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; ABSTFACT

D

“

/1 The disastrous results of large roCk slides have
resulted in’the‘geoteohnical vvorid's 1ncreased desjire to

predict the degree of stablllty of rock slopes.ifrhe proglem

the: .englneer. faces in maklng such predlctlons 1ryvolg1iese

-

’ . ‘ ' - . o ) ‘ - : ~ w
reliability of the stability analysis. In the analysis of
rock’ slopes, safety factors based on Laboratory shear tests
may, in some cases, be in errorb by .as much as 700%.

'However; ‘in a geological set 1ng like the Frank Sllde thlS
error‘may only be in the order of 15%. _
. K B ) ‘ ' .

-

e i

A relatlvelv good correlatlon is obtalnable betueen i
a*hematlcal characterlzatlon' of the l‘croscozic roughness,

of artlflcally prepared surfaces and the frlctlon angle,‘.¢.

“'e'fleld scale is hlndered'

\..;.

by the llmﬂted number ‘of su1table 'surface exposures

‘The extension of thls concep

:'1

. avallable for the measurement of roughness.;J

The frictional resis*ance after larg
- ~ . N . - . .
displacements on natural rock ~'surfaces devpends on the

/ .

initial surface roughness and ~therefore is not a unique ..

wIshearing

parameter as . the re31dual strength is ~ for claysi® .wm

Furtaermore, " +he shear strength ‘on ."rock surfaces is
LUw

= g



= ' ' » o '/‘i
independent of sample size 1f the degree of ‘roughness does
‘not change with the wdgwa" The field shear strength of

7

: %4
ul+timate value,

]
fop
]

flexural-slip surfaces may no* be at +h

o
. '

The geological 'se*ting of ‘Turtle Mountair ' differs

. significantly from wha*+ has been shown in many publications.

.
v

) - . .-
- The structural form of this moumtair 3is an articl

}

ne not -
"monoclire. * : Coe -d

’

‘ﬁack-énalysesvibf_ +he ‘Frank °-ide-indicat§
reguired fdr‘a safety factor of 1.0 is éimiléf to
frictioﬁ éﬁéle, ¢b° “The use of peak étrengthbparaméﬁpré
from flexufal4slip'surfa§esvih ﬁﬁé back4ana1ysis resulﬁs in

a safety factor of (.84,

" The mining at the base of Turtls Pountain decraase? the
safety factor of the sliding mass by 1% as shown by a Finite

-7

. c _ , o Ay
Element stress analysis. . IR L S

‘ v
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GENERAL
.\i | "‘ L | —
"VILLAGE’S‘C?U.‘!BLF I TITALIAY F‘LGOD."_', This was j‘.:he
headline of an article which appeéred in *he‘Edmon*on'
Joﬁrnal On,chobot'10, 1963; and 1t rela*ed +he Jisas*er to
~which +*he wvillaaes 2long fﬁe Piave Rivef, Ifaly,;‘had

succumkted. A aigantic rock slide jus* urstrzar from :+ths

Va;éhﬁ\ Dam rlunaed in*o *he reservoir gernera%*ing

7/

W
1 A
{0
<
1]
o]
)

} o : _ ‘ ) _ .
over the dam crest flonding *h= Piave Ziver vallev. As +he

|

B ! P N . o
flood swep* |1cwn the valley, s=2veral villages were ies*roved

s

Aand approi métély 2,600 lives were los; (Kiérsch, 1664
'ﬁuller;‘f96u,_1¢6é; Mancl, /GQES; Skempton;  1°6€; ‘K¢ﬁ2é§,-
1§E7£‘Nonv iller, 1967). ” |
Thsbbghout history, similar evern*s have occu:fed all

‘ st

in Sw¥itzerland = (#eim, 1932), the Tafiord Slide-in Norwayv

1y

1

n
j4

n

.over the/vworld. To manticn a ‘2w, thera was *ke

Inm

(Buq@e,v19?7), the HadiSoﬁ Canvon €£lidzs in Honféga (Witkind,
et. al.}, 1962) and the Trank Slidemin Alberta (Dély, e+ al.,
1912)/ ~In all these lcases, *“numerous lives were lost which

'



indicat=s the ' tremendous hazard to people 1living in D

po*entizl slide areas.

)

| . R NS
\ - . . .

: As natfons throughout

..are becoming more -
> -

industrialized, +there 'i¢ an.ever increasing ne=d for more

- N R
natﬁral resources. Javan, for example

bought coal ‘from Alberta ard Br,>i$h'Columbia making it

economically feasible to mine this“product . 1n large

i

uantities. ' In -some areas of the world, certair minerals
'have becoms a2 scarce commodity and as a vresult, lower’
'guality ore. bciies are becoming more economical prospec+*s.

S

In *he case of open pit .mines, the nrecessary removal of

large quantities  of material has becone economically,
possible today wi*h th2 advent of large-volume earthmoving
equipment. The; consaquence .of -all these developments is

tha* open pit mines are being plgnned and operatei ‘o depths

and sizes that had no* pre&iohsly beenr - considered ‘(Stédart'

and Kennedy, 1971). . S Ny ‘ - -

In these 1large’ open pits, one of the more important

A

factors which must he consider=d4 in an economic analyvsis is
N P ’

P ..

the maximum - slope ﬁhqle a* which the pit can be excavated

(Steffen, et al.,'1970). This is quite uhderstandablé since

‘ -

the minimization of the amount of maste rock, which has to
be excavated in ‘recovering an ore body, requires that the

.ultimate §1opes he fcutﬁfto ~the steepest pOéSiblé ;angle.
Oversteepening,lon the other hanqigzesqlts in s1opé failures

~

-



LY M ‘ ’
-a@hrouq to worklnq parsonnel but - may

3, _A"~ ' 'g-:':'-" _,Jr? el 3
aﬁfog‘ma%y I%rgf pits to bp profltable, the slopes ’must
; %b“ﬁzuy ”& > RN

“be f mlgned at ah opfimum angle._;B:awner (19713) polnts out

+hat 'onA +hree recent projects wi

hich he was involved,
N

each, degree of slope was. associated with a potential cost or

. 7 . .
ng of from five to Y15 @il

s . o

on - dollars. This

demonstrates ® how very crltlcala e rolo of the 51009 anglc

-

can be 1n tbe ocoromlc oparatlon oé‘fhc pro;ec

S*ewart and Kanhédy (f971) have alsb shown that 1% ‘“is

no* ‘only the ultimate slope angle that has_an effect4oh the

overall profitability. On the basis of cash flow'tﬁev ‘shov

that it is often economically more advantageous %o use s+tee

slopes during the initidl stripping stages. This again’

points to the fact that *the mine profitability is influanced

v slope design considerations.

;

S : v
The above . discussion - indicafn the  need and

}

»dasirabilify of accufately. detormlnlng tke degree og)*oc%

slope stability. Tha oroblem ‘the Geotechnlcal ”nglnecr s
’ -

faced. withv in fufilling‘this need is whether o:.QOt i+ is

pag%ible, on the basis‘ofvpresent day ahalytiCal.méfhod51'tQ

e}

predict thié'd@gree of stability to the desired 1level of

AN
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KR

ﬁ)v It is the purpose of this +hesis  -to examine this "

. ’
e .
‘ | \
v e . .

oonfidencel

“problem by firstlv inspecting numerous documenfed records of

g:failed‘slopes (Chapter 2) and secondly, by * performing a

detailed back-analysis of ths Frank Slide which is located

in sonthwestern Alberta.

The rellabll ty of stabll*y anaylses depends to a large

.
\l\‘
s

extent on the fac111ty with which: the operatlve field shear

strength can be established;‘ Various ’methods haVe been

~

'prooosed for determlnlnq the shear streng+*h; prever, no one

- particular method hasqbeen generally acoepted for 'routine

use. These methods are reviewed Xn ChaDter © 2 and are
, :

further 1nvestﬂga ted bv a study of the relatlonsh p beﬁveen

*he mlc:oscoplc surface roughness  and the shearing

resistance.

A
Wy

Obtaining a pro@er case history study requires an

accurate knowledqé of three major 1tems,“namelv- (N

*he
7

-

geometrlcal and geologlcal set+1ng, (2) the shear Strenath.

!

parameters' along the Sllp surface, ‘and  (3) +the water

pressures actlng wlthln the slope.

In more detail’ and. with special reference - to rock

slopes, the geblogioal vsefting -invOlves establishing the.

‘o

lithology and stratigraphy, the ‘attitude, .onmetry‘ and.



spatial diétfibution of‘éis¢qntin&{ijes and how these relate
w&ob.the- failure surfaée. The gegagttic sétting involQes
ascertaining the éurface profile pffbff..to _ failure.
T™stablishing the shear strength paramcterébrcgﬁlros that
either field or laboratory shear tests be parfo:med A
knowledge .of the vater-p:essures within the dlscontlngrties

is important because of its relation to the effective -

stress. R ' ' o ‘ 2

_With thésev requirements in mind‘ *he investiga“iorn 6f
*he wrark Slide is orqan12°d and prescntnd as follows:
//11) (Chapter u 1s devoted prlmarlly to the ‘deferQination
of'_theb shear strength paramoters used in the back-
analvs*$~ef the Prank Slide. .
(?)"Chap*e* 5 glves the geologv of Turtle Mountain and
the aeoloclcal settlng of the Frank Slld°
(2) ’Chapter 6 presentsvthe‘analysis,of the Frank\Elide.
The’ Conclgsioné- of this thesis work are présenfedéln

Chapter 7.

e
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BT STABTLITY OF RQCK SLOPFES

2.1  INTRRDUCTTON : R

In AhT . in*roduc*ory chapter  the importance  of
est2blishing *hz degree of stability:of natural rock slopes
2nd slopes in oper pit ‘mines was discussed. To accomplish

. ) . . N | :‘.> \_ B ! .

- . N . "\\' . R N ’ .
“his, i%* is necsSssarv *o undsrstand which factors 1nf1%enqe~

thes stabili*yv and *hen assess *he stability by deve

«

ma*thepatical nodel +that represents +the'conditions in the’

\

slope.. Th= +we :ypes,qf mathematical mode€ls that have heen

,

ea e

h

Wy

ot

S*zairn Analysis. "l«imately, in order to prova whether th=

slop2 corditions hava beecn Correcfl&Wmodeled and for th=

ey

mathamatical mod=21 to have apy meaning, thé”lfield “evidence

. : . . ) . - .
must confirm *he *heoratical predictions.

o e
The purpose of this chapter is to briefly review +he

*o ‘discuss parameters (necessary for the analysis)

representin : govarning +the rock mass - behaviour.

7urthermore, . is the purpose to examine documented records
of  failed lopes and to inspecf’the agreement bet ween

6

loping a.

Limit Zquilibrium Method and *he Stress--

'



the p;edicted/pnd'observ%d behaiioﬁr.

2.2 ANALYTICAL SLOPE STABILITY ANALYSIS ! )

Theoretical

- . ~

ca*egories, - (1) Limit Equilibrium‘nethods and (2) S*ress-

analyses generally fall  into *wo

‘w»
é

S+rain Analysis.

!

is. %o

o

'assuméf-éggﬁ;éﬁape of 2 potential S;iﬁ surface. Having dorne
this, it'is'possiﬁle; usind t he equationslof‘eqhilibrium{‘fov
'dé+érmine thefsheari§g resistance'fequirea for equiiibrium
to be mainfaiq@d along the ,as#umed: sliﬁ suzface. The

i

reéuired shearing resistance is. tﬁen  compared ,fitb the
vavailab1e~sﬁqafinq resisfance which may 5ave been determined
from . laboratdry or field shearbtes*s; This éomparison of
the’avéilable and fequ;red shearinq' fesisténéel ié carried
ou£- by mecns of fhe Factor of Safety,ﬁ The ?actor;of‘Sagéty
"(F.S.) is.”défined  35 ,fhe value ,by: thchv the shearing |
:resistance paraméters mus*t be divided in order +0o bring the
‘pofential'slidinq'mass,to.th@ point‘of 1imitiﬁq équilibriumg.
Finally, this procedﬁpé-is repeated for many' possiple slip

/

' surfaces, and tke _fidst criticjl /one is taken @s the one

. / ; : .
controlling the desigp. , » L



!

The 51mp1es+ example of a 11m1t equllibrlum analys1s is -

the case of a rlgld block sliding on a. planar ‘surface as

1llustrated in Flgure 2.7. 1In the abSence of cohe51on and

pore water pressure, the actlvatlng force down the " slope

woul&iobe W o sina . The force res1st1ng the s1iding would

o

be W é cosa e tan ¢, where ¢ is” the angle of frlctionalﬁ

'slldlng res1stance along the plane.- The F.S. would then be

the actlvatlng force d1v1d°d by “the resisting’ force.  1In .

equatﬂon form -
B

' F.S. = W @« cCoOSa w tan f
: W @« Sine -
= tan 95
tan o

would be equal to +tana P .

~ In many soil slones, .the failure' surface can be
. ' ‘) v . _
approxlmated by a c1rcular arc. In this case,'the poterntial

slldlng mass is d1v1ded 1nto vertlcal 51ded sllces (Flgure>

2.2y, and an evaluatlon 1s made (for each sllce) of the

terms' whlch express the forces dr1v1ng the slices down ‘the

slope and those which resist the motlon (Blshop, 12?5) At

the - 001nt oF llmvtlng equ111br1um, the sunm ofvthe re51stin§

- forces and ‘the sum of the dr1v1ng forces nmust be. egual

pThfs +ype of - analysls vould also applv to rock slopes vhere

the rock is so broken up by close 1rregular jo:mt@h that it

‘may be rreated as a soil, S

.S. of 1.0, the p01nt of 11m1*1ng equ111br1um, tan g

A
&

AR

o
w5

-



'dbveloped by Horqnnc*crn and Price,

follow“several diffarent joint sets (Figure 2.%). Wi+h +he

- Tn rock 'slopes, €ailura

mus 4 h@ ‘analyzed' as Quch This problem‘is

‘the’ act that+ numcrouq *ypﬁq of .qcomefrical

® ) i .
_' . . l/ . : . ’ B
. ' N 4 .
*rom, the poin+ oOf view satksfyirg statics, the moct
%@i ' o - | ' . o«
advatgfd rm of limit equilibdium analvsis is +*he me+thod
. : .

i

of doalwng with any shapo of failure surface (Fiqure 2.3

This ability, of course, 1s highly desirable and'applicable

to rock slopes where the slip sunface i

2;’Qdiscéntlnuities within Sh2 rock mass (Pi@eau, 1970) an3

therqfore may no* be sonme simple sha like a circular arc.
by ¥
. N\
. jd K
With particular c> %o rock <sloones Jennings
o

(1970) has devéloped a2 nethoi where *he é@-lur Surface'ma?.

—

failure <urfac

D

. . . . o . AN
Ftepplng from one joint set *o0 another it

-

may also pass through in*tact rock. Both *ke s*reng*h of +he

.

intact rock and the join*s are *aken irtc cpnsideration and
o . . . . : X , °‘ 4. ' .
are viewed *ogether as aocparent strencth: raramstars,
% : R , -

'DI

Aay frequently occur in +h

' o o " U
shape of .a wedge <{Figure 2.8). The-slop= ani the;creségform

two of the ,faccS' with .the otkher beirng  formed tv

discon*inuitios rcuch %'-ﬁoints or faul*sNSgptersacting the

slope. . This is a 1hr°e dlmongwonal pfoSlem‘ bev; fore

’

‘pliCatéd“by

- /

 vem9nfS are

a,

ooqs1ble' thatf-is_ to say, the bldék ‘mafﬂ\slwie on- %Ki“

discontinuities at the same time, or slide on onlv ore and

akt) which is capable:

- LAl



break away from the other, and SO'forfh;‘ GJ:dnan and Taylor
(1967) treated thlsdfproblem u51ng vectors whlle Londn et

al. (1969, 1970y _dnd John (1968) used stereographic -

“,projcctions. Hendrdn, et al. (1971) have also presonted
aralytlcal and graphlcal methods to deal vlth these three-

dlmen51onal problpmsTj

2.2.2 STRESS-STRAIN ANALYSIS
. R N .v h ‘ . -
T , N . } o

ﬁhé moc+ 10g1ca1 approach to d951gn1ng a slope would be
to\,determlne the state of stress and deforma+1ons resul*ln

from the stress change associated with the excavatlon‘ “In
pthis ~ﬁay, with propér'_Carey the . defornations 'coufd"be

~ma1n+a1ned Vlthln tolerable limits and the stresses kept fo

. - ‘

a level belou failure. 'There_are,phowover,_several reasons
uﬁy this approach in general canno* be ‘used_'(ﬁorqe'stern,
.TéGB). o | | | 1
e
. In ;order to perform arn apaly51s whore tha strosses and o

deformatlons are—'calculated roqulros not only- that. the

equatlons' of equlllbrlum be known but t:af_ hsvconstitutive
_equations governlng_ ‘the ‘materlal pghar'or ‘ ohst' be
"discérnébie ‘as well.ijcoording_to'ﬁorgsﬁstern (1968[, such
lﬁelarioﬁships, exceptffor'the.probable.generolrform of theu;‘
'7ars'hot;fuily known for r~ck. Theﬁrormbof toeSe equations
would. most likely bs‘hon-linear..‘The non-linearity together

. Wwith variation in density, pore water pressure in *he rock,



N

and the variable boundary <éonditions presents considerable

éomputatioﬁal difficultles. ‘Hoteovef, the anélySis:vduld

ﬁsnly give‘the';héﬁgé in stress which is not ,sufficienf

urless "the ini*tial state of stress is TL!'cnownv 2g well

Determinatior of the initial state of stress is no* a simple
: . L ' .

*ask.

-~ : ;o

The computational difficulties.have however, *to.a large

exten*, been overcome in the 1las* decade Lty +ths Pipi+e

Abel, 1972). Hith this method, it is possitle to deal vith

4 . . EA o : L .. A
.4Jvar1aflons in densitg,  coaplex ‘bourdary cornditions,

ron-lineari*y  with - . relative case

/ - . _/ : N N . ' e S A -
(Zlonklaulcz et 21., 1970; Stacey, 1977y . Witk particular -

,re‘-rence'*o rock - mochanlcs, Goodman, =t al. ' (19622a) have

-

devolopcd a2 special ore-dimensional finite elemant to

e

_51mu1a§e.d1560niinuitiasTi
B ,) ' ’ ) 'v . ) )‘ . ‘ ] ‘ :
*+he, ‘discontinuities. can be assjgned different  material

thin the rock mass. TIn +his wav,

properties than <*he intact rock,,making_thé analysis more

realistic.. 'ab+ab (1°7C) used tbls tyre of elemen* in a

three-d énsional study'of'jointgd rock slopes-

-

To the presan¢ (13978), however, *his rumerical .tool has
been used ‘mainly for research purposes. While thp_?ibi e

4

‘Fléhenf Me+hod hash;overcomé.~tha’ computational ‘pr oblems '

inherent ‘in a stress stra*n analvs1s, the ma*erval bebaV1our

5
A

is not generally vell understood Uthh renders the aralv sis



'd |
bf“limited value.f -For example, for the ohe-dimensiqnal,
iefnt—element deieloped by'Goedman, et al. (1°A8a), three
'para§;te:s arefneeded'to describe the joint 'behavieur~ (iy

the unit stiffness'across the joint, .f& @nlt stl ““ss

along the ﬁein+, and (?) fhe shea streng+h along the joint.
| £

The jOlnt stlffness concept,_accordlng to Goodman, "...1ls so

ne that no values are to be Found in reports  and

publlca+1ovs about joint propertles.ﬂ\ & -

. 1 ' ' [ ) . ‘//
(N

,

vDuncan (1972 in commen*lng on the use ‘of +he Flnﬁ&e

ekfmert method for sl ope‘stéglllty ana1y51sp expressed ,fhe
{

“*opinion . that a  bétter understandlng of failure and
postfailure of geotechnical material 'is needed = before

improvements can be wmade in stability aralysis using the
. » ’ . ] .
firite element method. He goes on to state
. ‘ ‘

B

Y...while fvﬂlte,clement analyses have provch:
useful for studylng *he occurrence of local
failure, *hcy have so far been less useful for

"studying ‘slooe stability problenms. The
results achieved so far in using the finite
method  for. stability calculations  have

provided resul*s which are not s1gn1f1cartly
better tharn those achievable using ~accurate
equilibrium methods: of slope stability
analysis,..." ' - '

. \ & .
-Undoubfedly;-;; the future,-mofe fesgarch‘cenducted in this
area. will-resultijg a grea+er under®tanding of the matorlal“
’behaviour,-makinqi thls' powerful nugerlca1~h teehnlque a
'ptactieal design tool. “ | | S

+ -

Q\k"'_" | -»I.: ; '_.’ \ o ://1- _ o | : : .\.



2.3 PHYSICAL SCALE -MODELS
| |
o l

V~. "

The'(;d4ue ~of scale models /iﬁ; the study of slope
stablllty problens appears to be in the understandlng of the’
rock mass behavlour as a whole. For example, Muller, et al.
(1970) have shown, u51ng_scale mo%fis, how individual ‘rock
blocks within a %;OPQ‘ can'froéa:e\\and become unstable;v
Bartonn({9715)cuSedJsca1e~ﬁodels to study :the effect of

o
different orlentat*ons of j01nts vlth respect to the Slope.

) -

£ -
While “the . models do aid - in understandlng slope.
behav1our, Derfornlng Darametrlc studles 051ng thls apDroachA

would s1mp1y be too costly, too time consuming, and too

unreal*stlc.f

~

2.4 GOVE NING PAPAHET BS IN SLOPE STABILFTY ANALYSES

In exam1n1ng the stablllty of rock slopes, the factors'
vhich‘ generally musts be con51dered are - fhe geological
setting, attitude,cxgecietfy‘vand spatial .disfcibution of
-disCOntinuifies, ércﬁnj_vater‘cohditions- and  the stfength
pérametecs ;of the dlscchtinuities‘(Piteaﬁ,ﬁ970; Patton; et
al., 1°71). Of thegé»ef5c§ors, it ‘is‘ prgbab;e +hat +the .
éreategt;'u certaint;\\sies in ‘the ,va;ues adopted for the -

‘shear strength parameters..



o

14
<
- ‘ : v

When the shearing resistance is described by +he Mohr-
o : _ : .

7 ' o . o "
! Coulomb ~ failure criterion, the important shear strength

fparameters are C and ¢; 'C is the cohesion intercebt'_and ¢
‘s the angle of shearing re51stance. The C value holds an
‘unfortunate p051t10n 1n that the F.S. is very seﬁsitive to a
sma®l change_ln C (Jaeger, 1971}. For -example, foi; a 700
slope, 100 ifeet high, and % = 320, the F.S. chapgesvfrom

¢

1.05 with C = 0 to 1.61 /with C = 7 psi (Pentz, 1971).

Moreover, this variation in C is well within *he range of .-

values obtaired in shear tests (Jaeger and Rosenqren, 1969£L:

For many <Tocks the shearing‘ re51stance bears.  a

nonlfnearwxrelatio. to the rormal pressure (Hurrell, 1965

ie . . 3
Maurer, 1966;-, Hobbs, 1970). The non—llnear_ fallure

1

criterion, however, can be adeqdately'presented as one that

is piece-yjse linear (!orgenstern;‘1968); That is to sa;§4a
.particular ¢ and t are.Yalid onlyj over a.'l1m*ted norhaf
streSS *range. .Therefore; even ﬁor avnop-linear»failure
criterioﬁ, ‘the important strength parameters = can be

expressed by a characteristic C and [

\

vEstablishlng *he.. ¢ ard C parameters from shear tests is

"by no  means- a . slmple task. For laboratory test1ng, the

procblem hecins with obtaining suitable“samples. This sample
probﬁem is dlscussed further in Chapter u in connectlon ulthv

“the procedures folloued in obtalnlng sanples 'at the._Frank'

3

Sllde.'

[\r‘
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Furthermorefx‘there is “*he 'question of‘uhatisi29~of
sample constitﬁtgs‘ a- represenfafive" sample. It  has

+~“"generally been *hought *+that *the larger the sample, the more
Y : g -hg Cger ,
& :

P

representative it is of +the field conditions. .‘?or this-
reason, shear boxes have been built as large as 15 x 12

SR ~ S U ' .
inches (Hoek and Pentz, 196f)  apd 15.8 x 15.%8 ~1nches

N

(Krsmanovic, 1967). In order to test even larger samples,

insiﬁu,'shear tests 'havé' been performed 'iﬁ‘ some cases
— (Krsménovic, ‘gt,vél., 195é; Seiafin,.et a1.; 1968; Waliacé,
et él,. 1969)/.  While the iargér tests ' may be mofé?‘
:eoresehtafive, they  afe also uuch  moré: diffiéﬁ1+‘ *o
pérform. :In khe case of iébofatory.tésﬁing, larqér- samples

-are more difficult to obtain aﬁd_for the insitu tests,\Ehé\g\\
- - R . - \ - R .

cost and tidé‘invo1vedvoften becoue proﬂibitiie.
The'effect of sanp1§ size is. furiher tonsidereﬁ in
. Chap*er 4 in éonnecfion’vith-the sheéar fest;'pe;formed:on'
the sémpleg_ffom furtlé'nountainﬂ
R ¥
/[ 2.5 CASE HISTORIES

| A’;tud&»vésfmade ofﬂﬂggumén?$g recor@#y_reporting rock
slqbél'failqres. vith thgvpurpose;ef asseééing the'agreemént
be*ween iheﬁthééretical and field behaviour?' This stﬁdy was
also conduc%éd'in Order‘tﬁ inSpect‘thé range 6f.the'stfengfh

.paraméters'required for-a P.S. of unity. A summary . of the‘J

L3
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¥

cases examined is presented in Table 2.1,

The QV and C raquired for a F.S. of unity for the
.failures examined are indeed enlighteﬁing, ' ¥or all. the
Casesiexamined;vthe 9 is as high as 850 inp only one case anad
thelld‘ist'ﬁ'requifed is 290, Inlthe‘majOrity.Of cases, the
¢ feqnired -is  around .3@6. The C.required is relatively
small and in manylcases ls zerda Tt 1s_interesting to note
_tha£ ,tEe ¢ reqﬁired for a safety factor of unlty is very

L)

‘similar to the bas*c frlctlon angle of 3% 1 S daarees, often

"assumed for rock (Ladanyi, et al., 1970; Barton,.1971b).

For ' the majority of'.caSes”'Hhere-vthe :sheaf strengtH
paramefers‘ bave been deterllued by some- type of laboratory
test, +hese parameters appear to compare falrly vell with
those' obtalned from the llmlt equ*llbrlum analys*s. The
point that must bn Lenenbered hovever, as was p01nted out‘
ea-ller,. is> that small changes in: C can have ‘a profound
' effec‘ on the calculated factor of cafe*y. When con51der1ng
v the~range of C values obta;ned from shear *esrs, . +*he
co:selafion is nof all .that good aﬁé in sone cases'itlis
very poorf. For example;‘ in the Tuﬂn Buttes slide‘.the
F.S. with zero .cohesieq‘.for‘uedge‘1<is,0.7é.. Tf tﬁe Cis

‘ : . o ro ‘ L
increased to 0.52° psi the P.S. ¥s 1.08. and if it is

_increased‘ to 1.74 psi, the P-S.'i 1 93 (Seegnlllor 1972)

.thrapolatlng thls trend to a Cof/9 p51, the lowes* value

ob*alned from: the shear tests, *he F S. is approximatly 7



ol ’

-~

Rlthough +this may be an extreme example, if AOes reneal the
magnitude’by which the P.S. can be in error when caléulated
on the basis of shea; tests. ’
,/?4
An  itenm wﬁlch is of 1mportance and- places the maﬁorvtv
‘of case hlstorlos in a p051+1on of doubtful credibility is

the uncertalntv .surrounding the pore water pressures at the

time of fallure. If these assumpt ons are in error, it is

'reflected. in the-strenqth parameters requlred for a F. S fof

unity; and, in turn, affects). the comparlson between +he

iaboratory and back analysis shearvstrength parameters,.

—————ornax

The -strenéth. parameters of rock, as previeusiy noted,
are‘difficult to'»qetermine and, fu:thermofe, fhe ;values'
obtained‘ from. shear ‘teSts .may. not - be the exactenalues,
gberative:in.lhe field,_ 'The ,Same ‘Eituation 'appliesi fp
establishing ~the &water pressufe v1th1n the rock mass._.The
purpose of the factor ’of safety in an analysls 1s, to

compensate 'for these unCertainties.‘ The numerlc value used

- for a F.S. depends on the level of confldence vhich Gan he

placed in the  input parameters. Th*s level of conf dence
dependsjkto a lafge.‘extent, on the agreement,-obServed

be*veen the predlcted and actual fleld behav1our.

D R

<

During' the past.‘seﬁeral'decades; in the area of soil



;ﬁ%

slopes, numerous  cases ‘have been documented - where ﬁggé
relatively dood' agreement has ;been observed between the‘
mathematical analysis and the field Qbservations.‘ For
example,, for ,thfee first-time slidesV udich occurred in
intact clav, the computed safety factors using .the- peak
\strength :parageters ‘were within 0% of unity (Sevdldson,
1™956; Skempton andABrodn, 1961; Kjaernsli and Simons, 1962).
This type of result . has bxought aboué an increased
‘confidence in the linmit equilibrium method of soil slope
analysis. . With this increésed confidence; .this imefhod of
‘analysis“ can now be used;es a_basis,for'the design of soil

slopes.

ThiS'tjpe df;¢onfidence»has not as yet Been‘reached ‘in
the'fahalysis of roCkTSIOpeE._ In the de51gn of open plts, A

a ’ ' v

',*he slope angle is often selected only on rthe basis of .a

cons1dera+1on of +he local geolo?yrand past experlence.,'The

reason For thlS is the general X gk of aareementibetveer *he

. : - B by . 4"

w:. . . A’“;
analyses‘andfpbserved field ehav1our.ﬂ{“he;'

the"basis reffshear\?ESf/results can be,hm_ fﬁ%m%“

hundred percent ' Tn the Twin Butte§h'

'ka,

2l

the prevlous_‘soctlon,

" larage difference, hovever, is not al#ays>thu@cas

24" R

Prank Slided(ChApterMG),i he F S.- based on the péég";:
'parametersj from she&}' tests &pﬁl flexura%§ﬂi& ‘
differs by only 1u% ftem‘a_F;S; of “unity., The3”
oo : e B :
anélySis,e hoﬁever,~‘yas not das >Sg£¥ltlve'




cohesion as is normally the case. Thus the F.S. can differ

from wunity by only a small percentage or by as much as”’

.'l

Sevefal 100%. - Since there is a possibility that tgﬁf
\2. N

F.S based on shear *esfs may be 31gn1f1cantly in error‘w;he
7 L

rellablllty of analytlcal rock 'slope stablllty analvsw;}has

"of a slope design. A‘reasonable amount of judgmegtgg% s+1ll

reguired in the selection of the shear stren

AR e =

Is 1t possible to improve thls p051t10n$1 ¥ock slope

analysis? Further detailed case studies may improve ‘thie

T

.Dos~t10n somewhat or, alternately, they will further corf;rm 3

the 'present state of uncertainty. In the case historils

listed in Table 2.1, as . was roted 'earlier, the strength
parameters required. for F.S. of l.C'are-very similar to +the
basic friction angle as determined on flat rock sampleq-

= e
v

The same situation applies to’ the Frank Sllde, where for a

F.S. of 1.0, the average ¢ requlred is 37.20 QVthh is

~Ccoarse grit - (Chapter 6). ,Only further_case hlstorles’wlll

§how,uhether or not this generally applies to  all rock

slopes. For this reason it is 1mporfant to- perform ca*s‘ul_

‘and defalled case - stud*es. Broadly speaklng, however, it is

A

doubtful 1f the hlqh 1evel of confldence necessarv ‘o dos’gn_'
| slopes to . an” accuracy of wlthln"one deqree will ever be

reached. The materlal ulthln' rock slopes is 31mply too -

varlable and complex to reach thlS p051t10n.

_ 1dent1ca1 with the ¢ measured on a fla+ sample laoped v1th 2 '



Swnue the rel*ab1l1*y of mathema*wCal analyses based on

) ”v

.insitu or laboratory shear tests is not that high, the

usefulness of these 'undertakings might be'questionable.

4

However, the 51tua*1on ex*sts *hat for foa51b111ty studies,
at iéast ;nly laboratory type tests are avallabln o; which
to. baso the design. Consequently, it' is not"oractical to
vabandor the na*honaflcal analysis unless the design 1si*o be
based solnly on past experience.

Designing slopes at high factors of safety results in-

ate

low angle slopes which might ‘make an entire open 'pit

operation ureconomical. Therefore, i+ is still necessary to

N ~

wvork slopes atiggv factors of safety. Doing this, hbwever,
‘necessitates: the continuous and cateful’ monitoring of _the

'slopes: Hifh +he puroose"of_ detectlng areas of poter**al

<

1nstablllty ana v‘emedylng them befora a catastropho occurs.

;-
The 51tuat10n vlth hatural slopes is somévhat. more
compllca*ed --Slnce there; is " no d051gn 1nvolved ~it is a

matter of stating. vhether +he rodk mass w111 or wil} not
. . N \ .
= da./ This ma*ter will be furthcr dlscusqeg in connection -

.
N -

vl*b the Prank Sllde.
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Ww;‘weight of the block '

B
R = the resisting force
N = normal force on the failure plane

= W cos a .o (

. The activating force = W sin A
The resisting force = Ntang .. . = EL
-3 : | LT —~

;, =Wcosa tan g -
Therefore; the F.S. = W cos a éanvﬂ b
- ' W sin .
- :741 S“/\\zgaig )

Figure 2.1 Limit

e
i

equilibrium analysis of grslidingiblockv

R



A GENERAL S
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FAILURE
SURFACE
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FAILURE * SURFACE

“ .

Figure 2.3 Illustration of a general failure surface .

0
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-3

SLIDING ‘BLOCK
. :;]"

3
N

Figure 2.4 A thfée-diméﬁsaonal wedge failure

— | |
g _"TTTHNTACT ROCK
lé~JO|NT SET 2

JOINT SET |

Figdre 2.5 IllUstratioh’of a potehtial failure.surface
' which includes pre-existing joint 'sets and:
intact rock - - e

-
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YAPTER IIT
THE SHFAPING PESISTANCT OF
,(—// , . ' : .
o #  NATURAL AND ARTIPICTAL POCK SURFACES

3.1 IY“WODUCTTON

Tn rock slops, failures, movement generally occurs along
structural discon*inuities within *he rock mass. For t*his

reason, - it is imperative ¢hat the factors controlling “heir

., : o L - 3 SR A v
éhear resistance  be c-early .understood. Numeroqs_ shear
-ﬁ;*est§3have‘b en Dc*fOLhOd ‘on vétural rock dlscon‘ nyitiss ire
o st 4 : . .

order to studv ‘hpir sheatinq resistanCe-behaviour.. There. !

R

has generally *» er no consisfency'in' he roportlng of  shear

+est Adata, a-d e . data :asmbeon 1ntprpreted in a var:et?'of

N L . . . v

ways (Jaege-, 1971). R A

. . 2 i

This situa*ti 1 has in recant years improﬁéd somnawhat ir

fhat the gpnofai trand now ié‘ tofcdpsidér £haL§h§§rinq
feéiétanqe:alqnd rock discontiﬁuitieska#{_ariSing f;oﬁ two
cohpbnentsf-‘vthe‘ first;'b in q the *frictippé& fesistance:
résulting frbm-fio flai-éurf$ce§ siidirg évét sach é;her ani

s

’tho second componevt arising from tho rosiéfanme-fo slidi%

1mposed by the qoometrlc 1rregular:t19c on ‘he rock surface.

<
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, 3.2 THE INFLUFNCE OF SURFACE IRREGULARITIES ON THE SHEAR

STRENGTH
. | ( -
The frictional component, as: determined on flat
surfaces, can be defined byvéhe expression
S =N tanlﬁb G IR
vhere S = shear tforce
N =vnofmal force, and
¢, = the basic friction angle of the material as
¥ . : ’ ; ;

zdeternined on flat surfaces(Figure 3.1).
, , X o

If a sample had a seﬁ,'of reqular. inclined 'surfaces

(teeth) as illustrated in Figure 3.2, and_fhe,upper block
wera to slide up the slope as the shearing progressed, = the
_ } ; ‘ e

'sliding resistance can be defined as

S =N;~,+an (¢b +i) .‘-;.‘........-..,...;...“ 302

where "i"™ 'is the angle of’inclination of the teeth upon
which the slldlng ~takes 'place. The - valldlty of ' this

rela*lonshlp has been demonstrated by Nevland and Allely

”(1957), Plpley and Lee (1961), and Patton (1966).

o
A

. The riding of surface irrogularities over one another

“can take place only 1f the sanple dllates. When the notmal

Mstress becomes hlgh enough to prevent dllation, ' the teetnl

e ;_.“. :
N R A . . . ]



£,

(Figure 3.3). Por this case, the simple “bilinear 1law

g ~‘L i . | '}‘u - 29

Mg :
will _be sheared fhrough.A When this ﬁappens, the shear
strength Hiil exhibif "an appérent. cohesion, >C, .and the

trength envelope can be described by
S = C 4 tan By eiiiiiiiiiiiiaeiiiiieeea.. 3.3

Cembininq equations‘é.Z and 3.3 to define.:the shear sfreng;h

over the whole normal  stress range results inﬂasbilinear

failure enveiope as shown in Pigure 3.2.

> : ' A
" This bilinear lav,'as.demonstratea' by PattonA[(T966),

describes very well the shear strength of idealized models
with regular projections. However, for - actual rock
surfaces, théfe  may be a large range of inclination angles

u

Jde

S

somewhat unrealistic, Due to the variation in "in values on

natural rock ‘sur‘aces, the;‘change in - fallure mode - from

rvslidingvupfthe slopes to she %%ng through them v111 occur

- over - a range'of normal stresses.’ Inltlally,'at a very low

normal stress, there villvbe oniy the slldlng—uo ‘mode of

failure and evpntually at very hlgh rnormal stresses, there

\v1ll be only the shearlnﬁ through mode. In betveen, there

_could be any deq;ee ,df' intensity of toth failnre:modes

occurfihq and ‘as a. result,che failufe envelo?e " will  be

curved 1nst°ad of belnq simply bilinear. This is suppor*ed

by shear test data vhlch 1s of+en best described by a curved
o ‘o *

“fallure envelope (Hutroll - 1965%; Haurer,'1966; Hobbs, 1970) .

. s .
e h » \
: s . \:
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. oy . B
Ladanyi and Archambault (1970) 'realized this and have
developed a 'more general shear strength equation than the
simple bilinear law. Their equatidnvfollousf

1

T oomag) (M) +agn G omnl (T —f)i/2 L. 3.0

1 - (1-a) v £
where ¢ = normal sfreés
% = tangential stress’
v =‘t$e dilation rate due to shearihq.
a, = the SBear area ratio; i.e., the f#action of
| the tofal Shéar surféce, A, passing.thrOuéh’~
solid rock
f = the'averaée ;oefficient of‘frictiou fof_the
contact suffécés_of the discontinuities
7 = the dégree of.interlqcking
% C = the ﬁniaxial ;;mpressidn strength of the
intact rock
n = the ratio between fhe'uniaxial coméressive
'andbﬁgﬁgile stréngﬁh:of rock blbcksf;ﬂ'

(A(i)xlé.

=]
1

This equation,‘uhiie it may conceptually “be correét,'
inéludesfzparameters like as; v and »  which .would be
‘difficult to measure and for this reason it would be

difficult to use on a routine basis. L - /

On the basis of laboratoty experiments performed on



artificial‘materiall with tension discontinuities, Barton .
(1971a) has proposed another law for the peak strength,
T= g tan (20 log ,-(Co/?n ) ¢ B.) «..... 3.5

\
¥

vhere C, is the uniaxial ccmpressive,strength.

The simple ‘biiinear law, Ladanyi's‘ eqdatioh‘ and
Barton's equatlon all 1nc1uded the .¢b parameter, -and the
rest of the terms ‘within- ‘each equa+1on reflect an attemo¢ at
1rc1ud1ng rhe shearlng re51stance Aafforded to the total
shearlnq r°51sfance by the surface 1rregular1t*es. |

3.3 THF EPPECTIVE i ON NATUPBAL ROCK SURFACES'

Flgure 3 '3 presents two actual roughness profiles of

natural - Tock discontinuities. These traces show the wide

L

rangefin‘i'values whﬁ?h' may be present on natural rock

-surfaces. ‘The problen ‘is to determine" wﬁich‘ is(/the
effective i. | Pa*tton f1966) was of the‘ cbinion t hat,
generally,l the »irregularitres_'.could_vbe divided iato
ca*egorles of. first' aad second . order irreqdlar4‘§es.

Fur*hermore, Patton and Deere (1971} felt that+t it is +he

flrst order 1rregular1t1es which control the »behav1our of
/ .

large slopes and that past hlstorles of tectonlc loadlrg and

jueatherlng will have reduced *he 1nterlock1ng effect of the

@mall second order 1rr°gu1ar1t1es. I f

!
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7S

S

Barton (1975b) ‘in eXamining this questlon further
suggests tuat the @ '3 concept is too 51mp1e because gt
assumes thatwthe average angle i remainc constant tﬁroughout'
the range of normal stresses. under which dllatlon can take
place.v He suggests that ‘the: effective value of i depends on
the magnitude of ‘the. normal ‘stress. Kt very low normal
stresses, . smallerv and steeper;sided prO]ectlons coutrol'
uoveuent. As the! normal stresses 1ncrease, these smaller
prOJectlons are broken off and the more ‘gentle undulatlons'
vof the first order 1rregular1t1es ccntrol the behav*our.: In
a series- of_ experlmeuts- on model materlalvwhlch had been:
»fractured"in tehsion; Barton.f obtained ~an - empirical

: o *
relationship which can be expressed as follows,

1220 log,)  (Co ) weveneee - V.l 3l
o ‘ 4 % . .
where C  is the-uniaxial strength, The .assumption used in'

j _der1v1ng this relatlonshlp was that the basic friction angle:

for the materlal was 300

Pengers (1970) and Fecker and ‘Rengers (1971) have shown,-
how the effectlve roughness angle (i) decreases wlth an

1ncrease 'in_'measurlng' base-iength.» ThlS suggests that as*

'“the shear surface area 1ncreases, the effectlve i decreases.

'Therefore, the effectlve 1 is a- functlon of the sca]e of the

surface area.’ , : o - . .



The approach of deterlining the ¢ in . the laboratory
.‘and .then leasurlng‘the i couponent in the field has not been
ﬁaapplled to practical de51gn of rock slopes. If it  has,
there have been no case h1stor1es reported shovlng that th1s
approach can be successfully applled ‘Therefore, at the
present tlne, 1t is. only a concept. Thisdconcept; however,‘
-has greatly aided -in prov1d1ng a2 rational basis‘ for
understandlng tne Icurvature of failure envelopesj[vhich

-

usually occur on- natural rock surfaces.

v : ' ; ‘ &
- 4 =

The problem with the approach of

urfpg . the

3 roughness‘.in the fleld 1s the llllted num er of $u1tab1e
rock surface exposures vith a suff1c1ent ‘areal extent »to f
lake 'thejneasurelent ' Th’is is espec1ally true \ at the'tj.

fea51b111t@'stage of an open plt project. . Furthermore, im

order to check’ this apw.oach “aﬁéﬁcomparepit,vith actual

prtat]

fallures, it vould be neces; -s‘ﬁthe' slip surface>

after faijilure to leasure the_;ro@qhness. *To be able to-

examine an ex posed failure- surface | is seldom, and more o

likely never, possible. This limits the appllcablllty of

this method.

Earller it wvas noted that all the recently proposed

’

shear strength equatlons have a parameter 1nc1uded which has
. - :
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been\'referred +o as the basic €friction angle, Qb. This is

4

the friction angle as determined from shearing tests on flat

_artificially prepared sur faces .(Figure 3.17).

iy

R fair amount of study has been directed towards the
-problem- of how ¢the flat surfaces should be prepared for

measuring #, -

Patton (i§6&) has suggested that the'vbasic friétion
angle be detérnined by using,rpck surﬁgcéé which are rough
sawn.. He based his views on the féét éhat this value was
similar to those obtainéd from field'obsérQQtions df stablé;

unstable and failed 'slopes.

Conlson; (1§70, 1972, in”follbjéng dpf?attdn's-HOLk,‘
uﬁéér£60kVan.éxtensive‘iﬂvestigation + fg;thér define this
) basicf;fficfiég éngiéqur ﬁaribus_rqck fybgs. Generally‘he'
 £ound that ‘the %rictiondl fési§t5nce deﬁehds f% - a 1arge
veifent oh the surface bprépa:ation and the surface_aamage
vhich,reéulﬁs durirg the shearing‘teS£.'iThe four‘ differenf
processes of | surface damage vhichv occurréd .yere (1{.
'golishing, (Zi gouging, (é) théigenerafioﬁa‘of rock flour,
. and fU) ‘the fgrnatioﬁ of én'indurated c#ﬁst. .He‘prepared
v$urfaces,by'u$ing 080.gfit,-§GOO grit and‘by sand blésting.
Bis teconuendation vés.fhaf éhrfaéés prepéted vith féd grit
"be ﬁsed to determine the basic 'f#icfioﬁ._pngig unless the
field sitd;tion varranted a pbliéhedﬂjbf nearly polished

N\ 5.
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2

According to Barton (1971b), the ‘basic friction. angle

»

an -~ be obtained from surfaces where the shear force

displacement chéracteristics,§how'no‘appreciable peak. -The

o .

granular texture of the rock should be expoSed}bht not to
the extent that macroscopic ihferiocfing occurs. Sand

blasting appears *o satisfy all the se requirements.

How , tﬁis“baSic‘ friction angle, as détefmined on
artifiéiaily prepared surfaces, compares with thé,‘@ cn
natural rock ‘surfacesblafp?:'large shearing diéplacements,:
still requif§s .s9me' clatification and will . be gfurther

o
considered in Chapter 4.

‘ . L . o N >y . . )
"In  some of the case histories exam1d§§~1n-5ectlon 2.¢€,

the # required for a P.S. of 1.0:was&verycsimi1ar to the f,

as determined .6n . flat rough-sawn surfaces‘(Déeré, et al.,
f967). This would suggest that the proper way to,‘detormine
¢b would be as Patton or Bartbn sﬁggested" That is td séy;
the flat éurfade shoﬁld have.a fairly roﬁgh texture but no .

lérge 6ndu1ations,

182}
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3.5 THE

2y

T OF MICROSCOPIC ROUGHNESS ON
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It was mentioned'earliervfhat»fhe frictional resistance

o
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-on flat rock surfaces is dependent on the surface
preparation.’ Generally  the spcdther the sur face
preparafion, the"lower the Frictional‘resistance.(Coulson,

1970,'1972) A.question arising from this is whether or not

it would be pé%&lble to obtain’ a correlation between . the

B

mlcroscoplc rouﬁ@ness and the frrctional resistance. fhis
“would involve some _numerical_ characterizaticn, £ tﬁe
Surface. ‘Attempts at obtaining thisltjpe.of correlatioa‘
have been made by Byerlee (1967) on vgranite‘ and by &uygrs
(1962) on mnmetallic surfaces. -ITf such a relatlonshlp could
| be establlshed at the mlcroscoplc scale, 1t might also be:
possible to ‘do the same at a largerescalefw This'idea was
explored in some detaii'during'the course of ;this..ihesis
work for . rhe ~limestc§§ rock. frca'-furrlevnountain.v,The
remainder’of fthis chaprer presents the fresulrs cf' the

3

roughness study.

In order to obtain a mathematlcal relationshlp between
frictional re51stance and sprface roughness, it is necessary

to characterlze‘a roughnéss profile by some numericalyvalue.
- . ‘ \ : 2 . | .
uechanlcal engineers in describing the finish on a
qllled surface speak of the root-mean square value (RMS) of
“that surface. TIn the Britlsh systen, ‘a  similar value 1@‘;

7

‘known as, the centre-linevaverage (CLA); k ih yfact, many
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, ' P
‘apparatuses are agailayle‘ which. will measure- the  CLA ‘
L ‘ : o
directly and display the result on a dial gauge.
‘ P

°

Numerically the ﬁHS is ", defined by the follouizg-

eaquation ‘(ASR, 19%55): | ‘ 1{‘ : S "7¥§’

A : x =N o _ ,
RUS =+ [ 1 f v2 AX ciiiiiiiiiiiiei il 3.7
N . . ' e *
o _ x =0 , A '

wvhere N = the number of discrete‘meésurements of the\) \“

amplitudi o

y = amplitude\of‘fhe'roughness:about a mean of //4
zero '
dx = a constant distance between the ampli*ude

readings.

- %
The CLA value is defined as (ASAR, 1955):
x = L \ )
CLA = 1 fIVE QX eeeeee i 2la
’ “x = 0
where y =-amplitude ofbthe_roughness about a mean of

Zero
L = *the distancé‘over vﬁich fﬁe averagé-iSu;aken'
dx ;_the,lethh betﬁeén éuccessive readirgs of the
amplifudé; | | |
1

~ The difference between these two definitions .is in

\



magnitude only. PRoughness neasuring instruments calibrated

for RMS will read approxlmately 11% higher on a given

surfaCe ‘than those set to read CLA (ASA 1955).

ay

. Myers (1962) has extended the RHNS idea further and has.
R o : N S o
given several newv parameters for characterizing surface:

- o S y ) , A
‘roughness. He defined - his first new ~paranmeter, Zz' as
' . o . N J’%v-@’;‘/“_' .
- follows: - - : . Sy 02
Z? = 2dx ................‘.. 3’9

In words,  this is
prqfile.

r it

‘ . P . [ C . -
The -second new characierlstf/ 23, is defined as the

“RNS of the second derlva/;ve of the surface roughness.

Numerlcally_' . o 'W_

3

iThe_significance'of the IZ“ paraneter, acc°rding to
Hyers,i,isw in >revealing' the roundness of the peaks of ther"

_rouaness profile. nyers correlated these parameters vith-

-the coeff1c1ent of frlction on samples of cold-rolled steel

i
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disks and found that the best relationship was obtained with

the 22 pParameter,

- Another. possible ,approqch to characterizing surface

Troughness, espgcially on th9  nicrgscopic% scélg; is to
'éonéiaéﬁftheuprofile 'tp ‘be ihé result of a St;éhastic-
process :'and analyze 'if on a statistical besis. " The
. measu eneni'and analysis rrocedure for such data Qasf been
Very carefullf docunented‘by Bendat ard Piersol (19715. The
majérit?‘ of information given here with. regard to the

deflnltlon of statistical *erms was +akon frod‘this valuable

SOll rce.

The der’main statistical functions‘ uséd"téiideséEi5é
thé bésic p;oéerties'Of random data are,'(i) thé uean_sqdare-
values, (2) the probablllty density ”functioné,v (3) the
éutocorrelafion functions,  and (Q)-_thg, 5peétra1 .dehsity
func{ioh. , 'Thew descript*véﬂ oroper*ieé, definitions and

applications of *hese functions are glvpr below.
2.6.1 MEAN 5QUARE VALUES

The mean square value of a sample ‘timé-history, fecord
x(t), givés la~:rudimentary deScripiioh of thé idtﬁnsity.of
1_*hé'dété; I+ is <1mp1v equal to the averaoe of the sgpéred
.émpl1tudes of the qample record. In equat;on form;‘tbe.-ean

value, MSV, is given'by«



the variance.

4c

t =N

MSY = 1 fxz’(t) S R JE |
N : . . ‘

-

t =20
Figure 3.4 shows a sample time—history record The square
root of the n SV is called the root mean square (RHS) "~ When

the nMsSV 1s obtalned with the mean- belng zero, 1t is equal to

3.6.2 PROBABILIMY DENSITY FUNCTION

The probablllty denclty functlon furnishes 1nformat10n‘
about the properties of data in the ampllfude domaln.- It

gives the probability that the data’uill assume a éertain"

'value within a range x and (x +¢Ax) (Flgure 3.4). A special

case of a probability function is_-the cla551ca1 Gaussian.

functiqn _characteriiéd by the'familiar'bell—shaped curve.
The distribution described 'by the Gaussian _funcfion is.

~commonly known as a normal distribution.

-2.€.3 AUTOCOFRELATION FUNCTION

n equatlon form the autocorrelatlon functlon (ACF)‘is

ed by



41

. ’T o
ACP = 1° /x_(t)' Xt 4+ 7 )8t e i e, 3,12
.'-, T : » : .
0 ‘ '

vhere 7 is a constant time laq. This. function gaves an
L '

indication~ of the dependence of the values 01 the data’ at

one time on the values at another tine. ‘The ACF‘vidl have a
-1 ) e '

maximg; value at zero tine displacenert Atithis,point, it

will be the same as the variance.

The pr1nc1pa1 application of the ACP lS ‘to use 1t as a-

tool to detect deterninistic data (e. g. ‘a sine yave) ‘which

might be masked in  a randon background, Por deternin*stic{

data the ACF-vill pefsi<+ over all- tine displacements "asi

v
™~

opposed te laﬂdom data wnere the ACF will dlllnlsh to zero.;

3.€.4 SPETTFAL DENSITY PUNCTIONS ; ' . -

o

Voo

" The osower spectral - density. function ;ofirandom’data.'

'indicates the nanner of tbe vdistributicn"of' the‘ Harﬁonic

Vcontent of ,the 51gna1 over the frequency range from ZeTo to

infinity. It can also be thought of as the famount of ¢its;'

mean  square value »asSOCiated; with a' narroy band of
) o 4 : S STl o
frequency, A £.: In”-equation form the’ sPectgal density

function (SDP) 1s exprogsed by

Tew

g
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T~

Q.

SDF = /11':: (21 A (if) 12 )} df ..eoonnl 3013
T .

where A (if) 1is the Fourier transform of a signal x;(t).
Fog a detailed explanation and derivation of this _equation,

the reader is referred to Robson (1963).'

Thé’pfincipai,appiiéation for the SDFP measurement is to
_ﬁgstablish the‘ frequency conpositibn of the data whiéh in -
turn bearslan'impoftant reiatiQﬁship to the characteristics
i;of  the’ system involved. For éxa%ple, if a system has a

afﬂi»freqqenCy'response functionkﬂ(f) aﬁd'a random signal‘ﬁith a’
o spectfal density funétion G(f)‘is applied £6 tge SyStem,}the.

¢~ output - of the system will be a random signal with a pover

)

vspéc{ral‘density funcﬁion equal to | B(f)12 times G(f).

. "When these‘statistical_parameters are viewed  together,

e

'“'ﬁ"tﬁey fﬁrﬁish similar informat?qn'but-ih dif ferent formats.

- The érobabilitf Adensitf funétion furhishes information
concgrnihg the éfaperties. of fhé“ déta. in the amplitudé

_ domain while ‘ the 'aUtdcorrélafion>  funétion' fﬁrnishe§
inforha{iﬁn in the.'tiﬁé domain, and the géectral density
fqnctién gives‘simiiar informétion_in the' frequenty'idpmaiﬁ

. (Bendat, et al., 1971). o o \‘

b Thé' physical significance of these pafameters‘iill'
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i

become more evident with the ctual digital co-putatiOn of

these parameters.
TN

v : .

3.7 SAMPLE PREPARATION

The flrst step in explorlng thls concept was to prepare

samples wlth different surface roughnesses and then

~determine the frictional re51stance. With +this in mind,

sanples of lilestone'fron Turtle Mountain vere prepared'for

~dlrect shear testlng by, first of all,?using a diamond . saw

to Cut{ spec1lens from a large rock block. The approxiiate

'size of ‘these spec1lens vas 1. 8 x 1.8 x 3.0‘ inches. They

vere then cast in Devcon B epoxy so. that ‘the salple vould be

'sqnare and fit the shear.bor exactly. Fach half vas cast

rseparate@y leaving a space betueen:the halves for the shear

plane (Flgure 3. 5).. After the'casting vaseCOlpleted - the
tvo halves vere sawn apart using the same Qﬁalond sav which
had been*psed for the3;p1t1a1 trimming. ThlS‘flnal'dlalondfjﬂ

saw cut £pen became the shear surface for the test. 'Six.'

samples uere'prepAred in this manner.

In order to obtain different degrees of ‘roughness ‘on.
these} shear surfaces, one vés left as a diamond-saw cut,

while another was fln}shed by dry sanding with a #80 grit

_sandpaper, and %he final four were lapped ulth different

51zes of grlt. The sanple de51gna*1on nnd the correspondlng

surface flnlsh of each suﬁﬁace are presented in- Table 3.1,
. :
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3.8 SHFAR TESTS AND RESULTS

Upon completion of the sanple preparatlon, each ksample
Luas‘ subjected to dlrect_ shear tests using . a shear. box
de51gned and bu11t at the University of Alberta. With ‘this
apparatus, the normal load vas applled vlth a dead weight-
lever-armuarrangement thle the shear load was applled by a
gear box-chain _driveAassembly poﬁered by an electric motor
(Figure'arsf. The horizental displacement vas measured with
a 11near varlable dlsplacenent -transducer' (LVDT) and'vthe
shear 1oad vas neasured with an 8 COO pound load cell.‘ The

~ shear load and displacements for these partlcular tests were

recorded vlth an X-Y plotter,rand the tests uere run dry af
a 'rate of defornatlon ,of‘ 0.05 1nches per mlnute. After
hav1ng completely assembled the apparatus,.vlth the :sanple
in place, the horlzontal defornatlon vas started and alloved

=

to’ contlnue until the shear load had more or less levelledp

e

;“"”off’“‘E@'thls‘p01nt”\the ormal load vas 1ncreased and the‘
. ﬂ'l rr: ¢ "‘ 4 »)\ -";“;-,. y ’ )

test contlnugd «untllstheﬁﬁhear load had once uore 1evelled

\-.t }n s ,ag\» -

‘off. Tn thlS way, the samyd%ﬁvas step loaded to the hlghest

e
4‘75’)\"0 7

des1red normal 1oad. ";n *yplcal - shear load versus

‘dlsplacement graph resultlng fron thls procedure.i ,shovn'in

2

Figure 3.6. - : ' ‘”

AT 3;‘2

From these Lpad deformatlon 'curVes,v the shearing

resistance vas noted at eacb normal load and then both the
4
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shear_ and normal loads were divided'by“the initial area to

convert them into stresses. The results for all the samples

are shown in Figure 3.7.

. The most notable feature concerning/the results shown

- in Figure 3.7 1is +the wide variation’ in friction angqle

obtained from the various surfaces. - Fronm __a visual
inspection and -by feellng the surfaces, it seemed that the
rougher the surface the hlgher the friction angle. It was

this observatlon vhich 1n1t1a11y suggested that it might be

”poss1b1e to obtaln a relatlonshlp betveen the frlctlon angle"

and the surface roughness.

3.9° DIGITIZATION OF ROUGHNESS'PROFILES

The flrst step in attenptlng to characterlze a surface

_roughness was - .to  obtain a trace of the surface'profile.on

“the microscopic scale. ~This ‘was done with’ a Talysurf

roughness"“measurina instrument owned by -the Hechanicalj

' Engineerlng Department at the Unlver51ty ofn‘Alberta which

B j .

'produced a graph1ca1 output as shown in Flgure 3.8. In this -
wvay, two. surface profiles vere obtained for each sample, one

b.before the shear test and the other afte? \é}'

L
~

2

¢

Once the surface profiles were obtainzed, the next step
vas to digitize them; that is to make discrete’.measureuents

of “the amplitude  at regular intervals about'sone datunm.
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?hls was done u51ng a dlgltlzer avallable at the’ Computlng

Centre,. ‘Unlver51ty of Alberta. This apparatus essentlally

| (?{;?éé

converts analog data to digital data and in one of its usés
! 3

,converts strip charts to digital representatlon. The

,digitizer records the X aud f co-ordinates of selected
; . L . , . . v . '. . . '
,points when a cursor is run over the analog signal. The co-

‘ofdinates are recorded by the digitizer on magnetic tape

) ‘f'makinglit possible to handle large guantities of data vitho

) relativevease;
L

1'/_\\ ) Q‘/ . . . )

! ‘ For the particular problem at hand (digitizing the

]

*

»surface)profiles) the apparatus ‘was set to take a readlnq at
fan 1nterval .0of. 0. 01 1nches along _he strlp chart. This
"meant that 100 discrete amplltude measurements. were obtalned
for.;e;ery -inch of strlp chart. In’thls;manner then, 2,048
vrea@lngs'were taken'for eaeh'profilé?. The reason for tais
partiéular' number is that 2N values are required for the -
caléglation of the spectral density lfunctiou. In the
preseﬁt eoutext N was chosen to be 11. |
. The co—ordinates of each point were initially‘reeorded
on +he<dfgnet1c tape in 1nches with reference‘vto the ‘¢0°’
. orﬁlnate, system of +he dlgltlz;ng table. Consequen ly,vallv

the reaéings had to be converted into micro-iZChes-and. also

‘ippropriate datum ' relative .to each

T T TR -
§¥hos @“ o _hat %an of all the

translated . to 'SOm

o profrle. The datum

o o

St
tld3be$zero. g&%se

readlngs forigi
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ianipﬁlations‘vere performed on thé IBM-360 computer and the'

wresults’stored on d_9—track magnetic tape.

Later this digifal profi%f dafa Qas fetrieved‘ aﬂa
replétted using the Calcomp Plotter at the Computing Centre.
_ Tﬁe Calconmp LPlottef  outputﬁ fori all the surface profiles
‘obtained is shovﬁ in Figures 3.9 to 3;1&..  The ﬂraces' iﬁ
-these figqures are 'siiply"straight lines between the data
points but -the points are close enough. to give the
appeararce of - smooth curves. T@ese, coﬁputer plbts veré
conparéd with the original stiipvchar€§g aﬁd‘ ihere> was no
..ﬁisiblé différence noied between the tvé. Peproduci;g-these
profiies vfron the digital data aiso éided in enéuring that

fheré vére'no'errbnééds results invthé data files.

_ o

‘withouf;’the-.cblputér, thé' digitizer and the tape
storage for information, it wou1d not ha§e béen posSible to

 'de§l vith such large,quan{ities of data. -

@

o

3.10 DIGITAL COMPUTATIORNS

Once the surface profiles were in digitél form, it - was

a"relatively simple tlatter to - caléuIate the majority of

snrface,characterization. parameters discussed in " Section
. 3.6. For example, to calculate the BNS, the requirement is
_ . s : T | 5
to square all the readings, add theas, divide by the nhimber

of readings and then take ¢the square root. This is not
: . ’ . SR _ . ‘:§4~\;
| | | v _ . ’v S

A
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-mathematically complicated and can be easily done on the

computer even thbugh ~there were 2,048 readings for each

pﬁoflle.A -#ﬁﬁ

[ . . F

_The only parameter which presented some computational

_diffiéulties was the spectral density function (SDP). To
determinre the SDF some special techniques are réquired which

are vorth mentioning.

-
i1

There are two methods available for compu*ing' SDF's.

The first is the so-called “Bl\qtnan-Tnkey" method (Blackman:

ang Tukov, ”1959) based “on Gomputing the autocorrelatloqﬂf

a ) - L

i

functior ' (ACF) initially and then «calculating the .Fouriefﬁﬁ

+ransforl -of the ACF, The Yourler transform of the ACP 155

: the SDF, and the ACF and SDF are known as Fourier transform

pairs (Robson, 1963). R newer’'and more efficient ﬁayJOf

/

detern*rlng the 'SDF is the "Cooley-Tukey" method (Cooleyiand,

‘Tukey, 1065) vhlch deternlnes the SDF via a fastb Fourler

transforn of the_orlg1na1>dataa - Bendat and Piersol (1971)

give a detailed déscripticn of this method " ‘and how iﬁ\fis;

‘used. -

Since the mathe-atlcal computations are fairly

e

involved, several co-pnter prograls have been ' written to °

calqulafé tho fast~ Pourier transform of raﬁdom'data. The

one used durlng the course of this thesis vas ob*alned from .

-A+he Unlver51ty of Alberta Phy51 S Deparfuent and is glven in

Q

ot



“hentioned authors. . S N

»:%ﬁ&hdard deviation of the digital data.
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Appendix C.

3.11 AMPLITUDE DISTRIBUTIONS OF ASPERITIES  ©

Bovdenpgéﬁd Tabor = (1956) stated that theiresults frona

rTefined profilometer techniques,shoy that the asperities on

most surfaces have a Gaussian distribution. Work done by

'Williamson and Hunt (1968) indicated the same observation.

,If vas felt it would be of .interest to . compare the

\

distributions of the surface pfofiles"obtainqd from the

limestone samples with the observations- of = the above-

Ra

Lo

From the digital data on each profile, an appropriate

class .1nterva1 .vas,chosen and a count vas thénclade of the

:nulber of readings vhich_”feli into each -inter}éi,l " Por

’éxaiple,.;the class iniepvél for sample & jbefdre'shearing)
'-iWas éhoéen tosbe 20;licroinches, and the"nﬁibet 6f'aiplitude
Ji}freadlngs on this sample ?%agh had an a-plltude range of -120

ito'-1u0 vas. 65 (Pigure 3.18). The resnlts vere plotted as

‘{bars. on. a frequency 5ersus-anp11tude graph 1n F1gures 3 15

o,'3;20, ‘.The theoretlcal Gau551an : dlstrlbution<'>éare

',VSuperinosed‘-on each of the bar graphs in order to colpare
the observed with' the theorgtlcal. ‘The normal .- curve .

ﬁ(Gaussian) éan"be easily’jdeter-ined by calculatind tbeﬁ




Y

g _ L sqi a

Upon examining all those distributions, it appears- that -
generally, the actmal distributien'can be described fairly
well - by a ‘Gaussian distribution. The best agreement Was
obtained for the surfaces lapped wlth the #200, u00 and 4600

grit before the shear tests Were performed (Plgures 3.18,

3.19 and 3.20):

Probamly'one of the more interesting features that
these distributions show'fs the chanée which occurs on the’
shear surface during the test. vais .most noéiceable for
the vsamples lapped with #200 and 400 grit (Plgures 3.18 and

3.79) . There.is a marked increase in the frequency of the

'amplitudes just to the rlght or p051t1ve 51de of the mean

while ‘at the same tlme tho‘ hlghest - asperities haveli

dlsappeared e, r"hls is quite’ understandable upon re- examlnlng

the corresponding surface profiles (Elgures 3.12 to 3;13).

IS

'From these profiles it can be sgen that the pdsitive, peaks
‘have dlsappeared resultlng in the flat plateaus. pThese flat

plateaus are prbbably the only areas of contact.durimg the

friction tests.

-

The only distinctive’  feature about " the: . normal

distribution curves, as "far as characterizing thenm

‘numerically, is the standard deviation vhicﬁgis similar to

the Rpsaif the;mean is zero.
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3.12 ROUGHNESS CHARACTERIZATION VERSUS FRICTIORAL

ESISTANCE

T~

From the dlgltal data; the CLA, RHS, z,
\

L

'parameters vere caégnlated for each surface. The results

and Z4

i

Q PR

are present‘;* s
: aff“ M N
obtalned fron ﬁ@%

correspondlng v1th'the roughnesa before the test, was taken

from the initial slope of the shear versus normal stress

curves (Figure 3.7). The results tabulated in Table 3.2 are

. ‘ - \
‘plotted in Figure 3.21°to 3.C Slnce ‘the CLA and FFS are

similar, except for the 11% Alffefedée Ain - nu-erlcal_

magnitude, only the CLA values-were plotted against f. The

best correlation is between $ and ‘they Z, parameter. The

coefficient of correlation between ¢ and Z, is 0.881, In a

sl

_ statistical sense, the required correlation coefficient, at

& significance level of 1%,'shou1d be greater than 0.708 for

theré 'to be a 1linear correlation. Since the correlation
.~ coefficient is higher than this, it can be stated that there

‘is a linear correlation between Z, and §. The same 15 true

for zZ, but not for the‘.CLA \arameter. Thé'corre;atign
'coefficient betveen § and the CLA para-eter is only 0.674.

.ThlS type of result is very similar to‘the results obtained

by Hyers (1962).* Hé obtained a‘cérrelation éoefficient with

i
:

2, of 0. eu and only 0.58 with RHS.

A A typi¢§1 autocorrelation function 3(AC?) plot . is

>



/)

presented in. Figure 3.24. Of all the ACF plots, there was

really nothing distinctive about them which could‘be&used to

PO

:~depict a single characterizing paramefer. Therefore, this

function could' not be used to define a parameter with which
: s . L

the # could bevcorrelatedl The value of ACF 1lies 1in the

-

fiaggct 'fhat it . is a mathematical tool which can be used to

A
3%

._-determine a harmonic wave ma ked in the: andom data.

As far as establishinag a single roughness parameter,
the same commentsvépply to the spectral density fuhctipns as
they do to the ACF. A typical SPF is presented in Figure

3.25. The SDF does not furnish much more ‘information ‘than

o>

"'the ACF _excep€3'thgt the SDF is presented in the frequency

domain- o PR . .

&

Since the spe~*ial dehsity’function has Lteen used to
. B . A . ‘

’

'study: fou§hdess>§pr6fi1é$ of~ airpgrt runvayé and highways -
3.(Hodbolf, 1961; HﬁtcﬁinSon,‘1965), it'is wérthwﬁilé to ségl“
How‘it has;beén'applied in the ﬁrapéportation field. Figﬁfe
23;26 giveé the criteria as presented by Houbolt (1961%.' It
shoild be'hOted here‘tﬁat §p§ q1timéfé purposem,0£ .spectrél'

e L S . , - , .
. densjity, measurements in. roadways and airport runways 1s
_ e LR , : ‘ arys an R 2
[ _ o ‘
soméwhat differept +than simply determining a single
characterizing value for a particulAr'roadvay rbughhess.

Their interest is more in determining which wavelengths (or

. 3 ) . . . I b ' . . X . . : . - N
frequencies) will. cause excessive vertical motion to be:

-

inﬁudéd'when a véhicle'passes‘over the road (Quihﬁ,;et al,;



>3
u
1970). - The rouchness spectruam indicates which ‘tselengths
. > ! . .

[N

contribute to the total pavement roughness. . '

3.13 ISCUSSION OF RES

—— s e e e

»4
]

‘/-

 Ihe correlat1on of /roughness paraneters with - the

a

~friction angle‘ gonerally follovs a linear trend-with §
increasing as  the roughness paraueter increases. An
‘increase in the r0ughn°ss paraleter 1nd1cates an increase ir

’

surface roughness. o oo N O

| ')&‘ .‘k s
The main reason for the amount of scatter obtained ir
‘£he correlation data is that various types and. degreesQ'of

fsnrfade damage occur during the shear test. The type of
‘damage greétly affects the shearing resistance. Two samples

i

uith léﬁe same surface‘ finish may. exhibit s_‘différéﬁ£
sheqfing rssistance  becansé on . Opevtﬁeie may hé a lo* of
gouging ard on theygthe#,‘therevmayA’pe _surface7\pblisﬁihg. 
.T;is'is éspécially,trﬁeffor_thé -mocther surfaces.“
. N : -
‘ éﬁ

The correlafﬁons ‘of roughness paraneters v1t€?¢ are]
good,enoug;;'espeéiaily' with Z;, that upon knoilnq thel

b , , : : v,@
rou@hness parameters, a falrly good estlmate could baﬁ-ade.;
“1of ¢.;lTHis approach, however, is rot practical s1nce.'§he’
time"aﬁd _éffort involved in calculétlng the roughnesii

pataneter'is far greater than simply doing a sh%a: test.

4
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K

The'aQVantage of perforning a study like this at the

a

«

micrbscopﬂé scale is that . it is possible to obtain a

, roughness proflle whlch 1s representatlve of the tvpe of

P v

surface. That is to say, a proflle like the one shown in
Flgure 3 10 could have been taken anyvhere on the sample and

it uould not have been 51gn1f1cantly different. “ith the

represeptatlve pngflle,.lt is possible to develop the tools:

0311‘

. L t a .
7 necessary to deflne the roughness and - establlsh ~what

parameter 155m09t clcsely correlated Hlth ¢ Once this has
. ,}" ) .

been done,qthere is conceptually no TLeason why the same
’\

pr1nc1pa1 ‘could not be transferred to the field scale\vhere

1t vould be 51mpler to determlne the roughness parameter

than to perform a sbear test

// 1

v
- 5

,tools in the f1e1d .is,‘tvoéfold; Flrstly, it"vould be
,,e. . . : - =N

>@~necessary to have rock dlscontlnulty exposures in the f1eld

‘on vhlch a representatlve fleld roughness profile - could be

obtalned Three surfate proflles over a five-foot alstauce

(Figure A.7) are shown 1n Appendlx ‘A, Certaﬁﬁlypthesefcquld_
not be con51dered as representatlve because - the ‘larger

)Javelengths are not complete. This means that the roughness

proflle vould have to be obtalned over a much iarQer
. f . N N

’\. $

distance; i.e., 100 feet. . These tYéfF

fégﬁ'ever; exist Secondly, the associatgd sbear tests at

1

thls scale could never be performed.

=

‘“05? §he problem.. with testing the developed mathematical

Agvexposures seldom,
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TABLE 3.1

SAMPLE DESIGNATION -FOR ROUGHNESS STUDY N A

»Sample Number Surface Finish’

1 o . . o | Dry'sandéd:,

"2 : o o 7 #  Diéﬁondrsaﬁ'cuﬁ
l3 o o ' Lap?ed Qitb’45/80‘grit
4 I - | -Labpeq with =200 grit
5 S . 5" Lappéd wiEH':doO grit o
. _ , : PRI

6 o S . Lapped with =600 grit o
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Figure 3.1 Failure envelope for specimens with flat

surfaces
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a) Second -Order
Itragularities
=13 © b) First-Order
' Irregularitias - Q
Average Dip -7
A‘vpn'onmuln Scole @ t anch ¢ | 1001' 6
Figure 3.3 An example of 'a natural discontinuity
’ illustrating first- and- second-order
irregularities. (after Patton, 1966)

'*Figure 3.4 An example of a time-history record x(t)

¥
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LIMESTONE ~SAMPLE

;w——:%OLD'” .
: DEVCON- B EPOXY

: .
. AP SN ICID 4

.

| | i
~—— SET DEVCON- B

. LIMESTONE SAMPLE

‘ MOLD

DRSS DEVCON-B * EPOXY

DIAMOND-SAW CUT
STEP 3 . 5o
| I
oo
A ’ :
[N
L

nooT ‘\\ . e

'Fig&fé 3:5 Casting of limestone samples
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vFigure 3.15 Amp itude dlstributlons of asperitles for
dry sanded sample . _
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Figure 3. 19 Amplltude dlstribution of asperities for
- surface lapped with #400 grit
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CHAPTER IV -+

. o : >
SHEAR TESTS ON NATURAL ROCK ‘@
, \ N - : < Lt
- DISCONTINUITIES FROM TURTLE MOUNTAIN \
[y
4.1 INTRODUCTION - ~ . \

.\' Fad . “

In back analyzing a slide tL  factor ofbsefetylis taken

«

to Pe unity and in doing so, it is possible to determine the

shear strength paraneters required‘for this condition: The
- main purpose of the back analysls, hovever, 1s to determlre

7hov reliable the ana1y51s 1s'and to see if the safety factor

]

of urity could have been pred*cted by deteraining the shear
® . B

strength parameters from labora‘ory shear” tests. Thus in
s v

the context of the Prank Sl*de it was vital that the shear

: o .
strength -along the failure surface be determined from
. . . . o : ~
laborat-ry shear tests on salples vhich contained'
dlscontlnultles representative of the- fallnre surface. _Tpfs

chapter presents the lethods used to »obtain' the necesséry

.samples, - how they ‘wera tested and the results obtalned on

*he varlous types of discontlnultles. Inclnded as well is a

discnsclon on the 1lp11catlons of the test results.
Ve . )



)) » . (e
4.2 SAMPLING LOCATION ' ' '

.-

Upon exploring Turtle Mountain and ‘the surrounding area
N . ) .

~in some detail, '1t4vvas soon )realized that ‘due tq§ the

"-magnitude' of the 'slide and the' rough terraln, the only

- 4 *

' accessible place {o‘obtaid samples would wbe ip the rock
Jdebris along the road. - A secondary road’ +o the west of
‘quhway 3 passing +hrough the rock debgns uasfﬁround ro he
‘the most sultable locat1on. The ma jor portlon of the slip
surface at the Frank Sl1de was in the 11v1nastono Formatioh"
as ‘'was the rock nassa.uhldh‘ Slld.' Therefore, the rock
anywhere wlthln the slide debris would be representatlve, ofﬁl

the rock J.nvoﬂlved':> in the slide.’ A descrlptlon of the

L1v1ngstone ?ormatlon is given in Chapter 5 b

)

.

»

4.3 SAMPLING PROCEDURE

vAfter con51d°r_ng”the geologyfof ”urtle Foungz?n, it

<

wasv dec1ded to nake an a*tenpt at sanpllng tbree dlfforont‘f

,*ypes of dlscont'nu1t1e5°:nale1y, j01nts, beddlng Dlanes and

surfaces whlch shoved 51gns of previons shear movenent along

-,-A

+hem. The lat+er type 0111 be referré@ﬁkto .as ;"flexural-

-
slipn® surfaces._

4

The boulder chosen as fhe?vsanple Blbc§}1;%ﬁﬁown'in
g o : ' g %



s4-

‘Figuré_u.l. 'Tﬁe beddln;"plan¢s and{ joints ‘can' bg véry

clearly seen in this.Figuro Plgurc 9.- shovs a flaxural*
slip sur:fqﬁfD wlthln the samplo bl?ck. A .

;-.‘ ."'t . Y ‘

Two methods yere"used vto; obtain sampies ffom thég

boulder; '~ One was o 51mp1y sever, naller blocks from tha

boulder by wedglng a chlsel into. j01nts and beddlng »planas'

wvhich were sl1gbtly ‘open. This -ethod worked_falrlv aell

for obtaining blocks vhlch‘contalned 101n s. -.' 4, since,

1t vas ’mp0551ble to obt:iin a 51ngle block gé' fglbedding

. N g .
plane passing thrOugh it. Tho block would! have Sisply heen

;ioo laf‘e. 'Therefore,’.to' use thls ’nethod. of gbfaiqing
blocss gbbfsh con+a1ned beddlng planes eant fhat each side
df’thé bedaing plane»had"to”be uorked/f:y,Separatelya - Sore
beddihg plane samples’ vere obtalned in this way. hovevor,_
the number vobtained 'su1tab1° for testlng Qas low = in
comparison to thevnumber'ofbatteipfs._ :&s': .
Generallf, the. problen Ulth u51ng only hand tools and_
Drylnq away the blocks uas that- the ‘size of the blocks 'waé
too.- large to handle ‘so that vhen they vere’severed from fhé

ey

large boulder, th“ vould fall to the ground < and sha+ter

From the shattered rock it !as.p0551ble at, +1mes to obtaln

!

small samplos suitable for prenarlng a lab speczmen.f
v R : . v ‘ v R o _
The othe;AEEthod uséd was to core arournd desirable



- "L»\ ’ \
discontinuities with a masonry drlll manufactured by Delrol

*VIndustries Ltd., Hlnnﬁbeg, Hanltoba. This machine is

,intended' or drilling large dlameter holes in masonry, -

, | .
rewnforced concrete or other hard material. The diameter of .
the dlamond core barrel was ten incbhes. Figure 'u.3‘ shows

the coring \machine anchored to the sample block at Turtle

v T
Mountain while Plgure 4. u shovs a core ‘obtaand inf thls

o

manner.

& . f . Lo . .
-  The coring method is adiantageous'frdm the poir+ of
o E .
view’that the total volume of rock to be handled ‘is more -

3

manageable  and’ the surface area} of the dlscontlnulty 1s

fairly large. This procedure, however, does have sone
severe problems ‘Sssociated. with it vhich limits 3ts uses,

fhe blqgest problem is ;the vretrieial of  thei core.‘
vaometimes, it was fortunate that 2 dlscontlnulty exlsted at
-the max1mum depth of cor1ng (approxlmately 12 inches) and'
' +hen there WVasJ no problen. ;Hovever, 1f thls vas not the

"case; the core recovery was . extreuely dlfflculta& and
S GH )

sometlmes 1mp0551b1e. *ﬂfx' g _ l~

In most casegaw whether 1t uas a core or block sanple

' J
be1ng worked on, the spec1men vould fall apart into several
pleces. ~ In thls case each plece vas marked and the block

reassembled and then wired together for transportatlon back
: . R ' CoE
'*o the 1ab..m. , . : e -
N \ \ :.. . ' .‘.'.r' ' . , ' v

g . . oy .
= . )

)
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‘TlsanpleQ vﬁich contalnﬁd na?ural

! \\'
,.‘\ N

reason the sanples vere brquht np to Elnal slze by cas+1ng

ol L\ a .,‘.,

f+hen in Devcon-B plastlc steel epoxy. Ttw/vas jddnay,ip ‘a
] : P o o

51m11ar manner +to that lﬁentloned

. : . R S '.'
casting ensured a Snﬂqauflt' ;n,:the _sﬁéquqgox
reculted in«. a - flat Jhor;zontal surface

\gx °

'loadlng {he sample.

. i . <

e

8.5 TFS_ING APPARATUS oL T

[

Upon conpletlﬁq\thg salple preparatlon,. eachJ of\ the

HJ'

samples vas subjeeted to a dlrect chear test.: Tvo &ypes df

“?boxes vero used for this purpose. The flrst, das;gngk

M'*TgZ" samples, vas bull* at the Unlver51*y of Aibértah

[P

Piqure 4.5. " The shear load Hlth *hls'

gear box chaln drlve

'electric motor. The normal load 1s applledvf’
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-~

with a dead weight lever §rm ‘arrangement. ' The horizontal
. T . ‘. . : : ~ 4 -
and vertical deformations were measuredbﬁith lireat voltage

displacenment trawaducers;(LVDT) while , the " shear 1load was

measured with an. 8,090-pound load cell.
/ . N o

: - ~— e L .
. The other machine used‘Fas~a ten-ton wykehaijarrance

direct. shear ‘machine: shown in #*gure 4.6, The shear load

o

with thls machlne is applled througk a vafiable ,geaf;

" arrangement ‘powered by an electric motof The normal .load
S - ) - 7"
is applied {hrOUbh a loadlnq yoke %y a hydraulic ram. Tn

.

order to malntaln a more accurate control over the normal

.l

load than by 31mply u51ng a dial gauge on the hydraul*c

Y

'pressure, a load cell wvas 1ncorporated betueen the loadlrg
!

yoke ard the load cap. Strain gauges on_the: load cell were

vcornec*ed to a Eudd strain 1nd1?ptor which was. then used to

meacu'e the normal load

o

1

N o~
’

/-'—

_With ~the Hykeham-varrance machlne the shear load was

1

N

measured by straln gauges which had beed moumted on the ten-
1

ton proving ring. As wlth the mall shear box, the
. / , .

7

. ‘ o TR

. - . )] -

'. horizonﬁal and vertical doformatlonc ;were N\eg;d%ed with

LVDT's, To measure the vertical deformaé on, = an LVDT = was
N .

mounted on each corner of the top plate. . With *hese four .

LVDT'S, it was poss %ble +to measure the rot atioh of ftbe top

Ve e ""U“"’"

halF of the sample and the top loadlng plate.v The apparatusff
was orlglnally de51gned for 12" x 12n samp?es. 'Bpt this was

modlfled with’ Spacerﬂyblooks so that 10'}f 8" and €" square

~

NN
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¢

¥ , _ . é

2 sampies coulé be tested'as vell. . : ‘ <

1
y

/ L [

H1th~»orﬁjshear boxes, t he shoak load and horizontal
deformation were recorded with an X-Y plorter. The vertic&i/

, e T _ o . el
deformations were reébrdeg with a Heulett-PaFkard digi+al

’ ~ ’ . S
! : : Ll .
recorder. : . L j>

fq\order t oﬁiain sprfacg_ profiles of the .naturai'
ris7onti~uities,\ a small frame was built on vhlch an LVDTK
a . st7lus arrangement v?§°nounted The vertical ,moveuen;”
of che st-lus was sensed by the LVDT and t¥e output from the
TUPT was recorded directly on. an X- Y plotter. F*d%

is t-is _apparatus.- The X-Y plots vere later digitized
, Py : '

an: . an replotted with the Caléomp Plotter. - S

/? .

/

P A

The shear testlng Program was pgrformed in two stage
TC begln v1th f1ve ser1es of 6" x 6" sanples (nominal area)
vere prepared and tested vhile\;ater, in the ‘second .Stage, '
. '\ ‘ R .

" the 2" x 2n specilens vere tested.

N e

A

: In the flrst ‘five series_'oﬁ/fsamples,_three series
RN ' 2 _ -
' cortalned natural dlszénsngities vhile the other two - had

. s . ) ’
artificially prepared surfaces. An exanple of an art1f1c1a1
surfaCe would. be a dlalond-sau cut. The natural surface

studles vere composed of a serles “with ,bedding planes, 'ac

\
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. T o (W
series with joints and a series with flexural-slip surfaces.

The flexural-slip surfaces were )prepared so that the \
Shearipb would be parallel to the striations. Figure 4.7
"shows - typical samples of these series. Bf the two

artific;ag7sefies, on: was lapped with~a #45/80 grit ard ,the

)«' . . . -. y ) . l . . .
otger wvas made vlth a diamond saw. . éhch series contained

four samples except in the case of thg\beddlng plane SG{QPS

" wvhich contained oniy three saiples. e .

' i - . ’ o

S ‘ - '
/’ .
' The flrst serles of sanples vas then tested in the ten-

fon kaeham Parrance direct shear machlne. The tes§s were

- -

- run dry at 5/rate of deforlatlon of 0. OBB 1nches/l1nute.

&

< ' T> general procndure after the machine and sample had_

been aQSengged wvas to _apply the norlal load and‘ thken
oJ . ’ .

1n1tialize the recording devices. ~ When the set-up vas '’

comple‘l:ed,l~ the horizdntal deforlation ‘was started - and

- continued until the total defornatlon vas approxinately 0.8
. ' _
inches. At this p01nt, the normal load vas held conqtant

Nyt

and . the direction of the shear displacelent reversed and.

sheared back to 1ts initial position.: . o : >

\. ’ ) - . ' n
\ .

.
A a5 . . . \\

Uponvrenéving the.salples,fko-hthe'Shear box after the .

test, vit‘ vas noticed that the actual area of contact had
) . . . . L ] i

been very snall Pigure 4.9 sho this’ remarkably well,.
s, o

Since the- nulber of sanples o éhined .in  the field'wvas

11m1ted /it was dec1ded to -ake fu ther use of thase 6" x €n




@
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»
: . I { : J ~
‘samples by cutting 2" x 2% samples out of them wher here ,

[

had been’'no contact. . ( -

7 ' . .
- ) | . .

Thus, 1in the second stage, two.sets of 2" x 2" samrles

wvere prepared for testing in the sié;l shear box. °~ These
. . 4

. small samples ierevprepared onlf for the bedding planes and

flexural-slip surfaces. Each of these two series contained
. s oo
four 'sdnples. After the p;epanation vas cogblefed, they

vere tested in the same way as the larger samples:

i e e i | st st

4.7 R?SULTS OF. SHEAR TESTS ' : ;

i For each of the shear tests run, a shear 1load versus
B »

'deformation plot was obtalned dlrectly on the X-Y plotter.

-

These X-Y olots were later dlgltlzed and replotted' on .t&é'

‘Calcomp Plotter. This ®wvas done so tte curves coqld'bé
, piotied on, a. ;$re~ approﬁfiate scale and ’inrd a - mo:ex

presentable"forh. A typlcal result of this type o‘ plc*lis'

shown 1n Figure 4. 10

. ; 2 ene
- ¢ B o
] { . _ :

*he dlgltal vertical defornatlon data was punched u6 gn(

computer cards and then reduced on the cénpqter a‘d plotted

~

R : e
on e Calcomp qutter. Figure 4.11 shows a typical .
CoA : \ NS o - !
vertical deformation.gurve; .;, ®
. . t . . B
‘ ?

v

£

‘ ngn each of the load deforlatlon curves,_note was hade

of the peak strength and the post-peak strgngth' ih ‘boih

TN



aarectionsﬁ‘ The oost-peak value for shearlng Svay fror the
o . 2
1n1t1al p051t10n wvas chosen at a point after the shear

‘resistance had -essentially le elleg\off:shoun'at Point MAw
in Fiuure 4.10. The reverse post-pea( value vas then taken

».

at a p01nt when +he sanple had retarned to the same position

as 1t was at Point A IFigure 4.10y). Slnce there vas a falr

’
[

k amount of slack 1r the machlne, thls meant that the reverse
;//:Z>§3§t -peak value vas read at P01nt B, to the Veft of Point A.

This is shown in Flgure\u.10.

The -slagk ,in  the shear lachlne also showed up on *he

s

vert1cal deformatlon curves. In Flgure u.11; 1fvthe Teverse .

} portlon of the curve vete dlsplaced to thej_right by the
. } ‘ ""fl ‘ U .. [ v B N
‘amount vof the slack, it 1ubu1d .falrl .much closer to the

-‘i_J rl

. L .
N vertlcal deformatlon curve*vhen shearlng 7/ from the . initial
‘ N ". ‘

posltlon. .
- e ' o . 0y

.‘4

. The shear loads and correspondlng norlal loads vere
- "‘ then dividea by the 1n1t1a1 area to convert than to stresses

and then plotted as shovn in Flgures_ u.12 to 4.16-. f The

. failure. envelopes.~“drawn through the da a p01nts on these
,figures were obtained from a llnear regress1on ,ana1y51s{c

~The orly case vhere the linear regression analysis Qas'not
done was on the dlanond -sav cut surface._ Table 4.1 grﬂik a
summary of the strength garaneters obtained on each type of

t . . ’ . v

¢ dwscont1nu1ty.



4.f  DISCUSSION OF BESSLTS -, . |
: / - . . ) - b - . L E -
. - Vd ’ N -

A's was- menfloned at the beglnnlng of the chapter, the”

5

ﬁain ,purpose for performlngnfhe shear- testsrdn thc natural
N

-

“dlscontlnultles was to determlne strength parameters for the

14

Frank’ Slldn stabgllty aqalysls. ‘There are, , however,',SOme.7
.1nterést1ng observatrons vhlch Have emerced@¥rom the shear !

.

'tests4vhich are ﬁgr€£_)henglon1ng»,in connection with +the

| I N L
interpretation of the data. T ‘
-~ * .~ - " .. : -
S oty | o
- 4.8.1 THE”UL"‘IHA TE Faf‘cnou‘mcrz o N

y -
/ : y o !

[T \.

£

In Chapter 3 a drscussnon was. glven on the swarlrlcarce

- v

i of" the basic frlctlun angle, ¢b,,and the questlon .was. ralsed

SR

to how qqnp&res vlth the frlctlon angle on natural

'

vrock ,surfaces after large shearlng dlsplacemen*s vhave'

Ny -
Ca

occuvred. '_Thls >fr1ctidh angle.aon natural surfaces after
' L

S o . 4 7
'1arg&~shear1ng dlsplacements wild ~ be ,referred to as the

ultlnate frlctlon angle,f¢
rock surfaces'”isi compllcated by .éhe fact tha* naturalr
surfaces are: seldom, ;if_ ever, mfiatﬁ thereb; makihg it N
'Aifficuit “to isolate the resistance due to ¢u and that due

Ve Determlnlng the ¢

+
u u O0 natural

-

§ -3 . _
to the geonetrlc conponent ror%rhls reason, it vould ber

Ny de51rable -~ to 'neasure QU‘ or flat artifically prepared

surﬁaces if it cduld be shown that the ¢, on ! natural

surfaces is the same 4% ¢, -
. . ) ) T \ - X ' -

‘3 - e
a .



' . i . - ) ' A
e o s . X

. o . : ) . .
R S . . - L & 4

- : P oL . n ;o -
e R f «’0, s . ¢ ' a
. o . - : S ) o

S, 7 1In order to measure g “on hatural rock»surfacesu it 1s

netzess";ryL to 1solate the ¢u ternm from ‘}he geonetrlc

N
. Ll
- N ? .

component -of 'the Sheafiﬂg re&lStaPCe.l ThlS can be done by

CO“Sidéflhg the POSt peak sheafi;; re51stanq_; vhen shearlngnj.
, e .

away"frofﬁrhe 1n1t;a1“p051t10n; 'as beﬁng ¢ + i ,end wken

she ring” in ihel reverse.LdireCilon, bacK{?tO the 1n1t1a1a:?

P051 ion, as P~ i. Whe average of the post-péak’ shear1ng“h

resi tances in both dlrectlons will be #,. To e11n1nate'

the i component in this” nanner req01res fhatxthe i val 5~ is

»
the same in- bo-h diréctidns. ~This - was con51de‘ed
o . -

o : , @
discussed in Section“u 7, in selectlng the post-peak qalues

from \the load defornatlon curves. Furtherlore, this also.
1mp11es that shearlng in the reverse dlrectlon -shohld onryf'

be contlﬁhed until the sample reaches 1ts iniYial positlon,'ig

o shear past.the imitial p051t3%n vould

.

t1ke startlﬁbr a

tgst since the shearlnqﬁsurface vould then be on the‘

LA

_opoosite side of“the 1rregn1$51}ies. Crn fact, by doing

thlS, it is p0551b1e to do two tests on one sanble. ‘

LN
3

The Aultimatei strength paraieters quoted. in Table d’jiyo

r‘ﬂ. ‘ /fi
'and the ultlmate sfrength envelopes drawn in Plgnres u. 12 to

.16 are based on the averages-of tne post-peak values in
" each direction. _ | o R
_ R o o . /’-
It should be noted that -even on flat surfaces 11ke the >

o : i s
lapped surfmces, there qcen be 'a sllghf’ difference in

shearing hre51stance in each dlrection (Pigure a, 15)., This“

B}
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e
X

points out that there are other factors which «can  cause
miror directional shearing differences. Houever, 1f there

'is a substantial difference in each direction, +the majcr
contributing factor would be' the geometric coﬁpocent.

. Taking an overall 'v1°u of all the . values eb*aimed
'(Table U;iyfblf is noted that the ¢ r‘ rock Eurfaces isl \
not a Uniécetvalue. For the tests performed the ¢, vérieé
arnywhere from 37 2% on the laDoed surfac%f to 14, @0 on fhe
flexural-slip surfaces. ‘The main factor whlchAseems to
~control the ¢u:valuejis the tyne of surface ’ damaéev vhich
:occyrs during .the +taosts -which, in +turn, depends on the
condi*ioﬂ of'the*sheér Surface befofe the, shear test., . n
+he flexufal—slip surfaces ;ahd '%?irts, a shln‘ indura*ed

crust had formed at the p01nts of contaq? which 'yas kardly

noticeable  on “h9> bedding planes. On the bedding planes ‘

fﬁere'vas mQre godqing than on the"otherv two ratural

*surfaces. The shiny /indura*ted crust. on  the Fdoints and
. “ . T A <

flexural-slip 'surfaces ar%?mos*gllkely resporclble ‘for the
lov uk&ﬁna*e ctrenqth\z o .
;“ R o . _ C ) )
The sheér‘jtest resﬁlts‘sﬁov that the ¢, es determinegd |
by a_reversel shearbfest on naturel rock surfaces can ééffgffé_—
significaﬁtly from the ¢b'as determined»on fiat ar+1f1 ally

4

prepared surfaces: Thls is contrary to the assumpf’on often
‘made which states that -+ hey are the ‘same. This is at leaSt
~Z et

true for *he 11-estone u1th1n the nogpal- stress range .a%’
é%%?

B . (% )‘/ : - -
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'slope failures sipce the normal stresses along the slip

displacements is defined as the resi

*

which +the shear 'testscwere performed in this study. At a

very' high normal stress, i+’ is conceivable that the

1ndurated crust would break and then the ultimate shearing

r951stance would be the >ame/on\af/ftze surfaces. Although

this may be the case, the shear beha /ohr atvthe hiqh normal

"

B . g B . . .
stresses is rot applicable +to ~ the unders*anding of rock

Y

surface in rock slopes are generally relatively low.

S #
: , N :
. The shear strength of claysé:after large stearirg

al'strenqth. I+ is a

unigue valuer dependent cnly on the type of material and to-
'some extent on the normal s Tegs. The. shear strength of
: ' Nk o
rock surfaces  after = Jarge shearing dlsplacements is
. < _

pendent on tha same variables but it jis also !greatly
affected by the surface roughness. ¢Theréfdre within context

of +he +he definition of the resiidual strenéthﬁfor clays,

~here 1s no residual strength for rock surfaces. For this -

]

reason the shear strength on rock surfaces after large -

shearlng dlsolacements ¥ill be referred to as the ultlmate

strencth.

Hhether' the #,, as determlned on natural surfaces from

-a reversal +est, has any significance 1n the fleld will only

becone apparent from case history studles.‘

~ F S Y

<9
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U.2.2 - THE EFFFCT OF STIZE OF SAMPLE ON THE SHEAF S\TRENG:I’H
. : ' ,
Tte shear tests performed in this- "investigation
, s
included samples which contained the same type ~of
1discontinuity but were dif ferent in- sizei“\fThe largerl

samples had a nomlnal area of 6" x fw ard ‘the smaller ones

vwere 2" x 2", - It was explained earlier Fow the ,2ﬁ -x 2"

samples were dbtained from the larger samples. ?hisv

el

\grocedure had fherﬂadded advantage of ~be1ng ﬁ%ble to
1nvestlgate_ the size °ffect on the shearlng re51stance.

Hhen examlnlnq the results in Flgures Q 12 and 4. 13, it is

_noted that there is no 51gn1§pcant dlfference be+ween the”

two 512es outslde of the usual scatter.

P

fhis‘result'is ?rgbably ‘not that'JSurprisiné\Lif an

,examination is wmade of the ‘sﬁrface proflles of - these

samples. Plgure u 17 shous three typical proflles for the

.

bedd1ng planes and "Figure 4.18 shows the prof*les for the

flexural Sllp surfaces.' These proflles vere intentionally

plotted * At +he natural scale for the most realistic

“
i

conparison. Fron ?1gures a, 17 and 4,18, it can be seen that .

the scale of nouqhness on 2"  x . 2“ samples vodld not be

s1gn1f1cant1y dl‘ferent fron that on Gﬁ/x €" . samples

‘tests were -perforeed on a’ ' 100-ton /shear machine vith
sample size of 15"cx 12" and as well

small ten-tcn

1
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field . 'shear machine. The two machfines gave very similar

. results (Hoek, 1971ay . ' ' ,

The shear tests petformed';n this thesis and vthe ones
-reported in the lleerature indicate- that the shear strength‘
is not influenced bv the‘SLZe‘of\the saqple as lors as “the

scale of roughnias' remains constant.. TIf the scale.evv}f
Aroughness dlfferﬁ‘ow eacflsample size, as shown in Figuff\s
u.j9tn-*hen the shear strength w0uldjbe differen+ on each
saﬁple-because of the different-gedme*tic effects.' R the
'Seale of hﬁnd%edsl 6f‘ feet, 1t would never be ooss1b1c to

Y

perform a‘shear teét, Therefore, at this large scale, it‘is
neceSsary to determine thelshearing resistance a+r a mueh
smaller scale and_-fhen aadf to‘ it the effective i es
determined by field roughnesé measurements. The importaﬁf_
peint:jtb remember is ‘{haf the shear strength is cnly

affec*ed by the size of the samole 1f the scale bf roughreqc

kckanges w*th the size.

UT?;B‘ THE SHEAP STFENGTH or BPDDTwﬁ PLANES RND FLFXUQFL°

cLID SURPAC’S

‘.The‘shear strength envelopes‘ for. the beddiﬁg ~planes
(Figure 4, 12) are con51derablv dlfferent than those for *be
F1exura1 SllD sur:a*es ¥ ThlS, at first glance,~is SOmewha*
of en anomaly since the flexu*al sllp ‘eurfaceé aré5£h£§'

result of shear movements alonq beddlrg planes. = Therefore
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it would seem logical that the flexural-slip surfaces uould

not exhlblt a peak strength an& tho ulflma*e strength woul?d

be the same as on bedding.

o

.This, however, is nor the case. Tbe'reasou‘for tﬂFs is
that tﬁe mode of shear failure in‘ the field was! much
~ different £haﬁ that which~is"observed in  the labcratory.
,Thea shearlng displacements vhlch occurred along the beddlng
x‘olaues durlrg the folding ‘cf the strata occurred .at very
hlgh) ‘stresses and teuperatures. These conditions, together
'witu the geologic time scale of_ shear mouement; ‘allowed
recrystaliizarion to take place. : The recrystallization

resul ted in the ‘shearinq '%urfaces remaining in ‘intgmate
contact.. By subjec+1ng a beddlng plane to a shear test ip
» the lab, the mode of" shear fallure and- the resul*lnq sheared
surface will be uuch ‘different than that vh;ch occurred

!

during’ the flexural foldlng._‘Thus;'although thé flexural-

SllD surfaces ar the'result of flexural slipping or. the

bedding,_planes, their shear 'strenqth behavlour bears no
direct relatlon hip to the beddlng planes in +he realm ‘of
laboratory shear testing.

In the /previous section it was pointed out +hat the

: A
shearlng stre gth of natural rock surfaces is.a ‘unctlon of .
the *nltlal urface roughness and the type of sur face damage
uhich occurs durlng the shear tes*s Both the initial-

_sdrface ro_ghness ar d the shearlng surface damage di ffer on



the bedding planes and ;the‘ flexural-slip sdrfates§

therefore,

-

it is understandable that.the shear strength will

%

be different.



J
_ SUMMARY OF SHEAR STRENGTH PARAMETERS
* | ' ' Peak Ultimate
Type of Sample._ g ] “C (psi) 2 . C (psi)
Bedding plane 51.7. 38 32.3 8
' Fie’xural-él ip ) . :
surface ' 28.0 32 15.6 18
Joints 32.0 25 14.0 12
Diamond-saw cut 29.0 0 29.0 0
Surface lapped .
with 45/80 grit —— - 37.2 5
R ./C'
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Figurt 4.1 The sample block within the slide
‘ debris Z C ' i

#

Flgure 4.2 A flexural-slip surface within the
v - sample block '



Figure 4.4 A ten-inch diameter cored sampie'



, . - L. ¢

Figure 4.5 The modified shear box for the

inch samples

two-

“

e - Figure 4.61‘The‘wykeham—Farrance shear box
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Figure 4.9 A jo;nt surface after shear
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. Figure 4.12 Failure envelopes for the bedding planes
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Figure 4.14 FailureAenvélopes fot the joint surfaces
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‘Figure 4.15
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CHAPTER V - e

THE GEOLOGY OF TURTLE MOUNTAIN

slide

In 1903 on April 29, Higa
occurred on the east face of Turtlemﬁéuntaln. The slide
des;royed t he southern end of the town of Frank a'.small
‘coal"mlnlng town in the Crovsnest Pass area of southi%stern
Alberta (F1gure S 1) The Canadlan Anerlcan CoaP Company,,

for vhom most of the 1nhab1tants of Frank worked vas»at the

time mining .a coalvseam,at.the base of Iurtle Mountain.

- The slide debris moved down . the east face of'the
v | _ 5. , S
mountain across the entrance to the Prank mine, the southern

. S . -.v/‘\"/
end of the Town of Frank, the main road from the east and
the Canahian Pac1f1c main line through the Crovsnes+ Pass.
The sllde then continued up the opp051te side of the /valley

before coming to ‘rest approxllately BCO feet above ‘the

valley floor and about a nlle from ‘the base of the mountain.

? LN

v Approxinately 70 people lost their lives in fthe ’slide
and - _several ‘miners vere§ trapped in the mine for a
considerable time. The disastroﬁs results of}sthe>sslide

116 s
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inmediately aroused tne questlon ‘in the surv1vors' ninds,
"will another sllde occur and destroy %he rena;nder of the
~town2® This fear ‘resulted in several investigations to
detefmine the condltlons of Tuttle Mountain and the
vpo£51b111t1es of another sllde. ‘
‘ s

These investigations, cOnsideredr in detail. celov,
presanted confllctlng reports as to the geological structure
- of the mountain. In order to vcorrectly‘«establish the

-geology, several trips were made to. the slide and an-

examination made of the area. This chapter gives the

CoL

'geology of Turtle Mountain as envisioned- from the
observaﬁﬁons made on the v131ts to the area "and on. the

~7ex1st1ng documented 1nfornat10n.

——

~ 5.2 HISTORY QOF INVESTIGATION o L

-Immediately after the_slide in May, 1903,,$n :'Lnspec'cion-".“'i
-‘ﬁas ~made by ®. g. McConnell ~and R. W. Brock of the

Geological Survey. of Canada. Their report,fcon;leted'vithin
_ : . ' e : : .
a month of the disaster, gave a general survey of the/

‘geology of‘fthe mountain. They concluded that the sllde_

ocourred across, - rather than along, bedding planes /and
_believed_ that the. primary_lcause for the sllde was’to'be

found'in the structure of the nountaln. :lt gﬁ% their

opinion that if there . was any further dangeg/of another

- . -
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‘slide, it would come from the north peak.

Brock visited Turtle Mountain again in 1909 ang 1910
‘and became increasingly concerned about Lhe.possibility of a
slide fron +he north_peak'(Brock 1910, 1911).“As'§ result
of his,report in 1910, a commission was app01nted to "study

the conditions of Turtlo chntain. _ T o ~

The - reporf of 'this comnissior (Dalv, et al., 19125
'dgain empha51zed the danger of another: rock c11de from  the
north peak of_Turtleanountain. Their reaSoning wvas that the
structure‘:of the moun*ain is the same along all profiles
from the south 51de(/? the ‘south peak to a point 'ﬁell past
 thé north peak. They concluded that because the north peak
is 51m11ar in structure to the portion_ vhich fell -avay,
sliding vas likoly to occur again at the north peak. It vas‘
inp thlS report sthat a cross sectlon (Figure 5. 2) showing the
eélogy of the north peak vas published This cross section
"‘nas - appeared in nany publications, notably texts by Coates_
(1967),fleggef* (1962), Legget# (1972) , longvell,' et al.
(3969), Reynolds (1961), vSharpe '(1959), Zaruba,_ ét’al.
' (1969),‘and in reviews by ”erzaghi (1°q0) and TerfStepnnién )
1968y . B | o e
_ _ « -”7
"The struc*ureb of Turtle 'Houn+a1n vas described as a
' monocllne of Palae0201c limestone dipping to tho west fﬁjou*

dfifty dogrees. %H—* linestone(N\ﬁIé;”formed the northerly
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trending ridge of the Blaiflofe Range, of“uhlch Turtlc

Mountain is a pé:t, had been thrust eastvard over vertlcal

.. Mesozoic sandstones, shales and coals on the ‘Turtle Mountain’

Fault. The slide mass was reported to have moved .eastvards

" down the'»dip of a set of strike jointszerpendicdlar to

bedding.

A geolo@icél map of the area was wade in 1911 and 1972

e

by W. V. Leach as part.of the Geological Survey's program -

of mapping coal deposits. Tt égs.published with a feporf by

J. D. MacKenzie (1913) who 'firs{';recoénized the Turtle

_Mountain anticline while mapping south of the slide mass.

!

Th 1931, J. A. Allan of the Departnent of Geoloqy,

‘University of _Alborta, vas comm1551onod by the Alberta'

- Governmént to 1nvestlgate +he condltlons of Turtle Hounta1r(7

Pron mapplng the geoloay aqd the flssures on top of the

'ﬁhountaln he reallzed that if there vas any danger of another'

sllde, 1t probahly ex1sted at the sout peak Hhere on the

east  face of the ;mountaln, the beddlna planes d1p to the,
eaét. Allan (1933) presented a .cross-section of the geology 
o‘ the south peak as shown in Plgure "5.3. . Allan s reporte
.was‘never published but a copy ex}sts in'the‘Geology Library

at the University of Alberta. o v BN

C o

R. B. MacKay (1932) of the Geological Survey of-

' Canada mapped the coal gfelds in' the Crowsnest area and

T
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vTurtIe gouﬁtéin (Figure 5.5).

éhaley,ulimestones contalnlng many dark gray and pale brovn

120

vhile. there considered rhelgeology of *urtle Mountain. In

. his 1932 report, he gave a cross-~ sectlon of the structure of

the south peak (Figure 5 4y . MacKay reccgnized'the easterly
dipping beds on‘the sast face but did  not recognize. the

anticline in the mountain. ' ‘ .

Norris (1955)_hasfpublished a map of the Blairmore ‘area

in vhich“ he also gives a general crdss-section'thrgugh“

’ A S . . '
NITS WITH;Q_THE'TURTrg MOUNTAIN

[[=}

' The succe551on of rock unlts vlthln the Turtle Mountain
[ )

area has been summarlzed by Norrls (1955). ~The oldest‘rocks

exposed on Turtle Hountal are HlSSlSSlpplan and belbng‘ to -

the. Banff Formation., The. uppermost 'MOO feet of _¢his

+

formation crop out and:ar nedluu-gralned crystalllne .and

.
.S

vea+her1ng chert strlngers. The’gasal bed of théh overlylng

‘cAbove this_are about 300 feet of massive, qray,’crystaliine

e, -

gmenber‘ls a crinoidal crystalline gray llmestone. " The

fuppernost beds of the. Liv1nqstone Formation, which is about '

,L1v1ngstone Forlatlon, 25 feet thlck con51sts of coarée-

e &

Agralned medluu to dark gray llmestone ulth a 11ttle chert,

El

blilestones‘ with interbeds of arglllaceous and- cherty

llnestone, ~the Pekisko member. The overlying Turnér’Valley

Y

N
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1,100 feet thfck here, are dark gray crystalline dolomitic

llmestones.

h /;;//Th;’—Mount.'Head vFormation, also of HlSSlSSlpplan age,
(lles conformably on'\the L1v1ngstone Fornatlon. Tt is
"\pproximately 690 feet thick. “xThe basal members con51st of
b terbedded shaly, dark gray dolom1tes and lllestones aboutf
-175 feet thlck There then follovs 150 feet of broun -gray

-

, dolomltes v1th 1nterbedded arglllaceous caloéfeous dolomlte
stone, 10" feet

brecc1as,' 150 feet of gray, crystalllre lim
of llmestone and dolomlte, llmestone and br>§c1as and green
. shale, d; flnally' 1590 feet of dark gray to black fine
i,crystalllne limestone and dolomlte._ The L1v1ngstone .and_,
nount Head Formatlons together form ‘the Rundle Group.

- ‘ : , S,

Itu ie ‘believed that overlylng Palae0201c strata vere
not iuuolued in the sllde. 7The" strata . cropping out;
Liumediateffv beneath the Turtle Hountaln fault belong to the o
| upéeri portions of - the Jurassic  Pernie  Group: here,
sandstoné)h Siltgtones ahd shales. | The Fernle Group is .
ovorlaln by the Kootenay Formatloﬁ\qh ich is Lover Cretaceous

-

in age. The basal bed of the: Kooteyag_formatlon'ls ab dark
gray, masslve sandstone., Above? this is_ta sequence of

ishales, sandstonos and ‘Coals contalnlng four ‘major coal
N "
seams. The Kootenay Formatlon is about 090 feet thlck

\
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©.4 GECLOGY OF TURTLE MOUNTAIN

\

From the ligteraturs on the qeclogy of'Turtln Mountain,
P .- .
it "appeared that the cross-section of the nor%h peak, which

had been» publlshed in many toxtbooks, w¥as 1ncorrect ibe a

prOper stablllty ana1y51s -Was. to  be done,, it ~wou’d be

.

.necessary to pstabl*sh cloarly and correc&ly the geology of
thls mountaln. th this in mlnd several f’eld trlps wera
conducted iIn -the area with two main objectives. Thz first

was *o determiné the geoloiiii;/gtructure of the area and

the othker was to establish-which fabric element& of the rock

N

mass ‘were kinematically active during the slide. *igure 5.

shows an'airphoto of the slide area. This .airphoio and

o*

h

D

géological_map,sbovn in Figure %.114, should be wviewes in

corjunctior with the plan, shown - in Figure 5.7,4oflthe:

geological traverses run in the Turtle Mountain area.

The first ttaverse>Vas run up the east fécp of the
-mountain  south of . the southern margln of the qllde.' gerc
afé maﬁy'crallq cu‘ for access to the coal worklan in  the
Kodtenay' Formation. Theso trawl< were folloued by vehlclc;;

-

~as far as possible bofore accent on foot was begun. p
: B ' ‘ L E '
In thﬁ f1rs+ proéures- of the Palaeozoic 11mestonp
(*brqs* over the F950201c coal-bearing forma+1ons) abovo the
trace of the Turtle Mountain Fault, the beds dip 74 dearees

,eastﬁarGSZ' Tovards the crest of 'the ' mountain there is a
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Clear 'view southward along the regional strike of Hillcrest
Hountain (Pigure 5.8). In'this-figure,ithe easterly dipping

beds which form the east 1liab of sthe Turtle Mountain
o i L

A

anticline can be seen.
. -~ , ‘
Approximately 500 feet below the mountain crest on the
feastern face beyond'the'southern flank of the slide, fthe
.narrov hinge~zone of the anticline Qasffoand. It‘coincided
with the anticlinal Crest, |

Views from the crest of the nountaln shoved that the
iest face of the mountain is formed by beddlng dlpplnq at
high angles to the@vest Looklng north from ;_the_ crest
+ovards the~southern portlon of the scarp of “the sllde shows
that, . at the croun, the d1p of the strata is less than 30'-
degrees\to the vest. The scarp trace v1ewed from the, soath
peak 1s concave to the east (Flgure 5.9).. Flgure 5,9‘sh0us,
the scarp +o be alnost vert1ca1 - It also“shousb the gaﬁlng
cracks, in the area between the‘peaks; These cracks are
generally parallel -0 the strlke of the beds and ;ften gape
three feet or nore. - There is also some relatlve vert1ca1
movement between le-ge blocks outllned by thlS crack set ard '
a set of cracks pcrallel to the dip of the beds.

V

'Allan, in his survey in 1933, neasuredvthe width of a

nulber of these' .cracks.’ Some of hlS survey stations were.

- reoccupled but at none of them had there beenm~perceptih1e

3

-
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“movements in the 39-year interval. Table 5.1 gives the

measured widths of some of Allan®"s stations and those

obtained at theﬂsame stationikij the summer of 1971.
{ -

The disturbed rock mass at the top of Turtle Mountain

/

is not sultable for a detalled survey of the rock fabric,

i but the ‘main fabrlc elements are euidenf' There are +*wo

/

:A'A

jjoint sets 'deueloped oerpendicular to beddlng, one is
parailel to the'strike of. the beds and the other parallel to
“heir dip.

.c i

R second traverse was run up the northern edge'of the

'slide debris to the area referred to._as: the  "hoodoo"

. ' : : PR .
Veathered aree . Here a mlnor thrus* ex1sts .above the mejor

o

thrust (”ur*W;”'Nountaln Fault) Overturned »Livirgstone'

Formatlon 11°S between the thrust fau‘*s

e 2 L K . LT

e The Banff woiz_jma_tion above the minor thrust is hlthy

‘and comple’xly d-formed as shovn in °1gure"5:101 ’ "her

f

ant1"11n81 hinge trace here is- only 320 feet Oor so. above the
‘minor Sthi ot In thls area, the east 11mb of the fold dips

)

about SO degrees to the east tﬁ LQ'

: c
3

- Fhe orientation of -the minor thrust ‘plane itself -is
difficult' to determ1ne from the 11m1ted exposure. However;
because 1t termlnates against the Turtle Mountain Paul® as_

thlS flattens up-dip,  the ulnor thrust is probablv fla+t
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lying. Beneath the minor thrust at the north margan’
slide, the L1v1ngstone strata are thrown into open recumbent

folds. R . o - {

h third +raverse was run up the southern margln of the
slide to a p01nt well above thevlajor thrust fault. ° Here
’the 'ninor ‘thrust uas_not found. Above the turtle Hountain
Fault, Mount Head beds,~napped earlier as dipping westwarad

at 30 degrees (Norris; 1955),_are in fact overturned and can

be traced upvards into beds dipping eastwards at high

angles. These -beds shoy a dvell—developed horizontal

fracture cleavage -that may represent the earlier stages of

the minor thrust. Looklng further up the lepe, bedding
appears to dip °astwards below the sumnlt of the south peak

but- beddlng planes do not dayllght on the eastern slopes.

/

' ,Anhdblique airphotot of'Turtle Hountain‘vieued from the

northeast is shown in ‘Figure 5%11 The . easterly d1pp1ng

beds can be dlstlnctly seen along the southern largln of the

:Sllde. In fact, vhen ?v1ev1ng the ‘-ountaln from this

-t

advantageous angle, even the-crest of the Turtle Hountain
' Anticline,is.readily visible inkthe'south“peak It car also
be seen in Hlllcrest nountaln beyond Wurt1e~ﬂounta1n.' This

photo shovs the sharp crown and vesterly ‘dipping beds on the

vest face.‘ o o : o

- we e - —

1 This photograph uasiobtained from cheironlstandard Ltdt b

e .
r

of the. .

izf
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R T/ An areavvhich is of particuiar interest outside the
slide area is the‘small abandoned limestone quarry at the
northerly‘end of Turtle Mountain. Inblthis' quarry the
importance of beddlng in con*rolllnq the form of thé siope
becomes obvious. On the west dlppng 11mb of {helanticline{
there are some overhanglng slopes’ upﬂto 35 feet high which

kdip at. 70 .degrees. Striatipus can_be clearly seen on thé

,beQQing Surfates (Pigure 5.12). fhecstriations p;rallel the
dipv_of beds and_'ure perpendicular to the fold' “axis
éuggestiug' thoy were formed.du}ing flexural¥slip folding of"’
the stréfa. '5ointing_in the quarry is similér ‘to  that - on

/- the ‘mountain-Crest- two joinffséts are oerpcndicular to one

;"’\unofher and ‘o bOdd~ng, one set is parallel to the dip of
the beds, ﬁnd the other is parallel to the. strlke; The same

L :
dominant ~joint sets are "also ev1dont in the 1aroe blocks

found in the Sllde debrls.

a5

No- He50201c roch were found in the‘slldo debr*s.i':rom
v'thls 1t was concluded that the toe of the slide cropped out -
at or above .the trace of the Turtle Hountaln Fault -Hany of .
the- blocks within thé‘ slide fdebrls have surfaces with
‘strlatlons 51m11ar to thosp on the quarry wall. This would

g suggec*.'that ‘fhen flexural slip <urfaces vere also presept

ylthln the. rock mass vhlch fell  away. Plgure 5.13 shovs ‘a

tynlcal block of thlS type.

//fFiqufe' 5.14 " shows a new geological mapmof the slide



127<i

'area. It is based on a map .publisheo bv Norris and the
additional detai{ed mappiqgfdone.during the oourse of this
thesis. The new map differs only in rdetail» from the one
presented by‘ Norris., ~ The additiondi 'mappigb, hovevet.
provided information < one.-wthe-' smaller,‘ll-uesoscopic_-
discontinuities  within the slide area and allowed ’the
1dent1f1catlon of the klneuatlcally actlve ‘discontinuities.
It also ~aided in placing the p051tlon of the minor thrust
fault above the Turtle Mountain Pault. more prec1se1y and

resulted ‘'in more 1nforuatlon on the orientation of beddlng

on the east limb of the Turtle Mountain anticline.

From the new ‘geologicoi ~map and ’the additiouAI
iﬁformation obtalned .from _thef}detailed ‘mapping, i+ was
"pos51b1e to draw new 'ctoss-Sectious of the slide .area.
These are shown 'in‘,Figures 5.15 to 5.17; ‘Their locatiou

with respect to the slide is shown in Figure S.1u4.

< -

In‘order to draw the general shape of the antlcllne, a
profile was taken along a section parallel to the actuai
sections: but Jjust to the south of the slide'margin; This is
an area with a fair amount of data on the otientations ot»
outcrops-v(Flgure 5.10).. Bach one of the dip and strike
vreadlngs in the v1c1n1ty of thls section vas projected on to.
‘the ‘section along -tue strike.'ovTheu_dip readings ueres
converted lto'thetauputent_dip,along the'section;' The shape

of the:fold‘uas‘then dfaun aooording to Busk®'s wmethod of
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constructing'fdlds (Busk, 1929; Billings, 1972). '

This general shape was then projected onto the
sections. The positions of the folded strata were based on .
the traces of the fofmatiop*boundaries, or the thickress of

the various rock units and the position of the fold axis.

The profiles of the ‘mountain* before the: slide were
drawvn on the basis of a photo of the mountain before the

S o ‘ Q
slide and the descriptions given by residents of the area

familiarv withv the nountain befofe-fhe Slide (HcConnell and
»Broék,'TQCu).‘ I+ was”feﬁorted that_the pdrtion .ghicg fell
Vauay-ués,at a higher altitude than ei£her:theinopth'or.sduth
vpeaks and tha£ it pfOtruded tb,the-east farther than any
part vhich'rémained. On the basis of fhis,va‘line, slightly
concave.té thé vest,‘uas drawvn from the inté£section of the 

contours and  the slide margin on one side +to ‘the
. ~ Q
3

corresponding point on the other 'side. - These 1lines . were ;
*aken to be ~the conqpurs before the sltide. The pre-slide

profiles were then drawn with these estimated contours as a

3 .

guide. .

The  re-examination of the‘geolohy of Turtle Mountain.
hasiestablished that the Frank Slide is one in which the

major portion of +the slip* surface' follows the bedding’
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planes. It has alse been shown that at the toe of the
slide, the surface of rupture follows-a'flat—lying minor

@
thrust fault located above the Turtle Nountaln Fault.  The

strucﬁure to the south of the slide mass, along the.treﬁd‘of
the Blairmore Ranae,l ig 51m11ar to the structure at the
slide except that the mlnor thrust is, not present. "So i)
‘would lseem ~that ‘the presence of “the minor thrust was a‘
cruc1a1 factor in the stablllty of the slide mass. These
observatlons are indeed in great contrast to the thinkiﬁg
ethat the slide‘occurrea entirely across bedding which has
prevaiied in much of the geotechnical literéture until the

present.

The flexural slip foldlng at urtle Hountaln is a style'

-of deformatlon ai§0c1ated vith thrust folding in many areas L

in the Canadlan Pockles (Dahlstroﬂa§1°7”). In places‘vhere

this foldlng is associated with the crltlcal p051t10n. of _&r
=thrus+ fedi* there 1s a reasonable posé&plllty that another
?rank Si;de m1gh+ occur. _Indeed, there is eyldence that
“‘other rock slldes of the saﬁe -megnituae . have océurred

already (Dishaw, 1967).
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TABLE 5.1
* WIDTH OF CRACKS ON TURTLE MOUNTAIN -
Allan's ‘Values Measured ) -
Data Sept. 20, ;- ~Elevation
Station . (Feet) - . (Feet) -t (Feet)
— ' e —
2 1.65 | 1.63 S 773,700
3 4.10 4.20 7192.035F © | -
4 3.35 - 3.34 C7193.63 gl
5 4.10 & - 7177.55
2 7156.57
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ection through the north peak of Turtle Mountaiﬁ
, 1912) R ‘

(aftér Daly, et al.

_ Figure 9.2 Cross-
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Flgure 5 7 A plan show1ng the general areas of the geo-

logical traverses Tun.



»_Figure'SJB”'View of nofth faCe_of,Hillcrést'Mbune
: Lo tain from Turtle Mountain showing

~+ . the Turtle Mountain Anticline in.
nrofile I o o ~

'Figure 5.9 ’Thé crest of Turtle Mountain

i
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Figure 5.10 The Banff Formation in the "Hoodoo"
: weathered' area
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.Figu:e'5.12
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12 striations on bedding surfaces in an
" . abaridéned limestone quarry “at the
north end of Turtle Mountain

N :
Flgure 5 13- N“rOGR%hlthln the sllde debrls show-
" ing a sheared surface . . | o
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CHAPTER VT

THE MFCHANICS OF THE FPANK SLTIDF

6.1 INTRODUCTION .

This chapter 'presentc the studles 0f +wo different .

aspects of the mechanlcs of the Prank Qllde.

\ ~

The first aspect is +he stability igalysis-‘of' the
vsliée1 . Now ‘that *he geological setting has been correCtly
 estainshed and ' the shear str%qgth of ‘I'typical'

discontinuities has been measured, it is possible to perform

the back- ana1y51s \

: \\\:) ) i . T ‘ . _ 2
2 Lo - ‘
The second %%pect is the efféctcof‘thelmining‘on the
initiation of the 'slide. Up . to now, the'Aeffect of the
miaing "has 'been. largely speculative.;' This questlon is

g \
con51dered in thlq chapter on a more mathematlcaL ba51° by
.exanlnlng the change in_ st'esses along the- Sllp surface
vhich resulted from the nlne Openlng. From »the change in'

stresses. it was possible *o deternlne the effect on’ theu

stabilityvof.the mountain.

146
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BRILITY ANALYSIS

‘B limvt equillbrium s+ab111ty analysis was performed on
‘he three new crOss—sections, presented in +the prev1ous
chapter, using the Morgenstern-Price Nethod (Horgensrern and

Price, 1965) . ‘The analysis was done- for three cases. The

f1rst was to de*ermiue “he friction angle, ¢, required for 3

safety*Tactor of unity. In the second case, it was assumed

3 o

\‘that the shear strength along the entire slip surface could

\\\?9; represent ed By the  peak shear strength parameters -

b

oﬁtained on the flexural-slip surfaces. This was done
because. thlS type of discon+1nu1ty is the nmost promincnt'
along the Sllp surface. The third cace vas the same as the

"

second except that the shear streng*h parameters ob*ained on

*he joint surfaces were used along +the fa*lure surface vhere

it goes across bodding. The cases were analyzed with tha
. : 2

—t

assumptions of a rock. density of 160. pcf and zero water

N s

pressures. The zero water pressure assumption is basedé on:

fieidl observation -of no surface seepage above the major
thrust fauit. Since the slide occurred in April, the ~only
possibility of any vater pressure,'uould have been froh
melting‘snop; ;t is doubtful, however, ifetbere‘vowid have

been enough meltwater to have a Sigrificar* effect or. the

overall stability;‘ Generally the condi*ions on top of

-~

e
AL

Turtle ~Mountagn are unfavorable for a large accunulat*on of

-



1aR

énoﬁ. - Sirce +he mountain is relatively devold of treoc r. the
perslsten* west winds through the Crowsnest Pass area would

nreven+_’a large accumula+1on of. _Snow. Furthermore, since

s . Y N

*he's*ratagﬁt the crest of the mountaﬂn dip avay From the

R )
et %ﬁfmeltwater could have accumulated only from the
.Jr;, ;

i '-‘1‘“ ‘
all- area between the pre-slide scarp and the

‘present Scarp. Rlso '&f there was any meltwa*er it would
only have heon active near the crest of the mountain and notA
rn the 1ower reglons of t he Fallure surface where the mass

ob*ained the majority’ S resistance to sliding.

The results of tho llmlt equlllbrlum analysis show that

the average ¢ requ1red for: a factor of safety of 1.0 is

37.50, Por cases two and. three,“ where the ana1ysms are -
o : ST

based on' the shear test resul*s, the averaae F.S. 1e 6.86
The partlcular.recults for each case and chSSvseCfipn are
presented “in ’Table f.1. . The average computed F.u._of'b.Sé
differs by only 1U% from the defined F. S.. of 1.0. _Thievis a
pleasrrg result in the light of the discz ssicn given - in
Chapter 2 .where it was sgogn rhat‘the diffthnce cahioften‘
>be several hundred pereent.

'Another. wa} to ins;ect-'the; ?greemenri'betveen %the
‘analysie andf +he defined P.S.Lofr;;C i to calculate tthe
‘averaqe normal and shearlng streqses'en +he failure sqrface

and +hen . plot them in conjunction_uith the shear strength'

envelope. If these average stresses fall above the failure
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envelope, the \F;S. would be less than one. This was done

for. the Folkestone Warren Slide by Hutchinson (1969).

The foreg01ng procedure ‘was used on the -three nev‘

©
cross- sectlons of the Frank - Slide. The average stresses

DR SEVTLA
\

e/

‘were. calcula%ed at the base of each sllce on the basis of
' s
knowlng the welghffand side forces of,each sllce. The side

forces were taken as calculated by ,the Horgenstern-brlce

program at a F.S. of .0. The Stresses at the. base of each_

slice were then averaged Ter +he vhole slip surface. The
results are shown in zonnection wlfh the peak strength
envelope in ?1gure 6.1, The_:average stresses fall just

above the strength envelope indicating that the F S is less

than_<1.0;~ This is in aqreement vl*h the computed safe*y

factors sﬁBwn 1n Table 6 1.

o

.-

Presentlng the stablllty analy51s this vay allows the -

-

results to o v1ewed in conjunctlon w.*h “he scat*er in

shear test data. As can ‘be seen in P’gure €.1, the average

. Stresses. for the Prank -Sllde failure surfaces fall ﬁUS\

—

above the strength envelopes. Théy are clo§§'enoudﬁ to be

llthlnv f@e»_QS% confldence level ‘of the mean of +he peak

R

flexural-%ltpfshear hest data p01n?s. Furthermore _-the’

, : =,
avérage ‘stresses generally )fall vlthln the scatter o‘ the

test'data. 'mhls 1s considered an excellent resul+ forf the

analy51s of rock slopes.

A=



150
° "-hj

Lo

The assunptlon of zerOpuater pressures is supported by

the relatlvely good ‘agreement betveen the F. s. obtalned ‘

using the shear test results and a F.S. 'of 1.0. The fact

that this uariable is not included in the analysis is

probably one of the reasons for the good agreement. Many

times in a back-analysis, assumptions have to be made about
e ,

the. water -pressures at‘failure. If these assumptlors are

>

incdrrect, it is not p0551b1e to tell if the shear: tests are

prepresentatlve of the’ fleld condltlons. .This is not to s@y.

0 "J‘Y'

'that‘ any ‘small 1ncrease in the water‘ Pressure due to

prec1p1tatlon could not have acted as a trlggerlng m”

because, as has already been denonstrated the stan 1ty Cof

the entire mass vas in a very crltlcal state.

Generalli; the' . P.s. in' rock slope lanalySis is uery

\
v

: sensi ive to a change 1n the cohe51on, C. This 1s not so in

the ana1y51s of the Prank Sllde as shovn in Tlgure 6 2 " the

Teason for this belng the helght of the slope., Por a given

S 3 .

slope'geo-etry and a given ¢§ ang water pressure°'cond1t;gn,

the F.s. v111 depend only on the c/v & ratlo (Blshop and,»

Forgenstern, 960). B is -~he height of *he slope* nd Y is
2]

the - bulk »den51ty. In the case of a small H, ﬁﬁe change in

"C/7 H v111 be much ‘larger for a glven change 1n C1thﬁn at a

ngh H. "Since the F.s. is a functlon of C/75k the'eame-

N

_degree of change applies to the F. S

C.. At ‘the Prank Sllde 'vhere the helght

?

approxlnately 2, 000 feet, the P.S; is theﬁgfo_

ghanlsm‘

insensitivé .

,
<
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i pres°n+ a lower bound solution
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to a charge in c. This is probably another reason for the
relatively good ‘agreement between the computed F.S. and
unityt”

Yo

The stabilitv,ﬂaqalysis showed that the iverage ¢

regu1red for a- F. ~of‘ﬁ.0, with zero cohesion, _is 37.5

P . . i , .
_ degrees. This ;sfverv.close to tbeibasic Lri~tion angle of

'37V2° measured‘pn the surfaces lapped ulth the #45/80 grit.

-'~,4

This +ype: df agreement has.been observed on other slldes as

.’.,a 5.
dlscussed 1nOChapter 2. '0On the basis of these observations,

it is xhe vr*ter's oplnlon tha‘ a falrly good flrst es**mate
oF the degree of stablllty can be made by using the ¢b as

measured on a flat surface which is sandblasted or la ped

fthh a falrlv coarse grit and v1th C equal to” zZero.  This
J7#'would . provide a lower. bound to the problem and be on the

Gl ol U
" safe side.

Tt is iﬁteresting-to note that ¢ reguired: for gF.S. of

1.0 is not ¢b o+ 1 but 51mp1y ¢b. Furthermore, ﬁhe shear

s*rength as determ1ned on the 'flexural sl;p surfaces has

been wused in the stablllty ana1y51sr u1th good success

vithout any correctlon for the field roughness, This would

. Seem +o 1nd1cate +hat the effectlve i at the fleld scale 1s

essentlally Zero. Agaln, to assqme the 1 to be zero' would

”'safe 51de.
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.3 Igg gg?ECT OF MINING ON THE STABILITY OF TURTLE

;

——— — —

At the time of the Prank Sllde, the Canadlan Amerlcan
Coal Conpany was mining a coal seam at the ‘base of. Turtle
Mountair vhichf was apérox1nate1y j15'feet uide and dipped
rfapproximately 85 degreec to, the west. Thls cOal' sean‘;is
1dent1f1ab1e in Pigure 5.6 vhere the entrance to the mine 1s
at the juncticn of the north margin of the sllde and _the
’ river;. On the scuth edge of the"sllde, sub51dence &k
clearly v151b1e marking the seam at ‘hls p01nt H;nlnguhad.
reached the. sou*h edge of the sllde dCbrls when ' tnesisiide"

P

occurred.
' .
ihe coaI‘tvas mined in a serles of chambers about 1‘0”
feet in length and and from 25@ to HCO- feet hlgh. These
n'chambers vere ‘separatei by pillarsb'36 feet' vide'which
contalned manvays and +1nber chutes.A These' large chanbérs_
had reacned thp. south edge of the 'slide when ‘he disaster
occurred. In fact the edges on both sides of the Sllde‘
corfesponded very close1y>‘w1th the linits.‘of the b;é

chambers in the mine.

“ W
ey

For about 51x months prior to the sllde there had been
a’ general squeezlng 1%“%& the tunnel valls (HcConnell and

: % .
Brock, 190&) : The toal would llne 1tse1f by breaklng off

the 'hanging yall. . The miners notlced sllqht moVements at



times which were associated with shocks which fel‘ llke
tremors. Gangways and manways,gften had to be retimbered
and were even condemned due to the 1nposs1b111ty of keering

them tlmbered (Daly, et al., j912).

Exactly' howr much» movement occurred in’ the ﬁine_is
difficult to deferdine. Daly, et al. (1912) have, from the.
amount‘of coal removed, estlmated that if the entire vdid
.1eftv by the cqa@ was squeezed in, it would represent abou+
fccr_feet of movament. Althoqgh this cbuld happer with
time;A it was ‘nOt the case just after the slide occurred
because these chambers. were mlned again after tte sllde, and‘
wltpesses also reported that the mine escaped with 1little
damage. The testimony ~of the diners at theJrime of the

'7disaSter‘contains hothing that would 1nd1cate *ha* there was

-

~a sudden movementrv1thrg the mine walls just before the

“~,

~slide. o , | o ‘ =

It is,, of course, important to es*ablish wﬁaf offect,

the 'mining ‘had'. on *he initiation of tﬁe &T/dg Af

N \

recommendatidns are to be given on similar fu+ure orowec*s-

This was investigated by deternlnlng the stress changes

~

5
resultlng dlong the fallure surface using the Finite Elemert

Method.

The stress analysis was done with a Finite Flement

-computer program .based on a  simple - constant strain.
: R o : ) L
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"
triangular elemen*. The mountain was divided into a finite
@lement grid as shovn‘inrfigure 6.3 (Section C-C'). The

initial insitu stresses were determired using the "gravity

T

QQ‘ZGoodman and Duncan, 1°9€Rb)  where Koo +h

. D

X - .
coefficient of ~earth pressure’ was set equal to v 1., (v-=

Poisson's ratio). Onlv the condltlon for kK, = 0 7* was

analyzed. . From +the results of this analvs;s, +he initial
1n51tu normal and shearlnq stresses were_ calculated alorg

f@g-fallure surface (FigurefS.u).

A
A

.The"‘mining'at the base of the mountain resulted ir +*he
i L) .

walls of the mine becominqr a stress free boundary. . The

)

effec* of +this in the stqess dlstrlbutlon can be simulat=4d

by applylng stresses to the m1ne boundary equal and oppo ite

i -

to the 1n1t1a1 insitu stresses. Hlth these reverse stresses"

applled to the 'mine boundary and the wmass taken - as
. : o L R ,
weightless, the results from_the analysis gives thke changs=
: | | ‘
in stresses fhrouqhout Hwe mass due to the mine oponing.

"Fe/.flnlte element mesh ~ with the  mine open is Shown 1n

P1qure‘6.q. The change in ‘stresses 1s shown in Fi gure r.FL

The effect of these stress changes can be svalua+=4 bv
defining a pseudo safety factor, SF , as the resisting
forces along the failure surface divided by -the shearlnq

.~

orces. = If we assume C = 0, the resisting forcss wculd be

i‘tan ¢0; ds 1ntegrated ovar the whole ‘allure surface. C;O

+

is the normal stress over an 1ncr‘ﬁ§ntal dlstance, ds. Tha .



shear force integrated over the failure surface would be

T, ds. In equafipn form

(¢}

. b
ftan¢5 G, ds
a

STy = o— — ) .1 -

e

‘where a to b is the distancevalong the failure surface.

Ras
.Afyepa_mining, the stresses along the failure surface

. . ) M — . <
would te 0;1 = O;O +06, and ”7}= o +AZ: vhereAAGE is the
~fhange in normal > stress andA'Z is the change in ske€aring

stress. ' The safety factor after mining would be

b : _
tan £ f (G, +al)) as

y . ® 268 00 ce o s 6-2

3

b .
[ (T, +87) as | o/
a - ‘ .
'Thevchange'in safety factor then is

FS = SF, - SF

——Q‘S—‘s Fo "‘

From the distribution curves (Figures.é;u and 6.,4), wa
c€an integrate’ using Simpson's rule. "The results of these

integrations are as‘follows;7

J[0:O dS = -100.2 x 103 Kipsyft o 5 o b
a ) o LA 7’.‘,43,{“'5»‘.5“ L -
o v “c e 2N ; s
- . R CRy T ' >
b g N e o
) h ; PRI ‘4, N
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Jf T, 4s = 69.9 x 103 Kips/ft J
a ‘ ) .
J[ a6, as = 1.39 x 103 Kips/ft
a )
b

f 87 as -N.20 x 103 Rips/ft
‘a : . ‘/\.

In numeéerical form then: ‘ j

SF., = +*an 9 100.2

° §9.9

O

IS
<

¢ (1.1433)

tan ¢ (-100.2 + 1.36)
: (T €T 0.2

= tan ¢ (1.418)

The percent change in ST then is

tan.§ (1.433 - 1. u18) x 100 *\Fi\
tan 6‘(1 &3) '

With *hls method of analysls, it is also possible. to obtain
ﬁ 'for. a factor of safety of ;sltv. If ue set_Sﬁ) equalh;o
1.0, we csn solve for ¢ from

| sg?,=‘tan ¢ (5.u33i . o
Hith SF equalAfo 1.0’

f = tant (1 )
: (1-633)

"% 350 - - - 2L
This is in good agreemont wlth the valuos obtalppd Fro~ tihe

11m1‘ oqulllbrlum s*abll*ty analyses (*able £.1).

Fortunately - the stress . distribu{;;;: except near the



fixed bbundaries; for a tvo-dimensional anaylsis in a
hbnogeneous “isotropic body'is not affec%eé by the magnitude
'of the‘elastic nodulus, ®. Thus for the above calculatlons
of fhe- stress .changes, the results are not affec+ed by the
choiee of E. To assume the. entlre mountaln to behave as Ta

hohogeneous laotroplc"body .is  a- slmollflcatlon of -the

behav1our of the materlal bgt does allow an estlma*e +

D

made of the effect of the mlnlng.

—_—

\\ . The deformations 'resulting from the . mine' opening,

RN

\$dvever, are directly dependeht:es fhe~maqnitude of E. ‘The
irward deformation at the top ‘of (the% mine on -the
mounta1ns1de (Flgure 6.7) is approx1mately throe inches. lf

| assume. Ef\= 1,000,000 psi.: Decr°a51ng the Fvalue to
100 000 psi 1ncreases the deformatlon at t%e same point ten-

fold br QB appr011mate1y 2. 5 feet.

|

The general‘oief—all s{}le'of deformation‘of the entire

, Lo, \\ »

mountain is shovn‘in_Pigure £.8. Here we see that 'the top

of the .mountain in the region of the\fallure surface moved
moge or less as a unlt,- ThlS t%pe-of move;Eht\accounts for

*he 1low <change in shear and normal stresse along the
: - fo D ‘ ' )
e .
Yd

- N

failure surface.

-t

Generally, thls stress analy51s does not 1nd1cate ftEEk'

the;fniningl'vas a factor in 51gn1f1cantl;\8ecrea51ng *he‘
. (‘yg." . .

stability of Tartle ’Hountaln.‘ From Slimit '.equlllb:iumi
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analysis,‘ houever, it has been shown that the stablllty of
Turtle Mountaln ¥asin a very criticai state: before the
slide and uith‘*{his in mind, the 1% decrease in stablllty

due to the mining may have been enough to trlgger the slide.

LU 21§§Q§§0N

3
~

‘The stability analysis together with the shear Strength

results have shown the,critically unstable state of ~urtle

Moyntain before the slide occurrei. What finally triggered
the slide is dlfflcult to say. Fac+ors vhich have beep
~— |

.cite@\ as p0551b1e causes are the ice uedclng in the cracks
hon\toJ of the mountaln, earthquake tremors, iucreased pore
}press res and nlnlng at the base of *he utaln (HcConnell
and'%rock, 1900). All these factors, although small, cannot
be rh;ed*ouw completely as be1ng responslble for " Snapping
the last‘ 7ond by which the nass*uas held. up. ’mhe primary
cause, howe%er, was undoubtedly in. thd form anad structure of
Qurtle nouutaln. I+ might be argued \?at thls Ais not 'hew
since 1t ;ﬁs he same conclu51on that ‘was expressed by
HCConnell ghq Brock 1n 1904, What is uew though is that.

-3 .
now it' has %een substantlated by a8 stability ana1v51s, and

':tatlon of the geology brlngs more = logic -to'
xe was so 1mportant The added advantage of

£ gmka stabllity analysis is that' the




ft7:] .

Orne of the main itenms cf conoern throﬁohout this thesis
has been the.reliability of the'srabilitgﬁanaiysis of rock
Slopes based on shear test data. The'aﬁalysis of the FPrank
Slide indicates thar for a slope where the slip- surface
.follows some through-going discopéigalty, where the material
is a hard unweathered rock, and wﬁere the c/v H.’ratio is
small, a fairly reliable estimate can be‘ girea of the.
F.S. on the basis of 'laboratory shear' testsg, This

statement hovever, ' assumes = that the geological ang
'¥

geometric setting are kncvn in de*ail and, furthermore, Q\\t

the vater pPressures at = the time of failuyre have been
correctly established. .- ©

In recent. years, there has been an increased interest
_in developing recreational facilities along the eastern

R4

slopes of *he Canadian Rockies. Along these slopes, there
is a p0551b111*y oﬁ encountering a geological set+ing
similar to .+hat of Tartle \Hountain. The understanding'

qained about this type of 51tuation from the Turtle Hountain

1nvest1gation would be very “valuable in ~making

,reconmenda+1ons on areas to avoid for planned developlent

]
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> v
| . T TABLE 6.1
"« RESULTS OF STABELITY ANALYSES
- ON;FRANK SLIDE '
o L o
il S |
* Case 1 Case 2 Case 3
- F.S. for @=28°
P required for : C=4600 psf and
. o F-S. equal to = F.S. for §=28°. @=32°, C=3600 psf
Section - 1.0 - C=4600 psf across bedding
A-A 39,7 . 0.832 0.837
"B-B' - 35.2 0.890 .- 0.896
c=c' 37.4 0.853 '0.863

NOTE: (1) The average fongése-l is 37.5

P

- (2) The average for Cases 2 and 3 is' .86
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CHAPTER VITI "
CONCLUDING REMARKS

v e A o

In this -thesis, an examination was made of +he
. ! ) t . . ' ey ;

reliability .of ro&k slope stabilidy dnalysis by inspectinrg

‘»nume%OUS"‘¢a§§’_F§§f6fiéSfand\hx performing a detailed back-

\ ’

analysis of the Prank Slide. : This s+tudy of failed rock

;2

" slopes showed that in the ‘majoritvy  of cases, #he shear

M .
a, safetvy factor of 1.0 are
PR S o

o zero. Furthermore,

)

SR . A L
“he casef’h¥sto:1es_ revealed that the F.S. based on’shear

tests can Jiffer from the defined safety factor of 1.0

: 8 o ™, N
within a range of only a ‘small’ percentage to several hundred

[y

percent. For ‘this ,reason, Tock slopes are often designed on

the ~ basis 'of  past experience  in. conjunction  with & .-

Y

., consicderation of local gaclogy and no* so.much on stability

analysis.

o o . . . : I
8 '{ '

~

In’ conneétion Wwith ® the - back—anaiysis: of *he Prank

Slide,wshear tests wére'perfOﬁmed‘bn ratural discon*inuities

and ar*ificially prepared limestone surfaces. = The results.

L\

. 3

of <“hese tests yisld not only the necessary strengthk”

parameters for *the stabildity analysis but\a1So shed some new .

light on. *the  shear ’,éirengtﬁy behaviour - of . .rock
: - PR : . o - D
N Coet . » - 169 . - , . . ‘ D
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discontinuities.

o

An - 1nves*1qat10n was COﬁductud into the p0551b111+y of

'mathematlcally charactarlzlnq the micros®Popic sur face
: . G b’.{ ' T . ) . b

roughness’ of prepar,.*\rock surfaces and then correlatira
these ii*ﬁ*fka‘friction'angle. "The results of this  work

Shéqed' that iﬁ‘ is DOSéible <to  establish +his type of a
correla;10n°iﬁ6¢éver, tthvOrk involved in calCulatina-‘tﬁe
-?Q@@hnés§  p$f$iét?ri‘ma§és thls. an 1mpract1cal methoa fé*
'-dev m1n1n§.¢ LI%i;_ipnllcatﬂan -tb thc fleld scale~ is
-Hlnﬁerad bv *h; 1n§b111+v of(measurlﬂg]the field rbughnesér

N

b

The  chear © ¥a2sts | on . ‘the . -patural . limeston=s
~discortinuities revealed. that the shear  strergth’ is not.
affected by <he size of the sample if the scale of roughness

o

. B i , L oo o

e SRR e . o
- 0es not .change with *he size of thé sample.
4.Thé,,u1 ma* - . shear str9ngth . (shé&ar . strength after
,Iarger'shéarl q dwsplacenean) was mcagurcd on- -the na*ural
yﬂiséontinuities, bv Dnrformwnq awtsversal shear test wherahy
‘ ‘the"geometric'LCOmponéht=Aoﬁ‘f;thp “ghear - strenctb\l'was,
N - e . . . LA . Lo C& B ;» L. X .
Relgninated;,‘ *ne rpqul*s qhowed that tbe ul*Lmatc ctrcwo*ﬁ
-v'. ] " _' | . o 41.. 2. ‘( L ]
,is?'dfeatly- dffectodﬁ ny,,tbe 1n1tlal roughneso of ths
diéconfinuity' dﬁél %hé‘ t?be‘df'shrfécg’da aqévﬁhicﬁ'bctgrs;

' 4ur1n0 tha ,shcar *&<f§.' qlnca the ,ul**na*éi =frano‘h ie 4
‘UFC'IOP of tbqqc coniltlons, 1f dlfferq ch@ractorlstlcally

”fron thp rohlﬂual Qtrangfb of. clay
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The re-examlratlon of 4’ffe geologv of Turtle Mountain
proved to be m0s* enllghtenlng A cross-section showing the -
bedding dipp no lnto tﬁe slope and the fallure surface going |
across . beddlpg has‘,ragpeared in_ many texthooks and.‘
' oublwcatlons..zThistross—section isGincorrect vThc’ strata

within rI‘urtle !ountaln are ’;~;§311tv folded so that ona+he

fsouthern maroln of the sllde, “the beddlng dlps",in“ the

easterly,dlfeption out of the slope. wlth the s éta folded

'in .this manner, the fallure surface only went ac*oss bedﬁlnq

. . k ( /
at - the crest of " the slope., Further down it follows tbe

‘lerural sl*p surfaces parallel to beddlng and fhen alonq a

.

mlﬂor thrust faul+ at tho toe.

AT

-

_The,‘averege; safaty fecfof>.of the Frank - S1i de as
compu+eo on’ the basis ofxﬁhe shearA +ests dlffers, .on  the
: _uocafe.‘siée, oy only 1u%\from thewdeﬁgoed safety ‘factor of
Hl;f, For "ock lepe analysls, thlS is. zonsldered to be very

good. . This 1hdlcafes tha+ for a Dotentlal slide in a

similar\ geoloaicatl and geome‘rlcal settlno, 1t s | posslblc
\ ) . .

" ,.-‘ 4
A

-to_léredicir'fhes_degree of Stablllfy, wi+h con51deréble
reliabllity from .- shéar tests  performed on -natural

*fadiscontinuities.

v \

lv‘ Q—Q‘\
mhe s*udy or the case Hls*orles _has  stowr “that  with:
. e - : o .
C =095 ¢tte Qﬁ requ1red for-a F.S5. of 1.0 is very similar to

- *he basic7ffiﬁﬁion angle, - \, This suggests that a 004" -
~ i 9 b\ . 99 g

.
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AN

firs* estimate of the\f.s. of rock slopes can be obtainai by
N » :
assuming ¢ = ¢ and c = 0,

b
The Stress analysis of Turtle Mountain demonstrate4q
that the m*nlng at the base of the  mountain had a smal¥

'effﬂc* in decrea51ng t he stability-4of the rock mass:

“

- However, since the poten* 1al sliding mass vig alc ?ady in ;a.'

critically unstable position, it ies not unreasonablc tha+

the mining triggered *he slid=.

With regard +o future research ir the - area of rock

slope stahility, there is still a need for fur+her detailed
case history studies. ~The rTeason for +hig is ~wo-folid.

Pi;stly, a back-analysis is 1like analyzing 2 large shear

~ Yest and, therefore, is a means of investigating the. sghear

-2

strength .hehaviour of rock discontinuities at *he fiold

scale. For example, the study of failed slopes ir this

thesis ‘seems to indicate that if there is a problem with

instability, the effective i at the field scale is
-essentialiy zord. Only +the ana1y51cvof failed slopac c;ﬁ
Drov1de thlS *vne ot 1nformat*on. Thke <csecond r‘a§ - for -
-further case studies is 'fhat thcy' would Cjarify thé¢

reliability of analysis bas3d or shear tests;  i.=., ), they

would eith@r cohfirm the prasent poq1 ion or prov* d= wore

14
o}

_d¢f1n1+9 roundq on rho rellablllfy
= . . L Q. P.. ‘

settlnqs. o A rifu “@i\ ) : ks

various Qf—*olom_e@.
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ITn the’ overall system of stablllty aﬁalysis, the
préblem is mot so muchNthe type of analy51s ‘as it is  +te
ps*abllshment of the field shear - strength parameters.
"Therefore, it is suggested_thaf future research effo?tsi be
‘directed at understanding the field shear strength behaviour
rather tha§‘the'deveiopment.of any new analytiéal‘methéds.
Iﬁ*'tﬁe design of 6pen pit slopes, a change in even one
dégree-in.the ovefall\slbpe ahgle. cén represent eifhe; a
cost or sav1ng of millions oF dollars.‘-Tdeally, it would hre
__d951rab1e +o de51on +he slopff vlthln this 1ow tol@*arce and
:bé certain that there Qould be no majbr failures. This;
however, is’ én ﬁhrealiStic Vobqec*lve, and i+ 1is nof'
sugquted tha+ further studles of fa leqd slopes wlll prov1de'

T

the _negessarv confldencQ in s+ab11 ty anal&s¢s to do51an at.
. 5‘1
this 'low tolerance. Tho naturo of the matcfﬁal wlthln “rock
slopes is +oo rcomplex in behav;our' for "this to be a

realistic objec*ive. ‘

- . -
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A.1 INTRCDUCTION

3 .
: ‘At  the Univer51ty

1

laboratoryr4 a devuce has

A dev1ce

based on the same

roughness proflles of rock dlSCOntlnult" ' _hls‘Apperalx

givesa descr*ptlon of the constructlon, ~§§é§é&ipnfﬁahe,3
. Ny T N AR LI
. ‘ . PR *' ! :
~ performance o of *he roughness plotter. : el
2 % - : . by f
o . & . . o - 3 = o
. A2 CF OPEPATION * e L Rt | "
Basically, the device operates on a lﬂqht soﬂfc@jvh%oh
. remains a constant d1stance from the_“surface. fns;de'g*be
N . ; - . L
llqht .probe (quUEQ\\§ 1), a’ ‘small light: bulb , s,iocated'
. whose 1light is transmlt*ed along -optlcal
?- _orojec*ed on*o the rock surface. Hlxed

_‘transnlttlng optlcal flbres are an equal number*

of

\‘The voltage drop across t photo cell

cell.

Tl ‘
'héﬁlntens;ty of the 'light di ected at tbe cell.e-’“
R o

183
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The intensity of *he light reflectlon to thé fibres will
depond on .how close the tip of t he fibres are to the rock

surface. In this way the vof&age drop across the photo cell
f M
is a function of. the dlstance between the, . light probe"and

the rock surface. . #®

. ]

‘Ihi+ia11y, a currert is passed through the photo cell
and this is taken as a reference bbsnt’ Then gs the -1ight

robe traverses‘ a surface and the ti Roves closer or’
proko s

«
-

 farther avay fromr‘he surface, a-change in poten+1a1 occurs

across tha Dhoto cell. This changefin pBtential from:the
initial reference‘ poidt actlvates a small Dp.cC. ‘°1ectr1c

motor whlch moves - the probe ‘heighkt until it agaln reaches

,—l

{he Lnl*lal dlstance from the surfa(e. In this way, the

electrlc, motor’lifts or lowers the probe in such a vay that
it is.alvaysia:constant distance. from the rock Tsurface.

’Basicale 'then we have a systam 1?vequ111br1um de51gned so
‘that Af any: deV1at10ns occur from the1p01nt of equlllbrlum,
" A

the system v111 au*omaflcally ad]usf itself to return +o the

*:equlllb ium p051t10p.7’

“x

Cale CONSTRUCTION Sy ‘
. 7 _} ‘ |
The en+ire assembly of the llgh* probe is chown by the
schema*ic .in ?1gurc.in$1;' The} elec+r1c motor is{_a 12v
D.C. ho?ox{ vThe -puroose of the bellows is to rectlfy any

mlsallgnmer+ which nl¢§§ occur betveen the larqe pulley and

‘the  motor. “The potent;ometer measures the vertica%/

Lin . . - . . !
BT ] . . : \/‘\j"
W .

el . .



\.-,‘ ' . " \

ot ooy, &

displaopuent. :

A L
2 TPE light probe "is mounted on" a carrlage vhich in turn
part of  the oldlng frame (Figure A.2). This .carriage

v
-

e "electric motor.. The potentiometer under the Jo:or measures

"the horizontal disolacement.‘ .The purpOSe . of the twelve

[

. runs along th< ‘emé-inch Square rails under the power of »an{'

\

" r\
roller bearings 1s to allow the carriage to run aloré tfcj&'

< d.'c regardlessd of the p051*10n in which® the hold*na frame

1. moun*ed. I ordnr to accommodato the trarsoortat10n—o‘

"7 ipparatus, the frame was construc*ed Sso that it could bé

T,

take aport =nd reassembled@kﬁlth relative ease by USIET”‘

slo:t- . bolt holes and ving nuts. ‘ R ﬂ
. @
“us  electric ci;cuit, “he power supply and the control
21 ar 311 containsd in a special #bx. Thz\pownr supply
onsist of, six 6-volt dry cell battprles except for. the

lignt source whlch uses four clashllght (1 Sv) bat*erlgs

( . .
The entlro apparatus is shown in a laboratory set-up in

A.5. The field set-up shows how it can be mounted on ap

overhanging rock discontinuity. ~

-

Reéording thc o tput from the pérentlone‘ers proved to

\\~ " be ‘he most dlfflcult 5 . as fleld. vork uasf'concerred'

mainly because no. s 1tab1e analog recordlng dev‘co gould te

okbtained "that aia uot"requ%re a 110v  power 'suéply.
. B - oy “ S _

Consideration vas given to eifher_ an  X-Y plotter or a

X; f'?laure A.3, and a photo of a freld set-up is given in Figure
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F-3

‘magnetic tape recorder. The magnetic &tecorder vas chosen

\’\

"over the plofter because it is more rugged. .The reootder'

vas a Heulett Dackard Hodel 3960  4-track, nagnet1C4,tape

[ 4

" recorder. fA small 100—wat+ generator iith a gasollne englne

L

vas used as the pouer supply in the fleld.

LN

\

Y

rfter returning to the lab the signal from the tape wvas
. . . . [

s . N
fed into’ the .X-Y. pPlotter . yielding rgughnéss profiles in
. ' ‘ : - \ ‘ ’ ’ -
graphical form. - : ‘ 1 a g ‘
. 4 RPN ’“_ \ " m

The ¢alibration factors for the potentiometers are as

' . ’ v =

follows: . ) - \
: ) o/ <L | .
Yertfgaliav‘ 3.02 inyv , <?§k‘ -
horizontal;  8.85 inyv . | A

.’ — - \/ ;

K.t OPERATING PRQ__D'J"F o @

-+

Figure f u gives a v1ev of the control panel for the

N

operation of the opthal roughness plotter. The paneI‘ is

divided by a> dotted 1line anad only ‘the left side of the
control panei 1s concernad with the operation of the opt1ca1
plotterwh Generally, the following steps should be observed'

(1) “the button on the d1v1d1ng llne has a white spot on

lt and should be pointing to the le‘t of the line,

(2) flip the two toggle swltches side by side to the "on"

A H

p051t10n.

(3yu the damping gauge- should be set to approx*lately 80.

(4) 1lower the ligh* probe nanuali{ to about half an 1noh,.

8,
~ from the surface by . lov1ng the \Qup-dovn“ ‘switch te



L

TN L e

S e / ’
» X ‘ . X ,
+~ the "Jown™ position. o . L ’ \*%¥ -/

| 4
(9) the gain should be .set at approx1na+ely 1 to én (/K m“

(" the probe helght should be set at approximately R0, -
(7) fllp the toggle switch "manual- apt td the automatic
_ \‘
TN
0051t10n. With thls ac*lon, the' probe should move

down to the equilibrium p051t1?n. "If the probe moves

‘away froam the surface, the prote height 1is set too

. / ‘
high.  If nothing happens, increase the gain’ very

‘slowly. When the probe boainé *o chattg; ~and

) . ‘ . -
v1brate, the - qaln has besen set too bloh

_ \ <

(8)_ once a stable p051*1on has been reached, the probe

el

helqh* can be adjusted to the de51rod holaht

(9), when’tbe llgbt probe has been set, the next  stepo ‘is

A

to travefse the . rock surface., This 1is done by .
[ invoking the toggle switch, in the louer»‘right—hand

corner, tc the "forvard" or "*aversn" position
. _ e
depehdan on where the carriage is located. .there is-

‘also an adjustmont vvth which tbe carrlagﬁ\\ﬁroceeds.

b

The carrlage v111 contirnue ‘to run along untll R 1s

stopped nanuallv or untll it hits theﬁmllmlt sulgfh;

To reverse the dlrectlon, place fhe dltec+1on switch
p ,

\ 1n the opoosxte positior and depross"the; "over 1de"

button until the limit switch is free. \\/
AN - S
. ' o . Y N ) ’ .
. . \ _ . . ol N
N . ~— \
A.® RESULTS CF TPIAL TESTS , | | e -

Figure A.6 shows the results of av’~fi‘avef§e. of ot |

’
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2

“" @« . C o~ / .
’ N . Y
. . . - ..
' -

o™

. o . /o
artlflclal surface cut from a2 ,piece of lumber. Figu{e .

~

shows the results of the runs made at the set up shovn by
) - « . - 7

.Figure A.S. These profiles show the‘,scale of roughness

T

whlch thls Plotter is suitable for and able to measure.

. f
Y

i g

‘
-

A.5. PFRFORMANCE | I v '

[}

‘- N * .
1

The main advantage of the optlcal ple%ter is that the

pﬁoflle record is continuous as“opposed to discrete readlngs
)

f”/%é>pamerous p01nts. Also the plotter can accommpdate fairly

‘ large vert1ca1 dlsplacements ( 10 in ).

\ ,./ | . .
The accuracy of the measuremerts are controlled to some:

2 .
/exten+ by +he dlstamce t he probe tﬂp is. auay -from \fhe,
: ‘ ‘ c .
" surface. Increa51ng the dlstance results in the probe belng

unable_to detect the roflpctlons properly.h Also the greater.

. N s ;
distance résults in the llghtubelng spread over a larger
. L"' PR f
anea which is unde51rab1e as the measurement is shovn as an
15 .

aVerage over '5he area covered by the light. The:accuracy
) ; ¥ N ‘

Y

- depends as well on the cehsistency of’ fhe reflective

[

: . . .s ~
4,

proper%ies' of * the rock surface.' A change from a’ dark to a

- v - i /

1lghter surface w111 slightly change the dlstange'-betveen

o ' [ .. ‘
the probe tip and the surface. Por this. reason, the roc¢k
. . ™,
“shown. in Figure A.S5 was painted white. - ';3;_,
. , - 3

o

3 _The most serious problem in usiﬂg the bptical plorter
field is . the interference of the sunllght 9.;;}

j}eéfiqnsﬁcff‘the surfaceeaue to,the'sun 51mply drive. the

ko] oo

away. Tor thlS reason, the measurements made 1n tHe,

1]

2.d
-4

v,
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a F) N ~
- - K - ) . e
~field were.done late in. the evening and even after dark.
A - Defects in the rock surface like ¢racks or: qharp <?isés/
. : s} a
Ly -Q

create real hafﬁ; wlth thlS' system. As the llght probe

b

c . + ) ’ B - - 1o ‘.' > '.‘ - 4 - ' - \
travels over a_crgck,‘1t,1s $imply 'driven 1into. the “crack
’ M ' g . . . 2 s v' I.F
since there is no reflegtion: When the probe comes upon a
] ) ) 2oy Lo 3 -
4 sh&rp ris@'in Béigmt'-it‘will simply run up against %the-

 abutment and the ros on vhlth it is. suspend%d u111 bend.

y »e LS . 5

., : . R T
-.‘_‘r ’ ' \@%
' Tt would appear that the only way to overcome thesa

-
”

'obstacles 15 to stop**h@ horléontal mOvement\ and manually‘

o

rlde over them. Theso manoeuvers show up orn the record ard

‘(‘
F

as such have +3 be rotcd ahd later corrected to obtain '5

B s T # g T -
‘true profile., C o ' o L ‘ !
{5 L . T J ! . ;)



- ¢ i
- Y, . ‘; . “",
- 7 . 190 (.
i , . ¢ o k‘.
] " ,1 ’
~
L - X
R . [N ¢
T [ v f
L | X b . N L-1/8" D14, ROD
TEFLON RING - Cll .
Y ) - '
- ECECTRIC J: Js
. CONNECTOR—| - Tt R
£ .
. SRS C
) SPRING —____ s |,
o PHOTO CELL P
LIGHT BB e
ﬁ\ -1 HEAT OPTICAL ,/’
2l SHRINK FIBERS A
! PASTNC TUBE
OPTICAL '
FIBERS |
g SCALE "
° e e |
* 1 INCH
A
- :
i .
g WIRE CABLE
. ’ . 1. “~
} NOTE & o
\ umT ALL PLATE MATERIAL \ '
SWITCH 1S ALuguuu ~ . '
. BELLOWS
o , ELECTRIC _
ELECTRIC . MOTOR s,
- CONNECTOR - . . .
_‘ 9
0 rt—t——it jé
- - - :
"SCALE -
‘ TRE:;«LGCN [ o Ssevesy Semmtms VERTICAL -
, a 0 | 2 3 .

F1gure A 1 Schematic dlagram of llght probe forJ’{e

|

dconneeT TO X

INCHES

roughness plotter

e

POTENTIOMETER

'figld'



=

/ _ 191

]
5'. 0"
X ‘ ¥
e < 9 BN e O
l51|51 7
ALumNuu ANGLE
b‘.
&
) . o
oy ﬁ . ‘ , | e
1] -+ ) "
v . BALL BEARINGS ) )
. © | STOP SWITCH_ s : . o
. - | . Y
o 3 I | —— ¥, -
PULLEY 7 : T ‘
\"L ‘.;@ wu?e CABLE Q<O)
- A
Lo — 1]

N /ﬂ . o
172 1% TUuBING ‘ L_J ‘ ‘

F TELECTRIC

S MOTOR

"-"r-'-”--—--— B, ot
pand 1Y —])
' Cofn o

1° DIA.  AL. ROD ‘ .- ELECTRIC"

AT o ' - 3 __J CONNECJOR .-
'—J, " SCALE | : ' J }.._ndaeen cdrs

! ) [\ =t : _ - h ) o

.
ste o

o 2—'5 INCHES

" Figure A 2 Schematlc diagram of holdlng frame for the
: fleld roughness plotter

& . . =

LI - -



FigureiA.3k,ng opti al/roughnéss plotter -

‘Flgure A.4 Control panel for-the optlcal rough—
. . ness plotter
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j S | APPENDTX B , R

SHEAP TEST DATA .

This Appendjx present§vfh§g;ésults of the shear t

L
R

‘performed in connection uifhvtﬁaﬂahaIYSis of the Frank Slide

: : : :ﬂ“v i Gy . .
As referred to in- Chapte- 4. ~ ‘Table B.1 gives the-
designation of eackh sample type, the area of each éamplé’and

the - normal 1load at which each sample was tested. . For .each

v-df
ad

test performed the shear load versus deformation plot =
*he associated vertical deformations are . presanted in
Figures B.1 to B.21,
I
i)
o
/I;l
e

, co 196
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TABLE B.1 SHEAR TEST DATA
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o , AREA LOAD . TYPE OF
'NUMBER_ (in sq) . (1bs) SURFACE
A ' ‘ . : ' )
2,494
2 4,491
3 ) 7,495
! Bedding
B. 5 556 planes
6 1,146
» 7 3.2 1,720
' 8 3.42 854
1 30.5 2,695
2 '31.4 4,693
3 30.6. . 7,694 Flexural-
S slip 'sur-
4 o 30.2 10,695 - faces
s . 3.03 556  Note
5A © 3.03 556 (5-& 5A -
S . o : S the same
: ) 3.12 - 854 (sample but
o S - / run in dif-
6A 3.12 -854 , 4/ ferent
| : , _ , .directions)
7 7 3.02 1,146 - = Lo '
7R 3.02 1,146 'l?,.r
8 . 3.02 1,709 ) °
' 8A . 3.02 1,719
- _ | A
. ~ ® ‘/
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TABLE B.l1 (continued)

‘ Z
SR NORMAL
: AREA ©  LOAD - TYPE OF
SERIES | NUMBER (in sq) . (1bs) SURFACE
1 30.3 2,894
o 2 31.1 . 4,892
J’ - © Joints
4 - 32.7 10,880 _
. . , | S
1 32.7 C 3,294
L2 32.7 - . 5,294 5 .
D - - Diamond-<cut
: 3 31.3 E}V 297 surfaces :
4 32.2 ;1,292
. / N .
333 Y | . R
1 33.3 3,095 . N
2 33.1 5,098 o .
'L . Lapped with:
-3 32.1 8,095 = #45/80 grit
4

32.5 11,096
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APPENDIX C

© SPECTRAL DENSITY COMPUTFR PROGEAM
:“‘Q;L’ - o . . . N . X (“‘i

Speéi@Q techniques are raquired for calculatina the

Ry ‘ , : _
Fast Fourier . Transforms (FFT) of a data sequence. 7o
perform these complicated calculations, a Ccomputer progranm

was obhtained from +the Physics . Department, Unjversity of
, . : , n :

Rlberta. & 1listing of ‘this program is given in thie

¥

Appendix.

Once the FFT are obtained, it isvrelatively‘a simple
mattef to calculate the spectral dersity estimates. - The
prdcedures for d@tormining these es*imates have been given

by Bendat and Pisrsol (1971) and are given bflow in  the

.context of the specific problem at- hand.

" The spectral density estimates, G,, are defined as

x(£,) = 2 a h/N » }xktzv....;.....,..;..;.... c -1

G
where h = the distarce or *ime between amplitude readings

N = total number of readings
fio= kMR ko= 0,1,2, . L, N-1.

‘ ¥y = the rFast Fourier Transform of the data. A

ST o , o .o N\

\.fv” B . . . ) - . L
The orocedural steps followed in calculatirg ths

spectral‘dehsitf estimates are as given bhelow:
. . . . v' . N . . - AQ N
(Y The data was truncated +o a total of 2048 readings,

230

5



(2)

(4).

(F)

(SUBROUTINF COSTAPD in the computer program).’

fel

: 221
» ,

& . - ' :
The FET method requires that V = 2P, When P = 11, L
!
= 2048, '
The data sequence wa% tapered at the ends- by using
*he  cosine taper  window showr in Eigufe c.1
AL 5%”

The ¥ 12 valdes.were calculated by first cdlling

D

SUBROUTIKE ONE R FT (2048, x), which calculates th

*

real and imaginary parts of X, ahd,storgs them in +h

tD

X array. Then, from the new x - array, ' the (X, 12

values were computed from *he followirng equatibns:

PR PPad é.l . . '
1Y, 12 ='xf when k=1 . //J
P s v ) . . !
CIXy1Z = 2w x2 4 whern k > 2

A +otal of N/2 + 1 estimates can be ob*ained this

\
wav.

The spectral density es*ima‘tes were “then 'calculated

%

Aaccofding ‘o e2quation C-1 with h = £.0001 inchas.

The frequency correspbnding with each Gk.estimaté,was-

“calculated fronm

£ = k/N/h_
The G, estima*es uére then scaled by a facfér Hf
1/5;87q‘dué to.the initi;l césiré"tape;ing;
The raw‘_Gk eSfimafés vere ,smd&thed 'bx ~usinag 3
Trapczoidal Spectral Window. Th; smoo+h »cstimates
areigivcn by | |

G:r G * G ‘10 . . - _4' kal."l ]/1

-

~ where .1 is a number dependent on ¢tho de'sired level of -



(n

(2)

‘frequency curvs was then plotted on

The irput information required, for

.'SAH, +he sample number;
, . . pl b

. LR, the 1 vaiue.

L

the standard error,e¢, . The ¢ 1< given by

/
ARG '

The effective béndwidth, B,

er tlien becomes

-3

B’ =1 « B_ = 1/N/h

e e

In +the computer program, thesfrequercy smoothing is
dore in . SUBROUTINE FREQ. The = final . smoothed

the Calcomp
Plotter by calling SUBROUTINE CGPL.

+he program is,

jhebx>atray of ampli+ude é@éd@ﬁgs‘taken froh a. disc

file. S g{F g
¥8, the number of sets of data. S
. vj‘;;"r

O
AN

e,
NP, the number of

VB, the‘verticay

)C
/
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a0 0.0

DINENSION X (2048),G(1085)
LOG2N=11
N=24%LOG2N
READ(S5,75) N8,SAN,LB,NR,VB
75 FORMAT (I5,1X,A4,215,F10.0)
DO 100 N7=1,¥8

READ DATA PROM PILE

DO 10 I=1,H
10 READ (1,1) X(I) -
1 FORMNAT (F6.0)

‘ /
CALL COSTAP (i,X)
CALL ONE R FT (LOG2N,X)
DETERMINE THE SPECTRUN ESTINATES G(F)

Hi1=8/2 +1

J=1

G(1)= X(1)“2‘2 0%0.0001/8 -

‘DO 13 J=2, LR

K=N+2-J

G(J)-(X(J)“Z#X(K)“Z)'Z 0%0. 0001/!
13 CONTINUE

SCALE DATA BY 1/0.875 DUE TO COSTAPER

DO 20 I=1,3 _
20 G(I)=G (I)/0.875

CALL PREQ (N,G,J,LB,NB,SAH,!?,IB)‘v | -

100 CORTINUE
CALL CGPL (X I,Y, H 0,1,1,1%,1,HA,HB,HC, VA,VB,'C ALPB 6)
STOP- _
END

234
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SUBROUTINE COSTAP  (N,X) .

v

REAL X (10)
N1=N/10
DO 10 1L=1,K1

T A=3.1416/2.0/K 1L

10

K=N~L+1 ‘ .
X (L) =X (L) -X-(L) *COS (A)
X (K) =X {K) =X (K) *COS (A)
CONTINUE ‘

RETURN

" BND 4
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20
49
50

60

55

65

SUBROUTINE PREQ(N,G,J,L,NR,SAN,N7,VB)

DINENSION G(J),P(50),AVE(S50),ALPHA (20)
NO=J

H=0.0001 : ‘o

NV=0 '

DO 20 X=1,N0,L

NV=NV+1

IP(NV.GT.50) GO TO 49 oo

A=0.0 R
L=K+L-1 ' A : '

PO 10 J=K,LL :
A=A+G(J)

AVE(NV)=A/L

ML=LL-K/

P(“V)-(?LOAT(K)*(FLOAT(HL)/Z ))/PLOAT (M) /R

CONTINUE

WRITE(6,50) SAM,N7

FOR1AT('1',//,20X,'SPECTRUH ESTIMATES FOR ',‘0,//.5

*20X, 'RUN NUMBER ,I1,//)

DO 60 JK=1,NR -

WRITE (6, 55) F (3K) , AVE (JK)
FORMAT (15X ,F7.0,F10.2)
READ(5,65) (ALPHA(I),I=1,20)
FORMAT (20A4)

CALL CGPL(F,AVE,F,NR,1, 1 1,4,1,0.0,100.,8.0,0.0, VB

RETURN
END

236
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SUBROUTINE ONE R FT (LOG2N,X)

o

237

Cetteteneeseonecesosossosoncscscasasasosacsessavecssoosnanscsesasesnssnssss

C
(o

100

ONE REAL POURIER TRANSPORN

INTEGER LOG2N
REAL X (10).

INTEGER J,JN,K,KN,N, N OVER 2
"REAL ARG,C,PI,S,T,XI,XR,YI,YR

pI= i&1u1592556

N=2%¥ (LOG2N-1)
CALL R SUB B O (LOG2H,X)
CALL R SUB B O (LOG2N-1,X (1))

“CALL R SUB B O (LOG2N-1, X(N01)) ‘
CALL MR 1D FT (LOG 2N~ 1,X(1),X(N01))
‘N OVER 2=N/2+1 B

DO 100 J=2,N OVER 2
K=N+2-J ‘

IN=J+N

KN=K+N

XR= (X (J) +X (K)) *. 5
XI=(X(JN)-X(KN)}*.5
YR=(X{JN) +X (XN)) *.5
YI=(X(K)-X(J))*.5
ARG=PIL*FLOAT (J- 1)/PLOAT(8)
C=COS(ARG)

S=SIN (ARG)
T=YR®C+YI*S
YI=YI*C-YR*S

YR=T

X (J) =XR+YR

X (K)=XR-YR
GX(KN)=XI+YI

X (JN)=YI~-XI
CONTINUE

XR=X (1) +X (N+1)

YR=X (1) - x(uon
X(1)=XR

X (N¢1) =YR

. RETURN

“END R

\
N\

.<3
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SUBROUTINE RECOVR (LOG2N, RE, IM)

0
.
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NN NaNeNs NeNe Na N N2 Ns)

10

20

Do 10 J=

" END R

RECOVERS THE REAL AND THE IMAGINARY PARTS OF THE POURIER
TRANSFORH WHICH HAS BEEN'STORED IN CONPACT HERMETIAN FORN.

THE CONPACT STORED POIRIER TRANSPORM IS OBRIGINALLY IN BER( )
SEE TWO R FT FOR DETAILS.

IN EFFECT THIS SUBROUTINE DOUBLES THE STORAGE AREA REQUIRED
BUT GIVES EASE 'IN THE WANIPULATION OF THE COEFFICIENTS WHERE
FTX(J) = RE(J) + IN(J)

REAL RE (10), IN {10)

INTEGER LOG2N, K, N UPON2, HORE

N = 2%%LOG2N
N UPON'2 = N2

MORE = N UPON 2 + 2
IN(1) 0.0 vﬁ,/f’//
2

. N UPON 2
I = R=-J+2:
IN(J) = RE(I)
CONTINUE
J = N UPON 2 +1
IN(J) = 0.0 ‘
DO 20 J=MORE,N v
: I = N-J#2 ' o
IN(J) = -RE(J)
RE(J) = RE(I)
" CONTINUE
RETURN




SUBROUTINE HR 1D PT (LOG2H,X,Y)
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C.. ...................... ® ® 5 e 0 0 00 es e .....m............-.....l..'.l
G MIXED PADIX ONE DIMENSIONAL FOURIER TRANSPORH
c

/ INTEGER LOG2N’

__ BEAL X (10), T (10) ' ,

Cc o /
' INTEGER JJ,J0,J1,J2,J3,N,n4 /
N REAL ARG,C1 c2,;3 10, 11 12,13,R0,R1,R2,R3,51, s2,s3,1
c
INTEGER A,8,C,D,E,?,G,4,1,J,K,L,N,BS,CS,Ds, £S, PS,GS, S, IS, JS,KS,
-Ls,»s,AL,3L,CL,DL, 5L, PL,GL,EL, IL,JL,KL,LL, 4L, S (13), U (13)
ECUIVALENCE (BS,S(2)).(CS,5(3)), (DS,S(4)), (ES,5(5) ), (ES.S(6)),
-{GS,S(7)), (?5,5(8) ), (IS,5(7)), (J3,S {10)) ,(Xs,s(11)),(LS,S5{12)),
- {25, 5(17)):(AL J{1)),(BL,U(J)),(CL,U(3)),(DL, U(4)).(EL,0(5)),
-(FL U(6)) ,(GL,U(7) ), (HL, u(s)), (1L, U(9))-(JL U (10)) ,(XL,0(11)), .
. (LL, U(12)),(1L U (13))
c L
y N=2%*LOG2N V7

IF (LO%G2N.LE.1) GO TO S00
. DO 400 K=2,L0G2M,2

n=2%*(L0OG2N-X)

Hy=usy

DO 300 J=1,n ,

ARG=6.283785307*FLOAT (J-1) /PLOAT (N8)
C1=COs (ARG)

S1=SIN (ARG)

C2=C1+C1-51%¢S1

S2=C1*S1+C1*s51. ~

C3=C2%C1-52*51 :

S3=C2*S1+52%C1

DO.209 I=HM4,N, NG

JO=TI+J-14

Ji=Jben

J2=J1+n8

J3=J2+¢0n n

RO=X (JC) ¢+X (J2)
"R1=X(JC)-X(J2) -

I0=Y (JC)+Y (J2) -

I1=Y(J0) -Y (J2)
CR2=X(J 1) ¢X (J3)

R3=X(JT)-X (J3)

I2=Y (J 1) +Y (J3)

13=Y (J1)-Y (J3)

X(JO)=RO+R2

"Y(J30)=I0eI2

IF (ARG.EQ.0.0) 0 TO 100 ~
X (J2)=(R1+13)*C1¢(I1-R3) *S51

Y (J2)= (I1-F3) *Cl-(R1+I3) *S1
X{J1)= (RO-P2)*C2¢ (10-12)*S2
T Y(J1)=(I0-12)¢C2-(RO-R2) *S2

X(J3)-(Rl-IJ)‘CJo(IlOR3)‘S3 ) »

Y(J3)= (I1eR3)*C3-(R1- 13)053 : ,a@ﬁ
GO TO 200 ’ R

100 CONTINGDE
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) ’ - S Yy
. 0 X (J2)=R1+13
A g, ., Y(J2)=I1-R3
v : Y. X (J1)=B0-R2
T Y(31)=10-12
(. EF&E . X(JI3)=RT1-13 .
: S Y{J3)=I1+R3 -
200 CONTINUE
300 CONTINGE
400 CONTINUE
500 CONTINUE .
" .7 IF {(LOG2N.EQ.LOG2N/1"2) GO TO 700 4
e ] DO 600 I=1,M,2 ’ ‘ -
CROSX(I)+X (I+1) : o
Ly F1=X(I)-X(L+1) . v -
/A I0=Y(I)+Y(I+1) , o
I1=Y (I)-Y (I+1) _ _
Y(I)=I0 ~ , , v
X (I+1)=R1 : : -
: Y (I+1)=I1
600 CONTINDE
700 CONTINODE
" MS=8/2
BL=N . E g : : o
. - DO B00 K=2,12 :
T J=14-K
S () =1 : o :
© g =S (Ie1) ' ' : S
: IF (S{J+1).GT.1) S (J)=5(J*¢1) /2
a 800 CONTINDE : . _
' . AL=BS _ o ‘
JJ=0" . : S : :
'~ DO 900 A=1,AL
DO 900 - BE=A,BL,BS =
Do 9C0 -C=B,CL,CS , .
. DO 900 p=C,DL,DS e
. DO 900 E=D,EL,ES
DO 900 F=E,FL,FS
: po 903 G6=F,GL,GS
CO po 9€0 H=G,HL,HS
Yoo po 900 I=H,IL,IS
i./ % . DO 900 J=1,JL,3S S :
AT Do 900 X=J,KL,KS _ _ - -
CRRE p0-.900 L=K,LL,LS .
ERANE DO "900 F=L,NL,AS .
T T3I=J3e Y
IP (JJ.LE.N) GO TO 900
T=X(JJ)
. X(JJ)=1(H)
LYy X(m) =T o , .
“(;y T=Y (JJ) o :
o C Y (3I)=Y (M) o ‘ ‘ ; -
P Y (1) £T :
o 900 .CONTIRUE o
" RETURN ' [
- . 4

]
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SUBROUTINE R SUB ﬁ“q (LOG2N, X) . A
C...Q..I.-l‘-o...t.-.‘.--.-..c.-.-............Q....\-......Q.........
C  PREVERSE SUBSCRIPT BIT ORDER
c - .

INTEGER LOG2M

REAL X: (10)

C

INTEGER JJ

REAL T
C N R . ' i .

INTEGPR A,B,C,D,E,F,G,H,1,J,K,L,N,R,BS,CS,DS,BS,FS,GS,HS,15,J5,KS,

.LS,MS,NS,AL,BL,CL,CL,EL,PL,GL,HL,IL,JL,KL,LL,NL,KL, 5 (14), U (18)
EOUIVALENCE (B3S,5(2)),(CS,5(3)),(DS.S(8)), {CS,S5(5))« (FS,S5(6)),
< (65,5(7)) ., (15,5(8) ), (IS,5(9)), (IS,S(10)),(¥KS,S(11)), (LS,5(12)),
- (15,5(13)),(NS,S(14)) , (AL, U(1)), (BL,U{2)), (CL,O{3)),(DL,O(8)),
- (EL,U(5)); (PL,U(6)),(GL,U(T)), (HL,U(8)), (IL,0(9)), (IL, 0(10)).
- (KL,U(1%)) ,(LL, U(lZ)),(nL U(13)), (NL, U (18))
C ’

NS=2%% (LOG2N-1)

NL=29%NS

PO 100 K=2,13 ' A , ‘ r

s - J=15-K - ' ' '

U(J) =S (J+1) : ) v o

S (J) =1 '

IF (S (J*+1) .GT. 1) S(J)=S(J+1) /2
100 CONTINUE

AL=BS .

JJ=0 o

DO 200 A=1,AL

DO 200 B=A,BL,BS :

Do 200 c=8,CL,CS N

po 200 p=C,DL,DS

DO 200 E=D,EL,ES

DO 200 F=E,PL,FS

po 200. G=F,GL,GS

DO 2C0 H=G,HL,HAS

DO 200 I=H,IL,IS ‘
Do 200 J=1,JL,JS ‘ . .
DO 200 K=J,KL,KS

DO 2Q0 L=X,LL,LS

DO 2.0C. M=L,ML, NS o
DO 200 N=4,NL,RS TN &
JJI=JJ¢1 : \. :

1P (JJ.LE.N) GO .TO 200

T=X(JJ) '

X (JJI) =X (N)

X (N) =T o

200 CONTINUE : : - .
RETURN , . : ‘
END
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SUBROUTINE ONECAC (LCG2N,X)
ONE CYCLIC AUTO covnalancz
REAL X (10) ;
THIS ROUTINE REPLACES THE POURIER_TRANSFORM OF X (STORED. I
... COMPACT HERMITIAN FORM) BY IS CYCLIC .AUTO COVARIARCE
THE CGVARIANCE PUNCTION IS coMp0¥edf BY TAKING THE INVERSE
PFT OF PRODUCT OF FPFT (X) FND CONJG FPT(X). ’
. . . 3
N = 2%%LOG2RN ‘
X {1y = X (1) *%2 ‘
NUPON2 = N/2
STORE ZEROS - FOR IHAGINAR! 'PART OF THE PRODUCT.
DO 100 J = 2,NUPON2
K = N+¢2-J
P = X(J)**2 + X[K)*s2
X(J) = p ‘ ‘ :
X(K) = 0.0 : -
CONTINOE . . - ‘
K = N/2°4+ 1 : - ’ , A
X (K) =.X(K)**2 : :

CALL ONECPT(LOGZH X)

eruau ) , ,
* BND oo
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SUBROUTINE ONE C FT (LOG2N,X)

Crovennennnnnacnnnns ceetecenadeciaccesceatnacoaneccecncacarsacanennnnn

c ONE CONPLEX FOURIER TRANSPORS <
C

INTEGER LOG2N
REAL X (10)

IRTEGER J,JN,K,KN,N,H OVER 2
REARL . AY,AR,ARG,8I,BR,C,PI,S,T

'N=2%%(LOG2H-1) =
PI=3.141592654 : oA
s o R 2=N/2¢1
0 J=2,% OVER 2
x Ne2-)
IN=Je+HN
KN=K*%
AR=X (J) ¢ X(K)
ATI=X (KN) -X (I¥) . _
BR=X (J)-X(K) : ' j g S
_ BI=X(JN)+X (KN) B
ARG=PISFLOAT(J- 1)/FLOAT(I) !
C =COS (ARG).
S=SIN (ARG)
" T=BR*CeBI*S
" BI=BI*C-BR*S
BR=T
X (J) =AR-BI -
X (K) =AR+BI o : E &
X (JR) =BR+AIX _ S s _ :
, X {KN) =BR~AI
© 100 CONTINUE ‘\ ,
AR= X(1)01(u01)\ - 4
BR=X {1)~-X(nel) - =7
X (V) =AR B
. X(Ne1) =BR )
CRLL MR 1D PT (LOG2%-1, x(i),x(no1))
CALL R SUB B O (LOG2K-1,X(1))
CALL R SUS5 E O (LOG2R-1,X(N+1))
CALL R SUB B3 O (LOGZ!,X)
RETURN _ -
END : , .

A0
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SUBROUTINE PARZEN ( M, C )

C.-.....o-..--'--a---.--c-oo.oo--.9....-.--q-o.aq..oc.-o.-...o.ico...

e _ "
C ' MODIFIES THE COVARIANCE FUNCTION C(T) BY THE PARZEN LAG WINDOW.
c THE RESULTS ARE STORED IN C(T), T=1,2,3,e0.,A¢1.
c : '

REAL C (10), D . .

INTEGER M, M UPON 2, TWO A :
c

M UPON 2 = m/2. -
DO 10 J=1,8 UPON 2
. D= 1.0 - 6. 0% PLOAT(J)/FLOAT(H) ) #92

. , . _* 6.0%( FLOAT(J)/FLOAT () ) *#*3
C(J#1) = D * C(J¢1)
10 CONTINGUFE

B UPON 2 = M UPON 2 #.1
DO-'20 J=N UPON 2,8

N _ D= 2.0%{1.0 - PLOAT(J)/PLOAT(H) ) **3
‘\\ C(J+1) = D * C(J+1)
20 CONTTINURBR
RETURBRNVY

E ¥ .D

4

«

-



