L]

[

National Library

of Canada du Canada

Canadien Theses Service

Ottawa, Canada
K 1'A ONA4

'CANADIAN THESES

NOTICE

* The quality of this microfiche is heavily dependent upon the
- quality of the original thesis submitted for microfilming. Every.

effort has,been made to en,sure the hrghest Quality of reproduc-
tion possrble

-

It pages are mnssrng contact the university which granted t}ve
degree

Some pages may have mdrstrnct print especially if the original
pages were typed with a poor typewnter ribbon or if the univer-
snty sent us an inferiér photocopy.

-

Prevtously copyrighted matenals (journal artrcles pubhshed

tests, etc.) are not filmed.

Beprdduetion in fuII or.in part of this fil is governed by the

* Canadian Copyfight Act, R.S.C. 1970, ¢. C-30.

- : . -

| = THIS DISSERTATION
'HAS BEEN. MICROFILMED -
EXACTLY AS REQEIVE_D (
o NL'339(0’85/06) : o SR -

Bibliotheque nauonale

Services des théses canadiennes

-

THESES CANADIENNES

aviss 7

La qualité de cette microfiche dépend grandement de-la qualité ’
de la thése soumise au microfilmage. Nous avons tout fait pour

. assurer une gualité supérieure de reproduction

._\\

A Nous L'AVONS REGUE

S'il. manque des pages. veuillez commumquer avec lunlver
sité qur a conféré le grade

BN
LI

La quahté dlmpressmn de certaines pages peut laisser a
désirer, surtout si les pages originales ont é1é dactylographiées
& I'aide d'un ruban usé ou si 'université nous a fail parvemr
une photocopie de qualité mféneure

-~'Les documents quifontdéjar objet d'un droit d‘ameur (articles

de revue, ‘examens publigs, elc.) ne-sgnt pas microfilmés.

La reproduction, méme partielle, de ce microfilm est soumise.

a la Loi canadienne sur le droit d'auteur, SRG 1970, ¢.-C-80

- \LATHESE A ETE .
MICROFILMEE TELLE QUE

5’.

. IR K ;“.-/4. R Uy



THE UNIVERSITY OF ALBERTA.
GEOTECHNICAL® CHARACTERISTICS .OF GENESEE CLAY
by

Chan Wen CHAN CHIM YUK

i T

A THESIS
SUBMITTED fO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
.IN PARTIAL FULFILMENT- OF THE REQUIREMENTS FOR- THE DEGREE

OF DOCTOR OF PHILOSOPHY

[N
- %

‘

'DEPARTMENT OF CIVIL ENGINEERING

EDMONTON, ALBERTA .°

. Spring 1986 ‘
. ; o R » 1t o



o

N\
St
i

Permission has "been granted
to the National Library of
Canada to microfilm this
thesis and to’  lend or sell
copies of the film.

Al

‘The author (copyright owner)

has reserved "other,
publication rights,. and
neither the thesis nor
extensive extracts from it
may be printed or, otherwise
reproduced without: his/her
written permission.,

" 1SBN

j v
L'autofrilsation a*&té accordde
a2 la’ Biblioth@que nationale
du Canada de microfilmer

‘cette- th&se et de préter ou

de vendre des exemplaires du

film. \

L'autéur (titulaire du droit
d'auteur) 'se réserve les
autres droits.de publicationy

ni la th&se ni de longs:
extraits de celle-ci ne.
doivent @tre imprimé&s ou

autrement reproduits’ sans son
autorisation écrite. ’

¢-315-30262-3



{

THE UNIVERSITY OF ALBERTA

] T : !
RELEASE FURM
NAME OF AUTHOR | Chan Wen CHAN‘Cﬁf; YUK
TITLE OF THESIS ' GEOTECHNICAL CHARACTERISTICS OF GENESEE

CLAY

DEGREE FOR WHICH THESIS WAS PRESENTED DOCTOR OF 'PHILOSOPHY
YEAR THIS DEGREE GRANTED Spring 1986
Permission is nereby granted to THE UNIVEESITY OF
ALBERTA LIBRARY to reprodﬁ;e single coples of thls A

thesis and to lend or sell ‘such coples for prlvate,‘ ¥ -
scholarly or sc1ent1f1é research purposes only.

The author resetves other publication rights, and
neither the thes}s/ﬁor extensive extracts_fgg;ﬁit may
be printed or. otherﬁise‘geprodueed>withouﬁ the euthor's
w%iften permission. | | e ‘
(SIGNED) ;;;?ﬁ......l.....;;...

s PERMANENT ADDRESS:
/ , g | ' 11,/Magoﬁ Sfreet,
i l:" ‘ - '.Port Louis,

AN MAURITIUS.

DATED/ November 6, 1985. ~ . R



THE UNIVERSITY OF ALBERTA

, FACULTY OF GRADUATE STUDIES .AND SSEARCH¢
" The under51gned certlfy that éhey have read, and
:recommend to the Facglty of Graduate Studies and Research
for acceptance,na:tpe51s entltled GEOTECHNICAL_
x

_eCHARACTERISTICS OF GENESEE CLAY submitted by Chan® Wen

CHAN CHIM YUK 1in partlal fulfllment of the requlrements

- for the degree of DOCTOR OF PHILOSOPHY

. . ' \ _ g ) ) -
b . . - - // ..... :;>§. At eaaee .
( : ' " N.R. Morgénsteri
‘Supervisor.
ey
/ e /. a’e ."- PR .'Yo'/: . ./ ......
' ? o JaD. S(.()t[
f
' s -
’ - v
<~...”1/L{1.1.f%”.(€.“(\
o R. Gerard®
S 17 /ﬁ/f(;)"fuff

F.‘J. Selnwxrtz.

E//(;]’u[\£~

-----------------------

J. Graham
Fxternal Ixamlner

Date . -; ‘-'-‘o .',"\’ ¢ o0 00 ‘l"»t". o':s e e LI



P

¢

ABSTRACT T ';"' R

v

Geotechnlcal data is reported from the 51te of the Genesee

o PowerxPrOJect Alberta. Durlng progress oﬁ the progect,.

faxlures occurred dur1ng slope excavatloh and embankment
-

construc;zon 1nd1caJ1ng that the.¢e51gn of. structures ‘on the

-

\class of materlal encountered cannot be based solelw/oh\,\
. Y

routlne englneerlng 1nvest1gat10n and procedures. The
present research.was'undertaken to improve our understanding
of the behaviour of the class of soil found at genesee.

The materlal of interest is a lacustr1ne clay, termed
“Genesee Clay, whlch has a thlckness varying between 10 and
20 m and: whlch overlies a 2 to 20 m th1ck layer of ablatlon
till. The clay has an undulatlng topography resembl1ng that
of aghummocky d151ntegrat10n moraine, suggesting the
likelihood of supraglac1al dep051tlon on 1ce rlch debrls.'

o

Sllcken51des and fissures constltute the dominant -

macrostructures and were formed at various stages after

-

dep051t1on 1nclud1ng severe’ shearlng due to melt1ng of
&

T

burled ice.’ Consolldated ‘undrained tr1ax1al tests have shown -

that the clay is stra1n weakenlng Thls behav1our orlgxnates

‘_from the presence of numerous randomly orlented sl1cken51des

and flSSUIeS.f‘ B : P S
‘ Anothex 1mportant characterlstlc of the clay dep051t is
the areal varxat1on in undralned strength Measurement of

the in- 51tu lateral stresses show

t there 1s a;trend

between the varlatlon of the undra'ned»strengfhgandithat'of'

Ko . Th1s 1nvest1gatlon shows thatf

.

tress history effects due



'to_bottonAnéltjout pyocesses.may dominate those associated
with,vetticaﬂ effect vsystréss change alone.
',Baéﬁmanalysis of the failures have shown that fbr this’
'class.of:matsrial _the total stress analysis based on
’strengths derlved from emp1r1cal correlatlcns is not a
useful tool for de51gn purposes. On the other hand, |
effectlve stress analyses have shown that the operatlonal

v
‘strength of the Genesee ‘Clay lles between the peak and

residual strength envslopes. This nehaviour is an indieation
ithat.é progressive failure mechanism is operational‘in the

cases studied. It nas-also founk?that thg mnbilised strength
parsmetsrs of ¢'=0 and ¢'=20° for the Genesee Clay could be
édeqnstely_obtsined frsm'the ;afge strain strength envelope

determined from consalidated undrained-triaxial tests

'tarried to strains of about 5%..
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U . 1. INTRODUCTION

LN

-1 SCOPE AND OBJECTIVES OF THESIS S )'

This research originated fromﬂgeotechnical problems
encountered during the construction of the Qenesee Power
Generation Station. Qhese‘problems'indicate that the design
;f structurés on the class of material encountered canno; be
A~based solely on routine engineering investigations and
procedures and also reflects.a lack of onderstanding of the
soil behav1our The present research was undertaken to-
_determlne the orlgln of the problems w1th ‘a v1ew to
;mprovrng the data base for this class of material.

The materlal of. 1nterest 1s the 1acustr1ne clay thCh
will be referred to as "Genesee Clay in thlsfthe:is and
which serves as . a foundation for the various components.of
the station The clay has a thlckness varylng between 10 and_
20 m and overlles a 2 to 20 m thick layer of ablat10n~t111
Wthh‘lleS on bedrock; The QeneSee'Clay whioh_was deposited
5during the last ice retreat‘from the region is of mediumyto’
Ahlgh plast1C1ty and soft to f1rm con51stency, the upper

4weathered layer xs Stlff to very st1f£ Durlng the 51te

1nvestlgatlon for the pro;ect ﬂlt was: found that the clay is :

'-flssured and that there 1s a w1de varlatlon in undralned

: strength w1th1n short horzaontal dlstances. '
s

It is known that glac1al dep051ts can exh1b1t varlatroan

in propertles as a result of’ fluctuatlons 1n depos1tlonal

f,env1ronment glacler 1ce overr1d1ngd er051on, slumplng and .;



&

'1yht haveobeeﬁ aﬁfected by. 1ts dep051plonal and
“
ep051tlonal hlstory and in a sense, the clay may be

4

tﬁslgled as a "geotechnically complex materbal"’accord1ng
definition*of Morgenstern'and Cruder® (1979). In ~
déa%}ng with such materials, these authors suggested that
wih <
“thé“bnaly519~of geotechnlcal complex1ty requ1res the
unraye§31ng of thg role of each,bf these processes (genetic,
epigenetic a(g weatneriﬁg)'ln'order to establish sensible
‘limits to detailed_sitekﬁnvestigations and‘ma%erialf ?,
'charactérisatfbn.". I% was’ w1th1n this framework that the °
present 1nvestlgatlon was uhdertaken since- the prellmmarya

1nformat10n from the reports”on Qhe Genesee Power Pro;ecti

1ndlcated tbat the processes mentioned above were, o

A ]
.

1nstrumental 1n produc1ng a complex- deposnt
-Klthough'the Genesee Clay layer is thick and of
‘laCUstrine origin it has an urdulating surface topography

'whlch resembles that of a hummocky dlslntegratlon moraine

suggestlng the likelihood ofndeposition on icefricquebris.

b " +
L . E—

This tyéé”of deposition is similar in nature to “raglacial
dep051t1on of 'till although there is some uncerb&rnty as to
nthe exact or1gln of the ice; the latter could have been
buried glac1al 1;e blocks or could have formed due to
' permafrost condltlons prlor to dep051tlon of the clay, In
,lfact large areas of tthk clay dep051t w1th topographlc

‘features 51m1lar to those of Genesee Clay weke 1dent1f1ed in

~the Peace Rlver regLon, Alberta by Odynsky (19Y1).and. in




other regions'of Western%Caneda by Mollard (1983). ,
Since the present¢topography refleets the fact that the
ice blocks.within the till continued melting after complete
deposition of the clay, differential vertical movements
occprred at a time when at leegt part of the clay layer was
already fully consolidated under the existing overburden and
had developed resistance” against deformation. At this stage,
‘thefclay tould have been‘affected by the defornetion '
resulting from the basal movements. Nevertheless ‘the
engineering signiticance of these melt- out processes on the
structure and stress hlstory of the clay ‘do not seem to have
been’recognised previously in the geotechnical literature; ‘
these effects could also be applicabie\to similar’
depositional sequences; Since preliminary data indicated

2

f
that the present geotechnlcal characteristics of Genesee

Clay may reflect this post depos1tlonal hlstory, it wagh

‘dec1ded to cggry out an exten51ve 1nvestlgat1qn of the clay
deposit. On the/other hand, 1t is recogn;sed that the
properties of the clay were_also affected by variationS'in
depositional enyironment‘ weathering and@ stress history
.effects due o changes 1n effective stresses. Consequently,
it was necessary to 1dent1fy§and assess these dep051t10nal
..variations and -the 1ndLv1dual effects of the
post—debositional processes on the éeotechnical properties
of the clay. Therefore, reconstructlon of the geologlcal

hlstory is required. Although Genesee and its 1mmed1abe

-surroundings had not been studied specifically in the past,

L



‘Gglder Associates Ltd of Calgary.

- . ~

the geology at Hugget which is about 15 km east‘of Genesee
was studied by Shaw (1982) and the exposures at the borrow
pits to the north of Genesee offered'significant details :on
the local-glaciaf\history.

Six test sites were selected within the‘confines,of the
Genesee Power.Projectf Since the stresses induced due to the
melt-out processes might be reflected in the topography,,
both" topographlc 'highs and lows were 1nvest1gated The fleld
and laboratory investigations presented in thlS thesis were

performed by the author durlng the period extendlng from

1983 to 1985. Both in-situ stress and undrained strength

measurements were made at the sites in order to study the

variability of these parameters within the deposit: The

stress history of the:clay has been-studied by means of

. . . N -‘/ ‘
: consolidatlon tests and.y1eld'envelopes Laboratory tests

were performed to study the present behav1our of the clay

and the conclusions made were checked by backanaly51s of the

,1nstrumented structures of the Genesee Power Pro;ect, Other

pertlnent data were drawn from the geotechnlcal reports of

)

.‘the consultants for the prOJect which were EBA Englneerlng

Consultantvatd and Thurber Consultants Ltd of Edmonton and

rr

- : L g * ‘ .
In summary, the principal objectives of this thesis

‘are: ‘ . ,

1. to determlne the dep051t10nal and post depos1t10nal

,hlstory of the Genesee Clay.

2., to assess the varlablllty in the\properties of the .

.’ . ~



deposit.
3. to dgtérmine the effects of the post-depositional bottom
I melt-out processes ofi the clay. |
4. to determine appropriate design patameters fot this

class of material. L
1.2 THE GENESEE POWER PROJECT

1.2.1 General description

The Genesee Power Project is located at deneseé which
is about 60 km southwest_of'Edmontdn, Alberta- (Fig. 1.1). |
The develonment of the Project is aimed at the ekploitation
of the coal fields cloéeﬂto Genesee for the‘production of
‘electrical power. A brief acéount‘of the proposed
" developments ofbthé‘coal fiélds is Q{vén by Mulder (19é1).
As shown in Plate 1.1, the main cbmponents nf construction
are the coollng pond power plant and the reconstructlon ot
hlghway SR770. The coollng watér pond whlch is surrounded by -
.an earth dyke, wh1ch varles from 2 to 25 metres in helght
‘~cover$ an area of app:ox1mately 6;5 km?, Water fbr'the pond
will be pumped;frnm thé Nofth Saskatchéwan River ;The'pdwer
‘ plant con51sts of two 400- megawatt steam drlven thermal
generatbrs with prov151on for the aédltlon of 2 or more
a/1a4§1t10nal pnlts. The»coal handling fac111t1e5'are_locatedv
atfthe soﬁth éndlof'the-niant siteAanq;invblge:én excavation
'abont 15 m‘beloy'gtade_for the"cdnStfuctinn'nf‘a 17Q{m'long

coal storage slot arid a 20 m;deep hopper.
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‘The construction activities also include the relocatiom
of the existing highway SR770 which traverses the cooling
pond area. The new'highway‘,which lncorporates an overpass
structure to the southeast of the plant site, consists of 13

m high approach fills and a bridge over a mine haul road.

Construction of the project started in mid 1982.

1.2.2 Geotechnical problems
Dﬁring the site investigation for tbe.project, it‘yas
_recognised that the lacustrine ciay could present pdtential
constructiqn problems because it is slickensided, bet‘the
exact roie~of these discontinuities ceuld not be.evaluated
since the intensity of their distribution was n;t known On
the other hand, EBA (1983) reported 51gn1f1cant variation in.
the undra1ned strength over sho:t dlstances of 30 ‘m- from
'cene penetration tests. Since there are insignificant
differences in minerglogy and consolidation history“ovet%
such short dlstances, the variation in undralned strength'
probably teflects variation in lateral stresses induced bj

-

. the bottom.melt—out processes.'

During the construction of the‘project,"the foXlowing

major 1nstab111t1es vere, encountered
1. fallure of the north approach f111 51de slopes at the

"overpass structure..- ' _ . I

2. islope fallure at the d1ver51on d1tch w1th1n the coollng
pond. el | =

3., 1arge_defbrmations in thellacustrine clay during .



construction of the high dyke (greater‘than 18 m) at the
o . .

cooling pond.

1.3 ORGANIZATION OF THESIS Cos
In Chapter 2 the glac1al geology of the study area is

dlcussed in relation to the the publlshed data on the
geology of Alberta, the findings of Shaw (1982) at Hugget
andfthe field'and laboratory investigations performed by the
author. Description of the bedrock, till“and lacustrine clay‘
is also given in this chapter. Examples of macro and
microstrucfures found in the Genesee Ciay as:well as a
discussion of their origin are'given in/Chapter/B The fleld
and laboratory 1nvestlgat10ns are descr;bed in Chapters 4

and 5 respectlvely The geotechnlcal properties of the

Genesee Clay are dlscussed in Chapter 6 w1th partlcular

- empha51s on the effects of bottom melt- out processes. The

1nstab111t1es encountered durlng the constructlon of the
Genesee Power PrOJect and the -result’s of the backanaly51s
are dlscussed 1n Chapter 7 Chapter 8 contalns the

concluslons orlglnatrng from thlS research



2. GEOLOGY OF STUDY AREA

-~
%

2.1 GLACIAL HISTORY
‘The close proximity of Genesee,to Edmonton ~suggests

that both regions have the same general geological hlstory

According to Bayrock and Hughes (1962), the last ice sheet

to cover the Edmonton dlstrxct was of. WlSCOﬂSln age that
< ( ¢ ‘

is,” over 31,000 years b. p The glac1er retreated from the

areagahout 13,000 years b.p;,in a ‘north easterly direction.

-

Since the land slopes downward from the Rocky Moudtains
~towards Hudson Bay, large,proglacialflakes formed in front
of the retreatiﬁg glacier. St. Onge (1972) identified‘seven.
phases of the proglac1al lake formatlon in north- central
Alberta and the lacustr1ne dep051t at Genesee was dep051ted
between phases 2 and 4 as shown in Fig, 2.1 which 1;
reproduced from Qu1gley (1980) Drainage of the lake at
Genesee took place 1n a southeasterly direction through a
spzllway southeast of Thorsby

. Accordlng»to Gravenor and Bayrock (19655' the ice
retreat from the Edmonton area was one of large scale

3

downwastlng whlch caused large 1ce blocks to separate from
~ .

" the maln ice- mass and 'to stagnate. 'An. example- of this

‘stagnatlon is the pltted delta to the northeast of the -
Genesee lake dep051t as shown on the surf1c1al geology map
(Flg 2 2) which is reproduced from Andrlashek et.. al (1979)
the pltted delta acqulred a hummocky topography as a result )

.8

‘of the meltlng of burled ice blocks.
_ e :

10
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_ Figure 2.1 Seqﬁence of glacial lakes in north-central -
Alberta_(modified after Quigley,}1980).
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Legend for Figure 2.2
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The glacier-retreat was followed by local rejuvenation

_or readvance of small lobes from the main ice mass’@nd

~

Gravenor and Bayrock (1965)-concluded that the stagnation -

~rejuvenation cycle occurred mmany times during the general
: o

retrea&x A rejuvenation took place at Genesee as indicated

by Platep2.1‘which shows the top 5 m. of the ‘deposit to the
. '? ) . .
north of thé study area whose location is shown as C on the

aitphotograph (Plate 2.2). The photograph shows a layer of
loose sand sandw1ched between two layers of ice thrusted
bedrock. The sand is medium coarse to fine grained, finely
laminated to thinly bedded and does not-show the V'
Cross-bedding normally associated with fluvial deposits. It

Y

is believed that this sand was associated with the beach of

a former lake and that there was a readvance of the ice

o

after the exlstence of the lake during an ablation per;pdl

After the glacierjretreat was‘COmplete, there were two
major'geological events, namely, the downcntting of.the
North- Saskatchewan Rlver Valley and the prevalence of a warmn
.and dry cllmate wh1ch lasted frdm 7000 to 4000 .years b p |

(Bayrock and Hughes, 1962), There were only very mlnor}

- .

mod1f1catlons to the. landscape after that per1od —
-

| | :q o v» .;‘ :f __l ij ”
2.2 AIRPHOTO INTERPRETATION AND. GEOLOGICAL MAP STUDY / |
‘The aer1al photograph (Plate 2. 2) shows the locat on of
iGenesee and 1nd1cates that the area con51sts of a depr ssion
where the ground surface elevatlon Varles between 710 and

v730 m whereas the-ground elevat1on outsade'the-depre551on
. » . . . . . s L o . o - L. ‘."\‘>
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varies between 730 and 750 m. Borehole data (Thurber, 1982b)
suggest that the general ground topography reflects that of
the underlfing bedrock Qith-the boundary of the surface
depression-(PlateJZ.Z) corresponding to the ridge of a
bedrock depression. This depression is 3 to 4 km wide. The
bedrock topography map which is reproduced from Carlson
(1970) is shown in Fig. 2.3 and the preglacial valleys ipn _
the vicinity of Genesee are shown in Fig. 2.4.ﬁwithin the
study area, the invert of(the bedrock de;ression slopes
downward towards the west at an angle of less'than one
degree. This has influenced“the deposition of the overlying
till and cla§ which become ihcreasingly.thicker in a

westerly direction.
~

I

The surficial“geology map (fig. 2.2) gives an
indication of the geological settihg of deposition in the
vicinity of Geneseer The lake covering that area was ponded
against the higher bedrock %urface to the south and the ice
‘front to the north. The lake was fed by meltwater flow1ng__
from the northwest and by streams flowing on the surface of
'possibly stagnant ice to the northeast “of Genesee; the
latter streams deposited»the deltas at the ice front which'}:
are at present classified as pitted deltas. Fine grained
sediments were dep051ted in the deepest part of the lake,
that 1s, the bedrock depre551on The glac1olacustrine clay
- grades into sand_and silt away from the depressioh. The‘lakeé”
level was most probablf_léw since althiek‘(lz to 20 m) layerd
of clay was deposited~only within the bedrock,deﬁression.

f
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There is an indication from the aerial ohotograph
(Plate 2.2) that the level of the lake was at one time
controlled by epillways‘(labelled D on ‘Plate 2.2) just
southwest of Genesee. Area E had been deeply cut by the flow
ot.nater from these spillways, indicating that, at one time,
water yas flowing inra'southwesiadirection in that region. ‘
However,sthe regional flow of meltwater was‘in a general
southeast‘direction. Therefore, the‘dirersion of the water

through ‘these splllways repr;;ented locadl varlatlon in the
jlow dlrectlon towards the southwest:}ost probably caused by
‘blockage of the main outlet at the southeast of the lake as
‘exp;ained—in section 2.3.2. When the main outlet became
Afunctional'again; the meltwater/resdmed‘its flon'in the
southeast direction cutting. the channels in the deposit,to.
the east of Genesee'(Fig. 2.2). Presently, drainage is |
provided_by Genesee Creek and its tributaries.‘ ' “

Thehsurface topography of_the clay,deposit within,the
debreéeion is'undulating ( ﬂ to 4 degrees)'to rolling ( 4 to
_8 degrees) accordlng to the. glac1al landform c1a551f1catlon
_system of Clayton and Moran (1974) The "topography, whlch
hlresembles a f1eld of mounds on the alrphotograph is 51m11ar'
l,to that of a dead ice dlslntegratlon moralne descrlbed by
Gravenor and Kupsch (1959) The mounds’ have typlcally a
basal w1dth of 100 to 150 m@and a helght of 2 to. 5 m (Plate
2, 3) Flg 2 5 shows a contour ‘map of the area around the

’Un1ver51ty of Alberta test locatlons w1th1n the coollng

: pond There 1s no systematlc dlstrlbutlon ‘or or1entatlon of

-
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the mounds and in some instances, Arhe mounds lie within;\
larger depressions such as F (Plate 2 2) wthh are now

N
filled with peat. Three ma1n types of mound formatles can be

identified, namely: h

1. rindividuai circular mounds with a central depression

resembring the prairie mounds in till described by
Gravenor (1955). These are labelled-G and -seem to be
congentrateg within the east part“of the stndy area
where the clay is thinner. llaﬁ

2. clusters or stringsvof 2 or more mounds . such as H that

coalesced during formation. | |

3. elongated mounasusuch as J which indicates that some
Elow‘took place during.mound'formation,

 The fermation pf-these mounds is aiscussed.in section 2.6.

The following additional observations can be made from

»the airphotograph (Plate 2.2): ,

1. the presence of a perched lacustrlne pla1n and ‘ridge
‘such as A and B respectlvely SUggests that out51de the
depress1on, seme depos;tlon occurred w1th1n small
“ice- dammed lakes. These features conflrm the presence of

‘~:Stagnant;1ce dgr;ng ice retreat.

2. there iseno evidenee of iée Ehrnsting Qr'overriaiggion
the claywdepOSft'in the form'of thrﬁsted_ridées or
ice-scour markgngs. | | |

3. the presence of small c1rcular lakes, 51m11ar 1n*

appearance to s1nkholes (K) whlch-indlcates subspantial~7vf

- past‘sub51dence.



\ -

4. because of the poor drainage of the reéion, ponding of
warerrin the low lying areas has resulted in the’
development of peat over large portione of rhe study
-are;.

15. outside the bedrock depressiod, thexpresence‘of humerous
kettle holes indicates that ice blocks became buried

R durlng dep051t;on of the tlll.@The thinner overlying,
clay layer probably conﬁerms,to the till topography.

2.3 STRATICHAPHY . -
The stratigraphy outside and inside'the bedrock
depression will be dlscussed separately Shaw (1982) has
studied the soil prof11e at Hugget Whlch is. 51tuated at

about,15 km east of Genesee (see Fig. 2.2).

12:3.1 Stratigraphy 6utside bedfbck'depresSion-

‘The stracrgraphy outside‘the bedrOCk'depreséron at
Genesee is important In that 1t glves some gu1dance as to
the local geologlcal history of the study area. Thlesectlpu
will deal w1th the stratlgraphy at the north of the bedrock
depre551on because of the information obtalned from .
expo;upES during excavatlon for borrow materlals. Flg .6
hwhzch is reﬁroduced from Thurber (1982a) shows that the

,stratzgraphy con51sts of a th1n veneer (3 to 5 m) of\

\\\ .
1aCustn1ne/€1ay ov rlylng about 5 m of £ill, Underlyln

bedrock and glac1of10v1al ana glac1olacustr1ne dep051ts. A
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mentioned in section 2.1, the stratigraphy at the north of

— :
the bedrock depression gives some evidence that the general

¥ ice retreat was characterised by ice stagnation -

rejuvenation cycles of small lobes from the main ice mass.

Observation of ice-thrust features such as those shown in
’ [}

Plate 2.4{a) indicates ‘that this particular i%e lobe
advanced from the west. The presence of sag? and till
sandwiched between layers of thrusted bedrock as shown 1in
Plates 2.1 and 2.4(b) suggests that the rejuvenatioh was
preceded by glaciofluvial or glaciolacusttine conditions.
The presence of distinct layering within the till of Plate

2.4(b) indicates that it was deposited under water during ans

ablatlon perlod It ﬁﬁ@to be noted that the layer has been

called "till" due to the presence of pebbles and coal ch1ps
but because of the limited exposure, it is not p0551ble to |
say whether it is a waterlald till as deflned by Drelmanls
(1976) or’a flow till. ;

The presence of a 4 to.5 m thick laYer of-undisturhed
clay, w1th d15t1nct varves in certaln areas, overlylng the

L3

thrusted sequences 1nd1cates that s;gnlflcant sedd entation

took place durlng the final phase of the ice rgfreat.

From the precedlng 1nfq.’!t10n, it can e concluded
that the lacustr1ne dep051t10n took place in varlous
sequences w1th p0551b1e cold perlods ex1st1ng betweenk-

. sequences. The cold periods exlsted durlng the rejuvenat1on

of the. glac1er 1ce.



Plate 2.4 (a) South face of exposure. (b) “Till between ice

fhfustedibédroék{

27T
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2.3.2 Strat1graphy witﬁﬁg Pedrock depress1on

The 5011 proflie at éeneSee consists of lacustrine clay
overlying a till’ layer whlch rests onvthe bedrockJ The till
has *a thickness varying fronnZO m at the cooling pond to 6 ﬁ
at the plant site; but there are locatlons at the plant site

where the till is only 1 to 2 m thlck The clay layer is 15

to 20 m thick at the cooling pond and 8 to 12 m thick at the

plant site. As mentioned earller the thlckness of these

and 10 m thick. , AN

dep051ts was controlled by the slop1ng bedrock surface. The”

clay has an upper brown weathered layer whlch is between 6
.l
Yy

\

Shaw (1982) studied the 5011 proflle at Hugget which

lxes on the 51de of the Strawberry Creek the stratlgraphyC
\

is reggoduced in Fig. 2.7. _While it is obvrous that the -

bedrock pepre551on in which Hugget 11es is pkﬁglac1§l

b%cause of the presence of preglac1al sands and gra&tls,

-‘SUCh a conclu51on cannot be made for the bedrock depre551on
oo

. \

'where Genesee is 51tuated because of the absence of J/ '

\
preqlac1a1 dep051ts. Therefore,'lt 1s poss1blecthat the :

A
bedrork depre551on at Genesee is 'similar to the

_stream trenches descrlbed by Gravenor and Bayrock (1956) who

-bel1eved that these trenches are contemporaneous w1th the ’f

A

‘retreat of. the last 1ce and formed 1n>oﬁen1ngs in stagnant \

‘The dszerence in stratlgraphy between Genesee and

‘ Hugget shows the 1nfldence of bedrock topography and ice

p051t10n in controlllng meltwates-flow and hence dep051t1on.

‘.. \ .

i
RS
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Thefstratigraphy indicates deposit@on under lacustrine
conditions at Genesee and glaciofluvial conditions at Hugget'
'after'aeposition of the lowe}'tili Thls was probably caused
by the bedrock topography since Genesee and Hugget are
separated by a bedrock plateau of h1gher elevation (F1g;
'_2.35,which enhanced the ponding of water at Geneseé, whereas
‘at Hegget there was free'dbainage. in section 2.1, the
evidence was provided thaththete was at least one readvance
of the glacier iceAtb the northwest of Genesee and in
sectién 3.4, it is found that there were at least two
sequences of deposition w1th1n the lake.at Genesee with-a
low lake level between sequences. These observatlons are in
agreement with the findings of Shaw (1982) based on the
§tratigraphy>at,Hugget.:Tbe presence of  the two tills at
Hugéet (Fig, 2.7) has been interpreted by Shaw as an
indication of two perlods of ice occupatlon with
glac1of1uv1al conditions prevalllng between the two periods.
The general'h;story of deposition at Genesee and at -
Hugget can<be-summar{sed aenfoliows~
‘1. ﬁthe tlll at Genesee and the lower till at Hugget were
'probably dep051ted durlng the first glacial’ advance
2. durlng the ice retreat .lacustrine conditlonéwex1sted at

Genesee and glac1ofluv1al cond1tlons at Hugget

3.,u1ce lobes rejuvenated over the reglon w1th obstructlon

- -

of dragnagelln the east,cau51ng the-lake level at

overflow throu

Genesee’to rise an ‘the spillnays_to

., , the southwest of Genedee (section 2.Z%7 One ice’ lobe .

Y .
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. ‘ 0
deposited the upper till at Hugget and the one that
moved from the northwest of Genesee did not override the
already deposited clay.
the lake was ‘then suddenly drained by the opening of

outlets or by glacier retreat followed by exposure of

the lake bottom. ‘_’

during the final ice retreat, lacustrine. conditions /
g of

prevailed over the entire region with the depositio

’ . ’ . e
the final few metres of sediment at Genesee and Hudget.

2.4 BEDROCK GEOLOGY

The bedrock is of the Paleocene Paskapoo Formatlon and

consists of sequences of shalesy sandstene and coal seanms.
. . Bl f ' ”~

! ~

Prior to glaciation, the bedrock was extensively eroded and

a network of channels formed the drainage system. Fig. 2.4

shows the preglacial bedrock valleys which exist around

Genesee and which are now buried by<§lacial deposits. On the

other nand Genesee 1tself is probably 51tuated within a

IS

stream trench as eﬁplalned earlier.

The upper 2 to 5 m of the bedrock 1s weathered and

fractured with a<mo{sture content of about 30 percent and

compressive strentghs of~SOb to 1300 kPé.‘The‘unweatherea

< bedrock has a moisture content of ébut'12 peréent and

compre551ve strengths of 1400 to 5000 kPa. With a Rock

Quallty De51gnatlon of over 75 percent, the unweathered

-~ bedrock can be consldered to be of. good qUal;ty.

\

-
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-

The above properties of the bedrock have been drawn

from EBA (1982). ' #

2.5 TIPL GEOLOGY

The till layer is. light grey in colour and is
. homogeneous as shown in Plate A.1 (Appendix A): The grain
size disfrlbution curves in Fig. A.1 (Appendix A) show that
the till is p;edominantly silt and sand with 10 te 20
percent elay'sizes_and traces of‘gravel-and‘coal chips;vit
is of low to medium plasticity (Fig. A.2). X-ray diffraction

tests on the clay size (less than 2 microns) gave the

following mineral composition:

Illite 30%
Montmorillonite 45% a {(
Kaolinite - . 25% ' ) . - ;

These daﬁa agree with those given by Pawlﬁk and BaYroek

(1969) for Central Alberta and indicate that ,the tlll was

K4

derived locally from the weak and poorly consol1dated

—

'sedlmentary rocks of the’ Upper Gretaceous and Tertlary age
(Scott, 1976). ' “ gt : _'\ | |
" In Western Canada :rhe Eillldeposits are'known~to
eonta1n 1nc1u51ons ef sorted sedlments such as sand- lenses
(May and Thomson, 1978) and lacUstrlne clay layers (Acton

.and Fehrenbacher, 976) whose presence must be con51dered im

,_,h/
the genetlc cla551fmcat1\n of the tlll The t11I at Genesee

e ’._,- »——4""

’conta1ns 51mllar but of smaller extent, sand lenses and

-clay layers as.welllas slabs of 1ee—transporred bedrock
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(EBA, 1982; and Thurber, .1982b) which are alsovfound within
the glacial‘till deposits of Edmonton (Kathol and McPherson,
1975). These large blocks of bedrock are believed to have
been plucked out>and transported by the ice during
glaclation,

Because of the limited data, an independent genetic"
1nterpretatlon og the tlll at Genesee is not possible.

However due to the 51m11ar1ty between the character1st1cs
ot the t1ll at Genesee and those found elsewhere in. the
Edmonton area, -reference is made to the extensive study of
the till within the Edmonton district. It is_to be noted
that an understanding of the genesis of the till~at Genesee
is important in clasaifying,the post-depositional processes
affecting the lacustrine clay.

In order to avoid cOnstion that may arise'from he -
large number of terms foonddinttbe literatureAtbat'des ribe
the transport ard depoaition of debria; the terms;used by

Dreimanis (1976) have been adopted In general, glacial

- debr1s can be transported in supraglac1al .englac1al or

basal p051tlons and dependlng on the mode of dep051tlon can
be olasslfled as an ablatlon or basal tlll. An ablat1onwti1£
is deposited on or from tbe'surface'of a glacier due to.the

| downmelting of the.ioé. In-such a case, avtlll that diddnot
:_undergo movement but remalned 1n place is called a melt oot
till -whereas one’ that underwent movement is called a flow
tlll. A basal tlll ;s one that wasﬂdepos1ted.beneath_a
-gladierrby either the melt;out or.lodgement.orooessea{‘

v 0

“.v



in the Edmonton area (Hugget is one of the two sites

Shaw (1982) found evidence ‘that the main body of eill

studied) was transported in a basal position and formed by

the meltfout process. Shaw based this conclusion on the

following facts:

1.

[}

the. normdl faulting in the fluvial sand overlying the

“lower till and the absence of'faulting in the underlying

preglac1al deposit at Hugget indicate that the fau’tlng

-

was. probably caused by the meltlng of preserved ice from

.the‘lower t}ll.

‘the syndeposition of till andistratrfied‘sand lenses

precludes deposition by lodgement or flow.
the preferred orientation of fabrlc in the till wh1ch is.

related to the reglonal ice flow dlrectlon is not

~

'-compatlble with’ deposltlon-by lodgement or flow.'
“the preservation of angular'clasts in the“tiil is not

_expected from dep051t10n by the. lodgement process.

There 1s ev1dence that the dep051t10n of the tlll at

Genesee was not by lodgement. Standard penetratlon tests

throughout the ent1re thlckness of the till at both the

coollng pond and the plant 51te y1elded blow counts that

were mostly between 10 and 20 (EBA' 1982 GA 1982'and

Thurber, 1982) These re5ults show that the t111 at Genesee

}lls even &ess st1ff than the melt-out. tlll 1n the Edmonton

qarea as reported by May and Thomson (1978) Consolldatlon

show that the tlll is. normally consoildated (Flg 6.3,

- tests on the. more clayey till layers at test locatlon UAS.
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Chapter 6). From these ddta, it can be said that tne
deposition of the till was not by lodgement; otherwise, ito
woulo be stiffer and be more overconsolidated. The clay
layers within the till which indicate sorting and deposition
within small lakes during ablation periods and the
preservation of the bedrock slabs also preclude debositibn-
by lOdgeﬁent. On the other.hand, the presence of high angle
slickensides (described in Chapter 3) within tne Genesee |
glay favours the hypotheais that at'least _part of the till

»

in the sta?y area was deposited by the melt out process and

"that ice persisted durlng dep051tlon of the overlying clay

Tnerefore, based on the studies of Shaw and'the above facts,
it can be concluded that the main till body at Genesee can
be classified as an ablation melt-out till.

. On-the‘otner hand, tube samples indicate that the top 1
‘to 2 m of the till might Kave been depoaited‘by flow. Plate.
2.5 shows the contact between the lacustriné sediment and
the tlll the bottom 15 cm of the sample consists of lenses
"of,sand* 51lt and tlll w1th1n a very silty olay matr1x and

has the appearance of haV1ng been "dlsturbed" durlng

dep051tlon-1nd1cat1ng1probab1e depos1tlon.by flow.

‘ 2 b GEOLOGY OF GENESEE CLAY A

ThlS sectlon rev1ews the or1gln of hummocky topography
in lacustr1ne clays and dlSCUSS&S the case: of the Genesee
Clay. A brlef descr1ptlon of the clay 1s glveh 1n the latter

part - of the section and_the dep051t;onal andk-ff

«
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poSt—depo?itionalrfeatures are discussed in chapter 3.

2.6.1 Hummocky terrain in lacustrine clay - a literature
revie"w° : ,' | ' ' .

‘Basically, a" hummocky topography in lacustrine clay can'

be due to either a thin veneer of lake sediment reflecting

the underlylng hummocky dlslntegratlon moralne or

post d39051t10nal processes. In th1s study, only the second

category will be cons1dered as. the Genesee Clay is thCk

enough to preglude the possibility that the/surface

topography is reflecting, that of the underlylng till., In

fact, it is shown in Fig. 2.8 and 2.9 that .the surfaee-
topography does not‘necessarily reflect that'of the

underly1ng tlll 51nce a topographlc hlgh in the clay can lie
above a trough 1n the tlll ‘

. Hummocky topography in th1ck lake sedlments ‘has been
glven dlfferent names such as collapsed lake sedlments -
(Clayton and Cherry, 1967) mounds or. humples (Odynskl, :
1971) and orbicular lakebed patterns (Mollard, 1983).
Mollard (1983) summarised the p0551ble post-depositionalm
r“processes that ~could have producedlsuch peculiar topography.
Infgeneral -1t is . belleved that the mounds have as thelr
Urlgln one of the fOllOWlng processes-‘ f
1;5 supraglac1al depos1t10n ‘

"2, subglaczal deformatlon
3. periglacial‘processes

4. differential shrinkage or consolidation.

.



38

T

L=

‘ . ' *(uot3edot

B

103 Z°Z @3eld 03 13331) A-K UOT1D9S5-SS01) g7 aanbry

o RS
. a
. ) (w) ssunieig
s0¢ ooy J - oos Ty

‘0 089 VOTIRAJ([J §101pIqQ ITRw(20iddy o
[

(pued 1o 37ts &adeys) UL »m‘_..w,

002

o~y

cﬂn_. ’
(Y.13 W
80s

VL

~
-
~

F¥ie

2
(w) uojjnaey -




39

" (w) uolivaer

*(uot13edoT
1031 ¢°'¢ wﬁmam 031 1933a1) 7-12 Uot13d3s-5501) m.N munmmm )
’ . (w) soupjeg . .

2 001 o8 ] L 00 0¢ or ot ot 1 °

= N — m— m e
. ¥J01pag sNcasei1sl)

B . . . .uvc.u

’ Y ¢ - ¢ - < l.i[!
S (pues 10 17ts Aakeys) [rtL L9129 o , "e

) T T e — . . — T
) < T . - i 1 I
. N ot
~ Ae1D £a31n paaayieamup . [ ) e
. [-vte

. ! T < °
¢ ) < ’ . . ‘\\l\:\\:\\\\\\.\l.cn&
- /‘\l\\\\n\l\\lll < .
Ke1) umoag paiayiesm. - : -
P .
4 : . - # v,o:.
, , ) 211
‘ 9Ivn (33s330 wl) Gbvad
~ £vn . o , S K21
Tz . ~
q
o 4



3\ .
. \ *
o 40

.

2.6.1.1 Supraglacial origin )

Supraglacial deposits are generally associated with
till which nas released at the surface of the’glacier hy
the melt-out process; the till would normally flow as a \V‘
result of‘reversal of topography (Boulton, 1968) and the
rate of ice melting was controlled by the thickness of
the drift. The various mechanisms which produced i
hummocky terrain in till were discussed by Gravenor and
Kupsch (1959). ’ ‘ | //// L - . g

Clayton and Cherry (1967) were the first to report
hummocky topography in thick lake sediments and
attributed it to deposition wlthin superglacial/lakes
formed on stagnant ice. Accordlng to Clayton and Cherry
(1967) stagnant ice would stay at the bottom of the
lake only if it contained- enough debr1s to prevent 1t
from floatlng and they found that a debris content of
only 4.5 percent within or on the ice was regu1red to
satlsfy this’ requlrement; They also suggested that there
must be an absence of active ice features for the
supraglac1al orlgln to apply | |

| Slnce the present day topography must have resulted
from processes occurrlng after complete dep051tlon of .
the clay, the burled ice blocks must have per51sted for
" a long perlod Clayton (1967) found from the geologlcal
‘hlstory of North Dakoﬁ%, that the stagnant ice could
last for more than 3000 years. Mollard (1983) argued
that the slow meltlng rate of the ice blocks‘was

P
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erobably due to the temperature of the lake-bottom being
close to freezing. During the melt—out of the buriedﬁf
ice, high pore- pressures,mlght be. generated resulting in
low effectlve stresses (McRoberts and Morgenstern, 1974)
and hence, underconsolldatlon Mollard (1983) believed
that the formatlon of the mounds resulted from the

loading-of the soft lake clay into the underlying

underconsolidated till.

2.6.1.2 Subglacial origin

Hoppe.(1952) suggested that till in a plastic State

-

underneath stagnant ice could be squeezed into basal

cavities or crevasses. In the case of the clay mounds,

it was possible for floating ice to'come to rest on the

lake bottom due to the sudden lowerlng of the watér

'level (Henderson, 1967). The clay, close to its liquid

-

limit, would be'squeezed sideways and upwards into basal

cavities. Sahgrey'(1970)_used“thie hypothesis to explain

the highly diStorted bédding and high preeoﬁeolidation
efeseures within a lake%depbsit near Kingston, dntario.
In sdch.aaease, it ias highly probahle that the fleating
ice‘would have produCed écout markings and hnless the

1ce was perfectly clear 1nclus1ons of debr1s from the

ilcewwpuld be present ‘in the lacustrlne clay On the

»'other hand, Mollard (1983) found that 1n the Lake ’

Agassiz clay, there vere 1nstances where the hummoeky

clay surface also ehowed ice-scoured markings thkthe

latter seemed to post-date the processes producing the

v 0
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hummocky ground. Mollard also pointed out that this

: )
hypothesis does not explain the repetitive geometrical
characteristics of the mounds.

2.6.1.3. Perlglac1al orlgln'
The ice-wedge origin was proposed by Henderson
(1952). When the ground 1s frozen, it contracts and
ipolygonally patterned ten51on cracks are formed. Ice
wedges are. formed in the cracks and ‘growth of the ice
wedges exerts-hlgh lateral pressures on the soil
polygons which bulge into mounds.‘Melting of tHe'lce
) wedges enhances the relief of the mounds. However; the
f ;sizexof theApo1ygons would have to he unusually)large'to
~ produce mounds of the sizes normallw encountered,
Burdick et al (1978) stated that the polygons_in
permafrostrground are'usually'leSS'thaﬂ 20 m across;
this/is_not compatible?with the size of clay moundsi
rwhlch‘arelusually;100 m across;“.u , ‘ |
A second postulate was proposed by Mathews (1963)
fzwho observed the mounds in lacustrlne sedlments at Fort .
St‘John, Brltlsh CQlumbla and suggested a mechanlsm
‘s1m1lar 1n nature to plngo format1on. Mathews stated
:that the mounds were formed by movement of water “
usaturated 3011 at depth 1nstead of water alone, durlng
ﬂﬂthe development of permafrost Th1s movement took place
"towards areas where the permafrost was thlnnest o

' However, the ex1stence and the mechanlcs of flow of a

’mob1le 5011 water m1xture at the permafrost front have ,
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to be proved for this hypothésis to bé valid.’

2.6.1.4 Differeﬁtial shrihkage or consolidation - ,
,hollard (1983) suggested this m:chanism forua h}gh
plastic clay with clayey silt 1nclu51ons.)wlth .
groundwater lowerxng and de551cat10n “the volume of the
5011 was reduced by elther shr1nkage from a reductzon of
the water contentr to the shrlnkage }1m1t or
consolidation from the high suctr6h/pressures‘set up.
_Since clay and clayey silt would &hange voiume‘by av-
.dhfterent amount under the same change in grpundwater
conditions, projectiohs would result'in an otherwise'
flat terrain. Such a mechanism cannot explaln the

repetltlve geometrlcal characterlstlcs and spatlal

L4

arrangementsvnormally,encountered-ln hummocky terrain;
.2.6.2 Hummocky terrain at Genesee

4 -Thevpreceding discussion has-revealéd'the limitationsm'l”
of. the varlous known hypotheses. However cons1der1ng the e
features assoc1ated w1th each hypothe51s, 1t 1s belleved

'that supraglacxal dep051t10n was the most llkely mechan1sm'f

gthat took place at’ Genesee. Th1s 1s based on the fact thatj'l“jﬁ

the alrphotographs d1d not show 1ce scour marklngs to
vhsuggest arsubglac1al orlgln and the Genesee Clay does not
7::conta1n 511t 1nclus1ons of the 51ze that would produce
‘rellef of the order of 3 m as a result of dlfferentlal
*,shr1nkage or consolldat1on. The per1glac1al or1gln has many

.leff1cu1t1es 1n expla1n1ng the 51ze and dlstrlbutlon of the'

IS R
] - S . ‘1
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mounds.‘Mollardf(1983) also favours the supraglacial origin
for‘the-orbicular mounds which are geometricallyosimilar to
those at Genesee
However, the main criterion to be satisfied 1n the
supraglacial hypothe51s is that therice had to be preserved
until - after deposition of the‘clay was complete. Mollard
. (1983) suggested that the preservation of buried ice in
"sediments might have been enhanced by.the cold water of the
:vlakes.‘On-the other hand, Clayton (1967) found that because
" of the insulating capacity of the sediment coven.on the
huried;ice} the rate of melting could be reduced to less
thah 25 mm per year. Be51des, at Hugget Shaw (1982)

concluded that ice persisted 1n‘: b'lower till until after

deposxtion of a 6 to 8 m thick glac1ofluv1al sand and gravel
layer and part of an upper till layer. Shaw 'inferred that
cold permafrost conditions must have existed between the ‘two
glac1a1 advances that were responsible for the two tillp
dep051tions.,ﬂherefore, the conditions might have existed at-
o Genesee wheréby the 1ce in the underlying melt-out till was

preserved untilfcomplete dep051tion of the clay.

I¥nce the present surface topography ofvtheiGenesee

. Clay reflects the sequences in the final meélting of the

.

buried ice, Plate'2.2'shows that’the formation'of largeV.

» depre551ons such as G which were due to the general meltrng
w.

bf large ice sheets preceded that of the mounds which were
;)~
due to the melting of remaining isolated icé blocks.

Ty
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2.6(3‘Characteristics of éeneSee Clay

The clay deposﬁt can be divided generally into an
unweathered zonelwﬁich 1s typically of a grey colour and an
upper weathered zone which is brown or mottled brown ais
grey. In the lbw‘lying areas, the}e is a 1 to 2 m thick
layer of grey clay with organié¢ contents of less than 10
pe;Cent.(EBA,71982) overl?ing the weatherea clay. -However,
this surficial clay, .which is probably resedimented soilfpis‘
pbt of significadce for the pﬁ%pose'of this study and has
been omittgd. In some instances, up to about.4 m of peat has
de§eloped on~thié?surficial élay. |

- !

The micro and macrostructure\g; the weathered and

Fd

unweathered clays are discussed in ¢hapter 3.

'2.6.3.1 Weathered brown clay ' : P
Groundwatgr.lbwering and weathering have produced”a
thick stiff -layer of 6 to 10 m. In ‘some lqcatioﬁ%, there
is a transition zone of 1 to 2 m of mottled bfown and
ére§ élay at the contact with the unweathered clay. The
_bqun'Qeathered clay is homogéneous and does‘not-show“
vwell-dqfin?q bgddinga Typically, it is made up of small
angular to subangplaf nuggets ot slocks of 2 to 5 mm,
_the size incréasing with debth,“Suéh features givé tﬁe
clay a crumbly texture. Within the brown éfust, the
moisture content:is lesg-ihan 25 percent whereas the
mottledfbrown'and grey clailhas a moisture content of 385
56'40 péfcent{*bn the'éveragé, thg'brOQn'clay has'SO to '
of*si1£

L 3

T a

704percent clay size with the remainder: being

‘o
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4

size. The results of X-ray diffraction tests' on the
clay size particles yielded the following:

Illite 50 %
Montmorillonite 30 %
Kaolinite 20 %
Traces. of chlorite, quartz and chlorite.

The brown clay is of medium plast1c1ty w1th a, Plasticity
Index of 40 to 55 percent. Grain size dlStrlbUtIOP

curves are given in Appendix’ B.

a

2.6.3.2 Unweathered grey clay

In general, the uhweathered light grey clay in the
“coollng pond area is more or less homogeneous whereas at
3the plant site the entire thickness of the clay c8nta1ns
sequences of darker grey clay which are typically
between 1 and 10 mm thick at a vertical spacing varying
from 10 to 200 mm. The detailed sedimentology is given
in Chapter 3. '

Graiﬁ!size analyses show that the light grey clayv
hasvbetieen'sé and 65 percent‘cléi\srze with the \
remainder being silt.sTﬁe dark grey'c;ay has betﬁeen 65
and 80 percent clay size. The clays=have Plasticity'
Indices of 30 to 50 percent'and 60 tc’BOApercent '
'respectiveiy'and aré-inective with activitf of 0.7 to

R ~
- e - —— - ——

" All X- ray diffraction tests were. performed and. 1nterpreted
by the Alberta Research COUﬂCll Edmonton.

Ya
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0.9'
Both clays have approximately the same mineral

content namely:

Illite 40 %
Montmorilionite 30 %
-Cﬁlorite | 10 £
Kaolinite 20 %

Traces of calcite, dolomite, feldspar and quartz.

Since thevclay is highly fissured it is classified as a
fissured medium to high plastic silty clay.

Grain size curves are given in Appendix B. Ty

2.7 GRCV)UN‘DWATER 'CONDI 'va ONS

Based on piezometer readings as well as data from the
cOnsultants,athe grouadwater ievels are.at grbund surface at;
~the plant. 51te and 2 to 5m below the ground surface at the -
.coollng pond.. The’ 1ower water table at the latter 51te may.
. be ‘due to dralnage by the Genesee Creek. Therells no
1nd1catlon tpat artesian pressures EXISt. The groundwater-
'fLow in a hummocky.d151ntegrat1on mQralne was studled by.
MeYboom‘(1966)‘bﬁt‘beeause of the low relief205~the mounds
"athenesee, the local groaadwater fiew=patte;n is ndt‘of

engineering significance. L .



3. r(ACRO AND MICROSTRUCTURES OF GENESEE CLAY,
3.'1 IN'I‘RCDUC’I‘ION v
In this study, the generally accepted definitions found
in the geotechnical literature (for example, Morgenstern
(1967a)) for soil structure have been adopted.
Macrostructures are discontinuities such as_bedding planes,

fissures, and shears’or slickensides whichzcan be observed
by the haked eye whereas microstructures are features that
can be recognised ohiy through. high maénification.
Discontinuities are defined as. the small features that
'divide an otherwise contznuous mass of soil (Fookes and
Denness, 1969) These d15cont1nu1t1es arise frcm both
depcsitional and post-depositional processes and their
identification and classification are necessaryvfor“
understanding'the'geological history as uell as the
ehgineering hehaviour of a depeSit.
) The stud1es of 5011 structure for the purpose of
geotechnxcal englneerxng vere carrled out bx researchers
along the follow1ng 11nes. .
“1€ orlgln of‘dlscont;nuxtles, Skemptdnvand Northey (1953)
vexpiafned the formatibnhof'rissures as'a result Cft
synere51s, Skempton (1966) dlscussed the formatlon of
fmajor and minor shear surfaces as a. result of - tectonlc o
»processes' the role of weatherlng in producxng flssures

was con51dered/by Skempton et al (1969) and the minor

vushears in the London Clay were probably caused by(hlgh

s0 - - e
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weakenlng effects of dlscontlnu1t1es 1n stiff clays.

51

lateral stresses as a result of eroslon and weathering
(Skempton, 1961). Fookes (1965) mentioned that unsheared
discontinuities might be modified by later movements
giving them polished or slickensided_surfaces. lhe“ _—
classification andscharacteristics of discontinuities
according.to their environment and mode ef origin vyere
summarised by Chandler (1973).

Description and classification bf discontinuitiesl'In
general, the stages in class1fy1ng dlSCOﬂtlﬂUItleS '
consist of grouping similar features and relatlng the
latter to each other within each 1ndependent group and

of determlnlng the relatlonshlp between the 1ndependent‘

groups. The aim of this exercise is to classify-

‘discontinuities according to their mode of formatibn~

Detalled cla551f1cat10n schemes were suggested by Fookes
and Denness (1969) and McGown et al (1980). The two |
approaches are ba51cally 51m11ar although they ‘might
dlffer.1n-spec1f1c detalls, in add1t1on McGown et al'
(1980) suggested methods for ‘the” quantltatlve evaluatlon

of the englneerlng 51gn1f1cance of the d15cont1nu1t1es.
/ “N A

: w
Mlcrostructural changes due to shearlng. The studles of

L e

Morgenstern and Tchalenko (1967) have contrlbuted
3largely to the understandlng of the m1croscop1c
arrangements of clay platelets 1n sheared zones.

Q

EffectS'of soil structure5<on englneerlng properties of-

a sdil masz‘T zaghi . (1936) drew attentlon to the

o/
-~
¢
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Skempton. and Petley (1969) showed that the strength
along discontinuities could be less than that of the
intact soil, Skempton (1964) argued that, besiaeS'being
planes of weakness, discontinuities could also act as
'~ stress concentrators. The influence of structural
discontinuities on the other enéineering properties such
as compressibilitxtand permeability of clays depends on
. their extent,'ﬁistrisutioﬁ and most importantly on their
: pordsity. On the other hand, leyering, such as in varved
elays, is the cause of anisotrepy in‘the p:operties of
these‘soils as discessed by Kenney (1976). The effects
 of test spec1men 51ze when deallng with fissured
‘materlal were. discussed by sthop and thtle (196% and
Rowe (1972) amongst others. |
During the stuay of the Genesee Clay, numerops
depositional ana structural discoﬁtinuities wete observed;
this chapter willupresent a simplified'descriptive scheme
used for the logging of the clay samples‘as well as a
"dlscuss1on on the orlgln of the dlSCOntanItleS. The effects
'of the. latter on the engineering behav10ur of the Genesee
" Clay are dlscussed in Chapter 6. For thls study, the 5011
fabric was observed from 76 mm Shelby tube samples.
3.2 mcnoysri*hﬁc'rﬁﬁss' A ST
| The‘maerostfuctures heve?beeh;éivided,as sedimentary-o%
~depositional and structural following the'tefminology used

3byeSkempton and PetIEy (1967); they are dlscussed sggalately

-
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in this section.

3.2.1 Method of investigation

The procedure adopted to study the macrostructures

followed that recommended by Marsland et al (1982) and

consisted of the following;

1.

3. 2 2 Depos1tzona1 features

{

The soil sample was first observed by removing .two thin

[¢]

slices (one perpendicular to the other for a three

" dimensional picture) of soil by means of a thin wire to

expose unsmeared surfaces. Attention was paid to
c%%érasting tones and’texturei which were nprmaliy
indicative of‘beéding.'ln most instanceséa major shear
piane-(one that had undergone iarge merment) could be
detet¢ted at'this\stage. : .

%negsample was~then.split into two halves. From the
exposed 5urfaces,.the nature of the contact between'the'
;layers was bettér defined; the intErnal strueture ef the
‘layers andlghe discentfnuities_were'easily‘recoénised.
In'some tases,'thin laminae were visible-only’after sbme
drying nad taken place. Afterltherprocess 6t

~ RO .
1dent1f1cat1on, descrlptlon and measurements, samples

Awere taken from the layers for m01sture content

determ1nat10n and cla551f1cat10n tests.

°"The transport and" aep051t10n of sedlment§; ntg/EIZSEE

lakes wére iégcussed exten51d!1y by Kenney (1976) The

\
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s}onificént characteristic of glacial-deposits is their
laminated nature and the term "varves" 1s used to describe
"the seasonally deposited laminae.'Kenney (1976) also
reV1ewed the role of lake currents such as turbulent grav1ty
currents, 1nterflows and overflows in the processes of

- varved clay,dep051t10n.

The Genesee Ciaynitself‘is not made up of the regularly
spaced laminae as in classical varves and its depdsitionv
seems to have been influenced by frequent fluctuetions.in
the depositional environment producing irreqular layering.
Therefore, .in order to resonstruct the depositional history,
it is necessary to log carefuliy the sedimentary units. A
,sedzmentat10n»un1t, which normally reflects depositiop under
more.or_less constant physical conditions, is bounded by
planes which represents stages of erosion, non-deposition or
abrupt change in deposdtionel conditions. These planes are ‘
‘recognisable because'of"SOme textnraljor‘compositional |
'change from one Sedimentation unit-to‘the other Therefore
- sedlmentatlon unit ylelds 1nformatlon aé;to the }
Venv1ronment operatlng,durlng(a certaln perlod og time'
whereas-the'boUnding Dlane represents'a ehange~in T
‘dep051t10nal env1ronment Consequently, the ob]ectlye 1s'to“
1dent1fy changes n dep051t10nal settlng through the
}recognltlon of . the sedlmentary units., ﬁ,ﬂw

3 2.2.1 Descr1pt1Ve scheme
The sedlmentatlon unlt is commonly known as ' a bedr

. or lamlna and the boundlng planes are known as beddlng” ;

:
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-
planes. In the geolog}cal.litetature, there 1s
disagreement over the differentiation of a bed from a
lam;né.,Campbell (1967) discussed.this,problem
extensively. However, in the present study,'e bed will
be considereduto be a sedimentation unit which 1is
thicker than 1 %T and a lamina as4a unit “which is less
than 1 cm. This‘olassificatioh'which is based on the bed
thickness,.was also adopted by Collinson and Thompson
(1982) although Campbell (1967). argued that the
differentiation between bed and lamina should be_mede on
the bésis of genesis. However, a bed cen be made up of
laminae‘which are produced as E-result of some minor .
fluctuatiohs inlthe environmeht du;iné sedimentation of

a bed. In the Genesee Clay, very thin (less than 1 mm
‘thick) layers of sands or 51lts are occa51onally found
.betweeh beds"and they are . genetally dlsoontlnuous. These .
:are’descrlbed as- partlngs following the 5uggestioho%§§'

@

Campbell (1967) It is to be noted that Marsland, et al

l
on

L4 (1980) suggested descrlptzve terms to be’ used in the

Qlogglng of- layered soils and which are also based on the -’
A dlmens on of the s-vlmentat1on units. The dlmen51ons
used ég cl§551fy the units are sl1ghtly dlfferent than- '
those found in the geologlcal 11terature- for example,ié-
.1am1na is a unit between 0.5 and 5 ~mm thlck Slnce the |
. termlnology used 1s subject1Ve, it was_ dec1ded to retatnh
| as far. as p0551ble the deflnltlons commonly found in the

geologlcal literature.
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''In describing the Genesee Clay, the following

sedimentary featureé will be considered,_nameiy,”bedding

plane®, geometry ana"internal structure of the,bed;ann
soil compositien of the. bed.

The characteristics that were ebserved are as
follows: | |
1: ﬁedding plane

a. Geometry.iThe bedding planeqcan be "eyen, vavy
and curved" folloning the definitions.of
'; o éampbell (1967). In the Genesee Clay, the
| - majority of the beddlng planes are even SO that
their classification has been omltted from the
' so0il logs; enly,wavy'and curved beéding planes‘

.are classified when they occur.

b. Inclinatipn. This is given with reference to the

horizontal

c. Nature. Where there are 51gns that ‘the bed ff,:i‘«

underwent eros1on, the beddlng plane is -

| descr1bed asu"er051onal" | ‘
2;'f8ed1

4 | grfrThicknesér In add1t1on to.the dlfferentlatlon'

’ tween bed and lamlna dlscussed earller ‘the

' are less than 1mm thlck whlch is the most common;

o case for ‘the Genesee Clay
b._ Internal structure. T e terms used are.

7;,W_w~ll. homogeneous - there are no v151ble

/ ramlnae have beeW deflned as "flne" when theyf,,_f

. Iy



5)
" size from the louer to the u%ger beddlng
_plane. - . | PP L
"6): lenticular = ieﬁSes
extent are,_ v151b1e.‘ f
'3.v. Soil" descr1pt10n. o | * ' _ o | .

2)

3)

A

- laminations. -

>

laminated - laminae are parallel to bedding

plahes{

AN . : .. (/. ".-. .
cross-laminated - laminae are inclined to

- . - * ﬁ
bedding planes. ' o .

4)? contorted - laminae are deformed relative to .

the original depositional plane.‘Injmosti

cases, the contortions are -in the form of
> 2 v 1€ ©

swirled laminae similar to those found in

Winnipeg claysras describedLby Baracos

(1977). It 1s to be noted that contorted

'beddlngs are penecontemporane&ms rather than

P

dep051t10nal features

g*adatlonal - there is a change in the gra1n

r' v

Rout1ne procedures such as those found 1n ASTM

(1980) Deslgnatlon D2488 were used for the v1sual

o~ - P

descrlptlon of the 5011

L
F

3, 2. 3 Examples of deposxt1onal features in Genesee Clay

3"‘ In thlS sectlon, typlcal features are descrlbed and‘

. 1llustrated' the logs of all the samples can be found 1nf

” Appendlx G

A
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*

3.2.3.1 Sample 2-10 (Plate 3.])
" The sample shows the lenticulag lﬁminae of s?lt
within a clay matrix; the laminae are also contorted.

The ,lenticular bedding probably represents deposition of

silt by turbidity currents alternating with deposition '

of clay under slack water conditions. SR

B . ; .
. . ' - '

3.2.3.2 Sample 4-9 (Plate 3.2),

-

This sample/represents’depositional sequences about

-1.m above the till surface. The changing depositidnal

¢

A

Alendlronment is reflected 1n the layerlng of the clay,

-

]

the dark grey clay is hlghly plastic j‘

(Plasticity Index greater than 65 percent) and. has™a -

'abrupt Slumplng was prom1nent°as 1nd1cated by the"“

£

clay content of about~80 percent whereas the light grey

clay is of med;um plast1c1ty (Plast1c1ty Index of about

40 percent) w1th about 50 percent clay siZes. The‘-

beddlng is 1rregu1ar w1th thlck beds of the llgh&(grey

]

¢lay and the tran51t10n between bedé 1s sharp and.-

\\

.u‘

»lenSes~of 51lt sa%d or tlll w1thrn the clay beds and By

i

the contorted beddlngs of the uppermost llght grey clay.

&

"t-shearlng occurred along some oi the beddlng planes 5%

Lndlcated by the pOllShed sllckens1des.n'pﬁ.

o

- S . 5 . . X .
v : *

3 2 3. 3 Sample 6 6 (Plate 3. 3)

,“5‘ ~.l

Th1s sample represents t%e dep051tlohal sequences
5 v

of the ma1n body of the unweathered clay layer at.the

ant s1te. Aga1n,tthe alternate seqdences of dark and

b e . s Lo e . ‘\

N

.

=1
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) .. .Plate 3.1 Lenticularjlaminaé of silt withiﬁ clay

f,‘matfix¥samplé’é—10}
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light grey clay can be recognised. Although the arker
grey clay tends to be slightlyvmore plastic, ‘there are
at’tlmes only very slight ‘differences in the plasticity
of the dark and llght grey clay; on the average, the
Plastlcity Index is.4b to.45 percent. Therefore, unless
the samples are allowed to dry for a few hours as it is
the case for this sample,rthe clay may have a
homogeneous appearance, The thickness of the beds 1is

; ,
variable and the bedding planes can have inclinations of

» F

up to 50 degrees. The internal’lamihated structure. is
~dependent oﬁ‘the plast1c1ty of the mater1a1 formlng the
beds. “The darker grey clay generally tends to be f1nely
( bess than 1 mm thick) lamlnated whereas the less

plastic light grey clay has no visible laminations and .
oL ' . -3

. . 2
1s homogeneocus.
3.2.3.4 Sample 5-3 (piate 3.4)

Near the ‘top of the unweathered zone, the clay S

3

tends to be mottled althOUgh there 1s no 1nd1catlon that

\the mottllng 1s due to the effects of weather-mg The

<

‘ %
clay has a dlsturbed internal- structure wh1ch is 51m11ar

»

; t%:one induced by bloturbatloq However thls type of
Sk;ucture may also be due tO slumplng
R ST ‘ T «
3 2, 4 Si&pctural features | |
. The Post- depos1taonal features of 1nterest in. th1s
study ar;éthe f1ssures and shears wh;ch can cause weakenlng

ay mass; they can or1glnate from yar1ous

- , v

v

f
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Plate 3.4 Mottled appearance of top "O‘f‘,'i"t,inw"éat;hered clay -

L et sample

5‘3 '.'-

<



64

environments and both their distribution and orientationm

reflect their mode of formation (Fookes and Denness, 1969).

. ©

Shears were fprmed ffom.relative movements between two
surfaces whereas the characteristics of fissures are
indicative ofvb:ittle'fractufe. In the case of Genesee, the
Kdiscontinuitie% grigi;ated from-penecontemporaneous
slumping, dlfferential movement within the till and
weaghering. These structural featufesvare described
'according to a scheme'presented below; typlcal examples are
discussed in sectlon 3.5. The logging of all samples 1is
g1;§§ in: Appendlx C °
13.2.4.1 Descriptive’scheme ' ‘ .
| Fookes and-benness (1969) identified sixﬁessential

>components in the“desctiptlon\anddclassification of a‘
q’sheaféd/or fissured-system They are classification,¢'
51ze, surface geometry, surface markmgs7 fabrlc and
1nte951ty Thls gu1de11ne was’ also used by McGown et al
(1980). For the present study, the scheme of Fookes and
Denness has been*modlfled for the logglng ofathe tube p
samples. It should be noted that from the latter, :

1nformat10n on the extent of dlSCOﬂtanItleS 1s,very

l1m1ted. o o . */7“-:, N

g R L.

The follow1ng descr1pt1ve scheme LS used,'

”11ij Txpe of d1scontinu1ty. Two types have beenﬁf

, e e
‘the pollshed appearance of the shears, the term'u A

AV sllcken51de ,1s used | S T R R T

n

s_uencountergd, namely, shears and. f1ssures. Because ofv i
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-

"2. Size. The discontinuities have been divided into two

i
'

classes:
a. Major - feature covers 100 percent of Shelby-
tube sample area (about 45 cm? in plan area). .

b. Minor - feature is less than the sample area.

PN

3. Surface geometry. The majority of the

discontinuities are planar with’'the exception of a
p

‘ :

few undulating ones. Therefore, only these twewterms

1

) will be used,i

4. . Surface markings. The sheats\are normally é;lished
. : . » .

and can be dlv1ded 1nto three classeS'
- Ve

nghly striateds

b. Sl1ght1y strlated

w C. Unstr1ated.

The fissures normally'have matt surfaces and can .,
-} . 2 . e

vary from a plumose or: flaky to smooth appearance.-"

Examples of these flssures are 111ustrated in
sectfon 3.5. .- g

5% Or1entat19h;'This is measuieé~re1ativevto'thew
“ horizontal.  The orientation is also given in terms

of whethet-the fissure is along or across bedding.

gL Intensmty The 1ntens§ty cla551f1cat10n as proposed

by Fookes and Denne§s (1969) is 1ntended for.
determlnlng the number or surface area of the

d15cent1nu1t1es conta;ned per unit volume of 5011

In the case of tub& samples, 1t 1s not p0551ble to

use SUCh a cla551f1cat10n system as’ the extent of

A . o ‘ . .

&’ .
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the features cannot be determined. Therefore, any
statistical interpretation is of limited
application. In the present case, a qualitative
description is given. For example, the minor
slickensides or’fissures.tend to be numerous and in
this case, they are described as "intense™ when
there are mo?e than 5 features per cm of the tube
sa%ple; otherwise, the numben;gt features is given.
fhe md jor flfckensides or fissures are single
discontinuities and their spacings are shown in the

logs (Appendlx c).

3.3 MICROSTRUCTURES

3.3. 1 Method of 1nvestlgatxon

LY

4]
a8 The various methods of study1ng soil m1crostructures

were revmewed by TOVey and Wong (1973). In thls study, the

—

dscannlng electron mlcroscope (SEM) was used beqause of 1ts
v hlgh resolut1on for study1ng the gg@ﬁn arrangements. lu'*f B
The. sample preparatlon con51sted of trlmmlng an-

/

undlsturbed sample to about 1 cmsquare in crossqsectlon and
3 to 4 cm 1n length The sample was sllght1§4;ot6hed at the
planes where fractures were’ requlred‘"The sampJe ‘was then"'
frozen in lquId nltrogen\tnd fractured along the notches H'F‘
%roduc1ng a 1 cm’ cube spec1men. The ic 1n theepores of !.F
s0il vas removed by vacuum subllmatlon at -50 C TheA‘u'

freeze dry1ng method has the advantage Of.. mlnlmls&pg thea
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drying shrinkage (Tovey and Wong,'1977); other methods of

drying specimens are given by-Gillott (1969). The specimen

1

was then glued to a metal stub with silver paint and
sputtered with gold to make the fractured surface
electrically condudtive The Cambrldge Stereoscan 250 of the
Department of Entomology, University of Alberta,.was used to

view the specimens.

~

-

3.3.2 Examples of microstructures ihlgenesee Clay .
. A A J
The scanning electron micrographs'which w1ll be shown
- . . »° .

are for vertical fractures with the top of the micrographs

.

‘representlng the top of the spec1men Both'the uqyeathered.
LV S , ) . : t - R ) ‘

and weathered clays are descrlbed . : e

“The SEM studles haye given some lnsight into the
particle, arrangements'withinlthe Genesee Clay. Differentv
types of partlcle arrangement were noted and are presented

in thlS sect1on. The main body of the clay Wthh is light.

13

grey has an open flocculated structure (Plate 3. 5(a)) ~ The
partlcle arrangement conszsts of 1nd1v1dual partlcles

‘formlng faceﬁto'face aggregatlons whrch 1n turn have face to

\

‘faCe or: edge to face cdntacts- the random partlcle

L .

or1entat10n is an 1nd1cat1on of the }sotroplc nature of the

fabrlc. The flecculated structure of the Genesee Clay is -

con51stenq w1th the fabrlc of other glac1al lake- clays
# J ’ . n.'
'(Kenney,,1976) However,ythe actual mechan1sm for the AR

. RO I
\ e

formatrpn o¥7a flocculated structure in glac1a1 lake cJays

1s not fulIy understodd Kenney¢(1976) suggested that
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'f'Plate 3. 5 (a)Open flocculated structure llght grey clay

(b)Dispersed structure - dark grey clay L
(c)Magnification of (b) = . BT

- a

. (d)Honeygomb . structure. w.jt";‘.q SRR PN
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because of the small sediment concentratxpns in glacial
. G
lakes, it is unllkely that significant flocculation 0ccurred

A
within the*body of the lake water and proposed the

.hypothe51s that flocculatlon occurred at the sed1ment

.'c‘

surface

AN

' - - e . SgearETI—yy
-
. 4 -
‘

: 1¢¢ ”'On‘the other, hand, the high pIastlc clay beds have a

' 'ruclh %r&;ement which shows a strongcpreferred
b orlentatlon aﬁong the dlrectzon of the. beddlng (Plate 3. S(b)
- <
and (c)). "Plate 3.5(b) shows two. levels of grain

Id

[

arrangemegt)/$he’fnd1v1dual clay platelets form compact

//Iaazhae w1th relatlvely large voids between the lamlnaifl

A

. This typehof arrangement contrlbutes to the hlgh wate: .
content and compresslb111ty of the dark grey clay as shown =
> .

in Chapter 6. The strongly oraented arrangement is llkely to
< H
‘be a dep051tlonal feature ifnCe the silt graln in the centre.

- Sy

'of Plate 3. 5(c) had dlstorted the clay partlcles below 1t

but not these above 1t' any post dep051tlonal effects, such

as shearlng, caus1ng the strong partlcle'brlentatlon would

,have resulted 1n the mouldlng of tgzgclay platelets around

- .
2

the sg}t graln. The f1551le appearance of the hlgh plastlc o

,clay is con51stent w1th the preferred orlentatlon of the o

IR

_tclay platelets. The dlfference in the sozl fabrlc of the '
";llght grey clay and that of the dark grey clay cannot be'

';explalned readllg;51ncé both clays have approx1matelx‘the

f_same m1nenalbgy (see sectlon 2, 6 3) Qulgley and Ogunbadjo;:,c‘;f

A”(1972) argued that the hlgh degree of in- s1tu parallellsm '

may be due to the hlgh rate ot sedlmentatlon resultlng 1n a ?;Lgﬂ




. 7,0‘: f

- faster consolidation. Under these conditions, the initially
flocculated structure could collapse before the development
of Van der Waal's and cemenptation bonds;JHowever, this

mechanism does not satisfactorily explain the dispersed

.8

arrangement in;the dark grey clay peds at_Genesee. The dark
grey clay which has a, higher clay content than the light
‘grey clay had a s10wer sedimentation rate. On the other
hand,- 0" Brlen (1968) observed similar part1cle paralladlsm

in black snale and suggested that the ex1stence of certain

-

organlc anions*could have promoted]the dlspers1on~of clay

s

suspen51ons by neutrallslng surface charges. ConSequently,
in thé case of the Genesee Clay, there 1s the possxblllty

that dur1ng deposztlon ghe dlSper51on of the clay

.

part;cles w1th1n the dark grey layers was caused by ‘the

presenee of organic material; the dark grey colour probably\k

P

indicates.a highe; content of ﬁina grained‘organic matter
whlch was derlved from the .shale of the Cretaceous bedrocg,

The honeycomb st%ucture 1n Plate 3. 5(d) shows the-role_
. of m1neralogy in controlllng grain: arrangement- the 3 T

dlfference 1n mlneralogy 1s ev1dent from the m1crographs., "

l\‘

However, the honeycomb structure can be consxdered a‘rare
.feature w1th1n the Genesee Clay as 1t'%as found in only ohe.
of the spec1mens observed ThlS structure 1s llkely to
collapse durlng consolldat1on of the sedxments although some
mlght be preserved by the‘arch;ng of the surroundlng '

partlcles. The other ‘type. of structure 1s the compact

partlcle arrangement of a 511ty clay layer in Plate 3. 6(a)
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The structure within the weathered brown clay 1s shown

in .Plate 3.6(b) and (c). It has been found that the clay - -

..

cénsists ofvintgct iumps, as dndicated'by the preserved
distinct particle orientation, surrounded by randomly
“oriented patticles.\ln Plate 3.6(b) , the clay lump seems to
have rotated through 90 degrees'asguming that the initial
orientatioh‘of the freshiy depogitéd particles was
ﬁorizontai. Plateji.G(c) shows that the lumps are wrapped by
;h "onion skih" of cl&y particles'(seé the left of the
micrograph);'ih this micrograph the intact clay had been
plucked oﬁg during.sample preparagion. These‘micrggraphs
.show that the process of weatherlng took place by the

dlslntegratlon of the clay into small blocks ‘and that the -
%, -

clay matf&x surroundlng*bpe blocks was remoulded and
possibly reéedimeﬁ;ed'from:the drying and wetting aC;ién.

" There is also a diffefenég'betwegn the papticlé arrangement
within the remodlded clay and thatgw@thin the‘intaét.

material. There is a higher occurrenqs of stacked platelets

o
-

in the remouldea matrix as shown inralate~3.6(c)1 .
“The conc1u51on to be dravn from thlS study is that
,although the main body of the Genesee Clay is of -high

vqpmpfess;blllty because of ;ts open structure it '‘does not

.\

display an unstabié or collapsible ‘structure.
o ‘
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3.4 DISCUSSION OF DEPOSITIONAL. FEAT.URES

The predominance of fine grains in the Genesee
’lacustrxne deposat 1nd1cates dep051tlon beyond the limit of
delta growth (sectlon 2.2). During the initial deposxtlon o£
the clay, the till surface which was hummOCky as a result of
Tts melt-out orlgln probably promoted the generatlon of
turbidity currents within the depre551ons As a result
lentrcular lamlnae.such as those shown in Plate 3.1 were
‘ produced. In@tial deposition of the clay also occurred'with
~the simultaneous release of soil from the, till as a result
_of slumpingflThis is‘evident from the presence”of till
lenses such as that shown in Plate 3., 2‘Qithin the bottom 1
to 2 m of the clay lay;r Generally, the’beds w1th1n th1s
layer have a hlgher sand and silt contenn as shown in Fig
6.1yto 6.5 of Chapter 6. Deposition proceéded by the '

Seéimentation of alternate beds of dark grey and light grey'

.\\ .

clays. Grain size analyses of the clay layers show that even
the l1ght grey clay, whlch represents periods of ‘higher
sediment concentrasaon in the‘lake, ‘contains more than'§0‘
percent clay siZe'lndicating deposition by'generally |
IOWjdensitylcurrents. The colour'changes reflect a grain
size difference eyenhthohgh this may be‘slﬁght; The
thickness of the beds isvery 1rregular as shown in Plate
3.3 varylng “from a few mm to about ‘200 'mm, Generally, the'
dark grey clay tends to’ be the th1nnest with thicknesses of

1 to 10 mm. Partlngs of sand or s11t are: commonly found

'anng the beddlng planes of the dark grey clay. The 1nternal

~

T
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I
of the beds vary from very fine (iess than 1 mm)

struct@?

amlnaﬁﬁﬂfln the case of the dark grey clay 'of high

) 7},' A"

’plast?éﬁ?}lto homogeneous and strugtureless,for the less

ht grey.clay: The finely lamipated and fissile
abpearance of the dark grey clay is reflected by the |
preferred orientation of theé clay particlee;in the airect;on
of the bedding. |

. .The presence of rather thick beds and the lack of

regularity in the sedimentation units suggest that

deposition occurred under very frequent fluctuations in the

lake conditiems in terms of s;diment supply. Moreover,

"higher sedimentation rates might have caused some minor

~

slumping which formed the thick beds. The other
tharacteristicé that were associated with slumping are the
high angle beddlng planes of up to 50 degrees ¢ommonly

observed in the Genesee Clay. ~Although penecontemporaneous

slumplng contrlbut a tojthls feature, 1t 1s~bel}eved that‘
later distertion of\the/soil as a result of deformation in
) » i . BT .

the underlying till ¢ould have affected the inclination of

'l

On the other hand, while-the layering is more visible .
at the plant'site,,the composition and texture of the beds

at the cooling pond différ only slightly so that the ¢clay is

~.more ot less massive with the exception of the bottomf1.to 2. .

m whlch is 1nterbedded ThlS dlfference in the sed1

between the two areas can’ be explalned by referrlng to¥the

~sedlmentat10n studles of‘Smlth L1978a)1n Hector Lake
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o

égberta. Smitﬁ concludid that alﬁhopgh layering éould be’
f;und near the inlet delta, the layers decreased rapidly
with distance becoming thin laminae_or.massivevclays abqu£ 2
km from the iniet. According to Quigley (1980), this
‘pﬁenomenon is typical of postglaciél lakes where the;
suspended{seéiment loads are low in the streams which enter
the lakes as low den51ty currents. The latter are
1neff1c1ent for the sedlment transport so that most of the
'coarser-gra;ns are not transported very far. Therefore,. 'the

area of the present plant site was probably closer to the

sediment source than that of the cooling pond.

G

- I’ .

There are some indications that the clay was deposited °

in at least two seqQuences and that :the lake bottom was most

-~

, probablyhexposeq.éetwéen seQuehces resulting in the

formation of stiff crusts with hlgh overconsolldatlon .

R WIUSPRRRE

_ratios.-These-crusts are sandw1ched bethen more or less
o normally'consolidaged clays. This 1s,shown in F1g. 3.1 :here
-a crust exists‘aﬁwaboht 13 m belowegrounavlevél ét UA2 in
the cooliﬁg pbﬁd and at 14 m at theztest locations in the

plant site. Anpther observation is that just &bove this

<.

-crust at the plant site, the clay contains layers or pockets

f'?tili4like" deposit or wvery silty clays (refer to
borehole log for UA6 in Appendix C)‘ the presence of s1m11ar
"tlll 11ke layersuat approxlmately the same depth was

:repo;;edxby EBA (1983)'atiah6ther Idéatibh'ih the plant

site. These “till-like"'léyé;s.indicate a major read?ance}of"

: . : - o S
the ice with the subSequént-release of ice-rafted sediments

(3

Q



-

DEPTH (m)

'DEPTH (m)

A\
0 — 2o,
‘ uA2
Weathered
-5 8Brown Clay
L]
=101 Unweathered 4
Grey Clay .
Stiff Crust
—-151 a
Unweathered a
Grey Clay N
~204 t s
A
Tilh .
-_'25 o T
1 "2
“ ‘OCR
(a)
-5
Weathered P'Qnt Site
Brown Clay :
. g ) x
=10 . x .
x
Unweathered .
" Grey Clay
Stitf Crust
=157 ynweathered.’
Grey Ciay.
T
-20-4

()

site.

i

76

Figure 3.1 Variation of OCR with depth at (a) UA?‘(b):plant
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in the lake. Consequently, the level of the Genesee Lake was
controlled by the cycles of the. glac1er ice retreat and
advance which closed and. opened the drainage outlet as
discussed in the prev1ous chapter Similar observatlons had
been reportedf{or glacial Lake Agass1z by Qu1gley (1980)
There are indications that large fluctuatlons in the leyeL
of Lake Agassiz were caused by the opening and'closing of
the Soperio; outlets‘oy.ice retreats and advances. These
flnctuations resulted-in the formationgot{lntermediate stiff
‘crusts Qithin'the main’body of the Lake ‘Agassiz- clay as a
result of the’exposure of the lake bottom. |

JTherefore; it can be conclpded that the Genesee Clay
was.deposited under fluctuating sedlmentological conditions
&resultlng in 1rregular layering whfch 1s:in contrast to that
of cla551cal varved clays Dep051tlon was alSoJintertupted

——

.by the opening of the dralnage outlet of_therGenesee lake

-'resulting in the complete drainage of the lake; this caused

~

drying of the lake bottom resulting in the formation'of
&
1ntermed1ate stiff crusts within the soft clay The lake was

flooded aga1n when' the outlet was closed by the 1cep
readvance which was 1nferred from - the presence of ice- rafted

depos1ts. There was also no 1nd1catlon of large scale'

_ er051®n durlng or after dep051tlon of the clay



“j;lacustrine dep031t is likely to continue beyond these
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3.5 DISCUSSION OF § CTURAL FEATURES

The postkdegositional processes will be -discussed on

\ .
the‘hasis of the macrostructures that have been encountered

v .

in the Genesee Clay. The macrostructures of interest are the

features that wete formed mainly during three stages that

can be-classified\as follows: .

i. Shortly after deposition. The:discontinuities are ‘mainly
randomly orientedvminorishears.

2. burino physicaliweathering. The fissures are mainly
sgbvertical and subhorizontal and can_be very intense SO
that the clay has a nuégetty or blocky appearance. As
discussed earliet, the physical weathe;ingioccurred
du}ing the intermittent exposure of the lake bottom as
well as after complete deposltion. |

3. .During the melt-out of ice w1th1n the underlying till.
This process-will be caIled_basal'melt—Out. ﬁhe
discontinuities brodUCed are high angle'majOr shears.

The presenge of randomly oriented fissures whose origln are -

. unknown w1ll als% be dlscussed

3,51 Minor shears formed shottly after dep051tzon
It is a fact that shearing and slumping often occursi
'during dep051tion w1th1n a lake Experlments»by Einsele et
al (f974) have shown that slumping or shearing ‘along bedding
planes occur as a result of sedimentat1on on. tilted beds and

high sedimentatlon rates. The 1nternal deformatlon w1th1n a

6: ) . - > /
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penecontemporaneous processes as a result of cansolidation.,
-Leckie and McCann (1980) have identified micro-faulting in
lacustrine sediments from small movements within the
‘underlying layers. B

| In the Genesee Clay, instabilities during deposition - ;r
are indicated by rne'presence of swirled laminae bounded by
' intact beds. These contorted laminae do not in themselves.
contain structural discontinuities but tne action of o
shearing and slumplnglmight'indude‘shear planes in the
layers lying‘imnediately below. Plate 3;7 shows a shear
plane that is‘parallel to the beddind and the inrense
shearing nad produced the tongueflike structurevjust above
- the shear plane. Experiments by Einsele et‘all(1é74) have
shown that such tpngue—like“intrastratal structures-are
formed by strong shear forces induced by the sliding of the
surface layer durlng dep051t1on on an inclined bed.

_ Mlnor penecontemporaneous slumping also took place wlth
llttle mixing of sedlments.‘Plate 3.8 shows the pull apart
and shearing features that could have been associated wlrh a
minor slump;lThis fallsvwithin;Morgenstern's 11967b)
definitionbof a coherent slump;rMinor sllckensides vere s
presenr along‘the-bedding.planes and_other sheared surfaces.
. Another set of minor slickensides was'formed as a result of
'\lateral compre551on as shown in' Plate 3. 9. Shear1ng took'\
place across beddlng as along planes A at angles of about 30-

=5 35 degrees to the horlzontal wh1ch correspond to fallure_'

due to hlgh Iateral forces. The flow feature B 1nd1cates



" Plate 3,7 Shearing along bedding with intrastratal flow

structure.

|

.

Plate 3.8 Mian cdheféht‘slump (sample 1-2).

80
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(_Plg;e 3.9 Shearing due to lafé

PP

-8

ral compression (sample 1-3). -

T
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“that the shearing took place‘atshigh moisture content,

Minbr'slichensides (1‘~ 2 cm*) were aiso present alohg
bedd1ngs w1th1n the dark grey ciay The development of these
fsllcken51des was enhanced by the dep051t10n of the strongly
oriented partlclesrdlscussed earl1er S0 that small’
post-depositional movenents due to‘consol{dation and other
'tyoes of sttessing could caUSe the slickensides to fotm.

In these examples the shear‘planes are characterised
by pollshed surfaces w1th sllght or no strjiations as shown

BN

in Plate 3._0. In addltaon ghe sllcken51des have an area
varying from.a feu cm;¥(Plate°3 10(a)) to the entire area of
the sample dependlng on the magnltude of the shearlng It is
" to be jnoted that these sheared dlscontlnu;tles mlght have"

‘ orléfiated 'as m1cr0flssures shortly after dep051t10n as
decrlbed by Elnsele et al (1974) and later 1nternal
stress;ng causedlrenewed movement resulting in sllckensided
.éu:faces. THe internal stressing miéht“be due‘to either
‘melt{ngvof ice within the-till.Or differential consoiidation

_jn/the'underlying'sediments.

//jsé.szﬁssutes duevto weathering"

i Both‘the uppermost'oiidised crust and thefintermediate:
vstiff'lafers whose presehce was{discussed earlier are
ucon51dered 1n ‘this sectlon The processes involbed duringii
i?xe weatherlng actlon are mainly- freez1ng and thawlng and

'wettlng and drylng These processes have produced a blocky

'_or nuggetty structure within the upper clay. The 1nd1v1dua1
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Plate 3.11 High angle major sheared fissure (samgge,642).

R i R

Plate 3.12 Subhorlzontal and subvertlcal major sheared

[ ;/)> 'f flssures(sample 2 5) ' %"'T :’  i  R
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blocks are angular’to subangular and vary in size from 2 to
5%ym with the size of the biocks increasing with depth. At
‘times, major highrangde (greéter‘than 60 de@rees)?sheap,
‘planes are suyperimposed on the blocky struéturs:as‘shown.invd
Plate 3.11. Plate 3.12 shows\a pair‘of subhorizontal® and
. subvertical discontinuities in the iftermediate stiff crusts

A}

« within the unweathered clay; these stiff crusts did not show

A

any sign of oxidation. The surfaces of the major

. [ o

dlScontinuthes are pollshed with sllght striations

LI}

1nd1cat1ng shearlng resulting mqst probably. in association

S ~ ,
with the shrinkage and swelling action during weathering.
3 —

) ’ Fﬂ 'w .
'3.5.3 Major shears due to basal melt-out'processes

Sanford (1959) made analyt1ca1 and experimental studies

- ﬁ‘ 9.
‘ oﬁ’bhe responsé«of ‘a, homdgeneous rock layer subjected to

£
basal vertgyal movéments ngh angLe faults (dlp of more

"’
a;han 45 degreed) “were predlcted as & result %f the loss of

‘support from underneaFn;the dayer Slmllar fault1ng was

)

/ iy
observed in glac1ofluv1al sedlments by McDonald and ShlltS

o i

(19737. and Shaw (1982) and was attrlbuted to the melting of

\ buried 1ce in theqsﬂratum underneath the sedlments T

L4

concerned. - o mﬂ‘“ S ‘ . ’ -
| - T ae - t - . ) = AR

The melt-out of burled 1ce at Genesee was a process

]
»

that lasted un€1l the complete deposrtlon of the jgay based
\ v
on-the present hummocky terraln. Therefqge, ﬁhe ultlmate

i .
mqltlng of sthe - 1ce was hara%téﬁ;sed by shearlng as part of -
el &

tha clay ga1ned enough strength to shear 1netead of
- - La ,

-

t? '
. l : .
b ) . v

€

~.
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undergoing ‘plastic deformation. An example is shown in Plate

1

3.13 Yhereby a highly striated slickenside was produced.
.Such a sheared aiscontihuity was found in a sample from a
depth of 15 m below groﬁnd ie&el witgin‘the tobogrépﬁic low
UAT and the striae on the sheaged 5urfaée indicate that
- " v -

movement changed from a diréction indicated by arrow A to
. N .

that shown by arrow B; .the striae traced by a coal chip on’
— . . 4

Pl

théhghear surface&indicate7that-movement in the diéecgion of
. Qas at least’ 30 mm. The inclina%ion of this shear surface-
is about 60 degrees to the hqrikontqlf This'ﬁigh angié
discontinuity is comparable to the normal fauits’in_
glaciofluvial deposits which were attributed ﬁo ﬁhe'meiting

of buried ice by McDonald and Shilts (1973) and’ Shaw (1982).

i o . .

°

;
. N

3.5.4 Unsheared fissures
Althoufh the examples given -above are sheared

discontinuities‘shOWing varying dea}ees of‘movemenLJ another’
' . ’ - 'v‘ “ - -/A 3 - . ' \ - -
set of dlscontlnuitlesvare the tension ¢racks or fissures
~ ’ . \ -
N . ) . :
'that'were'found mostly in the more silty clay. Plate 3.14

&

Eshqﬁs such vertical Iissures foqnd'in a block sample.and ‘the
distinction bgtwe;n the‘égpearance of the‘patu;él fissure
and that of the fractures through'the intact clay iS-gleérly
visible. Thg fisgures have a matt, slightﬁy”undulated and

" more or iess’Smooth éurféce whereas the fr\c£ures throvgh

the Tntqct’magérial have a "gummy"lappéaréh e. The layer -

L . : \ _ \
‘%, plastic limit of .21 %, and natural moistur

Coe e _ b .Y
within which' 'the fiss%res occurred has~alliqﬁid limit of 55

content of 38

>

X



Plate 3.13 Highlyvstriateﬁ high angle slickenside'(sa

?

mple
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% whereas the more plastic overlying layer has a liquid
limit of 68 %, plasfic limit of 24 % and natural motsture
“content of 48 %. On the other hand; Plate 3.15 shows a
sample with intense randomly orfented faint fissures which
divide the soil into smallll”cm cube blo@ks. These -fissures
most probably represent planes of‘weakness as mauual
distortfon of the clay caused rupture along the fissures.
Consolidated undrained triaxial-fest results on a specimen
containing these fissures show that the clay exhibits
strain-weakening behaviour as shown in Fig. 6.15 of Chapter
A

6.
. (zf A . 4

The surface texture of these fissures can vary from a
plumose or flaky:-appearance to the smooth appearance shown
. in Fig. 3.14. There are no indicafibns that there was any
shearing along these fissures. The ‘latter tend fo be of_
small size not exceedfng 50 mm. in lengt%4 Their exact origin
is unknown but they could have formed during the internal |
stressiné cf the clay mass and might be bound by the major
shear discontinufties. On the other hand -Eden and Mltchell
“(1970) descrlbed similar closely spaced ha1r11ne fractures
in the Leda Clay of Eastern Canada and suggested .that such
fractures might orlglnate from stress relief ‘or the

‘fatlgu1ng effect of - seasonal changes in temperature and/or

»groundwatem prgssures.
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5. The weathered clay has not been: 1ncluded aﬁd is hlghly

90

3.6 SUMMARY . -

The‘deposition of Genesee Clay was controlled by

¢fluctuations in the depositional environment caused by

cycles of ice retreat and readvance which resulted in very
irregular layering of the deposit., Besides contorted B

beddfng, the clay contains numerous structwral

v

discontinuities as a result o% a combination of various
on _

post-depositional processes. Table 3.1 gives an indication

of the intensity of the structural dlSCOﬂtlnultles within

. /1.

-l

the. unweathered clay and is not meaht for statlstlcal

1nterpretatlon551nce the sampllng was not contlnuous and

\!g
3

some dlscontlnu1t1es might gave been missed from the
speclmens used for laboratory tests.

\Xn analy51ng Takble ,3.1, the followfng p01nts should be

-,

"
ot
Yy

noted: R S -
f. 107 ﬁAZ‘and‘ﬁﬁs are boreholes wjtﬂin the cooling pond
“area and ﬁAB;nUA4 and UA6 are within the plant site.

2. The minor alickensides'are found mostly in the dark grey
clay and afa orieﬁted parallel to the bedding which° may
be iao~Lined. | B |

3.  The fmiﬁor\f\i-s's;u‘r'eé are found mostly in the light grey:

N

clay and are-randomiy”orientéd

4. The 51ngle dlSCOntanItles 1nc1ude all the major shears

1rrespect1ve of the mode of formatlon.

o

flssured and may contaln major sllcken51des.

6. D1Scont1nu1t1es due to llthologlcal contrast have not
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Table 3.1 Structural discontinuities in unweathered clav.

123

Bore- Total '-Length con- .Length con- No. of

‘hole |length of|taining intense taining intense singie
No samples minor slicken- minér fissures disgon-

(cm) sides (ém) (cm) tihuit;ea

6A1 205 19 (9.3) 7

UA2 305 - 60 (19.7) - 30 (9.8) 14

UAS 200 7 (3.5)' | 1 7
UA3 192 21 (10.9) 30 (15.6) 5

UA4 220 35 (15.9) 123(55.9) . 4

vA6 46 (29.5) 31 (19.9) |

156

- Numbers in- bracket indicate the percentage of the total

{

length of sample.

.
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ybeen included although it is shown in Chapter 6 that
théy can be planes of weagness, D \ 2

Table 3.1 shows that thire is‘quipe a variation in‘ehe
intensity of the hinor slickensides and fissures with a
highe%Lintensity at‘the plant site. The fact ﬁhai the lengtm
of the s?mples at UA4 containiqg the minor discontinuities
form a combined bercentage of .about 72% of the total length
of samplés should be of significance since these
discontinuities aiS potential weékening agents as éhown in
Chapter 6. On the'other hand, thefe seems to be a higher
occdﬁgence of the single discontinuitiés at the c%olihg,

pond.



4. FIELD INVESTIGATION

¢ -
4.1 INTRODUCTION W | .

A
3

. The purpose of the field investigationsﬂwas to assess
the variability in the engineering properties of the Gefesee
Clay and to determine the causes of this variability. As the
4
clay 1s not h1ghly variable in terms of mineralogical
‘composition, the varlablllty 1s thought to|be due to the
stress history and structure. Therefoce,‘it.wasodecided to
'detefﬁine’variability in the infsltu stresses as well as in .
.the Undtained strength. Sampling was done to establish the
soil profiles, study the soil fabric and perform laboratory
tests. The*in-situ porewater preseures were measured by the
piezometer used for the hydraulic fracture tests. The
1nvestlgat1ons were carried out 1n November and December
1983 with the exceptlon of lateral stress measurements at

~test locations q<5 and UA6 which were carried.out in March,
S, _

1985,

4.2 LOCATION OF TEST SITES

-

. o o : Cw
'The test locations were selected so as to be- away from

any influenoe-of Ehe structures being built, Three locatlons
) ¢

were selected at the plant site.and at the coollng pond so,
_that both the,topographlc h1ghs and lows were 1nvestlgated.
The test locationsvare shown in Plate 2.2 and the profiles

'
Y

tested afe Shonn in Fig 2.8 and F1g. 2.9 of Chapter 2. The

f}'test s1tes are labelled UA1 to UAG It is to be noted that

l93
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HF - hydraulic fracture,

Ve
Table 4.1 List of in-situ teéts performed.
Test . Depth of test (m)
Site WD HF TSG TSC |  DMT PV
| N-S E-W N-S /
g Y
UA1 8.4 8.4 8.4 4 From “//From
11.4 11.4 11.4 4. 6.0/ ‘5.4
14 .4 13.4 4 to . to
.0 20.0 15.8"
UA2 10.8 10.8 10.8 .8 From - From
™~ 13.8 13.8 13.8 16.8 8.0 8.3
. 16.8 18,1 to tow "’
20.5 20.0. | <20.3
: o3 ‘
UAS 10.4 10.2 - “ From
~— 13,04 | 13.20 | 6.8
to
-14.0
UA3 8.3 8.3 8.3 : From From
10,6 10.3 10.3 - 7.0 7.0
2.3 |, 12.3 . to to
1503 17.5 14.5
UA4 7.7 9.7 7| 977 N Erom | -From
9.7 1.7 1.7 , _ 9.5 .| 8.5
11.7 14.7 - to |- to
13,0 [#713.0
A R -4t
UA6 11.6 4 Frgm,
’ . : %9.7’
T e .
B
P L.
. '. : S .
: . . N . s »i
pwp - porewater pressure measured by piezometer. A
s : . : . P .
C ML

TSC N-S - total sﬁréss qell’invwérth-soufh oriqntétion.

TSC E-W - total stress cell in east-west orientation.

DMT - Marchetti flat plate dilatometer.

FV - field vane shear test. -
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the plant site had been graded at the time of the present
inyestigatdon‘and approximately 2.5 m of peat was excavated
and replaced by 4 m of clay and shale fill one and a half

year earlier. A {:;' | .

At each location, the test holes were drilled so that

o
I4

they were about 5 m or more from each other. Table 4.1%gives A

a summary of the tests performed at each location.

4.3 IN-SITU MEASUREMENT OF LATERAL STRESSES
In this section, the most common methods of measurement

will be reviewed, followed by a discussion of the selection

of the methods used at Genesee and a‘comparison of the

L
Lo

results obtained.

!

The in-situ lateral stresses are expressed in terms of:
Ko which is defined as‘the}ratio Of_iateral effective stress
to the vertical effective stress (Bishop, 1958) assuming V
that the stresses are principal_stresses.

-~

f"4¥§.1 General review .
The importance of\knowing the in-situ stdte of stress
for the des1gn of geoteéhnlcal structures has been.

"emphgsized by Morgenstern and Eisenstein, (1970) on the

R 4

other,hand, a knowledge of the present state of the ground

Vstresses can be used'to reconstruct the stress h1story of

the so1l in the manner reported by Skempton (1961) for the

London Clay The’;easurement of. lateral stresses at Genesee-
Y S

ol
was performed pr1mar11y to 1nvestzgate the effect of basal
i .
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helt—out processes on the stress history of the clay.

The measurement of.lateral stresses in clays has been
discussed in detail by Wroth (1975). On the other hand, the
measqrement“of the actual undisturbed laterai stresses 1is
impossible because of the disturbance caused by the
insertion of the measuring probe. Th&refore, the development
of measuring devices has'evolved~around the minimisation of
the dieturbancesx u

The first attempt to ma;e a direct measurement of
lateral stresses in a soft clay was made by Kenney (1967)
who inserted a hollow steel pile instrumented w1th‘load
cells.’Massarechr(1975) reported the successful.use of a
thin Glotzl cell hydraullcally jacked into the ground.
Hydraullc fracture tests similar to ‘those used in rock have
.been reported by Bjerrum et al (1972). The most'succeésful
‘device in terms of minimising disturbance appears to be the
self-horing pressuremeter deveioped independently by WrothA
and Hughes,(1973) and Baguelin et al (1972).
| The'method‘nornaily used“to accoUnt for disturbance due
to 1nsertlon of the probe is to allow for the d1551pat10n»
and stab1115at10n of the excess pore pressures Wlth the ‘
assumptlon that the measured lateral stresses w111 reach al

value close to that Whlch ex1sted before ‘the cell was .

AN

,‘1nserted More - recently, Marchett1 (1979) and: Handy et al

(1982) have developed methods whlch do not depend on stress o

-

: relaxat1on. Marchett1 used emp1r1cal relatlonshlps to take

account of the dlsturbance whereas Handy et al establlshed
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relarionshiﬁs'between—known levels of disturbance and
measured stress and the% extrapelate to zero disturbance.
‘%esiaes the error caused by the instrument, the lateral
srress if exp;eSSed in.terms 5? the coefficient Ko 1s also
‘subjected to errors in the evaluation bf the vertical
stresses and porewater pressures, Massarsch et al (1975) and
favenqs et al (1975) discussed these problems_exten51vely;
Tavenas et al (1975) estimated the probable error in the

A

measured K, to be in the range of + 0.3.

4.3.2 Evaluat1on of test methods \
This section w1ll evaluate the known methods of K

measuring in- 51tu lateral stresses in clays such asy/ﬁ\

- self- bor1ng pressuremeter |

- push-in stress cell

- 'Iowe stepped blade

- Marchetti flat piate dilatometer

- | hydraulic fracture : . . .

and is based on bublished'daté.-

4.3.2.1 Self-bqring pressuremeter-
| " The measuremeng'pf lateral stresses,by the -
'SeLf—boring.pressuremeter‘caﬁbbe performed in_two”ways}
.rm expan51on of a flex1ble membrane by applylng gas
pressure and the pressqre corfespond1ng to a zero
1ateral straln condltlon of the borehole wall is -
'con51dered to be the in-sitl lateral stress (thlS 1sr

.known -as the expan51on\pressuremeter)
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- direct measurement;by load cells mounted on the
‘wputside of the probe (this is known as the ~
Camkometer) ‘ L o
Ideally, the self-boring pressuremeter.shouid be
the best method for measuring in-situ Iateralvstressesa
However, at present, there is still some uncertainty as

-

»to the accuracy with which this pressuremeter gan
L ; S e
measure the actual lateral stresses. The main problems
associated with the method are:
- disturbance caused by installation procedures
- errors in the interpretation-of‘testﬁdaté when the
expansion pressuremeter curves are used.
‘The success of the self-boring pressuremeter in’

-

’minimisiug disturbance depends<onvthe Bte of advance top
Favoid'clogéing and the subsequeht‘use of excessive
ﬁlushihg"pressures whioh can cause hydraulic fracture

" (Windle and Wroth 1977). Euen with the‘éppropri;te-
'vadvance rate, the generat1on of porewater pressures’ y
during 1nsert10n 1ndlcates the presence of dlsturbance; |
Clough and Denby (1980) found that pore pressures in the |
'“hlgh plastlc San Franc1sco Bay Mud requ1Yed up to 6 -
hours for dlssxpatlon and stablllsatlon. However, thejf_
problems rema1n in that there 1s at present no'

. standardxsed pr0eedures forvperformangpthe:tests'ih}
‘.terms Of;pehetretioh rate, flushihg;pressureradd'qutter
Settlng. Denby and Clough (1980) found - that the |

"techn1ques to be used for the best results would vary
VA . ,
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depending an the soil type, depth and in-situ stress.

bl . By . .
Therefowre, there:is-a need f%,carrx out trial tests- at

- eachnew site before appropriate testing procedures can

LI L

be established so that the cost ean be prohibitive.
A Y

9,
" The problems assoc1ated with installation

- teehnigues are also shown by the fact that the

4

self-boring techmigue has not'proguced consistent

results. Tedd and Charles (1983) reported much lower

Qé&ues 8f lateral stresses with thg Camkometer than with

g
»

the expansioﬁ pressuremeter. Massarsch and Broms (1976)

¢

_found that»the Gamkometer gave very erratic results and

p}

‘some of ‘the measured lateral stresses were lowernthan

a
»

- the Ranklne actlve earth’ pressure

v

= In the case of”the‘expan51oﬁ’preSSuremeter,ULacasse;

€

ahdtLuﬁne_419§2) discd¥sed eight methods oféestimating'

lateral stresses of which only five provided what were

believed to be satisfactory estimates. Even then, errors

~

of up to 10 ¥ could be expected. K

.

THerefore, unless the problems are solved,rthe

'l

_self~boring‘pressuremeter may not.Wipéggarily give

better results than'the'other'methOdggf '

4.3.2 2 Push-in stress cell o .
‘ bl -Stress cells have been used in various forms to

measure the in- 51tu lateral Stresses. Massarsch (1975)

‘Massarsch et al (1975) and Tavenas et al (1975) have

obtalned sat1sfactory results in soft clays with
. S
undralned strengths of 10 to 30 kPa both in terms of

e de

v
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limited soil éEStunbahce around the cell and good ,

reproducihility of the results. Tavenas et al\(1975x

reporteé{that meagurements made at the same depth b;
\

three different cells were within * 1 kPa of each of

\

Massarsch and Broms (1976) have found good agreement ,\
. . A

between the 3 mm thick Glotzl earth pressure cells and
the self- borlng pressuremeter. Massarsch (1979)

performed tests whereby the lateral pressure in a soft

4

soil mass could be varied by means of inflatable rubber
cushions and the stress cell was inserted after the
pressure had been set to a particular value. Massarsch

found'that the lateral "pressure measured by the pressure

hY

cell was 3 % lower than the increase in the applied
4
More recently, Tedd and Charles (1981,1983) have

pressure.

experimented with théxinstallation of stress cells in#’
the stiff London élay’and came to the contlusion that
the cells cbuld~overread by an amount fopnd empirically
to be oné half the undrained strength. Therefore, the
stress ceils are best suited for soft to firm soil .
whereas fot sti%f soil some correction factor’has'to be
: applled The othet problem with the push in method of
insertion 1s the non-verticality of the probes ‘during
1nsertuon' thlS is especzally important at great depths.
'However, Campanella and Robertson (1983) found that in a-
soft depgéit good vert1cal1ty could be maintained for

penetrat1on depths in excess of 15 m.
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Another disadvantage of the stress cells is that it
takes up to about a week for the excess pore pressuresﬁ
to dissipate; the dissipation is accompénied by losg of
water from the disturbed zone *around the cell in the

case of n?rmally or lightly overconsolidated soils: so

sy Al

that at eqﬁilibrium the soil surrounding the probe is
overconsolidated with respect to its original
~condifions. Theréfore; even though the pore pressure js
allowed to dissipate, the-initial ground stress 1s not

recovered.

4.3.2.3 1owa stepped blade
The»}ewa‘stepped—biaderis another version of the
‘puéh—in stress ¢ell and consists of three thicknesses of
blades to measure soil‘pfessures which are then.
extrapolated for the zero blade-thickhes§ (Handy et al,-
1982). The readings are taken without waiting for the
dissipation of the excess porewater pressures. Handy et
al found gpod ag;eement bétween the stepped blade and
'§e1f~b6ringApressu;emeter tests. The problem with
“methods tﬁgt do not allow for stress relaxation is the
fact that the time ét which the feading is taken is
critical. For all methods involving jacking of the
probé,‘immedi%felyAafter the -vertical pressure is
‘released at theuend_of the inéértionf.thefe is a'répid.
drop in the>monitored'préSsﬁ;e'so tha£ the-time‘in;efv§l7
between the endzéf,push ana thé reading_of the . ‘

horizontal‘pressure.should‘begkept constant, It would be



102

“intereSting to estimate the lateral stresses based on
»

the data after the complete dissipation of porewater

pressures and then determine the stress for zero blade

thickness which represents a state closer to the in-situ

stresses.

'

4.3.2.4 Marchetti flat plate dilatometer

The flat plate dilatometer (DMT) was developed by
MarChetti-(1980). In terms of measuring lateral
stresses, the DMT functions in a 51m11ar fashlon to the
Iowa stepped blade. However, the DMT has the add1t10nal
capécity of estimating undrained strengths and |
deformation moduli. In this method, all measuremehts are
made under undrained conditions just after the
instrument has been jacked into position. Similar to the
stepped blade, the time at which the reading'is taken
has to be consistent. Sihce thezmeasurements are
corrected by empirical relationships the testing
procedures cannot dev1ate from those establlshed to
~derive these relatlonshlps. There is also the need to’
expand the data base to 1pprove the emplrlcal
correIatiOnsr At preseht, the experience with the‘DMT‘is

~rather limited, but Lacasse and Lunne (1983)-and

-Caﬁpanella and Robertson (1983) reported satlsfactory

results fogkclays.
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4,3.2.5 Hydraulic fracture test
This simple method for measuring lateral stresses

in soil was first proposed by Bjerrum and Andersen ,
,(1972). It consists of noting the pressure requitred to
generate a cract in the soil when water is“injected from
the tip of a pjezometer. Theoretlcally, the crack forms
'in a direction perpendlcular to the minor principal
stress. Because of the disturbance due to driving and
the influence of the tehsile strength of a clay onvthe
fracture pressure, Bjerrum et al (}972) proposed the use
of the pressure at which the crack closes as the -
estimated'minor principal'stress. Experimentel evidence
by Bjerrum and Andersen (1972) showed that this
essumption was acceptable. Bozozuk (1974) and Wilkes
(1574)lfound that'it was difficult to define the closure
pressure on theAbasis of the piot of pressure against
rate of flow suggested by Bjerrum and Andersen (1972),.
Whlle Bozozuk proposed a different graphical technlque
'd‘wllkes suggested a’ mod1f1ed testlng procedure._Actordlng
‘to Tavenas et al (1975) the Bjerrum and Andersen mz2thod
glves the m1n1mum p0551ble closure pressure whereas Lhe
,Bozozuk method glves”a hlgher ¢losure pressure- wllkes
method has the dlsadvantage of regu1r1ng a larger number'

I~

"of tests.«'

The problems assoc1ated with, the hydraullc fracture,
' 'test are not restrlcted to the 1nterpretat10n of the
-test results only. Tavenas et al (1975) found that in

[ . Y -

»
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cemented clays, the disturbance dué to insertion of the
piezometer could take up to 100 days to stabilise so
that tests performed after a shorter period could

overestimate the lateral stress. On the other hand,

e

Massarsch et al (1975) pointed out-that the direction of
cracking may‘not be uniquelchontrolled by the mknor:
principal stress.but also by the presence of varves,
fissures and non-homogeneities. Penman (1975)”found"that"
the horizontal,features within a clay fill due tog_
compaction could‘cause the closure pressure to be higher
than the-minor_principal stress. Massarsch (1978) argued
that only yertical fractures are likely to. form within
the plastic zone originating.from the instdllation of
the piezometer eVe; within overconsolidated claYs and
therefore, Ko'values greater than un1ty can be expected.
By~ sampllng the soil after a fracture test Lefebvre et
al (1981) found that both vertical and horlzontal cracks
were generated. However,'ln such a case,lthe final o
closure pre55ure may be equal to the minor pr11c1oal
stress.»Cracks will close progresszvely, and those that
are perpendicular to the minor pr1nc1pal stress are the
.l st toﬁglose.‘ | n

" There have been'conflictingaglews on the .
reIiahility.ofathebhydraulic fracture tests._Andersen:et
731 (LQ?é)band Wroth and Hughes (1973) reported*hydrauliC‘d
fracture results which compared favourablY<2§th those oflﬁ

stress cells and self bor1ng pressuremeter respect1vely
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whereas publications by Tavenas et al (1975) and
Massarsch et al (1975) showed large differences in

hydraulic fracture and stress cell results.

' 4.3.3 Method® used at Genesee

From the above discussion, it can be seen that the
self-boring pressuremeter and the push-in stress cell are
the most reliable instrumehts because of the limited
disturbance and' of the fact_that excess pore pressures are
allowed to dissipate. Undoubtedly; the pressuremeter would
haue been the best tool if the right installation procedures
and interpretation method were_used.vHowever, at present,
'the’literature shows that for soft clays the puSh:dn stress
cell giues data comparable to the self-boring pressuremeter
at a much lower cost. Since the‘Gehesee Clay is a soft to
firm clay with in-situ vane strength of 30 to 60 kPa, the
amount,pf overreading in stress cells is npt iikéﬁy to beff
very serious'uhen'CQmpared to the range of scatter in. some (
. of the publlshed results of the self- bor1ng pressuremeter.
'Consequently, based on the good performance ‘of the" stress
' cell in soft clays,’lt was.dec1ded~to use this method‘asvthe
main tool for est1mat1ng lateral stresses at Genesee._ o

Because of 1ts low cost and 51mple operatlo the flat plate

V'dllatometer was used to assess 1ts performan e and to bu1ld

up a data base for the use of thxs 1nstrument in Alberta

.\‘

d-Flnally, the plezometers used for measurlng th local L

'porewater pressures were de51gned for hydraul1_ fractured

-



106
tests.

4.3.4 Test procedures

.4.3;4.1 Total stress cell (TSC)
o The cell used was the Irad Gage vibrating wire \
‘earth pressure cell modei EPC (irad,Gage, 1982).
Essentially, it consists of an oil-filled cell (230 mm
in diameter and 6 mm thick) which is connected by a
short length of thick wall steel tubing to a vibrating
wire diaphregm pressure éage. The cell has an aspect
ratio (ratio'of cell thickness to active diameter) of
0.03 and a stiffness (ratio of diameter of the active
diaphragm to the deflection of the diaphragm) of 20;000.
’For the present study, the cell was proteeted by means
of‘a flat steel frame whrch~has the sﬁape of a spade for
eesy insertion. Plate 4.1'sﬂous the protected cell in
the upper part of the photograph' an unprotected cell in
the lower part, and the readout unit for the v1brat1ng
wire gage. The total area of the frame and cell is about
2.6 times that of the cell alone' accordlng to Audlbert
and Tavenas (1975) this ratio is sat1sfactory in
‘ }el1m1nat1ng errors due-to_edge_stress.goncentratlon and;
arching of the*surrouhdiug .s0il,
- For insertion of the cell at Genesee, a, 425 mm .
diameter pllot hole was first drllled down to a depth of
approx1mately 7 m 1n order to penetrate the full

th;ckness,of the weathered‘browp clay. This also
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~y

Plate 4.1 Total stress, cell and pr’vot‘ecti‘\'/e'v casing..
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represents the approximate depth that can be lert
unsupported. The cell.was first connected to a 3 m
length of 46 mm AW )\§d and 76 mm CHD rods were used for
additional lengths. CHD rods were used to reduce
buckllng of the drill rods when the cell was pushed 1into
.the soil. A steel guide was placed at the top of the
pilot hole to keep the rod as vertical as possible.

The cell was pushed at a rate of about 1.5 cm per
second and the‘first measuremeht‘yas made at 3 m beyond
‘the bottom of the pilot hole in order to be outslde the
range of disturbance”caused by the-drilling. Readings of
pressure were taken at intervals of time until the cell
pressure came to equilibrium wheu it is believed that
the pore p;essure generated by insertion of the cell had.
dissipated. For the Genesee-Clay, it took from 5 to 10
days for the eucess pore pressures to dissipate because
of the low permeability of the soil whereas, for a trial
test within the Lake Edmonton Clay, it toOk~onl; 2 days‘
for the meas ured pressure to come to equ111br1um AR
example of the relaxation of pressure with time is g1ven
‘in Fig. 4.1; plots for other tests are given in Appendxx’
D. D | |
| For this study, four dlfferent cells were used and

they were callbrated 1n the laboratory w1th1n a sealed

A

chamber (Plate D. 1 Appendlx D) by means’ of pressurzsed
£

water. The cells were pushed down to a depth of 13 m"

beyond the bottom ogvthe borehole without difficulties.
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The four cells were used for measurements at 25
positions. Only one of the cells was damaged when- the
cell encountered a gravel or compatt sand lens near the

‘
till surface.

: ‘4.3.4.2 Marchetti flat plate dilatometer (DMT)

The dilatometer‘used is the one‘described by
Marchetti and Crapps (1981). It consists of a stainless
steel blade 14 mm thick, 95 mm wide‘apd 220 mm long
(Plate 4.2)._A thin flat circular‘EXpandable-steel
membrane,A, 60 mm in diameter 15 located on oheIEide of
the blade and rests on a sensing disc connected to a
buzzer in the control unit. When the membrane Starts to
lift off, the buzzer is turned off. The buzzer is turned
on again after the membrane centre ha$ moved 1 mm into
the‘soil Before and after each test, the corrections AA

a,‘g)
. 0:

and AB vere measured They were respectlvely the suction
.requlred to keep the membrane in contact w1th the -
seating and the pressure: to lth the membrane centre by
1 mm from its seatlng in free a1r _ d

| The blade was pushed into the ground from the‘
'bottom of a 150 mm dlameter pilot hole at the rate of 2
7mm per second and the membrane was 1an§lea by means of
préssurised gas 1mmed1ately after reachlng the requ1red
.depth; for this pro;ect, the tests Wwere done at “
interyals qf 0.5 m. During 1nf1atlon of the.membrane,g
'the pressurea~required‘to just lift the‘membrane'bff the

LIS

.. sensing disc and to cause 1 mm movement of the membrane



Plate 4.2\Métchettvui. flat';fpla'te dilétometer.

"



. centre were recorded. These were pressures A and B

.

respectively.

Using AA and AB, po, and p, were calculated from the

following equatidps: ’
Po=1.05(A+AA)-0.05(B-AB) - N € P DA
D1=B=BB e e e (2.2)
The following parameters were thgnhcalcqlated:,
I = (p1“’ po)/(pb - Uo) D P, (4;3)
D
K = (po - uo)/o ' e s 0 e 0 00 o---q:.n¢~ ------ (4-4)
D : S Y : : *
E = 34.6(p1 - po) “ e s e e s e v ecee ..i..(4:5)
D _ ‘
where I = material index, =~ v
D : . o
K = horizontal stress index, =~ . = .
<D o — =
" E = dilatometer modulus,
D | ad s
Uo = in-situ porewater pressure,
o' = vertical effective stress.
v e o . b

"1 , K and E were used in empirical relationships to
D D - D 7 . - B R -
" evaluate Ko, OCR, undrained shear strength (c ), -

. ‘ . LT 'k‘_U ' Lot
~constrained modulus (M)? and friction angle tin the case

of saﬁﬁy_siltband sand). Fof the‘Gehésee Cléy, thg e

fbl%owihg‘releVant,equatidns wererSed:‘-

M is.equaI tO 1/m at o r;'- T Cer S !
o R ) v v
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OCR = (0.5K ) %%  eeeeaermme e, (4.6)
D A

Ko = (K /1.5)°%% = 0.6  ceenieceanennns (4.7)

D
c = 0.226 ' (0.5K )"+ ...l (4.8)
- u v - D -
M= (0.14 + 2.36(log K )E I 2
D D

RS

Equations 4.1 to 4.S were obtained from Marchetti and .

Crapps(1981). For this project,.the computatiohs were :
programmed on aﬁ HP 41CV. A |
An‘E}ample of the déta obtained from the DMT is
given in Fig. 4.2; data for the other sités are
presented in Appendix D. It is.to bé noted that at all
.

sites the DMT tests were performed with the blade.

oriented in the north-south direction.
4

4.3.4.3 Hydraulic fracture test

The piezométer used is shown in Plate 4.3(a). It
consists of a 100"mm long ahd 25 mm outside diameter

—~high air entry-filter stone,A; and was provided with an

electfical‘pressure transducer,B, which was connected‘to
a readoﬁt’unit at,grbUnd level. Thé;piézometer was'
deaired through nylon leads connected to fhe»inlet,c,‘
and outlet,D, to,the'piézometer. The @ressure sYstém
‘consistea.bf an air-water préséurg cylinder,é, and a-
volume éhange device,F, (Plateb4.3(b)). The pressure was
:supplieg from a'nitfogen gas bdttle;G, Fhrough a |
pressure regulator,H.

The nyldn and eleétrical 1eads were enclosed in a

plastic tube which was sealed at‘the top of the

[
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(b) -

Plate 4.3 (a) Piezometer (b) Pressure system and volume «
o - change .'de'f'\ki.ce.. E

P



piezometer to provide a water tight chamber for the
pressure transducer. The plastic tube was threaded first
through a 46 mm AW rod and théh through 7d mm CHD rods.
- all the leads and the plezometer were completely
saturated and the leads were plugged before‘
lnstallation. The'piezometer'was pushed at a rate of 2
cm per second for a distance of 3:m below the hottom of

a 150 mm pilot hole and the excess pore pressure

Ze
*

generated uas allowed to‘dlsslpate uﬁth the'leads vented’
to the atmosphere. Normally, it took about 1 week for
the‘pressure indicated by the electrical transducer to
become stable, but all tests were performed 10 to l4.
days”after installing the piezometer. Before performing
the test; water.was circulated through the piezometer
under a small pressurehto remove trapped-air.
Immedlately afte?, one of the nylon leads was plugged
and the water pressure was increased at a rate of ‘about
10 kPa perxsec by,meahs of the gzr pressure regulator.’
Fracturerccurred between 0.5 and 1 minute,wheh'assudden‘
increase in\the flow rate waslnoticed on the volume:
change dev1ce Normally, 10 to 15 cm’ of water were.
pumped by the t1me the fracture occurred After
fracture, a falllng head permeablllty test was performed '
by shuttlng off\the pressure supply The pressure drop
and the assoc1ated rate of flow were measured at
1ntervals- an example of the results 1s ngen in F1g;
“4 3 and othervtesh data are glven ‘in Appendxx D. The

\

\
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-

closure pressure is the point corresponding io'a sudden
decrease in rate of flow. By subtracting xhe in-situ
porewater pressure prior to the-test from®* the. closure

) - pressure and then dividing by the effective ‘overburden
pressure, K, 1s obtained.
Two major problems were‘encounfered, namely:

1. after a few weeks, some of the'electricaL
trapgaucers within the piezometérs wvere aamaged by

-humiaity and it was not bossible to moﬁipor the

in-situ poréwater pressures_but 1t was poséible to

.

carry oqﬁzthe hydraﬁlic fracture test by monitoring
with a pressure transducer connected to the preséﬁre
- system at ground level. }
2. 'és the tests were done in th§ month of December,
wﬁen the temperaturé dfopped to -30 °C the watef in
~ the leads froze gnd it was not possiﬁle to conduct

furﬁﬁer tests.

'4.3.5 Discussion of test results

4;3.5.1 ?otal stress 6@11_ | - _k .
"Immeéiately aftér insértion of ﬁhe qell, the .
\\\ pregsufejfecorded‘is ngarlyvtwice'that reached at.ilul
\-equiliﬁrium. Fig. 4.4 which‘shows'afplb£ of.the'céll‘
u prQSSUre 6ne’minute after inséftién against thé
equilibrium pressgre indiéates that‘there is s |
__fglationéhip'béﬁweén the'two présshres} Tﬁe::eiatiOQShipv
is.most likely honliné&rfand pgssésvthfough'the érig}n. .

S
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Therefore, the cell pressure just after insertion is a
function of the initial horizontal stress. By using such
a relationship,:it is possible to obtain tough estimates
of the lateral stress without havingrto.hait for
eqhilibrium; however; such a relationship is probably
unique for each deposit. This explains why, for the DMT,
the emp}gical relationship to calculate the in-situ
‘laterél stress from the Sressure reading after insertion
of the dilatometef gives satisfactory results.

As shown in‘Fig. 4.5 to 4.7, the stress cell has
given very consistent results in the sense that thete
was not much scatter.in-the data. In these figures, the
lateral pressures plotted are total and not effective.
The good performance of the total stress cells is
reflected in the repeatabilityvof,the reSults when the
‘stresses were heasured.in'two petpendiculat'ditectiohs
(North- South and East- West) at the test locatlons uA1,
UA2 and UAS w1th a different cell for each dlrectlon. As .
élseussed in Chapter 6, there is a certaln an1sotropy 1n

the lateral stresses at certaln depths at. thesg three :

Locat1ons, such aslelevatlon 709 m at UA2 but below and

T ;above these depths the different stress cells gave the

-

same lateral stresses at each locatlon. Thetefore, this.

.'method“giyes,consistent results.

- 4.3. 5 2 Marchettl flat plate d1latometer |
| Although thlS sectlon deals- ma;n;y wzth lateral

stresses, the redlctlon of overconsolldate ratlo (OCR)
P
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and undrained strength (c ) by the DMT will alao.be
discussed. To enable a co;parison of the DMT results
with other test» methods, OCR, ¢ and Ko obtained from
laboratory tests, field vane ang total stress cells
respectively are also plott&d on the DMT .data sheets. It
was noted earller that the plant site was graded ;1th
about 4 m of flll when the present testlng program was
started. However, the DMT measurements have not been
corrected to obtain estimated values for the
preconstruction conditions at the plant site. Therefore,
for this section only, all the values of K,, OCR ana'

c Za ' for- the plant site were calculated on the basis
‘o? t;g effective stresses at the time of investioation.
This wxll not cause any error in the’ 1nterpretat1on as

(.
thls sectlon compares the DMT results agalnst other

methods of‘measurement. v

The variability in the DMT peasurements can be
-detectedlhy.comparing*the results with other methodS~o£
'measurement at the various test sites;ffor'that pnrpose
Fig. 4.8 is‘given for comparison with Fig 4.2, For the
case of UA1 in Fig 4:2, 1t can be found that the DMT
OCR is hlgher than that determlned 1n the laboratory
whereas the DMT Ko is comparable to the TSC Ko. On the

other hand for UAZ in Fig. 4. 8 ‘the DMT OCR falls

2

w1th1n the range of the laboratory OCR but the DMT Ko is. -

much lower than the TSC Ko. Therefore, takenvf

individually, the DMT correlatlons«may~givelwhat appearsv,‘
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.

to be good results. So it was decided to determine the
4

reliability of the DMT carrelations by considering the

data from all the sites asf whole. It is to be noted

that the DMTttests were not performed at UA6 as part of

this project but data from DMT tests by EBA (1983) for

‘test hole EBA BH77 (about 20 m gway from UA6) were used

as belng equ1valent to cond1t1ons at UA6. .
Since the DMT Ko is obtained from the DMT

horizontal stress index K through empirical
‘ -D

. correlations, the TSC’KO is plotted aga1rst K in Fig.

1D

4.9 wh1ch shows-that although there is an apparent

cor?elation between TSC Ko and K ' Marchettiﬂs equation
. D o o
underpredicts the TSC K, at Genesee by.as much as 50 %.

The laboratory OCR”againsﬁ K 1is plotted in Fig.

o D

4,10. There is a general overestimate of OCR (except for

f;UAGl“if the Marchetti relationship is used. Therefore,

b

;rbetween c /o ' and K seems to predict

'the.Genesee Clay falls within the category of "abnormal"

clay-accofding to Marchetti (1979); the 1atter aefines

dep051ts as - abnormal" for the purpose of DMT

1nterpretat1on when the: hor1zontal stresses are in
‘e

excess (p051t1ve or negat1ve) of those for cases of

l (' e

51mple unloadlng .Since the Genesee Clay has a complex

- stress hlstory as.dlscussed ;n 'Chapter 6, Marchetti

'(1979) sUggested that the measuréd'K- would be, Kigher,

D
than those predlcted by the avallable empzrlcal

-~

correlatlons Nevertheless, the corr lation of Marchetti

he average field
A D , o o
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vane strength as showﬁ in Fig. 4.11. Consequently, the
DMT might not give reliqble estimate.of Ko,in the case
of the Genesee Clay which has a complex geological
history. The above show that the other DMT.results
should be used with care and there is a need to explore
fu:ther its limitations. l
4.3.5.3 Hy&faulic'fgacyure test |

At Genesee, the values of K, by the hYdréulié \\S
fracture method are consistent with those 6f the spade |
cell for K, egual to or less than unity. This is seén in
Fig. 4.5 and it is also shown tﬁat, at a partiéular
"depth, the hydraulic fracture test generally measured
the iower of the'Kgﬂpredictea‘by the stfess cells which
is consiséént wiﬁh the fact that the .fracture test.
measurés‘the minor pr?ncipai'streés. However, the
situétion became confusing for K, gfeatef than one, when -
thé~hydraulic fracture ‘gave .an estimated_létéfaletreSS
sméllér th§n the spade cell but higher than the
Qverburdeh preséUre. Altthgh fhe hgdraulic;tfactd:e
.test should not be used for K5~greater'£hén_uhity; the
question is %héther that test_feélly measures tﬂe:minébl
principal stress. The exact reason for the fracture 3
,lpre$sure‘to be;g:eatef.éhap the'ovefbufdén pfegsuré is
not kn@wﬁ»but sincé thébspirifabric $tudies-shoﬁ th?;
 the soil is fisspre@fAit is possibigxthat-thé,craék'dne
to hydiaulic fractu:a»ﬁa% influgncéd,by_the fissures.
Since the watéé'prgssuré,f' | | |

4
i
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u , to generate a fracture is given by Vaughan (1971) as

.where o;=minor total principal stress

o.=tensile strength of, the soil

it‘ig found that the fracture pressﬁre can be about 2
timés higher than the minor principal stréss_sénce m
varies betweep 1 andv2. Where a crack exists m is egual
to 1 and‘QA is equal to zero. Therefore, where natural
fissures éxist in thé soil and these fissures are not
‘perpendicular tQ the minor principal stress, the
ﬁracfdre pressure méy'be'that which jdét‘opens thé
fissures and isvnot h;gh'enough to generate cracks
pérpendi;ulér tolthe‘minor principal stress..Therefore,‘
in such a’caée, Ehe closure.pre55ure'need nptﬁéndigate
"the minorvprincipal stress in fissured‘clay§; other-
reasons were discussed in-section 4.3.2;5;« o
Consequently, eyen £hough the hydraulic fractﬁre'i
'test gave what gppears td bg goodlfééult.forvthe;case of
AKo;less than oné,;the faét that the min6r principaI
"S;tess'vgs'nof measured for the caS§ of Ko gfeater.thanv
~one épgées;gthat'the theoretical basis.for'ffaCturing,in
'soi1 is1mote4com§léx than aSsuméd_by Bjéffum'et al
(1972). Thérefore,?the;réﬁulté shopid,be fnterpréted

~with care.
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4.3.5.4 Summary
It was found that among the tools used‘fo@

measuring lateral stresses, the total stress cell has

given the most consistent results.

4.4 IN-SITU VANE TEST o .

A Nilcon vane was used for determining the in-situ
undrainedystrength. A detailed description of the-equipment
1s glven in the instruction manual by Roctest K1982)
Schmertmann (1975) reported that this vane "has‘among the
smallest relat1ve vane volume displacement, the thinnest
blade edges, an~accurate vane torque measuring system". This
meihod makes use of unsleeved torque rods and is prov1ded
with a slip coupllng 51tuated just above the vane to enable
the determlnatlon of the torque" requ1red to turn the rods

v

only

The_130‘n'65 mm vane was usedgat UA1 and 11va’56 mm
vane was used'at thecother test sites. The vane was rotated
at about 10 degrees per mlnute S0 that fallure took place.
w1th1n 3 mlnutes. After the peaﬁ strength the vane was.
rotated 20 times to achleve complete remouldlng and the
remoulded strength was determlned | T

The results were recorded on. charts such as the one
shown in Plate 4, 4 T represents the torque requ1red to turn
the rods only and P is- the maxlmum torque to’ turn both the
rods and the vane. Thevdlfference (P-T) 1s used to determlne\.'

the peak'Shear’strength and’(R—T);is used toidetermlne'the



o)
-5

| "Pla.te_ 44 Examplé_.‘of ‘f'i_eid_.vaing,shear'test,éhart.
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remoulded shear strength.
The results of the field vane tests are given in Fig

)

6.1 to 6.6 of Chapter 6.

4.5 IN-SITU POREWATER PRESSURE MEASUREMENT
The measurement of the in-situ porewater pressure was.
done by the.piezometer_used for the hydraﬁlic fracture test.
The porewater pressure measured at different‘depths was very
consistent éftef the di;sipation of excess pore pressure due
to the insertion of the piezometer. The range of fluctuation
_over a few days was less than 10 kPa and 'was probably due to

slight fluctuations in the zero readings of the electrical

pressure transducer. ‘ T

O



5. LABORATORY INVESTIGATIONS .
P (
5.1 1 !?I‘RbDUCT ION
The samples for the laboraﬁory investigations were
obtained by means of 76 mm Shelby tubes at intervals of 1.?
m down to the top of the till. In additiop, three ¢ 0 mm
cube block samples were obtained at a deoib of 6 m Erom the
side of the diversion ditch (labelled L on Plate 2.2) within
the cooling pond. The soil samples were -extruded and waxed
as soon as Qhey were brought into the laboratory ana were
stored within a humidity and temperature controlled room.
During extrusion, samples uere taken for moisture conrtent
‘determinationvandvlaboratory vane tests were performed.
Tbe_specimens were labelled as follows:
1. those trimmed from the block Samples were labelled as,
for example, B3-1 where B specrfles the spec1men is from
a block-sample, 3 1s the block sample number and 1_is
'“the spec1men number | |
2. the tube samples were labelled as,for example, 1-5 where
| 1 represents the test 1ocat10n and 5 is the sample
number. The’ descrlptlon of the samples are glven in the’

Hborehole logs in Appendlx C.

5.2 cmssxmtuxou TESTS -

The Atterberg llmlts were performed on spec1men
S ?
remoulded at their natural moisture content instead of
' ovendrled specimens. Spec1f1c grav1ty determ1nat1ons and
. c. M &"

»

135



136

LY

hydrometer analyses were performed according to standard
procedures described in Head (1981). An average specific

gravity of 2.78 was found for the clay.

\v

5f3 ONE*DIMENSIONAL CONSOLIDATION TEST

One~dimensional consolidation tests were performed 1in
floating ringrand fixed ring cells. The specimens were 63.5
mm in diameter and 25 mm thick for the floating ring and
19.3 mm thick for the fixed ring.

'For all test specimens, the initial swellingvpressute
was measured. As the soil was rather soft, th® conventional
load increment-ratio of 1 was not used. The recommendation
of Brumund et al (1975) to use reduced load inorement ratios.
in the vicinity of the’preconsolidation pressure (o ') was
adopted to prevent squeezing of soil out of the °
consolidation ring; The load.increment duration.of 24 hours
was used and the log-time method was adopted for analy51ng
the settlement time variation and for computing the
ooeff1c1ent of consolldatlon, ¢ . The most probable
-preoonsdlidation.ptessure was d:termined from void ratio (e)
ageinst log o T\curVes using Casagrande's method.

A_summa;; of the consolidation test reéulte is given iﬁ

Tebles E.1 and E.2 in Appendix E.
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©
5.4 DIRECT SHEAR TEST
The standard direct shear test on 60x60x20 mm specimen

was used to determine the residual strength parameters. The '
test was performed under drained conditions with the rate of
shearing calculated from the time to failure equation for
drained tests given bf Bishop and Henkel (1962) and the ¢
obtained during‘the consoliaation stages of the test. Thei,
rate of shearing was between 0.0117 and 0.02 cm per hour. It
was found that between 5 to 7 sﬁ;ars wera,required to’ reach
tﬁé residual'srrength.'The results, in tabular and graphical
form, of the test are given in Appendix E for both‘the

: - . /
weathered brown and unweathered grey clay.

f

I , S

5.5.CONSOLIDATED UNDRAINED TRIAXIALITESTS
Isotropically consolidated undrained (CIU), tests were
perﬁormod in conventional triaxial equipment;
anisotropically consolidatéd (CAU) tests were performed in
the hydraullc stress path equ1pment de51gned by B1shop and
‘Wesley (1975) The Blshop and Wesley cell and the electronlc
controller for operatlng the cell are b11ef1y descrlbed in
:the Append1x F. In both cases, the spec1mens were I/mm x
76mm. .. - B
The;rypesrof<testperformaa and.the samplesjare listed-%'

. :’Q

below. |
1. CIU tests on 7'specimens‘trimmed~vér£ically and 6.
spec1mens trlmmed horlzontally from the block samples.‘

The range of consolldatlon pressures were from 0 to 450

v
A
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b. UA4 - samples 4-7b, 4-8b.

138

kPa. The purpose was to obtain strength parameters
within the overconsolidated and normally consolidated ' Y

range pf stresses and to investigate anisotropic
ge p : g P

bejaviour.

"

CIU tests on unweathered cléy tube samples consolidated

isotropically to the estimated effective overburden

stress. The following samples were tested:

a. UA1l - samples 1-2, 1-3, 1-4, 1-6a.

b. UA2 - samples 2-4,-2-6, 2-8b, 2-10.

-c. UA5 - samples 5-4a, 5-6a, 5-6b, 5-8, 5-9.

d.\ UA3 -. samples 3-7, 3-8, 3-9.
e. UAL - samples 4-4, 4-6, 4-7a, 4-8a, 4-9.

CAU tests on unweathered clay tube samples consolidated

ﬁanlsotroplcally to in-situ stresses where the lateral

stresses were the,measured ones. The following samples
were tested:

a. UAS5 - sample 5-4b.

It is to be noted that the measured Ko, was in many cases

close to unity and although the samples were

'»COnsolidated to'the in—situ stresses:with'a Ko of one

they are cla551f1ed as CIU tests.

. . CAU tests on unweathered clay tube samples consolldated'

to the effective overburden st:ess under condlt;ons of

~zero lateral-strain. Thesfollowing samples were testéd:
UA2 - samples 2-8a .and 2-9. o o o

CIU tests on weathered brown clay tube samples -



139

consolidated isotropically to

a. the estimated overburdenwstress. The samples were
1-1a, 2-1, 5-2 and 3-4. I

b.. stresses past the preconsolidatfon pressures. The
samples were 5;1a, S—lb.

.The.test results on these samples are given in Appendix

All samples tested .were 38 mm in diameter and 76 mm

high and the proceduyres adopted are those described by
Bishop and Henkel (1962). A backpressore of 200 kPa was.used
in all tests and was found to be adeouate for sample’
saturation, generally giving B values. larger thanJO 97. Slde
dralns,for more efficient porewater equalization and 0.3 mm
rubber membranes were used. The rate of strain 1n all tests'
was 0 5 ‘percent per hour

In the present study, tests were carrled to large
strain of about 15% so that correctlons had to be made to
account for the restraint 1mposed by the, rubber membrane and
‘ 51de dra1n.‘B1shop and Henkel (1962) estimated ‘that the ’
correction 1s of the order of 12 kPa at 15 percent straln.‘
:Theoretlcal expre551ons for membrane correctlons were :
i derlved by Henkel and Gllbert (1952) for samples falllng in
”a plastlc conf1guratlon and by LaRochelle (1967) for Samples’
fa111ng along a 51ngle plane. 51nce all the samples of the
'Genesee Clay falled along a 51ngle plane, an attempt was

made to use LaRochelle s approach However the latter

| y1elded unreasonably hlgh correct1ons for the comblned

=
EE
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membrane and side drain effects. Therefore, it is bellieved
that because of the complexity of the‘corrections; empirical

. ¥ » :
cOrrelations are likely to be more reliable. Empirical
corrections for membrane are given by Chandler (1966) and
for membrane and side drain by Balkir and Marsh (1974).

'For'the tests on the Genesee Clay, the soil aamples

normally bulged until the peak strength was reached and then
shearing oécu?red along a single plane..It is to be.noted
that for samples containing slickensides, movement normally
started along dlfferent planes before flnally failing along
one of these planes However, for the correction, the
dlsplacement was assumed to have occurred along the plane
with. the most movement TherefOre;'for the area correctlon,
the specimen was assumed to inc;eaae in a:ea until the:peak
\strength.and thereafter, the area decreased with strain when
shearlng starts on a sxngle plane. For samples falllng along'
",a 51ngle plane, the a:ea of contact, A, is easily shown to.»

- : .- \\v,’ . ﬂ . ’
_be equal to: ‘ . S N

s s N ;“;:vfe - - .~ ) \

= [2r‘a1n,.:§x/rl f ?3V(f X )]xlgpﬁfhg l,,..:..,fo.llw

vwnere}rsfaoiuéfof aample
Ahéaxiai'displacement

_ a-angle of 1ncl1nat1on of the fallune plane to the"

nlhorIZontal 1:»;iv‘,,> e l',i,  ) ' ﬂ;j‘:ujbl" *lﬁ.

For membrane and 51de dra1n correct1on,71t was found that

u_'the correct1on due to bulg1ng was m1n1mal (of the order ofis;g'



e

N " o 141

to 4 kPef up to the peak strength and wasdtﬁerefore,
~heglected;‘The Balkir and Marsh (1974) empirical
correlations were used to correct the triaxial test results;
it shouldebe noted that these corrections were obtaihed from
simulated failures along a surface inclined at 52° to .the
hérTzOntaI and sdnce most of the shear failures occurred’dm
Pbout 55°Iin the present case, these corrections are
" believed ro be appropriate. |
‘For comparison; the curve produced after applyidg
-Chandler's correction for membrane restreint-oniy is also
V“fdrawn.on‘Fig. 5.1 which is a \\xample of the stress-strain-

, g
curve‘for a ver§ brittle féiluie. I1f the side drain

correction is added to th“, _f the membrane in this example,

both" correct1ons by Chandler (1966) and Balkir and Marsh

(1974) are in agreement.v | L w

5.6 ﬁABORATORY DETERMINATION OF THE COEFFICIENTS OF EARTH
pRE%sunzs R = '

_ 'S.G.i’lntroduction ‘ .
\d,jr? ' The coeff1c1ents of earth pressur° referreg to in thlS |
. section are: T . ’ | S
1. the Xo of the clay 1n 1ts normally consolldated state

“whlch is also referred as Ko(nc)

sv'2. 0 the exrst1ng in- 51tu KQ, v

L3

‘3. ﬂhe max1mum hor1zontal stress or the hcrlzontal B

__preconsolldatlon pressure that the clay experlenced in -
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the past. i : ’ e
These parameters will be used as a basis of comparison

'%gainst the lateral stresses measured from in-situ tests.

5.6.2 Determinatien of the normally censolidated Ko

| The normally consolidated Ko can be determined by the‘
method proposed by Bishop (1958) whereby a soil sample’ is
consolidated under a combinetioﬁ of vertical and lateral
stresses so that the condltlon of zero lateral strain is
satisfied. However, the 5011 has to be stressed beyond the
~preconsolidation pressure ;hen the curve of horlzontal‘
stress against vertical stress ﬁerged with the virgin
compreéssion line (Chandler, 1967). In the case of clay,
Bishdp,(1958)’;ecommended a steady but very slow rate of
loeding to avoid built-up of‘significantiporewater pressure
gradients in order to satisfy the zero lgtefal:strain
-condition. Vatious methdds of checking the'lateral strain on
the specimen'are described by‘Bishoptand Henkel (1962) and
Al-Hussaini'(1981).:In this.study;,the,burette method Qas
used ahd conSisted'df adjusting the exial and cell‘pressures
SO that the volumet;1c and ax1al stralns were equal

The test was performed on a 38x76 mm specimen in the

' hydraul1c stress path ce1l des1gned by Bishop and Wesley
(1974) As the tesb‘durat1on was. long, 2 membranes with.a
.th1n fllm of . 5111cone grease between them were used to
ureduce the 1nf1;trat10nbof water from the cell into the soil

specimen.'CrOOks_and Graham (1976) reported that such an

»
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arrangement reduced the leakage to about 0.1 cm? per day.

' Fig. 5.2 shows the results «©of the test on a specimen from a
b10ch sample. The estimated in-situ vertical stress for the
sample is 60 kPa and the‘preeonsolidation pressure is 120
kPa. The'Ko for the normally consolidated range'is 0.6 which

gives a ¢' of 23° if Jaky's formula that

is assumed. This value of o' is in agreement with the value
of 20°Adetermined in consolidated undrained triaxial tests.
Using the rebound curve, a laboratory relationship of
the overconsolidation ratio (OCR) against K, is plotted in
Fig. 5.3; this relationship will_be used in Chapter‘e;
Y

B . _ @)
5.6.3 Estimation of the existing in-situ Ko

An indirect method of neasnring;the existing in-situ K
was proposed by Skempton (1961) and eonsisted or determining
the capillary pressure in undlsturbed samples. Skempton
isuggested four methods of determlnlng the capillary pressure-
of whlch.the‘measurement of porewater sUct1on‘15_the most
'direct,method. Wroth (HQ?S)'discussed-the assUmptions on
'which the method is based; the most'important aSsumption is‘
that there is no loss of caplllary suctlon due to sampllng
dlsturbance and to the delay between sampllng and testlng

T,The laboratory experlments of Klrkpatrlck and Rennle (1975)

'»showed that samples of kaolin lost 80% of the suctlon after,.
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50 days storage whereas Hight et al (1985) reported that
loss of suction in low plastic clay samples was
insignificant during a two-year period. Moreover, Burland
and Maswoswe (1982) found that the porewater suction method
on specimens trimmed from 105 mm diameter thin-walled tube
'samples gave reasonably‘good estimates of K, when compared
to the self-boring'pressuremeter tests although the storage
time was not mentioned. . A
In this study,vthe porewatervsuction was measured by
following the procedures described by Burland and Maswoswe
(1982). The test was performed on a 38x76 mm specimen and
care was taken to eliminate loss of suction pressure before‘
measurement was made. This included mounting the specimen on -
a ring of thin éire to prevent contact w1th ‘the saturated |
: porous disc. Side drains were not used and Silicone grease‘
was applied-on the perimeter of the top cap~and sample '”C
'pedestal of the triax1al cell to eliminate seepage of water
'»underneath the membrane. The other precaution taken was to
‘calibrate the pressure transducer Just before the test and |
‘the transducer for measuring the porewater pressure was- alsoi
'used to set the cell pressure to be applied This was done |
_to eliminate the errors induced by USlng different
“transducers to measure the porewater and cell preSsure._}f
The test was performed on a speCimen from a block
j‘sample after about 2 months of storage and a cell pressure

_of 500 kPa was applied over a period of about 2 days. On

application of this high preésure, contact of the sample
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with the porous disc was made as the thin wire becamé
embedded into the clay and the porewater pressure was
moniforeﬁ from the base of the cell. The différence between
the celi and porewater pressure generated was the suction
pressure existing in the sample. The value of K, was derived:

from the following expression:

14

Ko= (pv'/o ' --A,)/(1 - A,) et (5.3)
. vo . .
where p,' = initial suction pressure, \
o ' =_estimatea in-situ vertical stress,‘
vo
A, !

= pore pressure coefficient,

\

|
\

- For gpe block.saméle, the measured p,' was 67 kPa and

A

o was 60 kPa., After the suction measurement,the specimen
Vo ' B

had a B valle of 0.97 which was comparable,to.tﬁose of 0.97

and 0.99 achieved in the tests by Burland and Maswoswe
‘(1982); Using \the above equation and_typical values of A, of

1/2 and 1/3, th following values of'Ko were obtained:

—,
RN

A,

1/21 KOI

Ll
3
—_—
(0]

‘A, = 1/3, Ko =
' Therefore, K, for the block sample is approximately 1.2.

: . ot s N . ) i . - .
This value of Ko is consistent with the values of lateral.

st:essés Tfﬁtufed in the region as shown in'Chapter-G.'b

' T _ : .
o : o : . o
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Figure 5.4 Volume change against isotropic consolidation

. pressure.
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The value of the suction pressure is confirmed by the
plot of AV/VOV(wﬁere AV 1s the volume chéngerand Vo 15 the
initial .volume of the.specimen) againét isoteric |
consolidation bressure presented in Fig. 5.4; the latter was
obtained'ﬁromvﬁhe consolidation stage of isotro@ically

i

block samples. The estimated suction when AV is zero 1is

9]

|

consolidated undrained triaxial tests on specimens from the!'
' ' J
between 60 and 65 kPa. |

Suction tests were pefformed on some of the tube
samples, but the suctionépressUres measured gave‘vélues of |
;Ko which were lower than Ere Ko(nc) of 0.6 and were not
’&cémparable to the field measurement. These data indicate
that the tube samples have lost some of their suction
pressures as a result of the sampliné disturbance.

Another method for éstimating the in-situ horizontal
saresseS‘was described by Podlos and.Davis (f972).'This test
wasrperforméd-in the Eisﬁop and Wesley cell on.1 specimen

‘.Ifrom'the,blocklsamp;evto investigate its application. for ’

T&;ighfly ovércqnsoiidétedvciaysivTﬁe specimen.Was-firét

conéolidaﬁed with a ratio of lateral effective stress to,

~wvertical effeétive stress of 0.5 wherévthe vertical
éffective s£fess-is equal to the effective'évefburden
stfess.[Thé_samplé's;elied under that pressﬁre as was
?xpected and was allowed to dbkélkpefore.thé‘neip increment

s 1 . b , ; ‘

of pressure was applied; this stage was considered the datum -

for the measurement of volume change .d¥iring/con

<foonsqlidétion,of}theﬂﬁpecimens was continued with increasing

\
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lateral stress’while'the vertical stress was kept constant.
The volume change as well as the axial deformation were
monitored. A graph of.volume change against lateral stresé
was plogled in Fig. 5.5 where a change in slope indicatee
the onset of yielding which Poulos and Davis (1972)
considered as representing the estimated in-situ horizontal
stress. But the question is whether the suggestion of Pouloe
and Davis thatrthis method gives an_EStimate of the infsitu
state of stress is valid. This is explained by considering
Fig. 5.6 which shows the stress path followed during the
ﬁest~and‘the\yield‘envelope for the blOck_sample determined
as explaihed'in section 5.8. It is known that the position
of the yield envelope is controlled by the past maximum
sta&e of stress and unless the soil ha? a seress history
other than one of normal consolidation, the yield point
obtained'bf the Poulos and Davis metﬁod'is just another
point on the‘yieia envelope and does‘hot repreSent*the

. . . ) . ,
present state of stress. Therefore, the method is not wvalid
v <+ : .

for determlnlng the state of stress for a llghtly

overconsolldated 3011

5.7 DETERMINATION OF. HORIZONTAL PRECONSOLIDATION PRESSURE
‘This test con51sts of performlng a one dlmen51ona1
_conSolldatlon test on a speC1men that: has been tr1mmed 1n a

hor1zontal dlrect1on. The horlzontal preconsolldatlon '
pressure was first suggestbd by Zeevaert (1953) as a meaes

of est1mat1ng the in-situ lateral stresses. This method was
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used by Esu and Calabresi (1969)»to determine. the 5igh
lateral stresseS“in a:clay deposit. Kenney and Folkes (1979)
stated that "a measure of the maximum past induced radial
stress could be determlned from oedometer consolxdatlon
tests performed on spec1mens rotated 90°“‘ The use of. the °*

horlzontal preconsolldatlon pressure was further ampl1f1ed
>

by Tavenas et al (1975) who suggested that the ratlo of the
bhorlzontal preconsolldatlon pressure to the vertxcal one . is
‘equivalent to the in- situ Ko | oo : ‘f_h. %&y

: Coqfequently, the horlzontal preconsol1datlon pressure_
was determlned for tube 'samples from: d1fferent elevatlons Yol
that samples subjected to a wide rangghof 1n situ Ko were

‘tested. The results are summarlsed 1n Table 5 . In this

~

table, the horlzontal preconsolldatlon pressure is denoted
‘as o ' whereas the vert1ca1 one IS represented as @ ' and
. ph ' p.
the Ko~ values were obtalned from the otal‘stress Ce}l

a

- measurements. The rat1os o. '/o :-should pproxlmate Ko(nc)
. ' oh p %? ,
1f 1t is assumed that the o ' was 1nduce
ph .
effectlve stress& ‘the. 3011 reached the max1mum value of
‘e . : ¢
durlng the consolldatlon hlstory However, the ratlos

s 1

-when the vert1ca1

o 'Jo presented 1n Table 5 1. do not approach the value of‘_
"ph _

0.6 for Ko(nc) There are two poss1ble explanatlons for this

X /

'dev1atlon~'e1ther the h1gh value of o '/o ! 1nd1cates that
_ - . ph- .

'flateral stresses other than those due to vertlcal effectlve'
‘stress changes were 1nduced or. the stress path followed 1n‘_"

the consolldatlon test 1s such that an apparent horzzontal

'preconsolldatlon pressure 1s obtalned However unless the

o L R 2 . ‘>>
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stress path followed ih the test is known, it is not

A}

possible to give any meaningful interpretation to o
. . ph
Con'sequently, the suggestion of Tavenas et al (1975) to use

" the ratio ¢, '/o . ' (vhere o is the effective overburden=’

ph VO Vo
pressure) as-a means of evaluatlng the 1In+ sltu Ko, does not

appear to be valid.

5.8 DETERMINATION OF YIELD ENVELOPE

Whenea soil mass i& loaded, yielding is said to occur
at the poin ‘of transition from elastic to'plastio,
" behaviour. gﬁ?,ﬁact, the vertical and'horizontal
: preconsolidation pressures and the lateral stress determined
by the Poulos and Davis;method represent points on the Yield
envelope Y1eld envelopes for postglac1al clays, had been
‘1nvestlgated by Mitchell (1 1970)7 Crooks and Graham (1976)
Tavenas and Lerouell {1977) and .Baracos et al (1980) The
various featurev assoc1ated with yleld envelopes for
undisturbed clays were discussed by Crooks and é?aham (1976)
vand Tavenas and Lerouell (1977) The p051tlon of the y;eld
envelope wzthih a stress space is necesSarily governed by
its past ,tress history and Tavenas ‘and Leroue11 (1979)

found that thls»p051tlon is fixed by the preconsolldatlon

' pressure. ,
N ?

In the present study, -the purpose of determlnxng the
yleld envelope is to evaluate the effects of the past . stress
hlstory on the characterlstlcs of the clay and to predlct

af .
Ll
DR

the-:esponse of the clay to stress hlstorypdue to
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construction work as shown in Chapter 7.

5.8. ¥ Laboratory procedures
A

Both undrained and drained tests can be used to

-2

érmine ‘the yield envelope (Parry and Wroth, 1981).

’ undrained tests consist of applying stresses on the soil

" sample and measuring the pore‘pressu:es developed; yielding
ls indicated byAa snarp increase in pore pressure. This test

procedure has the advantage that it is faster than the

~

drained test but there is no control on the effective stress
patn. However, the drained and undrained tests do not
identify tne same yield envelope (Graham, 1§85).

For this study, drainedﬂﬁests were used because the
exact streSS'path can be imposed on the séil sample. |
Mitchell's (1970) approach of consolidating the sample from

an initial state of zero‘stressesnwas adopted although other .

. R

researchers such as Crooks and Graham (1976) recommended

1n1t1al consolldatlon to the estlmated in- 51tu stresses

.

prlor to load1ng along dlfferent paths. It.is believed that

the yield envelope I's 1ndependent of the stress path.
followed W1th1n the elastic range S0 that both approaches

will, glve the same envelope.j - '&f.: ‘ ’“ v
T ™

"The dlmenslons of the samples were 38x76 mm and the
tests-were performed in the Bishop.and,Wesley stress, path

cell, A backpressure of 200" kPa was applled and side dralns

H

were used to fac1l1tate drainage. The samples were
.surrounded by two membranes coated Wlth 5111cone grease in

° o
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order to reduce the infiltration of water from the cell into
the sample. The specimens were consolidated at .various
constant stress ratios. The stress increments were gpplied

for a duration of 24 hours and a mean effective stress,

f

(0,'+20,')/3, increment ofAHS to 20 kPa was applied at each

.stage. Volume change and axial defi:Tétfon were measured at
intervals and it was found that con®slidation was completed
within 24 hours. The lateral strain was calculated from the

volumetric and axial strain assuming that :

-

e

volumetric strain = axial strain + 2 x lateral strain.

Difficulties were encountered in the interpretafionaof

the results (Crooks et al, 1976 and Tawvenas et 51,1979f
F AR R

since yielding was sometimes not well defined along certaip
\ ' -

stress paths when components of strain were plotted against |

stresses. Crooks' et al-(1976) proposed the use of strain .
energy absorbed dur1ng consolldatlon as an 1nd1cator for
locating yielding. The straln energy was-computed after each

stage of_ loadlng 1ncrement from the follow1ng..‘ v e
v . ﬂ, c ‘ .

W‘% Z{o,66, +‘2038e;} ;.”..;.;{.,..;.....;;1(5:4X

. - . . s ‘ D o / T, IO
o L. : ’ .o P - ot
. where W =, strain energy per unit 'volume

o, and o3 = average effective stresses-

. . o ‘L o . .. a’
dey and de; ='strain increment. - .

'
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The test results can then be plotted in the Xorm of strain
energy,W against the mean effective stress, (o /+ 20;)/3.
However, this mgﬁhod cannot be appliea to tests at-constant
"meah effective stress (Graham, 1585). Test results for a
block samplelare given in Fig. 5.7 and the stress paths
investigated together with thé resulting yield envelopé are °

Al

given in Fig. 5.8. The block sample has the following

characteristics: »

o ' = 60 kpa ' '
VO -
o '=120 kPa
Natural moisture content = 37%
Liquid Limit = 58% | |
Plgstic,Limif‘= 21% m '
% clay = 55 o
"Q'ﬂ; 29° withip.Qverconsélidated'féhge:(Fig. 6a§1).“
S R Y

Y

A discussion on the geotechnical applicatioh of the yield .

envelope for the -Genesee Claj'is,f6Und ih Chabter é and 7.

[

L e . Py
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6. GEOTECHNICAL CHARACTERISTICS OF GENESEE CLAY
The enélneerlng propertles of the clay are dlscussed with
reference to the geologlcal characteristics deacrlbed 1A
Chapter 2 and 3.»The main test results are summarised in
- Fig. 6.1vto.6.6.and the detailed laboratory test data are
g%&en inlhppendix~ﬁj : |

N

6.1 CLASSIFICATION

Cla551f1cat10n of clays was d1scussed’by Terzagh1
(1936), Skempton and Hutchlnson (1969) and Bjerrum (1973).
Terzaghl (}936) d15t1ngu1shed betw%en soft and stiff clays
on,thé ba51s of Liguidity Index so that soft clays have
Liquidity Indlcea equal to og greater than 0.5 whereas-stift
clays ‘have Liqhidity Indices closer to zeto, Skempton and
'Hatchﬁngon (1969) subdfvidedwaays a;cording to th%ér
plastitit§ characteriatics and the two subdivision of
'Ehterest“tor this‘projeet are the medium elasticity'with
. llquld limit of 50 to 90 percent and hlgh plast1c1ty w1th

1

llqu1d l1m;t greater than 80 percents

"j Based on ‘the above gu1de11nes andvthe plasticit;
»characterlstlcs glven in Fig.-2.10 and 2 11 (Chapter 2),
fGenesee c1ay can be cla551f1ed broadly as Stlff flssuregﬁand
f,medlum plastlc for Ehe upper weatheved brown layer and soft

.‘wf1ssured an@ medlum to hlgh plastlc for the unweathered clay

o i

Lg;layer. Bé51des, the weathered clay ;s heav1ly

ﬂbverconsol

'@ated W1vh overconsol1dat10n rat1o (OCR) grea er

‘_. . ) . » . « ]

FE L - SRy S SRR
. AR o S Y S SR
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unweathered clay is lightly oyerconsolidated with OCR

’

. between 1 a . Based on the in-situ vane tests, the
- sensitivi of the clay is between. 2 and 3. )

|’ 6.2 CONSOLIDATION CHARACTERISTICS
\

'ﬁ' ' The consolidation history was dominated by lowering of

" s

Ethe groundwater table after deposition; this has produced an

AN

\upper weathered zone with overconsolidation ratio higher
éhah 5 due to dessication. Th; intermediate exposure of the
lake bottom affécﬁed the deposit only by producing a thin
léyer (about 1 metre thick) of stiff fissured crust but did
not affec£ the clay immediately below the cfust which 1is
oniy lightly ovchonsolidated. The variation in }/
overconsolidation is aléb reflected in the Liguidity Index .
As shown in Fig. 6.1 £o 6.6. On the other h;ndy basednon.the
OCR - bepth profilés, there is no indic¢ation of s;gnificaht
ﬂdelayéd consolidation or erosion.
% : ! .
. The swelling pressures measured in the ‘cedometer are
mostly in the range of 20 fé 35 kPa with the high p1a§fic
‘dark grey layers having a higher swelling‘potential.vfhe‘
~swelling pgeééures for all the test‘samples are givéﬁ.in‘
. Table E,2.(Appéhaix E). | - k
‘“'$%e COmpfeSSion index,Cc, of ;he unweatheredvmgdium
plastic light grey'élayxvaries’fromm0.4_to 0.5 which 'agrees _

with relationships such as ' ' }

a

" B . .l . > . o | . '
Cc = 0.009(W ~=710)  teueivvnrrurnnendiacanaa(6.1)
e . L bR . o

v
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given by Terzaghi and Peck (1967) for normally‘consolidated
clays. On the other hand; the compression index of the high
plastic dark grey clay varies from 0.6 to 1:0 and is due to
thejpresence of large voids between the microlaminae as
e*plaioed 35 section 2.3.2. However, the dark grey clay

/‘ i - , . o
itself is not likely to cause serious consolidation problems

because of its limited thickness within the clay mass.
> ‘ _ N

" ‘An example of the variation of the coefficient of
’ " N .
consolidation, ¢ , with pressure is shown in Fig. 6.7 for
v . '
the samples from UAl. As expected, there is a drop in c.
. L4 3 . . . : v

after the preconsolidatign pressure is exceeded. This drop
e ¢ .

in ¢ 1is accompanied by a drop in m as shown in the
v ) v .
examples given ifh Fig. 6.8, an indication of the structural

breakdown after .the preconsolidation pressure.'

’

-

Consolldatlon tests were, also performed on samples
trimmed horlzontar1y; a comparlson‘of\tbe void ratlo against
. o _
. - e
log pressure curves for vertical and horizontal samples:are

given in Fig. 6.9;4Parry'and Wroth (1981) haQe shown that in

e

‘consolidation tests on llghtly overconsolldated clays for

[}
<

stress 1ncrements in the pre-yield range just in excess of

the field stresses, the volume compresSibiljty,m , in the
v
horlzontal direction is almost double “‘that in the vertical’

dlrectxon as a result of structural anisotrppy which is lost

at consolldat1on pressures equal to 2.5 to 3 tlmes the @.,
preconsolldatlon pressure. However, the tests on the Gefiesee
Clay samples.show that,there,ls little difference in m in

: " e . oY '
. the two directions .as indicated in Fig. 6.10. This indicates

N

2
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T | 5 .
the lack of structural anisotfopy in the light grey clay as
evidenced by the absence of particle orientation in Plate
3.5(a). . - - o . @
‘ 2 -
.. /
6.3 VARIATION IN LATEiUf.L STRESSES T

In the case of the simple gedlogical \process of

-

sedimentation and subsequent erosion, the jn-situ lateral
stresses can be estlmated from Ko-OCR relgtionships which
have been proposed by many, for example %Brooker and Ireland

{1965), Schmidt (1966), Wroth (1975) and Mayne and Kulhawy
y _ : /
(1982). However, the warniyg 6%'Burland (1979) against- these

overslmpllflcatlons is jUStlfled since the effects of A '

,varlous cycles of unloadlng and reloadlng on Ko are Stlll

unknown and the lateral stresses can be affected by lateral

unloading such as river downcuttlng (Morgenstern and

Elsemsteun 1970) by tectonic forces (Henkel"1970) by the.

t.bending of a stratum due” ‘to consol1dat1on of an underlying
stratum (Esu and Calabre51, 1969) and by manmade act1v1t1esb
“Other unsolved problems related to K, .are the effects of
5011 grain arrangement (Abdelhamid and Krlzek - 1976) and of

secondary compre551on (Mayne and Kulhawy, 1983° and

4]

Schmertmann,.1983) The field measurements at Genesee showed

“that the lateral stresses dev1ate from ‘the Ko

'relatlonshlps glven by the references mentloned above and

‘the important. questlon to- ask is whether the bottom meltout ,

‘processes had any efﬁect on the present 1n-s1tu stresses.

-
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~ The discussion that follows is based on the results of %@r

] . . ‘ g
the total stress cell measurements which were proved to be
reliable as discussed in Chapter 4. Measurements were made

in the north-south (N-S) and east-west (E-W) directions and’

*in the north-south direction at the plant site. The results

aredpresented in Fig. 6.1)t9 6.6 and are given in terms of
the orientation of the strese cells. Within the weathered
clay; theulateral/gtresses are high-with a Ko approaching
passive failure; this is shown in figr 6.4 for€Uh3awhere a ﬂ
Ko of 2.8 'was measured and 1is approx}mately egqual to the

passive coefficient, Kp, calculatéd from o
Kp =“(1 + sing’)/(1 - sing')  ...iveenen.on..(6.2) "

for ¢'§27.é° from data presehted in Fig, 6.20; hdwever,,Ko
decreaees rapidlf with.depth within thedunweathered clay. .

- The other observatibn that can be‘madeliefthat_there,is
an areal variation in the lateral stresses within the

uhyeathered clay; this variation seems to be related to the

ytopography since UA1 which is a topographic 1ow-has a lower

Ko than the topographic highs UA2 and UAS at the cooling

. » a - L ) » . . &? . )
pond sxm1larly, at the plant 51te, a lower Ko was measured

at UA6 than at UA3 and UA4. Thls is made clear, 1n Fig. 6.11

and 6 12 which. are ‘the comblned data for the unweathered

clay from Flg. 6 1 to 6 67 It 1s.to be.noted that in F1g.

’6-11 andgs 12,. the dlrectlons of the measured stresses and

not those of the- cells are glven. It has been” found N
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necessary to sepafate.data for the cooling pond area from
‘those for the plant(site because of the slight éiffeténoe in
consolidation hiltory. Generally, it can be'found that thefe
is little deviation from the‘average OCR line at each
‘location Consequently, the appérent trend in t variation
of K, with topography togethef with the 1nforma ion.on the
geologlgalvglstory of. the deposit indicate that the bottom

melt-out processes had influenced the in-situ state of .

a2

stress.

The estimated K, for the averagé OCR line has also been
dtewn from the laboretory determined OCR - Ko reletionship
of .Fig. 5.3. Besides the difference between the values of K,
at the topographic lows and those et the topographic highs, .
there is a remarkable agreement in the K, at the topographic
highs at each 1ocation; fufthermore, the estimated Ko -
Depth profile serves as‘a lower bound on‘mhieh'the lowest
value's of Ko at the topographic lows lie, ¢

Fig. 6.11 shoys that there is-some direetional
'anisotropY'in‘Ko;but thisvanisotropy is'confined:to certainv
‘layers onlflsqgh‘as between 1b and.13hm and possibly between
.15 and 17 m at both 'the topographic lows and highs. These
anlsotroplc zones probably reflect the rotation of prlnC1palu
~stresses and the archlng effects as a result of the basal
movements. Here it 1s worth repeatlng that ‘in: sectlon -
3.5.3, 1t was shown that movement was not unldlrectlonalaas

a result of the Underlylng ice meltlng Consequently, ‘the

stralnlng accompanylng these multldlrectlonal movements

177
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‘could have caused the anisotropy in Ko. Because of tﬁe
erratic nature of the movements, there is no preferred'
orientation of the anisotropy, that is, thé latéfél,étresses )
are not necessarlly higfer in a partlcular d1rect10n4

The varlatlon of Ko, with OCR was investigated from Fig.
6.13, where the points are plotted with values of the field
K, but the OCR were éstimatea from thé average OCR line
- drawn in Fig. 6.11 and 6.12. This was-done to féduce;the'
scatter in the OCR. It is seen that the ovérconsdlidation
controlé the lowest values of K, whereas the other\valueé of
Ko are céntrolled byAthe internal Stréssing due to the \
bottom meltout processes; there is no doubt tﬁ}t thgre'has
been a complex superposition of the two effects. However,
. there are no ihdiéétions'oﬁ Ko within the unweathered ci;y
being close to either the 5ctive,c6efficient, K ,.of 0.36 or
“the passive cbéffic&ent K , of 2.8 although sgme of the

P :
patterns of shear1ng discussed 1in Chapter 3 indicate the

o~

p0551b1l1;y of act1VE\apd passive failure having occurred.

™ ' . N N S A . . .
This may be due to the stress relaxation or redistribution

that took place since the bottom meltfout processes ceased.

‘ s ' N . +’
Therefore, .1t can be concluded at stress history
‘effects due to bottom melt-out procgsses.still dominate

lective stress changes

those associated with vertical e
. v , ‘ ’

_alone.
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6.4 STRESS - STRAIN EEHAVIOUR

6.4.1 Unweatheredigrey clay
. R ' . T
The summary of the triaxial test data is presented-in
“Tables E.4 to E.8 and the stress - strain curves and stress

paths are plotted in Fig. E.9 to E.18 in Appendix/E.

[
Because of the presence of dlscontlnu;tles, the peak’

strength measured varled w1dely fﬁﬁm falIure along intact

materlal to fallure along 51ngle d15cont1nu1t1es.,The 1ntact
: ’

soil 1tself does not: exhxblt 51gn1f1cant strain weakenlng
<.

behaviour within the range of ‘strain obtalnable in the

1aboratory as shown by the example in Fig. 6.14. On the
’ ’ N

other hand, exanples.df stress - strain‘curves andfstress .
paths_oﬁlthe various modes of failure due to discontinuities
Jare given in Fig‘ 6.15 and 6. 16'respectively Fig. 6. {6 also
contalns the stress path for the intact sample of Fig. 6.14,

e
The discontinuities encountered,are as. follows:

:' sample 2—10‘- shearing-along 55° major slickenside;
- sampie 5-6a-y- shearrng‘alonq 55° bedding plane;
. sample‘3-9 ;>multiple_shearing along minor
slickensides;‘ :

A:J% sanple'4~4 n-.multipbe snearing along unsheared
fissures. E - , | ‘

The inclinations are given with respeét to the horizontal

nd the samples were tested in thelr normal-vertlcal

"p051t1on. All .these samples were f1rst consol1dated

1sotrop1cally pnder a cell press%re equal to the et
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e .
- effective overburden pressure. For the multiple shearing,

failhre within the sample started initially along multiple
planes with final shearing ‘along planes inclined at 55° to
60° to the horizontal. The stress paths followed by the

P

samples durlng the undrained shear indicate that prlor to
reachlng-peak strgngth, the so1il behaves in the usual |
‘lightly overconsclidated to normally consolidated manner.
Sample 2-10 shows that the s£rength.along‘the major
slickenside has a peak which 1s well below the actual peak
of the intact materlal (Fig. 6.16); the strength of thlS
sample after the peak lies close to the residual strength.
This type of behaviour along a sheared discontinuity is
similar to that discussed by Skempton and Petley (1967) and
i1s pelieved tovbe due to the orientation of the particles
along the sheared plane. It is noted that, because of its
higher°plasticityﬂ sample 2‘10‘has a smayler residual ahgle
bf friétion.thqn that presented in Fig. 6.16 which'was
obtained from the direct shear tests on the samples of
medium plasticity; |

Sample 5-6a which failed along the bedding plane
exhibits a strain 1_wéakéning behayﬁbu;; the peak strength
was close to the peak envelope %or.the_intact material and
the reductiod’in strength was very gradual with strain. This
is éonsisﬁent with failure along a discontinuity along‘which
little or no previous movement occurred. Of partlcular

'k,1nterest are the behav1our of samples 3- 9 and 4 4 which

Lo

contalned the randomly orlented small area sllcken51des and

K !
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fissures respectively. These samples displayed brittle
failure. That is, there was a sudden droplin.strength after
the peak was reached. ‘The strain at which peak occurred
depended on the intensity of the fissuring but was normally
around. 3 to 4 %. The porewater pressure response shows that
sample 5;6a which fafled along the Bedding plane was
non-dilatant whereas samples 3-9 and 4-4 containing the
small discontinuities ‘were strongly dilatant. Similar
dilatant behaviour éau§ed by microfissureé in the Leda.clay
was described Q}'Mit?hell‘(1970). The weakenfng behaviour is
in agreement with.the view e*pressed_by Morgenstern (1977)
that the weakening at‘low stressesvmigh; be in response to
Athe changing dilatant characteristics of the fissured

J

system.

6.4.2 Weathered brown clay

‘As shown in Chapter 3, the wéathereﬂ clay is highlyv
fissured and usually contains a large area of polished
surface: As a result, the brAWn ;lay exhibits a strain -

’weakéning behaviour as shown in Fig. 6.17 which gives CIU

test results on theé following: *

w— . samplés 1-1a;, 2-1, §-2 and‘3—4 which were consolidated.
'to the estimated effective overburden presgures;
-~ ~ sample 5-1b which was consolidated to the normally

onsolidated state;

—: sample 5-1a which was consolidated to an intermediate

range. o - . )
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Fig. 6.18 which gives the streés paths for these tests
fpdicates that the peak strength does not reach the peak
envelope obtained from the direct shear‘tests which force
failure to ogcur through the iﬁtacf material. At large
stréins of ;ibut 10%, the stfengtp-of some of the sémples
drop close £0 the direct shear test residdal“envelope as
shown in Fig. 6.18; this large strain strength prgbably
shows the control of th; larger slickénsides rather than the

small fissures on the stress'— strain behaviour of the brown

rclay. ‘ : ' ' : S

6.5 STRENGTH PARAMETERS
. s
. 6.5.1 Uﬁweathered grey clay
The\variability in thg cléy content of the‘layers~and‘
in the conéolidation—history_as well as the presence of
structural discontinuities affeéts thé Betérminétion of
strength pérameters for the Genésee Clay. The effect of
anisotropic consolidation on strength parameters will be
discussed in the next section. To deﬁerming the peak
strenéﬁh parameters, it wa§“debided to reject data from
samples failing.along a single ekisting slickenside_since.it
*baé shown earlier that -the strength is closer to resianl
_thén to peak. To take imto cbnsideration tﬁe differenégiin
OCR, the data for the cooling pond and plant site Qere

plotted sepa:ately in.Fig. 6.19 and.6.20 réspectively.uThe

clay at the cooling pond shows slightly more scatter with an.
- V - ' - ‘A. . . B o s

LT s

. .
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Figure 6.21 Bilinear péak strength enVelobe}of_grey clay.
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§
average peak c'=‘5 kPa and ¢'= 24° whereas for the plant
site,‘c'=5 kPa and~¢'='27.8°.

It is of interest to note that CIU tests\on sbecimens
u{ﬁét including visible fissures show that- the ﬁeak strength
envelope is bilinear with the change in slope occurring at
approximately the prebonsolidation pressure. Fig. 6.21 shows
that withih;the overconsolidated range, ¢'= 29° and withih.
the normaily consolidated range, ¢tf;20°; there is the. .
possibility that the.envelope'is curved instead of bilinear..
The actual cause of this phenomenon is not kﬁown; howevé}?
it’is believed that there are two possibilities:

1. according to Larsson (1981), clayrparticles form.
aggreéates‘which.can be assumed to act as units below

.
the Sreconsolidatibn stresses. When the latter are
exceeded,-the éggfegates breakdown and.the friction:
“angle debehdigon,the shape of\the.particles instead qf
the aggfegétes.
- 2. thsvséme phenomenon as (1) may occur at the macréscopic
scale; the soil is divided'into»mactoscopi;.blocks by
non-visible midrqﬁissures so .that .it behaves ééia.

frictional material at low stresses.

»

Fig. 6.21 which also includes test results on ﬂdfizontal

éamples~sthS‘that the strength pérameters areinot
anisqprbpic'to'sample ogf%dtation. It is to be hg;ed.ﬁhat
the blo}k{saﬁﬁiés.are méde upiprimérily offthemlight‘gréy,;
~clay whéﬁe particle arrangements did not reveal d;stihct_

orientation.”On the other hand, Bishop et ai-(1965) found no
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significant anisotropy in c' and ¢:in the London Ciay
although its fabricﬂhés a distinctsorientation whereas
Baracos (1977) found anisotropy in c' and ¢' in the Winnipeg
clay whose particles have a preferred hor izontal ‘
orientation. Cpnsequently, 1t can be observed that the
anisotrop§ rn c' and ¢' is not totally dependent on particle
orientation. |

Direct'shear tests on specimens from one of the block"

sampleS‘gaQe an average gpeak C'i 0 and ¢'= 25° and reeidual
'parameters c' = 0 and ¢° = 14° (Fig. 6.22).

| Backanal;sis (Chaptér 7) shows that the operational
strehgtb of the Genesee Clay isonot peak due to the,preeence.
of discohtihuities; on the other hand, the random
distribytion of the latter and the unlikelihood of the
failuresloCCurring on a preexisting shear surface eugdest
" that the‘operetional strength,is not residualdalthough the
strength along some of the discontinuities can be residual.
Therefore, the question that is asked is which strength
parameters can be obtaimed from the laboratory teets.
© Tentatively, the large strain strength envelope fromithe
undrained triaxial tests has been drawn for the strain -
weaken1ng samples at the stabilised strength after the peak.
The associated large straln is normally between IO_ane 15 %.
The data are plotted in Fig. 6.23 and the:large strain
strength parameters are approx1mately c¢'=.0 and ¢'? 20°‘”

These parameters are supported by\the study of P1lot et al

(1982) who found that the strength parameters measured by

U..
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. . |
tr1ax1al tests carrled out to large strains (15»%) and at
confxnlng pressures correspondlng to the overconsolidated;

;- state gave satxsfactory results for the effective stress
N ]

%%’ : The strength parameters derived from the direct shear
B . ,

t ﬁesuits are shown in Fig. 6.24. As shown in section:

2, the strength of the weathered clay samples was
affected by the type of discontimdities within them. -
Therefore{ only “the peak stress poxnts fipm the CIU tests
are plotted in Flg. 6 24 However the large straln strength

-envelope for the Samplés belleved not to contaln major

L e

Isllckens1des 18 also shown ip an 6.24. The large strain )

»

'strenggh parameters of c'=0 and ¢ =18.5° have Been foond te

be satisfaqtory_parameters for the backgnalfsi§ discussed in ",

-’ N v

Chapter 7.

. 6.6 VARIATION OF A WITH OCR AND K,
R Cf . |
‘The variation of Skempton's (1954) parameter A with

. f
OCR 1s weIl known' examples of this varlatlon are given by

-,1‘.
kA

13

Blshop andgﬁenkel (1962) and Ladd et al A« among others.'

The. relatlonsh1p between A and OCR‘for_Genesee Clay 1sL
f
given in Fig. 6.25. For OCR ‘higher than 1.5, A for thé b
. :
Genesee Clay. is higher than the results for remoulded Weald

»_Clay g1ven in Blshop and Henkel (1962) The hlgh values of A
' f
.have been attrlbuted to the collaps1ble nature of the soil

i )
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structure by Graham\aﬂd Au (1985) based on their study of
Winnipeg Cléy. However, thgre l1s no indication that the
Genesee Clay is behaving iﬁ a similar manner.

Fig. 6.26 showgJFhe variation of A with Ko values
calculated from measdrements made by th;.total'streés cells.
For samples frbm the cooling pond area, the average values
‘of K, obtained from measurements in the two different
orientations were used. Samples suspected of being affected
by discontinuities were not included. It is found that there
is,nét too much scatter in the data and‘it‘possible to
define a relationship between A 'and Ko . It is interesting
to note that samples consolidatéd anisotropically to the
measured in-situ stresses ag}ee closely with that
relationship. This suggests that isofropic conéolidation fo
the in-situ vertical effective stresses did not disturb the
soil fabfic withiﬁ the sample.

The point of ‘interest is that there is a relationship
between A and OCR onrtﬁe one hand and A aﬁd Ko on the
other; hoiever, it has been shown in Figf 6.13 that there 1is
no relationship betWeen OCR and Ko. Since A is dependent on
the ,s0il structure, it is possible that witiin the range‘of
OCR and Ko p;evailing in the Genééee Clay, there is.not muchx
.ghangé in the soil strdcturekwithuchanées in_éithér OCﬁ.or
. Kou In facf; at'an OéR’greatér than ﬂ.S or a Ko greater than

1.0 the drop in Af "%Eh inéréasing OCR or Ko is very small.
It Can»be\conciQded,that b&th/OCR_and,Kg had'anfeffect>6ni
the structure bf'the clay 9dd‘afﬁerva;threShoia‘value of Ko

./.
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or OCR there is only very small modification of the soil

fabric with increasing OCR or K, or a combination of both.

6.7 ANISOTROPY IN GENESEE CLAY R —

As this research 1is also concerned with the stability
of the Genesee‘Clay as a foundarien material, the effect of
anisotropy with respect to the shear strength of the soil
was 1nvestigated. The importance ef strength anisotropy in
stablllty problems has been emphasized by’ Lo {1965), Duncan
and Seed (1966b) and many others. Essentlally, there are two
types of anisotropy. -

The first 1s an inherent anisotropy caused by particie
orientatien or macrostructures such as discontinuities and
layering as in varved glacialilake'clays. The effect of
preferred orientation of particles,nas studied by buncan and
Seed. (1966a) who found that'although sample orientation had
no effect on the ¢’ and @' from tests bn.samples of
overconsolidated kaolinite, the undrained strength of the
vertical samples iS about 10 % higher than that of
Jhorizontal‘samples'as avresult of a lower'pbre~pressure
_parameter A . This shows the effect of grain structure
anisotropyign pore pressure response. Strength dnisotropy-
due to the preferred orlentatlon of dlscont1nu1t1es has been_
studled by Lo and Vallee (1970) who'derrved»tneoretlca; ’
expressions fcr strength varlatlon af”a sdil centaining
‘parallel planes of weakness. An1sotrop1c shear strength

propertles in varved clays for both dralned and undra1ned
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conditions have been studied by Kenney (1976) who found that
directional anisqtropy iﬁ‘¢‘ in drained tests due to the
presence of alternate layers of clay and silt 1s very small.
'In'the case of ﬁndrained-failure, Kenney (1976) reported
;hatbthe degree of anisotropic shear strength is greatly
influenced by the rate of strain aﬁd equalisation of
po;ewater pressures in the different layers.
The’secona-type of anisotropy is induced by the stress
system acting on the soil. .Hansen ;nd Gibson (1949) drey
attention to this stress indu;;d aniéotropy and derived an
e#pression‘ﬁor the undrained strength, ¢ 1in terms of Ko,
c', ¢;’and A and inclimation of the fai?upe plaﬁe. In
deriving thig expression, it was assumed that there is no
,énisoﬁropy in terms of ¢', ¢' and A . On the other hand,
ekperiments by Ladd (1965) and Doné;he and Townsend (1978)

showed .that ¢' and A are affected by anisotropic
¢ _

- consolidation.

Based on the above discussion, the question to be asked
is wLether the GeheSee Clay exhibits anisotrépig,behaViour
in the-senSé that lower strength is obtaihed in certain
orientations. First, the unfissured ligét grey clay does not
éhéﬁ énisotropy in c‘ and ¢$' as discussediinbséctibn”e.SQl
'and thlS is assumed to be due to the 1sotrop1c fabrlc iﬁ 
these layers. The 1sotrop1c behav1our is also conflrmed\by'
'the consol1dat10n tests. on horlzontal samples as d1scu59ed
0'1n section 6.2 CIU tests on horlzontal and vertlcal o

o .

specimené‘frdm the same block-sample_and,consolldated at
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pressures within the ovérconsolidated and normally
consolidated range showed thst ;he stress paths for each
pair of vertical and horizontal specimens are identiéal and
the undrained strength of the horizontal specimens 1s about
0.95 times that of the vertical ones. Tnése are shown in
Fig. 6L27 for the stress - strain rglationships and Fig.
6.28 for ghe'stress paths. It can be noted‘in Fig. 6.2? that
the pore ﬁressure response does not show any influence of
inherent anisotropy. On the other hand, ;he dark grey clay
layers are f?kely to exhibit anisotropic strength as a
result of both the preferred orientation 1in particle

arrangements and the presence of small area sllcken51des as

discussed in Chapter 3. Drained direct shear test results

(Fig. 6.29) on a layer of dark grey clay, consol}cated to
the in;situ stresses nnd sheared paraliel to ;he-bedding,
showed that the stfengfh'drops to the residualvvalue on the
second shearing. It was not possible to do the tests
perpéndicular.to the beddings‘because of the limited
thickness of these dark grey clay layers; but it is obvious
*hat shearlng along the bedding represents the lowest

strength - o j
. g

o

The major‘shears will. cause ahisotropy due to
‘ . .‘ . . R N l ' - ' .
orientation 1n-§&p;manner d;scusssd by Lo and Vallee (1970)

but thenOrientatibn of theSe‘shears}séem:to be goVérned'bY

 _the d1fferent1a1 meltlng processes of . the underlylng 1ce and

-fhgrefore, 1s llkely to,vary w1th locatlon.

. -
° . e . -

¥
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Fi‘guré 6.29 Drained shear test results on dark 'grey‘ clay.
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Finally, an attempt was made to investigate the effects
of anisotropicAconsolidation on the elay. Undrained triaxial
tests were performed on isotropically (CIU) and consolidated
éﬁisétropically (CAU) samples. In both éases, the vertical
consolidation pressure is equal to the estimated, effective
overburden pressure and for the CAU tests,.the horizontai‘
pressure applied 1is ihe one measured in the field. Samples
were chosen from zones of highest K, in the unweathered
clays and for theée tests, K, were iq}the'range of 1.3 to

1.5. The samples tested were 5-4a and 5-4b, 4-7a and 4-7b

1

g and 4-8a ahd 4-8b; 5-4a, 4-7a and 4-8a were consolidated

isotropically while the others were consolidated

ahisotropically. On the other hand, samples 2-8a and 2-9

"

were consolidated under conditions of zero lateral strain up

to the estimated effective overburden pressure; the ratio
0;' to o,' obtained were 0.64 and 0.6 respectively. The test

-

results are summarised in Appendix E. Nevertheless, these
tests were ;nsuccessful in determining the effects of
anisotropic consqlidatién conditions as onevor both of each
pair.of samples were affected by the dis¢§ntinuities.,
,”Therefore, to summarise, it can be said ﬁh&t the light
grey clay of which the main.body of“Genesee Clay is composéd
does not show anisptropié behaviouﬁ withfsample“oriehtation
qnd'thislié-due to the'igbtropic soil fabric as well asAtheA,
_near iSot:opic in-situ state of stress of the samplés
tested. Ahiédt:Opic'qonsolidatioh does not"seem'to have a

large effect'ch A and ¢' fof‘Ko larger than unity; it is .

£ -
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possible that the effect is more pronounced in the lower K,

range and the variation of A against Ko, in Fig. 6.26 seems
f
to show this trend. On the other hand, individual soil

specimens may exhibit anisotropy as a result of lithological
contrasts and structural discontinuities. But, when Genesee
Ciay deposit 1s considered as a whole, the random
arféngements of these features are'notflﬁkely to cause
global directional.effects. On the other hand, it is
believed that the operational strength of ‘the Genesee Clay
is controlled to a greater eX£ent by the g?ﬁdomly oriented

' . \
minor discontinuities. o -

6.8 VARIATION IN UNDRAINED STRENGTH ‘
. . ! L}

: L » S .

In this section, undrained 'strength 1s’c¢n51dered with

. A _ L
reference to the intact material. The effecks}of stress
L {

history on the .undrained strength of clays %ré well known;
_ £r9

)
they are reflected in the excess pore pressurks generated at

failure. As shown earlier, pore pressures are known to
depgnd oﬁ the OCR of the clay and consequently, attempts
weré‘g@dé to findvéﬁpirical corelgfions between thgﬁfﬁ
undraimed strength, ¢ and OCR. For example, the
rélationship by Ladd :;'al (1977) is%expressed as:

R

(e /o Noe) \ ('6.3)_"

:oCRm 0o.,o‘qonooo-“’-.oo.uoclo‘o-'c;o_.,too.-

Q

/’

where m is a parameter which varies between (.85 and 0.75
with increasing OCR. Using_Critjcal_state’soil_mechanics
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principles, Wroth (}984) confirmed the theoretical vaiidity
of the'abo&e‘empirical expression.

On the other hand, Skempton and Bishop (1954) proposed
a theoretical expression relating undrained strength to the

coefficient of earth pressure, K, as follows:

o Te
 ercosy Jo + [K, + A (1-K,)]sing’
€y _ ccosy /%" vo ° f 0/iSiNY et s eesaas (6.4)
o', [1+ (2A,-1)sing’]
where ¢ '=?uertical foectivé stress;
vO /

A = pore pressure parameter at failure; P

c' and ¢'=effective shear strength parameters.

This equation is based on the following assumptions:

1. ‘there is no rotation of principaiigtresses;

2. A, c' and ¢' are not anisotrbpic;; | )
ihé'field investigations at Genesee showed thatithere
is a marked variation in the vane und;ainéd strength both in
profile and in plan as indicated by the data presented i’
Fig. 6.1 to 6,6._Th§ vane strength ié“nofi;ikély tq be
aféected byvthe plaha; aisébntinuities unless;the lattéf
cdincidejwithithe_zéfiufé SUfféCéuégbgrated'by the vane. The
IVariatioh of stfength,in prpfile;is due:to the prqsénce'oﬁ
‘slightly s;iffe; laYErs fdrmed as a rééult‘of the |
'intermittént_énbmeréence and éxpcéufe of the iaké;bottom. , 

during deposition as discussed in Chapter ‘3. On the other

o :



Fig. 6 30 and 6. 31 show that the measured Ko and c: /a .
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hand, ‘there is a slight variation in the strength profile as
shown by the laboratory vane tests becauge of the slight
variation in the clay content of the layers. However, the
discussion will be based solely on the field vane tests. It
1s “found that there is a marked variation in the undra1ned
strength over short horizontal dlstances although there is

. . . s 4
not much difference in the degree of overconsolidation. The

present -investigation shows that the undrained strength at

UA1 is of the order of 40 to 50 kPa whereas at UA2 and UAS

it is in the range pf 75 to B0 kPa; at UA6, the undraxned

.strength 1is between 35 and 40 kPa, whercas at UA3 and UA4, 1t

1s_¢loser to the 75 to 80 kPa range. Slmllar observations
were reported by EBA (1983) and Crooks et al (1985). Since
lt was.shown in Fig..6.1f and 6.12 that there is only a very
slight difference in OCR between UA1,UA2 and UAS_and between
UA3, UA4 and.UAG, it was decided to e#plore the variation of

the ratio'c /o ' against Ko. The data for the cooling pond
u vo

and the plant site are plotted separately in Fig. 6.3‘(£“and

6.31 respectively. ‘ _ ¥
Equation no. 6. 4~was used to provide bounds for ¢ =0 .
) o

“and ¢' of 24° and 27.8° for the clay at the cooling pond ~

’area;and plant,s;te respectlvely. The range of, A values

f.

were‘those obtained from the triaxial‘tests (see Fig- 6.25).
- .

.

u- vo, .
fall reasonably well w1th1n the bounds predlcted by equatlon_-

’no. 6. 4 Consequently, it’ can be concluded that the l 5

'"undralned strength 1s a’ functlon of Ko and the f1eld vane'~

0.

. S
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strength is showing a variation in K, which is believed to
have been ctaused by the bottom melt-out processes as
discussed earlier. However, this variation in K, was also

influenced by the complex consolidation history.

6.9 YIELDING IN GENESEE CL‘AY.

The yield envelope has been determined for specimens
trimmed from a block sample of the light grey clay and is
plotted in Fig. 5.8 (Chapter 5). The major feature that cén
be poticed is that the envelope for the Genesee light érey
clay appears to be symmetricéﬁ about the isotropic stress
axis whereas data published by Mitchell (1970), Tavenas and
Leroueil (1979) and Crooks and Graﬁam (i976) show that the
yield envelopes afermore or less symmetrical about the K,
Consol;dafion l;ne. As shown earlier, the Genesee light grey
tiay.exhibits isotropic behaviour in terms of stréngth and
'coTpressibilityproperties and these characteristics confirm
the shape of the yield envelo%f. The data seem to indicate
that the envelope is not symméfgical’agopt,the K°=i.2 axis .
 which represéhts the preéenﬁ state-ofm§tse§izfqheréfore, theT
shape of the yield envglopekié'a complex ;espon;;’EB\both

-

\

stress history and péftiCIé_arrangement;
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7. STABILITY ANALYSIS OF SLOPES AND EMBANKMENTS ON GENESEE

CLAY

7.1 INTRODUCTION

During the construction of the Genesee Power Project,
various instabilities oocurred withj;he planes of movement
being located mainly within the unweathered clay. Two cases
of failure are backanalysed and another case where}large D
deformations were detected is briefly described. These cases
are important in understanding the behaviour of this class
of materiai. The methods of analysis used are thg Bishop
(1955) method of slices for circular failure"surfaces and
the Morgenstern and'Price (1965) method foranon circular
surfaces;kthe Bishop analysis eas pergormed by using the
1CES compoter program LEASE. Both total and effective stress
analyses were conducted on the fa;lure su;faces.

,ﬁ,
7.2 SLOPE FAILURE AT DIVERSION DITCH

The faildre at the diversion ditch is described based
malnly on verbal 1nformatlon from Thurber Consultants and
addltlonal 51te v1szts by the author after the fallure.

The d1ver51on ditch was excavated to drain water from
the Genesee Creek\to -enable constructlon of the hlgh dyke.'
Excavat1on of the dltch w1th 51deslopes of 2 horlzontal to 1

vertical was started 1n early October, 1982- and completed in
about 1.5 months; the depth of the d1tch was between 5 and

10 m. Instab111t1es Along the 51des of the excavatlon as

A
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well as tension cracks were observed as from February, 1983.
One of the instabilities developed into the failu€e~shown_in
Plate’7.1 and prior to failure, a tension crack estimated to
be 2.3 m deep had formed. Fig. 7.1 gives the assumed failure
surface based on the geometry of failure whereas the'soil
profile and field vane shear strength are given in Fig. 7.2
which, is drawn from data obtained from Thurber (1982b).
Based on previous investigations, the groundwater Eeble
prior tohexoavation is located approximately at the ground
surfece;,however, there was nohinformation on the porewater
pressures at the time of feilurel |

A total stress analysis was cerried by using Bishop's
method and the 2.3 m deep tension crack was eSSUmed to exist
.at the time of failure. Certain assumptions had to be made
concerning the.strenéth of ‘the brown cla§ although.the
rather‘shallow aepth of the- brown clay is not likely to
affect the results 51gn1f1cantly The vane shear tests
w1th1n the: cooling pond showed that the undralned strength
of the‘brown clay could’yary from 60 to 80 kPa, However, in
. Fig. 6,17-of'Chapterr6, the-ClUitestsion the brown clay
npsamples‘eonsolldated‘to the overbhrdenYStress show that
because oflitsvfissured neture; the brown cla& had.a peak K4
strength of about. 50 kPa with a tenaenchto.strain weaken“'
after that. The lowest measured undralned strength et lerge
'_stralns 1s about 40 kPa. Consequently, the analy51s was run f

with an- undralned strength of 40 to 60 kPa for the. brown

,clay layer. The results are presenced 1n Fig. 7;3: It can benv
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found that a}the time of failure, the mobilised undrained
strength within the unweathered grey clay is eétimated to be “
between 23 and 28 kPa.

The field vane tests indicated Epat the intact
unweathered clay has an un@téined.strength beﬁween 40-and 60,
kPa and therefore, the inadeguacy of the vane test to
accurately predict the strength of the clay is clearly
shown. Bjerfum (1972) considered éxtensi?ely the problems of
the vane shear test and prqpoﬁed correction factors to take
into accolint rate effeéts and anisotropy. For a plasticitx
index of 40 to 50 %, Bj!&fum's'correction factor, A, of o
"about 0;8 should be applied to the Genesee Clay; therefbre;
assuming the minimum field vane peak strength of 40 kPa, the
predicted mobilised strength is 32 kPa which does not fall
witﬂin the range of values obtained from the backanalysis.
Another method Qf es;imating undrhined strength for the
total stréss_analysiélwas proposed by Mesri (1975) who

suggested thaty

where ¢ ' is the preconéolidation pressure. Based on the
.réshlt gf consolidation tests.bn'§355TEé fr6m thé;topling .
pond, & constant precohéolidation_ﬁressuré‘of 150\kPa Caﬁ.be
assdmed Yielding a predictéd mobilﬁsed st;gﬁgth of 33 kPé«
aécofding to Mesri;s method. Again, this method could not

pfed{éﬁ the fiéldustrquth of the_unwéathef&dgylay.

o
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Howfver, 1t 1s to be noted that the slope failed 4
months after excavation and that delayed failure mignt have
been the result of pore pressure dissipation as dicuésed by
Vaughan and Walbancke (1973). Due to syelling, there could
have been an increase in water content and therefore, a
decrease in undrained strength. However, based on the fact
that the coefficient of consojidation is small (of the ordef
of 0.35 m*/yr for tests on block sample from the side of
the ditch), the charts given .Cgigenbrod (1975) show that

[e]

only a small amount of pore pressure dissipation could have

g .o
taken place. Therefore, the moisture. content could not have

a
,frl

changed by a large amount to cause a "substantial reduction
in undralned strength. thsequently,.the loweTr operational
strength was probably caused by the presence of sfruceural
discontinuities; this is supported by the undfained analysis
of the SR770 embankment failure where the estimated T

operational st;:hgth of the unweathered clay 1is between 22

and 29 kPa whicn#falls‘within the range oi_stnength
.estimated for this case.
7.3 BACKANALYSIS OF SR770 EMBANKMENT FAfLﬁRE .

A detailed"descfiption of theAembankment failure ie
given by Cfooks et al’(1985).‘fbe ove:pass Structure was one
of the cempenentsnin the‘reloeafion of the higﬁway S§770 and
‘its éite was Shown‘in'Plafe 1;1. The»approach fills to the
overpass were de51gnequo a maximum height of approxlmately

13 m. The constructlon of the nor&h approach flll started in
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the spring of 1982 and consisted mainly of compacted silty
clay. The sides were built to a slope of 3.5 horizontal to 1

vertical. When a height of approximately 12 m was reached,

failures occurred on both sides of the embankment. The

s .\ - ! r . N . "
construction history of the embgnkment is given in Fig. 7.4

and a plan view apd cross section of the main features of

the failure are given in'Fié. 7.5 and 7.6 respectively.

‘These three figures are reproduced from Crooks et al (1985) .
AInstrumentatieh.to measure lateral displacements and

sl

porewater pressures were installed two weeks after the

“failure and the position.of these mesurements are shown in

Flg 7.6.  However, from the deflection of the slope

1nd1cator "it was possible to infer that failure occurred

within'the unweathered clay although the complete geometry

" of the failure‘sqrﬁace‘chld not be obtained. The fact that

<

the piezometers were installed 2 weeks after the failure

implfes that some pore pressure could have "dissipated but

.con51der;ng the low c of the material the 'amount of

-

v

d1551pat10n was assuded to be insignificant. In addition,
=

the porewater'pressure measured in the unweathered'clay

'.y1elded a B of 0 8 whlch is con51stent w1th values obtained

~for the dyke of the coollng pond B is def1ned as the ratio

:‘of the 1ncrease in porewater pressure . to the increase in

‘vertlcal stress due to the placement -of flll

G

AN

‘g; . , : ‘ . ] ) /“
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7.3.1 Total stress analysis

| In performing the backanalysis, appropriate assumptions
had to be méde about the undrained strength of the fill and
brown clay. The brown clay was assumed to have an undrained
strength of 40 kPa which represents the large strain
strength of‘this’material. The mobilisation of shear
strength in the embankment fill for backanalysis was
discussed by Bjerrum (1972); when no crack is observed prior
to failure, the full strEnéth could be assumed to have beeq_
mobilised whereas in the sase where cracks aré observed, the -
assumption is.made that the crack remains open during’

failure and the'éxtréme_case wgs}d be.tb assume that the

BV
- crack occurs throughout the depth of the fill in the case of

-

a brittle material. fq the'§R770 embankment failure, cracks
were oBser§ed onbshe cfest prior to failurf butibecause of
the uncertainty concerning ths depth of these cracks it was
decided to perform the stability anslysiS'usisé reduced
undrained strength in>the fill. Vane shear tests by Thurber
Consultants on the fill of the .cooling pond dyke gaveA |
undra1ned strengths of 7% to<bver 100 kPa and trial values
- of 40 and ﬁg kPa were adopted. The stablllty analyses were
‘run u51ng both the. BlShOp method for c1rcular fallure ‘and’
the Morgenstern and Price method for non- c1rcular failure.
The results of the analysis for the most cr1t1cal,fa11ure

‘-

surfaces shown in Fig. 7.7'Pre presented in Fig. 7.8. The

»

analysis shows that the critical failure surfaces from both

Bishop and Morgenstern and Price methods of analysis are

]
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censistent with'the observed geometry at the time of z
failure. The analysis also show35that the assumpt{en of the
fi1l strength'of‘4b to 60 kPa gave undrained strength within
the unweathered clay of the order ef 22 to 29 kPa which
agrees”with values ohtained'from the backanalysis of the
slope failure at the diversion ditch. Therefore} this
confirms that the operational strength of the Genésee Clay

could not be predicted by the field vane strength after

application of the correction fagtors.

7.3.2 Effective stress analysis
The analyses were performed based on the following
assumption5°
1. Because pore pressures were not measured in the flll and
the weathered clay, it was decided to assume undrained
strengths in these two materials,as part of the
parametrie study. The author recognised that it is not -
normal practice to adopt such an approach. The analysis
was conducted in order to explore the possible range of
Vassumptlons that could be made. .
The flll strength was assumed to vary between'40
" and 60 kPa.based on the results of the‘total,stress
' analysis; The brown clay was assigned a"sbtrength"
R equ1valent to the large strain strength of 40 kPa. For
1the unweathered clay, c' was a551gned a value of 0 and
¢{ was variedi_Theipieiometrlc line assumed ;s shown in

Fig. 7.7 and is based Onrthe.piezometer'readings in Fig.

o4

-t
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7.6 and on the fact that B is generally aboutyO.B for
the unweathered clay. The Morgenstern and Price method
was used. Bishop analysis was only performed for the
‘case of the fill strength of 40 kPa.

2. The charts by Rivard and Goodwin (1978) were used to
determine drained parameters for the fill. For a liquid
limit of the fill of 55%, c' - 20 kPa and ¢' = 23° were

obtained. The large strain strength parameters of c'

and ¢' = 18.5° for the browh clay were assumed. Since no

pore pressure measurements were made in the fill or

brown clay, r‘vval;es of 0.4 were assumed 1in .these
mater ials basgd on measurements at the’ high dyke g1ven
.1n Thurber (1985); the piezometric liné in the °
unweathered clay is,the one shown in Fig. 7.j. The -
effect of"using the peak;streﬁbth parameters of c' .
kPa and ¢' = 23° for the;brewh clay was also
ihvestigated.'Only‘the'Morgehsterh and.Price analvsis
~was performed-and the results are given in,Fig. 7.9.

It is to be noted that the Bishop methed gave'a'
sllghtly different cr1t1cal fallure surface for the total
and effective stress analy51s; however, the same cr1t1cal
 surface was obtalned forvbothxundraznedvand_dralned ana}yses

PR

'for the Morgenstern and Prlce method
Flg.,7 9 shows that the moblllsed ¢ '1n the unweatheredv
clay at fallure is between 17° and 20° for the assumptlons |

made. It is of 1nterest to. note that the average large.

stralp strength envelt pe of F1g 6 23 gave a ¢ of 20°_ahda

. '~,
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the backanalysis shows that this value of ¢' is mobilised
when the large strain parameters for the brown clay were
used. It is also worth ndting that the effective Stregsv
o T .

parameters for the fill obtained from Rivard ahagGoodwin
(1978) gave reasénable results. Consequently, the mobilised

i : : ,
. @' 1is between the peak and.;esiﬁual values and since there
is no evidence that failure occurred along a presheared
surface, there is the likelihood that‘prbgressive failure
mechanisms were operatiohél. Since the Genesee Clay is
strain-weakening because of the présencé of réndomly
oriented discontinuities the prdcess of taking the soil
past the peak strength was probably due to the '
,dlsﬁontlnu1t1es actlng as stress concentra@ors (Skempton

{

1970).

7.4 LARGE DE?ORMATION AT HiGH DYKE

The basic sbi;_propertieé at the high dyke is shown’in
Fig. 7.2, Fig. 7.10 giv?s a cross section 6f th;\dyke which
was built in 4 stages with’thetféﬁéiﬁing fifth 1ift still

left to .be placed. The SChedule of the ¢onst:uction was as

~follows: ‘, s
’Stagé 1 - Septémbet-+ Novembet; 1982,
'Stage'z - ¢July - Seﬁtember,'1983.f
Stage‘3v-:$eptémb€t - Octdbét, 1983;'
~f»S"tag,‘e"_ll,-vNovérﬁbet,; 1983.v3\ \t | .H°'“

The ‘pore pressure response within the UnweathérédfgreY*blayt
-.against-construction activities along the centréliﬁe of the]»'

o
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dyke is shown in Fig. 7.11. It can be seen that there was
1n31gn1f1cant pore pressure dlSSlpatlon between construction
stages. A‘slope indicator (Thurber SI15) installed prior to
rhe start of construction at the position shown in Fig. 7.14
indicateg\gFat large movements started just after stage 3
was ceﬁpleted as shown in Fig. 7.12. Yielding was occurring
just above the interface (depth.of 17.6 m) of the
unweathered grey cla§ with the underlying clay till although

ﬁovements also occurred at the fill and clay interface.

,Crackihg at the crest of the dyke was also observed, Fig.

7.13.shows that about 30 mm of shear displacement had
occurred at the clay and till interface before the
stabilising ber% 4 was piaced; it is to be noted that less-
tﬁan 10 mm of deflection was recorded in the slope indicator
prior to construction of stage‘3.

| The stability of the high dyke’ after stage 3 was
studied by assuming a non;circular_failure surface and the
critical one is shown in Fig. 7.14. For the-fill, undrained
etrength of 40 kPa was assumed for total stress analysis and

c = 20 kPa and ¢' = 23° for effecti?e stress analysis; the

zone of weathered clay was not encounterediin this area; An.

r of 0.4 was assumed in the £ill and. the plezometrlc llne“

u .
for the unweathered clay is shown in Flg,'7;~§; this llne,

was drawn based on the readlngs of plezometers Thurber HDP

23 and 29. The readings of these-p1ezometers are given in

Fig. 7.1% and 7.15 respectively.
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These analyses show that aSSQming the operational
strength obtained from the previous backanalyses the factor
of safefy is higher than 1;§ (Fig. 7.16 and 7.17). However,
the large deformations within the unweathereditlay and the
cracking of the fill suggest that tpere Qas an onset of
yielding.AThis is shown in Fig. 7.18 where the pore pressere
.observed by the piezoﬁeter HDP 23.indicates‘that yieiding
started when the fill reached the elevation of-appgoximately
726 m. The stress path at HDP 23 is shown in Fig. 7.19. At
that pafticular point, the in-situ K, 1is assué%d tdlbe 1
based on measurements at the “Gther zest‘locations in the
cooling pond. The total stress path was EOnstrucﬁed‘hsing
the elastic stress. distributions given in Poulos and Dav%e
(1974) for a vertical embankment loéding on a sehi;infinite
mass. The effective stress path w;s then é:awn!by
subtracting the ebse:ved porewater pressure from the total
stresses. Thevyield'envelope for gﬁe,bioekesaﬁple (Fig. 5.8)
is also shown in Fig; 7.19 in order to cpmpare it with the
in-situ yielqing characteristics. The following comments can
‘beemade coneern{ng the be%ayiour of the Genesee-Clay under

loading: =~ ' ) , o
) - . . . . . '
STy

1. the initial part of the calculated effectibe stress path

suggests that Au/Aa .is 0. 56 which is in agreement
ott
~with observatlons made by Pender et al (1975) ' However,

/thls ratlo predlcted from 1sotrop1c elasticity is 1.0

,(Parry and Wroth, 1981) This deviation could have been

~ _due_to an anlsgtrop c _response_ although it was shgxn &n«
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UNWEATHERED CLAY ¢’ (c'=0)

Figure'7;17.Effe¢tivg stress analysis of high dyké,
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the prevzous chapter that the laboratory results seem to
1nd1cate that the clay would behave isotropically.
Therefore, there is the poss;bllzty that some of the
excess pore pressure\could have dissipated’dnring the
first stage of dyhe construction. .
2. the -yield envelope for the block sample need notﬁ
represeht the one for the soil at thellevel of
“plezqmeter HDP 23 as the,position of the envelope is
dependent on the past stress~history. However; the shape
of the envelope would be 51m11ar
3. it is found that yleldlng started shortly after reachxng
. point 1 (Flg.‘7.18;and 7.19),’that is, after-the stress -
" path reaCheG the yield envelope. Therefore, the yield
enéelope for the soil at HDP 23 lies slightly beyond the

one for the block |sample. ‘After yielding, high‘pore

pressures were ge erated and it is of interest to note
. that the effect1vehstress path‘followed the yleld_ |
envelope or was close to lt;‘ -
4. the 5011 under con51derat10n had not reached fallure
whlch is represented by the large straln ‘strendth 1 )
' envelope‘ln Fig. 7 19 although other zones of soil under‘
the embankment mlght have been in a state of . contalned

fallure.

'silzthe'high straining indi ated‘bethevslopegindicator.SI.5'

soiltpnder the embankment . o \\ SR ﬂ
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\

The stress path followed by the clay_closely resembled
that found by Tavenas (1979) in studying the cases .in X
Eastern Canadian clays} While the interpretation ofiyielding
has been made from the obServations-of pore pressures:in the
‘present stﬁdy; Ciausen et al (1984) discussed.other‘possible
methods of identifying yielding such as from measurements of
strain and observa;ionsﬁ?ﬁqreep behaviour under the loading :
zone, -
7.5 DISCUSSTON ‘r‘ ?‘ | S '

The main point of intereSt in thﬁs chapter'is.to
determine the'role ofddiscontinﬁitieszwithin‘the Genesee
Clay in controlllng its fleld behav1our. The total stress
vanalyses have shown that the mass undrained strength of the
clay is between 22 and‘28'kPa and the conventional
cdrrection faCtots"of Bjerrhm (1972) applied to the minimum
field'vane data are‘inadeQUate to bredictdthese strengths;
-Therefore, these poznt to the. fact that ‘the operat10na1
hstrength is. controlled by dlSCOﬂtlﬂUltleS and that f1eld
vane tests are not s/tlsfactory 1n prov;dlng data for the’
stab111ty an/}f// of flssured clays.‘v |

. The/most s1gn1f1cant work 1n the effectlve stress
/anéi§215 of structures bu1lt on soft flssured clays 1s the

_backanaly51s of varlous fa1lurqs\by Rlvard and Lu (1978)
¥

These autho s subsequently recommended the use of c'’ 0 and

—

.rom tests w1th1n the normal consolxdatlon

¢’ obtalned _
T B Sy
stress rangetyOn the'other hand, Pilot et a\h(JQBZ) T

. .o .Q
.
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recommended the use of the CIU or CAU large $train strength

s - y

: . Q
parameters on samples consolidated to the estimated

'overburden pressures although they were not worfing
specifically with.fissured soils. These two approaches
approximate to the fully softened condition proposed by
Skempton (1970). Backanalysis of the SR770 failure shows
that the operatﬁonal strength for the,Genesee_Clay is ¢' = 0
and ¢‘.= 20° which are also paraneters given by .the large
strain tests on samples containing discontinulties{ this
implicitly confirms the role of discontinuities in |
pcontrolling the field strength. Tt is interestihg to ngte
that within the normally consolldated range, ¢' is also
equal to 20°. Nevertheless, the fact that the operational
‘strength is between the peak and residual envelopes and \

there is no evidence that the fallures occurred along any

. plane of fa1lure 1nd1cates that the mechanlsm of progre551ve.'

fallure mlght have ex1sted in the cases studled

The mon1tor1ng "of 'pore pressures under the high dyke
.has been helpful in determlnlng the behaviour of the Genesee
Clay ‘prior to failure. It was found that the 5011 started’ to

yield shortl§ after the surface loading was applied as a

result of»“ag'factﬁthat the in—situ state of stress was
close to the yield envelope' this is due to the clay belng
l1ght1y overconsolldated and also the high value of Ko.
After the stress path. reached the yield envelope high pore

pressures vere generated as a result of the fact that the

"tlay\followed”the‘yield envelope.towards the failure line.

,



- \

-

Therefore, the deter@ination of the yield envelope 1is
helpful in observing, at least qualitatively, the behaviour

of the clay under loading.



8. CONCLUSIONS
This chapter has been divided into 3 parts 1in order to
reflect the steps followed in the investiéation of the
Genesee clay. The first part is related to the geological
characte:fsﬁic; of the clay; in the secoﬁd part, conclusions
concernihg the methods of investigatioa are made and the

third part deals with the field behaviour of the clay.

8.1 CHARACTERISTICS OF GENESEE CLAY

Genesee clay may be classified as a gebtechqicaliy
complex material in the sense that geotechnicalrproperties
were @bserved‘to vary across & wide range within short
distances of the order of less than 100 m. Although the clay
was deposited in a complex'fluctﬁating sedimentary
environment, the genetic complexities do not dominate the
~present behaviour of the clay. The variations in prqpertiesr
occur not gnly in the étrengéhlof the.infact material as
determined by the vane shear tests but also in the
d;stributign 6f’thé discontinuities. %hese vériations are
the tééults of a complex combination of.epigenetic procésses
4_yoriginating from déposition on a melt-out till whicﬁ hadiav
‘high ice content and of weathering processeé; The
'pqst-depositiéhal>meiting of'tﬂe ice had two effects on the,
'Vclay,_hémely: | | - | |
1. the fétmatiog of slickehéides and fissures as a result

jbf.ihtérﬁél'stré§sing’due to deform&tion at‘thé bottom"

“of the clay layer;

L eemmeenara ©

o :

4
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2. the spatial variation in the lateral stresses of tﬁe
deposit which seems to be related to the topography.
High K, were measured at the popograéhic Kighs and iow
Ko at ®he topographic lows. Hogever, the exact mechanism
‘responsible for such a distribution is not known with
certéinty.

Thevpresence of the slickensides has modified the behaviour

of the clay into a strain—weakening material with the |

possibility of the diécéntiﬁuities acting as stress
concentrators. This behaviou; is copfirmed by both
labbratory tests and backanalysis of the failuresvassogiatéd"
with construction of tRe Genesee Power Project. Oﬁ the other
hand, the spatial variation in the lateral streSses,gas
réSuited‘in a variation‘of the undpaihed strength across the
site. Nevertheless, the present stfength properties of ﬁhe

clay are dominated by the presence of the discontinuities. .
. . - ¢

i
»

8.2 FIELD AND LABORATORY‘INVESTIGATIOﬁS
One of the special tests was the detérmination'éf the
in-situ lateral stresses.-In this respect, it was found‘tbatw

- 13

the total stress cells driven into the soil gave good

“although giving éomparable‘fesults'to ﬁhe;total‘stress-ceLls .
-in the zones where Ko is 1ess-than"unity; measured lateral

AN » . } . R . : .
_stresses h1gh£g§than the overburden pressures in 23P§$~°f

ﬁ%gh_lateral stress. Therefore, there is some doubt.as to

"~ whether the. hydraulic fradtﬁre‘tésts‘meééuté the minor '

-

-
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~
principal stress. The g@rformanCe of the Marchetti flat '

plate dilatometer was variable so that further testing of
this method is requ1red before its acceptab111ty can be
]udged

For the estlmatlon of Ko in the laboratory, the suction
method of Skempton (1961) was found satisfactory aithough
this method reguires good gquality bloct samples. On the_’
ozher hand, the'tube samples seemed to have lost most of the...
suction through sampling disturbance.

4 The yield envelope determined in the laboratory by

stressing the soil along'diffetent stress paths was found to
be consistent;withlthe field stress path'foliowed‘by the

>
©

eley which was yieiding under the embankment loading.
. .« .
8.3 FIELD BEHAV"IOUR OF GENESEE CLAYA’

The field behav1our was determlned from the : »
vlnstrumented structures for the Genesee Power Progect.
Backanaly51s of a slope fallu:e and an embankTent fa1lute
inddcates that the operational strength of‘the‘GeneSee Clay
is controlled by’ the randomly dlstrlbuted d1scont1nu1t1es. -
It was found that, for thlS class of materlal the total
stress analy51s based eon strengths derlved from emplrlcal
correlatxons 1s not a useful tool for de51gn purposes On’
the other hand the effectlve stress analy51s has shown that :
'the operatlonal strength of c'=0 and @' 20° for the Genesee hv'

i)iay could he _found adequately from the large straln
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with pore pressure measurements on samples consolidated to
the .in-situ stresses and tested to strains of about 15%.

In addition, because (1) the clay exhibited

Y
.-

Strain—weakening behavioﬁr in laboratory tests, (2) there is
no indication that failﬁre occurred along a single plane of
weakness and (3) Fhe operational strength in the fieid.is
between the peak and residual envelopes, there .is the
likelihood that pfogressive failure mechanisms were

operational in the cases studied,
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. £ .
In the borehole log sheets that follow, the abbreviations or ,

symbolé‘that are used are explained below.

Soil description
MP - medium plastic °

HP - highly plastic

‘ﬁepositional features

These are-assumed to be planar unless stated“otherwise.
Bedding planes are represented by solid lines.

0

Structural features

. slick - slickenside . -

Slickensides :and fissures are represented by daghed lines.

Test

CAU - Anisotropically consolidated undrained triaxial test.
CI1U - Isotropiéallg consolidated undrained triaxial test.

Con - One dimensional consolidation test on vertical sample.
2 ' 5 )

“Hor. con - One dimensional consolidation test on horizontal

sample.
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Table C.1 Detailed botrehele: log for UAI.

\

295

Depth(m)
Sample No

Soil
Description

Material

Depositional
Features

Structural
Features

Water
Content (%)

Test

w

Brown grey clay,
angular to Jub-
angular nuggets
(3-5mm) with nodules
(3um)of dark grey
clay, MP to HP.

—— e

same as -],

Weathered

Homogeneous,
no visible
bedding.

same as -1,

Clay

Minor vertical
slick and fissures
Mafor slick,no
striations,

-45% dtp

~60° dip 1
~horizontal

Major slich,slight
striations, 200 dip.

cIv

Cons

Cons

Dark grey clay, HP.

12 mm pebbles.
Dark grev clay, HP,

.

Light brown grev |
‘fclav, MP,

g 1

2

<

Light. grey clav,
soft, MP. t

- T
N \

\ 1}

\ A

Fine lamtnae,
sub-horizontal.

Fing laminae,
159 41p.

Homogeneous,

Homogeneous.

5mm lamina

50° dip.

45° dip bedding

plane.

Contorted laminae, .

Intense minor slick.

Intense minor .slick,

Pull-apart and slump
Teatures (Plate 3.8).
Randomly ortenced
minor slick.

Major slick, slight
striations, 30° dip
(Plate 3.9). '
Major slick,no stria-
tions,30° dip.

Major slick,slight
striations,40%ip.

cIv

Cons

Cons

cIv

7



Table C.2 De*ailed borehole

.

.

log for UA! (continued).
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C -

~| Z o~

£ @ Qi c e s

AR Soil Depositional Structural Water

— —_ . : -

5 2 v Description Features Features Content (%) [Test

V| © L3} ‘

a w Zdr W WP WI.

EE——
| .
I1.e
7 Dark grey tlav,HP, Disturbed by
drilling.
A Loty
1.2 .
Cross-lamtnae, |
|~, 20 to 50Y dip. ol ‘\ I
11.8 1-2 | | .
' ] Conterted lafinae, v er
v 1 Con
:1.9* L :uju :;u\m grev l |
] | chre (russ-laminuae, I [,
l | ‘ 207 gy, ! !
- ! e’
ey . t 1
1 ’ 1 {
i Contorted laminac, | E o
120 ! . | ;
. p—i i !

b l ] 1 Her
b | ! Con
|

I ; | ' l
13.2 ' } I
. | A |
1-5 Light grev. ¢lav, - i{Contorted laminae. ! '
”43_( : si1lty,soft MP. ’ . ! 1
. I i
| ) ! Lo ;
' ! ‘ :
13.. H « ; .
1 | - S
| ; b f
! : H
14,6 o 1 : ' . :
= | [ ;
! N | I Major slick,baighty i
i |\ y ; jrtriated, 60° dip . '
L X } 1 (Plate 3.1}), !
A NN ! ) ;
i (\\ . i i
l | . < ! i :
14.8 N ' : ' casa .
1i-6 Light to dark grey Fine horizontal i i i v
l | clay,soft, MP. to HP, lamtnae. H | . :
l \ ‘ ' '
lq.g.d' \'\ - , 3 T
RN : b, PR
15.0, ‘/,’ I Mayer sirok,n dtroa-
i 1 "o - f orions 307 gip ,
-1
’ | ! .
5.1 | 'i :
¥ : d *
i
i
4 - !
' ! !
{ * ’
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Table C.3 Detailed borehole log for UA1 (continued).
c .
~| Z T‘u
E v Soil Depositional Structural Water
S "é. v Description | Features Features Content (%) |Test
a )
a2 " N S
" .
' ‘"~ |Light gre layey . :
R .l:d(tfll;',:m::'rous Flow. 23.3
,:, > pebbles (3-4mm).

NG
el Incerbeds(15mm) of

, L [Light grey clayey lacustrine clay or R 30.8
S sand and s1le(t1ll). .| 541¢ at 100mm

AN . | spacing. ’ 23.4
- N 36.7
t ! Al *

3

N A
o~ [:- Dark grey clayey R

Sy |sand and sile(till), Homogeneaus. 17.2

» - '\]coal chips and pebbles.
'
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\
”I‘able C.4 Detailed borehole log for UAZ2.
. '
[e]
CIRIC
—| el {1 Depositional Structural Water
L]l -
o 2‘ o Description Features Features Content (%) |[Test
a u
] LY ]
alw| = wo o Wp WL
J
5.5 @
1
|
5.6 : / Major slick, no
e 4 striations,
f Mottled browvn and Homogeneous, -35° and 55° dip
2-1 { _{8rey clay ,MP. no visible -vertical
5.7 M bedding. ~20° d1p.
1.7 27 69 (3
5.8
8.5
) Major sltich, ne N -
8.6 1 Striations, 70° dip.
’ / —_— -36.7 27 | #o
8.7] 2-2 Mottled brown and Homogeneous.
h grey clay, MP.
’ Miror slick.no stria- “|57.0 | 36 88
8.8 "\ tions,random orienta-
e [ tions, mostly confined .
' } to grey clay. i
os| L ;
Weathered Clay .
Major slick, highly
- striated,rust stains,
30° dip. _
; ‘ . . 39.2 24 | 65 Cony -
Light brown grey Homogeneous. Major slick,no stria- 4.3
clay, MP with dark tions,matt horizontal. 35.4
grey clay,HP, lenses T - o .
(2-3 ca)? - : . .
’ Major slick,no srria-
tions,undulated sur-
ro face, ) . 5
Clay above slick con- 36.9
tains sinor randomly
- oriented fissures with
matt and smooth surface.
. *
) 41.9
»
’ .
11,8 24 Light brown grey Fine laninae, T 1. 3 .
T cJ’y, MP. hortzontal, 3, ) cr
I,. i U ) . Major slick,matt,smooth 41‘:‘7‘ 26 I B8 | cons
ol . . 40° dip. : . QD
. h Intense minor verri~ -
I ' .- Jcal fissures (2-3cm)- Ry
. |above slick,”
12.0 . . .

«
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Tabie C.5 Detailed borehole log for UA2 (continued).

O
2 Z, "; : .
el Soil o Depositional Structural Water .
o g. v Description Features Features | Content (%) |Test
13 .
o Y
23| 2 . v | Y¥p | VL
13.1 ‘
AN o
Ly )
I Sy }’\ 35.6
1342‘ “\" R . o
N Major slick, slight
l i Ty Light brown grey ' i R s(riaitlons.sub-
13.3 5 ¢ | {clay, MP, wicth nodules | Homogeneous. vertical., 40.9 :
b """ ] of dark grey clay, HP, :
' Coers seaff : Major slick, slight .
; striations, sub- 36,3 | 25 66 ~| C
13.4 ; ) horizontal: . h ons
. , P
glz
: v
TR -
. s ) N . \
R e Major sPick,slight : )
16,7 /(' ) striations, 40° dip.
‘| Light clay, MP. ] . . g7
ght grey ¥ .| Homogeneous, 61.1 cIv
r | -
Da.x’k grey clay, HP. . Intense minor slick. 55,0 .
. K Cross-laminae,
: TLight grey clay, MP. 15° dip. .
5.0, . - 40.1 25 65‘ Cons
* - ’ ;N
. .
16.2
16.3 .
- ; R
. . ’ N . o NE
4| 2-7 |+ . - | Light brown. grey Fine laminae, .
clay, MP. g horizontal. - ' N
s 36.6 | 25| 66 | cons
' v
s
s .
-~ ¢
.
T L » . o i o
. - .. ’ . ) ! - L Her.,
: . , . . i ) : ‘Cons
-'. | Light grey clay,silty, Contorted laminae. .\ 37.2 23 57 Cons
2-8 |- -|'MP, with swirls of ‘ . ‘ '
© ] "0 ] lighter grey silty © | C . : § ' :
clay. S 5 385 | oot
N ~ ! 2 P Pl
3.7 o F cal
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Table C.6 Detailied borehole log for UA2 (continued):

300

N
[5) . i
~| Z — . .
e © . ‘ e A
el Soil Depositional Structural Water
slel g Description | Features Features Content (%) |Test
U G L}
alwn| = w ol Yp | YL
9.2 )
’ . . . 2.8
§ .
19'1 -7 Major slick, slight
l striacions, 20° and 40° Yo
Light grey clay,stlty, dip. Sheared d“”r‘?a:
19.4) 2-9 MP, with swirls of . Contorted laminae. tion of bed above 20
' datk grey clay. - slick (Plate ].‘7). .
19.9) :’l
Al . -
oy R S a \
1190 / '
! _ / i
. 1
!
20.7; ’ !
- Light grey silty clav, !
S Intense minor sli.,, “1.0 24 VIR
along bedding.
20. 8 ‘
[20_2 2-10 N
] DarK grev clay /Hp, Fine laminae, 5 major slick,: slighg 3he-e
21.0 with occasional, sand" sub-horizontal, striations M;,,.,‘; *
[ 1 pockets. ' with silt partings, bedding,20° tv 40° -
Laminae tend to be dip. - .
@« ) 1 contorted towards ' hé, 3 ¥ o J
21‘._ . . bottom of sample. )
22.3 e i
Vo , ;
22.4{2~11 : ’ ; h ;
- NN . °

A . '| Dark grey clayey sand Homogeneous 17.3 :

. , /] and silt (till), LP. g
22.5¢° |
22.6 4 '

A i
Y "
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s, ” ) ! .
Table C.7 Detailed borehole log for UAS.
[e]
~] = T‘j ' '
E wf "Soil { Depositional Structural’ Water -
Ll o~ .
Ll el @ Description | Features Features Content (%) |Test
al E| & :
o] : W
A = : . w P|YL
5.5
5.6
. 4 | Brown clay,angular . e Eaint vertical )
I §—1 to subangular nug- * Howogeneous. fissures, 3~4m 38.6 CIv
geta(3-5mm), MP. long.
5.7 . ‘ )
I ¢ : ’ 37.5 | 27 70 | c1v
' . N . o
|5-8 B .
rafe ’
(7.2 Mottled brown and  ° - :
dark grey clay with -] 37.0 \26 67 Cons
B 9.2 ) occasioual pebbles Howogeneous.
(2-3mm) and coal )
7.3 chips, MP. . ’
-1 _ [ Major sliek,25° ’ 39.3 “ Glu
1.4 l dip.
1 Weathered Clay .
8.5 l
3.1 24 65 Cons
8.6 - N
Light grey MP clay No visilde . |60.0
vith mottles of :bedding. '
Al dark grey HP clay T
8.715-3 (Plate 3-4). g 4.2
. Dark grey clay,HP. Yine laminae. Intense ainor slick ] 66.5.
8.8 . L ’ wvith silt partings. ’ e
| Light brown grey | ) 45.8
" | clay,MP becoming . - | Homogeneous. : - 32.8°
more silty at : _ ) ‘ )
8.9 of bottom. : ‘ 14
Minor slick,no »
striation ,60° dip, . .
70X of sample area. 36,8 CAU
.| Major slick,slight .
: : striaticuns,30* dip. :
Light grey clay, Bpmogeneous. )
L : ' e - | Major slick,mate,no
A *".. ~ | stristions,curved. -36.3 CIu -
N )
Major elick,slight
‘striations,60° dip. ! N
. ap 36.4 23 63 Cons
. b
z e
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Y

Table C.8 Detailed boiiyole log for UAS

(continued).

S -
E
Slel s Soil Depositional Structural Water
= 2. o Description Features Features Content (%) |Test
N
V| °of ©
Al wv| =~ w Wp | YL
T -
.6 -
11.7,
11.8f5-5 Light grey clay, Homogeneous. 1 vertical fiesure, 6.0 Hor
: WP, - matt,smooth,planar, e Cons
100X “sample. |
11.9
R 36.4 | 24 62 | Cons
12.0_ ‘
13,1 ' () L
13.2] T—511t parctings. 36.8 | 20 62 | Cons
13.3 5-¢ ) ' . ) 396 clu
© | Light grey clay, Fine laminae, ;
l - . sub-horizontal, -
13.4] C : - | 38.2 “Clu
\ _ Inclined bedding
) I ", ] Light grey clay Mp plane,55° dip.
i vith swirls of - c ’ 41.7
13.5, ~ ] white nflc. Contorted. '
s
14,6
- R . ) 39.3 A -Hor
4 : . . Ca . Cons
E~ Light grey clay, Fipe (1~2mm) . - Major slick,slight
s me. interbeds of light . | sctriations,45%dip,
N grey and darker, - acroas bedding. ;
. ) grey clay. 38.4 21 59 Cons
1
\
. . ‘ .
- d
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fable C.9 Detailed borehole log for UAS5 (continued).

»

C
G
||y Soil Depositional Structural Water
— .
il 2. o Description Features Features Content (%) |Test
a 1o i
o 7
Al 3| = w Yp |'WL
r.x_
16.2, dam silt lamina.
| | "
16.3]5-8 ' 0.0 4 23 63 | cw
l o | Light grey clay ,Mp Coutorted.
. vith swirls of .
16,4} darker grey cl,‘y. 3.0
16.5, - =
17.6 . .
Dark grey clay ,¥p 46.8 | 21 53 cI1U
to HP,some coasl Homogeneous.
7.7 chips. 9.7
177 , .
Light grey clayey : 236
®ile(cill) MP. Homogeneous. . ) :
17.8 : : 43,7 ’
. ) Dark grey clay HP. Fine laminae,25°d1p. | Intense minor slick, 60:1
5~9 [T Light grey silty’ . slight striations. 30.8
”a 1 ‘. clay,MP. Fine laminee,15°dip. | FPaint vertical crack 41.2
Rl R {-Light grey clayey .mstt, smooth,planar, -
he .,.L' sile(till),LP. Homogeneous. 1002 sample. 20.3
X " —Light grey silty ‘ )
18.4 R :/ clay ,MP to HP. 2-3m laminse.
. P M
4 v 7 . )
127¢| Grey clayey sand Flov or slump. .
18.1 vt | (etll),LP, ~
19.2
] RSN <
l\ Y -
v ’
19.3 Jon
N .
I LY R .
19,4i5-10{-' 7. | Grey clayey sand Interbeds (15mm) N P
1 . b, (e111),LP, of lacustrine “, 18.2 12 2 Cons.
l ’ v, o silty clay. '
A 4
19.-2‘ : \} ’/ A .
. EN L, »
196 ! : '
- ..
v
-




w+Table C.10 Detailed borehole lo

L]

g for 'UA3.

304

)
~] = — s
5 o . . .
el Soil Depositional Structural Water
. . N
Sl e o Description Features Features Content (%) |Test
U © o) »
alw| = w o | ¥Wp|WwL
2.4 : )
2.5)3-1 \\ Brown sflty clay, .
l \ MP (f111) 3.2
2.6 '
4.0} ) d
A.l"
Mottied brown and .
o.2] 1-2 grey clay with 19.9
" organice and roots,
MP.
~
4.1
E |
4.4 :
5.5) N o7 )‘:ik
5.6 - «0.6 W i Cons
-~ < 4 Mottled brown and Homogeneous , Major slick,slight
A grey clay,sub- no visible striations,8Ydip .
5.7 33 Is | angular nuggecs . | bedding
h 7| (Sem) ,MP, some . : Major slick, Ao
. ) // oots striatior,00°® dip 1.0
g4,
3.@_ (, - -
5.9-
7.0}
V I - 17.4 25 .66 ] CIL
, .
7.1 N - ; ‘
LS . \
. Mottled brown and Homogeneous Randomly oriented
7.2} 3-4 grey clay,angular to minor slfck (2-1 -
sub-sngular nuggets cm long)
(3-5wm) NP, 33.3 Cons
2.3 ' .
1.4
-y . . . ; i , »
P . Weathered ‘Glay
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Table C. 11 Défailed borehole log for UAJ (é%ntihued).

Q
El o] 3 Soil Depositional Structural Water ,
— =
Slal o Description Features Features Content (%) |Test
al E| & .
= -
|l al = W | Wp|wL
- -'b
8.5 hs
) L | — . About 10cm long 33.1
.' . s sub-vertical flasure
o P
8.6 1
. .
8.7f 3-5 Yellovish brown Cross laminsted,
1 sile,LP - 30 to 50° dip
8.8 0.0 | 18 | 40
£
L J
8.9 .
. . Intense minor slick
Dark grey clay,HP Fine laminae, parallel to bedding
sub-hdrizoncal and major slick, no
: striation along lower .
bedding plane Hor
cons .
Intense minor faint 45.2 20 79 * | Cons
fissures(2-3ca long),
Light grey clay,MP - : Sandum orientatfon,
5 v Homogeneous varies from matt smooth
\ to rough
E . - .
i Minor slick(802 sample |.38.0
‘ area),slight sctriations, s
|undulaced burface,20°d1pf '
. Fide laminae, : A :
Light: grey clay mp sub-horizontal 40.6 | 26 58
Dark grey clay HP Flne laminase, ‘ ‘P'h‘jor suck,.“g'h( ) 56.1-| Je 110 Cons
k 20° dip,parallel striacions,30° dip '
: to bedding plane . 37.% Hor
N - - i ' cons
Light grey clay,mp, Fine laminae, o
minute(2-3mm) eflc ) syb-horizontal . |Major sltck,no
pocketa, - L striacion,45°dip . :
B T ) 8.4 [ 32 | 100 | c1v
12.0, . .
A
4 . . ~
- .
<1, “ .
A ] N \
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4
Table C.12 Detailed borehole log for UA3 (continued). o
[}
cidk - '
=| o| ¢ Soil Depositional Structural Water :
L)~
o) 2' o Description Features. Features Content (%) [Test
<% u - .
5] L] * :
g w = w WP >WL
13.1
Light grey clay,MP Homogeneous . . . 40.9
Darker grey clay,MP Fine laminae,some Intense minor elick 41.3
. stlt parcings Hio
Major ®lick,no %.7 { - e
striation,40* and ) con
- N .
R .. +]{ Light grey clay MP ° . . 50° dip ’ i
I © ) with some silt poc~ Homogeneous 36.1 Civ
. ¥ kets (10mm) and : ’
13.4 ‘IN\pccasional cqal chips -
‘ 40.2 27 72 Cons .
13.5
) T ‘ g 3.5 :
Light grey clay MP _ Flesure ,matc,smooth, .
siltier towards - - no tndicacion of
top of sample ° ‘ - movezent ,45° dip
i . \« . 37.8 |«
- X M
. 51.7
_Dark grey clay, Fine laainae, 4 Intense randomly - o
MP to HP ’ | horizontal oriented minor slfck, o ae 1
. polished,no scristion, [.53.0 . ) -
. 2-3 .co long ‘ ’ '
' ‘ : ’ by Cuns
Light grey clay MP o - 44,1 0 30 km ol
16.2 Co : . ‘ AR ) _
7 .} Light grey siley R , ’ ! 32.0 16 34
I A clay,LP . : ) o s R .
‘ 16.3 s - ' : . S 37.3| 19 S17 [ Lons
BE | Light grey clay Mp Homogeneous ) ) S
16.4) 3-10f. " | womé silt lenses - . . : ‘ ‘
- - (l=2ma) . . .
I ' ' ' 8.5
16.5 S . '
‘ ©|4tIE] Loose silty sand, : ) : .
. v, | some pebbles and Flow or slump . . _ e 6.6 ,
lb».(gh Y\ coal chips,LP : N ’
. . ;3‘ .
i e, .
» i .
BN .
- \Y .
- -
8 T
- . \
K
N
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Table C.13 Detailed borehole log for UA4.

[}
=z — “ |
@ i
ol 7 So1l Depositional Structural Water
2’ ‘3 Description Features Features " Content (%) |Test
]
4.0
L -
b L4
adf. Mottled brown and
o | grey clay wvith 32.2 .
Te-t * | organics and roots, ‘
s.2] MP. S - _ ’ . .
%.)] i
»
l).s4 :
5.4, Mottled brown and Hosogeneous, .
4-2 grey. clay, sngular no visible : . .
l s to subsngular nug- - bedding. ] 32.9 | 28 65
R gets(2-3um), MP.
Is.] 4|
R
- -
5.8,
7.0
s
I ‘
7.1 .
1 . Brown clay,silty, . o Boee
- LP, angular to Homogeneous. . R '
“3 subangular nuggets : . ]380 . .
rz] o f (2-3um). ‘ . Sl
7.3
7.8 :
-
7.9 ) . a
. Brown clay,angular F , i :
&-3A to subangular nug- Homogenesous. 30.0 26 67 DST
gets (1-dem), MNP,
8.0 ) . »
1. . Co ol
8.1 < Weathered Clay . - ) .
- ‘ — . v' — .
Il " :
E “ ,
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Y Table C.14 Detailed borehole log for UA4 (continued).

L
470
~] = | ';f
5]
=l el Soil Depositional S‘tructural Water
L o—
o) 2 v Description Features . Features Content (%) |Test
a g\
Q 5]
alw| = , w ¥p | WL
¢
8.3 ’
32.7 25 b6 Cone
8.6 .
Randimly orlaented le)
faint fissures un-
Light brown grey Homogeneous . shearsd,opening up -
8'7_ 44 clay,nP, by manusl mantpula- " |33.4 Ccly
tion.
] .
8.
B' 1.2
8.9 ’
10.1
I J N . X
0.2,
’ i "
Light brown grey P Intense fainct vertt- 35.6 24 62
10.3] 4-5 clay with swirls of Contorted. ! .| cal fissures,.
stlcy grey clay MP.
»
Fine laminae Intense mtnor slick 56.9 33 101 Cons
: wvith silt par- - along bedding.
Dark grey clay HP. . "tings,subhori~ ] .
¥\ zontal. Major slick,no,
. T . striacion,30° dip, "
- a . i
Light gu)" clay MP, Inciined laminase, 3971 C.‘.'U
. 60° dip. .
. ‘"Ph'jor slick,mate, -
. . . 54,
Dack grey clay MP Mo vistble lani- smooth,40% dip. 3 c
~to HP, . .
o - nation | Randomly ortented 5.2 28 73 Cons
2em silt parting. . ¢ ainor slick,no. ’
! . striation,
Light
vlth .::y.:::y _Homogeneous. Faint flssures,l-2
pockets (2-3mm), cm long,difficule.
NP, to separate.- 3.9 CAU




Table C.15 Detailed borehole log for UA4 (continued).

»

309

[®]
~| = ";
E | w Soil . Depositional Structural Water
- —_ ™ . . -
il o @ Description Features Features Content (%) [Test
Ql E & ' R ’
y S ] w W
o & B £ v 3 L
14.¢) .
| ] 61.8
l Major elick,matt,
| subhorizontal. 56.3
IL,L ~1
I Light grey clay,MP. Fine laminae, Ragdomly oriented 6.7 CAU
14.8] 4-8 sub-horizoncal. ffflnt fissures,]-2 .
4 ta long,d1fficule to
separate, .
. - N 49.0 crv
14.2
.| Light grey clay
l vilh. sand pockets Honog'eneou-.
15.9 (3-4amm) MP. ' el.1 25 63 Cons
lb.{
. Light brown grey . Posaible @lick, . ,
clay with silt besed on fatlure 37.1 25 62 Clu
16. 3 pockets (J-4sm), aode of CIU test,
MP, 50° dip.
Dark grey clay,HP. Fine laminae with Intense minor slick
164 stlt partings. along bedding., 36.9 8 |95 Cons
- 16.5) See Plate 3.2 for
I N details.
16.6) .
17.
L N 20.2
St . - s -
ot . 1 u
7.8 /7 = d
A
’/‘: N Dark grey clayey Homogeneous wich '
7.9] 4=10fs /" sand (e41l),eciff possible flow at 17.3
S \,~ | but softer near top of saaple.
\, M| top of sample, LP. K 4~
. Ny - - ~
' =,
18.9_ \\"\‘ > sl
A .
l \l AN \a"“~\
a4 . //\,/ 17.9 ¥
18,1 NI ‘ oo
p _-_/
B
B Y 5 i




Table 'C.16 Detailed borehole log for UA6.

310

O
El %=
|l of Soil Depositional Structural Water
sle ) Description Features Features Content (%) |Test
o o .
L LY 1]
Qlw| = . W[ Wp | WL
7.0/ .
s
Mottled brown and
: grey clay, angular \/-«{
7.1]6-1 to subsngular nug- LY I 55 D
gets(2-3um) ,some
roots, MP.
1.2
8.5
8.6 Major slick,slight 378
" \\' ' striations,65° dip.
.
6~-2 Brown clay i MP. Homogeneous,
8.7 no visible .
" bedding. |
J \ 9.0 | 26 1 e
8.8 ' .
Weathered Clay
10.1_ .
S Major slick, no 40.0
l ' . striation,hortzontal.
10.2 &, ' ’ y
. ‘ Randomly ortented in-
l 6-3 Light brown clay, - Homogeneous. - tense minor fissures,
10. 3 MP.. . 1-4 cm long,martt, 37.8
. ) : smooth, ’ .
4 Fissuregidivide clay
' . Y into anBular blocks i
10.4 ‘ (about " lem cube). ¢
. ) .
- Pl ‘\ N
. \
it
o s
. . | .
! '
\ '
4 \\
& Ve
1.6] \
. \ ’ 47.0 !
1. _ . N : -
- .| Light grey clay,wp A P .| Faw =inor, slick(l-2cm,
| with sparse dark Homogeneous., .| shiny,no striatton,
i1 grey HP, lenses. randomly oriented, .
: 43,7 ) 26 74 Cons
", - \
L9 ~ \




Table C.17 Detailed borehole log for UA6 (continued).

N

o] .
~1 ';; : )
E ol - Soil Depositional Structural Water
P ~ )
Sl a2l o Description Features Features Content (%) |Test
R| E} &
o] [o] W w w
Al Al = P L |
- 35.8
13,1 . ‘-i""";“’"‘ grey Homogeneous. Fev minor fissures
I :.:' b. (1-2cm), matro,
4 Light brown grey vertical. 4
‘o) clay,eiley, LP. Homogeneous. r 3t
13.2 ’~’,'~ ‘
6-5 \,‘;} light grey silcy
. | " [/ clay,occasional Appears to be of 31.8
13.3 r,l‘\\ pcbblcl(}-}Om), lacustrine origin.
3 7] t112-11ke, Lp.
o
 Derk grey clay, Fine laninae;
, Intense minor slick,
13.4 MP to HP, some subhorizontal. along bedding 59.3
sand pockets (5-10mm) - )
14.6 ‘
| h '
14.7‘
14.8° 6-6 See Plate 3.3.
14.9
- -
15.0 .
‘\16.2" ‘ )
I.\‘V
16. 3 R & :
: /S <! park grey clayey Homogeneous. 18.4
l 6-7 ‘,U‘ sand(t11l1), LP. : . .
. :
1674 NN '
T 7\ .
I v
. v
. N~
16,5 ATAX
-
s
4 ‘ ) . PNE
- R %: -
. & .
J
e
k - o
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Table E.1 Summary of consolicdation test data.

sample |Depth| ® W w0 ] P
' L p - p L
No (m) (%) (%) (%) (%) (%) |Mg/m’
- .

B1 6.0 39.2| 58 21 37 0.51 |1.77 1.
1-1 5.7 42.3| 74 27 47 0.33 [1.81 1.
1- 1A 7.8 48.5| 75 29 46 0.43 |1.77 |1,
1-2 8.9 41.5| 68 24 44 0.40 [1.84 |1
1-3 10.1| 43.2| 63 26 37 0.46 |1.81 1.
1-4 11.7] 42.4| 63 . | 25 38 0.46 .|1.80 1.
1-6 15.0| 49.7] 69 25 '/94/ 0.56 |1.64 1.
2-3 10.3| 39.2] 65 24 41 0.37 [1.84 |1.
2-4 11.9] 41.7| 68 26 42 0.37 |1.80 1.
2-5 ‘13.4| 34.3] 66 25 41 |0.23 |1.90 |oO.
2-6 15.0 40.1| 66 25 41 0.37 {1.83. |1.

. 2-7 16.5| 36.6| 66 25 | 41 0.28 {1.86 |0.
2-8 17.7{ 37.2| 57 23 34 0.42 |1.84 1.
2-9 19.6] 37.1{ 55 20 |.35 0.49 {1.85 "|1.
2-10 21.1( 64.3] 99 37 62 0.44.|1.61 1.
5-2 7.3 37.0| 67 26 41 0.27 |1.8¢
5-3 8.6 | ~34.1{ 65 | 24 41 0.25 |1.88
5-4 10,4 36.1| 63 23 40 0.33 [1.86
5-5 12,0|. 36.4| 62. 24 '38 0.33 |1.86
5-6 13.2) 36.8| 62 20 |, 42 0.40 {1.85
5-7 4.9 38.4] 59 - |- 21 38 0.46 |1.84
5-10 19.4 18.2| 24 12 12 0.52 [2.09
3-3 5.6 40.6| 76 30 46 0.23 |1.78
3-4 7.3 |- 33.3| *=# ** ] xx kxkxk. 11,92
3-6 10.2] 45.2) 79 - 20 59 0.43 |1.77°
3-7 11.7( 48.5| 110 36 74 |0.17 [1.75
3-8 13.5| 40.2| 72 27 .| 45 0.29 |1.871-

3-9 15.0] 44.1| 76 30 46 0.31 {1,76
3-10 | 16.3] 37.3| 51 “19 32 10.57 |1.84
4-4 8.6 32.7| 66. 25 | 41 0.19 [1.91
4-6 11.7f 56.9] 101 .| 33 | &8 0.35 |1.71
4-7 13.3] 55.2| 73 28 | 45 0.60 [1.71
4-8 “15.0| 41.1| 63 25 | 38 |0.42 |1.78°
4-9 . | '16.4] 56.9| 95 28 67 0.43 |1.70
6-4 11.8] 43.7| 74 24 | 50 0.39 [1.79




O -
j i
Sample|o" Swell] o' '|OCR c m c [ ¢,
P\ , vo ’ ’ p . v. v C
: Press| - ~ (m?/yr) (m?/MN)
No (kPa) | (kPa) | (kPa) o'~ =g’ o' -0
' Vo p , Vo p
B1 60 22 120 |2.0 |0.35-0.26 |.80-.38 |.32 |.05
1-1 | 63 26 | 190 {3.0 {0.86-0.60 |.31-.25 [.37 |.12
1-1A | 83 33 | 180 {2.2 |0.96-0.51 |.35-.32 |.45 |.12
1-2 95 16 | 200 [2.1 |1.10-0.54 |.30-.25 |.40 |.09
1-3 105 20 | 216 2.0 |0.93-0.65 |.34-.26 |.44 |.10
1-4 | 119 12 | 140 1.2 [1.32-0.85 |{.39-.37 |.43 |.
1-6 147 18 | 160 |1.1 |0.32-0,37 |.44-.49 |.91 .83\\
2-3 151 32 | 340 |2.3 [3.25-1.52 |.18-.19 |.53 |.10
2-4 166 217} 205 [1.2 [1.00-0.82 |.29-.27 |.44 |.09
2-5 177 | 35 | 620 |3.5 [2.95-1.32 d.10 |.43 [.09
2-6 190 25 | 270 |1.4 [1.61-0.81 |.17-.19 [.46 |.10
2-7. | 206 33 | 330 [1.6 [1.15-0.89 |.17-.19 |.44 |. 11
2-8 220 19 | 310 {1.4 {1.54-0.75 | 0.18 |[.39 1.09
2-9 234 19 | 240 }1.0 4.50 " 0.16 .36 |.08
2-10 | 244 | -35 | 225 (0.9 0.52 0.25 |.98 [.23
5-2~| 101 . 29| 380 [3.8 |2.51-2.19 0.16 |{.45 [.09"
5-3 113 22 | 425 [3.8 |2.70-1.92 }.17-.12 |.40 |.08
5-4 126 24 | 305 2.4 |1.16-1.20 [.20-.15 |.40 {.10
5-5 140 26 | 310 |2.2 |2.00-2.65 0.20, |.44 |.08
5-6 152 24 | 275 [1.8 [0.84-0.75 |.27-.19 |.43 |.10
5-7 165 24 | 255 [1.6 |2.28-1.56 |.15-.17 |.44 |.09
5-10 | 212 0 | 200 |1.0: 1.56 0.14 .13 |.01
3-3 32 23 | 500 [15.4)1.70-Q.87 -|.14-.13 |.45 |.12
3-4 49 25| 600 [12.3|4.15-1.82 [.13-.09 |[.38 [.09
3-6 78 22 | 300 |3,9 [1.60-0.88 [.25-.18 .47 |[.13
3-7 91 29 | 175 ]1.9 |0.88-0.51 |.32-.26 |{.44 |.15
3-8 104 37 | 215 |2.1 |0.46-0.22 |,27~.26.{.45 |.15
3-9 118 35 | 275 [2.3 |0.68-0.44 |.24-.21 |.62 |.16
3-10 130 0 | 190 {1.5 |0.71-0.29 |[.37~.28 |[.37 |.11
,4-4 | 58 24 | 300 |5.1 [1.06-1.13 |.22~.15 |.40 {.07
? 4@5@5 85 | 25 | 245 (2.9 |1.56-1.10 {.27-.25 |.63 |.18
4=~77 | 100 24. | 170 1.7 [0.51-0.40 |.35-.34 |.56 |.18
4-8 | 114 | 22 |-245 |2.1 [7.10-2.20 [.17-.21 ).43 |.11
4-9 -| 126 28 | 235 [1.9 |0.81-0.55 |.23-.21 |.48 |.16 .
. o . @
6-4 77 | 12.5] 160 (2.1 |2.60-1,90 |.35~.31 [.42 |.10
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Table E.2 Summary of consolidation test ddta (cont%ﬁbed).
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Table E.3 Summary of direct shear tests on clay samples.

500.0. -

235 |

Sample |Depth ' Initial Conditions 3

No (m) Width Ht 0 W eo

: (mm) (mm) Mg/m? (%) -

Grey

Clay . S :

2-10 20.8 63.2 25:0 1.81 40.4 1.09
B3.1 6.0 60.3 25.4 1.86 34.8 0.96
B3.2 6.0 63.5 25.0 - 1.88 | .37.0 0.97
B3.3 6.0 63.5 25.0 1.90 35.7 0.93
B3.4- 6.0 60.3 25.4 1.87 34.6 ‘0.94

“Brown :

J C?ay | .

~4-1 7.9 - 60.3 25.4 . 1.93 30.4 0.82
4.2 7.9 60.3 25.4 1.95 29.7 0.80
4.3 7.9 60.3 25.4 1.93 30.4 0.82
4.4 7.9 60.3 25.4 1.89 32,1 06.89

Sample |Final |Cons. c Shear T T
. ° . " v I p r-4
No S W.C Press Rate : .
e %) (kPa) (m2/yr) {cm/hr) .| (kPa) (kPa)
2-10. | 35.5  {240.2 1.37 [0.012 95 76
B3.1 | 33.5 1100.0 1 0.86 0.012 61 29
B3.2 | 31.4 7|200.0 0.90 |0.012 96 58
B3.3 29.3 300.0 0.69 0.012 . 125 - 70 -
B3.4 | 26.5 [500.0 1.37 |0.012 | »231 132
- - : [,

4.1 ' 31.5 100.0. 3.34 0.020 - 72 . 25.
4.2 28.6 [300.0 | 1.84 {0.020 | 172 75
4.3 1 27.4 -1700.0 1,25  10.020 300 - 145 - -

4.4 | 28,0 1.64 ]0.020 B0




334,

¥
Table E.4 Summary of triaxial tests on UAl! grey clay
samples.
Sample |Depth Initial Conditions
No (m) | Ht | Dpia p Wy eo av
\\ ' (mm) (mm) | Mg/m? (%) ‘ {cm?)
1'& 8.7 77 .4 38.4 | 1.6% 52.0 1.49 1.40
-3 .10.2 | 77.5 | ‘38.2 1.775 | 45.2 1.21 |-1,00
1-4, 11.8 7776 | 38.6 1.81-| 41.9 1.12 X %
1-6a 14.8 77.5 38.71 - 1.72 45.1 1.23 1.60
1-6b 14.9 | 77.1 | 38.4| 1.72 | 56.3 1.45 |[+2730
Sample |Final Init. At max. (o0,-0;)
No - wW.C g,c' g3’ 0,1-0; a}'+o§ Axial A
'1' "2 2 € ’
(%) (kPa) (kPa) (kPa) (%)
1-2 62.8 | 95. 1.0 T .27.6 | 91.8 [10.37 | 0.55
1-3 45.5 | 105, | 1.0 49,7 123, 4,38 0.32
1-4 39.9 120. 1.0 53.3 117.6 |10.50 0.52.
1-6a 50.2 140. 1.0 '50.4 121.0 7.20 0.69
1-6b 47.1 300. 1.0 . 76.4 226.5 8.05 1.06
Sample 'At‘méx.fa}}/a3f  Failurq Modé‘&jAhgle‘
‘ Hgf L0y Jaxial A “To Horizontal R
: ‘ .031 1 e (%) o . >
1-2 1.86 |10.37 | 0.55|Shear - 50°(slickenside)
1-3 2,35 | 4.38 | 0.32{Multiple shear - 35 to 55°
-4 2.66 10250 | 0.52|Shear - 65° |
1-6a 2.51 [11.04 | .0.77 Plastic’ fa1lure
1~6b | 2.09 | 9.11 | 1.24|Shear - 55°°

*
Q. o
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Table E.5 Summary of triaxial tests on UA2 grey clay

samples,
‘ S c . ha .\
Sample |Depth | . Initial Cbndltx%ns
No | (m) ‘|  Ht Dia | »p i W ey av
; . (mm) (mm)| Mg/m?® (%) (cm?)
2-4 i1.8 |.77.2 | 38.3] 1.84 | 41.2 | 1.07 |+3.00
- 2-6 14.6 77.5 38.5 1.81 44 .3 0.99 [+1.60 -
2-8a | 17.8 | 77.3 -38.1 , 1.83 38.5 1.04 1+0.33
2-8b 17.9 77.2 |.38.0 1.86 36.7 0.98 [+2.15
2-9 19.6 | 77.5 | '38.7| 1.81 | 37.7 .05 |+0.90
2-10 21.0 77.3 38.0 1.62 82.4 3?03 +4.50
Saﬁbie Final InfE. ‘ At max.‘(o,—aaj;
No W.C o,c’: g3’ B,'+q3' Axial |' A
oy’ 2 € ‘
(%) | (kPa) ' (kPa) (%) -
2-4 39.4 | 160. | 1.0 | 82.1 | 159.1 |10.86 4-0:45 °
2-6 41,1 188. 1.0 88.2 187.5 8.02 0.45
2-8a - 39.3 205. 0.6 | 92.0 178.3 3.05 .| 0.37
2-8b 36.1 | 221, 1.0 103.3 | 209.4 7.40 0.56
.2-9 37.7 | 230. 0.64 77.8 {.193.0 1.77 0.?&
?flO 59.4 24Q‘L 1.0 59.0 221.1 3.20 O..8
‘ l * ‘ . . ) . , .
R@ﬁ'méx;bb,'/ai' : Failure Mode & Angle —
. &N” - {Axial A : To Horizohtél
iG:“ e (%) _ '
#.14 | 9.70 | 0.45|Plastic failure =
2,78 | 8.02 |. 0.45|Shear - 45° '
.16 | .3.05 0.37|Shear - 50°
2.94 | 7.40 | 0.56|Shear - 55°
2,37 | 2.73 | 0.50|Shear - 45° along dark grey
o bt b7 ] 7 [clay lamination
2-100 {1.73 | 3.20 0.58|Shear - 55° (sl1cken51de)
L4 —— MY . <

3 - =
(e . ! : : S . . .f
. . . . B . = . K
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Table E.6 Summary of triaxial tests on UAS'grey clay

samples.

336

Sample |Depth Initial Conditions é
No (m) |, Ht Dia p. W eo av
(mm) (mm)| Mg/m’ (%) % (cm?)
5-4a 10.3 | 77.6 | 38.0| 1.86 | 36.3 | 0.98 [+0.85
5-4b 10.1 | 77.7 38.1 1.86 36.7 0.98 +0£99f
5-6b 13.4 77.7 38.0 1.87 38.2 1.00 [+0.20
5-6a 13.4 78.0 38.1, 1.84 |.39.6 1.05 |+1.98
5-8 16.2 78.1 38.0 1.82 40.0 1.08 |+2.50
5-9 17.7 78.4 38.3 1.73 46.8 1.29 +4.90
Sample Final Init At max. (0,-0,)
No Ww,.C oté' 03" 0,-03 |0, +0,' Axialf
1" 2 2 fl
(%) | (kPa) ‘ (kPa) | (kPa).| (%)
5-4a | 37.1 | 130. | 1.0 | 62.8 | 146.1°| 5.54 | 0.37
5-4b 35.4 130. 1.5 84.1 188.9 11.2 0.39
5-6b 36.9°| 165. 1.0 -80.2 175.2 8.77 0.44.
5-6a "38.7 160.. 1.0 75.3 170.4 6.58" | 0.43
5-8 38.4 195, 1.0 87.1 181.7 8.07 0.58
5f9 43.9 210, 1.0 6G.0 179.9 {.4.10 ‘ﬁO.75
Sample At. max. 0{'/05Y Failure Mode & Angle ;\
~No ay' Axial A To Horizontal
. 03"» € (%) i ‘3 - .
I : h ‘
5-4a 2.51 5.54-| 0.37|Shear - 62° .
5-4b 2.60 11.2 7| 0.39|Plastic failure
5-6b 2.74 7.12 0.46|Plastic failure .
5-6a 2.52 | 6.58 | 0.43|Shear - 55°(bedding plane)
5-8° .2.84 | 8.07 | 0.58|Shear - 55° .. = =
5-9 2.06 |Shear - 55°
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Table E.7 Summary ‘of triaxial tests on UA3 grey clay
) . ‘"samples.
Sample [Depth Initial Conditions
No (m) Ht Dia p - W €o aAv
(mm) { (mm)| Mg/m?’ (%) (cm?)
3-7 12,0 | 78.8 | 37.8 1.83 | 38.4 1.04 |-1.35
3-8 13.4 77.1 38.0( .1.85 36:1 1.08 |[+1.05
3-9 14.9 | 77.3 38.6 1.72 53.0 1.40 |+0.70
Sampl\e\v Final Init. At max. (0,-0,)
No w.C 0,c' 0,4’ 0:,-03 |o,"+03;'|Axial. A
Sy 2 2 €
(%) (kPa) (kPa) (kPa) (%)
3-7 39.7 | 100. | 1.0 | 56.9 | 115.0 | 2.85 | 0.37
3-8 37.8 110. 1.0¢ 69.0 | 131.1 3.29 | 0.35
3-9 51.9 125. 1.0 66.5 117.4 3.45 .| 0.56
Sample At max. o0,'/0," Failure Mode & @ngle
No a,y' Axial A ~ - To Horizontal .
' 03’ e (%) . N
3-7 3.00 { 2.61 | 0.38|Shear - 45°(slickenside)
3-8 3.22 3.29 | 0.35|Shear - 55° ~
3-9 3.61 3.45 0.56|Multiple sheat .- mainly 55

A
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Table E.B Summary of triexial tests on UA4 grey clay
samples.
Sample |Depth Initial Conditions
No (m) . Ht Dia 0 w eo Av
- | (mm) (mm) | Mg/m’ (%) . (cm?)
4-4 8.7 | 77.9 | 38.0| 1.87 | 33.4 0.93 |-0.40
4-6 11.9 | 78.3 | 37.9|. 1.82 | 39.1 1.06 |+0.28
4-T7a 13.2 1 78.1 38.8 1.72 54.5 [ 1.42 |+1,62
4-7b 13.5 | 77.0 | 37.9| 1.83 | 37.9 1.03 [+3.09
4-8a 14.9. 77.7 38.7 1.77 49.0 1.27 |[+1.50
4-8b 14.8 77.3 38.1 1.75 46.7 1.26 |+3.49
4-9 16.3 77.9 38.8 1.73 37.1° 1.14 [+2.30
Sample‘ Final : Init. At max. (o,-03)
No ‘wW.C g,c'’ o;' "0,-0, |0,"+0,"' |Axial A
A "c',“‘-v ?'_ 2_" € -
(%) (kPa) . | (kPa) (kPa) (%)
4-4 34.5 | 75, 1.0 | 66.0 | 11®3 | 5.09 | 0.23
4-6 40.3 100. 1.0 82.4 158.0 6.23 | 0.15
4-7a 52.5 115, 1.0 | 43.7 117.9 2.00 5 0.47
4-7b 40.6 | 112, | 1.4 75.6 | 148.0 | 9.39 F 0.43
4-8a - 46.2 125, 1.0 77.0 | 143,2 4,22 0.38
4-8b 48.5 126. 1.3 - 67.2 142.4 | 6.99 0.51
4-9 ~32.0 140. 120 61.6"  138.0' 3.28 | 0.52
Sample At max. 0,'/0,' |  Failure Mode & 'Angle
No o, Axial AL To Horjzontal
03" |é (%) |
. 1. - . - - — " =
4-4 3.91 5.09 0.23|Multiple shear - mainly 629
4-6 3.31 .24 | 0,19|Plastic failure .
4-7a 2.18 | 2.00 | 0.47|Multiple shear - 35 to 55°
4-7b -3.09 | 9.39 0.43|Shear - 50°
4-8a 3.37 | 3.71 [ 0.40|Shear - 50°
4-8b 2.79 | 6.99 | 0.51|Multiple shear - mainly 50° .°
4-9 2.61 | 3.28 | 0.52|Shear .- 50°(slickenside) .
“ . . : :
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Table E.9 Summary of CIU tests on weathered brown clay.
- e

Sample |Depth . Initial Conditiéns
‘No {m) _ Ht Dia D W’ |l e . AV
- (mm) (mm)] Mg/m? (%) (cm?)
1-1 5.6 77.2 37.9 1.82 42.3 1.11 (#1070 - o
1-1A 7.6 77.6 38.3 1.87 | 36.7 0.97 |+1.80
2-1 5.7 77.3 38.0 1.78 7] 41.7 1.15 {=1.75
5~1a 5.7 77.0 | 38.0 1.84 | 37.7 0 1.02 |+1.05
5-1b 5.7 77.2 | 38.2] 1.78 |-41.2 1.14 |+5.75
5-2 7.4 77.3 38.0 1.82 39.3 1.07 | *x
3-4 7.1 | 77.5 | 38.0] 1.83\ 37.4 | 1.03 |-2.60
1 ] \\\ i
Sample |[Final Init.|: - At éag; (0,-0,)
. )]
No w.cC o,c' 03" 0,-0; |0,'+0," |Axial A
- o, 2 2 €
- 4-{%). |[(kPa) {kPa) (kPa) | (%)
1-1 34.4 | 600. 1.0 | 125.0 | 517.1-| 6.68 | 0.83
1-1A 32.6 80. 1.0 52.7 98.2 4,55 0.34
2-1 44.6 90. 1.0 - 52.8 111.3 2,33 0.30
5-ta 38.6 250. 1.0 126.1 277.3 4,80 0.39
5-1b 37.5 | 600. 1.0 191.0 | 551.6 |. 4.14 | 0.63
5-2 _3&&3; 105. 1.0 80.5 150.2 | 3.86 0.22 .
3-4 40.0 60 1.0 52.9 99.1 4,92 | 0.13
Sample | At max. o,'/o;' | - Failure Mode & Angle
No a,' ‘Axial A Td Horizontal
| a,! e (%) : -
S 1-1 .64 6.68 | 0. 83|Shear - 52°
1-1A 3 80 4,55 | 0.34|Shear - 55°f( . X
2-1 2.86 | 1.84 | 0.32|Shear - 35°(slickenside)
5-1a '3.51 | '5.19 | 0.40(|Multiple shear - 40 to 60°
' (fissures)- -
5-1b. 2.06 | 4.14 | 0.63|Shear - 52°
5-2 3037 | 3.32 | 0.24|Shear - 25° (sllcken51de)
3-4 ©3.70 | 2.54 | 0.21|Multiple 'shear - 40 to 70°
o o - | (fissures)
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" Table E. 10 Summary of CIU tests on grey clay block samples -

44

vertical specimens.

Initial Conditions

"Sample Depth
No (m) Ht -Dia o . W eo Av
(mm) (mm){ Mg/m?® ‘(%)3 (em?)
B2-1V | 6.0 | 76.1 | .38.5| 1.88 0.95 [-2.10
B3-2V 6.0 76.8 | 38.6 1.89 0.93 |-1.95 _
B2-3Vv 6.0 77.6 38.8|° 1.88 0.94" |+0.25
B1-4V 6.0 77.5 | '38.7 1.86 1.00 [+4.54
B3-5Vv 6.0 77.3 38.0 1.90 0.91 [+4.15
B2-6V 6.0 77.4 38.2. 1.86 0.895 |+3.85
B2-7v 6.0 77.0 38.5(: 1.88 §.96. |+7.80
Sample [Final . Init.| ? (0,~03)
No wW.C a,é' gy’ 0,-0; '[Axi1al 'Af%
o' 2 T €
(%) | (kPa) (kPa) | (kPa) | (%)
B2-1V | 38.7 o | 1.0 29.7 | 39.7 [13.00 [-0.17
B3-2V 36.2 30. 1.0 34.5 51.2. 6.55 0.19
B2-3V 36.1 | 60, 1.0 45,8 90.4 | 4.30 | 0.17
B1-4Y 34.6 | 120. | 1.0 74.2 | 325.9 |.7.34 | 0.46
B3-5V 30.0 200. 1.0 103.4 | 222.7 | 9.24 0.39
. B2-6V 31.1 | 250. | 1.0 | 119.1 | 239.7 | 8.05 | 0.54
.B2-7v 29,2 450 1.0 155.3 376.6 8.84 0.74
Sample At max. 0,'/o;" Failure Mode & Angle‘
No | o, Axial | A To Hofizdntal
S 05’ e (%) | — -
B2-1v | 6.94 |13.00 | 0.17|Shear' - 45°
" B3-2V. 5.86 3.72 | 0.30{Shear.- 65°
-B3-3V 3.05 | 4.30 0.17(Shear = 55°-
B1-4V 4.26 | 5.89 0.51]Shear - 55°
‘Bi-5V: 2.76 6.62 | 0.43|Shear 65°
" B2-6V 3.12. | 5.77 0.61}Shear 55°
2.40 8.8¢ Shear

B2-7V.

0.74.

550
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Table E.11 Summary of C{U tests on grey clay block samples -

horizontal specimens.

§
\

Sampﬁe Depth Initial anditions;
No - (m) Ht Dia P LW eo AV
- (mm) (mm) | Mg/m> (%) {cm?)
B2-1H | 6.0 | 77.4 | 38.3| 1.87 | 37.5 | 0.99 [-1.85
B1-2H 6.0 77.0 38.4 1.88 37.6 0.98 |-0.20 .
B2-3H 6.0 "77.2 38.5 1.88 3.6 0.98 |+1.70
B1-4H 6.0 ~77.0 38.5 1.83 36.7 " 1.02 |+6.60
B2~5H | 6.0 77.1 38.5 1.86 38.5 -1.01 [+6.05
B1-6H 6.0 77.2 38.3 1.86 | 37.2 0.99 |[+9.35
‘Sample (Final | - Init. At max. (0,-0;)
No w.C 0,c' 03" | 09470, a,u+03'”Axial¢*."A
;! 2 2. e M
(%) (kPa) (kPa) (kPa) (%)
B2-1H | 37.4 | 30. | 1.0, 32.8 | 49.0 | 5.46 | 0.21
B1-2H 35.3 | 60. %1.0 37.0 79.6 7.73 | 0.2¢4
B2-3H 35.1 90. 1.0 661 116.3 7.96 | 0.30
. B1-4H 35.4 200. 1.0 83.2 169.8 7.15 4 0.68
¢ B2-5H 32.8 | 250. .| 1.0 | 114.8 | 241.1.| 8.87 | 0.54
: B1-6H 30.6 | 400. 1.0 149.2 338.0 8.64 0.71
“‘sémplé" At max. o,'/0;' | Eailurs Mode & Angle
No b,; Axial A “ To Horizontal |
1 oast e (%) | : S
B2-1H | 5.26 | 5.93 °| 0.22|Shear - 55°
"B1-2H | 2,78 |10.50 0.25|Shear - 55°
B2-3H 3.73 | 6.08- | 0.33|Shear - 55° .
Bt-4H | 2,92 | 7.15.| 0.68|Shear - 55°
B2-5H 2.82 | 8.87 |- 0.54[Shear - 55°-
B1-6H " '2.58 | 8.64 | 0.71|Shear - 55°



Table E.12 Summary of data on samples for yield'tests.
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Sample

Depth Initial Conditions Final

No (m) Ht | Dia | o v wic | o,

;mm) (mm) { Mg/m? (%) (%) 0y

B1-¥1 6.0 | 77.0 | 38.7| 1.86 36,9 | 32.67 0.5

B1-v2 | 6,0 | 77.3 | 38.7| 1.86 | 37.2 33.7 | 0.6

B2-Y3 | 6.0 A 177.0 | 38.4] 1.89 | 38.0 | 35.8 | 0.7

Bi-Y4 6.0 77.8 | 38.6| 1.84 | 39.9 | 34.9 | 1.0
B3-Y5 | 6.0 | 77.5 | 38.1|.-1.89 | 35.5 | 31.2 | 1.2

B3-v6 | 6.0 | 78.0 | 38.0| 1.88 | 36.8 33.1 | 1.8
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APPENDIX F - AUTOMATIC 'CQNTROLLER FOR THE BISHOP AND WESLEY
’ ‘ . .\'?f‘ ’ -
TRIAXIAL CELL .
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The hydraulic triakial eell‘is described in detail bvaishop
?and Wesley (1975) from wﬁich a layout.of the equipmept is
reproduced in Fig. F.1. A photograph of the cell for'3émm»

. diameter samples.is sﬁown'in Plage F.1.
An automatic controller,B; for the hydraulicvpell was
.designed and built by the civil Engineering'Electronrc Shop,

University of Alberta to operate a stepping motor,C which
is in turn connected to a Bishop ram,D (see Plate F\Z) Thea
development of the controller is 1ntende£\for stress path
tests,requ1r;ng the 1ndependent control of the axial stress,
-rcell pressure and pore pressure. The system shown‘in Plate
F.2 eontrols tpe axial stress througp the electrical
‘*transducer, A, in, Plate F.1 whereas the cellland back
'pressures a;e supplled by conventional methods. The

University of Alberta controller has the ab111ty to perform‘

both stress_and strain controlled tests through instructions’

coded from a keyboard,E (Platg F.2).

~ At present, the coﬁ?roll rcan operate at ‘a minimum

rate of straln of 6.2 x 10‘;\‘m/sec and a maxlmum rate of

N e

- 4,3 x 10;? mm/sec. In stre' control mode, the m1n1mum ratg"

1s 1 kPa every 15 m1nutes

(N

d ‘the max1mum rate is 1 kPa

every second.
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Electrical connexions - Axlal screw adjustment
toloadcell o e xxf | '

. “ - " Dhsplacement tramducer

- v , o or dial gauge

N ’ '} Load cell
N k ' - } -
. - o

\
—Pertpex cylinder

< V)
Rd

[—SE—Cell pressure

. . .
Bellofram seal ’ /' Hollow ram linking
- . ; _,,/Bcllolnm pistans

| Linear motion bearing

1

) / rotshead for displacement
. l measurement

Orainage and ' N
pore-pressure lead ’

Bcllofﬁm seal

Pressure chamb

(G : .

Loading pressure
~ Base. :

.

' Figure F.1 Diagrammatic layout of Bishop and Wesley cell.
’ ; » [ ,‘:'.-..;J.‘: _\ ) S »I - ‘ ) -
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Pla te F. 2 Aut dnia tic controller.
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