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Abstract

The present study is an attempt to review the
strength-deformation properties of Alberta o0il sands by
examining the available data in the literature. To furnish
additional data, two consolidated drained triaxial
compression tests were performed on Saline Creek o0il sand at
effective confining pressures of 2.1 MPa and 3.4 MPa.

As indicated mostly by the results of triaxial tests
and direct shear tests, the Athabasca oil sands are highly
dilatant. They have unusually high shear strengths compared
to ordinary dense sands, and they fail at small axial
strains (probably in the range of 0.8% to 1.5%). This is a
result of the locked structure of the oil sand matrix. The
0il sands in the Grand Rapids Formations have similar but
weaker strength properties. 1In general, the o0il sands in
the Cold Lake area are weaker than the Athabasca o0il sands.
That is perhaps because of the higher feldspar content in
the Cold Lake o0il sands.

The limited amount of test data available in the
literature seem to indicate that triaxial tests generally
report higher peak and residual shear strengths in Athabasca
0il sands than direct shear tests. That is probably because
of the non-uniform stress condition inherent in the direct
shear tests. In the case of the residual shear strength,
the difference in the mode of shearing action between the

-

two tests is perhaps an additional factor.
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Oil sands are generally not cemented, and the pore
fluid cannot provide a significant cohesive component to the
strength of the oil sands. It follows that oil sands have a
negligible tensile strength. Under no confining pressure,
oil sands have practically no shear strength.

Triaxial test data show that the modulus of elasticity
and the shear modulus of the Athabasca o0il sands increase
with the confining stress. Because of their cohesionless
nature and gas exsolution from the bitumen, oil sands used
in most tests are invariably disturbed to a certain extent.
Compared with the shear strength the modulus of elasticity
is a more sensitive indicator of the degree of disturbance.
On the other hand, sample disturbance does not appear to
have any significant effect on the Poisson's ratio of the
Athabasca oil sands, as measured at an axial strain of
0.25%.

Oedometer test and isotropic compression test results
suggest that the coefficient of volume compressibility of
the Athabasca oil sands is probably between
0.3 and 0.7 x10"“kPa"'. The compressibility of the Grand
Rapids Formation is slightly lower, whereas the Clearwater
Formation at Cold Lake may have a compressibility slightly
larger.

Because of their low compressibility, oil sands may
yield pore pressure parameter B values significantly less
than unity in an undrained triaxial test. 1In the case of

the Saline Creek o0il sand, it is not uncommon to obtain B
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values lower than 0.9. 1In an undrained triaxial test on oil

sands, the pore pressure parameter A typically becomes more

negative with increasing axial strain. The value of A seems

to depend upon
amount of data
values usually

The shear

the basal clay

the quality of the sample and the limited
available suggest that highly negative Xf
correspond to high axial strains at failure.
strengths of the intraformational clays and

shales associated with the McMurray Formation

at Athabasca vary within a wide range. That is related to

the complex lithologies of the formation. The peak angle of

friction of the clay shales can go as high as 29° whereas

the residual angle can be as low as 7°.
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Chapter 1

INTRODUCTION

1.1 Objectives and Scope

This report reviews the strength-deformation
characteristics of Alberta oil sands through a systematic
examination of the data available in the published
literature and from unpublished technical reports and tests
performed at the University of Alberta. Two triaxial tests
were performed for this study to supplemeht the data set
collected from the literature.

The report concentrates on the McMurray Formation of
the Athabasca oil sands deposit and includes some data from
other deposits and from the McMurray Formation clay shales.
Generally, only low fines oil sand test results are given.

The properties examined are the bulk density and
porosity of samples, parameters from triaxial and direct
shear tests, and compressibility from ocedometer tests. The
majority of triaxial tests performed are consolidated
drained tests and the properties determined from these tests
are peak shear strengths, some residual shear strengths,
volume changes during shear, moduli of elasticity, and
Poisson's ratio. Some consolidated undrained triaxial tests
with pore preésure measurements have been performed and
these tests provide data on peak shear strengths, moduli of
elasticity, and the pore pressure parémeter A . Some

information on the pore pressure parameter B is also



available from the triaxial tests. The direct shear tests

have provided data on peak and residual shear strengths,
Compressibility data for the oil sand has been obtained

from the oedometer tests and from the consolidation of the

triaxial samples.

1.2 The Need for Representative Strength-Deformation
Properties
The development of the heavy oil and oil sand reserves
in Aiberta involves various technical processes which
require accurate knowledge of the strength-deformation
properties of the oil sands. The following are some notable

areas?:

1.2.1 Hydraulic Fracturing

In order to increase the effective permeability of
the formation, the hydraulic fracturing process has been
used. Injection of hydraulic fluid during the
fracturing operation creates fractures perpendicular to
the minimum principal stress when the downhole pressure
reaches the fracture propagating pressure. At the same
time, the injection increases the pore pressures around
the injection point. If the pore pressure increase is
large enough, shear failure of the oil sands could take
place. 1In addition, hydraulic fractures tend to climb,
which results in significant shear stresses at the

fracture tip. Therefore the design, control, and



analysis of hydraulic fractures require knowledge of the
shear strength properties of o0il sands in situ.

One approach to control and optimize hydraulic
fracturing involves surface deformation monitoring
(Holzhausen, et al, 1980). The analysis and
interpretation of the results of deformation monitoring
require input of representative values of elastic
parameters such as the modulus of elasticity and
Poisson's ratio (Ren Jen Sun, 1969),

A related problem is the phenomenon of casing
failure in some pilot projects (Smith and Pattillo,
1980). The casing problem is probably due to shear
failure of the o0il sands by build-up of thermal stress
and/or pore pressures. Full investigation of the
problem would need understanding in quantitative terms
of the strength-~deformation characteristics of the oil

sands.

1.2.2 Dynamic Fracturing

The process involves pulse loading by means of
explosives., Investigation and employment of this
process entails input of dynamic strength-deformation

parameters.

1.2.3 Structures in or on 0il Sands
The mine assisted in situ processing (MAISP)

technique has been seriously considered for development



of oil sands not accessible to surface miningj (Mathews,
1980). Regardless of the detailed design, tunnels and
shafts in the o0il sands would be necessary. The
parameters governing design would include strength of
oil sands and lining requirements., Determination of the
lining requirements necessitates a good understanding of
the tendency of the oil sands to expand and deform on
stress relief. That again asks for input of realistic
strergth-deformation relationships. As well, there are
structures not related directly to oil sands
development, for example, the Saline Creek Tunnel
(smith, et al, 1978), and they equally require the same
type of information.

Oil sands are competent foundation materials.
However, when important or unusual structures are
involved, detailed settlement analysis is still

required. Some notable examples include the Mildred

- Lake Utility Plant (Kolisnyk and Robinson, 1974) and hot

bitumen tanks (Kosar, 1983).

1.2.4 Open Pit Mines

In surface mining of oil sands, the stability of
the mine slopes is a primary concern. The analysis and
design of open pit mines necessitates understanding of
the strength properties of o0il sands on rapid stress

relief,



Experience from full-scale excavations in Athabasca
oil sands has indicated that the strength of oil sands
is sufficiently great that failures of the pit slope
usually occur along clayey seams or other
discontinuities dipping unfavourably towards the pit
slope and lying within or under the o0il sand strata.
However, the present trend suggests that much deeper
open pit mines will be utilized in the future. 1In that
case, it is necessary to re-evaluate the possibility of
slope failure due to failure of the oil sand itself, and
the value of the shear strength that can be obtained

must be known.

1.3 The Problem of Sample Disturbance

One major difficulty with derivation of the in situ
strength and elastic deformation parameters of oil sands is
in obtaining undisturbed samples. Oil sand is a four-phase
hydrocarbon system. It has a dense interlocked fabric of
sand grains with pore spaces occupied by bitumen, water,
probably some gas and minor amounts of silt and clay (Harris
and Sobkowicz, 1977). Both the bitumen and water may
include hydrocarbon gas in solution. Having previously
experienced diagenetic changes under high consolidation
pressure the sand has an interpenetrative structure.
However, the sand grains are usually not cemented and the

oil sand has negligible real cohesive strength.



On release of the confining stresses, the gases
dissolved in the liquid phase have a tendency to come out of
solution. That disrupts the locked structure of the oil
sand. As a result, it dramatically reduces the strength and
increases the compressibility of the oil sand.

Attempts to minimize sample disturbance have been made
by downhole freezing (Dusseault, 1977). However,
considerable disturbance on the samples obtained was still
observed. For that reason, results of laboratory testing
have generally significantly underestimated the true

strength of o0il sands in situ.

1.4 Previous Studies

Measurements of the shear strength of o0il sands were
apparently first made by Tustin(1949). Considerable amount
of strength testing on disturbed oil sands was performed in
the sixties. The researchers who contributed their efforts
include Hardy and Hemstock(1963), Round(1964), and
Carrigy(1967).

In the seventies, researchers generally have been more
conscious about minimizing sample disturbance. This
attitude has been maintained into the eighties. For
example, Brooker(1975) reported the results of a series of
consolidated undrained triaxial tests on relatively
undisturbed oil sand samples. The bulk density of the

samples was in the order of 2.03 g/cm®.



The geotechnical properties of the Athabasca o0il sands
were examined comprehensively by Dusseault(1977). He
derived a set of strength data on the basis of several
series of triaxial and direct shear tests on carefully
sampled and prepared oil sands. Using conventional triaxial
tests, Raisbeck and Currie(1981) investigated the
stress-strain characteristics of o0il sands while
Sterne(1981) studied the strength-deformation properties of
oil sands by loading the oil sand along three different
stress paths. Slightly earlier, Barnes(1§80) approached the
sample disturbance problem by sampling and testing oil free
sands from the McMurray Formation and the Grand Rapids
Formation. More recently, some attention has been directed
towards the properties of o0il sands at elevated temperatures

(Agar, 1983).

1.5 Approach Adopted in the Present Study
As a sample loses its locked structure, its bulk

density decreases and its strength deteriorates. Thus, the
bulk density of a sample as compared to the in-situ value is
a partial indicator of the degree of disturbance the sample
has experienced. By arranging the data as a function of the
bulk density, an attempt has been made to discern meaningful
patterns which would allow extrapolation to be made to the

in-situ properties.



Chapter 2

BULK DENSITY AND POROSITY OF OIL SANDS

2.1 Athabasca 0il Sands
To serve as the baseline for comparison with the bulk
density of test samples, it is necessary to know
representative values of in-situ bulk density of oil sands.
Dusseault (1977, 1980) summarized the following list of
references on the bulk density of Athabasca oil sands
measured geophysically:

(a) 2.18 - 2,05 g/cm® (porosity 28% - 36%) for very
well-sorted, fine-grained, clean sands, and for medium-
to coarse-grained sands (that is, the major portion of
the Midcle and Lower Members of the McMurray Formation).

(b) 2.27 - 2.15 g/cm® (porosity 23% - 30%) for fine-grained
sands (typical of the Middle Member).

(c) 2;40 - 2.24 g/cm® (porosity 15% - 25%) for sancy and

. clayey silts and intraformational clays (found
predominantly in the Upper Member).
Determination of the bulk density based on core samples

is generally unreliable because oil-rich samples have a

marked tendency to expand as a result of gas exsolution.

For that -eason, core analysis usually underestimates the

in-situ bulk density of oil sands. The geophysical method

has been considered a much more reliable method for
measurement of the true bulk density of oil sands. However,

porosity measurements made geophysically are perhaps less

R e - e



accurate,

Three references not included in Dusseault's list
reported similar bulk density ranges. The data are
summarized in Table 1. Basically, the mean values of bulk
denéity suggested by Dusseault appear to be reasonable in

situ representative figures that can be used for core

density evaluation.

2.2 Other Locations

There is very little_information available regarding
the bulk properties of the oil sands in other locations. It
has been speculated (Dusseault, 1980) that the saturated
in-situ bulk densities of the Clearwater Formation are
probably as follows:
(a) 2.08 - 2.16 g/cm® with the best sorted (beach) sands

having the lowest bulk density.
(b) 2.2 - 2.3 g/cm® for clayey silt interbeds.

In general terms, the porosity of the four major oil

sand deposits probably falls in the ranges shown in Table 2,
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Chapter 3

PEAK STRENGTH PROPERTIES OF OIL SANDS

3.1 General

It should be noted that most of the information
available is on Athabasca o0il sands. Very little strength
data on the oil sands at other locations are available. It
appears though that the oil sands at Cold Lake are weaker
than the 2Zthabasca oil sands, probably because they contain

weaker mineral grains such as feldspar.

3.2 Shear Strength as Measured in Triaxial Tests

The data on Athabasca oil sands are categcrized
according to the bulk density, and the peak shear strength
values are plotted in the form of p'-q diagrams as shown in

Figures 3.1 and 3.2. It may be noted that

p' =

q =

The diagrams are plotted in terms of p' and q because on a
P'-q plot each test is being represented by a stress path
instead of a series of semi-circles as in a Mohr-Coulomb
diagram. Usihg the p'-q diagrams, it is easier to evaluate
the test results.

It should be noted that most of the tests performed in

Triaxial Test Series 75S were consolidated undrained

12
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triaxial tests with pore pressure measurements. The rest of
the data included in Figures 3.1 and 3.2 were almost all
derived from consolidated drained triaxial tests. Test
series Dusseault(1983) were consolidated drained tests where
the confining pressure for some of the samples was cycled
several times, resulting in well consolidated dense samples.

Figure 3.1 is a p'-q diagram plotting the triaxial peak
strength test data of samples with bulk densities 2
2.0 g/cm®. The average density of the non-cyclically
compressed samples is about 2.08 g/cm?®, whereas that of the
cyclically compressed samples is slightly higher than
2.08 g/cm?,

A separate failure line (K -line) is plotted for the
cyclically compressed tests as this test procedure appears
to give significantly higher strength values than the normal
test procedure. 1In figure 3.1, the K -lines are clearly
non-linear above p' = 4 MPa. This common action of dense
granular soils reflects the suppression of the dilatant
tendency of the oil sands and subsequent breaking of sand
grains during shear under high confining stresses. The
K -lines for the normal and the cycled tests are similar
below p' = 6 MPa indicating that cycling does not have a
significant effect for these lower confining pressures.
Figure 3.3 is a separate plot of the tests with p' < 4 MPa,
A linear failure line can be drawn through the higher test
values for this stress range and gives a ¢' = 60°, The

K -lines appear to pass through the origin which means the
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oil sands have negligible real cohesive strength, There is
considerable scatter in the data points. The main reason
for the scatter may be that each of the test samples has
experienced a different amount of disturbance and therefore
each of them has suffered a differing amount of strength
loss,

The fact that the samples came from different locations
presumably contributes to the scatter of the data points,
However, it is probably not a major factor since the in-situ
densities, grain size distributions and mineral contents of
the 0il sands from various locations of the McMurray
Formation are usually fairly similar.

Agar(1983) has worked experimentally with the Athabasca.
0oil sand from Saline Creek and has found that the effect of
stress path on the strength of Saline Creek oil sand is
small compared with that of sample disturbance. The
strength of Saline Creek o0il sand appears to decrease at
elevated temperatures; however, the effect of temperature
appears to be much smaller than that of sample disturbance.
Reference is made to the location of the Saline Creek
sampling site in Appendix A.

Figure 3.2 is a p'-g diagram plotting the triaxial test
data on sample with bulk densities less than 2.0 g/cm®. The
average density of this set of samples is approximately
1.94 g/cm®. It should be noted that no information could be
found on the bulk densities for the data points derived from

Raisbeck and Currie(1981). However, as indicated in section
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5.1.1, the bulk densities are suspected to be less than
2.0 g/cm?,

The normal test K -line from Figure 3.1 and the K -line
from Figure 3.2 are compared in Figure 3.4. It can be seen
that the shear strength of o0il sands decreases with the bulk
density of the samples. The curvature of the failure line
is less for the lower bulk density samples. In terms of
strength, the difference between the two K -lines is
approximately 25% on average whereas the difference in
density between the two sets of data points in Figures 3.1
and 3.2 (2.08 and 1.94 g/cm® respectively) is 0.14 g/cm?.
By extrapolation to the approximate in-situ density of
2.15 g/cm?’, the in-situ strength of the Athabasca oil sands
could perhaps be 20% higher than what is represented by the
K -line in Figure 3.1.

To express the shear strength of oil sands more
directly, Mohr-Coulomb failure envelopes are given in
Figure 3.5. The K ~-lines in Figure 3.1 have been used
graphically to develop the Mohr envelopes. 1In Figure 3.5,
the Mohr envelopes show the effect of confining pressure on
the dilatant disposition of o0il sands even more markedly.
In addition, the Mohr envelopes are linear for confining

pressures up to 0.5 MPa for triaxial testing.
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3.3 Shear Strength as Measured in Direct Shear Tests
Compared to triaxial tests, direct shear tests allow
better control over the orientation of the failure plane in
the sample. In addition, it is much more convenient to
measure the residual shear strength in direct shear tests.
The disadvantage is that direct shear tests cannot provide
stress-strain information on the test samples. It should be
noted that all the direct shear tests referred to in this

section were drained tests.

3.3.1 Peak Shear Strength

3.3.1.1 The Athabasca 0il Sands

The strength data are categorized into groups
according to the bulk density and are plotted in
Figures 3.6 to 3.9. The fitted lines to the data are,
in effect, the average strength envelopes of the oil
sand samples in various bulk density ranges. The sample
sizes were 6.35 cm diameter by 2.54 cm high for
Dusseault(1877), 5.08 cm diameter by 3.00 cm high for
Barnes(1980) and 5.07 cm diameter by 5.00 cm high for
Test Series 79G.

Figure 3.10 contains a set of large direct shear
test results on 12 inch square samples. It is copied
directly from Brooker and Khan(1980). Unfortunately, no
bulk density information relating to that set of test
results was reported. If the variable of bulk density

is disregarded, the data points in Figure 3.10 appear to



22

0008

000¢
_

wo/B 00°Z 2 ONV
wo/B £1°7 > s31LISNIG ¥Ing aILvaNLYS

HiIM S31dAVS NO VIVO 1S3L 8V3IHS 103810 9°€ 2n81a
(od>) SSIYLS TYWHON
000V 000¢ 000¢ 0001l 0
] | | N | s | L O
0 A0 ,
o A A — 000l
A
-000¢
—-000¢
(zL61)01NV3ISSNA A
(og6t)SaNavE o i
- 000V

(od) SSIYLS YVIHS



23

0009

wo/B /6°L 2 ANV
* wo/B 00°Z > SALISNIC NINE GILVANLYS

HLIM 'S31dWYS NO Viva 1S31 ¥V3IHS LOI@ (¢ @2an3y4

(od¥) SSIULS TVWHON

000¢ 000V 000¢ 000¢ 000!
| | | ] |

'y I ' 'l e

@)

(££6M)NVISSNG A
(ogel)sanyva o

0
-000} WU
T
m
- >
A
- 0002 B
A
| m
%))
wn
-0008 o
ay
i a

- 000V




24

wa/B 0g°l T ONV
L Wo/B 1/ > s3LISNId Y¥ING ILVAENLYS
HLIM S31dAYS NO VIVG 1S3t 3V3IHS 103410 g°¢ =1nsya

(od>) SSIANLS TVYIWHON

000Z 0009 000S 000V 000¢ 000¢ 000}
| l [ | | I |

'l ' 1 F ' 4

O 96, SIYIS 1531 YVYIHS 103¥Id ©

—-000¢

(od) SSIYLS ¥VIHS

—-000¥




SHEAR STRESS (kPq)
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Figure 3.9 DIRECT SHEAR TEST DATA ON SAMPLES WITH R
SATURATED BULK DENSITIES BETWEEN 2.25 - 2.38 g/cm
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*

indicate that the shear strength of the Athabasca oii
sands is anisotropic. It seems that when sheared
vertically, oil sands with horizontal silt partings are
stronger than similar oil sands sheared horizontally.
Despite the apparent anisotropy in the shear strength a
"representative” line has been drawn in Figure 3.10.
That facilitates later comparison of the test data.
Comparison of the strength envelopes is shown in
Figure 3.11. The direct shear test data indicate
similar trends to those indicated by the triaxial test
data: the oil sands exhibit a curved failure envelope
when the bulk density is above 2.0 g/cm® and the shear

strength increases with the bulk density.

3.3.1.2 The Grand Rapids Formation

The Cold Lake Deposit consists of four separate
bitumen-containing intervals: two in the Grand Rapids
Formation, one in the Clearwater Formation' and one in
the McMurray Formation.

Barnes(1980) performed two series of direct shear
tests on oil-free outcrop specimens collected from the
Grand Rapids "A" and "C" zones. The results are
presented in Figure 3.12. The average saturated bulk
density of the samples from zone "A" is 2.01 g/cm?
whereas that of the samples from zone "C" is 2.00 g/cm?,

'Dusseault(1980) speculated that the shear strength of the
oil sands in the Clearwater Formation is around 2.5 to

3.5 MPa at a normal effective stress of 5 MPa and that
visual core examination does not suggest significant
anisotropy in strength or in stress-strain behaviour.
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Since the two average bulk densities are so similar, the
difference in strength between the two zones indicated
in Figure 3.12 is probably real: the Grand Rapids
Formation "A" generally has a higher shear strength than
the Grand Rapids Formation "C",

There is no indication of what the in-situ
saturated bulk density might be in the Grand Rapids
Formation. Thus it is difficult to estimate how close
to the actual in-situ strength are the strength data

shown in Figure 3.12.

3.4 Comparison of Results of Direct Shear Tests and Triaxial
Tests

To assess the validity of the results obtained in
direct shear tests and triaxial tests, it is useful to
compare the strength data provided by the two types of
tests. Such a comparison is made in Figure 3.13 for the
higher bulk density samples.

Figure 3.13 indicates that the shear strength as
measured in triaxial tests is significantly higher than that
measured in direct shear tests over the entire confining
stress range. There could be a number of reasons for such
an observation: in general, the sample size used for direct
shear tests are smaller than those employed in triaxial
tests. So relatively speakiné, the direct shear test
samples could on average receive more disturbance than the

triaxial test samples during the assembling process of the
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test set-up. In the case of oil sands, sample d:sturbance
as indicated by a slight decrease of the bulk dersity could
mean a significant reduction in strength.

In addition, the direct shear test is often criticized
for effecting a non-uniform condition on the sample which
leads to progressive failure across the sample. Both the
normal stress and the shear stress are not uniform in a
direct shear test, and the lateral (confining) stresses on
the sample are unknown and most probably not corstant during
shear, Because of their locked structure, the o0il sands
tend to strain-weaken after failure. So they are vulnerable
to the effect of progressive failure. As a resilt, the
maximum shear strength of the oil sands as measured in the
direct shear test could be considerably lower than the true
peak shear strength.

Interestingly, Lambe and Whitman(1979) ncted that the
friction angle from direct shear tests is generally greater
(by perhaps 2°) than the friction angle from triaxial tests,
especially for dense sands. The comparison c¢f data upon
which this conclusion was drawn was most probably confined
to the lower range of normal stress which is of interest to
conventional soil mechanics and may not apply to the high
normal stress range shown here. For example, Lambe and
Whitman quoted the comparison performed by Taylor(1939)., 1In
Taylor's paper, the highest normal stress used was only

0.41 MPa (60 psi),
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When the factors discussed above are put together, the
trends observed in Figure 3,13 appear to be reasonable.
However, it must be cautioned that the observation is based
on a limited amount of data (especially direct shear test
data at high confining pressures). The data correspond to
samples from different locations. That means variation in
mineralogy, lithology, and stress history are factors to be
considered also. Therefore, the observed difference shown

in Figure 3.13 should be considered tentative.

3.5 Unconfined Compression Tests

Since the oil sands have negligible real cohesive
strength, they consequently should have relatively small
unconfined shear strength. When sheared in an undrained
manner in an unconfined compression test, negative pore
pressures caused by dilation pull the sand grains together
and result in an apparent uniaxial shear strength. However,
because the confining pressure on the sand structure has
such a dominant effect (¢' = 60°) on the oil sand strength,
the undrained unconfined shear strength of oil sands is of
little real practical importance.

Figure 3.14 plots the undrained unconfined shear
strength of Athabasca o0il sands against the bulk density.
No discernible pattern could be found in Figure 3.14 and
this is by no means unexpected. The uniaxial shear strength
depends on the disturbance to the sand structure, the

magnitude of the negative pore pressure caused by dilation



ALISN3Q XINd 3HL 40 NOILONNA V SY
S1S31 NOISS3IYdNOD A3NIINOONN WO¥ 4 GIAIN3A
SANVS 110 YOSYEVHIV 40 HLIONIYLS ¥V3IHS GINIVYANN %1€ 21n31g

34

(;wo/B) ALISNIA MIng

o] A4 oL'¢ S0°¢ A G6’l 067l

| | | { 0
v X vV V S
(££61) "QLT SINVLINSNOD ¥38¥NHL X v WMq qx \% W
SSZ SIS LSIL WVIXVIL Vv v VX 3
6 ooy =
pusban X X =z
o

X

X " wn
X 008 7
X >
A
X X 00zl ¢,
|—
A
=
009k §
l
| I
X L oooz
\”/
S
00¥Z =~




35

in the sample and the bulk density. Since the negative pore
pressure attainable is a function of a number of variables
such as dilation, the water and bitumen content (and
therefore permeability) and temperature, it is insufficient
to express the uniaxial shear strength of oil sands solely
as a function of the bulk density.

Figure 3.15 depicts the variation of undrained uniaxial
shear strength with depth. It appears that the uniaxial
shear strength decreases with increasing depth. That is
probably because deeper o0il sands experiehce a larger
magnitude of stress relief during the coring process.
Consequently, the dissolved gases in the pore fluid have a
greater tendency to come out of solution and impose a
severer disruption on the locked fabric of the o0il sand
matrix. Actually, as shown by the triaxial tests, the
effect of confining pressure results in a large increase of

shear strength with depth.

3.6 Correlation of Strength with Bulk Density

Figure 3,16 illustrates an attempt to correlate the
strength of the Athabasca oil sands with the bulk density.
Clearly, there is considerable scatter among the data
points. While it may be possible to draw approximate upper
and lower bounds to the data, such an approach is probably
not of any practical use except to show the influence of

disturbance.
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3.7 Notion of "Tensile Strength" in 0il Sands

To answer the question of the real source of strength
in Athabasca o0il sands, Dusseault(1977) investigated a
number of possibilities. He discovered that cementation
agents such as carbonates, silica, siderite, pyrite and iron
oxide occur predominantly on a local basis. Clay minerals
generally are present only in small gquantities. While the
factors of bitumen viscosity, pore pressure, and pore fluid
surface tensions may be relevant, they could not possibly
contribute significantly to the strength of Athabasca oil
sands. It follows that Athabasca oil sands should have
relatively little to no real tensile strength. Furthermore,
the tensile strength of Athabasca o0il sands is expected to
be unpredictable since the factors mentioned above can vary
within a very wide range.

These conclusions are consistent with the shear
strength data shown in Figures 3.1 to 3.11. Extrapolating
these data to zero normal stress, the Athabasca oil sands
could probably have a maximum tensile strength of 20 kPa
caused by the interlocked sand structure. While the
majority of the test data is on Athabasca oil sands, the
limited amount of data on the Grand Rapids Formation shown
in figure 3.11 also suggests that the oil sands in the Grand
Rapids Formation zones "A" and "C" have small to no tensile

strength.



Chapter ¢

RESIDUAL SHEAR STRENGTH OF OIL SANDS

4.1 Residual Strength based on Direct Shear Tests

The residual shear strength of the Athabasca oil sands
and the Grand Rapids Formation "A" obtained in direct shear
tests is presented in Figures 4.1 to 4.3. Although the
Athabasca o0il sands have a different mineral content from
the Grand Rapids sand zone "A", it appears that the residual
friction angle of oil sands varies within a fairly narrow
range. As shown in Figure 4.4, the residual friction angle
ranges from 30° to 33°,

This is consistent with the observation that the
residual friction angle of sand in general stays within a
relatively limited range. For example, the residual
friction angle of "medium fine sand" is approximately 31.7°

(Lambe and Whitman, 1979).

4.2 Residual Strength based on Triaxial Tests

The residual shear strength of Athabasca oil sands as
measured in the triaxial tests is plotted in Figure 4.5
using the p'-g quantities at the residual stage of the
triaxial tests. The "residual™ K -line is translated to the
corresponding.Mohr—Coulomb failure envelope in Figure 4.6,
This plot shows that the "residual" Mohr envelope of
Athabasca o0il sands is linear when the normal stress is

below approximately 7 MPa. The slope of that portion of the
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envelope is about 40°. Above 7 MPa, the slope of the
residual envelope, that is, ¢ ', starts to decrease. At the
normal stress of 24 MPa, the slope of the curve is no more
than 10°,

The decrease of the ¢ ' angle with increasing normal
stress could be attributed to the crushing of the sand
grains. As explained previously, the oil sands have a
dense, interlocked structure. At low normal stresses, the
sand grains tend to roll over each other when put under a
shear stress. The amount of grain crushing is relatively
small. However, as the normal stress increases, it reduces
the dilatant tendency of the oil sands. Consequently, when
the shear stress forces the o0il sand to deform, the
straining would have to be achieved increasingly by
grain-crushing of the oil sand. Breaking of the grains
means a reduction of the effective grain size, At the
residual stage of a triaxial test under high normal stress,
the crushing of the grains must have significantly reduced
the effective grain size of the sand matrix in the failure
zone, As a result, the ¢ ' angle decreases.

This phenomenon had not been observed in direct shear
tests on o0il sands. Presumably, that is because the normal
stress in those tests had not been carried to a level high

enough to cause significant grain-crushing.
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4.3 Comparison of the Residual Failure Envelopes derived by
Triaxial and Direct Shear Tests

The residual Mohr envelope obtained from triaxial tests
is compared with the residual envelope obtained from direct
shear tests in Figure 4.7. Clearly, the triaxial test
results show a greater residual strength than that obtained
by direct shear testing.

Several factors might contribute to such a discrepancy.
First of all, to reach the residual strength in a direct
shear test on o0il sands, multi-reversal of the shearing
action along the failure plane is required. That is very
different from the uni-directional shearing action in a
triaxial test where the amount of strain on the failure
plane is limited. Furthermore, the stress field obtained in
a triaxial test can be considerably different from that in a
direct shear test. It has been demonstrated in section 3.4
that the difference between the stress-strain conditions in
the triaxial test and the direct shear test could lead to
considerable differences in the measured peak shear strength
of the oil sands. 1In the case of the peak strength, the
triaxial test also provided higher estimations of the
strength. Perhaps, the same factors are at work in both
cases. Although the triaxial residual strength is
considerably gfeater than residual strength values for sands
quoted in the literature (Lambe and Whitman, 1979), these
literature values have generally been obtained by direct

shear testing on subrounded to subangular sand grains. The
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highly angular shape of o0il sand grains may be the cause of

the high residual strength found in triaxial tests.

4.4 Strain-Weakening of the 0il Sands

As shear-straining is continually imposed on oil sands,
_the locked sand structure is gradually disrupted. At a
certain stage, the sand matrix starts to become less
competent strength-wise, and the shear strength of the oil
sand drops. In other words, the oil sand has a tendency to
strain-weaken.

This tendency is examined in Figure 4.8 which shows the
ratio of the residual strength to the peak strength against
the effective confining pressure in triaxial tests on
Athabasca oil sands. Apparently, the higher the confining
pressure, the smaller is the tendency of the oil sands to
strain-weaken,

In numerical analysis or simulation of the behaviour of
oil sands, the strain—weakening7phenomenon needs to be
modelled. That requires not only the post-peak modulus
values and the residual shear strength, but also the strain
at which the residual strength is reached.

The triaxial test provides a means to estimate the
"residual" strain, that is, the strain required to bring the
shear strength of 0il sands to the residual level. However,
since triaxial testing on oil sands is usually not carried
to the residual stage, there are only scanty data on the

residual strain. All the available test results are on
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Athabasca oil sands and are plotted in Figure 4.9. The
residual axial strain increases with the effective confining
pressure in a triaxial test. On the other hand, there is no
indication from examination of the stress-strain curves that
the axial strain at peak failure depends on the effective
confining pressure. That means as the effective confining
pressure becomes higher, it takes more straining to reach
the residual strain from the peak failure strain.

Since the tendency of the o0il sands to strain-weaken
diminishes and the strain required to reach the residual
strength increases as the mean stress level increases, the
overall picture is that the Athabasca o0il sands become more
ductile with higher confining stress. This observation is
by no means unusual. For example, it is well-known that
carbonate rocks and sandstones tend to be more ductile as
the confining stress becomes higher.

Direct shear testing of oil sands is often carried to
the stage where the residual strength is reached.
Unfortunately, that requires multi-reversals in the shearing
action. As a result, the direct shear test results ohly
provide displacements along the shear surface not strains.
That makes it difficult to obtain other than qualitative
stress-strain data from the direct shear test and for this
reason, the direct shear test results have not been included

in this discussion on strain-weakening.
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Chapter 5

DEFORMATION PROPERTIES

5.1 Modulus of Elasticity

The modulus of elasticity can be expressed in terms of
the tangent modulus or the secant modulus. In this report,
the tangent modulus is used predominantly because it is
deemed more appropriate for stress-strain analysis.
Therefore, unless stated otherwise, the modulus of
‘elasticity of oil sands as discussed in this report refers
to the tangent modulus.

The measurement of the modulus of elasticity may be
done by a number of methods. Depending on the test method
used, the modulus of elasticity derived may be the drained
modulus, the undrained modulus, or the dynamic modulus. The
results obtained by these methods are discussed in the

following,

5.1.1 Drained Triaxial Tests

Based on the theory of elasticity, the modulus of
elasticity (E) can be calculated from measurements of the
axial stress and strain in a triaxial shear test. For a

standard triaxial test,

53
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do,
E = (1)
de,
where 0, = axial stress
and €, = axial strain.
If e, = radial strain
€ = volumetric strain

and the Poisson's ratio is defined as

de,
(2)

de,
then citing conservation of volume,
de, + 2+0€, = Ode (3)
Substituting equation (2) into (3) and rearranging,

1 Oe
) (4)

2 Oe€,

Employing equations (1) and (4), the data of the triaxial
tests retrieved from the literature were analysed.

The modulus of elasticity values are shown in
Figure 5.1 for consolidated-drained triaxial tests.
Clearly, the drained elastic modulus of the Athabasca oil
sands increases markedly with the confining pressure. The
rate of increase of the modulus however decreases with
increasing confining pressure. Two envelopes for E are
shown, one for normal triaxial tests and another for tests
where the confining pressure was cycled on the sample at the
beginning of the test. It appears that cycling results in
denser samples with higher E values. By extrapolation, the

drained modulus of elasticity is apparently zero or
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negligible at zero confining pressure. This agrees with the
description that oil sands are cohesionless materials and
they have negligible real cohesive strength (Dusseault,
1977).

It may be noted that those data points with a cross
marked inside indicates that these o0il sand samples had an
initial bulk density less than 2.0 g/cm?®, These data points
show that sample disturbance has a large effect on the
drained modulus of elasticity of oil sands. To obtain
representative values of the elastic moduius, undisturbed
samples carefully handled are required. Even though the
bulk densities were not reported in Raisbeck and
Currie(1981), the position of the data points in Figure 5.1
suggests that their samples had bulk densities less than
2.0 g/cm?,

Figure 5.2 shows the K -line for samples with bulk
densities greater than 2.0 g/cm®. It also shows the data
points derived from Stern(1981) and Raisbeck and
Currie(1981) for samples with bulk densities less than
2.0 g/cm®. If Figure 5.2 is contrasted with Figure 5.1, it
can be seen that proportionally sample disturbance on oil
sands does not reduce the shear strength as much as it
reduces the drained modulus of elasticity. 1In other words,
compared with the shear strength the drained modulus of

elasticity is more sensitive to sample disturbance.
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5.1.1.1 Variation of E with Strain

Generally, the measured drained modulus of
elasticity of Athabasca oil sands decreases with
increasing axial strain because of the curvature of the
stress-strain plot. The two triaxial tests performed
for this report and shown in detail in Appendix A are
typical examples (Figures A.2 and A.3). Consegquently,
it is necessary to specify the axial strain at which the
elastic modulus is calculated.

In Figure 5.1, an axial strain of 0.25% is used.
The choice of a suitable axial strain value deserves
some consideration. At small strains, for example 0,1%,
measurement errors could be caused by problems in the
triaxial test such as seating of the end porous stones
and the top loading cap in the triaxial cell.
Therefore, when the stress and strain are small, even
small experimental errors can result in significant
uncertainty in the estimation of the tangent elastic
modulus. On the other hand, for the modulus to be in
the elastic range the chosen strain value has to be
considerably smaller than the failure strain. A
reasonably good sample of 0il sand could have a failure
axial strain in the area of 0.8% and most stress-strain
curves aré linear up to 0.3 to 0.4% strain. Therefore
the tangent modulus should be measured between 0.15% and
0.3%. The choice of 0.25% axial strain in Figure 5.1 is

therefore arbitrary but a reasonable value for most
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tests.

That the modulus of elasticity of Athabasca oil
sands is a function of the deviator stress or axial
strain is exemplified in Figures 5.3 and 5.4 for the two
tests reported in Appendix A. To illustrate the
relationship better, the secant modulus has been used in
these two diagrams and for the purpose of comparison,
the tangent modulus values are plotted in Figures 5.5
and 5.6. The secant values show considerable change at
very small percent strains while the tangent values do
not significantly decrease until after 0.25% strain.

The low strain secant values are much more affected by
the experimental errors noted above and are therefore
not as reliable.

It is worth noting that the hyperbolic model
(Duncan, 1980) appears to describe satisfactorily the
stress-strain behaviour of Saline Creek o0il sand before

failure in conventional triaxial tests (Agar, 1983).

5.1.2 Undrained Triaxial Tests

Consolidated-undrained triaxial tests provide a means
to estimate the undrained modulus of elasticity. Because
the sample cannot change volume during shear in the
undrained test} it would be expected that the stress-strain
behaviour would differ from that in drained tests. For this
reason, these modulus of elasticity values have been

considered separately. 1In Figure 5.7 , the undrained
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modulus is plotted against the effective confining stress at
an axial strain of 0.25%. The modulus data available are
limited to the low confining stress range

(03" < 0.8 MPa). Although there is considerable scatter in
the data because of variations in bulk density and fines
content of the samples, Figure 5.7 shows that the undrained
modulus of the Athabasca o0il sands also increases with the
confining effective pressure. A maximum envelope is shown
for the modulus and a comparison with the drained modulus of
elasticity in Fiqure 5.1 shows that even the maximum
undrained modulus is considerably smaller. The undrained
modulus should be somewhat smaller than the drained modulus
because in the undrained test the pore pressure is
increasing in the strain range considered which reduces the
effectiVe confining pressure and therefore the modulus.
Also, in the drained test the density increases during
testing which would tend to increase the modulus. The large
difference shown here, hbwever, may be more due to scatter

and lack of data.

5.1.3 Unconfined Compression Tests

As explained in section 3.5, there are uncertainties
associated with the stress state in an unconfined
compression test on oil sands. As a result, the validity of
the elastic modulus derived from the unconfined compression

test is dubious at best.
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Nevertheless, an effort had been made to plot the
tangent modulus against the bulk density in Fiqure 5.8. The
limited amount of data in Figure 5.8 seem to indicate that
the unconfined tangent modulus of Athabasca oil sands
increases with the bulk density. Indeed, if all other
variables are kept constant, the unconfined tangent modulus
should increase with the bulk density. The very low modulus
values are an indication of the lack of practical

significance of the results of unconfined compression tests.

5.1.4 Sonic Method
Basing on elastic theories, strain waves could be used
to log various geologic formations in the field. For
example, the dynamic modulus of elasticity may be computed
from P-wave data (Jaeger and Cook, 1979) as
(1 +v) (1 -2vp) pc?

E = (5)
(1 -w)

where C velocity of P-wave propagation

Poisson's ratio

14

P density of material

Dusseault(1982) reported some sonic velocity data for the
strata in the Cold Lake oil sands area. Generally, the
ratio between dynamic and static moduli is commonly from 1.5
to 3.0 for noﬂ-cemented strata at the effective stress
levels of interest. Accordingly, Dusseault suggested some

static modulus values for the various formations at Cold

Lake. These values are listed in Table 3.
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TABLE 3. MODULI OF ELASTICITY AS DERIVED BY THE SONIC METHOD
FOR THE COLD LAKE OIL SAND AREA.
(AFTER DUSSEAULT, 1982)
MEAN IN-SITU ASSUMED DYRAMIC STATIC
MATERIAL SONIC VELOCITY POISSON'S YOUNG®S YOUNG'S
(m/s) RATIO MODULUS MODULUS
(GPa) (GPa)
Glacial Overburden 1700 0.25 4.8 2.0
(0 - 100 m)
Colorado Clay 2050 0.45 2.6 1.5
Shales
(100 - 320 m)
Grand Rapids 2250 0.35 6.8 ')
Formation
(320 - 425 m)
Clearwater 2300 0.35 7.1 4.5
Reservoir Section
(425 - 455 m)
McMurray Formation 2650 0.32 11.0 6.0

(455 ~ 515 m)
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Using the same approach, Dusseault(1980) suggested an
elastic modulus for the McMurray Formation at Athzbasca.

The modulus value is shown in Table 4. For the purpose of
comparison, the modulus for the Clearwater Formation is also
included in Table 4.

The geophysical sonic method avoids the problem of
sample disturbance. In addition, it can cover larger areas
and provide average values of the geomechanical properties
under investigation. However, it should be noted that the
relationship between the static and dynamic elastic moduli
of oil sands has not been established with any cartainty.
The ratio of the dynamic modulus to the static m>dulus is a
function of several variables including the confining
pressure. That means the modulus values tabulated in
Tables 3 and 4 have considerable uncertainty associated with
them. As a comparison the static modulus of elasticity from
Figure 5.1 for a confining stress equivalent to a depth of
300m is shown on Table 4. The laboratory measurement is
“less than 50% of the value calculated from the sonic field

measurement,

5.2 Poisson's Ratio

Equipped with the volume change data during shear in
consolidated drained triaxial tests the Poisson's ratio may
be calculated according to equation (4) in section 5.1.1.
Figure 5.9 illustrates the variation of Poisson's ratio of

Athabasca oil sands as a function of the confining pressure
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at an axial strain of 0.25%. It indicates that the
Poisson's ratio is fairly constant around 0.25 over a wide
range of confining pressure. At a low confining pressure,
the Poisson's ratio could be around 0.3.

In Figure 5.9, the data points with a cross marked
inside them signify that the oil sand sample used in the
test had a bulk density less than 2.0 g/cm*, If the bulk
density reflects the degree of disturbance, then this amount
- of sample disturbance appears to have little effect on the
Poisson's ratio of the Athabasca oil sand samplec,

Like the Poisson's ratio of other cohesionless
materials the Poisson's ratio of oil sand is a function of
the axial strain in drained tests where volume crange is
taking place. Figures 5.10 and 5.11 illustrate this point.
These two figures are based on the two triaxial sests on
Saline Creek o0il sand reported in Appendix A. Both of the
figures indicate that the Poisson's ratio of Saline Creek
oil sand increases with the axial strain in a triaxial test.
At about the failure strain, the Poisson's ratio peaks and
Starts to decrease as the axial strain increases further.
Because of its locked structure, the oil sand has a strong
tendency to dilate under shear loading. Typical volumetric
strain behaviour is shown in Figures A.2 and A.3. As the
compressive stress is applied to the sample, there is an
initial period of volume decrease when the increase in the
applied stresses on the sample dominates the volume change

behaviour. As the compressive stress continues to increase,
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the change in volume due to shear stresses starts to
dominate and the sample dilates. This dilatant tendency
results in the Poisson's ratio becoming larger than 0.5 as
increasing shear load is applied on the oil sand. In fact,
the Poisson's ratio can increase to beyond unity. An
examination of the volume change data in other triaxial
tests reveals that the behaviour described above applies as
well to Athabasca o0il sands as it does to dense granular
media in general.

Because of the above volumetric change behaviour, the
Poisson's ratio should only be calculated at low values of
strain when the sample is compressing in a fairly linear
manner. For high quality oil sand samples this linear
compressive behaviour generally occurs up to at least 0.25%

axial strain.

5.3 Shear Modulus
Collecting the data on the modulus of elasticity and
the Poisson's ratio together, the shear modulus may be
calculated as
E

G = (6)
2 (1 +p)

Concentration is first placed on the set of results
derived from the drained triaxial tests. 1If equation (6) is
applied to the data on the modulus of elasticity and the
Poisson's ratio which are summarized in Figures 5.1 and 5.9

respectively, a set of shear modulus values may be derived.
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This set of values are presented in Figure 5.12 which
depicts the variation of the shear modulus of Athabasca oil
sands with the confining pressure at an axial strain of
0.25%. Evidently, the shear modulus increases rapidly with
the confining pressure with the rate of increase tending to
decrease as the confining pressure becomes higher.
Extrapolating back to zero confining pressure, the shear
modulus is practically zero. This variation in shear
modulus is, of course, similar to the variation in modulus
of elasticity as the Poisson's ratios used in the
calculations are fairly constant. Therefore, all the
variables which affect the modulus of elasticity will have a
similar effect on the shear modulus. No direct measurements
of the shear modulus of o0il sand were found in the
- literature. Therefore the applicability of Equation (6) for
©il sand cannot be verified.

For the condition of undrained triaxial tests, the
Poisson's ratio is equal to 0.5. 1In that case, equation (6)

becomes

(7)

@«
I
w | m

Applying equation (7) to the undrained modulus data shown in
Figure 5.7, the corresponding shear modulus values can be
obtained. These shear modulus values are plotted in

Figure 5.13 against the effective confining pressure. The

variation is, of course, similar to the variation of E.
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5.4 Compressibility of 0il Sands

One method to estimate the compressibility of oil sands
is to put a sample of o0il sand under confined compression in
an oedometer test. From the oedometer test results, the

compressibility may be expressed in terms of:

a = coefficient of compressibility

de

= - — (8)
a0

or m = coefficient of volume compressibility

Oe¢

e (9)
oo

A typical stress-strain response of oil sands in an
oedometer test is shown in Figure 5.14. Usually, the
compressibility of oil sands is much higher on initial
loading. The compressibility quickly converges to much
lower values in subsequent loading and unloading cycles.
Because all the test samples must have inevitably
~experienced stress relief and some sample disturbance, the
cyclic compressibility is believed to be more representative
of the in-situ compressibility than the first-cycle
compressibility.

The compressibility data on Athabasca o0il sands as
derived from oedometer tests are summarized in Tables 5a and
5b. It can be seen that for good quality samples, the
cyclic coefficient of volume compressibility is generally
between 0.2 and 0.6 x10-“kPa~', On comparison, the

first-cycle compressibility is not only much larger; it has
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Figure 5.14 AN EXAMPLE OF THE STRESS—STRAIN
RESPONSE OF OIL SANDS IN AN
OEDOMETER TEST (AFTER BARNES, 1980)
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a much greater variability too. Prior to testing, each
sample had experienced a differing degree of disturbance and
stress relief. Therefore, depending on the exact amount of
damage to the locked structure of the oil sands, the sample
could be compératively compressible or fairly incompressible
on the initial cycle of loading.

Another approach to measure the compressibility of oil
sands is to impose isotropic compression on the sample as at
the beginning of a triaxial test and monitor the
corresponding volumetric strain. Table 6’summarizes the
data derived from such an approach. The guantity of data
available is limited. The data indicates that the cyclic
coefficient of volume compressibility is in the range of
0.2 to 0.8 x10-‘kPa-"',

It should be noted that the stress path followed in the
cedometer test is different from that corresponding to
isotropic compression. Thus although the volumetric
stress-strain relationships of o0il sands are similar
qualitatively during both isotropic and confined
compression, quantitatively they are somewhat different.

For a given change in o0,, the change in J,

(= 04+ 02+ 0,) is greater during isotropic compression.
Consequently, a given change in o, will result in a greater
volumetric strain during isotropic compression. This
implies that the compressibility derived by isotropic
compression should be larger than that obtained in ocedometer

tests. However, it seems that the data derived by isotropic



84

= = = = Wy 1970 1"t -0 pues |10 J40day
- - - - iy 85°0 it -0 yasl) auy|eg Syl
(1861)
d144n) 9
- - - - t°c - L-0 spues {10 Xo3qs ey
- - - - 09°€-49°Z | 8L°0 - 9L°0 oL - ¢
Aedandy *314 4o
- - - - jg-fotz | LL'o - €L0 0l - % |YidoN uo|jeuwsoy
Aeaanyoy (1861)
- - - - 19°t-S9°0 | 69°0 - 89°0 0l - 4 S1PPINW uIag
pues {10 (€861)
95°0 6L°0 9570 8L°0 0s°1 64'0 ST - 4 }934) uygtes Jeby
01avy¥ QI0A | AVOINN avol
QvoINN avol
37343 ¥V 011vy Ql0A (edw)
37343 ¥ I9VHIAY ERNTHIRLY] WILING SS3IVLS VYLV JINIYIIY
(s o 7 e
ALITIG1SSIUANOD IWNTOA 40 INI1D14430)
SAONVS 110 VISVAVHLY 40 ALIT191SSIUIWOI I140YLOS) ‘9 318vL



ne'o 19°0 £15°0 €S0 1°€1-02°9
§2'0 - - 055°0 1°€1-9L°7
05°0 68°'0 019°0 62970 "
S€°0 £6°0 1£9°0 095°0 "
9¢£°0 80 - - £ E1-£6°2 easeqeyly | 3|neassng
peojup _ peoj peojun peol
31247 433e 31243 3s) (edH)
0livyd QI0A 0iivyd GI0A S$S3YLS WIY3ILVH 3IN3Y3 43y
A 37IA) ¥3iLv1 IVILINI 40
{ 9-01 X r-2dy) —w 30v¥IAY IDNVY
AL1T181SS3UdWOI IWNTOA 40 INT1314430)
SANYS 110 VISVAVHIV 40 ALITIEISSIYAWOD I1dOYIO0SH (pP,3u0d) ‘9 318vL




86

compression is similar to the oedometer test results shown
in Tables 5a and 5b.

Figure 5.15 sums up the compressibility data as a
function of the void ratio and whether the data are from
first loading or repeated cycling tests. There are no
definite relationships between the void ratio and the
compressibilities, although it may be fair to say that high
first-cycle compressibilities usually correlate with high
initial void ratios. Also, it appears that the void ratio
does not have a great effect on the cyclié compressibility
of Athabasca o0il sands. 1In other words, the cyclic
compressibility testing of Athabasca o0il sands appears to
overcome the relatively small amount of disturbance
experienced by the samples shown in Figure 5.15. 1In light
of this, extrapolation on the test data suggests that the
volume compressibility of Athabasca oil sands is probably
between 0.3 and 0.7 x10-¢“kPa-"',

So far, all the data discussed in this section are on
Athabasca oil sands, for there is very little information on
the oil sands at other locations in Alberta. Barnes(1980)
performed a number of oedometer tests on oil-free sands from
Grand Rapids Formation zones "A" and "C". The results are
reproduced in Table 7. In Table 7, the compressibility is
expressed in terms of a . The coefficient of volume
compressibility (m ) is related to a as

a

m = — (10)
1 + ep
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Although the initial void ratio (ey,) is not known exactly,
equation (9) shows that for e, ~ 0.6, m could be between
0.1 and 0.3 x10-*kPa""'. Apparently, the sands of the Grand
Rapids Formation have a compressibility comparable to or
possibly smaller than the compressibility of the Athabasca
oil sands. Also, Dusseault(1980) suggested that the
compressibility of the oil sands in the Clearwater Formation
at Cold Lake could be between 0.4 and 1.0 x10-“kPa-"'.

To sum up the discussion in this section, the probable
values of the coefficient of volume compressibility of oil

sands are listed in Table 8.

5.5 Axial Strain at Failure based on Triaxial Tests

To investigate what the strain at failure would likely
be for a completely undisturbed sample, the failure strains
in all the triaxial test examined in this study are plotted
against the bulk density of the oil sand samples in
Figure 5.16. There is considerable scatter in the data
points. However, a definite trend is discernible: the
failure strain decreases with increasing bulk density of the
samples. Extrapolating to the in-situ bulk density between
2.1 and 2.3 g/cm?®, the axial strain at failure is probably
0.8% to 1.5% under axisymmetric boundary conditions,

Since the bulk density of an oil sand sample partly
reflects the quality of that sample, the trend indicated in
Figure 5.15 suggests that the axial strain at failure could

also be considered to be an indicator of the quality of the
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Chapter 6
PORE PRESSURE PARAMETERS "A " AND "B"

Assuming the principle of superposition, the pore
pressure change Au may be expressed in terms of the
corresponding changes in the principal stresses Ao, and Ao,
(Skempton, 1954):

Au = B,Aoy + A (A0,-00,) (11)

wvhere A and B are the pore pressure parameters.

6.1 The B Parameter

It can be shown that

B = (12)
n.,C +n C.,
1+ -
CS
where n.. = water porosity
\

n. = bitumen porosity
Cw= compressibility of water
Cb= compressibility of bitumen
C. = compressibility of soil skeleton.

The variable C 1is equivalent to the coefficient of volume
compressibility m as discussed in section 5.4.

The B parameter is measured in triaxial tests by
applying an isotropic stress to a saturated sample and
measuring the increase in pore pressure. The smaller the
increase in pore pressure, the smaller must be the

compressibility of the soil skeleton.

93
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Agar (1983) found that based on pore pressure parameter
B tests on Saline Creek oil sand, the B parameter was
measured to be in the range of 0.8 to 0.9. The testing on
Saline Creek oil sand in the present study showed that the B
parameter of the samples was approximately 0.5 to 0.7.

When dealing with ordinary soil materials, the
compressibility of the soil structure is usually much larger
than that of the pore fluid in the case of fully saturated
soils. Therefore the B parameter is usually very close to
unity. In this respect, the B value of the Saline Creek oil
sand is relatively low which deserves some consideration.
Turning attention to equation (12), it is useful to adopt
some representative figures for the variables in that
equation to calculate a value for B for comparison purposes.
For a reasonably good oil sand sample, the composition of
the oil sand is typically 11% bitumen, 6.5% 5ater, and
82.5% sand by mass. These would give

n. = 14%

R

n . 22%

C. = 0.8 x10-‘kPa""' (for isotropic compression)

C., = 0.46 x10-*kPa-' for water

C = 2.0 x10-“kPa"' for bitumen.
(The compressibility values of water and bitumen are quoted
from Kosar, 1983). Substituting these values into
equation (12),

B = 0.6.

Good grade o0il sand typically has an in-situ composition of
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11% bitumen, 4% water, and 85% sand. So assuming

n. = 8.,5%

n, = 23.3%

C = 0.3 x10"-“kPa""'

C, = 0.46 x10"‘kPa""
C = 2,0 x10-*kPa"

to be representative in-situ values, it may be reasonable to
expect B = 0.4 in the field. Clearly, the low
compressibility of oil sands is the reason why the B
parameter is not close to unity. It would appear that pore
pressure parameter B tests would be a better indicator of
sample qQuality than bulk density values. The lower the
measured value of B, the better the quality of the sample
must be. The B value would be little influenced by fines
content of the sample in contrast to the bulk density.

The B parameter is not constant during undrained
triaxial shear testing since the compressibility of the sand
skeleton varies with the stress level. However, this change
is small and only of interest when estimating change in pore

pressure during undrained shearing.

6.2 The A Parameter

The A parameter is measured during undrained shear
testing. The A parameter changes with the axial strain and
reflects the tendency of the sample to change volume from
shear strains. During an undrained shear test a saturated

sample cannot change volume and the poré pressure must
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change with shear strains. An increase in pore pressure
indicates the sample is attempting to compress and a
decrease in pore pressure indicates an attempt .to dilate.
Figure 6.1 shows a typical undrained triaxial test result
from Dusseault(1977). Typically, the A parameter starts
with a positive value and peaks at a very low strain (at
around 0.2% axial strain). Thereafter, it decreases with
increasing axial strain., The decrease usually carries it to
some negative values before the peak strength is reached.
Interestingly, undrained triaxial test results show
that the parameter at failure, A , seems to decrease when
the axial strain at failure increases. This observation is
illustrated in Figure 6.2 and indicates that there is a
tendency for greater dilation at higher strains. Such
volume changes can be observed in drained tests. But A
does not correlate well with the bulk densit} for these
tests. That suggests two points. Firstly, A is
susceptible to the effect of sample disturbance and it
depends upon the guality of the oil sand samples. Secondly,
the bulk density may not satisfactorily reflect the quality
of the sample. For example, a high fines content in an oil
sand sample can result in a deceivingly high bulk density
but fail to increase the shear strength of the sample. It
is for this reason that little weight has been put on the
data point which has a positive B value in Figure 6.2,
That data point corresponds to a sample with a high clay

content.
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Figure 6.2 - VARIATION OF A THE PORE PRESSURE PARAMETER AT
FAILURE WITH THE AXIAL STRAIN AT FAILURE AS MEASURED
IN UNDRAINED TRIAXIAL TESTS ON ATHABASCA OIL SANDS
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Despite the scattering of the data points in
Figure 6.2, extrapolation on the data suggests that.the
in-situ A values are probably between 0 and -0.05.
However, it must be cautioned that the stress path generated
in the field may be significantly different from the one
followed in an undrained triaxial test, and the effect of
such discrepancy is not known. Therefore, the values

suggested here should be viewed with this point in mind.



Chapter 7

CLAY SHALES ASSOCIATED WITH ATHABASCA OIL SANDS

7.1 Intraformational Clay Shales

The intraformational clay shales refer to the numerous
silty and clayey bedding seams within the oil sand of the
McMurray Formation. There is a very scanty amount of
strength data on the intraformational clay shales. Table 9
briefly summarizes the available strength data.

These data are principally based on direct shear box
tests and as shown in Table 9, there is significant
variation in strength. The variation is related to the

lithology.

7.2 Basal Clay Shales

—~

Dusseault and Scafe(1979) define the Basal McMurray

‘Formation Clay as "a noncalcareous, argillaceous sequence of

beds found between the Paleozoic limestone and the major
arenaceous transgressive sequence of the McMurray
Formation",

The strength of the clay shales had been investigated
with direct shear tests. The results are summarized in
Table 10. There is considerable variability in the strength
properties of ‘the basal clay shale. Brooker and Khan(1980)
attributed this to be a result of the complex environment of

deposition for the basal clay layer.
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Chapter 8

OBSERVATIONS AND CONCLUSIONS

(a) A typical in-situ bulk density for Athabasca oil sands

(b)

(c)

(a)

is in the order of 2.15 g/cm®. High quality undisturbed
core samples only have an average bulk density of

2,08 g/cm®, This increase in the porosity of samples
results in laboratory tests underestimating shear
strength and elastic moduli values and overestimating
compressibility. |

The Alberta oil sands are highly dilatant and
cohesionless. Because of the locked structure of the
sandy matrix, the oil sands have unusually high
strength, compared to ordinary dense sands, with a

¢' = 60° below a normal stress of 1.3 MPa. The peak
shear strength envelope of the oil saag; is highly
curvilinear at higher normal stresses.

Cycling the confining stress on the sample before
shearing appears to increase the shear strength for
normal stresses above 3 MPa. This would appear to be
caused by the cycling increasing the density of the
samples by consolidation and grain crushing.

A comparison of the limited amount of test results on
Athabasca o0il sands appears to indicate that the
triaxial test shows considerably higher strength values
than the direct shear test at comparable stress levels.

That is perhaps a result of the non-uniform normal
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stress and shear stress distributions imposed on a
sample in the direct shear test.

Direct shear test results on oil-free sand samples of
the Grand Rapids Formation indicate that the oil sands
in that formation are perhaps slightly weaker in
strength than the Athabasca oil sands. This observation
seems to apply to the Clearwater Formation at Cold Lake
as well,

As measured in direct shear tests, The residual angle of
friction of Athabasca oil sands is in‘the area of 30° to
33°. On the other hand, triaxial tests estimated the
residual friction of Athabasca oil sands to be
approximately 40°. The discrepancy is probably because
of the difference in the mode of shearing action in the
two tests to reach residual strainf and the difference
in the stress-strain conditions of the triaxial test and
the direct shear test.

As the confining pressure increases, the o0il sand not
only has a lesser tendency to strain-weaken; it tends to
be more ductile as well requiring larger strains to
reach the residual strength,

Because 0il sands are not cemented in general, they have
negligible tensile strength, A small tensile strength
of 20 kPa may exist due to the interlocked nature of the
sand structure.

The modulus of elasticity of the Athabasca oil sands is

a function of the confining pressure. Triaxial test
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data indicate that the modulus of elasticity increases
with the confining pressure but the rate of increase
diminishes as the confining pressure becomes higher.
Cycling the confining stress on the sample before
shearing appears to increase the modulus. The modulus
values appear to be more sensitive to sample disturbance
than the shear strength values.

Modulus of elasticity values from undrained triaxial
tests are considerably smaller than values from drained
triaxial tests,

Because of the disturbance to the oil sands prior to
testing, the triaxial test may significantly
underestimate the in-situ modulus of elasticity. The
field sonic method avoids the problem of sample
disturbance and yields much highqi-moduli of elasticity.
Unfortunately, there is a poor understanding on the
relationship between the dynamic and static moduli of
oil sands. As a result, there is still uncertainty
associated with the modulus values estimated by the
sonic method.

Triaxial test results show that the Poisson's ratio of
the Athabasca o0il sands is fairly constant around 0.25
over a wide range of confining pressure. Sample
disturbance apparently has little effect on the value of
Poisson's ratio.

The calculated shear modulus of the Athabasca oil sands,

as derived from triaxial test data, increases with the
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confining pressure. The variation in shear modulus is
similar to the variation in the modulus of elasticity as
the Poisson's ratios used in the calculations are fairly
constant,

The coefficients of volume compressibility of the
McMurray Formation and the Grand Rapids Formation are in
the range of 0.3 to 0.7 x10-“kPa-', while that of the
Clearwater Formation at Cold Lake is perhaps between

0.4 and 1.0 x10-¢kPa-"',

Due to the low compressibility of the sand fabric, the
pore pressure parameter B of oil sands may be
considerably less than unity. Under the field
condition, B could perhaps be in the vicinity of 0.4,
The pore pressure parameter A decreases with increasing
axial strain in an undrained triaxial test on oil sands.
The higher is the axial strain at iailure, the more
negative is the value of A at failure. This implies
that the better the quality of the sample, the less
negative is A . Extrapolating to the field condition,
A could be in the range of 0 to -0.05.

The basal clay shales and the intraformational clays in
the McMurray Formation at Athabasca have a wide range of
strength properties which are related principally to the
lithology. Both regimes of clay shales follow the
Mohr-Coulomb strength relationship in general. The peak
angle of friction can range up to 29° whereas the

residual angle can be as low as 7°.
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APPENDIX A

TRIAXIAL TESTS PERFORMED FOR THE PRESENT STUDY

A.1 Source of 0il Sand Samples

The samples were obtained at an outcrop on the valley
wall of Saline Creek, adjacent to Highway 63, 1 km south of
Fort McMurray, Alberta. The samples were oil-rich and were
obtained by diamond coring during late winter when the oil
sand was frozen to minimize sample disturbance.

During the process of valley formation, the oil sand at
this location has uhdergone gradual stress relief. Hence,
it is believed that the gas dissolved in the pore fluid was
able to escape without disrupting the structure of the oil
sand, and the oil sand retained much of its original in-situ

strength.

A.2 Sample Preparation and Testing Procedure

(1) The sample, which had been stored in the cold room at
-20°C, was placed in dry ice overnight. The sample was
machined the next day in the cold room to two inch
diameter and approximately four inches in length. The
diameter was then measured at the top, the middle and
the bottom of the sample. At least three readings were
made on the length of the sample. Immediately
afterwards, the sample was weighed.

(2) The base of the triaxial cell, the top cap, and the

membrane were brought into the cold room at least two



(3)

(4)
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hours before mounting of the sample onto the triaxial
cell. 1In the cold room, the sample, porous stones and
membrane were assembled without side drains in the
normal manner on the pedestal by securing an undersized
O-ring on the membrane around the pedestal. The top cap
was similarly secured on the sample, and the drainage
ports were connected.

The base and the sample were immediately transported to
the testing laboratory. The triaxial cell was
assembled, filled with water, and mounted in the loading
frame. A cell pressure of 0.7 MPa (100 psi) was
immediately applied on the sample. The purpose of the
above procedure was to minimize any possible sample
expansion from taking place during thawing of the
sample. The entire operation usually took less than
half an hour.

A water pressure of 0.35 MPa (50 psi) was used to flush
and put into solution most of the air in the porous
Stones and the pore pressure lines. Afterwards,‘the
cell pressure and the back pore pressure were raised to
2.4 MPa (350 psi) and 2.1 MPa (300 psi) respectively.
The sample was allowed to thaw against these pressures
overnight. The back pressure of 2.1 MPa was believed to
be more than sufficient to fully saturate the sample and

the entire drainage system.

(5) A consolidation test was conducted on the sample the

next day against a back pressure of 2.1 MPa. A standard
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(7)
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tes; procedure was used. There were two triaxial tests
performed. For the first test, the cell pressure was

4.1 MPa (600 psi) and 5.5 MPa (800 psi) for the second
test. 1In effect, the effective consolidation pressures
were 2.1 MPa and 3.4 MPa for the first and second tests

respectively. Drainage was allowed at the top and

- bottom of the sample.

A modified pore pressure parameter (B) test was run for
each of the two triaxial tests. Because of the low
compressibility of the sand matrix, the oil sand would
not yield B = 1 even when it was saturated. For that
reason, a modified procedure was adopted. After the
consolidation test, the cell pressure was increased by
approximately 0.21 MPa (30 psi) and the pore pressure
was monitored. If the B value was less than unity, it
was brought to unity by increasing the back pressure.
These steps were repeated for another cell pressure
increment until the cell pressure had increased by
approximately 0.7 MPa (100 psi) in total. The
accumulative changes of the cell pressure and the pore
pressure were plotted. The plot is similar to

Figure A-1. 1If the slope of the plot for one increment

is significantly different from those of the other

increments, it can be concluded that the sample is not
saturated.
The back pressure was reduced to 2.1 MPa (300 psi) and

the cell pressure to 4.2 MPa (600 psi). For the second
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test, the cell pressure was reduced to 5.5 MPa

(800 psi). The sample was then sheared in a drained
manner at a constant vertical strain rate until after
the peak strength was reached. Volume change of the
sample was measured by recording the out- and in-flow of

water to the sample.

A.3 Results

A.3.1 Stress-Strain Diagrams
The stress-strain data are presented in Figures A-2 and

A-3,

A.3.2 Summary of Test Results
The test results are summarized in Table A-1. 1In

Table A-1, the following symbols are used.

P = bulk density of o0il sand (pre-test)
u = constant back pressure
0y = 03,
q = (—)
2 f
= one half of deviatoric stress at
failure
011 + 03'
p' s (—m8™m™—)
2 f
= mean effective stress at failure
0,' = effective confining stress during
test
€y = axial strain at failure

o' = secant angle of friction at failure
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(at maximum deviatoric stress)

maximum effective stress ratio

—
S
1]

™
n

strain rate during test

A.3.3 B-Test Results

The B-test results on sample 1 are shown in Table A-2.
Unfortunately, for sample 2 there were some procedural
errors in the B-test. As a result, the results from that

test could not be used.

A.4 Data about the Test Samples

The relevant data on the test samples are tabulated in
Table A-3. A sketch of sample 1 after failure is shown in
Figure A-4. A thin shear band was found in sample 1. The
band was less than 1 mm in thickness and was oriented at
about 50° to the horizontal. Sample 2 was also examined
after failure. However, no bulging or any apparent shear

plane could be found in the sample.

A.5 Corrections for the Test Results

A.5.1 Compliance Tests

The LVDT was so arranged that it measured the
relative displacement between the loading piston and the
base of the triaxial cell. As a result, the

displacement measurements would include the straining of
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the piston, the porous stones, and the top and bottom
caps. To be able to make the necessary corrections,
compliance tests at confining pressures of 0, 4.1, and
5.5 MPa were run with an aluminum sample in pla&e of an
oil sand sample in the triaxial cell. The results of
the compliance tests are plotted in Figure A-5. The
correction for a given load level is the difference in
displacement between the "aluminum" curve and the

"compliance" curve.

A.5.2 Piston Friction

In the triaxial tests of the present study, an
external load cell was used to measure the axial load.
It was therefore necessary to estimate the piston
friction. The approach was to push the piston into the
triaxial cell at the testing strain rates against cell
pressures of 4.1, 5.5 and 10,3 MPa and monitor the load
registered by the load cell. The difference between the
force measured by the load cell and the resisting force
with which the cell fluid was applying against the
advancement of the piston constituted an estimation of
the piston friction at that particular cell pressure.

It appeared that there was little increase in the
piston friction with the axial load because of the type
of seal used for the piston. The piston friction at
cell pressures of 4.1 MPa, 5.5 MPa and 10.3 MPa was

about 70 N, 100 N, and 250 N respectively. For the two
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tests which used cell pressures of 4.1 and 5.5 MPa, it
was decided to assume a constant piston friction of
100 N for the correction of the axial load. As the
piston load at failure was over 25,000N, the magnitude
of the friction was not significant.

This method of measuring piston friction does not
include the effect of the diameter increase of the
piston as the axial load is increased. This diameter
increase was calculated for the anticipated maximum
piston load and with the type of piston bushing and seal
used in this triaxial cell, it was apparent that the
piston diameter increase would have little effect on the

magnitude of the piston friction.
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APPENDIX B

OTHER STRENGTH TESTS

B.1 Standard Penetration Test

The literature review for this study has so far failed
to reveal any effort to correlate the shear strength or the
friction angle of the oil sands with the blow count in the
standard penetration test. For a number of reasons, the
standard penetration test is not generally useful for the
estimation of the in-situ shear strength of oil sands.

First of all, it is extremely difficult and expensive
to obtain truly undisturbed samples for strength testing in
the laboratory. Not knowing the true in-situ strength, it
is not possible to do any correlation with empirical field
measurements such as the STP. Moreover, o0il sands are so
strong that it is impractical to perform standard
penetration tests on oil sands with conventional sampling
spoons. 1If the experience with the usage of the standard
penetration tests on ordinary sands is any indication, the
correlation of the strength of 0il sands with the blow count
" would have little accuracy.

Figure B.1 shows the results of two standard
penetration tests in the upper part of the McMurray
Formation (Carrigy, 1967). Although the test results could
not measure quantitatively the strength of the oil sand, the
high blow counts do indicate that the oil sand is very

dense, possibly as strong as soft sandstones. Both tests
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suggest that the strength of the o0il sand increases with
depth when the depth is less than approximately 10m. From
10m on, the strength is fairly constant for the shallow

depths shown,

B.2 Plate Bearing Test

Ideally, the plate-bearing tests can be used to predict
the in-situ bearing capacity of oil sands in terms of
strength and settlement. However, there are a number of
problems associated with the use of plate;bearing tests on
~0il sands.

One major difficulty is the immediate fabric disruption
by gas exsolution on stress relief. That means the results
of subsequent plate-bearing tests would not reflect the true
in-situ behaviour of oil sands.

Secondly, the area of the loading plate is usually
small (0.25 square feet or 1 foot in diameter). There is
therefore a scale effect associated with the interpretation
of the test results. Since up to now the true strength of
the oil sands has not been obtained, it is not possible to
estimate with any confidence the in-situ properties of the
oil sands on the basis of the plate load test. Besides,
both the modulus of deformation and the shear strength of
the o0il sands are functions of the confining stress.
Clearly, the nature of the plate-bearing test limits the
testing to very low confining stresses. That further

depreciates the usefulness of the plate load test on oil
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sands.
The results of two plate-bearing tests on Athabasca oil
sands are shown in Figure B.2. The failure loads for both
tests are above 20 tons/sg.ft. (1.9 MPa). Obviously, oil
sands are competent foundation materials. The modulus of
elasticity may be derived from the results of plate-bearing

tests (Jaeger and Cook, 1979):

op
E = m(1-» )2 yA — (B.1)
ow
where m = 0.95 for a square plate

v = Poisson's ratio

>
L}

area of the plate

p = pressure on the plate

W = average deflection of the plate
Equation (B.1) is used on the results of the two
plate-bearing tests shown in Figure B.2. With

0.95

m

A

0.25 sqg.ft.

v 0.25

the modulus of elasticity is calculated and listed in
Table B.1. This method suffers the same problem as the
triaxial test: the oil sand on which the test is performed
would inevitably be disturbed to a certain degree prior to

the test and the measured values would be lower than the

true in-situ undisturbed wvalues.
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TABLE B.1. THE MODULUS OF ELASTICITY OF ATHABASCA
OIL SANDS CALCULATED FROM PLATE-BEARING
TEST RESULTS.

op
TEST Er‘ (MPa/cm) E
w (MPa)
A 1.262 17.1

B 0.247 3.4
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B.3 Vane-Shearing Test

The vane test requires insertion of the vane into the
ground. That would seriously disturb the locked structure
of the oil sands. For that reason alone, the vane test
could not be a viable method of obtaining the true strength
of the oil sands. Nevertheless, the test had been attempted

on oil sands and a typical result is shown in Figure B.3,.
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APPENDIX C

SUMMARIZING NOTES ON SELECTED REFERENCES
The following notes are concerned mainly with the strength

deformation data contained in the references.

Barnes, D.J. (1980): "Micro-Fabric and Strength Studies of
0Oil Sands".

Oil-free samples of the McMurray Formation and the
Grand Rapids Formation were used for drained direct
shear testing. Testing was done at normal stresses up
to 5 MPa. Both peak and residual strength properties
had been investigated. Oedometer tests were also
performed to measure the compressibility of the samples.

Brooker, E.W, (1975): "Tarsand Mechanics and Slope
Evaluation”,

Information on the engineering geology including
the Ko value and joint set orientations of Athabasca oil
sands was given. The results of four undrained triaxial
tests were reported. Extrapolation to the in-situ
strength of the o0il sand as a function of void ratio
which presumably reflects the guality of the samples was
attempted. The bulk density values guoted for the
samples were final wet densities.

Brooker, E.W., and Khan, F. (1980): "Design and Performance
of Oilsand Surface Mine Slope".

Three separate sets of undrained triaxial test and
direct shear test results on Athabasca o0il sands were
presented. The strength properties of the basal clay
shales and the intraformational sity and clayey beddings
were discussed.

Direct Shear Test Series 79S

Drained direct shear tests were performed on rich
oil sand and oil sand interbedded with clayey silt. Two
oedometer tests were carried out for each of the two set
of samples. Judging from the bulk density values, the
samples were significantly disturbed.

Dusseault, M.B. (1977): "The Geotechnical Characteristics of
the Athabasca 0il Sands".

132
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Comprehensive direct shear test data on Athabasca
oil sands and intraformational clay were reported. A
number of triaxial tests were performed on Athabasca oil
sands. For the purpose of comparison, strength testing
was done on other materials including sandstones, Ottawa
sand, and oil sand tailings.

Bulk density, porosity and saturation of the
Athabasca o0il sands were discussed in terms of sample
disturbance and geophysical measurements.

Dusseault, M.B., (1983).

A series of drained triaxial tests and
compressibility tests were performed on Athabasca oil
sands for a wide range of effective confining pressures.

Dusseault, M.B. (1980): "The Development of Permeability in
Cohesionless Bituminous Sands".

Discussing the mechanics and behaviour of hydraulic
fractures in oil sands, some representative properties
of the McMurray Formation at Athabasca and the
Clearwater Formation at Cold Lake were suggested.

Dusseault, M.B., and Simmon, J.V. (1982): "Injection-Induced
Stress and Fracture Orientation Changes".

In the course of simulating the behaviour of
hydraulic fractures in oil sands, values of the dynamic
and static Young's moduli of the geologic formations at
Cold Lake were estimated.

Dusseault, M.B., and Scafe, D. (1979): "Mineralogical and
Engineering Index Properties of the Basal McMurray
Formation Clay Shales".

In discussing the mineralogical composition and
Engineering Indices of the basal clay shales, the
residual shear angles of the basal clay shales and the
intraformational McMurray Formation clayey silts were
briefly reported.

Hardy, R.M., and Hemstock, R.A. (1963): "Shearing Strength
Characteristics of Athabasca 0il Sands".

Considerable amount of test results on the
unconfined compressive strength of Athabasca o0il sands
were reported. No bulk density or porosity values were
given, but the samples are suspected to be disturbed
quite badly.

Physical Properties Set 74S.




-

TN TR R T e

134

The results of the analyses on the water and oil
contents, Atterberg limits, bulk densities, and grain
size distribution of core samples were presented. The
samples were obtained from the McMurray Formation at
Athabasca.

Raisbeck, J.M., and Currie, J.B. (1981): "a Laboratory
Investigation of Hydraulic Fracturing in 0il Sands".

The stress-strain characteristics, the
time-dependent behaviour and the hydraulic fracturing
phenomenon were investigated through the use of triaxial
tests. Notably, the compressibility, Young's modulus
and Poisson's ratio of the samples at various stage of
the test were reported. No information on the bulk
density was given, but it is suspected to be less than
2.0 g/cm’ for the test samples.

Round, G.F. (1960): "The Shear Strength of McMurray 0il
Sands",

Shear box tests were performed on McMurray oil
sands. The samples were clearly badly disturbed. The
rate of displacement in the tests ranged from 0.01725 to
0.1869 in/min. It is not sure whether that was
sufficient to ensure a drained condition in the tests.

Sterne, K.B. (1981): "Hollow Cylinder Testing of 0il Sands".

Two triaxial hollow cylinder tests were performed
on Athabasca oil sands. To investigate the effect of
different stress paths, two triaxial compression tests
and two constant mean principal stress tests were done.
From the test results, the failure envelope, the modulus
of deformation and Poisson's ratio were estimated. The
compressibility of Athabasca oil sands was measured by
isotropic compression and in an oedometer test.

Thurber Consultant Ltd. (1977) : "Research Observation -
Saline Creek Tunnel".

Unconfined compression test results were shown in
borehole log drawings. Deformation measurements on the
tunnel were also reported. Geophysical bulk density
logs were included in the report.

Triaxial Test Series 64G

Triaxial compression tests and direct shear tests
were performed at room temperatures on Athabasca oil
sands obtained from borings. The reference contains no
informations on the pore pressure response during

~ testing. It is not sure if the tests were drained or
undrained. The result of a compressibility test was
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also presented.

Triaxial Test Series 75S:

The reference contains sets of consolidated drained
and undrained triaxial test results. The testing also
included unconfined compression tests. The testing had
been done at various strain rates and confining
pressures.

Tustin, T.G. (1949): "The Shear and Consolidation
Characteristics of McMurray Tarsands".

Unconsolidated triaxial tests were performed on
McMurray oil sands without pore pressure measurements,
The loading rate was very quick. The pore pressure
probably did not have time to dissipate completely
during the tests. Testing had been made on the samples
with the beddings perpendicular and horizontal to the
loading direction. The testing temperatures were ~10°C
and room temperature, It is suspected that all the test
samples were badly disturbed.



