom. The accumuLatÍon of these sediments resulted in

conspicuous strat,ification of the LacusËrine deposits in many sections

of the basin" varves of colloidal clay were interspersed with thin

layers of coarser clay and silt or very fine sand.

As the Lake receded, and its depth decreased, T,4/ave action

diminished. consequently, materials eroded and transported during

this Later period were the finer fractions, consisting pred.ominatly of

fine sand, silt and clay" when the Lake had receded to Ëhe centraL

Lowlands, very fine materiaLs were brought in by stream action, and were

deposíted in the quiet i{7ater of the Lake Agassiz basin.

As the Lake reached its last st,age, the rower part of the basin

received aLLuvial sediments. The thÍckness of waËer-laid sediments

varies widely. The superficial deltaic and lacustrine materials ín

the central lowlands range up to 60 or more feet in thickness.
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3.4 OriginalLy, horizontally varved clays at the bottom of the lake

were foliated occasionally by back and forward oscillation of the

^l^^i-t ^1.^^+^ E^-^^Å ^1^-^ ÈL^ó!4e!er ÞrrççLù ¡ofmêd along the western and southern shoreLines of

Lake Agassiz and due to differential compaction caused by pressure of

the overburden in variable height. (3)

3.5 irtrith increasing depth, Ë.he clay color changes from brown to olive

gray" The depth of the layers varies considerably. The soil making

up these different colored layers varies from silt or silty clay to

clay, with the silt fraction decreasing with increasing depth. (i)

3.6 The varves themselves vary in

as L/ 64 inch. The varves consisted

silt or silty layers. Considerable

possible within small differentials

thickness fromÞ+ inch to as little

of clay layers with intermediate

variation of moisture content is

of depth"

3.7 The dry density of this varved cLay varies from 53 lb. per cu.

ft. to L02 tb. per cu. ft" The wet density varies from 95 lb. per cu.

ft. to L25 Lb" per cLr. ft. Moisture content of the soil varies from

20"/" to 63%, based on dry weight, The degree of saturation of most

Lake Agassí-z varved clay ranges from 86% to L00%. Ilor,ntever, soils below

depths of 6 to L2 feex show complete saturation, indicating a sub-

stantial zorte of capillary rise. Free waËer is aLso found at times

in the thin siLt layer overlying the varved clays. The amount, of this

free water is usually small. It percolates through fissures in the

upper layers of soil" Hovlever, prolonged dry weather results in its
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disappearance. Based upon consolidation tesË data, these clays have

permeabilities in the ord.er of l0-9 cm per second to L0-Il "* 
p"t

second.

The soil below the completely saturated level is said to be

normally consoLidated. The unsaturated soil is generaLly considered

t,o have been preconsoLidated. This is due to desiccation resulting

from loweríng of the r¡ater tabLe as Lake Agassiz receded. winnipeg

varved clays show unconfined strensrhs r¡¡rwinø f¡e¡¡ 865 lb" per sq.

ft" up to 4570 lb" per sq. ft.

The Liquid limit of these clays generally varies from 37 to LL7;

plastic limit varies between 14 and 40. The plasticity index ranges

frorn 20 ca BB. (4)

3"8 The samples which were taken from St" Vital showed the followine

properties obtained according t,o Procedures for Testing soíls ASTU (5)

NaEuraI r^rater content 48.3% Eo 49.3%

Degree of saturation

Void ratío

Specific gravity

Natural dry density

GraLn sLze

100%

L.25 ro L.32

2.7 4

7 4"9 Lb. per clr. fE.

See fig. 3.3
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M..I.T. Classif icatíon

average unconfined

gravel

sand

silt

c lay

See Figure

liquid limit

plastic limit

plast,ic index

shrinkage limiË

soluble sulfat,e

compressive strengËh

-t ol

tR/

1 10/

8t.2

27.L

\/, I

L2.52

o.L7%

3,200 lb" per sq. fr.
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CHAPTER IV

SAMPLE PREPARATION
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CHAPTER IV

SAI4PLE PRNPARATION

4.L cylindrical samples 2.8 inches in length and r.4 inches in dia-

meter were used in Ëests for determination of heave. deformation under

constant load (creep), stress under constant strain rate, and stress

release.

4.2 As pointed out in chapter rrr, block samples from the field were

stored in the humidity room, Soil Mechanícs Laboratories of the Uni-

versity of Manítoba. square píeces of soil hTere cut from the block

sampres and given a rough cyLindrical shape with trimming equipment.

To ensure square ends and constant diameters and length, a 2"8 inch

long by 1.4 inch ínternaL diameter polished brass cutting tube with

sharpened edge was pushed over the roughly cut samples. At leasl I

inch of soil was left projecting beyond boËh ends of this tube. A

wire saw was used to Lrim this soii flush with the ends. The samples

were then pushed out with a loose fitting brass piston (see photo-

graph 4.1)

4"3 For water content deEermination, only the side trimmings cor-

responding to the anticipated final length of the sample were used"

Top and bottom trimmings gave +2 to 3% differences in lüater contents,

due to the varved nature of the clay and lrere not used ín \.{ater con-

tent determination"
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4.4 Three circumferentía1 measurement,s (top, míddre and botËom)

and three Length measurements were taken to determine sample dimen_

sÍons" Two or three L/32 Lo.h diameter by r.o Lnch deep holes \.^/ere

drilled at. varioLls elevations along the centre Line and at right
angles to the heat flow direction. copper-constantan thermocouple

sensors of 30 gauge wires were posítioned in the holes aft.er the

ÍnitÍaL weight of the samples had been determíned.

4.5 Different methods in the preparation of the soil samples were

used for the following cases of freezing and testing.

case 1 - preparation of samples for uniaxíaL f.reezÍng and

testing with no hTater supply to the sampre; testing included;

a) Heave measuremenE I

b) Creep test,

c) Stress under constant st.raín rate.

d) Stress release,

In thÍs case, the sample \,vas placed bet\,Jeen the freezing plate
and loading cap. The bauxilite filter in this case rdas seared with
alumínum foil to prevent moisture migraËion to or from both the sample

and the filter element. In addiËion, the sample \¡ras covered with an

elastíc membrane and sealed against the freezing prate and Loading cap

using vinyl O-rings" The points of exit of the thermocoupLe wires
between the membrane and cooling plates and the o-ring vTere coated wiËh

molten microwax. The elastic membrane l{as then covered wíth sili.cone
grease (see photograph 4.2),
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4"6 Case 2 -*preparation of samples for uniaxiaL fteezing and

testing with water supply to the samples; testing included:

a) Heave measurement r

b) Creep test..,

The sample rdas placed over the moistened fteezLng plate

after the installation of thermocouple points as described in Case 1.

Moistened filter paper strips, Þo ir.ch wide, were then placed ver-

Eically on 14 Lnch centres, partially overlapping the sample top. The

parts of the vertical filter paper strip surfaces facing the soil

sample were blocked off wiLh Scotch tape to supply \nrater to any pre-

determined zone. (See Fig. 4-1 and Photograph, 6"7)

The top of the sampLe \.das then covered with moistened filter

paper" The de-aired filLer was placed in the loading cap and

suffícient de-aired distilled water was drawn through the filter to

the burette. To avoid air trapped between the soil sample and filter,

the loading cap r¡as inverted under sufficíent. head to allow the forming

of a meniscus" Then the loading cap r¡ias righted and carefully moved

over the t.op of the sample. The membrane was placed over Lhe freezing

plate in rolled form and unrolled up over the sample after the addi-

tion of several drops of water between the rolled end of the membrane

and the soil sample to form a ring of vlater between the rolLed mem-

brane and the soil sample. This would eliminate any air that might

have been trapped betL{een the membrane and soil sample"
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The membrane

cap usíng an O-ring

in Case 1.

sealed against the freezing plaËe and loading

r^ias coated wiËh silicone grease as described

The sample r¡/as surrounded loosely by L L/2 inch to L 3/4 índn

thick fíberglass insulation. The wat,er reservoir was ínsulated.

ËogeËher wiËh Ëhe soil sample for external ï{aËer supply. The ín-

sulation ïras covered with a vapor barríer made of saranwrap. The

vapor barríer and insulation were fastened wiËh plastic tape to Ëhe

side of the cooling plate and acrylic piston. The loosely placed

fiberglass insulation allowed Êhe sample to expand or conËract with-

ouË difficulty when the sample was frozen or subjecËed to any stress.

Then Ëhe sample røas placed over the pedestal and alígned wÍth the

bushíng of the freezing cell (see photograph 2"L) " The insulation

hood was then placed over Ëhe ce11 and covered wíth an external

vapor barrier to prevenË ieing of the freezing cell by condensatíon

(See Photograph 2.4" 2.5 and 2.8).

4"7 rn addition, the sample courd be placed ín the heat exchange

box for freezing and heave measurement for slow freezing after

temporary removal of the acrylic piston (see photograph 2"g) " The

sample was then transferred to t]he freezing cell for rapid freezing,
which was kept aË Ëhe same temperaËure (see Fig. 2.2 a,,ð. photograph 4.3).

The acrylic pisËon was placed back in íts former position for
further Ëesting.

Ì¡7AS

and
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4.8 Case 3 - preparation of samples to be frozert from all around

wiË.h no nater supply to the sample; testing included:

a) Observation of ice crystaLLLzattont

b) Unconfined strength of undisturbed soil samples which

were thawed out af.ter one cycle of freezing to compare their

residual strengLh wiËh undisturbed or remolded non-frozen soil

samples.

In this case, the samples to be frozen were placed between the

freezLng plate and an aluminum loading cap, and \^lere covered with double

elastic membranes and sealed against Lhe freezing plate and loading

cap using vinyl O-rings as described in Case 1.

The samples then were placed ín the cooling LÍquid reservoir

for rapid freezing aË a predeËermined temperature.
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CIIAPTER V

LITERATURE REVIEI^I

The folloT¡Iinq material is transcribed from the references

Listed in the bibliography.

PARTI-FROSTACTION

Ileaving of. flozen soils due to redistri-
bution of moisture and ice segregation

in frozen soils

5.1 Water, upon freezing, increases its volume by approximately

lO nerc.eni ^ Soi 1 I avers wh i c-h contain moisture ivill theref ore show

an increase in volume unless the volume of voids is so great that it

can hold the moisture contenL in Ehe trozen state"

In most cases, the increase in volume of the soil layers is

sufficient to cause heaving of the ground. (6)

5"2 As the first ice crystals form, they attract moislure and draw

it into the crystal lattice by means of the crystallizing force" If

the capillary force ín the soil is great enough, Ëhe moisture drawn

into the crystal latËice will be replaced by moisture from a low lying

T,,later reservoir (if available). The movement of the vlater is possible

because moisture in narrow capillary Eubes will only freeze aE

o
temperatures below 32 F" If there are no obstructions, the r,^7aLer

will flow sËeadily to the face of the crystal, thus increasing its

thickness. As the crystal is enlarged, so called ice lenses, which

A"
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vary from a fraction of an inch to a few feet in thickness and

several feet in diameter are formed. The volume increase occurs in

the direction of the heat flor¿ and in Èhe direction of the least re-

sistance - upwards . (6, 7)

5"3 Because capillary rise is almost negligibLe in coarse soils

(sand and fíne sand) crystallizaLLon rapidly comes to a standstill

due to a lack of water supply"

5"4 rn medium-fine soil types (coarse silt and medium-coarse silt)

the capillary rise is so great thaË moistLlre can be absorbed from

depths of as much as 3 to 6 feet or more. The permeability of these

soils is also high enough to maintain adequate flows to the freezLng

zo\e"

5"5 FÍne soil types (fine. silr and clay) exhibit large capillary

rise but the si-ze of. t.he openings is so,small that crystal growËh is

slight" Freezing advances deeper int.o the soil.

5.6 It can be seen, therefore, Ë.hat frost heaving is of the

greaËest importance for soil layers consisting of coarse silt and

medium coarse silt. severe frost heaving may be expected if Ehe

water used in crystaLlization can be replenished from some source- for

example, the water table. (8)



B" Shrinkage of clays caused by íce segregation

5"7 It may be shovm experimentally that in cases where addi-

tÍonal v/ater is not allowed to enter Èhe syst.em, the withdrawal

of water from the lower regions causes shrinkage; and usually,

tensíon cracks. The decrease in volume is an indication of the

force l¡hích drar¿s the water to the growing ice crystal (8) " Ter-

zaghL has shown that the force involved Ín the shrinkage of clay on

evaporation is equal to the external pressure required to produce the

same change in volume, and that this force may be very great. (9)

5.8 In very impermeable soils, with high colloid content. tension

is set up due to the formation of segregated ice. This stress is

uniformly distributed and leads to the development of vertical ten-

sion cracks which form a polygonal pattern in-the cross section.

Clear ice gradually fills and enlarges Ehese cracks. As freezLng

progresses, these ice filled cracks descend forming a columnar

strucËure or combination with the usual horLzontal ice layers; this

resulËs in a cellular structure. (8)

C-" Penetration of the freezing plane

5"9 If the supply of water Ëo the freezLng plane is adequate and

the soil is of the proper type, ice lenses may grow almost indefinitely"

Hor¡ever, further penetration of the freezing plane into the unfrozen



soil is prevented because of the heat given off by the water as it

f.reezes.

In practice, holtrever, Eh,e freezing plane seldom remains

stationary for any prolonged period. A decrease in the supply of

T¡/ater or an increase in the rate of heat loss may occur due to a

change in conditions. The balance between the heat given off from

the freezing water, and the heat loss to the surface is then disturbed.

The freezing plane advances until condit.ions for the growth of a new

ice lens are restored. Consequently, a series of ice lenses separated

by layers of frozen soil are formed. This commonly occurs under

natural conditions. (1Þ)

5.10 Stephen Taber stated (11) that when v/ater is under tension due

to the growth of ice layers in clay, the stress is ordinarily greatest

at the point where the waEer molecules are being pulled into the film

which separaLes thegrowing ice crystals from the lor¿er clay layers.

Therefore, breaks would occur at this plane. The breaking of a water

fílament being dravm Ëoward the íce Layer indicates that the mole-

cules are separated beyond theír range of attractionsj or, in other

words, that a gas phase has formed between the water and the íce.

However, the gas force could not exËend far below the ice layer

because the tensile st,ress in the \nrater just below the ice ís due Ëo

frictional resistance to the passage of \^iater through the small soil

voíds. As soon as the upward movement is checked, this passage stops.
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The energy required to separate the molecules when converted to gas

(the ultimaËe tensile strength of r¡7ater ) has been estimated at over

1300 atmospheres. A water column of larger cross-sectíon is placed

under tension, only with diff iculty" irlhen under negative pressure,

the water is superheated (even aE temperatures below 32oF), and the

formation of a gas phase immediately breaks the column. Extremely

slender columns of ruater are more easilv held in tension t.han t,he

larger ones. tr^Iater is present in this form in clays. Ice forming

gradually in the soil voids below a growing ice layer is a probabLe

explanation for the rhyLhmic banding due to the development of

successive íce layers as freezing extends downward in clays.

D" Thíckness of ice lenses

5.11 Taber stated (ll) that the layers of segregated ice in un-

disturbed or artificially consolidated clays are clear and very

sharply separated fron the frozen cLays" Ice layers are not so

sharply defined in unconsolidated clay and it is usually impossible

to estimate (wiEh any accuracy) the thíckness of fhc sesreçafeå ice"

E. Frost susceptibilitv

5"L2 The size of the particles in a soil has a marked influence

on its properties. This characteristic is often used to assess the

heaving potential of a soil. Although the amount of ice lensing may

be predicted quite readily when based on the particle sÍ,ze of the soil,

there have been many cases \,^7here frost heaving has occurred in soils
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consídered safe after an examinalion of oarticle size- Arrêmnf.s have

been made Eo use other properties of the soil, such as the height of

capiLlary riser to predict more accurateLy the frost heaving potential

of a soil. The results from a test of this type provide a more realis-

tic indication of frost heavíng characteristics and give an indirect

measure of sLze and distribution of soil pores (10)" However, this

type of test has the disadvantage of beíng more difficult to perform

than Ehose based solely on particle size.

5.1-3 By far the most commonly used criterion for frost-susceptibility

is thaË of Casagrande, who worked from fieLd and laboratory studies.

It is employed in its present form, by the U.S. Army Corps of Engineers

and other large agencies. His crít.erion is that well graded soíls

wílI be frost susceptible if they contain more than 3 PercenË by weight

of particles finer than 0.02 mm. For uniform soiis, the amounÈ of

materiaL finer than 0.02 mm. can be as great as l0 percent before the

soil is considered frost susceptible. (10)

5.L4 Fenner, L946 (12) pointed out that although the two factors

are obviously related, theory suggests that pore size is more impor-

tant in establishing frost susceptibility than grain size. In uni-

fornly graded soils, pore sizes are Larger and, it ís interesting to

note, that, the Casagrande criterion allo\nis for a Large amount of

mat,erial smaller than 0.02 mrn. in uniform soíls. This obviously

recognLzes the infLuence of pore síze.
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5.15 The mosr relíable method of ídentifying a frosË heaving soil

at present is to carry out a laboratory f'eezíng Ëest. The test is
on the safe side since soíls Ëhat, show frost heavíng in the labora-

tory do not always behave simílarly in the fíeld " (10)

5.16 Nielsen and Rauschenberger (7) suggested Ëhat the frost sus-

ceptíbility of soils may be determined by means of curves and noËes

as shown in figure 5.1.

5.L7 After 20 years of thorough observation in central Europe,

Lothar Schaible, 1955 (13) came to the conclusion that Ëhe grain

composiËion of a soil must play a decísive role in any assessmenL of

the frost danger. only the fine soir or soil maËrix and. the grain

size components below 2 wrt. are considered and a classification of

dangerous grain size was suggested. A classification of this type

affords Ëhe possibility of deËermining the frosË susceptibí1iËy of
soils on the basis of Ëheir percent graín size composition belor^¡

2 mrn. ín the following series:

a) for the clay and silt series.

b) for the clay, silt and very fine sand series

(See table 5.1) 
"

Ilith this new frost criterion (see fig. 5"2) Lothar schaíble suggested

Ëhat decisíons regarding the degree of frost susceptíbí1iËy can be

made on the bas'is of graín sLze anaLysis.
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l¡" vclumetriç gäpqng_å%_Cgå _çSp3:g:'t:.ZZ:Í_ Í:*fy-*
s 01--.,_ã

5"1-E Waxer aLtaír:s its meximurn densicl' ¿t a Ëempeïat.u.;:e of l¡tc.

tn furLher cooJ-íng, iË begíns to expe.nd tintål 'J-t cxystallizes"

I,JiÈh further riecrease of Ëemperê.[.uree iir.e =1"* ccntrra-cfs. TÌre:r:e*

fore, rvhen inoist poroils so-i-i 5::eezes, iËs r¡o'i rrme t-j-zst 'i:tc"re&seso

unÈil most of Lhe v¡ater f.xeezes, and Ëhen uÊi-"i fui:tirer cco,içg;þ6

volume decreases " (T4)

5'79 calcul-atron of f::ost he.a.¿e: Fi:osi heavirig of soii :i-s the

e-xternal resuit of ihe inc::ease i;:¿ iäs voi.-';-älei. Tne exceï_i *i ,ïr,_,st-

heaving d.epeilds o¡r tÈre åmr¡irrif, o-i: w¿.cer dîe-.i;; 'c -hÊ frÈaziÍÊ Í:,:cn_t

during rnígrariori" ?he Êo't¿rl- iieave cf cci:ip-e;ely s:iriï.:-:rÊi:i sc:_J_,, i.f

|he avetage irr-crease in vol-urne oi aa.iet ca câali-r¿_i.ng f;:cn i:i-q:iid. cc

solict siaf e i_s 9"A. is;*

Q Ís the vciurne of ir¿,rie:i: cil;¿ir.,¡n .Lo rhe fxee:r:ir:g fr*n; i;i ¿ri

o;retr syscern" în a cl-oseC '-:;iai:en, U-*e:':e Ti{J Ð/;'i*,¿tT,"c.}^ 'i¡à,;ei: sui:plr,: i-;

¿:vaiia'biel tic\,rtËvelt, Q = t. Tiie:re:.'oro:



id'i:re re ;

þ- = frosl heave :,cm. ,t:I

t'J - -u¡Ater COr¿eeilt s pef Cetl'{: ,

rù. = Ì,/eigit; or dry sorl: g1l-:",

y,, - iinif v¡eigil; aî. \,të,tet, E'r¡" / c " ðrn" 
eLJ-

Ä = crrss--sec'c{onai ¿rea a-Í fyeze.t:t slji":L} sû. cr.n. 
5

:i^ = rel ii.i:ive ice Ç:úr:LiÍ.î:Li: r jlÈrre]ßt ,o-
o. = uT-ffrouen \l?ate-f ccnt.er:.f i^.r, îy:azen soj:1 ,L1

io =(i-; ft oo

5 ,2t Accoi:ding io tire def ír: i,;io+ of K. .Ìe.tz;;g;ri, lg i.i1 (i5) , ir: ¿r

closed sysCeiï, r.viti-: regaxê ta tv,àtrÍï rrLlp;r'j .;r i:.) i;!¿ j;te*z-t-rt7 froir.L,

nr¿.àrej: coÏnes q.nly froirì pû::e ï,Ja,ae.,: u¡:,ihíii the s.;ii" llire vcj_¡:ie.::;;_.

cl:ease ¿;ssociateci w:î-lh fieezri.ng; o-[ clle cio;r:i ù]¡s.rÊ:{i-i ¿).ùes *c.î ex^

c¡:eci about 3 ic 5 ¡:ei:ee-;;i.;. af- tne ;ataj: vci.rii¡;e,, _i:i ¿íi ü,:_jj^: J.Jisc¿r¡t-

iiov¡cve::, iv'i ch re¡¡arii fo idatÊr supei-y i-c ;he .ï.re;:zi-g f..,-31¡;, i.rí;iÊ::

corniis î^r;¡iti a poci or Lte'e ïlí¿rLe: Lçr:a-îeå. he:-cw .iii^* 
¡i;::cuilii,
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TABLE 5.1 Theoretical and PracËical ClassÍficatíon of
Frost SuscepËibi1iËy According to "SCIIAIBLE"

Fraction in Z
of fine soil
composed of
grain síze <2
For (a For

Ëo5

to l0

to 15

to 20

Theoretical
Classification

No frost damage

Light frost damage

Med. frost damage

Med. to sËrong
frosË damage

Strong frost
damage

Practical
Classification

Fo
Safe

F1

Fm Sensitive to frost

Frn/Fs Near upper limit;
use cauËion and
carry ouË compre-
hensíve investiga-
Ëion

Fs Dangerous

mm

(u

5

10

15

0Ëo10

l0 Ëo 20

20 ro 30

30 Ëo 40

over 20 over 40
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PART II - STIìESS-STRAIN-iI]IMII IIELATION AND STRESS IìJ]LEASE OII

I¡ROZEN SOILS

The problem of establishing the parameLers involved in the

sËrengih of unfrozen soiLs is complex and depends on the follovring

factors (L9) :

a) T¡,-pes of soil- mineral and soil nåss composition,

inc luC,ing stratif ication,

b) Prestress hisLory,

c) Soil strrrct,ure (particle orientation anC arrangemenE),

d) NaLure of pore rllater and degree of saËuration t

e) Vlethod of test evaluation 
"

In the case of frozen soils the siÈuaË,íon is more complex because

of the following addj'tional factors:

a) ,lnf iuence of temperature in regard Ëo Íce,

b) Lce contenË and unfrozen water content in frozen

-soils,

c) Type of ice frozen in soil,

d) Hi-story and age of. freezing and thawing,

e) Sj-ze and number of ice crystals found io frozen

soi Ls ,

f) O::ientation of ice crystaIs,

d Rate of freezing ,

h) Rate of application and duraÈion of appLied load,
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i) Transformation of ice to oËher

transformation of íce during application

j) Quantity of aÍr conË,ent in soÍl

crystals , and

form of ice or phase

or duration of load,

mixture or in ice

k) content of so'uble salt in soii composition, e'c" There*

fore, ftozen soils in different states may have a different
resistance to apptied road causing compression, t,ension, or shear

stress.

5.2L The transformation of water to ice arters the internal bonds

in the soils, leading Ëo a redistribution of moisture and fíne mineral
partÍcles" The behavior of íce incLusions, especiarry if ice forms

in thín films, dÍffers from water films, giving rise to frozen soirs
whose strengths differ subsËantialry from unftozen soÍis" The

strength of internal bondíng .(cohesíve strength of frozen soil) depends

on several factors which, in t.urn, depend upon interactions betr¿een

Ëhe soil components. Experiment shoi¿s that the cohesíon of f.rozen

soil decreases graduarry \^7ith rÍsíng temperatures, and farls sharprv

at the stage of thawing" (16) Also, experience has shown that
frozen soils under apptied Load do not behave as Hookian sorids.
They have irrecoverable deformaEion (creep) after Ínitiar elastic
strain.-,, A stress which is produced under a given strain or deforma-

Ëion decreases as a function of time, if the strain is fixed or rocked

(sËress reLaxation or sËress release).
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The internal bonding of unfrozen soir consists of the

fo I low ing :

a - The natural molecular bond, which depends upon the

molecular attraction between the solid particles of soil
separated by a film of connectÍng waËer.- This aËtraction depends

on the surface area of particles and t,he distance betr,,reen them.

The strengEhening of soil is achieved when compression causes a

reduction of dÍstance bet\^7een particles thereby increasing mole,-

cular attraction.

b - The structLrrar bond is caused by a variety of physical,
physico-chemical, mechanical and other processes, which develop

a molding during geological formation-... This bond Ís removed when

distortion of the natural sLructure of soil occlrrs by thawing or

remolding.

c - The cementing bond of ice between the ice crystaLs and the

mineral particles* This bond is produced by a liquÍd rayer, which

envelopes the soil parËicLes and the íce crystals. rt is d.ependent, on

the temperature of. f.rozen soil, the volume of ice and the area of

interface of ice and the mineral particles.

Although the above classification ís somewhaE arbLtrary, it
is useful in separating the roles of various fact.ors which aff.ecL

the strength of frozen soil.
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5"22 The cementing bond of ice is the least stable and chanses with

changes in the temperatllre of the frozen mass. upon thawing, this

bond disappears completely and t,he strength of the thawed soil,

accompanied by textural and structural changes, is reduced in an

írregular fashion. These textural and structural changes lead to

deformation under relatively low stresses"

5"23 tr{hen a load is applied to frozen soil, it produces a stress

concentration at the contact between the mÍneral particles and the

ice crystals. Even with a comparatively smaLl applied load, the

st,ress at the contact can reach very high values. A further in-

crease Ín stress causes plastic deformalion of the ice forcine the

ice from a high stress region to a region of lower stress. rt also

gives rise to plastic flow of ice with no phase transition because of

the pressure difference at and around the contact area. At the same

time, the íncrease ín stress aË the contact leads to a disturbance

of the equilíbrium state between the film of water and Ëhe ice in

contact wiEh it. This finally leads to a melting of ice. under

Lhe influence of the pressure gradient, moisture, r,rhich has changed

phase from ice int.o water film, is moved from a region of high

pressure into a region of lower pressure. The rdater squeezed ínto

.this regior' freezes again and reaches an equilibrium state aL same

temperature.



5.24 Some of the ice-melt may be squeezed out onto a free surface

and r'reeze there" This ice melting and dísplacement of water has

been confírmed by experimenr,s by Vyalow, Lg54" (16) Besides

the process already described, a process of squeezing-out, of Ëhe air
contained in the frozen soil also takes place.

5.25 Redistribution of the ice in f.rozen soil under the action
of an external load leads to denser packing of the mineral particles.

The displacement of ice, r¡rater, and air resurts in a vorume

decrease or consolidation of the soil. This gives rise to increased

morecular cohesion. The process of ice flow, Íts melting and the

squeezing out in form of supercooled T^7ater is accompanied, by a

slructural distortíon of the frozen soil which causes the structural
and cementing bond to be decreased. Two mutually opposed phenomena

occur in frozen ground under pressure. on the one hand is a weakening

of structural cohesion and cohesion by cementaË.ion, and on the

other an íncrease of molecular cohesion"

5.26 irlith time, rearrangement of solid particles takes place,

resulting in irreversible structural deformaËion known as creep or

visco-elastic flow' rf disturbance of the structural bond and. a

weakening of cement.ation bond is compensated for by a strengthening

of moLecular cohesion, a state of equilibrium witr be re-established

and the rate of deformation will stabílize.

However, if the applied load is larger than a cerEain magnitude,
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the destruction of the internal bonds will no longer be compensated

for by strengthening of the molecular bond. Flow r¿ould continue

and lead to total desËructíon of inEernal bonds, commonly called

failure.

5.27 The deformation of frozen soíls under consËant applied stress

has been classified by Denisov (1951), Noyabov (1959), and Tsytowích

(L954)" (16) Throughout the text and with reference Ëo Figure 5.3

all deformatíons are designated by the s1'rnbol tet. The subscrípts

0, L, 2 ar.d 3rdesígnate the stages of deformatíon of Elastic,

Structurally Reversible, Irreversible and Plastíc Viscous respectively.

The deformaËíons are classified as follows:

a) ElasËic deformation tct assocíated with elastic changes

in the crystalline latËice of Ëhe ice and or minerals, elastic

compression of \nrater and any entrapped air conËained ín the frozen

soil - These deformaËions are instantaneous, occurring immediately

upon removal of the applied load. The magnitude of Ëhe instan-

taneous elastic deformation of the frozen soil is comparaËívelv smal1

but may be increased by cycling the 1oad.

b) Structurally reversible deformations t el whích result

from changes in the thickness of the water film aË the interfaces

of the soílid partícles under Ëhe acEion of external pressure, and

also as a result of the reversíb1e phase transit.ions in the ice -

This reversible deformaÈion ís time-dependent. It can be considered

to be a delayed elastic deformaÈion êg a deceleratíng rate of straín.

c) Irreversible deformation te) due to phase ËransiËion of

ice Ëo r.^rater and accompanyÍng consolidaËion under sËress - The
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squeezing-ouL of r,^/ater or any air is accompaníed by a decrease in

the volume of soil. This is a time dependent deformaËion and. is

írreversíble.

d) Plastic viscous deformaËion 'el that depends on the

irreversible displacement of solid particles and flor^¡ of íce - This

deformation develops with time and may be characterized as úisco-

plastic. An accelerating rate of deformaËion termínates in faílure

(Fig. 5.3). The increase in plastíc deformation leads Ëo an irre-

versible and disËorted structure and may lead to a state of progressive

flow resulting in complete failure of the soil under load (tertiary

stage, ttacceleratíng rate of strain").

5.28 AnoËher manífestation of the rheological properties of a

body is stress relaxation under consËant sËrain. The cohesion of

frozen soil is not constant and varíes with the moisture phase and

Lime. The relaxaËion (stress release) depends upon ice melting ín

contact with the mineral partícles, dislocations ín the míneral aggre-

gates, and upon yíeld and change of ice sËructure conËained in the

soir" rn frozen soil subject Ëo relaxaËíon under constant applied

strainrmost of the high stress produced by the compressíon is relieved

ín a short period of time. Further decrease in scress occurs over a

longer period of tíme.

5"29 The above classification of deformaËions is arbitrary since

Ëhe occurrence of one or anoËher Ëype depends upon Ëhe duration of



Ëhe load and, most of all, on the soil temperature.

Mechanical models are often used to express the rheological

properties (20), but these are not herewith presented"

5.30 The instant.aneous elastíc strain shown in figure 5.3 can

be compared to a simple mechanícal spring (zL) (see fígure 5.4a

and b) . The straín for any consËant stïess can be expressed as:

o
^t ==-'or,
^

where:

e = Instant.aneous straíno-

q^ = Applíed constanË stress, and

E = Youngrs modulus of ínstantaneouso deformatíon.

5.31 The ret.arded deformation can be illusËrated by a mechanical

model called a Kelvin-body. rË ís composed of a spring in parallel

wiËh a dashpot (see figure 5.5 a, b and c). The pïeserice of the

dashpot, representing an ideal viscous fluid, ín a Kelvin-body causes

the deceleration of straín rate when a coristant sËress is applíed to

the model . The decelerated strain which r/,ras caused bv the coristant

stress will recover wíth time upon removal of the applíed stress due

Ëo the energy stored in the paralle1 engaged spring.
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The relationship between stress, straín and time for such a

model under creep may be expressed as:

o -F, r/vo , . "1""1.et=E-(l-e ). (5"4)
--1

trdhere:

e1 = ReversÍble strain at deceler:fino rarc nf ctraín,
1

o^ = Constant applied stress,o-

E- = Younqrs modulus at decleratíns strain râxe-I -----o -

Ë = Ëimee

V" = coefficient of compressive viscosity,I

The coefficienË of compressivé,viscosity V and con-

sequently ¡r, the coefficient of shearing viscosity is found Ëo be

temperature and stress dependent.

5.32 The írreversible deformation under creep can be illustrated by

a mechanical model consisËing of a sÍngle dashpot (see figure 5.6a, b

and c).

The sËress-strain-time relationshíp may be expressed as:

oc
oÇ= ìÍ .L ro
L

(5 
" 5a)



lnlhere:

e, = irreversible creep strain at constant rate of sËrain.

Õo = constant applied sËress,

= time, and

Y, = coefficient of compressive viscosíty aË constant
rat.e of strain.

Thís fype of deformaËion is not recoverable upon removal of

Ëhe applíed stress.

5"33 A combination of these Ehree models illustrated in para-

graph 5.30, 5.31 and 5"32 appears to exhibít the ídea1 behavior of

fxozen soíls. Figure 5,7 a, b and c illustrate the combination of

the above menËíoned elements ín series which, in rheology, ís called

a Burger's body (21).

5.34 The ratio of relative magniÉude of viscous to elastic
Vresporlse ¡ is in general, referred to as transitíon tíme Tr. ff the

model is subject.ed to shearing stresses, T, = å t" whích n and G are

Ëhe coefficient of shearing viscosíty and shear modulus respecËively"

Thís ratío, horrrever, is the retardation time, the time ínËerval in

which the deceleraËíng st.rain accrues when the applied stress o = oo.

0n the other hand, thís ratio is called relaxation Ëíme, the tíme

interval in which the sËress release accrue, when the applíed stress o

is reduced to zero (See figure 5.5 b & c). The ËransiËion time has a

dimensíon of time (23) 
"



inlhen a Kelvin model is stressed. part of the deformatíon

energy wílI be stored in the spring while Ëhe remainder will be

dissipated in the dashpot (See fig. 5.5a and b). If ar ríme r = o,

o- = o, the stress-strain-Ëime relationship for a Kelvin model under

a constant stress o^ is given by

5R

(s. s)"1

Õo/
Dt

f

-1 -

1 - a uJ /'
'.1

I

Hence, e, íncreases exponentially wíËh

^el approaches u. , the amount that Ëhe

the absence of ttre dashpot. On release

exponentía1ly and approaches zero (See

V-'l

f ima T^fhan --3 =Lrurc. llrreu ¡¡ - Er
-1

spring would have extended in

of sfress o f. decreases_"" "o, _t

figure 5.5b and c) at time

L - I_'r

5.35 The combination of a spring connected to a dashpot in series

is ca11ed a Maxwell element. The rarío or fi or I in rrre Ma>cwell

model is termed the relaxaËíon Ëíme as mentioned ín paragraph 5.34.

For a Maxwell element under a given corisËant stress incremenË,

¿-

Vn
^r -.1F9 "" n

o ot
OO.

EV
^ ')

-V 
ts,E "-o

o

(s. 6)
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Y
'̂,1

'l=+_m n tr.ú
o

o
^õr

o .b, r_!;o ro

qo

trnlhen a Ma:rwell element is suddenly extended by e 
o s the f orce required

Ëo mainlaín this extension as a function of Ëime is given by

ET
_o

n=tr'ç^ì.1/nr
oo¿

t
ñ=l':Çal'- -o -o" -T

The boundary condiËions used Ëo obËaín equation (5.8) r¡zere:

att=o o =[ e andooo

dL L - L V - V

Ifhen t = T the, stress relaxes from iËs initial value of E e-T-..- o o

Ëo

oo
O =- o



oo
o

rn which o- - .^ is the stress produced by an initial compressionE = ¿e 
o

ofe=2e aËE=T-o -- - -T

Fore=ne

trrlhere n ís an ínteger,

nEeoo
Ê = nÊ ã

o

rn which o = nÊ1 is Ëhe stress produced by an initial compressionEL

ofe=neoata=TT.

60.

(s.10)

V^
Consequently, at time t = i = Tr, any sEress o relaxes from iËs

orrEe

inítial value of nEoeo or noo a" -# (See Fig. 5.9).
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5.36 Raymond N. Yong (17) st,ates "From previous ínvestigatíon

and observation of specimen birhavíour, it is apparent that ice

content and unfrozen T,'rater content should also be considcrcd in

the evaluaËion of Ëhe strength of Ëhe frozen soil-waËer system.. ".

IË would seem Ëhat the greaËer the quantíty of water remaíning

unfrozen, Ëhe lower would be Ëhe strength of parËialLy frozen

soil.... Unexplafned l-s the developmenË of unfrozen waÈer in

parLially f.rozen soil, such as double layer waLer".

5.37 A" A" Nerseovo and N. A. Tsyrovích (17) state that 'tBesídes

external influences (temperature and pressure), thé maín factors

determíning the unfrozen rrater coritent in frozen soí1 are:

a) Specifíc surface area of the mineral solid phase of soil

sysËem, b) Chemícal and mineralogical composition of soí1,

c) Physíco-chemical characteristics, especially Ëhe nature of

exchangeable cations, and d) ConËent and composíËion of waËer soluble

compoundstt.

According to N. A. Tsytovich and Z" L. Nerseovo the

absorbed !üater in most soils freezes completeiy, whe-n the soil

temperature is lowered to -7OoC. No unfrozen r,ùater, includ.ing

absorbed r^/atere can be detected in highly dispersed montmoril-

lonitic clay wherr it is cooled Ëo a temperature of -l93.BoC"
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5.38 P. J. tr^lillíams (18) has performed a comprehensíve calori-

metric investigaË-i,on to determine the unfrozen waËer conËent of

varíous frozen soils and, among them, frozen Lake AgassLz cLay.

The results of the investigaËion of Lake Agassiz clay, for un-

frozen T,^iater conËent during the firsË treeze and following a pre-

vious freeze and Ëhaw, are shown in Figure5.l_0" I,rrillians stated

that Ëhe greatesË depression of Ëhe r.reezíng point below ooc

presumably occurs in \,¡ater that ís most firmlv held and is

closest to the soíl partíc1es 
"

5.39 "The phenomenon of loss of sËrength by remolding has been

gíven by Terzaghí (22) as follows: Each particle may be

visualized as coated wiËh a fílm of \¡raËer in solíd state (ad-

sorbed waËer), (See fig.5.11a). The state of this \dater is such

that its viscosiËy is exceedingly hígh. rf the soil sample is

subjected Ëo a pressure over a períod of centuries, this r^raËer

wiËh high viscosity ís slowly squeezed from between points of

nearesË contacË of adjacent partícles, giving the conditíon

shown in (b). The closer contacË which results between particles

leads to a higher degree of true cohesional attractíon. rf the

direct pressure is removed, the highly víscous \47ateï will flow

back, but so s1ow1y in some soils that years may erapse before

Ëhe loss of sËrength ís appreciable. However, remolding moves Éhe
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CHAPTER VI

OBSERVATION OF TESTS, EXPERTMENTAL

-

TEST RESULTS AND DISCUSSION

6,L The experimenËal tesË data on Glacial Lake Agassiz clays

are present.ed in t\^io part.s. parË I deals wíth the study and

observatíon of Lhe freezing process. part 2 deals with the

study of the stress-strain behaviours under uniaxial loadíng and

sËress release (relaxation) of frozen soi.ls. The strength

behaviour of several Ëhawed soil samples following one cycle of

freezíng was also studied. rn both cases, und.isturbed and re-

molded soil specímens were used and were frozen uniaxially or

from al1 directions" The Ëest results and findings of each set of

Ëests have been summarized at the end of each part. The design,

fabrication of equípment and instrumentatíon employed and theír

operation have been presented in ChapËer II.

^ Part I - Data and Results of Freezins process:

Ai.total of. 28 specimens r¿as f rozen in the following groups:

Group No" 1: Three compleËely saturated samples \.üere

fxozen without external r^/ater being supplied to the samples. The

boËtom parËs of the samples were kept at 27oF in Ëhe heat exchange

box for a minimum of B0 hours. The temperature of the Ëop of the

samples was kept above the freezíng point at approximaËely 360¡,.
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The samples vrere then removed from the heat exchange box in an

insulated condítion and placed in Ëhe freezíng ce1l. The whole

sample was allowed to freeze to a uniform temperature oÍ 27 +0.5F.

Group No"- 2: Thírteen completely saËurated samples with no

supply of external r^rater were placed d.irect.ly in the freezing cell

for uniform Í.reezíng as follows:

a 1 sample at 31.5oF,

Þ 4 samples ax 27oF,

c 5 samples at LloF, and

g 3 samples at 7oF.

The samples under c rnrere cooled. initíally to 27oF. Ifhen heave or

contraction had ceased for a minimum of 3 hr., the temperature \nras

reduced to l7oF.

A1so, Ëhree samples were initialry frozen aE 27oF, and kepr

at Ëhis temperature until deformation ceased. Then Ëhe Ëemperature

was reduced to 17oF and maintaíned at this lower EemperaËure untíl

no deformatíon occurred for a mínimum of Ëhree hours. The tempera-

ture of these samples r¿as Ëhen further reduced to 7oF"

Group No. 3: Six completely saturated. samples r,üere frozen

in the heat exchange box for a minimum of 300 hr" with a predetermined

quanËity of external water being supplied 1aterally t.o the samples.

Filter strips were placed at various heights along each sample (see

paragraph 4,6)" During the firsË step of f.reezíng the bot,tom parts of
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Ëhe samples r,rere kept at 27oF f.or 320 Ëo 390 hr

of the samples were kept at 34oF to 39op unËi1

stopped. Then the samples vrere transferred to

for complete freezing at Z7+0"5F"

., while the tops

heaving completely

Ëhe freezing ce1l

6"2 In order

vations of Part

EO

1,

limíË the length of presentation of the obser-

only five typícal tesË results are díscussed.

6"3 The grain size distribuËion curves for a Ëypíca1 Glacial Lake

Agassiz clay indicate that the clay is frost-heave suscepËible d.ue

to a high percentage of fine materials, according to criteria by

casagrande, Nielsen, and Rauschenberger and. Lothar schaíble (see

paragraphs 5.15 " 5.L6, 5.r7 and fig. 3"3, 5.1 and 5.2). consequently

a hígh capillary rise is anticipaËed. However, because of 1ow per-

meability in the range of 10-9 cm. per sec. (see paragraph 3.7), the

heavíng potential ís minimized. This is due Ëo the crystallization

of the pore r¡/ater caused by freezLng and consequent blocking of the

fíne capillaries of the soil (see paragraph 5.5).

6"4 Photograph (6.1) shows ice segregaríon in sample oc-N-27-116

of Group No. l. This sample was put in the heat exchange box for

141 hrs., keepíng Ëhe tempeïaËure of the bottom parË of the sample aË

^-. ^ -o-27+0"5"F, and the top of Ëhe sample at 36t0.5oF. Thís allowed enough

time for migration of the pore \,üater from the unfrozen porËíon of the

sample down to tlne freezÍ.ng front where ice crysËals could. form. In the
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second stage, t,he sample ùras transferred to the freezíng cel1 for

nniform cooling to 27 t 0.5oF. After the transfer, the sample

sËarted to contTact. MoisËure contents, based on the entire sample

before cor¡mencing freezing and on three porËions of the samples

as shov¡n in fig. 6" I afËer complete freezing, indicaËed. the fo1-

lowing:

Before freezíng, the moisture content of Ëhe entire sample

was 49 .37".

After freezíng, the moisËure content of porËíon I r¿as 49.g"Á.

The moisture content of portíon 2 where ice crysËallization

had taken place was íncreased Ëo 59.Li!.

The moisture content of Portion 3 was reduced to 377. causíns

a sËrength reducËion as discussed subseguenËlv.

6"5 trfhen the soil samples were f.rozen as outlined ín Group No.2,

uniform ice segregation took place throughout the lengËh of the

sample. Photograph 6"2 shows Ëhe uniform íce segregation of sample

or-N-17-132" HorizonËal and vertícal cracks were filled wiËh íce

from Ëhe \,/aËer removed from c1ay. This acËion is attributed Ëo sucÈion

seË up during Ëhe crystallization process (see paragraph 5.7 and 5.g).
Photograph 6.3 and 6"4 show ín cross-sectional view, Ëhe ice filled

cracks forming a polygonal paËËern. The moisËure contenË of Ëhe

samples of Group 2 (when frozen) underwent a red.isËríbuËion in the

horízontal- c-l.Írection only. The moisËure conËent deÈermination of
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dífferent slices at dífferent heights of each sample showed. a

deviation of moisture content of. !3% from its oríginal uniforrr

moisÈure content. This deviation \¡ras apparenËly due Ëo the accu-

mulation of ice in the vertical cracks which were filled wiËh

different thicknesses of ice.

6.6 The purpose of Ëhe tests on Ëhe Ëhird gïoup of samples 
'/as

to find out if the frost behaviour of Lake Agassiz clay would

change when water T¡/as supplied parallel to the varves. rn naËure

Ëhis would be comparable Ëo a siÈuation close Ëo Ëhe ríver banks.

lake shores, drainage ditches and grounds close to heaËed areas "

or in areas of sporadic permaffost

Predetermi-ned quantíËies of waËer varying between L2 and

21' grams per sample T¡/ere supplied to Ëhe samples laÊerally duríng

the freezing process (see Table 6"6). The quantiËy of water

supplied was Ëotally absorbed by Ëhe samples in 50 to 70 hours

after the samples r¡/ere placed in the heat-exchange box. phot,o-

graph 6"5 shows a typical sample oc*R-27-122 for which the waEer

was supplied laËerally. The predeËerin-Lned. quantiËy of 13 grans

of water was absorbed by the sample in 60 hrs. The heaving of the

soíl sample ceased in 450 hrs. ofelapsedtime, Then the sample

\'¡as transferred to the fteezíng cell for compLete freezing at

zTot lsoY. After B0 hrs. in the freezíng cerl the heave of the

samplerfoll0wing the transfer of the sample,had decreased by 5%,
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índicating completíon of ice crystaLLizatLon (See Fig. 6.2).

As noted prevíously (paragraph 4.6), the filter strÍps

used Ëo supply moísture were blocked off with nonpermeable

tape so that only specified zones of the sample had access to the

exËernal \nrater supply. rn the tests, this arrangement worked

very well because ice crystaLLLzation started j-mrnedidatelv aË the

lowest point of the predetermíned zone that had access Ëo v¡aËer"

First, r/32 ínch thick ice crystals accumulated aË the upper

limiË of the predet.ermined zone. photograph 6.7 illustraËes the

tearing of the filËer strips due Ëo heaving.

In the sample shown in photograph 6.6, the \,/ateï supply

sËrip was blocked from the base Ëo a point 1 inch above the base.

Then a 1.05 inch zone \¡/as left unblocked to provide T¡rater Ëo the

sample. The urater supply strip r¿as blocked from Ëhe Ëop of the zone

to the top of the sample. The predetermined \,/ater supply of 20 grams

was completely absorbed by the sample in 76 hrs., after placing

the sample in the heat-exehange box. After 358 hrs. of elapsed

Ëime, Ëhe sample r¡/as removed from the heaË-exchange box and trans-

ferred to the freezíng cell aË 27otr +5op. At that time, the toËa1

heave was 26"2%" Duríng the nexË 25 hrs., an additional LO% of.

heaving occurred. The horizonËal and vertical cracks above the

upper lirnit of Ëhe v/at.er supply zone indicate further moist.ure

withdrawal Ëo the freezing front from the upper Layer of the soil



after the sample \¡zas removed to Ëhe freezing ce1l. phoËographs 6.6

and 6.9 show Ëhe ice build-up ín the verËícal cracks beyond the

lrater supply zone in sample 0c-R-27-119. This also ind.ícates

the suctiori set up above Ëhe upper lírnit of the water supply zone

to form vertícal and horizontal cracks similar Lo the ice sesre-

gation as found ín samples of Group No. 2"

In all six samples of Group No. 3, the freezing plane did

not remain stationary. AlËhough the rate of r¡rater supply was

constant, the rate of coolíng varied somewhat r¿íËhin the operational

1ímits of the Ëhermostat of the cooling system (see paragraph 5,9).

The disËance of the freezing front of sample OC-R-27-IL9

\¡7as longer than sample oc-R-27-L22 (compare photographs 6.5 and

6.6) " Because of the longer distance of the freezing fronË of the

latter sample, the heat flow gíven off from t]he f.reezing front and

the heat loss Ëo the surface vrere in equilibríum. consequently, no

additionaL freezíng could Ëake place in the heat-exchange box. Further-

more, moisture in the ufrozen staËe remained unfrozen at Ëhe t.op of

the sample and was frozen after Ëhe sample T¡/as Ëaken from the heat-

exchange box and placed in the freezing cel1.

6"7 Heaving versus tj-me and temperature graphs of the 5 samples

of Groups L, 2 and 3 are shown in figures 6.2 and 6.3
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6"8 The frost heave of five samples was calculated using

formulas (5 " r) and (5.2) and compared wiËh experimental resulËs

(see Tables 6.1 to 6.6). computed and observed values of heave

are shown ín Table 6.6. For comparison, the computed values have

been expressed as ratios of the observed values. They are also

shor¿n in Table 6.6. rn the samples r.rozen wíthouË a v,rater supply,

Ëhe ratíos T^7ere found to be 0.68, 0"47, 0.65 for samples

0C-N-27-116, 0C-N-L7-L24 and OC-N-L7-L32, respecrívely. For rhe

samples frozen with water supply, Ëhe ratios rnrere found to be 0"93

and 1.27 f.or samples 0C-R-27-119 and OC-R-21-L22 respecrívely"

The calorímetríc test results of p. J. L{illÍams (f8)

(see graph 5.38) were used to determine the relaËive íce contenË "

6.9 clear ice lenses r¡/ere observed in samples that were frozen

undisturbed and uniaxially, indicaLíng the staËe of moldíng of

samples prior to freezíng. No ice lenses could be seen in soil

samples that were Í.rozen undisturbed or remolded and frozen from

all-around. This agrees r.uit.h Taberrs findings whích are summáxízed

in Paragraph 5.11.
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87.

B. Part II - Data and Test. ResulËs of Stress-Strain-Time
And Strength Behaviours

6.10 In this part of the investigation, Ëhe followings \¡/ere

investigaËed for f.rozen Lake Agassiz cLay:

1) The effect of normal sEress and temperature on Ëhe

visco-elastic properËies under uniaxial consËant load,

2) The effect of sËress release over a períod of time

on straÍned frozen soilse and

3) The unconfined strengths of thawed out soil samples

following one cycle of freezing.

Because of the complex díffículties involved in obtaining

direct shear strengths of frozen soi1s, iE was decided to relate

compressíve stress and the coefficient of compressive víscosity

Ëo shear stress and coeffícient of shearing viscosiËy under Ëhe

followíng assumptions :

a - The specimens T,{ere completely saturat.edu

b - The volume of the specímens remains constanË at

all Ëimes,

c - 0riginally plane and parallel surfaces remaín

plane and parallel, and

d - The presence of fríction between top and bott.om

p1aËes between which the sample is placed can be neglected.



6.11 Under the assumptions made ín Paragraph 6.10 l23l

(See Fig " 6"4):

For an isotropíc elastic body st.ressed under uníaxial compressíon,

11ç=-.af=-.1-"z E'"2' tl2 G 'L2

88"

(6.la)

(6.1b)

For an isotropic víscous body sËressed under uni-axial compression

o1 o1tr= 9 " ori \Lz= Ã-'Lz'

Where

e- = compressive elastic strain ,z-
r? = rate of compressive viscous strain,

z

y,. = maximum elastic shearing strain ,I¿

toLz = rate of maximum viscous shearing straÍn,

compressive principal stress ,

,L2 = maximum shearing stress Î

coefficient of shearing viscosíËy.

E - Younsls modulus of elasticitv ',¡
Y - coeffícient of compressive viscosíty,

G = modulus of rigidity.

Considering the volume to remain constant for a cube of sides .0o

being elastically or plasËically transferred to a paral-leleptped



rrTiEh sides 9. " L () nÊ+nn ^-^licaËion of load we have:
I. Ze 

u3" otLçr 4YP

89"

000'I '2 '3
=1n.oo 'o 'o

Consequently, the sum of naËural logarithmic sËraíns is:

n L. n Ln " 
g,^

"" (;l) + "tt (f)* "tt ("J) = o ""o "o "o

r^rriring ã, = err( þ r, éz= Ln r?rand ã. = t. C þ I to0LLLr0Jrro0

the sum of logarithmic strains ís:

c-f'c-[-c=flua ¡ cô | c 
^ - v "tl{

For uníaxial loading ín the I direction ,

",) -e ts"1
LJ!

Cornbíning (6.3) and (6"4), the Poissonts raËio for a saturated,isoËropic,

elastíc soil wíth no volume change is



From equations (6.3), (6.4) and (6.5) one obtains

o
z-2 -3 2E

It follows

-o -o -oô + c + c = tl'L "2 -3 "'ì

And

6
-o-oz

^ 
rr¡¿J¿Y

L,o o .,tZ=7\ z- Y ) ,

1
T=-õ'L2 2 -z

-^ -^ -^Where ei, ei and ej are the rate of logaríthmic sËrain in the L, 2 and

3 directions respectively.

Reference to Fig " 6.4, for uniaxial compression in the I direction

(z direction), or, = 0. The maximum shearing stress is gíven by

(6.6a)

(6. 6b)

According to (6.la), Ëhe maximum elasËÍc shearing sËrain is given by

e c 'L2 o,
-!,=1-Ìr=-=-ILz G 2G

(6. Ba)



According to (6.lb), the rate of maximum viscous shearing strain

iq sír¡on hw-' Þ-

T.^ OoooL¿z
'L2 z z n 2n

According to Hookets Law:

oooxvza =-=-U-=-U--; ,xElltr

ooo
.,x,yz

v*E'E*EJu

oog
^xyz
z*E*EE

Hence

o1

(6.8b)

(6 "9a)

(6. 9b)

(6 
" 10)

e - e = *to_*uo_ - o__ - uo__l = t* u (, -oy)z y E-z z y y' .b

For uniaxíal compression ín the z dLxectLorr o\7 = o
J

Therefore

'1 -l- l

z-yEz

IË follows

o o l*u¿-¿=--:;-u-zyYz

Substituting (6.9a) in (6.8a)

l=l+u ar.= E

2G E "'" 2 (1+u)

Usíng (6.5)

E (6.11a)



g'l

subsrlEuring(6 " 9b) in (6.Bb) and using (6.5)

Yorn=tïl+lD=

Combining (6.8a) and (6.11a)e one obËains

\t2

Combining (6.8b) and (6.flb) e orle obtaíns

oo7.^v=-'I2 2n

Eigure 6"1+ Maxlmum shearíng sÈress in tërms of príncipal
compressive stress for elastic and/or viscous
bodv "

v1 1 * rr

-5-
)¡ tY
s'l

Õ^ozJz
=+=- 2G 2. E

^o3Z=-2" V

(6. ilb)

(6 "LZa)

(6 
" r2b)

i

iolz,
r

_-6È-- +

I""
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6.L2 Tables 6"7, 6.8, and 6.9 shor¿ the program underËaken Ëo

establish the strain-time relation under constant nominal axial

sËress. The actual axial scress includes a correction, for changes

in cross-secËional area (as Ëhe sample deformed) based on Êhe

assumption of const,ant volume and maintenance of cylindrical form.

The correctecl area was obtained from Ëhe relationship:

(6. 13)
h

o
A=Ac -^oh

trnlhere A^ = correcËed area at the time of deformaËíonc at any stage,

A = the original area before applicaËion ofo load ,

h = rhe height of Ëhe specimen before appli_o .ation of stress,

h = Èhe height of the specimen afËer appli-
caLion of stress aË the t.ime of defor-

maËion at any stage ,

The strain r,ras then adjusËed Èo constanË stress using a triaxial

co-ordinate system or ttblock diagramtt"

6"L3 The samples shor¡n in Table 6.7 oÍ. program No. r were sub-

jected to a relatívely slow uniaxial freeze by controlling the

temperaËure of Ëop and bot,tom of the samples as indicated.

6.L4 The samples in Table 6.8 of program II r,¡ere subiecËed. to



o/,

relatively rapid uniaxial freezing. rn both cases mentíoned ín

Tables 6.7 and 6.8, no external \,/ater supply was provided.

6.L5 Table 6.9 shows Program rrr underËaken for specimens tested

when a source of external water was available durine iniËial

uniaxial slow fieezing"

6"L6 Table 6.10 shows Program rv undertaken for different pur-

poses listed herein. rn this program samptr.es were subjected to a

relaËj.vely rapid uniaxial or extra rapid all around freezíng.

some of them were subjected to relaxatíon or strength tests ín

frozen condition whilst others were subjected to sËrength tesËs,

after having been thawed following first cycle of freezing as

described in subsequenË paragraphs.

6"L7 Figures 6.5 to 6.14 íllustrate the stress-strain-time re-

latíonships of Test Programs I, II and III.

The strain-Ëime relaËions obtained from Ëest programs r,

rr and rrr exhibited símílar modes of deformaËion consísËed of

elastic and plasËic strain caused by constant sËresses applíed.

The deformaËions investigated in Ëhe present r¿¡ork were

found to consist of Ëhree segmenEs, as follows:

a) the first segment r.¡as an instantaneóus deforma-

Ëíon obeying Hooke I s 1aw. (see Fig. 5.r3)

b) the second segment úras a time-dependent deformaËion at

a decreasing rate of strain. (see Fig. 5.3)
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TAELE 6.7
PROGR.A}. i'IO" I FOR TESTT{G SA]'[PI,E FOR STRÀN\]*TIT,ffi

RFTATTONSHTP AT COI,JSTA}IT ÄXTA]- CCJ'{PRESSIVtr STRESS,

SLOT/i FR¡EZE CONDITIOI'I, Il0 EXTERÏ'IAL IIATER SUPPLY,

LTI\IIA-XIAL FREEZT Á}:iD IJ]'']DISTUREED SÅ}"TPLES

Initial freeze
condition

Fi-nal freeze
condition

liorni nal
axial s|ress

0c-r.J-27-r_1å

nn-\T*2?-l'l 5

^^ 
aÎ 1o ìì /^UU-IìJ-¿ I-II()

I l,lì ËInq t.nn nf!+v rrrv. '*y --

sample at 36

R-^f * am nf q>rnn'l e"' ¿ã"-"5*-
et, 27 +0.5"F

Re.pid freezing
of entire
sample at
27 +O"5"7

1\
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TAFLE 6"8
PROGR¿M T{0. II FOR TESTTNG SAjTPLES FOR STFI-ñI-T]I,E
F'U,ÁT ICI\iSHÏP AT COTÙST,ANT ÀT.T.A.L COYP R.E,SSTVE STF,ESS,
R.{PID FREEZE CO¡üÐITIOIIS, i{0 EXTEH,IAL IJATF.R SUppLy,
IJï{IéXTAL FREEZE A}'lD LNDTSTURBED SOIL -sAt'{pLES

Rapid freeze
condi-tions ín

Þample l'lo. tem-o. of Ðsj freezinç

ltorainal_
axial stress Set up for
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0c*N-27-1288

0c-N-27-128C

cc-ilï-]J-1 )LL

^^ 
tr: lD ìÕrñ

I ¿Ê+!r

oc*t{*l7-12¿,C

Oc-rJ- 7-L25Å_
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4ñ r^ T
*t voJ

zz lo "r
/ I 4t 

^Èf v./

n Yo'r
tE t1, r
Ll tvo)

'r, lr, 
^4l tv")

t 1a"s
D IA I
I v./

z ia"r

{ô

50

2\

5A

()

Ranì d freez'ìno J;hefmo-
stat seL uo et 27"F

Tnitial step 2f o +-0.5
after equil ibrium-
therrnostat set dor¿rn No
. -o-LII
T*i+.i^'t ^+^* +r"^-Lfr¿u-L8 | sLeþ ].nermo-
stat set up at 27 F"
r'^ | | 

^r,rr 
na ê^1rì 

' 
-_bfiLtrnvYu¿r_J

therrncstat .lor+e:.ed to
lf F" fc'llo¡ring equi-
librium thermosLaL set
clcl,¡n to ?oF



TÄËLE ó.9 PROGF,AI.4 h]O . lII FOII. TTSTI':|G Så}ÍPLES FOR,
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c) The third segment r¡zas a time-dependent deformation

aË a consËanË rate of straín (See Fíg. 5.3).

d) A fourth segment, known as a d.eformation at accelerating

raÊe of sËrain Ëhat leads generally Ëo total failure, r¡ras not in-

cluded ín this sËudv.
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(6 "L4)

Test results for the different segments of each of the

three groups are shor,m in Table 6.11.

The toEal deformation process may be expressed as follows:

r = ro * r(r) = ro * er* er.

Inlhere

e = total straínt

e = instantaneous strain uo

e, = total time dependent strain = e, * e2 t

Ê = srrâin ê-- deceleraËed strain rate I*1

^ - ^+-^-i*e2 = strain at constant sËrain rate

6.18 fË r^¡as verífied Ëhat the fírsË segment eo is completely

and ínsËanËaneously recovered upon removal of Ëhea.applíed ôoad

and may be expressed as follows:

I¡Ihere

o = applied stress psi o

E = Youngts Modulus psi.
o"

o
F=*oE

o
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This insËantaneous deformation r¡ras found to be

temperat.ure, approxímately proporËional to the

and ranged (see fig. 6.f5):

^ôE_ = 165 x 10- to 180 x 10- psi 
"

independenË of

applied stress

(6.1s)

The deformation in this stage is due to elasËic changes in ice

crystal, mineralsgand elasËic compression of \47ater and entrapped

air (See Paragraph 5.27) without causing any melting of ice"

6.L9 It was not verif ied in the present work that e , \¡/as re-

coverable r,¡iEh Ëime upon removal of the applied load. However,

the duraËíon of deformation at deceleraËíng strain rate was found

to be noË constant for varying sLress, as Ëhe theory states (See

Paragraph 5.34). Figure 6"L7 í-1-Lustrates Ëhe relationship of

duration of deformation at decelerating straín rate versus tem-

perature of samples 0C-N-7-L24 Ã, B and C, OC-N-17-L25 A, B and C

and 0C-N-27-I2B A, B and C. According to Figure 6"L7, the duration

of deformation at decleraÉing strain rate decreases linearty with

the lowering of freezing temperaËure. However, the duration of e,

íncreases in nonlinear proportion with increasing stress, indicaËíng

a decrease of coefficient of viscosíty wíth increase of the applied

SEÏCSS.

6"20 Fígure 6.18 illustrates Lhe relationship of e.,

versus Lemperature at varíous sËress levels. According
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to this figure, the magniËude of e, at lower Ëemperatures

approaches zero in a non-línear fashion.

6.2L Figure 6.19 illustrates the relationship of strain rate

versus temperat.ure of the third segment (i.e. time dependent

deformatíon at constanË raËe of strain, see Paragraph 5.27) ob-

tained from the series of tesËs conducted. According to Figure

6.79, the constant rate of sËrain for each magnitude of stress

applied, decreases sharply ín non-linear fashion as Lhe tem-

perature was lowered.

6"22 The decrease of constant rate of strain with a lowering

of temperature is believed Ëo be caused by a decrease of non-

frozen \^rater in Ëhe f.xozen soíl thus increasing the cementíng

force of ice crystals. 0n the other hand, the constant rate of

sËrain increases rapidly with íncreasíng temperaËure.

6.23 Inlhen the üemperature of the frozen soíl increased from

^-o- -o-27-T to 31.5-F, Ëhe sËrength of Ëhe soil was found Ëo approach

that of unfrozen soíls. Figure 6.20 LLLt:.strates the behaviour

of sample OM-N-31.5-126, which was subjecËed to a triaxíal

compression test for 1090 minutes" Then, ín order Ëo ex-

pedite the test, the sErain rate vras increased to 68 x 10-6

inches per mínute, and this caused the soil to fail at 23"5 psi

at. a ËoËal sËraín of e = 9.37" afLer 2780 minutes from the start of

Ëhe tesË. Failure occurred along a slip plane as shornin in Photo-
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graphs No. 6.10, 6"11 and 6"L2" The sËrength weakeníng of

the soil, frozen at 3l.5oF, is assumed to be caused by the

presence of approximaËely 45% of nonfrozen r¡74Ëer ín the f.rozen

soíl (see Paragraph 5.38 and Fígure 5.10) accompanied by parËial

or total destrucËion of the soil fabric and redistribution of

Ëhe original moisture conÈent. This destrucËion is due to the

expansion of microscopic and macroscopíc ice crystals r¿hích were

formed during the freezing process between the soil particles.

Photograph 6.10 shows sample 0C-N-27-126 af.ter failure.

Photograph 6.11 and 6"12 show characteristic Í.reezLng in this

sample nametry, Ëhe lnorizontal and vertical polygonal cracks whích

were fí1led r.uith íce during the freezing process.

Chapter TII of the book Basic Mechanics of Freezíng, Frozen

and Thâwing Soíls, p. 2I by N. A. TsyËowich (16) reporËs on the

high compressibí1ity of "clay loam" and "sandy loam" as follows:

"n. o compressíbility oÍ frozen clay loam and
sandy loam at ;.3"C (31"5"f) and especially
at 0.l"C (31.8"F) is considerable.
.... At Ëhis temperature, Ëhe compressibiliËy
of f.rozen clay soils ís close to that of un-
frozen soils showing little plasticiËy; such
soíls may undergo dífferential setËlement wíth
time, tt

This agrees r¡ith Lhe resulËs of the present tests. Figure 6.21

illustrates the results of anoËher series of tests carried ouË on

"never" f.rozen soil, i.e. soils which have not been frozen since the
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f'¡ ii-ure
r-ilane

Photo.graph 6 .10

Samo'l-e after feilure of
sp"rn] e CC-l-2?-1 ?í ¡i". "-.. :;\ -
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shrinkage crecl<s of^semnle
CC-t'i-2?-r2(. at 3I.50C.

cr;f sta:l s
9+



119.

end of Ëhe last glacial períod (see paragraph 3"1)" rn these

tesËsu ínstead of uniaxíal freezing, the samples ïüere frozen from

all directions in boLh undisturbed and remolded condition.

Fo11owíng one freezing cycle, and thar,líng, unconfined compressíon

strengËhs were determined.

rn the case of Ëhe uncisËurbed samples, the thar,¡ed strength

at failure T¡ras 43"5"/. of the original undisturbed andnon f.xozen

^ Ê e^-. ^+LòL!ç!¡ËLrr.

In the case of the remolded samples, Ëhe Ëhawed strength

at failure \¡ras 76"6"Á of the original sËrengËh of remolded. and

non trozen samples.

6.24 Figure 6"22 shows the sËress-straín-time relations of soil
samples of Group No. r (slow treeze condítion - see paragraph 6.13).

Fígures 6.23, 6.24 and 6"25 LLLustrate the stress-strain-time

relations of soil samples of çroup No. rr (rapid treeze condition

- see Paragraph 6"L4). Figure 6.26 LLLustraËes the stress-sËrain

relaËions of soí1 samples of 6roup No. rrr (slow freeze conditíon

wiËh exËernàl waËer supply - see Paragraph 6.15) for different tíme

ínËervals" These illustraËions indicate that the stress and straín

curves obËained are nonlinear aË any stress level aË any given

Ëime. The slopes of the sËress-straín curves obËained from the

samples of 6-roups No" r and No. rrr are dec::easing wíËh increasing
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strain whíle Lhe slopes of Ëhe stress-straín curves in Group No. II

are increasing for the same intervals of Ëime and stress condítion.

It is believed thaË Ëhe decrease of the slopes of the curves with

increased strain shor,m ín Figure 6.26 of Group No. 1 is due Ëo

wit.hdrawal of pore r¡zaËer from the upper la¡zers of the sample during

the freezing period causing higher porosity and less ice cementing

force with consequent lower strengËh that leads Èo higher rate of

strain.

The increase of the slope of the curves wíth increasing strain

shown in Figure 6"23, 6"24 and 6"25 of Group No. II has been

related to a relatívelv uniform distribution of ice lenses which

reduces the thickness of the waËer filrn between the mineral oarticles

and íce crystals. This resulËs ín an increase of Ëhe interpartícle

bonding force causing strengthening of the soils of Group No. TI

with a consequerrt loweríng of strain raËe. Hor,¡ever, introducing

Ëhe large amounts of ice in thick layers conËributed by the ext,ernal

T¡/aËer supplíed to Ëhe samples ín Group No. III caused a drop in

sËrength because of the cohesíon of ice beíng lower Ëhan that of

a uníform mixture of fine ice crysËals and mineral particles "

6"25 Fígure 6.27 lLLustrates the sËress relaxation in Sample

OM-N-27-1 27 winích vras frozen at 27oF. The sample vlas sËressed up

t-o LL2"85 psi in the triaxial compression machine and the sErain

locked. During the relaxation tíme of T = 1535 minuËes, the sLress

r,¡as relaxed Ëo 62.8 r¡s|.
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Figure 6.28 illustraËes the stress relaxation of sample

oM-N-17-131" This time the sample r,ras sËressed and subjecËed

to síx cycles of loading and relaxation. The relaxaËíon times

were found Eo vary, up to the fifth cycle, between l00B and 1520

minuËes while the magniËude of the relaxed sËresses varied be-

tlreen 80"11 psi and 106.6 psi. Duríng the sixth cycle, the

relaxed stress was 105"5 psi while the relaxatíon time reached a

value of. L994 minutes (see Ëable 6"L2) " This was an increase of

about 65 percenË over Ëhe average relaxation Ëime noted ín Ëhe

previous five cycles and 98 percenË over the fírst relaxaËion

time cycle . In view of the fact thaË, Ëheoretically, a1l re-

laxat.ion times for any stress or cycle of stïesses should be

equal (see Paragraphs 5.34 and 5.35), iË was inËeresting to noËe,

that an examination of the sample aft.er Ëhe Ëest revealed an ice

buildup on the surface of the sample (see photograph 6"12). IË

is believed (see also Paragraph 5"23) thaË this buildup of sur-

face ice was due Ëo a squeezing-ouË of ice (in líquid form) as a

result of sËress concenËrat.ions at the contacts between mineral

particles and ice crystals (see paragraphs 5.23 ar'd 5.24). Move-

ment. of ice away from the regions of st.ress concenËration t,owards

Ëhe surface of the sample (where stress is minimun) produces further

densification resulting in íncreased víscosity and longer re-

laxation Ëíme.
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6.26 Firr.ally for ans\,{ers to the questions:

1) Had the freezLng and subsequent Ëhawing altered the

properËies of the clay and in what manner?

2) Did freezíng alter the structure of cl.ay?

3) I¡Ihat is the cause of loss of strensth?

The conclusions reached will apply Ëo the freezíng and

loading conditions and dimensíons of soil samples used in this in-

vesËigaËion on1y. Further research should be carríed out to deter-

mine the validity of these results for samples of any other

dimensíons and for any other freezing and loadíng conditions.

The experiments have definítely shorvn Ëhat r¡¡íthdrawal or

redistribution of moisture produces layers of ice wllich crystal-

lize perpendícular üt5 the heat flow direcËion and columnar ice

sheets para11e1 üö the heaE flow direction, when the soil samples

are uniaxially frozen. This ice segregation leads Ëo further

densification of soil particles causing cohesional strengtheníng,

(see paragraphs 5.2, 5.8). hfhen the sample is thawed, the ice

lenses and ice layers in horizonÈal and vertical directions (see

Photograph 6"2), Ëurn Ëo free \^rater betr¿een Ëhe colony of densified

mineral particles, thus causing toËal loss of strength. If the

freezing is, however, applied from all directions, the soíl is

forced Ëo expand not only in one direction, as \¡ras the case ruiËh

uniaxial f.xeeze. Tt will expand in Ëhree direcËions or six fronËs,



Èhat i.s, Ët*o fsonÌ:s ån each *-ll rì:r ,Ì, ìl e*d ä ,;:1:i,,¡r:.::i,:',::.'¡- r"i:;,i

sie.np3-es wi-ll- coup-ì-t'l*-1";; {r**::;: 'rllì.eìl .i.*.{i;:i:* :i¡r:i.ri"t'¡,,

Ihn expsn*:ic:l *f i:roz.erl si:å'l- i¡:,'ii. ì/ **d T '-.:^-::*;'l:-{:i:,:j::,:i

nûÈ, ï;sf:rieÈ.'- d-"ir:5 c,:e ål::::-Ëi;I '¿-ee -ng pet-cd" Tr,e s:,npies

aL thi.s stage cetd-d expand Ln the dÍreeÈior¡ of heat fLo¡q (see

paragraph 5.2)" However, as the freezlng peneËËåtes deeper a

rig{.d aone of, frozen soi.3. ls bullt upu Ëhus resËtrictång Èhe i.nnes

zone from expasrdfng (see Fi.g. 6.29).

lnner uone

heat fl-or-.r

rígld eone

Ffg. 6"29 Rigfd zone bt¡ll-dup by
alLaround f,reeøing"

the sÈreugËh. of hoüh undisturbed and nemol-eled ütrrarsed soir.

specfmens, followång aLl" around f,reez:{.ng hras shocm vaïues approxi-

mêÈen-y equal to unfrozen remoLded solt sËreÐgühs {see Faragraph 6"?3} 
"

The exËra rapid f,reezing can¡sed by appli-eaËiosl of eÅ3.around

freezlng and the buiJ-dup of a rJ.gfd envel-ope aroqr¡:!.d Èhe soiL

epeeåmen alLows etre sampJ.e üo f,reeøe ¡c{.th resËrleËed change ín

volq@e end sqåÈh S"fmfeed moåseuse redåsunlbuË,åon oe Lee segregêËLorå,



r35.

Consequently there ís liËtle if any change in density" The

strength weakening of Ëhawed soil could be explained by

Terzaghirs (22) phenomenon of loss of strengËh (see paragraph 5.39)

as follows: The pore waLer has partíaLLy Írozen and ice crysËals

have formed, wiËh theÍr opËical axes oriented parallel to the

dircction of the heat flow" The expansiuri due to the crystallí-

zation was large enough to desËroy the bindíng effect between soil

partícles resultíng in a wider separation of particles and loss of

strength (see fígure5.11 b and c).
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CHAPTER VII

CONCLUSIONS

A. EQUIPMENT AND INSTRI]MENTATION

7.1 The heat exchange box and f-reezing ce11 fabricaËed for Ëhis

work have performed well" Uníaxial freezing was achieved with or

withouË external water supply Ëo the sample being frozen.

Use of Ëhe heat exchange box and freezing cell allo\nls ofie to

alter the fxeezíng temperaËure ín a few hours e as compared with a

walk-in cold room which takes aË leasË two days Ëo esËablish equí-

libriun in addition Ëo Ëhe following disadvantages:

(a) Expensive to build ín comparison r¡ith Ëhe equipmenË

designed for Ëhis work.

(b) VariaËion of the Ëhermostatically controlled temperaLure

of walk-in cold room is -1oF as compared with -O.5oF ín Ëhe present

work (See 7.2) "

(c) Personal observatíon of some walk-in cold rooms reveals

a loss of efficíency due to icing conditíons not only ín the cold

room but in Ëhe freezing unit component as we1l" The efficiency

drops in one rr,reek and Ëhe enËire unit becomes inoperative afËer

Ëwo weeks and requíres defrosËing. Thus Ëest tímes are severely

limíted to a maximum of two rnreeks.

By usíng vapor barriers inside and around the fteezi-:ng

ce11 iË was possible to operate Ëhis sysËem for any lengËh of time.
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(d) At small expense one can fabricaËe several freezing

cells and operate them aË a variety of ËemperaËure. A variety

of tests under various temperaËures can be conducËed simulËaneously.

(e) Uniaxial fxeezíng and thawing could be obtained rvithour

removing the sample from Ëhe freezing cell or changing Ëhe posi-

tion of the sarnple for any number of cycles of f.reezing and thawíng.

Also, temperatures dorrn to -92oF were attained and

soil samples urere f.rozer- to -92oF by the writer, using dry ice ín

addítion to the mechanicaL freezíng uniË.

7 "2 Installing thermosËaËs with greaËer sensitiviËy would mini-

mize temperature fluctuation íntervals and provide an opporËuniËy

to study Ëhe freezing phenomena when temperaËures of frozen soils

are seE up very close to 32oF.

B. FREEZING AND MECHANICAL BEHAVIOR OF FROZEN
LAKE AGASSIZ CLAY

7.3 Lake Agassiz cLay ís frost suscepËible when water is

supplied parallel Ëo the varves. The varves provide a more per-

meable paËh for \^rater to reach t1ne freezing front.

7.4 Soil frozen at a slow f.reezing raËe \^ras found to have a

greater raËe of deformaËion under constant load Ëhan soil frozen

aË a higher rate of f.xeezing where all other cond.iËíons such as

moisture conËenËe temperat,ure and sËress are equäl.
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7.5 In

íË was

lenses,

lenses.

higher

comparing samples ftozen wiËh:

(a) external r,rater supplied

(b) no external l{ater supplíed,

found that (a) gave thicker, non-uniformly dístributed ice

whereas (b) gave more uniformly disÈributed thínner ice

Under equal temperature and stress condíËíons, (a) gave

strain rates.

7.6 Ar 31.5oF Ëhe

approximaËely the

sËrength of soils tesÈed was found Ëo be

same as unf.tozen soí1.

7.7 The sËrength of "never" ftozen, undisturbed soil when frozen

from all directions r,^ras reduced when thai¿ed to approxÍmately 432

of its origínal undist.urbed strengËh followíng one cycle of

freezíng. The strength of "never" frozerT remol_ded (to its

original density and moisture conËent) soils when frozen from

all around r,¡as reduced to approxímately 7 6 pet cent, when thawed

following the fírsË treezíng cycle"

The uniaxially f.rozen soí1s, however, failed to shorv any

sËrength following the thaw-out after the first cycle of freezing.

7"8 Youngrs modulus for the unfrozen soils Ëested \^las approxÍmaËely

constant. rt was índependent of temperature and ice contenË in the

rarlges tested. The value of Youngrs modulus of. f.tozen soil ËesËed

was found to be

E = 165 x LO-2 ro 180 x l-0-2 psi"
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7,9 The duraËion of deformation aË decelerating rate of sËrain

(retarded strain) of f.rozen soil tested increased línearly with

increasíng temperature at a given stress leve1 (Fig. 6.L7>. The

st.rain rate decreases wíth lower Ëemperat.ures, and appeaïs to

become zero ín a non-linear fashíon. (Fig. 6"L9)

7.r0 The constant raËe of strain of f.rozen soils decreases

sharply wíËh the lowering of Ëemperature.

7.LL The inËernal ice content of frozen soil subject to cycled

stress or straín decreased as ice formed on the surface. Thís

surface ice buíldup is due to a squeezíng ouË of ice in líquid

form as a result of stress concentration at the conËacts between

mineral particles and ice crystals. The movemeïì.t of íce away

from the regions of stress concentrat.ion Ëoward the surface of

the sample (where sËress ís minimrm) produces further densi-

fication of frozen soils resultíng in increased viscosíËy and

consequenËly increase of relaxaËion Ëime.
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