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ABSTRACT, .
A

- . A\ -t
’ A\

Thls'thesis investigates the geomdrpholog»|of natufal oil

sand -8lopes, : the geotechntcal propertles of the Athabasca ?11 Sands

and several similar frlable anrtzose sandstones, the beha%lour of

nigh steep pit Ralls upon excavatlon, and tne mlncralogy and index .

properties of the basal clays of the McMurray Formation.
Natural oil" sand slopes are high;(>70 m), ‘steep GSSO), and -
stable. The presence of slope base erosion results in Elopes steepef

than 330; the absence ot -lebris- removal ajents results Ln slopes at
) ‘

{
i i

"\\ angles of lee:g)han 349,  Basal scrata, bitumen saturaclon overlyxng

\strata and e
a\ffecting the morpnology &f e:‘osed oil sand slopes. [Setalle.,d exﬂm-
\ /
Lna:lon indicates tnat bitumen, cementation, and pore pressures do

osure to solar radiation are the domlna?t variables
l

not contribute 51gnlflcantly to long-term natural slope stability.

h
/
.

Slopes recede as a result of sloughing along stress—reliéf exfoiiation
o \ /
fractures sub-parallel to the slope face. These fractures\, and several
: j ;
‘other features, indicate high values of in situ horizoatal i:resses.‘

—_— - /

v i
{

The Athabasca 0Gil Sands display high shear étrengths és a result
of a characteristic Interpenetrative granular febric. Mohr- C0ulomb

failure envelopes consequently show a siganLcant curvature, ;anq,

" N
since the oil sands have no cohesion, the envelopes can be usefullly
. . \

anproximated by a power-law relationship. The curvature (s a result

.

.of dllatancy at low stresses and intreasing grain shear at higner|

stresses. Two other friable quartzose sandstones, St. Peter Sandstone
: ) [
» and Swan River Sandstone, are shown to behave in a similar wanner.

\

o



=~ . 2 o

The dilatant, behaviour at low stresses is the conéequence of

inteylbck arising from'diagenetic alteration ot these ;eolégicallv old,

-

~ quartzose sands: artificial dense -sands and natﬁral, geologicallye

1

youny sands dol. display similarly \high\\shear screﬁgtns. Onrical ~~
. ' \ ,

and scanninz electron microscope Studies show the diagenetic surface F\,

.

N ‘ . -
textures characteristic of these locked sand , and reveal tae diagenetic

. ‘ \ ‘ ,
intergranylar fabric. The specific processes\fesponslnle for tne fabric

v \
are crystal overgrowth and solution: a consequent and diagnostic

‘property is reduced pprosity (increased density),

\ v ' Wedge stability analysis indicates probablk high factors of

\

safety for excavated pit walls, and finite elfment stress analysis

-

_._ indicates tension zones at the slope top, tendion zones or hign stress

o r#tios in the slope face, and stress concentrations in the slope toe.

. \ .
* N .

L | . : .
The basal clays of the McMurray Formatioa, which directly under-

- . ) ‘ .

<

,lie the oil sands, are illite-kaolinite-vermiculite clays, often of
{high plasticity. sThey are slickensided when exposed at slope oases,
, . . * . .
/énd are therefore at a residual strength state.

/ .
v
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CHAPTER [
[
. - INTRODUCT LON

- el

.1 The Oil Sands of Alberta

The most conservative estimates of population growth and

v
’

technological expansion indicate gn increasing world demand for

energy continuing well intn the néxt century EHubbert, 1971). At

present, fossil funIS»provide most of the world's energy, and it is

fscimated“%hat they will continue to do so beyggd che vear éOOO (Starr,
h 1971). Rapidly anre851ng prlces for energy ‘have acconpanled the in-

crease in demand, and these trends are expected to continue for at

-

least the next SQ/years For these reasons, there has been a dra-
- ¢

matic increase |n the search for,_andﬁdevqlppment of, sources of

L~ . n

energy by the petroleum industry. Alberta's oil sand deposits (Fig-;

ure l.1) represent a major source of oil for the future.

2

The depth oF burial of the ail-bearing strata varies from
O te "0 m At present, those portioas of the deposits covered by
Lo g ot overburden (Figure 1.2) can be recovered profitably

o “%e mining methodé Deposits covered by more than 200 m of

A
OJerburden can be recovered through in situ extraction techRiques

presently under deveIOment. No economically feasible extraction

tecnnology has yet been aevélopedjfor oil sand deposits overlain by

" 50 to 200 m ‘of overburden. Because oil recovery by surface mining
. » ‘

v

methods is more efficient than oil recovery by i situ methods, as

much of the Athabasca aeposit a3 possible will be recovered by.éurface

- 0‘,«’
I R
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mining. 01l sand deposits outside the Athabasca Jil Sands area are --
o0

too deeply buried for the use of eurface'mtning techniques.

The existence of the Athabasca 0il -Sands has been knqwn to

’

Canadian industry for over 100 years, but large-scale expld{tation
has been attempted only in the last' 10 years. The future will bring
further development, likely at a rapidly increasing rate, fnr tie next

20 to 30 years. This development will require large investments of

capital and research time from government and perate industry slike ,//

After this period, development will proceed at a slower rate as this

[

huge resource-is systematically utiiized;during the next several

y o~

hundred years. P

}.2' Estimates of Alberta's Heavy 01l Reserves

f

The Athabasca 0il Sands and other similar but smaller deposits

underlle about 50,000 kmZ of northern Alberta The Athabasca Oil Sands

.

alope have been estimated to contain a minimum of 600 BB (billion .
. - / . Ry

barrels) of heayy'éil (Govier, 1973)
7"About 147 of the oil- contat ing sands of the Athabasca deposlt

can be mined through surface minlng methods:- this constitutes a reserve

of over 80 BB of heavy oil (Table 1.1). The recoverable reserves acces-

sible by surface mining methads are estimated at 38 BB. This es e

is based on rejection of materialﬂnonta{ning‘Teggﬂthan five percent
n of materia.

bitumen by weight overburden to oil sand ratios of 1.0.or less, andm
an extraction recovery factor of about 90%. Conversien of the heavy
oél to conventional lighter oil products (i.e. synthetic crude oil)
reduces the figure toJ27'BB (Govier; 1973). ﬁnergy requirements for

surface mining are relatively low, so a further resgqrve reduction



TABLE 1.1°

ALGERTA'S HEAVY BITUMEN RESOURCES

.
" DEPOSIT OVERBURDEN BITUMEN IN PLACE | RECOVERABLE - RECOVERABLE
(METERS) (MMSTB) (4) CRUDE BITUMEN (1) SYNTHETIC-
S . (MMSTB) (4) CRUDE OIL ¢2)
& : (MMSTB) (4)
Athabasca 0 - 50 74,000 38,000 (3) 26,500 (3) .
011 Sands 50 - 600 | 551,900 166,000 93,000 .
Wabasca - )
Deposit 100 - 750 ° 53,800 16,000 9,000
Cold Lake S
011 Sands 300 - 600 164,100 49,000 28,000
Peace River . '
011 Sands 300 - 750 |% 50,400 15,000 8,500
FOther Deposits| 150 - 750 2,000 | o eeeeee Ll
Totals --- " 896,200 284,000 165,000

(1) Assuming a recovery ratio of 0.30 by in situ methaods.

(2) Assuming:-

a) Gonverston ratio to synthetic crude of 0.80 and

b) Energy consumptign of 30% for processing.

(3) ERCB: Proven reserves, surface mining methods.

(4) Millions of standard oil field barrels.

“

(Adapted frou Govier, 1973.)

[
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factor is unnecessary, The synthetic crude oil, a partially reflned
product, requires little fugther refining and is a most desirable

refinery feedstock. At present, the‘syhthegic crude 911 price i{s seot

to match thdt of conventional crude oil; therefore, at the 1976 export

«price of $13 per barrel, the portion of the Athabasca Oil Sénds to he

surface mined represents a gross resource valué of approximately

$350 billion.

Approximate® 607% of the oll sands of the Athabasca deposit;’

. | l_l ! '
and all of the other oil sands in Alberta, eventually may be exploited

.

‘through in sftu ﬁeéévery'méthods; This portion of Alberta's oil sands

contains a gross reserve of about 600 BB of bitumen. Applying a re-.
covery factor of 40% and a separatioa factor of 70%, this reserve
could yield 170 BB of synthetic crude odl. The large energy require-

ments of in situ extraction methodé (perhaps as high as 507% of the BIU

value of the recovered bitumén) would' result in a significant further

decrease of this yield.
. - v
v“fhe totgl dollar value of the oil sand reserves 1s immense;-
Lf present ec;nomic assessments,COntiﬁue.to apply, Lhe Achabasca 511
a v
Sands and similar dep;sits represent Alberta's sihgle most valuable

~

resource reserve,

-

3

1.3 History of Commercial Development of the Athabasca Deposit-

Recovery of the bitumen from the oil sands has been attempted

\

sporadically since the beginning of the century. These small-scale

~attempts at exploitation used surface mining methods and various ex-

~

traction techniques. The most ambitious pilot project was a surface
mine and.hot water extractioa plant at:Bitﬂmount, begun by the Alberta

L4

- : ‘ |

6
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b N

go&ernment in f94§é\ The extraction technology perfected 1n this

,ﬁ}ojgpt led “ta the opening of the first commercial oil sands mine

-

in 1967: Great Canadian Oil Sands Limited, a subsidiary of Sun 011

o

Company. It has been operating for niné years, mining the sands with

'buckec-wheel excavators 'and extracting the bitumen by a hot-water

separation technique. ‘A second, larger, oil sands mine il's presently

-

under construction by Syncrude Canada Limited. Several other plants

are in the. planning stages;

‘

1.4" Future of the Athabasca Oil Sands A

1.4.1 Surface Mining Methods
The total amount of synthetic crude oil presently considered

ra . v
recoverable by conventional surface mining methods is estimated at

27 BB. -Economies of scate indicate that a dafly production-of 125,000

to 250,000 barrels per extraction plant would be desifable; Since the '

estimated life of each oil sands plant would be about 30 years, ul-

ntimdtely 10 to 20 surface mining and extraction operations may be
“built. Each of these sites would requifé an inifial-capital invest-

" ment of over two billfon_1976'dOIIars,'and each would directly employ

over 2000 persoﬁs. Operating costs in the future would remain high,

A

despite the development of new extraction and mining techniques, but

‘the long-cérm reliability of crude oil production would balance the'

high costs. . r

1.4.2 Other Recovery Methods

No commergially viable underground mining method or in situ

extraction method has yet been perfected to recover-oil from oil sands.

3
i

T
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Impefial 0il of Canada Limited is conduqting the largest ﬁilot project
to date in the Cold Lake deposit (Figure 1.1), but économic evaluatioas
and energy consumption data are not ygt available. Previpus pilot

projects conducted by several other oll companies have indicated high
.

energy’ consumptions, relatively poor recovery ratios, and operatingy
. ) ; . ‘ A
~co8ts considerably higher than those of surface mining methods. In |

.the futurey as the output of synthetic crude oil from coaventipaal

surface 'mining m;;EBBs\(eaches a maximum and then begins to declinc,
g — o

. i - »
underground methods will be used to .maintain Canadian crude oil out-

put. Most researchers are presently coasidering in situ extraction

in some form, but new underground mining technologies may be developzad

to overcome some of the present deficiencies -of in situ methods.

1.5 Geotechnical Contribution to Oil Sands Development
Development of the Athabasca Jil Sands requires geotechnical -
ekpérciée from the initial conceptual stages, throughout the project

life, to the termination of the project, when the land is reclaimed

’

for other uses.

With surface mining methods, geotechnical data and assessment

are required in foundaﬁion_désign, pit wall design; mine layout,

material storage, process water storage, and, finalhy, reclamation.
, .

"In situ extraction methodsoreqhire less geétechnical exqettiée; never-
theless geotechnical contributions will be valuable in process design,:
process,management, and surface fécility design. Secoﬁdary development

47 1)reswlt:ing directly from resourceé explotéatipn also creates a largé

i demand for'geotechnical services:- new ‘townsites, commercial develop-
3 j . D .

merit, access roads, recreational facilities, railways, air strips, &and



N
\ w

many 6ther ancillary facibiries mugt be bﬁilt. If ‘underground mining
methods are employéd, the role of the geotechnical ;ci;nces wiil be as
significant as in the preseﬁt open pit mining ﬁerﬁods. In total, Fh?
.%emqnds for the expertise of e?rth,sctgnces'tégﬁhology probably.will
be secoad only to rhe demands for the serv;ces of the petrochemical

‘sclences,

1.6 The Basic Characterist tics of Oil Sand .

The-majorit§ of the oill-rich (i.e. greater than 107 bitumen)
i . ‘ N

oil sands are fine- to medium-grained dense sands with small quantities.

of silt- and clay-sized material. The finest-grained nineral fracrions
consist mainly of clay minerals, specificallyt kaolinite ‘and illite
(Carrigy, 1973y. The quartz grains are at 1easc 99% water-wet (Bow-
man; 1967); the o:ther minerals (generally finer-grained) are dero-

.philic and are concentrated in the water layer (FLgure 1.3). Bitumen

[§

and gas occupy the remainder of the pore space(/ Aporeciable quantLtLes'

or gas, predomipantly nlrrogen and methane (Hardy and Hemstock, 1963),
are dLssolVed in both bltumen and water phases ThL mean bitumen con-
tent of the oll- bearing strata’ is 10% by total weight, but‘bitumen
‘content. varies from 0% to 18%. The bitumen falls into the heavy oil
category, with a séécific ﬁrﬁv;ry slightly higher than one,‘andiig
situ viscositiés'raﬁgiﬁg from 6000 to severap>milliqn poises (Ward

and Clark, 1950), In summary, the Athabasca ?;} Sands are fine to

coarse grained, water-wet, and orthoquartzitic, with significant

volumes of viscous interstitial bitumen.

/
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1.7 Scope of the Thesis

‘1.8 Organization of the Thesis

AN

~
¥

4

The task of ﬁhis the;is is to investiggte the geoteéhnical
properties of the Athabasca 01l Sands with emphasis on those properties'
of concern 1nvsurface mining operations. Tﬁe ma jar topics exploréd in
this tpesis are the streds-strgin-sfrength cﬁaracteristics of the

Athabasca 0il Sands, natural slope morphology, microstructure of the

sands, and compucer stress analysis of high steep.pit walls. The min-

eralogy and index properties of ‘the McMurray Formation basal .clay . .

deposits, sampling techniques, and geophysical methods are discussed '
£ ’ ‘

4

‘in the appendices. .

Bl ! i

*

Chapter II consists of descriptions of the geography,~c1imate,‘

‘geology, and lithology of the Athabasca 0il Sands area. The information

discussed is obtained from publications and from study of outcrops and .

borehole corés. ‘ ‘ ) | ‘
Chapter III reports the conclugions of a geomorphological in-
vestigation df natural slopes in oil sands and discusses the geotech-

nical implications of the observed high. strengths with- respect to pit

. wall stability. - : o C

~

Published strength data on oil sa;ds aré limited. These data

[

and their limitations are discussed in Chaﬁter IV.

n .

Chapter V presents the resultsvof An extensive laboratory shear
strength testiﬁg program on oil sands and ‘on densified qpaftzosé sands.
The. source of.strength is identified. |

Chépter VI extends the strength source hypothesisgto othér

similar materials: Two friable quartzose sandstones‘and ja natural
‘ |

dense sand were tested. -

v



\

In Chapter VII the microfabric of he tested natural m: ¢ alsg
. ] -
ls studied. Grain textures as a diagnostic tool are discussed; porosity

reduction mechanisms are evaluated. B
. . < !

Chapter VIII first presents a method of evaluating the factor

of safety of high steep slopes in ofl sand, then assesses the likeli-

hood of‘progréséive failure and tension crack generation by a finite

v,

element technique,
k ;
Chapter IX summarizes the previous seven chapters and presents

o \

the conclusiens drawn from the thesis.

A series of appendices (A thvough H) reports extens{Ve supple-

*

mentary data.

12
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. CHAPTER IT

/‘)
/ :
: ATHABASCA OIL SANWS: GEOCRAPHICAL SETTING, CLIMATE,
L ¢ N -

GEOLOGY, AND LITHOLOGY

.

\

2.1 Introduction -

'
’

'

The initial research on the geotechnical characteristics of

the Athabaaca 0il Sands consisted of a synthesis of pertinent published

!

data. In this chapter, the geographical sécting of the oil sands and

the area's climate are described briefly; the geology and iithology

©

of the oil sands are discussed in more detail.

]

2.2 'Geggraphica£ Setting | !

The Athabaéca 011 Sands region lies at the .northeastern rim
of the Interior Pldins, and is almost entirely within‘the drainage
basinﬁof the Amhabasca;River. The area underlain by oilisands deposits
suitable for surface miningvis in‘cbe Clearwater Lowlands and is flanked
to the east, wéét, and sputﬁ by highlands (Figure Z.ij.. The dominant

physiographﬁc features of the area are the deep east-~-west valleys of

the Clghswat and Athabasca rivers and the wide north-south basin

occupied by the Atkabasca River north of Fort McMurray.

After the fec ssion of the qontinentél glacier, the valley of

the Clearwater, and that of the Athabasca north of Fort McMurray,

formed a major meltwater system, whiéh drained the giacier when its

front lay to the northeast of the oil sandﬁ\area. The Clearwater

L)
valley (Figurés 2.2 and 2.3) s relatively straight, broad (3000 to

13 «
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7500 m), and deep (100 to 220 m);

and the.valley walls display gentle

slopes (less than 159). The Athabasca River west of Fort McMurray

el

(Figure 2.3) occupies a steep-walled (over 159), narrow (less than

\3200 m), deep (110 to 210 m) postglacial valley. Thé absence of a

}ﬁood plain, the numerous rapids, and the steep incision into the

su unding plain are evidence of the postglacial development of the

river vall North of Fort McMurray, the Athabasca River valley
changes signi

icantly (Figure 2.4). Valley wall heights decrease

\\\\ gradually to. the nbrthi'dropping from 110 m‘in the vicinity of Fort

McMurray to five meters or less in the levees of the Athabasca Declta

V(Figuré 2.5). There are no rapids along this reach of the river, and

the valley is wide, with a well?developed flood plain in mcsL places

The northern section of the Athabasca River lies in the approximate ~

center of a large, gently sloping'basin (Figure 2.6). - No evidence

exists for a preglacial river course of any consequence, although’

surface drainage must have occupied approximately the-present river

B - " e
course. ) ' - : .
S ' - 3

]
!

2.3.1 General Climatic Setting : T

Fort McMurray, situated at the northwestern edge of the Great [

data' recorded at the weather scatLon near Fort McMurray, are reported

in Figure 2. 7 and in Tables 2.1 and 2. 2. These data are typical of

the Athabasca 011 Sands rgglon. Although the mining area lies at a

.~

! i

. . . . A - . \

“Rlunins, has a typical subarctic, continental climate, characterized N

- o . | \ |

b?hﬁhort hot summers and long cold dry winters. SeIected climatic \‘
o \
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Annupl Means! !

: 1.3 1
Maximum gust speed: 105 km/hr! 10.3 v
: 1) The rose disgrams represent
Maximum observed hourly speed: 72 km/hr . a frequency distribution of ,
» - o wind directions. Peripheral
values'are mean velocities for
: a particular direction (in km/hr},

Figure 2.7 '

Wind Direction and

Mean‘Velocities, i - Atmaspheric Environment Service of Canada

_Fort McMurray, Alberta

[
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TABLE 2.1 :
TEMPERATURE DATA:  FORT MCcMURRAY -
;
MONTHLY TEMPERATURE DATA dan. | aprit’ | ouy | ot
LMean Daily Temperature 2sec | 12t | 16.3%c| 3.0
Mean Daily Maximum Temp. -16.0°C | 7.8°c | 23.4°¢| 8500
Mean Daily Minimum Temp. -26.9°C | -5.4°C | 9.1°c| 2.45¢
Mean No. of Days with Frost 31 25 0 2.
Max imum Recorded Temp. 10.0°C | 26.1°¢" | 35.6°¢ | 26.7°¢
Minimum Recorded rTemp. 60.0°C |-35.0°¢ . -3.3°C | -22.8°¢
UK
\ .
ANNUAL' T]EMPERATURE' DATA (1973 RECORDS)
Max imum Temperature 36.1°C (June)
Minimum Temperature ‘-50.6°C (February)
Méan Daily Temperatufe ) -0.5°C
Mean Daily Maximum Temperatule 6.9°C
g Mean Daily an{mum Temperaturle| -6.8°C .
Mean Frost-FEee Period -'\fBQWdEyéf
"2 | Longest Frdéthree Period |15 days
Shortest frost-Free Period 8 days
(including July 15th) -

22



TABLE 2.2

PRECIPITATTON DATA: FORT McMURRAY

MONTHLY DATA January | April July |october
Mean Rainfall (mm of :
water) 0.5 7.1 73.7 13.0
Mean Snowfall (mm of A R
snow) 221.0 127.0 0.0 | | 111.8
Mean Equiva]ént Pre- ‘ , M
cipitation 21,1+ 20.3* 73.7* 24.13
Days with Measurable | \» '
Rainfall (Mean) 0 "4 13 6
Days with Measurable
.Snowfall (Mean) 14 5" 0 5
Maximum 24 Hour Rain- ’ :
fall 6.4 10.9 51.6 21.8
Maximum 24 Hour Snow- ;
fall 154.9 208.3 0 109.0

ANNUAL DATA

Number of Days with Measurable

Precipitation - 131 days

QL

Greatest 24 Hour Rainfall
Greatest 24 Hour Snowfall

Mean Annual Precipitation
(in mm of water) .

Gfeatest Annual Snowfall
* | Least Annual Snowfall

Mean Annual Snowfall

60:4 mm (Septémber)

297.2 mm (March)

435.4 mm

- 2966.7 mm (1971-2)

459.7 mm (1948-9)

1397.0 mm

* One mn of snow is a
0.1 mm of equivalen

A Y

pproximately e
t precipitatio

’

qual to
n.
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somewhat lower elevation than the observing station and about 50 km
. . . N .
to the north, climatic differences are probably minor. _

2.3.2 Climate-Related Mining Difficulties

The wide range of'tempe%atures in .the oil sands aréé'prcscnts

special difficulties in continuous mining operations and great

\

demands on men and nmchiner}yﬁgl‘he long cold winters result in

cold-indurated bftumen; this cduses an increase in the abrasiveness

ofithé oil sand, greater penetration resistance to digging pquipﬁent,

and a reduction in machinery efficiency. Frost penetration on north-

‘

facing pit walls is rapid and deep, because of the absence of snow
cover oa the sSteep slopes. Conversely, in the hot sunny summer months,

south-facing pit walls experience high temperatures because of high

‘radiation absorption b§ the black bitumen in the oil sand, and rapfd

pit face raveling is a common result. : SN,
A2
' S
» \ T
\ g
2.4 Geology of the Athabasca Oil Sands :
. ’ i o . Lo . . ) a; . «
2.4.1 Introduction . :
Early explorers (Bell, 1884, 19087 McConnell, 1891) ndéted the' Yo
J , o .
existence and the major features of the oil saggs and speculated on their St

origins, but detailed study of the deposits with exploiﬁation in . mind
did not Begin until the early part of this centyry with the mining i
engineering work of Ells (e.g. 1914, 1915b, 1922, 1926). Since that

-time, numerous-scientists have written about the oil sands. The major-

ity of the articles are anguménts concerning the origin of the b

(e.g. Ball, 1935; Corbett, 1955; Gussow, 1956; Hume, ., 1951; Link,

1951; Sproule, 1938, 1951). Other stud ave concentrated on



NG

"lithological and structural data (e.g. Falconer, 1951; Kidd, 1951;

Melloa, 1956; Mellon and Wall, 1956). In recent years: most 3f the
work on tﬁe ?eological and lithological features of:the McMug}ay Forma-
tion has been done by Carrigy (efg. 1959, 19&2, 1963a, 1963b, 1966,
1967, 1973).. Other important Eontributioqs have been made, but only
a few are Bf direct geplbéical interest (e.g. Alberta Oil and Gas
Conservation Board, 1963; Hitchon, 1963; Ansley and Bierlmeir, 1963;
Vigrass, 1966; Energy Resources Conservation Board, 1973).

The following discussipn of the geology of the Athabaeci.OJI
Sands 1is a synthesis of publfshed informatiﬁn, the writer's fiéld ob-
servations of the natural slopes (Plate 2.15, exémination of core

specimens, 1abofatory invéstigations; and discugsions with those in-

volved in oil sands research.

-~

_é.4.2 Geologicai Definition of the 0il Sands

The' Athabasca 0il/Sands are defined as the oif-bearing portion
of two geological formations (Carrigy, 1959): the McMu}réy Formation,
which contains yeil over 957% of the oil»reserveé;;an& tﬁe lower, aren-
acbous;portion of the Clearwéter Formation. 'Thg McMurray Formation
is often cuisidered a contiﬁuous maséfve oil-bearing body. In actual--
ity,“VeriOUS po;tions of ghe_fbrmation contain little or no oil:'the‘
Argillaceoué basal erosits, portions of the coarse-~grained basal
sandg, large fntrafprmational lenses §f silty clay and silt, hﬁd'oc-
casional thic~ aeds.of clean fine-grained.sand occur as Qi}-free strata.
The entire McMurray Formation becomes oil ffgg“east"éfwﬁﬁﬁéémgﬂwest of

the Fourth Meridian (Cafrigy, 1959). ~ The formation pinches out wegl-

wards against a paleotopogfaﬁhic high (Figure 2.8), and grades into
I
. y



Outcrog,of.Athabasca Oil Sands 3km North

of Fort McMurray. Note the gullied i
nature of the outcrop. The lower portion

of the outcrop above the limestone is
oil-free sand and lies at a repose angle

of 33°. The outcrop is about 72m high,

Karst Eedturesl Christina River. 'Karst

dome visible in background, geologist's
left. foot rests on a 15cm paleocaliche
immediately overlying limestone. Coarse-
prained, oil-free striped sandgi draped
over the sides of the karst domes. -

QO
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¢ Figuré 2.8 Stratigraphy of the Athabasca Oil Sands



. . . \
marine shales to the northwest. To the south and southeast yoan oil ="
» ‘ i S 1 N
wiater contact forms the noundary of ﬁnn Athabasca 0Oil- Sands. The

'

noschern and northeaster g boundaried represent the southward limit

| N .

of Pleiscocens placial crosion of ijLcriﬂls from the McMurray For-
5 !
) i
mation, '

2.4.3 Predepositional Geological History

Faunal\stﬁdies have shown that the McMurray Formatioa is Lower
Cretaceous in age (Bell, 1334, McLearn, 1932, 1945; Russell, 1932; .
Mellon and Wall, 1956). The deposit tests unconformably on an exfe@-

Sive.erosion surface of argillaceous-limestones, calcareous shales,

and'liﬁbﬁLones of Upper Devoaian age (Norris, 1973).. The hasal uncon-
* . .
tormitv represents a hiatus of abour 250 million years. During ths

time, extensive cycles of<§uhaérial erosion, alcé?nating with.mingr

dupositional. periols, proddced sentle overall relief of about 50 m, ™

.

characterized 0y duamerous karst features (Plate 2.2). Well-deyeloped

drainaye systems exzsted, al} with a gentle regibnal‘dip to the
‘ﬁ)ntn and northeast (Martin and Jamin, 1993, Carrigv; 1973). The
McMiucray FérméLion contains few adily weathered materials. Tnis
Lndicgtes that thg materials whica now form trhe McMurray Formation‘h
were extensigely weatﬁered before final deposition (Melldn, 1956).

Salt solution in the underlying Prairie Evaporites (Elk_Poiht"Croup

&n
eqiuivalent) in pre-McMurray times (Fi%ure 2;22, possibly in Eonjunction «
wio.n differential settlemeats, has resplted in a series of structural

“domes and basins being'superimposed upoh the Devonian strata (Carrigy,
. [} -
. l‘ -

1959; and others); Thesé structural features show local reiief o)

1 . A

. \ .
less tnan 25 m, regional relief of perhapi 100 m, wave lenzths from

! -
‘1 e
i3 »

LY
"



FOU to 1000 m, and flank dips frém 29 to 10V with minor local excep-

tions having dips to 20° (Kidd, 1951). These structures, as well as-
the differing rosistances‘of the calcarecous materials of the Devonian}

\

sequences, have ot luenced the paleodrainage patterns and paleotopoy-
raphy. Drainage channels cutting through the sedimgntary structure

are visible on the Muskeg River in several locations; and have been

dedlineated by drilling in other locations (Carrigy, 1959).

.

i The general subsidence (Or rise in sea level) before and
- o4

during McMurray times resulted in extensive scour and removal of

larye quantities of the confinental residual and sedimentary materials’

Nevertheless, two types of continental pre-McMurray deposits have been

identified: coarse channel ‘deposits and fossilized remnants of soil

5 -

horizons (paleoébls and palcdcalich%s).
R U

2.4.04 bre-McMurrav Sedimentation

Evidence of pre-ﬁcMurrav sediments of coatinental origin-is
found in the pélcngéls, p;leocaliches, and minor'concinentalldeposits
found directly above the Devonian sequence at the base of Uu{*kMurray
Formation..

‘:?aleosols and paleocaliches hayelbgen identified.at many river
outcrops: in a 2 to 3 m thick bed south oé Slope 7 (App;ndix A), in a
I.7ﬂm bed in Slope 51 (Appendix A), and overlying many of the;karst fea-
tures on the Christina River (Plate 2.2). Furthermore, tﬁey have.been.
idcntified tentétively in bo;ehole cores, altﬁoughbthere they da not

display the oxidized red colour .which is diagnostic in the outcrop.

- The ironstone bed reported at the bdse of the McMurray Formation.

(Carrigy, 1359) may actually be a- paleocaliche. To date, the observed

o

|
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occurrences have been on paleotopographic high poihts, directly upon

e
"

limestone. Fz&rmore, the presence of paleosol seems to preclude

signiticant ovc}lying argillaceous deposits. This relationship (Figure

2&3) sugypests contemporancous development of the coéntinental clasg}c

doﬁb;ihs énd the adjacent sequences of basal clays: This subject is
discussed in greater detail in Appendix H.
In se&qral localitie;, large'deposits of oil-free coarse-grained
sands and congl&merates can bc'obsefved. Tﬁe stratiéraphic position
of these sands is uncertain. They display some characteristicg in-
‘ ’ . . .

dicating a greater age than the McMurray -Formation, but the absence

of fossil remains has'ﬁampered identification (Carrigy, 1973). They

are definitely channel deposits: they show strong current features

‘wlomerates, with the lithoclasts largely altered to siderite.

\

such as scour channels, and they contain extensive lithoclastic con-

2.@.5 McMurray Formation: Depositional Environment and Geologically

Equivalent Formations

. ~

Early Cretaceous time was marked by a gradual but céntihual sub-
sidvence of\the Interior Plains in North America. %his subsidence per-
mitted the encroachm2nt of shallow seas from the northwest and -south
(Rudkin, 1§B6). Sedimentary deposits on the regional unconformity are
therefore characterized by a disLiﬁct'basal sequence of trahsgressive
deposits (Figure 2.10) The lower mémber‘of'this sequence is usually
a relatively. Fc‘se iase! fluvio'deltaic duaft_;c;se .deposit referred

to as an unconfor=il- -1 or a blar et sand (Krumbein and Sloss, -153).

Several lithologicaliy and éératigraphiaally equivalent, although not

necessarily time equivalent, unconformity sands exist in the Western

30
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Figuré 2.9 Hypothetical McMurray Formation Cross- ction
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Canadian Sedimentary Basin., These are the Cadomin Formation In the Al-

Berta toothills; the Lower Manville Group in Saskatchewan and eastérn

LM

and central .Alberta’ the somewhat more. argillaceous Gething Formation
'R. . N .

lh nnr(hwostornlAlbvrta and northeastern British Columbin;'fﬁo Cutbank
and Sunburst Formations in southorn Alberta, qutana, and‘North Dakota;
the Swan'River Sandstone in Manitoba; and of course the McMurray For-
matiog in norchegstern Alberta. All these basal sagds may represent
one lithosome, but intervening paleotopographic highsrin/sdmeyfases,
may have resulted in d}sconcinuities in the baénl blanket sand. In
any case, thelr pégrographicloha;acteristics, without considering

cement, are similar, audd their stratigraphic relationships also are

i

distinctly similar (Wickenden, 1951).

-

These basal Cretaceoys blahget sands, which underlie very'largc

\
«

areas ot Narth America, display several characteristics in common.
These characteristics are sand-to-shale ratios greater than 1.0, basal
" o " \

conglomerate, beds, upwards-fining of arenaceous material, and common
i but minor lign‘ae‘vr coal occurfques (Rudkin,'1966). Their ‘trans--
gressive nature reflcctsfthe gradually diminishing hydraulic energy

) . " . o .\‘ - -
available as the midcontinental region slowly subsided. As a group,

- . o ~
these tormations dre the continental and marine deltaic deposits formed
along and at the mouths of the rlvers which drained the Canadian Shield
- ...' . \‘\ |

to the east and the Cordillera to the west. The Lower Cretaceous div-
iding line betwzen the two sources of sediment on the reéional uncon-
tormity is thought to be a ‘palvotopographic hiyh (a buried‘tidge) run-

ning approximately northwest to southeast about 80 km east of Edmonton

S [
(Rudkin, 1966).

e
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22.&.6 Geoiogy of- the Mchpray Formation
The division of McMurray Fermation geology into Lower, Middle,
and Uppér‘M&mbers was formalized by Carrigy Ln 1§59 The separations

are not charactertéed by d[stinct Heological horizons, but by gradual

changes in Iithological characteristics. ¢

The Lower Member of the McMurray Formation includes argillaceous.
L]

2

deObiLS ‘and very coarge- grained clastics The change from underlying
clayey beds to overlying darenaceous beds 1s go abrupt that the inclusion

of both sequences in the Lower Member tends to grossly oversimplify the
gcologica] relationships - The coarse-grained sands are fluvial deposits:

\

lxthoclastie nnd conglomeratic 1&5 deposits and ¢rogs- bedded point bar

-

and subaqueous dune dgposits are‘diagnostic. Bedding features may be
obscured by the coarseness of the materials.

Tde Lower Member ig ebsent over large areas of the McMurray 0
Formatdon, and.nowhere'has its thickness bcen reported s greater than
25 m.  Appendix H containg further data on the argillaceous bortions of

%

the L?wer Member.

The Middle Member of the McMurray Formation was deposited in a
lluvxodcltaiu environment (Carrigy, 1973). The monomineralic naCUre
and the high degree of sorting displayed by many of -the fine- and

,Amcdidm-grainod sands indicate extensive serting in a river bar or
beach regime., The lower portion of the'Middie Member is characterized
fby high.angle (10° to 359 cross< “bedded » ‘units ranging in. ‘thickness
tron 10 to 300 cm. These crosg- bedded units become progressively
thinner and\display gentler angles (5° to 15°) hlbher in the sequence

0[1 impregnation is generally uniform and oil content ‘is high, These

cross-bedded, oil-impregnated sands- are the "typical" sands ‘of the



N

Y

.‘Athabﬁsca 0il ;and deposit, Tﬁeyloccuf in any comblvtc thurrny se-
quénce in thicknesses up to 46 mf_ Bédding features observed by the
writer iqclﬁdo high and low angle crossibcddlng, festoon pross-beddtng;
suhathous slump deposits, and minor lithoclastic deposits with large
quantities of clay‘clasts (up to 30% by‘volume).

begress{yc/é;utheastwards movement of the_sea cgast résulted
in further décreaso of depositional energy as sediment qccumulatfon.
r#tos lagged behind the rate of sea level rlge. The U;per Member of
the McMurray FormaLLon is rclativuly tlat lying (0° to 6°) and consists
of silts to very fine- 5rained sands and occasional Lntraformational
Llayq These strata are éharacteristic of ahallOW brackﬁsh-water
dcposition (probablyylagoonal) and shallow deltaic environments (Dic-
kinson et al., 1972). Bioturbic features are common in these fine-
grained sands, bcdding units are'thin (laminae to 20 cm thiék;, and
tsmall;scalc reverse croés-beds indicative of tidal dcposition. are

~ common. Oii saturation is variable: the mdst.fine-grained portions

are completely.oil free, The Uppcr'Mémber of the McMurray Fdrmation

has a méXLmum thickness of 30 m. -

@

2.4.7 Post-McMurray Geology
G

. The upper boundarglof the McMurray Formation is defineg by the

glauconitic fine-grained sand of -the Wabiskaw Member of the overlying

-

ClcarwatLr.Formatioh. The glauconite is indicative of marine (neritic) .
‘conditions (Heckel,:1972)f The increased mon;morillonite‘and decredxfd'
quartz contents indicate a gradual westward shift of sediment source.

The Wabiskaw Member is occasionallv oil-impregnated, and where it is,

it is included as part of the Athabasca 011 Sands (Carrigy and Zamora,
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1960),

Sedimentation continued until the Late Cretaceous period, and

e .
. R \

altimately 760 m (Cnrhgttn 1955) to 1220 m (Sprodlc, 1955) of sediments

‘wcru.dppﬁsited over the McMurray Formapion. Aq a result of the \ pth

of hurtal, the maximum remperatures and sLdimentary effective pressures
oxpcrtcnc od My the McMurray Formati&n were about 40°b and 140 kg/cm (

.lhc present 11Lholo’iL81 characteristicqlof the McMurray Formatioa agc.
a vesult of the physical and chemical diagenesig which took place dur- ’
fng burial and subsequent.erosion (Figufe 2;11).

Faultiné, subsidence, and other noadiagenetic proéessésroccurred

intrequently in post-McMurray times. The Bitumount Basin (Carrigy, 1959)

éhows stgné of some post-McMurray rejuvehatiou of thé underlying evap -

i
'

orite héd solut ioa, Othcr high anble faults within the McMurray For—
nmllon are iathlV a vresult qf deferential compaction of channel and
huck-swuhp deposits., Toc;onic taulting.has been reported (Sproule,
1938), but is ﬁot siggificant. GentleA50uthwestward tilting of about
I.4 wm/km has occurred since the post-Devénian hiatus.

Eroslon.began in Late Crgtaceous time a&gﬂcontinued fof‘over-
70 million years,;until the onset of continental glaciation in Nsrth
America, -An undetermined quantity of McMurray sands ar{ younger for-
matiojs has bu?n removed by gla;ial scour. dutside of river vélleys,
glaéial deposits are uﬁtquicJuS (e.g. Bayrock, 1971), and the present
vailcy mophology is iargelvléf?ééult of regional rearfangement of i
drainage by gla;ial dtsruptiont AOver 2500 m of ice overlay the area dur-

ing the maximum extent of glaciation, but the geotechnical implicatioas
T ' ) ’

Y

of this geolozically recent load have not been assessed tully. Taday,
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erosive forces continue to act upon all valieys within the oil sands

. E
81‘68.,;].

-

2.5 Athabasca 91l Sands Lithology , : i

2.5.1.Iﬁtroductlon

fhe’lichology'of the Athabéaca 01l Sands is of grgat economic
impqrtangé because lithology directly contrbls oll occurrence, recovcf;
methods, recovery ratios, and éveﬁfually terrain reclamatton.v The dis-

cussion here concentrates on the arenaceous, oil-bearing portion of the

McMutray Formation.

'

rs

2.5.2 Lithological Generdalizations: McMurray Formation
The McMurray Formation is heterogeneous with respect to grain
size and bedding features but homogeneous with respect to mineralogy.

Carrigy's publications (e.g. 1959, 1963a, 1966, 1973) are a relatively

«

‘ complete dichsstoh of McMurray Formation lithology. The folldwing

attributes cha?acterize.the ;nctre formatiofi:
1. The fofmation as a whole averages over 947 quartz;‘hence "
the term orthoquartzitic is appropriaﬁe. There is'a CenAEncy for the
basal beds ﬁo contaiﬁ soﬁe chert,‘and for the upper‘bedSICO,contaiﬁ
significant percentages of clay minerals.
2. The‘c}ay‘minerab'fractiog of any portion is illitic and

kaolinitic., . Smectite (montmorillonite) appears only in the upper

1
i

few meters of the formation,
3. The sands are for the most paré well sorted.

4. An inverse reiationship exists (Figure .2.12) between the

r
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percentage of fine-grained material and the oil cont?®nt (Carrigy,

1962).

5. Minor but ubiquitous accessory mineraia are feldspar and
&
muscovite, 7 ‘ ) o ¥

6. The deposit is largely noncemented:* calcium carbonate is

conspicuously absent. !

N . i

2.5.3 Lithology of the Lower Member
The majority of grain size curves of the Lower Member sands

and pebble ‘conglomerates fall within the boundaries of Group I in

Figure 2.13. Chert pepbles'and_quartzite‘pebbles are common near the

< o

base of the Lower Member, and maximum pebble size observed was 5 x 10 cm.
Lithoclastic -conglomnerates are also common in the Lower Member, and the
matrix may vary from a medium-grained sand to a quartz-pebble coaglom-

erate. Sideritic nodules may be associated with .these lithoclastic

o

_of the Lower Member.
3

2.5.4 LithOIOgyyof the Middle Member

fhe Middle Member of the McMurray Formation is composed almost
cgtirely of fine- to medi&m-gggined quartzose'saﬁds. Thesé sands are
;q éeneral very well sdfted, and fall lafgely within Group Ii of
‘hFigure 2.13. Other characteristic although less common debosits in the
Middle Member iq;luﬁe'thin coaly seams (one millimeter in thickness),
thin lignité bandé: thin bands of s;derite-cemented sand, and iron- v
s;oéé beds. _Litho;lasqic conglomerates, consisting of up‘£o 30% rip-
off ?lasts in a matrixjof ﬁedium-grainéd'sand,.are commonly fOund in
the lbwér port10n>of ;ée Middle Member, and' reverse 1ithocia§tic

)

el

40
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\

N

conglomerates (sand clasts in a clay matrix) have been' observed.
' \

\l
\\

2.5.5 Lithology of the prer Member

Fine-grained quartzose sands to clayey silts are the character-

S istic deposits of the Upper Member. Grain size curXes fall larpely
within Group IIl of Figure 2.13. \Ironstone bands, u%ually trace-
" \

able for several kilometers, are common; intraformatio&&l clays up to
U.5 m thick may be observed; and scattered shell beds hé{e been reported

(Carrigy, 1959). This is the only portioh of Ehe McMurr; Forma;ion

™
which can not be clazsified rigorously as o}thoquartzitic, becaus.
e 3
A\

clay mincérals an . nonquartz clastics probably form over 10% of the

total mxneral composition. Muscovite is the most comnoa acceSsory
5} ‘*

Y

mineral, and lay mxngrals férm a significant proportxon (2% to. 67 )

of most beds.

.~

.5.6 lmpllcaLLOlb of LLLhOlO"y on Uil Sands Development

The presencé of significant quantities of clay minerals and

N

* . RS . ; \
o;herﬂ(iangratn%ﬁsMaterials has serious implications for the long- \
S “:"‘ v 1\ R d’- K ?. T B - ‘\\

n t§Em §§@%id%§%§y¢i Q}t&inggvpo‘ds (Devenny,” 1975) The presence of ' .

R UK ¢ ’ B
w

‘éﬁy}ggébilxtyvﬁﬁ ‘jbh‘pit walls with respect to block failure

wﬁfh&¢§resent study indicate% that noncemented lltho-

PN |§,.*‘.j‘*

<

TR
;aﬁongil erateq may form preferential failure zodes as a result
',s«.

o, elasti
S AR v e A
'::c: o ;.1

A of’tﬁe’con

EN
o T s ~' =
¢ 5 > pr ¢

C € DL aib1 of‘tlay -shale” clasts. Flnally, the quarCZan

SoL * .

d;boslt Ls the single most important pLece of litho-

’

: }ogibal data~ At lel Ee seen Ln this work that the strength proparties LB

’

Gf the Athabaaca Oil Sands are d’dlrect consequenve of the lithology

40L¢

- ‘4“’

lhd ;eolgﬁical history of the- McMurxay Formation.
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CHAPTER IIL ~

Ao

NATURAL SLOPES IN‘@HE ATHABASCA OIL SANDS.

D,"
v ‘ h i
3.1 lntroduction Vo e
A gtudy of natural slopes in the oil sands area was undertaken -
during the summers of 1974 and 1975. " The objectives were:
. \\ .
l. To become familiar with the lithology, stratigraphy, and
RS Yow
o N
depositional features of the McMurray Formation as they influence
. . . . \
engineering behaviour. \
. , \
“ : \ . N
2. To examine the morphology of natufal slopes t «c¢val:ote
\
. ‘\‘ ,
field slope stability, \ 'S
) - . \‘\‘ . e °
3. To observe and describe natural phenomena which could con- "~
Nyt . ) ,’ \ l
tribute to ar .uderstanding of the:stabiLity and strength charac-
| \ \
teristics o: oil sand. ‘ \\
4., To comnpile ‘a photographic recsid‘of the slages and of features
of geological and geotechnical interest. : \\
. o \
Data collected in this study include a series of sketched and
annotaCed:slope profiles (Appendix A),%a collection of bl;é% and white
\
photqﬁraphic prints, and the naturallstlc observations which ' are S ;f:
. 3‘} u" 433 B? . . o .4 *}4
repO:{e‘ﬂ :mfﬁf,,h chapter S : / .

e
.

N
3

- '3.2 Jecy ce oﬁfSIQQgs in che Athabasca 011 Sands

. &‘i-ﬁ‘ 2 . e N \ t

Exposures of oil sands can occur oaly in those reglons where

the oil-bearing pdttibhs of the McMurray'Formation‘a;e at the ground

“surfakte, or suffﬂciéntly close to the surface to have been exposed

* -
te . :
- R R
. .
. .



through stream down-cutting. The siteefof exposed oil sand siopes.
coincide therefore with river courses and eith che surfaces traces of
ihe‘MbMurray Formation shown on the bedrock geology map (Figure 2.1).
The’&estern limit of oil sand outcrops is‘in the valley of the Athabasca
River about 50 km- weec of Fort McMurray, where oil sands crop out clcse

tb rtver (écel beneath 190 m of yaunger'ﬁedlments To the southeast,
' I’ STV )
" P ?etoutc&op limit occurs. along theAChri.cﬂna River about 25 km. rom
'8 mouth, where oll sapds digkbelow *iver level under about 100 m of
3’ . - '
‘,sedtmen:s O the Clearvg;&b-&fﬁer the outcrop on Cottonwood Creek
e .
A - DXV .

in: Range 5w4 represeﬂﬁ% the easternmost exposure of o1l sands, although

L

- oil-ftee McMurray Form&tig% is exposed to the east on into‘Saskatchewan.

- J "J

To the northwest outcrops along“the MacKay ‘and ﬁlls Rivers about 15 km,

] west‘of,the Athaeasca River valley mark the limit of oil sand slopes. \
- The northern and northeastern limits are not well .defined because of
irregular removal of seaiments by glacial proceeees. Outcrops about

.50 km north of Fort MacKay‘delineete the‘approximate northern limit
of major oil_eand'slppes.“hore £n;n 8¢ «m of river banks therefere
contain oil send depdsits,/and.perhape LOO kﬁ coneist;bf excellent
. exposures with little or no colluvial cover.
vAll significantaetl sand slopes are found with#r}}ls km of the;
town of Fort McMurray, and most of5them may be reechedivf; the stfeams
jhlong'which they oceur. A Jlarge eember of slepes have been visited;
= _ ; , . & >
Erofiles of many of these slopes aIﬁlg with structural data sampli
locations, general stratigraphy, and other observacions may bevfound

in Appendix A. Aertal photograph interpretation aad measbrements

provided infgrmation on the morphology of covered oil sand‘slopes

. b
. %

% -
and the effect of exposure azimuth on steepness. .
Lo R gy -‘



-

3.3 Variables Cowtrolliqg;the Gross _Morpholo gx of Slopes in the

Athabasca 011 Sands [

3.3.1 Morphological Agents

The origins, agents, and products :n geomc rphological processes

have been topiih vt debate for decades (Pe.. 429; Scheidegger 1970;

Carson and Kirby, 1972 Crickmay, 1974; and others). The relation-
ship between slopes and. stream erosion discussed in Crickmay (1974),,
is partlculérly useful in understanding slope development in the oil
sands. The basic reason for the existence of slopes in oil sands is

L4 ¢
the down- cutting action of young, vigorous streams, but many othe{/ﬁ\\
factors control - individual slope morphology. For the oil sands, the

pertinent variabl-s are: W) the@ioral lithology, stratigrsphy, and

thickness of the McMurray Formation (2) the amount and type of material

~overlying the oil sand slopes; (3) the presence- of dehris removal agents

and the efficiency with which they operate; (4) the thickness and lithol-
ogy of the materials constituting the slope base; (5) stream size and
fit to the occupiec llley, (6) slope exposure szimuth and iy) struc-

tural discontinuities, Less important variables, the geomorphologicnl
Y K-
effects of which are minor (or not fully understood or. dppreciated),

e v

include; glsciel drag and. disturbsnce, the effects of groundwater
upon the McMurray Formation, underlying evaporite solution, differ-
ential compaction, and reliet and steepness-of the Paleozolic erosicn
surface, *

Four distinct end members can be identified among the array of

slopes 1n oil sands: exposed (active) slopes (Plate 3,1), where debris -—

removal keeps a majority of the slope free of colluvium and prevents

.

¢

@

et
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PLATE 3,2

|
- PLATE 3.1  Steepbank River Lhﬁurqps; Y0m hipgh slopes, e
- details may Le found.in Appendix A, Slope S, s ;7{
Horisontal vegetation bands corvespond to . . ’{’3,
oil-poor :sones. ' ~
? »

.

Hipgh Hill River.

«

Oi l-free codarse- to
medium-prained sond
lying at slope anples
of 70°-30%. Note the
S5cm ciay band and the
excellent eXtoliation
fractures,
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" river reaches.

significant basal scree deposition; coliuvial (semiactivé} slopes
without vegetation or with yefy spats? vegetation; barren scree (semi-
activg) slopes, where the depth of debris is greafh but VegeCation'ié
absent or sparse; and covered (inactive) slopes, wbich conaise of sig-
nificant quantities of scree o; colluvium with admixed clay and silt
from overl;tng deposits,‘drganic matter, and generally lu;hzvegetatian.
A111$lopes are considered to be in balance with the fofcea acting upon
them over a short time scalé; that is, they areaf?ﬁfysfhte of relative
equiiiﬁrium. Glaéial influence operated a short time ago (id tﬁe‘geo-
logical sense); therefore all slopes can be considered 1mmaéure or

very young. Slope flattening and recession processes, as a result

of avtive river dowh-cuttingc are occurring to some degree in almost all

* Inactive slopes not deeply covered with upslope debyis ahow

'anglés of repose close toghbut somewhat less than, the angle of repose

. . ) . :
of loose sand, and much less than the steep angles observed in coarse-

grafned granular material by séme ﬁuthors (e.g. 41.39: Rahu, 1969).
The most commnon gngle gf repose of covgred gtanular s1opes 1s about
29° (Cgandler, }9]3). This angle is clo§;t?o the uppgi limit 0bserve§~
for slopes not afiiVely érqde;!in the receﬁt past. Most slopes are
less steep becaus%'?f vegetative disturbance, freeze-thaw phenoﬁena,

colluvial cover deglopment ;\Q\Eeposition of up310pe (generally
clay-rich) debris.‘.,‘?' y r~ N
3 3.2 Morphologictl ]ffecd& of Strﬂum ktosﬁon ;-.. e | .

The entire array of slopea in the, Athlba(ba 011 Sands can be

: Ay -

q}tributed directly co the nrasive forced ogrche streams along which

A
— L

.47
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they occur. éteep active slopes occur only where oebris'removal forces
are ﬁhximized: on the outside of river meander loops (Figure 3.1)
or on.Lh@vvalley‘wulla of viéorously down-cutting streams. AetiQe

_ slope aogles are invariably steeperMEhan 4009, vegecative and col-“
luvial cover 1s.spar§e,‘and scree aprons are smafl or totally aboenf.
Abendonment of a slope by direet river forces conversely results in:
relluction of slope ahgle,;scree accumulation, and vegeta;ioh. In the

abgsence of other forces, the slope angle of these inactive slopes can

be |e

sheafing resistance! of granular material at low stresses’

Stream size in reﬁently excavated valleys seems to have no sig-

oificant effect om the sectional morphology of active slopes. The
planar moeoholoby of slopes olong a small meandering river is dis-
tinctly curvilinear. The meander amplitude and spacing, which are
fonceions of stream flow and;gradient{,result in a seqqﬁé%e of slopes
which reflect, in a subdued fashion, the incised stream %ach; 'wmy
1’;he exCeption“of the Clearwater River valley, ell streams 1in the study
area are“actively,erodingAeheir velle{ walls and floors becaose of

‘ . 1 : _ .

~meander migration and steep]gradiento'in thelr lower reaches.

The Clearwater River (figures 3.2 and‘3;3) occuples a large
glaeiul meltwate}_channei,.which at one time carried volumes of water
sufficient to excavate o.channel averaging 4000 m in crest-to-crest
width with a maximum depth of 200 m (60 km east of Fort McMurray)

The basal plain of che vnlley 1s ,often more than 1500 m in width,
\~\whereas the river itself is nsually’ 1ess ‘than 200 m in width. The

Clearwater River is definitély underfit €’E nevertheless it possesses

considerable hydraulic energy: as it crosses Alberta it drops 35 m,

48



© 49

~ ’ ) - f
g. -

- ) . s3dojs pues |10 2Andy ‘dasls 4O BUILINDQ B UO UONESOT WALING JIAIY JO 13T (-E ainbrg

(w2 = s3nawopny | ) . T b
000 '1Z:1 2Jeds N i o

N Mol abuey ‘g8 diysumo j-
\ Q .M.t, ) N N ' gc—“ pues ji0 aAIe .gml Wr/////%///(
\ | 8

. (x_vcan< , © - sPided— vwwe
oF I T : .

& UOADJBIIP 1UPLIND JBALS IUBUILOG— o



50

Sharp valley crest, flat back plains, crest elevation > 385m
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‘a conhiderable descent "for such a large stream. Most of ‘this descent

h&bever is accommddated Ln a series of raPids and waterfalls east ot
the High Hill River (RBWQ), resulting in reduced verticll and lateral
erosive. capability in the 1ower (ggstern) relches where oil sandp
occur, As a consequence of the reduced vqilé}'wall erpsiaon, slopes
are gentle and &ensely vegetated, and 80 not cérréspond geémetricully

to the meandering stream course, Significant exposures of oil sands

do not occur along the Clearwater River, but the oil-free'portion of

the McMurray Formation outcrops’ in numerous locations east of Range wa,

/ \

where the higher stream gradients occur.

s

Notwithstanding che lack of basal erosion, the covered oll sand

“slopes west of Range 3W4 in' the Clearwater valley can be identified -

readily on the valley walls where they have not been deeply covered
I ‘

" by slump depositgon. The top of the oil sand .strata is marked By a

convex nickpoint and the bottom by a concave nickpoint. 011 sands

usually form the steepest portions of the valley walls, and in many

cégos they stand out distinctly in vertical aerial photography. Along
much of the valley, slump debris or basal alfsvial fans obscure these
f;ftures, bup the trace of the top of the Fort McMurray Form;tiqn can
be followed foF many miles ﬂFigure 3?)),

3.3.3 Morphological Effects of Bitumen Saturation

The slope angles of fine-grained oil-free to oil-poor portions
- . . .9\ '
aof exposed slopes_approqgh the angle of repose of loose granular media:

| . - - -
30° to 350‘(Append}x A; Slopes 17b, 51). Exceptions occur where suf:

ficient amounts of clay minerals are present to act as a binder for

the drier surface layer; or at € tops, where stresses are low,

RO ‘ J ﬁ? o
%,

)

52



e’

4

and fine-grained oil-free sections may form short, almost vertical

slopes.> Fine-grained oll-rich slopes, however, tend to be consider-
ably steeper than the oil-poor or barren slopes, with 1nclinationa
varying from 3S° to 75° over short sections.

\ .
Coarse-grained oil-free to oil-poor sections in active oll

. sand slopes are found only as minor strata close to or at the bases

of slopes, or in that portion df the McMurray Formation lying east of

R;nge SW4. The morphological effects of a thin oil-freé coarse-grained
sand 1ayer are negligible. Several outcrops of oil-free McMurray /

Formation were visiced, and slope angles were found to be-as steep -

v

as in the western ;ﬁiwsaturated ‘areas; therefore bitumen saCuration

has little or no effect on the slope angles of coarse- g?ﬂined MLMurray

Formation sands. - H‘t : |

>

_ The above appareétly contradictory obsgrvations are related to.
the role of bitumen as a pore sealant acting to éxclude meteoric water.
Where bitumen is absent, ﬁr present only in smnll quantities, ingrgss
of water from the surface or from groundwater sourceﬁ permies the r
degradation of fine- grained mgterial by freeze <thaw strains (e 8. Plnte 2. 1)
Loarse-grained oil—free material hae-much lower capillary suction, 1is
theréfore_relatively free draining, andJremaihé unsaturated for gréater

distances into the slope face. The unsaturated-voids permiﬁ freezing

» e

without structural disruption. o ’

These interpretacibnsgAre supported by the behaviour of oil-

free slopes along the High Hileriver.and'Cottonwood Creek, and the

largely oil saturated slopes along the Steepbank River. The Righ Hill

River outcrop visined is abouc 36 m high The uppermost 16 m consist

of very fine-grained oll-free sand (wiCh high capillarity) lying at -

53
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L4009,

Y

a slope angle of about 35°, whereas the lower 20 m consist of medium- to

- ~

:coarse grained clean oil- free sand (low capillarity, well- drained) lying

!
v

at a slope angle of 750 (Appendix A; Slope 65, Plate 3.2). ThrOughout

the outcrop, the sand is - 80 friable that surface graines can’ be brushed
J

off by hand, but incomplete saturation provides gome apparent cohesion,

K

The lower sands yielded bulk densities approaching the in situ bulk, den-

sity of oll sand (2.20° gm/cc), indicating little disturbance

1

At Cottonwood Creek (Appendix A; Slope 66), coarse grained oil- ;%
san;;idirectly underlie coarge- grained oil saturated sands. No morpho-
logical difference 1is di;cernible the angles of repqse (ZOO) are id:n-
tical. On the Steepbank outcrop, two sections of oll:free fine- -grained

o
silty sand about 10 m thick form the only portions of the slope which lie
at angles of ‘less than 40° (Appendix A Slope 51), implying behAViour _'
similar to that of notmal sand. Little depositional structure remains.

freeze-thaw processes have totally’ destroyed the. fabric. Above.and below

the oil-free silty sands| oil-rick fine-grafned sands lie at angles above
- - ) ° ' .

e - .
. o

Q

The bitumen in oil sand 1s not a cementing agent in, the engineering

sense. It does not contribute to stress independent strength that is, it

<

does not provide” grue\cohesion. As a viscous material it can not con-

b

tribute significantly to long term strength although it rey ists rain

impact and short- term corrasive forces. However in the surfice meter or
i @

so of the outcrops, and in the basal scree and debris piles, weathering

phenomena have increased the viscosity of thé/bitumen pésaibly through a

'combination of evaporation of volatiles and oxidation-polymerization of

other molecules. A" sample of bitumen extracted from hard talus yielded

an absolute viscosity of 20 x 106 poiges-at 90°C,-§herea% typical

v
ur
£

[

',‘_;; . B ) &
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aneachereﬂ.dil at 90°C has a viscosity of much less’thnn 1009 polses.
.The/vtacosity ofsthe talus bitumen could not be measured by

the available apparatus at tehperatures less than 60°C, .even under

very high pressure gradients. At room temperature (20° to 25°C),

an inverted specimen of the talus brtumen displayed no movement after

"one year. Natural slopes display a '"case-hardened" outer surface;

this may be a result of the bitumen acting as a true cementing agent

-~

at the low stresses and normal temperatures found in the outer few

meters of slope face, Tﬁe nature ofgthe surface and the scree piles

3

’ I
usually belies the true nature of the oil sand within the back-glope,

where bitumen viscosities are much lower and stresses are higher."
L . .

Several qqnc}usione regarding the strength of oil sands may
h - ) at )
be drawn froml‘gdi’scussion ‘to this point:
u

. 1. Bit ' s not thepsource of strength in o}l sands.

2. If freeze-thaw strains destroy the’structure, strength is

lost, ’ -o.e ST

3. Disturbed oll sands uéually behave like normal sands.

.
- .. !

4.’Lntaét oil sands display exceptional strengths resulting

‘in high, steep-glopes. _ o

3. 3 4 Morpnological Effects of Cementation and Concretions

°

= Carrigy (1959) has reported the "'existence of zones of silica-

,cemented sand within the McMurray Formacion.v Where. they occur, slope

"angles are steep, and nociceaple ledges form.

and limited in vertical extent. - )

”Cementhtion by clay minerals Eaé an effect on dry slopes, where

thhzclay'can'cohcribdce significantly to the dry cohegion of a silt or’

. 5 o

°They are, however, rare, -
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R coa?@e-grained sands.
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fide4grained send This 1is readily observed in outcrops along the :
JMacKay Rt\e;, where bitumen- poor clayey silts and sand-silt- claye
ocqur at the top of slopes at angles often approaching vertical (Ap-
pendix A; Slopes 7a, 59 Plate 3 3). Quantities of clay minerals

sufficient to provide cementation do not: occur in the medium- or

~

‘

B N
Siderite, (ironstone) concretions result in ledges which“tend

to eteepen underLying beds conéideﬁably Siderite bands are mo&@3 o

N

common: in the Upper Member of the Formation, but are found occasionally
at the very base of the oil-saturated sands, assoclidted with basdl

clays or directly overlying the Paleozoic strata.

v
x\ ‘

Z_\KLocal oxide cementation (limonite, geothite) may occur in oil-
. . - b P g
poor seutiqns, but gt 1s very limited in extent.
Widespread ‘carbonate cementation has not been found. by the

writer in any portion of the oil sands vislted » B

The small number of trye chemica{ly cemented beds which do

. exist in the McMu aizgggggfibn constitute no more than xeveral per-

-

ff:::313>'"€EEZ’SE';;} glven section.. The great ma jority of the ofl sands display

. . > ;
few weti-developed joint systems. ‘wdere cémented 'strata occur, usually
) N N R .' - o~

in the upper third of the Formation, they display regular sub-vertlcal

orthogOnalljoint systeme‘(Babcock, 1975). Furthermore, exfoliation frac-

-

" tures may continue through the cemented strata, The specific effect of

-*these-”re€nfq§cing‘1ayers" upoh slope stability is not considered herein.

™

@

- i . - . i ) . l" ! ’Y ) ‘ 2
P 3.3.5-Morpholpgica1 Effects of Grain Size and Bedding Features .
“...llllllll!!.'.” C \ Co
ngrain size in the McMurray Eorma;ion generally decreases up-
. ®

< N

wards, although the local-uggiability in absolute grain slze may be grea i

Céarse grained oil sands usual y occur at the .base of exposures and, in
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,-glope bottoﬂ (Apesndix A Slopes 51 61 and 66),

WD
58
A A

active aLOpG?ﬁ commonlx displey Steeper angles than overlying, finer-

gralned beds/ This results in convax: wlnpes, with steep portione at the

On the other hand, slopes =

AN
\a\‘ -
displaying more'Ot leas unilo mqgrain sizes*are linear to slightly doncave

(Appendix A; Slopes 164, 1 .

It may hHe concluded that effective

A

field screng E ihcreases somewfdt with grain size.
o

' Bed thicknes;, 2::§§:quency, cross-bedding, and other strati-
’:‘ » ‘
graphlc variables are, in ny cases highly correlated with other

L 0

.“Q'

morphologically more important variah&es. Bed‘f%equenCﬂisps well as. L,
. L
)

‘ i
bitumen content -#18 @ function of grain size, Large*scale dﬁi:s Héﬂdtn&

- ,w, .

[ &‘ ‘L o )
1s the dominant depositidhgﬁ feature\ fhghe coarse‘grainea oil r Chw ﬁém e Y

. e
" minor in extentg agd without groas tiorphological:

do not in?luence inactive or semiactiv\v/}ope motphology, but- omn acti‘;'

"VA\.

) portions of  ther Middle and’ Lower Membera of»the McMuinU Formation o '“f

but,&ny morphological effect of the ~cross-bedding i&'ﬁﬁscured by tH@A !‘ PR

o

physicabcﬁacontinuitiea such as exfoliation fragfures end diagenetic s

jointing Other bedding features (small -scale cross»hadding. alump
bedding, cfay rip-off clast "breccias", bioturbkc f%a:‘ J') are rare, ..
3

[ T

K F] t e ." i

-2

ey

’ The spgﬁgfic effects of any of the lithological variables on - g}} ;
inactive slopee are not determined eaaily because of the heavy veg- | ’
tative cover.’ The vegetatedksbopes are less steep, more, unﬂ!orm in

e [
slope angle, and in most cases covered by a significant thickneas of ) - -
‘It may be concluded that lithological variables are’ nof ~‘$ T

colluvium

| o /

of 5reat importance in innctlve slope morphology.

4 \

In summary, ‘the lithological variables of grain size and bcdding
.. v

slopes; coarse- grained sands lie at’somewhat steeper angles. . o
. € “~
< ' . [ :

o,
3
-
.
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3.3.6 Morphological Effects o& &xpoaure Angle’«,
\a co A

Exposure to solarkfadiation resulta 1n drier,‘steeper, leas

o g

. ) ‘ * T :
vegetatéﬂ slopes A plot of the rglatignship between total slope .

angle and ﬁfimuth af slopes of randomly chosen sections illus-
v o J ! J
-trates this (Figure 3.4), -Field observations and stéreoscopic examin-

ations of the Steepbank, MacKay, and Rpr:ione of the Athabasea River

.vnlleys indicate that norchward facing‘blogga ara more densely veg-

e, N

ecated and genclor. "F‘u ' ‘ .. “?w
. B ” ‘ 0:} ’ T )

Scarcity of water on the puunrOp surface i.?!he'

v Loy

got eason

iy -
for the, ateeper slppes,<;vegetative growkh is i dg¥;eezqr'.
4 : i AN | i
thaw effects are reduced on south fqging slopes. he lgw #bedo of
: o o i a\-

‘ oil sand PesUlts in highg;ﬁkface temperatures*tpd cgnsequent moisture
#

. b} J

F w .2
panied by* increased maisture -and clay contenta, and conseQuenc soil

. g . - . ) b.w
formation o , . . ‘
) * ‘_gﬁﬁi = ‘rgqg (3. oo P

-

-

"'deficiency *g&cq&lve g{owth follows blope flattening,&d 1s @cco'n- :

- o . IR - S . . “
. . T
. . . 4 ,

\ - N : ’ i . o’
3.357 M%;pholpgical Effecta of Basal'%tratigraphy

Ky

xist: the oil

ngﬂ rhree commqn.basal stratigraphic configorat
4 &, S
sand slope ‘rbnay be .founded‘ catbonaCe rock .on oil sanm , Or On lime-
' w - A s .
L . M > \

free clays; ‘Severat minor‘basal stratigraphies have been noted

s

coarse r ed goethite cemented sandstone (observed on one outcrop
8
-3

- only), loamy paleosol, and_coarse-grained ol}-free sand. The goethi?‘

\sandstone (found in a six-meter layer Appendix A; Slope 20) displays
d .

a morphology similar to that of gg?petent limebtoni\ Paleosol enF‘

coarse- grained oil- free sands (both obsetved in thickneaaea of 1.h m

ﬂ‘ ©

or less) have little effect on ovarall slope morphology (Appendix y

Slopes 51 and 53). - ' 7 ':.' .
‘ - o - '

. i . . . . g .

Y ) ) . ,

= 4

I
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onate rocks underlying the Athabasca 0il Sands ara
iy .

The ¢

Lndu Paleozoic strata consisting of cpmpetent.ljolntgh. foasil-
- |

i{ferous liwmestone and nuggety, less competent, argillaceous limestone
(micricle llmestone). The presence ©of competent limestone results in

a ledge as a uonsequente vt (ts roaistante to slope undercutting.
weathering and mass-wasting then predomtnate in the upper slope and

i »
reduce the slopﬂ angﬁh The high, ateep alopes by the Moberly Rapids

\

(Appendix A; Slope t@are directly underlain by 'Yy thick competent
"

JA
- argillaceous limestone, which 1s eroded duqing high water stlgea.'

< bed otjgrll jointed 11meato1e, and this bed in ﬁhrn is underllin/by

3

The LO“SCQUGHCQ ls block failure alons joints in the competent lime- *

t

stone. he(rb.! of this process, a steep slope ﬁ"mintatmﬂ in the over-

n‘wéw

Alonq the Nackav Riv rf fncompctqnt limeatone 1s under-

C ¥ u

lain bv riv&r levei cﬁmpethnt limeﬂtone (Appendix A; Slope 121) OVer-

4"

By

lving slopes are less steep and otten covered with a venaeh of ahalev,

limev colluviug dlsplaying high angles of repose (i.e. 3S° to 440)
. .-
Few ditferences 1‘0 o\served betwuen active slopes based on

N

otl sands and those bnsed on “argillaceous limaatﬁn) (Figure 3 5).

1

»

because bothngywerials dtagllv similar erosion‘resistance and repose

AN J‘A - ) :
anqles.<“ - : TN o -
) SN | : .

3
-

. - . . o
N ) e v e
'“Because-of the presence iE\;tab)e‘bShalbscree‘ and beoduse of

»

.

the lack of debxis rcmowal fortes, o differentes in norphulogy of
. . ] L
tOVéer inactive slopes based on 11mestanes or on o

AN
1 . . "

_decacted\“ . [ ‘\

sands can be

.

?

Signifitant quantitiGS'of llwn frqo clay )t the bases gf alopea

‘ result 1n a dist(nctive planar and sectional slope n rpholobv (Figure'

3.5). Dutina the initial atudv of active otl aand slopea, three slopes

)

<,

,/vn )
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B R T -
fuundod ot basal Eldy were vlhited and were found to dlaplay unique
gharlccerlsqlcs. high, stoep back J!opes of oil sand with a distinc-
tive scalloped appoarance; basal portlona lying at gentle angles and’
Lovelad wlch oil sand debris; and slump and llndsllde features ln the
ntle bas : Lon, ‘he ' ca Hhese
QE‘Q basal port on, To test the general applilablllty ofdﬁbua;

- observations, flve additional sites displAying the above characteris-

tics were chosen on the basis of étergoscopic examination of vertical =~

aerial photo&laphs. The flve were visited, %nnd li ﬁls discovered that
four ot’heﬂ\ had basal clay strata ranging. l:om 1 to 10 m in thlckness,
and the fifth had a considerable basll thlckness (grQQCer than six
me;ers).ot a reddish, cllyay matgrial tentltlvely ldencffled as clay-‘

rich paleosol (Figure 3.6; Site Z)., In addition, at numerous other
. a0l N :

-'-) . R . d " .

sites along the lower reaches of the “Rl%er, where slump features
ta were found above the

iy e \

S
N

‘were observed at rlver\level, basal clay

4 S limestone., R

.

The scalloped hiuk slaﬁe at bnsal Llay sltcs may be seen in

.
nan\ locatiouq on aerlal photographs (Flgure 3.6), but only where che

-

vil s&nd overburden {s thin; that {s, north of Township 90 This
. > : -« : :
legturo should not bo Lonfused wlth scalloplng due ta Frepeated land-
i ST / Nﬁf

sliding of overlvlng argillaceous. strnca (found $outh of Township 90).
. T e

Larhe:deposlts of basal ¢lay are much ‘less common south’ of Township 90,

partlallv because of lowei @Tevatlon of the Plleozoig surface south of

this line. Tha presence of basal clay on lnlctlve slopes usually can

. " not be verified because of vgﬁecaclve cover, but the scalloped, bnck-

L
-

slope is consldered dlagnostlc in those covered slopes lylng north of

Township 90 - ) . "

. The distinctive horphqlogy of oll sand aldpds'fbunded on.basal
Pinhee

o
C.- ~ .
[ . j * o - '

A S S % ) .

A Moos L ‘
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4lowe1 po}gion of thg oll sand slope.

_(sllckensbﬁed)and softened zones develop dichin the clay, and result

»

o

clay {a the consequence of the time-dependent nature of clay strength,

and of rebound upon valiey-éxcavacion. Overconsolidated clays "pofcen"
- ‘\

with time (timf—deﬁéndentfcoheaion loss). ‘Expoaed clafs generally

have water contents above 201 although 1n borehole cores the water

'content Ls 10X to 14% (corresponding to porosities ot L3 to 25%).

Landsliding and slumping in baaal clays result.in quas§¥equtlibrium
\ \

at- anlinationa of 10° to 20°, Rebound ‘and horizontal movements to-

€

wards the valfey upon excavat ion result in significant strain differ-

ences between the basal cl:ys and the. stiffer materials overlying and

——

underlying them, - If che difference in elaatic mpduli is large, falled

'
\\\ )

]

mln rapid back-alope exfoliation and recess on., baxge acreé‘and debrls

\

%

’fields at &hq bases of. slopes containing bqaal clay (Appendix A; Slope

A cpncise summary of the cfifects of basal atrhtigfaphy is ap- -
. ¥ : T N

proﬁrlaég. The presence of stgnificant quantitiéﬁ of basal clays rew

suiﬁs i bimodal'slopes, scalloped back slopesk and b&sllwiandslide

4 P

features, The rates of underCutting of argillaceous limeatone and of

oil sands are stmilar and result tn steep accive alopesx Competent

o
bagal limeatone effectively reduces erosion rates, and overlying slopes

thereforg are ‘somewhat leas ‘steep and coverad with colluvium.

N . /\ ) R ) o
: . . . ) . . e

- |
T 1

3.3.8 Morphological Effects of. Overlying Strata - "
0il sand slopes are opped by- glacial depoaits, by younget

Cretacaous strata KClearwaCer Formation), or by thin depoaits of

v

N
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I SR %
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e ‘ o v,

?aeolian sand, gazgpcono or soLL\‘Qéduth of Mc Lean Creek (T
3

i elopes are dixoccly overlain by Cretac

R9w4) , all &&

) t\lcknesa of Cretaceoua deposita,increases southwards 4

\
to a maximum of approi)mntely 170 m (west of Crooked Rapids ;n Town-'

and Llays.

ship 87, R13w4) Norsx of McLean Creek along‘thqAAthabasca River,
progressively’ greater amounts. of oil sands hav; been strippgd'ffpm
siope tops by Ter;iary urﬁeive‘processea or Hieistoceng 3ipciqtion}
but castwards A%b westwardavfrom the. major valley, Crutacgou; f&r'
'mattons again ouccroé above oil sands in incretling thtcersses.
~Till is ‘the most common glncial deposit dlrectly overlyinq akl, N
sands.,. It ‘usually ‘forms vertical or very steep cliffs displaying ver-

la

" tieal )ointing (Appondtx A} Slope 52), The porcion of otl: aandn dlrectly

lope mmer becouws v

nhu rulo souch ot "

¥

und;rueat‘x is dmracteristually steep but t?&a

lass steep sev;ral muters balow chg cill (Fig
\\

rkick sequences of overlying formntlons\
Townsth 90, but no slgniftcanc eftect can be obsurved on the .CeLp’
ness ind mnrpholu v of thg oil sand;poxctons of the slopes. The over- f
all slopc mncphology{ however,/ts grossly dlfferant:' the clny-rch

;LlcarwnCer shales are subject to landslides; che nlopo of t:aunurvrt 13 -
v 4 )
[ 4% o
above the MLMUTF&V Formatlun is gentle (100 to 20°); and vegctatlon is

lush, %ven above: acttve slopes (Figure 3:7). [ The top of the- oll sands
N - b - R A

is dlscingtly steepor than che overlying naterlll and che boundlry . . \p
Fbetw;an Ehe two ts markad by an abrupt- dlaappearancc of vegatation on
'xra ,

activy slopes. In many areau, such :E?che ClearVQCerZYalley. the
’ ' ’

Athabanca vallay west of Fort McNurrlv. and éha upper reachas of che :
4 ‘

MacKay' and Staepbnnk valleya, extennive slump ng has obscured.the

~ + /\ - 5

&

McMuFray Formacion a}{ogpthar._'rh;ck agdimgn; llyers hboye active

i o ’ 2 . ' 3
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slopes, are somewhat sceeper than those above inactive slopes.

:

Thin veneers (1 to 10/m chick) of Clearwater silbs and clay- .

v

shales overlying oil sands are codmoniy very steep (Appendix A; .
Slopes 9 and 59). Excellent drainage, contrdlled by stress-relief and
diagenetic jbinca, keeps thebshlles {in a semidry state, permitting

1

'zopes of 800 to 909 to occur. Wherse ‘exAtensi\;e”wet terrain behind

Ahe slope crest occurs, or where stratigraphic variations are impor-

"jg;ant, a thin 'veneer of Clearwater silts and shales may lie at incli-’
.zeatiens of lee; than 25°. o oo 2 . o |
A N
. : : . . . n ‘
3 3 9.Minor Factors Affecting Slope Morpﬁology . - , .,
The present day river systim along which slopes occur &g»a

'function of the disruption of drainage networka by’ glac}nl processes,

.
s P :
domro idoy t , T !
. . @Sy e 00
) ’ ¥ g‘iﬁ:- . =

nesulcing in postglaciaL excavation of valleys.
~ ) <y . Bl >

R T o

N

\ i ; ¢ ) e
on the surrounding highlandsﬂ and has removed unknown.quen;ities of

oill sands. . Erratics of oil sands aré common in‘éhe Edmanton area

?f u v

andvhavq been réported specifically in the Egg Lake district (Town q
ship 56 R25W4) Evidence of glacial disturbe1ce of. oil sands was

Asarrigy (1359) in reﬁerence to sequencés
-of beds along the Firebeg River (Ffgure 2., 1): No Lvidence of glecial

\

'disturbence in oill sands as a reSulc of bas;l drag has been observed
~ : ' | : b4

by the writer in the more souchern tegion; around Fort MacK {&, Thia

‘mentioned by Sproule (1951) and

;area however, has been significently eroded by postglacial meliwacer

flow Levideqce of which is clearly visible on the plains behind the

u-valley walLs), and remova& of glacially disturbed material is likely
T )
" 'The At?ebasca-oil sandifﬁﬁf not & welljointed sediment, but

; . P

"ﬁb Pleiscocene continencal glasiation hns left distinccive landforms .
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indurated bands within the oil sands comnonly displsy vertical to sub-

verticsl dlagenetic joints. The joints ocecur; in cemtnted atrata, or v
'»‘ ‘

' »

in medium- to cosrse~grained (usually crosslbedded) uncemented sequences
in the Middle end Lower Members of tne McMurray Fotmstion.. Logallyp

these Joints contribute to the formation of ledges and other prominent

- e

structures on the slope fsces, but their efiect is usually obBCured
\

S
. by the ‘system of * stress-relief joints which lies sub parqllel to the

. ﬁlope Ea%e. is more closely spaced, and. occbg"on all oil sanﬂ slopes.

. i . S e

' v' . 3.3.10 Séwtjy Wdf Morphol%:tal Agents and their Effec%s " )
; L Table'B 4}summ27&tes the main. qgents controlling SIOPL motr- '
phology lnd ﬁ%ﬁcfibas tHeir efﬁecta.g fﬁe glojE proftlés presented ’~?;¢
:4. in Appendig?Afpermit more complete understtnding of th@ eféect of »-

¢ o ‘ oa

nstural oil s&nd,slopes. Slope profiles are

T e :\- »

:pes only, however, inactive slopes constitute \

morphological agent

g presented of active

o v the msjority of ‘the niver valLey walls. Slbpe p;ofiles heve been
‘ ; ’ “ s

(
xestxitted to tﬁbse of act?ﬁ%“slopes betause leecus of azimuth ﬁlthgl-

. - .
L P LS

@
ogy, Q@ructural diséontinuities, bitumen saturstion, and overlying and

’

trata are either“greatly or completely subdued in insotive

” - : LY
g 8, trongly agfect pctive slope morphology.- N
is | %:V’ LM 3 8 shows the’ relstionlhip\between maximum obserqur i
”J . ‘height and slope sngles for all sctive slopes vtsited /Extremﬁéyv v f 
. steep sloge angles over short dlstsnces are largely ‘a functio of ﬁ; -
v 4

" minor cementation or rspid undercutting of a short slope. & 1~other

t nstursl slopes in oil ssnds lie beneath ahe snvelope of Figure=3 8;
r’ / *
'," ‘b! but - it snpuld be emphssized that actlve slopea are invarlsuly steepetﬁ

e thsn inactive slopos. The lower slope angle limitlfot exposed'

N : ) .u_ .

IS



TABLE 3.1

SLOPE #)RPHOLOGY VARIABLES

PERTINENT VARIABLE

EFFECTS ON OIL SANDS SLOPE MORPHOLOGY

STREAM EROSION

LITHOLOGY
a) Bitumen Saturation

b) Grain Size

-~

c) Cementation and
Concretions

EXPOSURE ANGLE
o

BASAL STRATIGRAPHY
a) Basal clay

b) Limestone

N\

OVERLYING DEPOSITS

-ACTIVE: SLOPES GREATER THAN 35°, BARE
-ABSENT: SLOPES LESS THAN 35°, COVERED

(EFFECTS PERTAINING TO ACTIVE SLOPES)
-high: uniform, steep active slopes, bare
-Tow: variable morphology, more vegetation

~

-coarse to ium-grained: steep slopes
-fine-grained: with bitumen, but gentle
' with Tow bitumen contents

K e—

-minor slope steepening

L

-south-facing slopes are steeper, drykr, less
vegetated than nQrth-facing slopes

-scalloped bacfzslopes, bimodal slope faces,
lands1iding in the clays .

-very steep slppe base in the limestone,. but
often somewhat gentler upper siopes due to -
reduced recession rates

-little effect on o0il sand slope morphology

-slope tops are steep if only a thin veneer
is present, but-landsliding and slumping are
common in thick ‘occurrences

7V
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2 Man-made slopes
< 70°
g
[=]
& -

60°

50°}-

1 1 | ‘ ! |
15m 30m 45m 60m 75m

Maximum Observed Slope Height
at a Given Slope Angle

* Most of these data may be found in Appendix A

Figure 3.8 Natural Slope Heights and Maximum Inclinations ‘
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undercut ofl sand strata is 35° to 45° (depending on locality), _ ) L

pe

wHeréaa the upper limit for inactive slopes is about 35° (the angle /
‘approaching the maximum angle of shearing resistance of oil sand
scree). Most overgrown inactlive gslopes are less steep than this

uppér limit because of creep, surface wash, or a Eovering of upslogk

colluvium and scree.

.

3.4 Mass-Wasting Phenomena on Active Slopes in the Athgbasca_gil Sands

3.4,171ntquggtion

Active sglope dévelopﬁent and:recession 1nv61ve a reduction of
-undisturbed slope material into smaller frqgments,iwhich are.susf‘ ‘ \/)w
ceptible to downslope movement under gravitational, cofrasive, or
erosgive forces, and to eventual removal from the slope base by gravi-
tational or aqueous transport Inactive slopes display the normal
phenomena of downslope mass movement of cohesionless materials: exten-
sive creep, some corrasion, and a minimum of surface wash. Active
slope§, however, display siope development processes sufficiently dif-
ferent from thosg of commdﬁ materials to jus;ify gpecial discussion.
3.4.2 Slope Denudation Processes

. Debris removal from a slope facé is dominated by a’process

referred fb h=-ein as exfoliatioa. This mechanism consists of the
detachment and evenﬁpal fall from the : slope face of a planar slab of
material from 30 cm to several meters in both length and width and
from 5 to 2é:cm»in thickness (Plate 3.3). This phenomenon is by‘far
the mgjor slope recession process in oil sands and is entirely the

result of the formatioa of a pervasive sub-parallel joint system
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that has been obgerved on all active oil sand slope faces.

The steep, relatively short fractures (Plate 3.4) lie sub-

\\ - .baralléllto thé'slope face hnd'hre>ﬁnéihgousAto'theiaﬁibh skin ex-

".foliation obse;ved in péorly.foliated igneous rock. Stressg-telief “

~ through valley excavation in.an elastic material with high }émnaqt
ﬁorizontal stfesses (high value of K,) results in a rotation of the
stress field near the slope face so thatitﬁe ma jor principhl compres -
sive streés lies parallel to the slope face fnd is much higher than

¥ the minor principal compressive stress (Eiggre 3.9). If the effective

stress ratio is sufTiciencly high, or if the slope faqe experiences

T ——— -

tengile stresses (e.g. by gas relewge pressures), failure takes place, 3

!

v . , \ N _ , B
and a redistribution and reduction of\ stress occurs through formation

of planes of minute movement(fractufe systems)approximately sub-parallel

N

, . - .
to, but usually slightly steeper than, the dominant slope face.

The stress-relief joints are enlarged by freezing and thaqing of

%)

water in the joints and by thermal expansion and contraction, both of
which are impoftant processes in thg outer mé;;;\EY' Qpe face. The
thermal characteristics of the black oil sands result in expansion pf
gas-filled-veids fn the slope, also contributiag to the development of.
the joint system. The extremely low permeabilities result.in impeded
evolution of gases; and the high bitumen viscosities retkrd diffusion; "
the?efore a significant pressure increase Qay occur upén heating. On

> . a favourgbly oriented exposure, a decrease in fracture frequegcy with
increasing depth wasroﬁserved, but no quantitative data expressing
the relationship of spacing to depth have been obtained. |

Insufficient data have been collected on the stress-relief

joint systems to identify the major principal stress direction before
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PLATE 3.4

Well-developed Exfoliation Fractures. Slope #l6a.

Slope #ngle is about 65° over a 20m height.

7%



a) Conditions before excavation
. @ _ .

' Stress-free face \ . ,
N g ssuaa:
Oyn= ' !

v ,
Orthogonal net of pdajor

compressive stress

g " ‘dth directtons
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b) Conditions after excavation

Stress-free face

Stress directions near
the slope face
{ . - failure planes)

v ’ Very high stress ratios at
the excava slope face

-

9

(o)) and (0y,) princib!t‘_ ‘
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excavatioa, but evidence.strongly auggéqts that it is hortzontal. -
Jo}nt §atg favour a northeast to southwest orientation for the ma jor
principal compressive streés at surface (Babcock, 1975), which isbcon~
sistent with the crustal compression model for the~Interior Plains.

The final stage in the process of exfoliation, the detachment

and fall, is extremely temperature dependent: the frequency of mate-

ial falls is usually qirectly related to the heat generated by solar
radiation, which cauges the softening and straining required for failur;e.°

‘A former resident of Fort McMurray described this phenoménon:

2

- On hot summer days when we went fishing on the Horse Rivert

: we could hear tar sand falling into the river almost continua y.
The top of a mat of tar sand would curl over and roll up into a
shaje like a rug and the whole lot would tumble down the slope,

\ breaking up into smaller chunks and finally falling into the
\ river.

Rainfall serves as a further agent in ;hemfinal defachment of
;n e£foliation slab. Accumulation of water in.the jqints resuits in
4 net .outward force acting'on:the back of the slabs, and may precipi-
taté immediate failure, or render theisléb more susceptible to ther-

mal effects.

. The process of exfoliation and sloughing is accompanied by

o

.irtevefsible volume expaﬁsién resultipg in consistently decreasing
material densities as the denudation sequenﬁe reaches completion.
Consgquentl;, recent scree at slope base%Qisroften extremely soft,
particulgrly during warm weather; where;s in the back-siope, less”
disturbed oil sands disﬁiay significantly higher strength, and have
a higheg'densit?. | ‘

. No déep-geated rétational or glump failure of # significant

porfion of the oil sands deposit has occurred recently, nor can

76
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coﬁélugivé evidence be found for large-scale failures in the past.

This ohservatioa, based on detailed study of aerial photographs and

{ .

numerous on-site examinations, is crucial ¢o the understanding of

strength “and stability in th; of1l sands, considering'that many slopes
in excess of 60 m lie at anglés of 50° or zreater, and yet the inter-
stitial bitumen does noﬁ act as a true ceméhting égept. ' |
‘Block_falla, like exfoliagion, may contribute to thevdenudation.
processes on an active oil sand slope (Plaﬁe 3.5). ‘The distinction
between block fallsﬂénd_exfoiiation is one of proportion: block‘falls
consist of the physical-detachment and fall of a large, inta;t, roughly

equidimensional unit of material from the slope face, whereas the

’ -
minor dimension of exfoliation slabs is ‘about an order of magnitude

) +

les; than the other two dimensions. Block falis result from the devel-
opmeng of several planés of weakness (joints, fractures, beddiné) in
orientatioﬁs that fender downslope movement kihematically possible.
Block falls occur only on steep slopes where portions of the slopes
.have been "oversteepened' by rapid sloﬁghiﬁg~or undercuttihg, allowing
exfoliation fractures to reéch the surface of the slope facé. Large,
intact blocks in screé piles are rare,‘because'the gross disturbance |
‘ attending the aownslope movement causes rapid disinfggration of ﬁlocks.
Other slope reduction processes in the oil sands are‘pinof in
effect. Direct suff&ée:erosion by rain is a significant fabt;r only
in those portionsrof the McMurfay Formation which are fine grained
(fine-grained silty sand) and which lac; bitumen. o |
Corrasion accéunts for very little slope“réduction. Flows-and
slides of Qverlyihg material have iitCLe or oaly locél effect oa the

-~

surface of undisturbed oil sands.

| . '
. \ ’
. -~ ..\. )
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Organic slope reduc&ion Rroéesses are lfg}ted to root disturb-
ance in bic?men-poor zones in the active slopes. Bitumen is genérally
hostile to plant Iife, although admixed clay and oil-free ﬁilts and
sands on a slope face or a debris pile permit the fixing of ;egetation,

which 1s prolific on most inactive slopes.

3.4.3 Debris Removal Agents

Lack of significant debris remobal results in vegetated slopes

lying at angles close to 309, Where debris removal from the slope .

/Base by stream action or landsliding in basal clay is rapid, a dynamic

balance is achieved and the activity of mass-wasting becomes a function
of the rate of stream undercutting.

Scrée or talus slopes may occﬁr anywhere on‘tﬁe face of an oil
sand slope. They vary in height from o;e meter to over 30 m. The
angle of repose of Qolluvial veneer in'shaley material has been méasured
as high aé 449, Gentler slopes in the range of 259 to 38° are most S
common. SlopPB of scree lying at angles of less than 25° are usually
the result of failure in underlying basal clay, or of vfbcous flow of
the basal scree pile. The maximum observedfangle 6f 440 in shaley
éolluVial slopes represeﬁts the mﬁxiﬁumAhngle of.shearing resistance
-of scree at low stresses. Colluvial slope angles may be high under
conditions of low normal stress and siénificant shaleyness (Chandler,
1973). As the thickness of debris increases, the‘élope angle decreases’
bécauge of lower friction angles associated with higher normal stress.
Gradation of basal scree pilgs is similar tolothér ogserved séfees,
with larger blocksvtowards the base.

A d

Scree accumulation is the result of'shaley éloughing and
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c¢xfoliation. Shaley sloughing occurs in flne-grnlned, oil-poor silts
‘and silty sands where bedding plane fissility and desicc;tion strains
result in small platey debtis.. Further downslope movement of scree
occurs mainly through creep, but minor slumping mav occur, particularly
- - . :

in oil-poor materiei in basal scree slfpes. Landslidtng and major -~
slumps 'in basal scree piles have been obsetved only in conjunction
with basal clay. 1

Viscous flow (Plate 3.5) may result from complete disruption
of e.structure by sloughing, from supersaturotion with bitumen by
slope surface bitumen seeps, ot from increased mobjlity,of warm
bitumen. Ells (1926) postulated that the origin of t materisl
was partiéuiarly oil-rich beds forced out of‘the slope by normal
stresses. ‘Close examination of the heads of several flowing masses
showed discrete lumps, which became Ie;s discrete farther down the-
flow body. 1In addition, similar visc0us flow phenomena have been
observed at the bases of slopes varying from 10 to 35 m in height,
Carrigy (1967) observed a general northwards decrease in in sié.!%itu-
men viscosity, and signtficant viscous flow of basal scree has been
observed oaly. north of Fort MacKay. Slope surface bitumen seeps are
also somewhat more common in regions north of Fort MacKay. No sup-
portive evidence for Ells's hypothesis of ""squeezing out" of bitumen

= \

has been observed on any slope, all phenomena are readily explained .

by viscous flow of talus.
Interesting similarities exist between visco;s flow morphology -
and classical glacier morphology Viscous flows-exhibit forms anal-~

ogous to ice falls, bergschrunds, glacier snouts, and tension crevasses.

Bitumen seeps, or '"tar springs", "are frequently mentioned in the

.



Viscous Flow imRemoulded Oil Sand.
The remoulded talus in the centre of
the phocoggaph has formed a viseously
fiowing 15 toe. Close examination
shows other flows in the background.

/- PLATE 3.5b

-

Viscous Flow in Remoulded Talus.

Orthogonal crevassing in a viscously

flowing mass, looking upwards along the
flow axis. o



literature on the oil sands (e.g. Ells, 1926; Sproule, 1951; Falconer,
1951). No evidence has been reported in the literature, nor has any

evidence been observed on outcrops, that these bitumen séeps are any-

Ithing but a surface phenomenon limited“to the 5 to 15 m of slope face

affected by solar heating. Migration of oil from depth is not known
to occur at present, nor has it occurred‘in thé recent geological
past (Carrigy, 1966). However, migration along joints and fissures
remains a possibiljty.

R Minor downslop; flows of mixtures of‘sand, 911, and water (re-
sulting from so;king of debris by rain water) have been observed by

the writer, but these were rare, small in magnitude, and unimportant

as debris removal agents.

3.4.4 Summary of Mass-Wasting Processes in 0il Sands -

N ~

Slope reduction and debris removal processes are sumharized in

Figure 3.10. Table 3.2 evaluates the relative importance of several
[

natural variables in these processes.

The most important factor in mass-wasting of oil sands is the
presence of‘the streés-?elief joints. .These joints.p;ovide the major
discbqt?puities-in all oil:}ich back-slopes. The susceptiﬁility of
the black éf dark grey oil s;nd to solar hearing and its consequences

is perhaps unique among natu;a1'arenaceous materials.

< e

?.5 Slbgg,Recession’Rateq ’ (

The net result of ﬁass-wasting is a gradual recession of exposed

slope faces. The recession rate is difficult to measure because the

procegs is a long-term phenomenoa, aud also because it is a function of

L >\ \. L}
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IN SITU UNDISTURBED MATERIAL
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«
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Figure 3.]0 Mass-Wasting Processes in Oil Sand Slopes
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TABLE 4.2
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many Vafiables. Nevertheless, som;\zx§qples can be given of slope
reduction rates.

Syncrude Canada Limited (formerly Canadian Cities Service,

" Athabasca, Limited) excavated a 30 m test pit in the side of a valley

wall ét angles of 55° to 60° during the period 1959 to 1961; in 1974,
the talus had*atcumulﬁped to within si§ meteré of the top. Assuming
past and present éonditions as in Figure 3.11, the closed form of the
rectilinear slope reduction equétion (Scheidegger, 1970) yields'a slope
volume los; of about 115 m3/m of slope length; and a ;onseaﬂent scree
accumulation of 150 m3/m”(assuming a bulking factor of 1.3). By the
same analysis, the slope c}est has receded by about nine meters in.the
last 13 years. No active undercutting or debris remowval has occurred.

Abproximacély 60 yeafs ago, a road was constructéd directly .
west of Fort McMurray at the base of an agtive oil sand slope (Aépen-
dix A; Slope 15). All traces of the road on the active slope have
disapaeared because of river %Bgﬁifutting and consequent slope reces-
sion, 1If the road width was ofiginally about five meters, the river
is undercutting that slope at a minimum raté of eight centimeters pe;
year. The volume of.mhterial removed .s i‘*elevaSE, since the road
was at the base of the slope.

Rates of recession in inactive ¢ sa~d slopes are unknown,
kY

and because.the entire array of river slopes in this area -is geomor-

‘phologically immature (8000 to 11,000 years oldj; few conclusions

may be drawn with respect to long-term slope flattening.

Removal of material from an undisturbed slope‘face with active

\ ’ .

— s A ] - -
basal debris. removal seems to occur rectilinearly: slope profiles

are not generally a function of slope heights within a given slope.
. 5

-~

-

34
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Original stope profile

-

Present siope
profile

Intact oil sand - 30m

{1

Scree (x=417.0 - In130__ . 2436y)
130~ vy

Bulking factor = 1.3 - )
séb;'.?gcrii or = 33% _ . ) from Scheidegger, 1870
Original angle = 60° '

Figure 3.11 Scree Accumulation, Cities Service Test Pit, 1975
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i
Few materihls with signtficanc long-term cohesgion disglay rectilinear
slopes. Recessioa rates, and hénce slope reduction rates, are directly
related to slape Steepness, because steepness results in acceleration
of the process of exfoliation in o}def to main®in equilibrium,

i

»3.6 Hydrogeological Observations on the Natural Slopes

Ground water table elevations near exposed slopes~;f oil sands
are unknown. Minor surface seeps on*active slopes are common but
their greatly increased rate of occurrence after rainfall suggests
that they are solely of surface or near-surface’ofigin. The présence
of exfoliation fractures (stress-relief joints) permits the percola-
tion of rain water and surface meltwater into_the surface of the back-
slopes, and Lhis water is released gradqally alongdéil-free or oil-poor
seams, resulting in the surface dampness ‘observed. Soluble salt depos-
ition is minor: only a thin white film is observed at the surface,
and usual}y this is confined to a limited agéa. Thé consisfgnt aéso-
ciation of seeps with zones of low 0il cont;ﬁt indicates that rich oil
éand, bécguse df its very'low permeability, forms a barrier to water
flow, at least at and near the outcrop surfaces.

The oil sand certainly forms a local barrier aﬁd may form a
;egional barrier to water flow. Spring lines at the tops and bottoms
of oil sand outcrops support this contention (Appendix A, Slope 59).

In the oil-free sands along the Clearwater River, springs-occur in the
coarse-grained sands at the base of the McMur;avaormation. The finer-
grained sands above the coarse-grained sands are moist, but contain no

springs. No spring lines - e seen at the top of the McMurray Formation

where it is oil-free (i.e. along the Clearwater River valley).

86



1

It night be hypothesized: therefore, that regiopnal seepage rates
are -low and evaporation rates exceed flow rates. The presence of’
springs in thewCIearwater and Athabasca River valleys, both above ann
below the oil-rich McMurray Formarion, refutes this hypothesis. Water
_table levels are generalif close to the surface asvindicated by extet-.
'sive areas of muskeg directiy behind slope crests:

t 3 “
Thus, the presence of oil sands results in a perched water ‘

'table on the upper surface. The base of the oil sands ‘1s free draining
because of the presence of jointed limestone, coarse-grained oil-free
sands, and pebble conglomerates (Figure 3.12). These conclusions are
still conjectural, as adequate borehole pore pressurevdqta and water

: P »
table information concerning.the~oil sands area are unavailablew

3.7 Eng;geeringrlgglications of the Study of Natural Slopes

Two flndings from the natural slope study are crucial to this
_ reseerch.h |
\‘1 élopes are hléh and steep.

2. There are no signlflcant massive rotational earth mo:ements

The first obsgervation suggests high natural strengths the >\‘~\\
second low cohesion or the absence ‘of transient landslide agencies
(pore pressures or earthquake forces).4 Efficient dragline mining
requires pit walls over 60 m high at 1nclinations of at least 559,
Confldence in pit wall stabillty is necessary, and these initial natural
-8lope observationsaare reassuring. ~Neverthelesgs, the implieations.of
the different time scales berqeen a mining operation and natural slope
derelopment must’be examinedf

The natural slopes in oil sands\have probably existed since
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drainage of the last proglacial lakes to the north of the‘siopes, and
subsequent valley formation, a period of at least BOdp years. This
does-not suggest that inactive alopea are in a condit\onpof long-term
equilibrium: these slopes are in momentary balance with the existing
forc of undercutting and debris removal. Even assumi g r;pid lateral
erosiony rates, it becomes apparent that slope angles of 35° to 60° over
slope heights of 50 to 60'm indicate long-term engineering stabi}ity )

It would bg‘expected, therefore, that high, steep slopes in‘oil sands

mining operitions are feasible. Because weathering procesges reduce

strength, and because mining operations are -of reletively short dura-

tion, fldpes somewhat steeper thqn‘thoae common in nature are feasible
N i

in oil sands mining operatione. Trial pits excavated by Syncrude Canada
.g

Limited and by Shell Canada Limited\to depths beyond 60 m confirm the
preceding observations _ SE
' 2 ) -~ N;\'

‘The presence of basal clay aoparently does not affect back-slope

angle. The basal clays invariably contain slickensided strata, and the

.minere&logy and grain size distribution of the clay suggest a low residu&l

. ¢ (Appendix H). The morphology of naturq} slopes w1th basal clay sug-

gests that raoid raveling may be a problem in opeh pit mines foundhd

—

H

on basal clay. Smectite 1s conspicuously aoeent in these clays (Appen-
dix H); theretore they have littie,tendency to sweil. However, the
factor of strain'incompatibility as a consequence of»differing elasticr
moduli has et to be assessed in the case of rapid, steep excavatioas.
Minimum eafety factorsawith respect to pit.well iandsliding occur at‘
the end of excavation because the slickensided strata are already close

°

to a residual_strength state. The overlying oil sands seem sufficiently

39
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igrapular material in an excavation. Significant quanti
sran :

competent to accommodéte:the upwards stress transfef'requigéd toladjust
to the strains in the basal deposits:_ : . |

-Paléosol;.because ;f its loamy nature;3£s liké}y totact'gs a
;ies of\cér;

/
- ”‘- / M . .
bonate cegent may be present, adding a cohesive component to the in-

herent frictional resistance. The paleosols examined on natural slopes
show a great aeal of va?iabilitj; materials ranged from a competent
paléocal%che 10 cm thick to a clayey, calcareous residuél soil at least
,six‘meters thick. Generalizations are therefore difficult to make.
Ektensivefdiagenetic jdints are uncommon‘and are ochuréd by the
presence of the stress-relief (exfoliation) joints. If the diagenetic
joints are steep (greater than 75° 1s usual), and free of clayey mater-
tals, their effects on plt wall stability are eipected.to bedinsig-
nificant, St;ess;relief joints result f?om any excavation and may

prodﬁce large masses of loose debris at the pit floor, which must be

salvaged for processing.

3.8 Conclusions

The following conclusions can be drawn from the natural slope
sfudy: | |
1. BiCUm;h'ggg 8e is not a source qf'strength ih oii sands,
although it retards disruptive freeze-thaw phenoaena.

2. Oil?freé coarée-grained . :ands may form very steep slopes

up to 70 m in height. \
| 3. All o1l éand slopes show few »oll-déveloped diagenetic joints

but numerous well-developed exfoliatio /stress-relief) j&ints.

4. Exfoliétion raveling is the majo; @ .ope denudation process;

A

V

!
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. solar heating and percolation of rain water accelerate raveling.

5. Basal clays, which are common, result in distinct slopg
morphologies, and must be considered in open pit miae development.
6. Landslides do aot occur oa natural oii sand slopes; minor

blockfalls do occur. - ’
‘1%. The absence of active debris_removdl agencies results in -

vegetated slopes at or below the expected angle of repose of granu-

lar material.
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CHAPTER IV
SAMPLING DIFFICULTIES IN THE ATHABASCA OIL SANDS

4.1 Introduction

c ‘The geology and lithology of the McMurray Formation“-supply a
usefulxinterpretative framework for many natural features but propide
no specific engineering strength data, The study of natural slopes

indicated high strengths butvthe source of the additional component

—

The abmence of significant carbonate cement was noted, but the task .

of identifying the origin of the.high strengths rem&ins.
This\ehepter!dﬁscusses'sanpling problems, the known physical

‘properties of‘oil.sand; and the {nterpretation of theie properties-.

" Various existing hypotheses accounting for the observed strengths

are discussed; all are shown to be untenable.’

‘ @
4,2 Sampling Oil Sands

Physical properties measured hnder'QOnditLons differing from i

“those in situ are subject to error because of the changes brought

—_—

about by sampling. This error is especially evident in the reported

physical properties of the Athabasca 0il Sands. \\Samples which are - )
\ f

€ undisturbed or only slightly disturbed are extreme} difficult to

obtain from the oil-rich, medium- to coafse-gfained ections of the

McMurray Formation. -

Sample disturbance arises from expansion of the ii sands and
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the consequent disruption of the densge fabric. The three major

1 ‘ N A )
reasons for the expansion are:
. 3

1. High densities: The high in situ unit weights of the oil-
rich sands (2.15 to 2.25 gm/cc as recorde& in geophysical logs) pre-
vent the successful uge of standard tube-type’ sampling devices
beeause of high penetration reslstanee and dilative behaviour
during shear. |

é. Dissgolved gasesr Reduction of eenfinlng streds on oil sand
samples causee an im@edfate e;pansion of the materlal because of
exgolution of gas. |

.3. Temperature sensitivity: The vigcosity of the bitumen 1is
highly sensitive to temperature change. -Although the bitumen is
not a true cement, it does provide temporary cohesion at low
stresses; therefore, further yielding of the structure may occur
because of bltumen fluidlzatl01 The rate of exsolution‘of gae
is also temperature dependent.

Early. reference to sampling difficulties wasﬁmade by Blair
(l95I) Hardy and Hemstock (1963) graphically described the effects
of gas exsolution from cores. A sampling program (reported {n Appendix
F), undertaken by the writerfin 1974, utilized tﬁe best‘ayailable
coring methods; nevertheless, ell cores displayed expansion. Two
illhstrations~are given: ‘ ' .

1. The bit gauge (8.8§.cm) was smeller than the plastic core

liner (9.4537cim I.D.) to prevent core jamming, yet oil- rich oil

sands usually comple&ely filled the. liner. This represents a min-

imum volume expansion of 11,6%.

v

2. After'the core lengths of 6.10 m (30 ft) were cut into four

o

S
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sections ror transportation and storage, rich oil sands qux9kly
extruded trom the core liner ends. This‘extrusion tirom a 1SQ‘cm
core length otten amounted to three centimeters. Extrusion was
accompanied by ounbling of escaping gases. Thg 4reater the A
expansion ana extrusion, the greater ihe ihtens?ty of buobling.
The oil-ricp,>coarse—grained sections of oil sand;>dLsplayeduthe
ﬁqst tntense gas bubbling.

In the sgmpling program undertaken by the writer, the core ”
obtainéd from the oil sands borehole.was stored at; low ;emperatufeé.
During the course of the laboratory program, many measurements of the
bulk densities 6f_core speciméns were made, usually followed by bitumen
content measurements and grain size analyses. All bulk densities of |
core specimens were obtained by measuring the dimensions of rignt

¢ircular cjlinders, followed by weighing on an accurate palance.

The geophysical logging data from the sample borehole were

available, and the;mean in situ bulk densit:ies were determined for

oy

(< : e
the stratigraphic horizons corresponding .to those assessed in the
laboratory program. Comparisons of the two bulk densities are shown

in Table 4.1; these and other density data are plotted in Figure 4.1.
. , ‘ , _ '
Approximate boundaries between the visually determined grain sizes are .

drawn to empnhasize the relationship between grain size and in situ pulk

e i
-
»

density. The differences:between the density data obtained in the
laboratory and those Galuqé reported in geophysicalxlogs are not unex-
pected: they are common in the sampling of oil sands (Brooker, 1975).
Dry dengities of hand specimens collectgq from oil-free outcrops were
determined by drying, weighing, carefui sealing with liqu#d wax, and

LY

lastly, volume measurement by mercury displacement in a-lucite

&
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+

displacement cell. The dry bulk density obtained by this method was
canVerted to saturated: buylk dénsity to permit a more direct comparison
with data obtained from oil-rich core matertals. Several determinations

i RN *
on materials from the same locations ‘$how consistent rbsults. The data

are reported in Table 4.2.

! The‘conclusions to be drawn from
oil-rich sands expand considerably upon
oil-rich sands expand more thaq medium-
Oil-frcé borehole samples from ghe High

o

and Christina River outcrops yield bulk

these data are clear: all
sampling, and coarse-grained
or fine-grained oil—}ich sanids.

Hill River, Cottonwood,GQreek,

densities much- closer to the
,

values obta?ﬁed from geophysicql data, déspite the)yotal stress release

:

resulting from outcrop excavation and weathering,

Because of the discrepancy between geophysical and laboratory

bulk density data, the methods of calibrating and interpreting geo-

physical logs have been seriously questioned. Brooker (1975) con-

cluded that the in situ bulk densities of o0il sands as reported in

{
geophysical iogs were essentialky correct, and presented a density

profile obtaihedvby geophysical means.

Appendix G contains a presen-

~\

R tation of typical borehole geophysical data and a discussion of géo—

physical methods of borehole assessment

in the oil sands.

Carrigy (1967) concluded thgt his data: 3

. show qualitatively that tar sands maintain the character-
Istics of a sand regardless of depth, temperature, and bitumen

content provided the confining load

is removed at a sufficiently

slow rate to allow dissipation of pore pressure without disrup-

tion of the granular fabric of the sand..

(pp.578-579)

On natural slopes and in slowly excavated pit walls, the pore

gases probably dissipate slowly, without totally rupturing the fabric.

In any sampling method employed to date, the rate of stress relief has

X
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TABLE 4.2 ' . .

~

BULK DENSITIES OF OIL-FREE
- McMURRAY FORMAT ION

SANDS
SAMPLE (1) | LOCATION (2) STRATIGRAPHIC | SATURATED COMMENTS
NUMBER . POSITION (2) BULK DENSITY
- e gm/cc
MD-75-1-1A | “ligh Hill | Upper Member | 2.07g Fine sand,
‘ River ’ - coaly fragmentg
MD-75-1-1B | High Hil1 Upper Member 2.083 Fine sand,
River : worm casts
MD-75-1-2 | Iligh Hitl~ | Middle Member | 2 076 . Medium-grained
River - o : . X-bedded sand
MD-75-1-4 High Hill Lower Member 2.168 toarsé-grained
) River, . sand
MD-75-1-5¢ | High Hill | Top of Upper {2112 | Very fine sand
- River Member 2.123 ,
- T . . ?
MD-75-2-4 Lottonwood Upper Member 2.183 -+ Medium-grained
_ ~| Creek , , - trace of o0il
. { ! ' . .
MD- .. = ¢ Cottonwoed | Lower Member 2.151 Coarse-grained
Creek . sand :
Mu-.»-61-4 [ €hristina Basal Sand, 2.213+.01 Four analyses,
. | Rivér Lower Member coarse-grained

(1) Grain size analysgs may be found in Appendix D.

(2) Refer to Appendﬁx A.
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Been rapid, causing extensive bulk density reduction. Disturbance. -
of samples therefore has resulted in laboratory data not dirccily

applicable to design problems in undisturbed, in situ oil sands:.

«

Kﬁ)

4:3 Properties of 0il Sands

"4.3.1 Bulk Density

Bulk density figures from sever;l sources are reported in Table
4.3; further geophysical data,ma& be found in Appendix G. Pore fluLd
(i.e. bitumen) density h;s a negligible effect on bulk density, éince
bitumen density‘is close to that of watera(i.e. 1.015 gm/ml). Mis- ,
interpré£ation of geophysical data is a direct result of the anomalies

shown in Tables 4.1 and 4.3.

In situ bulk dengit

ies from geophysical data for the various

lithologies may be summarized as:1
1. 2.11 (}0.06) gm/cc for very.well-sorted, finngrained,_clean
sands, and for medium- to coarse-grained sands (i.e. the major

portion of the Middle and Lower Members of'the McMurray Formation).

2. 2.21 ¢t )8) gm/cc for fine-grained sands (typical of the

Middle Member),
3. 2.32 (£0.05) gm/cc for sandy and clayey silts .and intra-

formational clays (found predominantly in the Upper Mcmber).

Figure 4.2 is a plot of the relationship between oil contents

.and bulk densities from a number of cores analyzed in commercial

laboratories.  Although the variability of xrain size is not quantified,

1These figures are approximate values only;.actual values vary according
to location, overburden thickness, and drilling method.

-
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TABLE 4.3

SELECTED BULK DENSITY DATA:

3

ATHABASCA OIL SANDS

rd

BULK
DENSITY SOURCE ‘COMMENIS
1.96 Blair, 1950 Porosity = 39.2%
Saturation = 89% o0il1 and waten
2.03-2.08 {Blair, 1950 ) Porosity = 33.0 - 35.5%
1.75-2.09 | Clark, 1957 Porosity = 34% to 46%
---- Hardy -and Hemstocg, 1963 | Void ratios from 0.55 to 0.80
-——-- Doscher et al, 1963 ’Porosity = 38% - 429
1.86-2.36 | Carrigy, 1967 Geophysical density log
| Porosity = 17.6% to 43.3%
1.98-2.08 Carrigy, 1967 - Geophysijcal density log
Mean porosity = 40%
60 m below surface
2.10-2.19] Carrigy, 1967 Geophysical density log
‘ Mean porosity = 34%
300 m below surface
- Camp,. Mean porosity = 35% -
——— Carrigy and Kramers, 1974 | Maximum porosity = 35%
2.1 - 2.3| Brooker, 1975 Geophysical density log
Thjs volume, 1976 Laboratory data and :

2.04-2.40

Geophysical density log
Porosity = 16% for clayey silt

to 35% for coarse sand

100
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there 1s a signlflcant reduction in apparent bulk denslty wlth in-
‘creaslnd oil contént. Few values approach reasonable in'sgitu bulk
density Qalues; and, in general, coarse-grained oil-rich sands display
much greater sample disturbance than fine-grained oil-poor sands. 1In
conclusion, all published bulk denslty data‘obtaineu in laboratorles
were determined from highly dleturbed samples; deophysical methods

of in situ bulk density_determlﬁatlon are much more'rellable;

4.3.2 Porbsit} and Saturation
Virtually all 1aboratory enalyses report liquid (oil and water)

saturatlions of less than 90% (e.g. Clark, 1957). 1In general, the gums

) o

of the weight percentages of oll and water from analyses performed on
medium- to coarse-grained oll r1ch sands are relatively constant at
15.5% to 18.0%. These figures correspond to porosities of 29.0% to
B2.3%, assuming complete eaturatlon, 2 mean mineral specific gravity
of 2.65, and a.pone fluid denslty of l.OO‘gm/ml. Geophysical_dhta
indicate that_below‘a burial depth of 20 to 30 m, liquid saturattpn

v . .

of oil sands is almost complete, and therefore back- calculated poros-

ity is more representative of the in situ constions For example,

‘ACIark (1957) reported fluid saturatLon values of 61% to 100% with a
mean of 337, These saturation and porosity values are a result of -
sample alteration before testlng Any saturatlon value of less than

-~ .
" 95% must be considered unrepresentative of in Sltu conditions. .

4.3.3 Permeability

Permeabllitles determined from oil-rich laboratory speCLmens are

probably much higher than thosge i gitu. For example, values up to

5000 md (millidarcies) were reported by Carrigy and Kramers (1974)
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Clark (L959) reported a mean air permeability of 50 md, with a range
of 16 t; 650 md. Hardy and Hemstock (1963) concluded that these |
values wvere markedly affected by gross sam;Le disturbance. In any -
cade, air permeability values‘m;y not be ‘directly appliéagle to fluid
‘flow because of the Iinterfacial tensions which mugt be overcome.

"Unfortunately, no data on Ln situ permeability determinations have

been published; therefore it is impossible to estimate the magnitude

of the permeability change. R

4.3.4 Strength Properties
Few adequate data from strength tests on oil sands have been
reported, because strength pfoperties are extremely sensitive to sample

disturbance. The difficulties of adequate and representativé sampling

and testing of oil sands are so great as to render all reported results

not‘directly characteristic of in situ éondttioﬁs.

| Caerigy (1967) reported'results from triaxial tests as a plot
of the relationship between sghear st?ess and normal stress. The
cohesion.inﬁercep; was:zero and the angle of inté;ngl friction was
46.6°. The maximum confining stress was 7.03 kg/cm? (100 psi); how-’
evér, test conditions were not desc;ibed in detail.

Brooker (1975)'presented-the first detailed assessment of the

%

o . :
strength of oll sands. The minimum void ratio of samples tested was

!

about 0.60 (a porosity of 37.5%), equlivalent to a saturatéd‘bulk den-

sity of about 2.03 gm/cc. This value is'much lower than mean in situ

bulk densities. Brooker's data indicate increasing shear resistance as
sample void patib decreased. 'Dilative behaviour correlated highly with

the strength data: vélume decrease at high void ratios (i.e. large

-
o
'
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dlsturbahce) and strong dilation at lower void ratios (lesser dis-
turbanée). By extension to fleld data, higher‘streﬁgéhs at lower
void ratios were postulated. The ?ébdrted angle of sheafihg resisg-
tance (Moherouipmb,envelope) was slightly below 459, with a cohesion
intercept of abbut 1.0 kg/cm (10 to 15 ps;). |
. ' By
Several plate bearing tests (performed on a O.25,squareffpot

area) demonstrated Lﬁitially linear load-displacement behaviour (Carrigy,
1957). The lower the deptg of the test, the more géntle the slope 4

.of the linear portién, reflecttng an increased structural'disturbanqe

because of gas release.

A series of tests on samples of Qb;ying quality wés performed

by Hardy and.HemstocK (19635 in an attempt to racionalizg strength

daté.fof'open pit wall design. Several findings from their research
= are perfiﬁent to chts‘gifcussion:

1. Remoulded ”gaturaCed” oil sands_ngariably displayed low .
shear.strengths, regardless of the laboratdFy bulk densitiés
achieyed.. H

2. The behaviour“of slighcly disturbed samples‘ﬁas.eésentially

- that of 'a "normal dense sandstone'. (The meaning of the term
”normal aense sandstone" was not clgar.)_

3. The exsol&tion of gaspé resulted in serious sample distur-
bance, despite/yhe extrao;d[nary precautions taken.

4; Strengﬁg ioss increased with.buriél depth of samples; how-
ever, natural slopes displayed much higher strehgths than those
/ﬁeasured in the 1a$oratory testing program;

Standard penetration tests have yiélded—values of 60 to 500

blows per foot of oil sands. Vane shear tests (which are impossible to-
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interpret in this material) showed _remoulded strengths approximately
one-f{fth of peak strength (Carrigy, 1967),

Strength data on.the oil sands are limited in quantity, tesgt
descriptions are often Incomplete, and estimates of sample disturbsnce
- .

are sometimes absent. Therefore, the interpretations of available

test results are open to question. Brooker (1975) provided some use-

4.4 Souree_gg'Strength of Oil Sands

Many sources of strength have been postulated for the observed
behaviour of natural o0il sand slopes Artificial slopes over 60 m
high at angles over 65° have been standing for long periods; therefore'
it is obvious that previously published strength hypotheses and in-
formally held theories must be re- examined This section presents e e
these strength hypotheses and shows why they are not applicable to

1n situ oil sands behav104r . . )

‘ 4.4,1 Bitumen Viscosity
Hardy and Hemstock (1963) reported-anapil sands bftumen vis-

cosity of l.j x 107 poises at 69C. Bowman (1967) stated that _the

bitumen in oil sands 1is a vigcous Newtonian fluid, Because a New~

tonian fluid provides no shear resistance at a zero rate of shear,

the bitumen can not provide a true cohesive (stress independent) com-

ponent of strength, At a rapid strain rste the viscous compoaent

Increases the apparent strength., For example, if bitumen viscosity ig
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-

»

5 x 100 poises and thé strain rate is O.lo/sec (very rapid)’, the vis-i
cous rgsiSCance component amounts to somewhat less tﬁan one kg/cmz,
assuming the viscous action takes place over the entire failure sur-
face. Aﬁ lowe;.scrain rates, lecous resistance Becomes“pegligtﬁle.

Unless in gitu bitumen i8 grossly different from the laboratory-

extracted bitumen, it can provide no significant long-term strength.

The tefm "oil-cemented" (Carrigy, 1959, 1973) can not be used in the

\

engineering sense of "semented" .
\ :

4.4.2 Bitumen-Water-Quartz Interfacial-Tensions

The surface teansions of bituminous materials are in the range
\

oo . o
of 40 dynes/cm? at 25°C (Mack, 1964), and pure water has a surface

G

tension of about 100 dypes/cm2 at a similar temperature. Interfacial

L]

‘tensions, howéver, are negligible in coarse-grained materlials because

of low interphase surface areas, and therefore can not be a significant

gsource of strength in' the At abasca 0il Sands.

4.4.3 Clay Mineral Cementation
In the absence of interplatelet diagenetic bonds, "clay"
cementation becomes true cohesion only wnen the clay is in a dry

state: in a moist state its frictional resistance is much less

e

than that of quartz. F

Q

r this reason, interstitial clay or clay bands

e,

ents only within dessicated outcrop faces,

h

can act as cementing.-a

Moreover, only very small quantities of clay are present in the medium-
-u»'(

and coarse-grainedgMéMurray Formation sands which constitute the major-
ity of the Athabasca 0il Sands depbsit. It is apparent, therefore, that

clay can not be a soufce of long-term pit wall or valley wall strength.
Ve : °.

The term "clay-cemented sandstone' has often been applied to sandstones
i

N

—
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with a elay matrix (e.g. Carrigy and Mellon, 1964). Unless the clay
mineral exhibits diagenetic bonding, the term "clay cemented" is not

justified in an engineering sense.

[

4.4.4 Carbonate or' Silica Cementation

Carrigy (1959) reperted considerable cementation in the McMurray .
Formecion' however, the writer has not observed any extenaive carbonate~A
‘or silica- cemented sands. Cementa!hnxoccurs locally, but in such small -
amounts as to be inconsequential as a source of strngth Furthermore,
zones of oil" sands of an indyrated nature also exhibit well- -developed
diagenetic-joint systems which completely traverse the cemented strata.
The great majority of the 511 sands.do not display well-developed

diagenetic joint drrays and are not cemanted.

4.4.5 Siderite, Pyrite, and Iron Oxide Cementation

McMurray Formation sands occasioﬁally occur as local bands

)

"(up to 0.6 m) of eiderite-, pyrite-, or iron oxide-cemented strata.
These st;ataloftenJare discontinuous, usually are disseeted by an
orthogonal?set of diagenetic joints, and comprise less than 27 to 3%
6f the Mcﬁurray Formation. Because ehey are discontinuous, jointed,
aedﬁlimited in éxtént, cemented beds'erobably do not contribute ”j
signifieantly te pit wellhor oJEcrop strength. | . \
4.4.6 Pore Presseres
Data are not generally available concerning pore presgure re-
distribution behind pit walls dpoﬁ‘excavation. Naturel slopee'have

existed for thousands of years: “pore pressures therefore are likely

to have equalized and steady state conditions apply. Hence, negative



(or highly reduced) pore pressures are not considered a posqible‘source

of strength in natural slopes.

4.4,7 Strength of Granular Materials

Extensive review of the literature has indicated that artific-

ially assembled sands of similar mineralogy and grain shape character-
istics have angles of shearing resistance of no more than 48° at very

low stresses and high densities (e.g. Nash, 1953; Rowe, 1969)." This

does not account for the observed long-term stdbility of natural 'and

a

man-made oil sand slopes.
o
4.5 Summary
All published data based on labora£0;§ investigations“of oil
éands are open to'question because of Ehéleffeétﬁ of sample disturb~-

ance during sampling'and testing. This disturbance is a consequence

of the high densities and uncemented character of oil sands, combined

with the effects of gas exsolution and the temperature-dependent viscosity

of bitumen. The diSCUrbaqce results in low bulk densities, low total

saturation valueé, low strength parameters, and high porositfes, as .

measured 1in laboratory investigations,
The commonly held strength\xypotheses are untenable, andﬂgeo-

ﬁechnical literature has yielded no adequate explanétion for the high

strength of oil sands.

N
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CHAPTER V
SHEAR STRENGTH OF ATHABASCA OIL SANDS

S.J Introduction

iA program of laboratory testing was-desigﬁed to determine
the source 6f strength of the Athabas;a Oil Sands. Strength tests
were performed on artificiaily densified Ottéwa Sand, on densified
oii-fre; sand from the Athabaéca 0il Sands, on recoﬁpacted oil-rich
sand, and; lastly, on specimens of high quality oil sand éo;e obtained
from the anLng area of the Athabasca deposit (Flgure 1.2). The v;rious
series of tests and the reasons for undertaklng each series are disg-

]

cussed in this introductory section. : /
e

5.1.1 Gelatin-Sand Triaxial Tests
Triaxial undrained tests on densified “‘Ottawa Sand were performed

using a SOlidlfled" gélatin-water mixture as a pore fluid. The pur-
2

pose of this test series was to assess the effects of a mon-Newtonian

‘ pore fluid on the strength of a dense sand mass. The effect of stress

history also was explored by employing diffetrent stresses for gelatin-

setting and for testing.

5.1.2 Dense Ottawa Sand Triaxial Tests

Triaxial undrained tests with pore pressure measurement were
performed on densified specimens of Ottawa Sand using de-aired watef
as a pore fluid. Various stress leVelé and back pre;éfres wefe em-

o

. {
ployed to assess the tendency of a dense competent sand to reduce
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pore pres: res through dilatancy, and to assess the overall strength
Noo

characteristics of artificially densified sand. ‘ \J

, S : ~
5.1.3 Triaxial Testgs en Dene;}ied failings.Sand

' Triaiial dndrgined tests with pbfe pressure measurements and
volume change measurements.were performed on oil-free densified tailings
sand from the Athabasca 0Oil Sands. A direct comparison of strength
data to those obtained from Ottawa Sane was possible, permitting as-
sessment of the effects of the ‘grain parameters (1 e' roundness, sur-

face rugosity, size, and sorting) on the shear strength of oil sands

material,

o

5.1.4 Triaxial Tests on Recompacted 0il Sand
Triaxial undrained tests were performed on oil-rich (13.5% of
total weight) recoméacted oil sané. Samples were refrigerated during
testing. This test seriee was designed to explore the role of bitumen
in thevshear streegth characteristics of oil saed. The use of temper-

~atures similar to those.in situ provided a'direct measure of the effects

—

of bitumen viscosity.

5.1.5 Triaxial Tests on 0il Sand

-

.

Several triaxial tests on 0il sand specimens were performed
to assess the gtrength of the material; to assess the effects of sample
expansion, oil content, and grain size upon the strength, and to assess

the consolldetion, compre351b111ty, and permeability characteristics of

the,oil sands.



h

5.1.1 ‘hearbox Tests on Densified Ottawa: Sand

P

The major testing apparat. for undisturbed oil sands was a
|2

circular shearbox. Several sk WX tests on two grades of densitied
Ottawa Sand (medium- and coarse-grained) were performed to provide
comparative data for sthe/G11 sands shearbox tests. The effects of

sample dedsity and grain size on strgngth were explored; the stress-

displacement characteristics and the peak and residual strengths were,
.agsessed over a stress range from 1 to 10 kgfcmz;.and dilation data

were carefully collected for comparison to subsequent shearbex tests.

5.1.7 Shearbox Tests on Athabasca Oil Sands

i

" The major testing program on oil sands consisted of several

series of shearbox tests on circular oil sand specimens. Mohr- .

N

Coulomb failure envelopes were generated for various materials: oil-

poor fine-grained oil sand, oilJ%ich fine-grained oil sand, oil-rich

coarse-grained ¢ | sand, and intraformational ail-free clay. Dilative
o )

behaviour was assessed carefully; the effects. of varying displacement

rates were explgred; and thé variaéility of the oil sands materials

tested permitted evaluation of the effects of bitumen content, density,

g N

‘and grain parameters upon the strength characteristicg and the stress-

displdcement behaviour. Residual stress ratios were determined for

L4
g

all tests.

5.2 General Comments on _the Laboratory Program .)
5.2.1 Iest fquipment . ‘

’

The test eguipment éonsisged of standard triaxigl cells with

minor modifications and standard circular shghrboxes. More detailed

.
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QEscriptions of each apparatus may be found in Appendix C.

5.2.2 Data Acquisition

w

Electronic datd-gathering methods wer¢ used in all tests, with
the exception of volume change measurement during triaxial testing
(where burette measurement techniques were used). The remote-
controlled data acquisition system employed was a multichannel Hewlétt-
Paékard apparatus with variable sampling times and a pringed output,
Displacements were measured by linear voltage displacement transformers,
loads;wdfé measured by load cells.with é Wheatstone Bridge strain gauge
config;ration, and pore pressures were monitored with very low com-
pliance metal diaphragm transducers. All eléétronic heasuring devices
were recalibrated periodically to eliminate error due to zero point
drift or to sensitivity altefation. Sufficient data were collected
to permit precise evaluation of peak strength.

_Upon completion of a given test, data were sglected froh the

)

printed tape, transcr;béd to computer forms, punched on cards, and

processed by computer programs to.yield both printed and graphical

g3 < o
output. §%

) 1P
5.3 Gelatin-Sand Tri#xial Tests ‘ : L

3

5.3.1 Sample Preparatigngif

C s

The sand was sedimented under water in a membrane-lined, three-
piece brass mould designed to fit a 10.16 cm triaxial cell base. The

triaxial cell ‘base Was’attached'sécurely to a vibrating table equipped

with a variable vibration amplitude control: vibration was continuous

throughout the sedimentation process. The density of samples was

7
ath”
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increased further by shock loading with a woodeﬁ mallet on the side

of the mould, ana by gentle rodding during vibration. 'After the porous

stone, the top cap, and the membra-. O-rings were in place, vgryiné

surface normal loads (up to 1.0 kg/cmz); large amplitude vibrations;

and suctions of -0.1 kg/cmzrweFe applied simultameously to achieve

the maximum'ﬁossible density. The mould was removed wiéh the negative

pore sEress shut in; 'the specimen height was calculated as the mean

of three separate measurements; the mean specimen diameter was deter-

mined from nine separate diametric héasurements; corrections were

applied fof membrane thickne§s; and specimen volume was calculated,

Bulk’densities were calguléted when the total dry weight was determined

after testing, a%% sgturated bulk densities of 2.13 gm/cc-were achieved.
Standard latex membraﬁes of relatively uniform thickness

(0;032 cm) were used;yTeflon porous end plates (Q.32 cm thick) pro-

vided end>3rainagef“§;a all specimens were constructed to a pretest

length/diameter ratio of about 2.0: -~'v o .
After densification and volume determinations were completed,

the triaxial cells were assembled, aﬁd a small cell pressuré was applied.

Cel pressure and pore fiuid pressure were inc;eased simultaneously

until‘sémple saturation was considered complete (2.0 kg/c;m2 pore pres-’

surej; then a consoi;dation cell pressure was applied while the volume

of efflux @ater was measured. Void ratio deéréase was negligible, since

the majority of the vélume efflux'accompanying a positive effective

stress change. could bf attributed to membrane penetration, porous end

plate readjustment, and system compliance.

A chilled mixture of gelatin and water was used as a pore fluid



in an attempt to."lock in" stresses during a pretest unloading phase
in order to evaluate the hypothesis that strongly non-Newtonian (Bing-
ham5 fluid behaviour could result in high strengths. The gelatin was
premixed with bot water and displaced into the sample under a small
back pressure differential. Sample fluid volume was about 525 mi,
énd’lSOO ml of geélatin mixturé were flushed throﬁgh to assure, com-

plete pore fluid replacement. The sample was chilled to 1°C to allow

the gelatin to set.

5.3.2 Sample béscription

Ottawa Sandb(C-109) was used as the granular mineral material =
in the gelatin-Sané tests. The pore fluid consisted of gelatin-water
mixtures of various concentrations with a maxiﬁum water-to-gelatin
;acio of 15 ml/gm adopted for the final six tests. The specimen
saturated densities, with two exceptions, fell within the range 2.12

to 2.14 gm/cc, which corresponds to a porosity range of 30.7% to 32.37.

5.3.3 Testing Procedure

When' the gelatin was set, all pore fluid lines were closed,
the cell pressure was reduced to the desired test cell pressdfe, and
a slow, undrained test at a constant strain rate was performed. -Strain

rates used wer?,8.7 x 1076/sec or 22 x 10'6/sec, with the exception of

Test 2, which was failed at a rate of strain of 40 x 10-9%/sec. The i
pore fluid pressure and volume change could not be monitored because
. .

gelatin was used as a pore fluid.

5.3.4 Results of Testing . N A .‘ : ‘ =

..

: >
Table 5.la contains the pertinent test data for the series of
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TABLE 5.1b

SYMBOLS USED IN TRIAXIA% DATA TABLES

SYMBOL UNITS DEFINITION
n ‘percent * [Porosity (from dry weight and dimensions)
"y percent Porosity before consolidation stress
n, | percent |Porosity after consolidation stress
A gm/cc Saturated unit weight
T degrees C |Test temperature o
é kg/cm? Maximum effective consolidation stress
9q kg/cm? Cell pressure during test
u; kg/cm? Initial shut-in back pressure
B y N ,
¢ 10 ®/sec | Strayn rate during test
G - m1 H,0 Gelatin concentration in mi H,0 -
= gm GeT. »/6m of gelatin powder
103 o
N\ 2 Jf | kg/cm? Maximum total deviatoric stress (failure)
1+0§ K
2 Jf kg/cm? Mean total stress at failure -
1t03 v - _ o
2 kg/cm? Mean effective stress at failure
0% degrees | Secant angle of friction at failure
(at maximum deviatoric stress) '
Ei --- Max imum effectng stress ratio
o | o
ec - percent Axial strain at failure
k cm/sec. | Axial permeability
BD gm/¢c Bulk density (01l sand) (pre-test)
S 011 percent | 0il content (post-test)
'o;f . kg/cm? Effective confining stress at failures
AV percent | Volume change at failure
A .- PorelpreSSUre parameter "A"
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i

gelat;n-sand Criaxial"testg. The porosiﬁies in the second column were
calculated directly from the volume-weight data, whereas the por&sitius
in the third column were cglculated with the assumption that fluid
efflux during consolidation was‘due only to sbecimcn‘compressldn. “The
true test porosity must lie within these two values. The saturated
bulk density was calch}ated directly from the porosity data; a quartz
specific gravity of 2.65 was assumedi The temperature réported is the
medn internal cell temperature during testing.

The failure data should be commented on, since dgta in the tinal
CWpicolumns-were calculated under an assumption of pore flulid cavitca-

tion at -1.0 kg/cm?. A hot mixture of geiatin and water was used to

displace the pore water, and the air pressure system used to provide
. \x

the motive pressure probably resulted in considera dissolving of
. \‘\.\
air. Cavyitation likely occurred at pore fluld pressures above -1.0

. g 1 + 0 3 . T
kg/cmz; therefore the reported value of — is too high, and [™__
! » '-l‘ 2 B .
the value of %l,iS'too low. The assumption of cavitationiat -1.0-kg/cm2
! 3 . )

provides a measure of the minimum gffective stress ratios which could

have occurred during testing, and is employed only to permif comparison
to Tests 20 to 25, in which careful de-airing was en%orced. ‘ﬁor Tests.
20 to'25 inclusive, pore wate; was preboiied to remove.dissslved air,
~and ﬁhe pressures employed durigé fluéhtng with the gelatin solution -
were much lower than those of the previous tests (1.0 kg/c_:m2 maximum).
A.Mohr-Coulomb failure stress plot of these final six tests is pre-

sented in Figqre 5.1. The effective stress circles presented assume

cavitation occurred at -1.0 kg/cm?Z,
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-'5.3.5 Conclusions
A -_ )

Strength envelopes are no steeper, nor are apparent cohesions
any greater than those of normai, dense sands. ‘Assuming a linear
failufe envelope, a cohesion intercept of 1.0 kg/cm2 and a @ of 35¢
are obtained. Increasing the gelatin concentration and varying the

stress history after gelatin setting have no effect on strength; there-

fore the cohesion intercept is not a result of "locked in¥ stresses

or 'of true cohesion,

The use of gelatin as a pore fluid provided some unexpected
and unusual informktion. Prefailure cavitation resulted in thé in- .<
clusion of iines of minute air bubbles colnciding ‘with the lines of
maxi%um dilative behaviour. These lines are clearly visiblé in Plates
5.1 and 5.2, They indicate that weneral dilative behaviour occurs
bef;re a single plane becomes the prefefential failure plane. This

A . _ ‘ : —
reflects the homogenepug and isotropic nature of a dense, éiiich%aT1y
compacted quartzose sand. ' : o u

e
This .test series provided/fbg/baiigffor the remainder of the

laboratory program, T
. }/////
. / B ] '
5,4//ﬁ€;;;.0£tawa Sand Triaxial Tests
~

- .
5;4.1 Sample Preparation
Samples were prepared as described in Section 5.3.1 with
the exception” that specimen‘pore'Qater was ﬁo; displacéd by gelatin,

De-aired water was used to’preVenc cavitation of~pbre fluid except

at very low pressures.
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. 1
PLATE 5.1 Gelatin Sand Test #7.
Development of & net of
potential failure
surfaces.,

PLATE 5,2 Gelatin Sand Test #24,
« Gross movement has
occurred along three
elliptic planes, one
of which is the major
failure plane,
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5.4.2 Samplé Degcription

Six tests were performed on spécimens.with calculated saturated
bulk densities vérying from 2.09 to 2.14 gm/cc. with_caréful prepar-
atlon, dcnsities greater than 2.12 gm/cc could be‘achieved. All speci-
* mens had diameters df"I0.0S cm and heights of 20.2 to 20.7 cm. The

‘'sand used was Ottawa Sand C-109, a well-rounded, well-sorted, com-

petent gquartz sand.

5.4.3 Testing Procedure

After'specimens were mounted in the trilaxial c?lls, théy were

subjected to an effective consolidation stress. The pore water

A
\

pressure and the cell pressugenwere.fdjusted to ghe desired test
values; the pére water préssure was shut in; and the specimens were
failed in an undratned state at a constant strain réca with continual
monitoring of pore water pressure. To agsess the tendéncy of a dense
sand to reduce pore waterkpréssure, thé-Cest cell aﬁd shut~in back

pressures varied from 16.2/12.6 kg/cm? to 2.3/1.8 kg/cm?,

© 5.4.4 Results of Testing

‘All stresses and failure data are reported in terms of effective

stre , as the test technique perniitted assessment of pore fluid pres-

N

sure. Values of secant ¢ at failure and effective stress ratios at
. p

/

failure are Feported in Table 5.2, and the effective stress condiﬁioné
at failureiafe plotted.as semicircles onya'gtress dlagram to provide
é Mohr-Coulomb failure enyelope (Figure 5.2%. The max Lmum effeétive
stresé ratios decrease and the strains to failu;é generally Lﬁcrease

as confining stress "(¢,) increases.

‘Appéndix E.2.1 reports in detail the relationships between



123

. , 4 ‘ Q1°G 3|qeL 03 4333y

| 8969 { gee M 3°q¢ M 8°GZ N 't N tor | fzl 1w Tt

22°6 | 00°v | §rog 69 | 122 | sor| soc| zioz)z'zel o

06y | 98°¢ | p-9¢ 0"ty ¢ | 9721 | €0°c | 1zl g2el 62

. 95°¢ | 88°'% | ¢ ¢ 896 6€°9 | 9t ! zste | yitzlzie!l "8z
¥t | 8BSV ) 66| 55y 86°6 ZS'€ | €074 | gLz {§tel. (2

86°S | €'t | 8¢ €92 ) Sl ) g0s | €0°¢ | grtz) brug| o2

deo | M2\ s 2 :
*.%w ¥ \ﬁb ’ \ﬁWﬁ x \mb*ub ¥ mblmb *.‘ns KW.D .fW%. *C HMW&.

v

ONYS YMYLL0 3SN3IQ :SISIL IWIXYIHL QINTYHANN
. 2°S 378v1 _

. : o _ Yy

. . ’ . . .... ; Ad




124

ssanngieays

wo bs/6

B
v 7
. . V -
puesS BMBII( 3sUa(] (5153} jeixXell } paulespuf) "Z'G 8anbig
W wo bs/By  ssang jewsop Yo
08 oS : ov ot 0z é, .o
7 T T T T T- 0
62 = ot IE 9z . Lz — 82 \\ “
: \ -~ 0C
. sg'g DT ub
Pia] i - =
- os
ot ® ~
: d op

2



5%

level rises, o v gﬁ

125

S

axial strain and measured values of déviatoric stress, pore pressyne,
effective stress ratio, and the "A" paramecter.

4 » | .
5.4.5 Conclusions

Given the wminor, unavoidable iscatter 'of data as a result of
specimen density variation, the behaviour of this materidgl is pre-

cisely that expected of a dense quartzose sanE.' Cell pressures as
» “w .
high as 16.2 kg/cmszith a shut-in back pressure of 12.6 kg/cm2 did

{
not prevent a reduction of pore water pressure to the point of cavita-

tion initiation. This behaviour is‘a result of the individual grain

competence and the high initial densiﬁﬂes (Seed and Lee, 1997).

s

The failqre‘enveloge in Figure 5.2 is deliberately drawn as a

-curvilinear relatiouship. The extension of the envelope “to théborigin

is fully justified as the saturated sand exhibits no strength at zgro

. : ?
normal stress. The failure envelope corresponds closely to a power

law curve with the formula:

ro=1.12 o 28 Equation 5.1

n

This equation represents a drawn tangent to the Mohr's circles,
. r

It should be emphasized-that this equation, and all other equations +

of this type generated in s work, are phenomenological eqﬁétions;

they do not imply a  fundamental relationship. Envelope curvature

is directly related to fhe suppression of dilative- behaviour as stress

———— e, e -

5.5 Tfriaxial Tests on Densified Tailings Sand

5,3;1 Samplingﬁ ' ) . ) -,

-~

Tailings sand was obtained from a small tailings pond at the

\ . A o
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Syncrude Canada Limited oil sands cxtraction pilot plant located in
Edmonton: The process sand was shipped to Edmonton frop an open pit

“mine 50 km north of Fort McMurray; most of the oil was removed during
B o : . v s :

rocessiny: and coarse-grained tailings were sludged intora pond for
p ] A : P

settlihg. Portions from several zones of the tailings pond were mixed

to provide a representative sample for specimen preparation.

.
5.5.2 Sample Preparation

. Thé tgilings sand cohtainea's% to 10% water and approximately N
0.5% residual bitumen. The bulk sample was dried, the remaining bitu-
men was removed by reflux extraction with trichlorogth;lene, and tﬂe |
sample was oven dried at 10Q5C to remove all traces of the solvent.
Triaxial specimens were prepared by, the methods used in the

~ previous two test series. The sand was premoistened by thofough mix-

2 with-boiling water before sedimentation and densification.

5.5.3 Sample'Descriptioﬁ
The ;;ilings sand tested was obtained from thé ”oil-satdrated”
portion of the McMurréy Formation, and therefore it digplays the‘grain
. characteristics of 'that deposit. A representatife grain size cutve is
“presented in Appendix E.2.2; it is charactéristic of a well-sorted,
fine-grained sand: The inaividual grains displayéd a wide range of
grain roundness varying from rounded to very angu1ar._ Thejsand:was

93% to 99% quartz, and the dominant accessoryfmineral was muscovite.

- .~y

All triaxial specimens were 10.05 cm in diameter with length-
to-diameter ratios slightly greater than 2.0. Saturated bulk densities

varied from 2.03 to-2.05 gm/cc. These densities are less than those

achieved in the Ottawa Sand triaxial tests; the density difference is

- //Tp/

P



R

due primarily to the angularity of the oil sand srains,

5.5.4 T iing Procedure

The densified tailinss sand specimens were saturated by apply-
ing an aspropriate back pressure, an effective consolidation staess
was applied, and the cell and pore water pressures were adjusted to
the levels desired for testing. The pore water pressure was shut in,

undrained tests were performed at a constant strain rate, and cell

fluid volume change was measured.

5.5.5 Results of Testing

Table 5.3 summarizes test data, with the failure data presented

.in terms of effective stresses. Failure shear plane angles were

about5&3°, and the values of the maximum effective stress ratio and
the secant ¢ decreased as the confining stresses increased. Failure
strain was g;eater than that frbm tests on densified Ottawa Sand,
and the failure strain increased as the confining stress increased.
Figure 5.3, a plot of the effective atress conditions at .failure,
shows that a Pinear Envelope is nat justifiabfe. The éurvilinear
envedope may.bw apprdximatci‘b/ a oower law relationsnip:

't = 1-12'”n'0'89 A : Equatioen 5.2

This phennmenOIOéical velationship is justifiable nulv in the
. L] - .

range of confiping pressures used for éesting, and only bef@use the
tested material 15 completely cohesionless. The relationships between
stress and strain. anJ other individual test data, are reported  in

r‘_*l'
o

Appendix E._ ...

5.5.6 Conclusions

g

The behaviour of deansified tailings sand is that of a dense
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quartzose sand. Regardléss of the initial shut-in back pressure, pore

water pressure in the tailings sand was reduced to the poggg/af«civi-

tation, generally at a pressuré of about -0.7 kg/cm2. "The maxim&m angle
of shear resistance is precisely that expected far é [Lne-grained; sub-
angular,.dense quartzose sénd: _lwmaximum of abouf 419 (e;g. Bishop,
1966). The envelope curvatﬁre again is due to a supprcséion of dilative
behaviour as confining gtress increases.

No addiitional component of strength resulting from angularity or

v rugosity of grains has oeen observed in the data on oill-free sands.

The densities obtained with the compactive effort employed are con-

siderably less than those which exist i situ. The minimum specimen

—

\‘\\pglosity obtained was 36.1%, although géophysical logs report in situ
\ \\»\\\ . .

mean porostIES“of_29Z, calculated from density log data for a similav

material (assuming a quartz specific gravity of 2.65, saL&(ated con =

ditions, and a bituuen density of 1.0 gm/ml), It is impossible, ’

without considerable grain crughing, to repack the graing lrom oil

sand to a density as great as that which exists in situ.

5.6 lgiéxial T:sts on Recompacced 0.1 Sand

————— e e A e S

5.0.1 sampan&

The qu-fiqh:anezgraLned sand used in tais test series was
obtained from the Svncrude Canada Limited pilot plant, which also
provided the fine-grdined tailings sand Qsed‘in the previously des“
cr;oed'Cests; Tne sample was ébtalned in a completely disaygregated
and >lended scate and &és stored in a sealed éontainer to prevent

furtiner woiscure loss.
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5.6.2 Test Speélmeﬁ Prebarat{on ‘ ' -
»  Any apparent lumps o? pieces\éf concretfons, clay clasts, or
limestone were ‘removed from the oil-rich sand by hand, and the raw
sand was compacted Ln a kneading compactér using A dne—piege 10.16
x 20.3 cm gyltndrical st;inless steel mould.
‘ Ten Eo twelve lLftg were used*duripg the sample cémpaction:
a foﬁr centiweter initial 1ifc, then a se;ies of 1.5 cm lifts to the
full height. Ram pressures used were low (10 kg:/cm2 maximum) beéause
the oil—rich, finc-gr#ined,iweli—sortgd sand tended to extrude from
under the ram foot at higher pfe§surés. The compaction Qf each layer
‘reqyired low inicial pfessure_(two'kg/cmz) gr;dually inlréasing to the
maxlmum'pressurc. A hehtgd ram foot.(80°‘to 900C) was used throughout
the procedure to minimize sticking of the oil sand dur}ng compaéﬁton.
The [inai life, afte;.cémpacéion at 10 kg/cmz, was levelled by contin-

-

uing the cdnpaction process using gradually diminishing pressures

\

" until a flat surface was obtained. A stdtic stress of 30 kg/cmz was

applied over the entire‘samplé area for one minute using a closecﬁitting

metal disc to prevent side extrusion. The mould, with the top and
bottom discs in place, was stored in a cold room at -2°C for 24 hours
under a static stress of '0.87 kg/cm?. This chilling was necessary to

permit sample extrusion from‘the compacting mould without specimen

¢

damage. .
Once excrﬁded, the specimens were measured, Qeighed, and en-
closed in a late; rubber membrane coated internally with a thin layer
of silicon htgh-vaéuum-grease to ensure an excellent side seal. Sliced

latex membranes were inserted between the specimen ends and the Teflon

porous end plates to minimize clogging of the plate by bitumen, while
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o

-providing adeq&hte end drainage,

5.0.3 Sample Disturbance
The process described in the previous section resulted in uni-

form specimens 10.16 e¢m in-diameter and 20.0 cm in leagth; that is,

with a length/diameter ratio of 1.97. Asg sampled, the material con-
tained (on a total weight basis) 84.47% solid mineral matter, 13.7%
bitumen, and 1.9% water. The amount of desiccatibn which had occurred

to that point is not known. The grain size curve obtained from several

«

analyses of this material {s presenled in.Appendix £,2.73.

. The density values were_calculated by determinat lon of volume

be fore testing and ot total weight after testing, since pretest satu-

rat{on‘had~beeﬁ.accompllshed by back pressure. Densities ranged from
2.06 to 2.11 gm/cc, although the latter figure is anomalous and wmay "

pe somewhat in ercor. Densities of 2,06 to 2.03 sm/ce were achieved

readily by ctiie compactive process.,

4

5L6.4 Testing Procedurve Q

The specimqns were mounted in a triaxial cell, subjected to a
confining pressure (03), cooled to a tempgrature of about 4°C, and
subjected to a htghﬂback bressure ungil saturation was considéred
complete. Constént head axial pe%meability tests at high internal
gradients ("1" of 50 cm/cm) were performéd on the spécimeﬁs.‘, .

A pore f}uid back pressure was shut ln, thé test temperature

o

was held constant at about 4°C, and an undrained test was performed

A

with continual pore pressure monitoring. Appropriate strain rates

were used to ensure at least 95% pore pressure equalization as ’
. : | R : . »

estimated from the permeability data., Volume chanye measurements
. . [+

«



. ‘ T

were.not made: thé»vélumc change characteristics after cavitation

of pore fluid were consﬂgered to b? similar to those of the.redensifled

téillngs sand, as thc’gtﬁin size dlstrlbutltn and the degree of com-

pact vlun' ach'll'vvvd wore 8 imilag= | ) '
Postfféilqréémoisture contents and .oil contents werc determined, .

It was assumed that sathration had bten achieved before testtng; there-

'fort these moisture and oil contents were uscd to calculate a spectmcn

protest porosity No change in moilsture content could have occgpred.

, ' ' &7
during testing since the tests were performed with no drainage.

5.6.5 Results of Testiné
Table 5.4 presents the most éertiment test data; Figure 5.4 is
a plot:of t;e effectitc stress circles at maximum deviatoric stress.
Test reﬂpits'arc similar.to those of the triaxial serivs on redensified
tailings sand. The best-fit poQor law relationship to the Mohr-Coulomb
failure’ehveiope is expressed by the eqpation;
o= 1.13'0n0'83 o . Equation 5.3 .
This indicateS no signiticant difference frém the relationship
derived from the oil-free taiiings sand:teéts. .
| The major.diftefence in the two tcst.serievaas the failure
mode: bulging failure occurred five of six timee« in this test series, -
but only once in the previous serles on redensified tailings sand.
Ptrmeabilitivs of the recompacted oll-rich qand ranged from
"35.7 x 10'7 to 1.4 x 1077 cm/sec. A value of 10 x 10°7 cm/sec {s con-
sidered an appropriate estimate of, permeability in a recompatted state,

The low permeabilities made it impossible to remove all pore fluid

containing dissolved gas by repeated specimen flushing; therefore
i s
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~
the specimens tended‘to cavitate at pore fluid stresses somewhat higher
than atmospheric pressure (0.5 kg/cmz).
Appendix E.2.3 reporté individual stress-strain curves as well
as other pertinent data not found in Table 5.4.
5.6.6 Conclusions -
The bitumen-rich recompacted oil sand acted as a dense quartz-
) ~ose sand; the interstitial bitumen did not antribute in any way to

this_ tests series were
N

ff:fzeries, probably because of

PR 0

the different compactivé'metﬁodfu86¢1§ d because of the agsumption
I M .o . .

-

itumen density of 1.0 gm/ml “for calculations. The actual density

itumen may have been siLgﬁtly diffefent from this value.

)

i 1 Tests on Qil Sand

5.7.1 Sampling .

‘All oil sand specimens tested during the course of the labor-
atory investigations éfasﬁear strength were obCained<from a continu-
ouslx:cored borelole logated 56 km north ofJFort-HcMurrayﬁgSSévgq
cores, each 6.1 m loné, were obtained beginning at a depth of about
30 m, Borehole refrigeraﬁion_techniques were employed in an effort
to reducelsample expansion, and the core was.transporced carefully
and stored in a chilled étate before specimen selection and preparation.

Further details of the sampling program may be found in Appendix F.

-



5.7.2 Sample Preparation

The core, in lengths of about 150 cm, was stoxed in..the specimen

preparation room at temperatures between -149C and -18°C. It had been

determined that, despite the precautions taken, coarse-grained oil-rich

core had expanded a minimum of 12%; and therefore strength testing ‘for

. -

»the most part waé'confined to those poré;ons which had undergone the
‘leasp‘expansion, i.e., fine-grained oil-poor to oil-rich sand. The
selection dés‘based on a rough interpretation of the geophysicai bore-
hole logs availa‘he for the cored interval (Appendix G)! most specimens

were from the Upper Member of the Formation.

q

Use of fine-grained oil sands resulted inh some difficulties;
: .
the inherent variability of the Uppar Member of the McMurray Formation
made it impossibic to §btain four or five_unifotm 18 cm long specfﬁénq\
for triaxial testing. Upon epening a 150 cm section of core liner,
zones -of differéntialvexpansion u;ually were di§covered} oil-rich fine-

gralned sand had expanded consgderably, whereas adJacent oil-poor fine-

grained silty sands had expanded very little, resulting in corrugated

137

&

core lengths. Separation of the core along bedding planes“had also

taken place, with each 150 cm core section containing perhaps two or
three sucly sepafations. A uniform specimen about 28 cm 16ng was re-
quired to obtain a high-quality 18 cm spécimen; therefore much of the

fine-grained core could not provide adequate specimens.. The triaxial

tésting program had to be limited to performing a series of comparative

tfiaxial-éests which assesséd general behaviour rather than attempting

to obtain failure data over a wide stress'range.
Specimens wére trimmed on a lathe at low temperatures. Descrip-

3

tions of equipment ahd procedure are lengthy, but important, and are

e - P
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Bummarized ‘in Appendix B, THe brpcﬁdure yielded uniform right cylinders

w1th square parallol ends, a diameter of 7.6 cm, and a lcngth/dtam(t(r

ratio of 2 1 to 2.6. Three measurcments of. length, nine mcasurcmans

of diameter, and total weight values were obtained for each specimen,

5.7.3 Testing Procedure

- "The chilled specimens-(-15°C) werelmounted in the normal manner °
with0ut side drains on a triaxial cell base.modified to .accomodate
7.6210m diameter spegimens. fe prevent possible sample expansion

during the filling of the triaxial cells with warm water (17°C), the -
speéimehs were assembled completely in a cold room ( 15°C), and 3.0
kg/cm air Pressure was introduged into the cell. The ce11 assémbly

was brought to the testing 1&boratory, and cell water was introduced
against the 3.0 kg/cm air . fpressure untll the cell was filled., The
eell was mounted in the loading frame and a.pore fluid pressufe was
applied in an- attempt to saturate the specimens:‘ The difference between

the confining stress and the pore fluid stress was generally about

1.0 kg/em?; a pore fluid stress of 2.0%o 3.0 kg/cm was empioyed to

<~

; achieve‘satnfation._

Specimens were permitted\t;\?EEEﬁ\equiligiium\yith respect to ©:

——
——

both temperature and pore fluid ingress; for some of the fine-grained

30)
specimens, equilibpating pore fluid flow. required up to three days

- < -

After specimen pressures- were stable, some specimens were subjected

—\‘\N

to’ an excess\EYf\Etive~s£xg§s to assess the consolidation characteris-
\,

tics After consolidation testing, permea 1lfey-tests were performed

e

on several of the specimens to provide a check on the consolidation’

e

dateTNNThe -pore fluid stress anggggg cell pressure were adjusted to
N J"' -

L

.u;»e e
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: tm: "e selﬁcéﬁégeﬂs X

" drained tests).-

the desired test leve]s,_theﬂspecimens were allowed to reach equilib-
rium, and\testing followed in either a drained ﬁode with constant back
pressure’ or an undgained mode with measurement of pore fluid strcs;.
Several speéiméns:were fested ‘n a refrigerated triaxial cell (19 to
59C) to assess temperature effects.

For ‘a specimen of low permeability (e.g. Test 129, 'Table 5.5a),

the procedure from mounting, to assessment of consolidatkpn properties
and permeability, to tridxiél~testing, required 21 days. Notwithstanding
the relatively low valucs of compress bikity coefficients, test strain

rates employed were deliberately very low. This ensured pore rluxd
y

equalizatiox ;ith respect to flow (drained tests) or to stress (un-

- e ~

5.7.? Test Results

iTable 5.5a presents the most important test and failure data;
Figure 5.5 delineates the,rélationship between maximum effcvfive stress -

-

ratio ‘and normal stress, Table 5.5b reports permeability values, co-

‘chdciehts °£ consolldatioa and coefficients of compressibility for

and Appendix E.2.4 contains stress-strain curves,

!.

,fzé s fg‘é@_fffﬁ

’ N

?pa failure strains show a general increase

N

.Eﬂve confining strgés increases, but the total §%rain to failure

<o
RN

>

o
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is approximately one-third that of the redensified oil sand, the dén--
sified tailings sand, or the Ottawa Sand. - Drained tests on high duality
specimens indicate that the volumetric strain before failure was small
about one-tenth that of'.a normal'dense uniform sand.

No relationships are apparent between grain sbze and’ strongth
or between bitumen content and strength. Tests 124 and 209, performed’
- on materials which had experienced considerable expansion, displayed
lower peak strengthn, highér failure strains, and_higher porosities
than tne other‘testn. Test 173, performed oﬂ%ﬁkﬁpﬁnﬁmen consisting-of
one-third lithoclastic conglomerate and two-thirds oil rich medium-
brained sand, failed almost entirely in the clay rich portion: °“neo
strain in the sand could be detected except for small portions of " the
numerous tailure planes adjacent to the clay clast zone. No additional

strength due to testing in a chilled state (1° to 5°C) could be detected.

5.7.5 Conclusions

. The large'degregéwnﬁ scatter evident in test data led to one
important conclusion: shearbox testing on small specimens would prove

]

more valuable than triaxial testing, as sample uniformity could be

more closely controlled.

v

The extension of the Mohr-Conlomb failure énvelopq to the origin

of the axeg_is;jnntified_fOf the folléwing reasons:
1. Speci¢ens of'oil-frée sandy silts from a borehole depth of

N
.

42 m were imﬁbraed in water, for 24 hours thev dfsaggrebated
2.
almost totnlly, indicating&?ﬁg_absence of stress- independent co- .

o 7
h?sion B ;;éf-'v L4 - ﬂfﬁ .. o . .
’ * -~ -,
2. Outcrop samples from the o1l- free’ pﬁrtions of the McMurray
- ¢ X, -~ .

TR o

~

>



‘\hf‘ . ' .
en” luxmatlun (60 km' cast ol Fort McMurray) displaybd no [l i icant
P

S

1

cohesion in a saturated state.
3. The insight afforded by the extensive series of shearbox

tests (bettion 5 M ]uqcitled an assumption ot no cohesion.

Dllaclve behaviour in thesc specimens wasovnot as pronounced as

;
|

In the densified tailings sand }ests; ft must be concluded that dilation
occurred largely within a narrow plane, obscuring the effects of dilation
when compared with thé relativély large specimen voluma’(BOQ cc). Neva-=
theless, thé extreme steepness and the curvature of the failure envelope
can be explained only in terms of high dilatnncy due to granular inter

lock and a progressive suppression of this dilatancv as effective con-

-

fining stress increased. Scress-strain curves (Appendix E.2.4) show
| o :

that at low stresses, post-faillure stress reduction may be abrupt;
T <

~ual strength is reached after a total strain about twice the value\of

i

the failure strain. This extreme dccrease in stxength can be explained

ounly through -a disrupcion of structure. Y

v
R
"

: , : Vo
Tests 124 and 209 demonstrate clearly the etfget Of structure

ch;nge>through extessive expansion:. very low strepgtha compared to the

~ 1

other triaxial tests at similar cqpf{ning stresses. Bgcausu all spec-

imens have been aICeredt§omewhat by th; samplinq pro;edurt and are

“therefore less than perfect, the 'strength_envelope presented may be

——

considered as a lower limit: in situ strength must be equal to or

higher than the values reported herein.

5.8 hhearbox Tests on Densitied Ottawa Sand

4 1

To provide comparable strength and dilatancv data for shearbox

tests on oil sands, 13 direct shear tqus were performed on Ottawa

-

reéld-
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Sand: 12 in a very dense state, and one {n a loase state.

;

/
5.8.1 Test Specimen Preparation J
The 12 dense specimens were prcpared‘iﬁfspéclally cdnstrucrud
;trcular shearboxes ‘Lquippod with screw- fastunéd porous bronzc ‘bases
and top Laps loosoly\sealed abainqt the shcarbdx stde by‘Q?rings
(Appendlx < Fibure C.2). The dry sand was dens ﬁicd on a vibrating

table, with Longomitant shock loading using a woud{n mallet’, and by

application of a varying normal load (also durinh vebration) of up to

A

Y

T
1.5 kg/cm Porosity data were calcuLated from shear,ox volumgs and

total’ dry welight of sand assuming a specific gravicy'o 2.65 ‘for

quartz grainﬂh , C : 'g }

into a shgarbox, affixinb the top cap, nndgflooding yi;Q wdter. b

5.8.2 Speciman Deséertlon ,A o ‘ S \ R
Two grades of,dttawa Sand were used: 20 to 30 meshi(ré erred.
to aslééarsq,uttawa S;nd),'and C-109 grade (réferred to as fine\Otpawa
Sand), with a median grain diameter (D50) of approximately 0. 4 mT
‘(actwally a medium- brained sand) . Six testy were p;rtormed on e;gh

material. The mean -pretest poroalties achieved were 33.88% for chq )

coarse QOttawa Sand, and 32.75% tor the C-109 brade sand. All SPCCLNQHS

were approximately 3,16 cm 1n‘heighc‘ . , \
S ' s

The single loose specim;n had a pretest porosity of 37.5%; c- 100

5rade Ottawa Sand was emploved ' : ‘ ‘;

k.83 Testing Procedure

. . o ' '
hThe assEg:;ed densified specimens were mounted {n a standard

X
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. , . )
direct shear device, the normal load was applled, the specimens were
flooded with water, the shearbox retalnihg screws were removed, and a
a4~ standard shearbox separation of 0.4 mm was enforced. Testing proceeded
at a ‘constant displacement rate; rapid rates were employed because of

excellent specimen drainage. Time to failure was approximately 20 min;

all tests were continued beyond failure to residual strength conditions.

-

5.8.4 Renults&

Table 5.6 contains pertihqut test data; Figure 5.7 shows the
i v - _ ‘
relationship between normal stress and shear stress at failure and

at a residual‘étate; and Appendix E.1.1 reports the relaéiondhips_“

betweenﬁdisplafe&gytl scress.ragio, and volunw,change; | L~> '
Given the sl;ght v#riabllity in the pretest densities, fh;

tés; results -are consistent. Tﬁb secant ¢ values and the dilatiQé

rate at failure were sémewﬁat higher for low normal -stresses (I>to 3

kg/cmz),"but remained relatively constant for highcr normal stress

t\ (3 to 10 kg/cm?). The results for the six tests on C-109 sand (0S-

[

\ EINE-1 to OS-F[NE-IO) démoustraccd a uniform {ncrease in displacement .

R »

*,

o té-fallure as the stress level Lncreased., The maximum-total dilatancy

(in the first displacement cycle)- was slightly greater tfor the coarse

Ottawa Sand. The residual secant ¢ vaTUeS'(¢j) were groaCer in the
tiner-grained sand.

As shown on Figure 5.7, a curvilinear failure ehvelope {s jus-
. C "9 ' i

tified from the origin to three kg/cm® normal stress, but above that

stress, a linear envelope may be used. A-liheaf approxlmatidn, as

shown on the figure, would disptay a ¢ of about 40°, and an appareat

cohesion of 0.4 kg/cm?,
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- @ C 109 sand n=31.3-34.0% ®
[ 20 30m sand n=329-365%
8 |- )
E -
(]
=2
3
X : 6 = -\
im
‘ Failure envelope
¢a = 400 ’
4 S Ca = 0.4 kg/sq cm
it .
-
w )
§ 4 = . :’-1 ‘‘‘‘‘‘
£ v
w
C109 ¢ =314
- 4.
2 .
20 - 30m g ¢, =297
0.4 { ' ! N | |
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T~
o, Normal Stress ‘glsg\cm
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Figure 5.7. Ottawa Sand Shearbox Test Series,
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5.8;5 Coﬁclun{onq
Tha 12 cests peffo;med'displayed ghe typical characteristics

of a dense.qﬁartzose sand undefgoing shear. The llnearity of the

envelope above stresses of 3.0 kg/cm? is evidence of the competent

quartzose grain nature: no gross suppression of dilation has occurred.

‘This observation is confirm¢d by the dilative rates at fhilure;, which

show little change within the test stress range,

The low Qr values are a function of g{éin roundness and grain:

Y B
. -

smoothness.

5.9 Shearbox Tests on Athabasca'OLL Sand

5.9.1 Sampling L D ‘ S
' e ’
The samples came from the same suite of corc whicu provided
*
chg triaxial SPELimens Section 5.7.1 describes the sampling and

storage of these specimens. |

)

'5.9.2 Specimen P;cparﬁ%ion

.

All sh;arbox specimens for 1esc beries A to E wete prepared on
K

a Iathe in a LOld room, Eyrchex details of snmple preparation are .

-

reported in Appendlx B.1l. .

l to G-5 were prepared by direct trimminb of Te-

. Spncimuns

fribcrated But unfrozem soctlons ‘of core using a circular brass: trimming

e T~
ring and hcalpel. The Cechnique\asé&\ugg\g}mi1ar to(the methdﬁ outlined’

in Appendix B.2.1, ) ‘ \ IR L ';

“5.9.3 Specimen Description
(S

Several different materials were tested during the course of the

150
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shearbox tests on Athabasca 01l Sand. Complete descriptions, sketches,
et rel

and grain size curves for each undxsturbed specimen may be found in
Appendices E. 1 2 to E.).7 for the slx groups of tests. A general des-
cription of each test series follows 1 ' - '~
1. 0il Sand Shearbox Series A: Twelve specimens were tested,
Speeimen heights varied from 3.05 to 3.36 cm This series of

tests was pertormed on more disturbed specimens than thoseyof/the-
- Ealia

subsequent four test series all specimens displayed some dis-

v

turhance due to~expansion. Series A specimens wére chosen to rep-

Q

resent a wide range of bitumen contents. Specimens A-1 to A-1

cbntained an average of 47 bitumen (by total weight); bu'a den-

e =]

sities of these specimens varied from 2.01 ;£0° 2,08 gm/cc. Qpec-

Eimens A-4 to A-8 contained no bitumen; their pretest hulk densities

had a mean of 2.15 gm/cc The fdur remaining specimens A-9 to A-12,

‘were 011 rich (5% to 137 bitumen), and their bulk densities were -

‘low (with a mean ‘of 2 OO gm/cc) - ‘ -E .

2 0il Sand Shearbox Series B Three teéts were conducted on

{)'"-c Q 2
& laminated, silty, oll- poor na erial of unusually high léboratory

P

densities' 2 25 to 2. 36 gm/cc - A1l specimens dlsplayed cross-

Ve bedding at dip angles of 259 to 300 from the horizont&L\‘\Jyur

1men thickness for these and all remaining tests ranged from 2. 30
to 2.65 cm.
f93i-9ii?88nd Shearbox Series C: Seven shearbox tests vere per-

formed.en'a section of oil-rich core (with a mean bitumen content,

}test weighms ) -

A

laln bulk densities are from pretest volume and weight measure -
ments; . all bitumen contsﬁts are expressed as percentages of total prc-

- a-

s
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of 11%), wnicb displayed less disturbance than'any other oil-rich

section. Mean bfeteat bulk deneity was 2,062 gm/cc witb_littlied
- variation (standard deviation of .0065). All 5pecimenq displayed

beddinb dips” of\zoo .to 30° from the horizontal. =
4. Qi1 sand Shearbox Series D: This series consieted of four

) -

tests on g material displaying horizontal bedding. The mean bi.umdn

»

content for these samples was 6.52; bulk'densities varied from
2.04 to 2.06 gm/cc. . R |

5. 0il Sand Shearbox Seiies E: An intraformational clay from
the Upper Member of the ncqyrrAy‘Formation was selected. Four
specimens were tested, none of which contained any dqﬁéctable."

bitumen. The mdan bulk density of specimens in this test series

~

° was 2. 32 gm/cc

il Sand Shearbox Series G: This series consisted of a

comparative ‘tests on varfous samples. .Five specimens’

‘of intraformational clays;ﬂalibviéibly disturbed, were tested to
‘ 4,
assess residwal strength properties.; These specimens displayed

horizontal bedding, and contained 1itt1e or no bitumen For these

e

five specimens, bulk:densities in a highly disturbed pretest state

varied from 2. 06 to 2.21 gm/cc.  One specimen of remoulded material

I3

from Test A- 5 was tested at a saturated remoulded density of 2. 06

s gm[ce. Two eEecimens of highly disturbed cearse-~-grained oil -rich

- -

" sand (with a bitumen content of 14,8%) were tested at bulk densities

: of 1.85 and 1 91 gm/cc.

5.9.4 Festing Procedure - . o
. Cie . . N A . N ..{‘ .

Al spetimene eefe~tgimmed by lathe in a cold room, mounted in

-

| TN
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. }g cold.- state, and allowed to warm to room temperature only when the
total normal load had been applied. "The shearbox was {looded with

*wntcrg-@nd left €o stand for one hour to allow specimens to equili-

~

“¥brate. All tests were conducted in the same shearbox (Appendix C:

.

' Figure «{.1) and testing frame, with identical shearbox separations of
0.4 mm; al{'tcsts but bme were carried to a state of residual strength.

%QriCS'A_pesLs were conducted at varying displacement rates to assess

-the effect (if any) of negative pore stresses developed duting testing.
. N : o ) B "

. Other tests were conducted at displacement ratés_consideredﬁdbnser-

vatIvo,[orvtho particular material being tested. Fov example, Series E

—
e «

tests were displécéd at a rate of B.0/ x 10-7 cm/sec, resulting in

,/‘

.
“

times to failure of 12.5 hr at low normal stress, to 37 hr at a 'normal.

]
: i

v,strq§§jbf 3.5 kg/cmz. Sanébthe materials had very low compressibili-

ttés,'thé coefficient of consolidation was probably low, and even the .

. ~ ) ; '
minfimum time to failure of 12.5 hr may be considered conservative. The
oil-bearing sands and siléy sands were tested at very slow  (&bout LO‘S

-

cm/sec) rates of diépIACement to preclude E\sinterpretation of results.

To LllUStfatcvthisw consider the lowest value of the cocfficient
‘ T4 R E ' .

of conéolidation obtained i the triaIial tests:* 0.038 cm2/sec. " Assu.n-
' A L/ )

ingfa shearbox specimen thickness of 3.5 cm, and drafnagc only from the

 ends (in fact, radial d;ainage also occhrs), solution of the time to
failure formula given by Bishop and Henkel (1962) ylelds a value of’

537 sec, or somewhat. less than 9 min. The minimum test time to failure

-

was 1"% min, and most tests had times to failure of more than 360 mir.
oW . . .

After failure had occurred, the displacement- rate was increased

, - . ' \\ ) {
"to reach conditions of constart woid ratio in a reasonable

time; and a final cyclé of displacement at displacement rates of

o ~




o A ' ke . A154

"f'dpproximately 5 x 1074 cm/sec was petfonmxrto assgess residual strength,

For argillaccous matertials, the rate‘df diaplnccmont‘for this tinat
A o P
cycle was somewhat slower: 1.2 x 10-9 cm/sec to 5 x-10° 6 cm/sec
E A4
L agaLn to 5uarantee against any nonequilibrated pore preSsures Are-

neceous materials displayed residual strength characteristics within

" -

#1.5 full cycles (thret revereela) It was discoVered that even at the
o \ 4 :
maximum displacement rate possible (about ‘one centimeter in threeigﬁn-’

utes) the sandy oil-rich specimens showed no detectable shear strength
° eomﬁ%nent as a result of either bitumen viscosity or pore fluid
stresses.. %pvertheless, a congervative approach was favoured, and

. much slower displacement rates were employed consistently.

3

5.9.5 Test‘ResUrtS °
. - : - - ) N, v Ly -
1. '0il- Sand Shearbox Series A:- Table 5 7- cbntaxns perttnent

3

'test and failure data; Flgure 5.8 presents a Mohr-COulomg piot

g - S

of failure and residual stréss conditions-’an Appendix;ﬁ 1. 2
Vooa ;

£

repOrté'otﬁer-test data, includi she relation hips. between hor‘J
% 4 J

criptions.;‘ - oo ‘P o g o .

2. 0il Sand Shearbox Series B and D: The results for thise two

v

test series are combined. Table 5.8 reports the most important
test and failure data; Figure 5.9 shows the resultant Mohr-Coulomb
plot; and Appendices E-1.3 and E.1.5 coatain #est plots, grain size

curves, and sample descriptions.

~

3. 0il Sand Spearbox Series C:. Table 5.9 lists important test

~

IS

_"\A il

/  and failure data; Figure 5.10 is a plot-of stress conditions at
/ . S R
/// failure and at the residual state; and Appendix E.1.4 contains

further test and sample data. o

4
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TABLE

L)

SYMBC.S USED IN DATA ;RFLES-

e

vmeoL AND NAME

NITS

COMMENTS

‘Stress Ratio'

Df '1ace
: Faild
Total" ,m,"J
~ Volume e
«" ¢ - Change-
Rate of
Volume CMange:
at Failure

!

s | _Residua]lr ’_

..?r Secant ¢
7} “Time to
. Failure
~
1% 011
D11~

* Content

D,
8 N S
W? Secant W a
P at Failure o

.
n. Porosity Percent CaTqu]ated from v&]ume. dry‘mineral weight,
. " (%) | oil content, and moisture content
B.0. JBulk Density gm/cc Direct vo]ume/weight determination befo"e
: : © | testing . f
4 dn Normal kg/cm?® | Held constant throughgut test © i
: - Stress b o , )
T& < Shear Stress . Xg/cm? Maximum shear Stress 1s defined a?’the
. at Failure " shear stress at fa11uv& ‘i;
. L R & C' '0 r '%‘.:
Ki Maximums: ’ Maximum shear -stress d1v1ded by the normal

Degrees

cm

T

Percent

(%)

¥/cm

Hours

Percent

(%)

| Jailure; averaged over severa] datas points

Qegﬂe_s _ |

stress
L
g

= ARC TAN (If(qﬁ?

o . N
“ ..
u":y R

’ : A 59
\Maximxm.vo]umétric expansion in the first N
cycle aof the shear test (at peak. if negative)

L

Rate of volumerchange at and jusl preceding

ARC TAN (Residua] Shear Stress)

[ On ) N .
Rl ¢ ‘\,
Expressed: as 2 percent of orig1na1 total
weight of spec1men

«
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{4, 0il Sand Shearbox Series E: .Table 5.10 containsg the most

fmportant test and failure data; Figure 5.11 shows the resultant
Mohr-Coulomb stress plot; and Appéndlx E.1.6 presents additional
test data. . . .

. IS

5. 0il Sand Shearbox Series G: Table 5.11 is a list of pertinent

[

test and failure data; Figure 5.12 shows str&?@_cqnditions at
residual- strength for Series G tests; and Appéndix E.1.7 contains

further individual test data. ,

The dilative rate at failure is the ratio of the volume increasce

1

(Verticii dlsplauomoﬁt) to the horizontal displac;ment immediately

botone failury. lt-corresponds therefore to cho slope of the relation-

8‘ X
ﬂhiquctw.en vnlumo chanqe and dtsplacem )t imnediately before failurc
Qu\lelattunshxp\ hetwuen the dilative rate at failure and the normal

1 \
\ \

f%treﬁﬁ Lur the 12 dense Ottawa Sand tests and for Uil Sand Shed?box

»

Su‘itm A to K are plmtod in Figure 5.13, - R -3

“The majox results of the test sertés arg summarized as follows:

)

1. Maximum q‘ tor arenaceous oll sands is 36°, which corresponds

g CTO & stress ratio of 0.726. (Notwithstanding a small but persis-
: R oo
tenit tondency to cnréilincurity of the residpailgnvelope, the = -

' " ' <. L

» residual data have been preseunted as 11neay civelopes with angles

- g

of shearing resistance oqual to thg-means of allldeterminations.)

, B 3N . . ’ .
2. Minimum ¢ tor argillaccous beds in the oil sands is 189,
d

corresponding tv -a stress ratio of 0,325,
3. Regression analyses to yield-the begt fit power law,envelopé
have\ large positch'corr¢lgcion cocfficient’s. Table 5.12 presents

the failure cavelopes and correlation cocfficients foitthe various

)

-

3
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)

oil sand shearbox test series. /

4. Within a given test series, displacement to failure incfeases

Al Ll

with increasing normal stress, whereas the total volume change,
the dilative rate at fallure, and the minimum stress ratio qgcrease

with increasing normal stress level.

5.9.6 Conclusions ’

Examination of the strength values obtained and of the varia-

tions in displacement rates employed in Series A and C shows conclu-

o

stvely that bitumen does not contribute to long-term shear strength,
either by Viscous resistance or by generation of negative pore fluid

stresses, All data 1nd1cate that pore pressures were equilibrated at

failure, and therefore drained conditlons existed throughout the test.

series, . .

Specimen density per se can not be correlated directly with :
stren;th. The very dense. specimens from Series A and B displayed
lower strengths than those from Series C; therefore mlneralogy must
be an important factor (31nce Series C was more quartzose ,and coarser
grained than Series A or B). Density in oil sands is larger a func-
tion of sorting: silty sands have larger grain size ranges (poor
sortlng) and can produce a more compact structure without forming
the texture respOnsible for the high strengths,

Series D daé? indicate that strength parallel to bedding may be lower
than strength acrqss bedding. The relationship between normal stress and
dilative rate at failure (Flgure 5.13) shows that high dilative rates are "
correlated with high strengths. The mean grain size of the Ottawa Sand

ugsed for the comparative tests is much higher than the mean grain

size of Series C specimens (or that of any other series); yet the

L
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v
'

‘dilative rates at failure are much lower than those of the oil sand
; !

specimensi The total dilatancy in the fitst one-half cycle (failure .

‘cycleg of displacement is approximately the same for the Ottawa Sand

. as for tHe great majority of the oil sand specimens, sinée thé grain
L ) j . .

‘size of Ottawa Sand is comparatively large. Diminution of the dilative
behaviou; as'noqpal-st;esi rises is‘more'noticeable in éhe oil sanh
Specimens than (in the'Ottawa Sand. This is a func:ion;of individual
grain‘coipetence and of mineralogyﬁt Ottawa‘sgnd is an extremely com-
pretent, rounded' well-é&rted(sand' the quurtz in oil sands is less
_'rounded and oil ;ands always contain minor feldspar and muecovite
fragments, which cleave and crush t lower stresses than those néces-
sary for quartz. Furthermore, the mpetence of the individual quartz
grains in oil sands is probably less than that of Ottawa Sand grains.
Ks‘dilative behaviour is suppressed, cleavége of ﬁineral grains must
occur for movement along the shear plane to be kinematically possible;
therefore a tangent to the failére envelope at intermedia;e or at

) . . | T~
high normal stresses yields a cohesion intercept, whid®y is a measure
of the . amount of cleavage‘aﬁd grai; shear taking piace.

The Mohr-Coulomb failure envelopes have been drawn as curvi-
linear relatiohsh}ps. The assumption of curvilinearity is reaspnabie:
the dilation suppressién'phenomenon in cﬁese materialé is gradual,
becéuge of £andom Aistribution of grain contact angles; and a gradual
process must give rise to a gradual curvature. :Bilineéritf occurs
only on idealized failure surfaces with constant inclination of con-
tacts (Patton, 1966). Statistically, the power law fit provides
a large positive.coefficignt of correlation. This does not con-

P

stitute proof of the curvature, but it does provide support of the



concept. iNIvertheless, the use of a power law is pot intended to
f ! .

suggest a {undamqptal phy?ical relationship: it is a phenqﬂpnological

» . I
curve-fitting process applicable only to the stress range explored in

the study.

Further support of'thé concept of failure criteria curvilinearity

. and of the hypothesis of no cohesion is provided by two simple but im-

portant'qugﬁitative tests: slaking tests (24 hr) on fine-grfined bbre-

hole 8pecimens, and saturation tests on medium-grained oil-ftee'outcrép
specimens. Bbth tests indicate little or no cohesive component of

Yo

strength at zero stress. - . .

Bl

5.10 Ge?37Q1 Comments and Counclusions

5.10.1 Rejection of‘gggvious Slténgth Hypotheses

+ The testing program described in this chapter has led to the

re jection of numerous hypotheses concerning the saurce of strength in

.

the Athabasca 0il, Sands:
1. Stress-indepéﬁdent physical cohesion does not exist in the

great majority of the oil sands materials tested: although car-

.

‘bobate, silica, dry clay, or oxide cementation may be.a local and

minor feature, the.majbrity of oil sands genefate cohesionless

X

Mohr'-Covlomb strength'envélopes.

f

2. Viscous strength of yield strength redulting from the inter-

stitiallbitumén has not been detected: 1in the long term, bitumen

1

% acts as a liquid, and pore water is in‘sufficient‘continuity to

" preclude the géneration of long-term negative pore stresses.
ON- 3%

3. Interfacial tensions are negligible as a strength source in

171
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the oil sands: the general coarseness of the material precludes

"large interphase surfaces, nnd.bitumen-wate; and bitumen-air

~

7 systems have lower surface tensions than water-air systems.
4 Th'trength of oil sands is not a direct function of mate/rlal
density residual strengths are within the/normal range, and
compacted sand specimens display no anomalous behsviosral charac-

; s ay, ‘ -
teristics. Strength parallel to bédd;gg may be lower than in other
. 3 » ‘

directions.

'5.10.2 Source of Strength in the Oil Sands |
Many facts concerntné the strength of oil sands have become
apparent during the coutse pf the testing program:
1. In general, oil sand sbecimens display no stress-independest
cohesion. . B '

» 2. 0il sands are marked by an extremel; high dilative rate st o
failure; this rate decreases a8 stress 1eve1 increases amd results
in a curvilinear failure stress relationship.

3. The‘va}ue of[thevapparent cohesion istercept increases as
stress level ircreases and a: dilative behaviour decreases. C
4. The component of additional strength is greater in more

quartzoqe, coarser- grained materials.

5. ‘The sburce of strength is 1ost with the-gross textural dis-

turbance caused by expansion upon sampling. - f
o .

e

These facts lead to one conclusion: the fabric of the qurtz
grains is responsible for the unusually high’%hesr strengths of oil

sands, N
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 CHAPTER VI

COMPARATIVE STRENGTH.STUDIES OF ORTHOQUARTZITES
s ' _ »

Introduction .o

According to the geologicaf principle of uniformitarianism,

the fabric of the McMurray Formatioa regponsible for the unusual

strength behaviour caﬁ not be unique: other geologically similar

materials must display similar .btress-strain-strength behaviour.r
y

The three characteristics considered critical with reépect to the

unusual stress behaviour of the“McMurray Formation sands are the

a

quartzose nature, the lack of cohesion at. zero stress, and the age

of the material. On the basis of these criteria, three materfals

were selected for compar&tive testing:

1. St. Peter Sandstone: ' a well-rounded quartzose sand of

Ordovician age. RN

2. Swan‘River Sandstone: a well-sorted, angulgriﬁuarczose sand "

of Lower Cretaceous age,,stratigraphic{}ly very similar ﬁo the
McMurray Formation. | |

3. Swan River Preglacial Sand: a poorly-sorted, angular quart-
zose sand; likely of L&wer Pleistocene age.

All of these materials were tested in direct shear, and a

limited number of drained triaxial tests were performed on the St.

P -

Peter ‘Sandstone samples.

h
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6.2 St. Peter Sandstone

6.2.1 Sampling

_St. Peter Sandstone samples wefe oPtatnéd from a storm drainage
tunnel under construction ddriﬁg 1975 beneath che”city of Minneapolis
in Minnesota, U.S.A. A low-pressure water-jet was used for mining, a.
slush pump removed the slurry'ég wat?r and sand, a time-setting mixture
of a silicate comﬁound was used to reduce the‘permeability‘of the '
unsatufated‘sand, and sh?tcrete‘was applied for the initial tunnel sup-
port. The tunnel w;q excavated at the rate of 6 to 7 ft (two meters)
per mining squen&@, with a two-foot (0.6 m) wide central column lefc“
for roof support b;fo}e the silicate compound was sprayed on. Block |
samples were obtained fr;m the central pillar before it was removed.

The bed chosen consisted entirely 3fﬁcohesion1ess sand. The
sand was unsaturated, and dispiayed some,i?parent cohesioﬂ because of
pore &?tér cabillarity. To test for true cohesion, a small elongated
block was cut from the selected stratum and placed on gnd.b'Water
was dripped on ﬁhe specimen; if it coliaosed, then lac# of true
cohesiOn.was assumed. |

‘Four large blocksi each roughly 50 x 30 x 30 cm, wére cut by hand
saw, and carefully brought to the surface. The blocks were tfimmed by
spatula to fit into a 20 1 bucket, and a rapidly setting éixﬁure of
silicate was applied by hand to the exteri&r of the specimen to provide
some strength. It had been determined previously that a concentgated |
mixture of the ;tli;ate and its setting agéng would penetrate only

1 or 2 cm of the specimens before getting, leaving the interior sand

uncemented and unsaturated. The cylindrical samples were packed with

Al



loose sand to ensure adequate shock protection during transport. All

AR

samples arrived intact at the testing laboratories.

-
~. .

6.2.2 Sample Preparation

Great dif{iculty was experienced in trimming specimens for

~ .

testing. The St. Peter Sandstone-samples were extremely brittle and
lacked trué(cohesion. Shapiné\speqimens by lathe or tube methods was

~

not fegsible; therefore, a time-consuming,-but successful, method of

hand-trimming was used. , ;

Shearbox specimens were cut with hack saw blades, scalpels,

and a brass ring. Very gentle pressing of the ring into the specimen

J

and simultaneous removal of excess grains by é;alpel or hack sau'bladesv

eventuallj resulted in a full brass ring. The énds were trimmed care-
ﬁ’ fully to provide planar surfaces for uniform load distribution. Great
care was taken at all stages to prevent chipping of edges, gouging of
the specimen, or cleavage of the untrimmed block. Full details of
specimen, preparation techniques are repb;ted in Appendix B.2.1.

.It proved considerably more’difficult to obtain specimens suf-
ficiently cylindrical in shape with flat parallel ends for triaxial
testing. The four succéssful tests reported in this chapter are the .

result of 12 attempts: s8ix specimens were ruined during either trim-
ming or mounting, and two other specfmens failed by end crushing, as a
result of nonuniformity of stresses at the specimen ends. The appara-
tus employed for trimming was the common verticdl frame used for soft
clay spe;imens. A wire trimming saw was not effective in the medium-

grained sand; therefore sharpened hack saw blades were used to achieve

the necessary cylindrical sample. A U-shaped end trimmer with a flat,

\
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sharp hack saw blade was used to trim plssnr ends. Further details

are reported i{n Appendix B.2.2.

6.2.3 Geology and Sample Description

St. Peter Sandstone was chosen ;s ‘a comparative test material

. »
because it met the three basic requirements for/comparison with the

Athabasca 0il Sands: it is geologicslly old, it is quartzose, and
those portions sampled displayed no cohesion at zere stress.
St. Peter Sandstone is an orthoquartzite of Lower Paleozoic

4

" (Ordovician) age; it is chsrscteristically a transgressive beach deposit,
¢ '

and it unconformably overlies a series of largely carbonate rocks, which
disptey _progressively greater ages toward the northeast (Dapples, 1955).
The deposit has a mean thickness of‘23 m, and {8 found over a very

large area of the central United States (580 000 kmz) Roundness, good
gorting, and the moaomineralic nature of the grains indicate extensive
winnowing and multi-cycle reworking in higﬂ”ener;y, persistent depos-
itional regimes (i.e. stable coastlines with beaches and barrier

bars). In vicinity of Minneapolis, Mit”mesot'a, the St. Peteqand-

-

sone well sorted and‘has a8 mean diameter of 0.13 to 0.26 mm. The

mineralogy 1is simple: more than 99% of the grains are quartz.
The specimep; obtained for testing had porosities varying from
) . ' \ ) . .
25.8% to 28.5% for undisturbed specimens (much of the variation may be
a result of sample trimming and errors in dimension determinations. ).
To ensure that the specimens tested were essentially cohesionless,
-small intact pieces left from the trimming proceddre were saturated,

and they usually collapsed under their own weight. Lf any Btféngth

in a saturated state was apparent, the specimeﬁ from which the piece

176
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was obtained was rejected. o

} ' . ' Ne
6.2.4 Test Procedure

Shearbox specimens were mounted in the same shearbox and'
testing freme‘employed for all the Athabasca 011 Sands shear teats.
’?‘"’f o i
Specimens were . sybjected to the normal load desired for tesvtnﬁifindg

then flooded with tap wdter. The shearbox retainingsscggxp wera&if$i
-moved,.a shearbox separation of 0.4 mm was enforced, _anﬁ%&gsting **?k v
foLlowed Rapid displacement rates were possible be&euse oE the hfgh ‘-
permeabilittes (1 9 x 1073 to 4.5 L 10-3 cm/sec) and the negligible
compressib&lities. The ‘time to failure for all tests was one-half ®
to one hour; displacement rates were quadrupled dfter failure to
reach rea{dgal strength conditions rapidly.
Triaxial.specimens were trimmed to diameters of 3.81 cm with
\length-to-diameter ratios of 2.0; to 2_.5, mounted on a standard 3 cm
triaxial cell with porous stainless steel end plates, and subjected to
" dn effective confining stress. Permeability deteiminationa were made
on'teo specimens before testing. From the results of previous tests
on dense sands’ it could .be assumed that the pore pressures would drop
to the point of cavitation before fallure, therefore only drained tests
~ with volume change_meagurements were performed. Tests were continuee
to the point-where the‘stress-strain relationship showed a residual
strength state. This proved possible in the triaxial apperaaus only

because of the complete loss of fabric aftet failure.

w

6.2.5 Test Results
Table 6.1 contains pertinent teat .and failure data for the

shearbox tests on St. Peter S8andstone; the Mohr-Coulomb envelopes at
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the point of failure and at a residual strength atate ere presented in

Figure 6.1; and Appendix E.1.8 contains flirther stress-displacement
dltl.» .. lv | . ‘
W The results of 10 tests are reported in the table; :;2 of;cﬂh

\

e~\<fe$’mene were damaged before testing, and those test results reflect
the damage. Much of the remaining data scatter in Figure 6,1 is likely
a result of irfegulatities in the sample preparation technique: (Com~
‘pare, fo§\examp1e: the tvo'tests at S.O‘end 6.0. kg/cn? normal stress.)
! Rejecting.the teaultelffom the two obviouely disturbed specimens, the
remaining ¢ight data points fit.a power law curvilinear relationship
«" . with a high correletioh coeffieient The curve equations and corteie- -
tion coefficients, along with those from other test seriea discussed
in this chapter, are reported in Tabie 6.5.

The wain characteristics of the sheerbox‘\elt fecults dre: high
diletion rates at- failure, total (first-cycle) dilecancico considerebly
smnllet than thoae displeyed by Ottawa Sand, a mean residual angle of

"sheer reaiatance of 32.4° (rejecting the outlying data), and a gentle
envelope curvaturef . |
Triexiei specimen data show mo;e/;ariabiliCy as a result of the
difficulties,in obtaining parallei-ended,“}igﬂt'circulai cyliqoers Gigh
nd<edge chipping.‘ The data from the four successful tests are reported
in Table 6.2; the corresponding effective stress circles are preaenﬁed‘
in Figure 6.2; :nd further test data may be found in Appendix E.2.5,
A hand- sketched enve10pe is drawn in Figure 6.2, since four data points
are considered insufficient for statistical correlation. The power law

grelationship was obtained by plotting the envelope on double logarighmic

graph paper to determine the appropriate coefficients. The residual

[
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ehvelopé at an inclination of 34° is drawn on the-éssumption that a
residual state had not been géached in fest STPT-0.526.

The stpength r'esuylt”s a\t;e not surprisppz the light of the data
reported in the previous chapter, but the very small volumetric expan-
sion before failure is remarkable. Although largely a function ot
strain energy storage in the testing apparatus, the sudden nature of

the failure, at both low and high‘stressea, attests to the brittleness
of the material. é -
6.2.6lConc1usions

The’behaWiOJr of St. Peter Sandstone, in both direct shear and
triaxial test configurationB, is similarkto‘that of Athabasca Oii Sand
(particularly the Series C tests). It may be argded that théﬁénvelopes
presented are minimum envelopes; that is, strength in gig_ mist b%'at
least equal to (and probabfy higher than) that obtained iﬁ the labor—.'
atory. Sampling, specimen preparation, and test pro:edufes can not
.in any way add to the strength: they can oniy decreas= it; therefore

the uppermost data points are probably the most reliable. Nevertheless,

a statistical curve-fitting technique has been employed where applicable

A %
to eliminate personal bias.
The component of strength above that of a normal dense sand -;
‘is quite remarkable for the St. Peter Sandstone, Its graihs display
\ N

a mach gfe;ter degree of roundness.than the sand grains from the
McMurrgy Fo;mation& and in general the graing are more equant; yet

the degrée of textural interlock is.sufficient to yield shear strengths
at . least twice ;s high a:< those of a dense sand (within the test stress

range) and considerably higher than the st;engﬁhs,from Series C of the -



»

t ~

oll sand shearbox tests.. The envelope curvature is somewhat less than
thag of the bcper”matgrials tested, as the individual grains of tﬁe St.
Peter Sandstone are more competent because of the multi-cyclic nature
of the erosit: inéqnpctgnt, cleavable, and stressed grains have

been elimiﬁated. fhé tgndency'for dilative:behaiiour to Se suppressed

in favour of grain shear is-therefore less than in other test materials.

6.3 Swan River Sandstone

6;3.1 Sampling o

Block samples of Swan River Sandstone were obtained from.the
banks of the‘Swan River, gigﬁt kiloneters downstream (eést) of the
towt of Swan River in Manitoba (Figure 6.3). A single block large

enough to provide 20 shearbox speciﬁens was trimned by hand from the
. 9

back-slope, placed inside a plastic bag to prevent desiccation, and
carefully set o1 a layer of loose sand in a cardboard box. Only par-

tial success in-obtaining samplés was achieved: upon arrival at the

] ) .
testing laboratories, the block specimen had already lost close to 507%

! .
of its volume through attrition of grains and cleavage along pre-exisfling
planes of weakness.

" :6.3.2 Specimen Preparatioa o
. .

- Specimens of Swan River Saundstone were prepared for shearhox

tesﬁing by the same methods used in the preparatioﬁ of St, Peter Sand-

stone specimens (Séction76.2.é).,
The block sample of Swan River Sandstone provided only four
intact specimens, During the trimming of the fifth specimen, the

remainder of the block (about 4 x 104 2¢ in volume) disiﬁtegrated
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into chunks, none of which were large enough to serve as shearhox or.

\

triaxial specimens. \
|

The pofosities and bulk densgities of the spec{mens‘were cal-

v

culated from pretest dimensions within the brass trimping ring, and

froy post-test dry weight. Tne calculated saturated bulk densities

~varied from 2.04 to 2,10 gm/cc, corresponding to porosities of 37.0/

\

to\?3v¥% %espectively. ) ' o \ a)

\

Irregularities of the specimens within the brass trimuing ring

. ) - 2 ,A
probably account for most of the variation in the data. i

6.3.3 Geology and Sample Description
o 3;;&'5‘7 ¥l .
The Swan Rlver Formatio1 which crops. out irr west central Man-

~itoha (Figure 6.3), consispg,largely'of quartzose, arenaceous sediments

approximately 60 m in depth, and is' of & general transgressive nature.

"It is the lithologice equivalent of the McMurray Formation,.although it

may be somewhat younger stratigraphically. The Swan River Formation

. lies uncouformably upon a Paleozoic erosion surface, but the lime-

stones underlying it may be somewhat older than the limestones. under-

lying the McMurray Formation in Alberta.®
. .. ) . '~\
The primary .source of the Swan River Sandstones was the ignequs
O

rocks of the Canadian Shield to the northeast. Repeated reworking in

the final depositional environment is not evident from the grain char-

¢

acteristics. Ihis indicates that the unit likely répresents a single
s .

major transgression over a geologically short time period.
At the base of the Swan River Formation is a sequence of fine-

grained materials which consist of clays and clayey silts with occasional

lignite bands and minor pyritic concretions. ~Although they are Separéted'

o

186
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by sbmewhat over 800 km, the similarities between the Swaa River For-
mation and the McMurréy Formation are striking. Eyen the sub-parallel N

3

stress-relief joints evident in the McMurray Fbrmatio? ostcrops are

found in the outcrops of Swan River Sandstone, .

\/h

The sandstone displa{s grain characteristics similar to those of

the McMurray Formation sands; for exaﬁple, the mineral content is almosr

- . ‘ .

eéntirely quartzose, the grain shana varies from roundad to angular, the
< ' :

grain surfaces display less rugnsity than that obsetved in the oil sands,

and a good degree of sorting is evident.

6.3.4 Testing Procedu;e . . -

~ Five intact specimens were tested by direct shear, but oaly four
generated adequate failure data; (The sample té&ted at 8.0 kg/ém2 ha&
been distuirbed .before te;ting.) The sixth spécimen waé'disaggregdtéd
én& redensified in a shearbox bythe methodg:described ﬁnYChaptér v

s

' \ e . -
(Section 5.8.1). .The same shearhok’ and testing frame used in previous

<

' shearbox tests was employed for these spgéimens;jand the shearoox sepdra-
‘tion was again 0.4 mn. Test dtsplh:ement rates-employed were relatively
- ravid (5.4 x 10-5 cm/sec) because penﬁéabilities were high. All.

tests were continued to a residual strength state. ¢

6.3,5 Test Results

b  .TabIe 6.3 reports test date fof the shearsox tests on the Swan
River Sandsténe; Figure 6.4 is a grap' .f the relationship between nor-
mal st;ess ;nd sheaf stress at failure; .nd individual plots of the
relationéhips between digplacement and volume change, and between dis-
~p1a§ement and stress ratio, ﬁay be f?und ig-Append .x E.1.9. |

The failure equéiope in Figure 6.4 is drawn as a power law
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curvilinear relationship (the results of the test performed at 8.0
\ D

kg/cm? were not included.). Actually, the~data'poinﬁs may be con-

nected by a straight line, but the previous shearbox data indicate

that a curvilinear envelope is more probable. The coefficients of

the power law regression equation énd'the_ccefficients of correlation
&

E%}e presenged in Table 6.5. The stress-displacement and strength char-
, .

acteristics are similar to those generated in previous test series:

A

displacement to failure increases with normal stress, and progressive
o

6:3.6 Coaclusions

3

suppression of dilative behaviour occurs at higﬁer stress levels.

-
-
AN

Notwtfhgtaﬁdtng the high porosity (35.3%) compared to the St.

k4

Peter Sandstone,\ng strength results are similar.

Only four tests
‘over a limited stress\fangé could be performed, but sufficient data

were generated to permit comparison. The porosity achieved in the

“redensified test (37.2%) is close to the porosity of undisturbed samples

‘but it is obvious that the fabric responsible for the unusual strengﬁhs

o

’
can 10t be duplicatéd by artificial densificatiom. The fabric is there-
fore not a direct function of specimen density.

The dilation rates at failure avre lower than those of the St,
. -

Peter Sandstone; nevertheless the total dilatancy in the first cycle

is higher. Increased angularity of the speéimeng may aid Ld“verticgl

—_

propagation of the failed (diléting) zone, making it larger than in the

*
lower. Tﬁé’ﬁﬁch‘lowexkggrggigﬁes (27

hough dilation rates at failure are

well-rounded St, Peter Sdndstonme. Thérefore an overall greater total
dilidtancy may be obtained even t

—_—

\

support this hypothesis, since, if other conditions were constant,

%) of the St. Péter Sandstone

: |

190-
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greater dilatancy would bYe. observed in denser specimans.

6.4 Swan River Preglacial Sand

6.4.1 Sampling

A bed of sand (presumably intefglqcial or preglacial, sinée it
1s overlain by till) was observed durfﬁg the field trip to'obtain
specimens of Swan River Sandstone, Although this sand is geologically
yoang, it was sampled for comparative study since the overall lithologxz
is quartzose and no cohesion is displayed. Block spegimené were ob-
tained by shaping a circular pedestal on the outcroP,;thenlélowly
trimning ‘down ; pirculaf tin to provide a flush fit to the sample
block. -Loose sand was pbured in the gides as tequired to provide

lateral support. The specimens arrived at the teéting laboratdrtes

intact,

:).4.2 Sample. Pi‘eparation .
The method used to prepare specimens for shearbox ;escing was

- ’ ' . : Y
identical to that used in the preparation of specimens of St. Peter '

and Swan River Sandstones (Section 6.2.2).

6.4.3 Geolozy and Sample Description

Swan River preglgcial sand occﬁrs in a Iayer aﬁ least four
meters thick in a river outcrop 12 km eastpof the town of Swan River
in Manitoba (Figure 6.3)., ‘It is a horizontally bedded, slightly fer-
ruginous sand displaying no wet cohesion, but some dfy cohesion due

to desiccated interstitial clay. Current beéding is characteristic

of the medium-grained sands, whereas horizontal laminaz are the
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domingnt feature of the fine-grained sands. No cil] underiying the
)i ' ' ‘
sa1d w8 ohserved, although outcrops were not extensive cnough to pre-

clude this possibility, The sand is thought to be preglacial or Inter-

glacial, perhaps depoaited in a preglacial lacustrine delta regime,
The medium-grained sands are incompetent and proved impossgible
to sample, but a number of fine-grained specimens were obtained The

horizon ~sampled and tested was classified as a quartzose sandy~silc B

-

with a ferruginous reddish hue. Thin section examination revealed a

few lithic fragments and accessory clay minerals and feldspars. Pre-
test porosities of 35.0% to 36.2% were measured. Mineralogic assess-
ment of a fine- grained sand fraetion revealed significanb quantities .

of moqtmorillonite, confirming a Quaternary origin for these %ands. ////

{
|
6.4.4 Test Procedure

The pracedures used were- identical to those used in the Swan
River Sandstone series of shearbox tests. Specimens were trimmed with
the bedding planes within five degrees of the shear plane, Only fbar

,specimens were tested; furthet (esting was coasidered unnecessary.
L -

Y

-

6.4.5 Test Results

 Table 6.4 Pists important test and failure data; Figure 6. 5

‘ shows the relatioqship between normal and shear stresses at failure
.and at a residual state;cand Appendix E.l.lO contains compiter plots -
of the relationships between displacement and stress ratio and between .
displacement and volume chnuge
Dilative rates at‘failure, secant ¢ valdes, and streas ratios at

failure are much lower than those of the test series reported prev-

1iously in thig chapter, but residual envelope data are vegy eimtlar.

a
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6.1
O Peak strength
B ® Residual strength
4

. 0.90
Tf 0‘920n

~

Shear Stress kg/sq cm

T

Porosity: 35.6% average
Bulk density: 2.08 gm/c«
(saturated)

] ) ]
0 2 ‘ 4 6 , 8

o, Normal Stress kg/sq cm | ;

Figure 6.5 Swan River Preglacial Sand Shearbox Series

S

L
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Envelope curvilinearity is ag#in demonstrated, but tis less'pronounced
than in the other test sgseries. Failure'envelope coefficients~and stat-
{stical coeffic{;nts of correlation may be found in Table 6.5. Dis-
placement to failure is considerably greater, and the totél dilatancy

in the first cycle is less than that of the intact materials

previously tested.,

6.4.6 Conclusioas

Porosities of the Swan River preglacial sand are similar to those
of the Swan River Sandstone, but strengths are much lower. The com-
. ‘ ’
ponent of strength at failure is very similar to that obtained in the

series of tests oa compacted Ottawa Sand, and the dilative rates at

failure are also similar, notwithstanding a gross difference in grain

size.
The component of extra strength related to great geological

-age is missing in this mate%ial: it is a young sand, and it behaves

. R)
a4s a normal dense sand.

6. “wvneral Comments and Conclusions

\
-1 Dilative Behaviour and Displacement

'

Figure 6.6 presents the dilation cha’acteristics of the three
materials reported in this chapter; curves génefated from the Ottéwa
5and tests and from Oil Sand Shearbox Series C tests are included for
comparisoa. The conclusions to be drawn are incontrovertible. The
bigh strength is a gesult of high dilative rates before and during
failure; the source of the high dilfﬁiye rates is the intergranular

fabric; and the interé;anular.fabric is a result of the geological,

195
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postdepositional history of the sands.

Figure 6 7 demo1strates the increase in to*al displacement to
fallure in specimcns’displaying lower strengths. The St. Peter Sand-
stone shows the least displacement, although it was the coarsest-grained
natural material tested, the Swan River preglacial sand? which was the
finest;grained material tested, displays the largest displacement to
failure. The relationships presented in gigure Gf} are sketched as’
straight lines: it should be emphasized that this was done to acceh—
tuate the differences between the data groups; “n fact, there is

'
!

reason to believe that' a curvilinear relationship exists, as indicated

N by the data points.

6.5.2 Envelope Curvature; Coefficients, and'Correlation Methods

Table 6.5 presents the coefficients of the statisticallv fitted

power law curves for the‘thrée materials tested. In nost cases, the .

power law correlation coefficient is greater than the correlation co-

efficient derived from a linear assumption. The single exception to

this statement is the Swan River Sandstone group of tests, which “have
R i !

a c0cfficient of correlation of 0. 987 assuming a linear envelope.'
Insufficient data were generated to fully assess the strength of this
material, but further data at higher stress levels would probably‘
'emphasize'envelope curvilinearity.

.The power iaw relatioaships are not applfcable to significantlv
higher stress levels than those employed in the testing'program. A
power law equation of the form used in this work'has an‘ever-decreasing

tangent value as stress level increases, This is unrealistic, and it

‘may be assumed that at higher stress levels the failure envelope will

198
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v

parallel the residual stress envelope. Parallelism would be expected

"ito occur at that stress where the dilative rate at failure 1is zero.

Higher normal stresses may, however, cause fractwre of grains and

destructioa of the intergranular texture responsible for the high

.k .
strengths: failbrp envelop€s would then be lower than anticipated
by an assumptlon of fabric gieruption only by shearing. J
!

6.5.3 Conclusions

a

v

Synthesis of the data. reported in this chagtfr with the data
reported in Chapter V indicates that geological, poatdegoeitional

texture (i;e._diagenetic>fabric) ie responsible for the strength of

. . o
these materials, The intergranular texture responsible appears to be

A—-———eharaeteristic—of~géological19 pld‘quartzoee sands which do not contain

true cementing ageunts to provide a stress-independent cohesion,’
Although all three "old sands' tested are underlain directly

by caernate rocks, none contain any significant interstitial car-

o

bonate cement. Nevertheless, if the materials contained sufficient

cement to regult in a significant true cohesion, failure envelope

curvilinearity and high strengtls w011d still be expected.
Diagenetic processes have acted for millions of years on these

geologically old sands: tectonic'and metamorphic processes have not

.

noticeably'altered the deposits;, therefore a diagenetic atrength source

is the only possible éxpianation. The only significant diagenetic
I

processes operating 0a quartzose gands at shallow depths of burial

are thoee of quartz solution and deposition, Chapter VII discusses

these processes.

200
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» CHAPTER VII o

THE FABRIC AND SINGLE GRAIN CHARACTERISTICS OF

LOCKED -SANDS

7.1 Introduction

The term "locked sands" was chosen as an appropriately descrip-.

tive name for old, quartzose sands displaying little pr no cohesion
{

~ at zero stress, and having a particularly large dilative strength com-

1

ponent during sheag. When the diiative component 1is suppressed by high
normal loads, particle shear and a markedly curved failure envelope

result. The postulate of the existence of ‘a distinct class of engi-’{f

. ~

neering materials with unique stress-strain-strength characteristics

i

“requires- supporting data. This'chapter’identifies ‘the specific tex-

'tural and fabric features responsible fot the ehgineering behaviour‘

,t‘-'

i
K4

of locked sands,
Microscopic techniques were used to deteEmine the microtextural
and nicrofabric‘characteristics responsible fnr the ntgn dilatancy
rates during shear ;and to define the geological framework in which
these characteristic&,COuld be placed. Four natural materials,discussed
in the preceding two chapte:s were exanined: McMnrtay Formation'sandaf'

St. Peter Sandstone, Swan River Sandstone, and Swan River preglacial

sands, Optical and electron microacopes were used.

201
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7.2 Sandstoae Noménclature

The term "sandstone' implies a material with a str;ss-indepen-
deng’cohesion sufficient to provide a dgfinite'competence to saturateé,

& hand-held gpecimeng. "Sand" implies no cohesion, Sandstones may vary
from low-pofosity duartzités_which &Lsplay uncoﬁfined compressive
strengths in the order.of 700 kg/cm2 (10,000 psi) to‘friable strata
from'which it is impossible to obtain a specimen for compressive ékrength
testing., The érequent occurrence of the term ffriable sandstone' 1in

geological li;erature, particularly in reference to sandstones from

nonmetamorphic, nontectonic areas,. suggests the existence of a.separate

f <

class‘of engineering ﬁaterials,'viz., locked sands. The following
definitions are sgggested for érenaéeous materials: -
1. Sand: an aggregate of dominantly sand-sized partigles.dis-
playing little or no cohééion>(1ess fhan 0.3 kg/cmz) iﬁ a. saturated
state, with én approximately linear péakvgtrengtb'enveIOpe that
is less than 100 to 12° steeper than the gesidual‘eﬁVelope;
2. Locked sand:“an aggregate of dominﬁntly sand-si?ed particles -

displaying little or no cohesion in a'fully'satufated; stress-free-

state, characterized by a curved peak strength envelope that is

more than 10° to 12° steeper than the residual envelope.

Geological age and quartiose mineraiogy.seem to :be prerequisites

°
i) c

fdr locked sands. Porosities.somewhat lower than those of-a dgnse
sand are characteristic, The material displays a large dflative

strength component during shear which 1is progressiVely sﬁppressed

o

by higher normal loéds.

7\\\7\\\\\\\\\3: Saundstone: an aggregate of g

—_—

‘particles having



eitherrinterparticle physical cementation, or a degree of interlock
sufficient to impart an appreciable gtress- independent cohesion in
a saturated state, In the absence of true mineral cement, porosg-
ities are low, probably less than 207 in a well-sorted material
Although the definition of locked sand is based onwa limited
number of materials it is likely that locked sands are common in the

{

Cretaceous and Tertiary strata of western Canada. Amoag Cretaceous

sands which probably display 8some locked sand characteristicg a%e the

Milk River Sandstone the Cadomin Formation, the Cutbank Sandstone, the

. Ellersglie rormatio1 and 6ther quartZose, sandy equivalents of the

>,

Lower Manvitle; ‘as well as other quartzose sands which are not cemented
by calcium carbonate or iron oxide. Tertiary sands which may display
similar behaviour include the Ravenscrag and Paskapoo ‘Formations {where

not cemented), although the necessary diagenetic alteration is dimin-

od

ished because of lower burial depths and lesser age,

!
i

7.3 Optigalwqigroscoge~_§gdies

7.3.1 Equipment

" The optical microscope used was a Carl-Zeisgs Mono-Binocular

Petrographic Microscope with a built -in 35 mm camera. 1In addition’

to the usual petrogr}’hic mig,oseo/e accessories, an automatic exposure

device was used to’obtain correct’ exposure at all light levels*? Mag-

nification ranges used- in this study ranged from 10 to 250 times as

measured on the 35 mm colour slides or the black and white negatives

-

Further tenfold magnification during photographic printing was achieved

without significant loss of grain density.

3

1
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7.3.2 Thin Section Preparation -
Representative samples of the locked sands (Athabasca Oil Sands,

St. Peter Sandstone Swan River Sandstone) were set aside for the man-

ufacture of optical microscope thin sections of standard thickness

(30 u). The friability of the material, «the presence of bitumen in .

$

the ail sands, and the lack of cohesion when wet necessitated the uge
o kS

of unusual preparatory techniq’es. . - o o »
Oil-free medium- or coarse-grained sandstones (St, Peter Sand-
stone, Swan RiverFSandstone, and‘oil-free McMurray‘specimens) were
relatively simple to Prepare.  Careful handling was required to avoid
disintegration during impregnation with plastic ;eSLn but no complex
or unusual procedures were necessary, . f 5
Equant specimens (20 to 100 cc) were cut from hand specimens
‘and block samples through careful use of a coarse-toothed hack saw |
blade. The specimens were allowed to air dry, heated in an oven to

80° to 90°C, then placed carefully in a shallow dish containing pre-

-mixed and heated (IOO°C) epoxy resin. Capillary tension caused the

of the epoxy'appeared to Be similar to that of water at 259C); the
€poxy was permitted to harden; and standard thin section preparatory

techniques wefe then followedt

this method; grain plucking was minimal, uniform thickness was achieved

readily, and the microfabric was preserved Nevertheless the high in-
c1dence of cracked grains suggests that great care must be taken during
N ?
the cutting and grinding of thin sections. For future work the use of

a strong dye mixed with the impregnating resin ig’ suggested Clear

-

%

204



- 205

.resin and quartz are difficult to differentiate microscopically in ‘

plain light, and the addition of a strong dye would permit the use
. . .

3

of nonpolarized light during microscopic examinatioﬂfﬁ”

Thin section preparation of fine-grained oil-poor sands and

siltfy sands was more complex than the preparation of coarse-grainec (

oil-free locked sands. o

0il Sand Shearbox Series A consisted main1y of fine-grained

sands and silts, with the first eight specimens having relatively low
/

.bbitumen contents or no bitumen whatsoever. JDrying the samﬁlea.in a
-cold storage room (at -20°C) or in a heated roém (at 20°C)'resu1ted in
extensive crag&ng;ﬁtherefore the samples were freeze-driea. " Specimens
) hq -200C were piaceq in a ;acuum flask, andithe flask was surrounded

ﬁy dry ice while vacuum was develp;ed\ Twenty-four hours were required

at a vacuum of 250 p of mercury pressure (3.3 ; 10°4 atmospheres) to
" assure dryingf' |

V-When dry, the samples were encased in polyesterncagting resin
ard allowed to set. This method has not proved entirely satisfactory:

o ) X .
reaction occurred between the small quantity of bitumen and the resin, '
! . . -

13 ~
~

resulting in bubblingﬂand separation of the resin from the specimen.

This method, however, was satisfactory for oil-free specimens. Some
R I

'Beﬁetratioﬁ of the high molecular weight resin into the oil-free spec-.:
. . 2

imens?wgs achieved through repeated evacuation while specimens were

o A

totally immersed in the casting resin.

" - T, ' |
The encased specimens were cut 4in the desired orientation, but

griﬁding soon revealed inadequate pedetr;Eion'of resin inko the fine-

4
grained layegs. To achieve high-quality, uniform surfaces, further

impregnation was‘required. After a relatively flat surface was
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0
obtained (on 360 mesh silicoa carbide paper), the specimens were heated,
slowly to approximately 80°C, and several drops of pfemixed, rapid-
setting epoxy were applied. The specimen heat resulted in rapid flow
and absorption of sohelpf thé epbxy{ and the impregnaéion process was

furthered by pressin h'flat, Héated spatula blade on the specimen

surface, ,Aﬁheg; t had hardéned, the excess epoxy was ground off. When
o \ ‘ :

¢ i

necessary, the process was repeated.severai times to ensure that the
- epoxy penetrated at least 30 u into the spec%men*sgrface. The flat
sﬁrface was then attached to a glass slide, and normal tth section
techniques were followed. ¢
. All attempﬁs to make high-qualf%y thin sections bf‘mediqmé ana .
coafseogra;ned oil-rich sands ffom borehole specimens failed. No resin
was found ﬁo meet the following three requireméntszb low temperature
aaplicability, nonreactive with bitumen, ana shfficiently pe.ptrgtive
to pcrmip'adequate grain cehentation. e
Comparison of bulk density data ffom laboratory specimens and
from borehole géophysiéaL:devices indicatés that coafgé-grainea oil-.
rich sands undergo_iOZ-to 20% volumetric expansioSL(Chapter IV), and
therefore microfabric must be someﬁhat distﬁrbpd; Exanination of thin
. . ) ‘ _ )
sections prepared by a coking-ihpregnatiqn teghnique developed at the;
Albefté-Research Council revealed a "gané-grain-floating-in-matrix"
structure, This method, although adequate for mineralogy, was inad-
equate for the purposes of this.research.. |
The oaly ;oépse-gratned oil-rich specimens prepared were severalg
: ' 'y

hand specimens obtained from outcrops, Ehe bitumen had hardened suf-

ficiently to permit. encasement’, but the results of thin sectioning were

-
o
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not consistently satisfactory becausge of excessive grain fracture,

Over SOO.blnck and white negatives and colour transparancies

v

N

were obtained from nhe optical microscope study. The studyimaterial
‘consisted of 53 thil sections ‘approximately 25 of which were of low
quality because of grain plucking, excessgve grain fracture, improper
thickness, or fabric dfqrnption. The experimental nature cf thin sec~
tioning techniques in these;materials, and the difficulty of dealing
with cpecimens containing bi%umen, were responsible for moet of the

i

poorfquality thin sectioas.

O 7.401 Equipment

Tﬁ%‘qeanning electron microscope used was a Cambrldge Stereo-
scan (Model,Sf4). The secondarytelectron emission at excitation levels
of 10 to 30 kV from a coated Sspecimen in a vacuum chamber (10°2 torr)

was viewed directly on a cathode ray screen, and also occasionally

i . [T
photographed 0a a 57 mm square negatxve. All specimens were coated

with carbon, then gold (each layer approximately S0 to 75 £ thick) in

4 hot-wire Vacuum evaporator (Edwards High Vacuum Company). Noncon-

ductivity and otherwise nonideal behaviour of quartz gand specimens
resulted in & maximum resolution level of about 500 X. This value is,
however, Weil below the minimum.re901ution range used in this study
(2000 X), and was therefore not detrimental to the interpretatioa of

the photographic data. The specimen mounting frame uged during ohser-
,.P

.

‘vation had rotational, translational and gi)ping coantrols, which pro-

vided almosc complete access to the specimen surface at any desired



orien oa, and also permitted - 'erreoscopic pair photojsraphy.

7.4.2 Specimen Preparation Tech: es

Surface textures and shanes of individua1.grains were studied
by scaunning .clectron microscope methods. For oil-rich sands, all
bitunen wasbremoved by extraction with toluene. For all ﬁatural sands,
the grains were disaggregated in water, cleaned ultrasonically or by
gentle shaking for sevgral minutes, thoroughl? dried, and then sieved.
The small metallic stubs used in the scanning electrdn microscope Weré
. cleaned, coated with a thin laYer of low-resistance contact cement,
and immediately, dusged with a few dry grains to provide a low grain
density,'resulting in tﬁe best possibie photographic conditions.
Undisturbed specimens of several arenaceoﬁs materials were
mounted for electron microscob;. Freeze—dried‘oil-poor 0il sand spec-
imen;, And dried intacp spécimens of other locked sands were trimmed
carefdlly to form small cylinders or polygonal prisms about 0.8 cm in
/ ¢

‘diqgibgr and 0.8 to 1.5 cm in length., The base of the cylinder was
attached to the metallic séanning electron microscope stub with low-
resistance contact cemenQ?,and some of the cement was painted on the
sides of the specimen wiggva soaked cotton swab, This was found nec-
essary to insure a cgntinuous conductive layer whiéh w011d.permit elec-
tron L?avel betwzen tﬁe specimen surface and the stub, Before viewing,
a fresh fracture face was created aund the specimen was coated in vacuo
rwith a layer of capbon‘a*' two layers of gold, each abou; 50 to 75 K
thick, A double gdid coating was used because of the'excess;ve

"“charging'" observed in the first specimens whicqsyere sinzle coated.

The vharging was due¢ to incomplete conductive commnnication with the

208
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base, and resulted in intensely bright areas oa the viewing screen.

Ig has not proved feasible to date to study undisturbed coarse-
grained oil-rich specimens by scanning electron micfosc0pe methods:
bitumen tends to bubble or move when subjected to high vacuum; coat-
ing does not adhere well to the bitumen, resulting in charging; and
coarse-grained specimens have little coherence and tend to fly apart
during the rotatioqal coating process. Only individual grain mounts
of coarse-gfained material with the bitumen removed were viewed.

t“Table 7.1 is a list of the individual épecimens'exgmined by
scanning electron microscope methods. Because the scanning electron
microscope‘préduces a photogrgfh of,a‘surface in three dimensions, it
is particulafly.dseful to stﬁé; grain shapes and textures. Tﬁerefore,
over *904 of the specimens listed in Table 7.1 were individual grain

moungs.. Over 400 photogzraphs were taken; selected photographs are

«

presented here. .

To avoid experimental bias, a random selection method for grain
s = . RS
b
@ﬁhape and surface texture examination was employed. The scanning elec-
‘d)‘, g . ’ RN
tron microscdhe operator (a technician with no geological background)

was instructed to mount specimens, to -randomly turn the translation

P el

" controls, and to chdose the nearest grain to the center of the viewing
screen. Two photographsiwere’taken: ~o:i"e'shbwin;g_the‘entire grain, and
< ,,]",‘-';--' .

one showing the surface. texture of the center portion of the-grain.

" This- procedure eliminated pzrsonal bias in the selection of surface

texturfe specimens. <

7.5 Grain Shapes ‘

All materials tested were highly quartzose; quartz generally

.



TABLE 7.1

SUMMARY OF SCANNING EL  “RON MICROSCOPE MATERIALS

210

Specimen Description and Comments Usable
Identification ; Negatives
A. Undisturbed : .
Specimens -Diagenetic fabric study 43
(1) Bl to B7 -0i1 sand specimens, fine-grained, .
16-17 meters (1) 29
(2)  STP-1A -St. Peter Sandstone, Minneapolis 7
(3) SR-A-1 -Swan River Sandstone, Manitoba 7
B. Grain Mounts -Study of size, shape and surface 327
' texture
(1) ATS 134'-135' | -Fine oi] sand grains, borehole : 7
' specimen, 17 m (-100+200,-200+
v 300)(2)
(2), ATS 156.8" -0i1 sand, borehold specimen 16
23 m  (-100+200, -200+325)
(3) ATS 189.75" 011 sand, borehole specimens, 33.4 m| _ 40
A-10+20, -20+40, -40+60, -60+100,
-100+200)
(4) ATS 190.5' = | -0i1 sand, borehole specimens, 33.6 m
(-100+200, -200+325) 16
[ (5) ars 2100 -Coarse-grained 0i1 sand, borehole 32
. specimens, 40 m '
. (-20+40, -40+60, -60+100, -100+200)
(6)  MD-75-1-2 -High Hill River, crossbedded sand, 16
. ’ Middie Member (-60+100, -100+200)
(7)  MD-75-1-4 -High Hi11 River, Coarse sand just 8
‘ above basal conglomerate (-100+200)
o (8) MDh75-2-1 -Cottonwood Creek, coarse sand 3 m 16
. ~ below 0i1 (-20+40, -60+100)

(1) depth below top of McM. Fmn.

]
(2) sieve ranges studied



TABLE 7.1 (continued) .

Specimen
Identification

Description and Comments

Usabte
Negatives

(9) MD-75-3-1

(10) MD-61-4
(11) MD-75-6-2

(12) STP-1A
(13)' SR-A-1

(15) River Sand

(16) Ottawa Sand

(17) Crushed
Ottawa Sand

-Mouth of Christina River, ‘Middle

Member McM. Fun. (-60+100)

-Zebra-striped sand, Christina
River outcrop, base of McM. Fmn.
(-20+40, ~40+60,‘-60+]00)

"~-Coarse sand, 51metérs above basal

clay, Mackay River
(-60+100, -100+200)

-St. Peter Sandstone, linneapolis

o

- 24

16

52

(-60+80, -80+100, -100+140, -140+200)

-Swan River Sandstone, Manitoba |
(-60+100, -100+260, -200+325)

-North Saskatchewaaniver sand,
Edmonton (.2mm - .4mm fraction)

-Coarse Ottawa Sand, as received
(-20+30)

-Crushed and sieved (-100+200)

32
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‘ displays no strong cleavage and oaly occasional rough partings (Berry

and Mason, 1959). The quartz grains of the Mc@urray and Swan River
Sandstones came largely from igneous terrdin;”tﬂerefore the initial
detrital gr;ins were roughly equant., In addition; ﬁranqurt has sharply
decreased the incidence of acicular or tabular grains. St. Peter Sand-
stone grains likely haQe been derived;from older arenaceous mgtertals,
and the lengthy time period in h;gh energy eavironments has resu%ted
1nia high degree of sphericity and roundness (Dapple;, 1955). Dia-
genetic alterations, however, reduce the expected équant grain natﬁre.
In addition, since larger, heavier particles are méfe susceptible to

|

transport attrition, the incidence of nonequant gréins increases with

decreasing grain size, as does the individual grain angularity.
7.5.1 Grain Shapes of McMurray Formétion Sand
Within the limited sampling interval, grain shapes varied from

equant to subequant, and a distinct relationship was observed between

.ok
i

grain size and shape. Because the sand is quartzose, iequant grains
predominate (Elaté 7.la), especially in the coarse-grained fraction.
In the finer-grained fractions, however, the incidence of equant grains

is lower, and the incidence of acicular, prismatic, and tabular grains

_is greater (Plate 7.1b). Nonequant grains observed in the oil sands

(i.é. acicular, prismatic, or tabular) generally reflected the miner-

=3
»

alogy of the grains (feldspar and muscovite); for example, the deformed

"mica visible in Plate 7.1b.

Mellon (1956) indicated a plutonic source for the detrital
McMurray sands, but the proximity of significant bodies of Péleozdic

sandstones (the Athabasca Formation in northwest Saskatchewan) suggests



7.1a McMurray Formation 7.1b McMurray Formation
Middle Member, medium- Upper Member, very fine-

grained fraction, .+ -grained sand fraction.

(-40mesh +60mesh) - (~200mesh, +325mesh)

\
7.1c St. Peter Sandstone 7.1d Swan River Sandstote
.Fine-grained sand fraction. Fractured face of an

(-100mesh, +140mesh) undisturbed specimen.

_ PLATE 7.1 Grain Shapes

213



214

."—'t.._-_
o

miltiple sources contributing quartzose detrital materials to the .

sediment paleo-transport system, ; ' -
D

7.5.2 St, Peter,Sandgtbne. - o ' 3 S
The individual grains of this very quagtzosevsand are generallf
equant, but numerous kidne&-shaped and‘ellipsoidal‘grains'are present
(Plate 7i1c). Acicular, ?rismatic, aud tabylar‘grélﬁélaré absent,
The'sou;ce of the St._Pet;r Sandstone materials; was probgbly pre-
existing sands and sandstones which had experienced signifigant rounding
as a result of several erosional-depoéitionai cycleéy and which‘weré |

i

deposited in their present form in\a high-energy beach environment.
The absence of nonequant grains. is the direct éoﬁsequence of this ex-

tensive predepositional reworking,

7.5.3 Swan River Sandstone
The influence of the quartzose mineralozy upoa grain shape is

also evident in micrographs of Swan River Sandstone (Plate 7.1d). Most

grains are roughly equant, but a few acicular grains may be observed.

o
L

Swan River Sandstone has 'a slightly gfeater incidence of nonequaqf

grains than McMurray Formation sands of similar size. This may be
Y

« .
due to a more plutonic source area (Paleozoic sandstones were locally
'

absent); and to less time in the transport-depositiqn regimes before

A

sedimentation.

7.6 Individual Grain Characteristics

T

Grain roundness is a grain' parameter distinct from grain shape

(Pettijohn, 1975), although the two are often confused. Iglmay be

.

assumed that, in these materials, grain roundnéss was at a maximum
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at’or shértly after the time AY deposigion; 'Minoryovérgrowths: depos-
ite? soon after bﬁrial (Dapp}es[‘1959), decrease surface rugosity
slightly, but the long-term efféct of dlagenetic pfoceéses (as observed
| inithege materials) is t§ Lncrease rugosity and'henpe to decrease’
Found1éss. Diagenétic roundness reduction is acéompanied by an in-
"crease in surface rugosit; because of pressure solqtibn'rg-entr;ntég
étystal faceé, and pyr;midal crysf#l truncations. In genéral; an
equant, rounded quartz sand can be expected to lose some of‘its depos-‘
~itional cﬁa?acteristiCS'as a result of diagé;esis.

Threé scannfng electroa microscope photogrgphs are présentéd
for comparison:‘_g classic example of crystal overgrowth (Plate 7.2a),
showing crysfal ;aces ;nd pyramidal truncations on a'grainlofiottawa
Sand?’a]sample of crushed quartz (Plate 7.2b), demoﬁstrating the high
’degree of fracture smoothness, the lack of cleavhge, and the edge sharp-
ness of fresh quartz; and an example of a cdntaét poiﬁt p;éssure solu-
tion coﬁcavityﬁ(Platev7.2p) on a‘graih of ét. Peter Saﬁdstbne. Not
all solution features result from coatact point pressure solﬁtion:.
-pitfing of interéticial quartz surfaces was observed frequently.

7.6.1 brain'Roundness

3

G;ains f:om’St. Peter Sandstqne.are Qery wgll;rOunded (Plate
7.1lc), whereas the McMurray sands ané the Swan River s;nds display
grain cotindness raﬁging from very angglarAto‘verv yéll—rdunded (Plateg
7.1a: 7.1d); The absence of crys;al faces and of pyramidal crystal
truncations in St, Petgr Sandstone indicateébthat solution phenomena

were dominant, and indeed,.to‘this date, little evidence for signif-
. 1 ) ’ .

icant first cyclé crystal overgrowth iﬁ the material sampled has been
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7.2a Qttawa Sand : : 7.2b: Ottawa Sand i
Crystal overgrowths on a Crushed quartz sand: edge
very well-rounded quartz < . sharpness and fracture

" grain. mode are clgar}y visible,

7.2d McMurray Formation .

7.2c St, Peter Sandstone ! .
Crystal overgrowth faces = -

Pressure solutibn has
resulted in numerous grain. and perhaps some minor
surface re-entrants, pitting. '

v BLATE 7,2

Grain Surface Textures
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_process existed: ﬁuartz has probably been removed from the gystem.

a.
3

found. This implies that (at least locally) an open system diagenetic

!

“

The mixed naﬁure of the McMurray Formation grains can be attrib-
uted either to mulgi-source deposition or to stgn{ficant amounts of
solution and overgrowth pfocesses, Photographic evidence (Plates 7.2d,

7.3a, 7.3b, 7.3c, 7.3d) favours diagénetic alteration: individual

/grains showing both solution and overgrowth features wereloccasionaliy

observed (Plates 7.1d, 7.4a). Since the diagenetic processes of over-

growth and solution may be concurrent, closed syétem conditiae? may

R !
have existed, or several sequences of solution and overgrowth tay have

Q

occurred in an open system. In general, the McMurray and Swan River

sediments show more overgrowth than solution features.

7;6.2“Grain Surface Texture

No rigorous syste; éf classification for diagenetic textures of
quartz grains has yet been répbqted in the 1iteraturebreviewed. Although
researchers have‘studied thousands of specimeng,'their emphasis has been
on qualitative texture assessments as a diagnostic tool to identify
deposit}épal environments (e.g. Krinsley.and‘Donahue, 1968; Krinsley
and Margolis, 1969). Pittmanni(1972) preqentedbexcellent examples of
évergrowths'but few ex#mples;of pressure soi;tion.. The most useful

comparative study is the Atlas of Quartz Sand Surface Textures by Krin-

sley and Doornkamp (1973).

Prpbably the most cgﬁsistent feature of the oil sand grains is
the surface rugosity.  Both cfystal overgrowth truncat?ons and s§lgtiont
pits cqntribute to.rugosify. Evidence for superimposigion of several

stages of overgrowth and pitting was observed. , Two exceilent\éxamples,

217
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0 : o

7.3a. Stereoscoplc palr of an intact
specimen showing mainly crystal over-
growth features, Flat particles are
clay minerals. Pendilar bitumen is
visible in upper right corner,. ’

L7.3b Overgrowths and 7.3c Interpenetrative 7.3d Oriented pits

minor solution pits. contacts as'a result ‘on a quartz grain
of overgrowths and as a result of.
minor solutioa, solution. Cer
i
PLATE 7,3

Fabric and Surface Textures

McMurray Formgcion



219

7.43 Swan River Sandstone 734b McMurray Formation

Pyramidal crystal trun- A small field of aligned
catlons as a result of overgrowths 1 u in dia-.
overgrowths. : meter, Note merging faces

oa adjacentmpyrgm{ds.

7 4c McMurray Formation 7.4d McMurray Formation

Uriented solution pits, Solution pitting on a
_ several prefereatial dir- quartz grain from the )
.ections may be detected. oil-free High Hill River
' . outcrop, o
PLATE 7,4

Grain Surface Textures
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one ,of ‘overgrowth and one of pitting, are shown in Plates 7.4h and

!

7.4c, Ofl-free specimens of the McM&rtay Formation sands from the

High Hill River area display,the samé features but in a subdued fashion

o N

(Plate 7.4d). These photographic data suggest that the McMurray For—
mation had a gas cap above the oil sand deposits, as the presence of
a gas cap would tend to inhibit diagenesis . |
.

 In St. Peter Sandstone,‘solution indentotions are commonly
vigsible on grain-sorfaces and likeiy represent points of grain contact

preSsufé\aolution (Plate 7.2c, 7.5a). The effects of diagenesis are

much more uniform and therefore appear, less intense in this sand than

in the McMurray Formation sands. Becauge the great majority of the

] o

St. Peter Sandstone’/is likely of multi-cycle origin previous high'
energy deposicional regimea have eliminated‘those grains most guscep-~

tible to chemical_attack_and to physicqlnattricion, lengng only high-~

quality, pure, unstressed qdartz.~ The' sutfaces ‘often disPLay depos~

“itional textural features (such as conchotdal fractures), §omewhat

sobdued by soLution pits and crystal overgrowths. Chemical etching e
is often v151b1e ad jacent to incipient or poorly developed overgrowths |
(Plate 7. Sb) ‘In this material, solution was considered to be the |
QOninant'porosity reduction mechanigm (measured porosity was 26%).
In general, however, visual diagenetic alteration is not &s_étriking
in the St. Peter Sandstones as in the MéMﬁrray Formation sands,

In Swan River Sandstone, solution pits arecrelatively commoa
‘Plate 7.5c); areas of overgrowth with or without crystélline texture
are more common (Plates 7. 1d 7’3& 7. 5c9 fﬁe most coumonly observed

and most strongly developed surface feature of the fine~grained frac—

tion (74 u to 150 u) is a saw-tooth or apicular texture showing strong

9
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7.5a St, Peter Sandstone 7.5b St, Peter Sandstone
Surface re-entrants on a Crystal overgrowths and
typical well~rounded and  * solution pits on a well-
ellipsoidal quartz grain. . rounded quartz grain.
AN

o

H

River Sandstone
"Plastered' overgrowth
displaying a poor crystal
face development.

7.5c¢ Swan River Sandstone’ 7.5d Swan
Solution Pitting. Note
lower left to upper right,
features which control
the shape of the pits,

PLATE 7,5

Sremeremar———

" Grain Surface Textures

L4
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evidence of underlying order resulting from cléavagb plates (Plate ¢

7.0a). Literature.on this topicarefers to these structures as etch-

13
"

ing features. The myriad.pits probably represent selective solution

‘at points of grain defects on ¢leavage plates. (Similar, although less-

" developed, features were found in most of the materials scudied; for

example, Plate 7.6b.) ' .

Swan River Sandstone shows less diagenetic alteration than

[&]

either McMurray Formation sands or St. Peter Sandstone. The character-
istic surface textures, however, closely resemble those shown by the

McMurray Formation sands, suggesting that recrystallization and over-

growEh have been the dominant diagenetic agents in the Swanigiver,’ :%;?
Sandstone. | - J )
3
7.7 Intergranular Relationships in Locked Sands ®
c An artificial or receantly deposited assgmblage of rigid, equant
particles displays‘pnly tangential fntergranular contacts::'Artificial
densification! by aﬁy meansrother than grain ruptufe, does not sig-
nifi;;;tly alter the chargcteristic tqﬁgen;ial fabric:, At the other
. ’ ]
end of the geological spectrum; 6Fthoquartzites of 1oélborosity show
a grea{ intimacy of gntergr;nular contact (Plat{¥7.7&). In geologicai N
v \

and geotechnical literature, quartzose arenaceous materials between

(3

these two end members have been categorized by qualifying ad jectives:

~ . 7
.

: ’ s,
friable, weak, crumbly, competent, and other descriptive terms. These

-

modifiers are used without direct relation to fabric, and usually no
intergranular fabric assessments are performed. ‘Nevertheless, the
nature of the grain®to-grain contacts observed in locked sands is

associated qualitatively with the shear strengths, and fabric assegsment

@ Ao
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tavamy

7.6b McMurray Formation
Surface etching on a
grain af quartz, No signs
of overgrowth are visible.

. 7.6a Swan River Saundstone
Solution pits im an orien-"--
ted field creating an

asicular (saw tooth) effect.

7.6¢c McMurray Formatioa ' 7.6d McMurray Formation
Deep pit. The coacavities Numerous crystal facets,
on the top and the right A grain from .the Middle |
are coatact points typical Member, an oil-rich zone.

of interpanetrative saads.

PLATE 7.6 - -

Grain-Surface Textures
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.PLATE 7.7a Orthoquartzite from the Rocky Mountains éhgwing
: extensive suturing at all grain contacts. Porosity

is less than 5%. X130.

PLATE 7.7b A cemented urcthQartiite. The grains show little

diagenetic alteration, but are cemented together.
X130. '

PLATE 7.7. Optical Micrographs of Diagenetic Textures
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would be valuable.

Fourftypeg of intergranulér contacts have been identified
'(e.g.'Siev;r, 1959; Dapples, 1959): kl)‘tangeﬁfial, (2).stfaight,
(3) concavo-convex (or intefpgnetrative), (4) sutured (or micro-
stylolitic). Tﬁese four categorieg are shown ln Figure'7.1. These
grain contact fé?ric categories are used only as convenieét divisions
into which data may be placed: materials exist at all diagenetic
stages between é téngential sand and a dense, sutured\guartzite.
Tangential grd&n contacts in a quartz arenite preclude cohesion
in a saturated state, provided there is no matrix or penduiar cement.
i The pofosity ma&'ﬁe high in nea;;surface? poorly graded deposits (40%),
.‘or low in well-graded sands which have been vibrated, shock-loaded,
of gravitationaily‘compacted (18% to 25%){ Capillary tension, the
presence of a clay maﬁrix, or the deposition of minor amounts of dis-.
solved salts at grain contacts (in«aAdry.or #emidfy é;ate) may result

-

in a qualitative assessment ot significant cohesive strength where in

;fact little exists. . . -
» ) 4

Weak diagenesisimay resg}t in st:aight'(or linear) coﬁtacts,

- likely as,a result of quartz overgrowths at edrly burial gtages (Siever;
1959), but perhaps also as the' result of minor amounts of pressure

~solution, Densifiéétion may have taken place along with minpr porosity

redgctioﬁn

Deeper burial provides greater effective stresses, and grain
conta;t pointq\beédﬁe,fevourable locations for solution, Usually the
-dissolved quartz.is deposited on the stress-free quartz faées in ad-
jacenc‘interstices, but it may be ‘taken out of the local area by ground-

water. Concurreat solution and overgrowth produce an interpenetrgtivg

E
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Tangential contacts

Low contact area
High porosity

/

Straight contacts

Low to medium contact area
Medium to high porosity

]
Concavo-convex {or interpenetrative)
contacts

.

Medium contact area
Medium porosity

NN

N\
\_'.«"

* Sutufed (or micro-si‘;{lolitic)
contacts {quartzose sand)

“Medium to high contact area
Medium to low porosity

|
‘\/.' \\\
\ 7 o
. \\\
. 3 \
\
Carbonate type stylolite : . ’ \
Orthotropic: (one-dimensional)
.
»
Figure 7.1. Intergranular Fabric Classification

-
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: ‘ .
structure, and the development of the interpenetrative fabric is.an ap-

proximate measure of the extent of diagenesie. The material may at

this stage begin to display some true cohesion as the three-dimensional

1 , .
interlocked structure becomes betterldeveloped.

Continuation of solution-deposition processes without true =
‘metamorphic alterations results in welded quartz arenites or quartz-
ites displaying high cohesion oecause of the intimate grain fabric.

Contacts are interpenetrative and usually sutured (Platev7.7a). The <
. 0 e ‘ ’

ma jority of thefsurfaee‘area of_eeeh grain is in direct physical con-

'tact, although not in crystallegrapﬁic union, with bthef surrounding -

" grains.

The processes of solution and overgrowth are often assumed to
he contact point and interstitial'pheﬁomena respectively, Evidence ™

~-

was found for etching and pitting of quartz grains at points of non-

i

contact, and overgrowths may form directly at points of contact,. occa-
sionally pushing the original grains’ apart (Pettijohn et _l;, l?72).
Quartz‘,vergrowths arevinvariably in crystallographic continuity with
the parent grain but do not alweys displayia crystalline outer‘sur-
face; plaques and layers may be unitdrmly deﬁosited.witﬁout any
diagnostic'crystal truncations (Plate 7.5d). The degree of-perfeqtioﬁ:
of crystal ferm of deposited qdartz has been interpreted as beihg a
function of the rate of quartz precipitation (Krinsley and Doornkamp,
1973). RN | |

-The topic of processes. and agents in quartzose sand diagenesis
has been discussed in considerable detail by Milligan (1976), and
.therefore only a list of vnriables affecting‘diagepesis will be ineluded

here. Some of these variables are: orientation of grain crystallographic

e
"y
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axes, amounts of minerals other than quartz in the éand; pore water

chentstry, depth and time of burial, tectonic stress filelds, quartz

avaiiabiliCy; ;nd quartz crystal purity (Park and Schat, 1968).
’McMhrra& Formation sands, St, betét Sandstone, and Swan River

Sandstone all\fall into the same intergranuler fabric categcry. fhe

" incidence of tangential contacts is hiéh‘ but straight and interpene-

tretive contacts are relatlvely comnion and are probably best develOped

in the St. Peter Sandstone.v Definite evidence of subtle d;agenetic

grain fabric is visible in all _samples of these materials.

7.7.1 McMurray Formation Sands A
. R - & .
i Both crystal overgrowth and solution features can be observed

in the McMurray Formation sands (Plates 7.2d and 7.3d). The absence

of dust lines and the fine-grained nature of portions of the sands'

the amount of crystal overgrowth in optical microsccpe study

.10), but the overgrowths are readily visible in scanning

electron micrographsuof individual grains'(Plate 7.4b).- Interpene-

trative fabric, however, may result' from either solution or recrystal-

lizetion; ptical microscope methods are probably superior in iden-

‘tifying solution fabric. Dense grain assemblages with evidence of -

both.sclutio and overgrowth are common, but in general overgrowth .
seems to be the dominant'mechanism (Plates 7.3a, 7.3c). The intimecy

of contacts 0c~a310nally can’ be seen in scanning electron micrographs

(Plates 7.3¢ an% 7.8a).

SpecimeJ from oil-free outcrops show>slm11ar evidence of solu-
tioa and overgtzwth, but overall material transfer 1s significantly

less (Plates 7.4d, 7.9c, 7.9d). Areas of rapid postdepositicnnl
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7.8a Interpenetrative
grain contact.

7.8¢ Stereoscopic péir of the fabric S
of the McMurray Formation, Upper
Member, fine-grained sand. -

7.8d° Stereoscopic pair of an inter- .
penetrative contact. Note the clay - )
platelets on the quartz grain surfate,

PLATE 7.8

McMurray Formation Fabric




.. 7.%a ‘Swan River Sandstone

©7.9¢ . McMurray Formation

7.9b St, Peter Sandstdne
The deposits at grain
contact points are goluble
, salts which' provide no true
-4 " cohesion when saturated,

Fabric of an undisturbed
specimen, ‘

7.9d McMurray Formation

Grain from an oil-freg.out-
crop showing the 1ackjof a
well-developed diagenetic

texture, ) N

- PLATE 7,9

base of the oil-rich Chgis=
tina River outcrops,

Fabric and Textures

From an oil-free sand at the
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A *i‘

PLATE 7.10 McMurray Formation.Fabnii; Optical Miérogruph.
Top: oil-free outcrop, X130.
izgsttom: fi@e-gruined éand, X520.
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R G :
~“precipitation (resulting in smooth surfaces with few crystal truncations)

are more common than in Rhe oil~bearing sands,

7.7.2 Swan River Sandstone Fabric .

. Optical mtcrographs (Plate: 7.11) reveal a fabric similar to
that of the McMurray Formation sands. Scanning electroﬁ micrographs
(Plate 7. 9a) show ‘a 9im11ar intimate grain assemblage, gith0ugh with

somewhat less tnterpenetrative fabric., The Swan Riveé Sandstone dts-//

plays less surface rugosity, and tﬂe ig situ porosity\(aél to 35%)
indicaées that diggénétic fabric’is }éss:WEilfdegelﬁﬁéavéhan that of

N
i the MéMurray Formatioa sands of similar grain}bize'and sortin;; Never-
‘theless, the“resear;h repSrted In Chaﬁter Qi indlcates that high
stréngthéaexlst in the Swaq Rivér Sandstone, although the diagenetic

fabric .is less intense. AN

A

v

7:7.3 SE: Petér Sandstone Fabric

Crystal_dveggrowth f?ééures have been identified in St. Peter
Sandstone, but'press;re solution fe&tu}esba;e much more common. The
distinct indentations (Plate 7.§b); the large areas‘of’grain éurfécé
contact, and the absence of viéible.cfyatal évetgrowéh revealed in
the optical microscope studies (Plate.7.12) all indicate the predo$~
inance of solution ovef'recéystallization as a densification aéent
in chese‘portion; of St. Peter Saﬁdstone. Th; intraformational trans-
fer of silica is shown by examination of other portions. of the St.

“ o . \( R .
PeCer Sandstone 'which could be classified‘ae competentf lithic ortho-

quartzites, althngh in general the formation is inCOmpetent (Petti-

john et al.y, 1972),
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7.8 The Dihgenetie.ModgE in Locked Sanda

The procegses and consequences of dlagenesis are not understogw "

clearly (Pettijohn et al., 1972). It has been established in thie.
thesis that a minor amount of diagenesie»ia sufficient- to radically
alter engineering etrength an® stregs-strain tharacﬁerietics Quanti—
fication of diagenetic alteration 1s desirable, but assessment ot
diagenetic fabric at the present time must remain qualitative Never-

‘ theless,'dtagenesis in orthoquartzites may be discussed in a gemiquan- .
tltative manner to place the. topic in an engineetlng framework.,

The minimum porosity of well- sorted SAnde subjected to normal

lebzratory densification proceduree is about 30% to 351 (e.g. Lambe

and WhitmEn,»1969) " The density achieved -is a functton of the com~
pactive effort, the compactive method, the grain shape, and the grain .
surface rugoeity. During g?is experimental prbgram, a minimum pofosft}
of 31.5% was achleved using me@ium;@rained Ottawa Sand (C-~109), n
employiné the maximum vibratdr& and compacting effort posiﬁble withqut
crushing of grains. It is unlikely,that relatively well-sorted sands
such as theufinee to medium-grained McMurray Formatibdn sends, the St.
_Peter Sandstone, and theiﬁwan_Riyer Sandsténe were depoeited in a”etate
more dense tnzn‘351\porosity. "Moreover, further postburigl -compaction
could not ggcount for mo;e\tﬁﬁn\2¥~to 3% decrease in the pordsity,
because of the competence of the quartz grains dnd the low comﬁfessi-
bility‘ef sands (Athy;\1959). The relatinely low borehole log poroe-
itiee for nedium-grained McMurray Formation sanda (n = 27%) and from oil-

free OJtcrOpS (n = 28% to 327) indicate diagenetic poﬁbsity reductions.
)

St. Peter Sandstone porosities (n = 267% to 28%) also indicate diagenegic

&.5imilar to, or greater in magnitude

postdepositional porosity teduéi-f

L
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than, that of the med ium- te'coarse~grained sands of the McMurray
Formation.

Overgrowth and comtact point solution both tend to reduce poros-
ity. A porosity reduction of four percent (from‘32Z to 28%), achieéved
solely by quartz overgrowths 1in fnterstitial voids requires the imp?r-‘

tation of vast quantities of quartz (5.88% weight lacrease), This is,
: o \
-however, considered possible (Petti john et al., 1972), and the over-
growth gtructure alone can account for the cnusual-strength properties’
by providing an intercenetrative str cture (Figure 7.2a). On the other
. ‘ . 7
hand, pressure (contact”point) solutiof is a much more effec: ive pf%-

cess in. porusity reduction than is quartz precipitation (Figure 7,2b).

To reduce tt}porosiry by four percent (from 32% to 28‘@ in an assem-
blage of ideal spheres with body- centered packing requires a percentage
minereriloss at the,contact.points of only 0.23%.

The effectiveness of,pressure solution can be demonstrated'by

analyéing three packing‘arrahgements of ideal spheres: (1) cubic open

gacking, (Z)Mcubic body-centered packing, and (3) cubic face- centered

-
IRy

oy

é“' " il
o - Qlufio1 phendmena themselved

s §$tb§{ it 1 rad:gs of spheres is taken as unity, the followlng ex-
) ) e " %

.‘..
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) 7.2a Crystal Overgrowths
-~ o
—Recrystallization of quartz - b
Iy ~
—Material added to the strata
. .
. —No volume change {overall)
. .
i
A, , o
”a
‘M‘
»
. ®
B . O
7.2b Contact Point Solution
—Contaét point solution only - )
. .
. —Material removed from the strata a
—Volume diminution .
w’: ' '
s, ' AE g
l_nterpenetration Y :
o 5 S ,:y',"' ’
v.- " I- -~ E ’/
. & *
N : ?r .
R
-« .'_ R ) ) . . . uv :
7 ‘Figure 7.2, Porosity Reduction Mechanisms oo , 7

o



Figure 7.3 Volume Loss at One-Half of a Contact Point
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o percent, howcver, would fequire the removal of onlyiiﬁ 5% of the mingral

Application of this formula.to unit-cell algebfa results in the equa-

tions presented in lable 7.2, Volume chhnge formulae for one-dimenaional

solution of contact points in-a cubic open packing are also presented.

These formﬁlae are valid oaly for small radial solution (Figure o
: -

7.4)-&n!ﬁbecome\inva11d when conta:s -t errlaﬁ occurs, AThe porosity}j;g;!‘
reduc;ion'for isotropic solﬁtion and one-dim;nsgdnal éolution on a ‘?féﬂkﬁ
cubic open structure is presentéd in Figure 7.5 for compapison.wich'w S
the porosity reduction through crystal overgrowth alone. g

Packing of natural‘grains is distinctly different from paéking
of ideﬁl sphgres. Prefer;ed soiutioy directioas éxigt in crys;a}s,

. .and solution phenomena are never iso;ropic and probagly never homogén— ,

eous. Nevertheless, the great réduction of porgsity for a small material uW

>

loss through solution alog® indicates that it is'a powerfui mechanism _ o -

-

in bulk density increases. For example, to reduce porosity by five
percent by recrystallization aloae, the amount of hatetigl necessarily

dntroduced would be close t6 10%. Solution porosity reduction of five

weight in‘an ideal isotropic solution of a cubic open lattice.;rq;oééd-
: » , R LA
> - ; . -
system solution-overgrowth, where dissolved quaftz is red@pgsited

locally, is an even more powerful porOSLty reduct fon mechgnismf

‘This analysis demonstrates that subtle pressure solution phendfn-

“

ena have a much greater effect on porosity than Qvergrowth.phenomené; R

nevertheless, in micrdscopic examination, it is probably much easier to

Ldentify,subtie crystal overgrowth than to identify éubtle‘polution
features. Quantitative measurement of these phenomnena isvdifficult but

is being developed to some extent (e.g. Cathodolumineseence: Sippel,

N
. . - ‘
r B !

1968). c

.
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50% ' B

L

~-n =47.6

. & = Radial reduction N
n * Porosity:

Porosity %

..
-
! ; . ) Cubic face-centered
- o packing .
1? ‘ ] _ °
10% : Ty - ! - - J -
. '*b - . . 1 . 2 . 3 ‘* .
% ,}g.‘ L . - . . 4 . o a
I <A .P.‘a‘r'gentnLoss of Mineral Weight
\~o'.‘ . - 7". '
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~ v of ¢ ’ & r L
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Figure 7.4 Porosity Reduction Through ldég,lN’ﬁ:bmact Point Solution on Parfsct Spheres
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P <
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5% )

(AL =% change in specimen height)
50% |
 ni=47.6%
45% -8% .,Zporosi\ty redhiction through ingress .

AC=-10% of quartz only

Al=-12% B
x -
z aox L © . )
3 One-dimensional solution, open
'6 cubic packing of spheres
a - . . &
35% = Isofropic pressure solution,
‘ : open cubic packing of
spheres ’ * .
T 30% b ’
{ .
//' < \ A
5% - 1 , ) s g
S0 4 1% T % ‘ % K

Percent Change in Mineral:Weight (Positive for
Recrystallization , Negative for Solution at Contacts)

/ , . . ,
.Figure 7.5 Comparison of Porosity Reduction Through Pure Isotropic' Solution,\
’/ " Pure Orthotropic Solution, and Pure Recrystallization; ldealized Cubic
Iy Open-Paeked Sphores
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The data generaCed in the optical and scannlng electron micro-
b

scope studies conqtitute direct observatioaal proof of the diagenetic .

: /
“model for "locked sands". Which par@icular process has been dominant - %
is not {mportant to engineering behaviour, aince both phen;meﬁa, or
either phenomenon, can give rise to the coheaiénless, htghlykdii;tive
behavior exhibiﬁed by these sands. . The fabric acquisition is a

one-way, irreversible process, and its continuation must gnhance strengths

//—

-at low stresses. . ’ : ‘ - i \\\\

- . : . :
7.9 The Effect of Fabric and Texture 'on the Streagth Properties of

—

l"
=}
’
==
¢
(=9
wn
ﬂ
-

et o oy -

: . /

7.9.1 Residual Strength of Locked Sand
R -

Both Swan River Sandstones and %yurray Fbrmncion sands approach

54

0 . . m R
a residual strength state’ before oae-half cycle (five“ﬁullimetera) of oA

displacement is completed' The equant parcicles (as compared to mica-

ceous’ and Slay mtnerals) and the compétent naCure of quartz result in

a residual state being reachedﬁsoon after the fabric has been dlsrupted.

St.- Peter Sandstone approaches the residu;l state even more rapidly, o/
‘Faiiﬁge may be so abrupt that no further displacehent after failure ' ,%’\~5
is necessary CO‘create che\residu§1 voids ratio in the faiiurg Llane,

even in aatri#iiai test. The éxtfémé particle fdundness‘isolikely

reSponsibié for this rapid aoproach to"residual frictionfanglés. A

though the criaxial appatatua is not coasidered sULCable to assess .

residual stress states, the brictle nature of locked sands usually

resultsnin a’gani-residual state af}er little strain (less than three

percent).
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‘fully dch10ped at- low stresses. As normal stress increases, an ine

264

'

The values of the re§idﬁ§1‘$¢r€1&ect the n&ded component qf
intergranular friction resulting from surface rugosity and grain angu-
larity. Dgnsified Ottawa Sauad friétion angles are 31° aclphe residual
staCe;JSC.'Peter Sandstone residual friction ang1es are 32.7°; Swan S g
River_Saqucones, McMﬁrrav Formation sands, and Swan Riéer preglacial

sands have a mean of about 34‘5o for residual frictLOﬁ angles. 'The

grain angularity and the. grain ‘surface rugoaity of the test materials!

.Lndiqgge consigtent trends. Smooth glass balls (ballotini) have a

residual angle of friction of 249 (Rowe, 1962), crushed, extremely |

s

angular glass has a residJal friction angle of npproximﬂtely 43 )’

(Parikh 1960) ‘

°
.

7.9.2 Peak’Scréngch of Locked Sands

RN

The éharacteclstic high peak strengths of locked sands are a{f

direct counsequence of‘(l)‘che interpenétratidé grain fabric, and (2)

3

thc qqartzbse nature of the sands. The interpenetrative fabric'results'

in a high degree of particle interlozk, And the quartzose grain mtner-

. alogy of the locked sands reduces grain shear; therefore dilation - ig“

creaslng number of ;he'diagenetic quartz grain contacts shear rather

&>

than dilate, resulting in?gﬁrV&tufa of the failure envelope. The

interpenetrative fébric results in high dilatancy at low stresses,

e
[

and tpe‘ﬁuartzose nature reduces the tendency to grain shear‘at,hlgher
stresses; permitting dilatancy to develop.» The presence of significant
quautLCies of other (typlcally arenaceous) minerals such as feldspars,

micas, and cherts results in grain cleavnge ‘and deformauton at low .

stresses; and this'in-turn would resglt in a rapid suppreasion of

g’_]‘



"y : L ) - ' o 245

dilative behaviour and, consequently, envelopes showing less curvature

and lower slopes. This peak-strength behaviour is cherefore‘iikely to

be typieal of‘quartz arenites; and arkosesypr graywackes having similar
diagenetic fabric should generally be less competent at a given atress
./ <.

level.

'7.10 " Concluslions . | _ | ,
The séurce of the unusuglly high strength of quartz arenites
which have undergone mild diagenesis has been identified The high

strenvtys of locked sands are assoctiated with exceptionally large

(S

dilative rates at failure, ‘and these rates are a result of ‘a character-
istic diagenetic tabric identifiable by microscope methods, Either™

qolution or overgrowth may be responsible for the strength: behaviour,

and Lvidenu for both processes exists. Pressure solution at points

ol grain cdntact is .an extrenely efficient porosity reduction mechanlsm.

3

()ver*owth axfd solution ine rease the surface rugosity of quartz sands,

resulfing (n somewhat higher residual angles of friction than in recent,

.
subrounded to sdibangular sands.
' - . -, . :
} . _ \

The engineerinéigharacteristics of a.new class of edgineering
materials, 1ocked-sands, have been placed in a geological-textural
framework., Microscope studies have proved invaluable in arriving at

a rational explanation of the stress™strain-strength behaviour of

locked mands.



CHAPTER VIII
'SLOPE STABILITY OF THE ATHABASCA OIL SANDS

3.1 Introduction p : .

Ttre rationale for a curvilinear power law failure griterion
for oil sands has been<established, and it has been shown that the .
strength source.is constant through time: it {s not related to tran-
sient phenomena such as excavation pore presgsures oz.viacoaity.‘ These
‘findings may now be{%pplied to the design of high. sCeeo/pit alopes.

This chapter analyzes the stability ef high stédep pic walls ‘
byle wedge method, and presents a method of estimating the factor of

safety. A finite elément analysis of stress'conditipns within slopes
is used to, assess the potential for progressive failnre,“¥0r tension

. h .(:::: .
zone development, and for pit-face raveling. The analyses and results

are applicable to natural slopes.

e

8.2 Planar Wedge Failure: -Analztlc gggign and Recionale
< N

The’ stabilicy of high steep slopes with tension cracks in the

S

back- slope may be analyzed without gross rror, by’ assuming a planar
failure surface._ The assumption of curvilinear (circular or log-
spiral) failure surfaces results in solutions closer to ttue lower-

bound solutions (Chen, 1975),,but using chqﬂﬂllnar fnilure aurfaee will

e

generally result in less chan five percent error, given the assumpciond\

employed in this section, = v -

. .
~ .

. [ . .
“ Tension cracks ha en observed in steep oil sand slopes
/“ : . i g o
: 246 , g&

e,
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(Morgenstern, 1976). 'They may be fotheﬁ as the result of small negative;
pore pressures and minor cementation of beda:' The existence of deep tansion

cracks is analytically conservative, and is therefore a useful anaiytit‘

parameter, ‘Excavation‘of sthep‘slopes in materials with high horizental -

\

~stresses results in zones of potential tension failure in the back-slope:

cant if steep failure angles are specified, and t‘.hete‘ore depth of wath ”k‘

'stress redistribution in the pit walls causea both elastic strains and

The distance frqm the slope crest ot a tension crack of a givenadepth is
not-a required parameter; continual mining will eventually redult in the
tension crack reaching a critical location. Hence chistanalysis acceptsu
the depth of the tensiqn crack as a fixed parameter, and solves for a- féil- ’
ure pla:; maximizing the totalcshear stress for a given geometry.

The tlesion cracks which may exist in the back-slope may “be

partialiy filled with water. The hydrostatic forces become aignifi-

v
in the tension crack is tonsidered to be another design/parameter. muwu‘w‘;v

The natural slope study neported in Chapter I11 indioated that

‘natural oil sdnd slopes are well drained ‘and that water table léVels are

4 "f}' ]
drawn down signiftcantly'near valley wﬁlls When a pit is Excavated,

a

dilatant fabric expansfbn. The consequence is a gradual reduction in

porg pressures within the slope. This lowering of pore presaure ia _ -

= 7 i \

’ ;futthered 1f the underlying Devohian strata or water-bearin§,aands

—

are depressered by pumpjing befone mining. The arenaceous. nature of
[ N

the oll sands also precludes the exlstence of large negative pore
pressures, which increase the stability of an7excavated pit.face. These
considerations lead to the analytic assumption that pore presaurea are

.
not a grossly significant variable, and that a total stress. .amalysis,

baged on saturated unit weights, would be valid.

:'. ;ﬂ
o o T """
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8.3 Wedge Failure Solutiop

8.3.1 DerivaéiOn of Solution ﬁomographs

Figﬁre.B;l presents the\gedmetric configuration for thg analysis;
Fiéure 8.2 identifies the forces acting on:the wedge; Table 8,1 ;x~
plains the ﬁoc@tion used in %pe'follawing analysis,

1. For the unit shear stress along the failure surface:

,2&8

§ = C=PF.cosa + W.sina Equation 8.1
L : L ‘

2. For the unit pormal streu; along tﬁé failure surface:
N=0 =W.cosa-P.sina » .
T n.' ! . | Lo Equation 8:2
2 '3.LFrop-géomatiié congiderationq:;
L=H-D R Z Equation 8.3

sTna . .
B =H (cota - cotg) - Dcota . "~ Equation 8.4

o . : _' . 3
Pm 9.y, - h* . . ‘ : Equation 8.5 - .
. : - . o : 4 °
2
W'= ¢y . H? [Eot&{i ,(Q)g}_ cots] o Equation 8.6
"'m ~ . \H . )
2 R ) L : . . ~
. R ' _ - Yoo
Substitution of Equatioas 8.3 to 8.6 in Equations 8.1 and 8.2 - '
ylelds: ° . : : _

Am2c,$; _ ) ) L ‘
57;;;“1 -C]'CZf‘ ;1na.cosa pj.c3.sin a Equation 8.7

"\20 P e ' 2, .. ’ :
.g YJn leca.cos a C].C3.sinacosa
. m‘H

‘ | © = €.Cg.sinta s Equation 8.8

¥
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g

o i ) . o |
v TABLE 8.1

[P

. : 4]
NOTATION EMPL-OYED IN WEDGE ANALYSIS (FIGURES 8,1,8,2)

X

.+ 4 SYMBOL o - DEFINITION | | : '#
% —— ‘ : - . — iw
~fA,B,E,G,L Geometric distances - -~ ! 4
oo “~ Total slope height LR .
R o R . _ ) ‘ @(U . 9
b o] .~ Depth. of tension. crack v '
h- : N Height of water in tension crack
a Failure plane angle
v B~ . E o SYope.angle. L
) - ) L o . g \ a
NG f : Mean shear stress ;
1 ° "’ - r 2 -3 ¥
g, aE Mean normal stress ‘
Te ; Maximum allowable mean sheaf‘stfess
12 1Hydrgsfat1c force at back of wedge =
s Total shear force along failure plane
g N. Total normal f6rceiacross’féi1qre plane]
: 'y Mass of a unit thickness of the wedge
S S R o v
yw . ~ Unit mass of water ,
Y Unit mass of slope material
B g. ‘»ﬁf e Gravitational constant
- ¥ e -, €= 9.81 m/sec® -SI units)

e
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The constanta C1 td>05 are given by the folloying equations

c,= 17 |
et - _D_ ! ‘ |
\id H . 1 *

2 ) * Equation 8.9b

Equation 8.9a

o
X
s
o
o+
™
37|z

Equation 8.9c

2 . .
( ) | | o , Equation 8.9e
. st 2o | | ' ) ‘ }’
If all physical parameters in. Equationn 8. 9a ;o 8.0 are prea
K
defined the unit shear stress and norm.l stresa -are funcr:ons nnly

I ‘ YA

@

of the* failure angle (a3 It is not necessary*ho qucify the Ioca_~on
o, o

‘of the tension,crack, eince the shear: ~force has a maximumzvaﬁue wi

@ - - s e
the specified domain. There?ore.v‘ . ;;“b'f . S
Toa s} e ’ ‘ . s . o v
7 ¥, . ‘ s . Q
’ ' . g o J*‘
o €= f;(a) SR gfdsggﬁr@ N Eguation 8. 10
d.f(a)=0 e 7 Eduation 814
. . e
-a_&- .‘.-' ' ’ ' Ny 3
LN
LS .

These equations define that geometry which yielda the .maximum

-

planar shear stress; that is, the most critical failure plane.\ Per-

-

X

forming~the designated operation yields: ' . -
SR S ' . A
tan 2a = C, B Equation'8.12,
NG ~.

“This ea\kt\on\ in combination with Equation 8.7, allows for

nonographic soluti;n\gpr that plane exhibiting the maximum- ahear stress

(Figures 8.3 to 8.6). The nomographic so]ﬁtionq are based oa the

> \

“re oo * .

. . o _ \ ;s?ﬁ !
C, =1 -(5) R : - Equation 8.9d -

r
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'D/H = 0.20, h/H = 0.20 .

D/H = OIQ,h/H 010 V
- Q/H=02 WhWH=00.
‘ Ow,.h/H od

B Slope angle (degr;ei') )

. .“ . . ’ . . » ,*. : - o "\b. . . . » i
3 ’ .
. ) b \ C C . ‘ T L ’
Figare 8.3 Nomographic Solution, D/H = 0.10 and 0:20° . ’
L o . - . ' i . @ - >,"!"1l:_:‘ il
5 % . - o v , ] \
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o'/ﬁ\r 0.5, h/H = 0.5 "
D/H = 0.5, h/H = 0.45
D/H = 0.5, h/H = 0.30

0.55 —

T u

D/H=0.5, h/H = 0.15
D/H = 0.5, h/H = 0.0
D/H=0.0

v
i
N ’/ "‘
.0 0.15
J i ' ‘ . l T l !
L] N - 4 .
“ , 8- e 7
| ) 8 Slope ang'le (degrees)
. s . , . ; \
R . L U Fogier Sy gigeAe™ o)
Figure 8.6 .:Nomographic Solution, D/H = 0.50 \ .
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mnximum allowable shear atress~ T'_hé allowable shear strasa my thea ' -

gtrace che Qx:ocedure. .wThe fatIure critetion aasumea i‘s'

s

ew
E} Y
LAV
RS

w

assumph\tt.on that the ratio of the unit weights (e.g. Equatioa Q.Si\e)
is .‘0.5.'Jz;his assumptioa faciiitates nomographié pfései\l;ation', and
error 1s‘1es§;"tha;‘1 five p\erce'nt. In addition, tl}é&&}iiur'ev""p'llne in-.
clinaclon.m;? vbe solved (Figure 3.7), The.d.Lstance ‘?from the slope‘l

3

X - " ‘ ' N
crest to the most critica]ltensio_‘.crack location is: given by Equation
b , g .

—

8.4. - | T |
o i

B o4 .
N

8.3.2 Applicntion of a Failure Criterion R 33‘

'u"‘ . v 1,

The power. law f&ilure critéerion delinea}:ed ,inaprevioua chapt:ers

[
»

may at this potnt be applied to the annlysia. Equation 8 8 provides A,,

o

measure - of the mean nov "1 unic streu on tt? fatlure \‘)llm.- Thit - . .

-

\ “ - A LA

stress mdy be u:éd direccly 1n a pWer "ltv cgfcorion to derive the

/ vy
& b

.beb div(‘ded by the actﬂhl aheat ., Egpss . fré:n"Equaci'on 8.7 to prbvide a
\ < ‘M' .‘ By - -)
meksure of the factor of aafety. Seveval emegra glvcn to’ qemon-r

-

"ol

tp=2.00%8 (e oty | Equation 8. 13
‘ \i
1. Example 1 ‘ \ ) \ .
p Ahalysis Parameters: i L <
. . M \ . ‘ ) )
8 = 65° | © h =30 m (crack filled with water)
Q/ . o ’ ‘ P : - Yo
4 RH=60m o . Yo -‘2‘1 C o“ »
° : . : ‘ . ’ o -~ v . ’I
- Coaversion to consistent u_n_iﬁ; {kilograms, centimeters) yields:
. . l, B n s . ; B ’ AI , l ) ‘;' \'- . -
p F s‘ . . ’:\'\. 3 ' a P
E. =005 ' .>ﬁ-‘¢;"3 o
& “ . Lo "_ > N -

.7 : .
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." : R : . .
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Figure 8.7"
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f#{&ﬁf‘ ‘ . ™
'_ﬁ - -a ‘;,‘" N, : o » -
R s P . K= S .y
v AN *
&:C. 40525 uprefore C = 3.4 kg/em? v
IR0 ' c're ore g/cm
and a= 319 from Bquatlm 8. 1"(0\' Figure 8. 7)
; Solying Equation 8,8: .
The—— . ! ‘”2‘(.7 ’ . . ok
~ N - 0.6396 therefore, q,.= 4.1'k3/c\ﬁih

L
Therafore, from Equation 8.13:

r - 6‘2 -
| | £ S
: ‘[ * ' The safety factor,:1f‘d1v1a§§*by C, is calculated as 1.8,

2. Exaqple 2 *

aeleccion of a apectfic distance ‘of a tencton ‘crack from the
\ & N
slope crest for Analysis tequites the dlxact nolutton of Equltionl
[ 3 1l

',Q, lnd 8.8. If the above exd

' concidered with the fnilure

"%enu}ta can be cllculaced:

Y

~angle specified as 40° the follg

@
s ]

B -f7}7§ m ‘(frd@ Equa;ion'gjzy; o
C = 2 §6-’o k;;}/cm‘z. éi‘om Bquation 8. D . -
"- 2.033 kg/cm2 (from Eqaacion 8.8)

" 3\523 kR/Cm2 (fme hquation 8.13) theréfore,‘ FS = 1.19'

If the tension crack ware dry, the fnctor of anfety'vould be

,)‘@mfv
1.99%, ahowing the signlficant effects of*w&ter pressure on thin slnba
[ T }5‘ .
55 .

lying at steep’nnglea. o ’
S ﬁiﬁ;@ . .

8 3. 3«Extensionp to the Wedge Analysis

K )

In a coheaion‘gas mlterial with a linear epvelope, the most -
o
—

Jriticgl fatlurq aulface is that aurface where the ratio.of iﬁiar

_.—/

h. e
stress. to normal stress is at its mlximum Hence ‘the following

o
pEs——

eggatioa—shoﬁrﬁ'ﬁe mnximized rn a given domlin to yleld a mnximum

-

. S y e
) s:_},_‘ - 7 L ' P ‘\." R

-i




i
 atress ratio:
€ = f(a)
o]

n

f

Again, a maximum occurs- where:*
! [y

gﬁﬂl =0
da
and the ‘following equation is derived:
W tan’& + Xtan%a + Ytana + 2 = 0
wvhere: ' «

W = 4C3Cs

s  X,= 3c32 - 30905

ot

zY = -202C3 - 2C3C4 o/

_ z--cc
'd"«\'r 244

l." -

. -

’anglé and hénéeythé maximum shear stress tq normal stress ratio in ~

ey

a givén“range of values dictated by the geometry.
given_geometry and set of input paramaters wtli germit the ptddiction

*of the logical worat condltiona which could-oécurv‘ Worat condttionl

\

Equati?)n, 8214

/

Equation 8.15

Eqﬁa;ﬁon 8.16a

Equatioa 8,16b

Equacipn 8.16¢

Equation 8.16d
- ¢

R

“ and the constants C1 co Cs are defined by Equation 8.9.

o .

Inlpdction'of a

2

will occur where tha fatlute plane is extremely acaep, the tanaion

.crack coincidea with the slope cresc and the- tenoion crlck is filled

-

with vater. It should bde fecognized of coarue. that the worst poa-

' aible condittons probably will ‘never be encounCQred ‘For oxampla.

'the‘tloner a-°tension crack is to the"’ slope crolt, the lela,chanco

there is chnt it will retatn ctgnificnnt quuntities>of vater.

Furthormor-, the adoption of a curvilineat cricctién (Equatton

8. 13) will resulf in Equation 8. 15 not yielding tha lov‘ct factor of

N

w

{

.. Q. Equation 8.1

Thiqlequatlon‘mny be.solved‘iteratively to find the critical

.

L
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g

A

" .
<N
1.0

A

. and Asubs,t’ttuttng Equations 8./,

N

- same methods used to derive Equations 3. 12 and 8 15‘,

'8.3;4 Wedge kﬁolysisi

-

Ay,.

iéotinlng the [ac,gﬂ“‘"q’f Jlfety as:

)

8.8, and 8.13 yields:

ation 8.17

Equation 8.18a

0.8
{C C co§ a- C]C3sinqcosa-clcssin a} 3

g' Ym'ﬂ ‘

1

] - 2
,.{c Czsinuooso C1F351" a}

e
L

§
Equation 8.18b

I‘hts eqdatlon .could be minimized within a given domain by the

complexity of the 6qu&tion, this has :Q beemdon"
4

3“ ean b '&radietq& which

mtzing is not requiréd. since worst c"
ALY
ative solution uu'_ing’ "th'o tndi~

<

&,Leld xhe mtntmum factar Df safety

vidual equations 1sprefe\r1\gd, since the
Y

»

L
1

x
v

Conc lué;ion ‘and Crit lque

mathematics is simple.

npcluse of the

eneraldy, mini-

_ Repeated solucion of the ‘wedge problem for various geomecries

subject to the criterion expresse&« by Equation 8. l&ﬁ\o\@“ m%the

factor of- safety of oil sand sl&pas\ts high.
gpproach 1ow factors of safety are th ae chuacterind by deop,

E'flled tensdion cracks clou t

»

high steep slopea by hdlw eq%mnt can safelx be
the) ‘are 1npignificant comparﬁ to tt;e

‘This amlvais 1a subject to th

surface is assumed to be

P

’

planar, progr siive failure 43 a result of unuqull

3

o the alopa face.

w

Rl

E

tgnoro\d Lp, analysis:

.

we-ig‘ﬁt of tha mdgo )

The only: cases which
wﬁei*-_

Point 1oads 1mposed on

260
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¥
s on the fa}lure plane is ignoredQ dnd atructural

A

. ) ‘ © e

l 0 However, reseatrch shows high laboratory atrengtha in otl sands, In s«tgu
N

wtxen\thq may be Lonsidurably higher still. Thus, the failure crit:erion

T o )
defined by Equatton 3.13 is conservocive. and may be used in analysis. .

*

b3

€.

{

8.4 F&ite Element Stress Distribution ég_a_‘lz!to

: : b - Y
8.4.1 IntroductLOn to Finite Elememt Analysia of 0il Snnd Slopea

N

f‘ A stress dtstribution analysis employing finito elom‘ntﬂn‘choda

was performed o ‘two model slopes: a 60o slope (1:1, 73), anﬁja 63. 40

alo;:e (1-2) A coastant value of Ko and a coarse mesh’

in the 600 310pe analysis, a bilinen‘ value of K/a fimfoah and

% § $~

wrying ba‘:ﬂal stracigraphies were emploﬁ Anv t:he 63 4%

Conscant strain triangles and linear glastic, iso,:ropio, 4

?

) analyses were used throughout, single Ioad at;@p analysea were potformed .

1.

wﬁ and tengile otE faile%elements were removed in the 63 4° slope analysis.
€ . A
b Maximum principal compressive sCroas, minimum prf:nclpnl compx'oss C@

- scress, and oriencotloﬁ of -principal stress axes were contaurod for

the area of Lnterest circular toe arcs ‘were drawn through the 63 6° ‘

Jlope, and- strless distributioas norml and ‘parallel to. g AarC aere
- denrmined from 61e co'xt:our dllgrams. ‘The solution for mlximum alk

QJ lowable ahear atreasoa along the. cithlar arcs’ WAS, obtninod by appli_ca-

N

tion of power lnw Eauure crice{u. - ) ', <

H “ ’ <>
- . t' o : . T - l - , L
,‘8 4.2 Analytic Ratibnale LT - .

» Lo i

A lineu' atreas-stutn relotionahip was comidored juatifiod

- on tho buis of triaxial :est resulta, the lcrus pntha mvolvod and

’

e, o b e

261 -

near the slope face as a result of exclvation is ignored.

\
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-

L 5{ study to delineate. ,'

v

. could not be incorporated ‘into this model. "

L

‘o

the no-fajlure analysts. . Lo . : |

The choice of elastic P rameters was based on the knowledge of
typical gg situ sand propertie » and.the'reali;ation that elastic'param- 0
eters are grbssly affected by even minor samble disturbance. Analysis -
of geophysical sonic data yields Young s Modulus values of approximately |

75, 000 kg/cm2 and Poisson s Ratlos of 0, 3 to 0135 for oll sands. This

value of Young's Modulus is untealisttc for the high stress changes

lnvolved in excavating. ) " . v

Nonlinear Ko distributions were chogen because'calculettonh

. _ : ‘ o o
. based on.the curvilinear failure criterion showed that a constant K,
\

was not logtcally acceptable, particularly in near-surface strifi’//////;

Behavioural antsotropy ‘and the effects of gas exaolutiﬁg or fracg;ring if}
\ . . a

»

o
u

) The finite element analysis was performed a§ aaaxbds behavioural

@ . , oL, .

~t N . . I .
: v 4"39 * "oy
1. Regtons of- stress concentration and potential progressive -

. ~ £

fa lure. | | L

-
TR
) / © .

g 2.qRegions of potenttal tensile and shear fatlure. K
-’ . v

3. Deformatlon patterns under Tlastic conditLons..

|"‘

Furthermore, delin:etions of ;;ress distributions along selected .
',. hd -
circular arcs. were: derived &nd the eﬁ&ects -of varietionstin lithclogy

'

and. stratlgrapﬁy were studied, : o _ ."' o a
~ . St ,\ . y | B

. ’ t. ) . . o
L ‘g

1]

o 8.4,3-Anaiytic Procedure R - L ,

A plaqe strain, linear elastit isotropic analysis doea not S

Mive ¢

o permit the dLrect solutlon of a streas field where Ro is greater than

« -

au0uc 0 99. (Desti -and Able, 1972), therefOre a two step procedure wae
. . v_‘, e ,

\ ' oo .o .

L3
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i

em;loyed (Figure 8:8). Thclﬁg altu total stresses for the nonexcavatcd
:slope oere calculated: the totul vertical gcreas was assumed to be \
equal to the unit denaity nulttplied hy the chtckness of overburden, and
- ~ N
‘the total hortzontal stress wasg asaoned to be equal to the ventical '

J

» stress multtplied by the value of K ‘at chat depth QThe second step

asaumed a weighcless soil mass with a stresa dlsCribution on the exca-

<

vacod face equal bot opposite to the in situ. stress distribution the .
-'ecresses were converted=to forces applied at elémentgnodea, and che ‘

©  resultant stress field from fini,t:e e;e‘nt analysia was added directly
] | [

'

- to the ‘stress flel from step ofje’.’ f
poore .’?ﬂw ‘3

Y Q%t
‘” ﬂ%e”ﬂisplacemonts deriveﬁ ftom s:gp two, ;Ee eorrecc for thé‘chosen
- ). o
analyt fparameters, and Age thz acSpahiplastic displacements o&curring
- e %
1] 1

Vuponginnavatton ‘\nid AU ‘f ' - fj" ”; *' ST s

u . g

\3
-

. »

ce T After ohe normal and’ shear scress fiebds were obtgined the prin~w -
. R \éﬂ . . "

ad ‘was generated, and streas values Nere conCOured fer N

-

‘jg chaP stress
'8 alytic elastic parametera. -The contoura of prlncipal B
: &, o

“stressea and their o;*entdt;ohs.*and the*‘elipeacions of, a gpecific

.*Na varioqs set_'

°

ctrculat arc, permitted Ehe calculation of the norm&l compressive stress
. . / = o
and cne tangential shear streas Aiong the arc. The shear atreas was L

Y

direccly‘with Ehe aliowable shear streas 3enernted from

. ; . . 4
'; n of the normal comptessiée &tress along the chosen arc Anto" f;
e ‘a §6wer’Taw failure criterion. . i S CoT et -
oy ) ] - . . . . o -
’ T Element streases rather chan mean nodal stresses wereA sed co
. ) 4 r 3 T
dbtain scress contours.‘ Element streasea in constant strain ttiangles
often showed considerable oscillactgn, but menn nodal scredées tended {
s i

2o to overeatimate scresses near sttucture bobndaries. Therefora thé o

i —

element atressea were hand contoured to average large oscillaciona

~e

. X ) . N . N Y R
. A ) . : “ e . : {
L

N <
e .‘\ . . L R .l
AL [N : ) o , S L RN .
B e - \ B i
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nx:oy-’%=71.z.Ko

#

ep 1 (/n situ conditions)

oyl =v 2 .
{62); = Kg* oy xy =0

Step 2 {Excavation step) .
{oyh Solved by finite
(ox)y }‘ element analysis
(rxyly

T

(Ax)y, (Ay), 7

Step 3 (Complete solution)
(ay)z = (oy)y + {oy), .
(ox)3 = (ox)y + {0x),
(rxylz = (rxy),

Ax = (Ax)o

Ay = (Ay),

1

{ Solve for Principal Stresses }

.

Figure 8.8 Finite Element Analytic Procedure

8C3
Material § Z.cme»of B8C4 1—
. high interest
pb— — — — —— e e — e |— — — T
BC2 $
H .BC2
8C1 s BC1
Specification of Boundary Conditions for Sfep 2 (below) .
BC1: Ax =0 (Fixed boundary)
Ay =0 )
BC2: Ax=0 (Rol!er boundary)
BC3: ox =0 (Stress-free face)
. oy = 0 .
- BC4: oy=17v, -2z

264
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A S A o2

(e.g. Figure 3;T9}¥\\The stresses ln a limited region only were con-

toured, since the immediate back-slope is the zone of potential failure.

N
\, Y

8.4.4 ﬁintte flement Mesh ChAracteristics

The following general les guided mesh design for finite ele-

]
’

ment analysis:
1. Triangle aséect ratios were kept low,
2. Finer mesh divisions were employed in the;Eegion of large
stress variatioa (i.e. toe»og slobe).
3. Mesh height was twice the slope height (although this was

not necessary, because of the high Young's Modulus of the basal

'limestone).

4. Mesh lengthv;as greater than ten times the slope height.

5. Side;boundaries émployed roller-type constraints; basal
boundaries em#ioyed pin-type constraints (Desai and Able, 1972).

The two meshes eﬁployed are shbwn in Figures 8.9 and 8.10 for
the 60° and 63.4° slppes respéct#vely. The secoad mesh was designed
and used bSecause the init}al mesh was too coarse to accomodate the
large elastic displacements at the slope toe, and because it contained
rows of elements which displayed considerable stress oscillatioun. The

second mesh coatained approximately double the element density; there-

fore stress distributioas along circular arcs were determined for the

second mesh only.

»

8.4.5 Application of Various Ko Conditions to the Excavated Slope
" The 600 slope mesh was subjected to boundary stresses repre-

senting values of K, constant within each analysis, but varying among

analyses from a value of 1.0 to 8.0. The resultant herizontal férce
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“ ’
Stress-free boundary N .
h ) Oil sand
A "\ Stress bountlary conditions
- 60 ) ‘
N 1 t
. i
N
’ ’ Limestone or ] .
. S Oil sand 1 ~ -
P ‘ ~ -
Fixed boundary Fixed boundary Rolier end constraints
\ v - )
Values of E and u are varied '
"‘\\. for parametric comparison
N e . g ' : 165 Nodes
/ N " . 274 Elements
. ; k Nodal forces ’,
’ ’ M >\
N . .
A -
V
\\
., \ %
an \\

- Fixed boundary

Figure 8.9 Finite Element Mesh, 60° Slope
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Material 1 \ Stress boundiry conditions

Material 3\3__—’
: Material 2 -
"Fixed boundary Roller end
* .constraints
» Stiess free boundary .
| . Material 1: . Material 3 )
Oil sand Lime;itone as below, or
| € = 14,085 kg/cm? Basal clay ‘
u=0.30 E = 2,450 kg/cm?
v = 2.20 gm/cm3 1= 0.45
63.4°\ 7=2.50 gm/cm3
[ ‘ ‘ \ X
‘ Materiél 2 ‘/-.
g
- ‘
* 338 Nodes
N 569 Elements
| \ \_\'\
” : ’->
- » Nodal forces
~ > -..»
-
T F ot

| AR

Figure 8.10 Finite Element Mesh, 63.4° Slope
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diagrams aré linear (Figure 8.11). _Recognifiod that values of Ko may

'not remgin const;qt-wtth depth gesulfé& in application of a nonlinear
horizontal nodal force distribution (ngure 8.11) to the 63.4° slope.

The values of:the forces were obtained B& unlftplying a givén mean

nodal stress by the.appropri;te value of Ko, by the slope increment,

and of 2odrse by the tangent of the slope angléi ‘For all anaiyseé s
on the second mesh, values of K, were expressed as two nuﬁbersf(e7g.

Ky = 2,4).\ The first number, refers té the constant value of Ko which

was apﬁlied to_the éntire slope belqwna depth of H/2; the second num-

bér is the value of K, at surface. Values of K, between the slope SRS

crest and the slope midpoint varied linearly.

'8.4.6\J£L1;818 Using the 60° Skope Megh

The effecté*of‘ﬁlffering moduli ratios between oil sands (Soil
1) and limestone: (8011 2) were examined by keeping Ko constant and |
varying values of E; and nz; Poisson 8 ratios remained unchanged
The effects of varying Ko values were assessed by~keeping all material
properties constgnt, and by applying slope forcesfdgrivéd for K, equal
to 1.0, 1.5, 2.0, 4.0, and %.0. Pre-éxcavatiéﬁ in situ forces were
subject to the same K, values.‘ Moduli ratios (E1/E2) of 1: 1 1:20,

and 1: 50 were employed, while the value ‘of K was kept constaut at

1.0 and other material properties remained unéhanged

8.4.71Analysls Using the 63.4° Slope Mesh

| The effects of the 1n;rodqétion of a soft laye;xat'the slope
base was explored by an initial analysis with two soils only,'then
by a furthef analysis introducipg a lens of material at the slope

base (Figure 8.10) with differing properties. Material properties
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v

x-force at
node i

~ x-force at
node j

Figure 8.11 Derivation of Nodal Forces

= .
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-

were kept constént for the inttial anafyses: Young's Moduli ratios
for oil sands; limestone, and clay were 1 : 10 : 0.17, and Poigson's
Ratio values of 0ﬂ30, 0.25, and 0.45 fé%pectiQely were employed. . Non-
constant values of ko were employed, and boundary stFesses were deriyed
as shown in Figure 8.11. K, value;'b% (1,2), (2,4), and (4,8) were

~used for both of the stratigraphies in Figuré 8.8.

A further analytic step\:as introduced for this slope mesh by
artial removal of tension to examine the effects ;n slope stress
striﬁutions. Any.elements in the mesh which yielded tensile gtresses
(minimum prihcipal stresz;) in the first analysis were accorciedtw

material properties. O0il sand elements in thé upper, tensile zone weré

glven materigl properties assuming an unchanged bélk modulus (K), and N
a shear modulus (G) réduced by a factér‘of55p. Since the broéram con-
stitutive matriées use Young's Moduli and Poisson's Ratios; conversion
.to,Lulk and shear moduli, reduction of sheér modulu%, and reconversiqn

to standard elastic‘constants were done‘by hand calculation. Reduction

of shear méduius results in a similar drop in Young's Modulus and a rise

in Poisson's RAtiés as indicated by yell-known elastic relationships

(e.g. Jaegér and Cook, 1969). Oil/sand élemenﬁs which‘had failed, bys .

exceeding the specified (failure criterion) shear stress in the region

were ziven elastic constants equivalent to a shear

.

of the slope toe,
modulus reduction by a factor of five. Failed elements in the clay

were given a new Young's Modulus lowered by a factor of ten, accom-
o

<

paniéd by a Poisson's Ratio increase from 0.45 td 0.49.

_These steps did not remove tension completely, and new tensile

elem;;:;fhe(g\ffnerated; howevef, incremental loading with pfogressive
tension removal was_not considered justifiable. Thé purpose of the tension

.
~ -



’

‘iemoval increment was only to indicate patterns of atress evolution,

and not to generatd qpanticative data.

8.4.8 Results of 605 Slope Agnlysi?r
| Slope deglections are presentéd in Figure 8.12 Values of both
Ko and soil properties are varied' to show the effects of in situ stresg
and of varying soil properties on slope surface deflections.
Coritours of normalized maximum shear stresses aré‘preaentgd in
Figure 8.13 and in Figure 8.14 for selected conditions. The zone of

"failure" was derived by applying a simple linear mean total stress

failure citgerion: : \

_o]+o‘ | +o3
Toax ° ( ) sin 40 = 0.64 ( 3

) - Equation 8.19

and 18 intended to show regions of highet probnbiIICy of failure. The

result of application of various total stress ratio failure criteria

is shown in Figure 8.14c.

Coatours of the change iq the first stress invariant are derived:

‘ e A-O] + A 02 + A 03 , . )
A J] = 3 : Equation 8.20

Two selected cases are presented in Figure 8.15. If the change
in pore fluid bressure can bg'expressed as:
| = f(A~J]) , : ‘1 Equation 8.21
then these figures give an idea of the magnitude of the pore préssure

change.

8.4.9 Results of 63.4° Slope Annl§sis

Normalized elkstic deflections (tension permitted) are presented

in Pigure 8.16 for two stratigraphies and for three conditions of Ko+

o

. Al
.

A
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{  Scale: 1.0- A-ls,/—y-ui'l Y
I -1 . R\

{To obtain displacement, measure Ax, Ay and

multiply by ¥ * H2/E in consistent units) R

Ax ) '
‘ -8 ————Nem ey

- . 2 14y
Y, =208 E, =3500kg/cm M= 0.40’ \ !
Yo ~2.323 B3+ 70,000 kg/em?,  p,~ 0.30 :

e A ’ .\

KO =1
Figure 8.12a . .
= ;I
Deflections, constant soil Ko=2 : ‘
=\ properties, varying values of Ko “ K 4
. . 0=

. 11600
o A | S / 1 = Oil sand J i
\ v
k’ " 2 = Limestone

: ‘v_Qr*' [}
— 1 =7, =2.083 E;=E, =1400 kg/em?2
’ 71 ’72 =2.083 ) N
E, = E, = 3500 kg/cm2 =~ “
Scale: ——] = 8 cm displacement 1= Bz = 3500 kg/cm l

(for a 61 meter slope)

: 7, =2.083 E, = 1400 kg/cm?
= 2 cm (for 2 30.5m siope)

Y, =2.323 E, = 70,000 kg/cm? f
Y; =2.083 s ) &
E1 = 3,500 kg/sz ) .

Y, =2.323 T
E, = 70,000 kg/cm?2

Analytic Conditions
Kg = 1 for all soils .

Onesoil: = u, =0.40
Two soils: py =0.40 u, =0.30
Figure 8.12b

Deflections, Ko=1,
varying soil properties

“Figure 8.12  Elastic Slope Deflections, _
60° Slope » ’

i
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Figure 8.13.
Anslytic conditions: K = 1.0,
Uniform soil (oil sand)

"+ Tension zone |

Failed zone

All disgrams comou;od in uluﬁ of: 0.20
7 max/Y " H

—

Figure 8.13b ,
S T ——e Analytic conditions: Kq = 2.0, Limestone bese

F . N . ) p .
silure Criterion: Tona

ZSoil 1T
Soil 2

Fi,guu 8.13¢ L
Analytic conditions: Ko = 1.0, Limestone base

Soil 1 (Oil sand)

; - — X A —
Soil 2 (Limestone) - 0.2 0.3 ‘ \()4\%1 06

Q

Figure 8.13 Contours of Maximum Shear Stress, 60° Siope;
Zones of Tension, Zones of Potential Shoar
Failure Included




g : Figure 8.14a Lo

Contoursof T, /Y ‘H
Tension zone “ Anslytic conditions: K, = 8.0, Limestone bese
\ R ‘ : Rt

( Entire siope in a state of failurs.dueto /.

high value of Ko) T L e
\‘f\———._ 20 ‘
- 130 N
Soil 1 - S
Soil 2 3
8.0
® - 5.0 N
|
Figure 8.14b ’
\‘Wone Contours of 03/7 *H e

0.0

~

. : 0.20
All soil properties as in Figure 8.13

Analytic conditions: K, = 2.0, Limestone base

2

Figure 8.14¢
Application of a total principal stress
ratio failure criterion, Ky = 2.0, Limestone base

(04/03) pp =4
—— (0,703) pax = 8

' . (0,/03)max =12
' Zone of failure due to
‘exceeding (0 /03 ),

Soil 1 N T -
Soil 2 ' < )

Figure 8.14 Stress Conditions and Failure Zones,'
60° Slope; Varying Kq .
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Figure 8.15s

Contours of A dy/yH
~ Analytic conditions as in Figure 8.13b

-0.40

RN

-0.70 \
oieo\ |

~0.50

o

Derivation of AJ1 : Plane strain

Jy=0; 4 0+ 0
3
therefore: Ao, = 0187014 »
AJ, =~ A0, + A, + Ao A0; = 0y~ 054 :
1 1+ 80; + 40y Ao, . :
3 ' 3 =03~ 03,

Figure 8.15b
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Uniform soil
H=040
E = 3,620 kg/cm?
Y = 2.083 gm/cm3
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Figure 8.15 Contours of the Change in Mean Prin.cipal Stress, 60° Slope
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A Analytic Conditions \ ¢
" Symbol Ko Value Soil'Conditions
/ . . L] 1,2 Limestone base
‘ . .24 Limestone hase

48 ' Limestone base ..
1.2 . Basal élay lens
24 Basal clay lens
48 * Basal clay tens

- ~ Undeflected slope

e

1.0(E/y - H?)

To obtain displacement, measure
Ax and Ay, multiply by (7 * H2/E)
in consistent units

2 b

»
Limestone: u = 025 E = 14084 kg/cm?
0Oil Sand: M= 030 E-=140840 kg/cm?
Basal Clay: M =045 E = 2450 kg/cm?

2

" 'Figure 8.16 Elastic Slope Deflections, 63.4° Slope
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FigurééiB;l? and 8.18 show the increase in the number of failed

elements as tension is removed.by increments, Again, two stratigraphies

and three conditions of K, are employed.

Figures B8.19 to 8.23 present principal stress distributions for
selected analytic cofditions., Each figure contains a contour diagram
of mgximum principal stress, minimum principal stress, and deviation

of the stress axes from the x-y coordinate system: these three contour

diagrams completely specify the plane strain stresses computed by

o

finite element analysis.

Figure 8.24 shows an alternate method of stress solution presgp/‘—’fﬂr
tation. This-method is visually effective, but it is more ¢ fficult

to emp{ﬁyﬂin stress distribution calculatious. No data are included

(, N4 i .
in the tensile failure zone from the initial solution, since the attri-

bution of changed elastic constants results -in unrealistic stress dis-
tributions- in those"areas. The actual density of data is much greater
. Ry B '
than the diagram indicates.
»The variation of principal stress along two selected circular

arts is shown in tigure 8.25, indicating\hpw the intersection of a

potential failure §urface with the principal stresses may be resolved

to yvigld a compressive stress value normal to the arc and shear stresses
b2* =01p
%3 R E :

7

‘parallel to the arc, providing the arc and the principal stresses are

al. gquantitatively and geometricglly defined. The value‘bf‘Ko in the
slope for the particular analysis is also shown.
i} . . . .
Values of ‘normal stress and shear stress under various ana-

lytic conditions%for\three different circular arcs passing through

[ )
L .

both the slope crest and the toe arc are presented in Figures 8.26 to

»~

8.28. Allowhbié shear stresses for two different power law failure
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Ko = 1,2

Oil sand - tension or T >22¢ 08
Failure Criteria { max n
Clay - tension or 0,/04 >10.0

Oil sand )

Limestone \ Basal clay lens

o

Figure 8.18
Failed Elements,
61 Meter Slope,
Basal Clay Lens
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“Contoursof /7vy-H
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Analytic Conditions:
Ko=12
Limestone base
Tension permitted

Tension zone
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Figure 8.19
Stress Conditions,
63.4° Slope
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Analytic Conditions
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Tension permitted
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Oil sand
Limestone 3 4
Circle 1 Circle2 Circle 3 i
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\
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‘Tension zoné- _ - Contours ‘?f (90° - 9)‘ -

(6 = angle of deviation of ..
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Figure 8.20
Stress Conditions
63.4° Slope
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" Tension zone “. Contours of 0, /y - H

\'\_\_’“ 0.2-- N ’
Analytic Conditions
[~ _ Ko =48
‘ Limestone base
— 2 Tension permitted
1
Oit sand 'y
Limestone ' 5.0 6.0 80
3 Circle #1 Circle# 2 Circle # 3

. -0, = tensile * \ o .
6.3 .

. - - 1 N
*. Tension zone .
‘ ne

Contours of (90 - §)
(6 = angle of deviation of
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Tension zone

Figure 8.22
Stress Conditions,
63.4°Slope
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Analytic Conditions:
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Tension permcd

" Tension zone

Circle 1 Clrcle 2 Clrcle 3 . [
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Figure 8.21 .
Stress Conditions,

- 63.4° Slope
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criteria are included for comparative purposes. Zones of tension, -
in which failure must be assumed, are delineated in each case; In
o~

general, the temsile zones are at the slope crest and face, and at the

interface between oil sands and underlying materials.

8.4.10 Conclusioas of Stress Analysis by Finite Element Methods
Excavation of steep.a;OPes in materials with high in situ
stresses resultg in (1) principal stress fie'' rotation such that the
maximum principal compressive stress clgfe to the slope face tends to
align 1tself parallel to the slope face} (2) high concentrations of'2
stresses near the slope toe; and (3) creation of zones of tensile |
minimum principal stress at the slope crest ;nd at the top of the

slope face.:

An increase in the analytic value of K, results in an increase

Ih maximuﬁ\shear stress throughout the slope (but particularly at the

_toe), a cogresponding Increase in slope deflection, the generation of

\

an upturned §lope crest, and a rapid return: to pre-excavation in‘°situ

’

stresges awaZJqum the slope face.

.;‘7"‘1

Introducing a soft clay lens at the slope base has the effect
. of reducing the shear stress magnitude in the overlying otl sands;
increasing outward slope toe movement, increasing the length of the

tengile failed zone at the slo#e crest, and creatiﬁg a high shear stress
concentragion in the clay.

The usé:of‘a very high modufts“ratio between limestone and oil
Z;nds has the”same effect as eliminﬁting the limesﬁbné and using a
rough (pinned) base, Y .

-
L

Introducing‘h power law failure criterion with respect to
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circular toe arcs demonstrates several {mportant factors: (1) circular
arcs closest to Lﬁe slope face display the greatest stresgs ratios and
are generally less stable than circular afcs f;rther from the slope
face; (2) normal ntresses‘remaih?rclativoly constant for a large por-
tion of the circulAr arc because of stress rotation; and (3) shear
strength is exceeded mainly at the slépe‘toe,.necessitating upwards

redistribution of shear stress,

8.5 Conclusions

The wedge and finite element‘analyses support thevhypotﬁesis
of high,stréngths of oil sands. The analyses show that the strengths
of oil sands are sufficient to withstand fhe high‘shear stresses caused
by excavatioa of high, steep pit wallsg. “Thé stress-strain curves
generated from oil sand samples indicate that progressive failure
phenonena may play ‘an important role in slope stability. Zones of

stress concentration predicted from finite element analysis show ihat

the slope toe is the critical zone for progressive failure.
The finite element analysis indicates that tensile zones may .
exist in the slope crest: the tension cracks assumed in wedge anal-

ysis are therefore justified. .

The data and analyses lead to thédconélusion that major, deep-
seated failure of o0il sand slopes is unlikely: rapid raveling at the

pit face will be the major failure mode.



CHAPTER X

vy

CONCLUSIONS AND RECOMMENDATIONS

V.1 Restatement ‘of Objectives
The objective of this thesis was described as the investigation
of che geotecnnical propercties of Che Athabasca. 0il Sands with emphasis
on those p.operties of concern in sucrface m{ning operatiéns. The méjor
topics efplored in the thesis are the morpholégy of natural slopes in
the Athabasca 0il Sands, stregs-strain-strength characté;istics, ®icro-
tabric and nicrotexture of McMurc-ay Formatioa sands, stability analysis
ol oil sand slopes, and computer stress-analysis of high steep pit walls.

The mineralogy and index propertieg of the basal clay deposits of the

McMurray Formation are discussed in Appendix H.

9.2 Summary of Research

The McMurray Formation, which contains over 95% of the Athabasca

¢ ' -ands, is an orthoquartzitic, transgressive blanket sand with in- -

-reasing quantities of clay minerals and decreasing grain size towards .
the top of the formatioa. It unconformably overlies a Lower Cretaceous
paleoerosion surface, and subdues the paleotopograa@;cal relLef The
/
grain size of the deposit controlled invasion of oil, resulting in
decreasing mean oil contents towards the top of the McMurray Formation.
Natural slopes in the McMurray Formation are generally steep:

slopes over 60 m in height at aveiiég slope angles of 55° have been

observed. Detailed examination of a large number of natural slopes
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indicates:

l. Bitumen 1s no: a source of strength except in the outer

few meters of slope face.
gq_,/
2. The sands ave essentially u;cemented.
3. No deep-seated rotational failures in intact 0il sands can
be found. . P '
4. Hydrogeologicai boundary conditions in oil sand slopes
remain Jnknown:'SLt water pressures are pfobably low.

Recession and degradation of oil-rich. slopes -occur through
removal of slabs along exfoliation fract?fes; the proces® is accelerated
oy solar radiation and by water pressure in the fractures. Oiljfree
slopes are degraded by freeze-thaw.structural disruption in caoillary-
sacurated zones of fine-gréined sand, and by detachment of exfoliation
slaps by gravity and.weatheriny. |

Landsliding occurs at tne bases of slopes which have significant
debosits of vasal clays.‘ These landslides are conéinéd ﬁbfscfee'énd'
debris piles and underlying clays, and have not been observed to pass
through in;JL' oil sand;. Slickensided zénes in basal clays indicate_
Lnat‘residual strength conditions exist ip taese stiata as a result of
tue diffe;ences in strvain arising from tﬁé low elésticcmoduli of the
clays. Slopes coantaining significant quantities of basal clay display
characterigtic ﬁorphologies sucﬁ as bimodal slopes, scalloped back- 
slopes, and basal landsliding.

Natural slopes display high 1ong—termvstrengths, but -previously
published laboratory do not ?rovide an explénation for the observed

strengths. The reason for this anomaly has been identified as exces-

sive disturbance during and aftér sampling which has resulted in poor-

<
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{

quality laborétory data, Several sugyested strength sources have been
shown to Ec inapplicable to oil sands behaviour. Cementation by clay
winerals, carbonates, or bitumen has been ruled out as a significant
source of strength of oil s;ﬁds;‘énd negative or reduced pore pressures

are very unlikely to contribute significantly'to the strength of oil

4

sands.

An extensive strength testiaé program was designed to agsess )
thé'stress-strain-strength charactegistics of Athabasca 0il Sands.
Triaxial tests were performed#on dense Ottawa Sand, denéifiéd oil-free
sghd frqm extractionvtailingé,'compacted oil;rich oil sand,.and high-

quality bore hole oil sand specimens. These tests indicated that:

l.ﬂBitumen does not contribute td.shear strength.

32. Sorting, grain angularity, énd grain surfacte rugosity do
not contributéréighificantly to peak strength characteristicé.

3.‘Oil-rich undistg;beqlAthAbasca 04l Sands have low per-
meabilities and very iow compressibilities.

4. Peak stress ratios (or peak déviatoric stresses) are very

high, strains to failure are small, post-peak strength 1oss is
sudden and large, and dilative behaviour is characteristic.

5. Small anouﬁt;uof'sample‘expansion do not'de;troy the strength
characterisciés, but large amounts of expansion déstroy the struc;
ture of the,oil sands.

Shearbox testing was undertaken to explore further the shear

strength characteristiés of the oil sands. Compatative tests were per-
formed'on coarse-grained and medium-grained Ottawa Saﬁd, and on a

numBer,éf specimens of oil sand selected to assess the variability of

the Athabasca.Oii Sands. The shearbox testing proéfam indicated that:
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L. 0il sands display shear.strengths mnch yreater than those
of dense sands.

‘2. Typical oil sand Mohr-Coulomb failure ennelopes are dls;
tinctly curnilinear, display no cohesion intercept, and ma; be
~usefully approximated by a power law_relationship.

3. The residual strengths of the arenaeeoua portions of the oil
ASann'deposits are:normal with a valge.of-aoont 35?. Intraformational
clayey silts show residual angles of shearing reslstanee as low as?18°f

4. Secant ¢ angles of oll sand specimens are a function of .
dilative behaviour; thla behaviour is suppressed as normal stress

. level increases.

Generalization of the strength findings was attempted by testing
three quartzose undiaturbed natural materials. Two of these materials,
St. Peter Sandstone and Swan River Sandstone, are similar to the
McMurray Formation sands: . they are quartzose, fine-~ to medium-grained,
and geologically old. The third material, a preglacial sand, lsf
Tquartzose and very fine-grained but'geologically young. Benaviour of
these materials showed that the conclusions from. the oil aands strength
studles are Lndeed gene;allzable the geologically old materials
behaved in a very similar manner to the oil sands. Furthermore; the
preglacial sand behavedwin a manner similar to ordlnary dense sand.

The results of these studies indicate that diagenetic processes are respon-

r31ble for the characteristics of the geologically old materials

The term "locked sands" was chosen to refer to materials showing
the following characteristics: high shear strengths, curvilinear
strength envelopes, and little or no cohesion at zero normal stress.

An optical and scanning electron microscope study has identified
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the specific diagenetic processes responsible for the shear strength
of locked sands, Crystal overgrowth and pressure solution have
r tesulted in an interpenetrative 8rain structure, which creates a
degree of interlock without true cohesion. The interlock causes
extremely high dilatancy at low normal stress levels These phenomena

are responsible for the curvilinearity of the Mohr- Coulomb envelope ,

The effectiveness of crystal overgrowth and pressure solution was exam-

i

ined in an idealized analysis which showed that minor amounts of soluti

result in dramatic decreases in porosity. The porosity reduction is, Q{\\
in turn, associated with the interpenetrative granular fabric respon-

\

sible -for the stress- -Btrain-strength behaviour.
Since o0il sand’ slopes, either gatural or man-made, are steep and

high, potential failure surfaces may pe ugsefully approximated by planar
- surfaces. A method of stability analysis based on total stress and
plahar surfaces has oeen presented. Back-slope tension cracks con-
taining water are included in rhe analysis, and curvilinear failure
criteria may be employed. Analysis of a number of possible cases has
confirmed what. has already been demonstrated by nature - that high Steep
0il sand slopes exist at safety factors much{greater thgn 1.0.
Finlte element analyses of two’ hig steep slopes were performed
to explore stress redistribution upon excavation, No-tension incre-
~mental solution and failure Criteria were employed in an attempt to
qualitatively assess stability The computer stress_analysis has
demonstrateddseveral important points: | |
1. Tension zones likely exist at the tops of all oil sand .
slopes. | F

2. Stress field rotation upon excavation results in very high



stress ratios in the slope face, These high stress'iatios are
.probsbly responsible for the exfoliation fractures observed on
all oil sand slopes. |

‘3. Shear strengths are usually esceeded by the 8hear stress in
she'region of‘the slope toe, indicating that progressive failure
most be assumed in these materials. |

4. Residual strength conditions probably exist at the bages of
slopes founded on basal clay. Thrust faulting in pit floors is

a possibility as a result of the high values of in situ horizontal

" stress and the: stress concentrations at the slope toe.

i

9.3 Limitations of the Research

A number of criticisms esn be directed at the research reported

N
s

Sy
“in this volume. The most serious of these are associated yiqh Chap -

- i :
-3 1

ter VIII.

The finite element analytic parsmeters, of necessity, were chosen

arbitrarily No data exists in the public domain on slope deflections,

in giru moduli, or pore pressures. Forthermore, a single-step, tension-

permitted analysis was performed, mesh divisions in regions of rabid_

stress change were”probably not sufficiently small,; and failed element
. i N r

properties were chosen afbicrarily. Plastic behaviour and failure flow

la;s were not osed in the'analysis. Neverthéless, it is the writer's
evaluatios that, until more high- quality data is generated, exotic and
expensive computer analysis 1s noF justified in oll sands geotechnique.
The stability analysis in Chapser VIII 3fy-be nooconservative-
secause it may err on the unsafe side. Evaluation of the stabiligy

-

analysis indicates,that, within the limitations stated, the effor is
! : :
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not gross. The nonconservative error arises from the assumption of
planar failure surfaces and from the curvilinearity of the failure cri-
terion (combined with a mean total stresg assumption on the failure
plane). The assumption of deep tension cracks which do not contribﬁfﬁv

to shear strength is conservative, and probably offsets the previous non-

conservative assumption. : |

298

The preceding criticisms are mitigated by the nature of the failure

criterion employed in the analysis, ‘The'laboratory strength values

i3

reported in Chapter V must be less than those which exist'in gitu, and.
a further degree of conservatism was‘introduced by reducing the strength

criteria for analyses, More complex stability analyses are not con-.

[ . . —
sidered justifiable until pore pressure data are available.
L3

9.4 Recommendations for Further Research

The effects of diagenetic processes on engfneering characteristics

.2} natural materials are not clearlyfunderstood The present study has,
'of necessity, confined itself to ‘a few quartzose materials which crop out
in accessible locations The strength of oil sands is important to pit
mining programs, but the stress-strain-strength behaviour of this locked
sand is important in ingitu extraction methods and crucial to the suc-
cess of any future underground mining project Shear strength envelopes.
for oil sands should be extended to higher stress levels approximating
those expected in tunnels at some depth (i.e. about 140 kg/cmz), as
underground methods may eyentually be employed.- Fracture propagation andw
secondary or tertiary recovery methods are used to enhance productivity of
conventional quartzose arenaceous oil reseuoirs in Alberta,. Knowledge -of

o ; i
the behaviour of the reservoir sands 1is lacking, but it {is likely that

R 4

"

o



many of them behave as locked sands. ;

In situ stress states in the McMurray Formation sands are not
known; nevertheless, knowledge of stress states is vital in fracture
propagation and computer modeling of stresses and strains. Pore pres-
sures behind pit walls and natural slopes are unknown; therefore ‘pit
j wall design at present lacks crucial input parameters which may gig-
nificantly affect.mining economics. Both of these topics are worthy
of consideratioa as minor research projects,

Despite nunerous research studles there is still considerable
misinformation concerning the nature and geological history of the oil],
sands. Much recent research is largely repetition of simildr work in

the oest,rslthoggh_nggﬁand useful topics on the Athabdsca 01l Sands are

|
L

oil-free coerse-grainéd sanop) is not understood, and has been largely
ignored. These. deposits are'of grgat interest in open pik mining and

in gitu extragtion techniques. Therebis still“oonjecture as to the

“ depositional environment‘of the McMurray Formation, and studies of areal
variation have not been bublished. One of the less important, but mosgt
interesting, topics is ehe sourceTof the bitumen in the oll sands. Many
scientists still do not accept “the theory of up- dip migration followed
by d-gradation or loss of volatiles.

9.5 Concluding Ststement

Over three billio1 dollars .have now been spent on the development
of the Athabasca 011 Sands It is imperative that useful geological and
geotechnical data be' generated to properly implemtnt the technology of

today and of the immediate future. The end of the era of fossil energy

nbmérods. The basal stratigraphy of the oil sands (basal clays, paleosols,
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sources is‘perhaos at Qdi, but many decades, possibly even centuries,
e f

will pass before petﬁbleum product

sources, Development of these resolrces in the most efficient manner

several decades to come.
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APPENDLIX A

SLOPES IN THE ATHABASCA OIL SANDS
<

Introductlon 3

The followlng pages contain selected slope profiles obtained
during field trips to the Fort McMurray area during the years 1973
to 1975. If direct physical access to an entire slope face was pos-
sible, measurements were made with a rope and hand inclinometer (e.g.
Slope 51); however, extreme steepness occasionally prevented access
from the slope base, and “In those cases heights reported are visual
estimates (e.g. Slope 59). . In general, the profiles represent the
steepest portions of a given face, and all angular measurements may
not have been made directly on a normal vertical plane, but may lie
several meters to either side, depending on accessibility. : The
location (LSD-Section-Township-Range) of each slope has been deter-
mined from NTS 1:50,000 topographic maps where available, or NIS
1:250,000 topographic maps. All slopes were studied in stereoscopic
aerial photography before and after the field trips.
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TABLE A,1

. Slope #

1

3

10
12
14
15
16
17
19
.20
21

22

RN

23, 24, 25

51

572
53
57
59
60

6l

65

66

PR

AN

~.

CONTENTS OF APPENDIX A

Lower Horse River
Lower Horse ﬁiver
Lower Horse River
MacKay River
MacKay River
MacKay River

*MacKay River

Athabasca River (4 km north of Ft. McM.)

. Athabaéca River (% km west of Ft. McM.)

310

Page #

311

312

313, 314

315 to 318

319

320
© 321

322 (326)

323

Athabasca §iyer (1% km west of Ft. McM.) 524, 325

- Athabasca River (4 km north of Ft. McM.)
McLean Creek (20 km north'of Ft

South of GCOS mine

326, 327

-

328

&
N .

329

Clausen's Landing (30 km north of Ft. McM.)330

‘MacKay) -
Clausen's Landing

North of Claugen's Landing

Lower Steepbank River

© it

Lower Steepbank River

~

Lower ‘Steepbank River

'Athabasc; River (10 km west of Ft. McM. )
Athabasca River (9 km west of Ft. ﬁcM.)
Athabascg‘Rivef (5 km west of Ft. McM.)

" . Lower Christina River

High Hill River

Cottonwood Creek

331

332

333

334

335

336
337

338

339-340
7341¥

342
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Steep, well-exposed
oil sand slopes

<

O X
S5,
[ HI‘Ve,

Approximate

scale
|‘~>‘ ’ Strong
: . undercuttin
50m ~undercutting

Flood pain

Flood —y .
plain _.‘-"’ . y = ~Gully

Flow shdes

Convex nickpoint
at the top of the
McMurray Formation

Section 4(b)

.

Plan View of Slopes
P 4(b) and 4(c)
! _— - SWY%-16 - 89 - ROW4
Flow slide, sectional Along th? Horse River
- protile is sketched below ®

Talus

— Mixture of silts, clays, water
. and some bitumen

Minor tension
cracks .

Talus

Super-saturated
clay pools

-~ : 10 11m —

313



31

—_—

Bay
Q»LOI

"l

c_m_myvoo_u «

3INIX1w
[10,/131eM/AR[D, 1|15/ pUeS $| jerialep
"S3PIS MOy 40 sap f

YM6Y - 68 - 9L - %MS
1BAIY 310}

(3} PUE (q)p = sado)g

~—— buninasapun

131y o
o . H Buouis Assp

spues |10 yoiy

4—3U0ISUOI | -

- 53pljs moyy 10y eLdlew 40 .
321N0s *(33.19%) uo.ide $11Q3p jeseq -LE

uoneinies jio

E:.mUmE Aljensn ‘pues auy; ‘pasenod Ajabiey
‘ybry wi o1 dn sabpa| Jouiyy

(@padors {7/ zy) 3,85 <€—

SU01123s daals buidden
$134s auolsuOLI jRUDISEII0 Suippaq
1€1U0z1i0yY rusuuOoLd Asaa ‘uoneinies

.2iqeisea ‘pues o Apues 01 Aajeys

SHSOdap 3udd01sia|g J0uIW

4
. Pue uonew104 J31eMIRElD)
s

{2)y adoyg




315

Joints (limestone) \

(%]

118°/v £ 6°(7)ex |

0
N 30°/v 1 5°(8)ex | Viewpoint
' j
Heavily
vegaetated ‘
Section and plan view geﬁ, }
of this slide given
on next page ’
Road to
Fort MacKay
3 4m.

Limestone chffs

Section 7(b}

Jom}s
3139/84"(8) poor .

Seaction 7{a)
Section 7(c)
Flat-lying

i plain
Very sharp valley lip

Plan View 6f Slopes j
. v : 7{a}, 7(b) and 7(c) -
Rounded valley hip SWY% - 35 - 94 - R 11W4
A . o

’ General Profile of Slopes at Site 7
Aspen and pine, ’ ’

tlat plain (,\

3 5m Almost vertical, shaley lean .
oil sands, capped by aeolian sand {%m)

25m Steep rich oil sand, lean towards top,
coarser-grained towards hase

10m Debris field and talus
Occasional pools or bogs ‘

" Landslides
4 - 5m? Basal clay

Limestone * 3-6m
: Limestone clitfs .
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Plan of Oil Sand Slopes 3.5km N of Ft. McMurray

2

Limestone
terrace, Steepcovered oil sand slopes

(25 - 35°)

Exposed Slopes > 1.6km Long
Slope # 17(b) . ,

e 82 -90m

Clearwater Fmn.
. well-vegetated, slopes

|
about 10° - 20°

Exposed slopes are generally o
bimodal: a steep upper portion
about 40m high at a slope angle of
45° Yo 65°; apd lower talus-covered
portion, about 20m high, lying at 30° - 45°

® 100m

Valley cresi {stope

Slope # 17(a) !
greater than 107)
} .

F-==a) Flat-lying

E xposed oil sand s plains

slopes 2
® 104m
Slope # 14
Slide scar

Ft. McMurray
3.5km .
«
Limestone at and
up to 5m above river level

Recent flow
slide

McMurray Formation

Scale }2—0021—{
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APPENDIX B

SAMPLE PREPARATIdN AND MOUNLING FOR SHEARBOX
AND TRIAXIAL TESTING

.1 0Ll Sand Specimen Preparation
BT Goneral Comments :
Specimens were prepared in a cold, room at a temperature of

=159 to -20°C. Initial sampling attempts’ indicated that special con-
siderations are heceasary in preparing oil sand specimens;

lI. Warm temperatures must be avoided as they greatly accelerate ,4:
specimen deterioration. ‘ .

2, Even at relatively cold temperatureas (-150¢), aspecimen ex-
pansion continued slowly when confining stress was relleved (resul-
ting tn one case in-a further volumetric expansion of 3,6% in .two
waeks), , o A ' '

3. Normal equipment for apacimen preparation (e.g. trimming
frames, trimning rings, Shelby tubes) were tested and found to:
he inadequate. -

The following special techniques were used for preparation.of

.all apecimena: ‘ ' v ’

l. A four-speed belt-driven lathe with 7,62 cm diameter ends
wad used as the basic trimning tool.

2, Tyhgaten carbide-tipped bits proved necessary:  oil sand
specimens require the use of materials with extremelthigh resis-
tance to abrasion. Threa types of bits were used; their designs
and functions are illustrated in Figure B.1.

3. All specimens were stored, opened, trimned, and - mounted in
a chilled state; they were allowed to warm to room temperature
only atter the application of a confining or normal stress.

8.1.2 3hearbox Spectmon Preparation ‘ : T

_ Fhe plastic liner was réméved,gﬁﬁafully from a leugth of core,
aud the cods of the sample were trimmed with a hack saw or with a dry
diamond saw to form, roughly flat, paralle!l end surfaces. "Samples were
cénteréd securely on a lathe, and axial I ssure was applied by a screw
jack to provide the necessary stability di..ing rotation, )

‘ Sauple eccentricity was removed by cutting with a general trim-
ming bit at .the extremaly slow rate of two revolutions per secoad. The
rotatioa rate was then increased to about four revolutions per second,
and the- yenaral trimning bit was used to trim the specimen diameter to
64.5 mm (about one milllneter above gauge diameter), Several sharp
general érimming bits were required for thioﬁbroceaa, as the angullfity(
and toughness of the- quartz grains caused rapid bit abrasion. Dull
bits caused specimen surface corrugations and an increase in specimen
tempernéure; therefore bits ware changed as soon as wuar became evi-
dent, ‘

Bauge cut was made with t uge bit. Several Pasaes of the gauge
bit along_the sample were e to assure maximum rogullrlt%%of the

cylindar, * 7 . ’ & .
’ The undercut hit was used to shape flat parallel onda.ggghe bit

: : L343 '

\
\

Initial cuts were EEEQ vwith the: general trimuing bit; the final

/
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L . . . - -
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Figure B. 1\ Tungsten-Carbide Tipped Spoci_nidn Trimming Bits: Design and Function
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was guided directly into the cylinder to cre‘te parallel-sided slots
vith a two-centimeter '"neck" remaining between specimens (Figure B.2). q
Each specimen was about 2.54 cm thick. This procedure assured uni-~
formity of size and ahape. , .
The specimens were removed from the lathe, the connecting necks
were broken, and exceas material at the neck was trimmed with a ascal-
pel. Hand arinding on coarse (80-C), then fine (280), silicon carbide

paper removed end irregularities,

After the final trimming and sanding of specimens, the volumes
and total weights were measured. The shearbox was prechilled and
assembled in a chilled state. Brass porous end plates and single
thicknosses of filter paper were used at both ends, of specimens to
provide complete drainage during testing. o

B.1.3 Triaxial Specimeu Preparation
) Unitorm, right circular cylinders were used for triaxial testing
Because the ofl sand core available was 9.4 cm(in diameter, standard
10.16 cm Jiameter triaxial cells were modified- to accomodate specimens
of 7.62 cm in diameter and 15.5 to 20.0 cm in length,
[t was essential that the length of core chosen for t mming
be relatively uniform and free of any inciplent or actual bedding
plane scparations. Many core lengths were rejected as unsuitable
for testing for various reasons: ' .
wl. Differing lithologies in many cases resultéd in differential
expansion, causing visible discontinuities, = - o
2. Oil-rich specimens displayed excessive expansion, and gen-
erally were not suitable for testing. : .
3. Specimens containing significant séctions of clay~-rich bands .
were rejected, as it was desired to test only the arenaceous otl’

sands which comprise the majority of the deposit, - <
,_ 4. Core lengths of less than 28 cm could not provide the neces-
sty 15,5 to 20.0 cm required for triaxial testing. '

The trimming procedure tollowed after specimens were selected
was very similar to that employed in shearbox specimen preparation

“(Section B.1.2), End pleces were used for bitumen content determinations

and grain size analyses. :
B.1.4 Uriaxial Specimen Mounting . -
Clean triaxial cells, with silicon grease applied to the base
O-ring seal, were chilled in a cold room for several hours prior to-
mounting. The triaxial specimens wuare weighed and measured (to deter-
mine bulks dendities), then sheathed with 7.11 cm diameter latex mem- .
branes using a standard nemhrane stretcher. In the initial tests, - )
porous Teflon end drainage plates were used, but, because the compres-
sive bLehaviour of the Teflon was unknown, porous stainless steal end -
pltates were used in subsequent tests, The stainless steel end plates
were separated from the specimens by finely slotted latex membranes.
Side drains were not .used because permeability data were of interest.
The end caos were coated with a thin layer of silicon grease to ensure
41 adequate seal, All membranes weré sealed to the end caos with
double O-rings. : . L
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St Be2 Spec imen Preparation_for Otl-Free Orthoquartzites
Ditlerent methods were required for the preparatioa of speci-

mews 9l ofil-free vrthoquartzites (i.e. St. Peter Sandstoae, Swan River

uSandstone, and Swan rivev preglacial sand) than those employed in the

preparat {or ot oil sand specimens.

B.2.1 Shearbox Specimens S .
Unsaturated medfum- and fine-gkained uncemented arenaceous
materials may, with gatficient carve, be sampled in block form by hand

~ .ty provide adequare laboratory specimens., o

¢ Because the materials sampled were generally very brittle and
teade ] to fracture when placed under stress in an uriconfined state,
the block samples were pretrimned to yield smaller blocks” of suitable .

... 8ize tor ‘test specimens. THe original St, Peter Sandstong block sam-

.-ples were cylinders about 30 cm in diameter and 50 cm in &éﬁgth, All v
"samples were coated with a silicate golution. .The top and bottom five
centimeters of ecach'cylindér were cut off with a band saw and discarded.

A five centimeter disc was cut from the sample, and divided into seven
portions (Figure B.3) by cd%éfuldcuLting with a band saw. The outer
skifiJ(three centimeters on all sides) was trimmed and discarded, and
“indTvidual blocks were wrapped in plastic to prevent dessication.

"A 6.35 cm diameter brass ¥ing, 2.54 .cm high, with a shaped cut-
ting edge, was designed and built to trim specimens. Sample blocks
_werve scg 0a loose sand oa a table in a cool, humid room. The brass
ring-was placed on top of each sample, and excess sand was removed
with a fine- or medium- toothed hack saw blade (or with a small spatula)
and a scalpel. The brass ring was pushed through the sample by gentle
tapping with the wooden spatula handle. When about five millimeters
of the specimen protruddd from the top of the ring, the excess sand-
stone.was removed carefully, and the ends were flattened with a sharp-
ened straight edge (Flgure B.3). The filled brass ring was weighed,

@5 : cuttings were preserved for motsture determinations or other analyses,
and specimens were inverted onto a porous Tefloa end drainage plate
whi&h sat on a small pedestal. The close-fitting Tefloa end plate

. scrved as an extrusion piston to push the specimed into the shearbox, y
~aadswas left in place during festing as a porous, end plate. The shear-
box wias moanted, a normal loaﬂ was applied, saturation was accomplished
by flooding with water, and testing ensued. t

Shearbox specimens of Swan. River Sandstone and Swan River pre-
Rladgial sond were trimmed by the/saﬁe methods used in trimming St.
Peter Saudstone, excoept that the specimens were trimned directly from
the Qample block and were separated by sawiag with g hack saw blade

at the base of ‘the trimming ring. -

BE

/

"B.2.2 Iriaxial Specimen Preparation R

- Of the orthoquartzites djiscussed -in Chapter VI, oaly St. Peter
.o Sandstone samples were tested in a triaxial apparatus. - ,
=7 The triaxial testing of St. Peter Sasdstonc required 3.81 cm

. ‘ specimens at leaﬁt 7.62 cm qug. A. 12 cn long block with a
Wb cm cross section was cut with & band saw from the block:
sample of sandstone. A small hole was made in each end precisely in

the center, two latex squares were placed over each end, and the block
was mounted in & wire saw trimaing frame normally used in the preparation

Ic) ©
.
a
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of sof# cliay specimens.  The small holes acconmodated the metal cpen-
tering proay o the trimming frame end caps (Figure B.4); thhouﬂfrhp
holes, sunples split longleudi 1fy The latex was necessary bath to
prevent splitting due to strcsgﬁconcontlntion at uneven points, and to
provide ynﬂigtent frlctiqp between the end caps and the sample to
allow free iurntn' S0 hat-a cylindrical specimen could be obtained,
A sharpﬂﬁod erlith gﬁ s grawn c#refully over the specimen surface
(normal v the Jpgtimt event splitting) until a 3.8l cm diameter
cylindriral tentral p at least 9.5 cm long wag obtained. A U-
shapcdﬁﬂlitu;nmwt and a goarse- toothed hack saw blade were nsed to
roughly qquarb the ends - And a sharpenéd straight edge smoothgd ‘the
ead surface'for testing. Blowing on the spscimens removed loose graing.
Specimens wercs e 1 carofully and measured with calipers.

Extreme ca s necessary in all phasés df specimen preparation,
‘and, despite-the precautions taken, only four sucedssful triaxial tests
were couplet ted from 12 orLgtnal spetlmen\§]0"ks. At no time ddrxng i
mount ing, siaturation under b ck pressure, or pera {1ity testing Loul

s
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the pore fluid stress be” &1 wgd to approach the céilvﬁ§req§~hz§pccimcnau W

tmmedia ly’disaggrogated into a wass ot 1oosolsand wh Cpores Eluld
stress quallaed the ¢¥#11 fluid sL\ess. Even, the exposurevgf a étﬁck L
to witer s }acastzophlc . capjllary tehsion draws watet, i %o Fhe - -
point .ol ALurat1on . and the unstressgl block < 1ansoq ungLY'%tq own.
wgighk. ‘ ¢ . . o / . '.“

S a,'ﬁ . e A '-','t.
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APPENDIX @ -~ :
Y : e g
s STRENGTH TESTING EQUIPMENT 3
[] \ N E . s .“ .
C.1 Testlug Equipme R T *A’_ »
Because t' e re obtained in the sampl¥MR-pProgram was Lylin-

ess than 10 cm (n dlumeter, certain limitations
were imposed on qtrgn th testing program. " A circular shearbox
(Figure C.1) was .sed for allrshear tests. This permitted lathe |
trimning and. rapid density determination of c¢ircular specimens. Test-'
ln,l)f(TmpaCtLd stlty sands and fine-grained sgnds required the
design and use ot a ¢ircular shearbox (Filgure C.2) with a sealed end
cap which fit sutficlently tightly to prevent the escape of any sand

~or. stlt, vet sufflciently loosely to have negligible €ffect on

normal loads. i
The designed shcarbox met these»epectflcacions completely s Y

an upwards force of only one-half kilogram gas required to remove the
end cap, and friction was reduced further _by lubrication of the shear-:
box sides before tgattnngtch siliconL apray Micrometer mL;%urements
Pwere uscd to- determ‘lnc sample height ‘after compac un&

. The triaxia % testing program emplaying ge}lttn 5 a pore fluid :. - -
required standard 10.16 cm diameter cell§ equipped with cbpper refrig- ep”
eration coils (Figure C.3). All cells were reinforced with several
ngings ot Fiberglas tape ﬁunder tension during wrapplng),_sinqp cell
essurds of ‘up to 16 kg/cm were to be employed. Assembly of the sand
ppecimens took pfhkg ina. hrass, three- parﬂ'mould stcn[ng on a mauhlned
‘ﬁbtentlon rlny at thL Lellﬂbase (Figure C.4). Compaction of oil-rich,
plt-riil, vil sands required a one- piece stainless steel mould 10.16 cm
in dia *Lcn‘aﬂﬂ 20 32 ¢m:in length, with a wall thickness of 1.27 cm..'
Modi f 1%t § ohis were ‘made to standard 10.16 cm diameter L;Laxiﬁi cells’
to ac;ommodatc 7.62 cm diameter c'lindrical ofq sand apecimens for o,

tt.&timz. N ok
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ALPENDIX D

Phe wiain siee cutves below,. -“hJu,h\ Table D.1 oa the tollowing

pape dewpastvate the great lithologic variability of the Athabasca

Oil Sands. A1l specimons {n the gratn glee curves ave from the otll-

free portion U the Gottvawond Creck vuterop (Apg ix A, Slope 6bt)
or llnm the igh HELY River outevop (Appendix A7 N upc 05)

T Tanle Dol ovontains data troa the burehole 'yhich provided the
streagth testing sapeciuend,  The numbers in the column labelled
"Spec it reter to the deptha in feet below ground surface,
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TABLE b, L |
N .
© o SELECTED nAtAON OLG SAND SPECDMENS 4
Spvciuwz\ . Data 2ud Comment 8 PR
(BD = Bulk Density;” O = Qi 1" content by toral wolght; M =
pereent water; D5 =fMudlnn sratn diameter in mn)
9.9 ‘ < BD = 2.23; Q.- <% sile - , \
118, 0¢A) « S0 s 1Lk Mo 328 : .
L omy : 0= 9.5%; M= 5.%;
119, T O = 0X; D50 = 0,0050; clay-shale
1210 - D = 20197 0 = 803N M SPLL3R con-
) ' ' cretions s
120,y ) RO = 2,030 0 = 13.4%; M =~ 2.87°
120,4 G = 2.04; M= 7,2%; 0 = 5,01 .
126,72 ‘ S BD = 1,92, Me 2.9%; 0« 608 : g
122.0 BD = 181 0= 5,88 Mo« Ry 2
g L specimenash | ) .
122, f o Bl =~ 2,36, Nﬁl'. 9%; © cou “low S0
127.8 - (= 6.3%; DS 0 T
1229 Bb < 2.12; o¢ M'= 6,97 W I A A
124 - s BD « 2,207 0 &Py .z ' S
) g O« 0% DSO = O° ' P : . BN
1494 ) O = 2,6%; D50 =« 0,108 v
149 .8 ~ 0= 2.9%; D50 = 0,105 ol
ISty - 0« 3.2% DSO = 0.109 o | o
152.2 . 0 ='S.6%; - SO = 0. 115
193 R -0 ~ 0% D50 = 0,051; silt
159 S0 = 0X) DSO = 0,0098; clayey silt
156, / : O = 5.9% M~ 4.3% dessicated
‘.15/.0-1»1.3  Bb o= i_:gs 1? - o;; N E Uiy v crf&' .
. ples . ‘ ) » }
Iny < BO < 2,890 0 = 0% M+ 3.4%; con- 7
' o ' . "4 cretion ¢ : ' :
153, 0-1% 0 O~ O0% M= LL6R: 5 samples e
los ° O+ M= 151X (otl-vich); DSO = 0,160
i BD = £.80; 0« 14.7%; M. 2.0%
s o O~ 2,08 M= 13.3%; ailey S
189, 7 cT G0 12,48 M o= 3,1%; DSO = 0.420 - -
89,8 ; 0 1% M e 1.4X% D50 = 0.415
t9d, v 0 = 1401%;  DSO = 0,440 \ -
0.2 . ' 0 =.14.6%; M = 1,2%;- D50 & 0.270
0= 14.4%; N = 2,5%; D50 = 0.390.
* 0 = 13.5%; M= 4.1%; D30 = 07390
. S,
Y o .
g .
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Appendlx E.2.2
Densiiied Tailings Sand Triaxial Tests

The grain size curve in the figure below represents the mean of
several grain size analyses of triaxial tests from Appendix E.2.2. A
distinctive feature of this material is a persistent muscovite content

of about (.5%. ' '
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-Appendix E.2.3
A repreaentative grain wire analysis may be found in the figure
below. This curve is the mean of several determinations and is quite
representative as the pit run oll sand was totnlly disaggregated and
blended “efore compaction.
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L/D ratio e 2.054

n = 34.5%

‘Bulk density = 2,032
Mean oil coqfent - 5,5%

B '

',Desérigcion: Oil-poor fine-

grained sand, 7° to 12° cross-
bedded with 451 zones of oil- free
silt,
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Post-failure "
molature con-
tents: (total
welght basis)

1: 8.84%

2; 7.95%

3: 7.56%
L4 7,11%
Mean = 7,86%

5: 3.42%
6:.3.902
7: 3.30%

-y - -

19.87 cm-

8: 3.55%
Mean = 3.542%

. .+ .__Mean oil con-
- tent = 12,07%
. B.D. = 2,053
o gm/cc .
L —
Mean moisture content (before
test) = 3,5% -
K=7.0x 10"
my, = 0,0006

8 cm/sec

v 1

| ? 3
AXJAL STRHIN %

A

- ey -

- e ey e -

117.05-117.65

Deascription: fine- grained, oil-
rich. sand, cross-bedded at 159 to

209, with minor oil-free silety
"~ geams.,

.L/D ratio = 2.054
n = 34,5%

Bulk density = 2,032
Mean oil content = 5,5%
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100

7%

pouIsy Jumasey

¥-

*
L]

4.0 XCH

OILSAND TRIAXIAL

0

1.0 04 01 004

. ",Gnln Size (mm)

422

e e

T et v G as -



T%%m |

129.9° )

ST hadded ‘

(L1

tm

mmean fokor s
angle = 0!

129.4'

N

a7t a

‘ y
t.h t.a

Rx iy

BUESAND IR [Hx TN |

.

3.2

¥

. STRESS rc-
2.0

RAIN .
A0 N I IR A

1.0 ACH

’ .

6} » 0903 kyfemt

423

Post- -failure moisture contents.
(total weight basis): :

1 = 8.62% 5 =5, 83%
2 = 8,34% -6 = 5,09%
3 = 7.74% 7 = 4.78%
4 = 7.71% 8 = 4.49%
Means = 8,10% 5.05%

Mean total post-failure moisture
content = 5,58%

Mean ofil content = 11%

Bulk denlity = 2.068 gm/cc
K = 3.1 x,10"8 cm/sec

L/D ratio - 2,046 '

Time to failure = 41.5 hours
AV at 2.5% strain = +1 65%

Description: medium to richly
gaturated fine-grained sand,
_cross-bedded at 25° to 359 with
rones of lenticular contortions.

Grain Size (mm)

0.03
100
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1
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Pont-flliure moisture contents
(total weight basis):

1 = 9,95% 4 o= 8,437
2 = 8,58% 5=~ 6,27%
3 = 9,85% 6 = 7.92%
z(:) Means = 9.46% . .- 7.54%
Mean total pre-fnilu;e moisture
content = 7.7% :
’/// (:) Mean oil content = 2,6% .
S - Bulk density = 2,1905
K=1.2x 1078 cm2/sec

. L/D ratio = 2,09
. ‘ e "XI.'I.II‘ 'nll(ﬂll.';l 4 v . .

* U ' L ' | Description: largely oil-free
r:! | silt with minor seams of fine-
" grained oil-containing sand.
-Bedding dips from 15° to 20°.
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17.81 cm
7 Sk
/! T
;< 4” : ﬁ////{
//(/ S
/// ()
o

//(
///

PR o

x1% oil e
Bulk density = 2.238 gm/cc.
K=6x 10°? cm/sec

Q/D ratio = 2,31

Qg!ggigglgn: O0il-poor fine-
grained silty sand, high-angle °

kink bands common, cross-bedded

. from 349 to 42°, well-laminated

with 6 to 12 varves/cm, mica.
flecks on bedding planes.
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Oil content of fine-grained
‘nand =15, 11 i

Otil content of _clay rone 4/2 k¥4
Bulk density = 1.92 gm/cc

: Léwat two-thirds of
spacimen is finé-grained, oil-

o rich .ind,.approx;macoly horizon-
°¥ . tally badded with vne band of
’ ~ clay clasts. Upper third of the

specimen is clay, laminated hori{-
zqntqlly, srading into clay

clasts.
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‘ k“d.n-tq = k.835 gm/cc
ermeability) = 5.25 x 10-6
. cm/sac \
seer e C, ™ 0.273 cm?/sec -
mv = 0.0192 cm?/kg

a b i
Mean oil content = i%,2%

: .- . - Mean water conterit (pre-failure)
» %. . o RS PYY S

f

A : coarse-grained
| : ' ! ! ) ofl-rich sand with .a few minor

: B clay clasts, one concretlonary .
) ISR node (pyritic), all displaying ®
e e e T ' cross-beds from 19° to 239.

. E Bedding is difficulr to ptek out
v _because of the oll-richness of s
- // ‘the material. ‘ AN
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Grain sime curves reprasentative of all §t. Peter Sandstone
tests may be found on page 400. The diagran balow is a typical
volume change curve for a triaxial test; there ia no detectable
volume change before failure, and a leviiing-off of volume change
occurs once quasi-residual’ conditions ave rehchad. ’ \

o

®/
/e

[ ]
 J

.2 : ‘“
AXIAL STRAIN, %
.- " TFEST 0.526

.
6

ST. PETER TRIAXIAL

2

i."l . . -



429

THITBS/C% 0l

o
‘.

1831 TMIxsisl H313d 1S

N1YdiS WIixXy
91 z°1 30 0 oo

i A "

T

-~

e

oo
§SNLS " AdY

1
l'l
HIN

N

REER]

TS

UTLHN

o

"H3°DS/O% $25°0 »ww.w OBIXYI¥: ¥3134 "1iS

Z NIY¥iS HIXY
$s & QHQ Nnﬂ Q.PN 1 | 3¢ 4 o9
! - '
* -
1
f .
- s . » a L, = f
b ¢ :
- »
’ i
. T
v hd r
oy . !
- 6
' — a2l a
2 ° . LI
@ .
| "
' i
\
e
. ! .
- .lv . Ld
< \._‘\ ‘e

v ¢ LI

L)
§83¥is ‘A0




430

Y
*w3°03/°0x 5 WIXdId! ¥313d -4S
Lo NIYM.S TdiX: .
S°E c°E 52 c-2 51 ¢t T 50 o0
' ; P
|
- - - ﬁrw b
g - )
- - »
A ’ - . L)
* * . . -
B .
. . .
. .
- . N 8
-
- * -~ -
0 A4 Il
.
- o \ . . .
o
o
. ' . M .
P
- - — —_ —— — - s
—_— - al -
0 ~ (- .
v . .
. . . . -
- . hd - . . L] -
. .
L] L
oL . ’ .
<
- l\ *
N .
L]
’.MH\

('8}

v!

ud

RIS 44l

UL

UJOS/ O 0-€

1831 WIXYIYL ¥3L13d IS
7 NIY¥IS WIXH .
u“n m..n . e . S°1 [+A 3 S0 oo
N ) L4 ? ’
- - . Y . ... . -. ,ﬁia
‘e _vﬂﬂ
. | =
» . <
) . ‘e
1\ w \L
-- l“
\\r . ._Om
- ru
. - H x
' ~ o ? .
. PO v -

¥

T e A b+ e .




Ay

L&3

>~

APPENDIX F -~
) 4
SAMPLING THE ATHABASCA OIL SANDS

F.1 Introduction .

' Poor quality borehole samples have generally resulted in in- g
adequate research and engineering data (Chapter IV). To obtain sam-
ples of higher quality, borehole’rafrigcration techniques (permafrost
sampling techniques) were. employed during a cd?ing program undertaken
Tn January, 1974. Chilled cored oil sand sections (at -150C) were'

"placed-lq pressurized vessels as quickly as possible, stored in a
chilled state, and transported in insulated and refrigerated boxes
to the testing laboratories at the Unf&ernity of Alberta. Although
samples showed obvious alteration, the methods employed have resulted
in the highest quality oil sand aamplegyobtaiped to date.

F.2 Rationale of tie Sampling Pro : : )
The sampling operation included two steps for which an ex-
- planation is considered approprilate: c
1. Down-hole refrigeration was émployed to freere interstitial
water and to increase bitumen viscosities. These factors were ' .
expected to reduce core expansion through gas exsolution zson o
Pressure release as the core was brought to the surface. ,
2. The core was stored and transported in pressurised and ' -’1
refrigerated vesselg. The pressure was saet to be approximately )
equal to the in situ hydrostatic pessure in order to keep gas’
in solution, and to permit a gradual release of gas pressures at
a later time. Gradual gas exsolution was expected to be less
damaging than rapid exsolution.

£_0

F.3" Equipment L o T .H’-‘

F.3.1 Drilling Equipment . , ,
A rotary rig with a depth capacity of approximately 750 m was

used. ‘The rig used 3.5 in. (88.9 mn) drill pipe, and was equipped °

with a fluid circulation pump to flush cuttings frod the borehole.

*

F.3.2 Drilling ¥luid and Refrigeration Fluid : | ,
: . .. 'The hole was cored-using a bentonite-water slurry to increase Vs
holggﬂﬁigglg and to facilitate cuttingh removal, Bentonite (sodium
montmord 11ptft e forms a filter cake over permeable gyones, and there-
fdgggiiﬁglrhiblqus well in reducing 1n§11trntion, which could resyft
in;ift?f@t#%n of fordmtion characteristics before geophysical logging.
The*drilfing’fluidjw&a ¢lrculated in an open pit excavated in:the -

, frozen gtw o , .

)  Th ﬁﬁ!&igttant,uaed'wll standard diesel fuel in a shallow,
open-air 6&1. The: large surface area of the pit took advantage of
.low ambient temparaturds (-14°C to -22°C) as an aid in:chilling the

. diesel fudl, ‘and 'blocks of-solid carbon dioxide (dry ice) were used _ -
to. lower further the diesel fuel temperature before and during re- L s
frigevation. Flow of the bentonite-water slurry ot the diessel fuel -

. was contrdlled by moving the pump suction intake from pit to pit, | -

%

—

SR> ) B
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'Fluid temperatures were monitored at the hole exit and the pump
intake. :

F.3.3 Coring Apparatus
» A Christensen diamond core barrel with'a nonrotating inner

»

'vbcrrel (standard equipment for oil sands exploration) was used during

this _operation (Figure F.l). The advantages of this equipment are:
-~ 1.. The nonrotating 1nnar blrrel prevento rotacional shearing
T' of cor;l specimens.
The inner barrel is de.Lgned to lccamodlte a 6.1 m segment
' lyvinylchloride (PvC) plbc which ‘accepts and protecty the
sont nudus core during the’ riliing*%perttionp. The PVC- Egh

- aleo provides a conveniént mathogko tranaporting and stor
«Q;ﬁ’the core aft¢r it ja rem from the core barrel. .

( 3. A ong-wiy Fluid vqlve at the top*of the inner barrel pre-
‘ vents flutd flushing.of’ :bo ‘¢ore during drilling.
“The major dispdfiantages of theé* equipment are:

L. The inner dtameter of the diamond bit is 88.9 mm, and the
inner dlaunter of the: DVC liner is 95 mm. Although this is
‘nccessary to prevencwgore "jming" during the drilling of a
6.1 'm length of core. 1t permttl lignificantwexpnnaion of the - |
otl sand. @

3. The PVC liner ie flexiblc. permttting some flexure of che
JCOre length during removal from the core barfel.

3. The hottom of the inner core barrel is above the base of
the diamond bit, allowing some contact of drilling fluid and core
at the éntry to the core barrel. The time Jf exposure of core
may be minimized by using the maximum allpwable penetration rate
and minimim fluid flow., h

8

2

F.3.4 Pressure Veaaels .

Rigid PVC or .steel pipes, 1.52 m in length and 15.2 cm in outer
diameter, were equipped with removable ends, Bourdon pressure gauges,
and gas entry valves. This permitted storage of core and pressuriza-

. tion with nitrogen (Figure F.2). The rubber gaskets proved to be .
inadequate: many lost pressure at low temperatures as a ‘result of

excesglve shrinkage and loss of flexibilicy. >

F.4 Methodology 3%

The borehole was cored contiinuously ih 6.1 m aecfiona from a
depth of 30 m to a depth of 70 m.> After the first 6.1 m section was
cored, the caore barrel was lifted off the bottom of the drill hole,
the drilling fluid was displaced witi,diesel fuel cooled to -259¢

e

" (ambient temperature was -22°C), and irculation was continued for
-several hours until the differential between cn;ry and éxit :cmperJ‘
~atures stabilized at 4°C (Figure F.3). The circulat{ion of the diesel

fuel resulted in some sloughing in the hole, because of dilution of
the bitumen by the diesel fuel, and a ring of ice and sand prevented

‘the removal ef the core barrel from'the hole. Circulation was restored

with bentonite-water slurry, and the Q§1° was gradually warmed until

- the core could bo temoved, For all subsequent sections of frozen core

obtained, ch% coge barrel was lifted to a level 35 m below ground .
surface be!ora ¢ llingi ‘Gonstant rotation of the drill string and ¢

| ~ . N ) .

/
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e
occasional "apudding" (vertical movement of the drill string) during
subsequent chilling operations prevented recurrence of the problem.
After a chtlled section of core was brought to the surface, the core
in the PVC liner waas removed, cut into 1.52 m lengths, and labelled.
Extrusion of oil eand from the ends was noted, rubber end caps were
stapled on, and the section was placed in a pressure vessel. 'The
vessel was scaled, pressured, placed 1n an 4nsulated box, and sur-
rounded with solid carbon dioxide. Table F.1 presents typical data
recorded for two 6.1 core sections. Plate F.l shows examples of axial
extrugion of c?re. - :

.F.5 Evaluation of the Coring Method

After examination of field data and laboratory aneattgations
of cored sections of oil sands, it was concluded “that the core displayed
considerable expansion despite the coring methods used. Coarsge- -grained
otl-rich oil sands had expanded a minimum of 12% and a maximum of 20%.
Oil-poor sands and oil-rich flne-graingd sands had undergone bulk den-
sity reductions of 5% to l4%, and barren sands or oll-poor silty sands
displayed the least alteration: from 1% to 6%’ reduction {n bulk den-
slty. Nevertheless, the core was of sufficiently high quality to pro- .
vide adequate exparimental results in (ine-grained.oil-rich sands (e. g.
011 Sund Shearbox, Serices neny.

Visual cstimgtes of the quality of the ‘refrigecated core as com-
pared to core obtained by normal methods were consistent ‘with laboratory
data: the chilled core displayed less extrusion from the liner and less
overall expunslon than unchilled core. The expansion of oil sands can
not be climinated by this method, since the tendency of -oil sands to
jam the core barrel shows that some of the expansion tafzigflace almost

imnediately upon removal of lateral strgss. The pressurfifation of the
core to permit gradual, gas pressure release was not whol uccessful
because of poor gasket seals, but it was judged thac the ‘%echnique
* has value and was partially effecttve. : . -
F.6 Recommendatibns _for Coring Oil Sands
” A metho@ology may be .eutlined td obtain even ‘higher quality core-
than that obtalned during the course of this research. Before imple-
mentation of such a program,‘ltorage and laboratory facilities would
have to be prepared in order to prevent post-sampling damage. The high-
cost of obtaining the core would have to be justified by the value of
the results desired, ,
The following tuchnlques are suggested to obtain higher quality
oll sand speclmens: :
1., The use of a heavier chilling oll (e.g.'Bunker "C" fuel oil) -
would diminish the dilution of bitumen in the borehole walls.
Ideally, a fluid which does nob dissolve bitumen or water is

desirable.
2, Continuous slow rotation and gentle spudding of the drill
' stem may permit refrigerationh ‘to take.place at the hole bottom; \
N therefore, pore fluid stresses would not be altered greatly,
: 3, Rapid coring of short (1 to 2 w) aections of core is prefer-

able to obtalning a large section. Les# difficulty is encountered
- in removing the liner from the core barrel, no sectioning is
required, and the core section is exposed fot a shorter time.

Y



437

AKd

Lo330q TOoa] ﬁOdﬂaunQ

wo m Q ‘do3 moaj torsnijxe
W3 Z°0 ‘9T0U-UMOP PATITYD 2109 -

a

$puU?2 yY30q wWoiy

COoTsNn1Ixd w> g vu-azu uOd 2109 -

Wo330q
W01} TO1SNIIX2 wd ¢ ‘db3 mwoij
UOTSNIIX3 WD / ‘pajirus jou 210)

HOuuon mo13

Co1sniyxa ou :do; woay ‘TOTISNIJX
~ ®2 60 ‘31oy-umcp Pa111Y3._B305—

Pa

< Ig811s

20116eng se8 ‘do: ®61J vorsnisxe -

WS ¢°) ‘WOIWE-TO1F rorsnisxka
B> 1 ‘9T0U-UACD DITTIUD 3107 -

PU3 13U313 EOIY UOISNIZXD.

Gt !3jou-umcp F9T111Yy> uuou“uz

S3Dauwoy

Y
s

O

pues pauilea¥-ssieod ysa11-130

pues pauleid-ssieo: 4s11-130

. Faleinies A(qetiep -

wo33oq 3e pues 10
Uea] €03l 1® pues 110 ys’1yd -

TO0330G .22.LUBS J1¢ UDTa
*do1 1 jmeiucH 110 mo} -

43118 13U33C6d 110 sOq
[N
ou’

“qciouir- mumaaxouaaﬁ

NG SKCILIYL¥ESIC 27 STigwyy3

172 Thgvl

. £0Z-861

981-181
111-991

501-101

. 101-2¢

Y
96-16

(3233 ©1) uadeg



438

R

K

Plate F.1. Extrusion of core: The oil-rich specimen

“has expanded to fill the core liner, gnd
has extruded 1 cm despite chilling to

~15°C. The oil-poor apecimen is lcose
in the liner and has not extruded,
. ) ; ) . . m,:



oy
Fyrthermore, short sections could be cored wtthqut&jnmming the cora
barrel. R :
4, A rigid PVC liner with only one or two millimetera clearance
ahould be used. The rigid diameter and the increased wall thick-
ness would reduce expansion further, and eliminate poasible flex-
ural disturbance at surface. _ -

5. Drilling shonld take place only under coldest winter con-
ditiong, and alternate methods of chilling the dlesel fuel should
be vonsidered (e.g. radiators on refrigeration units),

6. Initial vessal preasure should be approximately equal to
the hydrostatic pressure at sample depth, Only steel pressure
vessels should be used, since PVC vessels become brittle at low
temparatures and may.explode during pressurization.

7. Veasels should be packed (externally) in dry ice, atored in
very cold (-25°C) conditions, and pressure should be released
gradually over a period of at least one month bafore dgpecimens are
prepared and teated, o . .

8. All preparatiion of specimens should take place in a labor-
atory cold room at temperatures of -25°C to -309C. - This ia the
minimun temperature at which a techniclan can work efficiently
tor a one hour period. o :

1

F.7 An _Ideal Coring Program N
During the planning of the coring operation, saveral alternate

methods of ubtuining;and“prene%vlng high quality specimens were con-
sidered; all were rejected bacause of cost. One method, which has
panticular value {f "perfect" specimens are {mportant, would entail
freezing an entire columa of oil sands. .4 hole would be drilled and
cased, and a refrigeraant,’ such as methanol (uded with dry ice), would
be circulat for several weeks or until a large cylinder of sand at
low tempevra¥iiiFe existed., An offset hole, about one meter from the
refrigerat tug hole, ¢ould then ba cored using close-fitting liners and

compressed aiv as the drilling fluid. The air could ba cooled by refrig-

erating coils, or 1{quid air could be the source of tha compressed
air. The core could be presst¥ed by methods similar to the methods
degcribed in the preceding séction. A sampling program of this type
ta justitiable only if "perfect" samplea are conaidered esaential,
dincel the expenditure would- be very high. ' '

. ve
,,r?.a‘v‘ v
"‘" . ) . ’ \
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tus, Loy data may therefore

. rolates well wlthﬂghe gamma ray

R

APPENDIX G

HNUPNYSJCAL LOGUING DATA IN THR ATHABASCA OIL SANDS.
G.1 lutvoduction : .
Stanificant discrepancies batween 3ouphy|lcal‘uqd.jlborltory
data have resulted in questioning of the reliability of geophysical
dovicea in the Athabasca Oil Sands. Chapter IV, however, presented
evidence to ahow that the laboratory data are geanerally in orrvor as
a result. of sample disturbance. Accordingly, {t may be amsumed that
the geoplivaical data ave correct, In thia appendix, a series of geo-
physical loga are presented (Flgures G.1 and G.2). Interpretation of \
the data aund correlation with various types of geophyaical data are -
undertakon, ' . i

U.2 Gamny lay Log (Elgure Go1) L -

The xamma ray log ts a waaaure of naturhl radioactivity, Medium-
to codrse-prained sanda {nthe Athabasca 0i] Sands are gonerally ex-
tremely quartrose (yreator than 95% quartz) aod display low natural

radioactivities, Fine-grained sanda and sandy 8i{lts contain Apprcctnblcg‘

quanticies of clay wminerals and display intermpdiate valueas of natural
vadioactivity., Argillaceous strata, auch.na-tégrlformationnl clhg?héda
or basal clavs, ‘have high natural radloactivities, with valuas abbve
o0 APL (American Potroloum [natitute) untitas, Typical values drawn from
Flgure G.1 aves ' . ‘ i - -
e Madiume- to voarse~grailned, oil-vieh quartzose sands fxom 127
to 210 £t below wround aurface have a mean ‘natural radioactivity of
21 APL unita, ; :
2. The fino-pratned sanda from 90 to 137 ft below ground aurface
vontain appreciable quantities ot clay winerals, display vartiable
il saturat{on, and have a mean natural radloactivity of about 42
T AR undras., o : S " :
. -¥. The basal clays from 212 to 225 tt bolow pround aurface have
natural radioacrivitiea above 60 AP un{%g{ '

G Donalty Loy ! :

Bulk denaltiea of {n sity matevials are determinud by the measurae-
néfe of Rana ray intenaity at a {ixed distance I'om & strong, constant,
activating gamwa ray aourcae, Radiation ia conve:ited to butk density by

divegt comparison to cal{hratic riaTe~ol known hulk denaity, and

all raw data ave automucicrv\g;sympenantad within the recording Appara-
uwsed directly with litele error (Dresser
Atlas, 1971), . . .
Density values may be converted diractly to orosity values if
mineral aspecific gravity and pore fluld density nvfgknovn. The bituwen
in ofl sands has a mean spacitic gravity of 1.01, wmost clay minerals
have apocific gravities aimilar to that of quarcz, and the clay mineral
proportion of the oil sanda is low enough to permit direct converaion
ot bulk denaity to porosity.
<. In the Athabasca 01l San
lthdlogy, sorting, and bulk daer

A high corralation .xiati among
{ therefora the denaity log cor-
» which measures lithology. 5¥guploc
- ET o
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of this relatioaship drawn from Figure G.l1 are presented:
1. The poorly-sorted, coarse-grained silts with little or no
oil (from 137 to 155 ft below ground surface) have a mean bulk
density of 2.34 gm/cc, -Gamma ray data average 62 AP[ unitas.
2. The medium-- to coarse-grained, oll-rich sands from 177 to
210 ft below ground surface have a mean bulk density of 2.13
gm/cc (with a range of 2.06 to 2.18 gm/cc), Natural radioactivity
is very low: about 21 API units. , : 4
3. Two anonmalies in hulk density at 214 ft and 222 ft result
trom*concretionary rzones containing siderite and pyrite. The
presence of these minerals causes high bulk denaity values, but
the porosity values are largely unaffected, and the natural radi.
activity is the same as that of the basal clays above and below the
location of the -anomalies. : -
- "~
G.4 Porosity log e - . 1
. Povoaity ts determined by meaguring the slow neutron flux or »
gamma ray emission resulcing from activation of strata by a mcdiym- - i
energy neutron source. The flux is a furction of the number ofw
hydrogen atoms in the formation, The hydrogen ratia of bituminous -
hydrocarbons is similar to that of water, so little error arises as
a result of the presence of the differing pore fluids. In strata
contalning consigerable quantities of clay minerals, the presence of
(OH") groups results in crror because of a surfeit of hydrogen atoms.
Liquid saturat of Less than 100% also way result in érror because
of a defivtt'o%ogen atoms, Detailed information be found in
1ck (1960), Lynch (1962), and Youmats et al. (1965).

-Examples of porosicy values taken fromn Figure:G.l are:
1. The porosity value at 218 Ft below grougzysurfnce is 33X
(n = 0,33), prohably because of thé presence a lignite band.
~ 2, The mean por@sity of t\e'meylum-grlincd. oil-vich sands
trom 177 to 210 ft helow ground surface is 26%: this corresponds
to a bulk density value of 2.22 gn/cc. The density log indicates -
a mean bulk density of 2.12 to 2.1% gm/cc within the same interval.,
3. The porovsity. of the oil-fred interval between 137 and 155 ft
_averages 23%, corresponding to a bulk density of 2.27 gm/cc. ‘Phe
bulk density log indicates & bulk Hensity of about 2.33 gm/cc.
Assuming that bulk density datajare reliable in the relatively
uniform lithology.of the Athabasca.O{il|Sands, the porosity log is prob-
ably not as good a measure of true porgsity as the cpnverted value of
bulk ¢ensity, assuming 100% saturation and a mineral specific gravity

“of 2.65. The differences hetween porosiity and bulk density traces at

depths of 214 and 222 ft are caused by councretionary layers containing

e sidertte (S.G. = 3.96) 'and pyrite (8.G. = 5.01). .

G.5 Reaistivity Lox . ‘ | :
The resiativity log (or electric|log, or E-log) is a horizon-

tally lovussed duvice, which measures the specific resistivity of a
39 em (18 in.) thick sequence. " Recording is coatinuous, and the trace
{a axpressed in phm—mzlm,(or ohm-meters), The resistivity is a func-
tlon of bitumen-content, s&linity of pore fluid, and porosity. It is
an extremoly useful measure of oil content, o

gxnustativlty values below 20 ohm-metera probably indicate no oil
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whathbevor: the low values of resistivity are us ally associated with
low porosity values, high bulk densities, and high natural radio-
activitien: . These data’ indicate high clay contents, which are in
‘turn gespontsible for tho lack of bitumen. Conversely, resistivity

. values greateér than 40 ohm-meters are associated with zones of high

porosity values, low density values, and low natural radioactivities
(as a. result of the quartzose mineralogy). Strata with resistivity
values betwcen 20 and 40 ohm-meters have variable oil“contents . (be-
tween values of 0% and 10%)s" In the zone near ground .surface, the

pore fluld may he fresh water, and the resultant high resistivities

- may % confused with the high resistivitics associated with high- oil
; . "o .

. PRI

[t
L

con;encs. . . s
Referring to Figure G.4, it may be seen that: S
.. 1. Extremely low resistivities from 218 to 240 ft below éfgﬁnd
. . surface are caused by high porosities or aalinc pore fluid.¥® v
= 2. Values of resistivity in the zoae from 179 £o 210 ft:below
3 "\pq?und surface are high (above 40 'ohm-meters) becduse o¢ high otl
coritent and associated low water content, : /
3. Extreme variations in résisriyity in the upper zone can be
attributed to the variations in oil content {n the u.eer Member
of the McMurrvay Formation. : : ‘ > o
4. Low restativity vatues in th# zone from 136 to 160 ft below
ground surface are the result of low bitumen contents in clayey
‘zones. Density log, porosity log, and gamma ray log data all sup-
port this tnCcrptetation,\and laboratory analysis confirnis ie.

i

G.6 Othgg\Loggng_Devlggé . . ~ .
Sonic logs have been used in°the Athabasca 011 Sands- to deter-

‘mine In '8itu values of the elastic parameters. The value of such tools

as petroleun exploration devices is questionable, and the elastic param-
vters are not sultable for use in civil .engineering design problemg.- °

~ #Severe attenuation of the shear wave arrival {n the rnoncemented oil

sand strata makes interpretation unreliable. Nevertheless, values of
the Youny's Modulus and Poisson's Ratid of approximately 75,000 kg/cmz,
and 0.30 to 0.33 respectively are obtalned using this device. The :
Young's Mgdulus, however, is probably dependent on stress level and
disturbauce, and may prove to useful to delineate zones of glacial
disturbance in near-surface oil' sands. : '

’ The measure of the membrane potential effect, or the SP (spon-
tancous potential) loyg, is not particularly ugeful in oil sands explor-
atlon: little differentiation between zones is apparent. The SP
cquipment usually is included on the samg_ sonde as other geophysical
logging devices; therefore an SP trace igs usually provided routinely,

G.7 Eighg{ogical_ngetgrgggtlou , IR _ _

Th: -emaining columns in Figure G.1 represent?*a lithological
interpretation-based on the gamma ray log only, a qualitative oil con-

. tent asscssment based oa resistivity data oaly; and a more detailed

terpretation based on all.logs. This latter interpreta-

column {8 otl contents as determmined gn-a borehole core taken some, .-
.distance from the logged hole. B _ ) : _ ,JN"?

\ . N PSS
B & k‘ o .
. . . o - T
< ' .

i confirmed by\&ompartsqn with borehole cores. The final .-~
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G.3 g_rehnlo Data in the’, Athabasca 0f) Sands '
Figure G. G.2 ptesents logging ‘device data from another borehole
la the Athabasca 011 Sands deposit tor comparison. These logging

data: came from a borehole approximately 70 km south of the- borehole
which ‘peovided the data of Figure G.1.

Analysis Qf logs and comparison to numerous bttumeh content
determinattions, mtnexalogical determinatlons’, and mechanical analyses
ceuables reserve estimates to beq'made, and ‘mine.development may be
plamned on the bauis of the correlattve lithological interpretations,
7

‘e
¥ .

o - f) ) 2. ! . -4§¢
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Co T EHE BASAL CLAYS OF THE MCMURRAY FORMATION = -

e .
L1 d i
F

H.1  Introducbfon s " | )
‘ The QeveloPmcnt;o thabasca 0Oil Sands by open pit mining
or by 1n situ' methoys r knowledge of the properties of all the

earth, mttd'n}@"to”lio‘ encounéered. A major 8ap in this knowledge is
..the engineering  index Rroperties and mineralogy of the basal claps
which underlle ‘dbogt 45% of the mining area (according td the writer's

'estimaCe). " No au.l ming data have been publhhe’,d, and mineralogical
data are confined t study of a few specimenidft‘om three closely « -
L o

. Spaced boreholes (Halfdfdahl, 1969).. ~

The aims of the basal clay study werey, L S i
l. To assess the val'ueafntj’knngea of the cmﬁ%’%gineergﬁg‘ 5
fndex properties. o S Lo G- TG
- 2. 'To study the mineralqgy of ‘the clays. " . i st e
3. ® ecxplore. thoglocal and ragional vartability of h,e;&jng\‘f L
c¢lav deposiks. c SN / Y ﬂ;\,u 5 S
. ’ » O . .- - - . ' _1’ ‘« '44:.?» L
Y nae Sampling the Basal Clays . .= . ‘Q. % e,
K . ,,_.-' = = e .'."‘-"""'"' . & . . g Yo (,%“‘"J‘:.
e T . ' R s G .
fl..i.'l- Bot:‘d-holo Samples - o seq”

R ﬁ[ty-eighc borehole ‘samples wire ”obtaiped‘fn;;n core ‘apeciménsz&
st‘ore} al the Alberta Research Council. The.cqgre yassthe product of®
an, 0il ‘ssndg cxplocation.project undertaken &lx‘ring,the,yearn 1952 to
;| Representative
_sanples gf each’ 1,52 m (£ive. fopt): interval were .aXppdkh in sealed tin
o c'ans;‘tliug',e cans coataining bitiuimen sands hadsbeén ufhf for analysis;
moat 9f 't:hos‘e,,,gqntain‘_’lvng basal -clays “had not be'p}\ Bpehed. The report
13 unpublishedf;dut the manusetlpt was made ‘availe#dId” to the writer,
s, lt containg driller's reports (Table H.1l)y cross sections, and bitumen -
» extraction Jata (Scafland and Benthin, 1954).  The locations: of tho?? '
boreholes f om which.sawples of .basal clay were obtained are plotte
on Flgare Ho1. The wap location numbers for individual samples are
found in Table H.2. L , 4 g ' . ) :

- The driller's logs in the manuscript were exgmtned'tw determine
which boceholes .cohtained mote than 1.52 m (five feet) of Basal clay,
afd samples of those intervals wore obtalned from the stored core.

All borchole samples wore ‘assigned code nunbers: the letters 'AOP" = .
(Athabasca Q11 Project) refer to the Project name, the number difectly = -
following refers to the manustript borehole number,- and - the last two
numbers indicate the footagei_in‘te‘rzu- from ground surface (ground, /sur-
face elcvations are reported in the wanuscript). < -

) " Borehole AOP-58, containing about 24 m of clay, was sampled in

Lts entirety to provide an asseasment of vertical variatioa. - ‘The' ° |
driller’s log of ‘this boxehole is presented in Table H.l. Most borgas . -
holes contained a much thinner basal 'clay sequence,‘and generally ¥
sample’s were chosen to represant differences in.‘colour and lithology.
Two intraformational clays from the Mildred Lake region (AOP-2 155-160
and MD-75-174,8), bath 20 m above the base of the otl sands, and one

L . - . . o BN

B o °

“
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3 DRILLER'S &G OF AOP-58 '
i P . : >

ATHABASCA OFL SANDS PROJECT
‘Area: “Eymundson Creek - -

Hole: No A. QP. - 58 \

Location: 2420'S, 4690 E. N.W.-Cor, 1+ 98- ]w4 .

- Elev ¢9oe 9 Depth-286: Rcmery-se 0% . Date May 3- 8/53

FROM - |- TO FIELD LGG

"’ . & > X

o'0" . 13'0" Sand and gMVel . et Yied

16'0" | Clay e o ¥

: - 607" | sapfe @ .

a \7o'$ ésmdy .clay S
| 78 ® % c1ag and boulders Qo
ST 7600 ] tow 0. S A 0

126'0" ,‘g Fair 0:s. i%and clay interbeds ( 5040"

147°50" [ “Gray. c]ay an fair 6.5, 20'0"

=~ 162'0" _Excellent o. S, ¢ 14'0"
, » 165'0" | Gray clay and some 0.s. ‘interb 630"
v 177'0" 7| mac; ¢lay and‘l1gn1 te 140"
&-LBQ,-'.O" ~. Lr ndy clay and Hgnite' ‘0"
960 |, Dark*” ctay and ‘Hgni te " 100"
202'0" Excellent o.§. - 5'0"
;|70 | dark clay and 1ignite 150"

- '218'0" | Sand and some bi tumen < 1'0™

1 246'0" | -Gray clay, sandy 28'0"
26'0" | Dark clay and lignite -~ 100"
t , 267'0" | -Gray clay ~ (e
: 1. 277'0" }° Dark clay . - : {1000
284'0" Dark clay and sandy : AL

285'0" .{. Limy clay, F. Brachiopods 1'0"

286'0" | Limestone, h}ard. white, mass{ve] 1'0"

/ v , o ‘
. X
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- TP 97 ~~~----—-; APWO" “ L yor ’ \\‘
: ) Limit of Ol 8 nd
a s 4 ' B4
‘ Bitumount |
TP 96 , I - )
. Athahasca River om
;y- '. N '.7 . °* ¢
o Jtres | MR TH | v
I — |‘i/,o Muaskeg River |- b
¢ 7 g . .‘ © C
—~ . S
: 28 23 L - . .
o TITP 94 8 — Fort MacKay N 3
' %v e o *& ‘ ‘
\ Y v ‘*’
1 "\ S :

. L_ 3‘ \ ﬂ“ . . -

L N @ " -
i T T+ .. »
oo o , .

: '+ MacKay River h ¥
N e ‘1 . 1.
' . VR as + 3¢ |
) y T. X : ) : Y
TP 92 i & o O
R 37 “2 = _ S
Yg acps P Mm‘.‘: 7 Steapbank River . L
' ‘r?zm' @ Borshole sample locations : ,}_&D o
(- ® Outcrdy sample locations - .
v Intriormational clay sites ~ ' €
, A "Halferdah!'s drill hole (1969) . McLeap Creek
TP90 ot e ' A iy -
. TQ.'?‘ '.‘_“ K 1Y \ ’
» " " ' . - e
- N s . ( &
<« ’a \\ \- . /] . T ~e -
< ~|Tree e N\ . v
A . M ] \ Fort S o ’
BRI - (9.08 km) cMurray. f o . o
3 .. _ 1 * Clearwater River . o .
TP 88 jj ;
A . { ‘ | /'; Chrlstina River
Figure H.1 _ Sample Locations: Basal Clay Study o
T . . / . M
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TABLE W, ‘
. N
BASAL CLAY STUDY 1\
SAMPLE MAP | ENCINEERING  INDEX NINERALOGY
NUMBER NUM. PROBERT 1ES . .
SR TH okl ‘ : v PCE
M) r'.'w lw | P 1A HK(v[t-v OTHER *c
BORENOLE . % 5 L
RASAL o s :
\ Lo t: !‘ﬂ .3 >~ H E . v
CLAYS wa| o \ :wgwnﬁ. E
: ] o] ouv oE = 5 5 [y -'1
I EEEE R o
B S b a1 ~r . e
Bk S 3& Hgggg di[écéﬁﬁll- 8%
MP-SYN-2/ ar - - - - - Tt B, T 1465
“HAOP=12 e i 3 S22 20 53 0.55) 4 2 0-0 1335
s " . ﬁ u 1 5222 30 49 0.6l 4 2.0 1335,
“laor-16 2 1 58 23 35 49 0.7 4 2 o 1 1260
AOP-17 i o 25 5929 30 p4 0,46 2 3 2 - © 1465
“laor-18 o g X} 615 g 19 0.471 4 2 2 Ca 1305
AOP-19 o 0 24 9. 1722 50 0.44] 4 2 0 o . 1190 « .
AOP=20 : P20 31 55 0.56) 3 3 0 1 oo " 1490
" 54 23 31 42 0.74] 4 2 ) 1260
 KOP-23 S0 22 28 61 0.46]. 4 2 V2.2 . 120
A " 4219 23 48 0.4 PL A T R 1335
AOP-25 48 20 28 51 0.481% 2.0 1 " 1260
. " 55 21 .3 52 a6 |- 4?0‘ A 1338
AOP=2¢ 14 w28 % 12 27 Bkl 3 00y 1465
AOP-28 - 10717537200 33 67 0.49) 4.3 g 1335
AOP-40 .5 5021 30 "s9. 0.51] 4 3 2 ) & & 1435
" S 1 o1 2400 75 057 203 2 kP 1468
AOP-45 4 37 18 15 .35 0.43] 4 2 0 o L1165
ADP-55 , 2 W' 1s 14 29 0.48 3 3 0 o0 S (Y31
AOP-56 M 0 1 22 15 7721 0.33] 3 4 0 o0 f 1490
AOP=58 220 oy V|2 15 13 43 0.3 3.3 1 . \zr'ao
' AR i ) 1& 17 15.751 0.29] 1 3 1 o 1490
" P s b4 23 19 73 026 - - ps 1475
" a0 1 32 19 18 61 0.30( 3 3 1\3 k71475
" 2860 7% Vofo44 22 2270 0.3 3 3 0.0 \ v 1465 .
" 245N 0y VoI S0 ~21 38 70 0,54 3 3 20 : 1465
" ALTRRNER Vooload 26 037 e6 0.56]:.0 4y 2 X KIVEL) 1465
" 28500 3 S 19 )AY 63 0.52) 3 3 o - T 1435
" 260 003 IR R JANE L IR A w 0.5%] 3 3 0 g - 1418
205-2 70 LN BT A Y 0.571.13 3. 0 % ; e 1478
" -2y 3140 17 23 40 0.5§7 3 3 0 o . ., PR o147%
- " ! . . | et
B7h-0%0 - 327 14 13', 27 4B | N ¥l o 1490
. " . . . YL \
AOP-W4 1y 15> |81 22 29 58.0.50| 3 3.2\ 1465
ADP=67 240 2y V) 44 17727 .56 e8] 3 3 0 ‘ . X
" 29 60 121 1% 99 14 38 0.97f 3.3 0 1490
| "t 260105 - 12 [ 1S 16 36 0.44] 3 3 0o 1490
. AOP=72 "Jo5-170 10 | 8 17 121 49 0.4W 1 3 1 ) : 1465
R K 180- 145 S0 20 ;o 58 0052 3 2 2 1, 1400
e Bt e 200420 2 32, 62 051 4 2 @} Ca 1230
SRR Mw =74 15+190 .‘-“‘}9‘ 24" 530,451 4 FY A A B 1335




TABLE H.2

Y , BASAL LAY -STupy
B o
;\ \
SAMPLE MAP| Lw | Pw [ Iwi[P <A g V [1-v| OTHER PCE
D . NO, : Co
- %
AGP- 80 hs\lso 26 | 47 18 29 55 0.5 4 2 o0 ) 1335
AOP-84 180-185 29| 4 18 26 52 0.5 3 3 0 0 1350
, 1 -190 29 | 39 19 20 .52 0.38) 4 2 0 o 1260

- -195 29°1.42 21 .21 %8 0.3 4 2.0 o 1305 X
AOP-85 17D-175 271 51 21 30 59 051 4 2 9.1 . L1308 P
o 18§-185 27 | 2a:.12 N 28 0.3 4 2 )y . 1165
AOP-87 190-195 0| 42 20 22 49 045 4 2 | - 1190
AOP-90 220-225 - 32/ 34 "2 10 ORGANIC| 3 3 1 | . 1490
ADP-92  193-200 ‘36 [ 23 1S g 18 0.44] . 4 ; | S R 1465
AOP-94  300-305 6 45 20 25 47 053 4 2 0 o 165

305-310 6 32 16 21 43 049 4 2 0 0 A 168
310-315 6137 18 19 35 0.54| 4 270 g n 7 120 S
- - . .
AOP-95 290-295 .. 7 |.43 20 &r 52 0.44{ 4 2 0.0 o | -
(fAop-%6 205210 8 |V 277 @ 75 0le3k'3 g2 ) o Ky 'g 1465
: T 215-220 - 8159 27 32 6 0.48 25 2 1 kA 1260 - .
©C240-245 B 35 17 18 &85.0.51 4 2 2 p mnor o :
'ADP-97  205-210 9 63 28 62 056/ 2 3 2 o K/V(l) 1468
. 215-220 .9 37 28 17- 0 0P/ 3 31 eS|
. ab-as B p o g 4 537 332 408, . e
RS St Hrey A R
- X . N ‘L T v . : t . l . " ﬁ A " ‘. '
OQUTCROP - . - ) ' i P W o’ Al
BASAL 1 LT : OsT -
CLAYS . N e ¢ ' 1 - -
B , 370297 2 . 039'3 30 o' - 1435
37129 15 14 29 048/ 3 3 0 o - 1435
o ¥ r24 1410 29 042 330 0 1435
MU-63-1 . 38149 19 30 55 0.541 '3 3 2 2 kv(3) | 1438
MD-63-2 381 86 29 57 83 0.69f 2 3 3 1 K3 475 »
MD-63-3 T3 L2517 8.26.0.320 23 31 K2 1520 \
MD-63-4 3812 16 4 2 020 2 320 KN 1580 e
MD-63-5 , , B 1.4 17 1 404 32 2 7. 1400

| M-636 - — . 38 (90 28 62 91 068 3 2 22 K\ 1530
MD-63-7: - 3B 197 2770 93 0.75( 3 2 2 2 kw2 1580

M-, .22 135 15 20 39 051 3 3 0 ) 1425
M-7-2 ' -2 | 41 .18 23 57°040( 3 3.0 2. '

MD-7-3 A4 2 15 1739 59 066{ 3 3 0 1 . .
MD-7-4 + b 2| @ 6 2% a8 o054 3 300 1465

I Mo-7-5 27 3% 18 21 49043 34 0 0 1465

| MO-74-Musk-1 34 |5 4 0771 4 3 0 1250 -

- | os-74-c-16-1 - 4 | 73 28 59 .4 211~ o -

MO-74-1NGS-1 . ] 33 [ 60" 23 ¥ 43 01 1198
DS-74%C-17-) 3 62 .23, 39 2'1 1 —
MO-75-4-4 39 53 26 27 39 o.sgNL S A
MD-75-4-5 ¥ & 17 .24 3 00 43 o4 ¢ 1490 ,
Mp-75-5-1 2y ;so__n 3 510,651 3 40 0 2 | 5y
MO-75-5-2 . 33 1.09f 2 4.2 0. Kg(W~__1520
MD-75-6-1 7 0271 3 47031 « |, ORGANIC
MD-75-6-3 59mQ. 47 4 3.1 ™R 1490 .
MD-75-7-) 31 4 3 10 " 1490

. 7
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* This specimen 1\ pmbébly not a ba\al clay.
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. . 5 5.
sm’u P M w [P e P A L] K V. [1-v| OTHER PCE -
mmrmw TONAL ' .
CLAYS . , oo . oe &
e et e n o - e Sy e “ ._',P,__b';y..‘_—._._>_j“.k~_‘_,, o St ——
SAOP-2 15516 I [0 18 12 2 oynar-g 30 Ou, ¢ 4 1338 ,
(Middle Member O A ) . C
TRO-NOV-1-1 o - O9S 30 15 15 26 0870 3 3 0. 0 £ e
(Lower Mpmbor) “ERoNe | . . . \ Y
MD-75-1 Y |41 25 16 & 0.38] 4 c!j 10 !
" (Middle Remver) Ng“ 5. ’ A v . L ¢
ND-75-4- ®op®an W 061' ¢ 30 00 SO 1400 ¢
2| (Upper Member) Yoo I , O -, ’
ND-75-174.8" 4) [ 20 8 N o‘u < T e e .- N
(Middle Mewber) BDCRE R : o oo o~
' - v - — i N : e
- ' ’ v " "j N M-
4
“'\i‘he Flguro 6 3 foq locu;,iom) " . !
A | as \ﬁ 0. 2 4 .00 ) . 1608
=] M 435 @ smv \2*, F’o Yy 0 0 1608, - |
N 2% £ 48 t)\aa 2400 v 1608
, , N3 '?8 ) lo ,sa 0.8 2 4 20 -mm W90
MD-75-13-2 N3 | 397 22 117 47 0.36) R4V ) 1460
*ND-75- M-} S MOS8 ) %0005 3 4 0.0 {-5(3{ 13850
v X - ) . 1’.}, "s‘ EYRA .: S,l 3)
K Sonaheaehel Ry kY ﬁ»-.w T T T s et = *__.‘-‘:;)’-w% - [
"MIXTURE OF o ‘ .
GEORGIA * (THE NUMBERS AFTER 75 REFERTO THE mio oF . ‘
KAOLINTTE AND CONPONENTS @.g. MD=78-2- 8 s 20% BRUNDITES i
HLINOLS GRUNDITL} aut ctonau Ome) ‘o S : . PR
"v—’—.v—*- ~ - . __q - d» .. e a‘—x‘—w—~ T e -—n-’
ND-7520°10 60 % 30 61 .4 2 a4 0 g Vs ‘
MD-75-2-8 85 2 22" 57 4 2 4 9 0 1700
NDSH-4-6 2 2% W4 @ 8 2400 V1618
m- .58 5 26 29 45 64 2 4 0 O 1595
MD- 7564 49 26 M & 56 3 4w 1475
MD-788-2 14525 0 3 .s4/.3 3 0 0 1260
No-rs- 0-0 . 744 20 22 .18 4 1 0 0O 1190
but/‘Nﬂstpwm clay of "
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~4.3.2 Gaolugy and Stratigraphy of -the Basal Ci&yl

o ..
RS T * . - .
A" -

o ~.ln;rl"furmattanai ailty clay (Nov-1:1l) from an undeterwmined lozation

(in Township 95, Range, lOW4) alao Vyre sampled.

0.2.2 Outcrop Samples’ *. .
' ~fmtcrop samplea were gathered by shavel directly from field

; oxposures and placed in plastic bags fo: storage unti] testinf. ‘Three

N

specimens of basal clay were gathered at different locations from the
GCOS pit floor (GCOS-1,2,3). The remaining Alberta basal o§e§ samples -
‘ware_collected from outcrops where basal ¢lays conld be detetted. Two:
outcrops, the Viewpoint outcrop one kilometer west of Fort MacKay and
the McLean Creak outcrop 20 km north of ‘Fort McMurray, were sampled ..
extendively to asseas variability in an outcrop (Samples MD-7-1 ‘to
MD-7-5 and MD-63<1 to MD-63-7). Six spaaimena of the basal clays
overlying the Paleozoic wnconfonnity in N&ntpobn)(KDr75-10-l to
Nn-?S-lé-l)\wererobtainex during -the field @ip to'dbtain specimens

of Swan River Sandstone (Chapter VI}. ng-}gtrnformnttopnl clays were
sampled ffom outcropa: MD-75-1-3 waa,obtalped from a five centimeter
thick bed on the High Hill River outcrop {60 km east of Fort McMurray)
about #ix meters above the outcrop base; MD-75-4-3 was obtained from

- & 4% . cm thick hed five meters below the top of the,McHufrny Formation

oa the Christina River outcrop. - All outcrop sample logations in
Alberta (except tha High Hill River sample) are shown on Figure H.1.
Manitoba sample locations are included o;’rﬁFu:e 6,3..

S ‘ : 9. .

M.3  Oceurrence and Geology of the Rasilles

H.3.1.Reglonal Variatioa . AR , v S
" North of Township 92 ere; river erosfon has d&xposed the base

ot tho McMurvay Formation, basal clays are common (Ells, 1915a; Hume,
1924). - No hasal claysShave bepn observed in outcrops in the vicinity

of, -or west of;»Fort McMurray. Limestone "exposure occurs whare paleo- .

topographic highs existed, aund paleotopographic highs are generally
sites of paleoaol ur palvucaliche (Figure H.2), It is to be expected
that' the paleotopoyraphic lows, generally Helow river level, coatain’

~ significant basal clay deposita. Halfardahl (1969) reported a 9.8 m

layev ot basal clay below‘the ‘Abasand pit (Location QOIaa'thutc H.1).

" Paleotopographic highs along the Steepbank River ahaﬁﬁgéick (1.6 m)
paleosol depomits, and adjacent lows ave occaaionally basal clay sites.’

Carrigy (1973) atated that coarse-grained sand#} usually;yith actendant
basal clay, "occupy the daepar deptessiona on the pre-Cratdtaocus

“evosioh surface". " -

Although lnauftlci_”x‘ﬂ_fOtmntion\has been collected to make
conclusive statements, it seams likely that basal clays in thicknesses
Rreater than about oae meter underlie betwsen 30% and 50% of the cen-
tral part of the McMurray Formation. The maximum thickness of basal
clay in a borewhole as.reported in publighed literature is 24 m (Town-

‘ahip 96, Range 8W4: Scotland and Benthin, -1954); but verbal commun-

) 1ndidite that thicknasses of up to 27 m exist
dred
™ -

ications” (Mossop, 1976

y and {n palecdrainage channels in the Mil

south of Fort McMuira

-

The basal clays are transported clays deposited in vatep.” They

- . . al A . : s 0
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are noacalcaxiyp Ql:play prﬁdgév h!églna. lnd cnntutn
spores throgyut ﬁhotr vertical sequence (Walferdahl, 1

'ﬁ“%f ’ _ The dupnlltionll reu(na reaponsible for basal clay deposits
' muat have heen qdlet water, and, because the greatest thicknesses jof
clay correapgnd to paleotopugraphic lowa, they are likely lacustrine
and channel tgckawamp depoatita,  In many cases, the clays arve associated
laterally with aanda, indicating channel overapill deposition (Figurve B
i.3).  Salintty of the depoaitional watar ha® not been determined, but
the adjacent palooaola suggeat that large arean otidry land exnacod
“and probably the water waa fresh or alightly bracktah (as in near-
‘ahore lagoona or terveatial delta marshes).
. The wolt distinctive bad tn the Basal dcpo-ltl. onV'wﬂich has
v been ohaerved by the writer. in borahélea and outcrops hetween Townahips
o 91 and 98, and is veported tn Towmahip 89 (Halferdahl, 1969), ia. a bed
of llgutte tragmenta and associated black clay. -Pyrite nodules ave
' found commonly with theae daposits of ltnnltu. and marcasite has been
| X went {oned (carutuy. 1939). The black or dark grey clay associated with
‘ ~the ligntte band .comwonly diaplays allckenaldcl. even at con.tdornblo
' diatancea from viver valley. valla.
: ~Slgntficant basal clay dopoalta occur iavariably at or peav the
& .. base ok the McMurray Formltton. but may be asparated tron the: undcrlytnq
-y limeatonen by a layer of coarse-grainad clasghic wmateria tther oil-
Cfree, Wlsvich, of, in some cases, Otl-atat KCINES han present,
leaving & heavy blchmtuoua resfdue), ' Thea been
reported, in thicknesaas of acveral metera. ° ind‘Sqnfﬁ (l973 ~
went {gpod a fluvial asand 1\toctly overlain: Yy¥m
“in anitg ot vavving thicknessea. They also taned a paleO‘haunpl
cutting through the basal lagoonal deposits, but they did not assoclate
the depoaition of the claya with the extatence of the channel.
‘ Several diagrama of outerspa where the basal ac:aclgrlphy K
Viould be detevmined are presented to glve aome tndication of tho
toval atrvat igvaphy (Ftkurea-ﬂ 4 and W,9).

M Kngineex, ‘m.memun o

v

i, # 1 Tost Procedures - v '*9 <>i&

“ I Alr~dded aawples of. haanl Ll‘Y ware ground, {un a \ubbar-whueldd .
cwvindter, sufficiedtly fine to pass a 40 wesh aleve. Several hundred
Lsvama of cach aample weve wixed with diatilled water for Attarberg

» . lmitWetormivatioas, and amall pbnttona ware set~aald& for hvdrometatc
© gratn-@ize analvaea. . :

.

1

s ,4 2 Tast Reaulta , ' .

" N -~ Table H.l ta~a eonpt:ﬁ:na( hlr: of thc data obtainad durtng
‘the sngineering indax ‘and mingraloglcal testing program. To ansure'
ob)ectivtty. uxlreme data points were not rejected, nltubugh somd’ data
- potuta (e.g. MD-25-3-2) wav be in error. -

+ A grain stad curve was plotted for sach opcetnon. d'faw exanples

ot typical gratn atao\dtotttbutlono ave preasnted in Figure N,6.

T, . Two. gaano;mgatxo“ tasts wers performud on remoulded alurries
of baaal- clay‘ 63 ? wt;g a llqutd ltnlt t 97 and an unusvally htth;

/ - . -
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‘.\. /. ~
clay éi;e content of 93%; and AGP-18 130-135 with a liquid limit of
24 and a rlay size content of 19%. These clays were chosen to represent
the range of materials investi ated The clayey silt (AOP-18) yielded
a mean value for Cv of 7 x 10~% cm?/sec in the stress range 0.5 - -
4.0 kg/cn2; the fat clay, MD43-7, a value for Cv of 8 x 106 cm2/sec
at a lower stress rgnge of 0%125 to_2.0 kg/cm2, The latter specimen
required from 7 tG’lOQﬁays to stabilize after a stress .ncrement,

9.4.3 Interpretation of Test Results

The means and standard deviations of the index properties were
determined for two sample groups: outcrgp samples and borehole sam-
ples. In order to assess the effects of weathering on the index proper-
ties of basal clays, the differences between the means of the borehole
and outcrop data were tested for ‘significance at the 957 coafidence
level. All statistical data are reported in Table H.3,

A graph of the relationship between the index of plasticity and
thé liquid limit for all specimens is presented in Figure H.7. Regres-
sion lines for outcrop and borehole basal clay specimens are included
along with least squares correlation coefflcients and the mean standard
errors. -

The relationship hetween the percentage of each specimen smaller
than two microns effective grain diameter/(clay sizes) and the specimen
liquid limit is plotted in Figure H.8. egression lines were deter-
mined for several subdeulations, and the regression equations along
with the coefficients of-correlation and he hean standard errors are
presented in the same diagram. . .

9.4.4% Conclusions -
The general nonorganic nature of the basal clays is demonstrated

by their positions on a Casagrande Plot (Figure H.7). The two specimens
lying below the Casggrande "A'" 1line are- a bMck borehole tlay associated
with lignite, and a black_outcrop clay with large quantities of com-
minuted carbonaceous matter.

The extremely fine-grained nature of several of the outcrop
specimens (e.g. -63-7) 1is remarkable, and may be in part a result

of weathering sin .g;posure. .
The activity ol the outcrop specimens is significantly higher y
than that of the borehole specimens, yet no significant difference in

the percentage of clay sizes, or in plastic limit, is detectable. The
source of variation must therefore be attributed to zineralogical and
.grain size differences between the two sample bodies. This is in part
confirmed by the relatively high level of significance of the difference
in liquid limit means, because mineralogical changes have a significant
effect on values of liquid limic.

With one minor exception, it may be assumed that all the basal
clays belong to ope clay population of low to medium activity. One
group of fine-grained specimens from borehole AOP-58 demonstrates par-
ticularly low activity with a mean value of only 0.29, The regression
l1ine plotted through the five data points on Figure H.8 is significantly
from the population data beyond the 95% confidence level

othier than in their unusually high clay coatents for low index values.

¢
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Other regression lines in Figure H.8 display no significant gifferences
from population data. , C . '

.H.5 Mfneralozy of the Basal Clays
Mjneralogy of ¢ < .

_H.5.1 Specimen Preparation for X-Ray Diffraction Analysis B
' X-ray diffraction analysis was performed for all samples listed

in Table H.2. This included all the Alberta basal clay samples. the
Manitoba clay samples, the intraformational clays, and seven artificial .~ '
samples. The artificial samples were made from two commercial clays: - o
Georgia kaolinite and Illinots Grundite. They were mixed in Various
piopo;tlonq (10:0, 8:2, 6:4,°5:5, 4:6,:2:8, and 0:10) to assess the °
relationship between mineralogy and engineering index properties. The

\ Georgia kaolinite is a refractory clay of high kaolinite content and '
excellent crygtallinity, and the Illinois Grundite is an illictic clay

of lesser crystallinity with minor amounts of kaolinite. o

Fifey grhm-é&mp@es;pf'clay were suspended in distilled water, _

allowed to sediment, and the fractioa smaller than 2.0 y in effective -
grain diameter was drawn off by siphoning. This process was repeated '

" until all the clay sizes were recovered; then the clay sizes slurry was -
reduced i:sz oven (at 80°C), and ground to -100 mesh-size. This proy - *

«

cedure assyfed a uniform product sufficient for numerous X-ray analyses.
If M clay specimen was to be saturated with a particular cation
“before anglysis, a one_ gram sample was boiled in a 1.9 N solution of the
necessary salt, the exfess sal{s were removed by centrifuge gettling and
several washings with distilled water, and the specimens were dried and
‘ground. R L . , * '
X-ray powder slides of the untreated < 2.0u fraction of all f*-f
clays and cation saturated powder slides of selected clays were pre- ’
pared by wetting approximately one gramOINdry clay powder with dis-
tilled water to a pasty consisteacy (just above the plastic 1imit), -
and smearing the clay paste between two parallel strips of masking tape
oan a flat glass slide (Figure H.9a). The masking tape permitted a -
relatively thin uniform layer, and smearing the paste with a stdinless '
steel spatula preferentially oriented the clay mineral platelets paral-
lel to the slide. Orientation of the clay minerals enhances the peak
intensity of the X-ray diffraction trace, and facilitates. clay mineral }
‘specie identification. ' : . L :
: ‘Several specimens were fractionated into coarse (0.2 to 2.0 )
and fine (less than 0.2 u) fractions before X-ray analysgis.  The frac-
tionating was performed in a centrifuge, and the fractions were treated
and mounted by the above methods. i : :
' All ‘untreated specimens, and all sp@clmens which had been sat-
urated with magnesium chlorfde (MgCl2) before mounting, were sprayed
with ethylene glycol before X-ray analysis. If heating was required,
the slides which had been X-rayed in a cation-saturated or a glycolated
_spate were used. : . . ; ' -
. Selected specimens of basal clays (those'with strong X-ray dif-
fraction peaks between 7.4fand 7.8 ) were prepared for photography
by scananing electron microscope methols.- Extremely dilute solutions
of the clay. sizes were prepared; a few drops were put on & mounting
- 8stub and allowed to air dry while protected from dust; aad the samples
were coated and photographed by the methods discussed in Chapter VII.
All of the X-ray analyges were performed and interpreted by "

’
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D. Scafe, a clay mineralogist. The te
a larger study into the potential of t
intraformational clays for the manu fac

H.5.2 Determination of Mineralogy by X

The semiquantitatiVe identifica
diffraction methods has developed cons
yet there are still frequent debates'c

the staff of the Alberta Research Council under the supervision of

sts were performed as part of
he oil sands basal clays and
ture of ceramic products.

-Ray Diffraction’ ~
tioa of clay minerals by X-ray
iderably over the last 40 years,
oncerning interpretation of

results (CrQnL 1968). The diffraction peaks of the (001) crystal
planes of the varioys clay minerals are used almost,exclustvely for
identification as they generally provide the most intense peaks in”

a’ zone where other mineral diffraction peaks are aparse. Lattice

substitutioas and the inherently fine-
* often result in low intensity and broa

1968), particularly when the clay orig
and neogenetic processes rather than p
the basal spacings of several of ‘the c
vermiculite) are sufficiently similar
can not be differentjated on a single
Therefore, many other diagnostic proce
X-ray analysis of clay minerals have b
heating to'a specific temperature to d
or saturating the clay specimen with p
All clay analyses are performed on ori
intensity in these fine~grained minera

X-ray diffraction pegks often a
. measure of the amounts of various clay
' specimen. There are, however, many 1i
" of the quantities of clay ‘Yinerals pre

measure of peak height ratios in one t
only the relative proportioas of clay
yleld total compositioa. The peak hei
of clay mineral crystallinity and coas
butions between samples; this is not 1
-of considerable size from a large geog
stitutions may alsoJafféct the intensi
and random mixed-layer clay minerals r
bands from which it ig impossible to p
measure, Cow '

, Chemical analysis is not valuab
.of thé similar chemical composition of
of variable latfgpe substitutions whic
alloeatfon of cations to individual cl

I

grained pature of clay minerals
d powder X-ray peaks (Grim,
inates in chemical weathe:iné
hysical attrition. Furthe y o
lay minerals (e.g. chlorite and
that their diffraction peaks
standard powder X-ray trace.
dures for the semiquantitative
een developed; for example,
estroy a particular clay specie,
articular cations (Grim, 1968),
eated specimens to enhance peak
1s.

re used as a semiquantitative
aineral species present in a
mitations to the determination
sent. The procedure employs a
race; therefore it is a measure
minerals present, and does not
ght ratios assume equal degrees
tant specie grain size digtri-
ikely in a variable sample body
raphical area. Lattice gub-

le in clay mineralogy because
the clay minerals, and becauge

h do not permit a rational:

ay mineral species.

The affixing of a percentage composition-to a sample of clay
with a diverse mineralogy implies an accuracy that does not exist in

the semiquantitative X-ray analysis me

thods; thegafore a rank ‘order

system of co@bositional assessment based on relative peak intensity

rather than peak ratios was employed:
/ment of diffraction peak strength only
H.5.3 Hethodology o ’
: The identification of clay mine

¥

The measure refers to an assess-

rdl-species required an extensive
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X-ray diffraction analytic procedure. The total procedure was em-
ployed only for selected specimens, and when a sufficient body of data
-had been collected, the interpretations were{ avplied to the remaindér
of the samples, each of which had.been glycolated and’ X-rayed. The
detailed methodology, with the reason for -each step, is summarigzed as
follows (Figure H.9b):

1. Ftnctionating Smectite and mixed-layer clays are generally
the mdst finely divided of the clay minerals. Analysis of the
finest fraction permits more positive identification of these
matevials.

2, Glycolation after saturation with MgCl; results in a sharp
14.8 8 peak for vermiculite, which differentiates it from chlorite
(14.08).

3. Treatment wich KCl collapses smectite to a basal spacing of
108 after heating to 300°C. Comparison with other traces deter-
mines whether significant smectite is pretent in the clay.

4. Ethylene glycol is used to expand any swelling clay minerals
& in the speciméns. X-ray analysis of an untreated clay at a specific

relative humidity is not useful since smectite still displays a
wide range of basal spaeings resulting in broad, undefinable dif-
fraction bands between 12 and 20%. Ethylene glycol enforces a
a uniform basal spacing of 178 for smectites, and a uniform basa}
" spacing of 14.88 for vermiculites.
5. Heating to 300°C collapses vermiculite, but does not affect
chlorite, illtite, or kaolinite; therefore chlorite and vermiculite
-may be differentiated. Illite-vermiculite mixed-layer clay minerals

-

are dffected only partially, and a broad diffraction band on the low ,

angle side of the illite peak still occurs, although in a subdded

state.

6. Heating to 550°C destroys the 7.2 R (001) peak of kaolinite,
but does not affect the (002) chlorite peak at 7()X which facil-
itates examination of the (002) peak of chlorite.

All specimens prepared by the techniques discussed above were ~

Bubjected to Copper Ka radiation, and the diffracted radiation was
measured from 20 to at least 159 to give traces of the first basal
(001) diffracted radiation peaks of each clay mineral preseut.- The
spacing and location on an X-ray diffraction trace 'of the common clay
minerals in their normal state and in an expanded state (after treat- -
ment with ethylene glycol) are summarized in Table H.4 to aid in

evaluating the X-ray diffraction traces presented.’ ~

The carbonate content df the clays was assessed by noting the
reaction’ with dilute hydrochloric acid. Carbbn content was ‘estimated
visualry T,

H.5.4 Test Results ’

'~ Three distinct clay mineral species were identified in the basal .
clays of the HcHurray Formation: {illite is the most common, kaoi}nité
is" almost as wideapread and vermiculite is present in just under one-
half of“Bhe specimens tested. All of the clays coatain some kaolinite,
and only one clay sample has mo illite present (AOP-58 250-255) Illite-
vermiculite random mixed-layer clay minerals are present in dne-half -
of the speciméus, and 12 samples display noticeable kaolinite-vermiculite
mixed layering (inciuding all seven samples from the HcLeln Creek

Q/Lf*f~—— T -
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outcrop). ‘ v »/-‘ - :
All the mineralogical data are reported in Table H.2. Refer-

ence to the series of x-ray'dlfffactigp traces de-onstrkqec the relative
assessment méthod using peak heights to obtain the semiquantitative
mineralogical data found in Table H.2. The means of the asgsessments

of clay mineral specie peak helgntl for outcrop and borehole samples

are reported in Tajfle H.3. ' : .

The occurrence of CaCO3 is noted in Table H.2. Five specimens
display'a noticeable reaction with hydrochloric actd.

Representative X-ray diffraction traces of outcrop and borehole
samples are reproduced (Figures H.10 to H.16). Figure H.10 is the
trace of a glycolated sample .from hole AOP-58. This specimén was the
oaly basal clay which contatned no detectable. {1 fite. The kaolinite
and vermiculite peaks occur at 7.2 £ and 14,8 § respectively, and the -
lack of a broad diffraction band between 10 £ "and 14 { indicates that
no illite-vermiculite mixed layering is present. The shoulder on the
low arigle side of the kaolinite,peak (from 7.3 to 7.98) 1s indic-
ative of kaolinite-vermiculite mixed layering. The sample contained
no smectite or chlorite. The (002) peak 'of vermiculite, which would
be expected to occur at 7.4 » 18 obscuréd by the strong kaolinite
peak, but the vermiculite (003) peak is present at 4.84%. .

Figures H.11, H.12; and H.13 show the results of the detailed

'analytic procedure employed on selected specimens to delineate niner-

alozy accurately. The upper trace in Figure H.11 1s of a-glycolated
.whole clay fractioa (MD-63-6), and the lower trace is of the same
specimen heated to 550°C. Heating has totally destroyed both’the

14.8 % peak of vermiculite and the broad.peak between 7.28and 7.8
Only illite remains as a distinct specie, but the broad shoulder_ on
the low angle side of the 108 tllite peak indicates that some 11lite-
vermiculite mixed-layer clay has survived the heating process. Iﬁ

" chlorite had been present in the original sample, a peak at 14.8

would show in the lower trace. Figureg H.12 and H.13 each i{llustrate
four identical X-ray analyses performed on two different size fractions
of the same “sample (MD-63-6). The coarse-grained fraction has a
greater incidence of unmixed clays, and the X-ray traces of the fine-
grained fraction indicate a much greater proportion of vermiculite

and mixed-layer clays. Even in the fine-grained fraction, there is

no evidence of smectite. - o '

Figure H.14 presents a group of X-ray diffraction traces -
selected to demonstrate the variation in incidence of kaolinite and
illite. The upperabst trace indicates that the great majority of clay
minerals present a¥e illitic. Lower traces show progressively higher
proportioas of kaolinite.

Figure H.15 shows selected X-~ray dlffrac;ion traces on basal
clays that demonstrate variations in vermiculite and mixed-layer
occurrence. The, occurrence of ,vermiculite is usually accompanied
by an increased amount of mixed ayering as shown by the brdad dif-

- fractioa band between 10 and 14% .

~

. Figure H.16 18 a random selection of four basal clay X-ray
diffraction traces. The heights of diffraction peaks in Figure H.10
are not directly comparable because the spec were analyzed at
different recorder sensitivities to emphasize peak locations.

The last data column in Table H.2 is tKe Pyrometric Cone
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(can be directly convertad to Angstroms (A) if the
- radiation wave length empioyed is known) .
Logund .
K(001): First basal plane (C-axis) refraction
of kaofinits clay minersi
v(003): Third basal refraction of vermiculite
K : Kaolinite .
g Vv Vermiculite o
I : iilite '
iw Illite-varmigulite mixed-layer clay
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e .
Figure H.10 Identification and Interprstation of X-Ray Diffraction Pesks
(Ssmple # AOP-58 260°-256', Glycolated)
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Equivalent (PCE). Thé, PCE is defined as that temperature at which a
preshaped’ cone of clay material will fuse and slump. It is obtained
.in a furnaceremploying a standard, constant rate of temperature in- -
crease, and by comparisoa t6 standard, calibrated ceramic cones. The
-mean PCE for all the basal clay samples is 13949C with a standard devi-
on of 117°C, $9 comparison, the illitic Illinois Grundite ylelded
“ﬂ‘:CB of 1190°C. The highest PCE value of basal clays ig. 1580°L this
'was obtalned from the McLean Creek outcrop samples. R

.

i

H.5.5 Lonclusions '
The o _swelling clay mineral in the bdsal deposit 18 ver-

miculite; ite maximim swcll 18 8ix percent, that is, from 14 to

4.8 X - Because much of the vermiculite in situ/may be in a partially
bydrateq htate, and because vermiculite never 9dhstitutes more .than
one-quarter of the clay mineral present in the clay size fraction,

the tendency for swelling of. basal clay {is megligible.

The clay minerals in the basal clay had ‘their origin Ln weather-
ing processes.acting oa the’ paleosurface before the transgnession of
the Lower Cretaceous sea, The 1llite 4nd vermiculite in the clays
are very fine grained, and are theref/re not the product of intense
physical attrition. In all probability, chlarite and smectite were
absent .at the’ time ‘of deposition, and their continued abseu;e/indicates
a lack of sig ficant neogenesfn of flay minerals. It is considered P
that the C%R¢Pt tesértt’ d:z/hre similar mineralogicaily to the claysg
. at depgsitfon. *Recent e ring is responsible for the: mineralogical
and size differences befw2en outqrop samples and borehole samples.

The mineral f the basal clays is somewhat unusual for the
! ‘smectite ‘and chlorite are totally absent,
whereds most clay ales of Louef/end Upper Cretaceous age contain
smec&ite, and {f chey are 1n the Rocky Mountain tectonic belt, chlorite -
as well. Fnrthermore kaoltutte -vermiculite mixed- -layer clays{ are, in
genecral, unc:mnon, but are frequently obgerved in the basal clays.
Since the,gfiat majoritv of smectite 18 a result of alteration of vol-
canic agh, and since the Lower Clearuater Formation and Upper McMurray
Forme;io1;($ample MP-75-4-13) contaln smectite, the %asal clays were
deposited before significant"volcanic activity in Lower Cretaceous

imes’ -

V§ The low activity indices of the sample body are a function of
overgll mincralogy: smectite is absenty the major clay species are
illite and Qﬂptinigp The difference in activity between outcrop and
borehole: sprcimeng “may be explained by .the greater incidence of ver-
miculite and mixed- -layer clayshin outcrop specimens; this results in

» greater retentiog of interplatelet water, higher liquid limits, and ¢

hence highat activities. Further relatfbnships may eventually be
identified through detailed factor ‘analysis. :
The mean Pyrometric Cone Equivaient of outcrop spacimens is

“ signiFicantly higher - than thac ,of The borehole specimens, and this

difference is explicable in tbrms -of the higher ratios of kaolinite -
to illite in outcrop specimens. The artificial specimens of Georgia
kaolinipe and Illinois Grundite clearly display the dependence of PCE
upon the yatios of kaolinite to {llite.

& " UNo detailed engineering strength testing of the basal clays
bas yen been publisheq;’but on the 'basis of the engineering index

w x - f l/)
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properties and the mineralogy, residual ¢ values of 8° to 140 may

be expected in the most clay-rich specimens/(Keriney, 1968;
Chattopadhyay, 1972). This value range should be compared to the
residual ¢ of 180 obtained from the intraformational clay tests (Chap-
ter V), The intraformational clays are actually clavey silts, since
they invariably contain less than 50% clay sizes. No mixed- -layer clays
.or vermiculite have been detected in these clayey silts. It is known
that the uppermost intraformational clays may contain significant
quantities of smectite (montmorillontte Carrigy, 1966), and residual
¢ values therefere will be lower than 18°,

All speciméns of basal clay which displayed a noticeable
reaction with hydrochloric acid were obtained from the base of the
basal strata, where the clays sit directly upon limestones (e.g.

ADP-96 240- 245) The absence of carbonates in the great majority

of the clays attests to their relative impermeability to fo ion
fluids: the study area has been a reglon of groundwater discharge
"(Hitchoa, 1963), probably for many millions of years, yet carbonate
lons are conflned to the lower portions of the clays. The paleosols,
however, in addition to their almost arenaceous character, invariably
dgmonetrate high carboaate content. This is ‘evidedce of their residual
nature: they are physically distinct from the basal clays, and their
presence seems to' preclude significant basal clay occurrence for paleo-
geomorphological reasons.

9.6 Summary A -

. The basal clay study has delineated the ranges of the mineralpgzy
and enbineering index proparties. The mineralogy of the clays is @ome-
what unusual: smectite and chlorite are absent; and illite, kaolinite,
and*vermiculite, in descending frequency of occurrence, are the clay
species present. Mifﬁ’y}ayer assemblages constitute a common but minor -
proportion of the cla#s/ ‘.

Th2 nonswelliny nature of the clays is reassuring for open pit
mine development, but slickensided clays are common, and residual
strength data should be obtained for pit wall analysis. - The grain
size and mlneralogy suggest that an ultimat. angle of residual fric--
tion of 40 to 149 may be appropriate.



