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ABSTRACT

The two principal purposes in this thesis are:

1. to investigate the influence of test duration

and strain rate on the stress-strain behaviour

of Lake Agassiz clay from Winnipeg

Z. to examine the strength of Winnipeg clay at

1ow stress 1evels.

The study also investigated the Undrained Strength

of the cLay at Large Strains (USALS) and its relationship

with the normally consolidated Coulonb-Mohr envelope.

Six drained stress-controlled triaxial tests on

undisturbed samples were used to study the tine-dependent

aspects of the YLIGHT model of soil behaviour. Six non-

standard and four strain-rate controlled oedometer tests ItIere

performed to examine the effects of time and strain rate on

the preconsolidation pressure, p¿. The sanples l¡üere taken

from 11.6 m depth, and the sarnple dianeter was 76 mm.

The preconsolidation pressure pl decreased from

249 to 225, kPa as the duration of the load application in-

creased fron 0.1 to 100 days. This supports previous find-

ings by Bjerrum (1967), Tavenas and Leroueil (L977). Strain

controlled oedorneter tests also show that the preconsolidation

pressure is strain rate dependent.

Five 76 nn dianeter undisturbed triaxial samples

taken from 11.6 m, six 'fully-softened' and five tfreeze-thawf

triaxial sarnples taken fron 8.7 n vÍere tested to study the 1ow

.Sì



stress strengths of Winnipeg c1-ay. Data was obtained on both

drained and undrained triaxial behaviour. The 1ow stress

strengths were the highest for undisturbed samples, followed

by the 'fully-softened' and 'freeze-thawt samples. These low

stress strength envelopes were considerably curved and paral-

1el to each other.

The Undrained Strength at Large Strains (USALS)

obtained for all the undrained tests Lay close to the nor-

mally consolidated Coulonb-Mohr envelope (Ot = L7.5o; cr = !,

kPa) .
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CHAPTER 1

INTRODUCTION

INFLUENCE OF TIME EFFECTS ON THE STRESS-STRT\IN BEHAVIOUR

OF SOIL

Before 1960 it was considered that tine effects such

as straining rate or test duration influenced stress-strain be-

haviour of soil in a relatively minor wãY, and could be included

with other effects whose nagnitude, could not be determined, but

which produce compensating errors (Bishop and Henkel, 1957).

Since Bjerrum (L967) introduced the "delayed compression" con-

cept, more attention had been paid to time dependent and strain

rate dependent properties of carefully sarnpled'natural cLay

(Crooks and Graham, T976). The "delayed compression" concept

suggested that normally consolidated cLay subjected to a con-

stant overburden stress after a long period could be referred

to as "aged nornally consolidated cLay" having a value of pre-

consolidation pressure p¿ greater than pi due to delayed com-

pression. Delayed compression acts to reduce the void ratio and

develop amore stable arrangement of soil particles. This leads

to greater strength and reduced compressibility. A result of this

delayed compression is the developnent of a reserve resistance

against further consolidation. Since more load can be carried

in addition to the overburden stress without significant volume

change, the preconsolidation pressure pf appears to increase

with time. By nonitoring the settlements of five buildings

in the Drammen area, Bjerrum (L967) further observed
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that the effect of the reserve resistance of the plastic

clay on the settlement was nost pronounced during the in-

itial period after conpletion of the buildings. The effect

of reserve resistance disappeared with long tine increments.

Crooks and Grahan (1976), working with the post-

glacial organic silty clays of the Belfast area, showed that

rate effects were also significant in the stress-strain be-

haviour of less sensitive, plastic c1ays. They reported

that the undrained strength of samples increased by between

7 and L7 per cent for tenfold increases in strain rate.

Based on tests on sensitive clays from Eastern

Canada, Crawford (1965), Conlon (1967) and Jarrett (1967)

dernonstrated that the tine dependency of both undrained

shear strength (r.r) and preconsolidation pressure (ni) was

significant. Recently tests on the compressibility and

strength of Canadian natural c1ays, especiaLly their creep

behaviour under constant effective stress (Carnpanella and

Vaid, L974; Vaid et aI., 1979; Tavenas et â1., 1978) also

indicated the pronounced influence of tirne and rate effects

on the compressibility and strength of natural clays.

To provide more rational framework for understand-

ing the stress-strain behaviour of natural lightly overcon-

solidated clay, Mitchell (1970), Crooks and Grahan (I976),

and Tavenas and Leroueil (1-977) developed qualitative be-

havioural nodels based on consideration of yielding of these

materials. A generally accepted definition for the yield

envelope of a natural c1-ay is a locus joining a set of yield
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points in the (p', q)* stress space, ínside which strains,

strain rates and porewater pressure generation were much

higher. The locus depends on the stress history of the clay

as expressed by its preconsolidation pressure p¿' or voids

ratio e. The practical significance of the limit-state

concept in understanding the behaviour of cLay and in the

design of structures on c1-ay foundations had been shown by

Tavenas and Leroueil (1977); Tavenas et aL. (1978 and 1979);

and Tavenas (1979). Although yield envelopes for various

clays had been found (Mitchel1, 1970; Crooks and Graham,

L976), a general understanding of the nature of the yield

envelope for a c1-ay and the factors affecting it was not

clear until the developnent of the YLIGHT model by Tavenas

and Leroueil (I977). A description of the YLIGHT model has

been given by Noonan (1980), and summarized by Lew (1981).

A particular feature of the YLIGHT model was that

the magnitude of the preconsolidation pressure governed the

position of the yield envelope in the (p', q) stress space

(Tavenas and Leroueil , 1977). This was also shown by Graham

(1974). Crawford (19'64) and Bjerrun (1967) both demonstrated

that the apparent preconsolidation pressure of a cLay deter-

rnined by oedometer tests was reduced if the rate of loading

rtras reduced, or if the duration of loading was increased.

Tavenas and Leroueil (1977), using oedometer tests and tri-

axial tests, confirmed the effect of rate, or duration of

2t

Syrnbols are defined in LIST OF SYMBOLS on page vii
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loading, or the preconsolidation pressure and yield envelope.

As special cases of more general behaviour, they showed that

the preconsolidation pressure of a clay was reduced if the

duration of loading was increased. SinilarLy, undrained tri-

axial tests at different strain rates indicated a reduction

in strength as the strain rate decreased. More importantly,

the displacement of the yield envelope indicated a homothetic

movernent inwards with tine. On this basis Tavenas and

Leroueil (I977) concluded that the known effects of aging

and strain rate otr p¿ applied to the entire yield envelope.

The applicability of the linit-state or yield

concept has been part of a larger investigation by the geo-

technical group at the University of Manitoba into the geo-

technical properties of the glacial Lake Agassiz cJ.ay which

underlies the Winnipeg area. This work was initiated by

Dr. J. Graham in 1976 at the University of Manitoba. The

testing program consisted of 76 mm diameter sanples, trimmed

using equipment specially designed to nininize disturbance,

and tested in large diarneter, rotating-bush triaxial ce11s.

Samples were taken from 6 n to LZ n depth at the University

of Manítoba campus using the block sampler devised by

Domaschuk (7977). Prelininary infornation was presented by

Baracos et a1. (1980) , Noonan (1980) and Lew (1981) . Yield

envelopes were found from intact overconsolidated clay

samples taken from various depths. A summary of the existing
infornation is presented in Figure 1.1.

It should be noted that the yield envelope defined
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by Lew (1981) was based on two sets of sanples taken from

different boreholes at different tirnes. Samples T303 to

TSL3 were taken fron borehole 4 (Figure 1.1) in July, 1980;

samples T315 to T319 vÌrere taken from borehole 5 (Figure 1 .1)

in January, 1981. Lew (1981) suggested that the pi values

for the two sets of sample were the same and an average

value of p¿ 218 kPa hras used for normalizing test results.
However, in studies on the elastic and limit-state proper-

ties, Dr. J. Graham (1982) has shown that the shear and bulk

noduli of the two sets of samples were different (Graham and

Houlsby, 1982; Grahan et ãL., 1982b). Sanples T315 to T31g

appeared to be stiffer than sanples T302 to T3I4. He

therefore nodified the yield envelope proposed by Lew

(1981) by using different values of pi for the two sets of
samples. Values of nå equál to 1.91 kPa and 24L kPa were used

for samples T30z to T374 and T315 to T3l9 respectively. This

modified normalized yield envelope was transformed back to

the (p', q) stress space in Figure I.2 by using på equal

24T kPa. The modified yield envelope in this figure there-
fore corresponds to p¿ equai- 241 kPa. The nodified yield
envelope and the modified normalízed yield envelope are shown

in Figure I.2 and Figure 1.3 respectively.

Lew (1981) began the study of tine effects on the

yield envelope for clays taken from 11.5 m. He concluded

that the yield envelope was displaced towards reduced pre-

consolidation pressures and shear strengths as the load

duration increased. However, this conclusion was based on a
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linited number of tests and the tine and rate effects on the

preconsolidation pressure nf had not been examined in previous

work. One najor purpose of the present study is to continue

the study of tine effects on the yield envelope initiated by

Lew (1981), and especially the effects of time and straining
rate on the preconsolidation pressure p1.' ^c

!.2 LOW STRESS STRENGTHS

The properties of the lacustrine clays underlying

Winnipeg continue to cause problems for geotechnical engineers

Natural riverbank slopes are often marginally stable at slopes

as f.Lat as 8:1; compactedcLay fills will occasionally fail
in shallow planar slides at moderate inclinations; and ex-

cavation stability is lower than implied by neasured uncon-

fined compïession strengths. In an investigation of the

yielding and rupture of Winnipeg cIay, Baracos et aI. (1980)

proposed a 3-section strength envelope for the fu11 depth of
the blue clay (Figure 1.4):

Section 1 (1ow pressure oi. < 60 kPa)

c' = 6 kPa; O' = 3! .7o

Section 2 (intermediate pressure 60 kPa S oi. S 200 kpa)

ct = 33 kPa; O' = 13.00

Section 3 (high pressure oi. > 200 kPa)

c' = 3 kPa; 0t = 22.50

They postulated that the strength of the soil at

1ow effective stresses vlas largely controlled by a highly
fissured and nuggety cray structure which was easily observed
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in shallow excavations. Mitchell (1970) identified similar

behaviour in Leda (Chanplain Sea) cIay, and concluded that

failure would be accompanied by strong dilation of a nodular

or prismatic granular stTucture behaving as an essentially

cohesionless material. Crawford (1964) , using samples from

the Greater Winnipeg Floodway Test Pit, reported a substan-

tial reduction in strength when the soil was allowed to swe1l

After the investigation of landslide problems in Winnipeg,

Baracos and Graham (1980) stated:

"At low effective stresses, Winnipeg clays behave

as cohesionless, softened materials, a fact that

must be adequately considered for 1ow effective
stress zone, such as the submerged toe of a

riverbank, or to shallow depth beneath the faces

. of aIL slopes, (excavated or enbanknents) subject

to snow-me1t, rainfa1l, etc. "

They further suggested that 1ow-stress strengths

were applicable for first-tine shallow slides such as those

induced by erosion at the toe of riverbanks, or shallow

planar slides paralleling the face of a s1ope. It was

necessary to use the concept of "fu11y-softened strength",

with conservatively assumed zero cohesion. Further attention
will be paid in a later section to the strength of Winnipeg

clay at low stresses.

The climate in Winnipeg is "continental", with

tenperatures varying over wide extremes through the year.

The average daily temperature cuïve is at its lowest (-20oC)
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during the period January T7 to 27 and its highest (22oC)

from July 19 to 27 (Environment Canada, 1980). Therefore

Winnipeg cJ.ay at 1ow effective stress zones near the ground

Surface are susceptible to alternating cycles of freeze and

thaw. Nuggets and fissures are frequently forrned due to the

effects of freezing and thawing. The accompanying destruc-

tion of the intact c1-ay structure nay lead to a reduction

in strength. This effect will also be examined in a later

section.

By studying the behaviour of a test embankment

founded on a rlel1-instrumented foundation of soft Champlain

cLay at Saint-Alban, LaRochelle et a1. (I974) showed that

the strength nobilized at failure under the test fill was

approxinately equal to the "undrained residual strength'r, a

term hitherto used to designate the undrained strength at

large strains (USALS), from undrained (CIU) or unconsolidated,

undrained (UU) tests at strains of about 15 per cent. Lefebvre

(1981) successfully demonstrated that the use of rpost peak'

or large strain strengths allowed a reasonable estimate of

the stability of natural or man-made slopes in Champlain Sea

clays.

By studying case histories of failure of water-

retaining structures on highly plastic cLay, Rivard and Lu

(1978) concluded that the intact strength of the clay did not

reliably predict the stability condition. A study of the

foundation conditions revealed the presence of structural

discontinuities such as nugget and blocky structures, joints,
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fissures and slickensides. These structural discontinuities

were probably caused by weathering. They further suggested

that embanknents on soft highly plastic c1-ay soils with

structural discontinuities should be designed using the nor-

ma1ly consolidated strength, as suggested by Skenpton and

Hutchinson (1969) for stiff fissured c1ays.

With these points in nind therefore, the second

rnajor purpose of the present study was to investigate the

low stress strengths of Winnipeg c1-ay under several sets of

controlled conditions. The changes in strength frorn the

natural "undisturbed" strengths studied by Baracos et at. ,

1980; Noonan, 1980 and Lew, 1981 were investigated when the

soil was a) allowed, to swell freely, and b) was subjected

to a series of ffreeze-thaw' cycles. Undrained strengths

at large strains (USALS) (LaRoche11e, L974) and their re-

lationship with the normaLLy consolidated strength (Rivard

and Lu, 1978) were also examined.

1.3 OUTLINE OF THESIS

The previous section (1.1) showed that although

preliminary work on the tine-dependent aspects of the YLIGHT

model on yielding was studied by Lew (1981), only a limited

number of tests were perforned. Time and rate effects on

the preconsolidation pressure pf measured by oedometer, vrere

not examined. The low stress strength envelope shown by

Baracos et a1. (1980) was based on linited data and further

exanination of this envelope was required.
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As mentioned prevíouslI, the two major topics for

investigation in the present study hlere:

1. Exanination of test duration and strain rate

effects on the yield envelope for Lake Agassiz

(Winnipeg) clay.

2. Investigation of 1ow stress strengths including
f ful1y-softenedr strengths and I freeze-thawl

strengths for Winnipeg clay.
More specifically the aims of this thesis were:

1. To examine the time-dependent aspects of the

YLIGHT nodel for yielding of c1.ays as they

applied to Winnipeg c1-ay.

2. To examine the effect of tirne and strain rate

on the preconsolidation pressure, p¿.

3. To investigate the low stress strengths of

Winnipeg clay, and to study the effects of

swelling and freeze-thaw degradation on them.

4. To examine the undrained strength at large

strains in Winnipeg clay using the USALS method

described by LaRochelle et aL. (L974), and by

inplication by Rivard and Lu (1978).

5. To study the effects of changes of strain rate

on undrained shear strength.

Large diameter (76 nm) samples vüere used for all
the triaxial tests and oedometer tests perforned in the pre-

sent study. Sanples used for the study of tirne effects and

undisturbed low stress strengths hrere taken from 11.6 m.
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'Fu11y-softenedt and 'freeze-thaw' sampleS were taken from

8.7 m, preparation of these samples will be described in

Chapter 2. Six drained stress-controlled tests with two

samples running on the same stress path but with different

load durations (1 day and 5 days) for each load increment

r,\rere used to examine the tine effects on the yield envelope.

Six non-standard oedometer tests sinilar to those perforrned

by Tavenas et al . (L977) I{Iere used to examine the time

effects on the preconsolidation pressure Pf. Four strain-

controlled oedometer tests (Sal1fors, L975; Be11, L977) hrere

employed to investigate rate effects on på. The undisturbed

low stress strengths hiere examined using three undrained

strain-controlled and two drained stress-controlled triaxial

tests. Three drained stress-controlled and three undrained

strain-controlled triaxial tests were performed on the rfu11y-

softenedr samples to examine the effect of swelling on the

low stress strengths. Fina1ly, three undrained strain-

controlled and two drained stress-controlled triaxial tests

were applied to the 'freeze-thaw' samples to study the effect

of freeze-thaw degradation on the 1ow stress strengths. The

laboratory testing program will be described in detail in

Chapters 3 and 4.

Sanples which hiere not stressed to rupture during

the drained portion of the triaxial test were tested to

failure in undrained shear. The undrained part of the test

allowed exanination of the following characteristics of clay

behaviour: the influence of consolidation history on pore-
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water pressure generation and elastic moduli; the effects

of changes of strain rate on the undrained shear strength;

the norrnally consolidated strength for samples consolidated

to stresses well past p¿; the low stress strength envelope

and the undrained strength at large strains (USALS).

The thesis begins with a review of the general

properties of the lacustrine clays and test procedures

(Chapter 2). It continues with the results for tine and

rate effects (Chapter 3) and 1ow stress strengths (Chapter

4) . Discussion of results are presented in Chapter 5.

Finally, conclusions and suggestions for further research

are presented in Chapter 6.



- 13

CHAPTER 2

DESCRIPTION OF GENERAL SOIL PROFILE

AND TEST PROCEDURES

2.T INTRODUCTION

Winnipeg clay was deposited by glacial Lake Agassiz

as the last ice-sheet retreated northwards. The samples of

Winnipeg cLay used in the present study l4rere taken from 8.7 m

and 11.6 m depths in borehole 6 at the University of Manitoba

campus. The location of borehole 6 is shown on Figure 2.I

and is on the site of the new Physical Education Building

which is currently under construction. The borehole was

drilled on Apri1, 1981 using a 760 mm diameter power auger.

The block sampler devised by Domaschuk (irg77) was used to

ensure that high quality sanples hrere attained. This chapter

provides a brief description of the general properties of the

Lake Agassiz lacustrine clays and the testing procedures used

in the project.

2.2 SOIL PROFILE AND PROPERTIES

The general soil profile for cTay samples taken

from the University of Manitoba campus has been described in

detail by Baracos et al. (1980), Noonan (1980) and Lew (1981)

Sanples used in the present study hlere taken from 8.7 n and

11.6 m depth in the blue-clay Layer identified by Baracos

et al. (1980). The clay is nediun - to highly - plastic
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(CH), and has nediun-stiff to stiff consistency. Fissures

are not normally visible in the blue clay but it contains

numerous pockets of grey silt, pebbles and occasional cob-

b1es. Some local ized brown stainings were found in sanples

taken at 8.7 n for the present study.

Basic soil properties of the cLay sanples are pre-

sented in Tables 2.I and 2.2 and are in general agreement

with results from Noonan (1980) and Lew (1981). Test pro-

cedures for the basic soil properties l4lere described by Lew

(1981) and will not be described here. Additional informa-

tion on the soil profile obtained from the present study

have been added to the average borehole 1og presented by

Lew (1981). This revised borehole 1og is shown as Figure

1.3 in this thesis.

2.3 SAMPLE PREPARATION

Except for a new series of constant-rate-of-strain

oedoneter teSts, the preparation of samples for consolidated-

drained and undrained triaxial tests, and stress-controlled

oedometer tests r{rere described in detail by Noonan (1980)

and Lew (1981). Only a brief outline of the procedures will

be given here. To nininize disturbance during trimming,

sanples were trimned using equipment which has been designed

and constructed at the University of Manitoba (see Lew 1981,

Figure 3.3). The equipnent is sinilar in principle to equip-

ment describe d by Landva (1964) . The trimning and building-
in procedures for triaxial samples can be briefly outlined
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as follows: The cel1 pedestal r,rlas deaired by flushing water

through the pedestal by means of burettes attached to the

pedestal drainage 1eads. The base plate was placed on the

cel1 base and was adjusted until the cutting cylinder was

accurately centered over the pedestal base. The trirnming

table was then attached to the base p1ate. The trinning

equipment was lubricated with silicone oilto reduce friction.

A roughly trinned sample was then placed centrally on the

trinming table; a greased cutting cylinder with a sharp

leading edge was pushed carefully into the soil to a depth

of slightly less than the full length of the cutting edge.

The excess cLay outside the cutting edge was then removed

using a piece of cutting wire. This process was repeated

until soil protruded fron the top of the cylinder. The cut-

ting cylinder was removed fron the uprights and placed on a

glass plate. The ends of the sample r{rere then trimmed across

the top and bottom of the cutting cylinder. A saturated

deaired filter stone in a holder was attached to one end of

the sample. The sample was then lowered on to the cell

pedesta1-, the top cap was located firmly by a central rod,

and the cutting cylinder was removed. The height and the

dianeter of the sample l^iere measured. A thin coat of sili-

cone stopcock grease ÏIas applied to the side of the pedestal

and the top cap. Lateral drains hlere provided by applying

saturated filter strips, approxirnately 1 cm wide, longitudi-

nal1y around the circumference of the sanple. Two membranes,

separated by a layer of silicone oil, were placed over the
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sample, together with two O-rings on the top cap and three

O-rings on the pedestal. The cell top was then fitted very

carefully on to the cell base and screwed down. The loading

piston was lowered until contact was nade with the sample.

The piston was then locked in p1ace. The cel1 was filled
with deaired distilled water and a 2 cm layer of engine oi1

added through the top of the cell to reduce leakage of ce1l

water and friction between the piston and bushing. Air

trapped in the pedestal and drainage leads hiere then removed

by passing water between two burettes attached to the pedes-

taL drainage 1eads. The pressure tranducers were re-zeroed

to correspond with the water Ievel at nid-height of sample.

Finally, the rotating bush drive coupling was attached, the

vertical dial gauge l^ras put in place and zeroed; and the ball
bearing and loading hanger vrere placed in position on top of

the loading piston.

Oedometer samples were prepared using sinilar trim-
ming equipment to the triaxial sanples, but with sone minor

nodification. The building-in procedure for the stress-

controlled oedometer tests was the same as the conventional

oedoneter tests.
For the constant rate of strain (CRS) oedoneter

test, a modified oedometer cel1 was used. This modified ce11

is shown and described in Figure 2.3. A photograph of

the CRS test apparatus is shown in Figure 2.4 . Before p1a-

cing the oedometer onto the cell base, the water system was

flushed thoroughly with deaired water to get rid of entrapped
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air. Then the oedoneter v.ras fastened to the cel1 base. The

O-ring around the edge of the ring acted as a seal, making

the bottom imperneable. The water system was left open to

avoid large excess pressures in the water systen during

rnounting. The top cap hlas then placed in position, the re-

servoir was flooded with water, and the oedometer LIaS trans-

ferred to a Wykeham Farrance IT compression nachine.

2.4 TEST PROCEDURES

Consolidated-drained stress-controlled triaxial

tests (CAD(D) tests), undrained shear tests (CAU tests),

non-standard stress controlled oedometer tests and constant-

rate-of-strain (CRS) oedometer tests were perforrned in the

present study of rate effects and low stress strengths of

Winnipeg clay. Testing procedures for CAD(D) tests and CAU

tests for undisturbed samples are briefly summarized in this

section. Noonan (1980) and Lew (1981) have given detailed

descriptions of the testing procedures used in the Soil

Mechanics laboratories in University of Manitoba. For the

ínvestigation of low stress strengths, CAD(D) tests and CAU

tests were also perforned on tfu1ly-softenedt sanples and

samples subjected to rfreeze-thawt cycles. The rful1y-

softened t sarnples hlere allowed to swell and the I f reeze -thawl

sanples rrere subjected to several f.reeze-thaw cycles before

reconsolidation. Thus the actual procedures during testing

for the CAD(D) tests and CAU tests of the 'fully-softened'
and rfreeze-thaw ' sarnples were the same as described by
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previous vrorkers (Noonan, 1980; Lew, 1981) for undisturbed

samples. In addition, this section also describes test pro-

cedures which have not previously been used in the research

at University of Manitoba for:
1.'fulIy-softenedt samples

Z. rfreeze and thawr sanples

3. non-standard stress-controlled oedometer tests
4. constant rate of strain (CRS) oedometer tests

2.4.I Undisturbed Samples

2.4.I.L Triaxial Consolidation and Drained Stress Controlled

Triaxial Tests for Undisturbed Samples

The undisturbed samples were first consolidated to

desired axial stress levels: p¿/5, Zpå/3, på where p¿ is
the in-situ stress 1eve1. A constant stress ratio (o!./oj.)
of 0.65 was used during the reconsolidation phase of the

present study. The effective overburden stress for each

sample was calculated assuning the phreatic surface at a

depth of 3 n and an average unit weight of L7.S ktt/n5. De-

tailed discussion on the use and implications of this nethod

ïras described by Noonan (198 0) .

The consolidation stages of the undrained triaxial
tests and the drained stress-controlled tests were both

carried out on a steel loading frane, the general arrangement

of which is shown in Figure 3.5 of Lew's thesis (Lew, 1gg1).

up to three rotating bush cells could be used at one time.
Dial gauges were used to measure the height changes of the
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samples and the volume changes were measured using burettes.

Before each loading increment, water was flushed through the

drainage leads to remove air which might have been trapped

between the membrane and sample, together with any gas re -

leased by the sanple (Noonan, 1980).

Cell pressure r,t¡as applied through hlater in the cell,

using compressed air to pressurize an external air-water

tank. The ce11 pressures and porewater pressures hrere both

monitored by pressure tranducers and were re-zeroed to atmos-

pheric pressure at mid-height of sample before each load in-

crement. Axial loading was applied by dead loads on a hanger

which rested freely on the piston.

After the application of the stresses, axial and

lateral stresses, axial dial gauge and burette readings were

taken using standardized rdoubling' time intervals (that is,

1, 2, 4,8, 15, 30 nin; 1, 2,4 hr etc.). Stress increments

in triaxial consolidation, drained stress controlled tests

hlere added at approximately 24 hour intervals, with the ex-

ceptions of those stress points that r^rere in the vicinity of

the proposed yield stresses, and in the 5 day loading tests
(Samples T402, T404 and T406). These latter procedures will

be described in detail in Chapter 3.

2.4 .L.2 Undrained Shearing

After triaxial consolidation, samples which were to

be subjected to undrained strain-controlled shearing were

moved carefully from the consolidation frame to a 10 t
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compression frane. The axial load was reapplied in the com-

pression frame using a proving ring (sensitivity = 4 1156 N/div)

The loading piston was clamped while the ce11 vias being moved.

Prior to back-pressuring, the sample drainage system

was again flushed to remove arLy air which had collected during

the last consolidation incrernent. A back-pressure of approxi-

rnately 21-0 kPa was used to achieve saturation in the sample.

The back-pressuring process was usually continued for about

24 hours before checking for saturation. For research pur-

poses, the acceptable value for the porewater parameter B is

98 per cent or greater. The B values obtained in the present

study ranged from 97 to 100 per cent.

The strain rate used for undrained shearing was about

1 per cent/hour before the peak shear stress I^Ias reached.

After reaching the peak shear stress, the sample was strained

for a further 1 to 2 per cent axial strain, at which point a

'rrelaxation test" was carried out to exanine the effect of

strain rate variation on the undrained strength. This proce-

dure, developed by Kenney (1966), involves switching off the

compression rnachine and noting changes with time in the axial

deflection, proving ring, porewater pressure and ce11 pressure.

Relaxation tests r4rere usually continued overnight. After the

relaxation test, the compression machine was switched on again

and step-changing technique vras applied to all of the samples.

In this technique which was introduced by Richardson and

Whitnan (1963), the strain rate applied to a sample is step-

changed during the test. Each strain rate is applied only
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long enough to establish the stress-strain relationship for

that stage in the test. Stress-strain curves for different

strain rates can then be interpolated between measured por-

tions of the curves, and can be extrapolated to the region

of failure strains. Relaxation tests at axial strains

greater than 5 per cent were perforned on some of the samples

to examine the dependency of strain rate effects on the magni-

tude of strain. On completion of testing, the failed samples

hrere removed fron the triaxial cel1 and cut longitudinally.

One-half of the sample v/as used for determining the final

noisture content of the sanple. The other half was normally

used for visual examination; namely inspection of the failure
plane and pecularities wíthin the sample.

2.4 .2 rFul1y-Softened I Sanples

The rful1y-softenedr samples lrere trinned from 'un-

disturbedr block samples, and built into the triaxial ce11

in the usual way. Prior to the reconsolidation, however,

they were allowed to absorb as much water as possible under

low applied stresses. A sna1l cell pressure of 2 kPa and

axial pressure of approxinately 4 kPa were applied in order

to keep the nembrane and piston just in contact with the

sanple so that measurements for volume change and axial de-

formation could be made. Axial dial gauge and burette read-

ings were taken using standard 'doublingt time intervals for
the first 24 hours and daily readings r^rere taken there-

aLter. It was observed that the volurne of samples would
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become stable after 10 days. The volume and height h¡ere in-

creased by about 6 and 3 per cent respectively for all the sam-

ples. The samples were then reconsolídated in the usual way

and CAD(D) or CAU tests performed as described previously for

undisturbed samples, except that an average unit weight of

L6.7 kN/m3was used for the calculation of in-situ stresses in

these tests. Based on the unit weights obtained for the samples

tested in the present study (see Table 2.L,2.2), and those

tested by Noonan (Table 3.1, Noonan,1980) and Lew (Table 1, Lew,

1981), the author suggests that the average unit weight of

L7.5 kN/n-proposed by Baracos et aI. (1980) was rather too high.

2.4.3 rFreeze and Thaw' Samples

The samples for exanining the effects of t freeze

and thaw' cycling were again trimmed from undisturbed block

samples. After the membranes hrere put on the sample, the

sanple and the ce11 base were transported into a temperature

control chanber. Pressure transducers hlere disconnected fron

the cell base to facilitate the transportation. The freezing

and thawing temperatures ranged from -5 to -25oC and 20 to

25oC respectively. Average duration of the f.reeze and thaw

cycles hras about 12 hours for samples T418 to T420, and 48

hours for sanples T42I and T422. The temperatures, durations

and the number of freeze-thaw cycles for which the samples

were subjected to are shown in TabLe 2.3. Average axial com-

pressive strains of 2.5 per cent were observed, for sanples

T418 to T420, and 6.5 per cent for sarnples T42I and T422.
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No net volume change occured since the Samples were 'freeze-
thawed' under a closed system, that is, aIL drainage valves

were closed during the freeze-thaw cycles. Figure 2.5 shows

a typical 'freeze-thaw t sarnple T4Zl after completion of the

freeze-thaw cycles. The sample was tilted from the vertical

position and a rough outer surface had forned. The unit

weights obtained for individual samples were used for the

calculation of in-situ stresses. After the freeze and thaw

cycles, the samples r,'lere reconsolidated, and CAD(D) or CAU tests

were performed in the same l^iay as the undisturbed sanples.

2.4.4 Non-Standard Stress Controlled Oedometer Tests

The equiprnent and sample preparations for the six

oedometer tests hlere the same as for standard oedometer

tests. The six sanples hlere trinmed and loaded at approxi-

rnately the same time. Single, different loads were applied

to each sarnple for periods of about 100 days. The loads

vrere 480.4, 377.9, 280.4, 2I0.2, 150, 75 kPa for samples

C401, C402, C403, C404, C405 and C406 respectively. For

loads that r4iere smaller than 220 kPa, the samples ü¡ere loaded

in one step. For those loads larger than 220 kPa, the loads

were put on in steps of about 100 kPa at 30 minute intervals.

This was done to avoid squashing of the samples due to high

porewater pressure gradients causing flow of the cLay past

the top cap if the loads were applied too quickly. The

threshold value for axial pressure of 220 kPa was used because

the preconsolidation stress at this depth was estimated to be
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240 kPa.

Axial deformations of each sample vlere measured

using a dial gauge, with the readings being taken using

standard tdoublingt time intervals for the first 24 hours.

After the first dry, readings were taken dai1-y for the first

nonth, after about every 4 days in the second nonth, and

then irregularLy the third nonth. The most inportant read-

ings ü/ere those during the first 24 hours; and subsequently

after 10, 30, 60, 100 days. The loads were allowed to stay

on the sanples for 100 days and during this period all the

tests r,üere performed under a controlled temperature of ZLoC.

2.4.5 Constant Rate of Strain Oedometer Tests (CRS Tests)

The set of CRS oedometer tests perforned in the

present study was a pilot series in a ner^l piece of equipment

designed and manufactured in the University of Manitoba

(Figures 2.L,2.2).

After the sanple had been built into the cel1, the

test hras started by setting the compression machine into

motion at a constant rate of straining. Up to a load of

approximateLy 10 kPa the drainage system from the botton of

the cel1 hlas left open and when good contact lt¡as assured

between the sanple and the bottom of the cell, the drainage

vras shut off, naking the base inpermeable. Sanples C409 and

C410 were loaded initially to about 70 kPa to avoid swelling.

A type TYCO pressure transducer with a range of 0

to 980 kPa was used for rneasuring porewater pressure at the
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botton of the sample. The vertical force was measured with

a TYCO (JP 1000) force transducer, range 0 to 41500 N. The

deforrnation was rneasured with a LVDT, tyPe HP TDCDT-500.

Readings were taken with the following accuracy:

Data vüere fed to conditioning units desígned and

built in the workshops at University of Manitoba, and recorded

by a Consolidated Control Model 9OMCI datalogger.

Strain rates used in this test series ranged from

0.0002 mrn/min. to 0.0036 mn/rnin. After the strain rate was

set, the compression machine was switched on, andreadings of

vertical force, porepressure and deformation were taken every

ten minutes during the first hour and every hour thereafter.

Step changing tests (Be11, I977) hrere perforned on samples

C408 and C409 after the pi values were reached.

The effective axial pressure was calculated based

on a parabolic porewater pressure distribution throughout

the sample (Sa11fors, 1975). The effective pressure can

then be calculated as:

Force

Pres sure

Defornation

ot =v

1.0 N

0.1 kPa

0.001 mn

where olv
ov
tb

õ -2/3u.VD

effective vertical pressure

total vertical pressure

porewater pressure at the bottom of

the sample
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The tests were run to an average axial strain of

about 18 per cent.

The results of the time effects and low stress

strengths for the present study will be presented in Chapters

3 and 4 respectively.
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CHAPTER 3

TESTS TO EXAMINE TIME EFFECTS AND

STRAIN RATE EFFECTS

3.1 INTRODUCTION

Three najor types of laboratory tests, namely

consolidated drained triaxial tests, non-standard stress-

controlled oedometer tests and strain controlled oedometer

tests v¡ere carried out to investigate the influence of time

and strain rate on the stress-strain behaviour of Lake

Agassiz lacustrine cLay.

The series of consolidated drained triaxial tests

exanined the deterioration or shrinkage of the yield enve-

lope towards the origin of the (p'. q) stress space with

increased tine of testing (Tavenas and Leroueil, 1977). The

non-standard oedoneter tests study the influence of tine

effects on the preconsolidation pressure, på (Tavenas et ãI.,

1977; Bjerrun, L967). The effect of strain rate on pf was

investigated using strain-controlled oedometer tests (Sa11fors,

1975; 8e11, 7977). Strain rate effects were also examined

using relaxation tests (Kenney, 1966) and step-changing tests

(Richardson and Whitman, 1963) on all the undrained shearing

tests.

Standard classification tests (Atterberg linits, spe-

cific gravity, natural noisture content and hydrometer tests)
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were perforned on the trimmings taken fron the triaxial

compression sanples. Test results are listed along with

sampling depths and test types in Tables Z.L and 2.2. Swedish

Fall Cone sensitivity tests were also perforrned on small in-

tact cuttings fron the block samples. Natural moisture con-

tents were performed on all the oedometer sanples. These

results aTe shown later with the conplete oedometer results

in Table 3.5. Only one set of standard classification tests

was performed because the oedometer samples were all trimrned

fron the same block sample of c1-ay. The average results are

as follohrs:

Liquid linit, wL 75.8%

Plastic lirnit, *p 26 .6%

Plasticity index, Ip 49.2%

Average specific gravity, G, 2.78

Clay fraction 66%

Sensitivity 3.0

These results are in general agreement with results

from Lew (1981).

3.2 TESTING PROGRAM

3.2.L Consolidated Drained Triaxial Tests

Six consolidated drained triaxial tests on samples

T401 to T406 were used to investigate the shrinkage or de-

generation of the yield envelope with time. The samples

hiere first reconsolidated to their approxinate in-situ stress
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levels (Crooks and Graham, I976) in three stress increments.

Once the triaxial sanples r¡rere reconsolidated to the approxi-

mate in-situ stresses (Baracos et ãL., 1980)' a series of

three stress paths were used, with tvio sanples for each.

stress path, to investigate the effect of time or test dura-

tion on the yield envelope. The three stress paths are shown

in Figure 3.1. They can be further divided into the follow-

ing categories:

1 . T401 , T40 2 (F igures 5.3 ' 3.4 , 3.5)

Stress path of increasing effective octahe-

dral normal stress and constant shear stress

of På(1-Ko).

2. T403, T404 (Figures 3.6, 3.7, 3.8, 3.9,3.10)

- Stress path of effective octahedral normal

stress and shear stress both increasing,

with Lq,/Lp' being constant.

3. T405, T406 (Figures 3.11, 3.I2, 3.I3)

- Stress path of decreasing effective octa-

hedral normal stïess and increasing shear

stress.

Previous work by Lew (1981) defined an average

yield envelope for sanples taken from 11.5 m depth. Inter-

sections of this average yield envelope with the proposed

stress paths established the approxinate yield stress 1evel

along each path (Figure 3.1). The incremental stress 1eve1s

along each stress path h¡ere deterrnined by allowing five

equal increments between in-situ stresses and the



- 30

expected approxinate yield stresses. Each stress 1eve1

r^ras naintained for 24 hours. Detailed discussion of

this nethod was given by Noonan (1980). However, for the

steeply inclined stress paths along which the sanples would

eventually fail abruptly, the yield stresses were more dif-

ficult to define (Lew, 1981). Therefore, two more stress

increments were added before and beyond the approxinated

yield stress 1eve1 for sainples T403 to T406 (Figure 3.1) to

increase the 'sensitivity' of the tests at around yield

stress level. Dr. J. Graham suggested reducing the load

increment as well as the load duration by half of the origi-

nal values in order to maintain constant strain rate. This

will be discussed in more detail in Chapter 5.

The complete stress-strain results for the stress

controlled portion of this study are tabulated in Appendix I

and shown in Figures 3.3 to 3.L3. The triaxial consolida-

tion results at the end of the drained portion of the tests

are summarized in Table 3.2.

Sample T402 was consolidated under constant shear

stress to stresses higher than the yield stresses, and was

then sheared to failure under undrained triaxial compression

conditions. Additional stress-strain information for the

clay was provided during undrained shearing. The undrained

stress strain results for this sanple will be presented in

Chapter 4. It should perhaps be explained here why no un-

drained stress strain results for test T401 have been

included. An procedural error r,rras nade in this first test
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during back pressuring for saturation. As a result, the

effective lateral stress on the sarnple was decreased signifi-

cantly. It was considered that an undrained test on this

sanple vtould be inapproPriate.

3.2.2 Non-Standard One-Dimensional 0edoneter Tests

Six oedometer tests r\Iere carried out using 76 nm

diameter samples which had been carefully trinmed using equip-

nent developed by Lew, 1981. Silicon grease l47as used to

reduce friction between the sample and the oedometer ring.

The procedure involved loading the six oedometer samples in

one step to six different predetermined stresS levels, nanely

480 .4 , 377 .9 , 280 .4 , 2I0 .2, 150 .0 , 75 .0 kPa. Detailed de -

scription of the procedure can be found in Chapter 2. The

developnent of vertical strains ïJas monitored for a period

of 100 days. The tests r,.lere performed under a controlled

ternperature of 2IoC.

The results of these tests are presented in Tables

3.5 to 3.7 and Figures 3.15 to 3.20.

3.2.3 Constant Rate of Strain Oedoneter Tests

Four 76 mm diameter oedometer sanples (C407-C410)

were used in this pilot test series. The nehl piece of equip-

ment designed and manufactured in the University of Manitoba

has been described and shown in Figures 2.1 and 2.2.

The strain rate used for sanples C407 to C410 hlere

0.0010 rnn/nin., 0.0036 mm/nin., 0.0002 mrn/nin. and 0.0006 rnm/

,i+i
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min. respectively.

Step changing tests (8e11, I977) r,.iere performed on

sanples C408 and C409. Sanples C408 to C410 hlere run to an

average vertical strain of 18 per cent. Sanple C407 was the

first test and it was stopped at an axial pressure of. 487 kPa

because of the limited capacity of the load cel1 used in the

test. The results of these tests are tabulated in Table 3.8

and are shown in Figures 3.2L to 3.22.

3.3 TRIAXIAL CONSOLIDATION AND DRAINED STRESS CONTROLLED

TRIAXIAL TESTS

3.3.1 Reconsolidation to In-Situ Stresses

The triaxial samples that l^tere used for the study

of tine effects (T401 to T406) were reconsolidated to in-situ

stresses in three increments, with at least 24 hours between

increments. A ratio of horizontal to vertical effective

stress during restressing was taken as 0.65 (Baracos et ã7.,

1980). The importance of reconsolidating samples anisotro-

pically with respect to preserving the field structure of

the clay was enphasízed by Crooks and Graham (1976).

The stress-strain results of reconsolidating the

sanples to the estinated in-situ stresses are tabulated in

Table 3.1. For samples T401 to T406, the axial strains to

in-situ stresses ranged from L.ZS to 1.56 per cent. The

lateral strains to in-situ stresses varied from 0.I2 to 0.36

per cent. All of the samples except T406 had negative

volumetric strains of 0.08 to 0.3 per cent during the first
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stress íncrement. Sarnple T406 had a positive volumetric

strain of 0.1 per cent and it was trimmed fron a different

block of c1ay.

These strains can be considered sna1l, and will

not seriously affect the nechanical properties of the cLay.

They compare favourably with corresponding values obtained

by Noonan (1980) and Lew (1981). The amount of straining

which occured during restressing was in part a measure of

the amount of sanple disturbance. Crooks (1973) stated that

a sma11 degree of disturbance during sample preparation

resulted in axial strain below 2 per cent at På. Based on

this statement, the axial strains of less than 1.6 per cent

to Pl for the present tests reflected acceptable 1evel of
o

disturbance. The volumetric stress strain behaviour during

reconsolidation will be presented in more detail in Chapter 4

3.3.2 Drained Compression Results

The proposed effective stress paths to be followed

by the sanples (T401 - T406) are shown in Figure 3.1. Figure

3.2 shows the actuaL effective stress paths and stress levels

of the sanples. The developnent of stresses and strains

during each test is sumnarized in tabular form in Appendix I.

The yield or limit state stresses hlere identified

by stress-strain criteria which depended on the stress path

of the tests. For example, Do yield stress could be obtained

from a plot of (or-or) vs 11 for a test carried out at
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constant shear stress, or fron a plot of oå.a vs tv for a

test at constant octahedral normal stress. Yield stresses

could be defined in a number of ways depending on the stress

paths in question. Discussion on the application of dif-

ferent criteria for different stress paths were given by

Baracos et al. (1980) , Noonan (1980). Lew (1981) developed

an "energy criterion, for yielding based on earlier work by

Graham, I974 and Noonan, 1980. This involved plotting W,' vs

LSSV wheret 

" 
- strain energy absorbed per unit volume

LSSV - Length of Stress Vector (Lew, 1981)

In addition, the shear stress (ot-o¡) vs shear

strain *e plot was used to determine the yield stresses for

the steeply inclined stress paths (sanples T403 to T406) .

The (or-or) vs e plot is more meaningful and useful than the

(or-or) vs 11 plot. This is because the shear modulus of

the triaxial samples can be identified as one-third the

slope of the initial stiff section of the (or-or) vs e plot.

For samples T401 and T402, yield stresses could only be

deterrnined by the oåct vs ev, oi vs ,3 and the W, vs LSSV

plots (Figures 3.3,3.4,3.5). The oi vs rt, oå.t vs ev,

(or-or) vs 11, (or-or) vs e and W, vs LSSV plots were useful

in deternining yield stresses for samples T403 and T404

(Figures 3.6 to 3.10). The yield stresses obtained from the

different graphs are indicated on the figures. Corresponding

L- 2/ 3 (e, -es)
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values of oå.t at yield are given in Table 3.4.

The stresses at rupture are interpreted as being

the yield stresses for samples T405 and T406. Figures 3.11,

3.L2, 3.I3 show the o\ vs .5, (or-or) vs Es, W, vs LSSV

plots for these samples. The difficulties in defining yield

stresses for stress paths of this type were pointed out by

Lew (1981), and will be discussed in more detail in Chapter 5

of this thesis.

Except for samples T401 and T402, all the samples

(T403 to T406) failed abruptly during the last loading in-

crement with the drainage leads open. The undrained shearing

results for sample T402 are presented in Chapter 4. As

explained earlier in this chapter, ro undrained shearing

results hrere obtained from sample T401,

The yield stresses for samples T401 to T406 are

presented in Figure 3.L4. The results indicated that for

the constant shear stress path, the yield stresses for

sarnple T401 were greater than that of sample T402. There-

fore, the yield stresses for the 5-day loading duration test

(T402) were snaller than that of the l-day loading duration

test (401). This confirmed with observations in the YLIGHT

model (Tavenas and Leroueil , L977) . However, for the other

samples in this series, T403 to T406, the results weïe in

contradiction with the YLIGHT nodel observations. The yield

stresses for the 5-day loading duration tests (T403 and T405)

r^rere greater than that of the L-day loading duration tests

(T404 and T406). It should be pointed out that the stresses
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at ïupture for sample T404 (5-day loading duration) were

smaller than that of sample T403 (L-day loading duration).

This set of results has presented difficulties during inter-

pretation. The estimated yield stresses for samples T401

to T406 hrere predicted using the one-day yield envelope for

11.5 n depth proposed by Lew (1981). Figure 3.L4 shows that

the yield stresses for samples T401 to T404 are outside Lew's

envelope; while the yield stresses for sanples T405 and T406

are inside Lewts envelope. However, these results are in

better agreement with the revised yield envelope by Grahan

(1982), described earlier in Chapter 1. Discussion of the

results will be presented in Chapter 5.

3.4 NON-STANDARD OEDOMETER TESTS

Crawford (1964), Bjerrum (1967), Tavenas and

Leroueil (L977) demonstrated that a reduction in the rate

of loading or an increase in the duration of load applica-

tion resulted in a reduction of p¿.

In order to verify this point, six special oedo-

meter tests (C401 to C406) were performed on the Winnipeg

clay from 11.6 m depth. The load settlement curves (o| vs

rVR curves) observed after 0.1 d^y,1 dayr l0 days and 100

days are shown on Figure 3.15. The effective preconsolida-

tion pressures pf were interpreted fron bilinear fitting of

the observed stress-strain results. Lew (1981) noted that

all the graphs of rVR vr o| revealed an initial straight
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section of 1ow compressibility of the clay which changed to

a higher compressibility at p¿ and for a range of stresses

beyond pl. At higher pressures, strain-hardening behaviour

r4ras observed. Grahan, Noonan and Lew, 1982 have suggested

that this may indicate cementation in the cIay. The plot

üras formed from the initial linear section of the tVR tt o|

plot and the straight line joining the first two points in

the more compressible region. The pi values found in this

way reduced from 249 to 225 kPa as the duration of the load

application increased from 0.1 to 100 days. These results

are tabulated in Table 3.5.

Figure 3.16 shows corresponding vertical strain

ÊVR tt logo| curves for the 0.1 to 100 days loading durations

In this case, the values of p¿ llere difficult to determine

using the Casagrande construction. Points of rninimum radius

of curvature r,ilere difficult to locate due to roundness of

the .VR tt logo| curves. The straight lines in the tVR tt

o| space in Figure 3.15 will appear to be curved in the tVR

vs loeo| space (Grahan et ãL.,1982a). Because of this, the

p¿ values for these tests l^rere defined using the tVR tt o|

curves in Figure 3.15. The Pi-values defined using the tVR

vs logo| curves are also shown in Table 3.5.

The consolidation-time curves are shown in Figures

3.L7 and 3.18. Sarnple C406 began to swell- at about 20 min-

utes after the load application, and reached a constant

value at about 40 hours. The initial compression of sample

C404 was greater than that of C405 while sanple C405 was
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subjected to a larger load. However, sarnple C405 became

nore compressible at about 40 minutes after loading. The

'Sf shaped curves predicted by Terzaghí consolidation theory

were generally observed except for sample C406.

Values of cv, Cc, C*, Cd/Cc were calculated for

different stress levels at 24 hours and 240 hours and 2,400

hours load durations. Values of cv hlere calculated using

tSO fron the enpirical 1og(time) construction nethod. In all

cases, the consolidation tine curves indicated that all

primary consolidation was completed within 24 hours after

l.oading. The results are tabulated in Table 3.7 . Figures

3.19 and 3.20 show the graphs of cv, Ca/Cc, Cc, Ccr and sVR

vs fogorl for load durations of 24 and 240 hours respectively.

The cv vs logo| plot for 240 hours load duration cannot be

presented for reasons stated above.

The cv vs fogo.l plot in Figure 3.19 show that..,,

peaked just before pl (250 kPa) and dropped until a vertical

pressure of about 378 kPa was reached. Cs peaked at a value

of 3.4 per cent at stress level of 378 kPa for load duration

of 24 hours and decreased to a value of 1.6 per cent at the

same stress level for a load duration of 240 hours. For the

24 hour C. vs logo| curve, Cc increased with increasing ver-

tical stress, whereas the value of C. peaked at vertical

stress of 378 kPa. The Cd/Cc values also peaked just after

p¿ and decreased with tine.

The effect of strain rate on p: can be expressed

as nO.t - the change 'n på for a ten-fold change in vertical
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strain rate, expressed as a percentage of p¿ at a standard

strain rate of 0.1 per cent/hour. The strain rate was es-

tinated using the strain to p¿, and divided by the corre-

sponding time. The value of n0.1 in this study was 3.6 per

cent. This is rather lower than the normal range of n0.1

is frorn 10 to 20 per cent (Grahan, Crooks and 8e11, L982a).

3.5 CONSTANT RATE qF STRAIN OEDOMETER TESTS

The cgnstant rate of strain oedometer tests per-

formed in lh" present study fo¡m a pilot series. The equipnent

and test procedures aïe similar to those described by Sallfors

(1975). Graphs of eUO vs o| and tVR tt logo'are shown in

Figures 3.2I and 3.22. Although no sharp break was observed

for any sample (C407 -C410) in both plots, Iielding could be

identified with some certainty. The pi values are better

defined using the rVR vt o$ nlot. Table 3.8 shows the pi

values obtained, and the corresponding strain rate for both

plots. p¿ values are unusually high in tests in this study.

The author suggests that this might be due to equipnent pro-

blens, specifically the inability to back-pressurise the

equipment to ensure saturation and meaningful porewater pres-

sures. This could be expected to lead to low estimates of

porewater pressure, and hence high estimates of effective

stress. It has not been considered useful to calculate from

these tests consolidation pararneters such as Cc, Co. Note

that significant strain rate dependencies have been observed.

These tests will be discussed further in Chapter 5.
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CHAPTER 4

LOW STRESS TEST RESULTS

4.1 INTRODUCTION

The shear strength and stress-strain character-

istics of the Winnipeg clay at low stresses (stresses less

than or equal to the in-situ stresses p¿)rhave been inves-

tigated using drained stress-controlled triaxial CAD(D) tests

and undrained shear triaxial (CAU) tests. These tests were

performed on five undisturbed samples (T407, T408, T415,

T416, T4I7). The effect of swelling and freeze-thaw degra-

dation on 1ow stress strength of the Winnipeg cLay were also

examined using the same tests on six 'fully-softened' samples

(T409 to T4I4) and five ffreeze-thaw ' samples (T418 to T4ZZ).

The testing prograrn is described in detail in sec.tion 4.2.

Undisturbed samples tested in the present study

r,trere obtained from borehole 6 at the University of Manitoba

campus (Figure 1.1) at IL.4 m depth. rFu1ly-softened' and

f freeze-thawt samples l^rere obtained from the same borehole

but at a depth of 8.7 n. Preparation of the 'fully-softened'
and 'freeze-thaw I samples hras described earlier in Chapter 2.

Basic soil properties for these sanples are listed in Tables

1 and 2.

Results fron the CAD(D) tests and CAU tests are

presented in sections 4.3 and 4.4 in this chapter. Strength

results for sanple T405 which have already been presented in
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CAD(D) test results in

-4r

again as part of the undisturbed

this chapter.

4.2 TESTING PROGRAM

Similar testing programs hrere carried out for the

'undisturbed' , I fu1ly-softened' and ffreeze-thaw ' samples.

Pairs of sanples vÍere first consolidated to p¿/3, 2på/S and

på. In principle, CAD(D) and CAU tests were then run on

each of these pairs at each consolidation stress 1eve1. How-

ever, because of a shortage of sanples free of stone inclu-
sions, CAD tests were not perforrned for the 'undisturbed' and

' f.reeze - thaw I samples consol idated to på . Stress paths with
increasing deviator stress (or-or) and constant effective
octahedral strest oå.t were followed in the CAD(D) tests.
For samples that r4rere consolidated to 2p¿/ 3 and pj, strain-
controlled undrained shear tests were run before the corre-

sponding drained tests so that their strengths could be used

to estimate the peak strengths in the subsequent drained

tests. For the CAD(D) tests on 'undisturbed' and 'freeze-
thawr samples consolidated to p[/3, a stress path with

increasing (or-or) and decreasing oå.t was- followed (Figures

3.2 and 4.2). The approxinate peak strengths for these tests
were predicted using the low stress envelope proposed by

Baracos et aL. (1980). The incremental stress levels along

each stress path for the CAD(D) tests hrere determined similar
to that of the triaxial sanples (T401 to T406) used in the

study of tine effects. In this test series, five stress
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and stresses at the end

på). Additional stress

beyond the approximated

described in Chapter 3.
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between the estinated peak strengths

of consolidation (V[/5, 2på/ 3 and

increments were inserted before and

peak strengths in the same l^iay as

4.3 TRIAXIAL CONSOLIDATION AND DRAINED STRESS CONTROLLED

TESTS

4.3.1 Triaxial Consolidation

Sarnples tested in this series were reconsolidated

anisotropically to p¿/3, Zpå/ 3 and nj wittr the ratio of

oi/oi equal to 0.65 (Baracos et ãI., 1980).

Stress-strain results for the reconsolidation phase

of testing are tabulated in Tables 4.I and 4.2. Swelling was

observed for the 'undisturbed' samples consolidated to p[/3,

that is, negative values for axial, lateral and volumetric

straíns hrere recorded (Tables 4.L and 4.2). The axial strain
(0.95 per cent) of the 'undisturbedr sample (T407) tested in

this series was lower than the axial strains (ranging from

1.25 to 1.5ó per cent) for the conparable samples T401 to

T406 tested in the tine effect series. The axial strains

were always less than 2 per cent, therefore the sampling

disturbance is acceptable for all these samples (T401 to

T407) (Crooks , 1973) and is minimum for sanple T407. The

average axial strains for 'fu11y-softenedr and tfreeze-thawr

samples both consolidated to Pf were 3.73 and 10.58 per cent

respectively. These axial strains were greater than 2 per
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cent which indicated that the samples had been "disturbed"

considerably (Crooks, I973). It is perhaps worth noting

here, that "disturbance" in this context does not imply in-

attention to detail during sample preparation, rather that

the test procedures themselves cause disturbance and changes

to the fabric of the cTay. The higher value of axial strain

for the tfreeze-thaw' samples as compared to the 'ful1y-
softenedr sanples indicate that their degree of disturbance

hras greater.

4.3.2 Drained Compression Results

The actual effective stress paths followed by the

rundisturbedr , I fully-softened' and rfreeze-thaw I samples

are shown respectively in Figures 3.2, 4.1 and 4.2 respec-

tively. The stresses and strains developed during each test

are summarized anð tabulated in Appendix I. The triaxial

consolidation results at the end of the drained portion of

the tests are sumrnarized in Tables 3.2 and 3.3.

The determination of yield stresses üras discussed

earlier in Chapter 3 and similar techniques have been used

for these tests, stress-strain curves are presented in

Figure 4.3 to Figure 4.18. Yield points are shown on each

graph and yield stresses defined from the various criteria

are summarized in Table 4.3. Sanples T415 and T417 were

'undisturbed' sarnples taken from borehole 6 (Figure 1.1) at

11.4 m depth. For yield determination, the oi vs 11, (of

o ì vs e1 and the (o, - or) vs e plots r{rere useful for sarnple
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T415 hrhereas the oi.a vs Ðv, oi vs €5, (o1-o3) vs ¿, W., vs

LSSV plots r¡rere useful for sample T4L7 . Figures 4.3 to 4.8

show the yield deternination for these samples.

I Fully- sof tenedf and ' f ree ze-thaw I sarnples were

also taken from borehole 6 (Figure 1.1) but from a depth of

8.7 n. For the rfully-softened' samples (T410, T4LZ and

T474) , the oi vs 11, (or-og) vs 11, of vs .5, (ot-ot) vs e

and W' vs LSSV plots r{rere all useful for yield deterninations,

with the exception of of vs ej plot for sample T4L2. The

yield deterninations of these samples are shown in Figure 4.9

to Figure 4.L3.

Graphs for yield deterninations for samples T419

anð, T42I are presented in Figure 4.L4 to Figure 4.18. For

the 'free ze-thaw ' sarnples (T419 and T4 ?I) , the (o, -ot) vs t1 ,

(or-og) vs es and W, vs LSSV plots were useful in deternining

yield stresses for T419. oi vs Ê1, (or-ot) vs tl, oi vs .5,

(o1-og) vs Es and W, vs LSSV plots hlere used to determine

yield stresses for sanple T42L.

Difficulties in deternining yield stresses along

steeply inclined stress paths rtlere encountered by Lew (1981).

The yield stresses of the samples tested in the present

study for the investigation of 1ow stress strengths were

clearly defined, even for steeply-inclined stress paths.

The yield Stresses r{Iere considerably lower than the naximum

shear strest (ol-oS). This will be discussed in Chapter 5.

The drained strengths obtained from this section

of testing are presented in Figures 3.L4 and Figure 4.50.
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4.4 UNDRAINED SHEAR TRIAXIAL TESTS

Undrained shear tests provided infornation on

several further aspects of the soilrs behaviour. They

allowed the examination of stress-strain and porewater pres-

sure generation characteristics of each sample. These in-

clude the porewater pressure parameter, Af, the elastic

modulus, ES', and the strain-rate parameter, gO.t. In addi-

tion, and perhaps rnost inportantly, the failure stresses

from the undrained tests in conjunction with the results

fron the drained stress-controlled tests permitted an evalua-

tion of the shear strength of the blue cl-ay (Baracos et aT.,

1980) at 1ow consolidation pressures.

4.4.1 Stress-Strain Relationship

The stress-strain condiiions for each sample prior

to undrained shearing are summarized in Tables 5 and 6.

Graphs of (o1-o,) /Zoi., oi/oi and Âu/oi. vs tl are shown in

Figure 4.19 to Figure 4.28. These stress strain curves

appeared broken and stepped because of the relaxation and

step-changing tests performed to investigate strain rate

effects. These will be reviewed 1ater. The effective stress

paths in (p' , q) stress space are shown in Figures 4.29, 4.I

and 4.2 for each test. The complete shear test results are

summarized in Table 4.4.

Sanple T402 was consolidated well past its yield
state stresses prior to undrained shearing. Therefore the

in-situ grain structure of the sarnple had been nodified and
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some of the reserve resistance associated with overconsoli-

dation had been destroyed. The stress-strain curve for

sanple T402 (Figure 4.I9) indicates typical normally con-

solidated behaviour. No distinct sharp peak was observed

frorn the (o1-o)/Zoi. plot, the deviator stress reached a

maximum value at axial strain of 2.6 per cent and decreased

gradually with increasing strain. The maximum principal

stress ratio occured at an axial strain of 4.6 per cent.

The ¡u/oic vs 11 plot showed that the porer^rater pressure

increased fairly rapidly up to the maxirnum deviator stress

and then flattened off becoming substantialLy constant at

large strains. It should be noted that a mechanical problem

with the compression machine was encountered after the first

relaxation. The gears of the machine were running in the

opposite direction such that the sample hras extended instead

of being compressed. The gears were readjusted at about

Z0 minutes after the machine was switched on. No najor dis-

turbance seems to have been caused to the stress-strain be-

haviour of the sample.

Stress-strain results for the undisturbed samples

(T407, T408, T416) taken from 11.6 n depth are shown in

Figures 4.19 to 4.22. The (or-or) /Zoic vs r1 plots indicated

distinct sharp peaks and the value of (o1-o,) /Zol. increased

with decreasing consolidation pressure. The Âu/ol. vs r1

plots showed that the poreurater pressure rose rapidly to

peak value and then dropped off with increasing strain. For

sarnples consolidated to Zpir/3 (T408) and V[/S (T416), the
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porehrater pressure decreased to negative values at large
strains. For sanples T408 and T416, the Lu/oi. value reached

a maxinum at a smaller strain than the oi/o! ratior followed
by (o1-o)/zoi. va1ue. rt should be noted rhat for sample

T407, the (o1-o)/Zo¡., oi/oi and ¡u/oic values reached

constant values at a very sma1l axial strain (1.s per cent).
The stress-strain behaviour of the' fully-softenedt

samples (T409, T411 , T4Ls) during undrained shearing hras

very similar in a general sense to that of the undisturbed
samples described earlier in this chapter. The results are

shown in Table 4.4 and Figures 4.23 to 4.2s. However the

stress-strain behaviour of the 'freeze-thaw' samples were

quite different from that of the 'undisturbed' and ,fully-

softened' samples. The sharp peaks typical of the other
test series were not observed fron (o1-o=)/zoi., oi/o!,
orr/oi. tt rl plots for any of the 'freeze-thaw' samples in
Figures 4.26 to 4.28. These plots hrere very sinilar to that
of sanple T40z which was nornally consolidated. However,

one najor difference between T40z and the rfreeze-thaw' sam-

ples was that the porewater pressure of the 'freeze-thawt
sanples decreased during shear. The Âu/ol. vs rl plots for
the 'freeze-thawf samples showed that au/oi. value decreased

with increasing strain and became constant at large axial
strain while the Âu/oi. value for T40z renained constant.
Thus the 'freeze-thaw t samples exhibited some degree of over-
consolidation. These results will be discussed in chapter 5.
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4.4.2 Effective Stress Paths

The effective stress paths plotted in terms of

stress parameters, (or-or) and (oi + 2o\)/S for all undrained

shear samples are shown in Figures 3.2 and 4.29; Figure 4.L;

and Figure 4.2 for 'undisturbed', rfu11y-softenedt and

' freeze-thawr samples respectively.

Sample T402 was consolidated with oi./pL = 1.56.

The effective stress path was almost linear up to a large

percentage of the maximum shear stress. After this point

shear strains began to have a significant influence on the

porewater pressures and the stress paths moved sharply to
the left.

The influence of overconsolidation was clearly
demonstrated by the effective stress paths of the CAU tests
with o:^/P: < 1 for the 'undisturbed' and 'ful1y-softened'IC' O

samples. The initial sections of these stress paths ürere

almost linear. The stress paths curved to the right before

reaching the maximum shear stress because the porewater

pressure began to decrease at that point. After reaching

this peak stress, the samples tended to dilate on further
straining. This is accompanied by a decrease in porewater

pressure, and the shear stress dropped abruptly, drawing the

effective stress paths vertically downward.. Due to the

smaller decreases in porewater pressure observed in the
rfreeze-thawr samples (Figure 4.2), the effective stress

paths for these samples did not curve to the right as much

as the 'undisturbed' (Figure 3.2) and 'fully-softenedr
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samples (Figure 4.1). The effective stress paths for the

undisturbed samples in the overconsolidated region hrere in

close agreement with Lew's results (Figure 4.29).

The t fully-softened' and' freeze-t}'awr strengths

are presented in Figure 4.30. It should be pointed out that

the yield envelope for 8.2 n depth proposed by Noonan (1980)

did not extend into the overconsolidated region, However,

the overconsolidated yield envelope is shown as dotted lines

in Figure 4.30. This envelope was obtained by multiplying

the coordinates of the revised normalized yield envelope

(Figure 4.3L) proposed by Graharn et aI. (1982b), by the

value of på equal to 380 kPa for samples taken from 8 -Z m

depth. This value of p¿ for the Winnipeg clay was based on

the one-dimensional oedometer tests perforned on samples

taken from various depths at the same site. The variation

of p¿ with depth has been shown in Figure 6.7 in Lewrs

thesis (1981) . The results showed that the 'fu1ly-softened'
strengths were lower than the undisturbed strengths but

higher than the rfreeze-thawr strengths. The envelopes

appeared to be curved and para1lel to each other.

The drained and undrained strengths for the un-

disturbedr' ful1y-softenedt and I freeze-thawt samples are

presented in Figures 4.32 and 4.33 respectively. They are

also presented in the revised normalized stress space

(Figure 4.51). The preconsolidation pressure (ni) of ?,41 kPa
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was used for samples taken fron 11.4 n depth. This value

vras based on the one-dinensional oedometer tests performed

by Lew (1981) for this particular series of samples (Grahan

et ãL.,1982b). The pl value of 400 kPa was used for

sanples taken from 8.7 m, based on Figure 6.7 in Lew's

thes is .

It should be noted that the 'ful1y-softenedr and

rfreeze-thawt procedures can be expected to affect not

only the steep stress path strengths, but also the Ko-ttress

path strength and hence the value of på. Therefore the

normalized results for the 'fully-softenedr and rfreeze-thawl

samples presented in Figure 4.3L nay not be correct due to

the changes 'n p¿ values. This will be further discussed

in Chapter 5.

4.4.3 Porewater Pressure Generation

The relationships between ¡s/oic and e, for the

undrained shear samples are shown in Figures 4.19 to 4.28.

For the overconsolidated tundisturbed' and rfu1ly-softened'

samples, the porewater pressures during undrained shear rose

quickly to a maximum value before the maximum oi/oi ratio

and the maximum (o1-o ) /Zol. value rtrere reached. Porewater

pressures then dropped off quickly after the peak value was

reached and approached a constant value at large strains.
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For samples consolidated to p[/3 and TpL/5, the porewater

pressures dropped off to negative values. Porewater pressure

generation for the 'free ze-thaw I sarnples hras sinilar to the
rundisturbedr and rfu1ly-softened' samples but the Au/oic vs

e1 plots (Figures 4.26 to 4.28) for these samples v\¡ere more

rounded and the porewater pressure did not fall off to nega-

tive values.

The porewater pressure parameter A = Lu/L(or-or)

(Skernpton, 1954) , designated 'Af ' for failure conditions, is

often used in practice. Values of A, for the undrained tests
are tabulated in Tables 4-4 and 4.5. The A, values for over-

consolidated 'undisturbedr sanples ranged from 0.15 to 0.47.

The range of A, values for the 'fully-softenedr samples hras

from 0.18 to 0.38. Af values for the 'freeze-thaw ' samples

were quite constant, ranging from 0.52 to 0.56. The rela-
tionships of A, plotted against (1/oi.) (Baracos et ã7.,

1980) and overconsolidation ratio (OCR) (Lew, 1981) are shown

in Figure 4.34 and Figure 4.35 respectively. The A, values

for undisturbed samples decreased with increasing t/oic value

and OCR, the results were in good agreement with the results
obtained by Baracos et ãL., 1980 and Lew, 1981.

A, values for the rfully-softened' and 'freeze-
thawf samples did not decrease with increasing t/oic value

and overconsolidation ratio. The results in Figure 4.35

indicate that the A,, values hrere low at low OCR, increased

with increasing OcR; reaching a maximum at OcR of about 6 to
7 and dropped off with further increase of ocR. Figure 4.s6
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shows the A, values vs the effective stress ratio o\./oj,..

The result for the normally consolidated sample (T402) used

in the present study did not agree with Lewrs values for

normally consolidated samples (Lew, 1981). In the present

study, Af values for 'freeze-thaw' samples htere the highest

followed by the tfu11y-softenedr and 'undisturbedr sanples.

The value of the A, paraneter depended to a large extent on

the stress history of the soil and particularly on the degree

of overconsolidation. These results will be discussed further

in Chapter 5.

Figures 4.37 to 4.42 show the norna1-ized values of

Lu/oi. tt aoo.t/oi. for all undrained strain-controlled tests.

For 'undisturbed' samples consolidated to ZpL/ 3 and pi G407

and T408), the relationship was approximately linear up to a

high percentage of the maxirnum stress (Figure 4.38). There-

after the relationship became non-linear. The porewater

pressure dropped off after (or-or)*"* value was reached. For

the undisturbed sample consolidated to p[/3, the porewater

pressure behaviour r^ras sinilar to the t fu11y-softenedr sam-

ples (T409, T411, T413). The relationship for the initial

stage was slightly curved and became distinctly non-linear

thereafter. Porewater pressure dropped before the (o1-oS)r.*

value was reached. The porewater pressure dropped to nega-

tive values for both the 'undisturbed' and 'fu11y-softenedl
samples consolidated to less than ni.

The initial porehlater pressure response r,\ras linear for

the tf.teeze-thawr samples . In each case, the porewateï pressuïes
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decreased with decreasing ooct after the maximum deviator

stress (ot-oS). Inthe post-peak range for sanples T4?0, T422,

the ratio ¡u/A osct was lower than in the pre-peak range. This

contrasts with the more usual behaviour shown for example in

Figs. 4.38-4.40 for the "undisturbed" and "fu11y-softened" samples.

The slope of the linear relationship for the nor-

mally consolidated sarnple (T402) was greater than those

obtained from the overconsolidated samples. However, for

both the overconsolidated and norrnally consolidated cases,

the initial response in porewater pressure change (^u) hras

greater than the changes in total octahedral normal stress.

Once the structure of the clay began to respond nonlinearly,

however, the behaviour was very different in the two cases.

Overconsolidated samples produced strongly decreasing pore-

v¡ater pressures, whereas norrnally consolidated samples gave

increasing porewater pressures. The gradients of the linear

section, m, are summarized in Table 4.4 and cornparison of A,

and m values for overconsolidated 'undisturbedr, 'ful1y-
softened' and ffreeze-thawt samples are shown in Table 4.5.

4.4.4 'E50tParameter

The non-linearity of the (or-o3) vs e1 curves from

triaxial compression tests has been approximated by a secant

modulus ESO fron the end of consolidation to 50 per cent of

the reserve resistance (Grahan, I974). Values of ErO have

been normalízed by dividing by the undrained strength t., =

(01-oS) /2^r* to give what is known as the relative stiffness,
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The results varied considerably with test

significant scatter. Figure 4.43 shows a

stiffness versus overconsolidation ratio

drained tests. No clear relationship was

for the same overconsolidation ratio, the

sample had the highest value of relative

by the ffully-softened' and rundisturbed'

s4

of ErO and Es'/trr.

type, and showed

plot of relative
(OCR) for the un-

observed. However,

t free ze-thaw'

stiffness, followed

samples.

4.4.5 Strain Rate Effect

In the present study, the strain-rate effect ltlas

examined by using two procedures, namely, the step-changing

procedure (Richardson and Whitman, 1963) and frelaxationl

procedure (Kenney, 1966). These procedures were described

earlier in Chapter 2. The strain-rate effect can be repre-

sented by a parameter 90.1, which describes the percentage

change in shearing resistance produced by a tenfold change

in strain rate, referred to the shearing resistance at a

strain rate of 0.1 per cent/hour.

In this testing program, relaxation and step-

changing procedures hrere perforrned on all the undrained shear

tests. Relaxation tests were also performed at large axial

strains on some of the samples to exarnine the dependency of

strain rate effects on the rnagnitude of strain (Figures 4.19

to 4.zB) .

The normalized average undrained strength çor-or)/
Zoi. versus the axial strain rate from relaxation tests
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performed just after the sanple had failed is shown in Figure

4.44. The pO.t values obtained from these tests are also

tabulated in Table 4.4. Tables 4.6 and 4.7 show the pO.t

values obtained from relaxation tests and step-changing tests
respectively at various axial strains. The results showed

that pO.t values obtained from relaxation tests r^rere lower

than those obtained fron step-changing tests. The pO.t values

obtained from both tests ranged fron 6 to 10 per cent for
all the rundisturbed' r'fu1ly-softenedt and rfreeze-thawl

sanp'les. In general, the p0.t values decreased with increas-

ing axial strain. This confirms earlier work by Lew (1981),

and Grahan, Crooks and Be1l (1982).

4.4.6 Undrained Strength at Large Strains

The use of the USALS method for slope stability
analysis had been described by LaRochelle et a1. QgT4) .

Preliminary work on the winnipeg clay has been reported by

Lew (1981).

USALS obtained from the present study for the

'undisturbed' r tfully-softenedr and tfreeze-thaw' samples

are tabulated in Table 4.8. These results are also presented

in Figures 4.51 to 4.33. The USALS values lie very close

to the normally consolidated Coulomb Mohr Envelope. This

will be discussed in more detail in Chapter 5.
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CHAPTER 5

DISCUSSÏON OF RESULTS

5 .1 INTRODUCTION

The nain purposes for the present research were:

1. To examine the influence of tine and rate

effects on the yield behaviour of Winnipeg

clay.

2. To investigate the low stress strengths of

Winnipeg c:..ay by neans of rundisturbed',

tfu1ly-softened' and I freeze-thaw' samples.

In the present study, the effect of time and strain
rate effects on the yield envelope and preconsolidation pres-

sure pl for Winnipeg clays taken from 11.6 m depth were

studied. These had not been confirmed by previous researchers

(Baracos et ãL., 1980; Noonan, 1980; Lew, 1981). Because of

the low sensitivity of the Winnipeg c1ays, the extension of

the tine dependent aspects of the YLIGHT concept to include

these clays is a significant step towards verifying the

stress-strain (tine) behaviour for all natural clays. (The

YLIGHT concept was developed fron tests on highly sensitive

Chanplain Sea clay).

Strengths at 1ow stresses are thought to control

the field behaviour in many sma1l enbankrnent, riverbank and

excavation problens in the Winnipeg area (Baracos et ãI.,
1980). However, the low stress strength of Winnipeg clay is
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sti1l not fully understood. Low stress strengths for Winnipeg

clay were investigated in the present study using undisturbed

samples taken from LI.4 m depth, 'fully-softened' and 'fteeze-

thaw' samples taken from 8.7 m. Preparations for the rfully-

softened' and 'freeze-thawr samples has been described in

Chapter Z. Undrained strength at large strains (USALS) (La

Rochelle et ãL., L974) and their relationship with the nor-

nalized consolidated strength (Rivard and Lu, 1978) were

examined. The influence of strain rate effects on the un-

drained strengths hiere also studied.

Results for the study of tirne and rate effects and

low stress strengths obtained from the present study will be

compared with those of the previous studies (Baracos et ãI.,

1980; Noonan, 1980; Lew, 1981). In addition' some of the

results for tine and rate effects study are exanined with

reference to the YLIGHT nodel (Tavenas and Leroueil, 1977) .

Undrained shear results for the study of low stress strength

aTe studied with reference to the USALS concept (LaRochelle

et à7., L974). Furthernore, USALS obtained for the present

study are compared with the normaLly consolidated strengths

proposed by Baracos et al. (1980) .

This chapter is further subdivided into sections

5-A and 5-8. Section 5-A emphasizes results for tine and

rate effects while section 5-B concentrates on the 1ow stress

strength results.
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5-A TIME AND STRAIN RATE EFFECTS ON THE YIELD BEHAVIOUR

OF WINNIPEG CLAY

5-4.1 Tíne Effects on Yield Stresses

As described in section 3.2.I, síx consolidated

drained triaxial tests on samples T401 to T406 r/rere used to

investigate the shrinkage or degeneration of the yield enve-

lope with tine. The stress paths used for this study hrere

also described in section 3.2.L.

Due to the difficulties encountered for the inter-
pretation of yield stresses along steeply inclined stress

paths (Lew, 1981), the tsensitivityt of these tests at around

yield stress leve1 was irnproved in the present study. This

ûras done by inserting intermediate stress points before and

after the expected yield stress leve1 (Figure 3.1) to improve

yield interpretations. The load increments for these inter-
mediate stress points r{rere reduced to half of the original

va1ue. However, in order to maintain a rather constant

strain rate, Dr. J. Grahan suggested that the load duration

had to be reduced also by half of the original value, that

is, from 24 hours to LZ hours. Standard 24 hour load dura-

tion tests had been adopted by previous researchers (for

example, Graham (L974) and Tavenas et aL. (1978)) to define

yield envelopes. The assunption inherent in their work was

that for small load increment ratio, the majority of the

strains occuring in the first 24 hours r^rere due to creep

(not consolidation) and that the majority of the movements

occurred during this period. Therefore, by further reducing
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the load increment ratio for the internediate stress points

the relative inportance of prirnary consolidation was greatly

dininished and the observed behaviour was essentia1-r.y repre-

sentative of creep (Leonards and Girault, 1961; Wah1s, 1962;

Tavenas et ã1., 1978). Therefore the strains occuring during

the LZ hour load duration for the intermediate stress points

should also be due to creep. A rnajor portion of the strains

should be conpleted within the LZ hour period. Strains at

the end of the 24 hour load period for a particular load

incrernent would be the same for samples loaded with or with-

out the insertion of the intermediate stress point. The

nethod of reducing both the load duration and load increment

by half of the original values hlas therefore adopted in the

present study. This hypothesis deserves further detailed

study in carefully contTolled tests.

The determination of yield stresses for samples

T401 to T406 has been presented earlier in Chapter 3. It

hras pointed out in Chapter 5 that the interpretation for

yield stresses along steeply inclined stress paths (T405 and

T406) was quite difficult. The same problem was encountered

by Lew (1981) who demonstrated that by examining the strain

rates in the last two stress increments before rupture, namely

the sth and 6th stress increment in his Test TSLZ, he was

able to detect that the sample had in fact begun to yield

at low strain rates during the sth increment, and that the

extra shearing resistance shown in the 6th increment sinply

reflected the influence of the strain rate parameter, p0.1.
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The same approach was enployed by the author on test results
for Tests T405 and T406 in the present study. unfortunately
in this case, the technique h¡as not useful for determining

the yield conditions. Irregular strain rate patterns r^rere

observed, and the method was not investigated further.
Noonan (1980) pointed out that in the overconsoli-

dated region, linit state and rupture coincide. In the

overconsolidated region, samples first reach a maximum de-

viator stress, which is a function of the in-situ grain
structure of the soíl, and which occurs at sma11 strains.
The maximum deviator stress, (o1-os)/z^^*, represents the

structural strength of the soil's grain skeleton and is
therefore a part of the ryield' oï 'limit state' surface.
The stress level at rupture is therefore interpreted as

yield stresses for the steeply inclined stress paths in the

overconsolidated region. These included Tests T40s, T406,

T410, T472, T4L4, T415, T4L7, T419 , T4ZI. Moreover, Bjerrum

and Kenney (1967) state that the naximum shear strength
rupture criterion for undrained shear is associated with the

quasi-static yielding of the grain structure of a soil at
snal1 strains; whereas the naximum stress ratio rupture

criterion for undrained shear represents the dynamic yielding
of the cLay structure at large strains once a statically
constant condition of sliding fríction between soil particles
has been obtained (Graham, Lg74) . consequently, in und.rained

shear the maximun shear stress reached at small strains by

an overconsolidated sarnple is a function of its particle
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structure and represents a linit state condition. This has

been used to define the yield envelopes shown in Figures 4.sz

and 4.33. However, quasi-yie1d stress conditions at somewhat

lower stresses ltrere identified in the drained compression

tests used for the investigation of 1ow stress strengths
(T410, 14L2, T4I4, T415, T4I7, T419, T4ZI). This will be

discussed later in section 5-8.

Yield stresses for samples T401 to T406 are shown

in Figure 3.74. Results for samples T401 to T40z confirm
with the observation in the YLIGHT model (Tavenas and

Leroueil, r977) that the yield stresses decrease with in-
creasing load duration. Yield stresses for sample T401 are

larger than those of sample T402 while its load duration is
shorter. However, results for samples T40i to T406 are in
contradiction with the time aspects of the YLTGHT mode1.

The yield stresses from these tests are higher with longer
load durations. The cause for this is still not clear
following discussions with all rnembers of the soil mechanics

staff of the civil Engineering Department, university of
Manitoba. Dr. J. Grahan has suggested that this set of
results for samples T403 to T406 simply reflects the sample

variability which is encountered in natural clays, and that
no firm conclusions can be drawn because of the linited
number of tests performed in the present study. The author

recommends further testing of this type in the future, €s-

pecially in the overconsolidated region, to investigate the

shrinkage or degeneration of the yield envelope with tine.
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Figure 3.L4 also shows the yield envelope proposed

by Lew (1981) and the revised yield envelope by Graham (1982)

Description along with the reason for the revision of Lewts

envelope has been given in Chapter 1. The shape of the re-

vised yield envelope is changed at the righthand side and it
goes to higher value of oå.t. The yield stresses for sample

T401 tested in the present study is in better agreement with
the revised envelope. The average moisture content for
samples taken from 11.6 m for the present study was 57.8 per

cent and this value corresponds well with samples T315 to

T319 tested by Lew (1981). Therefore pl value of 24I kPa

deternined by Lew (1981) was also used in the current study

to normaLíze the test results. The normalized test results
(T401 to T406) along with the normaLized yield envelope

proposed by Grahan (1982) are shown in Figure 5.1. The

results are in general agreement with the normalized yield
envelope.

5-4.2 Influence of Tine and Strain Rate Effects on the

Preconsolidation Pressure p I
c

5-4.2.1 Non-Standard Oedometer Tests

Results from the six non-standard oedometer tests
(C401 to C406) indicate that the preconsolidation pressure

p¿ for Winnipeg cLay decreases wíth increasing load duration

This confirms with the findings by previous researchers

(Crawford, 1964; Bjerrun, 1967; Tavenas and LeroueiI, 1-977)
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and supports the suggestion in the previous paragraphs that

non-systematic variability has affected the results of T401

to T406. The preconsolidation pressures are reduced fron

243 to 225 kPa as the duration of the load application in-
creases from 1.0 to 100 days, thus confirning the significant
influence of tine on p¿. The pi values vrere interpreted
using bilinear fitting of the observed stress-strain results.
This was discussed earlier in Chapter 3.

The consolidation-time curves are shown in Figures

3.I7 and 3.18. Except for sample C406, the 'S' shape curves

predicted by Terzaghi consolidation theory were generally

observed. Because the stress leve1 on sample C406 is small,

the najority of the strain occured for this sample is due to

creep (Leonards and Girault, 1961), and the tSr shape curve

predicted by Terzaghi consolidation theory is not observed.

It is interesting to observe that for samples loaded to

stress 1eve1s higher than pi (C401 to C405), the consolida-

tion tine curves gradually become nore and more para1le1 with

the passage of time. This means that with tirne, the rates

of secondary compression are beconing equa1. Also this
finding could imply that for stress levels higher than p',
the rate of secondary compression is independent of the

effective stress provided sufficient tine has elapsed for
the original loading conditions to disappear. Figures S.T7

and 3.18 show that the effect of the reserve resistance of
the plastic clay on deformations is most pronounced during

the initial period after the samples are loaded. The effect
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gradually disappears with tine. Bjerrum (1967) observed

similar behaviour for the sensitive Norwegian cLay by noni-

toring settlenents for five buildings in the Drammen area.

He suggested that this is due to the diminishing reserve

resistance of the ct.ay with tirne.

Graphs of c.,r, Cd/Cc, C., Co* and tVR rr lo8o| for

load durations of 24 hours are shown in Figure 3.19. The

value of c.,, peaked just before pi (250 kPa) and dropped

until a vertical pressure of about 378 kPa was reached. Co

increased sharply just after pl and peaked at stress leve1

of 378 kPa. These results indicate that for a stress levels

before p', the defornation is nainly due to elastic compres-

sion, with a small creep cornponent, whereas after plr prinary

and secondary compressions becorne inportant. The porewater

pressure dissipation rate increases gradually with increasing

stress level until just before på is reached, drops off
quite sharply thereafter, and becomes essentially constant

at stress levels higher than ni.
The logo| vs eVR curves for I day, 10 day and 100

day load durations are shown in Figure 3.16. The instan-

taneous slopes for these curves when nultiplied by the origi-
nal specific volumes ¡1+eo), become the compression index

values C_. The slopes for these curves are quite parallelc

to each other in the stress range greater than pi. However,

*Cq is here calculated in terms of changes in voids ratio.
Note that in tests of 24 -hour load duration on these samples,
the rate of secondary consolidation in log (tine) is not fully
established. The values of Co in Fig. S.19 have been calculated
from the measured slope of the 1og(tine) relationship at the
end of the load increment, that is at 24 hour duration.
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in the stress range smaller than pl, the slopes become steeper
with tine. This indicates that regardless of load increment

duration and load increment ratio, c. is approxinatery con-
stant for any given stress level in the normally consolidated
Tange, and increases with load duration in the reload range.

co/c. values peaked just after p¿ for the 24 hour
period and become rather constant with tine (Figures 3.1g
and 3.20). However, although co/c. becomes constant in the
reload and normal consolidation ranges of stresses, it is
higher at stresses close to p¿ (Figure s.z0) . Mesri and

Godlewski (L977) concluded that during secondary compression
of natural soi1s, there is a unique relationship between co

and c. for any given tine, effective stress and void ratio.
For a wide variety of clays, they found that co/c.lies in
a relatively narïohr range between 0.0S and 0.0g. They used

the procedure of obtaining the c. values from the slope of
the e-1ogo| cuïve corresponding to the end of primary con-
solidation and, co- values fron the "linear slope" of the
e-1og t curve beyond the transition fron prirnary to second.ary

compression. The "end of primary" consolidation co/c. values
for the present test series were calculated and are presented
in Table 3.7 . These values are rather low compared to the
values proposed by Mesri and Godlewski (rg77). Further
research into this extensive topic is outside the scope of
this thesis.

The strain rate parameter î0.r defining the rela-
tionship between pf and strain rate was described in chapter 3.
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than the normal range of n0.l
by Graham et al. (1982b) .
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This is
(10 to Z0

5-4.2.2 Strain-Controlled Oedometer Tests

The present pilot series of strain-controlled
oedometer tests hras designed only as a trial run to examine

their applicability for defining p' and the influence of
strain-rate effects ott p¿. stress-strain relationship for
the four strain-Tate controlled oedometer tests are shown

as rvR vs o| and evR vs logo' plots in Figures s.zL and 3.zz

respectively. slope discontinuities such as those reported by

Sallfors (1975) and Vaid et a1. (1979) could be observedfrornthe

arithnetic plot in Fig. 3.2r, and pi values could be identified
with some certainty. These p¿ values are unusually high

when compared to the results obtained from standard oedometer

tests (Lew, 1981). These higher values might because these

tests were not performed under back pressure. Thus the

samples hrere probably not fu1ly saturated and the measured

porewater pressure lower than the values inside the samples.

This leads to high estimates of effective stress and high
pl-values. However, the results obtained from the present

series do indicate that p¿ is time dependent. Higher values

of p¿ are obtained for higher strain rates (see Figures s.zL

and 3.22). The values of n0.t calculated from this series
of tests is about 37 per cent which is obviously excessive

if taken in isolation.
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The author suggests that all further strain-rate
controlled oedoneter tests perforned at the University of
Manitoba should be run under a back pressure of approximately

200 kPa in order to ensure complete saturation and freedom

fron compliance effects in porewater pressure measurements.

This means that new equipnents should be used which will
enable the back pressure to be applied. The strain rate
effect on the undrained strengths along with the low stress

strength results will be discussed in the next section 5-8.

5-B

5-8.1

RESULTSJOR THE LOW STRESS STRENGTH INVESTIGATION

Triaxial Consolidation

These samples were reconsolidated anisotropically
to p¿/s, zpir/ 3 and ni with oi./oi. equal to 0.65.

Specific volume (V) versus oåct curves for the
fundisturbed', tfu1ly-softenedt and'freeze-thawr samples

during reconsolidation are shown in Figure 5.2*. For compari-

son purpose, the reconsolidation results obtained by Noonan

(1980) for rundisturbed' samples taken from 8.2 m were re-
calculated and included. These results are also tabulated
in Tables 5.1 and 5.2. The results showed that the 'undis-
turbedr sarnples swelled during the first load increment and

were then compressed linearly to a smaller specific volume.

The curves obtained for d.ifferent samples were quite pararlel
to each other. The v versus oåct plots for the 'fully-softened'

*Fig.5.2 shows the "undisturbed" and "ful1y-softened" testsstarting at about the same specific volume v. Note that these
two series came from slightly different depths, and had differentinitial moisture contents. The initial v for the 8.7 n samplesis shown in Fig. 5.2.
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and 'freeze-thawr samples LreTe rather non-linear with greater

curvature for the 'freeze-thawr samples. Figure 5.3 shows

the V versus logoåct for these results. The straight lines

for the tundisturbedr samples became non-linear in this

figure. Also the non-linear curves for the 'fully-softened'
and 'freeze-thaw' samples became bi-linear and linear straight

lines respectively in this figure. The reconsolidation curve

for tundisturbedt samples taken from 11.6 m is the average

of all the samples taken fron this depth and is sholr'n as a

dotted 1ine. The results indicate that the compressibility

is largest for the 'freeze-thawf samples, followed by the

tfully-softened' and rundisturbed' samples since the slope

of the reconsolídation curves for the 'freeze-thaw' samples

is the steepest. This irnplies that sample disturbance caused

by the rfreeze-thaw' procedure is greater than that of the

tful1y-softenedr procedure. It is interesting to observe

that the 'fully-softenedr samples appear to be stiffer

at the beginning of loading until an average oåct of 23 kPa

is reached.

5-8.2 Drained Stress Controlled Triaxial Tests

The maximum (or-or) values and the yield stresses

for the tundisturbed' r' fully-softened' and I freeze-thawr

samples are shown in Figures 3.14 and 4.31 respectively. It

has been discussed earlier in section 5-A that the maximum

(or-or) values are used as yield stresses for tests in the

overconsolidated region. The difficulties of observing yield
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stresses for the steep stress paths in this region have also

been discussed. However, earLy yield stresses were clearly

identified for drained compression tests (T410 , T472, T4L4,

T415 , T4I7, T419 , T42I) . Yield deterninations for these

tests are shown in Figures 4.3 to 4.18. These results suggest

that the sample exhibit an initial stiff behaviour, followed

by a less stiff range before rupture. There is a threshold

stress leve1 before rupture for each stress path beyond which

the sample will becorne rather compressible. This has a

rather inportant inplication in predicting stress-strain be-

haviour in the fie1d. The early yield stresses for the 'un-

disturbed' , I fu1ly-softened' and 'f.reeze-thaw' sample

(Figures 3 .I4 and 4 .3L) are lower than the (o1-oS)rn"* values

but higher than the norna1-1-y consolidated Coulonb Mohr

strengths. Also the earLy yield stresses for the I fully-

softened' samples are higher than the 'free ze-thaw' samples.

The early yield behaviour is yet to be understood.

The author suggests that further research into this topic is

required in order to fu11y understand the stress-strain be-

haviour of the Vüinnipeg clay in the oveïconsolidated region.

5-8.3 Low Stress Strengths

Low stress strengths obtained from the drained and

undrained triaxial tests for samples taken from 11.6 m and

8.7 m depths are shown in Figures 4.30 and 4.32 respectively.

The rundisturbedr strengths and the t ful1y-softened' strengths

are close to the low stress envelope proposed by Baracos et
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a1. (1980) up to about oåct equal 60 kPa. Figure 4.37' shows

that the 'fu11y-softenedt and 'freeze-thawr strength envelopes

seem to be curved and patalle1 with the undisturbed yield

envelope. For drained tests consolidated t" på/3 with stress

path running in the decreasing oåct direction (T417 and T419)'

the samples failed just before the no tension 1ine.

To minimize stress history variability, these

results are also shown in the normalized stress space (l/V[,

V' /V[) in Figure 4.33. It can be observed that the undis-

turbed strengths are in general higher than the rfully-

softenedt strengths, followed by the rfreeze-thawf strengths.

These strength envelopes are curved and paral1el to each

other. Therefore the 1ow stress envelope proposed by Baracos

et a1-. (1980) should probably be curved rather than a straight

line.

The pi values used for the normalization of the

rful1y-softenedr and rfreeze-thaw' samples may not be justi-

fied. Since the 'fu1Iy-softenedt and rfreeze-thawt procedures

modified the strength for the steeply inclined stress paths,

therefore the strength along the Ko-line should be changed

and hence the value of på. The pl values would be the lowest

for the 'freeze-thawt samples, followed by the rfully-softened'

samples. The lower values of p¿ for these samples when used

for normalization may raise their low stress strength envelopes

back up to the 'undisturbed' envelope. This consideration

only developed in the final stages of preparation of this

thesis, and no testing on this point was possible.
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5-8.4 Undrai

5-8.4.1 Stress-Strain Behaviour

Stress-strain results for the undrained shearing

tests have been presented in section 4.4.I . It was shown

in that section that sample T402 (Figure 4.L9) had a typi-

cally normally consolidated behaviour, whereas the 'undis-
turbed' samples (T407, T408, T416) (Figures 4.20 to 4.22)

and 'fully-softened' samples (T409, T411, T4I3) (Figures

4.23 to 4.25) behaved in a typical overconsolidated fashion.

In all these tests, the sanples I stress-strain behaviour I{Ias

brittle or strain-softening. The deviator stress and pore-

rdater pressure reached a peak at relatively low strains,

after which they both fe11 off abruptly to a lower value.

The degree of overconsolidation was also reflected by the

decrease in the porehrater pressure. The porehlater pressure

dropped off to a lower value for samples having higher over-

consolidation ratio , that is, for samples consolidated to a

lower stress 1eve1. It should be noted that for samples

consolidated to the same stress 1eve1, the porewater pressure

for the 'undisturbedr samples dropped off to a lower value

than the 'fully-softenedf samples. This could inply that

the structure of the rfully-softenedr samples had been modi-

fied, and thus they behaved in a less overconsolidated fashion.

Section 4.4.1 also pointed out that the behaviour

of the tfreeze-thaw' samples vias internediate between nor-

rna11y consolidated and overconsolidated behaviour. The
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(ot-o ) /2oi., oi/o\ vs el plots (Figures 4.26 to 4.25) showed

nornally consolidated behaviour while the Âu/ol. vs r1 plot
showed overconsolidated behaviour. This suggests that dis-
turbance cause structural changes in the clay, creating a

tyoungr structure. However, some reserve resistance sti1l
exists in the cray perhaps due to rennants of cementation,

and this is reflected in overconsolidated porewater pressure

behaviour. The structural modification of the rfreeze-thawl

samples is greater than the rfully-softenedt samples, âs

indicated by the reconsolidation and the stress-strain be-

haviour. Figures 5.3 and 5.4 show the structure of the
rfu1ly-softened' and tfreeze-thawr samples after failure.
A nuggety structure hras generally observed for the 'freeze-
thaw' samples. However, higher consolidation pressures tended

to close the nuggets . Typical I fu11y- softened' and , f.reeze-

thawf samples after failure are shown in Figures 5.s and s.6.
It should be noted that the failure plane was rather clearly
defined for both the 'fully-softenedt and tfreeze-thaw'

samples.

5-8.5 tAf'Parameter

Skemptonr s (1954) pararneter 'A' is one of the most

widely used porewater pressure parameters, and is known to

be considerably affected by stress history. Henkel (1956)

showed that the A-va1ue at fairure (At), is highly dependent

on the overconsolidation ratio in general. Figure 4.ss shows

the variation of A¡ with overconsolidation ratio for the
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Winnipeg clays. Also included in this figure aïe results

obtained by Henkel (1956) and Crooks (1973) for remoulded

Weald cLay, and Belfast estuarine clay at the Kinnegar and

Holywood sites respectively. The variation of A, with OCR

for the rundisturbedr samples from the present study follows

the expected pattern, that is the value of A, decreases with

increasing degree of overconsolidation. However, Af values

for the I fully- softened I and t free ze-thaw ' sarnples do not

follow the general trend. Their behaviour has been described

earlier in section 4.4.3. These results indicate that maxi-

nurn A, values occured at OCR of about 6 to 7. The A, values

for 'freeze-thaw ' samples r,'iere the highest followed by the
t fu1ly- softened I and 'undisturbed I sanples . Therefore

greater sample disturbance would be expected to create higher

A, values and the sample would tend to behave towards the

norrnally consolidated fashion. This has also been shown

earlier for the stress-strain behaviour in section 5-8.4.

Moreover, the A, values for the 'freeze-thawr samples are

rather constant which could inply that for highly disturbed

samples the Af values would be constant and independent of

OCR. This is in contradiction with Henkel's results (1956).

Further research using remoulded sanples is required to in-

vestigate this point. Finally, the p¿ values for the 'fully-
softenedr and I freeze-thawr samples rnay not be correct as

discussed earlier in section 5-8.3. Lower values of p¿ would

reduce the OCR for these samples. The A, values may then be

in better agreement v,rith the undisturbed samples.
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5-8.6 Strain Rate Effects

Results for strain rate effects have been presented

earlier in section 4.4.5. The p0.1 values obtained from

relaxation tests (range from 5.9 to 10.1 per cent) for the

present study are lower than those obtained by Lew (1981)

who neasured p0.1 values ranging from 11 to T2.2 per cent.

In comparing his results with earlier values by Noonan (1980),

Lew pointed out that the relaxation tests for his study \\Iere

performed at axial strains closer to the failure strains

(that is, r1 at (or-o3)*"*), and therefore show higher strain-

rate effects. The samples are markedly strain softening.

Perhaps for this reason, the p0.1 values determined by the

relaxation tests and step-changing tests in the present study

are not equa1. The p0.t values from relaxation tests are

consistently lower than those fron the step-changing tests.
The average p0.1 value determined at large strains

(rt = 12 per cent) using step-changing techniqges is about

6 per cent. Strain rate effects become therefore less sig-

nificant with increasing axial strain.
Previous work summarized by Grahan (1979) has

suggested that the p0.1 parameter is related to the plasti-

city index of a clay. The value of p0.1 versus plasticity

index for these tests have been plotted along with. other

data from Grahan (1979) and is shown in Figure 5.8. This

data suggests that no simple relationship exists between

p0.1 and Ip.
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5-8.7 USALS

LaRochelle et aL. (L974) showed that the USALS

(undrained strength at large strains) approach offered some

potential as a means of analyzing the stability of embankments

on soft sensitive cJ'ay foundations. USALS obtained from the

present study for the 'undisturbed', tfully-softenedr and

I freeze-thaw' sarnples are tabulated in Table 4.8. These

results are also presented in Figures 4.3I to 4.33. The

USALS values are very close to the nornally consolidated

Coulonb Mohr envelope (Critical State line) for all the 'un-

disturbed' r'fully-softened' and'freeze-thaw' samples.

Since USALS is recognized as resulting from the

sliding friction between particles, it should therefore be

expected to be independent of sample disturbance. Lefebvre

(f980) demonstrated this point by performing the same test

on intact and pre-cut samples. The shear resistance on the

pre-cut plane was gradually mobilized as axial deforrnation

occured, and at large deformation became more or less equal

to the post-peak strength. USALS obtained from the present

study agrees with this concept.

Rivard and Lu (1978) studied the case histories of

failure of water-retaining structures on highly plastic c1ays.

Using the norna1-J-y consolidated strength as suggested by

Skempton and Hutchinson (19ó9), they obtained a more reliable
prediction of the in-situ stability condition. They further
suggested that for highly plastic clay soils with structural
discontinuities, slopes and embankments should be designed
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using the norrnally consolidated strength, rather than the

intact strength of the cLay. Their study also includes

natural slopes in Lake Agassiz cLay. It is interesting to

observe that the USALS obtained for the present study are

very close to the normally consolidated strength. These

results suggest that the USALS nethod proposed by LaRochelle

(I974) could be valuable for prediction of slope stability
of the weathered Lake Agassiz cLay, âs implied by Rivard

and Lu (1978).

The (o1-oS)*r* and USALS for the 'undisturbed',

'fully-softened' and 'f.reeze-thawt samples are also plotted
in Figure 5.5. It should be noted that the rlsotropic Nor-

nally Consolidated Line','One-Dimensional Normally Consoli-

dation Liner and the 'Critical State Line (CSL) are proposed

by Graham, Noonan and Lew (1982b) based on previous results

obtained for the Winnipeg cLay. The USALS obtained for the
rundisturbed' samples are close to the CSL. For sanples

failing on the left hand side of the CSL, oå.a values move

to the right from the (or-o3)*"* potition towards the CSL

until they reach USALS. For samples failing on the right
hand side of the CSL, oåct moves from the (ot-o,)na* position

to the left towards CSL. This agrees with the critical
state soil mechanics concept (Atkinson and BransbL l978).

The USALS values lie close to the CSL in the stress space

shown in Figures 4.32 and 4.33, but 1ie below it in the

specific volume, log(oåct) space in Figure 5.3. This has



- 76

also been observed in tests on remoulded overconsolidated

cIays, and is due to the non-uniformity of straining that

occurs when failure planes develop in overconsolidated

samples. Stresses on these planes can be measured. Only

average strains or specific volune changes can be measured

over the sample as a whole. Differences ir oå.t values

between (o1-oS)*u* and USALS conditions decrease from

'undisturbed' to tfully-softened' samples, followed by

ffreeze-thaw'samples. In f.act, oåct values for (o1-oS)rnax

and USALS conditions are almost the same for the 'freeze-
thawr samples.

Conclusions and suggestion for further research

will be presented in the next chapter.
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH

6.1 CONCLUSIONS

1. The influence of time effects on the precon-

solidation pressure (ni) were exanined by means

of non-standard oedometer tests like those per-

forned by Tavenas et a1. G977). The results

show that the preconsolidation pressure (ni)

decreases with increasing load duration. This

confirms the findings by previous researchers

(Bjerrum, 1967; Tavenas and Leroueil , 1977) .

2. Strain rate parameter nO.1 defining the rela-

tionship between pt and strain rate was found

to be 3.6 per cent. This is considerably lower

than the normal range of n0.1 (10 to 20 per

cent) proposed by Graham et aI. (1982).

3. Strain-controlled oedometer tests also indicate

that p¿ is strain-rate dependent. Higher values

of p¿ are obtained for higher strain rates.

4. Disturbance caused by subjecting the samþ1es

to 'freeze-thaw I procedures is greater than

that caused by tfu11y-softenedr procedures.

5. The low stress strength envelope at 36 kPa

< o.l ^ < 117 kPa is curved rather than straight and- IC

rather lower than the envelope proposed by
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Baracos et al. (1980) .

The 1ow stress strengths for the undisturbed

sanples are higher than those measured from

samples af.tet t fully-softenedr and I freeze

thaw' procedures. The 1ow stress strength

envelopes for these samples are paral1e1 to

each other.

Undrained Strength at Large Strains (USALS)

(LaRochelle et ãI., 1-974) for the 'undisturbed',
rfully-softened' and'freeze-thaw' samples are

very close to the nornally consolidated Coulonb-

Mohr païameters, c' and 6r = 4 kPa and 17.50

respectively.

6.2 SUGGESTIONS FOR FURTHER RESEARCH

1. The time-dependent aspects of the YLIGHT nodel

on yielding has been investigated in this study,

using drained stress-controlled triaxial tests.
No firrn conclusions can be drawn from the

linited nunber of tests performed in the present

study. The author recommends further testing
of this type to confirm the shrinkage or de-

generation of the yield envelope with tirne.

In the present study, the rnethod of inserting

intermediate stress points which involves re-

ducing both the load duration and load incre-

ment by half of the original values, r{¡as used

6.

'7

2.
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to increase the sensitivity of the tests around

the expected yield stress leve1. This nethod

deserves further study. An investigation could

be conducted. with samples stressed along the

same stress path. In one test, the sanple

could be stressed in five increments with one-

day load duration to a certain stress 1evel;

whereas in the second test, both the load in-

crement and load duration are reduced to half

of the original values to reach the same stress

leve1.

Further strain-rate controlled oedometer tests

should be perforned on the Winnipeg ct.ay.

These tests should be run under a back pressure

of approxirnately 200 kPa in order to ensure

complete saturation and freedom from compliance

effects in the porewater pressure measurements.

Standard one-dinensional oedometer tests should

be perforned on lfully-softened' and 'freeze-
thawr samples to further confirm the p¿ values

for these samples. Thus the normaLized yield

stresses and the overconsolidation ratio for

these samples can be made more rneaningful,

Strain-rate effects on the undrained shear

strengths and p! require further study. The

strain-rate parameters (oO.f and n0.t) values

obtained at the same axial strain using the

4.

5.
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relaxation and step-changing techniques should

be carefully compared.

6. EarLy 'quasi-yield' behaviour hras observed for

drained stress-controlled tests in the over-

consolidated region. Further research into
this area is required to understand better the

stress-strain behaviour of Winnipeg clay in

the overconsolidated region. Also interpreta-

tion of yield stresses in the overconsolidated

region requires further examination.

7. Further attention should be paid to the aniso-

tropy and elasticity of the soil before yield.

Further work should be done to examine the

Bulk Modulus K and Shear Modulus G of the cIay.

8. Work using remoulded Winnipeg cLay samples is

required to develop the classical Critical
State Soil Mechanics parameters for this c1-ay,

and to a11ow comparisons with the nodified

Can- clay mode1.



- 81

REFERENCES

Atkinson, J.H. and Bransby, P.L. 1978. "The lr{echanics of
Soi1s". pp. 2I7-220. McGraw-Hi11 Book Conpany (U.K.)
Limited.

Baracos, 4., Graham, J. and Domaschuk, L. 1980. "Yielding
and Rupture in a Lacustrine C1ay". Canadian Geotechnical
Journal, Vo1. 17, pp. 559-573.

Baracos, A and Graham, J. 1980. "Landslide Problems in
Winnipeg". Canadian Geotechnical Society Conference on
Slope Stability Problems in Urban Areas, Toronto, Canada.

8e11, A. I977. "A Geotechnical Investigation of Post
Glacial Esturaine Deposits at Kinnegar, Belfast Lough".
Ph.D. Thesis, Queenrs University, Belfast, Northern
Ireland.

Bishop, A.W. and Henkel, D,J. L957. "The Measurements of
Soil Properties in the Triaxial Test". London, Edward
Arnold Publishers Ltd.

Bjerrurn, L. 1967. 'rEngineering Geology of Norwegian Nor-
nally consolidated Marine clays As Related to settlements
of Buildings". Geotechnique, Vo1 . 17 (2) , pp. 83- 119 .

CampanelIa, R.G. and Vaid, Y.P. I974. "Triaxial and plane
Strain Creep Rupture of an Undisturbed CLay". Canadian
Geotechnical Journal, VoI. 11, pp. 1-10.

Conlon, R.J. 1966. "Landslide on the Toulnustouc River,
Quebec". Canadian Geotechnical Journal, Volume III, No. 3,
pp. 113- 1-44 .

crawford, c.B. L964. "Interpretation of the consolidation
Test". ASCE Journal of Soil Mechanics and Foundation
Engineering Div., Vo1.90, No. SM5, pp. BT-I02.

crawford, c.B. 1965. "The Resistance of soil structure to
consolidation". canadian Geotechnical Journal, volume rI,
No.1, pp.90-115.

crooks, J.H.A. 1973. "Laboratory studies of Belfast Estua-
rine_ Deposits". Ph.D. Thesis, Queen's University of
Belfast, Northern Ireland.

Crooks, J.H.A. and Graham, J. I976. "Geotechnical proper-
ties of the Belfast Estuarine Deposits". Geotechnique,
Vo1. 26 (Z) , pp . 293- 315 .



-82

Domaschuk, L. 1977. "Soi1 Block Sampler". Canadian Geo-
technical Journal, Vo1. L4, pp. 262-265.

Environment Canada 1980 - Annual Meteorlogical Summary
Winnipeg, Manitoba. Atnospheric Environment Service.

Graham, J., Pinkney, R.8., Lew, K.V. and Trainor, P.G.S.
1.982. "0n Curve-Fitting and Laboratory Data". To be
published, Canadian Geotechnical Journal No. Z. 1982.

Graham , J . , Crooks, J.H.A. and 8e11, A.L. I982a. "Time
effects on the Stress-Strain Behaviour of Natural Soft
C1ays". fn review.

Graham, J., Noonan, M.L. and Lew, K.V. 1982b. "Limit States
in a Natural Plastic Clay". In review.

Graham, J. and Houlsby, G.T. 1982. "Anisotropic Elasticity
of a Natural Clay". In review.

Jarrett, P.M. 1967. "Time Dependent Consolidation of. a
Sensitive CLay". American Society for Testing of Materials,
Material Research and Standards, pp. 300-304.

Kenney, T.C. 1966. "Shearing Resistance of Natural Quick
Clays". Ph.D. Thesis, University of Toronto.

LaRochelle, P. , Trak, B. , Tavenas, F. and Roy, M. 197 4.
"Failure of a Test Enbanknent on a Sensitive Chanplain CIay
Deposit". Canadian Geotechnical Journal, 11, pp. 142-164.

Landva, A. L964. "Equipment for Cutting and Mounting Un-
disturbed Specinens of CIay in Testing Devices". Norwegian
Geotechnical Institute Publications No. 56, 0s1o, Norway.

Lefebvre, G. 1981. "Strength and Slope Stability in Canadian
Soft CIay Deposits". Canadian Geotechnical Journal. Vo1.
18, pp.420-442.

Lew, K.V. 1981. "Yielding Criteria and L"imited State in a
Winnipeg C1ay". M.Sc. Thesis, University of Manitoba,
Winnipeg, Manitoba.

Mesri, G. and Godlewski, P.M. I977. "Time- and Stress-
Compressibility Interrelationshipr'. ASCE Journal of the
Geotechnical Engineering Division, Vo1. 103, No. GT5,
pp. 4I7 -431.

Mitchel1, R.J. 1970. "0n the Yielding and Mechanical
Strength of Leda Clays". Canadian Geotechnical Journal,
Vol. 7, pp. 29703L2.



- 83

Noonan, M.L. 1980. "Limit-State Studies in l\rinnipeg Clays".
M.Sc. Thesis, University of Manitoba, ÌVinnipeg, Manitoba.

Richardson, A.M. and Whitman, R,V. 1963. "Effect of Strain
Rate Upon Undrained Shear Resistance of a Saturated Re-
noulded Fat CLay". Geotechnique, Vo1. L3(4), pp. 3L0-324.

Sa11fors, G. 7975. "Preconsolidation pressure of Soft,
High-Plastic C1ays". Doctoral Thesis, Chalmers University
of Technology, Gothenberg. Sweden, pp. 7L-79.

Skenpton, A.W. and Hutchinson, J. 1969. "Stability of
Natural Slopes and Embankment Foundations". Seventh Inter-
national Conference on Soil Mechanics and Foundation
Engineering, Mexico City, Mexico, State-of-the-Art Volurne,
pp. 29L-340.

Tavenas, F. and Leroueil, S. 1977. "The Effects of Stresses
and Time on Yielding of Clays". Proceedings, 9th Inter-
national Conference on S.M.F.E., Tokyo, Japan, Vol. 1,
pp. 3L9-326.

Tavenas, F., Leroueil, S. , LaRochelle, P. and Roy, M. 1978.
"Creep Behaviour of an Undisturbed Lightly Overconsolidated
C1ay". Canadian Geotechnical Journal, Vo1. 15, pp. 402- 423 .

Tavenas, F., and Leroueil, S. T979. "C1ay Behaviour and the
Selection of Design Parameters". Proceedings of the Fifth
European Conf. on Soil Mechanics and Found. Eng., Brighton,
VoI. 1, pp. 28L-292.

Tavenas, F. 1979. I'The Behaviour of Ernbankments on CLay
Foundations". State-of-the-Art Report, Session 3, Proceed-
ings, 32nd Canadian Geotechnical Conference, Quebec City,
Canada.

Wahls, H.E. L962. "Analysis of Prinary and Secondary Con-
solidation". ASCE Journal of the Soil Mechanics and
Foundations Division, 88(SM6), pp. 207-23L.

Vaid, Y.P., Robertson, P.K. and Carnpanella, R.G. 1-979.
"Strain Rate Behaviour of Saint-Jean-Vianney Clayr'.
Canadian Geotechnical Journal, Vol. 16, pp. 34-42.

{sj



Test No.

State

Test Type

Borehole No.

Block Sanple No.

Depth (m)

Initial Moisture
Content (%)

T401

TABLE 2.1 BASIC SOIL PROPERTIES

Final Moisture
Content (%)

cAD(u)

T402

Liquid Limit (%)

Plastic Limit (%)

cAD(u)

T403 T404

Plasticity Index (%)

11.6

Clay Content (%)

55 .1

Specific Gravity

CAD

Undisturbed

11.6

Unit Weight (kll/rns;

45 .8

T405

CAD CAD

Sensitivity

55.9

72.2

11.6

T406 T407 T408

- Nlot obtained for this test

50.9

26.9

s6 .5

45.3

11.6

80 .4

CAD

66 .5

61.1

29.2

57.8

11.6

2.77

sI.2

74.8

CAU

53.6

16.6

59. 3

66.0

25.2

11.4

T409 T410 T411

80 .2

49.6

2.80

CAU

3.0

58.4

57.5

27.6

I Fully-Softenedr

65.0

16.6

11.4

74.s

CAU

52.6

2.8s

61 .8

s9 .7

26.3

66.0

11 .4

16.s

76 .8

48.2

CAD

63.0

2.83

58.1

24.4

67.0

8.7

16.s

81 .4

CAU

52.4

60.8

2.8r

50 .2

28.4

66.0

16 .5

8.7

77 .8

55.0

53.8

51 .3

2.96

26.5

71.0

8.7

16.6

70.0

51.3

63.L

2.93

3.19

51 .4

zs.6

68.s

16.s

72.0

44.4

s2.6

2.74

3 .19

2,6.3

63.5

16.4

69.2

45.7

2.80

2.95

26.9

61.0

L7.Z

42.3

2.84

66.0

16.9

2.96

L7.0

2.60

I

æÞ
I



Test No.

State

Test Tþe

Borehole No.

Block Sanple No.

Depth (n)

T4T2

Initial Moisture
Content (%)

rFully-Softened'

TAELE 2.2 BASIC SOIL PROPERTTES

Final Moisture
Content (%)

T4L3

CAD

Liquid Lirnit (%)

T4L4

Plastic Limit (%)

CAU

Plasticity Index (%)

8.7

CAD

Clay Content (%)

T415 T416

50.9

Specific Gravity

8.7

54.2

'tlndisturbedl

Llnit Weight (kN/m3)

52.2

CAD

8.8

Sensitivity

71 .8

T477

56 .1

50 .2

CAU

24.9

- Not obtained for this test

80 .4

46.9

11.4

s4.7

CAD

23.7

61.0

T418 T419

s9.7

LT.4

s6.7

65.0

s8.9

58 .8

17 .0

CAU

2.811

11.4

83 .8

2.78

T420

tFreeze-Thawt

64.0

58.9

16.9

57 .4

CAD

27 .9

87 .3

2.75

55.9

T4?,L

8.8

6s.9

T7.T

CAU

28.7

68.0

49 .5

2.47

84.7

58.6

T422

8.8

CAD

26.8

66.0

47 .r

16.3

48.8

57.9

8.8

2.70

76.6

CAU

68 .0

43.3 42.5

L6.4

49.4

27.0

2.760

8.8

3.3s

49.6

16 .3

5L.2

8.8

2.82

42.9

51.4

L7.2

40.s

2.24

17.3

82.3

2.96

25.0

17.2

57.3

T7.T L7.0
I

oo
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TABLE 2.3

Sample Number

Free zing Temperature (oC)

Thawing Tenperature (oC)

TEMPERATURE

THAW CYCLES FOR I FREEZE-THAWI SAMPLES

Average Free zing Duration (Hrs)

Average Thawing Duration (Hrs)

DURATION AND NUMBER OF FREEZE-

Number of Freezing and Thaw Cycles

T418

-5

T4 19

25

-5

T 420

T2

25

L2

-5

T42t

L2

25

12

-25

T422

T2

20

L2

-25

48

20

48

48

48

I

oo
o\

I



Test No.

på* (kPa)

TABLE 3.1 TRIAXIAT CONSOLIDATION RESTILTS FOR RESTRESSING TO IN-SITU STRESSES

oi (kPa)

oi. (kPa)

ni** {tla)

T401

118.4

oi./ni

118. 7

v[/oi.

T402

118.4

77 .2,

o\./oi..

118.9

T403

er. (%)

247

118.4

77 .2

en G)

1.0

118.9

2.03

eu. (%)

T404

24I

118. 4

0.65

\# (nq/ms)

77 .3

1.0

118 .8

2.03

1 .56

* Based on GWT at 3.0 meters
** Based on one dimensional oedometer tests by Lew (1981)

+ rFullI-Softened' sample

++ tFreeze-Thawr sample

# ysat for calculating pi

T405

z4I

118.4

0.22

77 .2

0.65

1.0

117.8

2.00

2.03

1.51

T406

z4r

117.0

17.s

0.6s

76.9

0.28

1.0

11ó.9

2.03

2.06

1 .50

T407

247

LI7.O

0.99

75.9

0.65

0.r2

L7 .5

¡¿¿T411' T422"

117.8

2.05

L.2s

r.73

24L

89 .0

0.65

76.7

0 .36

17. s

1.0

88.8

2.06

L.47

1.98

24r

92.9

57.4

0.65

1.01

0.24

17 .s

93.0

400

2.05

1.96

1.48

60 -2

17.5

0.65

1.0

0 .36

4.50

400

0.9s

2.20

0.6s

1.0

0.23

L7.5

4.30

3.82

r.42

0.65

I .15

L7 .5

10.58

6 .13

L.62

L6 -7

13.82

L7 .0

I

æ-{
I



Test No.

TABLE 3.2 TRTAXIAL CONSOLIDATION RESTJLTS AT TI{E END OF STRESS-CONTROLLED TESTING

ni* {t<la)

oi. (kPa)

oi. (kPa)

T401

FOR IJNDISTTJRBED SAI\4PLES

118.4

o\./oi.

T4020

482.4

er. (%)

118 .4

44L.4

e=. (%)

T4os+ T4o4+o

326.8

0.91

e'rr. (%)

118.4

285.4

Y# ßN7m3;

272.7

6.84

0 .87

118.4

3.15

r28.7

* Based on GWI at 3.0 meters
+ Sanple failed in drained shear at the value shown

++ Sample consolidated to in-situ stresses only
o Sample with 5 days load increment duration
# ysat for calculating pi

T405+

4.23

L3.I4

268.9

0.47

118.4

T.7T

l,28.7

T406+o

17.5

6.33

I22.7

7.66

0.48

-1.06

117.0

43.8

17.5

If

T407' '

7 .77

4.22

I20.6

0 .36

-1.30

7L7,0

17.5

39 .8

2.3r

T408 T415+ T416 T4r7+

5.17

117.8

0.33

-0 .13

117.0

17 .5

76.7

2.00

I.77

78.0

0.6s

LI7 .0 117.0 117.0

-0.19

17.5

s0.7

0.95

115.3

r.62

0.65

0.23

17.5

31.9

0.47

39.4

L.42

0 .28

0 .10

26.0

17.5

z -06

3s.4

0.67

0.66

-0.63

3.7

17.s

-0 .36

0 .80

0 .10

-0.22

L7.5

0.61

-0 .80

-1.64

17.5

-2.67

17.5

I
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TABLE 3.3 TRIAXIAL CONSOLIDATION RESTJLTS AT T}IE END OF STRESS-CONTROLLED TESTING

Test No.

ni* (na)

oi. (kPa)

FOR I zuLLY-SOFTENEDI ANID IFREEZE-TT{AWI SAT4PLES

oi. (kPa)

T409

o\./oi.

89.0

T410+

' Fully-Softenedr Sanples

er. (ø)

29.7

89.0

er. (%)

19.3

T411++ T4L2+ T4L3

57 .5

0.65

eu. &)

89.0 89.0 89.0

\# GN/r¡3¡

1 .54

5.4

88.8

0.09

-0.37

* Based on GIltrT at 3.0 neters
+ Sanple failed in drained shear

++ Sample consolidated to in-situ
# ysat for calculating pi

s7.4

3 .651

0 .80

I30.2

-0.573

0.6s

16.7

T4L4+

36.9

3.82

59.5

z.5r

90.2

0 .28

1.15

38.s

16.7

T418

96 .5

6.2r

' Freeze-And-Thaw t Samples

6 .13

0.65

93.4

-0.18 0.82

19.8

T419+ T420

2.70

L6.7

sI.6

0.2r

5 .85

94 .Z 93.4

20.6

16.7

4.40

4.35

33 .8

at the value shown

stresses only

0.65

-0.07

L6.7

T42I+

3.2

4.30

4.26

61.9

0 .09

92.9

0.90

L6.7

40.6

T422++

7 .66

92.5

6.09

0.66

92.9

L.37

24.5

77.2

7.I3

10.41

93.0

0.26

L.57

60.2

12.24

L7.3

I0.26

0.65

0.18

L7.2

10.58

L2.60

r.62

17.0

L3.82

17.0

I

æ
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TABLE 3.4 YIELD STRESSES FROM DIFFERENT YIELD CRITERIA

FOR UNDISTURBED SAMPLES CONSOLIDATED TO IN-SITU STRESS LEVEL

Test No

tr
o
.t-.
C)

..1
${
o
À
'do
P
+J
o
r-{
Or

oi vs 11

(or-or) vs.1

or vs eoct v

oå vs 13

T40 1

(or-or) vs Ê

W, vs LSSV

Not obtained for this test
Sanple with 5 day load increment duration

T402x

2s4.0

Note:

zIL .8

T403

The

put

L77.3

136.0

2I7 .5

yield (or linit-state) stresses presented
in terms of oå.t along the stress path for

177.3

136 .5

T404x

r4?,.0

146 .0

L87 .7

145.5

T40 5

134.9

L47 .5

69 .9

L32.9

69 .9

T406*

L42.0

69 .9

66 .8

L42.0

69 .9

66.8

69 .9

66 .8

69 .9

66.8

in this table have been
the test.

66.8

66.8

I

(o
O
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Sanple

Borehole No.

Block Sample No.

Depth (n)

TABLE 3.5

Initial Moisture Content (%)

Initial Void Ratio

Axial Pressure
&

"vR (o .1)

RESULTS FOR NON-STANDARD OEDOMETER TESTS

ú

"vR(r.o)

tvR(10 
. o) 

*

c40 1

tvR(1oo.o)*

ei

6

Final Moisture Content (%)

3

Final Voids Ratio e¡

11.6

c402

evR¡o.t¡, evR¡1.0;, tvR(10.0), tvR(100.0)

1.0 day, 10.0 day and 100 days respectively.
Gs is assumed to be Z.TB

5s .1

6

1.53

3

480.4

c40 3

11.6

6.15

55.5

tr

6

1.54

8.s8

3

377.9

c404

11.6

I .32

s6.6

3.96

2k

6

9.87

1 .58

6.04

3

280.4

46.6

c40 5

11 .6

6.96

1 .30

s4 .9

z .57

6

7.54

1.53

3 .36

3

c406

2I0.2

49.L

11.6

3.90

6

r .37

s5.7

1 .69

4.34

3

1.5s

1 .89

11.6

150 .0

are vertical strains after 0.1 day,

s2.5

57 .4

2 .07

0.98

L .46

1.60

2.24

r,27

75.0

53.2

0.17

L.27

1.48

0 .18

| .34

0.15

55.0

1.53

0 .16

62 .4

L.74

I

(o
H

I



Criteria

TABLE 3.6 RELATIONSHTP BETWEEN

Load Duration (Hrs)

D I lkPal

FOR THE NON-STANDARD OEDOMETER TESTS

2.4

rVR ts o|

I AND LOAD DURATION

249

24

243

240

233

2400

225

2.4

rVR tr logo|

24

250

240

239

2400

230

I

(o
N)

I



Axial t-^
Pressure 5u

(kPa) (s)

TABLE 3.7 REI,AIIONSHIP AI\,ÍONG cv, Co, Cc, Ca/Cc AND TIME

150.0 1080

Load Duration = 24 Ílrs

2L0.2

c.,, x 1o-4 co

(qnz /t) (%)

280.4 1980

FOR THE NON-STANDARD OEDOMETER TESTS

600

377.9

2.9s

480.4 3900

5.22

0.38 0.088 0.043

5100

ClCG'c

I .55

0 .41

Load Duration
= 240 Hrs

0 .58

r.92

C
o¿

(%)

0.Lz 0.034

0.7L

3.42

0.30 0.064

Cc

0 .2L 0.09s 0.022

3 .01

0.53 0.06s

ClC
cx,' c

0 .30

Load Duration
= 2400 Hrs

0 .62 0.049

1.00

C
0

(%)

0 .14 0 .021

1.61

0.37 0.027

C
c

0.27

r.20

clc
cx,' c

0.60 0.027

0.30 0.16 0.019

0 .1 0 .021

f End of Primaryr

0.58 0.021

C
q.

(%)

1.00 0.43 0.023

1.61 0.63 0 .026

C
c

0.27 0.087 0.024

L.20 0.s7 0.021

ClCc['c

0 .30 0 .087 0 .03s

1 .00

1.61

0.32 0.031

L.20

0.59 0 .027

0.63 0.019

I
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Sanple

Borehole No.

TABLE 3.8

Block Sanple No.

Depth (m)

CRS OEDOMETER TEST RESULTS

ïnitial Moisture Content (%)

Strain Rate (mm/nin)

*
P¿ (kPa)

c407

* på is defined using the eVR vs

c408

3

11 .4

6

57 .7

c409

0.0010

TI.4

58 .0

396

c4 10

0.0036

ot
V

11.4

plot

6

56 .9

383

0.0002

11.4

5s.6

285

0.0006

328

I

rc)
Þ
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TABLE 4.1

Test No.

på* (kPa)

olIC (kPa)

o'!-
5C

på** (kPa)

(kPa)

T407

o i./vI

117.0

vi/ o i.

117.8

o\./oi.

76.7

T408

.1. (%)

117.0

24L

esc (%)

1.01

78 .0

êvc (Z)

2.0s

50.7

tL-
Y'(klt7mrl

T4 15

117.0

0.65

24r

* Based on
?trt BaSed On

#v for'sat

0.9s

0 .67

78 .0

ISTI]RBED SAI\4PLES

0 .23

3.09

50 .8

T4 16

L.42

117.0

0.6s

GWT at 3.0 meters
one-dinensional oedometer tests by Lew (1981)

calculatins o',o

z4r

L7 .5

0 .47

0 .67

39 .4

0.10

3 .09

?,6 .0

T4T7

0 .67

0.6s

117.0

z4L

L7 .5

0 .67

0 .34

38.8

0.05

6.72

2s.3

0.77

0.66

24t

-0.36

17.5

0 .33

-0 .22

6.21

-0.80

0.6s

-0.076

T7 .s

-0.14

-0.36

L7 .5
I
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TABLE 4.2 TRIAXIAT RECONSOLIDATION RESIJLTS FOR LOI4I STRESS TESTS (IFT]LLY-

Test No.

på* (kPa)

oi. ftPa)

oi. ftPa)

T409

SOFTENEDI ANID I FREEZE-TT{AW' SAI\4PLES)

Dr^^ fkPal'c

89 .0

IFI.]LLY-SOFTENEDI SAMPLES

T410 T411 T4r2, T4L3

oi./ni

29.7

89.0 89.0 89.0 89.0

v[/oi'

19.3

29.6

oi./oi,.

400

19 .1

0 .33

e1. (%)

88 .8

400

eftc (%)

13 .5

57 .4

0 .33

e',r. (%)

0.65

89 .1

400

13.5

\# (kN/n¡3¡

1.54

57.9

1.0

0.65

T4T4

* Based on GWT at 3.0 meters
** Based on på vs Depth - Figure 6.7 in Lew's thesis (1981)

# ysat for calculating pi

59.5

0.s4

400

4 .50

89.0

t.22

38 .5

2.62

1.0

0.65

s9 .5

0.38

T418

L6.7

400

4.50

I FREEZE-AND-TFIAW' SAI\4PLES

3.81

38.s

1.98

93.4

0.67

0.6s

1.16

T419 T420 T42r

L6.7

31.6

400

6.72

3.64

6.L3

94.2 93.4 92 .9

0.67

20.6

0.65

1.05

16.7

32.L

6.72

2.70

400

5 .75

zL.0

0.65

0.34

0.83

L6.7

61.9

2.53

400

12.7

4 .35

40.6

0.34

0 .78

T422

0.65

16.7

62.0

400

12.s

4 .10

92.9

4 .30

40.2

0.66

0.65

16.7

93.0

0 .89

400

6.46

6 .13

60.2

6.06

0.67

0.65

0.96

L7.2

400

6.4s

7 .28

8.04

1.0

0.65

1.s0

t7.3

4.30

8.02

L0.26

0.6s

1.63

L7 .2

10.58

11.28

r.62

L7 .0

13.82

17.0
I

(c)
Ol

I



TABLE 4.3

Test No.

tr
c)
+)
c)
É

.Fl
F{
o
Þr

.O
o
.P
{J
o
t-{
À

QUASI-YIELD STRESSES FROM DIFFERENT YIELD CRITERIA
FOR LOW STRESS TESTS

oi vs 11

(or-or) vs e1

oåct vs t'r,

t Undisturbedt

o':-
5

T415

vs .3

58 .8

(or-or) vs e

58.5

WT VS LSSV

T 4L7

Not included
Not obtained

Note: The yield (or limit-state)
in terms of (or-or) along

I Fu11y-Softenedr

T410

24.9

s7.8

32.2

in averaging
for this test

2s.7

32.0

T4L2

23.3

75.2

25.0

77.0

32.0

T 4T4

63.9*

33.0

65.5x

30 .8

t Freeze-Thawr

T419

79 .0

stresses presented
the stress path for

s8 .2

73.8

23.0

T4ZL

56.2

4s.0

54.0

44.6

22 .8

in this table
the test.

46.L

23.s

45 .0

4s.5

have been put
I

r.o
--¡

t
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TABLE 4.4 SUrvrvlrury OF IINDRAINED SIIEAR TEST Æ$JLTS

Test Ìù¡¡iber

Llndisturbed Rr11y-Softened Freeze-Thaw

T416 T402 T407 T408 T409 T411 T413 T418 T4?0 1422

Test Tþe CAU CAD(U) CAU CAIJ CAU CAU CAU CAU CAU CAU

Borehole lù¡nber

Block Sample l,h¡nber

Depth (tn) 11 .4 11.6 1.1.4 11.4 8.7 8.7 8.88.88.88.7

ni* {tra) 11 7.0 118.4 117.0 117.0 89.0 89.0 89.0 93.4 93.4 92.9

oi, (kPa) s9.4 326.8 117.8 78.0 29.7 88.8 59.5 31.6 61 .9 93.0

oi./oi.. 0.66 0.87 0.65 0.65 0.6s 0.ó5 0.6s 0.65 0.66 0.6s

ol./ni 0.34 2.76 1.01 0 .67 0.33 1.0 0.67 0.34 0.66 1.00

oi./ni*n 0.16 1.36 0.49 0.32 0.08 0.22 0.15 0.08 0.15 0.23

(o1-o3)/2n * (kPa) 35.9 86.0 49.8 44.8 28.4 47.0 33.9 L6.4 27 .3 37 .9

(07-6 
3) lzoic r^rl 0.91 0 .26 0 .42 0.57 0.96 0.53 0.s7 0.52 0.44 0.41

oå.t "t (or-or)/2** (kPa) 4L.2 230 .0 80 .8 59 .6 28 .7 70 .1 41 .5 19.4 39.5 59.4

e, at (or-or)/z*x (e") 1..99 2.s8 0.ó1 1.68 2.94 2.48 1.92 3.1.4 2.7r 5.22

(oiloå)max 5 .45 2.27 3.09 4.24 9.39 3.61 4.81 4.92 3.62 3.27

e, at (oi/oi)nax (%) 1 .30 4.57 0.61. 1.39 L .73 1 .88 1 .63 3.03 2.7r 4.35

Ero (MPa) 7.8 34.2 18.7 11.8 5.6 8.8 9.2 11.1 1.438.7

Ero/ @r-or)/2 ,- 215.4 398 375.6 L97 .7 L96.2 185.L 259.8 575.1 407 .7 377 .5

A¡ 0.15 0.84 0.47 0.32 0.18 0 .29 0.38 0.53 0.56 0 .52

979898999899100989798B (%)

rn = Âu/Âo' ocT'
1 .54 2.0 1.61 L.47 L.43 r.72 1 .92 L.67 1.82 I.67

90.1. "t eo &) 5.91 9.57 6.t2 7.09 7.44 7.98 8.04 10.0 7.57 7.77

eo (%) 2.53 3.52 1.22 2.26 3 .40 3 .02 1 .86 2.66 3.72 5.93

Initial Strain Rate
e (4/hr) 0.92 0.92 0.93 0.93 0 .92 0.93 0 .92 0.98 t.0z 1.09

v# G¡'¡/m3) 17.5 17.5 17.5 17.5 16.7 76.7 16.7 L7 .2 17 .2 17.0

* Based on GIWT at 3 neteÌs at ysat = 17.5 lN/¡ns
** på = 241 Y,Ja for sanpLes at 11.4 - 11 .6 ÍEters

p¿ = 400 kPa for sarples at 8.7 - 8.8 neters
# ysat for calculating på



TABLE 4.5 COI\4PARISON OF Aç ANID m VA],UES FOR OVERCONSOLIDATED 'I]NDISTURBED'

State

oi./ni

Test No.

IJND.+

Ar

I FTJLLY-SOFTENEDI AI.¡D I FREEZE-THAW' $4¡,P¡¡5

of* (e,)

0.34

F.S.+

T4L6

m* ("ó)

0.15

0.33

I

F.T. '

T409

100

+ UND., F.S. and F.T. stands for'lhdisturbed', rFully-Softened' and tFreeze-Thawr samples

0 .18

1 .54

0.34

respectively

Percentage value of A, referred to corresponding Aa for tndisturbed sarnple at sarne ol.
This value appears high. Sinilar results fron Lew (1981) and Noonan (1930) suggests

A, for oj.. = ni is 0 .35

t(*

100

UND.+

T418

L20

0.53

L.43

0.67

92.9

F.S.+

T408

353

r.67

0.32

0.67

108

F.T.+

100

T4L3

0 .38

r.47

0 .66

100

{JND.+

T420

119

0.56

1.92

1.01

131

F.S.+

T407

17s

0.47*-x

L.8Z

1.00

124

F.T.+

100

T411

0.29

1.61

1.00

6L.7

100

T422

0.52

r.72

I07

111

L.67

104

I

(o
(o

I



Sample

TABLE 4.6 VAII]ES OF STRAIN RATE PARAIvIETER PO.l FOR VARÏOUS

AXIAL STRATNS FROM REI,AXATION TESTS

e, (%)

oo.1 @ .1 &)

3.52

T402

Sanple

9.6

e, (%)

3.0

10.93

po.l G t1 &)

'ürdisturbedr

2.9

T407

T409

3.4L 6.82 L0 .26

r.22

7.4

6.1

T408

'Fu1ly-Softenedl

4.r

z.26

2.4

3 .02 5 .99 8 .30 rZ .r

T411

7.7

8.0

2.52

T416

3.2

5.9

4.91

3.1 2.2

T413

2.5

1 .86 3 .82 8 .84

8.63

8.0

2.9

rFreeze-Thawt

3.1

T418 T4Z0 T4Z2

4.2

2.66 3.72 s.93

10.0 7.6 .7 .,
I

H
O
a

I



TABLE 4.7

r1 (%)

VALUES OF STRAIN RATE PARAMETER

AXIAL STRAINS FROM STEP-CHANGING TESTS

5

T402

'Undisturbed'

6

p0.t at el (%)

11.5

8

T407 T408 T416

9

10 .3

10

4.1* 11.0

11

4.3

6.3

TZ

- Not included at this strain
* This value appears low

rr* This value appears high

' Ful ly - So ftene d '

Po . t

6.1

6.8

PO.t at e1 (%)

T40 9

FOR VARIOUS

5.9

7.7

T411 T4L3

10.s

5.9

5.8

6.6

10.3

I Free ze - Thaw I

PO. t at el (%)

T418 T420 T42Z

6.5

9.9

9.9

8.9

6.3 10.9**

5.1 6.7

I

H
O
H

I



Sample No.

¡or-or) /aoi.

TABLE 4.8 END OF TEST VAIUES FOR IJNDRAINED SHEAR TESTS

oilo\

tu/oi.

Depth (n)

T402

på* (lda)

0 .15

'lhdisturbed'

T407 T408

oi. (kPa)

1.66

0.26 0 .29

oi./oi..

0 .41

1.90

oi./ni

11.6

oi.. (kPa)

118.4

0 .42 -0.08s

T416

1 .85

326.8

11.4

0.58

lt-
y' (kN/m¡)

117.0

0 .87

tFully-Softened'

z.I

TI.4

117.8

T409 T411 T415

* Based on GWT at 3.0 meters

# v for calculatins Dt'sat

-0.36

2.76

117 .0

0 .50 0 .30 0 .34

0.6s

182.9

1-I.4

78.0

2.20

1.01

117.0

0.6s

-0.19

89.2

L7.s

1.95

39.4

0.67

2.s9 2.56

8.7

0.66

0.0

72.0

89.0

17 .5

2.07

tFreeze-Thawt

T418

0.34

8.7

29.7

-0.02

0.36

89.0

57 .5

17.5

0.65

T420

0.26

2 -62

8.7

88.8

0 .303

0.33

89.0

17 .5

0.65

0.22

T4Z2

35.2

2.25

59.5

0.25

1.00

8.8

2.43

0.65

0.27

9s.4

74.0

1.9s

L6.7

0.67

2.40

8.8

31.6

0 .14

93.4

57..L

16.7

0.65

8.8

z.4s

61.9

0.34

92.9

16.7

0 .66

2r.8

93.0

0.66

2.20

0.6s

42.8

17.2

1.00

2.r0

63.4

17.2

2.07

17.0 I

H
O
N)

I



Test No.

ni* {tea)

TABLE 5.1 RELATIONSFIIP BETI4IEEN SPECIFIC VOLIIME fv) AND ol-- DIIRING SAN,IPLE

ei

vi

oi./ni

T401

RECONSOLIDATION FOR I]NDISTURBED SAT,IPLES TAIGN FROIvI 11.6 M

118.4

oi.. GPa) 30 .7 6s.4 91 .0

1 .50

0 .34 0 .72 1.00

2.50

Test No.

2.50 2.47 2.4s

på* (kPa)

T402

ei

118 .4

vi

r.52

oi./v[

0 .s4 0 .67 1.00

2.52

2.52 2.49 2 .47

T406

30.4 60.7 91.1

oj.. (kPa)

T403

117.0

118.4

* Based on GWT at 3.0 meters depth

1.56

oct ------'- -----

1.s4

0.33 0.66 1.00

0 .33 0 .67

z.s6

2.54

2 .56 ?,.53 2 .5L

2.ss 2.52 2.49

29 .5 s9 .4 89 .6

30.4 6r.2 9r.2

T407

T404

118 .4

117.0

1.0

L.57

L.62

0 .34 0.67

0.34 0.50 1.01

2.57

2.62

2.58 2.ss 2.52

2.63 2.62 2.59

T408

3r .3 60 .9 91 .1

T405

30 .2 45.0 90.4

117.0

118.4

1.0

1 .58

I .61

0.34 0 .67 0.99

2.s8

z.6r

0.33 0.67

T415

2.62 2.s9 2.56

2.59 2.56

117.0

31.1 ó0.4 90.5

29 .7 59 .8

L.62

T416

2.62

0.33 0.67

117 .0

2.63 2.60

1.60

30.1 59.9

T4L7

2.60

117.0

0 .34

1 .56

2.62

2.56

30.5

0.33

2.57

29.8

I

H
O
UN

I
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TABTE 5.2 REI,ATI0.¡STIIP BEIhIEEN SPECIFIC VOLUME (v) Al'lD !.
IURING RECONSOLIDATION FOR SAI"IPLES TAKEN FROM 8.2 AI'ID 8.7 n

I IINDISTIIRBED' SAI'IPLES AT 8.2 ¡n (l{OO}ltN' 1.980)

Test No. T201 T20?, TZ03

li* Gæa) 91.0 91.0 91 .0

ei L.52 1 .54 1.54

vi 2.52 2.54 2.54

ol./ni 0.49 0.7t 1.0 0.49 0.71 1.0 0.48 0.72 1.0

2 .5L z.s0 2.48 2.52 2.57 2 -49 2 .58 2 -56 2 -54

oi.. O<Pa) 34.5 49.7 69.9 34.4 49.9 69 .8 34 -3 49.9 70 .1

TFIJLLY-SOFTENED' SAI'{PLES AT 8.7 n

Test No. T410 T411 T412 T4T3 T4L4

ni* Gna) 89.0 89.0 89.0 89.0 89.0 89.0

ei 1 .50 1 .54 1 .56 1-53 1.56 1 .50

v.
1 2.50 2.54 2.56 2.53 2.56 2 .50

oi./eI 0 .33 0.33 0.33 0.67 1.0 0.33 0.67 1.0 0.33 0.67 0.33 0.6ó

2.43 2.49 2.49 2.44 2.40 z'.47 2.42 2.39 2.50 2.45 2.45 2.40

oi., GPa) 22.8 22.6 22.6 4s .9 67 .9 2? .7 4s .3 68 .3 22.8 45.5 23.r 45.5

TFREEZE-AND-TIIAWi SAI'IPLES AT 8.7 n

Test No. T418 T419 T420 T4ZL T422

ot 
* 

flcPa) 93.4 94.2 93.4 92.9 92.9

ei 1.35 1 .33 1.35 1 .39 1.40

v.
L z.s5 2.s3 2.35 2.39 2.40

ol./ri 0.34 0.34 0.34 0.66 0.35 0.67 0.34 0 .67 1.0

2.20 ?.t4 2.r7 2.t0 2.21 2.rZ 2.Zr Z.l2 2.07

* Based on GWT at 3.0 Íþters

24.2 47 .7 24.7 47 .5 24.3 47 .5 77.7o'.a (kPa) 24.3 24.7
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FTG. 1.} SITE PLAN ÀIID.LOCATION OF BOREHOLES 6
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,q7.8 1tì9.C
952 .3 1 0e.0
¡ t¡r. 8 107. 5
92 3 .0 101.2
rc3.5 107-0
8r2.q 106.0
?95.3 105.2
157.2 10q.9
715.8 100.8
706.1 r0?.2
557.9 107.2
5q0.q 10q.2
52C.s 108.0
3rr2-2 1r0.4
292.5 110.0
212.5 't13.9
2?0.5 1 I 3.9
151 .5 113.2
96.0 113.2
39.9 1r5-c

-58.5 t1o.8
-110.9 115.7
-12q.5 110.5
-r34.0 1r0.5.153-3 109.F
-112.6 110.0
-183.0 110.5

PORP PER E?FECi
PFESS CEICÎ SIG!À1
fPÀ STRIIT IPÀ

211.3 0.oo 115.3
2?2.1 0.0c 1?t¡.9
278.7 0.19 1 30.5
231.3 0.27 134.9
2i5.2 0.39 139.r¡
236.9 0.qP 103.9
23e.1 0.61 I,t7. 1

2?1.9 0.95 142.5
22r.5 1.18 135.6
REr¡,!À:ro[ 1!sÎ
89LåtÀ-:of, TEST
FÈlr.t¡-TCrr 1ESÎ
BEI3'åT]O\ T?ST
Pllqr!.TrCI TESî
P:!,r,xlñrow TÞsî
FgI-r.XÀTfltù 9ES!
BEL!'.t¡.?IO!r TFSl
F3!¡.tåT:Cn ?PSî
FEL!T}.TID'!T 1¡ST
FElqrÊ1r0x T?sT
22=.2 l.r¡¡ 129-9
222.9 1.60 130.3
222-0 1-87 139.3
221-o 2.03 130.1
222.0 2.17 13C.3
221.0 2.05 130.9
22O.! 2.78 130. r¡

220.3 3.06 :30.r¡
2!9.6 3. 3 5 13 0. 8
22O.u 3.6ù 130.2
218. c 3.91¡ 131. 3
21 8. t¡ A.2! t 31 .6
218.'t q-53 132. rt

211-9 ¡-85 r32.1
21 8.1 q.cq 13q. 1

218.1 5.0? 133.6
218.1 5.37 132.9
21 6- 5 5.65 1 36.3
21ó.3 5.co 135.7
21ç..7 6-22 ..-135.9
21=.1 6.52 137.8
216.r¡ 6-81 136.3
215.2 7.09 r37.0
2'r6.1 7.r5 13¡-9
21 .t.9 7 .ztt 135. 7
218- 1 7.42 132-3
216.r1 7.11 132.8
21 É.5 8-31 t 31 . rt

211-0 8.60 r30.3
21 ê-7 8.11 1 30.5
217.3 9-00 1 31.7
2't1.5 9-30 .t3r-5
217.2 9.90 132. 1

211.rt 10. rlr¡ 131. t
217.3 r1-6? 132.6
2',17.2 12.2't t 31.7
21 8. B 12.11 r 33. 3
21 8-6 12-11 133-3
219.1 13.30 1t1.8
219-r, 13.?o 131.0
219.u 1U.1? 132.2
219.2 14.93 r3r.5
219.7 1q.3? 131.5
2't7 .3 I 5. l¡ 8 129.6
21?- 0 15.52 130.1
216.3 15.ñ? 130.0
21C.4 15.82 130.2
216.4 15.40 130.3

ETFICÎ EÀIT
s rcr t3 DEv
rPÀ SÎRESS

(PÀ

DEY ETFECT
SlRESS OC?
rPl sl8ESS

tPt

RITIO 9P ¡
EPP SIGIT 1

EF? S:FTÀ3

1.5r¡¡ nouû0ttrt
1.967 0.55
2-251 0.53
2-157 0.51
2.122 0-50
2.918 0.¡¡7
3.091 0.47
2.62u 0.83
2.261 0.43

20.3
30. ?
3é.3
q 0.0
r¡ r¡. 1

tt?.3
c9.8
rl¡.1
37.9

40.6
61.4
12.7
80.0
88.2
gg. ó
99-5
88.2
75.8

88- 2
8t¡.0
82.0
81.6
80.6
80.8
80- 8
83. 7
85.1

33.q
33-5
33.1
32.9
33.0
32.8
32-it
32.lr
32.3
32.5
32.2
32.2
32.4
32.2
33.3
33.0
33.'l
33. 6
)3.2
33.5
33.8
33.5
33.4
32.8
32.6
32-lr
31.9
31. q

31. 1

3't.1
32.0
31.9

=2.131.8
32.l¡
32.0
33.5
33.0
32.9
32.1
33.3
32.9
33.1
3'r-0
31.0
30.?
30. ?
30- 9

0.45
0.41¡
o-42
0. 42
o.u2
0. 39
0.38
0.37
0.35
0.37
0.31
0- 30
0.28
0.28
0.26
0.21
0.29
0.20
0.19
0.20
0.14
0.19
0.15
0. 19
0.r5
0.28
0.22
0- 23
o.26
0.2s
0.26
o-27
0.25
0.21
0.25
o-25
0.28
0- 28
0- 31
0.33
0-31
0- 31
0.33
0.28
o.21
0.24
0.25
0.24

66.8 85. q

67- 1 85.6
66.2 A6-2
65.8 86.2
65.9 86.4
65.6 81.2
64.8 97.2
6¡.8 8?- 2
6rr.6 a1.7
65.0 86.9
69.5 88.3
60.4 88. ?
6rr.8 e9.2
6t¡.5 89. 1

56.5 89.8
ó6.1 89.5
66.2 88.8
67.2 91.5
66.3 91.5
67.0 91.2
6?- 5 92.8
67.0 91.6
66.8 92-5
65.s 91.2
65.2 92-2
6.r.9 89- 0
63- 8 90.3
62.8 89.5
62.2 88.8
62.1 89.1
60.0 89.0

,. 63.8 89. 1

64.2 89.3
63.6 89.0
6r¡-7 89.5
6rt. 0 89- 0
67.0 88.6
66.7 88.8
65.8 87.9
65.5 87.3
66.6 87.8
65.8 87.6
66.2 8?.4
62.0 88-3
62.0 88.8
61.3 89. I
61-0 89.3
61.7 89.2



--l
185

sl!?DL9 {C. = 1 O3? !¡]LF

.c¡1:ìL:F!."I¡r r. t-l!. sTÞ9ss
r-,FE:O{SlLlnl -:'l { PF9SsnP¡
xcF!Lllzl\n qlÎ1--ç

{lPITL'Z9D TF9ÈF TESI RESNLÎS

w0. = 6 DFÞTq

= 11?.C0 KPr
= 210.00 rPÀ
= 1 17.80 (PÀ

'r1.30 IETRES rO 11.48 ftEIBES

P¡9
^FUi
STPl:'Ù

r 0.10
? o.Dq
3 0.1q
u 0.21
5 o. ìo
6 C. frc
7 0.6t
e o.o5q 1.14

10 r . 8t¡
,t 1 _1 .60
12 r. q7
t ? 2-o'l
rl¡ 2.17
1c 2.¡5
1 Á 2.1e
't'r 3. 06
1 ¡.1 ". 35
10 3.60
ZO 3-ct¡
?1 a.2'!
22 0.5-r
23 ü.8_c
2u 4.91r
?< 5.07
? 6 5.17
21 5.(5
zta 5. ol¡
rq 6.22
30 5.5?21 Á. c1
?? 7.09
3r ?.15
3u 1.2e
?5 7.¡2
3Á ?."1
?? 8.31

"R q.6O
3q e.71
q0 9.01
41 9.3C
42 9. o1
u3 10.00
Io 1t.ß7
05 12-2i
u6 12-41
o? 12-71
4B 13.3t
09 1l.rqqo to.t?
51 lu.gf
c2 t5.?7
5? 15.¡8
54 1 5.52
55 't 5. ß't
56 r5-82
31 .t 5. cQ

s-À81 198 1 0903 E[D 1 98 1090 4

!l9Yl2ñ FR'T ZD nnÍl.ZD ltRlLZD
gq! F rlv ocT cHlN;E
DL'.v STRISS cTFESS IN PgP
S'FFSC R?I TPå [PÈ
Fg!

0.ta? 0.3r!5 0.?q9
0. ?Á1 0.52-. 0-713
0.30e 0.6!? 0-6aß,
0.,?r¡0 0.679 0-692
0.3"r¡ (r.7qq o.ÊBar
0. ¿¡11 0.80 ? 0.681.
0.422 0.ftr¡5 0-586
0. "? ¡¡ 0. ?r! 8 0-?10
O.1?? 0.6t¡l 0-122
0. 2P o 0. s6 7 0.125
0.2q5 0.c,r9 0-126
0.?s1 0.5Á2 0-731
0.2"9 0.5q8 0.732
0. ?n0 0.5r.0 0.?33
0.?"8 0.557 0.?r¡0
o-275 o- 550 o-?r¡o
0.27c 0.5q0 0.7r¡0
0.2"r¡ 0.qûR 0.?t¡5
0.:?( 0.552 0.717
0.21 u 0.5¿¡7 0.7r¡9
0.??4 0.su7 0.753
0.275 0.5q0 0-157
0.271¡ o.s.r" 0.?56
0.2c2 0.5^5 0-1t?
0.2cc 0.561 0.?60
0. 2a 1 0. 5É ? 0.753
0-2F< 0.570 0.'r1'l
0. ?rì: 0- sÉ 3 0.111q.zc! 0.56 9 0.775
0.28? 0.573 0-788q.?-Fu 0. 56 c 0. ?7I
0.240 0.5r-7 0."85
o-?13 0.556 0.7?.r
o.?17 0- 553 0-783
0.?"5 0.5c'r 0.?56
0.21 't 0.542 0.76Ã
0.?66 0.533 0.?60
0. 26 4 0. _q2n 0-?5!
0.?6r¡ O.\21 0.756
0.212 0.5.¡3 0-756
o.21 1 0. 5r¡1 0. ?56
0.l?2 0.5r¡5 0.?58
o.?1o 0.5¡ 0 0. ?56
0.?7< 0.qu9 0-?ß0
o-)12 0.50¿r 0.756

0.001
0- 09?
0. 1t¡4
0.'l ? 0
0. 201
0.?17
o-233
0-175
0.r21
0.101
0.09q
0.09,1
0.091
0.001
0.0e2
0-077
0.0? 5

0. 0" f)

0.q77
0.164
0.1f1
0- 0-< I
0.0c5
0-05q
0.0<e
0.c63
0.crtt¡
0.042
0.t¡¡5
0.03?
0.ctr3
0.033
0.041
0. 0:r 1

0.0c9
0.043
0. gtt¿¡

0. cr¡ Ê

0.005
0.051
0.053
0. 05 ft

0.05?
0.0 51
0-c51

0.2q4
0.2c3
0.2?9
0.21 g

o.2e'l
0.?79
0.281
0.2 6l
o.26 3

0.26 0
0. 26 r)

o.2ç ?

0. 56 9 0.1f.2 0.0 6,¡
0. -<b7 0-?54 0-06?
0.558 0.?45 0.065
0.556 0.?r¡1 0.0?0
0. s65 0.7.¡5 0.069
0.5:q O.70r¡ 0.06t
O. 5rì 2 0. ? 42 0. 071
0.527 0-?49 0.051
0-52F 0.?c4 0.048
c.5?1 0-151 0.0rt2
0.52 1 0.?58 0.043
0. 52 4 0.151 0. C t¡ 3
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gl¡ Eqslî1 f,F !qN:ãoRr.
sol! r9cFt!¡:cs f,qBoP!.T^Ry

SÀ}IPLP FO. = 1 l¡1F tfclP !¡'ì - =

s!tlPL9 qEIcrt. tÞ::p coNS3!,lD.qTft{
Sr !DLg 9QLte! I PT:-F 3CNSôLTf !-'!lOlc
S!,:P!E IBE! !PIEP ECTS^!]DÈITNN

C?çr':l Í 1 r,^¡ I
PRlV:{? q?NG 9ll:nlF
Prçl or: l.FP.¡.

-nT::qI D!tr RFql]ñc

2u 0. P 0.10 ?5. 0
2n6.6 0.00 9J.7
253.ß 0.16 37.0
257.6 0.28 91- 3
260.r 0.40 94.c
2r.1. 6 0.50 98. 1

261-9 0.6t 1 00.3
263. ? 0.?5 102.9
263.8 0.BP 1 Cu.9
26a.1 1.1e '!10.6
260.0 1.?o 115.9
261.5 r.F3 't19.t¡
257.2 'l.C? 119.5
253.4 2.22 117.0
RE!!X!.T:e! TPSl
DPI tYti'ô¡ ??er

RELITD.A:ON TPSñ
BElqr!Î:cx T3s1
FET.¡.t!.TlO!C ?3ST
R?l¡.rr1Totl 1?sÎ
PFLAftTIOil.¡9ST
Fgl¡.t.¡.Tfon T9ST
RPL¡ tlcroF TÞcÎ
eE ! !rtTroilr 9sl
251.'r 2.!0 113.0
250.3 2.58 11rt. 9
2r9.A 2.6' 114.1
2q8.5 2.8.¡ 11e. I
2r6-q 3.13 113.2
2È -ß. t¡ 3.06 112.0
24q.1 3-6c 111.7
2tt3.1 o.0ß . _ 1.!.1-. q_

Á nEPTH = 11.30 ltglBfs

12.991 CErlr!9ÎRPS
593.5q0 CUBIC CENT!!ETPES
ul¡.919 s0uÀ89 CsHrI:3'!"ErS

13.93 !r .
u.1560 N . /DIV
5.0600 sQ'lÀRP e9XIItETRES

'r9-ì0.80 DfvIsItNs

?0 1 1. 08 ;EIBES

srtP!R.?qTRÈsFI-s cT!p- .top10or3 ENr 19q 1 09't r¡

coFsîLlnln9h ü{nF rl¡il1 TplÀeT!_t TEc'I

PT IIT9

r t0?5
2 1t) it'l
3 1t00
4 fc50
5 lrtf)
É 1110
1 1',120
I 113A
o 11O0

10 1200
't1 12?q
12 12t¡Cr3 rr00
14 l31c

101 13't?
'to? 13r8
101 1t20
10o 132u
105 1331
106 1? t¡6
t07 10't6
108 145q
r0e 232e
1'lo t0to
15 rt?0
16 10r¡0
1'' r050
18 1100
19 1120
20 Irq0
21 1200
?2 122n

1930.q 50.0
tq?s.4 "0.q!111.:¡ F5.?
I 89q .4 94.5
rr7q.B 101.0
1 e50.5 106. ?
rSnr-5 108.9r432.8 1r3.5
1116.0 116.5
r 7u7.f¡ '123.9
1 t sC.1 .79-2
rr1?.o 130.7
1675-0 12É.q
1 6q3.0 120.2
161¡'1.0 119.9
1540.9 1.7.3
1Ãr¡0.5 115.8
rß40.1 1r0.9
153C.? 113.û
r(3c.8 111.2
1638.0 't0c.5
1Á37-1 107.9
16?1.8 .05.f|
162e.q I 00. P
1513.a tl2.g
1r95.0 îrq.3
1582.3 l'12.8
156?.0 11't.5r;21.8 109.9
1[q1.q 106.F
1s5..8 105.5
r00u.o rn4.q

1. q9? 0nuru0u
1.794 0.54
2-290 0.53
2-703 0.51
3-021 0.50
3.282 0.48
3- 376 0- r¡6
3.649 0.r¡5
3.81 ¡ 0.4u
4.ttt2 0.01
4-2u4 0.36
¡.020 0.32
3- 516 0.21
3.137 0.24

!]:EP! PF:NC PÔFE PFP 3PP'EF gFFEET F!.LP DEY E'F381 FÀ:IO O¡
,:Àl nI¡,r. DR?ss cEìF slcftÀ1 s:î!tÀ3 DEv slBESS OCl Epp SIc¡|À1
RIG RN'ì RPÀ STRÀTI ÍPÀ XPÈ STPESS iPÀ SÎNESS rF? SIP¡TÀ3

ñP[ f,Pt

rl0. 1

¡0- 8
41.5
!2 -7
l¡q. 0
4Ê.?
q6- 3

--.-44. 
I

2.817
2.816
2.751
2.672
2. 550
2. tt60
2.¡13
2- 365

0 -21
0. 19
0.1c
0.1?
0. tt¡
0. 11
0.10
0- 07

50. i
45. 0
33.0
33. 3
31.4
2C. c
29 -7
aÞa

21.5
26.7
tt?
29.1
3t¡.0
37. 3

12.5
1?.9
2tt -5
28.8
31.7
30.1
35.3
3?. .r

38-?
41.9
r¡4.3
lt.t.8
42.8
3e.9

36.4
37. 0
36.3
3 S.7
3q. q
33.4
32.1

2t.9
35.1
49.C
57.5
63.5
68.2
7 0.6
7a.1
77.lt
83. 9
88.6
89.1
85.5
79.1

7 2-9
7 4.1
12.6
71. t¡

68.8
66- 7
65. a
6 4.3

58.4
5ó.9
54. 3

53.0
32-6
52.6
53.2
RAI

53. 3
5r¡-7
56.8
59.6
62- 3
63.9

60. 4
65.5
65.7
66. s
67.3
67. 9
68- 1

ó8.5
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23 1230
?4 1232
25 1235
2Á 12u0
21 1?u5
28 t250
2e 1255
30 r3r0
31 1320
32 r3!¡0
33 1000
36 1420
?5 1030
36 rq32
a7 !¿¡35
?R rrso
3C l!05
40 1u50
r¡ 1 rr¡55
tl2 1500
o? t5fi2
lrrl 1557
45 r6"O
E6 r651
41 r710
08 rq'!q
ua 1q20
50 t35q
51 1q20
52 11uQ
53 2002
5q ?110
55 20¿¡0
5Á ?r tc
51 2120qQ ?tt¡0
5c 2151
60 2rc5
ß'f 2211t
62 220s
63 2212
6u 221 5
65 222\

tla¡ <

1170.8
1353.s
13r0.6
'r¿67.5
1:24.c
I t q4. 

-1

1r 5<.3
'!ttc.r
1J<â.5
103â.8
-qor.5
ot4 È

957.1
92q-5
l9a.É
car.3
32a.'¡
7 9r,.1

?l¡o..
601.1
5c0.4
5u7.5qôr ?

{t5.D
t53.?
20a.3
25..q
trc Á
,r ?l¡.0
1r¡5.R
117.8

21.?

-?n t
-20 2

-a?.1
-llo o

-160.0

-!4t.2

tt-21
t¡.31
lf. 4 lt
4. ?¡¡
5.'t 1

5.C0
5.61
5.97
6.33
6.6 Ù

6.93
1.2 3
1 -36
? -112
7.64
?- q4
8. 16
8- 4q
E. 81
9- 06
9.10
9.91

10.40
10.69
I 0.90
11.21
12-1 U

12.5'l
12-85
1?.'r7
13-52
't 3 -1u
1f¡.03
1r¡.31
14.61
1 l¡.91
15.10
15.1 5
15.57
1 5.?9
16. 1é
!tt- 21
16.3q

rr1.0
113.3
113. 5
112.6
1'r 2. 3
111.t¡
110.8
110. 3
10?.1
105.9
105.8
105.7
105.0
106-?
1C6.8
106.8
136.9
107.2
1)6.8
107- 0
1J 5. t¡

103.2
'r03.0
10?.7
102. q

101.7
101. -"
101.2
101.3
101."
101.1
101. 1

101.1
101 .2
'D1.3
101.3
101. 2
102.8
I 03.7
r03.7
't 04.1¡
102.3
101. 6

2.332
2.390
2.319
2.3115
2.292
2-219
2.216
2.117
2.059
2.065
2.011
2.006
1 .989
2-021
2.008
2- 000
1.983
1.959
1.935
7.927
I .89.ì
1.886
1.880
1.86?
1.866
1.857
1-84r¡
1. 837
1.829
1.836
1 .832
1.829
1.824
1- 823
1 .823
1.815
1.810
1.838
1.826
1 .823
1.821
1.7 92
1 .789

0.0 ?
0.07
0. 06
0.05
0.03
0.00

-0. 02
- 0.04
-0. 06
-0.0?
-0.10
-0.11
-0.10
-0.10
-0-11
-0.13
-0.15
'0.17
-0.19
-o-2'l
-0.23
-0.20
-0.21
-o.22
-0- 21
-0.22
-0 -22
-0 -22
-0.23
-0.23
-0.22
-o-25
-0-2s
-o-25
-0.25

-0.26

-0-29
-0.29
-0- 30
-0.31
-0 -32

103.6 243.tt
'lc 6. 5 2tt3.7
roß.q 243.3
105.3 242.q
r0r¡.2 2a2.o
102.0 2.t0.8
101.6 200.0

oo ( 420 2

95.6 23E.9o5.2 23e-7
e3.8 23 8. 1rJ3.P 237.Po3-0 ?38.0
95.0 238.0
9C.8 231.5
9 r¡. ? 231.204.4 236.1
9r¡. c 23É.0ø3.2 235.6
93-2 235.3
91.2 235. 1o0.2 23e,.1o0.2 235.c
P9.F 235.q
P9.3 236-1
89.2 236.0
F9.'! 236.0
F9.1 23é.1
8q.1 235.q
tr?.Ê 23:.q
P9.q 236.1
89.5 23t.6
8e.5 235.1
fig.7 275.1
90.0 235.1
P9.9 235.?
F9. ¡ 235.^
91-8 23i.tto?.2 23u.542.2 23u.5oz-e 234.1
90.5 23q.t¡
90.0 2?u.5

c7.6
¡7 .6
81.1
t¡8 .0
49. 0
50 .2
50. 0
s'.r .6
52. 0
51 .3
52.6
52 -1
52. t1

52-8
53.2
53. q

53. 9
54 -1
5s. 2
5s.5
55.1
54.?
54. 8
55.0
50. 9
54 .8
50. 9
55-1
55. 4
55.t¡
55 -2
55 .3
55. t¡

55.c
55- 6
55 .8
55.9
<R O

56.8
56. 9
57 .3
57-t
56-8

3 1-t
3 2.9
32.9
32.3
31.7
30.6
30.4
29.3
27.5
27.3
26-6
26.5
26.1
21 -O
26.e
)a1

26-5

25-8

2u.9
24.2
2U.1
23-9
23-8
23.5
23.2
t? l

23-O
23.2
23-0
22-9
22.e
22.8
22.9
22.1
22.6
23.tl
23-5
23.q
23.5
22-6
22.4

63-tt
65- 9
65.8
6tt -6
63.3
61.2
60.8
5 8.7
55.1
5r¡.6
53-2
53- 0
52-2
53.9
53.6
53. f¡

53- 0
52.5
51. ó
51.5
49.1
¡ 8.5
48-2
41.7
47-5
¡ó.9
q6. t¡

45.1
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30 5.61
31 5.16
3? 5. q,?

33 5.9?
1[ Á. o'l
35 6.05
i6 Á.lq
3? 6.3u
?q 6-U?
3C 6.61
r¡0 6. R6
trl 1.21
tuz ?.4q
r¡3 1.A¿
t¡ u q.00
f¡5 a.'12
¡ß e.1Á
tr1 8.28
4fì e.3J
r¡g 8.ß5
50 8.94
51 9.2C
52 g. f¡0
53 1 0.03
5r¡ 10.?8
55 10.55
5f, 1C.5R
57 r 0.6t¡
58 10-rs
5q 1 1.08
6o 'l 1.3"
61 l'l . ß7
62 12.0'1
63 12-12
64 12.23
65 12-55
66 1 3.06
61 13.15
68 1¡.05
69 1 l¡. i"
70 r r¡.92
11 15.4q
?1 1É.12
12 '16- 66
13 16. t5
'r4 16.8?
15 17.02

0.1 a1
0. 21ß
0-rq9
0.31:r
0.34 tt

0. ?7?
0.3q7
0.1¡ 1o
0.r¡51
0.tr90
0.501
0.5?0
0.q??
t.530
0.r21
0.81"
0.u2R
0. uco
0.1¡66
0. ur¡B
0.tt17
0.?o5
O.3PF
0. ?95
0.3 97
0. rq'
0. 3',t ?
0. 36 Ã

0."55
0.ls2

'0.336
0.r31
0.129
0.304
ô ?i?

0.3 ''!9
q."17
0- 326
0. ?29
0.128
0.32 8
0.332
0.33 I
0. "100.320
0.314
0. 3. t¡

0.290
0.309
0.30c
0."07
0.t1"
0.319
0. ?2q
o. _a22
0. "090.3 0c
c.312
0.310
0.i0¡
0.307
ñ ?n ?

0.?F4
0.20 t
0.300
0.302
0.309
0."10
0.31 3
0. l'! 2
0.305
0.209
0."0"
0. ?qo' 0.290
0.29 Á

!tP!,tt."ñ cFllt 7r' FRlllzD ñF5!ZD
FÀ! F N3V CC: ERqFIE
DEV s-t?¡ss SÎRESS fll PÍP
s.lFFSq r?A rPA ÍPq
K9l

0.35r¡ 0-?¡o 0.00J
0.433 0.?46 0.052
0.518 0.721 0.093
0-625 o-?08 0.151
0.688 0-?00 0.1 81
0.?5u 0.6c5 0.207
0.795 0.6cü 0.221
0. tr? F 0. 6 95 0.232
0-902 0.70'1 0.2tr7
0.9r.0 0.112 0.255
1 -',ru2 0.127 O.252
1.1r¡0 0.?45 0.2u9
I . (rhr¡ O. ?61¡ 0.23q
1.0r-0 0.?tr9 0-207
1.Ol¡5 0.810 0.180
1.0:-ì5 0.813 0-176
0.8q0 0.76o 0. 162
0.orr0 0.77o 0.169
0.93r 0.?8¡ 0.16q
0. qes 0.795 c.1 52
0.s33 0.30c 0.125
o.?P9 0.1107 0.10q
0.??5 0.809 0.09?
0.?90 0.806 0.'0'r
0.?o3 0.81q 0.096
o.7ç9 0.821 0-081
0.?r¡3 0-c?1 0.072
0.?3? 0.F28 0.063
0-?. o o-a27 0-c55
0.705 0.c33 0.0.¡8
0.6?3 0-827 0.0t1!
0.ó61 0.823 0.01¡5
0.6tP 0.821 c- 04!¡
0.6Cc 0-7q2 0-cs7
0.623 0.796 0.059
0.639 0.802 0.05?
0.635 0.802 0.0s5
0.r.53 0.803 0.0É0
0.558 0.q06 0.c61
0.656 0.Br-? 0.051
0.6:" 0.813 0.051
0-65¡ 0.81ß 0.051
o-6(2 o-a22 0.0q!¡
0.6Á0 0.825 0.002
0.6Ú1 0-82¡¡ 0.035
0.6?8 0.81c 0.036
o-^27 0.81 9 0- 0 36
0.581 0.793 0.0q8
o'6't? 0'806 o'ol¡7
0.616 0.809 0-0r¡4
0. f,15 0.813 0.0t¡ 1

o-63q 0.8'l 3 0.01¡6
0.638 0.82t¡ 0.0-?s
0.6se 0-829 0.036
0.5!:5 0.R33 0.031
g.e'r9 0.823 0.032
O.6rB O.B2u 0.029
O-6?tt 0-82P 0.026
0.620 0.826 0-027
0.6.(r 0-825 0.0?t
0.610 0-825 0.026
0. 60 rt 0. 818 0- 02 c

0.5r.8 0.?95 0.0t1 1

0.58? 0.199 0.041
0-600 0.809 0.036
0.60ã 0.816 0.02q
0.6.? 0.823 0.02t
0.6?1 0-R35 0.01t
0.625 0.81¡0 0.012
0.6?r¡ 0.q4r 0.01 I
0-609 0-835 0.012
0.618 0. cl¡g 0.000
0. 1.1 u 0. 851 -0. 00 5

0.59p 0. cqo 0.00c
0.59? 0.ßt¡1 0.C01
o.Eo? 0.834 0.006
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10c 'r428 1720-o 90.f. p!'lìxåî:f,I TFST
1t0 't600 1r20.5 Fq.8 pEllr.t!.îlo\ TgST111 'l .'00 172O.L e9.t¡ F?llt¡.Tlor 'tEsT1'12 ro?5 112q-1 ec.F ngllx¡TTOF TrSTt5 1gì0 rr15.C au.f, 25u.tt 2.15 so.8 23.9 28-O 56.9 U2-9 3.3?9 0.35
1Á i900 15e".9 97-3 25u-6 2-28 83.1 23.4 29-9 59.? t¡3.3 3.552 0.3r¡lt 19c0 1547.s 9?.4 253-9 2-s3 83.5 2q.',1 29.1 59.0 r¡3.9 3-463 0.3318 200C tÃqo.5 c5.0 2s2-c 2-51 82.7 25.2 28-1 51-5 44.4 3-281 0.31îq 2tz0 t6?). c F?.q 2qE.c 2-A1 BO.4 Zg.u 25.5 51.0 !6..¡ Z-73u 0.2620 2îtto 1581.c F5.C 2u1.6 3.16 79.0 30.p 2q.1 {8.2 tt6.9 2-566 0.2u
21 210" ti36.A F3.5 2l¡(ì.6 3.51 78.6 31.8 23-A t16.8 1t7.4 2-a1O 0.22
22 2120 15Cr¡.6 e2.O 2aG-1 3.?5 t7.A 32.5 22.6 ¡15.3 ð?.6 2.3e4 O.21
23 2'q0 r4Á7.R F1.t¡ 205.8 q.O3 17.t 32.8 22-t r¡4.6 47.7 2.361 0.20

201 2'la1 r:¡66 .? a1 .2 pptÀIìT:cr TEçt
20? 21a2 1oß6.1 90.ß nEIqttçroF TFSÎ2tr3 21uU 1 !Â6.r 19-^ FEtr-tATIO{ 1?S?
204 2148 tC65.8 70-0 REIItÀ-toF 19s-_r
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2u 8Oc
25 410
26 c20
27 830
28 950
29 9r0
30 930
31 933
t2 9.r 5
33 c40
3q 905
35 95n
3Ã 955
37 1 000
38 1C05
io 10r0
B0 1Cr5qr 1020
92 1125
!3 1027q4 rt3f)
05 10u0
46 1 t50g7 1i't 0

301 1111
3tr2 1112
301 1114

"n4 111q
?05 1l2n
306 't200
30? 12tt2
?08 r315
30c 13n5
310. 1500
3t1 1or7
48 't 020
09 rg30
50 1900
s1 1950
12 2Cr0
51 2020
5o 2030
55 205?
56 ?10q
a1 2't 10
5e 21r 5
5a 2120
60 2'r"0
61 21uO
62 2'r50
53 220D
ßr¡ 2?01
ßq 221 O

66 22?O(t7 2230

t¡59.5
1l¡51. 3
10?r.5
1012.l
1?75.7
1337.5
1Z .q1 -C
l¿e7.q
1?a).1
l2r¡.o
1t95."
1-r5a.z
11t9.t¡
1060.9
1tr¡1.6
I 016. q

961.1
o72.C
oot Â

egD.ì
aa2.g
g6t¡.3
qu6.5
ol l.).0
30c-?
glo.t
903.o
80c.8
g0q.?
80q.0
8C".6
80".0
e05.e
8^4.7
qc6.6
q00.0
785-C
7ßá.q
7lr c. F
?c9.0
6 at.1
5?0.1
F?8.0
5lJ.c
q q9.e
\11.2
512.q
r¡ 35.6
365.5
2qc.t
21'1 .8
2)6.2
19C.8
169.9
'!54-0

70- 0
75-6
16.5
77 -O
77.5
77. F
78. I
79.'t
79-7
79. 

')?9. o
79.5
79.6
?9.5
79. ¡
9r.0
79.6
79.5
?c.6
7A.6
7F.0
73.0
17.8
17-5

74.3
?6. 0
76.5
?6.8
71.O'
?6.8
71.3
17.2
77.1
78. I
?8. r¡

78.5
7 8.1
19.2
79-7
3t.0
19.2
f8.7
7 A.1
?8- 5

42.O .

q3.2
q3.8
t¡3.9
rr¡¡.0
ctt.1
c4- 0
44.9
t¡5.3
q5-0
0tt.8
¡q.5
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q.t.2
r¡4.1
4q.0
43.9
¡3- 8
83.5
42.3
41.9
41.8
01.7
q1.4

2.295
2.332
2.339
2 -326
2.314
2.308
2.285
2.31t¡
2.311
2.308
2-29u
2.211
2.256
2-253
2.2ttg
2.223
2.229
2.226
2.206
2.166
2. 161
2.154
2-155
2.147

2-Oq1
2.105
2. 106
2 -097
2.093
2-110
2.10ó
2.110
2.100
2.1 q2

2. 119
2-1 17
2. 110
2.097
2.081
2.062
2.036
2-021
2.023
2.019

?tt.3 2U5.U l¡.10
7q.7 2ut.3 u.17
F0. ( 2U5.2 4.31
80.7 2l¡4.8 t¡.¡¡6
P1.0 24u-tl U.14
81.2 2u4.1 5.0J?
e 1.2 242-C 5.33
82.tt 2t!3. r. 5. r¡ t
F2.9 243-3 5.54
lt? .1 2t!3.4 5.81
82.F 243-2 6.r0
F2.r¡ 242.4 6.40
82. ¡ ?qi.4 6.69
8?.5 2u2.5 ?.07
p2. u 2u2.4 1.21¿
82.5 2u1.6 ?.55
8?.5 2r¡ 1. o 7.85
t¡2.5 2!.1.7 A-12
82-r¡ 2t¡1.5 8.38
E'l .c 2u1.4 8.1¡l¡
80.5 24 1. o 8.ù9
fr0.4 2!1.2 9.68
tro. r¡ 2¿¡1. rr 9.7?
P0.2 2¿r1.rt c.05
78.9 R¡I-ÈrlTrCN 19S1
78.^ PÞL¡trT:OF 9?S1
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7q.u R9l!t!.Trow TEST
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74.0 PFL!tÀ-rO[ 19S1
17.0 242.3 9.10
?8.5 241.1 9.2u
7e-9 2u1-3 9.38
7c.c ztt1.u 9.52
79.2 2!0.1 9-82
19.5 2l¡1.'l 9-9"
7q.8 2¡C.8 10.12
B0.c 2t¡0.8 10..¡q
70.8 2UO-1 10.65
8 1 .9 24O.1 1 0.73
81.3 2?rC.5 11-03
P1.5 2r¡0.5 1r.32
8 r.8 240.2 1 1- 91
c2-2 239-9 12.lrr¡
82.5 239.5 13.03
e2-6 239.',t 1?.62e'r.5 239.0 13.f8
r11.0 23e-0 13.?R
81.0 23e.9 13.9tt
I0.9 239- 1 1r¡.06

32- tr
32.]t
32.1
33- 1

33.5
33. ?
3r¡.1
34.2
34. t¡

3¡. q

34 .6
35.0
35-3
3q.3
35.3
36. 0
35.7
35. 7
36.1
36. 3
36. 1

36.2
36. 1

36.1

27.O
21.6
21.9
2 r.9
22.0
22-O
22.)
22-5

22.5
22.C
22.2
22.2
22.1
22-O
22.0
21.9
21 -9
21-8
21 -2
21 .0
20.9
20.9
20-1

46. O

It6. B
¡7- 3
q1.7
tt8.2
l¡8.4
48- 8
49-2
¡9. 5
l¡9.4
49.5
49.8
50- I
50.0
50.0
50.7
50.3
50.3
50.6
50. q

50- 1

50- 1

50- 0
tt9-9

48.5
t9..r
q9-1
50. 0
50.2
¡9.9
50.2
50.1
50.2
50.8
50. I
50- 9
51.1
51.6
52. 1

52.5
52. 3
52.1
32-2
52-1

0.21
0.20
0. 1c
0.'t 7
0. t6
0.14
0.r3
o-12
0.11
0.11
0. 11
0. 09
0.08
0.08
0.08
0.05
0.06
0. 05
0- 05
0. 04
0.05
0.0r¡
0.05
0. 05

35.6
36-'r
36.3
36- 6
36.8
36. t¡

36.?
36.6
36. ?
36- 8
37. 0
3r.1
37-3
37. I
38-3
38- 8
38.9
38. I
38.9
¡t8.9

1a. 3
19- 9
20.1
20.1
20.1
20.2
20- 3
20.3
20.2
21.0
20.7
20.1
20.7
20.7
20.1
20.6
20.1
lo o

19.9
19- 8

38.?
39.9
¡0- 2
40.2
t¡0.2
¡0.4
4 0.5
tt0- 6
l¡0.4
tt2.0
41.4
c1.q
41. q

rt1.4
q1.4
41.2
40.3
39.9
39.8
39- 6

0. 10
0- 06
0.05
0.05
0.02
0.04
0.02
0.02
0.02
0. 02
0. 01
0.01

-0.00
-0.02
-0.03
-0- 05
-0.0<
-0.06
-0.0f
-0.05
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Â DEPTH = 8.5ó !ÎîPFS rO

= 5q-50 FPÀ

= 210.00 rPì
= 5c.50 rPt

DÎ ÞeD
a 9{F
SlFcr'\

1 0.00
2 0. ol
? 0.1?
tt 0.?6
5 0. r¡1
Á 0.5?
7 0. ¡¡,
I 0."q
c 1.07

10 1..1c
1 I 1- 63
12 1.7q
1-? 1. 92
I 4 2.O7
15 ?.1S
16 2.211
17 2.1t3
1 c 2.51
1a 2.97
?0 3. 16
21 3. 51
a) ? ?<

23 tr.03
2U 4. 10
25 t .'t1
26 4.3r
27 l¡. t¡Á

ztl 8.7¡¡
2q 5. D3
30 ç.3r
31 5.41
?2 s.5r
33 5.91
în 6.10
35 6.¡0
?6 ß.6q
ît 7 -t)'l
3P 1.?e
30 1.55
40 ".ft5o'l q. t2
tt? 8. 3rì
4? g.4r¡
44 q.¡c
¡5 8.6r¡
¡6 A.77
u7 9.05
r¡8 9.10
49 9.2u
50 0.lrl
51 c-52
5? 9. R?
5a 9.97
54 10.12
5c 10.4r¡
56 1 0.65
5t r0.7?
58 ll.o"
59 1'r-32
60 11.91
6 1 12.4u
62 r3.03
6! r3.62
6U 11.Ác
frs 1 3. 7tl
6ß .t ?. gl¡
Ã1 1 q.06

!lePI.Z!ì t¡!liz¡
EÀI F DEV
D9v S'D :'Ss
qqÞÞ Sq XÞ q

rpÀ

0. rl¡c 0.?98
0.1 ? 1 o.3u2
0. ?89 0.57rrì
0-Jìur 0.690
0. 393 0.7tr6
0.1¡t4 o.Rt¡B
0. u50 0.900
0.812 0.91¡ 3
0.509 1.0r8
ô.<u0 1.091
0.863 1.12(
0.57n 1.13q
o'5ìo 'l'11¡1
0.q6a 1.O.q
0. n18 0. qc6
0.<02 1.10t¡
0.4ô9 0- 99q
0.ûc3 0.1¡<Á
0.u28 0-f¡:7
0.4cc 0.F1r
0.30 a 0.7HÁ
o.rqr 0.1c1
0. J?aÈ 0.7(0
0.'53 0.?05
0. ?Á ? o.7?_5
c.3Áq o.736
0.3Á9 0. ?3rì
0.370 0.7rr0
0. 370 0. ?r¡.t
0-350 0-7¡c
0. r??F 0.":5
0.?81 o.'tF?
0. ?fB 0. "có0."'6 0.753
0.3"4 0-1u1
0.173 0.74 5
0. ?? 2 0.7t¡ 3
0.3?0 0.7t¡ 1

0. ""0 0.7¡¡ 0
0.?6q 0.?3f¡
0.158 0-736
0.3ß6 0.732
0. ?56 0.7.2
0.3R2 0.705
0.3sr 0.702
0.r50 0.?0'r
0. 34q 0.696
0.325 0.650
0. ""q 0. Â"0
0."?7 0.6?5
0.32f 0-6.75
0.??P 0.Á"Á
0.3u0 0.67q
0.3r¡1 0.ßP2
0-3r¡1 0.¡pr
0."3q 0.6?9
0. t5_" 0.706
0. ?48 0.696
C.3l¡P 0.f,r¿ß
0.3 U a 0.60r)
0.ìt¡tl 0.6!?7
0."4Þ 0.¡,oÉ
0.3t¡6 0.fìlfz
0.339 0.€'17
0.335 (r.670
0.33t¡ 0.5É9
0.3t3 0.f.Á4
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5r q.51
52 3.66
53 8.12
5 r¡ q.18
55 tì. 01

56 C.07
51 q. ?rq8 o. 1<
59 C.47
ß0 q-r6
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62 t C- Cc
63 11.4f1
6rt r2.07
6 5 12.61t
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68 12.81
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11 .t 3.10
72 1 3.23
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19 t 5.46
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0.t3t r.07l¡
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0.791 1.594
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0. c¿t I 'l .6c'l
0.7c6 1..12
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0.501 1.1fi2
0.601 1. ?1t¡
0.60? 1.206
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0.6 02 1.20u
0.600 1.'00
0.5qÁ 1.1o2
ît.612 1. ?23
0.É16 1.2J3
0.Á1t¡ 1.:28
0.3',2 1.225
0.Ái1 1.221
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0.617 '1 .234
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0.59c 1.175
0. 5q 6 1.112
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0. c9 ? 1. ,t86
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0.501 1.181
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0.s70 1.158
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0.s93 1.186
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0.qco 1.1P7
o-5c1 1-'!83
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0.585 1.170
0.57o 1.1cÞ
0.5?q 1.'r58
0.5q0 1.'t5c
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14.6
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8.0
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31. 1

31.q
31. 6
3 2.1
31- c
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19. 0
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t9- 1



202

19 920
20 93q
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22 9q0
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2\ 1 120
25 10¡0
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r135.5
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22.6
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22.7
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23.8
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23.q
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2r.8
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21 -3
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21 -8
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21.9
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2.915
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2.84u
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2. 853
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2.809
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2.630
2.643
2.612
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2.623
2-629
2.571
2.7 31
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2.705
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2 -719
2.640
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2.631
2.6 36
2.620
2.565

õ. i¡
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o-52
0.52
o.52
0.52
0.52
0.52
0. s0
0.51
0.52
0.48
0.48
0.o8
o. u1
0..r7
0- c7
0.4?
0. ¡6
o.r5
0. ¿6
0.46
4.47
0.50
0. t¡9
0 .50
0.50
0.53
0.09
0.1¡ 8
0.48
0.lr 9
0. q7
0. ¡6
0-4it
0. ¡¡8
0. .t7
o.41
0- t¡6
0.51
0- 49
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0. t¡9
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0-.¡6
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5Á.lr 2u5-9 9.03 ?7.5
56.2 245.8 9.5u 37-1
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55.8 246.0 9-F5 36.6
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56.0 2u6-5 10-12 35.3
55.9 2r¡5.8 11.22 36-5
57 .7 206.? I t - 38 37. 4
58.0 2L4.5 1 1-58 ?7.7
58.0 246-5 11-91 37.5
ç 8.2 2t(- 3 1 2.1 9 37.6
58.3 2q6-1 12-51 3?.8
5q.1 246.t¡ 12.76 37.4
5tì.3 2.té. rr 13.11 37- 6
5P.5 2u6.2 1 3.3 9 37.7
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¡8 tr.3q
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50 ,! t.qt
5r 12.1c
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5r5 r¡.îl
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58 t3.E8
59 t0.oo
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6¡ t5.qq
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0.00)
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0.q03
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0.4 0ç
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0.367
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0.3?5
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0.30'l
0. ?66
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0.263
0-25c
0.256
0-?s0
0.25J
0.2 q1
0.24|t
0.237
0. 2t¡ I
0.2?5
0-222
0.234
0.22\
0-231
0.230
o.2U4
0.222
o.?37
0.244
0.2C4
0.23t
0.231
0.20 1

0.20 r
0.23rt
0- 234
o.225
0.201
0.231
0.230
0.231
0.231
0.23rt
0.222
0.222

FR'?12ñ
Fì!- P
D9v
Q1Þ ÞCe

iP¡

0.12É g.?52
0.20¿¡ 0. ¡0!¡
0.3.? 0. ?t¡4
0.410 o-821
0.ott7 0.Brq
0.4Á3 0.9??
0.¿r7c 0.958
0.0q0 0.9Á0
0.483 0.9Á6
0.uc2 o.gfJ5
0.t¡C8 0.qgc0.c00 1.')00
0.-c08 .!.0r7
0.50r¡ 1.008
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0.u21 0.812
0.391 o.'tÍ1
0. l¡0 3 0.80Á
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0.19? 0.79r¡
0.30q 0.?880.391 O. ?rl"
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0.3c2 0.?8-?
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0.35? 0.?r4
0."q8 0.7160.360 o.?re
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0.1?q 0.750
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0.3?ß 0.753
0. ?78 0.756
0.3'8 0.756
0.374 0. ?.r B0.3?s 0.7f00.376 0. ?530.375 0- 7qi
0. "t r o.7tt2
0.362 o-723
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0.357 o.?1 l0.36s 0.731
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0.363 0.?25
0. "61¡ 0. ?ZB
0. ?-q 4 0.708
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0.?'r 9
0- Á41
0.628
0.6 10
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0.600
0.595
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0-59q
0.601
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0.591
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0-614
0.623
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0.640
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0.6 E3

0.674
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0.690
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0.689
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2.885 0-61
3.00? 0.61
3. 101 0.60
3.191 0.61
3.258 0.61
3.335 0.61
3. 3 9¡¡ 0- 60
3.449 0.60
3.486 0- 60
3.533 0.59
3.559 0.58
3.614 0.57
3.566 0.56
3.525 0-56
3. r¡66 0.55

3-222
3. 423
3.513
3.493
3.259
3. 087
3.062
3.059
3.053
2.949
2.816
2.835
2.791
2.725
2.658
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07. 1
q7. 4
u7.6
tt1 .6
q7. 5
0". 5
¡¡7- 6
47.1
41 . -o

t¡?.9
48.0
rtc.3
t¡8. 0
48. r¡

¡8. 3
q8.1
¡¡9.4
q8. 3
48.2
43.1
g8- 3

30.6
31. ?
38.1
37- c
34.1
30.6
2 8.8
21.2
26.5
2s.5
25.3
25.0
2r, -O
26.2
.26.',|
25.4
25.5
25.3
25.5
20.3
2tt.2
24.0
23.7
23.3
23-6
23.1
24.3
21t.2
2u.2
2.t.0
2u -o
23.9
23- 8
23- 0
22.9
23.0
22.9
22.8
22.8
22.6
22.7

61-2
63.5
76.2
74.8
64.2
61-2
57.6
54.5
52.9
51.0
50-5
50.0
52.0
52- 3
52.2
51.5
50.9
50.6
51.0
t18.5
¡8.5
47.9
47-4
06.6
q1.2
q6.3
rt8-6
¡8- 5
48. q
48. I
08.0
47 -1
¡17.5
|t5.9
45.9
r¡5.9
q5.8.
4 5.6
tt5.7
¡5.2
45. tl

59.9
57.7
60. ?
60.8
61. 0
6'r. 6
62.4
62-7
62.6
62.1
62- 9
63.3
62.9
63.2
63. 1

63.3
63.1
63.4
63.6
63.2
63.3
63.4
63. rt

63.1
63.2
62.9
63.8
63.9
6tr- 0
63.9
68. 0
64.2
63.8
63.7
63.6
63- t¡

63- ?
63.5
63. g

63.2
63- 0

2. 550
2.739
3.160
3.08r¡
2-780
2.s85
2.333
2.224
2- 176
2.1r6
2. 099
2.013
2.141
2.143
2.1 42
2.118
2-104
2- 088
2.09r¡
2.033
2-O29
2.011
1-995
't.9?9
1.994
1-974
2-021
2.016
2.01 0
2.004
1.999
1. 988
l -990
1- 9C9
1 .950
1.955
1.946
1.944
1.9.r7
1.941
t -940

0.58
0.6 

-?

0.50
0. 50
0. s2
0.54
0.5r¡
0. 55
0.55
0.56
0. 56
0.57
0. s5
0.53
0.5r¡
0- 53
0.55
0- 54
0.53
0.56
0.5ó
0- 55
0. 5ó
0.5?
0.5ó
0- 58
0.53
0.52
0.52
0-52
0.53
0.51
0.53
0.55
0.5s
0.56
0.55
0.56
0.56
0- 57
0.57

101.2 230.3
103.9 23_". O

119.0 23U-4
1 1 7.5 233-9
110.0 2rt.5
102.0 228.6
c8.0 22t.5
94.5 2?r.1
92- 9 224.5
9 0. 8 'r23.7
90.5 2?3.5o0.0 223.3
92.5 223-9
9ì.0 223.6
93-0 223-6
92.5 223.2
92.0 22a.3
c1. P 222-892.5 222 -1
8e.5 222-2
89.s 222.1
89.3 221.6
F8.7 221-6
88.0 22'1.5
89.0 221.6fffJ.0 221.5
9 !.0 221-4
9r.c 221.3o1.1 221.1
91.(, 221.'lrr1.1 221.1
9'r.0 22O.6
o1. c 221.0
Fe.0 220.6
89. C 220.6
8e.3 220.7
89.q 220.1!
89.5 2?0.1
Fe.8 22o.1
P9.5 220.7
90.0 220.6
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Sì;PL9{C.=!o22 Fnl9 rC. = 6 DEPI!{

= 93-00 rPA
= 380.00 rPÀ
= 93-00 rPt

3.74 PB-RES TO 8.92 tElR?S

corsol.rDÀîr1\ !.t:lL sTÞFce
PRE:O{SDLlñ!1 rl{ PqSSSTR?
FfF,!l_LI?:{G S3R9SS.

r]RtÀL:ZED SHEqF lEST Þ95I'LTS

PT D9A
CÞ¡'
S T RI-N

1 0.00
2 0.04
a¡ c. 1"
5 0.32
6 0.50
? 0.6s
c c.90
9 0.91

'r0 1.1ì
1'.r 1.47
12 1.Bo
t 3 2.1ú
10 ?.5C
'l 5 2.65
. F ?.ïtr
11 2.C9
18 3.33
19 3.66
?0 !.o2
21 u. 35
2? 0.7C
?3 5.0r¡
2L 5-2?
25 5.38
?^ 5. q?

26 5. 7t¡
27 5. qq

2ry 5.9R
29 ó.0f.
"0 6.21
31 6.39
12 6.1'lj? 7.11
3q 7. q6
15 7.80
36 8.17
?? 8.50
3A 8.80
39 e.00
00 9.'t2
r¡1 c.3?
47 9.ßu
o1 10-02
!4 r 0.4tû5 't 0.68
q6 11.01q7 11 .0¿r
6n 11.rq
r¡o 11.91
50 r 2.00
51 12.L1
32 '12.1j
53 1 3.07
5l¡ 13.1?
55 13.3fì
56 t -".685? 1 r¡. Oft
58 14. q't
5c rü.75
60 15.0?
ß1 15.!t
62 1 s.26
63 I 5.60
60 r6.15
65 16. rt9
ß6 ,r6.?E
67 I?-'t6
68 17.56

sçrFT 1C820112 EFD 19820113

{FJL?I FFVIZD IIRI'LZD TBTLZD
F!.1Þ D9V Oe" CBÀllîr
DIV STR¡SS STRTSS :tr PNP
STDFSq rDq iPÀ XPÀ
IPÀ

0. r23 0-2u7 0.?50 0-000
0.112 0.3ü5 0.730 0.C59
0.2< 3 0.52Á O.lr92 0. t 5q
0.30q 0.608 0.676 0.2c1
0.32r¡ 0- 6t!" 0-658 0.23r
0.3¡2 C.6(u 0.650 C.2rt4
0-31a 0.611 0.64? 0.257
0.3f¡2 o.frer¡ 0.63? 0.265
0.350 0.600 0.6?1 0.?75
0.J158 0.71ó 0.622 0.28)
0.:rf6 0.??1 0.61? 0.29a
0.3"3 0.'tl¡5 0.610 0.301
0.37n 0.75? 0.610 0.30e
0.3q0 0.760 0.613 0. "0a0.2c J 0-?..6 0-612 . 0- 11 0
0.-r3Á 0-772 0.614 0-31C
0.3q0 0-781 0.Á1rr 0.312
0.3c6 0.'t92 0.Á20 0- 31 t
0.?q2 0.?oq o.rr22 0.310
0.ü1r¡ 0.8q8 0-ó25 0.39¡
0.4o8 0.c1s 0.63? 0.30t¡
0.ü0e 0.8tF 0.635 0.-?0J
0.rîq 0.f].5 0.(38 0.295
0.u0q 0.rìr1 0-6t¡1 0.291
0.rr15 0.¡t0o 0.6t¡6 0.285
0.û0q 0.800 0.648 0.28r
0.rrl? 0.eQq 0.6ü9 0.281
0.32q 0.65c 0.644 0.2U1
0.341 0.6e2 0.620 0.27u
0.rr.0 0.8?c 0.653 0.285
0.ll02 0.fìou 0.65¿¡ 0.28?
0.365 0.733 0.65á 0.25r¡
0. "2c 0.6qs 0.662 0.223
0- _?1c 0.619 0.671 0-20J
0.203 0.58ß 0.67r¡ 0.185
0.:aû 0.569 0.É?o 0..!7c
O-?aq 0.5r¡g 0-67r¡ 0.17C
0.21? 0.5uu 0.676 0.168
0.260 0.538 0.680 0.165
0.280 0.5É0 0-617 0-172
0.2q1 0.563 0.ó80 0.169
0.280 0.5.r'! 0-{578 0.169
0.211 0.5s4 0.680 0.165
0.270 0.5n? 0-6?8 0-1660.212 0-5r¡4 0-681 0.161
o-27L 0.5t¡8 0.68ü 0.1590.251 0.522 0.679 0.150
0.7^1 0.521 0.680 0.1 53
0.258 0.51s 0.581 o-1u7
0.255 0.s09 0.682 0-147
0.251 0.501 0-679 0.1t¡40-?Ê4 0.50F 0.q80 0.147
0.2r¡9 0.r¡98 0.6-11 0.146
0.:6 1 0.5?2 0.686 0.1 r¡50.261 0-521 0-68? 0.1ttrl0-260 0.520 0.698 0.1e2
0.25c 0.51? 0.68? 0.1420.?58 0.51 6 0.6C8 o- 1 u2
0.256 0.5.11 0.690 0.13?0.255 0.51 r 0.686 0.1t¡10.2u1 0.tt94 0.685 0.13'o.2tr7 0.4!r? 0.68r¡ 0.1370.247 0. qoo 0.682 0.t33
o.zttç. (r.n92 0-6F5 0. l3u
0.?¡¡5 0.q90 0.683 0.1380.2¡6 0.r¡.r1 0.682 0.139
0.243 0.4F6 0.6?9 0-138
0.2qt¡ o.t¡ec 0-682 0. 137
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ItrlTYgRs?îY 1P :lrtTl^q¡
slrl rtgcBÀNTcs L!,FOFÀññRf
PTEFCT CIL'n! q 1:l{S

.*.. ErGTtrÞFRJlfÊ çTq.t-lll :rrr

Sq!:ÞLg F?. = T ¡0'l 80LE ùc. = 6 D3PTR = 11.q8 ffrBES 10 11.66 IIETBES

-9S- RESÍILTS r STIÞ- 1981 0s20 EwD 198 1061¡

Dñ ?PPg:I 9ÞP91T DEY EFSFCI I.Y:¡.L R 1DIÀL VOL I.SST LS{V T.EITà llTÀL
SJG!Ì1 SIG|!3 STPESS CCT STRI.IN S:N.qIil STFIIN EUENGY EXBBGÍ
rPl (Pl rP!. STFESS r t f FPq I Kx-l/vOL KH-F,/YOL

xPq

1 t18.7 11-2 .r1.5 91.0 1.556 ).22' ,..995 0.0 0.0

2 135.4 q3.8 4!-6 1O'!.'l 1.816 C.314 2-4q5 23.8 0.3

I 153.1 111-6 4'r.5 125-" 2.099 0.rt47 2.992 59-6 0.6

r¡ 171.r r2q.Â 41.3 1r¡3-6 2.331 0.5É9 3-4?5 91.0 0-9

5 18?.8 14A.2 r¡1.5 't60.1 2.583 t.687 3.957 119-6 1.2

6 205.É 16r¡.1 u1.5 't77.c 2.F15 0.82) u.412 150.5 1.5

7 222.1 1q1-2 ul.-< 195.0 3.026 J.932 4.890 180.1 1.8

B 239-1 198.2 01.5 212.0 3.236 '1.03F,. 5.308 209.6 2.0

a 25ó.q 2t4.9 u1.6 22e-8 3.4?3 1.183 5.839 238.6 2.4

10 21A-u 232.1 4'1.7 2u.).6 3.?34 1. -166 6..t56 269-4 2.7

11 292.3 2s0.P 01.5 2ó4.6 3.980 1.525 7.031 300.7 3-1

12 30C.0 261.e l¡1.5 281.1 4.233 1.692 1.617 330.3 3.q

r3 326.2 288.6 41-6 29C.5 rt.r¡57 1.825 8.107 359.3 3.1

1.r 344.e 3C3.5 !1.c 317.3 q.121 2-007 8.735 391.9 q.1

15 360.tt 318.4 t2.0 332-u 4.99r¡ 2. 18r¡ 9.3rr2 t118. 1 l¡.1¡

16 1t8.5 13".3 r1.2 351.0 5.258 2.341 9.941 ¡50.3 r¡.8

r? -195.0 -r53.4 01.6 367.3 5.527 2.q89 10.50C .t78. e 5. 1

1n r1¡.0 \72.Á 4l-s 386.4 5.815 2-65t t1-115 511.6 5.5

19 ¿30-9 399.5 c1.r¡ 003.3 6.600 2.500 11.613 540.9 6.0

20 r¡48.1 006.7 ùt.rr q20.5 6._i31 2-901 12. 1rt5 37A.1 6.'t

21 465.5 02o.1 ot.4 ¡37.9 6-596 3.0o) 12.61( ó00.8 ó.4

22 ¡82.o e41.1 r¡1-3 q5q.9 6.83c 3.151 13-'lrt2 é30-2 6-1

0.00 0
0. rr93

0.093
0.679

1 -112
0-682

1.85¡¡
0.761

2.621
0.895

3-51 6
0.809

4.32 5
0.880

3-206
1. 195

6.4 01
1.5r2

?.91 3
1.433

9.39 5
1. 60e

1 I-005
1. 447

1 2 .451
1. 955

1r¡.q08
?- 063

16.q?1
2.008

r B-¡79
2.056

2 0.53 5
2.337

22-872
2-224

2 5.096
2.00s

27 .101
2.315

29.tt'11
2.116

3r-533



ui!vERsr"fY ol !r F!ToFA
SDTL ñBCHÀqICS LIBOPÀÎ^PY
!{!BG? ClLCnLllr0!tç

rtrt 9tr3T'IEERIÍi SIFqI{ .rrr

S¡ lPtF çO. = ! l¡12

-ztj-

DgP?{ = 11 - 0I ttETsPs 10 1'l - 66 ;EÎ BgSFOIF ro. =

q?qP: 19n105?: ErD 198r0?28lPS: R?Sf.rLlS

EFEECT
s IGrtl
(o!

1 11 8.9

2 I 35.6

1 r50.r¡

q 'r"0.Ê

5 189.2

6 205.0

't 223-1

8 239.9

9 251.7

r0 27u.8

'r 1 2c2.1

,2 ìfìo.1

t3 326.8

SAIP!9 wC. = I

13ST R9çttLñS

9T BFFPCT
srG!!t1
.Þ¡

1 11ß.4

2 131.9

3 108.1

q 1ó¡.2

5 1 78.8

6 1 87.6

? 'tq¡.4

8 200.9

9 20q.5

1 0 223.1

11 2tr0.'!

1 2 255.1

13 2'12.1

ÎPFÎ'CT ¡EY EFFECT
sIG:13 STR95S OCT
XDA TPq SÎRESS

rPÀ

1'r.2 q1.7 91. t

95.2 4'!.4 t09.0

1.1 3.1 u1.r¡ 126.8

'r29-E 41.q t{3.2

r!¡7.o 41-3 1ó1.7

163.c q'1.5 111.3

1e1.9 41.r¡ 1o5.7

199.3 r¿0.6 211-8

215.2 s2.5 229-4

23?.-? t¡1.5 24't.1

?50.'1 41 . l¡ 2 6l¡ . 5

2Ê'l-A n..( 28.-U

?9 5. o ¡¡ 1. r¡ 299.2

ttr¡t nÀD:¡L
slRtrr srStrr

tl

1.508 0.215

1.847 0- 369

2.0c6 0-539

2.316 3.629

2.505 0-665

2.10q o-15i

2.e22 0.8?5

3- 141 1.030

3-q25 1-22q

3.63c 1.363

3.829 1.48r¡

o- 0r¡l 1.585

rt-231 1.712

2-061 0.0 0.0
0- 593

2.5ft5 31.0 0. t¡

0. ?16
3.174 61. I O.7

0. 576
3.5.'¡t 90.2 0.9

0..¡r¡1
3-836 122.2 1. r

0. ó83
4-221 tqg.r¡ 1.4 

0.935
4.711 1S1.2 1.1

1 -O2t
5.202 209.1 2.0

1.505
5.873 239-5 2.3

r.191
6. 3l5f¡ 210. ? 2. 6

1. 127
6.191 300.3 2.9

't- 169
1-214 329.1 3.1

1.301
7- 6 56 360. rr 3- q

0.000

0.593

1.309

1.885

2-126

3.010

3. 9¿¡ q

4.968

6 -,r7 3

?.6ó3

8.791

9.960

I 1.261

DELÎÀ TîTIL
ETEBGT EIERGY

rN-!t/vOL KÈ-:/VOL

0.000
o -32s

0. -ì2I
o-426

0.751¡
0. q31

1.186
0.347

1- 532
0.2 83

1.815
0.254

2.069
0.208

2.271
0. 5?5

2.853
0.552

3- ¡¡05
1.101

c-506
2.594

?. r00
0. r¡31

7.531

90I
S1 BÀIT

t
LSSV LSnV DELÎA 101ÀL

EIEBGT !fEBG'
KPÀ I ÃÉ-Ã/90L ßB-!/roL

t-

n{Iv9RStTY OF l¡.{f-ñq¡
sl:L :3-8À\:as Lt B')Þ¡ lrPY
!\rRcf ctlctt! lITlìNq

*rr. E!Gr{91R:!fì SlCl-}¡ rrt*

.¡3 3 FOL9 11. =

çTlP" 198106ft8

3?t?1^ nEv PFPPCî
S I G:! 3 STRESS OE?
RP q FPÀ SÎF9SS

XP¡.

17.3 q1.6 91.2

81.2 50.7 98-1

86.9 61.2 t07.3

s 2.2 12.0 1 
,t6. 2

96.9 P1.9 12'1-2

t00.0 R7.6 129.2

102.¡ c2.0 1_?3.1

104.3 96.6 I 36.5

105.2 r03.3 139.6

112.'t 110.ù 1trg.5

1 1 7.8 122.3 158.6

123.tr 13r.7 167.3

12A.'t 14t¡.0 176.1

nEPTH = rt-qB ¡ETnrs To 11.66 tErBEs

INn 19F'r0520

IfTTT FTD:ÀL
sTBÀII srSt-rr

tf

'l .501 0.115

't.761 0.119

2. 0?3 0- 1 0t

2.392 0.0?¡

2.630 0.0.r2

2.820 0.009

2-973 -0.010

3.112 -0.0r¡3

3.¡55 -0.103

3.795 -0.1F7
q- q30 -0- 347

6.030 -0.91 r¡

6.329 -1-05fi

vn! LSSY LSIV
S TBÀI II

TiPÀT

1.732 0.0 0.0

't.996 trt. 1 0.3

2.29? 32-2 0.6

2.540 50.0 0.9

2.713 66.0 1.1

2-837 15. t 1.3

2-952 e3.4 1.5

3 -026 9C. 5 't.6

3-289 97-9 2.0

3.422 1 1s.6 2.3

3-135 r34. I 3.0

¡.202 .51.0 q-8

.t.211 170.1 5.1
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.tt. EEGIr!9FRrfî STFÀ?tC rrri
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DEPTA = 11..tR lS¡REs T0 11.66 rEltES

19I'r08 19STIP- 19e10621ì ETDTESl R9SNLTS

Þr EFFgîI
src!! 1

FP!.

1 r1¡.8

2 13t.9

3 t t¡7.2

It 164.3

5 r?9.2

6 1 87.5

7 190.9

c 202.6

I 21 1.0

10 21C.8

1 1 225.4

12 23 3.6

t3 2¡r.0
r4 25ó.0

15 268-9

9FF3C- IìgV EFFECT
sIG'1À3 STRESS 0CT
(D -q rPÈ sTP 9SS

iP!.

11.2 tt1.6 91.1

q 1.3 50.5 98.2

8s.9 É1.3 1C6-3

92.e 11.7 't 16.5

oq.o P1.7 123.2

100.5 8?.0 12q.5

103.0 o1.o 1-?3.6

1Ð5." 96-9 't_"8.0

108-a 102.1 1q2.9

'r11.c 107.0 ,!q7-5

113.q 11'!.9 't50-8

r1Á.3 1r?.3 .!:5.r¡

118.7 122.3 159.5

123.9 132-1 1É?-9

12e -7 I 00.2 I 75. q

lrr!-L BtDrtL
slBlrt¡ stEIIN

rf

1- 253 t-3C2

1.602 t.3rtz

1 -922 0.315

2-251 0.309

2.502 0-273

2-661 0.293

2.807 0.24)

2- 9qq 0.1 89

3.r2q 0.19!

3.336 0.1q7

3- 586 C- 1 15

3.8?4 0- 059

q- 3û6 -0.058

5-289 -0.298

7-166 -1.299

VOT ISSV LSIV DELT¡ ÎOTAL
SIN¡:T EIENG' EiEBGT

t f,Pt f KX-l/voL r t¡-!t/YOL

1.9?8 0.0 0.0
0. 405

2-286 10. 3 0. rt

0.401
2-552 31.0 0.7

0.5 02
2.869 50.4 1.0

0. 3 6rt
3.0r¡9 67-6 1.3

0.3q3
3.25r¡ 76.2 1.4

o.177
3.305 80.4 1.6

0-1q8
3.323 93.0 1-7

0-381
3.511 'r02.5 1.9

0.3 5¡
3.631 111.3 2.1

0.c85
3.819 118.3 2-4

0.52 8
3.9c1 127.s 2.7

0.8q5
6.230 135.6 3.1

l -?61
Ir .693 1S2. 3 0. 1

3- 974
5.169 166.8 6.9

0.00 0

0. r¡ 05

0.806

1- 308

1.672

2.015

2- 192

2.340

2.121

3.0?5

3.560

0.038

tt.934

6.695

r0.669

n{lv9RsIlY 0P lrqJFôql
soTL tgcPtNres ItFo9AT^nY
EñERGy :!.tCn!.tnJfrs
.r*r ?rGfI9?RIÍ'ì STF!.:rÍ t.1r

slltDlgtC.=T405

??s! BSStt:s

PÎ ErIECî
s TGI¡ I
(Pl

I 117.8

2 111.6

3 t t 8.9

q 119.9

5 122-1

EF9BCI ñZV ?PP?CT
srGllÀ3 SlBPSS OCT
(PÀ fPI SIP9SS

rPt
76.9 ô0.9 90.5

5 B. i t¡9- 5 8.r-6

6 0.2 58.7 ?9.8

c 2.'r Í,1.2 ?5. I

¡ 3.8 78.3 69.9

II I ¡T, RÀD:I.L
sr8trf, srlàrr

tÍ

1-472 0.20¡

t- 5¡9 0.1 8C

1.102 0-078

2.00s _c..t1_c

2- 305 -0-167

1.960 0.0 0.0

1.909 12. l¡ 0.'l

1. 858 i3. 6 0.3

1.173 3c.3 0.7

1.770 t¡?.0 1.1

0.000
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