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‘Abstract

This research program arose from an interestvin the |
effects of SOil'microfabric.upon the engineering behavior of
glacial tills. Tills from sites in Nipawin, Saskatchewan anra
Edmonton, Alberta were examined during.the study. In
addition; a series of reconstituted samples were prepared.

A scannlng electron m1croscope study was undertaken to
prov1de a deta1led record of the mlcrofabrlc The-lntact
fabrlcs of tHe 1ntact Nipawin and Edmonton tills have an
_open structuré whlch is best portrayed by the fabric of the
~reconstituted from slurry samples. Reconstltut;on,byh A” ﬂ_
remolding produces a'closed fabric. - ‘ |

A comprehensiye”laboratory testing program involving

; i o

index tests, conSolidation-tests, static and cyclic triaxial'
tests allowed an5assessnent of the influence of ‘the micro.
fabric upon the englneerlng propertles of the intact and
reconstltuted tills. |

. The research program 1nd1cates that the mlcrofabrlc of
‘matrlx domlnated tills can be divided into two assemblages'
the matrix and soil peds. The soil peds form a structural -
framework within the soil. When a load is applied under low
confining~pressuresh the highly’éonsolidated peds‘act'as.
individual particlesvan dilation‘occurs. The amount of
.dilation is dependent off the degree to’ whlch the soil peds
developed durlng both. p imary and secondary consolldatlon
At high confining Stresses, the soil peds are not allowed to

dilate and the strength of the soil is controlled by the



clayey silt matrix,

The results show thgt the confining stress has a
significant effect upon the strength of a till. Due to the
ped framework, the angle of f}ictional resistance is highly
dependent on the.effective confining pressure or the normal
étress'on the failufe.plane. When heavier loads.aré

antiéipated, the decrease in the strength parameter should

be considered.

T
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''1. INTRODUCTION

1.1 General

The safety and economic design of heavy foundatlons on
glac1al tills depends on accurately estimating the in-situ
englneerlng propertles. Often discontinuities and clasts

w1th1n the tlll limit the number of samples suitable for

vlaboratory testing, therefore design is based on a

relatively few laboratory and small scale in-situ tests.
During the site 1nvest1gat10n for the Nipawin dam site,
1t was noted that the foundatlon 50115 closely resembled the

glacial tills in the Edmonton area. The comparison was based

on grain size distribution, Atterberg limits and bulk

densities. As a result of these similarities, the

: preliminary design at Nipawin was based on the strength

properties of the Edmonton till as reported by Medeiros
(1979). |

Subsequent laboratory testing of the Nipawin Till

samples showed a considerable difference between its

-strength'prbpe:ties and those of the Edmonton Till. One

explahafionAfor_the difference in shear.behavior between the

two tills was offered after exémining the contact angd .

distribution.of the particles within the - till materials with
a/scanning electron microscope. Sego (1980)‘reports:

"The micpographs show two striking differences in

the charécter of Lhe‘tiiis. The Edmonton Till iéi

characterized by a structure arrangement where



coarse grafned particles are in contact. The void
.space is 1nfllled with fine grained clay partlcles
v _whlch form granulated lumps. The till from Axis 5
<s1te.(N1paw1n Dam Site) shows that the coarse
:~_grained partlcles have. fewer contacts yith other
agmilar'sized particles. It is characterized instead
by‘the coarse particles heing'surrounded by fine
gralned clay size, partlcles. h
These observatlons were prov1ded by May (1980) It was
reasoned that the lack of coarSe gralned contacts within the
'N1paw1n Tlll inhibited the mater1al from dllatlng, hence a
.lower strength was»measured. v ‘

The imoortance of soil_microfaoric and;macrofabric.
features‘on the large scale strength;‘deformation hand'~
drainage characteristics of 501ls has long been reallzed
(Marsland et. al., 1982). Whlle the macrofabrlc features are
expected to have a domlnatlng 1nfluence on the englneerlng
propertles of glacial tills, Sego~(1980) has shown that

microfabric features also can have ‘a sign1ficant effect

Thus the' effect of mlcrofabrlc features on englneerlng
propertles such as compre551b111ty and strength must be.

\

studied.

1.2 Scope of Research _
This work has been undertaken to guantlfy the effect of
va. ous m1crofabr1c features on. the englneerlng behav1or of

-wo tills, namely Nipawin and Edmonton. ln add1t1on, the



4

microfabrics and engineering'behanior of'three'reCOnStitﬁted
tills were studied. | |

Index tests were carried out on the Edmonton>and
Nipawin tills in order to classify the'deposits. The index
tests included sieve analysis, Attetberg limits, densﬁty'and
- X-ray diffraction tests.
In order to study the engineering behavior efithe

tills, triaxial compression tests were carried out over a

range of cbnfining pressutes. The till sampleé were
subjected to 50th_static and cyclic loadings.

Inden and strength :sts were>alse performed on the
reconstituted samples. Dissimilarities in the_engineering
behavior of the reconstituted samples were noted and the
1ntact tlll behav1or was compared to the reconstltuted
behav1or to see if the strength parameters could be related

A scanning electron mlcroscope study was undertaken to
prov1de a. detailed record of the mlcrofabrlc. Samples from
both 1ntact and reconstltuted tills were examined and thelr
fabric compared. The-samples Qere examined under low to high
levels of magnification (Collins and McGonn, 1974;
Derbyshire, 1§78),'in order that adequate descriptions'could
be made fer a wide range of features, particle groupings,

and orientations.

@



' 2 GENERAL’;.GEOLQGY
2,1-introduction \y/

A~study of the engineering behavior of glacial‘tills
7requ1res an adequate knowledge of the sequences of glaclal'
deposition. The flrst part of thlS chapter summarizes the :
past and present~models of glac1al dep051tlon as proposed by

var1ous authors The second part of the chapter descrlbes

v--—-~—~*”'*““bthe"geologrc‘stratlgraphy fbr‘the tlrls §Eﬁd‘ ed.

3

2.2 Classification of'Glacial_Deposits"

2.2. 1 Hlstorlcal Cla551f1cat1on p;
Dep051ts of glac1al till are perhaps the most
w1despread products of glac1at10n 1n the prov1nces of
'Alberta and Saskatchewan JTill has been defined as:
"an. unstratlfled glac1al dep051t of clay, 51lt
sand, gravel and boulders" _ ,. . .
lk%eréaghi and~Peck 1948)' Flint (1957) classified‘till~
}Aaccordlng to-its dep051t10nal hlstory Lodgement tlll was
:deflned as belng dep051ted from’ glac1al materlal 1n
‘transport near the base of the glac1er and it tends to be
very dense, Ablatlon tlll on the other'hand 'waS’deposited
from mater1al transported within or upon the "dead ice" area
of a meltlng glac1er and it is less dense than lodgement

tlll



"The conceptual mode of glacial sedimentation most
commonly referred to is one of a dense subglacial lodgement
till with a thin capping of relatively loose ablation till.
Interbedded sequences of tlll w1th stratlfled ‘sediment arer

.thus -taken to represent a history of glac1er advance and

'_retreat.

2;2.2 Recent Observations
__l_l_r_“_;l,m,u_v“um_fhe classification of. tllls has undergone a rap1d

evolut1on from the ba51c subd1v151ons of ablat1on and
lodgement tills. Recent observatlons on modern glaciers have‘
greatly enhanced the understand1ng of glac1al dep051tlonal
processes (Boulton 1972' Shaw 1977°-Eyles 1979). Three
dep051tlonal models are used to explaln the complex1ty of
var1ous glac1al sedlments anc land forms (Boulton and.Paul,
1976) |

The first model,islconcerned with'deposition in alpine
areas,-This model can be-used‘to interpret glacial.sequences
ln modern nalley glaciers It cannot be used however,. to
1nterpret glac1al sequences of the large cont1nental
’sheets pLesent durlng perlods of glac1atlon |

In lowland.areas two‘characterlstlc sedlmentary models
are suggested subglac1al/proglac1al sedlment assoc1at10n
and supraglac1al sedlment assoc1atlon (Flgure 2 ) :The
_subglac1al/proglac1al model is assoc1ated w1th temperate

glac1ers which transport the majorlty of their debris. load

'near the glac1er sole._Large_volumes of debris are -



accumulated due to the high rate of basal ice melt. The
actual magnitude of till deposition»depends on.many faotors'
~including water pressure at the bése, iee velocity; basal:
ice temperature} perticle size and the shape, roughness and
‘permeability'of the underlying bed (Boulton, 1975).
‘ éubglaciel tills are commonly indentified‘by factore sucn as
high'bulk density,.mechanlcal composition, and clast fabric.
Generally the Sedlments exhibit strongly developed fabrics
Aand smoothed pebbles with minor breakages. 1In addition,
Kruger (1979) suggests that the followlng features_also‘
" indicate subglacial deposition: lenses‘of sorted material, .
smudges, small scale deformations of till matrix and emudges
by clasts, clasts.consistently striated and elaste with
_stoss and lee sides in relation to glac1er movement
d1rect10n |

In contrast, subpolar and oolar glaciers transport
debris through a considerable thickness of basal ice.:Uoon
stagnetion,and downwastino of these ice meeses supraglac1al
sedlments are produced. Supraglac1al sedlments commonly have
‘weakly developedl 1ncon51stent fabrlcs and mostly angular:
and broken pebbles (Fllnt 1971).‘Two forms of supraglac1al
sedlments are flow and melt out t1lls ‘

: Flow tills are formed when ice rlch glac1al debrls_'
melts and the. debr1s flows downslope under the 1nfluence of
,grav1ty Two types of flow t'll have been dlstlngu1shed The
first, occurs as debrls moves in a slurry 1n whlch partlcles

are’ 1ndependently moblle In the second mass Slldlﬂg occurs



‘and the particles are restrained by their neighbours

Melt out tlllS are 51milar in origin to flow tlllS
however, the slurry does not flow and the tlll may retain
some englac1al features The presence of meltwater ensures
‘that both tills are dep051ted at’ water contents well above
their liqu1d limits and have high 1n1t1al v01d ratios

Supraglac1al debris accumulating on the 1ce surface by
ablation inhibits the melt-out process by actlng as an
insulator to the underlying ice. wWhen the thickness of the
debris zone is equal to or greater than the thickness of " the.
active layer no further surface melting will occur. As ai
consequence,utill depositionalfprocesses in cold regions
could be dominated oy melt out‘from an isothermal basal'ZOne,
at the 0°C isotherm;

Considering the changi | temperature regimes ouring‘the‘
different stages of glaciation it'is likely that a single
till deposit could p0551bly con51st of both supraglac1al and
subglac1al dep051ts Cla551f1cation of ‘a till dep051t then
depends on the exposure being examined A dep051t could .
exhibit both supra and subglac1al features It is ev1dent--
'that conflicting theories on the orlgin of a certain till
dep051t could arise. “To fully apprec1ate the complex1t1es of -
~a specific till depdsit, the total extent of the dep051t
~_‘must be examined Unfortunately, a total sectlon is rarely

exposed.



2.3 General Area Geology

/

2,301 Nipawin Site - Quatefnary Geology

2.3.1.1.Geomorphology_'

The general surface topography in the Nipawin area
is predominaetly composed of proglacial landforms which
are associated with a lacustrine environment. The area
was inundated by Lake Aggasiz aqd tiil outcrops are
absent except for,occurrehces along the North
Saskatchewan River. Sﬁbsequeht erosion and some fluviai
deposition has modified the surficial topography.

Christiansen (1979) postulates that during the

latter stages of the Wisconsin, a major meltwater

 channel, seemingly following the course of the present

river, formed the Saskatehewan River Delta in this area.
Lesently, the river has eroded through the deltaic
Sands and gravels formlng er051onal terraces on both

Sides of the valley Where the groundwater table nears

’the surface, peat bogs have formed.

R.3.1.2 Stratigraphy

The geology of the area‘has been summarized by.

Christiansen and Menely (1969).. In ascending order, the

Major stratigraphicvuqits in a typical Nipéwin section
Qre;
1.. Bedrock

2. Lower ti1ll



/3. Middle till
4. Upper till
5. Proglacial sediments

The bedrock in the vicin®™y consists 4f the

Ashville Formation and the Swan River-Manville Gro -
~The Ashville Formation is composed of Lower Cretac ===

‘clay shales, silts and very fine sands. The Swan

River-Manville Group includes interbedded quartzosea—————o=———

fine to coavse sand, silts and clay shales with th

occa51onal llmestone strlngers ‘and carbonaceous bec

The lower tlll 1s & dense, grey, calcareous, =

clayey 51lt The unlt fdrms the'lower part of the
wall and underlles the valley flll in the river bot=
X~ ray. d1ffractlon patterns’ 1nd1cate that 1lllte ancd
kaollnlte Zre the domlnant clay mlnerals The till
.composed.of approximately 51%'silt;and clay, 44% s&
and. 5% gravel '

The. mlddle till is a dense, grey, calcareous, . -

clayey 51lt It is d15t1ngu1shed from the lower til

appreciable amounts of expandable clay mlnerals T‘xgl

normal comp051tlon is approx1mately 64% 51lts and o)

31% sand, and 5% gravel. The majorlty_of the gravel

clasts are subangular.

The upper till is a denaé,_grey,'clayey silty =

The clay minerals have a low activity suggesting the

-

lack of expandablé clay minerals.
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The proglacial sediments .re primarily sands and
silts which are predgminately deltaic in origin. The
till sheets are, in most locations, separated by fluvial
deposits which range from clays to gravels. In addition,
aﬁ erosional boulder Pavement exists aticertain

7loc$tions between the upper and middle tills. The upper
till is thought to belong to the Battleford Formation
whereas the middle and lower tills have been correlated
with the Floral Formation (Christiansen, 1979). The
Battleford and Floral Formations répresent f@o distinct
ﬁlacial sequences where
"the hiatus between the deposition of phe Floral
and Battleford Formations was a brief one"

(Christiansen, 1968). The Battleford till has a lower

carbonate content than the underlying Floral Formation.

.2 Edmonton Site - Area Geology

2.3.2.1 Surficial Geology

Edmonton is located in the physiographic regioh
known as the Eastern Alberta Plain, an area of generally
low.relief. The topography of the area is largely
controlled by elements of the preglacial landscape
(Rathol and McPherson, 1975). Present day uplands f:”f
coincide with preglacial highs and qu areas generally
follow pféglacial vélleys;.The near surface sediments
were deposited primarily in glacial and post;glacial:

times. They are composed mainly of colluvium and

/



lacustrine sand, silt and clay deposits. B

T2;3;2.2 Stratigraphic Units
At present the stratlgraphlc section for the
'Edmonton area is that proposed by Westgate (1969):
| 1. Upper Cretaceous'bedrock' |
2.~.Saskatchenan Sands-and Gravels.
3. Louer'till‘
I NV Tofield sands
5.7 Upperjtili
6.‘ Laoustrine deposits
The‘hedr0ck‘consistsvof the Belly River 'Bearpaw
and Horseshoe Canyon Formatlons of Upper Cretaceous age
These formatlons consist malnly of 1nterbedded and~
_1ntertongue1ng sandstones 51ltstones, shale and coal;.
The Saskatchewan.Sands‘and Gravels-oonsist of late
Tertiary and»younger gravels and'sands:deposrted by
‘streams floxlng northeastward or eastward from “the Rocky
_Mountalns They are composed malnly of quart21t1c rock
“fragments w1th ..nor amounts of chert, arkose, petrified
wood, coal, cla;_and ironstone ‘ |
The possibilitv of two distinct till sheets
ex1st1ng in the Edmonton area has been debated. The
upper and lower tlllS are both heterogeneous and 51m11ar‘
>1n,compos;tron. They are hard 51lty.clayey sands |
eompOSed of approximately.40 to 45% sand, 25 to 35% silt
and 20 to 30% clay sizes (May and Thomson,'T978)._A' |

significant proportion of the clay sizes is



montmorillorite Ba?rock and Berg'(1966) noted colour
dlfferences between the tlllS but did not acknowledge
the presence of- separate tll] sheets. Ramsden and
Westgate (1971) indicate that ‘the.lower till was. laid
down by ice moving approx1mately west of north whereas -
" the upper t111 was: der1Ved from ice moving from east of
north hatho1 et al. (1975) observed: |
‘"dlfferentl} colored tills dlSCOﬂtanOUSly
separated bv lenses of sand and gravel but, -in
spite- of data from numerous outcrop sectlons and
a detalled_drllllng»program, could not establish
the presence‘of.two tillsHWith any degree of
¢eftatnty or,confirm the continuity of;the
Tofield.SandV;
" May and Thomson'(t978) questloned the concept of- two
—-dlstlnct glac1al advances due to the presence of water
laid - fluv1al dep051ts w1th1n the tlll Recently Shaw
(1982) postulated that the main body of the Edmonton.

'Tlll ‘was formed by a basal melt out . process
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Figure ?,1 Acquisition, transportation and deposition of

tills by a glacier
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3. SOIL FABRIC AND ENGINEERING BEHAVIOR

3.1 Introduction

Fabric can be defined as the distribution, shape and
sizes of particles and voids in a sediment. Structure has
been defined as the property of soil whi-h prOvides.fts
integrity. Depositional’ processes control the primary fabric
which is subsequently mddified by secondary processes such‘
as consolidation, shear, and weathering.dThe same sediment‘
may exhibit dlfferent fabrics even though the den51ty and
void ratlo are the same (Glllott 1980)._When external
forces are applled_to a soil fabric, mechanicai and
interparticle fdrcesﬁcontrol its behavior; Interparticle.

forces are especially important in fine grained sediments.

3.1.17 Total Fabric of Glacial Tills
Recent studfes‘of‘the total fabric of tills (McGown and

S

Radman, 1975;:Derbyshire et.'al., 1976) have-shown.that

various units‘of bedding, stress rellef and shear features
exist in many lodgement and melt out tills..The orientation
and extent of these features would be expected to modlfy the?
total and effectlve shear strength deformatlon and
‘consolldatlon characterlstlcs of these soils. Their
occurrence is dlrectly influenced by deposition and

post dep051t10nal processes/to which the tills have been~

subjected:. In order to evaluate fully the effects of soil

14
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tabric on the engineering properties of a glacial tiil, it'
is necessary to analyze the total fabric of a specific till
landform. ‘Theiiotal till fabric includes a wide range of
features of both prlmary and secondary orlgln including
folds thrusts, fissures (the macrofabrlc), disposition of
“clasts (the mesofabric) and -organization of the matrix (the
‘microfabric) |
While the macrofabrlc features probably have th%
greatest 1nf1uence on the in- 51tu englneerlng properties,
m1crofabr1c features.can also_produee significant effects.
Marsland (1982) suggests microtabrie studies can be used in
the following ways: 'l | S A
1. As an indicator of thetdegreeref‘sampling disturbance.
2. To provide 'a better overall assessment of the strength
along discontinuities. |
3. To reveal the presence or.otherwise of microfissures and
their nature; |
4. As a qualitatiye'indication.of'the frictional properties
of the soil. | —
5.  As_an indication of their stability under shear.
€. To provide imbortant.eVidence of the possible
env1ronments at the time of the dep051tlon
The microfabric investigation undertaken for this thesis

used these con51derations>as:a guideline.
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3.1.2 Soil Structure Models

Casagrande (1932) used the soil strucﬁure,model.for_
clayey marine soils which consisted of silt grains, clay
particles and flocculated colloidal particles. The relative
degree of consolidation -depended oﬁ the location of'the
.ciayf The clay pfesent in the large voids between the silt
particles is relatively lightlylconsolidated wheh compared
toAthe flocs compressed in the small gaps between fhe silt
particles. Casagrande.referred to the highly compressed
.spots as bond clay and noted.that they ‘may develop_eqough
strength to make the soil as a whole display consiaerable
Strength. |

Collins and McGown (1974) suggest a model of soil
structure 1n which aggregatlons are linked by connectlons
con51st1ng of short or long chains of partlcles jOlned in a
stepped face-to- face or edge-to-edge fashion. Intrafabric
micropores occur within the aggregatlons and 1hterfabricﬂ
macropores occur -between theeéggregations. Agggegations,are
defined as particle aseemblabes which were observed to ace
effectively as individual-pﬁits within the microfabric.
Their size, shape ana internal organization are variable.

A 5511 model proposed by Yong and Sheeran (1973)
consists.of a structural framework of soil peds comprised of
clusters‘and domains of fine particles. Macropores exist as |
1nterfabr1c unit pore spaces whereas mlcropores refer to
pore spaces establlshed within fabric units by 1nd1v1dual

partacleAarrangements. The appllcation of external stress to
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the soil fabric will cause movement along‘ped interfaces‘in
addition to deformation of the individual peds. The sand
grains and their associated bond clay form a structural
framework within a till.

Sergeyev, et. al. (1980) proposed two microstructure
models, skeletal and matrix, whlch are often present in
silty clayey soils. A matrix micro structure so0il- 1s4
distinguished by the presence of. a'continuous, unorientated
clay matrix which COntalns 1rregularly arranged inclusions
of large 51lt and sand gralns. These 501ls usually contaln
not less than 15 to 30% clay m1nerals with a comparatlvely
low 51lt content. |

A skeletal mlcrolstructure constitutes a more -open,
uniform porous skeleton cOmoosed primarlly.of-fine silt
.grains' The clay materlal often accumulates on the surfaces
~of gralns as a contlnuous layer or at the’ contacts of 'silt
lpartlcles formlno a' kind of "bridge’ ,bond1ng.the grains to’
one another." | .

| A glacial'till initially deposited in a slurry mode can
be represented by the model shown in Flgure 3 1. The sand
and large silt grains form a matrix m1crostructure with the
finer silts and clays acting as the matrix. The relative
degree of consolidatlon is represented by the distance
between the finer silts and clays; The locally high normal
Stresses associated with the clasts produces‘highly
compresseé zones of bond material. The clasts and adjacent

bond materlal form a unit of soil fabric termed soil peds.
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During deformatlon under low confining pressures these’
peds would act as 1nd1v1dual part1cles and d11at1on would
probably occur .. Under higher confining stress however! the"
4nd1v1dual.peds would not be allowed to dilate and shear
'would occur through the clayey 51lt matr1x Therefore, under
low normal str;ss the peds 1nteract with each other and
produce a frlctlonal resistance hlgher than would normally
be expected from a clayey 51lt |

| The volume change or pore pressure response of a
Arolatlvely rapldly deformlng t1ll would be largely
-controlled by flu1d flow through the macro pores Flow
through these mlcro pores would be relatively minor due to
thelr low conduct1v1ty and the ex1stence of strong )
1nterpart1cle forces The contr1but1on of micro pores'would
~only be 51gn1f1cant in sustalndd loading such as .in. creep or
. secondary consolldatlon ‘

Under appl1ed stresses the framework of sand and large
silt grains would form 51mple arches ‘an arrangment |
‘mechanlcally very eff1c1ent 1n re51st1ng load Pusch (1973)
concludes that the many small local reglons .of open, |
flocculated clay partlcle groups of the soft clayotype that

exist in boulder clays are due to th1s archlng actlon of

soil peds.
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'3.2'Soil’Compoaition_and Engineering Properties

3,2.1 Contribution.of‘the Matrix

Tills may be represented as a mlxture of f1ne and
coarse partlcles occurlng in dlfferent proportlons Flnes
are deflned as materlal less than 0.076 mm in d1ameter
McGown and Derbyshlre (1977) - cla551f1ed tills. 1nto three
groups. (a) Granular tills have less than 15 per cent fines
and their'engineering behavior 'is largelyrcontrolled by the
»‘coarse fractlon. (b) wWell graded.tills have between 15 ‘and
45 percent.finesq In such mixtures the coarse and fine
_conponenta interact-and-each COntrlhutes‘to the: engineering
behavior. (c) TilIS'with a fine‘fraction'greater than 50

.’percent are cla551f1ed as matrlx dominated tlllS The matrix

. material’ of these tills controls the eng1neer1ng behav1or by -

preventing direct 1nterpart1cle contact between the granular-
particles. Since ‘there 1is a tendency for the clay partlcles'
to coat the granular particles, the fine partlcles may exert
a 51gn1f1cant 1nf1ue@ce on the soil propertles even though
they are present in relatlvely shall amounts.

The intact N1paw1n and Edmonton tills have-fine -
fractlons of 55 and 50 percent respectlvely and according to
the above cla551f1catlons thelr englneerlng behavior would '
be’. strongly controlled by the matrlx material. If the fine
and ‘coarse fractlons from both t1lls are separated the soil
‘;comp051ng the f1ne fractlon has a 511t content of

vapprox1mately 60'to.70% ‘and a clay content of 30 to 40%.
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Such a material is termed a clayey Silt.

Water is_strongly attracted to clay mineral'surfaces,
whereas nonclay minerals have little\affinity for water and
- do not develop plasticity even when in flnely ground form.
As a flrst approx1matlon it can be assumedtthat the
~major1ty of the water in a soil is associated with the clay
phase (Seed et. al., 1964).thus small changes in the overall
water content of a till will result invlarge changes in the
water content of the clay phase. Since the etrength of a
clayey soil is directly proportional to its water content,
the strength of matrix dominated tills is highly sensitive

s

even’fo small variations in overall water content This has .
been observed by Marsland (1982)

The fabric of the clayey silJ matrix would largely be
controlled by the mode of deposition and pore fluid
composition, hence, the' engineering behavior of a.matrix

dominated tillrwould also be expected to be dependent on

these factors.

3.2.2 Contribution of the Granular Phase

Paduana (1965) tested the effect‘of granular content on
the strength of clay-sand mixtures. He found that in a
mixture with 0 to 50% sand content the strength of the soil
is primarily controlled by the clay phase. As the sand |
content 1ncreases and the individual grains approach each
other the granular phase contrlbutes more to the overall

strength of the soil. With a sand.content from 70 to 100%
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the strength behav1or of the 501l is domlnated by the sand
phase He further states: |
"that the sand grains by some - mechanlsm 'lnterfere:
w1th the consolldatlon of the clay in 501ls, even.
when ‘the clay more than flllS the v01ds of the sand
phase To Carry th1s po1nt to a logical conclu51on-
in preventlng the consolldatlon of the clay by some
mechanlsm, whatever it may be the sand grain -must’
by the very same mechanism also contribute to the -
._overall'strength~qf:the soil, even wheh_the clay
more:thaq fills the volds in sand." - ”
It is likely5that the ﬁechanisﬁ-that Paduaha refers to_is_
the archlng actlon of the sand - gralns (Pusch 1973). As |
prev1ously dlscussed (Sectlon 3. 2), the archlng effect of
sand and large 51lt gralns causes'the formatlon of llghtly

“,overconsolldated pockets of matrlx mater1al w1th1n the soil.

3 3 Postdep051t10nal Processes Effect1ng Eng1neer1ng

Propertles

. 3;3.1”The'Effects of Freeze-Thaw
» Durihg'the freezing process, flaroe negative pore water

pressures develop whlch occaS1onally cause shrlnkage cracks

. tor form The shrlnkage cracks whrch are similar to

Cs .

de551catlon cracks can;leadjto an increase in the -

permeahllrty of.the soilimass.upon'thawing_
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As mentloned prev:ously, in a matrlx domlnated till
- both the compre551b111ty and the permeab1l1ty are controlled‘
lby the fabrlc of. the clay and Sllt part1cles. Free21ng and
thawlng thlS type of 5011 results in a reductlon in v01d
‘ratio due to the collapse and rearrangement of the clay.
doma1ns to a more- dlspersed structure (Chamberlaln ‘etr al.,
1979) o | |

Marsland 'S (1982) studles on North Sea clays 1nd1cate
that freeze thaw caused overlapplng ped structures to
develop Assoc1ated W1th these structures were m1crof1ssures

'Whlch prov1de 1nherent sources of weakness along whlch more

exten51ye d15cont1nu1t1es_can propagate.

3. 3.2 Changes in the Water Content

The lowerlng or ralslng of the water table imposes a
complex stress hlstory on a soxl mass. When the water table
is lowered substantlal suction pressures can be created in
the partially saturated 5011 The suct1on pressure ;111
cause an 1ncrease in effectlve stress and the 5011 w1ll
consolldate Boulton (1976) found variatioms in till v01d
'.ratlos from 0.69 to O 35 due to the effects of drying only

Soderman (1970) reported that the lowerlng of the
groundwater table in the geOloglc past had caused 1ncreasedl

consolldatlon to occur in the upper poirtions of the St.

Clalr tlll deposit. Adams: (1970) found a varlatlon 1ni

3
3

englneerlng properties related to m01sture content changes-
/

while May and Thomson’ (1977) noted:



"a distinct trend is evident for higher strengths t czowsso=

be associated with lower moisture contents"

in the Edmonton till. They also found a large scatter i -

moisture content data throughout the deposit indicating

the deposit was not drying uniformly. It is possible th.cssua===
differential drying -is.associated with the "soft" zones

the Edmonton till (Thomson,'et. al., 1982).

3.4 Development of Shear Zone Structures in Glac1al Til T
Overconsolldated clays during shear develop a narrceaaaee—

failure zone along wh1ch the major dlsplacements occur <

1972). These fallure zones -vary in thlckness dependlng Carvnss s

the extent of deformatlon and the type of material bEIPCI‘

sheared. Morgenstern and Tchalenko (1967a b) proposedva

. model explalnlng the development of shear zones in |

~overconsolldated clay. Three stages were suggested that‘

occur in the development of the fallure zone. In the fir

istage, en- echelon Rledel sllp d15cont1nu1t1es form, incl

.at half the ‘angle of 1nternal frlctlon to the dlrectlon ToTyTTT=

_shear When further movement along the Riedel

d15cont1nu1t1es becomes klnetlcally 1mp0551ble, a new se """

,d15cont1nu1t1es is formed. They areAcalled thrust slip

: d15cont1nu1t1es and form apptoximately parallel to the

dlrectlon ofwshear and in the opp051te direction to that

;the shear movement. In-the thlrd stage of shear the Riede==mmm==

7and thrust slip d15cont1nu1t1es coaTesce and form a

contlnuous principal Sllp surface. Recently it has been
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suggested that the formation of these discontinuities is the
result of the clay failing by tension and not by shear

(vallejo, 1982).

3.5 Scanning Electron Microscope Observations of Tills

McGown (4973) used the SEM to study the matrix of
several glacial ablation tills. The soils were multimodal
having a predominantly fine fraction actingoas a matrix in
which the coarse particles were randomly distributed. The
clay and fine silt sizes were arranged in a number of
structural forms, with many of these structures exhibitiﬁg a
porous arrangement. e particle arrangements were similar
to structurél forms postulated by Dudley (1970) and noticed
by Barden et. al. (1973) in collapsing soils. Microfabric
.observations on a subglacial meltout till from Southern
Norway revealed an interlocking framéwork of fine sands and
coarse silts clothed with silt and clay partlcles

Lodgement tills often present a wide range of particle
siées and are frequently anisotropic, fissured or jointed or
all three. Their}%icrofabfics show a moderate to strong
quallelism_between the clay and silt~particles and the
'suffaces of the entrained clasts.

Marsland -et al. (1982) conducted a study of fabric
features found in North Sea deposits. The majority of the
‘deposits were composed of low activity clays which were
primarly of glacial origin. They observed a range of

freeze-thaw and dessication features exemplified by platey



ped-like stpuctures and microfissures.
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' Figure 3.1 Proposed Microstructure. of Matrix Dominated Tills . B



4. SCANNING ELECTRON MICROSCOPE

4.1 Introduction

.This‘chapter presents rhe'observations made during the
scannlng electron microscope study. Nipawin and Edmonton
tlll samples :ere flrst studied in order to obtain a
comparlson between the intact materials. The intact fabrics
were then'compared to the fabrics of the reconstituted
_Samples.,To undersrand the effects of fabric upon the
engineering'behavior of the materials, specimens from
sheared samples were observed Typlcal micrographs of the

varlous fabrlcs Observed during .the study are included at

the end.of the chapter.
4.2 Description of the Tills Studied

4.2.1 Intaét»Nipawin andvEdmohton Tills

L1ttle dlfference was observed between the mlcrofabrlcs
of the 1ntact Nlpabln and Edmonton tllls The fabrics arge
relatlvely open and. exhlbwt macro as well as micro drainage
pores. In areas where large sand grains are absent, the
microfabric appears to be conSistent and open ih appearance.
In the vicinity of'sand grains however, a more closed fabric
is found which is orlentated around the grain. |

Both tills are composed malnly of a clayey silt matrix
in whioh sand particles are embedded. The sand content of
the .tills appears to be primarily composed of quartz ahd_

/
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carbonate‘grains. The quartz grains are solution pitted and
subangular in shape. Occasionally conchoidal fracture
surfaces were observed, however they were rare. The
carbonate grains, presumably llmestone or dolomite, are
rou;\ed in shape "The 51lt matrlx constituents are of two
types; flat mlcsceous flakes and subangular silt grains, The
clay particles occurred as separate domains or as coatings .
on the coarse silt and sand particles.

) Based on the preﬁise that the pore size distribution of
a soil depends on theyparticle‘size distribution and
strocturél influences, it appeérs that the tyo‘pore classes
may correspond to two levels of structural arrangements. The
micro pores may conform with the 511t and clay. domalns
- whereas the macro pores may be accordant with a larger ped
particle fabrlc.;'
4.2.2 Reconst1tuted Samples

' N1paw1n tlll materlah xeconstltuted by remouldlng or
fromva slurry are denoted as Nipawin Till #1 and #2 |
respectively. Nipawin Till #3 samples were reconstituted
- from a selt water slurry. Both reconstituted Edmonton Till
samples were formed from a slurry, however, they differ ih
preconsolidation pressures. Edmonton Till #1 and g2 samples
were preconsolidated to 490 kPa and 800_kPa respectively.

Since the reconstituted tills were formed from the

intactngomohton and Nipawin tills, they are compositionally

identical to them. The matrix material of the tills

"
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reconstituted from a siurry show an open fabric similar to
the intact tills.'fhe'bond clay is poorly déveloped and can
only be noticed by the orientation.of fabric in the
immediate vicinity of the grain.

Nipawin Till Sample. #3, consolidated from a salt Qater
slurry, shows an open structure similar to the other
slurried samples except thét there is a. noticeable -
difference in the clay particle arrangeﬁénti The clay
pa%ticles tend to form floéculated domains rather thén coat
Ehe silt or sand particles. These domains do nof appear to
sighificantly alter the overall fabric and were not expected

to influence the engineering behavior during shear

-significantly.

The remolded reconstltuted samples (N1paw1n Till #1)

.exhlblted a striking difference in fabric when compared to
7f6cqnst1tuted slurry samples (Nipawin Till #2). Fhe remolded

'samples had a smeared texture and micro pores were not as

evident. Macro pores were very well developed probably due

to the high'pore pressures generated during:remoulding. The

matrix material of the remculded samples had a closed

fabric.

4.3 Observations of Shear Structures

In order to investigate shear structures in the glacial
tills, the scanning electron miscroscope was used to examine

representative samples previously sheared to failure during

triaxial testing. From Plate 4.4a, it is seen that discrete
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slip planes are formed in sa relatively thin zone. The clay
and silt partlcles seem to be highly dlsturbed in this zone,
whereas the remainder of the sample has a fabric
indistinguishable from that of undisturbed specimens. S%ear
displacements are seen to occur in these discrete zones
throughout the sample rather than along a generalized slip
surface. The slip,planes are highly irregular and exhibit
frequent undulations. The clay and silt particles within the
~ slip surface are highly oriented in the direction of.shear,
The study of the sheared specimens revealed that the
sand grains appeared to have no direct contribution to the
shear strength of the soil. The sand grains were found to be
scattered througﬁout the sample and only rarely did sand
grains approach each other. Plate 4.4b shows a shear zone
located beneath a rather large sand gréin. The hatrix around
the sand grain is virtually undisturbed indicating little or

no movement of the sand grain during sample deformation.

4.4 Description of Micrographs
1. Plate 4.1a Intact Nipaﬁin Till » .
éhoto shows an interlocking framework of sands and
coarse silts which are coated w1th fine silt and clay
partlcles Note the lack of dlrect contact between the
sand clasts and the highly accordant microfabric in fine
silt and clay on cast surface left by sand grain (lower

left corner).

2. Plate 4.1b Intact Nipéwin Till
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Large sandbclast within the fine silt and clay
matfi%. The fabric adjacent to the clast appears to be
aligned around ‘the clast. ‘

Plate 4.1c Intact Nipawin Till

More diffuse microfabric in area between large
clasts. The fabric is more open and is randomly
oriented.

Plate 4.1d Intact Nipawin Till

| Close up view of Plate 4.1c. Fine silt and clay
particles are arranged in an open edge to face and edge
to edge arrangement. Drainage is controlled by
micropores. |

Plate 4.1e Nipawin Till #1

General view of the fabric shows a closed "smeared"
fabric. Silt and clay parﬁicles are crudely aligned with
the plane of the photo. f
Platei4,2a Nipawin Till #1

A large sand clast within the matrix is shown. The
fabric is compressed against and around the clast. Note
the macropore in the lower right of the photograph.
Plate 4.2b Nipawin Till #i

Close up view of Plate 4?2& showing the interface
between matrix and the sand clast. ‘Ine silt and clay
particles are "crushed"-against the sand grain produéingv
a. closed fabric.

Plate 4.2c Nipawin Till #2
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11,

12.

13.

14.

32.

Close up view of a large weii develobed macropore.
Plate 4.2d Nipawin Till #2 B

Opén nature.of the fabric can be seen. DeQelopmeht
of "bond" material is pédr. Compare the slurry fabric
with Platé 4.1c. This fabric more closely represents
that of the intact till. |
Pléte 4.2e Nipawin Till #3

,Consolidation from a salt water slurry prodﬁced a
highly~flocculafed clay fabric. The clay particles téhd
to aggrégatg into flocculated groups.
Plate 4.3a Intact Edmonton Till

The silt and clav r~rticles in the Edmonton Till
are evenly spread th: 1c the matrix and the .general
structure was open WiFh the sand size and éoarse silt

particles being linked and supported by the finer

‘particles.

Plate 4.3b Intact Edmonton Till

Closé up view of fabric from Plate 4.3a. The clay
parti-les are arranged in an open edge to edge and edge
to face arrangement. Compare with the Nipawin Till
fabric in Plate 4.14. |
Plate 4.3c Intact Edmonton Till

A view of a subangular quartz grain on the intact
Edmonton till. Note the solution V-etches and
overgrowths on the cleavage surface. The condensed
nature of the.métrix adjacent to the clast can be seen.

Plate 4.3d Edmonton Till #1
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16.
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This view of the reconstituted slurry sample shows

‘an open fabric similar to the intact Edmonton Till. Some

bond clay can be seen on the large silt grain in the
centre of the photo.
Plate 4.3e Edmonton Till #1

Close up view of the fiﬁe silt and clay adjacent‘to
a large sénd clast.
Plater4.4a Nipawin Till Sheared

Shear zone observed-within intact Nipawin Till.

Shear zone is narrow and adjacent fabric is undisturbed.

Shear occurred in open clay-fine silt matrix and shows

frequent undulation.
Plate 4.4b Nipawin Till Sheared

Shear 2 d in intact ﬁgpawin Till. The large sand
clast shows no visiblé sign of movement. Note that shear
occurred away from clast.
Plate 4.4c Niﬁawin Till Sheared

Indentafions_of gwo sand clasts left in ﬁhe matrix.
The fabric adjacent to the clasts is highly accordanf.
During shéar the-sand clasts did not rotate or come inﬁo
contact. | |
Pléte 4.4d Nipawin Till #1

Shear zone in the remoulded material, Sbme
alignment of large silt sizes. It is possible that thé
sheéf occurred along a discontinuity produced during the
remching process. |

Plate 4.4e Nipawin Till #1
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Close up of shear surface from Plate 4.4d. Note the
parrellism of thg small silt and clay sizes. A medium.
silt particle can be ceen in the background sticking out

of the surface.
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Plate 4.1euNipéwianill #1
Scale-Bar = 10 microns-

Plate 4.1 Scanniné Electron Mic¢rographs

A
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Plate 4 2a N1paw1n Till #1

' Plate 4, 2b N1paw1n Tlll #1-
Scale Bar = 200 microns

) Scale Bar - 4 mlcrons

?late'4.2e'Nipawin Till #2 . Piate”4;2d Nipa&ia Till #2;;t

Plate 4, 2e N1paw1n Tlll #3

Plate 4 2 Scannlng Electron Mlcrographs_

~
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Platé 4.3b Edmonton Ti

' Plate 4.3é,$dmontoh Ti;l

- Plate 4;3d‘Edmonton Til

Plate 4 3e Edmonton Tlll #1

Plate 4, 3 Scannlng Electron Mlcrographs
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SHE Wk b

Plate 4.4a Nipawin Till

Plate 4.4d Nipawin Till #1

A%
“Scale Bar = 20 microns

N

Plate 4.4e Nipawin Till #1
Scale Bar = 4 microns

Plate 4.4 Scanning Electron Micrographs of Sheared Samples



e

5. LABORATORY TESTING AND RESULTS

5.1 Introduction
This chapter 1ncludes a brlef descr1pt10n of the

sampllng and testlng programs undertaken for this

‘investigation. A more detalled description of the

experimental procedures are given in Appendix A,

During plannlng of the test program; careful
consideration was given to the posslble types of
ekperiments dralnage COﬂdlthﬂS ahd test 1nstrumentatlon
which could be used to 1nvestlgate the 1nfluence of 5011

structure on the strength behav1or of tlllS. The 1nherent

Adlsadvantages of the dlrect shear test iie{ unequal stress

”jdlstrlbutlon, predeterm1ned fallure plane, and

difficult—to—control dralnage condltions encouraged the use::
of triaxial equipment. The" tr1ax1al apparatus has been used
exten51vely in research work and allows control of . dralnageA
cond1t1ons and the p0551b111ty of measurlng pore pressures."

The/BEhav1or of 501ls subjected to cycllc.loadlng mayﬂ

-—

differ con51derably from thelr behavlor durlng statlc .

'loadlng There are numerous natural 51tuatlons in which. the

durations of cycllc loads are such that llttle or no“
dralnage of the pore ‘water takes place durlng the o
appllcatlon of the repeated loads ““‘-4 \'91

A study was carrled out on the behav1or of glaclal

tlllS when subjected to. cycllc loadlng Prev1ous work showed

.
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that a soil will stabllize or fail'under repeated‘loadings‘
(Anderson, 1976; Mitchell and King, 1977). These studies
showed that the‘material behavior'was related to many.
factors 1nclud1ng m1neralogy, overconsolldatlon ratlo ratio
of magnltude of the load applled to fallure load and thef
number of load cycles The'purpose of‘the program was to |
1nvestlgate how fabrlc features effect cyclzc loadlng
'behav1or of glac1al tlllS |

: The second part of the- chapter presents the results of

"the laboratory exper1mental program

l'5.2.Sampling;

5t2.1’Sampling Locatlonsv

| Samples from the Nlpaw1n 51te were'obtalned from: block
fsamples obtalned in 1979 (Sego 1980) Edmonton Tlll samples'
.'were obtalned by corlng the floor of an . excavatlon at 106. 'w'
St} and 100 Ave in, Edmonton R&constltuted samples were
‘obtalned from block samples recovered from large dlameter“

R .
odemeters wh1ch w1ll be descrlbed subsequently

. S.Zfz Sampling‘Techleues o
| The’ dense stony nature of the 501ls requ1red thatj.
"sampllng be carrled out u51ng concrete corlng equ1pment The:.;
uucorlng apparatus used 1s shown in Plate 5 1. The un1t is

portable and can be ea51lv moved around a s1te by two:



people. Only one person was required during laboratory

-coring on block samples.

At the Edmonton site, different coring procedures were

experimented with in order to optimize core recovery. It was

‘found that larger diameter core barrels achieved greatest

”core recovery. Typical core barrels used on this project are

shown in Plate 5.2. The length of intact sample recovered at

. 4
the Edmonton site was restricted by horizontal joints which

‘occured at 100 to 125 mm intervals. Therefore core barrels
" with diameters greater than 100 mm were not used in order

_that‘aisamble length to diameter ratio of 1 could be

achieved. -

During the drilling oberation, compressed alir was used

"~ as a drilling fluid. to remove cuttings and cool the core

:barrelh It was found that the efficiency at which cuttlngs

w
»

were removed greatly influenced core recovery. In1t1ally art?

'a1r-pressure of 100 to 140 kPa was used however the removal
_“of cut,lrgs proved to be inefficient and core recovery was

poor.vThe . Tine was then attached to an onsite compressor

capable':f‘7QO ~Pa. Core recovery improved dramatically and

“this.comp:efc - was used for all subsequent on site

o

‘sampling.

" In theilaboratory the core barrels were .further

'.'modlfled to enhance recovery The c1rculatlon gaps located

-along the cuttlng surface were increased in size by grlndlng

| fPlate 5.2). This modification greatly enhanced the removal

- of cuttings;'Laboratory air pressure varied between 400 and
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500 kPa. Uﬁing the modified core barrels.and adequate air
pressure it was found that éptimum core recovery occured
when- the coring machine was set on maximum revolutions pet
minute (750,RPM) and the core barrel was allowed to cut its
way through the material usiqg pnly the self weiéht of the
machine as the downward driving force.

The laboratory coring method produced a intact sample
with little sample disturbance. Some slighg dessication of
the exterior surface of the sample was caused by the. air
circulation, however, only the outer few millimeters of the
sample wefe affected. When sampling in tills Qith a moisture
content greater than 15% the coring Qperation tended to
smear clayey material on the exterior of the sample. In
these instances the saﬁple was trimmed using ﬁethods ,
recomménded by Bishop and Henkel (1957).

Visual examination of the sam%les indicated that the
éoring operations did not disturb the pebbles withig‘the
'éore but cut through them. Moisture contents and densities
of the cored Samples compared favorably with those of the

' )
intact blocks which indicated that sample disturbance was
minimal. The samplé-was trimmed to its desired length using
a‘diamqnd‘rock saw. Spacial sample holders were designed in

order to hold the sample firmly and thus minimize possible

disturbance during this trimming operation (Plate 5.1).
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5.2.3 Recbnstituted Samples

To produce different.microstructures two methods were
adopted for reconstituting samples. Consolidation from a
slurry, was the method used to simulate tills deposited at
moisture contents above their liquid limits. The second
method was to remould a sample at a water content below its
liquid limit. Remoulding was accomplished by manually
kneading the soil into the oedometer.

Reconstifuted soil_blocké were produced by
consolidation in 15 and 30 cﬁ diameter oedometers which were
used throughout the laboratory program (Plates 5.4 and 5.5).
Plate 5.3 shows the experimenfal setup for consolidat%gn of
the reconstitutea materials. The vertical load was apblféd
by means of a bellofram rolling diaphragm air cylinder.
Either a linear voltage differential transducer (LVDT) or a
dial gauge.was used to measure vertical deformation. In
addition to drainage at the top and bottom of the oedometer,
the insides of the oedbmeters were lined with filférgpaper
to fUther accelerate drainage.

The 30 cm diameter oedometer was lined with tefion to
minimize friction along the sidewalls. The glue bind@ing the
éeflon sheet to the metal wall deferiorated with timeand
bulging of the material resulted. Also, clasts «ithin the
material often scoured the teflon. The irreqularities in the
-teflon surface occassionally impeded the progress of the

loading piston as consolidation occurred. Therefore when the

15 cm diameter oedometer was designed, a teflon coating was

(o]
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not used. Instead the body of the ocedometer was constructed

from chromed hardened stainless steel. This material was

-
-

hard Enough.to resist clast scours, provided}a sméqth
surface, and the stéinless steel Congtruction inhibited the
development of}rust. The 15 cm diameter oedometer was
preferred because greater consolidation pressures coula be
used and the shortened drainage path reduced the time for
consolidation.

There is little likelihood of the succeésful matching
of reconstituted behavior to that of intact behavior for
‘élay soilg. Bishop and Green (1965) compared the undrained
shear strength and effective stress paths in undrainéd
compression‘for intact and reconstituted London clay éamples
consolidated from a slurry. They found little similariﬁy in-
behavior between the two types of samples.

Greater success has been found between intact and
remolded glacial tills due to their wide grading and low
sensitivity. Skempton and Brown (1961) reported that:

"ownihg to the presence of occasional large stones-

it was necessary, in some cases, to form the

specimens by packing the material .into brass fubés,
without change in waterbéontent and with zero air
voids. As usual with boulder clay no essential
difference in strength was found between thesé ‘
specimens and fhose cut from the Qndisturbed cores;ﬁ
Vaughaﬁ,et. al. (1975) concluded that remolded specimens of

boulder clay could be used for the determination of
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undrained strength. Hight et. al. (1979) found agreement
with undrained shear strengths between the intact lower
Cromer Till and samples consolidated from slurry.

Considering the well graded nature of the Nipawin -and
Edmonton t?lls it‘is probable that remoulded samples
subjected to similar stress histories would exhibit streﬁgth
propértfes similar to the intact tills, The complex stress
historiés ofiboth tills since their initial deposition is
not known. A simplified stress ﬁistory was thefefore chosen
for the reconstituted samples. Initially all the
reconstituted samples were consolidated anisotropically in
the large oedometer to a pressure of 500 kPa to simulate ice
and overburden load; The consolidated sbil blocks were
removed and cores were extracted. Before triaxial shearing,
the samples -were consolidated isotropically to B0O kPa. The
final consolidation pressure was chosen because it

approximated the preconsolidation preséures found in the

intact samples.

5.3 Sample Preparation for Fabric Analysis

The effectiveness oF any method for'observing-soil
fabric depends on the reliability of preserving the overall
structure during prepafatién. In scanning electron
microscopy, the pore flﬁid must either ‘be removed or
rgpiaced during sample preparation. There are six basic

methods employed for removal of the pore fluid:
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1. oven drying;

2. air drying;

3. humidity drying;

4, substitution_dryihg;
5.. freeze drying; and

6. criéical point drying.

Tovey and Wong (1973) concluded that freeze drying and
critical point drying cause less sample..disturbance than
other.methods and should normally be used. Critical point
drying is considered to be the preferred method for
‘preparing: specimens of wet overconsolidated soils. The
freeze‘drying method however has been satisfactorily
implemented for a wide range of scils (Gillott, 1969;.
Sergeyev et, al., 1980). |

For this study the freeze drying method was chosen.
Small samples in the order of 10 mm in §;ameter and 10° mm
thick were frozen using liquid nitrogen. The samples were
then mounted on a'—45°C.cold plate and a vacuum of 10-° Torr
was applied (1 Torr = 1 mm of Hg0°C). Sublimation of. the

frozen water was allowed to occur over a period of 24 hours.

Freeze drying does cause some slight disturbénce'possibly in

form of heave as the pore water is changed to ice with

the accompanyiﬁg 9.16% expansion.
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\
5.4 Index Tests

Index tests were conducted to determine grain size
distribution, density, specific gravity, void ratio,
Atterberg‘limits and moistu;e content of the soils. For
these tests, procedures outlined in ASTM D442-547, D422-63,
D423-66, D424-547, and D854-52 vere used. Densities were. -
measured from both intact and reconstituted block samples

t
and from all core samples. Moisture contents before and

after testing were also determined for all samples., A

5.5 Static and Cyclic Triaxial Testing

5.5.1 The Use of Free Ends
In order to equalize the dlstrlbutlon of stresses and

pressure throughout the depth of the sample, free ends were
employed at the top and bottom platens (Plate 5.7). Rowe and
Barden (1964) present a discussionighﬁthe'importance<of free
ends in triaxial testing Free ends were partlcularly useful
during the testing program in that they allow the use of
samples having a height to diameter ratio of unity rather
than the general ratio of 2 to 1. In addition, a greater
percentage of usable cores were available when the jointed
natural tills were being tested. Further, |

"free ends perform better with shorter samples

‘probably because the greaSed ends receive a greater’

lateral thrust to conduct them through the initial
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friction peak observed in the shear box.tests,'and
because shorter samples are generally more Stable.
The requirement that a shear plane must not
intersect an end paten is considered'to be
irrelevant, LIt s tberefore suggested that a -
height to‘diameter ratios in the range of from 1.0

to 1.5 is suitable ,for many applications."

-(Rowe and Barden, 1964). -

bl

Some researchers have found that the of fixed ends

with L/D ratio of 2 and 'free' ends with ./D ratio of 1 give
app.oximately the same strength (Olson;, and “ampbell, 1964;

) Bishop and Green, 1965). Others haVe reported that.thel

strength is slightly reduced by using ﬁree ends (Roweiand
Barden, 1964; Barden and McDermott; 3965; anoan and Dunlop,
1968) . o | |
Marsland (1977) recommends an L/D ratio‘ot JIS.for
stiff highly fissured clays> This ratio glves more freedom

for fallure to take place along favourably 1nc11ned planes,

of weakness than would be the case for spec1mens hav1ng a

L/D ratio of 1. During the laboratory program samples were‘"r

/
trimmed to L/D ratios of 1.2 to ... “his allowed recovery'

of more samples from the available material and also 1nsured
‘that a L/D ratio of greater than 1 would be malntalned even
after straining the sample.

When free ends are used' there is an assoc1ated er
in any measured ax1al deformatlon due to. compre551on and

distortion of the rubber and grease layers The~extraneons

[
S
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deformatlon is termed the beddlng error. Sarsky et l.
(1982) concluded that beddlng error is the” result of
"two ma]or agenc1es namely, 1n1t1al lack of fit.

between the sample surface and the lubrlcated y

platen, and penetratlon of the grease and d1sc layer

by the constltuent partlcles of the spec1men The

axial movemerit due to lack of f1t occurs prlmarlly

dur1ng v1rgln loadlng, and 1t is due to 1rrever51ble,

Imovement of the surface part1cles and the v1scous'

;grease layer." .

.As‘a'result of the diamond saw'trimming»operation} th@
sample‘endsfwerefoften slightly uneven and an initial lack
of f1t between the sample surface and lubrlcated platen
-ex1sted The magnltude of’ th1s beddlng error IS small and
1t was not expected to adversely effect the strength
parameters The tlllS tested were composed of ‘clayey silts
and 1t 1§9unl1kely that beddlng error due to penetratlon of

the rubber and grease layer ex1sted

~5,S.2 Consolidation

In order to insure complete saturatlon a cell pressure

"of 620 kPa was applled to the sample while .a back pressure
‘of 586 kPa was applled The sample remalned at thlS state'
hfor a m1n1mum perlod of 24 hours A pore pressure response ’
ng" test was oarrled out on all undralned Famt samples and
;sotroplc consolldatlon was not carrled out until a.B value

of at least O 98 was achleved Thls occass1onally requ1red
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uan 1ncrease in the applled back pressure to’ 1mprovedthe
.degree of saturatlon of the sample | |
The next step was. to apply a- cell ﬁressure such that
:for the glven back pressure of 586 kPa or greater the N
_de51red effective. conf1n1ng stress would result When very
hlgh effectlve confwnlng stresses were needed the back
pressure would be reduced from 586 kPa accordlngly The_
reconstltuted samples were, all 1n1t1ally 1sotrop1cally
. consolidated .to an effect1ve conflnlng stress of 800 kPa to
insure un1form1ty They were then allowed to swell to the
-des1gnated overconsolidation ratlo

Jduring the consolldatlon prOCess volume changes were
recorded at’ t1me 1ntervals to enable the plott1ng of a~ l
. consolidation curve_ ThlS consolldatlon curve: was used w1th
the procedure recommended by BlShOp and Henkel (1957) to

calculate the max1mum dlsplacement rate that could be used

durlng shearlng and Stlll ensure full equallzatlon of exceSS"'

pore pressure within the sample.

5.5.3 Static Triaxial Testing

5.5&3.1 Statlc Failure Criteria

- In exam1n1ng the results of test data,'it 1s sometlmes -
dlfflCUlt to a551gn a value to the strength of the. 5011 or |
to dec1de at what p01nt fallure had occurred Max1mum stress

dlfference (5 5 )max is commonly used in practlce 51nre ar

'more conservatlve result 1s obtalned For the majorzty of



< the undrained’tests however, the dev1ator stress did not
‘level 0ff or decrease but contlnued to increase graduall ~—~———
'Fallure, deflned as the max imum pr1nc1pal effective stre ===

ratio 5 /5,')max, clearly 1nd1cated a fallure poznt ancC——————

therefore was adopted to deflne fallure in thlS study.

.5;5.3;2'Static Triaxial Procedureb
Dur1ng statlc loadlng, consolldated undralned and
: consolldated dralned tests were carrled out on undlsturbeaA--~—~
and reconstltuted samples Durlng undralned testlng pore -
cell pressure measurements were taken Ut11121ng an:
:electronlc pressure transducer The applied dev1ator loa&
"were measured by a load cell and an LVDT measured the
_dlsplacement of the load1ng ram. The’ total stress path.
»followed durlng the stat1c loadlng tests was to 1ncrease,  memsnm—
17w1th 6, :remalnlng constant The shearlng of the samples L
.ffconducted u51ng the steps found in Appendlx A where deta1

of’ the apparatus can also be rev1ewed

Sl5.4 Cyclic n;iaklai Testing ' . ¢

K " ! . . . ~

5 5.4, 1 5011 Fa1lure Modes Dur1ng Cyclic: Loadlng

CYClIC loadlng appl1ed to a soil sample usually caus e====————
:2 wolume reductlon of the soil structure (compactlon or
consolldatlon), Durlng undrained condltlons 'an 1ncrease‘ = -
porewater predsure accqmpanles deformatlon of the structur

therefore, tne~effect1ve stress on the samples decreases.

" the soil structure contlnues to-deform, a condition of zer



effective stress could arise.
Failure for a stress controlled test can be defined at
a specified magnitude of strain developed in the sample.

Failure can be defined when the permanent axial strain

reaches a specified valus or the cyclic strain %ec:hesighe

specified value.'Cyclic strain is defined a< T maﬂhmum
Ay 3 r‘ ,'

strain recorded during a loading cycle. For® thmdﬁquOSES of

the laboratory pe&gram, a cycllc straln of 2% wys assumed to

“define failure.

. . J . .
5.5.4.2 Cyclic Triaxial,Procedure

To study the effects of'repeated loading oh the various

till fabrics a cycl1c testlng program was'*nltlaVQo The
sam; es were plafed in convent1onal tr1ax1al equ1pment w1th
rotatlng_bushlngs. Spec1al equ1pment was de51gned for load
controlled cyclic loadlng tests (Plate 5. 8).

Directly above the tr1ax1al cell a Bellofram rolllng
dlaphragm air cyllnder was mounted to prov1de the ax1al |
ioad. An LVDT was connected to the. loadlng ram to measure
axial strain. Tr1ax1al samples were prepared 1dent1 al to-

stat1c sampleslu51ng the proc dure found in Appendlx A

‘1nterval was chosen to be 25 seconds, a
¢

period Whlch would" roughly 51mulate wave oOr w1nd Ioadlng

‘The cycfﬁ

upon a structure. ‘In addltlon this period was necessary to‘

..:“

1nsure near maxamum equallzatlon of pore water pressure.

ga

;ﬁwhen a load cycle starts the timing device opens the valve

and compgessed a1r at ‘a predetermlned pressure is allowed

{,
. R -, : “
o 4 . X . . . N

g



Y 25 second5duratLon_was adopted,

. 5.6 Laboratory Results ‘~f P

53 -

Uaccess to.the bellofram When the valVe is closed the

bellofram is exposed to" atmospherlc pressure and the load

‘qu1ck1y d1551pates. Dur1ng the loadlng 1nterval the cycllc'

Joad;ng,copnr nus kept the dev1ator1c stress stable except

“for m1nor tluctuatlons wh1ch occurred when the apparatus was

used near 1ts maximum (500 kF R capac1ty The electronlc'
tlmer had been designed for testlng w1th very rapld cycllc

loadlng perlods. The 25 second 1nterval settlng was at its

7upper range and consequently the cycle perlod wa's found to

fluctuate +2 to 3 seconds throughout the test program

The pore water pressure response was measured with an’

electronlc transducer mounted at the base of - the cell. .Bor

‘the tills uncer 1nvest1gat10n w1th Cv values from O 5 to 5

in

m?/yr:, response times of- 5 seconds were common. Durlng the

- cyclic loading it was, Lound that 95 %- pore water pressure
-equallzatlon occured w1th1n 10 seconds The addltlon of. free
.ends to the loadlng patterns lS felt to- greatly 1ncrease.”
'response t1me "To 1nsure that porewater pressures could be

Hf0¢lowed closely in- a varlety of tlllS the cycle,perlod of

ki

C
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5.6.1 Unified Soil'Classiflcation'
The N1paw1n Tlll was. found to have a- llqu1d llmlt of

30 3% and a plastlc l1m1t oL 14.6%. The Edmonton Tlll

.. results 1nd1cated a plastlrhdlmlt of 15.8% and a llqu1d
) v ‘
limit. of 30 2%. These‘F@Sﬂdts agree favourably w1th prev1ous

~ work (May and Thomson 1978,,Segoﬁ 1980) . U51ng the UnlflPd

Soil Classification system” both soil‘bare cla551f1ed as CL

1norgan1c &lays of low to medlum pla t1c¢$¢ o
?%V_
5.6.2 Grain Size Distribution' S e

' ‘Figure’5.1 shows the graln 51ze curves for ‘the- 1ntact

rN1pau1n and Edmonton TlllS respectlvely,‘The Nlpaw1n Tlll is
composed of'approx1mately 35 per 9ent sand 47 per cent_;
*s1lt and 18 per cent clay s1zes An X- Ray d1ffract1on test

.ucompleted on the clay fractlon 1nd1cates approx1mately 45

per cent of. the clay 51ze fractlon 1s montmorJllon1te

%he Edmonton Tlll is composed of appro>1mately 50 per?

. /\ .
‘cent sand 35 per cént si\;: and 15 per cent clay sizes.

Pakluk and Bayrock (1969) 1nd1cate that the clay fractlon is-

"composed of approx1mately 40 to. 45 per cent montmorlllon1te

S

'5;6;3'Specﬁfic-Gravity‘

Spec1f1c grav1ty tests were conducted on both tllls

rphe Edmonton T1ll had an average spec1f1c gravzty of 2 65,

*

'—whereas the N1paw1n Tlll had an average bulk spec1f1c

Egrav1ty of 2. 68

.
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5.6.4 Triaxial Results

'5.6.4.1 Strength and Deformation Parameters

The strength and deformation parameters of tills

measured in laboratory experiments depend‘largely upon the

following factors:

1.

® the grain size distribution within the soil and the

composition of the various compcnents:

the existing in-situ stresses and previous scress

* history of the 5011 prlor to sampling;

‘the stress path followed during the testing;

the degree of disturbancedduring sampling; and

’

the presence of planes of weakness such as bedding and

fissures.

Grading curver, of the Nipawin and Edmonton tills are similar

and both.sdil Jﬁhve similar mlneraloglcal c%mp051tlons. The

reconstltuted samples have identical grading and composition

when compared with the intact material, hence this faCtor

would appear to have little influénce on the measured

strength and deformatlon propertles.““ A

V]

~L1tt&e 1s known about previous as' present stresses at

either sampllng 51te, therefore the extent to which this

factor 1nfluences the test results is not known‘ To

eléminate this factor, all the reconstituted tlllS were

w

subjected to 1dent1cal stress hlstorles Dur1ng testlng

identical stress paths were used for all the samples.

Rgi
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The same sampling method was used during the entire
test prog;am‘and it was anticipated that the minimal
disturbance was uniform throughout the sample preparation.
During the sampling operation, if a  plane of weakness'did
exist, the core bgoke at this point._Unfortunately this led
to a testing program in which only the intact and probably

~,the stronger portion of the till unit was tested.

5.6.4.2 Isotropic Consolidation

Four incremental isotropic consolidation tests were
conéucted during the laboratory progrém. Results from an
isotropic consolidation tes* on intact Nipawin Till were
obtained from a previous study, (Sego, 1980). The tests were
used to establish the coefficients of consblidation ana
compressibility characteristics of the various tills. All
sémples-were 2.5 inches in diaﬁeter with the exception of
the intact Edmonton Tlll sample which was 4 1nches in
dlameter. The experimental Cv values versus the effectlve
confining stress for which it was obtained are plotted in
Figure 5.2. The céefficient of consolidation (Cv) of the
tills tested ranges frq&;0.1 to 3 m?/year.

The Cv values obtained are typical of values expected
for glacial tills. All values decrease with increésing
confining pressure. The data is cons;stent, however, it
Should be noted that the_intact Edmonton tilliggnerally had

the highest Cv values and the remolded Nipawin till had the

lowest. The high Cv values rec -ded for the intact Edmonton
2 .



57 .

win

till may be due to sample sige effects. McKinlay, et:Yal.
(1975) have shown that Cv values increase withxincrEasing
sample size in lodgement tills.

Figure 5.3 is a plot of the void ratio versus logarithm
effective stress for all the tills. The compression indices
(Cc) resulting from these experimenﬁs are:

. . Nipawin Till = 0.029;
, 2. Edmonton Till = Q.O31;

3. Nipawin Till #1

0.043; ‘o

4. Nipawin Till #2 = 0.099; and
5. Edmonton Till #1 = 0.098._ o RN
A consolidation test was not performed on an Edmonton

till #2 sample since it differed from Edmonton till #1 .

ple only in'preconsolidated pressure.

op ki

L ,
: The compression index values are of some interest since

they indicate the relative éompressibility of the various N

till micro- fabrics. The two tills reconstituted from a

ékurry h;ve combréssion indices at least two and one half
“times\greater fhan of the intact and remolded gamples. This

suggests that a less compressible structural framework

exists in the intact and remolde&REamples.

-

5.7 Static Triaxial Results



5.4 to 5.10. Dev1ator1c stress and volume change versus

i)
5.7.1 Behavior During Shear

The deviatoric stress versus strain and porewater

pressure versus strain for each sample 1is plotted 1n Figures

(g

P

strain for the drained test are shown in Figure 5. 11

For similar~confininglpressures, the Nipawin Till
samples achieved deviatoric stresses at failure - -that were
approximately dopble the magnitude of the reconstituted » o
samples. Deviatoric stresses for Nipawin Till #1 samples

were slightly higher than those measured for Nipawin Till

E

'#2} ‘The dev1ator1c stresses at. failure for the Nipawin

5 |

o ‘T1ll#3 samples vere ap.mnmately 200 kPa lower than the

Nlpawln Till #2 samples at similar'confining pressures.

| A noticeable difference in porewater pressure response
between the intact and reconstituted samples was noticed.
The intact samples generally dilated during‘shear hlth the
exception of two samples which were tested under high
effective confining stress. The reconstituted samples
commonly contracted during shear, with only the hlghly
overconsolldated samples €Xh1b1tlﬂg dilatant behavior.

' Tables 5.1 to 5.3 show the "A" values at maximum sStress
ratio for all samples shdéared under undrainéd conditions.
The average "A" values for the intact Nipawin Till was
-0.25. The recohstifuted samples have aVerage "A" values of

-0.13 and -0.1 for the remolded and samples prepared from a

. slurry respectively. Nipawin Till #3 samples had an average

"A" value o -0.01. The average "A" valuer exemplify the
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A\
greater degree of dilatant behavior for the intact Nipawin

Till,

The Edmonton Till samples achieved deviatoric.stresses
that were approximately double the magnitude of the |
reconstituted samples for similar confining pressures.
Edmonton Till #2 samples had slighly higher deviatoric
stresses at failure than Edmonton Till #1. Examining Tables
5.1 to 5.4 J‘it can be seen that increasing preconsolidation\

5

pressure for the Edmonton Till #2 samples caused only a

-

sllght reductlon in void ratio and water content Therefore
the materials would be expected to act similarly since they

were reconstituted with identical depositional and stress

1

histories. o

The porewater pressurc response was similar in all the
e

samples tested. Under 1ow effective conflnlng Stresses the

‘bl-

porewater pressure decreases and under effective confining
stresses greater than 400 kPa the porewater pressure

increases during'shearing of the samples. Table 5.1 to 5.3

ST

LR 7
ot §

indicate that all samples had "A" values ranging’from -0.1
to -0.3.

An interesting phenomenon in porewater pressure
response can be obserVed for the intact samples sheared
under high effective confining stress. The porevater
pressure increases during low strains, however at larger
strains a deerease in porewater pressure is measured /

N

(Figures 5.4 and 5.8).
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Considering the conceptual mic-astructure model

MR

R
suggested for matrix dominated tills (Figure 3.4), an

explanation for this behavior can be postulated. During
loading at high confining pressures‘the soil peds would be
compressed against each other. At largevstrains the bond
material will become fully compressed and additional
straining will result in dilation. The strain at which
magimum compression occurs is dependent on the initial
development of the soil peds.

In a{gené}al way, the porewater pféssure responses of
the samples under gh\effectiye confining pressures
correspond to those expected from loose sands. The porewater
ipressure response under low‘effectivé confining preséures is
similar to that of dense san s. |

. - "
5.7.2 Drained Test Results ’

A series of d:aineggﬁriaxial tests were conducted in
order to study the étress—strain and volume chéﬁge
characteristics of the various tills under low confining
stressesk(Figure 5.11). Sample preparation waé the same as
‘for the undrained tests with the exception that volume
'chanées were recorded manually from a calibrated burette.
The samples were all subjected to an effective confining
. pressure of 35 kPa,

Deviatoric,stresses and veclume change characteristics
for the Nipawin Till ané Nipawin Till #2 samples wefe

similar. The Nipawin Till #3 sample had a slightly lower
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maximum deviatoric stress. The Nipawin Till #2 sample had
the lowest recorded_maximum deviatoric streés, even though
it exhibited the greatest dilation. Perhaps the remolding
brocess produces discontinuities which weakened this sample;
The Edmonton Till sample had the highest recorded
maximum deviatoric stress. The Edmonton Till #2 sample nad a
maximum deviatoric stress which was 70 kPa higher than the

Edmonton Till #1 sample.

5.7.3.Strength Data

.Modified Mohr diégrams are shown dn Figures 5.13 to
5.18.}£he Edmonton Till results (Figure 5.16) are
supplehented with data obtained from Medeiros (1979)7 The
diagrams present test results from overconsolidased and
norﬁally consolidated samples. The effective strength
parametérs for the tills will theréfore rely on which
straight line is fitted to the typically curved failure
envelope. The failure envelopes indicate the following
effective stfength parameters: Nipawin Till - ¢=30 kPa
¢=32°, Nipéyin Till #1 - c=20 kPa ¢$=35°, Nipawin Till #2 -
c=30 kPa ¢=32°, Edmonton Till - c=35 kPa $=34.5°, Edmonton
Tili #1 - é=15 kPa’¢=33.5°, Edmonton Till #2 - c=25.kPa
$=31.5°, '

The sqil strength characteristics can be plptted in
different ways to obtain the strength parameters‘fof

geoteéﬂnic§1 design; It is often useful to present the data

SV
i

on a plot Of angle of shearing resistance (¢) versus the



. o

62
;

normal sStress on the failure plane. The effective cohesion
of the tills varies between 15 and 35 kPa. Cohesions of this .
magnitude wbuld only significantly affect the strength
determination at very low stress levels. For this reason,
when'calculating the angle of shearing resistance it is
assumed that cohesion (c') is zero. This allows thgyangle of
shearing resistance to be cale~ulated from triaxial

experimental data as follows:

siq/p (5.1)

i

3

Where: g = (6,'-58,')/2 (5.2)
p=(6"4+6,")/2 A (5.3)

The normal stress on the failure plane is obtained using the

following relationship:

6n = p - (sindxq) (5.4)

The results obtained using this énalysis are presented
graphically in Figure 5.12. . b
Figure 5.12 indicates that the angle of shearing.
resistance of'thé tills testéd'range primarily from 31° to
37°. It can clearly be seen that the magnftgdé'of the~anglé

" "-of shearing resistance .is highly dependent on. the.normal,

stress applied. Higher values were measured for normal
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stresses less than 100 kPa, due to the highly dilatant
behavior sf the till material under low confining stress.
The values decrease with increasing stress until
approximately 400 kPa where they generally level off. As
mentioned‘previously, the intact Nipawin Till was dilatant
over a wide range of pressures and as a result produced
friction angles . greate% than ;O°'up tolngrmal stresses of.
400 kP:. Above 400 k2a the angle of shearing resistance

decreasc.. tn between 31° and 37°..The ¢ values for the

The reconstituted Nipawin Till samples indicate that
remolding or deposition from a slurry appears to have an
“»

influence upon the measured angle of shearing resistance.

,The Nipawin Till #1 samples level off at a ¢ value of 37°

wherezs the Nipawin Till #2 samples level off at a ¢ value
of 34°. The increase of preconsolidation pressure between
Edmonton Till #1 and #2 appears to have little effect upon

the angle of shearing resistance. Both tills level off at ¢

values of approximately 33°,

5.7.4 Stress Paths

In Figures 5.19 to 5.24, streSs paths are plotted for

. consolidated-undrained experiments the intact ang
‘reconstitUted samples. In éddition, the failure ehvelope'.

defined at maximum‘stress ratio is superimposed on the

plots. Some scatter in the data will be seen in the early

ay

Vyviky
-kPa. ! : Ay ,
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stages of several of the tests but this apm~'rs to decrease
as failure ‘s upproached.
| The streus paths clearly show a marked difference in
the shape of the stress' paths as the effective confining
pressure increases. Under low initial confining pressures
the'porewéter preséure decredses and fhe effective confining
.. stréss increases. As the initial confining stress increaSesD
contractual Zehavior in the samples becomes increasingly
apparent. The increase in porewater préssure*results in a-
lowering of the effectiQe confining stress as the sample
fails. |

‘The effectivé coﬁfining pressure for the
overconsolidatéd samples continues to increase during shear
until the stress path reaches the failure envelope. After
maximum stress ratio has been attained stress paths
follow the failure éenvelope closely. In the normally
consqlidated samples, however, the effective confiniﬁq_
stress component decreases until Ehe stress path approaches

K

the failure envelope, and then the effective confining -
P _ : o

stress component suddenly increases. The .peak strese ratio

.

is achieved soon after this occurs.

5.7.5 Laboratory Young's Moduli
‘The Young‘s Moduli versus deviatoric stress for each
sample is shown in Figures 5.25 to 5.30., The Young's Modulus

is defined as, the tangent: modulus at each poin- - ong the

¥
~

deviatoric t¥fess versus strain curve. Since tn. initial
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Young's moluli are calcula. ~3 at low strains it is probable
that bedding errors ‘caused by the use of free ends (Section
5.5.7) would significantly influence the calculated. values.
For this reason the initial modulus values were not plotted
on the ‘figures., :
The Nipawin tili-samples remain st;ffer to a higher
“deviatoric stress than Nipawin Till #1 and #2 samples., The
modulus values of Nipawin Till and Nipawin Till g2 samples‘
are highly dependent on the confining stress applied. The
modulus values for Wlpew1n Till #1 samples are similar fgr

~

‘all confining stresses. " \

Till #2 sar 'es lesults in higher overall modulus values
when comDartd w1th the Edmonton ‘i1l #1 results.

-,

The tangent mﬁdulus versus deviatoric stress plots are

»

- useful in delzn ;-1ng the tf&l S mlcrostructure. The

2 - \ -

stlffness of a 111 with an 3pen matrix: structure is

Fite

dependent on conflnlng stress whereas the™ stlffness of a

B

closed matrlx_structure is not”as sensitive to changes in
confining stress. As expected, the stiffness of a till
increases with increased conso'lidatio%i(gressure.

. . u‘.;

hd
?

&

&

(20"

Ed
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;appllcatj ‘gures 5.31 to 5. 33 s

-clearly, the data was manually red
read1ngs Qaken a

) ,s1gn1f1cant change

5.8 Cyclic Triaxial Results

5.8.1 Behav1or Under Cycllc Loadlng m
hAll samples were consolldated to.an eftectlve conflnlng
pressure of 800 kPa and subsﬁguentl§ subjected to a max1mumx
deniator stre“s of . 50 or. 80 of - the maximum falluremstress
obtained durlng statlc tests of 51mllar materlal
In order to apprec1ate fully the 51gn1f1cance of the

results 1t 1is useful to study the effectlve stress straln

and porewater pressure responses durlng the cycllc load

_the effectlve stress

h

o

paths for amples,tested To-p ht the test results “

@h ng the load 1ntervals I

* e

L)
a~ v

””1n behav1o§ occurred many data p01nts
- s &

-Wwere chosen but ghen the behav1or stab1llzed data p01nts cw
g

. ’
i o

‘gwere chosen at larger t1me 1ntervals Flgures 5 34 to 5 36

NERN

’:show porewater pressure versus number- of load cycles.

J B

Figures 5.2 to 5.39 show cycllc strain response versus

b ) -') .
number of load cyoles. The data presented~oorresponds to the
L)
cycle’ 1ntervals chosen for the effectlve stress plots

-

contained 1n Flgures 5.31 to 5. 33

IS

,R/COmparlson of the stress paths followed in all the

-eXpe{}ments prov1des an explanatlon for thelr behavior '

L
durlng repeated loadlng ‘The most obv1ous.d1fference noted’

- was their posltlon relatlve to the strength eqyelope;

Pre&ious work showed that when the stress level 15 below’ o -

T L ’ ‘ oz .

; gggi\selected p- g , xgiﬁ,
v R ) & (o

egions where f'
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some critical value, nonfailure equilibrium'will be
. . i

attained. Above the critical value failure occurs angd each
€
loading cycle leads to further non- recoveraple straln s

(Anderson 1976; Mitchell and King, 1977).
\/—"?\‘

5.8. 1 1 Normally Consolldated Samples N

The normally consolldated samples showed the greatest

L ‘.' »‘:f' r
stress path migration durlng repeated‘loadlng The mlgratlon

W,

dlrectlon 1s 1nd1cated by an arrow on the F1gures The

.‘ o % :
oom gmatlon was accompanled by a raplg increase in cycllc
¥ : -. G s

stra?%"and porewater pressure as 1llustrated rn Flgures 5 34

:‘7 4, ‘1. .

fé
(‘i tO 5. 39 S

‘Stra;m End porewater pressure gf the 1ntact N1paw1n

)
r
aen @

'C‘ 4.‘ J &'> h
T1ll Samples 1ncreased rapldly upon repeated loading The
-ﬂsample falled after a few cycles and contlnued to. straln
<y \D

"ntll approx1mately LQOtcycles At this p01nt the strarp

- ﬁeveled off at 7%, The, porewater pressure contlnued ‘to
_dncrease untrléapp‘gilmately 200 cycles. The stress path’
%

again a ears to i rate towards the stren th envelope and
PQ gl g

e

then to’ eome to equ111br1um close to 1t° After the 1n1t1al

-
a

X
'deformatlgﬂ' the sample stab1llzed and no further stra1n1ng
v

was regorded ~It is. Lnterestlng to-note the rapld 1ncrease,u

" -

in straln that occured éurlng the 287th cycle (F igure 5, 37)

The Sllp was assoc1ated w1th a sllght 1ncrease in pore&ater'

. "». J}:,. . . b
pressure. y o
s

N1paw1n 1 #1 samples were subject to cycllc loads of

approx1mately 50% and 80% of stat1Cofa1lure stress. At 80%

67
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of max imut fallure stress the porewater preSSUWe 1ncreased

~ < e

dramat1calLy w1th the first few loadlng cycles.

. j‘\\(“

2
&

Consequently, this caused.a large migration'of the effective
stress“path towards the failure envelope. Surprislnglyf the
. ZF & :

[

sample'only experienoeh approximately 1 % strain during thic®

~perlod The sample failed (straln >. 2%) at 54 cycles. At |
o approx1mately 200 cycles the strain and porewater pressure‘

f?leveled off. Thls was accompanled by a general decreéseiin

.h“ifsrpath m1grat1on untll a state of equ111br1um was

lgattalged In Flgure)§ 32 1§qappears that tis" stress path
had mlgrated to or very near the strength farlure enveloped

o : - N

w "y t 50 of statlc fa1lure stress the stress paths
shoéhd ‘a slight mlglatlon 1n1‘ét1ally‘t h%rever :equ1llbig§%g

W

\_1]

S

was,reached at approx1mately 200 cycles It 1s 1nterest1ng 2

JD

to note that aﬁter ‘an 1n1tq?l deformatlon of less than_-%
W I K

the straln leveled off even thougb the porewater pressure

fﬁ

nfreased gradually and leveled off at. approx1mately 200
-les. The stress applled to this @ample was apparently

below the cr1t1cal value and fallure did not dtcdr (Flgure
5 32) § -{,’7:'““.' ,‘ ‘4 v . ‘ i . [
The N1paw19 Tlll #2 samples showed a rapldy
Fs

deterloratlon under repéated loadlng The stress path

* N

quickily mlgrated to the strength envelope (Flgure 5 33?

~--,accompan1ed by porewater pressure 1ncreases and large

.stralns,(Flgures 5.36 and 5.39). The‘sample failed after a

few.cycles and deformation continued until the test was
terminated (Figure 5.39). Obviously cyclie loading caused;a

o~ P



1. 2 Overconsolidated, Samples .
l\, ;A,. ll'g ¥

At an overconsolidation ratio of 4, the stress paths of

the Nipaw1n Till #1 samples mlgrated rap1dLy to the strength

envelope. At 80% of fallure stress the samples falled at

approx1mately 20 cycles Initially their pore pres ures

W

lncreased sllghtly but soon leveled off.
. T . o .
At 50% of fallure stress an, 1nteresting"observatioﬁ“was

made ‘The Stress path. mlgrated to chg strength envelope and

[ R

teaq@:d equ111br1um at or close to it. The - cycllc straln e

- o v (.
e qu1ckly_rose to 1% and $éma1ned stable untll approx1mate n& e
: A

'280 cycles. At thlS 901nt the porewater pressure decreased N W

rapldly. The sudden decrease 1n porewater pressure was L

accompanled by only a Snght fluctuat1on in the strain

response +An error in the porewater pressuremeasurlng system

ig th; probable ‘cause for’ thlS phenomenon

At an overconsolldatlon ratlo of 10 the Stress paths .

¥ quickly reached equ111br1um At 80% of fallure stress thq e
.porewater pressure increased slightly then began go

decrease. The strain 1ncreased and levelled off at -
Wapproximately 1.9% The sample stress at 50% of farlure
Astress showed a sllght dllatfon and equ'lﬁbrlated at g ' /

approx1mately 1 8% straln..dyif ﬁ’

N1paw1n Till #2 Samples w1th overconsol:datlon ratlos “

of 4 and 10 surprlslngly‘showed llttle effect of repeated

Y

loading, Both samples showed little pore'pressure response



e

stralned 1mmed1ately to.
,_ !._{ . -

he o

wy . 3

1.85 and 1.7% for ‘overconsolidation ratios

and strains of of

~

10 and 4 respectively. .

The intact Nipawin Till sample with an .

overconsolidation ratio of 4 was unfortunately subjected to

The applied stressiwas
. | g

of the failure stress and the sample

. . B

quickly strained to failure.

an erroneous deviatoric stress.

¢
greater than 100%

~
It 1s interesting to note
however the lack of response in porewater pressure and the

resultlng relatlvely small migration. of the stress path
/ S .

toward the failure envelope. o , ' I
, ) S,
v The sample w1th an overconsolldatlon ratlo of 10 again

”:loads The sample- e

.
- N ., . Y
.

y 5. 6%uand'then

Q

.

stab111zed It appears tha thls sample dlso was stressed

beyond the required 80% of fallure stress

. ’ v 7-"\ a

\:A ) "' "
5}8f2'pehavior after CyClic-Loading

~ Anderson (1976) found that. cycllc loadlng accompanled
xm
by dralnage will 1nfluence the stlffness of a soil and its,
; ,
resistance to s sequent cycl%? loadlng For the, long term

condltlon, cvcl1c dlsplacements may_%ecrease for a nprmally

]

For overconsolldated clays howeyer,

consolldated clay the .

/
long term effect may be 1ncreased cyeclic dlsplacements and

s TR

]

reduced stabzllty
To study the long term effeots'of cyclic loading on

tills a static triaxial program was initiated. When a sample

‘had reathed‘nonfallure equilibrium during undrained cyclic

-
-
f ES] . -— ~
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loading, the ~drainage valves were opened and the porewater

preséures were allowed to d1551pate NDralnage was allowed »
for a m1n1mum 24 hour perlod and léngeYAlf requld%d
Subsequently the sample tas sheared=under undralned

»

conditions. The deviatoric stiegséversus strain and
5(" , “ ‘ .
porewater prefsure versus strain f&r each sample 1is shown in

’

l
Flgures 5.40 to 5.42. The p q“plot\of the data at fallureuls

Lflustrated in Flgure 5. 43 e

e

«

7

“5:-’

A“coMparlson of the magnltudes of dev1ator1cistresses,,,

at szmllar conflnlng pressures indicates that cycli¥c .lqg
has llttle effect on” the magnltude of dev1atorlc st,
fallure The plots show . howevef? that the 1n1t1al stlffneSS
iggfihe cycllc Loaded samples is greater - than observed in the
statlc loaded samples. Th1s result was' ant1c1pated since the

cyclic loadlng had already stralned the sample to some

extent. '~~'.; o ) , .

The deviatoric stress straif cu¥ves indicate an' %
interesting behavior. When shg§red under high conflning.

-»
stresses the samples exhibited a” qua51 elasto- plast1c

behav1or. Once a certaln dev1ator1c stress level is reached,

the sample undergoes plastlc defgrmat1on w1th llttle chamge-
4 . !

in dev1ator1c stress. o 7

<

The data _suggests that CY"llC loading- had little effect

R
upon the strength of the. N1paw1n Till #1.or N1paw1n Till #2

samples, N1paw1n Till #1 samples showed no change in .
effective angle of shearing resistance and a sllght

redudtlon'ﬁn cohesion. N1paw1n Tlll #2 sample showed a

N

i

L]

N



&

”sl1ght reduction in angle of shearlng resestance from

2 31.5° after cyclic loading (Figure 5.43). Th agrees

the work of Anderson (1976), who found that f ~
~

-overconsol1dated Drammen clay samples c' and ¢' were

mpslgnlflcantly influenced by undrained cycllc loading.

b
';greater sand content of the“ﬁdmonton tlll classes 1t as a~

e

W

N
o
DY #

5;5 9wD1scuss1on of ResultSv‘

o,

Frpm the graln 51ze cuqﬂﬁs and Atterberg Limits,

3
u'

»

%comp051tlon. The N1paw1n Till is a claye &y sandy 51lt

o -'r‘ (2

9

matrlx domlnated tlllS and the matrlx mateglal should

dominate - the englneerlng behav1or.

The scannlng ele@tron m1crographs showed that the

,
[

‘not

<

a‘.‘

it

Jappears that the Edmonton and N1paw1n Tills are 51m11ar in

The

;clayey salty sand The mater1als can both. be cla551f1ed as

re

:matgﬁx in the 1ntact and reconst1tuted shérry,samples had an

open‘fabrlc that would be expected to collapse upon loading.

The remoulded samples had a closed fabrlc that would be

expected.to dilate. During the tr1ax1al testlng program, the

K}

intact samples showed the greatest dllation and little

dlfference in porewater pressure response was notlced
PR T )
between the remoulded and slurci ed samples./

P

-

The tr1ax1al test results however support the theory of

a structural ped framework w1th1n matrlx dominated tills

£

(Skction 3.1.2). The soil peds act as 1nd1v1dual partlcles

that tend to dilate under low conf1n1ng pressures. The range

k B



‘ 4 1
. ‘a:;\ . . 7&3/

of pressures under which dilation occurs is dependent on the
integrity of the individual soil peds. When comparing intact
with'@hmoulded,materials it was noted that they exhibited

dilatant behavior over a wide range of confining pressures.

~ The effect of the so0il peds can be readily seen when

AR Y
2

. examlning the porewater pressure,%esponses in Figures 5.4 to

5.10 and the angle of shearing resistance values in Figure

-

5.12. At normal stresses less than 100 kPa all the samples

. \':

5fd11ate and angles of shearing re51stance of 43° to 50°'aﬁé

e o
El
"
B

. O a Y N4 .
‘.~r‘.‘f.7"# N ¥ 4

recorded

P

At higher confining;pressures dllathn is surpressed e

and the strength of the- tlll is 1ncrea51ngly controlle%ﬁbyﬂ'ﬁ-

fhe clayey silt matrlx materlal Scanning Electron Lo

Microscope observations 1nd1catedithat the fabric of the
Nipawin Tlll and Nipawin Till #2 samples were very similar.

At high confining pressures both materials exhibit anglés of

~shearing re51stance of approx1mately 34°, The Nipawin Till

R samples, with a ‘more closed fabric, attalned angles of‘f

.A.,S.M‘ ,

wh"fshearang re51stance of 37°. In addition the cyclic 1oading

-~

results show that at high confining pressunes the N1paw1n

AN

.and Nipawrn Tlll #2 samples qu1ckly strained to fallure

- 2 * |1y
accompanied by large increases in porewater pressure.iThe~
f -

Nipawin Till #1 sample leveled off at 3% strain.
ﬁThéjtriaXial‘teSt results indicate that the behavior_of
a glacial till is largely dependent upon theuconfining

pressures to which it is subjected. Under low confining

pressures, the soil behavior is largely influenced by‘the

xS . ’

)
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Ay
B oo
: . .‘,},%

integrity of the structural ped framework. Under high

confining stress, the fabric of th ﬁﬁ&&kix'material plays an™

-

G@increasingly important role.

‘When comparing the intact with® M reconstituted tills

another 1mportant/d1fference was observed. The consolldatlon

data indicate that theéﬁﬁ%ucture of the 1ntact samples 1s

con51derably less compre551ble than the structure. of the

reconstltuted materlals. The Young s ﬁodulus values and

v1sual observation of the dev1ator1c stress straln curves

also indicate that the intact samples are stiﬁfer than the

reconstituted samples. Relating these obser&giions to whe -

soil model proposed in Chapter 3, the results would 1nd1cate

that the structural ped framework is developed to' aihlgher
'_degree in the 1ntact samples. This results in a stiffer ' -

framework within the %soil that is less compre551ble

The degree to which 5011 peds are developed 1s largely
-dependent on the ¢ ount of consolldat1on that has occurred
Since dralnage in ti.z bond material %s controlled by micro ’

, s
pores, sécondary consolldatlon in the matrlx material plays -

v

an important role in the development of soil. peds. » v
» ?- N e
The reconstltuted samples were 1sotrop1cally « L .
- . » — s Lo ! v

Lconsolldated in the triaxial cell for. a minimum, perlod of 24,
hours. Even though excess porewater pressure could not be
monitored on the pressure transducer ‘it 1s llkely that

secondary consolldatlon was not completed The structural

peds- framework would therefore not develop to the same

. e

- degree as the intact materlals.'

-



S
)1 )

'sﬁle conﬁlguratlon of the structure stherefore developlng

O3

-s
~-
. e

-

s N
Bjerrum and Lo (1963) showed that, even for clays }hat

did not show appreciable secondary consolidation effects,
their shear characterfstics were dependent on the iﬂ; of th(\
sample and with time the clay became more brittle. They )
stated-that the effect of time on soil samples;couldlbe
expialned by the grow1n%_of cohesion bonds at the &ontact
points between particles. These bonds lead to & greater
resistance against shear deformation; but were ‘gradually

destroyed by increasing strain. The reductlon of water

content during secondary consolldatlon leads to a more

;1ncréased strength and a. reserve of re51stance aga1nst

further compre551on (Whltman 1960 and Bjerrum, 1961).
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Figure 5.4 Stress-strain curves for Nipawin'Till
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Figure 5.5 Stress-strain. curves for Nipawin Till #1

20



DEVIATORIC STRESS (KPR)..

200

PUP. (KPR)

1100

750

600 800 1000

400

84

400

v
f,
(}
3
(B
Q
s

-
I  LEGEND
% Sloups = 1 KPR NIPAWIN TILL #2
+ SIGMA3 = 188 KPA RECONSTITUTED
F A  SIGMA3 = 99 KPA FROM SLURRY
y - S .
[ T —
4 8 12 . 16

ENGINEERING STRAIN (%)

Figure 5.6 Stress-strain curves for Nipawin Till #2
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Plate 5.1 Con?:\iete Coring Equipment
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Plate 5.5 Details of 15 cm Oedometer
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Plate 5.6 Bottom Platen of Triaxial Cell with Free Ends
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Plate 5.7 ‘Cycli‘c Loading Apparatus



6. DISCUSSION AND CONCLUSIONS

6.1‘Introduction

The effect of fabric upon the engineering behavior of
glacial tills has been examined. Scannihg electron
microscope and laboratory studies were conducted on intact
and reconstituted materials to evaluate this influence.l

The research has resulted in a better understanding of
types of fabrics found in glacial tills and their influence
upon engineering.properties. The following sections

summarize the major findings.

'6.2 Scanning Electron Microscope Work

The intact fabrics of the Nipawin and Edmonton‘Tills
are clearly best represented @y the samples reconstituted
from a slurry. Consolidation from a slurry yields a material
whicﬁ displ§ys a very open stfucfufe not unlike the collapse
structures found’in'glacial ablation tills.

Observations of the bond material surrounding the sand
.clasts and coarse silts of both the intaét and recdnstitdted
tills indicated that the bond material is more compact in
the intact samples. ; | |

| It is probable‘that the reconstituted samples were not
held at the required preconsolidation pressure for a .
sufficient period of time to allow a similar aging of the
bond ﬁaterial to develop. Considering the clayey silt nature
of the bonding mate;ial it would seem likely that secondary
_ - L
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consolidation is required before the bonds become fully

developed as observed in the intact material.
6.3 Laboratory Program

6.3.1 The Use of Free Ends

During the laboratory testing program the following
observations were made:

1. Visual inspection of the samples indicated that the ends
expanded and "barrelling" was reduced.

2. Uniform results were obtained an8 the samples appeared
to be more stable.

3. Strain distribution;and pore water pressure response
were sétisfactory even during cyclic loadir

These observations indicate that the stress di: Jtion

within tﬂe samplés was moré uniform with free ends when

compared to fixed end testing.

During‘the testing program, intact Nipawin Till
strength results were compared with results obtained during -
a previous study using conventional fixed ends (Sego, 1980)..
No difference was found in peak strength values,_however the
highly overconsolidated samples exhibited a less brittle
behavior when free ends were used.

It is wideiy recognized that when testing brittle dense
sémples of ciay or sand, free end tests result in a general
plastic failure instead of failure along a single slip zone

imposed by the boundary condition of the conventional test.
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The formation of multiple slip zones increases the
likelihood of measuring a representative pore pressure and

strength for the material.

6.3.2 Influence of Fabric on Engineering Properties

The scanning electron microscope observations and grain
size distributions have shown that the Middle Nipawin and
Upper Edmonton tills are matrix dominated. The engineering
behavior of these materials is, depending on the confining
stress, controlled by the clayey silt matrix or the soil ped
framework.

The sand and large silt grains contribute to the
strength of the material by acting as nuclei in the
formation of a structural framéﬁork_composed of highly
consolidated soil peds. During consolidatioﬁ the arching
~effect of these soil peds results in the formation of
pockets of less compressed matrix material.

When a load is applied‘under low confining pressurés,
the highly consqlidated peds act as individual particles and
dilation occurs. The degree of dilation thaﬁioccurs is

vdependent on the degree to which the soil peds have
developed during both primary and secondary consdlidation.'
At high confining stresses, the peds are not allowed to
dilate and the strength of the soil is controlled by the
clayéy Silt matrix.

The contribution of the soil ped framework to the

strength of the tills tested is observed in Figqure 5.12,
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Under low confining stresses the ped framework dilates and
angles of shearing resistance gfeater thaﬁ 40° were
measured. At greaterhconfining stresses the strength is
increasingly conttolléd by'the matrix material, and angles
of shearing resistance decrease to between 33° and 25°.
Considering that the clayey silt is compésed of angular silt
barticles and that rock flour is a component of the clay
fraction, these angles are considered reagonable.
6.3.3 Behavior under Cyclic/Lbadihg

The characteriétic behé&ior observed was a general
tendency for pore pressure increase which caused a migration
of the stress‘path towérds the failure envelope. Curiously
when the samples reached the failure envelope, increasing
cyclic strains usually did not occur, .instead the sample
reached a state of equilibrium with little chaﬁge in
porewater pressure or in strain. Steady sté;e behavior has

been observed when the applied deviatoric Sstresses were
below some critical value.lDue to the limited number of
tests performed, the cri£ical value was not established.

The structural difference between Nipawin Till #1 and
#2 samples is indicated by the test results. The differences
cén?best be seen with normally.consolidated;materials since
- fhe material behavior is largely controlled'by the matrix
material. Largé_cyélic strains were recorded for normélly

.consolidated intact Nipaw{n Till anc ‘ipawin Till #2

samples. Normally consolidated Nipawin Till #1 samples
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’

however leveled off at considerably lower strains. This
behavior ié supp6rtéd by the fabric observations reported in
sedtion 4.2, Both the intact Nipawin Till and Nipawin Till
#2 samples have an open'fabfic-whereas Nipawin Till #1 has a

closed, less compressed fabric.

6.4 Conclusions ‘

The microstructure of matrix dominated.tiils cons;sts
of two components; the matrix and soil peds. Under low
confining stress, the soil peds dilate and the.matrix has
littie influence upon the engineering behavior of the \
material. At Higherlconfining préssures the dilétion'of the
soil peds is supressed and the matrix increasingly
influences the behavior. Secondary consolidation is an
important factor in the development of soil peds within thé
"soil.

When examining glacial tills with a Scanning Elegtron
Microscope the two fabric units should béfexami&@d in order
to’ judge thL strengﬁh of the till over a wide range of
stress conditions. The soi} ped framework can best be
observed in a mosaic of detailed micrographs covering a
large portion of the sample. The matrix fabric can be
studied using individual miérographs. Micrographs can also
give an indicatioh of depositional processes which may be
useful when~;orrelating £ill deposits.

The data shows that the confining stress subjected to a

till is an important consideration during design. Due to the
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ped framework, the angle of frictional resistance is highly
depeﬁdent.on the effective confining pressure or the normal
stress on the failure pléﬂe. When heavier loads are
anticipated, the decrease in strength should be considered.

Reconstitpped samﬁles are useful in sfudying the a
engineeripg behavior of different soi; microfabrics and can
be used to indicate the strength parameters of intact.
materials. They should not beAused as a substitute for
intact materia}s sjnce depositional featqfes such as

fissures, shears, and micro faults are not present.

6.5 Recommendations for Further Study

A total fabric study of a glacial deposlt should be
undertaken. The 1mportance of various micro and macro
.features throughoutha.depOSit should be noted. Comparisons
between laboratory, in—sipu, and electron microscope data
Qould erovide a basis for interprefing the'resqus of
Standardlstrength tests in terms of the large scale behaVior'
relew - to foundation design.

The effeet of post—depositional processes, such as
freeze-thaw and dessication, on the fabric of a eoil should
also be studied. Marsland (1982) has suggested that micro
shears~are the .result of freeze-thaw processes, Micro
discontinuities may provide inherent sources of weekness
'.along which larger d@seontinuities can propagate. These
processes should be studied to establish their influence on

the strength and deformation behavior.
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zero deviatoric load to be recorded on the data
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Shear Testing .

The shearing of the sample was conducted using the
owing steps:

Thé‘loading ram was allowed to come in contact with the
load cell attached to the reaction frame. This allowed
acquisivion fecdrdef. »

The movable loadingfplaten of the testing machine was
now adjusted to bring the sample in contact with the
loading ram. -

A small seating load was applied to ensure contact. The
LVDf (linéér‘variéble diffefential_transformer) was
adjustgd to its zero position for the experiment.

The displatement.rate determined fqu‘thevconsolid&%ion
test.foﬁ this sample st set on the méchine.

The zero parameter pressure, LVDT, and loaa cell .

readings were recorded.

The machine was started, thus applying a constant rate

v

;Qf defofmation to the sample.

At appropriate time intervals the load cell, LVDT and

" porewater.pressure of the sample were recorded.

"The loading of the sample was continuec until the sample

had undergone a large'strain, i.e., greater than 8% or

- the more usual case until the resistance of the sample

Lo .

100

had begun to decrease.

this point the loading was terminated.

' o

LR : ) : : .
The sample was discaonnected from the pressure systems
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and the volume change device.
.11, The cell was dismantled, and- the sample removed. The

failed shape and dimensions were determined.

Y

|

12. The total spec1men was now. used to evaluate the final

moisture content of the sample.
A.q Experimental Errors and Their Influence on Test Results

A.2:1 lhe Effect of Piston Friction

A small force is required to overcome the friction
between the‘loading piston and a rubber 'Quad-ring seal at
.'the top of the triaxial cell. The friction was‘so minute

thﬁt the loading ram would slide'through’the ring seal under

A:.2.2 The Effect of Filter Paper Drainage Strips
No direct experimental evidence is available on

7kcorrections to measured Strengths for the effect of

o ﬂéontlnuous slotted filter paper strips coverlng the entire|

31

specimen. However, Blshop and Henkel (1962) investigated the
effect of slotted Whatman's No. 54 filter paper strips
coyerlhg half-the surface of the specimen Olson'and Kiefer
(l963) made 51m11ar 1nvest1gat10ns u51ng Whatman's No. 1 and
No. 50 fllter paper. S1nce contlnuous slotted fllter paper -

[J

strips were used in this 1nvestlgatlonr ‘the results of

J‘v

" Bishop and Henkel were uﬁplized. Bishop and Henkel concluded

that the measured compressive strengths were about 0.



A.2.3 Effect of :Rubber Membranes

'small in thls 1nvest1gatldn.

149

kg/cm? higher than the actual, for total axial strains

larger than 2%. Rer this investigation the correction for
continuous_strips would be insignificantly small and

therefore were not applied.’

D

3
L2

Henkel and Gilbert (1952) investigated the effect of
&

the rubber membrane on the measured strength of triaxial

speC1mens of 1°1/2 inch dlameter. U51ng the theory of

-

elasticity, they developed a method for c(lculahan the

L)

correctlon' the method assumﬂd that the membrane was capable

>

of taking compression . :d t.. t the sample deformed

e

uniformly. The correction, &r, to the measured strength yﬁgléﬁ”'

givenvby: ‘ ' ‘ Q: o ‘g?ﬂ

| . br = ~dMe,/Acorr' ‘ ' ‘u.!kA.1)
where:. o | o »ﬁ;wj?;f
d =.initia}faiameter of the specimen N

M = compre551on modulus of the rubber membrane per”unit
w1dth
e}‘; axial strain o o -

th.cﬁrr =", corrected area of the speC1men at axial straln‘e\.

Fa

Subsequently, Duncan (1965) derlved an expre551on for
REN . o)

sthe correctlon':whlch.took 1nto%account changes in area of

the membrane. In elther casey the correctlons were qulte
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A.3 Equations for Cross-sectional Area. of Specimen

The cross-sectional area of the specimen at the end of -

consolidation was computed from the equation:

L™y

B ‘ ’ CD
Ac = (Vc)L / Hc = (7t --V)L / Ht-aH (A.2)

' 4 s Ay .
whire A, V., and H refer to‘thg area, volume and height of
the speéimen and the subscripts specify either conditions
. EN ’ .

_}after trlmmlng (t) or at the end cf,consolidation (c). The

:“ehange in volume (av) and change in helght (AH) were

n in the triaxial
v"cell.v : ﬁ.a»u’;h ©
In some tests where the:measurene of aH proved to be
1naccurate, the cross-sectional area was calcu%gted in a -
dlfferent manner. Equat10n~(A 2) can also be written as:

| :AC = (1—AV/Vt) / Ht T (1-AH/Ht) - (A,3)
.ktheteforr

Ac

A%(1—év)/(1—E,)' - f. _. 1'(A:4)

where En and E Qare the volumetrlo straln and. anlal straln
at the end of consolldatlon.,For$an 1sotrop1C'5011'under\a*
dﬂhydrostatlc stress system E,is_eqdaiftd Ev/3. Suhstitutionl
inm equa&gon (A 4) glves ~ :"“/..l f e .4:

' ; - A = A (1—3E )/(1%& ) All. 'e' E - (A, sr’
~~Although the relatlonshlp used here between the axial ' |
.stra1n and volumetrlc strain is a USetul concept‘ Lambe -

(1964) has shown that the relatlonsh1p is only an® CE L

,,«'Q, .
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approximation since the stress history,

soil structure, and,

other factors can affect signifiéantly any theoretical
relafidnship between ~xial strain and volumetric étrain
| The cross-sec:ional area of a specimen. at a’ gé en
strain was cc. i on the basis that the spec;hé%# deformed
uniformly with no change in volume (Bishop a?g

nkel
1962) : . g ‘ '

L
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