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ABSTRACT - /

The mobifQ;y of the pore fluid in saturated Athabasca

0oil sand rahges petween two and three orders of magnitude

less than water saturated dense sand due to the viscosity of
the interstitial bitumen.. This"intrpduces a spectrum of

geotechnical problemgfin oil sand techg'ﬁogy governed by the

strength’ and deformation prdperties of - o0il sand under

undrained or partially. drained cénditions. The research
documented in this thesis investigateé the . uﬁdfained
behaViéur of‘Athabascé 0il sand under axial compression and
‘extension in laboratory triaxial tests- at 20 °C. Stress

levels up to 8 MPa are covered in the test program. Strain

rates are varied up to 3.5 s—1 to-investigate the influence

of transient loading. The influence of 1initial pore
pressure, effective confining stress, stress path and strain
rate on undrainedAfgtrengthf and deformation behaviour are
~examihed. A predictive Qroced&re for uhdfained strength énd
strain to failure in axial compression under generalized

stress conditions is presented.
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1. INTRODUCTION

1;1‘Statement\of Problem ’
The - mobility- of the .pore fluid in saturated rt%h
Athabasca 011 sand at in situ temperatures (generally less
 than 20 C) ranges between two and three orders of magnitude
less than wa*er saturated dense sand due to the v1scosxty of
e'tned 1nterst1t1a1 b1tumen. The 1mpeded mobility of the pore
, flu1d introduces a spectrum of geotechn1cal problems in
whlch stresses and deformations are governed by the strengthf
and ‘stress- straln behav1our of 011 sand under undrained or
' partlally ‘drained cond1t10ns. A range of potential proolemS"
llkely to be encountered in surface mrn1ng, in situ process
d'recovery‘ and mine assisted in situ process (MAISP) recovery
' J/;chenes are lrstédAin Table 1.1 o
'ihe, tYpes>vof problems listed in.Table 1.1 are broadly
‘claasified into three categories: ‘
'1.vUndrainedf behaviour  under transient changes of
str”ess,._ | )
2. Undrained behaviour. dur}nd,.frapid“ changes Of '
stress, and‘

3.‘Part1ally dra1ned behav1our during "slow" changes of

stress or follow1ng rapid stress changes.

- Under . transient ,and rapld"i stress changes, there is

1nsuff1c1ent t1me for s1gn1£1cant dra1nage of the pore fluid



to occur dnring the tine intervai of the appliedb stress
change and the behav1our is completely undra1ned Part1ally
drained cond1t1ons occur when the rate of stress change is
slow enough to allow 51multaneous dra1nage of the pore f1u1d
yand d1551pat10n of _pore pressures. Condltlons of partlally
drained ' behaviour may also occur w1th pore £lu1d dralnage
follow;ng "rapid* increments of stress change. ‘The behaviour
is a time depenoent fnnction of the rate_of pore fluid
drainage and pore pressure dissipation, - |
‘ : ' , — : »
In situ process heating of oil sand by injection of
condéhséd ‘steam or in situ combustion is intended to
'decrease the v1scos1ty of the bltumen allow1ng recovery by
pumplng or grav1ty dralnage. A broad range of undralned nd
partlally drained - behavxour is encompassed by the spac1al
varlatlon of temperature and fluid mobility. At elevated
‘temperatures aoproaching '3QQ°C, the mobility of the pore
fluid(increases approximately 1b'times while the physicaf
properties of the quartzose grains and structure of the
R —
Athabasca oil - sand are largely unaltered '(Agar\ 1984) .
Hence, the effects of elevated temperatures over this range
‘on the undralned strength ~and detormat1on ~behaviour of .
Athabasca oiltsand are projected to exert‘a minor secondary
1nfluence only. The time dependent behaviour under part1allye

drained:. conditions will, however, be 1nfluenced by faster.

rates of fluid drainage w{th'lncreased fluid mobility.



1.2 Ob)ectlve of Thesxs
The ob]ectxve of the research documented in this the51s
is to investigated the undrained behaviour of Athabasca. oil
sand in ‘triaxial .1aborator} tests at room temperature
(20°C). Thevtriaxialvtest program is,divided‘into two ﬁajor
parts: ' o
1. Undrained triaxial compression testsfare conducted
covering the rangeu of effective contining " stress
levels up to B'Mﬁa. The'strain rate of testing is
also varied between‘10—5 and 3.5 s—1wto investigate
.the.influence of transient.loading.
2. The undrained benavidur of o0il sand during unieading
in  axial extension 'is examined. Undrained andv

drained extension tests are conducted for comparison

of behaviour.

The influence of Cinitial pore pressure, - effective
confining stress, stress path and stra1n rate on‘ the
undrained strength and deformatlon behav1our -are examlned A
predlctlve procedure for.the undrained strength and strain_
to failure in axlal compre551on under generallzed stress

conditions is presented.

1.3 Organlzatzon of The51s
Research on the behav1our of sands ‘has prol1ferated in
the past /‘50u_ years and matured ut6< high  ‘levels of

understand1ng on many aspects. The volume of the literature



is immense and out of the scope of this thesis to review its
entirety. Chapter 2 introduces selected behavioural aspects

~and concepts pertineht to this thesis.

Chapter 3 discusses the unique -interpenetrative or
"locked" structure of oil sands and the problems of sample
_disturbance. Available published laboratory test data on the

drained and undrained behaviour of oil sand is presented.

The laboratory test facilities and tesﬁ procedures
developed for the ﬁndrained triaxial compression tests are
described in Chapter 4. The fest facilities and testing
procedures. addpted for the axial extension teéts are
‘described in Chapter 5, |

Discussion of the exberimental results and comparison
‘ with other published data is contained in Chépter 6. Chapter
7 condludes with a spmmary of the findings of the research

”

and discussion of practical implications.

1.4 Sign Conventions for Stressés and Deformations

| _The sign convention adhered to inbthis thesis defines

 compressive stress as ppsitive in mégﬁitude ‘and ténsile
stress ‘as negative. Compressive = and expéhsive volumetric

strains ére-defingd as negative and pésitive HQUantitiesr

S

respectively.
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2. UNDRAINED SHEAR STRENGTH OF SANDS

2.1 Introduction,
This chapter introduces selected aspects and concepts
of the undrained behaviour of sands pertinent to discussions

in subsequent chapters.

2.2 Components éf Shear Resistance of Sand

‘Work by Rowe(1962), Rowe, Barden and Lee(1964), Lee and
Seed(1967), and Ladanyi and Archambault (1969) suggest that
the shearing resistance, T‘lff a cohesionless particulate

mass is the sum of four components:

T = T + Tde + Taf + T, 2.1
where 7 is derived from sheér across grain asperities,
is derived from dilation of the soil structure
‘against external forces,
T4t is dérived from finternai friction due to
dilatancy, and * "
T is derived from inte;nal friction undé; conditions

of constant volume.

Figure 2.1 shows a schematic illustration of the
contributing components of shearing resistance . for drained
tests on sand. The shearing resistance T denoted by the

friction angle ¢cv' represents the sliding resistance of one

- 6



mineral grain against another without contributing effects
of volume change or grain shearing. Horn and Deere(1962)
report values of ¢cv ranging from 22 degrees for quartz' to
about 37 degrees for feldspar. Layered lattice minerals such
as mica exhibit ¢.y 35 low as 13 degrees and explain the
lower strew&%ﬁ of micaceous sands. Rowe(1962) shows that the
coefficien@%&%f friction decreases only slightly with
increasing pressures for materials that remain essentially
elastic at contact points as for example sound quartz. Lee
and Seed(1967a) suggest that the crushing of particles under
very high confining pressures increases the number of
particle contacts sc that the load per particle and the

value of v is not likely to change appreciably.

For dense sands at low confining pressures, the sand
dilates against the external confining pressure as it 1is
sheared. This dilation requires energy and contributes
significantly to the observed shearing resistance.
Measurements by Lee and Seed(1967a) on dense Ottawa sand

indicate that the components of dilatancy, +

"de at
contribute up to 14 degrees to the total angle of internal
friction at low stresses. Bishop and E1din(1953) found the
dilational component of shear strength increases with lower
porosity-reflecting‘ higher potential for dilation in a
dense, more tightly packed sand. Sowers and Sowers(1951)

show that the angularity and gradation of the sand also

contribute to the interlocking of the sand and increase the

~



-

angle of friction. \

As the confining pressure is increased, dilatjon is
suppressed in favour ot.shearing of the sand grains under
the high contact stresses. As indicated in Figure , 2.1,
higher confining pressures yield increased shearing
resistance due to grain shearing, but a net decrease in the
total angle of sheaEing resistance due ta the decreased
dilational component., The progressive decrease in total
angle of # shearing resistance results in thg curvi-linear
failure envelope at high stresses observed by Vesic and
Barksdale(1963), Bishop, Webb and Skinner(1965) and Vesic
and Clough(1968). Lee and Seed(1967a) show that grain
shearing is initiated at lower stresses in sands with highg;
porosity. This results from fewer particle contacts yielding

higher contact stresses. Similar effects are found in poorly

graded sands for the same reason.

2.3 Stress-Dilatancy Theory

Taylor(1948), Bishop({1954) and Rowe(1962) have
independently proposed "energy"” relationships to correlate
the strength and deformation behaviour of cohesionless
soils, Taylor and Bishop deduct the component of shear’
resistance derived from dilation of the soil structure, 74,
from the total shear strength. Rowe éepérates the combined
components of dilational shearing resistance, Tge ¥ Tag ©OP

the basis of energy balancg. Thus, since the Taylor-Bishép
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analysis for “evaluating dilatancy accounts for T de only, the
derivation by Rowe for dilatancy 1is generally considered

theoretically more satisfactory.

’
Rowe, Barden and Lee(1964) present the stress dilatancy

equations for axial compression and extension in the
triaxial cell on the basis of Rowe's theory. The equation

, for axial compression is:

R =DK 2.2
and for axial extension:
_ K
. R =5 2.3
where
R = o0'\/03, 2.4
} ) de,
D = Dilatancy Correction = ( 1 - a;;) 2.5
2
K = tan“ {45 + ¢f/2) 2.6

)

and e, is the volumetric strain, s is the major principal
strain, €., in a compression test and the minor principal
strain, €30 in an extension test. The angle ¢; is an
empirical angle of shearing resistance corrected for
dilation during testing. The component dev/dea is the

volumetric rate of dilatancy during testing.
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"Roée(1969)3»conc1udes from examination of test results

at low -Stresses ~for normal,-dense sands in  triaxial
compression and ,exten51on that the approxxmate value of ¢f
varies as:
, < _ ' .
¢u s ¢ L ; o 2 7

<y
O v

‘where ¢u is the 1ntergranular angle of friction and ¢ is
Dthe friction angle at constant volume or cr1t1cal v01d ratlo
state. The minimum value of ¢, = & Occursﬂwhen only a few
particle contacts are sliding. The maximum Qalue‘of ?f = ¢y
occurs at ther ritical state (sheariné under . eonstant
volume) when all p0551ble contacts are slldlng Hence, - fer
sand in the ‘densest state, ¢f ¢ up to the the peak stress»
ratio and decreases from peak to the cr1t1cal state at whlch-
-'¢£ = ;¢cv' The experlmental relat on between ¢ and ¢ for

- _wvarious cohesionless materials at ow»conf1n1ng stresSes is

e

shown in Figure 2.2.

Lee and Seed(1967a) show the relatlonshlp ih'“Equation
2.7 is only va11d at very low stresses where shearlng and
crushlng of partlcles is m1n1mal fqtb.mf, ;} 0. At h1gher-
stresses, partlcle crushlng contrzbutes substantlally to the
measured angle of“shearlng-res}stance. Hence, kmeasurements_
of ¢, appear to oiﬁrestimate the value of ¢u,: o
P :
The major factors governlng ‘the value of the dilataney

eorrectlon D are the relative den51ty of the assemblage of
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partlcles and the. degree of grain crushing. The moSt

1mportant material properties 1nfluenc1ng crushlng are the

t

gqaan_ strehgthgﬁwlth particle "shape, rugosity and grading

algb“‘having an effect. Assumihg no’ particle crushing,

Horne(1965) has deduéed a theoretical’uppef/limit of-D_ =

max

2.at failure for a dense assembly of rotund partxcles “in
. - e

triaxial compression.. The -lower limit for a very 1oose»

assembly at the critical state establféheS‘Dmin = 1. Hence: .

4 1 €£D <2 ’ 2.8

Rowe(1969) " shows this7relétion has good agreement with
experlmental results for remolded sands at low 'pressurei.
Values of D greater than . 2 have been observed in highly

dilatant angular grained sands, sands with . high- surface

@ .
rugosity and "locked" sands ‘(Morgenstern and Dusseault, 1978

and Frossard, 1979).

2.4 Critical Void Ratio
The compre551on of loose sands and the dilation of

dense sands during shear led Casagrande(1936) to postulate

the concept of a critical void ratio, €.rit’ for which no

volume change would occur at failure. The relationship

between volume change, void ratio and confining pressure in:

"drained triaxial compression te. on a cohesionless soil is

jllustrated in Figure 2.3. If & se:iés of drained tests 1is

conducted, using- the same confining pressure, on samples

oy
L
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hav1ng dxfferent void ratlos, e, the relatlonshlp between’
'volume change at fallure and the«gn1t1al v01d ratio 1s shown
(-

'in ‘Figure 2. 3(a). From the pl®t, the cr1t1cal vo1d ratlo,_
3

€crit

determlned Repeated series of tests at‘dlfferent confining

for wh1ch there is no. volume change at fallure can’ be

pressures leads to a ser1es of values of ecrlt as shown in
'Flgure 2. 3(b) The varlatlon of the critical void ratio with
’the magnltude of the conf1n1ng pressure takes the form in

fFlgure 2. 3(c) Tests conducted at conflnlng pressures to the

- left. of the cr1t1ca1 void ratio line 1in F:gure 2.3(c) dilate

'dur1ng dralned- shearlng. Conversely,, tests conducted at
pressures to the rlght of the 11ne‘ contract during ‘shear;
7Th1s predlcts that sand w1th a glven den51ty or void ratlo'
‘1ncrea51ngly behaves ,as loose sand as " the effectlve

,conf1n1ng pressure is 1ncreased

In an- analagous mannerkﬁthe values of the cr1t1cal v01ds

fﬁjratIO‘_and cr1t1ca1 con£1n1ng pressure may be obtalned from

) Vundralned tr;axxal compre551on tests; As shown in F1gure

observatlons of the pore water changes durlng c0mp1ete1yd-

oy

2.4(a), the void ratio and conf1n1ng pressure for which

there -is ‘no chandelfin pore. pressure ‘at fallure may be

]interpreted' as the criticg void ratlo and cr1t1cal‘

conf1n1ng pressure. From-‘ igure 2. 4(a) it is p0551ble to

cr1t1ca1 ”conflnlng pressure

oft
g

and ' critical void eratio'bwhgbh take the form in Figure

determlne the, comblnatlons of

2.4(b).
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A third methdd of determining"the _critical ntpnfining.
pressure  from undrained testsv“is simply  to ;note ptheh
effectlve minor. pr1nc1pal stress at. failure in completely
‘undralned tests. ThlS stress is equ1valent to the cr1t1ca1f

4

conf1n1ng pressure for the correspondlng v01d ratlo of .the

v
soil sample.

Lee and Seed(1967b) fcondueted ’arained ,and undrained:‘
‘triaxial compression ‘tésts~ on_'SaEremento »Riverbsand and
found thep difference in measure@ent-vpf the 4eritical
confining pressure to be ’30: percent between the,three
. nethods for loose sample-(e»# 0.90) and'deereasing to less
than 6. percent fqr~ dense samples—‘(e..<‘-0.60), Lee and
Seed(1967b) also compile values of the. critical ecnfining
pressure for variou granular materlals from the l1terature
‘uFor flne to medy///:ralned 'sands in a dense state (e < O. 60)
4 'comparable: to Athabasca"oil‘tsand, the critical confln}ng

“pressures range between 1,7 and 7.5 MPa.

| '\2 5 Cond1t1ons at Fallu,e in Undramed Tests '

Seed and Lee(19b7b) explaln the. undra1ned behav1our of
-sands during 'shear \usingfthelconcept’of’the crltlcal void
ratio and critical 'confining pressure. hThe fconcept is
illustrated in Figure 2.5. If the ‘ini-tia;\cén‘fin‘ing‘‘pressure'i
H~is less than the critiCa; confining pressure, the tendency

to dilate during loading leads to a decrease in the pore

water pressure and a corresponding increase .in the effective

.
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confining pressure.‘The pore'pwater pressure contdnuesv,to,;
decrease :Until‘ one  of two limiting condition;\are reached
h(Figure le(bS)' | | |
| 1? The effect1ve conf1n1ng pressure buiids up to a
',.value equal to the cr1t1ca1 conf1n1ng pressure, at =
whlch stage there is no further tendency for Molume_
change. Thus, the pore water would have no tendencyx'
to change ﬁurther and the- sample would- ult1mately
fail with the effectlve conf1n1ng pressure equal to
‘ithe‘cr1t1Cal conf1n1ngwpressure. S
2) The pore water pressure drops to a value tbelow the
" pore flu1d gas saturatlon pressure at which stage_
cav1tatlon occurs and bubbles of water vapour or a1rt
form in the v01ds of. the sand Once cav1tatlon~
~‘occurs,‘volume change of the sample 1s permltted and
there is no further decrease in " the pore waterf
> pressure. The sample is brOught to fa11ure w1th 'thep
pore'twater pressure eQual to the gas saturation
pressure. | | | | ;
Conversely, if the initial effect;ve confining pressure
is greater than the critical confining pressure, the saﬁple
tends to compress during loading causing an ,increase in the
pore water pressure (Figure 2;5(c)). The effective confining
pressure decreases until it:'reaches a value equai to the
critical confining pressure at which point there is no
longer any tendency for »volune change. Correspondingly,

»
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,there' are no further changes in'bore wAter pressure and the
sample ' ultimately fails with the - ‘effective . confining

pressure equal to the critical confining pressure.

‘ On‘this basis, if a”series‘of samples of saturated sand. .
r-are' compacted 1n;tlally to a void ratis, e, and theh

, consolldated under d1fferent total conflnlng pressures" 0,5,

* and back pressure, UEQ the effectlve consol1datron pressure

will be:

0y = (o; - Ui) ‘ ST 2.9
" The ‘samples will attaln equ111br1um void ratlos e. where e,
“‘1s a funct1on' of the, initial v01d ratlo, e, Snd‘,the'

effect1ve consol1datlon pressure, oy
T

Correspondlng to the v01d ratlos after consolldatlon,' there
_,W111 be a part1cular valueA qf” the cr1t1cal confinihg

pre o .. where:
P essuref crlt._he e:

, = = N 'y ' o o :. -
OCJr‘it F(ec) ’.F(e\l' 0.3) . | 2 11

During undrained loading of the samples to failure, one7

of the two following cond1t1ons will occur'

1) In a cav:tatlng test, the pore water pressure 1n the'

0
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S ' . , i : ’
sample will decrease until.it reaches -.the pore fluid -

gas saturation pressure, ﬁs. At failure, the
’ ‘ :

confining pressure will then be:

The strength of the sampl% will be gerrned\by the -
drained angle of frictional resistance, ¢' .at the
ef fective confining stress }evel, asf:

1

o = (03 + uy = u) tan®(45 + ¢'/2) ¢ 2.13

2) In a non cav1tat1ng test the.pore water pressure in
| the sample will change uiitil the effectxve conflnlng
pressureA’ becomee equal te cr1t Under thlS'
conditibn,'tne strength will Dbe governed by "the

frictional ‘resistance at the “critical confining

pressure:

| . ohg = ooy tanileboket/2) o 2.15
The 51gn1f1cance of these two ddnditiqns is: shown in
the correSpondlng envelope of strength in. termé of total’

stresses in Flgure 2. 6 For non cav1tat1ng tests (u - us'Z‘

Crit)' the enve10pe of strength may exh1b1t a shallow slope’-
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reflect1ng ,the ‘sllght decrease ‘in poroSity ‘at’ hfgher'

¢

consolxdatlon pressures. The correspondzng increase 1n Ocrlt

—

leads to h1gher strength as per Equatlons 2.14 and 2. 5

_ /L
For .~ -cavitating - tests w1th u. - u_'= O‘I-cavitation

1 -]
" occurs 1mmed1ately on commencing loadlng and ‘the strength 1is
.,determined by the dra1ned failure envelope with o,f = 0.

For cavitating”tests with O < u, A‘U

< . i
i s cr1t',the effective

conf1n1ng‘.pressure at failure is increased to o) + u; - ug.
The correspondlng strength ‘governed by . Equat1on‘L2.13’ is
represented by ‘shlftlng df, the - drained failure envelope
towards the or1g1n by the magnltude (u - us). Thrs Apoints
out the 1mportance not only of the 1n1t1a1 effective stress

cond1t1on on undralned strength but also the 1n1t1a1 pore

water pressure.

Bishop and Eld}n(TSSO)' demonstrate that the maximum
principal .stresslﬂretio,"oﬁ/qs “and the ultimete strength,
(o, - f;)f.OCCur.at different stages-of an undrained test.
VThus, the angle of shearlng re51stance 1n terms of effective
1stresses wlll vary w1th the crlterlon 'bf‘ failure adopted_
- The - stress path to fallure for an undralned test)on dense
sana is- shown in F1gure 2 7 The max1mum streSs ratro occurs
: early if -the. test at- lower stralns and lower stresses than
the ultlmate strength The effect1ve lstresses w1th1n the

.spec1mens progre551vely increase w1th straln as the crltlcal

conflnlng pressure is approached Lower angles of shearing
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tesistance are mobilized due to the decrease in shearing
,resistance with increasing confining pressure noted in
Section 2. Ultlmately, the angle of shearing tesistance
under conditions of constant volume is mobilized at the

critical confining pressure.

‘The angle of shea%ing-resistance at the maximum stress
rat1o is less than measured in dralned triaxial cqmpression
tests due to exte;nal work performed in dilatancy. The
angles of shearing resistance are generally in good
agreement after. external work . due to dilatancy 1in the
drained tests has peen deducted in accordance with Equation

2.2 (Lee and Seed, 1967b).

2.6 Undrained Stress—Strain Behavior

A typical stress stra1n response for an undrained
_tr1ax1al compre551on test of dense sand is shown in FigUre
2.8. The fact that dense sands have a tendency to
elastically conpress to some extent before they dilate leads
to the increase in pore pressure at low strains. At higher
strains, the tendency to d1late begins to predomlnate and
the pore pressures decrease. The . decrease in the pore
pressure with strain often leads to a strain—hardeningh
stress straln‘ response. The drop in pore pressure with.-
Arstraln increases the magnltude of the 1ntergranular stresses
resu}tlng in \h1gher~'shear} resistance and a progresi?v

increase in stiffness - of the sample. This behaviourj is
: . . i

Pt
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observed in data by Bishop and E1ldin(1950), Bjerrum,
Kringstad and  Kummeneje(1961) and Nash and Dixon(1961).
Failure occurs when the critical confining pressure is

reached or cavitation occurs and the pore pressures cease to

drop.

)

. 2.7 Pore Pressure Parameters A and B

Skempton(1954) expresses the change in pore pressure,
Au in the triaxial test under changes of axial deviatoric
stress, (Ao, - Ao,) and all round confining stress, Ao, by

the following equation:

bu = B(Ao, + AlAo, - Bos)) | ‘ 2.16

where A and B are the pore pressure parameters.
¥
Bishop(1966,1973) developed the following expression
for the pore pressure‘parameter B expressed as the pore
pressure response, Au of a saturated porous material to an

undrained isotropic stress increment, A0;:

1

Au 1 ' '
B = = - = — - 2.17
Boy © T (€, = /(€ ) |

where n is ' the soil porosity, C is the compressibility‘of
the soil structure, C denotes . the compreséiblity of the

mr_e water, and C denotes the compress1b11ty of the soil

'grains. For emost sands, CS is several magnitudes less than C



: A\ =20
\ .

and C_, so Equation 2.17 may be rp-written as:
B = Au/Ao, = 1/(1 + nC_/C) 2.18

In dry sands, Cw/C approaches infinity since the
compressiblity of air far exceeds that of the soil structure
and therefore, B equals zero. In saturated sands, the
compressibility of the water is generally less than the soil
structure, SO Cw/C is approaches zero and the value of B

approaches unity. Hence,
0 <B <1 2.19

The changes in the pore pressure during the application
}
of ‘a deviatoric stress, (As, - Ag,;) 1is given by the

following expression:

Au |
B (Ao, - Ao,)

A = 2.20

‘Skempton(1954) theoretically.found the value of A under
conditions of purely elastic behaviouf‘to be 1/3.vHowever,
the behaviour of soils is rarely iniaccordance with eiastic
theory and the valﬁe of A must be found experimentally.
| Bjerrum,'Kfingstad and Kummeneje(19é1) calculated the value
of A - at failure in a series of undrained triaxial
compression teets on fine sand at different’ éorosities. In

loose sands, the value of A is positive because the pore
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pressures increase due to the tendency to contract under
loading. In dense sand, the pore pressures decrease due to

dilation and the value of A becomes negative at failure.

2.8 Influence of Strain Rate

The behaviour of sands under transient loads has been
studied by a number of researchers. As “the behaviour of
sands under transient loading is still not well defined, the
findings are synthesized below in some detail for purposes

of dicussion in a later section.

Casagrande and Shannon{ 1948, 1949) appear to be the
first to study the effect of strain rate on t?e strength of
soil. They performed transient loading tests on dry
"Manchester sand over the range of strain rates between 1.6 x

"4 .nd 1.3 s~ . The tests were conducted using a vacuum

10
pressure of 30 kPa. The strength of the sand was observed to
increase about 10 to 15 percent over the range  of strain

rate. The modulus of deformation was found to be independent

of ‘the strain rate.

Seed ahd Lungren(1954) performed transient loading
tests on sampLes'of dense saturated fine-grained Sacremento
River sand at strain rates up to 1.2 5_1. They observed that
at high straih rates,‘fhe drained and undxa.ned stéengths
became equal. This wasvattributed to the insufficient time

to allow water to drain from the sample. The transient
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undrained strengfh of the dénse saturated samples were found
to be 15 to 20 percent greater than undrained static tests
on saturated samples. The modulus of deformation was found
to be 30 percent greater than in the static undrained tests.
Analogous reshlts were obtained for the well graded, coarse

4

grained Monterey Sand No. 5.

Whitman(1957) performed a series of transient loading
tests on dry, moist and saturated dense samplés'of Ottawa
sand. Strain rates up to 16 s—‘ were achieved. An increase
in the compressive strength of 10 to 15 percent was observed'
for the dry and moist samples tested under a confining
pressure of 101 kPa. The tests on the saturated samples were
conducted at cell and pore pressures of 414 and é12 kPa. The
strength 6f the sand was observed to increase 25 percent.
The increase in the strength was attributed to the migration
of pore water in the samples. As the speed of deformation
increases, more energy must be expended to overcome the

resistance of the flow of pore water,

Nash and Dixon(1961).report pore pressure measurements
in slow and transient undrained compression tests on samples
of medium grained Leighton Buzzard sand. The tests were
conducted at cell and pore pressures of 100 and 95 kPa. The
stress-strain curves for the static tests were marked by
short "jerky" collapses in strength with corresponding

increases in the pore pressure. It was suggested that the

B
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collapse of strength corresponded to ftracturing of sand
particles during progressive failure of the sand. In the
rapid tests, this behaviour did not appear. It was reasoned
that the sand particles did not have sufficient time to
adjust their positions to offer a minimum resistance to the
strain and complete collapse takes place when the peak

strength is reached, rather than occuring progressively,

Healy (1963) and Whitman and, Healy(1963) report
undrained triaxial tests with pore pressure measurements on
dense and loose saturated coarse (20-30 mesh) Ottawa sand.
Initial cell and pore pressures of 276 and 241 kPa were
used. Measurements of pore pressure were made at the middle
and bottom of the test specimens., The pore pressure
measurements at the bottom were observed to lag the decrease
in pore pressure at midheight for loose specimens at the

strain rate of ©6.7 s—]. In se specimens (Dr = 100%), the

13

time lag in pore pressure r*ﬁggﬁ?e was observed at the lower

1

strain rate of 0.27 s . las attributed to the higher

rate of pore pressure decrease due to dilation in the dense
samples which was over 10 times faster than in the loose
samples. The time allowed for pore pressure redistribution
within the specimens was therefore more than one-tenth less.
No significant increas; in the compressive strength was
observed over the range of strain rate between 2 and 450
percent per second. The maximum strengths were coincident

with pore water cavitation and the failure was under drained
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cond1tions._ The pore water is reported to ‘have cavxtated at

- the same pressure regardless of the straln rateg

. Lee, Seed and Dunlop(1969) 1nvestlgated the effects of
tran51ent load1ng~Mnder hxgh conf1n1ng stresses. A series of
Jtran51ent loadxng tests were conducted on dense dry Antioch
- sand'(D‘ .100%) at conflnlng pressures.of 100 600 and 1500
hkPa. At - the - conflnlng stresses 'cfd 100 and 600 kPa, the
ultlmate strength of the sand 1ncreased only by 10 percent

6 to 1.6 s At

over. the‘ range of straln rate of 1. 7 x 10
;1500 kPa conflnlng pressure, the 1ncrease was 30 percent At
all pressures, the v1n1t1al tangent 1modulus was “found to
1ncrease by up to 100 percent. The greater 1ncrea5e in
strength at the hlghest confrn:ngApressure was though* to be
1nd1¢at1ve of the eﬁfect {of straln» rate cn -thef,erergy
ﬂrequ;red for graln crUShing. The' anthors. enplcredithis
: ccncept with-avwserdes:{Of undrained loadecreep ‘testsﬁion
,saturated ,samples.: Inxtlal stress TleveIS'nere naintained
;below fallure. The pore pressures were observed to dincrease
over a per:od of t1me leadlng to eventual sample faxlure..it»
. wésﬂ concluded that partlcle crushlng _was“,the _ Pflmary'
r}mechan1sm .to .cchpress. the soil nand ‘1ncrease.:the‘%ater”
Jipressnre;_tfhe__time,dto. failure decreased h'with _'higher
’:‘stresses.-iThe_tcrnshingn of theh sand gralns was - therefore

K

-suggested to. be,;a‘gtimefdependent process_ accelerated by .

'. hlgher stresses. ;gj» S : o . ‘/.v,f'” '\ | A
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2. 9 Summary . B - B : Wh\
Th1s chapter gives a broad. overv1ew of « the undrained
behav1our ‘of ‘cohe51on1ess _sands. The ’theory of shearing
‘ re51stan¢e_ of conesioniess ‘particulate masses, and _‘the
Trelationship: of shearing resistance'with soilydiiatancy and
“1nterpart1cle friction are introduced. The °~ theoretical
nconcepts of the critical v01d rat1o mechanlsms of undrained

strength and deformat1on behav1our," and drained and

‘undralned compressnblllty are discussed.’

The behaviour of dense sands Under transient loadlng
freported‘ in the iiterature is .synthe51zed In. summary,
_increases. in the undralned strength of 25 percent ”and

deformatlon modulus up to 100 percent have been measured for
\

;water saturated dense Sands over the range of stralns rates

;bup tojjs.s”j;f
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Figure 2.2 Experimental Rélationship Between Sy and %,

(After Rowe, 1969)
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Stroin-Hordehnng
on Inmtial Loading

Axial Strain

Figure 2.8 Typical Undrained Stress-Strain Response for
Dense Sands
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3. STRENGTH OF OIL SANDS

3.1 The Athabasca 0il Sands

The oil sands considered in this thesis are from the
Athabasca 0il Sands Deposit, fhe largest of the four major
0il sands deposits in Alberta. The Athabasca deposit 1is
located in northern Alberta (figure 3.1) and underlies an
area of app;oximately 32,000 sqﬁare kilometers with
estimated in-place reservesv of about 146 billion cubic
metres (Outrim and Evans, 1978 and Mossop, 1980) . The vast
majority of the reserves of the Athabasca deposit ‘are “found
in the Lower Cretaceous sands of the Lower Manville ﬁcMurray
Formation. The McMurray Formation typically wvaries in
thickness between 40 and 60 m (Mossop, 1978). The Athabasca
deposit is unique in that about 10 percent&of the reserves
have less than 50 mn of overburden and can be recovered by

surface mining methods.

The composition lof )the Athabasca oil sands typically
consists of approximately 95 percent silica quartz, 2 to 3
‘percent feldspar, 2 to 3 percent mica and clay minerals, and
traces of other minerals (Mossop, 1980). The sand élruéture
is dense and interpenetrative owing to diagenetic processes
of dissolution and‘re-crystallization of quartz at grain
boundaries during the time of burial (Milligan, 1976 and

Dusseault, 1977). The grains are water wet with  the

remaining pore space occupied by bitumen which forms a

34
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continuous phase throughout the oil sand structure (Figure
3.2). Gases are dissolved within the 1liquid phases and
depending on in situ temperatures and pore fluid pressures

are occasionally present as free gas.

Dusseault (1977, 1980) reports saturated bulk densities
for . uniformly graded, rich ‘Aﬁhabasca oil sand of 2.05 to
2.18 Mg/m3 and porosities of 28 to 36 percent. Mossop(1980)
reports bitumen "and water contents in rich oil sands‘of 18
and 2 percent, respectiQely, by weight. Grain size
distributions for Aghabasca oil sands‘are given in Q}gure

3.3.

3.2 Problem of Sampling and Sample Disturbance
Uncemented.oil.sand is highly susceptible to expansion
 and microstructure disturbance when in situ stresses are
released rapidly during sampling. Dissolved gases' in the
bitumen ana ‘pore water phases exsolve Qnder r uleése‘of
stress and are unable to drain from the sample e to the
low ,effective permeability of the bitumen in the oil sand.
. Undrained expansion of the oil sand thus occuré as “the
dissolved gases expand but are»prevented from draining. Qore_r
;ecoveries in excess of 100 percent is common when standard
sampling techniques ' are employed. Bardy and.Hemstqck(1963)
identified the mechanics of sample disturbance and showed
that the disruption of the interpenetrative grain structure

dramatically decreases the strength and increases the
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comq;essibility of o0il sands.

Geveral methods to sample undisturbed 0oil sand have
been tried. Hardy and Hemstock(1963) used a pressure core
barrel to obtain high quality core from depths wup to 50 m.
The pressure core barrel allowed the oil sand core to be
sealed in the core barrel at the bottom-hole fluid pressure,
thereby keeping the pore fluid pressure above the fluid
saturation pressure when remove from the holéf The core
barrels were frozen in dry ice prior to removing the sample
to inhibit expansion of the core. The performance of the
saﬁples'in triaxial tests, however?/ gave mixed results. It
was concludéd thot the in situ stress conditions had not
been maintained somewhere in the sampling, handling or test

set-up procedures.

Dusseault and Moroénstern(1977) attempted to freeze the
0oil sand downhole by circulating chilled diesel fuel in the
"hole prior to corlng The method worked well for bitumen
poor and fine grained oil sands. Oil rich samples were found
to still expand excessively for purposes of‘ geogeqhn{cal\m

testing.

“

High quallty oil sand samples are reported to have been,

attained at the exposure of the McMurray Formatxon in® the oy

Saline Creek valley by: (1) conventional. vertlc&l wet»tbﬁaryduinrf

diamond coring (Smith et a1,~1978), and (2) dﬁamond.corxng'
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directly into oil sand exposures on the slopes of the creek
valley (Dusseault and Sterne, 1980 and Agar, 1984). The
formation of the Saline Creek valley took place over a
period of approximately 10,000 years. The gradual removal of
confining stress and reduction of: pore pressures due to
erosion of the valley face has allowed the gases to exsolve
slowly from the pore liguids withaut disturbance of the sand
micro-structure. Smith reports ‘bulk densities ranging
between 2.06 and 2.1 Mg/m3. Dusseault and Sterne
experienced problems with tensile and torsional shear
failure of samples during diamond coring into the oil sand
exposures. Agar reports that these problems were largely
overcome by coring during the late winter when the oil sand
exposures were frozen. Agar concluded that the freezing of
the oil sand prevents’disturbance during sampling by:
1) freezing the poré water to provide a tensile
resistance to expansion,
2) incréasing éhe bitumen viscosity to very high
values,
. | 3) depressing " the pore liquid pressures and the bubble
point pressure by shrinkage,and
4) increasing the solubiligygoﬁwgas in tle bitumen and
pore water thereby limitiég the rate and amount of

et L .
S gas exsolution upon stress release.

Dusseault and Van Domselaar(1982) studied the effects

of sample disturbance on the laboratory measurement of



'1ndex, 1

et -y
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geotechnxcal propertles and recommended that the dlsturbance,

D!k be ‘used toY evaluate the quallty ofi 6il sand_‘

. samples for testing purposes. The dlsturbance 1ndex is

. defined as:

. n-n. ‘ - o

where n i's the laboratory measurement of the por031ty of the

sample,'and n is _the in‘ 51tu por051ty from downhole'

‘vgeophysical ‘density logs. Dusseault and Van «:Domselaar

_ su1tab111ty for. testlng purposes.

recommend-~the.'classificationvlin Table 3.1 to relate the

—

dlsturbance 1ndex ho,.the~ degree of . diSturbancew and the

3 3 Past Studxes of Shear gt:Ength of 011 ‘Sands .

'A comprehen51We comp11atlon of publlshed strength and

stress- stra1n prOpert1es of Alberta 011 sands‘ has already :

been presenﬁed by Au(1984) and will not be repeated in this

the51s. Attentlon is d1rected _to Appendlx C '"Summarlzlng

' Notes‘

t

*on Selected References in - Au where _a'ibrlef~'

":,descrlptlve rev1ew of the ava1lable 'source literature is

contalned ,All of the 1nformat10n presented is for Athabasca -

| 011 sands. Au reports that the 011 sands in the Coid Lake

dep051t may be weaker than the Athabasca oil sands, probably

‘due to weaker feldspar gralns. Subsequent to Au, Agar(1984)

A

has completed a deta1led study of the mechanlcal behav1our'

of Athabascav'oll sand recove%ed from Sa11ne -Creek at
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elevated temperatUrés up to 300°C.-

3. 4 Dralned Strength of 011 Sands

i ' oo T ﬂ
The peak strength from avallable drained- triaxial
“ . . Y .

comp;ession‘tests are plotted in Figure 3.4 where:. *. ' ’

Samples w1th 1n1t1al bulk aensitiss gresﬁér than 2.0 Mg/m3
are -plotted only to represent in 51tu densities. The testv'
data shows an unusually h1gh angle of frlctlon of about 60
degrees at low stresses. The fallure envelope also exhlblts
a distinct curvature with 1ncreassn§ stress. Dusseault ands-
Morgenstern(1977 1978);\ show‘ that‘ thlS .be%aVious ;é
characterlst1c of the 1nterpenetrat1ve or "locked" structufe
of— the oil sand. The. 1nterpenetrat1ve fabr1c results in
.abnormally high rates of  §;lat1on and -strength at ldd
strésses.r The ‘curvature ‘o£ the,féiiQre.es§eibpe at.higher'
. | - =S A
stresses is‘caﬁsed by the suppression ofb the dilatancy -ip
favour bf "the »sheér; of grains _and. grain - aspéritiés.
‘Dusseault and Mdrgsﬁstern(1979) observed this phenoména' in”

several other "locked" sands.

Two typlcal stress straln curves for drained triaxial

compregszon tests on oil sand at low and hlgh confining



pressures"are~ shown ~in Figure 3.5. Strains to failure for
h1gh demsxty test ‘ pecimens are agenerally 'less than 3
_percent W1th the ma30r1ty of the samples fa111ng betweeen 1-

- and 2 percent as shown in Flgure 3. 8"Substant1al increases

inz failute straln ;are observed in the samples with lower

‘_den51t1es and are typ1ca1 of other f1ne~ grained sands of

\

'51m1lar den51ty (Bjerrum Kringstad, Kummeneje, 1961).

A

)

At Iow stvesses, the mode of failure. 1is brittle with-
.substantlal 'strain- softenlng past failure. Dusseault(1977)

:found from dlrect shear tests that the drop in the post peak

*

strength, is c01nc1dent with the sudden ‘decrease 1in the rate

Yot dilatlon as the peak strength is passed Dusseault and

Morgenstern(1978) conclude that while the, fabrlc of the oil

sands. is respon51ble for the h1gh strengths, thlS ‘fabric is

‘destroyed .by shear stra1n1ng ‘and the spec1mens ultlmately

beﬁave as ordinary dense sands. Direct shear tests taken  to

large strains‘ by Dusseault(1977) and Barnes(1980) indicate

the ult1mate or re51dual angle ot * shearing resistance for
’011 sand under cond1t1ons of constant volume ranges ‘between

30° and 33° for normal,stresses up to 5 MPa,

~~~~~

- The difference between the peak and pltimate strength

fdeCreases with higher confining stresses. This is caused by

the suppre551on of the high dilational compogent of shear

strength in favour of grain shearlng The fabric of the oil

»

sand exerts less influence on the behaviour at hlgher )

40
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stresses and the o0il sand behaves more like an ordinary

. -
, (_\A
[

“The relationship between the modulus of deformation and

dense sand.

.conflnlng pressure for the drained triaxial compression
tests Wlth bulk den51t1tes greater than 2.0 Mg/m is shown
© . in Figure 3.7.: In1t1ally, the modulus of d¥formation
:increases markedly with  the confining pressure. At high
';onfining pressures, the rate of increaee decreases and

reflects the lower contribution of frictional resistance as

grain shearing becomes .the predominant mechanism of failure.

A } 5 Undra1ned Strength of 0il Sands

'&&§? - The strength at the maximum pr1nc1pal stress ratlo for

undrained. triaxial compre551on tests on Athabasca oil sand

are plotted in Figure 3.8. The test data ¢to date extends

8 ohiy to the mean stress of 2.5 MPa. The'effective_angle of

shearing re51stance, ¢‘ for the upper bpund ‘of the 'test

data over this range is 59°, slightlyiless than observed fdr

s the drained compression tests at low stresses in Figurex3.4,
<

The ultimate strength for the undrained tests are

plotted in Figure 3.9. The correspondlng angle of shearing

re51stance is about 53°. The decrease in shearlng resxstance’

is contrlbuted by the  loss of strength associated ‘Vlth

hlgher stralns‘to reach fa11ure in undralned tests asvshown

in Figure 3.10. “Phe ultimate streng%& in all tests shownjhinr

A

m? ES
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Figure 3.9 was accompanied by pre-mature cavitation of theﬂ

pore fluid. The undrained decrease in pore pressure prior to
s,

the cr1t1cal confining\gressures reported in qbction 2.4 for

other dense sands, the potential decrease in pore"pressure

may rangé as high as 7.5 MPa. Hence, substantially higher

strains and lower .angles of shearing resistance at the

ultimate strength will be observed in completely gndréined

tests.

A -theoretical prediction of the undrained strength of
0il sands can be‘made by subtracting the contribution of
dilatancy from drained triaxial compréssion tests using

Roweksi1962) stress d11atancy theory- presented ' in Section
L L )

2.3} quurﬁ 3.11 presents the correspondlng undrained~

strength” envelope derived. from the drained triaxial

compression ‘test data in Figure 3.4 with corrections for

“dilatancy.

3.6 Tensile Strength. of 0il Sand

In current englneerlng practice, oil sand is not-

'

considered to have any ten51le strength due to the lack of
cementation %between the sand grains. M1111gan(1976),
Dusseault(1977) and Barnes(1980) conclude from inspection of
trlaxlal tompre551on and direct shear test "data that any
t;nsﬁie strength derived from the interpenetrative :grain
strqgture may also be discounted. Dusseault(1977) . justifies

T -
A

E A
&av1tatxon among the tests ranges up to 0.7 MPa. Based on

R
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noted  that eny tensile strength ‘derived , from the

43

the extension of the Mohr-Coulomb failurevenvelopes\,to' the

origin’ primarily for' the folloving, two 'laboratory

observations: |
1) Specimens of oil free sandy silt ‘trom 'aw borehole
depth of'k42 m ,segregated ;elmOSt totally " when
. immersed in waterspfor ‘24 hours, indicating‘ the
. absence of tensilefstrengthj end |
2)m0utcrop ' samplesv'from oil—free‘ portions. of tne
McMurray Formatlon dlsplay no apparent coheS1on 1nla
'saturated state.

\

Notwithstanding the convincing evidence presented by

Milligan(1976), Dusseault(1977) ‘and Barnes(1980), it is .

il

interpenétrative. grain structuré of the 6il sand would be

f quite shall and a highly structure sen51t1ve property that

. may be obscured by véery small changes 1n dens1ty from stress!

relief durlng sampling. There is ample observatlonal data:
frem natural slopes, mine pit walls and tunnels to show ‘that

011 sand mobilizes an apparent - effectlve cohe51on dur1ng:

unloading at in situ densities. The mob1llzat19n-ofrenl"”

effective tensile strength may be.stréss-path'~dependent'ﬁas,f

well.

At the present time, it is be11eved the only attempt to .

measure the tens1le strength of 011 sand is that reported by5*

~'McRobert%(1986). Ten bBrazl1an tests were conducted on

“r

S8
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cylindrital specimens, 38 mm diameter and 76 ' mm long, cut
from block samples of rich oil 'sand. The tests were

conducted at room temperature of 18,5°C and a deformation

rate of 0.38 mm per minute. The measured tensile strength,

R ranged between 8.1 and 17.1 kPa. The density and bitumen
g content of the samples varied between 1.84 and 1.89 Mg/m

and 15.3 and 17 1 percent, respectively.

(W5

NS - S
F1ve unponf1ned dlrect ten51le tests are also reported

'by McRoberts(1986) Cyllndrlcal specimens were bonded to end

bear1ng plates and . ten511e force applied with the long
.
axis of the cy11ndr1ca1 spec1mens lylng horizontally. he

ﬁmeasured tensile strength ~varied between 2.1 and 6.2 kPa.
'the temperature and axiallstrain'rate at ‘wh1ch the tests
3ﬁwere conducted are ynot reported The }buik density and
bitumen contents ranged between 1.84 and 1.9 Mg/m and 15.3
and‘16.7vpercent.‘l

G1ven the low den51ty of the test. specimens reported by

McRoberts(1986), it must be concluded that the tensile

strength observed is »mobilized by the v1scos1ty of 'the

bitumen and/or negative’ pore pressures developed during
testing rather than from the graln strudture. However, it is
interesting “to note :that r1ch oil sand can mobxllze some

@

short term tensile strength due to these factors.

o

5
N -
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3.7 Summary
The grain structure of Athabasca oil sand is very dense
and interpenetrative owing to 'diagenetic processes of

pressure solution and re-crystallization of quartz at the

the grainf“,ﬁoundaries.‘ At l‘ stresses, high rates of

dilgtion of - the interpenetrative grain structure result in
effective angles of shearing resiséance of 60 degrees. The
}éziure envelope of shear strength is highly cuxvi—linear‘“
caused by the suppression of dilatancy in favour of shear of

grains and grain asperities at higher stresses.

The pore phase of oiiu sand 1is comprised of water,
bitumen and gases. The gases are dissolved within the liquid
phases depending on the in4situ‘£emperature andw pore fluid
pressure. The structure of}oil sand is highly sbscebtible to
disturbance during sémpling caused by -undrained expansion

with exsolution of gases under rapid release of stresses.

High quélity samples have been obtained from sur face

exposures of :of’ sand along natural creek valleys where
gradual removal of stress and reduction of pore fluid
pressures has allowed the gases to exsolve slowly. Dusseault
and Van Domselaar(19825 propose a distu;bahce index to

quéntify the effects of sample disturbance.

Experimental measurements of ultimate undrained

compressive strength of Athabasca' oil sand reportéd in the

~literature were limited by pre-mature cavitation of the pore
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fluid in all 9est5. A theoretical prediction of the
L .

undrained shEKf’ strength at the maximum stress ratio for

Athabasca oil sand using the stress-dilatancy theory

proposed by Rowe(1962) is presented.

Observational data from natural slopes, mine pit walls
and tunnels show that in situ oil sand mobilizes an apparent
cohesion duriné unloadigg. Available éxperimental data
suggests that a finite short term tensile strength may be
mobilized by the viscosity of the interstitial bitumen

and/or negative pore pressures Q¢veloped during unloading.
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Silty layer, _! ?-.'L:;‘ Micaceous
largely 2/ 40y ’\9.’,& partings
oil free ST E

Sand
layer
- Matrix containing
8 high proportion
4 \ )
Surrounding water
sheath, containing the
majority of fines in the
‘ Intimate sand layers
= grain-to-grain
contact

!
Fighre 3.2 Composition of In Situ Oil Sand (After Dusseault,
1977) ' ‘
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4. UNDRAINED‘ThIAXIAL TESTING OF SALINE CREEK OIL SA“D
4.1 Introduction

o 4 !
A series of undrained t#axial compression tests were
, - a

" conducted to investigate the undrained stress-strain

‘behaviour,- and strength properties of Saline Creek oil sand

" The tests were performed at 1n1t1a1 effect1ve conflnxng_

pressures between 1 and B8 MPa to evaluaféfppe;behaviour over

a range-of in situ stress levels. The strain rate of testing
1

was also varied nominally'between‘10_5 and 3.5 s ' to study

the influence of transienf loading.-

. ﬁ @he»,Qbaence of ﬁrevious COmpletely undrained triaxial

téét data for oil sand has been largely predlcated by the

.requirément . of | unusually hagh pressure trlaxial .test

L e

'equ1pment. As reviewed in Chqpter 2, pore pressufes may

decrease up to 7.5 MPa durf*% undrained compresszon load1ngf'

. of dense sands. The t:lax1al test equ1pment must therefore

be capabll.*of applylng both pore and cell pressures in
excess of 7.5 MPa which are well beyond the capacxty of
conventiopal testing apparatje. For this'tesf.proqram. a

high pre§§ure‘ triaxial® testing facility was assembled

rcapable ot pore and cell pressures up to 14 MPa. This

”allowed a minimum initial pore pressure of 6 MPa _at the

o

highest initial eftective confxnxng‘rest pressure.gf B8 MPa.

59
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It was recognizeg that the highd% viscosity of the
interstitial bitumen in the Saline Creek oil sand could
impede ﬁhe.dissipation of pore pressures generated during
undrainedi loading at high strain rates as noted by
Healy(1963). It was reésoned that reduction of pore pressure
gradients and more accurate measurements of pore pressdre
could'be.achieved’using specimens of smaller height. A brief
study of the influence of sample size and frictional_end

¥ restraint on the undrgined behaviour of dedse‘ Ottawa -sand
was conducfed The tests showed ‘that thé usedof short

specimens (length/diameter = ' 0.5) and "frictionless” loading
i

platens negates the development of pore preSsure gradients

in the spet1mens for Straln rates up to 10 gt gbis
. .method : «cf ¢&§stang _was. adopted for the testing of Saline
8 .7«}5—"‘ /@ g & ‘5’ - N ‘_ - .
Creek ox% sand at straxn rates greater than 10 4-s 1.
H‘J.. . . ‘
“ “‘-‘" .

e ey
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4.2'High Pressure Triaxial Testing Facility

4.2.1 Description

The high pressure tfiaxial. testing facility. includes
the following major components:"

1) h1gh pressure triaxial cell;

2) high load capacity testlng machines;

3) confining pressure system;

4) low and high pore pressure systems;

1;5) pore fluid volume change measuring device; and
é)“high speed data acquistion systems.
N ’

The Wykeham-Farrance WF40020 high pressure triaxial
“cell was selectéd for the test program. The cell is capable
of withstanding cell and back pressures up to 14 MPa ‘and
app;'jng axial ram loads up to’35 kN,

' N

‘ The conf1n1ng cell presshres were applxed by an air
vactxvated dlaphragm pump. The pump is érxven by a 600 kPa
compressed air supply The capacxty of the pump is 30 times
the inlet air pressure -or 18 MPa. The pump‘dzaphragm
mainfaihs constant pressUfe by activating at  slight
reductions in the water préssure. Each time the'pump is
activated, an inst;ntaneous pressure  decline of
appréximately"S ‘pefcen: occurs in the line before the set

point pressure is'restored. A nitrogen charged accumulator

vag placed in the high pressure vater line to help maintain
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constant line pressure in the event of sudden changes in
pump pressure. A schematic of the high pressure air

activated diaphragm pump system is given in Figqure 4.

'Pore pressures i%ithe low p}essure range (0 to 4 MPa)
were provided by a nitrogen charged pressure board shown in
Figure 4.2. Compressed nitrogen at 17 MPa pres?ure is
requlated through relief wvalves ﬁo charge a series of
nitrogen-oil and oil-water fluid interface reservoirs. -Pore
pressures above 4 MPa were applied by a second air activated

diaphragm pump.

Three high load capacity testing méchines were used®
during the -test program. The first was the ‘Material Test
Sys%&m Model 207. 70{yh1ch has a capac1ty of 2650 kN and can
achleve ram speeds up to 8 mm/s. The second ?gchlne was the.
Q}lmore Model 426-50 fatigue tesring frame which has a 245

KN loading capacity and achieves speeds up mm/s. The

third machine was the Wykeham-Farrance Mo 8 which has

2 load capacity of 175 kN. This machine was ‘used’ only for

very slow tests at strain rates less than 1074 s '. Each -u.

system controls the displacement of .the loading ram for
. ’ T Y '
constant rate of strain testing.

¢hanges in volume of -the samples. during testing were

measured by a fluid volume chaﬁge indicator placed 1in the

pore pressure line between the pressure board or pump and

Ay

o
&
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the cell. The volume change indicaﬁor was a standard
volumetric displacement type similar to the "paraff{n volume
gauge" degcribed by Bishop and Henkel(1962f. The central i§
glass tube was graduated in 0.01 cm3'divisionsh

Axia% deformations of the sdﬁple were measured by means
of a LVQT fastened to the loading piston ram of the cell.
The confining and pore pressures were measured by strain
gauge préssure transducers attached to ports at the base of
the cell. The axial load applied to the samples was measured

with a 90 kN capacity strain gauge load cell placed between

the piston ram and the loading frame.

_The excitation voltages for the LVDT, pressure
transducers and load cell were suppligd by a constant
voltage power supply. At strain rates less than 107" 7T,
the output voltage signals were recorded by the Servigor 460
six channel <chart recorder which has chart speeds up to 1
cm/s. At the faster straim rates, the signals from the load
cell and pore pressurea transducer were amplified and
electronically filtered to minimize the interference of
v,t:ansient "noise" in the'§ignais. The signals were récorded
by the SE Labs SE6150 oscillograph. Chart speeds up to J m/s

o : W
are achieved by this recorder.

. 4
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4.2.2 Calibtat{on of Ei‘ rohié Monitoring Devices

'The electronic moni%oring devices were calibrated prior
t6 undertaking the test program. Calibration checks were
repeafed periodically during the testing program and a
gecond full suite of calibrations was carried out half way
through the testing program.

''The strain gauge pressure transducers were calibrated

4

using a dead weight table hydraulic pressure calibrator. "‘I‘hef‘

load cell was calibrated against the internal load cell of
‘ "

the Materials Testing Systems loading frame  which had beed.ﬂg

L M

calibrated by the manufacturer on 'the same day to sm’
accuracy of less than 1 percent over the range of‘load 0 ﬂgg
267 kN. Tpé load cell was rg—ealibrated half waf éhrough the
tgstHng program against a pFoving ring of compatible load
capacity. The LVDT was calibrated against a micrometer
gcale. The calibrations are summarized in ‘Table A.1.

A
.

¢.2.3 Design of Frictionless Loading Platens.

A set of frictionless loading platens were designed 1in

the: manner used by Bishop and Green{1965). The conventional

v

38.1 mm diameter base pedestal 'and top loadiﬁg‘ cap thgt
accémpahied the triaxial éell were replaced with pedestals
and cap énlargéd to 43.2 mméﬁiameter as 'shown in Figure 4.3.
The purpose of the enlérgemeni is to accomodate the radial

- , .
expansion of the test. specimens during undrained

compression, The cn%arged platens accomodate upsto 22.2

Yoo a
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percent axial straining of the specimens ‘assuming the
specimens deform as perf;ct.right cylinders., Pore pressure
measurements are made through a 12.7 mm diameter coarse
poroué stone - inset flush into the centre of the base

pedestal. ’ Lo

o O
; . W

The surface of the top loadinq‘ platen 'wa i'iubricated
with a thin smear of silicone ggg;se and a sandwich of two
0.39 mm thick latex rubber membranes placed over it. The
,upper facing *51des of the membranes were also lubricated.
The same procedure was carried out on the base pedestal. A
12.7 mm diameter hole was cut in the centre of each membrane
to provide contacﬁ of the porous stone' with the test
specimen. The porous stone was covered with filter paper<;nd
care Qas taken not. to contaminate the stone with the
silicone grease.

AY

4.2.4 Compliance of Testing Apparatus

-~

4.2.4.1 Axial Deformatién of Frictionless Platens

\ Axial defprmations measured in the triaxial «cell
using the frictionless loading platens include the
‘deformation of the iUbricated membranes above and below
the spec1men as well as the specimen 1tself Compliance
tests to correct for the membranes were carried out 1n
the following manner:

) A steel disk, 38.) mm diameter and 23.5 mm in
length, was installed in the triaxial cell usihg the

ty
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frictionless loading platénsp descr'ibed in Section

4“.3.3- " . -
> 2) The pore pressure system was allowed to saturate -
under an effect1ve conflnlng pressure of 2. 0 MPa and

\a.pore'pressure of 10.5 MPa. _
3) The pore pressure port was closed and axial load was

L

_ “~incrementally .applied to the specimen = under

undrained conditions and the deformation reSpOnSe

recorded by the LVDT.

The resdhts..of Athe compliance test are shown in
Figure A;1 The correction for the membranes. was

- simplified into a b111near relat1onsh1p as shown 15 the
figure. This correction was applied to the tr1ax1al

test results.

4.2.4.2 Piston-FriCt&Sﬂ in Triaxial Cell"
o P{ston frlctlon increases the magnitude of the
7ax1a1 1load measured by the load cell. To quantify the
piston frlctlon, the tr1ax131 cell Wagm.assembied
w1thout a test spec1men and a serles of plston 1oeding~
tests were conducted against a cell pressure of 12.5
RPa. piston speeds of 0.10, 0.5 and 5.08 mm pér seoond
were tried: to assess the effects of 10ad1ng rate.kThel\
test results are summarlzed 1n Table A.2. The .piston
friction 1ncreased sllghtly with ‘velocity due ‘to

1nert1a forces requ1red to dr1ve the piston into the

cell at’ hlgher  speeds. Fallure loads for the test
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o ,
specimens i@ this test program~wefquenérally‘LO kN or -
 mofe. Hence, the maQimum pisten .friétion of 300 N
amounts to less thaﬁ 3 percent of the total load.
Typically, the—loadin§ piston travelled about 0.5 mm
- before reaching the top of_£H§ test specimeﬁ in the
triaxial‘tests.,Load m¢;§urements;}during sthis travél
were uéta as the ‘reference for ze;o'lbad; thereby
automatically - compensﬁting for ‘most  ofl the piston
ffiction. Given this practice and the smallirelaéive
magnitude of. the piston frietion, no corrections to the

triaxial test data were dg&med necessary.

- 4.,2.4.3 Response'Time.of'Pore Pressure Transducer

At .the highg;tnlétrain ‘ratés, it was recognized
that a éime lag could§occur between the Basg of the
ﬁest“ specimens ané . the pore pressure téansducer. To
invesﬁigéte this poSSibility, the cell was assembled
withbut\ a test spécimen and pressurized at 4.9,‘5.7,
10.1 and 12.1 MPa. The cell pressures were "locked" in
-~ by Vclosigé ‘the cell pressure port valve.fﬁAt each
pressure, the.p{stoq[was driven into"the cell at a
constant speed’ of/ 50 mm per second. The‘increase:ih,‘
cell préésure as the piston wés.drivén 'intb ‘the ce}l_
was -mgasured both by the pofe'pressure_transducé;_ahd5f
by.tye iﬁcrease in pistpn.load"reﬁorded by ﬂﬁﬁé tioad
celi. The célculéted ‘changes in cell> pfessuré are

comﬁared in Table A.3.
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The'inereases in cell pressure reeorded“ by ‘the
pore ‘pressure transducer range up to ;0 be;cent less -
‘than% calculated from the load cell readings. The
»diﬁference in pore pressure measurements‘censistently
vary .between 0.09 and 0.13 MPa despite. -the difference.
in initiai cell pressures. The differences are
pherefore att:ibuted to the inertia force requifed to
.»drive the "pist;en ram.into the »‘;:ell raf:her than a time
11&9 in pore pressure_measurement by the:»pore pressgre
transducer. The calculated inertial forees arekgith in
Table A.3 and range between 49 and 69 N. These forces
are ‘negllglb}e compared to the. total loads applied to
the test specimens and have been neglected in the

¢

apalyses of the test results.

4.2.4.4 Stress Wave Propagation and'elnertiar forces
under Transient Loading

Longltudlnal stress waves are’ 1nduced in the test
spec1mens as the top of the spec1men is loaded by the
pisteﬁ ram. UnleSs‘the sFress waves can pass back< and
ferth‘_thfough the sbecimen qqqi times before the peak .
'stress is-seached there wili' be a. complex' stress
'pattern at the t1me of: fallure. whltman and Healy(1962)
'_.proposeg an approxlmate rule by st1pulat1ng that the
initial ‘stress ‘wave pass back’ and forth at least ten
'-fiﬁes‘ befofe ‘the ’failure strain  is reached Then
‘ permissible time to failure and permlss1ble plston

velocitysare given by:



. 20 1
,‘ te > = 4.1
and . . '
Ceg "
Vo < 30 i 4.2

— e

where tg is the time to failure, 1 is the length of the

specimen, c is the longitudinal wave velocity, v, is

-

the applied loading velocity, and €5 is the average

axial strain at failure.

Typical values of the longitudinal wave velocities
for dense sands are 350 to 600 metres per second. The
fastest strain rate achieved during this test program
was 3.1 s .. Gi;en the sample height of 14.28 mm and
tﬁe1 strain at the maximum stress ratio to be 10.4

percent, the minimum timej to failure, tf is 0.001

seconds and the man@mum piston velocity, Vo is 1820 mm

.per second. The time of loading at the maximum stress

———

. ratio -and the loading velocity were 0.033 seconds and

44 mm per second, respectively. fLese values are well

yithin the recommended magnitudes. Hence, nonuniform

stress conditions resulting from longitudinal stress

waves were not expected to -be a factor in the test
results. ‘ . B

'Radial strains of the outer portions of the test
spec1men can be reszsted by the rad1al 1nert1a .of the

soil pgrt1clgs at very high strain rates. The radlal
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inertia . force increesesl'the effective ‘borizontal
confining stress and, for short“perioos aot time, tne
specimen may sustaln axlar loads in excess of the axlala
~failure stress. For . typical dense Fands and 38 mm
dxameter test spec1mens, Wh1tman and Healy(1962) report‘

that radial 1nert1a forces only become s1gn1f1cant *at_'

times ‘- to fa1lure less than 0'001 second. ThlS 1s more':’

than an order of magn1tude faster, than the t1mes ;to
fallure achieved in thls test program. ; f#i | ' t
4.2.4.5 Stiffness of Test’ Apparatus

“The post—failure behav1our of a brlttle materxal
like a hard rock can be very strongly 1nfluenced by the
release of energy stored within the components of thef.
tests apparatus. Coates(1981) | con51dered ”»'the
post-failure equilibrium between a test spec1men (rockj
or soil) wunder axial compress1on and . the _ test
apparatus. By the spring analogy 1llustrated in F1gure
4.4, ‘the maximum deformatlon of the test spec1men, Am
contributed by the relaxat1on of stress in the test
apparatus w1th the decreased load react1on of the test

' specimen in post fallure (or post- ultlmate strength)

derived as:

where A is the total axial deformation of the test

~1

specimen,
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kg is the apparent axial stiffress of the test

specimens at the ultimate strength, and  k_ is the

eappatent a#i?}ﬂstiffness‘of thi‘ﬁest apparatﬁs.

'Frem ’Egnation'4,3 the magnltude of A approachesv
”zero as»k 'becomes ‘large' fof' .very st1f£ testlng
'apparatUs. ‘In the case of a testlng apparatus of soft
-stlffness, the post- ~faillure deformation A 'applled to
the test spec1men .canl lead to a substant1al further
‘rednctlon 1n the strength Where a‘ stable equ1l1br1um/
-“between the strength; of the test spec1mens and the
_straihh releeeed by the test apparatus ’cennqtv_ be
reathedtra cHain teactlen leaﬁing to uncontrolled rapid.
fa,i:luhe”o«-."cut's,.~ | k

’The stlffness of the' testing apperdtns;'km is

comprxsed of (1) the stlfiness of the test1ng »maéhine,f
\}and (él‘ ‘the stlffness of the tr1ax1a1 cell apparat&g."
'h_Among the three testlng mach1nes used ‘in the test
“1program, the Wykeham Farrance Model 3008 is the least
'Ketitf.'ln itest conflguratlon, the reaction of the.

itestxng mach1ne :tQ_ the loaa eppliedbito the test |
:spec1mens 1s carrled by two cxrcular steel bars, 64 'mm.
d1ameter and 430 mm in length If the deflectlon’of the'
fcross members sunport1ng the top and bottom of the.
steel bars is neglected the calculated st1£fness of'

)

~the testlng apparatus is 3.1 x 106 XN/m.

Yoo
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Two drained loading ‘tests were conducted on the
triaxiad cell to estimate thevstiffness of the triexial
cell apparatus itseif.'A 38.1 @m‘diameter and 20.6 mm
long . steel é!sk was inserted into the .cell in
reblacement of the 0il sand test specimens. The
stiffness of tpe triaxial cell apparatus was measured
vtd be Zfs,OOO_and \230,6002 during sqccessive loadihg
cycles up to '30 kN. By comparison, the theoretical
- total stlffness of the comtined components of the
triaxial cell is estlmated to be 239,000 kN/m.

‘The total combined _stiffness, of ~the testing
apparatus including the testing(&achine andeassumiﬁg an
average stiffness of 222,000.kN/m.for the triaxial cell
is 'calcylated ‘to Dbe 207,000,k§/m; It is evideﬁk'that
‘the 'overall stiffness of 'the test apparatusx' is
,cohtrolled\ byv the stiffness of the triaxial‘cell.'Any_
additional reduction in stiffness aue'tovneglect of the
influence of the cross members’iﬁxthe testing machine

w0uldvtherefore'contribute very little to the- overall

- .stiffness of the testing‘apparatuSI

"In revzew of the test results fdr' the. undrained

triaxlal compress1on 'tests conducted -on ”the'Saiine

Creek 011 sand, the bulk st1f£ness, k at the fultimate-,,\

s
strength for the samples tested ranges up to 9000, kN/mr

-chordxng to Equation 4.3, the max imum potent1al
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magnitude of Am therefore does not exceed 4.3 percept
of the total axial deformation, As applied to the test
specimens., This magqitude of & - is considered ;6 be
suffic{ently low enOugh as to be considered
inconsequential'tq the results of the test program.
This conclusion is based on the following:

1) The. magnitude of s from Equation 4.3 is very

conservatively estimated assuming perfectly’

brittle post-failure behaviour ,w1th complete
loss of strength., In reallty, ,oxiﬁv§nd rock
maintain  some strength during post- failure

deformation and the magnitude of A9 is less.

Ultimately, Am is zero for materials which

behave perfectly plastic during post-failyre
deformation, m '

2). In all undrained triaxial compression tests

conducted on the Saline Creek {1

axial ‘loads applied to the test specimerfs

increased constantly with the applied

defbrmatibn.up‘to the 20 percent strain reéched
- in: the teste..Hence, whereas‘a drop in strength
“in termé'of stresé is observed in the undrained
stress strain’ response of the oil sand, the
'axlal load cont1nued to 1ncrease with strain.
The potentxal magn1tude of Am est1mated from

‘Equatlon 4 3 is therefore overest1mate@ in view

of -the characterlstlc non-brittle load



7.“

behaviour of the oil sand under undrained axial

compression.
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4.3 Proof Testing of Frictionless Loading Platens
»

-

4.3.f‘xﬁé;oduction

A preliminary series éf undrained triaxijal compression
tests on Ottawa sand were performed in the high pressure
triaxi;T.test.appa:atus to invéstigate the effects of sample
‘size and strain rate on the undrained behaviour of a dense
sand. ~The tests were conducted using the conventional and
modified "frictionless" loading platens . te - study the
influence of frictional end restraint. étrain rates were
varied between 107> and 2.5 s . |
4.3.2 Sample Preparation of Ottawa Sand

The sand is a 20—30 mesh Ottawa -sand §uppiied from
Ottawa, 1Illinoci®. The gradation 6@_ the sand is given in
.Figure B.1., The specimens were formed in a three piece steel
split mold, 38.1 mm in diameter and 127 mm,in length. The
mold was-assembled and lined with a 38.1 mm diameter latex
rubbgr membrane passed through the centre o§ the mold and
st:etched over the ends. The mold was then fitted over a

steel base pedestal to seal off the bottom. The assembly of

the mold is illustrated in Figure 4.5,

-~

%

The mold was held on a vibrating table and layers of
saturatéd sand were placed in the mold in 25 mm lifts. Each
liftlﬁas tamped gently with a 12.7 mm diameter steel rod for

30 séconds. Filling of the mold was stopped when the sand
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reached within 15 mm of the top of the mold. A 25 mm high by
37 mm diameter aluminum "plug" with 2 mm diameter holes

drilled through it was then placed on top of the sample.

The sample was placed in a refrigerated room with
temperatures maintained between 0 and -5°C. The Sase
pedestal was connected to a refrigeration wunit and
antifreeze cooled to -15 to -20°C circulated through it. The
freezing of the specimens from the base tends to force water
expelled by freezing upwards through the sample and out the
holes of the plug. A 5 Kg weight was placed on the top of
the "plug"” to help minimize heaving of the specimens during
freezing. The samples were frozen after about 4 hours. The
frozen samples were stored in a cold room at a temperature

of -15°C.

The final test specimen preparations were carried out
in tHe cold robm. The samples were cut to Ehe appropriate
test length with a diamoﬁd saw and the ends were sqguared 1in
a lathe. The height, diamater and weight of the samples were
then measured. On selected specimens, the Qater content of
the end trimmings was measured to allow calculation of the
porosity. The bulk density and porosity of the specimens
vary between 1‘960 and 2.061 Mg/m3 and 33.6 and 37.7
percent,»respectively.‘The majority of the densities exceed

2.00 Mg/m3. Table 4.1 is a summary of the specimen data.
' L}
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The test specimens were transported to the test
facility/ﬁn a styrofoam container filled with dry ice
(-80°C) and allowed to chill in the container for a minimum
of 15 minutes. The specimens were-mounted in the cell 1in a
frozen gstate. In view of the high confining stresses applied
to the specimens, three 0.39 mm thick latex membranes were
used to enclose the specimens. The time from the start of
specimen mounting to the application of the confining
pressure was no more than 10 minutes énd improved to less
than 5 minutes with practice. Observations of specimens
allowed to thaw at room temperatures showed that-significant
thawing of the specimens only occurred after 20 minutes for

samples chilled in the dry ice.

4.3.3 Saturation of the Test Specimens
Lowe and Johnson{(1960) show the theoretical back
pressure,ug required to reach complete saturation of the

pore fluid in a soil sample is:
] L e L1 = H)
u, = ua(1 Si) T 4.4

wvhere ua‘is the initial absolute pressure corresponding to
the initial saturation, S, and H is Henry's constant.
Henry's constant at room temperature for water is
approximately equal to 0.02 cms3 of air to 1 cms3 of water,

This simplifies the equation to:



u t 49 u (1 - s | 4.5

Black and Lee(1973) experimentally investiqated the use
of elevated back pressures to produce complete saturation of
Ottawa sand samples. They found the time to reach saturation
to be an exponential function of the initial saturation, S,
and the ratio of the applied back pressure, u to the tlud
saturation pressure, u_. The following rejationship was

S

developed to estimate the time for complete saturation:

1 VoS L 1/X

v Ry §.b
u 1

where t is the time required for complete saturation and R,
1s the ratio of the applied back pressure to the fluid

saturation pressure, u/us. The parameters X and Y are

experimental coefficients determined by curve fitting to be:

-
LY

Yy = 0.0014 for Si > 0.8 V.7
\X'T 0.085 + 0.133 S, 4.8
The test specimens were thawed under a nominal

effective confining pressyre cf 2.0 MPa and minimum back
pressure of 4.6 MPa. The purpose of the high backvpressure
was twofold: (1) to allow for pore pressure decreases during
undrained shear and (2) to accelerate the time required to

saturate the pore pressure system. The pore pressure lines
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in the cell were flushed with wdter to ensure as high ‘an

1n1t1a1 saturatlon as possible. If it is assumed that the

saturation was as low as 95 percent at atmospherlc ‘pressure,

then the time required to eompletely saturate the sample can

be calculated:

s, = 0.95
u = 4600 kPa

1 atmosphere = 101.3 kPa

u =
a ‘ o
L ug = 49 x 1013 x (1 - 0.95) = 248 kPa
R, = 4600/248 = 18.54 '
Ly = 0.0004 .
X = 07085 + 0.133 x 0.95 = 0.211 ‘ -
d‘ 7. GU . 49 X 18. 54 x (1 - 0.95)
L 0.3,m1nutes L .
| s
[Xw‘- The Calculatlons suggest that complete saturation .is’

tvery h1gh back pressure used Black and Lee(1973) cautlon

J.the' use of the equatlon as only an estimate of the order of

magn1tude of time required to br1ng a soil to cemplete

saturation. :The test specimens were therefore allowed to

consolidate for at least 1 hour to ensure saturation.

L — .

- 4 3.4 Tr1ax1al Testlng Procedures

The pore pressure parameter B was measur#d on most of

the spec1mens prxor to the tr1ax1al compress1on tests. The'

.

s

5

~T
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. pore pressure valve was closed and the cell pressure "raised.

The

N

value of B is deflned as: .
( - o
, _ A : _ .. ‘ ,
‘B = B0, , / 4.9

-

where Au is the change in the-pgtespre35urebresulting_ftom“

the

“the

the

of 2

‘MPa.

change in the tell pressure, Ao,. \Tbe' measurements of

pore pressure parameter B are summarlzed in Table 4 2.

!

o

Undrained triaxial compression tests were conducted on
specimens under an initial effective confining pressure

.0 MPa and initial pore pressures between 4.6 and 10.2

Three sefies of tests were carrled out'
Ser1es A - Seven tests ‘'were conducted using ‘the .
.convent1onal 38.1 mm d1ameter base pedestal and togi

loadlng platens on specimens with length/diameter (l/d)‘
ratios of 0.5, .1.0, 1.5 andv2.0. Another 2 spec;mens
were tested using the enlarged 43.2 mm platens. A

nominal strain rate of 10_2 s_1 was used for all tests.

1Series B -~ Six specimens with 1/d ratios between JO.S
and 2.0 were tested at a nominal strain rate of,10_2
s_1 using'the frictionlessk end platens described inm
Section 4.2.5; ‘?he purpose of these tests“were to-

'comparatlvely evaluate the effect of radial friction
developed between the Load1ng platens and the ends of

the specimens.



81

Ser1es C - E1ght spec1mens thh l/d = 0.5 were tested
- using the £r1ct10nless platens at nom1nal strain rates

of 10-5,'10—4, 10._1 and»2.5 s 1. Three specimens with

1/d = 2.0 were tested at strain rates of 1075, 1074

and
10—1 s'1 using the conventional platens for purposes of
comparison.

\ , ‘ r
Contlnuous measurements of axial deformation, axial

' load, cell pressure and pore pressu;e“;ere taken during
,'testlng Measurements -and observatlons of .the cond1t1on of
':thef specxmens after fa1lure were noted The‘procedural
details and test results for each of the tr1ax1al tests are

'%resented -in“ Appendlr B.* The trlaxlal test results are
summarized in Table 4.2. | R o

4.35 influence of Specimen Size on Undrainedisehavior‘
' o & S
4 3 5 1 Pore Pressure Parameter B -
" The vaIue' of pore pressure parameter B generally
- ranged between 0 8 and 0.9 with a mean of 0.85, .The”

" magnitude of B is plotted against the length/dlamégﬁ

”rat1o of the test specimens 1n Flgure 4, 6 The value of -

/_ B . decreases» for - shorter spec1mens -using the
')onventlonal load1ng platens. Th1s is caused b§4 the

- fr1ct1onal end restraint between the‘shorter spec1mens_
- and the 1oad1ng platens wh1ch 1ncreases “the ﬁr1gldity

E and »decreases . the‘ compre551b111ty ot.«the_wgrain'

_structure, Henee; ’tne: magn1tude of B decreases Pin‘

ey
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accordance with Equation 2.17.

Within ,therslimits'hof:'thel,test 'data? it is
_concluded that theéfr1ct10nless‘»platens increase the
-apparent compresszblllty of the spec1mens as reflected
by the sllghtly higher magnitude of B at 1/d = 0.5. The
’hlgher compre551b111ty is derlved frdm the reductlon in.

4

frictional restra1nt at the ends d@ the specxmens 'and
by the compre551b111ty of the rubber membranes used in
the frxct1onless platens themselves. At l/d = 0 5 the

range of wB u51ng the fr1ct1onless platens.remains

w1th1n the range of B measured u51ng the conventional

platens and 1/d = 2. This shows that undralned pore

pressure responses caused by changes in total conf1n1ng
stress are -not adversely altered by the frlctlonlessb

platens.

4,3.5.2 Undrainedfstrength and Pore{Pressure‘RespOhse!
The conditions at the ultlmate strength or maxxmuml
dev1ator stress, (01‘ - o;)f and maximum. pr1nc1pal
stress ratlo, 0y/03 for’ Test Serles A and B are . plotted
against therlength/d1ameter ratio of the test spec1mens
in;Figures 4.7. The pore pressure parameter A is used
to define the pore pressure conditions. The average
‘value of B of 0.85 was assumed: tor specimens O0S-S1
through 0S-3B where.initial measurements of B\were not

————

made.
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Using the conventional  platens, the ultimate
strength  and maximum stress ratio .increase for 1/d

ratios less than 1.5 with up to a twofold increase for

1/d = 0.5. Using the frictionless platens, equivalent

' measurements of the ultimete strength and maximum

[}

stress ratio were made for 1/d ratios between 2_and as
low as 0.5. It is obv1ous that the frictional end

restra1nt between the test spec1mens and the 1oad1ng

_platens 1s substantlally reduced u51ng the fr1ct10nless

platens.

The average ult1mate strength and maximum = stress

‘rat1o measured u51ng the convent1onal platens: and l/d = -

2 are 16 5 MPa, and 3;7, respectlvely The maxlmumb |

" stress rat1o corresponds to .an é?fectlve friction angle

of shearlng re51stance of 35°. The ‘tests using.

frxctxonless 'platens ,indicate an  average maximem

‘strength of 15 0 MPa and a maximum stress ratio of 3.4

'correspond1ng to an effectlve fr1ct1on angle of 33°

Lee(1978),n;so observed ‘an approximate 1° decrease'vin
the friction angle using’ frlctlonleSS' platensn fot

undrained'triaxiallcompression tests on dense, fine

grained Sacremento River - sand over -.a range of

consolldat1on pressures up to 2 5 MPa. It 1is -evident

that gsllghtlyf lower angles of_shear1ng'resistance are

. measured using the frictionless dplatens,_and. suggégt;

that ‘frictional -end restraint using hConventional
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platens‘ exerts’a minor influence even at comparatively
. ; ‘ Y
slender 1/d ratios of 2.

<

At the. initial effective confining pressure of 2
MPa, the Ottawa sand is a highly dilatant mateflal as
negative value of the pore pressure

_indicated by the
parameter A -at failure. Using conventional platéns, the
structure is suppressed’~by

dilatancyv of the sand

fr1ct1onal end restralnt for lower 1/4d as 1nd1cated by
‘the more po51t1ve> magnltude‘ of f,..The valuelof Ag
measured using both the conventlonal and frictionleSS
-2 was' -0.32. The value of Af‘usiné the

platens at l/d
0. 5 ranged between ~0.31

fr1ct1onless platens and 1/d
with a mean of -0.35. The lower value of Af

platens suggests

=

-0.42

0.5 u51ng the

and ‘shear dilation occurs more uniformly
' - . -

specimens‘ as the height is

and
at 1/d =

that _strain

frictionless

o throughout the teSt
decreased Stralnlng of the test spec1mens is dlscussed

‘ L
[
fu;ther in the next section.
o F hAllﬁ, tests were conducted with initial ‘pore
pressures between 4.63 and 4. 93 MPa. The pore pressures

at- the u1t1mate strength u51ng the fr1ct1onless loadlng
mean of

platens vary between 0.0 and 0.68 MPa w1th a
pore flu1d saturation pressure for the

0. 28 MPa. ‘The
xis hlgh as

spec1mens was conservatxvely estlmated to be!

I;\gppears that he maximum *

2

.25 MPa in Sectlon 4 3 3.
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strength of the test speclmens'was concurrent with the

cav1tat10n of. the pore flu1d This was confirmed. in

lTest Serxes C by conductlng the Tests 05—11 OSJ1BA and

'05—19A at 1n1t1al pore pressures of 9.92, 10'17 and
l5 41 MPa. The pore pressures at fallure decreased 6.63,

5 46 and 5.09 MPa giving f1nal pore pressures of ~3.29,'
4.71 and 0.32 MPa, respectlvely Cav1tat10n of the pore

fluid occurred for) OS 19A vbut 'not - for OS 11 'and

0S-18BA. A mlnlmum 1n1t1a1 pore pressure greater thap 7

”M?a was-thereﬁore requ1red to prevent cav1tatron./

‘1_4 3.5.3 Straxn and Mode of Fa1lure

- The stra1ns at the max1mum strength and .maximum

‘ stress ratlo approx1mately doubled as the‘l/d ratio

: decreased from 2 to 0.5 for both the conventional‘\and'

fr1ct1on1ess platens. Four shapes of the test specimens

after testxng were typlcally observed and are sketched

—

in F1gure 4. 8

f‘a)_hll spec1mens thh l/d greater than 1. 5 falled by i

'the development of a s1ngle shear plane ‘when using
the conventlonal_loadlng platens. ‘The bottom of the -
shear plane passed through the bottom edge’ of the

test specimens as shown ‘by Flgure 4, B(a).

'-b)vSpec1mens tested w1th l/d less than 1.0 using the

'conventxonal platens falled by rad1ally bulglng at
the m1d helght of - the spec1men. Rad1a1 expan51on at
the contact between the speC1men and. the platens vas

mxnlmal due to frlctlonal restraint.
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c) Specimens tested using the frictionlegs platens and
1/a = 2 failed by bulging awd ight. Radial
expansioh 'decreased towards the ™ ends the
specimen.

‘d) Specimens 'tested using the frictionless loading

platens and 1/d less than 1 expanded uniformly

throughout the height of the specimen.

- v
‘ ‘

" Rowe and Barden(1964) observed similar‘ treﬁds in
the shape of test specimens in .drained teSts on dense
Mersey River sand using conventional and frictionless
plateﬁs.l They concluded that the friction developed
between the specimens end the conventional steel
ioading platens inhibits radial straining causing large
"dead ionesf at the ends of the specimens as shoﬁn in
'~Figure'-4.9; The Eoncenﬁration of shear straining and
dilation in>na;row.zdnes in the centfe of the specimen
causes these zones to pre-maturely fail ahead of the
rest of the spegimen. The failure plane that develops
is drawn to the corners of the piafen by the

"singularity" in the stra;nnileld formed . by the dead

zones.

"Rowe and Barden(1964) also found that frictionless
platens permlt unrestrained radial expansion at the

ends of the test spec1mens and shear stralnlng develops

e

unsuppressed in all parts of the spec1mens. Numerous

g
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" failure planes form simultaneously 1in the spec1mens

under the condition of general shear, The multxple

_formation of failure planes causes the observed bulging

of the specimens, Higher strains to failure . are
required to  mobilize many shear planes"evenly
distributed throughout the specimens rather than in 4

localized zone.

For the test pec1mens using ‘the .frictionleés_.
platens andv l/d = 2, the observed reductlon 1n rad1al.
exﬁansion\towards the end 6f the specxmens suggests
that the frictional “end krestra1nt~1s not completely.

eliminated by the frlctlonless platensg-‘Hence, the .

‘observed "uniform” rad1al expansion of the shorter

specimens with_l/d iess than 1 may not entirely imply

. complete e11m1nat1on of end restraint,i The_uniform

expan51on 7is probably the cohbination of* reduced

.frlct1ona1 end restraint and the klnematlcs of part1cle'

motlon enforced between two r1g1d boundar1es.‘

" Evidence of ‘theffrictional;restraint»at'the ends

of the Ottawa sand spec1mens u§ing the conventional

loadlng platens was v1sually observed by exam1n1ng the

’faces of the steel platens after the first series of "

tests.’ The’ 1ndentatlons .of the sand grains into the

 steel surface vere evident as shown in ‘Plate 4.1,

Radial 'grooves,_upj to 2 mm long were also noted where
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the sand grains moved radially during the tests,
Conversely, no indentations or scratches in the surface
of the platens were observed when the frictionless

platens were used.

! ‘
4.3.6 Pore Pressure Measurements under Transient L%ading

Conditions .

The pore pressure measurements during the up ained

compre551on tests u51ng the cdhventional and fricﬁ%“ less

g N

' i

loading platens are compared in F1gure 4 10- for the r&h?k of
; o0

\’"g;l;
straln rates tested. Using the conventlonal )

o

is no evidence of pore pressure gradlents:o; time la
pore pressure measurements up to the maximum strain rate of
7.4 x 10__2 5_1. A slight time lag‘ of poré pressure
measurement within the specimens at the strain rate sf 2.4
5_1 is noted using i the shorter specimens. and the
f;ictioﬁless platens. The tihe lag. 1is indicative of pore
'pressure gradients/.ﬁithin the specimens. It is thereforé
}_concluded that the use of the - shorter specimens ahd the
fristionleSS'platens does noélgngate pore pressure gradients
in Ottawa sand significantly beyond the strain rate of 0.27

¢7' reported by Healy(1963).

4.3.7 Influence of Strain Rate on Undrained Strength
The conditionsAuat the wultimate strength and maximum
stress ratio for Test Series C are plotted against the

strain rate of testing in Figures 4.11. The maximum stress
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ratio appears "to be largely unaffected by strain rate.
Between the strain rates of 107° and 107! s~ a modest
increase of about 10 percent in fhe ulﬁimate strength is
gained irrespective of the loading platens used. Work by
other researchers presented in Section ~2.8‘éhow siﬁilar
gains 1in éfrehgth of sands over_the same range of strain
- rate. Noticeably "higher ultimate strengths were found for
test speciméns‘os~11 and OS;18A'at the strain rate of 2.5
s_1ﬁ1 The reason for the higher strength is primafily thé
preVent1on of pre mature cavitation of the pore pressure by
use of hlgher initial ‘Back pressures as already discussed. A
portion of the additional strength may presumably also be
dérived from the resistance of the flow of the pore water,
as indicated by the pore pressure gradients within the
specimens at these strain rates. | |
x :

The strain and pore pressure response at the wultimate
strength using che conventional platens was largely
unchanged by/the strain rate which is consistent with the
small increase in strength. A much wider variation in the A
parametet and strains was. found using the frictionless
platens. The scatter in thgﬁ test data even at the same
‘strain rate suggests that the variation is dUe"vtoA
stat15t1cal variatioh in the density and manﬁfaq;urevof the -
‘test specimens rather than a physical phenomena. The “larger

- strains observed at the strain rate of 2.5 s -1 are caused by

the higher initial pore pressures used to prevent cavitation
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of the pore fluid in these specimens. Failure 1is prolonged
by further decreases in the pore pressure with dilation

until the critical confining pressure is reached.

4.3.8 Summary
In summary, this series of tests has shown the
following:
1) Representative measurements of strength and pore
pressure response in undrained triaxial compression
tests on dense sand can be made on specimens with

1/d as low as 0.5 if properly designed frictionless

loading platens are employed. Axial strains are

found to increase with lower 1/d ratios due to the
change from a local mobilization of shear strain to
a condition of general shear.

2) The test facility can perform undrained triaxial
tests at elevated pressures with accurate
measurements of strength and strain for strain rates
up to 2.5'5—1. Measurements of the pore pressures in
dense sand specimens cannot be made at strain rates
much greater than 107" 7' due to the pore pressure
gradients established within the specimens.

4) Test results at the static and transient strain

rates are in agreement with work of other

researchers.
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4.4 Triaxial Testing of Saline Creek 0il Sand

4.4.1 Introduction

Undrained triaxial compression tests on Saline Creek
0il sand were conducted in the high pressure trtaxial test
apparatus at initial effective confining pressures of 1, 2,
5 and 8 MPa. An almost six order of magnitude range of
strain rate between 10"% and 3.5 s~ ! was covered in the test
prograﬁ” to inv??tigate thhe behaviour under transient
loading. Tests at strain rates greater than 1074 7' vere
conducted on specimens with 1/d ratios of 0.5. The
frictionless loading platens described in Section 4.2.3 were
used to negate the effects of frictional end restraint.
Tests using conventional loading platens and speihnens with
1/8 of 2 were also conducted at each confining pressure at
the slowest strain rate of 1075 s' to verify the

effectiveness of the frictionless loading platens.

4.4.2 Sampling and Sample Preparation

The majority of the samples used in the testing program
were cored during February 1984 from the oil sand outcrop in
the Saline Creek valley wall, approximately 1 km south of
Fort McMurray, Alberta. Two test specimens (SC-83-22D° and
SC-83-22U) were taken from the same location dgring February
1983 in a previous coring program. The coring equipment and

\

technigue is described in detail in Agar(1984). The

retrieved frozen cores were double wrapped in plastic and
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shipped to Edmonto{~in a posyuble electric freezer. Power
S e . .

for the freezer was™ supplied by a portable electric

generator. The samples were stored in a climate controlled

cold room at -20°C until testing.

The oil sand cores were pre-chilled 1in a styrofoam
cooler packed with dry ice for at least 12 hours prior to
trimming. The samples were sealed i1n a paint can to prevent
permeation of carbon dioxide into the samples whiie chilling
iﬁ the dry ice. The specimens were trimmed :n the cold roaom:
to the final 38.! mm diameter on a lathe using a diamond
tipped trimming bit. The samples were wut toO the desired
length in a diamond saw. The spec.mens were then re-mounted
in the lathe to finish the ends at rignht/) angles to the
cylindrical axis. Initial trimming of the samples was
per formed in 0.25C to 0.375 mm <cuts. Fipal trimming and
finishing cuts were performed in 0.050 to 0.100 mm cuts to

ensure a smooth surface and prevent chipping of the edges.

The initial diameter of the cores were 50 and 64 mm.
The 64 mm diameter cores were trimmed in two stages to the
final test diameter. The specimens were re-cooled in dry 1ice
for at least 15 minutes between stages. Otherwise, the
specimens were found to expand from the heat generated by

the bit during trimming.
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The spéiimens were chilled in. the“dry;:ice until
moUmting' in: the_ triaxial- cellf The base‘and top loading

plat}';of the cell were also chxlled in' dry iee_:fqr -a

mxniNMm‘ of 15 mlnutes before the spec1mens were 1nsta11ed
Three 0. 39 mm thack latex embranes were used to conflne the
spec1mens fh conf1n1ng pressure of . 500 kPa was applled to

the specimens '1mmed1ate1y upon Acompletlon,:of ‘the cell

' assemblage. '

:The mountlng procedures  were carried out at hroom
temperature. The time from start of spec1men mountlng to thee
applacatzon of the . conflnlng pressure was generally kept tb_"

,about 5 mlnutes and not more than 10 m1nutes. No thaw of . the'

samples was v151bly not1ceable 1n thlS t1me perlod

‘-—4 4 3 Index Test1ng

Xy

A 100~ 200 gramlrintact chunk \oft the oil sand was
retalned from "eaehb core duringh.the‘ lafhlng of the test
‘ spec1mens.vThe quantltles of bltumen and water occupylng the
pore spaces in- the sample vere determlned by - soxhlet'
reflux1ng./The technlque used is descrlbed by Agar(1984) and

will not ‘be repeated here.

~ The - weight 'of each test specimen' - was measuredi
1mmed1ate1y .after.,completlon of - lathlng. At the same time,
the dlameter and- he1ght of the specimen was determlned by

¢

Iumaklng. prec;se callper measurements. The rnltral ‘bulk .
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density of ~the specimens were calculated from these’
measurements.

S
e g e

Knowinélivt bulk“'densit;fg.water ‘content bitumen
content\ and dens1ty of the m1nera1 gralns' the dry dens1ty,
pordsity ~and saturatlon were also calcu{af d. A density of
2.65_Mg/m3“ Wasl assumed for the. sand gralns ~which are
prinarily' duartzose;‘eT ‘bituﬁgn Was assumed to have a
‘den51ty of 1 03 Md/m3fat room temperature and atmospherlc

f_pressure. Table 4 3 is a summary ‘of the spec1men data

| h The dlsturbance 1ndex, Ib calculated from Equatlon 3t]f

':isL l1sted 'i Table 4}3 ‘for "511 samples tested ‘Since
: borehole geophy51cal data is not avallable, an average'“in
's1tu por051ty value of 0. 33 was used. Th1s 1s con51stent

_w1th the 1n situ. den51t1es reported vfor the Saline Creek

Tunnel prOJect.(Smlth et al, 1978)

Mechanical grain ~size analysis' ;bf Yea¢h' .soxhlet ﬁ
extract1on .sample was conducted accordlng to the procedure-
outlined in- Amer1can Soc1ety for Testlng and Mater1als "ASTM
D422~72 '"Partlcle -Size Analy51s of Soils” Itashould ‘be 8
noted that a small portlon of fine silt ‘and clay size
partlcles are absorbed by the fllter bag durlng the soxhlet‘"
.,process. The graln 51ze curves for each core iare contalned

in Appendlx- C The graln size data are sg?marlzed in Table

4. 4
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‘The Saline Creek oil sand consists of;a’frnevto,imedium"-
, grainedﬁwuniforn» sand;fiThe - fines 'content‘is-quite small,
ranging betWeen-‘1'5 and 5.1 percent"by veioht.f‘xfray'
i'diffraction‘ analyses by Agar('1984) 1nd1cate the sand gra1ns
.are‘ predominantly sxllca . (quartz). | Scannlng electron
microscope stud&es also conducted by Agar show the sand.
_gfainsiin‘the ‘undistUrbed state to be"1nterlockeda w1th‘”
,concavo convex gram~ contacts due to pressure solutlon and_

7auth1gen1c overgrowth as descrlbed by . Dusseault(1977} .and

,Barnes(1980) o

b

'

Tre bitumen- and water contents range bétkeen ”9 4-1f,8
/land 1.2- 7 6 percent respectlvely, w1th average contents of'
14.9 and,2.8 percent, Agar(1984) reports bltumen .and water

contents for 27 samples of, Sa11ne ‘Creek 011 sand whlch -

, 51m11ar1ly average 17.3 and 2.8 percent The beddlng of the

_deposit is h1ghl1ghted by the occa51ona1 seams of very rich

011 sand The beddlng is inclined approximately 30° to the
‘aXIS of the core. This is caused by coring at an angle into
the valley wall of Saline Creek wh1ch is 1ncl1ned about 60°
to horlzontai Occa551onal thin (less than 1 mm thick)
part1ngs of 511t are present The triaxial' test vspecimenSC

- were - trlmmed ‘between these: part1ngs to prevent the partlngs ;

from act1ng\as potent1ally weak failure planes.
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'4;4.4 saturation of the Test Spedimens

'Entrappedt'-gas - bubbles in - the pore system ‘can
s1gn1f1cantly influence the »pgre pressure response : in
undra1ned tests ‘qhecause of  the relat1ve1y ~ high
compress1b111ty of the gases. Consequently, it was deemed
necessa‘ at_two cr1teraa be established for the undrained
triaxial compression tests: |

1) The test Specimens mustﬂbe saturated; and.

2) The pore pressures durlng testlng shouldf not fall

below.~the pore saturatlon pressure or bubble po1nt

to prevent cavitatlon of the pore fluid.
Pl . . . A .

, . RS ; ‘

The method described by WisSa(1969) was-adopted.to
evaluate the degree of saturat1on ofh the 'specimens- The
'method is, base eonv the observat1on that the pore pressure
parameter B 1ncreases w1th pore pressure"untll the” pore
‘ f1u1d saturation pressure is. reached’“All gas is d1ssolveddf
“into solut1on and ‘the magn1tude of B remalns constant "with
further 1ncrease5' in the. pore pressure. The test procedure
ladopted from these obServatlons is as follo;s.

1) With the Pore pressure port to the cell yciosed”jran;

_1ncrement of 1sotrop1c conflnlng stress Kusually 500

- T000 kPa) 1s applled to ghe spec1men and the porer'

pressure response “measured and the value:‘of'_B
‘.calculated '\ i J-f;\ - “ | |

2) The pore pressure port: is. then opened and the pore.

pressure 1ncreased to restore the initial, conf1n1ng

pr——



;graph1cally as shown 1in Figure 4,12, For‘ the specimen5~w’
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pressure;
'3) Steps (1) and (2) are then repeated at the new pore
pressure. IncrementalvB—tests are conducted _until

the Value_ova.becomes constant.

The pore fluid saturation pressure and the value of the

pore pressuré"parameter B at saturation can be found

'subjected to 1sotrop1c compre551b111ty tests as descr1bed in

the next sectlon, a serjes of B- tests vere carr1ed out at

several pore pressures after to re- assess the condltlons of

~saturat1on. The results of the B- tests ‘are g1ven 1n Appendlx_

dCr' The pore flu1d saturatlon pressures and pore pressure_

-parameter B are summarlzed in. Table 4. 5

L

The' pore f1u1d saturatxon pressure estlmated from the

\%nltlal B tests varles over a broad range. between 1.0 d__

e

’Sal1ne Creek 011 sand cored 1mmed1ately A t‘ ground

7 5 MPa. In theory, the gas saturat1on pressure of saturated

\surface' should be' equ1va1ent to the atmospherlc or zero

gauge pressure. Slnce the test specxmens were . not -1n1t1a11y;'

_;saturated (Si = 76 9 - 99 3 percent) either 'in situ ot by

‘sample d;sturbance, a pore pressure is necessary to d1ssoﬂye¥*

‘~the gases, 1nto th pore fluzd Based on measurements by
,Peacock(1986) for r1ch 011 sand cored from depth t : pore'”"
‘flUId saturatlon pressure should nomlnally be less than 650l‘\‘
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The d1screpancy between the measurements is attrihg}ed

]
to the relatively rap1d rate at which the 1n1t1a1\a\§ests

are conducted. As presented in Sect1on 4.3.4, Black and

Lee(1973) show the time for complete _saturation is
exponentlally proport1onal to the 1nverse of e applied
pore pressure. The rapld appllcatlon of 1ncrements of poref

pressure durlng the 1n1t1a1 B-tests therefore underpred1cts

'the value. of B at lower pore pressures due to the time
- required for the intérstitial»gases to dissolve into Zthe"

pore fluid. Hence, higher apparent{saturation pressures are

observed as higher pore pressures drive ~the gases into

solution faster.

This behav1our -was ver1f1ed by - re-checking '\the'

‘condltlons of - saturatlon;followlng the cycllc compress1on of

‘the test spec1mens. From the data presented in Appendxx -C,_‘

the apparent saturatlon pressure fell between 1, 0 and 2.0

E MPa for all test spec1mens. Lower pressures ‘may have -been :

'observed_ if ‘B-tests. were conducted at pore pressures below;.

1.0 MPa.

.<

The varlatlon of the pore pressure parameter B w1th the
effectlve conf1n1ng pressure at .test is shown in . Flgure X

4, 13. There is an ObVlOUS ‘trend for the magn1tude of B to

decrease with h1gher conf1n1ng pressures whxch 1s shown in

the next sect1on to m1rror the decrease in compress1b111ty

——

of thevsand gra1n structure "at h1gher stresses. Overall,
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there i% virtually no difference between the"measurements
using the convent1onal platens and the fr1ct10n1ess platens
with shorter spec1mens as noted for the Ottawa sand "This
1nd1cates the c0mpressib111ty of the rubber membranes in the
'kfr1ct10nless platens adds Very 11ttle to the compre551b1l1ty
‘of the comblned oil sand membrane system as a whole. Also,
there is minor d1fference 1n B between spec1mens for ID less
thanvdand greater than . 10 percent. In this respect, the
1sotrdplc compre551on gf the spedimens to 5.0"MPa: as
'descr1bed in the next section, appears to overcome'small

~disturbances in the compressibility of the 0il sand.

- 4.4.5 lsotrbpic Compressibility

Isotroplc compre551b111ty tests were conducted oh the
f1rst n1neteen ‘spec1mens tested " The purpose of the cycllcvq
compre951on of the: spec1mens ‘was to re- compact ‘the samples\d
to the undlsturbed density and measure the coeff1c1ent of
volume.compre551b111ty as an ‘index of sample quallty. The'
effeetlve conf1n1ng vstress »applled ~to the spec1mens was
raised by fn:reesing the cell pressure'and,keeping theb pore
'hpressure ‘constant. Changes in the pore fluid volume were
recorded/by the volume change 1ndicator~attached to‘the pore
flu1d pressure, line. The effective conf1n1ng pressure was‘?
cycled three times between approxlmately 700 and 5000 " kPa.
Increments of~ pressure were generally 500 to 1000 kPa. The

_coefficient"of volume compress1b111ty measured on each

tload1ng cycle of the tests are summarlzed in Table 4.6.
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It was evident from the isotropic compression test
results in Table 4.6 that changes‘in compressibility in the
second and third hloading. cycles is miqor‘suggesting\the
majority of .rercompaction of the speeimens' is largely
Vcompleted‘in the first loading cycle to 5 Mpet Subsequently,

the reMaihing test specimens were thawed and consolidated at
' K i
an : effective confining pressure of 5 MPa prior to triaxial

testing in lieu of eyclic compression of the test specimens,

The isotropic, compressibility -over .the range of

confining stress of 2 to 4 Mpa varies between» 0.88 x° 10—6

-6 -1

and 2.36 X 10 kPa on the last lgading cycle.

Measurements of isotropiqxcompressibility of Athabasca oild

-6

qsand by other researchers vary between 0,25 x 10 and 4.4 x

10 =6 _kPa“"1 {Au, 1984) . Dusseault(1981) and Agar(1984)

conducted cyclic' compressibility tests and report volume

_6'

compre551b111t1es between 0.25 x 10~ and 0.79 x 10 kPa .

. on the last loadlng cycle. These latter values are lower o

than measured in th1s report. However, ‘the ‘stress levels
‘covered by Dusseault (2.76 - 13.3 MPa) and’ Agar(4 - 25 MPa)

are far higher.

‘The Variation of - the compressibility of the Saline

Creek oil sand on the final loadlng cycle is plotted aga1nst_'

~the effectlve conf1n1ng pressure in‘ Fxgure 4 14 Tbe

' .coeff1c1ent of volume compressxb111ty 1s a stress dependent

B functlon, decreaslng»up to 10 times in magn;tude betweean;S

’

-6 -1
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mean of 0.96 x 10
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‘and 5. 0 MPa. The compressxb111ty at stresses between 4 and. 5

-6

MPa ranges between 0.37‘x 1076 and 2.47 x 10°% kpa™' with a

_6tkPa_1. The measurementS«by Agar(1984)

for Saline Creek oil sand are ' in agreement at the same

‘stress levels. The compress1b111ty of 011 sand should then

be expressed accordlng to the conf1n1ng stress rather than a

broad range of stress, espec1ally at stress levels less than

5 MPa where the relatlon is d15t1nct1y hon- 11near

4.4.6 Undrained Trxaxlal Compress1on Tests
Undralned triaxial compre551on tests were performed on
each specimen. The tests were conducted.at nominal initial

effective confining pressures of "1, 2, 5 and 8 MPa »to

-

evaluate the behaviour. over a range of stress 1evels. Stra1n

rates over the range between 10 = .and 3.5 5—1‘ were also'

. coyered. - ' : | o

Initially, three tests (SC-83-22U, SC-84-22 and.

7SC-84-39)were conducted to measure the magnitude of the pore

pteSsure decrease to betexpected during-'undrained loading.
These specimens were 50 mm diameter with - 1/d ='21and

cohventlonal steel loadrng platens were used; The tests were.

’conducted at 1n1t1al conf1n1ng pressures of 2.03, 1. 81 and

0. 08 MPa, respectlvely, and ‘a stat1c strain ' rate of 10

'—T. In1t1al pore pressures of 1.52, 11.46 and 4.46 MPa were

used The pore pressures .at failure dropped to 0.22, '7.67,<

: and 0. 59 MPa. Cav1tat1on of the pore flu1d lxkely oCcurred_
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for SC-83-22U and SC-84-39. A minimum initial pore pressure
| of 4 MPa above the'pore'fluid saturation pressure appeared
to be required to prevent cavitation. A minimum initial pore
pressure of 6_MPa-was subsequently used for all remaining
ftests'tobkeep well above the pore fluid saturation pressure.
‘ The pore fluid saturation pressures reported in Table " 4.5
were not. reached during any subsequent undrained compress1on
tests.

Measurements of the axial deformation, axial load,
confining pressure and pore pressure were recorded
contlnueusly th;oughout ‘the . tests;. Measu;ements and
observations of'the Specimens on completion of testing were
noted. The ’test results are presented in Appendix C and

summarized in Table 4.7.

A compllance test to evaluate the effect of the rubber
membranes in the frxctxonless platens on the measurement of
axial deformatlons _durxng the ax1al compre551on tests was,
repeated in the mannet gutlined in Section 4.2.4.1. In this
case; the Steelvdisk‘was isotropically consblidated to 5 MPa
prior to conductlng the test. The results of .the test are
shown in Figure A.5. The calculated vertical compressxb111ty
of the membranes.is. 9.93 «x 10—3 mm/kN. "This correction
factor was been applled to the test resultsr The magnltude

of the correctlon factor is slightly less than that measured

in Section 4.2.4.1 andu reflects the somewhat improved
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seating of the samples against the frictionless platens with

the isotropic compression to 5 MPa.

4.4.7 Pore Pressure Measurements under Transient Loading
The pore pressure measurements during the undrained
triaxial compression tests at initial confining pressures of

5

2 and 5 MPa are compared at strain rates between 10 and

100  s-1 in Fiqure 4.15. At both confining pressures, an
apparent time lag in pore pressure measurement begins at the
strain rate of 10 2 s”'. At strain rates greater than 100
5-1,-pore pressure measurements are virtually redundant
under the high pore pressure - -adients established within
the specimens. Pore pressq‘e measurements at strain rates
greater than 10_2 s—1 cannot be considered representative of
the pore pressure conditions in the test specimens and are

1

excluded from Table’4.7. , -
vy

In compaEison to the tests oni Ottawa sand, the
initiation of the pore pressure gradiehts in the oil sand
occurs at strain rates approximately two orders of magnitude:
lower. Bishob and Henkel(1963) show the time required for
adéquate ‘dissipation. of pore pressure gradients during
undrained"dompression tests is proportionalAto the inverse
of the coefficient of consolidation, C,- "Inversely, the

allowable strain rate is then directly proportional to C,*

»gallowable> « Cv 4.10
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The coefficient of consolidation, Cv is defined as the
ratio of the fluid mobility, k/u to the compressibility of

the soil ggfleton, m,:

Ha
c, - B ‘i
Hence,
éallowable « %Zﬁ | 4.12

v

Agar(1984) shows the coefficient of consolidation of
undisturbed bitumen-rich Saline Creek oil sand ranges
between 100 to 200 times less than water saturated
bitumenjextracted Saline Creek oil sand. The allowable
strain rate for bitumen-rich oil sand 1is theretore
approximately two orders of magnitude less than water
saturated oil sand. This also agrees with the difference in
allowable strain rates observed between the Ottawa sand and
Saline Creek oil sand. It is then apparent that the onset of
time lag in dissipation of excess pore pressures at slower
strain rates in the Saline Creek oil sand is caused by the

viscosity of the interstitial bitumen.

4.4.8 Assessment of GrainvCrushing during Testing

Grain shearing and crushing will occur under the high
effective stresses achieved during fully undrained
compression tests. It was also recognized that greater grain

cruéhing could occur under the conditions of general shear
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-’
using the frictionless platens. The crushing of the sand
grains may also be a time dependent process as thought by
Lee, Seed and Dunlop(1969) and grain crushing could be

suppressed at higher strain rates.

To assess the influence of initial confining stress,
loading tﬂatens and strain rate, a careful series of grain
size analyses before and after testing was conducted on
selected specimens. The results of the grain size analyses
are presented in Appéndix D and summarized in Table 4.8. It
is noted that the short specimens (1/d = 0.5) wusing the
frictionless platens were combined at the same initial
confining stress and strain rate to enable a more accurate
grain size analyses on a larger mass, The initial grain size
distributions werewaccordingly taken as the average between

the samples in Table 4.4.

Sample SC-84-110 was isotropically consolidated to a
confining pressure of 5 MPa only. Virtually no grain
crushing occurred from the application of isotropic kstress
és indicated by the negligible generation of additional
fines or alteration of the grain size distribution in Figure
D. 1. Agar (1984) also reports only very minor fines
generat@on in test specimgns of Saline Creek oil sand
isotropically consolidated up to 25 MPa. Isotropic stressl
alone therefore does not contribute significantly to grain

-~

crushing of Saline Creek oil sand.
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Among the test specimens subjected to wundrained

r -
c?mpression tests at "static” strain rates less than 10 2

s—‘, g;ain crushing has generated between 4.4 and 7.0
perceht additional fines in the samples. Overall, there does
not appear to be ahy relationship between the amount of
grain crushing and the initial confining pressure. In Figure
4.16, there is a trend for the amount of'fines generation to
increase with the effective confining stress at failure, The
degree of grain crushing is then not so much a function of
the initial confining stress as ﬁhe effective confining
stress reached at failure., The amount of fines generation
for the short specimens using the frictionless platens 18
greater than conventional specimens over the range of
stresses shown. It appears that the degree of grain crushing
is increased by more uniform shear straining that occurs
using the shorter specimens and the frictionless platens.
v

The grain size distribution of three sets of specimens
(sc-84-31/43, SC-84-49/53 and SC-84-23/55A/55B) at the
highest strain rate of 100 s—1 were measured at initial
confining pressures of 1,2 and 5 MPa. Due to the pore
pressure gradients established in the specimens at strain
rates greater than 1072 s”', it is not possible to correlate
the amount of fines generation with the effective confining
stress at failure. The amount of fines generation, ranging

between 4.9 and 7.2 perceht, is consistent with the tests at

slower sgrain rates. y
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4 5 Summary E

This: chapter descr1bes the test ”eQuipment,Aand
-experxmental procedures followed for the undralned triaX1al
compre551on tests conducted on Saline Creek 0il sand. The‘
undralned behav1our under axlal‘ compression’ nloadlng waé!
determined for conf1n1ng stresses. up to 8 MPa and strain
rates"fbetween ]Q_s\'and 3.5 sij. . Supplementary‘ ‘test
procedures vere performed to'meesure drained'end undrained

. L N . . - ) . . - . ’ f
compressibility and evaluate grain alteration during . -

A prel1m1nary series of undrained tr1ax1al compreszon
tests were conducted on dense Ottawa. sand to evaluate the -
performancefof a,setnof £r1ct1onlessrload1ng - platens using
varied' spec1men aépeet retlos ~and strein'rates up to 2.5

s ', This" ser1es of ‘tests ‘shoyed that representqtive

_ measurements oft strength and pore pressure ‘response in

~undrained tr1ax1al compre551on tests can be made ~.on

37§peeimens w1th 1/d as: low as ‘0.5 ut111z1nguthe frlctlonless
1oad1ng platens descrlbed in th1s chapter. The frlctlonless'
“load1ng platens were’ adopted in . conjunctlon' w;th short
"spec1mens (l/d = 0 5) of Sal1ne Creek oil sand to attempt to
'el1m1nate pore pressure gradlents developed w1th1n the 011'f
" sand dur1ng undralned tr1ax1al compre551on tests at . straxnt:

‘rates greater than 10 4fs‘1
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“‘Table 4.1 Ottawa Sand: Summary .'bf Specimen Data
4 .
 ': . | _ o L w/: | ./
'SAMPLE  DIAMETER  LENGTH  INITIAL  POROSITY .
it \ R DENSITY R
. b . L R / n .
(mm) . Ttmm) ' (Mg/m?‘)vl
0S-§1  37.97° . 19.58 2.061 -
os-s¥  38.13 - 56.93 2.056. -
0s-s3 38.07 .~ 77.23 2.059 - 5
0554 38.10 38.57 . 2.047 - ”
- 0S-1A 38,12 - 20.75 2.000 0.377
os-18 38.15 318.60 ,  2.056 0.336
. 0S-2A 38.10 - 19.37 2.000 " 0.352
0s-38 . 38.13. .  19.08 2.006 0.363
0s-4 .17 38.37 - 2.036 0.348
ﬁ 0s-5 - 38.20 38.25 7 2.039 °  0.364 o
” -0S-6A  38.18  _  20.27 2.039 0.347
0$-68 38,10 19.68 1.994 0.361
OS-7A - 38.06 . 19.12  1.998 0.374
0S-78 . 38.05 - 17.28 2,014 0.366
0S-8A 38.04 19.28 2.004 0.360 .
_ 0S-88 ° 38.10 . - 19.30 2.014 0.356  _|
os-11° . 37.76 - 19.08 1,959 -
os-12 . 38.07 72.@3 2.058 -
05-13 38.18  73.98 2.045 -
0S-14 . 38.07° 76.32 2.061" -
© os-15A C “38.14 - 19.72 2,022 7 -
OS-16A . 38.13 19230 2.014 . -
05-18A  38.73 19,93 1.936. . -
. 0S-19A  38.07. Y. 2. 049, -
-~ 0s-19B  37.98 2 2.021 . -
- 0s-2! 38.05 71.57 - 2,055 - -
0s-22 - 37.93 19.30  2.018 T -
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Table 4.3 Saline Creek 0Qil Sand: Summary of Specimen Data

110

SAMPLE DIAMETER  .LENGTH  INITIAL - [NITIAL INITIAL WATER 81 TUMEN DISTURBANCE
DENSITY  POROSITY SATURATION NTENT  CONTENT INDEX
o] L ] nl Sl v, b {b
{mm) (mmi Mg o)) 1Y) ot o’ et
sC-83-220  50.86 101,79 1,389 2. 760 9.0 ! 1.4 a,
sC-83-220 + 50.80 n2.24 2102 1.152 81.8 b 11 6.7
SC-84-1 18.69 9,49 .98 0.164 89.0 ) 4.8 10.3
sC-84-1A 18.45 19,33 2.202 0.183 93.5 S 2.6 15.8 e 1’
5C-84-18 8. 44 19.15 1,394 n.186 92.5 2.8 15.9 - 17,0
. SC-B4-4A 18727 ,20.03 L RL) 0.399 a2.2 3.2 15.9 20.9
SC-B4-48 8. 27 18,20, 169 0.199 32 1.2 15.9 20.9
SC-84-5A 8.3 13.4) 2.992 0.17% 308 1. 14.0 1.6
§C-84-5B 8. 15 9.6} 1,952 2.391 84.4 1.3 8.0 18.5
SC-84-8A  18.3) LI 385 7.160 I 2.0 12.6 9,
SC-84-88 18.28 EIRT IR 9.361 6.9 2.0 12.6 .9
SC-84-10 318,75 “5.29% 1.9086 7.161 89 .4 1.6 12.2 3.4
SC-84-13 18.50 '8 .68 NIRRT ot 91.86 o 15,2 124
SC-84-14A  18.00 3.9» 156 2.196 91.9 5.1 134 0.0
SC-84-148 3810 A5 241 0.401. 89.2 5. 3.4 2.
SC-84~15A 17.35 1.3 120 N1 93.4 "2 16.5 1.0
SC-84-158  17.95 18.19 a5 7.134 89. 1 2 6.5 6.4
SC-84-17  .)8.22 IANEY:! 166 7.193 38.6 2. 16,1 M,
sc-B4-22"  50.95 192.50 2.015 1.162 92.° :.8 4.1 )
SC-84-2) 18.50 2.7 LY 7,195 ERIR v '5.g 9,7
SC-84-24 18.20 ILYRE: 256 2.108 315 1S '6.2 e
5C-84-25A 18.00 2112 2.395 n.170. 8.3 3.8 12.9 121
SC-84-258  18.00 '9.85 1.999 0,371 7.8 1.8 12.9 12.4
sC-84-29 18.40 0.M a9 0.19¢, 80. 20 .8 9.4
SC-84-130 18.2) "6.3) 334 0.401 8y .4 4.0 .9 2.y
SC-84-31 18.65 17.40" 1910 0.408 86.) 1.3 4 1.6
sc-84-1)  18.70 19.94 2,208 0.177 91.6 1.9 1.7 13.2
SC:84-14 18.50 67.51 2.061 9.352, 95.4 1.9 .8 b7
§C-84-19 50.38 2. 2.034 0.364 4.0 ] .8 K
SC-84-40A  19.00 A 8] LI 2395 g9 206 8 R
SC-84-408  18.95 205y 1,387 0,188 Dl 26 5.9 e
SC-84-41 38.45 ‘9.9 1.95) 0.4 940 21 I Mo
SC-84-49 18.50 19.10 1.490 9.4 8.6 Lo WS 2.5
$C-84-51 38.47 2006 1,947 0,401 31.3 "k 6.9 2s
SC-84-52 18.55 19.68 2.027 £0.339 9.7 1.2 3.4 )
$C-84-51 18.52 19,15 247 N.416 231.5 2.7 1.8 .
SC-84-55A  38.65 18.19 I 3.198 301 2.4 16.) .6
Sc-84-558  18.6) 25.98 119 0.187 3401 2.4 16.) 113
SC-84-60.  18.80 90 RN .194 86.6 2.9 5.3 6.4
sc-84-110  18.20 52.1) v 0.385 98.4 3.2 14.3 ot
SC-84-115A 18.58 19,91 +lasg 0.192 86.0 2.2 15.5 8.8
SC-84-1158 18.50 4,28 1,248 n.195 85. 1 2.2 15,5 197
SC-84-117  18.51 19,45 1,997 9.184 93.7 2.9 15,7 16. 4
* By total mass of sample
o Ly (n; - 0.313):00.33) & 10



GRAIN SIZE DATA °

SAMPLE : Dy, Dey Dgo UNIFORMITY = FINES CONTENT
S : ‘ _COEFFICIENT AR
(mm) {mm)  (mm) C, * Dgg Do {X<0.074 mi)
sc-831-220 0.15 0.1 0.21 .3 5,10 .
. SC-84-V Co0.12, - 0,130 0.2 1.8 1,60 -
"SC-84-3A D.10  0.19  0:20 2.0 R
SC-84-138 L0000 0,19 . 0,20 2.0, 101
SC-B4-4A 0.1 0.1'9  0.20 - 2.0 2.96
SC-84-48 0.10 0.1 . 0.20 z.0 2.96
SC-84-5A a1y 0,19 0.2% 1.6 1,36
SC-84-58 0,13 0.19 0.21 1.6 1.36
SC-84-8A Moy 9,200 0.21 1.6 2.130
sC-84-88°. 0,13 0.20 0.2 1.6 2.30
'$C-84<40 - 0.13-. b.20  0.21 1.6 2.07
SC-84-13 9.13  0.20 - 0.2 1.6 2.56
" SC-84-14A 0.13 0,19 0.21 16 1.80
$C-84- 148 0.03+ 0.19 0.2 1.6 . 1.80
SC-84-15A ’ SERY 919 o.20 1.8 2.13
. SC-B4-158 0. 0.19 0.290 1.8° 2.13
$C-84-17 0.1 0.19 0.21 T1.9 1.75
$C-84-22 0,12 0.19  0.20 1.7 1Ty
. 5C-84-23 Cu.he 0.23, 0.25 1.8 K 1.81
sc-84-24 0015 - 0.23  0.26 I 127
SC-84-25A 0.12  0.19  0.21 g v .11
SC-84-258 . * '0.12  0.19  0.21 1.8 - 300
SC-84:29, i 0. 11 0. 19 0.20 . - 1.8 2.02
SC-84-30 0.12  0.20 _ 0.21 1.8 2,28
SC-84-31 - 0.13 - 0.19  9.20 L5 2.40
sc-84-33 0.12 019 0.21 - 1.8 T1.80
$C-84-34 0,14 0,200 0.21 1.5, \ 1,45
SC-84-40A C0.10 0.18  0.20 2.0 1.54
SC-84-40B 0210 0.18 -0.20 C2.0 3.54
SC-84-43 0.10 - 0.19  0.20 2.0 302
SC-84-49. 0.1 0.19  0.20 . 1.8 177
SC-84-51 0. 0.200  0.22° 2.0 3.25
SC-84-52 0.12  ,0.19 0.21 1.6 1,71
©$C-84:53 0.1 0.19 0.20 1.9 1.36
'SC-84-55A 0l 0.18  0.20 2,0 3,77
$C-84-558 0.10  0.18  0.20 2.0, ’ 3.77
SC-84-60 0.3, 0.19  0.21 7.6 2.33
SC-84-110 0.15 0.24 0.28 1.9 1.87
SC-84= 115A 0.12  6.19  e.21 1.8 3.23
SC-B4<1158 0.1z 0.19 0.2 ! 1.23
SC-84-117 o.»q\ 0.20 0.21 1.6 2.93
R




Table 4.5 Saline Creek 0il Sand: Summary of Pore Fluid
Saturatxon Pressure and Pore Pressure Parameter B
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SC-84-117

SANPLE NOMINAL L/0 PORK PLUID PORE PRESSURE PARANETER 8 ’
DIANETER SATURATION - - -
' PRESSURE - AFTER INITIAL SATURATION  APTER CYCLIC COMPRESSION
o . Py oy AT TEST ) ] oy AT TEST ]
o) - inpa) (Mpa) (MPak
5C-8)-22D 50 2.0 12 0.14 n.9¢ 2.2 0.60

5C-83-22U 50 W23 2, 0.058 2.94 2. N, 64"
SC-84-1 . )8 3.99 ‘s 5.0 0.50 - -
5C-84-3A 38 3590 I 2.% n.87 2.2 0.°69
SC-84-18 18 1.50 3.2 0.5 2.86 2.) n.69%
SC-84-4A 19 L0552 1.9 2.4 0.86 2.2 0.68
SC-84-48 18 G Y P 5.4 7.88 2.2 0.7
SC-84-5A° 18 R )3 2.6 2.8% c2.20 0.66

" sC-84-58 '8 Y Y 3.8 9.9 P 0.66.
$C-84-8A )8 752 s 3.% 0.87 . 1.0 0.68
SC-84-88 18 2.5 T 2.3 0.71 . 2., 3.64
SC-B4-10 iy 34 1.5 .0 © bt
SC-84-1) 18 2.49 [ 1.9 9.719 -
SC-84-14A 18 "y 80 - 6.2 5.0 .68,
5C-84-'14B s 149 T o .84 .

SC-84-15A 18 1.4 )2 'R 3.8% 2.2 0.68'
SC-84-158 18 7. 49 v 3.8 0.87, 3.4 0.72

SC-84~17 8 IIEY] 205 90 2.50 .8 n.82
SC-94-22 50 106 L 9.07 .00 2.9 0.7%
5€-84-21 18 Q.56 2.4 . F.5 .87 slov pote pressure rilpono.
.$C-84-24 18 ). 54 2.2 14 1.90 ‘1.2 0.82.
SC-84-25A 18 3.57 2.5 0.4 1.84 . 2.0 0.8
SC-84-258 )8 9,51 Yoo 01 .88 2.4 0.62.°
SC-84-29 18 3,54 i 8.0 2.49
SC-84-30 18 190 8.0 7.49 - .
SC-84-31 18 IR 4 1.0 5.8%
sC-84-11 18 180 EYP) 5.0 3068
3C-84-34 )8 s ' 5.3 0.86%

S 5C-84-39 50 .70 o 9.15% .90 2. 1%
SC-84-40A° 38 Y €4 5.0 0.62 s
SC-84-408. .38 ) 5“51 3l5w pore pressurs response .
SC-84-42 is Oy >0‘5). sicw pore pressyre respanse.

SC-84-49 18 0.%0 2 5.0 2.70

1 5C84-5) 18 0.52 B 1,e n- 48
$C-84-52 18 0.81- ‘.8 5.0- q.52
SC-84-5) 1] 9.9 slov pore pressure response’

SC-B4-55A a . 8.52 A : 2.0 3.1

SC-84-558 38 1.3 68 .0 2.76
SC-84-60 18 349 6.4 .o 1.82

T sC-#e-115A Ty y O 6.2 7.0 1.7
SC-84-1158 18 PV 5.6 2.1 0779

e 3 %2 5.0 5.0 0.62
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Table 4.8 Saline Creek Oil Sand: Comparative Grain Size
Analyses Before and After Testing

GRAIN SIIE DATA
SAMPLE: STRAIN TRITIAL 0y Dyg U¢o UNIPORMITY PINES CONTENT
RATE CONSOLIDATION COEFPICIENT
B PRESSURE :
[ (MPa) (mm) { mm ) (mm} cu - 060’010 {3¢0.074 mam)
\ -5 ' [
5C-84-10 2.6 % 10 0.9
-befote tasting 9.4 0.20 9,21 V.8 2.7
~atter testing 2.99 0.18 n.29 2.2 6.45
-5 .
SC-04-10 to)ox 10 8.0 . .
~before testing ° 9.2 0,20 0.2t :.8 2.28
~alter testing 9.08 0.18 7,20 2.5 1S
-6
SC-84-34 9.6 = 10 5.9
-betore testing 0,14 .20 0.2' | .v.s 1,49
-after testing 2.08 2.18 0.20 2.5 : T.8)
SC-84-110 - 5.0
-belore testing 0.15 9.24 0.28 t.9 *.87
-after testing 0.15% 0.2 9.26 1.7 V.84
SC-84-38/4r" 1008 1070 2.0
-heloce testing g.10 9.18 n.20 2.0 3.02
-after testing 2.08 0.18 9.'9 2.4 8.96
SC-84-58/i5A" 1.0 & 107 2.9
-betore testing .12 2.19 9.20 r7 1.75
-atter testing .08 G.18 0.20 2.5 8.7¢
a0 0 R
SC-84-11/41 1.) = 10 .0
-before testing 0.12 0.19 n.20 1,7 2.7
-after testing 0.08 O.v9‘>>%f.20 2.5 7,68
SC-84-49/52" 4 ris x0? 5.0 B )
-before testing 0.12 0.19 g.21 1.8 LX)
-afrer testing .08 Q.17 0.1'9 2.4 3.65
N L]
SCjB¢-23/55A/SSB' 2.5 n IOO 2.0
~hetore testing 0.12 0.20 0.22 1.8 2.19
-after testing 0.08 0.18 0.20 2.5 8.75

Combined samples after testing.
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| » -Test Sample
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Figure 4.3 Ass_embly of Frictionless Loading Platens



118

il L L L L i oL L L L
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Soil Stiffness, ks
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As = Axial Deformation of Soil Specimen

Am = Post-Failure Axigl Deformation
Contributed by Stress Relaxation’
in Test Apparatus

Brittle Failure:
{As>> Am)
Uitimate Failure Load —»
am < As ks
9 km
(o]
-
°
b4
a
o

Axial Deformation

Figure 4.4 Spring Analogy Representing the Interaction of
the Triaxial Test Apparatus and the Test
Specimens '
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| Smdm‘v
. Sheagr —
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Figure 4.8 Tedt Series A-and B: Shape of the Test Specimens.
after Testing -~ ' - S
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Pore Pressure
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Pore Pressure Parometer B
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Saturation
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v
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Figure 4.12 Measurement of Pore Fluid Saturation Pressure
and Pore Pressure Parameter B~
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Legend
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Figure 4.151Vaﬁiation in Pore Pressure Measurements with’
: Strain Rate for Saline Creek Oil Sand
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Legend
o CONVENTIONAL LOADING PLATENS, {/d=2 | |=

| ® FRICTIONLESS LOADING PLATENS, |/d = 0.5
0 | — ™ T ; -

3 4 5 : 6 7 8
EFFECTIVE CONFINING PRESSURE (MPO)

FINES GENERATION IN SAMPLES (%)
P

Figure 4.16 Fines Generation in Undrained Triaxial
Compression Tests Versus Effective Confining
Stress at Failure, Strain Rates less than 10°°?
s-!
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5. TRIAXIAL TESTING OF SYNCRUDE OIL SAND

5.1 Introduction

A number of high quality, low bitumen content oil sand
cores were recovered from shallow depths within the Syncrude
Canada Limited oil sands lease near Fort McMurray, Alberta.

These cores were considered suitable to investigate the

behaviour of oil sand in axial extension because the -
“influence of bitumen viscosity on strength measurement at

‘very low stresses would be minimized by the low bitumen

contents. The methodology of the investigation was conducted
as follows:

1) A series of drained triaxial compression tests on
the Syncrude dil sand, Test Series B4S, were
previously conducted at the Universit- Alberta at
effective confining stresses of 138, ‘o and 414
kPa. An additional drained triaxial compression teét

désignated SYN-C-1 was conducted at an effective

confining stress  of 15 k Pa to extend the
Mohr-Coulomb envelope to lower stresses.

2) Three drained and‘gwo»undr§ined triaxial extension
tests, SYN-T-1 ihrough SYN-T-5, were conducted by
the procédure described by Bishop and Garga(1969).

3) An unconfined static "self-weight” tension test,
SYN-T-6, was conducted in a triaxial-cell. Cell

pressures were maintained above the pore fluid gas

saturation pressure to prevent gas exsolution and

132
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sample | expansion. Two samples  of disturbed
bitumen-rich Saline Creek oil sand, SC-84-T-1 and
SC-84~T-2, were also tested by the same method to
evaluate the tensile resistance mobilized by the

interstitial bitumen.

P

5.2 Low Pressure Triaxial Testing Facility

5.2.1 Description L)

A low pressure triaxial testing system was assembled
“for the test program. The layout of the system is shown

schematically in Figure 5.

The Wykeham Farrance WF 12400 stress path cell was used
for the triaxial compression and extension tests. The
Wykeham Farrance WF11004 triaxial cell was substituted for

the unconfined tension tests to accomodate taller specimens,

The 'Wykehaml Farrance WF12400 stress path 53211:715
illustrated and described . in detail by B1shép '”
Wesley(1975). Briefly, the cell 1is operated by a hydrau11

ram mounted internally in ‘the base cf the cell ?he ram

applies axial load to the test spec1men bY ragsﬁag 'anfi;; 4

lowering the base pedestal supporting the sgﬁc1men The ram
i .

is actlvated by a digitally controlled steppg ;',otor wh1ch

turns a screw cyllnder to increase or decrea he pressure

axral
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compression and axial extension and at controlled rate of

loading or controlled rate of strain.

The axial load cell is a strain gauge type and 1is
mounted 1inside the «cell abgte the top loading cap on the
specimen. Vertical load in a compression test is applied by
moving the specimen upward thereby pushing' the top cap
against the load cell. Extension tests are conducted by
attaching the top -ap *¢ the load cell by a bayonet catch,
The specimen is lowered and the decrease in the axial load
is recorded by the pull on the load cell. Measurements of
changes in axial load are made directly by the load cell,
independent of the cell pfessure or mechanical friction.

The ports for the confin&ng and pore pressures are
lécated at the base of the cell. The pore pressure is led up

,Ehrough the loading ram to the base of the sample. The cell
and pore pressures were both applied by compressed air (1200
kpa) regulated through rel}gf valves . into air-water

-
. ' . La, . '
interface reservoirs. A schematic diagram of the pressure

“%%; systems is shown in Figure 5.2. ~»

-

Volume changes during testing were measured by the
volume change indicator described in Section 4.2.1. Axial
deformations were measured by 2 LVDT fastened to opposite
sides of the cell. The LVDT record the movement of the

hydraulic ram relative to the top of the cell. The cell and

A
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’pore\'pressures uere ‘measured‘ by straln gauge transducers
attached off the ports at ‘the base of the cell. To prov1dei'u
prec1se measurements,vof 'tﬁ'. effectlve conf1n1ng pressure
;applied'to'thei'Sanplespl:arwdifferential~ pressure mercury
ﬁanometer:wwas' attached "betweed' the:‘cell ,and the 'poree

pressure lines..

“The excitation‘ voltages for the LVDT S, pressUre
transducers and load ceil were. suppplled by a constant
voltage s1gnal cond1t10p1ng system. A Fluke 22408 Datalogger
was used to eiectronacally record the- output 51gnals onto'

paper tape. ‘ - .

5. 2 2 Calxbrat1on of Electron1c Measuring Dev1ges

The electtonic monltorlng devices were calibrated prlor
to and upon completion- of the testing program. The,  LVUDT's
were callbrated agalnst a mlcrometer scale. -The cell and
pore pressure transducers had been prev1ously callbrateds
d51ng a dead weight table hydraullc pressure callbrator. “The
ca11brat1ons were checked aga1nst another pressure
transducer which had been calibrated 1ndependent1y. The load r‘
cell was calibrated in tension by hanging dead welghts fromr:f
the' load cell. The load cell was cal1brated in compre551on
against a ca11brated prcving ring. The cal1brat10ns ’are‘
summarlzed in Table A.4. | -

P
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—ﬂ984 The cores were recovered w1th

| depths between 11 and 14 i, ]USt beis
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5 3dSamp11ng ‘and Sample Preparatxon
The Syncrude oil sand samples were cored” withih1ithe
Syncrude Canada L1m1ted 011 sands léase durlng Septemberj‘

. .\3\

cher sampler T at ]

fhe upper surface of
the Upper McMu:fay’Formatiqnf The ceres ‘were 1mmedlately
re—pressurized ‘in nitrogen ‘gas. to the 1n51tu hyd;oétatlcv
pressure and frozen. «The [samples ‘were: traqsported . to .

Edmonton and"stored in a cold room at —15ﬁtp -20°C until

‘testing. S o e

5. 3 1 Preparatlon of Trxax1a1 Test Spec1mens w

The preparatlon of the tr1ax1al test specimens~ vas

carrled out 1n the cold room at —15 C. The cores were lathed’f

from the 1n1t1al dlameter of 73 mm to approxlmately 38.1 “mm

in the manner descrlbed :in Section  4.4. 2 The trlaxaalu

,extension test spec1mens SYN—T—1"through SYN-T*S - were

additiodally 1nsc:1bed with a approxfmately 6 mm deep by 25‘

mm long notch through=the§mldsect10n of the. specxmens as .

shown in Figure 5.3, The - ends of the notch were cut to

: : i ] . , L . ,
approximately 1.5:1 to 231 ('slopes to minimize -stress

concentrations.“The ends of the samples were finished in the

conventional manner.

The test specimens were- chilled in dry ice (-80°C)

untll mount1ng in the tr1ax1a1 cell The mountlng procedures

; 3
were carried out at room temperature. Porous stones placed

e rs

T, - i
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nabave _and below the spec1men werzﬁalso frezen in dry ice to
‘prevent thawzng of - be‘ ends of" the samples ~during the
gmountlng procedures. A 51ngle 0 ‘39 mm thlck latex membranev
,w1th a. nom1na1 dlameter of 38 1 mm ‘was used to confine the

'spec1mens. Fork test spec1mens SYN T-2 through SYN-T-5, a

51ngle horzzontal convolut1on or fold in. the’ membrane was

v:formed at mld he1ght as shown in Fxgure 5.4. The object of

*the fold was to mlnlmlze gthe tensile re51stance of the

B}

- membrane dur1ng the test. Radlal dra1nage filter papers were

also~wrapped~aroundlthe spec1mens  For the ten51on’ test

“speéimens, ‘the filtegs were cut at mid- helght to eliminate
‘ . oK
tensil& resistance that may be. developed by . the filter’
_vpaper; The assembiy'oﬁ SYN-T-5'in the tr1ax1al cell (after

. testing) -i# shown in the photograph in Plate 5.1

A,

A 100 - kPa confining pressure was applied to the

i,specimens'fmmediately.upon completion of the cell  assembly.

: The' t ime to install the specimens-was less'tnan 10 minutes"

and no thaw of. any of the spec1mens durlng this t1me period

G
was v1szbly,@pparent. The spec1meﬁ§ were consolldated under

, _back pressures between 146 and 550 kPa for periods brang1ng

from 12 to 46 hours. ' : o

E ’

5.3.2 Preparation of Unconfined Tension Test Specimens

The unconfined test' specimens were fabricated from a

200 mm length of full diameter core (nominally 70 mnE

diameter). The cores were inscribed with a 10 to 14 mm deep
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by 25 mm long notch th90ugh the upper third of the core

length as shown in Figure 5.5. The ends of the notch were

cut to approx:mately 2:1 slopes tb minimize stress

concentrations.

The test specimens were seated in the hanger shown in

4
Figure 5.5. The hanger .is manufactured of four aluminum

.ﬁpie“” plates with the cefntres cut out to form a seat to
support the'upper annulus of the notch zone. An undersized
64 mm diameter latex rubber membrane was used to confine the
“‘aluminum plates aéainst the Specimen and> to attach the

specimen to the top cap.

The taller Wykeham Farrance WF11004 tr1ax1al cell was

substituted for this test series. The cores were 1nsta11ed

in the tr1ax1al cell in the frozen state. The top cap was_

fastened to the‘ loadlng ram of the cell by two un1versa1
.301nts in series, The universal joints allowed\ the test
spec1mens to suspend themselves vertically under the1r own
weight. The triaxial cell was then filled w1th water and the

cell pressure increased to the estimated . pore flu1d

saturation pressure of the oil sand. ‘This step was taken to

_prevent gas exsolution and undralned expan51on of“the test

specimens. Based .on the measurements of pore fluid

Ie5F -

saturation pressure '1n &ectﬁgns 4. 4 4 and 5.5, cell

(J:, .
pressures of 200 and 700 kP& were applied to the Syncrude

and Saline Creek oil sand, respéct%yely.

¥ ) B +

-
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5.4 Index Testing .

Index testing and grain size analysis of the test:

speEinens were conducted as described in Section 4.4.3.
Table 5.1 is a summmary of the specimen data. The grain size
data is summarized in Table 5.2.
- . -
The Syncrude oil sandf;s comprised of lean, silty, fine
grained . 0il sand of the Upper McMurraf Formation. Bitumen
‘_contents measured:in this study were 2.4 and 5.3 percent by
ntotal weight. Seto(1985) ahd other research conducted at the
University of Alberta report bitumen contents between 2.2
énd 6.0 ?gfgent:for this oil sand. |
o ot
The index of dlsturbance tabulated in Table S.J;'range
between 5.8 and 10.0 percent and indicate the test specimens

to be of suff1c1ent qual1ty for measurement of geotechnical

strength propertles. The. in situ porosity was estlmated to

be 0. 310 assuming an average total in situ pore flu1d

content of -:.14.5 percent and 100 percent saturatlon. The~1®‘

situ por051ty "is a conservatlve lower bound since full pore

“fluid saturation was assumed.

Occassional clay clasts are present within the Syncrude
011 sand. The clayfclasts are generaliy'less than 1 mm in
thickness and are oriented horizontal or Very - slightly

1nc11ned. Examination of sections’ through the core indicate

the clasts are discontinucus rather than continuous seams. -

o
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The high fines content shown in the grain size curves -in
Appendix E are probably caused by the clay clastS‘and does
not entirely reflect the amount of fine material in the sand
grain matrix.

5.5 Saturation of the Test Specimens

The fluid Asaturation pressure and the B parameter at

saturation were measured on all triaxial test vspecimens by

‘the method outllned in Section 4.4.4. Saturation was
generally establlshed over a perlod of 6 hours. A second
series of B tests were conducted after the isotropic

compre551b111ty tests to check the. cond1t10ns of saturat1on.

The pore fluid saturation. pressures ,and pore pressure:

parameter B are summarized in Table-5;3.

The magnitude of the pore pressure paramater B at

1n1t1a1 saturatlon ranged from 0.81 to 0.83. In comparison,
the measurement of B at 1n1t1al saturation for hlgh qual1ty
Saline Creek 011 sand (I, <12 %) in Chapter 4 range from 0. 90

to 1.0 at® effect1ve conf1n1ng pressures between 50 and 150

kPa. A slight 1ncrease in B was noted follow1ng cyclic .

compre551on of SYN- T 3, SIN-T-5 and SYN-C-1. ThiS'is due.to

the decrease in effect1ve conf1n1ng pressures for the latter

B ~tests.. The largest 1ncrease in B from 0. 81 to 0.90 was
observed for SYN-T- 5 as 03 at test was " halved from 160 to 70

kPa. The change in B p01ntsbfout the sen51t1v1ty ofe@%%"’

compressibility to confining‘stress,- part1cular1ly at "the

— e w——
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lower stress levels.

The pore fluid seturation‘pressure of the Syncrude oil
sand estimated from the initial B—teste varies between 400
and 680&&%?3. Peacock(1986) conducted long term saturation
tests on the Syncrude oil sand and measured the ‘pore flu1dr
ﬂsaturation‘ preéssure to Dbe 170 kPa at room tehperature_
(ZOIC) The discrepancy between the heasurements is
attributed to the relatively rapld rate at which the 1n1t1a1
B-tests were conducted as discussed 1in Section 4.4.4. This
behaviour was agajn verified by~re-checking the conditions
of saturation following the CYCllC compression of theh.test
spec1mens._ From. the‘ data presented in Appendix Ep,the’
apparent saturation pressure dropped to. less than 1300 k?a
;among\’the’ test uspecimens and is more con51stent with the7
measurements reported by Peacock(1986). ~
5 6 Isotropic Compr3551b1}1ty
Isotropic compre531b111ty tests were conducted on ail
triaxial test spec1mens.‘_The test procedure described in
Section 4.4, 5 was ‘followed;~ﬂFor tesh;-specimens SYN-T-1.
through SY& T 5, the éffective confining pressure was cycled
_twice between 80 and 780 kPa in increments of 100 and 200
»kPa. A 51ngle cycle was. carried out on the compre551on test
‘i spec1men§SYN c-1. The coe£f1c1ent of’ volume compre551bility

'mfmeasured for each loq%ing cycle,is summarized in Table 5.4.
. - : N ﬂ - * ) '

o~ ~ ENN N L
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The coefficient of volume compressibility, m/ varies

"5 kpa~! on the second

between 0,97 1075 and 1.61 g 10
loading cyéle over the range of isotropic stress between 400
and 700 kPa, In comparison, measurements of.mv ih Cﬁgpter 4
on samples. of high quality Saline Creek oil sand range

1, up to one order of

between 1.5.x 106 and 6.0 x 10°° kPa~
magnitude lower. The apparent conundrum between the higher
compféégibility and the otherwise high quality of the
Syncrude foil sand 1§ attributed to"the‘ clav clasts
interspersed within theybil §and. The fines content (< 0.074
“mm) of_the gréin size distributions ranges between 13.5 and
15.0 percent by weight. If it is assumed that the fines

originate solely from the clay clasts, then the clasts

contribute up to 15 percent of the total solids volume.

Given the volume compressibility of a heavily
overconsolidated clay to be approximatély 1 x 10-4 kPa“1
(Carrier,1985), the bulk volume cqmpressibility of a

specimen‘compfised of 15 percent clay clasts by volume would
be 1.59‘x 10™° kpa~!. The wolume compressibility of the oil
-sand in the rémaining 85 percent of the solids volume is
ass,uu{éd té be ‘x 10—6 kPa-1 for high quality oil sand. It
is concluded that the usebof volume compressibility as an
‘index of 0il sand quality can underestimate the quality of
bdil sand when inclusions of more compressible argillaceous
méterial“are present, In this case; the index of disturbance

is a more reliable indicator of sample quaijty with respect

to the in situ state.’
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Overall, the volume of the test specimens decreased
less than 0.4k‘percent upon completion of the cyclic’
compression tests. The slight compaction of the specimens
reflects the very high initial density. The coefficient of
compressibility, m, measured on each loading cycle is
plotted against the effective confining stress in Figure
5.6._  The cbmpressibility of the oil sand at stresses lesé
than 100 kPa is up to 5 times greater than at stresses above
500 kPa. This shows the sensitivity of compressibility to
‘confining stress as inferred from the B-tests in the

previous section.

The volume change in SYN-C-1 for the loéding increments
of isotropic stress of 81-198, 198-389, 389-589 and 589-791
kPa are_plotted against the square root ¢f time in ‘Figures
E.7 through E.10. The coefficient of consolidation, ¢, can
be estimated from the plots by ghe method proposed by Bishop

and Henkel(1962). The coefficient of consolidation is given

by:

C = e . 5@)&%““ '

e 5.7. For
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the specimen height/diameter ratio of 2 and conditions of

drainage from the radial boundary. and one end of the

specimen as for SYN-C-1, the value value of k1 is n/81. The

coefficient of consolidation calculated from Equation 5.1

for each loading increment is tabulated in Table 5.6.

Gibson }and' Henkel{ 1954) and Bishop and Gibson(1963)

found the avérage degree of congsolidation at failure, ﬁf, in

an undrained compression test’' may be expressed in the form:

where tf'is the time to failure, and k, 1is a factor
depending upon’ draipage conditiong‘at the sample boundary.
Bishop and Henkel (1962) show that a theoretical degree of
consolidation of 95 percent 1is ‘sufficient to ensure a
negligible error in the measuremen;;of drained strength. The
requisite time to failure for a drained triaxial test may

then be written as:

't T %, °e3

For the conditions of drainage for Test SYN-C-1, the value

of k2 is 35.8. Hence:

0.559 h?

.xf = Cv
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The requisite time for failure at each confining stress is
also tabulated in Table 5.6. The time to failure ranges
between 35 and 91 minutes and increases with the confining
~ stress, reflecting the decrease in sample permeability with

higher confining stress.

5.7 Drained Axial Compression Test

The drained compréssion test SYN-C-1 was conducted Pat
an effeéti&e confining pressure of 15 kPa. Due to the very
low\confining pressure, the difference between the confining
cell and pore pressures were set by the mercury manometer.
The slowest strain rate attainable by the test apparatus of
8.7 x 10_7 ‘s—1 -was used, giving a conservative.time to
failure of 7.1 hours. Assuming the magnifude of C, from
Table 5.6 to be 3.86 X 10—2 cm2/s or greater, the predicted
degree of consolidation at failure was at least 99.5
percent. .

L 4

The load cell, LVDT's, cell pressure and pore pressure
transducers were monitored continuously throughout the test
by the electronic data acquistion system. The effective
confining pressute was checked periodically by the mercury
manometer. Volume changes were’regularly fecorded fromﬂ the
volume change indicator. Measurements and observations of
the condition of the specimens were noted on the completion
of testing. The final bulk water content was measured by air

A

drying thehspecimen after testing. The test results are
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] ,
preSented in Appendix E and summarized in Table 5.5.
5.8 Axial Extension Tests

5.8.1 Test Procedures and Analyses

The axial extension tests weré conducted by the method
described by Bishop and Garga(1969). Three drained tests
(Tests SYN-T-1, SYN-T-2 and SYN-T-3) were conducted at
effective confinihg pressures of 58, 7' and 63 kPa
respectively. Two undrained tests (Tésts SYN-T-4 and
SYN-T-5) were conducted at initial effective confining

pressures of 32 and 80 kPa.

The rate“of axial deformation for Test SYN-T-1 was 1.12
mm per hour. The remaining tests were conducted at 0.233 mm
per hour, the slowest rate attainable by the test apparatus.
The time to failure and the degree of consolidatién
estimated by Equation 5.2 for eaéh drained test are
tabulated in Table 5.7. The minimum degree of consolidation
is predicted to be 98 precent for SYNfT~1. Pore pressures
throughout the wundrained tests were maintained above the
’pore‘fluid-saturation pressure measured in Sec-ion 5.5 to

prevent cavitation of the pore fluid during testing.

The configuration of stresses and forces acting on the
extension ¢test specimens are shown in Figure 5.8. The

magnitude of the total vertical stress acting through plane
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A-A' within the notched section of the specxm@n 1$\glveﬂ€@hy:M

T ¥
o = 0_ - — . 5.5

in c A i\ . ]
and the effective stress 1is: . Q%
. L

[ - _T__ - = LI _'I.‘_. '

oL = 0. x u = 0. A 5.6

n n

The maximum magnitude of the tension force T is limited
by the conBition at which the end caps will become detached

from the ends of the specimen so the effective vertical

stress - along plane B-B' at the end of the sample drops to

P
zero. Hence:
T
v o0 . _Mmax _
0g = oc A 0 5.7
e
or
= '
Tmax oL Ae | 5.8

Thus, the limiting value of the tensile stress

developed along plane A-A' is:
1 2 -n' (.8 -
or o, 1) 5.9

Failure of specimens will not occur if the magnitude of
the tensile strength exceeds oa . For initial effective
: 7 : min ‘
confining pressures between 50 and 100 kPa, the required
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'q1mum area ratio to attain a maximum anticipated tensile

A ¥

\‘l’
N ‘1

strength of 20 kPa for oil sand ranges betqup 1.2 and 1.4.
Area ratios ranging between 1.72 and 2.27 were, therefore
g .
. selected for the testhgrogram. *

Measurements of ;he load cell, LVDT's, cell and pore
pressure trangéqufs, and volume change were made in the
same ﬁanner as for the compression test. Measurements and
observations of the specimens aftér failure were noted.

r&émpies for water content determination were taken at the
~zone of parting and at the ends of the specimen. The samples
wefe air dried to estimate the final water content. The
triaxial test results are- presented in Appendix E and

summarizef’?n Table 5.5.

¥

5.8.2 Mode of Fa11ure of Test Spec1mens
Measurements of the spec1mens upon the completion of
tegtiqg‘;are presented in Appendlx E. SYN-T-1, SYN-T-2 and
";SYN~TF¢’failed by a brittle fracture ‘parting within the

notch zone ipérpendicular to the vertical axis of the

'."

fwspeotmens. Slight 1nc11nat10ns between 4 and 7 ~degrees to

‘"

“horlzontal were observed in the initial parting surfaces for

 5§§Mf 3¢ and SYN T-5. It was not possible to determine if the
‘partinés,-exhlbited the conical "cup and cone” tensile
,f;acture due to the necking of the. specimens around the
ﬁpartxng w1th further axial -extension. The majority of the

~axial elongat1on of the specimens occurred 1n the zone of
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o S

parting. -In retrospect, ‘it is intuitively obvious that once

9

a partlng occurs %11 further ax1a1 exten51on of the spec1men
- occurs as w1den1ng of the partlng only, The observed necking
of the spec1mens at the part1ng is caused by shear failure

:of mater1al around- the outer edges of. the partlng surface.

S
‘ The -e¢hanges in water “content ‘within‘ the specimens
~during testzng concur | w1th the mode of fallure. As tabulated
in Table 5 5 the final water content w1th1n the notch zone
~exceeds the water content at the ends of the spec1mens in
all' tests. This reflects the concentratlon of stra1n1ng and
increase‘in por051ty with dilation in the notch  zone. Much
higher differences in water content are noted’ in‘-the
undrained}tests;caused by suction of wvater gfrom the ends of
the spec1mens into the. notch zone. Tne tests -are
‘conseirently only part1ally undralned as tned qonsolidation
of the. speC1men ‘ends . allows an 1ncrease in volume ori'

dilation in the notch zone.

. ;e
R e

5. 8*3 Straxnxng Dur:ng Trxax:al Tensxon Tests'
Measuremehts of ax:al deformat1on along the -length °f;o
SfN—T—S ‘vwere attempted during the undra1ned exten51on test;}
Thzn str1ps of fllter ‘paper .vwere dyed red and placed at
jmpprox1mate1y 5 mm 1ntervals along length of ~thefb
: spec:mens. The dlsplacement of the str1ps were measured by a'
yert1cal vernler telescope. The bottom of the top load1ng

ram 1mmedxate1y above the sample was used as’ the reference

¥

.o
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p01nt for the measurements. The displacement of only two

t

points along -the’ top half of the notch as shown in Figure

5.9 could be reco¥ded esuthe re1nforc1ng bands around the

exterior of the plex1glass cell blocked the v1ew of the

vernier. telescope. The displacement and stram~ between the

two' p01nts are plotted against the total axial extension of

the sample in Flgure 5.9. The following observatxons are

3 clearly evident from the figure: |
S

1) The dlsplacement of both measuremeht points pgygrfho_‘
the formation of a partlng 1nd1cates th;ir vag%1c§li
’axlal stralnlng wlth _the reductlon of vertlcal
fstress‘oocurs throughout the notch helght*%pf the
specimen. ‘The -strainun betweenj the two 'po1nts
icorrelates,welliwithhthe'strain predicted assuming
qthat axial elongation - of the notch .heightponly

~occurs dur1ng the test.
A’?AR ,- "'17

e f %) Theaﬁgfgctxve cquiﬁgon of the dnsplaoements qfter » .
. the pgrt{pg of &he §pec1men conflrms that almost all |
_further axial exten51on occurs as widening of the
partlng. Recompre551on of the notch zone out51de the
'-part1ng, as suggested by the 'negatlve straining,
'occprs -as  ‘the res1stencet;of the specimen 'is

overcome. S T : SRR
é)'Theoretlcally, the formatlon of the gertihg‘ ocours
as ‘the m1n1mum mlnor prlnc1pal stress is reached :

4 VlSlble 1nd1catxons of the partlng are not appapengA

. until the. part1ng is. opened by fup;her piiaﬁ%ﬁh:f’

N P
® P R e
- , Lo . -

5 B \g
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extension, approximately 0.40 mm for SYN-T-5.

The volume change durlng the dralned axial extensxon of

_SYN-T—1, SYN-T-2 and SYN-T-3 are plotted in F1gures 5.10

through 5.12 respectively. For comparison, the volume change

predlcted as:

»(,»

"

AV = (Axial Extension) x (Initial Area of Notch) 5.10

A ]

is also shown in the figures. The metch _~between the

SYN-T—1 - For SYN T-3, the predicted volume

9

change ov restimates the measured volume change roughly by

25 percént throughont the the “%est. Interestlngly, the

- tormation of a parting in the spec1mens does not affect the

. @
raté of volume change in the . specimens. This is ~not

unexpected considering that. deformation of the notch zone 'is
merely changed to w1den1ng of the partlng or hlgh straining
of a -localized portion of ‘the notch rather ‘than ‘uniform

straining thfoughout.'
Based on. the foregoing observations, the axial

. . . T - ]
straining of the tension test specimens were accordingly

calculated ~as uniform ax1a1 elongat1on of the notch height

cylinder, Compensation for dilation_of-ﬁthéw*spécimens weréx,

2

only. Correctlons ‘to the cross-sectional area o? * the: notch'

: we;e,ecalculetéd assuming the notch zone deforms as a r1ght'A

'-;
o .
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A\ :
made,for\$he drained tension tests. Calculation of strain in

this 'manber is accurate up tb parting Of‘tbg specimens as
“the minorlprincipal stress is reached. After parting, very
high' locai straining takes place as widening of the parting
over a‘localized lengthl of the notoh occurs. The area
v"corrections nare‘ also underestimated as the specimens begin

to "neck" in at the parting.

5.8.4 Membrane Corrections to Triaxial Test Results
It is ‘common practice in conventional geotechnical
testing to neglect the: strength corrections for membrane

effectsfsince they are small and become negridible at

Q,*eater than 100 kPa. In this series of*
'tests,v it was reo**gized that membrane effecfs . may
contribute signifigcantly to the measurement of strength at
theb‘ . - EE} ss levels.vA series of ~tests to' evaluate

he effecbsv ofﬂ the membranes were conducted %nd are-
" described in. the fol;owiﬁg sections. v
'5.8.4.1 Extension Modulus of'the Rubber Membranes
- The exten51on modulus, M of the rubber membranes
‘was measured by the method descrlbed by Henkel and
Gilbert(1962). A 47.3 mm wide circumferential strip of
'the' latex rubber membrane was suspended between two
glass rods as shown in Flgure 5.13, Load was applxed to
= qthe str1p by dead weights and the extens1on of-thef

membrane measured by a vert1cal vern1er telescope. - The

results of the bﬁs - are shown in F1gure 5. 14. The

N
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e

load-strain  behaviour is slightly non-linear on

loading. The extension modulus for the 0.39 mm thick

membrane is 75.5 g/mm for extension strains less than

7.0 percent.- \

Henkel and Gilbert(1952) present a method for

alculatlng the cbrrectlon for the membrane effects in

triaxial compression tests. The method is based on the

-1

following assumptions:

1) ‘the membrane ‘is held agaln@ the sample by the cell .

;pressure and is capable of taklng compression;
24 the deformatlon modulus of the membrane 1s the same

in compveisxon as in exten51on- and

3);the sample dp%prms as a rlght cyllnder.”' a
o v - ;’g;"’
) Y~ , _ |
The correction to ~ be, applied to, the measured
o ‘ I e
compressive strength is: v oy <
R ]
- wdMe (1 —'e) : - 591

op = A
' ‘ o .

where D is the initial diahetér of the specimen, A  is
the initial'sample area, e¢ is the sample strain, and M
“is the éomprgssion,modulusﬁof the membrane.v

\ ‘ . ‘ s

The compress1on test SYN C ] vas observed to fail _

generally by bulglng w1thout the developmeht'tof a

-single d1s®xnct shear plane. The appllcatlon 'of “this

[ —_— . N . . .
' T -0



method of correction for membrane effects waslt’herefo;re"'
felt justified and w'as applied t;io the test data. The
maxxmum strain reached in SYN-C-1 was 6. '90 percent and

the compressmn modulus of 75. 5 g/mm was used. Lo #
N . ' :
5. 8 4 2 Membrane Extensmn 'I‘ests m the Trxa:ual Cell

‘A serles of membrane extensm_n tests were,""
conducted. in the *trxaxlal cell by s'ubstitnting- a

’

replicate steel sample for the tenslon? test specmens.

oentre g;otch section consists of . ¥ "“'SSQe”mb;‘y to

-

.« modgl the straining ‘-vof:_«the ‘test
notched zone“. "'I‘he L ’
with .llght 0il q free movement ‘Thel' steel
repllcate was 1nst , : he cell in the same manner
ﬁ s l as for ‘the oil sand samples. The sample was saturated

under an effectlve conf1n1ng presSure of 75- 100 kPa and

. pore‘pressure of 40,0 kPa.

Two 'ex'tension. tests were conducted.. In the f1rst':5- ’
test avmembrane was' fﬁ'm fltted ~over l-”t_he sample ‘t'o
- ) model the cond1t1ons of SYN -T=1. For the "ée(:‘ond te_st, a-
b 'A&?‘fgbm'wolutmn or fold m the membrane was ‘formed v.at “the
\ ) m1d he1ght of- the notch to evaiuate the reductmn 1n
‘ membrane res1stance ’for SYN- T‘ 2 through SYN -T- 5.
| Increments. ?’? ax1a1 extenéion "‘ner'e applxed to the B
Sample sd maznt’amed unt1l the‘ load eqmllbrated

3

generally 10 mxnutes or less. The confxguretxon of the" -

o

RTTRNA
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-» 0
re51stance of a 38.1 mm d1ameter membrane is shown in

, o

- Figure 5.17 assumlng an éxten51on qodul f 95.5 g/mm .

*has found in Sectlon 5 8 1“ Two cases of axlal extension

- mm length of the notched sedtlon of thev sggple only,'

shown in Figure 5.17. A - -_f;vg

PRp L . . -
of A S B ' - ! . ',’,‘ .
) - O

net forces and stresses acting'duringrthe extension

tests is illustrated in Figure 5.16. The steel sample.

Y

notched section, hence ¢} = 0. The ﬁesiétence of - the

membraneQETm is then calculated as:':”:. Coey
. e _ ' . _ ";. ‘ .
T =T aCAn o'A !12

where T is the measured axial load, oé is the effect1ve

conf1n1ng cell prESsure, Al is the cross- sect1onal area

- ’ -

of the spec1men within notch, .and A ‘ip the - sectlonal

area of the membrane: The\ {esults of the tests are

o |
) EEE S

For comparlson purposes, the calculated equ1valent

are shown‘ (1) exten51on of the membrane over the 25.3

v

fand “(2) exten51on over the full 76 6 mm he&ght of the

- sample. Several observations Acén ,b drawn ‘from the

) (q&

figﬂre.*‘r

close correlatxon between the resxst@nce f1'the
unconvoluted membrane and the predxcted re31stancé
assumxng extensxon of ‘the membrane _over ,thet,notch

PEARS
Fy P
‘-‘v_)-la

vt

_ f i o : 55

exhibits no tensile strength due to theﬂsleeve‘in the:

"

#'1) For axial extensxons 1essf*than 5f‘0:ﬁﬁ, ‘the very’ﬂ_
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he1ght indicates the&embrane strain is confined to
the notched zone only. As axial ext@hsmon 1ncreases,
sL;ppage occurs between the membrane and the sample
and the membrane re51stance decreases. The parallel
slope between the membrane~\re31stance ahd the
‘predicted resistance -assuming unlform extens1on of
the membrane over the full sample height suggests
that the :slipggge-‘is almost complete at faxial
'extens1ons greater than 2 mm. |

.SYN—T—1 reached fallure at an axial exten51on

6F 1.47 mm. The measured axlal load for SYN-T-1 was

~

' corrected for membrane re51stance assumlng the axlal
exten51on of the membrane occdrred orer‘:the‘_notch‘
he1ght of _the. a.ec1men only. “This correctlon is
conservatlve and w111 ‘cause a sl1ght underestlmatlon

. of the strength of . SYN -T- 1.

2) ‘.L re51stance of the convoluted membrane is roughlx
equal to the unconvoluted membrane up to 2.5 mm of

-

ax1al exten51on. T e Qrop 1n Jload with further axial

-‘exten$1on ,Hs proba*‘y caused by the stick srp~_

‘ASlldlng> between the faces of. the convolutlon as 1t"
“tries to open. The .eventual' openzng~tof “the fold
‘releases the tens1on 'in“the“membrane' and the
% .‘kl Tesistance 1is observed to fall substant1ally

| ‘2§ven‘A the uncertaxnxty of the \stzck slip
‘iphehomena;‘it was chosen to. assuml‘-the cbnvolutedﬁ

. membrane was ineﬁ@eetiven in reducxng the membraneq

o
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resistance. The membrane correction for éYN—T-1 was
applied to the axial load for SYN-T-2 through
‘SYN-T-S. In retrospeét, this assumption was found
not unreasonable as the axial extension at failure

among the specimens was less than 1.70 mm.

5.8:4.3.Correction for Membrane Area

-

As shown in Figure ©5.16, enclosing the tension
§pec1mens with the latex rubber membrane increases the

croas sectlonal area through the notch zone by the

A =1nd t | 5.13

wﬁgﬁq‘ D, and ty are the diameter and thickness of the
dgh.:ane. The axial load in the drajned tests must

o ,,therefore be corrected by ~the force, (0! x An ), to

‘ c
C “\‘ Y >
g{}‘ t;lcompensate for membrane area ‘}n the’ undra1ned tests,.
ﬂ‘:‘ﬂ"
KRt X correctlon 1ncreases throughout the tests with the

“%ay N 2 , . v
drogu 3n -pore _pressuri\ angd increase. in effectlve‘

. T : . y
IR cofifining cell pressyre, o_.

R .
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5.9 Unconfined Extension Tests

An unconfinedl axial extension test (SYN-T-6) was
conducted on the Syrncrude oil sand to evaluate the effect of
confining stress on the measﬁrement of strength in axial
extension and attempt to.correlate the membrane corrections
applied in the confined tension tests. Two samples of
Qisgu;be¢ (estimated I, = 15.5»and 24.2) bitumen-rich Saline
Creek "oil sénd, SC—84-T-1 and SC-B84-T-2, were also tested to
measure the tensile resistance mobilized by thé”interstitial;
bitumen. The detailéd test procedures followed and test

results are presented in Appendix E.

5.9,1 Failure of Tgﬁt Specimens
| A f1e1d of ;ensile stresses are developed in the
suspended test spec1mens under the bouyant “self—weight“,
thh the maxlmum ten511e stresses accufing in. the notch
. zone. The average tens1le stress developed within the notch
zone of each specimenlls tabulated in Table ?»8, Very low

-

tensile stresses ranging between 2 and 3 kPa are achieved.

)

~ _ « /
' Spécimens SYN-T-6 and SC-84-T-1 were suspended in the
‘trjaxial cel? and thawed undethhe applied *ce11  pressures..
'é?N-T-G ‘failea bj parting horizontally within the notch
zone. SC 84-T-1 failed by ‘a';combinaticn of Horizonual
parﬁing and shear along the inclxned bedding planes in the

»

,/” core. The specxmens faxled at 5 and ! mxnutes, tespectxvely,

af;erv applxcatzon ~of the cell pressure. It is judged that
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both failures were concurrent with thaw of the specimens

>~

throﬁgh the notch zone.

SC-84-T-2 was thawed for 3 hours while resting on the
bottom of the triaxial cell. The specimen was then raised
off the bottom of the cell at the rate of 0.5 mm per minute.
Initiation of partiﬁi was observed to occur at the bottom
edge of the notch zone and propagate through the ‘'specimen.
The parting of the specimen in this manner appeared to be~
caused by the slight eccentricity of loading while raisggng

the specimen off the bottom of the cell.

-

CL e b o

SYN T 6 and SC-84-T-1 were left in the triaxial cell to

observe the slaking of the specimens over ‘a period of 4 and

5 days, respectively. SYN-T-6 totally egated over the
four day period. The primary mechanism ‘dispersion of

the clay clasts. SC-B4-T-1 @isplayed virtually no tendency

to slake over the perlod of 5 days due to the viscosity of |

LY.

the bltumen. Less than a 0. .3 percent increase in the ‘sample

dimensions was mgasured’after testinyg.

., The dimensions of SC-84-T- 2 were also. re-measured
immediately after failure. Virtually no swell of the sample

was measured. The absence of expansion in SC- 84-T-1 and

. SC-BG“T’Z“SUggéSYS that ., gas exsolution. and vuﬁdrained“

expansion’ of the oil sand was efféctively suﬁbressed by

maintaining pore pressures abbyé the 1po;ef fluid gas



saturation pressure.
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5.10 Summary -
This chapter - describes the testing equipment and

experimental procedures followed for the triaxial tests on

““'.b1tumen -poor Syncrude oil sand. A total of eight drained and

undramed extension tests were performed under conhned and !

unconfined stress conditions. The method of shaped‘ tes
specimens described by Bishop and Garga(1969) was used t

L 2

evaluate the presence of any tensile resistance in tw
interpenetrative "locked" structure of the oil sand test,_pd“.
An additional single drained axial compression tes;?s

conducted under very low effective confining stress.

. -
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Figure 5.2 Air Activated Low Pressure Syétem
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Top Cap Fastened to Loading Ram of

Triaxial Cell by Two Universal Joints
in Series to Suspend Test Specimen
Vertically

/ 76 mm Diameter
- Alluminum Top Cap

| , = 0-Ring Ciamp

ra——-— Single 64 mm
Diameter Latex
Rubber Membrane

10 to 14 mm-»~~\ ~~ Four Aluminum -
: - "Pie" Plates With
r ' ! Centres Cut Qut to
| | Form "Seat" to
(7 \E: Suspend the Test
Specimen )

2¢cm

Normat_Core
Diometer * 70mm

172

Figure 5.5 Suspension of Unconfined Tension” Test Specimens

in the Triaxial Cell
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Time

Change in Volume, AV

-
I

Figure 5.7 Calculation of tigo From Isotropic Compression
Tests
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Figuré 5.8 Stresses Acting on Tension Test Specimens
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Figute 5.13 Measurement :of Extension Modulus of Rubber
. Membranes

180



s -

1881 UOTSUdIXF IURIqWIKW 13qqny JO s3INsSay %1°G ainbtg

- AEE,\S J3IIWIPW 134 PDOT : i
ON m_v O_ O
. — , .

L4

ulong
Www 124 poo7

=N ‘SNINPOW UOISUAIX]

-~

ww/bGGL =W

s %02 > c_otmu/

oc_.uooq ~

1
0
(%) UI0JIS UoIBUIXT

Buipoojun




.

2mm @
. Drainage Ho\e -\

182

18.0mm

2}

25.4. mm OD. Steeve

— !
A / /A A 0.5 mm Thick

I i insi
: X side of Slee
J S / 1/ ' _Assembly LubMcated

' ' ‘With Light Oil

Vi

2mm @ Dfoinoge Hole
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SECTION A-A'

Flgure 5.15 Replxcate Steel Sample for Membrane Extenswn

Tests in the Tr1ax1al Cell
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. Axigl Load, T

Membrane Enclosing ,
Test Specimen . -

Membrane Thickness, tm *

- Y Me’mvbrone Resistance, Tm

- S : : 1. 2.
Sectional Area of Notch, Ap= y Dn
Sectional Ared of Me}nbrone, Am=1 Dmtm

_ T=(0c-u)An + (Oc-u) Am .+ Tm = O3 An

(T=OcAm - Tm)

Os = Oc - A
. ; n’

Figure 5.16 Calculation of Membrane Resistance lf‘o'r\Exter’\sion'
' ' Tests in the Triaxial Cell '



184

- .o
™,
1

o
e ) I
e

o
p-N
{

Legend ,
o UNCONVOLUTED MEMBRANE ,
o SINGLE CONVOLUTION AT MID-HEIGHT OF MEMBRANE

MEMBRANE RESISTANCE (Kg)

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

AXIAL EXTENSION OVER NOTCH HEIGHT

0 X ) 4 5 6
AXIAL EXTENSION (mm)

“

Figure 5.17 Test Results for Membrane Extension Tests in the
' Triaxial Cell '

‘
r——



185

A

4

et it

ZRRS0I0EI 200000000 00000000T0REN

Owitan o
MeGow Lo  Mefom Supoy L1

1+»¥»§.Lf..‘“

1 Cell

iaxia

.

Plate 5.1 Assembly of Test Specimen SYN-T-5 in Tr

(After Testing)



6. DISCUSSION OF EXPERIHENTAﬂ RESULTS

6.1 Drained and Undrained Compressibility

The expression presented in.Equatioﬁ 2,18 relat?ng the
pore pressure response, Au of a saturated porous material to
an -vndrained isotropic stress- increment, Ao, may be
re—writteh for the two phase pore fluid of saturated oil

sand as:

Au i T
B = = 6.1
N Ao, 1 + (nw Cw + Ny, Cb)/C

”

where Cp denctes the compressibity of the bitumen, and ng
and Ny represent the water and bitumen porosities. The
compressibilities of 1liquid 'water and bitumen at room

gemperature are approximately 4.5 x 10-7 kPa—1 and 2.0 x

10"€ kpa”!, respectively, and are relatively independent of
the fluid pressure (Kosar, 1983). Figufe 6.1 shows the
theofetical variation of B with the compressiblit§ of oil
sand  from Equation 6.1. For comparigon, the -relation

7 wpa~! and Cb = 5.0 x 1078

assuming Cb = Cw = 4.5 x 10
kPa_1 are also shown. The average porosity of 0.358 and
average water and bitumen contents of 2.8 and 14.9 percent

for.Saline Creek oil sand were assumed.

The‘corresponding measurements of B and compressiblity
--of the Saline Creek oil sand after initial saturation and

following cyclic compression of the test specimens are also
{ .

186
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plotted in Figure 6.1. The measurements are in agreement

with the compressibility of the bitumen, Cb = 2.0 x 10_6

kpa |, as reported by Kosar(1983).

Figure 6.2 shows the predicted variation of B with

confining stress from Equation 6.1 using Cb = 2.0 x 1076

AkPa’1. The relation between the average compressiblity and
;onfinihg stress for Saline Creek 0il sand in Figure 4.14
was assumed. The preaicted values of B correlate quite well
with the laboratory measurements. The theoretical relation

between drained and undrained compressibility for saturated

0il sand is considered to be validated.
6.2 Undrained Strength

6.2.1 Assessment of Sample Disturbance

Figure 6.3 shows the relationship between the maximum
principal stress rét;o and index of disturbance for the
undrained compression tests on Saline Creek oil sand
conducted at the initial confining pressure of 2.0 MPa.
Tests at strain rates less than 10_2 s—1 only are shown to
eliminate transient loading effects. There is an obvious
trend for the maximum stress ratio to decrease with higher
disturbance indices. With consideration of the compositional
variation of the.teéﬁ»specimens, it is reasonable to extend
the range of the index of disturbance for geomechanical
measurements from 10 percent as proposed Dby Dusseault and

3
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van Domselaar(1981) to 14 percent. Samples with disturbance
indices less than -4 percent are then considered
vrepresentative for comparison of in situ strength and
stress-strain behaviour in this thesid. Specimens with
digturbance index values greater than 14 percent are
considered separately. These specimens are still of
considerable engineering significance for modelling the
behaviour of "softened® oil sand disturbed by stress relief,

as in mine excavations or underground cavities.

6.2.2 Maximum Stress Ratio

The triaxial test results at the maximum principal
stress ratio are plotted in terms of p' aBd g in Figure 6.4.
The strength of the high gquality test specimens (ID < 14
percent) correlate well with other undrained tests reported
in Test Series 75S, Brooker(1975) and Dusseault(1977). There
is no apparent difference in heasured strength between the
conventional. test specimens and the shorter specimens (1/d =
0.5) using the frictionless platens. The loss of strength
with disturbance is evident by the lower strength for
specimens with ID greater than 14 percent. Accepting that
some disturbance and weakening has occurred ' to all
specimens, thé failure line (Kf-line) representative of in
situ stfength may be taken as the upper bound envelopé, At
mean‘stresses less than 1.5 MPa, the failure line is defined
by the Mbhr-poulombnpﬁrameters ¢c' =0 and ¢' = 59°.. The

failure line is characterized by a distinct curvature

A
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between 1.5 and 4.0 MPa. At mean Sstresses greater than 4.0
MPa, the failure line is defined by c' = 500 kPa and ¢' =

30°.

The failure envelope for the undrained tests 18
compared in Figure 6.5°to the drained éompression tests on
0il sand presented in Section 3.4. The shear strength
measured at the maximum principal stress ratilo in the
undrained tests is less over the range of stresses tested,
particularily at mean stresses greater than 4.0 MPa. Figure
6.6 compares the undrained failure envelope with the drained
tests corrected for volume change during testing by Rowe's
stress-dilatancy theory presented }in Section 3.5. The
correlation between the undrained failure envelope and the
upper bound of the corrected drained strength is remarkably
close. On this basis, it 1is reasonable to extend the
undrained failure envelope to the mean stress of 17 MPa as

suggested by the dashed line in the figure.

The undrained shear strength at the maximum principal
stress ratio for the disturbed test specimens (14 < Iy < 24
percent) is compared in Figure 6.7 with undrained triaxial
tests on recompacted oil sand and densified tailings sand
reported by Dusseault(1977). The undrained tests conducted
by Dusseault cavitated prior to the maximum stress rqtio,
hence slightly higher strengths are observed due to

dilatancy of the samples. With this in consideration, the



'agmghormal dense sand w1th ¢ = 33°,
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L~strength of the *disturbed 0il sand clearly reverts to a

RS

6.2.3 Ultxmate Strength

The tr1ax1al test results at the ultimate strength or’

maximum deviator stress, (o, - a,)f are shown 1n Figure 6 8.

The test results do not agree wlth the Ultlmate strength of

’undralned tests by other researchers. It was noted 1n

Sectlon 3.5 that the ultimate strength of preV1OUS ‘undrained f

tests was concurrent with cav1tat10n of the pore fluid. The

strengths observed w1ll then be more con51stent if

corrections for. volume change subsequent to cav1tat1on are.

'made.’The same tbnslderatlonsvapply-to specimens SC- 83 22U

and SC-84—39'indicated in the figure which also cavitated in

. - . : - 0 . :
thistseries of tests.“Volume change measurements to make

these correetions,'however,.ere'not available.

The u1t1mate strength of the completely undralned tests
'is' predlcted by the re51dua1 strength for oil sand def1ned
v by ¢ = 30° | The hlgher stralns assoc1ated w1th the

gundraxned tests to reach the cr1t1ca1 conflnzng pressure are

suff1c1ent to reduce the angle of shearing resrstance of the
oil sand to the: ge51dual ‘angle. The s1m11ar1ty in ultlmate,’

_-strength between-the undlsturbed (1 < 14 percent) and

D

disturbed '(14, < I < 14 percent) test spec1mens is then

‘«explazned as large strains are apt' to veradlcate any *

d1fferences in the 1n1t1al structure of the sand grains.

o
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"6 2.4 Undraxned Stress Path

The undralned stress paths for two "conventional"test
_speclmens (sC-84-22 and SC-84-34). are shown in Flgure 6.9. .
Bothdspecimens are undisturbed withuk ‘less than 14 percentw
vThe 1n1t1a1 curvature of the stress paths towards the or1g1n
is caused by the tendency of the o1l : sand to elastlcally‘
contract ‘upon loading thereby 1ncre351ng the pore pressure
and decreasing. the minor principal stress, as. The max1mum‘
.vprlnc1pal stress ratlc occurs as the, tendency to dzlate
beglns to dominate the behav1our of the oil sand Subsequent
to the maxlmum stress. ratlo thef stress paths converge °
'.towards the re51dual strength envelope defined by ¢ = 30°..
The progres51on to re51dual strength is empha51zed by the
passing ofdthe stress paths down ;the re51dual strength
’envelope after the ultimate strength 1s reached. “

4
L

“The undralned stress paths for SC- 84—13 and SC-B4-25A

using short specimens l/d = 0.5) and fr1ct1on1ess platens

v

~are shown in Figure 6.10. The curvature of the stress paths_'“ -

‘ for the short ‘spec1mens is sl1ghtly more' dlstinct,‘v
”pnrtlcularlly at the 1ower stresses, suggestlng the anltlal 3
'contractlon of the spec1mens is enhanced Thls is due im
part to the reduct1qp of frlctlonal restralnt at the ends of~
thek speC1mens and the compre551b11ty ‘of the membranes used
1n the frlctlonless platens. Otherw1se,--the“ stress~ paths‘
between the convent1onal specimens and the short specimens -

f;u51ng frlctlonless platens are v1rtually 1dent1ca1



oo

- e

0

6.3 Critical Void Ratio

The - pore pressure parameter, iAf‘ at the .ultimate
strength for the non*caVJtat1ng undrained compre551on tests’
on- Sallne Creek 011 sand is plotted.aga1nst the - 1n1t1al~

conf1n1ng pressure in Flgure 6.1L.' The 1n1t1al conflnlng

4pre55ure‘_for“which' there 1s no change in pore pressure atf

vffailure_due.to shearing (A = 0) may ‘be 1nterpreted as dthe

‘From F1gure 6.11, the

critical onf1n1ng pressure, cr1t

‘cr1t1cal conf1n1ng pressure ranges between 5.0 and 6.0 MPa

for the Saline Creek 011 sand The correspondlng cr1t1cal

porosity (analOgousrfo critical void ratio) for ‘th1s ,range

- of critical confining ‘pressures may be taken as 0.365

representing the average porosity of the specimens shown ™ in-

Figure 6.11, e

. ’\»v

As proposed by Lee and Seed(1967b) the critical

" confining pressure can also ‘be determlned as the effective

- minor principal'stress, agf ~at the ultlmate strength in

non-cavitating undrained tests. The - effective minor

principal stress at the ultimate strength for each test

shown in Figure 6.11 is plottedi against the initial

.conf1n1ng pressure in Flgure 6 12 accordlng te ID greater u

and less than 14 percent. By thls method the coitical

conflnlng pressure for the ‘Saline Creek oil sand ranges

between 5.5 and 7. 3 MPa for ID less than 14 percent, and 4.7

and 6.0 MPa for Iy greater ‘than 14 percent.

b4
1 _ ! : . : . '\
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For comparison, the critical confining pressure

: ' - . . 3 ' ‘ - . .' " .
- determlned irw F1gure 6.13 for'dra1ned compression tests on

 Sal1ne Creek 011 sand conducted by Au(1984) and Agar(1984)

es between« 3 5 and 6.0 MPa for: an average porosity of
5.”"The “critical conf1n1ng pressure for drained
compre551on teSts onducted by Dusseault(1983) on lean .

Athabasca 011 sand 1s determlned 1n Flgure 6. 14 to range

' between 6,0 and ;10. 5 MPa for a lower average por051ty of

0.350.

The ranges of tﬁencritical confining pressure‘fof all

the above tests are plotted agalnst the average porosities

in Flgure 6. 15 \The corresponding crlticalvporositieS'and' 

vcr1t1cal confln1ng pressures for Athabasca oil sand ta111ngs

T .

ffrom Test Serles 78S are also shown These measurements were
‘made from non=cav1tat1ng trlaxlal compre551on"tests. The
1‘band. of test data in Figure 6 15 defines the critical state

line for Athabasca-orl sand.

6.4 Prediction of Undrained Strength
‘%%4 ‘ ‘ .

6.4.1 Shear Strength in Non-Cavitating,Tests

In'non-cavitating or fully undrained compression tests,

_the pote fluid pressure‘in the sample will change until the

effective minor principal stress becomes equai to the
critical confining pressure, o_ .., . For samples initially
consolidated to a pressure greater than acrit;(to the right
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of the critical state line in Figure 6.15), the pore
pressures will increase during loading and the behaviour is
1ntr1n31cally undrained. Conversely, the pore pressures w111
decrease during"loading for consolidation pressures less:
than 0cr1t

The shear strength under these conditions is governed
by the frictional resistance at the critical confining
pressure, regardLeSs‘ of the initial ;onfining pressure,

according to Equation 2.15_repeated below:

oy = "crit tan2'(4‘5 + ' /2) 6.2

) :
As degermiﬁed in Section 6.2.3, tﬁe anéle of shearing
resistancé, ¢' at the ultimate undréined Strength foé‘Saline-‘
Creek 0il sand is equivaléht to the residual angle . of

‘shearing resistance for oil sand, ¢, = 30°. Hence:

.or

O1¢ 3 crit 6.3
(01 - Ug)f . :
T T T Cerit - b

The wundrained shear strength for Saline Creek 011 sand

is then identically equal to gcrlt The'magnltude\ of_ crit

for undlsturbed 011 sand may be taken ‘as the upper bound ofA_

T
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7.3 MPa from Figure 6.12(a), representing the lovest
porosity or densest state among the test specimens._ Hence,
the undrained shear strength moboliaed under completely
undrained conditions is: |

_>(01. - Uajf ‘ -

‘ Tu=—:——-—,T—'——= 7.3 MPa ‘ 6.5

The ultimate shear strength of the undisturbed test
specimens (ID < 14 percent).in the nonfcauitating tests are
plotted in terms of total stress in Figure 6.16. The upper
bound ot the undrained shear strength mobolized is 7,3 MPa
as predicted» by Equation 6.5. The lower strengths observed

among the test data reflect the sens1t1v1ty of strength .to

the degree of sample dlsturbance among the test specimens.

By the same procedure, the pred1cted ultlmate undra1ned
shear strength for dlsturbed 011 sand (14 < ID < 2; percent)
may be estlmated by the nean value of o crit of 5.2 MPa from
Figure 6. 12(b}. The predlcted undrained shear strength of

5.2 MPa also correlates very wéll with the test measurements

;n Figure 6.17.

6.4.2 Shear Strength in Cavxtat1ng Tests

In a cavitating test, the pore water pressure in the'
sample decreases unt1l the pore fluid saturation pressure,
us is reached. The strength of the sample 1s governed by the’

dra1ned angle of shearlng res1stance, ¢" at the effectlve
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confining stress level, 03, where:
a,é = 05- + u, - u 6.6
0t = 03 tan’ (45 + ¢'/2) 6.7

For cavitating tests with initial pore pressures equal

" to the saturation pressure (ui --uy_ = 0), cavitation occurs

s
shortly after commencing loading and the.shear strength is

determined by the failure envelope for drained tests with

‘ a,f = 051. The drained envelope for undlsturbed Sallne ‘Creek

oil Bsand determlned by Au(1984) and Agar(1984) is shown in
Flgure v6,18. As osi increases, the magnitude of shearlng

resistance contrlbuted by dllatlon decreases, and at ofi =

Oerit the value of ¢ is“30° correspondlng to constant -

volume conditions.

For * cavitating tests with initial - pore pressures

greater than the saturation pressure (0 <y T ug < ocrit)’

the effective confining pressure at failure is increased by
the magnitude (ui - us). The corresponding'stréngthdgoverged
by'Equétioh 6.7 is'fepfeséﬁzznggzlegmsgof total ‘stresses by
the §hifting of the drained envelope towards the ,origin: by

the magnitude (u; - us)} A unigue failure envelope is then

generated for each condition over the range (0 <u; - ug <

7.3 MPa) as shown in Figufe 6.18 for Saline Creek oil sand.

po—
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Tne general relationship between the undrained shear
strength and the difference in initiaiwpore pressure '(ui -
us) in Figure 18 can be used tb predict the undreined
shear strength of und1sturbed o11 sand for which cavitation
or partial dralnage occurs. Thegmeasured undrained shear
strengths 'in cavitating” undrained compression tests on
undisturbed oil sand are eompared in‘ Talbe 6.1 to the
:predzcted shear strengths from Flgure 6.18. The ‘difference
_between the measured and predlcted strengths ranges between

+ 20 pereent. Th1e is within acceptable limits  for
pnedictive bnrposes. 1t is aiso'reflected that the predicted
.JUeragned shear strength represents the upper bound of
laboratéry'heasurements. Hence; the majority of the measured

strengths are less than the predicted strength due to sample

disturbance.

“The fore901ng analy51s is repeated for disturbed oil
send (14 < I, < 24 percent) in Figure 6.19. The drained

fa1lure envelope for (u - us = 0) 1s defined by drained_
tr1ax1al compre551on testS on dense re- compacted ofl sand by
pusseault (1977). The upper limit of undrained shear strength
is 5.2 MPa. as disqussed in Section 6.4.1. The undralned
shear strength predicted from Figure 6.19 is compared’ with
laboratory neaurements for disturbed and remolded oil sand
in Table 6.2. Thelldifference between the predicted rand

measured ~undrained strengths ranges between it 25 percent.

The range of difference in strength is not unexpected given



198

|

the variations in density between the natural and remolded

test specimens.
6.5 Undrained Stregs-Strain Behavior

6.5.1 Uﬁdrained Modulus of Deformation

The aeviatoric stress versus axial strain for ‘five
conventional test .specimens of Saline  Creek oil sand
covering the range of initiai effective confining pféssures
between 0.08 and 5.0 MPa are shown in Figure 6.20. Specimens
SC-84-22U and SC-84-39 caViﬁated> during  testing and‘lthe
portion of the stress—stfain curves up to the point of
cavitation are shown oniy.‘Each streSs-sﬁrain curve shdws a
'dis;inct,strain—hardening at low'stfains.’This behaviour was
_noted for other dense sands in Section 2.6.’%he tendency for
the oil sand to elastically compress to some extent upon
initial loading causes an increase in pore ‘pressure and
decrease in the effecﬁivé confining préssure.:As dilation

-begins to dominate the behaviour of the oil sand, a

progressive increase 1in stiffness in the stress-strain
response occurs as the pore pressures decrease and the-
effective confining or isotropic stresses increase with

straining.

The relation between the initial tangent modulus to the
stress-strain curves and the initial effective confining

pressure is shown in Figure 6.21. The tangent modulus was
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:méasﬁred at the axial strain of 0.25 percent to account for
seating of the loading pratens. on initial loading. The
tangent modulus measured in this manner for other undrained
tests are also shown in Figure 6.21f In comparisqn'to Figure
3.7, the modulus of deformation under undraingd conditions
is »approximately one-third that mobilized in drained

\
comprebssion tests.

The stress-strain curves for sc-84-13 and 'SC-84-25A
(1/4 ;' G.S using the frictionless piatgns)' at initial\
effective confining.preésures.of 1 and ZVMPa are shown in
Figure 6.22, Both specimens show a markedly greater
non-linear sgress-strain response than the conventional
specimens in Figure 6.20. The ¢omp1ete‘priaxial test result§
for SC-84—13 and‘SC-844éSAkare compared- in Figure 6.23 witﬁ
SC-84-10 arnd sc-84-22 (1/d = 2 using conventional platens)
af the same initial confiningip;essufés 05'1 and' 2 MPa. By
comparison, the increase  in pore préssuge ‘ubon initiai
loading using the frictionless platens is - larger and
sustained until greater strain. As Wwas, notea in the
undrained stress paths, the apparent‘compressibi;izy of the
0il sand is enhanced by the reduction of frictional end
restraint and the compressibility of the membranes in the
frictionless piatens themselves. Coﬁseduently,"a 'Iower
initial tangent modulus and a delayed étrain—hardeningr

response is observed.



200

The deformation modulus for the undrained compression

tests may be separated into two components as follows:

s

. O0loy - 0,) _ B0i , Au ‘ 6.8

=

By * T8 T Be  Be

where"Ehe term Ac) represents the change in deviator stress
due to the increase in effective axial stress and Au is the
increase in deviator stress due to the decrease in pore
water pressure. At the strain at which the pore pressure
reaches a peak, éurinq initial ldading, Au/le =0 and the
modulus of deformaticn i represented Dby the change in

9

effective axial stress alone:

E =."S"'1 6.9
Given the same sffective 'confining stress and level of
.strain, = the undrained stiffness under the conditioné
described above shoﬁld be equivalent to the stiffness in a
drained 6ompression test at the strain where Av/be = 0. A
comparisonkof the modulus of deformation and- effective
confining stress for thé—undfained testé at the strain where
Au/be = Ovand drained tests where Av/Be = 0 is shown in
Figure 6.24. The modulus of deformation for the drained and
undrained tests correlate very well over the same range of
stresses. There also does not appear to be any difference in
the hodulﬁs of deformation between the conventional and

shorter specimens'hsing frictionless platens, The modulus of

o
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deformation appears- to be a function of the stress path
rgﬁper than a difference in material behaviour between the

f&gés of tests or the types of platens used.

6,5.2 Strain at Failure

The strains at the maximum stress ratio for the
nstatic" undrained tests (strain rates less than 10_2 s_l)
_are compared with drained tests on Saline Creek oil sand
according to the index of disturbance in Figure 6.25. Using
conventional tést specimens (l1/d = 2), the strain at the
maximum stress ratio generally ranges between |1 and 2
.percent. for undisturbed oil sand (I < 14 percent) and is
‘independent of stress path in the drained and undrainéd
tests. Slightly higher strains are observed using the
frictionless platens. The difference 1is attributed to the
higher strains mobolized wunder the more uniform shear
straining within the specimens using the frictionless
platen; as noted for the preliminary tests on Ottawa sand

discusSsed in Section 4.3.5.3.

In c0mparisoh of the triaxial test results between the
test specimens in Figure 6.23, it is evident that the strain
to ultimate strength increases with the magnitude of the
pore pressure decreasé,'Agf, during testing. The change in
pore pressure at ultimate strength 1is equivalent to the
dlfference between the f1nal and initial effective confining

pressures, (03f - 031). The stra1n at ultimate strength for
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the undisturbed specimens is plotted agaipst the stress
difference (o3¢ - osi) in Figure 6.26. A direct relationship
between the strain and stress difference is apparent for
both non-cavitating and cavitaging tests. Interestingly, as
the differencé ~(a',f - o§i) approachgé zero, the strains
eonverge to 2 percent ‘corresponding to the strain at
ultimate strength for drained tests in Figure 6.25. This 1s
consistent with satisfying the following two conditions:

1) The initiél pore pressure 1is equivalent to the gas
saturatioﬁ pressure ‘and the oil sand behaves in a
drained manner, or

2) The initial confining-pressure 05.1 equals Ocrit and
the chéngé‘in pore pressure at failure Bug = 0. The
failure occurs Under‘conditions of constant volume

and is  equivalent to loading under drained

conditions.

The average strain in percent at ultimate strength may

be estimated from Figure 6.26 for predictive purposes as:

€g = 2.0 + 1.6 (o',f - o;i) (MPa) 6.10

For non-cavitating conditions, asf is taken equal to o_ ...
4

For cavitating conditions, (o;',f - o;i) is equivalent to the

difference between the 1initial pore - pressure and gas

~saturation pressure, (ui - us).
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’
6.6 Influen;e of Strain Rate

) The ultimate strength for the non-cavitating undrained
compression tests on Saline éreek 0il sand are plotted
against strain rate in Figure 6.27. As predicted 1in Section}
6.4.1, the upper bounds of undrained strength for the
undisturbed (1D < 14 percent) ?nd disturbed (14 < I, < 24
percent) specimens are consistently defined by 14.6 MPa and
10.4 MPa, respectively, for the "static” strain rates less

than 1072 s~ '. An increase in measured undrained strength is

-2 -

apparent at strain rates greater than 10 s To

illustrate the effect of strain rate more clearly, the data
in Fiqure 6.27 is re-plotted in Figure 6.28 to show the
increase in strength relative to the predicted "upper” bound
of "static" undrained strength. The increase in undrained

strength ranges between 30 and 35 percent at the highest

strain rate of 3.5 s_1 reached in the test program.

The absence of any significant additional fines
generation from grain sﬁgaring at the higher strain rates
discussed in Section 4.4.8 suggests that the behaviour of
the 'sand grain structure 1s not a major factor for the |
increase in strength. It is interesting to note that the
increase in strength with strain rate in Figure 6.28
coincedes exactly with the time 1lag of pore pressure
response beginning at 1072 s ! observed in Section 4.4.7.

Hence, the increase in strength appears to be largely

related to the migration of the pore fluid in the specimens
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V-

during testing ‘as suggested by Whltman(1957) As’the Speed

' of deformatxon 1s 1ncreased more energy must be expended to~h

overcome "the re51stance of the flow of the pore flu1d Seed.

and Lungren(1954), ‘ Whrtman(1957) ~and Whltman giand -

Healy(1963) report 1ncreases in undralned strength up to 25

‘percent for dense water saturated sands at straln rates up~’

-10

to 16. 8 . By comparlson, the v1sc051ty of the bltumén in

the 011 sand appears to contrlbute at least 10 to 15 percent

'_add1t1ona1 strength over the same range of strain rates

o

The var1atlon of straln at the ultimate’ strength 'with

straln rate is plotted in Figure 6.29. In general slzght

‘1ncreases in the straln were observed at strain rates hlgher_

LY

than 1. 0 s’ The relat1onsh1p between the 1n1t1a1 tangent.

ﬂ

- modulus to the stress~stra1n curves and straln rate 1s glven

in F1gure 6 30.. A relat1ve increase of up to 600 percent 1n

" the tangent modulus 1s observed among the test ‘specrmens.'

over the same range oOf stra1n rates, the"increase in’

deformatlon modulus reported by other researchers for'Twaterf

saturated dense sands ’in Sectlon 2.8 'is‘ less than 1QQ“

percent. It appears that the stlffness of the 4911 sand- is :

attenuated more s:gnlflcantly Wlth straln rate due to the

"vxsc051ty of the 1nterst1t1a1 bitumen.
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6.7 Behavior‘of Ojl Sand under AxiallExtehsion | ﬁ‘ 8
S ‘ _ ‘ ‘ o . .

. I" ‘/ ‘
*,6 7 1 Effectlve Shearxng Res1stance o

The tr1ax1al exten51on test results gare' plotted in
‘terms of 'p‘ and q in Fxgure 6.31. The reg1on of tensile
. y :

stresses lles to the left of the 45° 1ine‘as shaded in ‘the

”flgure." It ’is apparent that no ten511e;‘strength”¢was

',.exhlblted in the dralned or undralned exten51on tests.v
"trlax1al compre551on test SYN C—1"agrees.4w1th the upper B
o bound enveLope for axlal compre551on tests defined by 5’ _='
| éO?l,inv Flgure_ 3.4. The vangle of shearlng re51stance at
oifailﬂre-for'the exten51on tests: ranges between 42°’and 73 o,
The parameters for',the' average' fallure l1ne (K | 11nef.
'shown in Fxgure 6 3 are c f 0 and ¢' 7-68°< There -is':no
‘"ObVIOUS dlStlﬁCthn between the strength for the dralned and
\’undra1ned extens1on tests. :The strength tor SYN T- 2 s
;fnotlceably lower than the other tests This is suspected to
 be caused by overest1mat1on of the correctlon .tor.'membrane
rre51stance due to- the shorter notch helght for this spec1men.
;1n comparlson to the er test spec1mens. Thev strength ~ofA
;SYN T-2 calculated» using 25 percent of = the membrane
”'correctlon is shown in the figure and correlates well with

‘the remaining tests.

" The triaxial compression‘ test. SYN;C—1 is re-plotted
'wlth Tr1axlal Test Serles 84S in Flgure 6. 32. Comparatlvely,,

thegstrength measure@-;n_ Test Ser1es B4S is 1ower than
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measured.1n this report._The parameters for the fallure l1ne‘
of shear strength ‘are glven by ¢’ =0 and ¢' =51°, Given
the consistency of the test results and the lon index of
\dlsturbance of  the Syncrude test specimens; sample -
disturbanCe is_ not con51dered a factor‘ in  the 1dwer_
tstrengtns.‘ It is noted that the core samples tested in Test'
Ser1es 84S were from a dlfferent borehole and have a - hlgher
fines content (22- 26 percent compared to 13-15 percent) The
lower shearlng re51stance is then probably caused by “the

-dd1fference in comp051tlon 11kely by collectlve weakening of

) the 011 sand from the 1nclUS1on of the clay clasts.

“6‘7.2 Stressnéath‘

The vStress--paths:‘to v~faiiure‘ ‘for | the. triaxial
f‘compre551on and extens1on tests on the 5yncrude oil sand are
presented in the generallzed three d1mens1onal stress space
in Figure 6.33. “The stress path for SYN- c- 1 compares very

~well with the . uppg bound failure envelope for triaxial

compression -tests Jefined by ¢' = 60°. The effective stress

paths for the draifed and undrained extension tests are

consxstently bounded ‘by ‘the, failure line defined by ¢'.=
b3 ) : : . "

,.‘68?-. H. o %

The.Undrained stress:pathsrto failure in terms of total
Stress‘are,aiso plotted for SYN—T-4'and ‘SYN—T-S in ?igure
6.33. Much'larger deviator stresses, (04— )f, are required
to reach fallure ‘## these tests’ due to the undrained drop in

i




207

pore pre55ure and ihcreasé in confining .streés.‘ The
g ﬁndrained deviator 'Stress ‘mobilized fanges up to'almoét"‘
}tw1ce that mob111zed in the dralned iests at = roughly the
. same initial effective conflnlng stress. In terms of total
‘ét:ess, it appears ~that a significant apparént tensile
~strength can be mobilized guring in situ undrained unloéding

of o0il sand.

6.7.3 comparison with other Dense Sands |
 rthe influence of Stres& path on' the strength of dense’
sands - in  axial COmpresSlOn and extension has been .
1nVest1gated by . nﬁmergus researchers. . Cornforth(1964) |
‘Barden and Proctor(1969) Reades and Green(1976) and Arthupf
et a1(1977) compare the resultsd,af"ax;alg compressxon " and
‘extension  in . the triaixfia,’.lv o . Sutherland  and
MedSary(ﬁ969),,‘ Barden?j”ana' .Proctofk1971), : Lade f fand
»Duncan(1973) Reades and“%éeen(1é76) and Arthur et al(1977)
report comparatlve test for cubical spec1mens 1n 1ndependent ’

stresg control (ISC) cells. Table 6.3 summarlzes ‘the test

results.’

overall‘ a max1mUm 1ncrease of 5° or 13 percenf in the
angle of shearing feSIStance in extension as compared
compression has been measured in the tr1ax1a1 cell. Sl1ght1y
larger increases for exten51on has been reported for cublcal
specimens (Reades ang Green, 1976 and Arthur et al, 1977).

but not for others (Sutherland and Medsary, 1969). Barden
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'ﬂand proctor(1971) and 'Reades and Green(1976) conducted
'exhaustive studie; ‘to ‘eQaluate corner effects in the ISC
exten51on tests and found the influence to ‘be m1nor.‘ Barden
V‘and Proctor(1976) conclude the angle of shearlng re51stance
h.in'exten51on 1s bounded by the condrtlon, of’ plane stra1n.
Blshop(1966) and Lee(1970) rev1ew the 11terature for plane
- straln tests on sand and conclude an increase of 3° to 6°;or

about 10. percent in -the angle of shearxng resxstance for

normal dense sands under cond1t1ons of plane straln.

The average’ 1nerease of 8° or 13 percent in the angle
of shearxng re51stance in. ax1a1 exten51on for the Syncrude
oil sand agrees WIth other dense sands in the 11terature
'c1ted in terms of relatlve magn1tude. The absolute magnltude
:of the'_xncrease is, however, greater and may partly be
.conttibutfd; by the. curv1 llnearlty lofw'the Mohr-Coulomb
',envelope‘ fot1_01l sand at 10w stresses (Dusseault 1977 and
‘Barnes,- 1980). It __is ~ also --reflected ‘ that l.fthe

interpenetrat1ve graln 'structure" of'-011 sand is a un1Que,
" paterial which results in almost twice the angle of shearlng
'resistance in compre551on as compared to "normal"” dense
sands. The-greaterfincrease in angle of shearing"pesistanee»
in_ axial extenslon may therefore alsovreflecttthe natuﬁe‘of

the sand fabric.
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6 7.4 Comparison: w1th Stress Dilatancy Theory
_As presented in Section 2.3, Rowe(1969) concludes from
examlnatlon of test results at low stresses for normal dense'
sands in triaxial compre551en and eXtensxon,‘that the
epproximate value'pf.¢f varies as:
¢us¢fs¢cv“'~‘~ - R

i

" where ¢u 1s ‘the 1ntergranular angle of fr1ct1on and $., is
the £r1ct10n angle at constant volume or cr1t1cal void ratxo
‘state.“ For send 'in: the densest state, ¢p = ¢ up to the
maximun stress ratio énd decreases to the critical stete at
‘uhich df = ¢C;. On'this'bssis{tne values‘of_eu and‘¢cv were,'
‘calculated:ffom thexeompressionftest SYN—C41.‘énd ,fdr, Test
Series 84S. The value of ¢u-was aISC'calCUIatedifor the
fdralned axlal exten51on tests SYN-T-1 and SYN- T 3 for wnich
theref Qge-‘complete volume change_measurements at failure.
The results:a;e'suhmafiked ihATable‘6;4t

‘.The*';measurement‘ ot‘ ¢, aheng“ the compression and
extension test SpeCimens ate-in close agreement despite the
diiference5'3»in Stfess ‘path in axial compression and
f extensientv This suggests.-the- observed higher angle‘ of
shearing vresistance for 0il sand inn axial extension is
derived solely from the dzlatancy 'of-.the ‘interpenetrative,

graln structure. The measurements of ¢ and ¢CV for SYN-C-1

(/

N

.

and @est‘ Serles 84Sf are compared with other grenular
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materials at low stresses in -Figure 6;34; The relation
,between ¢u and ¢ for SYN C-1 correlates favourably. The
maénitude of éc for Tr1ax1al Test Series 84S 1s lower. The
reduction in L. for Trlax1al Test Series 845 is attrlbuted
to the >{nfluence ef‘ the. higher fines qontent on. the
frictional resistsnce as ghe ”sampies ‘are‘ remolded with

straining,

6 7.5 Stress Straxn Behavxor

Apprec1ab1e strains ranglng 3.6 and 10.4 percent were
'observed inr the_Anotch zone before fa1lure. ‘These strains
-reflect h1gh dilatancy: of the sand graln matrlx as supported,_
rby the s1gn1£1cant water content changes 1n the notch zone .
- The varlatlon of the 1n1t;al tangent deformatlon modulus
: hith conf1n1ng pressure fq ' aXIal exten51qn‘1s.shown on;
’Figure 6.35. In terms of total stress, the tangeht modulys

for undra1ned extenszon ranges up to 75 percent greater than

for draxnednexten51onw . <F;t,;

‘The deformatxon modulus’ for tﬁe Undrained extension

tests may be separated 1nto two components as follows‘

;;A(01 = 03) =A0§‘ AU.
u Ae 7 ‘Ae B¢

' where the term Aa, represents the change in dev1ator stress'v
due to the decrease in effectlve ax1al stress and Au is the

increase. in dev1ator stress due to the decrease in pore
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water pressure. The effective stress modulus of deformation,
E' may then be defined to represent the change in effective

axial stress with axial strain:

The effective stress modulus, E' at 1.0 percent strain. for

the drained and undrained extension tests are plotted
against the corresponding‘effebtive confining pressure in
. s a : k . . ) .

Figure 6.36. The flgure suggests thatw the modulus of

deformatlon in terms of effect1ve stresses alone is linear

'with."effeetive_ confining pressure and independent of the

stress path.

6.7.6 Implications of Unconfined Extension Tests

i

The 'feilure of the -unconfined _extension tests on
disturoed Saline 'Cseek' oii sand, SC-84;;l1 and SC-84-T-2,
snows that fhe tensile resistance nobilized by the bitumen
in ‘very rich oil sand is nominally less than 2 kPa at 20°C.

Dusseault (1977) reports that significant cohesion may ‘be

developed by the bltumen due to de551cat10n and evaporation .

of volatile hydrocarbons in the upper few metres of“exposed

oil sand slopes, Thzs‘effeot is not apparent in the Saline

Creek o0il sand.

The failure of SYN-T-6 indicates the strength mobolized

by the bitumen in the Syncrude oil sand is also vefy small.
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The complete segregation of SYN-T-6 precludes the ‘presence

of any cementation or bonding in the clay clasts.
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Figure 6.33 Stress Path To Failure. for Trlaxlal Tests on ‘

Sync rude Oil Sand
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7. CONCLUSIONS AND RECOMMENDATIONS

-~

o

¢

7 1 General

The research documented rn,chxs thesis: 1nvest1gates the
vuﬁdrained behav1our of ,Athabasca oil sand. Undrained
trraxial. compression tests were eonducted ~at room

*temperature (2oﬁt) on intact and dlsturbed samples of Saan
ng

_lCreek '011 sand. The behav1our over the range of confi

-1

. f"pressures up to 8 MPa and straln rates up to 3.5 s ° was

examlned Supplementary test procedures were performed to

' measure drained and.undralned compre551b111ty and evaluate’

P

‘CGarga(1969) was used ;»-Show the absence.‘ofe any tensxle
, re51stance 'inf the rnterpenetratlve graxn structure of the

- oil sand tested

ey T

grain alterat;on durlng testlng .
‘ . | ’ . '/“

Dralned and undrained axial = extension tests were

“;onducted intact samples ' of bitumen-pbor Syncrude 0il

. methbd ,of3}shaped fest‘ speclmens proposed by Bxshop and

€

(7

* -
3

%

+ ¢

“The -experimental results are diSCussed'in‘CHapter 6.
S . P . .

The-conclusions and Practxcal 1mplxcatxons drawn .from the

'

reSearch are outlxned 1n the next seCtlons.

N

sand under conf1ned and unconflned stress coﬁditi@ns. The

o

P e
i)

[
% O
]
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7.2‘Conc1usions -

»>

1. Critical State Line

.The complete critical state line for 011 sand has been
def1ned covering the range of porosity from the loosest
state to the undisturbed state. The critical confining
pressure for undisturbed laboratory specimenSe of Saline

freek o0il sand ranges between 4.0 and 7.3 MPa. Accepting

“that some degree of sample digturbance and decrease in

por051ty has pccurred among all laboratory te§§ specimens,

't

tk& prltlcal confining pressure under in 51tu conditions is

i o o
# ?n take;*as the upper bound of 7.3 MpPa. ',ﬁg.
- : >
izg& Undra1nedﬁ$hear Strength
.:'1?% n .The angle of shearing resistance of oil sand at tﬁer "
f"smax1mum stress‘ fatio' in the= undﬁained_oomptession testsv,'
-, . : v
*ﬁ j'i‘ decreases non- l1nearly with effective':normal ,stress. The .
igﬁgw'” shear strength correlatés well w1th -drained compre551on

'Y 4 . . :
i; “ﬁléests on 011 sand wirh corrections for volome change. durlng

M*testing applxed by‘&owe's(1962):st;essjdilatancy theory.

PR A

The angle of ~shearing resistance qot lized at  the.

o ultimate Strenbth 1s 30° corrESponding to condxtlons of .

i - constant volpme at the critical ’confining,rpressuret The

theoretical ultxmate und;éined shear. strengtn -mobilized

r

~under completely un@raihed conditions is 1dentxcally eq@al

to  the drftical coniihing ‘pressure‘ The‘ upper bound of

undrained shear strength under in situ conditions 1§ then
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predicted to be 7.3 MPa.
A generalized procedure for the predictionvgf undrained
shear strength of oil sand under partially drained

conditions or cond1t10ns of pore fluid cavitation is

_presented. The pred1cted,undra1ned shear strength 1s solely

. a function of the pore pressure change at failure, Auf and

the initial effective confining presSﬁ%e, osi:

The predictive procedure prov1des an accuracy of % 25
percent‘i%lcomparison‘ with available publ1shed data for
undisturbed ‘and disturbed- oil sand: This is_considered

within acceptable limits for = predictive geomechanical"

analyses.
";3. Undra1ned Stress-Strain Response
Tn undra1ned stress strain response of oyb sand in
‘axlal compressxon exh1b1ts a d15t1nct strain-hardening due
.to‘the progressxve decrease,in pore pressure and increase.
effectlve conflnxng pressure thh strain. Fallure 1skreached
at the crxtxcal conf1n1ng pressvre as the dxl;nancy of the
o1l sand xs suppressed by higher conf1n1nq stresses.
| L 4

The .initial tangent “'modulus . of deiormatxon ‘for th"

‘undraxned compressxon ves*s is legs than measured in drained



“

ypressure. Hence:
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compression tests at the same initial effective confining

pressure. The difference in stress-strain response is shown

L
-

to be a function of the effective stress path for the two
types of tests rather than a difference in ‘material

behaviour.

The axial strain at the maximum principal stress ratio
in both drained and undrained compression tests generally
ranges between 1 and 2 percent for intact samgles of oil

_sand. The predicted average strain in percent at the

-

ultimatetrength is given as:

g = 2.0 + 1.6 (o3 - a’;.> (MPa) 7.2

For completely . undrained tes'he final effective

confinind pressure,%s equivalent to the critical eonfinin
. . - el ' e

[

= . \ - ' . .
€ 2.0 + 1.6 (Ucrit Ogi) (MPa) 7.3

The strain at failure in completely undrained compression
tests of undisturbed oil sand is predicted to range between

2 percgnt for 03, Ocrit 7.3 M?a and’14 percent for o,iﬂ:

0.



4. Influence of Strain Rate on Undrained Behavior

A transient respqfse in pore pressure during undrained

compression tests on Saline Creek oil sand was observed at
strain rates greater than 10”2 §7', about two orders of

magnitude of strain rate slower than for water sapuféted
dense sands.. The onset of transient response at.skg¥er

} .
strain rates is shown to be a direct function of the higher

viscosity of the interstitial bitumen. -Qm

A 35 percené increase in ultimate shear strength and

600 percent increase in the modulus of deformation was

measured between the strain rates of 10"% and 3.5 s !

Strains at the ultimate strength increased very slightly -
over the same range of strain rate.

\’L.

5. Behavior in Axial Extension

The average angle of shearing' resistance of the

Syncrude oil sand in axial extension is 68° over the range

L)

of mean effective stresses at failure up to 100 kPa. 'This
corresponds to a relative increas® in the aﬁgle of shearing
‘resistance of 13 percent in compar}son to axial coﬁpression,
which agrees $§th the upper bound of increase for the;‘

dense sands- reported in the literature.

)

}

The modulus of  deformation for undrained extension S

fod I§

tanges up to 75 percent greater = than measured st

extension. ~The difference in stress-strain reg
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to be a function of the difference in stress path between

“

apparent
ni:i@ing

ned .

the two types of tests.

In terms of total stress, a. significant

tensile strength may be mobilized during undrained

" of oil sand. The magnitude of the mobilized .
tensile strength increases with the initial ﬂ‘ﬂﬁ_‘wfiningj
pressure. Negligible tensile resistance was’mobi§}g§3 by téf
interstitial bitumen at room temperature (20°C)§§?

¥

6. Drained and Undrained Compressibility

The' average coefficient of compressibility, m, of

Saline Creek oil sand decreases almost one full order

“-magnitude from 6 x 106 to 0.8 x 107% kpa™ | over the range

of effective confining stress between 0.1 and 7.0 Mpa. It is
recommended. that the drained compressibility of oil sand
should be referenced to a stress level rather than a broad’

range of stresses in geomechanical analyses. v

The. undréined pore pressure response to an increase in
isotropic’stress is governéd by the theoretical relationship
prqposed by Bishop(1966, 1973) modified in‘Bquation 6.1. The
ayerage compressiblity of the bitumen ‘under ~ saturated
conditions 1*5'240 x 1058 kPa_} over the range of pore fluid

pressures between 1.0 and 6.0 MPa.
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7. Assegsment of Sample Disturbance

Them classifibatggm, of sample quality according to the
1ndex of ‘dlsturbance "proposed by Dusseault and Van
Domsalaar(1982) prov1ded§ﬁ reliable baixs for differentation
of sample condltlon. Based on a comparitive analysis of
shearing resxstance in the undrained compression tests, the
index of disturbance for high quality geomechanical tests,

may be extended from 10 to 14 percent under controlled

sampling and testing procedures.

7.3 Practical Implications of the Research
The following practical implications relevant to oil
sand technology are drawn from the research: @'

1. Based on the critical confining pressure of 743 MPa,
! »
contractant behaviour should be anticipated under

3

the in situ stress conditions at depths greater than
700 metres. At these depths, stress changes induced
in the reservoir by injecfion of fluids or thermal
heatihq could actually reduce the net permeability
of the formation due to contraction of the oil sand

and generation of fines.

é

2. The Sheat:strength of o0il sand under . cdmpletely
undrained cenditions is exfremely iarge~compared to

- the stresses ehcountered 1n surfaée m1n1ng 3nd most
~in situ recovery processes. Under such cehditions,

R

';heb mass = behaviour of the _oil sand will be

-



. ‘'sand formation.
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RN

i _ ‘ _
controlled. by the weaker qgeolbgical. componehts in
the formation. FOr ~example, the p;opagatioh of

hydrauiié fractures‘ﬁnaér»véry high rates of fluid

——

injection will be favoured_alqng”thé direction of

 weaker bedding planes or shale interbeds in the -oil

~
iy

-

Thef.undrained modulus of deformation is5lessrthan

one-third that mobilized under drained conditions.

Strains  induced by fluid ‘injectidn or thermal

’ . N : ,
_heating of peser@birs will therefore increase if

sufficignt pore fluid .drainage and pore pressure
drqinag; is not permitted. Ultimately, adverse
strain vgradients' may ‘develop between the oil éand
and _stronger indurated siltstone laxers' or weaker
shale interbeds. Subéequent relaxation of the
stressesf%nd strains with pore‘fluid drainage could
lead to damage oOr shearing of ihjection welis orv

neighbouring wells and shafts.

The —apparenﬁ tensile sfrengﬁh ‘mobilized ;*du;ing
undrained unloading of oil saha explains the shofi
term stability of very steep highwalls mined in ;the
Athabasca o0il sand by ‘dragli6;$§and bucketwheel.’
Instabilities in the highwalls are ;almost ra1w§YS
caused by weaker clay bedding planes dipping into 1

the excavation.
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' The tensile’ strength developed by oil* sand wunder

undrained or partially drained conditions 7is an

importamt. - consideration - in the = analysis, and-

prediction ~ of \hydraulic fracturing. Further
éxperimen;s to measure the undrained tensile
stréngth mgbilizedf at in 'situ stress leyels aré
recommeaéed.‘ | . | |

.t

The tensile resistance of the intersitial bitumen is

a8

nominally less than 2 kPa at 20°C. Greater tensile

' resistance could be drived from the viscosity of the
, 14 .

,bitumen‘ at’ lower temperatures. Iﬂis yould enhance

the stability and s@ﬁnduﬁatiﬁe of shafts and tunnels

during excavation. For example, blind drilling of

- shafts with chilled’ brine solutions may reduce

deformations of the - unsuppotted shaft prior to

_;~__;__;installation of the éhaft liner. Invesfigation of
" the tensile resisténce of bitumen .at lower

" temperatures is recommended for further research.
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Table A.2 Measurement Of Piston Friction in High Pressure

Triaxial Cell

CELL PRESSURE R‘AM SPEED PISTON FRICTION
tMPa) (mm/s) (N)
12.5 0.10 231
12.5 0.51 295
‘ 12.5 5.08 300
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Figure A.1 Axial Compliance of Frictiionless Platens (Steel
_Insert Sample Not Cyclically Compressed)
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APPENDIX B - Ottawa Sand Triaxial Test Results -
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. Figure B.1 Grain Size Distribution of Ottawa Sand ., -
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_TEST 0S-S1: OTTAWA SAND

PROCEDURAL DETAILS

-

1. Conventional 38.10 mm diameter loading platené were
used. ,

2. The sample was - saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours.’

3. An undrained triaxial compression test was conducted-

at a strain rate of 6,42 x 10°-? g°',
N

. TEST DATA K S

'

- U |
"DIAMETER = 37.96 mm BULK DENSITY = 2.061 Mg/m> .
HEIGHT = 19.58 mm -
WEIGHT' = 45.70 g.
I
s
H
29 4
d —_ A}
5
2
2]
S
. : SAMPLE 0S—S!
s{ . L/0m0 32 :
. 240 GCHa2 /n
35 ° - '
3§ s o _

H R S JURNEY ST SRNRT P SURY 7SN S 1
axiAL STRAIN (%)

y

FIGURE B.2 0S-51: Triaxiél Test ﬁesult§
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TEST 0S-S2: OTTAWA SAND
7

AN

PROCEDURAL DETAILS

1.'Conventional’j38.10 mm diameter loading platens were
) used. : ' '
2. The sample was saturated under back and confining.
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours.
. 3. An undrained triaxial compression test was conducted
at-a strain rate of 7.69 x 10°° s°',

'TEST DATA "

DIAMETER = 38.13 mm . BULK DENSITY = 2.065 Mg/m3
~ HEIGHT - = 56.93 mm -
WEIGHT = 133.70 g.
10
.
.; ."
'> 4

'SAMPLE 05-52

© 8 . /03 e
' $30.C0769 /2

S0 (MPa)

<1

u (MPa)

0 3 L} 9. 12 18 8 n w 7 3
) AXIAL STRAIN (%)

FIGURE B;j 0S-S2: Triaxial Test -Results



o ’ 278

TEST 0S-S3: OTTAWA SAND

PROCEDURAL DETAILS

1, Conventional 38.10 mm diameter loading platens were

' used.
2. The sample was saturated under back and confining
- pressures of 4.6 MPa and 6.6 MPa for 1.0 hours.

3. An ‘undrained triaxial compression test was. conducted
at a strain rate of 8.49 x 10°° s°',

TEST DATA ' -

T . T .
“ DIAMETER = 38.07 mm BULK DENSITY = 2.059 Mg/m’
HEIGHT = 77.23 mm
WEIGHT = 181.00 g.
»
v“u.‘
! \; ¢ ‘ '
| B Ve .
J[ ' -:‘/-_\ ‘
| e ‘
f
f S
/
/ 5 z
/ E
:_::' 3 -

SAMPLE 05-S3

s 4 L/0%2.33
. €20CC8a0 /0

3 T )
s ] o K .
. .
4 . | y
. T R
14 g

Q 3 [} ] "? '3 k) il % 27 30
AXIAL STRAIN (72)
P

u (MPa)

FIGURE B.4 0S-S3: Triaxial,Test Results
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TEST 0S-S4: OTTAWA SAND

PROCEDURAL DETAILS

A

1. Conventional 38.10 mm diameter loading platens were

used.

2. The sample was saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours.

3. An undrained triaxial compression test was conducted
at a’strain rate of 8.09 x 10°* s°',

avjay

@ s (MPa)

u (MPa)

EY

FIGURE B.5 0S-S4&:

TEST DATA
‘DIAMETER = 38.10 mm ‘ BULK DENSITY = 2.‘&7 Mg/m3
HEIGHT = 38.57 mm | -
WEIGHT = 90.00 g. .
g

i)

84

o .

‘ | SAMPLE 0S-S4
s . ! ‘ om0l

#3020809
39 - .
34
(R I :

0,3 % % 1 % 81 2w 2T 30
AXIAL STRAIN (%)

Triaxial Test Results B
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TEST OS~1A: OTTAWA SAND

PROCEDURAL DETAILS » \ x :

1. Conventional 38.10 mm diameter loading platens were
used. '

2. The sample was saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.5 hours. -

3. An undrained triaxial compression test was conhducted
at a strain rate of 9.00 x10°° s°', ~

TEST DATA
DIAMETER = 38.12 mm ;“BUL‘K DENSITY: = 2,000 Mg/m3
HEIGHT = 20,75 mm WATER CONTENT = 21.10 % -~
WEIGHT = 47,30 g. VOID RATIO = 0,605
POROSITY = 0.377

Comments on sample failure:

sample failed by bulging through the middle and radial
. expansion over the edges of the loading platens.. N

U|'/0l:

°

[
. kS
i - 14 4

T

I_

S 04

SAMPLE CS-1a
' s 4 (/380,54
: €20C0900 /0
c - : -

—~ 3

(o]

g l‘/\/

S’

I 44

Q ) [} ] 2 19 i ] il u 30
AXIAL STRAIN (%) -

FIGURE B.6 OS-1A:; Triaxial Test Results
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g TEST OS-1B: OTTAWA SAND

PROCEDURAL DETAILS

TEST

Conventional - 38.10 mm diameter loading platens were
used. -

The sample was saturated under back _and confining
pressures of 4.6 MPa and 6.6 MPa for 1.5 hours.

An undrained triaxial compression test was conducted
at a strain rate of 8.88 x 10°° s ',

DATA |
'DIAMETER = 38.15 mm  BULK DENSITY = 2.056 Mg/m°
HEIGHT = 38.60 mm WATER CONTENT = 16.93 %
WEIGHT -~ = 90.70 g. VOID RATIO = 0.507

o ' *  POROSITY - 0.336

Gomments on sample failure:

Sample failed by bulging through the middle and radial
expansion over the edges of the load1ng platens

ui'/ay

,
,

a.-us (MPa)

SAMPLE 0S-18

s - - L/Dw1 01
o 420.00888 /»

bl

$ 1 e ‘
54 . . '

: . i
14 .

-1

u (ldso)

I S U R Y T T T L TN R
AXIAL STRAIN (%3) |

'FIGURE B.7 OS-1B: Triaxial Test Results 2 ‘ -
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TEST O0S-2A: OTTAWA SAND

PROCEDURAL DETAILS

1. Conventional 38.10 mm diameter loading platens were
used.

2. The sample was saturated under»bagk-and confining
pressures of 4.6 MPa and 6.6 MPa forj 1.0 .hours.

3. An undrained triaxial compression te! t was conducted
at a strain rate of 8.30 x 10°* s~ '.}

TEST DATA
DIAMETER = 38.10 mm BULK DENSITY =
HEIGHT = 19,37 .mm -~ WATER CONTENT =
WEIGHT = 44,10 q. ,VOIP RATIO =
POROSITY =
Comments on sample failure: x§%

‘Sample failed by bulging through the(middle and radial
expansion over the edges of the loading platens.

0
8 4
-
R
5 4
l
N1
-~ 1%
2
[+ %
3
=
- '3
)
.
. SAMPLE 2S<A
. NETLEY
#'0030830 /0
g i r\__,_-——”‘
3
= .
R

9 b 13 A 12 - Y RS B RS A 1) .
AXIAL STRAN (7) . -

- FIGURE B.8 0S-2A: Triaxial Test Results
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TEST 0S-3B: OTTAWA SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading plat were

used. The faces of the platens were overl: with
two layers of greased rubber membranes.
The .sample was saturaied under back and conf1n1ng

~ pressures of 4.6 MPa and 6.6 MPa for 1.5 hours.

An undrained triaxial compression test was conducted
at a strain rate of 8.83 x 107 s™'.

TEST DATA
DIAMETER = 38.13 mm BULK DENSITY = 2.006 Mg/m°
HEIGHT = 19.08 mm WATER CONTENT = 18.75 %
WEIGHT = 43,70 g. VOID RATIO = 0.569
' POROSITY = 0.363
Comments on sample failure:
Radial ~ expansion. occured uniformly throughout " the

height of the sample,

4

g us
i

a. a5 (MPa)

SAMPLE 0S-38

s { . /D20 %0
4:0°088)

5/\
T4 .

—VO s [ 9 17 b d | pil pL} 27 50
AXIAL STRAIN (77)

u (MPa}

~

FIGURE B.9 0S-3B: Triaxial Test Results
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: TEST OS-4: OTTAWA SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm djameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes,.

2. The sample was sSatuyrated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours. The
pore pressure parameter B was then measured.

3. An undrained triaxial compression test was conducted
at a strain rate of 8,90 x 10" s ',

TEST DATA -
DIAMETER = 38.17 mm BULK DENSITY = 2.036 Mg/m3
HEIGHT = 38.34 mm WATER CONTENT = 17.86 %
WEIGHT = 89.40 g. VOID RATIO = 0.534
POROSITY = 0.348

PORE PRESSURE PARAMETER B = (.91

Comments on sample fallure: i

Sample expanded radially at the base to the full width
‘of the enlarged platen. Sample only partially expanded
at the top platen. ‘

g0 dn

i \MbY)

3 . . /\\
/
: /
' SAMPLE 5S-4

RTTET:
* £ 55890+

.

u (WPo)

3{1‘.‘ I e R TR ZE A 1}
AXIAL STRAIN (%)

FIGURE B.10 OS-4: Triaxial Test Results
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TEST 0S-5: OTTAWA SAND

PROCEDURAL DETAILS

'. Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

2. The sample was saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.25 hours. The
pore pressure parameter B was then measured.

3. An undrained triaxial compression test was conducted

at a strain rate of 8,83 x 10-? s-'.

TEST

DATA
DIAMETER = 38.20 mm  BULK DENSITY = 2.039 Mg/m>
HEIGHT = 38.25 mm WATER CONTENT = 20.93 %
WEIGHT = 89.40 g. VOID RATIO = 0.572
POROSITY = 0.364

PORE PRESSURE PARAMETER B = 0.88

—

Comments on sample failure:

Sample expanded fully to the !ges of the enlarged
platens., Expansion was unxform throughout the height of

the sample.

Joy

J.
IS

v

u (MPa)

Y '\

I

SAMPLE 35-5

/2=20
4 2030883 1

u (MPa)

~

bl 3 ‘ ' 12 '3 i 2 4 27 30
XiAL STRAIN (%) 4

FIGURE B.11 0S8-5: Tr1ax1al Test Results

——



TEST OS-6A:

OTTAWA SAND

PROCEDURAL DETAILS

1. Enlarqged

43.20

mm

diameter

used. The faces of the platens
two layers of greased rubber membranes.

2. The

sample

was

saturated under
pressures of 4.6 MPa and 6.6 MPa tfor

loading

wvere overla

pore pressure parameter B was then measured.
3. An undrained trigxial compression test was conducted

at a strain rate of B.68 x

TEST DATA
DIAMETER
HEIGHT
WEIGHT

Comments

38.18 mm
20.27 mm
47.33 g.

f#ooHoH

10

BULK DENSITY

PORE PRESSURE

on sample failure:

Sample expanded fully to

the

edges

S R

= 2.039 Mg/m

PARAMETER B

of the

286

platens were

id with

back and confining
1.5 hours.

The

3

= 0.84

enlarged

platens. Expansion was uniform,thr;ughOUr the height of
the sample. .

Sy ME

w (M)

n
AAL STRANT

FIGURE B.12 OS-6A: Triaxial Test Results
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-/{ ¢~ TDEST 0S-6B: OTTAWA SAND

, “PROCEDUBAL DETAILS

. Enlarged 43.20 mm diameter loadlng platens were
used. The faces of the platens: were overlald w1th
two layer$ of greased rubber membranes.. .

2. The sample was saturated under back and onf1n1ng
'pressures of 4.6 MPa and 6.6 MPa ‘for 1.5 hours. The
pore pressure parameter B was then measured. .
3. An undrained compression test was conducted at a-
strain rate of 1.10 x 10°* s™". :

3 .

. TEST DATA:

38.10 mm BULK DENSITY 1.994 Mg/m>- .

DIAMETER = =
"HEIGHT . = 19.68 mm WATER CONTENT = 17.78 %
WEIGHT " = 44.73 g. VOID RATIO = 0.665

- vPOROSITY =

0.361.

PORE PRESSURE PARAMETER B = 0.82

Comments on sample fallure:-
" Sample expanded fully to the edQés of the enlarged
platens. Expansion was unlform throughout the height of'
the sample.

o}

o
e
{ ,
-y ,
g , : ~
T ‘ .
B <//- . ) e
PR=HIS
o - :
13
=~ 201
. Y
3
. ' - Y
" . T 0 4 .
. SAMPLE 0S-68
s 4 D031 Ly
411010 )

* u (MPq)
N +—t—
/

"o 3 6. % 2 s @ 21 24 I %0
AXIALSTRAIN (%)

FIGURE 3;13’05-68;”Triéxial Test Results
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TEST OS-7A: OTTAWA SAND

’

'PROCEDURAL DETAILS"

1-

' S A B
N . «,\“n‘f«’

Enlarged 43, 20* _mm - d1ameter loading dplatens ‘were
used. ' The faceés  of the platens were overlald thh

two layers of greased rubber membranes.

The sample was saturated under back and conf1n1ng‘

~pressures . of 4.6 MPa agd?s .6 MPa for 1.5 hours. The
pore pressure parameter B was then measured

An undrained triaxial compression test was conducted
at a straln rate of 1 10 x 10"t s,

DATA

TEST

DIAMETER = 38.07 mm BULK DENSITY = 1.998 Mg/m3
HEIGHT = 19.32 mm. WATER CONTENT =‘19 88 %
WEIGHT. = 43.70 . VOID RATIO = 0.590

" ’ ‘ "»POROSITY i =

0.377

3 .

PORE PRESSURE PARAMETBR B = 0. 79

i

© Comments. on samg}e.fallure:.

a FIGURE B, 14 0S-7A: Tr1ax1a1 Test Results

lSample expanded fully to the edges of the enlarged
- - platens. Expansion was uniform throughout the hezght of
\the sample e o A

0

o - , By
Jdo .

b4 :'/’(J ¥

4 o

)
="
EA
POLY .
T )
. SAMPLE 0S-7A
' - L EL RS
ks o H=0.70 /x
5 3 o :
. Q. :
2 39
= Lo ' .
- IR . :
-1 N b. B - - B
B T T S TS ST ST T LU TSR AR L B

Axm, STRAIN 3y
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PROCEDURAL- DETAILS SR

{

1. Enlarged 43, 20 mm dlameter

used.

The

faces

TEST 0S-7B: OTTAWA SAND

loading
"of the platens were overlaid with-

SRR .|

¢

platens were

two layers of greased rubbet membranes.

'2‘.H

pressures

The sample was saturated under
4.6 MPa and 6.6 MPa for 17 hours.

of

‘back

cOnfining
The -

and

"3.

pore pressure parameter B was then measured.
An undrained triaxial compression tést was conducted
at a straln rate of 1.63 x 10" s '.

DATA - o o x

TEST

DIAMETER = 38.05 mm BULK DENSITY = 2.014.Mg/m°

HEIGHT = 17.28 mm WATER CONTENT = 19.88 %

WEIGHT = 39.58 g. VOID RATIO. = 0.577

: POROSITY . = 0.366
" PORE PRESSURE PARAMETER B = 0,84
B Conménts on sample faiiure:
Sample expanded fully to the edges of ' the uenlarged‘

platens._Expan51on was uniform throughout the helght of -
the sample S . ‘

Ju .

il.
-

.u. o (N\Po)v

 SAMPLE 0S-~78

. ‘ /02048 Ly
K Ve k.g:tyu.l() ® K}

u {(MPa)

3030 & 9Td 15 o w7 30

AXIAL STRAIN ("

FIGURE B 15 OS 7B Trxaxlal Test Results
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TEST OS-8A: OTTAWA SAND

PROCEDURAL DETAILS

TEST

Enlarged 43.20 ‘mm  diameter loading plétens were
used. The faces of.the platens were overlaid with

two layers of greased rubber membranes. ,
"The sample was saturated under back and confining

pressures of 4.6 MPa and 6.6 MPa for 1.5 hours.;The

.pore pressure parameter B was then measured.

An undrained triaxial compression test.was conducted

at- a straxn rate. of 8 61 x 10°? s\,

DATA
DIAMETER = 38.03 mm BULK DENSITY = 2.004 Mg/mS
HEIGHT ' = 19.28 mm WATER CONTENT = 18.07 % . -

 WEIGHT- = 43.91 g. VOID RATIO - = 0.561
- | POROSITY. . = 0.360

PORE PRESSURE PARAMETER B = 0.86

- Comments on sample failure:

Sample expanded fully - to the‘ edges of the  enlarged

platens. The sample slipped 1 mm to the side on the
. . bottom placenff A ' S :

Cav oy

1. .r;(MP\;)‘” .

¢
5

2n SAMPLE 0S84

. 280 %
s . o’z £ 710 2086 "

u (WPa) .

- S A SR TS A SRR TR EARP 7SN LA 1
A XA STRAIN(T) .

FIGURE B.16 OS-8A: Triaxial Test Results
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TEST 0S-8B: OTTAWA SAND

PROCEDURAL DETAILS

. Enlarged 43.20 mm diameter loading piatens were

used.
The sample was saturated .under back and conf1n1ng

pressures of 4.6 MPa and 6. ‘6 MPa for 1.0 hours. The
pore pressure parameter B was then measured

3. An undrained triaxial compression test was conducted
at a strain rate of 8.51 x 107 s7', ‘
TEST DATA ‘
\
DIAMETER = 38.10 mm  BULK DENSITY = 2.014 Mg/m>
HEIGHT = 19,30 mm WATER CONTENT = 18.07 %
WEIGHT = 44,31 g, VOID RATIO = 0.554
POROSITY = 0,356

PORE PRESSURE PARAMETER B = 0.74

Comments on sample failure:

Sample expanded fully to the edgés of the enlarged
platens. Slight bulging of the sample at mid-height.

EEA SN ~

TR tln:(MPQA
/.

SAMPLEOS 88
} o Y o o Jpasv :

T I T LI TR LA T
- AXIAL STRAIN (7)

u (MPaj

e B

FIGURE B.17 0S-8B: Triaxial Test Results "
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TEST 0S-11: OTTAWA SAND

PROCEDURAL DETAILS

Enlarged 43.20 mm diameter loading ‘platens were

~used. The faces of the platens were overlaid with

two layers of greased rubber membranes. , ‘
The sample was saturated under back and confining
pressures of 9.9 MPa and 12.2 MPa for 1.0 hours. The

‘pore pressure parameter B was then measured.

An undrained triaxial compression test was conducted

" *at a strain rate of 2.40 s~ ',

TEST DATA
' DIAMETER = 37.76 mm  BULK DENSITY = 1,959 Mg/m’
HEIGHT = 19.08 mm '
WEIGHT = 41.84 g. PORE PRESSURE PARAMETER B = 0.83

Comments on sampleifailure:

‘Sample expanded fully to the edges of the enlarged
platens. Expansion was uniform throughout the height of
the sample. : - ;

»~ Y

g uy

'u V~as (MPQ)

SAMPLE 0S-1

[y /D20 31 3
£:240.0"

u (MPa)
Qs RO
/

9 0% & 9 2 v s 2 . 59
AXIAL STRAIN (%)

-

FIGURE B.18 0S-11: Triaxial Test Results



293

‘PEST OS-12: OTTAWA SAND'

.

‘PROCEDURAL DETAILS

pos

1., Enlarged 43.20 mm diameter «1oadind“ platens were
used. '

2. The sample was saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.75 hours.ﬁThe
pore pressure parameter B was then measured

3. An undrained triaxial compression test was conducted
at a strain rate of 8.82 x 10"’ s-'.

£y
~,  TEST DATA
’ DIAMETER = 38.07 mm  BULK DENSITY = 2.058 Mg/m°
HEIGHT = 72.13 mm - ,
WEIGHT = 169.00 g. PORE PRESSURE PARAMETER B = 0.90

Comments on sample failure:

Shear plahe developed as shown in theisketch below.
Sample bulged over the lower 2/3 of the _sample he1ght

4

o ,// Y

4 ) ‘ R . ! ‘
“//~7‘5‘-__‘* e 38tmm
” - . - ]

g, 0y (MPQ)

S
_‘.G_omm -

SaMPLE 0S-12

FEET) ’
42330882 1

4
u (MPa)

L I I AL LS AR Y woyg
AXIALSTRAIN (%)

-

FIGURE B.19 0S-12: Triaxial Test Results .
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TEST OS-13: OTTAWA SAND

PROCEDURAL DETAILS

1.

"Enlarged 43,20 mm diaméter'ﬂloading platens were

used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

-The sample was saturated under back and confining

pressures of 4.6 MPa and 6.6 MPa for 17 hours. The
pore pressure parameter B _was then measured.

An undrained triaxial compression test was conducted
at a strain rate of 8.72'x 10" s~ ', :

TEST

DATA
DIAMETER = 38.18 mm . BULK DENSITY = 2.045 Mg/m>
HEIGHT = 73.98 mm~

WEIGHT = 173.21 g. PORE PRESSURE PARAMETER B = 0,90

. Comments on sample failure:

Bulging of éample‘confined to the middle of tHKe sample.
Radial expansion at the ends was minimal. -

Js U

o (MPQ)

SAMPLE 5513

. AXIAL STRAIN (%)

FIGURE B.20 0S-13: Triaxial Test Results
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TEST 0S-14: OTTAWA SAND -

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter ‘loading platens were
- used. .

The, sample was saturated under back‘and‘confining
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours. . The
pore pressure parameter B was then measured

. An undrained triaxial compression test was conducted

1

at a strain rate of 1.14 x 10-* s ',

\\'TEST DATA

Jjay

u (MPa)

g U (MPQ)

L - w » o

38.07 mm  BULK DENSITY = 2.061 Mg/m>

'DIAMETER =
HEIGHT = 76.32 mm - :
WEIGHT ~ = 179.06 g. PORE PRESSURE PARAMETER B = 0.90

Comments on sample failure:

Shearvplane developed as shown in the sketch‘below.

SAMPLE QS-'4

=200
IR

] | ‘ | L250mm |
\ . ’ ,’ . ‘ 449 Smm . '
1 . . , . : P Ty

[} 3 12 LY '3 ;n & 27 50
AXIAL STRAIN (%3

"FIGURE B.21 0S-14: Triaxial Test Results
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TEST 0S-15A: OTTAWA SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading platens were

used.

The faces of the platens were overlaid with

two layers of greased rubber membranes.,

2. The sample was saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.25 hours. The
pore pressure parameter B was then measured. :

3. An undrained triaxial compression test was conducted

at a strain rate of 1.10 x 10°' s~ ',
TEST DATA
DIAMETER = 38.13 mm BULK DENSITY = 2.022 Mg/m3v
HEIGHT: = 19.72 mm
WEIGHT = 45,53 gqg. PORE PRESSURE PARAMETER B = 0.84
Comments on sample failure:

Sample expanded fully to the edges of the enlarged
platens. Expansion was uniform throughout the height of
the sample. ‘

g oy

1
’s -

e

° ///f‘\“‘\\-;______
. SAMPLE 05-154 [
) Lo 8l
5 / N £a3C
5 \
14

R

74 (MPuj

u (MPa)

e . ST

) 2 3 ] 3 12 b ] [ N 3 p] 7 53
AXiAL STRAIN (%)

FIGURE B.22 OS-15A: Triaxial Test Results
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TEST 0S-16A: OTTAWA SAND

®

PROCEDURAL DETAILS

FIGURE B.23 OS-16A: Triaxial Test Results

1.

Enlarged 43.20 mm diameter loading platens wvere
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

N L
2. The sample was saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours. The
‘ pore pressure parameter B was then measured.
3. An undrained triaxial compression test was conducted
at a strain rate of 1.13 x 10°* s ',
TEST DATA
DIAMETER = 38.18 mm BULK DENSITY = 2.014 Mg/m3
"HEIGHT = 19,30 mm b
WEIGHT = 44.54 q. PORE PRESSURE PARAMETER B = (.84

Comments on sample failure:

9

Sample expandéd tully to the edges of the enlarged
platens. Expansion was uniform throughout the height of

the sample. &

v

<

gz iay

——

ur-us (MFPa)

SAMPLE 05-164A

b e L o] "
4 300 1

u (MPu)

9 3 § 9 1 'y '8 i 24 N 10

AXIAL STRAIN (73)
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TEST OS-18A: OTTAWA SAND

PROCEDURAL DETAILS

!

S
ﬁﬁ:
&

Enlarged_43.20 mm. diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

The sample was saturated under back and confining
pressures of 10.2 MPa and 12.3 MPa for 1,0 hours.
The pore pressure parameter B was then measured.

An undrained triaxial compression test was conducted
at a strain rate of 3.10 s ',

TEST DATA
DIAMETER = 37.73 mm  BULK DENSITY = 1.936 Mg/m°
HEIGHT = 19.93 mm
WEIGHT = 43.13 g. PORE PRESSURE PARAMETER B = 0.82

Comments on sample failure:

Sample expanded fully to the edges of the enlarged
platens. Expansion was uniform throughout the height of
the sample. ‘

p—

S Y

—
ol
Y
X
<
- 13
el
5 10
SAMPLE CS-18A
W Om0 83
g r-no-\oo,-
3
)
PREREE
o 4
El
s
R .

AXIAL STRAIN (%)

FIGURE B.24 OS-18A: Triaxial Test Results

a—
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TEST OS-19A: OTTAWA. SAND

-1

PROCEDURAL DETAILS

Ehlarged 43.20 mm diameter loading platens were

used.
The sample was saturated under back and- confining

pressures of 4.6 MPa and 6.6 MPa for 1.25 hours. The

pore pressure parameter B was then measured.

3. An undrained triaxial compression test was conducted
at a strain rate of 7.43 x 10°* s ',
TEST DATA \
DIAMETER = 38.07 mm BULK DENSITY = 2.049 Mg/m?
HEIGHT = 76.42 mm
WEIGHT = 178.25 g. PORE PRESSURE PARAMETER B = 0.89

0.0 (MPa) o) fay

u (MPo)

Comments on sample failure:

Shear plane developed as shown in the sketch below.

+ 3 250
2 [\\ r‘ ,,,,,,,,,f",."l ’I

33mm

56mm

SAMPLE 05 -194

dan ‘
a0 27 s | S

AXIAL STRAIN (%)

FIGURE B.25 OS?IQA: Triaxial Test Regalts



TEST 0S-219B: OTTAWA SAND

PROCEDURAL DETAILS

300

1. Enlarged 43.20 mm diameter loading platens were

used, The faces of the platens were overlaid

two layers of greased rubber membranes.

with

2. The sample was saturated under back and confining

pressures of 4.6 MPa and 6.6 MPa for 17 hours.
pore pressure parameter B was then measured.

The

3. An undrained triaxial compression test was conducted

at a strain rate of 1,52,x 10°* s '.

TEST DATA
DIAMETER = 37.98 mm BULK DENSITY = 2.021 Mg/m
HEIGHT = 19.30 mm
WEIGHT = 44.17 g. PORE PRESSURE PARAMETER B

Comments on sample failure:

Sample expanded fully to the edges of the

enlarged

platens. Expansion was uniform throughout the height of

tne sample.

L

s MPC

p SAMPLE 35 - 98
/ 03
> ')1 ‘,.‘.0‘

u (MPa)

AXIAL STRAIN (7))

EIGURE B.26 0S-19B: Triaxial Test Results
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TEST 0S—-21: OTTAWA. SAND

 PROCEDURAL DETAILS -

1. Enlarged 43.20 mm 'diameter loading platens were:
used. CRERN : ' S ‘ I
2. The sample was ‘saturated under back and confining
pressures of 4.6 MPa and 6.6 MPa for 1.0 hours. 'The"
pore pressure parameter B was then measured. >,
'3, An undrained triakial compression test was conducted
at a strain rate of 1.59 x 10°* s ',

*TEST DATA o

WEIGHT

DIAMETER = 38.05 mm . BULK DENSITY. = 2.055 Mg/m>
HEIGHT = 71.57 mm : o | -
= 167.27 g.  PORE PRESSURE PARAMETER B = 0.90

Comments on sample failure:

Shear plane developed as shown in the sketch below.

" o = &
e -

250 mm

a/'fay

00 (Méo)

SAMPLE 0S-21 | v

\/ongu .y, : T i
a2t 88 410 N .
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.
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-
|
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o
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E
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 AXIAL STRAIN (%)
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 FIGURE B.27 0S-21: Triaxial Test Results
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TEST 0S-22: OTTAWA .SAND

'PROCEDURAL DETAILS

9

ﬂEnlarged 43, 20 mm diaméter loqdlng platens were

. used.
2. The* sample was saturated under back aﬂd conf1n1ng
- - pressures of 2.0 MPa and 4,0 MPa for 16.0 hours. The
' pressures were subseqguently raised to 4.6 MPa and
, 6.6 Mpa for a additional period of 3.0 -hours. The.
. pore pressure parameter B was then measured.
3, An undrained triaxial compression test was conducted
~at a stra1n rate of 1.10 x 10“ s™'. s
TEST DATA
DIAMETER = 37.93 mm BULKyDENSITY = 2)018'Mg/m3-
- .. HEIGHT = = 19.30 mm e
o - WEIGHT =

44'02 g. PORE PRESSURE" PARAMETER B = 0.81

Comments on sample fallure

Tt

sample expanded fully to the edges. of ‘the enlarged
- platens. Expansion was unlform throughout - the height of
the ‘sample. _ .

avjoy
1

NV

i L .
' 1 .
. T SAMPLE 0S-22.
> e sozso 0t

Uredn (MPa)

. u (MPo) 41
e e v

9 3 & 9 12 '3 N w27 30

AXIAL. STRAIN (%) - ' o W

FIGURE B.28 0S-22: Triaxial Test Results
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TEST SC-83-22D:  SALINE CREEK OIL SAND

PROCEDURAL DETAILS

Conventlonal 50 00 .mm d1ameter loadxng platens weré
used. A
The. sample was thawed under cell and back pressures,
of 0.25 and 0.20 MPa for 12 -hours,

B tests were conducted at an effective Tonfining
pressure. of 0.14 MPa with'incremental increases in

pore pressure until saturation was reached.

An isotropic compressibility test was conducted with-

~three cycles of effective confining stress up to 5

MPa. A  constant pore pressure . of 1,33 MPa was

‘“maintained throughout the test.
. A second series of B' tests were conducted'at a

conf1n1ng pressure .of 2.15 MPa followlng the cyclic
compression of the sample. : '
Test data  .from ' the triaxial compre551on test has

been’lost.

 TEST o

DATA

DIAMETER = 50.86 mm-
HEIGHT = 101.70 mm

WEIGHT = 411.0 g. 3
BULK DENSITY = 1,989 Mg/m
WATER CONTENT = | e
BITUMEN CONTENT = 13.4 % =~ - !
SATURATION = 79.1 % < y

POROSITY = 0,360,mu'

3%
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Figure C.1 SC-83-22D: Triaxial Test Results
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"TEST SC-83-22U: SALINE CREEK OIL SAND.

PROCEDURAL DETAILS

1. .Conventional 50.00 mm dlameter loadxng platens were
" -used.
2. The sample was thawed under cell and back pressures
. 'of 0,25 and 0.20 MPa-for 12 hours. )
'3, B tests were  conducted at an effective conf1n1ngf
' - pressure of 0. 05 MPa with incremental increases. in
‘pore pressure until saturation was:reached.
4. An isotropic compresszblllty test was conducted w1th
three cycles of effective confining stress up. to 5
MPa. A constant pore pressure of 1,37 MPa was
maintained throughout the test. S
5. A set¢ond series of B tests were conducted .at a
conf1n1ng pressure of 2.14 MPa follow1ng the cycllc
. .compression of- the sample.
6.° The: sample was consolxdated under back:~and cell
pressures of .52 MPa and 3.55 MPa. An undrained -
triaxial compressxon test was conducted at a strain
. rate. of 1. 4 X 10 s '. o ' -

TEST DATA k | ¢
_ DIAMETER = 50.80 mm
. HEIGHT - = 102.24¢ mm
WEIGHT , = 417.,0 g.

BULK. DENSITY = 2.012 Mg/m
WATER CONTENT = 1.6 % R
BITUMEN_CONTENT = 13.1 % !
SATURATION = 81.8 % :

PORGSITY = 0.352 ST - Simm T
' Comments on Sample Failure: f"fr_
A shear plane developed as .
shown in the sketch. !
E é ‘ 59°
8 o
i
{
¥
¥
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TEST SC-84-1: SALINE CREEK OFL SAND

-

~ PROCEDURAL DETAILS

TEST

Enlarged 43,20 mm diameter Jloading platens were
used. The faces of the platens were overlaid- with
two layers of greased rubber membranes.

The sample was thawed under cell and back pressures
of 6.1 and 1.0 MPa for 16 hours.

B tests were cqnducted‘;at an effective. confining
pressure’ of 5.0 MPa with incremental increases in
pore pressure until saturation was reached.

4. The 3amp1e was consolidated under back and cell
pressures of 3.55 MPa and 8.48 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 1.4 x 10°* s7 ', :

DATA

DIAMETER = 38.69 mm
- HEIGHT = 19.49 mm

"WEIGHT = 46.24 g.

BULK DENSITY = 2.018 Mg/m°

~ WATER CONTENT =
'BITUMEN CONTENT .

1.7 % :
= 14.8 %

" SATURATION = 89.0 %

. Comments on'Sample Failure:.

PQROSITY = 0.364

Al B

Radial expanSidn 0ccured;uniforml§ th}oughout the full
height of the sample.
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Figure C.3 SC-84-1: Triaxial Te Results



310

TEST SC-84-3A7Y SALINE CREEK OIL SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes. . ’ '

2. The sample was thawed under cell and back pressures
of 1.00 and 0.48 MPa for 2.0 hours. ‘ _ f

3. B tests were conducted at an- effective confining
pressure of 0.50 MPa with incremental increases in
pore pressure until saturation was reached.

"4, An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
MPa. A constant pore pressug; of 1.8 MPa was
maintained throughout the test. “

5. A second series of B tests were conducted at a
confining pressure of 2.15 MPa following the cyclic
compression of the sample. , '

- 6. The sample was consolidated wunder back and cell

‘ pressures of 10.63 MPa and 12.88 MPa. An undrained
triaxial compressxon test vas conducted at a straxn
rate of 8.4 x 10°* s ',

\]

TEST DATA ,
DIAMETER = 38.45 mm
HEIGHT = 19.33 mm

WEIGHT = 44.92 g. )
BULK DENSITY = 2.002 Mg/m“.~
WATER CONTENT = 2.6 % ;
BITUMEN CONTENT =~ 15.8 %

. SATURATION = 93.5 % ‘
POROSITY = 0.383.

‘Comments ' on Sample Failure:

Radial expansion occured Qniforml§ throughout the full
height of the sample. - .. - .
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TEST SC-84-3B: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

1. - Enlarged 43,20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of .greased rubber membranes.

2. The sample was thawed under cell and back pressures
of 1.02 and 0.50 MPa for 18 hours. .

3. B tests were conducted at an effective confining

~ pressure of 0.50 MPa with incremental’  increases in
pore pressure until saturation was reached.-

4. An isotropic compressibility test was conducted with
three cycles of effective confining :stress up to 5
MPa. A constant pore pressure of 1.8 MPa was
maintained throughout the test.

5. A second series of B tests were conducted at a
confining pressure of 2.30 MPa following the cyclic
compression of the sample. ’

6. The sample was consolidated under back and cell
pressures of 10.71 MPa and 12.88 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 1.2 x 10°® s ', -

TEST DATA

DIAMETER = 38.44 mm

HEIGHT = 19.35 mm
WEIGHT = 44.80 g. .
BULK DENSITY = 1.994 Mg/m

WATER CONTENT = 2.6 %
BITUMEN CONTENT = 15.8 %
SATURATION = 92.5 %
POROSITY = 0.386

e __..1
Comments on Sample Failure: - L i
- —F
Radial expansion  occured g
uniformly throughout the 0|
full height of the sample. A 3
shear plane developed as

shown in the sketch. ‘ 1
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TEST SC-84-4A: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

TEST

-

1. Enlarged 43.20 mm diameter loading platens

KAL)

were

used. The faces of the platens were overlaid with

two layers of greased rubber membranes.

2. The sample was thawed under cell and back pressures

of 0.73 and 0.30 MPa for 2.0 hours.

3. B tests were conducted at an effective confining

pressure of 0.45 MPa with incremental 1increases

pore pressure until saturation was reached.

in

4. An isotropic compressibility test was conducted with

three cycles of effective confining stress up

MPa. A constant pore pressure of 1.8 MPa

maintained throughout the test.
5. A second series of B tests were conducted

to 5
was
at a

confining pressure of 2.20 MPa following the cyclic

compression of the sample.
6. The sample was consolidated under back and

cell

pressures of 10.69 MPa and. 12.70 MPa. An undrained

triaxial compression test was conducted at a
rate of 1.4 x 10°* s ',
DATA

-~

DIAMETER = 3
HEIGHT = 20.%
WEIGHT = 45.36 WP ;
BULK DENSITY = 1.970 Mg/m
WATER CONTENT = 3.2 %
BITUMEN CONTENT = 15.9 %
SATURATION = 92.2 %
POROSITY = 0.399

Comments on Sample Fallure:

Radial expansion occured uniformly throughout the
height of the sample.

strain

full
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" TEST SC-84-4B: _ SALINE CREEK OIL SEND

PROCEDURAL DETAILS‘ ' . - ' Y | ™

1. Enlarged 43. 20 mm d1aqet// - loading platens were
- used. The faces of _the platens were overlaid with
two layers of greasea rubber membranes. S
2. The sample was thawed under.cell and back pressures e
' of 0.88 and 0.51 MPa for 2.0 hours. .
3. B tests were conducted at an ‘effective- conf1n1ngg‘
pressure of 0,50 MPa with 1ncrementa1 increases in
pore pressure until saturatlon was reached.
4, An isotropic compress1b111ty test was conducted with
" three cycles of effective: conflnxng stress up to 5 .
MPa. A constant ' pore pressure of 1. 75 MPa was,
maintained throughout. the test. = S
5. A second series -of B tests .were conducted at a -
: conf1n1ng pressure of 2.15 MPa followrng the cyclic
compression of the’ sample.. — s
6. The sample was consolldated under back and cell’
. pressures of 10.61" ‘MPg_and 12.76 MPa . An_ .undrained
triaxial compressr est was conducted at a stra1n
rate of 8.4 x 10~ ". o T . : L e

+ ,TEST DATA

DIAMETER 38 27 mm . .
~» HEIGHT: 18 20 mm R
WEIGHT = 41.21g. = ' 4
.BULK DENSITY = 1.969 Mg/m~ :
WATER, CONTENT = 3.2 % ' ...~
. BITUMEN CONTENT = 15.9 % B
" SATURATION = 92.1.% ~, = . - -
, ' POROSITY = 0. 399 - - v, s
O N TR

Oy

'vGom%ehts{onpSample'Failure3>”e

Eedmal expansron occurﬁd un1formly throughout the full
hezght -of the sample o

+
o

L -
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"TEST .SC-84-5A: SALINE CREEK OIL SAND

pns
‘

'PROCEDURAL DETAILS

1.

~ TEST DATA:

Enlarged 43.20 mm diameter loading .platens  were

used. The faces of the platens were overlaid with

two ‘layers of ' greased rubber membranes.

"The sample was thawed under cell and back pressures

of 1.08 and 0. 48 MPa for 1.5 hours.

B tests were .conducted at an effectxve conflnlng.'

pressure of 0. 60 MPa with- incremental increases 1n

pore pressure until saturation was reached. :

An isotropic compressibility test was conducted w1th
three cycles: of effective conf1n1ng stress up 5

main ‘&throughout the  test.
A see nd &ekxes of B tests were conducted at a
confining ‘pressure of 2,15 MPa followlng the cyclic

- MPa. i A ¢opstant  pore pressure of 1. 80 MPa was

‘compression, of the sample.

The sample was consolidated under back ‘and cell

pressures of = 10.61 MPa and 12. 77 MPa.” An undrained‘

triaxial compre551on test was conducted at a ' strain

.rate of 7.8 x 10°* s°', The sample slipped off the

base pedestal during testing and the triaxial test

eresults were considered erroneous

DIAMETER = 38.31 mm

HEIGHT = 19.43. mm

WEIGHT = 44.85 g. 3
| BULK DENSITY = 2.002 Mg/m

WATER CONTENT

W

3.3 %

BITUMEN CONTENT = 14.0 %
SATURATION = 90.1 % -
+  POROSITY = 0,375

Lo
AR
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TEST SC-84-5B: SALINE CREEK OIL SAND

"~~~ "PROCEDURAL DETAILS

‘TEST

Enlargéd 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes. ‘

" The sample was thawed under cell and back. pressures

of - 1.03 and 0.47 MPa for 15 hours. :

B. tests were conducted at an effective confining
ptessure of 0.55 MPa with incremental increases in
pore pressure until saturation was reached. :

An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
MPa. A constant pore prgssure of 1.80 MPa was
maintained throughout the St :

A second series of B tests were conducted at a

confining pressure of 2.20 MPa following the cyclic

‘compression of the sample.

The sample was consolidated under back and cell .
pressures of 10.23 MPa -and 12.21 MPa.~An undrained
triaxial compression test was conducted at a strain

rate of 7.5 x 10°? s°', o :

DATA

DIAMETER = 38.35 mm
HEIGHT = 19.63 mm

WEIGHT = 44.25 g. :
 BULK DENSITY = 1.952 Mg/m
. WATER CONTENT = 3.3 %

3

BITUMEN -CONTENT = 14.0 %
'SATURATION = 84.4 %
POROSITY = 0.391

. Comments on Sample Failure:

‘Radial expansiod occured uniformly throughout the full

height of the sample.
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TEST gC-BG—SA: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.
The sample was thawed under cell and back pressures -
of 1.02 and 0.51 MPa for 1.5 hours.

B tests were conducted at an effective confining
pressure of 0.50 MPa with incremental increases in

‘pore pressure until saturation was reached.

An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
MPa. A constant pore pressure of 1,80 MPa was
maintained throughout the test.

A second series of B tests were conducted at a
confining pressure of 2.00 MPa following the cyclic
compression of the sample.

The sample was consglidated under back and cell
pressures of 10.46 MPa and 12.53 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 2.1 x 10°'" s°',

TES%-DATA

FDIAMETER = 38.28 mm
HEIGHT = 19,35 mm

WEIGHT = 45.97 gq.
BULK DENSITY = 1.985 Mg/m

3 .

WATER CONTENT = 2.0 %
BITUMEN CONTENT = 12.6 %
SATURATION = 76.9 %

POROSITY = 0.363

1

M

Comments on Sample Failure: _ -

ZFRadial expansion occured uniformly throughout the full
height of the sample. N
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| TEST SC-84-8B: SALINE CREEK OIL SAND

_PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

2. The sample was thawed under cell and back pressures
of 1.10 and 0.64 MPa for 43 hours.

3. B tests were conducted at an effective conf1n1ng
pressure of 0.48 MPa with incremental 1ncreases in
pore pressure until saturation was -reached.

4. An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
MPa. A constant pore pressure of 1.80 MPa was
maintained throughout the test.

5. A.second series of B tests were conducted at a

« confining pressure of 2.30 MPa following the cyclic
compression of the sample.

. 6. The sample was consolidated under back and cell
pressures of 10.28 MPa and 12.35 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 2.2 x 10°"' s™ ',

DIAMETER = 38.33 mm
HEIGHT = 20.07 mm

WEIGHT = 43.95 g. 3
BULK DENSITY = 1.974 Mg/m

WATER CONTENT = 2.0 %
BITUMEN CONTENT = 12.6 %
SATURATION = 78.1 %

60

POROSITY = 0.3

Comments on Sample Failure:

Radial expan51on occured unxformly throughout the full
height of the sample
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~ TEST SC-84-10: SALINE CREEK_OIL . SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading platens were
used.

2. The sample was thawed under cell and back pressures
of 2.0 and 1.0 MPa for 17 hours.

3. B tests were conducted at an effective confining g
pressure of 1.03 MPa with incremental 1increases in
pore pressure until saturation was reached.

4, The sample was consolidated under back and cell
pressures of 10.98 MPa and 11.91 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 2.6 x 10" s ',

TEST DATA

DIAMETER = 38.75 mm
HEIGHT = 75.25 mm
WEIGHT = 178.03 g.

BULK DENSITY = 2.006 Mg/m
WATER GONTENT = 7.6 % :

BITUMEN CONTENT = 12.2 % .

SATURATION = 99.3 % ' U
POROSITY = 0.394

3

Comments on Sample Failure:

A .shear plane developed as s
shown in the sketch.
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TEST SC-84-13: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

2. The sample was thawed under cell and back prescures
of 2.2 and 1.2 MPa for '8 hours. o

3. B tests were conducted at an effective confining
pressure of 1.0 MPa with incremental increases in
pore pressure until saturation was reached.

4. The sample was consolidated under back and cell

pressures of 10.89 MPa and 11.94 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 1.3 x 10> s ',

TEST DATA

DIAMETER = 38.50 mm

HEIGHT = 1B.68 mm

WEIGHT = 43.81 g. 3
BULK DENSITY = 2.015 Mg/m
WATER CONTENT = 2.1 %
BITUMEN CONTENT = 15.2.%
SATURATION = 91.6 %
POROSITY = (.383

Comments on Sample Fallure:

Radial expansion occured uniformly throughout the full
height of the sample.

I s D
+
'S -
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TEST DATA . -

. TEST 5C-84-14A: ~SALINE CREEK OIL SAND

¥

‘3‘P§0CﬁﬁURAL DETAILS C:}-'

per -loading platensy were
MRDolatens were overlaid with
R er membranes. o,
gfer cell and back preséuresu
. of 6.6 and 1.5 MPa for[ 16 hours.. ‘
" 3.'B -tegss were condpcced at’ an effect*ve conflnlng
' -,pressu?’ of, 5.0 MPa with incremental! increases ~1n
+> ' pore pressure until saturation was reached. - ;
-~ 4., The 'sample was consolidated under back and cell
pressures of 7. 80 MPa and 12.62 MPa. ., Av undrained
tr1ax1al compress1on test was conducted at a ‘strain
rate of; 5 x 107 ., : -

1. Enlarged 43.20, mm diag
" used. . The  faces O f
.. two layers of greasef:n
' 2. The sample was thawsSz

DIAMETER = 38.00 mm

HEIGHT = 18.81 mm

WEIGHT = 41.96 g

BULK DENSITY = 1.966 Mg/m

WATER CONTENT = 5 LI

BITUMEN CONTENT = 13.4 %

SATURATION = 91.9 % ’

POROSITY = 0.396 L -

Comments on Sample Failure:

Radial expansion occUred’uniformly throughout the full
height of the sample. :
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TEST SC-84-14B: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

1.

Enlarged 43.20 mm d1ameter ioadlng platens were:

-used. The "faces of the platens were overlaid with

two layers of greased rubber membranes. _
The sample was thawed under cell and back pressures
of 6.6 and 5.7 MPa for 3.3 hours,

3. B tests were conducted ¢ at an effective confining
- pressure of 1.0 MPa with- incremental increases in

: pore pressure until saturation was reached.

4, The sa was: consolidated under back and cell
pressure of 9.33 MPa and 10.30 MPa. An undrained
triaxial c¢ompression test was conducted at a stra1n
rate of 1.5 x 10°* s-'.

TEST

DATA

DIAMETER = 38.10 mm
HEIGHT = 18.51 mm ,
WEIGHT = 40.96 g. "3
BULK DENSITY = 1.941 Mg/m

" WATER CONTENT ="5.1 %

BITUMEN CONTENT = 13.4 %
SATURATION = 89.2 %
POROSITY = 0.403

Comments on Sample Failure: -

[

- Radial expansion occured unlformLy throughout the full

height of the sample.
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TEST SC-84-15A:  SALINE CREEK OIL.SAND

PROCEDURAL DETAILS . -

1. Enlarged 43.20 mm diameter loading platens ' were -
' used. The faces of the platens were overlaid with
two layers of greased rubber membranes.
2. The sample was thawed under cell and back pressures
- 0f 2.68 and 2.11 MPa for 16 hours. '
3. B tests were conducted at an effective conf1n1ng
' pressure of 0.70 MPa with incremental increases in
. pore pressure until saturation was reached. T
4, An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
‘MPa. A constant . pore pressure .of 1.91 MPa was
maintained, throughoutgthe test. . .

5. A second series.of ,B- tests were conducted at a
conf1n1ng pressure’ of 2.20 MPa followlng the cycllc
compression of the sample.

6. The sample was consolidated ‘under: back ~and cell

: pressures of 10.18 MPa and 12.24 MPa. 'An undrained
triaxial compression test was conducted at ‘a strain
rate of 1.1 x 107 s7r. . -

TEST DATA

DIAMETER = 37.95 mm
~HEIGHT = 17.36 mm
WEIGHT = 39.69 g.
BULK DENSITY = 2 021 Mg/m
.~ WATER CONTENT = 1.2 %
" - BITUMEN CONTENT_' 16. 5.%_'
" SATURATION = 93.4 %
POROSITY = 0.373

Comments- on Sample Failure:
Radial  expansion  occured
uniformly- throughout - ‘the

- full height of "the sample.
The ‘sample 'slipped to one
-side of the base  pedestal
during ' the test. A line.
appeared across the top. of
“the sample' as shown in the = -
sketch. _The sample . was.
broken 'in half and a
fracture through the  sample,
was not evident. o

"Llnc
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TEST SC-84-15B: SALINE CREEK OIL SAND
S~——

PROCEDURAL DETAILS '

1. Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes,

2. The sample was thawed under cell and back pressures
of 0.96 and 0.06 MPa for 2.7 hours. '

3. B tests were conducted at:- an effective confining
pressure of 0.85 MPa with incremental increases in
pore pressure until saturation was reached.

4. An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
MPa. A constant pore pressure of 4.30 MPa was

- maintaimed throughout the test. '

5. A second series of B tests were conducted at a
confining pressure of 1.80 MPa and -3.40 MPa
following the cyclic compression of the sample.

6. The sample was consolidated under .back and cell
pressures of 10,24 MPa and 12.44 MPa. An ‘undrained
triaxial compression test was conducted at a strain
rate of 8.4 x 10°? s ', : .

DATA

TEST

DIAMETER = 37.95 mm )
HEIGHT = 18.78 mm :
WEIGHT = 42.16 g. 3
BULK DENSITY = 1,985 Mg/m”

"WATER CONTENT = 1.2 %

BITUMEN CONTENT
SATURATION = 89.
POROSITY = 0.384

= 16.5 %
1%

Comments on Sample‘?ailure:

Radial expansion occured uniformly throughout the full
height of the sample. Bitumen was found collected in
the filter paper above the porous stone. The sides of

the sample were light brown in colour indicating the

flow of bitumen from the edge of the sample towards the
porous stone.
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“'TEST 5C-84-17: _ SALINE CREEK OIL SAND

PROCEDURAL DETAILS

1. Enlarged.43.20. mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

‘2. The sample was thawed under cell and back pressures

-~ - of 0.43 and 0.08 MPa for 2.0 hours.

3. B tests were conducted ‘at an effect1ve confining

Y pressure of 0,35 MPa with incremental increases in

. pore pressure. ‘until saturation was reached.

4., An isotropic compressibility test was conducted.with

: ‘three cycles of“effective confining stress up to 5 °
MPa. - A constant pore pressure of 2.80 MPa was
.maintained throughout the test. ' -

5. A second series of B tests were conducted - at a
confining. pressure of 1.80 MPa and 4.00 MPa

: following the cyclic compression of the sample.

6. The sample was  consolidated under back and cell

¥ pressures of 10.07 MPa and 12.37 MPa. An undrained

" triaxial compre551on test was conducted at a strain
rate of 3,1 x 10°* s~ '. , : :

;

. TEST DATA

DIAMETER = 38.22 mm

HEIGHT = 77.40 mm
WEIGHT = 174. 51 g.
BULK DENSITY = 1,966 Mg/m

WATER CONTENT = 2.1 %
BITUMEN CONTENT = 16,1 %
SATURATION = 88.6 %
PORQSITY = 0.393

Comments on Sample Failure:. g

Shear plane developed along . r/’iﬁggng:

a bedding plane as shown 1n § Plane 10 Sampte
~

the sketch.

30mm

40mm
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TEST SC-84-22: SALINE CREEK OlL SAND

'PROCEDURAL DETAILS , -

1. Conventional 50.00 mm diameter loading platens were
used, : .

2, The sample was thawed under cell and back pressures

: of 0.25 and 0.20 MPa for 12 hours.

3. B tests were conducted at an effective confining
pressure of 0.07 MPa with incremental increases in

, pore pressure until saturation was reached.

4. An isotropic compressibility test was conducted with
three cycles of effective confining stress up to 5
MPa. A constant pore pressure of 1.13 MPa was
maintained throughout the test.

5. A second series of B tests were conducted at a
confining pressure of 2,95 MPa following the cyclic
compression of the sample.

6. The sample was consolidated under back and cell

pressures of 11.46 MPa and 13.27 MPa. An undrained
triaxial compression test was conducted at a strain
“rate of 1.9 x 10°* s°', : :
TEST DATA

DIAMETER = 50.95 mm

HEIGHT = 102.50 mm

WEIGHT = 425.3 gq. 3

BULK DENSITY = 2.035 Mg/m

WATER CONTENT = 2.8 % '

BITUMEN CONTENT = 14.1 %

SATURATION = 92.7 % o _32Tmm
POROSITY = 0.362 i i

N i

Comments on Sample Failure:

30mm

. A shear plane developed as
shown in the sketch.

_%66mm

}‘4*
P S

L 53.9mm
b

.
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»

TEST SC-84-23: SALINE CREEK OIL SAND

PROCEDURAL DETAILS ‘ .ﬂk

1. Enlagged 43.20 mm’ diameter loading platens were
used. >, The faces f the platens were overlaid with
two la%ers of greas€d rubber membranes.

2. The sample was thawed under cell and back pressures
- of 0.82 and 0.34 MPa for 1.5 hours.

3. B tests were conducted at an effective confining
#pressure of 0.46 MPa with incremental increases in

pore pressure until saturation was reached.
4. An isotropic compressibility test was conducted with
three cycles of effective confining s;ress up to 5
MPa. A constant pore pressure of 0.75 MPa was

maintained throughout the test,

. 5. A second series of B tests were conducted at a
o . confining pressure of 2.40 MPa following the cyclic
: compression of the sample. The pore pressure
response was very low and sluggish. Examination of
the porous stone after testing showed the stone to
be filled with bitumen. It 1is probable that the
bitumen has also restricted volume change during the
compressibility test, particularily in the last two

‘ cycles.

. 4% 6. The sample was consolidated wunder back and cell
o . - pressures of 10.02 MPa and 11.98 MPa. An undrained
! L triaxial compre551on test was conducted at a strain

v . " rate of 2.4 s
o
. TEST DATA

v DI AMETER = 38.50 mm
: "HEIGHT = 21.70 mm"
WEIGHT = 50 17 g
i BULK DENSITY = 1,986 Mg/m
'+, .WATER CONTENT = 3 3 g
AR BITUMEN CONTENT = 15.8 % ) 9.
T SATURATION = 93.7 % N
POROSITY = 0.395

Comments on Sample Failure:

<  Radial expansion occured uniformly throughout the £full
height of the sample. -



£
. ‘)
N
A}
M
1 T v
N
‘o

a .

o]

[l .

z SAMPLE SC-84~23
-

2

g ’

& .

o il

a.

Legend
. ﬂ tes1g proof ‘o cyche comp'ul-‘on
0.1 e g e
0 ;
0 2 4 [ 8 0 12
PORE PRESSURE, u (MPa)

P

GRAIN"SIZE (milimwtres)

. - -

AN

L2

b

1]

4
4
J
.
4
o
s
— amviL .
Comrme X
MU T
.

oV /o :;

" g1—a1 (MPa) ‘

u (“Po)

>
®
.
" N ,
10
15 4
10 4 (e
. " SAMPLE SC-84-23 |
PR
o
0 4=
24 "
[E IR : )
s . .
Al .
3q Y
o 4y e 5
o -3 9 12 1% W N 24 27 30 3 38
AXIAL STRAIN (%) -

0

f'Figure~C.20-S¢—84723: Triaxial Test Results.



o

a

344

TEST SC-84-24: SALINE CREEK OIL SAND

fad

PROCEDURAL DETAILS

x“

2 - . . : : .

Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

The sample was thawed under cell and back pressures

of 0.66 and 0.37 MPa for 1.5 hours.

B tests were conducted at an effective conf1n1ng
pressure of 0.30 MPa‘with incremental 1ncreases 1n
pore pressure until saturation was reached.

An isotropic compre551b111ty test was-conducted wlth
three cycles of effective confining stress up to 5

MPa. A constant pore pressurés Of Jg7¢ MPa was .
‘maintained throughout the test.. ' }?

A second series of B testsy*

compression of the sample.

The sample was consolidated under ,%ack and cell

pressufes of 10,69 MPa and 12.81 MPa. An undrained
triaxial compression test was conduwfed at a strain

;kate of 8.7 x 10" s,

DAT

. TEST

.

A B

BIAMETER = 38,20 mm
HEIGHT = 20 72 mm

ngGHT = 46,45 g. -

ULK DENslvtgng 956 Mg/m’ . I 3
RTER” CQUTENT ® 3.4 %, - S

BIT .

EN CONTENT = 16.2 %

SATPRATION = 9d .5 %

- POROSITY ='0.408

Comments‘on Sample Failure:.

- Rad

he1ght of* the samp¢e,

ial expan51on occured unlformly throughout the full

‘

nduéted at a .
~confining pressure of 2.20 MPa fo lo%h 4 tfe ‘cyclic,

az
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PROCEDURAL DETAILS

-~-TEST SC-84-25A: SALINE CREEK OIL SAND

- R
. .
\ ,

1. Enlarged 33.20 mm diameter loading platens

346

&)

wer

used. The faces of the platens were overlaid with

two layers of greased rubber membranes.

2. The sample was thawed under cell and back pressures

of 0.72 and 0.29 MPa for 2.0 hours.

3. B tests were conducted at an effective conflnlng

pressure of 0.43 MPa with incremental increases

pore pressure until saturation was reached.

in

4, An isotropic compressibility test was conducted w1th

three cycles of effective confining stress up

to 5

MPa. A constant pore pressure of 1.78 MPa was

maintained throughout the test.

5. A second series of B tests were conductéd

- a W

conf1n1ng pressure of 1.96 MPa follow1ng the cycl1c »

compression of the sample.
6. The sample was consolidated wunder back and

cell

pressures of 10,32 MPa and 12.42 MPa. An undrained

triaxial compression test was condugted at a.
rate?of 8.4 x 10°% s7',

BUL DENSITY = 2.005 Mg/m

"WATER CONTENT = 3.8 % b
BITUMEN CONTENT = 12.9 % ¥
"SATURATION = 88.3 %

POROSITY = 0.370

Comments on Sample Failure:

Radial expansion occured unlformly throughout - the
height of the sample.

strain

full
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| TEST SC-84-25B: _ SALINE CREEK OIL SAND

PROCEDURAL DETAILS"

. u”

: 1. Enlarged 43.20° mm diameter loadlng platens were

: . used. The faces of tne platens were overléﬂd wlth

. two layers of greased rubber membranes,

. 2. The sample was thawed under cell and back- pressures'
. of 0.77 and 0.35 MPa for 2.0 hours.

3. B tests were conducted at an effective conf1n1ng-'
pressur€ of 0.34 MPa with incremental increases in
pore préssure until saturation was reached.

4, An isot#fopic ctompressibility test was conducted with

: - three cycles of effective confining stress up to 5
MPa. A 'constant pore pressure’ of 1,72 MPa was
maintained throughout the tcst..;wf ' '

{ 5. A second series of B gjhts“,
confining pressure of 24l
compression of the samplW ,

»6. The sample was. consoly back and cell v
" 'pressures of 10.53 .MPa. aj 4 An undrained
o ‘ib - tr1ax1a1_'com-ressxoo b e SEiaghs” onducted at a stra1n

re conducted at a
w1ng the cyclic

TEST DATA X
4 . L r -
_ s . [ J , .
. . DIAMETER =‘3.;oo«mm e | S
s "HEIGHT = 19.85% mm , :
: WEIGHT = 45.00 g.
 BULK DENSITY = 2.000 Mg/m

" WATER CONTENT = 3.8 %
BITUMEN CONTENT = 12.9 %
SATURATION =.87.8 % a’

. POROSITY = 0.371 .7

o

Comments on  Sagple Failureé,‘

) o Radial expans1on occured unlformly throughout the full ,
vhtnggg,a o helght ofnthe sample . _— ) -

-
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TEST SC-84-29: SALINE CREEK OIL SAND

PROCEDURAL DETAILS ) a

8

Al

ol 1. Enlarged 43.20 mm diameter loading platens . were .

C; used. .The faces of the platens were overlaid with
two layers of greased rubber membranes,

2. The sample was thawed.under cell and back pressures
of 11.0 and 3.0 MPa for~ 2Q hours.

3. B tests were conducted at an effectlve confining
pressure of 8.0 MPa with incremental increases in
pore pressure until saturation was reached.

4. The sample was consolidated under back and cell
pressures of: 3,23 MPa and 11.12 MPa. An undrained
triaxia compression test was conducted at a strf%n
rate of 1,1 x 10°* s, .

g% . TEST DATA
2 o‘:??"—__—

DIAMETER = :38.40 mm L
HEIGHT = 20.73.mm A b A

" WEIGHT = 46..30 g. A T g A
.BULK DENSITY =1, 929 Mg/m ' N

WATER' CONTENT,g= 2.0 % s o
BITUMEN CONTENT = 14.8 % o T
SATURATION .= 80.1 % L '
‘POROSITY = 0. 428

£
. v

)
1

C @ cCcomments on Sampie Failure:

RN

© . . Radial expans sn occuréd un1formly throughout the full
o helght of the sarole. ‘ . :
N , K

~
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TEST SC-84-30: SALINE CREEK OIL SAND

|

PROCEDURAL DETAILS | - '

TEST DATA

*

Enlarged 43.20 mm diameter loading platens were
used. ' : :

The sample was thawed under cell and back pressures
of 11.2 and 3.0 MPa for 17 hours.

B tests were conducted at an effective confining
pressure of 8.0 MPa with incremental increases in
pore pressure until saturation was reached. N

The sample was consolidated under back and cell
pressures of 3.07 MPa and 11.13 MPa. An undrained
triaxial compression test was conducted at a. strain
rate of 1.3 x 10-* s- ', »

DIAMETER = 38.23 mm
HEIGHT = 76.93 mm

WEIGHT = 170.80 g.

BULK DENSITY = 1.934 Mg/m
WATER CONTENT =
BITUMEN CONTENT.'

3

4.0 %-
= 13.9 % -

SATURATION = 84.4 %
"POROSITY = 0.428

{ ] “.‘ ) - . -

~ Comments on Sample Failure:

i

X shear plane developed as ‘
shown in the sketch. W

S

‘¢

3l
¥z
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TEST SC-B84-31: _ SALINE CREEK OIL SAND!

PROCEDURAL DETAILS

TEST

4-

Enlarged 43.20% mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

The sample was thawed under cell and back pressures
of 5.65 and 0.65 MPa for 16 hours.

B tests were conducted at an effective conflnlng
pressure of .0 MPa with incremental 1ncreases
pore pressure untxl saturation was reached. ‘

The sample was consolidated wunder back and C€Yl
pressures of 6.31 MPa and 11.31 MPa. An undrained
triaxial compre551on test was conducted at a strain
rate of 1,30 s - fgn

DATA

DIAMETER = 38.65 mm
HEIGHT = 17.40 mm
WEIGHT = 39.40 g.

'BULK DENSITY = 1.930 Mg/m’

WATER CONTENT = 2.3 %

BITUMEN CONTENT = 16.4 %

SATURATION = B86.3 % = : .
POROSITY = 0.408

Comments on Sample Failure:

Radlal expansion occured uniformly throughout the full
he1ght of the sample

-
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.

TEST SC-84-33: SALINE CREEK OIL SAND

PROCEDURAL DBETAILS

*
)

#

. . . Lt .
. Enldrged, “43,20 - mm diameter loading platens were
- used. The fates of the platens were overlaid .with

two layers of-gr d rubber mehbranes’

The sample was Z'awed under cell and back pressures
of 5.65 and 0.65 MM for 20 hours, |

B tests were conducted at an effédctive confining
pressure of 5.0 MPa with incremental increases in
pore pressure until saturation was reached.

The sample was consolidated under back and cell

pressures of 9.72 MPa and 10.76 MPa. An undrained-

triaxial compression test was conducted at a strain
rate of 1.1 x 10-"' s° ',

TEST

DATA

DIAMETER = 38.70 mm
HEIGHT = 19.94 mm
WEIGHT = 47.03 gq.

BULK DENSITY = 2.005 Mg/m°

WATER CONTENT = 3.9 % :"

BITUMEN CONTENT = 13.7 %

SATURATION = 91,6 % . &
! »

POROSITY = 0.377

W

Comments on Sample Failure:

Radial ‘expansion occured unifermly throughout the full
height of the sample. : :

¥
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TEST SC-84-34: SALINE CREEK OIL SAND

PROCEDURAL DETAILS
A

1.8 Enlarged 43,20 mm diameter loading platens were

~__ used,

2. The sample was thawed under. cell and back _pressures

of 5.82 and 0.82 MPa, for 66 hours.: ‘

3. B tests were ~conducted at an effective confining
pressure of 5. 05 MPa with incremental increases in
pore pressure until saturation was reached.

4. The sample was consolidated under - back and cell
pressures of 6449 MPa and 11.50 MPa. An undrained

atriaxial compression test was conducted at a strain
rate of 9.6 x 10°¢ s~ '. : :

TEST DATA

DIAMETER = 38.50 mm

HEIGHT = 67.51 mm . : s
WEIGHT = 162.08,g.
BULK DENSITY = 2.061 Mg/m>
WATER CONTENT = 1.9 %
. BITUMEN CONTENT = 14.8 %.
SATURATION = 95.4 %
POROSITY = 0.358

\

-

Comments on Sample Failure:

A shear plane developed as
shown in thq sketch.

- \

i
3

Crocks

. 587 mm
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.’TEST SC-84-39: . SALINE CREEK OIL SAND

Q

PROCEDURAL DETAILS

- Conventional 50. 00 mm diameter loading platens were

used.
The sample was thawed under cell and back pressures

of 0.25 and 0,20 MPa for 12 hours.

B tests were conducted at an effect1ve confining
pressure of 0.15 MPa with incremental increases in
pore pressure until saturation was reached.

An isotropic compressibility test was conducted w1th
three cycles of effective confining stress up to 5
MPa. A constant pore pressure of 1.20 MPa was
maintained throughout the test. a :

A second series of B tests were conducted at a

5 L]

: conf1n1ng pressure of 2.10 MPa followlng the cyclic
compression of the sample.

6. The sample was consolidated under back and cell
pressures of 4.46 MPa and 4.54 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 1.8 x 10°°% s, .

\ ‘ “
TEST DATA \
DIAMETER = 50.98 mm = - j

HEIGHT = 102.10 mm
WEIGHT = 424.0 g. R
BULK DENSITY = 2.034 Mg/m
WATER CONTENT = 1.4 %
BITUMEN CONTENT = 15.8 %
SATURATION = 94.0 % ~

POROSITY = 0.364

~
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TEST SC-84-40A: SALINE CREEK OIL SAND

Enlarged 43.20 mm diameter loadzng platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

The sample was thawed under .cell and back pressures
of 5.85 and 0.85 MPa for 2.5 hours.

3. B tests were conducted at an effective conf1n1ng
pressure of 5.0 MPa with - incremental increases in
pore ‘pressure until saturation was reached.

4. The sample was consolidated under back and cell

, pressures of 7.20 MPa and 12.03 MPa. An wundrained
tr1351al compression test was conducted at a strain
ratesof 1.5 x 107 s°',

. .
TEST DATA -

'DIAMETER = 39.00 mm

HEIGHT = 18 ,83 mm
WEIGHT = 44.16 g
BULK DENSITY = 1,963 Mg/m A

WATER CONTENT =
BITUMEN CONTENT
SATURATION = 89.

15.8 %

2 6 %
1%

POROSITY = 0.395

Comments on Sample Failure:

‘" Radial expansion occured unlformly throughout the full

height of the sample.

1
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TEST SC-84240B:  SALINE CREEK OIL SAND

PROCEDURAL DETAILS C -

TEST

i. Enlarged 43.20 mm diameter loading ‘platens

364

were

used. The faces of the platens were overlaid with

‘two layers of greased rubber membranes.

2. The sample was thawed under cell: and. hpck pressures

of 5.70 and 0.78 MPa for 17 heb?s«i\;_
3. B tests were conducted at an’¢
pressure of 5.0 MPa with incremental increases

pore pressure until saturation was reached. The port‘

pressure response was very slugglsh Examination

tive conf1n1ng£ﬁW“.

of

the porous stone after testing showed the stone to

contain bitumen.
4. The sample was consolidated wunder back and

cell

pressures of 4.83 MPa and 9.87 MPa. 'An undrained

triaxial compre551on test was conducted at a strain -

rate of 1.3 x 10" s ',
DATA

DIAMETER = 38.95 mm
HEIGHT = 20.53 mm

WEIGHT = 48.59 g.

BULK DENSITY = 1,987 Mg/m
WATER CONTENT = 2 6 %
BITUMEN CONTENT = 15,8 %
SATURATION = 91.7 %
POROSITY = 0.388

Comments on Sample Failure:

Radial expansion d¢ccured unlformly throughout the
height of the sample. '

full
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TEST S5C-84-43: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

v

Enlarged 43.20 mm diameter loading platens Were
used. The faces of the platens ware overlaid with

‘two layers of greased rubber membranes.

The sample was thawed under gell and back pressures
of 5.90 and 0.92 MPa for 18 hours.

B tests were conducted at an effective confining
pressure of 1.0 MPa with incremental increases in
pore pressure until saturation was reached. The pore
pressure response was very sluggish, Examination of
the porous stone after testing showed the stone to
contain bitumen. " ‘

The sample was consolidated under back and cell

pressures of 9.48 MPa and 10.40 MPa. An undrained.

triaxial compression test was conducted at a st;ain

. rate of 1,3 x 10°° s° ', . §

A

DATA

TEST

DIAMETER = 38.45 mm
HEIGHT = 19,78 mm
WEIGHT = 44.85 g. 3

BULK DENSITY = 1.953 Mg/m

WATER CONTENT = 2.9 %

BITUMEN CONTENT = 17.4 % s
SATURATION = 94.0 % " _—
- POROSITY = 0.411

Comments on Sample Failure: -

Y

Radial expansion occured uniformly throughout the full
height of the sample,.

“
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TEST SC-84-49: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

l.‘Enlarged 43.20 mm:' diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

2. The sample was thawed unhder cell and back pressures
of 5.52 and 0.52 MPa for 10 hours.

3. B tests were conducted at an effective confining
pressure of 5,0 MPa with incremental increases in
pore pressure until saturation was reached.

4. The sample was consolidated under back and cell
pressures of 5.59 MPa and 10.44 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 1.60 s~ '.

TEST DATA

_DIAMETER = 38.50 mm
HEIGHT = 19,30 mm
WEIGHT = 42.45 gq. 3
BULK,DENSITY = 1.890 Mg/m
WATER CONTENT = 3,1 %
BITUMEN CONTENT = 14.4 %
SATURATION = 78.6 % -
POROSITY = 0.451

Comments on Sample Failure:

Radial expansion occured uniformly throughout the full
height of the sample. _
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TEST SC-84-51: SALINE CREEK OIL SAND

PROCEDURAL DETAILS ' , ‘ gy

" 1. Enlarged 43.20 mm diameter - loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

2. The sample was thawed under cell and back pressures
of 5.52 a8 0.52 MPa for 18 hours.

3. B tests were conducted at an effective confining’
pressure of 1.00 MPa with incremental 1increases in

: pore pressure until saturation was reached.

4. Test data for undrained triaxial compression test
not recorded due to mis-triggering of data recorder.

TEST DATA

DIAMETER = 38.47 mm

. ~HEIGHT = 20.16 mm
WEIGHT = 45.61 g. % 3
BULK DENSITY = 1,947 Mg/m"

WATER CONTENT = 1.6-%
BITUMEN CONTENT = 16.9 % . ' s l;
SATURATION .= 87.3 % . : D

POROSITY = 0.423

K]
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.TEST SC—84—52:- -SALINE CREEK OIL SAND

PROCEDURAL DETAILS

¥

372

1. Enlarged 43.20 mm diameter loading platens were

used. The faces of the platens were overlaid
two layers of greased rubber membranes.

with

2. The sample was thawed under cell and back pressures

of 5.67 and 0.67 MPa for 17 hours.
3. B tests were conducted at an effective con
. pressure of 5,00 MPa with incremental increa
"pore pressure until saturation was reached.

4. The sample was consolidated .under back and
pressures of 5.58 MPa and 10.63 MPa..An und
‘triaxial compression test was conducted at a
rate of 1.50 s '. o

<
@

DATA

TEST

N

DIAMETER = 38.55 mm
HEIGHT = 19.68 mm ' s |
WEIGHT = 46.58 g. 3 v .
BULK DENSITY = 2.027 Mg/m ~ ,
WATER CONTENT = 4.2 % .

BITUMEN CONTENT = 9.4

SATURATION = 79.7 %
POROSITY = 0.364

%

© ——y

Comments on Sample Failure:

Radial expans1on occured unlformly throughout the
height of the sample. :

fining
ses in
cell

rained
strain

full-
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TEST SC-~84-53: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

3

Enlarged, 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

The sample was thawed ‘under cell and back pressures
of 8.35 and '0.35 MPa for 15 hours. _

B tests were conducted at an effective confining
pressure of 8.0 MPa with incremental increases in
pore pressure. The pore pressure response was very
low and sluggish. Examination of the porous stone

after testing showed the stone to contain bitumen.

-The sample was consolidated under back and cell

pressures of 3,07 MPa.and 11.08 MPa, An undrained
triaxial compression test was conducted.at a strain
rate of 1.1 x 10-* s°'.

DATA

Tss¢

DIAMETER = 38.52.-mm
HEIGHT = 19,75 mm
WEIGHT = 44.80 gq.

BULK DENSITY = 1.947 Mg/m>

WATER CONTENT = 2.7 %
BITUMEN CONTENT = 17.8 % )
SATURATION = 93.5 % - :
'POROSITY = 0%.427

Comments on Sample Failure:

-~

.Radiél eipansion occured\uniformly throughout the full
“height of the sample. '



*" 375 .

-]
ooy

R S2T OITRIVTION
SR A OLMO e

+ SAMRLL SC-44-8) ) o e aaas

”"”
o

0:-05 (MPg)

g
N

s 4 SAMPLE SC-84-93

L0031 N
/rb“ 12en * /v

PERCENT FINER THAN

|
o

¥
A
u (MPa)

wo
?‘ K r“,"' e . , ;
. *
1o 1o e .- M/“
GRAIN SIZE (milimetres) ST :

0 — v -
~ 0 3 ¢ 9 12 13 w@w 21 4 17 0
~AXIAL STRAIN (%)

Figure C.36 SC-84-53: Triaxial Test Results

s



PROCEDURAL -DETALLS
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TEST SC-84-55A: SALINE CREEK OIL SAND

A

Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

The sample was thawed under cell and backypressures
of .5.56 and 0.72 MPa for 1.2 hours.

B tests were conducted at an effective confining
pressure of 2.00 MPE with incremental increases in
pore pressure until saturation was reached.

The sample was consolidated under back and cell
pressures of 10.38 MPa and 12.45 MPa. An undrained
triaxial compression test was conducted at a strain
rate of 2.90 s, '

'

TEST DATA | ' ‘ S

DIAMETER = 38.65 mm
HEIGHT = 18,19 mm

WEIGHT = 41.91 g. 3
BULK DENSITY = 1.964 Mg/m
WATER CONTENT = 2.4 %
BITUMEN CONTENT = 16.3 %
SATURATION = 90,1 %.
POROSITY = 0.398 "

Comments on Sample Failure: s

Radial expansion occured uniformly throughout the full
height of the sample. : _
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TEST SC-84-55B: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

378

. Enlarged 43.20 mm diameter loading platens were

used. The faces of the platens were overlaid
two layers of greased rubber membranes.

with

2. The sample was thawed under cell and back pressures

of 6.27 and 0.58 MPa for 1.2 hours.

3. B tests were conducted at an effective. confining
pressure of 2.0 MPa with incremental increases in

pore pressure until saturation was reached.

4. The sample was consolidated under back. and cell
. pressures of 10.29 MPa and 12,.317MPa. An undrained
triaxial compression test was conducted at a strain

rate of 2.30 s ',

DATA

TEST

DIAMETER = 38.63 mm
HEIGHT = 20.98 mm

WEIGHT = 49.17 gq. 3
BULK DENSITY = 1.999 Mg/m

WATER CONTENT = 2.4 %
BITUMEN CONTENT = 16.3 %
SATURATION = 94.3 % '
POROSITY = 0.387

Comments on Sample Failure:

Radial expansion occured uniformly throughout the
height of the sample. \ .

full
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TEST SC-84-60: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

TEST

1'

2.
3.

Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes,

The sample~was thawed under cell and back pressures
of 2.30 and 0.90 MPa for 17 hours.

B tests were conducted at an effective <confining
pressure of .00 MPa with incremental increases in

. pore pressure unt11 saturation was reached.

“The sample was consolidated under back and cell
pressures of 10.94 MPa and 11.96 MPa. An undrained.
triaxial compression test was conducted at a strain
rate of 1.4 x 10°' s,

DATA

'DIAMETER = 38.80 mm

HEIGHT = 19,11 mm

WEIGHT = 44.61 g. 3
BULK DENSITY = 1.974 Mg/m

o

WATER CONTENT = 2.0 % ’
BITUMEN CONTENT = 15.3 % :
SATURATION = 86.6 %

POROSITY = 0.405

Comments on Sample Failure:

Radial expansion occured uniformly throughout the full

height of the sample.

i
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TEST SQ:BO—i1SA: SALINE CREEK OIL SAND

PROCEDURAL DETAILS

1. Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overlaid with
two layers of greased rubber membranes.

2. The sample was thawed under cell and back pressures
of 5.58 and 0.74 MPa for 1.0 hours.

3. B tests were conducted at an effective confining
pressure of 2.00 MPa with incremental increases in
pore pressure until saturation was reached. ’

4. The sample was consolidated under back and cell
pressures of 9.71 MPa and 12,06 MPa. An undrained
triaxial compresslon test was conducted at a strain
rate of 2.30 s~ P

TEST

DATA

DIAMETER = 38.58 mm
HEIGHT = 19.91 mm

WEIGHT = 45.59 g-

BULK DENSITY = 1.959 Mg/m>
WATER CONTENT‘= 2.2 %
BITUMEN CONTENT = 15.5 %
SATURATION = 86.0 %
POROSITY = 0.392

Comments on Sample Failure:

Radial expansion occured uniformly throughout the full
height of the sample. A line appeared across the top of
the sample as shown in the sketch. The sample was
broken in half and a fracture through the sample was

, npt evident.

Line

396 mm
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TEST SC-84-115B: - SALINE CREEK OIL SAND
T ,- - -

PROCEDURAL DETAILS > '

Enlarged 43.20 mm diameter loading platens were
used. The faces of the platens were overla1d with
two layers of greased rubber membranes.

The sample was thawed under cell and back pressures
of 5.85 and 0.95 MPa for 1.0 hours.

B tests were conducted. at an effectlve conflnlng

pressure of 2.1 MPa with incremental increases in

pore.pressure until saturation was reached. <,\
- The sample was consolidated under back and cell

pressures of 10.20 MPa and 12,33 MPa. An undrained

triaxial compression test was conducted at a straln

rate of ' 3.10 s ',

TEST DATA - | . s

A

DIAMETER = 38.50 mm

HEIGHT = 14.28 mm

WEIGHT = 32. 28 g . ’
BULK DENSITY = 14948 Mg/m

POROSITY = 0.4

L{WATER CONTENT = 2,2 %
BITUMEN CONTENT = '15.5 %
SATURATION = B85.1 % . A X
19 y JEEC

-~

" Comments on Sample Failure:

Radial ‘expansion occured un1formly tthughout the fuil
he1ght of the sample. .
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o TEST SC-84-117: SALINE CREEK OIL SAND
. £ : o

PROCEDURAL DETAILS

» " 1, Enlarged 43,20 . mm diameter loading platens were
’ % used. The faces of the platens were overlaid with
-~ two layers of greased rubber membranes. v
2. The sample was thawed under cell and back pressures,
. .. of 5.70 and 0.70 MPa for 20 hours.
3. B tests were conducted at an effective conflnlng”
pressure of 5.02 MPa with incremental 1ncreases in .
‘ pohe pressure until saturation was reached )
"4. The sample was consolidated’ under back and cell.
: ' pressures of 6.43 MPa and 11.39- MPa, An undrained
v . triaxial compression test was conducted at a strain
) ~rate of 1.1 x 10“~\". ~ =

" TEST DATA

DIAMETER = 38.51 mm
'HEIGHT = 19.45 mm
WEIGHT =.45. 24<g
BULK DENSITY = 1.997 Mg/m
© " WATER CCONTENT = 2 9.%
BITUMEN CONTENT = 15.7 % :
- SATURATION = 93.7 '% : : - e
POROSITY = 0.393 : - ,

Comments on Sample Fajilure:

Rédlal expansion occured unlformly throughout the full
-+ height of the sample. .
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APPENDIX D - Comparitive Grain Size Distribution of Saline
~Creek 0il Sand Before And After Testing
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APPENDIX E - Syncrude Oil Sand Triaxial Test Results
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TEST SYN-C-1: SYNCRUDE OIL SAND

PROCEDURAL DETAILS

1. The sample was installed in the triaxial cell
enclosed in a single membrane.

395

and

2. The sample was thawed under cell and back pressures

of 539 and 398 kPa for 18 hours.

3. B tests were conducted at an effective confining
pressure of 160 kPa with incremental increases in

pore pressure until saturation was reached.

4. An isotropic compressibility test was conducted with

one cycle of effective confining stress up to
kPa. A constant pore pressure of 408 kPa
maintained throughout the test.

791
was

5. A second series of B tests were conducted at a
confining pressure of 84 kPa following the cyclic

compression of the sample.

6. The sample was consolidated under an effective
conf;g)ng and back pressure of 14.8 kPa and 178 kPa.
drained axial compression test was conducted at a

deformation rate of 0.223 mm per hour.

TEST

DATA

DIAMETER = 37.95
HEIGHT = 75.77 mm
INITIAL WEIGHT = 179.01 q.

BULK DENSITY = 2.089 Mg/m
WATER CONTENT = 9.8 %
-BITUMEN CONTENT = 5,3 %
SATURATION = 94.3 %

POROSITY = 0,331,

FINAL WEIGHT = 187.33 q.
FINAL WATER CONTENT = 12.5 %

Comments on Sample Failure

e~
Ji

The sample failed by shearing and splitting of
sample as shown in Figure E.6. ‘

the
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TEST SYN-T-1: SYNCRUDE OIL SAND

N
\

PROCEDURAL DETAILS

' TEST

END DIAMETER
TOTAL HEIGHT .

. The sahple was installed in the triaxial cell and

enclosed in a single membrane,

The sample was thawed under cell and back pressures
of 730 and 550 kPa for 12 hours. _

B tests were conducted at an effective conflnlng’
pressure of 90 kPa with incremental increases in
pore pressure until saturation was reached.

_An 1isotropic compressibility test was conducted with

two cycles of effective confining stress up to 750
kPa. A constant pore pressure of 400 kPa  was
maintained throughout the test. : '

. A second series of B tests were conducted at a

confining pressure of 75 kPa following the cyclic
compression of the sample. :

. The sample was consolidated wunder an effective
‘confining and back pressure of 57.5 kPa and 849 kPa.

A drained axial extension test was conducted at a
deformation rate of 1.12 mm per hour.

DATA | . '

Pt

37.90 mm % NOTCH DIAMETER = 28.95 mm
70.22 mm . NOTCH LENGTH = 15.60 mm

INITIAL WEIGHT = 140.68 g.

BULK DENSITY = 2.066 Mg/m3
WATER CONTENT = 11.4 %
BITUMEN CONTENT = 2.4 %
SATURATION = 86.5 %

POROSITY = 0.328

FINAL “WEIGHT = 143.20 g. -
FINAL WATER CONTENT - NOTCHED ZONE = 11.6 %

- SAMPLE ENDS = 11,1 %

Comments on Sample Failure

The sampie failed by parting at the bottom edge of the
notched zone as shown in Figure E.14, No evidence of
shearlng at the ends of the sample were observed.
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TEST SYN-T-2: SYNCRUDE OIL SAND

PROCEDURAL DETAILS

1. The sample was installed in the triaxial cell and
enclosed in a single membrane with horizontal
convolutions in the notched zone.

2. The sample was -thawed under cell and back pressures

" 'of 441 and 310 kPa for 46 hours.

3. B tests were conducted at an effective confining
pressure of 100 kPa with incremental.- _increases 1in
pore pressure until saturation was reached.

4. An isotropic compressibility test was conducted with
two cycles of effective confining stress up to 780
kPa. A constant pore pressure of 408 kPa was
maintained throughout the test.

5. A second series of B tests were conducted at a

- confining pressure of 88 kPa following the cyclic
compression of the sample.

6. The sample was consolidated under an effective
confining and back pressure of 70.9 kPa and 592 kPa.
A drained axial extension test was conducted at a
deformation rate of 0.223 mm per hour.

TEST DATA
END DIAMETER = 37.90 mm NOTCH DIAMETER = 28.70 mm
TOTAL HEIGHT = 89.05 mm NOTCH LENGTH = 16.40 mm

INITIAL WEIGHT = 158.89 g.

BULK DENSITY = 2.059 Mg/m°

WATER CONTENT = 1.1.4 %

BITUMEN CONTENT = 2.4 % N
SATURATION = 85.6 %

POROSITY = 0.330

FINAL WEIGHT = -specimen distrbed during dismantling
of triaxial cell
FINAL WATER CONTENT - NOTCHED ZONE = 11,5 %

- SAMPLE ENDS & 10.3 %

Comments on Sample Failure

The sample failed by parting at mid-height of the -
notched zone as shown in Figure E.18. No evidence of
shearing at the ends of the sample were observed.

3
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TEST SYN-T-3: SYNCRUDE OIL SAND

PROCEDURAL DETAILS

1. The sample was installed in the triaxial «cell and
enclosed in a single membrane with horizontal
convolutions in the notched zone.

2. The sample was thawed under cell and back pressures
of 463 and 319 kPa for 21! hours.

3. B tests were conducted at ah effective confining
pressure of 127 kPa with incremental increases in
pore pressure until saturation was reached.

4, An isotropic compressibility test was conducted with
two cycles of effective confining stress up to 758
kPa. A constant pore pressure of 420 kPa was
maintained throughout the test.

5. A.second series of B tests were conducted at a
confining pressure of 72 kPa following the cyclic
compression of the sample. _

6. The sample was - consolidated wunder an effective
confining and back pressure of 63.1 kPa and 546 kPa.
A drained axial extension test was conducted at a
deformation rate of 0.223 . -mm-per -hour. '

P

TEST

DATA
END DIAMETER = 37.68 mm NOTCH DIAMETER = 25.50 mm
TOTAL HEIGHT = 81.73 mm NOTCH LENGTH = 28.35 mm

INITIAL WEIGHT = 138.80 g.

BULK DENSITY = 2
WATER CONTENT =
BITUMEN CONTENT
SATURATION = 85.
POROSITY = 0.330

060 Mg/m3
1.4 %

FINAL WEIGHT = 141.93 gqg. .
FINAL WATER CONTENT - NOTCHED ZONE = 12.0 %
- SAMPLE ENDS = 11.5 %

Comments on Sample Failure

The sample failed by parting at mid-height of the
notched zone as shown in Figure E.22, Initial parting
surface 1inclined .between 4° and 6° to horizontal. No
evidence of shearing at the ends of the sample were
observed.
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TEST SYN-T-4: SYNCRUDE OIL SAND (“1/

PROCEDURAL DETAILS

1. The sample was installed in the triaxial cell and
.enclosed in a . single membrane with horizontal
convolutions in the notched zone. - \ ‘
2. The sample was thawed under cell and back pressures S
of 386 and 298 kPa for 17 hours.
3. B tests were conducted at an ‘effective conT1n1ng_
- pressure :of 107 kPa with incremental 1ncreases 1n
pore pressure until saturation was reached.
4. An isotropic compressibility test was conducted with
two cycles of effective confining strfess up to 784
kPa.: A  constant . pore pressure of 410 kPa was
© maintained throughout the test. o - -
5. A second series of B tests were conducted at a
' conflnlng pressure of 83 kPa following the «c¢yclic
* compression of the sample. : ~ 2 o
. 6. The sample was consolldated under an effective
" confining and back pressure of 32.1 kPa and 620 kPa.
An undrained axial extensiom test was conducted at a
deformation rate of 0 223 mm per hour.

DATA

|

- 38,35 mm NOTCH DIAMETER = 25,60 mm
“NOTCH LENGTH = 30.00 mm

% END DIAMETER
~2 - TOTAL HEIGHT 0 -
| INITIAL WEIGHT = 157.20 gq.

imon
©
0
o
©
3
3

. BULK DENSITY = 2.092 Mg/m3
"WATER; CONTENT = 9.7 %
T BITUMEN CONTENT = 5.3 %
) . SATURATION = .8 %
. POROSITY = 0,330
FINAL WEIGHT = 158.97 q. .

FINAL WATER CONTENT - NOTCHED ZONE 13.0 %
' A - SAMPLE ENDS = 10 6 %

o

. Comments on Sample Fajlure . _ . o -

- The sample failed by parting at mid—heighigaft the ‘
‘notched- zone - as shown .in Figure ‘'E.26. Occassional ©
minute horizontal: cracks visible above  and beliqw

parting in notched section., No evidence. of shearxng/at/
the ends of the samplp were . observed v ,
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TEST SYN-T-5: SYNCRUDE OIL SAND

PROCEDURAL DETAILS

TEST

1. The sample was installed in the triaxial cell and
enclosed in a single membrane with horizontal
convolutions in.the notched zone.

2. The sample was thawed under cell and back pressures
of 494 and 146 kPa for 46 hours.

3. B tests were conducted at an effective confining
pressure of 165 kPa with incremental 1increases in
pore pressure until saturation was reached.

4, An isotropic compressibility test was conducted with
two cycles-of effective confining stress up to 781
kPa. A constant pore pressure of 408 kPa was
maintained throughout the test.

5. A second series of B tests were conducted at a
conf1n1ng pressure of 73 kPa following the cycllc
compression of the sample.

6. The sample was consolidated under an effective
confining and back pressure of 86.9 kPa and 598 kPa.
An undrained axial extension test was conducted at a
deformatlon rate of 0.223 mm per” hour.

DATA

END DIAMETER = 38.62 mm. . NOTCH DIAMETER = 26.08 mm
TOTAL HEIGHT = 75.32 mm NOTCH LENGTH = 22.30 mm
INITIAL WEIGHT = 137.98 q.

" BULK DENSITY = 2.058 Mg/m>

. WATER CONTENT = 9.8 %
BITUMEN CONTENT = 5.3 %
SATURATION = 90.2 %

POROSITY = 0.341

FINAL WEIGHT = 140.75 g.
FINAL WATER CONTENT - NOTCHED ZONE. = -i

2 %
- SAMPLE ENDS = 9.9

0
%

Comments on Sample Failure :

The sample failed by 'parting at mid-height of the
notched zone as shown in Figure E.30. - Initial parting
surface 1inclined between 5° &nd 7° to horizontal. No .
evidence of shearing at the ends of the sample were

. observed.

\
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TEST SYN-T-6: SYNCRUDE OIL SAND

PROCEDURAL DETAILS AND OBSERVATIONS

TEST

. The sample was installed in the holding hanger and

suspended in the triaxial cell.

2. The sample was thawed under a cell pressure of 200
kPa. :
3. The sample failed by horizontal parting at the
- midsection of the notch zone within 5 minutes of
application of the cell pressure.
4. The - cell pressure was increased to 400 kPa and the
./ slaking of the sample observed for 4 days. The
sample totally disintegrated after 4 days due to
dispersion of the clay clasts within the oil sand.

DATA

INITIAL VOLUME =
INITIAL WEIGHT =
BULK DENSITY = 2.162 Mg/m

Refer to Figure E.31 for initial specimen dimensions.

WATER CONTENT = 10.7 % .
BITUMEN CONTENT = 2.5 %

669.9 cm
1448 g.
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TEST SC-84-T-1: SALINE CREEK OIL SAND

—

PROCEDURAL DETAILS AND OBSERVATIONS

The sample was installed in the holding hanger ‘and
suspended in the triaxial cell.

2. The sample was thawed under a cell pressure of 700
kPa.

3. The sample failed by horizontal parting at the
midsection of the notch zone within 1 minute of
application of the cell pressure.

4. The slaking of the sample was observed for 5 days
under the cell pressure of 700 kPa. Virtually no
disintegration of the sample was observed. Less than
a 0.3 percent increase in the sample dimensions was
measured 1indicating very minor expansion under pore
pressures above the pore fluid saturation pressure.

DATA

TEST

Refer to Figure E.32 for initial specimen dimensions.

INITIAL VOLUME
INITIAL WEIGHT
BULK DENSITY =

+

551,11 cm3

11048 g.

.902 Mg/m3

— N

)
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' TEST SC-84-T-2: SALINE CREEK OIL SAND

PRQCEDURAL DETAILS AND OBSERVATIONS - -

The sample was installed in the holding hander and
suspended in the triaxial cell with the base of the
sample resting on the bottom of the cell.. :

The sample was thawed under a cell pressure of 700

‘kPa for 3 hours.

The sample was -raised slowly off the bottom of the
triaxial cell at _the rate of 0.5 pm per minute. A

 _ horizontal c;ack was initiated at the lower edge of.

the notched * zone. The crack. propagated through the
sample with further extension as shown in Fiqure
E.36. The parting of ‘the sample in this manner was
judged to be caused by ‘eccentricity of loading while
raising the sample off the hottom pof the cell.

The sample was immediately removed from the cell and

measured to estimate the degree of swell of the

sample. The measurements are presented in Figure
E.36. Virtually no swell of the sample was
meagurable. No evidence of slaking of the sample was
observed during testlng :

DATA

TEST

INITIAL VOLUME
INITIAL WEIGHT _
BULK DENSITY = 1,992 Mg/m

Refer to Figure E.34 for initial specimen dimensions.

% , 3
603.8 cm
1203'9-

3
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