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ÀilSTRr\CT

An experimeítaI study on the fundatnental shear

strength pararneters of a relnoulded clay fron liinniPeilr

Iianitoba l.Jas conrluctecì.Three differenb experinrenLal

methocls !,Jere used to deLer'ttille the Par¿ilneters by r'reans

of the triaxial apparatus. it tras found that both

llvorslev r s e a¡rd Schmertmann 1s (c^ ) paranetens are'ee
related to ;the water content at faj-lurertlte èffective

consoli<lation pressure, and Lhe effective octahed'ral

normal sLress aL failure. 'Ihe paramet'er co was also

found Lo be infruencecl by stre.ss history.i'nt ü¡e soir

tested anrl for the range of pressures appliecl,it appears

that Hvc¡rslevt" Ø^ is noL constantrbut varies lviih the
It

water content at faih¡re and Lhe sl,ress history,:rnd tl¡at

Schmertmannts (ø^) is virtually inclependent of water

contenü at faituie or effective consolitiation pressure'
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Chapter I

IIITRODU(ITION

the shearing resistance of clays is noc well rinder-

sbood. Tlte lack of u¡iderstanding arises fron the com-

plexity of ühe phys,ical make-up of clays"

The conventional concept of expressing slti:aring

resistance itr terms of cohesion and friction is attri-

buted bo Coulomb" llhile this concept is relatively

simple, it does not represent the fundamental properties

of c1ays.

Hvorslev (1960) expressed the Coulomb criterion in

terms of an effective cohesion (cu),and an effecUive

angle of frÍction (øe ). Experimental studies have shown.

-however, that the fundarnenbal parameters c" and Ø. are

nob uniq¡e for a given soiI.Ùonceivablyrother facLors

rnay also influence ce and Ø.c

The coulomli-Hvorslev criterion is a failure theory

and is. no1, concerned r.¡ith tlre nobilizatiort of Sltearing

resisbance with defor¡nation before failure. Schtaertllaltn

and OsLerberg (rgOo ) and scltnertmatrn (L963 ) exüenc.led the

Coulomb-i{r¡orslev criterion to express sitearitr¿5 resisl,ance

aS a fu¡ction of a strain in terrns of a cornponetrt (IÉ)

indepenrlent of effective stressranC a compottetrt (D¿)

dependent on effective stress. Schmertmann developed bhe
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IDi,¡ best and foun<l thaü Iu rvas fully.mobilized at small

strain,rvhereas much larger strai¡r was required to fully

develop De . Similar finding were reported by i{u et al

lLg62) .

For a fundamental understanding of shearing resis-

tanceran eJ(amination of ühe sf;ruc|ure of clays appears

t,o be the logical sbarting point. A mechairistic picture

of the developrnent of shearing resistance of soils in

terms of i-nteraction betrveen inclividual soil particles

was presented by Lambe(1960)" Factors influencing shear

strength have been surnprarized by lúhitman (1960).

There is no pubtished data on Hvorslev strengLh

parameters of lúinnipeg ctay. An experinen|al study has

been carri.ed oul, on a remoulded clay from liinnipeg,

l'ianitoba. The objective were!

i) To obtain experimental strength data;

ii ) To study the factors influencing the fundamental

shear strengLh paranreters of Lhe cJ"ay"

x Debails of t,he LesL are given i¡1 Appendix il.
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Chapter 2

THBOR!;TIC AL COi{ JIDÞ]RATIOIJJ

2"L Conventional ihear Strengbh Parameters

The shear strengtÌl of a soir is conmonry expressed

by the i"[ohr-Coulomb failure criterio¡r
s'= c * Or, tan þ .oo.o..oc.co.co....(l)

where :

s, i.s fhe shear strength rvhich is equar to the shear

stress on ühe failure plane,

c , is the unit cohesion,

o-,is the total nor"mar sLress on the pLane of fa.iir-rrern'
ø ,is the angle of friction.

As concluded by Terzaghi (I9jB), the süress condi-
tions for failure in a soil depends on the intensil,y qf

effective sbresses, and equaLion (I) should be wrÍtten as

s : ct * O; tan þ eoooc.ooooeo.oo....(2)

u¡nere :

c I is the effective cohesion ,

oå is the effective normar stress on the fairure pla.ne,

ø is the angle of shearing resistallce.
Equation (2) is illustrated in Figure (I)

where ?

' 0'{ ánd O{ are tire effect,ive rnajor ¿rnd minor principatLt
stresses at failure respecbively,
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so¿ is bhe she.rr stress at failure ori Lire f¿rilure plane

/- = 45 + ø /? is the angle between the failure plane

and the najor PrinciPal i:lane.

In terrns of the principal stresses, the l'iohr-Coulomb

equation can l¡e written as :

L/z(O: -Oj )^= a * L/2 (o.l +ol )^ rari þ.....(3)L 3'î I 3 f t

where ¡

. a is the intercept on the L/2 (Oi -O) ) axis,

. Þ is the angle of inclination of Lhe straighb line as

illusbrated in Figure '2 
,

sin Ø: tan F ceôocoôoooôoooêoêo.o.êooo'"(&)

ct = a / cos þi o..ooooooooo...o.oocooo."(5)

The l4ohr-Coulomb equation can also be lvritten as:

Ot : b + 01 t"r't t' .occ.cc.o..c..c.c.c....(6)13
where:

b is the inLercePt on the Oi axis

t i= the angle of incli.nation of Lhe straighb line as

illusbrated in Iligure 3 and

sin fr : (tan f -r) /(tan t+ I) c o c o o..... (7)

ct = b/? sec þr (t-sin lt¡ ooèooô..ôo....(8)

The sirear .strength of clay nay tilerefore be c<;nsj--

dered to consis.t of Llvo conponents that are physically

different in nature as follows :

a ) Oohes j-on

Cohesion conLributes to shear strengl,h of a soil as



()

-6-

f o ilune
envelope,

v

FI G URE
envelope

J
in

c.
5̂[

Mohr^ - Cou lom b forlur^e
ter-ms of g,A % I

#
hrì{:'
Cô\
O^\uy
L:l
s¿=b+l
ì*--Õ

a
V'
(/)
()
L
(r)

L
o(J -ü.

-C o)
û()

T

Wl & \¡uã

in itiol
content

desrg n ote
woten

I
$= C"oQ ton @"

I

ü (w.)

ef fect ive normol stress , c

FIGURE 4 De[erminotion of Hvor slev
porometers ( ofter Bjerrum,1954)

o-íc"',)



-7-
a resul's of the physicochenicar bo¡rcr betrvcen ti¡c clay
parbicLes and is therefore governecr by the phy.sical nature
of t'he particles as well as the voicr raLioror che via'er
content of the cray.Hence for a satur¿rtr:cl clayrif the
effective stress acting on the soir is changed, the warer
con'ent rvirl arso change,and the corresion .lvirr adopb
another value corresponding to the nerv water contenL.
b) Friction

Friction. cont'ibutes to shear strength as a resurt
of frictionar resisLance Lo shear upo, movemerìts of the
particres of the cray.Frictionar resistancertherefore,
is ciependent on uhe effective normar stress or

2 ) Lh,^*-t ^.-ç r L .,,v i;i-:rrev Ì S jÌtear Stf ength pafametef 
S

Hvorsrev (1960) expressecr Lhe r4ohr-'ouromb equaLion
cl 5

s = 
"" 

* Ol, Ean þ" oôce oe ...oo.cc. (9)

rvhere 2

c" i-s the effective cohesion rvhich is a fu.ncLion of the
void ratio at failure or,rly ,

ø. io the effective angle of friction
' Equation (9ì is seen bo be basecì on the pr-enise

that' shear strength of cohesive soils rnay be expressed in terrns
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of 1,1,Jo pârârrret,ers "" 
and øe wit"h c" reflecting the sLruc-

bural state of ;he particle sysLem in terrns of the void

ratio aL failure ;and Ø. reflecting che fricUional cliarac-

teristics of the clay. i\ ôÌrange in void rabio r or l"rater

conüent 1n case of sat,uratecl soilr causes a chatige in

shear sLren65th Llirou¡5h a change in c" only'

l{orking exclrrsively lvith rernoulcled claysr}{vorslev

(1960) found tirat Ø"ruas virtually a consLant aud that the

cohesion luas directly proportional to ühe equivaient con-

solidatiort Pressure o

c = KO¿'oooo'oéoocco""cc'ocâc"'(I0)

where

K is a coefficient of coltesion,

O¿ is the ec¡uivalent corisolidabion pressure. F'or remoulded

clays subjected to axial compressj-on follolving isotropic

consolidation, O¿ rnay be taken as equal to 0¿ ,bhe effec-

bive consoliclation Pressure.

Ilquation (ro) is based..on the premise that a clay

slurry. has no cohesive strength,and subsequent cqhe';ion

exists as a resulL of consolidation only.The equation is

appticable,therefore,only if the'soil is lnitially conso-

Iidaued frorn a rvateir content equal to or higher than the

Iiquid timiü of the soil'
l3jerrurn (f954) has verified bhe validity of equation

(IO) for cohesi'/e soil renroulded aL hig¡ water con¿enl;s'
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buü found that for clays rennoulderÌ ¿rL'low waLer contenLs

equation (f0) should be replaced by :

c - c- +KOl ôoô..oocooooo.ocooooooooo.."(lI)
9\,

Y'rhere:

co is the iniLial cohesi-on,
_t

K is the öoefficient of eohesion for cla,vs renoulded at

Low water contenbs.

Equation (9) can bherefor:e be writben as :

t/aå = K+ o; /oj EanØ" c.ooooooooo.'.".(r2)

or.
s/6¿ ="/aå +K+ o;r/o¿ tanþu coooo...(13)

If values of "/ûå are plotterl agains¡- values of Ol /Oj '
the inLercept on the "/Aå axis cletermines K in equation

(fz) or "/oå 
o K' in equation (r3),and pu is obtained

from Lhe angle of inclination of the straight line

through the Points'
A method for the deternj.nation of cu and f"

sulgesued by Bjerrum (tg5tr) is as follows-À series of

consoliclated unclrained triaxial compression tests rvitlt

pore pressure measurenents are carried out on a cla,v

remoulded at a given v¡ater conLent"Ânother series of the

Same type of tests are also carried out on the same clay

remoulded at a differenb initial liater contenL. Ttro diffe-
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rent con:iolidatioll ¿ìs !.iell a:; str-,rngLli cul"ves therefore

resul[ , Asi r]qual v;aber conLent aù failure inplies r:qua'ì

n th- Ài {'fonen,Je in Shear St}"engLil beti.;een any twove , v¡¿\-

salnples havin¡1 t,he sarne v¡aLer content ab f¿rilure is due

enti-rely to a difference in frictional resistance. uon-

sequently ce and Øu can be debermined as illustrated in
Figure +.

I'loorany and ieed (L965) proposed a ner^, experi-mental

procedure for the deternination of "" and f" for sensiti-ve

clays as follows"A pair of identioal sarnples is subjecLed

to the s¿ìrne anisotropic consolidation pressurerancl then,

if the applied consolirìation stresses on one sarnple are

removed rvith no vo'lume changes allov¡eclranci. the tr.r'o sanr-;

.ples axially compressed 1,o failure,there will- exj-st two

sarnples at idenüical void ratio but uncier different

effecLive stress s)¡stem at failure.Frorn a comparison

betrçeen the effective stre:ìses aü failure for these bno

samplesrthe shear strength paraneters 
"" 

and Øo can be

deterrnined. /i disacìvanLage of this rnethod is bhat' tne two

I{ohr I s circles representing the effective sLre.ss condltions

at failure for the pair cf sam¡rles tested lnay be very

close to r:acli other for insensitive clays"iiorvever,for sen-

sitive soils,they are sufficienl,Iy far aparL Lo permit

the desired interpretation of bhe Uest data.Tlris nethod

ha.s the ac.lvanbage thaL ." and øo can be obtained rvith a
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limited number of sarnPles.

2"3 Schmertmannts Shear Strength Pararneters

A significant contribution to the understanding of

shear sürength rvas made by SchmerLmatrn and Osterberg

( fgeO),and Schmertrnann (1962 rL963), rrho rjxpressecl Lhe

shearing resistance moÌlilized ât a given strain as

S€= fÉ + D€ 'ooc'co'coooc'è"c'cooo"'(t4)

r^rh a v. a

ss is the total shearing ::esistance rnobilized aL a given

strain on a given Plane,

I n is the rnobilized. component of resistance independent

of effective sLress at the sarte strain and on the Sane

plane ,

D€ is the mobilized cornponent of shearing- resistance

dependent on effective stress at the same strain and on

the same plane.

Equation (9) maY be writt,etr a.s :

s = (ce )6 + O1 ( tan Ø")n ooôcc...(I5)

At failure one. nnight expect

T -= 
"u: 

(a")nfoôôôooô.côoo.o-ef "u 
: ( a")nfoôôôooô.côoo.oc.ôo.'(16)

D ^: Oi tan Ø- oøoooec'êoec øèøco".(17)'eI n e

or

( tan Ø)t: tan þ".oôocoooeeGoooo..(18)

where the subscript f inclic¿rtes fai-Iure.
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The components I.anci Da are cle,,er¡lined by a t,e';ting

technique developec.l lty ichmerLrnann,referred üo as Lhe

ïi)i te.;trin rvhich soil specimens are subjecEed to axlal

compressio¡r under conbrolled pore pressures"Thus the IDi

best is,in essencera drained tesL under controlled effec-

bive stresses,

SchmerLmann showed t,hatramong other finclings of

his works, the maxinun value of I€, (In,"*. ) ,hras develo-

ped at a much lolver strain Ëhan that of De rârrd conse-

quently at failure one or both of Î,he sLrengLh components

may noL be at ühe maximum. He therefore concluded that

Hvorslevts parameLers c" and Øo rnay not be unique because

they iüere deLernined from bwo specirnens that raay have

failed at different strains, ancl consequent,I"v e(luaI voiri

ratio at failure nay nob reflect equal str:ricture of the

same clay. Schnertrnannis finds viere subsl,antiated by liu

eb aI (L962) who found that the ¡nobilized components of

shearing re';isbance were influenced by the structure of

the c1ay, depending on wether the saae clay was in tht:
tlindj-sturbeclrl labor¿rtory flocculateri or rernoul<led stabe.

A constant structure }iohr envel-ope rwhere fundamental

parameters of shearing resi,stance may only be tìefined aL

the same strain ,and hence ab the sane structure,has been

proposed by SchnerLrnann (lglZ) for cohesive soiIs.
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Kenney ¡967) extended the Hvorsiev-.ichmertn¿tnnrs

criterion to include a It boncì strengLltrt component by

expressing the shearin¡ç resistance of llatural ce¡nenl,ed

clays as :

s - (b ) + ( c ) + ol (tan ø^)-"oooce...(19)
. n€. e€ n e€

tvlrere :

(U ) is the bond sbrength aL s¿rain €"
n
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Chapter 3

E]IPBRI],ðNTAL PROGRAI,i

The experimental prograll consisted of perforning

consolidated-undrained triaxial colnpression tests

wibh pore pressure measurmenÈs,and Schmertmannts IDS

tests on remouLded clay.The clay in its rrundisLurbed"

sbate was extrac'ued from a depth of about f3 feeL aü

the Imperial OiI storage tanks site in lv'inniPeß¡

Ì4anitoba.Two remoulded baüches of soil l,riCh different

initiat waber contents were preparêd.The deLails of

the preparaLion are expiaineci in a subsequenL section.

Samples from .Batches I and 2 were tested in accordance

with the method suggested by Bjerrum (L95+),hereafter

ca1led Piethod (I);and the method proposed by lloorany

ancl Seed ft965 ) ,hereafter called l¡lethod (2).Samples

from. Batch 2 onlyrwere.üested using Schnertmatlnf s IDS

technique,lvhich hereaft'er lviII be called Þiebhod (3)"

The purpose of t'he experimental program was t'o

investigate the factors r.¡l¡ich influence the shear

strengbll paratneLers of the clay.The conventional shear

s9rengbh parameters ctand Øt were also obLained.

The average properbies of bhe soÍI tested,the
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method of safnple pneparationrand the testing procedure

employed/ are described in the following sections.

3, I CIay Tested

The 'rernoulded clay in its original ttundisturbedfr

condition is a lacustrj-ne clay deposiLed during bhe

tines of glacial Lake Agassiz.The clay is highly plasbic,

dark greyish brown in colourrand is laminaLed rvith silt"

The average index properties are shown in Tab1e I.

The consolidabion characterisblcs of the renoulded

clay are shown in Figure lrwhere plots of void ratio,

versus the logarithm of effective .pressure;and the

coefficient of consolidationrcu,versus the logarithm

of effective pressurerp,lvere presented in the sar0e

figure for a sample from Batch l.Swelling was noü

allowed throughout tlie loading process. 
,

3 "2 Sample Preparation

Truo.batches of the sarûe soil 1{e1'e prepareci as follows:

Snall ì-ur,rps of ftuncliturbed'r soil were allowed to soak

in rlistilled water for one lr'êek,and tÌie¡t thoroughl¡'

mixecl and separ;rted into two batches.Tlte¡r were ühen

Covered and stored in a rnoisb roon for three weeits ilt
order to obtain a rí¡ore uni-form disLribubion of lnoist,ure
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Tabte I Average ProPerti'es of cIaYs tested

co¡rtetrt of unctiscurbed cIaY "l
7b

Original average water

Liquicl tirnit
Plastic Limit

PlasticitY Index

Clay fraction

ActivitY ratio

Specific GravitY

Oompression Index C"

5l+.O

120.0

46.7

7).3

90.0

9.8I5

2"75

0"70

r'l
7o
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content.The r¡ater contenb of bhe 'tbatche,;" in t,his

co¡rdition rvas a pproximabely e.¿ual bo bhr: liquicl Iir,rit

of blie soil.

9ne babch of the soilrhereafLer callecl Bal,ci: I,

was aLlorved. to cìry bo a tvater conteltt of '/5t)}brrvhereas

bhe ol,her babch hereafber called Bat'ch 2rtr'as clriecl Lo

a r,rater content of 9l.0ro.Both baLches were continuous-

Iy ancl thoroughly remouLcled throughout che dt'ying

pro_cess.

AII sarnples,rJere i:ut front the batches rand trirnmed

to I"4. inches in iliameter and 3.0 inches in height.

To accelerabe consolidati-on ancl pore pressure

response,all sarnples !¡ere provicied with filter p¿l.per

side drains and scven internal lvool drainso

3"3 Tesbing Procedure

Jrlt sam¡rles were subjec¿ed Lo isotropic consoli-

dation and were drained from the basal porous sLone.

To recluce the effect of end restraint,Llte top loading

cap vJas lullricateo with silicon grease "

To assure cornp.]-ete s¿rtura.tionra back pres.sure war;

usecl.As rlescribed by ilishop ancl }l'enkeI \L:)5? l,boti: ceII

pressul'e and back ìiressure r{ere incrr:asccl irt i-nt:renlents

in orcler l;o allovr sufficient tir¡c for equalizat,ion of

pore pressure at eauh sLatte"i'ore pressures lvere neasu-

red al; ühe sampLl base by means of a pressure Éj¿ruge
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or nercurl¡ rnanofnefer"
. 

Tire rnultiple-stage techni,-iue clesribed by Bishop

and Henkel Ã957) and by.Kenney and ',tlabson (196I) tvas

used for all Lests.It lvas possible to perform tr'ro or

three tests on each samplerresul;;ing in a greai savin¡1

of material"

Atl samples were axially loacled to failure uncìer

a constant rate of cieformation,using a loading frame

lvith a proving ring attachment.fhe "u""r*" axiai strain

rates during tests were : \

i4ethocl 1,0. t\63 fu strain /hout;
fr¡rethod 2rO.1382 "þ sLrain /hour;
Iiethod 3,0.')O8 'þ .strain,/ houro

The t,hree different tcsUin6 procedures,l4ethods (i),

(") and (¡) are clescribed below.

3 "3.L l'4ethod I

Three samples ,frorn Batch I ancj tlvo samples from

Baüch 2 lvere subjected Lo multiple-stage consoliclatede

undrained Lriaxi¿rl compressigtr tests with pore pì'essure

rneasurenents.rfollor'ring Lhe procedure described by Bishop

and llenkel (L9'57) .The effective isotrgpic consol-idation
æ?pressureruc ,ranqecl frc¡m lO.0 psi. to 60.0 psi"A back

pressure of 20.0 p5i. was used for all tests.In Stage I
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of bhe l,esL,af ler failure was rcachedrthe applletl

sbresis (O.-O';) r.ras rernoved and the sarnple was Lhen
I)

allowed to come to equilibriun as indicat,ed by the

coltstanl, pore pressure.In Stage 2rthe ceII pressure

on Ehe Sarne sarnple l,JaS ittcreasecl to the tlesirerl value,

Lhe sanple rvas allowed Lo consolidateralld the Lel;t was

repeaLed as before.S.tage 3 was Inerety a repel,ition of

sbage 2 rvith a higher cousoliclation presíiure.'rhe

heights ancÌ volume changes l{ere carefully neasured

throughout the consolidation of ¿he samples,an4 l;he

heigtrb changes ttere measured throughr-lut tþe testing"

lr¡here alrparent,bhe mode of fallure rvas also noLed.

3.3.2 l'iethod 2

In this l4ethodrthe samples l{ere first consolidaLed

üo the sarae isotropic cotrsolidation pressure used in

section 3.3.L. The ceII pressure was Lhen reduced to

a lowerr,vâIue under undrained conditionsn tionsequenüIy

a reduction i,¡ the pore pressura occuretl.The major

<irop in the pore pressure occured in a sirc>rt tirne.

The san¡>lefì l{ere then a;cially tested to failure before

the sariples had reached equilibriurn under l,he reduced

ceLl pressure.It was assurned in the analyses that ühe
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pore pressure at the. time bhe axial load I'ras applieci,

',*¿ts constant throughout the s:rmpfe and ühat subset¡uenL

pore pressure changes were due to the application of

the axj-¿rl load only"lhese assumptions are not necessary

validrtvhich rnakes the nethocl t¡uestionable

Using the rnultiple-stage technique and in accor-

dance with t,he procedure desribed above,one sarnple

frorn Batch I and t,r.¡o samples frorn Babch 2 rvere tested,

Eighb best, resr¡Its in all were obbained,and they rvere

used in conjunction rvith the other results obtainocl

from the consolidated-unclrained tests described in
section 3.).L to deternrine tlvorslev. parameters n

3,3.3 i'iet,hoci 3

Two-sLage IIJS test:i tuere carried out on one sarnple

from B¿rbch 2.In blie firsb stiigerthe sam¡rle was con-

solidatecl, then axially cornpre:;sed to failure rrvith the

major effective principal stress,0l ,kepb constant at

trvo different stress levels by moans of pore pl'essure

control"The i)ore pr(ìssure r{¿ìri co.ntrolled t>y increasitt¡ç

or decreasing l;Ìre l)ore pressure at tire b¿rse of tire

sarn¡:ì-e. rl,fter failure r\,¿rs re¿rched r tht: ap;>Iied devi¿rtor

sLress (Oí -Oi ) ivas removed , anri tire sarnple rças allorve<.1'¿)
to come Lo eqriilibrium..In the second sta¡;e rthe cell
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pre.ssure r¿vas increased to the desir.ed valuerconsoli-

dation rvas allowecì þo bake place,ancl the test wa:;

repeaLed as before"Volume changes of the sarnple

were recorded vlhen drainage was used bo control pore

pressure o
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Chapter 4

'tilST I)iii¡\ ;rÌlll i\ltriiLYiEi OF RliiUL'I5

Ti¡e water conient,wrthe effective consolidation

press¡re,Ot ,tlie voicl ratioi'.erand. the clegree of saturation
c

s, at various stage of the rnultiple-sta6e Lests are

. sumrûarized in Table 2. In the table the subscripL rrirr

designaües the initial condition prior Lo consoliclation,

whereas Lhe subscript ?tftr indicates Lhe final or fai-

Iure condition.The test nurnbers are rlesi¿5nated as I01.1

for Stage l,l0l.2 for jtage Z,and 101.3 for -ìtage )rfor

Lhe salne sample.This system of desilnation is usecì for

atrl samples.

The st,ress-strain curves for aIl tests are included

in Fi¡4ures A-t through A-31 of /\ppendix A.

Failure l{as taken as Lhe peak poinb of the plo-''

of the effecüive principal stress rabio (Oi /Oå ) versus
J

the axial strain,É.rof a sample.The failure cotrdi.tions for

tests carried o¡ by l,ieUþod.s (f ) atrd (2) are presented

in Taì-rles I anrl /¡,

l.¡here

€. is the axial- sLrailr at fai.lure,

A *f is the pol"e presriure change ¿tL failure 
'

Ã^ = 
^v^ 

/ (n0¡-a6t ) is jkemptonf s pore pressure para-
t- 1' I I
IJ.J

meter A at failurec
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It rnay be observed from þhe tables that bhe

valrres of If varriecl t¡ebwer:n O.)37 to O.7Li ,and

averaged about O.58¿ ,and the ratio au/ A; ranged

from O.JO to 0"3? and average O.')5 c

l+,1 Effective Shear Str;'-1'¡1-th ParameÈers
+ *.-ì'

Figure 6 shows the *'it""" paths and the f¿rilure

envelopes in effective principal stress space for the

consolidabed undrained tests perfo:'med on samples fro¡n

Baüch I and Babch 2. By applying etluations (6) 
'0)

and (B ) , ttre average shear strengLh " parameters v\Iere :

cf = Q and fit = L5 cl-eg¡ee.

b"2 Hvorslev ?arameters "" and Ø"

l+.2¿L Determin¿rtion of ce e þ" by l;ietirod (I)

To cletermine Lhe parameters ce ¿ Øu accordirtg bo

lieth'od (t),ib was essen,r-ial that the pair of sarnples

considered had an identical water content at failure'

The water conLent at failurerw¡¡wâS plot.ted againsü the

Iu¡3arithm of ühe corresponding effective consolid¿rtion

pressure, 0j ,for samples from Babches I alrd 2 in

Figure 7 .It can be seen from the figure bhat two

differenb consolidati.on curves,wÌrich wel'e approximated
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by strai¡5ht lin,:srlrere obùaineci for'iJatcltes I and 2"

this indicated that Lhe sLructure of blte soil in the

trvo batches probably differed due bo different stress

histories"similar graphs would be obtained if blte void

ratio was plotbed againsL the logarithms of the effec-

bive con'solidation pressure O¿ " .

In Figure I ,the water content a0 failure ,wf,

was plotted against Lhe logaribhm of L/2 (Oi -O) )f
and L/2(Öí +Oi )rfor samples from Batches I and 2,and

a strai¡5ht line relationship was obtained.At a given

uater content at failurer!v¡,Lwo values of L/?(0i -O) ),.

and Lwo values of L/?(Oi +fj )¡ are obtained for soils

from Ratches I and 2 ryj-elding two points in a

L/2(OL -6) )¡versus t/z(0i +Oj )¡Rlot,representins

the i,Íohr circles of stresses at failure.By drawing a

straight line through these two points¡ c¿ wâs obüained

from the intercept on Lhe L/Z@L -Oj )¡axis and Ø"

from the an.gle of inclination of the line by applying

equations (¡), (¿*) and (5).1-igures 9,IO,and lI shows

bhe plots of L/2(0i -Oj )rasainst L/z(Oj +Oj )tfor
different waber conLent at failurerw¡rvâlues.The

paramet,ers thus obtained are tabulated in Table 5 "

In Figure l2rcu and f" were plotted versus Lhe

waber content ¿lb failurerw*It can be seen fron the

figure that values of cu increased with decr:easing
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Table 5 Deüernination of cu and p" by I''iethod (L)

w

'i"

B
ct

t
c
h

o¿

psi

L/? (oi-

o{ ),)r
psi

L/2 (0i

oå )t
psi

oå.tr
psi

ca

psi
ø.

ciegree

65

6l+

6z

60

57

55

53

52

5O

l+8

1

2

I
2

I
2

L

2

t
¿

I
2

I
2

I
¿.

I
2

t
2

r0. 6

15 ,0

L2,2

17"0i

L5 "2

20.9

21. ¿t

?t\.7

26.7

35.5

33 "2

u).5

37.2

l+8 '5
t+6 "6

60"o

58. I
7l+ "O

)"L5

l+.00

3,4?

4.36

l+.L5

5,20

5"00

6.2o

6. 60

8,05

8. oo

't.60

9.60

1r.40

r0. 60

12 "5O

12"80

15.00

I5. 5..)

L7 "70

7 "90

11"00

8"80

L2.25

II. OO

L5.?O

13. Bo

18.80

18.70

25 "OO

2l+.20

32.LO

30. 50

40. 00

3t+. O0

l+4 '?O

l*3 
" 
00

55.00

54"00

o(: ô \.,\,,

7" ro

9 "70

8. oo

lo. B5

I0. o0

L3 .50

12.60

L6 "70
i n f,r\

2L.7O

2I.00

29.OO

28.00

36.OO

)L "2C

l+o.?o

J9"00

50" o0

58. ro

64. or)

L,2

L.2

r"5

L"7

2.5

3.2

4.O

4"3

5"1

7.3

rlt"6

1l}" ó

Il+"0

L3 "5

12.8

rI. I

ro" 7

r0. 6

10"6

9.1
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values of i,rater conbenL aL failu:,.erw¡rwhereas f",
contrary to Hvorslev assumptionsrwas not constant, bub

increased wiLh j-ncreasing values of water content at
failure,rvr.The values ny Ø. rangecl fron 9 to LL. j degree

for Lhe range of rvater conLents used in this study.

fn Table 5, bhe effective octahedral ¡tornal stress

at failure,O$"¡¡: L/3 (O1+ Z út) obtained from Figure C-I

in Appendix Crand the effective consolidation pressure,

Of obt,ained frqm Figure J are also included.These resulÈs

will be discussed in a subsequent secbion.

lr,b.2 Determinabion:of c" and Ø" by i,iebhod (2)

Table 6 sìrows che ceii pressurerthe effective con-

soliclation pressure of the consolidated-undrained samp-

Ies tested.The cell pressurerthe effective consolidaLion

pressure before reduci-ng the cell pressurerand the

reduced ceIl pressure of the samples Lested according

to l'iethod (2),and userl in conjuncLion with the conso-

Iidated-undrained sanples in the deternination of the

shear strengttì paranebers c" and Ø" "r" also shown in
the üable.

Plots of the pore pressure ancl the corresponding

effect,ive consolidat,ion sbresses versus Lime,after
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reducin6 tire cell prcssure are sitown in !'igures Ð-I

through D-B i¡¡ Ap¡>endix o

Figures 13 bo L5 shows Lhe lgater content at failure,

w^, ploüted againsb L/z(O't -Oj ) and L/ 2(0.,t o0l ¡ o¡¡¿ini:tlrr)t3
fron Tables I antl l,"llach figure sþorvs the results of Lwo

correspondi¿g sam¡>Iesrone testecl according to the con-

soiidaLed-undrained test techniquerancl'the other accor-

ding to lfethod (e).The values of the stresses at failure

used in the determination of c& Øulvere l,aken fro¡n the

figures at the average w¿rter contenL at failure of the

two correspon<iing teSLS"l'or example rl,{ith reference to

Table L,for test 2OI"l,wr=6L.7% and, for Lhe correspon-

ding te.st 20).I w,.=66.L%.nence the average water con-

tent ât failui'e "; i;he tivc tesbs = 65.4¡'u.'Ihe col'l'espcll-

ding values of L/2(6:-õ'l)sc L/Z(Orr+fj) rvere used in
r).j-)

Figures 16 to I8 to obl,ain l{vorsl-evrs parapetersrand

¿lre shown in 'r'able: 7.

In Table Trsome of the values of "" and Ø" were

negative.l¡i:; couÌ<l be cìue Lo experimental errors,

such as the inconplebe di;sipation of the pore pressure

aft,er the relea.se of the cell pressure.

Because of the discrepancy and insufficienf <laLa

obtained from Lesl;s by lv.iethod (rl,) ¡ûo specific co¡rclu-

sions shoulcj'be drawn from the results cbt,ained by
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'r'able 7 Determinatiorr of c ancl Ø pu iriethod lZ)e 'e
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psi
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)-L

psi

IOl"I
1O3. r
IO1.2

LO3.2

lo2"I
LO3 "2

101,3

r03"3

201. I
2O3.L

?o2,L

2Ol+"L

20L "2

2O3. ¿

?o2 "2

204.?

6L,tt

57 "L

57 "A

50.6

65 "l*

62.1,

59 "l+

56 "7

L2,2

14. B

2L.5

20"5

2L"l+

?o"5

41.l
41" 6

L2.2

L2 "?

r/.o
L7,6

2L.5

2L "3

3L"5

3L.2

4.40

l+.20

6,30

6.oj

5 "Bg

6.1r
g. B0

3.60

3.65

5.LO

5.20

6" 8o

l+.?o

8"80

9 "60

I]. 30

13.30

rg" 80

20 "20

I.9,20

20 "?7

39 "20
?< nn

I0"30

Ic.90

L4.2O

15. to

lg"g0

18. r0

27 "?O

30" 20

7.60

I0,00

17"BO

L7.40

L6.93

L8.27

34"40

? ? ç¡rì

g. 10

g. B0

L2"4O

L3 .2O

L7.70'

L6"50

2).70

26. LO

5 "LA

L7 .20

2"00

8.05

2.L2

2 "9+

-¿+ " 
rJO

3.L6

-6.00

-2b,o

L2.3

8.6

25 "OO
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this rnethod"In bþe subsequenü secLiott,ouly the posifive

values of c anrl f wiII be used itr conpiìrison of the
ôg

resulbs obtained by I'ietirocìs (I) atrd (Zl 
"

4.2.3. Conparison of valtre'; of ce and þ. obtained by

I'iethocl (f ) and (2 )

Valrre.s of ce obtained by tdethods (I) ¿t'd (2) as

surrmarized respectively in Tables 5 anci I are presenLed

in Figures 19 ,20 anrl 2L. ithe logarithr¡ of ce anci (ce)

was ploüted against the lvater content at failure rlv¡ , in

Figure l?,againsb Lhe logarithm of ol i]n Fi¿;ure Zo,and

against Lhe octaheciral normal stress at failure, (üo"¿)¡

in Figure 2I.From tltese figures,the follor'Iing relabion-

shíps'can be derived :

For l{ebhod (I)

1I.o(0.655-wf) ,.,..(20)ce=e

0. gB

ce = O.I1 (o¿ )

o.975
ce = O. L35 (Oå.r )f

and for }iethod (2)

,.... (2I)

,....(??)

Il.O(O"?3 - *f )

Cg = e eoôoooeococoooo "t'(23)
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o.96
."= o .2o3 ( (ú¿ ) ,,""(21*)

o")6

""- 
o"z4? (oå", )f oooooooocoooooo ".(zi)

vlhere:

"u is the effecbive cohesion,

O; is tire effective consolidation pressrlre,

OJcUf is the effecti-ve octahedral normal strc:.ss at failure.
It can be seen from these equations that c^ is,e

relatecl to the water content at failurerwrror. the

effective consolidation pressure,Oj r ês rveII as to
the effective octahedral normal sLress ab failure,
OJ"ur"The relaLionships obtained by I'íctirod (1)tat<e

the same functional forns as those oblained by l.iethod

{Z).fü appears,therefore,thert the stress }risüory plays

an importanL role in bhe determin¿¿tion of "" f'or the

remoulded Winnipeg clay.
ùontrary bo llvorslev assumptirrn,Øu w¿ìs found to

vary rvitli tuf or Oj by l{et,hod (I).fn Figure 22 rvher.e øu

h,as plotted agerinst the logarithn of (Oå"t)îrøe

appeared Lo vary linearly rvith tire logarithrn of (Oå"t,)f

for Þieüirod (I) "i'lt> conclusion can be drarvn regarding

the results obtained by Method (Z) because of ühe short-
cornings of the test procedure which yielded negative
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values of "" and Ø" in some instances.In l'igure ?)rwhere

ø- was plotted against the lo¡;arithm of Ol 'a straigh¿
' e --o-'- - -- e

line was obtaineci for Utebhod (1)"It appears that Ø" ^^y
l¡e related to the water content ab failurerw¡rbo the

effective consolidation pressure,0l ,Lo the effective

octahedral norrnal stress at failure,Oåctf ,and stress

hisbory.The data obtained in the present investigation

werrj insufficient to draw any conclusion with respect

to the factors tiiab could influence øu .iÏuch more

research is need.ed before any strong assertion can be

made.

lþ "3 Schnrertmann I s ParaneLers

Test clata for sanples 301 are shown in l'igure '\-32

A-33 ¿rnd À-34 in Appendix A.It can be seen from these

figures that the volume change resulting irom curve

hopping in order to m¿iinLain two clifferent sLress levels

of Ol during the test vüas less th¿rn I cc. The effect

of this small volume change on the inLerpretation of

resul¡s is not known since the clay used is of swelling

character.Results are shown in Figures 24 attd, 25 ,where

(cu) and (ø) wer.e plotted against ühe axial strain.

It may be observed from the figures that despiüe the
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scatter due bo extr¿¡poration of resurts,there was

lit'tle variatlon in (cu) ,vrlrereas (øJ increased with
increasing varues or sbrain € .Furbhermore (c") appear-

ecl bo be affecued by b'he effecLive consolidabiorr pres-
sure,t¿ ror the water content at fairurerlu¡rwhire (øe')

was virLualry independenL of the effecLive consorida-
tion pressururoå ror the .wâter conl,ent at failur€¡w¡c

/*'I¿ comparison of Hvorsrev and schmertmanr¡ parameters

For comparisonrresults of (ce) ,(øe) at failure
obtained by lr'leüirod (:) are presented in I'igures zo,
2l and 22,Fror¡ these figures,the following reration-
ship can be obtained;

II.0 (O "787 - ,t )
(c n)= e

(ce) = ou 26T $L )0'925

(c") = o.B6 (oå"r) ,.o'to

, " (26)

." (27)

o o o o o o o o ø o. . . . 
" 

(28)

The functionar forrns of these equaLions are seen to
be Lhe same as those of e<¡uaLio¡rs (?O), (2t)and (ZZ)

or (23) n (2&)and (zs) obrained. by t4erlrod (r) or l¡terhod

(zI "Apari,. from the differenc.e :in tesLi-ng proceciures of
the r¿ethodsra srnall vorume change occurecl in the rDS
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tests of lriebhod (3).tt appears that (c") may be in-

fluencecl by drainage condil,ions during testsraltþougir

the daba rvas insufficienb to explai¡ vrhy such ¿ rela-

ti.vely small change could Ìrave affected (ce) .It is

significantrhowever,that both c"and (ce) rela¡e to

the water conLent at failurerw¡¡tO the effective CorISo-

lidation pressure O¿ or Lo the effective octahedral

normal stress at failure,Oåctf in sj.milar functional

formo .

It may be noted from Figure 12 and from bhe other

valueS of .Hvorslevrs or SchmertlnannrS parameters that

the value of ø1 was allays higher than thab o¡ Ø. or

We) .ÀIthough commoniy usecì in prac-r,icai work ì¡ecause

of the relative sirnplicityrthe conventional strengtlt

parameters cf and þf are unable to explain the funda-

mental nature of shear sLrengLh oÍ ctays'
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c0l{cLU.ir0l{s

The conclusions surnmarized

findings of Lhis invesLigation

soil usedrthe methods of samPle

testing Procedure emPloYed I

2-11','orslev t s P" is not

wibh the rvater co¡rtenË

lidation Pressure and

sl,ress ab failure"

l¡elorv reflect the

and are lir¡ited bo the

preparation and the

l-Hvorslevls or Schmertmannts (ce) is exponenüiaIIy

related b.o :the water conbent at failure,the effective

consolidation pressure,and the effective ocLahedral

norlnal stress at failureo ce appears bo be sËress

history dePetldent "

consLant but aPPears to very

at failurerthe effectiv€ coûso-

the effecõive ocl,alteclral normal

l-Schnert,mannt s @J at failure,holr'ever is virtually

independenb of water content at failure or effective

consolirlaÈion p1'essure" Much r0ore research is neeciecl

before any assertion can be made with respect to the

hature of these Paramebers.
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VIII NOTATIO]'JJ

a inbecept on the L/Z(Üi -6) ) axis.

Ãf jkempton pore pressure paraneter at failr¡re'

ú angle between plane of failure and rnajor principal

sbress ¡

b intercePt on Lhe Oi axis

(U )- bond sürengbh at strain €n€

Þ angle of inclination of bhe common süraight line drawn

bhrough Lhe top points of che Mohr circle at failure.

c cohesion

c r effective cohesion"

c }{vorslev?s effectj.ve cohesion parameber'
e

(c ) ScltmertmanltIs effective cohesion parameter,aL axial
ee

sbrain €.

cÞ iniLial cohesion.

c compression index.
c

I). mobilized component of shearing resisEance independent
ts

of effecLive stress aL ¿ì given strain on a ¡liven plar'ie

e void ratio.
f subscriPt indicabing faÍ-lure.

G specific gravitY of soil solids.

I É nobilized component of shearing resistance depeuding

on effectlve stress at, a given sLrain on a given plane"
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K coefficienL of cohesion.
,

K' coefficienu of cohesion for clays remoulded ab low

water conLenL.

ø angle of fricbion.

fit angle of shearin¡¡ resistance based on effective suress.

ø- effective angle of friction'e
(ø")É $chmertiaatìnrs angle of frictio¡r at; axial sbrain É '

O" total normal :;tress on the ¡rlane of failure"
n

o¡å effecLive norraal stress on the 1>Iatte of fail"uf€"

. O equivalent consoliclation pressure 'e

Ot . effecbive consolidatioit preSSul'e before reclucing
c].

the cell Prerisure.

Oå. effective consolidation pressure after redtrcing the

cell Pressure.

Oi effecl,ive major principal stress"

Ol effective minor principal stress'')
Oåct effective octahedral normal stress - t/l (Ot1 +20å)

s shear strength at failure on the failure planec

Se toLal shearing resistance mobi-uized at a given sLrain

on a given Plane

S de¿¡ree of saLuratiotr.

u pore r'¡ater pressure.

A u pore rvater Pressure change .

w water contelll,.



-o)-

APPENDICES



-66-

Appendix A

Stress -pore pressure-volume change

versus strain datas.
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Appendix B

Axial strain rate dur"ing tests
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l\PPendix C

Effective oct¿jhedral norrnal stress ab faiiure

vs. water content at failul'e.
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APPendix D

Pore pressure and effective consolidation

pressure vss elaPsecl time. "
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APPendÍx E

Inde pe ndenb -de pe ndent -stra ili, IDlj, te chnique'
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f ndepe nde nt-rje pe nrient -strain, IÐ j, te st .

Schnertmann and Osterber,g (1960) rand ichrnertrlann

(L962) ,developed a nerv testing bec¡nique"Tire objective

of ühis test is Lo separate the indepenclent and ciepen-

dent effective conponenLs of strength at an7 strain,

hence t,he abreviation Ii):i test.

One sanple of soil is required"The sample is con-

solidaUed anct a back pressure is appliecl.The sample is

Lhen axially Le:;ted.The maior principal sLressrolris kepb

constant by increasing the pore pressure at t,he base of

the sarnple.The changes in volumes:.,and heights of the

sample are recorded t'hroughout fhe te.st.

Two effecti-ve stress conditions of the soil with

identical structure at any strain are neededrüo obt¿lin

the depend.ent and indepenôent slrengbh components.ichner-

tmann anci Osterberg (fç00) developed bhe hoppin¡5 techni-

que shown in Figure E-I.Two values of oi are chosen;ol

(hi.Sh ) and O! ( low ) . The rna jor principal stress, Ol 
' 
range

of about 75 to LOO',/" of the equj-valent consollCabion

pressurer0l ,prociuces strength chan¿5es thab could be
e

inter.pr-etecì rvith sufficienü accu]"acy anC yeL involves

only ¿ snall void ratio change.As the sanple is axialty

loatled o.l (high) is kept constant ancì polnts on O; (high)
I-I

deviator curve are obtained.The pore pressure is increased
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by an anounc equal to tlie difference betvreen 0l (hi¡h)

and Ol (tow).1\fter sorne tinne 'the deviator sLress level off
t

and points on Ol (low) deviator curve are obtaineci"

Succe:;siveincreaseancldecreaseintheporepressure

leacls to two deviator stress curves'At any strain tv¡o

effectiveStressesareobtairredandthestrengthconnpo-
nents'are readilY calculated'

r/)
v)
C)L#
(/)

f-
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O
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o; (hrs h )

oxiol stroin

E -1 lndePendent -dePen dent-
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