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S]iIICIPSÏS

Ït vas rrud.ertalcen to determine the effect of a sÍngle freezing

and tÌiuvj Dg orr the strengtli ancl compressibil-ity characteristics of a

compacte,J. local. clay. lhe soil samples l¡ere frozen Ín a closed system

so that C.urin6 the fleåzing process no exte::nal source of r.¡ater l¡as

avaiLabl-e to the soil.. Of particular interest were the results obtain-

ed r*'hen the mould.ing noisture content l¡as less thar¡, equaì- to, or exceed-

ed the opti:aum ¡lcisture content for the compactive efforts used. I\'-o

d.ifferent compactive efforts were considered..

Suffj.eient samples Ìrere compacted using standard. Proctor compae-

tive effori, ar:cl also using noô.Ífied. Proctor compactive effort, to per-

nit identlcal- iests on sets of samples subjectecL to tlie one cycle of

freezing end. thar¡ingn and on sel;s of sampJ-es not subjected. to the freez-

ing, for the two compactÍve efforts.

One d.ímensÍonal- consoli.d.atÍon, ancl. und.rained t:riaxial tests

ineiuding u¡rconfined compression tests verîe used. to indicate the changes

in strength and. compressÍbility characteristics caused by the freezing.
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:THE EFFECTS OF FREEZTNG ON A COMPACTED WINNTPEG CLAY



CHAPTER I

ÏNTRODUCTTON

With the increase in knor¡led.ge of the influence of compaction

on soÍI properties has come a better appreciation of the advantage of
1
J-rts use.

Sueh factors as size and. shape of mould, support of mould.,

magnftud.e and. d.istribution of compactive effort and. ¡oethod. of snÌafle

preparation etc., have been shom to have an effect on the properties

of a compacted, cl€y.

Ì{ork done by Proctor2 demonstrated. the effect that the size

of mould. has on compactioo tu"ott". The variables in Proctorts study

vere:

1. A 5te Ib. tnmFer d,ropped. lB inches for 25 blo¡¡s on each of 3 equal

soil layers i-n a 1/20 ê,:1. ft. container . (lZr3?5 ft ./w. per cu.

ft. )

2, A 5k Ib. tamper dropped, 12 inches for 25 blor,rs on each of 3 equal

soi]- J-ayers in a L/30 cu. ft. container. (ter3T5 ft,/L'o, per cu.

ft. )
I

Using the t/ZO cu. ft. container gave a maximum d.ry d.ensity

of 92,5 lb. per cu. ft. at a moisture content of 25.0 percent. Values

for the 1/30 cu. ft. contaíner were 98.0 and 21.0 respectively.

Ray and. Chapman3 performed. a series of tests to measure the

influence of the ty¡re of support on the resulting maximl¡ru, dry unit

weight and. optinr::n moÍsture content. The tests vere mad.e vith the

moulcl (a) resting on a concrete floor, (b) resting on the nid.d.le of

a stout lrood.en table, (c) resting on a steel prate placed. on the table



and (d) resting on e 213 J-b. weight. Ray and chapman concl-uded. that

the resuLts of the standard compaction test for a given soil tiepenci

to a emall extent on the effective mags of the base on whlch the test
ls performed.. Ìflth greater compactive effort the ttifference Ín re-
sults fnereases.

t.
Lambe$ sùowed. that dlfferencea in compactlve effort affect

the maxinr¡m d.ry d.ensity ancl optimum moisture content of a compacted.

eoLl. The rei¡uIts of La¡rbe I e vork indicate that ¡nith increasing

compactive effort the maximr¡¡n clry d.ensity Ínereases and. optimqm moi-

sture content d.ecreases

The effect of the ty¡re of conpactive effort has been ínvesti-
gatect by Seed. and Chan5. Seed and Chan linited. post of their investi-
gation of a eompacted. clay to static and. kneading compaction as these

are the cornmon method.s of compacting a elay soil. The results of
Seed. and. Chants v'ork, as, regard.s method of compaction, are too 1engthy

to d.iscuss in this thesis, but it can be saÍd. that the method. of
compaction affects to some extent the properties of a compacted elay,

and. cou1d. be signifieant for the properties investigated. in this study.

lll¡e method. of preparinþ the compaction sample has been investi-
gateti ancl. the results puþlishect by the Highvay Research Board., Br¡lletin
No. 316. The effect of air ttrying compared. to oven drying the soilo

and. the effeet of recompaction versus the use of separate portions of

the sa.nple for each point on the compaction cÌrve,,vere stuAièa. The

resuLts of these.stud.ies indicate that for the soÍl tested. there is
lÍttle d'Ífference betr¡een recompacting air-dried. and. oven-dríe¿ samples

rith regarct to the moisture-d.ry unit weight relationshíp. ït aLso shor¡s

that the continued. recompactíng results in greater naxim¡m unit veight,s



and Lower optinu¡n moistr¡re contents than vere obteined from e single
run.

Although onJ-y a few factors affectÍng the moisture-dry unit

. weight' rerationshfp have been discussecl, and even though some faetors
have little effect on final vaLues, it must be realizett that an accr¡m-

' ulatlon of the effects óf these factore can greatJ.y lnfluence the
flnaL uoisture-dry unft veÍght relationship and neke repeatabiJ-ity of
resulte d,lfficult.

DiecuEsions of the propertÍes of e compacted. clay usual\y
eenter arouncl the term [clay str:ucturert. The term rcJ.ay structureu
ls used io d'escribe the arrangement of soÍt particles end. the electrÍc
forcee betr¡een aclJacent particJ.es. Bhe strueture theory of soil be-
haviour helps consÍd'erabþ ln erçJ.aíning measr¡red. soÍl properties.
According to Leon"td'"6, the d,lrect evldtence to support this theory is
unfortwrately scanty.

oifferences Ln structrrre resulting from cornpaction ca¡r heve

; ê pronounced effect on the engineeríng propertíes of a compacted, clay.
seecl and Chan5, Ínvestigated. the effect of structure on shrinkege,

l, "*eL11ngr 
sweLl pressure, stress d.efomatÍon characterístÍcs, unclraÍned,

strengl,h, pore vater pressures, etc.

It vas observed' by Lan¡be8 that sarnpJ.es compactecl dry of optlmum
' shrink less than sampJ-es conpected r,ret of optínu'.

Unfortr:nately the Ínfruence of structure alone oi¡ shrinkage ie
l

I not macle apparent by Larabers vork, since samples of equal d.ensitÍes
conpacted' vet ar¡d' dry of optimum have boür d.ifferent structures and

d'ifferent vater contents. Hor¡ever, Seed anô Chan clarifÍecl thie



before measuring shrinkage. The results of this ty¡re of test have

shovn that sa:nples compacted. ttry of optimu:n exhibited. J.ess ehrinkage

than sa.mples compacted. rret of optimr:m.

Seed. and. Ct¡an5 have observed. that sa.:nples compacted. ciry of

optinum show hÍgher swelling pressures and. greater swelI percentages

than tLo sà.rnples of the same density conpacted. wet of optÍmr¡n. The

reason is that some of the water entering a compacted. specimen during

swelJ.ing is required to sinply fii-l the voÍds, as clistinct from water

absorbed. by the soil th¡rÍng the sweIlÍng process. Thus sa,nples com-

pacted. wet and. ctry of optinum (and. havÍng d.ifferent st:ructures) ruil1

show tlifferent inereases Ín ¡rater content due to both of these effeets.
genFJ-es compaeted. d.ry of optinr:rn rrill show increases in l¡ater content

due to both vater being absorbed. by the soil and. by water that is
entering the voids. samples compacted r¡et of optimum ¡rill show an

inerease in lrater content that is nainly d.ue to rsater entering the

voitls. seed. and chan5 state that a narked. increase in swelling ten-

d.encies s¡ 'snÌnFles compacted. d.ry of optimr:m is read.ily tietectible..

The infLuence of soil structure on snelling pressure has aLso

been stud.ied. by Seed. and. Chan5. Results of these investigations sho¡r

sanples eonpacted. dry of optinr::n exhibit greater swel1 pressures than

sanples of the sane final eomposition compacted. r¡et of optimr:m.

Structure affects stress-d.eformation characteristics to the

following extent. sa^rnples compacted. d.ry of optimr.m have inÍtially a

steep stress-strain cr¡rve with only.a slÍght increase in stress being

clevel-oped. after about 5 percent strain. For sanples compactecl vet of

optimu4r a much flatter curre vÍth a generally consistent Íncrease in



resLsÈance to dcformûtlon up to scrafna as hfgh as 25 percent 1a ob-

served according to Seed and Chan5.

The lnflucnce of structure on the undrained Btrength of solle

de¡rctrds o¡r tltc dtrfornrnÈlon crÍtcrton adoptcd ae a baeia for atrengtlr

dct(tl'tltL¡lntf.ott. Scctl ¡¡nd Chnrr5 prcpararl two eamplcs at tlrc samc Ìrotcr

conËcnÈ and denslry (after soakfng) but wlth different atrucËureg. At 
.

25 percent etraLn both samples reached about the same ultlmate Btrength.

However, at 10 percent, sËrafn, samplee compaeted wet of optimun lrere

evidently weaker than samples compacted dry of opt,imum.

Research lnto the effect of structure on pore lrater preseures

has fndlcated that durfng the earl-y stages of a test partlcularly, the

samples compacted wet of optlmum generat,ed greacer pore pressures chan

samples cornpacted dry of optfmuu. Horsever, at hfgh strains both struc-

tures extribit approxÍmately the same pore pr.""rr"""s.

AJ,though the work of Seed and Chan and others fs more extensive

than the .O:". nentioned, only cercaln aspects have been couched on be-

cause they are the most perÈ{nent to this Èhesis.

Thls thesis extends some of the ¡¡ork done by Seed and Chan by

examlning the effect of.frosË actlon on Ëhe sËrengch and compreeeibillty

properË1es of a compacted clay.

Prevlous Laboratory fnveetfgatfon usuaLly consisted of a sofL

sanple belng frozen unLaxially lrr a frost cell- and belng suppl-ied wÍth

an exËernaL source of waËer, and subsequently thawed. Hal.ey9", Takagilo,

and KaplaJl sho¡sed the above noted freezf.ng procedure resulted Ín the forma-



tion of :'.ce lense,s d.u.e to ¡rroj-sture red.istribution d.uring freezing and.

strength loss upcn thalring.

The rnethr¡d- of freezing the soil sa.rnples in thi.s thesis pr.ogra:n

r+as to freeze them triax-r'-a11y in a closed. system. This particular

methoc of freezing \.ras ad.optec for expediency of the testÍng prograrn.

Also, freezirrg triaxial-ly Ín a closcd. system is the simplest ty¡le of

freez,ing proeess. B/ freezing 'l;he sanrples in the rnanner stateà (tri-

axially in a closed. system), the effect on' freezi.ng and subsequent

thavj.ng is stud.Íed. If samples verc frozen in the custoinary manner,

the eff'ect of moisture redístribution, freezÍng and subsequent thawing

is examÍned.. !-reezing samples trÍaxj.al-ly in a. closed system eLÍmÍnates

the effcct of moisture reclÍstrii¡ution due to r¡ater migr:ati.ng into the

su:npJ-e.

Beeause of the important effect of soil structure on the pro-

perties of a compacted. cla¡, associaterL with d.ifferent compactive efforts,

tl¡o sets of soil sanples, compaeted. to d.ifferent compactive efforts,

were studieC. The d-etail-s of the d.ifferent compactive efforts are given

in Chapter IIf

Since the effect of frost action on the strength and. compressi-

bility properties of a compacted cLay were to be studied, it was neces-

sary to eonduet trÍaxial ,a,nd. consolid.ation tests. T\ro sets of consoli-

dation tests r¡¡e"e required for each compact,ive effort. One seb of tests

was performed. on samples in the ttas eompaeted staterr (unfrozen samples),

and. ¿lnother set of tests lres perfor¡red. on id.entical sa:nples that had under*

gone oÌle freeze-thaw cycle (frozen sanples). The moisture content of a

eompacted clay also affeqts i-ts properties and therefore sampres at

d.ifferent moísturc contents lrere examined. The moÍsture contents were

2 and. l+ percent dry of optinruro, op+;imum, ancL 2 to h percent rr,et of optim..nn



for each set of su.urples. This gave a total of 20 eonsofidatíon tests.

Triaxial tests rrere run on surples (frozen and unfrozen) at

the same moisture cont,ents and compactive efforts as mentioned. above

with ceIl pressures of 0r 15, 30, h5 and 6O psf. This resulted Ín a

total of 100 triaxÍal test,s for the compactive efforts stud.ied.

Sínee the number of combinetions of influencing factors sucl'¡

as compactive effort, subjeetÍon to one freeze-thaw cyele or no sub-

jectÍon to a freeze-thaw cyele, moisture content and. celÌ pressure

result in such a large number of i;ests being rw, (tOO trÍaxial ano 20

consolid.ation tests for 2 eompactive efforts) tt¡e,author d.ecided. to

examine on1y one ty¡re of soil.



CITAPTER TT

PROPERTIES OT' SUBJECT SOTL

The soil used in this stu{y was obtained, from a highway eon-

struetion site Loceted. at Highvays No. I and. No. 101 on the outskirts

of lfinnipeg, Manitoba.

This particr¡lar soiL vas sel-ected. because it vas being used, in
an actual earth filL structure, that would. be subJect to frost action.

The resul"ts of this paper could. be used, in a futr¡re eval,uation of the

earth fÍlJ. performance.

The soiL shol¡ed. the following properties as obtained. accord.ing

to Procedures for Testing SoÍls, 4.S.T.M,12.

specific Gravity - 2.751A.s.T.M. Reference Nr:mber o5B\'12 ¡

LÍquid. Linit 8e.5¡e.s.T.M. Reference Nr¡mber ol+esl2 )

PLastic Linit - 28.5 (A.S.T.M. Reference Number ol+el+lz )

Plastic fnd.ex - 5l+ ß.S.T.M. Reference Ni¡mber O\21+I2 )

M.I.T. Classification Grain Size
Linits

(MitlÍneters)

Percentage of
Subject Soil
Ifithin Grain
Size Linits

GraveL 2-L00 0

Sand. 0.06 - 2 0

silt 0.002 - 0.06 22

Clay Less than 0.002 78

Using the Unified. Classification System and. the Pl-asticity Chart,

Figure 1, the soil vould. be classified, as a cH t¡pe soil, or a highly
plastic inorganic cJ-ay,
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CHAPT.ER ITI

EXPERTMM{TAI, PROCEDURE

It shoulti be noted. that "frozentt in this thesis d.enotes all-

round freezing in a elosed system. ,Zero celI pressure d.enotes an

unconfined. compression test. The author found. that to reproduce samples

of a given mould.ing moistr:re content and. dry densÍty, the following sam-

ple preparation technique had. to be strictly fo11owed.. .

A. SA}IPLE PR.EPARATTON

Approxímately \50 pounds of air dried. soil was prepared for the

stand.ard. Proetor compaction test samples. An ad.d.itional hlO pound.s of

air d.ried soil vas prepared 1'er snmFles compacted. with l+. ! tines the

eompactive effort used. in the stand.ard. Proctor test. For the pur¡ros'e of

this paper, the l+.5 tines stand.ard. Proctor eompactive effort sa^mpIes v'i1l

be referred. to as mod.ified. Proctor samples, although the compaction tech-

nique for the latter d.iffered. from that of A.S.T.M. D1557.

Following the air tirying of the soiI, it was crushed. to 3/B ineh

size and. snaller ì"irrg a Braun chipmonk crusher. After crushÍng, the air

ttriect soí1 vas síeved. for not less than 1! nÍnutes on a No. ll size u.S.

sieve, using a meehanÍcal sieve shaker. Only material passing No, h

seive size was used. in the eompaetion test. The rnaterial retained. on the

No. ll sieve was d.iscard.ed. The materíaI passíng the No. l+ sieve r¡as

quartered. in 4 bins, A, B, C and D. After quartering h5O pounds of soi1,

approxirnatefy h75 grams of materíal was taken from eaeh bin, A through D,

gÍving a total of 1800 grans of soil per sa^npIe. Each 18oo gran sample

'was then fi¡rther d.ried for 2l+ hours at a temperature of approximatety Bl+of .

The sa^mple was then sievecl for 5 ninutes on a No. 20 size U.S. sieve usíng

the sieve shaker. The percent passing No. 20 was record.ed. as a means of

ensuring that the samples were relatively homogeneous. After 10 trials,



the avera8e Percent paseing No. 20 eieve eize grae found to þe approxi- L2

nately 33 percent. Therefore, all sanples used 1n the testing procedure

contalned approxlmately 33 percenÈ materfal paeslng No. 20 efeve BLze.

It should be noted thet the percent materfal pasefng a gfven eleve elrze

refers Èo cLustere of partfclee, not to fndfvldual partfcLee. The uee of

the No. 20 sfeve efze and the 5 mfnutes elevfng time ¡sere an arbltrary

choice by the author, but found necesaary to ensure unlformlty of naterfal.

Dfstflled ltater wae then added by means of an appllcator coneÍeting

of a bottle and perforated cap to each 1800 gran eampLe of alr dried eoll
ln the approprfate amount to gfve the deelred noieture contenú. Ailo¡ancee

were made for the moÍeture conÈent of the eoÍl remalnfng after the drying

at 840F.

, the ml.xture of drled eo1l and disttLLed water was than allo¡¡ed to

cure for approxlmaÈely 16 houre in a ¡rofst roon, then compacted by efther

etandard Proctor compactlve efforË or modlfled Proctor compactfve effort
(4.5 tines etandard Proctor compactive effort). For the standard procÈor

sanpleer A.S.T.M. procedure D-698-70 Method A wae folLolred, utfllzing a

.4 fnch tapered mould and a Rainhart mechanÍcal tamper. A 3.14 square Ínch

sector-fe"* ".*"" wae ueed fn conJunctfon wlth the Rafnhart mechanical

tanPer. For samples compacted to modlfled Proctor compactÍve effort, the

A.S.T.ll. procedure D-1557-70 Method A was used, but nith several changes

being employed. FÍrstly, the Proctor sample l¡as compacted fn 3 ltfts not

5, and eecondly each layer received 42 blor¡B aB opposed to 25 ae detalled

ln A.S.T.}{. D-1557 Method A. Uelng the 10 pound ram and 42 bLowe per layer

for each of 3 layere resulÈed Ln a compactfve effort of 551700 foot pounds

per cubÍc foot, aa compared ¡rlth L2r375 foot pounds per cubÍc foot for the

etendard Proctor compaetfve effort, or 561250 foot pounde per cubl.c foot

for the nodtffed Proctor, 4.S.Î.M. procedure D-1557-70 MeÈhod A.

the purpoee of EÉ1ng three llfte per rnould for the nodffled Proctor
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samples, compared to fLve as called for by A.S..T.lvf. D-1557-70 Method A,

was to facllftate sample preparatlon for the trfaxlaL and consoll.datfon

tests. For the nodifl.ed Proctor samples compacted dry of optinum, it was

found that the ltfts separated upon extrusion from the Proctor mould. The

separated lifts rûere too short, when 5 f.ifts r¿ere used, to gíve trfaxial

samples of at l-easË 2.80 fnches required for testing.

the consolidatfon sampl-es used fn the testÍng program $rere

lnttlally approximately 0.75 fnches fn hefght (the height of the cutting

ring was 0.75 lnches). The l-1ft from whích the consolidation sample was

cut had O'.ZO to 0.30 fnches of sol-l trimned from both top and boËtom to

elLmLnate any extraneous effects that night posefbly have been generated

at the lntersectfon of two adJacent lifts

. If the soll- samples rüere compacted 1n 5 lifts, a 1Íft thickness of

0.9 lnches ú¡ould result. Subsequent trimning woul-d yield a consolidatÍon

sample of 0.275 fnches in thÍckness. Although a sample of 0.275 lnches in

height Ís not lmpossible to work wLth, it is nuch more difficul"t Ëo use

than a sample 0.625 lnchés in hefght, and less accuracy Ls obtafned using

the thlnner sample.

. For the prerliously stated reasons the author opted for a 3 l-ift

specf.nen rather than a 5 lift specfmen for the rnodified Proctor samples.

After the compactfon process the moisture content of each speclmen

wae deternined usfng 4.S.1.M. procedure D-22L6. It should be noted that

for each mould L5 to 20 grams of soll ¡¡as taken from the edge of the sample

when the molsture content was determined. The dry density was Èhen cal-

culated usfng A.S.T.M. procedure D-698-70. Moul-dfng water content versug

dry densfty curves qrere then dravm.

The compacted samples were then wrapped 1n Saran l,Irap, r¡axed and

stored fn the molst room until they ¡¡ere used for either trfaxfal or con-

solfdatlon tests.
t
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B. IRIAXTAI, COMPRESSION TEST \

The strength pararneters C and, Ø ate lnportant in nany analyees

enô can be obtalnett relatlveLy eeslly and qulckly by uslng unconeolidated,

undralned' trlaxlal compresel.on teets. ll¡erefore, these teets vere used

ln thls studly.

It¡e trlaxial snmFles tested 1n the unclralnect r¡r¡consolid.ated. state

$ere preparecl by sinulteneous3-y presslng three l.h inch ctia,meter (o.o?

fnch r¡all thicknesE), brags cutting tubeE into the top of a specimen

The soll s¡'aple ras extrud.ecr fron the cutting tube by forclng a 1.360

lnch clla,neter piston ttrrough the cutting tube.

Cuttfng tubes lrere usecl as opposecl to cutting the sa.mples witb
e rrire Earr becauee at the lor¡er moisture contents crrrmbJ-lng beca,me a

problem if a rrlre agrÍ was used. By enpl.oying greasecl cutting tubes,

three se^uples couLd. be obteÍned simulataneously from one proctor nor¡lct '

in a relativeJ-y short periotl of time, thereby reducing argr possible noi-
stì¡re 1os8. f¡'fmming by means of a w.ire sav could introduce the possi-

bÍlity of the snqples losing molsture chring thÍe process. fmeclÍateJy

after extrusion frorthe cutting tubes, the samples rrere wrappecl in
Sara¡r ÌIrap, wa¡ced. a¡¡d. storecl. in a moíst room for not Ieás than ! clays

to ellor dissipation of stressses possibly brought ebout by the compac-

tion antt extrusion proeesses.

Ttre cuttfng tubes vere l+ inches in 3.ength, resrrJ-ting in all- three

Lifts initially being part of the triaxíal ea.mp1e. Ehe final lengths of
the saq)les lÍere 2.80 Ínches 10.050 Ínches. lhere are tvo reasons for
choosing a length of 2.80 inches, Firstly, it Ís general_1y recognÍze¿

that the length to clia¡neter ratlo (1,/D ratto) .effects the strength

characteristlcs of a tria¡<ial sa,rnple since J.ong seïrFles, that is, sanples

rlth a J.arge L/D ratlorrna¡¡ fail by buchling. rn vfew of the buckLing



phenomena, Bishop and Henkell3etate that a range of. LID ratfoe of 1.5 to

2.5 Ís usually satLefactory to mLnÍmfze th.e buckLfng effect. Therefore, 
.

trlaxlal samples used 1n thls testfng.program lnad LID ratÍos of approxl-

mately 2:1 f+++*@""ì which ls withfn the Btated range of LID ratfos to- (r"
ninf.mLze the possfbfllty of fallure by buckllng. The second reason for

choosing a eample length of, 2,80 fnchee fe related to the deneftiee of the

lndlvldual ltfts. It was found that. the average denefty of the. top and

center llfte was closer to the average denelty of the ProcËor eample than wae

the average densLty of center and bottom lffts. Therefore, the four lnch

cutÈ1ng tubes were forced completely throui*r the top and center llfte and

partlally penetrated the botto¡n lfft gtving a sample lnitfal-ly about 4 inchee

1n length. Im¡redfately prlor to a sanple belng tested, 0.5 Lnchee of eoll

waa trimmed from the top lfft and 0.7 fnchea ÈrLmmed from the bottom lfft,

resultlng Ln a epecfmen approxfmately 2.80 fnches Ln length. Such a epeclmen

!ùas composed of approximately 90 percent eoLl from the top and center llfte

and L0 percenÈ so1l from the botton lfft, which reeulted Ín a'denelty best

approxÍmattng the average, Proctor earrple denslty.

After the eoLl sample had been trlmred to length, lts dimensfone and

welght nere recorded. The sarnpl-e !üas Ëhen placed on the base pedestal of

a triaxfal cell-. It should be noted that a nonporous metal spacer sep-

arated the so1l sanpie fron the pedestal. The spacer rüas used to elimLnate

the possibtlity of eo1l beLng forced ínto the drainage grooves fn the

pedestal, thus foulfng the cell. Aleo, lrithout the use of the spacer,

the sample could be consf.dered to be partial-ly dralned and partfally

consolldated by the fact that af.r fn the drainage paths could be com-

pressed by air or arater escaping fron the sample upon appllcation of

sufflcl.ent devlator stress. The triaxial sanpl-e was then covered wlth

tno greased membranes. The second menbrane was enployed because of

the crunbly nature of the samplee. A elngle medbrane could be

15



L6

easily punctured by a particle of soil d.uring testÍng. The membranes

were held. securely agaÍnst the cap and pedestal by'means of rubber O

rings and. elastic bands. The triAxial cel1 was fitted on the base,

and. the loacting piston was then brought into contact rrith J-oad.ing cap

and ball. The entire triaxial eefl ¡¡as then plaeed in a loading frame.

The loacling frame lras a Leonard. and. FarnelJ. variable strain

rate hyclraulic d.rive unít. It was noted that this unit d.id. not provide

a constant rate of strain, but rather a rate of strain r,rhich increased.

with tine. To ensure that every sa.mple tested. was exa^mined at approxi-

mateþ the same straÍn rate, the initial rate of strain was the same

for each sa.urple. This initial strain was O .L67 x lO-b inctres/seeond".

the average strain rate was found. to be .h8f x 1O-3 inctres/sêcond.. ït

was important that the load.ing yoke was brought into contact with the

piston and. the test started as soon as possible after the initÍal strain

rate was established.. Load dial readings r,¡ere taken at strain incre-

ments of 0.OI inches until the load dial read.ings peaked and. then d.e-

creased. in magnitud.e. If the loatl d.iaL read.ings d.id. not pealc but

increaòetl at a deereasing rate of inerease, the test vas eontinued until

the percent strain reached approximately 26 pçrcent (O.lZ inches).

Samples were tested- at d.ifferent confining pressures of 0, 11,

30, l+5, 60 est. The sa,inples tested. at zero ce1I pressure (unconfined.)

did. not require rubber membranes, and. these were omitted..

The desired. ceII pressure was maintained. by the use of compressed

air. Since the sanples Ìùere tested. in an undrained. cond.ition, the dura-

tion of the test was in the order of 10 to 20 minutes, depending upon the

eeIl pressure and. ty¡re of sa,rnple , (standard or modified compactive effort).
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Iloth unfrozeìl sanpl-es and. samples that had. been subJected to

one freeze-Lhav üyc:le a¡eïe prepa-red a¡rd i;es'beci in -bi're manner previously

d.escribed. The methocl of freezing the triaxial samples was the same as

tha'b described ín section'B of this chapter with one exception. The

incliviclual-\yprepared triaxial sauples r¡ere frozen, not the entire

Proctor nlould. as was the case r,'ith the samples frozen for the one

d.imensional consolicì.ation test.

C. CONSO],TDATTON TEST

The purpose of performÍng consolidation tests was to prorrid.e a

means by which to detect changes in a eorrpacted clay causecl by freezing,

The changes causecl by the freezing and subsequent thaw'i.ng will be re-

fLected. in such parameters as coeffi.cient of permeability, coefficient

of compressibility and. eoefficient of consolidation, etc. These para-

rreters are suitabre on\r for comparison pul,poses because one of the

governing assumpti.ons for consoLidation theory as derived. by'Terzaghl 14,

was violated.. This was the assumption that the porous med.ia (the ccm-

pactecl clay) must be futly saturated..

[he fol]-owinþ sarnple prîeparation proeedure ¡¡as follor,red for the

consolidatíon test on unfrozen sarnples.

After having a sample compacted. to the d.esired. mould.i-ng water

content anci d-r'y'd.ensity, the center lift of the mould l¡as cut out and

0.2 to 0.3 inehes of soil trÍrunecl from both the top and botton of the

lift. The purpose of triluning the J.ift was e:çlaine<L in Part A of this

chap+-er. The sel-ection of the center lift of the Proctor moul-d resulted.

from the finding that the botton, center and top lifts clirl.not genera3-ly

have the sanie densities. Tire center lift was founcl to have a d.ensity

less than the botton lift and more than the top lift. A second. reason

for ehoosing the cenl,er lift is that it is bound.ed on both faees by a
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soil-sciL Lnterface as opposecl to ihe l¡ottour l.ift vhich has one soÍl-soiL

interface and. one soil-air interface after extrusion from the Proctor

mould; or one soil-soil interface and one soil-metal interface durÍng the

compaÖtion process. Sinilarl-y the top lift has one soil-soj.L interface

and one soil-air Ínterface. It shoulcl also be noted. here that the top

lift of each mould. l¡as subjectecl to a forn of remoulding that neÍther the

eenter or bot'ùom lifts were subjected.'to; namely the tr:'.runing of approxi-

nateJ-y 1/B inetr of soÍl- from the top of the Lift prior to extrusion fron

the Proctor mould.. For these reasons it vas d.ecÍclecl to use the center

lift of any appropriate Proetor mould. for use in the one dimensiona-l

consolidation tests because the author bel-Íeved that the center lÍft had

been subJectecl to the nost unÍform compact,ion process.

FoLl-owirrg the preJ-irninary trinming of the center l-ift o a lightly
greased cutting ri.ng was centered. on the Lift and. the ]-ift circumferen-

tl.e,lry rrrapped with maskf ng tape. The purpose of rrrappÍng the lift wÍth

tape was to provld.e Lateral restraint for the soíI so it vould not tencl

to crunbLe in front of the ad.vancing edge of the cutting ring. rf the
I

ser.mpl-e were aLlor+etl to crunble, Ít was found. tha.t 3-arge air void.s were

created. adJacent to the inside eclge of the cuttÍng ring. Althorrgh these

air voids coul-tL be t;patchedrrr¡ith soil from the trinmrings, patchÍng

couLtl be affected onJ-y on the surface of the consol-idation sampl-e and.

large voids wourcl still exist along the sides of the sample. The exi-

stence of these air voids due to enrmbling lrouLd give rise to erroneous

subsequent calculations such as inÍtiaL vet clensity and. initial voi.d.

raliio. Crunrbl-ing was foüncl to be most prevelent in samples compacted.

dry of optÍmum, particularS-y in the noctlfiecl s¿¡np1e compacted. h percent

ctry of optimun.
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The top of the cutting ring was eovered. by a circ¡:lar metal

plate and. the ring wasçlowIy advanced to its fuJ.1 height into the soill

by means of a mechanical piston pushing on the cover plate. Soil vas

then trÍnmed from the top anti bottom of the eutting ring to faeilitate

seating of the porous stones. The above noted trimrnÍng process resulted

in a sampl-e that hacl both top and. botton faces trirnmed. and therefore

both faces e:çosed to the sa¡ne remoultling proeess brought about by the

trinning. The ring and wet soil were then placed. inmed,iately over a

saturated. porous stone vhich was centered. in a consolid.atíon dish. The

top of ¡¡s snmFle lras fitted. with a porous loatiing eap and steel bal].

Thls'resul-ted. 1n the soll sample,being drained. from both top and. bottom.

A. strain dial (0.001 inch divisions) was attaehed to the consolidation

ttish via a load.ing yoke and set to some initial- reading on the frame.

A loati of 0.5 1b. (O.OBS tons/ft2) was then applied. through a

l-ever system to the sa^mpIe by means of a weight placed. on the hangèr.'

After 2 minutes from the time the weight was put on the hanger, d.is-

tilJ-ecL water ¡ras add.ed. to the tlish in sufficient quantity to only par-

tially-submerge ¡¡s 6anF1e. The clistilled. ¡vater used. to partially

submerge the sarnple came from the seme sour"","" the d.istilled. water

used to obtain the moulding water content. After the sample had. eom-

pletett the swelling proeess, which occurred. after the partial submer-

gence' it was completely submerged with d.istílleci water. Fressures of

0.15\, O.297, O.571+, I;tl¡6, Z.3OZ, t+.lig3, O.t.l\ ton/ttz were then sub-

sequently applieti. Sinee d.ifferent loatiing fra.mes, with d.ifferent lever

arm factors rrere employed., varying pan loads (hanger weights) were used

to obtain the above mentioned. pressures. After the application of the

first pan Load., subsequent pan Loads were twice the previous pan load..
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Srrlrsequent pressu::es were applied only after the sample hacl reached. 100

pereent consolid.atÍon under the prevíous pressure. the condition of L00

pe}cent consolida'bion was ascertainecl fron the usual plots of strain

dial readings versus tine às detailed in Leonards Found.ation Enginee"irrg?.

Strain dial readings were talcen at the folloving intervals after the

applicatíon of any one pressure, 3-5, 30, 60 second.s, Z, \, B, 15, 30, 60,

ninutes 2, \, B, zl+ hours and then once per d.ay untiJ. the sample reachetl

100 percent consolÍd.ation.

After consolíd.ation hacl been completed under the final pressure

the soil sanple a'as removed. from the consolid.ation ring and. oven drÍed..

Fo11òwing removal from the d.rying oven, the ring and. dry soil r¡ere veighed..

Ilaving the necessary veights and. measures, and the tj.me for !0 percent

consolid.ation as cal.culated. using the Casagrande LogarÍthm of tinie method.

based on plots of strain dial read.ings versus 1og of tÍne as d.etailed, in

Leonard.s Found.ation Enginee"i.rgT n the following eonsolid.ation chaiacte'rÍ-

stics (as customa::ily tiêfined) vere evaluated for the varÍous mouJ-d.ing

n¡ater contents and eorrespondÍng ttry densÍtÍes: void. ratioo coefficient

of consolid.ation, coêffieient of compressibility, coefficient of permea-

bility and preconsolid.ation pressure. :

Sample preparation for the samples tested. after one freeze-thar¡

cycle was identical to the proced.ure used- for the unfrozen samples. The

nethod. of freezing the sarnples r¡as to suspend. the entire r.¡axed Proctor

mould sanple in a burlap sling in a conventional freezer for a periocl of

2\ hours. The p-rrrpose of the burlap slÍng v¡as to ensure eireulation of

air around the moutd and. therefore guarantee three dimensional freezÍng.

The temperature in the freezer was +6oF.. After the 2l+ hour freezing

period, the frozen moulds were allowed to thaw.
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.Three dj,mensional freezÍngo that is all around freezing as

conparccl to uni¿xial freezÍng, Ín a closed system was enployed for the

following r.'eesons. Three dimensional freezing vas the sÍmplest form

of freezÍng and. the nost expedient to use in this stutly. ïf uniaxial

freezing were used. in eíther an open or a closed. systen, moÍsture-

reilistribirtlon would. af'fect the resr.¡l-ts" SÍnce the purpose of this

paper vas to explore the effect of freezing on a compacted c1ay, not

the effect of'moistule reCistribution and. subsequent freezing, uniaxial

freezing was not appropriaie as a methotl of freezing the samples.
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CHAPTM TV

OBSERVATIONS AI'TD RESULTS

fn the following text, the resr-¡J-ts of the one d.imensÍonal

consolid.ation tests ancl the unctrainett triarcial eompression tests are

sleml¡sd. ancl pertinent observations mad.e regartling the strengÈh ancl

eompressibility characteristics of the compacted soiL under investi-

gation.

Due to the large number of one d.imensional consolidation tests

and. undrainecl triaxiar compression tests, the author has, in some Ín-

stanóes, presentecl a ty¡rical exampLe of a particurar relationship or

characterietic beíng exâ,mined, and. the change ln thfs property d.ue to

one freeze-thanr cycle" If eertain properties nere stutlieti for each

intlivitlual test, the time required. to compile representative tliagrans

and tables would. prove prohibitive. .:. .. ,,i

The read.er should. note that the term Itfrozen sa^mp1ett, when used.

in this transeript, refers to a soil semFle that has been subJected. to

one freeze-tharr eyele and. not to a sa,mple in the frozen state.

A. GENERAT

The dry tlenSity mou].cling moisture content curves for the tvo

tlifferent eompactive efforts are shor.¡n in Figures 2 antl 3. These eurves

were d.etermined. by running a series of compaction tests. Utilizing the

optimum moisture contents obtained from the two sets of conpaction tests,

the moisture contents at 2 and. h pereent vet and dry of optÍm:m were

d.eterm:ined. and plottecL as shown in Figrrres 2 and.3. Figure 2 shows that

the soil, lrhen eompaetecl to stand.ard. Proctor compactive effort, has a

maxÍm¡m clry dtensity of 86.9 1b/ft3 at an optinr:m moistu.qe content of

2p.6 percent. FÍgure 3 demonstrates that the sa,Ine soí1 rrhen compacted
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to ¡roil-Ífied Proctor compactive effort attains a maximun d.ry tiensity
?of l-02.0 lb/:ft,-. at an optimr:m moistr¡re content of 2l-.6 percent.

B. TRIAXTAL COI'IPRESSTOI\I TESTS

The resu-l-ts of the und.rained triaxíal conpression tests and.

comments rega::d.Íng the effect of one freeze-thar.r cycle on certain soil-

properties related. to triaxial compression tests are presentect in the

follovÍng dÍscussion.

Mohr-CouLomb envelopes vere constructed for each series of

I frozen and. unfrozen, undrained. triaxial compression tests for samples

at vanyíng noulding moisture contents compactecl to sband.ard. antl mqd.i-

fieci Proctor compactÍve efforts" The above noted Mohr-Coulomb enveJ-opes

are shown in Fí.gu::es h through 13.

. A summary of strength parameters C and. Ø for samples ccrpactecl

to qtandard. and. noclifiecl Proctor efforts is presentetl in Tabl-es f anct II.

The syrnbol Ø signifies the angle of Ínternal friction. .The

"yrtol C d.enotes the shear stress intqrcept.

ì PLots of cohesion versus nor:J-ding moÍsture content for unfrozen

samples and. sa^rnpJ-es subjeeted to one freeze-thaw cycle, compacted to

standard. Proctor compactive effort at varying mouJ.ciÍng moisture eontents

are shovn in Figure J-liA. The poÍnts plottetL in Figure thA are cohesicn

values originating from the best-fít tangent lines utilized. in the con-

struction of the respective Mohr-Coulonb envelopes, Figures l+ through 13.

The decrease in the rrrrfrozen cohesion due to one freeze-thav cycJ-e vas

plottect and. is presented in Figure 1\8.

Figure thA inAicates that the freezing and. thawing process in-

tluced. a clecrease in the cohesíon of urrfrozen sainples throughout the range

of moulding npisture con'bents that rvere examinecl. It siro'ulct also be

noted that the cohesion for unfrozen and. frozen samples d.eereased. vith

ÍncreasÍng mould.ing moÍsture content.
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suMMARy or srnnNcr' n^*råälfirt. elqp Ø FoR FRozEN AND
UNFROZEN SA¡,IPLES COMPACTED TO SIBEXUAN'P PROCTOR . COMPACT-
IVE EFFORT.

PARAMETER

MOUTDING MOISTURE COÑTENT(PERCENT ÞRY OR WET OF OPTIMUM)

44
DRY

2È
DRV OPTIMUM 2Z

!{ET
4zlwEr 

I

øo
UNFROZEN 6.5 4.0. 5.0 6.0 3.0

ø"
FROZEN 6.0 4.0

fi

4.0 5.0 3.0

C PSI
T'NFROZEN 36.0 30.0 22.0 14 .5 13 .0

C PSI
FROZEN 30.0 24.0 L7 .0 10.0 6.7

TABLE TT
SUMMARY OF STRENGTH PARAì4ETERS C AND ø FOR TROZNU ANO
T'NFROZEN SAIqPLES COMPACTED TO MODIFIED PROCTOR COMPACT-
rVE EFFORT.

PARAMETER
MOULDING MOISTURE CONTENT (PERCENT DRy OR !{ET OF OPTI¡4UM)

4r
DRY

2*
DRY OPTI¡,lUM 2e¿

!{ET
4Z
VIET

øo
T'NFROZEN 39 .0 34.0 20.0 L2.0 4.0

øo
FROZEN 39 .0 34 .0 19. 0 L2.0 5.0

C PST
UNFROZEN

25.0 40,.0 70.0 60.0 55 .0

C PSI
FROZEN 25.0 39.0 66. 0 5'l .0 44.0
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Figure thB shows that the percent decrease in cohesion due to one

freeze-than cycl-e increases r¡ith inereasing nouJ-tting moietl¡re content.

The percent decrease Ín eohesíon was based. on the eohesion clecrease

diviclecl. by the unfrozen value of the cohesion.

SÍnilar plots for unfrozen and. frozen sa^mples at varying nould.-

ing noisture contents compacted. to r[otlifiect Proctor compactive effort

are presented in Figures 154 antt 158.

Figure 154 tlenonstrates that the cohesion for unfrozen samples

and. samples elq)osed to one freeze-thaw cyele reach a maxímun value near

the optimrm moisture content and then d.ecrease on the vet and dry sitie

of optimum. The d.ecrease in eohesion, from the rnaximr,m value at the

optimum moisture content, is greatest for sa,mples compacted. on the ttry

side of optimum. Figure l-58 shows that the percent clecrease in the

unfrozen cohesion is zero at l+ percent tiry of optimum, approxinately !'
percent for samples at 2 percent dry of optimr:m, optiuum, 2 percent wet:'

of optir"n:n, and. 20 percent for sanples at l+ pereent wet of optínum. The

percent d.ecrease ln the unfrozen cohesion was calculated. ae previouely

detailett for sanples compacteti to standard. Proctor compactive effort.

A plot of the relationship between the angle of internal friction

and. the moulding moisture content for unfrozen and. frozen samples at

varying rnould.lng moisture eontente compacted to standard Proctor effort

wae drawn and 1s presented as shown in Figure 16. Although there is

some gcatter apparent in FÍgure 16 it may be saÍtl that the change in the

angle of internal friction d.ue to one freeze-thaw eyele is negligÍbIe

for argr given moisture content.

A sinilar p3.ot vas constructecl for frozen, and. unfrozen samples

at varying noultling moisture contents compacted. to moctifiecl Proctor
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compactLve effort and 1e ehoûrn 1n Flgure 17. Fron Figure L7, lre ¡nay

concLude that the change fn the angle of Lnternal friction due to

one freeze-thaw cycle 1s negLfglble for any glven moleture content.

The above dfecussLon lndicates that the strength parameters

C and ff for samplee compacted to trùo dlfferent conpactf.ve effort,s are

affected by one freeze-thaw cycle 1n a closed system. The effect of

a freeze-thaw cycle on the strength parameter c was readily detect-

lble, however, the effect of freezLng on Ø appears to be negligible.

Ttre unconfined compressíve strength of a soíl sample is of

partfcular fnterest because thLs flgure is ofËen used as a deslgn

crfteria. For thls reason, the relatfonship between the unconfined

compresslve strength and the nouldfng uroisture content for samples

conpacted to both Proct,or efforts was examf.ned.

Figure 184 shows the relatfonshLp bet¡seen the unconf fned 'cq¡e-.

presslve strengths and the correspondfng mouLding mofsture contents

for frozen and unfrozen eamples compacted to etandard Proctor compac-

tive effort. Ffgure 184 denonstrates that the unconflned compressl.ve

strengths for unfrozen eamples and samples exposed to one freeze-tha¡t

cycle decrease with Lncreasing mouldfng mof.sture content

Figure 188 de¡nonstrates that the percent decrease fn the un-

confined compreealve strengths due to one freeze-thaw cycle reachee a

maxlmum between the nouldf.ng moisture contents of 2 percent dry of

optlmum, and optfmum, for eamples'"o*pa"ted to standard Proctor com-

pactfve effort. Sfmllar plots !ùere conatructed for eamples cornpacted

to rnodffled Proctor compactive effort and are presented 1n Flgures 194

and L9B.
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Baeed on Ffgure 194, we may conclude that the unconflned con-

pressive strength noul-ding moÍgture content relatLonshtp for ftozen

and unfrozen samples compacted to modfffed Proctor compactive effort

fs approxfmated by the shape of the usual dry density-nouldfng mofsture

content curve, wfth the peak occurrl.ng aÈ the optimum moLsture content.

Flgure 198 sets forth the percent decrease fn the unconfined

compressive strengths, due to one freeze-thaw cycle, versus nouldfng

moisture content for samples compacted to nodffled Proctor compactlve

effort. FLgure 198 lndloates the unconflned strength loss Íncreaeee

fron 0 percent at 4 percent dry of optfmum to a maxfmum value at, a

rnouldfng mol.sture content of 2 percent lret of optfnum, and thence de-

creaaes.

The percent loss fn the unfrozen unconffned compresslve strengths

due to one freeze-than cycle for a given moisture content was based on

the loss ln strength over the unfrozen Btrength.

A sunnary of voLr:me change upon freezLng, and therefore a change

Ín densfty (decrease), and percent loss of unconflned compressive

strengths at correspondlng mouldlng molsture contents is presented fn

Table III.

Table III lndlcates thaE for samples compacted to nodlfled Proctor

compactfve effort, the greatest percent decrease Ín unconffned com-

preesive strength occurred at the game moÍsture content that dlsplayed

the greatest {ncreaee Ín volume due to freezing; namely at a mouldfng

moisture content of 2 percent ¡vet of optimum. Thls, however, lras not

the case for samplea compacted to standard Proctor compactfve effort.

For eampLes coEpacted to standard Proctor compactfve effort, the greatest
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TABLE ITI

SUMMARY OF PERCENT CHAIüGE TN VOLUME AND PERCENT LOSS IN
FINED COMPRESSTVE STRENGTH DUE TO ONE FREEZE-THA!Í CYCLE
SAIqPLES AT VARYTNG MOULDING MOISTURE CONTENTS COMPACTED
STANDARD AND MODTFIED PROCTOR COMPACTTVE EFFORTS

UNCON-
FOR
TO

MOULDING
MOTSTURE
CONTENT
8 DRY OR
V{ET OF
OPTIMUM

COMPACTIVE. EFFORT
STANDARD PROCTOR MODTFÏED PROCTOR

T VOLUME
CHA¡{GE

(INCREASE)

Z STRENGTH
CHANGE

(DECREASE)

3 VOLUME
CHANGE

(INCREASE)

3 STRENGTH
CHANGE

(DECREASE)

48
DRY

2.295 27.5 0.0 0:o

22,
DRY 0.824 35.2 0.008 15.6

OPTIMU}l 0.775 34.9 0. 839 25.0

2Z
WET

0 .135 23.9 1 .613 31 .0

4Z
VüET

o .422 17"0 0 .96 20 .0
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loss 1n unconfÍned compresslve etrength occurred at a ¡roulding moisture

content whlch dld not render the largest volume change upon freezLng.

Thls apparent dlfference ln behavlour may reflect possLble dlfferences

fn eoll structure generated by different compactlve efforte.

Flgures 20, 21 and 22 elnoet the relatlonshlp between the devfator

stress and percent etrafn, the tLl[,. ratlo and the percent strain and

the maJor total prlncfpal strees and percent BtraÍn respectlveLy fot

frozen and unfrozen eampl"" 
"orp.tÈed 

to etandard Proctor and nodifled

Proctor compactf,ve efforte

The data presented 1n Ffguree 20, 21 and 2.2 were provfded by

samples compacted at optfmum moÍsture content änd tested at a conffntng

preÍ¡sure of 30 por:nde per square lnch. Although somewhat dlfferent

curves are obtained for sanples compacted at dlfferent mouldfng moÍeture

contents and tested at different cell pressures, the graphs arer 
,fn. 

tlre

authores oplnl.on, typical of the relationshtp that each of the fndi;1dual

curves represent. There is, howevere one set bf trÍaxiaI test resultg

that do not conform to the relatlonshÍps presented 1n FLgures 20 to 22.

Tt¡1s get !ùaa compacted at 4 percent dry of optimum uslng the urodifled

Proctor comp,active effort. It was found that the aamples at 4 percent

dry of optirnum compacted to modlfLed ProcËor compactive effort dfsplayed

relatlonshlps which are opposite to those presented 1n Flguree 20 to 22.

For example, at a given percent strafn the deviator Btreae for the fro-

zen sample exceeds the devl.ator stress for the r¡nfrozen sanples. Thls

1s exactly the opposite to what Flgures 20 to 22 present. A more de-

talled discusel.on of the prevlouely mentioned graphs 1e preeented below.
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Graphs 204 antl 208 show how the deviator stress changes rrlth

applied. percent strain. The tteviator stress, as usecl in this paper,

is defined. as the clifferenee betr¡een the maJor total principal stresg

and the minor total principal stress. Both graphs 204 ancl 208 show

that at a given pereent strain, the d.eviator stress for sa:nples ex-

posed. to one freeze-thaw cycle is less than the d.evÍator stress d.is-
/

playetl for unfrozen sanples. It appears from graphs 2OA antl 208 that

the d,ecrease ln the cteviator strees due to one freeze-thaw cycLe is

approxlnatel-y uniforn after 3 pereent strain antl that the curves for

frozen and. unfrozen sa^mpIes have the sa,me general shape for both stan-

d.ard and. qotlifiecl Proctor compaction that was examinett.

Figures 2l-A' ancl 218 are curves showing the t¡rieal relation-

ship between the stress ratio úL/F3 antl the percent strain. The

quantíty Ç is the maJor total principar stress and. cE is the minorJ-3.,
totar prineipa.l stress. From the graphs ne see that one freeze-thaì,r

cyele generally clecreases the q/% ratio at any given appliect strain

for both the stand.ard. ancl noctifiett Proetor eompaetïve efforts. It dlso'

appears that the general shape of the q/r. curves is not appreciably
IJ

alterecl by one freeze-thaw cycle. J

The relationship betveen the maJor total prineipal stress, 
%_,

and. the percent strain for both stand.ard. ancl uotiified. compactive efforts

is presentett ín FÍgures 2%. anð. 22I.. Sinilar to the above noted. relation-.

ships, the Ç versus pereent straÍn curves are affectect by one freeze-I

thaw cycle. For a given percent strain, the unfrozen maJor total prin-

cÍpal stress tlecreases after freezing and. subsequent thaving. The

general shapes of the curves app:o to be unalterecL after one freeze-

thaw cycle.
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The nsxlmr¡m naJor total principal stress, the maximl¡m ratio of
the maJor total prineipal stress to the nínor total principal stress,

and. the maxim¡m d.eviator (totat stresses) stress are of particular

interest for the fo11ow'Íng reasons. The maximum maJor total- prineipal

stress is used. as an intlieation of the ultinate strength of a soil at

a given confining pressure. The rnaxímr¡:n C,/q. ratío ancl the maximr¡n
,LJ

d'eviator stress are usetl as failure criteria. The above mentioned.

quantitles (tor the standard and noclffietl proetor efforts) r¡ere there-

fore plotted. against cell pressure and. the results are presented. in
Figr:res 23 through 28. It should. be noted. that an element of d.ístor-

tion is introducect in Figr:res 238 to 2BB. The ttistortion oríginates

in the pereent change concept. For example, Figure 23A sho.¡rs the

d'ifferenee between frozen and unfrozen results seem to be ind.ependent

of eell pressure. The d.ifferenee expressed. as a percent will shor¡

an increase beeause the d.evisor of the percentage is getting sna3_1ei

The results of the zero-eelr pressure triaxial tests (unconfined)

sÍgnifieantly ttíffer from confined. tests and. for this reason have beeh

separately diseussed

Figure 234 shows a fa:nily of curves for r¡nfrozen and. frozen

gamFles at varying morrlding moisture eontents compaeted. to nodifiecl

Proetor eompaetíve effort representing the relationship between the

maximurn q/F. ratio ancl the various cel1 pressures. Thís plot impliesJ-

that for a given ee1I pressure, the naximum \/TS ratío at a partÍeuIar

noultling moisture content is less for frozen sa^mples than for unfrozen

sa^mpIes. Furthermore o Figure 234 also índ.ieates that for a given eeII
pressure, the maxímun 

%_/nS ratio,increases with d.eereasing nouldÍng

moisture contents. rt was observecl that the maxiur:m \/nS ratío for
a given mould.Íng moisture eontent inereases with decreasing eonfiníng

pressure
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Flgure 238 ts a plot of the percent change (poeltive or ¡regêtfve)

due to one freeze-thaw cycle of the n¿xlmr¡n %/CS ratlo vereue ceLl
pressure for sarnplee at varylng noulctlng molsture contents compacted to
nocl'lfled, Proctor compactive effort. Although a deflnite trend ig not
estebltshed, ln Flgure 238, ft nay be satd, that generally, ea.npJ.ee at
the varlous nourdlng nolsture contents and ceJ.r presgures shov a d.ecrease

ln the natcfnr- cL/T3 retfo. Tt¡e exceptfon to the previously noteô rela-
tlonshlp are thoee ganFres conpacteô at l+ percent cl.ry of optlrun. rt
shouLd be notedl that for cell pressures of 30, l+5 and,60 pouncte per

square Lnch, the clecrease Ln the na¡clnr¡m CL/T3 ratfo re¡nsÍns relatlvely
conetant at betveen I ancl. 10 percent.

Flgüre 2l+A repreeents frozen and. r¡nfrozen sa.mpJ-es coryactect to
standard' Proctor compactl.ve effort. Figure 2l+A ehorg the sa¡ne trend as

d'oes Flgure 23Ar nanely the naxÍmr¡m Ct/C3 ratio for frozen sa.rrpJ.ee is
general\r less than for unflozen sam¡rJ.es" Aleo the naximr¡m fr/%r'atlo"
Lncreases vith d,ecreasl.ng nouJ.tl,ing noieture content ,at a given ceLL

pressure and Lncreases Ìrith d.ecreasfng celJ. pressure at e particr¡lar

nouJ.rllng molsture content. r\¡rthermore, the na.ximum Èrl% ratio appears

to be affectecl, llttle by changee ln the noulcllng molsture eontent and

ceLL pressure for cell pressureg exceecHng l+! pouncts per Bquare lnch.

Flgure 2hB Ehowe that the percent change ln the rnax1mum tr, /q^IJ
ratlo le usuaLly a L0 to 20 percent deereaee. It ls of interest to note
that generdlJ', regarcllese of mouLcllng nolstr¡re content, the greetest

decreaae in the nsxim¡n rr/% ratlo occurs at a ceLl preÉsure of 30

pounils per square fnch.

rf Ffg¡¡rea 238 and pl+B are Jolntry exa^nlnectn it appeare that
the na¡clur¡m q lî" ratf o for r¡nfrozen ea,mples is affecteit to a greaterr5
extentt due to one freeze-thar cycle, ln epeel.meno corûpacted to etand,arcl
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Proctor compact!.ve effort than for eplctnene conpacted to noôlfted

Proctor compactlve effort.

The percent d.ecrease, ôue to freezf ng of the naxrnr¡m q /q,¿5
ratlo nas baeed. on the unfrozen rnaxLmr¡m Tr/% retlo

Flgure 254 shows ¿ farn{ly of curves representlng the relatlon-

shlp betneen the naxlmr¡m ctevlator stress ancl the ceLL presgure for

fYozen and. r¡nflozen sa^mp1es at ctlfferent nor:ldlng moLeture contents

compacted, tì notttftect Proctor compactLve effort. Thls ffg¡re general\r

lndicatee that the na,ximum ôevlator stress fs Less for frozen sa,mples

than for unfrozen sarples. lûle exceptlon, agal.n, is the eet of polnts

provld.ect by eanples com¡lactecl at h percent rlry of optimum. For a moL-

eture content of l+ percent wet of optlnurn, the na:rlmr¡m d.eviator strees

for frozen and, unflozen sa.uples appears to be relatively inclepenôent

of cell Pressure. For the renefning mouJ.cting nolstr¡re contents, the
. :|

na.tcitn¡n clevLator stress appears to increase rrith increasing eelI þiee-'
sure. tr\¡rthemore Flgure 254 tnctlcates that for e given ceLL pressure,

the rnaxfnr¡n cteviator stress Lncreeees rrith d,ecreasLng mouJ.d.ing mol.sture

content.

Flgure 2lB shove the percent ehange clue to one freeze-thav cycLe

ln the n¿¡tlnr¡m deviator streeg versuo ceLL preesure for Banples êt ver'¡r-

lng noulcllng molsture contente compactecl to modified Proctor compactive

effort. The percent deerease ie between 5 and. 18 percent for the celL

pre8sure8 and. corresponcllng nou].tting noisture contente that were g¡¡ern{¡gfl.

Flgure 264 shovs the sa,ne reLationship as 2!A except the clata

ln Flgrrre 264 ras provld.ed from sa,mples compactecl to etanctard Proctor

conpactlve effort. Flgnre 26A tnpltes that the maxlnr¡¡n ctevlator strees

Le lesE for frozen sanples than for unfrozen earpJ.ee at eorrespontling

nould.lng nof ett¡re contents anit ceL]. pressures. The na¡¡imum cteviator atreag
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tncreases wlth lncreastng cell preaeure at a glven nouldlng mofgtr¡re

contentt end lnereaees rlth decreaalng rnouS.dlng nolsture content at

a partlculer celJ. pressure"

Flgure Z68 tnpllee that the percent d.ecreaee 1n the naxlrr¡m

d,evLator stress, due to one freeze-than cycle for sanplee compacteð

to etancùarcl Proctor compactlve effort at var¡ring noulctlng nolst¡re
contents le betveen 10 anil 20 percent

ft çot¡ltt appear ttrat after stutl¡rlng Figuree 258 and 268, t:¡t,:t

the percent d.ecrease in the na¡clnr¡m cl.evlator strese due to one freeze-

thar cycle ls sLtghtly hlgher for sa,rnples compactect to stend.srcl Proctor

eou¡lactLve effort than for the ¡oocllflecl proctor effort
lltre percent decreaEe in the ¡naxirr¡m clevletor stress clue to o¡e

freeze-thaw cycLe as shown ln Flgrrres z5B enct 268 nas based. on the

ns¡clnrrm clevlator stress for the unfrozen gnrnF].eg.

Flgure 2fA preeents e famlL¡f of. curves representing core'-"
latlon between the naJor total prfnclpal etress and the ce1l press¡re

for frozen end unfrozen ea,mplea at var¡rlng noul.illng nol.sture contents

coupactecl to noil.f fied Proctor coqpactl.ve effort. llhe graph incllcateg

that the naJor totel prfnclpel etre{s Ls IesE for frozen san¡rles then

for unfrozen serqlrles. It le notect that generelly, rrith cteereasing

noulc[ng moLEtr¡re content, et e particular cell presgure, the value

of the meJor total prfnclpa]. strese increases, end. also Lncreasea ïtth
Íncreasl.ng conflning pressure at a constant norrld.lng moisture content.

As noted on severa-l prevJ.ous occael.one, the sam¡rres eompaeted at l+

percent <tr¡r of optlrun clo not conforn to the above noted pettern.

Flgure 278 eraphs the percent change ln the rnaJor totel, Etress

due to one freeze-thav cycle vergus celL pressure for sanples at

narylng noulctlng noLgtu¡re contents eonpactetl to todifled Proctor cotr-
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pactfve effort. 0n the baele of Ffgure 278 l-t. nay be stated that the

change 1n the u¡rfrozen naJor total principal stress Íe general.ly a decrease

ranglng fron 2 to 10 percent,. Samplea compacted 4 percent dryíof optinum

dld not adhere to the prevLously noted trend.

Flgure 284 fUuetratee the same relatlonahlp ae Flgure 27h, except

the data presented 1n Figure 284 wae eupplled by eanples compacted to

Btandard Proctor compactLve effort. SinlLar to Flgure 27A,, Fl;gure 284

{ndlcates the naJor total prlncipal stress fe less f.ot ftozen eamplee than

for unfrozen eamples êt sÍm1lar nouldlng moisture conÈents and cell

Preasures. Also Ëhe naJor total principal stress lncreaees wlth the de-

creasfng noulding mfsture content at a partfcular conflnfng preasure,

and Lncreaeee !üith fncreaeLng cell presaure at a gfven nouldfng moleture

content.

Flgure 288 ehows the percent decrease fn the naJor total prin-

clpal stress due to one freeze-thaw cycle versus ce1l pressure f1r 
.

samples at varylng nouldlng moisture contents. Flgure 288 showe thât

this change fs a decrease generally rangLng from 5 to 20 percent. A

comparl.son of Ffgures 278 and 288 reveal-s that the change fn the naJor

total prLncLpal stress, due to one freeze-thaw cycle, fs greater for

unfrozen eanplee compacted to standard Proctor compactive effort than

for the unfrozen samples compacted to nodified Proêtor compactfve effort.

the percent, change fn the naJor total prlncipal atress was based on the

decrease of the naJor total prfncfpal Btress divided by the unfrozen value

of the naJor Ëotal prlncfpal

From the foregoLng dLecussÍons 1t appears that certaÍn etrength

propertÍes and other characterlstics of a conpacted clay are affected by

one lreeze-thaw cycle for the range of mofsture contente and compactive \.

efforts examLned. Changing the compactlve effort applled to
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the samplee does not affect the nature of the above noted quantltiee,

but rather the degree of change lnduced by one freeze-thaw cycle.

C¡ ONE DIMENSIONAL CONSOLIDATION TESTS

The results of the one dLmenefonal consoLfdatfon tests, and

conmenta regarding the effect of one freeze-thaw cycle on certaln soll

Propertfes related to one dfmensional consolldatfon test,s, are pre-

sented 1n the followfng dÍscuseLon.

PLots showfng the percent change 1n the lnftfal sanple hetght

due to swellLng versus noulding mofsture content for frozen and unfro-

zen sanples compacted to standard and nodfffed Proctor efforts are

shotrn 1n Flgures 29A and 304. Swelllng was permltted under the condl-

, tÍons of partial submergence and an applÍed vertfcal load of 1.1

i kflograms per square centLmeter. The percent change fn the amor¡nt of

I "tell 
between frozen and unfrozen samplec¡ versus nouldLng mofsture

content for etandard and modiffed coripactfve efforte is ehown ln Fflures,

298 and 308.

Figure 294 fndfcates that the percent swell for frozen and

unfrozen samples, compacted to standard Proctor conpactive effort,

decreases wfth fncreaaing moulding molsture content. For samples

compacted to rnodlffed ProcÈor compactlve effort, the percent swell reaches

a maxLmum value at optlmum nouldlng moisture content and then decreases

on either slde of optlmum as shown fn Flgure 304. FLgure 304 also

Lndicates that the percent swell decreases more rapLdly for samples

conpacted wet of optLnum than for samples,coupacted dry of optlmum

Fl.gures 294 and 304 sholr that frozen and unfrozen samplee compacted to

modffted Proctor compactive effort dleplayed a greater percent s!,rell

than samples compacted to standard Proctor compactLve effort.

The percent ewell as detalled ln Flgures 294 and 304 was cal-

culated ae sho!ün below.
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PERCENTST{ELLTH x1001

Fo

IIHERE¡ H change ln fnttial hetght due to ewellrng.

Ho lnltlal hetght of consolidatlon aanple.

The dffference 1n Èhe amount of swell,dl.eplayed by frozen a¡rd

frozen samplee versus nouldlng noieture content for etandard and nodf-

fled corapectlve efforte 1e ehown fn Ffguree 2918 and 308. Ffgure 298

lndlcates that the eanplee compacted to standard proctor compactive

effort and eubJecÈed to one freeze-thars cycle dfeplayed approxfinately 20

percent redueÈfon ln ewell when compared to aÍnLlar unfrozen samplea, Tfre

reductlon fn the amount of ewell le lndicated to be relatively conetanË

aÈ 20 Percent for all eauplee except thoee compacted 4 percent wet of
optl'muu. Sanplee conpacted at 4 percent wet of optlnuo ehowed a 40

i percent reductLon 1n ewell height. Figure 308 ehorrs the reductlon fn

a¡rell bet¡reen frozen end r¡nfrozen eanples compacted Èo aÈanderd procÊor

] 
connactlve effort. Ffgure 304 eholrs that frozen eampl.es slrell les.E . ,,i

, ahan el'nLlar unfrozen eamplea. From Ffgure 3OB ft appeara that the

i Percent reducÈlon 1n e¡rell ls fafrly constant for all eauplea except

those conpacted at 4 percent wet of optfmum. Samples compacted 4 per-

cent wet of optfnum ehowed that unfrozen semplee exhibfted 40 percent

lese ewell than dld sfinilar frozen sanplee. '

The reductfon fn eltell bet¡reen frozen and rnfrozen eamplea ea

uged fn Figuree 298 and 308 rras calculated ae ahonri belon.

PERCENT REDTTCTION ÎN SI{ELL r
x 100ß

. llllERE¡ H_-- fe the change fn fnlttal hefght due to erell forBU

unfrozen eanplee. 
I

Bef le thc change ln helght duc to ewell for froron

eamplea.

H .- Eau sr-r au



67Vofd ratlo versua logarfthm pressure curvea for all eampl.ee

lnvcstl¡¡ated were conctructed. The preconeolldatfon pregsuree for the

vnrious frozen and unfrozen samples were caLculated uslng Caeagrandete

method {rB outrfned fn FoundatLon Engineerrng by L"ono"d" 1'?

The void ratf.o, logarf.thm preseure eurvea and the correepondlng

preconeolldatlon pressurea for frozen and unfrozen samplee compacted Ëo

standard and modtfied Proctor efforta are ehorüri fn Ff.guree 31 to 40.

Figuree 31 to 35 apply to sampleg that were compacted ro etandard proccor

co¡nPactlve effort. Flgures 36 to 40 ¡¡ere baeed on eanples compacted to

srodlfled Proctor compactl.ve effort.
The preconsolidatfon presaures for the varfous frozen and unfro-

zen samples !ùere pLotted against moulding mof.sture content, and the

resultLng curves are shown in Flgures 41 and 42. Flgure 41 shows the

relatLonshfp between the preconsolidatlon pressure and the noulding mole-

ture content for frozen and unfrozen samples compacted to standard

Proctor conPactlve effort. Ffgure 42 det.a[Ls the above ,rot.¿ relatioi- "

shtp for frozen and unfrozen samples compacted to nodlfied Proctor com-

pactive effort. FÍgures 41 and 42 indicaËe thaË, for the sanples studfed,

the frozen samples dispLayed Less preconsol-ldation pressure than did

simflar unfrozen samples. Although the,re 1s some scatter of data, Figure

41 Lndicates Ëhat the preconsolÍdatÍon pressure for frozen a¡rd unfrozen

samples compacted to standard Proct,or compactive effort lncreases wfth

lncreasing urouJ.ding moisture content to a maxfmum value at Ëhe optimum

mofsture content, and thereafter.remains relatlveLy constant,. Ttre pre-

consolf.dation pressure for unfrozen and frozen samples,compacted to

¡uodlfled Proctor compactlve effort Íncreases ¡vith lncreasfng mouLdfng

moisture content to a maximur value fpr sanples coüpacted at 2 percent

!üet of optlnun; lt then decreases.
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F'TGURE 36 :.
VOTD RATTO VERSUS LOGARTTHM PRESSURE CURVEç FOR FROZEN
AI{D UNFROZEN SAT{PLES COMPACTED TO MODIFIED PROCTOR
COMPACTTVE EFFORT AT 4 PERCENT DRY OF OPTIMUM. PC,,:
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FIGURE 37
VOID RATIO VERSUS LOGARITHM PRESSURE CURVES. FOR FROZEN
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VOTD RÄTTO VERSUS LOGARITHM PRESSURE CURVES FOR FROZEN
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FTGURE 40
VOTD RATTO VERSUS LOGARTTHM PRESSURE CURVES FOR. FROZEN
AND UNFROZEN SA¡4PLES COMPACTED TO MODTFIED PROCTOR
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The dlfference fn preconeolldatLon pressure between frozen and

unfrozen samples for specimens compacted to etandard Proctor compactfve

effort ls greatest dry of optl.rmrm and decreasee with fncreaelng srould-

lng nofsture content. thfs dffference 1s generally conetant for ftoze¡

and unfroaen samples compacted to modffied Proctor compact,lve effort.

In the followlng dÍscussLonr. three eoÍl characterLstfcs pertaLn-

fng to one dLnensLonal consolldatLon testa are examfned for etandard

and modffled compactlve efforte. Ttre three characterietlce are coefff-

cÍent of coneolldatLon, coefflcfent of compreeelbllfty and coefficfent

of permeablllty. These coeffLclents e¡ere etudLed because they are 1n-

portant practlcal eofl parameters and are eaelly obtalned from the one

dlnenefonal coneolfdatlon teat. It ehould be noted that the varfoue

parametera were plotted agalnet moulding mofeture content for only

certain load Lncrements. the reaeon for this 1e that the amount of

acâtt,er of data for thoee load Lncrements not shown waa so great 
.th:a

no general trend could be developed 1n the ploÈa. The load lncrementa

that produced the scatter were the load lncrements of least magnl.tude.

The coefficl.ent of consolldation fs the flrst parameter that

was examLned. the coefficient of consolfdatfon 1s a'value obtafned

from one dimensfonal consolLdatfon theory and Ls a functLon of the

permeablllty, compressLblllty, voLd ratlo and unlt weight of water.

The coefff.cLent of consolLdatLon versus moulding molsture con-

tent for varlous load lncrements for frozen and unfrozen eamples com-

pacted to standard and rnodiffed compactlve efforts is shown in FLguree

43 and, 44. Flgure 43 pertains to those samples compacËed to standard

Proct,or compactÍve effort, and Flgure 44 to thoee sanples compacted Ëo

nodlffed Proctor compactf.ve effort.
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Flgure 43 and 44 both lndicate that after one freeze-then

cycle the coeffl'cfent of coneolfdetlon decreased ¡slth Íncreaslng

load lncrements and decreeeed wfth a reductl.on fn the applled 1oad.

Ttre coeffl.cfent of coneolldatlon generally decrees-.ee or remaÍne the

eane niÈh lncreagfng nouldfng moieture content for frozen and r¡nfro-

zen specÍmens conpacted to etariderd and nodiffed Proctor efforte and

eubJected to varLoue load increments. At a glven moulding mor.sture

con'tenË Ëhe coefffcfent of coneolldatfon eppeera to generally decreaae

for frozen and unfrozen eanplee lrLth lncreeeLng load incre¡ents. The

coeffLcfent of, consolÍdatfon ie ueually greater for frozen aanplee than

for unfrozen samples. Ffgurea 43 and 44 fndicate that for the eame load

I'ncrenent and reletlve mouldlng nofeture content, the coefficient of
,!

coneolldatlon fe greater for thoee eamplee conpected to the lo¡rer of

the two compactfve efforte.

Ttre coefficÍent of compreeeiblltty fe deflned ae the average .,

elope of the pressure-vofd ratio curve over the renge of the load Ln-

creDenÈ being conefdered. The relatlonshfp between the coefflcfent of
compreesibtllty and the nouLding mofeture content for frozen and un-

froeen eauplee compacted to etandard and nodfffed compactfve efforts
fe ehown Ín Fl.guree 45 end 46. Ttre data preeented 1n Ffgure 45 wae

provfded by eampleg conpected to atandard Proctor conpactLve effort.
Flgure 46 wes baeed on data from eamplee conpacted to nodfffed Proctor

compactfve effort o 
.

Ffgures 45 and 46 fndlcate that irrespective of load {ncr trøreît. 
..)..

or nouldfng mofeture content, one freeze-thalr cycle generally lnduces

an Íncrease or no change ln the coefffcfent of coryreesfbfltey. Tt¡e

coefflcient of compreeel.bflfty deêreaeee or remafne the eame ylth ln-
creaeing nouldlng noieture content at varl.oua load LncrenenÈa:for frozen
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and unfrozen sanrplee compacted to both nodifled and etandard compactLve

efforts.

Based on the grapha presented ln Flgures 45 and 46, and con-

sÍstanÈ wfth consoll.datLon theory, lt appears that with fncreaslng

load lncrement at a glven nouldfng molgture content, the coefflclent

of compresstblllty generalJ-y decreases.

The above noted trend appears to be moet pronfnent for thoee

sauples conpacted to standard Proctor compactlve effort. The coef-

fLcLent of compresslbllfty for frozen and unfrozen samples at a

partLcular load lncrement and uouldÍng moLsture content Ls generally

greater for those eamples coupacted trÈllizfng the leeser efforÈ.

Ttre coeffl-cfent of pe:meablltty, lfke the coefffclent of con-

eolLdatlon, 1s a nr¡merfcal value yÍelded by the theory of consolLdatfon.

The coeffÍcient of permeabtllty ls a functfon of the coeffLcient of coæ

presslblllty, heLght of the consolldatfon'sample, .unLt weLght of water,

tfme and the voLd ratfo of the sample.
. i.i

FLgures 47 anð,48 detall the relatlonshfp between the coefficient

of permeabfltty and mouldl.ng moÍeture content aÈ varylng load f.ncre*

ments for frozen and unfrozen samples compacted to both Proctor efforte.

Figure 47 pertalns to sanples compacted to etandard Ptoctor compactfve

effort and Figure 48 to Èhose samplee compacted to rnodlffed Proctor

compactLve effort. Tte above noted fLgures fndicate that wLth Íncreas-

lng load lncrement, one freeze-thaw cycle generally produces an fncreage

Ln the coefffcLent of permeabLl{ty. For decreaefng load fncreænts, the

coeffielent of perneabfllty decreases.

Ttre coefflcLent of permeabflf.ty for frozen and unfrozen sarnples

generally decreases wLth fncreasf.ng mouldLng noÍBture content for etandard

and rnodffled compactive efforts regerdlese of load Lncrement. Unfrozen
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and frozen samples compacted

generally displayed a greater

samples compacted to modified

to standard Proctor compactíve effort
coefficient of permeabíLity than díd

Proctor compactive effort.
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Chapter V

CONCLUSIONS AND RECOMMENDATTONS

A. CONCLUSIONS

This thesis has shown that the strength and com-

pressibility characteristLcs of a compacted clay are changed

by the effects of a single freeze-thaw cycle in a closed

system. As a concl-usion, comparisons are made of these char-

acteristics for samples subjected to one freeze-thaw cycle,

and samples not, frozen before testing. _

1. The strength parameter C obtained in undrained triaxial

tests is reduced. The loss of such strength is detri-

mental. In the case of the standard Proctor compactive

effort, the reduction in C ranged from approximately 17

percent for samples compacted at, 4 percent dry of optimrm,

to approximatel-y 58 percent, for samples compacted at 4

percent of wet optímum. In the case of the modifÍed Proc-

tor compactive effort the decrease in the strength para-

meter C ranged from approximately 5 percent to 10 percent

for four of the moulding moisture contents that were ex-

amined, that is from Z p"r""rrt dry of optimum to. 4 percent

wet of optimum. Samples compacted at 4 percent dry of
optimum showed no change ín the strength parameter C.

With the modified compaction less reduction in

cohesion was obtaíned.

2. The change of the parameter Øt obtained from undrained

triaxial tests, $ras small, amountíng to no more than 1
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degree. Samples compacted dry of optimum for both gtandard

and modified Proctor compactive efforts appear to be the

least affected. lfith small observed changes, it is not

considered possible to establish what changes are due to the

freeze-thaw cyc1e, and what reflect experimental dèviation

in sample uniformity.

3. A general decrease in unconfined compression strengths rías

noted, except for those samples compacted to modifíed

Proctor compactive effort at 4 percent dry of optimum.

These samples remained unchanged after one freeze-thaw cycIe.

The percent decrease in the unconfined compressive strengths

for samples compacted to st,andard Proctor compactive effort
varies from approximately 17 percent for samples compacted

at 4 percent wet of optimum to about 35 percent for those

samples compacted to optímum and 2 percent dry of optimum.

The percent reduction in the unconfined compressive strength

fqr samples compacted to modified Proctor compactive effort,

excluding those samples compacted at 4 percent dry of

optímum, ranged from approximateLy 16 percent for sampLes at 2

p*reent drV of optimum to about 30 percent for samples at 2

percent wet of optimum.

4. The principal stress ratio CL/Ç3t for any given percent

strain in the undrained triaxial test is reduced for both

the standard and modified compactive efforts. This reduc-

tíon ís less with the higher compactive effort and is
generally independent of confining pressure and moulding

moísture content.
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5.

The principal stress ratío ÇL/T3 obtained at failure

in the undrained triaxial tests for both standard and mod-

iffed Proctor compactive efforts ís reduced by the f.teeze-

thaw cyc1e. The effect r{as more pronounced for the higher

moisture contents, lower confining pressures and for the

Lower compactive effort.
The deviator stress obtained in the undrained triaxial test

for any given percent strain is reduced for both standard

and modified Proctor compactive efforts. This reduction

is generally independent of confining pressure and moulding

moisture content.

The deviator stress at failure for samples compacted

by the standard and the modified compactíon efforts gen-

erally decreased after exposure to one freeze-thaw cyc1e.

A clear correLation between. the percent reductíon in the

maximum devíator stress and the celI pressure for a given

moulding moisture content could not be established for

either of the compactive efforts, although the grêater

compactive effort generally produced less reduction in the

deviator stress at failure

Again with reference to the undrained triaxial test, the

major total principal stress for any given percent strain

is reduced. This reduction is generally independent of

confining pressure and moulding moisture content. The above

noted reductíon generally decreased with the greater compac-

tive effort.

The major total principal stress at faílure for a

given cell pressure and moulding moisture content generally

6.
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7.

shows a readily detectible decrease. This decrease was

evident for samples compacted to standard and modified

Proctor compactive efforts. However, samples compacted

to modified Proctor compactive effort at 4 percent dry of

optimum generally showed a marked increase in the major

Èota1 principal stress at failure after one freeze-thaw

cycle

Samples which undergo a single freeze-thaw cycle show

lower preconsolidation pressures. This was apparent for

both standard and modified Proctor çompactive efforts at

all moulding moisture contents that were examined. The

larger compactive effort does not appreciably affect the

decrease of the preconsolidation pressure.

The coefficients of consolidation' compressibility and

permeability generalLy showed a detectable change due',to

one freeze-thaw cycle for both compactive efforts and all

moulding moisture contents and pressure íncrements examÍned.

The changes are apparently related to whether the pressure

on the sample in a consolidometer is being íncreased or

decreased. The change in the aforenoted coefficíents was

usually an íncreaEe for thoe" .á"." where the pressure was

being increased" For those cases where the pressure was

reduced, the samples subjected to the single freeze-thaw

cycle show reduced coefficients" Changes in the coefficients

of consolidation, compressibílity and permeability due to the

single freeze-thaw cycle appear to be independent of com-

pactÍve effort.

8.
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B. RECOMMENDATIONS

This thesis examined the effect of a síngle freeze-

thaw cycle on the strength and the compressibílity character-

istics of one type of soil. Future research could encompass

, the effect of a similar testing program on different soil types.

The soils to be utilized in future studies would contain varying

proportíons of silt and c1ay. AIso, the number of freeze-thaw

cycles could be increased and the resulting effect on certain

soil properties examínedo ,

Anotheraspectofthefreezingprocessr€tS.ítpertains

to this st,udy, is the rate of freezing" Further research on the

r strength and compressibility characteristics of a compacted clay

I "onld d.etermine the effect, if any, of varying the freezing rate.

i similarly, the effect of the rate of thawing could also be
ì

i investigated. The length of time that the soil samples are.

i ttozen could be varied in order to determine if this has an

i effect on strength and compressibility characteristics.

arious additives or combinatíons of addítives could

. be introduced into the soil in order to enhance or initiate

desirable effects resulting from the freezíng process" Additivee

could also be utilízed in an attempt to reduce or elimínate un-

desirable effects caused by freezing.

The compaction utilized to facilitate sample prepara-

tion could also be investigated. Kneading compaction was utilj-zed,

to facilitate sample preparation in this thesis. Future re-

search could be undertaken to ínvestigate the effect of freezing

on the strength and compressíbility characteristícs of a clay
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compactecl utilízing static compaction.

Furthermore, different combinations of the prevíous1y

noted suggestions could also be examined.

A further extension of this thesis could be into a

study of a system which permíts a controlled amount of moisture

migration in open systems of freezing.

It is hoped that, with increasing research ínto the

effect of freezing on a compacted clay soil, t,here will come a

better appreciation of the use of a compacted soil which will be

subjected to cycles of freezing and thawing.
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