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t''i . Sll¡,îÍARY

The'br¡lk modulus and shear modulus of the Lake Aggssiz

Clay were studied in this thesis. The approach used in the

ôtuOy was to separate the stress system into vol@etric and

deviatoric eomponents of stress. lhe bulk modulus is related

to the voltrmetric behavior of the soiL . Thè shear modulus

is related to the deviatoric stress and to'the level of mean

norr¡al stress. Thus the bulk modulus and shear modulus can be

related to separate ph¡ysical stress components. These relati-on-

ships vary wtth the soil- ínvestigated.

The bulk modulus of the Agassiz Clay was deternlned frore

isotropÈc compresslon tests. Sixteen isotropic compression

tests were run

strain cu:rves

nornal stress

investigated

The shear modulus of the Âgassiz Clay was deter¡rined from

dralned triaxial tests which were run a*rr- a çpnstant mean normal

stress. A total of fifteen drai-ned triexial tests were run at

various l-qvels of mean normal- stress. The slope of the deviatoric

stress strain crlrr¡e defines the shear modulus G. Expressiorl$ i:

$rere developed for the stress dependent shear modulus G. The

parameters fo:r these expresslons were determined for the inaterial

studied.

from lvhich meen normal- stress versus volumetric

r¡rere drawn. Curves were developed relatitg *"ut

and bulk modulus for the range of soils

Curves of mean normal stress

faiLure.were plotted for sanples

versus devlatoric stress at

from the same soiL. these



curves constitúte a pnÍque failure theory . Expressj'ons

relating the mean-normal stress and the deviatoric stress at

failure were developed from this unique straight line

relationship. It is concluded the the separation of volumetric

aád deviatoric components is a useful way of describing the

stress system. The bulk modulus and shear modulus of a given

so1l can be satisfactoril-y determined by the use of the

volumetric and deviatorie components'

x

1..



TÌ¡e deforuation behavior of clay is not welL und.erstood..

Itre lack of r:nderstanding arises from the complexity of the
t

ptgrsicaL nakeup of clays.
.|

Blotr (1941) studied the elastic deforuation of soils

and obtained a rigorous mathenatical solution for three

dimensional consolidation of soils. De',tet2 (L962) studied

the effects of time end pore pressure and used Biotts solution

for the appLicatlon of three dlmensiona1 consoLidation under

footings. Saada3 (1962) studled shear and consolldatlon by

means of rheoLogic mod.e}s. Kondner4 (1963) studied the

behavior:r of coheslve soils under shearing Stresses ard found'

that the strese-strain relationstrlp follov¡ed the general shape

of a reetangular hyperbola.

I'¡e general approach by the aforementioned. investigators

. was to analy ze tine e:qperlmental behaviouf of 
, 
soile in terms of

.:

C}IAPTER Ï
TNTRODUCTTON

I

theoretical models. This is particularly usefuL if tlæ

solution is ln a closed forro' An exampLe of a solution in a

closed foru is the solution for the displacement of a continuum

based on the theory of elastÍcity. The soLutions hovreverr

are ofben too complicateC for practical applicationso ' "Èi¡'

ty can be useful in soil mechanics

problems if r;nresentatÍve*.values sf the elastic parameters



can be deterräined. The val-ue of Youngrs l,fodulus E and

r ¡--
Poissonrs ratio.l¡ aro nct constant for a given soil' Both

Eand¡lcanvalTwiththernaterialer,dthestressleve]-.In
nar¡y cases the use of a non;constent B and ¡ would be too

'complex to use in an analYsis'

Young'sl.todulusEandPoisson'sratio}1canbereplaced

by the brùk modulus K and the shear modulus G. The bulk

modulus and shear uodulus are relat,ed to separa'te conponents

of stress, The shear and bulk noduli for a gi-ven soil- fiqy

vgry with the stress level¡ the stiffness of the material and

pt¡ysicalpropertiesofthe¡oaterial'However'sincethe
bulk and shear moduli ere essociated with separate plrysicaÌ

courponents of behavior they can be investigated separately

and independent solutions ne.y be obiained for each.

pose of this thesis is to investigate the'.bitIkThe Purl 'nesls rs r'e rr

modulus and shear modulus of the Lake Agassiz clqys''Bhe

need for determining elastic pararoeters has been denonstrated

by the fact that present mathenaticaL gean¡. of evaluâtirrg :''

such analysis as settlement require..an b"titut" of 'the

elastic Parameters.

2



.i CHAPTER II
TI{EORETICAL CONSTDERATIONS

Volumetrie and Deviatoric Components of Stress.

ft has been shown

useful to ""pu""t" 
th"

deviatoric components

in Flgure L. -:

Flgure L(e) iLLustrates the general state of stress at

a point in terms of the principal stresses, O i, 6 Z and O r.
The principal- stresses can be separated. into tv¡o sets of '.

eompOnents.- lhe first set'Of coüIponents is equal to the nean

normal stress 6*r which is defineel by the equation:

O n = (O ,+O ,+O ,)/3 .. o.. (1)

The second set of components í.s defined by the. devi'ator

,.stresses sr, s2, and s, as sho$m in Figu.re 1(b) and 1(c).

These components are 6iiven by: '''. '' 
'

tr
by Donasehuk" (1968) that it 1s

stress system into voLr-metric ard

of stress as il1ustrated dlagramaticalJy

3

S- = O- -OnII

se

s3

the system can be fr.rrther sinpl-ified b¡r representing

the three lnean nomal stress componente by a single volrrmetric

component equal in nagnitude to the mean nornal stress. The

devlator stresses can be represente-d by a single deviatoric

= 02 -

= o, - on

.. .. . (2)



¿.:

,¡

(a) General State (b) Mean Norrnal

'.of Stress. Stress.

4

Figure 1. Designation

Á"

$'= 1rl3(O1+ 0Z+ Og)

of, the Stress

S=O_gu

.(e) Deviatoric Stress

i, Components.
"i'1-

Conponents at a Point.
''iiìl



component,. This component, the resuLtant deviatorlc stress

represented by SU is given by the following equatlon:

,; For an lsotropic elastÍc soLldrthe'volumetric stress

O wor¡ld brirrg about the . same volume change as an equivalent-t
t¡ydrostatic stress. The volumetrlc stress component is

absociated w:ith linear strains on.lyr while the resultant

devlatoric component is associated only wÍth shear strain and

dillatancy. Each component of stress is associated with different

components of behaviouro
)

TLre generaL state of strain corresponding to the stress

system can be descrlbed by the prlncipal strains e1r e, anð'

e, and their direction coslnes. Thi.s system can be separated

into the strains caused by the voltrmetric component of stress

and those strains resulting from shear or {gyiatoric stresses.

These devi.ator stralns w111, be the difference betlveen the

lndivldual principal strains and the mean normal strain.

The mean nomal strain err can be represented by the

e:çression:

E = l/g (r1 +er+er) .r... (4)mrztit
- The resultent deviatoric etraín can be represented by

tne fof.lowir:g equation:

rFsd'=Vtl *r3,*t3

c,U

O. r.. (3)
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ta

l/ztd'= ...r. (5)

Strain component relationships are the same as stress

component rel-ationshipg, provided that one uses in place of

no¡ruaL stress¡ the l-inear straÍ-n, and in place of shear
¡

stress¡ one half the shearing strain.

To sinplifþ the relatior1ship between stress and strain¡

the axis of stress and the axis of strain are assumed to

colncide. ftlus the material is assumed to be isotropic.

Voh.metric strain can be rel.ated to mean noruaL stress

by use of the bulk modulus K which is defined as:

tíui!- aGmK = !t*l U- ô... . (6)¿_¡O 8e
'j

in which ¿ is equal to the vol-r.unetric strain.

lhe resultant deviatoric component of stress and. the

resuLtant deviatoric strain can be related by the shear

nodnlus Gr which is defined as. n

.¡ Irinit ÀSa ... r. (7)\tq



'i
r

t-.

ÐrPERITIENTAL

In brder to obtain solutions of the bul-k modulus K

defined by equation (6) as '

IJK = r,init_ "jr_¿.--0 A a

the vaLue of e, the volr:metric strain¡ was measured at

correspondir,rg values of the voLumetric stress Ç. The

lncremental values ofÀs and AS* were deternined for each

stress level- ard the vaLue of K was deternined corresponding

to a level of the mean nornal stress. The intention was to

deternlne a sol.ution of the bulk moduLus K in terns of the

mean norrnal stress for a given soil.

' Snll rnvestigated

CHAPTER I]I
TNVESTIGATION OF THE BULK MODUTUS

Tlre stuQy wes carrled out on undisturbed samples of

Lake Agassiz clay. The Lake Agassiz clay .Ís an extensive
.',¡

lacustrine deposft of glacial origín. The clay deposit

usualþ consists of an upper leveI of varved, chocolate brown

cley and a lowen deposit of massive darker clay underlain by

a layer of tiII. lhe ptrysical properties of Lake Agassiz cley

have been descrlbed by Bar"cos 6 (L961).

lests $Iere carried out on four separate blocks of soi.].

the blocks designated as Ar ,B and .C were taken from a depth

of 3O ft. in the North East area'of Ûletropolltan 'rilnnipeg.

This material is a highly plaetic grey silty clay of medium

7



stiffness. The-cley contained numerous small limestone

pebbles.- .

Ttre bloek sample designated as Block Ð was taken from a

depth of 16 ft. in the southern area of I'netropolitan Ìflinnipeg.
/

Itris materiaL is a chocolate brov¡n clay of medium stiffness

,'urith medium plasticity. ' : . ':': l' .'

The ptrysical properties of the cLays are shown in fabl-e I.
Ff.gures 2 and B are photographs of samples taken fþon Block B

and Cr respectively¡ il-lustrating the pbysical make up of the

solL.

% Sand

% Sílt
96 Cl"qy

Liquid l,Ínit
Plastic Linit
Dry Density (pcf)

Void Ratio

Moistrne Content

Saturati ort /o

Speeific Gravity

Compression Ind.ex

Preconsolidation

Þess¡:re (tsf)

-'.''

B

TABLE Ï
Block A

No. tests Range Average

l-9
54

8?

2 59.3-64.4 61.3

g ''', ''{64.?-6s.s 65.1

3 I.59-1.62 1.60

8: 58.5-61.3 5g.g

3 97,7-100 gg.4

l- z.?r
a 0.67-0.70 0.69

2 2.Og-2.I2 2.10
i,'



No..

% Sand

% silt
:

96 Ctey

Liguid Linit
PLastlc Limit

Dry Density (pcf)

Vold Ratio

Moisture Content %

Saturati on /o

Speeific Gravity

Compression ïndex

Preconsloidation

hessure (tsf )

ÎABLE f (continued)

Hlock B

Tests Range

I
1

1

z

2

7

7

7

7

2

2

2

44,0-85.O

]-.9.7 -29.6

63.2-80.5

1.lo-1,78

41¡9-65'O

92,5-100

2.68-2.73

0.62-0.70

2.1-o-2.18

.A,verage

9.0

54.0

37.0

64.5

24.?

68.0

L.5r

56.2.

99.0

2.?l

o.66

2.r4

I

ISo.

% $and

% sil-t

% cJ.ey

Liquid Llmit

Plastic Linit
Dr¡i Densíty

Void Ratio

Moistr¡re Content %

Saturati ott dp

Block C ,
lr

TeEts Range

I
L

t

2

2

4

4

4

4

t.

78.1-81.0

29.1-30.1

63.5-?0.2

L.4?-1.51

51.5-63.7

gB.9-100

Average

10

34

Þo

79.9

29.9.

67 .4

r.51

5?.3

100



Speelfic GravitY

Compression Index

Preconsolidation

Pressure (tsr)

IABLE I (continued)

Block C

No. Tests

1

2

2

Liquld tinit
Plastic Liiûit

Dry Densíty

Void Ratio

MoÍsture Content

Saturatl on %

Specific GravitY

PreconsoLidation

kessure (tsf )

Range

BÌock Ð

No. Tests

36

36

?8 .. -

3

?6

78

1.

2

o.60-CI.70

2.10-2.18

t_o

Average

2.?!

0.65

2.14

Range

97 -TL?

L4-40

64-99

1.56-1.59

27-5?

86-100

,,ì ..r

,"
- *Regults 

taken fron Btr"cos6

Average
lÊ

89
:r

30
l+

?7

1.59
*

48
*

9?

2.?7:

2.62

..--...-,. .-. -t.,- - ..--l-,



Figure 2. CLay Sa¡np1e From Block 3.

Figiue J. Clay Sa¡tple trlom Block C.
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The i.sotropic compression tests u/ere run in ä standard tri-

axial ce11.' the sam:rles lvere 1.5 in. in dianeter and 3.C in.

in length. Each sample vras set up vrith top and botton drain-
!.J

a6ie and with side Crains of filter paper strips to reduce the

time for consolidation. A perspex loading cap. IÂ'aS used and

the sample was encased il t triaxial membrane .OO5 inches in

thj.cÈaess. This rubber menbrane lvas sealecl ggainst the load-

ing cap and the botton pedestal by rubber.o-rings. Silicone

grease v¡as used on the cap and pedestal to ensure a conplete

seal betr,¡een them anC the membrane.

The water pressure in the cell v"as regul.ated by Reans of

compressed air.
' ' Back pressure ensur'ed sàturation of the sanple. This

necessitatecl the use of a voltme change lndicator vrorking

unCer back pressure. Ir'lith the air driven into solution-

accurate readings of volune change v/ere obtained by measuring
.,i ,.i,

the rvater dispelled from a sample. Cne type of volume change

device used consisted of a ca.librated U-tube pe.rtly filled
n

with nercul1¡. This gauge is described by Bishop' (t96e¡, and

sholrn in Figure 16, page 35.

A second type of gauge was constructed which consisted of

a burette encl-osed inside of a plastic tube. The tube is

filleC almost to the top of the burette v¡ith water. About 3

to 4 ml. of r,vater is plerced in the burette. The remainder of

the burette and plastic tube is flIled lvith coloured kerosene.

ai

Test Aprreratus

l2



Ê'
As r.,'ater is diéplaced fron the sample, the water displaces

kerosene up out of-the burette. Thus the voluue change can

be measured.. This device has been discussed by Bishop and
.at

Hankel' (1962) anC is shor'¡n intthe Figure 15¡ Page 34.

t¿

TestÍng Procedure

Specimens used in the tests I'¡ere obtained b¡r presslng cut-

ting tubes into the undisturbed block of c1ay. These sainples .

were set up in the ir'enner pre'riously deserÍbed.

The initial stage of the test was to conpletely saturate

the sanpl-e. fn orCer to do thisr both the cel1 pfebèure and
'1

back pressure were increased simul-taneously in 5 psi j-ncrements

to a back pressure and ceIl pressure of l5irpsi. At each

incrementr the pore pressure r'¡as allowed to reaeh equilibrium.

Since the samples initially were very near I-:JWI saturation

only about 3 n.L. of water wâs required. to saturate a sample.
A

Domaschukt (1968) has shov¡n that at pore pressures of about'';. ^ i'
1O psi, the volunetric stress versus pore pressure curve becomes

linear. This indlcates that at this pore pressure the air int
the sample has been driven into solution. For this. reåson back

pressures in excess of 10 psi lvere used.

r.''flhen the sanples had been oâturated, the cell pressure trê.s

ìñ6i;êÉised in j.ncrements of 5 psi. After each inerement the sample

was allowed to consoliCate. The volume change corresponding to

each íncrement in cell pressure v'Ias recorded.

Five tests rvere run up to 30 psir on test to 42 psir seven

tests to 60 psi and two tests to 9O psi. In one test

13
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(No. 1?)r.'ifre sample was eonsolidated to 30 psir alfowed to

rebound to

In another

to 5C psi¡

"to 60 psi.

cyclíng on

-r.,., !.:..: jjì:r,ii !ì::11i;Ì:ìtiljlf i.1 "-ai:r_

z,ero stress and then reconsolidated to 60 psi

test (No. 18) r the saraple was initially eonsolidated

allov,¡ed to rebound to zer.o stress and reconsolidated

Thislyasdonetoaseertaintheeffeetsofstress
the relationship betr.reen the bulk modulus and the

mean normal stress.

. TesLResults

A sunroary of the test results are.gíven in Table II¡

Append.ix If . The mean normal- stress versus volumetric strain

curves for the sixbeen tests conducted are sho$'n in Figures 4

through 1O. The initial void ratior €i, and the void ratio at

the preconsolidation pressurer €c' are shor'','n on the figures.

The Ínitial void ratio is the void ratio of the sample'åt'the

start of.the labonatory test. The void ratio at the pTê=
'

consolidation pressure is the void ratio of,.the sample after

it had been reconsolidated isotropicalfi. toi'the preconsolidation

pressure as deterained by oedometer tests. The void ratio at

the preeonsolidation pressure êsr iS probably the better

representation of the insitu void retio. Due to stress relief

and expansion upon senpling the void ratio of a soil sample

at the start of a test v/as probably greater than it v¿as under

lnsitu condltions. The value of es may not be exactly equal

to the lnsitu void ratlo since isotropic reconsolidation in
the laboratory rney have induceC some additional vo}¡netric

\_:
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strain.

..:
The mean nórmal stress versus voluraetric strain curves

for tsÌocks A¡ B¡ C and D¡ are shovnr in Figures 4 to 7. The

qurves fOr ELocks A¡ B and Ct show a steepr eoncave upr,vard

,,'shape up to approximately 3O psi. There is a break in the

curve at 30 psir beyond which the curve changes to a concave

upward shape again.

The curves for Block D d.o not sholr a distinct break

but, there ls a section of more or less constant slope in the

area of 35 Psi.
-The preconsolidatlon pressure for Blocks A¡B¡ and C

renges from 29 psi to 30 psir as deterrnined by one dimensional

consolidation. the preconsoliCation pressure as deternined

by triaxial coûIpression v¡as also equal to approximately 29 psi.

One dimensional consolidation tests for Block D gave a pre-

consolidation pressure of 35 psi while triaxial consolidation

gave a preconsolidation pressure of B psi. It is possibl-e

that this varved eley shov¡s greater precott'b'oliclation in the,', .í. .

vertical direction than in the horizontai. This difference in

stress history has the effect of obscuring the break in the

curve at the preconsolidation pressure. Figure I shows the

best fit curves for Elocks ArBrC and D. For Block ArB, and C'

1ttrs evident that there fs two distinct sections to the stress-

strain relationship. The portion of the curr¡e bel-ovr the pre-

consolidatlon pressure depicts the behavior of the soil in an

overconsolidated state. The portion of the curve above the

preconsolidation pr'essure depicts the soil behavior .in a,- :
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normally consolldated stater

lurther lnúestigation into the effect of the pre-

consolidation pressure on the stress-strain relationship

was ce.rried out in test nunrbers 17 and 18: In Test ntxtber

,,I?, (Figure 9)¡ the sanple wes isotropically consolidated to

3O psi and all-owed to rebound. to zero 'mean normal

stress; U¡on.reconsol-idation to 60 Psir a break in the curve

at 3O psi exlsts, but it is not dislinct. In test ntmber l$r

(Figrpe 1O) the eampJ.e v¡as eonsolidated to 50 pgi¡,alIowecl to
't

gebound to zero nean normal stress and reconsolidated to 60 psi.

Reeonsolidation shov'¡ed the volumetric stress strain curve

to be smooth end concave upwarfl to 50 psir st t'hich point a

slight change in the curves occurs and the slope decreases

somewhat. The effect of the 1evel of previous consolidåtíon

is not as apparent as 1n Figures 4, 5, and 6.

In these tests cyclic l-oading hes apparently lessened the

bree.k in the'curvê. r-The nateii-alì;bghaves essentiäl}y

el-astically since the reconsolidation b¡raneþ is the salne

shape as the curves bhown in Figures'4 to 6.

Tests L? and 18 indicate that a permanent voLumetric

straín exists in the material after initial consoLidatíon

and subsequent stress release.

The bulk nódulus was computed for srnall Íncrements of

¡¡ean normaÌ stress and corresponding increments of volumetric

strain for each test. the úesults lrere plotted in the form

of bulk modulus versus mean normal stress curVès- in: Figures

11 to 14. Since the bu-Lk modulus - vol-rmetrlc stress

2t





ei,8 / 1,. /



relationship 1ór individual blocks lïas very nearly the sane
.' ':the averÞ.ge cllrves for K from tests on Block A¡ B, C and D

are shown in Figures 11 to 14. These figures exhibit tlte

variation i.n bulk .modulus l¡rith the-variation in mean normal

stress and so1l properties.).
I

Due to the affect of stress history and tlre variation

vrÍth stress level there does not appear to be arry simple

matheirratical relationship by which the bulk modulus ean be

defined. There does appear to be a 'consistency in the

general Shape of the bulk nodulus versus mean normal stress

CtllV9So

Eu]-k l{odulus Anal.vsis

The solution for bu1k moduJ-us is given by;

K = Limit AOnE*o a¿
and nay be computed from the mean nornal stress versus

voh¡netric strain data. In the tests performed. the volume

change \ffes meesured at each increment of me'an nOrmal stress.

In the isotropie eompresslon tests ihe mean normal

stress is equal to the cel1 pressure. The vo}:metric strain

was computed froro:

.....(8)

ín which AV is the volume change and Vo is the initial

volume of the sample.

- Figures l-1 to 14 shorv the bulk modulus for each block
of soíl studied. The buJ.k modulus for Block A is approx-
fnatel-y 250 psi. at lov¡ mean normal stress and rises to

24
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. ,,:
500 psi below the preconsolidated pressllrê. .A'bove the pre-

consoliduUor préssure the value of K drops to about 3OO psi.

and then. rises constantly with K equal to 550 psi at ã mean

normal stress equal to 60 psi. The bulk modulus for Elocks

.,8 and C is approxinately 5O to lOO psi higherl. -than Bloek A.

Block D has a bulk modulus of about 350 psi at low mean nornal

stress and rises to a value of 1800 psi at Or equal to 90 psi.

The effect of the mean normal stress level 1s apparent

in all tests. As the stress Ievel in an overconsolidated

sample increases the bulk modulus increases. There is an

apparent reduction in the magnitude of the bulk modr.rlus at a

point just above the preconsolidation pressure. In a nornalþ

consolidated state the bulk modulus increases lvith an increase

in stress level-.

The soÍl structure plqys un i*pottant part in the stress-

strain behavlor of the soil. The type of structure has a

pronounced effect on the soils resistance to deformation and

' .hence on the valence.change which accompani-rep a ehange in the

isotropic stress leveI.

Due to differences in so1l structure the bu-Lk moûulus

for the brown clay (Bl-ock_'Ð) is different from that determined

for the grey elay (Blocks A,Brend C)'

Stress hlstory plÐys the most important pole in the ' ' -..

behavior of the cohesive Lake Agassi z Chry. The over-

consolidation of the materiaL by desiccation may cause a

particle re-orientation. Stress reLlef pernits rebound of
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the soil so that initiallyr under reconsolidation the brrtk

modulus is low.- The bulk modulus increases sharply, horvever,

as the material returns to its preconsolidated state. Beyond

the preconsolidation pressure a nornally consolldated state

,¡is reached. and with increesed stress the material str'ueture

nqy be .destroyed. The magnitude of the bulk modulus d.ecreases

initially Cue to the breakdov¡n of the structure but contj.nues

to increase as the state of densiflcation ís increased'

The ptrysical properties of the soil also affect the bulk

modulus. As noted previously initial 1ow vold ratios result

in a hígher bulk moCulus. This is shol',n in the Figures 11, 12

and 13 by comparing the bu-Lk modulus of Block A with that

deternined for Bl.ocks B and C at the'same nean normal stress.

Block Ar: having higher void ratiosr exhibits 1ov¡er initial
üalues of bulk modulus. The voio ratio appears to affect the

bulk mod.ulus more at lower values of mean normal stress.

. Concluslons "',

The bulk moCulus stuCy sholvs that the

the AgassÍz Cley is dependent on the mean

stress historyr the soil structure and the

lhe br:Lk modulus generally increeses

ln mean norrnal stress. This beþavior is only d.isrupted by the

effect of the preconsolidation pressure lvhich causes a slight
d.ecrease in bulk modulus at'a mean- nornal stress just above

the preconsoliCation pressurel

E.

bulk modulus of

normal stressr the

void ratio.
lvith an increase

l.-''-.''',.'.'..-... .- !
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For a given materialr the varÍation in void ratio affects

the bulk modulus at lorv vaLues of mean nornal stress. At

higher stresses the effect of the void ratio 1s not very

signÍficent.
Ihe soil structure is inportant in its effect on the bulk

moáulus. the chocolate brown varved elay (B1ock D) has a

significantly higher bulk modulus than the massive grey clay

(Blocks A,B and C) in the normally consol-idated state. lhis

lndicates that the varÍations in clqy type should be represented

by a full set of, eurves. The total" fanily of cun¡es wotild

represent the bul.k modulus for.the Agassiz c1ays.
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. CIT-¡TPTER IV

SI{EAR T.ÍODULUS STTIDY

The purpose of the shear modulus study was to determine

' the shear modulus of Lake .A,gassiz Clay and to-deteruine the

factors on r,'rhich the shear modu].us depends.

The shear modulus which is defined by equatlon(7):

G = Ilnit osd
/,à¿ .-"O Éd

represents the slope of the devlatorlc stress straj.n cuïvê.

In order to obtein a devlatoric stress strain relation-

ship for the Agassi z C3,ay ¡ drai-ned triaxial shear tests r¡/er'e

run at constant values of the meen nornal stress.

The soil used in the investigation was the Srey massive

clay wh:tch v¡as used in the Bulk i¡iodulus study and has been

described fully in Chapter ÏÏÏ. The tests were carried out

on r¡ndisturbed sanples taken fron three block samples¡ Bloeks

A, B and C. Ihe properties of these BLocks are shov¡n in

Table I, page 22.

Soil Used fn The Tnvestigation

Test Apparatus

The drained triaxial tests were run using standard tri-
axial ce11s. The sarnples used r,vere 3 inches in length and

1.5 inches in diametero .

ï',Iater rvas used as the cell fluid and pressure vres supplied
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by a regulated alr suPPlY

volume changes in the samples lvere raeasured by a merculy
a:,

u-tube device as described by Bishop and Henkel' ('tg0z); The

cl-oeed burette type of vo1une change device deseribed by Bisirop
.o

and Henkel' (1962) lvas al-so used'

Air cyl-inders were used to j-ncrease the vertieal stresses

on the samples during the shearing portion of the test' one

air cylinder had a piston diameter of 1 inch, another had a

. piston dianeter of 2* j-nches. The air cylinders were calibrated

in both a stationary and moving situation and were checked to

ensure that the pressure loaC characteristics had not changed.

The ce.l-ibraiion eurves for the cylinders are shorvn in Eigures

43 and 44 in APPendix IIf.
Pressure was supplied to the air cylinder through a pressure

regulator and lvas read from a bourdon gauge to tfle nearest

0.1 psi. The associated accuracy in vertical- stress on the

sampl-e tvas åO.Og psi using the 1 inch diarneter air cylinder and

JO.4 psi using the 2å Ínch dianeter cylinder'

A schenatic diagran of the testlng appartus for the shear

modulus tests is sholvn in Figure 15 v¡hile Figure 16 shor,vs the

actual test setuP.

SoiL testing nenbranes were used v¡ith O-rings providing

the seal at the ends of the sarnple. Before installing the

membrane, silicone grease tvas applied to the base pedestel and

Testine Procedure

7:i:Lrri'i{ri.:ìiô-:
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the loading cap to help prevent leakage' A perspex loading eap

was used and a porous stone was pJ-aced on either end of the

sanpLe. Botton drainage was provided with filter paper strlps

placed vertically on the sides of the sample' Care rvas taken to

ensure that the porous stones and fiLter strips lvere saturated

an,f that no air I/as trapped between the membrane' and the sanple'

Initially an equal back pressure and" cell pressure was

applied to the sampie'to ensure saturation. The back pressure

was provided through the volume change device. The back

pressure and the ce]l pressure were raised in equal increments

to the desired maximum Level of back pressure, usually 15-psi'

The test renained at this stage until the sanple became

compl-eteLy saturated. The readinqs on the volr¡se change device

were plottecl against time on a , log seale to deternine v¡hen the

saglple was saturated. The tlne period required to saturate a

sampl-e of Lake Agassi z CIey wâs generally 24 hours. Approxlmately

two to three ml. of water were required to saturate each saaple.

After seturation lr¡as conplete the cell- pressure was increased

in increraents of 5 psi unt1l the ¡nean normal stress acti-ng on

the sample rnras equal to the 1eve1 of the preconsolidation

pressure.At each lncrenent of pressürê¡ the sanple rvas allowed

to drain corrpletely and thus consolicate fu1ly at that stress.

The volume change corresponding to each stress leve1 was

rec<ìrded. Having reached the preconsolidation pressure the

ceLl pressure v¡as increased or reduced to the desired level for

the test. '
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In two tests the stress level rvas inereased in increments

of 5 psl to a mean normal stress of 42 psi and 60 psi. The

shear test rïes run at,.these levels of constant mean normaL

StresS. tr'our tests were run at a eOnstant mean normal stress

of 30 psi which is approximately equal to the preconsolidation

pressure. fn ten testS the mean nornral stresS was lolered¡

before starting the shear tests¡ pJ-aci-ng the sample in an over-

consolidated state. In each of these ten tests the sarnple vtas

aIlor,ved. to reaeh equilibriun before stafting the shear test.

The new volurnes and the volume increases were reeorded. The

vertical displacenent,, of each sanple vras neasured and recorded

t-o be used in computing the saiaple area..

In the shea.r test the vertiqai loads were applied in

Ínerements of Lpsi and the confining pressur'e ruas reduced by

one half the amount of the vertical increnent. The net effect

nas tO keep the mean normal stress constant. The sanple t¡as :.

allorveö to dreÍn and consolicate after each load increment.

The volume change and vertical dùsplaee¡¡ent of the saiople v"as

recorded after the sample had consolldated urider each increment.

This procedure vüäs carrj.ed out until the sanple fail-ed.

Tegþ Results

Data fron one conplete shear test included. the initial

volune of the sanple; the initial sample dimensions; the level

of the mean normal stress; the net volune change caused in

consoliCatlng to the mean normal stress, the vertical stress
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inerements¡ ceIl pressure Cecrements and the resulting voli¡ee

changes anC vertical displacenents. Fro¡:t this data tire initial

and final degree of saturation, initial and final void. ratios,

and the vold ratio at the preconsolidation pressure were

d.etermineC. This data is given in Table IIfr Appendix If. The

deviatoric stresses were conputed from equations(1) to (3). The

deviator stralns and the resultant deviatoric strains wel-e

computed using eqúations (S).

In t¡e computatj-ons of stresses and strains the follovring

sign convention vtas adopted. Cornpressive stresses and ':

eompressive strains are considered to be positive' An íncrea.se

in volune is also considered to be positive v¡ith the impllcation

that increeses in dimensj-ons are positive w-Ìiích is inconsistent

r'¡ith the assertion that eompressive strains are positive. To

achieve consistency, a negative oign l'uas used in equations in-

volving volune change or dimensional changes.

fn a triaxial test the strain contponent in the direction of

the major principle stress'wi1l be:

in whichÀh is the

initial height of

The ninor and

tr Ah-E;

to be equal. Hence ¿2 = Eg.

. The conponents e, and e, can be conputeC fnon the equation

by Ladanyi8 (1960)

oa/ao= - f .....(10)

change in helght of the sanple end ho ís the

the sample.

intermedie.te principal strai-ns are assuned

.. .. . (9)

4"-:

lr
r'',i



39

in lvhich d is the change in dj.aneter of the sanple anC do

is the initial di-ameier of the sample. This equation 1s
o

deriveii. in Appendix I. It also has been shorvrt by Ladar¡yi (tgOO)"

that for smal1 strains the equation can be represented by:

^Ad = " h , ÀV ¡'h \
do t%,% -6"-) r

The volunetric strain can be represented by;

E= âL. ....(11)
vo

The follorving relationship is also true for volune change

under imposed stresses

ff = rI + tz + rg + t,tz * 
"L.tg 

* ,ZtB *tltzt, .. (-r-2 ¡
'o

The higher orders are usually neglectei and the eque.tion

is approximated bY:

A\T-v 'L * t'Z + t3+ r.^ + E^ .... (Ì3)
vo

The deriv¡:tion for this equation is shor,'¡o i¡ Appendix tr.

The corrected area and volume for eech test was conputed

before starting the test. IIet volume clienge ancl vertical- dis-

placement v¡ere used in determination of the eorrected. area. In

a saturated sample the ne1',' area is deternined from the

following equation:

Ac = Ao r L-i-L4.a ) .... (14 )t l-. - aj:r/ho '

This corrected area rvas ehecked by conputing tire nev'I aree

fronr the change in diameter as given by equation (1O) '
In order to. deter.nine the axial load that was to be ap-

plied to increase the resultant Ceviatoric stress lvhile



slmultaneousl-y naintaining a constant nean normal stress¡

the area of the speeimen under the nev¡Iy applied load had to

be predicteC. The prediction rvas based onpreviously obtained

Thls method gave satisfactory agreenent ïr/'ith the areas

conputed: after the application of each increnent of load-

ing.

All cornputati.ons for the shear'tests were done using a

conputer program d.esigned for use on the IBt'l 360,/65. the data

is given in Table fIï, Lppendix fïï.
The test data showing deviatoric shear stress versus

devihtoric strain for al-l teste are shor,vn in Figures 1?

through 31. The volume ehange versus deviatoric strain is
also shor,rn on the figure for each test. The sol-id line rep-

resents the nathe¡natieal stress-strain relation.qhip which

will be discussed later.
Figures 32, 33 and 34 shov¡ a suïnnary of the tests for

Blocks Ar B and C respectively. The resrrlts of tests con-

ducteC on soft samples are sholrn in Figure 35 and the results

of a test conducted on a stiff sandy clqy is shovrn 1n Figure

36.

The vohrrne ehanges were plotted against the deviatoric

strain for each test. The upward sloping eurve denotes an 1n-

crease in sanple si.ze or positive dilatancy, Examinatlon of

these curves gives some idea of the behavior under varying

degrees of overconsolidation and the behavior of a norraally

consolidated c1ay. The nornelly cons'olidated samples shov¡

40
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decrease in volume or negative dilatancy whlle slightly over-

eonsolidated samples, with an overconsolidation ratio of X.33

or great el ;' 
' shov¡ very snall Íncrease in volume or positive

di1atancy...-..:.-i.-.,-''l...:.:-;.'.::.....-
':'',.. T+ro samples tested from-Bloek B exhibited different. t . "/:

'i

behavior than the other sanples taken from the same block.

These samples ; nrimbers 158 and 198, contained mairrly 'siltyr ' '

san{¡r material witfr numerous smâIl stones and the void ratios

werè -much lovrer. Both tests shorv a much steeper stress-strain

relatíonship than the other sanples.

Initial conditions lyere difflcult to define in some of

the deviatoric Stress-strain CüIVêS. It ean be seen that on

some of the curves a concave up\rards. shape exists initially.

Since it is a smooth curve it wotild not appear to be an irregular

seeting error. ''i/hQn seating error lvas noted during a test the

curve rïas generally similar to that depicted by test No. I2B,

Figure 24.. These curves have been 'corrected as shov¡lt. fnitial

effects such as this may not be significent in the overall

picture. The behavior could be inherent in the laboratory tri-

axial test due to some softening because of the use of back

pressure. Kondner4 (fgOS) noted this effect and suggested

that it is not necesserily due to a seatlng êrror'

; ft has been suggested by Koni.ner4 (fgOg) tf¡at tfie st¡'ess-strain

curve for a cohesive soil follolvs u """at.tgular 
hyperbo}a curve

Shear l,íodul-us Analvsi.s

(
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Fignre,3?, Reetangular l{yperbolic Representation
as Äpplied to Ðeviatoric Stress-Strain
Rel-ationshiP.

L/a = tanO

ÐE\TTATORTC STRATN ád
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A description of this shape of curve, modified for deviatoric

stress and strain is shonn in Figure(eZ) '.-

The initial slope of thÍs curve is equaÌ to I/a v¡hich

equals tan Q. The value of 1,/a is equal to the initial tangent

shear modulus Go. Go is defined as the shear modulus rvhen the

deviatorl stress components are all equal to z€Tor

The upper limit of stress reacheC by the eurve j-s

by the pare.meter I/b. The equation of the curve then
Itaåsd = aTE;-o

The initial sheer

strain curves. In order to define the parameter rrbrr the

deviatoric stress and strain at fallure along v¡ith the parameter

"a?r can be used in equationCi,s)to conpute "b''.

The last strain increment is sometiraes diffieult to define.

fn order to get a better value to use in the computation of "b"

the points on the stress strain curve can be extended to verify

that the last reading taken during failure is part of a smooth

curvê. This final strain can be used in the eomputatlon of rrbrr

and the theoretlcal curve can be determineC frou equation (t5).

Several eomputations of each curve had to be made because'the

initial tangent is also difficult to deternine thus several

attempts vril1 give the best fit of the theoretical curve to the

actual data. The conputations v,¡ere done using a computer program

so that a number of trials cor-rld easily be run. The curves.

. determineC in this manner are shor,'rn plotted as solid lines in
I'igures 18 through 32, The equation of each curve is given

modulus can be deternined from the stress

defined

becomes:

....O5 )
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The values of tat and rb'rlrere plotted against the mean

normal stress for the tests and are shown in FiguresSS and 39.

ft ls apparent that these parameters vary according to the mean

¡rornal- stress. These parameters also appear to be dependent on

the plrysieal charecter.istics of thê soil. The values obtained

appear to agree over a range of vold ratios for eereh individual

block of material. There is a differenee in the paraneters ob-

tained for the different bloeks of material. This 1s probably

due to varlation in the stiffness and void ratios of the dlf-
ferent blocks.

The sl-ope of the conputed curves is the first derivetive of

equation (15Þ and represents tfre shear modulus. The shear modulus

G, ls gj-rren by the following equation:

Ç = Go(l-b *u)' .... ( 16)

Conelus:!ons

The data from the shear mod.r¡lus study is sufflcient to
nake some definite conclusions about the shearing behavior of

the Lake Agassiz CLqy. The deviatoric stress strain behavior

can be adequately described by use of the following rectangular

tryperboLâ curvêo

sd=

This equation is a slight modifieation of the one proposed by

Kondner. The advantage of this form of representing the dev-

latoric stress-sirain behavior is that the first derivative of
the equation represents the slope of the curve. n'hich defines the

ta
a+hf¿
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sheer ¡rodulus G. The equation i-s:

G = Go(]-btU)'

The paraneters rratr and '-'b" cen

of the rnean nor'nal- stress, the soil-

stress history anC the soil fabric.

properties and knorving the stresses

shear modulus can be determined.

be cLescritred as functions

type, the voicl ra.tior the

Thus using tlie soil

applied, the velue of the

67
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. CILqPTER V

FAT].,URE CNIT-I]ìIA

The drained shear strength of cJ-a¡' is usually describecl

in ter"¡ns of c I , the cohesi-on and @ 
a , the angle of shearing

resistance of the soil. rn a triaxiar test run at""on"tmt o-
é

-the shear stress can be defined as el( Õ'l- o'g) in r¡r,hich oa and

O, are the nnajor and mi.nor princlpal,stresses respectively"
The failure envelope is described by c' and Nf.
. fn a triaxiaL test run at constant nean nor¡aal stress the

shear stress at-failure-ce.n be descríbed by the resultant
deviatoric stress sd. Domaschuk (lgcB) 5 irrrru"tigatec the

relaiionship betl'¡een the mean nornal stress and. the resuf-tant

deviatoric stress at fail-ure. His investigation was based on the

results of consolldated uncìrained triaxial tests, The relation-
ship betr,veen the mean norreal stress and resultant deviatoric
stress at failure r'¡as found to be linear.

The resultant devietoric stress at failure lvas pLotted against
the meatr normal stress for each Crained triaxial test perforined.

in the shear modulus study. The relationship is shor',rn Figure 40

for Bl-ock A, Figure 41 for Block B and Figure 42 for.Block c.

These figures exhibit the apparent straight llne relationship.
1þs ve.lue of resultant deviatoric stress at a üean norma.l stress
equal to zero l¿las computed by trial and error for each set of cata.

The failure criteria as described by Donaschuk (rgoa)5 içi
q = r- -t- -¡'T-df ,' +m0rt

....o.."(LZ¡
in vrhich Sut is the resultant deviatoric stress at failurc, k
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is the i.rtu"..pt at a mean

is the slope of the llne.
The failure criteria

figures. The conventional

also shor'¡n on each figure.

The data for Rl-ock A

triexial tests run in the

These points appear to fit

?2

normal stress equal to zeror aûd &

Conclusions

The failure criteria describes well the relationship between

mean normal stress and resultant deviatoric stress at faiÌure. The

straight line failure criterÍa describeC by equation (1? ) can

be useful in the solution of certein'stability problems analyzeð'

on the bases of mean nornal stress anC resuliant deviatoric

stregs.

for each set of data is shor¡n on the

drained shear strength parameters are

eontains the resul-ts from four drained

conventional- manner with S, cònstant.

the straieht tine relationship well.
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CHAPT R VI

üENENAI CCNCLUS]CNS AND

RECO},I]\TOhIDATIONS FOR FURTI]ER STUDY

The elastic parametersr btrlk modulus and shear mod.ulus

are dependent on the nean normal stress level for a given

soil. These parameters can be determineC by usirr.g the

drainecl triayial. test run at eonsta.nt nean normal stresso

Prulk modulus ean be determined. from the volu¡¿etric stress-

strain relationship determined from an lsotropic compression

test. Mean normal stress versus bu1-k modrrlus can be developed

for given soiLs"

The shear mod.rrlus ean be determinecl from eonstant nean

normal stress drained triaxial tests. The shear modulus nay

be described by equation (16) if paraneters for an average

eurve equation descibing the der¡j-atoric stress-strain relatlon;-
I

sirjl a¡-e determj-ned"

There1ationshipbetweenthe.meannorma1stressand.

resultant deviatoric shear stress at failure forms a unique

failure theoryo

Rec,onmendations f,or F Stqqy

The study of buì-k modulus and shear modulus should be

ertendedthnough a vari-ety of soil profiles which woulci then give
complete coversge of the Lake Agassi z àr.êào These studies

shoutd include soils at higher and.1ower preconsolidation

pressure than the ones already st,udied.

lhe use of the bulk modulus and shear modulus ehould be

êrbended to caleulating settlements 1n clay siniliar to that
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studied by Domaschukl3(1965) for sand.

¡i.ie1d observati-ons should be made of se'ctlements produced.

by a boundary load and these observations should be compared

v,rith an analytical solution based on the use of bulk modulus

and shear mod.u].us. P

.4. computer program vri1l have to be developed to caleulate

se"tlelaents at various Points.

Ihe above recommendations involve a 8reat" dea]. of vrork

but lyould be very rvorthwhil-e. The stu{y undertaken by the

author forns only a small portion of this larger proiect.
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Derivation of tþe Equation for the Coqputation of
Minor Pri'ncipal Strain in a Tríaxía1 Test

For a soil sampLe of lnitial volune Vorând initial helght

ho, the lnitiaL area is given by:
vo

Ä .= i,-..oh
o

fn u¡hieh A^ is equal to the initial area of the sample.o

Duríng the the test:

v -Avo
å= 

--
*- ho- 

^h
The differenqe between the area at ar¡y tine during the

the test and the initial area is:

vo- Æ vo

76

or: u3 no I t- AvÆo I
r= rcaz_aft = *;_ | ,_*^, 1o¡-oJ

rn which d is the diameter of the sample at aqy tine during

the test and do is the initial diameter of the sample.

Rearrange this equatÍon:

A-Â =o , ho-.ah ho

ê2- d3

: d
o

].- AV,/V
=- o -11-Ah,/ho



or:

Fa*å2

tï1 =

T. +Ad/do

r -^vÆo
1 .lÀh/ho

= ll -"*"t-
V 1 - ¿ltt/ho

1

l.hich also eqrtals:

f:---
/l - v\lnoûarl,/vo -6rtliro)

^. 
d,/do =

77

kincir:gl $traijn

Tkre ratio of the change 1n volume ÀV to the initial volume Vo

is given by the follotring relationship.

V- V

AV/V = or-
o uo

In anelement of material:
AX L! 

^yE=¿'
1-d* .dy

Substituting:

av/vo = (f +'qr)(f + er)(1

tion Re

-1

Volu.netric

Az
a(' dz

*tg)-1



Rearnranging:

o=tli tz* tB*' tz*

Negl-ecting the higfer orders this

by:

^VÆo= 
ttn''e r* t ,

tl tB * t2 tg * tl tztg

equatÍon can be appr.oxÍna.ted.

7B
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DATA S}IEETS



TÀBI,E II

DATA STJ¡.NüRY OF TSOTROPIC CODPRESSTON TESTS

Test No. 3A

ê. =1'62L

ec=I.41

6 av
m

psÍ ln1.

oo
5 2.05

10 3.41
15 4.43
20 5.40
26 6.95
30 7.n

v/v'o

96

o
2.26
3.7 6
4.89
5'.96
7,00
8.02

80

e1=1.59

ec=l.38

AV

lll1.

o
1.10
2.30
3.3?
4.53
5.90
7.10
8.70

10.30
11.60
13.15
13.80
14.60

o
m

psl

o
5

10
L5
N
23
30
35
40
45
50
55
60

lest IIo. 54,

ê. =1.591

e =1.38c

On av
psi rn1.oo
s 2.70

10 4.29
15 5.95
20 6.10
25 6.g0
30 7.29

v/vo

%

o
Ì..25
2.61
3.7V
5.15
6.70
8.07
g.gg

Ll-.?o
13.18
].4.94
15.68
16.59

YNo
%

o
3.Og
4.gg
6.10
6.95
7.75
8.31

lest. No. 6C

e1=1.66

.o
IIpsi

o
5

10
L5
20
26
30
35
40

ê"=1.43

AV
II11.
o

2.Lg
3.63
4.79
6.07
7.Lo
7.72
8.48
9.56

yfr[ 
o

96

o
2.46
4.r0
5.39
6.85g.ol
g.7L
9.57

10.79



lest No" 7C

o =L.47
t-

e =1.31c
Àv

. mJ.

o
0.92
2.42
9.42' 4.n
5.07
5.94

o
m

IABLE II(continued)

psl

o
5

10
15
20
2õ
30

vfru
96

o
Ì.04
2.73
3.86
4.82
5.72
6.70

Test No. 8C

ê. =1.4IL

e =L.t7c
oav

m

psi m'l .

oo
5 0.95

10 2.65
15 3.05
20 3.65
2A 4.3S
30, 4.95

Test No.9C

ei=1.5L

ec=l.32

Âv

tL]..

o
2.70
9.50
4.20
5.00
5.70
6.50

81

on

pst

o
5

10
15
20
25
30

YÆo

96

0
1.09
2.93
3.50
4.19
4.99
5.68

yfrf 
o

%

o
g.u7
9.98
4.77
5.68
6.47
7.38

Test No. 1OB

e. =1.39t-

e =L.23c
o, av YNo

psi E-1. %

ooo
õ I.20 1.38

Lo 2.70 9.10
1,5 3.40 3.gL
20 4.20 4.83
25 4.90 5.64g0 5.60 6.46
35 6.40 7.36
40 7 .40 8.51
45 8.10 9.32
50 9.05 10.40
55 9.75 11.21
60 1L.o5 L2.70



fest No. 138

er=l.0S'

ec=O'85

o av
m

psi ¡I11.

TABLE II (continued)

o
2
5

10
20
80
40
50
60

o
0.90
1å80
3.05
4.70
6.20
? .?O
9.60

10.60

Yf't 
o

%

0
L.04
2.O7
3.51
5.4L
7 .14
8.86

11.05
L2.20

fest No.L4B

€. =1.L91

e =1.01e

oav
m

psi ü11.

o o-a 1.lo
5 2.L6

10. 3.55
20 8.45
80 7.15
40 8.80
50 L0.90
60 11.95

Iest No. L?B

e1=1'02

e =o.82c

O^v.m
:-ps1 nI.

82

o
30
l_5
:o
10
20
go
40
50
60

yfy 
o

16

ol.n
2.48
4"Og
6.n
8.23

L0.13
12. õ8
L3.?7

o
6.40
5.30

4.?A
6.15

..?.48
8.65

10.20
lL.65

vfra
96

o
7.3?
6.L1

5.4[
? .la
9.62
9.9?

11.75
13.41

test No. 188

ei=l.31

e =1.02c
o* av yfYo

pgl ml , dro

0
2

10
20
30
40
50
0

Lo
20
30
40
50
60

o0
0,60 0.69g.?o 4.27
5.go 6.80
7.50 9.65

, 9.2O 10.60
10.80 I2.45

7.05 8.1_3
9.40 10,81

1r..20 12.90
L2.40 L4.28
13.?O 15.80
L4.90 17.15



Test No. 23D

ê1=1' 58

eg= 1.32

TABLE II (continued)

oav
ul

psÍ rlf.. -

o
2
6

10
20
30
40
50
60
70
80
90

o
o.40
1.65
3.40
6.OO
8.10
9.70

10.90
11.75
12.80
13.45
L4.40

yfr{ 
o

%

0
0.46
L.90
3.92
6.93
9.33

11,18
12.43
13.51_
].4.72
l.6.47
7-6.82

Test No. 24B,

e. =1.55I
e =L.39'c

oAv
m

psi r!-l-.

o' o
2 0.50
õ 1.90

10 3.60
20 5.30
30 6.80
40 8.10
50 9.35
60 10.65
70 L2.50
80 13.40
90 _ 14.60

83

lest lilo. t7D

ei=1.58

on

ps1

o
5

10
20
40
80

e
c=:L.4L

AV

. D-1.

0
0.71
2.rl
4.30
7.30

10.80

Y/^t
o

?6

o
0.66
2.54
1.7 5
6.gg
8.96

10.69
L2.32
14.05
16.50
17 ,70
19.29

Yfro

?6

0
0.91
2.72
5.55
9.42

13.92

Test No. 28Ð

e. =l-.5,9a

e =1.39c

oÄv
m

psi m'| .

oo5 0.s
10 L.gl
20 3.7 5
40 6.7 5
80 10.?o

Yfro

%

0
0.65
2.47
4.95
8.77

13.80



,. 
i .' T¡,BLE rrr

computer Print oltt of Data From Constant I{ean Nornal stress

Shear Tests.

ExPl-anation of Tables

,Not": Constant lÍean Effective Stress In Tables Refers Tò

Constant ldean Normal Stress.

Initial and Final Dry Density = Rdg. rc2.4)

tnitlal and FÍnal % Saturation = Rdg. OOV")

Initial and FÍnal }Íoisture Content Rdg QOØ")
â

Sanple Volume fn cm-'.

Sarnp}e A.rea fn sqn inches.

SYnbols Used

Sl- = Major ParinciPal Stress

S2 = Minor PrinciPal Stress

El = strain In Direction of }Tajor PrinclpaS- Stress

Ê2 = Strain In Ðirectioa of Minor Principal stress

E I4EAN = l,/g(Et + 2EB) .

..¡ |

DEV SIRESS = Resultant Deviatorie'Stiêss

DEV SÎRAIN = Resr¡ltant Deviatoric Strain

84



,!
8S

14 EAI.J EF FECT iV E STP. ES S

CONSTAIM },TOAN TïORIiAL STRESS STIEAR TESTS

1.033

L .624
'': t,

0.977

T¡.BLE ÏIÏ

\lt ;nrn -O 3,\ C'OI\i STA¡tl

90.654
: ,' ...r"'

0.585

0.500

tSCTÊnPIC CQI'¿PRESSIOTTI= îi A3.384
:---

INITIÀt- VtID PATI0=

'.....1

I I'! T T I AL VCLUI,!F OF SA 4PLE=

,jl 
..:.', -,. .l. ,,:t.:..:..:.:-....

I i\I T T AL If[.JI'STUP.E COI.ITFI.IT=

i\JI TI¡\L SÂTIJRATI ON=

1.900

T E qI.

ç CCi.,J.STAIJT.
SS DEV SliìAI

t. 003 7
0.01?.0

. c.!)042
- Ç.4D45
0.c06E
a.oQ7L
0 . cc 7É-,

Q.01?4
ó.ol3q
0.0t68
(1 . O3Cç:)

; 0.03É-r?
c.0395

i o.o50r,
'o . Io?¿+

F I i!AL. i.ir:ì I srr_.¡qE ctN-rF|\,T=

COI,iPRËSS IIIN=

ST i"iEA¡i STFES
\!I: tltl ñct/ ernr.L ,li' Ut- tt J I ^. l--

0.il003 L.?-2/+1
c .1aû4 ?- .44q5
?,.Ojli/+ i.6742
C. Orìf; 4 /¡.3ggO
0.0C1)/, 5.L237
c.00cî 7 .?485
C,0100 3.573?
Û,t)afrrt 'Y-.7r)¡1 ry
o.¡ft5 IL.Ð2?7.
0.00(ì2 l?_.2471¡
t.a0(,r3 1.i.4722
C.rllO? :L4.Sc)6s
C.û00:? 15 .gZL7
0.otliâ_17.L45/+
n.c0cI l3 .?,7'1.2

ARË,A ÀFTII' ISCTR.CPIC

V{ìLUi'¡E ÂF T EiÌ

IE
r

SH FAR
sl 53 Et tr-1

ì.0n. 0.50 0.1033 -(i,0t12?;00 \.r) C.nC2Ê -î.,'rtrÌg
-3 .1t I .5n 0. ¡r-t:lF -n .11ô13
4.C;a) ?-.Cj 0.11.)ál -{j.Cl1zi
5. {)0 2 .5C 0. oC5rì -1 .^I?-4
{. . ô0 3 .0rl }.1îíL? -). Oi)3 ì
7. oC 3 . 5 {l 0.1î t:Z -c,. tC.1l
3.Cf_i 4.,J0 O.i']no(, -A.í)15i;o.C, C 4.5C rl .'ll'jrt -1 .)lÍ¡2_('.(, 5.0,1 n.î131; -t).,'l .)71
1.{lî 5.5t1 O.o?t++ -î.,)lZ,?.AC' 6.0i) 0.CZq.,) -n.{ll4É,J.c1 5.5C O.a??1, -rì.^15î¿..t 0 7.Olì .j.:l 4lí, -t).:-\?.1 ?
F, ft(\ 7 Ë^ 1\:,. (.,r..: r .)í-i r¡.4?,ln a0.r)ál-9

0.97'FTflAl_ çÂTtJt¡.IION=

FI,-!TL SATIJI.'\TTÎ¡J CiII]'}I]TFf-' FÎ ]iì F I\,IrL IiCISTIJPE=

J
2
3
4'5
6
7
I

l0
tl
L2
l"
1+
15
Ié

I . i 2'lFIl.l^L t)frY D[¡JSITy=



TEST i\!UI.iBi!I 4A CCI'JSTAi']T IlEAI'.I EFFECTIVT STRESS
: ',.. .".

IIiITIAL l)FY ÐFi!S, JTY=

I!',lI TIAL VCtD FATI0=

INI TI AL SATI'{ìI,TION=

IhIi TT ¡'L þiNI STI.JP,E CIJNTEITIT=

I ¿046

I r 590:

:...
L.a?-?

i.l_'ii!-i1j.-ls.l!l]_L-__.Ç_!--\i_r_l=_r*=--_*_o_,J_L7

.t s1
7. '¿ . í.) et

3 4.{iC
4 {, . r:,c
5 f-r . a,0
(, lit.¡'¡
7 12.í:t:
'9 !1,.t-tti
q lí,.liC

l(J l-8 . Cr^,

tl 2rì.[:C
lJ )1.t',(';

B6

Vi]I.tIi'lË AFIEÊ ]St]TR[]PIC Ci}I.iPRESSTCi\i=

CF SAMPLE=

.\gEA-ÂEI E8.-IStTÊùP IC COllpRÊ-SS ICN=__

s3 :r tiTt"
1.ll o.r),1?l -iì.,'ìOt"
? -0Ç f. il{i? 5 -;l .îiì ì.1r

3.ô'1 1.r)1¿? -.).n151
4.11 n. r-ìlÇl -a) .('1.52
5.0rr 1.12.,,L -ll. cû74
(r.Cû n.1?qC -1'.ìfr77
7.0r1 1.13i5 -rr..,1.15
8.{líl 0.fi4|,4 -c:.rtLl 2q.0l_-ì 0. c4P l -c. ô,1,15

l_o .11 1.0t,oÉ -¡ .0237
ll.nrl f.1101. -0.{l??fì

83.033

:

.0. ó00

FIj';iil tr!ìY ftl':ijSIT\'=

F I I 1!t ! ¡. TtrR 1T I n'i ci.ìt1p i tï 
=tl

TtsT vF^¡t
C f'ìE AÈl DEV
0.oof? 2
Cr.00C 2- 4
0.r,ìc13 7
0..i02?. q

C.rlC35 12
c.Dl 42 i 4
0.0c 4? 77(l.rlt63 1q
c.0097 2?.
0.l1grr ?4
0 .00q î.t ?()

13.433,

--_ I - 57S_

STPES
ST?E

.41¡95
'e.:] cn

" 3¿:35
. 7910
.?474
. 6 9óc.)

¡ L-il9
.5559
.c454
,45 4q
.9 4/+4

s cÛNSTai'¡T
SS DEv SrRAIt,i

0.0O3 5àk)¡X< ti*l
c. 00 40
0.ol5tì
0. 0 2Q,á
ô rl-?t Q

0.02ô?
c.032ó
C .,3 ¿,'¿ q

o .047 0
Q.A77e
c.l2lÉ,

L o 3t.¡ I

Fl.)tt F J ¡i¿\L i.iIISTtJ,R E=

F I i,J.AL SiiIt_t,î,AT I üf.l= L.C32

1 . ?.95



TEST NUI,!BER 6

TNITIAL DRY DENSTTY=

INIïIAL V0fD RATI0=
.'',,

INITI AL SATURATION=

'

CONSTÂNT MEAN EFFECTIVE STRESS

INITIAL VOLUI./tE OF SA|t'lPLE=

TNITIAL MOISTURE CCNTENT=

87

I .017
'.. 

.

1.ó64

1.037

FTNAL MOISTURE CÛNTENT=

VOLUi4E AFTER ISOTRCIPIC COMPRESSI0N= 78.652

AREA AFTER I5üTROPIC CûÞIPRESS ION= I.628
''_. - --

J"2
'3
-4

5
6
1
I
g

lo
11
L2
13

st
2.00
4.00
6.0c
8.00

10.0CI
12.00
14.00
16.00
I8.00
20. c0
2?.0a
24.00

S3
l.o0
2.OO
3 .00
4.00
5.00
ó. o0
7. O0
I .00
9.00

10.00
11.00
12 .00

88. ó12
:'.

0.637

c.539

E1
0.0027
0. 0 045
0,0068
0. 0079
0.0133
0 . 0193
0.0302
0. 042 B

o. 049 I
0.0ó78
0. 08 52
o. l2l4

SHEAR
E3

-0.0011
-0.0019
-0.002 1

-a.oa27
-o.oa42
-0.0c53
-0.0067
-0. 01 1ó
-0.0147
-0.0215
-0.0291
-0.0453

1.191FI¡¡AL DRY DENSITY=

TEST MEAN STRESS CONSÍANT
E MEAN DEV STRESS DEV STRATN
0.0002 2.44q5 0.0031
0.000 2 4. Bgrl0 0.0053
0.0009 7.3485 0.0072
0.0008 9.7980 0.008ó
0.0017 L2.2474 0.C143
0.0029 14.6969 CI.0201 ,

0.0056 17.L464 0.0302
0.0065 19.5959 0.0444
0.00ó6 22.A154'0.0521
0.0093 24.4949 0.0?29
0.0097 25.94/+4. 0.0925
0.0096 29.39i9 0.1369

FINAL SATURATITN CO|TPUTED F,q OM F I NAL MO I STUR E=

FINAL SÂTURATION= l.o4g

l. l4ó



TEST NUI,IBER 7C CONSTANT MEAN EFFECTIVE STRESS

INITIAL DRY DENSITY=

INITIAL VOID RATTO=

INI Tf ÂL' SATURAT.IONJ

INITIAL VOLU/'4E 0F SÀllPLE=

',
INITIAL MOTSTURE CONTENT=

1 .096

1,.473

1.073

FINAL MOISTURE CONTENT=

VOLUME AFTER tSûTRtiP IC COI4PRFSS IoN=

AREA AFTER ISûTROPIC CnilPRESSItN=

88

SHEAR TEST YìEA¡i STRiSS CONSTANT
J S 1 53 EI E3 E MEAN DEV STRESS DEV STR,Â TN

2 1.00 0.50 0.0010 -0.0005 0.0000 'L.224-1 0.0012
3 2.O0 I . O0 0.0020 -0.30 lo -0. oo00 2 .449 5 0 .oo24
4 3.o0 1.50 0.0081 -0.0029 0.0008 3.6742 0.0090
5 4.00 2.00 0.0090 -0.cc33 0.0009 4.9990 0.0100
ó 5.00 2.5O O.0100 -0.0038 0.0009 6.L231 0r0tI2
7 6.00 3.00 0.0I0? -0.0042 0.0008 7.3485 0.0121
8 7.00 3.50 0.0133 -0.0054 0.00c8 -8.5732 0.0153
I 8.00 4.C0 0.0143 -0.0054 0.00I2 9.7980 0.0161

10 9.00 4.50 0.0163 -0.0058 0.001ó Ll.027_7 0.0191
11 10.00 5.00 0.0204 -0.0067 0.0023 I?.2474 0.0221
12 ll.o0 5.50 0.c229 -c.o077 0.o025 Lv.472? 0.0250
13 12.C0 6.00 0.A240 -0.0079 0.0027 1/+.69ó9" 0.0261
14 I3.0C 6.50 0.fi295 -0.01CI1 0.0031 15.92L7 0.0323
l5 14.CC 7.00 O.û355 -0.OLz.+ 0.0036 17.L46t+ 0.-0390
ló 15.O0 7.5O 0.:0373 -0.0133 0.003ó 18.?712 O.04t3
17 1ó.C0 8.00 0.043ó -0.0165 0.003ó lg.5959 0.0491
l8 17.O0 8.50 0.o5oB -0.02ùl 0.003ó 20.8206 0.0579
19 18.00 9.00 0.0710 -0.0309 0.003L 22.0454 0.0932

gB.ó12

0.583
'':

a.571

al

8?.67 2

1,679

F TNAL DRY Di:NS ITY=

FtrNAL SATURATfCN Ctì'llPUTED FR0l4 Ft¡lAL HCIISTURE=

1. 190 F INÁL SATURAT[0N= 1 .0 81t

1. 105



TESÏ NUIqBER 8C

TNITIAL DRY ÐENSITY=
'.

INITIAL VOI D RATIO= 1.410

CONSTANT HEAN EFFECTIVE STRESS

INTTTAL SATURATION=
.-. --..,: ....--i.. -.r,,,...-,-i.--.. --.,. L.. ...--

INfTIÂ.L MOISTURE C0NTENT=

AL VOLUi'1E tF SAI'IPLE=

' _"' -,i '

. s1
1.00
2.C0
3 .00
4.00
5 .00
6. C0
7. 00
8.00
g.0c

1o.00
ll.0c
12.00
13.00
14.0C
15.00
1ó.00
17.00
18.00

89

1241.
,.'.''...

FIilJAL MOISTURE CÛNTËNT=

J
2
3
4
5
6
1
I
9
0
I
2
3
4
5
6
1
B

9

VOLUI'!E ÂFTEfì tSOTRCPIC COMPRESSIUN=

o.989

s3 ,.

0.50
l.o0
I .50
2.00
2.5A
3 .00
3.50
4.00
4.50
5.00
5 .50
5 .00
6.50
7,ù0
7 .50
I .00
8.50
9.C0

I
I
I
I
1

I
I
1

I
t

.El .

0.001 B

0.0025
0, 002 8
0.0029
0.o442
0.0053
c.0075
0. 0085
0.0099
0.0115
0.0 150
0. 017I
0.0208
0.0285
0.0311
o.0392
o.Q424
0.08ó2

81.I49
-:': '.t- ';:ì" : ,

0.515

0.481

SHETlR TEST i\'1E

-. -E3 .,. ...,E, MFAl.l.
-0.0009 -0.o000
-0.0012 -0.0c00
-0 .0014 -0.0000
-0 .00 14 -0 . 0000
-0.0021 -0.0000
-0.0027 :Or0000
-o . 002ó 0.0008
-0.0037 0.0004
-o-oo44 0.0004
-o,0Ð46 0.0008
-0.0060 0.0010
:0.C077 0.0005
-0. 0093 0.00c 7

-0.0121 0.0014
-0.0129 0.0018
-c.01ó8 0.0019
-0.0185 0.0018
.-0.0¿tLT " 0.00L0

F TNA

AN
DE

STRES
V STRE
1..2247
2.4495
7.67 42
4. B9 90
6. L237
7 "3495
8.57 72
9.7980
1.427_7
2.7_474
3.47 22
4.6969
5.92L7
7.L464
8.?.712
9.5959
0.820ó
2.0454

L DFY DENSITY=

FINAL SÂTURATITN CO¡,IPUTED FROÍ{

82. 199

S CONSTANT
SS DEV STRATN

0.002 2
o.0 03 I
0.0035
0.0035
0.0051

.., 0.0065
0.008 2
0.0099
0.01 17
0.0131.
0.0171
0.0203
o.o246
0.03 31
o- 0360
t.Ot+57
0.0497
0. I 044

I
I
1

I
I
I
I
I
2
2

L.202 FTNAL SATURATTÛN=

F I i\IAL Mß I STUFT E-

0.9 88

[.040



TEST NUMBER 9C CONSTANT MEAN EFFECTIVE STRESS

INTTIAL DRY DENSITY=

INt TI AL VOI.D RAT IO=

:,

TNITT AL SATURAT ION=

TNITIAL VOLUME OF

INI TI AL HOI STURE

1.08I

1"507

1.001

F TNÂL MO I STURE CL.}NTENT=

VOLUME ÀFTER

90

SÂHPL E=

.,

CON T ENT=

J
2'3

'4
"5
,ó
''7
'8
"9
'lo
'11

l2'13

..to

rtt
FI

AREA AFTER I StITROPIC CoMPRESSIBN=

(

sl s3)
1.00 0.50
2.OO l.O0
3. Of) I .50
4.00 2.00
5.00 2.50
ó.00 3.00
7.00 3.50
8.00 4.00
9.00 +.50

10.o0 5.oo
11.00 5.50
12.00 6 .00
13.00 6.50

88.037

o.557
':

0.534

ISOTR0P IC C0MFRESSION=

E1
0.0036
0.0048
0.0055
o. 0064
0. o 071
o. 0090
0. o1l2
0.0159
0.0 172
o.0203
o.0267
o. 041 I
0.055ó

SHEAR TEST I,IEAN STRESS COT.ISTANT
E3 E HEÂN DEV STRESS DEV STRAIN

-0.0012 0.0004 1.2?4f 0.0039
-o.oo24 -0.0000 '2.4495 0.0059
-0.0034 -0.0004 3.6742 0.0072
-0.0044 -0.0008 4.8990 0.0088
-0.0054 -0.0012 6.1231 0.0102
-0.00ó3 -0.0012 7.3485 0.0125
-0.o0Bl -0.001ó 8.5172 0.0157
-0.0117 -o.O025 9.7980 O.O225
-0,0127 -o.oa21 LL.0221 0.0244
-0.0149 -0.0032 -L2.2474 0.0287
-o.ol85 -0.0034 13.4722 0.0369
-0.0271 -0.oo4l I4.6969 0.0562
-0.0365 -0.0058 15 .9217 0.0752

NÀL DRY DENSI TY=

82.131

1.707

NAL SÂTURATION COMPUTED

1.134

FRûM FTNAL MOISTURE=

FINAL SATURAÍION= I .001

1 ,040

.l
,I

4

1



TEST NUT4BER IlB CÛNSTÂNT MEAN EFFÊCTIVE STRESS

INITIAL DRY DEitiSITY=

INTTIAL VOID RATIO=

INITIAL SATUR,ÀTIflN=

Ir{ITl AL V0LUME cF SAMPLE=

:.'

I f\I T T AL I4OI STURE CONTENT=

1.058

I.5ó1

I .040

FIXIAL þIOISTURE CÛNTENT-- O.ó09

VOLUME AFTER ISoTROPIC COÞtpRESSI0N=

91

J
2
3
4
5
ó
1
I
9

l0

AREA AFTER IS0TRCPIC C0HPRESSION=

sl 53
l-00' 0.50
?.oa I .00
3.C0 1.50
4.00 2.00
5 .00 2 .50
ó.00 3.00
7,00 3.50
8. C0 4.00
9.00 4.5û

E1
0 .002 5
0.0079
0.0.090
0.0102
0.0136
0. 0157
0.0210
0. o490

-0.0099

8ó.875
,.

0.599

SHEAR
E3

-0.0013
-0. 004ó
-0 .00ó3
-0.007ó
-0.011.2
-0 ; 013{)
-0.0135
-o.o152
0.0049

i. os7FINAL DRY DENSITY=

FINAL SATURATION

TEST MEAN STRESS CTNSTANT
E.MEÂN DEV STR,ESS DEV STRAIN
-0.0000 1.2247 0.0031r*****
-0.0004 2.4495 0.0 lo2
-0.0012 3.6142 0.0125
-0.001ó 4.9990 0.0 145
-0. û029 6.L237 0.0203
-0.0035 7.3485 0.o234
-0. o0 53 B .57 32 0 ,A 323
-0.0071 9.7990 0.06g7
-0.0000 LI.0227 0.0121

8).775

l.f 20

c0MPUTED FR0i.l

FINAL SATURATTON=

FT NAL MOT STURE=

1.043

i

L.123 .



TNITTAL DRY DENS ITY=

TNITIAL VOID RATTO=

TNITI AL SATURAÏICN=

INITIAL VOLTJME OF SAMPLE=
'

INI TIAL ItOISTURE CCINTENT=

1.0ó1

L.554

1.033

F I¡¡AL MOI STURE CONTEII.JT=

VOLUI'{E AFTEF IS0TROPIC C0MPRESSION=

, 1'jl '.

g2

AREA AFTER I SCTRCP IC C0T4PRESS I0N=

J SI
2 1.00
3 2.00
4 3.00
5 4.C0
ó 5. OO
7 6.0C
I 7.00g 9.00

t0 9.00
11 10.C0
L2 11.0c
t3 l2.cc
l4 13.0(-r

86.875

Q.592

0.582

53 EI
0.50 0.0017
I .00 0.0c35
I .50 0.0039
2.00 0.0c43
2 .5C C. 005 5
3.00 0.0068
3.50 0. C0g2
4.0û 0.0092
4.50 0.0112
5.00 0.0143
5 .50 0. 0 lg0
6 .00 0.o?2?
6.50 0.0379

SHEAR
E3

-0.0c1 2

-c.0020
-0.002 5

-0.0030
-c.0037
-c . c045
-0.0c6.0
-c.0070
-0.0091
-0.0 103
-c.0130
-c.o2L2
-c.0241

81.375

1.ó92

FTNAL DFY DENISITY=

rTST 14EAN STRESS
E ùlEAN DEV STRESS
-c.0002 1.2247
-0.0002 2.4495
-0.0004 3.6142
-0.000ó 4.8990
-0.000ó 6.I2v7
-0.00CI 7.1t 85
-0.0012 9.57?2
-0.00 r 6 9.79 flo
-0.0017 11.0227
-0.0021 12.2474
-0.0024 L'3 .47 22
-0.0034 14.6969
-0.0035 15.92L7

F INAL SATURATTOI\J CCI4PUTED

CONST,ANT
DEV SÏR.A II''I

c.0023
0.0045
0,0051
0.00 59
0.0075
0. 0093
0.0115
0.0132
0.0158
c.020I
0.0 2ó I
0.043ó
0.0505

1.123

FR014 FINAL MûISTURE=

FINAL SATTJRÁ.TI0N= 1.03ó

1.115



TEST NU¡IIIER 158 CONSTAT!T MEAN EFFECTTVE STRESS

INITIAI- DRY DÉITISITY=

INITIAL VOID RATIO=

IN.ITI AL SATURATIÐN=

Î

INi TIAL V0LUf-'rE 0F SAMPLE=

.:].''. . .. ]

INITIAL MOTSTURE CONTENT=

1.829

o.482

1.102

FINAL I'iOISTURE CONTENT= 0.18ç,

VOLIJI,ìE AFTER ISCTROPIC COMPRESSION=

J 51 53
2 1.0u . 0.50

'3 2.0C 1.00
4 3.C0 1.50
5 4.00 2.00
ó 5.0c 2.50
7 ó.00 3 ,00
B 7.0C 3.5A
9 8.00 4.00

l0 9.0c + .5a
11. 10,c0 5.00
12 ll.cc 5.50
13 12.00 6.00
14 13.C0 6.50
15 14. oo I .ao
16 15.0c 7.50

93

,4REA AFTER ISOTROPTC COMPRESSIÜN=

8ó. 875

0. 196

E-t
0.0c07
0, 002 3
c.0c27
0, c02B
0.0c30
0.0036
0" 0039
0.0050
0.00ó4
0. 00ó B

o. ü089
0.0112
0.018q
0. 0 229
0.0500

S.HE AR
E3

-c. cL'r04
-0 . {10 14
-0,0016
-0 ,0017
-0.00 [ 8
-0. c02 I
-3. 0023
-0.0030
-c. cc37
-0 .0043
-0.0054
-3.00óó
-0. 0110
-c.0l3l
-0.0289

1.902

ÏEST I'IFAN STRESS CONSTANT
E .I,.IFAN DEV STRESS DEV STRA iN
0.0000 L.2247 0.0009

-0 .000 2 2 .4495 C. C0.30
-0.0002 3.6742 0.0034'-0.000 2 4, 8990 0.0037
-0 .000 2 6 .1237 0. 0 03 9
-0.0002 7.3495 O. C046
-0.0002 9.5732 C.0050
-0.0003 g.7aa0 0.0066
-0.0003 LL.0227 0.0082
-0,0c06 L2.2474 0.0090
-0.00có L3.47?_?- C.0117
-0,000ó 14.6969 0.0146
-0.c010 L5.92L7 0.0244
-0.c011 17.L464 0.0?94
-0.0026 lB.37l2 0.0644

FINAL DRY DENSITY=

FTNAL SAIURATIOI\ COþiPUTED

93 .07 5

1 .701

FR,ûM FINAL I4CISTURE=

F I NAL SATURAII0tlt= 1.1ló

L.235



TEST NUMBER 168 CONSTANT MEAN EFFECTTVE STRESS
,':.' !...,. ''i'

TNITIAL DRY DENSITY= --v

TNITIAL V0ID RATIO=
- -r . . ll' ' ,, 

ì' 
- :::

INITIAL SATURATION=
:., : .,., .. i.

INITIAL VÛLtJHÉ TF SAÞlPLE=

INITIAL MOTSTURE CONTENT=

1.130

1.397
'

a.925

FINAL HOISTURE CÐNTENT=

VOLUI.tE AFTER ISTTROPIC COMPRESSI0N=

AREÂ AFTER IS0TROPIC COMPRESSI0I'l=

8ó.875
. 

r'-'.',ì 
l

o.471

0.49 3

J
2
3
4
5
6
7
I
9

sl s3
1.00 0"50
2.00 1,00
3.00 1.50
4. CC 2.00\
5 .0 c 2.50
6.C0 3,CO
7,00 3.50
8.00 4 " 00

Ê1
0. û03 2
0.0û3ó
0.0044
0,0062
o.0080
0.0141
0"01ól
c.û198

FTNAL DRY DENSITY=

'SHEAR TEST I,IEAN STRESS CONSTANT
E3 E MEAN DEV STRESS DEV STRATIV

-0.001ó -0.0000 7..2241 0.0039
-0,0030 -0.0008 2.4495 CI.0054
-0.0040 -0,0012 3.6142 C.0069
-0.0061 -0"0020 4.899p 0.0101
-0.0083 -0.c028 6.L237 0'O1?3
-c.CI138 -C.0045 7.3435 C.0228
-c..0L54 -A.0049 8.5732 A.0251
-c.c188 -0.0059 9.7980 C.031ó

FINAL SATURATION

93.175

L.1l?

COMPUTED FRCIM

1.161 FINAL SÂTURATfON=

FINAL MOISTURE=

0.922

1.000



TEST NUI'4BER I9B CONST A.NT ÞIEAN

INITI AL SATL,lR,ATION=

I N I II AL VOLUxE OF SAFlPLE=

INITI AL 14OISTUP.E, CONTENIT;

ét

EFFECTIVE STRESS

1.611

o.682

FINL¡ i'IOISTURE CONTENT= 0.235

-,¡"¡-.*..-*.-*...dr'"--",S,1".-...,r.*.,S.3",,,..-,-.""*,,"..,8,1

',

i.,, 2 l"c.ciû"50 o,coo+

VCLU¡48 ÀFTEF ISCTRCPTC COMPRESSIoN=

95

ÄREA AFTEF. ISCîROPTC COi,l!PRESSITIN=â.

1"047

? 2.0ß 1"00 0.0cc7
4 3,C;C, l,5tj n,n02g
5 4.0A 2.0C C,3C79
ó 5,00 2"50 c. cc84
7--*,ó"-oG^--3 -oc.-.,. .c -c-cg E .

I 7"f1ff 3,50 0n 0cg6,
I g.cc 4,Ð0 0"010c

l0 9.cc 4"50 0.oll4
ll 1c.c0 5"co o.QL24
12 ll.CC 5"50 c.ol42
13.". 1.2..e4..,"-..5.-gfJ ..- _0* oI.66._
14 l?,c0 5.50 0.c170
l5 14,00 7"00 c.i)223
ló 1 5. n0 7. 50 c,0368

82.821

a "263

SHEAR TEST MEAN STRESS CONSTANT

-t "AilAZ û" C00O L.??47
-Lr.0cü4 0,0000 2.+4g5
-3.CriI4 -û,0100 3.6742
-c "Ð040 -c. c00c 4.9990
-c"oc42 -0"C000 6.1237
-'O. C 0.4 4 *,-'.ü.O 0 ß.C "."..-7....3 4 3 5...-

-û" CC4B -0o0C00 3 "5732-c,e05c -c"00nc 9.79.30
-3,C057 -L1.,10O0 I I .,_1?27
-C"0C63 -0,C0'lC lZ,Z414
-C.0Có7 C.{1003 IV"41Zz
.=3-. CC.7.9.. .-". C .rJ 0 C 3 ..,14..69 óg
-0"c030 cr.0cc3 L5,92L7
-c"0l0q c"00cv L7.l+64
-c"û179 0.00c3 LB.?7LZ

E3 ..*.^..,,",*"E..*!!E.A¡j DFV ..S.TRE.SS..,DEV .STp,A IN

-.*F-.l.NA t.- ÐR"Y^. .D Et't S I T.y=

FI¡tAL SATTJRATTOtrt 66i,,1pUTED FRU:U FINAL tlOISTURE=

77.L2

1"6ó6

I

^ ^.^^ 
/ ¿-Lû4ù.v.'JJU¿+â'

0.0c09
0.0035
c" 009ó
0.0 1 c3
o.-c108 *...,. ..

0.0I18
0.cL23
0. 0 140
c"cI52
c.cl70
0"a200 ^. .

o.4204
a .0 21û
c,0447

t.7.34.,^.. --. F.Ii'JAL *SAIUR,AT I CN= . , .. "1..a57

L.132



TEST NUMiJER 2ç8

INITiAL DRY DENSITY=

INI T IAL VCI U RAT iO=

CONSTANT IlEAN EFFECTiVE S.fRESS

::,
IT¡ITIAL SATURATION=

INITIAT VCLUME OF

LNITIAL MOiSTURE CtNTËNT=

o.97 5

'...
r"780

FINAL'YCISTUR,E C0NTENÏ=

VilLtif"lË AFTER ISüTRCPIC C0MPRESSIûN=

96

2
3

.1
5
6

-.7I
9

lü

J

'- ' j - _'

ARÉA -AFT ËR I St]TRI]P

SAl"iP L E=

0" 989

S I
l"ûü
2" CC

.3. üü
4.Ût-,
5. C.ú

o...C.,!- _^
7. üU
B.CU
9. Cû

SHEAR TES'T fI'IEAN STiiESS CONSTAl.iT

ri" 5ú :o" cori ':d',t'ü'üüö''-t;cö'có' ' t.zz+l ô. oozï+*.it+*'
l.LU 1,,.ûO¿4 -Ao0U15 -J.'3CLZ 2.4495 0.tû32 :

i"5ü ü.üc34 -ü.ü032 -0.001t 3.6742 0.0t54
2.0ü Ç.o}4b -u.ûú41 -0.0012 4.899u 0.0C71
2 "5ù 0.0055 -ü.0057 -A.0C20 6.L237 0.0092
J,e.ûü* .ü.u0ó8..:QcguTg-.;0eü014 7.3+85 0.ûll3 

.3.5ü 0.OLL? -A.ûlü4 -O"ûO32 i1.573? 0.017ô
4 .Cû o,ul5u -0.0148 -ú"0048 9.7980 C.u243
+"5A ü"ü17ú -0"rJ?.47 -ü,úlrlB tL.O?27 0.0340

88. óZl

:. .. .

t.65Cl

0. 644

F-INAL- 
" tRY D.Er\ S-I TY1

TC CCIIlPRESSIÛN=

FINAL SATURATITN CCI'¡PUTËD

I
¡

84 " 22L

Ln7 47

ü "994

FRüM FI'\AL l''1ûfSTiJRE=

F iNAL SATURATICN= 0.989

1.010



TÈSTl'JL¡ilIÐÉIì, 2Its CÜNSTAi'IT I,1ÉAN EFFECTIVE STRËSS

INITIAL DRY DINSITY=

INI TIAL VCID F.ATIÛ=

I i'¡ i II AL SATtTRÅT I l.ll'l=

Ií!ITIAL VCLU¡1Ë CF SAPiPLE=

Ii.¡ITIAL ¡\:ÛISTURE CINTENT=

FIír¿AL PILiISTtiRE CJNTENT= ç.373

97

VùLU14b ÀFTEIì I SUTRTPIC C0I.lPRESS IiiN= E 2"L75

.:

Ài{'¿À AFTÉR lStrT¡-liJP lC Cüi.1PRÈSS Iúl'j= I "b96
/.i

J
¿
?

4
c)
6
7
Èj

c

lu

SI. 53
i,úu' {j.o5i
¿.ü¡i I o ûù
3.Cü i,tu
4"úL 2 ø ¿ü
5"Cü ¿"iJ
ô.LÜ 3o'r'.;
7" r,û 3 "5i.)t" üL + "ûU9.uU + ">t)

8óo 87 5

iro4I9

Ei
0 o f-¡ù2 3
ú " ¡AZT
ü" üc3b
e, üü+7
ü"üüc2
ü,0r-77
,. - - i- -.
tJo U lr,r;
ûotZut
ü" uz5ú

ITY=

Si-{Ê/iR

F II\AL TF.Y ¡ ÈiT¡5

;1
.L.J

-'i,0'uI2
-ü ' 'Jul7
-tJc.rUJl
- L'o 0U 3o
-Uoüi.¡)5
-J o t¡rió9
-i " uit3
-Jo iIb*
-ù, ú19ú

L "344

FII¡ÄL SsTUÀAT IÜN

't-

TEST iliEAN STRESS

i Ë :l,lÊÀr'¡ DEV STd,tr SS

-u"0túû L"2247
-u"U0ü2 2.¿i495
-u"ÛrJ{J8 '3.6742
-0" úC08 4o 899'.J
-vo00I6 6.L2'37
-u?0,JZJ 7"3+35
-u"üü29 8"5732
-ù"(1.ü42 9"793û
-u"0ü49 LL"C227

ûûr\iP ti T tD FRü;"1

I
CONS TAi'lT

DEV STRAIiT
Ü' 0C2Ç*--Fir;k+:
Ll. rlÛ3ó
^ -..-- t
ü " U,r'5 b
t" UrJó 8
ü" üu9ó
ú"ùI20
u.ú158
Li. ù ?-99
û. ü3óó

F INAL SATUFIAT I CN=

F I i\ÅL 14ü I STURË=

1"c33

û.994



TEST NUMEER

INI TIAL

228 -,CONSTANT

DRY ÛENS ITY=

INITIAL Vt,ID RATIO=

INITIAL SAIURAIItIN=

INITIAL VCLUME CF SAMPLE=

INITIAL I.1ÜISTURE CCNTENT=

fINAL ¡VO ISTUÈE Ci]T,¡TENT=

VOLUME 
-AFTËR

J S¡.
2 l.üü
3 Z.tc
4 3.CC
, 4.Cü
6 5.üu
7 ó.CÚ
I 7. C;0
9 g.üü

1C 9.CC
¡l 1u.0c
L2 11.o0
13 12.00
L4 13.cc
l5 14.0ü
lo L5.cQ
17 ló.t0

98

AREA AFTER ISÛTROPIC

-_ 1'

53 EI
ü."5Cr 0"0ü20
1,.0û ú.002ö
I .5C ü. c03b
¿.aÇ 0.00a4
2.5ü û.Ou5l
3.00 c, tc5ój .50 0.0c71
4"u0 C.0069
4.50 ü.01ü3
5.ût 0"ùIóó
5n50 c.0t85
ô " üu 0.0238
ó "5C ç.93L2
7 . cü 0.0415
7 .5C ü.07óg
8.úC -Q"025t)

I S0TRCPIC C0i,TPRESS I0N=

8ó.875

00 630

0"571

SHEAR
E3

-ü.ûc10
-ri.0üI4
-0. ü022
-0.0025
-ü n 0035
-û. c04 1

-û " 0u48
-ú"0'i57
-ü.00ó5
-t.009ó
-c. c10ó
-0 " t 134
-t.0L72
-t.ú2?L
-c"0408

u. 0 l2ó

1" 111

C0MPRESS I CN=

TEST FEAN STRESS CONSTANT
E I"IEAN DEV STRESS DEV STRA IN
-ci.0c0ü L"?247 0.0024*****:
-c.0c01 2.+495 0.0033
-c.00ü2 3.6742 A.g04g
-c. üccz 40 8990 C.005ó
-ù.00có 6.L2'37 0.0070
-ü. cc09 7.3485 0.0080
-c.0t09 I .57 i2 o" 0c9B
-c" cûcg 9.7980 0.0 I I g
-ù.ccû9 LL.g227 0.0137
-0"00c8 12.2474 0.0214
-0"0069 L3.4722 0.0238
-0.0010 14.ó9ó9 û.0303
-û.0011 L5.92L7 ú.û395
-ü.0ucg L7 "L46+ 0.0519
-0.00I6 1ð.37L2 C.ú961
-c.00c2 I9.5959 0.0312

FINAL DRY DENSITY=

79 "275

L.653

FINAL SATIJRATIT]N cOMPUTED FROM FINAL fil]ISTURE=

F TNAL SATURAT T CN= L. A23

I.074



TESÏ NUMBER 25C CONSTANT MEÂN EFFECTIVE STRESS"

INITIAL DRY DENSITY=

INITIAL VOTD RATIO=

INTTIAL SÂTURATION=

INITTAL VOLUME OF SAMPLE=

INITIAL MOISTURE CONTENT=

1"094

1. 478

1"o42

FINAL MOISTURE CONTENT=

VOLUME AFTER ISOTROPIC COMPR,ESSION=

Í:9e

J 51 53
2.1"c0 0,50'3 2" C0 l" 0c
4 3"0e 1"50
5 4"00 20 0c
ó 5.C0 ?"5a
? ó.00 30 00
I 7.0c 3" 50g 9"00 4,c0

l0 g. c0 4"50
l1 lC"CC 5"00
l? 11"00 5,50
13 12"cc ó"00
14 13000 6"50

AREA AFTER ISOTROPIC

)
'." -v':

8ó" 875
:'

0.5ó9

0" 537

E1
0c 0009
0,0021
0" 0054'
0, ct06 7
0" 0089
00 0095
0.0105
0,c115
o" 014c
0,0156
0" 0l 87
e. oz42
0,0370

SHEAR
E3

-c" 0005
-0" 0c 10
-0" 00 30
-0" 0040
-0"0c52
-c" 0063
-c" 0c6g
-3" 0c 73
-0" 0092
-0.c110
-0" 01 26
-0" 016 I
-0.0231

1" ló9

COMPRESS I0N=

FINAL DRY DENSTTY=

TEST HEAN STRESS CONSTANT
E MEAN DEV STRESS DEV STRAIN
o" 0000 Lê2241 0.¡001 I

-0,0000 2"4495 0" 0025
-0"0002 3"6'142 0" 0069
-0.0004 4.9990 o" 0og8
-0.000ó 6a L237 0.0 1 1 5
-0.0011 7.3485 0"0129
-c" 001 1 8.5732 0"0L42
-0"0011 90 7980 0,0154
-0"0015 LL"A227 0.0190
-0"002 t 12 "2474 o.o2L7
-c"0a22 L7.4722 0.0255
-c.0027 14"69ó9 0"0329
-0,0031 15"92L7 0,0491

FINAL SÄTURATTON COMPUTED

80" 62 5

1. ó69

FR0M FTNAL MOISTURE=

FINAL SATURATI ON= 1. 049
.

1" 104
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