. l Natnonal lerary .<-B|blrothéque natnonale . .+ 'CANADIAN THESES ~ THESES{'Q@NADI_EI!{!\{ES( N
" ' ) Of Canada S '~}du Canada R e ON ‘MI‘CRO_.F'ICHE” B ; SUR“/CROFICHE g .l.,j‘ .,'ﬁ“_;f .

: . ) o -
e e v tL ’_' ) '.\ Co - s [N
. \\' ) o i R [ 8 L a -
’ o ' -_‘.v."t‘ -~
o R Sl
y - ~ /
. e e R

NAME OF AUTHOR/NOM DE L'AUTEUR -

4 TITLE oF THESIS/TITRE DE LA THESE 57/0 Q/f e 5 U/ /4(_ 57‘7"’;&? 77/1 _

\

>OG/€' Y%&Ld@& n_ YA-CM
’ 7

"*_\

— “*:’"»»é.w e N e

. [ . . ‘ ' ‘ .. . .".
UNIVERSITY/UNIVERS/TE 2 el ﬁj/—’il’(%‘?\’ et : :

- DEGREE FOR WHICH THESIS WAS PRESENTED /. 7 S o
. GRADE FOI%.’LEOUEL CETTE THESE FUT PRESENTEE M 51C‘ . e e
f YEAR THIS DEGREE CONFERRED/ANNEE D OBTENT/ON DE Cf GRADE__J / ;; 7 ? o . — \ LGl

NAME OF sumsnvnson//vom DU DIREC TEUR DE THESE )»(" \Z /l// C_/ )/ [4 { a/ €/7

‘. ) Lo R R ' -‘7"-‘" -‘_» [ R ‘ - . s Tl . . o . \'-“-

e . S

AR

w T,

'V.'Permlss«on |s hereby granted fo the NATIONAL LIBRARY OF ', L autonsat/an est, par Ia présente accordée a /a BIBL/OTHE i

CANADA 1o mncrofllm th|s thescs and to lend or sell coples Que NATLONAI_E ou CANADA de mlcro//lmer cette thése exf‘r'fﬁ

.'of the fjlm L PR ' S -3" o de préter ou de vendre desAexempla/res du f//m s
,.The author reserves nther publlcatnon nghts and neyther the ' ,L auteur se réserve les aut:es dro/ts de pub//cat/on i /a‘-;‘ K K
thesis nor extanssve extracts from |tmay be prunted or othen- 't?thése hi. de longs extraits de- cel/e-c: ne dorvent étre. lmpr/més L
S SRy Lo

wuse (reproduced wuthout the author s wrztten permnssmn. ou autrement reprodu:ts ; ans / autonsat/on écr/te de / aureur o

DATED/DATE‘ 8 /V 7f snenso/szcz/vf _? RS

[y

S ,'g;g- o ,EZMJ/M/Z%/ / 5 coox ‘? i ;'- e
B R 7 Kc%’f;f C%/M@AL

NL91 (3-74) ¢ T el R S S Lr e




» '.quahty of reproductlon posstble Co

'granted the degree

PR

r

'_ ‘ The quallty of thls mlcroflche is- heawly dependent upon
“the: quality of the orrgmal thésis submrtted formlcrofrlm-» o

ing. Every: effort has been . made to- ensure the hrghest

.'E\‘

.:r\ .

it ‘pages are mlssmg contact the unrversnty WhICh

!

-

ERES

i Reproduchon in full orin’ part of thJs frlm is governed

e authorlzatlon forms whlch accompany

'}-.‘thls the_snsr IR Lo e P
| THIS DISSERTATION
"HAS BEEN MICROFILMED
'OtV A RECEVED -
\‘. o .
| ‘NL339 (3/77) L I

I* Natronal Lrbrary of Canada Y f 8 K
' ‘\f\' N ‘Catalogumg Brarich = - ’ S
SR "‘vCanadlan Theses Duvuslon RS
. ‘Ottawa Canada o
o KIAONg . ek o
o { BT T
S
RS Lo
'.‘ ) R »‘\"_, .

i

L

] . L
o Prevuousty copyrlghted matenals (Journal artlcles S
: publlshed tests etc ). are not fllmed

by the Canagian Copyright Act, R.5.C.' 1970, ¢. .C-30 -
" . Please read

v N \
Bnbhotheque natlonal‘e'du Canada
Z}Drrectron du catalogabe C e
Dwrsron des theses canadlennes
L

La qua ‘nte de cette mlcrof\che depend grandement de’ la

»__.‘quallte deila these soumlse au macrofllmage Nous avons -

‘ _-‘tout fait’ pour assurer une quallte.,superueure-de repro-
E ductlon gN o % _

8

-

: ‘S il manque des pages veuullez commumquer avec_-

e _'I unwersnte qui & confere le grade

La qualrte d mpressron de certarnes pages peut
lalsser a désirer, surtout si. Ies pages onglnales ont été

; dactylographreesa I’ arded ‘unruban usé ou sil'université .
.nous a tart parvemr une’ photocopne de mauvalse quahte

o Qaur (artrcles derevue; examens publles ete ) ne sont pas.'fl
: mlcrofrlmes : .

Les documents qua font de]a I’ objet d'un dr0|t d au-’[.

R I

-La reproductron meme partlelle de ce mlcrof:lm est-’

"'soumlse alalLoi canadrenﬁe sur e, drort d’ auteur SRC g
1970, ¢.°C:30.: Veurltez prendre connalssance des for—,,
-ymules d autonsatlon qu: accompagnent cette these

' \ LA THESE A ETE S
M|CROF|LMEE TELLE QUE '
NOUS L AVONS REQUE

N . O z‘ r \
B o . . -
B T - ’ "
B . R . N
. N k ' -
. . > -
N . . ) 5
K Dy
g .
o e
a- S ! ’ g
1
v !
¢ ._'\ -
. N i
5 .
. P
Te



: T G , £

- ‘.-’ ‘ ' ) ‘ . \ - v' l_ R :"'o" ‘

S 7 }y.JfTHE}uNIVEﬁsI¢¥foE,iLBSBTA | | B
N e L e e "

S °tud1es of the Strenqth of Rough ‘ ﬂ” 5_1‘- _f RN

 5d\iff,;f_'Lock Surfaces ln Shear g

-v&ﬂwﬁl f%.ﬁf”7é A THESIS
b Tt G

”nf?sgaanTnn.To THE FACULTY oF GRADUAT? STUJIES AND RESEARCH "g |

:»~IN PARTTAL FULFII.HENT OF THE’--,REQUIRE"!ENTS FOR THE D“GPBE

o f,__-' 'j‘w.g.;,OF Master of Sc1ence }‘ fVﬂ L “; ‘L'¢;~

I ~ o

Ly < w0
G / xf,Al\g;vg-;b_;.y“ oI T
.)/ DEPARﬁMENTf0¥ civii@ﬁngiﬁeetingfﬁ~;m,_ L

P S T

T

EDHONTON, ALBERTA“jﬁj;    ?5_ﬁv4§ﬁ;'_ :_‘

SPRING 1979.

oaln



under51gned certlfy that they hawe

N'farecommend to the Fac&!ty of Graduate Studlef \and .Research

3 Dat 4 f..-..é-w 1978 . ‘

- Yor acceptance, a* the51s entltled studles oé the Strengék kf

¥

»*Rough Rock Surfaces 1n Shear submltted by Rex\Tse 1n part1a1

/-

'}:,;fulfllmenk of the requlrements for the degree oﬁ Haster of

ey / B

.
“







'fength ; propertles x”off
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Tfart1f1c1ally‘g: pared;rough\rock surfaceS‘-—, Tyndall

"7fand Standstead Granlte.:;-7”*b

e .

Barton s peak“f hnar vstrength envelope;crlterlon forff;;_,;
V'rough rock surfaces (Barton, 1973 and 1976) and a power

v : RN TIPS

.=ﬁjf1t may be used to descrlbe the dlstrlbutlon of experlmentalT53

“{g:shear strength data. Hovever Barton s nglmum total frlctlon,@}j
T : S

ffcrlterlon (Barton, - 1976) wouldn\

angle fﬂ( degreeS)f

underestlmate thg measured frlc"

dllatant surface

been obtalned fo 'the llmestone 'and granlte surfacesfv
- L e DREA PR :
. respectlvely. Total-*frlctlon angles aref composed of the

vf ba51c rrlctlon augle 3of the rock and the. geometrlcalffj:jif"
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,\ - :

bomponenif ,of.the rock surrace whlcu is terméd tne 1—augle.?¢¥fnxfi

The 1—angle depends on. ;tb degree‘_of surface ‘roughness,f;fj,n

et

normal stress and tbe strength of the rock The ranges of 1-3;
'r'angles' exhlblted by the rock surfaces vary from about 56 50?;’
"fiFo;‘,.so degrees for the. qranlte surfaces and 48..50° to 14, sogibf;"f
degrees for the l1mestone surfaces,vltf7u{_}f;ﬁtbsﬁffifffréf;;;*}nfﬁ

%esults from the shear tests also show that both

shearv,stlffnessi and stress-'drop at peak strength 1ncrease¥ffgfjf{
71w1th effectlve normal stresses.}ﬂTh values f the peakﬁg;f

;?] dllatlon angle for both rock surfaces remaln almost steadyi.”r

{:wlth mormal stresses but beg1n‘¢o decrease llnearly %fafﬁffﬂlff
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[ V?fmechanlsm. Forliunweathered rock surfaces,* the ultlmate'-

frlctlon angles 'Hlll have larger valuns than that of ba517f"

~.prof11e).. Arctan(ZZ) estlmatés Patton s(1966) effectaVe‘;l'*

\tlme-dependent parameter. The short term standard laboratory;h7
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dllatant surfaces to exhlblt hlgher shear Stréngth in Stagea:""”'

':-f}goff uooo _kPa. The ‘"suppressed pressure"lﬂ s

3f1have ap'arent peak strength values between peak and;f:
iultlmate strehgvhs. Durlng 51mp1e and stage—%padlng dlrectff;fMt
Vtests,..ncugh surfaces' becgme smoother aud flat"“”'

‘,;surfaces become rougher because of uear.a Thls causes\ non-':

testlngsaf The ultlmate frlctlon angle of a’ surface does not:t o

have a unlgue value; It depends- upon1¢thef 1n1t1al surﬁacef '

noughness,n_'stress;ﬁ level _nd- the post’ peakl shearlngu

g

PN

frmctlon angles; \;;;}gfé*ggﬁi?~'77»f“

Y

predlcted by u51ng the ZZ characterlzatﬂgn correlatlon (ZZ

Root-mean square of 'th flrst derlvativeﬂ bf a‘ surface fgf[%

flrst order 1rregu1ar1ty and ' egulvalent ito the‘»go;ntg'l~V

roughness coeff101ent (JRC) (Barton 1973).
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peak shear strength may decrease wlth t1me and 'eventuallyy_”

-n;

'l reach the 1ong-term (creep)‘condltlon. The apparent shear
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";é‘ CharaCtetizatlon of.surface roughness shows correlatlon'*a
wlth frlctlonal behav1or modelled by the :effectlve 1—ang1ei. o

"Of"' rock\ surface.' Peak strength has been successfullj'fT“ﬁ

:_hThe” frlctlonal component 'of“ a. rock surface may be afh" B
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_ strength at al tlme T Bay. be a jcilon of the élaspedvftimed'“

and the 1n1t1a1 peak shear strength. ‘ : ‘ _ \;3: -
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”‘“__Md Tvo. ‘conventlonal d1rect sheafﬂbox machlnes rayg_béen‘

modlfleg for thls 1nvestlgat10n.- Results of the gu shear '~
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' creep tests have shown the followlng.;v . e
(a) ’ the va11d1ty of predlctlon of peak strength of rough
. . K L

ffwa;ﬂp“'x rock surfaces based on roughness stud1e5°5“
... . \.‘

(b) theisuccessful appllcatlon of creep machlnes 1na'shearh;'

creep studles-:'fgxgc'
o (c) the p0551b111ty of a "by pass" mechanlsm 1n rouqh rock
.gAiﬁ;Qg,-_ surface. where the short term laboratory prak strength

e

s

'3f:"€ff? maymactually be by passed 1n a long term cond'tlon-

R : "'

'”ifd;} the ex1stence of two dlstlnct shear creep zone5°

'ﬁiiﬁ?dy deceleratlng creep zone'_andj the acceleratlng creep f

zone.,j""“
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as~urther research lnto tne behav1or of shear strengthdof
‘frock surfaces both 1n the 1abortory and 1n‘ 51tu aisy needed
| and partlcular empha51s should placed A.the tlme-‘
dependent detormatlon and shear strength characterlstlcs ot:ig

'”}jnatural dlscontlnultles.-"
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1
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' . : SR o . i B > L
R Introduction. % :
‘ .': . / ’ - i ‘ S
1.1 Natural Creep o
_ .; .

' S R TR AE AU
Time-dependent straln .or creep ,1' proCess‘whiChL;

affects to some extent not only all loose ggregates,, but~

. : . \p‘i\ ’
also all sollds. Unllke elastlc deformatlons, creep may be
1 . } \ ’ e / ‘ .
deflned as the slow change 1n shape or deformatlon 1n a body

A s oty

fhlch takes place contlnually as a consequence of constant
- . q\‘ . . L | : )
shear stresses. “In“nature the shear stresses whlch are an.-‘

-

Fo

7¢'essent1a1 condltlon of creep are prlmarlly l'resglt _f'nthe;

force fof ‘grav1ty. Natural» creep processes, :whlch'garep[3 S
L _:_‘@5, e o o R . ’I .
‘jb occa51onally comblned wlth Sll A,zf‘thf fA e in  show,, =’
SRR , T et
glac1ers, 5011 and rocks (Haefel;, 1953)1", S
_q\_“ _,ﬁa: T A itsiﬁxffnjﬁﬂ-\j'»

(

'Rupture processes 'often‘ 0ccun -on rock slopes wlth

.‘

stratlflcatlon‘parallel to the slope.ﬂn traglc‘ example: of ;7"

creep process the sllde

3wh1ch occured on’ 2nd,.?ﬁ%”3

PR

'gg,Septgnhetgf,1806 \where ia 30m thlck conglcmerate- layer, i~;m.

‘};{inclined:fatf'approx1mately fzm degrees, thch lay on marly Gf:
sandstone u1th 1nterca1at10ns of ar bLtumlnous.marl 1ayers 2-‘
3m thlck sllpped down to’fthe valley Arth Goldau,
Swltzerland (Haefell, 1953). ThlS was the largest rock sllde

55' recorded 1n Swlss hlstory, 1t clalmed u57 11ves, 2 churches,"t

~1T1' houses‘fandj 200 stables and barqs were destroyed (Helm,»




- -onsequence tof:fiCe; er051on.n

LA
.

\

”23,‘hv>f:_i'fd EAN hi:

‘ivthe dlscontlnultles,_ the creep of the upTer stratlflcatlon

above the crltlcal jornt sets takes place elther vlth, ?ord

Ao

'; ulthout lfj‘slldlng ‘movement over the rlgad rock layers

belov. The creep uovement max take deCades ;¢rﬁ anturles
(Haefell,,1953)._. | FEE

.

“skln creep andﬂbmassu creep. ,Skln :creep refers to vsloi‘

movements 'which ’are,ﬂconflned -.the“ zone. of seaSonal‘

varlatlons of temperature and m01sture. Thls klnd of - rook

\

, creep leads’_to the well known phenomenon off'outcrop

I8

curva' , Hass creep causes deep’ seated deformatlons 'of

e
/

"~,mounta1n slopes.iﬁln ‘many cases these slow notlons started

‘ after the retreat of the glac1ers of the last 1ce age és,ﬁa,pf”

.v‘-

_f“_there ‘vas,fno' further

K LIS ) Sy

dlsturbance of the stress—fleld

1

stable today. However, creep Lovements are found at many

A o

'; over the world (Ampfeler, 1939"Haefe11, 1953 Scholz, 4972'*

[PS

Osborn, 1975 and othfrs)., '?*:’l-'ilt'.‘_iaﬁﬁ

o .o . Tt . Lo L e, . LA v'_, Y
. .

R Y

;of the,Jstructural mater1a1 the rupture may occur abruptly

ﬁ;., Terzagh1» (1953) descrlbed two types of creep 1n rock'x

the slopes appear‘ to be o

places 1n the Alps and other mountaln systems or faultsf all "'

’ - If creep prOC°eSSes are accompanled bY the flnal rupture

after a certaln amount oﬁ creep deformatlon 'haSi developed.= 5'”'

: Thls.fiS» detrlmental ‘to englneerlng structures and may even

AT g

‘-cause loss ~of llfe.;7T\ gollowlng‘ toplcs ’ have : been,f,'?

e T

N,

signlflcance of tlme-dependent rock deformatlon,‘~(11) thé

emphasazed (Baen1awsk1._1970) (1) the determlnatlon of tnev S

R ,;‘.,
. R

J3



P

;?evaiuation‘ ana predlctablllty of tlme-dependent behav1or off

Um‘

_rock u1th 'spec1a1 attentlon Zto: rupture, an (111) ejﬂ'

& 9

'gassessment of tlme-dependent changes 1n the rock fabrlc and

Qwhether such changes can be used to prédlct 1mpend1ng tlmefabf

L]

"1dependent rock fallure in, 51tu., ,ftypf;,',~ g'ﬁ e
v»"" ”' ’ ) oo N o S U o o o \\
K o \ . . :

”';Hence the stablllty of englneerlng vorks and natural slopeS;i

l

Unfortunately 'theSe' toplcs are not fully understood.'

'j“can notgyet be evaluated reallstlcally. In fact,.lt does not’%””

«

._‘\

S even appear p0551b1e to‘state vlth any degree of certalntyu*V-

:”under uhat condltlons ‘the. 1nf1uence of tlme ought fto‘ be_;f~

.con51dered._nA knovledge_ of the effect of creep therefore,f

'l‘

i%uvlll be very 1mportant in obtalnlng a’ better undersgandlng f

"'of geologica1<-processes and- phy51ca1 processes ulthlnsf

Lmanmade structures. Only careful laboratory creep researchfvﬁV;
“and fleldf observatlons can furnlsh a better 1n51ght to the s
'2problem. A o ' -

12Creeg;gsmls B R AR ST S

SOON e L
o L The process of 5011 creep 1n shear ha\\been studled inf

co.

.tbe: laboratory by many researchers' the tests led to Hell.”'t‘T

”fknown creep curves in the co-ordlnate system :of; tlme—sheari:-f'

'Vstraln ,(orl tlmé-deformatlon).;These curves exhlblt no tlme‘dzd7

"

- effechs at lou shear stresses.,For stresses, rceedlng somef-<%

.

.11m1t1ng value 1t 1s customary to d1v1de these curves 1nto;?"

:fthree sectlons' prlmary creep (deCeleratlng),’ secondary

'_reep (steady,-a.:{ﬁa"rcoustant grate) ;and tertlary creep




”"ufflrst fton

'f;ffstrength of the:=part1cles themselves such as

B h'(acceleratlng). Sometlmes the absence of he-fsteady sfateh' )

Y creep o zone ulth constant,>stra1n rate vas observed

vfﬁfdependlng on the 5011 structure and reorlentatlon of soil

‘ffpartaclesg attalned durlng the testS».(Blshop, 1966- Terffuﬂf?

| "Sfc'ébfa..f"_i-fi{éﬁ*ret al, 1973),.. —

In the eaFly thlrtles Terzaghl (1931) vas probably the

enpha51ze the tlne—dependent~_effect i;] shear

:;fand rheologlcal models were offered to account for the 5011

'nbehav1or, durlng chear creep. A rev1ew of these theorles and
','thelr creep analysxs is glven in~<var10us publlshed uorks

'Q(Vyalov,, 1959-'Scott and Ko, 1959-'5uk131, 1969; Tsytovich;

1973 and others). S T _

'ffSone 1nvest1gators J.(Murayama fand : Shlbata g 1961

v:.jChrlstensenv'and.»l 1964.? Andersland and Aklll,t }?67_,

‘}u_pﬁltchelb et al, 1968 and others) employed the nyrlng heory

R

fl'(?yrlng, 1936) of rate proceSS“\to study the rheologlcal

?propertles of clays and frozen 501ls. “iaias: based

'5g bn% thea 1dea; that thei'straln process con51sts of mutual

J:%The appllcatlon of ate process proved

[ Lo
R Y

Ef;;_strength of clays. After that numerou theorles,f equatlons j7’

o 'sucessful &n the study of homogenous co&tlnuous medla,bvsuchu-'

”asf‘asphalt, polymers,'?f granulargvidla 2in:'wh1ch the _f

. .x, K
. e

.

'.5[strength of bonds between partlcles comparable _to the\th?‘

) fm’etal or

'"foﬁconcreteb,ﬁouever, the.appllcawlon of thls theory Qto Such




':ﬁdisoérse o discrete media*Garf~soi1s would cause certannﬂ-”'

idlff1cult1es arlslng fron ther influence Qoff,;tﬁgf*fsellrf;~

'F;jstructure where :th strenqth of the bonds 1s essentlallyfof”

ftless than that of the gralns themselves. In v1ew of thls,j””*

R

w .‘v.Tér_stepamlan (1975) proposed ! another

rbeolbgical'F

’fdescrlblng the mechan1cal behav1or of.”.

based

4

The strength and 1deformaxion behav1or of rocks e;_,.~

*ﬁffttlme dependent.» Evenff : Years

ago, creep was obserVed 1n”fﬁf

ifrocks (Mlchelsonﬂ 1917);xGriggs (1936, 1939 19“0)-fshowed;frq

‘-i:that rocks and~ mlnerals exhlblted creep behav1or ”andirTQ%

"generallzed ’ vfp curves 1nto three sectlons-'prlmar

fﬂ'secondary creep and tertlary creep as shown 1n

iiﬁktth flrst

:'1ncre;ses rapldly,

FT,"the straln rate heglns to 1nérease aqa1n at B and the stra no

"ufrapldly lncreasés untll fracture occurs at C..ff”'

QSOme:‘of the HOrk on creep 1n rocks publlshed prlor to"ffib

“Vfo196u has been summarlzed in reﬁlew papers by Murrell

o,

”}jfuisr? (1962) »and Robertson (1963).

.er Papers have beenﬁff-5

IR

A

.q}'pUbllShed by Scholz (1968), and Hobbsr(1970)‘ More récently
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Deformation (creép strain):

,'(dé'c'-'__el.;é_ria_t_i.' ng
eress done) |

>

T

o s‘t.:“‘e’a'd‘yf-v_é i:g_jt': e

.

£o 111 Generalizad

_ state | ‘(accelerating € . ...
.creep zone) .’ - |. creep zome) K -



\

Warwe 1k

(1972),,_Aféouz 'and Harvey (197u), aqa others;ﬂﬁu

Tthe

pr1mar1ly : conduct

laboratory.:

..’:4 . . ) . .

1nvestlgat1'ns and th correspondlng

-_ 1 abo rator,_y

\ straln-tlme relatlonsblps developed have been”

-.4,.

nlaxlal 1n'§jf'

tﬁi nature.»ﬂowever some workswhave been conducted,;do'f

evaluate

V{gc'eep 'beha71or tr;ax1al tests (U.S. ArmyfuCorps off‘,ifﬁf

,Samplemet al ﬁ973). Also some attempts,have?f

4.'_
e

been made_to;galn 1ns1ght 1nto tlme—dependent problemsr byan-ﬁ**a

f} utlllzlng rheolog1ca1 models (Wlnkle, 1970.'Pmery, 1971).'

“_$hel emplrlcal ,approach appears fva hLve the wldestlﬁp

e

L acceptance 1n r%@resentlng the creep of rocks? (Robertson,&?f;.iﬂ

1963). In thls approach, d%splacement 1s measured Hlth tlmeZ-g.,;f

and load ~under controlled C0n11t10n5.¢ Subsequent \creepfg?"‘b

27 expressrons are deve10ped to descrlbe the ph151ca1§behav1orﬂ{-"“fﬁ

°f r°°k5 bY SeleCtlﬂg -Sdme5fsu1table parameters from taei*uva

'experlmental data. The totauﬁstraln E (elastlc plus creep}rt

for’a certaln unlax1al streSSf;may be represented by vfﬁjj*fi

folPowlng general equatlon (Robertson, 1963)

'*e,»g:on the 1nstantaneous elastlc straln

*ff;spktf the prlmary creep
”nj“At the steady state or secondary creep

Et(t) the tertlary creep

°f the tlme '
D |
I ; -



' rupture is usually deflned as fallure of the .rock material“

N ) . ¥ ;4
Y . oL 1 ' i
; . v . L T

-There: are several creep eguatlons for rocks publlshed,

(1968),' Wlnkle_ (1970), Hobbs (1970), Cruden (1971), Jaeger

L)

(1972), Nalr et-al’ (1973), AﬁrouZ' and; Harvey {1974), land

”‘ others. i 'n7}' . [ R N IR o

o Ln Bore51 and Deere (1963), O?ert and Duvall (1967),[ Farmer_

‘"Creep nay eventua11Y<'lead to rupture,'.such /creép"“

under'fa stress condltlon that 1s less than the appllcable

peak strength measuredrln the standard laboratory tests,

&

current 'englneerlhg practlce\ 1s. to ignore or approx1nate

thlS time dependency 1n the andlysis of rock problems 'such

(%

as, rock slope stablllty and tunnelllng 1n rocks.

' ;fsgueezing" (Terzaghl, 19@6;~ Jaeger,, 1972);;_Examples of
. Ve . N . -‘. K 9 X . . . . N . e,

" Tunnel -in. 1

.

o ¢

The ‘problem~ in tunnel constructlon 1s 'so called "rock

5
'

r

Tunnel in Colu

v

v

[

N R ‘ .

Morton,f.1975)..'wmthout methods for the ana1y51s Ff creep,

; englneerlng structures ~must~sbe based ‘on hlgh factors of:}g”z

’Howe#er. 1nterest . in‘;,the ,rock squeeZLng behavior"i?,.
) underground structures has galned 1mpetus 1n the_‘last few

Y . , . N . og_w BT S

- failureﬁ due"to_-thls problem wocld-include} the El*Colegiol
bia; Kahui Tunnel in Japan'land North. Tauéln_
‘“iia (Lane,'1975);_Even in strong rocks,:rocx~5

}_\\sgueezes have been found in; excavatlons (Feld, 1966 'andl

creep rupture and sguee21ng ground, desrgn procedures ford

t
.-~ .vsl ;.4,.*-,,,.., «,“'_

\.’.u‘.,

years all over the uorld. L .
L . f’ S ' Y

Sy

Tne-wprqﬁlem of creep in . rock slop@ stablllty and other‘d‘w-l

- PR

L] ; . . PR R .ok P @ .
X o RIS - . B . - .
- . : g . B ey i . . A . . A N “
. LI C
X . L “ S e - -

=1safety or.the experlence gained from prev1ous fallures.fﬁ

e

e



AT

R

englneerlng s

vofoundatlons,

'of “the dlSC

wlthstandlng

v

T

tructures, suCh'aSV dam-'construction"on'”rock’
. T
ds, the‘statlc and dynamlc frlctlonal behaV1or

°

ontlnultles wlthln the rock masses. NOt

)

a great deal is. known at the present about the

_ mechanlcal propertles of rock from ‘the great number Af large

scale dlrect

‘r.

shear‘ tests' that have been performed

'irregular. rock. surfaces at various 51tes throughout the

- world; ,the-“

e

descrlptlons

,partlcularly

gdependent O f

dlSCOHtlDUltl

,Deiter1Ch {19

) ll.' . o
is ‘init
-powdered:

" sur face,’

" .sliding.-

the loga
remain
'-may be s

of earthquake foreshocks, aftershock and fault

Creep.".

awlth tlme: t

“~surfaces prepared on porous sandstone, guart21te, graywacke.l fﬁﬁ”

‘many fault

. ‘. 'comerable

- ‘_r\.

A’;{and granlte.;

'surfaces SO
- dependent behaV1or. Static’ frlctlon increases with .

‘A J

number of_ puhllshed papers 'Wlth '.completev
of, the tests is st111 veryﬂsmall. ThiShrefersp
to. Jthe lack of data ébncernlng ‘the;=time4\

r1ctlona} behav1or ‘ in, shear of_‘the rock

€S., One report“on»»shear ‘creep was given ‘by'

\

72).. He stated:

‘.‘ Slldlng ‘on clean rough ground surfaces

1a11y _Stable for’ th;s_range.'Hovever, as’ -
~rock debris accumulates ‘on ‘the .slip
stick- -~ slip'becomes the dominant mode of "
The coeff1c1ent of. static - friction of .
With gouge -exhlblts 'af highly ‘time- "=

rithm of the  time that"adjacent blocks

ignificant in understandlng the mechanisms

R

3

._‘.« '-».z . : - ‘. .o - . : T
# ‘»~;‘~z,a »'...».1..-:» -atﬂb- ».z‘;‘n ,9“..“ .,.,,,,-..«--

L S M,,_,Q . -

1‘.- P
e

~;t1me—dependence and creep 1n frlctlonax phenomena and 51nce R

,surfaces ware- covered ‘ulth gouge, thls %s of

1mportance 1n rogk mechanlcs. .

s T T e

“in, statlonary contact-.sasees -This behav1or&, : fi,u

o compactlon; of gouge on some nondllatant

N

C e w al T - ....'-..,‘ \.7." _,.g, oty R '.'.n. T

-Vurxzﬂe;'attrabuted the 1ncrease of coefflclent of frlctlon

A a m e o -

Thesé':a; " probably ‘the flrst 1nd1cat10ns of _;:1;



‘10

a .
e
-

The questlon is raised 'asﬂﬁto whether dilatant 'rockﬁ

1psurfaces. would creep cin shear. No other publlshed data on

' thlS problem was known to the author at the tlme thlS thes1s,}”
ﬂuasvwrltten. The remalnlng chapters of thls the51s ?eport on
‘the 1nvestlgatlon of the tlme—dependent fr1ct10nal behav1or‘:
‘;on rough rock surfaces conducted 1n\creep machlnes whlch had

lbeen modlfled from dlrect shear boxes.

A hypothe51s of Shear‘ creep in rock is presented in

:thls the51s and 1t attempts to explaln a shear fallure along

ﬂﬂ;.fa dlscontlnuty subjected to tlme effects.’The manlfestatlon
L e

of tlme effects on frlctxonal behavxor are thn occurrence of

: . .- . . -

~,1rrever51b1e t me—dependent shear deformatlons recognlzed as.

v

'.fbshear creep and a correspondlng reductlon of the peak shear

r?fﬁ'hstrength‘? touards ‘the f-longfterm strength hqf~\jdtheﬂ~p“h~

‘-“discontinuity.r~

2.

;.}v'“_' Wlth thls 1n mlnd, an emplrlcal approach 1s carrled out -

“5Tnﬂto‘ Investlga&e ,the sheaI strength propertles 9 sgme ;qugh
't : , ¥, e )"' ~...

e "8"'»"" L. o -~ [N - -
AP . ot

":rock surfaces ulth empha515 on Qreep,.In order to carry(' ’ELF;TJJ

) ‘ 3

~»

shear creep ,1nvest1gatlom Lt 1s necessary to ra1§e“th A

-

"fshear stress on the speclmen to a known percentage of ,the ]jfkp
'“”short-term 1aboratory shear ~strength of the rock surface. ;f%?j
o Thus.a rellahle non-destructlve method f» estlmatlng 'the iy |

V” peak shear strength of the rock surface has to be developed. o
S . ‘ «
It appears from the 11terature .(Krahn, 1&7“) that "rock

»Fa"\~sur£a€e~°roughness phagacterlzatlonir may . pre@xct :’thef;;,jc
- - : S e e e e e ’.\, : r»,"@g,:...l:,

frlctlonal }*behav1or‘ of rock "_Jec1mens-zv1th reasonable X
A S T e IR

To. Lo,
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P

{f. accuracy. Slnce roughness characterlzatlon lends ;tself to(&M
y experlmental verlflcatlon,_slt_-ﬁas’~ dec1ded ';'r:n soheh;l
aapventlonal dlrect shear box tests on. the rock snrfaces 'topx
v‘conflrm thls method. Thls leads to structurlng the the51s asf
'follovs.-“f";_“g p | |
‘:(ffw Chaptéf "lisﬁﬁ devoted , prlmarlly 'ftcv:.fAe'w
| determlnatlon of shear strength parameters ahdvtheffh.
study of some related exper1mental results. j
-‘:(QL Chapter 3 descrlbes the results; cf_-rock 'shrface»p'dztl;
'ﬁanaly51s and characterlzatlon 1n predlctlon -of i-;fivl '
'angles.~ Valldltf} of t, e,»predlctlon l crlterloni.“
'*:;ﬂﬂ‘f;tested by vthei‘measured shear .strength values?f

.ppresented 1n chapter 2 *Ni’h,””vu'4j”f:fx9?y‘e'$;y~;j,-~'?

.
B3

Chapter 4 presents the hypothe51s of shear'”éreep_

'V‘dln“ rock and the proof fcfa thlS hypothe51s 1s"

demonstrated from the results of the creep tests. .

SN e :
P T T LT S : BN - A
-

- '.'.T._rg-g;:-»co'ﬁlcf=ru-s:»ans~ of thi's tlhiesis are presented inChapter ' =
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iy The hgg_ ”irggg;g‘”g Rock Surfaces B | ‘
' y . : ‘
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2 1 therature ReV1ev : ;} fpfj I f:u:'yﬂ‘e'
) 2 1 1 Rock D1=cont1nut1es .

i

SN

~

X

.tih%ﬂ stablllty _‘“ dascontlnuous'. rofk masses':fi5¢
“ controlled fhjﬁl the.‘frlctlonal 'characterlstlcs and the?vfa{
‘ orlentatlon of the dlscontlnultles wlthln the inear surface e

' por._the_,earth These surfaces and planes of weakness, whlchgp.

1n nature separate masses of roék 1nto blocks, 1nclude types?*ef
. | . \
'such ‘as beddlng plaues, 301nts, faults,_ shears, cleavages,‘j,]

contacts,‘_gnelssosrt;es,' schlst051t1es .or velns.‘(Cruden,g.}

".a197s).:

~-.In. ‘addition. to natural dlscontlnultles,':art1f1c1al '
ST e e ) S Far
'-surfaﬂesvfcan_be_ cOnstructed -in‘1th laboratory. One can,
Y p e e » E : \

:5';f 1ntroduce a rough or smooth surface iﬁ"]af Sample bf;“fhéf
| actual rock by 5911tt1ng hihét rock 1n-a Bra21lllJn testif
p01nt load test 'maChlne (Eroch . hd:ppranklln,v 1972),, -
dlamond sawlng (Coulson, 1972‘:Krahn, 197u) or produclng a;{t

'

planar shear fallure 1n a trlaxlal test. Moreover,_ surfaces%ﬁffy

3 RS

¥

prepared from aﬁt1f1c1a1 materlals such as. plaster of Parls:*f'f

:_,or 51m11ar klnds have been uséﬁ by several uorkers :(Patton,g»r-”

1963 La]talv-’969‘ Barton. 1971 and others).;-}fﬁf--”’

- v~,--

Shear fallures .inﬁ rock masses frequently take place_[

along dlscontlnultles. Therefore the spec1flcat10n of shear

7of fundameﬁtalﬁ'

v m e el
N S 3

strength parameters_ for dlscont;nult'es 1’

PRI
»\:..a D R I Ry )
.,-.'...g_.rq‘. RSN

o
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conpern tb eng1neers vho are charged»nuith deSLgnlng rock

slopes or rock foundatlons for heaﬁy structures. ngf'f;jhxf"

L RS B L . o o e e e,

ﬂ 1 2 Shear Test : n"Discontinutigst”

——.?.\

Ca

'fThe common types of test used for the determlnatlon of

; shear strength parameters are‘”fth dlrect shear test,_?ﬁ”'“m*

trlaxlal or mult1ax1al test and tor51on shear test as shown

'Ef.ln flgure 2-:11Jaeger. 1971).;4' ) o - |

we . . [N R . . ! ~ :
. . . R . Dot . . ) e

?he dlrect shear tgst 1s frequently employed Zin"Jtheg::'"ﬁ':

laboratory and also 1n the fleld 51nce, 1t 1s a natural way

“f to test propertles of dlscontlnultles. The maln _advantages ]ff‘ﬂ

m._dof‘ the dlrect shear' test 1n the faeld are the ah.}lty to *»fh{f
'measure the shear re51stance 1n any de51red dlrectlon along

'tj_potentlally crltlcal dlSCOHtlDUltleS and 1ts adaptablllty toﬁff‘ﬁlf*

vffreld condlflons.ﬁTests can be conducted 1n trenches,‘adlts,;t

ft tunnels and’even calyx dr111 holes (Zelgler, 1972).

‘:hfih:dﬁh'dﬂlahoratorf,l conventlonal ‘shearl Haxésfeit£é£fFfff?\
:thnllt.for use in’ 5011 hechanlcs‘fqif’spec1agly constrdcted '
ﬁffhave been u%ed extenslvel}” f ri testlng surfaces, ~SOme
'g;speclflc dlrect shear machlnes are descrlbed %hyf krs;anbVlci”ftgz
’1fland Langof (196&) Edvoklmov and Sapegln (1967), Hoek (197 )"hjhﬁf*
':;iGocdhan and Ohnlsl (1973). aﬂd others.”f/‘h :',f _, ;._ j,_‘ 

jlthe sxmplest form}ofhthe dlrect shear test

fgls cemented in. a;shear Ho3 _using*a*
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“ s 15
5 c01nc1dent wlth the plane of shearlng énd'd?gapsofuabomtfoné,*'}?“:ﬁ

i . Do - : I L - /
centlmetre or more dependlng_wgn_,ﬁhe ;rregularlty of the =

R

sumﬁace..ls left unbonded between the upper and 1ouer bOXes.ldj?'T

N . i

O

B S S 7

"i%The sample 1s then subjected to a load perpendlcular to”‘.
'dhd .another load 'parallel ‘
S e

- e L N

predetermlned fallure;a

dlSthtlnulty. These loads are termed the normal load,'

~ ’i_ . B ) |

and

h shear load ;S

7ifassume&v be dhstrlbuted unlformly over:the*testﬂsurface.ff";“ﬁfﬁ

' . ie

L

Thls assumptlon 1s not much 1n error (Kutter, 1971). SRR
el LT . DI Celer : AR

f?iféif'l.-
LTy

cushlon., screw,_,c01l sprlng or dead welght hanger Hlth orf;“°

1oad. The normal load 1s applled by e::hydraullc ram,,

'L:wlthont lever system 3wh11e the 4shear load ,is graduallylep
applled through j -screu,'ba hydraullc ram or dr1v1ng Eear{{v.
unlt. The cho;ce of the 1oad1ng dev1ce for both normal féndp“

LR

shear loads depends on the 51ze of the sample (Evdoklmov and“%*:'

N

Sapegln,

i 1967-f Coulson,: 1970- Kenty, 1970- Rgngers;l1971-fv

izﬂdfﬁméig_alr

- e e

T'VfStages;'or'fvf;‘ Ll
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';qlncrements.. It should temalnAcentered 0ver the contact area R
o '-»~~~/ ' R D RARY Sl T
(area between the load cap and the upper’ half sanple.},, Wi

1 i
.gthe tlme. Its set up should prov1de the top half sample uith

free_d vertlcal~"

movement 'tf: allov over rldlng;;fe»@“ '
2 . Ot

-

1rregular1t1es durlnq shear. Frlctlon produced betveen‘ tbe*'d-vﬁ

-‘ e

normal load mechanlsm and test sample should be mlnlmlzed.w.fﬁif

Thls is; often accom llshed by placlng steelrroller bearlngsﬁﬁiimf

. e
N :"...4,.._‘. SETRTL N .
£

o SR . ,_,&H.__ .
measurlng normal :d shear lcads usually by

load cells fboth horlzontaiﬁ‘and”

prov1nq Elngs,

’fff vertlcal dlsplacements oﬁpﬁthef sample should be measured.;fpjs

if_These measurements:are usually recorded mechanlcally by plal _
- : ‘-~. - el - IO \ " . o ’. - -'l
gages ot: electrlcal gages,ffe;tber the o re51stance '~or _“ﬂ

- 1nduct10n (LVDT) type., ;:j Sl 4"f.“,>-'if':
» Yoo : ¢ s

- el e 3 ) h g J A . . . P o

N
b

'”Q;The”’fiﬁduCtioh' type i preferable sincef theyr are '

. o ,W. -
deformatlon versus dlsplacement plots.pfyul TV L :
. Lonkractlon and dllatlon of the sampLe durlng shear 1s :h
! -p”'oumf,of-”tbe}'malnj 1nterests 5if5ishear vstrength’ tests..V

- Therefore,‘ dev1ces measurlng vert1ca1 movement should be“fr
4 -

placed near the surface wherever readlngs hay be 1nf1uenced~‘d

by 'internal compre551on or expan51on of the test sample.:
= : y \
qnumber of uorkers have used four gages to measure movements

bc\”‘“.“ w‘—n.’ s a'_.alv ._‘-‘1
h o S ST Jo .
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A

_:tti mlneraloglc | comp051t10n, rate :of shearlng ands5sur§ace]f;ff7

; 5j.roughness (Horn and Deero 1962‘ 11tchell, 1976)..Deeré'et‘alfllld;
(1967) also p01nted out that' theﬁﬁlnfluence : f ‘bore ;Hater;f

pressures->w1th1n' thecdlrreguiaritles along the surfaces 1S )

! _ RN s .

3 ’_D,Q't -‘undel“s_'_t.-vOQ'd‘. , " ‘ : o

3

L .;'
«r_d - .

,‘11;.',_.‘ . - L -

sample rotatlon durlng shear can be measured (Ceuison;s1970§

Noonan,~19T2" and others) e i ;ﬂrzi Ligff;ﬁ;;3§xffii"h°?ft N

2

¢ e < —

e

a - -~-

most cases, the sample'filsPlacements are5'sma11 SO ’that
temperature effects on the sample, shear boxes and measurlng

dev1ces are 1nportant._The m01sture condltlon de31red on the

o surface durlng shearlng“should‘beucon31dered too 51nce the

...-*"

TEThey shear test: §'H§'1ronment should be controlled.xIn

-

- L
B L .
Tt A X » .

_G.;taré;ri ‘.Urfj;-_*.r; ;jTZQi;E.;-“?H’Tf;TT: ffi | ttf‘ . 5{57

e

-,

effects of molsture 'on_ _.clean _surface are;"n alvaysf}et“

predlctable.; M01sture QQE thea,surface may act elther as a L

‘.4'5." .=

LR

lubrlcant o: antlfubrlcant, dependlng ‘wftthe‘* surface '

Before the,dlrect hshear

'establlshed the fallure crlterla, the vdrlables that must be

observed durlng the test and the point at uhlch the test can

]d be dlscontrnued f;’hh'sH?_,kj '?"

«

leferent fallure crlterla have been dlscussed by Rulz

'

df 'and Camargo (1966),; Rulz et a1 (1968) and others. Comﬁon

fallure crlterla are~°'?f*ff°rl

RN

Lt

e

(

SN LT

fff(a)"lPeak 1oad crlterlon"the peak shear load that Gan‘*be“gf*::

determlne hov:" shear fallure‘ w111 be deflned. aﬂaVing?"

.test begun,ffone*jshouidf?;éﬁ‘
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'ﬂ“f‘ﬁaff;f‘mobllrzed durlng shearxngamrfg?;3ﬂ$.¥t““
B ‘ ‘d; L4 :}/‘_ : o ) s i :
"(bf“ Ultlmate. load crlterlpn..the‘gltlmate constant shear

. ,./;-

_Q@Q;anl load requlred to produce contlnued d;splacemenb- r:*ijf
B . B R ..‘..ma» 3 " & }

gAtplsplacement crlterlon- the shear load moblllzed at

part;cular horlzontal dlsplacement.;

i -
T

ST ay Dllatance ' Inver51on cr1ter10n°* the shear stressv

.,_:.,'

correspondlng to the;wpolnt>-atnuwhlchidfhe' vertxcal

dlsplacement changes from downvard to upward, that 1s

‘ from contractlon to dllatlon.

e e e A0 g

'ﬂ2;1;5f§hgggfneohanishvahdehearj§tren§th Enveloge -

Once the fallure crlterlon 1_;' ‘shear stress

v B

and normal stress at Fallure are used to determlne a*fallure

ST T TET T T T e e e e

<
PR A . E - RN -~

C .

— 4(,. o

.;5;4.'-envelopeh ~a_ curve’f301n1ng all p01nts on the shear stress s

versus normal stress plot. The resultlng fallure envelope lS

}?ﬁ"°‘7termed the shear strength enLelope of,the roc" surface*since

.“. -

,tbe shear stress'measured 1s thejtotalinrlctaonal re51s_ahce~

or strength offered by thel surface.wiwh shear frlctlonal

P -

i

— -v a‘c', -

'?fre51stance. yoﬁﬁ;clean planar JGYHva'Caﬁ’be deflned by-the'

o

expre551on (Patton,¢1966)-i

"*:5,;E,SP¥' ¥ tan gb ;;: ;;:.;3;tﬁtqﬁ::ilp;:}<& @

I

“where S ilshear force

ﬁﬁﬁN7=;f‘Vormal force and

-fthe ba51c fract;on angle bf; the materla,fn"

';'isé- :
o
it

determlned 'on‘ flat unweathered rock surfaces




L s e e e e S RHE ST ;- i
L Inﬁ'mOSt"cases';tnaturally occurrlng dlscontlnultleswg
W ”,'-‘-..‘: ,-:‘:‘ e e ) ok

’.'exhlblt surface 1rregular1t1es whlch contrlbute addltlonal;zt
o shearlng re51stance. To deupnstrate the effects of -surfaceigfj3'

| *f lrregularltles. Patton (1966) @h[ dlrect shear tests onhffb'

plaster of parls samples to determlne the mechaulsm of shearfﬁ

- AT L L
"- . * . S

.....

A sample wasfvcastf wlth fs of regular 1nc11ned}“'

surfaces (teeth) _at the angle, i, measured wlth«respect tof,lf”

th thejshearvdlrec; 3 as 1llustrated 1n flgure 2;3;:;=:f
P The peak and ultlmdi\tfshear‘ strength anvelopes 'were

!

constructed from test ,reSults.¢ The shear fallure atVIou

. .- R o s .
\ e s —'-.._o—, e il A HLT A T
. e e ;

*frgUre“MZ 3°””i§“‘assoc1ated 'wlth

i JLtlon produced by the upper

v normal Iaads’ Ilne ek

\j‘j ver 1cal dlsplacement

\ block slldlng hp the -1nc11ned teeth

. g
P el

'ffThef r1d1ng of surface 1rregular1t1es OVer one another "iF*
h‘f,can take place only 1f the upper ]01nt 'system dllates.p:Atfﬁ§5f7
U ‘S.Jf.g .
hlgh norhal loads,;tthef fa11ure mode changes. Dllatlon lS

ff{isuppressed uzth the teeth belng «shearei fcff near _thelr

:@éjpbases..When thls happens,@the shear strengt‘

w1ll exhlblt an ft

'f{f apparent cohe51on d The llne AB (flgure 2.3) represents thefﬁdffh

:aalure envelope obta1ned from tests run at hlgh normal

'f<xloads and 15' 1nc11ned thef‘same{ angle pﬂs:'th 3~baslq“fa;_3'
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‘“Thfrlctlon angle.‘Thls strength envelope can be deflned by the

o

' Byﬂgwcontlnulng dlsplacement beyond~-the peak thé

Ltltyplcal ultlmate' shear strength envelope and 1s deflned by

/..

;the same expre551ons 2 1 In thls case, the ulthate angle,

'ff frlctlon angle. ﬂb for flat surfaces.fdﬂ{ff

i',ﬁh' 1s taken»approxlmately to be the same vaIUe as the baSlC

'1’

e

A vlo

y

L DUTEIN R
and contrlbuted by the teeth SR
L _ .

. iy

Combln;ng expre351ons 2.2 and 2 3, that 1s 301n1ng the‘
N

’ shear strength over the Hhole normal load range and results

”Vfinf:a blllnear fallure envelope. The aerpt change 1n slopes

| flgure 2 u.' lzf?ﬁ‘*t

-“l_shearlng through them.

S of 1ncllnatlon angles of 1rregular1t1es,

’,n o

1 ..p .

. WTFor_ natural dlSCOHtlHUltleS there may be a large ra ge 7

lllustrated

>

v,’,.

. ’
~

Expre551on 2.2{ contalns the 1~angle whlch fis ﬁthe};:F*‘7

S effectlve 1nc11natlon of the 1rregular1t1es vlth respect to

"

”lfexpre331on (ﬁatton, 1966)._,»fflﬂfy}.J‘hbbi{hpgﬁf_ajqdlg;;;iw‘.

, 5 T R -g,,s_:agffgbgig
v sEl e tan #y” R

?5ult1mate shear load 1s reached‘ L1ne OD 1n“flgure 2.3ljisﬁj£""

A .‘t\‘--

4’*3The vertlcal dlstanCe betveen llne:,fOABgﬁ and 'Oﬁﬁf*%”ﬁ

o mw_ N

represents the shearlng reshsté‘.& lost vxth displacement h[;ff

g

= envelopes' OA and AB 1n flgure 2.3 allows deflnltlon of the Q‘h,ﬁf

v‘r;at p01nt A 1s related to change ln the mode of fallure° that ;Jf”:

d'-;ls from fallure due to slldlng up the 'slopes ‘of teeth7«to5"'"x

the average d1p of the dlscontlnulty 1n guestlon. Thrs'anglepjff:ya
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usually deteraned "from fleld observatlons. Estimatlng
‘the effectlve angle can’ bﬂ qulte dlfflcult.lﬂovever, studles
gby Patton of over. 300 rock slopes 1nd1cated that ’the f1rst

J,'order 1rregu1ar1t1es shown in flgure 2 4a control the shear

t)pi

1strength along the;nljrscontlnartaes. lfmhé;g,§??°9dloi9ef Sl
“Tlrregularltles shown in flgure 2.4b- are sheared of f throughn'.
'_""p'rhgresslve fallure (Deere et al 1967). ‘.-Schnelder (1976)
modlfled.fth _’geometrlc friction law or the blllnear model 5
1 into”;a,Qmaterlal: law vhlch descrabed‘i]theﬂ; frlctlonal'"i “;
resistanceﬁaand the dllatlon behav1or at large deformatlons
'ln'their dependence upon _thet normal load“and natérlal
' 'strength.;, _" ) o ' _,hj':”hd ‘ ' .'S' =
. I , EE N S (T L e
Schneider' | naterlal law for shear strength envelope
can be. defined. by the expre551on" o v o o
| '7\5}‘L tan(gb + :o e k% ,j* ‘h . ,';;71 : ;f;:ﬁff;hl (2.4)
:r = ,Peak1shear stressk L |
7 = normal stress = o 'd;,
‘ whereiiotﬁv the maxlmum dllatlon angle ”QZero Jeffectireil a
| [normal stress | o
kvjﬁ"a*;materlal coeff1c1ent whlch depends upon the
| : materlal strength (Schnelder, 1976)> | ’
Ladanyl and Archamhault (1970) proposed 'an: expresslon;. i
'Lor the peak shear strength oﬁ rough Joint surfaces, based‘?)fiJiq%

on energy con51derat10ns of comblned frlctlon, dllatancy and f'ﬁVV

'hlnterlocklng of 1rregular1t1es., Thelr ‘general peak shear

.strength envelope can bé deflned by the expre551on';_’f
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N
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7

'normal stresses, che sample behaves Allke “ntact block g

~dlsplaceme t at peak respectlvely.v

5%r“d:-‘the shear strength of the 1ntact rock materlal

o

At very low normal stress 1eve1 when almost no shearlng

through asperltles take place,'ﬂas = fo and4 v _tan 1,

,r

. express1ons 2 Sa reduces to expre551on ”2;2. vAt‘ very hlgh

'materlal, as = 1 and expre551 n 23 5 a reduces to T = Try

.

Ladanyl and Archambault suggested that T"r',.‘;'t'he-»shea:r--"

o

"strength of the materlal adjacent to - the jolnt surfaces, ‘can

~~

1

'fbet represented by the equatlon of a parabola 1n accordance ’

lelth tHe proposal by Falrhurst (196&).

{ e e thV1 +in\ -1 o e, 0.5 B

uhere“dg=‘ the unlaxlal comnre551ve strength : theo'rock

‘ mater1a1 adjacent ;o the ]01nt surface.,n,t :

“ r‘;n s( the ratro 'of- unlaxialﬂcompre551ve to unlaxlal
R i ten51le strength of the rock materlal.:ﬁa

AANY

'fhfkgﬁagn is approxlmately equal to 10 as - suggested by Hoek

TN

. e e e ea P .:. / PR TR .. . .',...,q
o(l - as)(V + tan'wb)-t'AS'Tr-“" I ff::” (zfsa);f,'
"1 - (l - as)V tan’ ¢b . . o K
where‘a5‘=- the proportlon ~of the- diScontinuity 'surface
whlch is sheared through progectlons ~of intact
RIS 'rock materlal L L
MR '=-ythe ﬂllatlon rate dV/dH atapeak shear strength
| r,V 'and H are thel vertlcal and horlzontal

\
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f;ﬁrpreSSion“dZ 5a, vhlle 1t may be conceptually correct,"

includes parameters llke as and v vhlch are-'not-_easyagto

measure even under laboratory condltlons. ‘Inv Orderh to .

\ N

overcome thls problem and to make thelr eguatlon‘ generallyd

h

~usefu;;;:Ladany1 and Archambault carrled opt a large mumber

- N .\.v..".‘ "a'o"w” o,"‘."' oL ‘ﬂ ’ “‘w‘w::"‘frw. :
'of_Shear tests cn prepared rough surfaces and, on the ba51s‘
of, "these tests, j proposed p the follow1ng ‘emp;rical '
relatlonshlps' R N P
v (1 -—) tan i . S S (. Dd)

_ wheée K and L are constants whlch have the followlng values:w

R

'K=h and L 1. 5 for slldlng 'on at slngle - rough

: *ﬁidlscontlnulty, . | |
‘fgrf_gr.,‘uKssauand, L (2/nr)3 tan 1, vhere 2 <knr < S denotes

‘_the numbers of. rows _in,.a falLure"zone ;vnen Tthef

- 'equatlon is apphed ‘Eo the »fal.l_l_,lre._of) a ‘mass of

+

"'1nterlock1ng rock blocks

. /» ". =
-t

Once the parameters Tr, as and V have been deflned, che

eguatlons 2.5b, 2 Sc and 2 Sd are subst1tuted 1n€o equatlon ‘\ o
“2,5a: wlth TO, K-a and L71 5 and d1v1d1ng through by the
Aun1ax1al compre531ve ; strength . Ccf7;v0ne.;_obta1ns f"fhef:
.rexpre551on"f,- R S S T L-'
Lo R }“‘. -Tfff*'i A v,s-rg
. io g '43’-'.175 Y v C /
T ﬂ(l'bF) {(l-—) tan ie + tan @b}-l'-O 232{1 (1-——) }(1+10.—) S
ETRCE T {(1-—% tan ie tan ¢h} ’ P

e
<



“Jﬂﬁilé thls fequatlonj may appeif; complex,‘ltk

noted that 1t relates the two dlmensionless groups T/Uc and

'Q/Gc fand that the only unknouns are. the effectlve angle of

T

e et ay

R

--between Patton s equatlon ‘2} for dllatlcn of a regular

lrregularltxes,”'dh'ﬂfthe ba51c frictlon a@gle, ¢b.

v ..v.g'.oﬂq”-r @-“"
!:I'

/)7*\ F1gure 2;5’ ehovs that Ladanyl ' and Archambault'

equatlon 2.5 umth ﬁb 30°‘and i= 20° glves a smooth tran51t10n

c.

= e e b

ystrength of the rock mater1a1 adjacent to the surfaces.

\fffof art1f1c1al ten51on fractures generated from brlttle modelf
nmaterlals(Barton 1930).‘Tvo methods for presentlng the shear

‘;;'results on these clean surfaces were suggested and are shown:

u2;1;5;§a§ggni§'Eggkahear'§§gength:Envelopeﬂy;f' 4

. Ch RTINS X PR

J R - ’

strength enveloPe of rough surfaces was proposed by Bartonf

Hlll be

.-,,.‘.\-.

f}rough surface and Falrhurst's equatlon 2.5b ”forﬂpihef shear'

.,.---"o »-4.-) L e de e -w-.. _’-f ..- 4'-0. celees
F ™ . .'0 . ,,\."..;0.4». no. -'n -y--.-, r).,.,;o'_

v

' An aiternate approach to.-the problem of peak shear f'

O

ey

(1971 1973 » 1976) who ran dlrect shear tests on a varletYian:

. \

TieL
1%
i

thhln flgure 2;6 The; solld llnes, xtrapolated through ’thehfvh

4

- scatter' of data _are fthe best f1t llnes obtalned by thegh

dmethod of least sguarks. A dotted 11ne ais’ drawnj;rn: each.fﬂt

's’:dlagram,- 1nvolv1ng a small rotatlon from the best f1t llnesf,.

“ﬁtThe dotted llnes show the folloulng re1at1onsh1ps-f*

© vhere 6d

’-‘-'\, :

fh%th=°-o tan (2ed + 30) "7_f=pu,’f;lgﬁgf' ‘ (2-5a)tg‘t
ed = 10 109 (°C/b) ‘Ajlil?jf*.fsg!;fFL.”' gu,(z.sbr-»‘

the dllatlon at peak

. 9‘.
e
. L

e

*ZTAéf%ésié”fxiciiQh,angléfﬁbfffof7~fhé.~ﬁodexf'materiéls}jl
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Figure 2 6 Peak she b o strength results obtained from
- direct shear tests greformed on tension fractures in’ -
’j brittle model materials (Barton 1971) I



ﬂrangea

RS

”iefpression 2.6a and 2 Gb, one obtalns the approxrmate ?eak

'7ﬁ;streng¥h envelope.ior the model ten51on j01nt._(equat10n 24 6 T'

ER gl g tan (20 log(oc/o) * 30) (2 6c). -

'{"~*'W§;%arto nd that for°low and,medaum-sxress leveﬂs (100

..7 [ ‘_.v_ qv-."'_,'u PRI S \' eyl

ﬁs 10,000 kPa), expreSSLOn 2 6c gave a. close appr011matlon to"jf]

the peak strength of 1nterlock1ng rough surfaces, ten51on
-eréctures\and art1f1c1al faults.i Moreover‘ thls expre551on"*

'~j,could be ;modlfled to 1ncorporate the effects of dlfferent

hdegrees of surfade roughness..;.fW :’“g - .,{ ﬁ,ﬂﬁ

At the smoothest end of the spectrum, thé, logarlthmlc

I ,

717funct10n-ﬁ' uescrlblng -fthe:e:addltlonal 3gshear:f strength-_f“h\
Q:contrlbuted by .theh surface t roughness s must : obvrously*
;dlsappear, leaV1ng ‘hef linear functlon!vhlch is. the sane tf.
e'_“form as the expreSSloﬁ\Z 1 ('t--U tan- ¢b).-1‘ifathe othergﬁVrh'
; RS : v

frfhand,‘vthe coeff1c1ent (20) appearlng \in expressxon 2  6C .

rdeflned the roughest end of the spectrum.';,];’ {'5e::t{f‘jf§u*'

Surfaces of 1ntermed1ate noughness were found ) haveﬁf.
‘Q;ilntermedlate a values 6f Ifhe_ coeff1c1ent.' Barton (1976)'
. \ LT : :

f.suggested the followlng general °xpt8551on for peak Stréngthz e

zg.u’f]enyelope of rough surfaces'

e %tan (aRc 1og (JCS/g) + gb) ‘T;——”' — (2. 6):2"

ﬁt?wherefJRC~= jolnt roughness coeff1c1ent,: repreSentlng
slldlng lscale—C of roughness thlch varles fromjjf

!

2~f,approx1mately 20 to 0, - o j‘f;ugffwrsaa*



‘:";~3fﬁ ,:1f the j01nt 1s unueathered, but may reduce to “5'-‘”‘

St . i

.-

; 1s 1llustrated 1n flgure 2 7 (after Hoek 1976).v;k::'3

- /
: . . :
e

.

Notlce that Barton‘s eguatlon 1s based'-on three rockﬁi'“”
parameters the jOlnt roughness coeff1c1ent (JQC), JOlnt.vall-”

“',* compre551ve *strength (JCS) and ba51c fr1ct10n angle (ﬁb)-',ff»f’&

‘lfAll these parameters can be measured 1n the 1aboratory audif'

i r1n the fleld. .

The ba51c frlctlon angle can be estlmated wlth the help
'f the data 1lsted Table 2 1 unless the surfaces are

arwstrongly weathered. L;'J?ﬁ' h-fV": :f’inT‘:a’f'fx

If the surfaces are completely unweathered then the JCSfﬁ
?gwlll be‘ equal to 'the unlaxlal “unconf1ned -’compre551vej'h

-Lstrength of the rock materlal. The p01nt load strength tests R

. N
n\

I

.tFranklln (1972) prov1de an alternate means to',estlmate the R

S

JCS.. In' most cases,, however, dlscontlnulty 'vallsfgare

"'Qveathered to some extend._Therefore,vthe'JCS wlll be .lover'
o than 0c.,'rhe relevant value 1s then measured u51ng a Schmldt

‘:fhammer applled dlrectly to the exposed surface walls (BartOn-g::jf

nd Choubey, 19 7).v The Schmrdt hammer is a sxmple deV1ce
"?for recordlng the{
L S 2 i

e

‘w',»\pvag.wq; 'f

'thCSﬁ€[j01nt vall conpre551ve“'strength.' same the o

"a;1/u Oc 1f the j01ut walls are veathered.-_;'ffVC”.;

'ﬁ{-T' form of expre551on|2 6 for dlfferent values of JRC"

- . : ) . . w e

rock’ core or 1rregular 1umps as descrlbed by Broch and'

e.

jfffﬁunconfxned cbmpressxve,‘stnength Gc.ofathe-rock'~~"”>

a

rebound of a sprlng loaded plunger _afth,:v;<r
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- "‘;_ N -2 - s | B 31 .
%1: . .
- R E ' . - :
I _—
Rock type . Moisture » -B'asic-.fi'iérig:;n angle: ‘Reference .
L ‘ condition = . e o : S
A Scdxmcntary Rocks ' _ s ‘ Uy
“Sandstome . - . it “Dey” o 26-—<35. ° - Patton, 1966"
“Sandstone . Wet > 25—33 Pattan, 1966, 4
Sandstone. . . o Wert 29 . - Ripley & Lcc, 196"
:Sandstone .- . Dry - 31—-33 - Krsmanovi¢; 1967
Sandstone - ., -, Dry- 32—34 - Coulson, 1972
Sandstone - Y Wet 3134 - Coulson, 1972 Lo
‘Sandstone o Wer ¢ ~33 = Rlchards, 1975 ey
Shale N Wet S 27 'Rxplcy & Lee, 1967 :
. Silestone, - = i T I Wet 31 Ripley & Lee, 1962
Siltstone ** 0 - . ‘Dry. 3133 ‘Coulson, 1972
-Siltstoné - . Wet. 2731 " Coulson, 1972
Conglomerate . Dry 35 . "Krsmanovié, 1967 ’
Chalk . T We 30 Hutchinson, 1972 o
- Limestone™ . Dryl s 3137 - Coulson, 1972 ..
' ancsrone v Wer 27—35 ".."Coulson, 1972 -~
. :FB. lgncous Rocks RO s R _ / :
Basalt . --.. . Dry 35--38 Coulson, 1972 ., / )
‘Basalt . : o © L Wer - 3136 Coulson, 1972 .« 2 .0
Fine-grained-granite - Dry 31—35 ~Coulson, 1972, 7 e
Fine- gramed_gmm(c. L Wet 2931 -.Coulson, 1972° PR T
"Coatse:grained |granite + - Dry.. .. + 1135 .. “Coulfson, 1972 .. T
Coarse-grained gmmrc C Wet: 3133 - Coulson, 1972
Porphyry - 7 - " Dry 3 * . “Barton, 1971b - .
Porphyry = . - " Wet .31 =, Barton, }971b. .Y
- Dolefite. ) -* -~ 0 Dry J > 36 L Rlchards, 1975 . 0
* Dolerite . /. L Wer 320 .. Richards, 1975 72 PR
C.. \1ct'aﬁad|?phié R’oc-ks_v" o . N ’ e
~“Amphibolite . ",y Dry 32, “Wallace et al., 1970
Gneiss . & 07 'D'rv., RN J’6—29  Coulson, 1972
:Gneiss - o Wer .- 23—26 . Coulson, 1972
Slate ' e Dry . .- : "5—30\ Barton, 1971b
- Slate Lo Drys 30 ~Richards, 1975
CoSlate o 0 i Wer 21 RiChva.FdS'» 1975
Table 2 L 3331c frlctlon angles of varlous unweathered
i rocks obtained from flat and resxdual surfaces(Barton
L and Choubey,1977) :
W



B

: 1€§j*iﬁ§aé£ ulth a. surface. gThe rebound value 1s then“'"

f'converted to an estlmate of compre551ve strength 'uSLng the_Jri'

i;~hmethod ;descrlbed bY Mlller (1965) who found 3 reasonable‘;'

N

correlatlon between the rebound number 'and‘jthe_'unconflnedf -

»

compress1ve strength of the rock. The only unknown parameter;*

-7‘15 the 301nt roughness COeff1c1ent or: JRC.--?“

‘*IIfg;one,_or more dlrect shear tests have been gerformed’
’ the JRC can be computed hj back analy51ng "‘the - shear test.
- ’data. Thus, rearranglnqathefexpress;on{2.6,

Sy

a ) g

o e
TR log('J—C—g) o
hlternatlvely 'e JRC also .can be estlmated. Thls can::rf
- be accompllshed bY :_i comparlson of the roughness of hthet.

‘ dlscontlnulby in guestlon.twlth he comprehen51ve set ofi.lj,;“

LA

B fnatural jOlnt roughness proflles glven 1n F;gure 2‘ (after.;

jk~'13arton and Choubey (1977) )-auln

Bartonfgand"Choubey used expre551on 2.6 to prednct thefw5

o tpéak :strength of elght _ dlfferent ' typestj*ofk" naturalg'f

ﬁldistntlnultlesi The mean value of. the predlcted peak shear;
~strength angle, arctan (Tyo) for the 100 surfaces tested
7'the dlrect shear tests was estlmated to 0 5 degree.cj‘_[hj'tt

D T U RO WO

l" 3

They suggestedv that the equatlon 2. 6 could be used 1n“”:':-“

- three dlfferent ways- s T
“l(lh .'m curve flttlng to experlmental peak strength data"
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"-Hhere;iﬁ'

*(c). N

A

CoELy ‘extrapolatlon of experlmental,feak strength data and_d':

ff(iii}” predlctlon of peak strength of rock surfaces."'

Notlce that Barton g equatmon. has"fthe ‘same, fonm Cds

1

‘i{Patton s, although they employ dlfferent fallure crlterla.";”

[}Barton s eguatlon can be wrltten aS"

E Lo ol S
Vi . . . P

U'tan (1B + ¢h)

ST

JRC 1og (JCS/b) g ;j; 5 j;pt}<f;'_;3;if{gxé;7{j.p

. v

Thus Barton s effectlve 1—ang1e or: iB: is a functlon of‘h

v',~th§s surface roughness (JRC), 'the /materlal constant'VOf;“

-‘Surface Walls/(JCS) and the effectlve 9°Em31,45tress.;1eyex“‘”‘

G k ]

Arctan- (B@) :% 70 was the suggested max1mum allowablej

"shear strength for de51gn purposes. Therefore,‘ the' maxlmum{

- angle, could be 'ho degrees s ‘the: ﬂb 30°5'H°"e'er' ‘the

"3p*va1ue of db for most smooth unveathered rock surfaces i#fnl

iin;»%} lles. betveen 25° and 35° as. can be seen in Table 2 1;fo>C

i

”ug’The correspondlng range of 1 angle, for de51gn purposes .n

’j”rockrmechanlcs, would be hetween 0 and QS degrees.;fr‘v

R S . .

jForu-COmparlson ulth Barton's equatlon,. Ladany;'and,

f;Archambault's equatlon for 1-20 1s plotted on-;thef flgure"‘f

‘”5T:2 7.5fFrom this flgure one.ican* conclude that Barton sﬁ~'

~‘-:.f:-lequatlon"f:':iﬁ_f"s'i“',inf..f close agreement wlth«V Ladanyl g andvj'

,NT'

ArChamhault' (for ‘.ﬁjﬁh' 20) at very 1av nornal stressmfpfa
'1evels' - the Stress 19‘91 1ncrease5. %theff strengthﬁ"

T*venvelopes'i“dlyngeésn.Thé dlfference _1f shear' strength'

pooe s T



* o

ghpredlcted by these two nethods d;udb to'fth:f alternate

rfriequatlon reduces to '“rf=_zctan-'¢b whlch means that--the-~

nfof the rock materlal adjacent to the surface. e

j._.enveloPes‘.f_jc__:°

t

"iﬁhrchambault's equatlon reduces to T‘« Tr,‘the shear strength

o

Bartdn‘s, equatlon'; tends,; therefore, to be more
o N

conservatlve than Ladanyl and Archambault's at hlgher normal

R

'b:stress 1evels._ However,riiﬁ” requlred, these strength

0 se

be brought 1nto c01nc1dence by adJustlng the

’frrcontrlbutlon 'of,ythe ilntact mater1a1 tj fallure. y Thls

'Qadjustment fﬁis”fnot” recommended '31nce.ZBarton s» orrglnal

>

A'afrlctlon on the smooth rock surfacesivwhereas, Ladany1 '-dr“

‘hr:strength hlgh normal ’stresses ": due to the ba51c f*“

'”*sources of shear strength assumed as °7Gc-1,y Barton s ;"

studles were'carrled out at very low stress levels and hls o

a ;eqnatlon'fisﬁ»grobablﬂ most appllcable"“‘the range 0 01 <

wvhlch generally operatetf i_ rock slope

whereas Ladanyl and Archanbahlt's equatlon was

9
e

i C ' | '17%&3 4@:;5
4p s eguatlon 1s a very useful tool Ain - rock slope

4,‘7"

'Hs_stablklty an?lys;s and 1t 1s hlghly*recommended by Ha‘k and

QL

L4

L

more general use. L ,’g;-  “f‘i?'V'7' _fL¢y“f*‘

e

.'I"

Bray (1977) for ‘the’ above spec1f1ed range of stress 1evels.¢a;

.l-

Note that\the Patton S, equatlon, Schnelder' ’ equatlon,

o

c”h-Ladanyl and Archanbault's equatlon and Barton s equatlon fOr

:',' o

Lo w

a4 - o . . S R
S ) a. ST N . ,,' S R

<

’7;finc1inat;on 'of rock surfaces;_fThev conplexlty pf theiran,l'

‘-_shear bfstrength AenVelopes for rock dlSCODtlﬂUltles Aalin'd'

ig“;nclude the ba51c frlctlop angle _~and the.; effeCti;efﬁ“*




PR _h”\ :.a_;,}~ L. | - .h o 36:

‘equatlons reflect the dlﬁjlculty of 1nc1ud1ng the shearing_

-

re51stance offered *by- the effectlve surface 1rregu1ar1t1°s,"

which . prlmarlly ccntrol the shear mechanlsm and the forns of

. /“. . , b

fallure envelopes. ' _ ) LTl T
S S N SIS :
W ’ S ___, “ B .. R . ‘:“[._ . ) . . .

A

S S el
One of the purposes of this thesis is to test. the

valldlty of Barton s equatlon for/peak shear strength of twof.

types of rqck surfaces.‘Some dlrect shear tests have to be\f

e
s v
L

carrled out in order to fu1f11 é%ls goal. It is the author 'S

1ntentlon 1n‘ thé’ rgst of . thls ‘chapter to present thevd

experlmental data ﬁrom 1aboratory d1rect shear tests.

- o L / . . .
2 2 Sample Preparatlon B ‘ ;
) ,

i : ) -

/
2 2-1 112 s :gr._Bgsl_c

¢, - L.
T ©

'.Ta%’ rooki ‘types Were of interest’for this study: one a

vsoft materlal and' the other hard. wThe';SOft'dtyPe,”.’a _;

;
» :

11mestone,' uas- TYndall vStone ’whereasf'the' hard type, an

1gneous rock was Standstead Granlte. The ch01ce of. these

-'rocks prlmarlly depended on. thelr ava11ab111ty and thelr twoe

extremes of hardness. o L f;f=5 ‘ f‘fﬁ' ;_’ﬂ_

Y slab ‘of Tyndall Stone of size. 50 cm x 76 cm. by 5 7 cmi
thlck (about 20" X 30" by 2 25") vas purchased from J.F C.l
Hasonry Supplles Ltd., Edmonton. About/ four ueeks gelapsed

frOm “the tlme' 1t wae quarrled to the tlme 1t was ordered.-

: TyndalI'stone“' guarrled by GllllS Quarrles Ltd., at

Garson, uanltoba, about th1rty m1les north east of Wlnnlpeg.,f

e

The- déposut -at Garson uas'j op ued in 1895 but 51nce the'

T . . . e”
oo - o A . ; ' N . L v’
T Lo o Co DR e LT
v, . S . . B

; .



s

o nearest rallway p01nt was at Tyndall the stone became known

-
.

as Tyndall Stcne.;»-"hi“ . - ,/

1

“"' 'Two‘ slabs of Standstead”\sggblte ‘were purchased fromif

;Alberta Granlte Harble 8 Stone Co. Ltd., Edmonton. One 'slab

A measured 30 cm. x 30 cm by 5.7 cm thlck (about 12" X 12n by

2 ZS"L and the other 69/cm x 91 cm by S 7 ,cm thlck (aboutf,

accordlng to the ‘best estlnate of‘ the suppllers,_iit :was

.3'

about tvo tol three months»ﬂ ld.: Standstead Granlte ,157

quarrled by the ADRU Granlte Company, at Beebe, Quebec.

e rpThe three slabs were sent tp Alberta Granlte<.Marble;f6

‘.

‘ jStone Co.,-LID. for \cutt1ng 1nto 15.24 cm. (6 in. ) squaré

blocks and these blocks were - termed the 6x6 blocks.‘

oo : L o :

. Y 1 i ..
Y

Before the slabs uere cut 1nto square blocks, numbers?

‘were, marked dn; each slab as 1llustrated 1n flgure 2.9.(In

/

'-thls way, blocks could be matched to the orlglnal shape !ofv

_'the slabs after cuttlng. f e

¢

',‘Ini flgure 2 9, type 1 represents Tyndall Stone whereasj

e tYPe 2 and tYPe 3 represent the blg and small slabs ofi°'

l

Standstead Granlte respectiVely.».(he‘ numeral characters‘

'jtdes1gnatlon chosen 1s for ease of,computer progran 1nput and

/ .

1‘;output of data. Therefore, any subsequept de51gnatlon Hlll

'be numeral.; .;'7'¢i e “‘:”_Y,‘,y‘-Q e bb'”/-

1'“,2u"‘»x 36" by 2 25")..The age of these slabs 1s unknown but;'"

.
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fThe- |

Y

'sguare samples were termed he';2i2: samples., Agaan the"

»

1n1t1al ' orlentatlon '-of | these samples vere noted as

'fillustrated';n'flgure 2‘9‘, . fb;3

E The purpose of sampllng de51gnatlon by numeﬂals dis =

three-fold. ,(a) the ab111ty to characterlze a large number:,f

T3

15.2“ cm square blocks uere cut‘1nto small 5 08 cm‘-

', 0f~samples, (b) the lndlcatlon of the dlrectlon of ;shearlng"*”

&

EEN

/of the samples, denoted by arrows 1n flgure 2 9, and (c) thef

e

‘”lnvestigat;on of any changes in: strength wlthln the slab.

\

'?Direction"of tshear s of 1mportance 51nce the planar'_
| nature‘ of the dlSCOﬂtlHﬂltles 'and the wldely varylng”ff"
_g~characterlst1cs of ,the‘ 1rregular1t1es gauelng the Shear3<

.hhstrength along a dlscontlnulty may ber hlghly anlsotroplc.

(Deere et al 1967)., : #f P

Vo

The cutting ‘took “a. ~great deal 'of tlme., Wlth the"

: ‘perm1551on of the Mlneral pnglneerlng Department, Unlver51ty

.of Alberta, tuo dlamond sav nachlnes, model J3, manufactured{f'
_*by the nghland Park Manufacturlng Co. Callfornla,'were usedffv

' ﬁfor thls purpose. In addltlon, some cuttlng was done 1n thel-

HfC1v1l nnglneerlng Department u51n7ja Northland concrete saw
.”
‘manufactured by Oxford Hachine hand;_Weldlng .Co. Ltd, of

RN

'Ednonton, Alberta.

o C A : .
l‘v.‘v ‘/, oy .

TInﬁ'all “Cases §whenw'using the dlamond saus water vas

v';employed as.a cuttlng‘fluld.llt also served as. ‘a 'coollng_fv;

?



: U_flnally cut 1nto "half samples" ;The.;‘

jhiagent‘

‘V

Once the 2x2 samples vere cut, they vere washed cleaned (s

l

snug flt 1n the 2x2 shear boxes. _?*'ﬁf ‘x'.wffﬁm,:

s

Some Qof.‘the:erzzusamples of 'each txpe of rock were .

,Fremalned the ‘same’ but the thlckness v's cut 1nto halves. TheT”

.ﬁhalf samples were termed the 2x1 samples._f_fv

i
i

,Thél.2*1 samples' vere cut 051ng the Northland machlnep'
.ltogethef Vlth a Sp601ally de51gned vclamp' -lllustrated 'ipﬂwﬁ

3'f1gure‘»2 10., Wlth fthe clamp 51x 2x2 samples could be cuth:

T

17_”and drled If samples uere not square, they ‘were ; sanded to a

.

glnalv plan areaf,

1nto halves at the same tmme to glve smooth cuttlng edges. o

The lower halves vere denoted by A and top halves by 2.

'~The”'reason for u51ng 2x1 samples w111 become apparenth'

‘1n the next sectlon._

RV R

'2‘2' El 39925£em§3:_
v» e : B I , o | -
The sample 51zes and the methOd of productlon of rock“=~v
vl_fsurfaces were determlned by- o v'h.:‘f L~ , {“w
‘A)ﬁ"AvallabllltY 'off_machlnesj, ‘the size of the surfacesjf‘

3'governed by the d1mens10ns of the dlrect shear' boxes'f

,avallable ;ﬁd E thelr "(shei ;andf normal stress)i"
Ih(S{;“fSample reproduc1b111ty'.a good controlled procedure 1S;

Y

;‘needed 1n order that the same k1nd of Samples 1can' be;3‘u

a

% Cael




'I ;:f;ﬂreproduced*f'at,-anj' time. Thls also 1mc1udes,,thé

t~reproduc1b111ty of surface roughness.

(C) . Shear stress drop. the r0ck surfaces must be vrough-d“w:“

"3] !enough to have,dlstlnct peak and ultlmategre51stancesl

.lln a shear load versus hoélzontal dlsplacement plot.'

S A - ’ RN :

.tlme-dependence f“of- fr1ct10nal behav1or' in shear.:ughea
Cob ) N S IRy
machlnes aVallable for thls purpose were conventlonal soilg*
shear boxes'vmodlfled 'for‘ shearlng rock surfaces. mﬁésegf
\

: machlnes are termed the creep machlnes. The creep study ulllﬂ'

’ be presented in- Chapter 1v. 3';;r

_q: L

:‘.51nce the Creep machlnes are 11m1ted to a certaln range:

The ultlmate goal of thlS study is. to 1nvestlgate theh,‘t

of stress levels the samples should be prepared Hlth thlsf lfj?

R

' 3'in,<m1nd. Half samples are encouraged The sample would beuf

I

sheared 1n the same’ dlrectlon shownfln flgure 2 9.,The 31deﬁ“f_ E

.

Hlth a._ smaller area would . be. sheared in. the horlzon*alr S

- p051tlon parallel to the fractured surfape whlch was 1nducedf"‘7d;

;ﬂ‘artlflclally (B), whereas wlth the 2x2 samples the shearlug;‘

vsurfaces uould ‘be on. the larger area.“»”ﬂ‘?f5*: ‘37”f7¢»’

A

| h"-'2x2' sambles”-weretzused~ to 'evaluate "th bas1c,jf“ 8

o frlctlon a gles of the two rocks c0n51dered and also for the.j,f’

1



ENCIR m.alg Bseré'g.g'si'biliixi-' L

Both types of rock slabs can be .purchased at’ anytlme

7from‘ the‘ suppllers pand‘can be transformed 1nto 2x2 or. 2x1
e} sample 51zes as descrlbed above.‘_f,W ; R

._The”2x1‘§amhlés vere castlinto~<‘08fcm ~squarel'samples
- N

':'for. snug flt 1n the the shear boxes. rhe castlng procedure

4

is 1llustrated in. flgure 2 11.,‘mA

*b;f-- They-were castﬂvin"F¥181?’Sulfaset"wh1ch s! fast
;‘}grOuting ”“ceant; yellow ‘inﬂv colour,, manufactured by

h Randustrlal Corporatlon, of Cleveland Ohlo.‘Pach half

V?cast separately leav1ng a space between the halves for the
"fractured surface.'?rp‘ ' | - u A

A

After castlng was completed a contlnuous’ﬁotch (flgure
-

f 2 11d) about 0. 3 cm deep Was _cut”'along the four s1des

.'fbetWeen the _tq6~ halves (fidure 2 11c) ‘u51ng ar portablef-
'ﬂf_dlamond saw. Some 2x2 'samples -vere notched ;i' the same
Y’Emanner. ”7T.x<vﬂ”f?ﬁ“.Yk3\;}5f |

‘Y

- -

Voo
-

. sohe RS
o ,ﬁ;,The purpose ofu,a contlnuous notch was to deflne an
. . \\'

hfexact rlght angle rectangular area ;Vthh could 'hev ea51ly
'hfmeasured u51ng callpers. Moveover the notch could prov1de a

._vedge for a chlsel (sectlon C)."

Up to thlS p01nt,‘there were three» types »of.:sauples”"
ffiprepared N VIZ..~ 2x2 saéﬁles wlth notches, 2x1 cast samples

:'fhwlth notches and 2x1 ‘half samples." '({_ "?lyf“
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stress drop of a surface 1s the d;fference betueen‘g
7. peak and

ce offered by surfgce asperltles. Therefore,‘uarﬁf

’_correspondlng.@degree 15f roughnessqﬁaf-ﬂal
&y o'W
whlch 1n turn controls the amount -of

L]

’surface uere sheared.

gt

Three methods were employeﬂﬂto artif1c1ally prepare the;;7”

_'rock surfaces, (a) sandblastlng wlth #30 grlts for d1fferent

N

,ltimate shear strengths. This d1fference~ref1ects"ﬂ‘

‘271engths""‘ tlme (for»- he 3221' half samples), (b)-chlself{:

’?‘spllttlng (for the 2x2 samples vlth notches anL‘vkc)' p01nt'
t'load strength machlnev- pllttlng wlth edge blades (for the’

2x1 cast samples wlth notches).«__n

051ng methods (a) and (b), samples were prepared at thej

‘)'

-Alberta Granlte Marble & Stone Co. Ltd _whereas those fromﬁlg

S method (c)' were prepared T‘tﬁé UnlverS1ty of Alherta fp‘

h(flgure 2.11e). The p01nt load testlng machlne uas borrowedw;f

. r

‘”-;hfrom the' Mlneral nnglneerlng Department. It’was a. RM-730f‘

.fgmodel p01nt load testeF manufactured by thet 501ltest Inc..i
F)gvanston, Illln01s. These prepared surfaces were then tested'

vln_“a 89 kN dlrect’ shear machlnes. (Thls machlne wlll %ev

. descrlbed 1n detall later 1n thlS chapter) The tests were

G run dry at a rate of hor1zontal deformatlon of 0 052 cm/mln."

"ﬁ»'The shear load versus dlsplaCement curve was recorded on a

1~&Hon%yvell model 5“0 b o y y' recorder.‘The results Lf these'v




'5tesfs‘arelshoun,in,fighre”z.12.ﬁ'

’The‘ results lndxcate that the surfaces prepared using
‘the sandblast technlgue do dt glve dlstlnct peak and
?..'ultlmate shear load values whereas surfaces prepared in the

B v . ; \ .
fiother ways ylelded dlstlnct peak .and ultlmate shear load

jj_lvalues. thle the chlsel spllttlng method satlsfles the"

. stress drop crlterlon, the shear loads requlred tQ produce

,lthe drops are very hlgh as’ shown 1n flgure 2 12 ThlS range
s o

‘ of shear load 1s out51de the]:capacltyb<of ‘creep machiﬁes

'_(max;mum‘S,Q'ksthear load);ly

::In;NView- bf thls, the method employlng the poxnt load

-

o

3sp11tt1ng machlwe for %§;1f1c1al rock surface preparatlon -

E _was adopted. Bes1des, the sample requlrements were satlsfled

-and thls method gave a gcod control of the surface roughness
‘breproduc1b111tya |

y »

,,2;2;Q(A£tificial~RocgpSurfaceSjn

3 After the fch01ce of preparlng rock surface was made,

)
|

7f1more than a hundred ten511e fractured surfaces from the 211\

lcast ,samples 'vere constructed (flgure 2 11e) for each type

. of rock. Each surface uas marked wlth the‘ approprlate

'_ numeral characters.p For example a surface 1abelled 5.3.8 1
h.means that it 1s from a half sample (5), the sample 1s from
fthe small slab granlte (3), the orlglnal 2x2 sample locatlon

isﬂ denoted by . 1ght (a)f ait:shown 1n flgure 2.2\and

ffflnally 1t is the lower half of a: 2x2 sample (1). 3f‘;$,:, LM”

S o S » ‘z,
SR e . Jo e P

i
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UM

A;l the rock surfaces uere then stored 1n a temperature

and hunldlty controlled room. ;;5;.Jj‘h'

. A

S The dlrect shear machlne used for shear strength tests}f('
rcvas speC1a11y bullt at the Un1versrty of Alberta for testingf

'ffrock speclmens. The machlne hasma shear capac1ty of 89 kN.'“

N
Y ¢ g
. ! et

liﬂgl All the.movrng.Parts are made of stalnless”steel nhilé°f'
-thé. upper shear box "travels" abdve the lower one,'ltihase
;two brackets bolted together,!one at each end of the box andjﬁ.'.
iﬁdthese briikets are connected hy two steel rods ‘to: four 1Afm£Z;f“
'4¥wh1ch 'are welded to the srpportlng steel block lylng belowrdu
_hthe 1ower shear box..The deta11ed arrangement of he' shear:f..g'

;box 1s 1llustrated 1n flgure 2 13.

"-nf_fThe‘ frlctlon between steel rods and brackets anq arms 8

'1n mlnlmlzed bY sm?ll bearlng frlngs.. Sllp»:bearlngS'ﬁare5f

vbplaceS»_ini betueen -the lower shear hox a@d the supportrngff‘
f;steel block so that the shear box can move relatlve. . the*;f"

Q*stand ulthout much frlctxon,_The lower shear box 1s drlven

-
4

.:by a steel rod connected to the gear box (not shown :in 1thé7l“'

';fflgure) whereas the upper shear box is hooked up to a loadl'

st

;cell whrch rechrds the shear force.‘fﬁph.ii;'Qﬂ,ﬂjg”iffpn%i%f‘

The upper shear box 1s allowed to translate onlyo,-

fbfthis"vay,‘:both- sample toppllng 1n the shear dlrectlon and'

[l

4?,.“

Cpe ;13&-;v
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e

_ | S
T [ T T S S
,..samplb,tilt;ng.;sidewaysﬁduring,sy%ar,’are‘précluded;“"p v

S o

(N

/

dlfferent stress levelse The de51gn of the load cells can be f
found J%?the appendlx A..~~;lvli;gff»:32f_f'"p?tf ; |

e v-;

The vert1ca1 and homlzontal dasplacements were measured

b}kllnear:.voltage dlsplacement transducers ‘(LVDT).; Both R
4 | v

u“ : dlsplacements% and hear 1oad uere reconded on the x~y y'
o recorderi whlch could plot fvertlcal dxsplacement I‘vex:sus :

horlzontal dasplacement andj shear }oad versus horlzontal

dlsplacement graphs at the same tlme.kg}f

v . ', ;,._‘ : PR

a4

\All tests pgrformed vere- done*'in temperature ahﬁnﬂi
' N ,
humldity controlled

ey 5ronment. The temperature uas'at ‘dg;
: : I e
20°t1 C ulth a. relitlve humxxlty of 50 percent..m~-‘;3“’j
'Z“»-~"rThé prepared samples were stored d;inp;fthéef same
env1ronment. A mlnlmum of tuo weeks was alloved for samplespo”'

}:j4 to Fome to an equlllbrlum condltnon:v fsurroundlngs

before they were sheared.nﬁ

2. 3. 2 .&etereel '._..' ‘n.t._ A 1 T

@

Affs( ) Unla;;al ggmgress;_g Strength‘ Oc

e . ‘ . e S ’ Lo ,‘., o

-Threeq'metnods were employed to compute the unlaxlal

7“*compre551ve strength (Uc) of Tyndall Stoneﬂ and Stanst_

'o:ntlload strength test Tan. (111)



50
e échmidt’hammer index_test. »hi

- 5

/

./7 _Three--Cyllndrlcal Tyndall Stone 'ahd

//Standstead Granlte spec;mens uere cored from the ‘15 2“ cm
s - :
ya _square blocks. The ends were then flnlshed at right angles_*

ko cylindricalf

“to the long axls of the sample. This was done by p051t10n1ng'd‘
. the spec1men 1n a RM-830 Rock Spec1men Holder pollshlng thef
.ends . u51ng va lapplng nachlne employlng tuoo gr1t lapplng'
'f":compounds. In thelr f1na1 form. the spec1mens were about 2.3
“l‘f cm in dlameter and '5;Q¥ cm in‘ length Thereafter,r these‘f‘
( fspec1mens; were; tested ~in a CQMpre551on testlng machlne 1n‘
j{the Mlneral Englneerlng Departmept. It ‘vas - Unlversal Testlng

!

Instrument, Model TTD nanufactured by the anstron Corp.,

-

-;Canton,g uass. Both the load frame and load ceil had 2 89 kN/// '

~.capacity. ’f T ,; ' T ““') l"sg; ”g-/

'k o0 The loadlng rate vas 0 508 cm/mln. The"mec ured faﬁxurelry"
N ¥ , .

}loads of the. spec1mens' were then d1v1ded ”hhj'_fthe B

correspondlng fcross sectlonal areas to obtaln thb/unlaxlal'

r?.

K strengths of the rocks - The results of “these/ tests are.

» llsted 1n table 2 2 -i.i' ’_ N f""_‘ ‘ng

(id) Pd.i..nz.‘_;gac.ié m:. Iest v
The - pdlnt ” load f‘strength Wtest'v-for_ strength
- clas51fleatlon of. rock _materlals descrlbed by Brock 'and,i

,'1Frank11n (1972) 1s an alternate method to compute cc. o ;o
‘ = : - & e T



o

TYNDALL STONE -

" STANDSTEAD GRANITE

T

R

: e ~ 'Uniaxial compréssion Uniaxidl-compreséibﬁ;\
o .- . stremgth . .. .7 sttength'f:QQ

Cylinder test 1 35.91 - :; ) L l1I9;33:-'ﬁ>ﬁ.§f.f S
ST O R AU Y 3o 7SR
76.87 o . .‘y‘ .'. :‘ .

v“‘ . \J . ",. | ..» __‘,/T,

i

Point:loed stremgth - 76.99 = - ¢ 142.27 . -
' test 11,99 147.17
. L - " o 0137.36 ¢
R ’ B e . " 121.66
RO T 132045

Schmidt bhammer. . . 66.90°7 ", - . 144.00
“index test Db .. , L - o

~‘,. )
L

‘Supplier information -  62.87

"Téble;2.2:tiﬁes*qffuniakigl‘éompieséioqfstréngth'bf'Tiﬁdall_-*
" Stone -and Standstead Granite. brained from different methods

. .« .
plt e



?ive“‘granite and ftwo,llmestone samples were prepared

, /u51ng a dlamond saw, They vere rectangular prlsms with "the
"average helght belng 5 7 cm and the u1dth 0.2 cm. 051ng the

-fp01nt load strength method\ the compre551ve strength of fthe’

ftvc rocks 'vere determlned The results are llsted 1n table

) 2‘2. .

SN ey

Mlller (1965) suggested the SUltablllty of the Schmldt
_ . N
hammer' to. estlmate the unconflned compre551ve strength (Oc)

of rock The Schmldt hammer 1s a 51mple dev1ce for recordlng

S ‘the rebound of a- sprlng loaded plunger orlented normal to a o

rock - surface after 1mpact 'wlth that same surface. Mlller
’ found a reasonable correlatlon between the rebound number

(range 10 to 60) and the+unconf1ned compre551ve strength of

Hbgever, a better qorrelatlon vas: obtalned when he

.mul plled the rebound number by eﬂ dry den51ty ofllthe"

.‘rock:;' s , R T e
log (Gc) = 0.00088 7n+1 o1 (28) -
where Jc = unconflned compre551ve strength (Mn/mz) S
_57hjv"¥. dry den51ty of rock (kN/m3)
R

R

U51ng"th Schmldt hammer method f1ve tests of each

":rock wiﬁe made. The results are‘glven below- h'

'fTYn§§11~Stone5:-

1

Y = 23.90 kN/u3 (152 pefy / o

: rebound number’ ) _”ff"“-f AR SRR . f{i"



1jg;=‘uo, 37. ‘4, 38, 35
lnean R. 38.8 B

% = . 190 nN/mz_-f__f“;‘* "

:‘StahdsteanCrahitehsnf 26.10 ku/ns (166 pcf)
S f':_f°§}=‘52;hsu¢ 49, us, us

hhMean?B. 50 -
hiﬁﬁd ;d¢$%j1ua 00 HN/nZ

The above résuifs.hfbgethet. "1th{-:the;ihCOmpressiveV‘ s

g.strength _of Tyndall Stone obta1ned from the suppliers arey'

.'Lalsoflistediln table 2.2

N

: As shovn 1n table 2 2, the averPge un1ax1a1 compre551ve
- v %
h“strengths obtalned from the cyllnder tests are less thanff

»

”ﬁ'those obtalned from other methods. These lover values may be;h«l':f'

,explalned due to faulty preparatlon Hof the ends of the_ﬁ"

'jjsample- thelr not belng parallel.‘Buckllng fallure 'of ‘someffalff'

'spec1mens .was' observed in. the tests. Therefore,.unless the.‘
o / : o y .
‘Y

.'ends of }iké- spec1nen< are vefy carefully prepared the_;v ’

';fstrengths are too lov. Other posgﬁble factors affectlng thev
C G HE
'_*results 1n the un1a11al COmpreSSLOn are dlscussed by Coatesr‘

.(1970),‘ ;\"h ;"h}{l'h o

ihe compress1ve strengths from the polnt load strength;

'test for the granlte spec1mens fall wlﬂhln a range of valuesf:”

‘between 122 HPa and 1“7 nPa hav1ng a nean of 136 MPa.' The:»lf

4

average value for the same rock from the Schmldt hamner test;“

.

N
A

'pis% 1uu H??h thch 11es w1th1n the range of the poxnt-loadﬂf.--'
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EX TN

‘strengths. Thls good agreement 1n strength between these twog,‘
\\

‘methéds can not be found in t_eﬁ Tyndall Stone- spec1nens RS

where the strength values from both methods are greater thanif”

l

'}the compre551ve strength obtalned from the suppller..
/ - _ ) - N

“!g‘Ini v1ew /of this, for the purpose of thls study, the :

A
‘-value of Oc for thé‘&yndall Stone 1s taken to be 62.87 {MPa‘
(9112 p51) and that,.for“‘thef Standstead Granlte 136 MPaf“

.‘ (19740 p51)3* S ) ‘,'7'_'t _ l'”bgif-'“

—— e

- sy Ba'si:c_rr'ff_rictign‘-.Ang’le 2 | o

\.As noted earller, the peak strength epvelope equatious.
»~ufor‘ rock dlscontlnutles 1nclude the ba51c frlctlon angleg
¢b. Ideally, thls quantlty should be determlned by dlrect.' |

g

shear test1ng on flat art1f1c1ally prepared § Taces. t'

‘-fefjw* Patton_ (1966) suggested u51ng rough sawn rock surfacesvul

5

"-}fand Coulson (1972) employed surfaces prepared wlth #80 grltjf*

‘3(5111c0nf carblde grlts) whereas Barton (1971) used surfaces{Vi-ﬁ

:yprepared by sandhlastlng technlgue.t

- . ;__qg" o , i :
lshear-testsvfor fth“ determlnatlon of ¢b should be

‘vcarried outivoyer a‘range of normal stress levels to ensure,
';that “a llnear relatlonshlp between shear strength and normaly
’7fstress wlth zero éoheSLOn 1s obtalned. Thls 'precautlon ls_i'

s necessary because the shear strength at very low normal

”fstresses can be 1nfluenced by extremely snall asperltles -on?,v"'

P

rithe sample surface."lwg ~'f';u;fh“;ﬂ.’. o



.

"fxﬁn this study, ”surfaces;:uere prepared‘ u51ng (r) a.
E dlamond saw, (11) qu dry sand paper and (111) sandhlastlng A
”aimethods. The 5 08 cn square (2x1 half) samples uere used #orh
.V.each type of rock. Flve‘.serles of samples vere prepared ‘,‘f ;
'ﬂtenplizlng each method of surfaces preparatlon.p Thereﬁore, ’

V'ther was’ a total of 36 samples.»

TR N P . A ‘ o
. N s \ B RN

ﬁ"Beforef“thel actual -shear tests were carrled out, thef

:rsamples were tested on a t11t table. The angle (a),'measured_.ﬂ‘f:'

tfﬁbetween the tllt table and the horlzontal reference‘ plane,

xjat whlch the upper half sample started to s11de was recorded

N ey

e

ﬂ:xand.was usedltc ccmpare‘wlth.the_ﬁ?j
Samples tested in tho tllt table were’then sheared in

B
PP in

??the 89kN dlrect shear machine descrlbed earller (U 5 kN 1oad

”»3f1ncrease then, the normal load was 1ncreased and the test“

'fgbcell vas used). Four of each ofu the 151m11arly preparedg

.fsamples vere sheared at dlfferent normal stresses and ‘the 3
_ . 0 N
f.remalnlng sample was. tested by stage-loadlng.jhll tests were»;*

'srun dry at a rate of horlzontal deformatlon of O 052 cm/mln.»

e . e {:” , , _vfg S
"”YA'stage-test'was-achieved“”hy 1n1t1a11y allowlng the -

;7i;sample to deform horlzontally untll the shear 101d ceased “to

;;jcontlnued untll the shear load had once ‘more. 'levelled Soff.:;9wh:f%-f
:ffinl thls..vay,f§‘he‘ sample 'wash step—loaded to the hlghest;

v_des1red normal load. The advantag@ of such a test is thataﬁ
;_aoniy ef sample *fs needed to deflne the shear strengthl'alf_l' lp

envelope of therrock surface cons1dered. ff ’

[
-
t



= 56“
After shearlng,‘upon renoV1ng -the sanbles. from theht
‘ shear :box,. surface, damage features such as rock flour and'n
hpollshed areas Here observed./ All 'surfaces',suffered some
degree of damage durlng shearlng and the damage ¥as marked_-
”dln the stage loadlng fallure surfaces.~_In general -mdamagexy

'1ncreased wlth normal pressure.
“Typicarﬁ shear—fIOad'-vérSus dlsplacement curves for

'.'51ng1e and stage loadlng tests are shovn ~in flgure 72;1y.;

w

'From,\these curves,_the shearlng re51stance correspondlng to o

the JOlnt vhere the shear load began 1eve111nq off was notedlri;*b

“h

at each normal load. The shear and normal loads.vwere thenfdf;?h

‘:_a) ‘ o -

‘-d1v1ded-‘by"thex'lnltl ”area'~ '-obtaln. uniuesf_of ftheu

':5f;;respect1ve stresses. 0 ce the stresses ‘had ' been 'computed‘

'%'~>the1r»> angles of frlct

n, [arctan b(peak/normdl)] 'were

‘tabulated, as shoun 1n ta‘

‘from‘”theb tllt tests. The followlng p01nts can be made from‘
'*study of these results-‘ﬁdarf'“f R : ‘.\'-;-- S

L(a) There is’ no systematlc varlatlon of the€basic,friCtion"

’Qangle, ﬂb wlth normal stress-»for both 51ngle _and

. \

'fstage—loadlng dlrect shear tests u1th1n each method of'
;,surface preparatlon. .h;hift"f:%% R i
"(h)::iTh dlfference lln ¢b obtalned 1n the varloUS dlrect;f“
| “1shear tests betueen methods of surface preparatlon :isiw
51gn1f1cant. ThlS_ mlght be the resuits of dlfferent::

hdegree of surface roughness from vvarlous imethods ioft'

: surface‘ preparatlon. fThe" computed ‘mean ﬁb from thef"

er 2 3, together Wléh the, results"v

v;Stage-loadlng tests 'iiﬂ”higher than’ thatx_fromgfthev} “
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,51ngle—load1ng tests. (except in ' the cage

Standstead Granlte surfaces prepared from the dry sand

N paper method)._

.‘\—,

-zlfo)‘fg1n~general the standard dev1at10ns of the mean z% are h

B :
'=,,lover in the stage—loadlng than 1n the 51ngle loadlng

1'tests. - In a:'stage-loadlng test,,onlx_one_sampletls
dh‘employed whereas iinlithe other 1seVeralf'individualfl

,simples-are _tested. .ihe dlfference ‘in. 1nd1?1dual '

~ microscopic surfaqg roughness fisf reflected 'ihjgthg I
\ = A

h\gher values ' of the standard devlatlons of the mean_f

\

Sy’ There is a 51gn1f1cant dlfference hetween7ftheh mean"'

_.\ A

db obtalned from the dlrect shear tests;»at \the~_lowd;:

normal stresses. 3fn ' ﬂj* AR .' SRR
A\ e Ll ' :

'f(e)thF both types of rock, the sandblastlng method glves.
"“the lowest 'mean 'ﬂh the v gle-loadlng tests;f
. N .

rgMoreover,i by comparlng the mean ﬁb from the SLngle-‘:
”’;; loadlng tests.wlth the values:winu table §;~Tfor both d”

f;rocks,:roonefvsees that the"wbﬁ‘ o;talned from }theh"
;sandblasted surfaces fall 1n the suggested range of':

'ffthe ba51c frlctlon angles of varlous unweathered rocks‘;

'fllsted in the llterature.

In- -vlev' of these results, the values chosen for thlS

p‘{‘study are ﬂb 33 5 degrees for the Tyndall Stone and ﬁb

";30 5 degrees for the Standstead Granlte. The 95% confldence”

‘_f llm;tsﬂfor these mean;ﬂh'are ;30;9&' to: 36.06 degrees and:‘”'

AN

59

of the .

: fallurei angle, a obtalned from the tllt tests and the~ﬂ;u



27.45 to '33.55:fdegreesf for the 'Jiméstpne and granite
. respectively. = . Y '
,2-3.3 Tilting Tests . . R
"h'“"Upon theficompletlon of .sample PteParal”og, vreach‘
fractured sample was labelled to dlfferentlate

top half~3

'”»(T) from t e botton half (B). It waS' then'

4

tllt

Bruce (1978)_" is a” srmple 1ncllned planelh—fr/ptlon

apparatus .in- vhlch

half clamped on the plane vhlle the top half 1s suhjected to

sllde relatlve to the bottom half when the plane 1s tllted.g

When the top half beglns to sllde, the angle of 1nc11natlon

-f of the plane is noted. The angle is termed angle j.d
' - . S - v;‘-"' B

NN

Slmce a surface would be sheared 1n ‘th dlregylon as

4

- shown 1n flgure 2 9, 1t could be sheared 1n two ways, elther‘

vft'uphlll

downhlll : along the‘ 1rregular1t1es.w;

'; correspondlng strength' obtalmed _ would . be

subjected to' a R

test. The tlltlng apparatus was descrlbed 1n detall byf=

a sample 1s pOSltloned wlth the bottoml"

;Tue'jf”

dlfferent.r,f

Therefore, two talt tests were performed for each surface bym,u,

'tlltang 1t in: the "forward" and then "backward" dlrectlons.

The small ang e (a) and the dlrectlon of motlcn were\denoted

by arrows whlch 1nd1cated the way the surface would frnally_g

be sheared in the dlrect sh.ar box. *:' N

All the tllted

A
half rotated about yts lowest

p01nt of contact

\és' fa11ed 1n°topp11ng. the top.hf”

Vlth the o .'

'”: bottom half.g Toppllng fallure was. seen. both in the forvﬁrdlfh v



hgfreglons 1n thls dlagram ire as. follows-“'

;_.., .v."_,'» r . . " o

"and backward dlrectlons. The range 'of aj:fggﬁfés granlte

bﬂ"surfaces:-vas betveen 52 and 85 degrees uith a mean Value of

3

'59%8 degrees. The rangeLof a for 90 llmestone-»surfaces was
e

,betWeen 56 and 75 degr

1“De?reitas and{watters (1973) studled }hef toppllngz.
-;fallure mechanlsm by con51der1ng a block Jf rock restlng 7ondj,dg;
'an 1ncllned plane as'. 1llustrated 1n flgure 2.15 a. The blocktf:fnd
'f-ﬁas-‘ helght h and base length b. It 1s assumeduthatlthe T

force reslstlng dovnuard movement of the block fi due .totaélﬁ“

‘frlctlon only.

f_when the vector representlng the welght w of the b10ck'fff?'

'falls Hlthln the base b, slldlng of the block Hlll occur klfﬁji”

’the 1nc11natlon of the plane ¢ (same as a'ln a tilt test) 1s"

u1th£a mean Value of 60.3 degrees;]'

<

7§greater than j he' angle of frlctlon‘d However, vhen the;"

‘\“‘\

u:.block is- tall and slender (h)b), the'_welght vector 'Wd{can;;

~

':'fall out51de the base b and,.when tth happends, the blOCk;f:‘

l !’ .

awlll toppleﬂifn‘j

The condltlons for slldlng and toppllng of a block

”?,an' 1nc11ned Plane re' glven in3 flqure_ 2. 1Sb- rhe f9u3»571'*3

‘ s | B It

=N ’.

T-Reglon 1

- wlll nelther sllde nor toppl'

| JeexonZ

¢‘> g'and b/h > tan% ‘ the

“f 1t'w111‘notntopple.,

¢ < d and b/h > tan¢'. the block IS_fst&bléﬁiaddf:

lock u111 sllde buthﬁ

\



N

EOTER T o Stable block .

R I A )
“Ib/h >,Tan~'~’¢'

‘Ratio b/h -

-

" sTiding only . -

AR

b/h>Tan ¢

e

Toppling-only

L

DL shidi
e

n§ & 'topApl'llu
V> 9.
< Tan ¢

v

2000300 b

Base plane ang!e w - degrees

L,['Figure 2 15b Cmuﬁlions zor alidin
rs;on ‘an. 1nc11ned plane (De Freitas

50

g a41d 'to
ha:

[ ’_.. "
. s B

70 ~Asoj_jﬁ90.f7

PPling of a block
d Watters 1973 )




L .. L .
o . . R

‘"j,b/h < tanqp,.the block wlll tépplé;ﬁht“f

<

R = .
=]
A

'Region 3

;ftfsllde.-pn‘” i

*‘Régiaﬁf“; ib/h < tan¢', the block can'fslfde; Aﬁafrf'"
“toppiéégt the ‘same tlme.‘d' ' |

th IR 4

ie;quﬁcrlterlon of re 1on 3 uas applled to the results of*‘;r"“

T tests on .rock surfaces performed 1n the tlltlng apparatus.f'”

E Slnce these rock surfaces toppled

; they had to’ sagasfy (1)a . 3?Q3““th
r’

< ﬂ and (11) b/hi< tan¢' The dlmen51ons for the top halves“if’;.'

1

N

,_he arctan (b/h) was 59 degrees wh1ch$was less;“
' .

than the mean values of « for both rock surface" therefore,;-ff”

Y
e L o~ .
AN

b/h < tana uas satlsfied. No. v151ble damage\to the " surface

vere measured and fcund on\qverage, to be b = S 08 cm and ht;

irregularltles wac observed after the tllt testst ThlS m19ht }lél”‘l
i“be du; to the very small efﬁectlve normal Fress“re\generated .1;%{:idf
"X by the self "elght ¥ °f the top half sample. In general; the R
5 pressure was less than h kPa. The shear mechanlsm 'at thls‘ i A
v';‘LLH7~stress 1eve1 would be controlled by thﬂ'"slldlng-upn fﬂlftifJ'\
gxde (Patton, 1966).‘_{” 5 L e T

- '~"q A lower?bbund on the angle of frlctlon {in; flgure

5fj2 15b éould then be the effectlve angle of 1nc11natlnn plus

“ﬁithe ba51c frlctlon angle.'That meant ﬂ ; + ﬁb and ﬁ

other

i

ffwhlch satlsfled wth b"'ement‘ for fallurel in: .;;fﬁf“”‘”

'.j?"'_'.‘toppllng., |

*~{1ast section..(ﬁb—33 5, leestone-'ﬁb-ao 5 Granlte) and the SR

f.ranges ofoc, one could compute the approx;mate ranges \of

o e




of
o
: surfaces. For the lluestoﬂe

effectlve angles 1nc11nat1

: Slll‘

bet 2245 and” u1 5 degrees o

:i?n
deg ees for’ the granlte surfaces

/angles ;agef very ‘ ough as mlgh

i

/ ten51le fractures of natural roc

roughnessljdh‘ shear'»strength

very 1uportant. Detalled studles

’fthelr

'wlll\be presentéd 1n the next ch

L.

relatlonshlps Hlth the pe

[aThe testlng 1ronment W

,earrter. The drrect\sh“r appara

2. 13. The shear load w_s app11

mifassemnly Power%d‘by an elfCtrlc

6

/ dtapplzed"wlth_ a dead elght

Y

'Vertlcal and horlzana} defOrmatl

o

The shear load uas measured ulthh

load cell outputs uere fed and c

.

vhlch permltte

\l.

X- y y' . recorder

’
dlsplacement and vertica1~horlzo

Q

; X \' R 5
e o
w “The f1ve 1oadv cells
.-J‘L URD . .
compre551on and were aSsumed

( e

fa tors 1n ten31on.

i

“lever |

de51gned

’V“ngach sur face ¥as airblown ‘to-make sure it

-pf‘-tvc

on 'types of

\

renqe

rock -

faces-tthe‘ uould be

herea% betveen 21,5 and 5& ‘5.

. Surfaces hav1ng these i41

t be expected frbm the fresh f

ks. The effects f‘fv surfaceh

qf these surfaces is clearly.'

of ,surfgce- roughness--audT

k- strength of rock surfaces*

Lpter.

as the same . as descrlbed

*us is 111ustrated in flgure¢
d by a gear box qharn drlwe
botor. The norual 1oad was

arm, arrangement.

‘u'

ons)were measured ulth LVDT:Q?

oad cell. The.

LVDT andﬂ

alxdrated to the axes of. thea

d magnlflcatlon of the load-

re

ntal dlsplacement Furves.

b ‘

uere 'callbrated

to glve the sane callbratlon~t.

"was -clean,

Theﬂ'

[N
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hthe dlrectlon' of shear was_checked, the. 1tt1al shear areai'
‘was measured and the de51red nornal load was co7puted before'

*the machlne and the sample vere’ assembled.AThe ornal load{A

wvas then applled and. the 1n1t1a1 readlng on the x-y-y"i‘
"recorder\ndted,?ﬁhen“the-set-up~ vas .- completed, horlzontal» ‘

e

,'deformation cf; the sanple vas started Knd contlnued untllf -
g . ' v ..vi\
the total deformatlon was approxlmately 0 7 cm (whlch» waS-- L
‘ oo N oy
ahout 3? percent of length of the surface in éhe d1rect10n g

'“Qf.shear). At thlS Q01nt, the normal load vas held constanti]7

'ﬂfand#'the“'dlrectlon of shear dlsplacement reversed t111 the .

—

gshear box was back in 1ts 1n1t1a1 p051t10n. ThlS uas dqne7ir<-

-\
hautomatlcally by the reversal sultch. Both the reversal nd'rr"
R N
.on-off swltches vere set 1n~between the dr1v1ng gear box and-'
BEEY A «

. the shear box as 1llustrated in flgure 2.13. The 'tﬁp netal“

‘ plates.auh;ch vwereg clalped ft thQ dr1v1ng shaft could be”‘lx
7fanus£¢d to ahj”deslred';posrtions‘vas to yhenvfthef shear_hﬁil
expe;ihehtfreversedfer;sicrhgdi".*_r'rf%f’:%»i:. o

-?het.“PPe‘ shear box' was flxed relat1ve to the stand];;

V"th1le the louer half advanced or reverse”_ relatlve ’t§hﬁf#€ h ’“
tﬁoper box-‘ S TR PR

.Qfﬁ*s All tests were’ run dry at ‘a rate of defornatxon ofﬁhhf

. : . i
OoN

' 0 052 cm per nlnute and all experlnents vere begén Hlth Gnéi_*

rock 'sanples. . h; tHls\ way, a total of ue granlte and 06

A
\

vy

i Llnestone surfaces uere sheared.. The effectlve : uqr,mal./'é
' stresses used varled from 173 kPa/xo 6900 kPa.

.va"

L I e TR T e e e
. gpon :empxinq-thé*Sa?piestﬁéoiythe?shear.b°¥.éfter“theev~;'

A



test, 1t vas, notlced that th tual area of contact had
'been \very fsnall.‘ Th #pproxllate percentage of area of

icOntact forithe llmestOne sheared surfaces was about 5 -to
I]_30% vhere S for rhe granlte surfaces 5 to. 20% was observed.fhd
a_hgtyplcal -heaned“s“rface’°fjea¢h'rtype Fi$o lllyst:ated',ln
figﬁt§,211§e'rld;~ﬁ_ r'_ji;h:”.. e

(RS .

Durlng every shear box’ test performed, a sharp cracklng\

:_sound was heard, .Hlth hlgher 1nten51ty durlng test;ng of

':qranlte samples,HHTh ,.occurrence.tof the X@racklng sound 3\
fcoincided Hlth the attalnlng of the hlghest shear load as;_,

.‘~

x;recorded on the 1oad~dlsp1acement graph.

243.5 Qggggvagiggs Dy 1ng Shear Tests

For each of the shear tests run, two curves, the"load :
Vversus\\ dlsplacement 4ﬁand vertlcal versusf horlzontal
7;fdlsplacenent uere obtalned d1rectly on the x-y y'i recorder;,f?

;Typlca}‘ Curves 'are '11l“SFr3t€d .i' flgure 2 17a b c,d 1nf”s

k  wh1ch dlagrans a and ‘b reﬁreseuti curves3 for

P

a llmestone .
surface and d1agrams c and 4 for a, qranlte surface. )
Both load—dlsplacementb curves (dlagrams b and dv for’j{

'm,the two types of rock surfaces had comion- characterlstlcs;xv

fThe ;shear forcg gradually lnct°ased to a peak as denoted by,a’
A T i .
o pplnt 2 and fell sharply vzth lncre751ng deformatlon, f?hé"“

LY

3peak vs; then folloved hy c9n51derab1e fluctuatlons but at§aﬁ
d“larger dlsplacenents, thé shear force decreased at
fjxdecreasrng rate and f1nally tended to an ultlmate value as“ﬁo;

.- s
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=,deformatibn

‘Forward motion
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urface=51932 R
 Normal stress=3450kPa -
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Figures 2\176 d P

“vertical vérsus: h rizental ‘displacement curves. of .
artiricially prepafe_ Standstead ﬁfanite surfaceé
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fﬁdenotedhhy’agpoint'B.jIhis:uas]ternéd'fhé'PBStfpeak-valueffi

S The reverse post peak value Has then taken at - ‘a: 901nt \

when the sample had returned to the same p051t10n as 1t uas
at the p01nt B, S1nce there-{ﬁas' sdne compllanqe fn‘ the vff'

‘;emachlne, thlS' meantf that .the reverse post peak value was

-

M]fread at a Pant C, to the left of p01nt B;;‘The{,amount of

'.fcampllance 1n the machlne was denoted by an x,‘*gff}p*ijjﬂi.7

an' most- cases, the fall 1n shear force after the peak
1 E

d?was sr rap1d that the machlne was unable to follow 1t. Thlsi‘h
:phenomengn 1s expected for tlghtly 1nterlocked rock surfaces

‘»f(Jaeger 1971).5

7,\ A ’dotted path was constructed from the p01nt A to the -
‘ : v
rest of the curve to shou the sudden fallure of the sample.u

ﬂThe‘ horlzontal deformatlon1_correspond1ng to the‘PeaKrEas;f}
Gemored Bydn. oy

L

: The portlon of curve above the reference i:ﬁé: at the_f';
'~'orgln nepresented the sample 1n forward motlon whereas fhe o
':fportlon below represented the reVerse motlon. The load celh“‘

‘ jwas 1n compressxon vhen the sample vas 1n forward motlon and

' ten51on when the sample reversed.‘j'

s e

e As 1n the vert1cal-hor120nta1 curves (dlagrams a and c)

'gfaga1n poth types‘ of »rock ,sg;faces showed some connon
:{gfeatures. Theoretlcally the upper half block vould begln to

:”@rlse relatlve 3' the ,bottom half when thev horlzontal
: - (€ S L o
-,{deformatlon was started unless the normal force Va§:{h19hﬁaV

,:_0-. :



- fenough that dllatlon vas suppressed. However, due to the.
_{‘dlfflcultles of obtalnlng perfect seatlng of - the' surface,"
'fsome vert1ca1 dlsplacement § curves , vould begln .vlth_

fj‘contractlon flrst as the hotizontal deformatlon commenced..

‘fiLater on, after a snall horlzontal dlsplacement the seat;ng"V',

'lwas overcome and the top half began to dllate gradually.h;ﬁ
- Dllatlon contlnued unt11 1t reached a p01nt vhere the sanple"_’
falled suddenly, the vert1ca1 dlsplacement Jumped so rapldly

‘Athat 'the machlne ﬁasf unable “to follov 1t. Then d11atlon,

_=§pnt1nued ¥ vith . deformatlon ' at__ a" decrea51ng ‘.rate._,'”

r“Con51derable fluctuatlonsf were also _measured here. Thlsf_ff"

appeared to be the result of the rupture of asperltles.
v S
, L BT

grn~mo§£ shearutestsﬁthe dllatlon rate »became almostiJh’
'iero‘;or neuatlve at the \ultlmate deformatlon..whgn the%
" ~ :
Msample began ln the reverse motlon, no . great change :inf.the:
fvertlcal deformatlon- was recorded for a short duratlon and~*

'appeared to be the result of the slack 1n the system. Uponﬂ

hzovercomlng the slack, the sample began to contract untll 1tgﬁ"""

’v;had returned to 1ts 1n1t1a1 posxtlon. As seen 1n dlagrams'ﬁafl'
A ‘

_ﬂfand c, the reversed protlon of the curve vere hlgh above the

- v

~,advanced portlon. The dlfference betveen the reverse and

‘fOrward curves could be the thlckness "ofxitheT detrltus of

y

';ﬁbroken asperltles 1nduCed durlng shear, _as a pernanent

;“vertlcal dlsplacementiwas obtalned at the or1g1nal pOSltlQn._g,fi

: The peak d11at1 n angle (ed) for a shear test 1s ?ééuai,”“‘”’

‘ft¢“°thét lnstantaneous lncllnatlon dV/dh (d”

'*vertlcal




'Phen°me“°1°91061 paraneter of Shear strength 51ncevfor af_“”'

~-

"Therefore, the
;corrected'tO'tht

‘plane“ is" the

’ asperltles above ahd below 1t. (Detalled con51derat10n ‘ofh

':oblocks asslllustrated im flgure 2. 18. f;ﬁ[”"

hidisplaCenent;7dh horlzontal dlsplacement at failure) of “
Jﬁbthe, shearlng path at peak load, relatlve to. the mean plane:V”

Barton (1973’ Suggested that t-siélf?f 'very powerfulzt"

glven normal etress it represents the m1n1mun energy path.nL

betueen a slldlng up and a shearlng through mcde of falluret

:'In‘"thisl study, the dlL:tIQn angle was taken to be the
‘J"slope"of the dotted path ,in dlagram a:for» c,f: uhlch

represented 'the, lnstantaneous shearlng path at the peak.

!

.

1

mean planes w111 be presented 1n the next chapter);hp,:‘““

."

Ta
o~

2:3.Gi_gtggpgégétionfggf§§ear_TestfbbserVation§}r:“'

e

h;a31de\for the present belng and consxder some 51mp1e =1ldlan‘”

Ce

'ar strength value and dllatlon angle were-

lurface nf contact vhereas for rough 1rregu1ar“u

.*‘f:fh two flat. clean half rock blocks (dlagran a) slldeﬁi;v_f?

' strength relatlve to the mean plane of the rock surface.ff”
‘mean plane. Por flat surfaces, the ‘mean -

' .surfaces,'ltlls taken to be the plane that ylelds a--zero”"

7; value for the-v fnl7offptheg‘anp11tudes: or helghts of. thef}p'

fTheﬁ guestlon*was ralsed as to how the shear parametersnfg_:

1-are corrected to the nean plani Let us put thls questlon;f?Wfﬁ

:on each other along the mean plane under a shear lOad S -and;:jf

”"-}a: normal load N.vThe frlctional component 1s descrlbed hy S



Figurc 2 18\The rrictio

‘ﬁ, subjected to ahear

“S=N tan(@+B)

B ,S§N taﬁ(¢g+i+8)
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Ntan,ﬂb. If the mean plane is: "tilted”»fdhj angle vfﬁ;au
:["agalnst" the shear load, the fr1ct10na1 component wlll bev--
'Afdescrlbed by 5 ; Ntan (ﬂb . B) ¢ as shovn 1n dlagram b uhllerlu

g'lf tllted an . ang&e ‘B "away"'&dlagram c) from the mean plane,»n'

"then f'lf= Ntan(ﬂb < By. If a. regular asperlty vlth anf,"

"1nc11natlon of angle 1 is. superlmposed on the rock surface

'of dlagram b, the frlctlonal component vxll be descrlbed byg-‘

. 5 = Ntan (@b + i+ B) as shown in dlagram d supenmposed on

N

'<the rock surface of dlagram C, theﬂ Ttan uJb + 1‘- B)-aS]f'*

"‘;shoun 1n dlagram e.mfv

. .

- However;_ if -a- seylfdofzz-irregular_ﬁvasperlt;es g'is;g

'”Superimposedff'on:‘ the[i

"'1llustrated in dlagram f, the resultlng fr1ct10nal componentm,

I

'lface of dlagramsffb,'\as:}["v

'..'wlll be descrlbed by S -/Ntan Udb + ie +[B) fatiflow”,ngrma;f-"'.

Y /

Aloads,-‘ uhere fie' is ‘the effectlve 1nc11ﬁaticu.‘cf-ﬁthe{f-
TaSperltres (Patton,.1966). Hence Qf damage‘ of aSperltlesaﬁf

”Mfwlllb dccur.i Hhen. the normal load 1ncreases, damage to the'

Elasperxtles recults the frlctlon re31stance Hlll ?e descrlbed f'

s'fby S Ntan (ﬁh + 1d * B)vhere,@h ffs' termed the ultlmateﬁ‘jﬁfsv \

e

f@'fr1ctlonal angle obtalned after large shearlng dlsplacementS";

'”'have occurred (Krahn. 197&) and 1d 1s the average effect1Vef"

- incllnatlon of asperltles, vhlch have not been damaged tof??i'f'f»v

- sheared ;off w1th dlsplacement. The degrei;of dan ge or. thusdff'

f the magnltude of 1d depends upon the effect1Ve u%rmal 1oaduy'

'expected.¢d””

“.‘_

- and because 1d varles, ”a; curved strength envelope lsg:“‘




. :“”_.iy_rhﬂ" !f'fﬁ‘_‘ '\l,l§»7jfﬁ,¥fffﬁ
The value of,ﬂh _for natural dlscontinultles 1”7Fu¢f§ji |
, equal to that of the ba51c frlctlon angle, ph. The p%
.determlned ni flat artific1ally prepared surfaces iva‘
p’flntended to he ar unlque value for the rock 1n questlon :
:(tab1e21). The ultlmate frlctlon angle 1s determined on rock &dwt
"»surfaces from a forward and a reversal shear test fo hoth.;! |
hThe magnltudeA of 7Uu dePends upon the 1n1t1al surfaceffd
‘"a{condltlons as well as the degree of\surface damage after the
;t;test. Therefore. the ﬂ% does not posses a unlgue valuelfor a3

.

' ,partlcular rock but]can be_'smaller ‘ greater than_wtme.Af‘f;ﬁV

f:ba51c frlctlon angle (Krahn, 197“9'\;fh».hhﬂ::ltﬁ}j}?jgﬁ:.
:Tg'complete.the oeneral plgtéfe of‘fléure 2ai8‘the.sa&e 47_3‘,4

degfd of - 1rxegu1ar1t1es faSt lllustrated 71 . dlagram hgrfisfgn'lfgih

hofpsuEerlmpdsed on the rock sdrface of dlagram Co the frlctlon.\}ﬁl

° B

71e,w111 be. descrlbed by s Ntan (db + 1e - B) at 10, normal gjlffi
vxﬂloads and S V Ntan,faéut}t{“id;ﬁ{ﬂ Exysasilthérznormal ,load ﬂ;{ifd
';H1ncreases. The punpose of figure 2.18415 to glve a generaﬂ P

iﬂggldea‘of how the corrected nean plane 1s chosen in order to\d{

“”1nterpret shear data.Lﬁ Wlth thls' ldea 1n mlnd,rﬁﬂth;

R

'Phthe 1oad_dlsplac:1




7% Load cell"uSed =.11. 12kN -.16ad cell

:; |;?§ﬂ. |

i T K
frlcﬁiOn laﬁéléﬁi the fOKVard m "ullarly u51ng thefl'”*
same argument descrlbeﬂ earller 1n flgure 2.18- dlagrans' CJ

'f_ef and 9. the 901nt C along the reversal post peak curve{{igj
'represents the re51stance gontrlbuted by the dlfferenceﬁfjg
between ﬂhr and B, vhere Ehr is the ultlmate frlctlonal?*'

”; angle 1n the reversal motlon.

'Sinoeﬁ‘fhen bfoken ‘small partlcles, from ftﬁe/ falled Lfif

RS
‘&

aspetltles of the.eurfaoe and the remalnlng lntact geometrlc 17
ficomoonean- compllcate.the‘post peak strengtﬁ'/thelmeiiav-inIRH"
. of shearlng along the poSt peak path and reversal post éepk?lt:e

path f&‘eeldom knovn.ofln view . of thls_ and also for;fd7

51mp11c1ty, th ultlmate frlctlon angle, vas taken to be theﬂgff»

P

:‘average of pﬁf and ‘durl They were leetl ﬁ? ‘be the sa_é”;;f*

magnltude when £ values vere evaluated.?

o v

oy§Fo:‘:example,: let us use the kesults ohtalned fr°m the‘*'

:: Shear test.uhlchfhad'been performed on a llmestone surface,tfff“

9 878 dﬁé (1:535 lnz) 3 _._.pﬁ SO
g : ‘3450 kPa:’ (500 psi) S
Rate of deformat;oD,_ 0.052 cn/mlnnte

Load (y) RE cm 294 2 kg (6&8 lb)
s yh) 1cm “?‘
gorlzontal dlsplacement'xxy ‘CR =

0018 Clll ‘

From cu;ves




. '-;':- ‘

y(point A)=¢ +11+B=3 55cm »?w;§gw4'l7;- i f;f{;f"";1_'j' _ﬂ?:fﬁj”
" .y(point B)-¢ f+B ‘=1,506m " N R ‘ ‘ )
y(point C)=¢ ao 83cm S S
Therefore ’ f:a____ . L
(R qu-(1 5040, 83)/2 e =1, 165mnnj5T*}u': R Br o
2@ < L0, gg-‘o m o=0.8%5em T e
| y(¢ Hﬂ) '(3 55“0 5) e =3, 245““‘; B TR e e

[

~ {  Comgutation of shear strength parameterg - e
”~;:;P¢a  strength- before B correction(correction to eﬂr-Jean plane)q' R
IR Lot =3 5!&648)/1 532 #1502, 35psi=10366 ZfﬁPa ’mti' h_‘_;_ﬁ&.rgu L
. Peak" strength -after B cornectiOn" L S e B
”H CoEL a3y 215x648)/l 532 =1360 57psi= 9387 93kPav,7.f B R R
B “Ultima&e shear strength: e ',,ﬁﬁag,.w'-:v« LT
L =(1., 165x648)/4 532 = 493 QSpsit 3401 87kPa SR
Stress drop . ST R
, £1360. 57-493 03 ‘867 54psi= 5986 yakpa BT P T
Dilatxon angle before B. correction R R
KTTj?. -§'”9&-tan (dY/dH) tan 1°g¥%ig%§IZ)=39 67

We'.”%.f ff:,ff?&4:l-5u'f.§jffi' .
C 5 v = ‘
._)-tan (Peak ‘after B cerrectioJ

B Qy;,;ﬁ;! Normal ftreab
2; o

'9387.93 , ”
_Tjgaggﬁ—iz =41831 96 kPa/cm

‘!1" z Peak sbear strengt b 1 f
- ¢I tan (. Normal sdtesa h) '




The above procedure for the computat%onsiioiz;shear"n .

parameters Has carrled out £or each shear experlment on the o
surfaces j~of Iinestone ] an gran1te samples. ' These

-_‘manlpulataons uere performed on the IBH 360 computer and the;;?-\-

o

résults are~-shoun 41n table 2 u for the llmestone surfaces’
annd tables 2.5 for the granlte surfaces. Colunn 1 bf thesev @jfp
tables shows the locatlon of the samples w1th respect to the"if‘f;

orlglnal rock slabs. Coluln 2 shqys the computed~h angles ln

~

degrees.. Cclumn d3;<hows the fallure angles of samples fromf;”
the tlltlng apparatus, 1n degrees. Column u chovs the peakt
, shear. 'strength - values Af the rock surfaces after fa_l-

correctlng, in kPa (kN/mZ)..Column 5 shovs the range of the

[

effectlve.tnormal stresses, inf kPa.‘ C°1uan”6 Shows the\bl‘hd}

average values of the ultlmate strenqth after B correctlons, o

in. kPa.LColummv7 c»houvs the‘max1mum dllatlon angles after ;gigk
Qs.correctlons r?ingc degrees; and.‘column f& shovs the peqki;?

.

_ ;deformatlons, in. cm. Other derlved parameters such pasjfthe :

. . ,.,

time _of fallure,’ streSs,_f'l

o
' L

surface and total frlCthﬂ angle are llsted 1n appenﬁlx Ba.&f

W

2 u Test Results'\éirh" T i

2. u 1 ggak SheQE,St ..h

I8

The peak strengths, after B .conrection; were plotted

agalnst ,th@‘ effectlve -normal stresses as shoun 1n frgures‘.ang
2;1§a,b, (dlagram a,; - l1mestone-7' dlagram f b,; granlte.'>

“ ,-«»,p N

5“‘surfaces),d Note that at each stress level 1n these flgures,'*\p“

. two to four - rock surfaces were sheared .and thelr peak“é’}

. R . ke B

- coy
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K R F e T
o Voot po e
N D VR E -
< C T e TN N . . .é} T - '
. O "-.ﬁ, RS SRR s .
R R ! 6:'
g o S 12f.u 3* . TS »fs‘--?* o 8
J . e ‘ RO . peak . . Normal' Ultimate - Angle < Peak
3 - S . a;l::l;e ;n:le ‘:f:n;le » screhgth - .stress .- sttength of C};lyel
a ! B TR i kpa: ‘kPa kPa dilagion . cm:
TN v T . 51842 1403 64,0 . f1;9 .Q4  172.50 275,86 14,91  0.089.
R b 51421 1084 ©58.0- :1147y68,"172 S0 . 284,28, 21}36”!0‘1"0[
B R 511110 01,95 59;54*' 906y73 7172.50 321,75 20.25.°0,042
o Lo 511127 2,94y 59.5 . 1293, 345.00 ;424,97 13.00 0,251
* Sl 51462 Tire7100 6300 y31603 ?3\\\?4§.oo R LY Ab 13.58 @ 0.183 "
T 5113127 3.80.7 740,00 1269.327 \345 oo,-~451 86 1 03 ‘00157 0
- : " 51681 - 0.94°. S8.0 - 3192,15 ¢ 517,50 .- 593,48 S1.18  0.151
. . . 51561 ..1:80 60.5 ',°349 72 517 S0~ .. 673,03 16 64”40 057 -
o ' [ 517927 2,64 59.0 1837.85°" 512;56 591.40 '17.53 0. 110"
851432 0.33 V%9, 0 '3341.40 . 517 50. ,,484,:4 37.59 0,057 .
: .. 51872 1,53 57, O-'?3365 44 650,00 1170.93 29.94 oéhsx‘ S
l} 8- 51742 1,43 58,5 2730.95 - 690.00 793.84 '22.48 0+110 -
s 51152 - 2.88 63.0.  2526.16 890,00 899,14 27.99 .0:125 -
< 51841 - 2,37 59.0 ,-3838.40. 1035,00 :1114,83 . 24:84 0,183. ~
- . S51562 - 3,21 -61.0 . 2868,40 1035,00 - 1045.76 % 19.98 0,068
. .5179Y 096 62,0 .:4367,35 1035.00 1019.54 /32,64 Q.219. -
©. 511510 '1,70* 59.5 .1 3784.51 . °1035.00 .1037.97 . 49.06.. 0.120 . -
N 511022 7,38, 60.0:. 1527.66 -1035.00. 1060.46 31,54 0,063 ;'
S514S1™_1.43 61,0 . 2282,59  '1380.00 . 1342.87 15 03 0.063
51342 +4é6 60.0 . 2556.10 1380.00 " 1528.21 6,49 0.167 ..
S13B1 2,65 $1.0  3470.98° 1380.00 1324.80 '19 87 -0.104 .
51692° . 1.50 . 0 T 3315.,17 - 1380:00 . 975.87 39,10 .0.157 ¢
51642 - 3,23 70.0~_ 3954.94 1725.00 -1574.92 22.45 -0.157
‘51641 "3.76 64,0 ' "3265.19 1725,00 1272.01 31.77 70,214
51771 . 0+98° 61.0 f 3747.46. 1725,00 1229.45 29.89 0.188° .. . .
n r511°42’ 72,48 59.0 - 4674.06 207000 -4594 66 34.52°0,292. 1
e 51482 h_4,94hhsa S5 . '4263.23..2070.00 " 76;4;19 46 svab.eg7;' R
£51782.:. 3.27 . 42.0 Vih;xfso- 2070,00 1874,15 . .0vyas
51781 .7 1,08 61.0 | 5127.66.2760,00. 2 0viBg:
. 51632 ~;2;26' 73‘0“ 5023.75 7 2760,00 0,287
--51772- 3.44 'SB.O [ ags2 »70! “760,00 : 570517870
_ . .511021 . 2.15 60.0  7950.87." 3450.00 . 3227.06" 36 .63 0162 7L
S 051932 T A7 62,0 9387, 93 3450.,00 3401.91 37.90.° 0,224 S
R ”,511042 L1419 /59,0, 10009 3450.00 -3074,36 30,287 0.197.
A o . : "$1242° 5,02 40.0. 6471.51\ 4140.00 447561, 40.76 . 0,224 - .
s e 51331 70 0,72, 58,5 - 9763, 44 34146’66 ‘3819.36-.:29.02° 70,178 7.
ST e 511152 3082 64408603, 75 \#140.00 = 4540,41" 35,85 0,167 . e
S s 3, 53740, o_, '7990.,06 74830.00 4955,03° 37.07 0.1677 -
s g - B18S2 . 0.970. 5745 1ﬂ5°2 67 - 4830.00 “4574.,70.39,83.:0.198 -
- R R ;511041 ©1,45 5935 - 9232.82  4830,00  3884.35 18.72.70.167 . .
: e 51671 5.02 :59.0- 9688.36 5520400 ..3547.43, 14,88 .0.193" . . .-
S 51422 _1,31“,64;0, 12451, 27 5520:00 5538.77 17.61 .0.271° -
o . ' 511151 3,79 61,0 6948557 6210,00. 5998,72. :B.92' 0.147
: et '$1711° 7.10° 'S8.0 " 7617.67 . 6210,00 .76325.57 , - 5.50 .0.172
o ' L.51831° 3,44 S%,5 - 11386.317°.6900,00. 4880.47  15.52 0,209  ~ .
L : ‘-51342 . 0.18 56.0 "12451.88 ' 6900.00 6180.26 16,84 'o 178
‘.‘ T - Table_ 2.4 Resulcs o£_ direct sheu‘ strengfﬁ cesc ‘on. u‘txfxcially e
v T Preplred T)"ﬂdlll Stone surfaces L . PN P
R ;. /o = N
. “( ‘\’v: e .
1 ] ;




. o
3 \ .. - :
",' ": -,
- . LR VI
- e L2 3.
Do “Rock 7B T{Ic’  Peak - . Normal
N sample . - ayglé’ -angle “strength’. . _» stress - ., . :ravel'
- R W kpa ,u. : o em
S S392° 0,40 54.0. _fi7°7 48 172,50 203.49. Se . 0.068"
N 53281 :* 0,06, ‘52,5 .. '4733.81° 172 50 218 11 BT -1
e 53211 :-0:%8 15640 1340.13 +50 5 770 45,220,057, ;
- - 53352 0,24.763.0° - 1718.79 .sd 202 5] 0,084
SN 53332777 0,26 .62.0 -;4307 39 345 00 459 33 0,167 ¢
53151 0.32 .44.0 345,00 392.75: S 0.099
53331 - 1.08-" 54,0 345,00 .39~ , 0.094"
53162 0.6) 55.0. ,76 17 345,00 3"9. » “0.187,
: ) ;,191§.30“; 517:50 .. 628,66 0,104
5. .13682.67 0 517,50 794 §34 0,068
a5 940"  2146.80 - 517,50+ . 3xPiay 0,048
. Y .8810,88 . 517,50 ﬂoas 86 10 115
0.0 . 4452,91 . 490,00 " 643,77
074 . B719.55 690,00 . 497.45
5322 . .0.09" "7668.59; . 690,00 " 649,84 . 54
S0 53302 0 0090 .° 57 0. -'10540:37 '1035.00° 928.3% 68
ot 533420 040 7788.93 1035.00 - 913,15
153341 0.0 -6417.,07..°103%5.,00" - 829,03
53132 . 0.0 ,75576 58°°.1380,00 °1052.18
5382 ' 0, © 7680.446  1380,00° 1288,44
53351 0, 15 58.0. . 9290 85 - 1380.00 '1i39 35:- z
53242 . .1, 46 K?Z.s L5443, 63 .1725.00 146
53241, 0. 69.0 ' 8700.28-1725,00. - 1445 48
- 5361 0.2 28+ 58,5 | 7993.16  1725.00 1445.20.
s 53132.:: 0.51 57,0 <%7726.69 2070.00 1430- B85
53131 . 2,07 /58,0 - 4184,75 . 2070. 00" 2041.43"
£5381° . 0.47.7.56,0. 11998.27 2070700 1836, ‘43
5351 0,74.158,5... 784833 2760,00 20556.48°
. 5352 ©0,85-:63.,0. . 9044, 66 2740.00 tﬂ029 15~~‘
L 531M ,1.18 57.01,1o4do 46 3E50.od 2867, 92,
s £341°..70.57 ' 44.0 125715, o1"3 50.002724.,74 .,
S 9342 70,71 64.0-11993,09 '3450.00" 302882 .°
o 5327277 0.44°°59.0.: 11283, 09 '4140.00 - 3042 .oo-
Lo . 53271 771,05 . 60.5 . 9844,23 4140, 00, 26486.,2
o . 5371 7 175 52,0 12852.49 - 14140,00° 3652, 7q 1
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3 ed out for each qf the strength plots.- ‘The flttedﬁ;;ﬂ
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:enp1r1cal:regressxon llnes 2 9a and 2 10a respectlvely.,ﬁf
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t:ref of functlon, a poer lav could bevf~

.thA exPerlmental ,;obServatlons,‘ _55¢j

'fan measqre of goodnd% of flt vasaff

log 152 sa + o 52297 1ogo :f;;if];pﬁf (2 10 r}ff'

'iﬁ)é;gfyfhe;ﬁlogarlthn of the peak shear strength 1s ‘a: llnear”“*

IR

?Varlabl°f' and the_ varlable fofta19§51jfﬁihé;,aéPéndénf;;""JQ

LI
.

’2.10 are transformed the‘f;ijn*
oy 3087k 06395 lafo o adm
ffﬁ?¢£ién76f the 1°9ar1thn of the effectlve normal stress.,fﬁn”

The varlable x ‘or log c 1s taken ﬁqf~béiifhel_iﬁd€péh¢e§t R .

'73'QfTh. theory of llnear regre551on: ana1y51s f@ayq;’ﬁef;ji5t‘

fe

con51dered an extens1on of the analys17 of varlance. In”*‘

the analys;s of varlance the Kypothest (equatlons 2.9a and;fe:34“

A

2.10a) ,1s tested by comparlng the varlance Hlthln sets andff**'

between sets. The followlng procedure xs, taken from\i

:“fivaluable ook by Hald (1952)._-_f%'““

e

R

ﬁf7f¥}f? 1-£1at.eg :‘ﬁ'._ln ;ea_ﬁ sgt oh.er Qtlon; (1.e.,ﬂf;f~”*’

varlatlon of the experlmental 1og1 values at ‘eachf:normalg" -

C°rrespond1n9 to each value of ther”'““

B 1ndependent varzable, the meanf and h' variance of thetjr”7iw7

\v_‘ . . . e A : . - “ '\‘, sl
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“fn peah.shear strength at each logarlthm of normal stress level:"

v3f1t as a rough test even 1f the fl"are dlfferent,

”lfthe table vlth f, the mean of the f1's.-

'»constant varlance-- the square of the standard dev1at10n feff fg?{a

:observatxons..hifh" qulckest test :for heterogenelty of.

_k estlmates of varlance and each has f degrees of freedom.uh

'1966. Table 31). Lt. 1fg Concluded that thé varx““

Once the procedure of ana1y51s*ofﬂvar1ance A deflnedﬁfﬁ o
g h A

the :peak and normal stresxjéalues 1n table 2 u and 2 5 wereffi::'

"" ‘.V . 4

manlpulated enploylng the above procedure.fﬁheffresults are;f:fifﬂ
tabulated &} tables 2 5 a“d 2 7 reSPeCtlvelx-:Based on thetf':f

- ,. R i

“.emplrlcal equatlons 2.9a and 2 10a, _thef logarlthn ‘_ffﬂthetrsllﬁt

was‘ computed The next stepcvas to/test thé hypothesrs of a s

E]

the mean of log peak shear strength, vlthln the experlmehtalv;f‘“

varlance 1s Hartley s maXLmum F ratlo YHartley,. 1950).'fin{37A

thls test the ratlo of the largest mean square of standardffuﬁﬁ'“
e _ N
deV1at10n to the smallest'

g taken prov1d1ng that there farerQ;lff

R
,

. If the ratlo_exceeds the tabular entry (Pearson and Hartly,.fth

ces are.Ju

[

51gn1£1cant1y dlfferent, and tﬂls conclu51on w111 be §r3n955¢1f*7:“

Percent of the tlme. Thls test assumes that all k of“ theﬂf

»

estlmatlng varlances have-'f;fdegrees of freedom.

,Hartleyfgf?ihh
- k : .

(1950) f“1t~~that~‘the »of the :test

ser1ous1y dependent on th1s assumption and suggested u51ng7

"»-e:nte,.r.l.nqA.'_-.".}'f--' e
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The stlffness sof | a rock surface 1§”used to descrlbe the'”
-

S e

'-OVerall stress~deformatlon characterlstlcs. Itlls the"'mean

N . )

gradlent of the shear stress-shear deformatlon curve, takenv;

up to\the p01nt of peak strength. It has the followlng form\;

-f*f’i; . ggp: r,dh f¥ S ) »‘;ﬁ, "\f'v: SCE |
-wherefK§~= tKE\shear stlffLess of a rock S _4“;“f-;,“ S

-+ , fﬂrface (kpa/cm) \

ppdh'ﬁ the peak shear deformatlon (cm)
Flgures 2 20a b show the shear stlffness versus’ nornal

stress (dlagram fa llmestone surfaces, dlagram b, granite ERE

..q‘ Lk

~

surfaces). In general he shear stlffness gin‘ dlagraml‘b =

. e R S )

Jflncreases Ulth normal stress a?d becomes.level off as the} : ﬁ*

?Hstress reaches about 3000 kPa; In1d1apram a, the 1ncrease 1nrv“”
4 i . »

shear stlffness Hlth the normal stress 1s obv1ously marked.;.'“

-.- n . . e s

It can7[be concluded t at the shear stlffness of the rock'

: ".'v'lf‘;

surfaces 1n the present study is’ normal stress dependent.! r"7

N D e T RN
EORE o “_.:w.p‘ N A SN :
ST S S AT S _ ,
, gggk"Didgticn}Aang?vfvﬂr; e o .

iThe peak dllatlon angle 1s the 1nstantaneou= ,slope oé;:ﬂ

Rt

:fhéhei shearing path at peak strength Thef 'mber of publlshedi_‘
rePorts, on dlrebt: shear tests on *rouqh rockt surfacesffffﬁhz
rf_oconcernlngu'the varlatlon of dxlatlon ‘angle .vlth normal
s réSsure is’ very small“Rlpley and Lee (1961),1 Ladany1 taﬂde@{;
.hrchambault,; Tsytov1ch et al (1970) and Barton (1971). Theys_wkgff

found that the peak dllatlon angle decreased exponentlally

w;th normal pressure._gltxii of 1nterest to compare thls,;g?r”;

5 : : . ) .

T



4
. 1.0

0.8
1

X106
+
T‘
'T
3 ./TP- A
-47—f%l S

CMI X1t
0‘.6

07

0.6

- g i
4]
°
N
-

005
PR A
[
. *
a
o
+
+-

P4
b
-

SHEAR STIFFNESS [KPW

0.3
1
-~
L}
[ ]
+

N
.
1
»
-
N
s
’
4
—

. P, ) . N
: . + : .

0.0 0.1

0. - : 2500 RN 4000 T | 60100 ‘ l. » 8ﬁd00‘: A Ns g ‘A .
<*NORMAL ST.(KPAj T

e

- 1.0

o
v

0.8

L

i R . . ».

0.8

0.7
i
-

-

-+
\m»
B

\ +

+
Soemanil oy
'—4&+=—4ff—f44—%——lA '

. - ¥ e ~ N

0.5
—i
[ ]
.
CY
'—+"-"—';+:- R
e

0.6 °
vl' ~
.

2z

STIFFNESS|KPAICM]

0.4
)
L)

T

SHEAR
»

2000 G <006 000 . 8000, -
© UUNORMAL ST.(KPA) =~ . o

: Pigure 2,20 Shoarli;iftnosa;nofﬁdi.sfiésﬁ chafactefidﬁién.;
Lor ‘(a)Tyndall Stone and (b)Standatead Granite surfaces

.



' fdfinding;uith-the resultstohtained‘infthis‘study.'.

"/f' Plgures 2 21a b, show the dilatlon angle versus —normal

-:Stress plpts (dlagral o a, limestone surfaceS‘-dlagran b,

N

93

AN

"]A granlte surfaces). Note that the data in these flgures do_.

.;not' exhlblt the. exponent1a1 phenomenon but, tend to fall

:,-~

1nto two groups. The flrst has same average dllatlon .angle~7J

?

1udependent of normal stress and ;thef‘second dlsplays a‘

v

decrease _n: dllatlon augle .vIth unirmal"»stress._,.ThLS

characterlstlc i found for both llmestone {and granite

surfaces‘ The average values of dllatlon angle seeu to be 30

e and 50 degrees for. the“llnestone and -gran;te, surfaces,

S

t'i'respectlvely."The’ data‘.appear to'converge;abovefthe5iines_

hhav1ng the . average values as the'.normal :stress'*inéreases

-but,“:up‘,t_~ about uooo kPa where low dllatlon anles are

*;found to be absent. Be#ond the transltlon 'stress at uooo

fkaa, the dllatlon anglés appear to, decrease 11near1y w1th

<

stress.i If the"llne,fis-_extrapolated : 7# 1ntersect.”the'

_f*ould be at 7300 kPa beyond whlch the dllatancy of rock

hhfsurfaces uould be totally suppressed-v

e

'fh reasons for the absence of 1ow d11at10n angles at

.

: hf;“the trans1t10n ‘normal stress' ar unknown, dhs n'x otherv”

‘},

’publlshed data of 51m11ar klnd were known to the author, a.

gprobable 1nterpretatlon had Rto . be’ made‘ from ~11m1ted, R
‘tiﬁfbtmaflonl furnlshed by the data, It vas felt thatraroundjj‘md

'"Lgthegnarrow{ range of. the transltlon”fstressf1thex-rupturefﬂ~d

.
J

v

' absc1ssa, the normal stress correspondlng to- zero dLlatlon-fa.ﬁh
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hrOugh“‘ surface :
‘ : . \l.‘ ’

"‘asperltles ;to ghe onset of pure "she&rlng through" (PattOn, R

e _
,E"rldlng up" or :rldlng up' and shearlng

}¥iu1966y _Perhaps, fth rocks surfaces begln to produce 7af-7<~*y

'h regular set of incllmatlons.

g e e
..,-“.:/wr_-_ el :

| :og —.-;--t

;w;_
Some of thehsamples whlch had already beenf sheared
g N X

l-;th low stressﬁ.levels (170 518 kPa) uere sheared agaln at ;

"*f hlgher stress levels (2070 41&0 ) ;o 1uvest1gate the'dffﬂ’f

ﬂeffect of stress hlseory 'f'h peak strength of rock

o S \\ e @ S =
'ugsurfaces. f;A, mentloned before, o damage tbﬂ” surface

71rregular1t;es"”””.tnotlced on. the"sheared samples. For thls

N

”"reason,_fo vould expect :a- lover ‘btrength f'_ these

’"g"daughter" samples vhen sheared at hlgh ncrm_. stresses.rpﬁgiv'
Flgures 2.22a,b shou the exper1mental tesults (_'“g;am,=ﬁ,;

lxmestone surfaces. dlagram grmnlte' surfaces).‘*The$§i{f

';Ih'shaded envelope at»the top of‘each dlagram shovs some of thevqyé_f‘

fauerage peak strengths of the samples sheared at hlgh normal
“stresses,

lreproduced from flgures 2 14a,b. Ihese

,7were terned the "parent"'sanples.

<. .

g‘hlstory was : nvolved that each

t been
»t._prevxously sheared-,st~;7”";. c,’*tﬂfxﬁgflﬁﬁbfsrf»,iﬁﬂy;ga[j'ftﬁu
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Below the shaded envelope are :
"Vdaughter samples'” denoted by d f erent symbols, each of

‘Note that the peak strengths of :hése daughter. samples?“

partrcular ﬁstress level,.for efample those along thefﬂ;?f

vert1ca1 dotted llnes 1n ‘the‘ dlagra.s, fall belov \tbe7gf”5

.
" )

'”wi_;parental peak strengths. Decreases of a? much as 50 percent'ffa‘

’”\'were found for both ro k surfaces. %5

e . o e _.:

I

If two samples are sheared, one at a 1ow-normal stressf{ff
1eve1 (saf 172 skPa) the other at a hlgh norqai stress levelffi*
(say 517 SkPa), 'both 1v1th1n the 1ow'stress rangei~then>1f }

'fj5 they aregboth shFared agaln at a hlgh ?normal stress ievel

(say 800 OkPa), 1t 1s exoected that the former sample Hlll

shear strength_”irh' ‘reasonlﬂf_ thls

to W ‘ﬁasperltles uould be s

”ifff:expected fo fthe 1attertdur ;g the f rst shearlng.w However,;
s : ‘ v S L SN e :
fthls:,reas nlng .assumes two 1dent1ca1 spe01ments hav1pg the

& "‘x o

sahe'lnltlal surface‘condltlons. Thls phenomenon can;not .:bé-’:’~

found . flgures 2 22 a b, 1mp1y1ngfthat 1n1t1a1 surface

f7cond1tlon also play an 1mportant role on the effect off{thefﬁfff

o

peak stress hlstory. ”:””

e

d';ff;Th stralght 11ne i each dlagram‘ ;epresépﬁs;;fhgg:[~

- estlmated aVerage ultlmate strength_.aneloggiﬁof}}ﬁhearrockgﬂT“
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fxéfdamghter%smecimems,iiedsQiéihefe"betweemﬁpeakwamd»uitimate;nf S

SR

However, the beaks obtalned from the gdlrect

Hshear

ek N . A

ff Stage-loadlng tests on the /mon-dllatant rock surfacesle[d'f

":(sectlon 2.3.2) have higher values than those from *thep*f"'-

face damage onju

»f51ng1e loadlng tests.: Upon comparlmg the S

Fdﬁthese _non'Fllatant surfaceS‘”" shearedf?._ﬂwj

:A O

f:daughter “surfaces,) damage features llke abra51vev;uear,”_’f"

efgpartmcles gouges.Arcck flour and some ploughlng of thew flat gfiud

Tt ~

”sturfaces were observed.;;_hv surfaces became much rougher»n“ o

%gdthan they had beem 1n1t1ally..Dur1ng thejparent shear tests,‘“

rough r0ck Surfaces,*:the small~steepjasper1t1es Here

damaged or partlalﬂy sheared off' flrst,S leavrng smootherj “dmj

: . ; '| X! o
surfa'es for the daughter specrmen' ‘; LR

, v'It  appears that durlng shearlng,; rough surfacesf_ }jfn

fabecomlng smoother and flat surfaces rougher because of wear.; o
'f;ohnaka (1975) alsd3found that the frlctlonal coeffrcxent on;2}5 iif

,Porf all the? shear tests, d stlnct peak and ultlmateﬂd'

fdshear stresses‘ were_<measured .fThe; stress drop f_rd;fa*aﬁr

iapartlcular‘ normal comdltlon ‘is glven by the dlfference of

“jthese shear stresses or sxmply the dlfference betveen t@e-L”ﬁlf

* peak and ults ﬁéié."éﬁv’é1.16-pé’%‘jﬂf'(’fviqnifé Bayeo L
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o droP values versus the effectlve mornal stresses fdi gran*aw_ﬂ%17'
'5711mestone surfaces-fdlagr#m b. granlte surfaceS)-' The data ._:h?

f;Vare scattered but in general,_the stress drop 1ncreases vlth ‘[ﬁ' .

i

f,jnornal stress.,Some p01nts are HOrthy of mentlon"(l) under

5f-lou normal stress, the alount of stress drop 1s ,hlgher fihf}hﬁ*kf
; S : \ DR R
jlthe case of granlte surfaces tﬂan llmestone surfacesx (11) o

normal

"“¢d1ffereuce 1n stress drop dlverges wlth 1ncrease ffnﬁ

}'estress and ‘:; more' marked for the granrte surfac’
_:t(lll) the amount lf :stress. drop seems to reflectzih,;r
:idePeﬂdence:,upon.surface roughness.;Therefore for a stronger'
.:hmaterlal Hlth a rough undulatlng surface testlng at”"‘ hlgh )

*'mnormal load a great amount of stress drop uould be

Lee i g

'dexpected. Horeover the energy released durlng the drop would

Gfbe great.'The energy d1551patéd 1nd1cated hy the foccurrence

,hfof a cracklng ‘sound appeared to be the result of brlttle

.

f}ifallure of the steep asperltles.,n

g e T e
s .- SRR

| 2.8.6 Effect “of Lfﬁérfée;- :s,_ssssé,’-iaé.;z lati

Another rock surface deformatlon characterlstlc 1s theikhd"iﬁ

Erelatlve stress dro? from peak to u1t1mate strength. The

'%effect of norual stress on the relatlve drop 1s 1llustrated

4

:.1n flgures 2.2ua b (dlagram a 11mestone surfaces-7d1agral b,iff'“h

”ggranlte surfaces).«_ffjf.i.TTZ» '”\sl“*;;fff:‘ﬁﬁf"'“h
PR ' “%Wﬁ

TE!- 1nterlock1ng effect of asperltles rock surfaces at

- J\}'

zzflou effectlve norual stress 1s clearly 111ustrated by the
o B L

{fjlarge ratlo (6.9 1 and 21 7 1 for the llmestone and granlte ijf:jff
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_[g~w111 pass. through

”*dec‘ine to a value vherewshear'defbrmat*on—can\

j!”surfaces does not

havefa unlque value‘

lgﬂafter B correctlpns versus 'uormal »stress
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Flgures 2 26a,b, show the relatlonshlp betueen the mean
o 4
S ultlmater frlctlon ‘angle and’ the effectlve nornal stress
.. s \ . ) . N

(dlagram ;a, llmestone' surfaces- \ dlagram I b, Vgranlte'
surfaces).. The square p01nts 1nd1catv the sanple meansv and '
dhe 1ntervals of the 95% confldence l mlts of the populatlon‘j;,fl"

/

8 means. The stralght llne represents the estlmated ba51C“

frlctlon angle of the rock (sectlon 2 3. 2).,,>:df'lf;’lf_w5*J

l”;;;nf general the méan ultlmate frlctlon angle‘decreases‘
s n;th normal stress'_and” tends-'to :a7 cgn51stent AranQE',of E
e values._ The estlmated average ultlmate frlctlon angles were,ﬁ4f75*
‘ us and u1 degrees for the llmestone and granlte surfaces._
} respectlvely.: Comparlng these _E the correspondlng ba51c.

! frlctlon angles of the rocks aab 33;5 llmestone, ‘Q% 30 5,‘

granlte) one flnds the average ultlmate frlctlon angles—are

ffjhlgher. Thls is expected for unweathered rock surfaces.

Ve
o

B S T S 4"._“‘ _' ~ee @ ,q'.'-_.«. ,4 P T, Rt S .. m—n'e—*-.'ﬂ
IS & 5 I ;Aylaboraﬁoryﬁzdlrect shear»~mach1ne nhlch precludes,,w,;;“
SR , R RE t

': sample toppllng and sldeways t11t1ng was employed for

o

'7 tthe testlng of shear strengthsifff?i{ﬁo* artlflclally

‘f.fractursg rock surfaces. These surfaces vere carefully

‘f¢prep4red labelled and controlled _env1ronmentally,t;u[:

}l?rﬁt_thereby satlsfylng the requ1renent5'“lff sample”ﬁindi”":”'
'jel¥;élm=fowghmesSW*reproducabrlt;y, anﬁ §hear load caoac1ty of &;:;ﬁ

4 L



0 -
e ad
1

60
— i
R~y
e

“ARCTANCULT./NOR)
30 4060
—a——y

‘20

-

B e T - — ~y T T T
o L 0 e 20000 4000 - .:600Q -~ .8000

% NORMAL. - ST.(KPA) - T ';f7;_-

’ ]
. X . . : N - 3 ey 1 3t 3 n e . ' T
. o ) ® 1 T T Tt :

RS
Cay

VoL

b
© 8000

T A TR
S NORMAL (SJkIKPHT,'
-+ Figure 2,26.Relationship batween the ultimate friction angle -~ . ./

: and»the‘nOrmaluatreua.;or'((nyndallfStOne:and“(b)Stgndstend'_‘
.~ Granite surfaecs, The~éentre'pdintg11nd1categth01mean angle,’' -
and "the intervals the'95$Rconf1dence,1gnits4ot t?e‘meqnl.v.,




ziff,(3)5_-The _p01nt load strength method and the ﬁchmldt hammerif*l

,;lftfjli;The shear strength of rock surfaces -15 dué e*tﬁé;}fﬁ

f{ﬁ}}afrlctlonal reSLStance offered by the éeoﬁetricalf%f“
| 'llrregularltles of rock surfaces ré? the ;ffectlve 1'55;2
tangle fand the ba51c fr1ctlon angle of the rock ﬁdb;ttq,
‘{The 1-ang1e ?:ﬂ“a materlal | f%ﬁizijfg 'w'év\éﬁréssﬁifff

’dependent rock parameter._”_jf“iil_!u-,,mﬂ-_1:W_¢n_

N

K}

‘lgleflndex test gave reasonable"values of hed unla11a1ffft
;ComPre531ve strenqth of the rocks.‘f:“7"" nv e
’lliq{dlfFlat surfaces prepared u51ng a sandblastlng technLQueffal
‘vlff[could‘re the best ueans to tost for the ?a51c frlctlouff§¥
lt?rangle of rock The stage-loadlug testhou oue.'speolmenzift
’lx;rwould \overestlmaQe the ‘shear strength " because ;oftf;]

'f7;add1t10nal wear 1gduced from prev1ous stages“,'““

-ffof:lThe average angle from the' toppllng fallure nftghé;:i@
fofftlltlng apparatus for the rock surfaces was about gdﬁi;;_

'"ldegrees, 1nd1cat1ng very rough s't-ffe morphology.-,lffif'
oy LN R

o

»iié)@slSheared surfaces shoved a sm;fl.percentage i f actual?ﬂﬁf3

'focontact area durlng slldlng and the amount varied wlthf;f;

-“."-'Stfess level. T \ o
97;‘(7)17;N0 cohe51on ;ntercepts were measured for the clean amdt_d;~

fitlghtly 1nterlock1ng§surfaces. ?he dlstrlbutfon of. thedelﬁl
l$f%shear strength versus fnormal stress plot, generallyfii,:
'“ilﬂtrended ‘in the shape of curves as: expected.;3 poverra;,r
:h-:ﬁflau;icould be coustructed to descrlbe the.exuerrmental

1l{observat10ns.a¥»'
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wg';nornal stress 1ncreased up to the tran51t10n;;[eigh

‘{_l;}decrease llnearly Hlth stress level.r

A

AJE*BeyOnd thls stress range the dllatlon angles seened td
fIn gener fﬁ

'H:of the mater;al.;,u

“;sangle of'the rock.=brﬂﬂlﬁ

'.» LT

A
St

Shear 3<trengths derlved from stage-loadlng tests onfﬂfff?'

<

’[fupon the}tflT?'

b?‘-s*'¢"_.;.‘_?f-t'\’:a?t_lﬂ‘?'n -




""Jfknoun\ as:fihe materlal parameter cfb);

: _..Lee' 1961 : Pattono 1.966-'

schn‘emer, 1971:-' Krahn, 197u 5&':‘1’%1’ ot‘hers). h“h‘é formerls

l"

}dependlng upon the””'

7?ffstrength of the rock and 1ts mlneral comp051tlon. The latterif,ffyw

'*_fls termed the gei

Jf;rrock su faces is. the hardest quantlty to estlmafe Rengersf:

metrlcal paraméter/(l-angle)..lts magnltudefeffﬁfff
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-qused by nechanlcal englneets 1n aescrlblng the finlsh
Ffac z;'iample, many suéfacef"

/.

'Vifnllled metalllc Py

guments nou 1n uSe_ 

u the centre 11ne..The centre;

centre llne average (CLA).-TRls average is defxned by (ASA'QH'

(um.ts of length) (3 2)



dffgof wear or’ roundlng of asperltles and dlrectlonal lay,

'"fjthree paraheters dmay

Ce ey

I it m v,

Y

ne aclve ' ‘L‘ e e D
_g -~ .{dimensiopless) -

‘the dth Seqme
_ Z(AXJL) po.sitlve +Z(Ax1)negat ve

:2 uas used ln gauglﬁg the 1ight-scatter1ng propedfff”

RYAR

fﬂof metalllc Surfaces, 23 and zu as a measure of h degree ,{;I&:

LIS

N

"‘respectlvely. Hyers (1962) correlated parameters RMS, 22 andgj;idﬂd

ﬂ’3723 Hlth the coefflcients of'frlctlon samples off cold-7

':ﬁtarolled steel dlscs wlth different ﬁlnlshes and found thatﬂﬁ i

the best relatlonshlp of frlctlon vas obtalned wlth he;fZZfou




‘y,nl _!_

f°r some non4d11atant rock;'jf"7 '

:;ftota frlctlon vangle and 22’

"‘"'v

pgsskble

%

approach ‘ﬁ;% Chatacterxzidda

?}Ssurface roughness jisgvto

, . VL
f}faspe'aty helghts, in’ representatlve
;eyranddm phenomenon.,_:t ”1 then analyzed on a statlstlcalfﬁnﬂ:.}?*

\

V.o

PR

Two such statlstlcal fuctlons, the mean sq“are*,Values$m~55“'““

-gﬁjuSVz and the agtoconrelatxon functlon 1AC

”fare descrlbed

%

”aln thls study.a These functlons ' deflned (Bendaé 'and.jfgigrj

Pler301, . 1971) as fOllowS' RSN

and Thomas (1977) propose& another 'surface

parameter thCh 1s related 51np1y to the ACF. Thls parameter

)

:{,1s knoun asAthe structure functlon (SF) deflned to be.b;s,

Salyes

its.of length™): (3.8)




:' he SF was use& to'quantlfzuthe'

T “;"'.—o“'(’ R
texture.< Phy31cally,_;§y¢'

SF 1535

L s !

4i§qrtlon of the

foséyles and- Thomas, 1976).‘H,§”;ﬂff’“*

.'**the purpose of thls chapter toAlnvestlggte*the

o "n .mp '-‘

physxcal SLgnlflcanCe of these eléht surface. Pafametens ﬁ;:

e e me

thelr' characterlzaﬁlons of h fractured surfaces of tuo i

i‘w«aatural rocks, _i;Q;Vf’ﬁlgV s

*ff3 3‘§_g_g£g_ggg_of Surﬁace Proflles 7f_wf35v{j j#fg53’}§ff“‘:,;:c@%

IR .'

LR

i«éil flrst stepa:iu vattemptlpg to_ characterlze ‘the

T¢~ roughneSS'“of

ﬁeacu otber,.teéc@kThéiuégpdréiiélg{bﬂﬁhé3dire9§ipn'lﬁ:vhidh'

Lhese proflles wére' ohtalned “.using  a

N

'_;'t_hew LVDT belng
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f}'_' Once;the Surface"giofdles were }in dlgltal form.,ha:”'”

RN

computer program was vrltten 1n order to read the data flles,1dgu

v

from the magnetac _tape. The coordlnate readlngs were then]

' f conveﬁted ‘1nto centlmétreS“.and translated 'to" some,&'

'\ approprlate datum relatlve to each proflle. The datum wasg"

' chosen ‘S0 that the mean of all the readlngs (amplltudes) for:°

V‘,

a partlcular proflle would be zero —'the center llne. Elghtj'f;{

aswrfaceJ parameters,; as dlscussed in Sectlon 3 2 (EquatlonSg

' f 3 1 to 3 8), were calculated for each proflle._ Slnce there'f

were three proflles traced on each rock surface, the program's

would also compﬁte the average and the largest values of the

parameters “:go:¢ each vsurface, however, for Barton' ahd _;h

Qhoubey's proflles, the two wouLd be of the same value.a,AIl

' computlng work was performed on an IBH 360 computer.,'

v

"?haiger. For example, to compute the Z2 parameter with equa1‘

. _ |

’ihtervals (Dx), ~‘one 's‘hply sumsththe squares',of7,the .

”"The“ computatlon ‘of parameters was a relatlvely 51mple;"

dlfferences in adjacent y-coordlnates over the entlre 1engthffd'

(L). ThlS number 1s dlvrded by the prcauct of the number 'ofy'
“1w,1ntervals (H) and the square of 1nterval, the sqare root of'

H“the guotlent then belng taken. In dlscrete form, ZZ may he .

fexpressed as:

122 = —— , & (y +1 -..yi;) e
L N(Dx) : 1-1 ot :

2]
wd

'3Tﬁe,f results ;of the computatlon
-3 oy :

Choubey's proflles are shoun in Table BJT,Athose of thevrock

For- Barton sand‘f‘

Loa? .
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0.39718

0 09439
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-0 03125

0.01717

5'6:20985

| 0.45481_'
'f;brigaeé'l
0.23050 -
. 0.07867

£0.22959

0.07998

o:91226].f

oiomem T

0. 00489,'

0. 010617 =

70.02047

5;0.02?65:5'

. 0.0491L

0.07898
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.Table 3. 1 Values of three - surface o
‘Choubey s ten standard surface profiles of different JRC values B

;oL v.

©,0.06253

0.03138 "

parameters for Barton and’
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surfaces in the_Appendlx C. ! f ;
."3-56\9_.re.1.g£.1.9 Between JEC and surface Par apeters

-,\-‘

The flrst codumn in Table 3 1 sbows the values ofibthe

VlJRC correspondlng to the proflles Tiuﬁ Flgure 2.8 These“

"hLalues were back-calculated from experlmental data (Bartonpf"

~‘Z and Choubey,‘ 1977). The rest of the columns 1n thls table‘

o

§{show.lthe lmportant jvalues fof three dlffereht .surface’h":”'

- ‘parameters-3.

o
‘.

A:A.'linéar regre551on analy51s was carrled out for each :
- o
jset of parameters vlth the back-calculated JRC values.,_The;

:JRC values Here taken to be absolute numbers Sane they were.

-y

fgback—calculated from'vthe, test %esults. Therefore, the JRC .

’fwas the 1ndependent varlable and ‘the. surface parameter ‘the5f'

v

C dependence in the regre551on analy31s. However, rever51ng of

°

ithe' varlables in ‘the relatlonshlp would have ylelded the*'

fsame statlstlcal results(same correlatlon coeff1c1ents).wslhlff“

L'y

"view of 'thls,l'the regre551on equatlons,'as shown 1n Table

5;3.2¢ expreSS' JRC values functlons of the f surface‘~‘

P

'parameters.?;'The_ reasonS’“forr.thls ,arrangeuent -vill‘lbef-

fapparent later in thlS chapter. pw

3

The tabulated values of €he COrrelation coeff1c1entshf

f;fg(R) . reflect the~ Eegree of dependence of the surfacef

-L;parameter on the JRC values.' If the oeff1c1ent 1s' neary

u’

s{unlty,ﬁjl absolute value, strong dependence 1s 1nd1catedb"”' o

V(Bejamln and Cdrnell, 1970). Ihe results of fthe regressron{

PO

ey LT




z'?,the ,value‘of“the coéff1c1ent ‘R 1s ~0 838. As noted 1n TabIe

- .
. - . o ;
122
N R S P S S .
N “l: .y @ "L e - - ‘,‘,‘. "? A

‘”“anaiyéés A nd;cate that t he' jo1nt roughnessvcoeffxcxeﬁt of ar

rock surface can he well predlcted by the parameters, z2 (3»-

Joriy AR
A

; > o ’ T
= 0. 968) and SF (R' =: 0. 919). The results cf the 24

’cormelatlon 1nd1cate that “the proflles ‘1n F1 et-2;3fdaréff
‘;hlghly dlrectlenal (Myers, 1962) 51nce for thls correlatlon, '

ey -.-- A‘.A - LR - e e o e

L e .-
e TR

c 3 1, the slgn of zu changes. A negatlve valueiindlcates that _”‘ nié:

"a greater portlon of the rock surface proflle measured has a'

?negatlve'fslope than' p051t1ve_.slope.l Surfaces vlth :,no
_~e'direct10na1 prnperty would have a value qf 24 of 0. ';  _‘f,c,_‘_'“

. . ) . . ‘»." . .‘. v ’ » ‘i " .’ ." o ' .‘i. .' .
: Because .ofV“'he- hlgh correlatlon exhibited"by-bthejf

parameters 22 and SF, addltlonal llneaf regressmon analjses-g i{:
jwerei 'carrled out,v thls tlme, u51ng e arctan and/or_”ﬁ",

'logarlthm of the\e two parameters. mhe results of ana1y51s__”**"

T.‘aré »shovn' toqether in Table 3. 2. Agaln, hlgh correlatlons,ffit”

-

n{are found, the hlghest be1ng loJarlthmlc‘ relatlonshlpsz'}m
R L . i

‘:w1th the‘.JRC 'values' (R'~— 0 986,,1og(z2) correctlon"Rﬂ= vlv~-”"
’5a50 98“ log(SF) correlatlon).‘Flgures 3.2 to 3.6 show curv.s;p"' .

“ﬁdeplctlng the relatlonshlps between the JRC and zz, arctanf_ff;jj7“‘

<. N
N

:';e(z2), %og (ZZL, SF, and log (SF),L respect1Ve1y. fh bestfh;

. . ! \ -

'flttlng stralght llne (as determlned by 11near regre551on)f‘f

was draun through each set of data.i:jf:5"

Although strpng correlatlon betveen the JRC values aud7hi;'
'-*th two surface parameters '(ZZ and SF) was obtalned, thé_(]ﬁe'
\-tresults of regreSSLOn ana1y515 do not 1nd1cate uhether Ttheg-*”

o devmatlons ’of hxf':at§?7iaanlgures,r3;2 to 3. 6 frpn theﬁdﬂ_:*'“




| JRCQ 2 "~37+

JRC— 2 76+ 78 87(CLA)

i

70 97(RMS)

JRC -4 4L+ 64 46(229

SRR '...._,JRC--6 84+*-
.JRG=10 14-
e e 5 43+293 97(MSV)

'”7ﬂfffj5; JRC= 5. 47+293 80(ACF)

4 oa(zs)-'»-'”‘ |

2 68(24)

L JRC— 2. 69+245 70(SF)

L

L.]l

JRC=-5 05+ 1 20tan (ZZ)

L _y“; | JRC—32 zo+32 47Log(zz)

4’
JRC—37 28+16 58Log(SF)
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' ':,,Table 3 2 Results of regression analysis of Barton and Choubey ten”{ax'
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JRC - -4 41+64.46(Z2)
correlation goefticient -0 968
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Figure 3 2 Relationship between the JRC and zz parameters \vs“f'
ror Barton and- ChOUbeY'B 10 standard rock surface profiles




JRC -f-5 0541, 20(tan'1(22))
correlation coefficient -O 973
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‘ parameters
~surface proli

-les
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“elationship between the JRC and arctan(zz)
oT - Barton and Choubey'a 10 standard rock
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’}gregreSSlon llnes are random. The theory of runs vas used tojvr

Dt

.Hotest thlS hYPOth951$ (Dlxon and nassey' 1969)-_.;mf3~i

‘wjuf?uién-tQSt thls hYPOtheSIS, the regre551on llne was»takeufﬁrzt

'as the medlan of the data p01nts.; Observatmons below the;jwofg

, }~med1an were denoted by a mlnus 51gn and those above by a:*

N

P

lus s1gn. Any set hav1ng the same 51gn occurrlng 1n a f;b!"v****

';isb'called .i;run.‘ If the number og runs of plus and mlnustf-'n'

'fﬂh51gns is greater *cr, smaller -than- mlght bbj expected by;d[

;_ifchance, the ' hypothe51s (of »random‘ dev1at10n» from thegjﬁ

1

'hjregre551on 11ne 1s rejected._ﬂ;'»*

Let N1 be the number of occurrences of -é type (for,;.**

-

tfl»example,nobservatlons below the medlan) and N2 the number offfffi'

"?occurrences of _ other type (obsorvatlons above the[?b

3.‘:medlan). Let U equal the total numher of runs among the N1;i?fff;

=

‘and 'N2 ObSErvatlons' and 1et p be the percentlle of the{bvﬁnn

'”’S;dlstrlbutlon of U (values of P are tabulated by Dlxon-nand;hﬂ;77:

\

o

-}Massey (1969) Table). In thls manner, the valuTs of N1 N2;7

».:?U and P for each of the flgures 3. 2 tof?jhé‘ vere. ‘obtalned{_fh'

“3Lf}They feﬂ 1lsted Sim Table 3 3.,51nce the percentlle of theﬁ{f'7*7

Y

| thdestrlbutlon (P) of U fpr each plot is: between 2,5 and 97 5

n,;there 1s no reason to reJect, at the S percent level of>

151gn1f1cance, the hypothe51s that the dev1at10ns of the dataf:i'

"fhave been draun at random from a 51ngle populatlon or ove;}i_hﬂ““

' '7,nthe regre551on 11ne.<-”

ufff3:7,JR | ,lus : I_ss d, 99& §§rfas.5"7

)



JRC vs zz 4 6 s
| \ JRC vs can1 (zz) 4 Wlé ?F;fii‘;;

_q; JRC vs Log(ZZ) é;jtﬁi,fjag:;jf;f,;f

JRC vs SF J.;;7f¢f'4:7 e

JRC vs Log(SF) 3 ff;‘fﬁjff

ﬂ7N1~Number of observation below the median

Z-Number of observation abpve the median
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l];rh ' emphrlcal lawu of frlctlon jofgfh;"jiff

'relatlng arctan

,f(Peak/normal stress)

A

bﬁstreng*h'of the:rock/normal stress) as developed

bY Barton“_fuﬁ

the sheared rock surfaces.jgvﬁ“

-

wf;ﬁThese plo”s< “

(Dlagram af;

‘f.for the 11mestoner:surfaces'

for fthe gran1te3

-.surfaces). On each ﬁlagran three Ilnes were constructed andl%Vu'

_Qf'fthe baslc frlctlcn angle of eachﬁ;_iij
{'Iffused

as the ordlnate value. The two solld llnes covered thef~”'"

(Sectlon 2 3 2)

L ! .
‘ﬁ.range 1nc1ud1ng the et}remes,i

..,\ e

shear 'strength'“"'

) (o
:v"‘of d1 fferent "J‘RC'__ R

..e of the JRC 1s' the slope

_‘are much.greater than_the maxlnum vahue (20) found by Barton‘“

‘Q,for th :roughestﬂdlassfof rock surfaces.

}Sa,b,

‘n‘"Q::"-”

(Diagrau




Figure 3.7 Barton'a"empxrical law of rriction 1n graphical' .
_ arorm for (a)'.l‘yndallqston ;and b)Sta.ndstead Granito surrace
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-.for llmestone surfaces- Dlagram h for granlte surfaces) wlth

the correspondlng raﬂge of the measured JRC values. On each

'-dlagram a stralght llne 1nc11ned at an angle of 70 degrees

i

'.:"Q ”.dravn through the orlgln. ;Thls 11ne represents the ffd

.‘_maxlnum de51gn shear strength envelope s, suggested by

‘.,

‘fBarton (1976). Note that a great number f data p01nts fall
“-outSLde and to. the left of thls de51gn envelope. espeklally

\1vamong those representxng results »of- tests on' granlte

“a:surfaces at normal stresses below 3000 kPa.‘ This"indICates‘v'

'“‘i.'that the jshear strength of these rock surfaCes would bef"'

: underestlmated ilf.f ﬂé Barton s deslgn- shear - strength,f
’ crlterlon were,employed.v<'ﬂ q¢f5 VL

—. -

,tf 3.8 p edi g..Qn frgifecpivé;ifﬁngl§§ih -

7‘Q'50ne,451gn1f1cant feature of the ZZ surface parameterfyff

equatlon 3 3) 1s that the mean ‘i- angle is denoted by"the'

1 L

“;‘arctan' (ZZ). Conceptually,.,_ has the same meanlng asjg-

f_Patton 5 effectlve 1‘3T919 or the flrst order 1rregu1ar1t1eS';"

n

”faof a rock surface. Therefore the regre551on eguatlons 3 11,

"'3 17 and 3 18 actually correlate the effectlve 1langle,;;]m

- Patton (1966) and JRC, Bart%n (1973)._;;ff_h_745v,fl;_g;;_'

The experlmentally _determlned 1 angles - f the roqk:“

= surfaces- vere taken to be the dlfference between the toﬂal*trﬁ
3é&;fr1Ct10n angle,‘deaned by arctan (Peak/normal stresfl:'.and;}g
‘ the bas1c frlctlon angle of the rock. The predlcted 1-anglesf;fl

B were computed u51ng Barton's equatlon for 1-angles (Eguatlon};

- Lo
_I‘ .



‘wpresslve strength of the rock/nornal.stress) terls.

R o :-:ﬁxxy.‘»
N C

‘par meters,idl(iz'; and ‘): from the roughness profilJ -

ERE]

s ,'3.-,1i 3 16, 3.17, 3. 1e and 3. 19. r Ty e

Al T T . L M o

| hy substltutun?' computed values for the JRC and logf‘

(dlscussed ln Sectlon -3,5) and the* regreSsron eguat10ns_l5f'

-Hj The values of arctan (22), as shown 1n Flgure 3.3,'were

close to» t“ proposed range of JRC values shown 1n Flgure f7l

“,2 8 It was felt that anqther p0551b1e correlatlon mlght be'

obtalned by settlng the JRC value equal to the arctan (ZZ)

of a surface proflle., ]j~ffczj:w_“fl t «jvfhffdhﬂlﬂf;ﬁ'

' . o JRC= tan.l(ZZ) .

v

Therefore, graphs\of a total 51x p0551ble relatlonshlps SOV

’l;wbetween predlcted and measured 1-ang1es were computed for»u

:‘~}each of the tvo surface parameters.oﬂ'

Slnce the average and largest values of thevparameters'

'J(ZZ and SF) uere computed for each rock surface, a total of

\

'Eﬂ_twelve p0551ble predlcted 1-augles vere plotted agalnst the

_measured value.._v ' types' of rock surfaces' had been

»,con51dered JEICh meant twenty-four plots were 1nvestlgated
5p_ffor correlatlcn._;‘ B .

: . P
ol ‘-—'-',,' s

Two typlcal plots are shown 1n Flgures 3 9a,b' (Dlagrau o

P

The JRC values were conputed frou the measured surface..hﬂff”

e

“f;q for the llmestone surfaces- D1agran b for the granxte_pfp"
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‘w

'”'g'surfaces). -' these dlagrams -the;_measured —angles are

f~plotted _agalnst thef pred;ctéd values :egual to :_arctan
.fd;‘(zz)*log (conpre551ve strength of the rock/normal strﬁss) in
g hr whlch the ZZ _are the largest values. The str;gght 11ne on
1* tﬁe dlagral rs the RS degree Iine. Any data"falllng on thlS

e 11ne ,1nd1cate 'eguallty of predlcted and measured values.lhfrﬁﬂfiy

”dt majorlty of these d1agrams shov that the data d1v1de 1nto

I”t groups = the flrst falllng close to the US degree 11ne

:

7f‘and the second departlng from thls 11ne. The narrov reglons

:h”;for'-thef breaks the curves-:where thef data departed

':correspond to. predlcted 1-angles hav1ng values :hetween ;567 R
v‘and 55 degrees. The ncrmal stresses yleldlng these predlctedj
l ‘. B . /‘ R

: numbers are ”nzﬁtheﬁ range f» 1935 kPa for the granlte.9\545h5

1.surfaces and 3a5 kPa for the 11mestone surfaces.*"

‘Q.L '.:w . . s ~.u' to- e

Those data belonglng to the second grcup overestlmate ff,f7f‘

Lrthe values -of 1—angle. Values as large as 80 degrees were;fjf'
\\§Q found whlle the measured 1—angles te/d a‘; upperbound.,ff*Vo .
fl?arhese 'measured 'upperbound values at the breaks were 52 t 1

“gf} deg;ee for the grannte surfaces and W8 t 1 \degree for.ﬂthe:"v'

s one surfaces.,,fﬁ;fV"'

vf_JEach"of the tuenty-four d1agrams were placed 1n one of
x :these'tuo groups' the' f1rst belng dfta hav1ng predlcted
: ?E values less than 55 degrees (norlal stress greater than 1035 f]}f'

3% kpa li“es““e Sl“?faces) and the o

Lo kPa, e ranlte surfaces~

-

:l”j second roﬁb egual to: or greater than 55 degrees.u;fi*wr~:'

.Jilhmé:ch?gtqupﬁréf& data;"the‘hratiO"th.pgediétiﬂ'to,‘*



'ﬁj;7 angles based

et

{ ) S :

. 0 = . " L A

: . . e N . o
u- . -

' measured 'ieangles 5las calculated.f A ratlo of unlty meansf]z"ﬁ

equallty of predléted and measured values ‘Both the mean andﬁjfpi*

are tabulated in Table 3 u.,g‘f:'

Note that in- thls table, for both types of rock surfaceyie'

I Wb

.-‘\ N

SF correlatlons Tcan ﬂnot be used for }he predlctlon ofﬂ&ff?*

effectlve 1-angles df rock surfaces. ;if;.i,ff;_; f;"irlfp ff'*H

o SRREERS RES ;.J-g--- W e N

PR

The mean ratlos based onﬁ

surface’ parameters “asf calculated from group one data are SRR

less than those based on _the largest. Themefore,“ greater.

e

o predlcted 1—angles u111 be obtalned vhen the 1argest valuefjffaﬁ

’ j‘ standard.dev1atlon of these ratlos were also computed d_Ll”fl

the mean of the ratlos (Predlcted/neasured) as foq'd by the:hfp'“

SF correlatlons (Methods E and F) 1s far fron unlty. Hence,*%f;ﬁ}

lthe average- V%lue% of nihéﬁfif‘*

' of the parameter 1s used for the estlmate of j@c value..fThe:fhgf

s

the measured 1—angles gmost of the mean ratlos greaterf
\v é, R o . Hr .

than
\

unity).: Wowever,

value of"th}lvfparameters

'»underestlmate the measured 1-ang1es (mean ratlos less than;

1

ﬂ

llmestone ‘surfaceS. the best estlmate of lfangles at stressf!f{ff;

"Vloverestlmated vhen the average values were used. In the case

T
"J

~

predlcted 1—angles based on the 1argest values overestlmate*}ffd”

surfaces, the predlct d 1_}:~,¢

unlty) ‘whereas theﬁ i- angles of heﬂA soft i rock ' refjhiiul

by settlng the JRC value-equal to arctan (ZZ). *. for 'the;bif'w'
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level gr;;;er than 3u5 kPa 1s through log (z2) correlatlon

\

h‘;“?he =mean ratlos based on the-dargest and

‘hé ZZ Parameter 13' 1 02 'de 0.951rf{°"

o Barton (1976) suggested that the total fr;cﬁg

, angleﬁ/ 3

cannot exceed 70 degrees,w 1mp1y1ng hei‘effectlve 1-angle ‘pﬁ}[ff7
S i o
: oannot exceed 70 m1nus ,db.: Thds crlterlon was taken tovv"

compare u1th the average measured 1—angles of the ,surfaces

s

**]*atl lc’ stress level. That meant to 1nvestlgate the ,
Lo Pl TN e ‘ g . nf;L-

R dlfference between _thet mean measured valuesﬂ jand ‘hefi;'

suggested maxlmum 1—angles, 36 5 degrees (70 - 33 5) for the

llmeetone _surfaces f“' 39 5 egrees (70 -~ 30
granlte surfaces.‘fgtt:ﬁf U

To do thls, the means and the standard dev1atlons uere Sl

'»l computed for the,measured 1-angles whlch correspondedltb the‘ém

gegual to f' greater than 36 5 and 39 5

rff predlcted values

degrees .@for';,th' 11mestone ’_and;i granlte : surfaces.

':f res ect vel . The co putatlon was. carrled out only on data
__p}Y. 4

, c‘fr:oxu plotc based on ZZ parameter correlatlln (Methods A and

‘.- \

'ﬁ'1n Table 3 u) 51nce the SF correlatlon, 1n the predlctlon

5

of 1-ang1es, vere proved to be Unrellable.i'Results oﬁgttheqn*i

| computatlon are llsted 1n Table 3 5.;g‘djﬁx§5. nTQ;f;?_ e

?;yth; As noted that table, the mean measured 1-angles';jf}"”

obtalned from the granlte surfaces based on the two methodspff
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Qf correlatlon/- JRC arctan (ZZ) and log (Zf) correlatlonsjjeﬁieﬁi

?gles forf?ﬁu;lﬁ

the 11mestone surfaces_ based on the JRC arctan (z2ylﬁﬁ”'*”
| R : b Y
[' correlation Just fell belov the suggested maxlaun of 36 Sfff?f"

degrees.ﬂ Therefore, at Yow: <stresses,f there\“ iﬂﬁotst'

51gnif1can€ dlfference betLeen the'eiperlmental average 1-F*

-

'1:angles of the sofﬂ rock surfaces and those based on Barton sfﬁ

Bf maxlmun“'

. ' S .: C ‘ﬁ. 2 L .‘ . i POy " :‘ _‘ v- .v {
hard granlte sdrfaces.- ,f'"’ LR g T T L Aty

'T{Ihi Sectlon 2.3.2, the estln”ted range of

J-~¥fa11ure envelcpes
e fallure surfaces. are;
'“slope of the fallnr

13) changes 1h ‘the - e
: t_e PhYSICalzpropertleshfi“

,b“?ef fallure are relate_
-”;of the 1rregular1t"

mode

to thej:°nset -°f 'Shearlng Vthroughﬁﬂthe"N

asperltles.

N

e f




VAccordlng to_@hls crlterion, there would be a

constantff"'w””

H”tandaﬂd

_“fprealcted

"i{surfaces '-Speft1We1y.? \ general)‘

-ﬁﬁcompared wlth theseﬂ measured,

hypothet1ca1 lnterpretatlo: “ffgﬁéfﬁféqﬁﬁﬁbﬁﬁﬁ

occurred”g'f ‘5‘”'"
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uere ‘examinedq and pictures"of representatlve* '

- sp“c1mens taken. These plctures are shovn in Flgures 3 11Jﬁ7j ’

stres 3S o SOme spec1mens. at partlcular stres' 1evels are“

-,ff m} sxng because they weré used fo the» %d&dy- dfﬂvstress

f;hlstory 'effects fo peak strength (Sectlon 2.u) before theg:

S p1ctures were taken. The granlte surfaces can be observed to;.
have suffered a very small amount of damage to the ,tlps ’ofsbh':
. some.relatlvely steep 1rregul$r1t1es theoretlcally effectlve‘ ’gs
| betueen ,a nornal stress " of 0 to 1035 kPa, Above 1035 kPai{fu
these small asperltles falled before dlsplacements"couldmfl
(occur 431009 them.. At 7 normal stress of 1725 kPa,.some"

lﬂrger»asperltles became effectlve.,‘hboveql1725 kPa these

larger',asperltles began to fa11 before displacements could'

‘.occur,vBetween a normal stress of 6210 kPa and 6900 kPa Vnéglf"”
SR .‘ S ;
' ‘f-cracksnwere observed on the surface walls,f

R

'.-

rInyua slmllar manner, the soft rock surfaces began t}E

have suffered damage to the steep asperlty t;ps, betueejfg
- normal stress of 0 and 172 5 kEa._\t a- normal stress"
as 345 kPa\larger asperltles became effectlve..‘Ab_ve ‘1380:

kPal these larger asperltles began “to fali It/yas observedf”"

L that new cracks‘were-gnduced in the surface walls at stress

: "g . L

levels of 2760 kPa and above ue3o kPa. .

S Generally 5peak1ng,‘ study ‘of these sheared surfacesf S
oo '~ £ i . B
'-,j' 1nd1cated changes.'in* the mpde' of fallure at~,stresses"

- correspondlng ' those fa4nguh;ch:3thej breaks occurred;gfdt:"

o Soowd T
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Houever, the tran51t10n 1s more dlstlnCt 1n the case of thea[fﬂ'“
,igranlte than -llnestone surfaces. Once agaln, thli‘explalnsr

bwvhy the locatlon of the break 1n the curve vas uoré ‘markedfuj-"”

i:”ln the hard rock than the soft (flguresv3 9a,b )'akdk‘.

rﬁﬂﬂrptat;on.,ﬁoreOVer,,upon examlnlng

sgfétudies in: dlrect«shear test samples._ Kutter (1972.;““L

*1stated$'“’“

”:top halves of the samples would not b'?

'hshearbox fﬂnasd. orlglnally desxgne?

Cracklng of the surface wall vas ohserde only 1n thef5

e

feﬁlower half of the spec1nené at. very hlgh normal stresses and"
,‘rocca51onally at a stress betueen 2760 and 4830 kPa _1f “the:
L contalnment (amount of sulfaset) of spec1men uas 1nadequate.y

_The mode of cracklng seen fatr the far end of a spg01menﬂt

W(Flgure 3 13), sheared through from the:'wall down tofhthéf:?ﬁ*i

fsulfaset, 1nd1cates a concentratlon of stress at the contact

1'of sulfaset and the sample.;baiiflff “f;”_h*I;.7"@tf:fufft\si.g

7. Inh  a d1scuss1on of the resuqts of stress dlstrlbutlon‘fvg“,

"':.«;The: results show a relatlvely unlforn shear u““
_-,and normal ‘stress dlstrlbutlon Ain- the central 70% .
. 0f the. shear plane ‘and a: reductlon in shear stress’..”'”
faftogether uxth -a. shatp increake: in: nornal stress at
ffthe end regaons of the shear plane.? R

L

-

Accordlng to thls ,type f ana1y51s, 1t uas felt that

. \./-

sthe stress fleld at the end reglons of the cracked specrnens
'kias function 1Qfdfth’{ changes ?n the : dlmen51on of

hycontalnnent and the shear 1oad dlrectlon. Rotatlon of the

p0551b1e 51nce the

..

L1500

to restraln:-Sanp;e'_jfff

”h top halves 'af;é;fj"ﬂ"
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1rd'of the granlte fractures.kh”;u.;

."'

"shearihg, no narks of stress concentratlon 1nd1cat1ng:sampie‘j

'f'rotatlon vere observed.-‘ Z}'f @?fu-F‘ﬁ<v75<*f%“" SRR AT

"Iu'_sunmary, 1t was felt that the effectlve 1-angles of
‘7a~}the fractured rsurfaces 5vere better predlcted » n“‘ithe'

:""dsteadlqranitextﬁan 1n the Tyndall Stone.vTherefore, the

R

h*fal'oging; expresslons ire“ recommended for thlS purpose of

’?Jif*predlctlon of 1~angles for thé hard rock'"

i (22> % log(OC/o) e 0)1035kPa (3 21)

, \1= (32 20+32 47 X log(ZZ)) x log(oc/o) ' c<1035kPa (3 22)

‘e

. ‘g_These two equatlons .uir,

chapter for the study of tlme-dependent fr1ct10na11behav1or
\ _ .

NS

tf(dl To determlne fthe7 peak shear strength lw rock
”.}“11t_ SR -

”.hsurface, one must ascertaln those values of the basxc-'

ﬂif&frlctlon and 1-angles. Prlctlonal re51stance ar1s1ng
‘o'from the surfacez 1rregu1ar1t1es (i angles) renders
'thi:;the estlmatlon of the peak strengthfdlfficult;ﬁhﬂ
:ftstudy 'Of”ﬁ surface | 1rregu1ar1t1es jh‘ thegefore

"”ff"necessary.

ﬁfﬁﬁlié)tiﬂsE1ght surface character}stlcs (RHS CLA, 22.023 Za

'hfdQ;,LMSV ACF, and SP) have been dlscussed :s p0351b1e ;

dtt]ff;ffcjslndléa orsf;of the frlctlonal propertles of dlfferent

“:tff”fSurfacq geometrres.

: be' employed _u the 'next T

4




Vo e hlgher correlatlon‘ coefflclents. !oreover,»_;es'v_:‘“

D

3y Three proflles for each of the fractured Msurfaces ,{Y

?73[.uere‘ traced. These proflles, aiong wlth Bar. n‘and |
Choubey's ten standard Broflles vere dlgltlzed for;’&ddé
"the conputatlon of the elght surface parameters.h
ff (ﬁif'. Regre551on ‘ana1y51s tbn the ten standard proflles ;w:f}f
i o ylelded good llnear relatlonshlps betveen~ the j01nt'f
: _roughness coeff1c1ent,;':dié~;Land¢:_tvo‘f surface

‘=parameters"‘the"root=.mean »square. of hel' flrst

-

derlvatlve 'Ofﬁft proflle :(Z2) andwthe structure

rih:functlon (SF). Addltlonal ana1y51s ‘proved that the |

arctan and loqarlthmﬁiof these tvc parameters gave o

] .

‘ -\from tthegfruu- ¥ sts on these regressxon data showed

'ot'fftmgg,the devlat uns of the data from llnearlty had

_,vbeen dlstrlbuted ‘a 'random over the regre551pn 11nes. };'7‘;

hu(Sffh,7051ng ; Barton s expresslon for i= angles and';thehfﬁ[f

'Vfi@ffﬁtf7dcomputed fC valuesa'

psed t .22 ama vsh

R l

| 'correlatlons, the predlcted 1—angles fotgthe sheared Gf

'”;surfaces were calculated for the two types of rock

”surfaces. Resulisf‘frOm the statlstlcal analy31s of
'”f;the predlctea i—anqles and the measured values from
'U:the experlmental data 1nd1cated the predlctlon of the
r'-lfeffectlve 1—ang1es ‘for th\ fractured surfaces was ‘
'”sbetter estlmated rh the Standstead Granlte than h?;ffn:
Ht\the Tyndall Stone. The best estlmate uas found Hhen -

fgfthe JRC tern in. Barton s equatlonA for the'f —angles fid

'hrt}'ffvas-hseﬁ-_equal £ f;thet-arctan“;(zzi._ ZZ belng the



Case

|
1
i

P

s - . N TN : e o o
f[“llrgest Value of the traced proflles cn a Standstead'“"‘
ﬁ'Granlte 'surface. The predlction of 1-angles for the

”a:Tyndall Stone surfaces could be best estlmated bf thQ%i

‘;'qulog (Z2) ccrrelatlona_pﬁ‘rf‘ffff'FM

S e

_]th; both types bf rock surfaceSx cons1dered 1thef*'

“-predlctlcn 9£}‘-1~angles, based on the structure

4

_;t:functlon (SP) correlatlons Seemed unrellable.*';a
317)fe1t”he peak’ shear strength values for both rock surfacesﬂ;iﬁdtt
, B iwere scattetedL Thls varlatlon 1n strenth fmlght begf'
"vthe ; jresult 5'fef’“ dlfferent ; 1n1t1a1 g SUrface1}’

flrregularltles. The\range of roughness was euch as to R

' ’-".]yleld JRC values from 12 5 to 31 1 and 17.9 'a 29.5._‘.'_ o

';5;ﬁ*‘coeff1c1ent'

d[f(Q)'THZTﬁez curves |1n the measured versus predlcted 1~ang1e‘jr55’

Syt s S

?fvrespectlvely

RGN

S work (1966)‘* . C

’"f the llmestone _and granlte fractured surfades. jt”'”

‘|". !

‘fResults frcm roughness studles lndlcated that\ thef. i

b rfeffectlve 1-angle (arctan(ZZ)) attrlbuted to Patton ‘s -

Ssesvtthey would be the same value.a>75
\r

-be approxlmated by tuo fstralght llnes.e

¢ 'The -_abrupti changes the 1-angles-of these llnes::"
,vh’represented?:thé? onset of 51gn1f1cant anounts_ ofiiega

~_'crushlng of asperltles.“.The amcunts of crush1ngff:t

'””“deepended prlmarlly on the degree of surface roughness;d'

“3'(z2), stress level ( n) and materlal strength of thef»

surface ualls ( c). The stresses correspondlng to the f$ﬁ

“ | i ,

;elated with the 301nt roughhessd i]j?

1.mc,- attrlb'{xted to Barton's work (1973)._’_



<

"Q‘Sfe5k§ t1n the curves uere found to be at’ 3u5 kPa ande:}f

1035 kPa for ;the Tyndall Stone ghd’; Standstead,ﬂ_v

Granlte,_ respectlvely.‘ Below} these stresses,..a:ﬁf

constant 1-angle uas assumed.;, f;ff%Vi-

.""'.‘.



'*;ﬂ;as shear creep.:y

'I;l'Dlagram a shovs uhat would result 1f the ro k surface were
-‘fﬁvloaded to f‘ partlcular constant shear st‘ess,"f and for a

;ff»perlod of tlme subjected that const nt stress, tlme-:

u11§h.eé£9£essﬁugsn_s§

’The f°11°V139 hYPorFe51s is- based on the obserVatloﬁs-;xd"

‘bn ﬁcreep of durlng compressxon (Blshop,_1966 Cruden,gj"l.

and Vald

’.!Ter-stepanlan ettal:1973°' Campanella 197Qfddfff~"

'»;lothers).f;p“t

.ﬁt%ormal load

*fﬁ:reduced Hlth tlme. The. frlctlon ; hear re51stance result1ng~-»vf

:'from the rock erface -is3'ai t1me—dependent~‘parameter' and
'thfie exlsts "f‘crltlcal value of- shear stress below whlchllﬁi"

3 SRR B AR
_}tne tlme effect 1s Mot detrlmental Thls value corresponl ,?

‘;tfé o the_ long term streng'H”' ‘thef\rock 'surface.; ?hé:tf*f

1..,

Tf!manlfestatlcn of thls behav1or 1'}ft” .occurrence o offﬂh

',1rrever51b1e t1me~-‘depende@t shear deformatlons recognlzed_«a

a-

R S

E:?pr;ﬁQQ?éﬁéiiﬁi: gg xggthe51s

The fore901ng hypothe51s of shear creep 1nv rock could

flgures a 1a b,c.‘”'

ﬁiﬂbf; 1llustrated lgraphlcally shoun 1n

{

f'dependent 1rrever51ble plastlc straln, Ep. would accumulate

o PR - 155 R



- Shear 'stress. " 0 Lot o

Boelae 0




Sy REPI

“ﬁf:dlagram b, would 'represent ‘the "age" of h' partlcular",

'ﬂ, ;”the

'” ff 1ends 1tse1f to labortory tests._ 7'

“;f;fmodlfled *f'r tﬁé purpose of shearfy

"7Vﬁilower (1) and” upper (2) %oxes

-;tcreep. _ h' \;veen p01nts A and,_‘f"

o . “\ : ‘
",constant sLear strebs. Dlagran C 1nd1cates uhat would be thef“'

termfstrength of the rockjs

long

'"TLZTﬁQ; conventlonal 5011 difédt{:éﬁéér

machlnes wer

N

‘{ishear capacxéy“of 8 9kN. The square shear box

(flgure u;é)\hffff"“

o

i   made of stalnleSﬁ steel was de31gned 1n such a Hay that,theﬁ- T

":gbrackets,;(3) and

’.rv .



'~;%ay, the measurenents of vertICal deformétlon ofwthe creepp
'Ti¥ spec1men vere Tade relatlve to’the shear box 1tselff rather*‘

the bench of the machlne‘ s

*fvﬁconventlonally.n

’ ;_cm., bellofram manufactured







Lyt

//pressuret supply vas distr;buted to two regulators, one for

/i

'ifread on the ressure gauge./{lh re ulated pressu e>3was“':
p - Th g ¥e rwas

,fﬁwere taken,s he
a‘%by\ means of tvo separate swltches- that meant 1f a rePd1n93 _

hawasvregulred for a’ regulator, the swltch fconnectlng fhefv.a'

BN

o

\ o .. ” ..\ .’

1

!
regula}ed manually frpn a control board as shown 1n flgure

J -

'ff - The bellofrau uas .- Tan by compressed Valr wﬁich uasv'\

u §Z>The 1nlet alr supply 11ne &T valve at the top of flgure‘

. -

\.

g’

ndependently fron oney anothen‘by turnlng the approprxate. .
} ‘

T

controlllng knob (clockvlse motlon 1nd1cated 1ncrea51ng.ﬁ .

DAY B

pressure), and the approxlmate regulated llne pressure was;v

transmltted the hellofram asf well as to a transducer_@yff

<

(oentre gaUQQ Ain: f}gure u 5) uherg,read1ngs cf the pressurej.h'

- l

.regulator 1wou1d be ‘open to th_ transducer "Qlle\the otherp,u-”

1
o~

giswltch rémalned cLosed (and v1ce:versa). ~¢f_fx»Q;}l_ff;

sectlonal acea of 30 ue sguar.‘ cm.. therefore,- af the;ﬂJ;u

L

regulated pressure were x N/mz .f constant force of o oosoueh*jf“

controlledrby a 3—way swltch (outiet to-the alr,A 1n1et toj?;:f

.'.‘C"'

the dlaphragm and close condltlon) located at the end of the;;*'v

N l

belloframr When the SW1tch was 1n the close p051tlon thefﬂapﬁ

’ J

gr'the bellofran. HoweVer,

: each creep macéine. 1:5_e;d\regulators 'were'\ operated

ote

f ) was under a constant a1r pressure of 1300 kPa. Thls_.

nsducer Tas shared between two regulatorsﬁj -

};have been obtalnedQ” Thls constant force wasﬁt'“”

*;jcompressed a1r woul& nelther release to the atmospherefﬂnorifﬂmf
'>] . L (‘: 3 . 5 B '.\v “__ :
' ;1f the sv1tch vas turned;g“gj

nsfantanEous hor;ZQntal forceiuould beiff}ﬂ%






Bee

;tobtalned. Whe_

“rininn shaft fromf fhé;i'
’~bellofram¥ wovld engage the creep frame 1n front, Hhmch rn ,f

-'turn Hould tlansmlt and sustaln the force onto the shearlngf

plane of a s GC1men. Ef , v
BN ; . C o v » :
4.2.3 pata Acguisition - >

Electronlc data-gatherlng methods '(flgure

w6y vere

':‘ffemployed i creep tests. wlth the.'exceptfon' f roomf:f“

‘temperaturelfana h“mldltY measurements durlng estlng (whereﬁ;r
{?fmanual recordlng .é used).ffrhed remote*controlled data]ff
_1'vau181t10n system employed was a mult1channel Fluke #92 03;53

.1-

":_dataiogger manufactured by John Fluke HFG.:‘iCo;d‘l

. Mountlake Terrace,» Hashlngton. ThlS system 1n 1tse1f.could;f
., have varlable sampllng tlme and a‘ prlnted 15utput,,fﬁas}linffﬁ

E conjuctloL Tvlth a Techtran #8“10 dlgltal cassette recorlegfﬁg

S N

””ﬂunlt manufactured by Techtran, Industrles' Inc., Rochester,?i;

- R
Yorkev blsplacements- uere measured by llnear voltageﬁﬁ;

d;jdlsplacement transformers (LVDTS), shear loads aere mea"uredﬂp'

‘by 1oad celIs,_ and ,ai pressure fﬁas measured

'LSducer. These measurements were callbrated and recordedfnf

2;1n mllllbvolts. All electronlc measurlng devrces

ES

R . -‘ / v o
j,e_.recallbrated after each creep test performed to ellnlnate;*

; AR

l'error due to zero po;nt drlft or to senfltlvrty alteratlon.vjkl

'fglven 'creep test the







dif‘creep machlnes.‘The tests were run dry at 0 061 cm/mln,,,fJ

- fclose as p0551b1e to the rate 0 052 cm/nln at vhlch all the :

"pf“dlrect shear machlne.-’””

" graphical emtput.. . el

Creep uachlnes could be used 1n elther ‘a shear strength.'ﬂt

~xﬁtest ‘fiat creep test. In a creep tes the conjunctlon

“Vthe creep frameﬂwzth the_ gear box ”assﬂimployed (sectxon

*.§a 3 3).f'Three granlte surfaces were sheared 1n one:of,thetcja

'“i:shear strength 2e_sts (chapter 2)_vere performed 1n the 89kn~j?d
- , LS . P TR

LY

'fofTh test resultsl are tabulated 1n table u 1 toqether L

":fwlth the predicted vaLues haskdfon the expre551on 3.21.ﬁadh§;“f
stress.-1035 kPa, employed uas the maxlmum allewabluf“f

'7:.leve1 because of the llmltatlon of 5shear

r0ck.\surfacesbv'

-anglws for these three‘spec1mens dld_ not Qarfﬂﬁ;

close to 52 degrees.. wa> spec1nens.ﬁ:

2
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F'7;r'eff“,ffﬁf'}fﬁf_l’}ff?q*fideEFfve}*ﬂiAﬁGV;ff

"In sectlon 3 8 (table 3 u), the estlnate of the 1—anglefjﬂ
‘Q?through the JRC arctan(z2) correlation gave a nean ratloiff

o a;(Predlcted to neasured 1 angle) £ 1‘d3 wlth standard7°r

\

o NG :
- dev1atlon, S of 0 0752. Therefore, the mean ratxo would havemag

fﬂﬁﬂa .conf1dence 1nterval of 1 03 t ts (where Student's t is a“ﬁ
‘ﬁﬁpnctlono of ( ) the degree of freedom ﬂahdjgthjfﬂgthéfbs
o e A B i
“1151gn1f1cance level (Dlxon and MaSSey, 19‘1)).

ﬁ*t the_.:

'efparticular problem at hand, the degree of freedon of 28 gaVefj

**fjagt _.2;05 at 5% 51gn1f1cance level.‘Thus the ratlo _woulddfﬁ

ffifdhave da 5% Gonfldence 1nterva1 between 1 18&2 and 0 8758.;ff
’_e;Note that thenvalues of the ratlo 1n table -, 1 fall \Hlthln;i;
{gfgrthls 1nterval\ 1nd1cat1ng that there 3isﬂfpb' 51gn1f1cantfi*
\ dlfference 1n"measur1ng shear strengtﬁ.~.f Lranlte rock;r'
H"3¥nr£ases despltef testlng then 1ﬁ dlfferent dlrect shgarf*f
'dfdaehlnesf;of dlfferent .stlffness, shearlng .... dlfferent“y

\ﬂffspeedS’:(O 052 d 0 061T‘:m/m1n for thefff"“

HAhd smallds”

\

'ﬁf{maChines respectlvely)“'d;ff* u31ng measurlngﬂl

TS
AR

”-},gtechnlgues,-(x-y~y' recorder and data acqulsltion system for,;f

if?}ﬂthe b1g and small madhlnéé respectlvely).;_lf}ea“:ﬁ”il'“

N

,S.ers.;egne 2 ;....leé’ee zeer
o : 'ﬂmm : . 1~ru;~

PR

Fron the geonetry (area) and measured 22 value of a

"’f:réekﬁjedrﬁaée”'ﬁhe’ est1nated:”peak of the easf :




-’f[steﬂ éf apply the predete:mlned normal 1oad ”aqa;.e ;'”

"f;elnltxallze the data acqulsxtlenfand Techtran tape recorder..*

S started at ‘a speed of 0

: \

g051 Cm/mln-=‘lt_?the same t1m§3 aﬂsﬁfi“rt

'Jj;f“contlnuous" prlnted output' from the data acqulsltlon waswff?ftlﬁ

o

""~'<,,-vse-'t,. _ .

'fﬂffﬁft: Slnce the ?recordlng device_w_

4

vshared_/ﬁith btﬁétfj'?f~§*

'E~e research jpurposes, ‘a '81ngle complete sampllng pr;nted out,:ﬂ-vla

ij

‘Zigi{put of all;the.

.&.:

fthe \teadlngs fof the channel

;of the

<sanp11ng

"che supplx'if*”'"

1

'*;ﬁiuhea thls

happened, thei electrlc :iét %uh“'

.hahnels tooksalmost 10 seconds. Because ofﬂg]ffluf

(channel 7 for cieep*;f}ff?f

prlnted out—f':




e e e T B [T SN T [ ISR
\ H,G}¢‘3rﬂq_ﬁ'g‘ 'ej__ﬁgfa“;d'ﬁ.ji }ifﬁﬁ‘ AT

'*shearlng plane of the rock surface.vConthuous sampllng

:}: "" S

"fﬁ(or at'every 10 seconds) uas set for the flrst 10 nlnutes of

‘ﬁf}dcreep- After that the ampllnq t1me ﬁas_ 1ncreased F?Qa’tllﬂ*‘

N

'eesequence of__ if#i7 2 5, 10, 20{

f30, 60 and 9Q mlnutes
_f§fdepending upon the magnlkude of shear deformatlons..

L4 s : L Loie

f Tlmlng was crltlcal."Flrstly the load supplied byfjtheﬂ;f;j#d

.uﬁgmotor ‘should not exCeed tﬁe already predetermlned onjiinegﬁ i

Ve o

"fff;;constant shear force-‘secondly the sudden. 1mpact Aff?fhggiﬁi[fl

K

*9fspec1men frOm the bellofran 1f the motor were shut down

.earller'before the load cell had reached the desxred load

)ffshould be iride'. In the flrst casee

even though the load

:“?gﬂas meahnred b‘ ‘ﬂéﬁdiiﬂzd?



'constant shear force,
B

T

neasuremeqts_uere taken at an 1nterval
'E;of every cne mlnute (the smalle”_

1ntetva1 obtalned .1n the

:hfdata ‘acqulsltion systen) ‘?f_vfﬂlfirSt half’h°“r‘.nurlng

'noted.v After

l?ffidfquthé. 1ncrease of.

s

”creep deformatldn

\




R ‘,:,‘,':» |
-

"ntﬁe”*shear force was 1ncreased to tﬂe next creep stage. Thls;jdifllff

v

vas done by tnrning the. approprxate ?fir regulator n o the
'control board in. a clock-wlse motlon and at the same tlme aff_;ﬁAf

o "contlnuous" priﬁted output ‘as .monltored unt11 the' next:f.fj!'

deered constant shear force uas reached._Then the”technlqueif“”'

of vsampllng data was repeated.-The whole procedure was also:pp57f*‘

-

5 for another creep stage unless the spec1men falled.fi%fsaf‘

AT N ’ ) T _\.’_

ﬁ*:r%peate

:7W 'd”ffj Hhen a creep fallure happened 1t ﬂas\usually precededj'“fkq

_.aby decrea51ng 'shear resxstance (readlngs*'of load cellfﬁfﬁ_jlfj

e e o
decreased) and 1ncrea51ng dllatlon and shear deformatlon'for,;pgjﬁwxz

a short duratloﬁ compared wlth the total t1me of;aztest.

| A tota}:of u creep tests were~performed on a 1nd1v1dualf?t_p%

o neu granlte rock surfaces (two at_a

normal Str°ss 'of egoifjdaq

; kPa.- others '? 1035 kPa) and all;of whlch ended 1n cree?“%ﬂfff?}f

fallure.fz



: idﬁﬁ)gfffﬂeﬂ nornal_

'*£§§i¢t§d 1—angle
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decreased “P to. 901nt B .and thereafter 1ncreased untll‘”

rupture at p01nt P. Harnlng of Lupture was 1ndlcated by ithe},'“

‘ trend of \*ncrea51ng dllatlon\rn the reglon BF. The elasped "?

~
\

tlme rn the deceleratlng dreep was abou€‘3 tlmes the elapsed“'

’ t1me 1n the acceleratlng creep. The total‘ amount ;of“}tlme-'{

"\\ .

dependent straln was O. 075% whlch represented appr011mate1y:ﬁ[¢;t

0.09% of" the elastlc deformatlon.,The measured llfetlme, T

'for‘ thls partlcular constant shear - force (97 u1%) uas 82 42.

hours uhlch ccrresponded to the dlfference 1n_ time -hetweenf

=
.

=

L]

[\8]

O

|m
Iy - :
to

3

o

_é~'
The second creep spec1men was §336%Q£i;; a ZZ value or

0 45201 and Ao of 10 069 sq. £n. (Lo X W
o / _

cn.) The 'Lfangle (expressxon 3 21) as estlmated 51.54

- ‘ T

290x2 3u7 sqa

degrees'°for"aj;norma1 stress of g 1035 kPa.}:and the;llﬂ{*

cOrresponding predlcted peak (expre551on 2 6) was 7309 07'
'W
‘ force loadlng before f1nal creep-qfallure. The stressesc

-~

- ‘correspondlng,to 'these 'COnstant"'orcés were set\ to ‘be

kPa. The spec1men underwent a total of 3 stages of ;constantf%%

‘_6643;90"kPa, 6950 98- kPa and 7268 98 kPa which represented-«'u

'*89'67%;1 93. 82% : anag 98. 11% of“h'the" predlcted | peak
T respectlvely.: L
' graphlcal outputs of these 3 stages are shown in® ¥

wvfrgures . 9,»#’10 and u 11 respectlvely. In stage 1 (flgure

4. 9), the early part of the dilatlon curve (second dlagram)
\
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_h'

"s ct1on u u 6)w At the same moment, the d11at10n contracted”

Oe "V."

had not been plotted due towthe error of zero p01nt drlft of<‘

. ‘

el
the LVDT. The measured shear stress durlng the' test jseenedff

R

to"be, gulte constant at values of seuu 00 t S 00 kPa. Theﬁ*

”,i dllatlon curve also appeared to remaln constant.nThe sup%:yﬂf-

alr—load (bottom dlagram) show

E shear\ re51stance reflected jumps 1n the supply load curve.

d some’ fluctuatlons. Carefulgf

N examlnatlon suggested that the small abrupt charges iﬁ fthé{’:”'

| The percentage changes 1n the supply ranged from 0 ftd. O.uifﬁ-

above the meah or the predetermlned feed. Agaln 1n the cfeepfj”:

3 ‘ .

curve, the st;aln 1ncreased rapldly at the heglnnlng but the
i -

5 .
rate decreased.~ SOme gccurrence of abruph changes 1n slope'

|
s

vy o /

brlttle “jllure of some steep asperltles. The o/eep straln

dled dovn; and beca e séeady at a tlme of ‘40 hours. In t&ls

stage thls 1n1t1al e astlc straln was u 580% whlle the total

”7lastrc'deformatlon.‘ ;hV g"ffuﬂfjffh lfpi';ffff-w];f

[

'%{ncompar'd Hlth W 58% 1n stage 1. Thls mlght be the results of

'?E'Y;dhange‘ 1n(,shear stlffness durlng creep (more dlsc0551on 1n.

?'\.

v ! o » : e

‘;fﬁﬁf 'i:reachlng -a steady deformatlon the shear force vas'

;q059% was obtalned and thls seened gulte small a value as

to a value of 0.006 mm and remalned at thls level durlng theh
.0 >

l‘ rest 'of stage 2.-The shear stress shoved some fluctuatlons

1nd1cated that the .surface asperltles were1'subjected tof.7“

“'H‘ uneven dlstrlbutlon é/%nternal stresses or the results ofﬂr"'w'

‘;amount of creep was 0 057% vhlch represented 1 25% .ofc~the*<**'9

Nzndreased to the next stage,_ 93 82% f'“the. peak (flgure-fVﬁfj

Durlng the’ 1ncrease, an: add1t10na1 elastlc %traln ofs



R T (TR IREC EOE SR I PP IR SR

'.,, .', . ’ i

e o _ 3 : ! A k
e N - .
'?;roughly tO 21% above the&constant stress of 6950 98 kPa.'The

',characterlstlcs of creep curve also showed 51m11ar1t1es -gsissﬁ
R o " 'y . ,V§, B . Lo -
"“kw‘ noted 1n stage 1.tAt flrst the stra1n~1ncreased rapldly but;
oL " \.' &1 v . .
-;the straln -rate decrehsed - Eventually at a total{elasped

,ntlme of 320 hoursJ no apprec1able 1ncrease"inf creep uas [57
rfnoted. The total amount of creep deformatlon 1n thls stage

was- 0 039% Vhlch represented 56% of the stage' raddxtlonalgméa’

ot
1.

*[elastlc straln.
Upon reachlng °another steady Creep straln the shear
.} . S
force was then 1ncreased to the thlrd stage where the ~creeo-"

I

#fallure occurred Flgure u 11 shows that further contrLctldn j7‘

a

of the spec1men was observed at the completaon»eé—loadlng to

total value.f_f O 011 mi:f however, 1t began to. dllate T

gradually Lwhen cféep had gtarted The.; dllatlon J rate'*7

1ncreased 51gn1f1cant1y vat the end portlon of acceleratlng

. S,
.i‘

rcreep..In splte of thls, the flnal accumulatlve vertlcal

~

-;'ﬂﬁl deformatlons: we@% Stlll negatlve prlor to creep fallure.-n

ﬁ \\. Thls seemed to be the results of seatlhg of the spechen. Vo
dramat1ca1 varlatlons 1n shear reSLStance uere observed.vThe
'max1mum percentage fluctuatlon .above the 1n1t1al shear ~.,‘

' r351stance.‘Las about 10.1¢% as compared'to 10(5)% abovg.thé%
.mean supply alr—load (bottom dlagram).p.v , e lA

.,‘é yf:ff* :fvp, R "j_j;ff :”.; _.:_~,_‘ B o |
s 'C$he>‘creep curve‘fshowed'" WO _ stages cf creep" »hefg:J'

’deceleratlng creep (AB) and the acceleratlng creep (BF),vu

;;Rapld 1ncrease 1n creep rate uas noted durlng ‘approx1mately

[

RS ,;:1,,fb_‘2 hours prlor to creep rupture at Fas. seen‘by the

PR



.“-stage 2 (0.057% and 0 069% respectLVely) even though the'

B X

o

BN

'”TVSteep creep curve. Agaln varnlng concernlng creep fallure g

3

7~inas xpdlcated by the trend of 1ncrea51ng dllatlon ln the L

‘l

_, -
R

-fstage ”qas} 0 057% and the total amount of creep deformatlon.;

'1:7was 0. 065% thch represented 112 10% of the apparentdelastlc‘

“jreglon BP. The addxtlonal elastlc straln durlng thls flnal_fJ

q‘straln.‘The ap@arent elastlc straln was less than that off}f

'?1ncrease in stage loadlng 1n the flnal stagé ‘was greater?

\

j Z.SQ sq.r ca. )u The test was Tun at a normal stress of 690

1(“ 29% and»ﬁ 4, 15% efor.ytthef f1na1 'and second stages.

[

apparent shear stlffness- (shear ‘stlffness occurred n a

o

"respectlvely). Thls agaln gave 1mportant 1n=1ghts as mow the""

%tage' loadlng test) could affect the creep phenomenon,ﬁh

(secxron u.u 6).,If)ane could 1gnore the effects_}of stress_[
hlstory prlorl t04 the- rlnal stage, the llfetlme for thls\'

ipartlcular constant ‘=tress level ‘(98 11%) would bei ‘the’

'f"&fand therefore, the creep llfe T would he 93 1Q hours.:h,ﬂ

O

T 3 Creep Test 3

/-

'd;fference 1n tlme betueen p01nts \ and F in the creep curve o

"':.The"third: shear 'Creep -specimen ‘was 53222 wlth a Z2_;f“

value of O 50122ﬁand Ao of 10 98 sq.‘cm. (Lo x W =j u 39 _x;'-

. ??1

f(expreSSion 3 22) estlmated as 51 55, degrees and the;‘

icorrespondlng predlcted peak (expre531on 2.6) #as uguz 97

I'stages of constant forte loadlnq Srior to creep fallure. mhef;

o . .

'J;fkgaQ.srhé 1-angle based '?hthe log (ZZ)'.-correlatlonrju

“_kPa.j Eike,creep test 2, the spec1men underwent a total of 3L‘;a9



’;stresses correspondlng to these constant forces were set to

‘be - 4361. 75 'Kpa,’ - asz3 27 »kPa and 5320, 75 ' kPa uhlch;f
) . N

jfrepresented 88.25%, 93 53% and 107.72% of the predlcted peak"f

,,,respectlvely.‘51nce the 'substalned conStant kload at 'the;,

’

‘!7u5f1nal stage jﬂas beyond 100% ‘of peak 1t suggested that

&

gelther the shear strength based on the expr9551on h3.22 7wasﬁd'

. 1 .
underest1Mated or the 1ncrease in strength was prlmarlly due

'toﬁ-the' change 1n the apparent shear stlffness in the stage,'
u-f_loadlng creep test (Sectlon u 4. 6).5,_ A ' )

The graph1cal outputs of these 3 stages ‘are shovn in’

‘;flgures Q.J2 u.%B and u 14 respectlvely. In etaqb 1 (flgure

%4

'“f”u 12) ~both shear ;-stress a and dllatlon. plots showed'

°

j:con51derable fluctuatlons 1nd1cat1ng that'tthep surface QaS'd
.”notf statlc&lly stable.,The dllatlon curve tended to have an_r
j'average value of 0 003 mm whlle the shear stress tended
 ;1nCreaSe sllghtly durlng the duratlon of thls stage. At a‘v
.i.rme of 800 hours a sharp jump in- shear stress followed by a

sudden stress drop uas measured Thls junp seemed to be therﬁ
| results ‘of brlttle fallure of some steep asperltles."he
';creep 1ncreased rapldly at the beglnnlng but the straln faté;
decreased. An extra straln .of O 025% wvas obtalned from 'the
sudden jump 1n‘=hear stress at 800 hours. Hav1ng reached the-

R

jump the straln"rate decreased once agaln. The 1n1t1al--

elastlc straln was 7.286% whereas the total amount of ccreep

K

1“in thlS stage was ' .0, 1561 ﬁhlch represented‘2.13ux of the.'

'elastlcastrarn.

B .
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(flgure u 13),_

elastlc_ stral'

.‘” was 1ncref'r: by 5 28%. Upon completlon of the loadrng, both'ah'

' shear stress and dllatlon curves shoued some

- v
Careful examlnatlcn -of thé&e curves, shoved that the-],ﬂ*

-r N

':.varlatlon mn dlla 10n reflected the 'changes

"‘, N

. . s . " \;4
. \ o “ .
. .3 K

" s hear: stress ‘curve general, the ‘dllatlon tended toftghm'

v'

ﬂhvrfidecrease from 0 007 am to’ 0 005 £ whlle the shear ,stresSfW

/’ ' o
slopes oftg‘_-

?filncreased sllghtly durlng creep.‘ﬁompared wlth.xhat of stagef“ .

'*1;]ftheV creep straln of thls stage 1ncreased only sllghtly7f{

”':prfa‘ short' duratlon' vhlle the straln ‘ratei decreasedf.7

':dramatlcally fo'_‘the rest cf creep._The total amoun f

creep. dur.lprg thif

.ddfathef'f"fg:; parent elastlcTstraln. f'

«J.apparent elastlc straln of 0 163% Sf obtalned whén'g’hegt

v

\

stage was 0 031% Kthh represented 72 92%f;”

”f*finai xstage (frgure,'u 1“5,.3‘h addltlonalfihjf

"?rshear force'pi" 1ncreased bif 1u 19m._ Subjected to thlszff

\‘,1.. B ,

13'stage-1oad1ng, the Specamen'”h‘d galned n dllatlon from;ﬂ;v*

-~ s,

"'150 1005 mm (ehd of/sxage 2) to 0 013 mm. However as the creepff:jf

AL ‘rr . \
7progressed the dllatlon rate decreased and eventually

taccumulated .vertlcal deformatlon of 0 007 mm waS'J

o .

{fprlor to creep fallure.

Although fluctuatlons uere ﬁdtedv' hoth- the shear}i~]k

”“fstress ne* supply alr-load curves urlng cree ' et tnejJ:””
S P Y

values at the beglnnlng and end of creep dld not vary much.fﬁfﬁf

' The percentaggf'varlatlons myere measured to be 10 56% and

5 ‘ vl ¢-,“ K




f;;fimf\th shear stress curve could be related to jumps 1n}the

}supply alr-load. ihose Uhlchbdld not appear 1n-phase :mrght

,w.be//due to

"}ps due to the comblned results of 1ncrea51ng normal

v

Lo

H]stress hecauSe\ of suppressed dllatlon durlng creep rupture

. ] .,,A e

P.Land brlttle fallure of steep asperltles (more dlsc05510ns 1n
, sectlon u.nWS). nf*i.“@f"e{.}‘”ﬁ*,,*f;

g

FE N . N cL A
N L . BN | .
v '

:éﬂrhe-resultihéffiuai‘Créep'léurfe showed some spec1a1

qu};'all the' creep strain 1n\reased

) exceptlonally-fast from p01ut A and covered a creep straln‘jf

'f"of 0.05% wlthln the flrst one hour. Secondly, at poxnt B

AT )
A N
v

\‘reep=system and measur1n9 deVlces :

,T;where the acceleratlng creep might be supposed to begln't.acfiff\

—'I;;“sharp jump 1n straln rate had occurred alcng path BB' (top
‘~j“d;agram). At p01nt B' the creep resumed 1ts conventxonal

LE

‘;;épéeag Then the creep straln rate 1ncreased agaln untll it

fhad reached the pc1nt_F vhere the creep £a11ure occurred.-.?"'{

L g

Reasons,for the sudden jump 1n éreep (BB'f'i fugure

M.hju 1u) 'were hot known exactly but there uas a. dlsturbance
L. PR e )
';durlng the tlme between B and B' plus some tlme after polnt

: 'B \caused by 2 events~ (1) three hours power shut dbwn a.nd

(11) effects of heatlng comlng fromr‘llghtlng systems vwhen

pictures’ of creep machlnes‘ were taken. Hovever thefsheariﬁrﬂ'f

i'i stressw dllatlon and supply alr-load curves d1d not show any

H
ed

s

'fxslgnlflcant changes.u Ttls causes : unceréﬁinty af the '~€'f



'Z'F:,thls would be 72.37 hours.ﬁ ‘ f .f_:“'i?'_:_a'Thx

- failure., : ‘ﬁf, _ Lo

s : ' ' ‘ Sy
' . - Ty, . . . i N R

.'gbaccurracy‘"qf 'data, beyondl'point" Nthlthstandlng these

S
1nterrupt10ns, the rock spec1men eventually reached» creepj
P » e : . .J‘ e T .

.y : -

,_.The 'total amount of creep straln was 0 157% wh1chf'

redresented 96. 32% of the flnal _stage apparent elastlc

’

;straih The’ llfetlme 'T of thls stage for thls partlcular:,

o

'cogstant stress and dlsregardlng any effects due " to stress~ -

" ) - . ] b S
hlstory and - changes in ‘apparent shear stlffness waS'

L

estlmated to ‘be the dlfférence 1n t1me between p01nts A andV

1

\
.

As mentloned earller in thls sectlon,,the peak may nave-f

’nbeen underestlmated. However, w1th an enganeerlng ]udgement,;V

'none could‘back-calCulate a reasonable percentage of pekk for

”the cOnstant force substalned durlng the flnal stage by

1 \

comparlng the 11fet1mes T Of all the creep tests performed

'Table_ a 3 summarles vthe 'amounts of“shear force and thelr

correspondlng:T,values ‘fof‘fthe- f1na1 stages. From thls

r

- . e $ ).

@;table,ﬁ apparently both the ZE4£§lue and the measured T for

. : 8 -
- B - BN
\

xcreep test 3 were ,in‘ between :creep tests ﬁ‘land u, ﬁit'

.appeared.~reasonably enQUgh suggest thaﬁ%\he uncertaln-}i

:percentage of peak would 11e 1n between 98.11% and 98 65%,‘b

AL ' e s

_say a value- equal to 98 uox was. chosen for thls constanty“

"shear fprce‘g-.ig RS '_y‘fhgv Qh : SRR

c”ThedfinalpsheargCreepgspecinen was’ 53291 with ‘a 22-



3

value . of 0.552“1 and “Ro.of 8.80 sq.me.\jLopx W= 4.31x

v

'ngudsg;'cmf; The 1~angle (expre551on. 3.22fﬁf¥as 'estimatedi

g5ﬂ.70 degrees and thé . corresponding predlcted peaxh
<. ’ « . ('S

e (expre551on:2 6) was 8216 99 kPa the test vas carrled out at

.a normal stress level of €90 kPa. Thls tlme, thej spec1m n

.
s

' ‘underwent a’ total-=of'hQr stages of constant force loadlng}*f
prlor to creep fallure. The stresses correspondlng‘to these‘
forces ,were set to be u219 89 kPa, 5859 02 kPa, 7361.08 k?a:“‘

and 8105 83kaa which represented 51. 35% 71 30%, 90.80% and
- 99 04% of the predlcted peak respectlvely.,

E N
u,,' N

R - L , o ‘ ' 7-"“ o
D The graphlcal outputs of these u stages ar'--shown in .

“flgures 4. 15 to 4,18 respectlvely. It was the 1ntent10n of””
;thls f1na1 creep test to 1nvest1gate if a- rough rock’ surface‘
vould: also shov tlme-dependent frlctlonal behav1or at a: idv
' constant shear force"therefore, in stage 1 the shear forcejh

was kept at '“1 35%, the resultlng horlzontal deformatlons

5 i

»dld conflrm the p0551b111ty of- creep at a low stress ~1evel.
- . ",“\\ 3
Notlce in flgure u, 15 (top dlagram), tHB creep Cur}eyf

.%llustrated a qulte dlstlnct deceleratlng creOp ‘phenomenon.snd

B -
The - 1n1t1al elastlc straln was 2 92% and the total amount of“r

"”creep u' 0 099% thch vrepresented 3 39% of the elastlcﬂfw

',‘

”-;straln.

‘ AcCording,to‘*Patton's ~theor
‘-

b‘(1966)}' Tock ~surfaces;ll"ﬂ »

would dllate ‘at :Flou normal lvads. However, results fromc;‘

It d

nstage~'1f showed _the ,opp051te,. Thet spe01men -1n1t1a 1y

' contracted to about'0.00Z'mn‘at he ‘end of shear test. Thed

o
!
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:_pOSSibIe‘eiplanation'”uasL dué'.to seatlng errors of ‘the

e’spec1men. urlng the creep, COntlnuJus further contractlons'

. -

o u mmwcontractlon~~had o

were measurJd and a total value of 0.
occurred at the end of stage 1.

(Y : f -

- . .‘ . N ” . L . . . K . .
Even at‘ this‘ low constant stres»

level, fluctuatlons

.

that the varlatlons 1n shear

‘

roof fluctuatlons ln the Eupply 1oad,‘yet the \dlfference rn_f

‘ress~uere prlmarlly results

e

¥

thelr fppercentage varlatlons plus' thelr sout of phase'

h
‘/

characterlstlcs~ (thlrd and bottqmu]idlagramS),' suggested

S addltlonal causes .of-fthei varlatlon.'in:;shear . stress as .
v .. _.;': S _'7~_~v_‘,, c X [
R i ST R o
lndlcatlons of certaxn lnternal ; instabilities - - (more

d1=cusslons in sectlon u Q 5). R P

.As,;the" shear-'force"vas lncfeased to. the next stage - v

T e e L) ".A

(flgure 4v16), an add1t10na1 apparent"elas+Lc istraln of

O au% as obtalned wden the shear force vas ralsed by 20%.;

": Durlng thls stage the dllatlon continued to contract and had
| reached a value of 0 004 mm. at the end of creep. ‘However,’
‘ .the shear. stress in general 1ncreased durlng creep desplte

of some fluctuat;ons. 7Thei creep curve showed dlstlnct]
SIS P . 1 S

features vof'f deceleratlng creep zone. At.a total wiaspedl.nﬁw

R | R

tlme of 1365 hours, the creep rate_ began to~»1ncrease?

.Wfi; s&lghtly for sthe next 13 hours and bhereaﬁterxmesumed ;ts e
b R ; \ —"‘3‘; ‘ . ‘ B I ‘

: mq-:,:, AR ﬁ? T g




P §
!

']normal decrea51ng rate. About the sanme moment at about\ 1378.

-.hours, the dllatlon_ shoved a small jump (Joxnt in‘

"dlagrams) and accompanled a. small decrease in" the shear

“lof creep measured was’ 0 072% vhlch represented 16100

apparent elastlc Straln obtalned -in thls stage. L

/

'v‘re51stance. The, physacal 1mpl1cat10n mlght be the results of

br1tt1e fallure of some steep- asperltles. The total:amount

“l

N

Further 1ncrease in shear force (stage 3 flgure U 17),,;_

-~

»l

‘"fbrought another addltlonal apparent elastlc straln of G;u88%

v HEE
when the shear force was ralsed by 19 50%. These values were

o gulte s1m11ar to' that 'of stage f (0 uu% andj' 20 00%

v;stlffnessv durlng ’thetl stage loadlng.;‘o

]

") .

__,..

ﬂrespectlvely) 1nd1cat1ng not much change 1n apparent shear

iEktra.; speclmen

S

-contractlons ‘uere- 1nduced durlng the loadlng. a total of

of the'

-~

'{95 e

0 05 mm contractlon had resulted at the beglnnrng of -creep.,’]

._f Subsequently, further COntractlons 'were »observed as the

'have " falrly steady value of -O 057 mm. The shear_stress

”'dcree‘ progressed but at the end of 16u3 hours, 1t tend@d tof

plot 1nd1cated varlatlcns 1n stress. It appeFred that there'

'allgned v1th he creep _curve (top daagram).ggThese_ﬁhumpSQ

\

|

pwere‘ 4 major "humps" along the entlre curve.‘When‘it yasf

'reflécted theypﬁ ,dlst;nct ctepping up sectionsvalong thep

l”:creep curve. The'total amount iof -creep uasd 0 089% thch

A

ffThe flnal stage (flgure u 18) was reached vhen the

Ve il

";’represented 18 2u% of the stage s apparent elastlc straln.;'f

’f'shear force uas ralsed by 7 &SS‘EO glve ancther addltlonal

peo




: stage—loadlng tests, both shear stress and dllatlon -versus

‘,progressed, contlnuous dllatlons were- observed.v, ts rate

©

_ T o N - S 196
- N SRR o .

fapparent elaStic -Strainb of 0 1&&% Not 11ke the precedlng'

»

tlme plots resembled smooth curves ‘vlthout any dramatlc

‘a

sujumpn events along the curves; Durlng the loadlng,‘a totali,

_contractlon of 0. 065 - mm had resulted but’ once the creep o

]

'behamed gulte ‘steadlly coverlng the range of deceleratlngv

o fcﬁbep (AB) zone. Upon reachlng the onset of acceleratlng ‘

o

:f_creep, o plnt° B, .t the dllatlon rate 1ncreased much furtherf'

vuntll creep fallure. Thls agaln preSented suff1c1ent warnlng.j

S \

h.concernlng cree%.fupture at p01nt Po. Notlced in. the last two
'v_dlagrams (shear ;stress and supply 1oad curves), thelr
ﬂ:general appearances suggested that they were ln phases wlth .

:each other. Thls exact characterlstlc could not’ be foqu

l;any other stage loadlng tests performed.e The- phy51cal'

-

1mp11cat10n wvas that the maer cause of varlatlons in - sllear,'_’-"‘~

)

fre51stance was Vduev the fluctuatlons of:.SUpply load?.tJ

‘o

; through 1ts bellofram.-"The -agreement ‘in{‘the. percentage -

3 : 3 N
7.

: varlatlons,°“approx1mately ‘10 19% and 10 18% above the meanJ

values of shear re51stance and 'supply lpad respectlvely}

B

.relnforced thls conc1u51on.;“, ;-;?;
_ 4 _ . | ” |
A for the creep curve, agaln two stages of creep zone~lvl

'could be observed' deceleratlng creep (AB) and .acceleratlng

,creep (BP) However, the acceleratlng creeprdld n ;showxanyi

dramatlc 1ncrease ,in'“straln rate; Moreover dn obV1ous; :

. v

'fwarn1hg yas present as to uhere the onset of rupture p01nt F

a

&

Cwouldbe. .



sy T e
| o o 8 &
sy . :!v-. . ' |
The total anount of creep straln obtalned 1n thlS stage
was 0.0G% whlch represented‘.approx1mately_;u1.66% of fhe~
f1na1 stages. apparent ”elastic straln. By - 1gnor1ng the

-_effects due to stress hlstory, the llfetlme T for thlS flnal_

2 ’ N

stage under the partlcular constant shear force (99 ou%) vas-'
hmeasured 'to‘ be RER 72 hours “which 'corresponded hto-’the7
"dlfference in tlme betveen p01nts A and F;f'

RN N o~

. In all 'the shear creep test results, the shear stresL S

S R e
“.4.5 Variations of _hge Resistance

versus tlme plots shoved fluctuatlons. Moreover 'certaln
varlatlons in the supply a1r llne vere also encountereh It o

'vas_belleved,that-the,'varlatlon51 in resistance could - be

— . @

_explaiDEd{ by -the nfeed ’fluctuations since it seemequuite

reasonable to expect the forceSvas supplled by belloframs t0"
' L Syl

be plcked np by load cells. Hovever“one could argue that
pthere GXlStéd fr1ct10n u1th1n the shear box arrangement so .

- w

chat the dr1v1ng force could not be transm1tted completely‘u

]across to the shearlng plane and then to the load Cell. As api
. ‘(f?r, N . o
~matter of fact, callbratlon records d;d shov-approx1mately

'1% of shear force overcome by frlctlon.‘ Desplte' th1s, any-"
ohange"in the feed should be reflected by a 81m11ar change

,j1n shear. re51stance shortly aftervards.‘
"/ v : . L . . . . A

/ The above argument was employed for h 1nvestlgat10nb'

1 .

of /causes of varlatlons.. Flrst of all, phase shlfts verei'”

-

rd-observed 1n scme of the stage tests. They M1ght bepldue to -
,‘ P . . . . . .\- .., ,



B

TN

,jthefhioading'-ssgdding 1too. fast for the machlne to handle{fv
“5 that was the 1nteract10n between the machlne and deformatlonf‘:
" r%te process or perhaps, there mlght be possablllty of ot?e'”'”
major causes. In order to check _whether the_‘feed wereh‘
"reSPODSlble'ffbf“;fhef~varra:non,:ystatlst;Cal- analy51s wash

AN

‘:-employed To do thls) percentage?ranges fof;»varlatlon were,

’fj'coqputed for: eachipalf%of shear stress and supply alr-load"..j

curves and the results harej tabulated inh table-‘a.2."Them
ofollowlng CODClUSlOnS could be made from thls table.

d"(1) Degree of fluctuatlon in the feed vas not the same for.

‘dlfferent stage 'of. tests, they ranged from 0. 27% to.‘*:'

'Q,Q(Q}t',hrea correctlons applled‘_9 the shear stress dld not

appear to make”,any 51gn1f1cant dlfference in the
[T -percentage ranges of shear res1stance. wyi

"1j3(3)?_,The results of percentage change of the feed for the:

‘?fflnal stages of .creep tests 2 and 4 reflected closef

. agreement wlth the correspondlng ercentage‘changes dn

hshear stress. In the other stages, dlfferences “in 5‘

.ranges,-uere s;gnlflcant'- therefore, 'other p0551ble':d

. -

e _.causes of varlatlon 1n res1stance had to. be found.

v
N .

‘-".ﬁ:d ,Another explanatlon could be due :”the lncrease "in
'.normal stress durlng the course of creep. As the spec1men

T o . «

‘~,,was creeplng, dllatlon occurred 1n some f perlments., When

1

\" <

h_?thls happened, the frlctlon between the upper shear bof and

,\,_.-.1

iiwalls of the: upper haLf roch, surface would 1ntroduce

addltlonal ncrmal Load to -the ssaMple thus'lncreased the
o : LR _;,G_, : *,g*;pmu,‘ﬂ;j¢[v*
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:3;ﬁ75hearing re51stance. Thls erplanationlfneeded exl rlmental“f_iff

justlflcatlon~ before one 7veréf;¢ertain' the real phy51cal*f5 "

trshear creep.mechanism..fﬁsj.

Tt

As" mentloned earller, amether p0551b1e 7cause; of Jump*pf

'»like events ;* shear stress cduld be results of brlttlev;ﬂ'

>
A,

fallure of steep 1rregu1ar1t1es subjected to fatmgue shearffk'”:

.~.

same as observed 1n the ultlmate stresse

'oadlng path (flgure:f

loadlng.‘ However,, thls k1nd of - jump phenomenon was not theg7i

2 17) 1n~d1rect shear strength tests vhe'e the rockt surface'-"y“

\.

 vwere rldlng on - some uneven broken shear ﬁsperrtles or allke..-i? '

| AS; 1n creep tests, surfaees vould have been 1n peak to peak“r;*r“

e

valleys

troughs of the lower half surfaces.

/5 1nd1cated that the caw?%s of varnatlon 1n shear stress Houldif_a»

A

have been 1n someucaseS'prlmarlly due to fluptuatmons of theh

B supply alr system and some cases 1n comblnation ,of; effectsjf,q

- ,un,

i

h9 (a) 1ncrease 1n normal load durlng creep and (b) fatlgueh

. ruptures of scme. steep asper1t1es.: - Q3‘

. ]W“u,u.G_Incremegt‘Versus;ginglelcréeg.ggstslg;

Conventlonal dlrect shearv strength tests

‘uhdd

shown;

inf.Summing uP, results from the above dlscu551onl hadﬂ53_f”

(chapter 2) tnat stage~ loadlng tests on\rough rock surfaces}_"“‘

o P4

"~

peak and ultlmate strengths 1.e, the peaﬂs could have be??i;fbﬂ

: would have apparent peak strengths so e vhere betueen theff




‘ffff THere 1s an lmportant difference between stage~load1ng

3

¢In the stage—loailng tests theg{¢ﬂ
e, . ¢
"f;ff rock surface 1s taken tb fallure at ever%gstage, there 1s a«p<

:.‘li large' amount ;df‘[hoﬁ recoverable“ damage }¢ the surfacejvT

2 . B . 8

'“",iesultlng from,a fallure. Thus the spec1men getsv seherely?~ ;

o damaged even after on stage,: nearly all the asperltles .

. 1

s wlped out.mIn creep tests the amount of damage due to”Pcreepj’
15 small comparef'to the deformatlon assoc1atd vath loadlng.;]'

The' asperltles.,damaged .in, creep are thOSe Hlth §%rengthslf7'
7',on1y sllghtly above the stresses 1mposed by the present;;m

loadlng.. If these fa11 1n creep, ?hey are not avallable to;"'
- fa11 when the shear' load - is . lncreased and 750 the rock_v

. - :."— ) T8 - .
surface_ appears stlffer. Notlce that the aforementlonedg-wf

“a ~N
3

shear creep results shoued ‘a relatlvely smalL amount ofjvifh
N R
apparent elastlc _ctraln fwhen th’f shear force was stage-:'”

1ncreased. The elastlc straln values 1n table u. _ 1nd1cated"%5"'
thls «phenomenon.« Thus,,(thls led to a s;tuatlon where thefﬁ 2

shear stlffness of a rock 'surface 1ncreased iini-az-stage-~j"‘

loadlng | creep o tESt-a Furtheriﬁécreep ‘SPec1mens shovedﬁfr"7

. i Lt "..:.
relatlvely hlgh tlme-dependent strengths .fn, stage-loadlngf"”‘
ereen. T e .

't%fginf‘fngure u 23 the 3 Stage loadlng creeps appeared ;oj .

have hlgher t1me-dep§§ﬁent shear Astrengths than that offg?hfi

s1n91e-load1ng creep. These experlments do not mean that the_*}

";-[ spec1mens were strJngthened agalnst creep rupture but 51mp1y.9

prolonged thelr 11fet1nes 1nstead.,' R ‘rFZtEWTl A



,"

‘ The results .of‘ completeﬁloadihg-diSpiacemeht‘history

-

o . .s‘ppff ;-;. _ ‘(p‘ o - 202

[

e

-

-

for ) creep tests are 111ustrated 1n flgures u-19- to ’u.zz

‘respectryely._‘Two curves’:were' drawn for each flgure.,Thepf'

: lOuer”ohe ‘}as; v1thout aré%h correctlons.__The_pfollovrhgp:‘_;

’; concluSLOns could be drawn from these figures.

o Slopes'ﬁ betﬁeeh: tvo adjacent creep‘ stages;"whlch»

@

stlffness. "‘4

.n‘

'the approxlmated stralght 11ne underestlmated the upue

L

woo

”Judglng from the: 1nc11nat10ns of stralght llne to the

straln“ ax1s; ‘theA”elastlc .portlons d1v1ded 1nto 2

‘\

;“gromps- first bélng creep tests 1 Mandf?3, and second

~

°

\fbeing” creep tests-A2f and u. _This mlght be due torp

Y
s

testing them in;-two Acreep‘ machines<.of dlfferentf

»

»,machlne stiffness since group 1 was. performed in one .
_machlne and group 2 in the other.

The elastic. port;ons “of the dcurves ‘were 'concave
" dowhward. - _',3 . p'hwh | | |

Curvesi where:’the; shear resistance underwent .area’

s

.comrectlons uould ‘not “have dramatic .difference“in
'3curwature from that of 'no'. area. correctlons. “The

dlfference was marked as the straln 1ncreased..

H

'Regardless the trend of .Curzesrv the slopes. (shear.’

. -

stress/straln) "along them 1n each flgure (creep testS'

f The 1n1t1a1 shear stlffness obtalned from slopes ofvh'

"‘"" T

S

: ndlcated the rock spe01mens 1ncreased thelr shear

stlffness durlng stage-loadlng creep tests.‘\x'.\R

‘?,2.to;uy.wg;e~mu¢h ,1ess than' that ‘ofeewief apparent,hf
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.yvo %gpotheSLS is that uhen a rock surface crept, some

asperltles falled';upon 1oad1ng to the next'creep stage.\say | {d
;lf‘i from a 955‘”tol}af 97% shear- force, there _were‘{n%~~"97x'm'“f'
- \asperltles"' tq fa11 durlng loadlng as they had been already
used up :ié ;creep‘ “Y* the-f95% level.;’Thus,j this 'would
'.~assoclateh-iith reductlon of surface roughness and decrease:f':.”
'lln the straln rate with a strengthened spec1men.; In :other
-hjkﬁwords,_ 1f a rock surface subjected to shearlng were stopped
'~on 1ts‘way up, 1t could have been stablllzed. Hhen thrsbtjy”

‘dgoccﬂrred, “the ;Lappgrent tlme-dependent strength pf;asg-

: sstrengthened and the. llfetlne T extended Thls mlght be thefjﬁef'
'areason_ vhy.ain :test'3 uhere strength as . hlgh as 107 72% of g
';the predlcted, peak 3strﬁngth had been obtalned.- Perhag"
Z;anotherv hypothesms.Vl a rate deformatlon dependency where;x
'”f'ifallure.of the rock surface occurs when deformatlon exceedsp
."Yar‘crltlcal rate.' If the ‘as;erlty Eallures' whlch would:’d
lf contrlbute to that crltlcal rate havegfalready occurred b
”ﬂf[fcreep at a louer level creep fallure.may be delayed as seengﬂ.j

| 'lhé;;results ~of . u aforementloned shear creep tests arehhgﬂ_;
47ﬂrecap1tulated 1n table a 3. Flgure u 23 attempts to shou theje

’%ecrude relatlonshlp betueentlth aforesald percentage ofl

'l'f: constant shear; strengths and thelr llfetlmes, T of thef

N

~ttested Spec1mens regardless of dlfferent ZZ 'values, ;normalf -

}?ﬁ ‘-loadlng

“stress levels and

'"ﬁsdlstrlbutlon of the data sugges”
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l}ﬂhcharacterlstlcs of flgure u 1c. gf these 11m1ted shear creep

1fresu1ts suggest the frlctlon of rough rock surfaceS‘ls tlme,ﬁ?
'dependent.w However an alternatlve hypothe31s explalnlng the
L deformatlon by fluctuatlons 1n the shear loads~gcan_5hot;_be ffs

-‘i“texCIuded bY these experlments.v'””fTH'

ST o K ‘B_L b
Sumpary | - 4
;;*(jy~jtThe-uobjective of thls chapter fh deVOted to'the
,;:gfr-{lgilnvestlgailonrt.f shear_ creep hypothe51s that ;the
: .Lifrlct;on . f; hlghly dllatant 'surfaces larev flh;:‘”'
@r;:;¢‘” 4dependent 1n nature.lTwo- shear. creep machlnes _wered; :
“:i'fpf;modlfled fromvitwo convent1ona1 dlrect.shear machlnes' 4
if 7i£5" undertake ‘thls 1dvestlgat10n.. Under ia' certaln
‘o -normal stress;’pai shear creep experlment“uas carrledf,f
/\ ;.__‘_" _» out by gubstamlng a partlcular predetermlned constant
’:j; 'QS@%@F .force- onl therﬁshearlng plane Fogik granltle;y

R

stpétiﬁéﬁ._ Th force Has regulatef”

- -

1by compressed alr

vffdlaphragm - the bellofram._hfh test 5 run 'inﬁfarﬁi“
,.htemperature ?fand humldlty controlled enV1rdnment.:

'?1ectr0n1c measurlng dev1ces were used and the sampled

hdata were processed fby“conputerﬂ programs yleld{_i

“graphlcal outputs.,'sl:l_.-_ 4 o , : o -
U s » ’ i BRI N : .
{2) - ﬁBased on“-t flndlngs of” rock surface-;roughness o

N

. ;A,flstudles in chapter 3j and the evaluatlonp:of' these

hgf.flndlngs’ through shear strength results in chapter 2,

' ’fcertaln percentages of shear peak could bet estlmated

o Lt

. . .
: ~ S - i

Pl - - - -
> Lo R

- R S

. S 1 s
- d . \



.'*YQ thus, the ahlllty oﬁ stopplng a dlrect shear test ,and

"%;iﬁ>?r° dreep ' zones-' deceleratlng cre p 'and accelerat1ng

‘1_. . R B . . “ A .. » } . )
e forv-thef constant forces substarned 1n creep tests.

. ~5_.9> T

>start1n§.a shear creep experrment was p0551b1e.ﬁju‘ s‘d;;
a;;(djti.A total cf *u shear creep eXperlments (three‘gf them.;v
R suear stage-loadlng tests) were performed and all-

uhlch .eventually ended up in creep fallure.p The‘:d__

*'.p;' reSultlng falled creep curves could be d1v1ded 1nto -2- /

e A s w w
. " e R I o ——
A LR TN - -

P

'~~-"' -

"3T§T;i creep.‘However, the rest of the staged creep ‘curves -
covered portlons of decelepatlng creep only..
(u) : Also plotted were dllatlon,'shear stress and. supply

alr-pressure versus tlme cuEves. Fluctuatlons 1n theSe

quantltles were measured. The major-7 cause i‘ﬁf”

R

' varlatlons 1n shear streSS was belleved to be the feed

, fluctuatlons but,-other causeS' may' be- lncrease in
q ‘ . . R ‘_ - C _:_.v". .
normal <tress durxng creep »and' fatlgue' fallures of"

<
. SN

asperltles.._ These causes lntroduced

._‘.k

-

“"fhlnternal 71nstab;lity~ and~'uneven drstrrbu{gonﬁgkofﬂﬁ

S stresses alcng the rock surfaces.-

Car
had

'f]5yﬂ Of all the creep tests, suff1c1ent warnlng concernlng

fallure aas usually present 51nce- regardless‘; fi‘the

N .

type of test (1ncrementa1 or 51mple) and shear stress‘

T level,_ ‘n, théf.onset of accelerat1ng creep rapid..]d,

vlncrease .i' creep stra1n and dllatlon rate giug"p“”;

reductron in’ shear re51stance were observed.

v P

'ef3(§)' Results from 1ncremental creep tests ' the stage— =

. Wi N

loadlng h'creep _ shoved _that;r‘the spec1mens‘ uere_ff

t
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el strengthened and stablltzed t0°cefta1n degree betveen

ce v a
)

‘Vstages. The manlfestatlon. of thls behav1or was the 1;13
;Q-occurrence of hlgh apparent shear stIffness ffaddf
?Nextended llfetlmes T,‘j':;Q,_“f;:;rr.n,i~fvj‘

d{»peak.modeadﬁring the|course of creep whlle f'be; other

SRR ’ P el
! - . we RTINS O
L 212
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Results of the shear creep tests may suggest n’

that the statlc fr1ct10n f a Tlatant rock _sur ajp

. \ . - -
B - SN TS e e
LR Lo =

decreased;tVLth. tlmeﬁrtthls‘“rs wﬁat one uould expect :f{j

. from un1ax1a1 compre551on and ten51on tests) but also o

\

snow dlrect shear machtnes can be modlfled 1nto shear

creep machlnes plus the proof of hypothe51s of *tlme-:
dependent frlctlonal behav1or “of/'rough Standstead
Granlte surfaces.?Dleterlch (1971) however showed that

the statlc frlctlon “of non dllatant rock ‘surfaces

1ncr ased wlth time; The dlfferences between the two ;

“ig-“fwere »(a) rock surfaces'"wlth dlfferent. degree Ofp

lrregularlty,‘_(bf' normal stress levelsi(O 7°1§P.ﬂ?é?;¥ﬁi

»

_and 2 88 MPa for thls the51s vork and Dlete.‘ ns:tafksé’*

. i ,ut»,:.,<;4,- : ‘ Lo
e respectlvely), ;fapdf;l]ci dlfferent 25 shear creep S

, K
} Lo N

mechanlsm- fhere the rock surfaces ﬁerefln the peak to ”{ir

LS

o
|
H

.Were: in,.gcuge_pcontacts whlch were 51m11ar to "5011

[.Creep'behaviOrﬁ.g:"H.‘y 'j; : ”.’:;f,'77”<.v;j*-Fs
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v P - . ( “
o S f v e A L.
AT : . » o
: B Jw e ;
I R : e ' - -
R R 3 N P



:9.:9 objectlve of thls thes;s gwas to’ 1nvest1gate _the

.
3 l f ~ o da e e N .
2 ST nnv LT e SEE Lt e 0 e -.y._,-- o

of two art1f1c1a11y fractured
rock surfaces (Tyndall Stone and Standstead Granlte)

th emphasls on the tlme-dependent fr10t10na1 behav1or .of
: theSe:vsurfaces 1h shear. hID'“théf 11ght of the results' W

S " N

presented 1n the prev1ous chapters, the followlng concludlngAV'

remarks may be made.;ff

. T Tﬁﬂ"“jj““V' L ’ “il R R B ,
e \In connectloﬁ ulth “the.* lﬂmestlgatrou or t;heéﬁepéndeﬁtf;ﬁhxsﬁ
rock frlCthD, the predlctlon of peak shear °trength of rOCKLj‘"'“T
fff’f‘surfaces was-a cruc;al step.3-'_”;r;¢;tfdlf,< ] | :

;:"‘ 2 B Alﬂhf'?ff' . gg».«~—,,- PR 3
- C AR Investlgatlon.uas conducted 1n to the possxbllmty of}/ wiin

numeracally characterlzlng the macroscoplc surface roughness;,fsﬁ"

_.‘.,-_.,-.

"_of"prepared rough rock surfaces and then cOrreIatIng thesei

']wlth the‘effectlve 1—angle through Bartau‘s ~expre551on o

o 1 angles. The 22 surface parameter gave a useful correlatlonxkyi*k

"ﬁlﬂlth the 301nt roughness coefflclent (JRC) parameter. | '
ﬁ'v ,ﬂ_k': . AR "-;;;’wﬁlv e o V‘th-

051ngh _thef correlatlon, lth prede_ermlned LsurfaCe S

proflle and 1ts approprlate surface para:eter one{gcould{h

predlct, wlth a’ reasonable degree of Ce:talnty’ the peak"‘f“

hear strengthS'f f"rough rock ‘surfaces.. Thls has been'ﬂf'g

PR o
- . ; A

"J?f verlfled by the correspondlng measured peak values obtalnedﬂ-lf’

from extensrve laboratory direct shear:fstrength tests




”tf:only the netessary strength parameters for the ver1f1cat10n”5 .

aboth types of rock surface.

ay ; Lo
L 214
- ,.__—-_:J' e NS, N S __,,,__.4,‘,_____'_‘._... L : FERTR v

A [ . 'IT“} S U i
‘fﬁhe* reshits fron the shear strength tests yleld not'

ﬁof the peak Strength predlctlon crlterlon but also shed somev”:"

«fnew llght .dn,‘the shear strength behav1or of rough rockfi

o

_ N ‘,: . .
surfaces and the crlterlon fOr settlng up a shear creep

]p,experlment.- The followlng characterlstlcs can be draéh from,l?'f

fth(al The art1f1c1ally fractured rock surface exhlblted hlghf*’5

‘:'&,‘»h

fj’) In add1t10n: Barton s crlterlon :of peak'

_(d)fthhe _shaar stlffness and stress drop after peak of;

:the strength tests .Q S ‘Hm,af-

dllatancy-~wah-;;\f-f”fﬁ_", : ;-w*;.»wﬂ‘yg*"'“

e, -44'7 e _rY._

. Ve o

h(%) ““Thé‘ﬁ% plus 1 concept was very successful 1n the shearf;,“:*’

strength analysrs of rock surfaces. The»,magn1¢ude’ of;iﬁdjf;j

~

;,an' effectlve 1-ang1e depends upon the degree of surfac'}p;¢1gﬁj

roughness, materlal strength f surface walls

e - ,_._ R
B AR

"stress level encountered.;¢hng5uﬁﬁ~7f?"”“

J;xv:ithe experlmenégl observatrons of shear strength df

»Y.Changes 1n the slope of the shear Cstrength enve*

Ty " . e

'fefleCted the changes 1n ‘the’ mode of asperlty fall_”
SR ' S
= -}rock surfaces 1ncreased wlth normal stress; level

’ﬂtstrength of the materlal. .

':(e) _rShear'-strengths derlved from stage loadlng tests were

’fgﬁ’not rellable because ‘of ,the unknown ‘stress hlstorx_Jhﬁﬁﬂ“'

v’x,glnvolved :and asperlty fdamage,\ They tended to- havef,fgf'xf

,é;hlgher values than that :offfsingde spec1men loadlng'ﬂ"'

BN TNt . EN i N Lo

sh ar‘u'ff

5-,strength, the power law flt could be used to descllbeﬁgi"



AW 1nvestlgat10n was conducted

';'hypothe51s.-A total o& 4 granlte Surfa

’71Jf}§L;;Fue;»ff'\g4«‘1ja;fﬁf71’3£;rl,”rf‘1j;pf.e*
R ptests for the non~d11atant surfaces tut bgzgggn'peat:

.

‘]'{and ultlnate values for the dllatant surfaces.-

L]

o~

'_rockqu’~,f” J»f ”;T";ifﬁg'f*;7if3";g-"

w

‘
O ‘.

ﬁf.showed not only the p0551b111ty of hav1ng creep 1n shear

L]

°._‘_‘sv;rength predlctlon analysxs.;zﬁigtn,.

.‘ s

-

/‘

Vthrlctlon angle 'ia not ;a un;que value but dependedf:

upon the 1n1t1al surface_ condltlons ,and: post peak'"

fi(f)p,f?ot,’aﬂ glvenf tYperﬁof rock ;Surface,“ the —ultlmate»”g*'t

'”/characterlstacs;, In thlS study, the estlmated averagev“
’”ult1Mate frlctlon angles for/both rock surfaces uereV

":'ihlgher thanv>the bas1C' frlctlon angles of the si%e-i"

e valelty of theiid[
sl”vei tested ﬁ'r?u&fﬁﬁ
7, thlS purpose, employlng the modlfled creep machlnes.vAll thef;e"

=gsamples ended up 1n,'creep fallure. Results of the testsﬁﬁ‘;3ff

frough surfaces, but also 1nd1cated the appllcablllty of thej.

,ggde51gned apparatus 1n creep studles and conflrmatron of peakf"

The SUpplY;&lI pressure 1n creep experxments,f.varred]“”'”

"}supply a1r pressure.._;*y

. R

L ulthln' 1%,; but thls was enough to affect the result of theij:ﬂﬂﬂh
l“{:shear reslstance records and compllcate he 1nterpretat10nf~ L
”fof~” creep charaﬂterlstacs.: Therefore,hpthese tests alsol.ft

i dembnstrated the 1mportance oﬁ.;havlng accurate, constant'u

e Sresp tests i.e. stopping shearifg on the'



e

way

'strength of.

up have .

Wlth reQard ‘to future research 1n the

’ k2 . ) ) ‘ . S -
‘ R 2167, "<
.
- N ; B 1 F&F .
‘. S

4-*", L R ‘ o

strenqthen the'

:Thls,

proved ' to 'transieuf,\shear'n'

sreep_hspecrmensb' would ‘introduce high '~ = =

' apparentvShear stiffueSs and‘extend_the creep failure time.

. . . A . 6

area. of shear

greep 1n rocks, further research lS needed to"

f(i)~

.'.«.‘-__,'sr,.='f('r, So ) R

BE

.‘“.O (u) .
(3).

f Establlsh the form of the statlc fatlgue lav S

‘3ST} »the»

}shear strength

1pafticdiar;;y‘5thek

;creep

MInvestlgate

condition

- «

A
]

shearx,strength at time T and So the 1n1t1altff'

Establlsh shear,

the, fofﬁ” of® the, creeb “law in
tlme for the\bnset of acceleratlngf

g
~

,/'
!

Investlgate Lreep on - other types ofvasurﬁacezjand 'in.. -»_‘

Lo

'.other materlals ) d-, : S

o . 4 -

LInvestlgate«creep 1n water saturated rocks

.""
. N

creep 1n rock subjected to a freeze—thaw'



' Actbp, F.S.

o

. _)f1959.:duﬁalYSis of étraight line détad"  Hiiey,x
s e e . o S

New York.

’ Afrouz,'A;'and~Ha£vey,~J.M.; 197U. "Rhéblogy‘of‘rbcks.Hithin7

* the. soft ;o,medlum,strength range,y_;nt.:J;pRogk“ﬂgéq;;
) ’Min’_S%}"‘vg;b.dg,' RP.#ZE1?2901’“%”)'% ':' R ’

’§£ 'Aﬁpférer,vo,,,1939.'"Uber'1inige Formen‘der Eergzérréi,yshng"

‘Siztungéberl"'iﬁkadi, d.;-WlSS._'Wign,,Mathﬂ f'at;‘Kl,, .
Abt, ‘1,""148J1,‘Mpp'. :1"1'4". T IR L R T

‘&

":Am. Standérds ASSOC., ﬁgsso,”‘"Surface ”rodghness'.:gaYiQESs o

. and-lay, w, ASA Bus. 1,
) : A
Kndgrslahd,-'o.B,' and - Akili, We, 1967, "Sfre§s effect opn _
: Creep rates -of & frozen ~Clay soii,m Geotechnigue,,,

1

Barton, N;R.,"1970.  "Alow 'strength‘-modei_‘material for - .

Simtilation of the:mechanical_propertiesfof'intact rock ' -

in ,rpc@ mechanics ;mddels.".gPrquof-an Cong.fof:tgef-
. Int, soé. for'Rock uech., Belg;ade, Vol.2~, ; S -

Bartop,in;ﬁ., 1971, "Estimatjion of insitu’ shear_‘stréngth o

from back ahalysis‘of failed'51dpes." Proc.: of the Int,
Symp,von”Rock Mech., Nancy, Francé.r.pp.‘2-27.'-- 3

‘»'Barton;-bN.R., 1971..¢A relationship between joinit Loughness

- and Joint shear strength;".Rock'Fracture, Pro. of Int.,
Symp. on Rock Mech.,'Nancy@ France, = _ e S

1 Bartbn, - NeR.5, 7 1973, "Review of a'lnev,_Shéar Strength

Criterion for. Tock joints,w . “ngineering Geology, -
Elsevier, vol. 7., pp. 287-332, el T SRR

':Bartbn,  N;R;,.~1976. "Thé;~5heaf'§t éngth‘of £o¢k:ahd'rock

‘Barton, N, : _ , .
S rdpk,jdintsVinctheQrY.and‘ praCtice.ﬁ Rock . fechanics;

. Joints.» 1n¢, J. Rock Mech., Mip, Sci. :anq Geomech,
e Abst.4 V01¢_13{) pp;255-279-” ’ B R 8 ‘””ﬂ K
'w?;n] ; T C 6i ;_¢;__ = } .
71'"Thé-shear'st:ength of

and' Choubieh,” y.. 1gs

LT 217 A\




ks Vol 10. Spr1nger.,~pp; =54y .- o R
Bendat;-d S. and" Piersol, A.G., 197%1.."Random data: analjSis';'
' and measurement _procedures." . ‘Wiley Interscience,
Toronto.,‘ R AT o SR .
- . e : ° . s . . ) . . ‘\l\' ’ N E o 8 : ) . -

B Benjamln, J.h. and - Cornell, C.A., 1970. v"Probability,]f
E statlstlcs‘ and' decision: for civil engineers." McGraw

_ ; S B o L S , .
- Bernlawskl, " Z2eTey - 1570.  "Time-dependent : behavior of -
’_ ' fractured rock." ‘Rock Mechanics, Vol.2,‘pp,7123—137;; '

Blshop, VA ﬁ,,[ 1966. "The strength of 50115 as. englneerlng
‘ materlals.“ Slxth Ranklnel, Lecture, - Geotechnique,

Bore51, A.P. .‘and Deere, .D.U., 1963. "Creep closure of a
' spherlcal cavity in a - finite -'medium (wlth ‘Special
application ' to Project Drj bble,. Tatum  Salt Donme, -
‘Mississippi) . for Holmes Na ver, Inc., Las Vegas, -
Division." ' : %%; : o

[+

Broch, E, and Frankin,AJ.A;, 1972, "The.- p01nt—load strength

: test." Int. J. Rock Mech. Min. Sci. Vol. 9, "PPe- 669~
A 697 e _ c N

o

‘Bruce, 1.,’?1978.j'éh;n.1 Thesis, Univ. of Alta.,. Edmonton,.

: Campanella, R.G. "and Vald Y.P., 197“. "Tr1ax1a1 and plane
oo strairn’ creep rupture“ of an . undlsturbed clay.' Can.

’ . . T A N i N o ‘ ’ X
- Christensen, RJW. and Wu, T.H.,  ,1964, '“Ana1y51s of clay

' ~ deformaticn as a rate process."J. 5011 Mech.:Fnd.-Div.,
ASCE. 90. SM6-. pp.125~ﬂ57.~4 - :

'“Coates; b.F., 1970.vf"Rock mechanlcs érinciplesJ" fuines*
L Branch ucncgraph 870 ReV1sed. I ER ST :

e

. . - . CE " " ‘ . N ) - N
V-Coulson, J.H., ?970. "The effecks of surface roughness on
”’the shgar 'strength of joints in rock." Ph.D. Thesis,

L



R

’ Cruden,, D, H.,_ 1971. "@he'"form of the creep 1aw for: rock

© 219

fUhin_nf,Iiiinoisséé‘"“ dw:‘ ' = wfif-fJ t.-.{;"t:""d“

,rock.",ASCE, 13th-Symp._on»ROck,nech;,vpp. 77-105.}

“Cruden, D. M.,‘1970. "y lhéory of brittle éreep”ln‘rdék.dndér?

unlaxlal compre551qn." J. Geophys.aRes., 75, F-3“31‘.

. S e ‘,....y. Dl e e e e
A N ! e e . . '
- ‘4 v oW o F

under uniaxial compression.® Int. Je ‘Rock,. . Mech. ‘Min.
- Sci., Vol. 8., Ppp. 105-126. : :

oot

h.Cruden, “DoML, 1971. "Slngle 1ncrement creep experlments on_
_rock under uniaxial compre551on." Int. J. ‘Rock. Mech.

AN

Mln. Sci., Vol. 8., pp. 127 142, B S .t.;,

p. 518, L

' Sc1.vand Geomech.«Abst.,‘vOl. 1., ppP. 67 73.

N

: Cruden, De M.{-1976. "The infiuenc% of discontinuifies<on'the‘
i - Pro. U4th Guelph Symp. on .

'stability of: rock . slopes.®*
Geomorphology., pp:,57467.‘-> S

2

vol. 1' No. 1.

I ‘ R L ’ -
) . ; <

‘ﬁDeere, D. U. et a1,~1967.'"De51gn of surface and near surface
~ ' constructlon in rock." Proéc. 8th Symp. . on - Rock Mech.,j

: &1nnesota, AIMn., pp._232_302._”'-

_,Defreltas, M H. aLd R.J. Wat ers, 1973.‘"Some fleld examples

. of topplng fallure.ﬁ Ge technlque, 23 pp. u95—51a.

Dleterlch, J H;;” 1972. "Tlme—dependent frlctlon 1n rocks."

o of geOﬁhys.,Res;, Vol 77, No.v20., p.}3690._'“

wt

'Coulson, J. H., 1972.'"Shear'strength of flat surfaces‘-in‘“

&“

lcruaeh; -DeMa, 1971, "The recovery of Pennant Sandstone from‘
a unlaxlal compre551ve 1oad." Can.'g Earrh “SCley 8.,

Cruden,  D. M_' 1974,  “The statlc fatigne of brittle'rockc' ,
under uniaxial compression.” Int. J. RPock Mech. Min.  ©

';beere, D. U.; 1963.'"Techn1cal descrlptlon of rock cores for-*
. ‘englneerlng \purposes." Rock Mech. ~and Eng. Geology.,

[



°

LI

L

Ve

® .

N T N S R LR .__ ,‘.;.;'.;. -

®.

Duxon, wiﬂ. anﬁ F.J.. Hassey, 1969. S
statlstlcal ana1y51s.ﬂ chraH H111.~~

Emery, - Je J., 1971. "Finite element 'amaly$is5oof7-ereeb{'

problems in soil mechanlcs.",gPh.D.@sThesis.:fUmiv.g:of
Brltlsh Columbla. L "ff“fﬁu“ fe;-'f:' :

. . R R A L SR
EIRE IR : '_I A
. ¢

e -

. °Evdo);1mo’vg 23 D"“ ‘anﬁ HJ.D..Sa.pégln.,s‘L@B.T "Stab;..l.ltayo, sheamr;,.-

nd :sllding re51stance .and” deformatlon ~of . ‘rock .
.‘fomndatloﬂs.“ Jeruselem' Israel program for sc1ent1f1c
.- translation. - R : :_

slengu Hay. 1936. "VlSCOSitYr Plast1c1tY and dlffu51on Tas e

~ “examples of absolute reactl&h rates." Je Chem. Phys."
. “., Pp,c 483’291. ’ B . - V

: fFairhurst,'C.; 196& "On the valldlty of the Brazmllan' test

l

“for -brittle materials." Int. J. of Roch Mech. and Min. -

f Sc1., Vol. 1., pp.‘s35-546.

FURNY o T ’.-5‘3-4;," PRV B I

London.

: Farmer, I.W., 1968.;ﬁEhgimeering~propertieseof_rocks.".Spom,'}

| 3

W

Fecker, E. and N. Rengers, 1971.'"Measurement of large scale.

‘roughness of rock planes by means of . prolilograph and;{’
geolog1ca1 _compass.™ ‘Rock Fraeture, Pro.»of Int. Symp..

on Rock Mech., Nancy, France.

rFeld. J.,»1966.7ﬁRock-Vas am englneerlng _material." sor;

rGoodmam," R.E;.:' 1970.-ﬁ."The*v deformablllty of 301nts."
o Detenmlnatlon of the insitu modulers of deformation: e}

" Test, Inc,,:Eyinston, IllanlS.

@

Gocdman,' R. E., ﬁ L.~ Taylor and T.L..Brekke, 1968._“ﬁ”model'

- for the mechanlcs of 301nted rock."*’Pro. ASCE, SM.3, =

‘rocks ™ Sym. Denver; Co., 1969. ASTM,_Spec.{Techmmg&l'
_pub;. a77 pp. 17& 19§.~g,"'ltv o e

2207

b

P —

FRILCIE RS T



*f~Goodman, 2. E.r on&'”Yz Oblnlshl,: 1973.=‘"Undralned shear,niftff”
3 ‘testing of jolnted rock." ‘Rock. Mechanlcs, Vol.- 5.,,p.jif g
,;129-.m_ B PR . S

T

s

'TgGoodman, R E., 1976. "Methods of geolog1ca1 englneerlngu.ln f_“'”
dlscontlnuous rocks." West Puinshxng Company. T

." \. o - o‘ . ;o . ‘..-.. T e

"“'&rldgs‘ DT, _-1936. '"Deformation of.‘roéfs- under hrgﬁ’f"“??%_4.ir
B conflnlng pressures." J. Geol._uu No, 5.. p.,5u1 s f" T

Grlggs, D. T., 1939. "Creep:of‘rookS."}J. Geok.'u7,”?No.'*3.,
p-225..,%‘ﬁ ; v;.‘.‘ ;LW.;§;  o B S

o e e i

Grlggs,ﬂ D, T., 19uO.fi"Exper1menta1 flow of :rocks 'under,'~ |
R ~conditions’ favoring. recrystalllzatlon.w; Bull.. Geal. - - .o
,, ‘ o SOC. Q A'mer'.— S_._1..a' ‘_P. 1001. - . . : . ‘ , . - '}ﬂv ‘: ;\
Haefell,f R., 1953.."Creep problems in 50115,:snou “and 1ce }f','f‘ffﬁf
' Proc..3rd ICOSOMEP Vol. 3., Zurlch., pp. 238 251. ' L
s Hald i"~/1952.. nstatlst;cal theory wlth ‘”edgineerigg],' o

: appllcatlon." John Wlley ‘and. Sons,_Ipc.ogA{w&ffbji S
.Heim,' .A.,f ”1882.., "Uber‘fBersturze."' Neujahrsbratt der
BT Naturforschenden Gesellschaft, Zurlch.

b

N . ’ R Ty

Hobbs, D H., 1970. "Stress-StraLn Tlme behav1or of a’ nﬁober.°f “fbf:"ﬁif
. .of " coal- measure. rocks." Int. of Rock Mech. and'min,r;a R
\ Sc1. VOl. 7., pp.31u9-170. S s R

. : oy
‘ "Hobbs, D. W.,* 1970. ‘"The behav1or “of - broken ,rock under ot e
‘ triaxial compression,"- Int,. J._Rock Mech and Mln. Scl._,/-'"”»” “
7..'PP.W12=-1u8. ' : o s .
Hoek E., 1968. "Brittle fa;lure of rook.,~ Rock Mechanlcs 1n R
o Englneerlng Practices; Edited by K.G..Stagg and -0. T e
' Zlenklenulcz., Publlshed by J. Hlley, London., PPe (99-" e
12“ N T ; ' . , : S R A

4

Hoek,ﬂ E.,' 197O.v3"Fst1mat1ng the stablllty of excavated
" slopes in- open: cast mines,™: Trans. Inst.. Hln.f Hetall
Sectlon A.' Vol. 79Q' p.' 109'0 ' . : e




' Hoek. : E», ‘.“_-,}.1-976. i "chk slopes." Pro. ; of a 3 Spec1alty
e Conference, ASCE, Rock Engineering: for ?onndatlons, and’f;"
Slopes., Vol. 2;, p, 157'~:17;D.;_' ‘ ‘ EE

R

o Hoek,' E¢ and J H-vBray, 19715 PRock slope engineerlng.ﬂ The :
L o Instltutlon of. m;n. and Metall., London. ‘ ‘

L e : -'.-.cg;m,,a. s D R U
Horn, H.M. and D U. "Deeré, 1962. "Frlctlonal characterlstlcs IR
v of mlnerals." Geotechnlque, Vol 12., p. 319.,~ sl T

Jaeger, J C., 1972. "Roék mechanlcs ‘and” englneerlng.“{nvﬁ;>

EIREI Cambrldge Unlver51ty Press, London."

Jaeger, J C., 1971. "Frlctlon of rocks . and stablllty of rock
slopes." Geotechnlque. 21.,,pp.\97 13u '

|

Kenty,, J D., 1970.‘ "Suggesrea' nethodvoof'teSt for direct
‘shear strength ‘0f rock core. spec1mens." .ASTH, : Special
Techn1ca1 Publlcatlon,-No._u79. ol

--v'\, - o . : . .
‘-.r . . P B 1 .

Krahn, J;} H97u. "Rock slope stablllty.! Ph;D; Thesis}‘Unié."/
of Alberta, Edmonton,.Alberta.n- R ST T

i

| Krsmanov1c,, D. and Z. Langof, 196& "Large scale laboratory'
© 1 tests of the shear strength of rocky- .materlals." "Rock .
Mech. and T"ng’.v‘Geol. Supplement 2, P 20. ' C

Kutter, " Ha K.,>»1971.“f"5tféss‘ dlstrlbutlon in direct shei f'
. test samples." Rock. Fracture, Proc. of Symp." k
Mech.,»Nance, France.'- . ' :

Ladanyl, B. and’ G.,Archambault 1970. "Slmilatlon of shearo
e behav1or of a jolnted rock mass. " Dr0c. 11th Symp.‘ on

N

3 Lajtal,» E'Z.; 1969. ."Shear strength of wea ness planes lnv
‘ rock." Tnt._J. Rock Mech. ‘and Hln.‘Sc1., 6.,1‘pp.' 499—1

515." L




S .La ne, '
. 'j‘support." Report from: Underground Construotlon Research
Counc1l, ASC I I PR DU ’

o -

IA T ot B -.-_‘ - -
hd “s e 5 . . . e B
- - ' FERS '
B ‘> : N . .
-~ - £ C e e
B . S CoT e -
- is s 41
w1

K S.,' 1975.‘"F1e1d test sectlons save cost ‘in’ tunnel

AN

.La,;x.y;‘and'ﬁciioh,,1975, "Tunnels in bedded rock w1th hlgh

horizontal. . stresses." - - 28th . Can. Geotechnlcal

"f;Conference,ﬁuontreal;7' B P bpvj'

'7Maslov,,r;N No & and’ Ts V..“PavllsheVa,: 197“. K“Creep -and -

pseudocreep of rocks and their effect uheh estlmatlng

‘the - stability of ]01nted rock. masses.“ 3rd’ ‘Cong. Int.‘-

- Soc.:Rock Mech.. Denver., Vol.; 2, Part %,,_p. 271.“_r

Mlchelson, ‘A;A.;'19ﬂ7. "The laws of elast1co—v1scous flow;“"

: Int. J;;Geol.;-254 No.S pp. u05 u1o.

o Mlller, R. p.' 1965_‘nEnglneer1ng classifiéation_:and findex,[
~properties - for- _1ntact rock."‘.Ph.D;n Thesis, U.  of -

~N1tchell. J K.,' 1976, "?undanentals of soll‘ benaﬁior."“

Illln01s.l

co

; Ser1es in 5011 Pnglneerlng. John Wlley aﬁd Sons, Inc.

'—Mltchell, J. K., R.Ga . Campanella ‘and. A.'Slngh)_ﬁ968;‘ﬁsoilf

'ﬂaurer,v We C., '1965;,.~nshear "failure - of '"rockt vunder
compressnon.ﬂ J.’ Soc. Petrol. Engrs. (KIﬂF) »pp;v167-»
176. A SRR

‘creep as a rate process." J. Soil Mech.'FdnffDiv.;ASCE, o

94, ,SM.'1., pp._231 253

gmoore; D'F., 1969.7"A hlstory of research on surface texture

['Murayama, S. and.T;‘éhibata, 1961. "Qheologlcal ‘prépertiés 3
' of ~clays." Proc.‘Sth;Int. Conf.”5011 Mech., Paris, 1.,r-

effects." Wear, 13., pp.,381 ﬂ12.

pp. 269-273._, Coh
r

1;Murrel, S A. F.,_1965.,“The effect of tr1ax1 1 stress systems

“on .the. strength of rocks at. atmOSpherlc temperature "
GeOphy51cs J. 10., pp.231~281. TS , |

o .

e -



~ - "ﬁ - . N 4 e
~ -~ v e :
. : " - e <& @ -
: G e e e Ce 224
h .y “ - L &L RN
% o - N . - g -
- - - ; - .
e . ” - ;
. . ‘. -
por

'wﬁhfreii}.S.KSF. and A.Ke Mlsra, 1@62.."T1me aependent s;raln’j-‘
- or, creep in rocks and similar non-metallic materlals.", N
. Bull. Inst. nln. Het.,/Vol. 71, Part 7 p.'353. R o
AMyers,}N 0., 1362. "Characterlstlcs of surface roughnessin

Hear, PP= 182—189. - [

-Nair, - Ke, C.Y. ‘ChAné. R.D. Slﬂgh and A. M.'Abdullah *1973.
' "Tlme—dependent analy515 to  predict -closure "in- salt e
. cavity." ch Symp. .on Salt, Ohlo., Vol..Z., PpPs 129- . - ™.

'Noonan,.D., 1972. "Fractured rock subjected ditect“.Shear." AR

- Ma.Sc. The51s,'Un1v. of Alta., Edmonton, Alberta.

. Obert, "L, -and ° W. I. Duvell 1967;4"Rock mechanlcs and the f\ -u
design of .structures in rocks."’ John- Wlley‘ and. Sons
Inc., New York.-” o , t B
ohnaka, M., f1975. "Priction QharacteriStiCS of ‘typical i

N S : R

 '0sborn, 1975, “Advanc1ng rock gla01er ;n Lake Léuise TArea;;e .
- Banff." ghn. J. of Earth Sc1., Vol 12:"A'575?? PPs = -
1060~ 1062 : ' g C c e

AR

',Pattoh,‘F;D., 1966;3"Mul£ip1e modeS' of "shear fallure 1h(
~rock." ' Proc. 1st Congress TInt. Sbc. Rock Mech., PP. .
- 309-513. + . s ol SRR : e

"Pattdn,.F ' Day. 1966.'"Mu1tlple modes ~.of shear - failure- and
‘related materidals," Ph D.» Thesis, Univ. of Illinois,
Urbana. - L : N R S

'aPaulding;3B,ﬁ.;;1§70.e"Coeffi¢ien£_Qf,vf:ictidn of ‘natural
1rockjsqrﬁaces.ﬂ.pro. ASCE;.96,_SM.V2;,,F85-396 :

'Peaern, E.S. and H.O. Hartley, 1966.fﬁBiemetfikaftabies7fotfaa“‘
' - statlst1c1ans." Vol, 1. : B SR

f:.Rengers,':N;; ‘1970 "Influence of surface roughness ‘on the
. frictiop. properties ‘of . rock - planes. - ~Pro.. of 2nd _
congress' -of the Int. Soc. for Rock Mech., Vol. 1., pps. -

e



o

rrRenger,.N;, 1971.'"Unebenhelt under ’Relbungsulderstand “Yon.
Gestelnstrenrflachen.“f~' Diss,f“ Téch. - Hoehschulev ‘o
~Fridericiana Karsruhe,- ns. Bodenmech. FelsmechMVeroﬁf,~ TR
‘{7.' P- 129- v . : ; : o .
'-.Rlpley, Co.F. and K. L.,Lee, 1961, "sSitiding friction tests on:
B sedlmentary rock specimens." 7th Int..Cong. Large Dams,’
‘Rome., Vol u, PP. 657-671, : -W o ‘ R

',Y;BobertSQn;f:E.C:: '1963. "Vlscoelast1c1ty of ,rocks.ﬁ,intQ§~“
: "Cohf.,on the: tate of Stress in . the _Earth's;“crust,

Santa Monic California, pp. 18]-220. o .

. Rulz,  M. D. and FoPo Camarogo, 1966.“"A‘large scale field

- =~ 'shear test’ on rock." ProcC. 1st Congress Int. Soc. for

'~ . Rock Mech., Vol,_1, pp. 257 262. ' '

~<?u1z, ﬂ'D};7 et al, 1968, "Some con51der5t10n regardlng the'
"~ shear strength of rock masses." Proc._ Int. ngp.,;
Bock Hechy _Madrld,,p. 159. - ' R e

Sayles,.-'R S.“ and "T.R. Thomas, c1976. "A‘ stoohast;o
explanatlon of sone. structural properties of = a ground
SurfaCE- "' Intc J. Prod- Res., 1“.( P._ 6“1. -

'f'Sayles,.‘ ‘R. s. and T. R. . Thomas, 1977._”"The’ spatial’. "~
o representatlon of surface roughness by means. of the -
“structure. functlons'  ‘a practical" alternatlve to o
‘correlation." Wear, -42., pp. 263-276. . L
‘.Schnelder, Hedey | 197&.;'"Rock frlctlon - a laboratoty
' 1nvestlgatlon4“ - 3rd Congress of ‘Int. Rock = Mech.
Denver., pp._311 315 o | ‘ ST

. Schneider, k-IFI‘.J‘._,";'x1976.' “The friction ~and -deformetion

-7 7 behavior of rock joints." Rockyuech. 8;,.pp. 169f18u._[

‘scholz, C;H;f'1§68 "Mechanlsm of creep in brlttle rock " g,
‘Géopst. Bes. 73., pp. 32- 95.-l , , : £

- scholz, c. H., 1972.-"Detailed‘studies of frictiofal sliding -

2 ‘ o v



of granlte and lmpllcatlon for the earthquake." nj:]‘¢f?v)
Geophy51cal Research., vol.,77. s

|
\

Scott,- R.F. and H.Y. Ko, 1969, "Stress¥defprmati0n and
' c_strength characteristics." Proc. 7th  Int. Conf. ' Soil.
Mech., Mexico State-of- the-Art., Pp. 1-47. - . L

Selwood, A., 1962. Wear, 5, p. 148.

‘Semple, ReM., A.J.:Hendron and G. Her51, 1973, "The effor(s

‘ - of time-dependent properties. of altered(gock on  tunnpel
supported requirement." Federal Railway Admlnﬂstratlon,,"
Department of Transportatlon, Washlngton, D.C.

. . ‘ . . . . . ’ (" . . . . . ‘
" Suk;je;A Lay - 1969. "Rheologlcal aspects of 5011 mechanlcs.,'
' - Londen: erey-I?tersc1ence. o

4 .
‘.

'“Ter4Stepanian;'G;5 S.R Meschian . and  E.R.. Galstlan,"1973.

'>\1= ~ "Investigation. of creep of clay soils at shear." Proc. .

‘Stthnt,_Conf;‘501l Mech. Moscoy,_1 2.,_pp,_a33_u3a,ﬂ'

'.?26;ﬁf“.'

.Ter—Stepanlan, G., 1975.."Creep of -a: clay durlng shear‘ and“a

1ts rheologlcal model." Geotechnlque, Vol 25; No. 2a4.

- .Terzaghi, K;‘1931.'"The statlc rlgldlty of piastic"elayth3'
“Je RheDngy, 2' NO. 3- ' pp. 253 262.’ ' S C T

.Terzaghi,' Koy - 19&6, '"Rock ‘defects andfbloa&s_ on tunnel
' ;supports, 1n rock tunnelllng with = steel ' supports.®
Commer01a1 Shearlng =d Sampllng.; AT I
. ‘«

’Terzaghl, Koy 1953. "Dlsc0551on on earth pressure, retaining

- ~walls,:: tunnels ‘and shafts in . . soil." proc. .3rd Int.
Conf. on . Soil Mech and Fnd,,Engineering,"Zurich;f PP«

- 205—206.. B . LT e T

'Tsytov1ch, NeAe,  Sa B. Ukhov  and . V.N. Burlakov, 1970.

‘"Fallure mechanism of . 'a fissured rock. base upon -

dlsplacement of a loading plate." Proc. 2nd Cong. Int. °
‘Soc. Rock Mech., Belgrade., paper 3—13.,‘Vol..2._ R

7

" Tsytovich, ¥.A., -1973. "Soil mechaﬁics.gz(zndg.ed.)r'ande:»*-”



~_J?d "stsﬁayd‘Shkola";

‘UeSs Army COTUpPS. of. Engln ers, 1963. - ‘"Project -dribble
.~ ‘petrographic: exam1natlon and phy51ca1 tests: of «cores,
.~ Tatum . Salt:Donme, - n1551551pp1." Tech.-Report;No.%6—619,
;V1cksburg, M1551551pp1.,_ cooe - T e

 g:lVyalov, Se S., 1959.. "Rheologlcal propertles ”end,.ﬁeariog_ut

capac1ty of frozen 50115." Moscow"Acad. Sci. USSR. . . .

WarwerSLR W R., 1972;11"T1me+dependent rockrthehAVior in;
unlaxlal ‘compression.”’ -: 14th -~ Symp.Rock  Mech.,
Penn State, AIHE. - ST R, :

';Hlnkle,_' B.V.," '1970; "Ttme-dependent ahalY51s of rock

ST

.mechanlcs problems." PhD. The51s, Unlv. of Colorado. ~w§f'

.. | -:

'fozeigler, T W., 1972; "In51tu tests for the determlnatlon of
| ~+rock mass  shear strength." 0.S«- Army Eng.'Watervays
A= Expt. Stathn, Tech. Report, S 72 12. '



228
.Appénditla_q‘,

'. DésignWofW165d §eIIs '



.~ Requirementy =

‘Material::

P ]

11?toperties:

‘Assumption nmade:

;

°

5 1oad cells (1 of u 5 kn-f'/of

and 2 of 22. 20 kN capac1ty) b

a
t

,ultlmate strength (ten51on) ~26x10?

| 3 (Young S‘
"(10 0x106p51)

l(ten51on) é3

"f .(38x103ps1),v 

T Uvield

'fucéniiguracionvoé~¥¢adf¢ell:'

. strength in

h

NN

T S
~ modulus) =
L»a,OIZ%vf' yleld

2ux107 N/mz.

.

wnlght =

‘u](o 098 1b/1n3).

deep 20 tHread VF

ST g

(35x103sp1)‘

11112( kN

Aluninum’alloy 6061-T6 (extruded)

.
» N

6 9x1010

n)n;.z :

- strength

S T
‘compression

2 713x103

¥

‘1.27cm dia. 'and 2. DAcm

1

“Kgyn3

L, :

\

-

. N/m2o o

3 y;éld‘ f'v‘TM
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e v
3

Total. length, 'of‘-'th'e""‘load’“oell, 12. 70 cm. This is the

\

il

e maxlmum avallable 1n the shear machlne.-.: ‘

L1 ‘Allowable length of threaded portlon on. male connector.’

L2 Portlon of load cell tran51ontal between reglons L and

:L3., Its shape"'iS‘ suchJ as to”_mlnlmlze stress
N . . v . " ‘(-.u - '

. concentratlons due to dlfference in sectlon 1n “regions

)

L1 and L3.” Do ‘ oo .
L3 = Wofkingniarea of‘idad cell;tstfain”gageelape‘iaStailed'ﬁ”
:” ~H1n thl$ reglcn,ai;l;f5 ,;{“;-_" '.'it_de ;L'T_.
:fd d]jﬁjThe 1nner dlameter. It ‘is: held constant,lla _ailvtoaSeskl
1 :for ease of machlnlng. - f/f"
}'*‘d02='The outer dlameter in the reglon L3. Tt[varles wlth thedly
V”}_de51gn load.t | > o .
S v~fﬂ»9 Loy
R T U )
g_ E£Q§§Q!£§ BT R
| yield strength (factor of safety~2),= 12x10kvkﬁ2m2
ixde51gn load capa01ty, Y-kN» | d
requlred cross-sectlonal area, A ;>Y)12x10‘2m2,
where' f‘lf;fff'f:: | o o afiwj"‘ A
P !(doz 412) 7774 R L o ;‘j“:" g
‘ (d02-o. 6352) 7"/u cmz - ’ | R |
dvTﬁerEfofe, fo;/ a glvea load y the unknown‘do can be found
employlng the followlng expre551on : | ’
(1)1125?:1,'6“-) -»(1,0(5; cn)2 =‘f"»'(a'o'é[-'o.vs,é'szi)‘ Ty emz ,

S J e



'For an'elaStié column of length L3,

A

is'giﬁen:by the‘formuig o

. Pb = A72E / (L3/r)z . -
f \‘ . Lo B ‘ ‘ .:'- ? b' h/'//
, ‘v“v L v 5 i
ST o e
v(RefepenCe: :Eﬁgineering /Hechanicé
Byars and Snyder)
- L . T Ly /
[

PR .
PR

where Pb'F bucklingiioad’

So23

the Euler buckling- load

-
hotd

3

- of Deforméblé'aodies by

Vo

T =AAv‘TBe 'radius lbﬁv gjrafion about . the bénding ~ okt

~ buckling = axis of the load cell. It has the -

expression of (aoz;djéyois._v

_4{. N B  n:v\, 
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Dimensicns of load cells

SN

SRR

4.5000

©"11.1200
P

—pe

P

22,2000 .

.d1:(¢m;

S LT (cm)
i2 (cm)

L3 (cm)

f (cm)

a0 (cm)

L (cm)'

A (cmZ)-

(kN)‘;

-

L;...s‘-i_-_‘—_.'—_.——7;'4——4_;—4_4h—_——4

- 0. 6350

‘_1.9100'

[34]
N
.
@
N
o
o

0.9385

12 7000

2. 5600
3.soof
0.3751

0.1728

-—;___———__———————__.J-———-,

'«dz 7000

1.2582

.~ 0.6350

2 SUOO

1. 27oof
5;0800_
0.9266 -
0.2716

180;3100

12,7000

5.0800

721.1200

16622

0.6350y

2.5000

-.1»2ido;
1

1.8532"

]

) P———:——,—.—-———;,-——'——_—‘—V—di———-:q

ke am e L o e o S e o b o e e o o e
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Delocalization f'§:__;;g§ concentratlons ‘in  load.

B
-

'_reégL_ ng from mach;aga
& 7o remoVév ahd'”Stress,'Concentrations; the foIlowingt
BV 5 y_ . ‘ ST AR A
B procedure vas adopted°

(a) ‘?In,jaa compre551on test mach;ne 1 Ntﬁe load cell was -
; ‘fd}»subjlcted to 110% of the de51gn load unloadvandareIOad '

fmanually to the same stress level..ﬁ. Tk ‘
(Bi< Upon unIoadlng for a second tlme, 100% ":the desiga‘_f

9

Toad was applled for the flrst 5 mlnutes.,f 

YI (é)i'The load uas then reduced 1o 50% of the des1gn 1oad andtf.
»l malntalned for ~half..a‘ hour after whlch tlme it was'-a
QVZJ'b“removed completely.'

-

fjstraig,GageSi‘

“Ihe, followlng steps .outllne ;al procedure -for,t-thé_'

e,selectlon of straln gages and bondlng them to load. cells.'

\v . - i . LY

. (1)l§tr§;g'g_ge selectlon'

Theﬁf‘f'ihstailatioh-sb. procedure L andfr:fOperating

Acharacterlstlcs of a partlcularv type “of stra gage d re
detenmlned bY the natlve of the ' :s';ﬂs‘iidﬁ;.f:?..'

Ay ' ' -

i) stiain-sensitive alloy

.
e

Aii _The TINIUS OLSBN Testlng Maphlne Cou Wlllow Grove, . Pa., .

PO
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"g(ii)rajufbacklng (carrler) materla}

\

e(iii) '. gage pattern (number, arrangement, and orlentatlon‘

of - grlds-“ gr1d Uldth'l solder ;Ltabl type‘ 'and?
“conflgurat10n° etc ) » o v
IR I S e

and  (iv) self temperature’ ' ;compensation B nhmber..;ngr;d‘

N

.. resistance (s-1-¢) . .

" One thenfselects7the auailableu straln "gage comhlnlngw
\ €

v',parametérs- most compatlble Hlth the envlronmental ‘and other

!

operating constralnts.' These constralnts adref-vgenerallyi-'

:expressed 1n the form of regulrements such as - [J‘_’

kS
L N

.- accuracy

-

- Stabilitys‘f* SRR "r, G T N

‘v-_maxlmum elongatlon or, contractlon
: . . . t

- test duratlon '
".4tcycllc,endurance Yoo - ,
. a Anfalat i T

t"SimpliCithandfeaseaof instailation5d-“

.CEA_ serres straln gagesv were chosen for the pres ntﬁef

"_jwork. Th@se gages are manufactured by Intertechnology LT'.{

-fDon Hllls, Ontarlo. They have a gage desxgnatlon of CVA 1

‘\.‘.'

250 un- 350 (CEA, the cod;ng symbol . 'the_‘s-T C' numbe
”:7250" the actlve gage vlength 1n mm,fu_ the gr1d and tabmif
geometry and 350 the re51stance.1n ohms). The CEA gages are5}
f prlmarxly used for general—purpose statlc and dynamlc stressfge

analys1s.’The constantan grlds are completely encapsulated*

-1n polylmlde,’wlth large, 1nteqral, copper-coated termlnalsfzrﬂ

(Reference' Straln gage ?electlon TN-132, chro-ueasurmentspf”

o e



'v.i,\“ . : : - R : . . .

e Vlshay ZIntertichnology,. inf;;"Rc.m‘dlus".".'_n"'i‘ch‘iga‘_n)
Each "load - cell - was equipped with 4 CEA stta‘in gages. -

o T R SRR TR

- 'The arrangement is shown below. -~ . . DT

Co . owmur L

E (gféen) 

dy

actiVe-strainigages‘

compensative
~strain gages-

Cl i'\ "'T' IR = ]

LoomNeuT o



S (2) s f

'»gage.d Llsted below in the usual order of executlon are thea"

;flve basic steps~

.s éssésrésign.fgr'st 3.9. bondlng°J

The purpose of surface preparatlon of a load cell 15\t o

~develop a chemlcally clean surface; hav1ng “a. roughness
' approprlate to the gage 1nstallatlon regulrements, a Surface -

,alkallnlty correspondlng to a ptt of 7 or: 50 andvviSiblee

gage layout llnes for loéatlng nd - orlentlng ‘th straln_

”(i)', solvent degreas1ng - to remove 01ls,» grease,'

o

vorganlc contamlnants, and soluble chem1ca1 re51dues
_(ii)l:~_ abradlng ' to remove any looseiy bonded adherents
and to develop a. surface texture sultable for

H‘f(ii;’ e appl;cation- of gage layout llnes - layout

reference 11nes for strain.- gage placement

(iv)*';” condltlonrng ;;'to_,cond1t1on }thép.surface : Ul%h:'
"fCondltloner 'wlxéﬁftf (Bulletln n B-129 Vlshay"VM
;;;f_;fF;IntertechnologY. Inc., chhlgan) _Iilg;;eﬁ;
MR T T ,-?‘ v . N

b

N

2vf(v);ol?'gmeutrl121ng - to brlng the surface condltlon back “

R (3) _&_aln g_g ﬁ ;_g;g. !;th gdhe51ve°

ito -an optlmum alkallnltw of 7 0 to 7 5 pH vhlch 1s“'

sultable for the straln gage adhe51ve system;—;].5

———— e oS

Once the surface has been cleaned thelnext:stepfis.}to?”

o st1ck the . stra;n gagesvi> _the- surface “with anOnngQO;;A

S



‘adhes1ve (manufactured by the vlshay Intertechnology,f Inc..

;practical 1n the 1abortory, to~operate fully encapsulated'

“alvays‘ haVe a sultable coat;ng applled as soon as p0551ble'

E absorptlon by straln gages: than a thln one.

237

A

'jpﬁlchlgan).r It ?an excellent general purpose 1aboratorylt

adhesly».e.' 'k D o ,....
;

N\

--——-—-—-—

_(u)"p tggt;g co atlngs for straln gage agpllcatlon'

. . . ..\

Straln gage: 1nsta11at10ns requlre varlous degrees of ¢

protectlpn-vto avoid - gage 1nstab111ty and mechan1ca1 damage,

"1 >

Gages are ea51ly degraded by an chemlcal attack . HOLSture,p»i'

fflngerprlnts,' etc. ;a;e' a11 detr1menta1 Whlle it 1s often_
1 gages wlthout addltlonal protectlon, open faced/gages should

HAfter 1nstallat10n. The M—coat D compounds 3%B?ufactured_’hx

Intertechnology LTD. Don"Mllls OntarLo.

\

majorlty of gage prote tlon requlrements 1n' this:,uork,-iItf;

I
: " .
Before' applylng the coatlng to an unprotected Surface,

‘ serves ‘as a m01sture barrler and contamlnantxfree;cover,"

I
i

'dry the surface (reglon L3) throughly by heatlng. When cool )

. A

apply a coatlng of M—coat D on _theg surface.” Generally,_;a

’*thlck coatlng offers faf qpre dlfflcult path for m01sture

Once coatlng

yidone( the protected 1oad cell 1s then put 1nto an oven for»v'

"cuplng at an elevated temperature to ensure\a pernanent %ry*

.\. T

o "“" .I R : ‘ F e Lo "

will handle. the

N



\

resultlng fromi machlnLnQ

- €~employed. The lodﬁnpg'ﬁi%ﬁern vas. also. 1denﬁ!ca1

‘used prev1ously exceﬁ? ‘that 19 the flrst x

RS

» loadlng 100% ‘rather than 110% of the ,deSignﬁz'”

. . . R P

. applled e s *,'u¢'f., e

delocallzatlonv

‘The_ final ~ stage '1n the preparatlon of load cells was

-

thelr callbratlon. ThlS was carrled out 1n the dlrect shear -

;boxl and creep nachlnes u31ng a "dead welght scale loader"'

The load cell was loaded to a known welth correspondlng '%Of ‘

1a 'oertain amount o "travel"'ln cm- onjthe\x¢y y' plotter

creep machlne).:~T eloalibration'factor was_taken»tOebe_the'\

un1t welght per wer vel"¢ in:N/cm and peto-"increment“,“‘inﬁ'

“f’N/mvffor'the”ehear sttength%andfcreep.teStS'Aespectively.-

»
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'Appendix'B
- Derlved results of dlrect\shear stnength

test on art1f1c1allq prepared Tyndall- Stone and Standstead
. oo Granlte surfaces : _

o



L [ S .
Stress Failure . * ' Shear 2" Total,
S drop T zime " stiffness friction .
‘Rock .~ . kP l't‘! ‘ Ks .7 - angle /
csamele o (mim) - (kPa/cm) @ '
51842 . 916.04 1.7 13433.77 . .B1.77
51421 : 863,40 2.3 T 9559.75 7 . .81.45
"51111 .'584.98 0.8 S 21714,.11 . 79.23
$1112- - . B868.85 4.8 5164.00° ~  75.07
51462 - 1155.5% 3.8 8775.29 .77.%5
5113120 - | 717,46 . 3.0 ., 8105.98 174,79
. 51681 . . '2598.95 2.9 21088.19. ' BO.79
. %5156) - 1654.69 1.1 1 40575.56 77.48
51792 10446.45 - 2,1 14942.05 - 72.47
51632 ' -7 2870.19 1.1 s8543.99 . - 81.25
51672 - - .2394.51 2.9 .23554.25% 79.05
- 51742 T 1937.04 2.1 24914.33 . 7582
S 51152 v 14626495 2.4 20165,27 .. 74.72
. 51841 - © '2723.50 3.5 21010.52 T 78,091
51562 - 1822.63 173 2271.80° " 70:16
51791 3347.74 4,2 199 1.57 - 264,67 |
511851 " 2746.55 2.3 31523.46 74,70
511022 ... #&7.2 1,2 24389.34% - 55.88
51451 . 939.8S 1.2 - 36441.91. 58.84
51342 7. 1027.82. 3.2 '15303.24 61,44
- 51381 - . 2146.18 2,00 33248.82 - 48.32
, 51692 - 2339.31 . 3.2 19847.74 - 67,40,
514642 .. 2380.02 "3.0 .25256.51 - " 64.43
51641 2493.18 4.1 17593.,72 3.39
51771 ' 2517.81 - 3.6 19942,93 1 69,2
511°42 [ 3079.33 . 5.6 15990.45 - 84411
.'51482 ¢ 1629.02 . 5.5 14850.16- 744,10
© 51782 ¢ 2147.35 " © 2.8 26147.49 815,56
- §1781° * 3118.45 . 3.6 . 27288.00 T 61.71
S1632 0 2839.49 - 5.5 ©.17499.27 . .61.22
51772 -, 2577.98 - 3.4 27343.83 . 50.37.
511021, T 4723.81 361 49136.,88. . 66.54
.S19320: . S5986,02. .- 4.3 418246.94 . 69.82 .
511042, 6934,91 - 3.0 63919.90 70.98"
51262 ©1995.82° 4,3 .28833,13 °  57.39 -
51331 | 5944.21 3,4 . 55015.82 . . 47.02.
S 511152 © 4063,2 3.2 ©'51510,10 64,30
51712 © ©°  3034.97. . 3.2 °47835.99 . . 58.85
51852 . - 7947.90 3.8 63134.68 ' .. 68,91
‘511041 -, 5348.39. . 3.2 ..7.55276.33 . 42.38
"51671 A 6140.886 - 3,77 "50165.26° - . 60.33
© 514220 '6908.§0‘_ 5.2 45873.26 - 66.09
S11151 0 949, 3.2 07 0 41800.68 48.21
51711 - 1292.,02 - 3.3, 44224.51 - 5081
51831, 4505, 77w 4,0 :° . 54535.28 . .58.78
51842 . ) 6"71.45 , 3.4 . 70143, 38 61,01 .
. o ’ . o
',Y-Derived zeaultl uf dlrect shur s:rength tesc on artificiakly
prepared Tyndall Stone surfaces LA - o
‘o v o ) =
2 ) . . '
o .




.

"Rock . . - Stress . Failure . .~ Shear - =~ Total
sample = - |drop S time _stiffnéss . friction ‘
' Phea g KT ansle
_ S (mia) o (kewfem) o ()
- ,1523.80 - 1.3 . .. 254%8.05  94.30
T4515070 .- 2,9 0 1 31272.84 .87:91
1134.36 1,1 . 23688.71 - 82.77
1546.77 146 - 20580.57 94,272 . L :
'3848.06. . 3,2 ‘aszeebo8 . tgs.e20 L T e
3198.56 . L1;9" 36212.13  -84.51 - Ts
©1930.34 2599914 B1.94 . . -
[1946.97 -.14535,77: - 81.38
- 1286.464 "119386,87 - 74.88 Co SN
2888.34. . 1 54221.74 82,00 " . R S
| 1478,91 31437.49. ) 74,45 . :
6745,02 78727.50 1 Bb.64- .
380915 . 53318.463 ' 81.19, .
.5022.09 . 48485,13° 83,12,
e 7018,7S 69960.13 - 84.86
e 9611.97 54392.52. . B84.39
. .6875.78 - 35528499 . . 82.43
© 5588.03 | 51224.74 - 80,84,
4524,40 . 712244757 . 764100
. 6391,81 '77444.00 % . 79.81
. ,B8150.90 .. 45924.38 . 81.55 :
1 3993.,72 33765.56 . 72,48 . . .
©7254.80 72470.25 . 78,79
. 6545,96 176548.13 . -77.82
| §295%.83 70490.19 ¢ L 75,00 - .
o 4143.31 .. 65826.94 71.49°
- '10141.84 - - -.54729.81 . 80,21
©.5791.86 71599.94 . 70,42
v 7017.50 L YP2215.63 v 73,03
- 9235.03. ©75709.6%9 76,46 - -
7582.55 .. . 44584.54 7~ 7007230 oL s e
. .9790.27 - 85630.38..° . 74,59 ¢ Lo
. B964.27 ©74118.06, 0 73,985 .
8241.08 . . T ..72054.50 - 49.85
T(97.94: 728582431 . 47.19
19199.70. ©502521.13 - 72,15
'88464.50 S+ 52378.S8 17 68,99 .
5953.66 . .68378.38 ' 44,20
. 7484 .44 . . GA203.14 0 68,35 Y
.+.10540.23 . 75811.81 71.27 -

i 18735.88° . 71835431 67,707
5475,29 . U 39B37.059 . 42,50
'B066+23 .- 74993450 - 6%5.28 S i

:11848.14 79051:50° - 724050 o T
9872.00-. 66623,19° 1 ¢S.94 .. . RER F
4 9927572 - 8. J. 43926.B6° - 65034 L
 12218.93 -7 4,5, '73733.50, . - &8.28° . . . -
?009.26 7.6 - 3%478.14 - 64501 - -

" Derived results of direct shear, sttrength :e's:"on'lrltlf‘ié’L{n:»lly' SR

prepared sct’nd!C,e‘_d\,crl_ni';Cv'.SUS,fCC'gs N S N /

-

=00 UDOVIOHOE VIR NDB-OW~ NGNS 00 NWWO
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| fi.; Appendlx c . i
| Results “of tvo surface characterlzatlons (Z2 and SF)
' for the surface proﬁlles of’ Tyndall Stone -

N and Standstead‘Graﬂlte surfaces

e
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¢ Rock’ e
“ surface
nmmu

. -Maximun

value. of

.22

Maximun. Y
-'vllue of
“sp

Average
" valud of
.12 .

UAverage . . . e e

vnlue oi .
o SE

/u184”.
51421
81111
L5111
B Dlos2
R 511312
i __41681
S 51961
51792

& ﬁ§3°‘f
oo ste72
51742

.. 91841
L1562
- q1791'1“
. B1151%
‘511022
. 51451
3LJL346
.51381
: '“Jlé?”‘
JEJQQ164Q
51641 -
Le TB1771
511”4”
o 414
'!wd17
,f41781_
i _ju163°*
.:.574177°n”
~5T1Q2 24
51932
'j51104°>'
‘ ul”éﬁn'
; 41331
L 5111 .
O q171°'
5185

01671

By 41422v
_5111u1
4 41711
o 41831
518427

“0v4969 .

0,4142
T 0.5576
70,4733
1.1187
~..0,4081 -
‘v0;4064

0 0\4077

.0,3643
12,6183

043378,

, S 0+3705
51152
1043560
0.,4534

0.7583

$ 2982 .

0,4370°

04,4218
0.,6953
0.8512"

047440,
10,4227
- 0.5117

0i5991
0.4754

70.5 &8

10,4684
S deosaz

vf0.5§86'
0,4046

0.5798
0,4116

Q0.4480 .
0.,6866

0,4253 -

©0.5846

0.56449 "
0,4256.

o 2 .0.,4032 .
f511041 s

.6063

0 0189 0. 4394
0. 015°'
0. 01“0 0 4121

0:0160 0 4102

9.0160 . 0, 8673
10v014% '©,3640,

0 3833'“0 0195

“ovo1100 ¢ SR

O 01A1

0,015

0 0117
.@17”

S 0437931
0.3I967
C0.3416 -
1 1508

o 0109 " 0,3305
0,0117 - 0.3347
0,0216° 0,49Q6

fo;0192;_o.3563
0. 0086' 0.2739.
0“01J6 0 36”8
0. 0160 3889

: 0 0190 06d338
O 025
0”79 O.q087
@onqﬂ 10,5559 .
o 0“68 0 47”8
‘0.,0339." 0.q67?
“0.0215 0, 4u88‘
O 0317 0.5531
QO 0170 N 4079
o 0“63 0.7108
0.0279 04750
0. 0308 0.5778|
20 0“86 0.q491
Q. 01a4
0, 016“ 0 4014
0 0096 0. 4309
O 0149 0“1864
0 0139 0.4409
0227 0.5119.
0 0141 0.3778
0 0149 - 0.3822°
o 0“31 05191

040120 0.3352

\0;0137‘

YOJ922.

384_‘O 158W@ ”ﬂ

0.0135 750
\50 0131&
'0§0l731.

i0f0118i e . S
oerso s

[0¢41saf
~10.3700° 0.0133" 0w3612

70,4533 00,0177

0.4690/ 0,4 0174 04,4017 -
0.0180 " 0, 3735

0.4240 ' 0, 01u7 - 0.3928"

0. 4097 0. 0146 'o 3903

0 387°';o;o140,.;;~

0. 01s°,f~

0.0142. " 4l

10\6131‘(

0.01200 & [0 T
04,0126 L T L
S 0.0133
0.0 e
| 040157 L e
. 0.,0104 - 0 ) |
Q01027 . e
owotms T
o 0104 - [ ' el o
0.0124-
10,0074
0.0115

I
NS

0.0168 -
0.0208

"06018'%? G 3” 17,_V" :

000252  Co
0.0232.
“0. 0303

olorsa v

L0.0R65
S0L0137 -0
S0V0286

S 040203 7
0;0274,_ S e E e
249 M0 s

0% 0088

04,0128

040194
S 0.,0139 .

Covot30 [
vof01211‘-*-'vufa‘iyﬂw,f<Af4;

040127

;!:&\; gﬂi,

S

" Results of two:

surface

B fprofiles af Tyndlll Stone’ fraccures -

Sy

vo;01353;5;75

hlrlctet zl:ions(zz and SF)qu the surfnce-f“”:.; RoE  :;31 e




.Results of two surfaco chnrlccerlzanlonl(zz nnd SF)Eor :he suc:nce‘
o profues of Scandscud Granice frnc:uru : . .

1

204

Rack : Mau‘in@' B ﬂxiqgn Average . v Aver'-geﬁ
: surface.” . value of - - value of - value of  value of
.number ‘z2 © SF - . z2 . SF
5392*:,0.5005“.640206a,°*46?7 - 0.0172
- 532B1 © 00,5316 . 0.0218 ©0:9038.:0.0196 .
© 53211 0.4588 0.0212 0.4895 10,0199 .
“.. "53352  0.4921 0.,0184 . 0.3883 00,0151
. 53332 - 0,9188 - 0,0203  0.3708 ' 0,0131
53151°° 10,5118 0.0272-_0o697& lo.0152
53331 - 0.4588 00,0155 0.5017 00,0205
- 92162 -0.3884" 0, o14d 0.4137  0,0137
53161 . 0.4280 0.0157  0.7275 0:0236
. 53181 0,5310 10,0217 -0.4031 0.,0135
o '53182 0 4758 - 0.0183 0.4534° 0.0157
¥ ';53152 )+8271°: 0,0268 - 0.4952 00,0198
53322 0,4538 090202 0,6532 09,0189 -
§ﬂ1_,.o,4546 0,0196  0.4196 0,0164
o - 0409667 20,0204 00,3960 00,0153 .
,rqzzoﬂx 141768 0,0361° 0.7717  0.0210 '
.'53342° 0.5308. 0.0257 °0.4695  0.0207° -~
%' 53341 < 0.4786 0:0211 0.4431 o.kiso,_ a
S 53132 0445227 040194 0.4086 00,0159
- 5382 0.4703 0.0213  0,4672  0.0209
53351 - 0.4913° 0,0228 0.4159  0,0145
53247 044451 0.0191 . 0.5349  p.0230
53241 0.6246 "0,0314 0.3848 - .0,0143
5361 04,5261 0.0233 0,4244" 0.0167 S
. 53132 0.4919 10,0218 .0,3825 0;0130 N
53131 - 054297 040155 0,4344 " 0,017&.
5381 0.5384 -0, 0“47 0.4617  0,01i98 - ¢
0341,.‘0.4818 0.0222  0,4952 * 90,0210 = .. “'-{1
5352 0.5060.0.0195  0,4760 0.0175 /i
"531"72 - 0:5690 -0.02597 0,4507 " 0.0192 . - AT
K 5313{7:1_-’ 0.5024 0.0209 0.4542 .030-184‘: e J
5341 so.5596 0,0272 “o.d199 10,0235 i//‘,
5342 <0.S5537  0.0276 0.5022- :0,0230 - -5
2153272 O.qO..;l%I -0,0232 5 0. 0178 / '
© 53271 . 0.4325 0.0187 Q. oq1n//
L 5371 .0,5562 10,0252 0% 0, 0187/
53141 0,4837 0.0177 3. 0,01
T 5332, 0.4453 0.0170 . ';0/3133--
5372, 0.4471 '0.0168 0. 0194
532827 - 0.5672.70,0229 " 0, 4076 0/0131 "
. 53311 ) 0.6757° 0,0341.°0.3840 ~ 0,0124
‘53312 ©.0,4104 0,0138 0,4376, °0.0147
53321 10,4635 0,0170° 1.296&4 0.,0154
5331 .3.1300 0.0243 00,5925 - 0,0278
53917, 0.4969 0,0192 0,4830 0,0182
'S3191 . 0.4311 0.013% 0,3867 0.0114
53192 10,4771 070178 0.4023  0,0133
53142 0.4595 040164 0,4272, 09,0147 7
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