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, . N-( Abstract

The decreasJ in fr1ct10na1 res1stance§elong the si1d1ngv
surface with progress1ve dxsplacement is- proposed as a .
mechanism to expla1n the acceleratlng beHav1our of the rodb
-slopes of wéstern Alberta oben pit coal m1nes.

~ The buckllng failure of the Gregg Rrver Resources NO
P1t in 1985 is used as a case hlstory. Representatlve slope“"

movement parameters are obtalned from the d1splacement‘tgme

record of ‘the wall movement ‘'using the computer program

cPACK. AR \'r‘(/ e

n o

Footwall sandstone samples are repeatedly tilt-tested
to obtaln a relat1onsh1p between tub~fr1ctlonal re51stance
and the dlsplacementL,The t11t test results exhibit
‘variability in the absolute values and in the amount of
sliding angle~decrease with success1ve dlsplacement. “The
various sliding angle(strength)-displacement behaviours_of
the gamplesdis classified using'the brittleness index v
concept and the majority of the cases displayed a\decreasing
angle trend
- The slldlng block tHeory, using regre551on coefficients
from the t11t tests results,; qualltatxvely modelled theka
veloc1ty 1ncrease<behav1our of thevNO P1t example It is
therefore concluded that the decrease in fr1ct1onal

4

re51stance w1th progressave dlsplaéement, may be an adequate
) é »
mechanlsm to explaln the\ecceleratlng movements\

- . e

i .
western Alberta coal mines. o ; .
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1/ Introduction . .- A

- o . . / “/* .
1 1 Background -

The north central Foothllls of western Alberta. have

A

wabundant deposats of coal These dep051ts of Cretaceous ‘age
I
|

are found in 3 series of. asymetr1cal syncl1nal structures

whlch are removed by open p1t m1n1ng methods.

‘The comb1nat1om of the geolog1ca1 structure and “the
L S
extract1on pr0cess lead to the deVelopment of steep, hlgh

ﬁootwalls. These Valls deform due to, loss of support as coal’

-is removed from the hlnge area of the syncllne. The movement
"\, "f"

) of these slopes may accelerate' the rate of the wall

dlsplacementl1ncrea51ng w1th t1me unt1l totai collapse

o , f
When thlS process occurs. in a temporary excavatlon, thel

OCCUI‘S.,

'pwall is allowed to deform w1th constant mon1tor1ng (usually
employ1ng surVey technlques) ‘to: ensure ‘the safety of the men

and the machlnery

Y

Some western Alberta m1nes have now'accumulated a body
~of exper:ence regardlng strain rate 11m1ts for forecasting

?fallure. Little work though has been done on the mechanxsm//
;_respon51ble for these acceleratlng movements. Therefore, the
/

/

=a1m of th1s the51s is to 1nvestlgate the effect of

fr1ct1onal changes along the slldlng surface as a v1ab1e \5

mechan1sm.‘

-



};ﬁ PurpoSetahd‘Scope

¢

‘This thesis will attempt to determine whether or not

the loss of frictional resistance aiong‘tpebsliding surface

N,

N\

as.it movés, is an adequate.mechanism tg cause these

accelerating movements.

major sections:

. 3.'

_ relat;onshlp.

" parameters. ' Lol - -

A_,d1sp‘1va;ement progresses. P “z

. - ) . ’ Lo . ) -
The method of analysis for this research has three
B ”~ “ Vo .

-

R

B i \ ‘ . . o . ) . : ‘ ’ N . ... . L
Firstly, an accelerating movement tase history 1s

analysed to determine representative slopefmo?ement

»
“

Secondly, a laboratory testing'program is uhdertakeu 6““”

sliding blocks to address the qﬁestlon of strength

changes of the slldlng surface as the amount of B

<

Thlrdly, the results of the case h1story and the

laborato Y program are compared to determlne thelr fﬁ?

v

>

Chapter 2 is an ana1y51s of an accelerat1ng buckllng L

ffallure in the Gregg Rlver Resources Mine south of Hlnton,

Alberta. The ana1y51s con51sts of f1tt1ng a wall e

,.

TN
dlsplacement record to” two power ‘law representatlons &grngh

Ehe use of the computer program CPACK



P | e

Chapter 3 conta;ns the detalls of the sliding block
testimg program. A descrlptlon of the rock samples used 1s
also 1ncludeo;_The rock’ samples;are smooth 1nvcomparlson to
the field conditions.vTherefprek,some of this chépter' |
discussesbthe roughness of these samples, the‘meashrement ‘
and the character1~at10n of thls roughness, and the |
appllcablllty of small~ scale roughness work towlargerv
wavelehgths. . | | ‘

; Chapter 4 l1nks the “ork of the prev1ous two chapters‘
together by cOn51der1ng an acceleratlng rlgld block ‘model.
A relatxonshlp between friction and dlsplacement is proposed
. to which the results of the tlltqng tests are fzt. |

Integratio f the dlsplacement rate equatlon used in
Chapter 2. r solutlon of the dlfferentlal modelllng
equatlon by finite dlfference approx1matloh provides a

-

. common basls for,comparxson of the results.

The final chapter contains a liétingypf‘signifiéant

~ conclusions, .and some recommendatjons.
: ; v . v ; .



r'd
2. Accelerating Movement Case History = |

L )

2.1 Introduction | . : )

The H1nton Cadomln area‘of Western Alberta hés. f1ve ’
operatlng coal m1nes 1n Eower Cretaceous coal- bearlng strata
of the Luscar, Group in the northern and north-central
,Foothllls of Alberta. Strat1graph1c terms used. follow
Langenberg and McMechan (1985)

 Both the Cardinal" R1ver Coals and Gregg Rlver Resources
‘operatlons, located adjacent to one- another 40 km south of
»Hlnton, extract coal from the Grande Cache Member of the
_Gates Format1on, mining the 10 m thlck Jevel- Seam.’

3

The Lower Cretaceous coal strata form a series of
‘en echelon folds. Later glac1al ero;:on has removed‘the tops\
~of the antlcllnes 1eav1ng behlnd ‘a serles of parallel, |
'asymmetrlc to overturned syncllnes‘wh1ch are mlned by open
pit methods.' S - . ) g -

The open pits have steep, hlgh footwalls durlng the
coal extractlon. ‘Men and machlnery work below the footwall
- removing the bottom coal Bedding planes 1n the footwall "w
un1t parallel the footwall face. Therefore steeply |
_dipping-to- overturned sedlmentary rocks may lose some of
‘the1r support by thexremoval of the syncl1na1 bottom_coahﬂ
and footwall movements are induced. | .

-A dom1nant’fa11ure mechan1sm in th1s comb1nat1on of”
geology and geometry is by buckllng A buckle can be dlvided

* into a planar .slab slide between the crest and the

c{l_ .
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inflection 901nt of the slope (also refereg/t as thev ',L
-"roll- over p01nt") and a- topple of the overturned beds
" between the 1nflect10n p01nt and the toe ‘of the slope.
r ¢ Cavers (1981) prov1ded some s1mple methods to analyze

\

flexural and threefhlnge buckles.v
These movements are not'instantaneous but are
characterlzed by premonltory movements wh1ch accelerate
?5unt1l the wall collapses. The wall dlsplacements are”
-monitored as aw aid in ‘predicting the t1me%to fallure,
On March 6, 19851 at 07:22, [the Gregg River Mlne

_experlenceg such a buckl1ng failure in the southeast corner;

of its NO pit along the southi wal} on a’straight. footwall
‘Vslope between elevat1ons 1620 and 1680,~Slope dlsplacements

were mon1tored contlnuously to allow m1n1ng to continue |

———

until four KFours before the fallure occurred Thls case

o

history is examined in deta1l to illustrate the

-

characteristics of an-accelerating slope movement.

2.2 Gregg R1ver Mlne

The Gregg River ‘Mine began productlon in ]983 after a

-

coal sales agreement was reached with sev Japanese\
4companies.“1n 1985 the miné produced 2.2 million tonnes. of
hlgh quallty ‘coking coal w1th ‘approximately 12 million m’ of
materlal be1ng excavated by truck and shovel The mine is
operated by Gregg River Resources Ltd. and employs 390

4

people. : i T '.] -
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' " The coal is‘foUnd'in a‘serieS‘OEFparallel, asymﬁetrie‘

syncl1nes. Each success1ve outcroppzng of the Jewel Seam of

each syncl1ne 1s a551gned an alphabet1c desxgnatlon starting.

" from the northeast end 6f the property. Hence the name of

" the NO pit.

o

°
»

2 2 1 Pit Geology
The Lower Cretaceous coal is partJof the Luscar ‘Group
whose stratlgraphy and,nomenclature have been recently

dlscussed by Langenberg and McMechan: (1985) Coal m1n1ng is N

: centered on the Jewel Seam of -the Grande Cache Member of the -

1~

{ Gates Formatldn This member has an abrupt contact w1th the

underlylng Torrens Member sandstone whith forms a hard
f%otwall unit. The overlylng, softer, hanglngwall un1t of
the Gates Formatlon consists of 1nterbedded shales and
51ltstones, Karst and Gould (3985) dlscussed the mine's

- geolegy in relatlon to mine plannlng and economycs whlle

McLean (1982) dlscussed the var1ous llthologles in detall as

well as suggestlng p0551ble deposxtzbn&i environments.

. i

P

t
i

s

N The ‘coal thlckhess increases locally at .the fold hlnges

Trak”typxcally 10 m along the limbs to 30 m or more due to
‘the weaker, softer coal mlgratlng along the limbs durlng
foldlng as suggested by Karst and Gould ({?85) c’I‘herefore

syncllnal hinges are.prime areas for coal removal.

. Karst and Gould (1985) reported that the hard footwall
D

sandstone had an unconflned compre551ve strength of 160 MPa

wh1le theﬁlnterbedded s11tstones and shales had.a strength
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bf 50 MPa . The oVerl;::E‘Gates Formation is easxly drilled

and blasted while the Torrens sandstone forms a hard pit

wall. Generally,. south walls are benched into the footwall
.rockrwhffe/north 'walls follow the coalhfootwall contact.
Bench face angles range from 50° to 90 )

 The bot tont coal is removed by a deep range (i m below

N

" \vl’/

)

.grade)Jbackhoe and transported by- truck

e’,

2.2.2 NO P1t Faxlure
The buckling failure in the NO p1t occured at 07: 22 on
March 6, 1985 brlng1ng down 11,000 m’ of rock onto the
actlve m1n1ng érea. The failure took place on the east end
of the south wall on an unbenched slope from elevat1on 1680
to the ‘¥t bottom as 111u§trated in the €cross- sect10na1 view -
of. Flgure 2.1, A deep range backhoe 51tt1ng at elevat1on
1638 dlgglng at elevation 1625 was removed before the
failure. The overall slope helght of the footwall was 55 m .
l'w1th the str1ke length of the wall being 75 m.
The straxght footwall sectlon dlpped 1nto the pxt at
58° N at the crest of the slope but . the angle steepened at
hlower elevatlons The roll over point where_the bedg.hegan
to overturn was at elevatlon 1642. The dip of thelbeds helow
thls point was found to be 80° S. The Gregg River Resources
fallure report descrlbed the. f1na1 event in the followlng
way: ,. | .
"As the last of'the supporting coal below the 1638

elevé;ion was“removed, as m thick slab of
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overhanglng footwall buckled and‘fell ;,tﬂm;he pi
The rupture surface vwas a bedding plahe located 4 to 5
metres behind the coal- sandstone SBntact The.nestern
boundary of the slide mass was an open cut while a fa1r1y

é

continuous joint surface (str1ke 180°/ dip 60° E) prov1ded
the eastern boundary. N

_ The first indicatidn of wall monementawaé a hairline 
érédk noticed on March 2, 1985 af 09:00. The crack, |
approximately 0.8 m in depth, was located)at the east end of

the footwall and procee&%d up and to the rlght for a:]¢

.r1ght across the face withja length of 50 m and had a width
of 5 to 10 mm,'OvertuPREAE}p{~¥ne lower Tocdtwall at the toe
was then measured. | ‘ |
At 13:30 on March'3, a'feflector prism was installed in

' the crack in order té facilitate remote dispiécement u
monito;ing." Q

‘ It is éssumed in default of more exact information that.
thé reflector was attached to the nppe:.translating block of
a thrée-hinge buékling movement ané that the movement

-recorded was essentlally a translatlon along a beddlng
plane. Other models of movement, such as ploughlng at the
toe of buckling of a plane slab arepﬁound in these foothill
-coal-nines and canno; be excluded with the observations
available. | | . o
- On March 5 at 22:06, the surveyor deﬁected 2.5 mm .

movement between 15 minute readings and the backhoe was
: o
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~pulled out. The slope then stabilized‘and‘the backhoe was

sent back 1n.\At 03:30-on March 6, 4.5 mm of . movement was
\,/%etected and mach1nery was removed and kept out of the pit.

By 05:45, the wall was mov1ng 6 mm every 15 minutes. At ‘
N
07: 05 another crack developed on the face and at 07:20, tne :
'prism fell oyt. Finally, the wall failed at 07 22, Karst
(1985) provided a more detailed sequence of events.
' _Johnson,(1982) stated that tﬁe radial sdrvey‘merhod
using a'theodolite—EDM system"was the standard method used
by the mining‘indusery for wall monitdringr The three
dimensional position of a prism were calculated using
measured values of the slope'distance and the vertical and
horizontal angles. The veftors of movement were computed
from changes in the three dimensionalbposition.

| Monitoring of the failure was initially done from an
instrument station located on'tne north side of the pit at
the corner of thew1650 bench. After 18‘hours of readings, no
def1n1te movement, was recorded and the instrument station

¢

vas changed to the east 51de of the p1t access ramp located
on the far north side of the pit. Thie‘iocation offered |
greater sensitivity to'wall.movements.‘
Masoumzadeh (1985) found that the total resultant of
‘the displacement vecrorgibetter represented these slope
movement processes rather than the components such as the
slope disrances or the cumulative horizontal displacements.
‘Ffbure 2.2 provides a graphical view of the cumulative total

displacements versus elapsed time for the NO pit f?ilure.
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* For the mbit'part: the corve displays an accelerating | '
_displacement with time except for early in qbg;oisplacement
.record ‘when there is a jog. This oecreaée in displacement
\'may have been duo‘to some drainage affecting the slope
,movement .

2,3 Computer Analysis gf the Displacement Record 4

4

) Materials under a oonstantuload exﬁabit deformation
with time referred to as creep. Varnes (1982) discussed the
general characterxstlcs of creep curves, F1rst1y, therg'1s
some ;nstantaneous strain followed by rapid deformatlon
which'decreoses in-rate which was refered to'as;primary
cieep. This creep phase transitions intoé a stea?y-state or
secondary creep. Finally, it may accelerate into tertiary

creep until failure ultimately occurs.

Many equations have been proposed to‘describe the’

various creep phases. varnés (1982) discussed three\laws for
accelerating creep. Theseliocluded; : o

1. the Saito relation,

2. exponential-iaws, and .

3. power laws. |

Also, 2zavodni aod Broadbent (l?BO), after examining failures
in copper porphyry open pit mines, reoognized two principal
‘failufe stages and produced an empirical felationship for
fa1lure predlet1on. Masoumzadeh (1985) rev1ewed the above

four equations in detail and discussed their usefulness in.

relation to the Luscar Mine failure case history.
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All the abcve-equations are{baeically<curve titeing: -
techniqdes, which fit aeparate,equations to the ﬁwo
different phases (decelpgrating and accelerating) e
independently, There is no consideration for the actual
_physical processes whigh are Qccurring. Varnes (1982, p.114)
stated that: |

"In worﬁing with curve; showingiboth,primary and

tertiary creep, I found that the tertiary portion

often coqld not be analyzed satiefacgorily by itself

-
-

‘because dhe process respcnsible for primary creep
- continued beyond the point of inflection. "
bnfortunately, he,presented no further insight (or
equaﬁions] which could be used to link the two phéses of
creep. -

cruden et al. (1986) prov1ded a method for«est1mat1ng

therarameters necessary to descrlbe a complete creep curve,
for coal samples in lagoratory creep tests. The follow1ng
relat1pnsh1p between the strain. rate, ¢, and the elapsed”

v

time, t (in minutes) was proposed:

¢ ;)tn*Ct" , ' ' o [2.1]

. -t %
where A, B, C, and D were constants. The first term of the

equation was used to describe the decelerating portion where
A was the displaceinent at nit-time and -0 > B > -2; The
‘second term described t acceleratlng port1on wlth C << A

and D > 0, up to values as latge as 9 for laboratory creep

\



.experlments.;,f

R The observatlons, absolute tlme and dlsplacement, were

s used to calculate elapsed txmes and straln rates whlch were

t' smoothed by uhV'recurszon formulae outllned by Cruden (1971)_

to account fo”~j1nor extraneoUSnvarxat1ohs. The smoothed

data was then fltted by a welghted least squares method to a
decelerat1ng creep power law. Thls power law was 1ntegrated
to obtaln estlmates of the deceleratlng creep Stralns. The'
'L acceleratlng stra1ns were calculated by subtractlng the‘
| decelerat1ng stralns from the observed stra1ns. Therefore
lf‘the deceleratlng creep phase has an 1nfluence on. the straln
7] values—used for the determlnatlon of the acceleratlng creep
parameters whlch is unl1ke any of the prevzous equatlons

-

llsuch as those of SaLto or Zavodn1 and Broadbent._
Anb1nteract1ve package of computer programs, CPACK was
coded to. f1t the data of creep movements to power laws; -
©2.3.1 cPack Lo B i
_ The maan grogram of CPACK outllnes the steps of the
ana1y51s by calllng five subroutlnes- CRED BFIT CFIT and
CPLOT ‘A flow. chart and llstlngs of ‘the above are\prov1ded s
in Appendlces A and B ' | 4 | :
: Ehe f1t of the data to the proposed straight l1nes 1s
;vassessed by two tests.‘The flrst 1s a test for ser1a1 .
corxelatlon in the re51duals for whlch the Durbln Watson‘f:
statlst1c dw, 1s calculated as suggé%ted by Durb1n and |

<

Watson (1951) The second 1s the test of slope 51gn1f1canceh
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. whlch exam1nes the null hypothe51s that the f1tted 11ne does
jnot have a slope 51gn1f1cant1y d1fferent from zero or: that
‘tthe‘data'could have been represented by its mean. -

The functlons of the subroutlnes and?the goodness of

f t parameters are dlscussed in more. detgti 1n Cruden et al

(1 86). In thlS paper, the creep data of a r;ght rectangular
prlsm of subbltumunous coal which failed after 15& days at

319 4 MPa "Wwas found to f1t the equatlon'

- aes0 £ oLseBx10 ¥, T 2,21

:.where/the un1ts of t1me is still in minutes. ’ |

Cruden and Masoumzadeh (1986a) used an updated versizn

-of thelr program, CPACKI, to determ1ne slope movement

‘parameters for the d1splacement record of the 511B -2 p1t

%fallure atlthe Luscar Mlne, The equat;on relat;ng the ;

displacement.rate,ti,rto the elapsed}time;‘t, was:'\ ‘

o oo Cpa e oy
k= 0.280x107° £+ 0.M129x107" £ 23T

'whlch actually deflned two acceleratlng phases._
Dlsplacement rate rather than straln rate was used 1n‘,
Vthls case because the slope\ls glven an 1n1t1al length of
_unlty in the CPACKI program Hence, the dlsplacement over 3 |
certaln t1me 1nterval d1v1ded by the orlg1nal length results

in a dlsplacement rate, not a stra1n rate.‘
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o Theifirst te;m.patameters‘gaye.a‘teasonaole_fittoi‘tne

| inftial'data to the power law, but the acceierating data did

' not fit the second term well. They stated that the p1t
d1splacement data ‘analyzed using the POW program 1dent1f1ed
‘three stages of acceleratlng creep rather than the two
'stages“compotéd using the CPACKprfogram. |

, The Gregg River dﬁsélaceme tvrecord‘was input.into
&CPACKZ (detalls regardlng the t stzng of thlS new ver51op

are located in Appendxx C) to/

'etermlne its movement

\\garameters. The input file (g1ven in deta11 in Appendlx D) -
Awas der1ved from survey coordlnates obtalned from.bregg

| R1ver Resources Ltd. and the cumulative total dlsplacements/
were used. The- strain record was started at 15: 15 on ‘March 3

Y
.and lasted for 2405 m1nutes. The max1mum total wall

dlsplacement was 96 2 mm.

‘12 3. 2 Results . RN T AR
The CPACK2 optput flles are 1ocated in Appendlx F.

J}Ane resultant equatton for the entlre data set ist

/

S % = 0.130x10" t %% 4+ 0.332x107"% %77, .

',[2.41

; .

The two terms of the eq ion are repre ted by the

t‘two stralght llnes on Flgure 3.

3 ‘ L o
The first term of the equat1on with a power coefficient
of'*0.838>(indicating decelerating;cree ) ptovides a good

fit to the initiai-data. The/dw value gf 1.748_exceeds the
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~.upper bound value of 1. , 690 1nd1cat1ng no p051t1ve ser1a1
correlat1on while the slope s1gn1f1cance value is 26. 96.

The seoond term of the above equat1on with D=3, 985 has
a dw value of 1.391 wh1ch is less than both the upper and
lower bound values (1 690 and 1.650 respect1vely) 1nd1cat1ng
pos1t1ye serial correlat1on. Hence the data po1nts-are_./
sfmilar in deviation direction from the fitted line.

Intu1t1vely, ve sense that once the sl1d1ng mass has
begun to move, . there are few reasons why the mass should
stab111ze.dTherexperlence of Cruden and Masoumzadeh (1986b) -
‘indicated that the slide at the Luscar Mine had.three
aCcelerating phases. No deCelerating components were found.

An attempt was made to truncate the data set from the .
beg1nn1ng in order to remove the observat1ons in the 1n1t1al
decelerating creep phase..Table 2.1 prov1des a summary of
the results. -

‘The first occurrence of two accelerating phases:occurs
with the Ttuns data set where B=1. g73 and D=4. 178.VBut the
vDurbln Watson statlstlc for the second phase 1nd1cates
, p051t1ve serlal correlatlon. ‘ |

The Truné data set w1th an initial'time of”1§5 alsolhas
two acceleratlngfphases. The first term with B= 2 14 s 'a
good fxt for the data range of 1-to 56. The second term has
a largeﬁexponent, D=25.78 and the coe£f1c1ent C, 1s reported
as 0 221x10 . The dw value, 1. 666,’vhlle notvgreater than
the upper bound value of 1.690, is largér than the lower '

7 & e
bound value of 1.650 suggestlng ‘that p051t1ve correlat1on
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Figure 2.4 Log strain rate vs log time for G

data set.
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may possb}y_éxisE; The slope significgnce»y%lue for the data _'
;range‘48}to 147 is_yery large at 484§l;ﬁeg§e) tﬁe;foilowing‘
equatioﬁ, displayed;in'Figure 2.4 may be a more reaifgﬁ%é“
;epresen;ation of ﬁhe accelereting pbrﬁion‘of the Gregg

River ‘displacement record;

o

ko= 0.611x107° €2 4 0.221x107 ¢2700 0 [2.5)
It‘isvhow apparent thaé‘the CPACK program will have to

undergo some modlflcatlons. The 1ncrea§1ng exper1ence w1th {

f1tt1ng these coal mine deformation records 1nd1cates the

_need for a'program which fits three (or more) accelerat;ng

‘ phases as was the cqnclu51on of Cruden and Masoumzadeh ‘

(1986a). Future wversions of thlS program should therefore

’attempt‘to’implement this procedure. *

. <
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3, Laboratory Do;ermination of Model Parameters ‘///

3.1 Introduction S

A

~' . . . ] .‘ .
The shear-deformation behaviour of rock discontinuities

is influenced by such factors as normal stress, infilling,

geometry and roughness,'past displacement histoty, and

strength and deformabilityvof asperities (related to

mineralogy andlweatherihé).

Sheerestress-shear diéplécement curvesv;ypically

: T o, . . .
consist of two main regions as illustrated in Figure 3.1:

1. - the pfe4peak region, where a large increase in shear
-stress over a small dlsplacement occurs, up to a maximum

»Zi’f ) . i».: '
stress 7.,§, and :

2. the post-peak section where the Sheaf'stressAdecreases
with increasing~disbiacement, until it reaches a
constant value.

Experlmental results 1nd1cate that both the shear strength

and ‘the d1L£prn of dlscontlnult;es are functlons of the

.

- normal force and the_shear dlsplacement.

The movements in these western Alberta pit walls show
an_ecceie:ating displacement with time leading to the

failure of the.wall. This acceleration suggests a mechanism

.whlch produces decreas1ng frlctlonal re51stance along the

rupture surface because the dr1v1ng force of the movement,

\ % B
22
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Shear Displacement

- Figure 3.1 Typi_cai shear force-shear displacement curves as

a funétibn of the normal stress level displayed.
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the sliding block weight, is assuqed to be constant hore in -
“the absence of obsorvatiohs to the contraryfﬂAs the
displacemeot’along the rupture surﬁace'(u5ualiy a bedding
plane) proceeds, surface irreqularities are sheared off,
’ roughness decreases, and therefore’tpe frictional resistance
of the surface decreases. | - |
A laboratory program was set fip.to determine a
relationship between fhe frictional resistance and the
dlsplacement of a model sliding block of sandstone. Rather
than us1ng the more convent1ona1 d1re6t shear test to
measure the fr1ct10na1 re51stance, a tilt- table apparatus
was used. A series of tzlglng tests wete d%ne on the same
sample to determine how the sliding éng}ejllﬂe. frictional
resistance) chonged with successive sliding events (/.e."
increasing>displacement). The experimental éet-up allows
~concurrent surface roughness measu;émpnts to be made to
examine oow the sample roughnes%vwas changiog. ’
There is, of course, several oifferences between the
two tests, Anrimportant difference is the applicacion'of
normal force during displacement. The tilt-test uses only
self- welght of the top sliding block which results ;n a
normal stress, appllcatlon of approxlmately 0.6 KPa.
| Th1§ low normal force does not invalidate the
usefulness of tho tilt-test for several feasons:
: > . , . .
1. Thovtilt-test does occur at a mﬁch lower normal force

than the insitu conditions, but the roughnesses of the
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two' surfaces controlling deformation also differ by <

geveral orders g4 magnitude.

An exampléshall follow to illustrate the conceﬁt.

The slope is inclined at 60° and the thickness of the '

failing ) is 5 m. Therefore, the sliding surface is

" under a normal'pressure of 250 KPa. Divide the normal

stress by the roughness height controlling roughness,

say 2 cm and the rdtio of normal stress to roughness is
125, | |

| App}ying the same principle to the tilf—tests, the
normal stress of 0.6 KPa divided by the roughness, 0.001
cm (400 mieroinches) results in a ratio of 600.

“« -

1t seems from this.quick quantitative anaiysis,
éhat the ratio of normal force to controlling roughness
height for the field and the tilt-test conditions are

within the same order of -magnitude. In comparison, it is

!

the tilt-test which actually has the higher ratio.

The basic friction angle of rock, ¢, is relatively
insensitive to normal force as found by Coulson (1972),
within the stress range range signffigant fq;ferface
workings. |

=g

. The tilt-test system models a dilated slab after some -

movement ‘has sheared off the larger asperities on the:
rock sﬁrface._Bruce et.al. (1986) found that_the sliding

angle results of tilt-tests on smooth samples weref
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simila:uto the friction angle‘réaultg of the'direct
ghear tests. Tﬁere is a similitude of results between
the two .tests which have different operating forces,
,pérzaps in part to the above normal stress ratio

concept.

v

-~
<

The frictional characteristice of a flat rock gurface
are dependent upon Ehgpsurface preparat}on. Coulson (1972)
foundlthat the smoother'the.sample, the lower the frictiehal
resistance, whlch‘sﬁggesfed a correlation between the two
parameters. The work of Rend%rs,(1970), arton (1971a), z?
Krahn and Morgenstern (1979), and Tse and Cruden '(1979) all
suggest a correlation between surface reughness‘and rock
joint shear strength. If a funcaional relationship could be
obtained between ropghnessland frictional resistance, then
extrapolation of the ‘correlation or insight into‘pessible
mechanisms might be important in predicting rock joint

behaviour. o . .

3.2 Literature Review E : ‘ -
Byerlee (1967) developed a theory of frlcﬂxon for
geologlcal mlterlals dased on brlttle éracture rather than

plastic deformatlon of asper1t1es. 'Sliding of a surface
would then occur when asperitiés fail by brittke fracture.
~ Evidence for the theery were that;

1. true crystalline plasticity can be ruled out at

temperatures -under 500° C for rocks containiﬁg typicalr\
{ ‘ : ‘



s111cate minerals (quartz, (eldspar, olivinc,nor
pyroxene) even at high pressures such as 500 to 1000

L4

MPa, and ‘ , ,
2. the tensile strength &s a very small frattion of the

J compressxonal strength. .

Direct evidence suggest1ng this type of friction wis the '
presgnce of a fine white debris on the sliding surface after
shearing. The amount of degpig and the size of the éebfis |
particles increased witﬁ’the'roughﬁess of the surfaces in
contactftByérlee found for ground surfaces of Westﬁrly'
Granite that the coefficient of frictién decreased és the
roughngss/of'the‘sample decreased, even thoug; thg roughnessb
values for the surface were quite variable.

Coulson (1972) performed shear'ﬁésts on flat rock
surfaces pf 10 diffe:ené litholégigs with roughnesses
canging f;om peérly polished to sandblasted at mormal forces
from 70 to 7000 KPa. He found foyr different types of
strength-displacement éurves;

| re
1. Type #1 occurred in 4% of the‘tests aqd shoﬁed no change
in shear strength ;ith displacement. Norhal pressures

<

were always less than 420 KPa.

L) N AL

J #
4

2. . Typé #2 exhibited a decrease in shear strength with
displacement. These occured at ibg:pressures on dry

surfaces and at all stressﬁifglsAon wet surfaces.
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§3{-ATYpe #3 and #4 curves both had 1ncreas1ng shear strength

,:Wlth dlsplacement wrth type ;fﬁy;Splaylng an 1n1t1a1

decrease These ‘two ' curves ahcguhted for 60% of the

. “ tests and appeared at medlum to hlgh stress levels.

o

He also examlned the slldlng surfaces and correlated types

of surface damage' generatlon of m1nor rock flour,.formatlon

o

biof gouges wlfy_cdmpacted rock flour, pollshlng, and
formatlon of an 1ndurated crust w1tﬁ3these d1fferent classes

of curves. Coulson stated that the generatlon of small'

amounts of rock flour were most- often assoc1ated w1th type

~ @

#2 curves. g?hce partlcle 1nterference was low, rolling

fr1cﬁron of the debrls helped to decrease the shear'

N

' strength Type #3 curves appeared as more flour was

generated ‘and part1c1e 1nterference 1ncreased S
e TR
B Krahn ‘and Morgenstern (1979) performed d1rect shear,h .
L e -
tests on’ art1f1c1ally pnepared 11mestone surfaces and made

: ,.l‘

i

surface rouqhness measurements w1th a Tafysurf 1nstrument.v
These traces were drgltlzed for plottlng purposes and for’”
y?analy51s. Statlstlcal analy51s of d1gltlzed proflles
wz7i1nd1cated a change . in ‘the r0ughness proflle after shearlng.»;
3 Frequemcy amplltude graphs, before and after shearlng

dlsplayed an. 1ncrease 1n ‘the frequency of amplltudes on the

; p051t1ve 51de of the mean wh1le there was a decrease in the’

frequency of the hlghest asperltles. ThlS conflrmed the peak

truncatlon and formatlon of plateaus conclu51ons made: after :



e

m,
0. 881 b tﬁeen Zz, the root mean square gradlent, and, the

' ult1mate fr1ctlon angle,‘a

ZOngq1 (1985)«&150 performed dlrect shear tests (on
granlte) w1th pro 1le measurements before and after

shearlng He attr1buted the minor decrease in the RMS

“surface’ slope values to wear of the upper asper1t1es during

shear.

3 3 Rock Sample Chosen~\ /

The coal removed from the H1nton area m1nes is taken"

from the Jewel Seam wh1ch is’ 10cated in the Grande Cache
‘Member of the Gates Formatlon. Overlylng the coal" ‘seam arp
1nterbedded mudstones, 511tstones, and fine- ggalned
arg1llaceous sandstones. | -

- The un1t below the\Jewel Seam is the Torrens Member
sandstone. It 1s a mass1ve to thlck ‘to medlum bedded

sandstone wh1ch coarsens upward in graln size., Hill (1980)

descrlbes the Torrens Member in the Luscar Mane as

medlum gralned l1ght grey, non- calcareous, and containing

rare conglomeratlc 1enso1ds of chert pebbles.

" The stratlgraphy was 51m11ar ‘at both the Gregg R1ver

Resources pit and the Luscar Mlne stu edvby Masoumzadeh.‘ |

(1985) Sandstone samples vere collected by Masoumzadeh in

August 1983 at four dlfferent locatlons from the Luscarv

- 51- B f\p+t/located approxlmately 320 km west of Edmonton.;v‘a

1



',sample 51ze was approx1mate1y 5 Xx-5 x.2 cm, "o

30

The sample used for this testlng program was taken from
H.the locatlon of 101700 N and 104700 E on the Luscar M1ne
grid at an elevat1on of 5220 (Masoumzadeh 1983)~ It was
removed from approxlmately 3 m below the coal seam at a bend
in the access road. This sample was assumed to be from the
'Torrens Member._ |

These samples were stored <in the C1v11[Electr1cal
dEnglneer1ng Bu1ld1ng at. the Unlver51ty of Alberta for. use in
future test1ng programs,‘f ' ' |
73.3_1 Sample Preparation

Test specimens were cut from a sample taken from
»locatlon #2C which had an average th1ckness of 9 cm. Figure
3.2 shcws where the spe01mens/wereicut from the top~half of
the sample. The sample was descrlbed as a f1ne to medium |
gralnedsadhdstone, llght grey,- Carbonate free (tested for'
‘effervescence with 10% HCl) 1am1nated and conta1n1ng
'.occa51ona1 th1n shaly‘partlngs. ’ |

The lnltlol cuts were made by a 60 cm d1ameter,ll
dlamond tlpped saw whlch was water lubrlcated The slldlng
hsurface cut was made parallel to beddlng by a smaller hand
'controlled saw as were the final top and bottom cuts. Flnal

Three samples were: wet lappgd for oq!bpour on tﬁe |
lapping table w1th 100 grams of grit being added antlally.

Afterwards, they were checked for flatuess w1th a stralght

edge. Yarious sizes of grlts, #80 #220, and #400 were used



Figure 3.2 Location of specimens from the top half of sample

#2C. Individual blocks are 5 X 5 tm, for scale.



mto prepare the roughness desired. Fifty gfams of grit were
‘added with each‘successiwehlappingjset,andvthe grlt was used f
for 3 sets'(d hours) before being changed. Bruoe et al. |
(1986) provides a deta1led dlscuss1on of lapplng equ1pment

and procedures and sample roughness results.'

o

’ : : o ’ : S

3.4 Roughngss Measurements . ST
- Roud@é;ss measprements were taken during the ~

‘t1lt test1ng program for two purposes-

1t¢ to determlne if and- how the. surface roughness changed
‘kdur1ng t11t testlng, and

2. MtS»look at. the questron of scallng of surface roughness
and determ1ne whether a general scallng law %x1sts.‘

Recently, there has been an 1nterest in pred1ct10n and ;

modell1ng of rock 301nt propertles (normal and shear

Jst1ffness, closure behav1our, and hydraullc conduct1V1ty

propert1es) rrom roughness measurements in such papers as

"Swan (1981,1985), Dlght and Ch1u (1981), Swan and Zongq1

_(1985{ Zongq1 (1985) ‘and Brown and Scholz (1986).

i3 4.1 Prev1ous Work 1n Surface Topography _

Patton (1966) found from roughness proflles and from
Aevaluat1on of slopes that there were three orders of
roughness on fallure surfacesz flrst order 1rregular1t1es
~with wavelengths of 60 cm, second order 1rregular1t1es with

wavelengths of 6 to 10 cm, and th1rd order roughnesses of

‘less than 1 cm. He concluded that first order 1rregu1ar1t1esv



' ‘ampl1tudes.“'
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were good estimates of the‘asperity angle i, and that second
vorder 1rregular1t1es were not a factor when shearing or
oyerr1d1ng of these asper1t1es had occurred. o
Piteau (1973) considered that there vere two orders oft
'topography. “macroscoplc" resxstance or wav1ness and
"microscopic” re51stance or roughness, Plteau (1973, p.7)
states:; » | | | n
ﬁIrregularities wﬁlch are of such‘dimension that
’they_are unlikely togshear off are'defined aS'
waviness.'Roughness'is defined as irregularities &
suffacxently small as to be sheared off during
movements of the surface." - - . ;
Another approach to topography 1s the' random process
theory as suggested by Peklen: K (1967) Whltehouse and
: Archard (1970), and Nayak (1971). Instead of two orders of
topography where\small scale roughness is superlmposedfon‘

e

the larger scale waviness, .the surface topography is
con51dered as a contlnudps spectrum of - wavelengths down to
_atomlc d1men51ons. Roughmess ‘'yould therefore be composed of
1
:the smallest and shortest wavelengths while wav1ness would ‘
Hcon51st of larger and longer wavelengths. Errors of form
w1ll have the longest wavelengths and the largest ,“ : J'
Therefore the 51zes, shapes, and he1ghts of the surfatel
features also formed continuous dlstrlbutlons dependent on

this spectrum (Nayak (1971)). Rather than d1sc0551ng

waviness and roughriess in terms of f1xed wavelengths,VSayles



- prov1des a rev1ew of the use and the 1nterpretat10n of

\ ‘ A
and Thomas and Brown and Scholz (1985) ‘thought of them in

'

terms of bandwidths of ‘a spectrum. o o L e

3.4.2 Surface Characterization Methods

The Talysurf roughness meaSUring device is a

‘commercially available instrument which drags a 4 sided,

L 34

0-0025/mmawide.diam0nd stylus supported by alrefer§hCe skdd .

across an irregular surface. The device can provide a paper
‘trace of the profile or it can provide a center-line,average

(CLA) value. Amer1can Natlonal Standard (1978) B46 1-1978

tracer 1nstruments such as the Talysurf.

Thls 1nstrument traverses a standardlzed length with

the stylus in order to obta1n the CLA Values. These: lengthsh_

referred to as ¢cutoff values are- J, 0.25 mm, K, 0. 8 mm, and

L, 2.5 mm. The CLA is. a commoﬁiy used parameter in tr1bology

t

and 'is defined as:

. ' 1 x=L , '
cea = ¢ [ Tyl ax
. x=0 .
*where y = amplitude of the roughness about a mean of

7/
’
.

_zero,

'L = the sampling'iength,

‘dx = a'constant distance hetween amplitude

7

. "' readings,

The CLA value is recorded in units of icroinches. -

L

&
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Samples #1 and #2 were both prepared using #80 grit,
TheSe samples were then measured for roughness by travers1ng .
.the~stylus perpend1cular to the sl1d1ng dxrectxon but they
were too. rough for thé upper CLA limit of the 1nstrument,v.
400 microinches. Consequently another method, the profiler,
had torbe used to guantify the roughness of these samples.

The profiler apparatus(consists of a stylus mounted to
a spring-arm attachment which ls dragged over the surface by
.a screw mechanlsm powered by a small electric motor. The
stylus, or1ented 1n an inclined p051t1on is attached to an
LVDT. As the stylus traverses horizontally and rises up and'
over asper1t1es, voltage changes in the LVDT are recorded on
a paper plotter. ThlS device therefore gives anﬁanalog
profile on paper, of the rock surface. |

The: ClVll Englneer1ng Prof1ler has been previously

discussed by Krahn <mz742and Tse (1978)

. Possible proble 5 with this apparatus were:

1. The stylus is not. in a vertlcal p051tlon whlch 1s the

standard on other profilers such as the Talysurf

2. The downward force of the sprlng arm is greater than
that of the Talysurf and its magnltude is unknown. This
heavier stylus force mlght lead to the stylus plough1ng.

| through~the surface material rather than overriding

ol

asper1t1es.
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3. The stylus on the Civil Engineer1ng profiler (1)00 mq)
is 400 txmes larger than the Talysurf stylus (0.0025 mm)

whxch conforms ‘to the Br1t1sh Standard and as such m1ght

miss vital roughness information.

4. No shoe or skid is provided for a datum like the

Talysurf.

5. No lateral support is provided for the spring-arm so
stylus deviatidns out of the traverse plane are

 possible.

1 -

v

Use of the profiler has one major advantage ln'that the
A'length of the surface trace taken is variable. Thereby a
'lonoer profile can -be taken which may bettet quantify the
surface roughness{ P | | ‘

The‘profiler used in this study was made available by
' the Department»of zoology ‘This profiler is very similar to
the Civil Englneer1ng profiler exgept 1t has a much smaller -,
stylus and it has no vert1cal calibration and_therefore} |
proflles were .only relative.

The flrst two samples, #1 and #2. (lapped with #80 grlt)
 were prof1led Wlth the zoology 1nstrument. .Three traces vere .
aken after each sliding event for sample #1 and after every:

second event for sample #2. A total of, 60 analog traces were

taken. qrquant1tat1ve term was requ1red for each prof1le,
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even if it ‘was only a relat1ve one. In order to do this, the

)

analog traces had’to be dxgltzed into d1screte X and Y
.coord1nates for computer analys1s. This step in the process
vas done on the CalComp 9000 Digitizer located in Room 280
Chemlcal/Mlneral Engineering Bp11d1ng.

The CalComp Digitizer convertsfanalog traces into
discrete X and Y coordinates. This cah be done one 'point at
a time, by incrementing X and/or Y values, or contiffuously
on- scan hode. ThelDigitizer also allows an origin and a
‘scale to be set up for each trace and the input format of
" the data can ‘be varled 1n a user created £11e.‘

‘The;flrst attempt atvd;gztlzlng the traces was in the
increment mode using a refativelv small X increment (5
discrete amplithde readings per mm or every 0.5% of the full
'x scale) and a large ¥ 1ncrement (every 120% of the full .-
arbltrary scale) ‘This was for later conven1ence when
computlng the parameter er As it turned out, the X
1ncrement was not constant for’ every 1ncrement

The dlgltIZIng was accompllshed by plac1ng the trace’
under a‘plastic covering on the d191t121ng table. The
orlgln, the scale, and the data input fprmat were then
i e-ntered’r each trace.’ Then ‘the analbg profile was traced
by moving a set of Eross-halrsvover the entire length of the
profile by hand. Obviouslv this method of tracing. the
profiies was subject to error especia}ly on sharp high
peaks. TWO common errors were'-f; , -

1. ‘the Y value of the sharp peak mlght be missed if the X

. \
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increment value did not coerre{§Mia exactly with the X

coordinate of the tip, and “

2. when tracing the sﬁarp peak, some "backtracking" might
oqcﬁr; {.e. the X values might start‘decreaéing due to
poor hand tracing technique. |

When the diéital files were listed and visually examined for

backtracking, some of the tips (ﬁaxi@um Y values) of sharp

peaks were seen to be missed.

3.4.2.1 ﬁesulté Froh‘the Profiler

After the files had been examined and corrected for
_back;rééking,'the data from sample #1 was run through a
compufe; pr&gfam to calculate‘a reiati&e roughness
‘parameter, Z;. This parameter was only relativé because
the profiler had no vertical calibfa&ion and the voltage
transducer exhibited some nonlihearity (Fasey, 1986) .

. The root mean square gradient, Z, is defined as:
o A """I_dy_lz
Zz = /:ngo T dx J dx..

with the parameters being discussed earlier in reference

to the CLA. , o o .

The assumption was made in the é:ogram when
caldUlating Z; that the step increment ofvﬁhe_digitizer
could approximate dx, the constant dis;ance'between
amplifude readings. '

A fine to‘mediu@ grained limestone sample (Jy 31-4)

lapped with #80 grit was obtained from the specimens



‘used by Eaton (1986). Its‘éurface was smoother in

compa}ison té the'muéh rougher sandstone saﬁpi (1F-1).
Figure 3.3 il;ustra§es this fact even.through th;
asperity heighfs were ohlyvrélative‘and the skales were
distorted. The limestoné gahple, the smoothe gutface
had a 'z; value of d.QS while the rougher sa dstone
surface had a value on 1.96. The -smooth value was less
than the rough one by an érder of magnithde even though
tﬁe number of détavpoints; 162 and 173 respectively were
about equal. Hence it was assumed that the program coulc
quantify chaﬁges in‘roughnesschnfortunate Yy, the value:
were only relative to one another and they could not be
compared with other authorg' work.

Sample #1 was tilt-tested Qith bfofiles taken at
the back, middle, and front of the specimen. These wete
digitized and Z; was comguted. faple{3.1/provideska
summary of these values from the back amd'the.frontbl_b
portioﬁs of"sample #1. Although the sliding anéies |

decreased from 28° to about 24° after 18 sliding events,

the expected decreasing trend in the 3, values was not

observed. . | >

(...

A test was done to determine how /the célculatgon.o
Z, was affected by the width of the X /increment of the
rDiéitizer. Profile 1F-1 was initially digitized usgﬁ;;a
X increhent of app;oximately 0.2 mm vhich gave.195‘§ata
pairé and a 2, value of 13.58. fﬁh, ame profile vas
TN

: , \ A '
‘digitized using a much smaller X ipdrement of 0.05 mm.



Table 3;1 Relative root mean squaxe gradient va1u;s for

sdmple #1

1

SAMPLE #1

Front Back
A4 .
1F-1 1.96 1B-1 13.58
-2 - 1,63 ‘ -2 2.89
-3 22.21 -3 12.29
-4 9.74 i -4 6.25
-5 1.69 -5 - 8.89
-6 23.56 | -6 40.43
-7 | — -7 3.04
-8 4.08 -8. 31.35
-9 9.35 -9 1.40
-10 6.23 . =10 20,91
-11 6.76 -11 3.44
1F-12 - 9.42 1B-12. - 15.54

40
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" “Figure 3.3 Comparison of profiies from a rough and a smooth

sample.
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Th1s data file had 539 sets of data and ‘a relat1ve :

roughness value of 83.17,

| 3 4 2 2 Dlscu551on of the Profller Results o ;A
-t. The procedure of prof111ng, d1gltlz1ng, and |
computlng roughness parameters had the ab111ty to
T‘d;fferent1ate between a smooth_and a-rough sample as
-gdiscussed earllert It haS‘been successfully useddby
'previous}authors,yspecifically_hrahn‘(1974) and Tseh
(978ys o ~." o “'*-“; \-Al | |
‘The 1nconclu51ve Zz,results from sample #1
1nd1cated that ;hls procedure was 1nappropr1ate for th1s
rock type and equ1pment. The Zoology Profiler. had no :
| vertlcal callbratlon and exhlblted nonllnearlé;j both of
bwhlch prevented the calculatlon of an absolute roughness
lmhgwﬂparameter (e g. CLA or Z, ) The dlgltlZlng process
T crgated errors 1n that maxima “of some proglle peaks were
\“m1ssed and backtracklng of the x values had to be
tg;; corrected Also, the computed values of Z; were
dependent upon the sampl1ng 1nterval dx wh1ch was also ’
the experlence of Reeves (1985)
' The problem 1n both u51ng a profller or a
dlgltlZlng system 1s dec1d1ng upon a sampllng 1nterval _
dx that w1ll be suff1c1ently small tQ character1ze the
roughness w1thout creatlng unnecessary data p01nts%Q!
Reeves (1985 D. 431) states that',_ .‘A‘ o

Sy o A .
: ﬁFallure to 1nclude elther h1gh or low - =

frequenczes may lead to poor estlmates _fvthe - o

L T . B .-‘



" RMS- helght (z, ), gradlent (Z ) andﬂcurvature;u
(z3) statlst1cs." |
These parameters are dependent upon ax and care must. be -
taken 1n thelr 1nterpretatlon. | |
The decxs1on was made to use finer grlts (#220 and
<m,#400) on the lapp1ng table toﬂach1eve smoother surfaces
and to return to. the Talysurf 1nstrument for roughness
'quant1f1cat10n.‘Although there were st111 some problems
fW1th thlS procedure, the Talysurf gave a direct -
‘measurement of roughness in a quack and convenlent'
manner w1thout the poss1b111ty of errors due to
_'extraneous data man1pulat10n

.‘¢v

I 3 4 3 Reshlts from the Talysurf Character1zat1on
. ;

Samp&e #4 was lappedlw1th #226 gr1t whlle sample #6 wa

| : §
flapped w1th #400 gr1t. Both of these samples were tested on

Taly‘urf and CLA values. were obtalned These samples

though the tllt table results showeg a general decrease in

the. slldlng angle (repwesentatlve og the fr1ct1onal

f:the before and after Talysurf measurements"

d’lff Amerlcan Standard B46 1—1978 p01nted out. that 1f the

1‘~

‘,:cutoff value was too small to 1nclude ‘the coarser_

1rregu1ar1t1es of a surface, the measurement would not agre
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.Tab;guB,ZHCLA'values‘(micrpinchés) nd sliding gngleé@;or

SAMPLE #4 . | .~ Top |  Bottom
| Cytoff 7 .1;_ e Not Recorded _
TInitial * = | 315, 230, 250, | 340, 270, 325
(recorded at : 355, 255, 210 ,
vapibus-locations) n=6, x=269 . | T n=3, x=312
o §=55 L s=37

Slldlng Angles in | 26.6, 23.4, 25.7, 22.3, 22.7, 21.1,
_ Sequence (degrees) | 20.1, 19.1, 19.5, 19.2, 19.7"

Lﬂf_
Final (twd traces | 280, 250,250, | 350, 280, 270,
- each at the back, © 260, 320, 220 310, 250, 320
middle, & front) . ’'n=6, x=263 "~ n=6, x=297 -
' ey 3 - s=34 : - s=37 -

/2

‘Table 3.3 CLA values and sliding angles for sample #6.

-» e l
'SAMPLE #6 . o Top . “t . Bottom- .-
. = - S, a
Cutoff S -, Not Recorded.
Initial L 130, 140;g155~' 180, 225, 185
(recorded at ‘nr3, X=1424  n=3, %x=197:
varloﬁsqg?catlons) b4 s~1} : ,'_ - g=25

- Sliding Angles in 35.5, 31,7, 31 4, Zg 26.0;'24.8,»
Sequence*(degrees) .”Za;of 24.0, 26 6“%97 _22.9, 27.4

Cutoff - {fV Q“sz "I, oL
Final gtwkﬁtraces .“f‘%?O, 250 < 240, | 215, 140, 265,
'vseach at:the bac 170, 250, 130 215, 205, 145
mlddle,’& front "~ 'n=6, x=202  :|.  ‘n=6, x=198 ..
o f . s=B2 . s=48 e
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_wlth those taken wzth a largerm;uto.ff. When samples #4 and ..

#6 were measured after dlsplacement, using cutoff lengths,

4 ’

L, 2.5 mm, and K, 0.8 mm, in every case,’ the longer cutoff L
gave the hlgher CLA value as shown in Table 3 4. |
Sample #3, lapped w1th #220 grit, was also tile- tested -
and the roughnesses measured by the Talysurf The slldlng
fangle decreased from 28. Rl to 26 6° after 51x Slldes and to

9

27 4° after/22 events. Six Talysurf traces vere done after

o “,.. :

(4&§e'm1ddle, and the

each.slldlng event, two at'the b

:ﬁ;¥‘51x measurements was

‘~

'front of the sample. The avera--ﬂ
~then. calculated as was the standard deV1at10n. Table 3.5
shows these results. Although the/CLA for both the top~(T3)
and bottom*blocks (B3) show ‘a.decrease from the initial -

,value, thefyalue does not decrease w1th 1ncrea51ng

‘Jg nt con51stently but it osc111ates. The CLA value

as mlnor 6. 5% for T3 and 5 1% for B3.

_1 Dlstrlbutlon of the CLA Results ,ﬂ

Whethér a sample of CLA read1ngs from .a freshly

. qlapped surface would- be normally dlstrlbuted would -

. ‘become 1mpiﬁtant for later‘statlstlcal analyses of the'
‘roughness data. ,. ' |

Sample #12 was used for thlS test1ng. The surface ‘f

was lapped for one hour w1th #220 gr1t and the roughness
‘was measured on the Talysurf Th1rty readlngs vere taken
in one directlon,vall parallel (#T12A) and then 31 more

‘(one read1ng exceeded the upper 11m1t of 400

m1cro1nches) were taken perpendlcular to the prevzous



&

b

?cdifferent cutoff lengths.

: _ g o
;Table 3.4 Comparzson of CLA values (mzqro1gqhqg) using

LI ’
* Lot
-

’

A
J

SAMPLE #4 |  .Top . | Bottom
- (#220 grit) |7 L K L K
Back 270 | 195 | 330 | 305
R 260 | 260 | 260 | 205
Middle 320 | 250 | 285 | 250°|°
| | 280 | 255 | 285 | 250 |
Front 280 | 255 |, 240 | .240
| 240 | 220 | 245 | 240 |
, . X 275 | 239 | 271 | 287 |”
so| 21| T28 33 | "33
o " ’ R
" SAMPLE #6 Top Bottom
(#400 grit) L] K| L] K
Back 155 | 170 [ 225 |* 175
T 180 { 180 | . 220 | 120
Middle 125 | 120 [ 17| 120 |
190 | 150 | “2%0 | 145
Front . 160 120 |4 130 130
- 175 | - 160 %, 185 | 110
x 164 | 150 | 186 |- 133
s 23 25 [+ "39 | 24

T



Table 3.5 CLA values and sliding angles for sample #3.

\

1

\

-

s

-

SAMPLE' #3 (#220 Grit)

CLA Values (CutoffsL)

Angle

e

297

Event x’ s
: Back < | . Middle Front
Initial | T | 380,320 | 320,330 | 380,295 | 321 | a4
B | 320,370 | 295,335 | 330,230 | 313 | 48 |' 28.1
2. T | 350,265 | 315,385 | 265,290 | 312 | 48
B . - . 1 26.4
3. T | 350,335 | 290,395 | 315,300 | 331 | 38
B : ’ : o 27.9
4. 7 | 290,360 | 320,260 | 330,285 | 308 | 36
B N . . L 28,2
5. v | 320,320 | 295,360 | 290,290 | 313 | 27 | -
. B o o ‘ ] 27%2
6. T | 350,385 | 265,260 | 320,250 | ‘305 | &5 )
' B| AT . 26.5
7. 7| 315,315 {240,330 | 270,305 | 296 | 34 .
: H| B . 26.5
8. T | 375,360 | 300,270 | 275,290 { 312 | 4§ -
. B | . | L . 28.1
9. T | 330,305 | 290,245 | 315,330 3%3 32 ‘
| B : S ) 29.4
10, v | 320,320 |.275,315 | 250,300 | 297 | 29
‘B | . . - : 28.4
11, T | 310,315 | 340,315 | 290,280 | 308 | - 21
B | R o 1 27.4
12.. T | 340,315 | 315,250°| 310,250 | 297" | .38 .
;o B . o . 27.4
Final T | 285,320 | 250,300 | 350,245 | 300 | 34
B | 315,290 | 280,330 | 295,270 22 | —

47
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e A .29 .78
: QUANTILE WEDIAN IOURNTILE
185 ¢ e bt 360
N ] t | i
HERN MEAN KI0- MEAN HEAN ‘NERAN
-2 8.0. -1 5.0, HERN el 8.0, +2 8.0.
/
SANPLE ‘STATISTICS FOA COLUNN 1 o
SANPLE SIZE = 30 .10 QUANTILE = 227.§
AANGE T e . .20 QUANTILE « 250 ¢
NEAN . 285.82 .25 QUANTILE =265
NIOMEAN . 285.5 .30 GUANTILE « 272.S

SANPLE VARIANCE = 1907
. SANPLE STANDARD OEVIATION = “3 87
2 MEAN -2 S.D. = 198,48
i MERAN =1 S.0. = 242.186
HEAN +t S.0. = 3290.5
MEAN *2 S$.D. = 373.12

QUANTILE = 280
MEOIAN - 28§
QURANTILE = 290
QUANTILE = 300 .
«15 QUANTILE = 300
QUANTILE = 332.5
QUANTILE = 350

N0

.60
.70

o R L ] _ T ‘.
Table 3.7 Statistics from the CLA data set for T12B.

’, v

SRHPL[ STAYISTICS FDR COLUHN 1

SAMPLE SIZE = 30 ;
AANGE - 170 -
“MEAN . 295.67

" NIDMEAN = 294.83

SRHPLE VRRIRNC! = 2366.98
SANPLE STANDARD DEVIATION = 48.65

A NERN -2 S.0. = 188.37
HEAN -1 S.0. = 247.02
HEAN +1 S.0. = 344.32

MERR +2 S.0. = 382.97

A .25 .15 !
QUANTILE  MEDIAN OURNEILE
210 r—+——-—+—-—+4—++4——+++4~+—4——+————++4———+4 380
4 - ' 1
. HEAN nEnn MI0- HEAN n:an KEAN
-2 3.0. -1 $.0.  MEAN vl S.0. v2°8.0.
Lt

,10 QUANTILE = 220
.20 QUANTILE = 262.5

.25 QUANTILE = 26S
.30 QUANTILE = 270
.40 'QUANTILE = ‘285

NEOIAN" - 297.5
.60 QUANTILE = 302.5
.70 QUANTILE = 320

.75 QUANTILE = 330
.80 QUANTILE = 340
.99 QUANTILE = 367.§'

,

»

48
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set (#T12B). ‘Tables 3.6 and 3.7 show the stat:stxcs from
the two sample sets as calculated by the program *STPK
lF1gures 3.4 and 3.5 give hxstograms for the two data
. sets and. the normal d1str1but1on curves fitted by the
'program.b |
The two samples have similar‘means,'285.83 and
295.67 respectively for T12A and T1ZBland similar
standard deviations, 43.67 and 48.65.vTheSe values, from
perpendicular directipns, indicate that there is no
. 'directlonal anisotrophy in. the surfaceyroughnessl
The size of the standard dev1at1on is relat1vely
large in this case ,and in the follow1ng results because
tpe stylus does not resample in-the same track every
‘ tiuel :
| A xzbtes; eompares the obgerved grouped
distribution with the fitted‘normal‘distribution for the
data éel T12A, as descrlbed by4Hald (1952) .
‘calculated x? for- the data uaswi 63 which was not ,
sxgnxflcant compared to the X2 "¢ value of 3. 84 with one
degree of freedom._Therefore the observed d1str1butlon
did not dxffer 51gn1f1cantly from the fitted normal
/distribuﬁion. | 1
Ten samples wére relapped with #220 grit and

tilt- tested Tabysurf roughness measurements and surface

cl anung, remSval of debr1s from the sl1d1ng surface wlth_

use of compressed air g were performed durlng testi to
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determine its effect., . . .
The testing procedure followed is discussed in 3,5.1,
The results from this testing are located tn Tables‘B.B
to 3.17, These tables contain the mean roughness, x of the
six traces and the estlmated standard deviation, s, If more
: than six traces were done‘per sample,'the number of(traces
{used in detérmining the distribution parameters is

1nd1cated : ;
;
\

In some cases, a CLA.read1ng exceeded the 400 m1croznch

upper limit and/

therefore the specific value of that readzng'
v'waslunknown. Hald (1952é Sec 6'9) describes a procedure for
estimating the dlstr1but10n ‘parameters x and 's for a
one351ded censored. nogﬁal dlstrlbutlon. @hls procedure was
followed for the aforementloned cases and these results are
. marked w1th an 'x' symbol in the tables._
| Four dlfferent roughness hypotheses were proposed by agv
asperity model. The values fnom the ten tables were_examlned
to test these hypotheseS»usinc the‘Student‘s trtest toq
determine the significance of the means of the samples;
observatlons. o N . |
The Student s t-test has two underlylng assumptlons
accordlng to Hald (1952). Flrstly, the observatlons within
-~ each set must be randomly drawn from the same populatlon and
secondly, the two populatlons must be.normally distributed.
Hald (1952, p.397) stated:
"The first condition'is essential to the validity of

‘the t-test, whereas_noderate deviations from

FARE



Table 3.8 Average CLA values

.52

(mieroinches) for sample #1.2.

’

(S

SAMPLE #1.2 Top — Bottom
Cutoff L K J L K J
Initial 343 | 278 | 214 | 330 | 269 | 190
| 46 | 53 33 34 39 42
After 6 Events 313 | 252 | 190 | 319~| 282 | 203
19 | 34 23 23 29 16
o ' | 5% _
‘After Cleaning 332 | 284 | 202 | 356 | 293 | 203
| - 19 | 38 | 31 23 32 | 55
. - n=8 |
Final 333 | 260 | 182 | 375 | 283 | 207
| 47| 49 30 | *55 [ 39 45
Table 3.9 Average CLA values for sample #3.2.
SAMPLE #3.2 Top Bottom:
»Cutqff L L
Initial 276 308
53 —~ 21,
After 6 Events 270 284
' 14 44
After Cleaning 295 1~ 285
] 29 40
1 ‘\ v.
Fidal 283 317
52 41
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Table 3.10 Average CLA values -(microd qhgs),for,snmplo‘#432,.

L

-

‘SAMPLE" #4.2 Top . ,?ottbm'
Cutoff L ‘K /J L K J
Initial X 324 274 04 301 243 181
. s | 39 50 29 38 19 13
, - ne?
After 6 Events X 305 262 12 273 228 163
A 18 34 22 |- %62 33 16 -

After Cleaning x ,| 333 | 268 | (199 | 287 | 238 | 157
s [ 32| 55|36 | 30 31 27

"Final X 298 | 233 | (174 | 252 | 214 | 170
- s 42 39 24 | 46 | 16 | . 19

\

Table 3.11 Average CLA values for sample»#6.2.

SAMPLE #6.2 Top Bot tom
Cutoff L | . L
‘Initial : x | 251 - 302
S 39 14
After 6 Events X . 283 : 316 .
' s 33 ‘ l 46
— 5% | ‘
After Cleaning x | 326 ' z ' 289
s 28 - | 49.
4 i
Final X Sample dropped and scratched.
= s . No final measurements done.

T
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Table 3;12‘Avgragé‘CLA values (microénches) for sample‘#aai{

SAMPLE #9.2

Top

O
SAMPLE #8.2 Top Bottom
h Cutoff L L
Initial 269 336
46 - 19
After 6 Events 268 308 4
. 46 ﬁs .
After Cleaning 268 | 341
i 21 10
- 1% ,
Final 268 303
41 20
5%
" Table 3.13 Average CLA values for sample #9.2.
Bottom

M1
g . Sy
. a ~ B
! - N A ERROE ST IURE SN

AY

Cutoff L L~
Initial 304 320
38 31

e n=7
After 6 Events 289 310,
*x71 51
‘After Cleaning 305 ' 309

‘ 16 49 .
‘Final 314 298 .
41

e

wa



Tablem3;14,5verége CLA vélﬁes‘(miéroinchQS) forbiampla<ﬂv

#10.2.
>\\\k

SAMPLE #10,2 | Top. Bot tom
(’ .

Cutoff . Y L ] L
: ' : ' "ﬁ-?
Initial X 314 | 321
'8 46 x64
. | n=7
After 6 Events  x 279 | - 32
. s 44 1 %69
After Cleéaning  x 286 | 303
: s 133 . 40
Final x .| 284 o 296
l s \41\ , 70

. ’ ‘ :
Table 3.15 Average CLA values for sample,#11.2.

! - ) J}“ ' ;~ ] . ’ (l‘
e SAMPLE #11.2 Top _ %ﬁ Bottom
oy ‘ . ¢
& .
"’.& Vo Nl " - . . v
& My Cutoff L - ‘ L
P ,
¥ tpitial x | 305 - 288
g s | 36 58
3‘«"Kf£€r16 Events x | 293 o 263
1 5 36 : | 43
kfter Cleaning X 300 . . 273 |
o s | .56 | 53 -
Final - x | 315 274
s | 48 51
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}/1 3‘:".“.2 4 e ‘

“‘f'v?

| nfter 6 Events.

56

Table 3,16 Average CLA values (microinches) for sampl®,

PR PR

s

i

~ )

Sy

SAMPLE #13.2

]

Bottom

- Cuto?ﬁu'

Initial .

233

39

rd

)

-
I SENET

244

- 49

: After\Cleahing C

220

31

256
41

L Final

36

 ,26&‘A,‘

243 |
30 |

1
L]

-

Téble'3.15jAvefage:CﬁA values for sémplev#14;2.5

o

o
8

-

'Y

|0 SAMPLE #14.2. |

L)

Top

" Bottom'

Cotoff

R

L

»

K

S

fnithal -

5
o
- .

X .-~319.
‘s | 64

55 |

194
38|

323
2

228 | 173,
36| 33

| After .6 Events

PRETEEEE

K A33§ .

) S j28.

.38

192
10

214 | 168
21| 12

3

."After‘QIeanfng*1

- | 308

s | %65

43

itk

n=7.
176
- 38

219 | 173
35 12

| Final

\

%" | 301

. 252

4

187
41

242 173
23| 23
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“normality usually are of no great importance.”

' Bewause the t-test assumes that the samples are from

the same population, the sample‘variahqgincannot

lsignificantly different. Therefore;;th -test ‘
_tolcheck the varlances of the samples Eétore the t- test was
appl1ed 1£ the varlances were s1gn1f1cant1y d1fferent then
the t-test was not approprlate. Kennedy and Nev1lle (1976
\Chap 13) dlSCUSS a .more useful test of 51gn1f1cance for the
‘case of nonhomogeneous‘var1ables and th1s procedure was |
;applled 1nmthese spec1al cases. | ' _ |

N Slgn1f1cant results are marked on Tables 3. 8 to 3.
‘with a %- 51gn 1nd1cat1ng the 51gn1f1cance level used, e)g
the. "57" in Table 3. 11 at the second posztlon 1nd1cates that
dlncrease 1n roughness from the 51xth to the seventh event .
'hafter cleanlng was 51gn1f1cant at the 5% level

“

The four p0551b1e roughness changes and the1r
e

occurrence follow (looklng at the L-scale results only):

'1.~ Sul face roughness decreased after 51x slldlng events

N

- the 1n1t1al value in 15 out of a p0551b1e 20 cases

‘(75%)1 BUt none o of ! the cases were 51gn1f1cant accordlng
’5Jﬂg§ﬁthe t-test even at the 10% level. C onversely,'of the

remainingizsﬁaWQlch.displayed an inéreasel none‘were )

>51gn1f1cant at the 10%- level. A |

]

2. The roughness 1ncreased, after cleanlng in 15 of the

g

cases’ (75%) w1th two cases belng 51gn1f1cant at the 5%
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v | } .
' ) ! .
o Y
‘level. None of the cases exh1b1tt1ng a decrease were
;s1gn1f1cant even at the 10% level "Qu | {‘én'_ S

i e,
3. The sample roughness decreased in . the‘f1nal 51x 511d1ng

events in 9 out of 18 cases (50%) wlth one ;e14%w

Asignlficant at the,1% ‘level. One ‘sample though, #13.2

Top, displayed a significant increase in roughnesS‘!égﬁ
the 5% level. - .y -
4. -Lastly, the roughness decreased from the 1n1tlal CLA
value to’ the°f1nal ;n 11 of 18 cases (61%) Only on&‘
case ‘was 51gn1f1cant at the 5% level None of the cases

dlsplayed a 51gn1f1cant increase in roughness

v

&

3.4.4 Discussion of Talysurf Results, . L~
“A. simple”asperity‘model COnsisting of asperity peaks
and troughs is proposed to explaln the results of the

'roughness testlng In1t1ally,uthe troughs may be partlally

W

‘f1lled w1th debrls from lapplng. As sample sl1d1ng
-progresSed " asperdtly peaks would be sheared off by brlttle

fracture. The materlal sheared off would fall 1nto the

o . -l o

troughs as asperlty peaks were truncated Therefore
,'—'v-v'
'roughness would decrease aswthe aspe11t1es were sé ared of&

‘and the tropghs fllled in: (hypothe51s #1). Also the :

<

frlctlonal re51stance (or slldlng angle of the tilt- test) |

"should decrease as the sample becomes smoother.

Y

P

' If the surface was cleaned with compressed air, some of

h the debrls would b vblown Sut of the troughs agd the

roughness would'lncr'ase (hypothes;s #2),;Then'two possible



.-results‘exist As material is blownﬁfrom the troughs;

1ncreased 1nterlock1ng of the surfaces may cause the sllding

angle to 1ncrease over.. the prevxous angle before clean1ng,

/

. but not above ‘the 1n1t1a1 slxdlng angle value due to

truncat1on of the peaks..Alternat1vely, if 1nterlock1ng doesv‘
R4

not occur and slldlng occurs as a’ result of truncated peak

l sl1d1ng on truncated peak, no 1ncrease in the-slldlng angle .

~

-.would be expected : \ ﬁ# S oy
As the sliding of the‘two samples progressed more
‘asperlty wear would be expected Agaln, roughness and the
sl1dﬁhg angle values should decrease sl1ghtly (hypothe51s
‘:“Finallly, hypothesis #4 followed that the, final
roughness would be smoother than the init%al"valueraS'wear
: of the aasperltles occurred . T -i oy
- Of the flve statlstlcally valld S1gnlf1ceht changes in
o roughness durlng testlng,,four were in agreement w1th the
hypotheses proposed by the test model |
The one dev1at10n ‘rom the proposed model was for
hypothes1s #3 regardlng a’ decrease in the roughness from’the
51xth to the last event. Sample #13 2 Top showed a | |
ui s1gn1ﬁrcant 1ncrease whlch perhaps can ‘be attr1buted to

detrltus bu1ld1ng up on the slldlng surfacet\}h1s does not

necessarlly 1mply that the slldlng angles of the sample . '%

o
N

» would increase; only that the. Talysurf measnred an 1ncreased

roughness.




) L. -
Aﬂ'

ﬂ&pothe‘Es e and #2 both occurred in 75% of the

f,possibIe cases perhaps agreexng w1&p the . proposed phy51ca1

model The thlrd hypothesis, which results from one of two

,poss1ble\causes (1ncreased 1nterlock1ng of the surfaces

| versus ttugcated peak slld1ng on truncated peak) occurs in

‘varlab111ty«1n the model and also reflect1ng

'pnly 50% of}the cases possibly reflectlng uncerta1nty and

'r1ab111ty in

the CLA measugements. Another surface mode ,-as suggested by

‘e

Coulson (1972)‘1nd1cated that the surface ight become

.smoother or it mlght become rougher as mater1a1 breaks of .,

.mlght be a better explaniglon for the var1ab111ty of the

‘results. By

v

Hence, mult1p1e surface models whlch grade 1nto one another

.

PN

<
w

:, v,

The problem may Q’hot lie in the fact that these expected

_responses d1d not“happen, but 1n the fact that the method of;

roughness quant1f1@atlon may have been 1mprec1se.

The Talysurf values may have been 1mprec1se because.‘

1. ‘the Talysurf dﬁd not measure the correct roughness in

that the st)lus may have ploughed through thf,{ractlonal
i : ‘
surface sen51ng roughness at depth, ‘and/or

2.° the TaIysgrf d1d not heasure. the roughness at. the

. . ’ )] .
approprlate scale L “{; ST o

~ The Talysurf 1nstrument, on cutoff value L, traverses a
\ b ’ . » '

‘;‘sampllng length of 2 5 mm.‘Perhaps thts is su£f1c1ent for a

f1n1shed man made ater1a1 (e g a metal surface) but it may

/be 1nsuf£1c1ent'f0r a f1n1shed natural rock surface whose

’

3[compos1t1on was varlable (hard quartz gralns_ln a fine,
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\]

softer matrix). Reeves (1985 p.438) stated that'

voccured on the leading one third of the’ slld1ng surfaoe.

" Table 3.4 Lists\the CLA values for two samples after

)

...surface statlst1cs and shear strength should be
A ’ : [
measured on the same scale. S .

4 Thls would 1nd1cate that for a5 x'5cm shear box sample,‘

the surface prof1le trace should be cent1metres in length -

x
AV

not m1111metres as in the Talysurf.

Eaton (1986) found that the major1ty of asper1ty wear

n

-

.sheariné has’occurred, The average of-thehtwo’frontfreadings .

Cis lower than the averageaof'the two back readings in 3 out

4 possible cases whén comparfng the L-scale results while

one case was equal Looking at Table 3.5 for CLA values as
o i.b .

the . number of sl1d1ng events 1ncreased the front average

value was’lower.than ‘the back in 11aof 13 cases neglecting

the tnitial two readings. Although the means were not tested

for significance, the results would seem to indicate

agreement With'Eaton's work.

2

“Rock" sample roughness would therefore vary over the

entire surface area. Six Talysurf traces were probably
7

_lnsuff1c1entﬁto properly characterlze the surface roughness
» B '/‘ Lt . . ) . .

of the sample. Bfrhaps ifrmore traces had been taken to

unantlfy the roughness of the entire surface, the
differences between the observatlon meansﬂ;ould have been

) 51gn1f1cant accordlng to the - test.

-~
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3. 4 5 Surface Scalzng

~ The deformatlon behav1our of Jo1nts 18 dependent upon

’the topography of the. contact1ng surfaces, If €he topography-

f‘var1es with surfaCe size, tpen S0 must the deformat1on

[

A ¥ ]

“ .

Y behaviour. 'I‘herefore v@lxng law for surface roughness

*.“'would, be qu;te,lmportant'as it would possibly allow

v

\"‘* ~ ' ‘.
. ’ent; (

. 5 : . _
qlatioﬁfoi small-scale (lab) measurements to field
. ” :

condlt1ons.

Thomas and Sayles (1975) wrote on the effect of

wav1ness on thermal contact res;stance apd in 1977 their

"work was related to the deformatlon of machlne Jo1nts In

both cases ‘they assumed the power spectra’ G(w) of the random

-surfaces to be of the form:

"where

.

G(w) = 8dao?® / (a2+w2) - ' '[3.1]-p
" - J‘ N ey K

a = a fonstant of decay for the autocorrelation’

function, ' . 2§
0? = the variance of the height distribution,
and o : L,
) o . Ry
the frequency : e

as suggested by Whltehouse and Archard (1970)

T

The %?wer spectra var:es with o and because the area

under a power spectral densxty curve Glw) equals the

e E3

| variance (o ) of the hglght dlstrlbutlon the RMS roughness

‘1ncreases as the square r%ot of th‘nproflle 1ength The RMS -

! value should therefore be most hea.

k 1nfluenced by the

1.. 4 n\\;‘ ". . . "o V,,.
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.
longest wavelengths in a sample. Hence, roughness should be
related in some way @ the 1ength of th'ample or to the
meésvred bandw1dth.

‘Sayles and Thomas (1978) proposed a sca11ng law for
character1z1ng a wide range‘of dxfferent surface stductures.

They propdsed that:

T
N(\\_t (“ 2
| Glw) =R27nk/ (k/27) X
Lo N X 2 v, N ,ﬁ‘&;‘ff, .v
- or G(14h) = kAT e L [3.2]

o

where k = the "topothesy" of a surface and

R

o

t'..« [ ;

A

n

avelength

The topothesy - value was a unlque value which defined the

/

s statlstlcal geometry of an 1sotrop1c surface for any g1ven

range of wavelengths. In their paper, they show many -

different surfaces,whose ‘roughness data»lles along a w?

v

/.

curve. .

Roughness data from Table 3 8 for sampIe #T4 was used

P

for comparison. to the work of Sayles and Thomas (1978) The

g

'”r0ughness yalues, whiqh were . CLA ‘readings in microinches,
were convefteditd RMS values in meters; An RMS value is 11%
greater in magnltude than a CLA value for the same surface.
The cutoff values used were those of the Talysurf J'
dO 25mm) K (O 8 mm), and L (2.5 mm)

Thomas and Sayles . (1975) made roughness‘measurements on

'xa shot-blasted bar of mild steel. which was known to be a

good example of 2 rando% ispotropic surface. Flgure 7 of th1s
. e : v
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'refere5ce iilusttatesra iog-log plot ef'RMS fodghness versus
the‘diametef of fho.EOntact area, d,fwhich'was assumed to be
equal to the cutoff value divided by two. (or A=2d).

F1gure 3. 6 plots these 13. data points on a plot of
nofmallzed roughness (RMS roughness d1v1ded by the square :
root of the topothesy value) versus the cutoff length. |
Sayles and Thomas (1978) found the topothesy value for thlS
surface to be 1.7x10"® m. The solid line on the p;ot

represents the theory given by»the equation:

U
[
L]
-~ -
>

where }u. o/Yk = the Hormalized roughness and

k; = the cutoff wavelength.
Aiso'ploﬁted on FiQUre'B 6 are. the three data points
" for the roughness measurements made at. three dlfferent
scales for ‘sample #T4. The sandstone was con;ﬁdered fine to.
’med1um grained, and assumlng a; average grain 51ze‘of 0.5 mm
(5x10ﬂ'ﬁ), the‘ﬁ—scale on the Talysurf was slightly greatet
than the aveyege grain size, '

‘ The topo;hesy vaiue for the sandstone Qas found to bee
4.1>‘<'-10'E m which siﬁiiar to the value for the shot-blasted
surface; 'k;_=‘1,.7><.10'8 m. The #T4'poiﬁts plot in closem
proximity to the'ﬁhebryzline proposed by=say1e§ and Themas

11978)‘as'do the other points.
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4

Berry and hannay (1978) in a following discussion paper
stated that Sayles apd Thomas forced the data to follow~a
wq'corye and that each surfacefhad“a spectrum with a.
different slope. m ‘ | | |

Mandelbrot (1977, 1983) dereloped a new‘geometry of
nature and identified a family of shapes oalled "fractals".
The concept of fractals can be thought of as a class of
mathematical functions which are continuous but nowhere
differentiabie..Fractals tendAto be soal}ng whioh implies
that the degree of irregolarity and/or'fragmenéation is
iétntical at all_scaies.

 fhe fractal dimension D.is a parameter which describes
the "size" of the roughness as the scale changes. It can
also be thought of as a fract1on 1y1ng between the lower
bounds of topological geometry ("rubber sheet geometry")vand
the upper bounds of Euclidian dimehsions. The parameter D
‘describes‘the degree to which a fractal function fills up'
Euclidian space. ; _ | | '

‘As D approaches 2, a_surface will have a high degree-of

porrelation between points'and approaches being
differentiahle. As D increases, the surface becomes much
_more jagged and nearby points more independent. When the .
fracfa&_dimension,becomes greater thah.2.5, overhangs may
appear. . | |

The fractal dimension D is therefore a parameter whlch
describes the scal1ng properties of surface topography.

“Brown and Scholz (1985b) investigated the appllcablllty of
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N
using the fractal dimension in the study of natural rock

surface topography. |

From stylus measurements, povwer spectra uere computed
for each profile using a fast Four1er transform algorithm.
Then an ensemble average for each surface was made by
averaging the power at each frequency for all proflles (in
an earlier paper,.28 profiles were taken per‘slx.S cm
lsurface) to produce a single smooth spectrum which
‘represented the average character of the surface.

These spectra have the characteristic that power‘falls
off rapldly with spatial frequency ("red n01se ‘ power
spectra) and each spectrum is approxlmately llnear 1n
log log space. From the plots of the power spectra, thef
‘slopes can be computed by least squares fitting and then the
fractal dimension D can be backcalculated.

From figures in Brown and Scholz (1985b), it can be
seen that the slopes were not constant‘but'gradually |
decreased from high to low frequencies., Brown and Scholz
suggested that two subjective breaks in the.slopes could be
seen. ’

In‘comparision to natural rock surfaces,‘studies of
flat ground and lapped surfaces (Brown and Scholz (1985a))
show a tendency .for the pover to flatten out as the
frequency decreases. Granite. lapped with #80 grit and glass
lapped with #80 grit flatten out to whlte noise below a

corner £requency" Whlch corresponds approx1mately to the

diameter of the grinding péwdera This corner frequency may



be caused, by the two etage process of surface grinding and
grit lapping. . .
Conclusions from the Brown and Scholz work were,

1. natural rock surfaces have a red noise power spectrum

~ over the entire frequency band studied,

2. the slope of the power,spectrum is not constant for a
given surface and therefore no simple relationship '
between roughness‘epd surface size exists,’

3. no single fractal dimension D can be used[to describe
thg~rogog£§phy,of ne}ural rock\surfaces. This parameter
varies'eignificantly‘witpwthe frequency oand;considered,
o . _ -

4. extrapolation of this scaling parameter D to other

scales must be done carefully.

3.5 Tilt-Testing
1 : -
A tilt-testing program was carried out on the Torrens

~

Memoer sandstone to examine the ohange in_frictional
resistance of the sample wifh increasingzdisplacehent. fhe
x 5 x 5 cm sapmples wére to act as a model for the acceleratinc
slab movements.

The tilt- table was chosen rather than the direct shear
_teet because of its better suitability. The dr1v1ng force ir
theirilt—tesf is_gravity, similar to theAsliding block in" ar
actual wall movemeht, io comparison to an applied mechanical

" force in a shear test. Also there are end-effects in the

direct shear test due to"Constra,int_!cb\f the éampie by¥the
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4 .8hear box while the tilt-test haq a free sample sliding-on a

% .clamped base. | by - ¢ .
,ﬂa‘ﬁfThe t11t test is performed at Yow normal atreases. Both

Coulson's (1972) and Bruce's (1978) results indxcated that

¥

)
W“‘

¢, did not change s1gn1t1caﬂtly over the 11m1ted stress

range of surface work1ngs. Eaton (1986) found that surfaces °

lapped with #80 gr1t approached the u1t1m : fr1ctiona1 |
) res1stance ‘after 50 cm d1splacement en at norma& stresses
o 4 ' o ' .
.%W below 0.6 KPa. =~ ‘ ’ ‘

-

., The tests were carried” out on a tilting table buxlt by
tthe Department of Civil Englmeer1ng Workshop for Eaton
(1986) which 1s shown fm Figure 3.7. A rigid f;ame supporte
'a hinged table and an eieqtr1c motor assembly. This drlve *

- assembly rptates ‘a. drum wh;ch has a wire" cable ‘attached to

(‘ﬁ

the hxnged tlltlng rable. =

ﬂ’ ¥

ﬂlpear<woltqge dlsplacement transducer” (LVDT) is

mounted oh the taﬁﬁe agalnst the top slld1ng block to

" >

monltor dlspiqcements. To, r?cord angul r changes,’ a rotary
A
valéage d1splacem@nt~mransducer (ﬁVDn)‘&s mounted on’ the enc

- of the h1hge pifthe tiltzng table A protractor is also
- A 4 o \"
'mounted here.touprov1de a qulck vubual refe ence.

/
vy NI

The outpué*v&ltages from the RVDT and the LVDT are

\

'Jrecorded bn ah 3 Y,plbtter. scales of 1 eﬁ = 0.5° on the X
axis and’1‘cm;§“0 + mm on thé Y axis allow su££1C1ent
.. accuracy (+ 0 1?'for the RVDT and + 0.01 mm for the LVDT)
The bottomﬁhalf of the sample, the plate, is clamped

with brackets to the table. A line level and the three
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. e
5;the plate. The table 1s 1nc11nea to 15 by hand and. then thé

.motor is sw1tched on. A 5:1. géS;KQBtlo provxdes rotatlon at
8° per m1nute. ‘The front bracket allows the slidet 2 cm of t

dlsplacement. R

The fallure or slldlng an§§@ was estimated as the'angle~»
when-grgater than 0 ‘mm of dlsplacement occurred ‘and

-acceleration oﬁvthe sllder was contlnuous; This"’ neqatesv

Tminor”block movements due ‘to external vibration sdurbés.*

A

"\ “Va '

‘Most of. the samples exhlblted sudden acceleratlon and:;
sliding but some of the samples showed a slow creep1ng

¢ -, 4 o

movement,whlle‘others dlsplayed a step-like, sd*éifsllp S

ﬁ- . k" -.';—'. u' . o .’. u:
movement. . ' '

L : . ¢
P rﬁ

| Some of the tests were performed without surface

cleanlng whale othérs were cleaned with compressed air after

a ceftaln number of sl1d1ng events. | . ’ _
. The t11t testlng pr was u-@ted between uly and
October,:1986 ;A e
V V' ""‘ . * < ,”\\o-—-f‘ v ' A bw L
r‘r-- v . ) ) . - ' '.
-3, 5 1 Results f4‘ )

Théaflrst serles of tllt tests done were. on samples #1
Yband #2 whlch were lapped w1th #80 grlt Tgese surfaces were |
~f measured on the Talysurf but 1n all cases, the CLA values v
exceeded the upper 11m1t of 46?‘m1cr01nches. Table 3418 o
glves a: llstlng of . the slldlng angles'frem bhea1n1t1al to b

R

th £i nal values Whlle Flgure 3 B prov1des a graph1cal



.

| representatlon. > . | ‘ .

Sample #1 had an initial value bf 28.0° which decreased

Vto 25 27 after 10 events and after some osc1llatlon,

decreased to a fznal value of 24.5° after 18 avents. Sample

:.#Z’had a hlgher 1n1t1a1 wvalue of 36.0°, wh1ch after 6 events

-decpeasegntp 26 8° and then stab111zed at approx1mately 28"

‘to 29° for the rema1n1n% events. o '4

“

ﬁ Samples #e and #6 were lapped w1th finer grlts,.#220

and #400 respectlvely wh1ch produced smoother surfaces.

‘:Inltlally sample #4 slid at 26 6° and then decreased

..angles varled over the *mng events Wlth ho” general

vdecrea51ng trend exh1b1t d

cons1stently (except for one angle of 25.7° ) oVer 6 events -

to 20.1 aAfterwards, the slldlng angles stab111zed at .
“approx1mately 19°, The suppoSed smoothest sample, #6 511d

L3
;_1n1t1ally at the high value of 35. 5 It decreased to 24.0°

g

‘after 8 events and then the sl1d1ng angle 1ncreased and

Al

*fluctuated for the remalnlng 4 events.

"

Sample #3 (#220) was also tested w1thout surface .

i

e

clean1ng.-Table 3 16 shows that the sample 1n1t1ally sl1d at

n 28.1° and reased to 26.5° after seven slldes. The: slldlng

5

Thls spec1f1c test was dlfferent from the other

duncleaned test as the sllder was removed after each Sl

B N

o dlsplacement to measure the roughness on the Talysurf The o
. v ‘ :

»

‘ sllder wqﬁ'rep051tloned on the clamped bottom half and
‘testlng contlnued As a reSult "this test was carfled out 1n

Cioitse ent1rety ia the Mechan1cal Eng1neer1ng Bulldlng. ool

S

R R 4



~-Table 3.18 Sliding‘angies foriuncleanéd‘tilt-tests. |
S o . . e

-
oy W

o 2y
oA S P ] “‘
’ SESER [N .
b

— ‘ ~ SN
|.saMPLE | « #1, | #2 | - #4 #6 #3 -

Gritg# | #80 |  #80 | #4220 #400 | 4220
| pate | o07/15 | 07/16°| o08s12 | 08/13 | 09/4

Event | -~ Sliding Angles (degrees)
R 28.0 | "36.0- | 26.6 | 35.5 ‘| 28.1
2 300 31,0 | 23.4 31,7 26.4
3 26.5 | .31.0 | '25.7 31,4 . | 27.9 |
4 28.5 | .27.9 - 22.3 .| ,26.6 | 28.2 |
s 5 ) 2605 |7 27.5 of7+22.7¢ 0| 26,0 | 27,2 )l
6 | .26.4 26.8 .| .21.1 " 24,8 '|. 26.5.
70| 2602 |.28.5 s 20,1 [ - 24.0 | 26.5 |
gl 26.3 26.5 |, 24.0. |- 28,7
9 | 28.5 .| 28.8 - 26.5 - 29.4
10 | 25.20 | 28.1 27.4 4  28.4
11, 26.0 | 28.1 lglE®.7 2249 27.4
12 26.5 |. 28.8 ‘TANW 27.4 27.4
13, ' 29.0 | 28.9 p— —_—
14 24.8 | 29.5 —_— —_—
15 23.2 o — — —_—
16 | 26.5 : — —
17 ' . _— —
18 24.% - —_ —_
Q &
: . :
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a3

'two cleaned samples, a morq?ambﬂt;ous tilt- testlng

g ¢

75

L)

| Another set of tilt- tests vere . performed but with
surface cleanlng. After f1ve sl1d1ng events had occ:rred
samples #3.1 and #4 1 were cleaned (both top ‘and bottom)

fr1ct10nal re51stance. _

with compressed air to d term1ne cleanlng s effects on the
é;ble 3. 19 shows that ‘both samples

decreased in fr1ct10na1 res1stance on the1r first £1ve
slld1ng events. After cleanlng, #3 1 1ncréased from 26.7° to

29.3° wh11e sample #4 1 exh1b1ted no 1ncrease and osc1llated
¢
in slldlng value over the last four events.
\w
Because no, conclu51ons could-be drawn from the

v

was undertaken. _Ten Q.Pplesqyere.lapo—y(f'

tvo. dlfferent sets; 4 speczmens in fh,”u- ~n Sept.,22 and 6

1n set #2 on Oct « 16 The testlng

= .

» >’¢‘ ) N
.

1. ._,FIn'it*roughhess traces were measueed on the Talysurf

by taklng six traces at var1ous scales .on. both the top

\and*bottom halvesAof_the~sl1d;ng surface. .'E'
L . ; . . : .‘”‘ o "_.’.

.,{ - . . RS - w . '._’.,

6

N The sample was slid 8ix consecutlve t1mes on the
Lilt-table., - . o . .
s » - - ‘,‘ . ". ‘
2. e

e s e

’3w ‘Talysurf measurements wére dpne agaln.

o X
‘ ‘. . : . .
s 3 ,.
et . ‘ ’

4. The slidingisnrface»was.tleaned'with compressed~air.

AN

9.

5. lRovéhnesses"w?Yefmeaj fed#agalﬁ after clean1ng.

~
>
Y el
g R : . .
« . s ey i

b e . ) 5

L0 . L

e ) -ﬂ oot e . (¢4
~ . N B . L e



‘ Table 3.19 .Sliding an

# w

giesmfof cleaned samples

[
. “

x

EExs &

PVE R R

NI

- #2200

T 4220

- 09/16 -

09/16

OOJO T N —

0.2

- '28.6

 26.5 .

- 27.6
26.1 ‘:V-

+1" surfaces

29,3
24.7
24.6
1 24.5

sliding Argles

21,

>

Cleaned{ﬁ

..19.0
241
19.5




\“ t ot : - l & v A
6. The 'sample‘ was slid another six.

'gﬁﬁlveisliding events. .

RS R " o . o R AR.

7. Final "Talysurf measurements were done.

“ ‘ " L \‘ ‘.M '?\\“ ,‘ “ , :' ' ‘»; ‘;'p _",‘
. Tables '3.20 and 3. 21 and Figures 3. 9 and 3.10° provide a
“', . ) '

summary of thy ?“5'4/}esu1t9 for both: sets"

\ﬁ""m ¢

’I‘he flxst set tested con51sted of four samples. 'I‘wo of

o .
.“FO

" theﬁsamples,ign»mn@.x :

’: ph?’ ¥ :\‘

Coy

ad'hlgh initial an@les of 33 1

events. Oon the 51xth ev,ent, both of the Samples slldlng,,
: S
angles 1ncreased falrly dramat1cally%(>2 ). The other two
)
samplemh the set’ started at much low& 1n1txal angles,

4.2, Over the next four

25, 3° for #1 2 and 29.6° fogv

50 24.1° whtle #1.2 1ncreased and

events, #4. 2 deCﬁs"'"

, then decreased to 24’:

samples had an 1ncrease 1n the 511d1ng angle,, but only

“on the flfth slide. Ag%ln, both
sl1ghtly (<2 ) after the flft}bevent . ‘___

' After cleanlng the surfaces with compressed air, three

out. of fourv samples decreased in angle. Sample #1. 2 changed,

' from 25.1° to 20. 0 (5.1 ° change) #3.2 changed. from '30.4°

"to 27.2 (dlfference‘of 3 2 °) and #6. 2 decreased from 35.2%

»*

p ,'to 26 9 (8 3¢ change) Only #4 7 1ncreased in value from

' 25.9 to 27.5° \\ 1ncrease ofv 1.6°.
Sl{rfhng angles for the rema1n1ng slldmg events d1 "not

exh1b1t any. obv1ous 1nc?easmg or decreasing trends. Sam le



Tabié.3.20 sliding angles: for cleaned sampleé{from set #1.

~

SAMPLE | #1.2 |- #3.2 | #4.2 | #6.2"
. 1 _ L - .
Grit # #220 #220 #220 #220
Date . 09/23 | 09/24 | 09/25 | 10/3
‘Event ' sliding Angles'(degreés)
1 Pk 33;m . 29.6 34.4
2 T|e28a1 | 27,9 29.2
3 BT 27547 25.1 30.9
4 , .;2%41 ‘© 24.8 28.5
- 5. , 27.7¢ 24.1 28.4
SO 6 304 28.9 35.2
- T‘;v*f,ﬁw: ﬁhfaces; Cieaned 6.9
o u‘:"‘l 43*“‘6?31 ‘l\i» 27 5 2 . “'
S ugﬁ&'e 1. 27 ] 25:2 |9 26.1
v 9 g 26»7 27.0 | 25.3
ol o100 N.: 26.6 25.7 | Sample
" 1 Y 27.2 | 25.6 not
12 L 27,1 | $27.1.7 | ¥rested

Table 3.21" Sliding "a¥

=
GPMPLE. #10.2 #11.2‘ #13.2 #14;2
o _ | |
Grit # ", #220 | #220,| 4220 #220 -
( . N I—" . ]
De . 2T - ! . )
ate \ 19{31 10/21+] 10/22 |.10/22
Event 1d1gg;§3§fes (d&grees) R
1 .yn“34.ﬁvr 27.6 29.9 | “24.6
2 »’'31.6 | 34.3.| 32.6 | -28.8
3 ©31.6 | _30.0- | ~27.3°| 25.4
4 29.6 | "30.0 [ 0.7 27.0
5 32%9 27.5 33.°9 26.4
6 . 35.8 31.7 32.0 31.1
.Surfaces ' 'Cleaned = e
A 27.4 3148 30.1 31.6 | " 30.4 28.6
8 | 26.1 26.8- | 31.0 34,5 28.9 22.8
9 24.8 28,0 | "30.2 |« 29.2 28.4 | 21.3
10 23.3,| 27.6 31,5 | 29.6 | 28.6 | 24.5
11 S 24.5 | 28.4 28.5 | 31.6 | 28.6 | *20.1
12 23,7 ], 3001 30.6 29.5 [ "28.7- | 2547
—— ‘

78

!és fér cleaned samples from set #2
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#1.2 oscillated around 21 to 22° vhile #4.2 fluctuated
_around 269.'Samp1ev#3.2'seemed to stabilize Around'the 27°.
/mark with only minor variations. Only'#d.éwexhibiced'a
decreasing trend but only three sliding eéghts~were done as_
‘the Sampleﬂwas dropped‘and,scratched. Hence, testing was
discontinued. |
~ Set #2 contained six samples which had a wide variation
idainitial sliding angles. Two of the samplés, #8.2 and ya
#00.2 hadiinitial angles greacer than 30°, while the other.
.four were less, with #14.2 sliding at the lowest value of
24.6°. Sample #10.2, which had the highest initial angle of“
34.1°, decreased to 29.6° after three slldes and then.

~

" increased to 32.9° and then to 35.8% on the 51xth event, The

RN

other high initial sample, #8.2 afterua minor increase. on

the third slide,- decreased to 27.5° on'rhe sixth sl1de. The
" other four samples in the set did not exh1b1t a decreasxng ,

trend as did the two high 1n1t1al angle.;amples. These four

alf had a medium to low value initial angles whlch increasec
dramatrcali} (>2 )- on the second or third sl1d1ng e)ent.
- ._ The\y then decreased iR ‘angle ,w1th,add1t,1onal e}en_ts except‘?;_
foq 11, 2 an #14,2 whichfhad increases after the,fiftﬁ‘ ¢
sllde of 4, }’and 4,7° respectzvely ‘ _ - |

- Five of the samples da;reased in angle after clean1ng

w1th‘a\range of changes from O. 1° to 5.7° Only #9.2.

exh1b1ted an’. 1ncrease after cleanlng qs 3. 4

» Sample #8.2 shomed a decrease fro .-,,4 to 2347 over

the rema1n1ﬁé six sl1d1ng events mhxl' #13’% exhzblted a —




mindr dedrease from 30. 2° on the seventh slide to
approxim&tely 2& 5° where the. angle seemed to stabllzze. The

l“v

other sampres exhibited no obvious trends. sample #9.2

t oscf?iated over - the iast‘six events with the final angle
? 'bexng 1ess than the seventh value but hlghen than the
1n1t1al. ‘Sample- #10. 2 also fluctuated around 31° while #11.2
1ncreased dramat1ca11y on the e1ghth slide. Then it bounced
between . 29 5° and 31 5° for the last four:events.' The final .
.sampie, #14'2 oscillated greatly but it did not show an’
‘ overall decrease fn the*sdldlng angle. 4
For set #1, the f1nal angle was less than the 1n1t1a1
angle for all cases (excludlng results for #6 2) while set
for #2 %1b»occurred 1g-3 out of 6 samples. If the final
.. angle was compared to;fhe gecond .angle measured, xhe | /s
{ reduct1on observation occurred in five. .out of 51x events.
c :

3.5.2 D%scuooion‘“ o o

» S ‘ ' e
u

Sample #1, lapped with’#éo grit exhibited a de%reasing
sliding angle ‘trend ov?%lthe first ten events. Then therﬁ;
values h\gan to ‘fluctuate over the rema1n1ng 8 events with
“Q%x an overall decrea51ng trend being shown. The other rough'
v sample, #2 slid inittally at 36.0° and then feduced to 26. 8°

. aft§a<§islldes. Afterwards, the slldlng angle value began to

‘.osc1llé e unt;l it stabl1zed around 28‘5 w1th a sllghtly

end be1ng observed U.-F : -
iy . . l.4 ’ .

,der‘reased m value é B%{Qm‘ithe 1n1t1a1'~’{;’6;”

o

h event whlle #2 decreased 2°*between the 1nt1al

b -

R
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| and the sixth event. Then the sliding anglco hpgan to o

osc1llate and deviate from the decreaéing\trend.

;ii; ;ﬁ Thzs behav1our may haVe bean a rcsult q!’lurface e

;” asper1t1es wearlng of f durzng the initial sliding events
‘.'ﬁ (aaua1ng the roughness and the slidxng angle to ‘decrease)

" .and ‘then accumulat;ng on the sliding’ surface. The debris,
prdbably being angular as a result of the shear failure of
the asperities, would decrease the: fricbio:al resistance if

'the part1cles acted as rollers. Conversely, the debris may

have 1ncreased the re51stance as it bu1lt up and 1ncreased

"the 1nterlock1ng of the surfaces. Hence, the behaviour of

.the surfaces was 'dependent upon the shape, the amount an& :

distribution, and the compact1on of .the gouge material.
.These'multlple surface models will be transitional, a
concepg first proposed by Coulson (1972).
Sampie #4, which had a smoother surface preparation‘
slid 1n1t1ally at an angle of 26. 6° which.was less than the

initial values of the rougher samples, #! And #2

B

dlsplayed a cbntlnuous and pronounced decrea51ng trend with

a’ldss of approxxﬁat\;gy7° fro? the initial to the final

‘

value..

.
#

’ The'sample prepared with the ffﬁest grit #6 had the

‘ .
rbsecond h1ghest 1n1t1al sl1d1ng angle of 55 5°. This value.

rapldly decresSed to- a value of 24.0° after 8 events\%nd

4

"'then the value began tq osc1llate..,
* Sdﬁp&e’#ﬁ&&i

Bdeflnlte dec eas1ng trend was observed ' B
. - ) ) . PN

ghyed a varlatxon 1n an les hut no

.o
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The tllt test results for these samples were qulte
‘varlable in the absolute values of the 1n1t1a1 through f4nal

angles, in the form of the slzding angle number of slldxng

-’& et

events (each event’ 1s equal to 20 mm d1splacement) behavxour
(e g contlnugusly decrea51ng, osc1llat1ng, no obv1ous
trends etc ), and in the amount of slldlng angle decrease
(1£ d1splayed9 over 1ts sliding hlstory.l .

i o
‘ja The factqrs and the1r 51gn1f1cance affect1ng these

l

!

,;"_"‘rﬂe_sulgsg:.L_nc,].,ud.e‘.‘_ ‘ B 3 ‘ R

of the Sbrface asperltles and- hence control ‘the amount

‘?of 1nter10ck1ng and/or peak to peak contact. The rougher

*ﬂf’surface prgpara*1on may have—produced more detritus upon
7gffshear1ng whlch,would have compacted and 1nc?e’sed the
ﬁfﬂff'fsurfaée 1nterlock1ng whereas smoother surfaces Wlth

»'f{small amguntsfof detrltus would have a decrease 1n‘

'QQ;ffre51stance as the part1cles acted as rollers.;,

'E*C11mat1c condltlons, espec1ally m01sture would alter the

f'/"

gffresults of the t11t tests as ‘found by Eaton((1986) The

wlhyatllt'tests were done at dlfjerent t1mes of the SUmmer

’Jkﬁfof the slxd1ng \ngles. _f~?»;f”i sﬁff.tf;._- h3~



'the flrst two tests carrled oyt by the “author; ;‘ ff@ff

~ shrface.. S /_';f
- ./

"surfapes in contact.

H;Test condlt1ons and proced‘res may have beenAresponsxbleh

for . some” ofthe varlatlon hetween tests. . "o

The first two rough samples tested #1 and #2 were,\

B

‘ nonfamxl1ar1ty with the tilt table and, recordlng dev1ces”

may “have had some mlnogfcontrlbutlons.

Also,txn some of/the tests’the upper slxder of the

;halved sample was completely removed from the t11t tahleﬁ

o

,for roughness measurements,’ln othen cases the sl1der o

7 L

~was s1mply l1ftedfoff the bottOm half and retu;ned to
jltS orlglnal po?1t10n 1n preparat1on for another slld;ng
[event. The exc4551ve handl1ng of the block may have ’f’f

“~caused alteratlon to any detr1tus upon the slldlng

’l . . L e . - 3
3 - . R \

When 4eplac1ng the top sllder upon the bottom

block care had to. be taken not to apply too muéh normal;

force vhlch may have caused more 1nterlock1ng of the

,/ - Fe—

/ . | -

4

Def1n1t10n of the fallure angle was at an arbxtrary

“,'

/

‘ movement of 1 mm as ﬁrev1ously exp1a1ned Most of the
/' )
,’samples dlsplayed an 1nstantaneous accelerat1 and

N

slldlng wh1ch made the selectlon of the fallure angle
obv1ous.h0ther samples dlsplayed a creeplng movement

whrle others exhlblted a step llke movement on the

'rotatlon versus dlsplacement recordlng The select;on of

%the fallure angle 1n these cases had to be 1n accordance
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o

|

with @ﬁe_criterion set-earlier,

%

ot

Sllght mlneraloglcal dlfferences between samples Wpuld

have affected its sliding angle values and its amount of

, decrease. A sample with more: clay cbntent would ach1eve

‘ifa lower, sl1dlng an le than a more sandy gample where

‘ i
: harder and stronger quartz gra1ns would be more

o

"promlnent at the slldlng surface rather than having clay

-

. part1cles be1ng in contact. Thxs factov was thought to

'lj’be 51gn1f1cant and w1ll be lookedAat in md?e deta1l in"

" the next section.

r

Two sets-of samples were‘prepared for tilt-testlng to‘

L see“if some‘of,the-previous factors'could#be-eliminated"on_“

m1n1mlzed S S ' : ¢

_had - def1n1te testsprocedure to follow,‘.

,deflnltlon of the failure angle rema1ned and

[

(S
~

-all the samples were prepared at the same time and in a -

BRS

;‘51m11ar manner (with #220 grit),

"

the’ t1lt-test5>wsre 'all done:within a narrow time range
‘(about‘one’week for each set) to minimize moisture -
’content effects,,_

1fthe author was now familiar with all the apparatus and

‘ .

,-subtle dlfferences in mlneralogy would be examlned for

after testing was completed.
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Theﬂresults from the cleaned tests also exh1bited a‘
wide var1at1on. Four of the samples had 1n1t1a1 sliding .
vangles between 35 and 30° '’ flve were between 30 and 28°,
‘and;one,was less than 25°; the range of values was'9.8°. The-
final.angles had a similar‘rangediz:§ﬁgl with a distributionu.
of two‘samplesfbetweend35° andt30°}-five between 30° and 25°,:
»and”two less than 25°; | | . |

Only four of the samples exh1b1ted a decrease in angle'
between the 1n1t1al and the s1xth event,-Thls observat1on
changed to seven out of ten samples when the dlfference v
between the firsthand f1fth_events were examlned..The f;fth
‘eventhseemed to\be a'limiting-amount of displacement which'
ended the decreaslng angle trend SlX slldlng events may
'have caused suff1c1ent debrls to bu1ld—up on the sl1d1ng }
surface that 1ncreased 1nterlock1ng and hence the strength

of the 1nterface.

Seven of the samples decreased 1n value between th

1n1t1al and the flnal ‘angles., The range of reductlons were

O

between.1.2 ‘and 9.1 with a average decrease of 4.8 ; Three

'ofrthe sampies showed an average 1ncrease'of 1 9° betweenj -
the two valbes. ThlS increase may have been an actual

:behav1ouxuoi the samples or it may have been a result of an

_ ‘.\";kcw 1n1t1al slldlng angle such as exh1b1ted by
éamp1é7¥wéi uéﬁhese results concur w1th the expected
‘behav1our of the proposed asperlty model where surface
asperltes were worn osf wlth ‘Successive slldfng events and

hence the slldlng.angle'deceased.
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The cleanlng of the . samples after sxx event' lead to a§4
decrease in the angle in elght of the ten samples,- The
average decrease was 3. 3 thh a rangg, of 0. 1° to 8 3° .cAn
1ncrease in. the angle‘was observed in twvo of the samples.
“The sl1d1ng angle behav1our of ‘these samples were quite¢
varlable as 11fustrated by F1§ures 3 9 and 3.10. Some of the
samples 1n1t1ally slid at h1gh angles and then decreased
others started at sl1ght1y lower angles but then 1ncreased

while others had low.rnltlal values which deceased‘1n value

thereafter.

-
\

A parameter was required which could quantlfy the
‘decrease. (or ancrease)‘ln sliding angles and hich wdpld
assist.in classlfylng the behav1ours of these samples

Blshop (1967) proposed the brittleness if dex I,, to
quantlnythe\post peak behaviour of soils and rock£111 which

was . deflned for dralned cond1t?ons as:

| I - .. : |
A 1, e - . 13.3]

where 7 was the_reSistance.to shear on thefsliding surface‘
for a given effectivevstress vaer and the sdffixes f and r
ated ‘to the fallure (peak) and reS1dual states
Br1ttleness indices were calculated for the. abdve ten.
;;samples, The peak value was“asspmed to be the initial
lidiné'angle'betause thexrdnghness would have been the ,
.greatest during'this event. The final angie was taken to be
the resldual/walue:as,this-was,when the greatest | |

-
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iisplacement of the sample had occurred. ‘
| Three methods wéré investigated in calculatﬁng I, to
account for m1nor variations in the sl1d1ng angle result5°
. - _ o
[.vuTh;\ﬂdrst.nethod used the tnitial point as the peak
‘value and the final angle as the residual value..

e

1. The’ peak value was used as prevxgusly def1ned but the
resxdual value was taﬁenlas the~average angle of - the
f}hagwélx sl1dlng events.vThls was done to negate
varlatlons due to debr1s build-up, on the slldlng
surfsee. ngce, trends would be flltered out to use for
the res1dua1‘—‘Tue since multlple sl1d1ng events, had |
occurred on that sample. The decrea51ng sf1d1ng angle

trend which tended to ;ncreaSe on the'51xth'event seems

_to agree with this observation.

II1.
The peak value was taken as ‘the average of the fhrst two
sl1d1ng events and” the re91dua1 value was taken as the v
average of the last two. Agaln, thlS was. anothert. fllter

method usggd to 1dent1fy trgnds.

the behav1ours of the samples into three proposed*claesés,

1. thgw1n1t1al sliding was medium to hlgh 1n ValUE*WhICh '

2\
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‘deceased upon sliding, '
2. the initial slxdmng an?fg—:as ab :\%ve but exhibxted an
1ncreaslng tqend upon sliding, and | :
3. the 1n1t1al slid1ng angle was low in value and decreased.

upon sl1d1ng.v~ o ' ﬁ | .:_ - , .
Table 3.22 indicates the results of cla551fy1ng the |
behaviour of the’ samples_accordlng to,the rn1tqal slidiug -
angle;and the brittleness indek. S o

. The‘first method tested'obtained-a range ofifi%e -
poszt1ve values for I, for clase #1" two'negative values for

class #2 and two p051t1ve and one negat1ve value for class
#3. This method g:Eferentlated be/yeén class #1 and #2 on
the basis of the relative values of the 1n1t1al angle and
Uthat the class #2 results were negat1ve (because the f1na1
_ gle was greater than® the 1n1t1a1) Class #3 results were
éilected on the basis of the initial angle values only as
the brlttleness index results were 1nconclu51ve. _

The second method had similar results:except for all
three class #3 results were positive. Therefore the initial
.angle was greater-th “the average sl1d1ng angle for the
last six events. The\results could now be classxfleg
accordihg to two criteria for all the classes.

" The third method determlned all the I, values were'
ﬂgreater than 8 3 for classes #1 and #3 Class #2 was defined
by values'leSS'than 1.3, one positve ‘and one ;kgat1veq This
method also allowed the classes to be belected ohlthe basis

-

‘of two criteria.
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fable”B.Zz‘Brit£1eneSs indices and classes of behaviour.

‘\‘ N ) ’ -, , . -
sample (initial angle) ~ ~Brittleness Index (%)
“Method o ; 1 | 1r 111

1. stqrtx@id to high and dgcreasel
1 3.2 (29.0) - T 20.2 10.4
6.2 (31.1) ~26.5° 24.1 19,2
‘'8.2 (29.7) ; . 21.5
10,2 (32.6) 10.0
13.2°(31.1) 8.3

2. start mid

9.2 (28.7)
1.2 (30.2)

3. startszd tb-low and decrease o - , d‘f
1.2 (25.4) .- 15.8 16.2 19.7 |
402 (26o2) “ * . 8-5 10.:8 8-3

3.3 14,2

14.2 (27.2) ‘ -4.5
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The brittleness dices and&the initial slidlng angles
allowed the behaviouf'of thesd‘sampleE'to be classified into
three different-types. Thie particplag series of tests were
done with the intention of minimizing the factors
rgsponsible for veriqtion in the results. Hence, it wes felt
that théfvatiation in the results must. have been due to
differences in the samples. “ ’ » »

The samples were afl prepared at the same txmes except'
for the ‘amount of rock flour in the 1app1ng grxt would have
1ncreesed wtth t1me. Additional grit was added to the |
.lapp1?g fluid to try and compensate for dilution effect.
LTherefgre} the sunfece_roughness of the %amples'varied‘but

probably only on the. ordef‘of 100 microinches or so. This

was ‘not a major dlfference between the samples.

-

i

Subtle dlfferences in m1neralogy would have hap a
pronounced effect on the sliding behav1our of the samples.
The two basic components of this sandstone were quartz gains
‘and an argillaceous matrix. This topic ls discussed in more

detail in the following section.

\

-

3.6 M;terial Charac erdzetion

The veriatio in'the_sliding'behaviour of the samples
’;as.thought to be duetto differenceslin the mineralogy. The
hypothes1s was proposed that the clay content of the samples
varied and hence the samples w1th a higher clai—zontent
would exhibit the decreasing behaviour (due to the low

residual angle of friction for clays) whlle class #Zisamples
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{vith its.tncreasing behaviour were an indication o samples
with.a higher quartz content. : |
Three nondestructive tests were utzllzed to 1dentify

_any m1neralogica1 differences, J
". density»measurements, |
2;: sonic velocity measurements, and -

3. \hardnées testing. ’ | | |

Other methods were also ava11ab1e such as thin section
analys1s, x-ray d1ffract1on, or scanning electron mzcroscopy
hbut were not used because ‘of compiexity, txme requirements, -

\

and costr

“ ) +

- m

3:6.1 Densfty Measurements

. set #1 vas measured for densiti differences before‘
t11t test1ng, whlle set #2-was measured afterwards. They
were measuredfat the local room hum1d1ty 1n1t1a11y by the
caliper method. Two lengths were taken in each of the three
orthogonal directions, with calipers accurate to 0.05 mm,
which were averaged .These€ three average measurements were
used to>caleu1ate the bulk volume of the block to an |
‘accuracy of 0.01 cm" The samples vere then we;ghed on &,
-scale to the nearest Q.01 grams. The dens1ty was calculated
to one: hundredth of a g/cm’ .

”é The results of the 1n1t1al density measurements are .

‘codlected in TableKB 23 for_the top and bottom halves in

theln respectlve behav1our classes.
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Table

.

behaviour.

‘e

9¢

3.23 Density results for the different classes of

L4

Densi;y:(g/cma)

~ Sample -
y Bottom
o Top
1. start mid to high and decrease ‘ ”
3.2 (29.0) 2.56 2,51
6.2 (31.1) 2,60 2.51
. 8.2 (29.7) 2.56 2.55
10,2 (32.6) .47 2.58
13,2 (31, 57 2,52
2, start mid to high and increase: \\
9.2 (28.7) 2.58° 2.56
3. start m?ﬁ,tb low and decrease
1,2 (25.4) 2.57 2.53
4.2 (26.2) 2;27 2.51
14.2 (27.2) 2.56 2.31

»

Table 3.24 Densities for different states for samples #6.2,

#9.2, and #11,2.

Sample Atmospheric Saturated Dried !
Condition | . Condition Condition

Dens., M.C. Dens. M:C. Density
T6.2 | 2.587 0.13% | 2.603 0'.75% . 2.583
- B6.2 - .| 2.501 0.13% | 2.517 0.80% 2.497
T9.2 2.580 | 0.13% | 2.595 | 0.72% 2,576
-B9,2 2.557 0.14% | 2.575 0.83% 2.554
T11.2 2.629 | 0.14% | 2.647 | 0.84% 2.625
B11.2 2.529 | 0.13% | 2.547 | o0.86% 2.525

Ena
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1f the densities of the samples were ranked in value, both}
#9.2 ang #11 2 from class #2 vere third and first‘hquiest
respeqtively, loaking at the top halves. The bottom halves
of the two previous samples were second{andftourth highest
also. This observation tends to agree with\the'hypethesie_.
that the class #2 behaviour was a result of higher density
samples perhaps reflectxng a higher quartz content. The
other two classés had lower densities between 2.47 and 2.60
g/cm?, ‘,

Three of the samples, #6.2, #9 2, and #11.2 were
selecged for water absorption and drying tests. After bé‘ng
prevzously oven dr1ed for some measurements, the Zamples
vwete left in the test1ng room to determlne the moisture
content for_the testirng room cond1t1ons. The samples were .
then saturated in water for an hour under a suction of 25
KPa. The surface water was wxped from the Samples and the
saturated weights were taken. Afterwards the sampleé vere
dried in a 115 C oven for 24 hours in order to obtain the
dried weight. Table 3.24 prov1des a summary of the den51t1e=
and the moisture for the var1ous ‘states.

- All three samples exh1b1t a 51m11at molsture content
under room atmospheric condltlons‘after the samples had
initiélly.been dried. The saturated water contents displayec
slightly.more Qarietion nith #11.2 Aving the highest
average}content. The final dried densjties only confirmed
the ptevinus density rankings with #T11.2 having the highes!

value.
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If a sample contained mJEe clay than unoth‘r llmplu, |

the water absorping éapacit and hence the water contcnt o
should have been higher than a moi& sandy t;hplo;liﬁ3‘” o
results from Table 3.2¢ do ndt indicatc such 8 e;,ond.
Perhaps the time required to remove air bubbles orm thc*
pore spaced'aod to saturat the clay minerals was greater
than the one hour time sugge ted by the ISRM (1979)
standards.

L 4 . 1

-

3.6.2 Soqic Meafurements \ l

Sonjc testing was tried as a method of determining the
§mount of hombgeneity between the samples.. A sonic pulse'
from a tranducer is sent through a sample and received at
the other end. The primary wave veloc1ty, V. is calculated
by measuring the arrival time of the P-wave (as_theuerst
dev1at1on gtom the stra1ght line on anm oscxlloscope) and thea

i
lengthﬂbffthe sample is known.

Set #1, con51st1ng of four samples was tested in the
dire;tlon perpendicular to bedding. Table 3.25 prov1des a
summary of the results. The velocities were in the range
petween 2025 m/s and 2760 m/s vith an average velocity of ‘
2373 m/s for the eight samples. The first three samples
indicate a correlat1on wlth the h1gher dens1t1es having the
lhlgher sonic velocity also. The last sample, #6 2 does not
fit into this trend though, ‘ -

The second set of samples were tested parallel to

" bedding, in both directions on the samples. Unfortunately,
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=thls d1d not allow a comparlson'of son1c veloc1t1es between
Qsets but. perhaps 1nhomogene1t1es such ,as fractures or o
:mzneraloglcal changes w1th1n the samples could be
;1dent1f1ed The two d1rect1ons tested were or1ented wlth the
d dlrectlon of slldlng durlng the t11t tests |
”‘T. d1rect10n A wh1ch was parallel to sl1d1ng and
ZQ' dlrectlon B whlch was’ perpenolcular to the prev1ousv
directzqn.'g
Table 3. 26 comolles the results. ‘ ,
: Looklng at the velog%t1es for the top halves only, thea
average A veloc1ty was 3903 m/s whlle for B it was 3992: m/s .

w1th standard.dev1at10ns of comparabas v lue. ThlS suggests‘;

‘that for the whole sample set, no major-— 1fferences in

veloc1t1es were exhlblted and the set could be regarde? as.
~" ,b . . N A .
//homogeneOUS.v‘ R = Y f"- e o .

The Lnd1v1dZal dlfferences between A and B. veloc1t1es‘
'hfor the top halves ranged from 90 to 390 m/s with an average
value of 192 Sample #T11. 2 from class #2 had the largest
?ldlfference and the second hlghest aver ge veloc1ty The“
~ other class #2 ‘sample, #’I‘9 2 had the thlrd h1ghest SRR
idlfference of 220’m/s between A and B but had the second
_ilowest average veloc1ty v' ~ -.(» e g
.n The bottom ha'lf resélts 1nd1cated an average veloc1ty
‘of 4043 m/s and a B veloc1ty of 4197 m/s, both ngher than

gqthelr top halves——eounterparts. The estlmated standard -

dev1at10n were 336 for A and 331 for’ B whlch were also

o . .

greater than thelr correspond1ng values for the tops.'

N - ‘ . ! - o R .
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) 'Tablef3."257"P(rii'n'ar.y;wa'Vé‘v'e}odi't‘i‘e}'s' (m/s) for sey #1.. =7
ERNC I : t v /.' . Y "
' K L e o * v
" K] - - 4 - Y 7 --,0
sampte 112 | rs.2 14.2 | 16.2
x (& c1ass) (1) | o) | w3) | E )
S 1 Btz B3.2..| B4.2 | B6.2
% v .’“ ' . L | \ R :
Primary wave 2580 ;2580 v 2760 2030
. velocity (m/s) |  (2.87) (2.586) (2.57) | (2.60)
(& density) 2040 2025 | . 2570 . 2400
‘ 1° (2.53) (2.51) | (2.51) | (2.51)
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Table 3.26Primary wave velocities (m/s) for §e§5#2;?f;

. .
" /‘/ . . ' .
. / . ; )
R ! . o - Y . ’ <
Sample } N T8.2 T19.2 T10.2* “T11.2 T13.2 T14§‘
(& class) - | (#1) W2y | o w) | (#3)
T B8 .2 Bo.2 | B10.2 .| Byi.2 | 813.2 |- —B14.2'
PFimgry\uave A 3550,: ) 3670_‘ 3840 .’:v'3990‘ 4130 o 4240
'veloéity'?m/s)'_'B 3640 3890 4080 |/ 4280 | . 3950 4110
C (& density) | (2.56) (2.58) (2.47) /] (2.63) (2.57) | (2.56)
: R A 3800 | 3840 4070/ 1= 3700 | 4260 .| . 4580
B 3810 3930 | " 4010 4650 4310 | . 4470
(2.85) | (2.56) '(2]é§)n S (2.53) | (2.52) (2.31)
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The' d1fferences between the bottom A and B 1ndiv1dual
‘values had a range from 10 to 950 m/s with a mean of 213 and 1

an est1mated standard deviation ‘value of 363 F1ve of the

.values were between 10 and 120. but the dlfference for ‘f&l‘z

<

‘~was extremely large at - 950 ‘

. The top half of this sample had also exhlblted the
‘largest d1fference at 290 m/s. Sample #T11 2 was found to
have the hlghest den51ty of the top samples but the bottom
half den51ty was only fourth h1ghest 1n the group.

| No correlatlon vas seen to exist between the den51t1es
~and>the—va&+eus—¥eloc1t1es taken. Fhe son1c veloc1t1es ‘ .
fshould have been dependent upon the mechan1ca1 propertles of

the rock but perhaps the changes’ 1n;m1ne al,g&xwete too

frfeddlng would
1nf1uence the res t ‘The second;, of tests were done'

'parallel to beddlng and hence only'features such as ”f

‘fractures or 1nf111ed velnlets whlcthross cut the beddlng
-~ ¥

_‘at obllque ang1es would have been 1dent1f1ed The first set

- of tests were done perpendlcular to the beddlng (and the R
’sl1d1ng) plane but 1t 1s m1nera;oglcal var1at1qsf'on the
slxd1ng suriace and to a- very. mlnor depth below that whlch

.would control the slldlng behav1our. Sonic testlng would.
only 1dent1£y larger scale featutes not of 1nterest at thlS

-

,scale of testing.

k.

S

-

>
{
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3.6.3 Hardness Testing
The m1neralogy of the slld1ng surface should be
,reflected in 1ts hardness., |
Var1ous tests are avallable to determine the hardness
of rock samples..The Schm1dt Hammer test uses a.
sprlng loaded plston to obta1n a rebound value, but lt can
_damage weak spec1mens. The’ NCB Cone Indenter measures the
re51stance to«lndentatlon of a hardened tungsten carblde
-cone QA rock chip, 12 X 12 x|6 mm has to be prepared for the
1nstrument though. | ' ' ‘
' The Shore Scleroscope was f1nally selected for the

[y

hardness testlng A 2.32 gram hammer with a dlamond t1p rs
allowed to fall freely through a glass tube 25 cm in length
. upon- the spec1men. The rebound height is measured on a scale
d1v1ded 1nto 140 equal 1ncrements wh1ch is called the- F1rst
Shore Rebound Number._Because the indenter t1p is qu1tev
1sma11 at least 20 readlngs per sample are requ1red to
obta1n an average value‘?:: the usually nonhomogeneous rock
surface accordlng\to the ISRM (1978) standards. |
The‘g/mplesv #4.2, #6. 2 #9 2, and #11 2 were 1apped
with #220 grit which dev1ated from the #1800 grit suggested
by the above standard but the surface was. flat. All the |
Jspecimens werc'greater”than‘the;m1n1mum'spéc1f1ed th1c5n;ss'
of 1 cm. o | T o L ‘ _.
The sandstone blocks were sampled on a 5 x 5 po1nt gr1d
w1th a spac1ng of 10 mm between adjacent po1nts and w1t' ab

<

mm: spacing from the sample edge. Twenty f1ve readlngs vere




+
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GO ] o e
taken ahd~the‘averagesuand‘estimated stahdardwdeviatioﬁs are
reported in Table 3.27.‘ | | N

No correlation can belseen bétween the density and the
hardness ofythe samples from this data. It‘vas erpectedhthaf‘
#T11.2 with the highest dehsity would also have the greatest

' hardness r%flecting,‘perhaps,uthe larger amount of quartz -
_content. Th1s relatlonsh1p was not dlsplayed in the results.
Sample AT, 2 had a s1m11ar hardness value to that of #T4 2
which had a slgnlfxcantly lower dens1ty. Samples #T6.2 and

i”#9 2 dlsplay ggmxlar hardness and dens1ty values; although ‘

the hardnessﬁvalues are both greater than the heav1er sample

AT, | - '

| The problem with the Shore Scleroscope is the very

ﬂ<%sma11 contact area tested by the 1mpact hammer. The average
hardness number is then a functlon of the stachastlc process
whereby the hammer impacts on a hard quartz graln or on the.
softer’argillaceohs matrix. It was hoped that this
instrument would be able to detect'these subtle changes(inﬂ
mineralogy but such was not‘the'case from these results.

‘ A . )
v§.7 Coﬂclusions

The followlng conc1u51ons were determlned from the work

of this chapter-

1. Roughhess measdrement and characterization of these.
‘= smooth grouhdmslider blocks is very difficult and must

.. be done at the appropriate scale.\



Table 3727 Shore Scletpscope fesults.

o .

Standard .

" sample | Density Average:
o - | Hardness | Deviation
T4.2 2.57 49 6.7
T6.2 2.60 - 56 6.8
T9.2 2.58 56 7.1
T11:2 2:63 48 6.7

e
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The,roughnesg»yalues for these surfaces is dependent
upon the length of the sample taken.

The d1str1but1on of CLA readlngs from these freshly
lapped rock surfaces does not dlffer 51gn1f1cantly from
a Gau551an distribution and no dzrect1onal anisotrophy

was indicated.

3

'The ma)orlty of the statlstlcally valid significant

»

roughness changes were in agreement with the proposed

‘asper1ty model.’

" The Talysurf measurements fitithe’gkoposed ;ayles:and,'

Thomas (1978) scalinq law for roughness at various

wavelengths.

.
N

The Ellt test results for the uncleaned and cleaned

samples dlsplayed a decrea51ng angle trend in the
i )
major1t} o‘nqbses. These trends were accompanled with

Pa

extreme varlab}llty in both the absolute sl1d1ng values

and 1n the amount of strength decrease with 1ncrea51ng

displacement. -

‘Bishop's. concept of a hrittleness°3ndex:was utilized to

s
K4

classify the sliding angle-displacement behaviours of
. . % ,

the sliding'blocks.
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Of the three 51mple mater1a1 charactermzation methods
testea density’ measurements seemed the most useful to

detect suthe changes in m1nerelogy4
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'y Comparison of Case ory and Laboratory Results

. ¥ ' . .o
4.1 Introduction | ’
The . prev1ous two chapters dealt w1th an acceleratlng
movement case hlstory and a serzes of model tilt- tests. |
Equat1on 2.5 had two. accelerat1ng power law terms, the f1rst
to the power of 2.135 and the second term with an exponent
of‘25.775. The model ti;t-tesfs, although exhibiting some
variapility, for the mosf part displayed'a decreasing angle
trend with successive sliding events. “
The purpose gf thlS chapter is therefore to;
1. 1ntroduce a slldlng block model ‘which has a decreas1ng
frlctlonal res1stance, '
2. propose a fr1ct1onal¥relat10nsh1p to which the results
| of‘the tilt-testing are;td;be‘flt,
3. ‘provide a basis for comparison of the sliding block
model to the beﬁaviourvof the Nb Pit failure, and
4. éecide whether the loss of frictional resistance with
progre551ve dlsplacement along the sliding surface is an

'adequate mechanlsm to explaln these accelerating

movements .

: 4 2 Slxdlng Block Model

Consider a 511d1ng block of weight W on an 1nc11ned
plane at an angle of B as 111ustrated in Figure 4'1 The
forces tendlng to cause acceleration of thls block w111 be

the excess of the driving over the re51st1ng forces.

105"
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Neglecting.water‘pressure¢'this an be expressed as:

Accelerating 4’ Driving =\ Resisting -
.Forces “L Forces Forces, or,
ma = Wxsinf - wxcosﬁthf f,
2
m%i%- =mgxsing -  mgxcospxtan f » [4.1]
- . u . } -
where m = the mass,
’ X =‘thefdisplacement,‘

(a2
L]

“the tiﬁe,

Qs
[¥3
>

fhe acceleration.

"J

0
1]

the fr1ct1ona1ﬁfe51stancf¢@ ﬁ degrees)
;Suppose that'f, the frictional re51stance, is dependenﬁ

upon the displecementj x. A function is proposed, where the

friction decreases as the displecemenf‘progreQSes (shown 'in

Figure 4.2) of the form: -

.t

h
L]

A (1-Bx") for x < 220mm ‘ [4.2]

£ 1
g
o
-
m
>
n

the‘initial friction aﬁgle,»and N -
B, and n = EOnstqnts‘derived from tilt-tests.-

The 220 mm limit was the maximhm amount of dispiacement
imposed upon' the sliding block. Equation 4.2 could be
substituted in Equation 4.1 in order to model the
aeceleratiqg‘movemen;é. .

Looking at Equation'§.2 in.reference to the slidihg
angle results of the‘tilg-teSts, it will be assumed that

¢,, the initial'slidihg-angle, is equal to A when no
_ , _ ; 4
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R 4

Figure 4.2 Proposed decreasing friction function with

progressive displacement.



L1

displacemenﬂﬂiﬁs occurred (x = 0),
The following formulation is proposed:

Initial ,
Condition ¢, = A at x = 0 ;

‘Relation ¢, = ¢, (1-BL"),
where LISy the second sliding angle, and g
L= the length of diégbacemedt during af

individual tilt-test which is equal to 20mm.

1

“hence ¢, - ¢, = ¢y BL,"
N
¢, - ¢, = ¢, B(2L),"
¢, - ¢, = ¢, B(B{‘)°n . ¢
.General

Form ‘o, - ¢., = ¢, BiL)". ) (4.3)

4.2.1 Regression of Tilt-Test Results
Regression of the tilt-table results was attemptgd

)

using a modified version*of the general form: .

log(e, - ¢§,) = loge, + logB + n {og(iL) [4.4]
- :
‘with the friction angle as thé indefinite.va}iabie.
Therefére, ﬁhe values of the exponent n and the coefficient
.~ B could be determined.
The tilt-test results of the class #1 samples from
.

Tables 3.20 and 3.21 for the cleaned data sets were used for

the regressigh analyses. The différences between the initial
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sliding angle, ¢, and pucdessive ang{es, ¢, vere calculated
as vere thelr logarithms, The amount of displacement per
sliding event; L (20 mm) was accumulated and the logarithms
calculated. These digplacement values were tabulated .along
with the sliding angle differences as illustrated for #3.2
in Table 353, for example. |

The data was input into’tﬁe public computer program
*ST.Package (Computing Services, 1980), which is an
interactive statistical graphics package supporting
stht;stical calculations ané biotting routinesg. The;
polynomial regression feature ofaihe package was uti}ized tor
determine the fit of the data to an equation for a straight

+line with the following form and parameters:

{

where, in relation to Eéuation 4.4;

Y = logl(e, - ¢,.,),

tb = iog ¢, + log B,

m = n, and '

X = log(iL).
The logarithmic values were ihput with the displacement
values ,as the independent variable (X) and the angle
differences being the depehdent variable (Y).
Ih some of the samples, especially #fg.z, some of the

angle difference values were negative (due to later events

having highef angle values than the initial). Hence, no
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lééhri;hmic values could be obtained at those dilpincomcntl
points. ?he assumption was mad?:to delete thdlt'déta‘ﬁalﬂtl‘ !
. from thelregression. This may have lead to some bias in the
regression analyses ag no increasing trends in the sliding
‘behaviour was accounted for. These samples vere selected
earlier as having overqll decreasing trends by the
britﬁleness indices, although the amount of decrease may
' have been small. ¢

Thé regression equations and their correlation ’
coefficients, r, are located in Table 4.2 (the actual plots
are located im Appendix G). The equationsvexhibiasgﬁa -
variety of fesults for both the {ntercept‘B, and the slobe
n; B had a range between 0.000232 and 0¢416 while n varies
between -0.445 and 1.309. Of the five equations of the class
#1 results, four hadmﬁo$itiwe values for n. The‘negétive
valué obtained for_#13.2\ﬁas due to the low amount of
" overall angle\hecrease (displayed in its very low I, value)
jcombined, with the fluc;uating nature of the sliding aagle
$his is
indicative of an increasing se;ies4of difference values.,

results. The value of n should be pogitivefas

The fit of the data to the equations was poor in most
instances. Two of gpz five equétions showed significant
cor{elation coef%icients at the 5% level. Sample #6.2, with
n=0.345, showéd significant correla;ion, but with only 7 |
data points.'The other significant sample, #8.2, with an n
value/ of 1.309 displayed a highAcorreiatdon value of 0.957.

Th: w%ge variation in values is a result of the poor fit of
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 Tab1é;4.i*Dfsplacehéht;énd:sliding-éhgle‘difgerenqe~va1ues.'

‘for the examplé case of #3.2. . SO

. . s T o iy R . ¢
* [ . S W

m *log(iL) | ¢ T % llog(s, - 9,.)
’(mm) oo | (Gegrees)’ | -

. 0.6990.
~0.7324
0.7782 ..
0.7324
0.4313 -
70,7709 Y
. 0,9823

©0.8062

0.8129

S 0.7709
0.7782

(8,

7'2Qf“_1 . A403010
a0 0 Lot 106021
60, o} 1.7782
80 | 1.98031
100 | -2.0000
1200 |, 200792 A
140 ) 201461
160 | ;252040
18Q° | "2.2553
200 4 S 243010
2200 | e 3434.'

oo ag
¢« o o e e e @l e e &
OW N VO I O

Table 4, 2 Regress1on equat1ons fdrvsamples from classes A1

' and #3 (#Q\Z)

. q" . . N '. i . } i N K N T i K ' T “':' ] ] N ~
sample '} # of ‘ Regression = . . B SEIRY 5%, (88" Sign.
“Number. | Points | - . Equation : ’ ' '

280 | 0.602 | No - -}
799 | 0.754 | Yes
087 | o032 | ves"
371 | 0.632 | ‘No
797 ‘,”0#811» No

1025
.0413
.0002320
.03g0a1 |
atee2 |-

1. | ¥=0.5305:+ 0.11224x
7. | v=0.1525 + 0.34538x’
. 8 L1q' H Y=22. 1445+ 1.3087X
10,2 10| v=0.0896 + 0.20211x |
8.2 | e | v=t1.0851:- o 44§0§x;

3.
6.

RTINS
‘o 0000

o o-o\o [o}

a2 P . ¥=0.3881 + 0.97193x  0.08257 »‘ 10,142 0.602 |. No
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,athe data and- the different. behav1ours exh1b1ted Q%?the
slldlng samples.; ,;;‘ C EETE f“ 9

sample '#4. 2 data, from the third”class‘of'slidlng .

§o

"dbehav1ours (low 1n1t1al slldlng angle followed by a
‘decrea51ng strength trend), was also subjected to regress1on
_for comparlson purposes. Tnp%regre551on equatlon, dlsplayed |

"‘1n Table 4. 2 for th1s sample determ1ned B. to equal 0 08257“‘

and an n value of 0. 072, reflectlng ‘the small amount of

: angle decrease from th:blnltxal to the f1nal read1ng,»2}5°.

;Thls value compares well w1th the other small reductlona |
vsamples such as #10.2 which had a decrease of 335 and an n

- value of 0. 202 whlle #13. 2 w1th an © erall decrease of

' 1.2° displayed a negat1ve ‘slope. w1tr A== 445,

: The recur51on formulae proposed LJ ﬂruden (1971) was-
applied in order to smooth the data sets in an attempt to ‘T
obtaln better fitting equatlonsu The sl1d1ng angles were
tsmoothed to be contlnuously decrea51ng w1th 1ncreas1ng
dlsplacement. An example of the results .of thls'process“are

'dlsplayed in Table 4,3 Whlch can be compared to the orlglnal

data set. The most notlceable feature is that the number of
7 (PR

'observat1ons becomes severely reduced.
The ‘resultant equatlons for the four regre551ons are

’vlocatea‘ln Table 4 4 The values of B range between 0. 000069

~“and 0. 042 whlle n: var1es from-0. 305 ‘to 1 550 The number of -

'51gn1f1cant correlatlons 1ncreased to three out of four'
B cases, even. Wlth the low number of data p01nts peruﬁ'

‘regre551on, reflectlng the 1nfluence of smoothlng the data
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?MT351¢ 4'3 Original éga'éhoqthéd’déta for the‘examplé case of”

#3.2. - .
Slﬁdfqg“ .Cumuiative Sliding ".cumuiatiyg ‘
/ Ang}ev Dlsp%ﬁgﬁments én?}g DlsPl?%ﬁPents
.o.o . .. .3‘3'1 “ : 0.0
20.0 1 28.2 - 54.0
40,0 | 27.2 108.0
60.0 26.2 162.0
80.0 L .
100.0
- 1120.0 \
. 140.0 -
. 160.0 '
180.0 "
200.0 S
220.0
X ¥
‘ —

>

Table 4.4 Regfessiqn equétions‘forfsmoothed data.

S
sample | .# of 1 Regresston N B e 5% © Sign.
Number | Points | ~ .. ‘Equation .1 - ' r '
3.2 -3 V=0.14565 + 0.3046X |/ 0.04225 0.996 | '0.997 No
6.2 - 4 | v%-0.9308 + 0.8618X | 0.003411 '} 0.998 | 0.950 Yes
8.2 7 y=-2:6696, + 1.5499x/| 0.000069 | 0.942 | '0.754 Yes
10.2 3 | ve-1.0466 + 0.7305% | 0.002634 | 0.999 | 0.997 | ° ¥es -

, ///gdf/



| 8
l p01nts. 4 | o - %
In summary, the n values from s;gn1ficant correlatlons'
of tlass #1-samples ranged fromvo 345\to 1.309. After .
smooth1ng, the values ranged from 0.731 to 1. 550 for n.
"These values may be regarded as bounds for use 1n the

/

'solution of the modelling equation.®

4.2.2 Solut1on ‘of the Mode111ng Equat1on

| The slldlng block is assumed to be separated from the
surroundlng rock mass, elther by an open cut or by some
geoldgical d1scont1nu1ty and it is also assumed to be
\initially at rest. After<a small 1n1t4at1ng.accelerat10n is
app11ed to the bldck (such as a horizontal acceleratlon due
to blastlng/or due to ra1nfa11 Seeplng into the separat1on
'crack and ultimately dra1n1ng) the block becomes d1sp1aced

the Erﬂctlonal res:stance beg1ns to decrease, and the block

" . moves downslope in an acceleratlng fashlon.

The sliding blocks are to be modelled w1th the

¥
equation:

=5 = gzsinB - gxcosfBx tan[A (1-Bx")}

whlch defines the‘ac%ﬁaeratlon in terms of the
dlsplacement,,x. ThlS second orden—nonllnear d1fferent1al

zuequatlon can be solved by the finite dlfference method us1ng

‘the follow1ng boundary cond1t1ons-



1.“Initialfy, the sliding block is at rest, |

=Ol

o

o at .t=0, x=0, and’

2. At the next t1me 1nstant, after some 1n1t1at1ng

acceleratlon is appl1ed to the block

LY

. ' dx d’x
Soat t +‘At, x > 0, at > 0, ;nd E;T'> 0.

. . Ly
Only & one dlmensxonal finite difference net is’ requi;:% to
solve th1s equatlon for x<and t. The d1fference in the
d:splacement values over the t1me—step 1nterva1 could be
used to calculate the veloc1ty. “This veloc1ty value could be
assoc1ated with an average dlsplacement value and a plot of
veloc1ty versus displacement could be_prodhced from the °
_ modell1ng equat1on. l . .

' A listing of the finite dlfference prc. am is lécated-
in Append1x H. l | | \ | |
‘Fpr the block.to be initially at regt} the driving

force must be equal to thé rgsisting force., Hence, the

initial friction angle A was made equal to the inclination
angle B (equal to 60°, the,dip'of'the NO Pit wall.at the -
cr;st) The time‘step'Qariable (T) .was kept gmall geperally
‘less than 0.0005 mlnutes and the number of p01nts (N) COuld_

be adjusted until a sufficient amount of displacement had

: OCCUrred.
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Figure 4.3 displays the finite differe’EeVresults using
the”rav coefficient values;'For the curvé‘w&%h an n value of
1.309;.the velocity,changes from 124 mm/min at 1.0 mm
displacement to 2%860 mm/min after 97.3 mm in a,nearly
linear fashion. In a‘relative sense, the equation predicts
“over two'orders of magnitude velocity change in comparison
to two orders of dlsplacement change.

The other curve, with n =0.345, displays a pronounced.'
nonlinearity (a concave downwards shape) at lower
: disolacement values and.has higher~disblacement rates'than
"the cutve with n =1.309. The veloc1ty ranges from 2180
mm/m1n to- 41510 mm/m1n after 99.2 mm of dxsplacement a
change of over one magn1tude.

Comparlng ‘the two curves of Fig. 4.3, as n decreases
from 1.3 to 0 3 (and conversely, as B 1ncreases from 0. 0002
to 0.04), the shape of the function changes from sllghtly
concave upwards to concave downwards, the resultant |
d1splacement rates at 1. 0 and * 100.0 mm 1s greater, and the
‘relatlve slope (the number of orders of magnltude velocity |
change’ d1v1ded by the two orders of - dlsplacement change)
decreases from over 1 to less than 1. '

F1gure 4.4 1llustrates the predlcted velocities u51ng
.the smoothed coeff1c1ents in the finite dxfference equat1dh.
The curve’ WIth the higher exponentlal value, =1.550, has a
sllght concave upwards shape w1th a veloc1tv-change-£rom
65. 1 mm/min to 20640 mm/mln after 97.1 mm dlsplacement..The

relative slope of this fppption is greater than 1.
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When n'decreases, and B increases as in the second
“curvelon Fig. 4;4,rthe resultant curve has & slightly" /
concave downwards shape. The d1sp1acement rate changes from
~487 mm/min to 24410 mm/m1n after 100 mm of displacement
wh1ch is a change of over one order of magn:tude.

S1m11ar observations as made before can be seen when
comparing the two curves; ‘as’' n decreases,'the shape of the

resultant'fuhction changes to concavendownwards, the
dxsplacement rates at equ1valent amounts of d1splacement is
. greater ‘and the relatlve slope decreases. The two curves of ‘
Flg. 4.4_were closer in shape and in dlsplacement rates than
the two in'Fig.,4.§‘presumabiy‘due to the two n values being
much closer. If these two figures were super imposed onn one
another, the curve for n =1.309 would plot down the middie |
of the two sm50thed'ceefficients curves, | ‘
A parametric Study'waslatteﬁpted to investigate thef
influence of each of the variabies. The original fpnction
chosen was from Fig. 4.3 with n =1.309, B =0.00023, and
B =60°.. The results are dlsplayed on Flg 4:5 and can be

.. summarlzed as follows"

1. As the 1nc11nat1on angle B decreased from 60° to 45
the dlsplacement rates at 1.0 and + 100. 0 mm decreased
The: funct1on retained'its sllght concave upwards shape

<

and its relative slope was still greater than 1.

,

. 2. As the coefficient B was increased, the resultant
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displacement rates increased with the relative slope
remaining greater than 1. When B was decreased from
0.00023 to 0.00005, the velocxties decreased but the

function still had a relative slope of greater than 1

with its slightly concave upwards shape.

More - sxgn1f1cant changes were found when n was varied,

4

The d1splacement rate was lower at 1.0 mm and hlgher at

‘i 100 mm when n 1ncreased from 1.3 to 1.8. The relative

slope was 35111 greater than 1 but the functxon now
displayed a more exaggerated concave upwards form.
Conversely, as_nidecreased to 0.8,. the form changed to a
nearly linearéto?concave downnards shape with a relative

slope less than 1.

The .main conclusion was that, while the variables B and B

o

v o) - , .
can affect the absolute values of the displacement rates, it

is only the exponential term n which can alter the shape and

the relative slope of the resultant function. An-n value of

L !

approximately 0;8 seems jo be the boundary between functions

which are concave downwards and which are concave upwards.

4.3 Relation of NO Pit D1splacement Record

&
i

.«

The dlsplacement rate equatlon of the wall movement:

from Chapter 2 was in terms-of time. In order to compare

this equation with the results of previous section where

only displacements were measured, it will have to be. in
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" terms of displacgment also. Hence,/the following derivation

is an attempt to alter thé equation;

- At®

5.
[
'mFm\
]

+ CtP, ' (4.5])

The two terms in the equation were meant to represent two
different creep phases and, arguably, different physical
processes occurring in é slope. The first term is dominant
at low time values wﬁile the second term only becomes

- significant at larger times. Hence, a simplification of the
equation will be made on the grdunds that only the brocess
responsible f&g the acceleration to failure will be
conéidered. J |

So the derivation considers the second term such'fhat;

x = cCt° [4.6]
B t D+t gt
0 B 0
e
- %ﬁ_‘— \ . | BN C )

Solving for t:

o+
H

[ (x =D+ 1) /e 4.8)

Substituting Equation 4.12 into 4.10:



123

[ [(x\X(D+1))/A] 1/ipen) ]°

-c f(x x(n+1))/c] ALY

¢ [Cx x(mr1y) ¥V x (1/0)7 0]

» \

£1)) PP C-n/(nn)]

*

ket [(x x(D+1))] o/(pr) | [4.9]

e
n

Figure 4.6 illustrates the érend 6f the funct‘ion when
the constants for the Truné data set are placed into it. The
function produced is nearly iinear (an exponent of;0.963).
Ovér 96 mm displacement (the amount of displacement
dispiayed bf the NO Pit wéll before failure), the velocity
prédfcted by‘the equation changed from 0.0126 mm/min to
1.0199 mm/min, This‘is~a,velocityxchange of léSS”than two
orders of magnitude over a displacement change of just under

two orders, giving the function a relative slope of 1.

4.4 Comparison and Discussion | , /
There would seem to be some difficulty with‘comparing
the results of the sliding block model to that of the
accelerating movghent. The displacegent rates predicted by
the slidihg block theory using the coefficients from the
tilt-tests are much greater than tﬁe case hiétory, by

several orders of magnitude. -~
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‘«(e g. @ i:rease B) to achleve dlsplapem t rates which were

“on. the relat1ve slope observatlons, rather than on ‘the

; dlsplacement rate 1ncrease of jUSt over two orders of

)

An attempt was made to alter the input- coe£f1c1ents -

of a 51

-

lar magnltude to those of\the/c%fe h1story. Even‘
-15

_w1th values as such B 45 B —1x10 o and n —J o1, the
_‘dlsplacement rate was 5, 7 mm/mln at 1 0 mm dlsplacement o

‘-:wh1ch is Stlll two. orders of magnltude off

The comparlson between the two aspects of thlS study

~w111 have to be based on. the shapes of the two funcb1ons aqg,

By

'.abs@ldte values. “.‘;fh'w

The sl;dlngfbiock theory, for n.> 1. predlcts a.
¢

PEERS

fmagnltude in approxlmately 100 mm of dlsplacement The NO”"

P1t dlsplacement record dlsplays a szmllar amount of

7dlsplacement rate 1ncrease over the same dlsplacement rangeﬂ»

T —

‘Hence, thlS theory, u51ng the fryctlon dlsplacement
"parameters from the t11t tests, appears to qualltatlvely

hmodel the veloc1ty 1nbrease behav1our of ‘the: acceleratlng

‘o‘ S

'-rock.movements S
- STTAT »



“15 1 Conclusxons

ROTLAd

5. Conclusions and Recommendations
: ) < - . .

1

The major conc1u51ons of this study were'

" The - equatlon-'

14

Al

%= 0. 611><108 £ 4 0. zzmo -8 f 5. SLEE

-\was found to be a reallstlc representatlon of the

'acceleratlng portlon of the 'NO P1t dlsplacement record

) E.3 ; v' ~ "‘ I' "

. ;The measurement and the characterlzat1on of roughness

jfrom smooth rock samples is. d1ff1cu1t and is dependent

upon the sampl1ng length usedy,

2

- The majorlty of the statlstlcally valld 51gn1f1cant

~\es '\

roughness changes vere 1n agreement with the hypotheses

of the proposed asperlty model

«
—

The slldlng blocks dlsplayed a decrea51ng slldlng angle

‘.trend w1th succe551ve dlsplacement in the majorlty of

the tests. Var1ab111ty of the results was assoc1ated

"'w1th tran51tlonal surface processes in conjunct1on w1th

subtle d1ff»~sncesv1n mlneralogy between samples."

. ‘ . . . K

:'Den51ty measurements were found to be the most useful:

.

'technlque to 1dent1fy these mlneraasglcal dlfferences )

'the three nondestruct1ve and convenlent methods

- .
| T126
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attempted; a T -

N ' ' ' 3

The slld1ng block formulat1on, using a fr1ct10na1

relatlonsh1p based on the t11t test results, appears to
qual1tat1vely model the velocxty 1ncrease behav1our of

the accelerat1ng movements. The conclusion to be drawn

| from ‘this is that the loss of fr1ctlonal re51stance thhl

.»...._,—

‘progreSS}ve displacement may.be an adequaté mechanism to

Y

fexplain acceletating rock movements,

»

i

The CPACK program should be altered to allow for three
or more accelerat1ng creep phases to be f1t to

-drsplacement,records.

5]

AR

More study is requ1red w1th respect to the f1tt1ng

p ab111ty of ‘CPACK. The flttlng procedures of the program

may requlre some mod1f1catlonsqto account for the
overestimation of the second term exponent.

o

e , , g :
1f énother C:v& Engmeerlng profller is constrLcted -1t-
'should conform to AN%I B46 1—1978 with regards to a

‘smaller, vertlcal st ylus, a llghter tracklng force and

; other: mod%flcat1ons as ment1oned 1n Sect1on 3. 4 2.

i
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Interfacing the profiler with a microcomputer would

allow for easier data recording and manipulation.

'sliding surfaces which decreqse in frictional resistance

w1th d1sp1acement, require more study as they may be -

- part of the process leading to accelerat1ng rock T

% movements._Surfaces wvhich display an rncrea51ng

resistance are of less importance as they would not

N

contribute towards a catastrophic rockslide.
~ o ,

»

'The sliding block theory may be too simple, especially;

in assuming the slope inclination angle.B‘to be

constant. This angle increases as the. slope elevation

decreased, until the toe of the-slope was ogorturned.
Alteration of the theory could account for a chang1ng

slope angle.

Rather than a t*‘lxt test pe‘rh!’sa creep shear test

could-be employed'@e track the frictional re51stance of

ock surface with dlsplacement. This relatlonshlpn
14 then be substltuted into the. slld:na‘BI‘—k—model

comparlson ‘to the actual movement

co
fo
The creeo shear test would allow for the

ap llcat1on of normal stress, although at relatively low
levels,xand‘tor a more contrnuous deformatlon of the

surfface, unlike theltiltitest where the sample was

removed .after every slide;-Problemsfnould,still.exist;
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such, as the disturbance of gouge material if the sample'

was sheared more than one cycle and of course, scale

\

effects, B
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Figure A.1 Flow chart for’the main program CPACK2
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ENTRY \ ,
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‘igure'A;z Flow chart for the subroutine CRED2
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Figure A.3 Flow chart for the subroutine BFIT2
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ELPST ELAPSED TIKE IN HOURS COMPUTED BY SUBTRACTING

-'THE TIVE OF THE.FIRST DEFLECTION READING. - *
TT: AS ABOVE BUT ‘WITH THE FIRST RECORD DELETED. :
"ESTRN1: ENGINEERING ‘STRAIN FOR LVDT#1.

AS: ABOVE BUT WITKE FIRST RECORD DELETED.

ESTRNZ: ENGINEERING STRAIN FOR LVDT#2.

AS ABOVE BUT WITH THE" FIRST 'RECORD DELETED ‘

CONTRINS THE LOGS OF TIME AS. CALEULATED IN BFIT2.
'CONTAINS THE LOGS OF STRAIN RATE AS CALCULATED 1IN BrIT2
CONTAINS THE ABOVE RECORD WEIGHTINGS AS CALCULATED

IN BFITZ. ’

NC1: NUMBER OF RECORDS IN THE® ABOVE ARRAYS.
EEM1: ~INTERMEDIATE VALUE USED IN. CALCULATING THE

" SLOPE. SIGNIFICANCE STATISTIC. ¥ -

O PLOT THE DECELERATING DATA :BEFORE THE
ACCELERATING DATA' IS FIT. . .

ﬁNSM3. INTERACTIVE. RESPONSE THAT INDICATES WHETHER OR 'NOT

T0 USE EFIT. ,

/NUHBER OF THE FrRST RECORD. USED IN THE FIT OF THE ,

"\ACCELERATING EEP DATA..

.g NFIT' NUMBER USED TO. INDICATE WHETHER ALL' THE DATA

ER T8 INDYEATE THE DECELERATING (L'1) 'AND THE
BLERATING (L=2) PHASES._ '

o
HAS BEEN FIT TO THE DECELERATING CURVE. -

C:’n‘nh‘n‘n‘:7‘:*****)‘:7\'****xs‘w’-:‘n‘n‘-***v"*s\-***** 7\'1"***”*******f'innn"x sevest *"-t Jes'e
: C b

INTEGER N (1000), NC1(2) : ' ;g‘;

 REAL BBO(2,2),BB1(2,2), E1(1OOQ) £2(1080)', 7T (1000,
ok

ELPST(lOOO) ESTRN1(1000225§TRN2(1000) LT(2 1000);

41



Listing of MAIN2 at [14:12:10 on MAY 31, 1987 for CCid=GSB7 ‘on UALTAMTS

48
49

50

o

52 -
B3 .

' 54
55
56¢
57
58

59

- 60 -

61
62

63

- 64
65
66
67

B8
69

70,

.M
72
73

74

- 75
.76
77
78
79

‘80 "

=81

82

83

. 84

85
86

. » 89
90
91

‘92‘.
93 -

94
95
96
g7
98

101
- 102
103

104 .

105

. C ,
SO Sevt e dedede e st e e e Se e e v vk e st Yt

'C FIRST CALL TO BFIT TO FIT THE DATA TO

£ C "L" IS EQUAL TO 1.

87
88

99
100

naana 0<nfo

142

. LE(2,1000) ,W1(2, 1000) ,EEM1(2} ,TP(1.000) , ERP (1000)%" -
Ko ‘
v CA L CRBD (DIAM XLEN, NRR E1,E2,TT,XANS? IAN83,‘}‘ oo
x CITN1,1TN2, ELPST, ESTRN1 zsrnnz) SRS o
c .
_ REAL Y/'Y'/
DATA MMM/1/.
000=0.
. 00=0
K=0 e '
L= B et
NFIT=0 '
~ WRITE(7,100).
100 FORMAT(//ZO( %*'),' FIT OF DECELERATING CREEP DATA TQ !
#'POWER LAW ',20('#"))" .
o
o INTERACTIVQ/QROMPT
c . .
"%gaws(
200, FORgaER WDsL 'YOU LIKE THE DECELERATING CREEP DATA'/ ¢ h
\*:PL-W;zg;jt'e*E THE PROGRAM ATTEMPTS TO ISOLATE'/
#' ACCELERATING CREEP?')
REED(5,300) AKSK! ‘ i
300 FORMAT(A1) : . ) o
ANSN2=0. " ‘ o ' : Y ’

'wRITE(s.éoz) ‘ ' :
202 FORMAT ('WOULD YOU LIKE THE PROGRAM TO EXAMINE THE '/

' 'ACCELERATING DATA FOR AN OPTIMUM FIT?') A

READ (5,302) BNSK3 ’ g

302 FORMAT(A1) '

Yo 2t Se dede e ot ok e st de e Yoot e e e e sl ole e vt ;‘.- 181 ;'.: :' 7'; e 5‘:. o
] | ' THE DECELERATING
C (OR TO AN ACCELERATING) LAW. THE VALUY OF THE PARAMETER

CA: :':7':)‘:-.':)':7‘: :':7‘::‘:7‘:7\’)’:7‘:7’:7’: Yooe s Yoyl st oy nn‘-; Feoltse st 3(;(**{’(’(1("7”(7'7‘(*"(***7”!"!' vev'e 7‘n‘r Sreenk
C ’
CALL BFIT (NRRLE1,E2,7T, L, N,BEO, BB 1,XANS 1, 1ANS3, LT, LE, L
,EEM1,NC1,K,00, FF DW MMM ANSV3 NRF NFIT 000, B”D B1u$”ﬂ
TP ERP, N”P)

- " Vv

Qe w'n‘:n‘u‘nn‘ an‘n‘xa-)c:‘r-‘; Fedfededtse "7nr~ 7:7nn':*~'r*7 *****r**:’nmnv‘r:c*;‘rira’:na‘u’n‘nnn ¥

. C IF YOU WISH TO PLOT THE DECELERATING CREEP DATA ‘THE

C PROGRAM WILL. NOW. GO TO SUBROUTINE CPLOT.

- Crededertded st st et a Fedk vy uan‘dﬂn‘nrv a‘nn‘n‘n{**n*:‘r*f;**7‘:7:#{*_7'::‘\'7'::':1:1':*7_’:7‘:1’(?:‘:*": .

c : I .
; IF(ANSMl EQ v) GG’TO Ko ‘ : :

c .
C***************x*!’ri" *****************************’k*********'h
THE PROGRAX NOW GOES. TO -INTEG TO INTEGRATE THE POWER LAW
DETERMINED IN THE FIRST GALL TO BFIT ACCORDING T0 THE
PROCEDURE OUTLINED IN THE PAPER, CRUDEN (1971),

"THE RECOVERY OF PENNANT SANDSTONE FROM. A UNIAXIAL
. COMPRESSIVE LOAD", CAN. J. E. SC., VOL.8,PP.518-522.

INTEG THEN SUBTRACTS THESE DECELERATING STRAINS FROM -

'THE OBSERVED'STAINS T0 GET THE ACCELERATING STRAINS -
_WHICH: RRE PASSED ONTO BFIT.



iisting of MAIN2 at 14312:10 on MAY 31, 1987 for CCid=GSB7 on UALTAMTS
. - . o “ . .

106
107

- 108

108
110
111

112
113
114
115
116

117
118

k-5
. 120

121
122
123
“124
125
126
127
128

130

131

132
133
134
135
136

137,

138
139
140
141
142
143
144
145
- 146

147

148
149

150

151

", C LAW ON THE SECOND CALL TO BFIT. NOTICE THE VALUE OF

1297

angaoaoaanaq a

¢ C‘ff'/f*f(**"k)'l'[r*Y!"t1'!*‘**‘D'r*ft*"ﬂ'r"ﬁ'tff‘)'i")'tft1\'ff***1:\‘_'l'\"f(“*ft_fr*f\'**W****************

Cn
50 CALL INTEG(E1, E&.@g:ﬁm /NRR, 1T, L,XANS1,1ANS3)

c
C)‘m*v‘dn‘n‘n’rinr*a‘r*fra’r*1‘nn’t**;drfm‘r*{k********ﬂi{***1‘:****fr************:n‘r
C . THE ACCELERA?ING CREEP DATA WILL NOW BE FIT TO A POWER

'

c "L" Now 1S 2.
Cir***fr*a‘r*****m‘c**m‘:*m‘:>‘rir:‘:*s‘:n1‘:*a‘c**w**s‘c************************
c : o
' L=2 . .
WRITE(7,101). L
)01 FORMAT(//20('*'),' FIT OF ACCELERATING CREEP DATA TO ',y
" #'POWER LAW ' 20('u')) R ‘.
55 000=1,0"
CALL BFIT (NRR, 51 E2, TT L,N,BBO, BB1 XANS1,IANS3 LT,LE,

\

C CFIT 1S NOW CALLED TO IDENTIF& THE BEST FIT OF THE It
c ACCELERATING CREEP AND THE BES“ OVERALL FIT.
sear st .nn seaty! '::‘:7.:::‘:*:‘ Tty s s e ek ..:’::’:7:7:::’::‘::'n'n'::‘:-.':‘:‘n':7':7'::'(:':7'1

c

143

% v W1,EEM1,NC1,K,00,FF, DW, MMM, ANSM3,NRF, NFIT 000, BOD, B 1D,
ok TP, ERP, NCP) ‘ :
c oo EE ' RN
IF(ANSM3.NE.Y) Go,To 60 '
IF (00.EQ.2) GO TO 6C } N
c T o .
2 Cedodtdededlededese sttty oo sy feat v S vt feak St et ey 7nr e 3t o' e e e St St e dt e Yo v o el o dedto

. CALL CEIT(EEM1 LT,LE,W1,BBO, 231 NC1,K, 00, FF,DV, MM¥,NRR,NRF, BOD

* o BYD)

re

THE NUMBER, OF‘THE FIRST RECORD USED IN THE FIT OF

- THE ACCELEﬁATﬂG DATA IS INCREMENTED POSITIVELY TO
DECREASE TﬁE’SIZE OF THE DATA SET BEING FIT. THEN. THE
PROGRAM RETURNS -TO. BFIT (GO TO 55) TO FIT THE NEW
REDUCED DA;A SET, N

n‘n‘nn‘nnn‘n :n‘n:'ﬂn BT

fedr s vttt 3:"\- ke 3‘: N deddod

K=K+1 B - | B
GO TO 55 E - , ' j?

60 CALL CPLOT(ESTRN1,ESTRN2,ELPST,BBO,BB1,NRR,
% Tp ERP,NCP, ITN1, ITN2,XANS 1, IANS3, ANSH 1 ANShZ)

“g R

IF(ANSY1 NE. Y) GO TO 999
IF(NFIT EQ.1) GO'TO 555

162 - 4IAC

153

154

185
156
157

158 .
159

160

161
162
163

INTERACTIVE PROMPT.

WRITE(G 201) - -
201 FORMAT('WOULD YOU LIKE THE PROGRAM TO ATTEMPT TO FIT' /
~-#%'YOUR DATA: TO ACCELERATING CREEP AS WELL7')
READ(5,301) ANSM2

301 FORMAT (A1) : .
IF (ANSM2 )NE.Y) GO TC 999
© ANSM1 =0,

GO .TO 50

555 wa:rz(e 401) | Lo | ;

a‘n‘-:r***:‘nn‘n:‘mn(ﬁi‘.ﬂ 9 309% 9% 3 e o o e e e Sl v e et el de de e ot Jessdestdeat et devear -



Listing of MAIN2 at 14112810 on MAY 31, 1987 for CCid=GSB7 on UALTAMTS

' r 144
164 401 FORMAT(* THE ENTIRE SET OF DATA IS FITTED TO THE'/ I
165 - ! DECELERATING CREEP ) ‘
166 . . . 999 STOP

16‘7 R END



Listing of CRED2 at 14 12 14 on MAY 31, 1987 for CCid-GSB‘7 on UAL’I‘AHTS

‘

VWO IO wN —

naoanononoaonaanQaonNa0nNNoooNooNanNanNnaaanaonaq

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

. eeccc
cceee
.eccce

ccece
cceee
cceee

‘ SUBROUTINE CRED2 .'
REDUCES EXPERIMENTAL DATA
IT ALSO WRITES SAMPLE PARAMETRES, INITIAL
READINGS. AND A TABLE OF TIMES AND STRAINS.

eccee
cecee

- ceeee |

cceee
cccee
cceee

CCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCQFCCCCCCCCCCCCCCCCCC

c

-‘CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

Can’t*fn‘t**f{***?’r*irfr*:‘r'lr******'k**!‘c********************’k***********)‘r**

XA

NV

IM

RC
RI
AL

<

‘}TN1 & ITNZ2:

XKNAME:

VDEF1 & VDEF2:

VARIABLE DOCUMENTATION

DIAM: SAMPLE DIAMETER.
XLEN: SAMPLE LENGTH.,
NRR? NUMBER OF RECORDS PASSED ONTO BFIT.

s

NRR=N-1 IN ORDER TO DELETE JFIRST RECORD.
NS1: INTERACTIVE RESPONSE RE: IS DATA IN THE
_ STANDARD FORK? :

IANS3: NUMBER OF STRAIN GAUGES
INPUT TEST NUMBER USED AS OUTPUT, IN BFIT

& CPLOT AS IDENTIFICATION.
: NUMBER OF ELEMENTS ON EACH INPUT LINE.

DATA. IT IS AN INTERACTVE RESPONSE.

VAR: INTERMEDIATE VARIABLE 'USED. FOR STORAGE WHILE

I1SAM1 & ISAM2: INPUT SAMPLE, NUMBER. USED ASlABOVE 'vr‘

ARRAY CONTAINING THE INPUT FQRMAT OF NONSTANDARD

SORTING OF THE NONSTANDARD DATA. OCGHRS. t,‘

IMN;‘ INPUT TIME‘READINGS IN MONTHS.
IDY: INPUT TIYE READINGS IN DAYS.
IHR: 'INPUT TIME READINGS IN HOURS.

I: INPUT TIME READINGS IN MINUTES. ; »

ISE: ' INPUT TIME READINGS.IN SECONDS.
RDEF1: DEFLECTION READINGS FOR LVDT#1.
RDEF2: DEFLECTION READINGS FOR LVDT#2.
VERTICAL DEFLECTION COMPUTED BY SUBTRACTING

THE INITIAL RDEF RECORD.

FACT. LVDT ‘CALIBRATION FACTOR.
ESTRN: EN&INEERING MICROSTREINS COMPUTED  FROM;

~  ESTRN(D)= (VDEF(J)/XLEN)11 000,000%FACT.
ELLP: CELL PRESSURE.
LOAD; INTIAL LOAD ON SAMPLE.
VDT! & BLVDT2: INITIAL READINGS FOR LVDTS #1’ & #2
. RESPECTIVELY:

- SUBROUTINE CRED (RIAM,XLEN,NRR,E1, EZ TT XANS1, IANS3,
*ITN1,JTN2,ELPST,E TRN1 ESTRNZ)

REAL' RLOAD(1000) , RDEF1(1000) RDEF2(1000) IMN(1000),

e

o2k ot 3 o 3r oo ot ook s ok o o st dlealr e de g S a vl sl 3% 3 e 9% o sk 9 o g ok e st f'i;*ahr*?‘nn‘nn wn‘n‘dn‘n‘n’ )‘-snn'::':-,‘:

" TIME (1000) ,VDEF1 (1000)-, VDEF2(1000) IDY (1000),

.3 ESTRN2(1000) RCELLP (1000) ESTRN1(1000),

*  IHR(1000), IM1{1000), 1SE (1000) , ELPST (1000)", )
% E1(1000), 52(!000) TT(1000) VAR(12 1ooo) XNAHE(12)

REAL Y/'Y'/,B/"H'/ 3

1/'H'/,Tﬁ/'Tﬁ,;/,R1/'R1,'/,R2/'R2,i/,

145

fDU/'DU,'/,TM/'TM,'/,TN/'TN,'/tTD/'TD,'/,TS/'TSt'/,FACT/1.0/;
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.Asting of CREDZ at‘14:12:14‘6n‘kAY 31.‘1967'for CCid=GSB7 on UALTAMTS . 146
‘ A, ' N o ’

' 59 ) *Y!Y/'y'/,NNN/'n'/ x o
. 60  C
’ 61" C*n*******u******u**********ﬁ**********ﬁﬁ******ﬁ***ﬁ**ﬁ*****ﬁ****
62 C INITIALIZE ALL THE TIME RRRAYS WITH REAL ,VALUE 2EROS.. - ‘
63 ' C*******************ﬁ*n************ﬁ********%******************ﬁ*
64 o
65 DATA IMN/1000%0./, IDY/1000*0 /; IHR/1000*0 /v _
66 : * IMI/1000*0 /,1SE/1000%0./
67 ¢ . _
68 . Cu*****************************************ﬁ*******ﬁ*******ﬁ****
69 . C PROMPTS FOR INPUT PARAMETERS.
70 C*************ﬁ"***************************#******ﬁ*********ﬂ***
71 c ' :
72 WRITE(6,150) . ‘
73 150 FORMAT ('THIS PROGRAM ACCEPTS. DATA IN THE FOLLOWING FORHAT"/
.74 *'LABEL,TIME CLOCK,3 COUNTERS,LOAD,CELL PRESSURE,DEF.V,DEF.2'
75 ‘ #/'1S YOUR DATA IN THIS FQRM?, (Y N
.76 11 R (5,250) XANS1 .
77 . 2 ORMAT (A1) -
78 . IF (XANS1.NE.YYY.AND. XAN81 NE. NNN) Go TO 12
79 ‘ WRITE(6,261)
261 FORMAT('+*ERROR* ALL RESPONSES MUST BE IN UPPER CASE LETTERS
\_'/:?\\ */'RE~ENTER RESPONSE TO PREVIOUS QUESTION")
82 GO TO 11
‘83 - 12 WRITE(6,151) :
84 _ 151 FORMAT('DO YOU HAVE AN LVDT CALIBRATION FACTOR?')
85 . READ(5,251) XANS2
86 251 FORMAT (A1) ‘
87 IF (XANS2.NE. Y) GO TO 199 P
88 WRITE (6, 160) :
89 160 FORMAT{(’INPUT THE LVDT CALIBRATION FACTOR (MULTIPLIER):')
90 READ (5,260) FACT . v
91 260 FORMAT(F10.5)
g2 " 199 WRITE(6, 152) _ ‘
=k 152 FORMAT ('INPUT DIAMETER (MM),LENGTH (MM) ,AND WEIGHT(GV)
S4 */ ' SEPARATED. BY .COMMAS:')
95 ' READ (57752) DIAM, XLEN, WEIG
96 252 FOR&AE(BF10 3)
97 WRITE (6, 153) . '
98 153 FORMAT('INPUT SAMPLE NUMBER (8 CHARACTER MAY.):')
.. 99 : READ(5,253) ISAM1, ISAM2
100 253 FORMAT(2A4)
101 WRITE(6, 154)
102 154 FORMAT (' INPUT TEST NUMBER (8 CHARACTER MAX.):')
103 READ (5, 254)ITN1 ITN2 _ :
104 254 FORMAT (2A4).
105 c
106 C*x**********x#@*******x*i******i********u******u*******i*u****ﬁ** ’
407 . C WRITE INPUT PARAMETERS. : :
106 C************************************************k*******ﬁ********
109 c
4110 WRITE(7,20)ITN1,ITN2 . S
AR R 20 FORMAT(/,'TEST NUMBER = ',2n4) "
SRR WRITE(7,21) ISAMY,ISAM2 ' . ‘
113 21 FORMAT(/,'SAMPLE NUMBER = 20
114 ~ WRITE(7,22) XLEN,DIAM,WEIG :
115 . 22 FORMAT(/,'SAMPLE LENGTH "= ',F10.3,' mm',

116 %  /,"SAMPLE DIAMETER =~ ',F10.3,' mm',
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Liating Of CRED2 at 14:12:14 on MAY 31, 1987 for CCid'GSB7 on UALTAMTS

. 147

"7 . #' . [/,'SAMPLE WEIGHT = ' ,F10.3,' gm')
118 \ IF(YANS1‘EQ Y) GO TO 23
119 - c
120 C*Wﬂ*ﬁ*ﬂ#ﬁ*wwﬂwﬁﬂﬁﬁ***ﬂ*ﬁﬁ*ﬁﬁ*****ﬂ*****ﬁ******ﬁﬂﬁ****ﬁ*******ﬁw
121 C PROMPT FOR INPUT FORMAT (NON-STANDARD). ‘ o
122 C***ﬂw*ﬁﬁ*ﬁ**ﬁ***ﬁ***ﬁ********ﬂ*******************************ﬁ*
123 . C
124 : wa:rs(e 155)
125 155 FORMAT (' INPYT NUMBER OF ELEMENTS IN EACH LINE (+ COMMA):')
126 READ (5, 255) NV , ) .
127 255 FORMAT(12) \ o - - ,
128 WRITE (6, 156) - 8
129, 156 'FORMAT (' INPUT NUMBER OF STRAIN GAUGES (LVDTS) (1 OR 2):%)
130 READ (5, 256) IANS3 .
131 256 FORMAT(11) \ R S,
132 WRITE(E, 157)
133 " 157 FORMAT (5%, 'THE ONLY DATA THAT THIS FROGRAM REQUIRES FOR INPUT'

- 134 : . #/'IN DEVICE 4, 1S TIME AND DISPLACEMENT. LIST THE ELEMENTS IN'/

135 #'ONE LINE OF YOUR INPUT DATA, IN PROPER ORDER, USING "R1"'/

136 - #'FOR THE FIRST STRAIN GAUGE READING, 'R2" FOR THE SECOND (IF'/
137 #'THERE IS ONE), AND "TN",“TD","TH","TM","TS", FOR THE TIME'/
138 *'IN: MONTHS,DAYS,HOURS,MINUTES,AND SECONDS (YOU MAY HAVE ONLY'
139 ‘ %/'ONE OF THESE TINE PARAMETERS) . USE THE DUMMY VARIABLE "DU"'/
140 #'FOR ALL OTHER VALUES. (SEPARATE THE ELEMENTS WITH COMMAS) ')
141 s C
142 C sedte s dedede oo e '::':7':7':‘.‘::‘:)‘c7':-'-7':7'”'::'::'n'::‘n‘::’n't 3 3% T ¥r Y Ve sl S e ok Yok vt et e St e e e el s v sk ot
143 ' C READS NON- STANDARD DATA FORMAT AND THE DATA FROM DEVICE 4
144 C UNTIL THE. END OF THE INPUT FILE IS_REACHED.
145 C a‘n‘t7’::‘:7‘:7‘n‘n‘r7“7rann 2 Fe vt e v o 3% 3% Yo S vl ok v ot v ol ol e ol Sle ol ok e e g o S Sl e sl e e el ok v dle ol s S g v e Yt de ot
146 C . I
147 - READ(5,257) (XNBME(J) ,J=1,NV)

" 148 257 FORMAT (12A3)

149 c ' J"'

150 ’ C deskeale sttt ot ;'c ¥ 9 e vt e e st 3 e v de gl s ot e s et ;’: Jedese vede de dedeskt dedrae dedede e e 3¢9 de v dededlededt et ot Yot
151 C FOR SOME REASOK L IS DEFINED AGAIN AS L=1 WHEN IT HAS BEEN" |
152 ~ C PREVIOUSLY DEFINED AS THE ABOVE VALUE AT ISj#0009 IN MAINZ. .
153 C ot de e o5 Yede ve de sk sl el st ot o e s et 5 Y Yede e et ‘n‘nr7n‘r=:vn",‘n‘n'nnn\':n xa"u)nh'n'nn"v Vet ve sk
154 o : '
155 .. L=0

. 156 5 L=L+1 ‘ ,
157 ‘ READ (4, 30C ,END=8) (VAR(K, L) K=1,NV)
158 N=L

1589 . GO TO 5 i
160 8 K=0
161 . 9 K=K+1
162 C IF(XNAHE(K) NE.TH) GO TO 6 :
163 : DO 16 L=1
164 16 IHR(L)-VAR(K 1)
165 GO TO 39 -
166 6 IF(XNAHE(K) NE.R1) GO 0 7 , :
167. Do 177L=1, ) C . ;
168 - 17 RDEF1(L)=VAR(K L) . _ :
169. ‘ GO TO 39 . _—

170 7 IF(XNAME(K).NE.RZ) GO TO 31
v 2 T DO 18 L=1,N o : ) i
172 18 RDEF2(L)=VAR(K,L) '

, 173 GO TO 39

174 31 IF(XNAME(K) .NE.TN) GO TO 32 -
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.isting of CREDZ at 14:12:'14 on MAY 31, 1987 for CCid=GSB7 on UALTAMTS '
i) A ‘ ‘ - ' 148
175 & DO 42 L=1,N \ ‘ ' ,
176 v 42 IMN(L)=VAR(K,L) . ‘
171 i t GO TO.39
178 © 32 IF(XNAME(X) .NE.TD) GO TO 33
179 DO 43 L=1,N
180 43 IDY(L)=VAR(K,L)
181 GO TO 39 C
182 33 IF(XNAME(K) .NE.TH) GO TO 34
183 DO 44 L=1,N. ' ,
184 44 IHR(L)=VAR(K,L) ' ’
185 GO TO -39 ‘ ‘ ‘
186 34 IF(XNAME(K) .NE.TM) GO TO 35 : B
187 . DO 45 L=1,N
188 45 IMI(L)=VAR(K,L) .
189 GO TO 39 .
190 35 IF (XNAME(K) .NE.TS) GO TO 39 :
199 . . DO 46 L=1,N '
192 ‘ 46 ISE(L)=VAR(K,L) L
193 39 1F(K.LT.NV) GO TO 9 R
194 w300 FORMAT(12G20)° '
195 ¢ C v
196 ' O ¥eve Pe ek s de v e v de et S ek s ot ~~an o7 e v do o P v vl gl e e Ve dedle s ot de e sl e st e e e S e
197  C INITIALIZES °oyL CF THE DEFLECTION VARIABLES
198 /W Ci: > FeyrYe stk e s vra s vr e S A v o AT ¥ ¥ STk ak e S v o Y o o' Fove e o' v 0% oo 8t v e e e v e de vl e v e de g deale ! 1': ¥ vt
199 + C .’ 4 K ’
200 56 DO 51 K=1,K ‘ - ‘
201/' .RLOAD(K)ac.Q
202" 51 RCELLP (¥)=0.C
203 N IF (IANS3. EQ‘“) GO TO &5
204 DO 52 K=1,N
205 52 RDEF2(K)=0.0
206 . GO TO 55
207 c .
‘ 208 Crdrdeedededed: eyt :’:"’ TR TRt iR IR LR TR TR {F ER H] xvr:nra’n o't 90 ¥ 97 Yo ¥ Ve ¥ e o o' e o' o' e de e e e a3
209 o REaDs STANDAKD FORNAT DA”A , R
210 Cieoe nr**sn 3t Sevest vt e v v e ey St Yo e e YT e s e e et st e Ve de e e
211 c % ,
212 23 J=0 » , A ,
213 WRITE(6, 158) ' ' o
214 158 FORMAT ('DOES YOUR TIME CLOCK HAVE A DOUBLE DIGIT MONTH?‘)
215 ' READ(5, 258) XANS3
216 258 FORMAT (A1) AN
217 30 J=J+1
218 IF (XANS3.EQ.Y¥)GO TO 47 .

.219 READ(4,40,END=55) IMK(J), IDY(J) IHR(J),IMI(J), ISE(J) I1CTR,

220 - * .. 11,10,RLOAD(J), RCELLP(J) RDEF1(J), RDEFZ(J)

221 40 FORMAT(?XXSGZ 1X,15,213, 4G20)

222 . GO TO 48

233 47 READ(4,49,END=55) IMN(J) I1DY (J), IHR(J) ,IMI(3),1SE(J),ICTR,
224 * - 11,10, RLOAD(J) RCELLP(J) RDEF1(J) RDErz(J)

225 49 FORMAT(BX,SGZ 1%,15,213, 4620)

226 48 N=J o , )

227 GO TO 30 : %

228 o) :

1228 Ca'n‘n'n‘:*****7‘::‘:***:‘:7’:1’::’:in‘n“:,‘:iq,‘ri:*a'rﬁfr*7’\'1‘:1'::‘:5’:*1‘:**1&:k'lridu’r**ic*kin‘c Yo de Ve dede e devededrdede
230  C ASSIGNS THE FIRST RECORD TO EACH OF THE FOLLOWING VARIABLES.
231 - C**ip'r***fé***m'r*’a'r*v'dn‘:*#*1’:7‘:***********Y***************************?‘r~Mr

1232 c S - ‘



Listing of CRED2 at 14:12:14 on MRY 31,

233
234
235
236
237
238
239
240
241
242
243
244
245

246

247
248
249
250

251 .

252
253
254
255
256
257
25e
259
260
ZQ1
262
263
264
265
266
267

268,

269
270
271
272

273

274

275

276
277

278

279
280
- 281
282
283
284
285
286

287 |

2B8
289
290

c

55 RILOAD-RLOAD(1)
RCELLP (1) =RCELLP(1)
ALVDT 1=RDEF1 (1)
BLVDT2=RDEF2+(1)

1987 for CCi4=GSB? on UALTAMTS

oy

C**ﬂﬁﬁﬁ*****tﬁ*********ﬁn*********ﬂ*********ﬁ***************ﬁ***ﬁ

C WRITES INITIAL READINGS ONTO gNIT 7%
Cfv*ft'ln‘t'h**ﬁfn‘dv*a’tﬁm‘r#'m‘t*fnhnn‘ra‘n‘tfn‘t*"nh'n‘n't***1‘(****w****ﬁ****ﬁ******ﬂ** .

C

c

WRITE(7,70) RILOAD,RCELLP(1),ALVDT!,BLVDT2

70 FORMAT(/,'INITIAL LOAD

',F10.3,"' KN',

* /,'INITIAL CELL PRESSURE = ',F10.3,' KPA',
* /, 'INITIAL READING FOR LVDT1 = ',Fi17.10,' mm',
* o /,'INITIAL READING FOR LVDT2 = ',F17.10,"% mm')

C CONVERTS TIME FROM CLOCK READING TO *%HOURS:* WHICH BFIT
c wILL BE EXPECTING AS THE INPUT UNITS AS SEEN ON IS#33.

c

C.

Canr-‘n‘-rn 9 9% e ot e o ol Sl e St s s sk g eSOt

C

(€ o 9% 3% 9 ¥ ofe ok o' vl o de dfe v e e e R et

c

c

5G IMNST#=IMN (1)
DO 50 J=1,N

AAAAA

60 TIME(J)=(IDY (J)%24. )*IHR(J)*((IYI(J)*ISE(J)/BO )Y/60.)
IF(I¥N(J) .EQ.I¥N(1)) GO TO 50
IF(IMN(1) .NE.4.0OR. IYh(1) NE.6.0R. IMN(1) .NE.9.OR.IMN(1).NE,. 10

*GO TO 61
CIDY(J)= IDY(J)*BO
GO TO 63 -

61 IF(IMN(1) .NE.2)GD TC €2

IDY (J)=IDY(J)+26
GO TO 63
62 IDY(J)=IDY(J)+31

IF (IMN(1) .EQ.12)GO TC 64

63 IMN(J)=IMN(J)-1
. GO TO €0
64 IMN(J)=12 "
GO TO 60

50 CONTINUE
INITIALIZES VARIABLES

ELPST (1) =0.
VDEF1 (1) =0.
VDEF2 (1)=0.
ESTRN1 (1) =0,
.ESTRN2 (1) =0.

e

9t ve vle ot e e v e o

e ¥ v Y S ve de v de de sk o de e ok e v ok ot

" C CALCULATES ELAPSED TIME, LOAD, CELL P., AND ENGG. STRAIN.

-

o

DO 80 J=2,N

VDEF1(J)'RDEFI(J) RDEF1(1)

VDEF2 (J) =RDEF2 (J) -RDEF2 (1) .

ELPST (J) =TIME (J)-TIME(3) -
RLOAD (J) =RLOAD (J) -RILOAD

e o e sfe e o o o e o o e 3l e oot ol e o e e gl o el ek e e o o e e ol e o o e ot o sl e el b ek et o e et oo e e e

1

-

S

o ¥t 3 o't o 23T ¥ 3l o' o o o o' o' ot o o ofe ot e ot e Sl ot de e v Sl e e s e sttt dle e e dle st o

149

O 9% o o o o e o ok o de de ok o ok ot o ok ok ale gl s de e e sk s kol e deledk b e o e vk e ke e e e e b e e b sk e e e de e ko e e e sk ke

Cv‘c****’h‘r*ﬁ**fn\'**a‘::‘:x‘n‘:a’n‘n‘:x‘:*t‘n‘::“:fn‘r*)’r****v\'**a‘:fn‘:*v‘:1‘:**;‘:*7‘:;'n‘n':'*ft**:'n‘n':f:3':3‘:)‘::‘::‘:7‘:



291
292
203
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309

310 |

3N
312
313
314
315

316
" 317

318
319
320
2y
322

Listing of CRED2 at 14:12314 on MAY 31, 1987 for CC14=GSB7 on UALTANTS '

: o 50

RCELLP (J) *RCELLP (J) =RCELLP (1) 7y !

ESTRN1 (J) = (VDEF 1 (J) /XLEN) #1000000, *FAET .

ESTRN2 (J) = (VDEF2 (J) /XLEN) 1000000 . WFACT

80 CONTINVE o '

RLOAD{1)=0, . ‘ o N
c ¢ . ' “
C*****ﬁ********************ﬁ****ﬁ****ﬂﬂﬂ“ﬁ***ﬁ**ww***w*******ﬁ**ﬁﬁ
C WRITES TIME, LOAD, CELL'P., AND ENGG. STRAIN ONTO UNIT 7.
c***uﬁ***********ww********w*w******ﬁw****w*w**********w**ﬁ**ww***
c ’ , ' T

WRITE (7,90) * !’
90 FORMAT(/, 1X, 'NUMBER' 14X, 'TIME ,9X, LOAD',BX 'CEﬁkAFRESSURE'
¥ ) 2(3X 'ENGG. STRAIN ') /, 11X, '"HOURS',9X, 'KN' » 14X,
¥* 'KPA',9X,'#1 (MICRO)',7X,'#2 (MICRO)')
po 100 J=1,N 5
WRITE(7,110) J,ELPST(J),RLOAD(J) ,RCELLP(J), BSTR@J) mnz
110 FORMAT(2X,I13,3X%,F9.3,3X,E13.6,2X,E!13.6,3X,F11,3,6X, Fil“
100 CONTINUE
c
(9% ote e 9 o' v e e 3o o oo o ol e 3t Ve de e 9% e Ve v e 3 3 o ot e o o o o't o ale ot o o o ol v 9 ve ol ol ot o' e ok o o o o eale o ot e ot e o e sl eyt
C FIRST LINE OF DATA IS5 NOW DELETED WHEN PASSING ON TIME
C STRAIN. RECORDS TO FURTHER SUBROUTINES.
C e o 3 9 de et e st de et o s 3t e ¥t e St de ot o't v ol o't oo e e de st o e e e oot frs'n'n'r:’n‘n’rv‘u‘u‘n’ Ve ve gt o't At ot o't e e gt Vet
C f
: NRR=0
NRR=N-1 . .
DO 85 I=1,NRR .
E1(1)=ESTRN1(I+1)
E2(1)=ESTRN2(I+1)
85 TT (1)=ELPST(I+1)
' RETURN
END

PRV N
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Listing of BFIT2 at 14312221 on NAY ", 1987 for CC14%GSB7 on uanraums

OO OO oIV DDLEDDE DD R B DWWWWWWWWWWRRNNNNNMNMMNR = = — o — — = — == .
@IS WN - OCVDIDEBLWN-OWVDIOVLUN-“OCOVDIONMEUN-OVDIONUBEWN-OVOIONEWN -

LLLLLL(.LLLQLLLLLLLLu.LLLLLLL&LLLL&L&LL&LLLQLLLLL‘.LLLLL&&.LLL&LLLL
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

' ceece ceeee
cccee SUBRQUTINE BFIT2 & ceecee
Gecce .t FITS A POWER LAW TO TME PATA cceee
cceee 'BY RESTRICTION ON DW & FF cceee
cceee cceee

nnnnoonnnnnnononnodonnhonohnnonnnnnnd
' w
o
o

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

C .
ChuehRRANRAARRRARTARRRARARARASARN AR AR Akdn k) R e de e de A vt e e ek e s e ek dr oo

‘ VARIABLE DOCUMENTATRON . b
NRR: NUMBER OF RECORDS PASSED ONTO BFIT. -
E! & E2: ENGG. STRAINS FOR LVDT #1&f/2. Ky

TT: TIMES FOR THE ABOVE RECORDS.
DUMMY: INTERMEDIATE ARRAY USED TO STORE INPUT STRAIN VALUES.
AE: INTERMEDIATE ARRAY CONTAINANG STRAIN VALUES USED IN
BFIT" DURING THE#MOOTHING OFf THE STRAIN DATA TO
INCREASINGLY POSITIVE.
AT:' INTERMEDIATE ARRAY CONTAINING TIME RECORDS IN MINUTES
. DURING .THE SMOOTHING PROCESS.
ER: ARRAY CONTAINING THE STRAIN RATES COMPUTED FROM
THE ABOYE VALUES. ‘
TP:. ARRAY CONTAINING THE AVERAGE TIME VALUES FOR THE ABOVE
' STRAIN RATES. ALSO REFERRED TO AS THE TRANSFORMED DATA.
: CONTAINS THE LOGS OF THE AVERAGE TIMES.
! CONTAINS THE LOGS OF THE STRAIN RATES.
: INDICATES TYPE OF DATA. ,
: RECORD NUMBER. T
ARRAY CONTAINING INTERCEPTS OF FITTED LINES
BB1: ARRAY CONTRINING SLOPES OF FITTED LINES.
.00: COUNTER USED TO TERMINATE CFIT.
FF: SLOPE SIGNIFICANCE STATISTIC. *
FFL: INPUT LIMIT FOR THE ABOVE. NULL ENTRY WILL ASSIGN

' THE VALUE TO BE 10.0. T
DW: DURBIN WATSON STATISTIC. , 1
DU: - SIGNIFICANCE LIMYT FOR THE ABOVE VARImaLE;%HICH fs ‘
CALCULATED FROM ‘THE FORMULAE ON IS#118 1@5ﬁ324 5gp N
1S ,DEPENDENT ON THE DEGREES DF FREEDOM. 7o — relbosi |
NDF: NUMBER OF DEGREES OF FREEDOM FOR DW. . %
MMM:. LVDT COUNTER. ' . 5
NRF: NUMBER OF LAST, RECORD USED IN THE.:
CFIT. : T
000: VARIABLE USED TO KEEP TRAcgibF THE, Numsﬁniﬁr v
| CALLS MADE TO BFIT. O0O=QEBN THE FIRSTICAL 10 Bpig
WHILE 000=1 ON THE SECOND an C R SRS
*7\'**1\'*******ﬁ)‘t***a"**a‘-a‘-***s‘t****1‘\'**** ] 3

SUBROUTINE BFIT (NRR,E!,E2,TT,L,N BO;'BI XANBl,EANSB LT

151

-k LE,W1,EEM1,NC1,K, 00, FF DW, MMNE, ANRRM 3, NRF NFIE OOOg@OD B1Dw_

* TP,ERP, NCP)

o
c - . .
. REAL LT(2,1000),LE(2,1000)
REAL Y/'Y'/,BLANK/' v/ Yoo - ¥
c - - &Y e
c . O .; i‘ "‘. '.\ By . '-w .

DIMENSION T(4000),R2(10) ,AT (1000

A {1900) , EZ(IOOQ) iy
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Listing of BFIT2 at 14312121 on MAY 31, 1987 for GC14=GSBY on UALTANTS.

59 W (1000) ,B(1000) ,EA(1000) ,AE(1000) ,N (1) ,BBO(2,2) ,BB1(2,2),
60 ADENT (48) , VDEF (1000) , DLOAD (1000) ,TT(1000), Duunw(1ooo)
61 #E(1500) , EE(1000) , ER (1000) ,W1(2, 1000) ,
62 . * . *®EEM1(2),NC1(2), NRF(Z) TP(\OOO) ERP(1000) CE, .
63 . ¢ : B R SEccH
64 c
65 Z=0
66, IF(00.GT.0) 5;1
67" 1F (00.EQ.0) : -
€8 : MM=0 : ' ' L J
69 NR1=NRR
70 | | 700 MM=MM+1 °
7100 ( IF (ANSM3.EQ.Y.AND.L.EQ.2) MM=MMN '
72 NR=NRR '
73 - IF(MM.EQ.1)GO TO 710
14 Cc
75 C*********x********n**"****************ﬁ*ﬁ*****************ﬂ*****n
76 C ASSIGNING STRAIN VALUES TO INQERMEDIATE DUMMY VARIABLES.
77 (C e 9 9 ol ol e v o' o' de e o e ot e e ol v'e o' ok o' ot o 9% ol o' 9 o e oo o vie o' o 9ot ot o ok e o e o e ot o o O o 9 e B o e e o o e Ve o ot o
78 c i '
79 ” DO 705 II=1,NR
80 N(I1)=1I
81 705 DUMMY(I1)=E2(II)
82 GO TO 720
83 710 DO 715 €1=1,NR R
84 N(I1)=I1. I
85 715 DUMMY (11)=E1(11) C :
86. 128 CONTINUE -
87 c ‘
88 s 5t v g 9% g e v oo oo de e e o ol oY o Ve o e e e S e e e e ot ol e e e e e e e o vl ot o e g o o 9 o oot el e ot e e Y v Y v e v
89 . C PROMPT TO DETERMINE THE LIMIT FOR SLOPE SIGNIFICANCE. .
90 C NULL ENTRY WILL ASSIGN IT TO A VALUE OF 10.0.
91 C:’fun‘nn‘ﬂ"**v‘n’n‘n e dede e R v e de o e dedle e o e el o o ot e e et ot sl a e ot R e 3 e ook e Yol Yo R e St e e ot et
92 c , ' o
93 . *IF(L.EQ.2.OR.MK.EQ.2) GO TO 515 -. ﬂ
94 WRITE (6,200) ¢ S
95 200 FORMAT ('INPUT DESIRED LIMIT FOR TEST OF SLOPE SIGNIFICANCE IF'
86 %/ ' OTHER THQN\10% (REAL NUMBER, TERYINATED WITH A COMMA):')
97 ~ READ(5, 100)FFL £& "
98 100 FORMAT(G4) ¢ =
99 IF(FFL.LT.0.1) FFL=10,
100 c . : :
101 C e ek e 3 o o e v o e o S v e de e S v deo St Sk e e s e e e el e de oo e e de e e e ok de e e e e e e et Aot st e e de e
102 C SMOOTHS DATA TO INCREASING POSITIVELY BY THE USE OF THE
©103 C BECURSION FORMULAE REFERENCED IN CRUDEN (1971). .
104 Cheksedeatdededkdedede dedededoordedededt ek dededededeae e e A dede e e dedede de e st ek de ke de e de e b Se e ek e e e e fe e
105 c ' '
106 515 I=K-1_ ,
107 J=K-1
108 12 1141
109 - I=J+1
110 AE (I)=DUMMY (J)
1 c -, .
112 C?r***w't" Fededee e e ek v Aﬂf‘*7':********************ft**{***f!f!f Sedede ede s d fede dedo de
113 C PLEASE NOTE THAT THE INPUT TIME 'IN HOURS 1S NOH BEING '
114 C CHANGED TO MINUTES. -
115 C***********************ﬁ****************************fc***********ﬁ*

116 C
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Listing of BFITZ at 141121 21 on MAY -31, 1987 for CCid=GSB7 on UALTAMTS 153"
¢ s C ‘ . o ®
. 117 AT(I)«TT(J)*GO o L

118 o w(D=10 S ) & ‘

119 117 IF(1 LEQ.K) GO TO 12 . . o L ‘
g 14 IF(AE(I)-AE(I-1)) 13, 13, 4 '
121 a3 BE(I-Y)= (AE(I)*W(I)+AE(I-l)*w(1’1))/(W(I)+w(I—1)) ,

22 AR(1-1Y=(AT(1) #W D) AT (- D (=0) /WD W=D~

123 o w(1-1)-w(1)+w(1 1) ‘ o :
’ 124 o 1mI-1 . e . ‘ o T

125 ?;\\n IF(1=K-1) 12,14,14° | o . N

126 CONTINUE. . o IR o o .

127 - & IF(J.LT. NR)GO TO 12 - L e

128 c - “

]29 Cv'rft***ff**'k*frirn*f vt ?H}**)\"“ﬂ"’"ﬂ\'**}r**************************7!*1(*****”*

130 C  INITIALIZE VARIABLES. ‘ : :

131 % Csnn‘e*:‘n’fﬂan‘n‘n ye o't de o Ve Ve e o r oot o e e e ot :n n***imaca‘rfn‘r*x*an‘r**s‘nc*w‘n‘n‘n‘r ‘-a\'a‘ "r*:u‘n‘-*v‘n‘n'
432 oCc ’ L e 4 e ‘
o133 . WW=0. ‘ ‘ ‘ R T
~ T4 . BBe0O.. S . I Con .

. 135 ' CONEV=C. | o N g B ‘

T8 . ., CONBO=0 . . ‘ - e U

. +.137. . TE=C. e R - ‘(:df>_v :
Coo.13e DW=C. L e s e oo

139"~ ' EER=C, , ;

140 . " EEM=0. . : T - - o
it © %, 9EES=0." ‘ ' S : B o
142, ‘ SUrT=G. . - ~ X .

,143% . SUMET=O. & .
144 ‘ SUMTZ=C. _ 3 ; . S o
T 145 - . SUME=Q, , * . ‘ N ég
Yt 146 | SBWXE2=C. 5 o
147 .. SXX=0.0 - ‘ S - ’
148 o - DWW=0, ; L N
4 o SEY¥Y=0.0" . L BN ./>
S15Q. T WWr=0'% ‘ . §
151 . AF=Ou. "
Loas2 o M= r+. , : . o _ .
© 153 & NC=I- o o : .
- 154 IF(L. EQ 1. AKD. n« ED. NR1) NCD=hC A L . "
‘ 156‘ . Ca. 1(. v‘:m:n‘:.n.}.s. R T L L oy v e ves "v:‘::'n‘::':-..) desd de fodt e it R :'::':-,':-."::’:5‘: .

157.  C .CALCULATES THE STRZIK RATE WITH THg/;voorﬂab DPTA nn HEh'.*L '

158 - C TAKES LOGS OF THIS STRAIN RATE AND/THE AVERAGE TIME o

1 5O . Comveratakstada st drdve sty ot 2 o ¥ Ve e e ¥ YT T B d e Ve ook S o “*sn‘(*:n‘n 7";0‘:::3‘:*’:)‘-**7’:: %” et ¥ey

160. - C ‘ ' o

161 - DO 1 J=M,NC TR ‘ )

162+ -. ER()= (AE(J) -AE(3-1))/ (BT (3) AT(J—1)) S -

163 N IF(L.NE, 1.OR.NR.NE.NR1) GO TO 3 L S

164 .f\\\ TP(J=1)= (AT(J)&AT(J 1))/2 0 SRR .

165 ¥ ERP(J-1)=ERW) o g - SR st
N [ 1) 3 CONTINUE -~ ' - ¥ Sl _
8T v.‘T(J)-ALOG10((AT(J)+AT(J 1))/2 0) e )aﬁg
©68 e W@=W @ w(I-n) /2. IR S L
. 88T . E()=ALOGIO(ER(3)) = R b e

170 WWSWWHW () ‘ RN S : : T

1”1 N EE(@=0.
R I suuT-suyT+T(J)+w(J)
173, SUME=SUME+E (J) W (J) |

R b 7 '_suxsr-squT+B(J)+T(J)*W(J)



"'l‘,; ey
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Listing of Brsz at 14 12 21 on HAY 31 1987 for CCid-GSB7 on UALTAHT‘!b 154

T

178 ’ suvzz-svn*2+E(J)us(a)ww(a) ,
176 1 SUMT2=SUNMT2+T (J) »T (J) *W (J)
=177 - - SUME2=SUME2-SUME«SUME/WW
178 . SUMT2=SUMT2-SUMT*SUMT/WW , -
179 SUMET=SUKET~ sunEusuuT/ww o ‘
180 . FME=SUME/WW £ ' : : :
181 FMT=SUKT/WW “wf\
182 DO 7 J=¥,NC \
- 183. SXY=5XY+ (T (J)- FMT)“(E(J) FHE)*W(J) .
184 7 sxx=sxx+u (3) # (T(3) -Fur) N . - 2
185~ € ‘ ; By T .
186, C?'n‘n‘n'n‘v7’:)'::'n‘r:‘n‘n‘n‘:\:\'ﬁ********* * ! *‘k*******************‘*****1\'***)‘({":
187 ' C U§ES‘LEAST;§% ARES TO FIRQE TRANSFORMED DATA TO A POWER
188 C LAW . .
189 . Colededendk s ¥t u 7'nnnnn‘n.1‘m.=.vn ¥ -nnic*an\-*v'n‘ '*:‘n a‘nh\'********1\-"*7\***:nhn'n‘n\-a‘ra'mu\h‘r
190 - C ' § e
191 B1=SXY/SXX o
192 " BO=FME-FNT#B1
193 DO 2 J=M,NC ‘ :
194 EE(J)=BO+E 17 (J) oo -
195 EES=EES+(EE (D -E(I) W () ‘
. 19€, EA(J)=E(I)-EE(J) -
197 EER=EER+W (J) # (ER (J) ) 3
198 . EEM=EEM+W (J) = (EZ ()~ Fn:)**z . ‘
198 IF(J.LE. y)cA TS 2 '
20C DW=DW+ (EL (Z)~ER (3=1) ) #
201 ‘ DWW‘DW&*EP( JHEER ()
202 2 COKTINUE
© 203 SSDYX=EER .
“ 204 EER=EER/{WW-2.) :
205 . 1F(EER.EQ.B) EER=10% (=€)
206 FF=EENM/EER ‘ S S
207 "~ CONB1=SQRT (EER/SUNT2) , .
208 . ' . COKBO=COKE® vS;?T((CUNTZ’WW+SUYT SUNT) / (WH#WW) )
. 209 DW=Dw /DWW - i _ /o
210 ' h " ' / VR
- 21 1' """""""""" ST Sy e v S e s e e s Vet Pk ol v S e e S o e e et STyt
212 ES FOR SUBROUTINE CFIT ='. , Y
213 ¥ ge P 8 S RSt Y dele N e e v e v o 7’n Pedere oSt o e Y e v et e e S
214 : o
215 1F (00, E,.&.PID Z. E” 0) 00=C i
215’ . o B ‘ . i K
L 217% ﬁ' “IF(NR. NE.NRR.OR.L.NE.1) GO TO 111 . -
218, =y . EEM1(MM)=EEY | o < - ' -
219 "NC1 (MM) =NC | - B
© 220 - DO 24 J=1,KC L
221 -7 LE(MK,J)= E(J) R .
1222 - L?(MM,J)=T - . R .
« 223 . 21 wa(mx,J) w(J) ~ o AN
224  C- ~ - N
. 225 . CRddvek in‘n"*a'n Fede e e AN +-‘ Jede st ;r*****u**f*****fn"**ﬂ*i‘t*****fn‘ 7t ﬁ:’rir*i’r*fnm
"226° .C CHECKS DW AND FF TO.SEE IF THE FIT OF THE POWER LAW TO THE
227 . C DATE IS SATISFACTORY ,
.. 228 = Can‘n:::: ¥ :‘-’ dededed ¥t a:-‘n‘ feirsededd 3‘n”i Ferdt e Vet dese e dede s :‘r*a‘rin‘nc-lrin'n‘ e e Sedede fe s de e de
229 - ¢C T N;, ‘
230 +° ., 111 .KDF=NR- K+ S e
231 - TP (NDF1E.20) 9&»1.36+¢Nnr-15)*0 01
232 ,IF(NDF. GT. ZO.AND.NEF LE. 3@) DU=1. 41+(NDF-20)*0 ooe

L e & . Lt L o

.‘.‘4' .
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Listing of BFITZ at 14:12:21 on MAY ¥ 7 for CCid=GSB7 on UALTAMTS ' - - 159’
. 233 - IF(NDF.GT. xo AND. ND#/LE 40) DU=1,49+ (NDF-30)*0.005
234 , IF(NDF GT.40.AND.NDF.LE.50) DU=1,54+ (NDF-40) *0.005
235  IF(NDF.GT.50.AND.NDF.LE:60) DU=1. §9+ (NDF-50) *0.003 e
236 1F (NDF.GT.60.AND.NDF.LE. 95) DU=1. 52+(NDF-60)*0 002 ’
237 - IF(NDF.GT.95), DU=1. 6 ‘ ‘
238 ' 1F(DW.G%.DU.AND.FF.Q]vFFL) 6T0 817 . .
239 " IF(L.EQ.1) NR=NR-1 P ’ ‘ , :
240 ‘ .. IF(L.EQ.2) GO TO %817 ,¢;f
241 . GO TO 515 Sren
242 c g
243 . C C . ' :
T 244, 817 NDIFF=NRR-NR ’
‘ 245 . IF(NDIFF.EQ.0) NFIT=1 ‘ : ’
. 206 ' IF(ANSM3.NE.Y) GO TO 8 ' SO
247 -~ IF(L.EQ.1) GO TO § N o
248 " 1F(00.EQ.2) GO TO 8
.249 BBO(L,MK) =BO - .
250 : BB1(L,MK) =B1 o SRR , ,
be281 G0 71C 702 - S o '
283 C oo dedraesrs e e dtonaedh Sl o't o ¥ Y T o e S e S e v v ot S e Ve e n‘-v‘t SeTevr Yo vt e e Yo et
‘254 c WRITES THE' DATA RNZ TJL s*pwxs*xcs .
25% . C:‘r:‘:4-.'::‘r‘.'::‘:la‘:z‘:{::':f: :':1'::';:‘::'::':7'. eyt st v vy Ve s e e gt el e e e deoet e o 3¢ e o' S ot o e Fe v O A e e gk e st 1""}
286 " C ' ’ '
287" .. 8 WRITE(" EGE)h“ . _ .
o288 206 FORFPT(///EC 'SETA PROM LVDT NO.',12,//) .
TTTZ259° . 416 CONT INJE, B o ’
260 - © WRITE{7,206) - »
261 208 FORKAT(9X,'TRENSFORMED DRTZ') o ' R ,
262~ WRITE(7,20%) o T s
263 209 FORVPT(11L,'TIMZ',51, STR RALTE, E',5X, 'LOG E.,9> 'LOG EE",4X,
264 v %'LOG E - LOG EZ',&¥,'W')
- 265 : WRITE(7 2116) ' ‘ ' _
- 266« 4216 FORMAT(11> '(V*v) ,3%, " (MICRG.E/NIN) ")
267, DO 8. =k, : L
268 C - SR
g‘;"ﬁ 269 - Cedededeas ‘o 3z 9e 9t ve 3 3R e Yo s o ok S Yo o e v U 9 3 o S o Y ¥ 0TS o oT N Sr ve e e ) e dle v de ve s e dr e T Sk vy
270 c THE LOG OF THE AVERASE T1N~ T(J) 1s Now TAKEh AS A POWER T
271 C, “OF 10 IN ORDER TO GEZ .TIME BACR FOR. WRITING. - T
272 C ’(7 ORI u TR IREE ] s S geser PR e :'-;'n'{ R R 7,? eskdese o Serdr S e ey
273 .c ‘ ‘
274 . - (J) JO (T(J)) s :
T 275 q@, Lo ;;;‘
276 .. Cyt N . ,. u
2717 WRITE(7 106)T(J) ER(J), E(J) EE(J) EA(J) W(J)
2787 .. 106 FORMAT (7X,F12.4,2X,F12.6, 3(1x Ei3.6),F7.2) A
279 9 CONTINUE , o o
280 ° " WRITE(7,210) ‘ D
281 . 210 FORMAT(//,9X, 'FIT PARAMETERS )
282 ' A=10%%BO* v S -
283 - CONBO=2#*CONBO CL )
284 .. . -~ CONBO=10#%CONBC - )
285 % CONBI=2#CONBI=~ . - ° .
286 . A1=A+CONBO : TV
. 287 ~ A2=R-CONBO- O
288 . BI=B1+CONE! > : ) '
288 . BII=B1-CONB! ‘ .

280 IF(000.EQ.1)GO TO 19
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“Listing of BFIT2 at 14:12:21 on MAY 31, 1987 for CCid=GSB7 on UALTANTS . ‘156
291 BOD=BO
292 B1D=B1
293, WRITE(7,157)A _ :
294 WRITE(7, 158%B1 = = R ¢
.. 295 WRITE(7, 105) A, A2 -
" 296 . WRITE(7,115)BI,BIT . T
297 105 FORMAT(11X,"' RANGE FOR A 16x E(5.6, 3x E15 6) '
298 157 FORMAT(11X,' B © '",E15.6)
299 115 FORHAT(11X"'RANGE FOR SLOPE, B .F12 7,3X,F12. 7)
300 158 FORMAT(11X,' SLOPE, B . , YLE12, 7)
301 - GO TO 29 : cT y : .
302 19 CONTINUE - ,
303 WRITE (7,357)A .
304 WRITE (7,358) Bt o : N '
© 305 - WRITE(7,305)A1,R2 . "
306 WRITE(7,315)BI,BII , PR :
307, 305 FORMAT€11X,' RANGE FOR C ';15X,E15.6,3X;E15 6)
308 357 FORMAT(11%,"' C : ,E15.6)
309 . 315 FORMAT (11X,' RANGE FOR SLOPE, D 'L,F12.7,3X,F12. 1)
310 . 358 FORMAT (11%,"' SLOPE, D : JF12, 7)
311 29 CONTINUE i : :
o312 . - WRITE (7,155)DW - S
313 ~159'FOaFA“(11“,‘ DUREIN WATSON STATISTIC © 'L F7.3)
314 RITE(7, 180) NDF ‘ . : ' N
" 318 18:.quﬁpv(11> DEGREE ©F FREEDOX FOR DW ',13) ‘
31€ . WRITE(7, 16" ) oy v _
S317 18 FORMAT(11%,' UPPER BOUKD FOR D _ ©Y,F7.3)
318 - WRITE(7,156)FF .. S
319 156 .FORKAT (11%,' TEST OF”SLOPE SIGNIFICANCE . ',F9.3)
320 . WRITE (7,21%)
321 © 211 FORMAT(//,9X, 'DATK FOR COYPARISOL TESTS' )
. 322 T WWeWW-2, : F
323 . " WRITE(7,122)WW Y
324 122 FORMAT (11X, wsmp'rmv "LF6.Y) .
325 . WRITE(7,104)FME,F¥
. 326 . WRITE(7,214)SUME2, surra L
1327 - 104 FORYAT(11X,' MEAN STRAIN. .',F11.3,
328 %' .MEBRN TIME ',F11.3) ‘ :
329 ‘ uRITE(7.213)SUMET,ssoyx‘ , R :
33¢ 214 FORMAT(11Y,' SSDY ',8X,F11.3,' SSDX ~ . ',F11.3)
331 213 FORMAT(11Y.,' SPDXY' 5)’.,?.1 ,' SSDYY. ' F11.3)
332 ~ WRITE(7,212) o E ' B
333 212 FORMAT(/,9%,'CHECK') " , , P .
334 . WRITE(7,}07)EES ., . S e T
- 335 107 FORMAT(11X,' SUM.OF RESIDUALS', 14X F12,6);*ﬂ,_v‘:”, :
336 WRITE (7, 124) K L, TR
337 124 FORMAT(///,11X,' DATA STARTS AT #, 13) o
33 . * . WRITE(7,125).NR .- L LT
339 125 FORMAT(11X ' DATA ENDS AT #' 13) Y s '
__3_4_@._ c ~. Vo '“ .. - N
'341 C+~l *3‘!1:***********:"(:#*f’****d\'***********************i‘******f"kft*ﬁ**'kﬁi‘f
342 C INITIALIZES couﬁTE FOR. SUBROUTINE CFIT, IF USED.*
. 343 C?'*?"}'ﬁt*"’*'f’**** Sy a’w; ***in‘n’c***f'fr***)’:'k*******1 *friri*;’n‘r:r-k*ufn ”uqan' fese -
5 344 © C # _ , .
345 - 1F(L. EQ 1ﬂNRF(ny)-NR ,
346 . IF(ANSK3. EQ. Y AND.L. EQ 2) GO TO 704
247 GO TO 703" . - ‘
348 704 MMM=2 R I R :




' 6? 8fiT2Vgtj14:12i2i.8n‘nni?31:'596#3:6{'c61556$é7‘op'uhlwiiws s

3

=349 K=t ' s ‘
© 350 ©2=0 ‘ ‘ . ;
351 c » , .
352 Cin’rin‘n'rﬂfnf'ka't*a‘un‘cfn'nn' ft'r*ft***:‘r****************ft*****i‘t*************ﬁ***
353 | o DIRECTS PROGRAN ACCORDING TO PROGRAM OPTIONS 1IN EFFECT.
: 354, Ci‘u’t*ﬂ'h*ﬂﬁ}ﬂ;)u*fﬂ'(fl‘ftf\'ﬁfn'l)’ﬂ'\’f(ﬂfn't**it**ﬁ*ﬂ***ﬁ***ft1'\‘*******‘f"’!ft*ﬂ***ﬁfy****)’nf
355 c : .
356 703 BBO(L MH)'BO
1357 " BB1(L,MM)=B1’
358 o IF(XANS!1.EQ.Y) GO TO 701
., 359 ‘ - IF(IANS3.EQ.1) GO TO 702
360 701 IF(MM.EQ.2)60 TO 702
‘361 GO TO 700
362 - » 702 CONTINUE
‘363 RETURN

364 - END - A B .
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Listing of INTEG2 at 1:‘12 28 on MAY 31 1987 for ccxa-ash7 on UALTAﬂTs v\ff 158

1., CCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC ,
w2 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCC
3 cccee . R ceeee
4 cccec SUBROUTINB INTEGZ ‘ - cceee
5 cceee INTEGRATES, STRAIN RATE TO DETERHINE ccecc
6" cecccc - - -DECELERATING STRAINS WHICH ARE SUBTRACTED. . .. .CCCCGC. .
7 cccee ‘FROM TOTAL STRAINS TO GET ACCELERATING STRAINS ' cCCCCC
- 8 - €ccee cccee
9 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
10 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC .
11 o . .
12 C**********ixs‘r*********************************************ﬁ***w* ‘
v 13 C VARIABLE DOCUHENTATION ‘
14 C TT: INPUT TIME IN HOURS. . '
15 ° C E: .ARRAY CONTAINING THE OBSERVED INPUT "'STRAINS.
16 C TERM: INTERMEDIATE VARIABLE USED IN THE CALCULATIONS.
17 C EE: DECELERATING STRAINS COHPUTED THRU INTEGRATION
18 C OF THE POWER LAVW. '
19 C EDIFF: ACCELERARTING STRAINS COMPUTED LATER PLACED
20 C INTO ARRRY E1 OR E2 TO PASS ONTO BFIT. .
21 Clesesevesededede s st e dedododddedestndn s 't 9t 3 S 97 ¥ 97 9o 9 Fe S v b ar Ak g de o v Sl st e vl e s ¥ ey o ¥
22 c ' :
24 SUEROUTIKE INTEG(E',E2,BBO,BE1,NRR,TT,L,XANS1,IANS2)
25 c _ L \
2€ .C " ‘
27 — Dzynns ON EDIFF (100 ) E(1000) EE(1000) , E1(1000) E2(1000/ ,
28 ' * BE2(Z,2), 591(2 2), TT(!OOO) '
29 € ‘
30 o) . :
31 REAL 'Y/'Y'/
32 c -
33 . . C “
34 ' ; M¥=0
35 NR=NRR
.36 . 20 MM=MK+: : )
37 IF(MX.EQ.2) GO 'TO 43 '
38 - DC 4C I=1,NR '
39 40 E(1)=E) (1) ' . IR
40 ~ C ‘ ' .
41 C: fevede e v e veeab s eyt S ey st v e dedt e st et *ﬂfnn‘nn‘n‘rkn*n: Yok de de s AnN )' Yo
42 c INTEGRATES STREIN RATE EQUATION FROM BFIT TO GET
43 c DECELERATING STRAINS -'FROM THE FORMULAE OUTLINED IN
- 44 .C CRUDEN (1971) TWO FORMULAE ARE PRESENT DEPENDENT ON
Qﬂ‘-45 'C WHETHER OR NOT B! IS POSITIVE OR NOT. THE TIME VARIABLE
46 . C 'TT MUST BE IN THE UNITS ON MINUTES FOR. THESE EQUATIONS TO BE
47 C VALID., THE TINE ARRAY TT MUST BE RETURNED TO BFIT IN HOURS. ,
. 48 : C,n‘n‘n #r vt e ekt **;n‘:a‘ndnn‘nn‘r****"n‘ *********************frftﬁ*a‘cfn'r'ltinr'himu
-49 c ' . -
. 50 43 Bo-BBO (L,M¥):
- B1=BB1(L,MK) L _ - ,
‘52 BO=10.#%BO - - P
.53~ ~ Bi=B1+1, : S v - .
‘54 . BO=BOYB1 . , i
55 = C e o L ' " ‘
5€ - Cs'-**)‘r'ka"*'k*:'.*v‘-:' £t 7‘:1’.1::.:.:. 7‘:*1‘:1’:*1’*’******1’ **********ft**iﬁ'**ﬁ'tnri i 1'rn-lr*1’ ¥ fr
57 " C DECISION 1S MADE DEPENDENT UPON THE VALUE OF B1. ' x
88 C******************ﬂt**’k****************************************'k*'lr1(

QV’.'. R o :
AR, A PO RSP



* Listllg of INTEG2 at 14:12128 on MAY 31, 1987 for CCid=GSB7 on UALTAMEE

92

ET

[y

c . | .

59 ‘ ‘ ”
N 60 IFP(B1)12,12,13 o \ ‘
61 12 DO 9 I=1,NR '
62 TERM=0. 000001/(TT(I)*60 0)
63 9 EE(I)=-(BO) # (10%% (- 6"81))*(1-(TERH*n( -B1)))
64 GO.TO 2 :
85 13 DO 1 1=1,NR'
66 TT(1) =TT (1) #60.0
' 67 EE(I)-BOﬂ((TT(I)**B1) (10**( 5*31)))
68 + 1. TT(1) =TT (1) /60.0
L 69 AN - ,
’ ']0 LT *h**ft*****************ﬁ*****ﬁ*********'h*********************'k'k*fn’r**
71 *'C. BUBTRACTS DECELERATING STRAINS FROM EXPERIMENTAL STRAINS
- 2 ‘C 1IN ORDER TO GET ACCELERATING STRAINS. '
4 r 73 ‘C***fn‘t*fr*‘k**anr*ar***br***ﬂ**nof****ir*******************************a\'*1‘:3:
74 C ‘ :
7% 2 DO.21 I'1,NR
76 21 EDIFF(1)=E(1)-EE(I)
’ 7 o c ~ )
4 78 thnnnun e de ol foe e dedede st et o Ve e e deve At I ﬂ*:n‘r*a‘nrﬁa’n :'n‘ratn******ftan‘nn‘nn‘r**u:’tm eyt et
7% . o ASSIGN ACCEL. STRAINS TO THE ARREY BEING PASSED TO BFIT.
80 C ¥t o e e o e vr o Ve de e :nn Jed's o ded e e e deded e a e et Jeat anr**a‘r*ft*n*****u*a e o'e e e o a'n‘n""r::
g1.. C o ; L
.82 : IF(MN.EQ.2) GO TO 1& ‘ -
:E .+ DO 30 I=i,NF _—
.84 E1(1)=EDIFF(I) _ _
85 . 30 E(1)=E2(1) ' - . L .
86 IF(%ANS1.EC.Y) G2 TC 20 ‘ o o
: e7 IF(IANS3.EZ.1) GO TC 995
- .88 GO TC 20
' . 8% 1% DO 31 I=1,NRK
90 31 Ez(x)-EDIFF( )
91 999/ RETURK

END :




Listing of CFIT2 at 14112135 on WAY 31, 1987 for co1a=asB7 on UALTAMTS

160

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

1
2 CCCCCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC '
3 cecce . _ cceee

4 cecee SUBROUTINE CFIT2 . - CCCeC .

5 . ceeee : OPTIHIZES THE FIT OF THE = v cccee f

6;) CCCC WER LAW EXPRESSION TO THE . ceeee

7 eeeee L "ENTIRE RANGE OF DATA B e geeee

8 cceee . - : ceceee

. CCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
'10 CCCCCCCCCCCLLLLLL;LLLLLLuLLLLLLLLLLLLLLLLLLLLLLLLLLuuLLLLLLLLLLL

1, c :

142 C**************n********************************ﬁ**********ﬁ**ﬁ*

13 . o : VARIABLE DOCUHENTATION

14 C LT: CONTARINS LOG TIME. , ;

15 C LE: CONTARINS,LOG STRAIN. ;
e 16 'C BBO:' CONTAINS INTERCEPTS OF FITTED LINES. :
ﬁgjﬁ7 C BB1: CONTAINS SLOPES OF FITTED LINES. :

18 C .R: RATIQSOF THE SQUARE OF THE SCATTER OF THE DATA POINTS

19 toll ABQUT HEIR MEAN TO THE SQUARES OF THE SCATTER ABOUT

20 . C- THE 0g§h LL FIT. IT 1S A MEASURE OF THE GOQDNESS OF FIT.

21 C DE, AE Ea, EER, : LOCAL WARIABLES USED IN

22 c. . THE CALCULATION OF R. :

23 Crededes fnn o 1\‘1-m Ve v o't oe e e vl e e vk o xvn’n‘r*in‘:***************n'k'k**fn 1 ot e deve o o e o

24 c '

2% SUBRDUIINEnCFIT(EENl,LT,LE,W1,BBO,BB1,NC1,K,OO¢

26 o .+ FF,DW,NKK,NRR,NRF,BOD,B1D)

27 C ; :

28 c Ty ) '

.29 \ REAL/LT(Z,1053),LE(2,1000)

30 ¢ - :

3 1 c 5

32 DIMENSION W1(2,1000),BB0(2,2), BB1(2 2),

33 i EEY\(Z) NC1(2) NRF(Z)

34 C 4

35 ' cC : B

36 ‘ MM=MNY - '

37 . L WW=0

38 ' M=0

3c '  M=F+1

- 40 NC=NC1 (KM) ,
T4 ) EER=O . . . ' ’ i

42 C . : ’ ' :
" 43 e desededededededkaeatar 7‘: e St e v e at e e doo "n' ¥ 1:1‘-***1”(***a’r****fn‘n'h‘n‘dt*a‘n‘du Fedevrdedeveat et
° 44 C CALCULATES R FOR CURRENT ACCELERATING CREEP PARAMETERS.

45 C 9 s ot e e Fe e o ol g gl e Sk e ok S st a ot ot 7"3:;0"*:‘*}:****“*-} 7‘n‘c*f-*******1\'**********fr*'l’n’n'rin 3

46 C ’

47 , DO 1 J=2,NC

48 . 'DE=BBO(1, MY)+(LT(MM,J)*BB1(1 MM))

49 " AE=BBO (2,M¥)+ (LT (MK, J) #BB1 (2,M¥))

- 50 o EE*ALOG 10 ( (10%#AE)+ (10%4DE))

51 EER=EER+W1 (MM, J) * (EE-LE (M¥, J))**Z -

52 , ¢ 1 Ww=ww+W1 (MM, ).

53 EER=EER/ (WW-2.)

54 R=EEM 1 (M¥) /EER

85 b . IF(00.NE. o) GO TO 2 ,

-56  C- R

57 L c***:*+;u**ﬂn****ff«******r***+*************+*******1*******ﬁ****ﬁ
58 . " C. WRITES L TABLE. OF FIT STATISTICS.



Listing of CFIT2 at 14:12{35 on MAY 31, 1987 for CCid=GSB7 on UALTAMTS 16

.59 .

60
61
62
63
"64

€6
67

68

69
70
7
12
73
74
75
76
77

8 .

79
80
81

82

B3
84
85
86
87
88
89
90
91
g2

65

v

‘ cnﬁwﬁw***ﬁﬁ****w*wﬁ*ﬁ*ﬁﬁw**a*wﬁ*wﬁ**********#******w**ﬁﬁw**Wﬁ**%**

c -
WRITE (7, 100) M¥
100 FOR?A*(// 22x 'PARAMETERS FOR EVALUATING TOTAL FIT,'
' LVDT NO,: ',I1,// ;
%34%,"' ACCELERATING CREEP , 33X, 'TOTAL FIT' / ~
*16X, "RANGE ' C“ SLOPE,D ',6X,'R1',8X, 'Dw' 3%,
#'DAYS TO INFLEXION' sx 'R')
2 DTI=10% ((BOD-BBO(2, HH))/(BB1(2 MM)-B1D))
. DTI=(DT1/60)/24 '
C=10%%BBO(2,M¥M)
"WRITE(7,101)K, NRR c BB1(2, xn) FF,DW,DTI,R
101 FORMAT(14%,13,' - ',13,E15.6,F12.7,2F9.3 4x.r9.3,7x,r9.3>
¢ .
C***a‘rfnh\'7‘ri‘tar'lr***'In‘nr)‘n‘r)nrar7'n‘c*1’:1‘r'k**f'********#**********************fn‘n‘nr

C TESTS TO SEE IF DATA MEETS TERMINATING CRITERIA.
C*a’r*s‘:*v’rn**frk'fnrm‘nrn*n,r*nam*'fn‘r***ﬂ************fn‘ 2% 9% 3% de ok o e ok o o' o o e vl e o e ookt
C . o

EA=BBO(2,MN)+ (LT (MK, M) #BB1(2,KM))

ED=BBO(1, MN)+(L*(MV,v)vBB1(1 MM))

EA=EL~O. .
00= 1 : - PN
IF (EA.GE.ED.OR. X E.NRF(MM)) "GO TO 3
GO TC 4 ' ' '
3 00=2
C
Cededesten Sode vy vt et sty e Bk septiedt -:‘::’::‘:7’: ISR AR EE IR IR XL IRt S TR LRt R SL SR TS TR TR

-C RANGE OF DATA IS NOW DECREASED AND CONTROL IS TRANFERRfD 'TO
.C BFIT TO FIT A POVWER LEW TC THIS NEW DATA RANGE.

Chleal v de e de o S sl sle e e S e et gl gy o e S dan s g Yo e 7'( ofe ot 9% 3 e 3 o ok Jo ol d oo ok dedle o ve S dededfe Ve et e Stttk
K=t-1
4 RETURN
ENEG

\ ,
e ‘ : .



Listing of CPLOT2 at 14112143 on MAY 31, 1987 for CCid=GSB% on UALTAMTS 162
. t \ Y . * o

VOISO LD WN =

55
56
57
58

i R @

e

it
i
B

(9]

. C DETERMINE IF IN BATCH MODE.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCéCCCCCCCCCCéCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC

cceee ; ceeee
ceeec . SUBROUTINE CPLOTI.2 : ceeee
ceeee : MAKES PLOTS OF @ .. cceec
~ ceeee R STRAIN RATE VS TIME . ceece
ceceee . ; ' AND ' -ceeee
cceec ', LOG STRAIN RATE VS LOG TIME ceeec
ceeee : ceece

CCCCCCCCCCCCCCCGCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOeee
c ‘ ‘ .
C***ﬁ}**ﬁ*******%ﬁ#*****************************************;***
C THIS SUBROUTINE MAKES USE OF THE PROGRAM CIVE:GRAPH.

C PLEASE SEE THE WRITE-UP IN THE CIVE FILES FOR MORE INFO.
’C******ﬁﬁ**********ﬁ*************************************ﬁ******
C 1

_‘C**ﬁ**iﬁﬁﬁf**ﬁ%nmﬁuaa****x*i****************ﬂ***********u*****ua

C ; VARIABLE DOCUMENTATION.
C OPTNS: OPTIONS WHICH ARE CALLED FOR THE PLOTTING OF
c THE GRAPES.. ' ‘

*’C  LABELS: LABELS USED WHEN PLOTTING. ;
C*********ﬁ*#ﬁﬁ******ﬁﬁ************************ﬁﬁ************ﬁﬁf*ﬂ*
c ;

b S
SUERCUTINE' CPLOT (ESTRK1;ESTRNZ,ELPST,BBO,BB1,NRR,
s “TP,ERP,NCF,ITN1, ITNZ, RRNS T, TANS3;ANSM 1, ANSE2) '

P : i
M
vazn SION ESTRN1(1000), ESTRN2(1000) ELPST(lOOO) BBO(2,2),
BB1(2,2) ,AE(1000), E(1000) T(1000) ,AT(1000) ,DX(4),DY(4),
% , LABELS(24) OPTNS(25) TE(1000) TP (1000), ERP(1000)
* XD(2),¥D(2)
o
C * . .
' REAL LOG/'LOG '/,Y/'Y'/,TWO/'TWO '/,ONE/'ONE '/,BLANK/' Y/
C .
C 3 e de v at de ot de e SRl S e e eSS S e de e Sl e st e din b e de e e e e e e e de e e dede et ol de ek SRR
e INITIALIZE ALL THE LABELS AND THE OPTIONS FOR CIVE:GRAPH. !
C 7o ve e vle vl e delt dle v e sl e S e e dedleg ot ot rau’x*xyavut3*x**uﬁn***n*n******ﬁfﬂx*ﬁuf,
C , ..
REAL LABELS/'TEST',' NO.!,': ',2%' ',' LvD','T NO',
‘ RS LY ', "TIME', 3%’ ','STRA','IN R',
i *'ATE ',4%' */,ITN1,ITN2
, REAL OPTNS /1.0,24%'NO '/
c

Car”**a*****ﬂ*77**1*1*******n**f***********#*********1******* Ie fe oo e v'r 5t

C*xi*r*f**x**?’************7w*v****ﬁ**************ﬁ*******ﬁk**tﬁ*ﬁ**
c . '
CALL CREPLY (&8)
GO TO 9 :
8 oprns(4)-1— : : = _ t |
c ; -
C*******f+++**f*+i**f*x*****************#***i**ﬁ***i*f*********i*ﬁi

2 C PRONPTS TO DETERM2NE DESIRED PLOTS.

C*i*nﬂ*****+****+3¢ ***##***n****i***************r***ﬂ**ﬂ**f*ﬁﬂ“iii

- C

~9;WRITE(6,20Q)



Lilt‘ini; of CPLOTZ at 143’12:43 on MAY 31, 1987 for CCid=@SB7 on UALTAMTS 163,

\

55 - 200 FORMAT(' WOULD YOU LIKE A LOG STRAIN RATE - LOG TIME PLOT?(Y,N)')
60 " READ(5,300)ANS! ‘ : o
61 300 FORMAT (A1) . '
62 WRITE(6,204) . ,
63, 201 FORMAT(' WOULD YOU LIKE A STRAIN RATE - TIME PLOT?(Y,N)')
64 READ(5,301) ANS2.
65 . 301 FORMAT(AY)
66 —— IF (ANS1.NE.Y.AND.ANS2.NE.Y) GO TO 1000 ,
. 67 IF (ANSM2.EQ.Y) GO TO 111
68 c * ' ' a
69 Cfr*******_**fr****m‘t*******1\'*****************************************
70 C LOAD GRAPH. ‘ .
A C**********)’tﬁ**'kv‘n‘(***.**ﬁ**1’!{(**********_*************************‘**
72 c’ ‘ =
73 111 MM=0 . . .
74 50 MM=MM+1 K : .
75 IF (MM +EQ.2)GD TO 1 :
76 : LABELS (4) =ITN1 '
77 LABELS (5) =ITN?2
78 1 CONTINUE
79 c
80 Ca‘nr\ na‘wn‘nr:unn‘ Je % ' ¥ Ve O v e e Ve oY vt 1:**):7:*7‘"”:, e 9t y'e ¥ 9% ve o't 3 ot ot o e e de oo O Sk sl e v e Ve e e e e o
- 81 [9) TRANSFERS STRAIb RATE .AND TIME.
2 Cle st de dedear dedeqn e :"a Ao et gt 5 9 ol s e S g Ve dtlok s st e ety frvnn‘f)‘n‘n‘n‘r;‘n‘n‘r*a Feat e dede e e dede e et
82 c
B4 '~ DO 10 J=1,NCF
85 ~ E(J)=ERF(J)
86 " TE(3)=TE ()
87" 10 T()=TP(J) .
88 © IF(MN.EQ.1) GO TC 15 .
89 AX=TWO ' : & .
Q0 GO TC 16
91 15 XX*ONE
2792, 16 CONTINUE Co ' O
9z , - LABELS (&) =X . S - ‘
94 c ; , . ' ~
-1 C 9t ¥ ot ¥ gt e e e e e ol e de o Sy S S e S S e ¥t 3% o 0 ve de e oo ok rs‘n.an.y.:. o3l Ve e ok Yo ak oo ot )"xs\'a Yede et
9¢ o DETERYINE MAYIYUV ANT YILIYUY VALUES ‘
\97 Crevrat 'i: & Yeut vty :' St ¥r¥e e o o ot o 9 ot v ot o ot ¥ o' o o' 9 we ot Yoo o S s Mok ol U S e S e e e e o e
98 c : '
. 99 J=0 ) '
5 100 25 J=3+1 o
101 EMIN=E(J) - ‘ . -
102 ~ EMA¥=E(J) ‘
103 IF(E(J) .LE.O. o)co TO 25
. 104 20 J=J+1i N
105 h IF(E¥IN,LE.E(J) .OR.E(J).LE.O. o)Go TO 21
106 © EMIN=E(J)
107 '21 IF(EMAX.GE.E(J))GO TO 22
108 ' EMAX=E (J)
,109 22 IF (J.LT.NCP) GO TO 20 ,
110 C DELETES NEGATIVE STRAIN RATES i ]
1M o IF(ANSZ.NE.Y) GO TO 4 i
112 . C
113 ) C****:\w\'7‘!******3-a’-,‘-7‘**:‘:*1"1‘:3‘7(*7":"*7“*7"*:‘!**’?*":‘??6‘:*’:3‘:: dkkd **3‘:7‘nn.a’d‘t*7n.:.a.z‘:v. ¥
114 C PROMPT FOR STRAIN RATE - TIME PLOT PARAHBTERS
115 C*******a\‘********a‘n\'*r‘c********ft************************:","*****x:‘n‘nn ¥

RT- R - . . .

' L
o



?”»\
¥

117
118
119
120
121
122
123
124
125
126
127
. 128
129
130
131
132
133
134
135
136
137
138
13¢
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

158 .

159
160
161
162
163
164
165
165
167
168
' 169
170

171,
172"

173

174

Listinq of CPLOTZ2 at 14

' vmﬁw
2:43 on MA! 31

. WRITETE,202)
WRITE(6,203) EMIN
'WRITE(6,204) EMAX
WRITE (6,205) T(NCP)
FORMAT ('
FORMAT ('
FQRMAT ('
FORMAT(' FINAL TIME:
$RITE (6,206)
206 FORMAT('

_*(TERMINATE WITH COMMA)

READ (5, 302) OPTNS (11)

302 FORMAT (E20.0)

6 WRITE(6,207)

202
203
204
205

1967 for CCid'GBB? on UALTAHTS

]

', F12.6)

!.rwo 3)

.')

207 FORMAT(' INPUT DESIRED Y AXIS SCALE (UNITS/INCH):')

READ (5, 303)OPTNS (12)
303 FORMAT(E20.0)

IF (OPTNS (12) .LT. 1oooooo) GO,TO "7

WRITE (€,220)
220 FORMAT (' s
%COMME')
GO.TC 6
7 WRITE(6,208)

ERROR Ve st

20€ FORMAT(' INPUT DESIRED.
REAJ(5,30n)u..h¥( )
304 FORMAT(E2C.0)
WRITE (€,20%)
20% FORKAT (' INFUT DESIR

READ (5, 305) OPTNS (%)
305 FOR¥AT(E20.0) |
) WRITE(6,210) /|
210 FORMAT(' ;
READ(5,306) OPTN< (10)
306 FORHAT(EZC.OX‘
c .
C o S de e vt e St Pr a3,
c DEFINE DESIR
Cor e dedtdesede
Cc L
opTNs(e)é1.o
OPTNS(7)=1.0 '
./ OPPRS(16)=0.
! OPTINS(21)=1.0
PTNS{24) =BLANY.
OPTNS (8) =0
/ OPTHS (22) =1
/  OPFNS(23)=0.04
LABELS (13) =BLANK
'LABELS (17) =BLANK
ND=NCP

OPTION

LR bt ms TRITE IR R IR LR

c
4 TF(ANS1.EQ.Y)GO TO 5
Gd'To 60
€

INPUT DESIRED

:3$1a’a devesese

CALL GRAPH (TE,E,ND,LRBELS,-

LL INPUT VALUES MUST BE TERMINATED BY A

A

OF Y AXIS (INCHES):')
A .

LENGTH

'

Y RYIS

LENGTH OF X AX1S (INCHES):')

Jedegt sty

.

(TIME) SCALE (UNITS/INCH):')

INPUT DESIRED STRAIN RATE VALUE AT ORIGIN OF Y AX1S

f .
3o e 3% o Fe o o o' o't Fe Yot Yo Ve oo o't e e e dl e St e e v ek et

T3pve dr e de v ot "-f" % do o e dede ok de gt de de sty dededr i usrsn

1,0PTNS)

c***k**u*)‘(****************'I\- *********************’kft***'k*ﬁ**ﬁ*ﬂftir*'k

€ CALCULATES AXIS VALUES

L se—e—t—

N

R’LOG ‘E-LOG T PLOT.

NG

FOLLOWING ARE THE zxraans VALUES IN THE T VS E PLOT")
MINIMUM STRAIN RATE:
- MAXIMUM STRAIN RATE: ",Fi15, 6)



meu of CPLOT2 at 14112143 OFf W4

'1%5
176

117

178
179
180

181

162

183 -

184
185
186

187,

188

189"

190

I

192
€3
194
1t
196
17
19€
199

200 -
201 -

202
203
204

205

20€
207
208
209
210
211
212
213
214
215

216

217
218
219

. 220
221
222
223
224
225
226

227

228
229

230

1231

232

cvmmmwvmmewwwwﬁmmw**wm*w***nw
e ,
5 XAALOG10(T(2))
OPTNS (8) =FLOAT (I1FIX (XA)) =1
XE=0
XE=ALOG10 (T (NCP))
XE=FLOATCIFIX (XE))+1 £ . O
OPTNS (9)“XE-OPINS(8) o ‘ N fo o
XC=10. _ , \ , T N
YA=ALOG10 (EMIN) . N ‘ '\ia%f"'” v
OPTNS(I1)'FLOAT(IFIX(YA))-1 i L RETY S
YE=ALOG 10 (EXAX) . N e
~ . YE=FLOAT(IFIX(YE))+1 i ", b 9

OPTNS (12) =YE-OPTNS (11) ‘ N !

OPTNS (6)=2.0 :

OPTNS(7)=2.0

OPTNS(17)=1.0

OPTNS (18)=2.0 . -

OPTNS (20)=0.0€ :

OPTNS(21)=1.0

OPTNS (22) ="

OPTNS (23)=0.04 .
LABELS (13)=LOG . - . "
LABELS (17)=L0OG ' -
C.w ‘ .
CRLL GRAPH(.u,-,~~,LPB~u_,1 OPTNS)
C . ’
Criege ot st Voo v ye Vet 3 s 8 37 9k v ¥e v o we g Se gy 7’ Yo 5’7 3 Yo r e 3k o o' e 3 ¥ 3 e o' e o 9t vt 9t o o o S T aale Ve e Fe st de ol S e ot

S CALCULATEc ANLC PNOTq BEST FIT LINES FOR LOG E - LOG T PLOT,

(01228 T X SRR IRIT RIS (F RIS LR R TRY s'.a'.!'.)‘.".in e 70 3% 3¢ Yo ¥ 3¢ e ok 9% 3t 9 ot ok ok ol e ok ok ok ool o 3 oo o v e s d St S ok

C

K=0
40 K=K+
TF(ANSY1.KE.Y) GO TO 41
IF(K.ER.2) GO 7T €0
. NC==-2
GO TO 42
41 NC=K+1
~ IF(K.EQ.2)NC=-Z
42 ND=4
' OPTNS (21)=2.0
OPTNS (22) =4
OPTNS (23)=0.01 ‘ .
D=0 . . . » ¢
DX(1)=T(1) - ’
D=BB1 (K, uv)wALosao(Dx(1))+Bao(x M¥)
DY (1) =10%%D
DX (2) =T (NCP)
D=BB1 (K, MM)*ALOG10(DX(2))+BBO(K M¥)
DY (2)=10*+*D
DY (3) =EMIN
! D= (ALOG10 (DY (3) ) ~-BBO(K, un))/aa1(x nu)
i DX (3)=10%+D
DY (4) =EMAX ‘
D= (ALOG10 (DY (4) ) ~BBO(K,MM)) /BB 1 (K,MN) : \
DX(4)=10%*D :

DO 43 RK=1,4



233
234
235
236
237
238

239
240
241
242
243

C 244

245
26
247
248
249
250
251
252
283
254
255

C

" C
aﬁ

C
c

c
C

43 IF(DY (KK),LT,0.0000001) nv(xx)-o 000000t

.

DO 45 L=1,4 B
WRITE(7, eovo) DX (L) , DY (L)
8070 FORMAT(2G15.6)

45 %ONTINUE

[

CRWL GRAPH (DX, DY‘.D LABELS,NC,OPTNS)

IF(K.LT.Z)GO TO 40

L )
60 IF(MM.EQ.2)GO TO 999
IF (XANS1.ER.Y) GO T2 50
IF (JANS3.EQ.1) GO TO 999

GO TO 50

999 CALL GRAPE

1000 RETURRN
END

’

(TE,E,ND,LABELS,0,0PTNS)



‘Appendix C: Assessing thewﬁthing AbilitY'ofrcphcxz

e . - o . : _
,ThenauthOr could not locate any.. preV1ous work where thef,‘
i :

f1tt1ng ab111ty of CPACKAtf1ts ver51ons had been tested.
Hence, thls appendlx,outl nes the procedure foI&\wed and the‘

results of such a s;udy carrled out on. the latest ver51on,‘
cpAcxz(\ ) ' ' >

"An equatlon was assumed wlth 51mp1e cpefflclents, such

1000 tﬂ'.o. + 107 P - Ic.1]

A

.,

- Tlme 1ntervals were chosen, and the Strainﬂrase/was R
" i

'calculated w1th Equatloh C.1 at the tdme 1nterva1 m1dpo1nt
\ ;
The amount of dlspLacement per t1me 1nterval was computed by
multlplylng the m1dpo1nt straln rate b the elapsed t1me of '

3* the 1nterva1 The amount of total dlspl cement was

,‘accumulated by succe551ve&summatlen of he interval

\

d1splacements.‘The total dlsplacements ,ere then assoc1ated

"WZth the flnal t1me value of//he 1nterval These two
e :
parameters were 1nput 1nto CPACKZ 1n order to see what'

o / _
: equatlon was calculated by the program.,i 5

;w_ Three dlfferent values, 3. 0 6 0 and 9 0 were dh’»*

substltuted for tH&‘exponentlal coefflent D 1n the second-g
- 4

-

tarm of the equatlon. Thls was done to 1nvestlgate the
. e
flttlng abllltx of the program as the second térm'a slope

became steeper and as the slope dxfference between the two

' terms became greater."xﬁ-,,;"f’f e




- became smaller) as the”order of the equat

N \ g . : : o ) N R "
e P o . N . S . .\ L sy . ’ o
. C o Bl RN . B i .
e . . . T : 168
\ EEY . # . .
L . . .
1 . N . . v . N

e Tables C. 1, €.2, and C.3 di‘splay the, inputﬁfiles‘ for
the thlrd order, the 51xth—order, and the n1nthPorder

: equat1ons respectlvely. Fzgures C 1, C 2, and C.3 111ustrate‘

*

- the f?ﬁ,g; the program deraved equatlons in relatlon to the

data p01nts. The output for’ the three respect1ve runs are

located Just past the above flgur%ﬁ;} | | -‘ o

The three resultant equatlons om CPACKZ were,w

939.7 %% £ 0.5316x107"" ¢ 07
. h T ,"‘ W o : : V o .
- .‘3" . "'\;_4‘ . . ) ?,: 0‘; . i’ ' R
o o VL g B R L
525.0 t°7%% 4-0.3551x10" P Mald P lcaT

m
]

m
n

. v ) '. [ | v . . .‘.’ . - . ' ' C )
e = 73401 t% + 0.2894x107"" ¢ 1077, [c.41"

i w

In all three cases, the values for the coeff1c1ents A, B,,

“~

and C were leSS than the values assumed for calculatlon of

the 1nput p01nts. Arso, the exponent D value was greater

Rl

t a he ass n all cases It should als be noted that
| %‘ . “7@‘% T ¥ |
. thi Durbln Watson and the Test of Slope Slgnlflcance

statlstlcs 1nd1cated a good flt to the data for all 51x,

.
terms,

s ' ' : . -

- Values for botg 4 and B were all lower than assumed

w1th the greatest dev;atlon for both occurr1ng wlth the v

s =
451xth order equatlon. The dev1at10n from the assumed value
-

gof the>c coefflent became greater (1naabs:§’te terms,‘c';

n 1n'reased Thhﬁ

Q

smaller- than expected value for C can be corre&_

W ‘. : ¢ STl T N,



. ;! o : e ! ' . ~'
» . S X - . . X : : »’ - T R 169
I - o ' f o e

larger than expected value observatlon for the exponent D.
‘The program calculates a. steeper slope (conservatlve error)

v

for the second Qerm of the equatlon. The amount of

:, dev&atlon, w1thwrespect to the assumed value for D wvas 12%,\
:ll%, and 20% . respect1vely. |

. The. program seems to f1t some of the effect of the

;}Msecond term to that of the first, before thefstatlstlcs‘

'.alnd1cate a bad fit. Thls would explaln the " reasons, for gbe
-lower values of both A and B Because now, some ofvthe

. 'second term has already been fit by the- flrst term close to

A

‘;ts start, the slope of the Second term became steeper than=

\

' the true case. Therefore D became larger wh11e c decreased

T ™
PR

 in value.: : o o
8 : ‘ >
It is. p0551b1e,‘thi§ there may, be some 11m1ts to the

: power dlfference of the two terms that the program can

A

A -~

dlfferentaate between. Thls phenomena reqﬁ}res more study .

-

and the program may have to be mgdlfled to sharpen up" the
£1tt1no procedure, by cutt1ng off the first’ term sooner,

u51ng\str1cter statlstlcal crlter}a perhaps.r_ a[‘&x"

w



. ! \ .‘.
Table cC.1 Input file for .the thxrd order equatlon. :

0,¢,0,0, '0,0,0,0,0,0, v

~.0,0,0,0,10,0,2000.0,0,0,0, . o

] 0,0,0,0,20,0,2666.6750, o,h, R AR e
0,0,0,0,30,0,3066.67,0,0,0, » -

- 0,0,0,0,50,0,3566.67,0,0,¢, .
0,0,0,0,70,0,3900.00,0,0,0, \
'0,0,0,0,90;0,4150.00,0,0,0,

'0,0,0,0,100,0,4255.27,0,0,0, :
0,0,0,0,120,0,4437.09,0,0,0, - Co
0,0,0,0,200,0,4937.12,0,0,0, ; L
0,0,0,0,800,0,6144,62,0,0,0, K '
0,0,0,0,1200,0,6584462,0,0,0, - ‘
0,0,0,0,1400,0,6782.41,0,0,0, " - ‘ . ‘ s
‘ 0,0,0,0,1500,0,6881.86,0,0,0, ' ‘
0,0,0,0,1700,0,7088.78,0,0,0,
0,0,0,0,2000,0,7440.89,0,0,0,

' 0,0,0,0,4000,0,13507.56,0,0,0, -

- 0,0,0,0,8000,0,100574.22,0,0,0,” , 5
Table C. 2 Inpuf flle for the sixth- order equatlon. '

e 0 e Co " o ’ ’ "

B R T n hg&’ . ,
;0,0,0,0,0,0, o o, » _ e ' e
,0,0,10,0, 2ooo.b 0,0,0, ‘ ‘ N :
,0,0,20,0,3666.678,0,0,0, '
,0,0,30,0,3066.922,0,0,0, -

,0,0,404,0, 3354 475,0,0,0,

,0,0,50,0,3585.001,0,0,0, . N
,0,0,60,0,3794.50,0,0,0, -
,0,0,70,0,4023.77,0,0,0,

,0,0,80,0,4335.08,0,0,0,

,0,0,100,0,5620.18,0,0,0,

»0,0,200,0,120193¢10,0,0, o,.,

PR - .4

Table"Cug'Input'file for thegninth—order1equation.
. M -~ ’ ' - ) ¢ .

.- u

© % ,0,0,0,0,0,0,0,0,0, A
*9,0,0,0,6,0,2000.0,0,0,0, . A
. 0,0,0,0,10,0,2500.054,0,0,0,.
.. 0,0,0,0,14,0, 2835-451,0;0.0, : A
% 0,0,0,0,18,0,3112,939,0,0,0, - T
'~ 0,0,0,0,20,0,3282.74,0,0,0, B :
) - 0,0,0,0,22,0,3536.83,0, o Q,
‘ ! \ 0,0,0,0,24,0,3984.02, 0,0,0, ,
e,0,0,0,30,0,8781.6,0,0,0, :
‘o,o,o,o,4o,o .

,87862.95,0,0,0,1,

S

N
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,"

1,?TE$T NO.:™ * THIRD

dfithq;thifdborder,eqﬁatibn.T‘

- LVDT NOZ

';%Fighre 611‘F;t'°f~the'r¢5U1tént éQUatiQhﬂtQ‘thé'data}Poiﬁfs

2

51\ .
y. 100

JONE -

¢

-

a ., s
4 gb

<



&104

wn
LR LR

N
T

—
O
W

lLllLll‘_l. Ly gy

oF 1T rrrrl_

'0

L

(o

e

, ol 1
sz 1o

[ - S
= - .
m 5" . ¢
8 . F .:
o _

=
Q
2

&
gl -

L2k

11

oo gl el e
oo .- T otor #0020 10
» TEST NOI5:SIXTH  LVDT NO.: ONE -

2a - . s v X .‘
¥
?

R s o . . R ‘ v R .
P . e ) . . . ) . ) ‘ )
v R W s X : A sanis . -

| ""ng,ﬁ%;e,«c-'?:i?it’:o; the resultant equation to the data points
S » - ) o ‘ C s - ' [ L Ls T v
o offghersixth-order .equation. . 7



1g0 =

" TEST NO.:

’ N

v w

ﬂJFiguré'C.3vFit of the resultéﬂf equation to ﬁhe:qaté P

inthe ninth-order eguation,

L

10!

“

~ LOG TIME °
NINTH o LVDT NO.:

PR N
R SR
Toale

>

-

¢

. ONE

¥

t
Qu

. 173
A .
. !
1 04 . j'. T T
: - ®
5\-
L ®
T v 9
: ‘ C w | = IR
[ ﬁ’ Y ‘ 1"1’; = ) v
. ~l|:l—--l . ‘SF' ) e <" K
C L ) : J
' » ¢ - 2 -4 ‘ '.'—'«'?
S 9L -
Z -
— E .
%' 102 - -, -
X0k f : | R
8 R b . s ;1 - .. o @ —
a0 - | N | -
~ E ~q . s . " FA‘Q ' ¥
| Q. .
o e . -
= . : -
sf | | ]
B - . R
| [ .- ' N
v b * - -
2t «s -
" l st ! ’ - ' : 2 ‘ ‘
100 / : IR G ST SR N A B | l g_‘l [ N B 8
2 3 4 56788 T3 6 7

oints



- i e . B - Lad . -
. . " 00°s+  10-3ZiywLOC” 0.%10-360G90Z°0 10-31Z6EIV O mmmmmoﬁ < .. Be65 666 U |- ¥
- - 00"t  +0c3EZ31E€1 0-7"00+386891E O 00+ 3IYLLECE O 108 .n. -+ 0b66°66 R 85
i 00"t  TO-3IBERLEL 0H00+3I98BEOB 0" 00+3ILOBG6L O E6E < 96667664, . RREERRER -

) 00"t  ZO-3S0L3¥S:O--00+3IPZOP96 O 00+34 19856 O PEE06O m : 8666 604 - - L es
~ 00°4y  Z0-3c4z8Ew 0L 503699201 'O ' 10+30EZZOI O  000LZS Qb ~ - L6G6'PE ~ - Ats
~—~ . 00°% ZO-3vI6ZZE O- 30+3EIOOLE O 10+306960+" O _~BY866P Th . H666 6L e

00°L  ZO-36SEPZH O- 10+360EZZI O 10+3P8IZZI O »0OS999:94 . BEGB 6S T T e 08
- 00+ ZO-30EBSSH O +0+3IBEYGEI O 10+IP6LEEL O SI10000°SZ . * 6666 6E - R 1 2
00't ZO-3GLLOBY O ‘10+3BZL6G1 O 10+390¢091 0 '6E6666°6€ . 0000 ST : ey
’ ‘004 ZO-3vPBIEE” om 10438561 81.°0 +0+316€Z281°0 LL6999°99 Q000G " Si Y |
o e T - (NIN/3QudIW)  (NIW) = . o bdd
W - o A 33 907 - 3-9071- 33 901 3 901 3 "31vE 1S . AmlL o L S¥:
3 o g - : © ¥1vQ O3NN0JISNVHL. - v
- - o s . . T e hd : ot 4 4
Mw. > . , . - zv
L t "ON 1QAT WOdd viva, . PR % 4
- w . . . . oy - -
) ¥ " . : ST o 6E-
o - . i A : : . o 8e
) 2 C .oud’oouuctouuucgob.o‘ﬂ._ &30& 01 vivQ 43332 9NI1vd313230 40 h~ua ocq.cooi.cicﬂocoooot r,, - AE
. E R & F - ) AR o
- . K ) $881 "vLS00M : 00 ol 0'© EEE'EEL - .8 .®E
- e e i 00 L 9SS LOSE} . 00 *0 0o L9999 . L S €€
- " I o0 - . - 188 OvRL 00 Q-Q €EE'EE - 9 . zE
- © g v . .00 'g80L 00 ‘00, EEE BT St ° T ME
AR ¢ -0°0 1889 ° 0'0 00 000°SZ . v . ot -
x 0°0 " &BLO "o'0 00 EEE €T €V ez
; ’ b 0P "¥8S9 00 00 000:02Z B 1 B T
) \\ T 00 “pri9 00 .0°0  EEE’E} T
N 00" TLEBY 00 - 0'0 EEL'E ot - 9T«
. - 00 “LEvE 00 e - 00 L,000°T 6 - -
* 00, BT 4 2 . 00 0°0 - '£99°}4 8- vZ.
N . _0°0. N32%% v g 00 00 00§ 1 L -oeTr.
; 00 “bust 00 00 L9y 9 44
< oo YYLL, .00 00 EEB O s T
00 "9v0E 00 . 00 005" 0. 14 (074
. R - 00 9dy¢ 00 00 ¢ €EEO € 61,
.t .7 0’0 é - 00 o0 L9470 ¢ * T
. 00 ’ . 00 - - 00 00 b L)
. . ) (0¥D1R) ¢4 vt L vdd N ’ SUNOH 91
. . ‘ ‘ NIV3LS "9ON3I - % NIvHLlS DONI  3aNssiad 113D gvol INIL. . Y3IBWNN Sb 4
i : . ~ . 4
L . S T A wuw & o0 = T1GAD 403 ONIQVIY IWILINI £h
- . . c e B . SN . wu 00 = L1GAT 304 ONIQV3Y¥ WILINI = - Zi
e ST \ . vd¥ 00 = 3ANSS3¥d 1132 IVILINT b
" - N 00 @ = Qv WWEILINT O
P : a S : - : 6
- , ; : ) . * wh 000" | = uor3m 1dwvs 8
: B A . . . S k : Co ww 000"} =, 4313WVIAQ 3dWVS - L -
- - = . . ww 000 000+ = HION3T ITdWYS. 9
: I , Lol I o &
) e ‘ NZHOW4D =  HIEWNN 3IWVS < b
= t = R S ] . CI ﬂ
, e 3 CGHIHL = ~ ~ Y3IAWON 1S3t T
. d X . e ) .
- - . . B - . . ) LA -
s.  abeg . . - SLWVL1IVN wo Emuuho 4034 L86) ‘TT NAP UO 9E:IEOL -I¥-JOuFISIL 40 Bui3Is}




e o} .onmbmng. é.. ocdunmﬁoe 0. oo.uho.n.muv o rrcvww Z. . 8886 666C -9
00"} LO-316V 1 DL 00+388086Z 0~ oolncm,nu 0- OL866S°0. - 8L66°6v84 - Sii
00’} 10-30vLZE8 MY © 0O+3L166@4 O--O0¥IEYILTY Q- LSSELE O 9566 " 66S} e vl
od™ i 10-3VEL66L 0 O00+3ILvSEED "0- 00+IVESELS O-" 11699Z°0  * 8S66 BYRI . (4%}
) 00t 1O0-3+6PSI9°0 00+3IVLBTES O- OO0+3ISZEISL O- 98ZLLI O - + L66>66Z} - (1%}
00°+ ~ OO0+3ILOLEET O- LO+3LIG6E4 O- 10+3BEGLYVI O~ LOTLEO'O “7 - .8866. 666 Y
S s - » LT T NI/ oau:: ~(NIW) R - oL
A 33 95071 - 3 901 33 S0t - 3907 2 ‘3LvH dLST . 3IWIE 604
: T T »~ ViVO G3WB04SNVEL - - . 80
' T~ T + . . L0
g : T 4 ’ . 901
. V CON 1OA -WOY¥4 Viva .- ~ GOt
N - ’ : Sl .. - vO}
) " . ‘ - €04
. : . - N . . . zoy
- . €2ZL" vOEY €ZE L .o, BSE'E 8vG vLC 9BBGESE"E T VI-3LLSIES'O LV - Of < 1O},
: - oo €08 °Z6} Zvs’} ' . 69¢°¢C LES LE  BSIB9GLTY . 91 -3E16LL5°0 6 001
€EL "SBL €EV ) pOS'CZ . OLE €8I LTELTSR'E . E1-3960148°0 k] . 66"
‘00L "} 6E o6V} yoy- T pOZ TE+ +21D6TZ\ ¥  ¥1-3104I00°O L P 86 °
887 861 .. 095"} ‘PZET  CVIP L6 EGEESLL\Y 9} -3P6SL9V°O 9 i 16
- . 95ZT°6E & L6L 1} - T4 E45°vP  PBPIEOL L  ST-31GBEOE’O - SR -
- : ZZO TBETZ = LLET Y 8ze'z 1£9° 610E 69GEOLY €. §4-3619261°0 * LI - b .~ 7 st 88
, 808°502Z . 1% ol B T06°T VLG 96LE BHO96BY €  11-3DSTY9L°O0 &b f-E . v t
29 vLOT SBE" 4 088°C yLy OGEE €9L960S € - #4-IBEBEHI 0 Lt - T . €6 .
. 168006} 88E 3 . 098°C - 9VE PPSE 908SETS'E  $1-3LOPTHO LV - b . 6
d .&ﬁxw.*uzw oL m:o na 2 _@"3401S-- ~ O ' vy oo dONVY. - T . 6
114 “WVi0L . : 43380 ON1LV¥3N300V, /,/. ) e - ‘08,
. - , . T 68"
- o ¥ i ON 10A7 ‘114 V10L ONILVATVAZ d04 SuIiaWvEvd - - - 88 -
B SR R AT ' i8
- . . - . .....‘u. R il . i R 1: N
: . eanessessmscnssssass MY 8IMOd OL VLIVA 43340 ONI1VHITIDIN "40 »E ........%..:,{_w,.:..f ;T g8%
) 1 : - - ‘ : I S ve -
7 . . ) E8,
) . . . o ,:f.: LANY I8 mQZw viva ' Tzer -
. L - ’ - L Th #Lv Siavis. E<Q +8
o ¥ e « o
. ) - 110000 0- , m#:ﬁwua uo ::m L o
. . - o P S “-. . MI3HD oL’
] X . ‘ “: . Q, R ] . . MF
e . 100°0 ., xAesS TwiZz- .o AXQdS . vL
T, [P - 7 A S XaSS 669°% . «AQSS - EL
o — - 8L6 b, awil fvan .,9e0° BT T UNIVHIS NY3W T
- - LRSS . " o 076« ONILHOTIA 4L
- R : mpwur, zom,—uqnzou ubd viva. oL
. : < 69
. . ﬁ L . ' .. g9
: 1687ZVTYL Juz«u_amzohw m&osm 40 »mmp . : 19
) - - : . AQEH0d (@NNOB :83dd0 299 .
AT 20 tonwmm.nawb 338938 - 59 "
ufw;-»@ zon»ny..z_muaa ' v9
%sé 3134075 80 IINVY. - €97
- . E Sy . wMTdEd JONVE zo -
w. L+ B °3d07S by 19 Y
“ A - 0%
) - muw._m!&«a &u ,Yw 6s -
abegq o CT zR. uo 9g! 1E: 9 Red do- E.mu» 0 9::...



176

4

FI

v
s

B TS
v

- £ - L
= . . »
o
e 4
L4 # LV SON3 viva
OF # 1V SiaviS viva
ch ) F S :
S BULOLO O $IvNAIS3y uo WNS
i . %O3IHD
"GHO O XAUSS LBE 4 ercnm
Eiv O . -XQSS EVLY AQSS
9ye t AWI1 NVIN  SEZ O- NIVHLS NVIW
. 0°S-  ONILHOI3M
b S1S3L zomumquzoo 404 viva
v -
WIS PLE IONVOISINOIS 3d07S 40 1531 ¥
e G6C - 'AG- 304 -GNNOY jY3ddN -
' 8 MO 304 WOQ33d4 30 33¥93Q
. 8GEE unwmﬁpqhm NOSLVM NISYNG
BLGIPSE T S81069L° € -*34071S 804 3ONVH
ZO+350L91C O-: zZ0+350L91 20" : O 3034 395NVY
. . . 98BBGESE E . Q ‘3d01S
LL-3LLGHES O - R N 2 -
SYILINVHVY LId
- -s
: : F3 . ._ = .
1O-3ECPSPE O- 10+36S8IVE O -10+3ISOPEES QO GUBELS 4T

.. SLWVLIVN UO L3$D=P1OD HOJ LB6}

99L6° 6665

Evi
(A4}
(X -4
ovi
6E}
- 14
LEY

" 9€}

SEd
VEL:
gE}
ZEL
LE

oA

8zt
Lz

14

143
|44
114}

zzh

(X4}
o147
644
G139
Lt

“ZZ NNP U 9EI1EI0) 3 JO-ELSIL 40 BUIISHY



177

- e e . «
;o L :
T TANS -3 IDNVOTINDIS 3d01S 40 1S3% - & 957
o8e ¥ M@ 304 GNNOY 433dN T §6
"L i MQ 304 wW0Q333d J0 33930 : vS
OUE # ) 3 DI1LSILVAS ‘NOSLVM NISdNdy ! ES
SOCYYEE ‘0~ & E$4606S O- w 8 34075 304 3IONVY zs
€0+318H225°0 “€0+3920s25 O™ v 303 3ONVY KIS .
6T69TEL O- - a °*3d401S : os
. Los . EO+3IES6VES O & RS | &y
T . . kX . . S¥3LIWVAVd 114 _ . 8y
- - ' . @ K . Ly
: L - i -9
oo..‘,o 3960€LL°0 1O+3VOEBLI O 10+3SE09EL 'O PEOLZ6°TLT & 6666 v9 sy .
00"t © L0O-3169E61 0-4 LO+3IGGOPEL 'O , 1O+3IBLIZEL O 0986¥6°0C~ 6666 ¥S . : vy
00}  10-316469y 0~ 10+3E960p4 O 10+3IZLEZSEL O . O6YTSO ET 8666 vy : EV
- 00"} LO-3LIEPLE O- 10+3G196V1 0 .10+32L8SHL 'O ZEVSSL 8T 6666 vE ' 4
. 004 - Z0-3L91996 0- 40+3661194 0 +0+3IZETOFI O EZEPTD OF ; . %4
00+ 10-3LZL09E 0 VO+3VBLBLI 'O 10+3IZ6EZBL O OLLLID 99 ov
- X * (NTW/3°0HOIN) “6€
m 33 901 - 3 Do 313 901 3 901 3 ‘aivy s, . oo T 8€
, : ’ . viva ouzucumzqﬁ , LE
. « - 9€
) - 2 R SE
: ' 7 Wodd viva ) S >
. ) ' < ' . EE .
.. - Nﬂ
: - - . , . e
sxsersessenssssssans MV] HIMOd OL WEVA dIIAD ONILVEITIOIA 40 113 eessseqsoressssssecss ot .
: : . 6T
, . : - 8T
00 €90 €640}~ 00 00 - ge€'¢e b - Lz
.y 0 - 9¢t "Qeus 00 o 00y L1994 O} o 9z .
o0 - pLOYSEEY 00 _a o0 €EE "} 6 5 GT
00 69L €ZOV | oo 00 TRt 8 ve
00 . 66% PELE - D 00 o0 000"+ L (14
o0 000 G88E" %w ) 00 o0 €£8°0 9 (44
00 SLV VSEE Ve 00 00 1990 s +T .
. 0o 126 990t 00 00 005°0 PR 2N 0T &
. . 9o LL9 999C 00 N 00 €EE O € 64
3 00 000 000E o0 o0 L9340 .z 8 1
00 00 v o0 00 "0°0 . ' LY
(0d31IW) Tw ° (0dDINT b7 var . N SanoH B~ ST
NIVdLS “~99N3 NIvaiS "99N3  3ansS3dad 114D avol INIL JIBNNN T
. L ; - / : vi -
oy A ww 00 = TLOAD 404 ONIQV3IY WWILINL . €l
. 0 - ww . 00 = L4GAT 303 ONIQV3Y WILINI T
T R v : vdx 00 = 3uNSS3Iud 113D IWILING b
y Ng OO = -Qv01 . WILINI o1}
. » ’ . 6
. w6 000"} = 1HOI3M I1dWYS, 8
* Jww 0004 = ¥313IWVIQ 3 TINVS L
- . . Jww 000°000F = H1DN31 '3ldwvs )
=2 ’ . S~
. - NZHOVED- = Y3IOMNN 3 1ANVYS v
’ . . €
N :t:m = ¥IMMON 1S3L z
. g ) '

.

mh!:,.:\: uo h&mc U.UU 403 L86)L .7CT uo (py:iE:08 1@ nDn.whmwh 30 Buyisy

.

-



- . N D

XQSS vuE €

. ~ .
i . i B . . 8564 s NIl NVIN  9¥9S )
: . ) W ‘ , .oz
: ) % Eoi S1S31 NOS13VAm0D
L~ - ' ' Lrp OLE 3IONVOI4INOIS 340§ 40 1S31
- P o . 6oz r ARG 303 GNNOB ¥3ddh
- E - E. T : o 5" ) AQ 404 W0Q33d4 40 3I34D30
ke o 5 £Sv € '2I1S11v1S NOSLVA N1gana
. L mw ; . - 0B8BSCE S 98GPEVY L 0 '3d07S d04 3IONVA
T @ ) & LN E < TO+3TELYOE O- Z0+3ZELYOE O 2 uou;,moznu
TTL T W e EPL9Y89 9 - Q 3401
% o ) E 41 -365055€°0 : . . 5
BT : . ) _ . - : . SuTLINVEVY LId
S - _ *
A ; 00'L  10-3PPESIY O- $0+3SL960€ 0 10+3IHZSSOE O Z1OZ9G SEVL  VEEE 6VI
00°t  10-3GPP86L 0 10+3I9LEL9L 0 10+319E691 'O 00CT98BE 6V £666°68 7
. 00 - $0-3EVILIS O 10+39PPBOL O 10+3LSSVIE O 9gocdb €1 LEEB VL o .
00'+  10-316EVE6 O- 00+3vZ0699°0 00+3685695°0 908IILE " 6666 ¥9
: TN .. (NIN/3°0HOIN) . (NIN) |
B | 33 %01 - 3 901 313 901 3 901 _ 3 ‘3iva uis INIL
- . ¥1V3 QINYOASNVYL
, o " ~ I CON LOQAT Wod4 Vivd' T
ﬂu\\ﬂq\v . - . . . . ,. v
- Zvv v 50" 0 £€6v € \by OLE EVLYPH9 3 11-366065€°0 O+ - 9
; - . 0€E9 vy - SS0°0 To6ese'¢e pi6 ¢OC OLPYOLO L  C+-31S56BW9°0  OF - &
- v »Z6 0L LSO O 619 Z 6¢8 OPY  SEBYIES L £1-3€Lv0S9°0 oL -¢ 7
is8 Lz 850°0 oY 2 4 156746  BLZELEY 8 GI-381L956°0  OF - €
R . zEL T6T ¥G0 0 SBZ €. ECV PILY L906LBY 3 11-30LEIV6.0, O - T
. SLE S6Z° £50°0 ° EOC € SGE CPBLI98EGLEL 9 c_-wmmmmm..dl\ze.. -
o d NOIX313NI 01 SAVOQ MO Y 0° 14078 D ) JONVY .
Y - 114 V10l  d3383.9N[1VE3IT3I00V A .
«— b T ON LOAT 114 IVIOL UNILVRIVAL 304 Sd313WVavd
- . R \/\ - o . s . . . ; . .
tesrserrssrrsresasne MV 3%306 ﬂw v d33idld OUN1LVE3INIDOV 40 114, serssescrssrsrenstan
. e e e . . B \r‘: gL
- : , L 4 1V SGN3 viva -
b ’ : b 4 LV SidvisS viva
- . . . . ’ a .
; - ~ o v
: . : SO0000 " 0- . SIWNAIS3Y 40 WS o
’ - : . wofio~
11070 - XAQSS +ZZ O- - Axadas
- , 6L 0 XQSS L8O - 'AGSS
: i £ JWIL NVIN 88V NIVYLS NVIW
] . : . : o'v ONIIHOTIM
s C. - $1531 NOSIYVJINOD ¥0d F—«a& v
z abed : . SIWVLIVN UG LESD=PIDD 403 LB6F 'TC NAP UG 1p:1E€:01 3@ d0-91S31 30 Buiist
Y . * . g >



1 ]
-

o

A\ 9
%

. ,
l . . .
\\ . .
’ .
. . i e
B L 2N R
- » ,
< v .... .
[ TR
4 s Jwi,y
£,
* L 4 Iy .
— - mMn .
s F .o .
4 ’ .
~ ’ ' v
L4
\ '
.- ‘ K OF # 1V SON3 vivd N -1 3
. 9 # LV S1uViS viva PR 74
. LI T
, - ; : T
. :  SIVNOIS38 40 wnS . 8 oz
g . T © . MDIHD St 19
. o s , BN T
- XAQGSS POS'O « _ AXQdS : R A

Sim¥ilvn uo Empuu,,u,u\..ow 1864 ‘ZZ NO® UO Lp:LE 04 3E

d0-91S31 40 Buy3si



‘. .

T > 950 O XQss r€0°0 . . AOSS . ;
. ST e GHO A NIl NVIM  PSE°L N1VELS NYIM
N : ‘ o' - ONILHOIIA
. v S1S31 NOSTUVAWNOD HO4 VAVO - e
- L
. -
ytd 68 JONVOIFINODIS 3401S°30 1S31
3 . oSz} ‘A0 u03 GNNOR d3dan
) 3 AQ 304 WOQ3324- 40 338930 »
. ¥9E€ € DILSILIVIS MUSLVA NISHNA
61690E0 1 - SBLELLY O- 8 waoJm 404, JONYH
€0+39€ESZEL O tO+3199GEL O . . - 403 3IONVY "
SGESHBSH O- , 8 "34018
£0+3660VEL O . ov, ¢
S3313Wvavd L1d )
< -7 -
004 Z0-3£96026 O K 38610l 'O 10+3611P8L O £CTTLE 69 0000 " 94 g . ‘v
00"} +O-3CIPLGH O- 10+3PZ6EEL O 10+30SEC6L 0 EvI6PE €8 0000°-CZt § .- . -or
00} ZO-3€SSE39° 0  10+3ZV060Z O ro4wwmwmo~ O SPZELO'GZH 00008 - . N4
. . Azuzxw OUDIN) (NIN) . : g€
A ~ 33 901 - 3 SO7 33 901 u 901 3 "31vy 318 amii L 2>
. ViVa Q3INB0ISNVYL 9¢ -
- - ’ s€
N vE
. I 'ON 10A1 WOd4 ViV0 - . €€
- T
LE
. ; ) . .0€
cesssvensessssenracss MV JIMDJ 0L VIVO d3380 ON1LIVE3IT3ID30 40 L13 ssenvesvesnnsns YIY L 62
: . N Y L 14
. . SN LT
00 G149 CHBLE 0o 00 1L99°0. Y 9z
owu W6S 1 HLE .00 00 005" 0 6 S -+ 4
00 L0 PELE 0o 00 ooV 0 8 vt
00 6C8 VLue 00 00 L9E€° 0 L o ¥ 4
00 6EL CHCE o0 00 €€€°0 9 - ze
v 00 BEG CIIE 004 00’ 00t "0 .S (X4
- 00 (11 RS T4 00 00 [ 0] PR A oz
. 00 . €410 008 00 00 L9t .0 € . 64
00 000 0V0T 00 00 0010 z . 81
00 . 00 . 00 oo 700 b ¢ Lt
(OUD1IN) Tw COBDIN) 1w var N vma:oz ;. - -1t
NIV3LS “99N4 NIVYLS "9UN3  33NSs3dd 1730 avol ~3IWIL- g3genN- ~  S)
- . . P 1
ww 00 « ZiGA1 ¥04 ~m<ua JVILINI €}
. wut 00 = $40A7 303 SNIQV3d VILINI A
vax, 00 = . 5 IuNSS3ud 113D WILINE- b
N OO = avol Jqubuzuv o1’
o r . - PR m
, wb 000"} = . iHOY3m uaa:«m -8
ww 000" b =  ¥ALIWVICQ 31dWVS: L
- . ww 000000} ="  HION3I udaxqm 9
- & L m i
©TAOVdD = uum::z an:<m S
. €
) HININ = ¥3IBANN 1S3L, z"
- R w

i SIWVLIVA uo LHS9=P1DD 403 L86)

‘ZZ NAP UO 9p:

.1m4
x5 AR

+E:0) AW d0-B1SIL_IQBUIISH

-



o Cob m v -
g ; _ . v , 6£0000°0 AR mdaemwu 30 .Sm
K A o RS @ v.uon
st - S T R . A S
; T T - rvZ O XAQSS L9L°0 ] .>xoam., -
e e . . _ 10’0 x@ss esv '8 AQSS
. . S ’ LSE 'S | Wil NVIR 190°T . NIVHLIS-NVIN -
¢ . . “0'v  ONIAHOIIAS
- N . , S1S31 NOSIBVINDD. ¥04.
- . ’ L , e
o . i . .// . Lpy o LED 3INVOI4INOES 3d0TS 304831
. ) o8Z MQ 304 aGNNOY - ¥3ddN
. * . . S “MQ 304 WO033u3 40 33u93A ,w
: y - Vv ¢ 'DILSILVLS NOSLVA NIBANa
o S g . OvLIITE’ 8 9ZZ0965° ¢t a ©3da7S 304 3ONVY
i’ U : - nme:mb—n O- EO+3IHIELIE O ) - - e ] aOu NQZCG
) : ) : £86586L O} a wno._m
: - . zi-3ZLE68BT O ) e
‘ . , ; T ; muw»m:aa<a »au
- ‘00" 1  ©00+3€8LLLI O- $0+3SVELOV'O 10+3£Z968E 0 \mmwwwm.mhmb.. mmmm vn. N
< OC't  10-3p9L9L4°0 10+3+6098Z 0 10+3IBSBLBZ O  €9860) "9ISL .66669C.
: 00° i . OO+3IEIPBZH O JO+ITLILIZ O HO+3IEIOVET O TSLEEBTELV. . 66667ZZ . °
- 00°y 00438BL08LI O 10439998910 10+3vL¥98BI"Q  1LBCBEZ EL. ;,.mmmm;ON
004  ©0O0+3L6100Z°0 +O+3IEOBITY O 1O+3ETBIVI O 41 86G5Z°9Z .. 6666 8t
. 00°} 00+391ZLYE O- 00+IBLOSIV O +0-34119889°0 . #TBILE ) 6666°G}
3 - - . to ) ’ Az—:\u.oauuzv,. (NIW)
~ n 33 901 - 3 90" 33 901 3 901 3 '3uvy-dss . 3INLL
. : v <~<o auzuoumzqu»
€ . : e L= . i . ) ,. 5 g
; . p) - ") TON LUAT wOd3 yivd . _ L
] L ) ... V4 - - . - ‘t. . S . =
v - . . ‘ O
s ‘ G4T L6 5100 Tve ¢ ) LEL  E86SBGL OV CI-3TLECYC O
» . _BGLBSBT . PI0°0 . oy} B 969y +LQO0BY 6 . O ~160LI6L "0 v »
. ‘ . }BE"DISY vi0°0 S48 4 serrierssBUVESH) 6 04 - I6HEBLS 'O
L ¥ .- NOIX313MI 04 SAVA ‘MO RS Q34078 e T e | - :
o ) 114 viod . : o 43180 ON14V431300V. ° O
o S . . 4 TTON LGAT Cil4 101 ONLLVATVAZ 204 S¥3L3WVAVA
.‘ - ‘ B y...| OtOﬂr00‘00aoom¢0§~o" MV &w30& 01 <P<Q waRU CZMPGUWJwUUQ LO ._rnn_ Y YYISETER IR ER R R 0 2 )
. . - PR . [ . » # 1v saNa viva'
. e - oo . R A N Wb #1V SLUVAS VIVO -t
“,) . '91 N ) . ) -. . \ < o - » . -
- R ’ . p00000 0~ T L m»«:owmwu 40 WNS
ol . ) . L B . o o iy xuwxu
. * _ - . - . PO ., -® R
- X . . 2. 0000 y>nvm‘mno 0- >xonm .
. ) ‘ . ~ . uw.. . ¢« -5 . RN | I
abegq . .. . SLWVLIVA: UQ: L8SD¥PIDD’ 404 L86} .Nu,zaa up 9p: g o4 uJ do- mwmuh 30 mc.uwra



- * L4 ” - £
N i ® v - 1'- 5
n

v
N
. P
- ©
e - .
SO
~ L}
~
. R -«
«
’.
.
“
K - ~
- . : s .
. <
A . »
¥ 5 B .
KR
.
. -
) .
Sl i -
'
@
PR N
: B N
’

B W . N

. SIWVIIVN UO L8SD:PIDD 403 LBE}

- ) .
. . L
e
A M N ..
I
s
- [ e N .
. a - . N . T
A [ - .
E N
. - . . .
7 = B v - N
S : N .
o - L
© o
k> *
.
K4 \
'
- &

6 -4 Lv SON3I viva
: € # Llv S18V1S V1YQ

“zz NP uoyByiiciOl 38 d0-61531. 30 Buiisi



A.p’pe‘n‘d:‘ix {D‘ . Example in?pu"t ",Eile\' For ‘c‘pac'x'z." oLy

The follow1ng contalns two 1nput flles, one for the
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Listing Of ~VIEW at 14:58144 on JUN 23, 1987 for CCid=a8B7 on UALTAXTS 19

University of Alberta - Computing Bervices Device! vaa\ Task:

4278

1
2 {f Terminal, Prxme.lntornnl/Tolchinq Research
3 §f Srun cpacx2¥c1ve:grnph+wiq¢*plot11b 4=grrcp2 7=-17 te=3s
4 § 14343156
5 THIS PROGRAN ACCEPTS DATA IN THE FOLLOWING FORMAT: e
6 LABEL, TIME CLOCK,3 COUNTERS,LOAD,CELL PRESSURE,DEF.1,DEF.2 . .
7 18 YOUR DATA N THIS FORM? (Y,N)
8 N
9 . DO YOU HAVE AN LVDT CALIBRATION FACTOR? b
o . Y. . ’ o A
1" INFUT THE LVDT CALIBRATION FACTOR.(HULTIPEIER): b
12 0.001, i
13 INPUT DIAMETER (M) ,LENGTH(HM) ,AND wsxcur(au) 1
14 SEPARATED BY COMMAS: ;
15 1.,1000., 1., . ' : <
16 INPUT SAMPLE NUMBER (8 CHARACTER MAX. ): . g
17 FULL . e
18 INPUT TEST NUMBER (E CHARACTER MAY.): §
19 GRR NO
Yo20 , . INPYT NUMBER OF ELEMENTS IN EACH LINE (+ COMMR) :
21, 10,
22 . INPUT NUMBER OF STRAIN GAUGES (LVDTS) (1 OR 2):
23 1,
24 THE ONLY DATA THRT THIS PROGRAM REQUIRES FOR INPUT
25 IN DEVICE 4, 1S TIME AEKD CISPLACEMENT. LIST THE ELEMENTS IN
26 * ONE LINE OF YOUR INPUT DATR, IN PROPER ORDER, USING "R1"
27 FOR THE FIRST STRRIN GAUGE READING, "R2" FOR THE SECOND (IF -
2€ THERE IS ONE), AND "TN","TD","TH","TM","TS", FOR THE TINE
29 INS MONTHS,DAYS,HOURS.KINUTES,AND SECONDS (YOU MAY HAVE ONLY :
30 ONE OF THESE TIME PARKMETERS). USE THE DUMKY VRRIABLE '‘DU"
31 ~ FOR ALL OTHER VALUES. (SEPARATE-THE ELEKENTS WITH CONMAS) .
32 pu,Dy,DL,DU,T¥,DU,R',DU,DU,DU,
33 WOULD YOU LIKE THE DECELERATING CREEP DATA
34 PLOTTED BEFORE THE PROGRAY ATTEMPTS TO ISOLATE
35 ACCELERATING CREEF?
36 NG o, \
37 WOULD YOU LIKE THE PROGRAY TO EXAMINE THE™ ) ‘
38 - " ACCELERATING DATA FOR AN OPTIMUM FIT’
32 " YES ’
40 INPUT DESIRED.LIMIT FOR TEST OF SLOPE SIGNIFICANCE IF
41 OTHER THAN 10. (R~1, NUMnEr. TERMINATED wITh kR COMNR):
42 . 9.0, - ~.
43 WOULD YOU LIKE A LOG 'STRAIN RATE - LOG TIME pPLOT? (Y, N)
44 N e
45 WOULD YOU LIKE A STRAIN RATE - TIME PLOT?(Y,N) .
46 . . X -
47 " FOLLOWING ARE THE EXTREME VALUES IN THE T VS E PLOT:
48 MINIMUM STRAIN RATE: 0.000185
49 -MAXIMUM STRAIN RATE: " 0.500049
50 FINAL TIME: 2402.498 . : .
51 INPUT DESIRED STRAIN RATE VALUE AT ORIGIN or Y AXIS (TERMINATE WITH CO
52 - 0.0, .
53 INPUT DESIRED Y AXIS SCALE (UNITS/INCH): .
54 0.15, ' ' .
55 .~ INPUT DESIRED LENGTH OF Y AXIS .(INCHES):
56" 5.0, :
57 - INPUT DESIRED X AXIS (TIME) SCALE (UNITS/INCH):

58 500., e \7
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Listing:of ~VIEW &t 14158144 on JUN 23, 1987 for CCi4=GSB7 on UALTAMTS 192 ;
89 INPUT DESIRED LENGTH OF X AXIS (INCHES): .
60 5.0, . . . .
6‘ . . -~
v 62 . GRAPH  VERSION 2 DEC. 1, 1983 4
63 : '
64/ PLOT FILE NAME 18 -PDP
65 | ‘
66 SUMMARY FILE NAME 1S -SUMMARY
67 -
.68
69
70
‘T . | . .
72 . 4T"\'!T"!"'0"!T'\WT‘!’!"T"!‘!T‘!‘!'\T‘!‘\T'\'\T"'!'WT'!HT‘Wv
13 : -7 s T- OPTION
. 74 -T - . : T- 1, PLOT
78 R +_ 2, BLOW-UP
7€ ‘ +s T+_ 3, REDRAW,
77 " —— + o ||~ 4, SUBPICTURES
" T8 . ’ + o+ L T ~T~ 5, MTS-SDS
E 79 ‘ | 4T ‘ _ . + T~ 6, CONTINUE
80 “ ~T __TTT
8! : -r ! - ==-|T-
. . 82 ) -T-- . T TT= TT T-
: 82 ‘ Pesmmm sommeTes+t T +TTm=T++T+  + +++
84 . T |T -TTT |t~ ~TT TTT
85 ~T=Te+TI= 4| | 44 +=TT=+TT= +|| .
86 - ' B . —.
. 87 b
i 66 -
-, 89 - : ) . :
! 96 . :
- gr - »
g2 -
93 SELEZT MENU OPTION
94 71, :
9% )
96 SELECT MENU OPTION
7 76 :

(3

GRAPE  VERSICON = DEC. 1, 1983

PLOT FILE NAME IS -POF

'SUHHAﬁY~FILE NAME IS -SUMMARY "

) -

TT_T"T~TTTTTT "~ T TITTTTT T T TTTTT

— : | OPTION
T= +- . -+ 1, PLOT
++ T ;o - -lT | 2, BLOW-UP
T=_ ++_ - . _T= _+ 3, REDRAW
TT -T o~ =T ==T 4, SUBPICTURES
, ) T TT e - IT-T 5, MTS-SDS
=T+ “~-- ==||> = . T 6, CONTINUE

4 . \
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SELECT MENU OPTION

SELECT MENU OFTION
2 6 Ct
f 14:4€:50 T=C.895 RC=0
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The followlng contalns the two output flles from CPACK2

for t‘ei;ull and the truncated data»sets. .
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‘ Appendix H: rinite Ditterence Progrm
The followlng conta1ns an example listing df ﬁhe flnite
ldifference program used to solve and plot the results of the

[

sliding block modelling,equatfon, The program is not
'interactive and hence‘agy parameter_changes héwg‘to made in
the f1le before the program is compiled.

The program is 1nvoked by typ1ng 1n the follow1ng two

» commands:

o -

- ) . N J

$Run *Fortgtest §qgrds=Programfi1e T=0.35

‘_$Run -Load#+*Disspla 7=-Output 9=-plotfile T=0.5s

An example‘oﬁtbut filé is also included.

‘. , , . }
215 '
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Lating of uzwrn(1 52) at .12:05:18 on SEP. 29, 1987 for CC1d=GSB7 on UALTAMTS 216

REAL !(soo) ¥p (500) , st(soo) RATE (500)

1
) C--. "a" i8 the inclination angle and must be expressed
'3 c-- in radians. Note that "A" is equal “to the -
4 c-- inclination angle BETA for initial stability.
5 DATA A/1.047198/
6 c-- "G" is the force of ‘gravity’ in mm/min**z
7 ' DATA G/3. 5316E07/ ‘
8 C-- using raw data, upper limit, from the regressions.
- ' DATA B/0.00023203/
10 ‘ . DATA EXP/1.3087/ .
11 Cc-- "T" 4ig the time step amount which can 'be varied.
12 ~ DATA T/0.0005/ .
13 c-- "N" is the number of points required
14 . DATA N/200/ .
15 ¢-- zero the variables.
16 po-1 I=1,N .
17 . ¥(1)=0. o :
16 (:i YP(I)=0. o
19 * 1  CONTINUE /
20 - DO 2 I=3,N
21 . E-Y(I—1) : ‘
22 , EQN=G*SIN(A) - G*COS(A)*TAN(A*(1 ~B*E#*EXP) )
23 ' Y (1) =T#*#2%EQN+2*E-Y (I-2) .
24 : YP(1)=(Y(I)-E)/T '
25, DIS(I)=(Y(I)+E)/2. \ - \
26 _. 2 CONTINUE
27 W WRITE(7,105) -
28 105 FORMAT('DISPLACEMENT (MM)',4X, 'RATE (MM/MIN) ')
29 ~ DO 40 L=3,N
30 pIs(L-2)=DIs (L)
31 RATE (L- 2)=YP(L) -
© 32 " ' 40 CONTINUE
e 33 NN=N-2
‘34 . . DO 3 I=1,NN
35 WRITE (7, 100)DIS(I) RATE (1)
36 3 CONTINUE
37 ° ‘100 FORMAT(2(G13.4,5X))
38: g CALL DSPDEV ('PLOTTER ')
39. . CALL PAGE(11.,8.5)
40 *  GALL SIMPLX
41  GALL INTAXS
42 *dL ARER2D(8.,5.) )
~ 43 » ! CALYL. ¥NAME('Displacement (mm) , 190)
v . CALL YNAME('Displacement Rate (mm/min)s' 100)
45 CALL' GRAF (0.,25.,100.,0.,5000.,25000.)
46 CALL THKFRM(0.03) ‘ ‘
47 CALL FRAME : : A
48 “ CALL CURVE(DIS,RATE, NN 0)
49 CALL 'ENDPL(0)
50 CALL DONEPL ’
' 51 * STOP

52" . END



~ Listing of NEWFD(53,251) at 12:05:37 on SEP 29, 1987 for CCid=GSB7 on UALTAMTS 217

53
54
85
56
57
58
59
60
61
62
63
64
.65
66
67
68,
69
70
71
72
- 73
74.
75
76
77,
78
79
80
\81
82
83
. 84
+ 85
86
87
88
89
90 -
g1
92
93
94
95
96
97
o8
99
100
101,
102
103.
104
105
106
107
108
109
110

DISPLACEMENT (HM)

¢

0.2000E-05

0.8000E~05 -
0. 18Q0E~-04 '

0.3200E-04

"0,5000E-04

0.7200E-04

© 0.9800E-04
0.1280E-03

0.1620E-03
0.2000E-03
0.2420E-03
0.2880E-03
0.3380E-03
0.3920E-03
0.4500E-03
0.5120E-03
0.5780E-03
0.6480E-03
0.7220E-03
d.8000E-03
0.8820E-03
0.9680E-03
0.1058E-02
0.1152E-02
0. 1250E-02
0.1352E-02
0. 1458E-02

" 0.1568E-02

0. 1682E-02
0. 1800E-02
0.1932E-02
0.2088E-02
0.2268E-02
0.2472E-02
0.2700E-02
0.2952E-02
0.3228E-02
0.3528E~02
0.3852E-02

_ 0.4200E-02
 0.4572E-02

0.4968E-02
0.5388E-02
0.5832E-02
0.6300E-02

0.6791E-02 -

0.7307E-02
0.7847E-02

10.8411E-02

0.8999E-02

.0.9611E-02

0. 1025E-01

0.1091E-01

0. 1159E-01
0. 1230E-01
0. 1303E~01

0.1379E-01

RATE (MM/MIN

0.8000E-02

' 0, 1600E-01"

0.24Q0E-01
Q. 3200E-01

~0.,4000E~01

0.4B00E-01
0.5600E-01
0.6400E-01
0.7200E-01
0.8000E-01
0.8800E-01

0.9600E~01

0. 1040
0.1120
0. 1200
0. 1280
0.1360 -
0.1440
0.1520 -
0. 1600
0.1680
0.1760
0.1840..
0.1920
0.2000
0.2080

" 0.2160

0.2240
0.2320
0.2400
0.2880
0.3360 .
0.3840
0.4320
0.4800.
0.5280
0.5760
0.6239
0.6719
0.7199
0.7679
0.8159
0.8639
0.9119
0.9599
1.008
1.056
1.104
1.152 .
1.200
1.248
1.296 °
1.344
1.392
1.440
1.488
1.536
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Listing of NEWFD(53,251) at jé:os:37 on SEP. 29, 1987 for CCid=GSB7 on UALTAMTS 218

11 . 0.1457E-01 1,584
M2 0.1537E-01 1.632
113 0.1620E-01. 1,704
14 0.1707B-01 1,776
115 0. 1798E-01 1.848
116 0.1892E-01 //f 1,920 N
R AN 0.1990E-01 1.992 - * .
118 0.2091E-01 ' 2.064
119 0.2196E-01 2,136
120 0.2305E-01 © 2,208 .
121 0.2417E-01 2.280
22 0.2533E-01 2,352 ;
123 0.2653E-01 C T 2.464
124 0.2779E-01 2,576 .
125 _ 0.2911E-01t 2.688 "
126 0.3048E-01 2.800
127 0.3191E-01 2.912
128 © 0,3339E-01 . 3,024
129 0.3494E-01 . 3.168
130 0.3656E-01 3.314 s:
131 '0.3825E-01 3.455 f
132 0.4002E-01 . 3,599 - /
133 0.4185E-01 - 3,743 ;
134, 0.4377E-01 3.919 .
135 0.4577E-01 4.095
136 0.4786E-01 . . 4.271
137 0.5004E-01 ‘4,446 o \
138 ~ 0,5232E-01 . 4.662 ' . ' )
139 - 0.5470E-01 4.878 , ' %
140 0.5720E-01 5.094 ‘
141 0.5980E-01" . 5.334
142 0.6253E-01 5.574 . -
143 - 0.6538E-01 5.813 vy
144 0.6835E-01 6.093 | '
% 0.7147E~01 : 6.373 ~ R
146 0.7474E-~07 - 6.693
147 0.7816E-01 ° 7.013
148 .0.8176E-01 7.365 .
149 0.8553E-01 7.717 ’
150 , 0.8948E-01 g.10f
1517 ' 0.9363E-01 8.509
152 0.9799E-01 8.917
153 . 0.1028 9.365
154 "~ 0.1074 9.853
155 0.1124 10.36
156 0.1177 " 10.88
157 - 0.1233 . = 11.43
158 0.1292 12.00
159 j - 0.1353 12.62
160 0.1418 , 13.30
161 0.1486 14.01
162 0.1558 ' 14.76
163 0.1634 15.59
164 > 0.1714 © 16.44.
165 0.1799 17.36
166 0.1888 18.32
167 . 0.1982 19,34 *

168 © 0.2081 '20.43



”
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. Listing of NEWFD(53,25

169
170
171
172
173
174
175
176
177
178

v

179

180
181
182
183
184
185

186 .

187
+188
189
190
191
192
193
194
195

196 .

187
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214

2158
216
217
218
219
220
221

%

224.

225
226

w

0.2187
0.2298

*0,2415

0.2539
0.2670
0.2810
0.2957
0.3113
0.3279
0.3454

0.3641 ()

0.3839
0.4050,
0.4274

. 0.4512

0.4766
0.5036
0.5323
0.5630
0.5957
0.6306
0.6678
0.7076
0.7501
0.7956
0vB442
0.8964

0.9522

1.012
1,076
1.145
1.220
1.299
1.385
1.477
1.677
1.684
1.800
1.925
2.060
2.206
2.365
2.536
2.722
2.924
3.143
3.382
3.642
3.925

4,233
4.570
4.938
5.341
5.782
6.266
6.796
7.379
8.021

1) at 12:05:37 on SEP 29

‘4

Al

.

)
21.59

22.81
24.13
25,53
27.02
28,62
30.32
32,15
34,11
36.21
38.44
40.85
%3.43
46.17
49.11
52.29
55.70
59.35
63.27
67.49
72.04
76.92
82.19
87.88
94,02
100.7
107.8
115.6
124.0
133.1
142.9
153.6
165.2
177.8
191.5
206.5
222.17
240.4
259.7
280.8
303.9
329.2
356.9
387.2
420.5

457.0
 497.2

541.5
590.3
644.0

.703.5

769.1
841.8
922.4
1012.

111,

1222.

T

-

s 19

87 for CCid=GSR7 on UALTANTS

'
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Listing of NEWFD(53,251)

227 't
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
. 247
248
249
250
251

SRE S RARABCTE MU SNE . s
Ak

8.728
9. 507
10,37
11,32

112,37

13.54
14.83
16.27
17.87
19.66

21,65 °
. 23.88

26.37
29.17
32.31
35.84
39.81
44.29
49.34
55.06

* 61,53

68.87
77.19
86.64
97.38

1806.
1998,
2213,
2455.
21264
3032,
33717,
3766.
4206.
4704,
5270.
5911,
6641.
7471.
8418.
9497.

0.1073E+05

0.1214E+0S
0.1375E+05
0.1559E+05
0.1770E+05
0.2010E+05

- 0.2286E+05

IF for ctia=gse7 on UALTANTS
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