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- ABSTRACT

-~

\

The Waterways'Formation direotly underlies_some 7OX~'of _thé-

_Athabasca 0i1 Sands deposit of northeastern Alberta: The
maor part of- the 011 Sands of the McMurray Formation is-tod.
deeply buried for recovery by sur face mining operations and .
must - be _won by in- sitg, underground mining or hybrgd
in- situ/underground mining' techniques. Various methods
involving mining development in the overlying Clearwater
Shales, within the 011 Sands- themselves or from within the
Devonian straﬂ' beneath the Oid Sands'.have been proposed&
The hfpredominantly ) limestone ;strata of the waterways(

Formation should provide superior ground -conditions to thoses,
present in either the Clearwater sheles or McMurray 011
Sands, and from openings in the limestone, various types of
0id1 Sand or bitumen recovery could be conducted, including
‘block oaving; hydraulic mining, in-situ recovery or
combinations of these methods. - |

'This'reoort summarizes the results of research into the

'rock.nechanics properties and ground conditions of the
waterways Formation In addition‘ -to laboratory and‘Fleld K
data . collez ¥ .*as ~part of the }research an extensive -
literature survey gathered together much of tﬁe'qprrently

available data relating to ‘the geology, .

-geotechnics of. the Waterways Formation. . %i§5:ﬁ :
A. number of outcrops along the Athabasca River and
tributaries were selected for detailed examination of the

jointing, bedding and lithologies of the Formation and for

$

-~
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c31rection of laboratory test\ es. Core from n 31 metre

'deep drill hole at “the Suncor mine provided numerous samples "

of fresh  rock for  laboratory tasiing__and__ptoyjded____ —

Withological and geotechnical in ormation -for a continuous,
unweathared sequence of part of the Moberly Member .frata
N On the bisis of the fiel
basic types of limestone - Massiva\~Nodular and Shaly - have
been  identified - with différifig " rock  mechanics

and,laboratory}work three

characteristics. 'Data on joint shear s:acnqﬁhs. jointing’

.systems and gaometries. and intact strenqﬁh re used to make

. and state of stress. Two separate chapters are devoted
karst and karsting in the 011 Sands regicn and to possible

industrial uses for the Waterways Formation ‘rocks.

e



*

B ' ” Acknow | edgement s

.1 wish to thank those who have - assisted in this study,

" especially the Alberta 01) Sands Teoﬁoofoﬁydéhd_?egiyfcht"

~Authority (AOSTRA) who provided -the major funding. I gm
' groteful to AOSTRA for supporting this research and for
' permitting the results to be presented in a thesis.
_ I also extend my gratitude to Mr. Gene Sand¥ord a

‘ S%Poor Resources who provided a field site and support for a
"core hole in the Suncor mine.

I sincerely thank Dr. Brian Stimpson, my supervisor,

-for his 'guidance and cheer ful encouragement [ would also
like to_thaok Mr. Lin Ding for’ his careful help for much of
the : draftingf for 1laboratory services and for field
assistance at Fort McMurray. .
_ Many other pecple offered help and suggestions, in
particular I would like to thank Professor Patchiog. Dr.
Jeremic and Dr. Dusseault, all of the Department of Mioeral
'Engineering. I thank Alberta Transport ”and Dr. P.K.
Chatterji.of Thurber Consultants who provided samples and
test data, to Dr.. Fritz Boehm of Krupp Industries, to
’PetroCahid;. to Syncrude Canada, and to the Research Council
of Alberta To others who provided advice and help in many

'/‘

ways | add my gratitude

»

e

vi o



Tgble of Contents

Chapter ~ Page
1. INTRODUCTION ..o e 1
1.1 Location, Access-and Physical Extent .. ........ . .. 2

1.2 Purpose of Evaluation of the Waterways Formation ...4

1.3 Scope of the Geotechnical Evajuation ............... 6
. CURRENT GEOLOGfCAL AND ENGINEERING KNOWLEDGE OF THE
WATERWAYS FORMATION ........ B e 8
2.1 General Geology ....:A ............................... 8
2,2 Structure ©f the Waterways Formation .............. 13
2.2.1 Regional Structure ......................... 13
2.2.2° Joint Systems ................. ... 16
2.2.3 Solution Collapse Structurés ............... 16
2.3 Geotechnical Informatibn ..... & 17
PROJECT DATA - LITHOLOGY ANb STRUCTURE ................ 20
3.1 Acquisition of Data ...................o.ooo 20
3.2 Description of Lithologies........ e e e e 21%
3.2.1 Limestone Classificéfion e e 5;
3.2.2 Massive Crystalline imesfpne e e 23
3.2.3 Nodular Limestone ........................ .. 24
3.2.4 shaly Limestone and Shale .................. 26
3.2.5 Other Rock Types ...........ouuuuunni . 27
3:3 Sedimentary Features ..... e e e e e e 27
3.3.1 Fossils T PP 28
3.3;2 Lamimations .................... ... .. ... ... 28
3.3.3 Bedding .......... e, SOARREREEEES 29
3.4 Geometry of Bedding and Joints .................... 29

vii



4.

—

W OWw W oW oW oW oW w
2 B B B D B B B N
W ® N O U osa oW N

3.

PROJECT DATA - STRENGTH OF STRUCTURAL DISCONTINUITIES .
4.1 Method of Sprength Determination .................
4.2 Shear Testing - Method ..................... S

4.3.1 Effect of Moisture, Clay and WeathéMing ....

4.3.2 Bitumen Infilling ........................ .
4.3.3 Joint Roughness Profile ................. ..
4.3.4 Joint Shear Strength in Relation to Mining
Condit1ons .............................. 3

4.4 Direct Shear Strength Along Bedding ....;.iﬁ ......

PROJECT DATA - PHYSICAL PROPERTIES OF THE INTACT ROCK

5. 1 Engineering Measurement of Lithologic Effects
5.2 Laboratory Tests Conducted .......................

5.2.2 Specific Gravity .................coo ... ..
5,2.3 The Untaxial Compression Test ........... ¥ .
5.2,4 Tensile Strength - The Direct Pull Test ...

5.2.5 Tensile Strength - The four Roint Rénding

) Test ............................... N e

Method of Study ..... e e e e
Lithologic Control of Structure ............
Bedding Characteristics ....... e

Joint Occurrence .. ..................... ..

Joint Spacing and Continuity'..............
Joint Surface Topography ..................
Joint Staining and Infilling ..............

Summary of Discontinuity Geometry e -

5.2.1 Composition ....... B

.47

48

.50
..50

51
51
52
53

.54



5.2.6 Tensile SWth;azi’Han Test ... 56
2-2.7 GEEgssidgijest ..............56 °
5.2.8 L P 52
5.2, ‘ ymabi L{Ey L ® .....58
5.2.10 POROSItY vovvssesseens s, [ ..,.59
5.2.11 Ultra-Sonic P-Wave Velocity ................ 60
5.2.12 The Impact Toughness Test ....... e * .. .61
5.2.13 The Point .Load Test ........................ 62
5.2.14 Hardness ....... L 63
5.2.15 The Slake Durability Test ........... SO
5.2.16 Swelling Tests ............c.viiiininnn.n. 65
5.3 Test Results and DISCUSSION ......oov''ifernnnnn.., 67
5.3.1 Rock Composition .............ccvvvununnnn. 67
5.3.2 Specific Gravity and Porosity .............. 68
5.3.3 Ultra-Séﬁic_P-wave Velocity ......... S 70
5.3.4 Hardness .............iiiimiiiiiinn ., 71
5.3.5 Uniaxial Compressive Strength .............. 73
5.3.6 Uniaxial Tensije Strength .......... A 74 .
5.3.7 Triaxial Compressive Strength ..... S 76
5.3.8 Double Shear TeSt ................oooe.... .78
5.3.9 Rock De®ormability ........................ .78
5.3.10 Point Load Indices r.ﬂez
'5.3.j1olmpact Toughness Indices ....... e 83
5.3.12 Slake Durabili®y ...........cvvineunnn. ‘....84
5.3.13 Rock Swelling Properties ...... e V... #86
5.4 ?eatheringiEffects on the Waterways Formation L.f..87

5.5 Intact Properties of Waterways Formation

A}

1
ix



6.8

7. THE
7.1
7.2
7.3

Lithologies ............. e et e e 88

6. KARSTING IN LIMESTONE .......... . 90

6.1 Introduction ... ... ... . i 90

6.2 Aqueoud Corrosion 6f Limestone ....... e 91

6.2.1 The Corrosion Process ..... e g1

6.2.2 Factors Affecting Carbon Dioxide Content

of Water .......... .. it i 92

6.3 Rock Features Affecting Karst Erosion ........... ..94

6.4 Surface Features of Karst e '..:........;..,.95

6.4.1 Superficial Karst Features ..... R e 96

6.4.2 Dolines and Swallow Holes ....q........... ..96

6.4.3 Karst Valleys ....,. ’D ....................... 98

6.5 Caves ............... ..., i 100

6.6 Karst Hydrology .e¢v:..ovo.ns S N~ 101

6.7 Classification of Karst ............. bt /102
6.7.1 Classification Systems .................... 103

'6.7.2 Classification By Relation to the Earth"s

| Surface ............. ,....; ................ 103
6.7.3 Modified Classification According to
Climate ............... [ 105
6.7.4 HoloKarst ............... S L. 105
B.7.5 FIUVIOKArSt «vveensnerennnss el ii.:.108
6.7.6 Glaciokarét and Nival Karst ............... 106
6.7.7 Tropical Karst .............o..... . 107
Karstingaand;the Waterways Formation .......... ...110
GROUNDWATER REGIME ........ ;f; ............ e, 15 @
Groundwater Flow Systems e .. 115

Groundwater Flow in t pper-Devonian System ....117
Mutual Impact of Mining and Groundwater .......... 19



N

% W [ ]
o ] Rd 3 en _
8. EXCAVATION AND SUPPORT IN THE WATERWAYS. FORUATION C...322 .

W

e 8.1 Rock ~Mechamics Informgt_gn__ﬂggdgd_u_lor ______ Mine
B ‘DeveTopment ...................0........... eie..122

8.4 Comparison of Waterways Formation Rocks and Othe® .-
Limestones Being Mined ....... :.;.....; ........... 130

8.5 Methods of Excavation in the waterways Formation 132
8.6 Ground Control for Undérground Excavations in the

) Watérways Formation ................... DR . 135
8.6.1 General Planning for Excavation :........ ..135

8.6.2 Failure Modes and Ground Control .......... 137

| 8.6.3 Support Measures ...... e ‘......; ...... 138

| 8.6.4 Strength of P¥llars ............... ... 142
8.7 Areas for Further Study ....... e 1 ..... .. 144,

8.7.1 Determination of Rock Property Variation ..144
8.7.2 Remote Detection of Geological Contacts ...146 .

8.7.3 Field Testing of Rock Iass Features ......, 149

. 9. jINDUSTRIAL USES OF THE UATERUAYS FORMAT 10N e 151

9.1 Limestone Production ......................0oi. ... 151

9.2 Uses of Limestone ........... ﬁ .......... ‘J.;;..77521§2

9.2.1 é;ment Producffoo...\ﬁ .......... (,L:..‘ ...... f53

‘9.2;2 Limestone Aggregate ....................... 153

9.2.3 Dimension Stone “...................oiui. .. 154

9.2.4 -Production of Lime .................. iv...155

9.2.5 Air Quality Control ...... e PRSI 1.1

' : 9.2.6 Agricultural dse of Limestone ............. ‘156

-~ 9.3 Physical Tests to Determine Industrial Use of
Limestone. ......... .. L L 157



-, . X ' ¥
N .’ . ‘2 b LIRN N + IS \ ’ ! 3
. -

b"“.\’
- G L e P
M 5 Tests for mmnsion Stdm.‘.....'..2..,.,,....157

‘,'—-—;““—_' o 9—3” 2 Tests for Aﬁregate Stone NER IS ICRRRRE ..'157 -

, 9.4 Surmary of lndustrial Uses of waterwa.yc Limston‘ ¥58"
Figuras _" .\...;.“.'.é%a @.,.‘...7...16_0:;\4“ |
Plates, .......... .. R .-n e ey B !

) Referé;nc‘es ‘ LRI I x ."-vb IR AR -. -7' . :l -\: o"‘:‘- . Jo:;n. . 0.".' . 2“1 . .4

. ) .

. R ) ¥ .
' ;" Amm'x A LR A ] L I A L R I U ) q;n L3 ] o‘ . a“_.Q‘ L B 2‘7\ o
) R .o :
Ammi x 8 ¢ ® ¥ et 0 \ [ "8 v o0 s 0 . ' LI I IR I O TR N A l‘ . ' L 4 255
- . ' ’ ’ ok “
. ' ., "": k4
' - . . .
. . .
- .' . ) L
» 1 . . o .
- . , . . ’E;ﬁ ! oy :.’ =
. . N
N J . f S L " -~
) . N A Py T 4
_ c R ' { . “
. ¥ Y
t : ..
N ) ' ¢ a > T
Ly s ‘
\ . d y v et ’)';.?'-\"' L4 N
. N . - \ : .
% ’ I e L
g s Co .« . b 5 b B
- \ * } ' = * .}g -_r_i‘:'«‘ ~
N . W S N ‘,"
. - ™ * - -
- . .
i L 1

' ’ .
¢ 4 et
- - , . e L
w : S
B i
. : R /
.
. M ’
g
é )
iy
. 3
. - e g N .
- 'f'
. . v .
‘-(: v »
@ M
N 3 . -
[ Y v - o . "
N ’I »
. KR v N rs
e :
- ™ &
.. -~
- »
< %o tn N '
DAY A -
) N p '-\ 4 «
> &
. v
’ . ‘
e . .
¢ >
I -



»

s 1. INTRODUCTION
The Athabasca 0Oil Sands“ deposit occurs in the McMurray
Fdrmation of Cretaceou§ age. Owing to the uncemented and
porous nature of the McMurray Formation the sands have
provided ; r?servoir for enormous volumes of migrating .
- bitumen whose source remains uncertain. The total amount of
bfiumeﬁ in the deposit is not acturately kriown. The most.
recent and reljable e#timates prepared by the Alberta
,Research Céuhcjl (1978) place the total at about 800 billion
barrels. OnlyJa small part of this total, perhaps 10% ,, can
be recovered by sur face miniég methods under present
economic conditions. The remaining 90% will have to be won
~by some other method or combination of methods. |

7 The Waterways Formation directly undérlies’a lgrge part
of the Athabasca 0il Sands of north-eastern Alberta (figure
1)“wheré‘§wo large surface mines are cﬁrrently in production
- Sunéor 0il Sands DiQisiQn ( formerly AGHeat Canadian .Oil
Sands), oberating since 1967, and Syncryde, operating since
1978? The> Waterways Formation forms a strong and well.
defined f1or at the Suncor mine, but not at Syncrude where
barren or low grade 0il Sands separateOVthe méin oil sand
horfzon froﬁ fhe Wétérways Formation. In other respects
these strata\have no significance for surface recovery of
the estimated 75 billion barrels currently considered
‘acce;sible by surface mining technidues. The consideratioh,
of underground mining of the deeper portions of the 0il

Sands or of in-situ bitumen recovery from underground (the
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so called Mining Assisted In-Situ Processing - MAISP)
clearly indicate a need to 1nvest1gateﬂ the geotechnical

properties and likely engineering behavior of the Waterways

Formation.

1.1 Location, Access and Physical Extent

—— r————

The Waterways Formation lies in northeastern Alberta

14

(see map, figure 2). The main urban centre is the cify of

Fort McMurray (population 25,000) which is accessible . from

i.fdmonton and southern Alberta by paved highway (#63) and by

the Northern -Alberta Railroad which provides freight service
from Edmonton. \Scheduled passenger planes connect Fort
McMurray with Edmonton. The two large surface 0il Sands
mines are accessfble from Bighway .63 north from Fort
McMurray. Boats and barges navigate the‘Athabasca River from .
Fort McMurray downstream to Lake Athabagca. With small motor |
craft it is possible to traveli.upstreAm on both the
Athabasca and the Clearwater Rivers from Fort McMurray .and
also to travel up some of th? larger tributary r%vers.\Motor
craft, floatplanes and helicopters can be chartered in Fort
McMurray. | |

-section of figure 3 shows that the Uaterways
Formation comprises a wedge of rock tilted to the west. In
the central area and to the east the upper boundary of the
Waterways Formation is an ancient erosional surface whiéﬁ

dips southwestwérds. In the west the uppef boundary is
formed by the overlying Cooking Lake Formation. The lower
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boundary, the contaot- with the Livock River/Slave Point
Foamatipn, dips southwestward where it becomes deeply
buried. ‘

. "The upper boundary has been exposed by recent erosion

| by the Athabasca and Clearwater R1ver systems. Outcrops of

Waterways Formation _rocks ‘occur along the bottoms of the
valleys of these rivers and for short distances along

several of their largerhltributaries (figure 2). Most of

- these outcrobé'aﬁe acoeésibléhpnly by boat although ten or

more can be reached by road or by hiking. Away from the
valleys of the two major .rivers the Waterways Formation
becomes covered by:an increasing thickness of overburded.

To the east of the Athabasca River the Waterways
Foqpat1on dips southwest at about 0.65 metres per Kilometre,
but the land rises towards Muskeg Mounta1n so that
overburden can attain a thickness of of 250 metres or more.
To the west of the Athabasca River the land rises towards.
the Thlckwood Hills and Birch Mountain. In townsh1p 94 14
the surface of the Waterways Formation is already bur1ed by
200 metres of materia]. Further southwest, where formation
dips " are about 4.5 metres per Kilometre, it becomes even
more deeply buried. South of Fort McMurray the -oyerburden
attains a thickness of 480 metres at the’soufhern-boundary

of the 0il Sands Area.

. )
o .



“ways: removal of 0il Sands as bre..lpr. pjtumen~'r

e

1.2 Purpose of Evaluation of Ln§~Wa§gﬁwa¥s Formation

Undehgrqgnd,ﬂmining of 0i1 Sands could proceed in two

val by

1

inisitu recovery, Mine development could be within the

B4

McMurray Formation 0il Sands or it could be 'in the\ more
competent and more easily supportablé limestone stra a'gf
the Waterways Formation. Mine development for in-stu

recovery of bitumen could also be advantagedUsly_placed n

4the Waterways Formation. ' Hybrid schfmes . invblvihg\
development of wunderground in-situ recovery methods are
Known as Mine Assisted In-Situ Processing-iMAISP)‘ projects.
MAISP. operatiohs could be _éarriéd out from the Waterways

Formation below theIOil Sands, from the MéMurray Formation

/_itse]f; or fromeithin the overlying Clearwater Formation.

In-situ recoveny.ffom,the surface using boreholes has been
extensively f{eld-?tested 'by oil compan?és and may at this
‘time be feasible for . large "commercial brbjects.~ In-situ
recovery from undérground,working1plaq§§ has not been tested
and neither the technicaﬁ nor the economic feasibility has

/

been established. Figure 4 1lists some of the,becbvery

- methods that have been bréposed and summar izes the use that

, each could make of the Waterways Formation.

Only Method 3, surface mining, is producing
commercially. Underground mining of the plasticél]y-behaving
0i1 Sands has not yet been proven to bg-tqchnically féasible

or economic.

In-situ recovery methods under investigation Aemplox.ll '

o



holes drilled from the surface in an atvtenpt- to ubbiliie_ the
bitumen by injection of various'solven?s or steam, or by

in-situ combustion. Mobilization of bitumen &f 8 degrees APl

_viscosity  is difficult and recoveries are low (in the order -

of 5 to 15%).

Mining development within the Waterways ' Formation js
‘considered easier and séfer than excavation'in the McMurray
Formation because of the greater stability of tunnels in the
strong and durable Waterways llmestones (Hardy and Hatch,
1977). In situ rec9vepy techniques from underground are
specu]a{ed to be mbre\eff1cient than surface in-sitt methods
béc@usgbof shorter injéction holes and less ‘Heat loss.
Figure 5 illustrates seVefal of the recovery me thods that;
havew been suggested. Three' MAiSP kand mining - projecté’
(numbers 3, 4 and 8; m1n1ng, in-situc and m1ning/1n -situ)
Will require extensive operations in 'the\} Waterways
Formation, ihcluding a l%rge amount of funnelingJ and .
driving of réise-borés, ore chutes, héu]ageways- ahd_ other
minind works for undérgbound miqing‘ or excﬁvation of
-driIIi o] chambérs for in-situ operations. 0il sand mining or :
MAISP ‘projects, from within the under lying - Waterways
Formation _liméstones ,or,'from the. overlying Cléanwater'
EFbrmation shaleg' may provide a way.of ipplyiné mining ahd
petroleum recoveﬁy\\SecHﬁology to winning cof Ithis “vast
4-resource at depths 'Beloéllthpse eCOnoyﬂcally mineable by
surface methods.’ | |

A general: evaluation of geology, - structure, and
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mechanical properttes of the Waterways Fon&ation is
therefore desirable and is the goal of this report. More'

detailed Rnowledge of intact and rock mass . strengths,.

mechanical _behaviour under stress, modes of fai lure and

groundnater hydrology of these strata will, of course, be
necessary for any site that may be selected forimining or
MAISP projects within the Waterways Formation.

is

&

1.3 Scope of the Geotechnical EWaluation

This report is a synthesis of currgntly avatlable
information on the Waterways Formation (that Svailable in
the public domain)';hd the results of the author’s work. It
provides a preliminary eva1u7tton of the ' Formation for
: purposes of underground excavation and mine development

The area of Waterways Formation subcrop beneath the
McMurray 011 Sand Formation. the area with wh1ch this report
- is concerned, is about 22000 ‘square Km. The Waterways
Formation ‘subcrops beneath the eastern part (70% in all) of
the Athabasca 0Oil Sands while stratigraphically higher Upper
\ Devonian formations sobcrop beneath the western half of the
_ OiIVSendst,Field data obtained in this study and' that ‘fron
vpreviogs<:investtgAtions'have'been collected  from only a few
widely spaced locations. At most of thése locations the data
comes from the upper part of the‘Formation only. This upper
zone has been influenced by weathering'OCcurring adjacent to
the ancient and/or the present erosional surface, thus there

is no assurance that rock charaCteristics'_encountered at

f
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depth in~awmine will be the same\as those described in this

1

study T o

Available literature. in bot ‘published and‘ﬁnpublished

reports ana papers, cemprises numerous lithological sections

'and stratigraphic and geological strpctural data as well as
joint surveys, groundwater studiesvind a number of brief _
geotechnical appraisals. | |
The field and laboratory rock mechanics studies carried
out for this report confirm and augment prevtoUst collerted
data. This study, which was conducted between April 1978 and
September 1979, comprised the following: | )
1) a literature survey-and collection 6f pub1ished
‘and unpublished data -
2) geological and.geotechnical description of four
outcrops of the Weterways Formation *

3) collection of core and block samples

4) drilling a vertical core hole 31 metres deep

~ into the Waterways Formation at the Suncor mine
5) rock mechanics testing (primarily laboratory

work ) of Waterways Formation rocks.
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2. CURRENT GEOLOGICAL AND ENGINEERING KNOWLEDGE OF THE
WATERWAYS FORMATION

ThfsléhaﬁtefAbf;sehféné_éummﬁfy of-infa;mation Obtdénédr
'from the literature concerning the geology, structure and
geotechnical features of the Waterways Formation. Fur{her
information, obtained in this study, is presented in

chapters ‘three, four and five.

2.1 General Geology
The Waterways Formation was first described by
Bicharhson in 1819 Jand 1825 from low outcrops along the
Athabasca and Clearwater' Rivers, where its stfatigéaphic
‘position was readily observed beneath the McMurray Formation
&bitumindls sands. ,Béll. in ]88&, recognized that an
~ erosional unconformity sepabaied thé.two formations. welis
"drilled for salt. and for. oil in this Eegion' permitted
description aBd subdtvision of the complete section of the
Waterways Formation and correlation both locally and across
western Canada. Figure 6 shows the names and locations of
"mahy of the exploratfon holes whjch have provided lengthy
core intersections or stratigraphic information from the
,UEterWays Formation. Warren (1933) was the first to apply
thé name watefways Formation to those_Devonién Rocks in the

Fort McMurray region which overlie the Middle Devonian

Prairie Evaporite evaporitic sequence. The Aiberta
) .
/ .,



éovernment Salt Well No. 1 at Fort McMurray (1920)
encountered 123.5 metres- of Waterways Formation, although
pre-Cretaceous erosion reduces the total thickness in this
area.- Sevent} seven Kilometres west-southwest, the entire -
sequence' is preserved in the wel) Bear' Biltmore No.
1. Crickmay (1957) established this 214 metre Bear
Biltmore No. 1 sequencenof WaterwaQS Formation as a standard
and defined its five members. All of the outcrops of the
Waterways Formation along the Clearwater and Athabasca
Rivers were described and compiled in a composite geological
section by Norri&m(1963). Lithological descriptions of ~the
Waferways Formation and of each of its five members are
given by Norris (1963 and 1973).

Current géolOgical knowledge 1is therefore based on
information from widely scattered butcrops and from many
drill holes. There are several Fhousand dil Sands eQaJuation
holes, most of which reach the upper part of the Devonian
limestohes. At least 50 exploration holes of o0il ,companies
have penetrated the entire Férmation and have provided data
in the literature on thickness and lithology of each member
of tﬁe Formation. Of the evaluation and oil exploration
holes which were cored 1nt6’ the Waterways Formation, ihe
majority (perhaps as many' as ldh) reached only into the
upper part of the Formation, and recovered incomplete core
intersections. A list of Waterways Fofmgtion wells is given
in Appendix A. : |

The following geological summary is drawn entirely from

-
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the reports of Norsz (1963 and 1973). The Waterways
Formation 1includes up to 214 metres of Upper Devonian
-1imestone, shaly iiméstone and shale which lie on top of
Middle Devonian limestone of the Slave Point formation (see
Figure 3). The lower contact of the Wate}ways Formétion
represents a period of non-deposition. The upper contact
with the Upper Devonian Cooking Lake Formation 1imestone’
appears transitioéal. To the ‘sohth of Fort McMurray, the
Waterways Formation becomes less argillacéous and has been
called the Beaverhill or Beaverhill LéKe Formation. To the
north and wgﬁf the Waterways Formatioh becoﬁé - more shaly
and has been correlated with Devonian shale units in the
North wegtherritories. The g;neral'stratigraphy of the five
“members- of thegéohmation from top to basé is illustrated in
figure 7. The interbedded nature of the Formation is
exhibited on a large scale by the alternation of the members
from dominantly shaly to dominantly limestone.

The Firebag Member is hainly oljve gﬁeen €a1careous :
shales intezpedded with thin and more resistant léyers of
olive greén T}mestbne. It is 51.8 metres thick in the. type
: we]l‘ (Bear Biltmore No. 1) and increases in thickness
northeasfward5~t0‘as much as 59.4 metres. There is a middle
section between the upper and lower shaly intervals, varying
in thickness from 6.1 to 30.5 metres, consisting mainly of )
limestone.

The Calumet Member is fine-grained clastic 1imestone,

resistant in outcrop. The boundaries ‘are well defined by
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_shales of the Members above and below. )
L1tho1og1es described from outcrops by Norris (1963)

include:

a. Hard,  aphanitic, s%idht1y,brownish l-imes tongs that

are thinly bedded _ LS
b. Highly fossiliferous, argillaceous,: thin to thick
beds of rubbly-weathering limestone- with some
interbeds of calcareous shale |
c. Medium grey, fine grained, argillaceous limestone
d. 01iye green shale witn variable = amounts of
interbedded\argillaceoué limestone. |
The ,thicKnesq{ﬂhas oniy slight vériation‘ (without any
~ apparent regional trend) from 27.7 metres to 31.1 metres.
The Christina Member is about 27.4 metrés\‘thick. It
‘xconsists mainly' of greenish grey shale, grey éfgilraceous
1imestone, pale brown aphanitic limestone and  minor
thickness of pale broﬁn fragmental limestone.'lt.appéirs to
be more aréillaceous and shaly to the north. and west.
Sandstone"and sandy limestone beds, resulting from(ébosion
of land of possibly restricted extent,  outcrop near the
mouth ~of the Christina River. Thickness of the Christina
Member varies fhomb23.2 to 37.2 metres.

The Mober]y Memben, approximately 61 metres th1ck
'cons;sts dominantly of clastic limestones. It becomes more
shaly towards the tnp.and appears mone shaly with thinning
‘of limestone units to the north. Its lithology in ascending

stratigraphic order (ascertained from well Bear Biltmore No.



1 and from outcrop) is as follows: _ )

a, Soft, grey. argillaceous limestones, 1light brown

fine grained fossiliferous limestones, light grey

reststant, aphanifie»~lime§&one.» and- thin -bedded. — -

brownish ‘limestone with calcareous shale part}ngs
b. Alternating ligbt green, rubbly. thinly interbedded
11méstones and shales, and hard brown1sh ‘aphanitic,
fragmental hL;Qstone . e
c. Green variably calcareous shale.~mith thinner'units
of thin //bedded. argillaceous " and fragmenté]
limestones. | _ / |
The Moberly Member outcrops diécdhtinﬁously along “the
Clearwater R1ver as ‘far as 21 Kilometres east of Fort
McMurray, - and along tbe Athabasc;_ River from a point 25
Kilometres southwest of Fort McMurray” to Fort MacKay, 54
kilometb north' of the city. iR
The Mildred Member is apbroximetely 42.7 metres of grey

2

calcareoUs'shale. greenish grey argillaceous_ l1mestone and
some brownish aphanitic.' clastic limestone There are few_‘
wells that penetrate tbe complete thickness of the Moberly'
and Mildred Members. -and consequently there 1is sparse
1nformat1on on th1ckness variat1ons |

“dn summary. the Waterways Format1on is composed of five
westerly dipping and conformable members. each of which
subcrops beneath;the McMurray Formation. The lowest member
subcroos in the east and the upper member in the west.

Outcrops of the Waterways Formation occur along some of the
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major rivers The Firebag. Christina and Mildred Members are
?brmed mostly of shale and shaly _limestone while the
intervening Calumet and ‘Moberly Members are less shaly,

—hav1ng thick un+%s o*-massive }imestone in addition to shaly»»»

L _ "

limestone

[

2.2 Structure of the Waterways Formation
2.2.1 Regional Structure = - ) !
The wedge of Waterways Formation strata  thins .to the
east because the_Dewonien erosion surface truncates all of
the Devonien.strata which dip westerly at a steeper engle
. “than the unconformity (see cross section. figure 37 Betw§:n
the edge of the Canadian Shield in Saskatchewan and Fort
_McMurray. the- Precambrian b!sement dips westwards at about
3.5 metres per Kilometre. In the vicinity of Fort McMurray.'_
the dip of the base of the Waterways Formation is

approximately 0.65 metres per'kilometre to the west. Farther

west this increases to approximately 4.2 metres per:

Kilometre while the upper surface dips about 4.5 metres per .

kilometre southwest. The upper erosional surface of the
Waterways Formation is frequently encountered during Oil
Sends,drfll:ng and is therefore more accurately located than
the base of the Formation. The upper surface is found to be
quitev'irregular'with relief of more than 100 metres. Relief
7 on the Devoniah limestone 'surface was present at - the
beginning of deposition of the McMurray’ Formation sands and
resulted in thickening of the McMurray Formation in
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depressions on the Devonian surface. There ‘@ay also ,bek

wgion’ post-Cretaceous tilting to the southwest. Structurs
con*ur maps of the Devonian erosion surface have beé \ fnade
Research Council (in preparation) .

Mithin the Waterways Formation thore are basin and dome
fold structures (plate 1). Carrigy (1959) favor-s the idea

‘that the folds are a result of subsidence irto undtrlying
salultion oavities in the Prairie Evaporite iorWiM' while -

Hawe (1947) referred to the poss1bility that hyd%asgon and

assMiated volume expansion of anhydrite beds 30‘1d cause )

§trata disruption. Maximum bedding dips in theQ fol«ds are
tyfpicall? less than eight degrees, although dips &8s steep as .

25 degrees have been observed (Dusseault, unpublished). The

long axes of some elongate domes and the fold axes of most

S el \
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of the small folds trend south southwest suggesting that"

the origin of these structures is not related to the general 'P_

westerly dip of the Devonian strata.
“Although the scarcity of outcrops makes the:

B ]

by Wartin~ and Usmin (1963 PetroCanada, and the Albi%ti“”“’“

A
Y]

.‘ng

~

¢

identification of faults difficutt, several Targe -faults /

thavebeenproposed (figure 8. Nulbered faults on . the map

réfer to nu'rbers in the text following) Stewart (1963)
sugpests that block faulting in the Precambrian basement is
r.eflected as ridges on the Devonian erosion' surface, one of
which (#1) runs north through the middle of the region. " The
Mcnway Formation thins over %these ridges and is low in
bitumen content. Martin and Jamin (1963) state that many

{

: oan

d
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faults which affect only the Paleqioic and Precambrian
appear‘.fo bé striking northeastwards across the 0il Sands
region. They noted one major northeast trending fault (#2)
which 6ffs¢t erosional riages on the Devonian surface.
Carrigy (1959) positted a major }fault (#3)  running
éoutheasswards from the Bitumount Basin (a structural basin
75 km north of Fort McMurray) towards a fault on the
Clearwater River mentioned by Norris (1963); Nornris
' conclpqéd that there was about 70 metres of offset in the
Methy Formation along a‘northwesterly trending normal fault
) downthrown to the west (f4). Hackbafth (1978) postulates the
‘existence -of a fault (#5) striking along the valley of the
Athabasca River,, from Fort Mackay south. through Fort
McMurray. He infers  that the.fault zone was sufficiént1y'
wide and permeable _tb promote more rapid solution and
remova of 'salt from the Praifie Evaporite Formation and
irregular subsidence of overlying strata. This fault would
' explain apparent offsets on the Précambrian surface and
hydrégeolbgical peculiarities in the area along the
Athabasca River. Hackbarth did not specify the type of féult
or displacement. Norris (1963) repo;ted a minor fault
,(loéétfon Unspecffied) with about one metre of displacement,
" on the limb of a small féid'in the Waterways Formation. - The
upper surface of the Prairie Evaporite Formation is
pré;ently as sha]léQ as 130 metres below river level along

4

,the Athabasca River to the west of Fort McMurray.v

A
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W 2.2.2 Joint Systems

Jointing occurs throughout the Waterways Formation and

N has been studied by‘ Babcock (1975), by Syncrude

{nveﬁtiéators>(5inha, 19765‘andﬂby .othefs.r.Babcéck’s work

(1875) is the mot't comprehensive. He suggests that there are

two joint systems, each with two orthogonal joint sets. One

system strikes north-south and east-west while the second

" strikes northeast-southwest and. northwest-southeastf < He

found little variation of orientation thhin the sets at any

one location and fhat not all }jbint sets are present at

every outcrop. Babcock relates the érigin of one of the
joint systems to Cordilleran tectonic stresses.

Other researchers, with fewer data from less extensivem

joint surveys, have defined ﬁoint sets which are at vériance«

with the sets Qf.BabcocK“

2.2.3 Solution Collapse Structures

Cavities in the Devonian surface have been interpreted
as Karst solutfon cbllapse structures, based on evidence
from outérops and on drilling data. Collapse features in the
upper © part of the Waterways Formation, from 50 metres to 15
Kilometres aérosé, appear to result from Karst solution and
cavern formation 1in underlying salt beds of the Prairie
Evaporite Formation.

Collapse structures appear to be the, largest and* mos t
extensive karst-prbduced feature in the Wat;rways Formation.

In the Suncor and Syncrude mines, as well as near Fort
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Mackay, drilling has delineated 0il Sand-filled cavities
with steep to near vertical walls, 50 metres or more deep ih
the ancient erosional surface of " the Waterways Formation.
Near Bitumouht there .is‘ a depression in the Waterways
Formation eroeional surfdace, known as the ‘Bitumount Basin.
which//ie‘ 15 kilometres across with maximum relief of 120
metres. Outcrops of overlying Cretaceous strate}are observed
to have subsided into the depression. Karst, which is

- discussed in chapter 6, is able to cause serious problems

for engineering construction underground and on the surface.

2.3 Geotechnical Information

Studies of geotechnical featuees have been. conducted
fer spec{fie engineering purposes - in | the Wiy;terways
Formafion., Most of the investigations werée conducted by
consulting engineering companies on the Christina‘é and
Meberly Members. Figure 9 tabulates the typee of studies
conducted and some of the test results ‘are presented in
_figure 10. As part of the foundation studies for the Suncor
p]ant.'rock samples collected from the qutcropping shaly
limestones were strength tested. The strata were found to
provide-an emple factor of safety against bearing capaeity
faiiure However jointed and loosened blocks along the
~ escarpment edge of the outcrop fac1ng the Athabasca River
 requ1red grouting to prevent horizontal movement.

Thurber Consulting conducted foundation evaluations of

possible bridge crossings of the Athabasca River and as part
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of their inyestigations obfained some' géological and rock
meéhanics-?d%té on the Waterways Formation bedrock._Shailow
cores weré obtainéd fpgm_qut\McMurray townsite ranq three
other locations, ﬁﬁu"49, and 54 Kilometres north of Fort
McMurray on the."Athabasca River. Strength test results
provided by Thurber Consulting and Alberta Transport‘héve
fbeen incorporated into this report,(ngure 10).. | ‘
The éores taken at Fort McMurray, from the middle ,part
of the Moberly‘ Mémbgr,‘ reveal a light creamy to grey
- colored, _very hard lihestone' having 'some tarffilled"
fracfures. Data obtained fromuthé first and'éecondVIQCations_
along the Athabasca River afé shown in‘?igure‘10. Lithology
at the'_first' and. secona locatidns; consists mainly of

limestone with "fractured grey §héle andrlimestone". At the
third location, near Fort Mpckéy._Shallow cdring énd‘boring
revealed 22 metres of limeStonerHaving thin shaly layers,

‘'underlain by 10 _metres of 'shaie.‘ This  is likely ~ the

"

_uppermoét part of the Ch;istfna Membgn. Thg_series of test
dri]lipgé near Fort Mackay eﬁcountered ‘a cavity in the‘
bedroékysurface of unknown depth .and_ of poobe defined
.lateh§1 extén%_ beneath ‘the Athabasca %iver.‘The pévity is
moderately large (depth >32 mefres,.widthn >40 metres) and
could be‘ a Karst céllapse structure. It i§ infilled with
very stiff glaéial clay. |

Prelimiqary investigations for.a MAISP (Mine Assisted
InfSitu Processing) project-being carried oUt by PetroCanada

have involved rock mechanics testing of Waterways Formation
5 S
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strata. Lithologies, precise locétions' of contacts, and
geotechnical characteristics were studied from cores and

borings in the Moberly Member limestone (see figure 10). The
. - N P . N -- . - - - . . C e e e e e e s t.,A.A. N . . P [

test area is along .the Waterways escarpment on the Athabasca
ijer, east of the Syncrude mine.

Other investigations have included chemical analyses. on

shaly limestone of the Christina Member which confirmed its

suitability for cement making, a ﬁumber of joih{ éufveys
(discussed in section 2.2.2), and a recently released
geoteéhnical s tudy j“IhVestigatipn' of .bnterways EGFma&ion

, o , : §
Limestones" prepared by Golder Associates for~the Canadian

Centre for M1nera1 and Energy Technology (Canmet) Lithology

1ogs prov1ded by Thurber Consultants and Alberta Transport
by Hardy and Assoc1ates, and by EBA Eng1neer1ng, as well as
11thologs reproduced from Norris - (1963 and 1973) are printed

in Appendix A of Williams, Stimpson, Patching and Jeremic

R



3. PROJECT DATA - LITHOLOGY AND.STRUCTURE

The data for this project were obtained from several

sources: a) from field work including geoteohnical studies
and sampling of outcrops b) from core logging and testing
and c) from descriptions. data and test results recorded in
the literature or provided by otherlinvestigators.
| '4~Geotechnicall.examination“‘ot. four outcrops' of the
Moberly Member 'of the Waterways Forhation. included‘the'
- folowing: | i_ | - |
") Lithological description of the exposed ‘section
' 2) »Sampling:of each lithology-for testing»and”:more.
careful examination = | ' |

:3) Examination of bedding features

4) 001nt line survey along the outcrop to collect

| data systematically on a large number of JOlnts

Core logging consisted of examination and descriptiont

of cores from 18 w1dely separated core holes drilled for 011\

77 exploration mining eﬁaluation or geotechnical purposes A

large proportion of:the lithologic and geotechnical data has.
been obtained " from Carrigy (1958}, Norris (1963 and -1973),
‘Babcock (1975) and Hackbarth (1977 and 1978). A1l  of these
.reports'.and‘ papers provide - descriptions l»of ‘ previous
}_geological investigations and summarize the geology of the\
VWaterways Formation A detailed lithology and geotechnical

log of core hole ww1 is presented in. figure 11 (enclosed at
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end of report). Much of the detailed rock mechanics

lébOratory tests were conducted on core recovered from this

—

_hole (plate 2).

3.2 Description of Lithologies
hock fypes in tbé Waterways Formation have historically

been reported as being 1imestoﬁe. shaly limestone and shale.
Baséd on ekaination fdr this study of sgyéral outcrops'.and
of core  from _diVerse _argas and from all Members of the
Formafioﬁ, the‘ litholobies 'are betterf ‘cfassified by -
arbanginé them in thé_fo]lowing three groups: ) |
1, MaSsiQe Crystailine Limestone
2. Nodular Limestone
3. Shaly Limestone. « ’
Thi simple. grouping} vcorresponds‘ morg .accuratély’ to
lithqlogiés encountered in the field and also'to mechénical'
propéhtigs ‘(plate‘ é)} Wﬁthin the 'th;eé'main~rock groups
~.,several types will be de%fned. In ;addit{onl‘ thére are
- gradations between most of the types and theée,w{ll:be_
discussed. Figure 12  1%sts-'the major' rock types and
"tabma"t_eé,"‘ their distinguishing c_ha'f-’a'qter'if?s'ti"cs;_; S

" Before proceeding "Qith_a more detailed description of
the types ‘of7_fhe predominant 1y limesfone:‘rocks. pf.-thé
Watérways Formatioh, a sumﬁary of Folk's Timesgaﬁ;‘

" classification used in this report will be given.



3.2.1 Limestone Classification f .
. According to Folk (figure 13}, limestones have the

fol 1owing--constii tuents: % .
a) large fragments or crye‘els'(atlochems) and
) b) fine crystals of calcite (orthochems).

The‘large fragments can be divided into fossils, pellets,
oolites and intraclasts. Organtc broduction of calcite’
ehells during tnefltfe eycle is one of the most-'tmportant :
processes of. 1imestone formatton After death the organisms
may be bur1ed by other detr1tus and become foss1l limestqne
rock.

_f001ites“are very dtstincti?e' spheres a few mm in
diameter forTed of chemiéélly precipitated ealcite. Pellets
are tiny rounded grains 0.04 to 0.08 mm in size which have
no orderedfinternal structgre and are commonly of fecal ' or
elgal ~origin. Intraclasts are linestonevfragments formed by

erosion, either above or below sea level, of newly formed.,b

'and poorly lithified 1imestone materia]
Or thochems - ‘are generally formed non- organ1cally by the B

' prec1p1tation and settling of calcite £rom sea water, or by

prec1p1tation from waters w1th1n newly dep051ted sed1ment

'M1cr1te. fine crystalline sett]ed mater1al 1s con51dered as

matrix in a rock - the f1ne deposited material among the

!allechems Spar1te is calcite which pre01p1tates w1th1n‘-the

‘sediment to form a cement binding together the matr1x and -

the larger fragments. Later recrystall1zat1on is able to.

destroy textures within both the matrix and the allochems



and even to obscure distinction of the three components.
Limestonee can be formed entirely of orthochems .
“Microcrystalline calcite-may-ferm by precipitation- with or-
wifhout 'coarser crystaliine sparite filling the larger
cavities. Limestone can also be made entifely of organic
reefal}orgahisms or of skelegal remnants. |
JA‘Those limestones having qoh—éélcereous transpor ted
material may be called argillaceous (shaly), silty, or sandy
limestone. When silica precipitates from the water (sea
water or connate pore water), the - limestone becomes

siliceous or cherty.

3

3.2.2 Massiye Crystalline Limeetggg

Massive Limestone is we]i‘eemented~and has a very low
clay content. As a result, it is’ strong"andJ resistant to
weafheringl Often it forms _layeES' up‘lto two and a half
meters:thick. ?ossil content is typicail¥fvery low in deep
water limestone whiTe,eliTestone, formed in shallow waterv
Qhere colonies of reef foré?ng”organisms‘lived; is largely
organic: L .

Aphan1t1c °L1mestone is ‘usually light tan in’colorl
sometlmes w1th a p1nK hue and is very brittle. When broKen
it shatters into shards that may show concho1dal fracturing.
It fs‘very hard, and by definition. it is extremely fjhev
grained. Its appearahcer in hand sample7 is :Of anguiar
fragments in mutual contact or with only sma]l amounts of

i
-11ght grey, slightly . argxllaceous matr1x between
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‘Micrite is a fine-grained, grey limestone having a

regular crystalline, isotropic texture. While Aphanitic

Limestone has few recognizable fossilg, Mcrite has a low.

fossil content '(up to 10%).”Micr1té’§§35ng more than 10%
fossil content 1is termed: Biomicrite or Biolithite.
B{olithite is the term used in this report for all classes
of spaﬁry or micritic, fossilfferous‘limestones. Fossils in
Bio]ithité are genera]ly recrystall1zed and often infilled
. with spar1te Coqu1na layers formed of pure foss11 fragments
are uncommon. They are formed of shells of brachiopods and
oyéters in bands about ten cm thick  or less. Shells in
coquina layers: are well -cemented but are»genefally not

“recrystallized. They form tough.'Weather-resistant layers.
3.2.3 Nodular Limestone

Nodular Limestone is a combination of crystalline
calcite and_argiliaceous lime mud. Variations in the volume

ratio of calcite to clay causes strength to  range from

strong to medium weak. Most of the Moberly Member, as

encountered in dutqfop and core, is Nodular Limestone. .Where

clay content is low, core is firm, continuous and~unbroken~"

In outcrop, all Nodular L1mestone weathers Twch more rap1d1y
than Mass1ve Limestone and produces rubble having low
V.cohes1on | \
Nodular L1mestone is the product of* complex and ﬁot
ful{y understood processes. The calq1te is concentrated in

fine-grained, ovaloid nodules'that form‘most'éf the volume

<.
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of the rock. The clay occurs in the fine-grained matnfx
whicn' formsla fingering patchwork of softer, darker colored
and poorly cemented‘lime'hud There s a layer'"ﬁnound" each
nodule in which calcite grades outwards into the clay rich
'matr1x Size fg un1form most nodules be1ng from two to f1ve
cm in their long d1mens1on. However”shape. angularity, and
arrangement are highly non- un1form The process of
depos1t1on is v1sual1zed as occurr1ng in deeper, quiet water

~ where settling of fine calcite 6 (produced by chemical or

biologic activity ) was continu;us while deposltion of clay
that had been eroded and transported from land was periodic.
This' would have resulted in .clay-rich and calcite-rich’
layersf Compaction and squeezing ¢ould have caused lens1ng
of these layers. Subsequent processes of gentle to turbulent
slumping (perhaps triggered by earthquakes) would result in.
fragmentation of partially cemented calcite lenses 'and"t’he
ltranspont part1al round1ng, and redepos1t1on of the still
plastic fragments. The uncemented clay- nlch mud would have
~ behaved as loose sediment and been_redepos1ted as laminae or
dpabtially' squeezed - or .resettled between_ tne fragments.
Although fosslls‘aye'rare;in this deecer watet 'enVinonment,
some nodular layers'containyshell fragments depbslted durlng,
times of low clay. deposition or occasional ‘periods of
shallower water, or transported with the calcite mud durtng

‘slumping. .



13.2.4 shaly Limestone and Shale .

Rock types of this group have a high clay content and a
.IOW»rocR-massfstrength~and"the* more ~clay-rich types also
have uerQ low intacthrock strength. When'cored. these rocks
break apart eaSily and in outcrop'they;are recessive They
weather ' to e1ther a soft plast1c mass or to platy layers of
hard l1mestone separated by soft clay rich laminae or bands.

: Shale encountered in the Waterways Formation is
‘calcareous. and greeT1sh having a darker‘color than the
limestone. It 1s 1am1nated and partly fissile. - Calcareous
Shale is dom1nantly shale but contauns bands of low-clay
1 imes tone. | o ’ | \

| Shaly 1imestone con‘taihs‘axmgher proportion 6‘#’ A’c‘alc.i’te '
. than does 'calcareous .shale It Has thicker bands of more
pure 1imestone separated by soft calcareOUS shale "

"'In outcrops, the banding effect may be accentuated by'
,'weather1ng Both calcareous Shale and shaly L1mestone can be
- termed '’ banded 11Mestone for the purpose of core Ioggt\g
Foss1ls occur in  some of the thicker l1mestone bands (> 5
cm) and less commonly in shale bands. ' n

Drsseminated' Argillaceous Mibr1te is ..a coheSive
micritic -limestone that formed in: deep water by deposwt1on
of a mixture of clay m1nerals w1tH prec1p1tated calc1te

.Abundant sea floor organ1sms produced burrows whlch are

- preserved This. b1o]og1c act1v1ty, Known as b1oturbat1on s

likely the cause of the intimate d1ssem1nat1on of clay

'v throughout the l1me mud . Cores of this rock are strong



'3 3 Sed1mentar¥ Features

3.2.5 Other Rock Types |
Norris (1963) encountered sandstone and sandy limestone

in outcropd of the Christina Member near the mouth Of the

Christina river. Quartz- sand %was observed by one of the

LN

. authors f1ll1ng enlarged fractures near the top (to 5 m

depth) of a. limestone core from the upper surface of the
Waterways Fonmation (corehole Shell Eatha, 12-6-99f8N4,
Christina Member). The sand-filled channe lways encountered

are about four cm wide and of unknown léngthv The fill

material s quartz sand with" _some clay and is partialﬂy
' cement%d with calcite. It is stained by, and contains

bitumen. : . o \

Limestone' sand forﬁed of. sandfsized par(iclés of
limestone, inciuding fossil 'det}itus,' occurs infrequently-
and in minor amounts within some of the fossiliferous rocks.

"Siliéified and silty limestone and silicified limestone
breécia were encountered in several core-intersgdtions,
, U

”

-»‘O Sedimentary- features in the Waterways Format1on inciude -

foss1ls, lam1nat1on. and bedding separat1on planes The1r
occurrence and character1st1cs are dependent on rock typé,
Nodules, previously discussed, -are’ features res%r1cted to -

Nodular- Limestones. ‘ ~ )
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&
3.3:1 Fosgils

Fossils are not numerous in the argillaceous rocks

" (Nodular Limestone and Shaly rocks), but “in Massive

L imestone, fossilé and fossil fragments are a major
constituent. Brachiopodf are the most prevalen§ .type o;
fossil and can be found in most rock types and in all
‘members of thézﬁaterways Formation. . ‘
The Moberly Member has abundant brachiopods and in
addition cephalopods, . gastropods,  pelecypods and-

stromafbporoids. Stromatoporoids “are algal structures

identified in outcrop and have been observed up to one metre .

" in size.

3.3.2-Lgminations

Lamindtion is bé#t geen in argillaceous rocks which can
be very finely to very coarsely, laminated.'Scme.coﬁmon'
}amination featurés are shown in figure i4. Very finely
laminated Shalés are fissile and are readily broken apart
into flakes. In banded 1imesone, there is-interlamination of
clay-rich and calcite-rich layers. ThesgulaminatithiaFéb
sometimes wavy" or crenulated. The_.intq;lamination on a
éoarser' scéle"results in argillaceous platy ljmestdne.lThe
bands‘df limestone Have a gradatio“ towards their céﬂtre
from shale to calcite | ffgure 14;?lThe upper and lower

edges of the Ilimestone become pbogressively softer and

‘

darker grey because of increasing clay bontgnt. The matrix .

- in some Nodular Limestones is laminated fn a wavy and ;

N

-
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irregularvipnner. Lamination 1in Massive Limestone occurs
‘only in some of the fine detrital material and is poorly

exhibited.

3.3.3 Bedding )

The development of bedding in the thrée groups of
Waterways Formation rocks is greatly varigble. In Shaly
Limestone, bedding is closely spaced and is exhibited as
fissility or banding. Within Nodular Limestone layers,
bedding is poorly develo;ed and in core is definable only
where there are lamingtions of clay that extend across fhe
width of a core. Some Noddlar layers\ have no internal
bedding»‘separation planés. In Massive Limestone layérs,

bedding sebahation planes occur regularly. Thin strata (less

~ “than about " 0.7 m) may have no internal separation planes.

Thicker layers usually have bedding planes spaced at from 25
,toLSO cm (plate 4).

Bedding planes argﬂqpcentuated by weathering in outcrop

{

'5%@hd are readiiy observable. Core breaks preferentially along

/i’ bedding ~ in most of  the rock types but Massive Limestone

often exhibits no preferred breaking direction.
; -

. 3.4 Geometry of Bedding and Joints

3.4.1 Method of ‘Study
| Discontinuity - features studied during logging of
Waterways Formation core were: ' n

a. spacing~‘%f core fractures as removed from core
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barrel and the type of fracture (eg.-along beddihg)‘

b. spacing of readily hand-breakable fractures

. ¢. surface topography of fractures.

It should be noted that most fractures in core were aligned
parallel or almost parallel to bedding whose direction was
» déiermined from lamination, 1ithologyvconﬁapts, alignmgnt of
clasts or drilling abrasion features.

In" outcrop, - bedding is more. obvious because bed
separation and erosion:along bedding planes are promoted by
weathéring. Weathering also removes some of: the fine details
of-.bgdding planes.‘ Only apprqximate values of bedding
spacing were recorded from the examined outcrops.:

° Joints encountered in core were characterized according
~to lithology and surface features (profile iﬁregularity,
‘weathering and surface coating) and were subjected to direct
shear tests (see. section 4.3). Jointing invoutcfop was
" studied by line survey in which a horizontal line was placed
along the 'outcrop and the dip and dip direction of jJoints
intersecting the 1iné were . measured. There are sorhe
practical . lfmifations which can fﬁtroduce biases in line
surveys. For instqnce ib speed data coilection itJ is usual .
not to measure very shon} joints which have only limited
engineer?ng signifiéénce. In this stud; a lower. limit of
abproximately 30 cm was placed on the trace length of
'joinfs. Thehe can also be a directional bias resulting from
the unvaryUng orientation .of -outcrops and frbﬁ lack of

nearby outcrops of differiﬁg orientgtions.'Direéfional bias

Y
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is‘the tendency‘of'structures parallel or. near' parallei to
the outcrop face to be poor ly exposed and to be missed
during a line survey. The outcrops surveyed for 'this study
have irregular zig- zag faces. w\ich reduces the directional
bias. A bias towards underemphasis of Joknt sets having wideb
spacing (or wide apparent Spac1ng, as do “sels nearly
paral]el to the outcrop face) was reduced by making the 1ine
at each outcrop as long as pos51b1e Because all joints of
the Moberly Member were near vertical (as are joints in all
other members. as far as is known), the line surveys were
conducted horizontallyvglong the outcrops near river levelh,
-Features noted for each joint intersecting the survey line
included:

1) Location. dip and dip direction - - measured by
tape and Clar compass. For curving joints or
fractures intersecting a flat outcrop 'face;
approximations. - were  necessary, .both for
.orientation and surface features.

2) Rock unit in which joint occurred and extension
'into other -units. L

3) Length =~ (vertical .~distanCe) ‘and breadth

| (horizontal distance)'- many joints were - short
as they Were‘present‘only in one unit (generally
of Massivei Limestone). Many ‘joints "continued

e beyond 'tne 'outcrop and neither full length nor
fuld breadth’werefdetermined. |

4) Planarity - an approximate measure on a large

O o
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scale'(Q.S.m oremore).of joint surface flatness.

: For  joint t traces, this was reduced to a

two- d1mens1onal estimation. An assessment of

joint surface irregdieritfes" was “made_”by'

reference to the indices iljustrated in figdre
45, - | ) o '§k

- 5) i-angle - an approximate measure of the

| ‘ steepness of jointisgrface waviness, measured by

aVCIar compass over e length of.approximately.jo

to 20 .cm (f1gure 15b). | . /

6) Roughness - 'a measure of small 1rregularit1es on

a joint surface measured over a length of about LH

two cm (figure 15c) .
'-7) Infilling of joint or sta1n1ng or a]terat1ons of
‘ ,t'» joint surface. ' | o
‘Supplemental joint: orientation data from two outerope was
proC{::: by Dr. 'M. Dusseéuit,' Department of ﬂineral
Engineering, University of Alberta. | ' |

'3.4.2 Lithologic Control of Structure

Lithology' appearsA'to have little relation to largel

scale stchtures such as»faults or foldsl/'However joiﬁting

/in the Waterways Formation is related to:l1thology in the -
/folowfng ways: | | ” '

. a) joint occUrrence. spacing and contihuity

b) joint regular1ty 1n ‘ orienfation and ,

plenarity, and regularity in existence as a

R ST



33

singlea(rather than multiple)~featUre
The' significant *effects.-of lithology on bedding are
discussed in the follow1ng section (3.4.3) and the effect on .
:'JOlntlng in_ section 3. 4 4 Two characteristic patterns of-
JOlntlng and fracturing are noted: one in strong lithologies
~ and another in weak Strong rocks are Massive Limestone and
the strongest.of the Nodular Limestones. Weak rocks include
- weak Nodular Limestones and Shaly rocks. For the purpose of
bedding characterization. three groupings could be made:

strofig (Massive Limestone)}.Nodular and weak (Shaly rocks).

3.4.3 Bedding’Characteristics\' |

| The spacing of 'bedding separation planes between
-lithologies is. determined by the changing depOSitional_
| environment . | . :

" Bedding within Massive Limestone ‘at oﬂ.igutcrop‘isf
spaced from 25 to 60 cm and bedding planes are continuous,
planar and moderately rough " CV

~In Nodular Limestone, bedding results from deposition
| of argillaceous laminations Bedding planes become more'
vclosely spaced when there is higher clay content highfclaya_'
Nodular Limestones tend to have more clay - laminations that
are continuous SpaCing of bedding in'Nodular Limestonel
 varies from several cm to one meter : Bedding tends to .be'
very rough | . |

In- Shaly rocksi spaCing of bedding separation planes

varies - from fractions of a mm (fissility) to several cm:

-
-t
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..(banding).'InJShales. the'beddingtts very ptanar and_is verv
-smooth- or"moderately 'rough .(crenu]ated. ‘as'seen in some
7'core) ,‘ | - | | -

Tens1le strength across bedd1ng separattonAfotanesm“tnl
Nodular and Shaly rocks is very low'and c6re pieces.can
therefore be’ easily fractured A numer1ca1 assessment of the(

occurrence of easily hand- breakable fractures has been made

of the corehole wwi (f1gure 11)

o "j.'.. o - /

3.4.4 do1nt Occurrence

‘ do1nt1ng 1s accentuated by weather1ng in outcrop (plate
'5). Two effects of weatherlng_were noted. F1rst, there is a
;.general_'loosening of the outcrop,v(surficia1 creep and
hovement .due,to'stress relief, erosion of'softer layers and
frost action). This causes jointsito open' and _Creates new
| fractures " The . frequency of jointing in. outcrop ‘may
' therefore be greater than at depth Second outcropping’
Jo1nt surfaCes are weathered by disso]ut1on and eros1on soi
’that observed surface features,,may_ differ - from those
underground o . f | PR e

| , All Joints examlned Cin this study were rough near
verticat_tenSJon_Joints. Joint wav1ness and planartty ‘are
usually well correlated, so that highly 'non-pla_nar 'jo-ints
areralso wavy.and'often solit_into‘ two -or morel'fractures
which diverge or fériow‘ bedding. Joints .in the thinnec, ‘
Massive beds are short (one metrer!or ,less),',regular%htdﬁw

:Orientat1on- and planar. Shorta'jotnts' 1n‘weak and_Hﬁghjy
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weathered beds tend to be véry irreQUIar._Longer joints‘in
th1cK Massive beds are readily observable but often . qu1te
“1rregular F1gure 15 summar1zes the jo1nt character1st1cs‘ )
.for the three ma jor litholog1c groups (plate 6) | |

Most joints encountered in Massive layers did not enter
pthe weak layers or penetrated only a short distance. The,
character1st1c surface 1rregu1ar1ty and low ‘cont1nuity of

, joints. 1n the weak strata are largely due to the very close

‘,spac1ng of beddlng or laminations (both of ‘whrch can be |
non- p]anar) Figure 17 .1llustrates the regularity of

.Jo1nt1ng in strong strata as opposed to the 1rregular1ty in

| weak strata. 0bservat1on of Jo1ntjng s diff1cu]t_ in ”

}‘weathered outcrops of weak strata. o ‘

e

3 4.5 doint Orientat1ons

Drﬁent£t1on 1s one of the most 1mportant Jo1nt features

gand is the basis for d1fferent1at1on of sets do1nt surveys.~
g
"were conducted on four outcrops of Waterways Formation

. strata “{see map, f1gure 6): at Mounta1n Rapids on the upper.

.~ Athabasca ﬁiyer (Mountain Outcrop) at Moberly Rap1ds:
-(Moberty OutCrop) one- k1lometre west of Fort McMurray, on

'the west bank of the Athabasca River . near the north end of
1Stony Is]and (Stony Outcrop) and below Lookout Point on the

;Mackay River (Mackay Outcrop) .

| Four major joint sets have been del1neated (f1gure 18).

The Joint sets form two orthogonal joint systems close]y

orresponding to those of Babcock (1975) Figures 19 a to d E
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. present stereonets, Qith_interpreted joint sets, ofx_joint

data from each of the oUtcrops~ ~examined. Variations in

lithology and local structure Tikely account for -some of the,;__

'd1fferences of . Jo1nt . set or1entat1on between w1de1y

separated outcrops 'Frequency charts (f1guresu 20_.a- to d)

present the same Joint'dip—directionginformation but do not .

111ustrate the d1ffereﬁtxat1on of ‘sets as well as the‘

stereonets. Figure 21 dharts features of all the - jo1nt sets

At "all  of the outcrops. Joints from three of the four;

sets were recorded, that is both sets of. one"system and a

'th1rd set’ from the other system However at each outcrop. at.

least 75% of the Jo1nts of Eae th1rd set- -are recorded

1rregu1ar fracture .or “trace perpend1cular “to outcrop

’There is no»certainty'that-these features represent a joint

sett; They may be traces of Jjoints of another set or they?,

could be fractures formed in the outcrop by1ﬁeather1ng Thus
it is concluded (as does Babcock, 1975),that,only one joint
system.(w1th two sets)]occurs at each outcropt "The joint/
sUrveys‘ conducted tor this report indicate that there arel;q@

“numMerous random jo1nts (at 1east 1n outcrop) The same Jo1nt£35ﬁ,

set. var1es in dip- d1rection by as much as 14 degrees 5O thati

there is near overlap of sets when cons1der1ng all the data’

together Average dip of each Joint set can be considered

vertical in either direction (eg standard deviation of dip
‘of joint set 3 at Moberly Outcrop = 16.6 degrees). The

~orientations of many non-planar . joints Were.imprecjsely.

~

bl *

-vert1ca1 w1th dev1at1on of Cup to 17 degrees from ‘the ‘
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méasured bepause of limited expoéupe or becauSe of lack of a
planar surface. Joint set strike orientations defined by
this study and by'pngvious stUdieS_‘fe presented:ih,figure .

22, | | - ) .

3.4.6 Jointl§pacinq and Continuity

4 doiht;.spacing is highly variaBle fhom\$outcrop to
outcrop, and among the joint sets,'énd it also varies for ény
given.joint'set present in different lithologic units-at .the _
same'outcrgb. This latter effect is most ciear]y seen at the
Mountain Outcb@p where joints of twd ;etsrare very cfosely
4spaced. (both about 0.65 m) in a thin‘Unit\lo.Sm\ of‘Massive
_ C‘rysta]']ine,.L'inyesltone._ In a thick 'uni'E of similar 1lithology,
the ‘sﬁacing,”iS $evera1 ;ihes wfder.”lh platy Nodular uﬁits
at Mountain Outcbop;-thé' joints ,5bpear fb be even more
widely spécé%.v S N "
. ~ Joint qontindfty &or'él] sets is poor. Joints are most
) 6ften "1§95ted' tp"ong “strong :(Massive): unit ' with 600b
exbbession in atweak;.non-Ma$$ive unit immediately above or

©

below. Continuity or length of joint was indexed at three

| . 0utcrops,.aécording to the,number of stratigraphiC'units in.

which it occurred (possibly ﬁbn-continuously,f as when' a
joint would occur in two’uhits of Massive Limestbne'buf not
in the ‘intervening :Sﬁa]y .unit). Values ' are cbnser?atiye “
because erosion and coyer: at‘ the,.top or ‘Eése of‘most
outcropslprevented full exposure of‘many.jdi;ts. Lengths‘.in

‘metres mgasubed at the Mackay Outcrop are typical (2-2.5m),
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but similarly conservative.

«

-3.4.7 Joint SurfacerTogggraghz~ |

The irregularﬁties on the surface of a jo?nt are
. T B .

‘divisible into small, medium “and “large scale: roughness,

waviness and planarity (section 3.4.1 and figure ‘15).

'Roughness and planar1ty were visually assessed on a ‘scele

from one to five (f1ve is very rough or. very ‘non-planar). A
value for wav1ness was' determ1ned by measurlng the steepness
angle (i-angle)  of a typ1ca]: med1um scale surface
irregu{arfty (a hollow or bump about 10 to 20 cm across)(_.}
- Roughness indices, which are averaged for each sé#% at
each outcrop (figure 21), show Very littlevyariation. Mos t

joints haveuvan.laverage roughness index . of' 3.0 (3 is

»moderately rdugh)' although all sets exhibit a complete
: range of roughness Many 301:;s observed were fully exposed -

to weather1ng by surface waters which made the joint surface

smoother. It is considered unl)Kely that dissolution by

.water has enhanced roughness of any surfaces.*Roughness‘does

not appear to correlate with‘other measured . features. The

“Meuntain and Stony outcrops prov1de confl:ct1ng evidence of

a relat1onsh1p between roughness of 301nt and thickness of
jointed strata (figure 21).

‘Waviness. tends to correlete with thickness of the

' jointed stratigraphic unit. Unit Two at the Mountain

outcrop, wh1ch is only 0 61 metres thick, conta1ns joints of

. sets II, (III) ‘and IV which are all much  less wavy than



39
those joints occurring in 2.1 m thick unit 4 and the same
outcrop  (figure 21). At the_Sfony outcrop Where,oomparison'
Was. alSo-rpossibfe;--no relationship was found .5between"
waviness and thickness. _ _ :
| . A p1anarity 'yersds thickness of strata relation was
examined only from data collected at the Stony outcrop. No
relationship was observed. The very Ilow planar1ty index
- (well planar) of alﬂ joint sets at the Moberly outcrop may
be due to 'the small th1ckness (0 61 m) of the jointed strata
examined, which prevents full expre551on of the feature of
planarity. . ’ ’

Both planaritx’ and waviness indices are higher in
Nodular Limestone‘thanrin- other lithologies‘ Jointino in
Noduler Limestone is difficult to character ize because of
weather1ng, but Joints are not]ceably more 1rregular than in
Massive L1mestone. and have less planar1ty and a h1gherr
waviness. Joints in Nodular Limestone also have a habit of
sblittjng and‘ term1nat1ng in multlple fractures ‘having

non-uniform orientations.

'3.4.8 Joint Sta1n1nq and Infill1ng

Inf1111ng and staining of joints at outcrops may not be
~ind1oat1ve of Jo1nts at depth do1nts at all outcrops are
. subject to solution and erosion effects from rain - and
surface Waters.' Two of the outcrops studied (Stony and
MecKaY) have probably suffered periodio flooding, and showed

only two joints which were not washed c]ean offsta3ning; At

s,
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the Moberly' outcrop a number of Jo1nts have rustwcolored .

sta1n1ng (figure 21) 'At the Mounta1n 'outcrop. a h1gh

' percentage of ~all the joints were rusty'coiored. some were -

tarryh'and many were co!ered by a rusty-colored layer of

calcite about one mm- thick or less. | |
: doints in core contain tar to‘a considerahle depth

be low the 0il Sands (greater than 30 metres) It is believed

that most joints at’ one “time conta1ned tar that had

' penetrated from the overly1ng McMurray Format1on, but ‘that

upon exposure the bi tumen was washed from the Jo1nts and
fractures do1nts at the Mounta1n Dutcrop therefore may be
more s1m1]ar to Jo1nts at depth than other outcrops with
respect' to b1tumen and also with' respectu to .calc1te
infilling. Fourteen percent of the _jo{nts "at  Mountain

Outcrop contain a calcite f11m. 7% in each set of joint"

vsystem two There was no ev1dence that - the calc1te acted to

cement the joint blooks into a cohesive mass. Joints and

' fractures in another 11mestone outcrop of the Moberly Member

which was not examined ir detail were _observed to ‘contain

tar.

3.4.9 Summary of Discontinuity Geometry
‘ ‘The. study of geometry of dtecontinuittes in Moberly

Member outcrops - reveals several features important in

relation to stability of underground excavations. The number

of joint sets at ' one location ‘appears to be only two

(orthogonal). However there are a large number of randdm
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o , : : ‘
,fractures, some of which may be surface features caused by.

~ exposure.. Although joint dips. are detrimental, the
-orthogonal or1entat10n of the. joint sets‘is.beneftciat to
‘stab1l1ty of roofs of openings. All 301nts encountered inf
core were near vertxcal, as are those in outcrop. The random
.Jo1nts have steep d1ps and in addition appear to be oriented
in all directions. Continuity of joints is poor. Most Jgints

'la§;?§“~“

'do1nt spac1ng is highly variable and in part is dependent on

- do not continue .through more than two stratigraphic

1ithology and th1ckness of layer. Spacing ranges from 0.6 to
4 metres for. each set in Massive and 1 to 4 metres for dich
set in Nodular Limestone. In ‘thin layers of . Massive

Limestcne; joﬁnts are regularly spaced and avegage spacing

s approx1ﬁmtely the same as th1cKness of the K Joints

in th1cK layers are often unevenly. spaced, but average
| spacfng is -again rodghiy the same asalthickness. Joint
sUrface tcpcgrapn; :is rough on the small, medium and, large
| scalet Most joints are rough; any and non-planar. Waviness -
~and - lack of planarity are greater. in Jjoints in weaker
strata In Shaly layers and some weak Nodular layers. Joints
are very wavy- and h1ghly non- planar o

. Bedding is greatly contro]led by 1lithology. It is
generally closely scaced (1 cm), smooth and weak in banded ‘.;
limestone and widely‘spaced_(ord'm)'and rough in Nodular and |

Massive Limestone. o o .



4, PROJECT'DATA - STRENGTH OF STRUCTURAU DISCOﬁfINUITIE
) Mechanmca1 behav1or of the Uaterways Formation in
underqround exCavations w1ll be pr1mar11} determined by the
orientation, cont1nuity. spacing and mechanica] properties
of p]anes of weakness’ by the mechanicah prophrt1es of the
intact rock by the orientation and ma nitude of- the virgln
stresses and by the shapes and distr}bu ion of excﬂvations
and tneir nethod of excauation. 4 ' v
Chapter 3 has described the Ag?onétry "af planes of
weekness‘while_inlthis chapter theﬁr strength and mechanioal

properties .are discussed ‘Mechanical, properfies 'the

1ntact rock are treated in chapter 5. Lhapter 8 - discusses

in~ s1tu stress and methods of excavatioh and is then able to -

+

summarﬁze rock mass strength and t ind1cate the mechan1ca1
behavior around underground openlngp in the Waterways

Formation. 1
. : )

&

" 4,1 1 Method of Streggth Dgtermingtion
Structural d1seontinu1t1es in th Waterways Formation

1nclude - bedding, ~ which generallji nesr horizontal

throughout the reégion, and jointing, ich is 'approximstely
perpendicular to bedding doints ahd bedd1ng reduce rock

mass strength. Snear strength of joints and beddihg in

Waterways Formation rocks was sﬂudied ‘by means of IaboratoryA

direct shear test1ng of joints and bedding planes sampled
from. core and by field evaluation of outcroppisagjoints

/
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Shear strength is in part dependent on physical features of

“ the surface. of the discontinuity; and a ‘preliminary

. assessment of- the shear strength of large joint surfaces in

the field can be made by compdrisonhwith the strength atd

physical features cf'specfhens tested in thevlaﬁbratory.

4 4.2 Shear Testing - ethgg Y

" Direct shear tests were performed on a Leonard iarrance
cimen
size is about 80 x 80 mm. Shearing can be performed in only

one direction for a distance of 9.5 mm. During testing,

shear resistance was measured by ‘means of a calibrated

proving ring and vertical and horizontal dlsplacements were

.measured by  separate dial gauges. Normal stresses were

essenti@ily constant dufing each test (computations of .

stress included area corrections to account for shear
rmovement)ﬂ\ Each specimen was tested several times at
increaseq normal 1dads. This required specimen repositioning
after each test to the original position of zero horizontal
displacement ) .'/ |

. During shearing of irregular sur faces under constdnt
norma.l stressh shear resistance incresses to a ﬁmximum (peak
'strength) and then drops as shearing continues'(figurei23a).

Residual strength “{s = the minimum post-peak shearing

‘resistance at the. specific level of normal stress. For an -

irregular surface in brittle rock, ‘shear strengtﬁ!}ncreases

with increasing normnl stress (figure 23qg As asperities on

{
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the rough surface are sheared off, normaf stress hasyless of
a beneficial impact on shear strength. When all small
asperities are sheared “off, the relation between normal
stress and shear strength is expressed as the residual angle

of ‘effective shearing resistance.

4.3 d_o;_n__t_ Shear Tests - Results |and Discussion \
| Laboratory direct shear tests were performed .on sﬂyed”

separate joint specimens obtained from core drilled in core
hole WWw1. Figure 24 tabulates test conditions and .results
for joint shear-té;ts. Fjgures 25 a to g show tﬁ%,gféphical
relation of shéar strength to normal stress for eacﬁ jbint
test. éhear test»%esu]ts on bedding are tabulated in figure
26.

e

4.3.1 Effect of Mdigture, Clay and Weather.ing

' The joint shear tests were performed from six to nine
months after coring 6f hole WWi. All specimens were stored
in a mois}ure chamber with near 100% relative_!;lnidify. and_

" moisture .content ‘of the core is assUmed to ha&e'change&
little over :thi§~ périod. Submergence before "and !during
testthg (from 11 to 40 hours) ensured that each'specimen was
virtuaily watgr saturated, so that résults reflect saturéted
vround ‘conditioné. The presence of water during shearing
éoftened intgci‘rqck asper{ties and promoted tbeirAlbreaKage_
a{ streSs lower than when &ry. Broken and sheared'partfcles,>

- : .
4&fespecially those with clay, have reduced éhear strength when

a7

-
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water softened. Limestohe which is weathered or which

contains clay ninerals is softer and weaker than unweathered

crystalline limestone. It is not possible to d1rect1y~

correlate rock softness with determ1ned angles of shear1ng

resistance because of other factors (i.e. - joint roughness.

mineralogy, and 1mprec1se assessment of rock softness and of

joint roughness) | K .
L | -
4.3.2 Bitumen Infilling
A]] joint surfaces encountered in core were coated with
bitumen, which. also impregnated the rock for from one to
five mm. Highly oxidized bitumen imparts a brownish stain to
the impregnated ~surfaces. _Slightly oxidized bituﬁen which
forms a filmor a thin lense on the joint surface is black,
although partially hardened and less st1cky than bitumen in

" rich 0§l Sands. Very weak apparent cohesion ,across two

4

-~

joints was likely a result of sticky bitumen. = . &.
In test specimen #40b, the joint surfaces retained
their coating of bitumen even ‘after many separate ‘shear

tests. Bitumen may have four effects on shearing of joints.

Two beneficial effects are protective cushaontng» -of{

asperities during 'shearing and long term protection of the
joint surface from weathering. Two deleterious effects
appear possible: that bitumen acts as a lubricantiand that

it reduces total effective'normal stress.



46

4,3.3 Joint Roughness Profile

A profile of each jojnt surface was used to estimate
Joint Roughness index (figure 27). The Joint Roughness index

is a.numerical assessment .of surface roughness ranging from

one for »smoofﬁf7surfaces'»t0~lfive _ for -extremely - rough

surfaces. All specimens were moderately rough with large

jasper1t1es which provided a high degree of 1nter1ock1ng At

Tow ‘effective normal stress these rough asperities prov1ded
h1gh shear"res1stance agd therefore produced high peak
angles (¢pa) of effective shearing res1stance As effect1ve
normal stresses increased asper1t1es were crushed and
sheared, the amount of - 1nterlock1ng was reduced, and the
angle 9f effective shearlng resistanc# lowered to the
residual angle, P . _v R | |
There’ is  poor correlation_ between. thel‘roughness,.

profiles and .the smeasured ang]es of} effective shearing

resistance (figure 24). Any relation of sharpness and size

of asperities tohpeak friction angle of a joint specimen is

_difficult to confirm because measured peak angles are all

similar (61° - 75°). Variations in peak friction angles ‘may
be '-duef to differences of asperityv size as wefl_ as
differences in litholcgy or extent of. 'weathering. :Friction
angles recorded as f1nal have a wider range (25 - 49°).

two d;;zgmens with high final angles (#8b of‘h4, and #40b of
49) - had large asper1ties It 1s pOSS‘b]e that for these two
spec1mens th& normal stresses;applied during testing _wereﬁ

insufficient to -attain their-residuaT"hngles. In these two
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casesl shear motion would be {at an {angle min to the
horizontal and the final angle of shearing resistance
”measured would be greater than reSidual by the amount "y,

An unexpected increase. of final angle resulted when
'spec1men #9/10 2 was retested at low stress levels follow1ng
.standard determination of peak and final angles at higher
'normal stresses.  This phenomenon is anomalous and  no

-

explanation is offered. | ,

4 3.4 Joint Shear Strength in glation 1o ining Conditions :

Initial peak .angles of effective shearing resistance

determined by testing are high and may be attributed to the

'

~ Jjoint surfaces which are moderately rough to very rough, as

seen both in core and in outcrop Also ) jOints in outcrop

are wavy “and non- planar (section 3 4, 7) : R
In some of the JOlnt tests detailed in sectigr 4.3.3,

the final angles, are - reduced by the presence: of clay

minerals or' weathering broducts (speCimens #4b,

However , use of final angles determined in the laboratory is-
.‘conservative because joints in the Uaterways Formation h ve
' not been observed to have undergone shear displacement Tnby
;would ‘have less disintegration of the rotk along the joint
surface than that/ attained during the’_senies oflftest
shearings and therefore the amount of shearing resistance o
initially mobilized under 'conditions of stress imbalance -

would be much more than that calculated using final angles |

The component of frictiohal resistance_in resisting
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sliding of blocKs 1n the: JOlnted roof of an: excavation w1ll
be small unless horlzontal stresses are .s1gn1ficant In

‘ -particular 31tuations where JOints dlp away from each other{
friction will play no part The possibility that the calc1te |
1nfilling ‘of some 301nts at’ Mountain Outcrop (section 3 4, Blh”d

is w1despread at depth and that 1t cements blocks together,'
is highly 1mportant. Even par;ial cementing along joints
would greatly increase rock- mass stability and . reduce

- jJoint-induced failures. .

4.4 Direct Shear Strength Mt)_ng Bedding
. Direct shear strengths of bedding discontinu1ties were
~also determined in the laboratory (refer to_ figure 26)
iSpecimens from core were stored ina high-humidity.chamber
until testing Bedding plane characteristics for 'the main
'rock types are described in section 3.6. 3 Bedding in rocks‘
w1th low clay content 1s~rough and irregular (51m1lar_nto )
- joints in the Same‘rock)t Some,lou-clay Nodular timestones
can'have-clay minerals concentrated'along bedding planes¢ In
a similar'”wayvthe clay-rich rocks.also'have-CIayeyibedding i
pl es. and these rocks can be grouped together on the basis
}of their  low effective ‘angles of shearing resistance along
‘bedding Those bedding planes which are clay free were not-_r
tested and it is assumed their. behavior is similar to
'behavior of rough joints as discussed in section 4 3.
- Three clay,rich bedding planes were laboratory ~ tested .
' in,.direct shear (figure 28 and:29). Initi:l peak Qqaiégﬁaf
T | ' ST
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. effective shearing res1stance when dry (54° '-:65') éne only
slightly Tower than those for submerged rough Joints in hard
limestone. € The dry final angles of M2° ‘to 52° are also
:somewhat below f1nal value for submerged tjc'ints Final

ﬁangles 'for submerged bedding planes were only slightlyf |

- reduced from the f1nal angles of dry bedding planes.‘ ‘which

_‘suggests that the soft clayey material does not contain
expandingiclays. v ‘ : ‘,' o - “

¢



5. PROJECT DATA - PHYSICAL PROPERTIES OF THE INTACT ROCK -

»

"§;1 Engineering Mgasurement of‘Litholggic Effgcts

Geotechnical characteristics of the Waterways Formation

"-are' largely' determined by lithology . A description of |

lithology such as in sectiqp 372 prQV1des much datd

" concerning the likely‘magnitudes of intact roCk strength and

shear strength properties of the planes of weakness. A rapidl.

"geotechnical assessment at any location in the formation
“based on lithologic information'will betpossiblevwhen the
"general relationship between lithology and rock properties_

is established Section 5.4 summarizes the relationship for

: ,the Waterways Formation

The following rock properties were measured by tests'
‘performed on samples of intact rock obtained from outcrop
and core: -, |
1. gFundamental Physicel\Properties and Composition -

" a. .Mineralogy - CerbonatejDissolution:
\vbf Spec1fic Grav;ty . | o
. jxntact Strengsh

M\

ia, Uniaxial Compressive Strength
b. Uniax1al Ten51le Strength
1) Direct Pull Test
2) Brazilian Test
~3)  Four Point Bending Test
e. Triaxial Compressive Strength
d. Cohesion - Double'%heer Test

s |
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3. "Rock Deformability -

Elast1c Constants and Creep Character1stxcs,

4, Intact Strength - Index Tests

a Porqs1ty
"'b;Alet}a?SQnte Velocity
c. Point Load‘Test |

d. .Impact Toughness Test

e. Hardness Tests

. 5. Effect of Water

a. Slake Durability Test
b. Swelling<Test‘
ﬁ,A number of these tests measure innate rock - properties

while the rema1nder prov1de indices relatable to rock

mechanical behavior. The 1ntact rock propert1es, presented

in thls chapter, furthen “enhance - the delineation of

l1tholog1c types.

o . . .
Figure 12 class1f1es the Waterways Formation . into

eleven rock types. Figure 30 summar izes results of this
chapter in chart forh.to characterize the most common rock

types according to their intact geotechnical properties.

5.2 Laboratory Tests Conduct
5.2.1 Composition (-
= = o

. Mineratogical composition:

is a guide to other rock

prepenties ‘In the Waterways Fo ation;"carbonate and clay

m1nerals form from 95% to 100% of t

The quantity of clay affects .allt

total mineral content.

—

the intact rock -
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properties as well as }nfluencing properties of rock
discontinuities (sections 4.3 and 4.4). The type of clay
mfne?;l can also béivery important..Hard minerals sbch as
-quartz influence the performance of drills and funneling
héchiﬁes. Cdmmon‘ suifide WmiperaIS' 6ah acce lerate A]fhe”
weathering of dimension stone.'the deterioration of cement

v

or can pneVent use of the limestone for air pollution
control pFocesses. ‘ )
Clay -content'. was detebmined by the carbonate
dissolution methgd} which heasures clay content as a weight
percent of thga total rock sample. Calcite, dolomite and
halite react with hydrochloric acid and form soluble
products while clay, quartz and sQlfide minerals are
"nonreactive‘ and remain as residue. For this report,
percentage clay is considered equivalent to the percentage
‘reSidué. Samples, of less than 100 grams.'were prepared by
crushing, grfnding, sieving (-60bmeshf and drying. Di*&?e
hydrOCHloric acid (15% HC1) was added unfil there was Ho
further Eeaction. The solution-was_left a further 24 hours
to ensure COmblete reaction, then was washed, ff]teréd.\

dried and weighed.

5.2.2 Specific GraVity.

Specific .gravity is a measure of the amount of mass per
unit wvol . Dry- specific gravity is controlled - by
mineralogy and porosity, rand therefore can be used as a

method of assesiing variations in these tQO;groperties. Dry
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specific gravity was determined by measurement of weight and
volume  of regular cylindrical specimens. Volume was
- cwlculated from caliper measurements of specimeh diameter

/

and length Dry weight was measured as follows:
B e1ther air dry (dr1ed at room- temperature.

(;;sg;; "1;and hum1d1ty for at least one week) or,
S '{'oven dry (dr1ed at 120 degrees C. . for at
leJ‘t e1ght hours) | | ‘
Air »dry and oven dry specific gravities were determ1ned to

differ by 1ess-than,0.10%.

5.2.3 The Uniaxial nggres51on JTest
The uniaxial compressive strength of gedmetrica]ly,
reéular laboratory specimens. has been related toq the
;trength of large masees of  rocK and ‘to tﬁe~ suppoﬁt
capability of mine pillars. The extraholation'of strengtﬁ
from laboratory to fieid seale“hPs many.'qualifications_ but
is possible because of many years of accumulated research
and pract1ca1 experlence Some d1ff1cult1es of extrapolatlon
l_result from variable test procedure (no 1nternat1onal1y ;
accepted standards), inhomogeneity of rock, and qualitative |
differences betweeh intact ‘rock and'rock masses. Thus, for
rock’engineering desigh;'uniaxial compressive strength must
be cohbined- with other. irformation and with experience‘
'before predib{i of rock mass strength can be made.\
Speéﬁméne:éiav
and tested ' according to the specifications of the

xsted in uniaxial compression were: prepared

1
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International Society for Rock Mechanics (ISRM]. Testing'was
performed in an MTS Servo—coﬁtfolled compression. framé< -
having a digital -and grabhfcal read-out . The cémpressibh
frame'is capable of applying a load of 27.6 'KN:'_Specihens, |
‘all'.é¢€;&“ ﬁe;péﬁd1ddfﬁr 'fdrnbeddfné, théugfght‘éylfﬁdéfs o
. having'a 1ength»tov;diameter rafio of ?approximatély two.
Loading  rates during fest{ng,' for both sgturated and dry

specimens, were ®ither 0.102 or 0.203 mm per minute.

]

5.2.4 Tensile Strength - The Direct Pull Test
. The 'stréngth cof Eock undér- uniaxi}l tension is
inportantl‘in the investigation of stability of roofs o{ﬂ
_underground openings. A rock mass. broken by continuous
‘jo{ﬁts ‘has'ﬁno »tensf]e strength, but a rock mass with
"nonjcontin00u§ joinfs has tensile strength acrosé ’rock
bridgeg’. Tensile strength determined by lgbobatory tests on
-specﬁmens of intact rock can be extrapolated ‘to the rock
mass tensiie strehgth if joint coniinui;y cén be_evaluayedw
.Uﬁiéxial tensile strength was determined by direct-pull
tests perforhed.on right-éylindrical rock speé?mens preparea
_fto the same'épécificatjons as for the uniaiial bompreséion
tést°(plate'8). Thé specimens\were failed by4tensile loading 
~in an Instron Testing machine using cabies and metal -platens
attached to the speciméns wifh epoxy. F{gUré 31 shows the,
test set-up fqr the Direct Pull tension fest. Uniaxfal..

T ‘@ehsi1é7strehgth. ‘t-;-—gl

~

7

where: P = tensile load at failure -
& -

N
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and : A‘="cross sectional area of specimen perpendicular to

core axis.

The major experimental difficulty with this test is ensuring

regular1ty of specimen geometry 0 that misalignment of )

applied forces during loading does not 1nduce bending forces

which initiate premature failure.

“ 5 2 5 Tensile Strenath - The Four Point Bendigg Test
o Tensile strengths determined by bending tests have been_
‘z: in 'estimating roof spans ° of bnderground openings:
Tensile strengthlifédeterminedvfrom bending,tests py wbing -
elastic beam theory to‘ca‘cqlate the stresses at the point
of failure in a bending beam.

Four pojnt loading using the Instron testing 'machine
was performed on right cylindrical specimens (figure 32 and
'piéte 9). The maximum tehsile stress yhf&h‘ faiis; the
specimen occurs along the lower surface of the specimen
- between the two upper steei rods through whichg_stress' is:
appiied | .

Tensile strength, Ot = 2Pmax{1-a)
: - wr?

| Pmax ﬁ maximum appiied load
r= specimen radius -
4 ‘féﬂgkength of unsupported beam
=.distance between lbading points. ,
It is very important to glign the 'loading and
supporting rods so that the loading geometry is symmetrical

Bending tests may be performéu on specimens cored at. any



in rock. | ' N . ,

L

45.2.7‘Ihg‘lriaxi§l Compression Test - -

‘compressive strength and deformabil'

' '§6

desire¢ angle to beddinql Tensile strength from the Bending

' &

test has been found to be - bout\ twice as large as the
tensile strength determined_from the direct-pull test.

¢

[}

5.2.6 Tensile Strength - The Brazilian Test

The “Brazilian test is another indirect method of
determining tensilé strength. Preparation and testing

procedure are simple and not time consuming and results are

©more consistent.than for other tensile tests. Rock which is - ;

too weak to prepare for other tests can”be.»4estedq-by this

‘method. The Brazilian test has been used to study anisotropy,

-

Rock discs, with thicknesses from-0.35 to 0.80 times

* the dlameter, were compressed across a diameter in a Wykeham

Farrance stepless compression mnchine until tensile failure
occurred (plate 10) . _ Elastic theo allows the principal

stresses to be calculated - compressive along and tensile

- perpendicular to the loaded diameter (figure 33).

k v Tensile strength, .t = é%ﬁ%ﬁi—'
where t amspecimen thickness #. . .
Pmax : ‘=_ma)(llil.ln loadapplied. ‘ e
snd D = specimen dismetey. Sy N

Triaxial compression  tests ovide

over a wi

confining pressure.- These results, t ther with 'Dniaxﬁil“i'

&

A
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tension and couﬁi*'éssion test results, . help fo define the
Mohr Envelope (the relationship between she?r and normal

. l
stress acting on the plane of feilure ‘at  the~ moment of

." fatlure of a '*.‘.hpecime‘n) .~ Triaxial compressive strengths

provide: an upper boundary to the  strength of .roc’K
undergrcind under conditions in which it is confined in all

directioggR 7

Ta ﬂbrocedure for triaxial testing is-” similar to.l
-uniaxial conpressive testing but the cylindrical specimen in
addition is encased in an’ adiprene plastic sleeve irtside a,_" R
triaxial cell which allo§ axial loading while confm%g" -

pressure is applied hydrsulically to the%urved surfabe of

the spécimen The - Hoek - Franklin triaxial cell was used with
",0 ‘.{’(’5’

o 'the‘ MTS conpression rnechine and no pore Y pressure

__emme_gm_e_ "’?’,. .

measurement’s were made (plate 11). {*"'

Specimen preparatigh is identical to that for uniaxtal
cowpressive testing '

y
Ao

The . Dod)le Shear test measures the cohesive conponent

of rock strength resulting froﬁ"j%ementation or other causes.
A cylindrical “core spe@imen is , 1oedecl ﬁuniformly

l\

: perpendicule'r to. the cgre exis along the mid-pert of its

length (ngre 34) is assuned to fail in shear
. 'pe’r’pendicular th the axis uith no nomnel ;tresses acting
. . 3 / .
across the failure planes, so that: : '
e , éb’." - Cd:OS1m c= ’)‘ﬂ 2 ‘i . ‘

. i
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. ;o
where P = load applied

and r

'gpecimen radius

<Y

Regui"r,s cylmdrical specimens were tested. Specimens were

' 10235, eygoughf' a!:v. tﬁat the e?s were at least one specimen

adius fr’m the nearest failu plane Care was _taken to
' “ the ‘generation af either bending stress or. normal
a‘tress a&’ross the. failure planes. bfy ensuring that the
l&aaec:imens were neither too loosely nor too tightly held in

.

Sthe apparatus * - A
T - f ’
L

“

'5.2.9 Rock Deformability
The Modulus of Deformation (E) and PO‘iSSOh"\Rat‘lO (v) |

can be used to p"redict magmtudes of deformation of rock
‘subg;'p'ted to stress. Static values of both moduli can be
determined by " prec1se measurement of axial and lateral
deformation and of applied stresses during axial conpressive
L.

loading of rock specmens

Because rock: i lf’berfectiyﬁeiasnc, both the Modulus
N

":".fof De'formation and PoiSson s Ratio are dependent on stress

evel ‘:*d loading history and therefore have an inf.inite
nur‘berl of valu&a Qgﬂulus values and Poisson’'s Ratiov
»determined in this study are tangent values from the first
test loading, taken at 50% ultimate load (or during inital
loading ¥ for two specimens which d1d not yield con'plete test
Qresults-)' ST . . \ "W
Specimens were prepared as for Uniaxial* eCatpr&sive
testing. Axial_ and lateral, strains were measured ,,by

4
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electrical re51stance strain gauges attached vertic Tly and

circumferentially to the specimen by epoxy. _T ng was
: ~ RS :

per formed witr he MTS compression machine, wi. recorded

magnitudes of applied con'pressive stress. A)Eia llateral

-
~ strains were: measured by using two wheatstone bridges to

-average separately. the values of strain indicated by the’ t,wd P e
pairs of strain gauges. Each pair. was mounted on OppOSl _‘%
‘sides’of the specimen to compensate for differential sttainvf*"“

Q : : .

l

across the specimen diameter. A

\
F W

Four 51milarly prepared 'cylindrioal Wimns of'
Aphafi. ic Limestone were creep tested in a hydraulic creep

- frame. Axial stress was 1ncreased to approxfmately 80& of ,

A}

ultimate strength The mtention was to maintain . load at

this level and observe Jong-term axial’ strain Deformatsion

was measured by dial gauge$ the platens
. ) . .".:t; . '
. - . S ' ’ s' S o "'J‘ ’ i " . . -
. 5.2.10 Porosity , - \, ' : o

L

Porosity is a measure of the void space in a rock.
Absolute porosity {n) includes all pore space:

n= volume of the voids . | |
vo Tume of specimen ' .

“ R‘elative por051ty measures the pore space oi’* only thgse
" pores “which are macroscopic and inter{connected' with ot ‘_er'__
pores and with the spemmen sur'?/ace Relative porosity can
._~be determined by measurmg the. amount of water absorbed by a
_ rock *sprecimen in a specified time for example one hour as

in rthe 0uick Water Absorbtion Index (Iv).- The Quiok Wa

rbt{on Test immerses a s@en- for one hour (in a
. ‘v’»‘.. V", . .

- >
A.‘.' .
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water-filled container under a vacuum of 106 tor (800 Pa).
The specimen‘-weights before the test when oven dry, and

after one haur of submersion , are recorded.

1 weigg}ti of absorbed water .
v ght of dry specimen A A

Relative pOl"OSltles of’ different rocks should'be cdnpared -

betwe.n spec1mens of 51milar size becauso of the in,fluencxb,

“fhe, sm&imn

e .
‘l" 3 l\}',',,

I‘v does not

on 'Iv o#‘the percentage of voids that is |

\.a

surface and easily water-filled in o_ne ‘ hou

_ consider permeability, the rate of water

the pores of the rock The effect of differ*ng s
and permeabilit-y on water absorbtion values ‘was not
'(inves'tigated. ' _ . *‘
5,2.11 Ultra-Sonic P-Wave Velocity - .
The wvelocity .of u,ltra sonic compressional waves
(p-waves) i -an index of the’ strength and deformability
properties of the rock. The veloc1ty is dependent on mineral
composition, density, mmstu_re,v cqntent porosity, ‘state of $
stress, and presence of.-fi'ssures and fractures. A1l six ’fo‘
these features . also influence 'strength Laborttor’y

measurqments of ultra-sonic veloc1ty can. be used 't.o assess

%
the state of- fissuging of 1ntact specimens. Field

C My

measurements of\\;elocity using accousf’ic logging -in an AX

drill”’ hole have been correlated with the amount of pillar

Fracturing and with RQD (King, 11976) . ‘Blake was able _tp@
-~ - . LR ¢

successfully, determine pillar stresses 'before‘ and after a
'y

'@ressing program, by - using seismir’ velocities to.
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‘determine state of frac&hring (1872). The degree of

XL Cdne

fissuring and the minera‘logy aré - tdb features fPf the

W | | 81

4

 Waterways Formation rocks which are much more varisble than-

the other determinant% of velocity, and therefore should be

correlatable with wogwty

A Pundit ultra-sonic velocity measur ing 1nstrunpnt was

used. Electrically generated.,ultra-sonic pulses are

\

‘transmitted by a transducer in contact (using. a (spec‘i‘a‘l

silicone grease) with  one end of right- cylmdric;a]

.specimens,.i and are received at the other endfby an'

the

electronic receiver Specimen ends are ground parallel

l

Frequency of the ultra-sonic pulses is 54 hertz. Time of

travel between the transducer and réceiver is measured and

‘recorded by the 1nstrument whilée spec1men leng!h is measured

by cahper Test time per specimen with the. Pundit is rapid
travel” time can be measured more rapidly than the caliper

measurement of specimen length. - {
f e “ R

S

45.2"'1’2 The Imact M Test' ' f ‘o

: A‘he resistance of rock to dynamic forces is measured by

,t Toughness index test which measures the abiiity

of 'a speb’imen to aBSbrb s‘train energy before failure. Impact

ls'\

toughr;gss streéq!'n can be used to determine percusswe

| driilﬁbilfi§ of | a rock. and its resistance to blasting.

The model . CT- 389 Bock Toughness Tester, emp loyed
consists of a hanmer of standard weight . (2 Kg) which is

.dropped onto the specimen from a height of‘ one cm. Further

-
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¥ impac&., from' heights increasing each time by one cm, are -

T-r

(R 3%

a ".

impah‘bd until the specimen fails. The Toughness Index is
equal to the height in cm of the failing blow Spec1mens
were cylinders 25 mm in diameter and 25 mm in lengtH with

ends ground plane and parallel

[}

&

The Point Load fzst provides. an. index of rock strength
which has been correlated with uniaxial : compressive'
strength -1t can be used as a simple, rapid and inexpensive
means of .rock testing ' |

Testing can be performed ‘on ‘regular“or irregular
specimehs either in- field or in the labOratory Specimen
preparation for testing core. or rough lumpfﬂlsf unnecessary |
“Testin procedure requires that thé spectmen dimension in
the direction of loading be the smallest dimension .

- The Point Load Tester applies load to opposite sides of
the specimen through two co-axfal conical steel platens of a

specified geometry and hardness (figure 35). Tensile‘ii:ress

‘produced by this loading‘causes failure.

The Point Load’ Index, ls ='1§;

where P é«‘load at failure

and d., distance between platen p01nts
- f, , .
A" 'Point Load Index, 185, can be obtained - from
irregularly shaped field samples by testing 30 to 40

separate rock lumps in accordance with- the statistical
B L. & .

.procedure proposed by N. Brook (l977. plate 12). Brook

G
e
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'related the fa1lure load to the fracture aa.’p(1mprecisely
. measured) to enable the determ1nation of the load needed to‘

f _fa!"_.,_.an equivalent specimen of five square om area. This

'?Cﬁethod of“obtaining a point load index permits testing of

field' samples of ueak rocks that 'mayw not. be strength

testable by any other method. B e
P
The Double Point Load Index Strength Tdp5 (MPa) = sxioo ,

The Point Load Indelf po5. is taken to be equivalent‘
to the mre'familiar .Point'LoaQ Strength Index, Is, of Broch
v and Frank1ih i a8 ,Ehﬂg_. Sh | |
§;g;1§ Hardness | ' |

.Hardness is generally understood to be a measure;of ;he
resistance-.of‘ a material to crushing by point contact.
Measurements of 'specimen‘ hardness* a;e'7hfgh1y 'Qariable,‘“
-reflecting variable test ccndjttcns and rock inhompgeneity.
fhe hardnesses'of.Wateruays Formation rocks were measured by
two  tests: the Vickers Hardness test._and the ‘Scratch’
Hardness test. Scratch hardness ggps - measured during.
" geotechnical -logging of all core and outcrop. sgples. .
Vickers hardness‘ was measured on four sbec?mens'.{n an
atteﬁpt tg,ccrreIate Scratch hardneSs with the more precife
and well known (and. alsc more time consuming) Vickers .
measure of hardness | | |

The Scratch Hardness test used a knife point dragged

over a relatively large surface arla of the specimen Thus

. rock  inhomogeneity was of lesser 1mportance than the '

.~ .
"y
SN

L e
B
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, ncontrollable test conditions which include variation of
‘ applied pressure, of shape antl area of po1nt contact and 'of
length of scratch The test prov1des a sub3ect1ve est1mat1on
‘of easenof scratch1ng (measured on-a scale from one, yeryJ‘
hard, to f1ve very soft). Scratch hardness enables a rough

assessment of clay content or degree of 'weathering, and
N . . N Mo ,(’

reveals the presence of quartz. ' ' PR ¥
" Thé Vickers Hardness test uses.a carefully.spEClﬁied
test procedure A small dtamond/point is indented onto a
ground and pol1shed sur face with regular force. The point of
'fcontact is so small that 1nhomogeneity in crystal size, pore B
space. or rock cement can produce variable measurements
This variability ,necessitates measurements from 'a',large
”number of individual tests to study,t" range of values and
'to obtain a representative measure ofﬁEEidness.
§_g_1§ The Slake urabilitx Test
*ﬁ*Slaklng, the breakdown of rocks by alternate .wetting
and dry1ng, may occur in rocks containtng clay In mine .
openingd, variations of groUndwater flow. of air circulation
.or. of the humidity of mine air can change the moisture
content of exposed rock, and"promote slaking and gradual
sluffing of wall rock or cause roof falls. - |
The . resistance of rocks to slaking can be evaluated by"
the,élakefgurabil1ty Index Test of Franklin. In this test
each speoimen;';consising of about ten roughly spherica!!E‘
Tumps of.rock weighlng approximately 50 grams each, isi

-
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submitted to two ten minute cycles of submerged tumbling in*swly
wire mesh baskets and oven drying. The weight loss resulting
from the slaking breakdown of the 'specimen is recorded after -
each cycle. The Slake Durabi1ity Index (following the second

~cycle) is calculated as follows:
N RN

where C = dry weight of retained material

and A = dry weight of initial specimen.

5.2.16 Swelling Tests

Rock swelling results from the expansion of 9$ome;
mlnerals as they absorb or chemically bond water into the1r£
crysta1< structure. Bentonite  and montmor1llon1te are
examnles of clay minérals'that can equpd to many times
their thickness. .In addition to mineralody, the sw¢11ing‘
Jg;ﬁity of a rock depends 6n permeability, <gmentation,
fabric and conf1n1ng pressures. A swelﬁlng rock, if v
restrained. from swell1ng. ‘may exert large pressures.
Unrestra1ned swell1ng n underground mine openings aids
in rock breakdown and failure Swelling pressure magnltudes
must be known to enable cho1ce of restraining support Rock.
swelllng characteristics in underground mining may therefore
dictate groundwater <control techniques, support methods,
amount of ‘'maintenance of openings, and equipment
_péstrictibns. fﬁ: |
Thére <are several laboratory tests by “which  the

- swelling <haracteristics of rock m&y be investigated. Two

- o7 8
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-
test methods employed in this study were the Free Swelling
Test .and the Confined Sweiling Test. These swelling tests
may be pefforméd in any orientatfon with‘respeét_to bedding.,
The tests for“this study measured axial expansion of
specimehs cored perpéndicular to bedding (because of the.
presumed horizontal alignment of clay minerals, ma jor
swelling in a horizontal direcfion‘was not anticipated).

In the ﬁree Swelling test, gyjindrical cored épeoimens,
with ground and imprecisely parallel ;nds'are squergeq fn

_water and allowed to swell freely. The amount of axial
strain witﬁitfmé is recorded by dial gauge ungil'thefe ggﬂﬁgs
further .expansion or #until  the specimen begins to

‘.disidtégrate. . | ! o

~ The qufined Swelling test uses spécimens 'preﬁargg
similarly to those of the Freé.éwelling test. The speeimeﬁs
are réstrﬂgﬁed so that there is zero axial strain (measured_.
by dial gauge). The test'setfup‘pfovided no restraint to
lateral expansion of the specimen. Zero axial strain was
maintained by a Wykeham Farrance compression frame ‘with a
calibrated proving riﬁg applying-restraihing preséuré? The
pressures exeted by the restrained specimen were recorded
with time until pressure returned to near zero, due to

specimen creep.
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~given in figure 30 Measuped amounts of clg
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5.3 Test Results and Discussion

Test results presented in this section illustrate the
different rock mechanics characteristics of the lithologic |
types. Reference to figure 30 facilitates correlation of

tests within each lithology type.

5.3.1 Rock Composition
The results of the Carbonate Dissolution tests are

in Waterways

Fprmation rocks generally substant1ate vigs

-stimates.
Biolithic and Aphanitic Limestone appeaﬁ in hand
samples to be. almost pure calcite, and by measurement they
conta1n respect1vely 2.3% and 4, 1%§play
Nodular &Llnes}one ~v1 aNy class1f1ed as 'low clay’,

was measuredg-to contain 18. *% _clay. Two 1ndividual
. \ 3 .

_neasurements were: made of one’ sample of. h1gh clay ‘Nodular

-

Limestone: one of the nodules and one of the ‘matrix. The
nodules conta1n 33% clay and the matrix conta1ns 62X clay.
FPhe 1nab1llty to separa!e ‘nodules and matr1x perfectly,
caused “inaccuracy in the measured individual clay contents
(estimated at less than 5%): true clay content ‘would be
lowef in the nodules. and higher in the matr1x The tested
sample of high-clay Nodular Limestone 1is about one third
matr1x. therefore .the overall. clay content (by weighted ;
avera,ge) 1s 43% ﬂ;,, - |

e~ T s PN

Two Carbonate Dtssplut1on tests carried out on a banded

llmestone sample measured 61% clay in a shale band and 44%

L . . ".v .
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clay in a limestone band. Gradation from clay:rich to’
1in1estqne-rich3bands introduce.s difficulty of precise
measurement . ,.ngrall clay content of a -typical banded
limestone is therefore estimated as 53%. The measured value
of 61% clay in the shale band is viewed as being

.. K 4
representative of clay content in other calcareous shales of

the Waterways Formation. ol
‘Hand-lens observation of core reveals that small

“amounts (1% - 3%) of disseminated iron sulfide minerals {are
common, especially in Nodular Limestone.Q,Quarti waé‘not
detected in an x-ray .analysis~ of clay-rich samples. Some
silicified limestone- was-' encountered in two separate |
core-ﬁoies. ’Silica is a minor constituent of most Waterways -
Formation rocks; very fine quartz _grains.'const'ituting less
than 0.1% volume, wére noted in several thin sections taken
from core hole WW¥ (see Appendix B for thin section
descriptions). One analysis of Nodular Limes tone per formed

by Steinkohlenbergbauverein in E’sse'n.y,; Germany indicated the

. 4 -

following mineral content: h
\

- Carbonate and clay 98% ' - ‘

Quartz ..[...... oo 1% . \ :&%#
. Opaques / ..... el 1R | ‘ o & e’
" No heavy minerals and no feldspars were “found. o

. ‘
T ) )

5.3.2 S ecific Gravity and Porosity : .

Speci‘?ic gravity and porosity are strongly inﬂuanced -

by the amount of clay and cement.

5.

>
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Al) Biolithic rocks have almost'identicai'and extremely
low clay contents, but do have varfations in the extent of
their  cementation. Two. groups.“of, Biolithic rocks are.
distinguishable on the basis of density and porosity. The
less well-cemented Bioiithic rocks are more porous (lIv =

1.33%) -and are less dense (S.G. = 2.53). The well-cemented
group has low porostty,aqgghigher-&ensity (Iv = 0.46%, S.G.
= 2.64). There are some'specimens that are intermediate in
_porosity and density. Water Absorbtion (Iv) appears to be
independent of size in the Biolithic specimens.

'Aphanitfc - Limestones are divisible into sparry,
ch&sﬁ%ﬁlinetlimestone_ahd breccia-appeaﬁing'limestone with a
slightly argillaceous matrix. The sparry Aphanitic speciméns
have low porosity (Ivl= 0.75%) and high  specific gravity
(§.G. = 2.83). Those Aphanitic spécimené with minor,ciayey
matrix have a higher porosity and lower density (saturated
water content = 2.71%, S$.G. = 2;52)r . ,

Nodulai Limestones vary in their clay content from
about 15% to 45X%. Porosity, as. indicated by Quick Water
Absorbtion or py saturgted water content values is low (lv =
0.77%, saturated water content =‘1:08%)..Sp‘pific grévity,ié
2.56 and mbderatg]y variable (é}ﬁndard deviation = 0.031
grams/cc) . - ¥ '

. Specific gravity and.porOSity ’yQ:$ not measured for
most Shale or Shaly Limestones due to the extreme difficulty
" in preparing regularly shaped specimens, and BQpause of their
tendency to break‘féwn in w;tére&asuhénents were possible

- v
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on Disseminated Argillaceous Micr'jte anhd showed a moderate

‘porosity (Iv =1.1%) and low specific'grav'ity ($.G. = 2.53).

°

S. 3 3 Ultra Sonic P -Wave -Veldcit
‘. Ve’lmity measurements of ultra-sonic P-waves are

}

distinctive for the major lithologiqs (see figure 30)§

Argillaceous limestones have low velocities conpared to the

crystalline Biolithic and Aphanitic Limestones.

Velo&ty measurements 1n BiolitMc Limestone specimens .
vary from 3,400 to 5 600 metres pem. .eecond The average

-

velocity is 4, 730 mgtres per secorﬂ Qstandard deviation =

.670 metr*e& per second) which reflecfs t.he well cemented/ and
pure caﬂ&i tﬁﬁature ‘ ,"' - ;~*_A~.‘,§ : ' |
A -measurement .of b5, !40 metres per second on one

" specimen of Aphanitic Limestone indionbs high ultra-sonic

.)
velocit*iea in this well cemen-t.d. lw c1ay Hmestone |
| Nodular Limestone spectmens have%?n averaqe velocity of =

2B, T
3,500 metres per second adesp,itl@aving a higﬁer clay
" content  and contoiﬂing re . “small f;actures . than
Disseminated Micrite. Jz;; S Ly

The' Tow velocities reoorded for v{Disseminated Micrite -
specimens (2,970 . metefs " per ‘econd average, standard'
~deviation of 31(‘). metres per second ) ‘are attributed to
'clay' m‘iner;ls -which are,_distributed throughout ﬁ:
_ specimens A possible explanation of the higher Nodular
ve%locibie‘s may be that t‘he close oonfact of the or%ﬁa]lim, '

calcite nodules 6t"o;¢1des a nearly continuous, 'hi'ghy-veloclilty

- 5
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‘ and speclmen qmllty are’ preseutcd M"flgures 36a and
_ Before qpecimens ‘wele \Qloqity t‘ested.**'they weré‘ vlsu

-

travel ath for the ultra 1c waves. S
P iﬂb st e §$

Y

v . - " M ; : .:‘,.' '_' T
- . | N

The wide . WﬂmﬂﬂyofvﬂxHMsrwwwﬁlwa'

instihce in the uniform appearing Biolithtc Limst%nes rniy

J

be due: to undetected differences in t;tion or bedd'ing.

to ineccuracy« ln measurement‘ hn*l’ques To minimize .

-inter ference wlth the sides Of specimens of only., 54 mm

diameter.- the . wavelength of the signel shoul'd" bemade

shorter by usinb 3 pulse frequency-: greater than 54 hertz

Graphs of’ ultra-donic veloctﬁ v,ersus specimen densi‘

3 Qx 1s 3 eonbined
ﬂmber" of‘ IﬂjnOf‘r

asséssed and asslgned a qUalitytnmber.
measure* of the cl.ey content and vt"

fractures.',

j .

curves,, drawn foh --eech rlnge of. 'nmle length ',l l; reveal

the same r'ationslﬁp . of gg‘eater welocity in high density‘ o

specimens and in speclme"-s with ‘d quallty (low Qx and low

clay). The different velocity relationships exhlbited by the'f

‘dffferent sauple ler\gths may be due to natural . variation

amongst specimens " or they" coulwd reflect ‘the greater

'“Aineccuracy of . velocity meas rements for  the - short’er

3 P - .-t'

168 values are presented °in most of the

PEpI

-llthologjc core hole logs Figure includes a- scratch

hbrdness lgg for core-holé
‘ 'v"lf"'. RIS L

] .

&m’natlons ov' chologignl contacts Separate;'

Crystalline Biollthic".



A

o ‘ : ' : » w72

>

» ‘.“‘ Limqtone is moderatelx hard and Aphanitic Limestone is very:
¥ . -y S
. __\WNsemin‘ted Argillaceous and Shaly _ Limestones are
's;“'?,( ,.Ts to hard, while Sheles ane very soft. Nodular mest&\es
A v~

» 4.
0

3 @epending on clay c,ontent ‘is soft to -very soft Scratc},;‘f'_' ”

5

,’:vnod%gteafy accurate i_"
‘Eocks in tﬁe Waterwtys Fdr‘a""

— ‘Lme§tones are (ﬁ‘s

- - -
© contain hard or very hard noq&ules in a. matr1x whtch

hardness can be measur'.h'd rapidl\y) nd easH& and is \@

,\'»:
/ ticn

- ""F in’ta;:t strength of most

R
correlatioﬁ ‘of* strength witn’ ﬁ&o,p*’lary Cdﬂpartson of

" scratch ;hal*dness wi tr'&ck mass dtt!er;gth in figure 1 shows

’ the correlat'ton ofQ ,values of# h;}hera with the high

B*iohthjc and Appan,i tivc Liulestonell“?streﬁgths. the low'
,'.".‘,)

strengths of Sha{'
\Disseminated’ Midr/i‘é e.X

SO S SR

be aug’ of the very clos‘

cw-clay ‘-'Aand:"?. h'iéh clay Nodular '

and r--the-ﬂ'n‘\'oc:tgréfte streng‘th of

-

Fcur Vickers hafdneSs tests?ware pvformed two cn.

specimens of well cemented Nolithic Limestone ‘and two on

_Disseminated Argillageous” Micrit’e (figure 37) Each test .

consisted of from eight to eighteen separ‘ate 1ndé1tation

L 4

) measurements THe - two . Hmestoﬁe .ty‘p.e_s ~are readily"_
distingu;shable . Biolithic Limestone' has an average Vickers'» -
'hardness of 144 and Diiseminated Micrite of 108. Figure. 38.
~ shows that Vickers® ang '
_ and fherefOre th&t;;

Scratch har,

satisfactorv measure of n?rdness
5 E @’*‘ ; } : o . 'A> E

‘ L L AN \

ses are’ correlatable )

Scratch har' ss 'fe'st“ingjby' 1ts.‘e1‘f; 'fs"a .
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_E;_;__f g‘j"gxig' Compr g}sive trgngt‘h’ ,
' Re‘ults ofP‘ uniax{al éonpress'ive strength testingon
‘five: htho,log'ies reveal that there 1s a gé&ral decrease 1n
'strength re;ulting fr‘om higher .clay content Based on v1sual

.obser\“gtions, The ab'ipce.of cenent‘ is- directly releted -tcr:,- -

A
the pF pr nce of }clay. AN ) o
IR [N ' ‘ .

; Mhsstve Cryst \; . stones haVe very: Httle clay. S

~Ane vé'f*y wel'l ce g 517‘»‘ ":-"5" par‘lte "and have high uniaxiaL -

¢ )

&(pnpressﬂ‘ve streng«ths (p?ease reﬁr to. fi re ?Ow;f
i: ‘-'0 B Nodular Lﬂ.n“estmes have moderate to higH clay contentr"-‘r_a

Ay e e e
N

Wiﬁ the matri‘x; and havﬁﬁ"uni?xdal comressive strengths ".;_\
i

W '
S 'rengm&z from - moderatew WW - strong. - Increasedt
€. ¢
"’d; oementa@ion anﬁ thher strength is not‘icbaﬂle J.in ww cIa)’
T . . .- e R . N, b
. _",Nodular li‘lmestone SO . Q Tiesl ;é

fD1ssemtnated A '&ceous thestonefs have a. uniformly
.stributed clay content whtcb restricts t‘e extent of ,'
"i"‘ . .Q

‘tementation and results in’ strong to moderately stm

umaxial coupressive strengths ® ' - w )

.cher ‘Shaly Limestones, Shale and banded Hmestone core‘ .
sanples and outcrop samples were aH too weak te wit‘hstand
fpecimen preparation -for - the uniaxial conpréssive test
Uniaxial strength Can be estimated from point Ioad tésts
(see section5.3.10 and figure 30) ¢ '

[§

=

Natural rock vari,ation amongst 'specimens resu]ts" in ¥
§ large ‘variances in measured va]ues of uniaxial capress'l&e .
strength within indtvidual grotps of uniform sdeo‘lmens

(1..e. ooefficient of vartation ﬂ 39% in the group of 41 mm . ‘
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¢

';‘“16fifbic speﬁsmensJ The large .

variation prevents'c C. usive statements ‘concerning. effect
of | water saturation on Qompressive strength. CouZparison‘
bet;vee.n,-dry - and saturated specimens of 5{1 _‘nm diamelter:. :
Biolithic ~ Limestone - from d“iffe're”nt Jocations mist in

addition consider differences in cementation which affects

. ""
C Strength The..n saturqted group 1s assumed to. be stror;ger

because it is better cemented Differences of d'ensi'ty“ﬁnd

% ‘porosity * (see section)5 3gd) go indicate that the spfurated

'S

b

(
LY

w'

o »
LB
. )
X-

»

Ay

sanples‘ are exiremely wel’l “¢emented Bioh,’ac Leimestone

Lo ‘ .

while the’ dry specimens ate lesg well cemeiated
~ ATso obscured . by Tithologic inhomogenggty amongst {

[
. '_ speeimens is a possible relation . of strength. to specinyn ‘ﬂ?

siZe . In Aphanitic Limestonem(32 mn versus 41 mm diameter )
specimens) 2 and in Nodular Limestone’ (54» mm versus 75 nm
diameter | specimens) there is an apparer'inversegrelation
‘of strength to. specunen 51ze while results- from Biolithic |
an@ Disseminated Argillaceous Micritps show the normal

f' )' re]atl‘O}sh’lb of decreasm&st-rength with increasing. specimen

“
.

4 LX U -
» v ' . . .

size . _a‘ ¢ . L L C P

BT

~

o

~ T

e
~A larger nuuber of tests on. uniform saupies would be

-&_ A
«

O

required to substantiate' relationships "Oi?:";.,_

conpressive 'strength with‘ ‘ei thet .»wat,e‘r saturation or.

specimen size. - . - . .

L

- Velues of intact “untaxial’ tsggfie “strength of = four ..

LA L
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. lithologies were ‘obtained by' three ﬂifferent tests per‘drmd "
. | - on dry .and saturated spec1mens parallel and perpendicular to
bedding Average values are given 1n figure 30 The
'J; direct pull andi Bra21lian tests provide similar (Q,eswlts,."
| while four point bending fbsts (performed only on Aph’initic
h specimens) gave tGhsile strength values approxwmatelyﬁthree
. w , .
times greater. - - ‘ _
‘Dirett pull tests as wel_l as. Brazilian tests clear,*y .
indicate that tensile, str‘engtli /parallel to bedding is~’.;‘

" =
greater than %erpquf'cular to bedding The: Brazilian test

3 results ,vir‘»addiﬁm&rshow that water saturatio,n’_% _
stre th. T X% S ” o

. 39 R \g S . _

. . 'Direct Pull tensile strengtg "of Biolithic Limestone,
'parallel , to bedding ts - grea-t?f than tensile str.Qg@h
perpendicular to bedding (6. 52 MPa versus 5.46 MPa) “Tensile

str\ength of Aphanitic Limestone, measured on nine specimens
~p§rpendi!u1ar to bedding, ‘ts, 5.55 MPa; ’Coefficients of
variance are moderate fbr 'al‘l thnee groups of pull tests (up..
to.58%) N T SRR |
' Brazilian tensile strangth parallel to beddi‘ng of“/d@‘.-ﬁ.‘

. Biolithic\ limestone, based on four tests"-Fs‘/S'BQ MPa
’(?mgx‘kyerag&t,ensﬁ.].e,,ﬁrf' -ﬁpr saturated Biolithic Limestone

is ' lower both for spcci’mans parallel to bedding (5. 97 MPa‘
-eight specrns), and perpendicular to bedding .(3 78 "MPa,

" two " specimens) Brazilian tasting was performed ‘on only tws

‘Apbanitic specimens. Tensiﬂe strength parallel to bedding
| "‘3“~and dry is 5 92 MP,a. while perpendicplar and saturat.ed is
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R | | . o e
‘ 3.35 MPa. . o

Tensilg strength .of A%amhcﬂimstoﬁetermipe‘é&hy&

the Four-Point Bending test to be 15.33 WPa parqllel to

,bedding and dry, is much great o thah tensile sfrength

.determined by either direc_tt bull tests br Brazilian tést:' "
'fensile stmength Pf two Tithologies, ,Nodu&ar @and

Di+ eminated Argill&eous a“lginpstone“ were Obtaaned iny by £
' ‘&}' meansl of thegBeri Tiag test Tensile strength of” Shale and
Shaly . ~Limes§pne was unobtainable becausé the weak nature b'f

r'ecludes specimai pr‘tparation AT *

- "" ;;»'f,!ns. strength vaJ,ues of?bdular Limestone parallel

ot to beddw are- slIMyJ\igher for dry specimens than for ‘-
saturated samples (ﬁdry .3;5 IPa versus 0""&01 = 3.48

le

trength of Disseminated

- _these 'roc

MPa) . The - average ‘tensi
Argil'laceous Micrite. is. 4.31 MPa for'dry specimens ,..parallel .
.
3 to bedding and 2 BauPa for satursted specimens parallel to

N P “ . ] ' . ; .
. ‘ . ..\. . g‘ - . N’ ‘.. . '
L__L__LMH m_s.ss_zg'tr | :

o _ Triaxial .empression‘ t‘ksts were conducted on (dry
specimens " of Biqltthic, Nodulajr and gssaminated
'#’:@' "g"gjllaqeous lie‘rit*ﬁd‘ on water saturated .specimens . of

| Aphanitic Limestone llohr envelopes were drawn far each

iithology type using the results of the triaxial testing and
Q/alues ’m upiaxial coﬁpressive and tensile strengths
Direct'-pull tensile: strength uas utilized for Biouthic ana\

ﬁli

Aphanitic Limestone, whi le <,Brazi/l'lan tensile strength wam

T v [ "“_
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‘with confidence Strength at
.simiiar to ‘the strength -of Diss,
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used@: fpr' the- lohr envelopes for Nodular and Di‘sseftninated |

Argillacéous‘ icrite Uniaxial conpressive ’streng‘t’h values
the ’

specimens mst&similar"ih si«zé and 1ithology to the triaxial

test specimens The Mohr Envelopes for the four lithology
!

'groups are* shown ‘in figur@ 39 40 31 ¢gand 4~2 B .-» o
' ,Masswe l Crystalline Lmiestone“ is seen‘ to. bp the
' sbrongestl 7“ch in ' all ranges ’bf stres‘sr tested g‘iol“ithiq

L@meston'é "ls‘ ﬁronger ythan A‘bhamt*ic Limestone' at- lou normal

ohr Envelgpels were determined from those uniaxial

gress ‘.I'he cohesi{m irite,rcebt is app‘roximately 17%,,8 MPa for n\‘

A"

A%hanit«ichims;t&ie while for B’loliathfic Limestone the smooth -

" corex ‘hat,ure_of the envelope makes estimation of ‘a cohesion

intercept very ifrprecise (see ﬁigure 39) - The Mohr | Envelope
Biolith,ic limestone s],ightly cgz_s.ave downwards.
indicating increasing pl&tic behavior &t 'higher normal

stress Similar be“l:avior is noted in the curve for Aphanitic

‘Limestone, al'though lc:mer_,_normal stresses were attained

.during testing The amount of axial ‘ strai!krecor ed at

failure is similer et similar levels of maxi, _pri_noipal

stress. for -the two l_i‘thologles -.(ma‘xi axial -strain
reoorded was"%- 75%). - ¢ —.
The triaxial test

veriable and the Mohr

.

results on Nodu_, r Limestone are

, cpn not be drawn

gr.eater obnfining stress . the Nodcdar L‘-imestone. spe'cime

I

. v
o os . A
heD . )

e

!

stress _appear's .

ed Limestome. At

appea_r stronger (vnth sqne specimens much stronger) ;han
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Disseminated Limestone The'.cohesion intercept for Nodul'ar

Limestone ig approximately.‘o MPa .and #for Disseminated
e
Micrite it .is. about 8.9 MPa. Axial strain: of specmens at

failure is much greater in Disseminated Micrite (as much “as

142%) than,in Ned_u'lar Limestone. This - highly plefstic

behavior is Letz‘l'ected in the concave, and at high confiniﬁog
stress. flat'.ldohr Envelope for Disseminated Micrite (figure

a1). . e

5.3.8 Dould®Skear Test. ~ . m.;_..,. .
o) testing of Biolithic andu Aphamtio

Limestone proy‘l’dgs values of ' cohesive . strength that are.f

smnar to thoseﬁerived from triaxial testing Bight double‘

\

shear tests were performed on dry Biolithic Limesfone-

. speciment theswn perpendicular to bedding “is 8. 83 MWPa.

+ (One additional test perpendicular to bedding produced an

-anomalously high ol&'lon value ‘of 17.1 MPa’ ).Average

‘cohesion paralle‘l‘ to Mding. measured as; 5.2 lQa is

- l‘

mgmficantly greater . P ' |
Eight dduble sheer tests carried out on dr;y Aphanitic?>

Limestone resulted in 10. 6 MPa cohes'ion. perpendicular to

| ibedding and 17. 6 MPa cohesion parallel to bedding.

w o
. .

5.3.8 3 g Rgg gfgrmagilitx

K . ngre 43" presents a tablé of deformat‘ion? modui

oot .
. ‘::““,\, ) Bt S5 6—“-1“ } , "..{
R a5 %  JRLT 8

Y

*

J

‘}determined for"‘wateryays Formation rocks. The modulus of-
_deformation (E) an?oissonlx Rati.o ("V‘) calc{n’rated using



79
‘ ‘ .
electrical’ %resistance strain gauge measurements, , were

determined for two specimens’ of Biolithic Limestone,

soecimens of Disséd pnatéd Argillaceous Limestone and

_spec1men of Noduler Limestone (medium clay content) 7
The twd moduli of deformation values,ieg Disseminated
“Micrite are relatively uniform. The avgrage, 11,410 MPa,
indicates ' a rock of moderate deformability. Figure 44a and
,44b reveal the regularityqof strain in the two specimens
Lateral. stra’% becomes increasingly greater, especially for'
. soecimen #100f. As a result, Poisson’s fatio increases with
increasing axial stress.' esogcially near failure, where:
readings are not . able tC) ®eflect true deformations.
| Poisson’s Ratio in specimen #98b incregsesvrfrom 0.07
ihitially to 0.11 at 50% ultimate load! In. specimenr #100f
Poisson’s Ratio increases "from 0.06 to . 0 15. Tne rapid
_increase of Poissoﬁ?&vgatio and its relatively low values at
50% ultimate Toad are due to. the content of clay (about %7%)
whidh permits moderate axial compression. with only 'minor
‘:lateral expansion. - , . - ,/ | - ¢

- -

1

Figures 45 and 45 show the stre?s-strain curves of tgid‘
Biolithjc Limestone specimens, #45b and #49a. One or both -
’;he vertical strain gauges on spec1£:n #45b were defective

.”and axial strain -measurements are ‘not wvalid beyond ”the,
initial readings The Biolithic Limestone~specimens are much.
more stiff than Dissemirated Limesione - Axial strains are
regular whiie, lateral strgin reveal a slight acceleration;i'

y

comparednw{th.the regularly jincreasing maxial ‘chain, “and

) “ . . . v
A .



Poisson’s Ratio behaves irregularly. In specimen #49a,
strain values averaged over the entire range of axial stress
were used to detdrmine the deformation modulus (44,550 MPa)
~and-.Poisson’s .Ratio . (0.24). In specimen_#455. the initial
value of the modulus of deformation is High (62,930 gifPa),
andv the initial value of Poisson’s‘Ri;to (d.32{liS‘also"
high. * | | | .
~The one specimen of Nodular Limestone . *(figure 47)
recorded valid 1n1t1a1 measurements of straip, but at apoutw
50% ultimate JRoe ' pec1men partially” fractured
(sufftcientiy . . u'ce‘jé- apphed load), and strains *

-,

-

‘measured at'greb' rdl tress. do not appear' 'd. At 50%
.ultimate 1load the deformatlon modulus is'23 650 Mpa and r‘
P01sson s Ratio 1s 0.13. Flgure 48 and fwgure 49. revea] the
var1ation of modu 1 i thh ax1a1 stress. In some of. the cases
noted (specimens #45b and #82d) the point of fracturi or
failure of the strdﬁn'*iadbap‘hcaq be noted on the graph
»Figure 50.shows a more constant variation of! moduu1 w1tn‘-
stress in the spec1mens of Dissem1nated Micr1te 'The strain
gauge method of ‘measuring strain may be. analid For Nodular'
'LTﬁestdQe because o( 1nhomogeneous strain (the ‘hard |
.vnoduJes and the soft matrﬁx. The modulus of deformation 153'*
high 1n comparison with'D1ssem1nated Micrite.wwhi : 1s oﬁ;”f

th

sim1lar strength and-. th1s suggests that measured

- strains are not representative

Y

P o’ IR

N

Four creep spec1mens of Aphanitlc Limestone provide
- valyes of theggeformation modulous-ranging from 3?,035 MPa.:

A

oo
A -
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to 46,345 MPa (figure 51). Axial strains were measured by

b

dial gauge on the specimen pﬁatens and so modulus values are
', ’ |

less accurate than those determjned by more precise methods.
Only one of the fahr. Aphanitic _Limestone specimens
subJected to 'creep | teeting revealed Qﬁ&t creep was_
occurring. Two of the spi%ﬁmend Sailed dur1ng Joading or
shortly after loading. One spéeimen failed pfter eight days
and showed no tendency to ox ¥. . The fourth spec1meﬁ was
carefully loaded ih small emen;s. with each incremental_l {

ax1a1 load a\"; d revious level of
R . (BN

stress had become very .S ;‘Jz';r”, ',"s/strain curve of
this creep test has been modif1- "o reveal ‘separftely the
specimen straln due to creep. (f1gure 52) Injtiai loading .is

Tige

shown - as 1nstantaneous The in ntal loads\"

by . ).

) cbntinually throughout the test‘pre shown all toge 'rae a

- %
fﬂna1 load~,Jhe central port1on of ‘the graph reveals ithat

thrs spdﬁbmen underwent only a snmll amount of creep (about -
- [

300 um/m in 146 days) ang1‘agrefore_1s not ‘4 plastic rock as
defined by Coapes (19651 It is 'believed that for all

L

limestones of “the. Udterways ' Formation, creep - under
. A i

] conditions of-small conf1n1ﬁ§ stress: would be $mu}l and not };;
'_sIQnIfjcant %or. cons1qerat1ons - of deformat1c§b in ‘;
excavations;‘ With high confining stress at great’dgpth in
the earth»thesé llmestones wou 1d perhaps be sUbJ!ct ,to

| 1mport$nt amounts of creep
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.5.3.10 Pgint Load lndices -

Field Point Load indices of Waterways Formation ' rocks

- °d

: . A ' -
in marly cases - are misleadingly high because of inc /\U

. cementation and the presence of clay - .#« e

The Massive Crystalline lithologies_ encountered , and-

point-load tested in outcrop were little weathered 4'and‘ weli )

oomented and cohesive along and across beddmg, Test results
therefore indicate very strong rock' For Biohthic f_imestone

'poB perpendicular to bedding ranges from 2 1 to" 4. 4 MPa.

. /
Average Tdp5 is. 3. G'G M%i Fpr Apha‘l}iti’c l.aimestone the

' pd'mt load “ingex Is 1s 2. 5 MPa parallel to bedding.

Most'other chologic types*‘tjf the“wterways Form?tiorq%‘ * B

have weathering patterns that prevent“ represe\ntative
. sanphng for PoinrtgLoad testing v'}'hree exanples which show
the difficulty of determihmg po5 from the field pomt load

 testing are presented m,figure 53 (53a. shows 4 poor

§ ;
relahonship be tween frac{ure area 'and load §§b shotvs no'
relationsh‘rp»between sanple th1cKne$s and owd | but ‘53c .,

<

shows a good relaticnship of area to load) ’t L o
¥ '

Shale umts did not*occur in any of the’ four ou‘tcrops

.studied and no shale Specimens were point' 'load .tested.-
fCastral observatrons or outcroppmg shate mdicated that ‘the
,shale was’ highly weathéred and extremely weak. Dissemtnated

]

Xlﬂi llaceous Micrite was not encoUntered in outcrop S

\odular ' Limestone ‘ un*s weather ‘to rubbre conposed ofi"'
hard .nodules surrounded by very SOftl clayey material In‘
high-clay Nodular Limestone, it is not possi«ble to 'obtain*
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represen.tative field eanples for any type of »test In
Jow-clay Nodular ‘Limestone, it s pos51b_le /to obtaim . .

+ more-or-less representative samples, but of a size too large

‘for #oint Load testing (abowt 10 cm &cross, or larger). One
" Nodular Limestwg unit field point load tested, provided ne . A
A Y e
'ﬁi‘aningful resultﬁ * T . T

I Y . . ‘.

o ShalysLimestbhe ténds to weather to lenses or plates of .
; hard qrystal#'in& l‘imestone separaPed by/Jenee{mr thin ‘ﬂ

layers (usualty one cm’, thick or 'ess) of ‘soft highly -

0

weathere% clayey material which is not Pom't Load testable__
Therefore representative sanpling is" not @possible 'Some

\bro,gen pieoes of Shaly Limestone are moderately weathered
&cause of their &enerally low) clay content and because

o their' large surface area promotes weathering Other platy "3
pi,eces Of Shal§\ Limestoné ‘ca be poorly . weathqred |
crystalline limestone.' and very cohesive Field Pomt Ltoad

‘ measuremgits reflect this .variation frog;weaf to . moderately

strongi. Point lead. strength lepS) perpendicular to bedding

‘ranges from 1.4.to3.0“MPa. Average poi_nt, load strengj:h is

R Y

2.3 MP'a‘ 'The point load strength pa'rallel to bedding was not

into twé groups"_ ze% or extremgly 1ow when broken along
shaly laminations and very high when broken through the

I .
crylgtalline limes'tone lenses. *"'-'f_ ‘ “ . I .

L4 - . oYL : o L RO
B . . RN B . B el

'5.3.11 Impact Toughness Indices . =~ .~ - -~ »
B ,'Inpa‘ct - Toughnes‘s A. t'eéting .' indicates - thgt: Massi%‘e‘f ”



ok

. -

. . : I . ' ' . )
» ‘ « . .
1 : ' , : 84

~Crystallineg Limestone {is the toughest,” Nodular Limestone
less tough and Disseminat’ed Argillaceous Limestone the

weakest. No other lithologies were tested A

' Twwrwps of Aphanitic T.imestorp conposed ‘of nine and"

six specimens. record In’pact Toughness Indices of 7.67 and '

6. 5. Overall average index is 7.27. . ',‘
3 “» ; i

Overall average is 5 87. : a-:; B g ' ‘,_j;.-j

‘*dlo:di.nara Limestone “was teeled in four groups of nine. |
e. one and , four . aspecimens Recorded ‘average' Impact -

Toughnes.s Indices for each group are, 6 1, 6.0, 4.0, and 5.5.

-

Micrite pr&duced an Iupact Toughness I'ndeX ‘gﬂ a, 5. .~ W' b Q;y

' ) /; 9 L ’
Ta .o .. .
i ’ o .

—-3-—— —"9. ility ] e

" The Siake Dur;bility of Uaterways Formation rocks is
high except for very. weathered rocK and for %ha]es (figure

R . T, [ P~ .

- -./‘"

siake tested because their tlaking rpsistance was visuehy.‘»

St

‘estimated to~ be higher : than the a1l ing resistence oF_

G

a
One’ group of dtwo s&cimens of Disseminated Argi*llaceous 5\%’

, & -
| Nodulur Lmestone (greater than 90%) / Slake testing wes -
performed “on very ‘weathered Briolithftc Limestone L'(wo oore" .

sanpleﬁ thet had been air dried ;tpr f/ive yeers # (wi

largeg.'

vari tions in relative hunidi.zfy) provided Slake Durability’_f;‘

of57% and 26. 8% T T SR TP,
en Siake Durabiiity tests l‘were performed on fresh and

“on weathered oore sanples and on partly weathered outbrop

LT B NS . S -
B TR - B s

—— T g ’

e

J

Fresh sanples of Massi\/e Crystailine imestone weresnot v’
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samplesv of . Nodular Limestone. Clay content of the samples

~was low or medium. High Slake Durability indices for the

outcrop’ samples suggests that weathering in outcrop of

\low-c]ay‘Nodula} Limestone do;s not affect the nodules and

only partly affects the clayey matrix. _LOch}ayv and»
medium-clay -Nodular Limestones have similar slaking
resistance and thei; combined average Slake Durability index
is 93%. The Slake Durability Index on vgry Wégzhered Nodular
Limestone, cored from near the Devonian surface, is 38.7%.

Disseminated Argillaceous Micrite samples from fresh
core have a very high average Slake Durability Index of
88.9%. | \

Fresh, banded Shaly Limestone from core has variable
slaking resistance depending on the relative amounts of hard
limestone | and of soft shale in the specimens. Slake
Durability. Indices range from £9.6% tc 92%. One sample of
dessicated Shale (air dried for five years) Fecorded a Slake
Durability Index of 23%. |

ThereA are two probable limitations of the Slake

Durability Test for argillaceous limestones\of the Waterways

"Formation, which cause slake indices to be too high. The

great difficulty of obtaining representative samples of

. Nodular and Shaly Limestones is the most obvious limitation.

Weak lenses and bands of soft argillaceous material tend to
crumble and form fragments too small to be included in the
specimen. Also argillaceous material surrounding nodules or

lenses partly flakes off during sample preparation.
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The second limitation 1is tHat argillacaous material

that is fncluded in the test specimens appears to,undergo a
: t

hardening reaction when oven dried. Hardening occurs when

some plastic clays are dried, and the clay mineralk in these

argi]-}éceous-- limestones may act in the—w‘ww to increase -

cohesion and reduce slaking.

Waterways formation slake indices determined fof highly
qs?thered rock, for Massive Crystalline Limestones and for
Shéfes are judged to be representative. Measﬁrgd slaké

. : t
indices for. Nodular, , Disseminated.: Argillanous’and Shaly

Limestones may be high by 5% to 20%. A slaking index of  86%
is classified .as medium high. The only WiterwayQ Formatiop

rocks having " poor slaking indices are shales -and 'verf;

¢
Mo

weathered or dessicated rodhi.

ES s

5.3.13 Rock Swelling Properties k E

Instruménted rock swelling tests were carried out on”

three specimens of Shaly Limestone and Shale. Specimeﬁs of
other lithologies were not obéerved to swell significantly
and were not tested. |

One Shaly Limestone sﬁecimen was observed to swell
axia}ly by 1.24% in a  Free Swelling Test (figure 55). A
second Free Swelling Test perforimed on a specimen of Shale,
.becorded 9.0% axial swelling. In a Confined SwelJiné test
,pghfofm?d'on-the'same Shale, a low swelling bressure‘of 5.7
&Pg‘/%&s generated (figurg 56). The discrepanCy between the

’-impdqiant amount of free Swelling in the shale and the very

>
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low pressure of confined swelling is explained by. the “Fact

vee

that the clay layers are readily squeezed laterally during
confined ,swelfing. The 9% swelling is 1nportaht and .y, under

. confined underground cond#hians could generate problems of

rock _squeezing and of pressure on, tunnel 599_;”"t‘_“:_.__Tf‘_ef_Ef?[Eu_

confined swelling tests"ould be performed on shale

specimens under conditions of}axial and lateral confinewfnt.

\ .
: ]

5.4 Weathering Effects on the Waterways Formation

Weatheriqg always reduces the strength of a rock mass,
both along joints and in the 1htact rock. Weathering of the
Waterways,Formati;n. ranges from very faint to extreme.
Because vprimary porosity and permeability are low in the
Formation, weathering has occurred along bedding and joinfs

and from there ‘progressed into the intact rock.

Weathering softens the rock surfaces of joints and -

reduces the extent and strength of . the cement. Sur face
asperities bécome.weaker and fedUCe the peak shear strength.
Formation of low shgar strength clay minerals" albng the
joints fa;ilitdtes - shearing of asperities and reduction of
the residual as well as of the é?ak shear strength of the
joint. |

The main effect of weathéring'in Waterways Formation
rocks has been the reduction in extent of cementation rather
than chemical alferation and formation of new clay minerals.

The clay distribution in the :Formation is in layers

rresulting from primary deposition. Bedding planes generally

kY
L s

he 4
%

4
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E oft occur alang argillaceous. poq‘ly cemented layers and thus

are subject to rapid we;thering doints are reduged in shear
strength only where they occur in highly argillacgous
lqza:s doints in Waterways Formation strata wére noi:

R -observed -to- _»centﬂn—se?dary-— clay— #n%Hl ?Q AH-joints- ———
'*_ encountered in fresh core were 6!§ted with bitumen which may

-

have inhibited weathering.

In the 1ntact rotk, weathering heakens the cement.
Weathering proceeds more rapidly in the argillaceous rocks.
In the Massive Crystalline Limestone. weathering has been

very faint and intact strength appears unaffected.

Overall, wéathering effects on the Formation are

Moderate.  Bitumen impregnation, discoloration and rock '
. 2 .
. softening are noted along joints and fractures as deep as 30
L -

metres below the Devonian eroéional surface (plate 13).
wéafhering close to the erosion surface can be extreme.
result1ng in friable and hand-breakable rock (plate 14) The
extent of this extreme weathering is geneﬁglly lesq%;han one
metre thick. From core evidence, weathering will not present
a hazard , for stability of openings. Some _increase in.
permeability may be anticipated as a result of weathering

close to the Devonian surface. . .

5.5 Intact Properties of Waterways Formation Lithologies

A labge variation of strengths between specimens of the

same Trock type is apparent, but allowing for this it 4s

- possible to conclude that intact strength of all unweathered
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rock types except'shale. is sufficiently greatgfo present no-

problem. for engineering construction.. Disconttnuity features
become the overriding concern for thk strong intact rocks

while for Shale, both discontinuities and intact strength

‘ _“(iﬁd“Wéathered“infact*ﬁtrength+jare‘#mpdr%antvf S -

R . X3
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B 6. KARSTING IN LIMESTONE : :
e . . “, - . .

X ) e d ) ' . PR

.6 Introdugt1gn_ ) | .

Karst is an'erosional process involving.removal of r0ck'l'

(4

‘by ‘aqueous dissolution. Karsting has" taKEn ﬁTace 1n‘the Ot —
; Sands Regjon and has affected the Uaterways an;'other
!ormations There is evidence~of deep Karsting and ”removafﬁi
‘ of - salt and evaporites from ‘the Prairie Evaporite Formation
and associated squ1dence of overlying strataz_There is also
evidence of Karst activity in. the Naterways Formation. The
effects of mining or construction on surface or %yndengroqnc ‘
in- Karstified.rock can be severe and 1t is believed that an
,1nvestigation is necessary This chapter presents a summary;
of -karst and a discussjon of ‘the extent of, and problems‘
posed by, karst in the Waterways Formation. )
| Karsting is not restricted to limestone, but 80% . to 80%
of the earth’s karst regions are jn 11mestone and limestone
results ‘in the most nUmerous and ccnsﬁﬂcuous Karst
"

phenomena. karst1ng proceeds more rap1dly in rocks such k.2

halite, gypsum, anhydrite or. other evaporite rocks wh1ch are

more soluble than IImestone The discussion in this chap 0
deals mainly w1th l1mestone and only brlef reference is‘mbd%s
to karst 1n evapor1tes C S ‘,’
, %
. y . '

90 e
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6 2 Ag_ggu_ ancgalgn of Limestone '
6.2 The Corrosion Pr ggg s$

"Karsting in limestoge is the process of d1ssolutlon and

removal of calcite by water..Qissolution. which acts on the

~“molecular scale, can result in Variable forms in the

limestone inyolving small features on the surface of the
rock, large ca?th-surface features or underground caves. |

| Dissolution of calcite by pure Watgr is a slow process,
but groundwater and even rainwater carry aciéc which enhahce
the corrosive power of‘the‘waterf Some atmospheric carbon
dioxide :;'absorbed by rain and forms carbonic acid. As the
rain percolates through soil, it absorbs much more carbon
dioxide, esoecially in»the upper. aerated soil layers. In

_ f
addition, bacterial act1vity. the rotting of vegetal matter

' and solution of 1norgan1c chemicals in the soil, produces

| soluble organic and inorganic acids. Thus dissolution of

H

limestone is-carried out by three means :
1. carbonate dissolUtioo oy pure watér'
2. bicarbonate dissolution by carbonic acid
3. dissolution by _dissoTved organic aQo inorgan}c soi |
| acids. : |

The first two processes are reversible while the third is
irreveréible )

Carbonate dissolut1on results in equilibrium between
the water, the calcite and the dissolved ions:

CaC03,= Ca++ + CO3--.

When .C02 gas is absorbed by water, the highly soluble -
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Ca(HCO3)2 forms, which exists ondy in.aqueous solution. The
corrosive power of .weter " increases W1th “the amount of
dissoived‘C02.- The amount of C02‘ content of water is
| controlled by ‘ |
1) the partia] pressure of C02 in the atmosphere
2) the temperature of the solvent and gas
’ 3) the hydrostatic pressure
“4) the time available. . .

Dissolution of limestone by other agents may result
from the aerobic decay of organic matter in the soil and
from the activity of soil mtcroorganisms .uhich produce
formic, fulvic, crenio, oxalic and acetic acid as well as
carbonic acid and other acids and secretions. Inorganic
acids and salts in a weather:ing soil may include sulfurigc
gnd nitric acids. Sulfuric acid can result from weathering
of pyrite and marcasite. ®

‘In addition, Bogli (1964) suggests that mixing of
different waters both saturated with calcium carbonate (and
therefore individually non-corrosive) ‘results in renewed
corrosive abilities. This is Known as mixture corrosion.

o

6.2.2 Fa tors Affectlgg Carbon Dioxide Content of Water

———— e —— S ———————  —————————e  — ——————

Four faotors ~affecting carbon dioxide content, as
listed in the previous section, are discussed. The carbon
dioxide contept of the soil atmosphere is extremely
sensitive to the type of plant cover and even“ to plant

species, so that althdugh the rate of corrosion partly
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depends on the amount of prec1pitat10n. it is, &gka greater
extent determined by biological soil activft?ﬁﬁanq the
procesgeOf evolution of the soil layers. |
The‘ time available for absorbtlon of carbon dioxide by
‘the water depends on the permeabilities of the bedrock and
the soil, the groundwater base level and gradient. the plant
cover, and rates of precipitation and evaporation.
Where humus is thick, there is mdre" biological
actiQity; wider variety oﬁ organ%sms. greater water storage
ocapacity, less aeration, moFe uniform release of water into
- the underlying rock; and more prolonged-contact, all of
which enhance carbon dioxide"abSBEbtién by the percofating
surface waters. -+
Lower temperature, in accordance with Henry's ‘Law,
allows more carbon dioxide to be absorbed by water Tropical
rains and groundwater for instance, are less able to abgagb
carbon dioxide than the cplder waters of the temperate and
arctic climatic zones'. . .However higher ~ temperatures
aceelerate the actual dissolution process and the greater
organic and biological activity in the tropical soil entails
much—greater broductien of both carbon dioxide and orgabic
acids. )
With increasing depth and greaterlhydrostatic pressure,
there can be an increase in the amount of absorbed» coZ: in
karst groundwaters. Jakucs (1977, page 233) states that the

increase of hydrdcarbonate dissolution potential of Karst

water resulting from increased pressure occurs in the



. ' RPN\ 4
: o \ 9

initial increase. to approximately ten atmosphy‘ggvgﬁreater

\N

pressures have a much lower inf}uenc ' .an: direct
intensity of dissolution. : ’§§$fj;£;;rm o .

e mn“_hu_»g_Q;Jii?;fﬁgf:'__ o _
6.3 R@ Fe atgre§ Affecting Kar, Erosign P

e
The process of ‘limégtone Jcorrosion is determined by

charecteristics of the limestone as much as by ‘features of
- the karst waters. Important characteristics of the limestong
include texture, porosity, the presence of contaminants, and
structural vand physiographib‘ features of -the iimesténe
strata. -

‘ Slight textural differences and differences of pordsity

n " have féréat effects on ihe dynamism of dissqlution.
Crystallinity and lattice structure may significantly alter
theoretical predictions based on mineralogy. For instance,
aphanitic limestone with very Tow porosity and conchoidal
fracture is much less soluble than crystalline limestoné. On
the other hand, highly porousiﬁlimestones may. diffuse the
corr051ve potent1al throughout a rock and 1nhib1t Karsting.
If por051ty is restricted to j01nts. then solution can be
initiated and devefbped in discrete locations.

Clay and non-soluble mﬁnerals in  limestone impede
dissolution and can accumulate and clog cavern péssages.}
Drainagg in well bedded 1imestone may occur 'dominantly along
bedding planes where most of the contaminants in ihe‘ rock

_ : /
occur, so that karst corrosion is inhibited.

-
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Dolomitic rock esfentially behaves :similarly ' to
limestone, = but has been less, fMWestigated. Magnésium

carbonate occurs in three mineral forms and behaves in a

__complicated manner. Magnesia in__ water cah incredse .
. { .

<
[

solubility of calcite. \ . “’ ' .

Structural features of the limestone can have a
profound 1influence. on Both underground and surface karst
features. The number of open joints, fissures and bedding
lplanes and‘ their aoillty to transmlt infiltrating waters,
épartlally determines whether karst activity will be
‘initiated and the depth at which it will “Ccur. Lack of
Jointing may prevent karsting. Jointing may also ¥weaken a
rock mass enough to prevent cave development‘

" Direction of jolnting can sometimes be seen to control
- the alignment of Karst features. Epults often affect the
location and direction of Karst development because they |
significantly'»influence grounduater.‘flow\ and fracture
patterns. Gilewska (1965) suggests that Kkarst always
develops under haimid conditions (warm or oold)?‘following
phases of earth movement, because tectonic actiVi\f produces

a high relative relief and a well developed jointing system.
. * s

]

—— e ————————— ——————————— S S——

The effects of Karsting can be separated into features
on or near. the earth's sur face and underground features
: Amongst the surface features one can d1st1nguish between the

relatively small and superficial’ features, generally'
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deve loped on baqa nurfacoa. awd large scale oaomquhafpgical
‘fpaturos. o 4 gy |
| Amonqst the surfage karst Feature: dj scul “win the (_
——fo%%ow+ng——tuct*ons-—are——du++nus—tnd—ktrst—vt1ﬁtyt——5urftca—————‘
geomorpholgqical features from the tropics are distinct ancl'

will be presented in a separate section (6.7.7) on tropical

:'karst. , o . P
6.4.1.Superficial Karst Featurss .

’ The whole complex of microkarst fé?ms that daveldbs on
outcrop surfaceé' or . under' 4 thin moss or s0i1 cover, is
known ‘as Karren or lapies. Karren vary in size from a'few mm
to one to two metres. Karren may develop on limestone in

'«1solation. without development of laroe scale karst

features. They have no significance for undargrOund:mine

o
A

deve lopment .. B .

- 64zoonng;;_r1g§ang_g_g,,§” . )
| Dolin‘l or sink-holes, are closed surface hollows of
ﬁSderate dimensions generally circular or - elliptical in .
plan,- through which water peNchates the bedrock and _where
‘”‘”so1ut1bna1 erosion of the Timestone OCCUPS D¢11nes are the
basic karst form in temperate and northern climates. The
province of Montenegro, YUQoslayia has 64% of its land
surface formeé of dolines. The diffeﬁent types of dolines
.are: solution ,dolines.,glﬁuvfal dolines, solution collapse
®ddlines and collapse.dolines {figure 57).-

LY
o »
- “ £
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vfl'r sbl&tton den ines - ~weter 1qf'lltntes eldﬂcﬂﬁlnts end -
c)auses soyut!oq\ As tne. jainte are enleﬁgened by, golntlolv.l‘it ,{

_asmixtire gf».we‘!thered Hmestone blo&s. residusl ‘so%#nﬂ '

'

‘the- ground sur'face lowers and for,ms a cloeed hollow, e ®.
2 Al
Alluvis) meteriil deposited in the hollou Qids the%corrostve .

_power of the seefling waters The base of the  ho! Tow centetns' =

-« . & S

elluvlal deposits. e . SRR ot |
In alluvipl doltnes. th% *ksrst erosion develops 1ni° |

,1imestone benee'th a thin cover gf rock or unconsolidated

G 54

deposlts A subsidence cone f’orms ,é,n the overlydng materlel

as limestone below the contect s dlssolved ,and removed»

. -~

J

f’ s.Sandstene 1n sou;lh Wales, where solutlon : urs aldng the

"{rregularly round in, form" with the base fllled wt.\ a
)

S Alluvtal dolines rarely develop where' the overburden 1s \

. ‘,'- ?

e greeter than about 12 metres SRR | “ SR o ;g

. R
~ Solution collepse dolines form under larqe thl‘bkne'ss""es
of overbﬂrden Dolres have - developed in: the Pennent-*
upper surface  of lfmestone buried by as fmuc ec 150. metres v
Collapse dollnes occur: by breakthrough of cevesi to the

surface They aré ‘t:hlmey shaped and have steep or vertlcal

walls wtth a large depth to diemeter ratio. They ere ovelror

P> TR . . s ,&J e . .‘ -

Vchaotic mixture of collapsed blocks. - ’ ,_ .;q.w,,.,;;s ,

: Dolines may not }form in arid and sem’r'-xarld cltmates '
because of the rapld surface erosion. In tropiéel Karst'“'
areas’dollnes dewelop 1n a different manner and progress tO
completely d1f~ferent Qeomorphic features -, o

Hith the growth ‘st development of solutlon and f]uvfel
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dolines, larger hollow areas called ‘uvaLas develop, which

<

have 'undulating floors and irregular shapes. Swallow holes.
are drainaae features wqu? can develop independently or in
the bottod of uvalas.‘?hey«;re openings through which .active
streams or rivers. disappearJ underground. Sweeting (1972)
distinguishes three types of swallow holes as those:
a) with little or no topographic expression
(therefbre are recent as they develop faiy1y
rapidly into other forms) |
b) associated with caves |
c) associated with vertical holes or shafts
d) formed in drift or alluvium.
Swallow holes geneﬁall% are not found iﬁ dolines, where
qrainagé is by seepége under the soil céyer and where

solution openings in the limestone are infilled with soil

and rubble.

6.4.3 Karst Valleys
‘ In highly.Karsted terrain, dolines replace valleys as

the surface geomorphological feature that drajns the surface
waters. But in most other karst areas, surface features
reflect a mixture of Karstic and non-karstic processes. The
most important non-karst process in temperate and. tropical
climates is fluvial erosion o% valleys. Bofh processes of
fluvial and karst erosion are able to p:omote' and modify
each other and surface drainage is likely to be

intermittént, disfupted,_widely spéced or absgnt.
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Valleys may take several -<forms 1in a karst terrain.
Allogenic valleys are fhrough Valleys wh}ch cross the entire
karst region and contéin rivers that are large enough not to
disappear underground. They‘aré generally canyon shaped, as
there is strong vertical solution below the river which

assists in sharply incising the allogenic river into the

landscape. Parts of the allogenic valley may be formed by
b

collapse into former underground rivers and in th?se areas
A;tural arches and caverns ar; likely to be found.

Blind valleys and pocket valieys are oniy “half
valleys’, which are developed in either their upper or lower
hdlves, respectively. A blind va]ley forms when a river in a
normal‘lley crossing karst terrain suddenly disappears
underground. A blind wvalley is best developed when water

flows down a hormal valley onto Kkarst limestone and then

disappears, often into a cliff with a cave as the point of

entrance. A pockét valley is formed by a river which issues
from underground, often from caves at the base of a cliff.

Dry valleys, _having no surface flow or only seasonal
flow, are comhon in karst terrain. Many are related to past
drainage systems deve loped in overlying strafa and
subsequently cut down into'Karsting Limestone.

In established normal valleys, swa]lo& holes may
develop because of the added solutional capability offered
by thicker soil cover and large volumes of percolating

water.
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Cavegware 1n1t1ated along those joints having greater
hydraulic gradient and larger initial opening, so that only
a few of the original fractures of a .Timesféne mass will
become enlarged\into caves. [f discharge tHrough a joint is
suff;cient. turbrlent flow and-mixing of - different waters
can occur,' aTlowing the powerful solution by mixture
~ corrosion (section 6.2.1). Five mm‘{s‘consideredvby Jennings
as the threshold of cave development because at that size
turbulent flow is stSiB}e. Suggestions as to the actual
process initiating dissolut%on‘a]ongwé joint and growth into
caves include preferential solution around sulfide minerals,
oxidation by bacteria or mixture corrosion.

Formation of caveél'deep in the eafth can be partly .
attributed to mixture corrosion, resulting from mixing at
depths of !U1fferent karst waters, and partly to increase in
hydrostat1c pressure which allows greater carbon dioxide
content and‘ increased corrosive power of Kkarst water at
depth. | |

Renault (1960) also add§ temperature fluctuations as a
process aiding in deep solution in temperate climates. In
winter the cold surface water dissolves calcite which it
precipit;tes at lower and warmer depths. With precipitation
and deeper penetration the water- again becomes aggreSSive.

Mixing .of seasonal wateqs of differing temperatures can also

result in mixture corrosion, according to Bogli.
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Some factors = which. influence the formatiaﬁ\ and

development of caves are: o \

1) the form of the primary capillary
2) the petrologicél and chemical characteristics
" w the limestone |
.“3)_;structure of the limestone -'"dipzﬂjointing.
" bedding, faults
4) the. type and amount of water filow through the
rock (whether' it is forced flow - phreatic, or
‘free flow - vadose) | v
‘ 5) regional physiography of the area
6) history of the cave
7) climate and past climatic variations
8) influence of cave deposits. /
The most jmportant of these features are the ’character of
the 'qimestone, the  type of water flow, the regional
physiography and the ciimaie} According to Sweeting (19%2).
caves do not form at 'a particular stage - of Karst
development, but only whe@ conditions _thcﬁ 'favor their
deve1bphentr exist. Karsts can exist Wig?out caves. Caves
often are strongly cohtrolied byf%%rUcture sqghvas beddihgi'

jointing, faulting and folding.

6.6 Karst Hydrology
There is still dispute as to the mode of formation of -

caves. The watertable and the channel flow theories are

dominant. Four vertical hydrodynamic zones of karst water
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can be distinguished (figure 58) .

\

a. the zone of aeration - water percolates downward;
perched water tables may result ‘

b. the zone of seasonal fluctuation - thke ;one‘ of
transition between the zones of aeration and full

_ saturation

cs‘,Ihe zone of full saturation - drainage is governed’

by the local drainage network

'dw the zone of deep c1rcu1ation - groundwater is not
influenced by local drainage; water movement is very

slow. o ’ | '
A mature Kkarst hydroggolqu'hag;manyyindgpendénf and
complicated net-1ike systems of passéées'and chambérs. Where
free intercommunication is not éstaplighgp between flow
netWorKs, there may be no common watertable. In the.
degenerate s{;ge of JKarst rhydrogeologyu‘thefrock becomes
riddled with passages and a stable water thble 4w111 be_

developed.

6.7 Classification of Karst

Historically there has been much disquséion concerning
- the class1f1cat\pn of Karst. Possible mefhods involve
structure,' climate, or’ the relat1on of the featunes;to
overlYing‘ materials and the earth’s surface. Thev many
factof§' influencing karst development make classification
diffiéu1t Much emphas1s was inappropriately placed on the

evothion of Kkarst landforms. because researchers accepted
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the cyclic theory that vo%e landform or one type of Kkarst A;
always progresses to a more mature type. Karst researchers
in central and western Europe have emphasizeg the
classification of Kkarst ' solely oo climate, - whereas
researchers in other parts of the world have also considered

__other. factors 1n tbeinwsystems_oi_sclassification_m(such a8

bedrock structure and physiography) .

6.7.1 Classification Systems

The system of classifkfation according to structure

divides karst into Mountain karst, ghich develops  in
.structurally‘ and topographicallyl deformed regions, and
Lowland Karst, which forms 'in plains where st:etigraphic
dips'afe small and reguJar. This method of classification is
not able to account for the great variability of Kkarst
forms. . f‘ d k

| "Classificatioh according' to relation to the earth’s
surface and to climate are discussed in 6.7.2 .and 6.7.3.

Other, rare types of karst such as pseudo karst and thermal

Karst are generally class1f1ed as ‘exotic’.

6.7.2 Classification By Relation to the Earth“g,Surface

Types of karst in this system are: 1) bare karst 2)
covered karst 3) interstratal Karst and 4) fossil karst.

,'The' term ‘bare karst’ was used by eably Karst

4 researchers to describe some Karst tecrains in southeastern

I3 . ‘ ) &
Europe where there is little or no soil cover. However these
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.;karsts were not. developEd under, bare surf ce; the land

. surface is now bpre becayse ef clima ic changes nd cultural

?
impact. Use o# ‘the term bare karst‘ n Europe is not valwd

Covered Karst 1ncludes a wide ar1ety of Karst types

developed in rock coveredrby soil, unc \solwdated mater)al,

Kl

_or thin.non-karstic_rock overburden. .-

Interstratal karst develops in ]imestone‘covered by
thiek non-carbonate strata - and ihvolves both the 1limestone
and the . overlying strata. Sur face features developed are
mostly solution collapse dolines.

In New.MeXico there has been interstratal Karsiing fn
limestone under. 100 metres of sandstone. Collapse hollows
with eteep sides{'whjch occur on the sandstone surface, are
often filled with alluvium and are frequently the site of
power ful springs;‘CracKs and f{ssures oecur‘in the subsiding‘

sandstone. At another location in New Mexico, collapse

‘hollows ' form1ng deep Jlakes occur in thick sandstones

ﬁj&brly1ng gypsum and limestone at depth. .

Fossf% Karst is karst from an ear11er geolog1cal time

that has'ﬂ‘en ]afbr .covered by sediments. Fossil. Kkarst may

jexposed or"it may st111 be covered by
overburdérg #hion of large karst depressions in Poland
took'~plac§ o ‘ Tertiary - when the climate was hot and

Mscapes .are often connected

wl}h baqiite,lj'#' ; Faance, gontenegro and Greece In
Hungary, a fossi! 'ﬁounr a%rst,fis -partly covered with

bauxite. _ & %
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6.7.3 Modified élaggification According to Climate
Sweeting (1972) states:
"Sjnce there are numerous interacting causes, any
one may override the influence of climate and give
. rise to a different type than that ;xpected on a
-~ climatic basis." - — ‘
Also, climate itself has changed greatly since Tertiary and
Quatérnary times. Classification on a climatic basis is the
most useful, but one must expect many variagions in land
forms introduced by other. factors. The type of karst
considered 'in this classification are: 1) holokarst 2)
fluviokarst 3) glacial and nival. karst and 4) tropical

karst.

f .
6.7.4 Holokarst

Holokarst is a pure Kafst. where other erosional
processes are of minor importance. -Holokarst is best
de&elqa.d on the Dinarié coast of Yugoslavia. The landscipe
is a succession of funnel shaped dolines from a . few metres
to over 100 metnés in depth: separated by conical hills with
“.slopes“of 20" - 30" . The limestorie is more than 4,000 metres
thick, mountains are 2,000 metres high,.and rainfall is more
fhaﬁ 2;566 mm per yéarw There are no. surface streams'and no
riVerfforméd features. Water c1rculat1on is very deep and
caverns that will never be d1scovered probably exist at.
great depth Glast1c bggs are lacking and as a result there

is no fluvial material ,and no development of surface
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drainage.

6.7.5 Fluviokarst

. Fluviokarst is formed by a Cmeination of fluvial and
Karsf processes. Fluviokarst areaS have allogenic rivers and
are -therefore more’ q?mpartmenta1ized' into blocks.  The
vertical and lateral extent of the lihgstone is less than in
holokarst and there is less opportunity for development of
deep circulation cﬁrrespeétive of the hydraulic base level.
Because of the presence of clastic sedimentary strata,
fluvial erosional processes are encouraged, and normal river
valleys are common, in addition to dry and partially
developed valleys. » )

Eluvibkarét has extensive caves, which tend to form at
¥he junction of. the Kkarsted 1imestone with the less
permeable, non-carbonate strata. gaves are associated with
the development of allogenic riers and thus are ofteg
arranged. in a..series of leVelswrelated to fluvial erosion
stages. Caves aré large énd may have collapse features when
"near the isurface . Fluviokarst has - thfck soil horizons

developed on the fluvial depositsr originating from the

non-carbonate strata. ..

6.7.6 Glaciokarst and Nival Karst |
These types of karst‘are'pnéducea by the karst action
of melting snow and glaciers combined with glacial erosion

processes. They occur in glacial and perig1acié&\areas of
/:. . :
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the qrctf& or high mountains. |
o Nival Karst, which results from melting snow, often
forms dolines. Glacial scour and glacial erosion is the main
non-karst prééess in. glaciokarst and .glacial debris is
abundant . Caves and:vertical chasms are characteristic of
'glaéiokarSt.' " One Atypé 6f karst develqpéd; }nv‘combiété-
permafrost that is found in Greenland, the Canadian Arg}jc
Islands and some other arctic locations, has no underground
circulation aqp’ no caves. HKarst features exhibited are
méinly micro—KarFen. In discontinuous permafrost areas,
there can be some underground circu1§tion and 5 few small
caves may déveWop. | iy,

6.7.7 Trobical Karst

3\

fropical Karst appears geometrically to be an invérted
form of temperate ki rst because isolated towers and
coﬁe-shaped hiils_tend to_bé‘superimposed on the flat plane

formed by the Tow térrain between the uplands. Corrosion’ is

mainly near the SUfface below the flat alluvial lowlaqu'or
swamps. Rapid evaporalion and precipitation in the upla;dg

cause case-hardenifig of the remanent hi]fs so‘fhat'a hard
.crust forhs‘on their tops to paﬁtially grotect‘ them from
actiJé karst erosion.

Soiutipn fufrb&§.10-hetres deep are common in tfopical

" Karst but corrosion at’deptﬁ'is less common and deep caves
are rarely vfound. The seasbﬁél femperature changes.in the

- atmosphere and the groundwater aré small and offer less

EY
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possibility of mixing of differing groundwaters and hence
mixture corrosion at deth is less likely. Also,
redeposi;ion'of calcium carbonate tends to seal . joints and
prevent entry of %?ters deep into the earth; Caves are small

and tend to be networks of small tunnels}_'Large. caves are

mainly due to erosion by allogenic rivers near the-surfacdd

1y
4

Tropical. karsting has several distinct features
assocfated with the high. biological and ‘vegetational
actjvity.' Because fhe tropical waters are warm, they'
d{ssolve limesioneﬁﬁmore rapidly but are also rapidly
saturated with CaC03 and caicite is redeposited. Large
concretionary stalactites' and stalagmites are ‘therefore .
common. Because °of rapid solution and redeposition, the
amounts of CaC03 carriqdiﬁn the water - and its pH varies
quickly. S | N
- Thick soil horizons with abundant tropical vegetation
develop io the tropicaT climate, and rivers flow on the
ground surface, so that .fluvial erosion is 'important.
Solution is controlled by bacteria and other micro~organisﬁs
which accelerate corrosion " beneath the broad ‘sﬁampy
floodplains, or beneafh the floors of. undulat1ng hummocKy'
areas. Knewn as"cockpits’ Thus corros1on takes place near
- surface and develops laterally A1l of these processes tend -
vto dissect the Karst - areas 1nto 1so]ated mounds or towers'
and pinnacles (inselbergs) separated by ‘swamps  or slow
moving . rivers. However_ in trbp1cal and subtroplcal desert d

"areas,~rapidirunoff creates gulleys and closed hollows 'are

o

N
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uncommon. A calcrete, or calicne. forms on the surface of

the limestone.

)

Tropical karst can be divided into two types:

1) Cone Karst (kedelkanst) - develops cones and
‘“;“4~-~~hummocky~aneas.~and—~~rmwww»w~41!ww-~»;f"~-w§_~»
; 2) Tower Karst (Turmkarét) - develops towers and
' pinnacles} | |

| Cone Kkarst forms rounded hills, which are often 100 to
i30 metngs high and up to onelkilometre' in diameterf Cone
Karst haé developéd in Yunnan, China on a limqétone seguence
cont inuous from the-Protérg;oié to the Quaternary.' Lack of
symmetry noted in cone karst may be duq‘ to ;bedrock
structures or may even be due lto. variable amountg. of .
rainfall c565€éd' onto  one side of the hills by " the
 prevailing winds. . '
| Jower Karst develops where alluvial depésition is rapid
- and flat f]oodltplains are formed. \Tng“ water table is
".ggnerally jusi~at the base of the towers, where Springs"
__issue and conapseucaverns and undermining of siopes often
occurs. There is little corrosion in the hills because of
"surficial case hardening} but much at tneir base and bél@w‘
the alluvial plane. The 10weringlof the plains ishlimited'by
‘the water base'level.iTné extensivg7tnwer Karstfdeveloped~in'
Yunnan-Kweichow was assisted by tectonic ublift associated
| with> the Hiha}ayan drogeny.>&t is bossib]e for -cone ‘Karst

and tower Karst to grade into one another.
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§é§¢ﬂg rsting and the Waterways formation _
Threg effects of Karstﬂng in the Waterways Formation
can be distinguished

1) Regular subsidence

S 2) "‘rliés“sfﬁié collapse

3) Formatign of cone karst (fossil, buried Karst
with effects mainly on the ancient erosionql
surface) . ' | ‘ ; ’

Regular subsidence bf Uaterwaysi FArmation strata is
believed to be due to solution and removal of salt from the
Prairie Evaporite Formation. Salt removal has been inferred
from drilling - data, and gentle folding of Waterways
ForMatTon strata into basin and dome structures obsérved in |
outcrop. sugoests widespread ‘subs idence. b

4

Massive collapse of strata into solpt1on collapse holes

_and large ceverns formed by salt solution has occurred (a
conceptual diagram :is ‘shown in figure'59) Large collapse
zones can be as extensive as the B1tumount Basin which is 15
'Kllometres in dlameter. There are also’ small depressions in

- the Devonian -surface which' are assumeﬂ to be solution
collapse dolines (collapse holes). Near the Devonian

Py uncohformit* these holes have been . filled with coa;:e
\McMurrey sediments or, in one case, w1th glac1al trll; These
collaps; holes would be difficult to detect and: avoid during
mining because of their small size. |

Dnej small collapse hole encountered during dr1ll1ng by

Suncor was less than 50 metres across and contained sandy
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fi1l to a depth of at least 50 metres. lnvegtigators whe'
have encountered holes of siu\vﬁr dimensions have concﬁudéd
that wallls .are @arly vertical.‘Gor\pel (1976, page 67,73)7 ; b
suggests it salt solution and deve lopment of colla’ps&
s-t_nﬁéfﬁ'r‘eé"ﬁih”aﬁfi_n‘g’"fﬁ‘emﬁaﬁ; Period and is stiTlT

‘continuing,: and  that kar‘st-hke t@ggraphy on - tlhe ,
present- day surfate seems more widespread to the east qf the
\dethabascd River. Drilling has shown ' that solution “has
removed nearly a\l salt from the Prairie Evapor‘lte FOr*t;mtfbn
to the east of. the‘Athabasca River but only par)iall? to. ghe
west (gee cross- sechon figure 3). # = _.-,;j;,,ﬁ,
. - The extent of a buried cone karst on the aneign(
er'os.ional surfa'ce of the Waferways Formation is unknown:;‘Qne' o
occurrence of pdsible cone karst has been reported from ¢
'outcrops of platy micrite Hmestone of the Christ;,na Member
near the mouth of the Chrfstina River (M. -Dusseault, PhD "
'The51s. Univers1ty of Alberta. 197:{). Kar-st domes (somet imes
capped with red paleosol) . are separafed by non-fluv'iaily -
eroded .channels. with a max1mum depth of 7.5 metres. The
channels or chimneys were filled with coarse clastft:s a‘hd ®
arginaceous sands of the basal McMurray Formation, It e .
not possible to pr‘edlct how deep the channels extend beneath o
the Devonian surface. 7.5 metres may be a max {mum, although |
groundwater level during the time of formation probably
determined this. Another possible occurrence of cone Karst
in an outcrop oflaterway/s’- Formation along . the Steepbank
~River hgs been reported (Flach, pers@nal communication,
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Sepfember. 1979). The descriptions of the Devonian erosional
surfage by Martin and dJamin (1963) are similar to
| d%scriptions of some cone karsts, with broga domes about one
Kilometre aCEbss wifh ampiitudes of 100 metres and low dips
of 5° - 25°, | |

The lack of concrete evidence thus far df other karst
procesées may indiéate their absence; their existence can
only be ascqythiﬁed wjth further exploration. The most
}imporf nt kasf} process for underground mining, as has been
stated, is cav;\}ormatioq.

Cave formation in Upper Devonian limestones in the
Athabasca 0il1 Sands region is entirely specula;i&e. No
evidence has been éncountered other than sand-filled
fraétures four ém wide in core, near the upper contact of
the Woodbend Formation (see section 4.2.5). Tropical
- Karsting of éxpo§ed limestones ering Devonian time may have
occurred, but cave fbrmation is not a prominent feature of
tropical Karst:' Caves might have been formed in the
Waterways"Formatjon’ as a result of interstratal karsting
below. i

In regafds to Karsting of Waterways Forméfion strata,
| some comments can be made concerning lithology and climatic
and tectonic history since late Devonian time. TRe overall
“high ‘content of clay in all members of the Formation would
mifigate égainst karst development. The cléy residue would
block ehlarged joints and channelways very soon after their

initiation and prevent effective interconnected flow of
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water. The high clay content of most layers would mitigate
against 1initiation of dissolution. Only Massive Crystalline
Limestqpe has less than 10%¥ non-carbonate minerals and a
well jointed system to channel possible corrosive waters
through the rock. In most cases these layers are not fthick
(2 to 37 hetre§)7 The slow déwnwérd bercolatién of»;ﬁrface
waters through layerfh of varying clay content would be
unsatisfactory for development of caves; redeposition at
deeper levels 'of dissolved calcite coUld “likely ‘result
because of altering groundwater chemistry‘during its siow .
passage through the Formation. : ‘ ‘
. Climatic and tectonic chandes haQe been dramatic in the
315 million years since the deposition of the Waterway§
sediments. Epeirogenic uplift of these sediments above sea
level in the Pennsylvanian (315 million years ago) and agajh
in the Early Tertiary (60. million yéaﬁs_ ago) would have
brought about the flow through the Formation of
surface4recharged grdundwater and the ability to be Karst
eroded. Uplift since the depoSition,of Cretaceous>sed1ments
resulted in a' situation ”essentially . unchanged today:
argillaceous 1imestones overlying more easily karsted
- evaporites. Direct Karsting " of. Waterways Formation
limestones ° is not visualized \to have occurred in this
period.

In the Pennsylvanian throUgh Jurassic, duriﬁg-the first

period of wuplift, the Devonian strata were above sea level

and were fluvially eroded. During this period. of exposure
. 1
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there was some tropical karsting on the surface of the
.Formation (Dusseault, 1877). Although Karsting may also have
occurred within the Formation, it would have been competing
(as ai present) with the more easily Karsted, underlying

evaporites.

| Littfe can‘bé said of:‘bjimatic infiuéhce Voﬁ” ancient
Karsting oﬁ the‘Waterways Formation. Climate‘wouid have had
little effect on interstratal karstfng. The climate during
the Pennsylvanfan-durassic period of exposure was tropical.
This fact is éomplementary to .the existence of a tropical
cone Karst. Also complementary to tropical Karst fs the lack
of evidénce of caves. Concreté evidéhce concerning caves can
only be obtained by field investigation such as suggested in

chapter eight.



7. .THE GROUNDWATEﬁ REGIME

7.1 Groungwgter Flow:§y§tens |

The very Iarge} volume of rock in the Athabasca 01
Sands‘region,precludes detailed.conclusions concerning the
hydrogeo logy ot the entireﬁ“sedimentary sequence in this
large area. No groundwaterAinvestigations were undertaKen in
this study. Groundwater investigations have been conducted
by the Research Council of Alberta (Hackbarth 1977 and 1978,
Hackbarth and Nastassa in prep.) /and the 0il Sands
Environmental Study Group (aorrel, 1976). The Alberta
Research: Council is continuing its groundwater studies and -
is maintaining a'groundwater well observation system (RCA
1976, 1977, plus yearly updates). The ERCB co]lects Vimi ted
i‘data on groundwater conditions prov1ded by private companies
vabout- completed exploration wells " Several private
groundwater studies of 1nd1v1dual Oileand ieases have been
conducted hy lease-holding companies. but these often do‘not,
have much data on.the Devonian groundwater?'systems. Gorrel
(1976) emphasizes the small amount ofidata‘hy noting -that of
the more than 3,000 oil sand exploration and..evaiuation
holes' drilled by member companies of the 0il . Sands
Env1ronmental Study Group, less than one percent penetrated o
Devonian strata far enough to provide geological, or
hydrogeological 1nformat1on | |

A framework for the groundwater regime was prov1ded by -

Hackbarth (1977), who proposed that regional groundwater

1152
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flow occurs in three flow systems whose/boundabies coincide
with Stratigbaphjc' divisions. As shown in figure 60, these
systems: occur above ‘the Precambrian strata, which are

considered the groundwater basement, and comprise:

1. “Cretaceous System “-  0il Sands, 'sandstones and thaﬁes;‘“”'

"and surficial deposits
2. ppper Devonian System -'limestOne,\shaly limestone and
' shale | |
3. Middle Devonian: System - 1iméétone§,,‘ev§porites and
shales. . |
Hackbar th summarizeé ~the groundwater fiow as being

mainly horizontal in the_Cretaceous system, with discharge

‘info the major rivers and recharge in the upland areas. Flow.

in the preh and Middle Devonian systems is postulated by
Hackbarth to beléontro1led by agnajof fau]t'paralle1‘§o the

Nihabasca River. The féult'“permits ~the flow of Méthy

Formation water to the earth’'s surface and.,genératés',deep~

“flow towards the fault frOm'east_and'wgst ofAtheAAfhabasca
River. Away from the/Athapascé Rivgr; flow in the Devonian
strata is assumed to be hqrizbntal.. o '

"~ Mine G devélopment in the Upper Devonian Waterways
Formatiohhis.primarfly conéerned’witﬁ fgroundwatér fiow‘ in

the Upper Devonian System, although possible interconnection

~with the other two systems must be invesfigatedﬁ_RecbVery of

bitumen from the overlying McMurray Fohmation WOuld require

intensive study of the Cretaceous groundwater system.
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Z;éﬁzroundwater Flow in the Upper Devonian System

The 'Upper Devonian Sysféﬁ is-composed of the Waterways
Formation and the stratigraphically higher .WOodbend 'Group.‘
These sfbata are lifhologically similar and are all
~generally low in permeability (average<i0 .cm per = second,
}Hqckbarth 1978). According to Hackbarthﬂ-theéhydraulic headsJ
in’ the Cretaceoué ~System are every&here léss vthan
hydrostatic due. to‘ strongly horizontal fldw 1n“ thé.
Horizonﬁal strata. The‘occurrence of ‘hydraulic heads that
afe ( greafér " than ‘hydrdstatic in ‘the Methy Formation
therefdre\ipdicates'fhat a hydraulid grad#ent Qdcdrsfthnough
thev Waterways Formation and this . is consistent with thé
upward flow of salt springs from the Methy Formation.

The ability of the ‘Waterways . Formation to _trénsmit
watef may 'be 9m0ch 'higherb in somé»'locatidns‘beéguse of
‘Karsting; The three karst or karst related 'processeSi that
ﬁéVe océurrqd ih_»the Formation' ' detailed in chapter 6
'(section 6.9) are: regular §ubsidehce3 massive collapse and
formation of cone~Karst.v | | | :

Regulaf .subsidence" has caused flexurd of Waterwa§§
qumétion,strata‘and opehing of jo}nts‘og ¢reat19n iof ‘ﬁew_
ffaétubes., THe ‘measured lqw ’transmissfvify values of4tﬁev
Formation likely reflect the low porosity "of 'the rocks.
vTraﬁsmisszity through joints, increased as a result of
regular subsidehée.~could bé muéh higher than the méasured'

values.
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Massive-collapse would have eaused extreme. Fracturing
and greatly increased transmissivtty of Naterways Formation
strata and a risk of hydrdulic connection to the highly
saline waters of the Methy and/or La Loche Format1ons below ‘
“These " two Tower format1ons can be very permeab]e and are
known to contain h1ghly saline waters wh1ch have been
reported as under’ suff1c1ent hydraul1c head to flow to 'the
surface “from dr111 holes (Carr1gy 1959) Saline springs in
the Athabasca River valley indicate that a fracture system -
through the Waterwaysr Formation permits tne fldw of Methv
waters to the surface (Gorrel, 4976 page‘GS).

Cone karst topograpnv and weathering on the upper
surface of the Upper Devonian Ilimestones could alter
groundwater“flows along the Devonian/Oil Sands contact‘
Karst erosion below former lowland areas could result in a
hor izon of h1gh permeab111ty 'and‘ facn]jtate lateralx
trarfsmission of groundwater. ' Tunnel-shaped caves, :wHtEh'
‘occurwin} tropical karsts near the ‘bases of tewené_ or .
remanent uplands, could ‘result in /tocal high lateral
transmiss1on T | | | \

: - The poss1ble format1on of" caves 1n the Formaﬁlon is thei-
most catastrophic’ danger for underground m1ne development

Karst format1on of caverns conta;n1ng pressunized nger,
.could result in dangerously h1gh water flows 'tntd %tne
openings. . The ex1stence of caverns 1s only Speculat1ve and"
the posstb111ty of 1ntersecting a water-filled cavern dur1ng,'

tunnelingfvmay.'be remote, butfthe size,'location and nature,:‘
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of caverns wou 1d have to be determ1ned and their dra1nage

undertaken or tunnel detours made .

7.3 Mutual lmgggttg£“Minin§ﬂgggﬁGroundwater_AJ.

Thedgeneralty low permeahility of ,Waterways':Formation
and relatively low hydraulic gradients will result in low
groundwater flows' into excavations in thesehf strata
Localized zones of h1gh permeab111ty such as those noted in
sect1on 7.2, could result 'in h1gh water 1nflows from be 1ow
- (Methy Format1on). from above (basal water sands of-the
‘tMcMurraynFormation) or - from caverns within the Waterways
'Formation (figure 61) | |

Areas in whlch subsidence and fractur1ng of Waterways
_Format1on strata has occurred may be so w1despread as to. be
unavo1dab1e vdur1ng mining. Indeed, a]l outcrop areas
, examined show evjdenoe of gentle folding .(platel 1). The
Ahingrease in.;hydraUIic Atransmissivity of a fractured_rock'“
- mass ‘is not known,.butlincreased pumping requirements forv
mine drainage would result. ’vThe qua1ity’?of mine waters
resu\t1ng from inter- system flow through fracture }networks

1n generaﬁ\\would not be an. env1ronmental pgoblem The only

' -format1ons Known to- conta1n highly sa11ne waters are .the't'

deeply burled Lower Devoman Methy and La Loche Format1ons

Highly saline. water from the Methy Format1on (200, 000 ppm
ch]or1de Vin’,.one- sample, Carr1gy, 1959) could .enter

excavat1ons in the Waterways Formation in faulted areas ‘and

present \env1ronmenta1 problems for d1sposa1. ;Hackharth
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estimates that the total dissolved solids in the Waterways
Formation should not be more than 10,000 mg per litre _over
most of the region Bitumen recovery projects which inwolve
Vndrainage_ofgthe McMurrayrFormation or lowering of the water
table in the Cretaceous strata could enhance'the hydraulic
gradient.between the salt-rich formations(at depth and the
working levels, and increase the upward flow of saiine
waters intoihear sur face groundwaters and mine openings.

The Devonian strata generaliy act' as a hydrological
‘,basement for local flow in the Cretaceous system. “however
l.downward flow of groundwater from the Cretaceous system into

the Upper Devonian is a possible result of mine act1v1ty.
pThe basal water sand zone of the McMurray Formation- common]y_
occurs as a water saturated aqu1fer up to 15 metres ‘thick,
with piezometric pressures equal to or greater than pressure
in  the surrounding 0il. = Sands. Intersection of
waterfsaturated sands in openings, or by - hydrauiic 2
connection, to them by either drill ‘holes or excavations.
couid result in large flows of water into mine openings
Hydrauiic conduct1v1ties of. the basal water sand can be

4

- higher »than 1d1 cm per second, vwhereas the ’average
conductivity of thechMurray Formation is”approximately‘iﬁff
r:cm per second (HaéKb;rth 1978) o |
: Pre- drainage of the McMurray Formation during mining
extraction of Oil Sands wouldxgreatly aiter‘the,distribution-
of fiuid potential © 8O that groundwater from surrounding:
‘areas of Cretaceous strata';would dischargevinto}a mining

Y
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location. ' : - .
&
The 1n3ect1on of hot steam or chem1cals to m0b111ze the ¢

bitumen during in- s1tu extraction would place a maJor stress

on‘ the hydrogeolog1ca1 enywronment (Gorrg]gﬂﬁpage 25).\

1nclud1ng }alter1ng groundwater flow ,vpatté s,® thermal

pollution, pollution - of acquifersrpy ofl or chémical rich
waters, and piping or blowouts to 'fhef‘s,ur'face~ where
overgahdeﬁ thickness is insufficient. In addition,

permeability will increase as bitumen is removed '~ and

‘numerical techniques would be needed to analyse .the

groundwater flow in the transient system.



8. EXCAVATION AND SUPPORT IN THE WATERWAYS FORMATIDN
Excavation in the Waterwayb i Formation requires

knowledge of the rock-mass and its! enVironment. Previous

 chapters have prov1ded information'mon"thé‘ gébtéihhiéai“““'""'

properties of ‘the rock mass. This chapter summar izes
available information and makes preliminary COnc1u51onsi
concerning excavation methods and ground control (sections
8.5 and 8.6). | | _
Section' 8. 2 considers bosSible' Virgin earth strese
-conditions The spec1fic geometric and strength propertiesr
of’ the Waterways Formation descr1bed in detail in chapters
3,»4 and 5 are utilized in three w1dely,‘recognized rock
mechanics classification systems,(section,BPS)“to,providevan
‘initiai estimate of likely \ground : conditions ' Mining
experience .in limestone of similar character is rev1ewed in
“section 8. 4 Based on this 1nformation about ground stress~
.and ground behavior, ~and. on some applicable experience,
.{section 8.6 identifies potential ground problems ’ and
possible methods of control."Section.8.7 describes tooice-

rrequiringdfurther study;

-—————————————.——-—_——————-—m——————

Neither this study nor prev1ous stud1es were 1ntended o

-to be suff1c1ently comprehen31ve for “the de51gn of -a
specific project. Much of the; information 'prov1ded can,

1however; be applied to spe01fic 31tes This report can be

122° *
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used to assess reg1onal regional factors that could affect

excavat1ons and as a basis of compar1$on or a po1nt of

departure for deta1led and s1te speciflc stud1es + A site |

'.spec1f1cu_study for - the " purpose of de51gn1ng developmentsz e

and/or productlon open1ngs ‘in the Waterways Formation or

' other ‘Devon1an Format1ons. would require a:-detalledv

investigation of six primary rock .mechanics fadctors as

follows:

1) large scale ~ geological structure “including -

geometry of the McMurray /Devonian unconformity

#
2) small and/or'erratic geological structures
3) groundwater flow and pressures in the“Devonian

"~ and " in the basal McMurray 011 Sands, 1nclud1ng

drainage patterns ~along. the McMurray/Devonlan

~
.-

unconform1ty
4) rock d1scont1nu1t1es | '_; L L

5)';l1thologles and 1ntact rock strengths

6) depth of anc1ent | weather1ng -beloﬁ\\gthe

'McMurray/Devon1an unconform1ty

Large scale structures 1nclude geolog1c contacts (i.ei

‘v’top -of Uevon1an ), large faults; d1p of strata‘and folds.

‘fav01ded during excavat1on or.to,be cons1déred.1n theuoverallr

vdesign,ﬁ'layout and -~ selection of:"min ng. “and g support_

. - -

techniduess

Geological ‘structures such as Karst caverns, collapse

'holes and small faults are d1ff1cult to locate because jof'

1

-gAnLocatwng these structures prec1sely WIll pllow “them . to be-kw
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vtheir restricted siie and unpredictable occurrence.- The
magni tude and extent , of such features .and possible

difficulties and dangers associated with tunneling through

o ‘“_them"wouid “+have to bE" assessed for i eacr'r‘sft"e‘ e o

'Grouhdwater problems in mining can be serious. The
locatwons -of acquifers above the working levél(s) and their
transmissivity. must be known. Mine development and future

‘bitumen extraction operations could'have»detrimental effects
on' the groundwater regime by.'for‘example pre-drainage of
acquifers which wou 1d alter regional flow patterns and lower
near - -sur face groundwater levels.

The pattern of rock discontinu1ty systems must also be

’ stud1ed 1nc]ud1ng their number, orientation, location anq
phys1cal. properties. The various ltthologies to be
.encouhtered their locations, thlcknesses. intact strengths

and weathering prof1les must be known.

g_g In-Situ §tg£g of Stress | B '
.VJrg1n stress magnitudes and orientations are pot Known
~in  the Waterways Fermation' Hydrofracturinép'experiments-
performed by o1]*compan1es have prov1ded stress measurements
in the McMurray_Format1on Hydrofractu ing of the 0il1 Sands
requires ‘knowledge of yirgjn : stresses both for correct
<atfgnment of;tnduced fracteneS' and for control _ef >thei%;
initiation, growth, maintenance, and limitation to the\
des1red strat1graph1c hor1zons Hydrofracturieg tests aﬁbf}

’ other ev1dence from the McMurray Format1on indicate that
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. high hbrizont"~siress does exist in these strata. Brooker,

A ‘ ' . . _
1974 estimates that.horizontal stress .can be three times

vertical stress at.relafiyely shaliow'debths in the open-pit

011 Sands mines. However, virgin .stress fields may differ

’

between the McMurray and the Waterways Formations. Princibai

stresses in the Waterways Formation are ~expected to be
oriented vertically and hgrié;ntally on a regional scalé_(oh
perhaps brthogohal fo regionai bedding which is néar
/horizontal),'as.there have been no major geologically-recent
tecfgﬁic events in the area. -~ |
The vertical principal stress under ~coﬁditions Qf no
active or remanent tectonic stress may be calculated as that

‘stress résulting from overbufden weight, and would increasé '

/lineérly with depth. Areas ﬁhere stratd are subsiding into

solution.cévities may have a §§gnjficanfly ‘lower vertical:-
stress. Prediction of horizontal stresses in subsiding

strata is not possible because of variable and unkqo&h

‘bouqdary confinement conditions. Vifgin'horizontaI.principal

. stresses in the absence of active or remanent vertical

stresses may be estimated by calculation from the following |

',equation: | ,
OTh = KIv B <
Poisson’s Number, K,m}slfound_using Poissoﬁ’s'Ratio by:
- o . K= .fg» . /
Laboratory 3a]ﬁes of- were detprhined (section 5.3.9) and

from these an estimate of Pqiséon’s Ratio for the whole

formation can -be made. A field value of Poisson’s Ratio of -
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0.3 to 0.4 is assumed for the jointed Waterways Formation.

Normal horizontal stress would therefore be from 0.43 to

J0.67 times vertical ﬁ‘ress.

There is the possibility of remanent excess horizontal
stress in the Waterways Formation resulting from one or more
of the following:

1. Previous rock overburden. Sproule (1951) has estimated
that 900 metres of sediments were eroded éince tﬁe Upper

‘Cretaceous. | |

2. Glacial loading. This was much more recent. Maximum‘ice
thickness was és much as 3,000 metres;

3. Horiiontal tectéﬁic sfresses active during the Laramide
Orogeny (50 to 60 million Xeah; ago). Babcock (1975)
suggests that Laramide stresses‘may have formed one of
the two joint systems in thé Watérways Formation.

High  unconfined stress tends to dissipate over long periods

of tige by relaxatioﬁ.but large horizontal stresses are.

‘ﬁevertheless, often measured in near-surface strata, most

'character1st1¢al1y in cont1nenta1 sh1eld " tectonic settings

'~ and #n folded mountain belts. Therefore it is unlikely that

32’5"..,, 3y

~high hor1zpntal virgin stresses éxist in the Waterways

Formati&ﬁz C1cumstant1al evidence support1ng this view is
the fact that the expgfed waterways‘Formatlon strata forming

the floor of the Suncor open.p1t mine have not buckled or

heaved.'Hoﬁever,‘this doés not eliminate conclusively the

poSsibilit§ of high horizontal stﬁgss in Waterways Formation

" strata distant from valleys (the Suncor mine is adjacent to -
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the Athabasca River valley) or more déeply buried.

If it is éssumed that Laramide tectonic stresses are
acting in the Waterways Formation, then the maximum
principal horizontal stress will be - oriented
nor theast-southwest (parallel to direction of shortening of
the Roéky Mountains)” and the minimum principal stress
nor thwest-southeast. If magnitudes of the maximum and

-minimum principal stresses were greatly different’, then roof
stability may be improved by alignment of openings parallel
to tHe direction of maximum horizontal stress to preveﬁt
buckling failure, or perpendicular in order to Knit together

a loose, jointed roof.

8.3 Rock Mechanics Classification

A number of investigators have related rock behavior in
“underground excavations to combined propertiés of the intact
rock, characteristics of discont{huities, in-situ stress and
groundwater conditions by means of rock,classifiéation. This
section considers the rock meqhanics classification systems
of ‘Barton. Bieniawski and Laubscher and using data obtained
in this study classifies the following groups of Waterways
Formation rocks: |
1. Massive Limestone
2. Nodular L imes tone g

3. Shaly Limestone.
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The classification\system develioped by Barton, Lien and

Lunde (1975) is most applicable to rock’ tunnels and large

permanent mine openings, while the other two .systems"are

mining oriented. Each of the systems attempts to quantify"

rock-mass characteristics ‘as(ta ‘means to determ1ne an

approx1mate overa]l rock-mass qua11tyh:The qua11ty index can |
be used variously to estimate unsupported “spag,

pressures, stand-up time or support requirements.

support

system determines rock quality, Q, accord1ng to the formula:

RQD*Jr*Jw
dn*da*SRF

The six parameters and the1r evaluation for -

Formation rock are explained and listed in figure

-Barton included the following formula as

length of rock bolts used in underground chambers:

Bolt length, L = 2 + 0.15B/ESR

where B = span of opening in metres

Waterways

62.

Barton’'s

a guide to

and EST = excavation support ratio (classed by Barton as 1.6

for permanent mine openings).

For. a span of 6 metres, suggested bolt length L = 2.86

metres.

The two classification systems of B1en1awsk1 ' and'

L

Laubscher are shown in figures 63 and 64. B1en1awsk1 s

system leads to estimates of active unsupported spans of 4

metres, 4 metres and 3 metres, for the Massive, Nodular and

Shaly 1lithologies. Barton s system suggests .

that

qualities are poorer although estimates of unsupported span

are greater (6.5 m, 5. 9m and 4.5 m). Bieniawski provides for:

!

rock



P | - | 129

estimates of stand~Up‘time of the maximum selfjsupporting
span ‘which, for the Waterways Formation, appear short (six
_ months, six months and one week). Barton's syStem provides
charts for determining roof .and wall support pressures
(figure 62) and also recommends the type of support in , each
rock type, _for: openings that are greater than the max1muml
. unsupported span. Recommended support- is rock bolting in the
roof at '1-1.5 metre spacing. Support requirements determined
from Bieniawski’s system are slightly' more conservative
(bolts at 1-2 metre spacing) 'whilé'%those' suggested by
LaubScher’s~s§stem are mu¢h lessg(no support, no 'support.
and bolts 'patterned'bat one 'metre). Figure 65 provides a
table comparing the three'systems. | ;
The authors of each of ‘these classification- systems

stress -that the quality‘indicesiare approximations and‘that
systems must be:updated by new information, monitoring data
or practical experience Recommendations concerning. support
are generalizations only Two general, critical p01nts must
be made concerning support ‘and suggested opening use. The
‘stand-up time and support requirements depend on span of ::
opening and the intended use of the opening. Stand-up time
can not be designed' it is found by experience Support
requirements .are 1nfluenced by excavation method and the
care ‘exercised while. excavating.; RQD' and rock quality'
determined from blasted faces‘or outcrops.may be lower than
qualities determined from drill core. |

There are other: factors which limit the usefulness of
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rocK classification cf the Waterways Format1on The stress
reduction factor of Barton depends on 1n-s1tu stress‘which
is not as yet .determined} Also' undetermined by ' this
preliminary study are ' the in-situ joint - separation
(BieniawsKi' *system) ‘water cond1t1ons ~at specific ‘sites,
and the favorableness of discontinuity or1entat1ons (which
.w1ll depend on orientations chosen for open1ngs) Weather1ng
or alterat1on of joints, at depth and the number of
dlscont1nu1ty sets at depth can not be conclus1ve1y stated
(see section 3.4.5 and. 8.7). F1na]1y, in the Waterways_
Formation, 11thology th1cknesses ‘are most]y less than three
metres so that an excavation w1ll be affected by more than

one 11thology, p0551b1y by several at one locat1on

~

8.4 Comparison 'of ygterﬁay§ .Formgtion"ﬂgcks and ‘Other
LfmestonesLBeing Mined B '

Ccmparison of . mining character1st1cs of d1ffere1.i;"

- i

format1ons can only be done - w1th pract1ca1 experience. A
"study of.pub11shed reference; was.made for this.report;‘bUt
the 1limited data presented ~does vbnot allow  careful
vcompar1son | . :

Many of the.underground Jimestone minei'jnithe‘United'
States appear to operate in very massive and often
| recryst'allz.ized."ro.cK. but in the.Fcr;t_ Dodge Limestone Mine
there is one levet (32’metre depth) in 'neak -_argillaceous "
11mestone hav1ng brecc1ated dolom1te layers and part1ngs of

shale f1ve cm th1cK The average roof span was formerly 17
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metres but w1th experience this was reduced to 15 metres

Random pillars in the open stop1ng area were 7.5 metres in

-diameter. In'mass1ve. sparry and fossiliferous limestone at-

this same mine..?rooms “were planned to average 360 metres

-longrby 15-metres uide~~with~height“eventually~going-Ato~-25-w*9--

metres or more. Dr1ll -and-blast advances in head1ngs were
4 5 metres per r0und . | |

Block cav1ng: of ~ limestone is carried out in the
Riverside | mine in California, where ‘the ‘limestone is
metamorphosed and strong Bedd1ng planes and sporad1c JOlnts
are- t1ght and healed Compress1ve strength dens1ty and
modulus of deformat1on values are h1gh but s1gn1f1cantly
'there are enough solution channels and-vugs in the upper
~zone to structurally weaken the rock mass and allow caving.
-‘Undercuts to 1nduce cav1ng of blocks sometlmes must be as
vlarge as. 3,200 square metres. No_support is needed in e1ther:

'-haulageways-;' i 'grizzly drifts, because of . the“high

o strength of this: ltmestone

The. Texas Quarry underground l1mestone mine in Maryland
is ln,'a massive l1mestone that has vert1cal “Jjoints and -
"part1ngs along bedd1ng, both at about 1. 5 metre intervals

This causes loosen1ng of’ large blocks in the roof whlch are

“able to fall and necessitates careful scal1ng and 5er1odiC’
1nspect1on of roofs. Spans of rooms _are 10 metres and_.

‘heights are714-metres,, The fractured state of the rock

allows a water inflow of_3800'litres per minute. -

Mines in Karsted limestone “may have to, grout
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extensively.- to pump very large volumes of water from the
mine and to have spec1al emergency procedures in the case of
' flood1ng A ‘z1nc. mine in Pennsy yania was flooded several

t1mes in recent years desp1te hav1ng pump1ng capac1ty of 160

. m1ll1on litres per. day. A.;:u“w,m;aumw,. h_.su,meJ>'mwe,

From this brief survey‘ of literature on limestone
! mines;_'it is’ clear that large - spans’ are possible® in
‘moderately .jointed and bedded'“llmestone and that.'with_
minimal support‘and maintenance, fairly large .spans should

also be'possible'in the Waterways Formation.

§_§ Methods,gj Excavat1on ig tﬁg Waterwax Format1on

Rock exdavat1on in' the Form%t1on could ‘be "by the
dr1ll and blast me thod or by mechanical excavat1ng mach1nes
-Excavat1on by dr1ll1ng and blast1ng 1s a well establ1shed-
method using bas1C' m1n1ng ‘ techn1ques- and = readily
replaceaole; non- soph1st1cated mach1nery Actual-blastingﬁ
_experlence in s1m1lar rocK 1s -the only pract1cal means ot
ant1c1pat1ng behav1or . of the Format1on dur1ng blast1ng To-_
this end, the data ,prGVTaéd by this report concerning
lithology, _in'ta'ct _strength and bedding and jointing will

: assist"blaSters to'predict wh1ch dr1ll1ng patterns‘ " hole

‘spacing and - lengths. and types and amounts - of charges w1ll-"

be most eff1c1ent Factors to be cons1dered 1nclude size,
shape and 1ntended use of the open1ng, the size of muck and
smuck1ng machines, the des1rab1l1ty or necess1ty of immediate’

1nstallat1on of support (or}of any support at all), and the '

¢ ]
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relative merits of fast and cheap advance versus._the

drawbacks of shattered, loosened wall and roof rock with

overbreak . Dr1111ng and blasting'is a versatile method and

can be used under most ‘rock condit1ons and in -excavating:

"open1ngs of‘any dBSTPed s1ze or: shape
_ Mechan1ca1 excavat1on .uses large, expensiVe‘.and
specialized ;equ1pment= to cut, ‘break or rip,-ther}rook.

}IFull-face,-boring machtnes'.excavatedby'adVancing a cutting

o

whégl the full size of the tunnel,. into. the frock faoe,]
'Partiatffaoe _machines. advance by ripping. "the " face Withs

movable booms bearing‘rotating_outterspor spiked heads (eg. -

the“Dosco,noad:header) Both of. these'machines are expensive

-in cap1ta1 cost and 1n down time. They do enable ‘more

'.A.careful and - prec1se excavat10n thanihlast1ng and they al]ow-

the 1nsta11at1on of support closer to the face more qu1ck1y

,vFull -face tunnel bor1ng mach1nes ‘can do a better Job of
exoavat1ng tunnels of 11m1ted size (smaller than abol 6 m
B d1ameter) and can. be more eff1c1ent and cheaper in long
tunnels even 1n rock as durable as 11mestone |

The cost and eff1c1ency of tunne] bor1ng mach1nes

.depends on cutter performance and thus. there is a- great need'

~

to quant1fy fbck propert1es in relat1on to cutt1ng machwne»'

iperformance and cutter costs. *Ground stress and deformat1on

and’ movement of JOlnt blocks whlle excavat1ng and before.

-support 1nstallat1on must ‘also be assessed

Cutter performance predwct1ons at one time were based»

on intact rock compress1ve strength,.but this is not precise

o .
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”enough. McFeat-SmTth'(1976) prquSes a matrix of * the most
1mportant rock propertles _ v o , |
-'a)h'Quartz content/abras1v1ty C- hy itself this
‘may .be insufficient, as intensity and type
A'eﬂ“feementation'—ﬁs"impdrtth; 'Thfs"can'be"'
”qUantified"_ ,by”_' thin - sections. ' and
phetomierdgraphs of broken .surfaces.
‘h) Hardness of cement. | |
cid.Gra1n size of cement
d)’ Degree of cementat1on (poros1ty)
Rock hardness tests such as’ the Natlonal Coal Board’“
Cone Indenter test can be 'd1reet]y related to cutter
performance. -The difficu}ty. in ‘uhé cutting.’of intact
'sedihentary rocks increases w1th the - square : ef4 ;he
dcoeffieienf of plast1c1ty because the cutting . act1on of
drag plCK tools such as road headers has been shown “to be
”maqnly. an 1ndent1ng act1on and much energy can be absorbed'
by plastic;deformat1on of the rock. (especwally.evapor’tes);
_>The_DOsCO‘rdad:header'performance has been eorre]afed
| well with ednef‘?hdenter indices: and also with the Shore
_A;SCIéroseope and”thehéchhidt Hammer . The Shore Scleroscope is
‘preferred and is ‘more extens1vely used
| . Planes 'ofu weakness -are extemeJy d‘important%'in
determ1n1ng the cuttab1]1ty and a]so in determ1n1ng the. size
- of debris and a@ount.of excavation overbreak.'An 1ndex of
the amount and significance df_bedding ’discontinuities can

. be found measuring seismic Veloci&ies ~paraliel  and
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- perpendicular to bedding as proposed by McFeat-Smith:

B W'V xwo7 The index "B correlates well with cutting
v, (N ,

per formance in shaly rockslbdt:nOt.in other rocks. Planes of

: P PR . 4 L. " .
weakness are ~important . in . determining excavating

characteristics and efficiencies by. boring or by -

‘drill-and-blast techniques. ‘r |

Tests performed by 'Steinkoh]enbergbauverein indicate
that ne1ther mtneralogy, stnength norﬁ'ebrasiyity of ,then
' Waterways - Formation »l1mestone gfone“'sample of Nodular'

 Limestone) will restrict tunnel boring machines.

§;§ Ground Control for- Underground gxcavatipns, in  the:

Waterways Formation

8 6.1 General Planning for Excavat1on

Underground development in the Waterways Formatton for
exp]ottat1on of the 011 Sands could proceed in two _ways.
undenéround miningf'of 0i1 Sands or mine.assisted in—situ
bitpmenfrecovefy (section 1.2), Both'methods- woutd‘:require’
extensive’ tunneling and'«eXcavation of large opehings
Vert1ca1 shafts would be needed if the dr1v1ng of dr1ft
entr1es_ were not feas;ble from Waterways Format1on outcrops
‘in qne'of. the river - _va]leys, Inclined shafts m1ght be
preferred for  .ore removal in Oil‘Sand_mining where shaft
bottom is not more. than 300 metres below surface, but
~driving an inclined shaft may not be_pessible because of the
nature of the ground. Roesner'and Poppbn.(1978) discuss the

problems of shaft sinking for purposes of 0il Sand
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exploitation and' concldde. that - veéttcal,shafts excavatedﬂ
using either<§round‘treeztn§ br'boringzytechniques ‘must be
used The'’ general]y h1ghly water bear1ng ‘and thick glac1a1.
Stin plus ‘some water sands in“ the Grand _Rapids Land.
Clearwater Format1ons could present qu1ck sand cond1t1ons
; dur1ng shaft s1nk1ng The McMurray 0il Sands may cave dur1ng»
excavat1on and are cohs1dered non- groutable because of their -
broad grain. size dlstr1but1on A shaft J1n1ng would have to :
‘withstand wafer pressure for the life of the shaft. A shaft
to the Waterways.FormatiQn wou Id penetrate‘the following:
1."Unconsolidated overburden - muskeg, 'glaéial' depdsitsr
sand - L - »h -
La'Bich.Fdrmation‘--sha]e ’ |
_ Joli Fou Formation * 'sands tone with sdme;shate'

Clearwater Format1on - shale, some glaucon1tic sandstone

S T R

."McMurray Format1on 0i1 Sands - also conta1ns water

sands, and shale and. s1lt 1ntercalat1ons |

6. - Waterways Formation. . | )

| The stratigraphic horizon in the waterways Formattdn in

which mine tunnels and chambers are developed w111 depend ons
geograph1c locat1on and on depth below the Devon1an surface
(estimated to be from f1ve to twenty f1ve metres m1n1mum)

'F1gure 2 shows the approx1Mate extent of the subcrop of each.

member of the Waterways Formation. '
~Drilling chambers necessar11y would have ‘to be larger

‘ than access - roadways or tunnels for either mining or in-situ-

operations. To,allow.suff1c1ent room for dr1lltng 1nJect10n'
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holes and for 1nsta11at1on and serv1cing of ho]es, dr1111ng
.chambers should have spans of e1ght metres or more . Height

of roof" would not necessar11y need to be as great. ,1f steam

for -in- s1tu 1nJect1on 1s to be generated underground ‘there

N

Tx'could be a need for large_access tunner to;prov1de enough
air to, and venting‘from}'each Steam generating station. Any
extensive development ‘will have to anticipate some suoporf
of excavations 1n al] three of the main litholog1c types In
theh Calumet and Moberly Members. Mass1ve and Nodular
t L1mestones dominate. Shale and, - Shaly leestones are’ most

'common in the,Fmrebagr Chr1st1na and Mildrid Members.

". Ground ‘behavior is 1nfluenced by the state;of'virginn
.'stress, groundwater,4 characteristics 'éf” discontinuities,
' intact« rook strength method of'excavation, and methods of ",
ground control Those cond1t1ons h1nder1ng act1v1ty 1n .the N
openlngs, wh1ch . may . 1nvolve the floor, walls or roof are
considered failurés |

' The three 11tholog1cal groups of Naterways Farmation
rocks‘,w111 likely be }subqect to d1fferent,fa1lure.modes.

Massiveﬂpjmestone has high;intact. strength' and will fail
 on1y‘ by movement involVing-discontinUites Bedd1ng and two
near- vert1ca1 joint sets (plus® numerous -random- Jo1nts)' must -
‘be ant1c1pated at'all local1t1es Th1s w1]1 result in blocky;.
ground with some blocks l1ab1e to gravity fall although

'open1ngs w1th spans up to f1ve metres should be largely '

A



'self—suppo;fing Block falls from the roof will be more
;common where 101nt1ng is 1ntense and where ‘spans are greater

" than f1ve metres Rock falls in closely Jo1nted rock would

‘Moccur in_stages’ of gradua] loosen1ng with. falls_. of.wlayers-~r .

about/ 0.3 to 0.5 metres tthK until a stable arch forms.
'berhaps 1.5 to 2.0 metres above the crown. A sim11ar amount
~o# rock would be involved in  roof falls in ground Wi th
wfdely spaced Joints, although the mater1a1 would - likely
come down in one single fal] ‘
5@ . Low- clay Nodular Limestone has high cohesion and would
fall by block movement along vert1cal joints. in- a similar
vmanner to Mass1ve Limestone. H1gh clay Nodular L1Mestone is
rupbly weathering and has Jow cohesion and would ravel from.
the watls or roof. Its self support1ng ab111ty would be,
for opemngs -wider than about three metres ' w
‘ Shaly L1mestone and Shale would fa11 by gravity fal]s
1:'of‘ tabular pibces ‘def ined by Joint1ng and,bedding surfaces
- Slaking of 1ntercalated bands of shale - ‘would’ asstst this
orocess Shaly rocks would - not form large spans withoud ’
su;port Tabular roof or floor layers may fail by buckling ;
. or .in shear 1f high horizontal stress exists. Shale walls or
.. floors.could swell and where ass1sted by vertical rock
loads.v could squeeze or heave into the openwng. A shale or
shaly floor W1th water could have very poor trafficabllity
: '. o e ., : o
8.6.3 3 Suppor. t Measures o : I ‘> -
Two approaches to control or prevention of faiiures are

.1/ ;‘ '
. :
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passive control and active control. Passive control in ‘the
Waterways Formation. would involve selection  of the most

stable lithologic horizons and alignment, both laterally. and

be formed of thick layers of Massive Crystalline Limestone -

or the. more cohesive of the ‘Nodular Limestonef The\Tatter

may be the least _intensely jointed rock " type Massive

-Limestone would form the most durable floors bft acceptable‘

floors could be formed - in Shaly or Nodu{ar Limestones

Experience during excavation with flogr d ,abtlity..and 1

stability will enable practical choice of floor} For ease of

excavation,'-openings could be placed .in weak Nodular or

Shaly rocks. g | N } ’ ‘
Alignment of openings may prove to be benericial where

some jOInt sets ‘are absent or less well develbped Babcock

| . (1975) suggests, as does this study, Qéat each'butcrop tends °

to have only one joint system (two sets? " deve loped.

Tunneling in ground hav1ng only two major vértical joint

irection that

sets WOuld advance most . favorably in a
L

bisects the greater of the two angles be tween sets' If

high horizontal stresses exist then alignmenﬁgof an opening‘

'parallel to minimum horizontal stress could aspist in roof

control. Passive ground control could: be't;. assisted by
: $ - e

limiting the span of openings or of intersections ‘where .

‘possible, by. excavating . the roof in an arch form and by

excerc1sing care ,in the selection and éxecution “.of

\ “:‘}

excavation methods : _ ey

»

g

'vertically. oT_BpenTngs Roofs of—oﬁinings should preferably, ”
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A high degree of active support will Sé needed 1in bad
; ground or in roadways or openings that have a designed life
of more than one year. Guidelines determ1nbd from rock
; c‘essification (section 8.3) suggest that patterned rock
.bolting deld‘be sufficient sUpport for _large openings ih*
any"of the Uate;ways Forhat1on 11tholog1es Rock bolts can
be used to anchor loose Jo1nted roof layers in platy or
ma$51ve roofs. Bolted mesh may be necessary‘where small
platy pieces continually loosen and fall. Itfﬁould be best,
but inpt mandfatory, to anchor bolts to Massive Limestone
layers. - | "‘\\
oo The'purpose of rock bolts in these.openings would be:
‘a) to‘brevent sloughing'of small platy ‘pieoes
. ‘of pock from the roof (perhaps with the aid
of steel mesh), and.
t& Y b) togiprevént the genenaf "loosening of - -a
| . ‘join“t.ed roof mass .and so to prevent 10ss of
"apparent cohesion (and perhaps loss of real
cohesion aoross rock bridges or where there
is cement infilling in joints) and thus
prevent the loss of its se)ffsupporting
capabllities ' | |
Therefore end- anchored and tensioned mechanica) bolts wou 1d
bé desirable to provide a moderately stiff support system
with 11ttle initial deformation. -
" The bolit length can be estimated from Barton’s formula

g(based ‘on size of opening: see section_8.3) or it could be
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-4 gghosen after exploration yielded information on thickness of
5

k layers and depth beyond opening wall to solid layers.
Bolt spacing ghould ideally Ybe chosen so as to provide a
large, uniform zone of compression in the surrounding rock
(Lang, "1961). Lang suggests that bolt' length:spacing be 2:1.
The spacing would thus ‘depend on bolt length (or vice vgrsa)
and also 6n tensioning pressure. -

in areas of wéak and erbeQ Nodular Limestone,
shotcrefe may be needed to maintain roof and wall stability.
If ground stresses become great enough to iause squeezing of
shales, steel‘arch Supports could be used. o

Groundwater would be detrimen?al,to. trafficébility on
-shale flo‘ofs and it would promote shlak‘ing of Shales, Shaly,'

"Limestone, and to " a lesser extent of high-clay Nodular '

Limestone.
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8.6.4 Strength of Pillars

Pillars in the Waterways Formation will not exist as
such because the size and spacing of anticipated openings
.will not result iH pillars (rémoval of large amounts of
limestone as ore is unlikely).’ In any case, intact rock
"~ strength is high and virgin'earih'Sf?essés in relation to
rock strength are Tow. Consideration of pillar stability may -
be necessary Qhere it is desirable to locate double or
triple entries (with cross-cuts) as :‘close together  as
-‘possible.
| Pillar stability in general must consider:
1) discontinuity features‘
25 intact strength h
3) effects of weathering and water and long terh
- y ~ strength. |
“As well, behévior of pillars should be monitored to obtain a
reference file of information form which to build ‘Qorking'r
models of pillar behavior. . Wﬁ I _ |
Discontinuities in _the XWaEerways Formation\ include

vertical to near vertical Jjointing and near horizontal

‘ bedding. The discontinuity orientations are favorable. for '

pillar stability._The,spacingibf join;s and bedding Varieé
from  very close to blocky. Predictions 6f strength of
pi]lars.fqrmed of many small cubes have been made by
Goldstein et al (1966), John (1968), and others. In the
strong lithologies of the Fdr@ation, intact strength is very

-

.

.

“d
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“ high and the reduction. of 'pillar' etrength lresu]ting from
vertical. and . horizontal discontinuities is not. seen as
significant. | - «
In the Nodular and Shaly rocks, intact strength is ' low
to | medium. and jointing would cause further sfrength e
reductions. Edointidg in. the weakK rocks appears highly
“irregular . in spacing, Or;ehtéfich “and continuity. P%lTar“
strength cah be estimated by using general pillar strength
formilae (Hedley and’ Grant, 1972) which utilize pillar
-dimensions and the'strengtﬁnof laboratory rock cubes. Theee
p11lar\\formu1ae are based on the ’eiﬁkionship of decreas1ng
strength with 1ncreas1ng size of rock‘ spec1men (the scale
effect). Pillar strength estimations can be imprerd by
vassessing the impact of .1oca1 geological condit{ons (ie.
minor or ma jor discontinujfies. thickness'of roof %ayers,'
etc). ' | |
Effects of ‘weathering on pilTér strength are not
bredictable‘ Weather1ng was shown to greﬁtly reduce slake
durab1l1ty 1nd1ces and po1nt load strength (sect1on 5. 3) and
reductions of similar amounts are lIkely for compress1ve
strength. Water has‘been shown to reduce tens14e strength
(section ‘5.3) ~end. valthodgh data from this study 'are
1nconclus1ve compressive strength is also reduced by water
saturat1on.v The comb1ned effects of weather1ng and waterr
would be most serious for the weaker rocks . Also -to. be

| ;o .
considered is '&he fact that long .term rock strength is

-

-

approximately 30-40% 'Tower than short term, 1laboratory

-
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determined strength (Heuze, 1978).

8.7 7 rga§ for Further Studx
8.7 Determ1nation of Rock P ggertx Var1at1on

Propert1es of the rock mass in the Waterways Formation
have - been -found to wvary: greatly because ‘of 1ithotogic
variation between layers and var1at1on of - jointing
intensity. Chapters .two and three have been adressed to
these factors, There are.’in add1tron, other factors -which
cause -important 1nhomogene1t1es in the Format1on and which
can be assessed only by extens1ve f1eld 1nvest1qatlons.
Foremost are: | | |
1) Solution collapse features
2) Weathering_ anq Karst .erosionj close to the

Devonian surface o p
Depos1t1onal var1atlon laterally has not been found"to\ube

o o . . , \ -

>s1gn1f1cant ' . - L : ,

The presehoe of solutiop collapse' features appears
poss1ble at any locat1on in the .formation, as geologic 1
ey1dence 1nd1cates that evaporlte beds at one time underlay
the entire regjon..Ev1dence suggests that collapse features
may be more common -=o the east of the Athabasca RiQer
(Gorrel, 1976).,Subsidence with such associated effects ° as
undulatihg"beddl'ng, loosening of joint blocKs.‘.'and new
fracturing, appears to affect the Formation at all locat1onsf,‘

in  the rngon. Data. on Joint occurrence_do not 1nd1cate'

‘regional Varlation‘ in joint'_intensity‘ and it : appears
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. un11ke1y that occurrence and sever1ty of subsudence could be

detected by Jo1nt studies..

fhe‘ location, magnitude and frequency of‘OCCUrrence-of .

collapse ‘structures, on the other hand, although not,

pfedfctable from information pﬁesehtly ava1lable, may be

Vrelatable to some surface express1on ascerta1nable w1th wtheif#“'i

"aid of air photographs. Babcock and Sheldon (1976} stated

that solution collapse features in the Prairie Evaporite :

‘Formation 200 kilometres north of  Fort. McMurray are
.structural1y controlled and occur along fault ‘lines. They

notedf an arcuate alignment. of 'pdsstble'.sinkhole ponds

ﬁ developed on Waterways Forﬁétion .strata near Macleltand

Lake, 95 .kilometres north of Fort McMurray. Demarcation of

v

ltnear zones of col lapsed ground could aid in p}acement .of

tunnels in safer_grouhd, Hackbarth (1977) believee that the .

Athabasca River in part delineates'a'fault'zohe elpng whieht

more rapid sait solution has occurred. Ihe terrain near the

valley of the Athabasca'River,north'oft Fort McMurray does

]

cphtain numenoue' collapse structuresyiwith " considerable -
strata disruption which, because they extend 50 metres or

_more below the 0il Sands contact, could have tseriqus

consequences for underground mine development.
Effects Qf weathering and Kkarst -erosion . on the

WaterwaYs_Fohﬁatjon are only poorly thwn (see section 5.4).

In outcrop, some Massive .Crystailine . Limestones. are’

‘ virtua]ly' unWeathered'exeebt‘for a few mm on the outside of

each jointed block. Rock having high clay content is always’
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highly weathered in outcrop. In core, slight weathering . and
bitumen impregnation is noted’along joints and fraCtures up
to 30’metres below the weathered Devonian‘ surface' (bttumen
‘was 'not. observed along bedd1ng, even where it 1ntersected»

: ®
-tarry joints). There is high to extreme weather1ng of some

) “core¢~intersect1ons of. the Devonwan ~ surface resu]t1ng in

"soft powdery, and eas1ly broKen 11mestone for 0.10 to 0.40
metres below the erosion surface. Weatherxng éffects appear

to d1m1n1sh rapidly below this uppermost zone Karst erosion
L
of the Devonian surface has been reported (section 6. 9) he

‘ lateral and vert1cal extent of this er0510nal process is not.
‘ Ta _

Known

,§;1;giﬂgmote Detegtion ot.Geoigglcal Contacts
| ExCavatidn for_ mine development in ‘the ’Waterways.
Formation could proceed in-an orderly fash1on 1f the chosen_:
_rock ‘horizon continued laterally at a s1m1lar elevat1on
Tunnel1ng hor1zo;tally across dlp would encounte beds of
dlfferent ‘lithologies which mlght hlnder,,progress- of af'
tunnel1ng machlne. However attempt5=to tunnet across someo
_other’ ‘types of geologlcal contact could be hazardous and”b
.very costly and the1r detect1on would be needed to prov1de
| adequate t1me e1ther to prepare for the new cond1t1ons or
for tunnel rerouting. Possmble geolog1cal hazards 1nclude
1. .Topograph1c lows on the Devonlan surface where very
weathered and porous l1mestone and/or McMurray Formation

water sands are at a lower elevat1on ‘than ant1c1pated
A _
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2;' Brecc1ated unstable and water bearing collapse zones in
the Waterways Formation. |
3. Water fllled caverns within the Waterways Format1on

4. Faults (a55001ated with or w1thout collapse structures)

“The locatvon and extent of any of these: four features along
" a tunnel route " should ‘be detected "at an early stage’ of'

planning. Remote sensing techniques are .appllcable to the
, near-surface and‘perhags to a.depth of 30 metres (Lamoreaux.
1979). Remote sensing shotild be the first step in field
exploration for any structural anomalies.tlechniQUes Tnclude
side-looking;airborne radar, thermal infrared and retlected
5infrared and _visiblé’-electromagnetic radiatlon in several
wave length regions at once' Information can be ,apolled ‘to
mapoing al1gnments of . dol1nes, maKing an 1nventory of and
_ mon1tor1ng the development of dol1nes,' and .1nvest1gat1ng°
the relat1onsh1p between dol1nes groundwater and fracture
'traces and l1neaments. Remote \sens1ng 'is able .to detect

areas - Vof abnormal surface~ dra1nage and .areas where

B vegetation d1fferencesA 1nd1cate 1nc1p1ent ground surface‘

-.collapse (Lamoreaux, $4979) although the near' surface
'locat1on of the groundwater in the Athabasca regionf would -
present difficulties. | | ‘_ o
- Initial drllllng and geophys1cal 1nvestigation from
surface could - sat1sfactor1ly locate large features such ,as
topograph1c lows,-dbut smaller structures such as caverns
would be'detected only‘.With comprehens1ve and expensive
‘ @ ' '

.

o
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1nvestlgat1on on a scale of tens of metres A geophysical

method such as‘ ground prob1ng radar or acoustics would

. appear . to 'be Jhe most usefu] Either acoustfcs _or

ground-probing radar' could. be used from surflce, from a

‘tunnel face or from boreholes.

AN iﬁpertentuclass of~.radarm:tergets, is composed of.
large objecté: which are wetter than surround1ng materiatl,
such as water-filled vo1ds. Accord1ng to Cook (1974),
varying >‘the | frequency of ground~probjng radar allows
detection of dtscdntinqities _ranging. from »two‘ cm to 40
metree"in' size, Cook’ s experiments id underground mines .
succeeded ih locating adjacent m1ne open1ngs through at

least g te’.18 metres of rocK. But he cons1dered that -

- equ1pment and gzchn1ques for each different type of field

“problem (in 1974) requ1red exper imentation »by research

scientists.

Price (1974) reported that acoustical holography could

droduce‘ three;dimensional images: of . rock structdre for a

.distanCe ahead of the tunnel face eqda} to two to three

times tunnel diameter Dri]lihg long horizontal'holes'ahead

of a tunnel is feas1ble for d1stances of perhaps 100 metres
.I

(f1gure 66). This yould prijde.geotechn1Ca1A1nformat1on

*impOrtant for tunneling, inciUding pration of danger ipnes.

- The 'iﬁsertion-- of geophysiealﬁ-.probes,r forv detecting

ecd§y;tic..seismic,pr other geophysically generated signals,
into these holes would extend the range of detection to

include'nearby'faulté, caverns and the Devonian/0il Sands

w
s
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- o v ) '. . C | ‘ (

contact (figure\66).

8.7.3 Field Testing of Rock Mass Features

e ————
. 0

Viégiﬁ‘stress and groundwater characteristics inv the
Waterways - Formation have an influence on excavation
; proceddhg-and possible tunnel or shaff-linings. BotH must be ;
measured by field testing in the Waterways Formation. v

Virgin stress}de;erminatidh.is‘primafily concerned With‘
high horizontal stress .beéaUSe .veftiqal stresses can bg\'
calculated from depth. of overburden. Hydrofracturing or
borehole.jacking 'techn}ques of stress measurement would
permit relatively deep »measurements ‘of absolute Qtress
- {Heuze 1978,.Haimsén 1977.:be‘La Cruz 1977).

Pérmeébilities andlyater‘pressures in various = horizons
iikely_”to‘ be ehcpuntéred dﬁring mine éevélopment should be
‘measuﬁed.by'piezoméfers, borehole péckér‘tests and well pump
tests. Hydrological information obtained will allow
- estimatjoh of rates of water inflow to mine openings ‘and
determinétion " of Qéter pressures. associated ,wifh '
ming-assisted bitumenfrecoveryﬁ These intervé]9 _or\ water
"béafihg zones are: :

a) a well jointed Massive Limestone unit of the
Waterways Formation | -

b) a Shaly Liﬁestqne uni t ofﬁ the Watérways
Formation

c) water sands near the base of the McMurray

Formation 0il Sénds
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d) the zone of weathered strata adjacent to the
Devonian/Cretaoeous unconformity
e) a Karst collapse chimney in the . upper part -
®»  of the Waterways Formation infilled with

arg1llaceous sands or conglomerates

1nformat1oa~ e 'F;_;A which is assumed to be

represegjatkytil. : ’of the total length of potential
tunnels sin® ‘the 2 7:,."irways‘ormat1on The last three points,
are. .suggested in order to assess the problems posed by the ’
most 1ikely of the hazardous groundwater conditions.

In summary{'£Urther studies of the Waterways Formation
*should be fieid'studies at a specific site and should be
part ofya program of exp]orat1on and testing of a]] the rock '
formafwons to be Jnvolved w1th underground excavat1on.
'Explorat{on and testing of ground and groundwater'conditions
oanv first be conducted from surface and  then ~ from
unaerground_ in conjunction w1th the druyage of each of the
excavations. Tests of virgin rock stress and of groundwater
conditions in’"the Waterways Formation should be part of the
initial‘surface investigation. A program ofv'honifortng all
rock mechanic features must be continued for the life of the

project.

two un1ts would prov1de hydnolog1ca1



9. ~INDUSTR‘IAL" USES OF THE WATERWAYS.FORMATION~
An 1ndustrially advanced economy has hundreds of uses .
} for limestone. Of the limestone mined ﬂbﬂe than 90% is used
in ~only a. few products or processes such as cement,
“dimension stone “aggregate stone ‘and 1ime production.'“"’"
‘D The economic feas1bility of limestone productiqn from
. the Waterways Formation for any of the listed purposes is
- not.investigated here. Restricted local markets and long'
transportation distances ‘ are. negative factors for' a'
IMmestone industry in  the Athabasca 0i1 Sands region,
however the production of limestone as a by- product from an
0il Sand mining venture may some day be  an incentive to’
- commerc1al production. This chapter will detail-some of the d
“more important. industrial uses of limestone, .their quality’
| requirements and possible suitability of the Water;ays

Formation limestone for these uses.

g;l,Limestone Production _

'fLimestone can be mined either from openrpit or from
underoround' mines. In the United States for example there
are over 100 underground limestone mines, using block cav1ng
or room and- pillar mining methods The economics of open-pit .

‘llimestone«mining in Pennsylvania allows “the stripping of 18

L 4

metres of rock and unconsolidated overburden in order to
recover about five metresj!f limestone ke

= In the Oil Sands region, limestone could be produced

- "'Qw

“a":n e

\"‘ | B | ;'”-5.1:5..
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froh, surface 'limestoné‘ mines, from limestone floors of
| tnen-existino opén-pit“Oil Sands mines, or from, undergroUnd
as waste rock resulting from excavation of bitumen- recovery
chambers in the waterways Formation (or other Upper Devonian )

limestones) | ‘ \ ’
| To obtain high quality limestone from surface
: opérations in  the woterways ‘Formation_i'would reqolre
soléctive recovery of .Massive, Crysfslline layers snd
rejectibn.of argillaceous limostone Massive Crystalline

layers are . “,eldom thicker than two metres. The desired

‘qqualjty c :ﬂd be attained by seleciive mining or by

seleotivély -.screening the dorushed rock, -because"during .
orushing the weak argillaceous linosteno.woulo,tend to break
apart easily or be ground to a fine size. Argillaceous_
limestone.may be accébtible for . some purposes. Seleotiye
production of ‘good-quality limestone from mine tunneling'
operations would likely be imp0551ble due to 1nt1mate mixing

of different‘11thologies during_the exavation process.

9. 2 Uses of Limestone -
Each of the uses to whioh raw limestone is applied has
:'different phySical and chemical spec1fications for the

source material. The mnjor ses'of limestone are d1scussed"

in this sectt?”ﬁmalong ‘with brief summaries of product
specifiéaiions "for ~ each Use.' Before. .discussing the
,applicability d# the Waterways Formation@ limestone for
.industrial use, some initial data on chemical‘ nalyspg of

4w 2 J

A Lo ) . . . ¥
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o

Waterways Formation rocks performed by Carrigy (1959')'. &
Holter (1973), Hami 1ton and Mellon t1973) and by this study
(1979), are presented in figure 67. -

2.1 Cement Ppﬂ!!ct,ion T e

~Limestone . is the m%jor constituent .in ¢ement, which is
a complex mixture of calcium, aluminum and iron silicates
~-that is able t‘o‘ hydrate and solidify. Clay or shalejs\adcied“
as a source of alumina, silica and iron, although it may be
) poéssible’ to utilize Hmestone from the Waterways Formation
that contains the correct proportions of these con'ponents
Gypsum or, anhydr1te, ‘which is added to retard the setting
t1me of cement is obta'inable from the Prairie Eveporite
"FQrmahon in tlae,,Oih Sands regiopn. i
Limostone for cement should normally contain less. than
five g&ﬁé@ht dolomite, although eight’ percent may be
acceptable The si]ica and alumina content of l‘nestone is
of much less mportance as clay or other nn!teri'el can be
added if needed. - Sodium., potassium‘ and sul»fur are
undesirable eleménts, _bu‘tw in the Haterways‘ Fo}metion.
prtasswm has. Hﬁt been encountered and sod&n (halite) .
" occurs only in minute amounts Sulfur, in the f’om of .1rlon‘

sulfide minera,ls.-*somet;ims occws'.i‘h}eignificant\ amounts in

“the Waterways Formation. . . | v

9.2.2 _L_i_mm _nqm_e | o ’ |
Limestone has been used as an aggregate 'L ) concrete,

v

Pe
r
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V."éoncrete‘ building bl_ocks or asphalt, but the abundant supply

- of glacial debris in':&anadﬁgenerally supercedes the use of

- limestone for this pur‘pose.:. fim'estone for aogregate uust > be

stong, durable and H"free of soft lulps or concre_tion‘*é'..

Limestone can also be used as rip-rap or fill- n;'terial i::_

roads and other -earth #onstrudtions, in which case the

.- Specifications are not as strict. Figu_r::e .68 presents one

classification metﬂod of iiniestone for use as an aggregate.

‘The best limestonsh for these purposes is tough and

~ non- porous, withm‘t:lay laminations. N » |

-~
Larve blocks of Massive Crystalline Limestone have been

. .used ds rip-rap in the Fort McMurray area and; in. addition

_some Uaterways . Formation 1imestone s been usedrin\ local

road construction.“ '
' . . ‘
. ] . ’ 0,,;
wmﬂmﬂ_m ' ' .

"Limestone used"%or dimension atone may either be cut*‘to

R
specified size_s from massive blocks Jor it may be produced in
-small, irregu_larly shaped pieces to be used J.as’,‘"v' is.

Fractures. v mineralization and soiution cavitiesfmay render

-" ? limes’tone, unusable as dimension stone. Mass g dimension'

e
%@tone nust -be amenable to quarrying in large blocks that can
i".;{" t}besex'tracted transported and installed e@fﬁanical]y mthout
I
breakiﬁg K} major probTam is spliﬂing aiong bedding at

'.-‘j, uhdesirable intervals r -
. J‘éinting and bedding in the Uateru!a;/s ro,-,,.;tiq,,,:,_,, abe
'ﬂb'e’y nd irr‘egulﬁar]y‘ w‘“d and would preventﬁl':;rr)!fng

- * ; --: . %

g

S5
e
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of large blocks of dimension stone. But' layers of Massive
Crystalline L1mestone and also of some Shaly Limestone
weather to form durable book, brick and block-‘shaped-pieces .
that are readily ﬁsable in construction. The possible low
cost producﬁ)qn of bualding stone from outcrops near Fort

C McMurray ﬂohg» he Athaﬁhsd’a River could generate a market

for Water;vdgs Forxdi);n limestone which does not-now exist.

."(‘, -, Lo} .f_,f-_
R

/’ ”{i#% 1s produced by the heatmg or calcinatwn of
11m¢sto§é or dolomite. _ Lim; has! numerous uses in the
chdmc{;’al, metal lurgical «m ‘and constructlon ihdqstries,
including uBe as a flux in the basic-oxygen method of steel
manufacturing. S B S 5 R
| Stone for liine should contain abbut 98% carbonate,

"should have - uniform grain s1ze. be hard, ‘;nd not
decrepitste dur ing heatmg ] o |

Analy‘sis of the yaterwa;s Formation reveals Hmestone '
w'_-having 97% carbonate and " some “Biolithic layers may be
acceptable for Time makmg Bomwer thesuSlayers would not
proQide larged vo'lumes of lnhestone and d1lut1on with,‘
argilllaceous.liwtone would be difficult to prevent. '
9.9.5 A'ir'Qy_a_.th' Control © . 1 ..
" Concern about sulfur in sa’i\e"indt-Jstrial process.es, and

atmospher ic émiss}bn of sulfur ‘dioxide is resulting in 'the
gntrodu%ion “of; Qcm.u)ing processes requn'ing Hmestope In 'ii

e

[
>
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<
the production ofe coke and synthetic crude oil, limestone

can be used as a fluxing agent that‘combines with impurities

such as sulfur and prevents thetr release as gases.

'.F The steel 1ndustry uses limeston® or lime to sqr'
stack gases conta1n1ng sultur d1oxide by two methods: .{~.q,y;_

a) 1nJection of ‘lime or l1mestone into rthe‘ \

e

o furnace to react w1th sulfur dioxide, or
b) passing the stack gases through a slurry of
) ime qul1mestone. | |

While high calcium limestone is mast desirable;"a Tow

sulfur content is essehtial ‘Continuing. research suggests
that small gr@\ s1ze and high micron-size, p9ros‘¢'&r
1imestone is the’ most efficient. ‘ o b . g

O-, )
Suff1c1ently pure limestone ‘may be uncommon in the &

Waterways Format1on Clay contpnt 1s generally a mfnimum of .
a few percent and dlsseminated sulfide inerals are a common

‘occurrence and could prevent its use $ lime. R
v - ' v, . ’
. | S TTE
8.2.6 Agricultural Use of Limestorte . b
" Crushed limesteneﬁjsah ‘be added to neutralize soil
acﬂﬂity'and”aiso to.jmpreve qther,soil.cheracteristfgs. This

is not ' foreseen as a potential‘ use' of the Waterways

Formation<because of the lack of agriculture in the area.
. ,— . “ > ~ .
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9.3 Physical Tests to Determine Industrial Use of Limestone.
sThe 'determination of limestone.‘ suitability for

industriaI purposes usually consists of chemical analyses

on!y To determine suitability for aggregate and dimension -

stone there are 'a number of . phys1cal tests (f1gure 69)

| d1scussed in the follow1ng sections , . 8 -
b PR
"'; . ] . . . - B "“Al";:.
9:3.1 Tests for Dimension Stone 4 Tl .,
.~ o e ".c?."_'; } |‘“ oL
‘Dimension .%toM must be strong and durableuf&;Tﬁéto |
- : wSedy 02T e
Compressive A Strength and Modulus of Rupture tes ?f e

rs:
methods of measur ing rock strength. The Abrasion Resi:§§5f§§j'g
- test measures the resistance of llmestone’to abragﬁon‘b | s
tfoot traffic. . | =
. ' ' o -y
9.3.2 Tests for Arecate store ¥
| Aggregate/ should be strong, ,hard. non!Egrous' and
resistant to ’orushing; The State of Indiana classifies
aggregate stone for diﬁferent uses (tigure '69). There are.
. several ’tests used’ to determ1ne the qual1ty of stone for
aggregate .among which are: o L
1) Abrasion. The Los Angeles Abras1on test is " most
commonly . used and provides data 'useful in
'predigﬂing how l1mestone aggrpgaté would endure
wheel traffic or hod’ muéh strength it would
'1mpart to concgete : 8
2) Determ1nation of Fmes.Cont'e’nt':f Excessive fine
" 'material in concrete aggregatefdecreases‘mortar

8



strength.

3) Determination of Blay Lumps. Lucfps of clay and
"-other soft mater1al af‘e ’low in strength and can:
change vo 1ume’ Whemwet 4‘rozen or whm subjected
to loads. There shoud be few soft lunps |

”4) “Scratch Hardness Class1f1es hmestone as hard

4
or soft. Hard limestone is des1rable
: b
5) Sieve Analysis- ‘Determines the particle size

.d1stributlon of ‘fine and coarsely crushed stone

- .

aggregate. \
6) Soundness (Sulfate Soundness a'nd Freeze-Thaw

tests). The Sulfate Soundness test measures the

158

.3

?.,4

resistance to a,solution of sodium or Magnesium -

sulfate. The. Freeze-Thiw  test . measures

" resistan_ce:r" to freezing and is more inportant- in

cold chmates Resistance is vnfluenced by \Qter
‘absarbtion ability. . o -
7) Specific Grav1ty and Absorbhon Tests These

measure the amount of void space and enable

R .
O .
o KN
*~ .
4-‘

- e ._ corn(ect proport1on1ng of water for concrete. ‘
5,,&7.’ '
‘9_*,_4 gi;fmgustria Uses of Waterfways mston '
-,..f..‘-‘A )imes “Addustry in .the 0i1 Sands region would have

m15&1«:\§5ve|~gome the, t‘o,d’isabil'if*ies of lack of , or restr1cted

s1ze of markets.@and la transportation costs

.y

i

‘and lime production, for,- fluxmg_ and desulfumzation of

'.ioroper 'm'ix-ture of concrete aggregates and'

Nat&ways F{ormaf‘ﬁ'on Hmestone could be used for cement
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crude oils and synthetic oils, and for aggregate aqq&g

,vgﬂmenslong'stone. Limestone has been used in road

’ .jebnstruction'lne;r Fort McMurray and this use will likely

contlnue. Careful~ monitoring of raw limestone w0uld be
necessary to maintain product»quality for- all of the llsted“”:
uses. because of the presence of var1able amounts of clay.
magnesia and sulfvde minerals. |

' Massive, Nodular or Shaly Limestone or mlitures,should
beISUitableA for cement.: Conte'ng of magnesja.‘or sulfide -

minerals may occasionally be greater than desined. Lime .

could be produced from some layers of Biolithic Limestone

where calcite content is as high as 98% and where sufficient

tonnages are 'accessible. 'Limestone for fluxing"mayg be .

obtained frOm pure, layers .of Biogdthic Limestone.
The best limestonu for ag@regate would come frsp the

very durable-7 layers of: Massijve Limestone' '“Mnss1ve

'Crystallane L1me§none has not been subJected to some of

these qualJty tests but other measured " quallt1es ’squest

'-that it would serve as top qual1ty aggregate stone.

DimenSion stone could be obtalned from platy to blocky

layers'of Shaly Limestone or Massive Crystalline Limestone.

.- ‘. N
o

-

b
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ROLE OF WATERWAYS
FORMATION

N —_

3. Underground mining operated -

4,

5.
6.
7.
8.

. Surface Mining

. Underground mining within

the»McMurray Formation

from Waterways_Formation

Block caving of McMurray
Formation-combined with
MAISP from Waterways. Fm.

o )
Surfate'based in-situ

"MAISP Froﬁ'élearwater Fm.

MAISP from:McMurréy Fm.
MAISP(from Waterwys Fm. -

Floor of Mining.Operation

.Floor of Underground‘ﬂjne

Location of development
wOrks '

Mine development plus:
tunnels and chambers
for MAISP

Lower Timit of ore
Lower'limif‘o} ore

Lower l}mit of ore

-

Tunnels and chambers for
in-sjtu ipjection and -

v

recovery.

N 3
Figure 4. Table of Proposed Bitumen Recovety Methods
.and their use of the Waterways Formation,
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__ — Clearwater Shales T T ..
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. ¢b) Block-,uC'aving Operated From the Waterways Formation

Flgure 5 a.b Duagrams of Pro;&d;qgumen Recovery Methods.
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»
€) MAISP From The Clearwater Formation
| S
Operations Tunnel ~ Clearwater Formation
McMurray Formation Oil Sands
7
* p‘/

‘165,

Watervyays Formation : ‘ |

d) MAISP From The Waterways Formation

1)

.’ »

Clearwater Formation

McMurray Formation Oil Sands

- Injection and/or
Recovery Drill Holes -

. L 0 15m, Waterways Formation
i Operations Tunnel ' :

Figure S c, d.- Diagrams of Proposed Bitumen Recovery Methods
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Floure 6. Map of Oil Sands Re
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. " ) R X . v

N Woodbend Group - ' . A
o : N Pale brown, fine-grained calcarinitic
Cooking Lake - limestone, partly dolomitic and R

""" “Fformation a‘rgilla'c:e‘ous-:""‘:##—mt es. - 1 T Twem s oo
conformable ~ { ‘
Mildrid . Greeniéh-qrey calcareous shale ahd :
Member - argillaceous limestone; some brownish ;
w ~ clastic -limestont. 42 metres. 3 . '
A Moberly «+« Alternating sequen\ée"of light greenish,
T Member . prubbly limestone and shale, thinly . '
E - . interbedded with variable clay content.
R A1dD) durable beds of brownizh aphanilic
W fragmental limestone. More shaly to top
A and to north. - 61 matres. . . .
Y S . . ‘ Sy
S Christina . Mainly greenish-grey shale, gréy argill.
‘ .« Vimestone, browrish aphanitic  limestone
. F ~ and fragmental: linastene. sSome’ : :
I ¢ B R "_la:;xd%ne'and sandy* 1imestone. :27 metres
R B Ty R I
M - Calumel. Mainly** glastic’ limeslcns wiflapiante |
A - Member clay content; some geeenish noddiar
[ o calcareous shale and minor non-calcareous
14 . S _shale. 21 metres.. - N ‘ -
0 A N L , N (/
N Efrebag’ . Greenish calcareous shale with ¢hin
Megber  units of .linestone, &pgbllaceous Ist .
SRS : and non-calcareous p g, _odpetres.
: £ o R RN
.pgra'cbnfo.'tmable T i 3,"3;‘1.,; S .
‘Slave Point ° - Limestone, silty. }iﬂﬁﬂ%ﬁe siltctone
Formation - “and minor dolomitic, 1st. & metres. ~» )
Figure 7. Stratigraphic Section of the Materways Formation. /. C
. ‘ : ‘ i oL
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. !Figure 14 Banding and Lamination in Argillacdous Rocks.
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ggg& TYP; MASSIVE CRYSTALLINE » - NDOULAR: .|SHAL'Y
, "' LINESTONE LIMESTONE
. - r o .
Spacing .7 .» 3.0 meters 2.6 moters {undefined. :
: - © wery fractured).
l ) 3 .
‘Regularity moderately to very poor to q(mdofiﬁod .
' ' .gbod . vory poor .© very fractured
‘ ! ot 4‘./
E 357156)%’1«(; 2.3 (Mltely (very (u_nd;ﬁmd -
' o plamr) ) non-planar very fractured -
0 - : . e
Length ,7 - 3.0 matbru 0.3 - 2.0 (0.10.3 M~
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Joint Azimuths, Mountain Outcrop, 211 Readings
Setll 122° — 160" (300" — 340"
Setlll 090° — 114° (270" — 294") TN
SetlV 026° — 075" (206° — 255°)

i Figure 19a. Stereonet of Outcrop Joints, Moberly Member,
' Waterways Formation. . . .
(Not corrected for directional bjias).
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" 8 ,
Joint AAzimuths, Moberly Outcrop, 76 Readings
Set! 158 — 178 (338 — 358)
s Setll 124" — 152° (304’ — 332)
Setlll 080" — 106" (260" — 286")~>.

Figure 19b. Stereonet of Outcrop Joints, Moberly Member
. Waterways Formation.

(Not corrected for directional bias).
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a 79

Joint Azimuths, Stony Outcrop, 110 Readings-.~ *,
Setl . 160 — 190 (340 — 010) e
Setlll 075" — 105" (255° — 285")
setlV 015° — 056" (195° — 236"

Figure 19¢. Stereonet of Outcrop Joints, Moberly Member
Waterways Formation. o

(Not corrected fo},directional bias).
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Joint Azimuths, Mackay Outcrop, 105 Readings
Setl . 170" —190°4350 -~ 010"
Setll 125" - 160" (305" — 340"
SetlV 015° - 065° (195° — 245°)

Figure 19d. Stereonet of Outcrop Joints, Moberly Member =
Waterways Formation.

(Not corrected for directional bias).



Number of Joints

Number of Joints

20 40 60 80. 100 120 140 160 180

. ‘ . Azimuth Qrientation
(2 Mountain Outcrop 210 Readings

10

sz W
20 %40 60 80 100, 120 140 160 180
‘ Azimuth Orientatiorr A %

"(b) Moberly Outcrop 77 Readings ~ % i
(Values on Boundary Fall Into Lower Group) *

' Figure 20 a,b. Frequency Chart of Joints in Qutcrops of Waterways Formation.
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Figure 20 c,d. Frequency Chart of Joints in the Wa\te}ways Formation.
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. \
. . [
S(T§ MACKAY MOUNTAIN MORERL ¥ STONY
- ORIENTATION / NUMRER
1 360:210:/ 18 J48° 29 / 12 3557 218 / 27
11 322°$17°/ 23 321" 219 / 47 F18 214/ 29
1M . #2212 / 12 273" 213/ 29 270° 215 / 48
1v 220 $2%° / SO 230° 224 / 29 21%° 220 /7 2%
»
. +108 ortient only ’
COMMENTS QOthers = § Others = § Otherg = 3 Others =+ 10
Total =105 Tota! =21¢ fotatl = 16 * Totat =110 — =
. SPACING OF JODINTS (metres) o
1 6. 27 m 4 fo . 2.45 m .
11 2.42 m - 0.67 me*! J.16m
111 ) 1.70 m**, 2.08 m t 67T m
1v 2.17 m 0.63 mw? 408 m
PLANARITY INDEX
1 L 2
1 3.1 ) 2.5 3.1%0t 3 0°b
11 2.8 1.3 4.1 L4
111 . 1.6 3.4 2 6501 2 geee
3.2 1.4%¢ 2.5%¢t 3 Qee:
* ; ROUGHNESS INDEX
1 3.25 2.8 2.4%¢1 2 Be
11 3.1 3.6*? 3.7 2.7
111 3.0¢"' 3.0+ 2.9 2. 5¢9¢ 2,400
1v 3.0 3.2+ J.0%*! 2 490
WAVINESS INDEX (1-Angle)
1 19° 23° 22" ¢ 19.4°¢
11 18.4" . Y7 e 14,4 e 24"
111 11.3? 24*° 19.6° 177 o2 22+
v 22°, 18.2*1 30+ 13" %01 43 6" e
DIP (with Standard Deviation)
1 86.8'S 81°S(+4") 87°'S
11 88’ w 89 E*’ 85 °W(+11.8°) 87 6 E**’
111 . 90;," s 85°W(216.67) B8.3 Ee*:
1v 87.6E(%8.3) - 88.8"E*! .
LENGTH (metres, or lithologic units)
1 2.04 metres 1.67 1.59
11 2.43 metres 1.3% 1.13
I11 N 1.42 metres 1.71% 2.0 ©
1v 2.19 metres 1.10 1.37
i SURFACE STAINING
1 No staining 33% tusty Flood Area
11 of joints- 55% rusty 16% rust stained. One
stained calcite-filled
111 Possible 42% rusty., tarry 19% rusty vetin 0.5 cm
L flood area or clayey
1v . 72X calcite filled, wide

3

rusty or tarry

Comments *2= Unit 2, Mountatn *4= Unit 4, Mountatn Outcrop

**2= Unit 2, Stony

’0'4-'Un!t 4, Stony Ogtcrop

Figure 21 Table of Joint Set Characteristics at tach of Four Outcrops.
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Joint Set Azimuths | Locations
0O 18 36 54 72 90 108 1268 144 1682 180"
e e Williams-Stimpson 1980
v @/ Mountain Outcrop
5 ‘«  — Moberly Outcrop
ot v —— Stony Outcrop
ot L —— — Ay Mackay Outcrop
. (* = Direction(s) of Outcropa{
v SINHA 1978
p— — —_——
- - Babcock 1975
, | 4-14
= = i 3-30
— | 3-29
- 3-28
3-27
~ - L 3-26
Al et
+ + Aeromag Anomalies,
McMurray Area
(Garland 1959)
Figure 22. Joint Orientations in Moberly Member Outcrop, Defined By
Various Authors (with data from Babcock, ‘975).
. .
- .
[ ] ]
2 Peak Strength e
@ . @ .
s e @, = Ultimate Angle of
3 4 Shearing Resistance
@ @
5 N5
§ Residual Strength s
(7] 5 ¢; = Initial Angle of
Shearing Resistance
. 7
Shear Displacement d Normal Stress oN

Figure 23. The Relation of Shear Strength to :
) Displacement and ii) Normal Stress

a
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500 |-
e
400 b = 32° (wet)
7 (kPa) '

300

200T

ok /.
\¢ = 61° (peak, wet) ’
: 1 . A 1 1 3 9 .

100 200 300 40Q 500
-4 . R

oy (kPa)

Figure 25a. Shear Strength Versus Normal Stress Along
Joint Specimen # 4b.

- {



500 -

400

| T (kPa) 300

200

100

¢ = 73° (peak, wet) .
L | 1 1 PR | 3 1.

100 200 300 400 . 500

.ON (kPa)

Figure 25b. Shear Strength Versus Normal Stress
Along Joint Specimen # 8b.
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T (ki-"a)

700

600

500}

400

200

100

& = 65° (peak, wet)
L

| I | 1 |

|
100 200 300 . 400 500 600 700
' oy (kPa) ‘

Figure 25c. Shear Strength Versus Normal Stress
Along Joint Specimen # 9/10-1.
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Figure 25d. Shear Strength Versus Normal Stlfass.»

S e Along Joint Specimen # 9/10-2.
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T (kPa)

~
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[s]
500 -
400 I~ ¢ = 49° (wet)
- 300
200
100 ®
¢ = 74° (peak, wet)
L L 1 1 1
100 200 300 400 500
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25e. Shear Strength Versus Normal Stress
. Along Joint Specimen # 40b,
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700 |-
600 |- ;
' ®
¢ = 25° (wet)
500
400
T (kPa)
300

200

100

¢ = 75° (peak wet)
1 1 | ] | i | N |

100 200 300 400 500 600 700
OoN (kPa)

Figure 25f. Shear'Strength Versus Normal Stfess
Along Joint Specimen # 41a.
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300

200

100

'\¢ = 63° (peak, wet)
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_ 1 | 1 1
100 200 " 300 400 500
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Figure 25g. Shear Strength' Versus Normal Stress
" Along Joint Specimen # 68-2.
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Spec imen #23a #71a #1713 |
Argillaceous |[Very . Banded
Lithology |[Limestone argillaceous |[argillaceous and
~ limestone crystalline
limestone \\

Surface soft & flaky [light grey, \
Condition partings agrillaceous d

o w=2.9% soft laminations

‘ 11-2 mn. thick

Area 4000mm? {44 76mm? 3930mmZz - \
Fange of 75-600 17-294KPa 20-336KPa \
Norma 1
S4ress.
NG. of 21 T1 9
tests per s ,
sample .

init.‘dry 64.5° | 547 65"~

fin. dry |} 36.5/32° 38° 52°

init. wet} 35° ' 34° 52°

Time .
Submerged 1 hr. 0.5 hr. 10 hrs
Comments: init.zinitial shear angle, fin.=final shear angle.

#73 had a ¢layey surface but was hard underneath.
#23 and #71a had soft, clayey surfaces.

Figure 26. Table of Bedding Direct Sheah”Tests.

Test Conditions and Results.

% .
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)G‘Q # 4b ‘
Mss 'ndex (F") o
0 84

. ‘ " #8b
,5\ X . on
LZ%\L’ e
4'/ I |
¢ S0
) T o#9/101
Q@
' Y Ri=5
o , Q .
v, C Coe .
B #9/10.2
s L
o _ 83

g é # 40b ,
- K RI=4

\, | N #41a
— : ' . RI=4

Figure 27. Surface Profiles of Joint Test Specimens. .
. . \‘



(c) Specimen # 23a

195.

4001
A ‘
300- A
7 (KPa)

2001

1. Dry; Reset Positions; ¢py pn, = 64.5°
100+ 2. Dry, Reset Positions; ¢ = 36° (dry)

3. Dry; Congnuous Shearing; ¢ = 32° (dry)

4. Submerged; Continuous; . ¢ = 34° (wet)

" 100 200 300 400 500
- oy (KPa)

. 'Figure 28. Shear Strength Versus Normal Stress
Along Bedding in Specimqn # 23a.
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Figure 2"qB Sbeﬁf

L
. i ‘ V.
, b ‘(a) Specimen # 71a
300 1 . ' \ |
o ! ‘ i
. 200 1 \’
. 7 (KP e
T (KPa) 0,6=35(dry)
.“‘ \
100 1 —
*\
t
=32 (retested. wet) '
. 100 200 300 400
ON (KPa) |
(b) Specimen # 73
r-

196.
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200 : 360
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in Shaly Rocks.

400

\

500

rength Versus Normal Stress Along
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Ten;ile Load

=

i+ 4—Metal End Cap
i R
ppem—mte— EpoOXy
7o | v{e— Specimen
Figure 31. The Direct Pull Tensile
Test. T"
|

l.oad

Specimen

Zone of Maximum
Tensile Stress

Figure 32. The Four Point Bending Test. . °
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« r\j\\CompresSive Load

Tensile Stresses
Induced Across
Failure Plane

Figure 33. The Brazilian Test Set-Up.

Compressive Load .

»

Loading Platen

'
y

l«—— Doubhle Shear
Specimen Box

R

Specimen~—\




* 200.

-

Y
Figure 35. The Point-Load. Test Set-Up.
(After Hoek and Bray, 1974)
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Figure 36a. Ultra Sonic Velocity Veréus Density
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Vickers No.

Vickers No.

150 1

100 1

5C

150

1001

501

(a) Specimen # 107d

-

1 2 3 4
Weight (kg)

4

,‘l -

(c) Specimen # 93b

0
co O
o oa
o ]
0
a
o

# .
'R
5

1 ..2 3 4
Weight (kg) -

]

S0 - LI

)

Vickers No.

Vickers No.

oM
o

.80

2001
1501

1001
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(b) Specimen # 107a

-]
> >

|

! o r-9 A

‘ . )
4 aa
a a

Ed
-~ .
Y -y T

O

1 2 3 a4
Weight (kg)

o0 oo o

°f’/~oooo

o o

o S o,
&

S ‘o . ‘
o - o '

1 2 3 4 5
__Weight(kg)'

Figure 37. Vlckers Hardness. Values of Vlckers Hardness Versus

Weight Used in Tests on Limestone.

(d) Specimen # 100g2
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"Sample . Lithology Scratch Vickers Hardness‘_No of :
. ) Hardness (Ave-Stand Dev.) Trials
. F . :
1072 @ Biolithic 2 126 - 13 8
; _ —
107d ' Biqlithic S | - —-156-~ 16.5 10 -
93b Disseminated 3 98 - -18.1 11
- “Micrite .o L .
100g2 - Disseminated 3 114 % 19.7 18
: Micrite : ‘ ‘ .
Standard | - 1 144  from:
Soft Brass - , : Manual
. - . e
‘ uE < :
Figure 38. Table Compar ing Results of Vickers and LR

Scratch Hardness

-
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No

Yodﬁg*g\\ No |Poisson’s
Lithology Me thod Modulus of Ratio of
‘ (E in MPa) Tests Tests

Electrical -

Biolithic Resistance 53740 2 0.28 2
. Strain (7.8x10

Gauge- - - psi) $
. @initial -

loading

Dial Gauge | 38050 :
Aphahi{iq on Platens | (5.5x10 4 +
Disseminated] Strain
Argi 1 laceous| Gauge 11,410 2 0.14 2 |
W1cr1te 850% (1.7x10 :

ultimate psi)

load . o
Nodu lar Strain 23,650 9 1 0.13 1
(medium- Gauge (3.4 x 10 .
clay) Initial psi)

loading , : . |
Figure 43. Table Summarizing Values of Elastic Modul1 of

Waterways Formation.
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E=10.480 MPa

30
20
10} :

- - | el FEY A i

0.1 02 .03 04 05 .

o Axial Strain ) |

Figure' 44a. Axlal and Late al Strains Dunng Umaxlal Compressnon
“of Specnmen 988 .
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Flgure 44b. Axial and Lateral Strains Durmg Umaxlal Compressnon of
" Specimen #100f , .
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\

Lateral Strain (%) Lateral S_t'rain (%)

‘
b

002 004 006 008 0.02 004 006 0.08
- 50 50 - £
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)
-
40 - § ' - 40 4
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] X
«© x
- < h.
©
o
z 30 30 4 ,
-
(23
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&
)
5
< /
20 20 4
3 E = 44,550 MPa E = 62,930 MPa
v=024 v=032.
104 10
/
0 A ) ' N ‘l'
01 02

o ‘ 'ot1
Axial Strain (%) -

Axial Strain (%)

" Figure 45.. Axial and Lateral Strains* . Figure ;16. “Axial and Lateral Strains

in Specimen # 49a (Mas:{ive).

o

ih Specimen # 45b (Massive).



Axial Stress (MPa)

Lateral Strain (%)

'0.02 0.04 0.06 .

40

30+
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A

T !

E = 23,650'MPa
v=0.%3

L

: Figure 47. Axial and Lateral Strain
in Specimen # 82d (Nodular)~
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Area (cm?2)

Area (cm?)

Thickness (cm)

(a)
Mountain Unit 1
20 1 Area Vs Load
151 @
10 ;
5 4
1 T T 3 T
. Load (N)
(b) -
40 1 Mountain Unit 1
Thickness Vs Load
30 - |
20 1 ' * o !
104
Load (N)
- (o)
Mountain Unit 2
Area Vs Load
20 - ‘ .
154
10 h - - °
5 1 T g T v L)
10 20 30 40

Load (N)

Figure 53 Graphs of Fiéld Point Load Testing
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Sample No.
b 4
18
24a
" 33a
W 56a
U} 60a
1 72
77a
86a
M
0 4
U
N 5
T
A 6
1
N
NumS1154
‘NumS1155
Synci.225
Sync1.227 .
Sync1.239
Sync2.238
© Sync2.242
Sync2.258
Figure 54.

Lithology

Banded Shaly
Banded Shaly
Nodular -
low-clay

Banded Shaly
Banded Shaly-
Nodular -
Disseminated
Argill. Micrite
Disseminated
Argill. Micrite

Nodular
medium clay
Nodular -
:medium clay
Nodutar -
medium clay

Biolithic

very weathered
Biolithic -
very weathered

Nodular -

very weathered
Nodular -~
low-clay
Nodular -
low-clay
Nodular -
very weathered
Shale

Nodular -
Tow-clay

Isd %
(2nd cycle)

70.
- 92.
96.
49.
69.
87.
88.

88.

96.
86.
83.

26.

44,
90.
96.
32.

23
95

~

D 9 5 w0

w OCDW™D oom

Index
(n

66
86
94

36
53
83
84

83

96
96

83.

Table of Slake Durability Indices of
Argillaceous Rocks of the Waterways Formation.
- Method of Barton (1874).
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' Subsidence of Overlying .
Unconsolidated Material

Surface Lowering in
Highly Fractured Zone

(@) Solution Doline - © (b) Alluvial Doline

Collapse of Qverlying
- Bedrock

Breakthrough to Surface
- of Limestone Cave ‘

i
S NI

(c) Collapse Doline

*

~(d) Solution Collapse Doline

Figure 57. Four Type;s of Dolines. :
: (modified from Williams, 1966)
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evaporation & transplratlon of mglsture
'-—'\./-A ’\/./‘

>\f\

\Zonev of -

Aeration -

Zoné of
Fluctuating

Satufation

Zone of

Complete

Figure 58.. Groundwater Zonation.

=Saturation
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Glacial and Post- -
Glacial Deposits

. . - e
Clearwater
Formation

" McMurray "~ "
~ Oil Sands. |

Waterways
_ Formation .

Coarse Post-Collapse

L\—T - Deposits
* -+ | —— Limestone Rubbe Filling
. -~ . Solution Caxern |

+ Tt . +
+ 4
+ * Prairie Evapprite T
+ Salt Horiz
. : + +
+
+ e, .
K. ‘Possibl‘e Floy(/ of Groundwater _/~ = ___. . ) _ Methy.

/ - / / _ A4 —  Formation

Figute 59. Possibie Solution Collapse in the Waterways Formatiqn.'
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’ ‘Barren Clay and Silt Lens

Basal Water Sands

, Drill Holes -
for In-Situ Operati

Drill Holes Intersecting
Waterggands

~Drilling
Chamber

(a) High Pressure Water in Water Sands Near Base
~ of McMurray Formation

McMurray Formation

Waterways
. Formation

Prairie Evaporite -
Formation

-WateMays
Formation

=Y 1 o ) § .

ee.Advaneing Tunnel

b 1 L b o R

~_(c) Water Filled Caverns Within Waterways Formation

i Figure 61. Diagram lllustrating Potential Groudeater Hazards.
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-
ITEM MASSIVE +H NODULAR It ‘ SHALY +#
. - 1 ‘
1. excellent. 85 ?ood 88 ?ood - 79
RQD (90-100%) 75-90%) 75-90%)
2 _ " : ,
“Joint three sets and three sets and three sets and |’
Set No. andom 12 random 12 |random 12
™ 3 iscontinuouq 4 rough, 3.5 |rough, . 3.5
Joint : ' undulating undulating :
Roughness N
4 naltered slightly altered. |[slightly altered
Joint tain only 1 stained 1.5 |clay coating 2
Alteration :
5 : : u ,
Joint . Hninor infilow | 1 minor inflow | 1 minor inflow 1
Water o : ) .
o 6 . qcompetent ’ competent - {mid squeezing
Stress loose joints [3.5 loose joints [4.5 Jand swelling (5.5
Reduction' f(clay-free) loose  rock : weak zones
~ Factor - : ‘ surrounding with clay
TOTAL Q 9.0 - Fair 3.8 - Poor 2.1 - Poor
Roof Support ‘ , :
~ Pressure 0.28 KPa - 0,42 KPa 0.52 KPa
< Wall Pressurg 0.18 KPa . " 0.28 KPa 0.33 KPa
. Support None if span<6.5m |None if span<5.9m { None if span<4.5m
' 6.5-14.4m = 5.9-10.9m = 4.5-10.4m .=
Bolting®81-1.5m Bolting®®im Bolting@@im
RocKk Mechanics Classification of the w;terways Formation -

Figure B2.

Barton, Lien and Lunde (1974).




ITEM
1.
RQD

2.
WEATHERING

3.
INTACT
STRENGTH

4,
JOINT
SPACING

5.
JOINT -
SEPARATION

6.
JOINT
CONTINUITY

7. .
" GROUND-
WATER

8.
JOINT

~ ORIENTATION

TOTAL
QUALITY

Stand-up time

Active span -

Unsuppor ted

Support
- Guidelines

s

Figure 63.

MASSIVE #
class 1 o
very good 16
80-100%
class 1
unweathered 9
class 2 -
100-200 MPa. -5
class 2-3 B
0.3-3m 22
ciass 37
0.1-1 mm 4
. class 1

not continuous

class 3
slight ?

.class 3

fair ? 10

Class 2 79
Good rock

6 months

4 metres

Rock bolts. 1.5-2m spacing. Occasional.

)

NODULAR a2
class 2 o
good 14
75-90%

class 2 .
slightly , 7
weathered

class 3 .
.50-100 MPa 2
class 2

-3 m 25

class 2

‘5 /not continuous 5

class 3q :
sdjght ? 8

class 3

fair ? - _ 10.

Class 2 75
Good rock

6 months‘

4 metres

wire mesh in crown. 50mm shotcrete

in crown only.

(1973).

228,

SHALY .  #

class 3 o
fair 12
50-75%
class 3
moderately 5
weathered
class 5

25 MPa -0
class 3-4

50mm- 1m 15

class 3 ? .
0.1-1 mm 4

-

class 2
discontinuous 5

class 3
slight.? 8

class 3
fair - ? 10

Class 3 59
Fair rock

1 wgek

3 metres

Bolts, 1-1.5m
spacing. Mesh plus
30mm shotcrete as -
needed in crown .-
100mm in crown,

50 in walls:

Rock Classification of the Waterways Formation
- Method of BieniawskKi .



"

LOpULAR : y | ’

SUPPORT GUIDE
FOR TUNNELS

Figure 64.  Rock Classification.of the

not required

not required

- Method of Laubscher (1975). -

. ITEM MASSIVE oo SHALY ]
1. Class 1a - fciass 1b . jc1a%s 2b
- RQD 91-100% 20 20 |76-90% - 18 17 |56-65% 13 12
2. Class 2b .. [class ab © |Crass Ba-p
e INTHCT 96-110 MPa 7 71{36-50 MPB 3 31 5-20 MPa 1 1
- STRENGTH
3. o o ’ S
JOINT 0.6/0.6/1 0 11 19 O.S[i.Q/1.5 15 15 0.1/0.3/1.5% 6 6
SPACING : . ' . .
CONDITIO M wavy, 29 2d wavy striateg 21 1d wavy striated 21.17
OF . striated surface softer - surface softer
JOINTS : fthan wall rock 3y  [than wall rock
5. S . _ : .
GROUNDWATER moist only? 7 7|moist only?’ ST 7 moist only? 7.7
TOTAL Class 2a 74 74 {Class 2 64 61Class db 48 43
QUALITY Good rock ood rock . ’ . {Fair rock

patterned grouted
bolts at im spacing

wateﬁbays Formétion
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' Figure 65.

© 230.

-of the Waterways Formation.

ITEM .SYSTEM OF ROCK MECHANICS CLASSIFICATION
Rock Type Barton Bieniawskj Laubscher .
" 1. ROCK QUALITY ’
a) Massive Faip Good Good
b) Nodular Poor Good Good
c) Shaly " Poor Fair Fair
2. SUPPDRT bolting. .. bolting...
al Massive 1-1.5m spacing] 1.5-2m spacing not required
b) Nodular im spacing - 1.5-2m spacing not reqbingg\\
. c) Shaly im spacing " 1-1.5m spacing bolting 1m .
- . ’ B meshé&shotcrete spacing
as needed ‘
3. MAXIMUM
UNSUPPORTED SPAN o
a) Massive "6.5m 4m ‘
b) Nodular 5.9m 4m N/A ¥
c) Shaly 4.5m 3m ,
4. STAND-UP TIME A c
a) Massive 6 months -
b) Nodular " N/A, 6 months © N/A
c) Shaly. 1 week ,
. - . It
5. ROOF /WAL _ M
SUPPORT PRESSURE. ) S
a) Massive 0.28/0.18 KPA -
b) Nodular 0.42/0.28 KPa | N/A N/A
c) Shaly 0.$2/0.33 KPa

Table of Coniparison of Rock Mechanics Classification
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. ‘ )
To Surface Equipment ( .

increase

~_Apparent Range

S

> —_With, Depth
L

~
”~

}

~

-~ U

h Depth of Closest Ap (oacl;a

4

/Radar Sonde

—_— e -

-(a) Radar Exploration From Surfaée Drill Ho!e

,‘:
‘3
!
7.
{
t
1]
:

Hole Above Or
to Sides
of a Tunnel

4

J

1
1

" X x lr

Drill Hole Prongg Ahead of Tunnel

f

1

.(b) Explonng }\head of Tunnel

Figure 66. Ground Exploration Usmg Drill Holes and Geophysical
Methods From Surface or Undergmund (MOdufued After

Cook, 1974).
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o

Researcher Unit and Location CacC03% MgC03% Clay% .Dther¥% Lithology
. | miadre Moberty 86-88  4.3-2.6 - - Clayey
) at Fort McMurray X Lst.
lower Moberty 87-91 3.2-2.4 - - Clayey
N " 8t 2-6 Km.east - Lst.
Hol ter of Fort McMurray Shaly
(1963) . - interbeds
Christina Member 66 24y ? 15.3% Clayey
at junction of Fe O Lst.
Christina and
Clesrwvater
Calumet Member 79 5.1 . ? ? Stilty
a2t Clearwater R. “ Clayey
2.3 Km east of 8 Lst.
Christina junction & : ,
. | Firebag? Memher : : S10 =31.5
RCA vell 9-1-80-8W4 51 4 Al D=7.1  Shale -4\\
Files . fFe 0=2.8
carrigy Moberly Member S1o ,=1.66 :
(1959) at Fort McMurray 95. 18 1.1 - Al 0=1.20 Litestone
: Fe 0 =0.21
This A1l from 97.7 (v lTow) 2.3 Bioltthic
Study Moberly Lst. sparry
(1978- Member -
1979) : 85.9 (v low) 4.1 Aphanitic Lst
very sparry
75 (tow) 26 Variably Disseminated
T low pyrite Argidlaceous
(0-2%) Micrite
A 81.7 (y 'ov) 18.3 variable Nodular Lst.
. N " - (1.3%) low-clay
62 (v Tow) 38 variable Nodular Lst.
. pyrite high clay
. 39’3 (v low) 60.7 - Calcareous
shale -
. . (
Figure 67. Table of Carbonate Analysis of the Waterways Formation.
.o
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Minimum Max imum Max i mum Ma x imum Max imum
Class specific deleterious abrasion soundness absorption

gravity materials loss loss (pct)
(pct) (pct) (pct)
A 2.45 5 40.0 12 3
8 2.45 6 45.0 16

C 2.85 10 50.0 20

Figure 68. Table of Lihestone Classifiéation for Use as
Aggregate (From Indiana State Highway -
Commission, 1969).

Physical Test ASTM- AASHO

4 . N , NO NO

Aggregate:

Abrasion: — : R
Deval machine - - - - - - - - . D289-63 T 3-357
Los Angeles machine - - - - - - C131-66 T 96-65

Amount of Material finer than _

no. 200 sieve in aggregate - - - T 11-60

Determination of clay lumps : _ :

in natural aggregates - - - - - - C142-64 T112-64

Scratch hardness of coarse

aggregate particles - - - - - - C235-62 T189-63

Sieve analysis of fine and .

coarse aggregate = - - - - (£136%67 T 27-60

Soundness: i
Sodium sulfate - - - - - - £ 88-63 T104-65
Freeze and thaw - - - - - - T103-62

Specific gravity-and absorption _ .

of coarse aggregate - - - - - - C127-68 T 85-60

Specific gravity and absorption ‘

of fine aggregate A C128-68 T 84-60

Dimension Stone: -

. . .
Abrasion resistance of stone ‘ "
subjected to foot traffic - - - - (241-51 )

« Compressive ‘strength of natural
building stone = = - - - - - . C170-50
‘Modulus of rupture. - - - - - . C 99-52

' Figure 69. Table of Physical Tests of Carbonates to
*  Determine Suitability for Use as A regate
or Dimension Stone (ASTM and AASHO).
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Gentle Domal Folds ip~the Waterways
Formation (Mackay River Outcrop)

o

Plate 1.

-

Core Hole WWl.
Lst;" also Banded and Nodular Lst (bottom) .

- —————

Long Pieces of Aphahitié

Plate 2.

Co
PAP%E&PAPBB‘

e em——
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R N

Plate 3. Lithology Types from Core Hole WWl.
Massive, Aphanitic, Nodular, Disseminated
and Banded Shaly Limestone.

é

Plate 4. Beddlng in the Moberly Member,_Mountaln
' Raplds Outcrop.

_" N . ——— - ——r

. . . ] A ‘
. : . . COLOuRED PAPm
. - " PAPIER DE chEJR
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Plate 5. -Irregularly Spaced J01nt1ng with Fractures,

Mountain Rapids Outcrop.

;

Plate 6. Discontinuous and Non-Planar Joints in the _
Moberfy Member, Mountain Rapids Outcrop. ‘ .
': CoLoureD PAPER
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Plate 7. The Direct Shear Testing Equipment. .

-

¢

Plate 8. The Direct-Pull Tensile Test. -

SR | .| CoLowreD PAPER
~ : . " . PAPIER DE
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Plate 9. The Four-
Point Bending Test.

o

. Plate 10. The
Brazilian Test.

n v T | ———————— e \

. CoLouReD PaPer - |
' -HMHERIEIOJAIURg
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Plate 1l1. The MTS Compression Frame with Triaxial
Cell and Control Panel.
Plate 12. Point Load Testing of Field Samples..
. ' ' L -
. | . CoLOURED PAPER

. . " PAPIER DE COULER

1

!
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; Plate 13. Bitumen
Impregnation in’
Waterways. Formation
Limestone (photo by
EBA ‘Engineering).

Plate 14. The 0il Sand-
/Limestone Contact,
with Weathered Lst
“below. ‘ '

COLOURED PAPER
PAPIER DE COULEUR
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".List of Wglls Penetrating The Waterways Formation

(Numbers correspond go welllnumbers on map, figure 6)

O 0O N O O w

10..

11,
12,
13.
14,
- 15.

16..
17.

18.

19."
20..

21.
22.
. 23.

241 -

Well Name

Shell Eatha EV
Shell Eatha EvV

Texex Steepbank3
. Texex Steepbanky

Texex Steepbank?2

" EBA CE0003 #1

#2
.
"t . #5
| #6
#7
9.
#10
#11
.#15

Thurber 78 1 to 5

78-6
- 79-1

. 79-2
- 79-3,
e 79- 4
79- b

1}4”: . 79-7

L 79Ja

,
Location

.
G4
o

12‘6-99-8N4
13-31- 96 -6

¥0- 498'.

‘cored 355- 366"a2 *877-498" .

15-32- 94 7w4

- 10-24-93-744

4-14-93-74

Shell Lease ci13.

Bridge, Site 1
Bridge Site 1

.Site 1
Site 1
*Site 1

Site 1 .

Site 1
Sitg 1
Site 1

LY

‘cored 844-862’
' cored 739-746" ..

cored 743 754’

cored 3-48'«
cored 3-48'
7’ ‘,’.' T <o
congd 8-48' ,
g L
cored 3 43’
cSted 3- 43,
cored 7-43’'
" cored 13-48'
cored. 3-48'
cored 3-47'
'Edred 7-41'

Electrologs Only.
' o~ cored:34-68’

cored 12-40'“
cored 11-38'
_cored 36-64'
coréd 37-64'
cored 33-66'
~cored 34-62'
cored 36-52' -



25,
26.

E 27'

28.
29.
30.
31,
32.
33.
34,
35.
36.

37.

38.
39.
.40.
a1.
a2.
43,
44,

45,

46.

a7,

a8.
a9,
50.
51.
52,
s3.

249,

i

79-9‘;" Site 1 cored 35-54'

79-16 Site 1 cored 40-67' -
79-11 CSite 1 cored 39-65"
74-1 Bridge Site 3  cored 40-54’
74-2  Site3 cored 18-32’
74-6 - Site 3 cored 58-73"
74-8 Br1dge Site 2 h cbrng96r98.5;
Hardy TH-1 | PetfoCanada. MAISP . cored s'aeﬂb‘sm
' TH-2 . 7 malsp :L}F;L;M cored 1. 3-11.m
R T8 | ~ MAISP ‘;I E;{,céred 3. 9-«17 Wi
TH-4 C marsp ] .Qpe¢=63 4:72 50
Syncrude 1 6-30-92- 104 | coreéﬂ§p§‘34ﬁ' —
Syncrude 2 | | 15-‘19-92-1ow4 ? | cOred 2? ;:';_:j.,n{w
AOSTRA/U of A WW1 GCOS Mine '~ cored 0-102 |
Baysel Birch Hills” Ge34-94-14w4 . cored 598-609"
Athabasca Oils No 1 8-2-96-11W4 !‘ 155 -590°
Bear Vampirb No 2 4-32-93-10W4 ’ 117 -42%
‘Bear Rodeo No 2 5-17-91-0W4 10 - 458"
Bear Rodeo No 1 8-20-89-9W4 = . 33'-476.5
Alta & Great Western SE10-89-9w4 151" -643'
Industrial: Min Salt #1 -san-égfgwa; 100" -478" R
" salt #2 5510989 w4 | 151’ -513" N
" . Salt' #3 SE10-80-gw4 -
Alta Gerrnment salt No 1 Lot .8 89-9W4 - 95/ -497"
ot salt No2°32-88-804 40 -a15
Bear Westmount NQ 2 8-36-88-8w4 O 5' -390’
Bear Westmount No 1 14-9-  8637W4 865" - 1264’
Bear Vampire No 1 7-28-87-1204  cored 642- 918" i
Bear Biltmore No 1 7-11-87-17w4 ' g9g1’-1682. 5
. | | e |



54,
55,
56.
'57.
58."
59,
60.
61.
62.
63.
- 64.
65.
6.

RO Corp Divide

HB Thornbury EV . 5-19-78-12u4
Gulf Popy 1 -B-8-81-0W4
Gulf Pony 2 = @%25:81-0ua
Numac SUrmont.Etvww;w8-2é285-7wd
- . E2 7-29-83-7w4
* B3 8-25-83-7W4
" E4 $-25-83-7wa -
. Es@ﬁ?“'7*8-33-7w4
. E6 . - 7-29-83-7W4

Richfield Bohn Lake #1 15-29-79-5u4
Merrill-Arab. Chard 5-34-78-6W4
Home Christina Lake 3-3-78-6w4

6-36-82-12W4

©

| - 250.
cored 1680- 1633’

cored 1490-1530' .

cored 1574-1590’
- cored 1464-.1567
‘,ooréd 1152-]159’
cored 1516;}§52'

cored 1142-1150.5'

cored 1602-1612"-

cored "1505- 1522

cored 1046-1086' -

cored 1193-1216’
cored 1372- 1387

-

B cored 1148-1158'

B B



Overburden.

fard and resistant; well jointed.

}r UNIT 8. Magsive (30 cm).  1Inaccessible.

UNIT 7. Platy micritic limestone. 90 cm.
Inaccessible. Platy weathering; weak joints
in a few places only.

UNIT 6. Nodular. Inaccessislg. 30 em. o

Rusty stained.

by several planar joints.

Strong and resistant; broken

UNIT 5. Nodugar

(about. 60 cm) . In&ccessible.

ular weathering.. No joints visible. L

4

UNIT 4. Massive (2.3

20x20x2 cm. Uniformly
cryst with low porosgjty.

m) . Very well jointed.

Weathers to brittle shards in’some places but generally
seems to break well with ‘no 'shaly partings. 'Bed thickness
varies from 15 - 60 cm, but can be more thinly parted

and fractured. Forms blocks of 30x60x60 cm down to blocks

light buff grey, finely and densely
Hard=1, very calctareous.

UNIT 3. (6§“om).
Weathers platy ¢o nodular.

gryst; sfaly Yerses are 1t arey

derate fosgilif us .,

]

S -
shal¥-Micritic Lidestone. -

Forms lenses of. three _.E&‘s R _

a) dense'dark_qtey,'finely cryst lime mud S cm thick: '
b) recryst fossils, hard and brittle, 5 cm. & N

" ¢) soft shaly material 1 em thick. Dense muddy 1en§és¢d¥e dark and -

silty.apgeafinq. Both v calc:areous.

. UNIT 2, Massive (60 cm). The eatire ynit is very well jointed, has

. Bcattered marcasite is hard, massivt and has blocky weathering.
Upper part (15 cm) - fossil bed with brachs, crinoids, etc. Fair

.

porosity, hard=2, ¥ calcareous.
Lenses of dark gr8y finely cryst

Mach sparite recryst of fossils.
1st, 2-3 cm thick forms 20% of layer.

Rsty pores, limonitic. Breaks well along bedding.

Mid part (30-40 cm) --light pinki
Breaks conchoidally - very brittl

fine-micro ryst -material around f

sh-brown, fine-v fine cryst lst.

e, hard=1l, very calcareous. Matrix of .

ossils. - : S *
uiiPe .

Basal S5cm - very fossilif. Med grey, less brittle; breaks in rounded 1

P |

calc
layer

UNIT 1. Nodular Lst (max 120 cm)..

ayers at base and middle.

itd crystals’ 2 mn. Some layers
s of very unifora and dense light

brecpiatedfvithf£q111}ls,

‘._’ S &

MOURTAIN OUTCROP. Outcrop of Waterwa

Mountain Rapids, u

&
’

Unit weathers into nodules with platy

Nodules are light grey, densely and uniformly cryst lst with clay film
. which weathers easily. Nodoles are 2-5 cm. ¥os s ) Y
- Platy layers ars speckled med-dark grey, med cryst lst, formed of coarse

of recryst crinoids and brachs with
grey lst. Some areas appear pseudo-

v " -
ys Formation, Moberly Member at
pper Athabasca River. .
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S OVERBURDEN

UNIT 4. Massive Lst. 90 cm.
jeinted. Inaccessible.

. . Lo
UNIT 3. Nodular Lst. 120 cm.

‘Poorly jointed. Rubbly, with pard
layers. Inaccessible.

resistant

ey

v

Much sparite replacing fossils.

porosity -(some coarser crystals . lmm).
Scattered iron oxides :filling pores.

»

UNIT 2. Massive Lst. 210 cm.  Well joinﬁed; :
Generally only two .or three continuous bedding planes in
unit. Light grey to 1ight pinkish grey crystalllne 1st.

pul.tng throuqh.

I

cause psnetYative ﬂcakness along bedding. .
© 9.5 = 2. cm, in some placu 4 om, "Thick layers show jqinu .

Bedding is commonly

HDBERL& OUTCRDP. Outcrop of Waterways Formation, Hoberly Member

at uoberly Rapidl, Athabasca River..

&
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Composed of brach and other shell fragments set uniformly .
in a crystalline matrix of very fine lst with very ‘low

Aw
~ : - '
. UNIT 1. Shaly Lst. 120 ecm. Poorly jointed. -
‘At taop are.weakly coherent layers of platy lst which are.
. med dark grey with white flecks of coarse calcite cry:cals.
Weathers platy, hard pieces. °
.. Conitains oid stems and much brach and pelecypod detritus which



a . - . ;

O UNIT 5. Shaly Lst. £0 cm).  Some jointing.
Upper 60 cm is.med greyish brown, dense and finely
crystalline with moderate fossil content. Towards

top becomes microcrystalline, aphanitic, with conchoidal

: fracturing. Wcathers partly nocular, partly platy.
3 Basal 30 cm is shaly weak and rusty lst. Part is good
o fissile shale weathered to clay. :

' // UNIT 4. Massive Stromatoporoid Lst. Well joipted. 180 cm.
: . Light pinkish grey, even texturedy medium €o coarsely’
. crystalline at base becoming :’\\to medium at tdp. Y
. toee Much recrystallization of fos ' with some being ent1re1y
- , replaced with sparite. Well ¢ nted and glassy. .
. Rich in brachiopods and in stromatoporoids up to 40 cm.

UNIT 3. Argillaceous Lst. 60 cm. Veryy poorly jointed.
grey finely crystalline, moderateirgillaceous.
Weathers into nodular shards form loose rock. N

Weak and recessive.
At base is 20 cm layer of shells which.are recrystalized
and platy.

UNIT 2. - Fossiliferous Lst. 60 cm. Well jointed.

fard and massive and very fossiliferous.

Med grey, finely crystallized and dense and well indurated.
Weathers to small blocky to_angular, platy blocks,

Grades upwards into the argillaceous unit 3. .

"4

UNIT 1. shaly Lst. 120 cm. No regular jointing.
iiceaaiv., weathers into small platy slabg of finely:
crystalline, light greenish grey nodules of lst set into
brownish clay. Very weathered into broken rubble.

Bo jointing is visible in the very rubbly weathered places.
Ro fossils were found, .-

) : -+ STONY OUTCROP, Outcrop of ‘Wategvays Fox-ation, Moberly Member
18 | IS at stony. Island Outcrop, Athabasca River.

’3

~
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OVERBURDEN

—p—

UNIT 6. Shaly Lst. 120 cm. Inaccessible.
Rubbly weathering into 10 cm blocks.
No planar jointing visible.

UNIT 5. Massive Lst. 240 cm.
Contains large planar joints.

Light grey, finely crystalline, with lenses of
fossiliferous lst (corals and stroms) - lenses
are 2.x 15 cm to 2 x 30cm.

A resistant, cIiff-forming unit.

;
‘ : . -

UNIT 4. Nodular Lst. 160 cm. Well jointed near base,
Iight tan colored, microcrystalline with sparite
tecrystallizatxon or coating on brachs. -
Weathers into 4 cm chunks - rubbly.
Base is light tan with many fossils, ‘Very- highly
recrystallized.  Good joints faces neamy base. .

¢ ‘) . ) ) ~ : ®y
- UNIT 3. Argillaceous Lst. Platy to Nodular. 160 cm.
ﬁeaEEera into small (2x4x4 cm) hard chips; recessive.

Light tan colored, microcrystallrne- much sparite
recrystal}ization destroys previous texture of

?2fossils.’

-

UNIT 2. Nodular Lst. 150 cm, Poorly jointed.
weak and rubbly unit; surface weatherinq into nodules
prevents exposure of fresh outcrop.
Med tan-brown, microcrystalline with conchoidal fracture.
No fossils recognizable - much sparite recrystallisation. .

UNIT 1. Shaly Lest. 90 cm. Poorly jointeds
Platy and ‘fairly resistant. ’ .
‘ Varies from nicrocryatalline to finely crystalline 1st. o~y
_The microcrystaline is light tan, very dense and calcareous, 'r sk
,  with low porosity. The finely crystallinc is light grey with ¥ ..
many coarse cakcite crystals and fair porosity; very calcareons.
All of unit is fossiliferous - many brachs which are qenerally

rccryatalllzed or coated with sparry calc}te.

0utcrop of Watermays Formation, Hoberly Member
Near Lockout Poifit, Mackay River. .
. .

o

MACKAY _ QUTCROP.
J
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Test
Unfaxial
'Direct-Pull

Brazilian

Four-Point
Bending

Triaxial
Double Shear
" Point Load

Impdct
Toughness

Slake Durab.
Swelling
Direct Shear

¥

0
i)

N\

ROCK TYPE and NUMBER OF TESTS
. / N - .
Biolithic Aphanitic HNodular“Diss Arg. Shaly Other

20
7
16

o o

1(3)

22
9
2

H

NN O o

1(4)

10 8 -
27 21 . -
"8 8 -

8 -

1 - 5

'3 1 -
- o .

. - - ‘ 3
5j+2b - 1(b)

.‘3'
. g

-

(2cores)
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Speciméh§ Taken from:!w1 Qpre. -

#2. Unlaminated, blotchy; very weathered fabgic. Yellowish
‘with few fresh crystals. - y; very even, regular
fine granuMr, Some micr{T®€ under 50 microns and some
micritic zomres with crystals greater than 100 microns.

- #10, Unlaninated and blotchy zones of 1imestone fragments.

"~ Some fossil fragments and remnant gratns of calcite
about 0.5 t& 2mm. - :Matrix is extremely fine and fuzzyﬂﬁ
- a'colorful #ix of ‘clays and _calcite, with some e
scattered . angular quartz grains less than 50 -
microns, anghwith numerous very fresh opaque crystals.

#29b Large irregular zones and small nodular Fragments;of
aphanitic crystalline, even textured limestone. ~ =~
Some sparry recrystallgzation, a few angular qtlart. -
grains ( 120 microns); much clayey indistinguishable

matpix. ’frt ] _ Al 4‘3 .

' 2 AT . . o ' K A = R g
#41h Roupded ' Gnodules in a rusty, cruddy mateix, .
Matrix i# “Mmicrite with clays. Some codarse! - ., "
twinned c ves about 1mm. , R

g . T e
. -#51d4 Poonly -laminated, very fossiliferous with ' fragments °
A ug- to S5mm (20% ) About’ 5% sgarite. some replacing - .
fossils. Fine matrix is 80X; extremely fine calcite - -
with clay, some fine fossil debris and fiqe.sparite.

#86b Unlaminate&?und blotchy. No coarse fragments greater
' than 0.5mm. ~Matrix is a mass of 50 micron calcite
and fossil fragments with much extremely fine calcite
or. clays. No sparit@girare quartz grains. Blotchye.
‘zones (nodules) are &Vén textured aphanitic 1imestone ,
. ‘ e ' ’ ; :

#101c Fossi‘liferous wfff‘rﬁbqagébar‘se sparite and .ver>y fine @
, cruddy matrix. Fossil“fragments.are about 2mm, some = .
ptery fibrous. Calcite crystals up to 0.5mm. .

#105b Parly laminated; remnant fossil forms about 2mmTare
recognizable (1é%). Some brillfant sparry crystals
about 0.5mm are twinned. ' Matrix is cruddy clays

".-with micrite less than 100 microns. .

y .

- -
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