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ABSTRACT

Mechanical shales, such as Queenston Shale, have a ‘teudency

¢

to deteriorate rapidly when éxposed to the elemeﬁts, and thus,:
are poor foundation and building materials. 1Ia fragmented condi-

tions, their shear behaviour resembles that of sand.
' -~

Large-scale triaxial tests were performed on fragmented

Queenston Shala. CID compression tests were performed on.natural

and weathered specimens of cthe shale, 1in saturated and dry

states. The shale was found to be resistant to weathering and
acid treatment. Weathered 'material had more or less the same
shear behaviour as the natural material. Saturated material

had a 10 to 30 Z .lower value in shear strength ( in terms of

deviator stress) when compared to dry material. The-differ~
ence 1s attributed toq increased graln Dbreakage as a result

of Jdnternal forces created by saturation. The shear strength

-

of saturated,';dwdéred bueenston.Shale-was 60 % lower than the
shear streggth bf saturated fragmented maéeriél.; The saturated
ﬁhear_stre;gth'of the powdered Queenston Shale is believed to
_ be ‘the same as the dry shear.strength. Saturation appears>to
"affect Ehe volume,;hange component of the shear strength 'and not

the pure shear one.

The elastic parameters, X and ¢ were determined from the com-

-pression tests under monotonic_ loading conditions. The shear

nodulus is dependent on the mean normal .stress and is the same for

saturated fand dry casesf:. The bulk wmodulus is constant for all

types of the material,
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-

The tangent modulus parameters of fragmenced Queenston Shale
. -

were calctlated from the test results. The parameter B is. approx-

imately zero, while the parameéer a is diffe;eﬁt for;dry and satu-

rated conditions. o

’l
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NOTATION
Since much of the equipment used .in this study was cali-

brated in Imperial -units, most S.I. values used in this text are

soft conversions.

2 initial croés—sectional area of specimen
AW ' acid treated.épecimen
b grain shape factor
Cu  coefficient of uniformity . _J
D ' initial diémeter_of\sPecimen
e .vo}d ratio
e, initial void ratio
E. Young's mddulus
Fj intragranular force
in compoﬁént of intragranular force in the z direction
G shear modulus .
)24 depth of a layer | '
I ' invariant of stress
J invariant of principal'stresé
K bulk modulus N
Kc " stress ratio
o modulus number
T oM tangent mpdulus
M ‘compressi;n modulus of rubber
n_ surface concéntration -

. N _ normal component of contact forece

N dry natural specimen



25D

25W

. : ~
saturated nmatural specimen

2
applied stress

1/3(61+d +63f

reference stress

-

contact force

dry powdered specimen
drf powdered speciden
(o)-¢;)

friction force
folling stress

tangential component of contact forece

vdiSplacemept

specifiec volume -

water content

coordinate axes (z-vertical)

dry weathered specimen

saturated weathered specimen

stress exponent

shear strain

vertical settlement
strain

major principal strain
minor principal strain

axial strain
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oct

rt

oct

dry

B ® ®m W\

sat

volumetric strain
éevi;toric straiﬁ
slope of failure line, normal consolidation liné
Lambe's constant
coefficient of fricﬁion
Lambe's counstant
Poisson's fatio
normal stress
confining stress
mean notrmal stress
major principal stress
minor principal stress
major hrincipal consolidation stress
minor Principal consoiidation‘stress
octahedral normal stress
shear stress

octahedfal shear stress
angle of internal friction
diffraction angle

: ﬁngle of‘internal friction for dry condition

angle of intermal friction for saturated conditions
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Chapter 1
Introduction

1.1 Dbjective

Apo}oximately 75 % of all Tocks exposed at the'surface of
the earth are sedimentary.‘ Shales scomprise a large portion of
these outcrops, and are encountered in many large scale, civil
engineering projects. Construc:ion in such areas results in
foundation work in rock of unreliable strength and unpredictable

deformadbility behaviour. .Constrd%zion involving .rockfill derived

from shale materials experiences similar problems of uncertainty

with respect to design parameters.

The purpose of this study is to establish the stress=~strain

and strength characteristics of a fragmented mechanical ~shale,

Queenston Shale, as observed in a iarge conventional triaxial‘test
Eapparatus. These parameters should be useful for the analysis of
stabilicy and deformability of rockfills composed of this or sim-
ilar materials.

1.2 Definicions

Mechanical shales are formed by the compression of sediments
originating from the preducts of the breakdown of pre-existing
rocks. The classification "mechanical shale” refers to the major
trend in the compositon of the rock and needs not lmply that
mechanical shales are entirely without some cementing materials
(Pettijohn 1975). Mechanical shales are weak when compared

to cemented shales and igneous rocks, because the bonds of the
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former are not as strong as the crystalline bonds of the later -

.
.

group.

‘In addition to inhergnt weakaess, wmechanical shales slake
when exposed to water and air. Slaking is a ternm which describes
the desinﬁegration of rock, usually shale, upon alternate drying
and wetting.

Freezing and thawing, and chemical or biochemical deterio-
ration can- also contribute to desintegration 'of shales and
most rocks. Often bdreakdown is the result of a2 combination of
the four processes. Small grganismSand plants alter minerals
within rock, e#entually‘leading to a brgakdowi.of the rock.
Acids, produced by the combination of infil?&ated-water and
certain compounds within some rocks, destroy crystalline bonding.
Freezing and thawing of water in cracks within rock produée local
failure as a fesult of the stresses created by tﬁe expansion of
ice. Alternate cycles of wetting and drving produce capillar;

and thermal streéses that break up rock. 1Im addition, if a rock

contalns an expansive wmineral, such as moatmorillonite,

"saturation induces . fracture stresses.

N

1.3 Occurrence and Uses

Mechanical shales cuterop, or are located close to the
surface in many areas of North America. The Cretacious shales
of Central Alberta and Eastern Brictish Columbia‘, the Brunswick

shalés of New- Jersey and Southern New York, and the Ordivician

shales of Southern Ontario fall in this generalization.

In Alberta, strip mining and dam construction result in large

~volumes of fragmented, mechanical shales. 1In both cases, the

-
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rock is Bbcained by ripping and blastiﬁg.

The fragmented shale ariﬁing from mining Operat#ons is
usually of little commercial value, and must.be di5posed of. The
disposal pfeSents a major problem for mining companies, becausé of
the low strength of the rock an@lits poten:ial,fér rapid
deteriordtion with time. The normal procedure in open pit
operations is to dump the rock in large §iles‘at mined—-gout areas
of the'ﬁic, or in the case of underground mining, to truck the

material to available disposal sites. ‘Spoil piles or tips formed

- i

L]

from such-rock often incurred long term stability problems, be-
cause consideration was only given to design parameters based on

initial or fresh conditions, and not to the possibility that the

competence of the rock might diminish with time, (Pit Slope Manu-

al 1977).

- Similar stability problems could ocecur ia dam and embankment
construction using mechanical shales as building materials. Such
a8 situation would occur where there was a lack of sound rock and

the economic advantages of using local rock outweighed the
alternatives. The shales would then acquire commercial wvalue.

-

When economic worth is impiied, fragmented rock is known as
rockfill. Rockfill fragments can range in size from 15 mﬁ to l‘m
or more, depending on the purpose. |

The stability of dams and spoil heaps requires obtaining a
realistic estimate of fh:sshear ;trength of the material
utilized. However, the shear strength is not necessarily the most

important parameter for all types of geotechnical engineering

designs. For example, large buillding construction, such as in
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Piscataway. ?5§nship, New Jersey are more concerned with settle-
ment predictions than shear strength, (Jumikis and Jumikis 1975},

The economic repercussion of differential settlements

‘emphasizes the need to properly predict settlements, while the

failure of large aine ‘tips, such as at Aberfan, Wales in 1966,
points up the importance of ensuring the stabllity of man-made

slopes through proper shear streagth -investigations.



CHAPTER 2 °

LITERATURE REVIEW

-

2.1 Baékground

Since. the emergeucg'of Soil Mechanics as an apblied ‘science"
in the egrly 1920's, the stﬁdy of rockfill has been associated
with the examination of the behaviour of‘cohesion;ess materials,
which has been centered mainly on the bghaviOur' of sand. The
study of rogkfill assuymed a secondary standing to that of sand,
because its Dbehaviour was less 6f4an engineering problem and, as
long as structures were small, was easier to predict.l Io addi-
tion, the great cost of building testing equipment large enough to-
handle large pieces of rock led to the sparseness of reasearch in
this area.

Most work om rockfill, up to date, has been connected with
the behaviour of rockfill dams. According to Steele (1951), the
design of rockfill dams originated in California soon after the
discovery there of gold in 1848. They were generally of small
proportions and daringly designed. The highly steePed slopes
of these early dams have stood solidly for over 100 Years Qith
only the slightest trace of bulging near the bases of their down-
stream slopes.

Traditidnal rockfill 1s a strong building material and its
behaviour resembles that of most cohesionless materialg. Like

sand, rock£fill is free draining. In fact, the behaviour of both

sand and rockfill are 'so similar that it seems necessary to inp-
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and strength theories for rockfill. R

-6 -

clude in this chaﬁter a review of litefature pertaining to the
. . ‘ _ .
study of the nature of sands. The chapter is divided into three

1
main sections: the behaviour of_ﬁand, the behaviour of rocﬁfill,

2.2‘Behaviour of Sand

Early investigafidus into the behaviour of sands were mainiy
concerned with fundamental problems such as settlement character-
istics and shear strength.

Terzaghi (1925) was the ‘first to explain the principle
behind the piping phenomenon that can occur in dams‘built on
foundations composed of sand. .

éasagrande (1936a) introduced the coucept of éritical void
ratlo in describing flow of cohesioniess materials, that is to say
a  continuous deformation at co;stant sh?aring stress.. In his
other works, Casagrande (1936b) described the dependence of the
angle of shearing resistance on the inirial void ratio of some
sands. Dense sands were found to have.higher & values than loose

ones.,

Terzaghi and Peck (1948) tested loose and dense sands in the

triaxial apparatus at confining pressures of less than 1 MPa.

They observed that under shéaring loose sands behaved similarly to
normally consolidat;d clays, that is, decreased in volume, while
dense sands behaved as overconsolidated c¢lays, that is, expanded
in volume or exhibited dilatancy. Terzaghi and Peck (1948) pre~
sented éharts for estimating allowable soil pressure for footings
o; sand on the basis of results of standard penetration test.

Taylor (1948) stated that the drained shear strength of sand
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was unaffected by the presence of water. In-order to explaih the
influence of the ?oid ratio on the angle of. friction of a sand,
Taylor (1948) suggested that parﬁ of the sﬁear stress required to
cause failure of a dense sand was used in providing the energy re-
guire& to be?mit the sand to expand sgainst the confining preésu—
re. - This in;estigator suggested that the shearing resistance was
the combined result of two factors: friction and a volume change®
component, which he called interlocking. Taylor (1948) expanded
on this theory by developing an expression for the shear stress
required to provide energy for expansion for a sample in a direct
"shear test. Subsequently, Bishop t1954) derived an expression to
determine the  portion of the applied deviator stress, in a
triaxial compression test, which hﬁd to be applied to provide en-
ergy for sample expansion. Rowe (1962) presented a similar ex-—
pression to correct athe deviator stress fqr effects of volume
change. The three expressions are found in Appendix D.

It was not until the early 1960's thag studies wére made
into the ©behaviour of sand subjected to stresses beyond‘the
conventional range. De Beer (1965) conducted compression and
penetration tesﬁs on a dense sand at pressures up to 350 MPa.
This investigator found that a dense sand, located at high founda-
tion depth, behaved more and more as a loose sand. The sand
éhowed high relative settlement under the footing, more. or less,
of the same order as the settlement of a footing at the surface on

Vo

a very loose sand.

Vesic and Clough (1968) defined a pressure range terminology

"as follows: Low ?ressurés, 0 to 1 MPa; Elevated Pressures, 1 to 10

yooo -7 -

L3
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MPa; High Preésufes, 10 to 10Q MPa; Very High Pressures, &00 MPa
to 1 GPa;Jand Ultra Eigh Pressures, those beyond ! GPa. Vesic and
Clough &I96§5 concluded that the nature of sénd deformation

varied with the pressure rTange. At Vefy Low Pressures, there was
very little crushing.‘HoweGer, because the sand particles were
free to ﬁ;ve with respect to egch other, dilatancy effects were
quite sigmificant. As the.normal stress increased, crushing be-
came more pronounced and the dilatancy effécts gradually disap-
peared. The investigators found that crushing of the particles
was most intense in the Elevated Pressure range, before a break;.
down stress ﬁas reached. This stress, Vesic and Clough (1968) de-—
fined as the sgrgss needed to eliminaéé all effect of the initial
void ratio of sand. Beyond the breakdown stress, the investiga-
tors inferred that sand behaved essentially as a linear deformable
solid, with a modulus of deforLation, E, proportional to the mean
ﬁormal stress. In addition, the failure characteristics for the
High Pressure range were defined by a constant angle of internal
friction equivalent to the angle of i;ternal %rictidh,iobtained
from the Low Pressure range after dilatancy - effects were sub-

tracted. Vesic and Clough (1968) observed that, in the Low Pres-

‘sure range, E increased as the one half power of the mean normal

stress. After that range, it increased as the one third power
until the breakdown stress was reached.

A pumber of studies were made in the elevated pressure range
by Birschfeld and Poulos (1963), BHall and Gordon (1963), and by
Lee and Seed (1967a). Al1l investigators reported on the

structural breakdown of the tested materials when sheared in tria-
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xial compression at high confining stress. Their studies showed
curved Mohr=Coulomb envelopes with curvatures'pronounced for;dense

sands, The curvature of the - envelopes can be regarded as norwmal

for most gedtechniéal materials.
Lee and Seed (1967a) indicated that sand was telatively

incompressible at low pressures. At high pressures there was

'éousiderable volume change due to crushing of the grains, and

subsequently, compression continued for a considérable period

"of rime. An increase in confining pressure had three effects: it

Teduced the brittle characﬁeristics of the’stress strain curve,
it increased the strain to failure, and.it decreased the tendency
to dilate. The investigators coﬁcluded that the strain andlvoidme
change characteristics of dense sand at high coufining pressures
were not uanlike those of loose sand at low pressures, reflecting
De Beer's (1965) . findings. In addition, Lee and Seed (1967a)
found that the volume changes, which acconpanied the shearing de-
formation, tended to produce samplés with the same void ratio at
failure. This fact was true for all confining Pressures, even
though the initial void ratios were vastly different. The failure
envelopes were curved up to confining_pressures of 4 MPa; Beyond
this value, they tended to flatten out and, when projected back,
éassed through the origin. Application of the Bishop (1954) ex-

pression for dilatancy for th; low pressure range flattened the
fallure envelopes.

Lee and Seed (1967b) also studied the effect of moisture on
the behaviour of sand by testing an angular sand in drained triax-

ial compression. Tests were rerformed on dry and saturated speci-
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mens. The deviatoric strength of the saturated material was ob-
served to be 30% to 35% lower than the dry strength. Similar
tests on well roun&ed, uniform Ottawas sand showed no significant
changerin deviatoric strength ?etweeﬁ dry and saturated condi-
tions. Lee and Seed (19671b) concluded that the presence of micro-
craq}s in the angular particles was at the root of the lower
strength of the saturated material. Their rational was that the
microcracks 'in the angular particles were areas of high stress
concentrﬁtiﬁu. When water entered the fissures, as a result of
cﬁe capillary action created, it increased the stress level at
tﬁese_points. Air trapped by thg_wat;r became pressé;ized‘and de~
creased the capillary tension, which holds the fissures closed.‘
This process caused crushing of the particles to occur more easi-~
ly when the sand was saturated, as opposed to the dry case, in.
whicﬁ the breakdown of the grains was caused by externai forces
ounly. The 4dctual tension present is a fugction of the vapour
pressure In equilibrium with capillary water. Similar conclusions
were reached by Terzaghi and Peck (1948) and Van Eeckhout (1976).

2.3 Behiilour of Roekfill

d
According to Leps (1970), the design of rockfill dams up

until the late 1%40's was based, rnot oﬁ diagnostic testing of‘the
strength of rockfill, b?; on the satisfactory performance of many
prototype fiils, together with the application of broad
reasoning and engineering'infuiﬁion. This empirical approach to
design had led to satisfacto;y results. At that time, rockfill

was believed to be a satisfactory building material because of

rock's inherent massive gtrength; which was assumed to apply to
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its fragmeuts. However, bec;use the qtiength‘ of rockfill was un-—
.knoéﬁ, the degree of stability of g@ms‘ could not be determined.
Cgaracterization of rockfill Eéhaviour was based onm past
performance, as published in case ﬁistorigs.. For example,
Terzaghi and éeck (1948) mentioned that dumped rockfill should be
generocusly watered (”ﬁluiced"), while it was being placed. They
.. pointed out that there was a wide divergence of opinion about the
reasons for the beneficial resultrs. They demonstrated the
negative results of dry dumping, by citing the case of
Cégswell Dam in southern California. The 280 feet dam was built
by dry dumping in lifts of 25 feet. Infiltration at the 80%
stage of completion caused the crest to settlg by 8 to 16 feet.
It was not until the late 1950's and the early 1960;5 with
the advent of higher and larger dams fhat investigations into the

[3

safety of the design had to be performed by quantifying.the
strength of ‘rockfill.

Early developments in shear testing of rockfill materials
were centered on triaxial type apparatus. This kind of apparatus
was first developed for soil testing by Leo aurgenson (1934) and
subsequently, lmproved by Fidler and Watson, graduate students
under the guidance of Taylor and Caségrande respectively,
between 1936 and ' 1940. Concurrently, the U.S. Bureau of Re- .
clamation, undér the guidance of Loyd W. Hamilton, developed a
similar apparatus capable 6f measuring pore pressureé._ The
first triaxial cell test apparatus for rockfill waé éﬁnéffudted in |
1947-48 .by Earl B. Hall, who was then .wotkiné in the soils

laboratory of the Corps of Engineers, South ?acific Division, at
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Los Angeles (Leps 1970). -

The nextistudy inéo the mecﬁanical'behaviour sf rockfill was
undertaken by Holtz and Gibbs (1956)..The iﬁvestigators tested, in
the triaxial apparafus,_cylindrical speéimens varying, in size from
35 am by 75 mm (1 3/8 in by 3 ia) to 230.mm by 570 mm (9 in by
22 1/2 in) at three different strain Tates with the cell pressure
-ranging from*ioo kPa to 700 kPa. BHoltz and Gibbs (1956) concluded
that the rate of testing had practically no effect upont the shear
test results gor all the specimen sizes. _

Lee and Fgrhoomand-(lQG?) studied - the cdmpressibility of
granular soil and the effects of particle crushing at high
pressures, as applied to tﬁe design of gravei draios and soil
filters for use in high.eérth dams. Isotropiec and anisotropic
triaxial compression tes;s‘were'performed on a number of sands and
gravels. The confining pressures applied in the study were within
‘the range of 2 MPa (300 psi; to 14 MPa (2000 psi). The tests.
were small scale, the maximum particle size being 20 mm (3/4 in)
and, the maximum specimen size, 30 mm by 150 mm (2 3/4 in by 6 inmn).
Some of the investigators' conclusions aré quoted here.,

1. Uniformly graded, granular soils were quite‘qompressible
under applied stress.

2. Compression was usually accompanied by particle breakage
and the two phenomena.were interrelated.

- .
. 3. Coarse cohesionless sgoils compressed more and showed more

particle crushing than fine soils.

4. Soils with angular particles compressed wore and showed

more particle crushing thaa soils with rounded particle§;

* Regarding SI conversions see Notation.
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. 5. Uniform soils compressed and crushed more than graded

solls with the same max;mum grain size.

. ' 6. Under any particular load, compression and particle
crushing conﬁinued at an ever-decreasing rate'for an indefinité
period of time.
| 7. Both compression and particle breakage appeared to be
accelerated by thé addition'of water and to increase witch: a)
increasing grain size of uniform soil, b) increasing uniformicy
of particles, d) decreaéing strength of ;ndividual particies, e)
increasing confining pressures, and f) increasing shear stress at
one confining pressure.

8. Since all soil particles crushed and became finer under
load, the inveséigators' data indicated that a soil which amer the
filter requiréments for a certain foundatioﬁ matefial before com-

.pressiou also met the filter Tequirements for the altered founda-
tion state following compression.

9. For the soil tegted,.therg appeared to be a unique
relationshiﬁ between the volunme change and the major principal
stress which was completely independent of 3 Kc ratio, intro-

duced by Lee and Farhoomand (1967) and defined as clc/dﬁc'

However, no suchrelationship was observed with respect to ¢rushing.

In the case of crushing, the higher the Kc ratio, the greater

was the degree of particle crushing.

R
Ladanyi (1967) disputed Lee and Farhoomand's (1967) con-
c¢lusion regarding the relationship between volume change and major

Principal stress and described it as a statistical curiosity.

Leps (1970) compiled the . results of <triaxial compression
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testqu'perf ed on different rockfills uyp to the year 1969. The

compilation Qontained @ata from 15 different rockfill materials
with maximum pa cles ranging in size from 20 mm (3/4 in) to 200
um (8 in). Leps (1970) recomputed the results of the triaxial
tesfs to show friction angles as a function of normal pressures
2CTroOsSs che failure plane, as de@uced from the.uée of the Mohr
éiagram. Leps' (1970) conclusions are summarized in the following
seven.points.

1. An increase in relative density resulted in an increase

in friction angle.

2, Tomproving the gradation by makihg it well graded, prb—,

viding it was not dome with the addition of finer particles, was
found to increase the friction angle at’ any given normal pressure.
3. Particle breakage was a function of the mean intemsity of

pgrticle centact force and of the unconfined compressive streangth
of the rock partiecles.

4, ﬁith reference to particle shape, the more angular the
p;fticle, the str;nger was the shear stréngth of the material.

5. Saturated Tock, Iin 2ll aspects, was less strong than @ry
rock.

6. Fallure stralns for higher.confining pressures were
usually two to three times those strains for the lateral pressures
below 70 kPa (10 psi).

7. The shearing strength of rockfill, measured by tan 4,
varled 'markedly. as a function of normal pressure across the
failure plane, being high at low pressures and substantially

1]
h )
smaller as normal pressures Iincreased.
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Hall and Gordon (1963) performed triaxiel tests with high
pressure equipment on granular specimens of diameters [50 om and

300 nm. Confining pressures wer within the range of 900 kPa to

4500 kPa. The iavestigators found “har the slope of the Mohr

failure envelope. decreased with asing lateral pressura. Thev
ectributed the decrease to the degradation of particles durlng
shear at high chamber pressures. They found that well-graded
specimens, under similar conditious, suffered less crushing than
uniformly graded specinens.

Marsal (1965, 1967) Investigated the behaviour of materials
composed of rock fragments and granular soils of alluvial origin
with high contents of gravel and boulders. The Tesearch involved
triaxial and one dimensional compression tests on large specimens
of dimensions ll} cn by 250 ¢m and 115 em by 67 cm respectively.
The confining pressures: for the triaxial test ranged from 500 kPa
to 2500 kPa. Highly compacted rockfitl exhibited dilatanecy at
low confinlng.stresses of 700 kPa or smaller. All loose
specimens developed compactancy during shear. Within the low
Pressure range of confinement (smaller than 700 kPa) the deviator
stress-strain curves showed marked Peaks for dense rockfill.
This phenomenon ‘disappeared with increasing confining pressures.
On the other hand, similar curves for loose samples showed the
deviator stregs increasing to 2 maximum value and levelling off
2s the strain increased. The Mohr;Coulomb envelope was curved for
confining stresses smaller than 3000 kPa (400 Ppsi). The angle
of internal friction was greater, the lower the confining stress.

Particle breakage occurred above 700 kPa (100 psi} and increased
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A\ ]
with increasing lateral pressure. Particle breakage changed the™ -

.grain size distribution and appreciably affected the deformation
characteristics of the material tested. Particle breakage was
more intense at lowef stresses and appéoached 2’ constant value at
high stresses. The degree of.parcicle breakage was dependent on
the gradatién.;f-the material, the crushing strength of the
grains, and the stress lével. From friction tests on saturated
and dry specimens of rock, Marsal (1973) concluded that the

coefficient of frictilon was not affected by saturation.

Charles 3Fd‘Watts (1980) méasured the influence of confining
pressure on the angle of shearing resistance for a nuﬁber of
rockfills at low and medium confining'pressures. The results of
drained triaxial compression tests on heavily compacted
'well—graded samples of a wide range of rockfills a8ll showed
failure envelopes with pronounced curvature at low stresses. In
addition, the investigators found that the crushing strength of
all the tested materials decreased (up to 50%) when saturated.

Marachi et al., (1972) investigated the scale effect in shear
testing of laboratory rockfill specimens. The investigators mod-
elled the grain size distribution of field material and formed
laboratory specimens with smaller particléé, consistiﬁg of
grain size distributibn curves exactly parallel to that of the
field material. The testing program cousistéd of three series of
CID triaxial compression test on typical rockfill materials.:
Each.;eries consisted of at least four tests on samples having di-~
ameter of 900 mm (36 ;n), 300 mm (12 in), 70 mm (2 3/4 in). The

test for each specimen size were performed usihg effective confin-

-
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ing pressures of 200 kPa (30 ési), 1000 kPa (140 psi), 3000 kPa
(420,p3;), and 5000 kPa (650 psi). .A summary of their results
follows. | |

l. According to Marachi et al. (1972) the modelling tech-
niqre provided: a useful methéd for predicting the streﬂgth and de-
formation chﬁracteristics of field rockfill materials chrough ex—
trapolation. However, they did not meutioﬁ any scaling method for
extrapolation: - . |

2. TIsotropic consolidation characteristics of,specimens‘with .
parallel grain size curves were the same. : o -

3. The angle of internal friction was affected‘by the size of
the particles in thertest specimen. At any glven confining_p:eé-
sure, the angle of internal friction fo; the 900 mm specigen was
about loto 1.5 lower than that of the 300 mm specimen and 3°to
4°iower th;n the 70 mm» specimen. This trend remained unaffected
by the confining pressure or the material type;

4, The volume change dﬁring drained triaxial compression
tests was smallest for the 70 mm specimens. The volume changg of
the 900 mm specimens had a tendency to be greater than that of the
300 mm specimens. ~Particle shape had a much; greéter effect on
the volume change characterisgtics during shear than mineralogy.

5. The axial strain at -failure increased as the maximum
particle size increased.

6;' The axial and_volumetric strains at failure increased as
the confining pressure increased, although the trend indicated

that this effect would be small beyond 5000 kPa (650 psi). The

angle of internalhf;ictiou decreased as the confining pressure
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:increased but again the trend indicated that this would not be
happreciable beyond - 5000 kPa. Ihis‘ ma;imum pressure corresponded
to Vesic and Clough's-(1968) bréakdown stress in sands, and was
the stress at which rockfill started té behave rs a2 -linearly de-
formable solid

7. Materiais, composed of vgll—graded'and well rrunded
particles, were Quperigr in'their mechanical properties to

]

uniformly graded angular rockfill marerials ‘and thus, more

suitable for use iz high dams.

Point No. 7. contradicts Leps' (1970) 4th ronclusiou about
the best rockfill being angu%ar. The disagregmeut_can:best be rTe-
solved by examining the pr;:sures tO'wﬁich' the rockfill was sub-
Jected. Leps' (1970) study was at loﬁ stresses, a range where
particle breakage was minimal, "and wheré*angularity of fragments
provided more strength because of interlocking. At high srresses,
angular particles underwent more breakage because of the high con-~
tact forces acting on knife edge areas. Like the angular sand
studied by. Lee and Seed, (1967b), the shear strength of highly
stresséd rrckfill was reduced by saturation. Lee and Seed (19671)
established that thé: presence of microcracks in the angular
particles caused thé reduction of strength.

Tests reported in the literature survey have. established that
rock was\weaker when saturated. Van Eeckhout (1976) described
five mechanisms that ;ould be responsible for the reduction of
strength. These-were: a) fracture energy reduction, b) pore pres-
sure increase, ¢) friction reduction, d) chemical and corrosive

deterioration, and e) capillary tension. Fracture energy reduction
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obcurs.in any rock (or rock fragment) in the presence of 1liquids
(iwater ) due to the -decrease »f surface éuergy, according to
ériffith's Theory (1921). This theory attributes the britgle
fracture of a material to the existence of i;numerable cracks and
flaws, aqﬁ_that in compression large tensile stresses exist near
the ends of certain critically oriented cracks, gfaeger 1972).
Local pore pPressure increase reduces-strength by the principle
of effective stress, affecting roun&ed and angular particles in
the same way. friction reduction has been discounted by Taylor-
.(19&8) and by most researchers because the coefficient of friction
is oot affected by Saturatiom (Marsal 1973). Chemical and cor-
rosive deterioration does ;ot apply to rockfill, unless the mate-
rials contain chemicals which are acid forming when combined with
water. This 1s uncommon, however. Capillary tension decrease conm-
bined with a high portion of saturated fissures is likely the main
cause in the difference im behaviour of +angular and rounded rock-
f111, when saturated. This conclusion was reached by Lee and
Seed (1967b) and was already suggested by Terzaghi and Peck (1948)
in their explanation of the deterioration of dessicated clay, sub-
jected to rapid saturation. The strength of saturated rockfill,
both in ¢rushing and in shear, is reduced due td a combination of

capillafy tension decrease, local pore pressure increase, and the

reduction of fracture energy.

2.4 Strength Theories for Rockfill
The mechanical behaviour of rockfill, as described in the
preceding section, can be analyzed by the use of three theories.

The first is a statistical theory, based on particle behaviour,
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presented by Harsal.(i973). The second theory is based on
eritical sea:e soil mechanics and ceu be derived from the
works of Roscoe, Schofield, and Wroth (1958). The third theory is
the more traditional theory of elasticity.

2.4.1 Marsal (1973)

Marsal's work on large rockfill dams during the 1960's led
him to develop a theory o'f failure for granular masses
(Marsal 1973). The investigator approathed the problem by consid--
ering the particle nature of the soil as opposed te the behaviour
of the whole. Thus, the foundation of Marsal's theory is the
estimation of the conEact.forces betweea particles. This es—
timation is accomplished by statistical means.

2.4.1a Average Contact Force .

Marsal aims at establishing the contact forceson particular
grains in'terms of effective Stresses, actiag oun the sample.
This aim is accomplished by relating the effective stresses act-
ing on eny plane through the rockfill mass to the intragranular
forces acting across . the intersected areas of the grains. From
the requirements of statie equilibrium, the x, ¥, and Z components
of the intragranular forces are the vector sums of the components
of the contact forces acting oﬁ that remaining portion of the
whole grain, that is cut by the plene. The' contact and intragran-
ular forces are seen in Fig, 2.1.

The contact forces are dependent on the dimension and shape
of the grains, the mechanical properties which may vary from
particle to particle, and the arrangement of the grains

—
themselves. The arrangement requires static equilibriup. Static

~
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equilibrium is based omn the number:of contacts per particle and
on the eccentricities of the granular forces from the centre of
the grains. ' These are random varia;les. | - .

The intragranular forces are depeﬁdent on the mean effective
stresses and the 1nterse;t§d afeas of the grains. The
intersected areas are random variables and a frequency
distribution must be established for them based on statistical
methods. Further complication arises if a soil is nonuniform,
being composed of several different fractions. In that case,
the intersected aéea is the sum of that portion of the areas of
each fraction, depeﬁding on the‘voiume concentration of the
fraction. The intergected-area depends on the void ratio and ghe
shape of the parficles. It is equal to the porosity times the
cross—sectlional area, as determined by Windilch‘aud Soulie (1970).

The intragranular force is equal to the average contact force
times the number of contacts on that portion of the grain cut by
the intersecting‘plaﬁe. Also, the intragranular force is equal to
the average effective stress acting on the plame times the area
of the intersected grain divided by the total area of the plane.
The forces and atreéses are vectors and must be treated as such
in any operation; The average-contact force .is equal to the
intragranular force, éivided by the number “of contacts. The
intragracular force 1s dependent on the intersected area. Both
:He number of contacts and the intersected areas are randonm

variables, and mean values must be used. The mean values are

obtained from assumed frequency curves.



2.4.1b Frictional Resistance
The shear strength of a granular soil is the result of frie-
. tion forces deveIOpéd at the grain surfaces, which oppose  the
sliding and the rolling Dbetween graians. Both of these factors
Qgpe£d on"éhe relationship bgtween the tangential, T, and normal,
N, couponents of the contact force, P, acting on a contact of.a
particular‘grain; The'forcé R, available to resist the action T,
is proportional to N.

R = aN -
wvhere a1 is_:he laterparticle friction. 'Beﬁause
= J12 + ¥2
and since, at the 1limit condition of equilibrium, T = R, the
friction forée, R, 1is given.by
' R=uP /(1 +pd) .

This expression has to be adjusted for calculation of the
available sliding resistance along the plaﬁe, which coincides with
the direction of the relative movement between particles or mean
free path. This plane is dependent on the type of test. In the
triaxial test, the angle of this Plane is equal to the
arc—cotangent of the absolute value of the ratio of the radial
str;in fé the axial strain. Essentially, the expression for the
available sliding resistance, R, remains the same.

The rolling of the grains 1is caused by moments exerted by
the weight of the grains and reduces the ability of the soil to
resist shear forces.at the contacts. The moment is caused by
the intragranular force along the plane of the mean free path and

-

its moment arm about the <céntroid of the particle. The moment
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.afm is a statistical_‘parameter. The'intragranular force is ée-
lated to the shear stress aloung the plane by the faéton nes
the surface conceantration. This factor i1s obtained experimental-
iy, 'and is tﬁe nunber Bf'krains cut by the plane per unit area.
Thus, the rolling stress is ‘
t = br )

where T is the shear " 'stress along the mean free pgth; and b
isua.factor that:takés intec account the grain shape, the
existence of idle particles, and the number of contacts on a
particular plgne. .

The mean value of the frictional resistance is the difference
betwgen the available sliding frictiom and the rolling stress.
Thus, it depgnds on the gradation and sh?pe of the particles, the
friction between grains, the statistical .distribution of Fhe

countact forces, and the shear and normal stresses, acting om a

- plane parallel to the mean path of the particles.

2.4.2 Critical State Theory

Roscoe et al. (1958) developed thé critical state concept
for remoulded saturated clays. The the;ry, which has since been
appiied succéssfully to describe real clays in “;3 situ”
conditions by Tavenas and Leroueil (1977), can be outlined as
follows. When tested under triaxial compression conditions of
elther full drainage or no drainage, remoulded satured clay h#s a
chafacteristic yieid surface which contains a constant voild
ratio line (critical state line) in (p',e,q) space. Loading paths
. converge to this line at high strains. With the knowledge of the

position of the critical state line and yield surface, it is
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pbsSiblé to predict thé ultimaﬁe state of any soil sanple, when
stresses are imposed upon it, The initial ‘conditions of the sam#le
and the drainage conditions must be known, Aécording to Atkinson
and Bransby (1978), two state boan&;ries define the behaviour of

remouldéd saturated cléy in (p',v,q) space. These are the Roscoe
-Surface and Hvorslev surface. The Roscoe surface links _thé nor-
mal cons&lidatioh line with the e¢ricical state line in (p°v,q)
space. It is a curved surface which 1is followed by the test path
of Bqth drained and undrained tests on normally consclidated and
lightly‘ overconsolidated clays. The Roscoe surface 1is a state
boundary in that it delineates between states that a sample can a-
chieve and that can never achieve. The Hvorslev surface 1is the
locus of failure points of overconsclidated samples in draimed and
undrained tests. The complete state boundary surface is seen in

Fig. 2.2.

Roscoe et al. (1958) also investigated .the behaviour of

- -

of silts, sands, glass beads, and steel balls. Atkinson and
Bransby (1978) re-e;amined Roscoe's et al. (1958) data, and'esta—
blished, from compression curves, that it was impossible to a-—
chieve normally consolidated samples for sands. _ They suggested
that both loose and dense samples acted as 1if Ehey had been
subjected to preconsolidation pressures, even though the samples
had been set up at zero stress. Thus, sands are regarded as
heavily overconsolidated. Since the slope of the critical state
.line is the same as the normal consolidation line, sands exist on

the left (dry) side of the ecritical state line. Test paths are

limited by a state boundary surface similar to the Hvorslev sur-
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face. Because sands are highly overconsolidated, experimental
difficulties are encountered in achieving uniform stress and
strain conditiouns in triaxial specimens at large deformations.
.Théée l#rge deformat;ons aTe Tequired to bring the stresse of the
specimens to critical state line. According to Atkimson and
Bransby '( 1978 ), the simple shear test apparatus provides
the best &hta- for estimating ﬁhe critical state 1line for
sands. Unfortunately, very few studies have been conductéd in .
the behaviour of sands in terms of the critical state concept,
and most of the analyses are based, more or less, on postulation.
According to Atkinson and Brausby (1978), the Hvorslev surface
for sands should be thought -of only as a state boundary surface,
beyond which samples cannot progress. There is 30 guarantee that
paths followed during testing will necessarilly coincide with
the Hvorslev surface, and indeed, the undrained path is somewhat
below the Hvorslev surface.

At the present, no data on rockfill exists, to which eritical
state has been applied. Nevertheless, from the éxamination of”
experimental data on one dimensional Eompression and isotropic
compression of rockfill by Marsal (1973) and Lee and Farhoomand
(1967), it might be suggested that rockfill is heavily overconsol-
idated, and like sands, the slope of what may be called the nor-
mal consolidation line of rockfill, A, is small. To make any
conclusions regarding the application oﬁathe critical state con-
cept to rockfill materials would be premdture, excépt that \rockﬁ
fill behaviour in triaxial and one dimensional compressional tests

is similar in some respects to that of sand, °
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2.4.3 Elasticity in Geotechnicai Engineering ’

Widespread userof the theory Qf elasticity for predicting
st#esses within‘soil ﬁ&sses came into practice with the
applicagion of Boussinesq's (1885) equations for the distridbution
.of Stresses within a linear elastic half-space. This use was
further fostered ‘ﬁy the interp;etations of-Wéstngaard and
Newmark (Taylor £9&8). Prior to these analytical represe&tations,
the use of elasticity had been restricred in c¢ivil engineering
.to the analysis.of statically indeterminate structures of steel.
Although soils ‘do not behave as linear elastie materials,
thé rationale for use of. elastic theory has been the availabilicy
of solutions to problems, for which the boundary conditions
corrgspond,.approximately, to the boundary conditions for soil
engineering problems of interest. The lack of available
alternatives hasalso been a reason for its use. |

According to Perloff (1975), in the cases of cohesionless
soils, the elastic modulus depends markedly upon confinement. An
analysis may be carried odé}by means of numerical methods, such
as ghe finite element techniqﬁe. Elastic parameters are used
and are based upon the stress level at.po;ﬁts Qithin the medium.

A sim;lar concept was suggested by Coste and Parayre (1962),
who studied the varfation of the deformation modulus of é sand
from the Loire river as a function of'both the ‘mean normal
pressure and the deviator. Experiments showed that E increased
2s a function of the mean normal stress and décreased as a

function of the ratio of the deviator stress to the maximum

deviator stress. - Coste and Parayre's study had been influenced
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by Ladanyif (1960), who had published a detailed theoretical
analysis of the reiationships between sﬁresses and strains of
granular soils durié& shear. Ladanyi's (1960) analysis included
dividing elastic and plastic deform;tion into sphefical and
deviatoeric cdmponents. The investigator suggested that the stress-—
strain relationship of a granular soil couid bg described .by two
functions. One function is dependeat on the principal stress ra-
tio, dl/dé’ the shear strain, Y, and the mean norﬁal stress,

0 ; the other, on the volumerric strain, e

o’ the shear

vol?
strain, and the mean normal stress. .I

Accordiag to Taylor (1948), diréct appliciiion of elasticity
should not be applied when shear stresses are near failgre shear
stresses, or if the stresses decrease.’ .

On the other hand, Perloff (1975) states that, when the
boundary conditions of analytical models approximate the "in
situ” boundary conditions, the stress distribution, interpreted
from field measurements, correspond reasonably well to that
predicted by linear analysis.

Penman, Burland, and Charles (1971) state that satisfactofy
predictions can often be made Sy means of elastic theory,
provided. the elastic parameters for the soil are chosen as
representative for the stresses to be encountered.. Such
predictions become much more unreliable'when large local failure

zones develop or when significant rotations in principal stress

directions occur.

.

Elasticity can also be applied for settlement calculations

for granular solls as found in Janbu's ( 1967 ) Theory.
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This thecry can be considered as a non-linear elastic theory, at
least as che-firgt loading path 1s concerned. Janbu (1967)
formulated a method of settlement calculations based on the
tangent moduius <oncept. The tangent modulus can be represented
by an empirical relation of the form

M o= mPr'(i—) 18
T - .

where M is the tangent modulus of elasticity, m is a nmodulus
number, P is the applied stress, Pr is a reference stress - (100
kPa), and S.is & stress exponent.

; By plotting the logarithm of P versus the logarithm of ¢,
the strainm, éhe coﬁstancs @ and 3 may be obtained. The value
1/mg is the € intercept qt.the reference stress of 100 kPa. The
constant 8 is the tangent of the angle defining the slope of the
line represented ia the log-log plot. The parameters m and S
uniquely define the deformation behaviour of a soil material. Bor
instan;e, @ and B can dbe used to caleculate vertical settlements

H

as given by the following formulae:

P P
2,8 1.8
e = =& 7]
r r
where € 1s the strain in the vertical direction, P, is the

1
original stress, PE is a new applied stress, and Pr is the

reference stress.
9

B
and
. § = zdz
o

where & is the vertical settlement and H is the depth at which

settlement is computed.

Clough and Woodward (1967) formulated the stress-strain
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_ characteristics for soils in terms of the shear modulus (G) and
thé bulk modulus (K). They state that the use of these parameters
has some advantages over the use of the Young's modulus, E, and
Poisson's ratio, v, because the value of K may be expected to be
nearly independent of the strain magnitudes, while the value of G .
decreases wich increaging strain. ﬁealing direétly with the
values of G and K has the advantage that the value of G.
may be Feduced appropriately to reprgsent non=linear behaviour
and failure, while the'value of K is maintained constant. On the
cther hand, if the value of E is reduced to - represent
nen-linear behaviour and fallure while tae value of v 1is
maintained constant, the wvalues of both G and X are reduced in
the same rTatio as ;he %alue of E. The use of G and K, thus,
offers the advantage of improved.representation of the bulk
compressibility., The values of G and K are .uniquely related t;
the values of E and v;-and the values of ei;hgr palr of parame-
ters méy be calgulated if“thénzziues of the others are known.

As far as the state-of—tﬁe—art concerhing the application of
elasticity in So0i1l mechanics, Kavazanjian and Mitchell's (1980)
work on the time-dependent deformatién behaviour of San Francisco
bay wmud can be considered as the most developed. 1In the mo&el,
the bulk wmodulus, K, and shear modulus, G, are replaced by
tensor operators. These may depend on stress, strain, time,
stress history or any other pérameter used to define the state of
an é&ement. Following work by Bjerrum (1967), deformation is‘ di-

vided into immediate and delayed components. Thus, the volumetric

) . N,
and deviatoric behaviour are both subdivided into immediate and
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delayed parts.

in order to use the general model to predict the behaviour of
laboratory triaxial specim;ns, Kavazanjian and Mitchel (1980) de=-
veloped a finite difference consblidation preogram that prediets
?eformations and pore pressure, The program required 14 parameters
to predict thé stresé-strai%-éime behaviour of a cohesive soil.
All the parameters cam be obtained from triaxial compression
tests. Kavazanjian and Mitchell's (1980) work confirms the use of
elasticity as meané of describiﬁg the behaviour of a geotechnical
material, |

The theory of elasticity is used extensively in rock
mechanics to describe deformation behaviour, although
difficulties arise because of the presence of discoatinuities in
the rock mass. These problems, however, are not iﬁsurmountable, as
demonstrated by Lo and Hori (1979). Thé investigators analyzed
the deformation behaviour of sedimentary rocks from five different
geological formations in terms of céoss~anisotr0pic elasticity.
The mechanical properties were assumed to be isotropichin bedding
planes but anisotropic in orthogonal planes. Typically , five
independent paramerers describe each rock. These parameters were

~

all obtained by performing uniaxial compression rests on variously
oriented samples. Lo and Hori (1979) observed, from the scress;
strain curves of the samples that all the rocks were essentially
elastic Up to stresses of half of the failure stress. The five e-

lastic parameters were used by Lo and Hoti (1979) to predict de-

formation ofunderground structures in rocks from the same forma-~

tions.
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The.basiﬁ asgﬁmption in the theory of elasticity is
proportionalicy between stress and strain. The main question,
therefore, iﬁ the degree. to which thisg proportionality holds in
rockfill under .the lﬁadings; which qre‘ts be applied. Most cases
of.shear testing’bf rockfill yields_stress—strain curves that
show an approximately linear relation ia the early part of the
test, furnishing an indication of the application of elasticity.
Whether proportionality holds, if the load is increased, is
questionable. Even if hysteresis is ignored, a permanent set is
usually observed. Certainly, if the load is increased beyond a
certain-yieid stress, the original proboitionaiity nd longer

holds. It 1s in the small strain fange that elasticity can be

Teasonably assumed. A detailed eprse of the theory of elasticity.

is presented in Appendix A.
2.5 Discussion

-The literature survey has confirmed that the shear behaviour

of rockfill is similar to that of sand and other granular materi-~

als. Dense sand, under conditions of high confinement, has a be-

haviour similar to loose sands; that 1is, it eiperignces a high de-

gree of coumpression, as opposed to dilation, and it has a smooth

stress—strain curve with.no pronounced peaks.
- All investigators have reported that the Mohr-Coulomb failure

envelépe of any rockfill material 1is curved. Rockfill has a dis-

< tinctive range of shear behaviour dependent on the cdonfinement.

Well-graded, rounded rockfill 41g better suited for constuction
purposes than uniformly-graded, angulér rockf111l.

Saturation decreases the shear strength of rockfill, The

ey
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coefficient of-;;fzfioﬂ ‘of rock fragments, saturated and dry, 1is
the same, thus, indicating that saturation QOes'no: affect the
frictional component of the shear streagth of a fockfill materi-
al. Saturation most‘ likely causes a volumetric effect » Which

coufribgtes to a decrease -of the overall shear strength.

At first glance, Marsal's (1973) theéry is inovative and
comprehensive, and his approach wew and refreshing, although re-
quiring considerable knowledge of statistics. Marsal's (1973)
data act as a conclusive proof of his -theory. Eoéever, on exami-
nation of his theory, it is found that many obscure assumptiouns
are used, both statistical and physical. In addition, the materi-
al parameters like surface concentration, while éasy to oscain in
priaciple, are, in fact, obtgined only after tedious and time con-
suning work.

Critical state theory, as aﬁpl;ed to rockfill, s somewhat
exciting in concept, because it could prove that the théory is
all encompassingrand that the mechanical behaviour of c¢lay, sand,
and rock -could be desc;ibed by the same model. However, it is
barely established for sands and not at all for rockfill.

No soll material 1is perfé;tly elastic and isotrOpié. The
practical application of the theory of elasticity is limited in
501l mechanics because it does not consider ultimate states. .How—
ever because of its simplicity, it 1is still the most widely used
theory for design in soil mechanics. In addition, the ease with
which "elastic parameters™ are obtained from standard tests fos-—

ters the widespread use of elasticity. However, these parameters

are not necessarily realistic parameters that describe the materi-
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O
al. It is only with feed—back_ from actual field investigations

that proper design parameters can be established.
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= intragranular

Figure 2.1 Conrtact and intragranular forces.

from Marsal 1873)
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Chapter 3 Y.
.Programme

3.1 Material Tested

The rockfill material tested 4n this study  is & crushed,
red sedimentary' rock derived from a mechanical shale,
known as Queenston Shale. The Queenston Forwmation is Upper
Ordovician in age, and it occupies a p6siC£on at the top of the
Ordovician System in Ontario ( Guillect 197f ). The Queenston
Shale outcrop belt is mainl§ situated in south-central Ontario,
starting i; Niagara Falls aand renning through Hamilton, Toronto,
and Oshawa and extending North from that area to Georgilan-Bay. It
also outcrops 26 km southeast of Ottawa, near the town of
Russell, where it is quarried for the Ottawa brick planot of
Domtar Construction Materials Limited. Since glacial erosion has
removed most of the younger rock in the Ottawa region, Queenston
Shale is the youngest sedimenta;y rock available in thét area.
As such, it is considered the least strong of 2ll other remaining
shale. This material was seiected because it was belleved that it
would be easily weafhered. Other reasons for the selection
iacluded its proximity and the lack of ‘any other economical
alternatives.

The thickness of the Queenston Formation is about 180 meters
in the Hamilton area, decreasing to the north. Fossils are

practically absent. The shale ig predominantly brick-red, thin to

thick-bedded, and moderately soft. The uniform red colour makes

- 36 -
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the formation’e ‘conspicuous lithologic unit 1in both boring
samples and in field exposures, The colour is generally attribut-
ed to peculiar, and perhaps local,‘climatic conditions, which
permitted exteusive_cxidation of thejiron compounds present in
the sedimenﬁe while chey were undergoing transportation of during
and after deposition (Caley 1940). Thin—green bande parallel to
the‘bedding, and more rarely at right acgles tolit, have been
formed by reducing action of acidic ground water. Queenston Shale
.is readily broken down by weathering, forming, ultimately, a red
¢lay soil with superiéL ceramic properties (Guillet 1977).

For the testing prcgram involved in this study, the materiazl
© was procured in the fall of 1980 at the Russell quarry pf Domtar
Construction Materidls Limited. About. thirty boxes, made from 3/4
ianch plywood, of approximate 'volume of.3 litres were codstructed
to store and transport the shaie. The samples” were obtained fresh
from the bottom of the blasted walls of the pit by means of a
loader (kindly provided by Domtar). The.paterial was placed in
plastic bag% to prevent undue drying and fitted into the ‘boxes._

In the laboratory, the boxes were placed in a2 permanent hupmid
envirocment Eg_pfeserve the natural moisture of the samples. The
humidity cabinets used were fabricated from discarded “household
freezers. Each cabiuet was coanected to a small humidifier, to
which water was fed from a central storage tank. The level 1in the

humidifier was coﬁérolled by a float valve. Holes were drilled in

the floor of the units to prevent the build up of water inside the-

cabinets.

o

2
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3.1.1 Characteristics and Composition

According to Guillet (196?), the Queeunston Shale is re-
warkably uniform in chemical and mineral composition from top
to dottom of the.formation.“ Lime content is most variable,
lr#uging from 3 to 18 pefceﬁt in brick quarries of the
Toronto—-Bamilton areas, reflecting the pfoportioﬁ of green shale
bed;‘z;/sampled sect;on. Green ghale is harder, more limey anh
less easily brokeﬁ dowa by weath;ring. The average mineral and
chémical composition 0f Queenston Shale from aninme gquarries in the
Toronto—Hamilton area is shown in Table 3.1. Clay minerals com-
prise 60X of the shale. Illite predominates, and chlofite is
present in moderate amounts. Quartz and calcite are the major
non—clay minerais. The. resulting pattern of an X-ray diffractioﬁ
analysis, performed by the Geology Departmeﬁt of the University

of Ottawa, is presented im Appendix C. . R
‘ Little calcareous materials were found within the shale. This
was further substantiated by its neutral reacﬁion to hydro?hloric
acid. In addition, it did not exhibit any tinkling or any
significant high pitch, sound when struci, indicating the
absence of siliceous cementing. ‘The rock did not indicate any
préferred direction of ;leaving. Most of the fragments were
blocky,n indiﬁéting similarities to mud;topes. Large blocks of
the material slaked readily when subjected to-cycles of wettlng
and drying, breaking along roughly orthbgonal planes. Slaking was
less apparent in the lower size rangé,'namely below particle
size of 1 cm, thué, iﬁdicating that* the slaking was more pro@ébly

B 7
related to the propagation of Griffith's microcracks, than to
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'vblumé expansion as a result of expansive minerals. The results of
slaking testg performed om Queenston Shale, foilowiné the method"
of Morgenstern ‘and Eigenbrod (1974), are preseﬁted in Appendix C.
According  to these invgs:igators' classification, Queenston shale
is a claystone, being a slow slaking material, whose loss of shear
_strength dufingsatu;ationwas abou? 20%. Using Underwood's (1967)
classification, Queenston shale is between an active shéle and an
inactive one. The lack of any cementing material establishes
the rock as a compactidn shale. Geote®hnical prOperties‘of san—
ples of Queenston Shale have beenrdetermined.in this study and are

presented in Table 3.2 .

3.2 Triaxial Testing

Because of irts versatility of application in terms of
measuresable pressures,'both vertical and lateral, and the control
of drainage csnditions, triaxial testing was adopted as tﬁe means
of establishing the strength and deformation characteristics of
fragmented, Queenston Shale. A test specimen gize of diameter
150 mm was chosen in order ﬁhat the aggregates of the sample
would be large enough to simulate rogkf£11 conditions. Thus
a large, high-capacity, tridxial cell, capable of a;comodating
specimens 150 mm by 300 mm, was selected for the testing pro-—
gramme. It was eépecially designed and built by Engineering
Laboratofy Equipment Limited, London, England. Apparatus for

for volume change measurement and cell pressure application was

also built for this study.
3.2.1-Triaxiq1 Cell

The cell i{s constructed of a steel cylinder,'welded to base
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and head rings, and hasrbeen treeted to minimize corrosiee. The
baselring bolts to the cell base, which incorpo:a:ee the necessary
ducts for measurement of pore preesure,-drainage, and application
ofllateral pressure. The head of the cell was designed to allow
the piston to be accurgtely aligned with the upper platen. The
diameter of the base is 370 m, and the cell {5 270 mm in
diameter. The total height from the bottom of the base to the top
of the piston collar is 680 mm. The piston has & stroke of 260
mm. Further details can be seen in Figs. 3.1, 3.2, and 3.3,
which are drawlings of eﬁe basge, cell, and piston, reepectively.
The cell weighs approximately 75 kg iocluding a specimen. Beeauseo
of the weight, the head assembly incorporates lifting lugs and a
detachable hanger to facilitate mounting onteo the load framef The
cell has a capacity of 250 kN axial load and 5250 kPa maximum con-
fining pressure.

3.2.2 Load Freme -

The cell was mounted in a 450 kN capacity load frame,
manufactured by ENERPAC, model number IPA~5021. The H—freme
has two uprights, each consisting of two vertical steel members,
welded together by three 15 cm epacers. Each uprigﬁt is Eolted at
the bottom to a horizontal angle acting as a }oot. At the top,
the vertical members are welded to two outward facing chaunnels,
these also house the frame of the loading jacg. The wuprights
were bored along the vertical in order that a hydraulically
operated bed can be positioned at five different levels, The di-
mensions of the H-frame, seen in Plates 3.7 & 3.8, are approxime;

.

]
tely 1 m by 2 m. The bed consists of two ocutward facing channels
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welded to ﬁwo 18.5.cm spacers. For this study, the ﬁed was
ﬁermanently bolted to the up}ights Bt the-éecohd lowermost
position in o?der to prevent any lateral movement. Ve;t;cal load
was carried by a cam and sgddie type é%rangement, which provided
the bearing éof thé bed. The arradgement, seen in Fig. 3.4, was
also used to level the bed. It Eonsista of{an eccentricalgy
bored steel cylinder_ bolted to the frame. A steel block,
concave on the bottom, rests on the cylinder and has a matching
curvature. The flat Eop of the Biock acts as thé peéring surface
for the bed. Four such devices; located in front and at the rear
and on both sides of the frame, support the bed. Slightly ro-
tatiﬁg the cylinder below the corner oflthe bed changes the level
at that point. A 40 cnm square sy 3 em thick, steel plate acts as
a seat for the triaxial cell. It indorp;rates a circular rotating
pedestal, which matches the dgpreséion in the bottom of the cell.
The plate 1is bolted to the bed‘of the frame. Two eccentrically
bored steel cylinders are bolted at the reér of the plate and act
as stoppers, permitting the cell to ﬁe aligned with the loading
Jack. The eccentricity provides a degreé of adjustment of thé
level of the base, thereby facilitati;g the alignmenf of the cell.
3.2.3 Bydraulics -

The strain controlled, hydraulic system, seen in Fig. 3.5,
consists of five componénts: a jack, an electric oil pump, a fhut
off vélve, a2 pressure relief valve, and a metering valve.

The jack, manufactured by ENERPAC, mOQel number RC 506T, is

housed at the top of the load frame. The‘single acting cylinder

has a capacity of 450 kN and 4is equipped with a spring return. Tt
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has a stroke of 16 cm and an effective area of 72 cmz. Fitted to
the head of the eylinder, is a speclally designed collar that
incorporates a2 5 cm diamecerlball bearing, which'rransfers the
locad to the cell piston via 2 loadlcell. Thus, the cylinder can-l
only iapart vertical loeds, and no moments caa be transferrad to
the cell. The cylinder is driven by an eil pump, which is powered
by a 60 Hz single Phase, 115 volt motor of 1.5 horsepower. The oil
capacity is 8 1 and the maximunm pressure available is 70000 kPa at
a flow rate of 1000 cc/ min. Included in the punp (ENERPAC,
model no. PEM-30224) is an air- -cooled heat exchanger which keeps
the o1l temperature below 50 F. In addition, as seenq in
:Fig. 3.6, .the pump maintains an  almost coustant oil flqw rate at
a2 wide range of pressure, thus:providing & smooth and steady
operation of the cylinder. Immediately following the pump, the
pPressure relief or dump valve reroutes‘preSSurized of1 by
allowing some o0il to g0 on to the jack, while returaing the
remainder to the pump. A dial gauge, which hae a pressure.range
of 0 to 1000 psi (7000 kPa), records the line pressure after the
dump valve., The metering wvalve, which follows, is a screw-type
needle valve, It coutrols‘ the flow of o0il to the ¢ylinder. A
second dial ‘gauge, similar to the previous one, follows the meter-
ing valve and measures the pressure in the jack. The last valve
prior to the jack is % shut-off valve. In order to maiutainaa
constant rate of strain, a2 constant pressure difference must
exist between the supplied flow afrer. the dump valve and the flow
delivered to the jack, following the metering valve.” Singe the

the resistance of the specimen to the movement of the Jack changes
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regularly, the constant Ppressure difference is maintained'manuf
ally by adjusting the dump  and metering valve during a test.

3.2.4 Cell Pressure and Volume Change

{

.Pressurized water was used to app1§ the ‘cell preséure for the
confinement of the specimen. The water was pressurized by means
of a compressed air supply fed through a system of regulators to
; ﬁater-Supply cylinder. Fig. %.7 displays the system. .The

-

compressed air and the water were separated by a rubber membrane
within the steel cylinder. Two regulators were used, the first
re&uced the line pressure of the compressed air (25000.kPa) to
within a wg;kable‘ pressure range of 0 to 7000 kPa. The second
regulator, which was operated by a control valve and an alternate
pressure line fed to the water c¢ylinder, reduced. the. line pressure
to an accurate low pressure range (0 to 700 kPa). Since the first
regulator was not sensitive enough in the low pressﬁre Tange, the
second regulator was utilized at the beginning of each test.
The pressure supplied to the water ¢ylinder, and hencé; the cell
pressure, was measured by a Bourdon pressure gauge (raange: 0 to
7000 kPa).

Since the triaxial tests performed in this study were drained
tests, volume changes occurred within the specimen.. These'changes
were measured by moniforing the volume of air being ex-
pelled by or sucked into the sfecimen. The system is seen in
Fig. 3.7. Baslecally, -expelled air ( for the case of specimen
v?lume reduction ) exiting the cell through ducﬁ No. 1 or 2, or

both, travels ‘through a gas-tight hose to valve No. 10 at the Eop

of a cylinder. The cylinder is sealed from the atmosphere and

%
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filled to a known level with coloured water. The expelled air

forces down the . level of the water in the cylinder by an amount
equivalent to its volume. The bottom of the cylinder is connected
“to a water tank and ‘a2 glass manometer by a closed valve, No. 7.
By matching the level in the cylinder with that of the manometer
(accomplished by pumpiag water from the tank into the cylinder), a
reading of the volume change 1is obtained. For the case of a
saturated or partly saturated specimen, & second eylinder traps
any water etpelled from the specimen before the air reaches the
former eylinder. The volume change is equal to the volume of water
expelled plus the change in volume produced in the firsr cylinder
25 a result of any airsexpelled from the specimen.
. 3.2.5 Load Cell

The load, transmitted to tee specimen ln the triaxial cell
is' measured by a load cell situated between the piston of the .
cell and theqball bearing attachment to the loading jack. It has
2 capacity of 180 kN, and is a flat compression load cell, model
number FL 50C-2SP, manugactured by STRAINSERT Ltd. A
multi-~chaonel digital strain indicator, model S4-161 by B&F
Instruments Inc; provided a digital readout of  the force on the
load cell. During a test, the 1oad cell reading was printed on a
paper roll cy a chart recorder. The calibration of the cell
seea in Appendix C, was done agalnst a certified-accurate Tinfus-

Olsen Universal Testing Machine with a capacity of 500,000 kN.

J
oy

3.2.6 Specimen Preparation
The grain size distributioncurve for the fragmented Queenston

Shale was the same for each test and corresponded to the condition
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of the rock following érushing. The size of the triaiihl éeli
'réstricted the diameter of the largest aggregate used to 19 rm.
Since a high degree of granularity was desired in the specimen, no
fines were included in the gradation. The smallest aggregate was
retained on sieve number 40 (0.4§ am), The a&opted grain s$;e
distribution curve, seen in Fig. 3.8, is uniform. Approximately
14 kg of material were needed to produce a specimen of 10 kg. The
14 kg, gradéd sample was oprepared ahead of time and kept in the
humidity cabinet in 2z ﬁérge pPlastic bag wuntil needed. Care was
taken when preparing the graded sample to maintain the na;ural wa-—

ter content of the rock This goal was accomplished by keeping the
exposure time short and the.aQOunc of ecrushed wmaterial Smail. The
rock was also covered with démp rags during this process. A wea-
thered specimen of rock was obtained Sy drying a 14 kg, graded
sample in an oven set at 50°C for 12 hours, and immersing it for
one hour in a water bath at SOOC to prevent the occurrence of
thermal stresses. Following the wetting, the_\ec& was again dried
at 50 C. One drying to another constituted one cycle of weather-
ing. The shale specimens were submitted to 25 cycles of wetting
and drying. The grain size distributien curve of the weathered
material is seen in Fig. 3.8. |

Prior tokﬁuildiug the specimen, the base of the triaxial cell
was prepared by verifying that all ducts were clean, permitting
the free flow of air. Tﬁe bottom aluminium platen was screwed
into the base with a sealing O-ring, and a protective circular,
steel plate was placed ubpon it. The holé, located in the centre of '

the plate, was covered with a fine-meshed sereen to Prevent
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- e¢logging of the volume measuring passages. Following this proce=-
2 .
dure, the periphery of the pPlater was coated with a thin film of

silicorn grease, and a 150 mm diameter membrane was slipped on.

-

A rubber O-ring was stretched across the platen to seal tﬁe
memﬁrane..yrhe membrane was then stretched across the inner
;surfac$ andwiﬁe top of the mold, which was placed around the lower
platen. A small vacuum was applieé_to stretch the membrane flat
against the surface of the mold by a venturi type suction
arrangement,

The specimen was built up in ten to twelve lifts, each being
rodded 25 times and tamped 25 times with a small 1 kg tamping
weight. The material used for each 1lift was obtained by quartering
the 14 kg,| graded saﬁple into 16 parts, with precautioﬁé taken to
prevent the drying of the rock. The quartering, seen in Plate 3.2,
prevented }segregation of the fractions comprising the material iﬁ
the specimen. Any compa;tive effort greater than that previbusly
deséribed tore the membrane and resulted in the‘zollapse of the
specimen when the mold was removed. The degree of compaction
obtained varied from 65 to 75% of the optimum standard proctor
density.

The material was“packed to the top edge of the mold, resul-
ting Iin a specimen height of 327 mm, which allowed for an extra 27
mm of travel for the piston. At this point,‘the top platen was
placed on the surface of the specimen, the membrane was folded
over its greased periphery, and an O-ring was slipped over, seal-

ing the membrane. In the case of a saturated speciwmen’, the pro-

cedure was the same except that, prior to fitting the platen, the



specimen was flooded with water from the bottom, left standing for
one hour, ahd then, drained before the top platen was fitted.
Negative pressure was applied to the specimen, and the mold was
removed. Because of the angularity Qf the rock, the low deasity
of the specimen; and the lack of fines,.memhrane penetration
occurred as seen iﬁ Plate 3.4, At high confining pressures,
the membrane became susceptible to puncturing. The problem was

resolved by covering the surface of the membranme with three coats

of quick setting latex, as seen in Plate 3.5, Large cavities were

filled with a mixture of latex and Polyfilla, which akted as a ca-
talyst, causing the mixture to "set within seconds., A second,
sealing membrane was fitted over the specimen and sealed with two
O-rings at the top and the bottom. As an added precaution, ; 0.85
mm thick, neoprene membrane was placed over the specimen. Membrane
correction factors were calculated for all membranes, including
the latex covered one, and are presented in Appendix p.

Following the sealing of the specimen, the cell was bolted to
the base, and the piston was lowered to the top of the platen. Asg
seen in Plates 3.6 and 3.7, the assembled cell was installed in
the load frame using a special hoist., Care was taken that the cell
base was flush with the Stoppers on the bed and that the top was
aligned with the ball bearing of the Jack. .

The cell was filled with water, pregsurized to 100 kPa, and
the negative pressure in the specimen was relegsed. Thg volume
measurement hosge ﬁas attached, and the corresponding reading
Tepresented zéro change. The cell was pressurized in steps to the

desired degree of confinement and the accompanying volume changes

7
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were recorded. - With the attainment of equilibrium under the cell

pressure, the axial “load was applied. The test setrup is seen in

Plate 3.8. . A more detailed ,ldboratory procedure is preseﬁted in

o

Appendix B.

The movement of the jack was maintained at s constant speed -

of 1 mm/min by mauipulﬁting the valves in the hydraulic system.

Load was recorded every minute along with volume chénges. A com—

plete test lasted 100 minutes and resulted in a failed specimen of
o

the type.shown in Plate 3.9.

In the study, drained compression tests were performed for
four different conditions of the rockfill. The shale was tested
in a matural and s:turéied state, and the weathered material was
tested dry and saturated. In order to get a good rTepresentation
of  the strength behaviour, the specimens were tested at.chree
confining pressures: 1000 kPa, 2000 kPa, and 3000 kPa (150 psi,
275 psi, 400 psi;. In addition, the effect of acid on the
sﬁrength of the material was investigated. Specimens were tested
in ‘triaxial compression after treatment with a 0.2 N‘solution of
EDTA ( disodium salt of ethylené—diamine tetra acetic acid ). The
EDTA 1s a chemical which removes carbonates, gypsum, and iron
comfounds; é*l of which acts as particle cementing agents. Tri-

axial test were also performed on equivalent—~sized sgspecimens of

powdered Queenston Shale, both saturated and dry.

* Regarding ST conversions see Notatlom.



Chemical Compound

/ §i°a

Fe203

Caa 3
MgO.
Na
K. &
2o,
Co
5,8"
B0
s8
Mna

CHEMICAL ANALYSIS

Table 3.1

Percentage

- 56.28
16.00
6.77

- 4.74

2.55

0.70
3.93
0.85
3.81
3.21
0.92
0.33

MINERAL ANALYSIS

H}neral Percentage
T
noua-clay -
Quartz L 26.0
- Calcite I1.0-
Dolomite 1.8
Soda-lime feldspar 1.3
Potash feldspar trace
cla§
Illite abundant
Chlorite - moderate
Vermiculite trace

Chemical and Miperal Composition of Queenston
Shale (from Guillet 1967).



Properties

Liquid Limit
Plastic Limit
Plasticity Index
Activity

‘Water Content

- Density of the particles

Swell Potential
. Proctor Density

Average Valgue

2676 kg/m>

Table 3.2 Geotechnical Properties of Queenston Shale.

/”\
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" Figure 3.3 Side view of piscon.
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Figere 3.4 Caz and saddle arrangezen:.
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Figure 3.8 Gradation:initial and weathered.
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Plate

3.

1

Specimen fabrication parashemmalia.



Plate 3.2

Sample quarzering.
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Plate 3.3
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Chapter 4
Test Results
4.1 Observations

Four types of fragmented Queenston shale were tested under

‘CID triaxial compression conditions.. For each confining pressure

00, 2090, and 3000 kPe, the shsle_was tested dry natural,
{

/,\\.
" //gaturated natiral, dﬁy weathered, and saturated Westhered A
E\ ,/ specimen ‘was also shegred under the same conditions after it had
//f/// been treated with a 0.2 N EDTA solution.
('r An estimate of. the ultihate-weathered condition was
A4

established by powdering the shale. The powdered material was
tested dry and saturated under CID triaxial compression
conditions, with specimen sizes of the same order as that of the
fragmented .shale. Direét shear test were also conducted on the
powder, dry and saturated. The results of the tests will be pre-
sented and “snalyzed in this chapter, while Che raw data for the
tests are tabulated in Appendix B. .

All specimens exhibited barrel type or plastic flow failures
and were assumed to deform as tight cylinders. According to
Bishop and Henkel (1962), the area of the specimen was
<ontinuously sdjusted as calculations were made. All graohs weTe
corrected for  seating errors produced as result of test
equipment. The sum of all correction factors, foudd in Appendix
C, for the numerous membrames am?unts to less than 0.2°% (5 kPa)
of the deviator stress at 20 I strain. Consequently,_and\>ecause

® | ' - ) ’ ’ .3

f .
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of the order of stresses reached in all the tests, the effeet. of
the membranes on the results was ignored. The data from.triaxial
tests were plotted’ accerding to standard methods  as prescribed by

Lambe (1951) and Bowles (1970).

All the specimens were withia 65 % to 75 % of optimum stan-

L1

dard procter density before compression and 70 T to BOT rolln;-
ing. Figsay 4.1 a,b, and ¢ show plots cf deviator etress versus
axial strain for dry nacural, saturated'naturaL, drf weathered,
and saturated weathered specimens at chamber Pressures of 1000,
2000, and 3000 kfa. No distinct deviator‘stresé peak was reached
during shear for all specimens tested. Following,an.initial
rapid rise, the stress increased'slightly as the axial straina
increased until a-ccnstant level was reached,iusnally at 24

strain.

\
- No appreciative contrastindeviator Stress could be discerned
N

between weathered specimens and natural specimens. The ounly dif- .
ference at all, although not in shear behaviour, was in colour.
Natural material was a deep lustrous red, while‘yeathered material

was a dull, reddish brown. The response to shear an@‘the stress

levels reached of weathered and natural specimens were the

‘same or lvery nearly so in all cases, both in dry and saturated

~

cqnditions. Weathered material behaved the same as natural

material at this grain slze level.There was aslight difference be-

o

tween the gradations of the weathered and natural specimens. The

fgrain silze distribution can be seen in Fig. 4.2a. a
! N F .
The stress level achieved for the saturated natural

N

specimens was 10 Z to-30 2 lower than . the corresponding dry
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natural specimens. The largest difference was found to be for

specimena with the smallesgt confining pressure. As the chamber

' pressure increased, the difference decreased considerably, 10 X at

-
-

kigh pressure.

.The plots of folumeteicustrain versus axial strain
corresponding .to Figs. 4.1 a, b, aed ¢ are shown in Figs, 4.1
d, e, and f. The graphs are drawn illustrating compression ‘as
positive, Ali cases showed volume change as being coupressive.
In terms of the slope of the curves, natural and dry weathered
specimens behaved the same, with compression increasing with
increasing confinemenf, levellinéﬁoff at medium and;high
confinement. Saturated natural and saturated weathered seeciﬁens
also behaved the same, with compression higher than the dry cases
and increasing as eonfinemeut increased to the medium level and
decreasing at the high stress to the same value as in ;he dry
case,

Siance the exact poietrof failure is difficult to establish in
a-plastic flow failure, two failure criteria were chosen. Both
CBLambe (1951) and Bowles (1970) consider the choice of failure
strain as arbitrary in thisg type of failure. The first criterion
adopted established failure at 10 % strain; the.eecond at 24 %
strain. The former was chosen because any . earth structure is
seemed failing if the strain exceeds 10 2, and the latter because
it represented the maximum achievable strain with the ~test appa-~
ratus. _ ‘ \ '

Figs. 4.3 a, b, ¢, and d represent\\EEe.Hohr-Coulomb failure

envelope at 10'2 axial strain for dyy natural, dry westhered,
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saturated natural, and saturated weathered specimens, respective-

ly. The failure envelope was straight through the origin for sat-

urated specimens and curved for dry specimens. The angle of'inw

ternal friction obtained frOm'the.relationship
(cl/c3-l)

b
(@y/e4+1)

o = sin-l

i}

for the four typeé of the material at 10

-
o

(&)

strain w}th the”

values in order of inéréasing confining pressure was as follbws:
: /

dry weathered specimens

g = 33.5 32.8°, and 28.9°

satﬁrated weathgred specimens g = 33.&1 28.81 and 28.21'

-]

dry natural specimens © & = 34,0, 33.1, and 29.2°

o

'Y

[}

and saturated natural specimens & = 28.6, 29.5, and 28.2°

In terms of deviator stess level reached, the shear strength

of.dry weathered material was within 5 I of the strength of dry

natural material, with no treand with regards to confinement.

Saturated weathered material was slightly lower (less than 10 )

in shear strength at low confinement than saturated natural mate-

-~

rial. This difference disappeared at high confining pressure.

Dry natural material was stronger in shear than ‘saturated ’normal

material by 25 Z at low confining pressure. This difference re*\\/‘

duced to 2 T at high confining pressure. Similar observations

were noted about dry weathered material and saturated weathered

material. TH; former had higher shear strength than the latter.

The'largest differenceﬁwas 25 % at. 1000 kPa confining pressure;

~—

beyond that stress, the difference decreased substantially. At
. b r 1 M

-

3000 kPa. , it was less than 3 Z. Application

of Rofe's (1962)

RS

-
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Cyrrection of the deviator stress for volume change for all four
types of the material st 10 % strain brought the Mohr-Coulomb en—
velopes approximately together, - aléhough there were some irregu-

larities with the data.- .

. Figs..é.& a,b,c, and 4 representl Ehe Mohr-Coulomb ;lo:s at
24 % strain for dry naturai, dry-weathered, saturated natural, and
‘Saturated weathered specimens respectively. Saturated specimens
had failure envelopes that wefe straight or Aearly so, while dry
specimens had curved envelopes, but les§ so than the
corresponding curved envelopes of the 10 % dry Spécimené.

" The shear stress of dry‘weathered material, a§_measured by
the deviator stress level, was tﬁe-same as the strength of the dry
natural matérialt Similarly, saturated we;thered material had the
same shear strength as saturated natural ﬁaterial. Dry na;ural
waterial reached higher shear stresseg than saturated natural
material. At low confining stress the difference was 25 % and

; * . B .
decreased to IO/Z at high confining stess. There existed some

ambiguity in-inﬁérpreting the comparable situation between dry
weathered and saturated weathered material, The largest
difference in sheQr stress -was 15 Z at 2 moderate confid&men;
;n favour of'the:d;y materia}. For lower and higher confinement
tﬁe gsaturated weathered'macerial‘was 10 % weaker tﬁan the dry
weathered material. The trend of the results indicated that,
similarly to the 10 Z failure;observations, saturation decreased
the shear stréngth, andrth;s drop was a function of the

confinement. Since the shear charactefistics of 10 % and 24 %

fallure were the same, further plots utilized the 10 % strain

.

-,

-
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failure ecriterion. ‘ : ’

Fig. 4.2 a shows the grain si;e distributiod curve of the
natural material aﬂd_the weathered ﬁaterial. The slaking proceés
produced only a swmall changeliu gradation,-incregsing the
coefficient of unifofmity, Cu; from 3.6 to 4.2,

Fig. 4.5 a, shows the grain size curves of ﬁry natural

material after shear testing at confinements of 1000 kPa, ’000

" kPa, and 3000 kPa. .Cu chauged from an inicial value of 3.7 to

7.9, 11.7, and 12 7 for the respective confining pressures.

Slmilarly, Fig. 4. S b .shows thé graln size curve for dry

weathered material afcer shearing. Cu changed from 4.3 to 6.6,

10.1, and-11.4 at 1000, 2000, and 3000 kPa respectively.
. Fig. 4.5 é‘ shows the grain éize distribution curve  for
saturap%g natural wmaterial afﬁer shearing. The coefficient of
uniformicy chﬁnged from 3.6 to 9.1, 19.4) and 13.6. Fig. 4.5 d
shows the grain size distribution of saturated weathered material
after sheaf.testing. The coeff;cient changed fror 4.4'tb 21.6;

35,.and 16.3. The grain size distributions of the saturated mate~

‘'rial (matural and weathered), after shearing at high confinement,

showed a distinctive-change in'behaviour of the degradation of the
fragments. This change was noticeable primarily in the shape of
tﬁe distribution curve. For the specimens shearéd at high con-
fining étress, the curve changed from concave to convex.

Plpts of vq;d ratio versus‘méan normal stress are presented

in Figs. 4.6 2, b, and ¢ for the four types of the material at

1000 kPa, 2000‘kP$, and 3000 kPa confining pressure. The ,graphs

show the compression and the shear test divided by a line



-

indicating the confining pressure. The vold ratios at 10 X

-

Y

failure are indicated on the plots.

‘At the same confinement, dry specirmens, na;ﬁrai and weat%—
éred; reached the approximate same void ratio after comprassion e-—
ven though initial void ratios were different. Similar observa-
tions were‘noted aboﬁt saturated specinens except that the_ void
*ratio reacheﬁ was smaller than in the dry cases,

Assuming that the Cam—-clay model could be applicahle te these
materials, all materials behaved as ;;e;consolidated solls and
failed on a line that may be said to Se par#llel to the «critical .
_ state line and the normal cousolidation line of the material {see
Figs. 4.6 a; b, & ¢ and Fig: 4.9 o). 'I.'his failure line had a con-

‘stant slope, A equal to 8.?5;10_5, for/ all f0ur'typestof the

confinement of 3000 kPa

material, whether saturated or dry. At

ané using the 10 % failure criteria, 1 specimens, saturated and

dry, reached féilurg at an approximateYTmean normal stress o? 4500

kPa. "~ At 2000 kPa cénfining pressure, all specimens failed at an

aﬁpfoximate mean normal stfess of.3000 kPa. At IOGD kPa confining

stresg, all sgecimens faile@ at approximately 2000 kPa mean normal
TN

stress.

L)

4 general view of thgibehaviour of tﬁe material-during shear
was obtained‘through normalization. . This .method invoived
plotting the . quotient of the deviat;; strgés_di§ided by the
confining pressure against the "deviator strain, \Normaiization
produced excellent results ﬁpﬁ saturated specimens, bo;h natural

and weathéred, as seen in Figs. 4.7 c and d. Both curves were

:iden:ical; For the case 0f dry natural and dry weathered

-

~

e A A AR L im - mmem et i, e e



mhterials, normalization-producéd less unification, but,
nevertheless, reasonablg resolto“were otained as seen in Figs., 4.7
2 and b. Since there was no difference betweép natural and weath-
eoed matsfials, these two curves were considered the same.

.The two normalized curves obtained for the dry and saturated
conditions were unique and were hyperbolic in shape. Xondner's
(1963) hyperbolip transformation was applied to thenm, resulting in

coi)foilowing eéxpressions for the shear modulus, G :

g
G = o;nf [ , 1

. _ 2
[1+ ll.?(el~s3l]

-

for the saturated ctase, where dcouf is the counfining

pressure and‘(ﬁl—e3) is the deviator strain. -For 'the dry

case the expression was

-~ g
1
¢ = —conf [ ]

2 [l +7.6(e; ¢ )]

A second normalization techniquel was: attempted in order to
obtain a more genmeral representation of the material in any state,
Normalization involved }dividing the deviator stress by the mean
normal stress. The results of this mormalization are presented in
Fig. 4.8, This process groduced one unique curve for all four
types of materials: dry naturol,*dry wpathere&, saturated natural,
and saturated weathered. Kondger's (1963) hype}bolic transforma-

tion was applied to the curve,

.;esult;ng in the following equation
" ‘ T

for the shear modulus:

c

6= 2

[1 +_21;5(sl-83)j2 - 7 | ;(4_4)‘
5

» Plots of volumetric strain versus mean normal stress for dry
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natural, satufated natural, dry weathered, angw?atﬁrated wéacherpd
material after hydrostatic compression are showﬁ in Figs., 4.9 ;,
b, ¢, and d,, respectively. The bulk moaulﬁs, K {pee_Appendix A),
was obtained from these plots.‘ The results of the tests at three
confining pressures is represented o; each of these graphé. At
each pressure, the tests plotted as straight, parallel lines. .The

slopes of the lines were equal for all four types of the material,
. .
‘One value of K, independent of the confinement, was obtained for-
the material natural and weathered, either saturated or dry. That

value was found-to b f8.3 MPa. This value of K is valid for the

shearing phase bf load ounly. ' v

Analysis of thé éompression &ata in terms‘of Janbu'ts  (1967)
tangent modulus concept is found in Table A.i, while the graphs,.
fronm whiéh tﬁe values were obtained, are presented in Appendix C.
An exémination of thesé.curves shows an approximately linear_rela-
tionship between stress and straim at strains of 10 2 and lower.
The stress exponent, 5; was found to vary between 0.001.to 0.003.
The &ata indicated that the exponent decreased éo 0.001 at high
confinement. The modulus number, m, was 109 foQ the dry
gaterial and 105 fof the saturated materi;l. é&

- Comparable graphs to the Plots of.the four “tyéésqofm;he
materigl are presénted in Figs, 4.10 and 4.11 for a specimen
treated with EDTA and tested at a confining pressure of 2900 kPa.
The -plot-of“ deviator stress §ergus axlal strain, Fié. 5.10 a,
‘was idén:ical'to the plot of saturated materials at the same
confinement-;(Fig. 4.1 b). The plo; of vo;umetric straln versus
axial strain, Fig. 4.10 b,‘was identical to the plot of sat-

»
-
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urated natural material ( Fig.‘éil e ) at 2000 kPa confining
stress. The ths diagram at lO'Z strain, Fig. 4, 12 a, seemed to
have a similar trend as the saturated wmaterial at the same confin-
ement (Figs. &.3 ¢'§ d). In Fig. 4.10 ¢y the -void ratio after
-compression of the chemicallv treated material reached a 10 ¥ low-
- er value than the corresponding void ratios of saturated specinens
(Fig. 4.6 b). In Fig. 4.11 a, the equation of the shear uodul;s
using the confining scress for normalization was the. same as equa-
\'tion 4,2, The.equation the  shear modulys eur;e using the mean
normal stress, was the same <as equation 4.4, The slope of the-
line in Fig. 4. ll c yielded the same constant value of the bulk
modulus. The grain size distribution of the treated material af-
ter shearing (Fig. 4.2") was similar to the other-saturated spe-—
cimens. |
For the case qf the powdered Queenstod Shale, dr§ and sat-
urated counditions ( at dry densities of 1.85 Kg/m3 and 1.99
Mg/m3, respeoti;ely ), are presented together in Figs. 4.10 andl
4.11. In Fig.l& 10 a, the dry powder reached a deviator stress
maximum of 6750 kPa at approximately 10 2 axial strain and
levelled-out aCQZ& Z to 6000 kPa, equivalent to Vthe value
' reached by dry natural nd dry wea:hered specimens at 24 % at the
same confinement.' The saturated powder had no pronounced pezk,
but gradually roge to g maxinmum of ZISQ kPa e: 24 % strain. Tﬁis
value was 65 % lower.&han-the dry powder value. At 10 % strain,
the saturated powder reached a value of 1489 kPa, 80 4 lower than
ﬂthe dry powder. These two saturated values were 60 % lower than

-

"correSponding values for sathra&ed natural and saturated

- ,

Mmoo et e e e -
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'wb;theréé' magerigl. 1;' Fig. '4.10 b, the volumetric strain
reached after 10 X axial strain was 1.5 X for dry powder and 2.5 X
for saturated powder.- The volumetric strain reached for dry frag-
mented specimehs. both natural and weathgred was 7 X. For the
d:y powder, :he slope,® X ,- of the'?failgre line’ (see p., 71 ) in
Fig. 4.10 ¢ was &.5x10‘5; while, for the saturated powder the
slope. was 8.75x10-5, the same as all other plots of the rrag—
nented materials (Figs. 4.6 a,b, & ¢). In Fig. 4.11 a, the equa-’
tion of ﬁhe shear modu;us_ Fusing-confinrﬁg stress) for the dry’

~powder is as follows:

2 YZons 1
C 6 == .2 -
o ‘ ; ) L + 9-6(31‘33)] -(4.5)
and for the saturated. case
g - :
G =. c;n'f [ L . 2] _ .
[1 + 56.9(¢ 1€ )I . -(4.6)

Using Fig. 4.11 b ( mean normal stress for normalizatiou 3, ‘the e-

-quatton of the shear modulus for the dry powder is

-

m 1

(1 +12.3 (s]%é3)] . - -(4.7)

‘while for the saturated powder the equation is
c
m 1
G =— [

[1+ 15a§(el-53)]2

| ~(4.8)
The bulk modulus, , found in Fig. 4,11 ¢,' had a dry value of

. ) > -
44.4 MPa, while for the Saturated case, K was 18.3 MPa. 5
ot

In Fig. 4.12 a, the &, value, both °bserved from the

Plot and calculated using equation 4. I, was 39.&" » while 'for
equivalent dry fragmented material g was- 33, The.ﬁowderﬂﬁgat-'

M -
-

.-c ‘9 .
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value was 16.3i while ;hé value of the comparable saturated
material was 29, The results of direct shear tests on 5.cm2,
powdered specimens of Queenston Shale, performed by Thompson
(1981), iéﬁicated thaF ﬂsat was approximately equal to géry'
The resulq; have been plotted and are presented in Fig. 4.12 b.

' The vélue of & were 36 at a noermal stress of 700 kPa, 22° at ﬁOOO

kPa and 18°a; 3000 kPa. ' . -

4.2 biscuésidu
~ The fact that there werelno. pronOunéeQ pe&kg in the stress-
strain plots of'the specimens tegtéd, l&nd that all 'vdlume change
was compressive was moét probably dﬁe to the low relative deusity
of the specimens ( Terzaghi and Peck 1948 ). 'Eowevef, a second
reason could exist aé described by the De Beer (1§65) énd Lee and
Seed (1967a). These investigators found that dense speciméns,
under conditions of high ;onfinement behaved as loose specimens
(similar to the behaviour of specimens tested in ;hig study), in-
R . .

tead, of dilating and showing peaks in their stress—strain curves.

Since the confining pressure of 3000 kPa, the upper limit of the

——

testing programme, can be considered to ‘be on the verge of the .

of the high pressure range (Vesic and Clough 1968), it seems nec-
essary to investigate‘if this pressure had any effect on the

stress—strain behaviour of the speclmens. From an examination of

Fig;,é.l, it is evident that the overall stress-strain behaviour.

/
is more or less the same at all confining pressures and that at

low confinement (Fig. 4.1 a) the specimens definitely behaved Esi

loose -specimens. Therefore, with a relative density of 70 % to

80 Z, specimens in this study can be considered as loose. Fur=

&

»
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thefﬁore, the coufining pressuré did nét seen to change the ba-
sie stresé-étrain behaviour of these loose_speéimens. This be-
havidur was due to e rel&tive density of the specime;s.

The curved fa[iiie gh%elopes of the dry natural and weath-
ered materials (Figs. 4.3 a & b and Figs. 4.4 a & b) appear :d be
2 normal condition for ro;kfili materiais; The straigthnesé of
the aneloﬁes of”the saturated materials, both natural and weath-
thered (Figs. 4.3 ¢ & d.andAFigs. 4.4 ¢ & d), appears to be an
oddity. Suchhbehaviour was not endOuntgred in any of the investi-
- gations found in the literature review.

Three factors gffect the shear streangth and deformaticn be-
haviour of a rockfill material: grain size distribution, shaée‘ff
the grainf, and crushing strength of the grains. As these fac-
tors seemed to be similar, it is not surprising that the shear
strength and the deforﬁation behaviour of the. weathered and nat-
ural materials-were‘similar » a8 seen 1in Fig..&.l. It appearé
fhatl at that ~particle-size 1level of testing (-lg‘mm or less )
frégments of Queenston Shale are very resistant to weathering.
However, tﬁis conclusion does not I1mply that larger fragments
yere equally resistant, as evidenced from visual obsexrvations in
the field.

The difference  in colour of the' natural and weathered
materials is most 1likely attributed to the presence of ﬁater in
the natural material and ;he absence of it in the other, as a re-
sult of the drying process. |

The difference in'shgar st;ength of the dry specimens énd ihe

saturated ones could have been due to water acting as a-
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lhbricaot thus lowering the coefficient of friction and
allowing particles to re—orient themselves more easily. Thi;
hypothesis was discounted by Taylor - (1948), Terzaghi and Péck .
(1948), and Lee and Seed (1967b) It was proven untrue by Marsal
(1973). The more reasonable cause of the drop in shear strength‘
is the fracture and degradation of highly:s:ressod particles as a
'reiult.of éxtornal foroes and internal forces caused by satura-
tion. As presented by Van Eockhout (1976), these forces orél due
Lo capillary tension decrease and fracturé_edergg reduction. The
result is a change in volumetric strain. Since the _Hohr—Coulomb,
corrected by using Rowe's(1962)equhtion, ‘were the oamé it appears
that saturation produces a volumetric effect and not a oure‘fric—-
tional one, ,

rThe fact that the saturation effect diminished as the
confinement increased can oest be looked at from the point of
view of grain breakage. Saturation Increased grain breakage, as
demonstrated by the grain size distriburtion (Fig. 4.5). But at
high confinement both-dry specimens and saturated specimens expe-
rienced less relativo grain breakage. From.g fundamental view
point, the particles were éetting s0 smali at high stresses Ehat
degradation, through Saturation, was no longer imporcan;.
phenomonon at that scole level. ‘The decrease in the coefficient
of wuniformity of the saturated specimens (natural and weathéred),
at confining stress of 3000 kPa, 1s due to the convex pature of
these curves (Figé. 4.5 ¢ & d). The convexity is most likely due
to at least two separate oonceutrations of_mass in ‘the_distribu—

~

tion, as opposed to ome in the normal concave curves,
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The question rcmeins nhy particle breakage for dry and satn-
rated snecimens reach a <c¢constant iowerlrelative value nt‘high
confinement; According to Marsal (1973), particle brcakagclis a
function of the contacr forces on the particles. These forces
.ére direct;y proportionai to the:number of contacts per particle,
a relatively constant value, and to the principal stresses, and
inversely proportional to the surface concentration, ns, which
increases with particle breakage. Therefore, the average contact
force tends to remain constant because the increment of principal
étresses is compensated by the increase of ns. ‘In addition,
since fraémented Queenston Shale showed fundamentally different
shear behaviour at medrum and hign confinement, and since Leps
(i970) demonstrated that rockfill had a'nnnque behaviour at low
confinenent, Vesic“and Clough's (1968) Preakdown- stress concept
may‘be applicable to this rockfill. This concept would indicate
that the fragmen:ed shale would behave as a linear elastic solid
at conditions of high confinements.

. The uniqueness of the bulk modulus, during the shearing
phase, confirms Clough and Woodward's (1967) assumption regarding
its constancy.

If the Cam~clay model 1is valid for this material, the para-
meter, A, which is the same for all types of the material, 1is a u-
nique soil constent‘ which describes the behaviour of the marerial
l(Atkinson and Bransby 1978). Even if this model is not applicable-
for fragmented Queifston Shale, an empirical relationship can be
~established to determine the voild ratio during shear, at a certain )

mean normal stress. The relationship is of the form:



e = e - Alog o ) ' -4.9
o n .
where e, 1is cthe initial wvoid ratio prior to shear, i is the

slope of the failu:$>line (Fig. 4.6), and % is the mean normal

Stress,

The observé:ion, that all types of specimens ( saturated and
dry ), unfer the same confinemenﬁ, fail (10 7 axial straia) atr the
same mean normal stress is too general a statement to make. The
observation  implies that the volumetric ?stra;g i1s also the-
same at this stress, since the bhulk modglus w;s-found to be
constant. This implication is not correct because the plots of
volumetric strain-axial strain (Figs. 4.1 a,b, & ¢) indicared that
dev/dea was different .for saturated aand dry materials at the
same confinewment. Thus,'wheg €, is 10 Z,-ev is différeﬁt for
saturated and dry materials. Since the void ratio-mean normal
stress plots indicated that specimens failed at approximately the
same mean normal streés value, the gene?alization that they fail

at the same value cannot .be made,

Since the meaﬂ normal stress fakes into account the interme-
diate stress, cé, it seems more reagonable that normalization of
the deviator stress using mean normal stress (Fig. 4.8) produces
better results with less scattering than with confining stress
(Fig. 4.7). The fact that one unique curve for the shear wmodulus
is obtained for both the saturated and dry cases, using mean nor-
mal stress for normalization, points to the conclusion thai satu-
ratibn affects the compressibility of the material and not its
pure frictional behaviour. Saturation affects the volumetric

strain (Fig.;é.l d, e, & £), which affects the . mean normal stregs
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through the bulk modulns. ‘But the mean normal stress affects the

shear modulus (eq. &.4) which relates deviator stress with devia—;

tor strain._' Thus saturation indirectly affects cthe deviator

stress, But saturation does not seem to affect the pure friction-

al part of the shear strength . This conclusion is supported by

the fact that the 'correct?d deviator stress—strain curves (using

Rowe's (1962) equation) of all tvpes of ‘the material become one

curve. This fact indicates that the difference in shear strength

between saturated and dry specimens at the same coanfinement is due

,to the difference in volumetric strain which’ saturation produces.
N,

The similarity of all the plots of ‘the aeid treated specimen

(Figs. &.10 & 4.11 a, b, & ¢) to the saturated plots confirms that

Queenston’ Shale 1is not affected by acid and is not a cemented

shale.‘;. | ' . | >

Ine results of the test on the dry.oodder are obviously in
error because the ‘deviator stress level reached is 50 Z.higher
than the dry fragmented shale at the same confinement, even though

»

the density of the dry powder after compression (1.99 Mg/mB) was
less than the rockfill specimens (2.14 Hg/m3). Thus, the dry
powder had no reason to have “higher shear strength. As the‘shear
shear streagth (measured by the Mohr—Coulomb envelope; Fig. 4.12)
of the saturated powdered specimen was more or less the same as
that obtained from direct shear test on the satnrated ponder,
. more attention shonld‘be giver to Thompson's (1981) conclusion
‘that Bsat was the same‘as Bdry" This statement further sup-

ports the coanclusien that saturation produces & change in com-

nressibility of fragmented Queenston “Shale ty facilitating graia

~

w -

-
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breakage. At the size .level of the powder (below 74 pm), satura=-
tion does not cause significant grain breskage, because the graing
are too small, Thus, the uniqueness of the angle of" internal

friction for the powdered shale in saturated and dry conditioms is

-

not surprising.: Saturation does not seem to affect the.coeffi—-

clent of frictiom of Queenston Shale in fragmented and powdered
conditions, but does reduce the shear screngﬁh indirectly by af-

fecting the mean normal stress.

w2
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'CHAPTER 5

: | CONCLUSIONS -

¢

l. The 1lack of \hny definice peaks in the stress-strain

curves, and the compreséion' characteristics of the fragmented,

Queenston Shale specimens tested in. this study was due to . their

loose relative density.'
2. Membrane correction was unnecessary for triaxial com-.
pression tests at such high pressures as those used in this study.

3. Under the same cest conditions, natural and weathered .- ma-

terials had the same behaviour in shear and compression.

4, Dry'specimens-of fragmented Queenston Shale, at 70 to 80 %

relative density, had an expectantly normal curved, Mohr-Coulomb

. failure envelope.

5. Sﬁrprisingly, saturated specimens, at the same relative

‘densities, had straight envelopes; an&, when projected back, in-

tersectéd the origin.

6.. As expected, dry material was stronger than saturated ma-
terial. | |

7. At low confinement, there was a 25 Z difference in shear
strengfh, as measured by deviator stress, betdeen dry and satura-

ted specidens. At high confinement, this difference reduced to

10°%Z or less,.

8. .Rowe 's {1962) volume change correction brought all devia-

tor stress—strain curves to one approximately unique curve. :
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9. Thgjfailurg ch#racteristiés‘éf ffhgmentéd Queenston Shale,
#t 70 to SO.Z relative denéity, ‘using the 24 I and IO‘Z failure.-
strain criteria were more or less cie same. |

10. Slaking, below a parﬁiéie size of 20 mm, did nunot affeect

the material very nuch. ’

11. Shear testing and coﬁpression_of dry specimens changed the
grain size discibution of the 'matérial aore than slaking did
under no stres§ eonditions (except grdvita:ional).

12. Shear testing and compression of saturated specimens af-
- fected grain ;ize diétribution -more than they did dry specizens
under thé same conditions. |

13. Shear testing and compression of.saturatéd speéimens at
high confinement appeared to alterl slightly, the‘degradation pro-—
cess,

lg. $peci§ens compressed to the same stress and the same satu-
ration aqnditions.reached the same'void ratio, even though initial
void ratios were different. |

15. The parameter ) was constant for all types of the materi-
al, including saturated powdered material.

16. Normalization oé the deviator stress using the mean normal
stress produced excellent results, and is a much better normaliza-
tion technique than one us%Bg confining scress.

17. The shear modulus of both saturated and dry fragmented
Queenston Shale at 70 to 80 2 relative density was dependent, nét
only on deviator stress and strain, but also on mean normal

stress (Parameters determined by monotonic loading),

18. For all conditions tested in this study, the bulk wmodulus
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for the shearing phase was afproximately constant.
19. Janbu's (1967) tangent modulus péraméter,'s,‘is.approxima~ _
tely zero, whilé the modulusfnumﬁer, m is Lx}OG‘for dry material
and_lxlosifdr saturated material. -
| 20, EDIA,_a-cenenting' bond disseolver, did nét‘seém tb have
any affect on the stréss-strain characteritics of fragmented

Queenston Shale.
21. Saturated powdered Queenston Shale, at a density of 1990
kg/mB, had a 60 % lower shear strength (measured by deviator

stress) “than saturated fragmented shale at 2000 kPa confining

‘.stress. s

22, The expression for the shear modulus of the saturated
powder is non-limear, and the normalization version-of it using .

c; has a different constant than the one for the fragmented

shale.
Sy

23. Since . the tests on Ithe pow@é}ed shale were at one con-~
. 1
fining pressure, it was impossible to(determine 1f the shear mod-

e
ulus of this type of material was dependent on the mean normal

L

N
24. The shear streagth of powdered ngsﬁston Shale (saturated

stress.

and dry), as determined from direct shear tests (Thompson 1981)
indicated that the failure envelope was curved, as expected.

25. The angle of internal friction of dry and saturated pow-

dered specimens at the same normal stress is the same.

3.2 General

Queenston Shale is a mechanical compaction shale. It has a
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neutral reaccion .to, at leest, two acids, indicating that it is
non-cemented. “As a mechanical shale, Queenston Shale should

slake easily. 1Indeed, large blpcks of it readily break down by

4

-weathering, qltimacel?, forming a red clav soil. But, such

behaviour was not_the-case at a par%icle.size of 20 mm or-less.‘
At this sEale level, the material proved to be quite resistant to

weathering. 1In addition Queenston Shale does not countain any

expansive clay minerals. ‘Aey weathe;ing which occurs is probably‘
as a result of the proeegation'of Griffith's cracks. This

propagation, most likely, occurs because of capillary rtension
decrease, fracture energy reduction, and, in a stress environment,

local ‘pore eressure‘iecrease.

The,ehear and compreesibility behaviour of fragmented

Queenston Shale at 70 to 80 % relative density is similar to’Ehat

-0of a loose sand. It experiences only compression 'in triaxial

. compression, and has no definite_peak behaviour in its stress-

strain curve. The Mohr-Coulomb failure envelope is curved,
at least for dry specimens. - Surprisingly, the envelope ie
etraigﬁt for saturated specimens. |

Saturation of fragmented Queenston Shale in conditione of
stress, such as in triaxial compression, 1increases the
compressibili;y of the material by facilitating grain breakage.
Increased compressibility affects the mean normal stress, which
influences tHe deviator stress through the shear modulus; Thus,
saturatioﬁ indirectly reduces the shear strength of the material,
by increasing the occurrence of érain breakage, but it does not

Seem to affect the pure frictional part of the shear strength, as.

=102 -
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defined by Taylor (1948). ~ -

3.3 Reeommendations

In order to obtain‘a more thorough investigatipn of the be-
haviour of fragmenCed‘ Queens:pn Shale, undrained mrﬁaxial csm-
pression‘test.along with extension tests should be performed.

A better method of measuring volume changes in the specimens
than monitoring the air expelled would be to meadsure the volume of
fluid entering or leaving the triaxial cell.

A correlation should be made between the slaking characteris—
tics of large fragments of Queenston Shale and the ones investi-
gated in this study.  The deterioratien effeces of,freezing and
thawing shoqld also be examined. |

Since the literature review has esca%lished that the shear
strength of granular materials decreases with the increase in size
of the particles, they values of the angle of internal friction
determined in this study should be reduced in any design of struec-~
tures using fragmented Queenston Shale as a building material.

All parameters determined in this study need to be verified
with field data from aceual case studies.

Since slaking affects large blocks of Queenstan.Shale, even-
tually reducing them to fine soll comsistency, a conservative de-
sign could utilize the shear streangth of the powdered  shale te.de—
_sign structures which are meant.to have a long life span.

In order to. make this study more rTelevant, a correlation.
could be made between the strength and slaking charateristics of

Queenston Shale and the slaking .behaviour of other mechanical

shales.
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Apbendix A

REVIEW OF ELASTICITY THEORY
The theory of elasticity is well documented and for this
reason, with a special application to soil mechanies will dnlyﬂbe
briefly discussed in the following section. Most of the
interpfetétibn is attributed to Christian and Desai (1977).

Al Stress

The stress tensor that represents the stress’ state in space

can be described by the "matrix

g [+ o}
X X Xy Xz
3 = | g g )
13 Xy vy Yz
] =2
x Z ¥z z 2]

Each component of the stress rTepresents a force acting in a
specific coordinate direction §n_é u;it-area‘oriegted in a
particular way. ? ihus,éxy fs the force in the ﬁositive x
direction acting on a unit area, ﬁhose normal 1s in the .y
direction. The terms dxx;‘dyy,_and g,, are normal
stresses and the reést are shear stresses. ﬁecause compression is
more common thanutension in geotechnical prbbiems,,thé usual
geotechnical convention is to make compression positive.

If two coordinate systems are represented by X, v, Z, and a,
b, ¢ and the direction cosines are the cosines of the angles
" between pairs of coordinate directions- then they can be denoted

by the coordinate labels enclosed in parentheses.- For instance

(y,a) 1is the cosine betweendﬁirection y and direction a. A
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pdint.with_c§ordinafeé (i,y,;).in one §ysFém will have
éoordina;es (a,b,c) in‘ﬁhe other system defined Py:‘
a} (i,;? ty,é)r(z,a) X
bi=|(x,b) (y,b) (z,B)[{y
\¢ (x;c} (y,c)‘(z;c) z
Thi§3 x.3matrixiscélledthe trangformafion matrix T . Any
yeétor‘ v written iﬁ tﬁe x, v, z System‘éan be transformed into
v in th; a, b, ¢ sygéem by _
{v*‘? = [T} {v} ‘
' The stress & in®the x, ¥, x systeg‘can'be transformed into
Gf in thé;d; b, c.system by ) | :
EHRES;
By usling the theory . of matrices a set of rotatioans of
coordinates can be found that Qill give a stress o  that has

only diagonal or normal terms:

gy 0 '0 )
[o'*] = 0 o, 0O

X 2z - .

_O 0 d%

The diagonal terms are called the principal stresses and

s

they are the solutions of the equation

3 : 2
ag Il o] + Izcr 13 0
where
I = g + g + o
1 X x Ty zz
°x x oxy oyy °yz °xx %xz
I =
2 + +
o o 0 0 o 0
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s s )

xx Xy Xz
I, =l ' & o
3 Xy YY “vyz

g - g =3

Xz ¥y z zz

These are called, respectively, the fitst, second, and third
] inverian_t of the 'str:ess. Sin-c:'e'-the prinecipal stresses'are.
'phyeioal quantities, independent of the choice of coordinate axes,
the invariants must alse- be independent of the choice of axes and-
are, therefore invariant under the rotations of . coordinates.

The average normal stress is called the. octahedral normal

stress , o . and it is slso invariant:

oc
60ct R I-'1/3
_ Soct O 0
[6°°tJ <o Toce ©
' 0 0 " Toet
The deviator stress ig then defined as
(3 -
XX oct Xy Xz
[ SJ- o g - o
‘ Xy vy oct yz-
’ 3 -0
X z. vz zz oct
and also has principal valueé'and invariants,‘ which are

"identified by Jl, J,» and 33. By analogy to the preceding

discussion. on invariants, the Principal stresses, are solutions to
the equation
../J S"J"’O

where



e = 11h -

3 03 3 |
Z Z'_XSUSJASN )

(=] Jm1 kmy

b-lln-

When the directions of the three principal'stresses are
taken as coordinates, it is-easy te determine that planes which

have outward noramals, forming equal angles with these three ares,

must have the octahedral normal stress ¢ oct acting on them as

the normal stress. " The resultant shearing stress acting on an
.octahedral plane is called the octahedral shearing stress foct

“toct- 1/9[(61-623 * f°'_1"~'°'3) +{6'2—6'3]~]-2/3J2

A2 Strain

The deformation of a body is described by the strain. "If the
_displacementsare e, v, and w in the'x, ¥, Z direcrions,

.respectively, the components of strain are:

 du . do dw

g-zta-a—x €y 5 €z ='é;

du v du év avi_éj

- - — — — e — = —
R ay+é‘x =TT T 3y
The first three csmponents-are normal strains and the last
three are shear strains. The same equations can be expressed more

compactly by using a subscript notatioa, in which U U, , and

U3 are the displacements in the X1 xz,.and X4 directions

respectively. The strain is then

du, Bu,
€y = + Ty =2
i (ax, 3% ) . 7 <17}

¢
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The tensor representation of strain is

[ €y €pe

+
™~
<
B
™
]
™~

This tensor obeys all the transformation laws described in
the previous section for stress. It has. invariants, principal

values and so on.

The strain can be separated into'.an_ octahedral normal
component

€yt e, + g,
—.—'_._3_—'

0 0 ¢ ' . \

and a deviatoric one.

€es € € &g
[e] = €2 by =€ 6y
€x €y € — €

If the volume of a small element is VvV, the volumetric strain
¢ . .

€oet is defined by : | '

_AV 3 dv . aw
Nz

ottt =t Fe, =3
Cu ax+ay+6: = i

Since there are 6 independent components of stress and 6 of

strain , 36 coefficients are needed to relate them linearly
in the most general way. However, by_considering the energy
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stored in g strained linearly elastic body, it can be shown that
the coefficients must form a symmetric array. This symmetry of

_the stress- =strain relation reduces the Tuaber: of independent

terms to 21,

The number of inde’pendent terms is reduced considerably'byl
considerisg'the planes or axes of isotropy in the material " In
geetechnical .engineering the two most commonly used types are'
conmplete isotropy and cross anisotropy. Cross anisotropy applies
.when there is some plane (usually: horizoantal) 'in which ali

tress—strain relations are isotropic. The elastic constants for
stresses and strains outside the plane are di‘ferent. The resuit
is five independent Coastants. Total isotrOpy exist when the
axes can be chosen arbitrarily with no effect on the elastic
constants, which are then reduced to two. » |

" The constants can be expressed in terms of several differeat
Parameters. The most commen ones are as follows:

| 1. Yoﬁng's,modulus, E, relates.sxiai straia to axial stressg
in 4 silmple tension or compression -test
Oz =Ec. - all other cr's‘ =0
2. Poisson's'ratio _Y; relates axial strain to transverse
\hormal Strain in a simple tension or compression test
c,;, =€ = —ve,, all other &’s except - .-—‘0
'3. Shear dodulus , G, relares shear stress to shear strain
o,y = 2G¢, = Gy,
4. lek modulus, X, relates volumetric strainp to averaée or

octahedral stregs
O'&' = KC,,,
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5. Lame's constant, 2, u, relate the's;resseSfand strains as

follows: : ' _ Cux = Abyqy + 216,

Gy = 2;:(*,
If the equations conneéting a number of variables contain
all the _variables to the first -power . only, they are said to-
be linear. The importance df linearity ié twofoldﬁ_firsélv - the

eQuations‘are.easy to solve, and secondlv the princlple of

superposiﬁion hplds.' if El is the effect of a cause C1 'and

2 then El + E, ils the effect of the
combined causes CI + Cz-(Jaeger 1978).

E2 that of a cause C
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APPENDIX B
LABORATORY PROCEDURE

31 Deﬁailed Test Proéedufe
The following is the.procedure adopted.after the cell is
"placed in the load-ffame'to the end of the test. It includes,
pressurization operation of hydraulicecs, volume measurement and
recording of data. Figures 3.5 & 3.7 show the complete system,
including the yélve.numbe;iné notation:

1) Zero dial gauge for measuring’ axi#l deformation..

2) Fill cell with .water through valve mno. 3, untilfwater
exits from the outlet valve at the rtop of the cell; Close‘vglve
no._3 and outlet valve. Connect the high pressure tube from valve
no.f&, (closed) on the water tank, to valve'nq. 3.

35 F1ll water tank c&linder,.by sucking water in from the
bottom of the tank at valve no. 5. Shut valve No. 5.

4) Set valve no.l2 . to low pressure, opening valve no. 1l4
and no. 6. Apply a pressure of 100 kPa on the Bpurdonlgauge,
using tée low pressure regulator, and close valve no. 13.

5) Open valve no. 4 and no. 3 to pressurize the cell.
Verify the pressure, by opening the outlet valve, and notice if
the water is éressurized.

6) Pressure being confirmed, open valve no. 2, the duct

 ff¢mﬂ;b¢fspecimen, to release~-the vacuum.
“ ‘;‘7) Fi1ll volume measuring cylindef to the top and record the

; reading. Close valve no. 11 and no. 7. Set valve no. 10 and no.
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8 to test. Set valve no. 9 to dryﬂJ

8) lConnect.vbluﬁe‘measuring'tube from valve no. 9 to valve
no. 1, or to a.combin;tion‘of valve no. 1 and no. 2, otherwise
keep valve no. 2 clésed. - . . -

9) Connect load cell to digital’reéder and zero chg value.

10) Raise ché pressure in che'cell ia small inCremenﬁs,‘at
2 steady rate, until the desired confising pressure is reaﬁhed.

.
Record the corresp§nding volume change reading for each
increment,‘after matching the level witﬁ the standpipe.

11) Let.stand for one and a half hours and’recoféﬁﬁny

further volume change.

12) Turn off wvalve no. 17. Switech on fuel pump. Turz on
valve no. 18. Set valve no. 16 to 1/2 division aad slowly open
valve no. 17. '

13) .Adjusf falve no. 1S5 * aand no. 16 so thar g constant
pressure differentfial exisrt between the two gauges in the

hydraulic systen.

14) Switeh on recorderf, when dial gauge 1is at zZero.

Continually adjust valve no. 15 and no. L6, so that the dial’

gauge reads a steady speed of 1 mm / min, by matching the speed

-

of the néedle to the second hand of a clock.

i5) Continuously adjust the level irn the wvolume measuring
cylinder to the standpipe. Note down the reading at the sane
ti&é as the force in the load cell is recorded (every minute).

16) After 106 readings (100 minutes) close valve no. 18 an

-the punmp and depressurize cell. . f
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' The experimental data and: calculations .for dry weathered

(25D), saturated weathered S(25W),

natural (NW), dry powdered (PD),

dry natural (N),

saturated powdered (PW),

saturated

and

acid treéted (AW)_specimens are presented in ﬁhe following pages.

Dry weathered at 3000 kPa
Dry weathered at 2000 kPa

Dry weathered at 1000 kPa—

,Saturated weathered
.S‘at:ura't ed weathe 1;ed
Saturated weatﬁered
Dry natural at 3000
Dry natural at 2000

Dry natural at 1000

Saturated natural at 3000 kPa
Saturated natural at 2000 kPa
Saturated natural at 1000 kPa
Dry powdered at 2000 kPa
Saturated powdered at 2000 kPa

Acld treated at 2000 kPa

page

page

at 3000 kPa

at 2000 kPa

at 1000 kPa

kPa

page

page

page

page

kPa

page

page

kPa

page

pagé

page

page

page

page

page
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149
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Test no. 20

COMPRESSTION DATA

-

State of specimen 25D Pressure Tine Volumne Volume corr. Void
Date tested 29/5131 interval change change Volume FRatio
Confining pressure 2758 WPa 1:Pa reading ce cc e
Initial volume SR94 ¢ 2103 5 min: 75.5 0.0 5R94.0 0N.606
Initial height 327 mnm ~ 345 5 min 72.8 . 66.8 5827.2° 0,588
Weipht of specimen 10.2 kg 690, 5 nin 6R.8 165.8 5728.2 0.56]
Water content n.,2 = 1034 S nin 5.1 257.4 5636.6 0,534
Volume of solids 3771 cc 1379 5 min ~o 0H2.5 321.8 5572.3 D0.S51R8
1723 5 min 59.5 396.0 5498.0 0.408
2068 5 min 56.6  467.8  5426.2 D.4T7R
2413 5 nin 53.9 . 534.6 5359.4 0,460
2758 5 Win 0.1 628.7  5265.4  0.435
2758 1.5 h S43.00 804.4 5089.6  (0.387
SHEAR DATA
“o. Load cell Force Volume Volunme corr. Axial Height corr. -corr.
reading change change ' Volume read. «change Height Arca
b read. ce ce nn falw cn”
A 238 0 2.8 rpna 3 5084 .7 £ 00 6.0 321.0 358.0
7 242 200 42.7 &11.8 5n82.2 700 7.0 320.0 159.0
8 272 1700 L2.6 R14.3 5079.7 800 g0 319.0 159.¢
o 293 2750 42.3 821.7 5n72.3 ap .0 318.0 160.0
10 315 3R50 2.1 8260.7 5067 .4 1000 10.0  317.0 160.0
12 346 5400 41.7 836.6 5057.5 12400 12.0 315.0 1A1.C
15 AOR 18500 40.2 873.7 5020.3 1500 15.0 312.0 161.0
an 894 32800 37.0 952.9 4941.1 . 2000 20.0 307.0 161.0
25 1172 46700 34,1 1024.7 L869.4 2500 25.0  302.0 151.n
3n 1427 59450 31.4  1091.5 4802.5 3000 3n.0 297.0 1R2.0
35 1680 72100 25.1 1148.4  4745.6 3500 35.0 292,06 163.0
40 1922 84200 27.0 1200.4 4693.6 4000 40,0 287.0 164.0
&5 2128 Q4400 25.4  1240.0 4654,.0 4500 45..0 282.0 _165.0
50 2308 103500 26.0 1274.6 4619.4 5000 50.0  277.0 187.0
535 2532  l1i470n 22.7 1306.8 4587.2 5500 55.0 272.0 169.0
60 2698 123000 21.6 1334.0 4360.0 6000 p0.0  267.0 171.C
A5 2874 131800  20.8 1353.8  4540.2 6500 65.0 262.0 173.0
70 2950 135600 26,0 1373.6 4520.4 7000 70.0 257.0 17A.0
75 3108 143500 19.6 " 1383.5° 4510.5 7500 75.0  252.0 179.0
g 3202 148200 19.2  1393.4 £500.6  R0O0D g80.0 247.0 1=2.0
£5 . 33nA 153400 18.9  140n.0 4403,1 2500 £5.0  242.0 18600
an 3352 _ 155700 18.6 140°8.3 4L&ERS5.7  9noD an.0 237.0 1R9.n
95 3424 159300 18.4  1413.2 LL20.R 9500 95.0 232.0 193.0
20 3522 164200 18,3 1415.7  4478.3 9900 99.0 22R8.0

196.0
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Test no. 20 (cont.)

SHEAR DATA (coat.)

. .‘ N .“
~1 £ ~
. - omyl =) ml
- e ! Y :ba
No. Deviatoric Volumetric Void Axial Volumetric Deviatoric | | = ;o :
. Stress stress ratio strain ~strain + strain ~: . ﬁi
kPa kPa e X . = x> i .3¢
6 - 0.0 2757.9 0.385 0.0 0.0 0.0 ‘0.000 0.000
7 12.6 2762.1 . 0.385 0.3 0.0 0.6 0.005 0.005
8 106.8 2793.5 0.384 0.6 0.1 0.9 0.039 0.038
9 172.4 2815.4 0.382 0.9 0.2 1.3 0.063 0.061
10 240.9 2838.2 0.381 1.3 0.3 1.8 0.087 0.085
12 336.3 2870.0 0.378 1.9 0.4 2.7 ‘0.122 0.117
15 . 1149.7 . 3141.1  0.368 2.8. 0.9 3.8 0.417 .0.366
20 2037.9 . 3437.2 0.346 4.4 2.0 ‘5,6 . 0.739 0.593
25 2896.4 3723.4 0.327 5.9 3.1 7.3 1.050 0.778°
30 3676.5 3983.4% 0.308 . 7.5 4.0 9.3 . ¥323 0.923
~ 35 4436.4 4236.7 0.293 9.0 4.8 11.1 71,609 1.047
40  5148.6 4674 ,1 0.279 10.6 5.6 13.1 -~ 1.867 1.151
45 5720.0 ) 4664.6 0.268 12.2 - 6.1 15.3 2.074 1.226
50 6206.4 4826.7 0.259 13.7 6.6 17.3 ~» 2,250 1.286
55 6801.2 5025.0 0.250 15.3 7.1 19.4 2.466 1.354
60 7202.0 . 5158.6 0.242 16.8 7.5 .21.5 2.612 1.3%6
65 7605.8 5293.2 0.237 18.4 7.7 23.8 2.758 1.437
70 7709 .4 5327.7 0.232 20.0 8.0 26.0 2.795 1.447
75 8017.3 5430.3 0.229 21.5 8.2 28.2 2,907 1.476
80 8133.5 7 5469.1 0.226 23.1 8.3 23.1 2.949 1,487
85 8262.1 5511.9 0.224 24.6 8.4 32.7 2.996 1.499
20 8226.3 5500.0 0.222 26,2 8.5 35.1 2.983 1.496
95 8248.0 5507.2 0.221 27.7 8.6 37.3 2.991 1.445
8.6 39.2 3.031 1.508

99 8359.8 5544.5° 0,220 29.0



B o S S U

- 123 -

Test mo. 19 . : . COMPRESSTION DATA
State of'épccimén 25D Pressure’ Time Volurme Volure corr. Void
Date tested - .8/5/81 . interval change change Volune Ratio
Confining pressure 1006 kPa kPa ’ ’ reading cc cc e
Initial volurme 5894 cc 103 53 min 52.1 0.0 58%4.0 0.557
Initial height 327 mm 414 5 min 5.1 74.3 5819,7 0.537
Weight of 'specimen = In.5 Ky CETel 5 min 53.4 141.1 5752.9 (Q.5)9
Vater content A I In34 5 min 50,2 22003 5673.7 o0.40R
Volume of solids 3787 ecc 1379 S nin 47.2  2094.5 55095 q0.479
' ‘ 1703 "5 min “4.7 0 356.40.5537.6  D.462
1826 5 min 43.7 381.2 5512.8 0.456
[e9g 5 min 43.0 398.5 5495.5 0n,u5)
SEEAR DATA
“0. Load cell Force Volume Volurme €orr. Axial ‘Height corr. corr.
frcading chanpe ckange Volune read. change Yeight Ares 5
. oy read. ec cc ~ mn C np en”
5 © 162 S0 4207 405,90 sugs.L)] 497 5.0 322.0 170.0-
fy ’ 199 - 1850 42 6 408 .4 5485.6 597 bu) 321,00 171.0
7 265 5150 42.4 413.3 S48n .7 A9f 7.0 320.0 1731.0
s 384 11200 1.0 448.0 5446.8 795 .0 319.0 171.0
o 453 14550 40.7  455.4  s438.6  gos 9.n 318.0 171.0
1n 519 17850 4001 . 470.3 5423.8 %96 10.6  317.0 .171.¢
il - 572 20500 39.5 485.1 5408.9 1095 11.0 316.0 171.n
15 768 30300 36.9 549.5 33446 14095 15.0 312.0 171.n
20 gagq 41800 0 34,0 - 621.2 5272.8 1995 - 20.0  307.0 172,
25 1203 52050 3j1.4 AS5.6 5208.4 2495 25.0 3n2.0 173.n
3n © 1399 f1850 29,1 742.5 5151.5 2995 130.0  297.0 174.n
35 . 13R0 70900 27 .1 792.0 5102.0  349¢ 35.0 292.0 175.0
40 . 1744 79200 25.3 836.4 5057.5 3007 40.0 287.0 176.0
45 1875 £565N0 23.8 B873.7 5020.3 4497 45.0282.0 178.n
50 2020 azeaenn 22.6 an3 .4 40an ./ 4aog 50,0 277.0 1°0.0
51 2500 172000 19.6 977.6 4916.4 70094 71.0  256.0 192.n
55 2552 118500 1.1 een,.n A004,0 74035 75.0 252.0 195.p
60 2524 118100 18.8 997.4 4B96.6 7994 80.0 247.0 . 192.0
h5 261N 122400 i8.7 399 .9 48941 Q497 85.0  242.0 202.0
70 2662 1250nn I8.5 .long.o 4889.1 8o9p 90.0  237.0 2n6.0
75 2700 126900 18.3  1909.9 LPR4,2 9494 95.0 232.0 211.p
79 2750 129400 18,2 4RR}.7 99.0 228.0 214.p

1012.3

2895 ‘



Test no. 15 (éont.)

No.'Deviatdric Volumetfic Void A;ial' ﬁolumecric Deviatoric
ratio strain

‘stress - stress
kPa kPa -
5 O.Q ‘ 1896.1
6 108.3 1932.2
7 300.7 1996.3
8 656.0 2114.8
9 850.8 2179.7
10 . 1043.3 2243.9°
11 1197-.7 2295.3
-15 1768.8. 2485.7
20 2433.8 2707 .4
25 3018.0 2902.1
30 3565.% 3084.7
35 4057 .8 3248.7
40 4494 .4 3394.2
-45 4811.1 - 3499.8
50 5156.3 3614.9
51 6092.3,- 3926.9
55 - 6140.7 3943.0
60 . 5957.4 3881.9
65 6052.3 3913.5
70 6059.3-- 3915.9-
75 6027.8 3%05.4
79 6043.6 3910.6

. SHEAR DATA (cont.)

e

0.449
0.449

0.447

0.438
0.436
0.432
0.428
0.411
0.392

0.375

0.360
0.347
0.336
0.326
0.318
0.298
0.295
0.293
0.292
0.291

0.290

0.289

-
A

* . L] a .

VMO PFOWONNYNHOARAMNORNWO

B b b ) . .
OFMNOVNARPTWFREFHREFF,OOOO

21.7

N
w
.

(93

24.9

26.4

28.0

29,2,

a

strain

-
L

¢ & 9 2 8 L D . D T ) L
mcna:c\br~u1mgah-H\oa\btqu:mraw<q

OO0O0OO0O0OVONNNOCULNHHOOOOO

11.0
11.1

T T T Pk vy e e e AF e e et mm e e -

IR !

s
éﬁ: o éﬁ? or

I DR

strain —! —~!

z LI ©

: ~r ~— ]
0.0 0.000 0.000
0.4 0.057 0.056
0.9 0.159- 0.151
1.0 - 0.346 0.310
1.4 - 0.449 0.390
1.8 0.550 0.465
2.2 0.632 0.522
3.4 0.933 0.712
- 5.1 1.284 0.899°
6.8 1.592 1,040
8.7 .881 1.156
10.5 27140 1,249
C12.4 2.370 1.324
C 14,47 © 2.537 1.375
16.5 2.719 1.426
25.6 3.213 1.551
27.3 3,239 1.557
29.6 , 3.142 1.535
32.0 3.192 1.547
34.2 3.196 1,547
36.5. 3.179 1.544
38.3 3.187 1.545
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- Test no. |A

TCOMPRESSION . DATA

State of specimen 25D Pressure - " Time Volume 'Volqﬁe corr. Void
Dote tested 12/5/81 . interval change change Volume Ratio
Confining pressure 1034 kPa P . feading  ce cg e
Initia) volume 5894 cc 103 5 rmin 52.9. 0.0 5894.0- n,597
Initial height © 327 mm 345 4 5-min ‘50.6 56.9 5837.1 0.58]
_Veight of specimen 10.2 kg 690 - S nin 47.2 141.1 5752.9 0.558
" Yater content 1.0 % £96 5 rmin 45.4 185.6 5708.4 0.546
Volume of solids 3692 ce 1034 S min 44.3 212.9 S5AR1.1  0.539
’ ' 1034 1.5 h 43.0 245.0  5A49.0 h.53n_
- -
- . SHEAR DATA -
No. Lload cell Force Volume Volurne corr. Axial -Height corr. corr.
reading - change change Volune " read.. chanse. Peight  Area ”
. N read. ce » ce ™M i cn
3 ) 0 43.0  245.0  ses0.0° 300 3.0 324,0° 174.0
4 1n2 500 42 .8 250.0  5644.0 400 4.0 .323.0 175.0
5 197 5250 47, 262.4 5631.6 500 5.0 322.0 17s5.0
6 249 7850 41.6 2707 5A14.3 600 .0 321.0 175.n
7 285 26450 40.8 2995 5594.5 700 7.0 320.0° 175.0
] . 329 11850 40.3 311.9 3582.1 s00 8.0 319.0 175.0
JIC 3%6 15200 39.1 341.4 53552.4 1000 0.0 317.0 17s5.0
I5 560 23400 36.2 413.3 5480.7 1500 15.0 312.0 176.0
20 93 30050 33.8 &72.7 5421.3 2000 20.0  307.0 177.0
25 80s§ 35800 31.¢7 522.2 5371.8 2500 25.0 3M2.0 178.0
30 212 41000 0.0 566.8 5327.2 3000 30.0 -297.0 179.0n
35 012 46000 28.4 ( B06.L T 5287.6 33500 35.0, 292.0 181.p
4an 1089 49850 27.1 638.4 5255.4  4nen 40.0  2R7.0 183.0
45 116] 53450 26.0 665.8 522R.2 4500 45.0  282.0 18s.nN
50 12349 57350 24 .9 (93,0 5201.0 5000 50,0 277.0 18R.p
5% 1300 60400 24,1 712.8 . 5131.2 5500 55.0 272.0 191.0
A0 1352 53000 23.4 73n.) 5163.9 - 6000 60.0  267.0 193.0
65 1387 4750 22.9 742,55 3151.5 6500 65.0 262.0 197.0
70 1435 67150 22.5 752.4 5141.6 7000 0.0 257.0 200.0
75 1468 8200 22.1 762.3 5131.7 7500 75.0  252.0 2040
an 1474 69100 21.9° 767.3 5126.8  &OON 80.0 247.0 208.0
25 1522 71500 21,7 772.2 5121.8  gs50n 85.0 242.0 212.0
80 1472 6000 21.5 777.2 5116.8 apop a0.0  237.n 214.0
a5 1545 72650 21.4 770.6 5114.4 950n °5.n 232.0 221.0
l1an 1544 72700 21.2 784.6-  31N9.4 10000 Ieo.n 227,00 22500
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Test no. 16

-

SBEAR' DATA (con;. )

.

1 1

‘ : ' L - T I
No. Deviatoric Volumetric Void Axial Volumetric Deviatoric © | v Y| b

stress . 8tress ratio strain strain strain '_: '~=

kPa - kPa e -4 X z o | b

. ~ | ~ |
3 0.0 ~ 1034.2 0.530 0.0 0.0 0.0 0.000 0.000
4 28.6 . - 1043.7° 0.529 0.3 0.1 . 0.4 0.028 0.027
5 300.2 _}13&.3 0.526 0.6 0.3 0.8 0.290 0.265
6 448.8 "1183.8 0.521 0.9 - 0.6 1.1 ¢ 0.434 0.379
7 552.0 1218.2 0.515 1.2 1.0 1.3 0.534 0.453
8 - 677.2 1259,9  0.512 1.5 1.2 1.7 0.655 0.538
10 867.8 1323.5 0.504 2.2 1.7 2.5 0.655 0.656
15 1332.1 1478.2 0.485 = 3.7 3.0 4.1 '1.288 0.901
20 1701.7- 1601.4 - 0.469 5.3 T 4.0 6.0 1.646 1.063
©25 7 2012.7  1705.1 0.455 6.8 4.9 7.8 - 2,043 1.180
30 2285.8 1796.1 0.443 8.3 5.7 9.6 2.211 1.273
‘35 2540.3 . 1881.0 0.432 9.9 6.4 11.7 2.457 1.351
) 2722.3 1941.6 0.424 11.4 7.0 13.6 2.633 1.402
Zg\ 2883.0 1995.2 0.416 13.0 7.5 15.8 2,788 1.445
5 3054.4 2052.3 0.409 14.5 7.9 17.8 1 2.954  1.488
55 3170.9 2091.2 0.403 16.1 8.3 20.0 - 3.067 1.516
60 3257.4 2120.0 0.399 17.6 B.6 22.1 3.150 1.537
T 65 3293.1 2131.9 - 0.395 19.1 8.8 24.3 3.185 1.155
70 3356.5 .2153.0 0.393 20.7 9.0 26.6 3.246 1.559
75 -3378.5° . 2160.4 0.390 22.2 9.2 28.7 3.261 1.564
80 3329.2 2143.9 0.389 23.8 9.3 31.1 3.220 1.553
85 3378.3 2160.3 0.387 25.3 9.3 33.3 . 3.267 1.564
90 3195.9 2099.5 ~ 0.386 26.9 9.4 35.7 3.091 1.522
95 3295.6 2132.7 0.385 28.4 9.5 37.9 3.187 1.545
‘100 3229.9 - 2110.8 0.384 29.9 9.6 40.1 3.124 1.530
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9496  10N.0

Test mo. 1207 . -COMPRESSION DATA _
State of specincn 258 Pressure Time Volume - Volurme corr. Void )
Date tested - 27754781 interval change’ change Volume  Ratio
Confininp pressure 2758 kPa 1'Pa : : readine cc ce - o
Initial volume | 5894 cc 103 5 nin R4 .3 0.0 588%4.0 0.619
Initial heighe 327 mm 345 5 min 76.8 ° 185.6 S5708.4 - N.56R
Weiecht of specimen 10.1 ke 758. 5 min 68.1 401.0  5493.0 0,500
Vater content 3.0 % 1034 5 min 6l.6  S561.8 5332.2 O0.465
Volume of solids 3641 ce 1370 5 nin Bheb ARS.A 520R.4 0,43}

‘ 1724 © S min 54.1  T47.5 S1LAL6 0.414
2065 5 min 51.4 Rl14.3 3079.7 0.305
2413 5 min 48.8  878.6 35015.4 0.378
27582 S min 44,8 977.6 LO9YA. L4 0,350
2758 1.5 h T43.00 1022.2. 4871.8 0.338
SHEAR DATA
No. Load cell ~ Force Volurne Volume  corr. Axial Height COrr. corr.
reading . chanpe chanre Volume read. chanre leipht Area a
. b read. cc ce ™ . en”
8 251 0 42.7 1029.6 . 4864.4 1800 1§.0 309.0 157.0
19 287 1806 &2.6 1032, 4861.9 1900 18.0 3n8.0 1s5e.n
an 205 2200 42.5 1034.8 4856 .4 2000 20.0 307.0 158.0
2] 312 3050 2.5 IN34.6 4859.4 2100 21.0 306.0 159.0
22 528 13850 41.9 1049.4 484406 2203 -22.0 305.0 159.q
25 602 22050 0.0 109604 4797.6 2500 - 25.0 3n2.n 15a.0
30 938 34250, 37.3  1163.3 4730.8 3000 30.0 2¢7.0 1s59.p0
35 1199 47600 34,8 25.1 4668,.9 3498 35.0 292.0 160.0
4n 1451 600N0 32,6 1279.6  4614.4 4000 40.0  287.0 161.0-
A 182 “71550° 30,8 1324.1 4569.9 4501 45.0  252.0 ’1e2.0
50 1349 - 8nann 29.2 1363.7 4530,3 5993 50.0 277.0  164.0
53 2094 82150 27.8 1398.4 4495.6 5500 S 55.0  272.0  165.0
a0 2246 - 99750 26.8 1423.1 4470.,9  &N0O4 AC.0 267.0 18R.D
65 2408 107850 26,0 J442, 4451.1 &405 65.0 262.0 170.0
70 . 2586 116750 25.3 14A0.3 0 - 4433.8 7002 70,00 257,00 173.0
75 2634 119150 25.0 1447 .7 L426.3 7400 75.0  252.0 176.0
80 2754 125150 2606 L4777 .6 L4184 T 799AR EN.0  247.0 . 179.0
f5 2834 129150 2.4 ]1482.5 4311.5 8499 85.0 242.0 152.0
30 2ga2 132050 24.2  1487.5 L406.5 900D 900 237.0  186.0
Q5 2970 135950 24,1 1490.0 S404.0  95n0 95:0  232.0 190.0
100 3044 139650 24,1 1490.0 4404 .0 227.0  194.0
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- Test no. 12 (cont.) .
SEEAR DATA (cont.) :
N st
~ e .1
. ol =] enl
No. Deviatoric Volumetric Void Axial Volumetric Deviatoric ! ! 'ﬁ{ _
stress stress  ratio strain  strain | strain JTi¢ " g |-
kPa kPa e .z 4 V.E ~1
18 0.0 2757.9  0.336 0.0 0.0 0.0. 0.000 0.000
19 - 114.0 2795.9 0,335 -0.3 0.1 0.4 0.041 0.041
20 139:0 2804.2 0.335 0.6 0.1 0.9 0.050 0.050
21 192.1 2821.9 0.335 0.9 0.1 1.3 -0.070 0.068
22" 872.0 3048.6 -+ 0.331 1.3 - 0.4 1.8 0.316 0.286
25 1388.0 3220.6 0.318 2.2 1.4 2.6 0.503 .0.431
30 2156,5, 3476.7  0.299° 3.8 2.8 ° 4.3 0.782 0.620
35 2964.5 '3746.1  0.282 5.3 4.0 6.0 - 1.075 0.791
40  3731.8 4001.8. 0.267 6.9 5.1 7.8 1.353 0.933
45  4415.2 4229.6 0.255 8.4 6.1 10.0 1.601 1.044
.50 4946.6 4406.8  0.244 10.0 6.9 11.6 1.794 1.123
55 5575.4 - 4616.4 0,235 11.6 7.6 13.6 2,022 1.208
60  5957.1 4743.6  0.228 13,1 8.1 15.6 T 2.160 1.256
65  6348.3 4874.0° '0.223 14.7 8.5 17.8 2,302 1.303.
70 6767.4 5013.7 0.218 16.3 8.9 20.0 2.454 1.350
75 6783.5 5019.1 0.216 17.8 .0 22.2 2.460 1.352
80  6999.9 5091.0 0.213 -19.4 9.2 24.5 2.538 1.375
85 7084.8 5119.5 0.212 20.9 9.3 26.7 2.569 1.384
90 7102.2 - 5125,3 0.210 22.5 - 9.4 29.1 2.575 1.386
95 7161.7 5145.1 0.210 24.%1 9.5 31.4 2.597 1.392
9.5 33.7 - 2.610  1.396

100 7198.1 5157.3 0.210 25.6
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Test no. 14

251

Pressure

" COMPRESSIPN DATA

State of specimen _ Time - Volume Volume corr. Void
Date tested ’ 5/5/81 interval change thahge'VQIune Natio
. Confining pressure 1896 kPa - 1:Pa ‘ readine ce cc o
Initial volume - 5894 ce 103 5 nin 78.1 0.0 5894.0 0.616
Initial heighe 0327 mm 345 5 min. 7.1 173.3  5720.7 0.569
Weight of specimen 10,1 kg 690 5 min 63.3- . 366.3 5527.7 D.516.
Water content 4.2 7 In34 5 min 53.8  551.9 S342.1 N,465
Volume of solids 3647 cc . 1370 © 5 min 50.9 673.2 5220.8  0.432
- - 1724 5 min 47.2 767.3 5126.7 0.406
1R9G 5 min 45,06 044 5n89.6. 0,396
1896 1.5 h 43.0 <7 R6R.7  5N25.3 0.37%
SHEAR DATA
0. - Load cell Force Volunme Volume - ‘corr. 'Am&al Height c¢orr. corr.
reading change chanee Volume recad. <change lNeight Areafz
N read. cc cec nn ety cn
17 173 0 42.7  R76.2 . s5017.9 1704 17.0 3100 1R2.0
18 207 1700 L2.6 876.6 5015.4 1809 &.1 3n8.,9 -162.0
1 222 24507 42,4 283.4 5050.4 1907 19.1 307.9 163.0
20 : 375 10100 42.0 893.s5 5000.5 2008 2001 306.9  163.0
23 476 15150 40,1 940.5 4953.5 2306 23.1 303.9 163.0
25 536 18150 3R,a 970.2 4923.8 2506 25.1 301.9 ia3.n
3n 725 27A00 - 36.0 1042.0 4852.0 3008 30,1 296.9  183.0
i 8a1 35400 33.5 1103.9 4790.2 . 3505 35.1 291.9 144.0
40 1n5h 44150 1.2 1160.8 4733.2 4006 4001 28A.9  185.0
45 C1219 52300, 29,2  1210.3 4683.7 4506 45.1 281.¢ 166.0
50 1356 59150 27.6  1249.9 4644.1 5008 50.1  276.9 168%.0-
38 1499 66300 26.1 1287.0  4A07.0 5508 w— 93.1 271.9 169.0
A 1628 72750 - 24.9 1316.7 4577.3 6005 60.1 266.2 172.0
65 1747 78700 6.0 1339.0 4755.0  #505 65.1 261.9 174.0
n 1824 . £2550 23.3  1356.3  4577.7 7008 70:1 0 256.9  177.0
75 1924 R7650 2.8 13487 4525.3 7408 « 75.1 251.9 180.¢C
£0 2nl1e6 92150 22.3 1381.Y 4512.9  g#nne 80.1 24p.9 183
]5 tIn72 94950 22.1 13%6.0 4508.0 R505 3.1 241,92 186.0
on L2096 96150 21.9 1391.n 4503.0  anny 0.1 236.9 190.0
a5 2162 89450 21.8 13034 4500.6 9507 93.1 231.9 194.0
1nn 2198 101250 1.7 13195.¢@ 4408.,1 10007 I0N.1  226.9 198.0



Test no. 14 -

No. Deviatoric Volumetric Void Axial Volumetric Deviatorie

stress
kPa
17 0.0
18 . 104.7
19 .150.6
20 619.9
23 . 929.5
25 1112,9 - .
30 1688.9
35 2157.2
40 2676.1
45 3147.8
50 3526.7
55 3913.0
~ 60 4242.0
-85 4525.0
70 4673.5
75 4879.0
80 - 5041.5
85 5095.0 .
90 5058.3
85 5124.3
100

5107.4

stress
kPa

1896.1
1931.0 -

1946.3
2102.7
2205.9
2267.1
2459.1
2615.2
2788.1
2945.4
3071.7
3200.4
3310.1
3404.4
3453.9
3522.4
3576.6
3594.4
3582.2
3604.2

"3598.6

ratio
e

0.376
0.375
0.374

0.371,

0.358

0.350.

0.331

. 0.314

0.298
0.284
0.274
0.263
0.255
0.249
0.244
0.241
0.238
0.236
0.235
0.234

0.234

_ SHEAR DATA (goat.)

L
- A|,§-
oy
N
strain strain strain ﬁg
X r 2 X o
S~
0.0 0.0 0.0 0.000
0.4 0.0 0.6 0.055
0.7 0.2 1.0 0.079-
1.0 - 0.4 1.3 0.327
2.0 1.3 . 2.4 0.490
2.6 1.9 3.0 0.587
4,2 3.3 4.7 0.891
5.8. - 4.5 T 6.5 1.138
7.7 5.7 B.7 1.411 -
9.1 6.7 10.3 1.660
10.7 7.5 125 1.860
12.3 822 4.4 2.064
13.9 8.8 . 16.5 2.237
15.5 9.2 18.7 2.385
17.1 9.6 20.9 2,465
18.7 9.8 23.2 2.573
20.4 10,1 . 25.5 . 2.659
22.0 10.2 27.9 2.687
.23.6 10.3 30.3. 2.668
-25.2 10.3 32.7 2.703
26.8 . 10.4 35.0

2.694
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'T‘(-qt_ na. 10 ) . COUFPRESSION DATA -

ftate of sﬁccimef' T o250 Pressure  Tingc _Volume Volume corr. _Void -
Date tested 13/4/8 intervnl chanre change Volurme Ratio
Confining pressure 1034 kPa. * kPa . - ‘readine ce (ol -
~ Initial volume ~ 5894 ce 103 S min - 71.5 . N.0 S58394.0 0.670
Initial height . 327 mm 206 5 nin . 9.9 39.6 5854.4 0.660
Weipht of specimen 9.8 ke . 344 5 min - 63.6 185.5 "5%98.5 0.615
later content 3.5 % 483 S min 58.9  311.9 55R2.1 0,582
Volume of solids - 3528 cc 600 5 min 52.5 470.3  5423.7 0.537
: : : £96 5 min ©48.3 0 57402 5319.8 .n.sne
1034 5 min 45.3 H48.5 5245.6 0.487
T 1034 l.

5 h 43.0 705.4 5188.4% 0.471

' SHEAR DATA

No. Load cell Force Velume Volume - corr. Axial Height .corr. corr,
reading o change change Volure: read. change Height Area .
- N read. cc ce m nm o en”
11 Q2 0 2.9 707.¢9 5186.1- 1100 ©  11.0 316.0 144.0 W
12 ne |0n 42,7 712.8° 5181.2 1200 S1z.n 315.0 1d5.0 !
13 117 1250 © 42.7  712.8°. 51€1.2 298 13.0 314.0 155.0"(
14 121 1450 2.6 . 715.3 5172.7 1395 14,0 313.0. 16,0
15 176 4200 &2.4 0 720.2 5173.2 1497 15.0° 7 312.n 1%6.0 \\\
2n 30N 10400 39,2 799.4  35094.6 1998 20.0 307.0 166.0
3n 470 18800 33.6 . 938.,0 4956.0 3000 30.0 297.0 .187.n0
4n 629 26850 9.1 10494 dR&4 A 4001 40.0 287.0 1k9.0
30 787 34750 25.5 1138.5 4755.5 4997 30.00 277.0 172.0
A 934 42100 22.9 1232.9 4691.2  A002 AN.O 267.0  176.0
70 1051 47950 21.0 1249.9 dA&4.1 7000 70.0 257.0 18l.0
20 1161 53450 19.8 ~ 1279.6 4614.4  8N0J 80.0. 247.0 " 187.0
an 1220 56400 I2.9 1301.9  4592.1 4002 90.0 237.0 194.0
10n 1348 H28N0 1R.4

1314.2 4579.2 10000 * 1n0.0 227.0 202.0

. ————



Test no. 10

Wo. Deviatoric Volumetric Void Axial Volumetric Deviatoric
 stress

stress
- . . kPa
11 0.0
12 44,5
13 75.8
14 87.6
15 253.3
200 - 626.7
30 1132.6 -
40 .1590.8
50 2024.1
"60-°  2396.1
70 2653.5
80 2861.1
90 2910.8
100 3112.7

‘kPa

1034.2

1049.0
1059.5
1063.4
1118.6
1243.1

1411.7

1564.4

"1708.9

1832.9
1918.7
1987.9
2004.5

2071.8

' SHEAR DATA (gont.)

ratio
e

0.470
0.469
0.469
0.468
0.467
0.444
0.5405

0.373
0.348 -

0.330

0.316 .

0.308

0,302
0.298

s e Y AT M mea i avecrie % v s e e b

~1 5
ol o
v ®
strain strain - straia Q“E
. A ry . h“ V{
0.0 . 0.0 0.0 * 0.000
0.3 0.1 C.4 0.043
0.6 0.1 0.9 0.073
0.9 0.1 1.3 0.085
1.3 0.2 1.9 0.245
2.9 1.8 3.5 0.606
6.0 4.4 6.8 1.095
9.2 6.6 10.5 1,538
12.3 8.3 - 14.3 1.957
15.5 8.6 18.5 2.317
18.7 10.5 22.8 2.566
21.8 11,0 27.2 2.767
25.0 11.5 - 31.8 2.815
28.2 11.7: 36.5 3.010

Loy may)
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a
m

0.000
0.042
0.072
0.082
0.226
0.504
0.802
1.017
1.184
1.307
1.383
1.427
1.452
1.502
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-Test no. 11 COMPRESSION DATA
State of specimen by Pressure Time -Volume Volume corr. Void
Date tested 23/4/81 ‘ interval change: change Volume Ratio
Confining pressure 2758 kPa kPa reading cc ce e
Initfial volume 5894 ce 103 5 min 67.8 0.0 5894.0 0.560
Initial height 327 am " 345 5 min 6.2 39.6 5854.4 0.5409
Weight of specimen 10.5 kg 552 5 min 64.0 %4.1 5800.0 0.535°
Water content i 1.0 = 827 5 nin 61.2 163.4 5730.7 0.516
Volunme of solids 3779 ce 1103 5 min 35.49 220.3 5673.7 0.501
1379 5 min 5.2 287.1 5606.9 0.484
1792 5 min 53.6°  351.5 5542.6 0.467
2137 5 nin S51.4 405.9 5488.1 0.452
2517a S nmid 49,0 465.3  5428.7 0.436
2758 © S min 46.8 519.8 '5374.3 0.422
2758 1.5 h 42.8 618.8 5275.3 0.396
SHEAR DATA /l
No. Lload cell Force Volume Volume cong. Axial Height corr. corr.
reading change change Volume read. change Height Area
o read. ce ce nin mn cm
7 252 0 42.7 621.2 5272.% 700 7.0 320.0 165.0
8 267 750 42.7 621.2 5272.8 200 8.0 319.0 165.0
9 311 2950 42.5 626.2 5267.8 898 9.0 318.0 166.0 °
10 339 4350 42.3 631.1 5262.9 1000 10.0 317.0 166.0
11 371 5950 42,0 638.6 5255.5 1100 "11.0 0 316.0 166.0
15 772 26000 39.5 700.4  5193.6 1500  15.0 312.0 167.0
20 1067 40750 36.4 777.2 5116.9 1993 20.0 307.0 167.0
23 1342 54500 33.5 848.9 5045.1 2498 25.0 302.0 167.0
30 1566 65700 31.0 910.8 4983.2 3n00 30.0 297.0 168.0
35 1824 78600 29.3 952.9 4941.1 3498 35.0 292.0 169.n
40 2042 89500 27.0 41009.8 48864.2 4000 40,0  287.0° 170.0
45 2250 99900 25.3 I1051.9 4842.1 4499 453.0 282.0 172.0
50 2458 110300 24.0 1084.1 4810.0 5000 30.0 277.0 174.0
55. 2598 117300 22.7 1116.2 4777.8 5502 35.0 272.0 176.0
60 2784 126600 21.7 1141.0 4753.0 6002 60.0 267.0 178.0
] 2920 13300 20.8 1163.3 4730.8 6497 65.0 262.0 181.0
70 3084 141600 20.1 1180.6 4713.4 6997 70.0 257.0 183.0
75 3196 147200 19.5 1195.4° 4698.6 7500 75.0 252.0 187.0
80 3310 152900 19.0 1207.8 4686.2 8000 80.0 247.0 190.0
85 3364 155600 8.6 1217.7 4676.3 8497 835.0 242.0 193.0
an 3454 s 1nn 18.3  1225.1 4668.¢9 9nn2 0.0 237.0 197.0
95 3580 166400 18,1 1230.1 4663.9 asnn $5.0 23%.0 ani1.0
100 3564 165600 17.9  1235.0 4639.0 -10000 100.0  227.n 205.0



Test

No.

7

9
10
11
15
" 20
25
30

35

40
45
« 50
55
60
65
70
75
80
85
90
95
100

no. 11

Deviatoric Volumetric Vdid Axial Volumetric Deviatoric
" strain

.Btress
kPa .-

0.0
45.4
178.1
262.0
357.8
1561.9
2444 .9
'13262.4

3915.7

4644 .9

5259.1°

- 5818.1
6352.1
6677 .9
7111.7
7388.0
7720.8
7894.8
8059.1

8052.4.

8127.0
8277.3
8068.6

£

stress
kPa

© 2757.9

2773.0
2817.3
2845.2
2877.2
3278.5

3572.9-
3845.4

4063.1
4306.2
4510.9
4697.3
4875.3
4983.9
5128.5

5220.6 .

533175
5389.5
5444 .3
5642.,0
5466.9
5517.0
5447 .4

..

-

‘ratio

e

0.395

0.395
0.394
0.393
0.391

0.374

0.354
0.335
0.319
0.307
0.292

0.281

0.273
0.264

1 0.258

0.252
0.247
0.243
0.240
0.237
0.235
0.234

0.233

strain

-
A

- ’ )
QO VMENFHOOOO

b
wn L)
L ]

16.6

18.1
19.7
21.3
22.8
24.4
25.9
27.5
29.1

L]
OfPpPVDWONOIFUWLWOLOIITLWS

" SHEAR DATA (cont.)

strain

z .

L]

.0 .
WHOUVARWOVDHAFORDPFLLLLWLWOULLMND-L OO

L] L L] L)

bt b et e b '
M OOOWWOO-NOOWVMPFWFHFOODOOO

11.5
11.6
11.6

-
.

bt pa
L] & - 8 ¢ 3 .
OO~ WO BWOLDWVO

WHOOMAEFWEHFHFOOO

bt
~ W

20.2

22.0
T 24.3

26.5
28.7
31.0
33.1
35.5
37.9

f;
b
I

{o,703)

0.00Q

0.065 -
. 0.095

0.130
0,566
0.887
1.183
1.420
1.684
1.907
2.110
2.303
2.421
2.579
2.679
2.800
2.863
2.922
2.920

2,947

3.001

2,926

conf
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Test no. 7 COMBRESSION DATA ‘
State of specimen N Pressure Time Volume Volume corr. Void
Date tested 3[4/81. interval g¢hange change Volume Ratio
Confining pressure 18%6 kPa kPa reading ce . ¢c e
Initial volume 5894 cc 103 53 min 43.3 0.0. 5894.0 Q.55¢9
Initial height . 327 nm 241 5 min 42.3 24.8 5869.2 0.553
Weight of specimen 10.5 kg 483 5 min 42.2 27.2 5866.8 0.552
Water content C0ls X 690 5 min 38.6  116.3 5777.7 o0.528
Volume of solids 3780 ece. - 1000 5 min 3630 180.7. 5713.3 0.511
- oo 1241 5 min 34.1 227.7 5666.3 0.49%
1410 5 min 32.8 259.9 5634.1 0.490
1655 5 nin 3l.1 302.0 5592.0 0.479
11823 5 min 29.7  336.6  5557.4 0.470
1896 5 min 28.9 356.4 -53537.6 0.465
1896 1.5 h 25.5 440.6 5453.4 0,443
. SHEAR DATA
No. Load cell Force Volume ~Volume corr. .Axial Height corr. corr.
" reading change change Volume read. change Height Area
N read. ce ce . m™m el cn
5 19 0 42.3 445.5 5448.5 500 5.0 322.0 169.0
6 43 1200 42.2 448.0 5446.0 600 6.0 321.0 170.0
7 134 5730 42.0 452.9 5441.1 694 - 6.9 320.1 170.0
8 238 10930 41.0° &77.7 S416.3 798 8.0. 319.0 170.0
10 363 17200 39.7 509.9 5384.2 997 10.0 317.0 170.0
20 877" 42900 33.5 663.5 5230.7 1997 20.0 307.0 . 170.0
‘30 1278 62950 28.9 777.2 5116.9 2999 30.0° .297.¢ 172.0
T 40 1619 80000 25.3 866.3 5027.8 4000 0.0 2B7.0 175.0
50 1868 92450 23.0 923.2 4%870.8 5000 56.0 277.0 180.0
60 2094 In3250 -21.2 967.7 4926.3 600N 60.0 267.0 185.0
70 2298 72650  12.3 759.8 4896.6 7000 70.0 257.0 200.0
80 2398 118950 19.2 1017.2 4876.8 . 7999 80.0 247.0 197.0
90 2500 126550 18.6 1032.1 4861.9 8992 8%.0 237.1- 205.0
100 2626 130350 18.3 1039.5 100.0 214.0

4854.5 10001

227.0



Test no. 7 -« - ‘ o i - ' .

. SHEAR DATA (cont.)

] o~ '

~ 1 =] ot

N TS

No. .Deviatoric Volumetric Void Axial Volumetric Deviatoric ®'i v” ¢ |

&, . stress stress ratio strain’ strain = straim i -

b kPa kPa e X r4 >4 © | N

. e B |
5 0.0 1896.1 0.444 0.0 -0.0 0.0 0.000 0.000
6 70.6 1919.6 0.441 0.3 0.1 0.4 0.037 0.037
7 337.1 2008.5- 0.439 0.6 ° 0.1 | 0.9 0.178 . 0.168
8, 644.1 2110.8 0.433 . 0.9 0.6 1.1 0.340 0.305
10 1011.8 2233.4 0.424 1.6 1.2 1.8 0.534 0.453
20 2523.5 2737.3 0.384 4.6 4,0 4.9 1.331 0.922
30 3718.0 3135.4  0.354 7.8 6.1 8.7 1.961 1.186
40 4571.4 © 3419.9 0.330 10.9 7.7 12.5 2.411 1.337
50 5136.1 3608.1 0.315 15.0 8.8 - 16.6 2.709 1.424
60 - 5581.1 3756.5 .0.303 17.1 9.6 20.9 2.944 " 1,486
70 5966.0 3884.8 0.295 20.2 , 10.1 - 25.3 3.147 1.536
80 6038.1 3908.8 '0.290 " 23.3 10.5 29.7 . 3.185 1.545
90 6173.2 3953.8 0.286 26.54 10.8 34.2 3.256 1.561

38.8

100 6091.1 '3926.5 0.284 29.5 10.9
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©
Test no. 8 COMPRESSION DATA ,
State of specimen N Pressure Time Volume Volume/ corr. Void
Date tested. 7/4/81 interval change change’Volume Ratio
Confining pressure 1034 kPa kPa . ' - reading cc ce e
Initial volunme 5894 ge 103 5 min 43.0 0.0 35894.0 0.5608
~Initial height 327 nm 206 5 min 42.6 9.9 S8R4.1 N.E0G
Weight of specimen 10.3 kg 345 5 min 41.2 "44.6 5849.4 0.596
Water content 1.7 =« 483 5 min 40.0 76.3 5819.7 0.588
Volume of solids 3665 ce 724 5 min 37 .6 133.7 5760.3 0.572
827 5 min 36.5 160.9 5733.1 0.564
b 1034 5 min 34.4 212.9 5681.2 0.550
1034 1.5h | 34.2 217.8 5676.2 0.549
SEEAR DATA
Yo. Load cell Force Volume Volume corc. Axial Height <corr. corr.
reading change change Volume read. change Height Area
N read. ce ec , . mn . mm cm -
3 92 0 34.2 217.8 5676.2 300 3.0 324.0 175.0
4 191 4950 33.5 235.1 5658.9 400 4.0 323.0 175.0
S - 253 3050 32.8 252.5 3641.5 500 5.0 322.0 175.0
6 304 10600c 32.0 272.2 5621.7 600 6.0 321.0 175.0
10 469 18850 29.2 341.6 5552.4 1000 10.0 317.0 175.0
20 772 34000 23.9 472.5 5421.3 2000 20.0 307.0 177.0
30 984 44600 20.0 569.3 5324.,7 3000 30.0 297.0 179.0
40 ‘1146 52700 17.0 643.5 5250.5 4004 40.0 287.0 183.0
50 1298 60300 15.0 693.0 35201.0 5000 50.0 277.0 188.0
60 1423 66550 13.5 730.1 5163.9 6000 60.0  267.0 193.0
. 67 . 1506 A0700 12.6 752.4 5141.6 6700 67.0 260.0 "198.0
~0 1545 72650 12.3 759.8 5134.2 7000 70.0 257.0 200.0
—~—~~73 1551 72950 © 12.0 767.3 5126.8 7300 73.0 254.0 202.0
80 1572 74000 11.6 777.2 5116.8 8000 80.0 247.0 207.0
90 1607 75750 11.3 784.6 5109.4 9000 0.0 237.0 216.0
100 1683 79550 10.8 797.0 5097.0 10005 100.1 226.9 225.0

Fa
"



Test no. 8

*No. Deviatoric Volumetric Void Axial Volumetric¢ Deviatoric
stress

stress
kPa
3 0.0
4 282.9
5 460.0
6 605.7
10 1076.2
20" 1925.4
30 - 2487.7
40. - 2880.7 .
50 ‘3211.5
60 3441.0
67 3575.2
70 3636.6
73 3614.2
80 3572.1
90 3513.7

100 . 3541.3

kPa

1034.2

‘1128.5

1187.5

1236.1 -
-1392.9

1676.0
1863.4
1994.4
2104.7

2225.9
2246 .4
2238.9
2224 .9
2205.4
2214.6

ratio
e

0.549

0.544
0.539
0.534
0.515
0.479
0.453
0.433

00419 T

0.409
0.403

-0.401

0.399
0.396
0.394
0.391

S ————_ e e
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SHEAR DATA (cont.)

I “;f'\l—
™ 1
51. 9 ol yE
. 15 1
strain strain strain: a1 -
T 4 oz b ] o
. ~ | ~—
0.0 . 0.0 - 0.0 0.000 0.000.
0.3 . 0,3 0.3 0.274. 0.251
.0.6 0.6 0.6 0.445 0.387
0.9 1.0 0.9 0.586 0.490
2.2 2,2 2,2 1.041 0.773
5.3 4,5 5.7 1.862 1.149
8.3 6.2 9.4 ©2.405 . 1.335
11.4 7.5 13.4 2.785 1.444
14.5 8.4 17 .6 3.105 1.526
17.6 9.0 21.9 3.327 1.578
i9.8 9.4 25,0 3.457 1.606
20.7 9.6 26.3 3.516 1.619
22.5 9.7 28.9 3.495 1.614
23.8 9.9 30.8 3.454 1.606 -
26.9 10.0 35.4 3.398 1.593
30.0 "10.2 39.9 1.599

3.424

1}
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Test no.! 13 , COMPRESSION- NATA : , )
State of specimen NK. Pressure Time Volume Volume <corr. Void
Darve tested 2/5/81 ' interval  change ‘change Volume Ratio
Confining pressure 275R kPa kPa - reading cc ce o
Initial volume 5894 ce 103 - S nin 71.9 0.0 5894.0 0:618
Init{al height - 327 am 310 5 min 60,1 -69.3 S5824.7 0.5089
Velpht "'of specimen - 10,1 ks 758 5 nin 6£2.7 227.7 5RA6.3  0.556
Yater content 3.8 = 11n3 5 nin 59.1 . 316.8 5577.2. 0.531
Volune of solids 3642 cc 1379 5 nin 56.5 381.2 5512.9 n.514
: ' S 1825 5 nin @ 52,8 472.3 5421.3 0.489
2137 5 nin | 3 7534.6 5359.4 0,472
L2448 5 min /\?}5 579.2 5314.9 0.450
2758 Smin | . 487 623.7 5270.3 0.447
2758 s w4207 722.7 5171.3 0.420
‘SHEAR DATA
“0. " Load cell " Force . Volume ' Volune corr. Axial Height corr. corr.
reading change change Volume read. change Height Area "
: Y read. cc cc o nm nn cm”
8 242 0 42,7 .722.7 5171.3 . 8”00 8.0 319.0 1g2.n
q 294 2600 &2.6  725.2  S]e6R.8  apnQ 9.0 318.0 1483.0
e 330 L4000 42,6 725.2 SIAR.R 1000 .0 317.0  163.0
1] 352 5500 42.6  725.2 5168.8 1096 11.9  316.0  164.0
12 360 5900 42.2 735.1  5158.9 1201 12.0 315.0 les4.p
13 392 7500 42,1 737.6 5156.5 1295 3.0 314.0 164.0
14 394 7600  41.% 7423 5151.5 1400 14.0  313.0 16&5.0
15 586 17200 41.2 75¢.8  5134.2 1500 15.0 312.0  165.n
20 913 33550 . 3R.5  826.7  5067.4 20/ 20,0 307.0 0 165.0
25 1205 48150  35.9  s8el.0 5003.0 2500 25.0 302.0 166.0
30 1458 ANEGO 33.7  945.5 4948.5 3000 30.0  297.0 167.0
35 1718 73800 31.7 295.0  4f09.0 3500 35.0  292.n° 168.0
40 1511 A3450 30,0 1037.0  4857.0 4000 40.0  287.0 169.0
45 2124 94100 | 28.7 1069.2 4824.8 4499 £5.0 222.0 171.0
50 2290 102400 27.5 1098.9  4795.1 snoq 50.0  277.0 173.0
55 2442 FINOAD 2605 1123.7  4770.3 5499 55.0.7272.0  175.0
6N 2602 118000 25,9 1138.5  4755.5 59498 -  ao.n 267.0 178.0
65 2704 123100 25.3  1153.4 4740.6 6499 65.0 262.0 121.0
70 2780 126900 24.9 1163.3  4730.7 7000 70.0  257.0  184.0
75 2000 132900  24.6 1170.9 4723.3 7498 75.0  252.0 1R7.0
£0 2982 137000 24.4  1175.6 4718.4 7993 0.0 247.0- 191.0
£5 3n4n 139900 24.3  1178.) 4715.9 8500 85.0 242.0_ 195.0
a0 3104 143100  24.2 .1180.6 4713.4  9000° 90.0  237.0 199.n
95 3144 145100 24,1 1183, 4710.9 9498 95.0 232.n0 203.0
1nn 3230 149400 240 £708.5 10000 1IN0.00 227.0  207.0



Tést-no: 13 -

SHEAR DATA (cont.)

) ‘ )

~ U~y
. _ \ mi g g“{_ o
No. Deviatoric Volumetric Void Axial Volumetric Deviatoric-? ! 7 1 e

: stress stress ratio strain  strain strain I 6*}

kPa kPa e X y4 p4 b‘i -

. B o . e
8 0.0 2757.9 N.420 9.0 0.0 0.0 0.000 * 0.000
S . 160.0 - 2811.2 0.419 0.3 R R § 0.4 . .‘0f053 0.057
10 269.9 2847.9 0.419 - 0.6 0.1 0.9 0.098  0.095
11 336.3 © 2870.0 0.419 0.9 0.1 1.3 0.122 0.117
12 360.3 2878.0 0.417 1.3 0.2 . 1.9 0 0.131 0.125
13 456 .7 2910,1 0.416 1.6 0.3 2.3 0.166 0.157
14 L 461.8 2911.8 0.415 1.9 0.4 - 2.7 0.168 0.159
157 1045.2 3106.3 0.410 2.2 0.7 3.0 0.379 0.337
20 2032.6 3435.4 0.391 3.8 2.0 4.7 0.737 0.592
25 2906.5 3726.7 0.374 _, 5.3 3.3 6.3 1.054 0.780
30 3649.1 3974.3 0.359 * 6.9 4.3 8.2 1.323 0.918
35 4398.7 4224.1 0.345 8.5 5.3 ¢ 10.1 1.595 1.041
40 4939.1 T 4401.6 0.334 10.0 6.1 12.0 - 1.788 1.122
45 5500.0 4591.2° 0,325 11.6 6.7 14,1 . 1.994° 1,198
50 5915.4 4729.7° 0.317 13.1 7.3° 16.0 2.145. 1,251
55 6272.1 4848.6 0.310 14.7 7.8 18.2 2.274 -1.294
- 60 6625.2 *4966,3 0.306 16.3 8.0 20.5 2.402 1.334
65 6803.3 5025.7 0.302 17.9 8.3 22.7 2.467 1.354
.70 6893.9 5055.9 0.299 19.4% 8.5 - 24.9 2.500 1.364
75 7090.5 - 5121.4° 0.297 21.0 8.7 27.2 2.571 "1.385
80 71717 5148.5 0.296 22.6 8.8 29.5 2.600 1.393
85 7179.1 5150.9 0.295 24.1 8.8 - 31.8 . 2.603 1.394
90 7195.3 5156.3 0.294 25.7 8.9 354.1 2.609 1.395
95 7145.7 5139.8 0.294 27.3 8.9 36.5 2.591 1.390
100 7202.7 5158.8 0.293 28.8 9.0

38.7 2.612 1.396

.
'
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- Test no. 5

State of specimen Nw

Date tested 12/73/81
Confining pressure 1896 kPa
Inifrial volume 5894 'cc
Initial height . . 327 mm-
Weight 'of specimen 10.3 kg
Water content . l.1 %

Velume of solids 3711 ce

No., 'Load cell Force Volume

reading - change

) N read.

10 179 0 42.9
13 196 196 52.8
14 220 2050 £2.7
20 612 21630 39.2
30 1006 41350 33.7
40 1356 58850 29.7
50 1634 72750 26.9
50 1811 g1600 25.1
70 198n 30050 24.0
an 2124 97250 23.2
90 . 2184 100250 22.7
100 2230 105050 22.4

/

COMPRESSION DATA

- COYY W

227.

Pressure " Tine Volume Volune Void
' . interval change change Volume Ratio
kPa reading ce - ce e

103 5 min $9.6 0.0 5894.0 0.588
207 5-min 69..2 9.9 5885.0 0.586
330 5 min 66.2 = R4.2 5809.8  0.566
483 S min 63.1 160.9 5733.1 0.545
724 5 min 59.2  257.4 5636.6 0,510
931 5 min .56.0 © 336.6° 5557.4 0.498
. 1172 5 min 52,0 435.6 5458.4 0.471
1345 S min 50.5.  472%7 5421.3  0.461
1551 5 min 48.5 522,22 5371.8 0.448
1792 5 min- 46.3-  576.7 5317.3 0.483
1896 5 min "45.4  599.0 $295.0 ° 0.427
1896 . 1.5 n 43.0  'A58.4 5235.6 0.411
SHEAR DATA
Volume corr. Axial - Height corr. corr.
change Volune read. change Height  Area
. cc : cc S ™ mm cm
660.8 5233.2 1060 10.0 317.0 165.0
© 663.3  5230.7 1300 13.0 315.0 167.0
665.8 5286.6 1398. 14.0 313.0 167.0
752.4 5141.6 1995 20.0 307.0 168.0
888.5 5005.5 2992 30.0 297.0 169.0
987.5 4906.5 ° 3998 40.0 287.0 171.0
1056.8 4837.2 5003 50.0 277.0 175.0
1111.4  4792:3 6000 60.0  267.0 180.0
1128.6 4765.4 7005  70.1 256.9 °186.0
1148.4 4745.6 7996 80.0 247.0 192.0
1160.8 4733.3 8994 0.0 237.C 200.0
1168.2 4725.7 10001 100.0 0 208.0
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Test no. 5-

SHEAR DATA (cont.)

G ! .
, ‘ ~1 e T
. Lall Dalis
No. Deviatoric Volumetric Void Axial VoiEE::;;c'Deviétoric b | S b . .
' stress  stress rat¥o strain strain strain. . '_! ® '_: o
‘kPa . kPa e p4 4 R 4 b | bi S
) . ~ | N 2
10 - 0.0. . 1896.1 - 0.404 0.0 . 0.0 - 0.0 0.000 0.000
13 50.9 1913.1 0.410 0.3 0.1 0.4 0.027- 0.027
14 . 122.8 1937.0 0.403 0.6 0.1 0.9 0.065 0.063:
20 1288.7 2325.7 0.386 2.5 . 1.8 2.9 0.680 0.511
30 2446.7 2711.7 0.349 5.7 (4.5 6.4 1.290 0.902
40  3441.5 - - 3043.3 0.322 8.9 6.2 10.3 1.815 1.131
50 4157.1- 3281.8 0.304 12.1 7.6 - 14.4 2.192 1.267
60  4533.3 3407.2 0.292 15.2 . 8.4 '18.6 2.391 1.331 -
70 - 4841.4 3509.9 0.284 18.4 8.9 23.2 2.553 1.379°
80  5065.1 3584.5  0.279 21.6 9.3 | - 27.8 . 2.671 1.413
-90  5012.5 3566.9 0.276 24.8 © 9.6 32.4 . 2.644 1,405
100 5050.5 3579.6 0.273 27.9 9.7 37.0

2.664 1.411



Test no. 9 . : _ COMPRESSION DATA .
State of specimen NW . Pressure Tine Volume Volume corr. Void -

Date tested 10/4/81 interval change change Volume Ratio
Confining pressure 1034 kPa - kPa o reading " cc¢ cec e

Initial volume 5894 ce 103 3 ninh hb .6 ‘0.0, 5894.0 0.591

" Initial heighe 327 om 207 5 min 63.8 19.8 5874.2 0.585
Welght of specimen '10.3 kg © 345 5 nin 59. ‘118.8  5775.2 0nN.558
Water content B Y N4 483 5 ain 56.2 . 207.9 568Ah.1 0,534
Volume of solids 3706 cc 690 5 min 53.6  272.3 5621.8 0:.517

: a31 5 min- 47.0 . 435.6 5458.4 0.473

) . 1034 5 min 45.0. 485.1 5408.9 0,460
T S - 1034 5 min 42.9  572.2 5366.S 0.448

= SHEAR DATA

Yo. Load cell Force Volume Volume corr. Axial Height corr. corr.

reading " change change Volume read. change Height Area

s read.  cc cc . om cn
9 . 85 C 42.8 329.7 5364.4 800 9.0 318.0 167.0
10 1137 - 1400 42.7 532.1 5361.9 ° 1000 1.0 317.0 189.0
11 126 20560 42,2 544.5 5349.5 1100 11.0 316.0 169.0
12 193 5400 42.0 549.5 °5344.5 1185 - 11.9 315.1 171.0
11- 371 5950 42.0 638.6 5255.5 1100 I1.0 316.0 166.0
12 193 - 5400 42.0 549.5 5344.5 " 1185 11.9 315.1 170.0
13 . 237 7600 $1.8 554.4 5339.6 1298 13.0 314.0 170.0
20 392 15350 37.0 f73.2 5220.8 2000 - 20.0 307.0 170.0
30 583 24900 31.6 806.9 5087.2 3000 30.0 297.0 171.0
40 746 33050 27.5 908.3 4885.7 3997 40.0 287.0 174.0
50 905, 41000 24 .3 987.5 4906.5 4998 506.0 277.0 177.0
an 1631 47300 22.0 1044.5 4849.5 6000 60.0 267.C 182.0
70 1150 53250 20.4  1084.1 4809.9 6998 70.0  257.0 187.0
80 . 1243 57900 19.4 1108.8 4785.2 8000 BO.0 247.0 194.0
a0 1323 61900 18.7 '1126.1 4767.9 89943 90.0 237.0 201.0

Ing 1348 63150 I1B.4  1133.6 4760.4 9869 10n.0 227.0 210.0
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.Test no. 9

SHEAR DATA (cont.)

EgiPEN
~ | [=1 B
. . : el o ™
. . 7 B ’ - . b: Ub: =]
No. Deviatoric Volumetric Void Axial Volumetric Deviatoric ;»; » | | ®
stress _'stress ratilo strain  strain strain - —!
kPa . kPa . e - . 4 r4 .S ! ~3 !

9 0.0 1034.2 ° 0.448 0.0 0.0 0.0 " 0.000 0.000
10 82.8 1061.8 0.447 0.3 - -0.1 0.4 0.080 0.078
11 121.3 1074.6 0.444 0.6 0.3 0.8 0.117 0.113
12~ 315.8 1139.5 0.442 0.9 0.4 1.2 0.305 0.277
13 447,1 1183.2 0.441 1.3 0.5 1.7 0.432 0,378

- 20 902.9 1335.2 0.409 3.5 2.7 3.9 0.873 0.676
30 1453.7 1518.8 0.373 6.6 5.2 - 7.3 '1.406 0.957
40 1899.4 1667.3 0.345 9.7 7.1 11.0 1.837 1.139
50 2314.7 . 1805.8 0.324 12.9 8.5 15.1 2.238 1.282
60 2604.2 . 1902.3 0.309 16.0 9.6 19.2 2.518 1.369
70 2845.2 1982.6 0.298 19.2 10.3 23.7 2.751 1.435
80 2988.7 2030.4 0.291 22.3 10.8 28.1 2.890 1.472
90 3076.9 - " 2059.8 0.287 25.5 11.1 - 32.7 2.975 1.494%

- 100 3011.3 2038.0 0.285 28.56 11,3 37.3 2.912 1,478
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Test 18. - ‘ : COMPRESSION DATA . ~

T

State of ‘specimen PD Pressure Time . Volume Volume corr. Void
Date tested . . 19/5/81 interval  change ~ change Volume Ratio
Confining pressure 1896 kPa-  kPa reading ‘c¢’ - cec e
Initial volume 5894 ce - 103 5 min 58.1 0.0 -5894.0 0.494
Initial height. | C 327 mom 345 5 min - '55.0 76.7 5817.3 0.475
Weilght of specizen 10.9 kg 690 5 min - 52.7 133.7 5760.3- 0.460 -
Water coatent . .7 % 1034 .5 min 50.1 198.0 5696.0 0.444
+ Volume of solids . 3945 ce 1379 5 min’ . 48.8 230.2 5663.8 0.436
. ' oo - 1896 5 min - 46.3 295.1 5601.9 0.420
1896 1.5 n 43.0 | 373.7 5520.3 0.399
SHEAR DATA . ‘ -//-

No. Load €ell TForce Volume Volume corr. Axial Height - corr. corr.

reading change change Volume read. change Height Area "
: N read. ce . ce ’ - omm om. “em”
5 173, 0 42.8 - 378.7° 5515.3 500 5.0 322.0 171.0
6 177 200 42.8  378.7 5515.3 600 6.0 321.0 172.0
7 _ 194 10s0 42.8  378.7 5515.3 700 7.0 .320.0 172.0
8 228 T 2750 42.7 381.2 5512.8 . 800 8.0 319.0 173.0
9 341 8400 42.6 383.6 5510.4 906 9.0 . 318.0 173.0
10 475 15100 42.4 388.6 5505.4 1000 10.0 317.0 174.0
11 389 20800 42.3 391.1 - 5502.9 1100  11.0 ¥16.0 174.0
15 1052 43950 41.3 415.8 3478.2 1500 ° 15.0 .312.0 1760
16 1165 = 49600 41.1 420.8 5473.2 1600 16.0 311.0 176.0
18 1388 60750 40.7 4£30.7 5463.4 1800 18.0 309.0 177.0
20 1609 71800 40.3 440.86 5453.4 2000 120.0 307.0 178.0
25 2090 95850 39.2 467.8 5334.% 2500 25.0 302.0 180.0
30 . 2408 111750~ 38.2 492.5. 5401.5 3000 " 30.0. 297.0 182.0
35 2604 121550 37.3 514.8 5379.2 3500 . 35.0 292.0 184.0
40 2694 126050 36.9 529.7 5364.3 4000 - 40.0 287.0 187.0
45 . 2728 127750 .36.2 542.0 5352.0 4500 45.0 282.0 190.0
50 2744 128550 36.0 547.0 5347.0 5000 . 50.0 277.0 193.0
35 2796 131150 ~ 35.9 . 549.5 5344.5 5500 55.0 272.0 197.0
60 2788 130750 35.8 551.9 5342.1 6000 60.0 267.0 200.0
65 27%0 130850 35.8 551.9 5342.1 6500 65.0 262.0 204.0
70 2822 132450 36.0 547.0 5347.0 7000. 70.0 257.0 208.0
75 2880 135350 36.1 544.,5 5349.5 7500 75.0 252.0 212.0
80 2884 135550 36.2 542.0 5352.0 8000 8C.0 247.0 217.0
85 2874 135050 36.4 337.1 5356.9 8500 85.0 242.0 221.0
" 90 2920 137350 @ 36.5 534.6 - 5359.4. 9000 90.0 237.0 "226.0
95 2974 140050 36.8 527.2 5366.8 9500° 95.0 232.0 231.0

99 2942 138450 369 524.7 5369.3 -9900 99.0 228.0 236.0
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Test no. 18

-

SHEAR DATA (gomt.)

N w
e =4

LI - N
‘ : : . . bE'Uﬂ: a
No. Deviatoric Volumetric Void Axial Volumetric Deviatoric 11 b b i 1)

T stress stress ratio strain strain strain ~: tﬁ

kPa kPa e b4 % . B 4 B b |

i ~ | ~ !
5 0.0 1896.1 0.398 .0 0.0 0.0 0.000 0.000
6 11.6 1900.0 .0.398 0.3 0.0 0.5 0.006 0.000
7‘1 60.9 1916.4 0.398 0.6 0.0 0.9 0.032 0.032
. 8 159.1 - 1949.1 0.397 0.9 0.1 1.3 0.084 -0.082
9 484.8 2057.7 0.397 1.2 0.1 1.8 0.258 0.236
10 369.5 2185.9 0.395 1.6 0.2 - 2.3 0.439 0.400
11, 1194.4 2294.2 0.395 1.9 0.2 2.8 0.630 0.521
15  2503.1 2730.5- 0.389 3.1 0.7 4.3 1.320 0.917
16 '2818.4 2835.6 0.387 3.4 0.8 4.7 1.486 0.994
18 3435.9 - 3041.4 0.385 4.0 0.9 5.6 1.812 1.130
20 4042.0 3243.4 0.382 4.7 1.1 6.5 2,132 1.246
25 5334.6 3674.3 0.375 6.2 1.6 8.5 2,813 1.452
30 6144.6 3944.3 0.369 7.8 2.1 10.7 3.241 1.558
35 6598.1 4095.5 0.363 .9.3 2.5 12.7 3.480 1.611
40 6743.9 4144.1 0.360 10.9 2.7 15.0 3.557 1.627
45 6731.3° - 4139.9 0.357 12.4 3.0 17.1 3.550 1.626
50 6659.5 45115.9 0.355 14.0 3.1 18.5 3.512 1.618
55 6674 .6 4121.0 0.355 15.5 3.1 21.7 3.520 1.620
60 6535.0 5074.4 - 0.354 17.1 3.1 24.1 3.447 1.604

65 6417.5 4035.3 0.354 18.6 3.1 26.4 3.385 1.590°

70 - 6366.1 4018.1 0.355 20.2 3.1 28.8 3.358 1.584%
75 6376.0 4021.4 0.356 21.7 3.0 31.1 3.363 1.591
80 6255.8 3981.4 0.357 23.3 3.0 33.5 3.299 1.571
85 5100.9 3929.7 0.358 24.9 2.9 35.9 3.218 1.553
90 6073.8 3920.7 . 0.358 26.4 2.8 38.2 3.203 1.549
95 6054.2 3914.2 0.360 28.0 2.7 40.7 3.193 1.547
99 = 58759.1 -3855.8 0.361 29.2 2.7 42.5 3.101 1.525
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. Test 19 _ COMPRESSION DATA
State of specimen PW Pressure—~ Tinme Volume- Volume corr. Void
" Date tested 22/5/81 interval change ‘change Volume Ratio
Confining pressure 1896 kPa . kPa : reading cc cc e
Initial volume. 5894 ce 103 5 min 50.0. 0.0 589%94.0 0.397
Initial height 327 am | 345 5 win 47.8 54.5 5839.5 0.384
" Weight of specimen '11.7 kg 690 3 min 45.2 118.8 5775.2 0.369
Water content 20.7 % 1034 5 min 43.7 155.9 5738.1 0.360
Volume of solids 4219 ce 1379 5 nin 42.6 183.2 5710.8 Q.354
1896 5 min’ 4l.6 . 207.9 5686.1 0.348
1896 1.5 h 40.0  247.5 5646.5 0.339
SHEAR DATA ‘ -
"No. Lload cell TForce Volume Volume corr. -Axial Height COTr. cCOrr.
reading change change Volume read. change Height Area -
N read. ce T oee am - i cm”
8 156 0 39.2 267.3 5626.7 800 8.0 319.0 176.0
9 167 350 39.2 267.3 5626.7 900 9.0 318.0 177.0
10 - 310 7700 39.1 269.8 ' 5624.2 1000 10.0 317.0  177.0
11 - 391 11750 38.9 274.7 5619.3 1100 11.0 316.0 178.0.
15 473 15850 38.4 287.1 5606.9 1500 1520 312.0 180.0:
20 526 18500 38.0 297.0 3597.0 2000 20.0 307.0 182.0
25 581 21250 i7.5 309.4% 5584.6 2500 25.0 302.0. 185.0
30 624 23400 37.0 321.8 3572.3 3000 30.0 297.0 188.0
35 693 268550 36.5 334.1 5559.9 3500 33.0 292.0 190.0
40 727 285550 36.0 346.5 55347.5 4000 40.0 287.0 193.0
45 780 31200 35.5 358.9 . 5535.1 4500 45.0 282.0 196.0
50 853 34850 34.9 7 373.7 5520.3 5000 50.0 277.0 199.0
55 905 37450 34.4 386.1 5507.9 5500 55.0 272.0 203.0
60 941 39250 34.0 396.0 5498.0 6000 60.0 267.0 206.0
65 962 40300 33.2 415.8 5478.2 6500 65.0 262.0 209.0
70 1042 44300 33.1 418.3 5475.7 7000 70.90 257.0 213.0
75 1075 45950 32.9 423.2  5470.8 7500 75.0 252.0 217.0
80 1143 48850 32.9 423.2 5470.8 8000 80.0 247.0 222.0
85 1123 48350 32.8 427.7 5468.3 8500. 85.0 242.0 226.0
90 1247 54550 32.7 428.2 5465.8 9000 90.0 237.0 231.0
95 1292 .56800 .7 428.2° 5465.8 9500 95.0 232.0 236.0
100 1343 59350 33.7 428.2 5465.8 10000 100.0 227.0. 241.0

)
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. Test no; 19

- ' ' ' SHEAR DATA (cont.)

.:'q.‘
~1 B ~
N | ’ ‘ R B ERGE
 No. Deviatoric Volumetric Void. Axial Volumetric Deviatoric ?} © ?: QH
) stress gstress ratio strain strain strain -l - )
kPa kPa e - 4 4 b4 © i b E

- 8 0.0 ~1896.1 0.334 0.0 . 0.0 0.0 0.000 0.000
8/, 31l.1 1906.5 0.334 0.3 0.0 0.5 0.016 0.016
10 434.0 2040.8 0.333 0.6 0.1 0.9 0.229 0.213"
11 660.8 2116.4 0.332 0.9 0.1 1.3 0.349 0.312
12 . 799.5, 2162.6 0.331 1.3 0.2 ‘1.9 0.422 0.370
13 830.5 217208 0.331 1.6 0.2 2.3 0.438 0.382
14, 856.1 . 2181.5 .0.330 1.9 0.3 -2.7 0.452 0.392
15 882.0 2190.1 . 0.329 2.2 0.4 3.1 0.465 0.413
20 1014.7 = 2234.3 - 0.327 3.8 0.5 5.5 0.535 0.454
25 1149.1 . 2279.1 0.324 5.3 0.8 7.6 0.606 0.504
30, 1247.2 ° 2311.8 0.321 6.9 . 1.0 9.9 0.658 0.540
35 1410.1 2366.1 0.318 8.5 1.2 12.2 0.744 0.596
40 1477 .0 - 2388.4 0.315 10.0 - 1.4 14,3  0.779 . 0.618
45 1589.6 2426.0 g.312 11.6 - 1.6 16.6 -0.838 0.655
S0 1748.7 2479.0 0.309 13.2 1.9 18.9 0.922 . 0.705
55 1849 .4 2512.6 0.306 14.7 2.1 21.0 0.975 0.736
60 1906.1 2531.5 0.303 16.3 2.3 23.3 1.005 0.753
65. 1927.54 . 2538.6 ¢.299 17.9 2.6 25.6 1.017 0.759
70 2079.2 . 2589.2 0.298 19.4 2.7 -~ 27.8 ° 1.097 0.803
75 2116.6 2601.6 0.297 21.0 ° 2.8 30.1 1.116 '0.814
80 2205.5 2631.3 0.297  22.6 2.8 32.5 1.163 0.838
85 2139.7. 2609.3 0.296 24,1 2.9 35.7 . 1.129 0.820
90 2365.3 2684.5 0.296 25.7 2.9 "37.1 1.248 _ 0.881
95 2410.9 " 2699.7 0.296 27.3 T 2.9 39.5 © 1.272 0.893

100 2464.9° 2717.7 0.296 '28.8 2.9 41.8 1.300 0.807 .



Test 17

COMPRESSION DATA

State of specimen AW Pressure Time Volume* Volume corr. Void
Date tested 15/5/81 interval - “change -change Volume Ratio
Confining pressure 1896 kPa kPa reading  ec cc e
Initial volume 5894 ce 103 5 min 74,4 0.0 -5894.0° '0.563
Initial height 327 mm 345 5 min 68.4  148.5 5745.5 0.523
Weight of specimen 10.5 kg 690 5 min 60.5 -344.0 5550.0 0.472
Water content . 4.7 % 1034 5 min 54.6  490.1 5403.9 0:433
Volume of solids 3772 ce 1379 5 min 50.5 59145 53302.5 0.406
‘ 1896 5 min 45.6 712.8 5181.2 0.374
1896 1.5 h 43.0 777.2 5116.8 0.357
SHEAR DATA
-
- No. Load cell Force Volume Volume . corr. Axial Height ' c¢orr. . corr.
Teading . change change Volume read. cltange Height Area
) N read. cc. ! cc - ma om cm
10 172 0 42.6  787.1 5106.9 1000 10.0 317.0 1A1.0
1l 198 1300 . 42.5 789.5 5104.5 1100 11.0 316.0 162.0
12 213 2050 42.5 789.5 5104.5 1200 12.0 315.6—162.0
13 230 2900 42.3 794.5 5089.5 1300 13.0 314.0 162.0
14 T 234 3100 42.3. 794.5 3099.5 14Q0 14.0  313.0 "163.0
15 . 243 3550 42.3 794.5 5099.5 1500 15.0 312.0 164.0
T 16 265 4650 - 42.1 799.4 5094.6 1600 16.0 311.0 164.0
17 278 5300 41.8 806.9 5087.1 1700 17.0 310.0 164.0
18 . 356 9200 41.4 816.8 5077.3 1800 18.0 309.0 -164.0
19 439 13350 40.6 836.6 3057.4 1900 19.0 308.0 164.0
20 487 15750 40.3 844.0  5050.0 2000 ©20.0 307.0 165.0
25 664 24600 37.4 915.8 4978.2 2500 25.0 302.0 165.0
30 871 34950 34.8 980.1 4913.9 3000 30.0 297.0 166.0
-~ 35 1047 43750 32.6 1034.6 . 4859.4 3500 a35.0 292.0 166.0
40 1215 52150 30.7 1081.6 4812.4 4000 40.0 287.0 168.0
- 45 1372 60000 28.9 1126.1 4767.9 4500 - 45.0 282.0 169.0
T 50 1511 66950 27.6 1158.3 4735.7 5000 50.0 277.0 171.0
55 1625 72650 26.3 1190.5 4703.5 5500 55.0 272.0 173.0
60 1732 78000 25.3 1215.2 4678.8 6000 60.0 267.0 175.0
65 1822 82500 24.6 1232.6 4661.5 6500 65.0°  262.0 178.0 °
70 1922 87500 24.0 1247.4 4646.6 7000 70.0 257.0 181.0
75 1965 89650 23.5 1259.8 4634.2 7500 75.0 252.0 184.0
80 2048 93800 . 23.1 "1269.7 4624,3 8000 80.0 247.0 187.0.
85 2072 85000 22.8 1277.1 4616.9 8500 85.0 252.0 191.0
80 2090 85900 22.6 1282.1 4611.9 9000 90.0 237.0 195.0
95 2166 99700 22.3  1289.5 4604.5 9500 95.0 232.0 199.0
22.2  1292.0 4602.0 10000 100.0 .227.0 203.0

100 2196 101200
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. SHEAR DATA (cont.)

- ) . - : , - LS
] ‘ : : 1 e
No. Deviatorie Volumetric Void Axial Volumetrie Deviatoric ?‘j ou Norm.
.stress . stress ratio strain. strain- strain =1 .Vol.
kPa ~ kPa e bd BN 4 R S :i:  stress
10 0.0 1896.1 0.354 - 0.0 0.0 0.0 0.000 1.000
11 80.5 S 1922.9 0.353 0.3 0.1 T 0.4 0.043 . 1.014
12 7126.5 . °'1938.3 0.353 0.6 0.1 0.9 0.067 "1.022
13 178.6 - 1953.6 0.352 1.0 0.2 1.4 - 0.094  1.031°
14 190.3 1959.5 0.352 1.3 © 0.2 1.9 0.100 1.033
15 217.2 1968.5 0.352 1.6 0.2 2.3 0.115 1.038
16 '283.9 - 1990.7 0.351 1.9 0.2 2.8 0.150° 1.050
17 323.0 2003.8 0.349 2.2, 0.4 3.1, - 0.170 1.057 .
18 559.9 . 2082.7 0.346 2.5 0.6 - 3.5 “0.295..1.098
19  813.0 2167.1  0.341 2.8 1.0 . 3.7 0.429 1.143
20 957.5 2215.3  0.339 3.2 1.1 4.3 0.505 1.168 .
25 1492,3 2393.5  0.320 4.7 2.5 " 5.8 0.787 .1.262
30 2112.4 2600.2 0.303 6.3 3.8 7.6 1.114 1.371
35 " 2628.9 2772.4 0.289 7.9 4.8 - 9.5 1.387 1.462
40 3110.1 2932.8 . 0.276 9.5 5.8 11.4 1.640 1.547
45 3548.8 3079.0 0.264 11.0 6.6 13.2 1.872 1.624
50 3916.0 3201.4 0.256 12.% 7.3 15.3 2.065 1.688
55 4201.3 3296.5 0.247 14.2 7.9 17.4 . -2.216 1.739
60 4451.2 - 3379.8 0,241 15.8 8.4 19.5 .7 2.348 1.783
65 4637.0 . 3441.8 0.236 17.4 8.7 - 21.8 2.446 " 1.815
70 483976 3509.3 0.232 18.9 9.0 23.9 2.552 1.851
75 4875.0 3521.1 0.229 20.5 9.3 26.1 2.571 1.857.
80 5010.2 3566.2  0.226 22.0 9.5 28.3 2.642 1.881
85 4979.5 . 3555.9 - 0.224 23.7 9.6 30.8 . 2.626 1.875
90 4928.1 3538.8 0.223 25.2 & 9.7 0 33.0 . 2.599 1.866
95 5023.4 3570.6 0.221 26.8 9.8 35.3 2,649 1.883
ino 4991.8 3560.0 0.220 28.4 9.9 37.7- 2.632 1.878

A e v e e 4 4
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. . ' / ~ APPENDIX ¢

—

MISCELLANEOQUS -

Cl Membrane Correction
Membrane correction factors were obtained using the method
outlined by Bishop and Henkel (1962) The correction, O;, to

-the measured compression‘strength of the specimen is

o =D . M.e(l-¢)
T

a
o]

where D is the i1initial diameter of obe‘ specimen, M is the
compression mooulus of ohe rubber mémbrane, per unit width, ¢ is
‘the axial strain, and oo the inioial cross—sectional area of
che specimen. | |

According to Bishop and Henkel (1962% the compression modulus
M cannot be messured directly on-a thin membrane, but i:s value
way be reasonably assuméd to be similar to that measured in

extension.

Three 150 om membranes were used in the testso The correction
)
factors are as follows.

T&pe of membrane-~Thickness-—-Correction factor at 20 % strain

\—j standard 0.3 mm ' 0.153 kPa

\\\_ Jlatex covered 1.8 mm 0.703 kPa
N

N\\neoprene _ 0.8 mm 0.806 kPa

Total : - - 1.7 .kPa
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| c2 Calibration of Load Cell

The load cell used in the - experiments was calibrated against

a certified-accurate Tinius =0lsen Universal Testing Yachine. A

known load was applied tro the load cell and the eorresponding

reading was recorded. A graph of known loadfversus load cell

reading was plotted in. order to obtain the Delationship between
these two values. The graph is shown in Figure Cl. The

‘relationship is as follows

Load Cell x .50 = Applied Load (Newtons)
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T E————— S b i g 8. o P g piPM N et W

} -L/ - ; . .
- . ' = 15§ -

.C3‘ Slaking Charactél_'i'stic“f Qu_eénston Shale : '

The siaking Ch’aractéristics o-f Qu.enston-Shal'e’,a-re presented
ia _Figu:é C_Z.: The g;'hph shows the water coutent "c:f ,speéiméns of
'shale after di_ffereﬁt_ saturation times: "Accoz‘:&ing to Morgenstern
an Eigenbrod (1974), all materials eventually. reach a final water
content equal to trheir' liquid limits. Queenston Shale reache; an |

~ almost constant value of 8 X water comtent, although its liquid:

limit i{s 20.2.

-
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Change of water content with time of wetting.
(According to Morgenstern and Eigenbrod 1974)
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C4 X-ray Diffraction of Queenston Shale
. . : )

L-ray Diffractién is_a method fo:'identification of

fine—grained soil minerals. It‘cbnsiéts of boﬁbarding a fihely

ground sample of material with electrons. When the eléctrons‘

réﬁch the minerals -on the atomic levél, they ?ither”knock
épecific electréns'from energy levels within the atoms, or lﬁse
their energy in the intense electrical fields sur;ohnding £he
atomic nuclei. The result is two kinds of‘radiat}on. The first,
due to electron displacement, is a‘specific radiation uniquely

defining the bombarded mineral.- The second, due to the loss of

energy in the electrical field, results in an easily recognized

background radiation dépendenﬁ on the intensity aﬁd_voltage.qf
the source of electron bombardment. |

Figure C3 shows the X-ray pattern of Queenston Shale. The'Zﬂ
éngle corresponds to the wavelength of the minerals. The
material is_composed mainly_of quartz, illite, mica, kaolin,

c¢hlorite, hematite, pyrite, and-sphe carbongtes.

/

Ciwm
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C5 Janbu's (1967) Taﬁgent Modulus Curves.
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The graphs- using Janbu's (1967). method for‘dfy weathered

.(ZSD), saturated weathered (25W), dry natural (N), saturated

. natural (NW), dry-powdered'(PD), and saturated powdered (PW)

specimens are presented in the following.pages.

‘Dry weathered at.3000 kPa

D;y weathered at 2000 kPa

page

page

~ [}
. Dry weathered "at 1000 kPa

page

© Saturated weathered at 3000 kPa

page

- Saturated weathered at 2000 kPa

page

-Saturated weathered at 1000 kPa

‘¢

Dry. natursl at 3000'k?a

page

Dry natural at 2000 kPa

page

Dry natural at 1000 kPa

Saturated natural at 3000 kPa

page

——-page

'Saturated natural at- 2000 kPa

page

Saturated natural at 1000 kP=a

Dry powdered at 2000 kPa

page

‘page

Saturated powdered at 2000 kPa

page

-page

-~

159

160

161

162

163

164

165

166
167
168
169
170
171

172
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APPENDIX D

VOLUME CKANGE CORRECTION EQUATIONS

D.1, Tavlor (1943) ' N ’
In order to determine the volume chanege cemronent  ofg\ shear

strength of a dense sand in a direct shear test, Tavlor (1%48)

derived the followving exprassion:

-
-
e

| . T, = Gh'u h/dx - ~b.1
in which te is the shear stress regnired to arovide enerey for
expansion, ch is the applied normal Stress, dx is the increment
of shear déformé:ion, and dh is the corresponding iﬁcrement in
thickness. 6f the sanple.

D.2 Bishop (1954) - s

Rishop (1954) derived a corresponding expression

d-e = 0-3 - devol/dea ’ -—D.z

) \J .
i which Gé is%ihe confining Pressure, de is the increment
™, ] e v l — —

of volumetric strainy and déa 1s the increment of axial strain,

to determine the portion of the anplied deviator stress in a tri-

axial compression test which nust be applied to provide energv for

-

sample expansion,’ cos
D.3 Rowe (1962)
- . !
Rowe (1962) derived -an . alternate. exnression for correcting

. ’ . . 1 . . ’(
the deviator sefess for volure change effects., .The expression is

(4 oL
as follous: - '

-
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o-c - Gl‘llf( l +

vhere g, is the raxirun principal

de
- v

stress, d

ment of volumetric strain,  ‘and de
strain., L
s~ o

ol/dea)-- ‘D-3

It is 'che incre-
vol

is the increment of axial

-






