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ABSTRACT

The ma'in objectives of thjs thesis were to examine the effects of

stress-release disturbance on normally conso'ìjdated and overconsolìdated

sampìes of sjmulated offshore c'ìay, and to search for a laboratory

procedure to best recover the in situ undra'ined shear strength.

Seventeen "samples" of jllitic clay were consolidated one-d'imensionalìy,

offloaded, stored "drained" under three storage times, reconsol ìdated

usìng three d'ifferent procedures, and sheared undrained. The results

h/ere compared with six control " in situ specimens" that had not been

offl oaded.

For norma'ì1y consol idated cìay, an'isotropic reconsol idat'ion to the

in situ stresses tnlas successful in reproducing the in situ shear

strength (.r) only from the 15-minute "sample". It underestimated the

t, by 9% and 14% from the l-day "sample" and the l-week "samp1e"

respectively. The isotrop'ic reconsojidation to 0.6x(overburden stress)

underestimated the 'in situ s, by rB% to !g%, and whil e isotropic

reconsol idatjon to 1.0x(overburden stress) overest'imated the in situ

value by 10% to 20% for three storage times.

For the overconsol 'idated c'lay , both the ani sotrop i c and the
'isotropìc 0"6x(overburden stress) procedures successfuìly reproduced the

'in s'itu s, from the 15-minute "samples". They underestimated the

r'n situ value by r8% to 29% from the 1-day and l-week "samples"" The

ìsotropìc 1"0x(overburden stress) reconsolìdat'ion overestjmated the
'in sìtu s, by 2l% and 117, from the 15-minute "sample" and the l-day

"samp1e" respectiveìy, but was successful ìn recovering the s, from the

1-week "sampIe".



The effects of ìncreasing storage tjme tended to decrease the

undrained shear strength, and increase the porewater presssure

parameters A.,. and m if the "sampìes" were subjected to ìdentical

reconsol idati on procedures. Al I three reconsol'idati on procedures

overestjmated the porewater pressure parameters Af and m, the axial

straìns at failure. They underestimated the modulus EUO from both the

normalìy consolidated "sampìes" and the overconsolidated "samples".
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CHAPTER 1

INTRODUCTION

1 " 1 GENERAL

Increasìng demand of hydrocarbon recovery has accelerated

engìneerìng activ'it'ies withìn deep offshore water (ir4cCìel land Ig74). 0f

the two prìncìpa'l types of seabed structures used as drilì'ing platforms

i n the deepwater offshore hydrocarbon recovery , pj ì e- supported

structures are believed to be more economical compared with gravìty

structures. In the shallow water of Canada's East coast, ô dec.ision has

been made part'ly because of difficult environmental loadings from waves

and icebergs, and partly on soc'io-economic grounds, to deve'lop 'large

concrete gravìty structures. Design engìneers must not,¡ design larger

and longer piies, or larger and heavier footings for greater structural

loads (Sempìe et al. 1982). Kwok (1984) stated that one of the

essent'ial requ ì rements f or the saf e des'ign of of f shore pl atf orms i s a

better understanding of the strength of seabed cìays underneath proposed

structures.

In pract'ice, both in si'uu tests and laboratory testing on recovered

soij specimens are performed to measure the strength of offshore cìays"

l'lh'ile in situ measurement of the soil properties seems conceptuaì ly
attractive, the design, fabrìcat'ion and deployment of in sjtu apparatus

is a complicated, costly, and time-consuming matter (de Ruiter Lg76).

Due to the expense and complicat'ion of in sjtu tests and also because of

some uncertaìnty'in interpreting their results, sìgnìficant effort must
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st jl I go .into so'i'ì samplìng and convent'ional laboratory tests on high

qual ìty spec'imens (Lunne and Christof fersen 1983, Lee 1gB5)" So'il

properties'interpreted from in situ tests are most often utjlized to

complement laboratory testing on recovered spec.imens (Vyas et al.1983).

Soil spec'imens are also generaliy requ'ired for rout'ine soil

classification tests and structural assessment in a geotechn.ical

investigatìon. It is des'irable to measure the so'il propertìes in the

I aboratory when so'il specimens are ava'il abl e even though they may have

experienced some d'isturbance. A complete offshore geotechnical

investigation should therefore cons'ist of both extensive'in situ testing

and a comprehensìve samp'lìng program for laboratory testing (Vyas et al.

leB3).

0ffshore soil specimens are often of relatively poor qua'lìty (de

Ru'iter 1977). When offshore specimens are brought up from their marine

envi ronment to the surface, sampl ì ng di sturbance j nduced on the

recovered specimens may be classjfied'into mechan'ical d'isturbance caused

by boring and samp'ìing; and process d'isturbance due to release of total

pressures. The effects of mechanìcal disturbance depend on the nature

of the soìls, and the sampl ing techniques which are used in practice.

New samp'l'ing technoìogy capable of minjmjz'ing the mechanical disturbance

has great'ly improved the quality of specimens recovered from the field

(de Ruiter and Richards 1983). The effects caused by mechanical

dìsturbance can therefore be avojded to a greater or less degree.

However the second type of di sturbance, namely the process

disturbance due to stress release, generaì'ly becomes unavoìdable when

soi I spec'imens are removed from the seabed. The reduction 'in total

stresses durìng offshore sample recovery results ìn the generat'ion of
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negat'ive p0rewater pressures, swell'ing of soil materjals out of the end

of the core tubes, and gas bubbling phenomena (Fukuoka and Nakase I973;

Broms 1980). These effects become even more pronounced for gassy clays

wh'ich general ly expand in a nonuniform manner in the sampling tubes

durìng recovery, causing various degree of djsturbance withìn sojl

specimens (Young et al. 1983) "

Process disturbance due to stress release can affect the shear

strength and deformat'ion propertìes measured in the laboratory (Broms

1980). The author recently (September-October 1985) took part jn a

sampìe collectjng cruise on the "CSS Hudson" for the Bedford Instjtute
of 0ceanography in The Baffin Island area. sampìing of surficial
sediments was carried out by pìston coring. It was observed that free

water accumulated ìnside the plastic core l'iners during the sampling

process. Small water channels were also formed between the 'interface of

plastjc liners and the core surface when the retrieved cores were stored

jn the liners. These specimens had a great chance to swell because of

their easy access to watelin tubes. A large number of these cores were

observed to swel'l longitudjnaliy out of the core tubes when on-board

testing was carried out. Therefore ìt might be concluded that the

recovered specimens could not mainta'in total ly undraìned condit'ions in
the samp'ling tubes w'ithout any swelf ing.

This thes'is deals specif icaì 1y wjth

disturbance due to stress release on specìmens

eff ects of samp'li ng

reconstituted ill'itic
c'lay used to simulate seabed clay. Effects of mechanical disturbance

are excluded in this testing program. Techn'iques deveìoped .in the

Un'iversìty of l',lanitoba are capable of produc'ing artificial reconstjtuted

I aboratory specjmens without mechanical djsturbance. This permits

the

of
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comparison between so-cal'led "samples" wh'ich undergo offìoading

pr0cesses w'ithout any mechanical disturbance; and "jn situ specimens',

wh j ch are tested immed'iately wìthout either of f "load'ing or mechani cal

disturbance. This procedure has been used to model the "perfect

samples" that were defined by Ladd and Lambe (1963) as real soils which

have experi enced no d.i sturbance duri ng sampl i ng other than that

associated with stress release. They can then be compared with "in situ
spec'imens" that s'imulate the behav'iour of offshore clay ìn the field
with no d'i sturbance. Both Kwok (19s4) and Ambrosie (198b) performed

tests separate'ìy to model "samples" whjch had been 'immed'iately sealed

up0n recovery and had been stored under total 1y undra'ined conditions.

Th'ìs invest'ìgation is a subsequent but paraì ìeì study which tested

"samples" that were allowed to be fulìy drained during storage. 0ther

procedures i n the tests were mai nta'ined s im'i I ar to the condi ti ons i n the

earlier studies. Th'is study therefore permìts deta'iled comparison of

the results from two different assumed storage conditions (nameìy

total'ly dra'ined and total'ly undra'ined cond-itions).

i.2 OBJECTIVES

The ma'in objectìve of thjs study'is to search for a recommended

procedure 'i n the I aboratory to recover the " in situ,' properties of

reconstituted il I jt'ìc clays which experienced on'ly process disturbance

due to stress release, but no mechan'ical disturbance" "Samp'les" jn this
study were stored drai ned, for vari ous perì ods of time, and then

reconsolidated using the same procedures as Kwok (1984) and Ambrosie

(1985) who had used undrajned storage. The prìnc'ipa'l objective of the

work is therefore to compare the effects of totally draìned and totaìly
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i I I ite after reconsol idation"
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the stress-strai n behavi our of the

In addition, other objectives of th'is invest'igation include:

(1) cont'inued development in the University of l"lan'itoba of techn.iques

for the preparation of jdentical one-dìmensìonal ly consol idated

reconstituted clay specìmens,

(2) additional 'information on the engìneering properties and

classification of ill'itic clay from Illinois,
(3) additional data for the strength envelopes proposed by Kwok (1984)

and Ambrosie (1985),

(4) a prel ìmìnary yìeld envelope for reconstituted 'il I jtjc cìay when

combined with the results obtained by Ambrosie (198s).

The laboratory testjng pr0gram for studyìng stress release effects

consjsted of twenty-three 76 mm diameter specìmens of the reconstjtuted

il I ite. 0f these twenty-three spec'imens, eleven were prepared as

normal'ly consoì idated specimens for comparison with the results of

Ambrosie (1985). Twel ve specìmens wereì prepared with an

overconsol ìdation ratio (0cR)* equal to 2.0 for comparison with the

results of Kwok (1984). Three control specimens from each group (totaì
of s'ix specimens) were used as " in situ specimens,' to model the

"ìn sjtu" behaviour of the cìay. The remaìning seventeen specimens were

tested as "samp'ìes" which were al lowed to draìn fuì ìy after beìng

offloaded. In additjon to this work, three further overconsol idated

specimens were tested to determjne a pre'l'im'inary yìeld envelope for the

cìay. The total number of specimens ìn this program was twenty-six.

A revi ew of prevì ous pubì'i shed work on stress rel ease behavì our

will be presented in Chapter 2. This will be followed by a presentat.ion

* see list of symbols on p. vii
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of the testing program in chapter 3" chapters 4, b and 6 respectìveìy

present the results obta'i ned from the consol ìdati on; the stress

off'loading, storage and reconsolidation; and the undrained shear phases

of the tests. Chapters 7 and B respective'ìy present a discussion and

synthesjs of the results, and the conclusjons from the project. Finalìy

the latter part of the thesìs presents tables, figures and appendices

referred to in the text.



CHAPTER 2

A REViEW OF SAMPLE DiSTURBANCE ASSOCIATED WITH STRESS RELEASË

2"T INTRODUCTION

The undrai ned shear s'urength of f i ne-graì ned mari ne soi I s i s

perhaps the most important singìe geotechnìcal parameter needed for

offshore foundation design. However the undrained strength has not been

a s'imple property to measure jn host'ile marine environments (Lee I97g).

The strengths of marine sed'iments are affected by disturbance that

occurs when specimens are taken from the seabed and brought to the

surface. Samp'ling dìsturbance 'induced 'in recovered specimens may

orig'inate from the two general sources outljned jn Chapter 1, nameìy

mechanical disturbance and process d'isturbance. Because of th'is, it is

usual'ly necessary to combi ne a program of sampl i ng and 'labora'tory

testjng, uiith a program of in situ testing for major structures.

Factors that affect the mechanical disturbance of specìmens have

been d'iscussed in detaiì by Broms (1980) and young et al. (19s3). The

effects of mechanical d.ìsturbance depend on the nature of soils and the

sampf ing technìques wh'ich are used. The 'introducti on over a peri od of

years of irnproved techn'iques that use thi n-wal i sampl ers and seaf I oor

mounted equ'ipment such as Seaclam (Fugro International ) and Stingray

(McClelland Engineers Inc. ) has largely reduced mechan'ical dìsturbance,

and has sign'ifjcantly improved the quality of recovered specimens. The

research presented in this thesis deals only wìth the second source of

d'isturbance, process d'isturbance due to stress release. l'lechan'ical



disturbance is excluded from the

mechanj cal d'i sturbance processes

this thesis.

o

test'ing program. A detai I ed revi ew of

w'ill therefore not be undertaken in

2.2 GENERAL REVIEI¡l 0F PR0CESS DISTURBANCE

This section summarizes the work by various 'investigators on the

effects of stress release. Since on'ìy a limited number of publicat.ions

has been published that deal directly with stress rel'ief for offshore

cìays, sìmìlar research on onshore cìays will also be.included.

It js commonly believed that effective mean stresses before and

after "perfect samplìng" can be held constant by the generation of

negat'ive porewater pressures. However t,his -is disputed by many

researchers" Skempton and sowa (1963), for example, suggested that even

when there was no change 'in water content durì ng ,'perf ect sampì i ng,' , the

recovered spec'imen was st jl I subjected to s'ignìf icant changes in stress

state.

lrlhen an offshore specimen is removed from its natural env.ironment

to the surface, the in situ confining pressures are jnevitably released.

This may result from loca'l consolidation of the thjn skin of remoulded

clay round the inside of the samplìng tube. It may also result from the

common practi ce of extrudi ng sampl es from the tubes shorily after
recovery for vìsual classjficatjon, and geo'ìogicaì testing (de Ruiter

r976, Young et al. 1983, Long et al. 1g86). This procedure is thought

to m'inimize adhesjon between the clay and the tube and to reduce the

forces and disturbance whjch would be experienced with ìonger storage

(Lee 1985). The process clearly leads to total stress unloading just
after extrus'ion. In both cases, the clay tends to swell as the total
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If the expansìon is
prevented as it js when the unìoadi ng ìs undra.ined, negatìve porewater

pressures 0r p0re suctions (rr) w'il I be developed within the recovered

specìmen (l'lori 1981a). The in situ effective stresses before samplìng

are anisotropic in a genera'l case. 0n the other hand, the residual

effective stress after the sampling, which is equaì and opposite to the

pore suctìon, ìs ìsotropic"

For norma'lìy consol idated and I ìghtly overconsol'idated c'lays with

the coeffjcient of earth pressure at rest (Ko) less than one, the

magn'itude of the res j dual ef f ect'ive stress after " perf ect sampì .i ng,,

(oOs) has been g'iven by Ladd and Lambe (1963) as:

oå, = o;o [Ko * Au (1 - Ko)]

where oio = in s'itu vertical effectjve stress

A, = porewater pressure coeffjc.ient from release

deviator stress during perfect samp'l ìng.

Ladd and Lambe (1963) suggested that the porewaier pressure coeffjc-ient

A, for most normaì ly consol jdated c'l ays vari es between -0.1 and 0 .3.
Noorany and Seed (1965) studìed a San Francisco Bay mud with a

sensitìvìty of B to 10. In this case, A, was found to range from 0.16

to 0.24 wtth an average of 0.20. Kirkpatrick (i9g2a) also reported

average values of Au for l'llite and kaolin of 0.20 and 0.25

respectively. Broms (1990) showed that the A, value .in the work of

Skempton and Sowa (1963) was negative for a remoulded Weald cìay with a

sens'itivìty of 2. Sim'ilar results have been reported by Bjerrum (1973a)

f or a pl asti c c'lay f rom Drammen.

Examinat'ion of the prev'iousìy pub'lished A, values suggests that few

natural and remoulded soils are perfectly e'last'ic mater-ial in wh.ich A,

of ground
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t/ould be 0.333 (Skempton and Sowa 1963). Th'is would mean therefore that

the effective mean stresses before and after "perfect samp'ìing" cannot

be constant" Both Skempton and Sovra (i963) and Ladd and Lambe (1963)

observed from theìr l aboratory work that the reduct'ion in res'idual

effective stress might be as high as 20% of the "in situ" mean effective

stress. The operation of "perfect sampling" causes therefore not on'ly

the change in stress system djrect'ion discussed in a prev'ious paragraph,

but also a decrease in the magn'itude of the stresses.

Th'is view has been chal lenged recently by Kwok (1984) and Ambros'ie

(1985) 'in work at the Universìty of l'lan'itoba. Their tests measured A,

values of 0"37 and 0.33 respectìve'ly, suggesting only sma'ìl deviations

from elast'ic behav'iour durìng undrained un'loading of shear s'uress.

These deviat'ions may be due to anisotropy of eìastic response (Graham

and Houlsby 1983).

Exam'ination of the actual residual effect'ive stresses t.i) 'in tube

samples immediately on unload'i ng always shows an appreciable d'ifference

from the value of the residual effective stress after "perfect samp'ling"

(o's). Ladd and Lambe (1963), Lee (7979) and others assumed that the

add'it'ional reductjon was purely caused by mechan'icai dìsturbance of the

clay structure. This assumpt'ion may not be comp'letely true. The work

by Kìrkpatrick and Rennie (1975) implied that the assumpt'ion might only

be true for insensìt'ive clays removed from reìatìveìy shallow depths.

The reasons are that most stud'ies on the effects of stress release have

been based on the followjng assumpt'ions.

(1) The compressibìiity of the porewater ìs negligible as compared to

that of so'il skel eton "

(2) The soìl wateris capabìe of carrying al I tensions w'ithout
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cavitatjon, that is, the dissolut.ion of gases (water vapour, methane

etc) in the pore spaces of the specìmen, and the specìmen remains

saturated even after stress release.

(3) The absorptìon of any free water on the surface of the specìmen

during sampììng ìs so small that the sampìe volume remains constant"

I'{hen a specimen 'is taken from jt,s deep ocean f I oor to the surf ace,

the unload'ing of the total confjning pressures on the specimen causes

the porewater to expand. Richards and Parker (1g68) estjmaied that the

volumetric stra'ins of sea water for depths of 130m and 3700m were 0.06%

and I.6%' respectìveìy. However Broms (1980) conc'luded that the effect
on the measured strength and the deformation propert'ies due to porewater

expans'i on wou I d be smal I .

luîost laboratory studies on stress release have been carrjed out

under back pressures ìn the pore fluid, or by removal of only the

devjator stress component (e.g. Skempton and Sowa 1963; Ladd and Lambe

1963 and others). The total stresses act'ing on the soil specìmens .in

the I aboratory r^lere therefore never fu1 ly reduced to atmospheri c

pressure. This was done to avoid the experimental prob'lems jnvolved

with negat'ive porewater pressures. However Kìrkpatrick and Rennie

(1975) ind'icated that resìdual negatìve porewater pressures decreased

wìth ìncreasìng sample age. They concluded that specr'mens from deep

in situ posìtions cannot maintaìn their high pore tensions despìte being

physìca1 ìy undisturbed.

Both dissolved and undissolved gases are found jn offshore clays

(Young et al . 1gB3). The offroading experìenced during samp.l.ing can

cause the dìssolved gas to come out of solution as bubbles and

undissolved gas to expand withjn the sample. The released volume, which
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can be estimated with Boyle's and Henry's ìaws, may be so large that the

effective stresses can be reduced to zero (Broms 1980). The release of

gas and its subsequent expansion would also cause the recovered

spec'imens to swel l. The samp'le expansìon changes the jn situ propert-ies

measured in the laboratory" Soil expìoratìons in nearshore areas have

revealed that the measured degrees of saturat'ion of marine cìays in the

laboratory decrease wìth increasìng sampì ìng depths (Fukuoka and Nakase

1e73)"

when an of f shore spec'imen 'is taken up to the deck of the dri I I

ship, the c'lay ìs often observed to swel I rather quick'ly out the end of

the core tube (Emrl ch 1971 , Fukuoka and Nakase 1973) " schjetne (1971 )

also observed swelììng of Norwegìan quick c'lay wìthin the samp'ling tube.

But in this case, the swel l'ing was more graduaì. Berre and Bjerrum

(1973) have expìained that the cìay durìng sampììng'is subjected to the

greatest shear deformations jn the outer zone of the specjmen due to a

varìation in stress state. After the sampling, the relatìvely
undjsturbed central part of the specimen may suffer from a swelling, as

excess water mìgrates from the remoulded zones towards less dìsturbed

zones. The negative porewater pressure in the specimen is thereby

reduced. The change in cìay mìcrostructure caused by the shear

deformations and subsequent internal swel I ìng wil I make the

stress-strain behaviour of the "samp'le" dìfferent from that of in sjtu
soil s (l,4ori 1981b) .

The fi ndì ngs j n the four previ ous paragraphs suggest that the

second and third of the l'isted assumptions (p.10) cannot be fulfilled by

the sampling procedures commonly employed for most natural cìays. A

degree of sampìing disturbance due to stress release js therefore
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inev'itable in practice.

2.3 DETAILED- REVIEI,./ OF PROCESS DISTURBANCE

It is clear that stress release can cause samplìng disturbance.

Various reseachers have tried to quantify the effects of stress release

on recovered specimens. For exampìe, Skempton and Soy¡a (1963) conducted

tests on remoulded specimens of lnjeald c'lay (sensìtìvity - z) from

Surrey, England. Spec'imens were loaded anisotropjcally ìn a triaxjal
apparatus to simulate in situ conditions. At the end of the

consolidation, one specìmen was subjected directly to undrained shearing

to measure the "'in situ" strength of the clay. A second specimen was

disturbed by unload'ing the shear stress to zero under undrained

conditjons. The specìmen at thìs stage lvas subject to an isotrop'ic

residual effectìve stress, oór" No sìgnificant change'in water content

(less than 0.4%) was found. Th'is was followed by undra'ined shearìng to

measure the shear strength of the "sample". The authors reported that

the unloading caused onìy a smalI reduction'in the "samp1e" strength of

the order of I% to ?% even though the result'ing stress paths were quite

different. However the comparison was made for a relatìve1y insensitive

remoulded cìay. S'ince there was little change in water content and

microstructure for such insensjtive clay during "perfect sampl'ing", the

effect on strength reduction was expected to be m'inimal (Broms 1990;

Kirkpatrìck and Khan 1984) " Skempton and Soura (1963) further concluded

that if two identical spec'imens of saturated c'lay were subjected to

djfferent changes in total stress without alteration in water content

and microstructure, the strength of the two specimens would be

practicaì ìy equa'l .
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Ladd and Lambe (1963) ai so investìgated the effect of stress
release on normally consoì'idated Kawasaki clay and Boston Blue cìay. The

sensìtivities for both clays were approxirnately b to i0. Ladd and

Baìley (1964) reported that the .in'itial off'loadìng of shear stress
decreased the subsequent unconsolidated undrained (U-U) shear strengths
of "samples" by 0% to 15% for two c'lays when compared to the comparaSle

"'in situ" shear strengths.

Noorany and Seed (1965) estab'lished a lìnk 'in terms of Hvorslev

strength parameters, c. and Õ., between the ,,samp'le" strength and the

in situ strength" The 'in situ strength (trr) of a normar ìy
consol idated cìay ìs given by:

orlo tino. [Ko * AfF (1-Ko) l* ce cosoe
S-

ul-

where o
e

c
e

A.-
tt

The shear

undraìned

1+(2Aff-1)sìno.
= Horslev angìe of internal friction
= Horslev cohesion of soil

= porewater pressure coeffjcient at fajlure jn
strength of a "sampl e" (ruS) measured with

trjax'ial test in laboratory.is

field.

unconsol'idated

gìven by:

ce cosoe_ o;o s'ino. [tq * A, (1-Ko)]+
uS l+(zAfS-1)sino.

where A, = porewater pressure coeffjcjent due

stress during sampling operatìon

to rel ease of devi ator

Af s = porewater presure coeff j c'ient at fai I ure for ', sampl es,,

during unconsor idated undrained t'iaxìar tests.
Note that su, and suS are only equai if porewater pressure coefficjents
AfF, A, and Ar, are ìdentical.

Noorany and Seed (i965) also conducted a serjes of tests on a soft
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saturated clay from the San Francisco Bay areas. The sensitivity of the
soi I h/as approximately B to 10 " Identi cal spec imens were
anisotropicaì 1y consol idated in triaxial cel ls above their in situ
stresses to become raboratory-produced, normaì'ry c0nsoridated soirs.
0ne specimen was subjected to undra'ined shearing ìn order to measure the
" in situ" strength (trr) and the porewater pressure coeff.icient Arr. A

second specìmen was subjected to totar offìoading in undra.ined
cond'it'ions ' The residual negative pore water pressure h/as measured to
evaluate the porewater pressure coefficient Ar. Th.is was foilowed by
undrained shearing to measure the ,,samp1e,, strength (rrS) and the
porewater pressure coeffjcient Arr. For the san Franc.isco Bay mud,
reductions of the order of 6% were observed in the ,,sampìe,, strengths.
Average varues of the porewater pressure coefficìents Ar, Ats and Arr
were found to be 0.20, 0.45 and 0.80 respectively. The differences .in

porewater pres sure coeffi c.i ents can be attr i buted to the
n0n-reversìbìiìty and non-rìnearity of the reratìonship between
porewater pressure change and deviator stress change. The anaìysis and
its support'ing experimentar data .indicated that for a normaì ìy
consolidated sensitive clay, the 'in situ strength and the porewater
pressure coeffjc'ient at failure are signìficanily different from those
measured from ',samples,' using unconsol idated undra.ined triaxial
compresion tests.

Davis and pouros (1967) aìso performed tests to quantìfy the effect
on the undrained strength due to stress rerease arone. They indicated
that the strength of "sampres" was ress than in situ varue by 1g%.

Adams and Radhakrishna (rg71) tested normarìy consolidated gìaciaì
lake clays from the St. cra'ir River, 0ntar.io. Brock specìmens were
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obtained in the fjerd, then trimmed and praced in triaxiar ce¡s. The

specimens were consol idated anìsotropical ly to jn sjtu stresses. At
the end of consor idatìon, one specìmen was subjected to undrained
shearing for ìts " in situ" strength. The shear stress on a second

specimen was offloaded down to ìsotropic stress under undra.ined
conditions, and the sample was then sheared undrained. This measured

strength compared favorably with the "jn sjtu,, strength from the f.irst
specimen" A th'ird specimen was unroaded in drained condition. A

considerable reductìon in strength was found when undra.ined shearing was

performed. The authors concluded that spec'imens that were allowed to
swel I showed a sìgnificant ross in undrained shear strength.

Prel'iminary tests reported by K'irkpatrick and Rennie (1975) on the
other hand ind'icated much greater loss than those mentìoned above, and

brought into cons'ideration the infruence of sample age. Berre and

Bjerrum (1973) aìso not'iced that older samples tend to gìve lower
strength than those tested at earlier age. similar results have been

reported by Sandegren (i961), Bjerrum (1973a), Arman and l,,lci',lanis (Ig77)
and others.

Recent research by Kìrkpatrìck (1982a) studied the stress release
effects on normal ìy consoì idated kaol in and il l.ite. Spec jmens r^/ere

prepared by consoridating a slurry at a water content of 1.5 times the
l iquid l'imit 'in a 254 mm diameter odeometer. ,,f n s jtu specimens,, lnlere

first consolidated to 276 kpa in the odeometero then cut and p.raced in a

triaxìal apparatus for furth.r^ Ko anisotrop'ic consol idatjon. The fjnal
vert'ical stresses ranged from 400 to 800 kpa. The spec-imens were then
back- pressured to 200 kpa and tested undra i ned to determi ne the
"in situ" strength of the c1ays.
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Normal 1y consol jdated spec'imens used for examì ni ng dj sturbance

effects l^tere prepared by consolidating the slurry to a fjnal pressure of

552 kPa'in the odeometer to sjmulate depths greater than 100 m belour the

seabed. The procedures of sampì'ing were modelled in the laboratory by

clos'ing the end drains of the odeometer and rapìdly reducìng the

pressure to zero" These ìarge blocks or "cakes,' were then sealed and

stored at an even temperature" Samp'le age or storage tjme, whìch was

defined as the time elapse between the unloading of the',cakes,'and the

tjme of testing, ranged from a few hours to 50 days. As the program

requìred, "samples" were cut from the ',cakes" usìng thjn-wal I tubes at

selected time intervals to study the influence of sample age. These

"samp1es" still experienced mechanical djsturbance from the cutting
tubes. Est'imation of residual porewater pressures was performed in

trìax'ial cells prior to undrajned shearing tests.

The il I ite and kaol in both il lustrated a large initial drop .in

res'idual negative porewater pressures, and the loss contjnued graduaì1y

for more than 50 days. comparison of ,'in s.itu specimens" and ',samp1es,,

of varjous ages of normal ly consol idated cìays showed the "samp'les,,

experìenced cons'iderable loss ìn strength, increase in fajlure strains
and appreciable d'ifference in effectjve stress paths. The effects were

more pronounced with increasing sampìe age, and t^tere relat'iveìy greater

in kaolin than in the ìess permeable 'illite. The processes involved jn

the loss of the pore suctions were thought to be related to cav-itat.ion

and diffusion effects " The dì ssìpation rates were found to be better
correlated to the coeffjc'ient of consoljdation (cu) than the coeffjcient
of permeab'ility (k).

Kìrkpatrick (1982b) also studjed overconsol idated kaol jn and
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ill'ite" Similar trends of behaviour were observed as prevìously

descr jbed for norma'lìy consol idated clays" The reduct'ions .in both

residual porewater pressure and strength were smal ler for the

overconsolidated "samples" than for normally consol'idated,'sampìes,'.

The reason could either be due to the djfferent behaviour of normalìy

consol'idated and overconsol idated so'il s; or sìmply that the stress

release in the case of overconsol'idated soils was smal ler than for
normal'ly consolidated soils"

Kwok (1984) and Ambrosìe (19S5) respectively have also studjed the

effects of stress rel ease al one on reconst j tuted spec ìmens of

overconsol idated and normal 1y consol idated il I ite. Specjmens were

consol idated one-dimensional ìy, first in cyì jnders from a slurry, and

then in triaxial cells along an approximate Ko stress path to a maximum

vertical pressure of 160 kPa. 0verconsolidated specimens lvere offloaded

to 80 kPa to g'ive an overconsolidation ratio (0cR) equal to two. Back

pressure of 500 kPa was applìed to sìmulate the porewater pressure in
the field" By this procedure, mechanical d'isturbance was excluded jn

the testing programs. "In sìtu spec'imens" vvere subjected to undrained

shearìng wìthout any offìoading. "samples" were unloaded under

undrained conditions to simulate stress-release during the samp'ì ing

process. The offloading of shear stress was carried out with porewater

pressure changes that results in essentìal1y constant p'" Negatìve

porewater pressures caused by re'lease of total pressures were mon.itored

throughout d i fferent storage per i ods . At the end of storage , each

"sample" was subjected to reconsolidation at one of three stress levels
prior to undrajned shearing. Kwok (1984) observed that the reduct-ions
.in negative porelvater pressures for overconsol ìdated 'il l.ite were 0 to
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3.2 kPa for "samples" subjected to 15-minute and 1-day storage per-iods,

and 7.4 to 21.2 kPa for l-week "samp'les". A sjmilar but more marked

trend of behavìour, one of res.idual negatìve porewater pressure

decreases rv'ith increasing sampìe age, was also observed by Ambros.ie

(1985) for normal'ly consolidated illite. Graham et al. (1986)

suggested that the relaxat'ion of the resjdual negatìve porewater

pressure was due to ìnternal creep strain.ing caused by soil partìcle

reorientat'ion towards more stabl e ìsotropìc microstructure. They

concluded that the fulì negative porewater pressures urj could not be

retained.in the "sampìes" for perìods longer than 1 to 2 days.

In summary, wìth 'increasìng storage tìme, "sampìes" experience

gradual loss in the residual effectjve stress due to cavjtation and

d.iffusion effects and/or creep reorgan'ization of so'il structures. Th'is

means that convent'ional unconsol'idated undra'ined compressìon tests in

the laboratory cannot reproduce the strengths or stress-strain behavìour

of in situ soil.

2.4 RECOVERING IN SITU STRENGTH

As previously shown, "samp1es" recovered from deep sea envjronment

are inevìtably subjected to process d'isturbance, which reduces the

strength measured with U-U tests jn the laboratory. This sectjon brief'ly

describes the previous work by various researchers to recover the

in situ strength of the clay in the laboratory" There are two common

approaches:

(1) to correct the unconsol idated undrajned strengths with an

empìr'ical 1y determined mu'ltipl -icat.ion factor,

(2) to ernpìoy an appropriate laboratory reconsolidation procedure.
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The use of correct'ion factors to adjust ,,sample" strength to
jn sjtu strength ìs very empìrica1. Researchers such as Ladd and Lambe

(1963), Noorany and seed (1965), and others tried to quantìfy the degree

of di sturbance. However most of these researchers al so included the

effects of mechanical disturbance. This work has been reviewed -in

detail by Kwok (1984) and wjll not be repeated here.

l,1any researchers have arso tried to deveìop appropriate

reconsol idation procedures to recover the in situ strength in the

1 aboratory. The most common reconsol ìdati on procedure .is to

reconsol'idate "sampìes" isotropical ly to 'in s jtu vertical stresses (e.g.

casagrande and Rutledge lg4l; B'ishop and Bjerrum 1960; Ladd and Lambe

1963) . 0ther procedures include isotrop'ic reconsol idation to 0.S-0.7S

of the in situ vertjcal stresses (Raymond et al. rgTL), Ko

reconsol jdation to in sjtu stresses (Davìs and poulous lg67; Bjerrum

1973b) and the SHANSEP method (Ladd and Foott Ig74). However the value

of these proposals is lìmited at best because the actual in situ
strengths that the laboratory stud'ies attempted to recover were in fact
unknown.

Kìrkpatrick (i9B2a), and Kìrkpatrìck and Khan (19s4) studied the

re1 ì abì I ì ty of these reconsol 'idati on procedures for norma-l 
.ly

consol idated kaol'in and i I I it.e. Some swel I ing occurred during storage

even though the average water contents were kept constant. Three types

of reconsol'idation were examinated jn theìr study:

(a) anìsotropic reconsol idation Lo " in situ" effectjve stresses e.ither

by a progressive incremental method or by a two-step method,

(b) ìsotropic reconsol idation to the "in s'itu" vertical effective
stress,
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of

s'itu" strength ,

(2) Methods (b) and (c) using isotropìc reconsolidatjon v¿ere found

respectively to overestimate and underestimate the fa'ilure stresses.

Neither tests reproduced simil ar stress paths when compared to

" in situ specimens".

(3) Sample ages up to one month had little or no effect on behaviour of

consolidated undrained tests as iong as the mo'isture contents were

ma'inta'ined constant.

Kwok (1984) and Ambrosìe (1985) aìso invest'igated the vaì idity of

various reconsol idation procedures in recovering the " ìn situ" strength

of reconstjtuted il I ite. "sampìes" were "stored" undraìned, and the

effects of mechani cal d'i sturbance were removed from the test.

Reconsol idation procedures examined in the'ir studjes included the

fol I owi ng methods.

(a) Isotropic reconsol idation to 0.6 of the "'in s'itu" vert'ical effectìve

stress.

(b) Isotropic reconsol idation

stress.

to the "'in s'itu" vertical effect.ive

(c) ìsotropic reconsol'idation to the res'idual eff ective

the "sample" immediately on un'ìoad.ing.

They drew the fol'low'ing conclusjons from their

tests 
"

(1) Flethod (a) reproduced good simulation of ,,in

stress-strain behaviour and stress paths.

(c) An'istropic reconsol'idat jon to the ".in si

For overconsol ìdated i I I ite, Kwok ( 1gg4

(c) were both successful in reproduc'ing the

( b) overest jmated the " i n s'Ítu" val ue . 0n

stress lo' )' ps'

reconsol idation

tu" effective stresses.

) found that methods (a) and

"in situ" strength" Î'lethod

the other hand , Ambrosi e
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(1985) found -that none of these methods courd recover the ,,in situ,,
strength of the normaììy consolidated jìrite. Both investigators arso
found that al j three methods overestjmated and underestimated
respectively the axial strair
The "sampìe" srrensrhs ,,...,'^::r::;fi 

tiij'r,,^],,::',rïl. 
",,ril::];

storage period 'if identical reconsolidation procedures were used (Graham
et al. t9B6).

A'rthough research by Kirkpatrick and Khan (1gg4) provìded an
ìmproved understandìng of the influence of stress rerease on recovered
specimens' the effects on mechanjcal disturbance were not entireìy
excluded in their testing program. The tests by Kwok (lgg4) and
Ambros i e ( 1gg5 ) were based on the assumpt i on that the recovered
specimens remained totaì ìy undrained during stress release and the
storage periods' Because the time during which the field stresses are
released is rerativery short in comparision with the drainage time of
ìow-permeabirity cìays (Bishop and Henker 1962; chaney et ar.19g4), the
sampì'ing process can be assumed to be under total ìy undrained
conditions' The porewater behaviour of the specimens at various stages
after sampìing .is compìex and relatively unknown. Observations such as
those by Emrich (197i), schjetne (1g71) and Fukuoka and Nakase (1973),
however, suggested that recovered specìmens did swer r after the
samp'ling' The author's personar experience from a sampre cor ìecting
cruise near Eaffin Island confirmed that specimens could not maintain
totalìy undrained cond'itions without any sweììing, even when the samp.res
were stored in sampìing tubes. This finding has led to the present
testing progrôm in which, in contrast with the earrier programs of Kwok
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(1984) and Âmbrosie

storage periods.

( 1985 ) , ful ì dra inage i s al lowed during the various
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CHAPTER 3

TESTING PROGRAt4: DESIGN AND PROCEDURES

3 " 1 LNrR0pucTr0N

Spec'imens recovered ìn practìce are found to swell to a greater or
'less degree after sampl ìng. The "samp'ìes" used in this study r,¡ere

allowed totally free draìnage to atmospheric pressure condit.ions during

storage. In contrast, and to prov'ide the other bound of behaviour that
can be experi enced ì n practì ce, " samp1 es " were examì ned under total ìy
undrained storage conditions in preced.ing studìes by Kwok (1984) and

Ambrosie (1985). The specjmens tested in the present jnvest.igation
'included both normaì 1y consol'idated c'lay and overconsol idated cìay with

an 0CR of 2" Fìgure 3.1 shows the equ'ivalent field cond'itions of both

groups of spec'imens that were model led 'in the 'ìaboratory. The normaì ly
consol idated spec imens s imu I ated so i I el ements Z0 m bel ow the seabed ,

w'ith 30 m of water overlying the seabed. It was assumed that the clay

was fully saturated with an "in situ,' stress state:

vert i cal ef f ect'ive stress , oi. = 160 kPa

porewater pressure, u = 500 kPa

horizontal effective stress, oå. = g4.g kpa (= 0.b3 oi.)
For the overconsolidated specimens, âfl ".in situ,' stress state

correspondìng to 10 m of so'il depth wiih an OcR of 2.0, and a 40 m water

depth was modelled in the labora'uory. The "in situ" stress state of

the soil r¡as assumed to be:

vertical effective stress, oi..

porewater pressure, u

horizontal effect'ive stress, oj.

= B0 kPa

= 500 kPa

= 42.4 kPa
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Th'is agaìn assumed K = oi./oi. =0.b3 despìte the change in Ko that
accompan'ies overconsol idat'ion (Brooker and Ireland 1965; Mayne and

Kuìhawy 1982). The effective stresses and porewater pressure ìmposed on

the specimens in this study moder red so'irs under moderatery deep sea

conditions.

The fol low'ing sections provide a descript.ion of the design of the
test program, of the soil crass'ification propert.ies, and of spec.imen

preparat'ion and test procedures.

3.2 DESIGN OF TESTING PROGRAl'i

The purpose of this'invest'igat'ion was to study the effects of
samplìng dìsturbance due to stress release only, with no jnfluence from

mechanìcal ly induced d'isturbance. This was achieved by comparing the

shear strengths of reconstituted "samp1es" wjth those of simulated

" in sìtu specimens". It uuas therefore necessary that the present

testing program reproduced as closely as possible in the ìabor^atory the

conditions that v¡ould ex'ist for the recovered spec'imens durìng and after
the sampìing process in the field. The fol lowìng sectìons wil I provide
the background leadjng to the selection of variables beìng studied and

an overv'iew of the test ì ng program.

3.2"7 Model I ing Sampling procedures

when an offshore soil specimen is lìfted out of its marine

environment and extruded forinspection, classjficatìon, etc., the total
confining pressures on the recovered specìmen are inevitably removed.

The stress release assoc'iated with the f-ield samp'ling process uuas

modelled ìn the raboratory by unroadìng the externar pressures on

art'if icial specìmens made by anìsotropic tr jaxial consol-idat jon and bacl<

pressuring. Two choices were available when these ,,samples,, 
,uere
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offloaded in the trjax'ial cel ls" Firstly they could be unloaded under

total ly undra'ined conditions with porewater pressure measurements"

Secondly they could be unloaded with draìnage permìtted. In th.ìs case

measurements of vol ume changes cou I d be taken wh j I e the ,'sampl 
es,,

swelled because of the release of stress. As ment'ioned in Chapter Z,

the total stresses are typica'lìy released 'in practice in t.imes that are

relative'ly short ìn comparison of the drainage time of 1ow-permeab.ilìty

clay in the field. The coefficient of consolidation (.u) of illite
reported by Kìrkpatrick and Khan (1994) was of the order of 10-B ,2/r.
Du.ing the offloadìng process the "samples', in the laboratory program

are theref ore best assumed to be under total 1y undra'ined cond-it j ons 
"

Besìdes, it is helpfur to know the effective stress path durìng

unìoading (Graham et ar. i9B6), and this can only be obta-ined by keep-ing

the "samp'les" undrajned and measuring the resu'lt,ing decrease .in

porewater pressures. This undrajned condi bjon during unloading was a'lso

assumed 'in the earl'ier studìes by Kwok (1984) and Ambrosìe (198b).

3.2"2 l,lodel I ing Storage

Kwok (1984) and Ambrosìe (1985) both assumed that after sampìing,

the recovered specimens were stored under totalìy undrained condjtjons.
However in the author's opinion, th'is assumpt-ion is not completeìy

val'id. As ment'ioned in chapter 2, the author's personaì experìence

showed that the recovered spec'imens urere al nrays observed to slvel I to
some degree even when they were stored 'in samp'r.ing tubes. Graham et ar .

(1986) showed that the negat'ive porewater pressures relaxed w1th time,
causing decreased value of mean effective stress p'. The mechan.ism is
unclear. They suggested that the change from an'istrop'ic to ìsotropic
effect'ive stress states can cause 'internal creep straìnìng at constant

volume and particle reorientat'ion towards more stable jsotropic
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microstructure. For these reasons, the',samp1es,'-in the present study

were al lowed to swel I during various per.iods of storage in the
'laboratory. This procedure aìso provides an alternative ljmit to the
practice defìned in the prevìous studies jn which the samples were kept
total ly undra'ined.

The selected storage perìods model the time deìays that occur in
practice between spec'imen recovery from the seabed and actual testing in
the laboraiory. In order to 'investigate the effects of the duration of
storage time between sampììng and testing on undrained shear strength,
Kwok (1984) and Ambrosie (1985) chose three storage perìods to represent
the potentiaì variation of sampìe djsturbance. The same storage periods

were applied to the "samp'les"'in this'investigation" The three storage
periods were:

(1) "Instantaneous" (15 minutes) - thìs represents ship-board testing on

recovered specìmens of the hìghest quality.
(2) 1 day - this moders onshore testing on high quarìty soir specimens

wh.ich are transferred jmmediately to onshore laboratories after
recovery.

(3) 1 week - th'is represents average practice of onshore testing on

recovered specimens w.ith ì ong storage per.iods.

In actual cases, recovered spec'imens might be stored for longer periods
than one week. However due to time constraints on the research, one

week was chosen to be the longest storage tìme in this study. This has

been subsequently justified by volume measurements durìrrg storage.

Durìng the early stage of this study, two "samples" (T732 and T733)

were allowed to have drainage from the top of the "sample,, through the
top cap, and at the same time porewater pressures were monjtored from

the cel I pedestal for storage perì ods of 2 hours and 1 week
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respect.ively. These requìred the el jmination of the c.ircumferent jal
filter strips around the "samp1e", but with fjlter stones pìaced both at
the top and bottom of the "sample". (No facilìties exist in the

Universìty of Manitoba to measure the negatìve pore\^rater pressures from

the bottom of the "sample" vrith the hypodermic needles). These two

" sampl es" were al I owed to have both top and bottom dra'inage but no s-ide

draìnage during the earl jer triaxial consol'idation phase of testìng.
However this arrangement caused djfferent draìnage boundary conditions

when compared to the earl'ier studies of Kwok (1984) and Ambrosìe (198b).

D'iffìcu'ìty was therefore antìc'ipated ìn compa¡ing results from the

previous "undra'ined storage" programs, and the present,'drained storage,,

program. Drajnage from one end on'ly, without side drajns, aìso greatly
increased the durat'ion of the tests.

In order to obtain un.iform set of data for comparìson with the

earlier studìes, ìt was therefore decided that the drainage condjtions
in the rest of the "samples" would be maintained from the bottom of the

"samp1e" only, and that circumferential filter strips would be used.

Besjdes, the use of top drainage was aiways prone to addjtional probìems

of leakage and bubble formation with'in the drainage lines (Graham et al.
1eB5).

3.2.3 Procedures for Recovering the In sìtu Strenqth of,,Samples,,

As discussed in Section 2.4, d'ifferent reconsolidation procedures

have been 'investigated by varìous researchers to recover the in sjtu
strengths of recovered spec'imens. To facil'itate comparisons, the

fol low'ing reconsol'idatìon procedures used by Kwok (1g84) and Ambrosie

(1985) were also adopted.in the present study:

(1) isotrop'ic reconsol idat'ion to 0.6 tìmes the ,'in situ,, vert jcal

effectì ve stress,
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to 1"0 times the ', in s.itu,' vert.ical
effecti ve stress ,

(3) anistrop'ic reconsoridation to "in situ,, effective stresses.
The isotropjc reconsol idation procedures were emphasìzed in previous
work due to the jr relative sìmp'ì'ic'ity. The anìsotropic reconsol idation
was due to its apparent success in the recovery of ,,in 

s jtu,, behav.iour
(Kirkpatrìck and Khan 1984).

3.2 "4

A summary of the testing program.in this research project.is g.iven
in Tabl e r. A totar of seventeen normar ìy consor .idated 

and
overconsol idated "sampìes" (T732-rr39 , TTsr-T7sg respectively) of
reconstjtuted j I I jte were tested under the 'i nfl uence of stress reì ease,
and compared with a totar of six normar ry consor idated and
overconsolidated',in situ s pec'imen s " (T7 40-T7 42 , T7 60-I7 62
respectively) . The " in situ specimens" underï,vent the same consol jdat jon
pr0cesses as the correspondi ng di sturbed " sampl es,, , but were not
subjected to an offloadìng and reloading cycìe. The ,,samp1es,, 

,uere
allowed fuìly open drainage to atmospheric pressure dur.ing the various
storage periods.

3.3 SOIL PROPERTIES

The tests specimens 'in thìs study r^lere prepared from reconstjtuted
'il l'it jc clay from Grundy county, Ir r jno js, sìmìr ar to the grund.ite used
by l'lu et al ' (19s3). The advantange of using reconstituted cìay rather
than naturar crays is that srurry consor idation can produce specìmens
with good consistency in their water contents so that better quaìity
control can be maintained'in the testing program. The clay was received
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at the Universì'uy of Manitoba'in burlap sacks wìth water content of zI%

(Ambrosie 1985). Standard classification tests and X-ray d-iffractjon
tests were performed on the c1ay, and the results were reviewd by Kwok

(1984). The major m'inerals presented jn the c'lay are quartz, il I jte and

kaol.in jte with the proport jon of j I l'ite to kaol in jte more than 5:1" A

summary of class jf icat'ion test results is g.iven 'in Table 2. The .il litic
cìay in this study had a cìay fractìon (less than 0.002 mm) of 66% with
a specific gravity 2"74. The riqu'id rimit (*l) and pìastìcity jndex

(Ip) were determined to be 59.s% and 33.6% respectìve1y. These agree

closely w'ith the values reported by Graham et al. (1g86).

3.4 SAUPLE PREPARATION AND TEST PROCEDURES

The fol lowing sections wil I describe briefly the techniques that
have been used in the present study for preparìng and testing the

reconstjtuted illite specimens. The procedures r^rere given jn deta.il by

Kwok (1984).

3.4.1 Slurry Consol jdation

The 'illìt'ic cìay was f irst oven-dried, pulverized and m-ixed with
deaired, dìstil led water.in a mechanical m-ixer for f ive 30-minute

periods over a duration of 2 days under vacuum. The water-clay ratìo by

weight chosen for this research project was approx-imateìy twice the

liquìd limìt of ill'ite (2xwr), which is very common in research work

us'ing slurry consol idation (e.g. Lewin and Burrand 19 70; Li 1983) . The

result'ing slurry was poured careful ly into a 256 mm diameter

consolidation cy'linder with top and bottom drainage.

The cyljnder was then transferred to a newly designed loading frame

for one-dimensional consolidation (Figure. 3"2). These procedures ,uere
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neurly developed for this thesis" They were felt necessary to overcome

some of the varjabjlity between "samples" that was observed -in prevìous

programs " A verti cal I oad \¡.las appl i ed to the sl urry through an

a'ir-pressure controlled hydrau'lìc jack (booster), and was monitored with

a load cell placed between the cylìnder and the jack. The initial
vertical stress used in this test was 14 kpa. The slurry was then

allowed to stabiljze for three days under this stress level due ìts high
'initjal porewater pressure. Fjve successive consol idation stresses were

applied using Z4-hour periods each with a load ratio of 1.3g to a f.inal

vertical stress of 70 kPa. Vertìcal dìsp'ìacement was monitored with

t'ime throughout thìs compressìon process. When the final vertical
stress of 70 kPa vvas attaì ned, al I "cakes" were al I owed to reach

porewater pressure equìl'ibrium. Th'is was monitored by pìotting
time-dispiacement curve, and th'is cond-ition vlas interpreted

"cake" entering the secondary consol idation (Figure 3.3) .

a

AS

log

the

The

equi ì'ibrjum procedure was tìme-consuming, often taki ng more than one

week to complete. At thìs stage, a "cake" of zs6 mm diameter was

produced inside the consol idation cy'l'inder. It was then ready for
extrusion from the cyìinder, and for cuttìng into three identical ,'p,ie

slices" that could be used to form "samp1es". More complete detajls of
preparìng the "cakes" from slurry consolidation are included in Appendix

A.

Durìng the earl iest stage of this study, there was cons.iderable

djfficulty in maintajn'ing the requìred vertjcal loads for s'lurry ,,cake,,

732-733" The loads observed from the load cell fluctuated with time

espec'ial ìy during the load application of f irst stress level (F.igure

3.4 a). This occurred due to the mechan'ical inabjlity of the booster to
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ma'intain constant pressure to the hydraul-ic jack. Dev.iations from

desired stress levels (in percent) were computed by comparing the actual
load cell reading and requ'ired vertjcal load jn each increment (Figure

3"4 b). The average vertical stress jn each'increment was calculated by

assuming the area bounded by the curve in Figure 3.4 b equal to that in
Figure 3.4 c. The ìnadequate booster was subsequentìy rep'laced. Graphs

for the slurry consolidation of the sìurry "cake" 737-l39 are presented
jn Figure 3.5, and much better control 'in vert'ical load'ing is observed.

There were only two "sampìes" (r732 and T733) avairabre from the ,,cake,,

732-733. It had been allowed to reach porewater pressure equ-iìibrium at
an average 'in'itial stress level of rz,9 kpa as well as at 70 kpa.

Towards the end of the program, a I ever- 1 oad ì ng system was

devel oped to provide better I oad control on the conso'l idatì ng ,,cakes,,.

It is also described ìn Appendjx A.

The loadìng frame was also des'igned for extrusion of the "cake,,and
cuttjng ìt into three "p'ie sl'ices" which could then be tr.im*ed .into

three'identical specimens for the subsequent triax'ial tests (Appendix

A). The trjmming and buildìng-ìn of three specimens usual ìy lasted two

days. t^lhile the "pìes" were waìting for the trimming, they were wrapped

w'ith Saran wrap, sealed w'ith wax, and stored in a cool , humìd sample

room to minimize changes jn mojsture content.

The .importance of high qual ìty sampì ing and testì ng techn-iques has

been emphasized by severar investìgators (e"g. Graham rgr4i crooks and

Graham I976; Tavenas and Leroueil Ig77). Although mechanical

disturbance due to sampì ing is avo'ided in laboratory consol jdated clay,
d'isturbance associated wìth specimen preparation and testìng should be

3.4.2 onstituted Specimens
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nevertheless minimized. The approach used by Graham et al. (1986) was

to trim specimens from the "cakes" ihat had been consol.idated

one-d'imensionally to oi.. = 70 kPa, and then to further consol-idate them

anisotrop'ically in trìaxial cells to oi. = 160 kpa. They argued that
normal (virgin) consolidation from 70 kPa to 160 kpa would remove any

influence of the trìmrning disturbance (see a1so, Ladd and Foott Lg74).

Trjaxial tests were done on 76 mm d'iameter specìmens that were

carefuì'ly trimmed from the "pie slices,'. Equìpment and testìng
procedures ajmed at reduc'ing djsturbance during trimmìng and building-in
of triaxial specimens are welI developed at the Un.iversity of ¡n1anitoba.

The most important feature of the equ'ipment is that the iop of the
triaxial specimen ìs supported throughout the processes so that m.inimum

disturbance js ensured. The trimmjng and buildìng-ìn procedures r^/ere

carefu'lly descrìbed 'in detaìl by Lew (19g1). They can be ouilined as

fol I ows :

The cel'l pedestal was deaired by f 'lushing water through ìt by means

of two burettes to the pedestar drainage reads. The base plate of the
trimming equipment was placed on the cell base and ¡¡as adjusted unt.il
the jnverted cutting cylinder was accurately centred over the pedesta'ì.

The trimming tab'le 
'uas 

then attached to the base prate. The trimmìng

equìpment was lubricated w'ith silicone oil to fac'ilitate smooth s'lidìng.
A slightly o'iled cutting cy'lìnder with a sharp leading edge was pushed

careful ìy into the so'ir to a depth of about 1 cm. The excess so.ir

outs'ide the cutting edge was removed by trimmjng wìre. This process 
'¡as

repeated until 2 to 3 cm so'il protruded the top of the cylinder. The

top and the bottom of the spec'imen were then careful ìy tr.immed with a

cutting wìre" The cutting cy1 ì nder with specìmen .inside was then
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removed from the uprìghts, and weighed.

A saturated de-aired filter stone was placed on the pedestal. The

cutt'ing cylinder contaìnìng the specimen was then lowered to the top of
the filter stone. The top cap was located firmìy by a centraì rod and

the cyf inder was removed. The height and the d'iameter of the specìmen

were measured" The average d'iameter of the specimen was 76.lb cm wjth
heìght vary'ing between 130 mm and 13b mm. A th.in coat of s.il.icone

stopcock grease was applied to the sides of the pedestal and the top

cap. Lateral dra'inage filter strìps were app'lied longitudìna1iy around

the spec'imen's surface. (For specimens T732 and T733 r¡rith no lateral
fiIter strìps, fiIter stones were placed both at the top and the bottom

of the specìmens.) Two membranes separated by a coat'ing of sìlicone oil
were placed around the specimen w'ith four sealing rings on the bottom

pedestaì and two sear ìng rìngs on the top cap to seal the spec.imen from

cell water. The top of the trjaxjal cell was carefu'l'ly pìaced over the
specimen and the pìston lowered to touch the top cap and clamped. The

cell was then fil led with deaired distìl led water until the top of
specìmen was covered. A z cm thick layer of viscous o-il was app.lied on

the top of the water through the top of the ceil to reduce 'reakage of
cel I water and frìct'ion between the pìston and the rotat-ing bush.

Init'ial readings of the axìal djal gauge and volume change 5urettes were

taken carefu'liy, and loading was ready to start.
3.4.3 Triax'ial Consol idation

The triax'ial consol idation tests were performed in triaxial cel ls
supported on a steel loadìng frame, the general arrangement of whjch .is

shou¡n in F'igure 3.6. Cel I pressure was appì i ed through dea jred water .in

the cell, usìng compressed air to pressurize an external air water tank.
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The cel I pressures and the porewater pressures at the bottom the
spec'imens were monjtored by pressure transducers, which 1,Jere rezeroed
before each load increment to atmospheric pressure at mid-height of the
specimen" Ax'ial load was appììed through the piston by a hanger and a

dead we.ight system. D'iar gauges and burettes were used to monitor
vertical dìspìacements and vorume changes of the specìmens.

The spec'imens were subjected to anìsotrop'ic consol idat.ion with oå.
= K x (oi.) in the triaxiar ceils. The fìrst axiar stress app.ried to
the specimens was 50 kPa. All specimens in this study urere tested with
a K value of 0"b3, which was chosen ìn the earlier programs by Kwok

(1984) and Ambrosie (1985) to remove one of the potent-ia1 variables in
the test series. The specimens were loaded for z4-hour per.iods between

successive road'increments with a road ratio of 1"15. Before each

loading increment, water was flushed through the drainage leads to
remove air that might have been trapped in the cell base. After the
appìication of a new ìoad, the readings of the axial dial gauge and

volume change burette were recorded usìng ,,standard,, time ìntervals
(that is 1,2 ,4,8,15,30 m'in, r,z,4,g hr etc). h/hen the max.imum verticar
stress of 160 kPa was reached, the normalìy consolidated specimens were
al I owed to stab'ir ize for standard'ized per-iods of four days to reach
porewater pressure equìf ibrium. The overconsol-idated specìmens ,,ere
unloaded to an axial stress of g0 kpa-in one step to gìve an OcR of Z

after be'ing at the maximum stress of 160 kpa for one day. The 4_day
stabilization perìod then resumed at the vertical stress of B0 kpa with
K = 0.53.
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3.4.4 Back Pressuring

Backpressuring of the specìmens after trjaxial consol ìdatjon
sìmulated the high porewater pressure experienced ìn the seabed. In

thjs invest'igation, the effectjve stresses and back pressuring imposed

on the normally consolidated specimens a stress state representat.ive of

30 m of water and z0 m of saturated soi r ( Fig. 3.1 ) . The

overconsol jdated specìmens with an 0CR of 2 represented a stress state
of 40 m of water and 10 m of soil. These stresses brought the normally

consol idated specimens and overconsol ìdated specìmens to ,,in s-itu,,

vert'ical total stresses of 660 kpa and bg0 kpa respectìvely, w.ith a

porewater pressure of 500 kPa. The backpressure of b00 kpa modelled a

so'il spec'imen under moderately deep sea cond-itions of 30 m to 40 m

depth.

Before back pressurìng, the drainage system was flushed to ensure

that any trapped air was removed. The piston was cramped before the

hanger and dead weights were removed. The ceil pressure, burettes,
axial dìal gauge, and transducers lìnes were al I kept in p1ace. The

triaxial cell was then carefuììy transferred from the consol.idatjon

frame to the compression frame. The ax.ial load at the end of the

triax'ial consol idation was re-establ ished by means of a provìng ring.
The specimens were then subjected to ten increments of 50 kpa in both

cel I pressure and porewater pressure. The procedure took about i0
minutes w'ith the specìmens undergoìng negligìbìe axìal stra.in ('less than

0 .l%). The specìmens were then al lowed to stab'il'ize for a per.iod of 24

hours before any f urther test.ing.

The "jn situ specìmens" (r740-1742, 17s0-T7sz) were then subjected

immedjately to undrained shearing as described ìn Section 3.4.g w.ithout
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any further offload.ing and reloading cyc'ìe. Sections 3.4.5 to 3.4"7

inclusìve are applicable only to "samples" (T732-1739, TTsI-TZ5g) whìch

were subjected to a sequence of unl oad'ing, storage and reconsol.idat.ion"

3.4.5 Unload'ing

Th'i s secti on descri bes the procedure used i n the I aboratory to

model the stress release associated with sampling from the field. As

ment joned in sect'ion 3.2.1, the conf ìnìng pressures on recovered

specimens are released in a relatjve short time compared to the draìnage

time of low-permeabil'ity c1ay. The un'ìoadìng in the laboratory was

chosen to be under totalìy undrajned conditions. Techn'iques used for
unloadìng were outl.ined by Kwok (1984) and wì1ì be brief'ìy rev-iewed as

fol I ows:

Unloadjng vvas accomplished in two stages, namely shear unload-ing

and ìsotropic unload'ing" During shear un'loading, the shear load was

removed in s'ix steps by means gf ad justing the proving ring force wh-il e

the cell pressure was ma'intained constant. At the end of this stage,

The "sample" was under an isotropìc totaì stress condition. It was then

subjected to isotropic unloadÍng by reducing the cel I pressure, in

increments of 50 kPa until a cel'l pressure of about 5 kpa was reached.

(The 5 kPa celi pressure was used to ensure contact between membrane and

the ciay, and to control vorume read.ings in the burettes). The proving

force was of course adjusted to compensate for the decreases .in cell
pressure. The total tìme for the unload'Íng processes lasted for about

15 minutes- The porewater pressures and the axìal dìsplacements of the

"sampìe" were mon"itored during the whole unìoad-ing processes. The

results are presented jn Sectìon S.2.
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3 "4.6 Storage

As mentioned in Sectìon 3 .2.2, three dif f erent storage per.iods of

15 m'inutes, 1 day or 1 week under total'ly free draìnage cond jt jons 1,,¡ere

selected to simulate various time deìays between the field sampl-ing and

laboratory testing. This was achieved by openìng the bottom draìnage

lead at the end of the unloading period, and by carefu'l'ly monìtoring the

volume changes durìng the various chosen storage periods" The cell
pressure was kept at around 5 kPa during storage. Results will be shown

ìn Section 5.3. "Sampìes" stored under total'ly undra'ined conditjons

have been studied by Kwok (1984) and Ambrosie (1985).

3.4.7 Reconsol ìdation

In order to recover the 'in situ shear strength of seabed clays,

specimens recovered from sìte investigation are usually subjected to

reconsol'idation pflior to undraìned shear test. 0therwi se ,'loss of

suction" leads to consjderable reduction'in shear strength (Kìrkpatrick

and Khan 1984). As described 'in Section 4.2.4, three reconsol idat-ion

procedures r,rere selected for this investjgation, name'ly -isotropìc

reconsolidation (1) to 0.6 and (z) to 1.0 times ".in situ,, vertical
effective stress, and (3) an'istropic reconsolidatjon to "in situ,,

effective stresses. The main objective'in this study ìs to determ.ine

whjch reconsolidation procedure can best recover the "in sìtu" strength

of the c'lay.

For both isotrop'ic and anìsotrop'ic reconso'ìidatìon, the cell
pressures were first increased in one step to the requ.ired stress

I evels. The "sampìes" to be consol idated ìsotropìcal ly were then

al I owed to reach porewater pressure equi ì i brium before any further
testìng. For "samp'les" to be consol jdated anisotropìcal'ly, the extra
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ax'ial loads were usual ìy establ ished by increas-ing the proving ring

force after the "sampìes" had been consol idated isotrop.ical ly for 24

hours. This represented a sljghtly different procedure from that used

by Kwok (1984) and Ambrosie (1985) who added the required celì pressures

and axjal loads almost simultaneousìy. Drainage during storage caused

the "samples" to behave d'ifferentìy, and to require djfferent treatment

durìng reconsol'idat'ion. It agrees with technìque curren¡y .in use .in

the Norwegian Geotechnical Inst'itute (personaì comm. s. Lacasse to J.

Graham) " Ax'ial strajns and volume strajns experienced by the "samples,,

during reconsol'idation varjed with the reconsol idat'ion procedures and

the storage perìods. This wil I be further d'iscussed in sect.ion b.4.

lfeasurements of volume change versus t'ime t,,tere taken during

reconsol jdation which al lowed free drainage of the "sample', to
atmospheric pressure. Equì 1 ibrium was usuaì ly reached after 3 to 4

days. upon reaching porewater pressure equiiìbrium, the',samp'les,, 14ere

subjected to a back pressure of 200 kpa which is used commonly in

commercial and research laboratories to achieve hìgh levels of

saturation The 200 kPa back pressure was app'lied in four jncrements

of 50 kPa" The "samples" at thìs stage were then allowed to stabiljze
f or 24 hours. Before undrai ned shear testì ng, the ,'samp'les" 

were

checked that theìr saturatjon was acceptab'le, B-values greater than

0.98.

3.4.8 Undrained Shear

Undrained shear test procedures have been outl'ined by Kwok (1gS4).

These procedures fol I owed techniques devel oped at the Unìversity of

Man'itoba over several years (e.g. Graham et al. 1gB3). The rate of

testing used'in this study was approxiate'ly 0.5% per hour, w.ith readìngs
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taken of time, axia'r di spì acement, proving ring, porev,/ater pressure, and

cell pressure at regurar intervars. ',sampres" T732 and T733 with no

side dra'ins lvere subjected to a lower shear strain rate of 0.2% per hour
due to the'ir sìow response of porewater pressures. shearing usuaì ly
continued overnìght until an axial strain of rz% was reached. After
shearing ì,ras comp'leted, the fajled specìmens were removed from the
triax'ial cells weìghed and cut into six layers for determjnatìon of
mo'isture contents. This was done to check the variabiìity of water
content a'long the length of the specimens, and the uniformity of the
spec'imens. Chapter 7 w'il I present and dìscuss the mo-isture content
profìles across the faìled specimens.
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CHAPTER 4

CONSOLIDATIOI{ TEST RESULTS

4. i lNTR0pUCTr0N

As described in Chapter 3, reconstjtuted specimens for triaxial
testing were prepared by consol ìdat'ing sìurry jn a consol jdat.ion

cyl inder until a "cake" with adequate strength for trimming was

produced. A total of eight "cakes" were produced in the present
program. Each "cake" was extruded from the cylinder and cut jnto three
identical "p'ie slices", each of wh'ich was subsequenily tr.immed .into 

a

specimen for triaxial testing. (As ment.ioned -in chapter 3, onìy two

specimens (T732 and T733) were available from the first ,,cake,, during
the earl ìest stage of the program) . A totar of twenty-three
reconstituted specimens was then subjected to cìoseìy sim.il ar
anìsotrop'ic consol idation procedures 'in triaxial cel ls to produce the
consìstent set of specìmens required for the present study. Th.is

chapter reports and briefìy discusses the results during the sìurry
consol idation and the triaxial consol idat-ion phases of the tests.

4"2 ONE-Dil,îENSIONAL SLURRY CONSOLTDATION ( À1-VALUES

The consolidation of cìay -in first-time loading is common.ìy

characterized by straight relationships in log(pressure) versus

compression space expressed as changes .in mo-isture content, voids

ratìo, or specific volume" The straìght line portìons of these graphs

represent the cri'u'icar state parameter ). , wh.ich indicates the
compress'ìb'ility of clay. It is expressed as the slope of voids ratio
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versus the natural logarithm of vertical stress " Le/1n(alr/ovl).

Values of compression ìndex (Àt) during slurry consolidation as

outlined in section 3.4.1 were obtained by pìotting the ìogarìthm of

vertical stresses versus the mojsture contents (Fìgure 4.1). The

compress'ion jndex (Àt) has been used in this thesis to desc¡ibe the

parameter orig'inat'ing from sl urry consol idat j on ì n the cyl i nder. Due to

tjme constra'ints in the present jnvestigat'ion, complete porewater

pressure diss'ipation in the slurry was not attempted during each of the

loading increments. The "cakes" were therefore underconsolidated except

at the end of the f inal stab'il'ization perìod at the maximum vert'ical

stress of 70 kPa. The r.r-values obtained in F.igure 4.1 were sìmp'ìy the

measured sìopes of the graphs in ìn(oi),e-space. They do not gìve the

proper r.t-vaìues that would be measured if complete consolidat'ion was

allowed in each load increment (Kwok 1984). Values of À1 are summarized

'in Table 3. They varìed over a narrow range from 0.50i to 0.S33 with an

average of 0.513 and a standard dev'iation of 0.0L2. Th.is suggests a

high leve'l of consìstency in the observatjons that were taken.

As mentioned in sectjon 3.4.1, the slurry "cake" 732-733 was

treated slightly differentìy from the rest of the specimens. During the

fìrst stage of the test'ing program, jt was compressed with a slìghtìy
lou¡er average ìnitial vertìcal stress of 72.9 kPa, and jt was allowed to

reach comp'ìete porewater pressure equ'ilibrìum before the next increment

was app'lied. Th'is initial stab.il jzatjon lasted for 6 days (Fìgure

4.i a). The rest of the slurries were allowed to sjt for on'ìy 3 days

due to t'ime constrajnts. compressìons durìng thjs fjrst stage of

loading show as the init'ial vertical sections on the graphs 'in Figure

4.I" When the final stress of 70 kPa was reached, the resulting "cakes',
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were allowed to reach equìl'ibrium and undergo some agìng before
extrusjon and specimen trìmming" Thjs is shown as the fjnal vert.ical
sectìons 'in Figure 4.1. It was observed that the "cake" l3z-733 seemed

to experience two lr-values durìng the slurry consolidatjon (Fìgure

4 ' 1 a) . The fj rst lr-va1 ue was cal cul ated from the results from the
average'initial stress of 72.9 kPa to an intermediate stress of 50 kpa.

The value for thìs phase of sìurry consolidation was 0.327. This was

sign'if icantly lower than the other val ues given 'in Table 3, and has not
been included jn the above statisticar anarysis gìvìng a mean Àr=0.513.
This low value 'in "cake" 732-133 was parily due to the effects of aging
(Bjerrum 1967). During the'initial 6-day equil'ibrium perìod (which was
'longer than the other slurries), some additional resistance was buiìt up
'in the clay structure to res.ist further roading. A

pseudo-preconsoìidation pressure of about 50 kpa can be approx.imateìy

determined from Figure 4.1 a. After the vertical stress exceeded 50

kPa, the r.r-vaìue for the second phase was 0.504. This compared very
well with the generaì range of lr-values from the other tests.

The mean and standard devìation of Àr-vaìues (0.b13 and 0.0L2
respective'ly) from the present program showed lower values than those
obtained from the two prevìous programs (0.621 and 0.0bb respectively
from Kwok (198a) ; 0 "689 and 0.067 respectìvely from Ambrosie (1985 ) ) .

The lower average r.r-varue jn the present tests was due to the ronger

in'itial loading period (3 days) used in the present program rather than
Lhe 24 hours that both Kwok and Ambrosie used ìn thejr testing programs.

Laboratory pìots showed that the 'ìarger part of the .initial high
porewater pressures caused by the init'ial load'ing had diss.ipated at the
end of 3 days. The degree of consolìdation obtained in the present
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study was therefore hìgher than those experienced in the two prevìous

prOgrams. Less excess porevlater pressure t^las carried over from the
'in'itial loading to subsequent loadìng stages in the present program.

The compressions of the "cakes" occurrjng durìng subsequent loadjng were

therefore smal ler. This means that the s'ìope \ of the compressibilìty

ljne in ìn(oi),e-space would be less steep.

It r's evjdent from Fjgure 4.1 that the drainage cond'itions jn the

"cakes" were not exactly 'ident'ica1 during slurry consol idatjon aìthough

they were closely sìmiiar. Table 3 shows a range of moisture contents

calculated 'in the specimens at 24 hours after the f inal 'load appl'ication

of 70 kPa" The mo'isture contents at this stage ranged from ss.4% to
59 .4% with a standard deviat'ion of 1.3%. This variation compared

favorably than those from two previous programs (5.2% from Kwok 1984;

6 "4% f ron Ambros'ie 1985) and ref lects the improved sample preparat.ion

techn'iques'introduced in the present project. Even though there were

relatively small d'ifferences in moisture content after 24 hours jn the

present tests, dìfferent "cakes" underwent different changes .in mo.isture

contents durìng the remainder of the stabil ization period at 70 kpa.

Different strajnìng rates durìng secondary consol idatjon and ag.i ng ìn

fact produced spec'imens with smal ler range of mo'isture contents at the

end of consol'idat'ion (Tab1e 3) than at the 24-hour stage. The mo jsture

contents calculated from heìght changes during slurry consol.idation

varied from only 49.L% to 50.5% with a standard devjat'ion of 0.5%. The

range was less variable than the equivalent ranges obtained from the two

prevìous programs (2.0% from Kwok 1984; 3.29% from Ambrosie 19Bb) and

agaìn represents the ìmprovements effected by detail ed procedura'l

differences 'in the present program. Table 3 also shows ihe average
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moisture contents measured from the trìmming of specimens during the
building-ìn process. There v,las a good agreement between the measured

and calculated moisture contents. The maximum difference ,,as on.ry r%,

which compared very favorably wjth the 3% reported by Kwok (1984).
s'lurry consolidation in the present study can be considered to gìve good

control ìn producìng uniform moisture contents among specimens.

4.3 TRIAIrAL C0NSOLTDATT0N

4.3.1 0verview of program

After s'lurry consol ìdat'ion, each "cake" was extruded from the
cyl ìnder and trimmmed into three identicar specìmens. The specÌmens

were then careful'ly transferred 'into triaxi al cel I s and r,rere subjected
to the uniform anìsotropic consolidat'ion procedures described in sectjon
3.4"3. Dra'inage voìumes were measured carefulry durìng this phase of
testing. Dra'inage cond'it'ions jn the tb/o "samp1es,,T732 and T733 1^/ere

slìghtly different from the rest (section 3.2.2). For ,,sampre,, 
T732,

there was also a 'reakage at the top draìnage, but this h/as not
dìscovered untir the reconsoridation phase of the tests. 0n the basis
of results from T733, the volume change of this ,,samp're,, durìng triaxiar
consol idation was estimated by taking the top and bottom draìnage
volumes to be equal.

4.3.2 Linear and Volumetric Strains

All specimens 
''ere subjected to crosery simiìar anìsotropìc

consol'idation w'ith a stress ratio of K=0.53. Durìng the triaxiar
consol idation, voìume changes and ax.iar def r ect.ions of the specìmens
I'vere measured" These measurements enabled calculation of axial strains
and volumetric stra'ins at any stage of the triaxial consolidation. Air
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trapped in the specimens during the buìidìng-'in process 14as flushed out
before each load incrernent r^ras appìied. This r,las excluded from the
calculation of volume changes. Lateral strajns t^lere computed from the
measured volumetr.ic strains and axiai strains on the bas.is of common

assumption that the specìmens remajned cyf indrical during deforma.bion.

Linear and volumetric strains for norma'lly consol jdated spec.imens

are presented jn Table 4" The axìal strains (€t.) varjed from 1r.ß% to
75.97% and the vorumet.ic strains (u.) ranged from r0.49% to rz.7g%.

The lateral strains (€¡.) varjed from -r.27% to 0.65% w.ith a mean of
-0'25% and a standard deviatìon of 0.70%. The axial and volumetrìc
strains were comparabìe to those reported by Ambrosie (19Bs). The

absolute values of the €r./€3. ratio in Tabre 4 var.ied from 9.r to r4g.
Ambrosie (1985) found this ratio varied 'in his tests fron Z.6g to 22.76.

For the overconsol idated specimens wìth 0cR=2, results of the
linear and volumetric strajns during consofidation are shown-in Table 5.
The axìal strains (€t.) ranged from 9.74% to 12"57% and the volumetr.ic
strains (u.) ranged from 9 .s0% Lo r0.76%. The lateral strains (€¡.)
varied from -r.L % to 0.02% w'ith a mean of -0.54% and a standard
devjat'ion of 0.38%. The absolute values of the €r./€3. ratio were found

to vary from 10.4 to 518. Kwok (i9s4) reported this ratio varjed in his
tests from b.B to 48.b.

Under fuì 1y Ko condjtìons,

specimens should remain constant

cross secti onal areas of the

def i n'it'ion , rvì th zero I ateral
strains. l¡lìth the test facil-it'ies ava"ilable at the universìty of
11an'itoba' zero lateral strain could not be control led" They ì¡/ere held
to small values by carefulìy choosìng the imposed K value. As ment.ioned

earl'ier, a K value of 0.53 was used in ar1 spec.imens of the present

the

by
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study to permìt comparìson with prev'ious studies. This came from the
value Ko=0'95-sino' proposed by Brooker and Ireland (196b) for normaì ly
consolidated clays with the varue of Õ'=250 suggested by Ambrosie

(1985). Kwok (1984) and Ambrosje (198s) both determ.ined Ko=0.46

empiricaì ìy from very limited testìng. Graham et al. (1986) suggested

Ko=O'50 from examining the results at the end of their testing programs.

The specimens in the present siudy were subject to a smail degree of
lateral straining from theìr " in situ" conditjon. The overal ì average

€1./€3. was 62.9. The higher €1./€3. ratio in thjs serìes ind.icated

that the consol'idation at the chosen value of K=0.53 was closer to the

zero lateral stra'in condit'ion than in the previous serìes. The adopted

K value was virtually constant in the present program, and there was

therefore no systemat.ic relat.ionship between K and €1./€3..
4.3.3 < 1-values

l'{hen spec'imens were transferred from from one-dimensional cylinder
consolidatìon to the triax'ial cells, d'isturbance due to stress release
jnevitab'ìy occurred. There were also varyÌng degrees of mechanical

disturbance caused by the extrusìon, cuttìng, trimming and building_in
processes a'ìthough the equipment used and the procedures adopted were

aimed at reducing the disturbance as much as possibre. The approach

used by Graham et al. (1986) was to consolìdate reconst'ituted specìmens

anìsotropjcally in triax.ial cells to oi.=160 kpa,2.3 times larger than

the maxjmum stress ìn the one-dimensional cy'lìnder. They argued on the
pubì ìshed evidence that normal (v'irgìn) consol jdat'ion from 70 kpa to 160

kPa would remove any influence of mechanjcal disturbance dur-ing

trìmming. values for the recompressìon 'index (*t) durìng the early
stages of triaxial consolidation vlere calculated from the reload portìon
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of the log(p') versus v pìots in the stress range of b0 kpa to 70 kpa
(Fìgures 4"2-4"7)" values of *1 are presented -in Tables 4 and 5. They

were found to range between 0.082 and 0.124 with a mean of 0.i02 and a

standard deviation of 0.013. simir ar resurts lvere reported by Kwok

(1984) and Ambrosie (1985), with mean values of 0"103 and 0.105
respectì veìy.

4.3.4 ÀPval ues

The values of the compression index (Àz) durìng the later stages of
triaxial consolidation were calcurated from the graphs of 1og(p,) versus
v for the stress range from approximatery z0 kpa to 160 kpa (Figures
4"2-4"7). The r.r-values represented by the I.inear sectìon of virg.in
c.mpress'ion rines varied from 0.169 to 0.263 with an average of 0.234
and a standard deviatjon of 0.019. Results of Lr-values are summarized

in Tabl es 4 and s. lulean r.r-var ues reported by Kwok (19s4) and Ambros.ie
(1985) were 0.226 and 0.237 respectìve1y. The mean )tr=g.234 in the
present study falls well between these two values.

"sampìes" T732 and T733 exhib'ited l.r-varues at the rower end of the
range (0.169 and 0.209 respectiveìy). The reason ìs thought to be due

to the different draìnage condìtion used -in these tests during the
earl iest phase of the program. As mentìoned earl ier, both ,,samp.les,,

(T732 and T733) were arowed to drain onry from the top and bottom of
the "samp'les" but w'ith no side filter draìns. The remaining specìmens

in the program were given raterar firter drains as wer r as bottom
dra'inage. Dai'ly'loading increments were appl'ied throughout the whole
trjaxial consol idat'ion phase of the tests. ,'sampìes,, 

T732 and T733 wjth
on'ly end draìnage wourd experìence smar rer da-i1y vorume changes than
those with bottom dra'inage and raterar drainage due to their rower
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degree of consol'idation result'ing from the different boundary condit.ions
(B'ishop and Henkel 1962) " This wourd make the srope of the normar

consoljdation line'in ln(p'),v-space become less steep because the
measurement varues did not represent comp'rete consor-idation.

The parameter ¡.2 was observed to be much lower than the value of l1
from slurry consor idat'ion. The mean 

^r/^z rat.io was found Lo be z.z as

compared to the hìgher value of approxìmate'ly 3.0 obta.ined by Kwok

(1984) and Ambrosìe (i985). Kwok(1984) suggested that the variation in
r't and þ ruy be due to the d'ifference in road ratios during s.rurry
consor'idat'ion and triax'iar consor idat-ion (1.3g and 1.15 respectìveìy) .

However changes l'n road ratio wourd norma|ry be expected only to move

the consolidation rine in rn(oi),e-space, but not to change jts s,rope
(Leonards and Artschaeffr 1964). Ambrosie (198b) suggested that the
hìgher \-values may be due to the higher porewater pressures deveìoped
du.ing the s'lurry consoridation and diss.ipated subsequenily.

The mean xz/*r ratìo was found to be 2.3 in the present study. A

value of 2"2 was reported by Graham et ar. (19g6) for the same cìay and

by Graham et al . (1983) for natural r¡rinnipeg c1ay. L.i (ig83) reported
the rrlrc, ratio was 2.1 for remoulded l^Iinnìpeg clay.
4.3.5 rc2-val ues

Twelve spec'imens (r7sr-Tr62) were overconsor idated by reducìng
stresses from oi.=160 kpa to oi.=g0 kpa fol'lowing the or.igìnaì stress
path to gìve an OcR of 2.0 (Fìgures 4.s-4.7). The change jn Ko which
would normal ìy accompany overconsor idation had not been moder red in
these tests. The offr oadi ng uuas done i n one step due to time
constra'ints. The spec-imens were then al lowed

of four days after unloadìng. The rcr_va.lues

stabil jze for a period

the swel 1 ing phase are

to

for
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also presented in Table 5. They ranged between 0.036 and 0.054 with a

mean of 0"047 and a standard dev'iat'ion of 0.00b. They were the least
variable among al I the À and r< values reported. Kwok (1984) and

Ambros'ie (1985) reported that the mean <r-vaìues were 0"04g and 0.05
respectively. The average *L/*z ratjo was 2 .2, which was also observed

by Kwok (1984). Kwok suggested that the djfference-in rc, and *z might

be due to different road ratios used during the re]oading phase and

during the unìoadìng (sweì1ing) phase (1.15 and 0.5 respect.iveiy). The

author suggests it is more likely due to the difference in slope between

loading and unloading in the overconsor idated range. Leonards and

Altschaeffl (1964) showed that the reload line is a'lways observed to be

steeper than the swe11ìng line w'ith'in the range of vertical pressures.in

this study.

4.3.6 Yield Determ'ination

The preconsolidatìon pressure from slurry consolìdation, (that .is,

the highest pressure reached in the cyiinder, oLy¡70 kpa) was compared

to the verticaì yìeld stresses (rr;) ìnterpreted from the trìaxial tests.
The triaxial consol'idation data brere analysized usìng the computer

program TXCEP which was developed by Lew (19g1) at the un.iversìty of
l4anjtoba. The program produced printouts of the results and seven

different stress-stra'in prots. The p'lots included:

1" log(p') versus V

2" p' versus v

3. q versus €

4 " oi versus €,

5. oj versus €,

6. p' versus €,
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7 " h/ versus LSSV

The stresses at which yìe'ldìng took place have been interpreted usìng

the bil inear p'rotting techniques desc'ii¡ed by Graham ei ar. (i983).
Graphs of various y'ierd curves are presented in Fìgures 4.2-4"r and in
Appendìx B. The pìot of oj versus €¡ was om.itted from the

ìnterpretat'ion because specìmens were roaded arong an approximate

Ko-line with small lateral strains. Some problems were encountered wìth
the interpretatìon of the y'ierd stresses on some of the p, versus v

plots where b'il inear behav'iour was not observed. For compar.ison

purposes, stresses at yìe'ld determined from the varjous plots for each

specìmen uuere expressed'in terms of a common variabìe, namely the

vertical effective stress (Tabìe 5). An average vertìcal yield stress
(oy) was also calculated for each spec'imen from the var-ious p1ots. It
was found to vary from 70.6 kpa to 73.9 kpa, and averaged on.ly 3.0%

higher than the 70 kpa app'r ìed in the slurry consor idation. It was

comparable to 2.6% obtained by Ambrosìe (1985) and 3.3% obtained by Kwok

(1e84).

4.3.7 Elastic parameters

According to Graham and Houlsby (1983), five elastic parameters are
requìred to describe the cross-anìsotropic elastìcìty of cìays jns.ide

the'ir state boundary surface. However thjs requires specimens stressed
along stress paths in widely different directions .in p,,Q-space. All
spec'imens 'in the present program were tested only al0ng a stress path

with K=0.53. Th'is meant that the full range of elastic parameters could

not be obtained. Equivalent isotropìc pseudo-elastic bulk and shear

modul i (Keq, ,.0) close to the Ko-condjtjon r^rere calculated from the
I i near rel oad sect'ions of the p' versus v and q versus € pì ots
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respectively (Appendix B) before yìelding occurred. Results are

summarized in Tables 4 and 5. values of KeÇ un¿ GeQ varjed from 772 kpa

io 7126 kPa and from 376 kpa to 893 kpa respectìvely. s.ince the
stiffness of lightly overconsoridated c'ray depends on the
preconsoì idation pressures, normar ized var ues of K.q/oåyt and G.q/oåyt
are also shown jn Tables 4 and 5. The values of o.oroåy1 were observed

to vary from 11.0 to 16.0 w'ith an average of 13.b. The values of
G.q/oåyt ranged between 5.3 and 12.8 w'ith a mean of B.g. The mean

value of G.q/oåyt in the present program was lower than the results
reported by Kwok (1984) (G.q/oiU.,=13.2) and Ambrosie (1985) (GuO/oiU.,=

15.5) for the same cìay, and L'i (1983) (G.O/oåy1=13.6¡ for reconstjtuted
Irljnn'ipeg clay. The reasons are unclear this time. 0n the other hando a

much lower value of t.oroåy1=4.b was reported by Graham et ar. (19g3)

for natural u,innipeg c1ay. wroth et ar . (rgrg) reported G.q/oåyt
values of many cìays to be about 11.
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CHAPTER 5

RESULTS: UNLOADiNG, STORAGE AND RECONSOLIDATION

5.1 INTRODUCTION

As desc'ibed in section 3.4.3, dil specimens at the end of
triaxial consolidatjon were allowed to stabilìze for a per-iod of 4 days

that was the same as was used in the previous programs by Kwok (1984)

and Ambrosie (1985). They were then backpressured with 500 kpa to
s'imulate high porewater pressures experìenced in the seabed, and were

allowed to stabjlize for a perìod of 24 hours. ,,samples,'T732_T739 
and

175r-T759 were subsequentìy subjected to the totar stress unroading
procedures described earl ier to model the field sampl ì ng process 

"

"samples" were then ailowed to sweil for various perìods of time to
sìmulate total ly draìned storage of recovered samples from a sìte
'investìgation. At the end of varìous storage periods, âlì ,,sampìes,,

were subjected to one of the chosen reconsolidation procedures prìor to
undrained shear tests. The following sect'ions rviì ì present the results
of "sampìes" during the unload'ing, storage and reconsol idatjon phases of
the tests. The "'in s'itu specimens " (Tr40-T742, 1760-T762) were

subjected immediately to undra'ined shearing wìthout an

reloading cyc1e. The results during shearìng wil I

Chapter 6 "

5.2 UNLOADING BEHAVIOUR

of f 'l oad i ng and

be presented i n

As desc'ibed in Section 3.4.5, the consolidat.ion shear stresses
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the "samp1es" 
',ere 

first offroaded quickry ìn a per.iod of about 5

mjnutes whìle the celì pressures majntaìned constant. The porewater
pressures of the dìsturbed ,'samp1es,' dur.ing shear un.loadìng ,,.,ere

monìtored from the cell pedestals wi'uh pressure transducers. Graphs of
porewater pressures versus devìator siress for the normalìy consolidated
"samples" (r732-T739) and the overconsolidated "samp1es,, (T751-T759) are
shown in Fìgures 5.1-5.3 and F'igures 5.4-b.6 respectivery. The
porewater pressure typìca1 ly shows an ìn'it.ial non-linear relatìonship
w'ith deviator stress, and then a subsequent rinear rerat.ionshìp.
sìm jl ar porev'/ater pressure behav'iour was observed by Noorany and seed
(1965) ' some differences ìn detail compared with the results of Kwok

(1984) and Ambrosie (1995) wìl r be discussed rater.
The porewater pressure parameter (A, = 

^u/AQ) 
based on the total

unloading of shear stress for the norma'l'ly consolidated ,,samples,,

T732-T739 ranged from 0 .26 to 0.4g with an average of 0.37 and a

standard deviat'ion of 0.08. For the overconsoridated ,,samp.res,,

T75r-T759, A, va.ied between 0.36 to 0.47 with a mean of 0.42 and a

standard dev'iat'ion of 0.0s. Since these two mean Ar-values are greater
than 0.333, the "sampres" generai ìy experìenced hìgher mean effective
stress immediately fo1ìow'ing shear unloading than their in sjtu values.
These val ues are somer4rhat h ìgher than what Graham et ar . (1986 ) f ound i n
theìr studies" Their mean Ar-values for normaì ìy consoljdated ,,samp1es,,

and overconsor idated " samp1 es" of the same cì ay were 0.33 and 0 .37
respectively' This means that their mean effective stresses rema.ined

essential ìy constant or increased just sì.ightìy ìmmediatery after
unloading the shear stress to zero.

unusual behaviour was observed ìn ,,sampr e', T732 (Figure b.1) , in
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which porewater pressures jncreased s'lightly w'ith decreas.ing dev.iator
siress during the first two decrements of shear stress. Th'is m-ight be

due to a minor leakage at the top drainage connect.ions of the ,,samp1e,,.

In thjs case, A, was found to be negative jn th.is range.

The stress paths of the normalìy conso'ljdated and overconsolidated
"sampìes" during unroad'ing ìfl p',Ç-space are arso presented in Fìgures
5.7-5.8 and Fìgures b.g-5.1i respectìvery. The stress paths in

P',Q-space first move downwards to the left jnstead of being vertical as

would be expected from a linear elastjc isotropic sojl. Behaviour

simìlar to the present study 
''as 

reported by Kwok (1984) and Ambrosìe

(1985). The mechanism is unclear. They both attributed the occurrence

to be caused by the "samp'res" not being at porewater pressure
equìlibriu¡¡ before un'loadìng. (To permìt compar.ison,',samples,, in the
present study l,.Jere consolidated for the same tìme duration as in the
previous program). Alternatively, the leftwards movement may be caused

by a sma]l amount aging of the "sampìes" at the end of tr.iax jal
consolidation and backpressurìng, or to a deìay in porewater pressure

equaf ization between the "samp1e" and the sensìng erement in the
transducer.

After two to three decrements of shear stress, Figures 5.7_5.i1
show a tendency to move to the right as well as downwards. Kwok (1gs4)

and Ambrosie (1985) both observed s'imil ar but less marked behaviour

durìng the last decrement in their tests. They suggested this behaviour

was perhaps due to slow equal'ization of porewater pressures between the
"sampìes" and the porewater pressure transducer. The shear unìoadìng
procedure was completed in ar r stud'ies within 5 minutes, and dr.d not
al low the readìngs to ful ìy stabjl ize during unloadìng. This occurrence
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ldas more systematic jn the present study than the two previous programs.

The behav'iour might sìmp'1y be due to the inherent anìsotropy of the

"sampìes" (Graham and Houslby 19g3). Th'is lvould expìain a straìght
unloadìng ìr p',Q-space with A, I 0.333, but would not explain the

observed non-linear behaviour.

5 .2 "2 Unl oadi ng of Cel I presssure

Al I "sampìes" t',rere subjected to isotropìc unloadìng fol lowing the

unloadìng of the shear stress" The'isotrop.ic un'loadìng lasted for a

further perìod of 10 minutes. porewater pressure changes that
accompanìed the removal of cel I pressure for normaì'ly consol idated

"samples" and overconsolidated "sampìes" are shown jn F.igures s.l2-5.14
and Figures 5.1S-b.17 respectively.

For normaì ìy consor idated "sampì es,' (Fìgure 5 .lz-5.14) , the

B-values (= nu/ Aocell) during 'isotrop'ic unload'ing were 96% Lo g9%. The

in'itial residual porewater pressure immed'iately fo'l1ow'ing the ìsotrop.ic

unloadìng reached an average value of -BB kpa. The stress paths for
normal ly consol ìdated "samp'les" during isotropic unloading ìn p, ,q-space

are al so shown in Figures 5.7-5.8. Fol I owing the combined processes of
shear and 'isotropìc unloadings, the normal'ìy consol idated ',samples,, had

been unloaded from an "in situ" p,=10g.9 kpa (oj.=160 kpa, K=0.53) to an

average p'=93.0 kpa. The loss'in p'averaged 15%. This is lower than

the 20% reported by Skempton and sowa (1963) and Ladd and Lambe (1963).

It should also be noted on these tests that the shear unìoad.ing phase

w'ith A, > 0.333 actualìy led to srnall increases in p' before cell
pressure reductjon.

Exceptions to the general pattern were the normalìy consolidated

"sampìes" T733 and T736 ìn Figures 5.Lz and 5.13 respectiveìy. The



57

p0rewater pressures jn both "samples" were observed to devjate from an

approximate 1:1 relat'ionshìp with the cell pressure during ìsotropìc
unloading' Th.is is more ev'ideni in the negatìve pressure range for the
"sample" T736 (Figure 5.13). It was probab'ry associated with the
presence of air coming out of solutjon ìnto the system and -inhib.itìng

the devel opment of hìgh negat'ive porewater pressures (0kumura 1g7i ) .
(It was confirmed durìng the Iater reconsol'idation phase of testing that
both "sampìes" had ajr in their draìnage systems). The inìtial residual
porewater pressures immed'iately foì low'ing ìsotropic unìoading for both
"samples" T733 and T736 were -44 kpa and -4b kpa respect.ively, about
hal f of what was experìenced by other norma'l ly consol idated ,,samp.les,, 

.

This caused a totar ross of ES% 'in p' as the mean effective stress
dropped to about 50 kpa.

For overconsol idated "sampìes, the B-values during the ìsotropìc
unloading were gg% to r00% (Figures 5.15-5.r7). They were h-igher than
those obta'ined for normal ìy consol idated ',samples,, as d.iscussed jn one

of the earlìer paragraphs" It can be observed that the deviation from
the 1:1 relatìonship was much less obvious 'in the overconsolidated

"samples". The injtial residual porewater pressures jmmediately

following the ìsotropic unroading ranged from -45.3 kpa to -51.6 kpa

w'ith an average value of -47.b kpa. Figures 5.g-5.11 also show the
stress paths of the overconsor ìdated ,,sampìes,, in p, ,Q-space durìng
isotropic unìoadìng. The res'iduar effective stress immedìateìy
following the shear and ìsotropìc unload'ings reached an average value of
52 '7 kPa, wh i ch compared favorably to the "'in s itu,, mean eff ect j ve

stress of 54.9 kPa (oi.=80 kpa, K=0.53). The loss .in p, was onìy 3.g%"
wh i ch i s much r ess than the L5% from the normaLry consor idated
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"samples". The mean effectìve stress of the overconsolidated ,'sampìes,,

can be consjdered to remaìn approximately constant jmmedìately before

and after the unloading processes, especia'l ìy for "samples" T751 , rTsz 
"

T756 and T759 where the dìfferences were usually of the the order of z

to 3 kPa. A s jmilar conclusion was drawn for overconsol idated ',samp'les,'

of the c'lay by Graham et al " (1986 ) .

5 "3 STORAGE

All "samples" after being unloaded were subjected to d.ifferent
perìods of swel ling to model various storage perìods imposed on the

recovered samples. The selected durat'ions of the storage perìods were

15 minutes, 1 day and 1 week. The background lead'ing to the selectjon

of these storage perìods was discussed in Secti on 3.2"2. section 3.4.6

descrjbed the test procedure during the storage phase of testing.
Fìgures 5.18 to 5.20 show the swelfing behaviour of the normalìy

consol'idated "samples" T733-T739 with respect to the storage tjme" The

final volumetric straìns measured during this phase are summarized 'in

Table 7. The swel l ing curve for "sampì e" T73z .is not available due to
1 eakage at the top drai nage connecti on. " sampl e" T733 vuas al I owed to
have drainage from the top of the "sampìe" through the top cap (Figure

5.18 a) , and at the same time negative porewater pressures were

mon'itored from the cell pedestal (Figure 5.18 b) during a storage period

of 1 week (Sect'ion 3.2.2) " It was observed ìn Figure b.1g b that the

negatìve residual porewater pressure stayed almost constant at a value

of about -55 to -57 kpa for some tìme, and then a loss of negatìve

porewater pressure started at a time ranging from 10 hours to 1 day.

(Thìs relat'ive'ly sudden breakdown phenomenon was not so obv.ious at the
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corresponding sect'ion of the swel I ing curve ìn Fìgure 5.1g a but the
curves have the same general shape). The drop of porewater pressure

cont'inued in an approximate'ly l-inear relationship w.ith 1og(storage

tìme). This gradual 1y caused decreased values of the mean effective
stress p'. S'im'ilar porewater pressure behavìour was also observed by

both Kwok (1984) and Ambrosie (1985), (Graham et al. 1986). The

mechan'ìsm 'is uncr ear. They suggested that some may be due to sr ow

reorientation of cìay particles. Th'is could develop as the an.isotrop.ic
jn situ stress changed to ìsotropic effectìve stresses control led by

negative porewater pressures. The remajnder may result from d.iffus.ion
through the doubre membranes, or past the searìng rings under the row

celI pressure of 5 kpa du.ing thìs stage of testìng. K.irkpatrìck and

Khan (1984) attributed the loss of pore suction w'ith increasìng storage
time to the effects of cav'itatìon. The occurrence may result from a

combination of ail these factors to varying degrees. Further work is
needed on the effects of cavitatìon in these sampìes.

After the "samp1e" T733 had been stored for about 4 to s days, the
l'inear relationship (Figure 5.1g b) of porewater pressure wìth respect
to'log(time) tended to slow down. This -is also refrected at the
corresponding section of the swelìing curve .in Figure 5.ig a. At the
end of the 1-weel< storage time, the residual porewater pressure (ur) at
the bottom of T733 dropped to -7.5 kpa, and the urlur., ratìo decreased

to l4%. The finar vorumetric stra'in (expansion) for T733 was 5.gz%.

Two other 1-week normaily consor idated ', sampr es', (T736 and T739 )

al so show swel I ing curves w'iih a shape s'imil ar to a conventìonal ly
S-shaped consolidatjon curve with large'load'increment rat'ios (Figures

5-19-5 -20), The sweiling of the "samp'les,, resulted from the dìssìpation



of negative porewater pressures"

were observed to take p'lace more

porewater pressure.
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The volume jncreases of the ',samp1es"

gradua'ì'ly than the I osses in negative

A iypical swelling curve 'in ìog(tìme) space consists of an injtial
non-l'inear section follor,¿ed by a second linear section and a th.ird less

steep linear line. The time where the two linear sectjons meet may be

'interpreted as the equil ibrium time, and was observed to range from

about to 1 to 2 days jn T736, about 3 to 4 days jn T73g" and about 5

days in the one-end drainage "samp-le" T733 (Figure s.1g a). At the end

of the l-week storage perìod, both "samples" T736 and 1739 had final
volumetrìc stra'ins of 7.46% and 7.76% respect'iveìy. These strains were

hìgher than the 5.92% from "samp1e" T733. The lower strain in T733 was

probab'ly due to the partiaì 1y dra jned cond jtion imposed on the ',sampìe,,,

where lateral fìlter paper drains had not been used. Ambrosìe (198s)

reported the volumetrìc straìn of the same clay after a storage period

of 1 week was I.7%" Re-examination of the original laboratory data

shows that this figure should be corrected to 6.95%.

The 1-day storage "sampres" T735 and T738 exhjbited only the fìrst
I inear relatjonship wìthout any subsequent slow-down during the storage

period. The fìnal volumetric strain of "sample" T73g after 1-day

storage was 5.20%. "Samp1e" T73s had an unusuaily hìgh volumetric

strain of B.II% probably because its nembranes h,ere accjdental ly
overexpanded for a short time at the end of unloadjng when the ,'samp'le,'

was under low cel'l pressure with hìgh app'lied porewater pressure. After
its " in situ" stresses (o{.=160 kpa, oj.=g4.8 kpa) had been

re-establ'ished, the draìnage system was flushed to ensure that any

trapped ajr was removed. The "sample" was then allowed to stabilize for
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24 hours under a backpressure of 500 kPa. The unloadìng procedure ,,¡as

subsequently repeated" The soìl structure at end of the backpressuring

might be d'ifferent from that at its "in situ" state despìte the rescue

procedure. However the most important thìng is that the shape of thìs
swel I ing curve during the fìrst 2-hour storage perìod is ident.ical to
the correspond i ng stage of ', samp'ì e" T736 .

The 15-mjnute "samples" T734 and T737 had volumetric strains of

0"54% and 0.46% respectìveìy. These strajns were small when compared to
those obtained from "samples" after a storage per.iod of l day or 1 week.

However the'ir swel l'ing behaviour d'id show the init'ial shape of a 1-week

swelling curve, especìaììy for',sample', T737.

The swel 1 ing curves for the overconsol'idated " sampì es,, T7b1-T7Sg

during va'ious storage periods are presented in Figures s.zr-s.23.
Sìmilar trends of swel I ing behav'iour urere observed as previousìy

described for the normal'ly consol jdated "samp1es". Equìl.ibrium times

usualìy occurred at times ranging from 2 to 3 days after the draìnage

leads were opened. This was in the same range as the norma'l ly
consolidated samples but the results appeared to be more consjstent.

The reason may be due to the smaller magnitude of stress release.in the

case of overconsol'idated "samp'les" than norma'l1y consolidated ',sampìes,,.

Table I summarjzes the final volumetric strains measured during

swel I ing for the overconsol jdated "samp1es". The volumetr-ic stra.ins for
the 1-week "sampìes" varied from 6.49% to 6.75%. The 1-day ,'sampìes,'

and 15-minute "sampìes" show volumetric strains of 4.r3% to s.zg%, and

0 "28% to 0-37% respective'ly. These stra jns are only sl'igh¡y lower than

the correspondìng values from the norma'lìy consol.idated "samples',. This

may be due to the marked non-ììnearity of swell ing behaviour during



unloading. Fìgure 5.21 shows a sudden jump in the resurts for
T752 after it has been drained for a period of z hours"

because of a sudden I oss of the ce1ì pressure dur"ing the ear.ly

the test 
"

ot

" samp'l e"

Th.is was

stages of

5.4 REE0NS!LrpATr0N

At the end of various selected storage perìods, a'l I ,,samples,, prior
to undrained shearìng were subjected to reconsoljdatjon at one of the
va.ious stress revers chosen in Secti on 3.2.2. The main object.ive in
this study 'is to determine which reconsolìdation procedure can best
reproduce the " ìn situ" strength of reconstjtuted 'il I ite c1ay. Section
3.4"7 described the test procedure dur-ing th.is phase of test.ing.

Reconsolidat'ion was usually complete after 3 to 4 days. Axial
strains and volumetric strains measured durìng this stage for the
normal ìy conso'lidated "samp'les" T732-T739 are summarìzed jn Table 7 .

Lateral strains were arso computed 'in Tabre 7 from the measured

volumetric strajns and axial strajns assumìng that the ,,sampìes,,

remained cy1ìndrical during deformat'ion. Test results for ,,sampì e,, Tl32
were not available due to'leakage at top drainage connect.ion.

It was observed that reconsolìdation strains experìenced by the
normal'ly consoridated "sampres" varied with the reconsoridatjon
pnocedures and the storage perìods. The vorume changes .in term of
volumetric strains experienced by the ',sampìes,, durìng this
reconsol'idatìon phase are also plotted agaìnst log(storage tìme) in
Figure 5'24' There is an approxìmately linear and paralìe1 relationshìp
between the volumetric reconsolìdation straìn and the storage tjme of
the "samp'le" in log space. The "sampìes,',uhich had been subjected to
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longer periods of drained storage experjenced ìarger subsequent volume

decreases when they were subjected to 'identical reconsol idatìon
procedures. The volumetflic strains were usual ly the h.ighest for the
"samples" stored for 1week. Table 7 also shows s'im'ilar relatìonships
in the measured ax-ial strains.

As wel I as th js inf luence of storage t-ime, ,'samples,, which had been

subjected to jdentical period of storage experienced ìarger volume

decreases result'ing from 1.0xoj.-'iso reconsolidat'ion than those from

1 '0xoi.-anìso reconsol idation. (These symbols wil I be used agaìn I ater
to refer to the reconsol ìdation procedures. ',1.0x0j.- iso,, means

" isotrop'ic reconsol'idation to oi=1.0x0i.; ,,anìs0,, means ,,anìsotropìc

reconsol'idati on to oi=1 .0xoi." . ) These 1 arger vol ume decreases are due

to the hìghe|imposed mean stress leve'l of p'=160 kpa jn the 1.0xoj._iso
reconsol'idation compared wìth p,=109.9 kpa in the 1.0xoj._anìso
reconsor jdat'ion. 0f the three 1-week normai'ry consor idated ,,sampres,,

(T733, 1736 and T739), "sampìe', TZ33 wh.ich ,,'as subjected to the
0"6xoj.-ìso reconsolidat'ion procedure gave the lowest volumetr.ic
strain" Th'is is probabry because ìt had the rowest p,varue of 96 kpa

of the three "samp'les". Results of the 0.6xoj.-ìso reconsolìdation for
norma'l1y consor idated "sampres" w'ith other storage times are not
available as exp'laìned in an earl ier sectjon.

Reconsol idation strains for the overconsol idated ,,samp.les,,

T751-T759 are summarized 'in Table 8. volumetric reconsol.idation stra.ins
are p'lotted against ìog(storage time) in Figure 5.25. Similar trends of
reconsolìdation behaviour were observed to those descr-ibed earlier for
normaliy consolidated "samples',, but the results appear to be more

consistent' The volume decreases experìenced by overconsol idated
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"samples" durìng thìs stage were s¡naller than correspondìng va'lues from
normal ly consor idated "sampìes". The reason is probabry due to the
smal ler magnitude of the recons0l idation stress levels in the case of
overconsol idated "samp'1es" compared w'ith the normaì ly consol jdated

"samp'l es".

Unusual behavjour was observed'in "samp'ìe" T7S1 wh.ich experienced a

smal I volume expansion instead of vorume compressìon during the
0.6xoi.- iso reconsor idat'ion (Tabre g) . ,,Samp1e" T751 was not abre to
swell fully during the short ìmposed storage period of 15 minutes. The

mean effective stress of the "sampìe" at the end of storage perìod
therefore dropped only si'ightìy ìovrer than the l'nitial varue of p,=53

kPa immedìate'ly forowing the totar stress unroading, and was stiil
higher than the var ue of p'=48 kpa that was appì ìed during 0.6xoi._ iso
reconsol'idat'ion. This explaìns why swellìng stì'l1 continued during the
reconsol'idat'ion phase of the tests. Swelrìng .is arso seen in the
results of axiar strain for T7b1 (Tabìe g). 0n the other hand, the
1-day and 1-week "samp'res" (T7b2 and T7s3 respect.ively) had rereased
the'ir negative porewater pressures, and the p' values lvere therefore
lower than the reconsolidat.ion value p'=48 kpa. These sampìes

experienced volume decreases during the 0.6xoi.- ìso reconsol idatjon.
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CHAPTER 6

UNDRAINED SHEAR TEST RESULTS

6.1 INTRODUCTION

After triaxial consol idationu al I specjmens were transferred from

the consolidation frame to a straìn-controì1ed compressjon test frame.

They were then subjected to a backpressure of 500 kpa for a 24-hr period

before any further test ì ng . Seventeen spec imens (Tr 3z-r7 39 and

175r-T759) now referred to as "samp'les', were subsequentìy subjected to
processes of unìoadìng, swelling and reconsolidation before undrained

shearing was performed. 0n the other hand, six control ,,in sjtu
specìmens" (T740-T742 and T760-T762) were sheared undra'ined immedìateìy

following the backpressurìng without the unload'ing and reloadìng steps.
Thìs chapter presents the undrained shear test results for both the
norma'l 1y consol idated specìmens (T732-Tr42) in Tabre 9 and the
overconsolidated specimens (T7sr-T762) in Table r0.

Propert'ies examined from the results of the undrained shear tests
j ncl ude the undrai ned shear strength, su; the porewater pressure
parameters, Af and m; and the "erastic" modu'rus, Euo. In each case, the
results from the "in sjtu specìmens" w.ilI be jdentified fjrst, and then

the results from var.ious reconsolidation procedures will be presented.

6.2 STRESS-STRATN RELATT0NSHTPS

Graphs of (ot_o¡) /Zol*
pì otted for al I specimens

representatjve sets of these

ol/ a! and au/oi. versus €t have been

durìng undrained shear-ing. Eiqht

graphs differentiated jn terms of the
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reconsol idation procedures and their overconsol idat'ion ratjo are gìven

in F'igures 6.1-6.8. The remaìnìng graphs from the test program have

been 'included ìn Appendix c for further reference.

The stress-strain curves from the undrained shear tests are al I
rather simì1 ar, showing a variety of sl'ightìy si,rajn softening behavìour

that depends (1) on the overconsolidation history of the spec.imens; (z)
on the duration of storage; and (3) on the reconsolidat'ion procedures.

In general , al I tests exhibited an 'initial st'iff sectjon on (01-03 )/zal,
versus €t Rlots, followed by a more flexìble stress-straìn response. A

smal I amount of sira'in softening behav'iour was usual'ly observed after a

maximum dev'iator stress had been reached. The reduction ìn the shear

resistance between the maximum deviator stress and the end of the test
at large strain, was not as ìarge as observed for examp'le by Li (1983)
'in remoulded hrinnìpeg cìay. The stress-stra.in curves in the present

study were examined usi ng the max'imum deviator stress for determin.ing

failure. This failure crjterion d'iffered from the yield failure
criterion used by Kwok (1994) and Ambrosie (198b), .in wh.ich a yìeld
point was jdentifjed w'ith some djfficulty as the stress at which their
samples had maximum curvature in stress-straìn behav.iour.

For normal ly consol jdated soil , the ,'in situ specimens,' T740_Tl42

faìled at axial strains rangìng from 0.s6% to 0.75%. The isotropìcar1y
reconsolidated "samp'les" T73z-r736 failed at markedly larger axial
strains (4.39% to 5.37%) than the anisotropìca'l ly reconsol idated
"samples" T73Z-T739 (0.BZ% to 1.3l%) .

In the case of overconsolidated soì1, the failure of the ,,in situ
specimens' T760-T762 occurred at ax.ial strains ranging from a.g7% to
I "39%, I arger than the correspond i ng val ues from the normal 1y
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consol'idated so'il " The failure stra jns of the .isotropica'lly

reconsolidated "samples" T750-T756 ranged between 2"73% and 4 .rr%. The

anìsotropically reconsolidated "sampìes" T75l-T7Sg faìled at s'lìghtìy
lower stra'ins of I"38% Lo 2.50% than the isotropically consolidated

"sampìes", and at slìghtly larger strajns than the control specìmens.

I n generai , the reconsol'idated ', sampl es,' of the normal 
.ly

consol idated and the overconsol jdated i I l'ite usual ly f a'il ed at h-igher

axial strajns than the control "'in sìtu specìmens". The failure strains
observed from the anistropìcaì'ly reconsol.idated "sampìes,, were also

closer to the "in situ" values when compared to the ìsotropical.ly
reconsol idated " samp1es". sim'il ar results r,vere reported by 0kumura

(r97r), Kirkpatrick and Khan (1984), and Graham et al. (1986). However

no systematic relat'ionshìp was observed between the failure stra'ins and

storage time (Tables 9 and 10).

6.3 EFFECTIVE STRESS PATHS

6.3.1 Normal ly Consol idated Soj I

The effective stress paths jn p',q-space of normaìly consol.idated

specìmens are presented 'in Figures 6.g-6.12. "samp1es" subjected to
'identical reconsol idation procedures are p'lotted 'in the same graphs to
show comparisons regarding the storage perìods. The results from the

d'ifferent reconsol'idation procedures wil I be discussed separately in the

fol lowing paragraphs. The 'inf luence of normal consol idation is c'lear'ly

demonstrated in all effective stress paths, wìth some differences due to
the different reconsol idatìon procedures. They general 1y rise fairly
steepìy and then move to the left as the specimens try to compress

during undrained shear.
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The three normal 1y consoì jdated " jn situ specimens " T740 " T74I and

17 42 rose steep'ly at the beg ì nn'ing of the test ( Fì gure 6 .9 ) , and then

moved sharply to the left with some strain softening once failure had

been reached. This behavìour indicated breakdown of the soil
microstructure that had been deveìoped durìng anisotropic consolidatjon"

The " in situ specìmens" fa'il ed at almost ident'ical shear stresses

( Figure 6.9; Tabì e 9 ) .

The 0.6xoi.-iso reconsolìdated "sampìes" T732 and T733 exhibjted
s1ìght1y dìfferent effect'ive paths in p',q-space (Figure 6.10) although

they were reconsol idated to jd ent.i cal reconsol idatì on stresses . (They

were also quite different from the control ,'spec.imens,' .in Figure 6.9).
"samp'le" T732 shifted f irst sl ighily to the rìght and then back to the

left as 'it moved upvuards. It then reached maximum shear stress and

contìnued to the left w'ith a smalI amount of strain softening. "sampìe,,

T733, on the other hand, moved upwards to the I eft at the start of

shearing, and then ran approximateìy paraìle1 to T732" Its maximum

shear stress, and post-failure behav'iour were very s'im'ilar to those in
T732"

The stress paths of the 1.0x0j.- iso reconsol idated " samp'ì es,' T734 
"

T735 and T736 'in Figure 6.11 are again simil ar to each other but

different from the other serìes. They first moved upwards to the left
untjl reaching faììure, and continued to the left with some strain
softenìng at'ìarge stra'ins. However the pre-failure stress path of the

15-minute "sample" (T734) rose more steeply than the 1-day and 1-week

"samp'les" (T735 and T736 respectiveìy). The max'imum shear stresses of
these reconsol'idated "samp'les" decreased w'ith increasìng storage time.

The stress paths of the 1.0xoi.-anìso',sampìes,'T732, T73B and T739
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are shown in Figure 6.12. They exhìbited generaììy s-im-ilar shapes of

effect'ive stress paths to the "ìn situ specimens', (Fìgure 6.9). The

15-minute "samp1e" rl37 moved upwards steep'ly untiì reaching the

fa'ilure. The effective s'uress paths of "sampìes,'T738 and T739 (wìth

storage times of 1 day and 1 week respectìveìy) deviated more to the

left during the pre-fa'irure stage. The duration of storage seemed to
have simjlar effects on the stress paths as described in the previous

paragraph for 1.0xoi.-'iso reconsolidated "samp'les". That is, the maximum

shear stress decreased with increasing storage time.

6 "3 "2 0verconsol'idated Soi I

The effectìve stress paths jn p',q-space for the overconsolidated

ill'ite are presented in Fjgures 6"13-6.16. The effective stress paths

genera'ì1y moved upwards either almost vertica'l1y or slightly to the left
at the begìnnìng of shear. They then moved srowry to the right and

subsequentìy faìled as the lightly overconsolidated c'lay tended to
d'ilate, producìng decreasing porewater pressures. They generally
contìnued to move to the rìght with some strain soften.ing" some

except'ion to this general behaviour are shown in Figure 6.i5. The

shapes of the pre-failure stress paths of the 1.0xoi.-.iso ,,samples,,

T754, T755 and T756 in Fìgure 6.15 are very similar to those from other
overconsol idated specìmens ( Fìgures 6.13, 6 " 14 and 6.16) . However after
the 1.0xoi.-ìso "sampres" reached faìrure, they moved to the reft
'instead of to the right, and showed the expected strain soften-ing. l^ljth

the jncrease of p' to B0 kpa during reconsolidat.ion, these ,'sampìes,,

tended to compress durìng the later stages of shear, producing
'increasìng porewater pressures.

The duration of storage seemed to have sim-ilar effects on the
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effect'ive stress paths of the overconso j idated ,,sampìes,, to those
described earl ier for the 1.0xoi. -isotropìcar ìy and anisotropicaì 1y

reconsor idated "samp'res" that were normar ly consor.idated. The dev jat.ion
of the pre-faìlure effective stress paths from the vertical to the left
(Fìgures 6.14 and 6.15) increased with increasÌng storage tìme. The
15-minute "sampìes" usual ìy exhibìted the hìghest shear strength.

6.4 POREI,JATE& PRESSURE GENERATION

6.4 "I Normal ly Consol idated Soil

The relationshìps between normal'ized changes in porewater pressure
(lu/oi.) and axiar stra'ins (€r) for ail the normaì ìy consoridated
specimens during the undrajned shearing phase of the tests are presented
jn Figures 6'1-6'4 and ìn Appendix c. The porewater pressures continued
to increase after the fa'ilure was reached. These 'increases in porewater
pressures are character.istic of normal consolidation as the so.il tends
to compress under undrajned shearing.

The porewater pressure parameter A, = ¿uf/¿(or_03)¡ ¡4as obtained
from each test and resurts are summarized i n Tabr e g . The
reconsoridated "sampres" usuarìy faired at hìgher Ar_varues (0.51 to
0 .79) than the contror "'in situ specimens" (0.37 to () .42). They ar so

showed the Ar-vaìues increased with increasing storage time. For
"samp1es" subjected to 'identical perìods of storage, the 0.6x0i._ ìso
reconsol idation gave the best estimates of the ,,-in situ,, Ar. Th.is v.iew
was also refrected in the resurts of Ambrosìe (1gg5).0n the other hand,
the anisotropic reconsol idation was the least successful method for
estimating the "in situ" varue except from the 1b-minute samp.re (Tab1e
e).
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The porewater pressure behaviour .¡as al so examined us.ing the

normalized change ìn porewater pressure ¡u/o|. versus normalized change

ìn octahedral total mean stress ¡p/o,lc. The graphs shown in Figures

6 "I7-6 "20 are presented in groups accordìng to reconso'l idation
procedures. The shapes of these graphs for the anisotropìcal ly
reconsol idated "sampìes" T737, T738 and T739 (F.igure 6.20) are quìte

similar to those obtained from the control ,'in sjtu specìmens,, T740,

T74t and T742 (Figure 6.rl). The specìmens general ìy exhibited
remarkably linear jn'itial relationshìps untìl close to failure. l,/hen

the porewater pressures suddenly increased, the normalized changes in
octahedral total mean stress ap/oi. remained armost constant. The

sìopes of the initial linear sect'ions represent the m-values summar.ized

jn Table 9" The m-values of the "jn situ specimens" ranged between 1.21

and 1.4? with an average of r"29. This average .is close to the m-value

of I"26 reported by Ambrosie (1985) and represents anìsotropic partìc'le

structure 'in the specìmens (Graham and Hou'lsby 19g3) " The m-values of
the an'isotropically reconsoridated "samp'les,' were usuaì'ly slightly
higher than the "in situ specimens" and had larger variab.ility from 1.37

to 1.88.

The relationsh'ips between nu/oi. versus ¡p/or)c for the

i sotropi cal ìy reconsol'idated " samp'ìes" (Figures 6.18 and 6 .19 ) were

sì ightìy dìfferent from the anìsotropìcal ly reconsol'idated specìmens

shown'in Fjgure 6.20. The initial linear section was nlore pronounced

for the ìsotropjcal ly reconsol idated "samp'les", and the transition to
non-linear behaviour was not as sudden as in the anisotrop-icaìly
reconsol idated "samples". A s'imil ar observat.ion was made by Ambros je

(1985) . Despìte these differences, the isotropìc "sampres', exhibited a
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s'imilar range of m-values (1.b6 to 1.g6) when compared to that from

anìsotropic "samples" (1.37 to 1 "gs). However the anisotropic
reconsol idation generaì ly tended to give the best estimates of the
"'in sjtu" m-value compared w'ith the 'isotrop'ic reconsoljdations if
'identical periods of storage were 'imposed to the ,'sampìes". There was

exception for the case of the 1-week "samp'les,' (Table 9).
0veral1, the reconsoridated "sampres" generaìry exh.ibited hìgher

m-values than the contror "in situ specimens,'. The m-varues arso
'increased wjth ìncreasing storage time (Table g). The 1.0xoi._aniso
reconsolidation generalìy gave the best estjmate of its ,,.in situ,,
m- val ue .

6 "4 "2 0verconsol idated Soi I

The relationsh.ips between au/oi. and €, for the overconsolidated

sampìes during undra'ined shearing are gìven in F.igures 6.b-6.8 and in
Append'ix C. The porewater presssures rose to maximum before fajlure was

reached, and then decreased as the specimens tended to djlate and strajn
soften to the end of the test at axial strains of about rz%"

F'igures 6.2r-6.24 group the pìots of auloi. versus ¡p/0,)c accordìng

to the reconsolidatìon procedures. For specimens except the 1.00j._ìso
reconsol'idated "samp'les" (T754-T7s6; Fìgure 6.23), the .initial

relationship was approximately ìinear and suddenìy showed a decrease in
&/0i., wìth an increase in ap/oi. hook.ing the curve to the r.ight" This
indjcated the dilat'ive behaviour of lìghtly overconsol.idated soils. The

subsequent au versus Ap behav'iour is comp'lex and wjll be discussed

further in chapter 7. There is crose generaì agreement between the
"'in sìtu spec'imens" in Figure 6.21 and the 1.0xoj.-aniso ,,samp1es,, jn

Fìgure 6.24 " The in'itial porewater pressure responses shown jn F.igures
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to
6'21 and 6"24 seemed to be less certain and less ljnear when compared

those of the 0-6xo{.-ìso reconsoridated "samp1es,, (Figure 6.zz) 
"

The porewater pressures of the 1.0xoi.-iso reconsolidated,'samples,,

T754' T755 and T756 (F'igure 6.23) are slightìy different .in detaì1,
although they show similar trends. They increased s1ìghtìy more quìckly
during the early stages of the tests than other overconsol-idated

spec'imens. In thìs case, the "roop" in the porewater pressure curves
shown in F'igures 6.2!, 6 "zz and 6 "24 have degenerated into simply a

marked djscont'inuity and a sudden change of directìon. The 1.0xol._iso
reconsol'idated "samples" at this stage tended to compress and behaved

more like normal 1y consol idated soils" This behaviour was also observed

by Kwok (1984) ìn hjs 1.0xoi.-jso reconsoridated,,sampres,,.

The Ar-values of the overconsol idated sampìes are summarized jn

Tabl e 10. The contror " in sìtu specimens " 1761 and T762 had Ar-vaì ues

of 0.12 and 0"19 respect'ive1y. These compare w.ith varues of 0.19 and

0"20 reported by Kwok (1984) at smaller axial stra.ins defìning his
"yìeld stress". The contror specìmen T760 showed an unusual ìy r ow

At-va'lue of 0.03. This 'is possìbìy due to a saturation problem

encountered at the end of triaxial consolidat-ion. The B_value = 0.91
reported jn Table 10 was obta'ined only after efforts to jncrease the
saturation" For the reconsol idated "samples',, the measured Ar-values
va.ied cons'iderably from 0.11 to 0.s0. It was observed that Ar-values
increased w'ith increasìng storage time t^then,'sampres,,had been subjected
to ident'ical reconsolidatjon procedures. Kwok (igB4) also reported that
the 1-week storage "samp'res" shoured the highest Ar-varues. The

anisotrop'ical ly reconsor idated "samp'res" seemed to gìve the best
estìmates of "in s'itrr" Ar-va1ue compared with the isotropicarìy



74

reconsol idated "samp1es" when they had been subjected to identjcal
duration of storage. Graham et al. (1986) also drew the same

conclusion"

The m-values for the overconsoljdated specìmens are gìven -in Table
10" All specìmens except T760 and T762 have m-values higher than 1.0.
The m-values of the "'in s'itu specimens" varied cons'iderably from 0.86 to
1'34' The reason is unclear, but the same difficulty was encountered by

Kwok (1984) in hìs overconsol idated "'in situ spec.imens,,.

For "samp1es" subjected to identìcal perÍods of storage, the
'isotropìc "sampìes" generarìy exhib'ited hìgher m-varues than the
anìsotropìc "sampìes", wh'ich usuaì ly gave results closer to the
"ìn s'itu" m-values" This view is arso refrected in the resurts of
At-values which have just been d'iscussed. The m-values also tended to
increase with increas.ing storage time although the tendency ,,as not as

cons'istent as in the case of the normally conso'l.idated,,samples,,.

6.5 ELASTIC ¡,1ODULUS

In the present study, the non-rinea'ity of the (01-03)/zol, versus

€, curves from undra'ined shear testing has been approx'imated by a secant
modulus Eso. Th'is Euo-vaìue was obtained as the s'ìope of a

stress-strain curve between start of shearing and 50% of the maximum

devjator stress (Graham Ig74). Table 9 and Table 10 summarize the
results for the normal ly consol'idated spec'imens and the overconsol idated
specimens respectively. The rerative stiffnesses Euo/s, and Eso/or). are

also ìncluded in Tabre 9 and Tabre 10 for comparison.

For the normar ìy consor idated specimens, the Euo-va1 ues of the
"in situ spec'imens" Tl40 and T74r were 63.b mpa and 70.6 mpa
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respectiveìy. "In situ specimens" T762 showed a comparativeìy low value

of 25.4 mpa that has been excruded from the anarysis. There was n0

systematic variatjon of stiffness with storage time" Th.is means that
the effectiveness of the reconsolidation procedures can be examjned ìn
terms of the average Euo values. These were calculated from Table 9 to
be (1) 67.1 mpa for the control "in situ specimens,,, (z) rr"4 mpa for
the 0.6xoj.-iso "samples", (3) 17"4 mpa for the 1.0x0{.-iso ,,sampìes,'

and (4) 37.4 mpa for the 1.0xoi.-aniso "samp1es". Thjs shows that the
reconsol idated " sampì es" general ìy exhib'it much I ower Euo-val ues than
the "'in s'itu specimens" " sjm jlar results were found by Atk.inson and

Kubba (1981); and by Kìrkpatrick and Khan (1984). Aìthough there was

consìderable scatter among the measured Euo-vaìues (as js usuar jn
estìmat'ing c'lay stjffnesses 'in the ìaboratory) , the 1.0xoi._an.iso
"samples" usualìy gave closer results to ".in situ,, values than the
isotropic "samp1es". This contrasted w.ith what Graham et ar. (1gs6)

found, namely that the 1 "0xoi.-aniso reconsol idatíon procedure was

actual 1y the least successful method jn recovering the elastjc modulus
tr
'bo'

The Eso var ues for the overconsol idated specimens varjed
considerably (Table i0) so no firm interpretatìons can be made. The

"sampìes" subjected to a storage perìod of lb m'inutes usually showed the
highest Euo-values if identical reconsol idation procedures b,ere appl ied.
This indicated that the 1b-minute "sampìes" Ì^Íere subjected to ress

disturbance due to offroading and storage than other ,,samples,,. If some

apparentìy divergent results are d'iscarded, ìt can be suggested

tentatively that both'isotropìc reconsolidatjon procedures underestimate

the " in s'itu" soil st'iffness, and a better est'imate is obtained from
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'idation procedure" This view was arso refrected

for the normal'ly conso'ììdated "samples"" Further

stiffnesses will be undertaken 'in Chapter 7.



CHAPTER 7

GENERAL DISCUSSION

7.1 INTRODUCTION

This investìgation studied the effects of stress-release
djsturbance on the shear behavjour of sjmulated offshore clay sampìes.

it was aimed at searching for laboratory procedures wh.ich can best
recover the "in situ" strength and stress-strain behaviour of the c1ay.

The design program and test procedures for th'is study were ou¡jned in
Chapter 3. Chapters 4,5 and 6 presented the results jn deta.il from the
consol idation; the un'ìoadìng, storage and reconsolìdation; and the
undrained shear phases of tests. They al so conta.ined some prel im.inary

discussion of the resurts as they were beìng presented. Th-is chapter
will discuss more genera'l topics raised by the research"

7"2 BASIC SOIL.PROPERTTES AND GENERAL DISCUSSION ON l4OISTURE CONTENTS

7.2"I Basic Soil properties

General classification tests, incìuding Atterberg limits, graìn
s'ize dist.ibution and specifìc gravìty tests, were performed on the
jl l'itic cìay used in th'is invest'igat'ion. The average .index properties
were compared in Table 2 with results reported by Ambrosie (1985), Kwol<

(1984) and l^lu et al . (1983) on sim jlar c'lay. Relatjveìy good agreement

was found between these four sets of results" Atterberg limits were

performed on alì specimens used for the present stress release study.
The range of plasticìty ìndex (Tables 11 and 12) was from 28.4% to 37.3%

with a mean of 33.6% and a standard deviation of 4"7%. There was no
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systemati c variation of the Atterberg I imits w'ith t'ime during the course

of the testjng program.

7 "2.2 l4oisture contents at various stages During Testing

Tables 11 and 12 present s'ix sets of moisture contents at different
stages during testìng" These six sets of moisture contents r^lere

obta'ined as follows:

(1) from slurry at the beginn.ing of one-dimensìonal consol ìdation.
(2) from so'il trjmmings at the begìnning of triaxial consol jdat-ion.

(3) from measured volume changes at the end of tr.iax.ial
consol idation"

(4) from volume changes at the end of unroadìng and storage.

(5) from volume changes at the end of reconsol idation and

immediately before undrained shear testìng.

(6) from trìmmìngs of faìled specìmens after undra-ined shear

test i ng.

The moisture contents during the above sìx stages of testìng wiil be

discussed in the following paragraphs.

The moìsture content of each slurry was measured after the jnìtjal
slurry mixing and before it u¿as poured into the cyìinder for
one-dimensional consol idation. The moisture contents of al I sl urries
were wi'uhin 1% of the intended value of rr4,4% (twice of the ììqu.id
l'imit used by Kwok 1984) except for specimens r740-T742 .in which the
mo'isture contents were around 5% h.Ígher (Table 11).

At the end of one-dimens'ional consol-idation (stage z) , iloisture
contents measured dìrectly from the trimm'ings of specìmens durìng the

building-in process varied from 49.0% Lo EL.5% with a mean of Eo.z% and

a standard devjation of 0.7% (Tables 11 and 1Z). Standard dev.iat.ions of
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3 "4% and z "0% were obtained by Ambrosie (1984) and Kwok (19gs )

respect'i vely. The results obtai ned from the present pr0gram thus

compare favourably wìth those from the two prevìous programs and justìfy
the extra effort and attention that was g'iven to them.

l'1oisture contents of normalìy conso'ljdated sampìes at the end of
triax'ial consol'idation (stage 3) were calculated from the observed

volume changes durìng triax'ial consolidatjon based on the known moisture

contents measured from stage 2 above. They varied from 38.3% to 39.r%

with a mean of 38.B% and a standard dev-iatìon of 0.s% (Table 11).

"Samp'les" T732 and T733 with higher moìsture contents of 41.0% and 39.7%

respectively were excluded from the above statist'ical analysìs due to
the'ir d'ifferent draìnage conditions and leakage prob'lems dur-ing test-ing

(Sectìon 4.3) .

The mo'isture contents of overconsolidated samp'les at the end of
trìaxial consol'idation (stage 3) varjed from 41 .3% to 42.7% wìth a mean

of 42.0% and a standard deva'iatìon of 0.4% (Table rz). Kwok (1984) and

Ambros.ie (198b) had the standard deviations of r.3% and 3.3%

respectively at this stage. The variations in mo'isture contents at this
phase of testìng ìn the present program were much less when compared to
the two prevìous programs. This again ind.icated that much better
control in moisture contents was achieved in the present study.

The changes jn moìsture contents of the normal ìy consol jdated

"sampìes" durìng theìr storage can be obtained by comparing the moisture

contents between stages 3 and 4 in Table 11. The changes depended upon

t'he duration of storage t'ime. The 1-week ',samples" (T733, T736 and

T739) genera"lly experienced the largest increases in moisture contents

(4"5%" 5.6% and 5.8% respectíveìy). "Samp1e" T733 exhib-ited the lowest
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mo"isture increase of 4.52, among these three "sampìes,,because only top
draìnage w'ith no s'ide f i rter drains r\ras ar rowed (section 3 "z.z) . The

1-day "samples" T735 and T738 experienced jncreases of 6.I% and 3.g%

respectively. The mo.isture ìncrease in T735 was unusuaì ìy high due to
the unusual unloading and rescue procedures prevjously mentioned jn
sect'ion 5.3" The 1b-minute "sampìes" 1734 and 1737 experienced the
smallest moisture increase jn the range 0.3% Io 0.4%.

The 'increases 'in moisture contents of the overconsol idated
"samp'ìes" during their storage periods can be obtajned from Table IZ.
The 'increases from stage 3 to stage 4 were similar but sìightìy lower
than in normal ly conso'lidated "samp'les" with identical storage t.imes.

However the results seemed to be more consìstent in this case of the
overconsol'idated so'ils. Despite some scatter, the rather obv jous

conclus'ion can be drawn that during "drained" storage, ,,samp'res,,

experìence ìncreasing moi sture contents (vo'lumes) w.ith .increasing

storage t'imes 
"

The net changes of moisture contents resuìtìng from the combined

"drained" storage and the reconsol idation process for the normal'ly

consol idated "sampres" can be obta'ined from Tabre 11 by compar.ing

moisture contents at stages 3 and b. These net changes depend very much

on the reconsolidated procedures, but not so much on the storage
periods. That is, the two processes tended to counteract one another to
some extent. "Sampre" T733 (0.6x0i.-ìso group) gave a resurt of 0.fl
I oss .i n mo'isture content from stage 3 to stage b even though the mean

pressure P'=110 kPa during 'in'it'ial triax'Íal consol idation decreased to

P'=96 kPa during subsequent reconsol idation. It i s therefore suggested

that a change must have occurred in the microstructure of the cìay



during the un'loadìng, storage and reconsol idatìon (see a1so, Graham

al " 1986).

The 1.0xoi.-ìso sampìes (T734-T736) showed net rosses of 2.0% to
2.9% in mo'isture contents (that is, voìume decrease) between stages 3

and 5" There was no systematic relationship observed between the net
mo'isture changes and the storage tjmes. Although the,,samp1es,, swelled
during the various storage periods, more mo.isture was lost durìng the
reconsolidation period. Therefore there were net volume decreases in
the " sampl es" at the end of reconsol idati on. These I osses i n moi sture
contents were expected due to an overall .increase ìn p,from 110 kpa at
the end of triaxial consol-idat-ion to 160 kpa at the end of
reconsolidation" since the 1.0xoi.-iso "sampìes,, undergo additional
volumet.ic strainìng, changes in the measured properties can be

expected 
"

Table 11 showed that the 1.0xoi.-anìso set of ,'samp.res,, (r737_T739)

underwent reconsor idation back to their " jn s.itu,, anisotropìc stresses
after the "drained" storage perìods, Net decreases jn mo.isture contents
'intherangeof 0.5%to0.7%st-illoccurred between stages 3 and s.
However these losses were relatively small when compared to those from
1 '0xoi.- iso "samples". No consistent relatjonship was observed between

the decreases of moisture contents and the storage times"

0n the other hand, the differences in moisture contents between

stage 3 and stage b for the overconsolidated ,,samp1es,, were clearìy
affected by the duration of storage as wel I as the subsequent
reconsolidation procedures (Tabr e 12). The 0.6xoi.-ìso ,,sampres,,

(T751-T753) experienced 0.3% to 1.5% net 'increases in moisture contents
because p' was decreased from about b5 kpa at the end of tr.iaxiar

B1
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consolidation to 48 kPa at the end of reconsolidation" The gains tended

to increase with increasìng storage times. This tendency ,,as not

observed in the case of the normal ly consol idated ,,samples,,. 
For

"samples" in the 1.0xoj.-ìso reconsolidatr'on (T7s4-T7s6), the p, values
'increased from about 55 kPa to 80 kPa at the end of reconsolidation.
Thìs was accompanied by a net loss of 0.4% Lo I"I% in moisture content.
The loss in th'is case tended to decrease with increasing storage times.
Although the 1"0xoi.-aniso "sampìes" (T757-T759) Ì^/ere reconsol idated to
"'in situ" an'isotrop'ic stresses, they stjil experienced sma¡ net gains

of 0" r% to 0.9% 'in moisture contents" The tendency of .increasÌng

moistune contents with increasing storage t.imes was again observed"

Al I the above observat'ions indìcate that "samp'les,' subjected to
'longer storage perìods experjence higher degrees of sample disturbance
dur.ing their "drained" storage. Although "samples,, w-ithin the same

reconsol idatjon group were subsequent'ly reconsol idated to ìdentical
stress 1eve1s, they behaved slìght1y differenily during the

reconsolidatjon and the undrained shear stages due to the djfferent
durat'ions of storage that had been prevìously imposed. None of the
reconsol idation procedures in thr's thesis could fuì ìy recover the

moisture contents immedìate before the unìoad-ing, sweìl.ing and

reconsol idati on cycl e.

Final'ly, the moisture contents measured from the trìmmìngs at the
end of undrained shearing tests (stage 6) were compared to calculated
moisture contents at the end of reconsolidation (stage b). since the
specìmens were sheared undrained, the mojsture contents before and after
shearìng should be the same. Tables 11 and 12 show that these two sets
of values are comparable in most cases. The percentage djfferences
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between measured and calculated moìsture contents range from 0% to 2.7%

for the normal ly consol idated soi I s, and o% to z.r% for the

overconsol idated soìl s. Although these differences are sì igh¡y hìgher

than the values of 0% to 1.2% obtained by Kwok (1984), they shou¡ much

better cons'istency than the values of 0% to 4.I% obta.ined by Ambros.ie

(le8s) 
"

7.2.3

There was int jal'ly some concern regardìng possib'le var jations of
mo'isture content a'ìong the length of the failed samples. Each sampìe

was cut into six transverse slices aìong .its heìght at the end of

undrained shear test'ing. Two moisture determ'inatjon were carrjed out on

each slice. F'igures 7.I and 7.2 shov¡ the mojsture content profì1es

across six randomly selected samp'les" 0bserva'ujons drawn from these

fìgures were as follows:

(1) The di fference between the two mo.isture content determinat.ions

from each slice general'ly var.ied from 0% to 0.g% with an

average of 0.3% "

The moisture content d'ifferences across the whole sample were
'in the range of 1"3% to I"7%"

There is a tendency for the moisture contents to be slightly
lower in the middle of the sampìes compared with the top and

the bottom.

similar results and observation vvere obtained by Kwok (1gg4)

7.3 UNDRAINED SHEARING BEHAVIOUR

7 "3.7 Normal iy Consol'idated and 0verconsol idated Fai I ure Envelopes

(?)

(3)

The tests conducted in this jnvestigatìon permit an eval uati on of



B4

both normally consolidated and the overconsolidated rupture envelopes of
illite at a preconsolidation pressure of 160 kpa. The stress states at
wh'ich maximum devjator stresses occurred in the present study were

pìotted as the data points in Fìgure 7.3. The composite strength

envelopes obta'ined from the two prev'ious programs of Kwok (19g4) for
overconsol jdated samples and Ambrosie (1985) for normai ìy consol idated

samples were al so 'included in l'ine form 'in the f igure for comparison.

Using an assumpt'ion of zero cohesion for the normal ly consol idated

sampìes (.Å.=0), Ambrosìe (1985) found that the effective f¡ictìon ang'le

(tn.) was equa'ì to 25'. The data from the present program were observed

to fall on the same envelope.

The overconsolidated envelope with ci.=16 kpa, oi.=1g" was obtained

by Kwok (1984) for hìs "sampres" stored ,'undrajned,'. Failure in his
"samp1es" was clearly affected by the reconsolidat'ion procedures and was

apparentìy unaffected by the storage t'imes. His ,'samples" were stored

under "undra'ined" condìtions so that there were losses only ìn the

negative porewater pressures, but not in the volumes or moisture

contents" 0n the other hand, the "samples" stored under ',drajned,,

conditions in the present program were allowed to have mo'isture changes

as well as dìssipatìon of negatìve porewater pressures. Failure .in

these "samples" t^tas seen to depend upon the duration of storage as well
as the subsequent reconsolidation procedures. Fìgure 7.3 shows that the

15-mi nute overconsol idated " sampl es" gave the same strength envel ope

obtained by Kwok (1984). Th'is was because the 15 mìnutes of storage

time was so short that the degrees of sample disturbance jntroduced from

both the "dra'ined" and the "undra'ined" storage were smal I (0. z% to 0 "3%

of mo'isture content increase (Table 12) or a drop of 0 to 3"2 kpa in p,
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(Kwok 1984) )" Therefore it did not rea]ly matter whether the ,,sampìes,,

were stored "draìned" or "undna'ined" jn this case, and the subsequent

reconsol idation procedures dominate the undrained shear behavjour"

However the "sampres" with ronger "drained" storage periods deverop

h'igher mosture contents and larger volume changes and these u^,ere not
0vercome by the subsequent reconsol'idatjon procedures. Lower strength
envelopes could therefore be expected. This can be seen ìn Figure 7.3,
where the 1-week storage data produce an enveì ope ( ci.=11 kpa and

0i.=18") shown dotted below the overconsol'idated envelope from Kwok

(1984). There 'is more scatter however in rhe 1-day data.

7 .3 "2 Infl uence of Storage Times and Reconsol idation procedures

Undra'ined Shear Strencth

The effects of two test parameters, nameìy duration of storage and

reconsol'idatjon procedures, on the undraìned shear strength of ,,samples,,

were jnvestigated 'in this study. s'ix contror ,,in sìtu specimens,, were

sheared undrajned 'immedjately at the end of triaxial consolidatjon under

a backpressure of 500 kPa to model the undrained shear behaviour of the
"in s'itu " so'ils" The results were compared to those of the seventeen

"samples" which had undergone unloading, storage and reconsolìdatjon
befor shearing. Test resuIts for ',samp'les" dur.ing the unìoadìng,
storage and reconsoridation stages were given in detaìr .in chapter s.
Chapter 6 descrìbed the undrajned shearìng behavjour for ali specìmens,

and the results were summarized in Tables 9 and 10. The stress paths jn

P',Q-space during the undrained shearìng for all control ,'in sìtu
specìmens" and "samples" are presented.in Figures 6.9 to 6.16.

7 .3.2" 1 Normal ly Consoì idated Soi I

As shown in Figure 6.9, the stress paths of the three contror



B6

"in situ spec'imens" exhibjt simjlar behav.iour in p',Q-space. The

undrained shear strengths (rr) of these specimens (T740-f742) are also

in relatively good agreement with values of 55.3 kpa,56.3 kpa and 84.7

kPa respect'ive'ly" Ambrosie (19S4) found that the undrained shear

strength of his control specimens were 54"4 kpa and 54.6 kpa. In

conjunctìon with Ambros'ìe's results, the average value of the ',.in s-itu,,

shear strength for comparison purposes wì1'l be taken as 55.0 kpa"

Table 9 showed that "samp'les" T732 and T733 (0"6xoi.,iso group) had

shear strengths of BL"6% and gt"r% of the average ,,in situ,' value

respectively. These tlvo "samples" also showed that the ,u tended to
decrease w'ith increas'ing storage tìmes although the d jfference was smal I

(on1y 0.5%). The strength losses of rg.4% and rB.gT" from these two

"samp'les" compared we'11 with the loss of 18% reported by Ambrosie (l9BS)

for his 15-minute "samp'les" (T703). They were however about 6% lower

than the 25% loss he reported for his l-week ,'sample" (1707). The

unloading procedures and drainage boundaries used in his program ,¡ere

s'lightìy dìfferent. The bottom drainage lead was open throughout the

unload'ing and storage phases of the tests, and the sampìes were placed

with lateral filter paper drains. A higher degree of d'isturbance could

therefore be expected from hjs 1-week ,'samp'le,' (T707) w.ith lateral
fìlter drains, than from the 1-week "sample', (T733) wjthout lateral
drains in the present program. Work done by Adams and Radhakr-ishna

(1971) also shou¡ed that a considerable decrease in strength can be

expected during undrained shearìng on samp'les that had been allowed to
swel I 

"

"Sampìes" from 1"0xoj.-ìso reconsolidation experìenced net volume

and moisture reductions due to an overal I 'increase in p, from tr jax-ial
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consolidatjon (p'=110 kpa) to reconsoljdatjon (p,=160 kpa). These

associated volume decreases cause increases in undrained shear strength.
Table 9 showed that "sampìes" T734, T735 and T736 had undrajned shear

strength of rrg "B%, lr4 "z% and 109 .B% of the average ', in s.itu,, shear

strength respectively. The tendency that s, decreased w'ith increasìng

storage tìmes !'Jas clearly observed. A conclusion that the 1.0x0{.-iso
reconsolidation genera'lly overestimates the "jn sìtu" shear strength of
soil has been frequently drawn by researchers such as Bishop and Bjerrum

(1960), Ladd and Lambe (1963), and Kirkpatrick and Khan (1984).

"sampìes" T737, T738, and T739 (1.0x0i.-aniso group) provided

effective stress paths'in Figure 6.12 sim'ilar to those of the ,'-in sjtu
spec'imens" in Figure 6.9. However they had on]y 97 "r%" gr"3% and g6.s%

of the average "in situ" shear strength respectìveìy. The tendency of
decreasing s, with jncreasing storage times was observed aga.in as in the

two other sets of samples,'.

General'ly, none of the adopted reconsol idation procedures could

successfulìy recover the "in situ" shear strength of the normaì-ly

consolidated sojls. For "samples" with 15 minutes ',drained" storage

time, the best est'imate of t, lvas obtained from the 1.0xoi.-aniso
reconsol idation procedure"

7 .3.2.2 0verconsol idated Soil

Fìgure 6"13 presented the effect'ive stress paths in p',Q-space of
three control "in sìtu specìmens" (T760-T762) .in the present study.

They exh'ibited sìmilar behavìour during the undrained shear test even

though there was some scatter.in the values of undrajned shear strength
ranging from 35 "s kpa to 39 "9 kpa (Table l0) . The " in situ,, shear

strength found by Kwok (1984) was 39.0 kPa. l¡/hen th js result was taken
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ìn conjunct'ion w'ith the results'in the present program, the average

"'in sitÌJ" sr-vaìue was taken as 37.6 kpa for comparison purposes.

Table 10 showed that "samples" T751, r75z and T753 had shear

strength of 99 "7%, 72 "3% and 15 "z% of the average ,,-in situ', val ue

respect'ive1y. Thus 0.6xoi.-iso reconsolidation underestimated the,,jn
situ" strength from the 1-day and 1-week "samp'les" but, in the author's
opinìon3 recovered the "in s'itu" value from the 15-minute "sampìe,,

withjn experimental error. Although the tendency that ',samples,,

decrease in shear strength w'ith ìncreasìng storage times is not as

obvious as jn the normaì1y consolidated sojls, the 1b-m.inute ,,sampìe,,

does show the the highest su among the three "samples,'.

All "samp'les" in 1.0xoi.-iso reconsol'idat.ion group (T7b4-T7b6)

behave in an almost normalìy consolidated manner during undrajned shear

even though the origìna1 clay was overconsol'idated w'ith 0CR=2.0. Th.is

was due to an overall 'increase of p' from triax.ial consolidat.ion (p'=5b

kPa) to the reconsol'idatjon pressure p,=96 kpa. Effectjve stress paths

in p',Q-space were shown in Figure 6.ls. There were generally

reductions in moisture contents and sampìe volumes assocjated wjth the

ìsotropìc reconsol idat'ion to the "'in s jtu" vert jcal effective stress
(Tabl e rz). In th'is case, "samp1es" T754, T7b5 and T756 had shear

strengths of r2r "3%, rr0.6% and 101.1% of the average ',-in situ', val ue

respective'ly. Therefore 1"0xoi.-ìso reconsolidation overestìmated the

" in situ" su from the 1s-minute and 1-day ,'sampl es,' , and might be

considered to recover the "in s'itu" from the 1-week ,,sample" withjn
experìmenta'l error" The tendency of decreasing ,, with ìncreasìng

storage times was clearly observed 'in this set of "samp1es,'.

A'ìthough the 1.0xoi.-anìso "samp'les', showed rather s jmil ar shapes
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of stress paths jn F'igure 6.16, they exh'ib'ited different max.imum

deviator stresses due to their dìfferent durations of storage time.

"sampìes" T757, TTbg and T759 had s, of 39.9kpa " 26.9 kpa and 31.0 kpa

respectìve'ly (Table 10). This showed that the 15-minute "sampìe,' aga.in

exh'ib'ited the hìghest su am.ng the three "samp'les', " The 1.0xoi.-anìso
reconsol idation underestimated the ,''in situ" ,, from the 1_day and

1-week "sampìes", but recovered the "ìn situ,' ,, jn the upper bound

value from the ib-minute "sample',.

Overa'l 'l , i t can be concl uded that both 0 .6xoi.-'iso and

rivere successful in1.0xoi.-anìso reconsolidation procedures

reproduc'ing the " in sjtu" shear strength

"samples". The 1"0xoja--iso reconsolidation

only from the 1b-m'inutes

procedure gave the best

estimate onìy from the 1-week "sampìe".

As shown in chapter 6 (Fìgures 6.9 to 6.16), the shapes of the

Ç,p'-stress paths were much better recovered by an.isotropìc

reconsolìdation than by eìther of the isotropic reconsolidat.ions.

7.3.3 Fqilure Axlelltrains and Elastic Modulus

The behaviour of the vertical straìns at fa'ilure b/as examìned in
Section 6-2" S'ince there lvas no systematìc relationshìp observed

between the failure axial stra'ins and the storage t.ime, the fajlure
stra'ins !'/ere grouped accord'ing to the reconsol'idat'ion procedures. The

average failure strain for each group of the normaì'ìy consol.idated

samp'les 'in Table 9 was (1) 0 "66% for control ,,in s.itu specimens',, (z)

4.52% for 0.6x0{.-iso "samples", (3) 4"gg% for the 1.0xoj.-iso "samp-les,,

and (4) 7.18% for the 1.0xoi.-anìso ,'samp1es". The correspondìng

average faìlure strains for the four groups of the overconsol.idated

samples were r"r7%, 3"36%" 3.49% and r"B3% respectìve1y (Table 10).
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This showed that both the normal'ly consolidated and the overconsolìdated

"samp'les" usual ìy failed at higher axial strains than the ,,in situ
specimens" u and that the 1.0xoi.-anìso reconsor idat.ion procedure gave

the best estimates of the "in sìtu" fairure strains.
values of secant modurus (Eso) and the rerative stiffness (Eb0/su)

were presented in Tables 9 and 10" Since they were discussed in sect.ion
6 '5, they wì 1'l onìy brìefry be reviewed here. The 0.6xoj.- iso and

1 '0xoi.- iso reconsol idat'ion procedures both underest-imated the average

"in situ" Euo-va'lue of the normalìy consolidated jlIite by greater
amounts than "samp'res" from the 1"0xoi.-aniso group. The average varues
were 17%" 26% and s6% respectiveìy of the ,,in s.itu" values. For the
overconsol idated jl I ite, the ranges of variation of the secant modul i
and relatìve stjffness were quite h'igh among each group. Therefore firm
ìnterpretation was dìffìcurt. Howeve-if some apparentìy divergent
results were discarded, the 1.0xoj.-aniso reconsoridat.ion procedure

again seemed to g'ive the best estimate of the ,'.in s-itu,, st jffness.
7 .3 "4 Porewater pressure Generat.ion

The results of porewater pressure generation during undrajned shear

were presented in Sectìon 6.4. The val ues of porewater pressure
parameters A, and m-values are gìven in Tables 9 and 10. The Ar_vaìues
from the reconsor ìdated " sampl es" were 30% to rcI% h.igher than the
average "in situ" A, of the normalìy consoìidated jll.ite (0.40), and 30%

to 230% higher than the average "in situ" Af of the overconsoridated
il lite (0.1s). Although the 1.0xoi.-aniso again gave the best agreement

in overconsolidated "samples", none of the present.ly adopted

reconsol idatìon procedures could successfuì ìy reproduce the ,,in s.itu',
At-va'lues from "samples" that had been stored "drained,,. Kirkpatrìck
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(1982) a'ìso found that the Ar-values of the "samples', reconsolidated to
"in situ" stresses rvere about two times larger than the ,'in sjtu',

At-values. This jndicates the un'load'ing, storage and reconsol'idat.ion

pr0cesses cause parti c1 e reori entat'i on towards a 1 arger porewater

pressure generatìon, leadjng to a larger Ar-va'ìue for "samp'ìes,,compared

to 'in situ " soils. This view 'is a'lso supported by Graham and Au (1g84)

for the "freeze-thaw", "softened" and "undisturbed', hlìnnìpeg cìay they

tested, and by Graham et al. (1996)'in discussìng the results of the

test programs preceding the author's"

Tables 9 and 10 also showed that the Ar-values tended to increase

with'increasìng storage time. Thìs is expected because longer storage

time can cause higher degree of di sturbance to the " samp'les', .

Porewater pressure behavjour during shearìng was also examined jn

terms of ¿u/oi. versus aploi. (Figures 6.rl-6.24) .in this study. The

sìopes m of the'int'ial l'inear sect'ion of these graphs 1aere summarjzed.in

Tables 9 and i0. The average "jn situ" m-value of the normally

consol'idated 'il I ite (I "29 ) was overestimated by al I reconsol idated

"samp1es" \^r'ith m-values ranging 1.37 to 1.g8. There was cons-iderable

scatter of m-values (ranging from 0.96 to 1.34) among the

overconsol idated " in s'itu specimens". Kwok (lg84) had a simil ar

ìnterpretat'ion prob'lem in whjch his control specìmens gave m-values

between 0"82 and l"zs" However the overconsol-idated ,'samples,' .in the

present study with m-values rang'ing from 1.09 to r"77 seemed to

overest'imate the " in situ" val ue in most cases, especiaì 1y for the

"sampìes" with ìong storage duration. As ìn the case of Ar-values

discussed in the ìast paragraph, there was the tendency that m-values
'increased w'ith increasing storage time for both normal ly consolidated
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the " samp1 es"

7.4 SYNTHESIS OF DATA

Figure 7.4 shows a pìot of spec-if .ic volume (v = 1+e) versus mean

effect'ive stress p'ìn natural ìogarìthm space at the end of the
consol idation or reconsol'idat'ion" These results come from al I the tests
'in the present program. The spec'ific volumes t/ere calculated in this
case from final moisture contents measured after the undrained shear

tests were completed. The data in Figure 2.3 are shown separately for
different overconsol idation h'istories and reconsol idation procedures.

The normal consolidation line from the triax'ial consolidation tests for
one-dimensional compression (1-D NcL) was drawn with sr ope x z through

the data for the normalìy consolidated ,,in situ specìmens,, and the

1.0xoi.-an.iso "samples". The 'isotropic NCL with slope À2 was obta.ined

by best fii through the data from the normaìly consolidated 0.6xoi.-.iso
and 1.0xoj.-iso "samples,'.

All the overconsolidated "jn s'itu specìmens,' and ,'samples,, 
,uere

located to the left-hand sìde of the l-D NcL. The overconsolidated

"in situ specimens" were obtained by unloading to p,=55 kpa (oi=80 kpa,

o!=42.4 kPa) after they had reached p'=110 kpa (oi=160 kpa, oj=84.g kpa)

for 1 day. The normaììy consoljdated ',in sjtu specimens,,, on the other
hand, were al lowed to age for a total of b days at p,=110 kpa.

Therefore the lÍne joining the two sets of controì specimens has a slope

djfferent to the rr-va'rues jn Sect'ion 4.3"5 for un'roading. This js due

to the different durations of creep ar rowed to these two sets of

and overconsolidated soils. This

of sample djsturbance ìmposed to

i ncreased 
"

the

AS
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i ncreas i ng degree

storage durati on



specimens at p'=110 kpa. The overconsor idated, ìsotropic
and 1.0xol.-ìso) data were observed to rocate more or

"unload" line in Figure 7.4.
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(0"6x0i.-iso

I ess on the

The peak failure state of the samples have also been examined jn
the V,ln(p')-space shown in Figure 7.b. Storage times are represented
by numbers labelled beside the fa'ilure points. The consolidation data
from F'igure 7.4 were also jncluded jn this f.igure to show the stress
paths ìn V,ln(p')-space during undrained shear tests. For the normaììy
consol'idated samp'les, each test moved horizontal ly from the ìsotropìc
NCL or l-D NCL to the ìeft depending on the type of reconsolidatjon.
The samples then failed towards unìque failure envelopes for each of the
storage t'imes, a'lthough the data frorn the 0.6xoi.-iso reconsoljdation
seemed to be anomarous. This m'ight be due to the different drainage
conditions (no radiar dra'inage) and strain rate ìmposed to these two

"samp'les" during the undrajned shearing. The two failure enveìopes for
normal ìy conso'lidated samples with slope=À2 from triax.ial consol idat.ion
are shown paralle] 'in Figure 7.5. it should be renembered that this is
different from the results in p',Q-space where only one failure enve.lope

was obtained for the normal 1y consol idated samples (Fìgure 7.3) . I,Jhen

Figures 7.4 and 7.b are compared, the r-D NcL and the 15-mjnute fairure
l'ine for normal'ly consol'idated samp'ìes are coinc jdent a'lthough they are
different in Figure 7.3. This can be interpreted from the relat.ionship
between p' aon, and p' ., ro ì n these tests.

Fìgure 7"5 also shows that the overconsol'idated samp'les generally
tended to move to the right before they faiìed. However there were some

tests from 0.6xoi.-ìso reconsolidation that were observed to move to the
left. There was a tendency for m= aulap to increase w.ith storage tìme,
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and this would 'indicate a t'ime-dependent transition towards more

anìsotropjc behaviour. This js surprìsing, and wil I requ-ire further

attent'ion. The overconsol idated samples exh'ibited three d jst'inct

failure envelopes for d'ifferent storage times in v,ìn(p')-space in a

cl earer way than the results j n p' ,q-space ( Fìgure 7 "3) " The 1-day

"samples" were also more consistent jn this v - ln(p') plot (Fìgure 7.5)

than i n Fi gure 7 .3 .

The states of samp'les ìn v,ln(p')-space at the end of the undrajned

shear tests were also examined, and are shown'in Figure 7.6" The states

were'interpreted from the measured data at the end of the testing. They

can be considered in this program (see for example F'igures 6.i-6.8) to

be only a fa.ir approximation to the classical defjn'itìon of crjtical
state where 6u/6€1= oq/O€r= op/O€r= 0. These formal conditions were

clearly not totally met by the samples in the present study. However jt
can be shown that the data in F'igure 7.6 correspond to what would be

ìnterpreted as a "Critical State t'lodel,, (i,^lroth and Houìsby 1gB0). The

line shown ìn the figure'is a best-fit line with srope Àr=0"234 that was

measured from anisotropic consolidation of the triaxial sampìes before

unloadìng, storage, reconsolidation and shearing. The agreement .is

good. In fact, regression analysis through the end-of-shear data points
'in Figure 7 .6 gìves a sìope of 0.213 compared wjth 0.234 from

consol idati on 
"

A composite plot of the isotropic NCL, 1-D NCL and csL for a

Critical State l4odel of thìs sample behavìour js shown .in F.igure 7.7,

It is interest'ing to note that the separat'ion of the ìsotropic NCL to

the csl was calculated to be 1.67 compared to the value of 2.0 that

would be expected from the l\4odified Cam Clay Model. The conclus'ion that



can be d rawn f rom th i s work .is that
good understand.ing of the particular

in the testing program.

the Criiical State

processes that have
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i4odel permi ts

been expì ored
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CHAPIER B

CONCLUSIONS AND SUGGESTIONS FOR TURTHER RESEARCH

8.1 CONCLUSIONS

Based on the resurts for reconstituted ir r ite presented in th'is

)

fJ"

thesis, the fol lowing conclusjons can be drawn:

i' The one-d'imens'ional consolidation using a large cy'lìnder to provide
three test specimens was successfur ìn providìng good quaì ìty
control of tested specimens, The average moisture content measured

at the end of consol idatì on u/as 50 .2% w'ith a standard dev i at-ion of
0"7%"

unde.identìcar roading schedules, the Lr-varues for one-dimensionar

cy]inder consoridatìon va'ied from 0.50i to 0.b33 with an average of
0.513 and a standard dev-iat.ion of 0.012.

The r'r-va'lues for the triax'iar consoridation var-ied from 0.169 to
0.263 w'ith an average of 0.234 and a standard deviat.ion of 0.01g.
The mean 

^z 
(0.234) during triaxial consol-idation was about z.z

tìmes smal ler than the mean Àr_vaìue (0.b13) for cyì inder
consol ìdation.

Durìng t.iax'ial consolidatìon, the <r-vaìues for reload.ing var.ied

from 0.082 to 0.r24 with an average of 0.102 and a standard
deviat'ion of 0"013. The mean Kl-varue (0.102) durìng reroadìng in
0verconsol'idatìon region was about 2.3 t1mes smal ler than the mean

Lt-value (0.234) during loadìng in the normal consolidatjon line.
Durìng triaxial consol idation, the <r-values for unìoading varied
from0.036to 0.054 rvith an average of 0.041 and a standard

4"

5.
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dev-iation of 0.005" The mean Kr_va.lue (0.047) for unload.ing was

about 2"2 times smaller than the mean <r-value (0"102) for
rel oad i ng.

The average one-dimensional yieìd stress measured durìng trjaxial
consol idation us'ing bil'inear plotting technìques Ïvas 3.0% higher
than the actual preconsoìidation pressure of 70 kpa.

The values of *.oroi. during trìaxiar consorìdation varied from r1.0
to 16.0 w'ith an average of 13.5. correspond-ing varues of G.q/0r1.

varied from 5.3 to 12"g w.ith a mean of B"g"

The non-vertical stress paths of the "sampìes', in p',q-space during
undrajned shear unload'ing'indjcated the an'isotropìc behaviour of the

reconstì tuted i I I i te. The mean val ues of the porewater pressure

parameter Au for shear unloading of the normal ly consol idated

" sampì es" and the overconsol idated " sampl es" were 0.37 and 0 .42

respect'ively.

During 'isotropic unloading, the porewater pressures decreased by 96%

to 99% and gg% to r00% of the correspondìng total stress decreases

for normally consolidated "samples" and overconsolidated,,samples,,

respecti ve'ly.

"samp1es" subjected to storage periods of 1b minutes under furìy
"drained" condìtions experìenced smal I volume increases (0.2% to
0 "5%). "Samp'les" w'ith storage periods of 1 day and 1 week exhib.ited

much greater volume increases from 4 "r% to b.3% and 6.s% to l.g%,
respectìveìy. The normally consol.idated,'sampìes,, swelled sl.ightìy
more than the overconsol idated " sampì es,' when they hrere both

subjected to identicar periods of "drained" storage.

11. Assumjng that .Å.=0, the effective fr.ictjon angìe (oÅ.) of the

9.

10.
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normal ly consor'idated sampres h,as 25" . A fa-irure enveìope with
ci.=16 kpa and oi.=1g" was obtained for the i5-minute storage
0verconsolidated samples. The 1-week overconsolidated sampìes had a

failure envelope with slìghtìy 'lovrer .å.=11 kpa and oi.=1g..
12" If identìcal reconsol idat jon procedures ì,\,ere used, sampìes subjected

to ìncreasing storage t'ime general 1y tended to have decreased

undrained shear strength (rr), and increased porewater pressure
parameters A, and m. This j s because 1 onger durat.ion of storage
caused higher degrees of sample disturbance due to stress-release.

13 " For normal ìy consol jdated " sampì es" , the 1 " 0 xo{ .- an'iso

reconsol ìdation procedure was successful in reproducìng the

" in situ" shear strength only from the 1b-mjnute ,,samp-1e,,. It
underestimated the su by 9% and 14% frorn the 1-day ,,sample,, and the

1-week "samp1e" respect'ively. The 0.6xoi.- iso reconsol idat.ion
underestjmated the "in situ" r, by rg% to 19% and the 1.0xoj.-iso
reconsol idat'ion overestimated the " in s.itu" value by l0% to z0%.

14" For the overconsoridated "sampres", both 1.0xoi.-aniso and

0 '6xo j.- ìso reconsol ìdat'ion procedures successful'ly reproduced the

" jn sìtu" s, from the 15-mjnute ',samp.les,,. They underest jmated the
"jn situ" value by rg% to 29% from the 1-day and l-week ,,sampìes,,.

The 1.0xoi.-ìso reconsolidation overestimated the in sjtu,, s, by zr%

and 7l% from the 15-minute ,,samp1e,' and the 1-day ,,sample,,

respectivery, but was successfur jn recovering the ,, from the
1-week " samp'le" .

15 ' Al I three reconsol idat'ion procedures overest.imated the ax.ial strains
at fa i I ure, €1f; porewater pressure parameters, Af and m; and

underestìmated the secant modul us, Eso from both the normal ly
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consol idated " samp'les" and the overconsol idated ', samp'les,' .

16" The moisture content difference across the whole samp'le after the

undrained shearing was generaì'ly less than r.7%. There vvass a

tendency for the mo'isture contents to be sì ìghtìy lower in the

middl e of the samp'ìe c.mpared wi th the top and bottom.

17. The data from the present program seemed to fit jnto a general.ized

Critical State Model wh'ich perm'its good understanding of the soil
behav i our.

8"2 SUGGESTIONS FOR FURTHER RESEARCH

i. A better understandìng of the generation of ajr bubbles wjthjn
sampl es 'i s requ'ired " It i s recommended that negat'ive porewater

pressures be measured within the samp'les w'ith hypoderm'ic needles

during unload'ing and storage perìods.

2 " The actual val ue of Ko should be determ'ined e'ither by usi ng a I oad

cell attached to an oedometer sim'ilar to Kirkpatrick (19g4) or by

using a servomechan.ism suggested by Kwok (1g84).

3. Further research should be conducted on samples subjected to higher

stress levels and higher 0cR, which are now common in offshore
geotechnìca1 practice.

4" Further work is needed to compare the effects of sample djsturbance

due to stress-release on real offshore clay samp'res.
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sÀt'tPLE NO.

OVERCONSOLIDÀTION RATIO

STORÀGE PERIOD (hours)

RECONSOLIDÀTION TYPE

RECONSOLIDATION LEVEL (*OìC )

T732 T733 T734

SAMPLE NO.

1.0

OVERCONSOLI DÀTION RÀTIO

1.0

2

STORÀGE PERIOD (hours)

CIU

T735 T736 T737 1738

1 68 0.25

1.0

RECONSOLIDATION TYPE

0.6

cIu

1.0

RECONSLIDATION LEVEL (*OÌC )

0.6

CIU

24

1.0

T751

- not applicable to control samples

TABLE 1 SUMMARY OF TEST PROGRAM

1.0

cIu

1 68 t.25

1.0

T752 T753 T754 T755 T756

2.0

1.0

CIU

T7 39 T740 T7 41 T7 42

1.0

0.25

2.0

1.0

CAU

24

1.0

CIU

24

2.0

1.0

cÀu

168

1.0

0.6

CIU

1 68 0.2s

2,0

1.0

cÀu

1.0

0.6

CIU

2.0

1.0

1.0

0.6

CIU

T757 T758 T759

24

2.0

1.0

CIU

1 68 0.25

2.0

1.0

CIU

2.0

1.0

cÀu

T760 T761 T762

24

2.0

1.0

CAU

168

2,0

1.0

cÀu

2.0

1.0

2,0

O
Or



Author

Ambrosie (1985)

Kwok ( 1984)

Wu et al. (1983)

wt

5e.5 (tr¡

57.e (7)

57.2 (8)

54.4

Numbers in parentheses represent

wp

25.e (1 1 )

25.1 (7)

25.7 (8)

26.1

Ip

33.6 (11)

32.8 (7 )

31.5 (8)

28.3

Clay Fraction
(%)

the number of tests

TABLE 2 INDEX PROPERTIES OF ILLITE

66.0 (1)

61.0 (1)

61.0 (1)

53.0

2.74 (1 )

2.73 (1)

2.73 (1)

O\



MOISTURE CONTENT
OF SLURRY (T)

HOISTURE CONTENT AT 70 kpa
ÀFTER 24 HOURS (9")

PERIOD UNDER
70 kPa (p¡ys)

MEÀSURED MOISTURE CONTENT
ÀFTER CONSOLIDÀTION (T)

CÀLCULÀTED MOISTURE CONTENT
ÀFTER CONSOLIDATION (T,)

T732 T733 T734

114.4 114.4 1.t4.2 114.2

MOTSTURE CONTENT
OF SLURRY (9")

T735 T736 T737 "1738

58.5 57 .7 57 .7 57 .7

MOISTURE CONTENT AT 70 kpa
ÀFTER 24 HOURS (å)

PERIOD UNDER
70 kPa (DAYS)

50.8 49.4

MEÀSURED MOISTURE CONTENT
ÀFTER CONSOLIDATION (9.)

0.504 0. s04 0.503 0.503 0. s03

49.9 49.3 49.3

CÀLCULÀTED MOISTURE CONTENT
AFTER CONSOLIDATION (%)

114.2 113.7 113.7 113.7 120.5 120.s 120.s

49.7 49.8 49.0 49.1

114.4 114.4 1 14.4

T752 T753 T754 T75s

T739 T7 40 T7 41 T7 42

55.4 55.4 55.4

49.3 49.1 49..1

58.2 58.2

50.0 50.5 51 .0

0.533 0. s33 0.533 0. s23 0. s23 0.523

50.2 50.2 50,2 50.2 50.2

113.6 113.6 113.6 114.3 114.3 114.3

TABLE 3 SUMMARY OF ONE-DIMENSIONAL SLURRY CONSOLIDATION

58.2 56. 3 56. 3 s6. 3

56.6 s6.6 s6.6

0.501 0.501 0.501 0.521 0.s21 0.521 0.s13 0.s13 0.513 0.s02 0.s02 0.s02

1756 T757 T758

49.5 49.5 49.9

49.5 49.5 49.5

50 .6 50.6 50 .8

T759 1760 T761 T762

57 .6 57.6 57 .6

50.2 50 .2 50.2

50.4 s0.5 50.9

116.0 116.0 116.0

59.4 59.4 59.4

50.2 50.5 50.5 50. s

51.0 51.5 s1.4

o
@



SÀMPLE NO. T732 T733 T734

o'cyl ( kPa ) 71 .2 71 .2

o'y (kPa) r 73.8. 73.7 71.1

o'vc (kPa) 156.1

oÌc (kPa)

o\c/olc
€ rc (8)

cac (*") t

vc (%) t
e yc/c ac

.s43 .s35 .530 .531 .531

158.3 160.0 159.7 159.7 159.9 159.7 1s8.3

70.4 70 .4 70.4 70.0 70.0 70.0

1735 1736 T737 1738 T.739

11.14 15.97 1.t.15 12.78 13.45 .t1.33 12.57

-0.62 -1.65 0.6s

10.49 12.68

70.9 71.1 73.1 73.0 72.6 72.3

Keq (kpa)

-1 8 . 9 -9 .7 17 .2 -75.2 -1 49 27 .O

Keq/o'cyl

.504 .504 .503

ceq (kpa)

.087 .1 00 .096 .082

Geq/o'cyl

. 1 69 .209 .230 .228 .211

12.45 12.44 13.2't 12.17 12.38 12.7g

Ã

t
f

159.7 159.9 159.7 .l 58. 3

1081 1020 978 1126 816

from TABLE 6
po6itive compression, negative expansion
from TABLE 3

-0.17 -0.09 0.42 -0.10 -1.27 0.31

15.2 1 4. 3

463 375 668 498

.530 .531 .536

6.5 5.3 9.5 7.1

.503 - .503 .533 .533 .533

T740 T741 1742

TABLE 4 TRIAXIAL CONSOLIDATION TEST

13.9 16.0 11.6 13.5 13.6 11.8 13.4 12.3

70.0 70.0 70.0

1 60.0 1 s9.6 1 s9.9

15.33 11.s6 13.58 12.21

160.0 159.6 1s9.9

70.6 71.0

.099 .1 00 .121

-126 -12.1 37.3 -34.0 71.8

s30 .s31

227 .227 .230 .234

563 '103 650 805 594 684

945 954

8.0 10.0 9.3 11.5 8.s 9.8

12.'t 8 12.79 12.54

-0.40 0 .17

523 .523

.099 .106 .106

827 937 864

RESULTS FOR NORMALLY CONSOLIDATED SAMPLES

239 .238

O
\.o



SAMPLE NO. T751

ø'cyl ( kpa )

o'y (kPâ) E 73.0 72.6 72.4

o'vc (kpa) 159.3 158.8 159.5

oÌc (kPa)

o\c/o\c

e 1c (+") t

1752 T753 T754 T755 T756

e3c (ø") t

vc (e") t
e 1c/e 3c

79.9 80.2

-0.42 -0.66 0.02

10.87 10.37 10.s6

71 .7 71 .0 72.4

-25.8 -16.5 5.18

Keq ( kpa )

1s9.3 159.5 159.1

.501 .501

9.s5 10.41 9.68

Keq/o'cyl

79.9 79.9 19.9 79.8

.089 .090 .09s

Geq ( kpa )

.236 .228 .246

Geq/o'cyl

"1757 T75B T759

-0.44 -0.12 -0.87

!

t
#

106s 106'l

from TÀBLE 6
positive compression,negative expansionfrom TABLE 3

10.95 12.07 9.74

73.6 72.0 73.7

.036 .054 .045

-24.0 -91 .3 -1 3.9

'I 59.6 159.5 159.s

10.71 10.33 9.49 9.54

. 1 00 .124 .121

. s33 . s32

TABLE 5 TRIAXIAL CONSOLIDATION TEST RESULTS FOR

T760 T761 T762

79 .7 79.8 80. 1

-0.12 -0.18 -0.22

'l 1 . 10 10.30

13.7 11.0 11.3

71.8 71.9 71.4

-78.5 -14.3 -46.4

159.1 159.1 159.6

.252 .243 .244

.048 .049 .052

.529 .528 .532

.513 .5't 3

9.85 9.s0 10.66 10.76

11.78 12.57 12.33

79.3 80. 1

.086 .093 ..t04

-1.14 -0.95 -0.78

1 002 1 1 08 1012

-10.4 -13.2 -1s.8

.245 .252 .257

1s.8 14.5 13.1

.049 .046 .049

.502 .502

OVERCONSOLIDATED SAMPLES (OCR = 2)

O



SAHPLE NO.

olloi ÀT y¡ELD .53g .530

l09(p)-v

T733 T734 T?35 T?36

1{- LSSV

13.1 74,2 72.A

t DIFFERENCE
HITH o'cyI

75, 0 7{ .0

14.2 69.2 7t.3

.530 .530 . s3o .530 .52g

73.7 73.5 71.{ ?0.6 70.7 73.6 73.;

7{,5 70.6 70.7 72.3 72.3 ?3.3

73.8 13.7 71.1

ol/o\ 
^T 

YtzLD .52g ,52g .530 .s30

't2.8 71.4 13.6 72.9

71,2 71,2 70.t 70.{ 70,4 ?O,() 70.0

11,9 71.6 7t.1 ?0.1

71.0 69.0 7f.O 7{,0 12,5

-3.6 -3,5 -.1 .o

lo9 ( p) -v

T737 T738 1739 T74O T74t T142

T75 I 1752 T753

72.8 74.3

70.9 7l.t 73.1 ?3.0

73.6 72.9

.530 .529 .529 ,530

74.3 72.9 12.1 1 1 .4

t DIFFERENCE
H¡TH o'cyl

72.6 71.7 71.7 75.6 .t2.1 ?0.8

71.2 73.3 73.1 72.3 71.2 72.3 it.s ,rt.t

72.6 'r2.9 69.2 69.9

76.5 7t.0 ?1.0 71.0

72.1 71.4 72.8 ?0.6

72.3 11.2 71.2 72.3

r not ôvallable

TABLE 6 SUMMARY OF YIELD

(vertical stress

12.8 72.1 72.1 72.8

72.0 70.0 70.0 70.s

74.9 13.2

72.6 71.4 69.2 71.4

73.9 'ì2.6

12.9 12.8 72.1 70.6 12.8 72.8

70.0 70.0 ?0.0 ?o.o 70.0 70.0 7o.o

72.6 72.3 70.6 7r.0

.530 . s30 .530 .530

70.0 70.0 ?0.0 70.0

-5.6 -1.7 -3.4

12.9 70.0 71.7 72.4

72.4 71.7 7t.o , .ì2.4

t0.0 7t.0 75.0 70.5

72.8 72.8 69.2 12.1 71.4 73.6 ,rJ

72.1 75.9 76.3 72.9 72,g 7t.4

T759 T760 T761 1162

.529 .529 .529 .530

tl.7 12,0 12.9 72.4 72.0 ?0.8
73,6 't2.0 73.7 71.8 .t1,g 71.¿

70.6 72.9 70.7 70.7 69.9

74,4 72.3 71,2 72.3

73.5 71.0 ?l.o 72.0

70.0 70.0 70.0 7o.o 70.0

STRESSTS FROM DIFFERENT CRITERIA
in kPa)



STORÀGE TIME (hT)

VOLIjMETRIC
SWELLING (9")

0.6,.oi.

ISOTR0PIC

RECON. oì (kPa)

1732 T733

RECON. oå (kpa)

Aerrc(t) #

Ae3rc (t) #

1.0*oj.

ISO'IROPIC

¿vrc (%) #

T734 1735 1736

È

f

5.92 0.54 8. 1 1

not evailable due to leakage at top draÍnage connectionpooltive compreesion; n"g"iir,Ë-.iünàion

TABLE 7 SUMI4ARY OF TTST RESULTS
CONSOLIDATED SAMPLES

1.0*o)
tc

AJ\ISOTROPIC

160 160

T737 T73B T739

6.06 4.11 10.76 11.39

0.13 3.27 3.40

1 . 99 3.75 4.00

0.45 5.20 7 .75

84 .8 84 .8 84 .8

1.56 8.50 8.25

-0 .26 -1 .20 0.06

DURING STORAGE AND RECONSOLIDATION FOR NORMALLY

1.04 6.10 8.37

l\)



SÀMPLE NO.

STORAGE TIME (hT)

VOLUMETRI C
SWELLING (%)

RECONSOLI DÀTION
TYPE

RECON. oì (kpa)

T751 T752

RECON. ol (kpa)

Ae rrc (%) #

Åc¡rc (%) #

0.30 4.74

Avrc (l) #

# positive compression;

6.75 0 .28 5.29 6.57

-0. 33 -0.07 1 .47 o.o2

T755 T756

TABLE 8 SUMMARY OF TEST
OVERCONSOL I DATED

-0.12 3.47 4.80

1 . Oxoj./\lrll SOTROF IC

negative expaneion

T757 T75B T759

0.79 2.24 2.55 _0.13 0.71

0.37 4.13 6.49

RESULTS DURING STORAGE AND
SAMPLES (OCR = 2)

5.77 7.32 0.31

2.22 0.57 1 .98 2.81

42 .4 42 ,4 42 .4

3.39 5.33

RECONSOLIDATION FOR

(,



SÀMPLE NO.

TEST TYPE

RECON. ø,i ( kpa )

RECON. oå (kpa)

0.6xoj.

ISO]ROPIC

STORÀGE TIME (hT)

o'vc (kpa)

"t732 T733

oic (kpa)

o\c/o\c

qnax/2 (,kpal

1 .Oxoi.IS0IROFIC

qmax/Zo'vc

T7 34

e r at qmax (%)

156.1 158.3

p' at qmax (kpa)

156.1 1s8.3

T735 T736 T737 T738

Af at gmax

0. s4 0.54

44.9 44.6

l.0xoj.ANISOTMrC

Eso (mPa )

150.0 1s9.7 1s9.7

0.287 0.282

E5n/sun

I 60.0 159.7 1sg.7

4.39 4.64

Eso/o'vc o

79.7 78.3

G/o'vc o

0.53 0.s3 0.s3

65.9 62.8 60.4

84.8 84.8 84.8

:- n9t applicable to control samplesn calculated using qmax

TABLE 9 SUMMARY OF UNDRAINED SHEAR TEST

0.412 0.392 0.378

1.64 1.13

0.25 24

T739 T740 T74 r T7 42

5.04 5.37 4.54

159.9 159.7 158.3

123.6 11s.9 116.7 102.6

't 59.9 159.1 1s8.3

0.60 0.59 0.69 0.s3 0.71

0.53 0.53 0.s4

208 277 215

1.56 1.81

sB.7 114 84.3

53.4 50.2 47.6

0.334 0.3i4 0.2gg

160.0 159.5 159.9

38.0 28.1

160.0 1s9.6 1s9.9

20,5 42.6 19.g 49.8

100.5 100.1 108.4 107.2 106.9

0.53 0.s3 0.s3

339 799 396 104s

0.82 0.68 0.75 0.56

55.3 56.3 54.7

128 267 124 312

42,8 BB.9 41.4

1.88 1,21

0.37 0.40 0.42

RESULTS FOR NORMALLY CONSOLIDATED SAMPLES

63.5 70.6 25.4
'l 148 1253 464

397 442 I s9

5



SÀMPLE NO.

TEST TYPE

RECON. oÌ (kpa)

RECON.øå (kpa)

STORAGE TIME (hT)

o'vc (kpa)

oic (kpa)

o\c/o\c

T752 T753

qnax/2 (keal

qmax/2o, vç

er at qmax (%)

1 .0xoj. ISOTROpiC

p' at gmax (kpa)

24 1 68 0.25 24 I 68

T754 T755

Af at qmax

l58.B 159.5 159.3 1s9.5 1s9. I

0.s3 0.53 0.53

79.9 80.2 79,g

2.0 2.0 2.0

Es o (mPa )

0.236 0.f71

Eso/su E

2.76 4.05

27 .2 28.3 45.6

E5e/o'vç o

1 .0xoj./$|IS0TR0pIC

sB.5 46.2 43.3

G/o'vc o

0.20 0.39 0.42

't7 57 T7 58 T7 Sg

98 98 t00

-- not applicable to control samplesE calcuLated using qmax

TABLE 1O SUMMARY OF UNDRAINED SHEAR

0. 1 78 0. 286-- 0. 26 1

0.53 0.s3 0.s3

1.25 1.76 l.6t

79.9 79.9 79.B

3.26 2.73 4.11

BO BO BO

12,9 5.64 7.ss

2.0 2.0 2.0

42 .4 42 .4 42 .4

343 207 267

0.25 24 I 68

80.7 3s.s 47.3

1s9.6 t59.5 159.5

79.9 72.9 70 -7

0.35 0.43 0.50

T760 -t761 T762

0.239 0. 2s0 0. r 68 0. 1 94

0.53 0.53 0.53

79,7 79.8 80. 1

1.73 1.68

39.9 26.9 31.0

35.8 9.31 B.8s

2.0 2.0 2.0

r5.B 74.8 19.s

784 224 233

224 58.4 s5.6

rs9.t 1s9.1 1s9.6

64.5 55.5 54.7

0.11 0.27 0.33

| . 38 2.50 0.97

0.s3 0.s3 0.s3

1.09 1.21

79.3 B0. t

39.9 36.1

27 .9 20 .0 6.72

TEST RESULTS FOR

r8.s 58.3 41 .B

0.251 0.227 0.222

700 743 2t7

175 125 42.1

t00 97

67.8 50.0 62.g

1.39 0.86

0.03 0.tB 0.12

OVERCONSOLiDATED SAMPLES (OCR = 2)

44.0 19.7 f9.1

r 00 100

ll03 544 539

1.34 0.98

277 124 120

92.2 41.2 40.0

(¡



LIQUID LIMIT (9")

PLÀSTIC LIMIT (9")

PLASTICITY INDEX (9")

STORÀGE TIME (HOURS)

RECON. oi (kpa)

0.6xol
tsomoÞÎc

RECoN. o3 (kpa)

coNsolrDArroN (ue¡suRro) (1 )

BEFORE TRIAXIAL
CONSOLIDATION (MEASURED) (2) 50. 1

BEFORE CYLINDER

T732 T733

s3.7 s3.7 56.8

ÀFTER TRIAXIÀL
CONSOLI DÀTI ON

25.3 25.3 26.5

28.4 28.4

ÀFTER STORÀGE
SWELLI NG

T734 T735 T736

-..not_applicable to control samolesf, onty approximarion taiãñ ãuä'iã"r""kage ar* not available

BEFORE
SHEÀRI NG

ÀFTER SHEÀRING
(¡le¡suRep)

1 68 0.25

30.3 30.3 30.3

114.4 114.4 114.2 114.2 114.2 113.7 113.7

55.8 56.8 63. s 63. s 63. s

26.5 26.5 26¡2 26.2 26.2

ÏABLE 11 BASIC SOIL PROPERTIES AND MOISTURE
SAMPLES

1 .0xoi.I\IIIIS0TMFIC

T737 1738 1739

50.8 49.4

1 68 0.25

(6) ü .s 42.s

37.3 37.3 37.3

C0'IIROL SPECIMENS

49.7 49.9 49.0 49.1

39.6 36.0

39.1 45.1 44.0

84.8 84.8 84.8

T740 T741 T742

39.0 38.4 38.6

60.0 60.0 60.0

38.0 37.3 37.4 39.8

25. s 25.5 25.5

37.0 35.5 38.1

top drainage coonection

34.5 34.5 34.5

1 13.7 120 .5 120 .5 120.5

38.9 42.4 44.1

38.5 38.3 39.1

49.3 49.5 49.s 49.9

CONTENTS (%) nr

37.8 37.8

38.9 38.7 39.4 38.4

38.3 39.1

VARIOUS STAGES

39.1 38.3 39.1

FOR NORMAI.LY CONSOLIDATED

Or



SAMPLE NO.

LIQUID LIMIT (%)

PLÀSTIC LIMIT (9")

PLÀSTICITY INDEX (9")

STORAGE TIME (HOURS)

RECON. oÌ (kpa)

BEFORE CYLINDER
coNsor,rDÀrroN (MEÀSURED) (1)

RECON. oå (kpa)

0.6xoi. ISOTRCTpIC

BEFORE TRIÀXIAL
coNSoLrDATIoN (MEAsuRED) (Z)

T7 5.1

61.5 61.s

AFTER TRIÀXIAL
CONSOLIDATION

"r7 52

25.4 25.4 25.4

ÀFTER STORAGE
SWELL I NG

T753 ,t754

1 .Oxoj.IS0TR0pIC

61 .5 63. B 63.8

- not applicable to control samples

BEFORE
SHEÀRI NG

AFTER SHEÀRING
(MEÀSURED )

114.4 114.4 1.14.4

T755 T756

TABLE 12

(3) 41.4

26.4 26.4 26.4

1 68 0.25

50.0 50.5 51.0

37.4 37.4

(4) 41 .6 4s. e

1.Oxof 
.AtrllSOTR0ptC

63.8 60.4 60.4 60.4

BASIC SOIL PROPERTIES AND
SAMPLES (OcR =2)

42.2 41 .9 42.2

T157 TTSB T7S9

(6) 43.B 44.,4

41 .7 43.2 43.4

37.4 34.8 34.8

1.13.5 113.6 113.6

25.6 25.6 25.6

I 68 0.25

s0.6 s0.6 s0.8

47.2 42.4 45.4

COVTROL SPECIMENS

42.4 42.4 42.4

41.3 41.8 42.1

44 .4 41 .6 4't .4

T760 T761 T762

4't .1 40.9 41 .2

34.8 38. s 38.5 38. 5

114.3 114.3 114.3 116.0 1.t6.0 116.0

6s.0 65.0 6s.0

MOISTURE CONTENTS (%) NT VARIOUS STAGES FOR OVERCONSOLIDATED

26.5 26.5 26.5

s0.4 s0.s 50.9

46.9 42.4 45.4 47.4

42.2 42.3 42.7 42.1

42.2 42.8 43.2

42.7 42.7 43.7

51.0 51.5 5.t .4

42.7 42 .1 42 .O

43.4 42.9 42.3

\
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FIGURE 3.2 GENERAL SET-UP DURING ONE-DIMENAIONAL SLURRY CONSOLIDAT]ON
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FIGURE 3.6 GENERAL SET_UP DURING TRIAXIAL CONSOLIDATION TESTS
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APPENDIX A

PREPARATION OF RECONSTITUTED CLAY SAMPLES FOR GEOTECITNiCAL TESTING

4.1 iNTRODUCTION

Th'is note describes the process of preparing ,,s1urry cakes,,, each

of wh'ich can be subsequent'ly cut and trimmed .into three .ident.ical

reconst'ituted clay sampres for further triaxiar testing. The process
usualìy consjsted of three stages: (1) remoulding, (z) consolidation and

(3) extrusion. The procedures used for remouìding soiì in a mechanical
unjt and pouring s'lurry ìnto a consolidation cyì'inder are similar to
those described by Li (1993), and they wir'r not be repeated here. The

equ'ipment (Figures Al and A2) ur.o throughout the consoridation and

extrusion stages rvas des'igned by the author and Hr. N.piamsalee.
usefully advìce given by Dr. J.Graham durìng the design stage is much

appreciated.

Th'is note takes the form of a set of abbreviated instruct.ion for
the operation of the equipment and preparation of specimens for testing.

4.2 ONE.DiMENSIONAL CONSOLIDATION

1. Place a road celr that is connected to a strain gauge box on the
top of the hydraulic jack.

2. Place the steel stand pìate on the top of the load cell and make

sure the pìate sits wel I and is in good contact with the load
cel l.

3. Transfer the 254-mm diameter consor idation cy'r inder with sìurry
'inside to the loading frame (Figure A1). place the guide plate in
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prace to prevent any raterar movement of the cyrinder.
4" Record the initial load cell reading.

5" Place a filter paper on the top of the s.lurry.

6. Apply a thin 'rayer of s'irìcone grease to the side of the top côp,
and lower the cap into the cyìinder with care untjl jt reaches the
top of slurry.

7 " Place the bail bearing on the top câp, and rower the cyì"inder
pìston untir it is brought in contact with the steer bail.

8. Tighten the the cìamping nut at the top of the cylinder pìston.
care must be taken to r ine up the pìston vert.icaily without any

lateral and vertical movement.

9. connect top and bottom drainage leads and collect drainage ìn a

1- I itre measuring cyì inder.

10. Attach a diar gauge pratform on the side of the roading frame, set
the verticar diar gauge in pìace, and take the in.itiar d.iar gauge

reading. Its p'lacement should facilite the readìng of slurry
compression as indicated by the movement of the jack p-iston and

steel stand pìate.

1i' Determine the des'ired vertical stress level and calculate the load
requ i rement.

n- Adjust the aìr pressure to the booster srowìy and carefurìy untir
the load cel I indìcated that the requìred vert.ical r oad is
achieved.

Record times, dial gauge read'ings and load celi readings according
to the following e'lapsed time schedule:

30 sec., r,2,4, B, 15, 30 min., 1, 4, g hr. and every z4-hr.
Repeated step 11 to step 13 for next load jncrement.

13.

74.
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4.3 EXTRUSION

1' 0nce equ'il jbrium js obta'ined at the des jred stress level, the d.ial

gauge is removed after the final reading is recorded.

2. D'isconnect drainage and store the measurìng cylinder safeìy.
3. Release the air pressure to the booster, and lower down the

hydrauìic jack and the consolidation cylinder.

4 - Remove the cyr inder piston from the loading frame and the bar r

bearing from the top cap.

5. cìamp the top cap with the speciaìry made c'rampìng ring.
6' Remove the guide pìate from the cylìnder and move the cylinder from

the loading frame to the floor.
7. Remove the steel stand p'late and the load cell from the top of the

hydrauì i c jack

8. Invert the consolidation cyf inder and place it over the hydraulic
j ack

9. unscrew the six screws on the bottom cap of the consoridatjon

cyl inder.

10. Remove the bottom cap from the cy'ìinder.

11. Remove the bottom fjrter stone and the f.irter paper from the,,cake,,

wìth care.

12. Al'ign the cutt'ing p'late w'ith three cutting wires exactìy over the

top of the consol idation cyl.inder.

13. T'ighten the screws of the cutt-ing plate on the loading frame.

14. Release the screw of the crampìng.ing on the top cap.

15. App'lied air pressure to the booster to push the ',cake,, s.lowìy out

of the cyl inder. The "cake" at this stage is cut .into three ,,pie

sl i ces" .
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0ne slice'is ready for the trìmmìng and buirdìng_.in procedures

described by Lew (1991)" The two other srices wh.ire wa.iting for
trimmìng are wrapped with saran ï,/rap, sea'red with wax, and stored
in a cool, humid, samp're room to m'inimize changes in moisture
c ontent .

Six moisture contents are obtained from the trimmings of the
work'ing slice.

F'inal'ly, a'ìl the equ'ipment shourd be creaned and set aside for the
next t'ime.

4.4 A LEVER-LOADiNG SYSTEM

This is an arternative way to road the consoridation cyrinder in a

lever-loading system (Figure Az), rather than us.ing the
booster-hydrau'ric jack system described in section A.2.
1- Place the consor'idation cylinder on the steer pìate.
2. Place a firter paper on the top of the srurry. prior to ìoading,

weigh the top cap with top firter stone and the road ceil with its
adaptor.

3. Apply a thin ìayer of silicon grease on the sìde of
lower it carefuììy into the cyìinder.

4. Piace a load cer with its adaptor on the top of the top cap.
5 . Set dì aì gauge p'ratform on the cyì .inder pì ston shaft.
6' Lower down the piston jnto the cylinder until it comes jnto contact

with the top of load cell.
7 - Rotate the "screw" untir the rever arm is horizontar. This can be

mojnitored by the level on the lever arm.

8. Set up a d'iaì gauge on the ìoadìng frame and take the initiar

16.

17.

18.

top cap and
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read i ng.

9" connect top and bottom draìnage connections and collect draìnage ìn
a 1-litre measuring cy'l-inder.

10' Determined the desired vertical stress level and determine the
required load.

11. Place the roughìy calculated dead weight on the pan, and adjust the
load carefuì ìy until the load cel I ind'icates the requìred load js
ach i eved .

12. Record t'imes, d'iaì gauge readings and load cell readings using
double t]qe schedule.

13. Adjust the "screw" as necessary to keep the lever arm .in the
horizontaì pos ition

14' Repeat step 10 to step 13 for next load increment until the f.inal
stress level is atta.ined.

15. For extrusion of the "cake" , use steps 1, z" 4-6, and B-rg in
Sectìon 4.3.
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APPENDIX B

ADDITIONAL PLOTS FOR TRIAXIAL CONSOLIDATION TESTS
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APPEND'IX C

ADDITIONAL PLOTS FOR UND¡AINED SHTAR TESTS
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EXPLORING YIELD ENVELOPE OF ILLITE
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APPENDIX D

L TESTING IN

EXPLORING YIELD ENVELOPE OF ILLiTE

An understanding that yieìding ìs a fundamentar feature of cìay
behaviour is essentiar to desìgning structures on the soft ground. The
locus of effective stress condit'ions at wh'ich yÍeld.ing occurs can be
represented in stress space by a ',yie'rd enverope,,. it separates
rel ative'ly stìff, r inear, pseudo-eìastic pre-yierd hehaviour, from the
larger strajns' porewater pressures and dissìpat'ion times that accompany
post-yìeìd stressing. The existance of a yieìd enveìope is now

confirmed both in the raboratory and in the fierd.
A preìiminary y'ierd enveìope for il.rite was gìven by Ambrosie

(1985). In order to supp'rement data for the enveìope, three lightìy
overconsolidated sampìes with 0cR=z were tested in the present program.
The reconstituted specimens used for the drained stress-controlled
triaxial test'ing b/ere prepared individualìy in the same way as described
by Li (1983) and Kwok (i9g4). It wir r onry be briefry reviewed here.

A slurry with moisture content at 2xw. was first consolidated .in

five load ìncrements up to a max'mum verticar stress of 70 kpa in a 100
mm d'iameter perspex consoridation cyìinder. The axiar road was appìied
through a hanger and dead load system. Upon reaching porepressure
equì'ljbrium, the sample was extruded and trimmed simu'ltaneously with a

extrusion unìt designed by Kwok (1984). A sample of 76 mm in d.iameter
and 130 mm jn height was finaì ìy obtained and transferred to a trjax.ial
consol idation cer J. It was then subjected to further anìsotropic
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consor idation described 'in Section 3.4.3 to give the samp.re an 0cR equa.l
to 2.

After ìightly overconsol jdated sampìes had reached the ,,in s.itu,,
stresses for four days, drained stress-controlled triaxìal tests were
subsequent'ly followed aìong the selected stress paths shown in Figure
Dl' Deformations of the samp'les in the course of test"ing were measured
with a d'ar gauge and a drainage burette. The yieìd stresses for T72B
were determined from various TXCEp pìots given in F.igures D2-Dg with the
bil'inear pìotting technique. The y'ieìding of samp'l es Tlzg and T730 was
taken at the stress conditions at whìch ruptures occurred as they moved
towards the overconsoridated fairure enve'ropes shown in Figure r.3.
sìnce 'it is bel ieved that a unìque yie'ld enverope would be obtaìned when
normal ized with respected to preconso'r idation (Graham et ar . 19g3) , the
y'ieìd stresses obtained in the present study, ìn conjunction w.ith the
results from Ambrosie (19g5), wene normalized with oi.=160 kpa. The
shape of the yieìd enverope ìs shown in Figure Dg and has been recent-ry
published by Graham et al. (1986). Fìgure D9 also i,ncludes the results
of ì ightly overconsor idated contror specimens subjected
stra'in-control'led, undra jned shear test.

to



120

100

0
0_x

u

a
v,
u
v.
F
n
E
o
t-

ò
o

&

W

@

80

T728

T 729

T 730

60

40

20

0

T729

FIGURE D1

IN SITU

0 20 40 60 80 lOO

PROPOSID

OF ILLITE

MFAN EFFECTIVE SIRESS, p, (kpo)

STRESS PATHS FOR DRAINED STRESS-CONTROLLED TESTS IN(or).=160 kPa)

120

T7 28

1t40 160

EXPLORING YIELD ENVELOPE
N)Þ('ì



(KPÊ)
(D
al¡

l¡l
=È
JO,
ElCl

(J
H(')

L1
Fo)-
(-)rF
l¡J
o-(!t

¡¡l.t

to
a\¡

n

FIGURE D2 YIELD
T728,

LCIG P IKPÊ)

LOG

DETERMINATION FOR
T729, T730

q

P (KPR)

YIELD ENVELOPE-LQG (p' ) vs. V

N)Þ
Or



CE
fL
)<

o_

VOLUME S

o
c¡

()õ
o.(o

T73û o

o

o

o

ô

CEa

9;+D

o-
oo

o

o

o

oo()

FIGURE D3 YIELD
T728,

,88 8, 96

RßIN

DETERMINATION
T729, T730

nTfl,ne ridårn dã
FOR Y I ELD ENVEL0pE-p 

'

9.28 9.36

VS. V

N)Þ\



oo

o-i
tso.vm

ø
.oo

U)d_
ø)ru lurlctrl
t-l
øJo Iol
cco'J
CE- I

l¿J I

-I(t) I

T728

õlÒl

+1 80 8.00 8. 20
SI.IERR

< yield

I
ST

,u0
BRTN

Þ
C]

8. 60('t) 8.80 s:00

FIGURE D4 YiTLD
T728,

q. 80 5
s

.80
HERR

DETERM]NATION FOR YIELDT729, T730

6
ST R

80
RIN 8, 80

ENVELOPE-Q VS. e

9, 80
N)Þ
æ



oo
d:
oo
c;
:-

lõl
_?t
rE.i
YI

=elro¡
o3Jøl
ol
1l

oó

Ë

õö

F!.5i
ãql
ÊEj
'.1

1t
ol

l

FIGURE D5 YITLD
T728,

ÄTfÄ. siå¡T'-,iFE

?5å5:'+)årr0N 
FOR YIELD ENVELOPE-o,, vs. .l

N)À
(.o



()o
C]

T]?B

<- yield

L Ê TEBRL
0
c
J

.00
TRÊ]N

oo

o
C¡

c
À
!(g
eê

cf
o-
Eevo

ø¡9'
U)
¡rl
(E
¡-Õ
(')o

0. 80

Llt
lr,
fE

ãs
-r"iG-
fE
t¡J

irS
J.

o_
.60

FIGURE D6 YIELD
T728,

-r.?0
LRTERRL

-0. 80

DETERMINATION FOR YIELD
T729, T730

J
. q0

BRIN
0
fl
t. D0
7.)

0.
t7.

20
)

0. q0 0. 80

ENVELOPE-o3 vs. e3

l'\)(tì
O



I728

I
R

.r¡0 I
IRL STX

clo
t\
to

oo

. r¡g

RI

o
(f

";.(D

()
c¡
o_
(D

.-l
:ol.t
: col

."1

îl

N

rl?9
¡

ABo-.
5F'
'fL

0ct

H

rÆo

CE
o-

o-

oo

.{0

oõ

1t.20

rupture

l
l

I

5Ì

"bl eo

to rupture

FIGURE I)7 YIELD DTTERMINATION FOR YIELD INVELOPE.T729, T72g , i7ïó. 
v,, , v^ I ¡ trLU E.NVTLUPE_p I vS . .l

Ä"'fÅ. uiå'oT* ;tr

.80 I r .8-o- s'. eo I'o . ao
RX I RL STRAi ru rZ.I

lr¡.r¡0 I 20

I 1.80 12. 80

N)
(.¡r



oo
llJ

(r)
x
X;oè¿D

-)i

)<

T ] 28

=
õ
ID

c;

o
n¡

'ol oo

<__- yield

.00 .00
LSS V

r ?0. 00
f KPA)

(>
c!

0.00 0.00

T730

0.m

FIGURE D8 YIELD
T728,

8.00

rupture

?iå$:t+)årroN FoR yrELD ENVELonE_w vs. LSSv

. 00 e'u. oo
LSSV fKPAJ

00

N)
(.'t
N)



253

1'È
g
n
a
t¡l
E
t-
n
u.
o
t-{
ñ
o
o
l¡l
N
f

Ë.
o
z

1

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0 0.2

NORMAUZED

YI ELD

ffil nurHon

I nuanoslE (198s)

D9 YIELD ENVELOPE OF

0.4 0.6 0.8

MEA${ EmCTTIE STRESS (p,/oüc )

CONTROLS

A ainnon

A xwox (1984)

ILLITE,oic = 160 kPa

è'/

d
l,ç

'ä-'* *f/--æ-'fi. .l-.l
,/ \. ,/

/\uu,/

,/ ./ JrYl
\ ,-LOCLS

{oF
I

,i
\ ov'c

,rlrr, w/

4
,/ \- YIELD

t(t,
\

\

ENVELOPE

F I GURE



254

APPENDiX E

RELATED PUBLICATION



255

DRAFT: Znd June, 19g6

YiELD ENVELOPES: TDENTI FI CATI ON AND GEO¡IETRIC PROPERTIES

J. Graham(1), J.H.A. crookr(z), and s. t_uu(l)

by

Submitted to the Canadian

for poss ib'le publ ication

Geotechnica'l Journal

as a ïechnfcal Note

January, l9g6

tt' 
?.gpt. of Civil Engineering" University of(2) e'flo.,^ Associates , 70r7 Farrel I Road s.E.

llanitoba, l,l.innipeg, Canada R3I

, Calgary, Canada TZH 0T3



256
ABSTRACT

Yieìding is an important feature of the stress-strain behaviour of
I ightìy overconsol idated cìays' 0f necessity however, techn.iques used forevaìuating yield states must be partìy empirical. It is therefore importantthat the techniques are as generaì as possibre, that they do not ìead tospurìous concìusions, and that their ì imitations are understood.

Attent'ion is drawn to four features of yierd envelopes. They are
commonìy identified from the intersection of two stra'ight-ìine approximations
to measured stress-strain curves in naturaì clays which have experienced
diagenetìc aging- However the procedure is inappì icable in reconstituted
cìays where linear pre-yield behaviour proceeds directìy into exponentiaìpost-yield behaviour' Enveìopes are often considered to be symmetric aboutthe Ko- I ine i¡ s' 't-space' such envelopes are shown to be nonsymmetric in

P"Q-space' and this raises questions regarding the relationship between Koand yieìding' Factors influencing the shape of yield enveìopes in different
cìays are explored in the foìlowing iection.

Finaìry, the geometry of the compìete state bou,ndary surface of anaturaì cìay in Þ' ,Q,v-space is rerated to the cri-ticar State Hoder.
Discrepancies between measured enveìopes in p"q-space and the Hodifjed camcìay model are shown to be ìargely the result of differences in pìotting the
da ta.

KEYWORDS

cìays' overconsoì'idated, yieldi ng, yieìd enveìopes, symmetry, staLe boundarysurface, Critical state
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An understanding that yieìding is a fundamental feature of clay
behaviour is essential to the des ign of structures on soft ground (for
examp'le' Foìkes and crooks, 1985). The locus of effective stress conditions
at which yieìding occurs can be represented in stress space by a ,,yie.rd

enveìope" (Crooks and Graham , \g7Z " lg76). yield enveìopes separate
relativeìy stiff, lìnear, pseudo-elastic pre-yierd behaviour, from the ìarger
strains' porewater pressures and dissipation times that accompany post-yield
stressing' In p', Q, v-space* (Graham et ar., 1983a; wood, 1gg4) they are
traces of a state boundary surface with non-constant v. The shapes and
magnitudes of yield envelopes depend on the composjtion and stress hìstory of
the cìay' For given testing rates in the laboratory, urìique yieìd envelopes
can be obtained by normalizing measured yie'ld stresses by a characteristic
stress which is representative of the stress history of the materiaì. In
naturaJ cìays this has commonìy been taken as the oedometer preconsoìidation
Pressure oi. (Beìl , rgTr; Graham et'a'r., r9g3a). In reconstituted cìays it
is more common to use the',equivaìent pressure,, på (Atk.inson and Bransby,
le78)

The Paper exam'ines ìnterpretive procedures used in the 'laboratory

for identifyinq yieìding in cìay soiJs. It considers imp'lications of
plotting techniques for defining yìeìding; features related to asymmetry of
yìeld enveìopes about the hydrostat'ic stress axis; and factors that
influence the three-dimensional shape of yield enveìopes in different cìays.

GRAPHICAL TECHI{TQUES FOR ESTIHATIS{G YIELD STRESSES

The stresses at which y'ieìding occurs must be estjmated on the

Notation is summarìzed at the end of the paper.



basis of empirical procedures.

possibìe (Graham et â1, lggZ)

i nf I ue nce.

There ìs typicaì ìy a region of transitional behaviour between
pre-yield and post-yield straining, and consequentìy some degree of judgement
must be exercised in selecting a "yie'ld stress". An exampìe of this .is the
widely used construction for oedometer preconsoì'idat'ion pressures ìn which
casagrande recommended using a ,,ì ike'ry range,, of oi. rather than a sìngìe
val ue.

Triaxiar sampres may be roaded aìong a wide variety of stress
paths' 0n comp]etion of these tests, it is common to pìot a series of graphs
such as oi vs'11i p'vs. v; q vs. e; 03 vs. 13; and w vs. rength of
stress vector LSSV (Graham et âì. , l9g3a). ïhe yieìd stress is then
estimated from each of the p'lots in turn and converted to a common parameter
such as p', (or l{, or o1). Yield values obtained from the dìfferent graphs
are usualìy remarkabry s'imi'rar (Grafram et ar., I9g3a) and suggest that the
tests do in fact measure a real component of soil behaviour. This has noh,
been confirmed in many studies of field behavìour, for-exampìe by clausen et
al. (198a); l{atson et ar. (198a); Forkes and crooks (1985).

It is important to be sure that the techniques used for
interpreting the test data are thorough'ly understood, and do not themselves
suggest spurious behaviour which is then assìgned to the cìay.

ARITHHETIC-LOGARITHHI C HAPPING

Some impìications of the commonìy-used ìog oi vs. .v pìots were
presented in an earlier paper by Graham et ar. (1982). They arso discussed
how yieìd'ing in naturaì cìays could be ìnterpreted from strajght-.line
curve-fitting (bilinear p'lotting) of the pre-yield and--post-yieìd behav.iour

4

These shou ld

and as free

258
ìdeaì ìy be as generaì as

as poss'ibìe from observer
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259in arithmetic stress-strain space. This deserves some further attention
since Ít appears to conflict with the common understanding that post-yieìd
stable straining (pìastìc strain-hardening) is exponentiar in nature. ïhe
differences lie in part in the aging or diagenetic processes experienced by
natural clays fol lowing depos ition. The discussion here wil I be restricted
simply to stress-strain behav'iour in fìxed time periods with small stress
increment ratios' Questions of the reìationship between primary and
secondary consoìidation, rate effects, superposÍtion of strains, etc. wi¡ be
left for a future occasion.

Realization that cìay behaviour inside the state boundary surface
is more linear than previousìy thought, has encouraged the pìottìng of
stress-strain curves in arithmetìc (as opposed to logarithmic) stress space
(14itcheìì, 1970; Tavenas and Leroueiì, 1977; Graham et ôr., 19g3a). This
also avoids the difficulty in ìogarithmic pìotting that the inferred
preconsoìidatìon pressure can depend on the scale at which the data is
p'lotted

Fig' I examines the mapping of ident'icaì oedometer data for
reconstituted pìastic cìay between arithmetic and ìogarithmic stress-strain
space' For emphasis, the observed behaviour has been idealized in the insert
drawing so that the transitionaì region has been removed, and the yieìdìng is
made "sharper" than would be normally observed. The Figure aïso shows the
importance of using naturaì stains [r(6.¡/Hi)] rather than engineering strains
[(rôi)/Ho] when the strains exceed about l0%. By the nature of ìogarithmic
transforms a straight pre-yieìd rine AB in Fig. 1a p.rots as a curve AB in
the logarithmic stress space in Fig. 1b. converse'ry a straight post-yierd
(normaì consolidation line (NCL) BC in Fig. lb maps into Fig. la as
exponentiaì strain hardening behaviour.

understanding the yieìding of ìightìy oo.".o,iroridated cìays has
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been deve'loped from studies on carefuì ìy handled ,,und.isturbed,, natural '.u.,O.r,
(flìtcheìì, I970; Crooks and Graham, lgl6; Tavenas and Leroueiì, L9l7; Graham
et aì., 1gg3a) rather than from reconstituted cìays as in Fig. 1. In the
natural cìayso the observed behav'iour can often be reasonab'ly approximated by
straight pre-yierd and post-yie'rd segments, partìcuìarìy if the cìay is
sensitive or cemented. F'ig. 2 shows data from anisotropic triaxial
consol idation (close to Ko-consoì idation) of natural pìastic cìay from
l'/innipeg' In contrast with Fig. l, the micro-structure of the cìay here .is

probably cemented (Graham et al. , 1983a) and yìerds quite markedìy before
proceeding to exponential strajn hardening.

The natural cìay in Fig. 2 shows clearer ev'idence of yielding than
the reconstituted sampìes in Fìg. l, and faster post-yieìd stra.ining before
exponentiaì strain-hardening is observed. (Note the different strain-scales
jn the two Figures.) This suggests that for natural clays the schematic
behaviour AB' BC in Fig. 1 should be conceptua'rìy modified as shown in Fig.2
by the addition of an additionar region Bt Bz between the pre-yierd and
post-yield behaviour. In this region, the micro-structure of the cìay
experiences major disturbance (Bjerrum, lg67) or de-stpucturing (Leroueiì et
âJ.,1979)- The change in ìogarithmic funct.ion at B, ìn Fig.2b may exprain
why the casagrande construction "at the point of max.imum curvature,, can be
successful.

Fitting observed stress-strain results with two straight lines
(bilinear p'lotting) in arithmetic {0,}, {r} space appears acceptabre in a
variety of naturaì cìays (Hitche'tì, I9z0; Berì, L97r; Graham et aì., r9g3a,
among others) over a measurabre range of post-yierd strains. At rarger
strains (82c in Fig' 2) the behavjour converts into the usuar exponentiaì
pìastic strain hardenìng behaviour. Hoursby et aì. (1gg2) showed that when
sojls undergo a ìarge amount of pìastic stra'in hardeningl; then the behaviour
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l'inearizes in ìog oi, log V plotting rather than in
semi-'logarìthmic pìots.
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the more common

SYHHETRY OF YIELD ENVELOPES

The magnitude and rocations of yieìd enveìopes depends on
apparent stress history of the clay. Enveropes are commonìy thought to

the

be
approximateìy symmetric about the Ko-consoì idation ì.ine, with their sjze
controlled by the (apparent) preconsoìidation pressure. Thus there is a
causal relationship between not onìy the magnitude, but also the detailed
shape of the enveìope and consolidation history. A suggestion that yìe.ld
envelopes were symmetric about the Ko-ìine ,,as impric.it in the work by
Mitchell (1970), and 

'{as 
proposed as an approximation by Graham (tglz) based

on work on Norwegian and Beìfast cìay. Tavenas and Leroueil (1977) presented
the arguments more precisery, and the understanding is now widery herd. some
care is needed, howevero since it can be shown that the observed ,,symmetry,,

depends on the ptotting techniques l^rhich are used. The causality between the
Ko-line and the shape of the yieìd enveìopes is less direct than is common.ly
as s umed

Fig' 3a shows an idealised yield enveìope drawn as an eììipse in s,
= (oi " oå) /201r, t = (ot or)/20ir-space, and symmetric about the K_rine
oilo j = 0.5. The same oi, oj data used to generate this e.r.ripse and the
ìine K = 0'5 are repìotted in Fig.3b in terms of the stress invariants p, =
(oi " 2o!)/3olr; q = (ot or)/0i.. It is evjdent from Fiq. 3b that the
yield envelope ìs no longer symmetric about the line K = 0.5.

It Ís sufficient to disprove the symmetry of the mapping in p,,
q-space if the perpendicular directions between the tangent AB and normal Ac
at point A in Fig' 3a (the intersection between the y.ieìd enve'lope and the
K-line) do not map as perpendicurars in Fig.3b. rne pioouct of the sìopes
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262of A'B' and A'C' in Fig. 7b is 9(t-K2) tQkz-x._z). r,rhen K = 0.5 as in Fig.

3' the product of the s'lopes is -2 -25, and not -i required for orthogonaìity.
A'B'and A'c'are onìy orthogonal when K = .gl and -1.24. (The ìatter vaìue
requìres tensire stresses and is unattainabre in cìay soirs. )

The mapping between z = (s, o it)_space and w = f(z) = (p, +
ìq)-space can be examined more formaty (D.w. Trim, pers. comm.) using the
Cauchy-Rejmann conditions for conformaìity

t3l è.u_ =òs,
òq
ðr

, ào
ds t-

By rewriting the variables in terms of

t4l p' = s' - t/3; q = ,t,
and oi ìt is seen that

and therefore the conditions in [3] are not met. This means that mapping
between s', t-space and P'o Q-space does not preserve angular relationships.
The symmetrical ellipse in Fig. 3a cannot map as a symmetrical locus Ínto
Fig' 3b. Note aìso that the t-axis (s,= 0) in Fig.3a does not map as the
q-axis in F.ig.3b.

Figs' 4a and 4b show two published examples of yield envelopes that
have been selected because of their approximate symmetry i¡ s,, t-space. The
lines of symmetry shown in these Figures have been reconstructed graphicaìly
and may not correspond to in situ Ko-values. The same data are shown pìotted
in p' , Q-space in Figs. 4c and 4d. As expected from the preced.ing
discussion, symmetry is not shown in p,,q_space.

Chan (l9g5) has shown a yieìd envelope for
(OCR = 2.0, Ko = 1.0) that is approximately symmetricaì
Consideration of Eqns. 3, 4 and a deveìopment of Fig. 7

in this apparentìy simpler case, a yieìd enveìope
symmetric about u Ko = 1.0 axis in both s,, t_space and

ào'
ãï

oå

overconsol idated clay

about the p,-axi s.

wi I I show that even

cannot be formaì ìy

?', Q-Space.
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Fig'5 shows a select'ion of yieìd enveìopes taken from the
I iterature' Bas'ic classificatjon information for these cìays is given in
Table l ' They are a'll recent (mostìy post-g'lacia'l) cìays from a variety of
sources with varied mineraìog.ies, geochemistries, sensitivities andactivities' They a'll exhibit stress-strain behaviour that can be summarized
by unique yieìd enveropes in normar ized p, / oíc, q/o,)c-space. There is
considerabìe variation in the shapes of the envelopes and it is reasonable to
examine the causes of the variability.

As a first approach, Fig. 6a represents an attempt to incrude the
effect of mineralogy on the observed variability at the top (high q-vaìues)
of the yie'ld enveìope' In this Figure, the qloitcdata has been normalized
with respect to l'1 = 6sin ö'l(3-sino') following a suggestion from c.p. wroth(pers' comm')' Hhiìe this process reduces the variabiìity of the data inthe q-direction, quìte sìgnificant variabiì ity stil I exists .in thep'-direction, particurarry for w'nnipeg cìay. Fig. 6b is an approxÍmate

examinat'ion of the influence of overconsolÍdation ratio (gcR) on the buìk
compress'ib'il'ity of the c'rays. This has been done by dividing p,/o,lc_varues
by (l + 2 Ko)/3' where Ko values have been taken from the data produced by
Brooker and Ireland (1965). This also produces some concentration of the
data but anomar'ies stir r remaìn, particuìar1y in the way that hígh 

'cR,sappear to be associated with low normalized p'-values. This is contrary to a
perception (and the experimental results of chan, rggb) that when the cray
has an 

'cR 
of about 2-2-5 then the yie'rd enveìope wi, be approximateìy

symmetricaì about the p,_axis, wìth Ko = 1.0.

YIELDING AS A STATE

It is now

BOU}.IDARY SURFACE IH

common to present

p'"q"V-space

normaì ized yiEìd enveìopes as
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in the form shown jn F.igs.

264

4, 5. The
relationship between stresses

usefulness of these enveìopes in geotechnica'l practìce has been wel l
demonstrated (for exampìe by wood, 19g0; crausen et ar., 1gg4; Forkes and
crooks' 1985)' However the behaviour is one in which straining as well as
stress'ing is important. It should be remembered that yieìding .is described
by a three dimensionar state boundary surface in p,, Q, v_space. The present
practice of pìotting onìy norma'l ized yieìd enve.lopes jn p, / oir, q/oi._space,
while 'it 'is heìpfu'l in many instances has, in other ways, obscured some
fundamental features of yieìding in naturaì cìays. For examp'le, undrained
strengths are of course located on the state boundary surface. However they
do not in generaì pìot on yield envelopes that are obtained by drained stress
probing from the same init'ial stresses and specìfic volumes (¡¡roth and
Hou'lsby, 19gS).

Figs. 7a,b show one of the few pubìished examp.res of a compìete
state boundary surface (Graham et aì., 19g3a). In these FÍgures the ìighter
lines represent previousìy pub'lished enveìopes for four different depths and
preconsoìidation pressures in l'linnipeg cìay. Two features of these enveìopes
differ noticeabìy from the shapes which are commonìy adopted in the critical
State modified cam-cìay modeì of soil behaviour (for examp'le, Houìsby et al.,
1982) . First'ry, the enveìopes in p' , q-space are not eì.ript.icaì , that is,
the hydrostatic yield stress piro is not the largest value of Or. Secondìy,
'in p'' v-space, the traces of the yieìd enveropes have an unusual ,,hooked,,

shape rather than the straight r_lines of the model. However, apart from
these d'ifferences, important simirarities are apparent. The yierd data
normal ize wer ì in p' , Q-Space; the separation of the enveìopes in p, ,
V-space corresponds wel I wjth the expected value [ = Àìn(0i., / o,].t )
(Graham et a1., l983a); and a straight envelope wìth < = 0.09 is obta.ined in
(v * rìn oi.)" ìn(p'/oír) - space (l.Iroth and Houìsby, rg85). Nevertheìess,
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the in-turning shape of the yieìd envelopes suggests a

appìicabil ity of the Critical State model.

265

I imitation on the

Graham and Li (1985) reported that yieìd data for natural andreconstituted ldinnipeg clay lay on the same normarized yield enveìope, so thegeometric shape of the yieìd enve'lopes in this cìay is not a function ofgeoìog'icaì aging or weathering. (The enveìopes did however differ in p,o
v-space)' The heavier lines in Figs. 7a,b have been constructed graphicaìry
as constant-v traces of the drained state boundary surface measured in thelaboratory' They therefore permit a better appreciation of the true shape ofthe surface than can be obtained from yieìd enveìopes that are skewed to the
reference pìanes. It is now seen that the traces (no ìonger ,,yie.rd
envelopes") are much more eì I ipticaì , and cìoser in shape to the critica.l
state model' Their shape has not been estabìished in detai'l at low stresses
close to the q' v-pìane, aìthough some information on the strength envelopein this region has been reported 0.,, Graham and Au (l9g5). Stress pathtesting into this r^egion is difficult due to accelerating displacements inload-controlled tests (Graham et al.,1983a), and strain contro-¡ed testing

wi'l'l be required' Fig'7 and Fig. g show different three-dimensionaì viewsof the state boundary surface for l./innipeg cìay. These have been constructed
graphicaìly in this case, but have aìso been v.iewed using axis rotation ofdigital data on a micro-computer. The simiìarÍty between the data and theCritical State model is now clearer than before.

Additionaì information has been shown schematicaily in Fig. g. Thenormaììy consoìidated coulomb Mohr plane with slope l,l(o) jntersects the state
boundary surface at the critical state ìine, csL. 0verconsolidated undrained
samples of this cìay strain-soften from the Hvors'rev surface and approachthis plane at ìarge strains (Graham et ar.,1gg3a). The Figure aìso gÍves animpression of how rate effects such as those discuised by Tavenas and
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Leroueii (r977 ) and Graham et al. (tgs3b) rnight form a series of ,skins, 
or

'sheì I s' round the state boundary surface. Undrained strengths,
preconsoìidation pressures and yieìd envelopes dì ì decrease in magnitude with
increased durations of testing. The changes in naturar cìays are rather
ìarger than wouìd normally be expected from reconstituted sampìes. Different
strainìng rates produce different undrained strengths at the same specific
volume' There must therefore be a strain rate component in the constitutive
relationships (Leroueiì et a.|.,1985) which is separate from the expansion of
the elastic behaviour yietd enveìope that accompanies aging or deìayed
compression.

consider a typicaì stress path such as ABCD in Fig. g in whìch a
sampìe at its in situ state at A is first consolidated anistropicaììy with
constant stress ratio. small voìume strains are measured until the sampìe
yieìds at B on the state boundary surface. 14ith further stress increases
(and the same stress ratio) large consolidation straÍns occur as plastic
strain hardening expands the region of pseudo-elastic behaviour between B and
c' undrained shear leads to normal'ly consolidated fai-lure at D. Different
speeds of testing wiì'l produce different values of undrained strength, but
identical values of rrr(o). In p', q-space, the constant-voìume trace of cD
wi I I not coincide w'ith the drained y'ieìd envelope through c. Dìf ferent rates
of straìnìng or porewater pressure d'issipation occur between AB and Bc.
changes sim'ilar to these have been crearìy observed
( for exampì e Foì kes and Crooks , l9B5 ) .

SUHI{ARY AND COHCLUSIOruS

Yielding is an inherent feature of most ì ightìy overconsor idated
It is observed in the field under embankments; .a¡d in the ìaboratory
carefuì sampì ing, trimming and testing are undertaken. The criteria

12

in fieìd appì ìcations

cìays.

provided



13

267
for identifyìng yieìding are empiricar and requÍre judgement. It .is
therefore important to understand the limitations of the procedures which are
used' and the impact they might have on the inberpretation of test data.

Figs. 1 and 2 show that bil inear curve_fjttÍng ìn o, , Ð _spôce is
formarìy incompatibre with exponentia'r post-yieìd straining. However, as an
empirical procedure, it wo.ks reasonabìy weì'l in natural cìays that are very
carefuììy handled to preserve their "aged" microstructure. Reconstituted
sampìes are wideìy used because of their uniformity, but may read to
important misconceptions about the behaviour of rear cìays.

Figs ' 3 and 6b raise questions about the infruence of
overconsolidation and Ko on the shape of the yie.ld surface. The symmetry
which is frequentìy observed in s,,t-prots is not seen in Q,p,_pìots of the
same data' Geometrically-similar yield enveìopes which can be normarized
into a unique envelope have been measured in severa'l cìays with ocR,s up to
about 2.0 (for exampìe Graham et aì,,19g3a; Fig. g). This means that Ko
should be approaching 1.0, and yet the shape of the envelopes does not appear
to become more symmetrical about the q = 6 axis. The microstructure, ônd
hence the shape of the yieìd enveìope, in these crays may be controred
mostl y by normaì ìy consol idated conditions during and shor¡y after
deposition' and to a lesser extent by the subsequent deveìopment of apparent
overconsoì idation. cons ideration of the enveìopes in Fìgs. 5 , 6 shows no
systematic relationship between the geometry of the enveìopes and
classification data of the cìays g'iven in ïabìe 1. Further work is needed.

Finalry, yieìding is a particuJar ,,state,, in the cìay, and shouìdbe examined in terms of a state boundary surface, for exampìe in
P"Q'v-space' It is onìy in this way that some of the apparent anoma.lies inyieìd envelope pìott'ing in p',q-space can be understood. _For exampìe, Figs.7' 8 suggest that the critical state model of soil behaviour may be rather
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better than is commonìy understood frorn considering onìy yieìd enveìopes in
Q,p'-space.
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UTIYERSIIY OF HArtlOBÂsOII KECHAHICS LAAORATORY

SAMPLEtrO.rtT28
tHrrrar ;òrsru"i'i",,..jotHouLoED saHpLE,

?;îïil¡.";îå"irt,ã;.;;;¿ i i.i;, PERcE'r

¡iji¡îj,i:illi:íi^iîiiiË.. "^,," i ji,;i:"r"
: 36.l PSRCEHT
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EXD I SO6a4

P1 EFFECf
sIoHAI

r ?8. AË
2 79.a2
3 72 . d7
4 a | .37
6 ô8.6E
6 E?. ô6
7 I 05 , O5
a 1 t a,23g 122.4þ

lo t30.73
II M.ot
12 t{?. t3

EFFECT SIRArflr
s I cûta3

{2.4O 12.3a4
42-4O t2.t42
48.8O t2 -25766.70 t2.315
67.AO t2.3AO
7a.60 t2.436
a8-40 12.479

loo.20 12.517
I r 1. to t2.856
l 22. OO t 2, aoor3?.80 r2.641
t4t.ao r2.6A6

Q VOID
RAT¡O

VOLUHE SIRATNS EPFECTsTRÂIA Þ

to.670 -o.rE2 a4.rsro.s43 -o.goo 84.a7ro.4EO -o.aaa 6a,a6lo.?ll -o.!o2 64.g2rl.o2t -o.6ao ?4.83t¡.3?3 -o.632 a4.a6t1.778 -o.36r sa.sEt,?.232 -o.r42 roc.ait2.72A o.06? tt¿.eÀ13.241 o.32S 1Z4.st13.?2o o.639 t!4.s.14.232 0.?73 t44.93

Y SHEAR
SIRAI fl

:1.1¡ r . o6s 2. 068 a. a D
11.13 1.o72 2.o7? r.a28
il. !1 L o73 2.o73 é . 763r.o88 2.O88 ¿.?a6
?:.?1 r.o51 z.oer s.706
:: . :: I - oB2 2. oiz c. 64s
::,u" t.o43 2.O43 E.5s3
:1 .gl I . o33 2. oJs B .44ot.l .:: l.02t 2.ozt s.3t2
:.r. r.oog 2.oo8 a.taj
:.lt o.eea l.Eea s.o6a3.S0 o.996 t.oa6 a-9a2

SUHHARY OF gSSEHI¡AL RTSULTS SIORED tX FTLE

P1 SIGHAI

t 79. a6
2 79. a2
3 72. A?
4 a r . !?
5 as. E8
6 97. ô5
7 t06.os
6 | | 4 . 23I t 22. 49

to t30.?3
lr f39.Ol
l2 t47. ts

atcHA3 slRÂtxt

42.40 12.3a4
42.40 t2 ,342
48. öo 12,2Ea
s6.7O t2.3tË
67. 60 t 2. lao7A.60 t2.a36
89 .40 t2. lagloo.20 t2.sr?

1l ¡ . to t 2.655l22.oo f2.600
132. eo 12. 64 tr43.ao r2_6A6

slRAItaS v

-o. a62 2. o8e-o. 9oo 2.o72
- o. aaa 2 -Oa3-o.ao2 2.OGa-o. 6ôo 2. 06 r-o.5t2 2.052-o.36t 2.O43-o.142 2.o33
o.o8t 2.o21
o. 32S 2. OO9o.slÈ 1.99a
o-773 LrÂ5



UN¡YERS¡IY OF HAflTIOBAsOIL HECIAHICS IABORAIORY

EXERCY CÂLCuLÂT¡Ots

EIGItrEERIHC 5IRÂIil

SAIIPLE HO . f 72À Iresr neJùiri 'iio", t REHoULDEo sÂHPLE )2to564 EXD l9o6A4
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PI EFFECT
stcHAt
KPA

| 78 ,I
2 ag.a
3 73. o
4 8t.4
I aa. ß

6 g?.I

7 to6. t

B lt4-2
E 122.6

lo lJO.?
r I tt8.o
l2 1a7.2

LSSV LSHV

KPA A

o.o o.o
o.o o. t

8.4 o. t

2O.3 o. t

!6.9 0.2
Ë4 . f o.6
71.4 0.7
aa.7 I . O

l06.l 1.3

t 23. S r .7
l4t.o 2.O

I S!.4 2.a

DELIA lOIAI.
EXERCY EXERCYxH-H/voL Kt¡-Àt/vor

o.o-o.ó86
-o.066

-o.o85
-o. t2to. t 34
o,otl

o-207
o.220

o .2AA
o.4a0

o.34A
o.a36

o,437
I .273

o.52S
I . ao2o.6tl
2.4ft

o. so3
J.ot7o.7t1
t -12A

EFFÈCT DÊY
s r cr{a3 srREss ;;;'-'KPÁ KÞA SÎRESS

KPA

42.4 3?.5 54.8
42.4 37.4 64.9
46-a ?1 ,2 54-E
E6.t 24.7 s4.s
67. E 22.o 74.8
?a.E t8,4 ôa-o
89.4 t5.7 95.o

roo.2 t4.o loa.9
ltt.t tl.4 1t4.8
122.o 8.7 t24.0
tt2.S 6.1 t3¡.0
r43,8 3.4 t44.S

AXIAL RAD¡AI VOLSTRATH SlRAIX SIRATHLZZ

12.374 -o.a52 fo.B?o
12.t42 -o.9OO ro.643
12,2É7 -o.aa8 to.4AO
l2.3lS -o.ao2 to.?tt
12.3ôO -o.8AO tr.02t
12.436 -o.632 tt.373
12.479 -o.361 lt.aa6
12.5f7 -O.t42 tZ.ZJz
t2.655 o.oa? 12.72A
r 2. 600 o.32S I 3. 2a9
12.64t o.53S t3.t2O
12.6a6 o.7?3 14.232

UN¡VERStlY OF HÂI'IlOBÂ59¡L XECHATICS LABORAlORY

EfERCY CALCULAIIOI'S

flAIURÂr gTRAtfl

SÂLPLEXO..T72s
resr neiùiri '.'io", t RÈxouLoED saxPLË I27O5A4 Eto t,o5ô4

PT ËFFEcl EFFECIstcMAt sICÈta!KÞA XPA

| ?9.3 42.4
2 7g.E 42.1
3 7¡,o 4S.E
4 Et.{ 86.'
6 as.€ 67.5
6 s?.8 ?a.s
7 to6.r 88.a
a t!4.2 too.2
I 122-5 tlt-1

l0 tlo.? 122-a
rt t3s.o t32.S
t2 147-2 ta!.a

DEY EFFECI
StRESS oct
XPA SIRESS

XPA

37.5 54.9
3a.4 64.€
21 .2 s4.9
24.7 84.9
22.o a4.g
tg.4 a6.o
16.7 95.o
14.o toa.t
ll.4 114.9

B,7 124.e

6.t t3{.8
I _ a t 4a . r

AXIAL RADTA! YOLsïRArr srRAtr srÃeIr

r3.t90 -o.959 ,r.rr,
t3.154 -t.Ot2 tl.t?9
13.056 -g.g9g tl.OS9
13.t23 -o.so3 ll.3t6
13.tt? -o.766 lt.865
13.260 -o.8OO t2.o5t
l3,3to -o.3A6 t2.El9
13.353 -o.tE9 r3.036
13.396 o.lo! t3.602
13.44t o.3?6 r4.201
l3.4gs o.625 1a.746
tl,É4? o.a9? ,6.34r

OELIA IOTAL
EXERCY EÈERGYKr-H/VOr KN-H/VOt

o.o-o. o74
-o. o?4-o.o53
-o. r16o. t 50
o.ot4

o.213
o ,246o.303
o,549

o.lB3
o.643

o.48ß
L at8o.80a
2.O43

o,703
2,716

o.8Sa
3.443

o-827
1 -270

LSSY LSÈy

KPA i

o.o o.o
o.o o. I

8.4 o. t

20.3 0. I

36.8 o.3
54. t o.5
71.4 o.8
aa.7 | . I

106.! 1.5

f 23 _ s I . S

!4r.o 2.3
tBa.4 2.6
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1f: csRsoLloalrox staRT to684lRtaxtal EoxsoLIDAlIOlt lESl:::::::: ::::::::::::

EFFECI EFFê.C7 SIRAIA ISl6HAl SIGllA3

to.40 a2./¡o to.Eao4o.46 42 .4O I O. AE992.E? 4A.!O to.gc8to6.74 46.40 tt. f7attâ.ao Et.60 tf .43g13l.EB 54.?O tt.E2!142-76 57.9o r4.3A3

EXO t80684

VOLUHE GTRAIHT EFFECTsïRÂtti Þ

lt.l32 0.246 E6.lo
I I .274 o .2o7 86 . oatt.s98 o,2zo Ê1.t9'll.Èga o.2to 8?-Etrt.823 0,t€2 ?4.oo12.o64 o.o7o ao.32l2.sao .o.8o2 86, tO

a voro
RAIIO

V SHEAR
SlRAIH

2.Ola ?,o8?
2.O21 ?. tot
2.Ora ?. tEs
2.Or3 ?.3t2
2, OO8 ?. ô97
2,OO3 7 -go2r.9€r lo.tgo

P'I

t

I
4
5
5
I

la. o9
34. o6
4t. 87
57,34
81.20
75. a6
44. a5

.ota
-02 I
.ota
.ot3
. ooa
. oo3

o.0gl

SUM'4ARY OF ESSEIl¡AL RESULTS SlORED IX FtLE

PT SICXAI STG¡IA3 STRÂJHt SIRATI¡3 V

I !o.49 42.40 to.a¡o o.246 2.ora2 ao.4s 42.1o ro. aas o.zoa ;.;;,3 o2.s? 46.30 ro.s6a o,z2o ;.õ;;4 106.?4 4s.40 ,r.r7a o.2ro ã.ói;s lJa.ro Er.60 rr.43a o. rE2 t:óò;
! !ll.s6 84.?o r!.e23 o.ozõ ;:ãã;i 142.78 Ez.so r4.3a3 _o.ao2 ;.;;;



UT I YERS t TY OF HAX I TOgASOIL MEEHAXTCS LABORAIORY

E{eRcY CALCUrATlors

EXGIflEERIXG SlRATH

SAHPLExO..tT2s
resr ieiJirs '"'ïo", fRE14ouLoED saMPLEl

10884 EßD l8O6C4
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PT ÈFFECT
SICHAI
KPA

I ðo. 6

2 ao. 6

3 s!. o

4 to6-t
5 tta.a
6 f3t.6

7 112-a

o.o

-o.068

o, o30

o .249

o.523

t.ooo

3.2a0

EFFECT DEV EFFECis IÊHA3 StRESS OCIKPA XPA ETRESS
KPA

42.4 !a.l 66.t
42.4 3a.t cg.,
46.3 47.7 Bl.2
48.4 57.3 87.6
5t.6 a7.2 ?{.o
64.7 ?6,S ao.3
57.t a4.9 a6.2

AXIAI RADTAL VOLSTRA¡X SIRATH SIRAIX7Zz

to.ago o.24A tt.3a2
10.a6s o.2O7 tt.2?4
I O. A6A o.22O I I .36 I
tt.t7a o,2to tl.5oa
tt.43A o,toz tt.a23
tt.823 o.o?o t2.064
14.3a3 -o.8O2 12.Ëao

Lssv Lst{v oElta lotAl
. EXERGY E,'ERGY(PA i KX_AIVOL K{-HIVOL

o,o o.o
_o.068

o,o o. t
o.o97

13_ I o, I
o.20826.6 o.!
o-27440.6 0. 6
o.476

54 . O I . t
2-ZAO66. O 3. B

UATVERSTIY OF XAXIlOBÀsorL xEcHAxtcs r¡aonrioev

E}IERGY CALCULAl I OHS

HAIURAL SIRÁ¡X

SAI{PLE }¿O. . t 7zEresr neiúiri 
,jio", fREHoULoED sa¡tpLE)

toaa4 EflD t008s4

PI EFFECT
S¡GHAI
XPA

| 8O.5

2 to.5
3 83.o
4 t os . ?

s tt8.a

6 13t.6
1 t42,A

LSSY LSXV

KPA :

o.o o.o
o.o o.l

t3. t o.l
26.6 o.3
€q, 5 0. 6

54.O 1.2

65-O 4-a

OEL 1A TOIAL
ETIERCY Ef,ERCYx¡-H/YOL t(ll-H/vot

o.o-o.o6s
_o.o5s

o. I Og
o. o44o.216
o.280

o.3to
o.990

o. E4 t
|, t!f2.A22
3. t63

EFFECI DEY
stcHA3 srREss õ;;--'KPA KPA STRESS

KPÂ

42.4 3A.r 65.t
12.4 3a.l E5.l
4S.3 47.7 61.2
4a.¡ s7,3 6?.5
sr.6 67.2 74.o
s4.7 ?6.9 ao.3
s7,g a4_9 a6.2

AXIAL RADIAL YO!srRArr srRA¡r sriar¡hA7.

tt.stE o,276 ,2_06Ê
rl.4a3 o-212 1t.94?
I 1 .603 o,247 t 2. OA8

ll.a4l o.236 f2.Sl3
f2.134 o-Zl7 l2.6aA
I 2. 894 o. o7O 12. A42

15.616 -t,04! tt.43O
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SAHPLENO.:T?f,o
r H r T rÂr xolsrúel-ËorrF! I REMoULoED sAt{pLE )

ïi;ii:1.,oiå"rryroF;;ii I .li;'FERcEX,
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r t2.26 cH

Fî;i:'l;i.ili:.i;îi,iiiE", -^,," i 3ll;o" ..
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28s

Iå;^,ili'iå,i3å1i31,,""'låSÌ z6osa4 EXD lao7s4

P1 gFFEC]
s¡cHAr

| 79.26
2 79.2r
3 a3. ta
4 !5.t4
6 80.?8
6 94.65
7 8A.3?
a lo2.l8g to5.g4

lo to0.ao
!t tt3.t6
l2 tt3.56

EFFECI STRATHI
s I ct{a3

42.4O 6 . 906
42. {o 6. a?241.70 6.aa6ao.90 5.8t6
40. 20 6. 9EA30.40 ?.ot6
3ô.7O 7.ot6
!7.8O 7.196
t7.20 ?.3Ss
38.40 a.647
15. BO a.36S
34. SO l2. AO2

V SHEAR
STRAI{

J9å1i". srRArH3 EFFECT

1'9Et t.osr 84.€6
9.94t t.o3s õ4.62g.?1t t.o2a 6s.83õ.s3j r.oos oe.zi
!.91r o.esz sz.óss.o6a o.9?6 sl.¿)
a -eaz o. i!e sa - iir.986 o.ôsE ss.riö.88Ë o.ata eo.tia.016 o.as6 60.!OLo62 o.J46 6t_a69.25t -t,7?E El.rr

.l2S 2.128 !.Ba!

. 127 2.127 !.8a r. 127 2. 127 t. gos

. lza 2. l?A 3. gra
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I 25 2. r2s 4. 63sl2E 2. tzs 5.34!l2o 2.12o 9.7ra

o

!Ê, a6
36. a I
4 t .48
46.oa
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5S.26
9c.67
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6a. ?4
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?7.66
"6.66

vo I o
RATIO

SUMHARY OF ESSEI'ItAL RESULTS STOREO tf FtLE

P1 SIGHÂI StCHA3

7S .26 42 .40
79.2 1 4?.4O43, ta 4t.7ot6.94 40.ao8O.79 4O.20
94.65 39,40
98,37 3E,?ot02. t9 37.90tos.94 3?.20lo9.60 36.40

I t 3. l5 3s . 6ort3.56 34.30

STRAIII STRA¡X3 V

6.9O5 l.ost
a ;;; ; .;;J i .i:,,
:.9E6 r.o2a 2.1276.416 l.ooa
s. sii ;:;;; :.i:i7.Ot6 0.976 2 ta1
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U¡I VERS t IV OF HAX T TOBÀsOIL MECXAÈICS LABORÂIORY

EH€RGY CALCULATTOPS

EHGtf€ERtHG SIRÂII

SAI.IPLE IO. E T 7!o trEsr RE;;ir; 'Ëïo^, (REMouLoEo saHFLEl26oEA4 EtD tBoTÀõ

PI EFFECI
SIGHAT
KPÁ

I 79 .3

2 79.2

J 83.2
a 06. o

E go. a

6 84 - 6

7 9A.1

a to2-2

I to6.ú
10 tos.I
It tt3.2
t2 tt3.6

ZB6

EFFECf DEv
s r cHA3 s rREss ;;;'" '
KP4 KPÂ SIRESS

KPA

12.4 36.8 54.?
42.4 !5.a 6a.7
41.7 al.E BE.6
4o.0 46_0 56.2
4O.2 60. S 87. I

39.4 66.3 Ë7.A
¡8.7 sE.7 Ea.6
37.0 84.3 69.3
37.2 aa.? 80.t
!6.4 1A.2 50. a

ls.8 7a.6 6t.Ë
34.9 7À.a Br-t

AXfAL RAD¡AT
STRAIH SIRAIH

i.;

6.SOE t.06t
E.Aa?. t.036
6-AA6 t.oza
6.0t5 l.oo8
6.868 0.082
7.Ot6 o.976
?.o88 o.o!g
?. to6 o.sei
7.t69 0.!tô
7.611 0.s85
4.368 0.!a6

12.aoz -1.?t5

voL Lssv LsHv
STRATX

f KpÂ :

9.oa1 0.o o.o
a.s4l o.o o.t
8.0at 4.1 o.l
4.853 a.o o.t
8.94t tz.o o,t
a.gs8 t6.o o.2
8.e72 ts.a ô.3
4.9A6 2r.8 o.4
4.9s5 27.7 o.5
0.ot6 3t.g o.g
0.o82 rE.2 t,6
s.25t 35,9 ?.t

DELTÂ TOTAL
€XERGY ETERGYKX-HlVOt KX-Á/voL

o.o-o.o66
-o. o65

o. ooE
-o.oBo

o,oto
-o.o5l

o.o24
_o-o27

o.o42
o.ot5o.o46
o.o61

o.o6a
o. t !oo.l l2
o.?41

o -220
o.46t

o.853
LOt4

:. Elo
4.5a4

UI¡YERSTÌY OF HA¡tIOBÂ¡O¡I HECHAfl TCS LABORAIORY

EIIERCY CALCULAI¡OXS

ßAIURAL SlRA¡}I

ï31i.å"ll¿ri t 
"lio*, f REHouLoEo saHp!E )26064{ EXO t8o?a4

PI EFFECI
SIGHAI
KPA

| 78.3

2 a8.2
3 83.2
¡ 86. E

5 90.ô
6 84.6
7 8a.4
a to2.2
s I 06 . g

to loa.6
r I r tt.2
t2 1t3,6

EFFECT DEvsrcr{a3 srÀEss ;;;"'KPÂ Kpa sinrss
KPA

42-4 36.9 54.?
42.4 !6.a 64.1
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_o.ooo 
;;,;",2o lo3.? ro3.7 o.o ro3.? rt.2or r.006 13.283 r2t.7 s.2 

-o.ooo 
;;.;..2t ro3.3 ro3.3 o.o ,o3.3 rr.2ja r.o2B 13.2eJ r2r.o s.2 

-o.ooo 
;;.;""22 ro2.r ro2.r o.o ro2.r rr.2oj r.046 r!.2s3 rra.g e.r 

_o.ooo 
;;.;."

23 rot.5 ror.s o.o ror.s rr.r6s t.062 f3.293 rr?.9 9.r 
_o.ooo

24 ror.2 ror.2 o.o ror.2 rr.t's r.o7g 13,293, rr?.4 o.r 
_o.ooo

2s rog.6 too-6 o.o roo.B rr.roo r,oe7 ,a.rra, rr6.4 9.r 
_o.ooo

26 roo.r roo.r o.o roo.r rr.056 l.r14 r3.29J rr6,s g.o -o.ooo
zi sg.s is.s o.g gg.g rr.oz3 t.l3s 13.293 rrs.2 9.g 

_o.ooo
2a s6.2 98.2 o.o 96.2 rr.oo' t.r44 r3,2g3 ror.a g.o -o,ooo

I L too

f I . too

I f . roo

I I . too

I l. loo

I t. roo
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PI IIHE DTSPT PRTIG PORÈ ÞERDtaL DraL- :ii;' ;;;, 5i[;:i :í:i:J iåi. ?:r_ EFFEcI Rarro oF aRoc RDr KpÂ pêlinr i"o K;; __ iìå."" ill.r, l;l;;, :i:.:l:lll
r g!9 zoli .o r34 - l 

KPA KPA
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13 rllo re6s.o j]:'t àii.z ;.;; ts3'3 126'3 iz'i 6s-o rso.o 1 462 o 4a

r¡ rtsE rg4¡ ô j::'9 tia:; ;:;; r's 4 t26'2 i;; 8s.2 r¡s.i r'607 o 4?
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re 1260 rer2.s ,"'., i¡i'i ;.;; :99'1 rii'i ;;'; Bo'a r'5'o ¡'?er o ¿ó

zo rroo rEos.5 ;9o.s ,i;'.; ;.;; i?9'1 rri'i ;;:; s3'6 t44'3 r'a2E o'¡ã
21 r3rs rE¡2 ô ;9:.o ;si.; ;:;; :?:1 rio'i ;;:; s6 s 144'0 1 aB3 o so

zz r33r rEar.o -o2 5 t;i:; ;.å; :19: t"à"ã ;å; 8t r 143'3 t'asa o 4s

23 f3.s tai2.o ;ll o ;;;.; i.î; ll:'t toÄ i ;;:¿ ror'3 t{3'o r'e2a o'sr
z. r4o, râss.o ;22.8 ãis.i ;:;; il:'9 to¡'i ;;.; 106 2 r4r'a r'a!6 o so

2E r.rs ra4a ô ;lz.o ,¿;'.; i:;; il1'9 roi i ;;; to6 ? r4r'r 2 036 o so

26 r4ro ra36.o ;:r., t;;:; ;:;; í1:9 roi i ;;.; rto'E 140'6 2 oEE o'Eo
z7 1446 rE2!.ô ;19'u t;;:; i:;; ;:2'1 roi i ;;.; rrr'3 r4o'3 2'tos o so
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300! 11.700 cExTIt{EtRES. sgl.t66 CUBIC CEHTTIíETRSS: 42.83S SOUARE CÈtJttllETRES
: t6,aa xr 1,2365 H./OtV. 5. OTOO SOUARE CE{TIMETRÊS
! 2Ot7.OO DMSIOÍs



sÂHPLE HO. r I ?j4 ( REHOULOED SAHpLE )

COXSOL IDATTOÈ AXrAL STRESs
PRÈ COHS O I t OAT I OT ÞR€5 S URE
HORHALIZIIG STRESS

gORHÀLIZEO 5HEÂR TEST RESULTS

PI PER XRMLZO EFFECI
CETI HALF RÄf,O
PCSTRI OEV SIGMÂI

STRÊSS S I CTA!
XPA

t l5€.40 KPA
r 160.oo xPÂ
! t60.oo KPA

SlaRt r lot85

TRXL2O NRMLZD
OCT CHAÈGE
StRESS tt PwP(PA XÞÂ

301

Ë{D t20ta5

4
5
6

o.o
o, o6
o. o9
o.lr
o. t3
o- t6
o.20
o -23
o -27
o.3l
o. t6
o.40
o.4a
o.58
q.E6
4.72
o. tE
o. E4
o. Eg
o.g5
| . 07
t. t5
| .2a
Lf5
I . ¡4
r .65
I .66
1.77
L A7
I . ga
2.lo
2.21
2 -34
2-44
2.5t
2. g9
2.AO
2.0r
3. 03
3.14
3,3?
3.60
J. ts
4 . 09
4.36

o. ooo
o.o36
o.o54
o. o7s
o.o¡7
o. t?o
o. f 40
o. t56
o. t ?5
o.la9
o.203
o.2t6
o-229
o.26!
o,274
o ,2a4
o.293
o. to2
o.3to
o.3t7
o.329
o. !40
o.345
0.3s4
o,3ÊO
o.3a5
o.372
o.377
o.3! I
o.346
o.348
o.39 r
o.l0a
o.3aG
o.3s8
o.400
o.40I
o.402
o. ao{
o. 406
o.407
0. 408
o,4to
o.4to
o.4tt

I . OOO
I . O74
l.l t4
t. t6t
1.213
I .26S
t.32t
t -36{
1.4?1
I .462
t .607
I . E4a
I .880
I .70ó

o.996
o.995
o.9E7
o.843
o.975
o.s68
o . s 52
o.a57
o.g4?
o. g{4
o.03?
o.833
o.s28
o.9t5
o.809
o.906
o. go2
0. goo
o.a95
o.494
o. a86
o. aa2
o.479
o-871
o.874
o,467
o. aG2
o. a59
o. E54
o. E5l
o . E4 6
o.642
o. a3?
o. a34
o. 430
o.426
o,824
o.tt9
o.ar6
o,rt3
O. EOE
o. too
o.?sE
o-7s2
o.?a6

o,o
o.025
o, o44
o. oE4
o. oE6
o. I o7
o. t24
o. t46
o. I 86
o. ttt
o.182
o.2to
o.2ts
0.2s1
o.269
o - 280
o.266
o.298
o.30s
o.320
o.328
o.338
o.348
o.3s4
o.364
o.371
o.381
o.399
o.397
o. 404
o _ 40a
o.4tE
o.419
o .427
o.431
o,436
o.440
o. 444
o.447
o.482
o.4s9
o.486
o.a7t
o-474
o.4aa

.755

.79 |

. a2a

.463

. a9E

.946
036
oEa
t o5
t37

2-171
2.210
2-241
2,271
2 -295
2 .322
2.34Ë
2.311
2.38a
2.40a
2.429
2.441
2.462
2.417
2 - ae4
2.8r6
2.546
2.660
2.6t6
2. go3

25
26
27
2A
2a
3o
3r
32

34

36
l7
IE
!t
40
4f
42
43

t6

1! 4.66 o.41t z.Eta o.7a2 0.484
11- !.o4 o.4t2 2.663 o,7a3 0.496
1g É.82 o.412 2.618 o.?6s o,so2
11 6.0l o.4l I z,ao6 0.786 o.sl4
_69 6,t7 o.4tl 2.720 o.?81 o.st79] 5.97 o,4ro 2.736 o.?.5 o.s2l1? 7.44 o..oE 2.74? o,?4o o.s26
:1 a.ol o.4os z.ass o.7J2 o.s33
91 a.ss o..o2 2,7a2 o.izs o.s36
:: ro.s3 o.3s. z.a6o o.zii ã.,no
:9 to.aa o,3s3 2.?67 o.7to 0.547
:] tl.oa o.3s2 2.as7 o.?o8 o.s48
9! t1.32 o.!8t z.as7 o.?o5 o.649
l! I r .5? o.3as 2.750 o. ?os o. s48gg 1 1 . a2 o.3aE 2.a47 o ,7o2 o,549
1l t2.o5 o.3a6 2.a47 o,?oo o.õsz52 12.32 0.3ðs 2.741 0. aiz ã. uro



UfIVERSIIY OF HAHTfOAA
SOTL IiECXA{ICS LABORAfORY

SAMPLE Ho. c I ?3s ( REMoULDED sAHPLE )lIlIll! MorsruRÈ corrElrr , 'iã'.2 pERcErrSPECtFtc cRAVtfY oF SOIr¡x¡r¡ai vðii--iÅi¡õ''-" ' 2-73

lllllll iËiãxi-åÊ-sex"re I ,l:33'."IATfIAL VOLUHE OF SAHPLF
EFFEcT ¡ vE ;R ixci;ai-;;;Ër= 

"o' o : Ì13;"t ..
Ftxal MOtSÌURE COìtÎE{t ¡ f9.o pERcEflT

302

II: c0xsoLroattot{ slaRT 2At284IRIAXIAL COTSOLtOAfIOH IESI::i:|:i: ::::::: j:::

ErD l10las

PT EFFECf
slct{af

I 49.88
2 57.56
3 68.15
4 76. 03
6 a7.32
6 too.4?
7 I l5 ,3A
a 132. 62
I t 58 .50

to 1s9.57
tÍ tsg.73
l2 t4a.84
t 3 140.76
t4 133.40
t5 tzs_o2
t 6 I 16. ?2
t1 t07. to
ta t05.oo
ls t04.?o
20 to5.oo
2t I os . 60
22 r06.to
23 l06,lo
24 l05.so
25 to6. to
26 to5.90
27 I 03 .60
2A 94.9O

EFFECl 5 TRÀ t ¡¡ I
s I 6XA3

2G.60 2-Ã42
30. 4o 2, Alo
15.to 3-27e
40.30 4. t9a
46.30 5.25!
83.20 6.5ô2
6l ,20 a. 063
?o.30 9.67G
a4. to t 2. Oa?
44,¿o t2.s73
a4.ao l2-17A
46.50 12.7A4
90.ao t2.?ß1
96.AO t2.7OA

roo.oo 12.639
I 04 . 20 12. 5 r 5t07. fo 12,276
l05.OO 12.242
I 04 . ?o 12 .221
lo5.oo 12. t90
ro5.5o t2. taol06. to 12.150
106.1o t2, t{5
l05.to t2. r30
l06. lo f 2.1t¡
los.so t2.osg
t 03. ao 12 - O76
64.SO t2.O6a

Q vo I D

RAI I O
V SHEAR

stRAtI

2.294 L 666
2.282 t . t5?
2-27t 2.o52
2.253 2.726
2-231 3.47r
2. tsg 4.33?
2-1Ê7 8.372
2. t30 6.4?l
2.OA7 a.261
2 - O73 a. 56A
2.064 a.6!o
2.OG4 ô. A36
2.064 a.6f3
2,064 a.560
2.064 a.4st
2.064 a.36t
2.O54 a. r2a
2.o84 a.o94
2 - 064 ô. o?3
2.064 ô.osl
2. 064 a. o32
2.OS4 a.ot3
2.064 ?.997
2. O64 1 .sa2
2.064 7.9€6
2,064 7.S51
2,064 7.92A
2.064 7,52O

voLuHE SlRAtN3 €FFËCTSTRAIfl P

2.680 o.too 34.2g3.r8o o.r?s 39.463.65t o.tE6 45.4Ë4.4t3 o. toa s2.216.t45 o.046 89.376.734 o.076 6a.98
a. o?3 0. ooE 79 .260.6t5 -o.03t 8t.07tt.45t -o.3t3 to9.70

l2.oa6 -o.2Ê4 log.7z12.44a -o.t67 t09.?612.444 -o.t?o to?.3t12-44Ã -o.tEa to?.4s12.444 -o . 132 I Oa . 4012.444 -o.o98 to8.34
12-4a4 -o.o36 loa,3?12.444 0.oa4 lo7.t0l2-4e4 a, tol tos,oo12-44e o.112 to4.7012.444 o.122 to5-oo12-444 o.t32 lo5.5012,444 0.142 to6.to12.444 o.t48 loE.to12.44A ô.fs? tos.9012.444 O.t65 t06.rô12-444 o,t73 to5.so12.41e o.la4 t03.!o
12-444 o.taa 94.SO

23.3A
27. t 6
3 r . o5
35.73
4 r . o2
41 .27
54.1a
62 ,32
14.ao
74.77
?4.93
62.44
49.S6
37.50
25.o2
l2-s2
o.o
o.o
o.ô
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
oô

I .294
1 .2A2
I -271
r .253
I .23 t
l. tga

r 67
t 30
oa7
o7 3
o54

I . ô64
t . o54
I . O54
| . 064
I . 064
I . 064
I . 064
I . 064
1.064
I . 064
r.064
I . 064
I . 064
1.O64
t . 064
f .o64
I . O64

SUI{MARY gF ESSENIIÂI. RESULlS STORED ¡H FTLE

PT SICMA!

r 43.ôa
2 57.66
3 86. t 5
4 ?6.O3
5 a7.32
I too.47
7 I t 5 . !a
a 132 . 62
0 tõ9.60

to t6t.67
tt tsg.73
l2 taE.8¡
I I I ¿0. t6
r 4 t 33 .40
I E t 26. 02
t 6 I I 6 ,72
t7 to7.to
la toE.oo
t9 toa.70
20 t06.oo
2l tos.50
22 t06. to
23 t06. ro
24 tos.so
2S 106. to
26 ro5,90
27 t03.EO
2A 8a.90

slcHAS slRAIXr

28.50 2.442
!o.4o 2.ato
35.lo 3.2?i
4o.!0 4. t3!
46,30 s.253
83.20 6.6A2
at.20 ô.06!
70. lo 9. 576
a4.AO t2.or7
a4.EO t2.E?S
44.80 12,77A
46.60 l2-184
90.aO t2.?81
96.90 I 2. tor

loo.oo l2.GrO
t 04 - 20 t 2. 6 f Gl07. to 12.27A
to5.OO 12.?42
t04,?O t2.221
l05,oo t2.too
to6.60 t2. tôo106.!o t2.t6o
to6. to t2. t{E
los,0o r2. l30
106.to t2.tta
lo5.to t2.oso
I 03. AO t 2. 0?6
84.9O t2.063

STRAI|3 Y

o. to9 2,294
o.f7s 2.2A2
o. ta6 2.21\
o, tot 2,253
o.ô46 2.2t1
o.ot6 2. tt8
o.oo5 2.167

-o.03t 2. t30
-o.3t3 2.Oô?-o.204 Z.Oat-o.lA? 2-OB4
-o. t7o 2-064
-O.lBa 2-064
-O. f 12 2,os.
-O.098 2.OÈ1
-O,036 2.064
o,ot4 2.oa4
o. tot 2.o¿a
o.tt2 2,O64
o.122 2. o84
o.t12 2,064
o. ta2 2.064
o. t¡¡9 2.ô54
o.t57 2,06{
o. t66 2.064
o. t?3 2.064
O.lA4 2.064
o. tôô 2.OA4



UI I VERS I IY OF MAX I fOBÃ
SO¡L HECIA{ICS LAAORAIORY

EH€RGY CALCULATIOTS

EÈCtflEERING SIRATI

SaHPLE HO. r I tf,s Ire"r_Ãeiõirs,,r.ìo^, (REMoULDEò saHpLE,2El2A4 Èxo t lolos
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PI EFFECÍ EFFECIsrGHAt sr6;Ài ;:i"" ¡i!::l 3iååi- !îliîi Ilå^,u Lssv LsHy D€LrÂ roralKPA KPA xpa siness -';-'" STRAIN srRÂl¡ ENERGv EflERcykpa z a Kpa :, **_i7ió, *i-r,r"o.
I 48.9 25.s 23.4 34.3 2.442 o.tos 2,6S0 o.o o.o o.02 67 6 30 4 2a.2 39.6 2.Bro o.r7s 3.t6o 0.235

8.5 o.4 O.2J63 s6.l 3s_r 3r,o 4s.4 3.219 o.la6 3.6sr 2o.3 o.a 
o.?s, 

1,"",4 76 o 4o.3 3s.7 s2.2 4. fga o, toa 4.413 32.6 r.B 
o.sgc -r.r=,

s aa.3 ¡6-3 4t.o 60.0 s.2ES 0.046 8.348 46.a 2.a 
0.6o9 

,."""6 loo's 63.2 .1.3 6a.o a.sa2 o.076 6.?34 63.r ;; 
t.21a 

;.r*7 lls'4 at-2 54.2 ?8.3 a.o63 o.oos 8.o?3 al.8 s,6 
r.s1? 

;,r""a 132'6 7o.3 62.3 er.r s.676 -o.o3r s.6r6 ro3.4 j 2 
r-ss3 

;:"""8 lss's s4 s i4-7 ros.? t2.oa7 -o.3r3 rr.46r t'j.2 
".; 

3-oa4 
;.r.,ro r69.6 a4.s ?4.a ro9.7 r2.s73 _o.2Ê4 r2.o46 137.2 ro.r 

o.as' 
,;."=.ll tss'? 84'r 74.9 tog.a 12.7aÀ -o.t67 12,444 t37.3 to,3 
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t 3 .272 - o. o72 I o7 .2r13.272 -o.o42 roa.isl3-272 o.oto I to.aztt-2i2 o.oa2 roe.¡À13.272 o.2O5 ttt.oo
13 -272 o.236 lo3.2ol3-272 o.211 too.Eo
t 3 - 272 o,2a4 I 8. {o13.272 o.296 96.2013.212 o.3oa 94.oô13.272 o-322 Ê2-Êô13.272 o.335 E6.4o13.272 o.346 !r.oot3-212 o.368 EO_ôôl3 -272 o,44S 74 - oo13.2a2 o.48s Eo.oo

::.9! 1.2so 2.2so r..!2
?7.!1 t-277 2.277 r.806
:j l1 t.zsa 2.?5a Laa3
:: lg r.232 2.2r2 2.332
11.!1 t-?o2 2.2o2 z.aaa
!1.62 t.tr4 2.174 f.?41
:-4 12 Lts4 2.164 4.at7
2?-?? r.r23 2.t2s 6.406
11.6S t.o6s 2.065 6.s93
11 90 l.o4s 2.o4s õ.at6
1!.!1 t.o43 2.o4e s.o266-?.?s l.o4s 2.o4s Lozs
11 .91 | . o4e 2 -o4s s. or3
:l l, I . o.s 2.ols s. s32
?!.e6 I . o4s 2. o4s 6. a2at ?.:e r . oAs 2.o4s a. 684
9 g I . o4s 2. o49 s.43Eg g t . oAe 2. o4s !.3?6
9.9 t . o43 2, o¡s 6. !o?
9.9 I . o4s 2. oAe a.2ôo
. .9 f .o4e 2.o4e ö.265
?.9 L o4e 2 . a4s o. 233g g t.o4e 2.o4s s.zos
9 9 t.o4s 2.o4s õ. l7s
?.9 t.o4e 2.o4s õ. 156
9-9 t.o48 2.o4s a.tto
9 9 l.o4a 2.o4s 7.esþo.o f .o49 2.048 7.r6e

SUMHARY OF ESSETTIAL RESULTS STORÉD tI¡ F¡LE

Pt stcMAl

I so.14
2 s7.ar
3 B6-63
{ 76,6r
5 öa. t7
E tot.32
? I16.22
8 t 33. os
0 rs8.49

to t5g.70
tt 15c.24
12 t4?.76
t 3 140, 44
t4 t33,69
t6 t27.46
t6 tt?.6t
l7 ttl.oo
lE tol.20
l9 loo.so
20 9r.40
2l 06.20
22 ga.oo
23 92.60
24 a6.40
25 a?. oo
26 ôo. oo
27 7a. oo
28 60. oo

SIGMA3 STRA¡XI

2G. SO 2.453
30. SO 2.80.38.20 3.389
40.BO 4.la¡
48,70 5, ts353.70 6.4O4
6l.ao 7.760
to. ao !. t?6
84.ao t2.7A5
t4.ao t3.241
44.60 t 3.449
E6.5O l3.440
90,60 t3.4t7
s6.2q 13,367I02.50 1r.2s2

to6.20 lr. lostlt.Òo 12,a62r03,20 t2,AOO
lOo.0O t2.?!t
8ô.ao t2.?0{ge.20 12.8t1
04.OO t2,s67
92.60 t2.629
68.ôo t2.603
6?. oo f 2. SÀOEO,OO t2-53a
74.OO t2.383
5O. O0 12.2A3

slRAIl¡3 v

o.3O4 2-2SO
o. 39 5 2,271
o. 534 2.26A
o.Ga6 2.232
o, ô2o 2 -2O2o.792 2.174
o.634 2. t54o. t 5? 2. t23-o. to4 2.O55o.ot5 2.O4S-o, oaa 2.O4e-o. oa6 2.O4A

-o.o72 2.o4s-o.o42 2,o49
o.oto 2,o48
o.oa2 2,o4¡
o.206 2. o{oo. 2!6 2. o40o.271 ?.o49
o.2A4 2. o49o.29 6 2. oa9o.toa 2.049
o.t22 2,o49
o.336 2.o40
o.146 2.o40
o.369 2. 04¡o.445 2.048
o.496 2.o{g
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PI EFFECT EFFECT
SIGMAI SICHA3
KPÂ KPA

'I so.t 26.s
2 s7.7 30.6
3 66.5 3s.2
4 ?6.6 40.6
5 aa.2 46.7
6 tot.3 s3.7
7 tt6,2 6t.a
a t33.t ?o.8
s t59.6 a4.a

lo t56.7 a4.8
tt tss.2 a4.a
12 147.1 a5.s
l¡ 14o.4 90.6
t4 t33,6 s6.2
rE 127.s lo2.s
16 lr?.7 los.2
l7 ltt.o tlt,o
rE tof.2 to3.2
l0 too.9 roo,g
20 8A.4 ea.4
21 96.2 s6.2
22 94,o a4_o

DÈY EFFECI
SIRESS ocT
XPA STRÉss

KPÂ

23_5 14,4
27 .l 3S.6

3 t .3 45.6
36. o 52. 6

4 f .5 60,6
¡7.6 69.5
s4.4 78 . O

52.3 I r . 6
74-7 tos.7
74.S tos.a
74.4 toS.6
52.3 to5.3
4S. a 1O7 -2

37.4 toa.?
25 . O I I O. 8

r2.5 1O9.4

o.o I t 1.O

o.o 1o3.2

o,o too.g
o.o aa.4
o.q s6.2
o,o 8o.o

ÂXIÄL RADTAL
sTRAffl SfRAlfl

2.463 0.304

2.ao4 0.396

f .35€ O-S3a

4. t84 o.668
6. I Et o. a20

6.404 0,7e2
7 .a6o o. 634

s.776 o.t6?
t2.7a5 -o. t04

| 3. 24 | o. o t 6

13.440 -O. Oaa

r3,44S -o.oaa

13.4t? -O.o72

t3.357 -o.o42

13.2S2 0.oto
l3.los o.oaz
12.662 o.2oE

I 2. AOO o. 236

12.731 o.271

12.7O4 o.2a4
t2.6ât o.zos
12. ES7 o.3oa

YOL LSSV LSßV DELTÀ IOIALSTRÁIN7, Kpa " -i:;i"';. -5:;ig;,

3.062 0.o o.o
o.2423.5S6 9.6 0.4
o.4364-427 20.5 l.o
o.6755.4S6 33.t 1.8
o.9495.79t 4t.6 2.A
l.lsa7.gaS 64,O 4.O
I .1714.429 a2.a 5,!
2 -O2Êto, tos to4.o 7.r
3. gE I12.s77 lt6.A to.3

13.2i2 r37.f ro.a 
o 33l

o. t5513-272 t36.a tt.o
13,2a2 rz..4 rr.o 

o ô

13.272 t2a.o tr.o
-o.02613.272 t29.2 to.g

13.272 rs2.4 to.a 
-o o33

-o.o2713,272 130.2 lo,7
l3.z7z r34. I ro.4 

-o ols

o.o
13 -272 t 20. a 10.3

o.o13-272 1t6,a to.3
o.o13.272 1t2.6 to.3
o.o13.272 toð.a to.2
o.o13.272 t06. I lo.2

o.o

o .242

o.5?7

I .353

2.303

3.460

4.637

6.682

to.643

I I .574

I I .730

I | .730

lt.7tl

r t .5as

I r .653

I I .626

t I .6 to

ll.Gto

lf.6lo

rt.6to

lt.6t0

lt.6ro

23 92.6
24 a6.4
26 t?. o

2G ao. o

27 ?4. O

2a so. o

1o2.7 to.2
s2,r lo.2
sl.2 to.1
at.3 to. t

7t.3 S.9

33.2 8-a

o,o
It.6lo

o.o
rt.6to

o.o
1t,5to

o.q
lt.6lo

o.o
tl.6lo

o.o
tf.6to

s2.6

46.4

47. O

80. o

74.O

so o

q.o

o.o

ô.o

o.o

o.ô

o.o

92.8 12.62S o,322 13.2a2
a6 .4 I 2. 603 o. !!E 13.212.,
a7.o t2.Sao o.3¿6 tr.2a2
80.O t2,534 o,3ag 13.272
74.o t2,3A3 o.448 13.272
5O.O 12,283 0.405 13.272



UN I YERS I IY OF MAð f TOBÀ
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ESERGY CALCULATTOTS

!.*. fAIURAL SIRAISr

SAHÞLE flO. r I 736 tresr Ãeiùirs 'iio*, {REHoULDEo saMPLE)2Al2A1 EßD to0ras

23 92.6 92.G o.o 92.6 t3.soo o.J7o 14.239 102,7 rr.o 
-o.ooo

24 a5'4 8A-4 o.o 85.C t3.47t o.384 t4.238, 92.1 lt.o 
-o.oOO

2E a?.o E7.o o.o g?.g 13.444 o.!9a 14.2!o os.2 ,t.o 
-o.ooo

26 ao.o ao.o o,o ao.o f3.3gr 0.424 r4.23s ar.3 ro.g 
o.o

27 74.o 1a.o o.o ?4.o t3.2r9 o.sro r4.z3s ?r.3 ro.? 
-o.ooo

za so.o Eo-o o.o so.o t3. ro5 o.s6? 14.239 s3.2 to-6 
-o.ooo
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PT EFFECT EFFECIsrcMAr slciÀi ;:i." ¡!!::] liååi" lî:iîi Jlio,* Lssv Lsily oELrÂ roraLKpa KpÃ Kpa si¡ess -.ì- z _.i^... Kpa _ _;:;)i;, _::;'g;,KPA
t 50. I 28-s 23.6 3{.4 2.4A3 o.3t3 3. ro8 o.o o.o o.o2 61.1 30-6 21.1 3s.6 2.a44 o.4os 3.g62 s,6 o.4 

o.24s 
l.ro"3 66.s 3s.2 3r.! 4s.6 3.416 o.6s6 4.62a ?o.s r.o 

0.482 
].ro,4 76.6 40.6 3E.o s2.6 1.263 o.7oo E.BE2 33,r r.s 

o.?oa 
i.ooaE aa.2 46.1 41.g 6o.s s.2go 0.672 7.o!s aa.B z.g 

r.oos 
,.orua ror.3 s3.7 4j.Ê 6s.6 6.6ra o.a64 a.326 64.0 4.2 

r.24o 
,."ao? 116.2 6r_s 54.4 ?9.9 a.o77 o,EaJ s,zsz az-g s.s 

1.2a4 
;.ra"a r33.r 7o.a 62.3 sr.6 to.2a1 o.ras ro.662 ro¡.o ?.a 

2.227 
;.,""0 r5s,õ 84.a 24.7 ro9.7 13.67s -o.rro rr.44r r!6.g !r.2 

4.4a8 
,;."".ro r6s.? a4.s 7..9 ro'.a t..2o3 o.or' r4.23g r37.1 ,r., 

t.069 
;;.r'rr rss.z 64.s 74-4 ros.6 r4.44J _o.ro2 r4.23s 136.a 12.o 

o.rEo 
:r."",t2 t47-j as.s 62.3 106.3 t4.443 -o.roz 14.23s t2a.4 r2.o 

o.o 
;;."",r3 r40.4 so.6 49.6 1o1.2 14,406 -o.oa3 r4.2fg t2a-o rr.g 

_o.o2r ,r)."r"

14 r!3.6 a6.2 37.4 ros.7 r4.336 -o.o4a 14.23g t2s.z rr.E 
-o,o3o 'r)."r,

rE 12i.6 ro2.6 2s.o tro.B r4.2r6 o.or2 14.23s 132,q rr.? 
_o.o3s 'rl,"oo

f6 117.7 ros.2 i2.s log.4 r4.oso o.os4 r4.2J9 r3o,2 ,r,6 
-o.03r ,r.r.r^

t7 llr'o llr-o o.o rrr.o 13.?62 o.238 14.2so r34.r rr-s 
-o.ota 

;;.r""ra rog.2 to3.2 o.o 1o3.2 rJ.6s6 o.2j2 r4.23s t20.6 ,r." 
-o.ooo 

;;.r".rs roo.s roo.e o.o roo.s r3.6,? o.3rr 14.23g rr6.a rr.r 
-o.ooo 

;;.r""20 0a.4 ea.4 o.o a6.4 13.sa6 o-321 14.2jÊ r12.6 rr.r 
_o.ooo 

;;.;""2r 96-2 96.2 o.o 96.2 r3.s6g o.34o r¿.238 ror.a ,r., 
_o.ooo ,r::r,

zz s4.o 94.o o.o s4.o 13.s33 o.3ss 14.2!e 106.r rr.o 
-o.ooo 

;;.r",

12.75S

t 2.785

l2,7ss

I2-7ES

t 2. ?55

12.756
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ÊoHsta¡t LOAO
FROVItrG RtNG FACTORPISIOil AREÂ

I}IIIIÂL D¡AL REAOTÌC

. 16.Ë6 r. l.o2ZS X -l'tvt 5, OTOO SQUÂRE CEIIIMETRES
! 2133,60 0IvtsIotls

SHEAR IEST RESULIS 5IARl ?OO I 86

COHSOL¡DAlED UI{DRA¡{EO TRTAXIAL lEST::::i::aii:;ii::::::: 
:::::::

EID 2toras

PI IIHE DTSPL PRTXG PORE ÞER FDraL ol:. tii;. ;Ëä, :i:5il 5i:;:] lå1. 9:r_-- EFFEC' RAlro oF aRDc RDE Kpa iiiinr i"o K;Ã 
.__ iiåes, ;11"", g;1";, :i: il:lllKPA XPAr tttS 2133.6z ttzo 2r!2.s :91'o 2oo.6 o.o

I :it3 titj:å ;¡¡,¡ ¡ãi.i i,:; iii'i !!! ! ?:l i:i iål:i r o'' o o

6 1160 2r2a.s :39.o zri.é ;.;; r6t'a rs2'3 ¡'ã ,¡:: jËi.i r'016 r'23

; i;?; ü122 iii,i iiÉ,i å,:i i¡¡'i iii.¡ ,i'i ;;,i i;i'i i î¡í àä
a tzt2 2rrs.ô ll:.9 zzi'.á ;.;; r.a'6 r4t'o ;i:; ?1'6 rro.ã i.lïå 3:3ia t2.a 2r12.6 ilt'9 aã;.; ;:i; 172'7 r!?'r r7's 3E'6 rcó.õ

ro r3oo 2roa.ô lll'9 ;;;'.; ;:;; t74 É r¡r '4 zi 'ã ¿3' I r¡i'Ã t 260 0'6!
rr rrr' 2ror.a jll'9 ti;:; ;.;; t77'4 r2a'o t;'; ¿o'¡¡ r¿¡.È 1.i33 3:3!t2 r!!o zoo4.2 ;11 o ãa".1 ;.;; l?a'E t24'a 2a'o 64'l r¡2.ã 1.4r3 o.64rr rs46 2oa6.2 .l:'o ;a;"; ;.i; rtr'o t2t'7 2a'a 5e'3 r¡r'i
14 r4oo 2071.s ;I1'9 ã;;.; ;.;; ra2'r rr8 f, ;;'; 64'6 r:c-s i:å13 3.3ij; iiiå í:åi,i iií,¡ ¡¡¡'Ë r,:i iii'i lii; il:l ii,i iri:: i:::; s,:;:r ::ri ;;;;:; ;:i i ;:i,l 3';: iii,Í iii i l3:l ;¡:¡ jtt:: ,1o2 ;:;;ra rEoo zo¡:.ã ;;;'; ::: I ? 19 laa.â ro..e ;;:; ;;': :::.: r.?63 0.66
;¡ j:i5 í31É,: !ii,i li,t I t åi l¡¡:j iff,: :i,i '83 

r 
'!!2 e , aoo o ãã

2t rB46 20o..6 ;l9 o ;;;'ó ;.;; i:9: róõ'ã ;;'; a6's 13r'2 I a4a ó:;;

13 i:?3 i*å Í :¡¡'¡ i¡i,; l,ii i¡i'¡ ¡i.: ;;,: il:3 il3:3 i:i!i :':3
i: re:: *îr i :i¡'i ¡i;'; i,ii iåi'; ¡¡,i ;;': li:r iil:3 i'iii t::i
26 r?!o ra2o.s ;i9'o ;;;-; ;.;; i:1'1 ;i'; ;;:; ee'' t27'E z'osa o'ãã
27,!oo ,ae6.E ;j?'9 z't)'.i ;:;; i:l'9 ¡ã'! ;;'; iiÊ'i il-i-i 1:?i5 3::;

ii iiil iiii.i Ë¡i:i iii:i i'ä iii'i ii.i ii:Ë ili.i ilii i:iä i.iË:r ;ïj j;:;.: :i:,i z!ïi í,ii i;i,i i¡.i ii'¡ ili,; iîíii i:iíi i'¡i
s3 ?2OO t 6E2. a:: äk ¡5ií,i iii,i lli: t::t iil t t' Et r :3:: :!r l¡6 24'4 r6!e. E lgg o ,ã;:; ;.;; t'1!'? i;:; ;;:; r2o' I I r? ? ?'94s o' aa

3a roo rErB-6 l9l ' t;i:; ;:;; 1:1'! ;;"; ;;.; iii:i iig:l l:ååJ S:å:ra 42s ,r2o.r j93.t ã;;:; ;:;i r's'a ?a r Bo ¿ !?o.? iis.i 2.sr6 o.Ba3e ?oo rr?r.6 ;l:'9 ;;;.; ;.;; rsG'2 tE'6 ' ao ! 120'7 rii.i
;? :i: iås r ii¡'¡ :ii,i í,;i iål:Í ll å ta:i ili,i iii,i 2 812 3:13
q2 eoo ros? ô ;11 9 ;;;:; ;";: ta4'o ?3'6 ;;'; !!r'3 iió:; l:3îl !:li4! slo ro2a.6 ;11's t;;:; ;.;; ra3'8 7s'{ Ë6'2 rlo.4 rrã.á 2.604 o.'a4. rooo oeo.o ;]l't t;;.; ;.;; rt3 a 74'2 B4 Á ro3 6 rro.i
.6 ro3o ero.ô ;!9 o zas.s ;:;; ra2't 74 r s¡ i :i¡:i iii:i 

2'177 o'?a

:; i:åå 1Í:3 :¡i.i í¡i,í r;,:; ii¡'l ii.3 :i': li¡.ï iii,¡ i:i!i ::Í:
4a rioo a2..È ;9!'o t;;.; ;;.;; t7E'2 73 r ;i'; roé i ;;;:; ¿'rBa o'at
4s i¡;ó ;;;:; ::¡:¡ í;:,; ri,:i äil ii,i ii,í iii,i i¡å.i :,äi i'ií



SAHPTE IO. t f ?3g (REHOU!DEO SAHPLEI

;åffiiiii;å:T, åi,Êå.:ÏË:= r l59.?o KPA
. t6A.70 KPA
. t59.70 kPÂ

o.89S o.oo.aE6 o.otao.9?3 0.04so.062 0.o?ôo.s5t o.o8so.94O o.tt6o.933 o. t40o.9t3 0. t76o.905 0. ts?o.ô84 o.217o.8E6 0.2r7o.a76 0.2EAo.8A6 0,276o.t6! o.283o.a46 0.314o,at6 0.33to. a32 0. 342o.azz 0.Jsr
o. a t 6 0.3? Io. a t 3 0,3?9
o. aos o. raro. toE o. 38"o.?9a o.aoâ
o, 793 0.4 I ro-779 o.440O.?tS O.¡t6Oo.772 0.aBEo.?86 0.470o.?a4 o.416o.t6O o.a8lo.76t o.483o-74a o.sooo.1ta o.612

o. ?3 I o. 820o.734 0. E l7o. ?2A o,622
o. t26 0.626o.7to o.533o.809 o.635o.80t o,638o.690 o. ssoo.8B! o.s34o.8tt o.6!6o.8ES o,640o.682 0.840

311HOR''IALtZED SHEAR IESI RE sults slÂRl 2OOras

Þ? PER HRMLIOcE¡¡r ;;i;'" EFFECT PRHLZD TRHLZD
PcsrRH ;;;' Rarro ocr ;;

srREss s¡c,qÃr iiÅ"ra cHArcË

Kpa s¡cxÂj ;;;-". ilo"*"

Eto 2rot86

] o.o o.ool
z O.Of O.OOAJ O. O2 0. o!ô4 O. Ot o. o49i O. 04 O. O7Oð O. 06 O. OEB/ O.Og O.ttt
a o,t4 o.t!E

,1 o.la o.rBEii 3 12 8:itl
:: o. t6 o.2o2
li o.42 o.2rs
l-" o.4l 0-228ii 3: i3 3 Íilii 8:lE 8:tgiii ?:3i 3 i3:

:: l.l¡ù o.2Ea
:: t -24 0.!06ti i:iï å:".1Í
:: t.Bs o.3!o

1i ),ií !,iii
íi Í:ii 3 *!
ij i,;í å,iii
i: 4.84 o.s7!
:: 4.eB o.3ra
:: s.23 o.rrÀii i îJ å:itåii å:íl 8:iiiii l:Íi 8:iltii å:3i t:i*¡Þ tO.2¿ o.t!s

l.ool
l.ot6
t.oE2
t. to5
t. t64
t.186
L2EO
I .32a
r.3ô6
I .433
L 4ga
I .6¿6
LË96
I . e4t
I .702
I .75S
f.too
I . t4a
t.te Ê
I . A16
I .8?6
2.ot6
2.o87
2. os8
2. t 79
2 .2t8
2.2A6
2.33A
2-t74
2.413
2.4A1
2, ac7
2-546
2.5A1
2,889
2.6aa
2.69a
2 .8a2
2 .624
2.6t3
2.60a
2.4aa
2.48E
2,4t!
2.46A

:: lo.4e 0.332Ï il.åi iiiii i'äi i,ii; !,itii. qzi ;.;;á l: åSi



UX I VERS I TY OF HAT I TOBAsOIL HECHAHICS LAAORAIORY

SAHPLEro. EfTra
Ili¡iil.;:li;ilí'::-¡:li-=MoULDED !^':lE]. pERcEn,
ILrrrAL vo¡o ãoirã '-" ' 2.73
tHI?¡aL ¡ercri.i-.^-.,- I 1.338

Ëiiiiïlliii!.!å,ilîii!., .^,," i ii,jt,'t". 3A.6 peÊCErf

Iå;^'Îli'3å'i3åli3lr,"-=lålr 24otas ERo 6o28s::::::::::::
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Pf EFFECI
SIGMAI

I 50. t6
2 sa.7A
3 66.4ß
4 76.49
5 a6.Ot
6 tot.l8
7 I l6. f 5
I t33.?3
I I S8 . 6?

lo 159.A5
lt t59.70
l2 11A-17
t3 139. ?4r4 t3a.65
ls 12a.43
r 6 120. a?
l7 t14.oo
l8 lo9.70
la to?.40
20 lo6.oo
2l tos.lo
22 to4,30
23 t04. to
24 t03.40
25 l03.20
26 102.30
27 tot.60
2a gs.oo

EFFECI stRAtÍl
S I GMAS

26.60 1,624
30.60 t.s47
!5 .20 2.37340.SO 3.068
46.60 4.065s3. 60 5.2Aô
6l .70 6.712
70.8O a.4Oa
44.!o to.629
a4,AO ll.2O1
64.80 t | .333as. ao I t .3!3
as.70 ll-322
97.2O tt.2a4

lo3.30 1t.227
loE.oo tt.o93
tt4.OO ro.98?
r09.70 lo,a72
107.40 lo.a27
106.oo to.?96
ro5. to 10.?S8
loa.30 lo.a2A
to4, to to.6so
I 03.40 I O.65 t103.20 fo.62t
r02.30 ro.5a3
lol.60 to.63?
9S.0o to.60?

o,3t7 34.3S
o.44S 39 . 56o.535 45.52
o,613 52. Soo.690 60.9o
o.731 68.a6
o.70s 79 .92o. Eo8 9 t . a¿
o.!s4 1o8.76
o.5OO toe.a2
o.4ta 10a.77
o.4ta t06.59
o_424 to6.3a
o.443 to9.5a
o.472 ttt,66
o. s39 t 12. r7o.592 rt4.oo
o. 64A to9. ?oo.6?2 t07.40
o.68? lo5.oo
o,706 los. ro
o.721 to4.30
o.740 to4. too.759 t03.{o
o-775 t03.20
o.7s4 l02.30
o. a t 7 I O t . 60
o. a32 95. oo

e VO t O

RAIIO

23.66 l.2as
21.la 1.271
3 t - 25 I _ 25?35.99 1.237
41.4t t.2to
47.5a l.tao
54 . 65 I . 148
G2. A3 t . r l374,A7 r.o?l
76.OS 1.o52
?4.SO t.063
62.37 LO33
so.04 t.os3
37.45 I . OS325. t3 t.o53
12.s2 I . os3
o. o L O53
o. o I . O53
o.o 1.o63
o. o I . OS3
o.o t.063
o. o I . O53
o. o I . O63
o. o I . 063
o. o I . OS3
o. o I . OS3
o.o 1.063
o,o l.os3

Y SBEAR
slRAtt

2.2A5 o.872
2,271 o.999
2.257 L 2252.237 1.5t8
2.21o 2,25O
2. t60 3,O3A
2. t4a 4.oo5
2.tt3 5.1s7
2-O7l 6.a23
2.o62 7. t36
2, o53 7 -277
2. 063 7 .277
2. O53 7.265
2.OË3 7.2?1
2.o53 7. t70
2. OS3 7 -O372.o53 6.93O
2. os3 5. 8 t 6
2. o53 6,77O
2. o53 6.73¡
2.o83 5.?ot
2.05! 6.871
2.O53 6,633
2. O53 6,5S5
2. osf 5. 56.
2.o53 5.826
2. o53 6.4ao
2. OS3 6.460

VOLUME SIRAI II3 EFFECI
STRA¡H Þ

2.266
2. A44
3.4a6
4 .324
5.448
6.750
8.122
9.6t9

tt.4ta
12.204
12.170
t2. t70
t2 - 170
12. t 70
12.170
12.110
12.170
l2 . 110
t 2. I ?O
12.110
t2.170
t2.170
l2 - 110
2,110
2.170
2-170
2.170
2.170

SUiIMARY OF ESSEtrlIAL RESUIIS SfOREO tH F¡LE

PI

to
It
l2
t3
t4
l5
t8
t7
la
t0
20
2t
z2
23
24
2S
?6

2A

stcltat

60. t 6
57, ?E
66. a5
76. a9
aa.ot

to1, t8
I 16.36
t 3!. 73
15a.6?
150-8S
169.70
l4t . | 7
139 . 74
13a.65
t2r.43
120 , E2
tr4.oo
los . ?o
lo?.ao
loa.oo
t05. to
l04. ¡o
l04. to
t03.40
l03.20
t 02 - 30
tot.80
85.OO

s¡c¡ta3 slRAtft

25.50 1.e21
30.60 t.947
36 -20 2.3?340.60 3.05846.80 4.Ot6
6¡ - 8O E.2AA
at-7o È.712
70, SO a.4O4
44.80 to.629
44.0o t I .2O4
44. to I I . r33
46. ôo 1t .333at.70 11.322
o7 .2O t f.:aatô3.to tl.z27

lot.oo tt.oa3
ll4.OO ro.aô7
to9.70 to.a?2
to?.40 to, a27to8.OO to.?06
tos,10 to.?6r
l04.ro 10.72a
lo4.to lo.680
lo!.ao to.g6r
toS.20 to.62t
t02.30 to.6a!
lo1.8O to. s3t
96.OO to.507

sIRÂIHs Y

o.3t7 2.2A5
o.449 2.27t
0. 536 2 .2É7
o.633 2.237
o,600 2.2to
o.73t 2. tao
o. ?oE 2. l48o.6ot 2.tt3
o.3t4 2,o71
o.600 2.o82
o,41A 2.OES
o.4ta 2.oõ3
o,42a 2. o53
o_4a3 2.og!
o.472 2.o53
o.538 2,O83
o.502 2.O5r
o.8a0 2.O6J
o.572 2,05!
o.aa? 2,O83
o.7oE 2.06!
o.721 2.O83
o. ?4O 2 . OE!
o.7Ët 2,063
o.7?5 2. 063
o.?84 2.063
o,at? 2.Oõ3
o,832 2.063
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EXGIflEERIHG STRÂIX

SAHPLEXO ¿f7!arEsr RE;õ¿r; '!ío^, '':T3i:9." 'oli:.,
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602ô5

PT EFFECT EFFECTs¡cHAr srcHA3 9:Y- EFFECT axtaL RADTaL yo! r.kpa Kpa srREss ocr srna¡t siÃÀîi !íåotu Lssv LsHv DELIÂ roralKPÂ i¡lu"' "L x -' -'r^'^ Kpa " -;l;igl. _il;)i;.
l 60.2 2G.s 23.7 34.4 t.624 o.3l? 2,26a o.o o.o o.o2 s7 a 30.6 21.2 3s.? r.94? 0.449 2.a44 s,6 o.4 

0.249 
1..o,3 66 4 35 2 31 3 45.6 2.373 o.s36 3.4i6 2o.4 o.E 

0.323 
o.sa24 ?6.s 4o.s 36.0 s2,s 3.os9 0.633 4.324 32.s r,s 

o.s53 
1.,r"5 8a o 45 6 41 4 60'4 4.066 0-690 5.445 47,3 2.5 

0.877 
2.0126 rol.2 s3.6 47.6 69.8 s.2as o.?3r 6.7so 63.g 3.7 

r.rga 
3.zro7 l15 4 61 7 s4.? ?9.s 6-712 o.?os a-122 a2.a s.r 

r.5r9 
4.72aE 133 ? 7o'e È2.a 9r.a a.4o4 o.Eoa o.Ers ro4.s 6 6 

r.sa6 
;.r*s rs'.? a4,a ?4.9 ros.ð ro.629 o.3s4 rr.4rs r37. | 

" 
; 

2.s32 
;.".,lo r59'8 a4'S 7s-f ros.E rr.2o4 0.60O 12,2O4 137.2 9.6 

t.oga 
ro.745rf rss.? 84.s a4.s ro9.8 rr.!33 o.4ra lz.l7o 13?,1 9.? 

9.o69 
ro.ôr412 r48.2 as.a 62.4 106.5 rr.333 o.4ra 12.17o r2g.o s.a 

g.o 
ro.sr4r3 r39.? as.7 so_o 106.4 1r.322 o.424 12,l7o r26.s 9.? 

-o.006 
ro.so714 r34.6 97.2 37.4 rog.? rr.2a{ o.443 l2.lao r30.s s.? 

_o.or? 
ro.?slrs r2a.4 to3,3 2s.r rrl.7 1r.221 o.4a2 12.lio t33.s s.6 

-o.ora 
ro.z7316 l2o s los o 1z.s 1t2,2 rr.og3 o.s39 12.t7o t36.o 9.s 

-o.o2s 
ro.74al7 r14.o lr4.o o.o r14.o ro.9r7 o.s92 12.t7o 139.2 e.4 

_o,oo? 
ro.z4rrE ro9.? tog.? g.o tog.? lo-a12 o.64g lz,lao 13r,E s.3 

g.o 
rô.74r19 fo7.4 1o7.1 o,a ro7.¿ lo.az. o.672 12.l7o t21.g e.2 

q.o 
ro.?41zo 106.o ro'.o o.o 106.o ro.?e6 o.6a? 12.r?o r2s.s g,z o.o 
ro,?at21 ros.f tos.r o.o ros.t ro.7sa 0.?06 12.r7o r2a.o a.2 

o.o 
ro.?4r22 to4.3 1o4.3 o,o 104.3 lo.72a o,7zl t2.t?o 122.6 9.t 

o.o 
lo.?4r

23 ro4.r ro4., o.o ro4.r ro.B9o o.74o t2.l7o 122.3 a.r 
o.o 

ro.74l24 ro3.4 io3.¿ o.o ro3.4 ro,66t o.75€ t2.rzg, r2r.r g.o o.o 
ro.74r2s ro3.2 ro3.2 o.o ro3.2 ro.62r o.a..s 12.t7o t2o.7 e o 

o.o 
;;.r;,26 Io2.3 ro2.3 o.o ro2,3 ro.sa3 o.7g4 12. r?o rrs.z 9.o 

o.o 
ro.24r27 ror.6 ror.6 o.o ror.6 ro.s3? o,ar? 12,l1o ,ra.o a.g 

o.o 
,o.74r28 95 o g5 o o'o gs.o ro.so? o.a32 l2.l7o ro5,7 a,s 

o.o 
,o.z4r



UXIVERS¡TY OF HAHITOBÂ
SOTL HECHAXICS LASORAIORY

EtrER6Y CALCULAITOHS
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SAHPLE [O ¿ f A37 fR€MOULOEO SAMPLEITESI RESULTS sTARI ?4O I 6S ENb
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602aÉ

Pl EFFECT EFFECT l:y EFFECT axraL RÂDtaL voLSIGMAI slcHA3 srREss ãci-- ;îÅ;," slRArN sfRArñ -isv Lstv oELTA TolaLKPA KpÃ Kpa iiÁ¡ss -'i''" STRAIN sfRAIñ EflERcy EflERGy
Kpa z z kPA z *"-ü7"ä.*i-r7"o,

I 50.2 26.5 23.7 34.4 t.6!A O.323 2-2A1 0.o o.o o.o2 Ér,a 30.6 z1.z 3g.? r.856 0.46o z.aa6 o.2ss
9.6 o.4 o.2553 66.4 3s .z 3 r .3 4s . 5 2.402 o.6s2 3. so7 20. ¡ o. a 

o. 332 
;_ 

"",
4 76 s 4o.s 36.0 s2.Ë 3, to? o.5s7 4.421 32.9 l.s 

o.sa3 
;.,ras ôa o 4Ê-6 41.. 60.4 4.rso o.72s 5.5e8 47.3 2 6 

o.sr7 
;..",5 lor'2 s!.6 47.6 6s.s s.432 o-77a 6.9ae 53.8 3.8 

1-281 
;'"r.7 116'4 61.7 54.t ?8.8 6.948 o.?6f 6.47t a2.8 6.3 

t.629 
;.r",a t33 7 7o.e 62.s sr.8 a..ia o.66a ro.r14 ro4.s ;: 

2.r54 "r'.ro,
s l's.7 a4.8 7{.e ros.6 rr.237 o.443 t2.t23 13?.r ,-; 

3.2s? 
,"."."ro r6s.e a4.a ?6.r roe.B rl.aa2 o.s66 r'.ors tsi.2 ro-3 

1.24o 
;;."..ll 168 ? aa.a ?4,g lo9.a 12,oza o.4?4 lz.s.,7 r3?. r ro.4 

o.o77 'r'r-r",
t2 t4a.2 as.s 62.4 106.6 12.oz8 o.474 tz.s77 rzs.o ro.4 

o.o 
;;.r.l3 l3s 7 a9'7 so.o 106.4 r2.of5 o.48r t2,s77 r28-s lo.4 

-o.oo? 
;r.r,.t4 13l'6 g7'2 3i.4 ro9.7 rr.972 0.602 12.saa l3o 

-o.or9
.8 to.3 tt.69515 l2a'4 1o3.3 2s.t ltt.? tt.eo8 o,sf4 t2.s77 t33.0 ,... 

-o.o2o 
;;..r,r6 rzo.s roE.o r2.s 112.2 rr.?66 o.609 t2,sai 13s,o ,o.; 

_o.oza 
;;.r.,17 ll4'o ll4.o o.o r¡4.o rr.63a o.66s t2.s?? r3s.2 ro.o 

-o.oo8 
;;..r"la log ? to9-7 o.o rog.7 tr.slo o.?33 lz.g.'i t3r 

-o,ooo
.s 9.9 tl.63S19 lo? 4 1o7.4 o.o lo?.4 r1.4S9 o.7s9 12,9a7 127.s s.a 

-o.ooo 
;;..",20 106 o to6 o o'o 106.o rr.424 o.7i6 t2.ei. l2E.s 

"; 

-o.ooo 
;;.;""71 106't los.t o.o to'.f 1f.3a2 o.7ea tz.a77 t24.o ,." 

.o.ooo 
;;.;r"22 to{ 3 lo4-3 o.o 1o4.3 tt.34a o.Els t2.e?7 122.Ê e.7 

-o.ooo 
;;.;."

zz ro4.r ro4-r o.o ro4.r rt.3o5 o.136 l2.gjj 122.3 g,z 
.o.ooo 

rt.63924 ro3.4 ro3.4 o.o ro3.{ 1r.262 o.a6? t2.sj1 r2r.r s.1 
o.o 

;; ;r"25 to3,2 to3.2 q,o to3.2 ll.22A o.8?4 lz.g'j r2o.7 ,.6 
'o.ooo 

rr.63926 ro2.3 ro2.3 o.o ro2.J rr. rss o.as6 12.eai rrs.2 s-6 
_o.ooo 

;;.rr"27 ror.6 ror.6 o.o ror.E rr. r34 o,s2t t2,ga7 lra. 
-o.ooo

o 9.s tt.63s2a 8s o ss-o o.o os.o rr.too o.s3a t2.sa7 106.? s s 
-o.ooo 

;;..;"
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;rliiË iiËlï,ffi:åjliiiiiiîii3x r,jr 53f :5;i¿,:¡rç;..,".,¡OÂlIO¡ ! 44.824 SOUARE CEHIIHEIREs
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collsTAXT LOAO
PROVIXG ÈIXC FACIOR
P ISION AÀEA

IHIT¡AL D¡AL READTHG

3 t6.60 RÊ r.2386 x .lotv! 6.O7oo SeUARE CEXI¡MErREs
r 2t t4.oO OtV¡StOHs

sHgaR Tgsl RESULIS staRl roozaE EùO r to2E6

COXSOLIOAIED U}¡ORAtflED TRTAXIAL TESI:::::::::;:;::::::::::::::::i::::::;

ÞI 
'tHE 

DTSPL PR!ÈG PORE PERoral õ¡ar pÃËis ;;;t llllcr EFFECT HaLF
RDc RD6 Kpa pcsr*H srGHAr srciÃi ;ã;' DEY eFFEcr Ralto oF aKpa i;Ã'-- Iìi."" ;ll"'. :;1"", Ê:¡ :i"lâlKPA KPA] 9!6 2rta.o 3?4.o 2oo.ô o.o3 ;;i iiii.i, :99'e ;;i:; ;:;" r'a'{ ô4'o " ? 74.4 ,os.a

4 rooo 2roo.o :l:'9 zoi.ã ;:;; r8r 'o a3'3 ¡a c tt.i ;;;:; r-6a6 o'o: !0!6 ;;ó;; :;::¡ t?i:i ä,ii i!i,i iË:! i3 3 ;î:i is;,í i ïii 3 il5 to3o 2o9!.o7 10.6 2oar.4 :11.6 ;;;'-à ;.;; r?r '6 73 1 ¡i g ez.ã i;;:; 2 raa o 4f,

B r roo 2o.ô.s :9t.9 a;t-; ;.;; r7¡r'o 72'2 so g tór.ã i;;:i 2'32a o''4
s r r rE 2068.6 119 s a;;.; ;:i; !19 'z 7t '1 sz'o roo. i ;;;.; 2''ro o'43

ro rrso zotz.õ 1:l.s âi¿.ã ã:;; 176 o 7o'E s2 7- to6.B i;;:; 2'4s4 o''!
rr 1146 zoza.o ::1 9 ;i;:; ;';; :11'3 ?o 2 sr'r ros.i ;";:; 2'4es o ô3

12 r2oo 2ô,¿¡.o :::'2 ziÈ'ã ;:;; :l:'.: 9e'? si'z ros.l ;;;.; 2'6t2 o'44
r! r2ro rea6.ô :::.o ziã.i ;.;; ii2'7 9: t si.i 10Ê.6 ;;;.; 2'ê27 o 

'E14 r3oo rr'e.o 1l!'? itt.i ;:;; ll9's 6r'a si'i roe.z i;;.; 2'64r o'47
rs rr3o roso.o -.?1 E ;i;.; ;:;; t74'1 s7's si c ros.ó i;;:; 2'õEr o'44
16 r.oo rsoz.o 1:l'9 ãi;:; i:;; r73'e s?'o si ¿ roe.i ;;;.; 2'872 o Bt

17 r¡r3o rr73.s :11'9 a;;'-; i:;; t72'7 56 o ¡i: ros.i ;ð;:; 2'EsE o'ar
rE 160o r!48.s 111-9 t;;:; ;:ä; Il!'3 6{ e s¡'i tos.¡ ;õ;:; 2'GrE o'E?
re 16!0 r!16.8 1g6 s zãt.í ;';; t7o'4 64'2 e¡.r jii.i 'lt:Ë z'a'o 0'60

1? i:i: i*å t iii.¡ i12i í,ii i!i'Ë ¡i': :;,: l3å 3 3i 3 3 es' ";;
22 rTro t,zt.o :11'o :ziã ;';; l::'1 szi ;;.; rosr si'i â'3ål 3:93

1i is:s isri E iii,: ,?ii i,ií i!; i i¡'! :í,; i:l:Î 33 ? i eer ;:;:

;: ;?î: iiå? s iii,i i2:: i:;; l¡:'i ii'¡ il,i iii'i 3:'j 1 eåÎ 3:lr

1";3?3 i3rî:3 iii,i ?iíj i'iË i¡i.i :i'i Ëi'j liiii i¡.i iiíi i,¡izs z.oo 
'!!3.o ,'fl'9 a2;-¿ ;.;; iå3:3 3å.i :39 roo.o ;;:; 2'7È4 r'o4

ro rra r2'o.o :f9.9 ,r;.; ;:;; ts6 o 66'6 4e ' ii.i ii:; 
2'777 r'oa

;r r5: *i:3 ¡ii'¡ 2iï,i ,i ii iïå'i ii,: i;,i 3i:i rå 3 2 'aa i ;;
ra8.o 2rr.õ rr.16 ::9'9 ir.i ;;:i ea'E ai ó 2'aor r'ra

r4s.4 ;i.; ;;:; ;i.å å:.; i,ïi i.ii
3! 932 ?93.o:i t?:í ;:i,: iii,i iii:i li ti iÏ:l sl:t :: : :: I !? 6,a ,,27 ;;;:; ;tå:ã ijf ,í t:.jí iii,i ii,: i:,r #:t 2i 2 ? !?3 , ?o

,.3 ! Er., ¡;:ì "1.i åi,s 2 äi i 132.A14 l.a2
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;tË:;ti3itåti, åt' åå":$::'ÈORHALIZIXG SIRESS
| 68.40 KPA
I6E . A5 XPÂ
l6E . as KPA

ßORHAL ¡ ZED SHEAR IEST RÊSULTS SIARI

PI

316
roo2as

HRHL TD
CHATCE
IH PWP
KPA

o.o
o. oo5
o.o29
o.oa6
o. o64
o. o?4
o. ot ¡
o. oa4
o. oaE
o.oat
o.o94
o.o97
o. rot
o. !oE
o.lt4
o. t 20
o. t 24
o. t 28
o. t 3s
o, t 3a
o.l4t
o.l4E
o. t64
o.lao
o. t88
o. t 70
o, 173
o. | 79
o. t 62
o. I a7
o.204
o.205
o.205
o. 206
o.20t
o.20a

Elro I to2a6
PER
c€Hl
PCS IAÑ

1 ! zD EFFEcf rRHL zDHALF RAlto ocr

;:i,,. :I:iii i#""
9.111 I . aa6 o.6a I
9.111 r.832 o.883y.:l! z.oa6 o.678
?.31r 2.16a o.ezr

i iii Í:.'îå t å3ii:iii i i:: t:3å?
9.!12 2.612 o.sào

i:iil i:Et! å:3åå
9.111 2. s6 r o. ei¡
9:34 2-a7z o.ecz
9.!14 2.6s8 o.E4z
?.!14 2.6f6 o.6160.331 2.6.o ^ .;i:¡* t:::i :.:ii
9 l?, 2'662 o.iiq
?-127 z. 6ô6 o. ióz
?'l?c 2 ' at6 o. éó r
?.131 z.iol o.ies
",'1?2 2.726 o.6E7
9 l?o 2.7rs o.sir
9'1lE 2.?Bo o.Ei¡g.l!l 2.?5. o.866
?'-3!s 2-a7i o.Èsr
?.1!r 2-|aa o.EE6
9.1!o 2.aot o.E6t
9'Joô 2. Àti o. é¡¡
?'?oG 2.as3 o.E2r
? ??4 2.a24 o.Erao.zg3 2-a23 o-rri
?.?sz 2.a2t o.iii
9.380 z.a2t o.eiio.2eo 2.r14 o.sii

I o.o
2 o.oo
3 o. 02
4 o. 04
5 o. to
6 o. ta
7 o.2a
a o. !9g o.5O

I O o. 62
I I o.74
12 o.!6
t3 L to
14 l.!a
f 5 t.59
16 t -a3la 2.O7
la 2_3t
r9 2.55
20 2. ao
2t 3.o7
22 3.3S
2! 3. ?9
21 4,2A
25 4,77
26 5.36
Zj 5.?6
2¿ 6. !2
29 5. ?3
30 7.36
3l l0.sg
32 I t.16
33 I r.3A
34 I t.62
35 12. ts
16 !2-3r



U(IVERSIIY OF HAtr¡fOBÀ
5OIL HÈCXANICS LABORAIORY

SAMPLE XO- ! 1 736

:l::iil.;:¡ilylÉ'i:-::li-'HoULDED :^""1;l, pERcExr
rHtrrAL vo¡o-Àiirã' '"" , 2.73
Ifltlral xelcxr ni .^-., - ! l.3ao

Ëii:ilfuiliii¡.!åii:iiå:,= "^,," ; i;¡:1''1.
¡ 34.6 pERCErl

TX. COHSOT r DAI I oÈ,*¡oriii_ãåiíäii;lilon"lålr 2soras Eno 7o2aÊ
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Pr 9flEcr EFFEcT srRÃr x ISIGI{AI SIGHÂ!
YOLUIIE STRAIR3 EFFECfSTRAIX P

2.336 o,o83 34.35
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o-9t
I . 03
I . 09
r. t4
r.1t
t.a5
t .60
I . SE
t .62
l. sE
I .73
I . 82
I . a9
2.O3



SAHÞLEÈ0.!I?3A ( REHOULDED SÀHPLE I

coÈsoLlDAlIOit ax ta! slRESS
?REC0¡ts0 L ¡ DAl t O¡ PReSSURE
flORHAL¡ZIXG SIRESS

P7 PER flRHLZO EFFSEI
CE|T HALF RATTO
PCSIRX DEY S¡GHA1

SfRESS S t GMA3
XPÂ

tao. to KPÂ
| 59 .86 XPA
t60. to KPÂ

flORHALI¡ED SHEAR TEST RESULTS STARf I2O2ô5 EIID

IRHT 2D HRML ZD
OCI CBAAGE
SIRESS ¡N PWP
XPA KPÂ

321
1302a5

I
2
3
4

6
1
a
I

to
ll

t3
t4
t5
t6
t1
l8
l9
20
21

24
2S
26

2A
29
3ô
3t

t4
36
36
37
3a
39
40
4l
42
{3
44
t6

o.o
o. oo
o.ol
o.ot
o. 03
o. o4
o. o6
o. o8
o.tl
o. t4
o. ta
o.21
o.23
o.33
o.40
o.49
o.5E
o.7t
o,77
o,t6
o.a6

2. tt
2. ð9
3. 03
3. ¿4
3.99
4 .2¿
4. S9
Ë.t2
6,5l
E-17
ô,82
o . t4
g . ?4

to. t8
to.80
I L 06
I 7 - a2

o.o
o. oo7
o.ot4
o. o23
0.o21
o. o32
o. o37
o, oa4
o. o50
o.056
o.o80
o. oE6
o . o71
o. o74
o,oa2
o. o84
o. oE7
o.o93
0. og5
o. o9 t
o.lot
o . t 03
o. to6
o.tll
o.lt2
o.tt4
o.122
0. t 2s
o. t29
o. t32
o.135
o. t4l
o , 144
o. ! 50
o. tE5
o. t68
o.lBo
o.174
o. 176
0. tat
o.tEl
o. tE2
o.ltr
o. I aa
o. I a6

o6
t6
21
t7
s?
71
sa

o .234 I .88 I 0. 68!o.24O l.9f{ o.6a4o.247 1.954 o,682
o.253 t.8s5 0.67?o.?60 2.03r o.57?
o-261 2,O88 0.671
o .273 2. 09 9 0, 67Eo.2?9 2.tas o.6?2o.2a3 2.1a1 0.870
o.2!8 2,209 0. s8E
o .2a2 2.239 o.685o.2s6 2,27È o.661
o.299 2 .291 0. 6 60o.303 2.327 0. 85ao.305 2,3Êt o.6s2
o.3o7 2.384 o.555
o.3o9 2.392 o. 55O0,3to 2.418 o.645
o.31r 2.426 o.643
o.3t2 2.43A O.641
0.3t2 2.441 0.8ao
o.313 2.46t o.63?
o.313 2.475 o.634
o.313 2-490 0.829
o.tt3 2.495 0-628
o.3f3 2.498 o.827
o.313 2.529 0,61a
o.3t2 2.8a4 O.613
o.312 2.545 o.5llo.3tl 2,569 0.8o9
o.3to 2.55t o.603
o.309 2.8a2 0. Boo
o - 30ô 2.604 0: slioo.30? 2.8O9 o.5â6
o.3os 2,6t3 o.5a2
O.3o4 2.AlA o.5?E
o.3o3 2.526 O.S?4
o .2e4 2, 636 o. ss s
o .292 2 .637 0. 5s2o.29t 2.88O O,5a6
o.2so 2.A6t o.643
o.2ta 2.AA6 o.641o.2a6 2.628 0.843
o.245 2.A4f o.53?o.2a4 2.6!6 o. s36

46 I t.a5 0.283 2-Bg7 0.s22 0. r87



UflIVgRSITY OF MAXtlOBA
SOII I{ECHÀN¡CS LÀgORATORY

SAMPLE NO. ' 1 ?30 TnEHoU!oED sAMPLEIr!.Ir¡aL xorsruRE coHIEHT ;'--ãã]¡ pe¡ÊEHrSPEEIFIc 6RAy¡Îy oF sorL . z.ii- -"-
tflrr¡ÂL v0¡D RAItO¡xrrraL ¡e¡crr oi saxpre I ,j:13t""rxrrrar yoLuME oF sÂlrpLE , ãõálãs-äcEFFEcIIvE pRtt¿ctpaL srREss RAlro , i.;;-- --
F¡|lAL H0¡SÌURE COXlËtT r 3a.3 PERCEHT

TX. COflSOLIDÂfION staRT 2SOrA5 ErD 702ô5TRIÀX¡AL CôÈSOL¡DÂITOX TESI

322

P1 SFFECl
SIGHÀI

I Ëo, o7
2 57.59
t 66.26
4 ?6.24
6 t?,8a
3 too.67
7 tts.65
a t 32.63
9 t57.90

to t58.27
I I tS8. ro
l7 r¡7.66
t3 t41,68
14 t36.49
l5 13r.40
t6 t2?. to
t? r2t.oo
lE rt5.50
I I I | 4 . 30
?0 I t2,to
2l M.40
27 I tO.so
2a t09.20
2a toa.20
2E to7.60
2¿ I O¿.70
27 tO2.AO
2A 90.8O

EFFECT STRA I TT 1

S f GMA3

2A.EO 2.O11
30,5o 2.39E
35.tO 2.7-t2
4O.40 3.65 t
46.SO 4.74a
5r.40 a.224
5l.ao a,065
?o.50 to.l2t
14.to t{,467
E4.EO ts.tst
E4. AO t 5.329
46,6O t5.J29
s2.ao t5.32S
s9.ao t5.2?6

to6.90 I 5.200
I t 4 . to I s. o49
l2 t . oo t 4 , a45
I r 5.50 t 4.769
ll4.30 14,132
I l2.ao t4.634
IILaO |4.A67
I I O.60 I ô. 841
lot,20 t4.atr
toa.20 t 4.5e 6
lo7.60 t4,68A
lo4.70 t4.ssa
lo2.ao ta.49?
EO.60 t4.487

Q vofo
RAIIO

23.57 I .29O
27. 09 L 276
3l.lg 1.239
35, a4 I .23Ê
¿1. tt L2le
47.27 t.tas
s4.25 l. f El
62. tt 1. t 17
73.1o t.o72
?3.4? t.o45
73.30 t.046
6l.ot t.046
4A.aa t.046
36.69 t.o4a
24.50 L046
12.30 t.o48
o.o 1.O48
o.o t.o48
o. o I . O4 6
o.o t.o45
o,o t.046
o.o t.o48
o.o t.o¡g
o.o t.o4B
o.o t.o4g
o.o 1.046
o.o t.o4s
o.o f .0¿6

V SHEAR
SIRA¡f

2.29O t,221
2.278 r,395
2.2S9 I .533
2.239 2. t35
2.214 2.AAO
2-las 3,934
2. t5t s.3o2
2.1l7 s. a7 t
2.O72 to.573
2.048 to.r?5
2.O46 tt.068
2.0¡6 lt.o8Ê
2.O46 I1.o83
2.O49 tt,ot3
2.046 !o.93a
2,046 to.?a?
2.046 ro.5a3
2.046 to.50t
2.046 1o.469
2.o48 to.¿3t
2,04C to.óoE
2.048 to.3?9
2,Oa6 to,366
2.04A to.33!
2.O4a to.296
2.O46 to.295
2.Oa6 1O.235
2.046 to.23s

YOLUHE SlRAIX3 EFFECISÍRAIÈ p

2.3A2 o.ta4 !a.382.996 o.3ot !9.533,7tó o.473 {s.494.S47 o.44A 52.35
B. AO I o.427 80.23a.a7 1 o.323 69.t64.29O o.lt2 ?9.4ð9.75O -o.lE5 gl.?l

tl.6a4 -t.392 tog.t?12.829 -t.t8t 109.2Ê12.7A1 -1.271 tog.2312.7a7 -l,271 106.9612.7A7 - I .269 tos. o812,7¿a -1.244 I t2.03l2-7A7 -t.2o8 tt5.0712.7A7 -1. t3t tla.9912.761 - t.o29 12t.o012.7A1 -o.9!t tt5.Ëo12-1A7 -o.9j2 lr4.Jo12.7a7 -o.as3 tt2.aol2-7A7 -o.940 llt.ao
12.7 A7 -O. SZ7 I I O. Bo12.?t? - -o.Ol6 tOg.2O12.767 -O.gO¡ tOr.2012.7A7 -O.a!E tO?.gO12.7a1 -ô.at6 104.70l2,1aa -o.aBs l02.aol2 -7a7 -o, a56 90. EO

SUMMARY OF ESSEIIITAL RESULTS SlOREO ¡N FrLE

PI SIGMAI

t 60. o?
2 5?.50
3 aÊ.26
a ?8,21
6 t?. aa
E too.87
7 r | 6. 85
I t32.83
I ra?.00

r o t6õ.27
tl taE.to
l2 t47,at
l3 ttt.aa
l¡¡ t!6.4e
16 t!t.40
t6 lza.to
l7 t2t.oo
I a I I E . BO
t9 tt¿.¡o
ao rr2.to
2l I t l ,40
22 rto.co
23 rO9.20
2a r ôc. 20
28 t07-60
2É toa.70
27 t02.80
2A 00, so

slcHA3 slRAtxl

26.9o 2.Ot4
30.SO 2.3!5
35.ro 2.a72
âo.40 3.ABt
4 6.50 4 .747
63.4O a.224
B I . ¡¡O a . oa6
?o.8o to, t2l
E4.AO t4.46?
t¡¡.ao t6. tEt
E4.8O t6.!29
ag. ao I 8.329
s2.ao tE.32E
9r.ao tg.2?8

to8.00 t8,200
l14,AO tB.OaO
t2l.oo t4,a4E
ttE,EO ra.7Ea
r r 4.30 t a . 7!2
tt2.lo t¿.80a
I I I . ¿¡O | 4. 3 8?
llo.Eo t4.Eat
I 09 .20 t a , 6 t a
roa.20 t4.389
I o?. 80 | 4.39a
104.70 t¡,868
l02,to t4-48?
0O.60 l¡1 .497

slRA I N3 v

o. ta4 2,25O
o,30t 2-276
o.a?3 2.25S
o. a¡a 2 -239o.a27 2.2t4
o.323 2. t85
o.tt2 2.tEl-o. f aE 2.1t7

- f .3s2 2,O72-r,t8t 2.Oas
-1.27t 2.O48-1.2?r 2,046
- I .289 2.o48-1.2a4 2.Oas
- I .2o8 2. o4a-t.rl3t 2-o4a-l,o20 2.Oaa-o.a9t 2.04S
-o.s'r2 2. Oa5-o. ¡tl 2 -O4a-O,SaO 2.Oaa-O.¡2? 2.O¿tE.O.Al6 2.O¡A-o. lO4 Z .Oa¿
-O.EtË 2.o¡0a
-o. aô6 2, 04 8-o.056 2.04a-o.a6a 2.o4e



uNtvgns¡lY oF'4Atrt10BA
SOIL HECHAHTCS LAAORAlORY

EHERCY CALCULAI t O'IS

EI{C¡flEERtRC SlRAIB ÊÛ,!

:3flt! !0' ¡ I 7rs ÍREt4ou!oED saxpLetrEsr Resurfs sraRT 2Boro6 Épõ-' 10?ø6

323

PI EFFECI EFFECI
s¡cHAt StG¡tÀ3
XPA KPA

f sO.t 28,5
2 s7,6 30.6
3 86,3 35.t
4 78,2 00.{
s 67,1 ag.6
I too.7 83.4
7 tt5.6 8r.4
a t32.6 7O.5

I t57.9 r4.a
ro t5a.3 at.a
tÍ 168.t a4.a
l2 141 .7 Eg.6

t3 t4t.7 92.A

r{ t36.5 09.8
15 13t.4 106.9

t6 127,1 1t4,8
t7 t2t,o t2t.o
18 rt6.6 trg.E
19 tt4.3 tt¡¡,3
20 t12.8 tt2,a
21 lt!.a ttt.4
22 tto.5 tto,5

DEV SFFECT
SlRESS ocT
KPA STRESS

KPÂ

23. B 34.4
27 .1 33,5
3t.2 45.5
tE. a 52.3
4 t .2 80.2
47 -3 69 .2

64 .I 78 .5

62,1 9t.2
73. r 1o9.2

73.5 tot.3
73.3 tos.2
8t.t to7.o
4a.9 tog. I

36.7 tt2.o
24 . s I I E . I

12.3 tla.E .

o,o l2r,o
o,o ttB,5
o.o tt¿.3

o.o tt2.g
o-o ttt.4
o.o Ito.s

AX¡AL RADTAL
SIRAIß SIRÂtH

2-O14 0.1ô4

2.396 0.30t

2.172 0.a73

3.a5t o.44a
4-74a o.427
6 .224 0.323
a. o85 0. I l2

lo, t2t -o. t85

r 4.467 - r .392

t5.t5t -r.l6t

1s.329 - I .27 t

IS.328 -1.27t

t5.32S -t.269

r5.276 -t.244

I s. 200 - I .206

ts.o49 -t.t3l

14.846 -l.o2g

t ¡l .789 -O.99 t

t4.a32 -o.ø72

l4.St4 -o.953
l4.6B? -o. s40

fa.64t -o.a27

y9L LSSV rstv DELTA lolalSIRAIXr KpÂ , -i:;i9;. -i:;'il,
2.3a2 o.o o.o
2,996 9.4 g.4 o'27t

3,?r8 20.2 0.9 
0 347

{.s4? 32-7 r.1 
o 607

s.6ot 4?.r 2-a 
o'Eao

5.8?t 6!.3 4.2 
l 2aa

a.z'o az.l B.r 
l'749

g.75o to!.4 a.r 
2 160

rl.6a4 r3s.z t?.7 
4 44o

12.a29 r36.o 13.3 
1'472

lz.7a7 r3s.9 13.5 
o o95

12.7¿7 t29.4 13.5 
o o

tz.aa1 rrt.r r3.s 
-o oo2

t2,7A1 t3s.o t3.4 
'o o?l

tz.?E7 t39.8 t3.3 
'o'023

l2-7a7 146.7 rJ.2 
-o'02!

l2.ag1 t6r.3 t2.9 
'o'ol3
_o.ooo

12,1Aa t4t.s t2.9
12.7a7 r39.a 12.a 

o o

o.ot2-7Aa Jt7,2 !?.a
tz.ag. r!4.a lz.a 

o-o

tz-aE. r33.3 t2.j 
o'o

o.o

o.?1 |

o.618

I .22Ê

2 . I 06

3.393

s. t 42

7,302

1l .142

t3.2t4

t 3 .309

| 3 . 309

r 3 .307

t3.2!6

r3.263

t 3.216

I3 -22!

t 3.223

t 3 ,223

t3.223

13.223

I3 -223

2t to9,2

24 toE.2

25 to7.6

26 to4. ?

27 t02.a

2A 9O.5

o,o to¡.2
o.o toa.2
o.o to7.6
o. o I oa . 7

o-o l02.a
o.o 9O.5

t 4. G I a -o.016

14.596 -o.9o4

14.55a -o. aâ5

t4.ssa -o.aas

14.4S? -o.a65

t4.457 -O.a65

l2.1aa t3t.l
l2-7a7 r23.3
12.787 12a.3

12 -7A7 123.3

12.7A7 l2O. I
'12,7A1 S9.r

o.o
13.223

o.o
13.223

o.o
13.223

o.o
l3 ,223

o.o
13.223

o.o
13.223

to9.2

toa.2

lo?.8

r04.?

102, a

90.5

12.7

12,7

12.6

12.5

t2.G

12.6



UXIVERSITY OF HA}ItTOAA
SOIL }IECHAK¡CS LABORAIORY

El¡eRcY caLcuLAtto¡{s

}¿AIURAI SIRAI R

:llllt!,t10. ¡ I ?3s ( REMsuLDEo saxpLE ìTesT RÊsULtS slaRT 26Olas er¡o-', 702A6

324

PÏ EFFECI SFFECI
sIcHAl slcHA3
XPA KPA

r so.r 28.5
2 s7.ø 3o.5
3 66.3 35.r
4 a6.2 40.4
5 a7.? 46.5
6 too.? 53.4
7 tt5.6 6t.4
a t32.6 ?o.5
I t5?.9 a4.a

to lsa.3 a4.a
Ir lsa.l a4.a
l? 147.7 a5.6
t3 r t,? g2.a

14 136.5 Eg.S

lB 13t.4 tog.9
l6 121 .1 tr4.a
17 t2t.o tzt.o
la tt5.s tt5.5
19 tta.3 tt¿.3
20 !t2.8 1t2.r
2r ttl.4 ltt,ô
22 rto.s tto.s

DEV EFFECÍ
SIRESS OCT
KPA SIRESS

XPA

23,6 34.4
27, t 39.5
3r.2 45.6
35. A 52.3
41.2 60.2
47.3 89.2
54.3 79. s

62. | 9 I .2

73. I 109.2

73.5 tOS.3

73.3 109.2

8l.l lo7-o
4a.9 fog.t
38.7 lt2.o

24.É I t 5. I

l2-3 tta.9- "

o.o t2t,o
o.o tt6.5
o.o tt4,s

o.o !t2.8
o.o ttl.4
o.o tto.Ë

AXIAL RADIÂL
SIRAIX SIRÂTH

2.O35 0.taa

2.a24 0.308

2.A12 0.46a

3.tt9 0.46?
4.A53 0.4st
É,427 0, 34 8

4.40s a. 122

ro.670 -O.206

15.626 - t.601
r 8.429 - I .350

r 6.638 - I .47E

tÊ.638 -t,4?E

16.634 -1.4?6

f 6.576 -t.441

18.485 -t.402

t5.306 -1.3t3

lB,o8a -1. rs3

l5.9Ao . t. t48

r5,935 -t.127

ts. a8 t - t. toE

l6.A8O -t.OA9

15.a29 -l.o?.

yoL LssY Lsflv DELIa T'TALSIRATH

'' KPA ' _5:;ig;. _i:;)g;.
2.4ro o.o o.o
3,O4t 9.4 O.{ 

o'2aa

3,788 20.2 0.9 
0 3EA

4.654 32.7 r.7 
0 631

6.?64 47.t 2.9 
0'92!

?.118 53.3 4.4 
t'3EA

s.863 a2.t 6.4 
l'aa7

r0.25a t03.4 a.7 
2'315

t2.424 135.7 t3.a 
5'O32

13.azg r36.o t4.6 
l'59s

t3.asz r3s.9 t4.8 
0 !13

rf .aa2 r2s.4 t4.a 
o o

13.aa2 13l.r 14.a 
-o oo2

r3.aa2 t3s.o la.7 
-o'o25

t3.862 t39,A t4.8 
-o'o21

13.8a2 r46.? r4.4 
-o'o33

13.aa2 rsr.3 14-2 'o-o!s

13.6a2 14r.s r¡.r 
o'ooo

13.aa2 rf,s.ê 14.o 
o'ooo

r3.gE2 rg7.2 t4.o 
o'ooo

r3.aa2 r34,a t3.3 
o'o

rf.Ea2 r33.3 r3.9 
o'ooô

o.o

o.27A

o.636

1 - 2Ê7

2. I SO

3,558

8.445

7. a20

¡ 2. AS2

t4.547

r4.86t

r4.66t

14.8S8

t 4. 633

I { . 609

r4.573

t a .65t

14.5Èô

t4.E6t

l¡.86A

ta.55a

l4.3EE

23 1o9.2

24 lot.2

23 to?.6
26 t o4 . ?

27 loz.a

2A 90. S

o.o tos.2

o.o loa,2
o.o 1o7.6

o. o 1O4 . ?

o, o I 02 . A

o.o go.s

t5. ao2 - l.oBo
18.776 -1.047

15.732 -1.o25

t5.732 - 1.o25

15.86r -o.990

r5.86f -o.g90

t3l. t t3.8
t 23 .3 t 3.9
t 24.3 t 3. a

123,3 t 3. a

t20.1 tt.?

98, I t3.7

o. ooo
t 4.55A

o. ooo
l¡.56a

o, ooo
t 4. s6Eo.o
t4.559.o.ooo
t4.556

o.o
14.55A

I 09 .2

I Oô .2

I O?. 6

I O4 . ?

l02.a

90 _ 5

r3,6E2

l:.5a2

13.6a2

t 3.6E2

t3.6A2

13.6!2



UHIVgRSIÌY OF HATTIOEÂ
SOIL ÀIECHATTCS LABORAIORY

SA},PIE HO. ' I 
'3s 

TREI{oULDED sAHPLE¡
SAI4PLE XEIcHT AFIER coHsoLtDAlto,I ¡ Io.?Eo cExIIHEIRgssAr.pLE yoruHE aFrER coflsorrDAltóx ! 6;;'.;;; iiãr"..*rrruro*,saMPtE aREA ÂF1eÀ corisoL¡oÀrrotr . -;;:;;å 

!ãüo"".¡*r¡¡rerou,
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EOflSIAHI LOAD
PROVttr6 Rt¡tG FACIOR
P I S TOtr ÂREÀ

¡XITtAT DIAI READ'XG

SHÊAN TESI RESULIS START 13O2E5

COHSOLIDAIED UHDRÀTI¿ED lRIAXIAL lESf

PT lt¡4e DISPI PRtx6 POREDIAL OIAL PRESSRDC RDC KPA

t 6.56 ¡
l.o22S H . /DIV
S.O7OO SOUÁRÈ CEHIIHETREs

20r f .50 DtvIstoHs

EÍD 2oo28s

PgR EFFECI Z'F?ECÍ lltF DEV EFFECI RÂÎtO OF AcErr s¡cMal srcxÂj 9gl sinsss ;;; ErF s¡cxÂrpcsrRx xpa KpÂ srRess Kp;--- iiÅe$ EFF s ¡ FHAIxPA xPAI a56 2Or L 5 1a2,2 2OO.7 o. o2 soo ioii.ã 4aa,s zoz.1 o.oo 169's a4.l 3i-7 7s,{ ro9.2 r,a9? o,o3 Eos ioio.õ so4.o 2os.o o.or ls9'2 E2's 3a.4 a6.1 roÀ.ì r.93o r.294 s,o ãooi.i lrs o ãoÀ i ;;; iii,i ii i i?.i ii:! ia¡:i t.:ii :,í:s srs 2oos-o :19.o ioã.¡ ;:;; l!?.1 rs.a ;;..; ss.s ;o;:i z.tr6 0.?6i ii: i33i:3 Sl3:3 ¡1¡.? a:?3 !e? 'g zÀ õ ;;; å5 s ros.o z,43 o 7,s s3o rsgé.ó sso.s 2,0.6 ".;; iii,i ä 3 ll.i i!,i jai:; 1..i|i :.jjs s4o res2.o !go.o 2rr.6 ;.;; l:: ! tz.á ;;.; sr.7 ro3.r 2.2s2 o.67ro sso reâ4.2 ?g'.s 2t2.s o.ii 11.1 ti..i ;;:; s3.o ro3.3 2.286 0.67rr rooo rs?6.o gl!.o 213.3 ;.;¡ lgt.? ri.i ;;:; e3.e 102.6 2.316 o.6s12 roro rsoz.o !l!.o irã.à ;.;; lg:.? zo.i ;;..; r4.4 ro2.3 2.s33 o.os13 ro2o res?.s !1!.o ztq.à ,:aó lt!.: to.á ;;..; e..? ror.r 2.!4s o.7z14 ro3r re¡?.s :77.s zrs.r ã:;; l:1.! eÀ.i ;;:; sË.o ro,.2 2.!66 o.74rs ro47 rsr3.E s?s.o 2rs.s ;..;i ll1 9 ;;.ã ;;.; c5. r 100.6 z.3ar o,71t5 rroo re22_s 6ao.o 2t6.t o.iã ll?.9 ;;:j ;;..; es.3 roo. r 2.ss¡ o.?er? rrrs reor.o 99o.o zt7-1 ;.õ; l:?.: ;;.; ;;:; es.r se.5 2.403 o.a3ra r r3o rEe4.o !9o.s àtz.à ;.;; l:?.1 Ez.i ;;;; !6. r ss.o 2.4t3 o.a6ii iåii 1333 3 33?:å 1ll:1 :'1i tr'r ee i ;;'.; e6 o e¡.s z 42z o !s2t ,2s4 ,ãr¡.õ !so.s zre.i i:;; i!i,i ii:i ll.! ii:! ¡3:i 1...îä :,;322 rsoo rEro.o 9!9.g 2zo.r i:;; !!!.9 a;:; ;;..; e¡.. ,a.r 2.¡16r r.o323 rr25 r?ô..8 !!o-2 zzt.i z.ii lll.g i¡.i- ;;..; e4.o ss.z 2.4a2 r.oe24 r4ro t7?4.o !l!.o iã2.á ;'.;; l:1.9 ;r:; ;;:; s3.2 e3.? z..eo t.z22s raso rs6?.Ë g11.9 aãt.; ;:;; l:1.9 ;i.; ;;:; si.s s2.z 2.sos r.34zB rBi? rao..o 6_!9.? aaa.¿ ã:;; lll.! ão.i ;;:; sr.6 oo.? z.szz 1.41
27 rToo rEr3.o 91:.s zzs. r i:é; lll 9 ;;.; ;;:; sr.. so. r 2.s!3 r.s32a raor rE23.s !??.o zzô., ;:;i ll:.1 sõ.ã ;;.; so.7 se.2 z.Esi r.a.ze rsoo r4o!.o g?!.6 ;;;:; ;:;; !1!.6 sÀ.i ;;:; as.s ar.B 2.611 r.7a30 2oro r4or.o t?i.s a;;.ó ;:;; ty_.1 EÀ.o ;;:; Es.r zz.i z.E3B t.s231 2too r3s2.o 1!z.o ar;'.; ã:;; l1:.? sr.À ;;:; ô8.6 a7. r 2.s3r z.o1
32 2ztê r2a3.s B?o.5 ããz-.i ;.;; 144.6 se.ó ;;:; a1.1 a6.r 2.s41 2.re

33 2sll tzzs.o E?9.9 227.i i.26 11!.! s?.o rJ.6 9?.! !ß.o z.6za 2-3r34 2332 r2oe.o s?!.9 zzz.i ;'.;; lll.l ;;.; ;;.; l!.9 15.e 2.624 2.3i36 i4t r¡?.o E9?.! zzg.o ri.ii l:1.9 !s.i ;;..; t!.! r!.3 2.4E3 ¡r.6s36 azo 7ro.o EEz.z zza.à ;à-.;; r3?.o si.ó ;;:; 8r.r az.s 2.461 4.s3



SAHÞlEdO.!tt39 f RSHOULDED SAICPLE )

co't90t¡DA1l0N ÂxIAL SlRESS
PRECOÈSOL tDAltOil PRESSURE
flO&}4AL¡ZIHG SIRESS

¡¡ORHALt¿ED SHEAR lEST RESULIS

' 
BS .5O KPA

I 6a .30 KPÂ
1s8.60 XPA

P\ PER
CEXT
PCSIRt

r o.o 0.236
2 o.oo o.24O
3 o.ot o.2sl
4 0.o2 0.260
s o.o2 0.26â
6 o,o7 o.272
7 o. to o.27A
a o.l2 0.2!r
0 o. ta o.2a7

ro o.2a o,2ar
1r o.33 0.294
l2 0,4t 0.296
t3 0.go o-2a1
t4 0.89 0.28r
t6 0.a2 0.29a
t6 0.a2 0.289
11 o.s6 o.29a
It t.o9 o.29A
tt 1.22 0.29E
20 I .35 0.29E
21 t.85 o.29?
22 1.A7 o.298
23 2.lr o,zgs
24 2.6a o.2s:
23 3.t9 0,290
26 3.?E o.2a7
27 3. 9? 0,2ô6
2A 4.63 o.2a4
29 S.O4 o.2a2
30 5. A6 0.2a9
3r s,l2 0.27À
32 6. ?S o.z?s
33 1 .26 0.2?3
3a 7 .44 0.272
ss tr.73 0.259
36 12. o7 o. 26¿

stÂRt

trRT.ILZD EFFECT r¿RHLZD
SALF RÂtto oct
DEY S¡GHAI STRESS
SlRESS StGMÀ3 KPA
KPÁ

l0o2a5 gRD

HRMLZD
EHÂ¡IGE
IX PWP
KPA

o.o
o.ot r
o.o27
o.o36
o.04E
o. 06l
0.o59
o.o62
o. oaE
o. o74
o.o?9
o,oa3
o. o¡?
o.o90
o.o9E
o,o9a
o.to3
o.loG
o.tto
o.112
o.llE
o. 123
o. t 2E
o. t 37
o. t4¡
o. t s0
0.163
o. r67
o. | 62
o. t 65
o.t66
o. t 89
o. t 70
0. t 70
o.117
o.177

2002as

1.997 0.685
r.930 0.67A
2.OOl o.66E
2.OsE o.865
2. tt6 0.659
2.143 0.8sE
2.1A4 0.854
2.207 0,553
2.252 0.8Éo
2,2aÊ o. a4a
2.3t5 0.s43
2.333 0.84t
2,349 0. 83A
2.386 0,634
2.3ar o.83t
2.335 o.827
2.403 0. 824
2.O13 o.821
2.422 0.6r?
2.432 0.6r4
2 .449 0. 60?
2.46r o,602
2.472 0.s9?
2.490 0.587
2, Ë06 o.5?a
2-422 0.589
2.S33 0.866
2.53? o.559
2.534 O.55S
2.535 0.650
2.53E o.5a6
2. Ëa t o.840
2 .32a o'.5!¡
2 -524 0, s3t
2 . a53 0. s22
2.4Ê l o,520

326



UH ¡ VERS t IY OF MAÈ r 1OtsA
SOII ¡IECHÂ}IICS LABORAIORY

SAHPLE HO. T I 74O f REHOULDED SAMPLE 
'lHlllAL XOTSTURE COTTERt , ¡g. S pERCEHISPECIF¡C GRAV¡ly OF SOtr . z-7!I'{IItAL YOTD RAlIOtlr¡r¡aL xiiini'-óÉ-s¡up¡-e i ,l:låt.,¡xr?rÀL voruHE DF saHpLE . eõilis-äcEFFECIIVt p¡.tHC¡pAr STREss RAtro . o.si - --

Flt{AL H0lsTUÀE CofllEHl , 39.o ÞEncEÌT

327

ÎX . CONSOL t DAT r Ot slaRl I SOaA5IRtAXtAL COr¡goLtoalrox tEsl E|¿D z8o8ôs

votuHE SlRAlX3 ÊFFECT oSTRAIH P

t.996 -o.oto 34.34 23.5t2. S53 o. 09 I 39 . 53 27 .1O3.145 o.172 45.S1 31.234.092 o,2a7 s2.38 3s.935.r9o o.35t ao.25 4t.265.87o 0.395 88.24 47.2t7.963 o.406 ?9.58 s4.s39.448 0.39t 91.5a 52.53rl.3E6 o.2t9 tog.a2 as,o7l2.la{ o.3r4 tog.aa as.23

PT E77ECT
SIGHAI

I 50,01
2 37,AO
3 68.33
4 78.33
5 A?.76
6 I OO.7f
? I t 5.93
I t3r.33
I t 59 . a?

to 180,03

EFFECI STRAITI
S I GHA3

26,50 2.O15
3O.50 2.3? 1

35.ro 2.a41
40.40 3.53a
46.5O 4.4E9
53 .60 s.7ao
6t.40 ?. t55
7O.7O A.667
a4.lo to.947
E4. EO I t .557

Y SHEAR
STRÂI¡

2.3Ot I .3SO
2.29t 1.52O
2.276 t.7?9
2.255 2. t7a
2 -229 2.759
2.1E7 3.59O
2.184 4.499
2.129 S.St7
2. OA3 7 ,152
2.OES ?.49s

vo I D

RAT¡O

L 304
| .291
1.278
I .2S5
I .229
1. t97
I . t 64
I .129
I . OA3
I . OAS

SUHI{ARY OF ESSEtrI¡AL RESULTS SIORgD Ifl FtrE

PT StcxÀ1

I EO.O|
2 87. AO
3 88.33
4 78,3!
5 a?.26g too.73
? ttB.t!
a I ss.3¡
s | 88. A7

lo t80,ot

SlCl'lA3 SlRAtXt

25,50 2.Ot5
30.50 ?.31 I
35.to 2.A4t
40.40 3,53A
48.30 4.4a9
53.50 5. ?ao
û1.40 7. tEE
70.70 8. 86?
ð4.ao to,9a?
t4. to I t . 86?

slRAt X3 v

.o.olo 2,3O4
o.o0t 2.211
o,172 2,276
o.277 2,258
o. 35 I 2.229
o.396 2.1s7
o.ao6 2. t84
o.3lt 2.125
o.2ts 2.O83
o,3t4 2.O88



UXIVERSTIY OF HAHTIOAA
SOtL HECHAA¡CS LAsORATORY

EHERCY CAICUTAIIOXS

ÈdctxEERtllc s1Âa¡H

SaHPLE no. ¡ I 7.O (ReHOULDeD S^t{pLe}TESt RESULIS START taoaa6 ep;-' 2AO8aA

328

PT EFFECI
SIGHAT
NPA

| 50. o

2 5?.6

3 86.3

4 ?6.3

5 67. a

I ¡oo.7

7 tt5.9

8 t 33.3

I I 59. g

to tEo.o

EFFECI DEV SFFECI
s I GMA3 SIRESS OCl
KPA KPÀ STRESS

KPA

26.õ 23.S 34.3
30.5 2a.l 39.5
35.1 31.2 4S-s
¡o.4 35.9 82.{
46.5 41.3 60.3
s3.5 47,2 69,2
8t.4 64.5 79.5
7O.1 62.6 9t.6
a4.a ?s.t los.a
a4.a 1s.2 to9-9

AXIAL RADIAT
stRAtì¡ sTRAtr

2.O15 -o.oto

2.371 o.o9t

2. A4l o.la2
f.63a o.277
4 .489 0.361

5.?AO O.3S5

7. t5s o.4o8
8.687 0.!si

to.9¡7 0.2t9
I I .867 0.3 t 4

vot lssv LSIV
SIRAI}I

Z, XPÂ z

1.996 o.o o.o
2.553 B.S o.4
3.tas 20.1 o.9
4,O92 32. S 1.6
5.tgo 47.2 2.5
6.5?O 63,5 3.A
?.s6a 82.3 6.2
9.44A 1o4.2 6.?

tr.3a6 t37.4 a.s
12.tt4 t37.5 e .5

oÈL1A loraL
EI¡ERCY EXERGY

KN-H/VOt KX-H/YOt

o.o
o.2Ág

o.249
o.344

o.593
o.5?6

L t 6S
o.844

2.Ot3
l -262

3 .273
t .5o2

4.776
r.883

6. 841
3.O77

t .717
L t 35

to.a33

UN I VERS I IY OF ¡IAI¿ T IOBASOIL MECHAÈ¡CS TAAORAlORY

EIERGY CALCU!A1 t OXS

IIA'URAL SlRA T N

SAHPLE lto. r I ?4o tiÊJi-neäuiri ' '!io*, '*ii::å3"0 "oËll" 2oosaE

P1 EFFECI
stct at
XPÂ

I 60, o

2 87.8

3 8t.3
4 78. t
6 a7. â

I I oo.7

? tts.s

a I t3.3

I t80.8

to tgo.o

EFFECT DEV EFFECÌslGHA3 SIRESS 0CtKPA KPA SIRESS
KPA

75. e 23.5 !4. !
30.t 2?.t 38.6
38.t 3t.2 s6.6
ao.4 36,9 A2.4
a8.B 4t.! so.t
El. B 17 .2 ag.2
8r.4 a4.g ?a.E
70-7 82.8 al.8
8¡.E ?6.t tor.o
Ea. a 78.2 ros.9

AX IAL RAD tAI
slRÂ¡l¡ slRAtl

'l 7

2,Ot9 -O.Oto

2,/¡OO O.O83

2,862 0. tta
g. 802 0.2aa
¡.882 0.16ö

a, aa¡¡ o. ¿t2 I

7 .421 o. ¡t3E

I . O8B o.4!O
tr.g04 0.2a7
12.2øl o, !68

vol LSSV LSì¿V
SIRAI}I

I xpa z

2.Ot6 o.o o.o
2.Aa8 a.B o.4
!.23? 20.4 0, ô

4,ttg 32,8 t.8
8.520 47 .? 2. I
6.?08 83.ß 4,O
a. soS s2.3 8.4
9,824 tg¡¡.2 j.l

l2.OAE rs?.4 9,8
r2.003 ts?.8 ro.3

DEIIA 1OÌAL
EÌERGY EI¡ERCY

xfl.H/VOL XX -t{/YOL

o-o
o.268

o.285
o.154

0. aog
O.BE7

L 208
o.86!

2.OAE
t .ls8

1.42a
1.8t4

L 030
2.Ot?

7.O70
3, a2!

to.493
1.2è4

t I .777



UI{tVERSIIY OF HA'ItfOBA
SOIL ÞIECHAXTCS LABOR,A'ORY

SAHPLE HO. ¡ I 7'O IREHOULOED SAìIÞLE)
SAHÞIE HETGHI AFIEn ÊoXsoItDAItoT ¡ , I.62? cgHTIHEIREsSaHPLE voLuHE aFIER EoilsoL¡DArroH t s2;:i;;-ãüãr. cetr¡rern"ssar'rÞLE aREA aFl€R coxsoLrDArroH . a;.;;; ãõJone cerrrxernes
CONSTAtrl LOAD
PROVTIG RI}¡G FACIOR
P ISIOH ÂREA

IHIlIAL O¡AI READTHG

329

¡ t6.63 X! r.236s P ./DIV. E.O7oo SoUARE cEHIIFIEIREs

' 2t07.00 0IvtstoHs

eND 29Oa8S
sNEÂn tEsl RESULIS SIARt 2ao8a5

COXSOLIDÂTED UXDRAIXED IRTAXIAL TESI
:::::::::::::::;i::::::

PÌ TIHE PRIXG PORE PËR EFFEET EFFECTorar pREss cerll stcHAr s¡cxÃ:RDG |(PA PCS'RI XPÂ KÞA

DISPL
DIAL
RDG

lllF Dev EFFECT RÂrto oF aDEV SIRESS OCI EFF SIGXÀlSIRgSS KPA SÍRESS EFF S I FMÂ3KPA XPA

37.5 a6.2 t09.4 t.6924O.9 al.E tto., t.gEB43.o t5.0 Itt.o 2-O4S45-r 9O,3 1r0.3 2.12ê46.6 93.6 tlo.2 z.tEs48,¡ 96,2 109.9 2-23649.4 94.? to9.7 Z.zss50.6 lot.2 1o9.6 2.333sl.5 to3.t ¡o9.6 ?-37Os2.{ lo4.a t09,3 2.¡O953.5 to6.9 loa.9 2.45954. I lot.2 tos. I ?.482s4.7 too.s tog.3 2.504
9s.l rto.2 ro8.o 2.524Ë5.2 tto.4 to8.5 2.53A
!5.3 lto.B to8.s 2.s4265.3 lto.6 tos,4 2.54786.3 tto.6 tor.3 2,5a956-3 tto.6 1o7,2 2.s7155,3 rto.5 to6.9 2.s7655.2 tro.4 106.E 2.676E5.r tto.3 toa.E 2.s3Ê65.O tto.o tos.o 2,6ttaa.9 tog.r lo3,{ 2.5a3
94,7 tog.{ to2.3 2.683
94.6 lo3.o tot.9 z.a't
94.3 toa.s roo.? 2.A¿264,.0 tor.o g!,a Z.aO3s3.7 to?.3 9ô.2 2.72O53.8 lô?.o 9a.1 2-7285!.4 106.? g7.2 2.aJ353,2 106,4 S6.t 2,?36

to
tt
l2
t3
l4
ts
IG
l1
IE
t9
20
2l

23
24
2S
26
27
2A
29
lo
3l

913 2lo7,qg2O 2t06.0
925 2t06.âgfo 2tos.2
935 2!03.ô
9¡o 2to2.o
913 2Os9. t
950 2O9?.o
95S 2o9a.O

I OOO 2OS I . 5
¡oto 2OE4.O
to2o 2O7G.O
ro30 20at. o
to4o 2OS9. O
r o5o zoso , o
I too 2O4O. O
I I t2 2029 -o
I l2o 2O2 r . O
ttSo 2Oll.o
1t40 2oo2,o
llSo 1983.6
l2OO tsa3.5
l23o t9s5.O
l3oo to27.O
t33O tô09,o
I 4OO I A?3. Ot4so ra¿a.o
tËoo 1a15,0
r64O 1177.O
l0oo t?5?,O
l630 t?31.o
lTOO ttof.o

502, o 600.7 0. o
52Ê.O EOl.a o.ot
54 I .6 SO2 -7 0. ooss?.5 505.2 0.o2
56t.5 605.2 0.o3
s?s.o 5O7.a o.04
saE.5 sOE.4 o.06
59?.S SO9.2 0.09
80¡,5 50t.a o,lt
6ll.o 5tO.7 o.t3
619.O Stl.? o.20
824.o 512.9 o-2a
623.9 512,5 o.3a
832.o 5f2.9 O,42
633.O 513.2 O.a9
634.O 5t3.? o,Ea
str.5 Et3.ô o.6a
634.A 6ta.o o.75
435.4 Bt6.O o.a3als.2 srs.z ó.sr
435.2 5fs.3 0,9E
53S.2 8t3,! t.07
435-2 Et?.t t,32
a3s,o 5ta.2 t.B8
614.8 5t¡,{ Lro
83a,2 Et9.ô 2.03
833. 6 520,9 2.25
832.5 62f .0 2.63
43t.5 623.O 2.ô6
G3t.O 623.5 3.Oa
631.o 52{,O 3.2843o.5 s24.9 3.60

169.5 a4.f
fga.5 a2.A
r 6a.3 t2.3
17o.5 ao.2
172-B 79.o
174 .0 a7 . a
t?s.s ?6.r
t7?- t ?5.9
t?E,3 75,2
r79.2 74.4
tao.2 73.3
lat.2 73.0
tt2.3 a2-a
ta2.s a2,3
142.2 ?r.E
142.2 71,7
la2.t ?t.5
f 82.O 71,4
tôo-B 7O.3
l8o. 6 70. I
tao.4 ?0,o
lg2.l ?t.r
t?E.3 8E.3
176.8 86.8
178.2 85.E
lal . a a5,6
t73.O 8a.3
t71.4 83.4
t8s,? a2-4
180.o 62,O
t 8a.3 6 t .6
I a?. o 8O.6

o.o
o. t7
o. t9
o.30
o.30
o.32
o.33
o.33
o.33
o - 34
o.35
o.34
o,34
o.35
o.36
o.3?
o.37
o.3a
o.40
o.4t
o.4t
o.37
o. ¡?
o.st
o. s6
o.57
o.6t
o. 8c
o-89
o -72
o,7a
o.7a

33 rôoo tca..o 82¡.4 825.8 4,oo !gg.r Bo.3 62.? to5.5 95.6 2.a.9 o.a23. rooo r¡rs.o 82r.6 s26.2 ¿.¡g !g!., se.4 ;ã:; lo{.? a4.s z.a6s o.a6rE 2ooo rsso.o a2j.o s27.r s.or t?z.l ii.¡ ;;.; !o3.r s2.0 z.aat o.s236 2ro3 14?3.8 a2G.6 E2r.s i.io l!9.3 É7.2 ;i:è ro!. r ar.6 z.ao3 o.eesi z2oo r{rE.6 BzG.o s2s.3 ;:;i ll!.g s:.ã ;;.; ro2.E or.E 2.aaa r.o,J6 23oo 13ar.o 62s.o s29.3 e.iz !!].ô 68.i ;ó:; ror.7 eo.o 2.sr3 r.oE3t 24oo r3o7.o 62s.o szs.B i.si !g?.o ss.a ;;:; ror.z ae.s z.òt3 r.rr40 7oo sro.E ß?!.9 sc¡.i rã.iã !99.4 s3.2 ¡;:; s7.2 rs.6 2.sza 1.474r ¿o3 a52.o 6?:.9 s¡z.s i;:ã; !!!.6 s3.r ;;.; E6.s a5.3 z.6ta r.so42 soo ?eo.o 
"??.9 ssi.i ii:i; rla.G 62.s ci.ã e5.? a..r z.ato r.Bs43 roro 732.o Ê??.8 s32.7 ri.ãi r4!.o s2.s a.t.á ss.r a4.6 2.?sE r.6044 lroo 6a3.o sz?.o s33.r r¡.i! t¿z.z ¡ 2.7 ¡;:3 e4.E a4.z 2.as4 r.Ba



SAHPLE RO. , f 74o I REHOUIOED SAHPTE )

cotasoLtDAttor axIAL sTnESS
FREEO}ISOL IDAI t Of PRESSURE
¡oeHALtZtflc SIRESS

IIDRHALTZED SHgAR 1ES1 REsULTS

! t60.03 KÞÂ
! t60.03 kPÀ
! tgo.03 KPÂ

sTARt 28OAA5 290AA5

PI PER XRI,IL ZD
CEHÎ HALF
PCSÎRI OEY

StRESS
KPÀ

EFFECT HRHL ZO XRI,IL ZD
RÂII O OCT CXAflGE
SICMAI SIRESS IT PWP
S I GHA3 KPA XPA

I o,o
? o.ol
3 0.oo
{ o.02
5 o.o3
5 o.o4
7 0.06
8 o,ogg o.tt

to o.13
I ¡ o.2O
12 o.2a
! 3 o.34
t4 o.42
ts o.49
15 0.5E
17 0.6r
I a 0.76
19 o.a3
20 o.9l
2l o.98
22 |,o?
23 1 .32
24 1,56
23 t.!o
26 2. 03
21 2.2a
2a 2.53
29 2,A5
!o 3. 04
3 t 3.26
32 3.50
33 4 . OO
34 4.49
ls 5-ol
36 6.50
37 5.97
3A 9.4?
ls 6.04
40 I O.3a
4l to.a9
42 ! L37
43 I I .93
44 t 2.35

o.235
0.2s6
o.289
o .282
4.292
o.300
o.30Ê
o.3t6
o.322
o.32?
o.334
o.33t
o-3{2
o.344
o.345
o.345
o.34S
0.345
0.346
o.34S
o.34S
o.345
o.344
o.343
o.342
o.34 t
o,33€
o.33?
o.335
o.134
o.33a
o.332
o,330
o .327
o,324
o.322
o.320
o.3ta
o.3t6
o. lo4
o.301
o.29S
o .297
o.293

892
9A8
04 5
126
tô5

2-2tG
2 .28=
2.333
2,370
2-409
2. t59
2,4A2
2.504
2 ,524
2.53t
2.542
2 -541
2. S4S
2.514
2.376

2.536

2.643
2.663
2.66t
2 .6A2
?. ?o3
2.720
2 .726
2.733
2.75S
2-145
2.763

2. AO3
2,7AA
2.A13
2,at3
2-¿2a
2.A11
2.ato
2, ?9a
2-794

o.6a3 0.o
o.6at o.oo?
o.693 0.ot2
o. 6a9 0.o2¿
o.8a9 0.o34
o.686 0.o42
o.8a5 0.o4E
o.645 0.o53
o.885 o.05?
o,8Â3 0.062
o. 881 o. 069
o.642 0.071
o. EE3 0. o?4
o.68t o.0?6
o.679 0.o?!
o.57¿ o.oal
o .6a1 0. o82
o.676 0.o83
o.57O o.o89
o.66t o.o9 1

o,667 o.09l
o.67A o.oa2
o.656 0.1o2
o.64€ o. to9
o.839 0.t!?
o.63? o.tt9
o.629 o_126
o. Ê21 o. t 32
O.614 O.139
o.610 o. t42
o. 8o? o . t 4 5
o.8qo o. t5r
o.59? o. t56
o.stg o. iE9
o.sEt o. tBs
o.s72 0.112
o.s?l o.t72
o.562 o,179
o.859 o, tal
o.835 0,202
o.633 o. t99
o.83O o.t99
o.529 0,200
o.526 0.202

330
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1I: coxsoLroaltoH sraRl r6o8asTR¡AXIAL COTSOL tDÂIIOft IEsI EilD 3O0AA6

PI EFFECT
s¡6HÂt

I 50. o5
2 57.53
3 65.42
4 ?6.3A
s a7.92
6 loo.99
? I 16. 05
a t 33.35
I t 59 .41

lo 159.62

EFFECT SIRÂtNI
S T GMA3

26.50 2.39S
30.SO z.ao7
35. to 3. rs?
40.50 4,2O7
45.50 S.433
53.60 6.s94
6 t . 5ô E.49O
?o.7o to. t63
E4. ao 12.a72
ô4.80 t3.5A3

2. tf 5 -o. t32
2-7SO -o.o29
3.43t o.tt7
4.368 0.o90
5.632 0.too
7. OO3 0. o55
E .4SO -O. OOO
9.936 -O.tt3

I t.83O -O,52t
r 2.?as -o.388

34.3s 23.5s
3S . 54 27 .13
45.54 3t.32
52.48 35. aO
60.37 4 t .32
89.40 4?.39
?s.75 s4.45
9 r . sa 62.65

109,6? 74.81
los.74 a4.a2

19! glE srRA r x3 EFFEcT oSTRAII P
V SHEAR

STRATÈ

I .3O2 2.to2 I . Aô7t.2a8 2.2A6 t.a91
I -?72 2.2a2 2. OS3I -249 2.249 2.145l-22O 2.22O 3,556r.ta8 2.taa 4.55!
1.153 2.rs3 5.860t.1t9 2.ltg 6.Asr1.O74 2-O74 A.g2ALO52 2.o92 8.321

YOID
RAIIO

SUMMARY OF ESSEIlrAL RESUTIS STOREO II{ FI!E

PT SIG}.IAI

t 60. 05
2 67,83
3 a6.42
4 ?6.3a
5 !?.82
6 too.09
? tt6,05
I t 33.35
t t g9 . ¿ I

to t60.82

SI6HA3 SIRAII'

25,50 2.388
30.EO 2.AO7
35.to 3.to?
lo.Eo 4.2O7
48.30 5,4r!
85. 80 6. !o4
at.8o E.4to
70.70 to.t83
aa . to 12. a12
t4,AO t3,Ea3

sTRAtx3 v

-O.132 2 -3O2-O.029 2,2aB
o.'tt7 2.272
o. ogo 2,ztg
o.100 2.220
o.oE6 2.trE-o. ooo 2. I 63-o.ttt 2-tt8-o.62t 2.O71-0. lr9 2. 062
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EEERGY CALCULAT¡O},IS

EH6tHEÊRING SIRAIH

SAXPLE TO. I I ?4I fREHouLDeD SAHPLE,TEsr ResuLls sraRT r aoag6 epõ-' ioog66
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P1 EFFECÍ
SIGHAI
XPÂ

I 5O. I

2 sa.6

3 66.4

4 76,4

5 87,I

a 10t.o

7 tt6.l

I 133.4

I 159 . {
to ts9.6

EFFECÎ DEY EFFEC:
S I GMÂ3 SlRESS OCTKPA KpÀ SIRESS

XPÂ

2B.S 23.6 r4.!
3O.5 27.1 3E.S

35.1 31.3 4b.E
4O.S 38,9 B2.S

46.6 41.3 Bo.4
E3.E 47.4 6S.4
5r.6 54.4 ?9.A
7O.7 Ê2.7 81.6
a4.a 7a.6 lo9.?
a4.a 74,9 tos.?

DELlÂ IOIAL
EHERGY EI'ERGY

xil-H/VOL kH-H/VOL

o_o
o.275

o,27S
o.337

o.El6
o,701

t.3t7
t.ol6

2.333
I .339

3. 587
I .6?0

s. f 37
t .935

7 .27?
3.332

I O _ 804
t .342

r I . s4s

AXIAI RÂDTÂL VOLsfRÂtH SfRAtX slRAItzrz

2.3S9 -o.t32 2.t3s
2-AO7 -o.o29 2.76O
!.t97 o.lt? 3.43t
4.2O7 o.ogo 4,38g
s ,433 o. t oo 5. 632

8.a9{ o.065 7.OO3

4.490 -O.OOO a.49O
lo.t63 -o.lt3 9.e36
12.A72 .o.62t tt.a3O
13.583 .o.3SS t2.7a5

LSSV LS|aV

xPA I

o.o o.o

9.5 0.4

2O.4 o.9

32.9 I . a

¡7.4 3. t

83.7 4,3

a2.6 6. I

ro4,I ?.a
137,O to.s
l17. t 11.2

UIi I VERS I TY OF MAN I IOBASOll ?,lECHÀRtCS LABORAIORy

EtrENGY CALCULATTONS

PÀTURAL STRAIX

SAHPLÊ lio. ! I ?4r tiËii-neiüiri'lio*,'*Ti3::3""'o:iå', 
3oooas

PÎ EFFECT
s¡6HAt
KPA

| 60. I

2 Êa.E

3 8A.4

4 7a.4
6 a7,I

I to!,o

? tt8.l

a t 33 . 4

s t6g,a

lo t59.6

2.428 -O, t3B

2.a47 -o-olo

3.248 o,l2l
4.28A o-ora
8.608 o.t06
?. t63 0.oEs
6.A?2 -o,ooo

to.?t7 -o, t28
t3.77E -o.804

t4. E9ó -o.460

lSSv Lsxv

XPA Z

o.o o.o
9.6 0.4

20./¡ o,8

32,t t.o
a?.4 !.2

83.7 4.7

42. E s. ¡¡

to4.t B.!

| 3?. o I I . /¡

t17.t 12.2

DELIA lOTAL
IXERCY E}IERGY

Ktl-Àl/vOL xß-H/yoL

ô.0
o.2ôE

o.296
o,540

o.814
o .12¿

I .3a2
1.o8a

2,atl
I .423

L 884
I . got

8.863
2 . t 3J

?,toE
3, ?5a

I t . BCO
| . E:8

rt,086

EFFECÎ DEV EFFEC,
s I cta3 slREss oclI(ÞA KPA STRESS

XPA

26,8 21.6 s4,3
30. g 27 ,1 38 .6
lB.t 3r,3 aB.E

4O.B ¡8-8 92.6
¡1s.3 at.! 8O.4

Ef.8 47.4 08.4
Et.E s4.4 t8.8
ao.1 82.7 st.8
84.A 74.A 1o8.7
84.A 74-A tos.?

AXIAL RADIAL VOL5lRAIß SIRÀ¡T STRÂITì1 z1

2. I ta

2.7Aa

3,49t

4. atg

õ,787

1 .2AO

4.672

to,4sc

12,880

r3.679
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9AHFLE HE¡GHI AF'sR EoI¿soLIDAIto,I . ! I .33a cENTtHEîREsSAxPLE voLuHE AFtsR copsoLtDÂlroß t 623.;;¡ ãiä¡c cs¡rlxernessatlPlE aRea aFIER coxsoL ¡ DAr ¡ ox , ;;:;sò jõõo*" ce*, ¡".r¡",
coHslÀìrt LOAD
PROVIÈG RtHG FACIOR
P t SIOX AREÂ

IRITIAL DIÂL READrÀC

sHea¡ TESt Results staRT 3OO8õg EXD 3 1OA85

gÂHPLgHO.sT?€l I RE}IOULDPD SA}'PLE }

COflSOL¡DA7ED UflDRÀ'HED IRIÂXIAL fEST

16 . 04 X
l-3370 X ./DIY
s.o7oo sQuaRE CEtrf tHElRES

f7s2.OO D¡Y¡SIOBS

333

PI 1 tHE OISPL PR¡XC
DIAI DIAT
RDG RDG

r ?82. O 4É2 -O
lt5r.5 490.O
1749 . O S t 6. O
174G,O 530.5
1743.O 54O.O
t7ao.I 5¡6,O
1736.q 554.O
1a32-O S50.O
1725.5 583.O
t725.5 56?.o
1721.S 569,5
l?t?,5 5?t.o
t7t3,o Ê72,O
| 89t. O S?4. O
l8a4.o s?6.o
1666.6 5?6.O
1647. o 5?5. O
ta22.o 5?6,O
l5Et,o 5?5.5
1531.O B?4.3
I ¡¡a3, o 5?3. O
I 442. O a72. o
t3tg.E 57t.O
1 330. o gto. 6
1287. O E?O, O
rt63,O 988.O
1077.o E8a,O
B8S.O 587.O
E90.O Sa?,o
445,O E6A.Ë
39t.o 885.O
372.O EÊ6,o

PORÈ PER EFFECIPRESS CEXl s t cHA IKPA PCSÎRH KPA

5OO.2 O.O !60.?so2.2 o.oo l?o.0
603.8 o.o3 176.2
605.2 0.o5 179,2
soa.2 o.oa f?a.9
6Ot.9 o.to tEO.l
5o9.7 o.l4 taz.r
51o.4 o.tå ta3.l5to.9 o.2o 1a3.45rf .4 0.23 tE3.r511.6 o.27 lEA.r
512.O O.30 1a4.2512.4 o.3a tE4.O
5!3.2 o.49 ts3.6Éla.o o.8o tE3.9
Et5.o o.?6 1a2.2ctE.9 o.â3 t!1.4El7.l t.t5 tto.2E¡a.o t.6r 17a.2
620.4' -t.ts l7E-2
52o.a 2.37 174.o322,A 2.73 172.r624.O 3.23 t?o.o526.r 3.72 r€a.2
826.9 4.3? t88.t829,6 5.t8 t63.7
627.¿¡ 5.AE ttt.9
630.4 9.84 t6a.t530.2 ro.26 1a4.2Ë31.4 tt.53 tEr,r
631.4 t2.oo t5o.a
53O.7 12,17 t30.!

EFFEC'I HALF
S ¡ CHA3 DEY
KPÀ StRESs

KPA

DEV EFPEC'
stRe35 0cl
KPÂ s TRgss

XPA

75.E 11o,2
t7-3 llt.!
95-2 112.1
99.s r12.r

lo2.Á lto.6
1o4.2 lto.E
to6.s ltt.l
I 08 . 3 I I0. I
ro9.2 t to.5
llo.4 ttq.2
llt.t tto.o
llt.5 lo8.s
tlt.! tog.5
112-2 tor.a
112.3 lo9.o
r t 2 . s 107 ,2
t12.3 to6.5
l12.o to6,E
¡lt.s to3.9
!ro.5 to2.6
lo9.E too,r
toa.s t9.5
tol. t 97.9
ro7. a t5. g

to6.6 96.0
to6.a 03.4
lO4.l AZ,4
too.o a7,1
89.2 8A. t
97.7 88.?
57.O a5,l
s8.9 a8.2

lo
tl
l2
tf
t4
ts
t6
t7
TE
t9
20
21

?3
24
2g
26
21
2A
zs
30
3t
32

800
to5
6 to
Et5
ô20
425
430
a3s
aao
ô45
450
455
900
922
940

I OO4
I0to
I loo
I ts5
| 300
1403
I EOO
tBr t
1 726
troo
2to3
2266
to5
s!a

1260
I 400
ta2E

3? .9
43 _ 7
47.6
¡9, a
5t.2
32. t
s3
54
54
55
E5
55
55.9
66. r
56. r
s6. r
66. I
56.O
E5. !
sE.3
s4.9
54 . S
54. t

53. J
s2-7
s2.2
lo.o49.6
aa.a
4ô.5
4A.6

o.0
o.17
o. ts
o.2t
o.3q
o.31
o.3t
o.3t
o.32
o.32
o.32
o,3t
o.34
o.36
o.3E
o.40
o.43
o.47
o,50
0.5a
o,Bt
o.8a
o.7¡
o.79
o. a3
o.ô9
o.96
I .25
L2A
t . a3
1 ,47
I a¿

84.9

at.o
19.7
76.5
75 .9
75 . 6
14.A
14,2
73 .4
73 -O

7l.a
71.6
63.7
69. r
aa.2
86.?
85.6
64 -2
63.2
6r.9
60. t
69 .5
Bt.3
57 .6
84. I
c5-o
54. r
63. A
s3 ,9

RÂ1IO OFgFF SICHAIgFF S I FI4A3

r .493
2.O56
2. t15
2,249
2.33A

2.409
2. {47
2.17 1

2-504
2.822
2.63{
2. A4t
2 .512
2.S8t
2.8t4
2.525
2, Ê42
2.672
2.6tS
2.?ro
2 .124
2-74A
2.aa7
2,752
2.lOS
2.Ett
2. ¿4a
2. a04
2, AOõ
2. aoa
2.7A9

3Al{PLEXO.rt?4t ( RE}IOULDED SAHPTg )

colts0LtDAf toti Àxta! stREsS
ÞReco¡so L ¡ DÂT t ofi PRESSURE
ÈORHALTZ¡¡G SlRESS

¡ORXAI ¡ZED SHEAR IESI REsULTS

PI PgR IIRI4LZD E¡rAClCE'II HALF RAÎTOPCStRli oEv s¡c¡la,
stRgss sIEr{a3
XPA

! tsg,52 KPA
' ts9,82 KPA¡ I69.82 XPA

slaRf !oo8a6

I'RHI ID T¡RHL ZD
OCI CHAflõE
SIRESS IÌ PWP
XPA XPÀ

EIO 3toB¡5

I

4
s
5
1

I
o

o.o
.o.oo
o.03
o,oE
o.oô
o. to
o. ta
o. tc
o,20
o,2l
o .27
o.30
o. t4
o. a0
o. aô
o, ?6
o. al
t.lB
l.Et
| . t6
2.t7
1.7t
3.23
t,a2
a .37
8. 19
6.0È
0.ç4

to.2g
I L õl
t2.oo
12.17

o.?37 t.!r3 o.G8O o.o
9.??3 2.oEa o.?oo o.or3g.?gg 2 . 116 o. ?06 o. o23
9.1!? 2.24s o.|oa o.o!t
f. i2 I 2.33s o. re! o. oBo
9.1?8 2.372 o.E93 o.oEs
9. !!1 2 .4oa o. so 6 o. o8o
9.1!8 2.441 o.8e6 o.oa4
9. !1? 2..7 | o. 8rs o. o87
9.!19 2.604 o.!eo o.o?o
9 - 11! z.s22 o. 3ae o. 07 I
9.1!l 2. E!4 o. Ela o. o?4
9. ryg 2 .5.8 o. Baa o. 0?6
9.ll? 2.è72 o. Er2 o. oE tg,ll? 2.s!ô o.!r! o.oc6
9.1!3 2.6t4 o.ê72 o.oe3
9.1!? 2.a?6 o.887 o.oos
?.19! 2.ø42 ô.!rt o. lo5g. lt! 2. a72 o.86 t o. t t 2
9.t1! 2. srE o. !42 o . 127
9.111 2 -7 to o. 33 I o. I 28
9.!! ! 2 -724 o. 823 o. 1 42
9.ll! 2.a4a o.8t4 o. t4!
9.:!g 2.7s7 o. aoE o. r 5Ê
9.llt 2.7s2 o.6os o.r8r
9.1!g 2. aos o. Brs o. I 8s
?-l?! ?-Ett o.E?s o. r7o
9.1!r 2.E4a o.r.! o. tas
9.1!! 2.ro. 0.882 o. ls6
9.:9! 2.ror o.s43 o. re6
?.191 2. åo4 o. E4o o. I e6o.so4 2.79D o.ã40 0. tet

22
2t
2l
2E
?6

2à
2S
30
lr
!2
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II: COilSOLTDAItOX SfaRl t60985TRIAXIAL COI¡SOLIDATTOT IESf
:::::i::::::::::::::::::::;

EHD 290aa5

P1 EFFECT
SIGHAI

I so. 03
2 s7.71
3 86.4S
4 76. a6
5 a7. sa
5 lot.26
7 t 16.40
a t 33. ?O
9 t59.63

lo r59.a6

EFFECf STRA¡ffI
slcÈtÂ3

2E.SO t.ago
30,50 2.sOE
35.20 2.1AA
40, SO 3.477
4 6. 6O 4 . 603
s3.80 5.91A
8t.?o a.317
70.90 6-57?
44. ôo I l.4as
t4. ôO 12.207

V SHEAR
SIRAIf,

y9!uME slRArx3 EFFEcT aSTRAIX P

2.Osq o.o8o 34.3ô 23.53
?.?47 o. t?l 3e.s? 21.21
J.393 o.26s 4s.62 3'.2s
!.rJ4 o.34s s2.4Â 3s.35
:.162 o.424 60.3e 4r.38
9.9t3 o.44? 59.19 q7.88
l.?lo o.43r ?e.s3 s4.?o

_9.!!r o.33e et.a3 52.ao
ll.l!, o.oss los.?4 ?4.!3t2.53A o.t65 tos.a2 7s-05

.315 2.315 t.206,3Ot 2.fol t.423.2as 2.2A5 I .688.2S5 2.285 2.086.235 2.235 2. ?AA.202 2.202 3.Aa?.tag 2.t69 4.830.135 2.t35 5.785
. o9o 2. oso ?. 636
. o8? 2.O67 a. o2a

votD
RAIIO

SUMHARY OF ESSE¡I'tAT RESULlS SIOREO tI¡ FTLE

PT SIGHAI

I 50. 03
2 67.71
3 98.46
/¡ 76,45
5 E?.08
I tot,28
? I I S. ao
a ttl,?o
I I B3 . g3

ro t!9.aa

S¡GHA3 SIRAIXI

28,80 I . Aro
30. Eo 2. lOE
36.20 2.7eA
40.80 3.a?7
¿G. BO 4.80!
63.00 t.ttg
Bt,?o 7.377
70-0o a.872
44. go I I .4aA
44. 80 12.20a

SÏRA¡[3 Y

o. oao 2 .3 t 5
o. t7t 2.301
o.2aa 2.2A5
o.3a8 2,2AË
o,424 2. 235
o.4f? 2,202
o.¡t3l 2. t80
o.lls 2 . r !E
o. osE 2, OOO
o. t88 2.OA7
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EBERCY CÂLCULAI t OHS

gHclt{EERlRc STRATÈ'..s

SÀHPLE ¡,o. ' f 712 IREHoULDED sAHPLE)1ESÎ Resulls sfÀRt I 6Oa85 exo-' 2SOAB5
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P7 EFFECI
SIGMAI
KPA

I go. o

2 67.7

3 A6.6

a 78.4

5 aa. o

e tot.3

7 tt6.a

a t 3¡ . ?

s t69.6
to t89.9

AX¡AL RÀDIAL
slÂaIx stRAtt

I . ö90 0. oao

2 _ 305 0. I ? I

2-766 o.2BA

3.4?7 0. J49

4.603 0,424
s.8ta o,4{7
7.371 o.4f I

4.972 o.33S

t r.4a9 o.o35
12.207 0. t66

EFFECI DEV EFFECTs¡cHÂ3 SfRESS OCl
KPA KpA SÎRESS

KPA

26.5 ?3.5 34.3
30.õ 2a-? 39.8
36.2 31.3 45.6
40.6 35,S 52.5
46.6 4t,4 60.4
s3,a 47.a 69.5
81.7 54.7 7S.9
7O.9 62.A 91.a
a4,a 74.A tog.7
aA.a t5.t lo9.s

Ygt LSsv Ls,,tv DErta totaLSlRAIHI Kpa * .i:;ii;. *;i;ií;,
2.o5o o.o o,o
2.64a 9.6 o,{ 

0'276

J.jo3 20.s o.9 
o 3so

4.174 J3.o r.g 
o's.e

5.as2 4?.4 z,a 
o'gÈ2

5.!r3 64.0 4.r 
r'287

s.24o a3,o s.6 
l's69

9.6sr ro4.6 7.1 
l'aaz

rr.5E9 t37.t LA 
3 2la

rz.s3B rg?.3 ro-3 
l'laa

o.o

o.27 6

o.62È

r . t 94

2. ta6

3.45{

s. o23

6. A9S

to. r t3

I I .4A2

UflIVERSTIY OF HANTTOAA
SOIL HECHANTCS LArORÂlORY

gflERGY CALCU!AlIOXS

¡AIURAL SIRATH

SAI,IPLE NO, . f aA2 ticir-Reiüirs'iío*,'*i::::3'o'oIi¡u, 
2sorõ5

PI EFFECf
stcltat
XPA

IPTECI DEY EFFECÍ
s t cHÂl slRÊSS oclI(PA KPA SIRSSS

KPA

28.S 2!.9 94.3
lo,E 27,Z !9.6
lE,2 !t.3 ra.a
4O,A s6.o 52.8
ao,g 4t.¡ oo.4
a¡.8 at.a sa.6
8t.? g¡.t ?o.o
to,E 82.6 ot.a
0a,a ?a.a tor.?
o4.E ?s.t tog_s

AXIAI RADTAL
SIRA¡X SIRA¡¡

At

I . SOô o. oa2

2.3t2 0. t76
2, AOb 0.2?8
3.C30 0,382
a-712 0.a4?
8. rot o,4?6
7.s83 0,496
0 , aoo o. !?¡

l2.2oa o, o4O

lJ.Ot9 0. !as

YOL LSSV
STRAIX

I xp¡

2.O71 o.o
2.8a3 s. B

3. laa 20.6
4.283 15. o

8.806 17.4

7.o58 s4,o
4.6t0 ar.o

to.l¿g toa.8
r2.2ô3 t3?. r

tt.38? 137.3

ISTY DELIA 1OÎAL
EHERGY EXERGYI X¡r-H/yOL KÈ-H/vor

o.o
o.28t

o.4
o.3ao

o.0
o.ga8

1.7
I . Otô

2.9
t.t¡¡4

4.2
I .890

a.a
2.O40

7.A
t,8t2

to.3
t ,556

tt.t

t 8O.O

2 67.7

! e 8.4
4 t8, ¿¡

B aE . o

0 tot.r

? r18.4

a ttt,?

I ! s0 . E

to tt8.s

o,o

o.2a2

o. e42

I .21I

2.270

3. At4

B. lo4

7,36t

to.åa3

l2.6Aa



UHIYERStTY OP !4Aff tlOBAgOIL I'IECHÀ}'tCS LABORAfORY

gÂHPLE Xo. . 7 712 ( REÀ40ULDED SAHPLs )

SÀl4PLE Hg¡GHt AFIER COrcsoLtDAltOH r I I .s72 CgHrtHEtRgsSaHPLE voLuHe aFrEÂ conso-LrDÀrroR . sr;.t;; ãtär. .""rr"sr"e,satilPLE aREA ÀFTsR coxsoL¡DAr¡ox . -;;.;;; 
iõõo"r."¡r¡*rrn"s

co¡rstar¡T LOAD
PROVIIIG R¡IIG FACÌOR
PISTO}i AREÀ

THIfIAI D¡ÀL REÀDIXC

336

r 6. s5 H
1.O225 x./Þtv
s. o7óo souaRE CENItHEIRËs

r 2too.oo DtYtstoxs

gHEAR lESt RESULTS slaRÌ zgOAES EID f0o8a5

CONSOL¡DATED UHDRAtTED IRIAXIAL IESI
i:ì:::::

PI 1 TXE PR¡XG PORE PER EFFECT
o tal PRESS CEtl s t Gxa IRDG XPA PCSIRN KPÄ

EFFECT HALF DEV EFFEC, RAITO OF AS¡ CHA3 DEv s?REss ocT EFF . I;HA IKPÀ srÀEss xpa srRgss ErF s ¡ pxÀi
KPA KÞÂ

9!-a 3?.. a4.a lo0.B ,.aE4
!2,E 19,3 7a.1 tog.o t.9soat.t 40.! El.6 tor.: 2.00679.1 â2.1 E4.l lo?.? 2.Os67a.5 43,6 a7.3 to?.6 2.112a1 .o a4.E !9.? 106.9 2,t6¡
!s.1 .6.t 92.3 to6.s 2-2ts
15-2 11.5 95.t 1q6.9 2.265
11 .s 4a,a 9?.s to7.o 2.3oe
ll.t 4s.s 9s.9 ro?.r 2.3s3
l1.r 5l.o lo2.o re7.t ?.39s
12,6 a2,2 1O4.a t07.4 2.43A
11.9 s3.2 106.3 1o1.2 2..ai
lt-2 s¡.9 to7.s to7.2 2.Sts
10-s 5..6 1o9.2 107.3 2.s40
?9.8 s4.? to9.3 106.9 2.ssl
!? t 54.5 ros.3 to6.3 2.s64
9? .6 64 .6 tos .2 lo5.9 2 -3; tsa.6 64,5 to8.o to4.a 2.SA9
9?-9 64.s toE.g lo¡.2 2,8o4
9].3 s4.! tos.6 to3.s 2.8t4
9!.E s4.2 roô,5 fo3.o 2-a24
l! .2 E4 . I tor.z roz.3 2.634
99.6 s4.o roE.o ror.6 2.sa6
96.0 53.A 1o1.7 too,9 ?.887
9! .O 63 .7 t 07. E ,9 . ! 2.57s6?.1 E3.E ro7.r sa.. 2-7OE63.2 53,4 to6.? 9ô.r 2.8AA
92.6 sb. I to6.J ¡a.o 2-Ba8
90.6 s3.o ro;.r es-l z.lat
9o.s s2.j roE.E s6. r 2..73a60.4 52. 6 tos,3 95.6 2.71a

DISPI
O¡AL
RDG

r aos 2too.o
2 at6 2099.S
3 a2o 2OSE.r
4 ô2A 2097 . as t3O 2096.O
6 a35 2094.O
? a{t 2O9t.s
r a4E 2Oô9.S
I t5 I 20å6.5

to tEs 2OA3.O
I ! 9OO 2075,2
12 3 lo 2072.3
| 3 92O 2084. 5ta 93O 2Og5.O
t5 94O 2046.O
t 5 tso 2035,5
17 too3 2026. o
la toto 2Otg.o
t9 to30 t900.o
20 to¡s 1SEs.o
2t Itoo rs?o,5
22 trts t95?.S
23 tt30 t943.O
24 t E4E t !29 ,626 t2oo lst5.o
26 l23o I AE 6. O27 t3o7 tgct.o
2A t3!t t¿27.O
29 taoo t?9r,8
lo t4to l77l.o
5t t6O0 1747.0
32 tE3O r?t{.o

BO?. O SOO.2 o. o624.O 5O2.O O.OO
63?.o 5o3.S o.ql
84r.S sos,2 0.02
662.5 509.3 0.03673.o 5o?,6 o,056ts.o 5O9.3 o.o?
897.S 5O9.5 o.o9
70ô.s 5to.2 0.12
719.o 5tl,o o.1572A,5 51t.? o.tE
?39,5 5t2.t o.2474a.6 5t3.O O.31768.a 513.6 o.39
7Ê2-0 513.6 o.4a
783.{ 5t4.6 o.55
763.6 5t{.9 0.8s7A3.6 815.6 0.70763.E 5r6.2 0.s5763.6 6i5.r, -ö.99
763.o sta.l 1.12?62.E 5ta.2 t.23782.O EtE.4 t.36762,O St9.? l.4t761.o 6t9.t l,607El.o 520.6 t.a576t-o E2l.r 2.i57BO.B 522.O 2.367S¡.6 522.O 2.Bt?69.O S23.E 2.A47Ea.6 524.3 3.OS758.5 624.o 3.34

t 59 .5
16I.5
162 , ?
163, A
f 65.8
166.7
| 6a. o
I ?O.3
112.o
173 . 7
175 - I
171 -O
t 76 .

t73.
t ao.
1t9.
t:9,
1?E.

o.o
o.47
o.49
o.s4
o.49
o.50
o. s2
o,46
o.44
o.a3
o.42
o.40
o.¡l
o.4l
o.39
o .42
o.43
o.as
o.41
o.43
o.53
0.54
o.55
o.B9
o,80
o.62
o.6?
o.8l
o.89
o.76
o.70
o. ?a

171 -8
t 76 . ô
l7s . I
r ?a . 3
t ?4.4
173 . 6
172.7
l?r,5
t 69 , t
t 89 .9
I Bt . s
I ß5.7
t 85.4
r 8s.7

13 raoo ta!ó-6 
"gs.o s24.s 3.67 !g?.2 8o-3 ê2-1 to4.9 0Ë.3 2-7rs o-8114 lr3o 18õ6.5 7s?-E s23.6 ;.;á !9!., 6r.. ;r:, ro4.5 eô.2 z.ao1 o.7e3E lroo r62r.s 79g.o s2e.7 ;.õ; !9?.4 ia.¡ ;;:; ro3., es. r z.aas o.ar3a r¡oz is?o.o 
"96.0 s26.6 ;:;; !g1.9 si.i ;;.; ror.3 e4.r 2.7ro o.!e37 reoo 1613.5 ?Es.o sz7.j 5:ó; ll!.1 si.i ;;:j ro2.6 8r-3 2.7s7 o.esr! 2roo r.or.o ?i2.5 s3o.o ;.;; !!!.7 64.s ;;:; r9t.r aa.r 2.r¡r r.r.re z2t4 r3rr.o 
"sr.s ssr.¡ ;:;; l:3.3 Es.. ;ã:; se.e 16.? 2.a72 r.26.o z4oo t22e.s 
"9o.o s32-o ;'.;; !:1.4 s2.4 ¡.:; !?.o as.4 z.are r.3z4t roo laÊ.o r42.s s!s.E ri.¿i !1?., 4s.z l;:; e3.2 ao.ô 2.a7â 1.s2.z so6 7rs.o ?11.: s:s.i i;.;t 113.0 4s.6 ;;:; !2.4 ao.4 2.r€3 z.o243 e3o Beo.o t_01.9 sss.¡ i;.i; !4r.6 .e.a á;.; ?2.2 !o.o 2-Bjo 2.o244 roos sga.o a1o.o s¡s.ã it.;; i¡o., ea.á ;;:; st.a ?s.a 2,Da4 2.oE



SAHPLe ÈO. ',1 142 IREHOULDgD SAHPLE)

co¡soLtoaTtoÞ axIAL SIRESS
PRgCOHSOL IDAI¡OP PRESSURE
iloRHALt¡ttc STRESS

ÈORHAIIZED SXEAR IEST RESULTS

I5O.AE KPA
I BS. g5 KPA
t6'-EE KPÂ

stÂRt 2toaag 337
3008 a 5

P1 PER XR¡ILZD
CEHI HALF
PCSlRfl DËV

STRESS
XPÄ

t o.o o,23a
2 o.oo 0.2¡6
3 o.o1 o.2ss
4 0.o2 0.2635 o. 03 o,27a
6 o.os o,28O
7 o,o1 o.2E9
a o. 09 o -291g o.t2 o.3o5

to o.ts o.!12
tr o.lt o.3r9
12 0,24 0.326
t3 o,3t 0,333
t{ o.39 0.337ls o.4? o-f42
16 o.56 0.342
11 0.65 0.342
tô o.?o 0.342ls o.95 o.34r
20 0.99 0.341?1 1.12 q.34O
22 1.23 0.33923 1.36 0.338
24 1 .41 o.33E
23 l.8o o,33?
26 l.8s 0.3¡6
21 2.t5 0.335
2¿ 2.36 o.!34
a9 2.6t 0.33230 2,A4 0.33131 3.O9 0.330
32 3,34 0-329
33 3.5? 0-328
34 3. t3 0.321
35 4.O1 0.32536 {,56 0.32331 5.O? o.3213a 6.04 o,3t6
39 5.82 0.3t340 1.52 o.3to4t tI.44 o,2s2a2 tl.9? o.2a9a3 12.ta o.2aa
44 12.ô6 0.2aa

ÈFFECT XRI{LID
RÂlto ocl
S¡GHAI STRESS
S I C¡IA3 KPÂ

t.aE4 0.6a6
r.95o o.sa?
2 . 006 o. 6?¡
2.056 o.6?a
2-tl2 o.6?3
2.164 o.869
2-219 o.886
2 -286 0, 6 8S
2.3O9 o. 889
2.353 o. 6?0
2,38s o.6?o
2.4ta o-672
?,4a1 0.6?t
2 . 5 t 5 0. B?o
2 .sao o. 6? I
2.55r o.689
2,564 o.665
2.57r o.662
2.5û9 q.656
2. 604 o.652
2,614 o.64t
2.624 0.6a4
2 . Ê34 o. a4o
2.6a6 0.636
2.8S7 o.83t
2.679 0.624
2 . ?OE o. 6l 6
2.8tA o.6lr
2.89t o.6t3
2.712 0.80¡
2,732 0.80t
2.71t o,59?
2.739 ø.5à6
2.7O1 o.8o2
2.175 o.5a3
2.73o o.Bô9
2.797 o,57l
2.E5t o.562
2 - ¿72 0.642
2. EAg o.6!4
2. a75 o. EoE
2,t83 o.so3
2.8?O o.60t
2.8A4 o.4t8

{RHL ZD
CHATGE
II PWP
K PÂ

o.o
o.ot t
o. o2l
o. o3 r
o. o3a
o.o46
o.o57
o. os9
o. oÊ3
o.oBa
o.o72
o,014
o. o80
o. o84
o. ot4
o. o90
o.092
o.o86
o. I oo
o . I 04
o.t12
o. t t3
o.tt4
0.122
o. t 23
o.127
o.135
o. t36
o.136
o, t 48
o.lst
o. r4e
o. rE2
o.145
o.t86
o. t69
o. t72
o. t86
o. t0a
o. t99
o .22t
o,223
o.220
o.2lã



uNtYERSttY OF HAI¡tlOga
SOIL MECXA}¡ICS LABORAIORY

SAÀ{ÞLE PO. ¡ 1 
'5 

I f REÈIOULDED SAHPLE )IxrrlAL MDrstIJRE cor{tE?rÎ ; ;;:o peRcEHrSPECIFIC GRAVIly OF SOIL E 2.j3 _ - -'
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TX. corsoLIDATtOX STARI t3038STRIAXIAL COXSOLTDÂTION rgSI exD 2?O3As

PT EFFECf EFFECT STRATTI
S¡GHAI SIGHA3

YOIUHE STRAIR3 EFFECISIRAIT P

2.2a1 o. I 83 34 .3?2.?59 o_29i 35,543.333 o.f9l 4s.s24.067 o.4ao s2.495.oa8 o.s55 60.406,37O o.54s 69.467-1AA o.486 7S.S99.332 o.33A 9l.atrt-323 -0.to6 tog.64to.2s? -a.241 s4.93to.09 I -o.3o5 s4.919.99O -O.atE 55.059.99O -O.418 53.359.99O -o,4t6 5t.969.99O -o.4o6 52.3?9.99O -O.3S3 s3.la9.99O -O.3?4 54,to9.990 -o.339 s6.oo
9.99o .O.32o SS.409.99O -o.3o8 s4.909.9SO -o.295 s4.709.980., -0.2?a s4.40I .99O -o.286 5a . oo9.99o -o.25t 54.609.99O -o.23t 54.509.99O -o.2ta 54.30L 99O -O.2O5 s4 . to9.99O -O.ta9 54.309.99O -o.ra2 53.1o

to
lt

t3
t4
t5
t6
t7
l8
t9
20

24
2S
26
21
2À
29

so. t o
s?. E I
66.37
16 - 47
a?.99

tot.l9
r r 6 , 2a
133.63
t59.3t
?9.93
?9.94
4o.34
14.2A
6E.6a
64.92
61.s5
54.29
56.00
55.40
s4.90
s4. ?O
54.40
54 . OO
54. 80
54.50
54.30
s4. lo
E4 ,30
53. to

t.3ll
I .300
l .246
I .269
r _ 245
¡-2t4
t. t8i
I . 144

.09?

. 123

. r26

. t 29

. 129

26.50 t.92O
30. SO 2,laa
35. lo 2.55O
40.50 3. to7
46.60 3.9?6
53.6O 5.2AO
6 | .70 6. t t 6
?o.90 a,656
44. ao I I .536
42.40 10.74s
42 .40 I O. 702
42.40 to.826
42.90 lo.a26
{3.50 lo.a22
46. tO lo.ao3
49 , OO tO. ??6
s2.OO tO.73?
56.OO to.66ð
55.40 to.630
64.90 to.6ôt
s4.ao to.sao
s4.40 to.54s
54,OO to.522
54,AO ro.492
54.50 to.453
54.30 to.¡26
54. ro to.3E9
64-30 to.389
53. to to.3s3

2 .3 t I ¡ . I Sa
:.3OO I .zsa
2.2E6 ¡.439
2.269 L 75 I
2.245 2.2a3
2,2t4 3. ts?
2,lal 4.220
2- 14{ 5.545
2.O97 7.762
2.123 7.32A
2 - t2È ?.33a
2.129 7.496
2.129 ?.a96
2. 129 7 .492
2-lz9 7.a73
2,129 ?.446
2.129 7.4O7
2. 129 ?.33S
2.129 7.3OO
2. 129 a -277
2-129 7-250
2.129 7,213
2-129 7.132
2-129 ?.16t
2.t29 7.123
2.12a 7.o96
2 - 129 7. OS9
2.129 ?, o39
2-129 a.o23

o

23.60
21 -11
3t -27
35 _ 9?
4 r .39
47.59
54.58

?4.5 t
37. 59
37.54
37.94
3r.38
25. OE
ta.a2
r2.56
6.29
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o.o
o,o

YOID
RAT I O

SHEAR
SIRAIN

t . t 29
I . 129
I . r 29
1 . t 29
| . 129
r. t29
l . t 29
L l2S
I . t 29
I . t 2g
I . t 29
r , t 29
L t 29
I . t 2S
I . | 29
I . t 29

SUXMARY OF ESSEIIITAT RESULIS SIORED tH FtLE

PT

I
to
ll
l7
tr
ia
tË
l8
t?
ta
l9
zo
2l

23
21
2S
z6
27
2t
2s

SIGHAI

50. I O
57. 8 t
56.37
76,47
a?.09

tot, t9
r t 6.2a
133. A3
tõa.3t
79.98
79.9¡
ao,34
74.2A
EI.8E
84.92
8 t .6a
5t.29
58.OO
55. ¡¡O
E¡.80
5a, ?o
s4. ao
54. oo
54.30
54, EO
s4.30
54. to
64.30
53- tô

S I 6IIA3 S T RA I f I

26.50 L 92O
30.50 2.177
35.10 2.55O
40.60 3. to?
46, aO 3.878
53.50 5.2AO
61.?O 5.at6
70.9O r.a56
a4.ao tl,s38
42.4O I O. ?45
42.40 to,702
42.40 to.628
42.9o to,E26
43 , 80 to. a22
4ô.to to,to3
4S,OO to.??6
62. OO t o, ?37
E5.OO to.g8a
56.40 to.830
84,90 to.ao7
54.70 to.Bao
sa.ao to.B{5
54. OO to,822
Ë4,80 to.ao2
54.60 to.a63
5¡.to to.426
6ô.to fo.399
5{.lo lo.3B9
53.lo ro.353

STRAIII3 Y

o.t!3 2.311
o.291 2.300
o. 39 I 2 ,2AÊ
0.4EO 2 ,zÊg
o.55S 2.245
o.545 2.214
o.6a6 2.lal
o.33A 2.r44

-o. lo6 2 -Og7.O.2a7 2. 123-o, 305 2. 126-o.4tt 2.129-o.418 2.129
-o.4t6 2.129
.O - 4OG 2. l2g-O.393 Z. l2g-o,374 2.129
. O. 13Ð 2. t2S-o,32O 2. t2r-o.3ot 2,129-o-28S 2.lzt
-o.27a 2,129
-o.286 2.129-o.23r 2,129-o.23t 2.129-o.2lE 2.|?a-o.2os 2. tzg-o.la9 2.12s.O.182 2-l?s



UXIVERSIIY OF MAN¡IOBA
SOIL HECHAXTCS LAAORATORY

EÈENGY CAI-CULÂ1t ONS

EHGIRgERIHG SIRArI

SAHPLE TO. : I ?5 T f REHoULDEo sAHPLE )lEsl RESULTS SlaRl l3o3a5 EftD
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2703A5

PI EFFgCI
S¡GMAI
KPA

I 50. I

2 5a.6

3 66.4
1 7Ê,s

5 ôa.o
6 tot.2

7 t t6.3
a r33.6

9 1s9.3
I o 8o. o

I I 79 .9

l2 ao.3
13 a4.3

14 at. ?

I S a4.9
t5 81.6
l7 Ba.3

ta 56.0
!a ss.¡
20 g4.E

2t 5{,7
22 s4 .4

EFFECT DEV EFFECI
S T CHA3 SIRESS OCTKÞA XPA SIRESS

XPA

26.s 23.6 34_4

3o.5 27.1 33,S
35.1 3t.3 {5,s
40.s 36.0 52.5
46_6 4t.4 60.{
53.5 47.6 59.S
6t.7 54.6 29.9
70.9 62.7 9l.a
a4.a 74.5 tog.6
42.4 3?_6 S.-9
42-4 37.5 54.9
42.4 37.9 55.O

42.9 31.¡ s3.4
43.6 25.1 52,O
46.! ta.a 52.q
4s.o 12.6 s3.ã
52.o 6.3 54.l
56.0 o.o 56.0
s5.4 o.o s5.4
84.9 o.o 54.9
s4.? o.0 54.1
64.4 O,O 54 ¿

AXTAL RAOTAL
STRAIH STRÂIÈ

t.920 0. t83

2.171 o.291

2.5SO O.39 t

3.1O7 o.48o

3.9?8 0.5s5
s.?EO o. s45

6.a16 0.4ô6

8.656 o.338
tt.535 -o.¡06

fo. ?45 -o.241

lo .7o2 -0.3o5

to. a25 -o.418

lo.a26 -o.418

1o.822 -o.4t6

I O. aO3 -o. ao6

¡o.776 -o.393

lo,737 -o.374

I O.66a -ù.339

I O. 630 -o.320

lo.80? -o.3oa

ro.5ao -o.28S

lo.54s -o.21A

voL LSSV LSIV
SIRAIN

'T, KP A

2,2A7 o_o o.o
2.759 9.4 o.3
3-333 ?o.3 o.1
4.OÊ? 33.O t.3
5.O8a 47.4 2.1
6.37O 53.9 3.4
7.7A8 a2.A 4.9
9.332 to4.5 6.?

11,323 t36.a 9.6
1o.252 3a.4 8_ô

to.o9t 31.4 8.A
9.99O 3?.7 8.9
9.99O 33.5 !.9
9.99O 30-5 ð,9
9.9AO 31.4 a.9
9.39O 33.8 a.s
9.99O 3?.O 8.S
9.99O 42.1 6.A
9.98O 41,2 a,?
s.990 ,.40.4 8.7
9,99O 40.t a.?
9.990 39.? r.6

DELTÂ IOIAT
EHERGY EfERGY

XI-H/VOL XN.M/YOL

o.o
o.200

0. ?oo
o .297

o.497
o.485

o.962
o.162

L 743

2.S65
1 .60?

4.567
2. t03

6. 6?O

to.196
- ì . t 25

9 , O7 !-o.o84
4.9a7

o. oo4
a.99 t

o,o
8.99 t-o.oot
a.390-o.oo4
4.9E6-o.oo4
a.9El-o.oo4
t.978-o.oo2
a.976

o.o
ô.976

o.o
4.975

o.o
8.976

o.o
4.9?6

23 54.o
24 s4. 6

25 54 .5

2Ê 64,3

27 64. I

2A 54.3

29 s3. r

54. o

5a, g

s4.5

64 .3

54, t

84.3

53, I

o.o
o.o
o.o
o.o
o,o
o.o
o,o

o.o
o.o
o.o
o.o
o.o
o.o
o-o

4.976

4.976

a. s76

4.976

4.975

E.9?6

8.976

s4.o 1o.522 _0.288

54.6 to.492 -a.25!
s4.5 to.453 -o.23t
s4,3 1o,426 -o.2la
54.1 to,399 -o.2os
54.3 1o.389 -o.r89
53. l ro.353 -o,la2

9.99O 39.1 !.5
9.99o 40.o 8.8
9.A9O 39.A a.6
9.99O 39.5 8.5
9.99O 39.2 a.5
9.99O 39.5 a.5
9.99O 37.1 a.4
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P1 5i:ffi si:::l ;!i.,. ¡!!:.' åîålï" :î:iîi ;gåo,* Lssy Ls,v oELla roraLKpA KpÀ Kpa srREss -:- a z Kpa , _i:;ir;, _F:;i';,KPÄ

| 5O.l 26,5 23.6 34.4 l_939 o.t8? 2.313 o.o o.o o.o2 s1.6 3o.5 ?1.1 39.5 z.zot o,29a 2.jga o.2os
9.4 0.f 0.2053 68.4 3s.r 3r.3 4s.5 2.sa3 o.4g3 3.390 zg.3 o.7 

o.3os 
o.rro4 75.5 4o-s 36.0 sz.s 3.158 0.498 4_ ts2 33.o t.3 

o.¡gt 
o_99¡s ga.o 46.6 4t.4 6o.4 4,060 o.s'l s.z2z 47.4 2.2 

o.8t6 
t.ao?6 ror.z s3.6 41 -6 69.s s.425 o.s?g 6.582 63.9 3.s 

r.2a9 
3.g9s7 tr6.3 6r_? 54.6 79.9 ?.060 o.s24 a. roa a2.s s. r 

r.7rs 
o.uroa 133,6 ?o.9 62.1 9r.ô 9.os3 o.37r 9.?96 ro4.s ?.r 

2.2Àg 
,.or"9 rsg.3 a4_a 74.s ro9_6 t2.251 _o. r2o t2.or7 ¡38.8 ro.3 

3.92? 
,;."a"to 8o.0 42 4 37_6 s4.9 tl.3E? _o.2?s to.at6 37.4 9.s 

_t.283 
a.raarr 79.9 42.4 37.5 s4.9 rr.3r9 _o,34r ro.63? 3a.4 9.4 

-o.o94 
,."a,12 ao.3 42.e 3?.9 ss.o rr.4s7 -o.466 rg_s2s z7_1 9.6 

o.oos 
;."r"13 24.3 42.s 3r_4 s3 4 ,r_4s7 _o.a66 ro.s2s 33.s 9.6 

o.o 
;.rra14 6a,? a3.6 2s.r s2.o ll.4s3 -o.464 ro.s2s 30.s 9_6 

_o.oor 
;."r,15 64.9 46_t tg.s s2.4 lt.43l _o.4s3 ro,s25 3t.4 9.s 

-o.ogs 
;."""r6 6r.6 4s ô rz.6 s¡.i 

- 
rr.4or _o.{3E ro.s2s 33.a 9.s 

-o.oos 
;.""at7 sa_3 sz.o 6.3 s4.r rr.36a _o.4r7 ro.szs 3?.o 9.s 

-o.oo4 
;."",ra s..o s6.o o.o s6.o rr.2ar _o.3?s ro.s2s 42.1 s.4 

_o.oo2 
;.a'rs ss.4 6s.4 o.o ss.4 rr.238 _o.j'6 ro.s26 4t.z s.3 

_o.ooo 
;.;",2o s4.s sô-e o.o 84.9 tt-212 -o.34{ ro.s2s ,.4o.{ s.3 

_o.ooo 
;.;",2r s4.7 s4.? o.o 54.? lr. rr2 -o.329 ,o.s2s eo. r r.3 

_o.ooo 
;.;r,22 .s4.4 84.4 o.o s4.4 rr. r43 _o,3o9 ro.s2s 39.? s.2 

_o.ooe 
;.;",

23 s4.o s4.o o.o s4.o rr.tra -o.296 ro.s2s 39.r g,z 
_o.ooo 

g.68724 s4.G s4.6 o.o s4.6 rr.oa3 -o.27s ro,s2s 4o.o s.z 
o.o 

;.;",zs s4.5 s4-s o.o s..s lr.o4o -o.2sE ro.s2s 3s.E 9.r 
_o.ooo 

;.;=,26 s4.3 s4.j o.o s4.3 rr.oro _o.243 ro.s2s 3â.s 9.r 
_o.ooo 

;.;",27 s4. r s4. r o.o s4. r ro.98o -o,22¿ ro.s2s 3s.2 9. r 
-o.ooo 

; ;r,za s4.3 s4.3 o.o s4.3 ro.s46 _o.2rr ,o.s2s 39.s 9.o 
-o.ooo 

;.;r,29 s3.r s3.r o.o 53.r ro.92s -o.2o2 ro.E2s s7.j o,q 
-o.ooo 
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¡ 16.62 R
r r.2366 H .lÞtv! 5.o7Oo SOUARE CEHlttdÊtRES

:2038.OO DtVIStOHS

EHD 3to386sHEAR lESl RESULlS SfÂRl 3OO3A5

COXSOLIDÂ1ED UHDRAIXED fR¡AXtAL TESI

Pl ftxE OISPL
DIAI
RDC

PRII'G PORE
DIAI PRESS
RDG KPA

a8.E 199.?
rro.o t99.?
r2{.s 20t.6
t 32. O 202.8
r ô r .5 203,6
149.O 2O4.4
lsg,s 205.t
I 66.5 206,1
l?6.O 2O7,!
r E4. a 2oE .7
20 l . o 2 t o. 6
216-o 212.O
222.o 2t3.o
240.O 214,6
244.O 2t5.a
254.5 2t5,3
285.O 216.9
27 1 -O 217 ,4
2¡O.t 2la.o
2tE.S 21a.4
291 .O 2l 6.7 -

30I . o 2 t E . 3
3O7. r 2t0.2
s12.9 2t9.4
3ft.2 2t9,4
32¿.o 2t8.6
!29.O 2t9.6
334,8 218.9
3ao.¡ 2t9.1
344.O 21s.2
3Ët,o 21¿.9
355.S 218.4

PER SIPFECÎ
cExl s¡EHAl
PCSlRX ÍPÂ

o.o 4A.4
o.ol 64,2
o.o4 66.2
o. 05 s7 .2
o. ot 5a. E
o. o! 60. o
o.to 51.5
o. I r 62,6
o. t 3 84. I
o-tE 65.6
o- t9 È7.5
o.2{ ?o,6
o.26 7 t . I
o. ¡2 7a.5
o.3? 75 . E

o.4¡ 71 .a
o.a8 ?a.e
o.55 EO.8
o,so e2,o
9.57 13,s
o.73 a4. E
o.1a a5.3
o,aG a1 .7
ô,92 A9,O
o.9? to.4
t.o4 01.?
1 . I I 02.9
l.lt ag,A
l.2i 98.3
1.38 07.E
| . ag 99 .3
1.8t too.g

EFFECl HÂLF
S I CMA3 DEV
xPÂ stREss

XÞA

44.4 o. o
4t.3 2.9
46.4 4,9
48. { 5 .9
4a.4 1 .2
a3,6 A,2
42.7 9.6
4t.s to.Ê
4O.4 I 1 . E

38.4 t3.o
3?.5 | 5.2
36.0 17.2
35.O ta.o
33.6 20. S
32.1 2l,5
3l .9 22.9
31.3 23.A
30.6 2É.O
to.2 2ê.9
29,1 za,9
29.5 27.Ê
2S -2 2a. s
28.O 29.4
28.8 3O.I
28-a 30.6
24,6 rl.5
2E.5 32.?
28. 6 12.9
2r. a !?.7
2l , o 3a . t
28.! !E.O
29 .1 35 .8

EFFSCÎ RÂÎtO OF A
OCI EFF SIGHÂI
SIRESS EFF SIFHÀ3
KPÀ

DEV
slREss
XPA

o,o
5.9
9.A

rt.E
t4.¡
t6.4
19.3
2r. r

26. r
30.4
34, B

36. t
ao. t
43. I
45,9
4?.5
go. o
El.a
s3. r
55.3
3?. r
a6. ?
60.2
6t,6
a3 - I
0¡1 .4
88.8
8?.5
Et, t
?o.o
7l -2

48.4
50.3
49,1
49.3
¿9 .2
a9. r
4A.7
4A.5
4ô ,3
44. r
47.6
41 .6
¡7.O
t1 .2
4?. t
41 .2
47 -2
41 .t
¡?.6
a7 . Ê

a?.0
a8,2
aa.6
4a ,9
{s .3
40 ,6
60.o
80, E

Er,l
6r.a
52.5
83.4

l.ool
L 121
1.211
L280

-324
.376
.455
.509
. Ëa5
.462
.al?

o.0
o.o
o. t8
o,23
0.21
o.29
o.3f
o.33
o.3a
o.3s
c.36
0.35
o.3?
o.l6
o.36
o,38
o.36
o.35
o.3E
o.3s
o. 34
o.34
o.33
o. s3
o.32
o.32
o.3l
o. !o
o.2s
o .2¿
o .27
o -2e

I
2

4

6
1
t
9

lo

9O7 2OrE. O

915 2OJ7.2
925 2033. t
930 2032,O
935 2O3O.O
94O 2O2E.5
9{S 202È,S
960 2025.O
955 2022 , Ë

I OOO 2020 . 2
I0I ! 20 t 5 .2
l02r 2oo9.5
lo3o 2ooõ.0
l041 2OOO.O
ro5o t804.5
rro2 t9t6.5
ltlo t9al.o
ll21 tt73.¡
tt30 196?.o
ll{1 tssg.o
ttso t9s2.4
l2Oo t¡46.O
l2to t9t7.6
l22O t930.{
l23O t92¡.6
l2ôo t9t6.o
l2BO I tOô, O
t302 ta93.o
13l6 t8a7.6
1330 I a?5. 0
ll4E rt62.8
t40c tôat.o

L95t
2 . O3 r
2.21A
2.t17
2.137
2 . S20
2.61¡
2.11e
?.¿12
2-473
2.Ê85
3 -O21
3 . 09 r
3.140
3 .207
3.2At
3.1o2
3.3¡3
3.t72
3.lto
3.t96

33 t 4 t 5
3t t432
36 t4a5
36 t 500
37 I 530
3t I 800
33 t 830
ao I 700
4t t?33
42 I too
a3 ta30
4¡ f000
4 6 20óo
| 6 2 t oõ
47 2200
4ô 2300
I I 2aoo
lo tl4
6 t aoo
È2 I OO
63 t3?
E¡ tooo
86 I too
l8 t200
6? t 300
aa r 400
19 I BOO
80 I 800

rô33.6
I E2l .4
I AOE. O
t796,o
l76S.g
l?42.O
l7l4.o
t 8a7. o
t aE?. o
I433. O
1808.2
158r.o
r6?8.3
t475.O
l4to.5
l3a7 -2
1332, O
I I tA. o
102a,o
3e0.o
tr2.o
9tô. O
900,9
a4 t . o
743. o
728.6
448.6
gto.o

toz. t
103,3
toa.3
roE.o
r06. a
to7.?
tot,6
!o0,1
to0.2
ros.2
to0.2
10t.o
I O9 . O
toô.6
r oa . 2
to?.9
to?. t
lo4. t
lot.â
loo.t
too,t
too.a
09. a
e?.9
DA.ô
ae.2
94. I
03,t

30.1
30.6
to. I
lt.3

32.6
33,5
34. I
t4 ,3
l¡.6
3â -1
34. ?
35.O
36 ,2
35.4
!5, t
gE. t
3¿. S

3a. t

tB.3
lt,5
36.O
!8.8
t6. E
36.7
36.I
36.E

t6.o
36. ¿
35.7
36.9
37 .3
31 .4
f ?.5
3?,3
37 .1
37.3
37.2
37 - 2
t? . o
38. ?
36,4
38.4
33. O
34 ,I

32. r
t2. t
t2. ?
31.8
30.3
29.A
2t.2
2A -A
2A.t

a2.o
72.7
73.4
7t -7
74.8
ta. Þ

76. r
?6. o
?4.9
74 - 6
7¡.5
7{ ,3
74. O
7t, a
12.A
72, A

72 -O
aÞ.2
48. E
16. E

45.6
36.3
83. ô
Gr,3
ae - I
Bô.6
81 .2
48. Ë

5a. t
E4 . E

ES.{
86. ¡
5?. r
57 . r
BA ,6
68 . t
59.3
59 .5
59 . B

59 .5
59 .7
69 .7
ß9,7
49. ¡
E9. r
6a,o
E7. r
3?.I
37. r
5?.3
57,3
BÊ.'
56,?
86.2
EG.O
95. ô

3.392
3.3?7
3,375
3.3E6
3.1o7
3.2af
3.24 t
3. r99
3 . t a4
3.156
3 . I t?
3.1¡2
3.rla
3.Ot8
3.O57
3, Ot3
3 . O52
2-982
2.909
2.asz
2. ôÉ6
2.t40
2.773
2 .474
2-Bzt
2.693
2. t60
2.536

o.25
o.24
o. 24
o.23
o.21
o.2t
o.20
o. t0
o. t8
0, t9
o. tt
o.la
o. tt
o.la
o. t8
o. tt
o. t¡
o,It
o.20
o.20
o.20
o.20
o.20
o-20
o. tg
o.20
o .20
o.2l

338.9 2tô.o 1.72
382.c 217.8 l.ô5
334.A 211 .1 t,98
r88.4 2t6.? 2.O3
37O. O 216 ,7 2,2e
t72.1 2rS.2 2.62
3?3.5 214.7 2,16
s7!.9 214.1 2.0J
374.3 2t3.S 3.28
373.t 213.a 3.48
l?¡.o 2t3.3 3.8t
373.9 213.3 3.AS
3t4,O 2t3.1 a,33
3?3.2 2tt.o 4.15
372.0 212.7 6.ta
172.9 213,1 E.5a
37t.5 2t3.1 6.ol
394.8 213.1 ?.CO
!57.0 2t3.t r.80
lEa.0 212.9 a.aE
364.2 212.À LOO
334 .2 Zt2. A L20
340,8 212,2 9.gB
lao.E 2t1.8 to.20
33S.O 2tt.! to.go
331.8 2tt,3 rt.t!
t2?.8 211.2 t1.B?
324.O 2r1.3 12-17



SAHPLEHO.!176t I REHDULDED SÂIdPLg )

cotsoLtoatroH axtaL stRgss
P RECO!¡S O L t OÀt r oI ÞRESS URS
l{oRHAtIZ¡RG SlResS

fOR}4ALI¡ED SHEAR TESI RgSULIS slaRr 3OO!s5 EHD 3to385

48. ¡o KÞa
IB'.3I KÞÂ
IBO.JI KPA

Pf PgR flRHLZD EFFECI TRT{LZDCE|T HÀLF RAIIO oclPCSIÞX DEV STGHAI STRESS
STRESS StEHÂ3 KPA
KPÂ

I o.o o.ooo l.oot o.3oa2 o.ot o.otE l.l2t 0.3153 o-o4 o.o3l t.2ll o.3t24 o.o5 o.o3? 1.260 o.3to5 o . o7 o. o45 t .324 o.3o96 o.o8 o.os2 r.3?5 o.3o!? o.lo o.o80 1.4s5 0.305I o.tr o.oG6 r.5o9 0.3059 o.13 0.o?4 l.aa6 o.3o3ro o.t5 o.oa2 1.g82 o.3o2rr o.t9 0.086 t.at2 0,299l2 o.2. o.roE 1.95a o.29a13 o-2E o.tt3 2.O3t o.2BE14 0.32 0.t2a 2.21A o.a;;rs o,3? o.r3s z.Jt7 o.iist5 o.44 o.14¿ 2.431 o.zsÀl1 o.49 o, r49 2.520 0.286lE 0.s5 o.ts? 2.634 o.29?t9 0.60 0. t63 2.714 0.2ga2O 0.6? o.t69 2-A12 o.2E921 o.73 o.t73 2,8?3 o.3oÍ22 o.?a o.t79 2.956 o.3o323 o.a6 o. ta¡ 3.O24 o.3o5
?1 o.92 o. t69 3.Oer o.¡oi
?s o.97 o.193 3. l4o o.3lo26 Lo4 o. tg8 3,zo: o.3r2
?1 l.tl o,?o2 3.26t o.3ra
?l !.r¡ o.2o1 3.302 o.iiz23 r.2t o.212 3.343 0.322
19 r.3E o.2r5 3_3?2 o.itã
:] r.4s o.22o 3.3ro o.¡ãó
l? 1.Bt o,223 3.!g6 o.!3sf3 1.72 o.22Ê 3,!92 o-.3¡o
11 r . â5 o .2zB 3. 3?? o.34.
1! r.06 o.23o 3.3?6 o.i¡¿
19 2 ' o5 o.23 r 3.3s6 o. is i
11 z.zs o.234 s. !o? o. iis
19 2.s2 o.2!s !.2E3 o. sei39 2.76 0.236 3.24t o,38?40 2,S9 0.236 3.tr9 o,3?r41 3.2s 0.236 3. tå4 o-itz
1? 3.4s o.23¡ 3. IEB o.iri43 3 . 88 0 .234 3. 

' 
a? 0.374

11 3 .88 0.233 3. t42 o.3?346 4 .33 0,232 3. r t a o. !7s

HRHL ?D
CHAICE
IX PWP
KPÀ

o.o
o.o
o.ol¡
o.ota
o. o2¡
o. o30
o. o3ô
o. o44
o. o5l
o.o36
O. OBE
o.o71
o, oa3
0.o94
o. o99
o. I 04
o. lot
o. t I r

o.lt5
o.ll7
0. r l9
o. t2r
o. t22
o.124
o. t 24
o. 125
o. 125
o. 125
o. 123
o.122
o. t2l
o.rt?
o.lts
o.ll2
o. t09
o. I o7
o. roo
o. o87
o.ot4
o. o90
o. o89
o.oaE
o. oas
o. ot5
o. oð{

19 4.?9 o.23o 3,Oô8 0,3?6 o.o!347 s. I r o,22g 3. 05? 0.375 o.0E2
l! 6.64 o.z2¿ 3.073 o.37J ó.o"0
!s 6.0r o.z2Ê 3.os2 o.3?r õ.o"0
:o 7 . Eo o .2 11 2.,a2 o.3a4 ð. o"os I t . 8o o.2os 2. soÉ o. isa ã. o"os2 E . As o. 206 2, A62 O.35E o. oa3
!3 9.OO 0.206 2,A65 0.359 o,oô2
91 g,2o o.2os 2.A4o o.!8o o,oô2
ll L 89 o.2oo 2.a1t o.3ao o.o7!
19 ro.2o o. ls2 z.a7s o.!s7 o.oz8s1 ro,Bs o.ra7 2.Bzt o.¡is ã.oz¡
:! rr-rE o.rå4 2.613 o.¡si ã.oz:
:9 r r ,67 o. lao 2,EBo o.¡si ó.ozz60 rz.,l7 o. r?? 2.816 0.340 õ.oz:
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SAMPLE Io . . 7 762 ( REHoULDEo sAÀ1PLE I¡HITIAL HoISIURE coxlERT , iõ.s pERCEslsPEclFtc GRAV¡ry oF sotL , z.zi- 
--'-'

IPITIAL VOID RAIIO
tHrlraL xe¡csr oi s¡xpre I ,j:å]t.,IllTrAl VOLUHE OF SAHPLE . Sgz.SA-CCEFFECTIVE PRIHcIPAL sfREss RAIro . I.óã-- --
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1X- CONSOttDAttoN slaRT r403a5fRIAX¡AL CO}¿SOLTDAITOH lEST::::::::
EHD 2AO3A5

VOLUI{E SlRAtH3 EFFECl OSIRAIH P

1 ,412 o. 068 34 . SO 24 . OO2.344 0.1a2 39.SS ?1.t4
?.9Os o.2as 4s.st 31.233.592 o.379 52.3? 3s_9t4.553 O.460 60,2a 41.3s5.?6? o.46r 69.34 47.5t?. tt? o.39a ?9_76 54.49

-9.914 o.23t er.84 62.s2to.633 -o.4?5 tog.4? ?4.OO
9 - 739 -o.s12 54. a8 37.449.Sa7 -o,621 s4.a? f7.ôos.553 -o.65? s4.a1 37.?o9.5s3 -o.s5? 53.t? 3t.ôt
:.!:3 .o.5sr s3.sE 2s.¡39.5S3 -o.639 SS.tE la.E4s.553 -o.523 56,Sa t2.55
9.ss3 -o.ss6 s?.99 6.269.5S3 -o.ss? 59.ao o.o9.553 -o.53a s9.ao o.o9.553 -o.515 60.20 o.oLS53 -o.so4 5O,tO o.o9.553- -o.{94 60.20 0.o9.SS3 -o.4a4 59.öO o.o9.5E3 -o.4?3 53.80 o.o9.553 -o.465 59.ao o.o
9 .853 -o.456 E9 , Sg o, o9.853 -o.43â 60.20 o.o8.553 -o.421 59.20 o.o9.553 -o.426 56.Ao o.o

€FFECT EFFECT SlRÂ¡ H ISICMÂI SIGHA3

50.50 28.60 t.73557.84 30-50 2.OO166.33 35.to 2.35O?6.3r 40.40 2,A3447.a5 46.SO 3.833lor.ot s3.50 4.A46lt6.09 61,80 6.!29133.32 ?o.8o a.t72lsE-ao E4.EO ll.5a2
79 . ô4 42 .4O t o. aa379.80 42.40 to.a29
?9 .90 42.2O r0. a687{. tt 42.7O to.ô6E
7O_13 ¡5.80 to.a56
67.14 4E.9ô ro,13t54.95 52.40 lo.79S52.!6 s5.90 to_?45s9.EO 59.ao lo.88A59.80 59.AO 1o.62260.20 60.20 lq.8a460-to 80.tO to.65l60.20 8o.20 to.64t
s9 . ao 58 . AO to.522ss.80 59.AO to,499s9.ao 59,ao to.4a¿s9,60 59.AO to.¡ss60.2O ao,20 ro.43o
59 . 20 53 -2O t o. ao?55.4O 56.8O to.4oa

2.33A 1.tt2
2-323 1.2r9
2.3OS I .3A I
2-293 t.637
2.27o 2.tt5
2.241 2.9?4
2-209 3.95?
2.173 S.2Êa
2-126 A.O3A
2.141 ?.63?
2,rst 7.634
2. t5l 7.AE3
2. r51 7.8r3
2. t s 1 7 .612
2.lsr 1.A47
2.15t ?.8t4
2.1s1 ?.s61
2.15t 1.464
2. tsr ?.a3S
2.l5t 7.3S9
2.15t 7.376
2.t51 7.357
2. I S r ?.336
2. t5r ?.3t5
2.15r 7.299
2. 15t 7.2AO
2.t5t 7.2a6
2.lsr 7.223
2.1s1 7.222

volD
RÂTIO

SHEAR
STRAIT

I .334
t .323
I .309
| .293
1 .210
L 241
I .209
1 . t 73
t. t25
¡.14?
L l5r
L t5l

10
tl
12

t4
ts
f6
l7
l8
t9
20
21
22
23
24
25
26
27
2A
29

r5t
t5t
tsl
lsl
t5l

1.15r
1. t5t
l.l5r
r. tsl
l. t6l

.lst

. t5r

. t5l
t5t
t6f
t5l
rsr

SUI{HARY OF ESSEHI¡AL RESULIS SIORÊD IX FILE

Pf SIGHAl

r 50.50
2 57 ,64
3 66.33
4 76.3t
5 ô?. a6
6 tol.ot
7 t I Ê. o9
a t33,32
9 I SA. ôO

to 7s.84
I I 79 - ao
l2 79.90
13 7Â-tt
t4 70,73
l5 67.r¡
t8 a4.95
t? 62. t5
ta 59.to
t0 58. AO
20 80. 20
2l go. to
22 EO. 20
23 59. âo
2¡ 69. ao
26 59,ao
26 s9. ao
27 ao,20
2A 5S.20
29 58,rO

SIGHA3 SIRATTI

26.50 t.t36
30. SO 2, OO t
35.1o 2.35o
40.40 2. t34
48.8O 3.833
53.8O 4.A46
G L 80 G.329
70. ao E,172
ta.ao lt.5a2
42.4O I O. tA3
42.ao to,a23
42-20 tô,a6a
42.7O I O. AAr
46,sO to.ô68
4t.9O to.E3t
82.40 to,?90
5È.50 to.?46
s0.ôo to.Baa
6r.to to.a22
40.20 ro.3r4
80.1o to.t8r
ao.2o to,6at
59.AO to.E22
B9.lo 1o.åt9
l9-AO to,ara
83,80 tO.aas
EO.2O to.a5ô
BB.20 to,40?ga.ao to.¿ô8

STRA¡II3 Y

0. o8ô 2.334
o.172 2.323
a,279 2.3O9
o.3?9 2.283
o.4to 2.270
o.46t 2.241
o,394 2,209
0.23t 2. t?3

-o.4?6 2. tzi-o.572 2,147
-o.a2t 2.15r
-o.857 2.tEt
-o.457 2. t51-o.85l 2.tEl
-O,6!9 2-t6t
-o.123 2.tEl
-o,tgg 2.lBl-o.5c7 2.tEl
-o.6t4 2.15t-O.6ll 2. tEt-O.604 2.lE!-O.a94 2.tEt
-o.4ô4 2- l5t-O.473 2.tEr-o.495 2. t51-o.{86 2. tst-o.â3ô 2. t61
-o-421 2,1Ët
-o./¡2û 2-lÉt
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PT EFFECT
SIGHÂI
XPA

r 50.5

2 51 .6

3 5G.3

4 75.3

s a7.9

6 lot.o

7 ll5.t

6 t33.3

9 tsg,a
lo ?9.8

I I ?9 .8

12 79.9
13 74. I

14 70.1
ls 67.a
r 6 64 .9

11 82.2

I a 69 . A

l9 50. a

20 øo .2

2l 60.l

22 60.2

EFFECI DEV EFFECI
s I GHA3 S IRESs octKPA KPA STRESS

XPA

26.5 24.o 34.S
3O.S 21.1 39.S
35.r 31.2 45,5
4O.4 35.9 52.4
46.5 41.4 60.3
53.5 4?.5 69.3
51.6 5ô.5 79.A
?O.E 62.5 9t.6
44.8 74.O ro9.5
42-4 3?.¡ 84.9
42.4 3t.4 54.9
42-2 3a.1 64.a
42-1 3t,4 s3.2
4s.6 25.t s4.o
4a.9 ta.a 55.2
s2.4 12,6 s".e 

-

55,9 6.3 sa.o
sg.E o.o s9.!
59.A o.o 59-A
60.2 o.o ao.z
BO.l o.g go.l

80,2 0.o BO.2

AXIAT RADIAL
STRAI¡ STRAIN

L ?35 0. o6a

2.OOl o.172

2.350 0.2a9

2. a34 0.3?9

3.633 0.460
4.846 0.461

6.329 o.394

4.172 0.231

I r . sa2 -o.4?5

ro.aa3 -o.572

¡o.429 -o-621

lo, a6E -O. ES7

ro.66E -O.65?

ro.ô56 -o.65t

I O. A3 t -o. a39

lo.?99 -o.523

tO.74S .O. Sg 6

to. B8E -O.55?

ro,822 -o.s34

to.6a4 -o.6 t 5

1O.56 t -o.5o4

ro.54 t -o.494

voL LSSV ISXY
SIRA¡X

i KPA :

t.872 o.o o.o
2.341 9. t O.3

2.8O9 20.O o.?
3.Ss2 32.4 1.2
4_5S3 46.9 2.o
s-787 63.3 3.2
1-tr7 a2.3 4.6
4.534 to3.8 6.4

ro.533 t36.r s.9
9.739 37.O 9,2
8.547 36.9 9.1
s.6s3 36.a 9.2
9.5õ3 32.9 9.2
9_5S3 33.? 9.2
9.563 36.1 9.2
9.S53 39.4 g.t

9,553 43-2 9.t
s.Esf 4A.O 9.o
9.583 48,O a.s
î.563 '. 4a.8 a.8
9.S53 aa,s E.9
8.5S3 4t.6 E.A

DELIA IOIAL
EI'ERGY ËIERGY

KH-H/VOL KN.H./YOL

o.o
o.202

o.202
o.28?

o.490
o.420

o.9!o
o. ?26

L 835
t.146

2.7A2
l .632

4.316
2. OA3

6.3S8
3. AA2

to.2ôo-o.958
L 323-o.o84
I .23a

o. ooo
I .23A

o,o
L 23A-o,oo3
9.235-o.oo6
I -229-o. oo5
s .224-o.oos
9.2t9-o.oo2
8.217

o.o
9.2t7

o.o
I -217o-o
L 217

o.o
L 217

2r . 58. E

24 69. A

23 59. a

26 59. A

21 50.2

2A 59.2

29 86. ô

s9. ô

59. A

59 .8

s9.6

80.2

59 .2

55-A

o.o
o.o
o.o
o,o
o.o
o.o
o-o

o.o
o.o
o.o
0.o
o.o
o.o
o-o

9 .217

9.2t7

9.2t7

9,2t?

s.217

9 -217

9.2ta

s9.a 1o,522 -o.484
Ë9.a to.499 -o.4?3
69.4 to.4A4 -O.4AS

59.8 to.4gs -o.{56
80,2 to.430 -o.43A
59 ,2 I O. 40? -0 .421
58,8 to.406 -o.42Ê

LEE3 4a.o a.a
9.583 4E.O a.a
9.8S3 4a.o !,a
9.553 47,1 a.a
9.553 4a.5 A.1
s.553 47.1 a.7
9.553 4¡.3 a.7
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P1

I

2

3

4

5

6

7

a

I

lo

lt

t2

t3

t5

t6

t7

IE

t9

20

2l

22

5i;i:l Ëi:;:l 3TI.,, öii"' 3îilï- :îiiîi lgio,* Lssv Lsrv DeLra rorarxp^ Kpa xpÀ ;¡lur, 
- ;-'- -'i-' 1 xpa _ _;::ii;, ^i:i'g;.

5O.5 26.5 24 O 34.S t.7sl 0.063 t,89O o.o o.o o.os7.6 3o,s 2a.t 39.s 2.o2r o.l?s z.3jz 9.1 g_3 o.zo1 
o.zoa46.3 3s.1 3r.2 4s.s 2.3a8 o-2'a 2.gs2 2o.o o.a 

o.29s 
o.sor76.3 40. { 35 . 9 s2.4 2. BzE o.3g2 3, 6s8 Jz . a r .z 

0.433 
o.934az.g 46.s 4r.4 60.3 3.7oo 0.460 4,669 46.9 2.o 

0.754 
r.BB9rol.o s3.s 47.s a9.3 4-9a8 o.4as 5.940 63.3 3.3 

r.2o3 
z.ag2lr6.r ar.6 s4.5 ?9.g 6.s3a o.422 7.3a2 a2.3 4.8 

r.631 
4-s22r33.3 ?o.8 62.s 9r.E a.szs o.zs2 9.o3o ro3.B 6.8 

2.2s3 
6.776rsa.a a4.ô a4.o ro9.s rz.3o9 -o.534 t1.24t 136.r ro.6 

4.3o3 
rr-o797s.a 42.a 31.4 54.9 lt.sz2 -o.63E ro.246 37.o g.a 

-1.oa2 
ro.ooz?g.a 42.a 31.4 Ë4.s rr.46r -o.692 ro.o7B 36.9 9.a 

-o.o94 
9.9¡479.9 42.2 3?.t s4.a rr.Eo4 -0.732 lo.o4r 36.a 9.a 

o.ooo 
9_9r¡?4.r 42.7 3r.4 s3.2 rr.so{ -o.a3z tg,o.l 32.9 9.a 

o.o
7o.1 4s.6 2s.l s4.o tr.492 _o,72a to.04t 33.? g.a 

-o.oo4 
9.9to67.7 4a.9 rE.Â ss.2 rt..Ej _o.7rr ro.o4, 36.r E.a 

-0.006 
9.9o484.9 â2.q 12.6 s6.6 11.427 -o.s93 to-o4t Jg.4 9.? 

-o.0o6 
s.a'rÊ2-z ss.9 6.3 sa.o rt,36? -o.663 to.o4t 43.2 s.7 

-0.006 
9.a93sg.a s9.a o.o s9.8 rr,2ar -o.620 ro.ogt 4a.o 9,6 

-o.oo3 
9.89oss-ô 69.r o.o Eg.a ll.zzs _o.ssa ,o.o4r 4a.o g.s -o.ooo 
s.asoao.z 6o.2 o-o 60.2 rr.ta6 -0.873 ro.oar , 4g.s s.s 

-o.ôoo 
Laoo60.r 60,r o.o Bo.l rr.r'o -o.sgo ,o.o4r 4t,s E.s 

-g,ooo 
9.89oao.2 ao.2 o.o 60.2 rr.r3s -o.s49 rg.o4r 4a.6 9.4 

-o.ooo 
9.ago

23 s9,E E9.s o,o sg.a rr, rr? _o.s3E ,o.o4r 4a.o 9.4 
-o.ooo 

e.ago24 s9.a. Sg.s o.o Eg.a tr-o92 -o.s2s lo.o4l 4E.o g.4 o.0 
9.Ego2s s9.a sâ.8 o.o 69,a tt.ozs -o,sl? to.oAt 4a.o g.4 

.o.ooo 

".a"o26 s9,6 c9-6 g.o st.B rr.os3 _o.so6 ro.oar 47.7 9.3 
-o.ooo 

a,o"o27 go.2 60.2 o,o Bo-2 ,t.ot4 -o.4az lo.o4l 4g.6 g.3 -o.ooo 
9,aaoza sg.2 69.2 o.o 59.2 ro.9t8 _o.{?4 ro.o4r 41,1 g,3 

-o.ooo 
9.ago29 s6.a s6.a o,o s6.E ,o.sat -0,474 to.o4, 43.3 g.3 o,o 
9.a90
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SHEAR ÎESI RESULIS STÂRT ?O48S END !O48S

col¡s1ax1 LOAO
PROY¡ffG RtHE FACIOR
PISIOP ARgÀ

IXIIIAL OtAL READTIC

COHSOL¡DAIED UHORAIflEO IR¡AX¡Ar lEst

DISPI ÞRIIG PORE
OIAI OIAL PRESS
ROG ROc KpÂ

I E . 02 ß
o.4171 x ./Dtv
s.o7oo souÀRE CEHtIXEIRgs

1842.50 DlVtstOXS

PER EFTEEÍ EFFECTcEHl slGMÂr st6xa3PCSÎRH KPA XPÂ

HALF OEV EFFECI
DEv SIRESS OCI
SIRESS KPA SIRESS
KPA xPA

PT IIXE
RATIO OF Â
EFF SICMAI
EFF 5 I FXA3

i iii iiiii 3åi3 iiii 33" 3åt ti3 ?t t: i:: :e:i o.3 930I ;l: l::: : t:t : ::1.; ;.;; åt:,i ll.í j.å : : ,":.: r:a:¡ ã.Ë,¡ iii ;;;;:ã ilit t3tî t:31 lît ti:3 :.i :? iii lSll 8:il< e^^: ::3 l:ti: :3t.: ::!:: ;;; Ëit å13 }i :: ::: re:: ;:;;: ::: ::::: :I e ãoi.õ ;.;; !i:i il.å : i : : ::.1 i.iój ;:;;I ::: ::::.: ::e.e ãoz.Á ;.;; ij ì äl:3 : : :.: :1 ! ,. riã ;.;;:,::: ::::9 ::t e zoi.i ;;; z;.; iii ..3 :: :j.! ,.tiá ;.;;
:i iiii !ii!: ill t ;:¡:: :,11 sá,í i:,: i,j í,j ii i t iåi s:::I t rôrâl; :3î: ::::: 11:.e ios.Ã ;.;; ;;:; ll.Í :: ,:.: ::.r ,.227 o.ii:: iiíi i!!: 3 ilt:t Íåi f 3:ii ji j ¡r,: i,i :: ï i!:i i tzt ::¡¡lf rôrrli:3:: :33:: l!:: ;;;; ;;; åil lål j: ::: :::t ;:;;; i:Ëi:3 :?:: :::3.: ::r:: ;;;.¿ ;.;; åi.l i3.3 l: ::: ::.? ;.;;; å:Ëãl: l:?: ::::.: :li: ;;;:; ;.;; åå:l li f :.1 ::.: :::: ;;;; å:!í,6,,'o ,a,3.o sos.i ;;;.; ;.-;; Ë!.i i!.: i:l i!,; :;:: l:ii; :,:;r? tr2r raoe.o :?!.s zti.z ó..;; 21.? 3;.; ,å.ì 2o.1 43.! r.642 o.B2rr !r3o rso6.o 1!?.s tii.; ;:¡; g?.r cs.ó ;;.; zr.2 43.? r.s?e 0.60re rr4o rEo2_r l¡?.s itz.á ;:;j :9.? ra:s ;;:; zz.3 43.3 t.ø22 o.srä iiii ll33:3 33å å ¡l¡:: ::;: !f o ã¡ ; ;;:; 23 6 42 1 ,.678 o ôz?? r2ro rzió.i 6or.o 214.4 o.44 ss'o 31.5 r2.3 2a.s 12.1 r.7ro 0.6r23 t2zo ,rii.i !!!.o zr{.å ó.i; ii,i ii:i l3:! iEZ l1:l l:fj¡ 3::j24 r23o r?a3.s g3!.g ãrs.i ;:;; 9?.? aa.; ;;.; 2a.4 4r.s r.a3s 0.6r26 r2.o r?7s,o !!9.s iri. i ;:;; :9.g ,r:r ;;:; ?s.3 4r., r.!76 o.Br26 1260 r?74.s 919.9 irÀ.i ;:;; 9!.9 ir:; ;;,; 2s.2 4r.6 r.e?o o.so27 rsoo r??o.o g!9.9 zti.o ;:;; ll.9 ii.¡ i;:; 3o-r ôr.4 r.e'e o.Br2a rrr. t7a2.4 !?6.s iit.i ;:;; :l.g iã.; i;.; 3r.4 4r.o z.oz. o.Bgzc r33o r7ss.o 19.1.1 ;i;:; ;:;i I?.1 !;:; ;ã..; r2.s 4o.8 2.oÃ2 o.ae30 r3¡o r?4E.o ?11.s ti;.; á..;; gl.s zs_.c ;;:; !4.r 4o.a z.tso o.sErr r¡roo r74o.o 

1?1 .o ti;:i ;.;; g1.9 ,;:i ;;..; 34.e 4o.? z.re, o.ÈE
s2 r.rs r?32.o ?3e.s irã.i ã:;; a..? ãi.e ;;:; 3Ê. r 40.6 2.26r o.E?

i¡ liii iii!:: l3l:3 ïl?,.i î:ll !!.r 2s.2 ,a.E s7 , 40 6 z.3rs o.E?re,Eoo r:ió.õ ilr.r zio..i ;:;; ii,i lii ll:l ii:i a3:i ;:iîf 3,;;38 rsio rse..s r9s.s 2zt.z ;'.;; ll.! ;;.; ;;:; qt.2 4o-3 2.648 o.E¡r
sz rgoo rcza.o sl1.s zzz.o i:¡; gl I a¿:a ;;:; 4!.o 40.6 2.631 o.s43a rcsz raeo.o s!9.o ,rt.a ;:;; !.7 ,;:; ;;..; d4.a 4o.r 2.72a o-s23s rToo rs44.Õ sJg.o at;'.; ;.;; ?_.? ,;:a ;;:; !9.3 4r.j 2.1a7 o.sr40 r?36 162s.o a!9.o ir;'.; ;:;; T.1 2a.¡ ;;..; !?.s 4r.6 z.E.o o.so.r taor rro6.s "11.o zii-a i:;; !1.1 zs.i ;;..; 4ô.? 4r.r z.!s7 o..¡.2 rcoo rs6e.o "11.9 zzi.á ;'.;; 29.! ;á.; ;;.; :9.r ¡2.õ ).ss¡ o.As
¡3 2ooo rs2s.o n!1.9 zzi.¿ ;.ã; 79.? ,;.; ;;:; :?.r 43.8 a.oes o.4!aq 2roo r4r?.ô eil .4 tt;.¿ ;-.;; T.1 às-.2 ;;.; g1.9 44.4 2.eE4 o.4346 2zo1 r4.s.o 

"99.o ?zo.s ã:¡j 91.9 a;..i ;;:; Il.6 .s.3 2.rs6 o..r46 23oo r.o3.E s19.3 22o.4 ¡.;; ll.! àt-.t ;;..; t1 9 !s.6 2.e.r o.!e17 24oo rssa.s rôo4.o 220.2 ;.;; l?.9 i¡.i ;;..; 94.4 48.2 2.Ð3. o.!e4E roo t3r4.o rôg!.o zis.ã ;..;; g?.g ,¡:; i;..; g!.r .6.8 2.a87 o.3!4e 40ó .ao.o ro06.0 zts.i ;:i; ¿-?.! 
"¡.ó ;é:; 9l.l .6-e i.¡¿o o.!?Bo 7oo ro¡E.o ro16.0 zre.i 6:;; lz.! ,;.; ;;:; 91.? 46.? i.sae o.j!sr roo ee!.s roo!.8 zrs.i ;:õ; g!.s ,;.; ;;:; !!.o 4G.E 2.a42 o.!rEz eoo oss.o ,ô!9.s tir:i ;:;; 91.t ,;:¡ ;;..; l?.1 .a.6 2.s3, o.rrEr rooo oo7.o rôos.E iri.c ;:;; ll.f a;.; ;;:; gl.g 4s.2 2.r¡r o.!¡s4 ttoz rao.! ,"9!.9 iri.ã ;:;; f9.g zi.¡ ;;..; !?.s 48.7 z.c1a o.ss!! iíii iii:: i33l:i ;:¡:i 3'3i re'! t;:¡ ;;:; e? e ¿8.2 2.soo o 38s7,4oo zzs.o ;ã:r.r zts..i;.i; ii,i ii:i lå:i !i:l ;¡:: l...lli :,1åËr r6oe B3ô.o "lg.g 27s.2 ;:;; !!-! a;.; ;;..; 1!-¡ 48.. 2.731 o..oEe rsol 82..o "l:.8 ãtá.ã r;:;; T.1 ãa:; i;.a !!.r 46.1 2.sÐ3 o.4r60 raoo s!2.o "1!.o ti;:; ;;:;; f.l ,;:á ;;:; 11 .1 4..7 2.-G.o o.42Br re3o 4as.o nÌg.9 iri.ó i;:;; 19.9 zo:r ;;.; !s.0 44.7 2.6rr o.tza2 2ogo ¿or.o e.õ.o zte.á ;;'.;,; 74.3 ,;:a ;;.; ¡s., 43.? 2.6rG o.¡¿



SAHPLe fO. , f 152 f REHOULDED sAHPLE 
'co¡soLIDAttor axtar slRsss

PRECOHSO! tDÂlrOH PRgSSUREroRHALI2t¡c stREsS

}IORMAL t 2ED SXEAR IEST RESULÌS SIARI 2O4S5

PT PER trRIIL2D EFFECICEXT HÂLF RÂIIOPCSIRT DEV SIGHÂ!
STRESS s I Ëtla3
XPA

EO . OO KPA
IBg.AO XÞÂ
IEE.AO RPA

I¿RHL ZÞ ÈRM! ZD
0C1 CAAIÊE
STRESS IX PWÞ
l(PÂ xpÀ

I

f
4
5
6
1
t

to
l1

o.o
o.oo
o. 03
o. 05
o. o7
o. ot
o. o9
o, to
o. tó
o.ll
o. ta
o_ 15
o. tt
o. t9

o.25
o .2a
o.3l
o.33
o.36
o - 40
o.44
o.a6
o.49
o.53
o. s?
o.6l
o.67
0.73
o. E2
o.t6
o. E2
o.9ô
1 . 04
t.tt
1 .24
I .3ô
r . s3
t.86
t , a2
I .88
2.28
2-82
2 - S7
3.33

o. oo5
o. oo9
o.ol3
o.ot4
o.ots
o.o17
o. o?o
o. o23
o.o25
o. 03 t
o-o36
o.04 I
o.o{7
o. os I
o, os5
o.o59
o. o63
o.o67
o. o70
o. o74
o.o71
o. oE I
o.o84
o.o66
o. oat
o.o92
o.o9s
o.o99
o . ¡ 02
o.l07
o.tto
o. t la
o.rl?
o. 120
o.123
o , t 30
o. t36
o.1at
o.t46
o. ta8
o. t 63
o, 130
o. I g{
o. t 67
o. t 8s

. o32

. o59

. ots

.094
1.1o3
I . 120
1 .142
I . I A4
I . I a2
1 .221
1 - 2êS
r,3rt

o.3o7
o.304
o.30a
o.305
o.3o3
o.30 |
o.lo I
o.29t
o.299
o.283
o .2a2
o.2at
o.2a5
o.2t3
o,2a I
o.2ao
0.278
o.273
o-21a
o.269
o.259
o.286
o.2s5
o.264
o,283
o.262
o,26r
o.25t
o.257
o .261
o.298
o.2s8
o'. 2B S

o.25E
o.25?
o.2s4
o.255
o.2B?
o.2ao
o .282
o -264
o.210
o.274
o.219
o.2as

o,o
o. oo5
o. oo!
o - oo9
o.ot I
o.ol4
o. o20
0 _o22
o. o2a
o.o33
o. o3?
o.oas
o. o53
o.ot6
o. oao
o. o85
o -o12
o. o74
o. o79
o,oa5
o. oE8
o,o9f
o.o9s
o.o9g
o. t03
o. I 05
o. t09
0,ttl
o.l t6
o,tt9
o - 122
o. t25
o,127
o. t29
o . t 32
o. | !s
o. t 40
o.142
o. 143
o. t4a
o. t4õ
o. i 40
o, t 3a
o. t 3t
o - t 3¡

l2
t3
l4
15
t6
l7
ta
l9
20
2t

23
24
as
26
21

29
30
3r

33
34
35
36

t6
39
40
4t
42
¡3
4A
4S

3?a
t .40?

.446

. ta9
,842
. s79

.579
t.7t0
1.76t
.800
.436
, E?6

t .820
r.959
2-O2A
2.OA2
2. t 50
2. t93
2.2Ê1
2.3t5
2 ,352
2.a14
2. E4E
2.6t7
?.72A
2,7a7
2. A40
2-AA7
2.9ã4
2.98õ
2,5a4
2.8tõ

t9 3.8? o.l7o 2,S¿t3 o,2at o.r3o47 4.O5 0.r7, 2.C3¡ o.29' o.r20
1l a.42 o.17O 2,A57 o.2s3 o.rz7
:9 Ë.56 o.t69 2.EËo o,2rs o.¡23
19 6.AA o.tog 2,A86 o.28. o.t23
9! 7.06 o-rB7 z.aÀz o.ãs: ó.rzs
l? 7,46 o,t8? 2.r3t 0,203 o.t23
!? 7.43 o.ts6 2.a33 0,291 o.tz4
11 a .2z o. t 5E z. a4a o.2ar ã. r zs65 a - 6ôð.Eo o.r6a 2,aoo o.20, ó.rz¡:l E.oo o. 163 z.:,at o.isr ð.,r":? s . 3s o. l sz 2.a11 o. 2eo õ. r z¡:t e.!3 o.ts7 2.731 o.2a6 õ.,2¡9l ro.20 o.rE¡ 2.ass o.284 õ.¡z¡99 ro.s? o.r4o z.s.o o.2ar õ.,22l! rr.6õ o.r4r 2.rrr o-za2 õ.rrra2 t2,o7 o. rca 2.GrB o.z7É ó. rz¡

347



Ufl I VERS I IY OF MAH t IOBASO¡L HECHATTCS LAAORÄIORY

SAI4PLE f,o. : I ?93 (REHouLDED sAHPLE)
l!!llat HotsluRE cor¡rEHr ; ;;:" pERcEtrrsPEC¡FtC CRAVtlY OF SOILlx¡Ttal votD talro , -;';.-
¡rlrIAt HEtcxr oF saHpLE , ,j-ãË'c"rHITraL yoLUHE oF sÀHptE = ""^,.-;-EFFEctIYE pRlxctpÂL stREss RA?to . ;:;;'- "FIIAL HOISIURE coÍfErT : 4 I .9 PERcgtrI

JAIJ

Il: co[sorrDÂf¡or slaRt l4o3asIRIÂXIAL COXSOLIDÂTIOX IEST
Ef,o zao3as

Pf EFFËCI
s¡cxÂt

I SO. 09
2 S7.10
3 66.44
4 76.41
s aE . oo
6 tol.20
7 lt6,3l
a t 33. 60
9 1s9.53

lo 79.AO
¡ I 80. 07
12 80. t6
l3 75 . 6?
r 4 7 t .29
rs 87,50
t 6 64.43
l7 6t. ta
r a sa.20
l9 58.20
20 5a. lo
21 5E.OO
22 57,90
23 5?.90
24 S?. ao
25 s7 .40
26 57.40
27 57.OO
2A 56.OO
29 SO.90

EFFECT SIRAT N I
S I GMA3

26.SO 2.ozs
30 .50 2 . 3¡ 6
35.20 2-Al?
40. so 3.48¿
46.60 4 -57253.6O 5.9IO
6t.70 ?.5a9
70.90 I .390
E4. AO I t .79A
42-40 to.95?
42.4O lo.22A
42.8O 1O.367
44.4O to,358
45.30 ro,34?
44.60 to.32a
51.9o to.2as
s4.90 to.239
5a.20 to. t{?
54.20 to. t3t
5a.lo to.9as
58,OO to.069
57.90 ro.069
s7.9O to.069
57-ao lo.ooo
57. ¡o 9 .9??
57.ôO 9.965
87. OO 9 .93 |
5S.OO 9.946
50.90 g.s6l

a YOIO
RATIO

V SHEAR
STRAIN

?. f 33 I .20 I
2.32o t.34o
2.306 t.604
2.2A4 t.976
2.254 2.6a9
2.223 3 _ 54?
2.1ô6 4.7O9
2.14A 5.9a5
2. I O5 ? . 8OO
2.140 7.439
2.142 6.743
2.143 6.896
2.143 6.E69
2.1{3 E-A77
2, t43 6, AS4
2,143 5.AtS
2.t43 8.7A3
2.143 6.676
2.143 6-6St
2.143 6.6ta
2. t43 6.589
2.143 6.59!
2. r43 5.59r
2. t43 6.S30
2.143 6,5O7
2.143 6.495
2.143 6.460
2. r43 6.476
2.r43 6.49t

VO LUHE S TRA I I3 EFFEC TSTRAIT P

2.4a4 o.2?4 34.f,E3.Ot6 o.335 39.573.626 o.40? 45.6t4.524 o.52O 52.43s.769 o.59a ao.4o?.o3O O.59O a9.4?4.640 o.526 ?9.901O.216 o.4t3 9t.aott.995 o.o99 tos.?rto.5s5 -o.zot s4.87to.{53 0.t13 54.95lo.4lt o-o22 55,r2lo.4lt o.025 54.E2lo.4tt o,o32 54.63lo.4rl o.04! 55.03lo-4ll o.063 s6.oalo.4tl o.086 56.99lo.4tt o.132 5A.20to.4tl o.l4o 58.20lc.4tl o.t6l 36.tolo.4ll o.l?t sö.oolo.4Jr.- o.l7l s?.aoro.4tt o.l7l s?-90
I O. 4 I I O.2O5 5? .8oto.4t1 o.zla s?.40to.4tt o.223 s?.40
I O.4 r I o.24O 57 - Ooto.4r1 o-232 56.OOfo.4l! o.225 50.90

23 .59
27 .20
31.24
35.9?
a l .40
47.50
54.6 t
62.70
14.73
37.40
37.67
37.56

24.99
I A . 70
12.53
6.2a
o.o
o.o
o.o
o.o
Ò.o
o,o
o.o
o.ô
o.o
o.o
o.o
o.o

I .333
L 320
L 306

244
254
223
ra6
l4a

r. to5
L t 40
1. t42
l. t43
t. t43
¡. t43
L t43
1.143
L 143

r43
t 43
143
t43
r43
r43

¡. t43
r. t63
| . r 43
1. t43
1. r43
t . | 43

S UHMARY OF ESS E I.IT t AT RESUIIS SIORED tN FI LE

P7 SIGMAI

I so.o9
2 s7.7O
3 86.44
4 aÊ.4a
5 aa.00
6 tot.20
7 tt6.3r
a t33.80
I 159.53

tc ?9.to
I r 80. 07
l2 80. t6
l3 a5.ê7
t4 71.29
15 87.SO
t 6 a4.43
17 6t. ta
t8 5a.20
l9 5a.20
2O Et. to
21 5a. oo
22 57.90
23 57.80
24 5?, to
25 57.40
2E 57.40
27 57. oo
2A 56.oo
29 8O.90

SIGMA3 SlRA¡¡I

26.50 2-02á
30.so 2.348
15.20 2-tt2
ao. so 3.4a4
45. EO 4.672
53.8O s.9to
at.70 7,3At
70. to s .39O
t4. ôO I I . ?9Â
42-40 to.957
{2.ao lo.22A
42-BO to.367
44.40 to.353
{6.30 1o.34?
4t. ôo 1o.324
5t.to to,2as
54.90 1o.239
66,20 to. tt?
9a.20 to, ¡3t
8a. to to.oa9
Ea,oo to.069
ð7.90 to,oB9
s?.90 to.o6!g7,ao to.ooo
57.40 s .977
57.40 9.r85
s?.oo 9.93t
58.OO e .sa6
60.90 g-96t

slRÂtx3 v

o.224 2.333
o.33S 2.320
o. 40? 2, 306
o,52O 2.2A4
o.59E 2.254
o.590 2.223
o.526 2.1a6
o.4t3 2. t4a
o.og9 2.t05.o.20t 2.140
o.tt3 2_142
o.o22 2.143
o.026 2. t43
o,o32 2.143
o.o43 2.143
o.o83 2-I43
o,oaB 2.t43
o.132 2.143
o.t40 2.t43
o.t8t 2.t43
o.l7t 2.143
o.l7l 2. t43
o.t7t 2.t43
o.205 2.143
o.217 2.143
o.223 2.t¡3
o.240 2. ta3
o.232 2. t43
o,225 2-143



UN I VgRS I TY OF HAN I TOSA
SO¡I HSCHAIICS IABORÂlORY

E}IERGY CALCULAT I OHS

ETCTT¡EERIN6 SIRAIfl 349

sAHPLgilO.!T75f,
TEST RESULIS S1ÀÞI

P1 ÈFFECI
SIGHAI
KPA

t 50. r

2 51 .1

3 65.4

4 76.5

5 8A. O

5 101.2

? rt6.3

E 133. 6

I f s9 . 5

to 79.a

¡ I 80. I

t2 80.2

t 3 75 . ?

14 71.3

ls 67.5

16 84 - {

t7 a1 .2

ta 58.2

t 9 sa -2

20 5a. r

2l sa.o

22 S7.9

¡ REMOULDED SÀHPLE )
l4o3a5 EtD 2ao3a5

EFFECÎ DEV EFFECI
S I GHA3 S TRESS OC T
KPA XPA STRÊ55

XPA

26.3 23.6 34.4

30.5 21.2 39.Ê

35-2 31 .2 45.6

4O.5 36.0 52.5

46,6 4t 4 60.4

53.6 4?.6 69.S

6l.? 54.6 79.9

7O.9 62.1 9¡.e

44.8 14.7 lo9.?

42.6 31 .4 54 , 9

42-4 37.1 55.O

42.6 37.6 SS.t

44.4 31.3 54.a

46.3 25.0 54.6

4a.a 18.7 s5,o

sr.9 12.5 56.i

s4.9 6.3 S7.O

58.2 o.o 5a.2

s8.2 o.o sa.z
sa.l o.o 5A.l
sa.o o.o 58.O

sf .9 o.o 57.9

AX¡AT RAOIAL
slRAtr stRAIx

2-o25 o.224

2-346 0.335

2-At2 0.401

3. {84 0. S20

4.572 0.S9a

5.9to o,590

?. s89 0.526

9.33O O.413

rr.798 0.o99

1o.95? -o.20I

10.22A O.rl3

1o.357 0.o22
to.f,s9 0.026

to.347 0.032

1o.32¡ o.o43
ro.28s o.o83

to.239 0-o85

lo.l47 0.132
ro. t3t 0.140

lo.oag 0.t6t

lo.069 0. t?l
lo.069 0.171

voL Lssv lsÈv
STRAIN

ì; KPA :

2.414 O,o O.O

3.Ot5 9-5 0-4

3.626 2O.5 O.ô

4.524 33.O t.5
5.769 4?.4 2.6
?.o90 63.9 3.9
a.g4o 82.8 5.5

ro.2t6 1o4.5 1.4
It.995 t37.O 9.8
lo.s55 37.3 9.O

fo.453 37.5 A.2

lo.4lt 3a-7 8.3
lo.4lr 36.O A,3

to.4l1 35.1 a.3
lo.4tl 35,O a.3
ro.4tt 3a.? a.3
10.4tt 41.? E.2

lo.4rr 4s.6 8.1

lo.41r a5.6 Lt
ro,4tl ' ¿5.4 E.t
lo.4tt 4a.2 8.O

lo.4lt 45.t à-o

DELTA TOlÀT
EXERCY ETERGY

xN-H/VOr KN-8,/VOL

o,o
o .236

o.236
o.33?

o.573
o.5a5

ì. t36
o.953

?.lot
r .25a

3.359
I .75 r

5. I to
2, tol

1.212
3. O39

I O.25 t
- l .387

L 863
-o.3t?

a. s4?
o. o34

a.5Et
-o.oo3

s.578
-o. oo3

8.575
-o_oo5

a. s70
-o.oo6

4.s64
-o.oo4

6.580
-o,oo3

6,557
o.o

4.557
o.q

a, s57
o.o

4.6s7
o.o

4.557

23 S7.9

?4 57. a

25 S7.4

2G 57.4

21 57. O

26 56.0

29 50.9

46. t E.O

44.9 E.0

44,3 A_O

44.3 7.9

43.1 7.9
12.l ?.9

34. S ?,9

sl .s
57. ô

57.4

5?.4

57, O

56.O

so.9

o.o

o.o

o.o

o,o

0.o

o.o

o.o

lo.4t I

to.4tt

l0.4tt

to.4t I

to.4tt

10,4rt

to.4r I

o.o

o.o

0.o

o.o

o,o

o.o

o.o

4.5s7

a. ss?

t.:57
a. s57

4.557

a.557

4.557

5?,S to.oB9 0.!?l
57,8 lo.qoo o.20s
s?.4 9.9?7 O.211

s7.4 9,965 O.223

57.O 9.93t o,24O

56.O 9.946 0.232
50.9 9.961 o.225



Ufl I VERS ¡ fY OF HAI¡ t TOBA
so¡L ilEcltÂff tcs taBoRÂ10RY

EXERGY CALCULÄIIOÈS

HÂIURAL SIRA I R 350

saHPtE xo. :1 7s3
TEST RESULTS SIARI

Pf EFFEC'f
SIGHAI
KPA

I 50.1

2 37 -1

3 66,4

4 ?6.5

5 8A . O

6 rol,?

? tt6.3

I t 33. 6

I tsg.5
I o 79 . A

r I ao. t

12 60.2

t3 as.7

t4 71.3

ts 67.5

16 64.4

17 6l .2
rt sa,2

r 9 5A.2

20 5a. r

21 S8.o

22 s?. B

I REHOUIOED SAMPLE )
r4o3a5 ENo 2ao3as

EFFECI DEV EFFECI
S I CHAS sTRESS OCT
KPÀ KPA SIRESS

KPÀ

26.5 23.5 34.4
30.5 21,2 39.6
35.? 31.2 45.6
40,s 35.O 52.5
45.5 4t.4 60.4
53.6 47.5 69.S

61.? 54.5 ?9.S

7o.9 62.a 9t.a
44.8 a4.7 tog.?
42.6 3?.a 54.9
42.4 37.1 S5.O

42.Ê 37.8 55.1

44.4 31.3 54.A

46.3 2s.o 54.6
4a.a t8.7 SS.O

si.9 12.s ss.i
54.9 6.3 5?.O

5A.2 0.o 58.2
88,2 0.o sa.2
58.1 o.o 5a.l
sa.o o.o sa.o
s7,9 0.o s7.9

AXIAI RÀD¡AL
STRAIN S'RAtN

2.046 o.229

2.374 0.344

2.a53 0.420

3.546 0.542

4 . 8?9 0. 63 t

6,092 0-631

?.ð92 0.572

9.65t o.458

t2.5S3 0.tt2
IL604 -o.225

ro.789 0. t26

1o.944 o.o2s
to.935 0.o29

lo.s22 0.036

lo.a96 0.04E

to.ô53 0.o?o
to.ao2 0.095

10,699 0.t4?
ro.6a2 0.t56
to,634 0.t?9
lo.6t3 0.lgo

to.Êr2 0.lsl

vol LSSV LSÈVsrRAlr
i KÞA :'

2,50S o.o o.o
3.062 9.S o.4
3,693 2O.S O.9

4.529 33,O t.6
5.942 47.4 2.7
?.154 63.9 4.1
9.O36 A2.a 5.9

10.776 lo4.s ?.8
12.777 l3?.o to.s
rt.rs4 3?.3 9.6
ll.o4 I 37.5 a.7
ro.9s3 37.7 a.9
10.993 36.O E.9

to.993 35.t a.9
lo.9s3 36.O a.9
lo.E93 36.? A,8

1o.993 41.1 a.8
10.993 45.6 a.7
to,993 45.6 A.6
lo.9g3 , 46,4 a.6
1o,993 45.2 a.6
lo.9g3 45-r E.6

OEITÂ IOTAL
EHERGY EHERGY

Xl-H,/VOL XN-M/YOL

o_o
o.242

o .242
o.3{7

o.5a9
o.5ð?

L r76
r.oto

2 . 1a1
t .336

I - 890
5.413

2.308
1-721

3.408
I I t29. t . s6{
9. S6s

-o,354
9,21O

o. 03E
s .24S

-o.oo3
9.246

-o.oo4
9.242

-o.co6
9.235

-o. oot
I .230

-o,oo5
8.225

-o.oo3

-o.ooo

-o.ooo
9.222

-o.ooo

-o. ooo
9.222

23 57.9

24 S7. E

25 s7.4

26 57.4

21 St. o

?a s6.o

29 5o_9

5?.9 ta.E'l 2

5?.8 to.536

s7,4 lo.5to

57.4 1o.49?

57.O to.4s9

55.O to.4?6

so.9 to.493

o.l9t to.9s3

o,229 to.993
o,242 to.993

o.24a lo,a93
o.267 10.s93

o.2ss to.993

o,250 to.993

87.9

57. E

s7 .4

57 .4

57. O

56.O

so.9

o.o

o.o

o-o

o.o

o.o

o.o

o.o

45. I

44.9

44.3

44 .3

43 . ?

42. t

34.5

0.o
E.5 9.222

-o. ooo
8. S L222

-0.ooo
a.s 9.222

-o.ooo
4.5 9.222

-o.ooo
E.4 9.222

-o.oo0
E.4 3.222

-o.ooo
4.4 3 .222



UHIVERSIfY OP HA"tIOBA
SO¡L HEC}IÂXtCS LABORÂlORY

SAHPI.E HO. ! T 
'A! 

(REHOULDED CÂHP!E}
gaHPtE HS¡6Bf aFIER COtsoLtoÂTroR : tr.E8l cEHTt!4E1RgssaHpLE v0LuHE aFrER cDHso-LrDArtoB 3 ElÁ:ãõó.ãiörc ce¡rtHsrn",SaHPLE ÂREÂ aFIER coÍsoLroattoÈ = ;;:;;; iõi^.u ce*r¡*er"es
COHSlAIT LOÀD
PROVTXG RIXG FACTOR
P ¡SIOX AREÂ

INII¡AL DIAL REAÞtXC

351

I t6.5! rr r.0226 N -lDtv! 5 , OToO SOUARE CEHl ttdSyRES
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STGHAT
KPA

| 50. o

2 31 .È

3 88.3

{ 7E .3

5 a7. a

6 ! oo. I
7 tt6.o

E tf3,3

E t59.3

to 79,I

t I ?9.6

t 2 ?8 , A

t3 a4,2

l4 .?o. 4

| 5 6? . {
t 6 6B , O

17 g2 . O

r I 69 ,5

t 9 5A ,3

zo s?.3

2t 56.4

22 55.3

EFFECf DEV
s t 6xa3 SfRESS
XPÂ KPA

26.5 23.S

30.5 21 .1

35.r 31.2
40.4 35 .3

46.S 4t.3

83.5 Ãa . a

E I . S 54 . S

7O.7 62.5

a4 . a 74.5
42.4 3?.S

42-4 37-4

42.6 37.3

43.0 f 1.2

¡5, o 25. o

4E,8 ta.6
s2-ê 12.4

65-a e.2
39.6 0. o

5A . 3 0. o

57.3 O. o

56.4 0. o

65.3 0,o

EFFêCT ÂX IAL RAO ¡ALOCI SlRÀlx StRAIxSIRESS : I
KPÂ

34.3 t.323 0.17s
39.s l.SS3 o.272
45.S 2.tlo o.375
52.4 2. A65 a.471
ao.3 4.OtS o.s2?
ag-3 5.a52 o.ôa9
79 ,7 1 .29 1 O. 3Ag

9t.5 9.t44 o.3ol
1o9.6 12.a32 -O.rta
s4.3 tt.toa -o.3o9
54.9 rl.o?4 -O.386

55.o ll.l54 -o.4r9
53.4 tt.t54 -O.4At
53.7 t¡.t50 -o.4a7
55.t tt.t2s -o.474
56.i lt.oet -o.as?
57.9 tt.o57 -o.44O
5S.E lo.g9o -o.406

58.3 1o,956 -o.390
s7-3 to.s22 -o.3?3
66.4 lO.aag .O.356

56.3 to,t55 -O.339

Y9l LssY Lsdv oElra loralSIRAIHI KPA * _i:5ii;. _::;)g;,
1.672 o.o o.o
2.t96 9.5 o.¿ 

o 233

o.3512.65O 20.3 o.8
3.820 3?.E l.E 

o 6t6

s . o88 47 .2 2.7 
0 946

6.42S 83.6 4.2 
l 3l¡

o.o7o a2.s 6.o 
l ato

g.a47 to4.t ?.a 
2'193

3. S7311.79? t36.9 ro.?
ro.49o 37.4 9.8 

'l_349
-o.o75ro.343 37.4 9.r
_o. o¡olo.t77 3?.6 s-Þ

lo. t7? 33.6 9.A 
o o

-o.o0llo.tt? 33.5 9.9
lo,t77 38.2 9.a 

-o'006
_o.oo5

10.177 3e.a s.a
lo. t?7 ¿3. I 9.A 

'o'oo3
_o.oo2

lo.t7? 4?.6 9.t
to. t7? 48.? g.7 

-o ooo

-o.oooto-177 ,44.2 9.6' -o. ooolo.t77 42.A 9.6
ro.t?7 42,A 9.6 

0-o

o.o

0.233

o.5a4

t . t 99

2,la5

3.503

5.3¿3

7.ST6

I1. t49

9.AOO

L725

s.6A5

s ,8A5

I .6A4

9.87a

9. 673

s.6?o

9. SA8

9. ASA

s. B6A

9.868

9.66A

23 86.4

2à a6.2

25 54.A

2A 54.4

27 64. O

2A 52,6

29 50. a

I O. t 77

to.l?7

to. t77

ro. t?7

to.l17

to. t77

lo - la7

56.4

sE.2

6¡. a

5a.4

s4.o

s2. 6

60, a

o.o
o.o
o.o
o.o
o.o
o.o
o,o

¿t,2

40.8

40.3

39 .7

3S. r

37.o

34. a

65.4 to.a26 -o,!24

66.2 to.?s2 -o.307
6a.a 1o.763 .O,293

54.¡ lo,72g -o.2?g
s4.o to.to4 -o.26f
52.6 tO.662 -O,242
50. a I o. B2A -O .225

-o.ooo
9.6 9. Aga-o. ooo
9. õ 9.66a

-o. ooo
9. õ L B6a-o. ooo
I .4 9 . AAa

o.o
9.4 I . ga8

-o.ooo
9.4 9 . A68

-o,o00
L 3 9. A8ô



ul¡vERSIIY OF HAHtIOSÂ
SOIL HECHAHICS LABORAlORY

gAHPLE HO, r I ?54 ( REMOULDEO SÂHPLE I

5ÀHPLË HE¡CHf AFIEÀ CO{SOLtOAl¡OH ! 1I.82, CEXIIHETRESSÂHPLE v0LUHE AFTER CORso!tDAÍrox r 63?.s;o iuEtc cexrlxern¡sSAT,IPLE aREA aFTEÀ COBsoLtDAT¡ot r 4s.o66 iouÀae cexr¡xrrnes 356
COI¿SYANT LOAD
PROVIHC R!fC FACIOR
PISIOH AREA

I"'TIAL OIAI REAOTI'G

t g. E3 ff
1,2386 H../DtV
5. O700 souaRE cËtrT THETRES

.2t2A.OO DMS¡OtS

5HEÂR 
'EST 

RESULIS SlART I2O5AE EHD ¡JO6A5

COISOLIDATED U{DRAIXED IRTAXIAL IESI

PT lIHE PORE
P RESS
KPA

O¡SPT PRTHG
DIAL D¡AL
RD6 ROG

PER EFFECT EFFECI
cEtl StcMl stct{a3
PËSÍRÍ KPÂ I(PA

HAI F OgV EFFECÌoev slREss ocl
STRESS KPA SIRESS
KPA ÉPÂ

o

8Of 2t2A,O
9lo 2127.A
tt5 2126.Og2o 2124.5
926 2t23.6g3o 2123 .2gao 2l2t,o
9SO 2tt9.6

looo 2ltt,o
lol2 2ll1 .o
lo2o 2rl6.E
lolo 2t!{.6
loao 2tll,0
l060 2t06,6
lloo 2too.4
rtlo 2O8{.O
l tzo 2Oa7.A
I t 30 20ao . r
llao 2075.O
I I BO 2O6E . O
I 2OO 2OaO. 5
l2l s 2060 , O
I 2lO 2038 . O
r2a5 2O2a.O
lloo 20t5.o
l3lo tc9t.o
r3a6 t978.6
1400 tgas.E
!aro talt,o
t600 t0l1.O
l630 1a8g-o
l600 laE?.o

ll2,o t99,8 O,O
126,E t88.E O.OO
t33.5 20r.o o.o2
I 42 -O 2O2 .2 O. 03
lgo.6 2o3.6 o.04
t 68.8 204 .9 0. 04
178,2 201.A O.OÊ
200.8 2to.6 0.o?
22o.o 2ll.o o.OE
240-S 2ts.5 0.09
252.2 2t6.E o,o9
267.3 ?la.B o.tl
zto. s 22O .3 O. I 4
292.8 22r .6 O. I !
30: . S 222 .8 O.23
3r3-0 223,a o.29
t22.O 224.A O.34
132. O 22É .a O.40
!4O.O 22È,2 O,44
360. o 22a .9 o. so
3Sa.o 2?1.5 O.5?
349 . o 22A .4 0. 65
3ao.o 22a,9 0,?5
349.O 228.6 0.a6
3S6.ã 230.O O.05
4t2.9 230.2 t.rE
ata.6 23O.3 t.25
421.o 230.2 t-36
420.E 2¡O.3 1.56
{la.s 230.¡ t.E2
434. O 23O. ¡ 2. 04
440.a 23O,a 2.27

83. r
a?.3
aa. o
at.o
90. o
90.9
93.6
96.9
89 .7

r a3 . o
¡ o4 . 5
t06.a
I 08 .9
tto.9
tt2.6
1t4.3
rt5.E
tt7.s
tl9.t
121.O
t22.5
r 24 .6
127.O
12a.9
130. t
134.3
I15. S

r37.O
13E.5
t 3s .3
r3s.t
t ao. {

RAlIO OF
EFF SIGXAI
EFF S t FXA3

1.035
r.oa6
l.ltl
1. t43
t . t 76
I . ?OE
t . 29 5
| .3ts
I .443
r.6Et
r .8Ea
I . t{o
l.ar9
t .493
I .965
2,O24
2. 08 6
2.147
2 .209
2.214

2.4tO
2.484
2.8{3
2.6tr
2 - ÊA7
2-717
2-710
2.7¿O
2. ôO9
2. tt¡
2. At6

ao .2
ao.4
7g -2
71.9
76.6
t5.3
72.3
68.8
Ê1 .2
64. t

6r.4
s8.9
58.5
s?.3
sÊ.5
58. S

s{.9
s3.9

52.6
5t,7
5f .l
60. ?
EO. I
60. o
EO. O
60. o
43.ô
¡s.6
4S.3
48 . A

1.4
3.S
{.4
5,6
6,?
7.!

to,?
t3.6
16.2
l8.o
20-7
22 .1
2{. S

zÊ -2
27 -1
2t.9
!o. I
5r.E
32.6
!3.9
3E . O
36.5
37.9
3A. I
40.4

ê2. e
43.6
44.3
44.9
4E,2
46.4

2.8
5,3
6.8

tr.l
13..
t6-6
2r.3
27 .1
32. s
3E. l
4t.3
45. a
40.0
52. t
85.3
67, A
ôo.3
63. O
65.2
5? . s
70.0
72.9
76. S

7¿ -2
ao. ?
44.:
t5.0
a7. o
e t,7
E8.7
80. ¡
to.3

ar.2
a2 .1
E2. r
81.6
8t.l
80.Ë
7¡ .4
7Â, E

7E. O
77 - A

17.O
?5.5
t6.2
tÊ.o
76 -7
?6. a
?5.6
?5. B

?5.6
76, ?
75. E

76.O
76. ¿
?6. E

71 ,O
7A. I
7t,6
?g . o
1A.4
?s . E
74.4
79. t

A

o.o
o.o
o.20
o .29
o,36
o,40
o.43
o.44
o.45
o. aË
o.44
o,a5
o ,41
o.4a
o. a4
o.4¡
o.4a
o.42
o.42
o.42
o.4t
o.at
o.40
o.3g
o.3s
o,37
o.l7
o.35
o-36
o.35
o.36
o. t6

33 l6!4 ta2E.5
34 tToo tao2.o
35 f73O t7?4.8
36 ttoo t?a6,o
17 t0oo tÊat.5
3t 2OOO I 632 . o
3S 2tO4 ÎA?t -o40 22OO tEta.6
4r 23OO la6r.0
a2 24OO t406,o
al too tt4E.6
4¡ 8to |0!6-0
a5 too t6t.o
4S SOO 8Ar. O
47 tooo tSG.6
4a I too ?!o. a
¡f 0 1200 721 . o
80 tSta 8s!,o

442.O 23O.{ 2.64
442-A 23O.5 2.73
4a3.4 23t.O 2.9Ê
443.6 231.1 3.21
aat,o 231.8 3.6E
111.8 232,1 4.t6
441.5 ?32,6 4.6?
4al.o 233.O 6.tr
á¿ô,o 233.1 E.6S
Ale -a 233.õ 5.06
439.O 231.? 6.É4
4ts.o 235.2 Lr5¡¡34.5 236.1 S.A7
r:4.ô 2t5.0 to.t5
4!a.o 235,2 10.93
¡¡13,6 zta.z tt.30
43!.O 236.7 11.17
432.O 237 .O 12.32

t 40. t
r 40. 6
t ao. I
I ôO. O
t34.0
t 3? . t
136.7
r35.7
r 34. 6
134.O
t 33 , O
t 2ô. I
t26.S
126.3
12s.4
r 24. 6
l2a-1
122. E

43.6
48.6
40. I
1t .2
48 .1
aa -z
4?. a
4t.3
46.9
45.8
4G.4
t5. o
44.6
4{.5
¿4. I
43. a
43.4
43,O

45.6
as.6
¡6. E

a6 .4
46. I
44.7
4¡ ,5
44.2
{3, A
al. 6
43.3
4r.6
41.2
40,I
40-7
¡lo,4
40. I
3t ,6

9t. t
sl.t
9t.o
e o. tgo.2
48.6
aE. s
at, a
8?. t
E1 .2
88.6
8l, r
82,I
at.a
al.3
ao.8
ao.3
70 .5

ao.o
?8.0
7e.4
70 .6
?E, t
?a. o
17,4
76.E
76. I
76. B

76.3

12-O
7r.ô
11 .2
70.7
ao.2
ag . s

2. ð3F
2. tao
2. ôE¡
2.Aa6
2, tÉ3
2.IEE
2.860
2. a8A
2-410
2. a6t
2,465
2. Ea7
2,446

2. EIa
2. gaË
2. EaS
2.448

o.36
o.35
o.3s
o.36
o.36
o.37
o.38
o.38
o.39
o.40
o.4l
0.44
o.4E
o. a5
0.46
o.11
o.4a
o-as



SAHPLEIO.ftE4 fRgHOUIO€D sAHPL€ )

COTSOLIDAf ION AXIAL STRESS
PRECOHsOL IDATTOX PRESSURE
ftORHALIZttrG STRESS

HORHALIZED SREAR IESf RESULlS

Pf PER HRHL ZD
CEff XALF
PCSÎRß DEV

s lREss
KPA

EFFECT XRHLZO
RAf I O OCf
st6HAr SfRESS
S I 6MA3 XPÂ

t.036 0,51o o.o
l.oE6 0.5t9 0.o
l.ltt o.5t6 o.ooa
t.r43 0.512 0.ots
r.t75 0.50s o.o24
1.204 o.50s o.o32
r.296 0.to8 0.o50
l.las o.495 0.067
t.481 o.480 0.oEf
r,6a7 0.a8t o.og9
I . gE4 0.4A3 0. I o7
r.?ao o.ô81 o.ttg
l.at8 0.479 0.129
r.aa! o.477 0.t37
1.98E O.4?S o.t44
2-O24 0.{?6 0.151
2.Oa6 0.475 0.157
2,141 0.476 0.t60
2.20A O.a?5 0.t56
2.276 0,475 0.t?o
2,333 0_{75 0-174
2.4to o.477 0.tEo
2.4A{ O.4?9 0.1a3
2.S43 0.482 0.t86
2.6t1 o.4a3 0.t€o
2.841 0.a90 0. t9l
2.711 0.494 0.t9t
2.440 0,496 0.191
2.14O O.48t O,l8t
2.AO9 0.t89 0.192
2.614 0.a98 0.t9s
2.43s O.601 o.tcs
2.436 0.502 0.182
2.840 0.501 o. I s3
2.864 0.¡99 0-196
2.t48 O.498 0.t96
2.4s3 0.489 o.lga
2.46G O.4SO O.203
2.4 60 0. 4t 6 0 .206
2,4ÊA O-4E2 0.20E
2,a70 0.47E O.208
2.a63 0.a?6 0.212
2. A8E O.4a2 0. 2 1 3
2,447 0. 486 0 .222
2.A46 0.a52 0.228

a3. to KPÂ
rE8.30 KPÂ
IEA.!O XPA

SIART t 205as

XRHLZD
CHAXGE

END 1305a5

2

2
2S
2e

28

lo
3r
32
33
34
35
36
37
3E

ao
4l
42
{3
44
45

o.o
o.oo
o.o2
o. o3
o. 04
o. o4
o. o6
o. o?
o. o8
o. og
o. og
o,tt
o_ t4
o. t8
o.23
0,2a
0.34
o.40
o.44
o.50
o.57
o. g5
o.75
o. a5
o.g5
L rs
r .25
r.36
I .58
r .82
2.O4
2 .21
2.54

2.86
3.21
3.6A
4.t6
4.67
E.l1
5.58
6. 06
6.64
s,t6
8. A7

o. oo9
o.o22
o. o28
0-ots
o.o42
o. o4t
o. o8?
o.oa6
o.l02
o. t 20
o. t3ô
o. t43
o. tE4
o. I E4
o.t7a
o.la2
o. I a8
o. tsô
o.20{
0.2t3
o -220
o -229
o.23a
o.246
o,2s3
o.26S
o.2?o
0.271
o.27A
o .242
o.2t{
o.2ES
o .246
o .2aE
o.2t5
o.2as
o.243
o.2t I
o ,278
o-271
o.2?s
o,27Â
o.272
o.26t
o.26a

357

46
41
4E
Á9
50

1o.36
1o.83
I I .30
1t -71
12-32

o,257
c.255
o.2Ba
o.262
o.250

2.417 0.a60 a.221
2. a4Â O.441 0 .22A
2,445 0,444 0.22A
2.A49 O.440 0.2t2
2.A45 O.ô16 a.214



UHIYERSIfY OF HAflIIOAA
SOIL MECAAIICS LABORATORY

SAMPLEÈ0.:I?Ë5

IIlIltr MorsruRË ;oHrEr{REHoULDED :o"":5], pERcErrrSPECIFIC GRAVTTY oF soIL . ?.73IIITfAI VOTO RATIOr{rrraL xiiãxi-òi-s¡xp.. ' i-361
tHrrraL toiu;; 

";;;;;i; 
! r3.24 cH

EFFEcrrvE 
"Ã¡*.ii,^i^iiir'r, *o'o . ilå;"t..FIIAL HOISTUFE COXTEII : çI.3 PERCEHT

rx. coHsoL ¡ oÂTr oft ,IllI ?so4as EflO eâsasTRIAXIAL COHSOLIDÁITOB IEST:::: ::

358

PT EFFECT
SIGHAI

l so. oa
2 sa.70
3 66.45
4 ?6.45
s E7.93
5 tol.o5
7 I t5.16
a t 33. SO
I ts9.52

ro 78. a3
I I ?9. Eo
l2 79 _ ÞO
t3 73.95
t4 6A.O3
ts 65.53
r6 62.21
la 59. t9
t 8 55. AO
19 s5.AO
20 5A.60
2l 5a.ôo
22 sa. ?o
23 Sa.50
24 58.OO
25 s?.90
26 s7.20
27 56.?o
2a s5.50
23 52.30

EFFECT STRAIil I
s ¡ cMA3

26.60 r.613
30.so 2-O17
35.20 2.6A3
40. SO 3.444
46,60 4.547
53. 60 6. O73
6t.60 7.Ê66
70,Eo 9.282
44. ao t I .699
42.4O to.80l
42.40 to .77O
42.4O I O. 052
4?-7O to.952
44.OO to.94A
46.EO to,s25
49.to to.agl
s2.9o to.a3r
55.Ao lo.?83
5s.8o to.?tr
5ð.ao to.695
sa.Eo 10.6ao
sE.70 to.665
s8.50 ro.64?
5a . oo 1o.627
57.SO to.8o4
57 -2O I O. Sas
56.70 to.666
55.50 to.54¿
s2.30 t0.644

o voto
RAI I O

V S8EÁR
STRA¡N

YOLUHE SIRÄItr3 EFFECfSÍRAIH P

l.a4t o.lf4 14.362-52t o-2s2 39.573.3OO o.35S 45.62
4 ,3O3 o.43o 52.4s5.423 o.43A 60.3ô6.AA2 o.4o5 69.424.3a3 o.3sa ag.7s9.442 o.2ao gt.?o

1t.?t6 o,0o9 to9.?tto.373 -o.214 64.881o.267 -o.ZS7 54.A7lo.?oE -o. r23 g4.8O
lo.7o5 -o.t23 53.t2ro.70s -o. 122 s2. !4!o.70s -o. tto 53,04to.?o5 -o.oE3 53.87lo.?o5 -o.067 55.oolo.7o5 -o. o29 55. AO
I O.7O5 -o. 006 56. a0
I O. ?OS o. oos 56 . toro.7o5 o.ot3 5E.EOfo.7o5 o. o2o 5S. ?0lo.?os o.03l 58.5Olo.7o5 o.o39 5!.o0lo.7o5 o.o5o 5?.goro.70s o. 060 s1 -20ro.?os o.o69 55.?Oto.7os o.oat 85.5010.7O5 o,oal 52.30

23.5A
27 .2O
3 t .25
35.9s
4 r .33
47.46
54.56
a2,70
74.72
37.43
37. {o
37. so
3l .25
25.o3
I A,73
l2.Er
5.29
o.o
o.o
o.o
o,q
o.o
o.o
o.o
o.o
0.o
o.o
o.o
o.o

I .33A
I .32 t

,303
.279
.252
.217
. 142
.141
. ro2
. r 34
. r37
. t 26
. 126
. r26

126
t26

2.321
2.303
2.219
2-252
2.211
2.1a2
2. 141
2.1o2
2 . 134
2. t37
2. t26
2.12A
2.126
2.126
?. t26
2. t2B
2.126
2. r26
2.126
2.12Ê
2.126
2,12Ë

126
t25
126
126
t 2Ê
t26

o.999
r. t76
I .4A3
2.OtO
2.139
3-71A
4.a72
6. oo2
7.794
7.343
? .35 t
7.3a3
? .3E3
?.3EO
7.357
1 .323
1 -270
7. t8S
7. t49
1-127
7.ttl
? . 09 6
1.Oa4
7.059
7-03€
?.ot7
6.99e
6.976
€.376

t.126
L 126
r. t26
L 126
|. ¡2C
L t26
L 126
r.126
L 126
r. t26
r. t25
r . t 26
t. t26

SUHMARY OF ESSEIIIIAL RESULIS SlOREO ¡r FILE

PT SI6HAI

l 50. oa
2 S7.ao
3 65.4s
4 75.45
s a?. 93
6 lot.06
? ttE.t6
I t 33.50
I I 59 .52

to 79.af
r l 79 . to
l2 79.90
t3 73.95
t4 89.O3
t5 65,63
t6 Ê2.21
17 ss. t9
ta 55.AO
t 9 66 . ao
20 SA. EO
2t 58.ôo
22 sô.?o
23 5A.50
24 S8.OO
25 57.90
26 57.20
21 S6.70
?a 55.50
29 52.30

S¡GHA3 STRATTII

26.50 1.613
30.50 2.O17
35.20 2.5a3
40,50 3.444
46.80 4-64?
53.60 6.o73
61.60 7.655
?o.E0 s.252
a4.AO rt_699
42.40 I O.60 I
42.ao lo.7?o
42-40 to.952
42.70 ro.EE2
44.oo to.94a
46.60 to.825
49.70 to.a9l
52.90 ro.a3a
E5.ao to.?63
5S.ao to.7ta
58. ao to. c!5
5a,ao to.8ao
54 .70 t o. 666
5a.5o ro.642
54. oo to. 627
6?.90 to.604
s1 -2O ro. sE6
66.70 to_s86
8S.50 to,544
52.30 to.544

STRAII¡3 V

o-l14 2.33S
o,2s2 2.321
o.35e 2.303
o-43O 2.279
o. 4 3a 2,252
o.406 2.211
o.t6a 2.1a2
o.zao 2.1a7
o.oog 2.1o2

-o.214 2. t34-0.257 2. t31-o. t23 2.12Ê-o,123 2.126
-4,122 2 . t26
-o.tto 2.12Ê-o.og3 2-126
-o,067 2.12Ê-0.o29 z.12Ê-o. 0o6 2. l?E
o. 006 2. 126
o.ot3 2.126
o. 02ô 2. l2È
o.03l 2. f 26
o.o39 2. t26
o, o5o 2. l2Ë
o. 060 2 . t2Ê
o.o6s 2.126
o. oE I 2. t26
o-oat 2.12a



UflIVERSITY OF HAXfIOAA
SOTL HECHAHTCS LABORATORY

EXERGY CA!CULAT¡OÈS

EXGTXEERIHC STRATX

SAMPLE flO. : I ?5S IrEsr-Ãeiiiri'iìo"r'*;i3Tå3'"'ogiå., 359
005a5

p1 
5!:;:i 5ï:;:l ;ii.,, ¡¡i::l åîååi" sîllîi lllo," Lssv LsHv DE!rÀ roraLl(PA KPÂ KpÁ siness -';^'" 5 rxali slRAIx EflERty EflERGy

KPA )'' z KPA : KH-H/Y.L kÈ-H/yot
| 5O.I 25.5 23.6 34.4 1.6t3 o. tt4 l.8t¡ o.q o,o o.o2 sa 1 3o.s 2a.2 39.6 z.ota o.2s2 2.s21 0.296

9.5 o.4 0.2963 66.4 3s.2 3r.3 cs.6 2.sa3 o,3ss 3,3oo 2o.s r.o 
o.422 

].r,a4 26.4 .o.s Js.9 s2.s 3.444 o.43o 4.so3 33.o r.9 
o.669 

1..",5 67'9 46'6 41.3 6o.4 G.64? o.43a 5.423 47.3 3.o 
0.914 

;.r.,6 lol l s3.6 4?.s 69.4 5.073 o..os 6.Aa2 63.8 4.S 
l.4Oa 

:'.r""j 1t6.2 6r.6 s4.5 7s.a 2.866 o.3sa 8.383 a2.6 6.r 
r.871 

;.""aa r33.s ?o.a Ê2.a sr_7 s.za2 o.zao s.a4z ro4.! 1.a 
r-914 

;-r""s rs'.s B4.s 71.7 ro9.7 rl.Bss o.ooa rr.?16 r37.o ro.r 
3.rrs 

,;.ar"ro 79.B 42 À 3?.4 s4.9 ro.ôor -o.2r4 ro.3?3 3?.J g.2 
_r.3sa ';,r",

tt ?s'8 42.4 37.4 s4.9 to.7?o .o.2s? 1o.25? 37.3 9.2 
-0.06r 

;."r"12 7s s 4? 
' 37.s 64.s ro.s'2 -o.r23 ro.7os 3?,3 ,.; 

o.2sa 
;.r".13 zJ.g 42.1 3r.3 s3.r ro.ss2 _o.r23 ,0.?06 33.f s.3 

o-o 
;..="14 6â.o 44.ô 2s.o s2.3 ro.94s -o.122 ro.ros 3r.2 9.3 

_o.oor 
;.rr"ls .s's 46 a t8.? s3.o ro,92s -o. tro ro.?os 32.6 s.3 

-o.oos 
;."r,16 62.z 4s ? 12.s s3.9 ro.a9r -o,o93 ro.7os 3s.o 9.3 

_o,oos 
;.;""t7 s9'2 s2 s 6.3 ss.o to.a3a -0.067 ro.ros 3a.4 9.2 

'o.oos 
;.;",ra ss.a ss.a o.o ss,a lo.?63 -o.o2s ro.?os 4r.8 s.2 

_o.oo2 
;.;."19 ss.6 ss.a o.o ss.a ro.7ra -0.006 ro.7os 4r.a s. r 

o.o 
;,r",2o sa.s sa.8 o.o sa.a !o.6gs 0.006 ro.?os 46,s 9. r 

o.o 
;-:""21 sa,a sa_a o.o sa.a 10.68o o.or3 ro,7os 46.s s,r 

o,o 
;.r",22 sB.7 sa., o.o 6a.7 ro.66s o.ozo ro.?os 48.3 9. r 

o.o 
;.;.,

zf sa.s sa.s o.o so.6 19.642 o.o3r to.?o' 45,o s.o 
o.o 

9.239zq sa,o sa-o o.o sa.o ro.a2, o.otg ro.?oq 4s.2 g o 
o.o 

;;""26 s?.s s7.9 o,o s?.g 10.604 o.o'o to.?ôs 4s.r 9.o 
o.o 

;.;",26 s7.z E7.z o.o s1.z ro,Ea6 0.060 ro.?06 44.o s-o 
o.o 

;.;r,27 58.? s6.? o.o 56.? to.Eaß 0.069 ro.?06 43.2 9.O 
o.O 

;..;,2a ss.s ss.s o.o ss.s ro.644 o.oar 10,?06 ¡r.4 E.s 
o.o 

;.;;"2s s2,3 s2.3 o.o s2.3 ro.s4. o.o'r ro,?os 36.6 a.s 
o.o 

:,,::,



ur r vERS t lY OF HAt I 10aa
SOIT HECHAtrfCS LABORATORY

ETERCY CALCULAIIOÈS

NATURAL STRAIT

SAHPLE Ho. : T ?ss tr¡si-ÃeiõLri,iioo, rREMouLDEDsaHpLEl
250465 ëflD 9os85

360

PI EFFECT
SIGHAI
KPA

| 50, I

2 51 .a

3 56.4

{ 76.4

5 a7.9

6 tol.l

7 tt6.2

a 133 .5

9 rsg.5

lo 79. A

t t 79 . A

t2 79.9
13 7f . 3

l4 69. o

t 5 55 , S

l6 Ê2.2

l? s9.2
l8 55. a

t 9 ss . a

20 5r. a

2t sE. a

22 5A 7

EFFECT DEV EFFECT
S ¡ GHA3 S TRESS OCIKPA KPA slREss

KPA

26.s 23.Ê 3i.4
30.5 27 .2 3S . 6

f5.2 3t.3 45.6
4O.S 3S.9 s2.5
46.6 4I.3 6o.a
s3.6 47.5 69.4
6t.6 54.6 79.a
7C,8 62.7 9l_7
ô4.A 74.a tog.7
42.4 3?.4 s4.9
42.4 37.4 54.9
42.4 3?.5 54.9
42.7 31.3 s3.t
44.O 25.O 52.3
46.8 t8.7 s3.o
49.7 t2.5 53.9
s2.s 6.3 5S.o
ss.a o.0 55.8
ss.A o.o 55.s
5ð.8 o.o 58.A
sa.a o.o 5A.S

58.? o.o 5S.?

AXIAL RAOIÂL VOTSIRAIÈ SlRAIH SIRAIdiïL

l-626 O.tt6 LaSa
2 -O3a o.25A 2, 56:
2.611 o.f68 3.3S5
f.sos o.447 4.3S9
4.653 o.461 s.576
6.265 o.433 ?.t3O
?.975 0.390 a.75S
9,742 o,3to lo.36t

12.442 o.oto t2.46t
rr.429 -o.239 to.95t
l r .3a5 -o.261 to.622
rt.s98 -o.t3a 11.322
rl.sgg -o.t3a t1.322
rr.s94 -o.t!6 tr.322
1r.565 -o.t2. 1t,322
| 1.531 -o. to4 11.322
t t .472 -o. o?5 1 t .r22
r I .3a7 -o. o32 I t .322
1 1 .336 -o. oo? 1 1 .322
lr.3ll o,006 tl.3?2
r1.2S4 0.or4 11.322
I I .2a1 0. o23 t t .t22

o.o o.o
o.303

9.s o.s
o.433

20.5 l. I
o.493

33. O t . a
o,s55

47.3 3.1
I .494

63. A 4.1
L 80942.6 6.4
2.O9A1o4.3 t. t
3.4a9t37.O ro.a

f 7.3 9. a
-0. o6a

3?.3 I .8
o.2aa

37.3 to.o
o.o

33.1 to.o
-o.oot

31.2 10,0
_o.oo6

32.6 I .9
-0.oo6

35. o 9. A

-o.oo6
38.4 9. a

- o. oo3
4t.a 9.t

.O.OOO
4 r . a E .7

-o.ooo
46.5 9,7

_o.ooo
¿6.S 8.?

-o.ooo
46.3 9.a

LSSY LSilY OELTA TOÎAL
EXERCY EXERGYKPA i: KN-H/voL t(H_H/vo!

0.o

0. 303

0.736

I .42S

2.3AS

3,479

5.6A8

7.7A1

! 1.276

9. ?48

4.660

9.96A

E.968

9.967

8.962

9.956

9.950

9.947

9.947

s.947

3.947

s.947

23 sa. s

24 58. O

2s s?.9

26 sa,z
21 s6. ?

2g 55.5
29 s2.3

s8.5

5a.0

s7.8

s7 - 2

56.7

55. s

o.o

o.o

o.o

o.o

o.o

o.o

o,o

45.O

45 .2

45. I

44.O

43.2

4t.4

36. 6

sa.s ll.2Ê2 o.o35 t1.322
58.O t t.235 o,o44 tt.322
s7.9 tt.zos o.056 1t.322
s7.2 I l. taa o.06? 11.322
s6.7 rt.t6? a.o77 11.322
s5.5 11.142 o.o9o tt,322
s2.3 lt.l42 o.o9o 11.322

-o-ooo
9.6 9.947-o.ooo
s.6 s. s4?-o.ooo
L 6 s.947-o.ooo
9.6 9.947-0.ooo
9. s 9.947

-o.ooo
9.6 9.94?

o.o
8. s 9.94?



UT I VERS t TY OF HAX I lOBÂ
SOIL HÊCIAflICS IABORAIORY

SAMPLE HO, t T ?66 fRÊHOULOED SAHPLE 
'

sxEAR TEST RESULfs slÂRT t4o5s5

COTSOLIDATED UXDRAIflED IRTAXIAL lESI

3 lg.o5 t
I o.4171 fl ./DIV
! 5 . O?OO SOUÂRE CÊflT ttElRES

! r830.oo 0tvlsfoxs

SAHPLE HEIGHI AFIeR coflsoLIDÂTtoÈ ! I I. B?o cEÍIIHEIREsSAHPLE YoLUHE AFIER coHsoIIDAlToI s E3;:;ó; iJä,. c"*,¡".,*,,saHpLE ÁREA aFIER coflsoLtDArroH . -;;.;;; 
iõüo^..r*r¡""r"e,

coÈsTANl LOÀO
PROVIXC RIXG FACIOR
PISTÛX ARÊA

IflTI¡AL DtAr REÂOIIG

361

EXo tsosa5

Pf lTHÊ

r 938 ta3o.o 3ta.o 19E,8 0.o at.6 ao.s 0.6 1.3 8o.B2 e.s ra2o.o 334.0 zoo.ã ã:;, !3.j ro.s r.{ 2.8 rl.43 060 ra26.s 344.5 2oo.2 o.oi 93.6 ?9.E r-s f.E 8r.r4 rooo r6z6.s 362.5 2oo.Ê o.oj 94.s 79.3 2.1 s.5 8r.rs roos ra2s.s 3?3.o 2or.3 ;:;; 99.3 7a.s 3.2 6.. 8r.oÊ roro ra2s.o 3¡4.o 2o2.t ã.ó; 9!.6 ?8.r 3.? 7.5 ao.67 1016 ls24.o ¡E?.o 2o2-s ;:;s 9!.4 a1.1 4.3 a.? Eo.6E to2o r823,s .o9.â 2oJ.! o.ãs t6.a 26.9 4.a s,9 ao-2e ro2s rr23.o 421.o 2o3.0 ;:óÃ 91.{ ?6.s 8.4 to.s Bo. rro rolo ta2z,o {3?,o zo4,a o.ói y ? 7s.s 8.2 tz.4 ?9.6tr ro3s razr-G ¿46.s 206.0 o,o) 9s-3 76.r 6.6 r3.z ?9.st2 to4o ta2t.o {EE.o 208.6 ",ãa gg.o jo-1 1.2 r..! ,s-s13 roa6 ra2o.4 4?0.6 206,6 ;.;; E9. r ?3.6 7.a t6.s ?r.E14 roso rEro.s 47s.6 zoe.e ;.ã; gg.s ?3.s a.2 t6,3 z8.sts ros6 rôrs.o .so,o 2o1.4 ;:õ; 8o. r jz.a 6.? rz.r 2ô.616 rroo rsrE.o 60r.0 20?.6 o.iã l] 9 12-1 s.2 tõ.3 7s.Et7 rrrs tErr.o 836.0 2o9_s q-ii 9?.3 ?o.! ro,! zr.s ?r.orE rr3o rar2.o 6G?,3 2rr.s o.is 93.s 6a.4 r2.3 z{.s 26.6te rrls raoo.o EoE.2 zr¡.i ó.;; l!.r 67.0 r3.E 21.1 ?6.020 r2oo raos.o 62s.o 2r{.s ;:;i !!.8 €s.6 14.s zB.s ?s.6zt r2rs raoo.E 66r.6 2r6.f ;.;; e5. t 63.E 16.2 32.3 ?4.622 r23o r7s6.s 677,0 2.r?,6 o,zi ?1.j E3.o r?.3 34.1 ?{.623 r24s r?sr.s ao2.o zta.4 o:i; 99.6 Er.6 ra.E 3?.o z3.s24 r3oo t?a6.o ?2G.o 2ta-a o.¡z gg.g 60.4 19.6 3s.2 73.S2s r32o r??a.o 
"f?.o zzt.é õ:;r roo.? sa.a 2o.s 4¡.e ?2.g26 r34o r77o.o ,:i g ziz.i ;:;; io".o 67.6 zz.2 44.4 72.427 !4oo r?62.0 s19.9 zzi-z ;:;; .ior., Es.o 23.s 48.! 7r-62E r42o r?E{.o s11.9 zz¿.i ã:;j io1., E¿.g a4.6 4a.z ?r.32s r44o r?46.o s11.9 :zs.i o:;; ,i99, s4.o zs.a sr.? j1.2ro r5oo r?36.0 
"19.9 zzt.i ;.;ó i99., E:.o 26.s 63.e ?r.o3r 1630 1722.8 
"l! 9 zic.i ;:;ã .ior." Ér.r 2a.. EE.s ?o.et2 rsoo r7oa.o ss4.o zzs-i i:õ; .iìo., 6o.e 3o.o 6o.0 7o.a

OISPI PRIß6 PORE I9I EFFECÍ EFFECI flALF DEY EFPECI RAI¡O OF ADraL oral pREss 9E!I srciÃi ;i;;;i DEv srRess ocl EFF srcxarRDc RDc KpÂ FcslRx Kpa i;À"-- srRess KpÂ slREss EFF stFr,rasKPA KÞÀ

t.ot6
L 034
I . 046
t.o8g
I . OE2
t.095
t.l12
r.12r
t. r42
I . t 64
L r?6
t. ts2
l.2t r
| ,222
I .236
I .252
I .304
I .lEg
I .40S
I .456
t .607
L S50
I . 60I
I .640
1.712
I .770
I . A3E
t.tg6
t.sEt
2.O16
2 . Ot 6
2 - t7g

o-o
o. ot
o. t2
o.2{
o.21
o. ¡G
o.35
o.40
o,42
o.44
o.a3
o.4¿
o.45
o.47
o.4?
o.46
o.47
o.6t
o.6l
o.5l
o.53
o. E3
o.62
o. s2
o, st
o.53
o.53
o.63
o.52
o.62
o,5t
o.60

33 1630 r8o3'E ga4.6 230.2 l.tr !!r.o Ëo.3 3t.4 Ê1_.1 1r-2 2,247 0.493o rToo r67a.o rorz.o 2Jr.E i.zi !!3.s ¡a.i i;.; 6s.2 7o.4 2.!3s o.4ers rTro ra62.o ro4o.E 23r.8 i:¡ó !!g.o 4s.3 ir:; 67.? ?o.e 2..o3 o.4a!6 rroo ra46.o ro56.s 212.6 r.éi rr?.6 ¡z.i ã;:; 7o.o ?o.r 2.473 o.4a31 rE3o r62s.6 torr.o 2!3.o i.e¡ !!s.2 ¿;-á ,;;:; ?r.e 7r.3 2.820 o.r?sa r9oo 1612.6 rrro.o 23!.? i.;, l?o.z {6.4 ia.; 73.s 7r.o z.6sr o.4?3e rs3o r6sc.o rr2?.o 233.a i.¡; l?l.s rÀ.i ;;:; ?6.! rr.À z.Bro 0..640 2ooo 16?6.0 1146.0 234.0 z.iã !33.o .8.2 ã;:; 76.a 7r.a z.aÊ2 o.4E4t 2o!o rEE7.o rrss.o 2s4.3 a.;; !?4.o ¡¡.i ;;.; 77.s 7.--t z.Bao o.4s12 2roo r'Sa.o rr72.s 234.5 ã'.aa !?1.6 48.6 i;:; ?B.r 7r.e z-i3a o.r.4s zzoo r.08.o rrs4.o 2J4.s à.ti !?9.G 46.r ¡;.; ao.7 7z.E z.lsa o.4r44 23oo 1486.6 !2r2.o 234-s J. iz r2a.o ¡s.i ¡i:; sz.l ?3-3 z.jaa o.¡¡34E 24ot r{r..o r22E.o 234.6 i.¡; 119.6 4E.z oi.i az-s ?3.3 2.sr. o.1246 146 133?.8 rr::.9 z¡¡.i ;:i; t?! 1 ¡i.z ;;:; a3.2 1z.o _.z.a4o o.a341 ESa rra4.o tr7?.1 z:s.i ;:;; r?l 6 ¿¡.õ ¡;:ã a2.7 72.6 2.a4t o..r4E zoo rro!.o r"11.9 z¡s.¡ ;:ã; iz,¡., 4Ë.o ;;:; s2.3 12.4 2.a26 o...{e soo 106?.0 r21!.! 2!E.s ;:¡; i?9." 46.0 rò.d ar.ô az.3 z.6tj o.44Eo soo lotr.s r2l!.9 2ra.6 ;:;; i3g.. 44.4 ;ó:; al.z 7r.s 2.aza o.46Er rooo ¡8..o t"l!.9 2!s.ô ;'.;; ì!., 14.2 oõ.i ro.E ?r.o 2.è2t o.4Êé2 rroo oro.o ,"1?,? 236.; ;:;; i-rl.. 4..6 ¿ð.õ ao.o ?r.3 2,783 o.¿EEr r2o3 rr2.o t"l?.? zsÀ.i ;:;; ilf.l cq-.á i;.; 7s.6 7o.z 2..o2 o.4G6. rsoo a2r.o r232.o zri.i ;:3; i?1.. oc-.ã ;;:; 7e.3 ?0.6 2.7ø. o.4?6E r4oo 782.É 1219.9 z¡e.: ;.;; i2"." ¡¿.ã i;.; 7s.! ,o-3 2.7at o.4?66 1600 7!1.2 t22â.2 zsè.i ;.ii i?!." ¡s.a ;;:; za.{ as.6 2.605 o.4EE7 1600 68r.E r"31.9 zcs.o ;:;i ir,., {s.3 i;.; a1.¿ 6s.2 2.286 o.4EEa tzoo 646.0 12:1.9 zsz.o õ:;; iro., .3.8 i;:; a7.2 6s.2 2.1a6 o.4ese r8oo 60r.o 12?1.? zrl.E tó'.ü i,"., .3.o t;.¡ ?6.E a!.Ê 2.286 o.Eo60 reoo s6s.o t2?7.? zrz.i io:;; i!!.0 42.s ;;.; 76.s aô.{ 2.7a3 0.60Gr ztoo 46..o r2?l.g zr1.s ii.;i i!g., 42.1 i;.; ?s.E 6?.7 2.7re o.sr62 zzzÉ !s3.o 12ta.o zts-o ii:¿i irz., 42.s a;..; ?s.o 67.8 2.a66 0-,,2



6A¡'IFLE H0. ¡ I 7EE {REHOULDED SAHPLE'
c0ÈsoLtDÀttoH attaL stREss
PRSCOÈ9OL ¡DAIt OH PREggURE
BORHALIIIHC SIRESS

BOR¡4ALtZEO SHEAR 
'ESI 

RggULrS

PT PER ¡RHLZO EFFECTCeXl HALF ÊÂltoPCSÍRH OEV SIGMAI
stRess sIGHÂ3
KPA

¡ ¿t.to KPA
' I 6S .62 KPA¡ t8r.a2 kPA

staRT t405a5

TRML 2D HRHL ZDOCI CHA|EE
SÎRESS IT PWP
KPÂ XPÂ

EHD ÎEOSEE 362

to
tt
l2
!3
la
ts
t6
17
It
t9
20
2l
72
23
2t
25
2Ê
21
2A
2Z
30
3r

33
34
3S
36
31
3E
30
40
{l
42
a3
44
48

.40s

.{56

.60?

.550

. 80 t

.8a9

.112
770

o.o
o.ol
o.or
o.03
o, o4
o, oa
o. o3
o. o5
o. o5
o. o7
o.o?
o. o8
o. o¡
o. o8
0. o9
o. to
o. t3
o. ts
o. ta
o.2l
o.25
o.2t
o. t2
o-37
o.43
o. EO
o. E?
o. a3
o.71
o. ?e
o.00
L 02
t. ta
I .27
I . ¿o
I . E4
I .8t
I - 62
t.06
2.12
2.2¿
2. aa
2.77
t.t2
3.4E

o. o04
o. oo9
o.ol2
o.ôt7
o. o20
o. o23
o. o2?
o. 03 t
o. o3a
o. 03g
o. 04 t
o. o{3
o.o{3
o.05 I
o, os4
o. o5a
o, o8?
o.o77
o.oa5
0. o94
o. tol
o. tos
o,tt6
o.123
o. t3t
o. t 33
o. 147
o. t õ{
o. t 82
o, I s!
o. t7E
o. I aE
o. t¡7
o.zo4
o,212
o.2t9
o.228
o.23 t
a ,238
o. 24 t
o.2r4
o.2¿a
o,283
o.28?
o,2ao

t.o16
r . o34
r.04a
1.o69
r.oE2
¡ - 09 5
t.rt2
I . t 2t
L t 42
I . I A4
l - 175
r.192
l.2lt
I .222
| .23t

I .30¡
I .359

o,507
o.5t0
o. soE
o. so9
o. 508
o.505
o.50s
o.603
o. co2
o.499
o.49t
o.49E
o.4Ð4
o.4Ð5
o.493
o.494
o.4a9
0.4ao
o .471
o.4?4
o.46A
o.46?
o.484
o.46r
o.456
o.4s4
o.440
o.447
o,446
o.445
o.444
o. a44
o.a¡6
o.442
o.{44
o.4a4
0_{4t
o,4as
o.449
o. ¡60
o.462
o.4Eo
o.486
o.469
o.¡aô

o.o
o. oo I
o. oo?
o.oo6
o. ooo
o,ol¡
o.ot6
o, o2l
o. o2s
o. 03l
o. o32
o. o36
o.04 I
o. o44
o.o47
o. o4t
o. oBo
o.075
0 - oE3
o.o92
o. 103
o.ttl
o.lt6
o. t 25
o. t 35
o. t43
o. t52
o. I Ê9
0. l6s
o. t7t
o.17t
o. I aE
o.lgo
0. t9t
o. 20I
o.205
o .207
o,212
o .213
o.214
o.2t6
o-217
o,217
o.2t5
o-211

I . t3t
r.Es6
r.i37
2.o16
2 . O0I
2-l7s
2.241
2. t39
2.403
2.4a3
2-620
2. C9 |
2.6ts
2,362
2.89o
2. ?3a
2. ?Et
2.7A6
2.AtE

:! a.lr 0.281 2.!4O o.4s? o.218
71- 5.66 o.2!9 2.!.1 o.aB4 o.zz2
:l g.o7 o.2r! 2.A28 0.46. o.223!l 3'¡t! 0.256 2.a17 o.;;j ó..r,:9 6 . 94 o.2sa z . ¿2a o. 44 E o. z2s!l 7.23 o.282 2,¿21 o.446 o.225
:3 1.At o,2gt 2.?83 o.44? o.22183 l. oo o, zeo 2. àoz o. {43 o. zza64 a.37 o.2a9 2.7¿a 0,443 o.22685 a. 76 o .2.1r! .:ii ;:;;; å:l3l l.ilJ 2..1?1
91 9.Sr 0.244 2.7s6 0.434 o.232
9l r ,9o o,242 2,7a6 o.43¡ 0.23368 I O .2a o.za rte ro.ãs ;:;;; i..iZZ 3:lll å:Íli:l ! ! .4 r o.2ra z.:,as o. ìii ã..""az r2.or 0.216 2.768 o.iii ã.r¡g
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. SÂ¡IPLE HO. ¡ 1 766 fRSliouLOED gAHprEt' lrtltaL rdorSluRE COr¿lEr?iîiii¡";SlåJiii,;;"l5il | ,lg;" pERcE,'

trtrtar xe¡èHi'-ói-saxp, ! l.ra?
¡Hrrtal voaura o" ,oroiS ¡ ti 24 cM

fl;l¡i*;"lii!.iiii.íÍåË"" ^^,," I llåàoo ""
r 4,.8 PERCEHT

rx. c0psoLrDArrox .IllI 2604a6 Eto roosasTR¡AXtÄL CO¡SOLIOAltox TESI
::::;::::::j::
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PT EFTECI
SICHÀ1

I 60. oo
2 67. 60
r 88.26
4 ?8.23
E A?. E6
I too.?e
? ttE.Al
I t32.90
I f68.09

ro 78.94
I I ?9.88
t2 ?e . ¡E
tt 7a.61
l4 ?o.a3
lB a7,¿7
t 8 86. I I
l7 82.t2
ta 8O.OO
t9 8E,0o
20 88. AO
zt Ee.!o
22 8A.80
23 aa.20
24 5a. ro
26 õ8.20
2A BE. ¡to
27 8a, to
26 6?. ¿o
7A B8-30

EFFECI SIRÂtII
S I GHA3

28.60 I . 80 I30.50 1.979
35.1o 2.5?6
40.40 3.3S9
46.50 4.?35
63.40 8.284
61.40 7.953
?o.60 9.?43
ôa. to t 2.8?ô
42.4O tt.Ês4
42.4O rt.84S
12.ao t2.o8S
43.20 t 2. o89
45.90 t2.oBs¡at,90 l2.OAa
82,50 l2.ola
s8,lo tt.s8ago.oo I t.rs2
EE.90 | | , aoË
68. AO I I .7Aa
E¡.3O t t . ?87
Bt. go t I . ?48rE.20 tt.?3O
EE.30 ll,70a
st,20 t t ,8A4
68.¿o rt.E3SgE.to lt_6a?
87.40 I t . 624
86,30 tt.Bot

o vo¡D
RAlIO

Y SHEAR
STRAIN

VOLUHE 5TRÂtII3 EFFECTSÍRÂ¡P P

t.7Oa o.o53 34.3f
1.los o. r 63 !s .6f3.tt8 0.271 45.4S4,O3O o.3t6 52.34
:.1s7 o.3ro 8o.226. EOt o -2a2 6S ,208.2A4 o.t65 ?e .54
!.7?6 o.ot6 s1.4o

!!.75o -o.614 ros.s¡to,539 -o.727 s¿.elro.3!r -o.7a4 sr,io
!9.132 -o.lae s¡.isro.3r2 -o.rag s¡.ã¡
19.132 -o.a8e s4.21
19.132 -o.asâ ss.iaro.332 -o.a42 50.70to.332 -o.ata sa.t7to.332 -o.7ao 60. ooro.332 -0.737 sa.90
I 9.332 -o.727 so , ro¡o,332 -O.?tA 59,!Ora.l32 -o.70? E8.30lg.3l2 -O.ASA 58-2ora-t32 -o.3AE Ëa-3ó¡o.3r2 -O.aZB s¡-uoro.r32 -o.6aa ca.ioro.332 -o,867 3a.rolo.ll2 -O.g¿! 67.40ro,ss2 -o.û3s Ea.!o

::.99 r.348 2.34a r.o32,-r..1? t.332 2.332 t.2toii,ii I iJî i l;a j:¡jí
:: lg r.2s8 2.25s ?.r5o
:1.1? 1.224 2.224 4.ors
:: :l L tåo 2. r8s 5. ro2
::.lt r. 16! 2.1r3 8.4a4
::'32 !'los 2.106 s.16l
:j.:l Lt36 2.t35 r.4at
:1.:! |. r3e 2. rSs 6.48a
:1.19 L 14o 2. r{o 8.s28
:1.:l r. r.o 2.t.o r.826
?: .tl r . r.o 2. r.o a. 826
l:.1? r.r¡¡o z.t.o !.603t1 gl t. r4o 2-t4o a.573
2,?2 t.t4o 2.t4o s.s24
:.9 t.l¡to 2.t{o a.44s
?.9 t.t4o z.t.o õ.36r
9.9 t. r.o 2.14o s.r42
:.9 I.tao 2.tao s.32!
:.: !.!.o 2.r4o a.3olL tao 2, t¿o r.2A6
?.9 t.rôo 2.t4o r.283g.g l. rao 2. r.o s.24og.g t.tao 2.rao a.22s
9.9 I.Ióo 2.tao a.2o3
9.9 Lrôo 2.t¿o õ.taoo.o t.t4o 2,t4o !.t6?

SUMTIARY OF ESSgI'IIAL RESUTTS SlORED TX FTLG

Pf st6HAI

t go. oo
2 at.80
3 88.28
4 7Ë,2t
E 8?.s8
3 too.?9
7 tt8.tt
a tt2.88
I .tto,o0

lo 7t. !a
I r t9. ro
r2 ?¡. t0
tl ?a.Er
t¿ 70.A3
rE a7,a7
rE lg.tt
t7 32,12
l8 eo,oo
t 8 aE. BO
20 Eg. EO
21 59, !o
22 88, õo
23 8s.20
2a 8E. ro
2A BA-20
2A Et. ao
27 6!. to
2A 6?.40
29 58.!o

stcHAr s1Àatt{r

23.9o t.80t
30.80 t.ût3
35.to 2.6?6
ao.40 r.3ro
4g.BO t.7¡6
El,lo 6.2t4gt.¿o 7,BE!
?o.ao 9.?a!
04,¿O l2.E7t
42.10 tt,9O4
42.ôo tt.ôa9
42.ao t2.osr¡¡t.20 t 2. oa8
4A.to t2,ooe
êt.00 t2.oa7
82.9o t2.ot7
E6.to tt.9ES
80,OO tt.0o2
8r.00 tt.ao!
89.¿o rt.?!6
80.3o tt.?g?
sr, go r I . ?48
6A.2o tt.?!o
88.30 tt.?o7
Èt.20 tt.aa4
Bô.to tt.8a9
6t.to tt.8¡?
47,4O ll.d21
66,30 tl,30t

SIRA¡N3 V

o.oE3 2,346o. t 3f 2.332o.?71 2.t12
o.Jt6 2.291
o.tro 2.260
o .282 2 -22ao. taB 2. taoo.ot3 2. tEr-O.80¿ 2. too-o.727 2. M-o,7ô4 2. t!r-ó,aag 2. tao-o.aao 2. t¿o-o.la¡ 2. t40-o.a¡a 2.f40-o,Ea2 2. tao-O.al6 2. t40-O,?Ao 2. t40-o.73? 2.140-O.727 2. t40.O.710 2. t40-o.7o7 2. t40-o.699 2.t40-o.tat 2. t40-o.a?E 2.t40-o.aB8 2. tao-O.857 2,140-o.646 2,t4o-o.338 2.1Âo
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PI EFFECT
S¡GXAf
KPA

| 5o, o

2 É7.e

3 a6.3

4 76.2

6 a1.a

6 too.a

7 tt5.8

I t 33. O

I i Bs . t

ro 78.A

I I 7A . B

t2 79.9
13 ?4.6
t 4 7O.6

t5 E1 .7

18 86. I

17 a2.3
18 GO. O

18 6a.8

2O Eg . a

2l Ee .3

22 6A. B

EFFËC1 OEV
s¡ct{a3 slREss
KPA KPA

26,6 2!.6
30,5 2a . l
36.t 31.2
4O.4 tE.8
{s.B 1t.2
83,4 47.4
8 t . ¿t s4 ,4

to.6 62.4
44. a t4. !
42.4 3?.6
42.4 ¡?.6
42-4 !7.5
43.2 !t.3
46. e 24. O

4a,g ra.8
82.6 t 2,6
E8.l 6.2
ao.o ô.o
6A.9 o.o
B8.E o.o
E6 . J o. o

sa.6 o. o

o.o o.o
o.266

8.6 0.a
o.440

20.3 t . o
o. a2032.8 I .8
I . oE I¡t7. t 3.2
t.4to

83. E 4. ?
t. a9782.3 6.4
2. OSOlo3.a a. t
3.876

13e.7 rt-r
-t.264

37.4 I O.5
-o, ôa4

37 .4 I O. {
o.o24

37.4 to.5
o.o

3a.o to.6
o.o

34,4 ro.E
-o.oo6

36.1 fo.5
-O. OO6

38 . A I O.6
-O.OO6

43.8 to.4
-O,OO2

4a.4 to.4
o.o46.? to.!
o.o

4ô.1 to.2
o.o/¡7.3 to.2
ô.o

66.O to.2

EFFECI AXIAL RADIAL YOL
991 slRArx srRArÈ srRAlHsTREss L ï 7.
KPÀ

l¡t.3 1.60t o.o53 l,?o8
39.8 t.978 o.t63 2.3O5
48.6 2.ê78 o.271 f.tta
82.3 3.30S o,!t6 4.O!O
8O.2 4.738 O.3to 6,!6?
8S.2 6.2a4 o.262 6.ao8
?e.E ?.883 o.t65 s.2a4
8t.4 0.?4! o.of6 0.a7Ê

tog.6 t2.a?t _o.56a rr.75o
64.0 lr.0g4 -o.72I to.E39
84.0 1t.049 -o.7a4 to.38l
54.t t2.069 -o.aEs ro.332
83,6 t2.069 -o.a6s ro.3!2
6¿.2 t2.oag -o.aag ro.332
56.2 t2.oÀ7 _o,86ô ro. r!2
E6.7 t2.ot? -o.a42 ¡0.332
EA.2 tt.s6E -o.a1a to.332
8O,O tt.a82 -o.?ao to.r32
Ea.A tt.ôoE -o.7!? ro.S32
68,8 t1.?aG -o,aZ7 to.g32
6A,l rt.?6? -o.7ta r0.332
g8.E tt.?48 -O.?O7 ro.332

LSSV LSIY DÈLfA TOIAL
EXER6Y EßERGYKPA 1 KH-I{/VOL KT-H/YOL

o.o

o-2AE

o.?o6

r . t26

2.117

:. ð28

6.424

7.666

I | .230

t. e 8G

g. a82

9.80t

t.80t
g.007

8. O02

t. a9?

a-E92
g. ago

8. AßO

8.800

0,8SO

L a90

23 6t.2

24 6a.3

26 5t,2
28 68-4

21 6r. I

?a 57.4
2S Ë6-3

46.6 to.2
48.7 lo,2
46.6 to.t

46.9 to.t
4õ.4 to.t
44.3 to.1

42.8 to.o

8.400

8. A80

g.6e o

8.8AO

L a00

s. ô90

3.8SO

6A.2

66.1

64.2

õ4. ¡l

68. I

Bt.4

66. !

o.o
o.o
o.o
o.o
o.o
o.o
o.o

o.o
o.o
o.o
o.o
o.o
o.o
o-ô

ga,2 tt.?3o -o.698 1o.332
6E.3 lt.7O7 -o.B8g to.332
ES.2 tt.SO¡ -O.676 to.3!;
Ea.4 tf .669 -o.689 ro.!s2
sE.t t1.64? -o.56? ro.332
87.4 r1.624 .O.646 tg.332
66.3 tt,60t -o.636 to.332
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EHER6Y CALEULAf IOXS

RAlURAL S TRA I f

9A¡'PLE XO. t I ?66 (RëHOULOED SAHPLEI
lESf RegUtfS slaRl 2604aõ ErD toos86

PI EFFECI EFFECT DEV EFFECI AXIAL RAOIAL VOL LSSY LSI¿V OELTA IOTAL
SIGMAI SICHA3 SIRESS OCT SÍRAIT¡ SIRAI}I SIRAIH EHERGY EIERGY
KPA KPA KPA STRESS I I 1 KPA T, K}I'HIYOL KH'M/YOL

XPA

I 50.O 25.6 23.5 f4.3 l.Bl4 0.O64 1.723 0.O O.O O-O
o.27 I

2 61.5 !0.6 2?.1 39.S 1.9S0 0,16? 2.tt2 6.6 0.4 0.711
o.452

3 66.r !6.t 3t.2 46.8 2.609 O,2'rø 3.167 20,3 l.O O.723
o. 6¡¡ I

4 a6.2 40.4 36.a S2.3 1.488 0.32e 4.ll! 32.6 l-S 1.344
l.l4l

5 A?.7 46.6 41.2 60.2 ¿.Ast O.3?.a E.EOs 47,1 1.3 2.606
1.497

8 too.a s3.4 47.4 BA.2 6.430 0.240 7.060 83.8 4.4 4.OOl
I . A3 t

? tt5,8 at.4 54.4 ?0.6 8.2A7 0.lAO 4.64t 82.1 ô,7 6 434
2 -230

E tsJ.o 70.5 62.ô Sr.4 lo.25t O.OIA lo.2a7 lo3,a 4.6 4.063
4.134

o t69.t a4.6 ?4.3 tog,6 13.?46 -O.643 12,4AS l3A.? 12,2 12'187
-1.431

to to,g 42.t 3?.8 84.Ê 12.17Ê -O.A20 ll.136 l?.4 ll.2 to.?66
-o.o04

tf ?s,¡ 42,4 3?.5 54.9 12.72a -0.162 fo.g6l 37,/¡ ll.2 10.6?2
o.o2a

l2 ?g.o 42.4 3?.5 64.9 12.862 -O.g?8 |O.SO5 37.¿ t 1.3 10.?oo
o.o

t! ?4.5 43.2 3t.3 53.5 12.!62 -O.97a 10,906 34.O I 1.3 10.700
o.o

t4 70.a 45.9 24.9 S4,2 12,â62 -O.g?a iO,906 34.4 ll.l 10.700
-o.oo6

t6 87.7 {!.S t!.a 86,2 t2.a35 -0,946 |O.EO5 3G,3 ll.3 1o.686
-o.oos

t6 sE.l 62.5 t2.6 Ë6.? lz.aoZ 'o.s4a lo.Bos 3e'a ll.3 lo.6ag
-o.oo6

l? 62,3 Es.l G.2 ÊA.2 12,746 'o.s2o 10'806 41.6 tl.2 lo ga4
-o.oo3

tô 80.o 60.0 o.o 60.0 12.680 -o,a?g ¡o,go5 46.4 ll.l to-681
-o. ooo

ts 6a.g Et.g 0.o Ea.r 12.662 -o,E2E 10.905 46,7 ll.O !O.6At
-o.ooo

20 69.6 58.! o.o 58.t l2.E4o 'o.ala to.9o6 aa.l ll.o lo.Bat
-o.ooo

zl E9.! 83.3 0.0 Eg.l 12.610 -o,ao7 10.005 47.t ll.o lo.6al
o.ooo

22 66.6 6t.6 0.O Ea.6 t2.4e3 -O.79¡ to.gos 4õ.O lO-S fo.8al

365

2a 5A.2 6A.? O.O 68.2 12.478 -0.?46 fo.rd6 4S.S rO,O

24 68.3 5t.3 0.O EA.3 12.460 -O.7?3 tO.905 4S.7 lO.B

2É 6a-2 EA.Z O.O 6A.2 12.426 -O.7AO 10.006 46.6 lO,9

?È 5A.4 Ea.4 0.O 6a.4 t2.aoa -0.761 lO.90S 45.S lo.g

27 Bt.t 66,1 O.O 5a.l 12.342 -O.7ra IO.SOE 46.4 lO.A

2A 6?.4 57.4 0.O 57.4 12.356 -O.726 1O.806 44.3 lO.E

29 56.3 66.3 0.O 56,3 t2,33t -O.7t3 tO,90S 42-6 !O,8

-o.ooo
lo.gtt

-o.ooo
to.6at

-o.ooo
to.6at

-o.ooo
to.6at

-o.ooo
lo.a8l

-o.ooo
lo.8al

-o. ooo
to.aat
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SAHPTE H0, . I ?S6 { REXOULOËO sÂHpLE I

SAHPLg HEt6HI AFIER EoflsoL¡DAItoÈ ! I I,?ga cEflTIHETREssar,tPt E V0LUHe ÂF1ER COITSOLIDAT¡Ot{ r s!8.60ã èue¡c ce¡r¡xerecsAAHPLE AREA AFIeR COHSOLTOÀtrOfl r aE.s2i iõUane Cerr¡uernes
CONSfAHI LOAD
PROVItrG R,I!IG FACTOR
PIAlOH AREA

IHIf¡AL DIAL REAOTHA

366
r 6.52 H

1.O226 R ./Drv
6 . OTOO SOUAR€ CEHl t HEIRES

.2093,oo 0tYIstoils

E¡0 220Ë8èaHEAR lESl RESULl6 sfaRl 2to5as

coasoLt0aTEo u'tDRAtltED tRtÂxtaL rEsl

F1 TIHE

I a56
2 0 00
3 E tô
4 920
6 S tÕg a40
? 060
t t ooo
0 toto

lo to20
t I toto
t2 toaE
l3 I too
t4 rttE
t5 | tlo
l8 I taa
17 1200
la r2tB
t0 t230
20 I 300
2t t3lo
22 I 400
23 r 4to
21 tEoo
2g I EIO
28 t 804
27 I alo
2a I ro7
29 I ?!O
30 I too
ll rtoo
32 2000

D¡gPL FRITG
OIÁL DIAL
R,OG RDG

208t.o tóg.o
2062.O tao.g
20rB.g ra6,6
2075,a 2to.o
20?t.o 2to,o
2OA8,O 2aE.O
206t.o 260.ô
206t. o 272,6
2o¡¡A.C zgE.O
2042,O ?gE -2
2OlC.6 to6. E
202¡¡.o lta.5
20t6.4 ts2.6
2OO4. È ta¡t. o
l3t2,E tEE.O
r0gr.6 1t6.6
l 0?o, o 376. 2
t06a.o 3t6.o
to¡6.0 39¿.O
tszt.o cto.o
t437,6 424.O
la72.o 4t8.o
tt47,o ô45.O
I t2O - E a82.6
ttoa.o 48a.5
Itg3.o 48!.A
r?tt.o a86.9
ItoE,o ¡¡7O.5
tEAz.o ¡¡?t.E
1346. o ¡ttl. E
lEog.6 a?¡,t
t6a2.o ¿78.O

EFFECI HALF
S I CMA3 DEY
KPA SÍR,ESS

KPA

8O,4 2,ø
7?,6 1.2
74. r 7 ,o
70, ¡ g , g
67.6 12,ô
aG.2 t!.8
84.2 tË.4
82 - 6 I8.8
8O.9 tA.2
80.7 t9.4
6g.o 2O.E
E8.a ?,2.o
16,3 23,a
E4. I 2a.a
õ2.t 28.9
62-2 27.O
B L 2 2t. I
6O.4 ZA.l
49.6 30.t
aa.2 3t.8
17 . a t!.3
18.7 ta.3
46. E !Ë.6
48. A 39.2
{6. ! 36. E
¿6 , r 37 , !
46.2 17. g
4t,I t7, E
46.3 3?.8
46.¡ lt-o
46, O 37.0
46.O t7.7

DEY SFFECI
sTRega ocT
KPA SIREAS

KPA

5.4 A2.4
a. s ôo.4

t¡¡. t ?E.a
t9.8 77.1
24. t tE,8
27.G 76.4
30. 8 t4. 6
lt.6 ?t. a
lG,3 ?l.o
t8.6 72.8
at. t 7l.a
¿4 . O t I . E
¡|E.0 ?o.t
¿a .3 to.6
6f .a 70, I
84. O aO,2
E6. t a9.0
Eô.2 t8 . a
30.2 69 . I
61. I 63. a
G6.6 Eg. s
6g . I 80 ,7
70. s to. I
72.4 à8 . t
t3. 5 88 . t
74.6 8E _ s
tE, o 70.2
?8.8 ro,a
?E. t ?o.8
76.t 

'o.77E, t ?o. t
?8. E 'ro,?

RÀf I O OF
EFF SICHAI
EFF SIFHAI

I . O73
l. tog
L I gO
I .276
I .396
t.¡tt?
1.174
| ,635
r.E07
I . 66 t
! , too
I . ?t6
I . â¡¡t
r,9t2
| . gôo
2. Ot6
2.O06
2. t86
2.2O9
2.320
2, ao6
2.18O
2 .!È26
2 , ga I
2.A24
2. 3ES
2. ato
2. 8Et
2.670
2.372
2.6AA
2-Baa

PORE PER EFFECI
FRESS CEflT S¡CHAl
KPA PCSIRT{ KPÄ

2OO.O O.O a6.3
202.8 o.ot 86,r
20ê.2 0.ot 6a.z
2O3 . 4 O, 06 0o.6
212-l o,to 92.o
214.2 0.ta r!.8
2tg.o o.t8 oE.o
217.A O.24 sG-2
2ts.l o.2a 8?.2
220,t o.3E s6.6
222.2 0.40 08.r
223.2 O.EO too.a
27a,O o.6? to2.t
226.! o.6? tô!.4
227.6 0.a7 t04,E
22¿,1 o.ðs to6.2
zzc-t o.ga 107.3
2SO-2 t.06 toa.6
2lo-5 t.fg tto.o
232.2 f.36 ttl,6
232.8 t.57 tt4.o
231.t t,7g ttÈ.a
2l¡.o 2.OO rt?.{
2t4 .4 2.23 | I 8. 2
23¡¡.3 2.46 tta.8
2lË.o 2.71 tt9,8
2tE. I 2.CZ I 20. 2
214.0 3.2t t2t.2
214.0 3.¡to r2t.o
2t4.9 3.8t t2t.!
ztB-2 a. ro r20.o
2t6. E 4. E8 I 20.6

A

o.o
| . ôa
o. ?8
o. a8
o.86
o.a5
o. a4
o, c3
o.8t
o.62
o. e !
o.3r
o.6r
o. ao
o. 60
o,6a
o,6a
o.6a
o.66
o,E6
o.54
o.53
o. g2
o.62
o.E2
o.6r
o.Et
o, õo
o. Eo
o.60
o. Eo
o.5t

3l
l¡¡
IE
3¡
It
l8
3t
¡lo
4t
42
¿l

2lOO l¡l¿7.O
2200 ta2a.o
2too t!7t.o
2¿OO lltt.o
600 to2t.g
aoo oto. o
?oo 0t t.o
too .røa,2
96Ë r80.2

rrtB 6?0.0
I ta7 a¿o.o

4?a. o
172 .É
¡¡?o. t
¡8t.8
4t2.O
¡¡48. g
4aa. o
644 -7
¿¡tt.3
aa t - E
4¿O. 6

44.9
44. A
aE. o
aa. g
¡¡4.6
¡44 . S
¿la. t
43.6
43. /¡
43.3
43,3

?4. S

71 .2
?l ./t
72.4
c?.3
6€. ¡¡

86 .8ga.6
Ët, ô
G3. O
62, E

2. 8gA
2. gE6
2. Elo
2.et2
2.BIS
2.490
2,488
2.47a
2-47t
2. ¡86
2.447

o.El
o.62
o. al
o. B3
o.6E
o.59
o.ôo
o. 82
o.63
o.ß4
O-BE

80. g

88. g
88.8
40. o
GA. O

a8,7
66 .2
EA. Ig¡. ?
64.3g4-2

3?.6
3?. l

' 18.?
tG.2
t¡,7
tt.2
12.9
32-2
tz.o
3t.É
3t.l

2!6.1
216.6
2ta,3
235 ,3
236. O

2!6.8
216.9
236.4
2t6. A
2t8-a
216. a

E , 06 I t 8 . A
E.E6 tt0.o
8.Oa ttE,a
8.BS tt?.t
6.36 ttt.8
9.44 I I I . O
9.84 tto.t

to.80 loa.t
tt.23 1o7.3
ll.tâ 106.l
12-21 tos,8



satPLExo.!1766 ( REXOULOEO SAT4PIE I

COTSOLIOÂTIOß AXIAL SlRESS
P RECO HS O L I DAT I OX PRESS U RE
ft0Rr4aLtztßG sTReSs

I a6,2? KPA
. lg0.o8 KPA
. IgO,OB KPA

XORHALIZEO SHEAR ÌgSI RESULT6 SfART 2IOEA6 220646

PT PER
CE¡IT
PCSIRH

r ô.o
2 ô.Ot
3 0.ol
4 0. oa
6 0. to
6 0. t4
? o. ts
I O.24
0 0.24

I O o. tB
I t o.40
l2 0.60
rl o.67
14 0,67
t6 0.17
t6 0,a6
t7 0. 16
tE t.06
tE 1.t6
zo I .36
2t t.E7
22 I .7t
2A 2.OO
21 2.23
26 2-46
2E z-al
27 2.t2
2A l.2 t
29 3. ¿O
30 3.63
tt 4.to
a2 4-g9
33 C . 06
t4 É. a6
16 6. ôa
3A 6. E3
37 A. tE
3A I . {4
ts a. sa
40 to.ao
4l I t.23
a2 I L 08
¿3 12.24

xRllLZD EFFECT HRHLzO xRHLzD
IIALF RAI¡O OCl CHAXCE
DCV AIC¡tÂt SIReSS rC PWP
31RES5 SICHAI KPA KPA
KÞA

o,ota t.ot3 0,6ta o,o
o-o27 L !O0 0-606 o.ola
o.o4¡t t. teo o.¡lt6 0.038
o.o82 t.2?8 0.4A? O,068
0.o76 t.tE6 0-477 0.076
o,oE? t.4t7 0.{?{ o.o89
o.oet t.4to 0-¡61 ô, lôr
o, to8 t.6t6 0.464 ô. tog
o.l14 l.E9? o.¡lEg o.l2l
o - lz2 r .88 r o.48? o. lza
o.t2a 1.to8 0.481 o.140
o,l3E t.ttg o.¿¡9 0.t46
o.t4? t.a/¡7 0.¿49 o.lE?
o.l6E t.at2 0.¿13 0.185
o.t6l t.ggo o,¡ao o.l7J
o.t?o 2.016 0.44t o.171
o.t?8 2.o8Ê o.¿39 0.t44
o.tat 2.t86 0.¿t9 0.teo
o. I 8g z.zog ô.4t4 o. f 92
o.200 2.tzo o.43G o.202
0.200 2.408 o. ¿17 0.201
o -211 2. ¿CO O.4lA O. 208
o.27t 2.626 0. {4 | O. 2 I {
o.zza z,6at o.4¡lo o.2lg
o.23 t 2.62a O. ¡¡30 0,2 r 9
o.234 2.AÈl O.¡t40 0,220
o.216 2.AtO O.¿lat o.222
o.2ta 2. a61 0.446 0.2 t 9
o.2la 2 - Eao o.44f o.2 l s
o.238 2. A12 0,444 0. 2 t t
o.2lE 2.AâE O.{a2 0-221
0.217 2-A17 0.4a| O,723
o,zlE 2 . 69E O.4 39 õ ,222
o,213 2.C66 0.¿3t O-22t
o.2lI 2.GtO O.¡37 0-224
o.227 2.,ÊtZ O.4¡a O.222
0-212 z-Ett o.42t 0.228
o.209 2,49O O.420 0.226
o -207 2 .4A5 0.4 I 5 0. 22A
0.203 2.17A O.aOg O.229
o.20f 2.a14 o.ao? o.zrl
o. tgt 2.¿t66 o.ôoa o.2!r
o. I 0? 2.417 0.401 O.23 I

367



Ufl'VERSITY OF MAdfIOBA5O¡! HECHAff fCS LAEORAIORY

SAHPLE tO. : T ?s?

i*iii: :;i¡*lí"Ër-r5ii "'HouL 
oEo 

:^":i;j. pERcEr,

tii;ft í5¡iiJ 3: :îx:l: . ,1 ,'t'."
:ii:i,,i;i.iliËc¿;iiÊ;i;;"s RArro ; lij;," ..

= 42.1PERCEAT

IX. COXSOL IDATIOFrnr¡riÀl-ëàii;ii;Xr,""'lålr 2sosas Er¡D r2o6as

368

PI EFFECT
s¡cMAt

I so. 04
2 s7.55
3 66_22
4 76,22
s 87.?B
6 lot,ol
7 tt6.t3
a 133.49
9 t5s.59

to 73,s2
I r 79. ?9
12 ?9 . ao
t 3 ?3. a!t4 69.7t
fs 65.Oa
t6 62.56
l7 s9.53
ta s6.40
t9 56,30
20 55.20
21 ss.20
22 54.70
23 54.30
24 53.60
25 53. 60
26 53.60
21 53 .20
23 s2.?o
29 sl,?o

EFFECT SlRA T H I
S ¡ GHA3

26.50 t.t6?30.50 r . a4735.to t.67t
40.4O 2.S3a
46.so 3.438
53.SO 4.?a6
5t,60 6,34a
70 _ AO a. 06 I84,80 to.so2
42.4O a.72342.40 s - 693
42. So 9.73942.7O 8.739
44. EO I .a2747.40 9,?06so.to 9.67653.30 L 62956.40 9.56A
s 6.3O I . S r 9s5.20 s.4S555.20 s.38{54.7o I, !E454. f,ô
53.6o 9.360s3.60 9.34r53.60 9.3t653.20 Ð.2AÀs2.ao 9.2õ5
5 f .70 I .2S8

2.336 o.6r2
2.325 o.7t2
2.3ro o.94A
Z-2St t.f Sr2.264 r.a7o
2-23r 2.a612-197 3.ô4O
2.t6o 5.o3o
2.¡r3 6.9ta
2.144 6.474
2. l4a 6.4EO
2. l50 6. S?S2. t5o 6.5?6
2.15O 6.554
2,tso 6-S43
2,15o 6.St3
2.150 6.466
2 . f So 6 . ¿O52. t50 6.35€
2. r5ó 6.333
2.150 6,23t
2. tso 6,23t
2.lso 8.2t9
2.lso 6.1s7
2.tso 6.t7a
2.15o 6.t55
2.lso 6.12s
2.lso 6. toz2. r5o 6.o94

:gllii srRAtH3 EFFEcT

].s63 o.z4a 34.3s2.146 o-f¿e;.;;; ;.;;å ãË.Ìí3.560 O.Stl 52.344 . 707 0. 63a: :ii ; ;;; ål Ílo.5a9
s . ó,ó ;:;i; Ji. ll

'J ïiï 3.3?: '3i li
:'93s 'o.02? s4.a6
:.19o -o.t24 s4.93
:.!8o -o.124 s3.oa9.49o -o.rt9 s:.iÀ
:'19o 'o.toa s3-63s.4so -o.ogj s¡.ii9.49O -o.o?ô
I .4AO -o. o39 ;; ;;9.4tO -o.ot5 56-3oI .4gO -o. oo3 ss .2o9.49O o,o4A s5.2ô3.49O o,o48 54.7O9.49O o.o54 54 rô9.49O o.065 53.6ô9.49O o.07{ 53 6ô4.49O o.086 s3.6O3.q8O o. tol 53.2O9.490 0. tt2 s2_?os.ago o.tt6 5,,ô

a

23, S{
27 . OS
3t. t2
3s. a2
4l .2A
47.51
54.53
62.69
14.79
31 .42
37.39
37.30
3l.13
24 .91
I r . 66
t2.45
6.23
o.o
o.o
o.o
o,o
o-o
o.o
o.o
o.o
o.o
o.q
o.o
o.o

YOfD
RATIO

SHÈAR
STRATX

r .336
r .325
l.3to
I .29 I
.264

. tg7

. t 60
I 13
t44
l4?
I So
I SO
150
150

| 150
I . t so
I . t 50
r . ! so
I. tso
. 150

150
. 150
. t 50
_ 150
. r 50
. 150
. t 50
. I SO

SUHHARY OF CSSETITAL RESUL,S SIORED II FI!E

P1 SIGMAt s¡cHA3 sTRAtrf stRAt¡t3 v

I So.04 26-502 s? ss ;;:;; I ::l o.244 2.336i :E :, :5, j: j ,!ij i i:; å : í?å

i rii ii ii,iå i *i i,iii i'îi:ro 7s.s2 4z.aõ ;;;: :.4.? 2.113
It 7s.?s aã.iá o.ol2 2 t^Á
t2 ?s.so ;;.;; :':9: 'o.ozi z.tqiii 3; jr ;r,r3 i,íi! -i üi î ltll; 3å # :: ij : ríi :i ji! i iË3
t7 ss.s3 ;i.i; : :jo 'o.os3 2. 160
:E- s6.40 ;;.;; å:333 :å.313 f. i!3r9 56,30 56.3020 ss.20 ;;.;; :':l? -o.orE 2.rso
2t ss.20 ;;.;; :':19 'o.oor 2. rËo
zz s4.?o ;; ;; : ::f o.o4a z. rsó:t :::;j ;1,i: i:iii 3 331 Í li8
2s s: . óó ;;.;; : .::9 o. oos 2 . r so
25 s:. ió ;;:;; :.:: ! o o?4 2 r so2i ss.ió ;;:;; :':.1: o.oa6 2. rËo
2a s2.?o ;;';: :'::: 9 lol 2. rso2e sr.7o ;;.;; ;:;;; B. lil ?. lll



U{IVERSIIY OF HAHITOBA
SO¡ L XECHARICS LABORATORY

EÈERGY CALCULÁT I OHS

EflG¡flEERIHC SIRAIi

SAHPIE TO . : 7 731 I REHOULDED SAHPLE )TESI RESULTS START 29O5AS EAD

369

Pf EFFECÎ
SIGHAI
KPÂ

I SO. O

2 57.6

3 66.2

4 78.2

5 8?.8

6 to!.o

7 !16.t

6 I13.5

I 159.6

10 ?9 .6

t ! ?9.8

t 2 73 . A

14 69 . ?

t5 Ê5. r

16 62.6

t? s9.5

r8 56,4

t9 56.3

20 58.2

2l s5.2

22 54 .7

EFFECT DEV EFFECT
S I GHA3 STRESS OCl
KPA KFA SIRESS

KPA

26.s 23.5 34.3

30. s 21 .1 39 .5

35.r 3t.t 46.s

4A.4 35. A 52.3
46.5 4t.3 60.3

s3-5 4?.5 63.3

61.6 S4.5 79.8

70,a 87.7 9r.?

a4.e 74.8 tog.7

42.4 37-4 s4.g

42,4 3?.4 S4.s

42.5 3?,3 54.9

42.1 3t.t 53.1

44.a 24.9 53.t

4?.4 t8.7 S3.5

50.1 r2.5 54.3
s3.3 6.2 85.4
85.4 0.O 56.4

56.3 0.O 56.3
Ë5.2 0,O 3È,2

s5,2 0.o 66.2

54.7 0.0 54.a

r 20Eas

AXIAL RÂDIAL VOL
SlRAIN STRÂIN SIRATI

1.f67 0-24A !.66!

1.441 0.349 2.146

l.a7l o.449 2-1aO

2.S34 O_Srt 3.560

3.439 0.634 4.aO1

4.taa o.646 6.O80

6.348 0.589 1.521

L06l O.S!6 9.030

ro.602 0,22s tt.o53

9.723 0.Or2 9.141

9.693 -o.o27 9.639

9.73E -O.t24 9.490

9.739 -O.124 9.490

9.724 -O.ll9 9.490

9.706 -O.t08 9.490

9.6?6 -O.O93 9.490

I .62S -O, O?O 9.490

s.s6a -o.o39 9.490

s.st9 -o.otË 8.4so

8.486 -O.OO3 9,490

9.3Aq O,O48 9.490

9.394 0.O48 9.490

OELTA IOIAL
EflERGY EHERCY

Kt-H/VOL KN-M/YOt

o.o
o.208

o .208
o. f 2a

o.636
o.52 t

l.05E
o.446

I .904
L285

3. 189
I .629

4-8la
2. 039

5.456
3.214

10. ¡31
- 1 .324

8. AO7
-o.057

4.750
-o.04?

a .703
o.o

L 703
-o.oo3

8.700
-o.oos

4,896
-o.oo5

8.6E r
-o.oo4

4.646
-o.oo2

E. EAs
o.o

4.6a5
o.o

a.645
o.o

8.6a5
o.o

a. Ê45

LSSV LSflV

KPA A

0.o o.o

9.4 0.3

20 -2 0. I

32.4 r.4

4a,2 2-3

53.7 3.1

a2-7 S,2

toA.3 6.9

I17. r g . 4

17.3 a. 6

37.3 L 5

3?.4 ó.5

33. O a. 6

32-5 E.g

33.6 A. 6

35 . 6 a. S

33 , r 8,5

42. A A - 4

42.6 4.4

40,9 A.3

40.9 A.2

40 -2 3.2

23 54.3

24 5t.6

23 53.5

?6 S3.5

27 53.2

2A 52 -7

29 St.7

54 .3

63.6

s3.6

53.6

s3.2

62 .7

sl.7

o.o
o.o
o,o
o,o
o.o
o.o
o.ô

54,l

53.6

53.6

53.6

62 .7

sl.?

4.2

4.2

4.2

a.2

a.l

a.I

a.I

o.o
o,o
o.o
o.0
o,o
o.o
o-o

4.645

4.6ð5

a. 6as

a.6a5

4.6ôs

a.685

a.645

I .343 0. O54

9.3AO O. OA5

I .34 t O. O74

a.3l a o. 086

8.2A8 0.lOt

9.265 0.t12

9.254 O. r t 5

9.48O 39 . E

L ¡t90 3A.5

I .49O 3a. S

9.490 3a.5

I .490 37.9

9.490 37. I

9.490 ts.?



UH I YÉRS f fY OF HAII I TOBA
SOIL ËECHAHICS LABORATORY

ERERCY CALCULAT I OXS

trAfURAL STRAIH

370
SAHPLE HO = f 15A ( REHOULDÉO SAMPLE }

iÊCr *esur-rs srÀRr 2gosas EHo t 2o5as

PT EFFECT ËFFECT DEV EFFECT AXIAL RAOIAL VOL LSSV LSNY OELTA TOfAI

sIcMAt s¡cHA3 éines' ócr srRA¡fl srRAlH sfRarx EflERGY ENERCY

KPA KPA KPA STRESS i' i Z KPA Z KN-H/YOL KI'M/VOL

KPA

I 50 , o

2 s1 -6

3 66.2

a 16.2

s a1 .a

6 ìOl.o

? rt6.l

I r33.5

I t 59 . 6

10 ?9.8

I I 79 . a

l2 ?9 - A

13 ?¡ . a

t4 59.7

l5 66. t

t5 62.6

11 s9 . s

ta 56-4

tg 56.3

20 55 2

2r s5 -2

22 54.t

26.5 23.5 34.3 ! 174 o.2s2 1.67? o.o o o

3O.5 21.r 39'S t.4sa 0.356 2-lGg 9 4 0 3

35.1 31.! a5.s l'aag o'45O z'aoe 2o'2 O'8

Áo,4 35.a 52.3 2'S7l 0'527 3 625 32'1 l's

46.s 41.3 60.3 3 5oO 0'661 4 922 41'2 2'A

53.5 47.s 59.3 4 906 O 6a3 6'212 63 ? 3 a

6r.6 s4.s 79.4 6 559 0'633 7'825 A2 7 s 4

7O.8 62.7 91.7 8'404 O 563 S'53o lo4'3 1'2

34.A ?4.8 lo9.? 11'20a 0'253 lt ?13 137'l to o

A2.4 3?.4 54.9 to 22s 0 ol3 1o 256 37 3 I t

42.4 3?.4 s4.9 lo l95 -q'o3o lo-13Ê 37 3 9'o

42.5 3?.3 s4.9 to'246 _O t3A I'970 31 4 I I

42,7 3l. t 53.1 1o 246 'O l3s 9 9?O 33'O g l

4{.A 24.g 53-ì 1o 233 -O'131 I E?ô 32 5 9 t

a1 -4 t8.? 53.5 lo'2lo _o' 120 9 970 33 6 g l

so.l 12.5 54.f lo'176 -O tO3 9 9?O 35'5 9 O

53.: Ê'2 65-4 lo l24 -O 07? 9 9?o 39 1 9 0

56.4 o,o 56.4 to'os7.-o'o43 8 97o 42'A a'9

56.3 0.o 55.3 to'oo3 -o 016 s'870 42 Ê a'a

55.2 o.o 35.2 s'9?a -o oo4 I'S?O 4O'9 a'a

s5.2 o.o 55.2 s'a6s 0'os3 9'9?ô 40'3 a ?

54.? o.o 54.7 I 455 O O53 I 97O 40 2 A'1

64.3 O.O 54'3 I.AÉ2 O O59 g'9?o 3S'6 A'1

53.5 O.o 53.6 g i21 O'O72 g'9?o 3ô'6 a 7

53-6 0.o 53.5 I A06 0'082 9 S?O 38'5 A 6

53.G 0.o s3.5 s Tal o os6 9'8?o 38 5 A'6

s3.2 0 0 53.2 9 74a O lll 9 gto 37'9 A'6

s|,a o.o 62.a s ?23 0'124 9 9?o 37 1 a 6

5t.? o.o sl.? 9.?14 o'l2a 9'9to 35 1 a'5

o.o

o.2t2
a.335

o. s4?
o.s36

r . oa3
o.8?a

1.c62
I 350

3.311
I . ?3?

s.o4a
2.21O

3.625
lo.aa4

- r .476
I .408

-o.o63
9.345

-o.051
9.2s3

o.o
I .293

-o.oo4
9.2SO

-0.oos
9,294

-o.oo5
I .219

-o,oo5
9.244

-o.oo2
I .212

-o.ooo
9.212

-o.000
I .212

-o.ooo
9.272

o.o
9 -212

-0.oo0
9 -272

-o.ooo
I .212

-o,ooo
9.212

-o.ooo
I .212

-o.Ôoo

-o.ooo - -

s .212
-o.ooo

9.272

23 54.3

24 s3.6

23 5f, 6

26 5f .6

21 s3 -2

2A s2 .7

29 51.7



UH I vgRS t Ty OF !,tAg t lo¡ÁEOIL IIECfAHICS LABORAiORY

SÂÀ{PtE HO , ' f 7A7 (ReHOULDEO SAHpLe,

:iiiiå iilFi"îilåå,;åiii;iiîiiBr :,iå,åiå liiiilåËåiix¡*:"
co{sfaHl LOAD
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sHgaR TESt ResuLls slaRl I AOgaõ

COHSOI TOAIED UXDRATI{ED IR¡AXtAL IESI;Ì:::: j: 
::::::::::::::::;:::

ELD t 708a6

P1 ÎTHE D¡SPT PRTXG PORE PEROIALRoc ljaf- ilff, íËi;"" :i:iil =.i:i:l fåï, e.v sF,Ecr
Kpa Kpa slRE-- srREss o;;--' RÂllo 0F a

, ro43 2r¡8.6 ^^- 
*"o "t ipÄ--- ËiÅ""t ãlf:Ì:ff1

2 to4' zt4s.2 ??l ? 2oo.l o.o re.8 42.4 ,; 
KÞa

i iiå: ätï| ;;i Z iî!:i :':r i!'! ä i i3:: :r e E4 o
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I I 15.7

12 79 . o
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26.5 23.4 34.3

30.4 21 .O 39.4

3g.o 3l-o 4s,3

40.2 35.1 52.1

46.3 4l.t 60.0

53.f 47.2 69.O

5r.2 54.2 ?9.3

70.3 62.3 9l.l

a4.8 74.1 lO9.?

42.4 37.4 s4.9

¿2.4 37.3 54.4

4t.6 37.4 54.1

4t.a 3l.o 52.1

4f .9 ?4.9 s2.2

46.a t8.7 53.O
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56.5 0.O 56,5

55.S o.O 5S.5
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l . 685 -O. O39 I . 606
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3.t56 0.!91 3.639

4.25{ O.222 4.697

s .a24 0. t 87 5. O99

?.50{ o,o88 7.641

9.500 -o.o46 9.4O7

r2,692 -O.504 ll.6as

t 1.608 -O.7lO 10.148

rt.s74 -o.712 10.02Ð

tl-76t -o.as6 lo.o29

tl.76l -o.E66 rO,O29

11.753 -O.462 lO.O29

r1.?35 -O.453 lo.o29

r1.714 -0,A42 lO.O29
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t t . 557 -O, 764 l O. O29
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l.lÔ5
0.923

2.O24
I .3{6

3.374
I .804

5 . 182
2-291

1 ,479
3.9s2

I 1 .432
- l .564

L 847
-o.o63

9 .744
o. o70

9. â54
0.o

9.454
-o.oo2

L 452
-o. oo4

I . A4A
-o.oo3

I .844
-o.oos

L 839
-o.oo1

I . a3a
9-O

I .438
o.ooa

L a3A
-o.ooo

9.438
-o.ooo

I .634

23 E4 .7

24 S3.9

z5 63.4

26 52. r

21 S2.4

2A 60. O

29 46.2

40.2 9.9

38 . O I .9

3A -2 S.9

36.3 9.8

36.7 9.9

33.2 L S

2A-l S.8

54-7 0.O 54.7

53.9 0.o s3.9

s3.4 O.O 53.4

52.1 O.O s2.1

Ê2.4 0.o s2.Ã

50.o o.o 50.o

4Ê-2 0-O 46.2

tt.E44 -O.?68 lO.O2S

rr,s!2 -o.75t lo.o28

t1.s23 -O.741 lO.O29

r1.506 -O.739 rO.O?9

t1.49A -O.734 10.O29

lr.4a9 -o,730 lo.o29

rr.aat -o.726 lO,O2S

-o.ooo
9. a3A

-o.ooo
I .438

-o.ooo
I .436

-o.ooo
9 .438

o.ooo . 3 .438
0.ooo

s - 838
-o.ooo

I .438
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cof,statl !oaõ
PÂOV¡HC RtHC FAClORP¡SIOT AREA

IHIÌtAL O¡AI READTËg

. t5.o7 Èr r.3s?o x -lÞtv¡ 6. oToO SeUARE CEplfHEfReS
. 2Ol4.oo Dtvtstot¡s

sHEAR lesT RESULlS slaRT rao6a5

COflSOLTOATEÞ UHORAT}¡ED IRIAXtAL 1ES1::::::::::::Ì:::::::::::::::::::::i:

EHD to06aE

P1 It'48 ÞISPL PRIIC FORE PERDIAL otaL pÃäss lãlt :fI:9! EFFecl HALF
Roc RDG Kpa pcsrRr stôHar i¡ciÃi ö;i' oEv eFFscr RAÌto oF aKpa K;À -- ãïå."" ;ll"u" Sï¡",. E:: :i¡iîlKFÂ KPAI BtE 2O3¡.o 2O4.O 2OO.6 o.o2 azo 203!.2 11g.9 ;ó,.i ;:;, 

78.8 iz.t t" g 3?.2 8..7 r.ar6 o.oI 82s 2o3r.a ??1.? ;á;.; ;:;; 
ar'3 4o.t zo E ¡i.o ;;.ó 2.ot7 o..s{ aro 2o2s.z :_r9 g ão¡:; ;:;; 
B2.a !r.! ,, ! ¿¡.i ;i:; 2. 106 o.o26 sr6 zoz?.o il9.! ãóe.õ ;:;; ar.r rs.2 ,r.l ¿i.i ;;:; z. rss 0.60E s4o 2o2¡r.o i19.1 tò;:i ;:;; sE.o 3?.6 zt.a- 47.¿ ;;:; 2.282 0..67 c.6 2o2t.o 1::.t zoi.j ;:;; as'e !?.4 ,r.? ¡¿.s ;;:; z.zs6 o..lt oro 2or?.a :1g.1 ;;;:; ;-;; at.7 !7. I ,o.1 qs.À ;;:; z.rso o.4o8 eÈE 2or..o 7!7.E ¡oi.ã ;:;; 47. t !B.e 

"" ! ao.2 ;;:; z.!Go o.a2ro rooo 2orr.o ?!9.o to;:; ;:;á 0?.4 !8.8 zs-¡ eo.õ ;;:; z.rrG o..rrr rors 2ooo.o ?6_?.a ;õ;:; ;:;; ¡E.r r6.s r¡ i sr.i ;;:; z.rol o.38tz roso rsua.6 lg1.s ãõ;:; ;:;; a8.a !6.e r" I E¡.0 ;¡:; z.loa o.3?13 ro.5 ro?a.o lll.6 tõ;:; ;:;; E¡.3 !4.6 2ß.2 82.. ;¡:; 2..2t o.!B:1 I roo rra8.o 2s7.o ã¿;:; ;:;; :: I ¡7. r z¿.i a2.a 8..?i: tit: un:: :ii i íii i i:ii t3:t il:ï i: j :i:: ii:i i ï1i 3:iåta rr4r relc.o ll!'1 ;;a.; ;'.;; 6o'a 3?'4 2E'a E!'4 i;:; 2.42a o.2E
!e !,oE ;;;;:; i¡¡,¡ ¡¡i,i í'íí !i,i il ! iE "" ¡¡.! :::i 1:113 .ill: r3ro raB3.o 28o.s ;;;-.; i.;; sr.3 37.6 zs c?? r¡óo i;i;:; ?9o.4 ãóo.i i.;; :l'1 it:; ;;:; !i.i 53.3 2:11i ,:.1ii: i::: iil:.å tt9.t ãõ;:; ;:;; sr'3 t?'6 zs'i e3'6 ;;.; 2..,6 o.2B,t i;* ríii,; i¡i,¡ i!i,¡ ;,r: åi'i ii:i 13 t ¡i.i :::; i:i3 3 iå
1i tff ií]i,å ;!¡.i ¡¡i,¡ itl ii'i ii:i Í3 1 I: ! ¡s i 2 'o7 o ãi
27 raoo ro4e.ô ::l'9 ;ó¡'i ;';; :9'l i;:ò ;;:; E2'a sE'' ?'!sG o'ii
2a rooo r.o! ô :ll'9 ãó¡:; ;:;; :9'! is:i ;;:; ii:i åi:i i-lål a:;É2o 2oo2 1668.o i91.9 t;;: i ;:;; Eo'¡ !E'o 2G'2 92.s ;;:; 2.rro 0.26!o zzoo 

'.aß.E 
t11." to¡:ó ;:;; 10'6 la'6 28'o 92.o aE:À z.tË2 ô.28ri ;:ri iiii'ã iii,l ;ii.i ;.ii il.i i¡,; ii: ¡¡.¡ ::,: ¡,ii¡ :'í:ar.4 i;.; ;;:; ll:3 3l:l l:lJi 3::;

:: lg? tot2.o 265.8 20{.8 8.?5ii :i:: iii,i i!¡,¡ i¡i,¡ ;,i; i!'i !i:i , i2 z 'r 4 E! B 2 zeo o 4,
sz rzoo a!r.B ;Il'9 ;ó¡:; ;:;; ::'? ir'Ë ;;:; i?'i Xi:l ?'1t6 o'ii
¡a r3o3 7!!.ß ;!?.o ãoa:; tã.ií E¡'8 !7'6 ti.; ii.! ;;:; 7:1ll 3:iisô r.oo ?!a.E ;11 9 ;ói:; ;;:;; a4 r !7'4 2!'! 46'? si'õ
i? r::: *i:t ,iïi :ii,i li,í: 3l:3 il:l 1i 1 ¡¡.i Ëi,i i,äi å,åi42 i;;i ;;;:; ;i4.., t:¡,i jj,3: ii,i ii:i 1i.: :t.? ;;:i ),zs ;:;;60.2 ii:; ;i:i il.3 åî:i î..iü a;f i



SAHFLE ßO. I I 75a fReHouLDED sAMPLE)

coflsottoaTto¡ axtaL sÌRESS
P RE COXS O L I OAT T OR PRSS SUREßoÊHALtZtflc SIRESS

?8 .70 KPA
IgB.AO KPA
15s.40 KPA

HORMALIZED 6HEAR 1ES1 RESULlS SIARÌ IgOAA6

Pf PER XRMLZD EFFECI HRI.{LZD RRHLZDcgxr HALF RArto ocr ixa¡cepcsrRx DEv s tEHAr slRÊss i¡ pwp
5ÎRESS STCIIÅ! KPA KPA
K?A

1006a5

I O.O
2 o.ot
3 0.o2
4 0. 04
6 0. oE
6 0. oa
7 o,tt
a o. t4
I O. t7

to o.20
I I O.29
12 0.rg
tt o,4a
14 o.6a
t 6 0, 69
I 6 0..r1
l7 o.ô4
18 l.!8
to L5õ
20 t.?4
2t I . e3
22 2.!3
2t 2,t2
24 2.66
26 2,7O
26 2.A2
21 r.28
2A 3.80
29 4. 09
lo 4. a6
3t 6. aa
12 7.93
13 a. ?6
!4 A.t!
t6 0 - 62
36 t.80
3? I O. ?8
3E ro.to
¡0 tt,os
40 t t .4a
a l I I . t8
42 12. 02

o.o
o.oto
o.ot5
o. o26
o.o23
o. o2s
o. o30
o, ott
o. o3t
o. o32
o. o3l
o. o32
o. ot I
o.ott
o. o2a
o.o2a
o,o27
o.oza
o.o26
o.o26
o. o25
o - o2a
o. 026
o. o25
o. o2a
o. o24
o-o24
o. o23
o-o22
o.o22
o. o26
o. o26
o. o2a
o. 029
o - o?a
o. o2a
o.o27
o.o21
o. o2a
o. o2c
o. ô24
o. o2g

o.tta t.a88 0.!4ro.t2a 2.O17 0.¡rEo,tl6 2.toË o,!J?
o.t4t 2.t09 o.s3E
o. t a¡ 2.2A2 0. ¡38o. I 62 2 .2øA O. !!6o.t85 2.tt6 o,trgo- ts? 2.S80 0.338ô.tgs 2.r?6 0.!3?o.r8t 2.304 0.!!Eo. tg3 2-aoe o.tago.t94 2-421 o.!4ro. I sg 2 .42t o. !a3o. t87 2.4?6 o.344o. r87 2.azA o.3ô8o. t6a z.4zz o,!a,o. I E! 2. t26 o. !4ôo. t Eg 2 ,42a o,3aro.tac 2.423 0-348o.ttE 2.4t6 o.!¡tso.la7 2.4tO o.!¡tsO.tot 2./tto O,!t6o. f86 2.tga o.¡4ôo.t66 2-la6 o.!a9o.ttß 2.t8t o.laoo. t g6 2 .taù o,3a9o, t a4 2. lto o. !4ao,lat 2.382 0.!60o.t6t 2.32G 0-!60o.t6a 2.3tO o.!a6o.t67 2.314 o.!43o. t s3 2 .306 o. rs7o. tg2 2.200 0,!r80.15t 2.2E6 o.rs6o.tao 2.271 o.3!5o.t48 2.26a o.!r/0o. t46 2.247 o.3t2o. t46 2.2tA o.!!to.142 2.20¿ O,33Oo,tlo 2-l7E O.!2ôo.ts6 2,ta6 o.!2?o.t3a 2.tao o.32!

377



UHIVERSI'Y OF HAXIfOEÀ
30lt xEcHÂftcs LAgoRAIoRY

5ÂHPIE flO. t T 75Ê I REHOULOEO SAHPLE I
TCTIIÂI HOISlURE COÉTEHf
gPECtFIC CRAVtfY Of SOtt
tt¡ttat Yo¡o RAllo
tHtltÂl xEIcfff oF taHFtE
I{IfTAL YOLUXE OT EÂHPLE

FIHAL XOISTURE COHIgXÌ

rx. coHsoLtoÂttoß slaRr
fRlax¡at coÈsoLtoÂf tor tgst

i 5O, A PêRCEÈI
| 2.7t
. t.lao
. t3.2{ CH
r 80J.OO CC

378

EFFECfIYe PRIHCIpAL gIRESA RAIIO r l.oo
a2.3 PeRCEXI

lroEas EXO raOGg6

Pf EFPECI EFFECl SIRAIXI
SIÊHAT SIGHÂ3

YOLUHE SfRA¡}I! EFFgCT
STRA¡I P

VOIÙ
RÂTIO

r.ta2
r . tJ I
r.3t6
r.2¡6
I .272
I .23t
I . tot
! . I g{
I . I tB
t . I Éo
r. rgl
1.164
t.l5a
t. t;4
¡ . I E4
¡ . I S4
L I E4
I . l6{
I . t 64
I . 164
I . I ¡a
r . I É4
I - 134
r . I a4
l. t6a
I . I E4
I . I ¡a
I . l3¡
r. rca

AHEAR
SIRA¡X

t go. I I
7 31 .62
3 66.29
{ ?G-3!
6 97. ?O
6 too.t7
7 I t 6 . 02
a r lf . JEg ts9.6a

ro 70.al
I r 73. ¡3
lz 7r . ?6
13 ?s. rl
t{ at -12
rs E!.lt
l6 85.56
l1 62.43
I A É¡ , ¡O
t9 6¡.ao
20 g¡.to
2 r 6t. !o
22 Ea. aO
2! 30.ro
?4 3s.2ó
2A 56. tO
2a Í!. to
21 Ea. OO
2t 6t. ao
2¡ 86,20

26.60 1.121
1o.50 r.?26
35. rO 2. t46
40.40 2 .741
46.60 3.73!
63.tO 5. t¡6
Gr.60 6.tú!
?o. to a. Eoo
aa . to I I . I 17
42.40 rc.2?2
a2. ao to.zla
42-aO tO.lO2
4a.oo tc.2r¡
46.¿o ro.270
48.70 tO.26t
E3. rO 10.2t5
5G.20 rO.t6A
69.9O tO.O?8
ú8 . ao to. ol{
60.30 1.t77
Et.oo a.0a?
EE. ¡o ¿ .924
6a.fo 0,!06
6¡.20 ¡ . At7
aa. to 0 . aaa
6¿.40 ¡ . A4E
ÉE.OO !,ato
E7. Eo ¡. A2l
t€.20 ¡.cúE

2.ta2 0.tEl
2. ¡t r o. goú
2. t r g r . 125
2.?øÊ 1.486
2.272 2.120
2.zt0 :,Oa5
2 .701 4 .224
2- tta 5.4t6
2.tt3 t.156
2. tÍo 6.tlo
2. t5: 9.931
2. r5{ 7.O16
2. rg4 7.o13
2, tE4 Ê.893
2. t64 6.9E7
2. 164 G.12!
2. tó{ 6.Et2
2.rÉ4 5.?9f
2.164 6.?4t
2. t6¡ 6.891
2. t8. 6.46r
2. t[a 6.3t4
2. t5¡ 6.310
z, 164 6.AOO
2.t84 6.stt
2,194 6.5ú8
2. l6l € . ßaa
2. túa 6.416
2. tsa G.6to

t.oaa o.2¡5 ¡a-17 23,61
2.4t3 0.t31 lg.6a 27.12
¡.o!3 0.4E4 a9.50 ll.l9
f.oo5 0.66a 62.l7 ls-9r
a .615 0.6t2 40.23 a I - 20
6.tt6 0.¡39 Gs.2! 4?.11
?.002 0.a?2 tt.c? 54.É2
9,4t6 0-42A 8r.64 42.36

rt.¡a3 0.1o3 tog.?t ?¡.74
lo. 02É .O. I 24 64. Ag t7 .47
0.¡o0 -o,tat 6a.aa 3?.43
c.ag8 -o.222 64-66 37.16
3.3¡t -O.220 8a.lâ 31.13
9.a38 -O-2lo 6ß-lr 21.12
8.¡69 -O.tgt aE.gl 14.39
¡.a¡g -o.l?r 57,26 12.46
3.¡Í¡ -O.lBO lA,2a 6.2f
D.E6¡ -O.lt0 5¡.gO o.o
g.tAg -o.OE7 ;4.40 o.o
t.a60 -o.ogs 69.1o o,o
3.A69 -O.O.a 8a.90 0,o
g.aEt -o.ol3 6t.ao o.o
g.a6t -o.o2l 8A.lo o.o
9.OGo .o.oll 64.20 o-o
ô.¿5ó 'O,Oo3 64. lO o.o
3 . !69 0. OO? ¡4.40 0. O

¡.t¡¡ o.ot4 ¡¡.oo o.o
!,at¡ o.ota l?.ao o.o
t.EB6 0.OOl 6C.20 0.o

SUHXARY OF ESSEBI¡ÂT REAULlS STOREO II FILE

PI SIGXAl 
'ICHA! 

SlRAIÍT SfRAIB:

I

4
5
5

!
I

to
tl
l2
IJ
t4
t5
t5
t?
la
19
20
2l

23
a1
2Ë
26
?7
2a
2e

60. r t 26.60
s? ,62 to.30
6G_28 tS. tO
76.3t 4O.40
a7.to ¡s.Eo

too.E7 ¡3.80
r r 6 . 02 I r ,50
r 33 .15 to. ?o
r¡!.E4 Aa.to
?¡. !? 42. ¡to
tc . at 42.40
?¡ . ?6 42.40
?6.1J 4a.OO
71.72 4E.tO
6t. tt 4t . to
a5.¡¡ gt.ro
¡2.aJ 36.20
6A.80 6a . AO
ßt .40 lt .40
¡o .30 a¡ , ¡o
E¡.'O Eâ.OO
úe, Eo ga. to
6t.t0 BE.to
¡4.20 É¡.20
a0.ro aE,ro
¡t.40 t0.¡o
¡8. OO 6E. OO
;?.ôo E?.ao
66.2ô 98.20

t .121 0.2!E 2 -t42
t.72S O,3tt 2.331
2.186 0.48a 2.!16
2.781 O.6¡A 2.298
!.?gr o.642 2.212
5.rtE o.¡aa 2.236
r. !3r o.622 2 , ZO I
g.Ë¡o o.42E 2.lE¡

rr.t3? o.lo3 2.ltg
1o.212 -O.124 2. l3O
ro.2l4 -o.lel 2.lEl
lo,to2 -o.222 2.1¡4
to-20¡ -o-z2o 2.r54
lo.2t¡ .O.2¡g ?.lEa
1o.23! -O.lt7 2.1t4
lo.2lE -o.lta 2.!54
ro.ttg -o.tgo 2.164
!o.o7g -o.rlo 2.!ßa
lo.ola -o.oE? 2.lea
3.977 -O.OGO 2-lS4
0.!47 -O.Oa{ 2.lg¡
3. l2a -o.oll 2. l3¡
E.lot -O.O:l 2-l¡ó
t.¿¡? -o.ot4 2.r¡a
ô,aga -o.oo: 2. tt4
t.aa¡ o.oo? 2.16¿
ø.ato o.ola 2. r6a
g.a2! o.ol6 2.184
Ê.898 O,OOI 2. lg¿



UT¡YERSIIY OF MATITOBA
SOIL HECHAH!CS LABORAIORY

EIERGY CALCULAlIOXS

EX6IXEERIBG STRAfft

SÂHPLE TO. : T ?59 I REMoULDED SAMPLE )TÊST RESULIS STÂRT 3IOSA5 EXD I¡OBS5

379

PÎ EFÊECI
stcHAt
KPA

I SO.I

2 57.6

3 66.3

4 76.3

s 8?. ?

6 I00. 9

7 lt6.o

a t 33.4

9 r59.S

I O 79 . I

I I 7S.8

12 79. A

13 75. I

t4 7l.a

r 5 6a.4

t 6 Es. 6

l7 È2.4

t 8 58. 6

t 9 s9 .4

20 59,3

2t 6a. s

22 Sa.8

EFFECT DEV EFFECT
S I GMA3 SIRESS OCT
XPÂ KPÂ STRESS

l<PÂ

26.5 23.5 34,4
3O.5 27 .1 39. s

35.r tt.2 4S.S

.4O-4 35.9 52.4
46.5 41.2 6O.?

53.S 47.4 69.3
6r.5 54.5 ?9.?
70.7 62.7 9t.6
44.8 a4,a tog,?
42.4 37.5 54.9
42.4 37.4 54.9
42.4 37.4 5{.9
44.O 3l.l s4.4
46,A 24.9 55.l
49.7 t6 ? 55.9
s3.t 12.5 S?.3

55.2 6.2 sa.3
59.6 o.o s9.6
s9.4 o.o 5s.4
sg.3 o.o 59.3
s8.9 o.o sa.g
s8.a o.o s8.E

AXIAL RADfÂL YOL
STRA¡N SIRAItr SIRAII

1.421 0.28s 1.99a

t-726 O.36a 2.463
2.t66 O.46a 3.O93

2 -787 o.sss 3. AO5

3.76r o.5a2 4.A25

5.t06 0.669 6.335

6.8SA o.522 7 .902
a.sao o.428 9.436

¡1.t37 0.to3 rt.343
to.272 -O-I24 IO.O25

ro.234 -o.163 9.SO9

10.302 -o.222 9. S59

1o.289 -O.22A S.859

ro.27s -o.2to 9.a59
to.253 -O.197 S.a59

ro.2r5 -o.t7a 9.asg
to.t59 -o.t50 9.659
lo.o?9 -o.tto Lasg
to.o34 -O,OA7 S.65S

g .971 -0. 069 9. asg

s.947 -O.O44 9.683
9.924 -ô.O33 9.658

LSSV LSffV DELIA TOIÄL
ENERCY EHERCY

KPA :: KN-M/Yo! KN.M/vot

o.o o,0
o.20a

s.4 0-3
o.332

20.2 0.a
o.5ta

32.A r.4
o.ats

41 .O 2-4
I .340

63.5 3.8
L 748

az.4 5.4
2.O23

104. r 1.2
3.239

t37.O 9.7
- I .324

37.3 a.9
_o.o63

37 .3 A - A
o. oo4

37 .2 A.9
-o.ool

35.2 A.9
_o.oo6

35. S A.9
-o.oo6

3?.6 8.9
-o,oo6

40.7 8 . a
-o.oo5

43. A 6.8
-o.oo2

47 - A A . 7
o.o

47,4 t.6
o.o

47.3 a. 6
o.o

46.? a.5
o.o

45.5 LS

o.o

o.20a

o.540

I . O59

1 . Aa1

3.2tA

4,965

9.9a8

to.221

8. 904

a.440

E. ¿a4

8.843

a. a3a

4.632

8.825

E. a2l

a.at9

8.at9

8.81S

8.at9

a.at9

23 5A. I

24 5A.2

2E Sa. I

25 5a.4

21 58.O

2A 57, a

29 56,2

s.906 -o.o23
g.aa? -o.ot4

s , a64 -O. OO3

La{5 0.oo7

8.830 0.ot4

9.623 0.ota

9.856 0.oot

s.a59 45.4 8.5
s.ô88 Á5,Ê A.S

8.asg 45.4 8_4

9.asg 45.€ a.4
8.458 45.2 A.4

9.459 ô4.9 8.4
9 , A50 42,4 8.4

sa. I

sa -2

5E. r

sa.4

5A. O

5?, A

s5,2

o.o
o.o
o.o
o.9
o.o
o.o
o.o

sa. I

54.2

5a. I

Ea.4

54. o

s7.8

s6.2

o.o
o.o
o.o
o.o
o.o
o.o
o.o

a-at9

a.als

E.6rg

4.8t9

a.ar9

ô-al9

a.at9



UBIVERSITY OF HAilIIOBA
SOT! HECHANICS LA6ORÁlORY

EIËRGY CALCUTATIOHS

HATURAL SIRAT H

SAMPLE XO. : T ZS9 t,rri_Ãriõirr , ,iioo, fREHouroEo sÂHpLE)3tos8s EflO t40€as
380

PI EFF€CI
SIGHAI
KPÀ

I 5O.l

2 57.6

3 66.3
4 76.3
s a7,7
5 too.9

7 I l5.o
a t 33. 4

9 t59.5

I O 79 , S

I I 7S . a

12 79.8
13 75. t

14 7l.a

15 6a . 4

r 5 65.5
l7 62.4
r 8 s9 . G

19 59.4
2O 59.3
2 t sa.I
22 58. A

EFFECT OEY EFFECI
s fcl.taS STRESS OCtXPA XPA STRESS

KPA

26. S 23.6 34 .4

3o.S 2j.l 39.s
3s.t 31.2 as.s
4O.4 35.9 s2.4
45.5 41.2 60.2
53.S 47.4 69.3
61.5 54.5 79.7
1O.a 82.7 91.6
84.a 74.7 tog.?
42.4 37.S S4.9
42.4 37.4 s4.3
42.A 37,4 54.9
44.O 3t.l 54.a
46.A 24.s 55,r
49.7 t¿-a ss.g
53.1 r2.s S?.3
56.2 6,2 5A.3
s9.6 o.o 59.6
s9.4 o.o 59.4
59.3 0.o 59,3
54.9 o.o s¿,9
sa.8 0.o 5a.a

AXTAL RAOTAL YOL
SfRAIH SIRAIH STRAINzt'i

t.43a o.29o 2.ot9
r .74 t o.3?6 2.4g3
2.tao o.4El 3.142
2.a27 o,5?9 3.9A4
3. a34 o.6o8 5 . o5 1

5.¡35 o.604 6.544
7. lo4 o.564 8-232
4.97o o.47O 9.91t

lr.ao? o,tt6 t2.o4o
ro.a3a -o.l!7 ro.563
to.796 -o.tat ro.434
lo.a72 -o.246 to.379
ro.a69 -o.245 to.3?5
to.a47 -o.234 ro.379
ro.8t7 -o.2t9 10.379
fo.77s -o.t9a to.379
lo.7t2 -o.186 to.!?9
I O. 624 -o . 122 r o.3?9
ro.s?f -0.o9? 1o.379
to,stt -o.086 to.379
lo.4a7 -o.o49 to.3?9
1o.452 -o.036 ro.r?9

DELTA IOIAL
EIIER6Y EXERGY

KX-t{/voL Kr-H/vor

o.o
o.212

o.2t2
o.34 t

o.553
o. s35

I . Oa8
o. as2

¡ .940
l.{!2

r . a7 t

5.223
2 .203

7.426
3. 603

I r.o?9
- t .482

9.54?-o. o70
9 .177

o. oo5
9.4a2-o.oot
9.4Et

-o.oo6
L47Á-o,oo6
s.458

-o.oo7
9.46 t-o. oo5
9.4S6

-o. oo3
L 453-o.ooo
9.483

-O.OOO
9.483

-o _ ooo
9.4S3-o. ooo
9.453

LSSV LSXV

XPA ;

o,o o.0

9.4 o.3
20.2 0.8

32.A 1.4

47. O 2.1
63,5 3.9
8?.4 5 . 7

lo4. I a.5
137.o to.4
37.3 I .4
37.3 I .4
37 ,2 9.5
35.2 S.5

35.9 I .4

3?.6 9 . a

40.7 I . {
43,8 9.3
47.8 9,2
47.4 9.2
47.3 9. r

46.7 9. 1

46,5 g.o

23 5a. t

24 5A.2

25 5t. I

zÈ sa,4

21 sa. o

2A 57. A

29 56.2

54. r

sa.2

5t. 1

54.4

sa. o

5?. A

56.2

o.o

o.o

o.o

o.o

o.o

o,o

o.o

5a.t 1O.631 _o.026 lo.3?9
5E.2 to.4to -o.ots to.trP
sa. t to.las -o,oo3 to.37g
54.4 to,3g4 o.oo8 r0.3?9
66-o to.34? o.ot6 to,379
57.a to.33S o,o2o to.37o
56,2 to.3?6 o.oot ,o.379

-o.ooo
8 . o 9 .4SJ-o.ooo
3. O 9.463

-o.ooo
9.O a.4s3

-O.OOO
a.Ê s.453-o.ooo
8,9 9.453-o. ooo
6.9 L {SJ-o. ooo
4,8 9.a53

45. {

45.6

45.4

45.9

45.2

44. S

42.4



UX I VERS I IY OF HAf T IOAA
SOIL HECIABTCS LAAORA,ORY

SaHPLE XO. t 1 759 (REMoULoED SAMPLE}

COHSIAXI LOAD
PÂOV¡IC RIRC FACfOR
PISfOH AREA

IHTIIAL OtAL READTNG

SAHPLE HE¡GHI AFTER coxsoLtDAlIoH . t I.95I cEflTTHEIREssa¡tpLE voLUME aFrER coÈsoLroarroH . s4;:s;ó ãiö¡. cerr¡xernessaHpLe aREA aFrER coxso!rDAr¡ox . -;;.;;; iõüo". c"*rrr"r*r, 38r
r 16.62 I¿ t-0225 H ,lDtvt 5.o7oo souaRE ceRttHETRES
! 2Ot7.oo otYtstoRS

SHEAR TESI RESULTS ,TÂRT 2EO6A6 E}¿O 2A06A5

COüSOLIOAIEO UIIDRÂt¡.EO IRTAXTAL IEST
::;:::::::::::::::::::::::::::::::i:

D¡SPL pRtxc poRE Ig! EFFSCT sFFEcr lltF oEv EFFEcf RÂtro or aDraL D¡aL pREas lM- s¡oiÃi ;;;;;; 9ly srREss ocr EFF srcHÂrRDc Roc Kpa pcgrnr Kpa i;Ã -' slREss Kpa iiness ÊFF stFr{a3KPA KPAr too 2o87.o ?1!.o 2oo.E o.o l? g 4z.o ts.g J?.8 5..8 Las8 o.o2 sr' 2oes.6 ?99.s ioà.i ã.ð, :?.9 ¡ã.ã iõ.¡ 40.6 ;i.; z.otl o.so3 e2o 2o03.s 196.8 ioi.ã ;.;; il.! i;.; ìí...o 
'z.a Ës.3 z.os1 0.624 ezs 2osr.o lo1 .E io¿.e ã:;; y.1 is.z ìà..= 44.s s¡.o z. rGE o.6EE 03o 2oôa.6 !!!.o zos.ã ;:ã; 5.: ir:3 ;;:; .6.0 sz.e 2.232 o.E6G e4o 2oa!.o l?!.o ioá.i ã:;; g!.! i;:; ;;.ì 4a.r 62.¡ 2.rzr o.B47 e'o zo79.2 l?!.o ãoã.ã õ:i; t:.1 3a:; zi.o 40.0 E2.3 2.!oe o.406 rooo 2oa?.o 111.9 zoi'.á ð:;; 9:.g i¡:; ;;:; 6r.0 sr.à 2.4ar o.s3a roro 2oÈs.o :l!.8 ior.i ;:;; ll.9 i¡.ã ;;:ì ,,z.2 E2.a z.4zs o./¡rro rozo 206r.0 111.9 io¡. r ó:;; :1.! i+.ã ;;:; G3., s2. r 2.6¡r¿ o..8rr ro3o 2o43.E l!g.s zo¿.¡ ó:;; 99 1 a¡:i ;;..; E4.r 62.r z-E?6 ó.4atz ro4o 2034.4 :g3.9 zoã.i õ:;; gg.! i¡.õ ;;..; r4.! a2.r 2.013 o.¡r'13 1060 2026.0 l!Ë.2 ;¿;'.; ;.;; lg.l i¡.À ;;..; E6.E 6z.i 2.E4r o.¡¡sii iiii lill:3 

"Ei 
i ii::i :,;; ?e.t ii.; ;;.; 6s , Ë2 3 z ¿sà o .6,6 ,,ro iesi È lee 6 ãoó.i ;:;; li,i ii:i ll:S !i.! :;.¡ 1..lli ã.il17 rr.6 ro?a.o !7o.o zoe.i ;:õ; I.g ã;:; ;;..; 6!.8 62.G 2.1ß7 o.44rB r2oo rse4.E !Jr.o :os.s i:ii :?.f i!.2 ;;:; 6s.r s2.E z.?Eo o..zrs r2rß rsB2_E :J6.s zos.s i:;; l3.l ia:õ ;;..; 6s.! E2.s 2.âi3 o.¡¡oao r2:o r8!7.o !?s.6 io¡.ã ;.;; ll.f ti:i ;;:; Bo.2 83.2 z.atl o.¡o1l lii¡ iiôi:! 331:3 ¡3¡'¡ i,;i t¡ ! ii o ;;:; eo ¿ 63 , z.a'o o.4,?t ,r!o rasi i l!e.i zoi.i i.;; ii,í ii:i i8:l !î:! ii:: 1'..11i :'li2. r4oo raBs.E l9?.8 ãos-..t à'.;; lg.l ii:; ;;.; ar.? B¡¡.2 z.¿r7 o.!426 r43o ra2a.o !gs.o zoa.o ,.;; :l.g i;:; ;ã:; Br.a 64.8 z.rro o.s.26 rsoo rzea.6 l9o.o zoa.i ;:;ã 19 9 i¿.ò ;;:; 62.0 64.2 z.azz o.3:?7 1630 r?7r.8 !?0.6 ioá.á ;.;; l: I ã¡.i ;;:; €r.e õr.6 2.s28 o.!426 raoo t7.2.o 190.6 2oa.B ,.;; gg.l sã.) ;ã:; 6r.7 B..E z.aog o-!32s 1630 r?rô.6 ,er.o zoÀ.i ;:;å lg.! i¿.ã ;;:; 6t.? 6..a z.roÉ o.s23o rToo r3Es.o !so-õ zoa.È i:;; :g.! i¡.õ ;õ:; sr.6 64.6 2.ùoE o.!3rr ¡aor rs2z.6 l!o.E zo¡.i i:;; tg.3 i¿. i ;ð:; Br. r 8..6 z.rss o.r.t2 r 0oo r !7o. o 3aE.6 zo¿ .t ¡:;; s4 .6 i¿ . i ;;:; so. ¡t È4.2 2.77 t o. !6

31 2ooo l8l''E rtr'o 2or.õ a.a7 :1,9 34.o 3o.o 60.0 6r.o 2.7e6 o,3at4 ?ror r4Es.o r!a.E 2oa.6 ¡.ii l!,! ii:ó ;;..; 6e./¡ 63.a 2.747 o.r7rG 2zoz r.oo.o !g9.o zos.á ;:;i :1.! i¡.ã ;;.; Es.e ar.4 z.7rs o.4orG zroo r!¿!.o !g!.o 2oe.. ;:iì l! ? ¡r.¡ ;;:ì Es.3 Bz.s 2.744 o.4r3? 24rs r27o.o !!!.6 2oB.ø e.;; ll.! ii.z , ;;..; E?.4 62.r z.7or o.12ra :oo rrr..o s?g.o ioã.ã ;:;; gl.9 ii:; i;..; 6E.E sz.ó z.6rs ô..7rE 7ro â?E.o !!g.o zoi.È rð.ãi lg.! iã:; ;;.; l?.7 Eo.E 2.60r o.Bo{o aoo r2a.o ,99.9 zoã.¿ iõ:;; ?g.l ,i:i ;;:; 62.0 Eo.. 2.a72 o.624r o2o ?ae_o !6!.6 zoa.s i;. i; g1.s ia:; ;;:; ;i:; ;;:; 2.8!o o.cr42 rooo ?r4.o !!9.6 zod.à ri.ii ll.! ai:, ;;..; g9.1 ;ò:; 2.810 o.6E4r rroo 6sg.o 36r.a ioá'.i ;;:;; az.l ii.; ;;..; 4s.6 40.7 z.4oz o.7!

Pf ItHÊ



SAHPLE xo, t I 768 (ReMoULoED sAHPLÊI
COHSOLTDAITOH AX¡AL STRESS
PRECOIgOLTDATTOH PRESSURE
HORI{ALIZI}I6 SIRESS

HORI4ALIZED SHEAR TÈSI RESULlS

?8,75 KPA
169.64 KPA
fEg.64 KPA

ÉTART 26o886 280AgE

Pf l:l_ HRHLzD EFFEct xRHLro fRHLzD::!I HA! F Àar r o ocr ;;;-;;PcslRx DEv stcHÀr srRess ;;-;;;srREss stGHAs Kpa iãe'-..KPA

1 o.o
2 o.ot
3 o.ot
4 o. oE
6 o - o?
a o. t2
7 o. ta
I 0.26g o. ¡2

I O 0.36
I t o. aE
l2 o,E2
t! 0.60
t4 o,66
16 o.77
16 o. ta
l7 I . OO
lô t. f r
l8 l.2l
20 r,t4
2l La4
22 I .5?
2! r .70
24 2,O2
2E 2,2É
26 2.60
27 2.a2
21 z.ga
2S 3.20
30 3.¡16
3t 3-9!
32 4.a!
33 4. a1
t{ ú.3?
15 õ. 13
16 6.rt
17 a.az
3A E.23
3Ê I O. 23
4O to,62
41 lt.tt
42 tt.6?
4r t 2 - 06

o.o
o.ott
o.ot6
o,o24
o.o2g
o. o!6
o. o37
o. o44
o.o43
o. oa7
o.oa0
o. o48
o.oEl
o.oEt
o.o52
o-o66
o.oE7
o.o66
o. oE6
o.og6
o. o6a
o. o64
o.o66
o. oE I
o.oE2
o. o60
o. oE2
o. o60
o. o46
0. oËo
o. oEo
o.o5 I
o. oEo
o. oEo
o. o63
o.oE5
o. oE2
o.oB2
o.ogE
O.OEB
o.o62
O. OB¿
o. o64

o.tta t.6€9 0.r4?O.127 2.Ot7 O.J¡so. l 3a 2.O97 o,3f4o.tto 2.ta6 o,!f2O.144 2,2t2 O.3foo.161 2,!2! o.3ZEo. t56 2.rts o.!26o.l8o 2.491 O.326o.16ô 2.49a o.3i?o. t66 2.64a o.!21o,lBg 2.826 o,Szao-l7z 2.gr! o.3zao.t?4 2.5at o.lzso.178 2.880 o.32¿o. t ?a 2.1O4 o.32!o.tat 2.741 o-!20o. t 8! 2 -757 0. !30o,t06 2.7ao o.332o.tE7 2.8t3 0,332o.t88 2.E17 0.3!3o.tES 2.t30 0.!!3o.tgt ?-Ezg 0.335o.tt2 2.r!2 0.!!ao.ts3 2.At7 o.!4Oo.t04 2.alr 0.342o.t8a 2.A22 o.!43o.t04 2-A26 o.342o.tgt 2.106 o.!43o. t03 2.OOE 0.343o. I 33 2. âOG o.342o. tt2 2.193 ó.34to. tae 2.7a1 o.!4oO.ltA 2,295 o.!!Eo. ta6 2-7a7 o,!!7o. tt4 ?-7t9 0.338o, tE! 2.744 o.r!¡o.tto 2.703 0.3!lO.f?a 2.656 O.SZEo.las 2.Got o.3t6o.l8! 2.êa2 o.3tEo.t6t 2,8!o o.¡t7o,t6a 2.Btô o.3tro. t56 2.a82 0,3t2

382



UAIVERSITY OF HAXITOBÂ
SOIL HECAAßICS LABORAIORY

SAMPLE tr0. ! T 760 I REIouroEo SAHPLE)l{lltaL HotstuRE COHfEXT ú 5t.o pERcEflr
SPECIFIC GRAVITy OF SOtL . 2.j3¡Hlf fAL VOID RAÌIO r r.razTIIITIAL BETGHT oF SA¡IPLE ! fr.24 cHIÈITIAL voLUME oF SAHPLE ! BO3.oo CCEFFECIIYE PRTTcTPAL sIREss RÂTIo ! o.53

383

FINAL HOISTURE COHIETT

TX. COPSOLTDÂIIOH STARI
TRIAXIÂL COfl5OL¡DATIOfl fESI

:i::iii

. 42.7 PERCEIT

3O7A5 EXO I 9o7as

l.4to
9S7
620
s82
760
144
720

9.370
t l.z8z
ro.oô3

g .800
9.502

EFFECT EFFECT SIRAItrI
SIGHAI SIGHA3

49.93 26.50 1.730
57.41 30.40 2.OAA
66.r3 35.OO 2.SA3
76. ro 40.30 3.3a4
8?.Ss 46.40 4.s24

loo.69 53.40 6.o54
rts.73 6t,40 ?.900
l32.AS 70.60 9.A9O
r59.09 84.80 12-asg
79.a2 12.âo t2.t53
79.?9 42.4o l2.o¡9
EO.IO 42.40 !¡.7?5

YOLUHE SfRAIfl3 ÈFFgCT O
STRÂIfl P

-o.t60 34.3t 23-43-o.066 39.ôO 21-Ot
o,ol9 45.38 3t.t3
o. og9 â2.23 35 . aO
o.tta 50.t2 al.ts
o.oas 69.¡5 47-29-o.ogo 79.5t 54.33-o.260 9t.28 62.35-o-a?o tos.56 74-29-1.o35 54.E7 31-42-1,o89 s4.a6 3?.39-1.t36 54.9? 31 .7O

Y SHEAR
SlRA I ¡

2,3SA r .260
2.14S L436
2.3?9 r.?to
2.306 ?.t9o
2.27A 2.S3A
2.245 4 , OO5
2 -201 5.32a
2. t6a 6.76?
2.123 9.r42
2. r5r a.a92
2. | 55 a.738
2. t 65 a.607

VOID
ÂAT I O

t
2
f

5
6
1
a
I

10
li

r .354
t.345
r .329
I .305
L27A

245
207
t68
123
lsr
155

I t 65

SUHHARY OF ESSEIIlIA! RESULIS STORED TX FILE

SIGHAI SIGMA3 STRAITI STRAItr3

r ô9. s3
2 S7 _41
3 66. t3
{ 75. to
s 87.55
6 r oo. 59
7 I t S.73
a 132. As
I r 59 . 09'

to 72.82
r I ?9.79
12 EO. tO

26.50 l.7fo
30.40 2.O88
35 . OO 2. 5t3
40.30 3.3A{
46.4o 4,624
s3.40 6. o54
61.4q 7.900
70.50 s . a80
E4.Eo t2.693
42.1O t2. t53
42.eO t2-Otg
42-4O II.775

-o. t 60 2.35A
-o-066 2,346
o.ot9 2,329
o. ogs 2. to6
o.ttE 2.27A
o. o45 2.245

- o. o8o 2 .2Oa
-o.260 2. taa
-o.a2o 2.1?3
-l.o3s 2.tst
-1.069 2,fss
-l.tt6 2.t65



Utr T VERS I IY OF HAr r IOBA
SOII HECHAÈICS LABORAIORY

ÊHERGY CALCULAf¡OXS

EIGIHËÊRINC SIRAIT

sÀHPLE r0. , f ?6o IREHOULOEO SÂHpLE)rEsT RESULIs slaRT 3O7a6 EflO taoTas

384

P1 EFFECT
SICHAI

t 48. A

2 s7.4

3 66. t

4 76. t

s 8?. 5

6 I O0. ?

? tt5.7

I I f 2. S

s 159.1

to 79.a
| | 79.8

12 ao. t

AX IAL RAO IAL
SfRAIX STRATI

r.730 -o. t60
2.OAA -9.O66

2.Sa3 0.ot9

3.ta4 0,099

4. S24 O. I I a

6.OE4 0.045
7.900 -o. o90

9.a8O -O.28O

r2.493 -o.a20

t2. ts3 - t.o35

12. o39 - I . 063

t I .775 - | . t 36

YOL LSSV LSXV
SlRA I ff.; KPÂ I'

l.4lo o.o o.o
1.957 9.3 o,4
2.62O 20 .2 o. I
3.5a2 32.6 r.7
4.760 47.o 2.a
6.r44 6f.4 4.3
7.72O A2.3 6.2
9.370 to3.? a-2

ll.2s2 t36.A tt.2
to,oa3 3t.4 to,5
8.goo 37.4 to.4
9.50? 37.6 to.l

DELfÂ TOTÂL
ETERGY EHERGY

KH-M/YOL KÈ.H/VOL

o.o
o.246

o-246
o.36r

o. 607
o. 630

I .231
o.949

2.la6
! .35?

3. S54
r.443

5.396
2 .249

?. a45
3,5r3

I L 158-t_t5?
lo.ool

-o.120
9. A8l

-o.26A
9.613

EFFECÎ OEV EFFECT
S T GMÀ3 SIRESS OCTXPA KPA STRESS

KPA

26.5 23.4 34.f
30.4 21 -A 39.s
fs.O 3t.l 45,4
4O.3 35.8 s2.2
45.Á 4I.2 60.t
53.4 4?.3 69.2
61,4 s4.3 79.5
?o.5 62.4 91.3
a4.a 74.3 tog.6
42.4 3?-4 54,9
42 .4 31 .4 54. A

42.4 3a.7 ss.o

UI I YERs I YY OF HAtr T IOEA
SOIL MECHAXICS LABORAIORY

EHERCY CALCULAT¡OXS

HAIURAL SIRA¡ N

SAMPLEHO.:T?69
TESI RESULIS STARf

PT EFFECI
SIGHAI
KPÂ

I 49.9

2 s7.4

3 66. r

4 76. I

s a7.5

6 too.7

? rt5.7

a 132.9

9 159, r

ro 79,8

r I 78. A

12 80_ !

f REHOULOED SA¡IPLE I3O7E5 EXD tao?ss

EFFECT OEV EFFECT
S I GHÀ3 STRESS OCI
KPÀ kPA SÎRESS

KPA

26,s 23.4 34.3
30.4 27 .o 3s.4
fs.o 3t_r 45.4
{o.3 35.a 52.2
46.4 41.2 60.t
s3.4 47.! a8.2
6t.4 54.3 79.5
?o.5 62-4 81.3
ô4.8 a1,3 tog.E
42.4 3?.4 64.0
42.4 37 .4 64 .9
42,{ 37.7 56,0

AXTAL RADTAL VOL
SlRÂtT SfRAIN SrRÂtfl

r , 74S -o. | 63 I .420
2,rto -o.06? 1.9?6

2.617 o.ot9 2.655
3.442 o.to3 3.64a
4.83O o.t23 4.a76
6.24S o.o4a 6,34t
4.23O -O. 09A a. o34

fo.4l4 -o.2aa s.a38
r3.lo2 -0.933 tt.s3?
12.956 -t.t6ô to.62a
12-827 -f.20t tô.425
12.627 -1,271 8-Srß

DELTA IOTAL
EXERGY EXERGY

Kff-H/VOt KH-M/YOr

o.o
o.25 ¡

o.25 t
o.369

o.620
o. Êso

1.270
o,9ao

2-2Sg
t .44S

3.704
t.980

5.6a4
2.4Ê4

a . t 49
3.944

t2.o93
- I .305

lo.7a8
-o. t34

to.654
-o,loo

to.3ss

LSSV LSf,V

ÍPA Z

o.o o,o

8.3 0.4

20-2 0.9

32.6 1.a

11 -O 2.9

63.4 4.6

42. ! 6.5

I 03. 7 a .1

l3Ê.a t2. t

31 -4 tt.3

37.4 t r .2

37,6 to.9



UÞtV¿EAt?Y O' HAËtrOBÀaott H¿CxÀÞtC8 rÂ!oRÀioRy
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UTIVERSTfY OF HAXTIOBÂ
SOTL HECffAHICS LABORAfORY

SAHPLE PO. : I ?8 I f REMOULDEO sAHPLE }ITITIAL HOtSTURE CoIIEHI , 5I:5 PERCEHISPECIFIC CRÂYtTy OF SO¡L . z.a3
¡I'T¡AL YOIO RATIo E I.4o5
lXtTtAL AEICHI OF SÂHPLE = t3.25 CMlXrllAL VoLUHE OF SÂHPLE ! 603.91 CC
EFFECT I VE PR I f,c I PAL sTRÊss RAT I o : o. 53FIflAL HOISIURE COHIERT . 42. I PERCENT

TX. COÍSOLIDAltot slaRl 4O?8s ENO tao785ÏRIAXIÂT CO'{SOLtDATTOH IESf
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PT EFFEC'I
STGHAI

f 49.36
2 51 .44
3 66 - I I
4 ?5,16
5 A?.63
6 I OO.70
7 tts.72
I r 32. E r
I 159. lO

ro ?9,a6
I | 79.84
12 79.29

EFFECT SIRÂ ¡ X I
s I cxaS

25.60 2.0!6
30.40 ?.413
35. OO 3. oO2
40 - 30 3.6?3
46.40 S.O53
53 . 40 6 . 5 t 4
6r.40 A.394
70.So to.tl3
84.40 t3.34t
c2.40 t2.4al
42,40 t2.459
4l,90 12,É72

VOLUHE SlRAIH3 EFFECI O
SIRAIH P

vo¡D
RATIO

t .362
r .344
t .3za
I .304
L274
r .239
L 200
t . t 66
L r ts
I . l4?
I . I ¡g
1.149

V SHEAR
SIRAIil

.J6" 1.432

.36å 1.62t

.328 t.836
,3o4 2.47r
.274 3.234
.239 4.312
.2oo S. SS{
. rE6 6.796
. r t 5 9 .323
.147 6.902
.149 E.go7
.149 9.Ot7

r.at3
?.376
3. t95
4 .206
5.456
6.90S
8.5rS
9.952

r2.o55
ro.73a
ro.656
to.664

-o.lt2 34.32 23.46
-o.or9 39,4t 27.O4
o.o97 45.37 3t.tl
o.167 s2.25 35.A6
o.2o2 60.la .4t.23
o_la6 69.t7 {7.3O
0.063 79.St 54.32

-o.oal 9t.30 82.41-o.6ô3 tog.s7 ?4.30-o.E7t 54.â9 3?.45-o.902 54.E8 37.44-o.954 54,36 37.39

SUMHARY OF ESSEHlIAL RESULlS SIOREO ¡T FILE

P1 STG?IA1 ST6HA3 SIRATTI SfRA¡H3

I 49,96
2 5a -aa
3 66. t I
4 76. t6
5 a7. 63
6 roo.70
7 r t 5 . 72
a r32.91
å l59.lo

lo 79. A6
I l 79 , A4
12 7S -29

26. S0 2. 036 -o. I t 2 2.36230.4O 2.4r3 -O.Or9 2.3aa
35. OO 3. OO2 O. Og7 2.32A
40. tO 3.8?3 O. I 6? 2.3O446.¡O S.OS3 O-20? 2.2a4E3.40 5.614 O.t46 2.23S81.40 4.394 O.063 2.ZOO70.SO to.t13 -o.0ôt 2,t6684.EO t3.341 -o.643 2.11542,4O r2.4At -o.a?l 2.14742-4O t2,459 -o.so2 2. t434t.90 l2.sa2 -o.954 2,149



U{ I VERS I IY OF XAH I fOBA
SO I L MÊCNA{I CS LAAORATORY

ÊNERGY CALCULAI¡OHS

EHGIIEERTXG SIRAIR

SAHPLE trO, : T 76¡ IREHOULOEO SAHPLE)
ÌESI RESULTS START 407A6 EilO IAOTAS

Pf EFFZCÌ EFFECI OEV EFFECT AX ¡AL RAOIAL YOL ISSV LSNV DELTA TOIÂL
SIGMAT SIGHA3 SÎRES5 OCI SIRAIR STRATI STRAIN EXERGY ENERCY
KPA KPA KPA SÍRESS

KPA

r 50.o 26,3 23.S 34-3 2.036 -O.tl2 !.8r3 0.O O.O O.O
o.255

2 S1-4 30.4 27.o 39.4 2.4t3 -O.Otg 2.31Ê 9-3 0.4 0.255
o.4t9

3 66.1 36.0 3r.l {6.4 3.OO2 0.O9? 3.tS6 20.1 r.O 0.694
o, G?2

1 7Ê.2 40.3 !5.9 S2.3 3.473 0.t6? 4.206 32-7 r.9 r,366
o.997

s 47.6 45.4 41.2 AO.1 5.053 0-202 5.456 41.O 3.O 2.363
1.414

6 too.? s3.4 4?.3 69.2 6.614 0.146 6.905 6r.4 4.5 3.771
I .831

7 rrs.7 6r.4 s4.3 79.5 8,394 0.063 a,Erg a2,2 6.4 5.608
I .948

8 t32.9 70.5 Ê2.4 91.3 !O, tt3 -O.Oal 9.952 tO3.7 a.t 7.556
J. ðf I

9 lsg.r 84.r 74.3 rO9.6 r3.34r -O.643 I2.OSS r36.E rr.3 1r.396
-1.3r8

lo 79.9 42.4 37.S 5a.A t2.48t -O.87t lO.?38 37.4 tO.S !O.O?8
-o.044

rl 79.a 42.4 37.4 54.9 12.458 -0.902 rO.85€ 37.4 ro.5 IO.O3S
o.o46

12 79.3 4r.9 37.4 64.4 12.57? -O.9S4 rO.6€4 36.6 10.6 IO.OAO
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UHIYERSIIY OF MANITOBA
SOIL ilECHAXICS LABORAIORY

EI{ERGY CALCULATIOIS

BÂIURAL STRAIÈ

SAMPLE flO. r T 761 (REHOUL0EO SÂHPLÉl
TEST RESULIS SIARÌ 40765 ENo I aO785

Pf EFFECÍ EFFECT OEY EFFECf AXIAL RAOIAL VOL LSSV LSTV DELTA TOTAL
SIGHAI SIGMA3 SfRESS OCT STRAIt STRATH SIRAIN EXERGY ENERGY
KPA KPA KPA SfRESS .: i 1 KPA 1 KT-H/YOL KX.M/VOL

KPA

I 60.0 25.5 23.5 34.3 2.057 -O.lt4 1.A30 0.O O.O O.O
o.26 t

2 57.4 30.4 21.O 39.4 2.443 -O.Otg 2.40s 9,3 0.4 0.251
o.451

3 66. | 3S.O 3r. r 4S.4 3.047 0. rOO 3.24A 20. r r.O 0,712
o.997

4 76-2 40,! 3S.9 S2.3 3.S49 0.t74 4-291 32.7 1.9 r.409
1.046

5 67.6 46.4 4t-2 60.r S.tas 0.213 5.6tO 47.a 3-2 2,¡56
I .604

5 loo.7 63.4 a7.3 6S.2 6.a43 0.t56 7.tS5 A3.4 a.A 3.96ô
I . gE2

7 rrs.t 61.4 54,: 7S.5 A.767 0.O59 a.904 A2-2 6.7 S.gal
2.141

a t32.s ?o.5 62.4 Sl.3 10.862 -O.OSO to.{a2 rO3.7 8.6 8.OAa
4 .334

9 t59.t A4.8 ?4.3 109.6 t4.3rA -0.736 l2.A4S tt6.a l2-3 12,42?
- I .4S7

to ?9.s 42.4 37.5 84.9 r:.33r -0.985 rr.3E9 37.4 lt.l tO.S26
-o - o{9

tl ?g.a 42.4 37.4 64,9 13.305 -r.O19 r1.257 t7.4 rl.3 10.87?
o. o62

12 ?S.3 4l-9 ¡7.{ E4-4 1l-{34 -l-O79 ll.2aE t6-6 tt.5 lO-S2g
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SHEAR fEgT REAULIA Ë1ART I OO78E EHO t 8O7AË

COHSOLIDAlED UßDRAtHED IRtAXTA!
::::::i:::;::::::::::

Pf ttr{E orapl llllc poRs ÞER EFFECî EFFEcf HALFotÀL 9¡lt pREss cËijr srcxar s¡'4ar DEv 9!!- EFFEcT RÀrro oF aRDc RDc Kpa ããiin¡ Kpa i;;"-- Ëïå"", i#"'" si;""" È:: il¡ffirKPA KPA| 938 2O3ô.o 3to.7 EOO.6 o.o2 a¡Ë zo¡r.ã :::.¡ soi.õ ã.ãr 7s'3 .l.r ra." za.¿ s4.4 r.ac2 o.or aEo 2038.4 ::l.o soi.i ó'.¿; 42 3 4o.7 zo-a 4r.6 a¡.s z.oz! o.4?i i¡¡ iiiì:Ë #,i ¡¡i,i :,:í ii'å i!:! 1î: ï,i :::; 2:Iä :,ií: !¿i :.äi E ìii,¡ ¡ii,i i'ii ii,i ii,j íT,i ¡¡,¡ :i'å i -t, 3:rl,i ;¡i iiii:! lii,! ¡!i,i ã:j: ¡r:; :i,: ii,i !i:i ii:: l tli :,::ro oEo 2oo3.B .g9.g eio.i ;:;; Ea.z !2.o r?_ ! lz.i ;ã:õ 2.rÉr o.!err rooo rers'B .91.! sio.i ã:;; e7.8 r2.3 ,,2.a g1.? ;i.¡ 3.006 o.!7i3 i:j: 133!.3 :91.t eos.ó ;:;; oô.? 12.Ë ss., ll.? ;¡:i ,.o22 o.r.
11 roio ;;;;:; ;ij.3 å31.3 3.ll .:t.e i,.; ;;:; 66'2 " B 3 036 o.ii
19 ro4o ;;;;:; i,r.o Eoo.? ô.sô l9:." ¡ã.i ;;:; 67'2 6s'o r'ocr o.ii
:: ro'o ;;;;:; 1,r." Bor.8 o.a7 l?1.? ;;:; ;;.; 3å.3 å5:3 :.o7r o.ãi
l1 rroo roõ4.o izo.z ;ó;:; ¿'.;; ;9:.9 rr.2 14.7l: rrrr iõ;;.; irr.o õoa.2 o.zo ,?1., ¡i.Ë ;;:; ;S:¡ ::,; i,ii! 3:33

l3 li;: i;3i:a izt." Éoi i ;:;; ;8i:l ll 3 l::i i?:i ;;:; i:3åÌ 3 11
Il,4o ;;;;.; ;22.8 331:3 3:3í i::.1 ¡¡.i ;;.; 'o'6 6?'s r'o?r 

"'.ì1?? 1160 i;;;:; i"r.o so?.' t.o4 ,99.o s¿.i ;;:; ?r'o sr'2 3.oBE 
".ià2l t2oo l0to_o ;,
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saMPLg {o. ¡ I 76 I (REl,(oUtoeD sAHpLEl
cot{soL¡DAltO{ ÀX¡AL StREss
PRECOTSOL IDAf IOi PRESSURE
HORHALT2IAC STRÈSS

BORHALI2ED SHEAR TESI RESULIS

I o.o o.tt?
2 o.ot o.t3t
J o.o2 o.t42
4 o.oô o.t6¡6 0.06 o.t6t
6 o.o0 o.t?37 0.t4 0.t82a o.t8 o.tot
I o,28 o.tg?to o.3O 0,2o2rt o.!G o.2o812 o .42 0.2oat3 o.4a o.zttt4 o.53 0.211t6 0.60 o.2t6i8 0.87 0.2t8r? o,72 0.218ta o.?9 o.221

t g o, !E 0.222zo o.82 o-22'2l o.07 o.22422 L 04 o.22¿23 t.ro o,22A24 r.2t 0.2232é l .29 o,22726 t.!8 0.22121 l.as 0.2272a t.69 0.2272S t.58 0.22730 t.?¡ o,22A3l t.aô o,22732 2.O7 0.22733 2.27 o.22714 2.46 o.22736 2.66 o.22736 2.aÊ õ.221l? 3.o{ o.227t8 3.45 0.22539 t. a4 0.22440 4.2a 0.221at 4.A2 o.2to42 6.0l o.2ta{3 E.ao o.2tô44 6.A0 o.2t846 7.96 0.2to

74. !o KÞa
t60.to KÞa
t60.to KÞa

SlaRf t 8o?a6 gÈD r ao?85
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PI ITT_ flRT4LZO EFFECI }¡RHLZD HR}'LZD
::lI HALF RArro ocr ;;;;;;PCSlRil DEV gIEHAt SIRSSS ;;-;;;sfRgsg s¡cÀra¡ Kpa xf'a'..

KFA

r.402 0,tr2
2.Ozt o.345
2, tgz 0.334
2.t29 o. t¡2
2.444 o.lro
2.6t2 ó.127
2.462 0, t29
2.AA7 0.t3t
2.689 o-!32
3, 006 0.33S
t.oz2 0. !40
L ot8 0. t¿l!
l.06t o,¡48
L or4 0. !40
3. O0l o.3E I
LOAI o.!Eô
t,oal o.3G?
!.o87 0.s6r
3 . o7a o. r62
3-06E o-t66
s.oE6 o.3aa
!.oao o.ts7
l.oa5 o,!?t
I . OS4 0. r?!
3.028 O.3?8
I . O t 2 o. !??
3.Ots o.r78
2.tøt o,lao
2 -ôaa o.3?8
2,ôaE o.tt9
2.9'r7 0. !r I
2,98! o.!a3
2.9¿6 0.3E4
2 -ì2e o. 3c B
2.4!a o.ttG
2.O17 o,3ac
2.91a o.3ta
2 . eo? o.3EA
2.a04 0.38?
2.¿go o.3ô6
2-gat o.!a4
2. ôla o.3a3
2, a¿ I o. ta I
2. EzA o.3ðo
2.aaz 0.t8?

o.o
o.ot3
o, o2¿
o.ot2
o. o4 t
o. o6 |
o.oE5
o.o60
o.oa2
o.o62
o. ogo
o.oBa
o.oEa
o.oE7
o.o5?
o.oB2
o.oB2
o. o4a
o. oEo
o.o36
o.o¿4
o.ot¡t
o.o¿o
o. otg
o.o36
o,ott
o-o3â
o. o!t
o. ol4
o.ot4
o. o32
o,o29
o.o2g
o. o2t
o.o2a
0.o2Ê
o.o26
o.o26
o,o26
o.o2Ê
o. o2E
o.o26
o,o2E
o.o27
o.ol6

1! t'94 o.zo7 2.a2¿ o.3cs 0.o¡611 o_ss o.zoa 2.a2o o.:i¡ ó.o¡s1! s . 7E o.2o! 2.7e4 o. !62 o. o381! ro. 14 o.2o3 z.EIr 0.368 o.o4tEo ro.s3 o.2o¡ 2.¡!B o.iii õ.o.r9l ro.ô0 o.2oo 2.A¡O o.tÈo o.oaE!? t 1 .26 o.2oo 2. a. t o. t3o o. 0.6:l lt.8ô o.rer 2.rrâ o.!4a o.o526. rz.14 o.ro? 2.ars ó:i;; ã.o",



U{ I VERS f IY OF MAX I IOBÂSOIL MECHATICS LAEORAIORY

SAMPL€ NO. = T 162 I REHoULDEo sAHPLE,INIIIAL HOISÎURE coHTExT . sI:4 PERCE{TSPECfFIC GRAYIty OF SOtt = 2.73IH¡IIAL VOID RATIO
tfltrraL HErcHr o; sa'pLE I ,]:13t.*lHIl¡Al VOTUME OF SAHPLE t 603.46 CCEFFEcTIvE pRIflcrpaL stRÉss RAtto = o.ii - --
rIxAL r.lotsluRE COI¿TEXT | 42.O PERCENI

391

lx. coHsoLIoaTtox staRT 507A5
'R¡AX'AL 

COHSOLtOAItOH IEST::::::: ::::
EHD rso7a5

Pf EFFËCT
sIcHAI

I 49 .91
2 57.50
3 66. 13
4 76. 08
5 a7 st
6 too.s3
7 r t s.4s
I r 32,64
I t5S.57

ro 7s,s3
I I EO. O I
12 ao. 09

EFFECT SIRA¡I I
s I cHÀ3

26.60 2.OO8
30,40 2.423
35,oo 2-996
40 _ 30 3. a57
46.40 s. t25
53.30 6. ?Es
6r.30 8_4t5
70.40 to.s86
44.60 13.tt7
42.40 12.2o4
42.60 12. t85q2. 60 12.326

VOLUME SIRAtH3 EFFECT ASIRAIil P

r.757 -o.126 34,30 23.4t2.353 -o.o3s 39.43 2a.to3.lo? o.os6 45.3A 31.t34.OEs 0.tlÁ s2.23 35-?as.326 o.to2 69.tO 41.tt6.7A6 o.oo0 69.04 4a.238 rf6 -o.t39 73.35 54.r5ro.o7s -o.260 Sl. ls e2.2412.1t4 -o.st? tog.?2 14.77ro.995 -o.Êo4 s4.9t 37.83ro.94s -o.620 55.OO 3?.51to.763 -o.?at 5s.lo 37.49

1.382 2,3Ë2 1.422
1 .347 2.317 r . 63A
L329 2.329 1.961
t.3o5 2.306 2.49S1.276 2.zaÈ f.34S1.241 2.241 4.S23
t.2oa 2.2OA 5.7O3
r.t62 2.1Ê2 1.23A
l.lt3 2,113 9.tog
1.t40 2.14a a.63s
L14l 2.t41 a.Er6
r.l4s 2.r45 ¿.731

VO I D

RAf IO
V SHEAR

STRAIX

SUHMARY OF ESSEtrI¡At RESULIS SlORED ¡T FtLE

P1 SICilAI

r 49.9 t
2 57. SO
J 66. t3
4 76.08
5 E7. S I
€ loo.53
7 tts.45
E 132.64
9 t 59 . S7

lo 79. 33
ll 80.ot
12 a0. o9

S¡GHA3 STRAIHI

26.60 2. OOA
30.40 2.423
35 . OO 2.90 6
40.3O 3. A6?
46.40 s,126
53.30 6.?t5
6 r .30 L 415
70.40 t0.596
a4.ao t3. ta?
42 .40 t2 .204
4:.SC 12. ra5
42.60 t2.325

SÍRATH3 Y

-o. t26 2.362
-o, o!5 2.347
o. 055 2 ,329
o.ttl 2.306
o t02 2.276
c.ooo 2.241-o. tlg 2.20A

-o.260 2.162
-o.5t? 2.tt3
-o.804 2-140
-o-620 2.t4t
-o.?El 2,145



UXIYERSITY OF HAHIIOBA
SOII MECHA{ICS LAAORAIORY

€HERCY CALCULÂTIOHS

EflGIXEERIXG STRAttr

SAMPLE HO- . 1 7Ê2 tr¡s''Ãesùirr'iio",'"t:3få:"o "oll:.,
392

r 907as

AXIAI RAÞTAL
STRAIH STRATT

PI EFFECT
SIGHAI
KPA

f 49.9

2 s7.6

3 gÊ. I

4 76. I

5 a7.5

6 too.5

7 1t5.4

6 132.6

9 t 59 .6

10 79.9

I I 8O. O

12 80.l

EFF€CT DEY EFFECI
5 I GMA3 S TRESS OCrKPA XPA sTREss

XPA

26.s 23.4 34.3
3O-4 27.1 39.4
35-o 3l.t 45.4
40.3 36. é s2.2
45.4 6l.r 60.r
s3.3 47.2 a9.o
61.3 64.t 79.3
7o.4 62-2 9t.l
a4.a 74.A tos.?
42.4 37.5 5¡.9
{2.S 37.S 55.O
42.6 3?.5 ss.l

DELTA IOTAL
EXERGY EflERGY

Kf-H/VOL KX-H,/YOL

o.o
o .275

o .2as
o.414

o. 6aa
o.6s6

I .344
1.026

2.170
t.460

3. A3 t
L go0

5,43 r
2. 546

1-971
3,329

I I .305-1.241
to.o65-o.02E
I O. O37-o.025
!o.ot2

2.OO8 -o. 126 1.as1
2 .423 - 0. ofs 2 . 353

2.996 o.065 3.to?
3.457 o.rt4 4.OA5

5. t25 o. ro2 S.328
6.786 o.ooo 6.7A8
4.4t5 -o.t3s 8.t36

1o.596 -o.260 lo.o75
13.147 -o.5t? 12.114
l2-2O4 -o.604 to.s95
12.ras -o.620 to.94s
12,32s -o.7at 1o.763

vot
STRAIN

LSSV LStV

KPA 1.

o.o o.o

9.4 0.a

zo.2 LO

32.8 t.9
47.o 3.1

63.2 4. a

82.o 5.4
I 03 , 4 a . 6

1J1 -2 I I .2

37.S to.2
37 -1 to.2

37.8 to.4

uHlvERSltY oF tatrrtoaÂSO¡L MECHAXICS LABORAIORY

EIIERGY CALCULAlI OHS

flÂlURAr STRAI I

SAI.IPLE Ho . . f 762 f REHoULDÊo sAxPrE ITESI RESULÌS sTARl 507E8 EID t9o7s5

P1 EFFECT
SIGMAI
XPÂ

t 49.9

2 s1 .s

3 66, r

4 76. t

6 a7. s

6 too.s

7 1t6.4

a t 32. 6

s r s9 .6

lo ?9. €

I I ao. o

12 ao.1

EFFECT DEY EFFECT
S I GHA3 S TRESS OCIKPA l(pÂ SIRESS

KPA

26.5 23.4 34-3
3O. 4 2a .1 39 .4

35.O 3l. t 4S-4
40.3 3S.A s2.2
45.4 4l.l 60.l
53.3 47-2 63.O
8r.3 54.t 7A.3
7o.4 62-2 0t,!
a4.8 ?4.a too.7
42.4 3?.5 E4.O

42.S 37,5 g5,o

42.6 3?.8 66 t

o.o o.o
o.2ao

9.4 0.4
o.425

20.2 l.o
o,6â0

32.6 | .9
I . 0764i -o 3.2
L s5{

63.2 5. o
I .73 t

a2 -o 6. a
2. ¿O1

I 03 . 4 g .2
3. ?62137.2 t2. f

-l.4ll
37. S r I . o

_o.032
37.7 tt.o

-o.o27
3? , a I t .2

AXIAL RADTA! YOLSTRAIX SIRAIT STRAIXz i, ,r.

2-O2a -o. t28 1.a72
2.432 -o.036 2.3ôt
3-O42 o.os7 3.ts6
3.933 o.il9 4.t70
5.260 O.to? s.475
7-026 o.oot 7.O27
a-78O -o.t62 a.4a6

l l .2oo -o.29O to. € t 3

t4.oss -o.6st 12.812
l3.ot5 -o.6a4 rt.64?
12.99f, -o.tol tt.E92
t3.lE2 .O.A8S tt.3a7

L5SV LSHV OELTA IOIAL
EIiERGY EHERGYKPÂ Z KE.I4/IOL KN-H,/YOL

o,o

o. 2so

o.706

r .3a5

2.4At

4.Ot6

5. ?a6

t.5s3

f2.3r5

to.s04

lo.8?2

lo.a46



SAI{PLE flO. . r 182 fREHOULOED SAHPLË}
SAHPLE HEt6Hf ÂFIER coflsoLIoATtoTI t t I .8,7 cEHT¡HelREssaHpLe voLUHE aFrER corsorrDArtoi r si;.;ó; iiär. 

""*rrrrr"..
saxpLE aREA aFleR coflsoLroarro; , -;;:;;; 

iðio"",.*rrr.r"",

UX I YERS T 1Y OF HAI T TOAASOIL HECrlAH¡CS LAAORAIORY

coHsla{l LoaD
PROYIXC RIftC FACTOR
P I S1Ofl ÀREA

lHtttar otaL REAOtX6

PI lTHE

t tG.4s g
r r.o22Ë | ./otv. 6.o7oO SOUÂRe CEXf tHEÌRES
È 2076.OO DMSTOHS
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SHEAR fEsT RESUTTS staRT tao?a6 Ego 2OO785

COflSOLIOATED URORÂt¡ED IRtAXtAL 1ES1
iit:iiri::::::::::::::::::::::::::::

orsÞt pRtÈ6 poRE lll EFFECT EFFECT ltfrF oEv EFFECI RAlro oF aDraL olal pÂEss g!!! s¡crÀi ;;;ili gly srREss ocr ÈFF srGHAlRoc RoG KFA pÊsre¡ KÞa K;Ã'-- srness KÈ;--- ãi¡"r= EFF srF|1a3KPA KPÀr ato 20?6.0 1.??.a 48û.? o.o gg.! 42.8 rE.? 37.8 EE.l r.aEo2 azo zo74.o 41J.o sor.s õ.õr 91.9 ¡õ.õ ;i..; .2.a EE.r z.oso3 aro 2o7r.o Â99.8 ioi.ã ;.;; 9g.? ¡g.i ;;.; À7.ê 64.Ê z.zza4 156 2ooo.o 4g!.o so¿.i o:õ; !9.? ir.é ;;:; 60.3 8..7 z.rzjs 6¿0 2ogz.o 1!!.o eos.ã ;.;; g!.g i:.¿ ;;..; 62.6 È¡.ó z.4or6 s.E 2o64.6 899.0 ioi.õ ;:ð; li.? ie.z ;;..; 6..E B..o z..aÀ? aËo 2oar.6 E9?.8 soi.i ð.i; y.g i;.; ;;:î s6. r 68.2 2.63a6 r6E 2oEs.o E!1.9 eoi.i 
":;; ll.g is.i ;;:; s7.6 E6.s 2.sa60 eoo 2066.6 6?9.6 eoã.ã ã:i; ll.9 ia.i ;;.; ss.s sE.? 2.6!rro ero 2o4r.E 819.0 soÀ.d ó'.;; ll.9 ii.s ;;:; øo.1 66. r 2.Gû2rr ø2o 2o.!.o ol!.9 eoã.Ã õ:;; -11.9 ia:r ;;:; a2.E 6?.r 2.7.r,tz oso 2o3..Ë Ë!9.E ¡os.z õ.;; !9g.! i;:; ;;:; s4.s 81.1 z.7EJ13 e4o 2026.0 

"9!.o soÀ.õ ó.;; !9? 9 i;.; ;;:; 86.2 6a.5 z.ara14 eEo 2ora.o Ëg9.o 606.0 õ:;ã !91.9 ii.e ;;:; s7.o 68.a 2.ô3616 rooo 2ooe.o E!!-o 806.6 ;:;; 19! 9 ia.Ã ;;:; 6a.o Ee.6 2.a4s16 roro zoo2.o 
"!1.9 so¡.i ð.ãi !99.o i;:i ;;:; ð!.s Eo. r 2.686ti ro2o r¡a2.o 
"19.9 so¡.ã ã:;i t?!.2 Jz.z ;;.; Es.s Bo.e 2.842ra ro3o rsa6.o ßl?.g soc.t ã:;; l9?.? i;:ó ;;:; 6e.e 6r.3 2.!rErc ro42 ra7¡.o 
"11.9 so¡.i ;:;; i:l.f i;:i ;;.; ?o.s 6r.6 2.a.620 ro;o 1067.0 
"l: 9 io¡.ã ;:;j i:f I i;.¡ ;;:; 7o.! 6r.a 2.8!zzt rroo rs6?.a .11.9 so¡.À i.;; igl.l ii.¿ ;;:; 7o.E 62.4 2.a2422 rrrs re4!.o 
"lg.: soã.ã ;:;; itf.l ci., ;;:; 7r.o 62.s 2-srr23 rr3o re2E.o 
"1t.9 soi.á i:;; ilf.l ¡o.õ ;;:; 7o.a 63.6 2.?6s24 1146 r¡rc.o .l! I soi.ó ;:;; ilf.l ¡e.i i;:; ?o.ô r3.4 2.7?e2a r2oo raor.o 
"1!.9 ¡oi.i ;:;ó ilt.g .o.6 i;.¡ ?o.o 64.2 2.1.62G rzrs rrô?.o 
"l:.g ioz.i ;:;; ilt g ¡o.À ;;:; 7o.B a.-z 2.74827 1235 ra6?.6 
"ll.g soã.i i:;; ill.¡ ró.i ;;:; 7o.a a4.r 2.74jza 1246 r¡8E.6 
"ll.g ¡oz.ã ì:;; il:.1 ¡E.g ;;:; :o.E s!.4 2."862s 1306 rs.o.o 
"l:.9 soi.i à'.ó; i9?., 3¡.G ;;:; õ8.s 62.s 2.76630 1335 rErr'o 
"11.1 9oz.ã a'.;; ifl.l ¡o.ã ;;.; as.r s3.o 2.a27!¡ r4oo r7!4.o 
"1g.g soz.i ;:;¿ ill : ro.i ãi:; 61-a B!. r z.õ7332 r43o r?68.ô Ba..o eor.i 2-;; ,or.e ct.á ;;:; 86.? 63.4 2.Brs

o,o
o. ta
o.42
o.40
o.37
o.t6
o.tl
o.32
o.It
o.3t
o,2a
o .24
o.22
o.2t
0.18
o.lô
o. t6
o. t5
o. r4
o.16
o.l2
o. t2
o. f o
o. to
o-o8
o.o?
o. oE
o. to
o. t t
o. to
o.o0
o.o7

31 1so2 ta24'o t9!'9 Eol.? 3.o2 l9g.g 4i.r s2.6 9s.2 B!.o z.s?s o.o?34 rs3o r6ea.o E:?.s so¡.r i:r; !gl.t "i.¡ ;;.; 91.o Bz.a z.Ece o.o'36 rsoo rGB?.o ;1!.o Eor.a i:;i l9l.! ¡r.i ;;:; 9?.r sz.i 2.¿ao o.oos6 rcsr 1636.o E!9.o 60r.r i:;; !9?.1 i;:ó ;;:; 99 9 a2.! 2.q46 o.os3? tao6 rooz.o Elg.o soi.ã ;:;; 199.9 ¡i.z , ;;:; !!.1 sr.r z.o.a o.oe3E raoo rs4ô.o Â27.o ¡or.i ¡:;¡ r99.1 ¿2.ã ;;.; g1.g Gr.? 2.38a o.o73e rroo r.eo.E ß?9.9 Èoó.d ;:;; 11.9 ¡i.ã ;;:; 99.! ¡o.E 2.¡ss 0.o640 2ooo r4!3.o E!g.o soo.i ;:;i lg.g cz-.á ;;..; :1.9 eo.2 2.3oo 0.064r zroo rr74.o E!!.8 ioi.i ;:;; ?!.! ¿i.À ;;..; :_4.9 so.s z.zst o.ooä iii! ii:! 3 åi3:3 :ai:3 ;::i e!'? ¡i.i ;;:; r?.! Bô.e z.za2 o.,!.4 24oo ,ãóà.õ ãlr s soz.ã ;:;; ii,! ii:i i! å il i t::i t.1;,i ã,i;¿6 62r a46.o 
"!9.6 ¡oi.i ,ó:;; 99.9 ¡ó.ã ;;:; !o.? s6.7 i.zts o.zs4G aoo 762.0 Ë!l.o Bos.o ir:i; 19.? ie.¡ ;;.; g9.9 66.s , _z.z6a o.!r17 0oo aoa.o 612.0 Ëo¡.a ii:õ; ao.z io.,i ;;..; Eo.¡ 86.2 2.277 o.!2



saHPLe tso. t 1 ?42 fR€l4ouLDEo EAi4pLEt

ãOR'{AL t ZED SHEÂR IEST RESUL?5 STARr I 8O?86

coHs0LtoaltoH axtaL slREss
P RECOflg OL I DAf I Ofl P REs S URE
TORTALI2I{G STRESS

Pf PER tlRlll ZD
CE}IÎ HALF
PCS IRR OEV

slRE5S
KPA

I O.O
z o-ol
3 0.ol
¡ o.0g
6 0. 07
6 0. o0
1 0 - l2
I O. ta
0 0. t7

ro o.22
r r o -2a
12 0.36
t3 o.42
t 4 0.4â
t 5 0.6?
t 6 0. 8l
t? o.tt
!8 0-77
I I O. C7
20 0.03
2l !.ot
22 r. 14
2t l.2e
za I .3t
26 I .60
26 t .62
27 I .78
2g r.t8
2g 2-O2
30 2 -2a
! I 2.60
!2 2.7È
33 3. 02
t4 t.26
15 3.6 r
ls 3.ta
37 4. 07
lE 4.64
l9 E.Or
40 5.6t
¿t E.oS
12 6.50
4l ?.ot
44 7.49
45 tO.È6

AO. OE KÞA
I 6'. E7 KPÂ
I E6 .67 KPA

EFFEET HRHLID NRHL¡D
RATTO OCI CAAHCÈ
slGxar sTRess tr PwP
S I CMÂs KPA KPA

L AAO O. laB o. o
2.O50 0.1a6 0.otl
2,22A O.142 0. 026
2.127 0. tat o. o32
2.403 0.1ô4 0.o34
2 , ¡¡ôs o.3ô4 o. otê
2.BrA o.t4E O.O38
2.5A8 O. lat O. 04 |
2.81t o.¡ô0 0.o42
2.BgZ O,¡82 0.0¿6
2.7a3 0. ttg o. o43
2. ?Ar O. tt2 0, o¿ t
2.AtA O.196 0.ols
2. El6 0. lg0 0. olE
2.448 O.l?t O.03?
2,CEE O.178 0,036
2, ø42 0. lo t o. o32
2 - AtA O. tA¿t o, oto
2.A48 0.1A6 0.o2a
2. A32 0, tA8 0. ol t
2.ø2a o.!ar o.o28
2.6 I I O. tC4 0. 02¿
2. ?00 0. las o. o20
2.770 0.397 0.02t
2.74G O.aot O.Ot!
2.74ê O,402 0.Ot6
2.747 0.ao2 0.ot6
2 -1Ae O. t0? o. o20
2 -748 0- loa o.o22
2,7?1 O,ICB O.Ot9
2.A73 0.t88 o.ot6
2.6!8 O.l¡¿ o.ot3
2.6?t O.¡06 0.ot!
2 -A4S O.392 0. oog
2.4a9 o.t8t o.ot3
2.44A O.180 0.ot3
2.44A O,lA3 0.Ot3
2.188 0.ta7 ô.ooa
?. llE o, l?8 0. oo?
2. too o. t?? o, 006
2. 28 r O. !78 O. OOg
2.2A2 O-3G8 0,O13
2.ì.53 0.¡86 0.Ot3
2.261 o. l8t o. o r I
z.zts o.16õ o.o24

200ta5

I t?
I l4
I ¿8
IEE
t 64
t?t
t78
I AO
I aE
t 00
la1

o .20?
o.20?
o.2to
o.2t3
o.2t8
o.2ta
o.zlg
o.zzo
o.220
o.2
o.2
o.2
o.22
o .22
o .22
o .22
o .22
o.2
o.2
o .212
o,20e
o.20{
o.200
o. t9a
o. t0l
o. ta7
o- tar

E
f
0
6

o. I a3
o. tE8
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4G I r . ¡9
47 rl.a6

o,t6s
o, t6a

2.2a5 o.t63 0,028
2.277 0.1Ë2 0.026


