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\ . S ‘ Abstract !

o : . Lo
"Movement of rock slopes 1n open pit coal mines can

& L. .
accelerate ' “to Hggh velocities. hazardous- to men and,

1

equipment. A critical _slide velocity may be chosen for

E <

evacuaqion of . pit' personnel and equipment under moving

slopés. The magnitude -~: this velsqity'depends on the local

conditions of a mine. : = .
> : | | _ '
A dicplacement 107 ' -~ring program at Luscar mine of
e . . :
Cardinal Rjver Coals L .. , showed that accelerating creep

was taking place. Geo: - “ical reports show that moderate to

. 2 . [N - . .
steeply dipping [sandstone =strata , jointed By four sets ,

] : : .
add , overlying siltstone & c-1le :-rata , contributed to

create accelerating creep .rocesses.
Movement hypotheses .are presented ¢to interpret the
‘displacgmeﬁts of the rock masses. TWwo- major directions of

movement are idengifiéd ; nearly parallel to the strike of

the "bedding and down the dip' directioh of the bedding. The-

latter movement is quanfitatively much more ‘important than
R al
.
the former. A common plane of movement dips 28° to the west.
A critical slide velocity of 0.5 mm/min Qas choseh.

' . . v " . . - ~t o T
Four mathematical models are evaluatkd to predict the time

of the critical slide velocity. For this evaluation ., four...

e

b

computer simulated models weé% developed. The study of
. L /- . e

i

e !

-
.

confidence limits for the slopes and iﬁtercepts~“qf fitted '

"lines allows group analyses of displacemen%'Qata. Durbin

Watson statistics and tests of slope Significanké are used

to conduct linear regression analysesﬁfor all and parts of

i
iv

-
-
#
.



the‘displacement data.
. : C. U4

The time{‘ ﬁ the_ most rap1d sliding: could not be
usefully - predlctgd by Saito's or.Zavodni and Broedbent'e
methods. On the other hagd_two new.methods , using poyer and
exponential laws are prectical_', when rhree,eccelerating
creep stages. are 1dent1f1ed A threshold velocity of\ 0.1
é&/mln .+ Observed just before the initiation of the thlrdf
acceleratlng creep stage , could be predicted 6 days jn
advance. .Analyses of the deta in the third acCeleratihg
' creep stage showed that velocity accelerared to its critical
vadue approxlmately 8.5 hours before the most rapid slldlng

An operational procedure is recommended for the .pred1ct1on

of the time of the critical sllde veloc1ty as an indication

«

ofﬁimpending'failure.
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Chapter 1

INTRODUCTION

1.1 Overall View Of All Chapters

Thﬁ‘ chapter presents a geQeral‘ view and background
information- about a large slide on the North wall of 51-B-2
pit at Luscar mine of.Cardinal River Coals Ltd. Chapters .2
and 3 summarize réports and papers written on the slide.
Three mSvement hypotheses are studied in chapter 3. It was
iptended not to repeat information , present the material on
a time sequential basis and avoid irrelevant information.
Litrature on the accelerating creep of materials and in
particular of rocks , 1is studied 1in chapter 4.\\ The
application of various . laws for determining the time of
sliding , for the slide in the 51-B-2 pit', is diScussed in
chapter 5. Two new methods for predicting the time of élide
togefher with consideration of the decelerating .creep are
also presented in chapter 5. Finally chapter 6 derives
conclusions from the present work and outlines’

recommendations for further research.

1.2 Objectives Of This Thesis

1. To cfgate comguter‘simulaged $26els for linear regression
analyses of displacement and time data.

2. To propose at least one practical method ° for the

prediction of velocity in particular close to the time of

failure.



3. To identify blocks of rock mass.

4., To present a working movement'hypothesis

1.3 Mine 'History And Operations

Luscar - Ltd. and its predecessor 'and subsidiary
companies. have been mining coal in’ Wesiern Canadg' for 70
years.  Luscar - Ltd. was formed in 1967 through. the
amalgamation _6f Luscar Coals Ltd. and Mountain Park
Collieries Ltd. Today , the coﬁﬁaﬁy has five operatihg mines
, and is one of the major and most diversiTied. of the
Western Canadian coal producers.

The Luscar Mine was reopened in 1970 as a joiﬂt venture
( 50 - 50 ) of Luscar Ltd. and the Consolidation Coal
Company of Canada Ltd. to produce metallurgical coking cdal

for éxport. Operated by Cardinal River Coals Ltd. ,‘Ehé»mine

"( NTS map 83F/3 ) is situated on the site of the original

Luscar Mine , approximately 320 Km west of Edmonton ( Figure \\

1-1 ). Annual production is approximately 2.7 million tonnes

[3

of clean coal. The development of an underground hydraulic
mine is underway. | R
The még; is'a truck-and-shovel operation employ ng 11.5

and .23 cubic metre electric shovels for overburden emoval

and trucks of 91 and 154 tonne capacity for rock and>
haul. Front end loaders of 7.6 and 19.5 cubic metre capacity

are utilized for coal removal.

Munn ( 1983,) lexplained the mine operations. Mining is

carried out along the fouf baéelines which generally follow

r

\



L

FREEHOLD

51-C AREA
51-C-3

Figure 1.1 Location of Luscar mine

o}
F——
] e .-
[} .
] ]
!
) <
l' r J
]
! ALBERTA :
ll )
!
k 500 KM :
I 1
] ﬁ|
P !
]
]
I
.
]

LR I P ————, |

-




4

the outcrops of the synclines and énticlines. A series of
pits * is designed along eacﬁ of the Baselipes. These pifs
vary in size from 3.5 miilfop to 34 million bank cubic
metfgs 'and in, strippiﬁg ratios from 3.1:1 to 8.8:1 bank
cubic metres per clean shqft ton. -

| There are usually thrée or four active pits. This

\,

number of pits is required to produ&éf‘a constant coal
s Lo

release with a fixed mining fleet. Pits are designed be
as small as practical as this improves the rate of coal

release. Large pits are subdivided into phases. Smaller.pits
also offer an advantage to wall stabiliky by reducing the

length of unsupported wall , and reducing the time that the_éfﬁfi
wall is exposed. o
) K “'(‘ﬁr a

Along any one baseline the pits are generalty®

continuous. The sequence of mining is such as to develop the
first pit in the series using an external rock dump.‘The
rock from subsequent pits 1is then backfilled into the
preceeding pit. Backfilling is efficient because it reduces
the haul distance and also serves to stabilize the walls. |

»

1.4 51-B-2 Pit North Wall Slide

Munn ( 1983 ) defined failure as excessive wall
movement wh;ch may cause rock to fall into the active mine.
He‘furthe? stated that the term failure cannot be defined as
a cataclysmic event but as just another mining problem. = _

Figure 1-1 shows the  study area. Johnson ( 1982 )

described the slide. In November of 1979 a planar slide on



the North wall of 51-B-2 pit tdokvplace, The zone was 245
metres in length and 106 metres high containing an estimated
volume of 1.07 million cﬁbic metres. The initial movement of.
- 0.03 metfes was first noticed on May 24 , 1979 from the
| results of the weekly monitoring prbgfam in that pit. The
weekly monitoring frgquency was ‘maintained for the next five
monthé “with the movement continuing at the rate of 0.03
metres per week. On October 29 , there was a jump of 0.06
metres pér day. Then on the mbrning of November 10 , T§79 ,
there was'a jump of 0.34 metre§ horizon;aily and”0.15 metfes
vertically from  the” previous day's data. At this point in

1)

time continuous monitoring of slope distance , on a half

'héurly bqsis , was performed. This ‘continued until mid
afteréoon).when the difference bet;een” successive EDM
readings had reached 2 Cm.‘By five O'clock that same day ,
‘the movement had somewhat stabilized to a rate of 0;067
metres per day. The total movement for the"eight hour period
was 2.65 metres horizontally and 1.52 metres vertically. It
must Dbe bhéntioned thét by October 29 , the cracking in £hé

wall slope had defined the size of the slide,, anEche VA;éé”
of influence on the pit floor was cérdqn;d off to equipment
and personnel} The mining continued in tHe rést‘of the‘ pit

and was only ‘shut down for the one day of November 10 ,

1979.
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Chapter 2

. GEOLOGY AND THE SLIDE

é.1 General

This chapter §ummariies several reponts~and papéis. The
stratigraphy of the coal prqpérty at Cardinal River C§als
Ltd. is described. A more detailed ’ geotechnical
investigation of thé north wéll of'51—B-2 pit is given. The
causes of slides at this Jocation are evaluated. Finally the
strength parameters for the>slide are estimézed by the use

of a back analysis.
2.2 Mine Geology: )
Wyllie and Munn (1979) and Munn (1983) described the

- ) : 4

mine geology.
The coal occurrs in the Luscar Group which is of Lower
Cretaceous age.. Two major faults, the NikanaESin Thrust to
the -- southwest ané' the Folding Mountain Thrust to the
northeast, formed the Boundaries of the Luscar Formétion in
the area.' These rocks arel folded into synclines and
anticlines .whose fbld ages‘trend approximateiy 300.. Faulting
and jointing has accompanied the folding ( Hill , 1980
Figure >16 ). Luscar Formation consists of interbedded
shéles, sandstones and coal. The one mineable- coal seam ,
the ‘Jewel Seam |, varies in thickness from 10 to 12 metres

along the limbs of the folds to 60 metres at the crests and

troughs.
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A stratigraphic column for the Cardinal River area is .

illustrated in Figure 2.1 which has been compiled from Hill

( 1980 ) and McLean ( 1982 ).

2.3 Geotechnical Investigation of the North Wall of 51-B-2

Pit e

2.3.1 Introduction ; 3o

Section 2.3 outlines the results 'obtainéd from the
geotechnical investigatfbn which was reported by Mi;ligan
and Hebil ( 1980 ). This included a field mapping program:
which was undertaken on November 20 and 21 , 1979 to
determine the geology at the slide location in the pit.
Results of the étabilityvadalyéis which was carried out in

terms of a back analysis are presented in section 2.4.

2.3.2 North Wall Geology

The geologf of tﬁe north w;li was - dominateq by an
intéfbedded series of sandstone aﬁd siitsEbne beds which
dipped into the pit at an average angle df 38 degreeé and a
range. of.35 to 40 degrees. §trong'variations ihvthe bedding
attitude were qauéed by .local §tructural fqatﬁfes. Milligan
and Hebil -(1980) divided tﬁe‘wall into éﬁo po#t@ons wﬁich

were bounded by the eastern extremity of the wall failure at

-

. \

\

approximately 104,600E.
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2.3.2.] East Portion of the Wall

Flgure 2.2 shows the east portion of the north wall
I have drawn Figure 2. 3 from several reports and maps (
Luscar Ltd , 1980 , Milligan and Hebil , 1980 , Hebil ,
1980 ). This f1gure illustrates the changes in bedding
.agtitudewalong thgingrth wa;l. The bedding in the eastern
haif of the pit wall was more unifoqm.and planar ﬁhan'the
western half where the slide ‘occurred. An easﬁ-weé{fr
étriking thrust fault was i&enfified by Rdgan (1978). It
dipped steeply to the south and was recognized to be
éssoqiated with the tight chevron foldiﬁg of the strata.
in this area as observed id:gpe\QPEth end of the east
wall ( Figure 2.4 ). This fault 4id ngt occur anywhere in
the north wall and was‘ﬁotAinvolved in the north wall

slide. ‘ B

2.3.2.2 West Portion Of The.Wall .

The west part of the north ,ﬁall contained - the
ﬁovember , ;979 slide. 1In this are; » the bedding was
planar and dipped at an overall  average> angle of 38
degrees.- As Figure 2.3 illustrates , é range of bedding

values were found. Bedding values between 23 and 34

dégreés appeared to be quite common in this portion of

the pit wall. > ' : ,/s-ij

-/

'+, Thé gentle undulations of the, bedding mentloned
‘ébove were found to steepen rapidly over a dlstance of 5
“to 10 metres. This change in the bedding dip appeared to

be_related‘tola' flexure which was restricted to the

-
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Figure 2.2 The east portion of the north wall. Notice

. benching into sandstone beldw coal Hséam towards west,
Section B-B l&es beyond the left margin of the picturé , now
covered by ‘post slide% berm. Photograph ‘taken - by S.

o
Masoumzadeh on 11 August:, 1983,
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Figure 2.4 The north end of the east wall. Photograph taken

by S. Masoumzadeh on 11 August , 1983, , : ™
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thtom of the wall. This fold whose limbs rapidly steepen
iﬁ dip , locally resulted _in overturned bedding which
dipped to the north. These abfupt chénges in bedding
attitude were not observed further east than line 104,500
(Figure~2.3). |

This structure was also observed in the western end
of the pit at 103,500 east aﬁd 102,500 north , where
fhere'was no movementsl This obsefvation rejects . the
possibility that the slide caused this ;hahge in the dip
of the bedding at the toe of the failed slope.

The part of the north wéll , east of the slide ,
showed no indicatién of steeply dipping beds. This might
have resulted from the divergence in the strike of tﬁe

fault and fold planes with respect to the wall azimuth.

2.3.3 Jointing

A contourea sterographic plot of 260 poles to bedding '
joint and shear surfaces constructed from data obtaine bf
Luscar in September , {979 aﬁd EBA in May, 1979. , prbvjﬁed
the planar features listed in Table 2.1 ( Milligan and Hebil
, 1980 ).

The joint di;tribution pattern indicated that there was
5 direct relationship between the joint sets and the
bédding. The infersectionAofvthe\gteat circles of the joint
planes illustrated in Figure 2.5 was nearly coincident with

the pole concentration of the bedding planes. This indicated

‘that ‘the plunge of the line of intersection of . these joint



Table 2.1 Attitude of joints and bedding in 51-B-2 pit north

wall

S'I"RUCTURE DIP/DIP DIR?CTION
BEDDING 38/204

1 79/303

J2 54/011

J3 ‘ 70/074

J4 58/053

o

14
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sets was perpendiculér , within %5° variations , to the
bedding planes and plungéd into the wall at an azimuth of
023 degrees with a dip of 55 degrees. Figure 2.6 shows major

) _
joints and faults in the north wall.

2.3.3.1 JSint éet Interpretation

The joint sets summarized in Figufei 2.5 wére
intérpreted, as follows 7\Joint set J1 and the J3-J4 sef
wére considered to be cdnjugate " strike / slip sheérs
which réspited from the major stress acting perpendicular
to the strike of the ,bedding. The joint set J2 was
sub—parallel in strike to the bedding and dipped ét'right
anglés to it. This set was likely to have resulted from
the folding and buckling of thé bedding and was therefofe

interpreted to be a joint et which had wundergone

extension. Milligan and Hebil ( 1980 ) stated that this

~interpretation was in agreément ith what was normally

found in this part of the Rocky Mduntain area.

2{3.4,Fau;ting'

| The main fault mechanism observed in the: 51-B-2 pit
area was that of normal- faulting as part of process of
ﬁolding.’kg other fault attitudes were identified. However ,
moderate to intedgly_sheared foint 5urfaCes parallel-to the
I joint set and , to a smaller degree , the J3-J4 joint
sets , were observed. No apparent displacemenﬁs were
observed on these joint sets . It was likely ‘that some

~movement occurred within highly -broken rocks but it\g was
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Figure 2.6  Major joints and faults 1in the north wall,

Photograph taken by S. Masoumzadeh on 11 August , 1983.

< .
r
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probably of a local , limited extent in the pit area. -

2.3.5 Joint Setanersus Movement Interpretation

Milligan and Hebil ( 1980 ) observed tension cracks
opened parallel to the attitude of .joint set J1. This joint
set , combined with the bedding plane and joint set , J2
resulted in the major,tension cracks which defined the‘easr
-and west extent of the pit wall slide. The eastern portion
of the main tension crackh which cuts through the wall
occurred in an area where the Jt ]01nt frequency was higher
than normal. The 301nt plane spac1ng here was commonly 5 to
10 cent1metres whereas in most other parts of the wall ,
spacing on joint J1 was 30 to 90 centimetres ( Mllllgan and
Hebil , 1980 ). In thlS area , the J1- joint. surfaces were
\found to be sheared and , over a distance of 50 metresu,_rhe
J1 joint surfaces were iron—sfained.

The J3 and J4 joint sets were generally‘nore weakly
sheared. Spacing between these joint surfaces was 30~ to 60
centimetres. This pattern was" found across the entire north
.wall, , | - |

Jcint J2  was generally not observed to be sheared or
altered. However , in the areayof the pit where the _pedding
was steeply dipping or overturned } the failure surgace has
been found to develop alonq_fﬁ*s 301nt set. In these areas ,
joint ™ J2  was sub~ horrzcntal which facilitated the
development of the failure surface along this Jjoint set (

Milligan and Hebil , 1980 ).
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""2.3.6 Lithology

Due‘to the lack of'corehqles4lnd limited exposure |, a

cross-section of the lithology through the north wall- to the
' movement surface cduld not be documehfed. Rocks observed on
the surface of the north wall however , were found to be
predominantly sandstone. This rock was n?t massive and  was
found to be locally interbedded with thin siltstone and coal
: seams._Beddiﬁgyplane partings were usﬁallyJ stria;ed and
indicated ; northerly movement of the upper beds.-_‘

In the north Western end of the wall , thick beds of
mudstone clast conglomefate' predominated.  This érea
coincided with the\north western extremity ‘of the main
tension érack. 'These observations showed that for at least
the exposed portions of the; north wall , sandstone was

interbedded with weaker coal and rock units. This was

" expected since these r6cks—occu:red iﬁﬁediately below the

Jewel coal seam. Although not confirmed by observations ,

there was a good possibility that other weak beds occurred

’

further back in the wall and were likely to have contributed . .

to wall instability. This was indicated by an east trending
linear depression in the original topographic contours which
coincided with the azimuth and position of the main tension

crack.

.2.3.7 Hydrological Observations
No seepages of ground water was observed on the north

wall during the field mappyng portion of the -geotechnical

“}
%

= -
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investigation. This agreed with the | piezometer data
discusséd in Section 3.3.4. 'Generally » groundwater
elevations in the north wall area were found_to be low,
Examination ofA pre-pit debelopmeﬁt topogréphic maps
show that there were small gqullies which' were probably
associated with' intermittent streams in the immediate area
,of'the wall failure, Fiéure 2.3 illustrates the position .of
these gqullies with reépeét to the wall failure. These
gullies coincided with the nor%h and weét pértion of the
main tension crack. During spring thaw and after‘heavy'rainé
» it was expected that these gullieé\.would have ac£ive
streams draining the'surrounding area and that some of the
-water ;ould drain into the tension.:cra;ks adding to the
problem of instability if these éraéks were filled with

water and did not freely drain.

2.3.8 Wall Slide-Gedlogy Working Hypotheses ~
The foilowing interpretations were made by Milligan and

Hebil (1980 ) regarding the geology .of the 51—B—2Anorth

wall‘and the wall féilure : | |

1. The wall slide did not occur through ihfact‘ rock but
along previously formed bedding and joint plénes.

2. Tension cracks ﬁreferentially develqped<along J1 as well
as J2 and phe J3-J4 joint sets. v

3. The eastern extremity of Ehe main tension crack cut

across the north wéllfwithin a 60 metres wide zone where

the J1 joinﬁs'were moderately to strongly sheared.
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4

. The western extremity of. the main tension crack cut

across the wall in an area where (a) the wall .changed
azimu£h and (5) weaker mudstone clast cdnglomerate beds
were abuqdént. ‘ v ‘

The main.tension crack along the back of the lel was
found to be sub-parallel to the strike of the bedding and

coincided with a local;\topographic depr%ssion. This

' depression was likely to be a manifestation of either a

—along which

weak bedding layer or a thrust fault zone 7
the wall had slid. Local surface water drainade occurred
along‘this depression.

Frequently , thin coal and siltstorfe laminations were

found interbedded with sandstone beds. Most bedding plane

partings were slickensided. The bedding'dipped. into the
pit at angles as low as 23 degrees. This .indicated that ,
at least on a local scale , the bedding would "daylight"

in the pit.

. A zone of steeply dipping and overturned bedding was

 found at the toe of the slide and was continuous intp the

. s _
‘This abrupt variation in bedding was not found in the

western extremity of the¢ pit where no failure of the wall®
occurred. This zone was likely to be related to the tight

chevron folding obserée&jin the eastern wall of the pit.

. &
stable eastern half of the pit wall.

In areas where the bedding dipped steeply , the joint set
J2 , which was perpendicular to the dip of the gedding '

would lie 1in a sub-horizontal attitude. This joint and
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;bedding, geometry was restricted to the toe of the wall,

In this area , the J2 joint set was found to 'be sheared

and bmovement related to the slide occurred along these .
planes-} resulting in overna-3 and toppling as the upper
mobile portion of the wa.l moved towards the pit over the

lower portion of the wall.

2.4 Back Analysis

Assuminé the géometfy of the pre-failure conditions of
the north wall , a stability analysis was undertaken by
‘Millﬁgan and Hebil ( 1980 ) to dete{mine the strength
parametersg in tﬁévrocks to result in a factor of saféty,of
unity , i,e. ,ber slide to occur. As noted in Section”2.3.8
, it was felt that the wall movemenftwas‘geologically
cdntrolled and involved sliding élong avweék”.édngv parallel
to bedding; To accommsaate this model ,‘the configuration
sﬁgkh in Figure 3.10 ( without the stabiliéing berm :) was
used to assess the movement. The slide surface included a
~steep surface ét-the back of the wall‘and-'an"app;oximately
horizontal sﬁrfaCe at-the toe. éhe former surface fo;lowed
the weak”zone parallel to the bédding and "the f;ttér the
effect of ove:turhed bedding at éhe toe. TheAassumed water
~pqessure‘acting on the-back of the failure surface were also
shown. )

From the analysis the factors of safety summarized in

Table 2.2 were obtained. The stability analysis used was the

Janbu Composite Failuyre Analysis and all analyseS~ were

M
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performed on the computer t Milligan.end Hebil , 1980 ).

-Assuming the water  pressure distribution“ to be
approrimately accurate , the anelyeis indicated the srrength
parameters. required for a factor of safety of unity. These
values were consistent w1th typical strength values found
elsewhere for the condltlons*assumed in the north wall. N

-
2.4.1 Conclusions _ ‘

Milligan and Hebil ( 1980 ) concluded that _the
instability in the north wall of 51-B-2 - had resulted from
adverse geological ‘gonditiohs , namely , a weak zone
sub-parallel to the wall inrereecting errturHed beds at the -
tee of the wall, They also stated that Pore pressures , as

{
indicated from the piezometric levels in the standp1pe nests

, contributed to the failure.



Table 2.2 Back analysis results

] .
STRENG% PARAMETERS

ACROSS BEDDI&CE‘i WEAK ZONE FACTOR OF SAFETY
COHESION ,’?‘:fé;}f?: CORESION| PRI CEION
0 37 0 27 1.043
. ]
o o & 35 0 27 1.025
0 37 0 25 0.971

24



Chapter 3

. .
MONITORING PROGRAM AND REMEDIAL MEASURES

3.1 Introduction

Munn (1983 ) explained the philosophy behind the
monitoring program and the subsequent remedial measures.

The wall control program at Cérdinai River Coals itd.
was based on the premise that the walls were going to move.
Monitoring was to confirm when. The program consisted qf'
monitoring S%Ppg movements and piezometric’levels és well as
structural mapping and'viéual inspectionS'( See Chapter 2 ).
In case of excessive movement , the frequency and intensity
of the monitoring was increased and , Suitable remedial
action was undertaken suéh as cutting Eown the’ crest
building 'up the toe , depressurization of the wall ,
artificial support , or a - combination ‘of the above. 1If
remedial action was not possible , monitoring permitted:
operations to cdntinué up to nearthe time of failure.

At the -design stagé , the emphaéis was on identifying
the potential movement mechanisms and the consequences of
slide. Once the potential movement mechanisms were
identified*, a monitoring system could usually be empioyed»
to give :sufficient response time |, and providing the’
consequence of slide was not severe or remedial action could

be taken to arrest the movements , then‘it was practical to

mine pit slopes which have a higher probability of slide.

-
25
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The primary methpa of displacement mohitbring at
Cardinal River Coals Ltd. employed electronic distance
measuring ( EDM ) using AGA-122 Semi-Total Station and 3"
Retro-Ray prisms. Background reédihgs were taken weekly. If
unuéual movement was detected , additional monitoriﬁg points
'wére established , and the monitoring frequency was
increased to daily'or hourly. ' o

Piezometers supplemented the distance monitoriyg by
providing information on ground water levels. Most failures
were associated with an increase in groundwater levels. »

Remedfsl action in-Case of impending slides consisted
of doing as many of the following as possiSle ; cut down the
crest , build up the toe , and depressurizing the wall, In
some situations artificial support of the wall was employed
where the Bther options were not §OSsible.‘The application
of monitoring and.remedial actions permitted Cardinal River
Coals to ‘mine under walls which might otherwise be

considered unsafe.

3.2 Slope Mgvemenfs Me;surementé

Wyllie and Munn ( 1979 ) outlined methods of measuring
slope movements.

- Instrument stations are established opposite the slide
, and théir . positions are determined from a reference
station on stable ground .some diétance froﬁ the pit. >I£ is
essential that the. position of the'instfument stations be

checked against the reference , because the slope, . beneath
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the instrument stations may ‘also be moving. Monitoring
noints are established on the slide ‘and by regqularly
determining. their positions the movement of the whole. slide
can be obtained. These points shbuld also be established
bahind , and to either side of ,. the expected extent of
failure + SO that the limits of instability as well as any
increase.in its size éan'b% determined. | '

Johnsén ( 1982 ) described the following'surveying

technigue which may be employed.

3.2.0.1 ﬁadial Survey Method

The standard method émployed by industry today is
the Radial Survey Method using a theodolite-EDM system |,
whefe fne EDM prisms are permanently fixed 'ta the
highwall and the measurements taken from a 51ngle base
station situated on stable ground opp051te the highwall,
By measuring tne slope distance and the horizontal and
vertical angles , the three dimensional position of. each
prlsm is obtalned » from which vectors of movement
between successive readings can be calculated. A standard'
deviation of 1.5 centimetres can be expected following
recommended readlng procedures of at least one set of
’angular observations and averaging four slope distance
measurements per prism. ‘

The 51mplest method of surveying involves measuring
the distance between the instrument station and .prisms on
the slope. For this method .to be accurate it is essential

that meaSurements be vmade parallel to the - expected
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direction of mdvement ; otherwi§§ only a component of the

movement will be measured. Information on the-épproximéte
S
vertical mbvément can be obtained by measuring the
vertical angle to each station as well as the slope
distance. This will give an indication of the mode of
failure , since a toppling slide will tend to move
horizontally , while in a circular slide the prisms will
‘tend to move parallgl to the movement.surface;

Much additional information on the mechanism of
slope movement can be obtained by finding the coordinates
and elevation of each station , fTém which vectors of
movement between successive réadings can be ;alculated.
If there |is oﬁly one instrument station , anglgs can be
turned from the reference station to each prism , and the
distance measured with EDM equipmeni. If there are two
instrument étations » the position of egéh prism can be
determiﬁed either by triangulation , or by trilateration
using EDﬁ equipment. Best results are obtained if }he_
three points form an equilaterall triangle , and ghis
-should. be taken iqto account when setting pht the
baséline|between the instrument statiops. ;

Anqther alternative  , which' does kpt require the
measurement of any angles , is to determine the distance
of the prisms‘frbm three.stqtidhs forming a tetrghedron k

Hedley 1969 ).

a

EDM measurements are rapid and accurate , and:

surveying is useful in that it = gives the
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three-dimensional position of each prism. Surveying does
have the diéadvantage though that the measurements and
the calculations are time-consuming and results are not
immediately available. Another ~disadvantage of the
surveying technique is that ig is ﬁot possible; to make
readings during heavy rainstorms or snowstorms , or when
clouds obscure the tafgets , and thus a back up system of
extensometers  may be wuseful during extended periods of
poor weather. Access to the slope to inspect prismsﬁ is
“also desirable. Triangulation , uﬁder ideg} cgpditions ,
using a 1-second théodol}te.with all angles doubled , and
an EDM measuging to‘i1 millimetres over sight distances
of 300 metres , can give errors in cogrdinate positions
of as little as 3.05 milrimefres ( Yu and Hedley 19?3 ).
HoweGef , it is likely that mine su;veyor§ doing routine
measurements in,all'wgather éondib;ons using equipment in
less than.perfect'adj;stment will obtain average error of
+10 centimetres to 15 centimetres. For this ;eason',
coordinate determinations should only be carried out when
ﬂthe‘ expected movement distance between readings is
greater than the magnitude of error. . R
Displacement ,quantities'_will be analygfd in four
forms ; slope distance , the diStance. Between the base

.

station and moving prism , and.the resultants of the
- \ N .

displacement vectdrs and cumulative horizontal - and

vertical displacements.
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The con§entional EDM monitoring system has
.limitations for slabbihg type failures because 1 =
1. it measures movemeng\perpendicular to the wall , not

lparallel to it |

2. it cannot discriminate between overall wall -

relaxation and differential movement along- bedding

planes.
3. turn around time on measuring.is too slow
4. monitoring ig not continuous but is done , at best ,

at hourly intervals.

‘In the case of slabbiné t}pe failures , the Conven;ional
EDM system is to be supplemented with borehole
extensometersmand micro-seismic measurement ( Munn , 1983

“). The micro seismi¢ system is relatively ‘unproven in
surface mining but has beeﬁ used successfully in
underground mining ( Munn -, “1983 ). In this system
geophones impianted in the rock detect the noises of.rock‘

cracking. Increase in the ‘level of cracking noises is .an

indicatioﬁ‘of impending. failure. -

3.3 Existing Data

| MacRae ( ’19§2 ) stated that the slope deformation
measurements were conducted using  an electronic distance
meter to measure slope distances. |, and a theodolite to

measure horizontal and vertical angles to permanently placed

retroreflector targets. °~ Slope displacement data ,

AY

supplemented by piezometric data where available. , were
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utiliied to evaluate the slides and to plan remedial
measures. Milligan and Hebil ( 1980 ) reported the following
sections about 'the priém movements and piezometric levels.®
3.3.1 Prism Movements

Prisms whicﬁ were iniﬁially placed in the slide area of
the wall géve ‘a continuous record of wall movements. The
locationg of these prisms are shown in Figure 2.3.

Slope distance heasurements from the monitoring station
to the prisms were taken at least once’a day after the slide
occurred. Also , tﬁree dimensional monitqring of the prisms
were gnderfaken. Records of the"présm movements are not
pre;ented here but are on file at Cardinal River Coals Ltd.
Téb;es 3.1 and 3.2 show samples of the records. In general ,
the prism monitoring dafa indicated the fo;lowiné :

1. the greatest movements occurred at the west end of the
failure zone. |
2. duriné December 1979 , the prisms within the failure zone
were indicating a rate of movement'of between 2 to 4
- millimetres per hodr.

Monitoring of-theée prisms and others in the'immeaiate
areas was continuous. Additional prisms were placed at ghe
east end of the pit to assess the possibility of movements

in this area. ' \

3.3.1.1 Summary Of Events
‘The following events happened in 1979 and . were

reported by MacRae ( 1982 ):
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- Day Event ) _

0-71 ‘(5 March to 15 Méy ) , Routine slope deformation
measurements showed no indication of slope movement.

71-80 ( 15 to 24 May ) ', .Target _26-B moved by 30
millimetres over a nine day' interval. This. was
inferpreﬁed.as probable wall‘m0vement. - :

80-126 ( 24 May\ to 9 July D, Target 26-B cumulative

displacement incgeased gradually to 100 millimetres.

Mine wall instability was assumed. _

126-162 ( 9-.July to 15 August ) , No additional slope

N

movement was aetected. ‘

162-175 (. 15 to 28 August ) , Target 26-B cumulative
displacement increased to 15 millimetres. Piezometer
data showed rapid interconﬂection of previously
éeparated aquifers. —

175-239 ( - 28 August to 30 October ) , Target 26-B gradually

| accelerated as.fhg éﬁide velocity increased ( Figure
3-6 ). On Day 238 , the cumulative displacement of-
Target 26-B was 60 centimetres , and +he velocity
average over the previous weekwwas 1.5 millimetres

per hour.

-

239-250 ( 30 October to 10 November ) ; - Deformation
measurements were _cgnducted on a 24 hour bqsié ,
taking readings evéry half an houf. : _

1250 ( 10 November ) , The critical sliae velocity 30
millimetres  per .hour was reached approximately 8

hours before total failure , and pit personnel and
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equipment were evacuated. Total slope failure
occurred at 12:45 P.M approkimately 4 hours after

evacuation was completed. Pit production was resumed

soon after total failure.

3.3.2 Movemeﬁt Hypotheses

Figure 3.1 suggests three hypotheses for movement. The
first hypothesis assumes three blocks of rock mass , the
second , twstrotational and tdppling blocks , and the third
, two translating wedge and ‘toppliﬁg blocks. First all
hypotheses are described. Then , through a discussion of the
hypotheses , é working movement hypothesis is presented.

First displacement measureﬁents were taken in 1579 ; on
6 March for the 19-B , 21-B , 22-B , 23-B , 25-B and 26-B
prisms , and , on 15 October ﬁor the 35-3 prism , and , 6n

31 October for the 36-B , 38-B , 39-B , 40-B and 41-B

prisms.

3.3. 2 1 F1rst Hypothesis

There are three blocks in’ this hypothesis. The first
blbck , represented by the 19-B , 21-B , 23-B. and 25-B |
prisms , is located at the east margin of the slide. Itl
"toppled away from J3 and J4 joint sets. TheAsecbnd block
, identified by the 22-B , 26-B and 35-B prisms , is
located next to the firstl block. . It showéd two
independent modes of movement. The first movement
resulted from toppling away from J3 and J4 , and the

second ' resulted from slidirig down the d1p dlrectlon of
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Table 3.2 26-B prism displacement monitoring results

PRISM REPORT

Prism: 268 Estab}ished: D6/Mar/79 Base Station: KR-7
: } - (ft) (ft)
Obs. Date Time Northing Easting Elev Horiz Dir Vert
06/Mar/79 12:00 102566.47 104522.66 563a. 1 0.00 "] 0.00

23/Mar/79 | 12:00 102566.48 104522.61 5634 .69 0.06 288 -0.02
28/Mar/79 12:00 102566.47 104522.59 $634.72 0.07 270 0.0

24/ Rpr/79 12:00 102566.45 104522.56 5634.76 o.M 261 0.06
02/May/79 12:00 102566.4) 104522.68  5634.78 0.06 165 0.08
08/May/79 12:00 102566.42 104522, 62 §634.76 0.06 . 222 0.05
15/May/79 12:00  102566.39 104522.60 5634.69 ° 0.10 221 -0.02
24/May/79°  12:00 102566.38 104522.50 5634 .64 0.18 242 -0.07
29/May/79, 11:00 102566. 34 104522.52 5634.66 0.19 299 -0:05
05/Jun/79%, . 10:00 102566.36  104522.51 | 5634.65 0.19 231, -0.06
11/3un/79 10:45 102566.38  104522.42 5634.62. 0.26 . 25} -0.09
18/3un/79 >, 13:00 102566.39 104522.43 $634.63 0.25 252 -0.07
28/Jun/79 . 8:29 102566.44 104522.29 5634.72 0.37 267 . 0.02 :
03/Jul/79% 'X10:30 102566.40 104522.40 5634.65 0.27 257 -n.06
09/Ju1779™ ~+.10:60 102566.39 104522.36 5634.67 0.3} 256 -0.04
17/3u1/79 - 13:10 102566.40 104522.41 5634 .66 0.27 256 -0.05
23/3u1/7% 9:15 102566.44 104522.40 5634 .67 0.26 265 ¥:0.04
30/3ul/79 9150 102566.44 104522.36 5634.73 0.30 265 0.02
07/Aug/79 10:15 102566. 39 104522.45 5634.67 0.23 252 . -0.08
13/Aug/79 . 10:15 102566.42 104522.36 5634.67 ) . 261 -0.04
20/Aug/79 12:30 102566.36 ° 104522.25 5634.56 .43 255 -0.15
27/Aug/79 10:00 102566.30 104522.25 5634.50 .45 249 -0.2
04/Sep/79 10:30 102566.21 . 104522. 11 5634 .50 60 245 -0.21
10/Sep/79 * 10330 102566.2} 104522.08 5634 .44
04/0ct/79 13:00 102566.14 104521.98 5634.39.
09/0ct/79 12:30 102566.08 104521.95 $634.39 .81 2481 -0.21
15/0ct/79 1:30 102566.08 104521.86 5634.36 .89 245 -0.35

0
0
0
0.
0,64 286 . -0.27
0.7
0
0
22/0ct/79  13:00  102566.03 - 104521.78 - 5634.24  0.98 244  -0.47
1
1
1
2
2
2
2
2
2
2
2

75 244 -0.32

29/0ct/79 2:00 102565.65 104521.19 5633.85 .68 241 -0.86
31/0ct/79 .. 14:01 102565.52 "~ 104521.06*- 5633.90 .86 239 -0.81
01/Nov/79 1:45 102565.47 104520.93 5633.71 .99 240 -0.10
© 01/Nov/79 11:15 102565.64 104520.63 5633.72 .20 288" -0.99
02/Nov/79 8:45 102565.45 104520.75 5633.62 7 242 -1.09
02/Nov/79 14:00 102565.42 104520.83 5633.67 a1 2480 -1,04
03/tiov/79 9:30 .102565.26 104520.70 $633.60 .3t 239 1.1
03/Nov/79 14:01 102565.32 104520.75 5633.57 .23 239 -1.13
04/Nov/79 10:15 102565.22 104520.58 5633.55 .42 239 -1.16
04/Nov/79 14:00 102565. 24 104520.60 5633.49 .40 239 -1.22
05/Nov/79 12:30 102565.13 104520.57 5633.47 ° .48 237 -1.24
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Figure 3.1 Discontinuities and orientation of the resultants

of the .displacement vectors at 9:00 A.M November 10th 1979
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Figure 3.2 Application of Hockings rule
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Figure 3.3 The resultants of the displacement vectors and
centers of rotation on the common plane of movement at 9:00

A.M November 10th’1979 - | \
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Figure 3.4 The fesultants of the displacement vectors “and
traces of discontinuities on the common plane of movement at

9:00 A.M November 10th 1979
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Figure 3.5 Discontinuities and orientation of the resultants

of the displacement vectors at 5:00 P.M November 10th 1979
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Fiqure 3.6 The resultants of the displacement vectors and

centers of rotation on the common plane of movement at 5:00

P.M November 10th 1979 - ' | ' ' .
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5:00 P.M November IOtb 1979
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Figure 3.9 Simplified plan of the moving blocks at 5:00 P.M

_.November 10th 1979 . /
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the bedding.. Section 3.3.2 diﬁcuss s ’in details the
processes involved in these movements., Finally the third
block , characterized by_;he 36-B , 38-B , 39-B , 40-B
ana 41-B prisms , occugies ﬁhe west end of the slide. It
moved down‘the dip direction of the bedding. Departure

"from this will be discussed .in Section 3.3.2.

3.3.2.2 Second Hypothesis

This hypothesis involves two blocks. The first block

is identical to that of the first hypothesis. It contains”

the 19-B , 21-B , 23-B and 25-B prisms , which toppled

away from J3 and J4 joint sets. The second block includes -

fhe- remaining prisms ahd— it rotated around an axis of
rotation. The ébmmon plane of movement is shown in Figure
3.1. This plane was constructed by pagsing the best great
circle through the direction of - the resultants of the
displacement vectors shown in Figure 3.1. All of the
vectors are » Wwithin +10° of this plane and th
prbjections of the vectors on this plane repredent the
mégnitudes of the vectors. Tbe angles subtended around a
point by the projections of the vectors on this plané are
equal. An axis of rotation bPasses through thiéypointT;The
axis of rotat}on is perpendicular to the plane of

movement. This axis is shown in Figure 2.3.

3.3.2.3 Third Hypothesis
This hypothesis consists of two blocks. The first

block consists of the 19-B , 21-B°, 23-B and 25-B prisms

2

3

~ -

TN
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.and' is 1identical Yo that of the second hypothesis. This

block toppled away'friom J3 and J4 joint sets. The second
block embodies the" rvmaining pfisms. It slid as a
translating wédge."This wedge is formed by J1 and
bedding. J3 and J4 control the lateral anggupper extent

of the wedge. .

In order to allow the application of '"Hocking's rule
, the dip angleiof G;he bedding is taken Jjust a~ few
degrees ( i.e. 4° ) less than.,that of the slope ( Figure
3.2 ). Hocking's (. 1976 ) condition for sliding is
kinematically  satisfied ' because the line of
intersection of J1 and bedding , I, , lies between thé
line of interséctioh of J1 and the upper slope , I, 5, and
the line of intersection of J1 and the lower slope , 1I;.
Tﬁe upper qslope' is assumed horizontal , as shown in
figure 3.8. The dip direction of the bedding is the same
as the slope. When the dip direction of the bedding is.1°
“to the west of that of the slope—} Hocking's rule states
that sliding down the dip direction of the bedding is
possible. On the pther hand , whgn the dip direction of -
the b@§dding is 1° to ‘theieast of that of the slope ,

Hocking's rule states that sliding down the 1line of.

intersection of J1 and bedding is possible.

3.3.3 Working Movement Hypothesis
The first hypothesis mentioned above , with some

modifications , can be applied for movement interpretation.

g
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This will be demonstrated through a dj;cussion about Figures
3.1 to 3.7. The first hypothesis involved 3 blocks.'However
» 1t will be shown that 5 blocks can be idgntified.

Although , the 22-B , 26-B , 35-B , 36-B , 38-B , 39-B
» 40-B and 41-B prisms all displaced in one common plane of
movement shown in Figures 3.1 . and 3.5 , they do not ,
however , as shown in Figures 3.3 ;nd 3.6 , have 1identical
centers and ahgleé of rc ation. Thus , they can not , in
éontrast with the second hypothesis , be represented as one
block.

Orientations of the displacement Qectors for the above
prisms , shown in Fiqures 3.1 to 3.7 ,'have an approxfmafe
range of 50°. The range for the magnitudes of the vectors is
about 1 metre at 9:00 A.M ahd 7 metres a£ 5:00 P.M.
Therefore , the requirements for thedthird hypothesis , i.er
identical orientation and magnitude of the vectors , are not
satisfied. \ |

As mentioned earlier , tﬂe4first hypothesis with some
modifications can be applied to the data. At 9:00 A;M , the.
angles subtended by the displacement vectors weré»measured
from Figure 3.3. Five blocks were iggntified based on jthe
measured angles ; .

BLOCK .1 ¢ontajn§”'the 19-B , 21-B , 23-B apd 25-B ﬂ%isms_
| which moved parallel to each other and as Figures
3.1 and 3.4 show they toppléd away -from the J3 joint

set. Figure 2.3 shows the eastern extent 6f blocks 3

and 4. The bearing of this line varies between 010°
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and 029°. The intersectibn between J1 and the high
wall trends at 222° , making an angle—of 13° to 32°
with the eastern extent of blocks 3 and 4 , shown_inr
Figure 2.3. The strike of J1 makés an angle of 22°
with the north ~east extent_of blockv4 , shown in
Fighre 2.3. Therefore , J1 cannot be regarded as the
only Jjoint set which controlled the eastern extent
of blocks 3 and‘4:AIt is assumed that a combination
\of "J1 and J3 joint‘sets provided an almost vertical
plane , with 80° dip , making the eastern edge of
‘blocks 3 and 4. This plane was identified in 'field
by7tensios cracks and it is named here as the
lateral margin. As mentioned before the bearing of
‘the intersection éf the\iaterai margin and the ‘high‘{
wwall , . measurea from Figure 2.3:; varies betwéen
010° and 029°. The strike of this surface is 010° ,
as its intersection with horizontal plane trends at
O10°.on the eastern margin of block 4. The strike of
the surface 1is 622° , as its inte;ﬁgction‘with the .
high wall trends at 180+029=209° én the eastern
margin of block 3. This surface provided a free.
surface for toppling.away from J3. Taking an avérage
"of 16° for the direction of the §trikelof the piane
of separation at the eastern ﬁargin of the slide ,

in the region of possible

Goodman's kinematicy test ( 1980 ) shows that the
pole to J3 is locaE;L

topplihg ( Figure 3.1 ). The'lateral'margin was
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first constructed with the dip/dip direction of

O 080/286. The friction angle‘acﬁing”ﬂalong sandstone

joints 1is assumed to be’35°. Then , another plane (

645/286 ) which dips 35° 1less than that of the'

vlateral margig " and ~with the same‘_strike, is

constructed. The region shown in Figure 3.1 i{

confined to the great circle of the 045/286 plane

and‘the vertical small circles 30° fgom the vdip
direction of the lateral margin. ‘

BLOCK 2 contains the 22-B and 35-B prisms each with an_angle
of rotation of 6°. This block - represents a
transitional stade , both in direction and magniﬁude

« ; between blocks 1 and 3. ‘The resultants of the
displacément vectors .are p%oduced by two ihdegendent
movements. The first movement 1is a resﬁlt of
toppling -away from J3. It is similar to the movement
of the first block. The second movement is a result’
of sliding down the dip direction of the bedding. It

is similar to the movement of block 3.

' BLOCK 3 contains the‘38—B , 39-B , 40-B and 41-B prigms‘wiﬁh e
ahgles ofu‘rotgpion , obtained from Figure 3.2 , in
the rahge of 8° to 11°. This block moved down the
dip direction of the bedding. Figures'3.1oshows éhaf N
the"direcéions of the 38-B , 39-B , 4073 and 41-B
prisms are ‘within 20° of one another. Therefore ,

they can be represented as one block. The bééring,of

the vectors are within 10° of the dip of the bedding -

.
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bedding; Howé&er , all plunge }ess than the dip

~angle ef the bedawng Y ‘1nd1cating dilation. or‘

.

varlatlons in the local curvature of ‘the beddlng AS

mentioned in section 3.3.2.3 , Hocklng s rule states

that the sliding of a %edge., controlled by ‘bedding
and J1 , 1is p0551ble. Therefore , block 3 'slid as a
wedges This wedge mdved down the dig— direction of
-the bedding and dilated at the‘toe; Figure 3.8 shows

the Eross section B-B of Figure 2.3. Tbe‘ 40-B and

‘indicating the 8ilation of the bedding on the "step"'

" structure .at the toe. The perpendicular joints to
' the bedding , J2 , J3 and J4 previded the "step”
' sttﬁcture‘ shown at . the toe of the sllde. The 39-B

v.ﬁ‘r&med at 30° to the horlzontal , indicating

" movéméhtTElong the«dip dlrectlon of the ueddlng

V R ‘r P-"

BtOCK 4 The 2@ B prism moved 1n a. way 51m11ar to that of

bldﬁk"Z , but w1th larger displacements.:

BLOCK 5 The ‘36-B prism moved in a way similar " to that of

“figures 3.4 “to 3.6 ; were identifiedg*fhe angles shbtehdéd_

block 3 but with smaller,dlsplacehents.

- d o
At 5:00 P.M ', the five blocks mentioned above ’ using

by the resultants of the displacement vectors were increased.’

to 43° for block 3 and unchanged for bloek 1, block 2 and™

blgck 5.'Block 4 displaced a similar magnitude to block 3.

The dispiacement records for the 41-B prism are dbt

§

indicating movement down the dip direction of ‘the

«* 41-B prisms moved less than 10° to the horizontal -

-~
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available at 5:00 P.M. The eastern faidure limit.shown in
Figure 2.3 represents that the 41-B prism did not move with
block 3 during the most rap1d sliding. Therg{ore , it moved
as an independent block 5 marking the sixth bleck. As ‘the
data 1is not available for block 6 , this block is not shown

in Figure 3.9. Figure 3.9 shows the simplified plan of’ the

moving blocks at 5:00 P.M

3.3.4 Piezometric Levels

i

As part of thermonitoring'prdg.pm i~ :ris portion of

the pit , several nests of standpipes wers 1nstalled - e
north wall. The location of these nests is shown ii. “icure
2.3. ’

<

Read1ngs of the water levels were taken at-least once a

week a correlated with 1n1t1al wall movements and rates of
.:u-

pumpinb from the walls. Observatlons of changes in water
elevations are not presented here but gg_re on’; are%prd at:
Cardinal - River Coals -Ltd. The main observations were as

follows H ’ -

# : .

. -Following the major displacement in gpe north ’wall
standpipe 7B showed  an -abrupt .decrease in water
elevarion. ‘

2. Because of attitude of bedding , i.e. , essentiaily

parallel to the wall , the.dewaterihg wells were not

totally ®fficient in_cagsidéﬁdrabdown across bedding.

LR

&y
e

-
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3.4 Remedial Measures

After a major movement on November 10 , 1979 , nemedial
action ,~repofted by Milligan and .Hebil ( 1980 ) , was
begun. This consisted of establishing three dewatering wells
\abovo the ione Y, and the:oonstruction of a buttress berm 14
metres high and 46 metres wide along the length of the
failufe. Pumping of the dewatering wells was no alleviate
pore pressures in the rocks which were thought to contribute
to the wall failure. Other wells were subsequently drilled
at. " the east of thebpit. However , in January 1980 , beoause
of cold weather problems , they were not pumping. Figure 2.3
shows the location of the dewatering wells that were drilled
at that time.
\ The construction of the buttress , as Munn ( 1983 f
répo:ted~; took two*months and was completed while under
continuons 'disblacement.monitoring of the wall and the dump
itself using EDM equipment. The wall movément continued at
the rate of 6 millimetres per day for five weeks then slowed
to 3 mllllmetres per day and stopped moving on January 20 ,
1880 - upon completlon of th; buttress. The total movement. of
the failure was 6.9 metres horizontally and 3.9 metres
vertically over an eight-month period. During this period .,
there was only one day of production lost with no 1loss of
coal hn ther1t

Accord1ng to Johnson ( 1982 ) the immediato impact of

this fallure on survey costs was the expense of monitoring.

This &pn51sted of two contract - survey [crews , " working a
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24-hour day ( 12 hour shifts ) , 7 days a week , for 2
months , at a cost of $72,500.»
Munn ( 1983 ) stated that potentially ,"  the

consequences of this failure could have been severe. The

final acces5 ramp was designed to “traverse- this  wall.

Warning of the failure through monitoring permitted a
relocation of the final aécess»ramp to the opposite wall so

that the buttress could be constructed to sfabilize the

]

inlljg;ua£§ ¢%§éO1 further,recomm;ndaéions were made by
Milligan and Hebiil(<1980 ) as follows :, '
1..Because of the éossibflity of ove?tur;ed bedé at 3eep¢r
levels at-the east end of the pit , this area of the pit
be mapped as the excavation proceeded.'Additidnal priéms
and a slope inélinometer were recoﬁmeﬁded'fb be installed
in thiS“éreéi"v i e
2. Backfilling of the mined out areas of the pit be
undertaken as soon as possible f§llowing the coﬁpletion
of mining. -
3.5 Factor Of Safety Determination
Milligan and Hebil ( 1980 ) aetermined the factor of
safety of the slide. The analysis and visual observation of
the wall ( i.e. , no sigﬁ‘of seepage at the toe ) indicated
that the géological structure had the m;in'influence in
c9ﬂ£§§?ﬁing stability. Therefore , it was recommended ﬁhat

medial heasure involving the placement'of the toe berm

<
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be adopted. However , 'to reduce the possibility of a
build—ﬁp of gfoundwater at the back.of the wall , it wés
further recommended that the existifly dewatering wells be
employed to their optimum extent. * This - would entéil
connecting  up the wells to é common collecﬁing-system and
making sure that the wells would be essentially maintenance
free{

A stability analysis was undertaken to determ}ne~ the

optimum dimensions for the stabilizing berm. The

configuration used to examine this aspect is shown in Figure

‘s

3.10. Using  the strength parameters and -groundwater

_'dﬁngitions as shown in Figure 3.10 , Table. 3.3 summarizes’

‘the %esuits from the stability analysis.

Table 3.3 Stabilizing toe berm effect in factor of safety

e

BERM WIDTH | FACTOR OF SAFETY

30 Metres 0.907

From 'this , it is seen tﬁat'the»mini@um berm width was
récommended to be 46 metres. The berm wouia at least be 42 -
metres high which would necessitate the berm completion
around an elevation of‘5500 feet. This berm width could be

achieved along most of the toe of the failure surface ,

W5
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without eovering the coal. This was especially true, at the—
~ west. end of the Wall above the pr1sm movements indicated the
maximum movements had oqgurred. At the -east end of the
failure , the berm width‘wouid have to be}feduced to about
30 metres to prevent CSVering the coal in this part of ‘the
pit. However , the feduction in berm width at tnis end of

the slide surface would not éffect the stability of the

wall. ; -



Chapter 4

LITERATURE REVIEW

4.1 Introductioﬁ_

fhis chapter reviews various relations for ‘analyzing
displacement curves.‘ Con?entional» displacement or creep
curves aré described. The following four léws', and , their
- applications through case studies results are given ;
1. saito relation . , ' ,
2. Exponential law
3. Power law.
4. Zavodni and Broadbent's law
A detailed formulation :of these laws |, deséribing all
parameters , are presented. The application of these laws to
51-B-2 pit disblaqgment data will be discussed inb the next

chapter.

4.2 Conventional Creep Curves

Creep curves show  the relation between time and
displacement ‘at a particular constant load or stress (
Varnes , 1982 ). An ideal creep curve may contain the

following sequence of deformation; -

-

a. instantaneousrdefégm%gion or elastic response.

b. rapid deformation;éurﬁng decglerating creep. -
c.. -éonstant displacement rate dﬁring stéady-state‘
creep.

~d. accelerating creep. ..

4

sh
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e. rupture.
Varnes ( 1982 ) . described . Sseveral common
characteristics derived from past research on creep at
various levels of stress. The following 1is a summary'r(-

Figure 4.1 ) ;

1. If an ihflection-bccurs ; in which a cﬁrve that initially
is. concave downward becomes concave upward |, then
generally uitimatq failure is inevitable if the load isl
maintained. | h

2. Changes in exterior conditions of load or temperéture or
of internal structure or composition during the process
may either delay or halt thevprogréss rgggure and produce
a curve with irregular shape.

| . 3. There 1is usuall& a critical stress above which , chef

. - K - 7 B
conditions being constant , long-term tests resulf in
concave upward curves. This is often taken as the mgasufe
of long-term strength.

4.€$he s;rain at which inflection occurs has been found to
vbe more or less-.coOnstant " among tests run on the same
material at various levels of stress. ‘

Field displacement data have been plotted in a manner
similar to thosg shown in Figure 4.1. Munn ( 1979 ) stated

that 1in order to use monitoring to successfully decide when

<

operatidhs“may , or may nbt , continue below a moving - slope
, the movement data must be correctly and rapidly

" interpreted. He showed a method of displéying movement data

as'wyé plot of cumulative _slbpe movement against time
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Strain

Time

Figure 4.1 Typical creep curves

Figure'4.2 Typical shape ‘of movement/time plot preceding

failure



\

Figure 4.2 was removed because of the unavailability of
copyright permission. This Figure 1is Figure 6.9 of
Wyllie and Munn ( 1978 ). Figure 4.2 shows typical
shape of moveme&%AﬁimeAplot preceding failure.
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illusfrated in Figure 4.2. This‘g:aph would readily show any
‘increase 1in the rate of movemént that would be indicative of
‘deteriorating stability conditions. On the other.hand it is
seen that severai ebisodes of acceleration may occur before
failure and thaq’ the total displacement 1is usually

substantial.:

4.3 Saito-Type Relations
Sefvi and Grant (,1951’ ) expressed the relationship

between the minimum strain rate j at'the point of in;iection
of the e-t cqgveb, or during the quasisteady state , and the
time ;emaining before failure-as: |
€m=Eo/(tst) - (4-1)
where é, is the minimpm creep rate , (t;t) is 'the time to
failure , te is jthé time of failure , t is the time of
observation and E, is a constant. Monkman and Grant ( 1956 )
analyzed available déta on rupture life veréﬁs-minimum creép
rate of a large number of pure metals 55@ alloys and found
that ‘these materials obeyéd a. generalized versidn
Equation 4-1 in the form: = :
_log(tgt)+mlogém=c | - (4—2)
where m and c are constants. |

'Saito ( 1969 ) extended equation 4-2 fo cover not ‘only
the relation betweenuminimum creep rate and time to failure
but also the. creep: rate during the whole period of

accelerating creep. This results in;

i=c/(tre)n . S (a3

< Ne
K
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where e is strain or displacement , t is time of observation
o tfis the time of failure , and C and n are' constants.
Eqnation 4-3 indicates that the rate of strain qpproeches
infinity as t approaohes tf;_also that the rate is finite at
t=0.' Vafnes ( 1982 ) nemed the relatigp 4-3 as:fpure Saito"
, when n , as in many cases observed , was near to ort’eQual
to 1 , and as "generalized-Saito" when n#1.

Saito ( 1980 ) examinedeexperimental data and concluded‘
that the steady state creep rate and cteep;rupture life plot
- of soil might be tonsidered widely applicable to any typetof
soil and to any region on the earth. He further stated%ﬁﬁﬁg
the dlsplacement ~Aé and remaining time to rupture (t{t)
would make a stra@@ht line-on a semi—logaffthmic graph , if
.rupture life , t¢ , could be chosen“hsaeQUately. This
relationship , being equivalent to.'"pure‘ Séito"sﬁorm,,
provided a way.- for finding wtrupture iife' on a
semi-logarithmic graph.

The Saito relations are sihple ones of possibie wide
application. They have}gbeen independently discovered and
used in various forms by a number of investigators of
failure procésses in different countries. Four such studies
were briefly descrioed by Varnes ( 1982 ) as follows:

| - Schumm and Chorley ( 1964 ) anélyzed movement
observatlons on a-section of sandstone cliff at Chaco Canyon
Nat1onal Monument , New Mexico , and determined that;
log(k-é)ﬁ= p log(t{t)+q o e | (4-4)

where (k-e) is the distance the cliff section had yet to
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moveﬁbefore it fell , t is the time of observatlon , (t—t)
is Athe time -remainlng before fall , and o 1s ‘a constant.

ThlS is equivalent to the generallzed Saito form v Equation.

w‘
ﬁf
o

?

" Dobes and’ M111cka ( 1976 ) analyzed® experimental data

4-3 ,. with- n<1 i ' S ”J,A'

on a number of metals and alloys and showed that:
Log((t7t)/e)+m, logé,=C | - (a-5)
‘ where\(t;t) is time to failure by Tfa;ty:e ., e 1is .totai
'creep ‘deformation } ¢, is minimum creép rate , and m, and"é
.are constahts. This , too , is equivalent to the generallzed
Saito form in which n<1 and the final. strain just prlor to
fracture is finite.

Iken ( 1977 ) analyzed ghelmovement of a large mass of

glacier 1ce mov1ng into a lake and breaklng off. She found
that: =¥

=B/ (tt)® + ¢, | (4-6)
vhere €, is velocity of the ice mass , tyis esaentiélly the

time of failure ; t the time of observation , and ¢ , B,

: . . Ay
and d are constants. This is a generalized Saito for:m,,‘f;“:3

N

equaﬁlon 4-3 ) with the addition of a constant veloc1ty , or

v1sc%§$‘¥erm , €4 The exponent d appears from’Iken's‘graﬁhs(
.gto be les# than 1. _ . .

Sandstorm and Kondyr ( 1980 ) analyzéd tertiary creep
data for Mo and CrMo steels undet-constant load at 500°—6009.
C. They found that after removal of 1;stantaneous strain and
strain due to primary rreep the te;tlary creep followed the

‘relation:
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I

: = A exp(Be) ‘h."{fw t:e o ' (a-7)

in which e 1s the base o@ﬁmatural logar1thms and A and B are

o ¢

iconstants. Equatlon 4 7 is equ1valent to the pure Salto fogm

( 3 . p’},}.

_1n equatlon 5 5.wThese authors also showed that the tertlary

creep rate is con51stent w1th the mechanlcs of creep damage.

4.4 EprnentiaLeForm,uf’ : v : @wfﬁ )

e 'ph&é -may5 be "expresse ;agﬁgarlous equ1Valent ways
Y S AT S : ' ‘

W,
s

After Varnes ,”W982 ) e " e
€ ~°k[exp(T/a)-1] § (4-8)
ihe = ln(k/a + T/a ' ‘ ;ff L (8-9)

PR N
uA .

-

€= k/a + e/a . e IR . ff ﬁél,‘~ " (4-10)

<‘
ThlS* for?w»ls lea51ly tested by seelng if. plots of

f
“or - rate! )versus strain are-.

.‘ ) P».". . Lt SN ‘
{ ‘After Varnes.y 1983.) :

;.Ié.%(= aT" 3 b : .J’j N Ve , - (4_1 1)
€ = lnaq """ %‘7 ‘ : ) (I4f12),

3
=, 4

logé = log(na)\f (n 1) 1og T ,g% N - {4‘133
if \.b 0# : &' ", . ,— o .:\: 'v . ‘:-ﬁ v ",.‘ N » . .. o ) ) .

_lbé’ei= log a + n log T »;;‘,u-rh e "".f‘_ (4544)"

‘f?Th1s form 1s ea51ly tested by plott1ng log fate versus‘ S

log time. - .. .o
N R . Lt . ! — A
-7 b e
- o . -
. “
‘ (o o ¢
u T 4 “ B
: f . +
! > . = “
-~ =
. . un M_e .
"i.,/' N~ ',3.
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4.6‘Simulianeous'Creep Stages
In”-working with curves showing both decelerating and

®» vﬂ g"“g" o0 ® ‘ © A - .
accelefat1ng creep » Varnes ( 1982 ) fouhd that the

adceleratlng portlon often could dot  be’ analyzed §

*sat;sfactorlly by‘ltself because the process responsible for

&

prlmary creep contlnued beyond: the p01nt of inflection. This
requlred that the mathemat1cal relat1ons iﬁo ~"the prlmary 5‘:

g
proceSs ~also be examined. As should have been expected

-

analysis of the primary 'portlon ‘of creep .curves‘;;hen

indicated that the process governing acceleratlng creep’
v

commonly began well prior to the t1me 1nflect1on , 1.e. the

t versus dt/de .curve was not aﬁstralght line durlng the

fdecelerating creep. ‘In these cases ; the 'two processesx had/;
to’ be ‘considered togethern an ithe wtlmes & wh1ch “*the
a¢celerat1ng process began and *-the decelerat1ng prdbeSS’

ended usuaily dbuld be determ1ned only by close examination
of var1ous transformatlons of a smooth e-t curve into llnear
. &L T ' "4
forms »U’Jw’fu ,3 ’ '
R

&'1 Many tYpes of functlons hige been 'ﬁmoposed for _e- t ip§

relatlons ~1in @§1mary creepar%Frnes (- 1982 ) found ‘the power
3&
law most useful for §h€1y21nq qng.prlmary porblon. of creep :

v

- curves. 1f£ Lo e . . - .
‘for c<0 : . P %i” - ] o - g
. . R ¢ L . ®
fateem - - (a-15)

wifich 1ntegrated for the case c# 1 gives ib
‘f‘(t o+, b)g&'/(c + 1) + constant 4 r_,,:-): --“7*

and ﬁeg c—-1 « the logar1thm1c formv‘ S

: Sy
~ . . ‘:‘«5;/ . P - s % e
S . i . - . g, € . h
o . . . ’ SNy F
DR IR < oa . . 8 -
g . o . » oL . DS T
. - i . .
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k

e™.a'In(t + b) + constant T (4-17).

e

vVarnes (1982 ) indicated ajclose relation between the

. 4
) .4

processes of logarithmic decelefating and S.ito accelerating

loreep‘( equationN5-3 ). 1f the exponent c in . Equation 4-15

i -1 thén : N "

€

- and a plot of the rec1procal rate versus time , both on.

= t/a.+ b/a S ) “' (4718)

arlthmetlc vscales is linear. The rec1procal of rate can. be

\

1969 ) . oo

* 1

‘recognlzed as: the "tlme resistance" 1ntroduced by Janbu (

,
Y

‘U B
L) *

3

4.7 Case Studies Results = ’ . ;

QVarnes ( 1982 ) tabulated the results of SOme analyses
X - !

0N creep\curves of varlous materlals He state@ that' where

two Jprocesses were Shown in succe551on‘? theré was a

deflnlte chauge in" one of the linear plots even though the

€=

Ad

t curve was almost always smooth Also , if twofsﬁéoessive

i,rprocesses were of the same form , there was a change in

-numerlcal value of ' theb coeff1c1ents or parameters in the

. :1 . . X . .-.‘
equatlons. He derived the  fok 3ihg B conc1u51ons for
,‘;a . ’ . . ‘! '
dlfferent materlals : . "o . ) . ; 3tg
1.gF1eld , Rookwﬂrj§oxl L ' P
| ‘_ RN {'I y &:j\
. -Most examples followed a pure or generalized. Saltow fOrm
‘ EEN
for at least part .of -the . creep gyratlon. One wholly
exponentlal form and two power forms Jere also observed
Only the accelerating parts wereﬁhnalyzed of cdrvesﬁfbr
. ( s ) » X
- BN v
lslope moVements that “3jnyolved seasonal' fluctuatidns .,
N wbo o 0 - L _ 3 "
' . : I ﬁ .
,g

v

-
o

P
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such as the topple reported by Brawner -and Stacey ( 1935—
) and thé slide at Tablthaca Dam , Peru , which was
under study by Novosad Most slope failures appeared
eventually to follow a‘generallzed Saito form. |
" 2. Laboratory. Rock
The laboratory tests on a few rock materials appeared to
involhe rathefp_complex mixes - of primary and tertiar§
_forms acting concurrently or in succession. All ‘involved
- pure or generalized Saito forms , but in tuff , alabaster
and carnallite the primary process appeared to per51st to

the end of the test and the tertlary process began at the

beginning of the test.

4.8 Zavodni and'Broadbent's Fit

Zavodni and Broadbent ( 1980 ) described efgorts that
had been made to guantlfy parameters assoc1ated.€§§y'sllde
movement |, and compared the dlsplacement records of several
large scale -open-: it porphyry copper slope failures. They'

Pl
& G

defined the term "excess fo¥ce" which was usually related to

z

an external event such as  a b;ast ' earthquake , rain ,’

,temperaturgrchange. ground Mateg pressure +change , or

et A - i .

excavation of buttress rock Two pr1nc1pal fadilure stages
: r;‘.k Yo 455

were recogn1zed 1n the txp;cal slope fallure\\leadlng ,to

} >

total corﬁapse { thqre 4, 3 ) R
e

g

&
a. Regress1ve stage duslng whlch.the fa111ng mass would '

<
n

-~

re—stabrllze‘1f some_dlsturbance(sl exterﬂal to the

# "rock (- i.e. excess force ) and struc-ure gas(were)
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Figure 4.3 was removed because of the unavailability of
copyright permission.  This Figure s
Zavodni and Broadbent . ( 1980 ). Figure 4.3
typical displacement rate versus time record of a large
scale rock failure proceedlng to collapSa. leerty pit

failure No.t. 6 S | f Y

. N
RS TR
‘ ¥ . T e s
- ;
- N AP
N v oL, . .
B

- w PR
A g "-9 )
. * ot
. .
L
SR L.
. . .
- »
;_./::.— >
A .
» ) ‘. 4
y. r(‘;‘.:,
=N
P * -
«
- . © |
‘ ® st
o .
L]
. b
.

e

RRagury

» g .

:

>
'.‘,.
L
.. o
%
<
B
N «
% 2
& .
a [Fe L
° ¢
h i W
N n » 1"

Figure 1 of
shows .

S

L‘". -

, Ty

ey,

IR &
i

)
4



68

)

removed ; the overall average velocity in this stage

could slightly accelerate , remain constant , or,

& decelerate.

;5. progfessiveﬁstage during-'whichiﬂfhe fé}lure wéle
displaée at an accelerating fate to Eﬁe point of
total collapse unless acti;e cbqfrol measures were
takén. A larg§ portion of total displacement wés

@ﬁ élwé§s mdhiforéd in this stage rather ;than in ﬁhe.

regressive stage.

Overall displacemenﬁ records in both failureﬂ_étaggs ,we:éf
Qapparently of simple e&PQnent;al form with aidefinifebbéeéi;ﬁ
océurring at the onset o%}failure point ( Figure “4.3 )..yiilﬂa

data were recorded on.displacement rate versus days prior to
total collapse. Semi-log plots and bi-linear curve fits were
demonéfgated :for kmqst slides that proceeded to collapse (

Figure 4.3 ).

-Zavddni' and Broadbent ( 1980 ) revéaled v‘a
semi-quantitative ‘empiriégl relationship f9f failure
céliapse. pfediction. Theyl;_in conj;ngtion;with‘a semi-log
plot\sgﬁlgas%in Figureﬁg.é , were abfe to estimate the
number ’ofd da}s' Gh£i1l total coliapse',uohcg the failure
onset point wa; re?ched and the'ﬁp;ogréssive stage of

: ‘ . sy B
displacement rate ,pattern was established from ‘the

9

monitoring record. o '
éma/€0 F K R ’ e : (4~i9) .
e - . s . Eé
where in Figqure 4-3 : ) . o &
: &

éma = velocity of mid-point in the progressive failure stage

. . B
" . - -

gt

&



velpcity at onset -of failuré'point

Me
o .
It

K = constant avg.=7.23’, range=4.6f103§ , 0=2.11 )

Kiowing that the general eguation for a semi-log

L .

“straight line fit has the form ;

sgf

é = c et ' " B L . (4-20)
where N

. . . . 4 N
e = velocity 1n.9m/m1n : y -

s = slope qﬁgljne log(mm/min) /min .
. o ‘ /
.c = constant

t = time minutes

e, =-base of natural logarithm - S N
) ! .’ 1. , . " g

e

and assuming t=0 at the collapse onset point , Equation 4-20

takes the following form for the progressive failure stage ;

i=o, et “ (4-21)

,

From this equation and the empirical" félationship of

Equation 4-19 , Zavodni and Broadbent ( 1980 ) could
determine the velocity at the collapse point éfas :

e, = K €, L S (em22)

Broadbent and Ko ( 1971 ) illustrated that , in both

3 Lo PO P : ' )
regress1ve and progre551ve fallure Sstages creep curves

P

followed the behav;or of ‘a ‘Kelvin or- V01gt rheologlc model.ﬁl

,Thls model employed both elast1c and v1scous propertles..'.g

Zavodni and Broadbent' ( ‘1980 ) after examlnatlon of

major-slbpe fallures in opeh'-pit 'mines vstated that‘.a

dlsplacement rate apove_ 0'035 mm/mln 1nd1cated that,;a

. et

7fa1lure was robabLy in t%f progr9551ve stage and,thaﬁ total

ﬂgﬁﬁlapse‘could occur within 0-48 days. - 4A‘» | :3A.

o ,fw id‘;‘"\

e , )
* 8. . . ' :k%
. . . P

~¢
i}
-

& Pate



Chaptar 5

-

EVALUATION OF tf(TIME OF FAlLURE) PREDICTION METHODS .

5.1 Introduétion
In general all methods' of predicting the time to .

failure , tf, can be divided into two main ~groups. In, the -
Qf

first group the origin of time axis , T,., is known ( Figure

5. 1 ). To in a creep tesr is tHe ﬁe;ent that load ceases ‘FO
be *added.'to a specimen. In the second group the origin of
tiﬁe axis , Ty , is not known. In the case of a .natural
elope , shear movements along bedding planes and joints take

place during geologic times (*.i.e. millions of years ). A

N

] : . .
displacement measurement - shows ~the. position of a point_;d,

i.e. atvtime t, with respect to to where to is the time when
the first measurements were recorded. Therefore , the time
span X shown 1n Flgure 5 1 1is unknownr

5. 2 Fa1lunQ_De£1n1t1on‘

in . the 11ter§ture. The

*(-'"1&59 " 1980 ) .in the
previous chapter','r‘ £ion 4-3 , suggests an infinite rgte

of aisplacement at ¥

approaches zero. -”infinitﬁg"displacement rate is

physically impessible. The. mathematlcal relations for

T

by the exponentlal and power of



P

T1 » \‘?"v‘}.{k . t; ) t1

T .
&
Figure 5.1 Times definitions

Figure 5.2 Displacement vector and it§:component§

[ .

4
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v
3

time forms ( Varnes , 1982 ) show .that the velocity
increases as the time goes on , and the time of failure is

not determined. Zavodni and Broadbent ( 1980 ) reported a
ane - )

velocity range of 0.04 to 1.04 mm/nin at the time of .

failure. MacRae ( 1982 ) , - Wyllie and Munn ( 1979 )
o 3
introduced a critical slide velocity of 0.5 mm/min for

evacuation of pit personnel and equipment under the moving

mass a few hours before failure. Munn ( 1983 ) defined

failure as excessive wall movement which may cause rock to

fall 1into the active mine area. He further stated that the
term "fallure can not be defined as a cataclgfmlc event but

]ust as another m1n1ng problem

term

.. Another ambiguity' in the definition of
_"failure" is the path of . movement of a point within the

moving rock ( i.e. , rock spec1men , rock slope ‘). A

velocity vector 1s tangentlal to the path of movement Any-

‘component of the velocity of a point has a . magnitude less

than the speed ( velocity magnitude ) of that point. For
; 3 ) ]
instance , it is zero in a direction perpendicular to the

[

velocity vector. For example the*velocity component of a

point in a rock slope moving along the dip direction of
' s

strata with 45° dip angle , 1in .a horizontal di PE-). N
i -

1S "6y ‘“‘

-perpendicular to the strike , has a

the speed of that po;nt ( Flgure 5

‘In summary -, local condltlons at the work place , such

-

as efficien®
"greatly infl

protection of, m&n and equ1pment , can,

fthﬁe 30% less than'

failure definition. Failures are not .
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usually catastrophic‘events. They can be deflned as rapid
movements., The allowable 1imit velocity of these movements
is determlned by local personnel and experience in coping

with failure consequences. In setting such«ab allowable

limit velocity., the direction of movement needs to be

considered.

5.3vGenera%3Procedure
Trahsformation of data obtained from creep_curves or
field measurements into linear plots is necessary to

determine the form of mathematical relations that creep data

obey. This allows linearfregression methods be used . %

predictions to - be more convinéing , and slopes and

intercepts of lines to be more, easily determlned Preferably7

‘two or more linear Plots derived from the same basic .

equation , shown in Table 5.1 » need td& be andlyzed. fcr

dv

mutual confirmations (  Varnes o, 1982 )}‘Q&raphlcal

d1fferent1at10n metho-
,%ﬁiéﬂ

creep data into’ lirked

graphlcal calculations by hand it *would 1ncrease the worki

of. linearization. A dlsadvan'age of this method is that the

‘dlsplaCement rates needs to: be comgu{i\f" ~¥;ing” tangeﬂts
- N J"’_Q ‘r»..

to creep curves. However , in a numerlcal a&aly51s with the

help of a computer the actua% C‘values of ‘dlsplacement and

time obtained from field méasurements can be used directly.

Long time intervals may reduce the accuracy of est1mates of

~

the d1splacement rates,

Q».

[}S’;; be applied to‘ transform thqa

Pforns. Slnce this method reqU1res s

BN
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If logarithmic :,axes such as loge and 1ogt are used ,
zero quanéitiés cannot bé plotted. The ﬁse of displacemenﬁ
réte instead of displéEbment provides piots which are
:independent of the zero point  of displacement meésurements.
Although displacement rate analysis avoids ﬁhe zero poiﬁt of
displacemé;t the calculation of the rate .itself mayb be
difficult. The limitations in the application of graphical
and numerical differentiation‘ methodé; mév%h_already been

mentioned.

5.4 Ty, Known Case

The origin of the time axis , T, , is kqown for all
conventional‘ laboratoryl,cfeépn«tests. Varnes ( :1982‘ )
explained in }iveA steps a procedure for determination of
creep mathematical relations. Figure'S-BMéhows the principal
types Qf graphs 'uséd for An;lxsis gf"creepﬁcurves}'For
calcuiation of tfvalpe‘,;the ;imélof failﬁfe , the- Saito
relations were usedr First an estimation bf'tfwas made
th;;ugh use of reéipgpcal rate versus time plot ( Figuré
S:B*B ). Then by linearization ofya plot of displaéeqént or
log rate versuys log(t{t) , as shown 1in Figures ‘5.3-D» and

5.3-E , "fige tuning" of the t¢; approximation was poésible.
L N Iy

. Knowing T, , all the proposed creep relatidns in the

A

‘preceding cﬁapter can be linearized. Equations.4-9 ,' 4-10 ,

4-13 and 4-14 show linear forms of expohential and power
laws. Equation 4-20 can be written in the linear form of :

Iné = 1n ¢ + st ' (5-1)

i
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(2)
(3)
i
t
(1)
a
di/d €
0
[}
e
. .'
lg° d€sdt
I3 F
, €.
inearired '
esfimating t,
Iglt - 1) d€/dt 7
- Principal types of graphs used for analysis ‘of creep curves.
Symbols indicate type of creep. Tertlary tS, pure Saito;
tGS, generalized. Saito; tE, exponential. Prlmary pL, loga~
rithmic; pEg, exponentlal Time of failure, ty. : :
E‘lgure 5.3 Pr1nc1pal types of graphs used for: analysis of
91= o o' I 9
creep curve ~ , ( o |
1‘, \ . -

. ; N3
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-Some linear relations between €., rate , r@me' i (tFt) ‘and
their logaTithns 1 be derived ﬁromj Equation 4-3 as
follows: | | h

. ‘ - , S N
log ¢ = 1log C - n log (t{t) pure or geheral%@@a Saito

(52} -
1/é.= tf/C - t/C | ‘ pur; Saito(5- 3)
e =.C, - C ln(t;t) ‘ - T pure Saito(5- 4)
¢ = c, - in dc+ C ln € ) pure Saito(S-SY
log(1/¢) = -log C + n'log(t{t):pure or generalized Saito
| ~ | (5-6)

JEED

Table 5,1 summar1zes some p0551ble line parameter’s for
var1ous types of creep relations . l -
w
-5.5 T, Unknown Case .
ﬁk‘ ' For reasons mentloned atathe beglnnlng of thlS chapfer
'.; the or1g1ns of t1me ; To g ; for all field data obtalned
from north wall of 51-B-2'pit are unknown. . A
The tlmg variable , T , for power and exponential laws

1ndlcates the time since the creep process started.. These

'laws‘may be written as : : o .

€

k[exp((x+t)/a) 1] R | S (5-7)

a(X+t)" + b. e . (5~ 8)

\ . '

€

k]

" The constant X shows that fhe creep act1v1t1es prlor to “the

flrst measurements at hﬁi& to are unknown. Therefore ,‘any
S“' - - 'l
plot 1nvolv1ng total?otm@ and displacenient , t and e , may

not - be llnear. A relatlon f; between velocity ¢ ,
o . - . - o : .‘\ : . . ‘ N ‘

& p, T e . v . ,ﬁo
Y . . »
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v 6 ~—
acceleration ¢ and time t , derived from the power law is

proposed as follows :

$ = an(x+t)" ' S | (5-9)
€ = an(n-1) (X+t)"-? | o (5-10)
5&?1 (X+t)/(n-1) : (5-11)

This is a  line with the slope of 1/(n-1) and intercept of
X, -3) . X, a and n values can be determined and linear
forms of powef law tested.

Using.a , n and X constants the ¢ value corresponding,
to T=t+X may be calculated. Then , the time of failure -,
‘based on a défined displacement rate , cén be Ealéulated.,in
the case of -an exponential 1law being followed , the

following relations can be developed to show that the ratio

between velocity and acceleration is a constant :

¢ = (k/a) exp(t/a) : (5-12)
e = (k/a?) exp(t/a) ' (5-13)
¢/ = a : \ C(5-14)

Both Equations 5-11 and 5-14 can not be appliéable at
the same _;ime. The analysis of the data will probably show
that either Equation 5-11 or 5-14 is applicable.

It is shown that éaito relations , power law and
Zavodni and Broadbent's equaiion are essentially similar in
form.

—Saito rélation can be written as :
€ = Cte"(1-t/t )" (5-15)
loge = log C - n loglte (1-t/t¢)] ‘ (5-16)

and if t<<tf:
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log e’= log C - n log e+ n(t/tg) J' o (5—17?
power lawlcan be written as : ‘,;
¢ = an(X+t)"- : ' ' (5-18)
log é = log an + (n-1)log[x(1+t/X)] (5-19)
and if t<<X : o
logé = log{an) + (n-1)log X + (n=1)(t/X) - (5-20)
zavodni and Broadbent's equation can be written as :
In & = In C + s(te-t) . L - (5-21)

It can be seen that Equations 5-17 ,\5-20 and 5-21 all

would relate 1inéarLy logé to t as long as the observation

N .

time t is not too close to the time of failure ( Table 5-2

).

The exponential law can be written as : -

In é = 1n k + (X+t)/a (5-22)
Therefore , exponential law 1is also identicaf to other
preceding creep ¢+ relations. ' The similfrity between

exponential law and Zavodni and Broadbent's is not
dependent on t<<X .
- 5.6 Analysis Of The Data .
5.6.1 Computer Programs .
o A Fortran-4 program written by Cruden ( 1969 ) was used

.to fit the power and exponential laws. This program had to
be modified so that the strain data were replaced by
displacement in the ihput file. One or two éomponents of the

resultants of the displacement vectors can be entered.
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Furthermore , strain rates were repladed by displacement

rates. Finally a program was derived to examine the Saito

I

relation. Within a given rangé of t¢ , >this program
calculates fit parameters and as soon‘as the Durbin Watson
statistic _reaches a preset value the combutation will stop
and a graph is produced. On the other hand , programs for
the analysis of power law , exponential law and velocity to
acceleration ratio were developed. Listings of these
prodrams together with the definition of input parametefs‘,
examples of input and output are presented in the Appendix.
Flow diagrams'of the prog;ams are illustrated in Figures 5.4

to 5.8.

5.6.2'Criterié For Goodness of Fit

'As a test for serial correlation the Durbin Watson
statistic , §w ,-was used. If the residuals are positively
serially correlated , dw willl tend to be small. If the
;esiduals are negat&vely serially correlated , 4w will tend
to be large. Durbin and Watson ( 1951 ) tabulated two groups
of critical values for dw against n , the number of
observations ; an upper value éf dw , which , if not exeeded
, suggests that positive serial'correlation of the résiéuals
might exist in the observations , and a lower value of dw ,
which , if not exeeded ; suggesfs that positive serial
correlation exists in the daéa ( Cruden 1971 ).

Non-zero means of the residuals reflect departure from

randomness of the residuals.
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Figure 5.4 Saito fit flow diagram for the time of faildge

prediction .
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CALCULATE TIME
PRIOR TO FAILURE o o

SMOOTH NTSPLACEMENT ' , .
'O INCREASE' POSITIVELY ' :

CALCLLALL : - ‘
VELOCLTY - : _

. CONVFRT TO
LOG VELOCITY,LCG TIME

ADD TIME INCREMENT

FIT
TO PREVIOUS ¢,

SAITO LAV

CALCULATT. ’ )
FIT PARAMZTERS |-

WRITE TRANSFNRMED
DATA AND . .
FIT PARAMETERS

£
3 DURBIN . |
WATSONSTATISTICS UPTER LIMIT CALL o
SATISFIED? OF t,? crAen |- TOR,

Figure 5.5 Saito fit flow diagram for the time of failure

prediction cont.
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C READ DATA

|

CALCULATE

DTSPLACEMENT VECTNR

WRITE DISPLACEMENT
VECTOR AND TIME

SMOGTIY DISPLACK T

TO INCRFASE POQU[TIVFLY _

Y

CALCULATE VELOCITY

CONVERT TN
LOG VELOCITY.LOG TIME

CALL GRAPH

FIT POWER LAW

CALCULATE.
FIT PARAMETERS

WRITE TRANSFORMED
DATA AND
FIT PARAMETERS

CALL CGRAPH

STOP

Figure 5.6 Power law flow diagram
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READ
DATA

CALCULATE :
DISPLACFMENT VECTOR _ : .

WEITFE
DISPLACEMENT VECTOR
AND TIMF

~ SMOOTH DISPLACFMENT
"0 INCREASE POSITIVELY

- |  CALCULATE
VELOCITY/ACCELERATION

CALL GRAPH.

FIT POWER LAV

CALCULATE
FIT PARAMETERS

WRITE TRANSFORMED N o
DATA AND oo e
FIT PARAMETERS S

CALL GRAPH

|

STOP

Figure 5.7 Pover Iéw(velocity/acgeletation) flow diagram
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kaFAD'DATA

© CALCULATE
DISPLACEMENT VECTOR

’

L4 .
N -
[]

WRITE DISPLACEMENT
VECTOR AND TIME

~ SMOOTH DISPLACFMENT
TO - INCREASE. POSITIVELY.

| CALCULATE VELOCITY

) CONVERT TO
LOG VELOCITY

CALL GRAPH

|

FIT
EXPONENTTAL LAW

CALCULATE
FIT PARAMETERS

WwRI, TRANSFORMED
¥’ DATA AND
FIT*PARAMETERS

—— ]

- 'STOP

Figure 5.8 Exponentialllaw flow diagram

CALL GRAPH —_— .

' 86



. 87

The test of slope significance’examines the Hypothesis
that the fitted line'doés not “have a slope significantly
ib 'different frop zero , a hypothesis eéuivalént to suggesting
that the data might be as well reptesented by a constant‘ ,
and that the fitted line has'nof picked out any significant
variation ( Cruden , 1971 ). The test of slope significance
statistic , can be referred to F-tables with -one and (n-2)
ﬁegrees of freedom. |
Another «criterion analyzes variations in the slopé and
intercept of a fittéd_line ( Benjamih and Cornell , 1970 ).
If a,+$,X is the estimatédJregressien line , (1-a).two-sided

confidence interval for the slope and intercept will be :

—

ﬁ1it-%.u\1 SB
a1itd/llﬂ-_l SA

based on a Qalue-f:&m a table of the t distributioh r tu,n-2
v Sgand Sy, the estimates'of the standard deQiatidn of ﬁhe a
slopevgnd intercépf. '

{h‘the Voutput of computer programs the ~degree of
freedom for F-tables ahd t distributioﬁ tables is written as

} 'weighting' , and. for Durbin Watson  tables as the

’transformedAdata number’,
5.6.3 Selection Of Data _

Measurements 'befbre the'slﬁde and after January.28th '
1979 were 'used for analyses of the resultants of tﬁe
displacement  vectors and cumuiative horizontal and vertical

displacements. For slope distance analysis some measurements
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taken before January 28th were also_ included. The ‘data‘

obtained before -the above time show slight decrease in
displacement ,ini the range of instrument error ,.with time.

Measurements recorded after the time of slide.,,at and,after

5:00 P.M 10th November , 1979 -, do not represént the

accelerating creep process.

In the analysis of the resultants of the displacement:
véctprs and.cdmulati;e Horizontal»dfsplécements of . the 26-B
' prism',~the'dpta'b§ints which did: produce high weighting
‘factors were eliminated from the data file to,éxamine their

-~

effect on.Durbin Watson statistics.-These data were -produced
: ) N

within the accuracy of measuring ¥ instruments. Local
fluctuations in ground water level might have also provided

these data. i

" .

An estimation of the time of most rapid sliding , t .

based on MacRae ( 1983 ) was a"er 10th , 1979 at
12:45 p.m, However , in analyses of the slope
and the resultants of the .displacemént vectors for 26-B

' A ' :
prism , tfvariations were tested.

5.6.4 Units

Except for slope disﬁance analysis all units for time
are in minutes and for displacement in millimetres. The time
units for slope diSténce analysiS‘were in days. Because the
maximum number of digits stored in'computet memory inva
“single brecision mode is 7 , some errors of the order ofi 1

s, 2 minutes would arise if the input data were in days for

N

distance data -

‘e,
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timé variable.

5. 6 5 Sprlng Ahead And Fall Back Dayllght Times

With the exception of slope d1stance ‘data , the ﬁime
records were corrected by taking into "account the spring
ahead :and‘ fal} back daylight time. Spring ahead daylight
time'arrived at 2:00 a.m Spnday ", Zéth April 1979 when

clocks were 'set'ahead for an‘hour. Fall back daylight_time

o ended at 2:00 a. m Sunday , 28th October 1979 when <clocks

vere set back one hour. 60 m1nutes were subtracted from time
values recorded between May 2nd and October 22nd. 60 mlnutes
were added to "the time values recorded dur1ng and after

October 29th.

5.6.6 16 Prisms Diéplaoemeqf Analysis

16 brisms were analyzed for pure or generalized Saito
reiatiohs. " Table 5.1 showé the intercept and slope of the
Saito line with its axes as log velocity versus log time
prior to faiiure. Results are shown in Tables 5.3 to 5.6.
Although no values for Durbio Watson statistics are given
below 15 transformed data ‘, these results are also
presented. Durbin Watson statistics for 15 transformed data
are shown in .parenthesés.. A sv pe o; -1 represents pure
Saito relation being followed. Because of the. limited
capabiiities of thé qomputer program in early stages , only
the cumulative . horizontal displacements have been used.

Corrections for the direcfion of mbvements have not been

o .
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includea ana data with high weighting factor ;e not i
- excluded. The Analégis shows that not all” prismé represent
‘1inear‘;kela;ions. The 19-B , 20fB , 25-B , 26-B ., 35-B ,
39-B , 4é:B ;nd'42—B prisms satisfy pure or géneralized
Saito relations. fhe 21-B , 23-B , 36-B , 38—ﬁ , 41-B , 43-B
and 44;B prisms did not follow-thé Saito relation. Test of
slope significance was not éatiﬁfied for the above prisms.,
'indicaﬁing that no'significan; movemeﬁt took'piace. Test of
slope 'significanée was satisfied for the 22-B prism ;
however , the Durbin Watson statistic was ﬁot satisfied. -
Therefore , the 22-B prism displacements did not represent
/

-

the Saito relation. .

Vagaations of the:SaiEb relation parameters were used
as a criterion for blockl movement aﬁa}ysis. Knowing .the
 élopéS '~ and interceptse of the fitted lines , C andn
- cbﬁstants were calculgted.from‘tﬁé line parameters given in
Table 5.1 for the generalized Saito relation. Figﬁres 5.9 to
5;12”show the 90% two-sided confidence limits for C *and n
constants. It can be seen that prisms may be divided into
two groups based on common confidence 1limits. The 19-B ,
20-B , 22-B and 25-B prisﬁs represent one group with their C
and n constants less than-d.ﬁfaﬁd 0.5 , respectively. The
second group involves the 26-B , 35-B , 39-B ,°40fﬁ and 42-B
prisms with their C and niggnstants more than 1 ana 6.5 ,
respectively. The fitted ‘iines 'fér the first group had
‘negative interéepts » indicating low C values. High C and n

‘values indicate that the second group moved more than the
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firsﬁ bne. ‘Therefore. , the 26-B , 35-B , 39-B ; 40-B and
42-B prisms moved-more than other prisms , and , the 26-B
prism had the highest movements. The confidence limits for
the 39-B and 40-B prisms are very close to each other .
representing that they moved simultaneously.

90% two—siaed confidence interval for the slope and
intercept are greater than 0.1 and 0.7 ,‘variatiéns from 1
minute and 10 millimetres measurement errors. Tpis
indicates that measurement and instrument errors are not the
only capées of daté scatter. This subject will be discussed
in more/depéh in Chapter 6.

5.6.7 26-3 Prilsm Displacement Analysis

\ The displacement records obtained from 26-B prism were
analyzed in 3 different forms , 1i.e. , slope distance ,
cumulative horizontal displacements and the resultants of

4

the displacement vectors.

5.6.7.1 Slope Distaﬁce Analysis
The slope distance , the distahce bétween the ¥DM
station and any prism , and time measureﬁents were used
to test the fit of log(e) versus log(t) , log(e) versus t
and e versus log(t). None of the above fits were linear.
Thié shows that power , exponential and Zavodni and
B:o§dbent's laws are not applicable ( Table 5.7 ).
. The Saito relation and also the effect of the time
of s;ide 3 tf, on linééri£§ were tested. Tables 5.8 to

. \
5.10 summarize the results of regression analyses for
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Table 5.3 Results of cumulative horizontal displa;ement
analysis
PRISM 19-8 20-3 21-8 © 228
LAW SALITO SAITO SAITO SALTO
DATA ALL ALL ALL ALL
INTERCEPT -4.95 ~4.34 -5.68 -2.86
+INTERCEPT 90% 2.264 2.45 2.24 1.68
SLOPE -0.289 [_-0.36 , | -0.195 -0.402
*SLOPE 90% 0.20 0.21 0.20 0.1s
DQ CALCULATED 2.903 2.067 2.281. 1.284
DW FROM TABLE 5% (1.08) (1.08) 1.18-1.39 |1.24-1.43
4 TSS CALCULATED 5.661 7.74 2.473 18.54
TSS FROM TABLE 52 4.13 'l 414 4.07 4.08
RESIDUALS -0.000058 | 0.000102 | 0.000360 |0.000083
WW-2 33.9 33 - 39.4 39.6
TRANSFORMED DATA 9 19 23

10

DW=DURBIN WATSON STATISTICS

TSS=TEST OF SLOPE SIGNIFICANCE

WW=WEIGHTING
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5.4 Results

analysis cont.

3
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of cumulative horizontal displacement

PRISH 23_8//, 25-8 26-B 35‘8
L .
Law SAITO SAITO SAITO SAITO.
DATA ALL ALL ALL ALL
INTERCEPT -6.1334 -4.479 7.758 2.4?%
"~ *INTERCEPT 90% 2.02 1.18 1.732 5.47
SLOPE -0.173 -0.307 -1.277 -0.842
*SLOPE 90Z . 0.178 ' 0.11 0.16 0.61
DW CALCULATED 2.616 3.392 2.356 2.46
DW FROM TABLE 5% 1.08-1.36 (1.36) 1.34-1.48 (1.36)
TSS CALCULATED 2 553 22.27 184 .81 6.192
TSS FROM TABLESZ 4.10 4.17 4.07 4.67
RESIDUALS 0.000191 0.00002 -0.00216 -0.000008
WwW-2 34.8 - 30.5 42 : 17
2
TRANSFORMED DATA 16 9 30 13 ‘

DW=DURBIN WATSON STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE

WH=WEICHTING

e



Table 5.5 Results

analysis cont.
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of cumulative horizontal displacement

o)

PRISM 36-B 38~z 39-8 40-3
LAW SAITO SAITO SAITO SAITO
DATA ALL ALL ALL ALL
INTERCEPT 2,14 - -, 3.626 3.494 3.351
+INTERCEPT 90% 4.06 | 6.59 2.98 3.98
SLOPE -0.288 0.803 -~ | -0.717 - ~0.739
~ *SLOPE 902 0.47 0.74 0.34 0.46
DW CALCULATED 1.799‘A 2.626 2.197 }ﬁ.691
DW FROM TABLE 57 | (1.36) (3.36) (1.36) (1.36)
TSS CALCULATED 1.221 3.784 14.259 © 8.392
TSS FROM TABLE 5% 4.96 4.75 . 4.67 .4:67
RESIDUALS 0.000058 0.00001 '0.000013 | -0.000007
ww-2 - 12 12 13 | 12.9
TRANSFORMED DATA 10 12 14 | 10

DW=DURBIN WATSON STATISTICS
TSggTEST OF SLOPE SIGNIFICANCE

WW=WEIGHTING
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Table 5.6 Results of cumulative horizontal displacement

"

analysis cont.

PRISM , 41-8 42-B 43-8 - 44-B
Law . SAITO SAITO SAITO SAITO _
DATA ALL ALL ALL ALL
I NTERCEDPT -2.637 | 0.729 -16.204 ~14:926
+INTERCEPT 902 6.21 0.95_ 13.63 17.14
SLOPE -0.146 -0.463 1.206 0.5
ASLOPE 907 0.70 | 0.1 1.58 2.08
. : _
DW CALCULATED 3.336 1.844 © 3.44 3.268
DW FROM TABLE sy | (1.36) (1.36) | (1.36) (1.36)
TSS CALCULATED 0.138 \ 74.058 4.881 0.824
TSS FROM TABLE Sz' S 4.75 ..5.99 10 5.99
RESIDUALS  170.000044 | 0.000028 | 0.000037 | 0.000066
ww-%\ | 11.9 6 3.5 5.9
TRAHéF?#gED DATA . 8 7 4 | 3
DW=DURBIN WATSON STATISTICS . ) v

TSS=TEST OF SLOPE SIGNIFICANCE

WW=WEIGIITING ,
N i




96

~

«
Si333weased uorjerss

o03tes ay3 103 Jrurg ddouUsprjuod - juadciad g 6°S 2anbrg

(w9
0002 0000 +7 08 0009 000V 0002 0
| 1 | | 1 |

.
OdoDROOON




97

000¢ 004 00¥Z 00IZ —
1 | d

0

|

|

006Gl
J

lor%é@ev.‘ 5

00t
1

saajsuweaed uorjeraa

03tes ay3 303 3JTWIT BdUIPTIUOD 3Juadiad _om

006
|

0L'g 21nbrg

el

009  00¢
1 1

o

T E-r
Te-0r
Te-es

i-tt

-9
1-¢2

T e-tt
T s-ot
T e-e
pueban

o<obReOOR




98

s13jaweaed uorjeyaa

“ -
©3tes a8yl 103 ITwWIT 9duaPTIUOD 3Juddiad g l1°g aianbrg .

L))

—U
195 % 0¢ WN 0¢ 1] T (0] B G 0
| L 1 i | ] ] Lo
G ¥
9 ; : .
. ._ .,
’ \\ . “rn.o
o= *—o
| _ I |
i-zr O ad
e-0r Q| ¢
T Te-6r @ S
T Temsr ¥
T Tees A §*
T 8-tz O L o
— v -Gl
t-¢t O v
pueben . L\
I




99

. o Si33jsweaed uotrieraa

o3jtes

?

, (U (ww) "9
0t°0 G¢'0 0€°0 mml.% 0Z°0 - S0 (0] 80

3y3z 103 3wy 30uUaptrjuos 3Juadsiad 06 Z1°S @inb1g

S0'0  00°0
4 \ | L 1 0
2 Q
B w -2'0
? .
: &
(o =
° & -¥°0
T Te-sz A . 0
-tz O {
—%-0: O - Q"
-8t 0
$_UComoJ
1 Im.o
= l



100

different t{s. For all analyses , the data sets were
identical. The data set contained all measurements taken
before 10:00 A.M November 10th , 1979,

As the time of slide.was increased'the Durbin Watson
sﬁatﬁstics were'increasgd. When the tf value ‘repreSented‘
16:30 hours November 10th 1979 , the Durbin Watson
statistic was 1.447 , 5ust above the upper bouhd of tﬁe
critical value at 5% confidence 1level. Therefore |,
éignificant possitiye serial correlation did not exist.

The data recorded before May 2nd 1979 produceé a
high weighting factor in the computef tranéformed data.
Wheh these were excluded from the analysis , the Durbin
Watson‘statistics4increased " and 'n value , the power

_constant in the Saitg relation , reduced from 1.43 to
’ ~

1.2,

5.6.7.2 Horizontal Displacement .Analysis

Cumulative horizontal diéplacements o with;ut
corrgétion for the direction of mqvement , were used to
examine fouf different laws. This was done in two stages.
The first stage involved the analysis o} the compleﬁe set
of data ( see seétion 5.6.3 ), In the second stage ,;:the
data 'set was divided into two pafts. Part one contéined \
the measurements taken before 22nd of‘odtober.
1f Complete Data Set

The plot of log(tft) versus log(é) ( Figure
5.13 ) shows that the Saito relation is being

followed; Table 5.11 summérizes all parameﬁers.
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Table 5.7 Slope distance analysis results

: PRISM 26-B 26-3 26-8B
LAW | POWER EXPONENTIAL| £ - LOG(¢)
DAEA ALL ALL _ALL
LNTERCEPT -16.902 -] -5.001 =2194.22
’ :
S INTLXCEPT 907 4.6 1.04 3785.2
l : »
SLOPE 3.188 | 0.0203 469.57
*SLOPE 907 0.86 0.003 706.6
DW CALCULATED 0.468 0.627 ©1.012

DW FROM TABLE sy [1.24-1.43 |1:24-1.43 | 1.24-1.43

TSS CALCULATED « 39.02 83.4 - n_ ©1.252

TSS FROM TABLE 5% 4.08 6.68 ‘ A.Oé

_RESIDUALS 0.00008 0.000667 | -0.070313
Whi=2 a1 e 41
TRANSFORMED DATA | 22 22 22

DW=DURBIN WATSON STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE

WW=WEICHTING



Table 5.8 tgéﬁfect in slobe/ﬁistance

P

|
|

/

\

analysis results

[
\
J
PRISH 26-8 26-B 26-B 26-B
v c .| sarTo SALITO SAITO SAITO
B (, AT NOV,10. 10.00 10.30 11.00 11.30
DATA ALL AlL ALL _ALL
INTERCEPT 5.862 5.888 5.95341 5.9368
‘tINTERCEPT 907 vo.748 0.749 0.750 0.751
* SLOPE -1.407 -1.4121 -1.4171 | -1.4219
+SLOPE 90% 0.16 0.161 0.161 0.161
DI CALCULATED 1.351 1.36 1.368 | 1.376
DW FROM TABLE 43~ 1.24-1.43| 1.24-1.43| i.24-1.43| 1.24-1.43
TSS CALCULATED }222.39 223.54 224.63" 225.69°
TSS FRONM TABLE , | 4.08  ; 4.08 . | .08 4.08
RES1DUALS 0.00015 0.000201 | 0.000141 0.000122
. WW-2 40 40 40 40
TRANSFORMED -DATA . 22 22 22 22

DW=DURBIN WATSON STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE

WW=WEIGHTINIG

Ed

102 .
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Table 5.9 tfeffec‘t in slope distance analysis results cont,

3

.

PRISM _ ; 26-8 26-R 26-8 26-B4
Law SAITO SAITO SAITO" SAITO
( ¢, AT NOV,10 12.00 12.30 13.00 | 13.30
DATA ALL . ALL ALL
INTERCEPT 5.9603 5.9832% ‘ 6.0278
+INTERCEPT 907 0.752 0.753 0.754 o
SLOPE -1.4266 -1.4312  [(5+1.4356 ~1.4399 ,
. ot )
[ . ' i i
ZSLOPE 902 0.161 0.161 I 0.161 0.162 L
DW CALCULATED 1.384 1.392 W 1.400 1.407
. . > v
DV FROM TABLE gy | 1.24-1.43 | 1.24-1.4, #5&;1.2&1 4 1.24-1.43 |
TSS CALCULATED 226.689  [227.65  ,[$28.58 229.46
‘ i1 I .
'a,i"lg‘:? )
TSS FROM TABLE 5% .| 4.08 4.08 "' %.08 4.08
RESIDUALS 0.000107 | 0.000117 | 0.000157| 0.000184
w-2 : 40 " 40 - f e .. | w0
TRANSFORMED DATA 22 22 22 7 22 - ,

DW=DURBIN WATSON STATISTICS
-TS§=TEST OF SLOPE SIGNIFICANCE
WW=WEIGHTING
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Table 5.10 tfeffe_ct in slope distance analysis results cont.

PRISM E 26-8 26-B 26-8 26-B
LAW SAITO. SAITO SAITO SALTO
U AT OV, 10 14.00 14.20 15.00 16,10
; DATA ALL ALL ALL ALL
INTERCEPT 6.0492  |{#¥6.0633 6.0909 6.1‘595
*INTERCEPT 90% 0.755 0.758 0.757 0.760
.
SLOPE -1.4642 | -1-%470 -1.4525 | -1.4642 \
x !
SLOPE 902 0.162 o.16§ 0.162 0.163
DW CALcuEQgéo T 1.419 1.428 1.447
DW FROM TABLE sz ' (1.24=1.43 |1.24-1.63 |1.24-1.43 |1.24-1.43
TSS CALCULATED 230.31 230.86 231.92 3412
T$$ FROM TABLEL sz 4.084 4.03‘®‘ 4.08 ' 4.08 i
RES1DUALS 0.000175 0.000113.| 0.000186 | 0.000175 )
WW-2 40 40 46 40
TRANSFORMED DATA 22 22 22 22 P
DW=DURBIN WATSON STATISTICS | o
| TSS=TEST OF SLOPE SIGNIFIGANCE . .
WW=WEIGHT NG -
-
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The power law was tested in two ways. A plot of
¢/¢ versus t illustrated that the §lope of the line
was quite - sensit}ve to "the X value. Slope values
less than or equal to ' zero , representing the

- inadeguacy of power law , were obtained.

Oon the other hand the X value was increased fBr
plots of log(é) versus log(t) , 1in approximate
intervals of 10,000 minutes , fro; 10,000 to

'6,000,000 minutes. The Durbin Watson statistics were

incr;ased“from 0.618 to 0.8}6 , 1i.e. , power law
could not be applied. In all cases there were
significant slopes , different from zero ( Table
5012 ). -

For evaluation of exponential law , as the X
values were increased from 0.0 to 1,000,000 minutes
in plots of log(é) versus t , the Durbin Watson
statistical values were constant at 0.886. There was
a slope significantly different from Zero.

Di&ided Data ]

As mentioned before the data was divided into
two parts. Pa;tAone conta%n&d the»méasurements taken
beforg ‘ 29th of Oc;oﬁef ~, when increase in
acceleration was begun.’Tagle 5.13' summarizes the
results for the powex and exponentialyaaws. All 4
plots in this table are linear. Hdwever , the tesf

of slope 'significance was low for part one data ,
] fii

indicating that the displacementé before\woctober

- —



horizontal

\\\\ Table 5.11 Results of cumulative
analysis
PRISHM. 26-B
‘Law SAITO
DATA ALL
INTERCEPT 6.15
+INTERCEPT 90% 1.69
SLOPE -1.1
2SLOPE 90% 0.165
DW CALCULATED 1.943
DW FROM TABLE 5% 1.30-1.46
v
TSS CALCULATED 128.4
uA)
TSS FROM TABLE 4.26
' . 52
& ) RESIDUALS- -0.000231
WW-2 24
TRANSFORMED DATA .26

DW=DURBIN WATSON STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE

WH=WEIGHTING

2,

106

displacement
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‘Table 5.12 X'effect in power law statistics

: X DURBIN WATSON | TEST OF SLOPE
Minutes STATISTIC SIGNIF ICANCE

10,000 0.618 17.616
20,000 0.640 . 20.075
50,000 0.679 23.900
60,000 0.688 24.800
100,000 0.715 27.281
120,000 0.726 28.207

150,000 0.739 29.350 .
170.000 0.746 30.000
200,000 0.756 30.835
220,000 0.762 31.322
250,000 0.770 31.967
300, 000 0.780 32.868
350, 000 0.790 - 33.606
400,000 0.797 34.222
450,000 0.803 34.746
500,000 0.809 35.198
550, 000 0.814 35.591
600, 000 0.818 35.937
700,000 0.825 36.516
800,000 0.831 36:985
300, 000 0.836 37.371

1,000,000 0.840 37.694
1,100,000 |  0.843 37.972
1,200,000 0.846 38.205
1,500,000 0.853 38.754
? 2,000,000 0.860 39.346
2,500,000 0.865 . 39.723
3,000,000 0.868 39.982
4,000,000 0.872 40.324
5,000,000 0.874 40.532
6,000,000 0.876 40.674

107
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29th were not significant. the exponential law
proves that the zavodni and Broadbent's equation may

be applicable.

5.6.7.3 Displacement Vector Resultant Analysis

A displacement vector resultant was calculated from

its vertical and horizontal components. Upward vertical

components , though 1in the range of instrument error ,

and data points that produced high weighting factors were

eliminated for the following complete and divided data

sets. No data was omitted for tg variation analysis. It

was also assumed that all displacement vectors had

identical orientations. The procedure used here is

similar to that of horizontal displacement éﬁalysis.

i.

.Coﬁplete Data Set
' Results showed that pure Saito relation is
applicable. Power and exponential laws do not fit
the daﬁa. The &¢/¢ versus t‘lplbt had a negative
slope. Table 5.14 summarizes the %esults. Figures
5.14 to 5.17 illustrate the ¢orresp§nding plots.
Diyided Data /

The data was divided int# 2 parts. Part 2
contained meaéuremehts taken aftér 29th October 1979
, when MacRae's ( »1952 ) observations confirmed
drastic acceleration in diéplacements. .
Both parts of the data showed that Saito ,

power and exponential laws were applicable. Because

of the use " of the resultants of the displacement
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cumulative horizontal displacement

Table .5.13 Results of

analysis - divided data .

PRISM 26-8 26-8 26-B 26-B
LAW EXPONENTIAL EgPONENTIAL POWFR POWER .
DATA PART 1 PART 2 PART 1 PART 2
[ NTERCEPT -5.394 32.527 -9.69 -372.14
+INTERCEPT 90% 1.528 19.037 3.809 243.18
SLOPE 0.000007 -|  0.000084| 0.238 28.901
XSLOPE 902 0.0000067 0.00005& 0.321 19.04
DW CALCULATED 2.206 1.532 1.786 1.524
DW FROM TABL; sz'i (1.36) (ifje) . 1(1.36) (1.36)
TSS CALCULATED 3.607 7.637 | 1.809 7.451
TSS FROM TABLE gy 4.96 6.8 | 4.96 4.84
RESIDUALS 0.0000069 | 0.000507 | 0.000072 |0.000072
WW-2 10 11 10 11
TRANSFORMED DATA 12 13 12 13 '

DW=DURBIN WATSON STATISTICS

TSS=TEST OF SLOPE §
WW=WEIGHTING

IGNIFICANCE
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vectors more displacement quantities are available
than those of hdrizont?l or slope diétance analyses.

The 'plots of é/¢ versus t have positive slopes
, however they do not have a slope siénificantly
different from zero. Tableé’5.15'and 5.16 summarize .
the results. Pigures 5.18 to 5.25 show all plots.
These results will be aiscussed in detail in Section
5.6.8 and Chabter 6. |

|
|

thafiation . |
Table 5.17 shows thg effect of the choice of "
in linearity::Except fqr the analysis results shown
in the first line of thed table , in 'which@ high
weiéhting factors were avoided , all d;ta'pSints
were used. The peak Durbin Watson statistical value
of 2.069 was observed at 365560 minutes , a time
about 5 days after the actual time of slide. It
reduced to 1.403 , below the upper bound of the
critical value at 5% confidence level indiéatgd
sigﬁificant positive serial co:relation ( Figure
5.26 ). On the other hand , the test. of slope
significance statistics showed slopés‘different from
zero. Figure 5.27 shows the variations of the Saito
fit statistics with the time of failure. The
parallel variations of :the test of ‘ slope
significance with ' Durbin Watson statiéfics is.

illustrated.
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Table 5.14 Results of analysis of the resultants of the

"displacement vectors

PRISM N 26-B 17 26-B 26-B 26-B
LAW | pouEr EXPONENTIAL | SALITO @12—/t
DATA ALL AlLL ALL ALL
INTERCEPT -51.4 ~10.4 6.460 ])637
+INTERCEPT 90% 16.9 1.57 2.022 | (.o )
SLOPE 3.7 0.0000194 -1.116 | -0.038
*SLOPE 907 1.352 0.0000055 0.197 0.188
DW CALCULATED 0.742 0.915 ©1.605 ({.809
DW FROM TABLE .sz 1.30-1.46 | 1.30-1.46 | 1.30-1.46 1;29-1.45
'TSS CALCULATED 22.2 °| 35.8 | 94.52 o.1i8‘
TSS FROM TABLE sz 4.26 4.26 4.26 4.28
‘RESIDUALS ’ £ 0.003 ©0.0003 -0.000222 | -0.289
W2 | 24 24 24 23
TRANSFORHED DATA 26 | 26 .26A 25

DW=DURBIN WATSON STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE
WH=WE [GHTING
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Table. 5.15 Results of analysis of the resultants of the

displacement vectors - spart 1 data

PRISN 26-B 26-R" | 26-8 | 26-p
LAW ‘. POWER EXPONENTIAL [ SATTO j%z -t
DATA PART.I PART 1 PART 1 - PART !
INTERCEPT -20.427  |-8.2 3.849 -38819
T : - : -
*INTERCEPT 90% 19.32 1.9 10.584 79650
SLOPE | 1-124 | 0.0000071 | -0.906 0.237
2SLOPE 907 1.577 0.0000081 0.911 - 0.381
DW CALCULATED | L.sos 1.58 1.623 1.368
DQAFROM TABLE 57 (L.36) (1.36) (1.36) k1l36)
TSS CALCULATED 1.638 2_51; | 3.193 | 1.649
TSS. FROM TABLL 5% 4.84 4.84 4,84 4.56
RES1DUALS 10.000258 | 0.000099 | 0.000001" |-g.s
WW-2 11 S 11 10
TRANSFORMED DATA 13 3. 13 l12 '

DW=DURBIN WATSON,STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE

" WW=WEIGHTING ’
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the

«
Table 5.16 Results of analysis of the resultants of
displacement vectors - part 2 data
PRISM 26-1 26-R 26-B 26-B
LAw ‘POWER EXPONENTIAL| SALTO ‘Ez -t
DATA PART 2 PART 2~ PART 2 PART 2
INTERCEPT -534.07  |-44.81 " '3.251 -524098
*INTERCEPT 90Z . 246.02 25.36 2.710
. : 1632555
SLOPE 41.59 0.000119 -0.731 1.45
*SLOPE 90Z. 19.26 0.000071 0.313 4.65
DW CALCULATED '1.698 1.708 2.531 2.388
DW FROM TABLE o, (1.36) (1.36) (1.36) (1.36)
TSS CALCULATED 8.775 8.874 17.90 0.326
TSS FRUM TABLE 5% 4.96 4.96 4.96 5.12..
RES1DUALS 0.00759 0.00043 0.000014 | .4.0039
- b
WW-2 10 10 10 9
TRANSFORMED DATA 12 12 12- 11

DW=DURBIN WATSON STATISTICS
TSS=TEST OF SLOPE SIGNIFICANCE

WH=WEIGHTING



Table 5.17 An examination of the Saito relation

TIME INTERVAL

NAB T DURBIN HATSON
Minutes 7 STATISTIC Minutes
358390-358980 1.,562-1.654 15
354360 - 356160 1.677 - 1.876 30
356260 - 363760 | 1.894 - 2.066 100
363760 - 356560 2.066 - 2.069 300
. 365560 - 336260 2.069 - 1.956 300
389260 - 405260 ©1.937 - 1.847 1000
405000 - 600000 1.824 - 1.462 5000
600000 = 700000 1.462 - 1.403 5000

115
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Figure 5.14 Power law fit to the

displacement vectors (velocity:mm/min

’

‘resultants of

time:min)
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5.6.8 Discussion

5.6.8.1 Power Law

The plots of é/& versus t ( see Figure 5.15 , Table
5.14 and section 5.6,7.2i ) had either a negative or
approximately zero slope and negative X values , whén the
whole data set was analyzed. .This indicated that the
power law was not appliCable'to the cpmplete period of
accelerating éreep. The same plots had\ positive slopes
for both parts , when the data set was divideq\into 2
parts ( Tables 5.15 and 5.16 ). In all cases the Durbin g
Watson statiStics.were more than the upper limit , and ,
the test of slope significance statistics were less than
those at 5% confidence levei,, indicating that there was
not a slope"significantly different from zero.

The n values obtained from e/¢ versus t plots for
parts one and two of the data were ©5.16 ‘and 1.68 with
corresponding negative X valueé of 161746 and 356387. .

. minutes respectively as opposed to n Qaiues of 2.12° and
42.59 obtained from'log(é) versus log(t) plots. Using the
n values of the lattér lines , the‘slope .of the former
lines would be in the rangélof 0.02 to 0.89..This range
is very small and is manifested as the low test of élope
significancé statistics.

The negative X wvalues may— indicate | that the
proéesses represented by the power law were started after

the measurements had startéd.
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Apart ~from human "and instrument, errors and external
forces of rain , snowg? earthquake , blasting , etc -,
approximate ndmericéi calculation - of @plocity and
acceleration contributes to the above discrepancié@ﬁ
Figure 5.28 shows thé numerical technique ?séd‘to'gomputé
velocity and acceleration. |

It can be seen that linear interpolation Wa9$used to
compute velocity and aéceleration. Any pair of wvelocity

and acceleration , calculated for degﬂrminationhof any

el
velocity to acceleration ratio , should correspond to
identical time values. Taking this into acc;unt , the
résultants:of the displacement vectors and cumulatiye
horizontal displacements were used to fit the -power law.
In this <case both veloc}ty and- acceleration Qége
éalculated at ‘time (t,+2t,+t,)/4. éor further detail§
refer to the documentation and iisting of the program

POW2 in the Appendix.

As the curvature of the displacement versus time

cu}ve increases , . departure from linearity ifcreases ,
and , the linéarfinterpolafidh method becomes ‘less valid.
Becadse’ éf' this _érr;r involved near to the time of
failﬁrq,, the n value was very low for part 2 fata. -

5.6.8.2 Zavodni And Broadbent's Fit

From the analyses carried out for the fit of the
resultants of the displacement ~vectors , and. , taking
t=358605'minUtes , equations for exponential law. may be

[3
written as: s . ) : .

R

.. t}\ A

Yo
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For part 1 , i.e. , regressive stage ;

€ = 0.00276 e-°°creo07( )

Forlpart 2, i.e.‘, progressive stage ;

e’ =~;0.‘093 e-o.ooooat( !;-')

The coliapse_ veiocipy' at the time of slide is 0.09
mm/min. This veloeity isfar less than reality. Records
and plots of log(é) versus t ( Figures 5.17 and 5.25 )
show that on the morning of November 10 , there was a
‘drastic increase in- displacement. This increase can be
regarded', despite Zavodn1 and Broadbent's 2- llne theory
, as a third line with steeper slope after t,=357150
minutes and €0=0.074 mm/min. Taking a typ%cal k=7 value ,
~a " collapse- velecity' of (72)(0.074)=3.6 .mm/min is
.obtained}'This.velecity is more than seven times of that

suggested by Macflae ( 1982 ) and Wyllle and Munn ( 1979 )

as the critical slide velocity.

5.6.9 Praetical Applications ~

The data set was analyzeé in two ways ; whole and
partial. | \

When the whole data set was analyzed ; the-}ieasf

squares method parameters were not satlsfzed ‘for power and-

exponentlal laws. However , they were satlsfled for
Saito f1t Est1mat10n of velocities at times beyond the Iast
measurements ‘is a funct1on of tffor the Saito fit. 'It nas
shown that a range of tfwas acceptable. The upper 11m1t for

t, vas 241395,m1nutes after the actual time of the most rapid

>

~
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movemént , ahd’,.the lower limit was a few minutes afper the
last measurements. In contrast with what.Varnes ( 1982 ) and
.Saito ( 1969 , 1980 ) stétedv, the exact prediction , "fine
tuning" , éf the time of failure ié nét pbssible..At-
t=358440 miﬁutes , velocities of 2.09 and 0.02 mm/min were
obtained when t; was 358605 .and 600,000 minutes |,
respectively. Hgnce ,.the choiceiof t¢ has greatly ihfluenced
the prediction of velocities before failufe.

The power , Saito -, exponéntial and Zavodni and
%foadbent's~‘Laws weré.all applicable_when partial dété were
used. The fifstvportion of data , taken before 29th of
October 1979 ', did not show large movements. However , the
second pprtion. . showed ~ drastic - displacements. All
acceleféting créep relaﬁioﬁs'for part 2 data may be compared
with one another. Figure 5;29 compares ' these relations
beyond 165 —minutes to failure. This figure wésvdrawn from
the fitted lines parameters written in Table 5.16 by using
Table 5.1. It is ;een that power , exponential and zavodni
and Broadbent's 2-line theories greatly underestimate
velocities close to the time on failure. Thex“sﬁbw
velocities less than 0.13 mm/min , 1in .contrast with the
critical slide velocity of 0.5 mm/min introduced by MacRae (
1982 ) and Wyllie and Munn ( 1979 ). These low velocities
Qere obtained when 2 acceleréting creep stages were assumed.
It will be .demonstrated that higher velocities can .be
obtained bthaking into account the third.acceleratiné,creep

stage. On the other hand , the ‘saito relation yields

&
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velocities in excess of the suéges;ed Qritical‘value , 'with
the time of failure chosen as 358605 minutes. This reiation
also suggests that the critical slide velocity of 0.5 mm/mih
was obtéined at 9:05 A.M ,Won November 10th 1979 , 3 hours
" and 40 minutes before the time of failure. A close
examination of the Saito relation is not possible , Since
the latest available recorded velocity is 0.33 mm/min at
t=357885 minutes ', a,timé 12¥hours before the time of the
most rapid movement. | |

As mentioned in the discussion of the fit ( Section
5.6.8.2 ) of Zavodﬁi and Broadbent's function , because of
high velocities near to failure , it was necessary to assume
a.third 1ine after €,=0.074 mm/min and t,=357150 minutes.
This line , shown in Figure 5.29 , gives velocitieé over 2
mm/min and a finite velocity of 3.6 mm/min at the time of
‘failure. The critical slide velocity of O.SImQVmin was
predicted 12.3 hours before failure. If data near to failure
time were available , the.validity ofkthis line could be
tested. |

A practical ;rocedUre for tfprediction is not possiblef
_However , a criterion can be set for predicgién of the "time
of critical slide velocity. The last velocities , plottea in
Figdfeé 5.19 and 5.25 , show that there was a. drastic
increase in velocity from 0.1 to 0.33 mm/min , at t=357885
minupes. This increase can be regarded as the initiation of

the third stage of accelerating creep process. The power , .

exponential and Saito relations show that velocity reached a
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thréshoid value of 0.1 mm/min 34 , 23.3 and 33.2 hours
before failure , respéctively. This thresholdfvelocity of
0.1 mm/min indicates the boundary between the _second and
third accelerating cgﬁgé stages. There are only three
displacement méasurements available after the threshold
value of 0.1 mm/min had beeq reached and before the moment
of failure. A ‘satisfactory test of the Durbin Watson
statistic "requires a minimum number of 16 measurements.
Howevér , a rough estimation of velocity prior to failure |,
using the last three available displacement measurements ,
can be made. From thése ‘data , 2 vVvelocities and their
correspohding “times afe calculated. By passing power and
exponential lines through these 2 points , velocities before
failure may be estimated. The critical ;lide velocity of 0.5
mm/min correspénded to 8 hours and 23 minutes before failure
for the power law. % and , 8 hours and 38 minutes for the
exponential line. Velocities at the time of failure were
also calculated as 1.35 and 1.43 mm/min for the power and L)
exponential laws , respectively.

As mentioned before: , prediction of the time of the
threshold velocity can be made by the use of. the second
accelerating creep stage. Displacement rLcords_show that
this stage started at t=340680 minutes ,‘eqpivalent to 2:00"
P.M" October 29 , 1979. The power law fit showed that thisi
étage ended at f=356566 minutes , a time 34 hours before
failure. The total time spah of this staée is 11 days. Tﬁe

threshold velocity of 0.02 mm/min marks the initiation of
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the second accéleratiqg creep stage. The low q&éilable
number of data does not alloﬁ satisfacﬁory prediction of the
threshold velocity of 0.1 mm/min. If displacement - readings
were taken every 8 hours after the time.wheh vélobity had
reached 0.02 mm/min , the prediction of the time of the-
threshold velocity of 0.1 mm/min'would be saﬁisfactorily
possible 6 days in advance.

In conclusion , determination of the time of failure
was not possible. For this reason , the Saito and ZaQOdni
and Broadbent's relations are impractical. The power and
exponential laws represented 3 accelerating creep stageé.
Usipg the third stage , the critical slide velocity was

appfoximately predicted 8.5 hours pefoﬁe failure.

5.6.10 Consideration Of The Decelerating Creep

An examination of the data sho&s that the 26-B , 38-B ,
39-B and 40-B prisms ®Moved more than 3 metres after.the
slide occurred on November 10th. Other prisms moved a few
centimetres., The 40-B prism shé&ed more displacements than
the others. Figure 5.30 illustrates .the power law fit to the
‘resultants of‘ the displacement vectors for the 40-B prism.
Fit parametefs‘are written in Table 5.18. The fitted 1line
- shows that the velocity decreases to less than 0.03 mm/min
~on January 20 , when the buttress conséructidh. was

completed.
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Table 5.18 Results of analysis of the resultants of the

displacement vectors for déceleréting creep of the 40-B

prism

v

76in

PRISM
LAW - POVER
DATA ALL
INTERCEPT ~0.547
+INTERCEPT Y0% 0.840
. SLOPE -0.264
*SLOPE 90% 10.086
oW CALCULATED 1.867
DW FROM TABLE v | 1.63 ‘
TSS CALCULATED 26.54
TSS FROM TABLE 5% 4.0
RES1DUALS '-0.000733
WW-2 63
TRANSFORMED DATA i ¢4

DW=DURBIN WATSON 'STATISTICS

TSS=TEST OF SLOPL SIGNIFICANCE

WW=WEIGHTINC

~
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Chapter 6
CONCLUSIONS XND RECOMMENDATIONS ™

this chapter , conclusions derived from the displacement

analyses of 16 prisms 1in general and 26-B prism in
e .

particular , and recommendations for further expansion of

this research program , are.presented..

-4

‘6.1 Conclusions

v

6.1.1 Power and Exponential Laws

1.

3.

The power and exponential laws were found to be ‘the most

practical relations for the prediction of the critical

slide velocity , approximately 7 days in advance , as an
hY

indication of the impending failure. The application of

- the power law leads to a slightly more conservative

design and therefore it‘is recommended ( Section 5.6.9 ).
The powér and‘ exponential 1laws , when 2 accelerating
creep stages were considered , compared to Saito relation
, underestimate acceleration particularly at times
close to the time of the most rapid movement ( Section
5.6.9 ). |

When 3 accelerating creep stages were cohsidergd ,‘an
operational proéedure'was adopted for prediction of thé
time of the critical slide -velocity , when evacuation of
pit personnel and equipment should begin. Just before the
initiation of the third accelerating creep stage , the

threshold velocity o¢f 0.1 mm/min was observed ,

——
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approximately 34 hours before failure. Few available data
in this'st%ge showed that the critical slide velocity of
0.5 mm/min cwyrresponded to 8.5 hours before failure. On
the other hand , the threshold velocit}‘ of 0;02 mm/min
was observed just before the inMSation of the second
accélerating creep stage. The vprgdiction) of the third
accelerating creep stage was possible 6 aays in advance ,

when measureffients were taken every 8 hours -upon the

initiation of the second stage ( Section 5.6.9 ).

iy

Three numerical approximations are included. in &/¢& term.
First and second are the linear interpolations for the
calculation of . velocity and acceleration. Third is the
incorrect assumption that the calculated velocity and

acceleration belong to the same time ( Section 5.6.8.1 ),

6.1.2 Saito Relation

1.

Four different laws were . analyzed and pure and
generalized Saito laws found fo be the most prevailing
ogés , when all data set was included for the 26-B prism
and t¢ was known ( Section 5.,6.7.3 ). Data for 16 prisms
were analyzed. Half of the prisms did not follow Saito
relation ( Section 5.6.68.

A procedure for t¢ prediction was presented ( Section
5.6.1 ). tgcan be a variable within a given rénge of
time. A preset upper limit Durbin Watson statistic may be
given. The program will stop computation as soon as the

upper limit of either Durbin Watson statistic or tfis'
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reached. For the 26-B p;ism data , tfat 5% confidence
level could not be precisely , as opposed to what Saito (
1969 , 1980 ) stated , determined, However , a range of
acceptable values was obtained. The upper limit for t.was
168 days after the actual time of the most rapid sliding
o Séé%ions 5.6.7.3 and 5.6.9 ) . Factors influencing this

procedure will be discussgd in Section 6.2.

" 3. The crigﬁcél él;de velocity , wusing the Saito fit
parameters , was obtained 3.6 hours prior tc failure.
Velocity increased to 4.8 mm/min , 10 minutes before
failure ( Section 5.6.9 ). |

{
6.1.3 Zavodni and Broadbent's fit
‘1. Zavddni and Broadbent's fit may be applicabie , when tfis
known. However |, instead of their proposed two , three
accelerating creep stages ' were observed ( Sections
. 5.6.8.2 and 5.6.9 ) . o | |
2. Taking into account the third accelerating creep stage |,

“the vélocity reached to its critical value of 0.5 mm/min

, 12.4 hours pfior to failure ( Section 5.6.9 ).

6.1.4 Movement Hypothesis

Five moving blocks were - identified. Block' 1 téppled
away -from the J3 joint éét. The move;ent of blocks 2 and 4
is composed of two independent movemenﬁs H toppiing away

from the J3 joint set and sliding down the dip direction of

the bedding. Blocks 3 apnd 5 moved along the dip direction of
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the beddiné. Block 3 slid as a wedge , controlled by the J1

joint set and bedding ( Section 3.3.3 ).

6.1.5 Other Conclusions

1.

In the time long before the time of rupture ',' all laws’

maybpe applicable ( Section 5.5 )..

. Power and Saito relations have similar forms. They both

-represent displacement as a function of time to a power

of n. However , the time Qariable for the power law , T ,
starts from the beginnihg of the accelérating creep
process and the time vériéble for Saito relation , t(t ,
starts from‘thé end of the accelerating creep process.

The time variable in the power law shows the time after

the initiation of the creep processes , and in Saito

N

‘relation , the time before the termination of the creep

processes (~Sect}ons 4.3 and 4.5 ).

All prisms neither‘ moved- in the same' direction nor
accelerated simultaneousiy; FThe ultimate time of slide
for every or a group of prisms may be different from
others ( Sections 3.3.1 and 3.3.2 ).

Exponential and Zavodni and Broadbent's fit are identical

'in origin. However , the latter may be composed of . 2 or

more consecutive expohential.lines (Secfions 4.4 , 4.8 ,
5.6.8.2 and 5.6.9 ).

Use of the resultants of the displaceméntﬁ vectors ,
instead of their components such as slope distance or

cumhlative horizontal displacement , can better represent
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creep processes'(Section 5.6.7 ).
6. The elimination of data which produced high weighting

factors by huma@)or'instrument error resulted in higher

values for Durbin Watson statistics ( Section 5.6.7.1 ).

6.1.6 Limitation of application

The conclusions and recommendations outlined in this
'Chapter are applicable to the 51-B-2 pit conditions. However
, they may be extended to other coal mines 1in the - Rockies
providiﬁg that geology 1is similar and slopes are drained.
Low water elevations were reported by MacRae (m 1982 ) and

Milligan and Hebil ( 1980 ) ( Sections 3.3.1.1 and 3.3.4 ).

6.2 Recommendations "

1. The time intqrvals of displaceﬁent monitoring éhould be .
reduced Ato 30 minutes , as soon as the velocity of 0.1
mm/min marks the initiation of- the third accelerating
creep sﬁage. Thi§ allows a more accurate and reliable
prediction of the time of the «critical slide velocity
approximately 18 hours in advance.

2. The time intervals of displacement monitoriﬁg should be
reduced to 8 hours., as soon as the. velocity »of 0.02
mm/min mMarks the initiation of the second acceleréting
creep'stage. This allows the prediction of the initiation
of the third accelerating creep stagejapproximétely 6
days in advance. .

3. Ways to improve tfprediction precisionr may be divided

.
{
1y

——
\
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into % groupé. I R o
" . ,' . ’ ' e ‘ i . ’ . :
Firsth‘ - variations of t10 millimetres in

.displacement and *1 minute in time , can provide changes

, +0.1 inislope and #0.7 in 1ntercept of the Sa1to line.

‘ ' =7
Therefore -, the.use of _survey instruments with hlgher

accuracy  is valuable. . The best application of the
\ _ _ } \ A

" instruments is made ', when successive measurements do not

o

exceed the instruments accuracy. So , the use of short

. time 1ntervals 1s recommended

Secondly . eiternal forces - created by a blast ,

-

“éarthuake ', rain , température change , ground water

pressure change and excavatfon of buttress rock must be

\taken 1nto con51deratlon. These factors can greatly speed

u slou : fgrhe ep processes , ard consequentl Y
¥ . ;.«if ntly °

é”W‘%A record .of the above

l‘\ .Y

afféct tfpredlctlon o)

act1v1t1es needs to acdhpany dlsplacement records. Ideal

AAAAA

dls 1acement records do nou,reflect the above external
G" ’ .

N
]

. forces.

MacRae ( 1982 ) , plotted cumulative bearipg'versus time;,,

It was seen that the 37-B , 38-B , 39-B andvn40-B prisms

moved simultaneously ;‘thererore , they may represent a
moving bleck. With the use “of displacement contours ,
areas with d1splacement concentratlon may be 1dent1f1ed
and analyzed as a block |

The change of dlstance between a pair of prlsms with time

1nd1cates that they are mOV1ng on separate 'blocks. A

computer program can be written to plot ghe variations of
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these distances with Eime.'Therefore , the kinematics of
the blocks and its variation witﬁ time cén be better
understood. |

Alternative forms_  of linear relations , as presented in
Tables 5.1 aﬁd 5.2 may be tested fof mutual confirmation

of the results.

ANy kind of relation which may 'prodﬁce infinite

_displacement:or displacement.gafe"at the time of failure

-

can be compared with the Saito relation , i.e. ;
= K/(eCw =),

Theirésultant; of the displacement vectors were analyzed.
The direction of all vectors was assumed to be identicai,

Correctlons for th1$§§ﬁould be included. Therefore , the

use of dlsplacemen? vectors instead of their .resultants
A -

is recommended

Data near to' the time of sllde were Pnot available ﬁ%%
the. analyses of cumulat1ve.hor129n£a1 displacements'and
displacement Yectors résultants. The inclusion of these

data would be useful to the analyses.

A
& s
@'A - , . .
’a i '4‘,'
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APPENDIX - COMPUTER PROGRAM DOCUMENTATfON'

INTRODUCTION

Four programs have been developed.ﬁor fits of power ,
exponential and Saito rélatibns.,There are two prdgrams for
the pbwerjiaw; Zavodni—and Broadbent's fit can be tested by
assuming 2 or more successive exponential fits.:

One hundred displacement entries can be given in either

one or two columns. When one column is used the other may be

left blank. In this case , cumulative displacements can.  be
given. When both columns are used , cumulative horizontal
and vertical displacements may be inserted in the input data
file. Then each program calculates the resultants of the
. displacement vectors.
| All displacément entries are in feet. They are
"convérted to millimetres by the progfams. Time variables are
given in minutes.

All ‘parameters for aééelerating creep felétions can be
obtained from slopes and intercepts of the fitted lines by

.

consulting,Table 5.1.

All programs listings , sample outpits and

corresponding input data files are presented at the end of

this Appendix.

The programs have been written in Fortran IV lahquage

for the Amdahl computer and are executable with MTS

 commands. Approximate storage and CPU time requirements for

each program is 10 disc pages and 2 seconds , respectively.

£
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PROGRAM POW

This program fits power law , using log velocity aﬁd
log time , to the resultantg of the displacement vectors or
cumulative displacements andAproduces a plot.

The flow diagram of this program is shown in Figure
5.6. Displacements are smoothed to increase positively with
time., If twé - successive data entries show decrease  of
displacement with time , they will be smoothed into a new
pair of data by the following\relations;
AE(I-1)=(AE(T)*W(1)+AE(I-1)#W(I-1))/(R(1)+W(1-1))
AT(I-1)=(AT(I)*W(1)+AT(I-1)*W(I-1))/(W(I)+W(I-1))
where , variables AE(I) , AT(I) _and W(I) represent
displacement , time and weighting factor- , éespectively.
This. smoothening ‘will continue until all successive
displacements increase positively with time.

~Velocity is calculafed by dividing the successive
increase in displacements by that of times. Then natural
| légarithms of veloéitysand time and power law fit parameters
are calculated. Thektransformed data and fit paraﬁeters will .
be written in output UNIT 6. Then the progrém prompts to
plot a graph. Thé CIVE subroutine GRAPH ﬁésl used. For
detailed@;inférmation . cpqﬁult the CIVE:GRAPH.DOC.“, the

documentation file stored under the computer id CIVE.

INPUT

with the format I3 , is the number of data sets- being

»
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processed , and , XT , with the*fofmap G20.0 , is_.a time
constant which will be added to the time variabiés. NF
and XT are set useglly as 1 and 0.0. v ,

The second card allows 32 characters t§ describe the
data set.

) N\ . ;

Variable NR , the number of data , is given in the
third card with the format IS5.

The fourth card , describeé the plot. The first 48
characters are wused for plot title. The next 32
characters deéine the X and Y axes labels.

’The fifth to'thé. last cards. , are . employed for
heasu;ement records. Each card haé 4 variables with the
format 4G20.0. Variables N , AT1(I) , AE(I) and AV(I)
represent dafa counter , time , cumulative horizontal
displacement and vertical digplacements respectively. On
the other hand , variable AE(I) may be used for any type

of cumulative displacements. In this case ,. no entries

'may be made for vartable AV(I).

PROGRAM SAITO T e

- .
i

This program fits the generalizéd Saito relaﬁion ,
using log time to failure and lgg vel@city , to the
.resultants of the displacement vectors or' cumulative
displacements and produces a plot. |

The flow diagram .éf this program is shown in Figures
5.4 and 5.5. A range of possible values of t 'and an .upper
limit Durbin Watson statistic are given. The program will
stop computation and draws a plot , when the upper limit of

~
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either t or the Durbin Watson statistic is reached.”Velocity
is calculated in a similar way.to ﬁhat of program POW. To
fit the Saito law , natural logarithms of.velocity and time
to failure are calcula;ed.;Fit parameters , transformed data
and a plot are produced.

The input data file is attached to UNIT 5.

The first and third cards ére different from those
of input data filé -for program POW. The other cards are
identical o those 6f program POW,

| ‘The fifst card has four variab%es. Variable NF ,
Withi the format I3 , is the number of dgta seés being
processed. Variables TF1 , TF2 and bTFA, with t format
3G20.0 , are lower and upper limits and time increment
for the time 6f'failure » respectively.

~The third card has two variébles » NR and DW1 , with
the format 2G20.0; The first , is the numBer of data ,

and the second 1is - the upper . limit for Durbin Watson

statistic.

k4

o L
This program fits a power law , using velocity to

acceleration ratio and time .,  to the resultants of the

displacement .vectors or cumulative displacements and
produces a plot.

The flow diagram of this program jis .shown in -Figure
5.7. Velocity and a;celeratioq are comﬁﬁted as folléws;

Velocity ;

N



5.8. The natural logarithm of velogity-and,time‘is used to
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DE(J) = (AE(J)-AE(J-1))/(AT(J)-AT(J-1))
Acceleration } .
D2E(J) = (DE(J)-DE(J -1))/(T1(J) T1(J-1))
T1(J) = (AT(J)+AT(J—1))/2 0
where AT(J) 'and AE(J) are time and displacement variables.
Then the velocityv'to acceleration ratio and poyer l%y fit
parameters are calculated ‘The program w1ll proceed  to
computat1on in a way similar to that of program POW.
T;e input data file is attached to UﬁIT 5.
Variable NF ', with ﬁhe-format I3 , is the numberi ofv
data sets being processed and ls‘given in the first card.
All other cards are similar to those of program POW.
‘ ) Eh _

EROGRAM EXPO e =3

This program fits an exponentlal law using log veloc1ty.

and t1me to the ‘resultants of the dlsplacement vector or .

'cumulatlve d1splacements and produces a plot.

The flow dlagrams of this program is shown in Figure
2

fit exponential law. All other computatlonal processes are

.g‘

_51m11ar to those of program POW.

INPUT
The input data file is attached to UNIT §.
All cards of the input data file are exactly similar:

to those of program POW.
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EX‘EUTION OF PROGRAMS

The éxecutibﬁ of all prograﬁs dgscribed béfore>follqy
an identical'p;ocedufe. The compiiation and execution th
. each program is done by the two followiqg MTS commands;
R-*FORTGTEST éCARDS=PROGRAM SPRINT:-LIS& PAR=fﬁ ,SOURCE T=2S
' DEBUG —LOAD#+CIVE:GRAPH+*IG+*PLOTﬁIB 5=(DATA FILE)

6= (~OUTPUT) T=4S
A temporary plot dé%cription file named -PDF is assigned to
unit 9 - by. CIVE:GRAPH. A plot description file ”h;yA be:
gen@rated from wHich hérd copy may be produced on‘ghe
Calcomp or Varianléléctrostatic plotter ('CIVé}GRAPH:bOC ).

'The following is an example run:

7
Lot tetr .
A
e "L'}‘-"‘:
&7
e
.:i Y
- V)
A%}
- ‘4
N g
K
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example run;
(1 ('urtstpst scard
y

€13:32
MAIN

013:32:37 .
tdebuy -load‘fcxve sraphtlt9+lplotlxb J-dvl 6--61

tReady
+run

GRAFH

PLOT FILE NAME IS

NO ERRORS

T=0.274

PREL THINARY VERSION

SUMMARY FILE NAME IS

SELECT HENU oprxo~ &

?rlot

SELEET néﬁﬁprf

?cantinue

tUger rroaram retu

+Ready -
Ttats
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>
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lxst ﬂbr )d-sourco t= 45

t=2g

n

w

1982

+.

e “.n‘-.ﬁ
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ol 4{N5UEPICTURES

=X

+X X+X#+ + =X ff# X*——X +++X+——+++-—+ +H=X
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- e, $ )
. h ! |
hY L
\: v ,., . (v'
. o1
22.01 ¢
22.02 ¢ :
22.1 C READ DATA
22. 2% ¢
223V ¢ ‘
23 READ(S,119) NF TF1 TF2 ,DTF
24 119 | FORMAT(13,3G20.0)
2S 8 TREAD(S,123) (DENT(u). J=1.8)
26 123 FORMAT(8A4)
27 Y WRITE(E «134)DENT
28. B 134 FORMAT( 1H1 LAX _ 1244)
28.01 READ(S, 112) NR,OW1 . ) . "
28.02 READ(S.S02) (ALPHA(M) M=t 24)iw«
28 .1 202 READ(S5.1S1)(N(T) ATI(1), AEI(I) AV(!) =1.NR ),
28.2 DO 20 I=1 ,NR -
Ja.21 ¢ u ’
28.22" ¢ _CALCULATE RESULTANTS OF DISPLAFEMENr vscrons
28.23 ¢ OR.THEIR COMPONENTS.
28.24 ¢ R .
28.25 ¢ ) . -
28.3 20 AE1(1)=SORT(AEI(I)*AE1(1)+AV(I) AV(1))=304.8
28.31 ,wner(G.zoGF .
28.311 ¢ N
'28.312 ¢ - "
28.313 C WRITE nesuttﬁnxs OF DISPLACEMENT | vecrons :
28.314 ¢ PR THEIR. counou;urs AND TIME. Y
t2s.315 ¢ , s EAR
" 28.316 C ; el , v
28.32, sS18 wnrrt(s 205) (NCL)vATH(1) CAEI(D) . I21.NR) o
28.4. - 2¥  conTINUE - v " -
29 WwW=0, . C :
30 88~0. R A
31 CONB 1=0 )
32 CONBO=0.
33 TE=Q.
34
3as ’
36, i
37 G
. 38 e C . ) o '
a9 - SUMET=Q. S "
40 . “. SUMT2=Q. . ne -
a1 ", SUMEsO. ., ‘
.g§‘2 " | SUME2=0. " - o ‘
a3 $Xx=0.0 ~ S .
44 i DwWwW=0. . : ot
., 45 SXY#0.0 i ‘ '
/a6 T'wwaxQ,
© a7 AF=Q. R
‘51 502 FORMAT(244A4) .
52 - 112 FORMAT(2G20.0) ‘ L L
54 206  FORMAT( tH1, DATA ) .
55 WRITE(6,207) : R ' e
56 ' °207  FORMAT( 15X, 'T - L
S6, 1 1=0.0 SR > L T
. 56.2 -M=20 .0, ‘ - L s . : N
ST 12 g eI+t , , e T ' -
v S7.3, ' nMaMet : . o .
59 151  FORMAT(4G20. o) T YA v »;ﬁﬁv
-so . C. - AT(I)=AT(1)*60. :
. . . . L T
. ‘13, T ke
. . D e 4 o
. N KY ! .= » L.
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CALCULATE TIME PRIOR TO FAILURE
- ' . ]

c .
516 AT(I)=TF1-AT1(M)
AE(I)=AE1(M)

‘205  FORMAT(IS,2X.£15.8.2X.E13.6)

¢ SMOOTH DISPLACEMENT TO INCREASE POSITIVELY
5: S

c ~

11 JF(L (EQ.1).Ga TO 12

14 'IF(AE(I) -AE(1-1)) 13, 13, 4

13 AE(1-1)= (AE(I)‘V(I)‘AE(I")‘V(I-'))/(V(I)‘V(I-i))
AT(I-1)=(AT(I)"W(I)+*AT(I=1)"W(I~1))/(W(I)+W(I-1))

W(I-1)=w(1)+W(I-1)
I=1-
IF(1-2)12.14 14

4 CONTINUE .
IF(M.LT.NR) GO YO 12
WRITE(6, 300)

360 FORMAT(SX, ‘ INCREASING OISPLACEMENT WITH TIM: -’

WRITE(6.301)

301 FORMAT (3X .’ NO’ .SX,*AT*. 15X, ‘AE".
WRITE(6,305)(L . AT(L). AE(L) . W(L) L=1,
305 .FORMAT(IS.2X ,£15.8.2X.E13.6.F7.2)

(o}

C .

C CALCILATE VELICITY.

C CONVERT TO LOG VELOCITY AND
C LOG TIME TO FAILURE.

Cc

C .

503. DO 1 Jy=2.,1

12X,

IVI)
1)

E(U)=(AE(U)-AE(JU-1))/ABS(AT(J)-AT(U-1))

Y(J=-1)=€(J) .
T(J)=ALOG((AT(J)+AT(U-1))/2.0
X(J-1)=EXP(T(J))

6 W(J)=(W(J)+W(u-1))/2. @ .

3 E(J)=ALOG(EGN)
204 WW=wW+wW(J)

€EE(J) =0, .
SUMT=SUMT+T(J)*wW(u) - s
SUME = SUME+E (J) *%W(J)
SUMET=SUMET+E(J) *T(J) *wtuy)
SUME 2= sunszos(u)*s(u)-w(uh

1 sunrz-sunfz‘7(4ywr(u)-v(u) a

NO=yJ- 1
FIT SAITO LAW . e
¢ e :
508  SUME2s= suuez ‘QME'SUMG/Vﬂf .

SUMT2=SUMT2-SUMTeSUMT /ww. &
SUME T = SUME T - SUME * SUMT{w :
FME = SUME / WW

FMI=SUMT/wWw e

., «

).
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) O
_ Q
506 00 7 J=2.1 ‘
508 SXYaSXY+(T(J)-FMT)*(E(U)- FME)'V(J)
7 SXX=SXX+W(J)*(T(J)- FMT)“2 -
17 CONTINUE - , ’ .
1 C U
2 [ s
3 C CALCULATE FIT PARAMETERS ¢y SRR
a : £
s c S
Bl'SXY/SXX @
BO=FME-FMT *8 1 e s 2
.0t C o
.02 ¢ ‘ S
1 C WRITE TRANSFORMED DATA
2 C . -
3 c
3 WRITE(6.208) . . L
208 FORMAT(//.9X.‘'TRANSFORMED DATA') .
110 . WRITE(6,209) ‘ ) . : N
411 209 FORMAT(5X, ‘NO’ 14X, “LT* 12X, LE’, 12X, ‘LEE’, 10X, (LE-LEE) ", -
112 o T *6eX, ‘W) . ' - _ ;
113 509 00 2 J=2.1, : : o .
114 KeJ-1 ‘ : - ' I
L 115 EE(U)=BO+81°T(y) ‘ - Py
e 117 EES=EES*(EE(J)-E(U))*W(J) ' i L
118 . EA(J)=E(J)-EE(Y) -
- s 119 WRITE(6. 106)K, T(U)  E(J). € a) Ealu) . w(Y)
2 120 ZERCER+W(U) *(EE(JU)-E(JFpme2 :
< 121 e EEM=EEMeW(J)* (EE(J)-FME) *=2 .
k] 122 '$12 ©  IF(J.LE.2)GO TO 2 LT R e
= 123 ‘ DW=OW+(EA(J)-EA(U-1))**2 P
z 124 L . DWWeOWW+EA(J) *EA(J) . -
s 125 " 2 3% CONT IN®E * - 0
< 129 . % SSDYX=EER ! e
128° a .. EER=EER/(ww-2.) . i : N o
129 I FF=EEM/EER . @
130 CONB 1=SQRT(EER/SUMT2)
. 131 R . CONBO=CONB 1*SQRT ( ( SUMT2*WwW+SUMT * suur)/(wu-wu))
132, B0 ow-ow/owu :
L7 132.1*§§% o
132.2 c e
132.3 C WRITE FIT PARAMETERS :
J132.4 c . .
132.5 C° - ' A .
133 - WRIYE(6.210) o v . S
» 134 210 FORMAT(//,9X, 'FIT PARAMETERS') _ s
.. 13% WRITE (65J0S)8B0O ) . -
i136 qugsonn T(TIx,  INTERCEPT ' .E15.6) ‘
5 a7 o 2 WRITEY 6. 115)B1 ’
138 LWRITEEE, 158)CONBO 3@
139 o . WRITE(H.157)CONB I
ta0 WRITE {6.159)Dw
R Y X - 106 FORMAT{SX, 13 SX.4(1X ,E13.6) FT; 2) )
s ‘ ‘142 “ 157 FORMAT(11X,‘ CONFIDENCE LIMIT N 82 T. *.F12.17)
@ v - 143 115 FonnAT(IIx,' SLOPE . 4. F12.7)
: ) 144 158 FORMAT(1%X.’ CONFIDENCE LIMIT. ON B1 T, “.F12.7)
i 145, 159 FORMAT( 11X%’ DURBIN WATSON STATISTIC ‘.F7.3)
146 =~ WRITE(E. ISG)FF
. 147, - -gdsSe rgnnAf(IIx TEST OF SLOPE SIGNIFICANCE © . F9.3)"
148 - . . WRITE (6.211) a& i :
v . a4 . . .
o -
Lo 0 & . . ’;/' ; a B .
T |
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149
150
151
152
153
154
155
156
157
158
159
160
te 1
162
163
164
165
166
167
168

168 .
168 .
168,
168 .
168 .
168 .
168 .
168 .
168 .
168.
168 .
168.
168 .
168.
168 .
168 .
168 .
168,
168 .
1758,

168

168,
168.
168.
168 .
168 .
168.
168 .
168 .
168 .
168 .
168 .

169
170
171
172
173

(s NaNsNeNeNe] [eNeNeNeNs]

0O0000

[sNeNeNeNe]

. ' ' . o |

214 FORMAT( 11X, SSDY ' ,SX,F20.3.° SSDX *.F20.3)

213 FORMAT(11X,*' SPDXY’ 5X.F20.3.° SSDYX ©.F20.3)
WRITE(6.212) :

212 FORMAT(/, 9X, 'CHECK') .
WRITE(6, 107 JEES

107 FORMAT( 11X, ‘SUM OF -RESIDUALS' , 14X F12.6)
WRITE(6.215)TF1 \‘«%

.

21t FORMAT(//.9X, ‘DATA FOR COMPARISON TESTS')
WWewWw-2, .
WRITE(6,122)ww
f22 FORMAT( 11X, WEIGHTING ‘. F6.1)
WRITE(G6, 124)K : -
124 FORMAT( 11X, TRANSFORMED DATA NUMBER ‘. 13)
WRITE(G, 104 )FME . FMT
WRITE(§R 14) SUME2, SUMT2, :
104 FORMAT(X1Xx, ' MEAN STRAIN ' F11.3,
v’ MEAN TIME ‘' F11.3)
WRITE(6,.213)SUMET", SSDYX

‘215 FORMAT( 11X, ‘TIME OF FAILURE=' .F13.6} s

~

LL=LLes ¥

IF(OW1.LT.OW)GO TO 22

UPPER LIMIT QF THE Tlné OF FAILURE ?

IF(TF1-TF2)23,22,22

o a,
ADD TIME INCREMENT TO THE PREVIOUS
TIME OF FAILURE .

P il

8

23  TF1=TF 1+DTF
GO TO 21

s L B
CALL -GRAPH w oww

.22 CALL GRAPH (X.Y.ND.ALPHA, 1. OPTNS) -

OPTNS(21)=4.0 . .
X(1)=€XP(T(2)) ' . 4
X(2)=EXP(T(1)) : N
Y(1)=eXP(EE(2)) a
Y(2)=EXP(EE(I))
NO=2
CALL GRAPH (X,Y ND,ALPHA -2, 0PTNS)
IF(LL.LT.NF)GO TO 8 ’ ’
CALL GRAPH (X,Y NO ALPHA ,O,OPTNS} .
" sTOP. . e . ‘
END )

UPPER LIMIT OF DURBIM WATSON STATISTICS SATISFIED ?

@E

165

™
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L . . . . 1.
Q};b input data file for program SAITO ; ., | #
o “y,. . . -.4_‘_3 - . ! N | '
P w \
L
. >
& ' | '
. 3
1 1.358390.358980. 10, -
2 26B PRISM DISPLACEMENTS - ) .
, 3 27,1.46, ) ; .
a SAITO FIT TQO DISPLACEMENT vecroqi%BESULrA~rs LOG(t -¢) LOG(VELOCITY)
S !. 90660.0.0S8.0.000, , ‘ .
6 2.100740.:0.096, -0.021,
L7 3.113700.0. 184, -0. 067, )
8 4.139545,0.258,-0.087.
9 - 5.171210.0.271,-0.055,
10 6.230235.0.311,-0.042,
1 7.240450,0.429, -0. 146, . ‘ .
12 8.250380.0.448.-0.211" , -~
13, 9.261930,0.603.-0.207. ) v B '
14 10.270570.0.638,-0.271, ' : ' '
15 11.305280.0.753.-0.318,
16 12.312450.0.812.-0.313,
17 13.320430.0.893,-0.352,
18 14.331200,0.983, -0. 468,
19 15.240680.1.682,-0.856,
20 16.344281.1.862,-0.809,
21 17.344985,1.993,-0.995, : .
. 22 18.346845,2.169,-1.093, : .
23 19.348330.2.305.-1. 109,
24 20.349815,2.421,-1. 162,
. 25 ..21,351390,2.479.-1.240.
26 22,352815.2.678,~1.345,
27 23,354330,2.869,-1.47S.
28 24,355770.3.138,-1.621, -
29 25.356910.3.463.-1.817,
30 26.357390.3.576,-~1.857, _
3t 27.358380.4.544.-3¥339.
. ~ 1
2 - ’
B . &
- v i ':’x" -
| 4 «J'
e, A’_g_‘ .:.

e
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WO ~NANDWN -

—- s - -

VR NDUNDE LN =

" 0. 11794000€+08

268 PRISM DISPLACEMENTS

ABAABAAAAALAASAAABAAABBRA2AA2038A582A28800043223
AASAAMAANAAAAAAARAAAAAANAANASAALAAANAARAAARAANAS
aaaaaaaaaaaaqpaaaaaaaaaaaaaaaaaaaaaadaaauaaaaaaa
DATA
- 0.390660000€+05

0. 10074000£+06
0. 11370000€+06
0.13954500€E+06
Q.17 121000€+06
0.23023500E+06
0.2404S5000E+06
0.25038000E+06
0.26193000E+06

- 0.27057000€+06

©.30528000€ +06
0.3124%5000E+06
0.3204 3000E+06
0.33 120000€+06
0.34068000E+06
0.34428 100E+06
0.34498500E+06
0.34684500E+06
Q.34833000E+06
0.3498 1500€ +06
0.3%139000E+06
0.3528 1SO0E+Q6
0.35433000€ +06'
0.3557TOOOE +06

0.35691000€+06

0.35739000E +06

0.3583B000E+06 -
- T .

AT

. 0.26773000€+06
“ 0. 25765000 +06
.0.2446900QE +06

0. 218845 YE+06
0.18718 06

0. 123155006-@1;x

0.

0.53 1 10000E 0%

0. 4594000QE +O

&
0.37960000E +05

0.27 190000E+0OS
0. 177 10000E+05

0. 14 109000€+0S

0. 13405000E +05
0. 11545000E +05
0. 10060000€ +05

0.85S7SO000E+04

0. TOOOO000E+0 4

" 0.55750000€+04

0.40600000E+04
0. 26200Q00E +04
0. 14800000€ +04
0. 10000000E +04
0. 1OOO0000E +02

.176784€+02
.299527€+02
.596855€+02
.829889E+02"
.B42847€E+02
.956532€+02
.138124€+03
1S0937E+03
. 194322E+03
.211278€+03
.249142€+03
.265248E+03
.292568E+03
.331842E+03
.57524SE+03
6 18791E+03
.678963E+03
.740307E+03
.7T79651E+03
.81851SE+03
.844853E+03
.913419€+03
.983271E+03
"1076S4E+04
. 119199€+04
.122817E+04
0. 15SS773E+04
e o o

[o]

[oReleRoNoNoNooNeNoNeoNeoNoNoNoNoNoNoNeReNoNoNoNo o)

INCREASING DISPLACEMENT WITH TIME
S~ AE
.176784E+02"

.299527€+02
. 5S96855E+02
.829889€+02

‘ocoo0oo

_84284TE+02"
0. 9565325‘02_n”

IR R

;g%.

88888383383338%8383

¥

<

833888

P

«

167
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out?ut example for -“rogram SAITO con't ;

168

s 4

¥

' -
! ) ,a‘p.

64 .

65 : TRANSFORMED DATA ,

66 NO LT LE T L (LE-LEE) W
67 ' 0.124787€+02 ~0.671080E+01 -0.74 +01 . 0. TOT990E +00 1.00
68 2 0.124339E+02 -0.607737€E+01 -0.73%1042E401 0. 12930SE+01 1.00
69 3 0.123535E+02 -0.701127€+01 -0.728370E+01 0.272426E+00 1.08
70 4 0.122210€+02 -0.101039E+02 -0.714081E+01 -0.296306E+01 1.00
7't s O.119682E+02 -0.855487€+01 -O.686815E+01 -0.168672E+01 1.00
72 6 0.117203€+02 -0.548279E+01 -0.660073IE+01 O.111793€+01 1.00
73 7 0.116349E+02 -0.665283E+01 -0.65@B60E+01 -0.144223E+00  1.00
74 8 ©.115S3S0E+02 -0.558433E+01 ~0.640085SE+01 0.816520E200 1.00
75 9 O.114211€E+02 -0.623354€+01 -0.628871E+01 0.551662E-01 1.00
76 o ., 0.111629€+02 -0.682080E+01 -0.599942E*01. -0.821381E+0C 1.C0
77 1 0.108102€+02 -0.609844E+01 -0.561904E+01 -0.479399€+00 1.00
78 12 0. 106442E+02 -O.567706E+01 -0.54399BE+01 -0.237082€+00 1.00
79 13 0.103913E+02 -0.561398E+01 -0.516T1SE+01 -0O.446828E+00 1.00
80 14 0. 100190E+02 -0.366222€+01 -0:476564E+01 0. 110339E+01 1.00
81 15 0.967467E+01 -O.441S1GE+O1 -0.43941SE+01 -0.210171E~O 1.00
82 16 0.952930E+01 -0.245956E+01 -0.423734€+01 0.177778E+O1 1.00
‘83 17 0.943148E+01 -0.341184E+01 -0.413183E+01 O.719983E+00 1.00

" 84 18 0.928753E+01 -0.363083E+01 -0.397655E+01 ©0.345T725E+00 1.00

8s 19 0.913965E+01 -0.364J0BE+O1 '~0.3B1704E+01 O.173953E+00  1.00
86 20 0.89602BE+01 -0.409101€+01 -0.362355€+01 -0.467461E+00 = 1.00
87 21 0.874632E+01 -0.303413E+01 -0.339276P+01 0.358631E+00 1.00
88 22 0.848001E+01 -0.307680E+01 -0.310S50€E+01 0.287066E-01 1.00
89 23 0.811373E+01 -0.2736PRE+01 -0.2T71041E+0t -0.265198€-01 1.00
30 24 0.762560E+01 -o.zzsﬁ*or -0.218388E+01 -0. 106039E+00 1.00
91 25 0.712287E+01 -0.258 +01 -0,164160E+01 -0.943831E+00 1.00
92 26% 0.622456E+01 -O.109994E+01 ~0.672624E+00 ~0.427319E400 1.00
93 o . o

94 ’ ,

9s FIT PARAMETERS

96 : INTERCEPT 0.604 160E+01

97 : - SLOPE : -1.0786667

98, CONF IDENCE LIMIT ON Bt T. 1.1547041

99 CONFIDENCE LIMIT ON 82 - T. . 0. 1124731

100 QURBLIN WATSON STATISTIC 1.560

:g: _ TBST OF SLOPE SIGNIFICANCE 91.96S

103 o .

104 OATA FOR COMPARISON TEST Sz

105 welGHridl 240 v .
;85 TRANSFORMED DATA NUMBER 26
1 MEAN STRAIN -a.875 MeAN TIme 10,121

108 . SSDM. ., o 113.320 SSOX ) 774247
:?g 2 ¥ SPOXY -83.315 SSDYX F23.453
B Rt
111 . CHECK .
112 - Suﬁgﬁf‘RESIDUALS : -0.000367
113 @ TIME OF FALLURE=358390.000000 ' o

o

A
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CONONaBLWLLOKN -

-

(¥, I S A N N

: : : #
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCee

(ofotp{alefotef ool ol oy e of of of of o of of of o{ of of of o od o of o{ f o] ol o of d of of o of o o{ o o { o oL o o] o{ o] {4

ccccce
ccccee

cceeg

ccccc
ccccc
cccce
ccccce
ccccce

gy

" THIS CREEP PROGRAM CALCULATES g
RESULTANTS OF DISPLACEMENT VECTORS
OR THEIR COMPONENTS AND FITS
POWER LAW TO THEM.

PROGRAM POW

ccccce
cccec
ccccee
ccccc
ccccce
cccce
ccccce
cceccce

€CCCCCLCCCCCCCCLCCCCCCCCCCCCECECCECCCCCCCECCCCCCCCCe
€cceeececceceeecccecececccecececeececeececcccececceccecceceecee

o000

‘119

123

134

502
112

206

DIMENSION E(100),T(100).EE(100).A( 10).DE( 100) . W1l 150).
1W(100).,8(100) .EA( 100) ,AE( 100) ,AT( 100) ,02E(100),T1(100).
1DENT(48) ,AT1(100),.X(100).Y( 100) . ALPHA(24) ,AV(100)

REAL*4 OPTNS(25)/25°*'NO ‘/
OPTNS(1)=1.0

OPTNS(6)=2.0

OPTNS(7)=2.0

OPTNS(10)=5.00

OPTNS(13)*5.0 S B
OPTNS(22)+3.0 ) .
LL=0 ’

READ DAL

READ{S.,119) NF _ XT

FORMAT(13.G20.0)

READ(S, 123) (DENT(J) J=1,8)

FORMAT (B8A4) o
WRITE(6, 134)DENT ’
FORMAT(!Hi 9x, 1244)
WW=0. ! . .
BB=0. -

CONB 1=0.

CONBO=0.

TE=Q.

DW=0.

EER=O.

EEM=Q,

EES=0.

SUMT=0. o

SUMET=0. ‘

SUMT3=0.

SUME =0, . 2

SUME2=0.

SXX=0.0 5
OwWwW=0.

SXY*0.0

wWwA=Q., . .

AF=0. ’

1=0

READ(S, 112)NR :
READ(S,502) (ALPHA(M) Ms1 24)
FORMAT (24A4) e
FORMAT(1S) 4
WRITE(6,206)
FORMAT (1H1., *

8

3
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. [ 4
T ° -
~ f\‘ >
ey
1
S0 WRITE(6,207)
51 207 ~ FORMAT(1SX, ‘T 3 we.6X,(tsX) ")
52 12 I=1+1 : N ' “
S3 202 READ(S.151) N_AT1(I) AE(I) . AV(LD)
54 151 FORMAT (4G20.0)
55 c AT(1)=AT(1)*60.
s5 1 C .
55 2 C CALCULATE RESULTANTS OF DISPLACEMENT VECTORS
56.3 C OR THEIR COMPONENTS AND TIME.
5ss.4 C
S6 AE(1)=SORT(AE(I)*AE(1)+AV(I)*AV(1))*304.8
57 w(l)=1.0 i O
s8 517 AT(I)=aT1(1)+xT -
's8 5 C
59 C WRITE RESULTANTS OF DISPLACEMENT VECTORS
59. 5 C OR THEIR COMPONENTS AND TIME.
60 c
61 S18 VRITE(6.205)N,AT1(I).AE(I).H(I).AT(I)'
62 20S FORMAT(1S.2X.E15.8.2X,E13.6,F7.2.2X.E15.%)
62.1 ¢ »
€2.2  C. 'SMOOTH DISPLACEMENT TO INCREASE PQSITIVELY
62.3 . C _ .
¢ 63 11 IF(I .EQ.1) GO TO 12
64 14 IF(AE(I)-AE(I-1)) 13, 13, 4 . B
65 13 AE(T-1)=(AE(I)*W(I)+AE(T=1)=W(I-1))/(W(I)swW(I-1))
. ﬁ? 66 ,AT(I-l)-(AT(l)‘V(I)fAT(l-!)‘V(I—\))/(U(l)*v(l-i))
St 5 .87 o W(I-1)eW(I)+W(I-1) .
3 . &8 . I[=1-1 - N
< ﬁ% 69, 1F(I-2)12.14, 14 ‘
] 70 4. CONT INUE ' ' '
> 71 IF(N.LT.NR) GO TO 12 . L
z T2 WRITE(6,300) ) o :
3 73 300 FORMAT(SX, INCREASING ‘DISPLACEMENT WITH TIME’)
5 74 WRITE(6,301) o ' &
15 301 FORMAT(3X. NO*.5X, AT, 15X *AE‘ 12X, '¥W") 7
76 . WRITE(6,.305) (L, AT(L) . AE(LY . wW(L). L=1.1) .
77 . 305 FORMAT(IS,2X,E15.8,2X,E13.6.£7.2) . e : "
7747 ¢ = - : ~ .
77.2 € CALCULATE .VELOCITY. .
77.3, C CONVERT TO LOG VELOCITY AND LOG TIffés %a
a 77.4 C . i . ¥ &
T Ve S02 DO 1 J=2.1 , M o
79 . E(J)=(AE(J)-AE(U-1))/(AT(J)-AT(J-
79.1 Y(J-3)=€(J)
80 T(J)=ALOG( (AT(J)+AT¢U-1))/2.0) e
81 X(J-1)=EXP(T(J)) ’
84 € W(J)=(w(y)+wW(u-1))/2.
86 : 3 E(J)=ALOG(E(J)) .
Rads 88 204 wWsWW+wW(J) .
%d ae EE(JU)=O. . S
i§<ﬁ 90 SUMT =SUMT+T(J) =W(J) - - . o
N 91 SUME=SUME+E (J)*W(J) .
P 92 SUMET=SUMET+E (J) *T(J)W(J) L
T 93 ~ SUME2=SUME24E(JU) "E(J) *¥W(J)
fi-oal 94 D1 SUMT2sSUMT2+T(J)*T(J)*W(J) .
9s NO=J- 1 : . _g o
95. 1 C . . ‘ #R
95.2 . C CALL GRAPH i v
95.3 C ' ’ SCT

96 CALL GRAPH (X.Y.ND.ALPHA, 1 OPTNS)
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144 158 FORMAT( 11X, CONFIDENCE LIMIT ON Bt T. *,F12.7)

Ty
s * v
.
\
96. c -
96 .2 C FIT POWER LAW
v 96.3 c : i .
' 97 SOS ~ SUME2=SUME2-SUME « SUME /Ww
98 SUMT2=SUMT 2-SUMT *SUMT /ww
99 . SUMET=SUMET - SUME * SUMT /Ww
100 " FME = SUME /ww , o«
101 FMT =SUMT /WW._
102 S06 DO 7 J=2.1 Y
103 508 SXY=SXY+(T(J)-FMT)*(E(J)~-FME) *W(J)
104 T SXX=SXX+W(J)*(T(J)-FMT)**2 g
105 17 CONT INUE
105. 1 C )
105.2 C CALCULATE FIT PARAMETERS.
105 .3 c
106 B1=SXY/SXXx °
107 BO=FME-FMT*8 1 ‘
107.1 ¢ .
107.2 C 'WRITE TRANSFORMED ‘DATA
107.3 c
108 WRITE(6,208)- ‘
109 208 FORMAT(//.9X,°TRANSFORMED QATA")
110 WRITE(6,.209) )
111 209 FORMAT(SX, 'NO‘_ 14X, ‘LT* 12X, “LE‘, 12X, "LEE’ . 10X, ' (LE-LEE)"
112 *6X. ‘W) : BT o .
113 509 00 2 JU=2,1 . .
114 Ksg-1 ' . e
115 * EE(JU)=B0+B1°T(yU)
t16 Y(K)=EXP(EE(U))
117 EES=EES+*(EE(U)-E(J))*W(U) .
118 - EA(J)=E(J)-EE(Y) .
119 WRITE(6,106)K,T(J) E(J).EE(J). EA(J) V(J) )
" 120, . EER=EER+W(U)*(EE(JU)-E(U))**2 P
121 . EEM=EEM+W(J)*(EE(J)-FME) **2 w
122 St2  1F(J.LE.2)GO TO 2 : C .
123 OW=DW+(EA(J)-EA(U-1))**2 o
124 OWW=0WW+EA(JU) “EA(Y)
125 2 CONT INUE
126 OPTNS(21)=4.0
127 . SSDYX=EER
128 - EER=EER/(Ww-2.) a
129 . .FF=cEM/LER g
130 © CONBY=SQRT(EER/SUMT2)
131 : co~eo-co~e1'sonr((suurz-vuosuur'suur)/(ww'uv))
132 OW=DW/DWW
133 . WRITE(6.210)
133.1 . C .
133.2 . C WRITE FIT PARAMETERS
133.3 c
& 134 .210 FORMAT(// . 9X. FIT PARAMETERS )
g 135 " WRITE(e. 10.)80 _ -
136 105 FORMAT( 11X, INTERCEPT ‘E15.6)
137 WRITE(6.115)81 -, v -
138 WRITE(6, 158)CcONBD ~ ~
139 WRITE(6, 157 )CONB 1
140 - WRITE (6,159)0w
14 1% ' 106 FORMAT(SX,I3.5X.4(1X.E13.6).F7. 2)
142 157 FORMAT( 11X, * CONF IDENCE LXMIT ON 82 T *F12.7)
143 115 FORMAT( 11X, * SLOPE ‘L F12.7)

171
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L%

a
14

14s 1S9 FORMAT(11X,’ DURBIN wa~ TATISTIC ‘L FT1.3)
146 WRITE(G6, 1S6)FF . ~
147 156 FORMAT(11X_.* TEST O° LIFICANCE
tag WRITE (6.211) .
149 . 211 FORMAT(//.9X. 'DATA IN TESTS*)
150 WWEWW-2 : :
151 7 WRITE(6, 122)ww
152 122 FORMAT( 11X ¢ WEIGHTING ., u. 1)
153 ;7 WRITE(6,124)K S
'154 124 FORMAT(11X,’ TRANSFORMED DATA NUMBER ©.13)
WRITE(6. 104)FME  FMT . .
WRITE(6,214)SUME2, SUMT2 P,
104 FORMAT( 11X, ' MEAN STRAIN ~* _F11.3, v S
L e MEAN TIME ', F11.3) . Far ‘ .
WRITE(6,213)SUMET . SSDYX S
214 FORMAT(11X,° SSOY ' SX;F0.3,° SSOX ‘. F20.3)
213 FORMAT( 11X, SPOXY* . SX.F20.3.’' SSDYX ‘.F20.3)
WRITE(6.212) ' - ’ # .
212 FORMAT(/ . 9X, ‘CHECK’) .. LT
WRITE(6, 10T )EES -
107 FORMAT( 11X, SUM QOF RESIDUALS’.14X.F12.6)
© WRITE(6.215)XT : o
21S FORMAT( 11X, * X=" F10.2)
CoLLsLLSY : .
c : ) N
C °CALL GRAPH C
¢

*,F9,.3)

4y

) - P -
" CALL GRAPH (X, Y ,NO.ALPHA,-2,0PTNS)
IF(LL_LT.NF)GO TO 8 IR ) _
R APH (X.Y ,NO,ALPHA,0 . OPTNS) el TR -
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input data file for program POW

(4

. 173

r

2
1 1.0.0,,
2 268 PRISM DISPLACEMENTS )
3 27. . : , .
4 POWER LAW FIT TQ DI'SPLACEMENT VECTORS RESULTANTSLOG(time) LOG(VELOClTngr“
5 1. 90660.0.058.0.000. oo SIS
..... 6 2.100740.0.096,-0.021, , . R
7 3.113700.0. 184, -0.0€7. - . Cos
8 4,139545.0.258.-0.087. :
9 5.171210,0.271,-0.05S. \
10 '6.230235.0.311,-0.042, “
1 7.240450.0.429.-0. 146,
12 8.250380.0.448,-0.211,
13. 9.261930.0.603.-0.207.
14 10.270570.0.638.-0.271, o
15 11,305280.0.753.-0.318,
16 12.312450.0.812.-0-313.
17 13.320430.0.893.-0.352. _
18 14.331200.0.983,-0.468, ' R
19 15,340680, 1.682,.-0.856,
20 169344281, 1.862.-0.809,
21 17,34498%5.1.993,-0.995,
22 18, 346845,.2.169,-1.093. - ,
23 19.348330.2.305.-1.109.
24 20.349815.2.421.-1.162, .
25 . 21.351389Q.2.479.+-1.240,
26 22.3528¢%.,2.678.-1.345, .
27 23.354330.2.869.-1.475, .
28 24',355770.3.138.-1.621, \ .
29 25.3%6910.3.463.-1.817,
30 . 26.35739Q9.3.576. -%,857. .
317 . ° 2.358380.4.%544,-2.339.
,ggaa N
¥ . o
N ;mu. /
Lo %ga
R &
' 4
-1
Al <
o) ;
N Q9
M - - >
,13
;
; «
> b ,
> o
v ~




- output example for program POW<}

/

WEe NOVAEUN -

f

’

- A - . s

~5

0000000000000 OOGC Of

Q0O0O0OO0OQ

0000

.

268 PRISM DISPLACEMENTS
A83382322283228022222220A00223400208850080288882
A82ARA2AAANAANSARABAAANAAAAANAASAARAAAGARAAREDA
2282a8228822880022202028002222022550522880888282

DATA :

T.
~-90660CO0E +05 ,

. 10074000€ +06
. 1137Q000€E+06
13954500€+406
. 1712 1000E +06
. 23023S00€+06
. 2404 SO00E +06
. 25038000E+06
.26 193000E +06
. 27057000€+06
. 30528000€+06
.31245000E+06
. 32043000E+~06
.33 120000E +06
. 34068C00E+06
. 34428 100E+06
~34498500E +@6
.34684500E+06
.34833000E+Q6 -
. 3438 1S00E+06
.25!390005406
.85281S00€+06
.354330006+06

. 77000€E+06
. 3569%QO0E +06

. 35739000E +06

. 35838000€ +06

0000000000

, 4
0.176784E+02

0.299527€+02
0 .’596855E+02
.829889€ +02
.B42847TE+02
.956532€+02
. 138124€+03
.150937€+03
. 194322€+03
.211278E+03
.249142E+03
.265248E+03
.292968E+03
0'331842£+03
.575245E+03
.618791E+03
.678963E+03
. T40307E€+03
.7796S1E+03
B818S1SE+03
.844853€+03
.913419€+03
.983271€+03
. 107654E+04
. 119199€+04
.122817€+04
. 1SSTT73IE+04

O()O(DOC)OS)O(DO(DO

INCREASING Q}ISPLACENENT WITH TIME
/

00000000000V OO00OCO0O0O00000000

AT !

. 90660QD0E+0S
€406
£+06

- 25038000E+06
. 2§ 193000E +
.27 o6
. 31245000E+06
.32043000€+06

. 34428 100E +06
.34498500€+06
.34684S500E+06
- 3483J3000E +06
. 34398 1500€+06
.35 139000€+06
. 3528 1SO0E +06
.35433000€£+06
. ISSTTO00E+06
. 3569 1000E+06 °
.35739C00E+06
.358380Q00€+06

AE
0. 176784E+02
0.299527E+02
0.596855E+02
0.829889€+02
0.842847E+02
0.956532€+02
0.138124€+03
0.150937€+03
0.194322E+03
0.211278€+03

.30528000E+06 \0.249142€+03

Q.265248€+03

0.292568E+03

.33 1200«_)%:\_‘3;7 331842€E+03
.34068000€ + .57S24SE+Q3

0.618791£+03
0.678963E+03
0.740307€+03
.7796S1E+03
.81851SE+03
-844853€+03
.913419E+03
.883271€+03
.107654€+04
. 119199E+04
.122817€+04
. 1557736404

000000000

T M s b h b e e b s s h s ek b e s s em s

' aaaaaaaaaaaasaaa

- £

- s S s e A kA e e h A as e h ot s b es a s ch s s e

88888888888888883585888858888

888888228838388888883883838"

<

( t‘x) .
0.90660000E +0S

0. 10074000€+06
0. 11370000E+06
0. 13954500€+06
0. 171F1000€+06
0.23023500€+06
0. 24045000€ +06
0. 2%5038000E+06
0.26193000€+06
0.27057000E+06
0.30528000€+06
0.31245000€+06
0.32043000€+06
0.33120000€+06
0134068000E +06
0.'34428100€+06
0.34498500E+06
0.34684500E+06
0.34833000E+06
0.3498 1500E+06
0.35 139000€+06

0.3%28 1500€E+06
0.35433000E+06 -

o.sqg;voooe‘oe
0.3569 1000E+06
0.35739000E+06
0.35838000E+06

I,
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output example for program POW con't ;

111
112
113

NO

WDANOANEWUN -

TRANSFORMED DATA

LT LE LEE (LE-}EE)
0O 114690E402 -0.67 1080E+01 _B7SS26E+01 0.204446E+01 '
O.115826E+02  -0.607737E+01 _833078E+01 0.225341€+01 1
0. 117490€+02 ~0.701127€+01 .T7T7096 1E+O1 0.698338E+00 1
0. 119536€+02 -0.101039€+02 .694534E+Q1 -0.315853€+0! 1
0. 122097€+02 -0.85S48TE+O1  598904E+01 -0.256582E+01 1
0.123688€+02 -0.548279€+01 .539481E+01 -0.879889E-0! 1
0.124107€+02 -0.665283E+C! .523830E401 -0.141453E+01 1
0. 124535€+02 -0.558433€+0) .507832E+01 -0.506003E+00 1§
0. 124922E+02 -0.623354E+01 -0.493398€+01 -0.129957€+0!1 1
0. 125705E+02 -0.682080€+01 _464169E+01 -0.217911E+01 1
0. 126407€+02 -0.609844E+01 ©437952E+01 -C 171892€+01 1
0.126649€+02 -0.567706E+0? _428903E+01 -0. 13880IE+O1 1
0.126941€+02 -0.56139BE+01 _417999E+01 -O.143398E+01 1
0.127247€+02 -0.366222E+01 _406570E+01 O .40348SE+00 1
0. 12T440€+02 -0.441516E+01 . 399368E+Q1 -0 421480E+00 |
0. 1275026402 -0.245956E+01 -0.397029€+01 0. 151073E+01 1
0. 127539€+02 -Q.34 1184E+01 -0.395642E+01 0.544579€+00. !
0. 127888€+02 -0.363083E+01 -0.393842€+01 0.307589€+00 !
0. 127630€+02 -O.364308E+01 -0.392249€+01 0.279403E+00 !
0. 127674€+02 ~-0.409101E+01 -0.390616E+01 -0.184853€+00 1
0.127717€+02 -0.303413E+01 -0.389021€+01 0.856082E+00 !
0. 1277S8E+02 -0.3JOTEBOE+O1 -0.387465E+01 0.797851E+00 !
O. 127800€+02 -0.273693E+01 -0.385909E+01 0. 112216E+01 1
0. 127836E+02 -0.228991€+01 -0.3B4554E+01 0. 155562E+01 1
0. 127859€+02 -0.258543€+01 -0.383TOSE+O1 0. 125162E+01 1
0. 1278B0E+02 -0.109994E+01 -0.38293BE+01 0.272943E+01 1
FIT PARAMETERS .
INTERCEPT -0.515870E+02 .
SLOPE - 3.7345781
CONFIDENCE LIMIT ON Bt T. 9.9375172
CONFIDENCE LIMIT ON 82 T. 0.7941183
DURBIN WATSON STATISTIC 0.742
TEST OF SLOPE SIGNIFICANCE 21.991
DATA FOR COMPARISON TESTS
WEIGHTING 24.0
TRANSFORMED DATA NUMBER 26
MEAN STRAIN -4.875  MEAN TIME 12.508
SSDY 113.320 SSDX 3.907
SPOXY 14.505 SSOYX s9. 136
CHECK .
SUM OF RESIDUALS 0.004055
X= 0.0

-

'23888388338888

332388888%
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OPNOVEWUN =

ool el ol ol ol ofof ol of o{ o o o ol ol o{ o{ of o ol o of o o ol { f o ¥ o o f ef o s o o] o e o o o o{ o o] 3 o o o oY

1

-

CCCCCCCCCCCCECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe

cccee

cceec
ccecce
.cccce
ccccce
ccccce
ccecece
ccccce
ccccce

PROGRAM POW2

THIS CREEP PROGRAM CALCULATES
RESULTANTS OF DISPLACEMENT VECTORS
OR THEIR COMPONENTS AND FITS POWER
LAW, VELOCITY/ACCELERATION VERSUS
TIME. TO THEM.

ccecce
cceee
ccccee
cceec

[of ol of of o8

ccccee
cccece
ccccc
cccec

(ool ol of ol od of of L of o o o1 o] of of o o] L o oL o o] o o of o o ol o o of o o o] { o{ oL o ol o o o ol o{ o{ o o1 o}
cceccceeceecceecceecccecececcecccecceeccecccececccceccecece

aO000nN

119
123

1134

502
112

206

207

./\\

DIMENSION E(100).T(100).EE( 100} ,A(10) ,DE(100).W1(100).

REAL*4 OPTNS(25)/25+°'NO '/~
OPTNS(1)=1.0

LL=0 :

oPTNS( 16)=5.0 \\
OPTNSC13Y=5.0 ‘
OPTNS(22)%3.0

READ DATA

READ(S, 119) NF
FORMAT(IJ)

REQD(S, 123) (DENT(J), Jy=1,8)
FORMAT(B8A4) .

WRITE(G, 134)DENT

FORMAT( 1H1,9X, 12A4)

wW=0.
88=0.
CONB 1=0.
CONBO=0. !
TE=O. :
DW=0.

EER=Q.

EEM=O.

EES=0. .

SUMT =0.

SUMET=O,

SUMT2=0.

SUME=0.

SUME270.

SXX*0.0 N o
OWW=0.

SXY=0.0

WWA=O,

AF=Q.

1=0

.READ(S,TT2)NR

READ(S.502) (ALPHA(M) M=t 24a)
FORMAT(24A4)

FORMAT(IS)

WRITE(G,206)
FORMAT( tH1, "’ DATA ‘)
WRITE(6,207)

FORMAT( 15X ‘YT E W)

1W( 100) .B( 100) ,EA( 100) ,AE( 100) ,AT(100) .D2€(100),T1(100).
1DENT(48) . AT1{100),X{ 100),Y( 100) . ALPHA(24) ,AV(100)

176



University of Alberta

waw

- -
NoN
- N

[t XxX: X2 X Xz XaXaXa s Xa kel

517
.c
C

.C

c
518
1208
c
C
c
1
14.

L]

Teley '
READ(S, 1S1) N, AT1(1) AE(D).aviD)
FORMAT(4G20.0)
AT(1)=AT(])*60.

CALCULATE RESULTANTS OF OlSPgACEMENT VECTORS

OR THEIR COMPONENTS. .

7

CALCULATE RESULTANTS OF DISPLACEMENT VECTORS

OR THEIR COMPONENTS.

AE(I)=SORT(AE(1)*AE(1)+aV(I)*AV(I)}*304. 8
w(Ir)=1.0
AT(1)=AT (1)

WRITE RESULTANTS ‘OF DISPLACEMENT VECTORS
OR’ THEIR COMPONENTS ANO TIME.

WRITE(6,20S)N AT(1) AE(1) W(I)
FORMAT (IS, 2X.E15.8.2X . E13.6,F7.2)

SMOOTH DISPLACEMENT TO INCREASE POSITIVELY.

IF(1 .€Q.1) GO TO 12 -

IF(AE(I1)-A€(I<3)) 13, 13, 4
AE(T-1)=(AE(T)*W(I)+AE(T-1)"W(I-1))/(W(I)+W(I-1))
AT(I-1)=(AT(T)*W(I)+AT(I-1) W (1-1))/(W(I)sw(I=-1))
W(l-1)=w(I)+wW(I-1)

I=1-t¢

1F(1-2)12,14.14

+ 4 CONTINUE

300

301

305
C
[
C
504

IF(N.LT.NR) GO TO 12

WRITE(6,300)

FORMAT(SX, ‘ INCREASING DISPUACEMENT WITH TIME')
WRITE(6.301) .

FORMAT (3X, “NO“ .SX, ‘AT’ 15X, "AE’ 12X, ‘W')
WRITE(6.305) (L . AT(L) . AE(L) . wW(L) . L=1. 1)
FORMAT(IS,2X . €15.8,.2X,E13.6,F7.2)

CALCULATE VELOCITY TO ACCELERATION RATIO.
00 15 J+=2,1 :

'OE(J)'(AE(J)-AE(J—1))/(‘7(0)-AT(J-1))

T1(J)=(AT(J)+AT(U-1))/2.0

wi(J)=(W(J)+w(u-1))/2.0

CONTINUE ' .

00 16 J=3,1

DQE}J)'(DE(J)-OE(J-1))/(T1(J)-T1(J-1))

T(U=(T1(W)+T1(U-1))/2.0

W(J)=(Wi(u)ewt(y-1))/2.0

E(J)=((DE(U)+OE(U-1))/2)/02E( V)

X(J-2)=T(J}

v(J-2)=E(J)

wW=wW+W(J)

€E(U) =0,

SUMT=SUMT+T(J) *W(J) N
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([ NeNeNeNe]

‘178

,SUME =SUME +E () *W(J) .

SUMET=SUMET+E(J) *T(J)*W(J)

- SUME2=SUME2+E(J) *E(J) *W(J)

16 SUMT2=SUMT2+T(J) *T (J)*W(J)
ND=J-2

CALL GRAPH

aono

“‘qALL GRAPH (X.Y_ NDO ALPHA, 1 OPTNS)

FIT POWER LAW y o
BY VELOCITY/ACCELERATION VERSUS TIME

0s SUME 2= SUME 2 - SUME * SUME / ww
SUMT 2= SUMT 2-SUMT * SUMT /ww
SUME T = SUME T - SUME *SUMT /ww
FME=SUME/WW -,
FMT « SUMT /wWW
507 DO 17 J=3,1 ) i
508 SXYwSXY+(T(J)-FMT)*{E(J)-FME)*w(y)
7 SXX=SXX+W(J)*(T(J)-FMT)*"2
17 CONT INUE
c " N
C CALCULATE FIT PARAMETERS
C
B1=SXY/SXX
BO=FME-FMT*81

WRITE TRANSFORMED DATA

(e NeNe]

WRITE(6,208)
208 FORMAT(//.9X. ' TRANSFORMED DATA’)
WRITE(6,209)
209 FORMAT(SX,'NO’, 14X, LY, 12X, ‘LE* . 12X, 'LEE’, 10X, (LE~LEE) ",
“6X.‘'W’) :
$10 DO 18 J=3,1
Keg-2
S11  EE(U)=80+81°T(y) . . : : :
Y(K)=EE(Y) .
EES=EES+(EE(J)-E(U))*W(J)
EA(JU)=E(J)-EE(Y) "
WRITE(6.106)K, T(J) E(Jd EE(Y) EACY) W(U)
EER=EER+W(J)*(EE(J)-E(U))=*2
EEMEEMAW(U)*(EE(JU)-FME)**2
IF(J.LE.3)GO TO 18
OW=DW+(EA(U)-EA(U-1))"*2 .
DWW=0OWW+EA(J) *EA(YU)
18- CONT INUE .,
OPTNS(21)=4.0
SSDYX=EER .
EEREER/(Ww-2.) .
FFeEEM/EER ‘
CONB 1=SORT(EER/SUMT2)
CONBO=CONB 1 *SORT( ( SUMT 2 *WW+SUMT *SUMT ) / (Ww*WW ) )
DW=DW/DwWW -

WRITE(6,210) ’
c : : . S
C WRITE FIT PARAMETERS !
C .

210 FORMAY(//.9X,'FIT PARAMETERS')

&
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y

IRV

~177

178

N

179
180
181
182
183
184
185
186
187
188
189

#1190
191"
192
193
194
195
196
197

198
199
200
201
202
203

204

205

206

207

210

210. 1

210,2

210.3

211

212

213

214

215

¢

C
[
[

WRITE(6. '05)8B0C

10% FORMAT( 'Xx_ '  ERCEPT *.E15.6)
WRITE(6.115)¢ ’ . ‘
WRITE(6.158)CONE

W  WRITE(6.157)CONS
WRITE (6,159)0W

.

106 YORMAT(SX.13.5x. .8 . E:2 6) ,F7.2) :

157 FORMAT( 11X.° CONSSENCE LIMIT ON 82 - T. ".F12.7)

115- FORMAT( 11X, S ~PE c F12.7)
158 FORMAT( 11X, * €7 (DENCE LIMIT ON Bi T. °.F12.4)

199 FORMAT( 11X, * C. ¥8IN WATSON STATISTIC *,F7.3)

WRITE(G,156)F"

156 PORMAT(11X,* TEST OF - SIGNIF ICANCE *.F9.3)
WRITE (6,211)
211 FORMAT(//.9X, *DATA FO: ™~ SON - 7S}

WiswWw-2.
WRITE(G6, 122)wWW .

122 FORMAT( 131X, WEIGHTING * . F6.1)
WRITE(6.124)K : :

124 FORMAT(-11X,” TRANSFORMED OATA NUMBER M)
WRITE(G. 104 JFME  FMT :
WRITE(6.214)SUME2, SUMT2

104 FORMAT( 11X, ° MEAN STRAIN ° F11.3J, .

. MEAN TIME ° fF11.23)
WRITE(6,213)SUMET SSOYX

214 FORMAT(TYX,' SSDY * ,5X F20.3.°' SSOX ‘. F20.3)

213 FORMAT(11X.° SPDXY’,.SX.F20.3,' SSOYx ' ‘.F20.3).
WRITE(6.212) : :

212 FORMAT(/.9X, ‘CHECK’)
WRITE(6 . 10T)EES

107 FORMAT( 11X, ‘SUM QF RESIDUALS', 14X ,F12.6) o .

LL=sLL#* -

P 4
CALL GRAPH

© CALL GRAPH (X.Y _ NO, ALPHA, -2 OPTNS)
IF(LL.LT.NF)GD TO 8
CALL GRAPH (X.Y_ NO.ALPHA O.OPTNS) .
sTOP : . §
ENO .

"2
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input data file for progfam PQW2 ;.

-

(I TR

2 268 PRISM DISPLACEMENTS

3 27. -

4 POWER LAW FIT TO OISPLACEMENT VECTORS RESULTANTSTIME
s !. 90660.0.058,0.000,. - .

6 2.100740.0.096,.-0.021,

? 3.113700.0. 184 ,-0.067,

8 4.139545.0.25%8,-0.087, .
9 5.171210,0.271,-0.055,
10 6.230235,0.311,-0.042, ,
1 7.2404%0.0.429,-0. 146, o
12 8.290380.0.448,-0.211,

13«  9.261930,0.603,-0.207,
14 10,270570.0.638,-0.271,

15 11.305280,0.753,~0.318,

16 12,312450.0.812.-0.313.

17 13.320430.0.893. -0. 352,

18 . 14,33120Q.0.983.-0,.468,

19 15, 340680, 1.682, -0.8%6,
20 16.744281.1.862,-0.809, . s
21 17.344985,1.993,-0.995,
22 - 18,346845,2.169.-1.093,
23 19.348330.2.305.-1,109,
24 20,349818,2.421,-1.162,
25 21.351390.2.479,-1.240,
26 22,35281%5,2.678,-1,345S,
27 23.354330.2.869,-1,47S, )
28 24,355770.3.138,-1.621,
29 . 25,3%6910.3.463,-1.817,
30 26.357390.3.576,-1.857,

31 . 27.358380,4.%44,-2.339,

1

LOG(VELOCITY)
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. 181

output example for program POW2 ; ’ '
| R
1 1 268 PRISM DISPLACEMENTS 83833802823882042
2 1 aaaaaaa-uaa-aaaaaaaaaaau‘aaquaaaaanaanaaaaaaaaaaa
3 ' aaanaaaaaoaaaaaaaaaaangaanaaaan.naaaadaaaaaaaaaa
4 1 aaauan’aaanaaaaadaaailaaauaaaaaaaaaaaaanaaaaaaaaaa
S 1 DATA ’
6 T € w
7 t  0.90660000€E+05 O.176784E+02 1.00
8 2  0.10074000€+06 0.299%527€+02 1.00
9 3 0.11370000€+06 ©O.596855E +02 1.0Q
10 4" 0. 13954S00€+06 0.829889E+02 1.00
1 5 0. 17121000E+06 0.842847€4+02 1.00
12 6 O 23023S00€E+06 ©0.956532€+02 1.00
13 7 0.24045000E+06 0. 138 124E+03 1.00
14 8 0.25038000€ +06 0. 150937E+03 1.00
15 9 '0.26193000€+06 ©.194322E+0J 1.00°
16 10 0.27057000£+06 0.211278€+03 1.00 |
17 11 0.30%28000E+06 0.249142€+03 1.00
18 12 0.31245020€+406 0.265248£+03 1:00
19 13 0.32043000€+06 0.292568E+03 1.00
20. 14 0.3312000Q€+406 0.331842E403 1.00
21- 1S 0.34068000E+06 0.575245E+403 1.00
22 16  0.3442B100E+06 O.61B791E+0I 1.00
23 17  0.34498500E+06 O.678963E+03 1.00
24 18  0.J4684500€+406 C.740307E+03 1.00
25 19  0.34833C00E+06 0.779651€+03 1.00
26 20 . 0.34981500€+06 0.81851SE+03 1.00
27 21 0.35139000E+06 0.844853E+03 1.00
28 22 0.35281500€+06 0.913419E+Q3 1.00
29 23 0.35433000€+06 0.983271£403 1.00 N
30 24 0.385577000E+06 Q. 1076S4E+04 1.00
n 25 0.3%691000E+06 O.119199E+04 1.00
32 26 0.35739000€+06 0.122817€+04  1.00 -
33 27 0.35838000€ +06 0. 155773€+04 1.00 ’
34 INCREASING DISPUACEMENT WITH TIME
as NO AT AE w
36 t  0.90660000€+0% ° 0.176784E+02 1.00
37 2  0.10074000€+406 0.299%527E+02 1.00
38 3  0.11370000E+06 0.596855E+402 1.00
39 1 0.13954S00€+06" 0.829889€+02 1.00
40 S . 0.17121C00€+06 0.842847E4+02 1.00 .
a1 6 0.23023500€E+06 0.956532£+402 1.00
42 7 0.2404S000E+06 0. 138124E+03 1.00-
43 8 0.25038000E+06 0. 150937E+03 1.00
a4 9 - 0.26193000E+06 0O.194322E+03 1.00
4s 10  0.270S7000E+06 Ox211278E+Q3 1.00
a6 11 0.30528000€+06 o?as 142€+03 1.00
a7 1 0.31245000€+06 0.26%5248€+03 1.00
48 13 0.32D43000E+06 ©.292568E+03 1.00
49 14  0.33120000€E+06 0.331832€+03 1.00
s0 15 o.a;fssooos»os 0.57%24%5E+09 1.00
51 16" 0.34428100£+06 <« 0.618791E+03 1.00
52 17  ©734498500€+06 0.678963E+Q3 1.00
53 18  0.34684500€+03 O 740307E+03 1.00
sS4 19  0,34833000€+06 O.7796S1E+03 1.00 -
S5 20 0.34981S00E+06 0.818S1SE+QJ ~ 1.00
56 21 0.3%5139000€+06 0.834853E+03 1.00
57 22 0.35281S00E+06  0.913419€E+03 1.00
58 23  0.3%5433000€+06 0.983271E+03 1.00
59 24  0.35ST7000€E+06 0. 10765S4E+04 1.00
60 25 0.35691000€+06 0. 119199E+04 1.00
61 26  0.35739000E+06 O.122B17E+04 1.00
62 27  0.35838000€4+06 . O.1SS773E+04 1.00 /
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. . 182
output example for program . POW2 con't ;
< 2 ’
64
' 65 TRANSFORMED DATA
66 NO LT . LE LEE (LE-LEE) w
67 v O 101460E+06 O.187908E+0S O.779958E£+04 O0.1099126+05 1.00
68 2 0.116921E+06 -0.222642E+405 O.721480€404 -0.294790E+05  1.00
69 3 0. 141000€+06 -0 157446E+05 ©O.630409E+04 -0.220486E+05 1.00
70 4 0.1780S0E+06 ©.3490SSE+0S ©.490277€E+04 0.300028£405 1 00
71 5 0.218033E+06 ©O.189917€+05 0.3IY9055E+04 O 156011E+0S , 1.00
72 6 0.240379€+06 -0.956914E+01 0.254536E+04 -0.121145€405 1.00
73 7 0.250785E+06 O.109901E+05 O.21S17TE+04 O.883834E+04 1.00
‘74 8 0.261203E+06 -0O.160920E+05 O.17S776E+04 . -0 1TRAGRE+N& 1 AN
75 8 0.277088E+06 -0O,379G3SE+0S O.119695E+04 -0.391205€+05 ' 00
76 10 0.298395€+06 0.302379€+05 0:3IS1055€+03 0.298869E+05  1.00
77 " 0.212653E+06 0. 182421E+05 -O.188195E+03 O, 184303E+05  1.00
.18 12 0.321128E+06 O.148657E+06 -O.SOBTIBE+0I O.149165€+06 1.00
"y 13 0 3J0878E+06 0.6738SJE+0s -0.877508£+03 q.%61604€+04 1.00
80 14 0 339210€+06 -0.909313E+04 -0O.119267€+04 -0.790046E+04  1.00
81 15 0.343SSTE+06 O.143097E+04 -0.135706E+04 O0.278803E+04  1.00
82 16 0.345274E+06 -0. 144647E+04 -0.142202E+04 -0.244558E4Q2 , 1.00
83 17 C.3467S1E+06 -0.766B03IE+04 -0O.147T789E+04 -0.619D14E+04  1.00
84 18 0.348330E+06 -0O.121168E+06 -0.153760E+04 -0.119630€+06 1.00
8s 19 0.349838E+06 -0.347264E+04 -0:199462€+04 -0.187803E+04  1.00
86 20 0.3513SJE+06 O.154899E+04 -0.165192€+04 0.320090€+04 1.00
87 21 0.352838E+06 -0,344S83E+05 -O.170808E+04 -0.327502E+05  1.00
as 22 ©.35S4311E+06 0.438898E+04 -0. 176382E+04 0.615281€+04  1.00
89 23 0.355695€+06 0.293373E+04 -0.181616E+01 0.474989€+04  1.00
30 24 0.35674SE+06 -0.276089€+04 -0. 185S88E+04 -0.905017E+03  1.00
91 25 0.3S7S18E+06 0.582594E+03 -O.188BS09E+04 0.246768E+04 1.00
92 »
93 - .
94 FIT PARAMETERS »
95 INTERCEPT 0.116370€+0S
96 SLOPE -0.0378223 )
97 CONF IDENCE LIMIT ON B T.  33075.10S5
98 CONFIDENCE LIMIT ON B2 T. 0.1100183°
99 DURBIN WATSON STATISTIC 1.809
100 TEST OF SLOPE SIGNIFICANCE 0.118
101
102
103 DATA FOR COMPARISON TESTS ’
104 WEIGHTING 23.0 :
105 TRANSFORMED DATA NUMBE 2%
106 MEAN STRAIN 669.511 MEAN TIME 28997S.250 .
107 SSOY 44033245184 .000 SSOX 157360848896 . 000
108 SPOYY ~-5951754240.000 SSOYX 43808124928 .000
109 :
110 CHECK

SUm OF

RESIDUALS

-0.287598
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vl

VDI LREDLOVLUN =

[ SIS

L] .

ccececcecccecéceccceecceccceccceccccececceccccccceccce

' ‘ceceeceecaceceeccacccceeccececceccccceecccecccccceeecee

ccécece- cceece |
cceee - PROGRAM EXPO cceee
cceee ' : ) ' cceec
cceee THIS CREEP PROGRAM CALCULATES cececec
cceee RESULTANTS OF OISPLACEMENT VECTORS . CCCCC
cceue OR THEIR COMPONENTS AND FITS ° ccecee
ccece EYPONENTIAL LAW TOD THEM. : ccecc
ccecee ' ¢ecece

CCCCCCéCCCCCCCCCCCCCCCCCQCCCCCCCCCCCCCCCCCCCtCCCCCCC
(ol olof of ol ol o f of of of el of of ol of of f of et o o o o{ of o of o ol { e{ af o f ol o{ Al el { el S e o e o{ ol f o{ o} '}

2

" DIMENSION E(100).T(100) .EE( 100).A(10) .0E(100J . W1( 100},
IW{ 1001 .B( 100) .EA( 100) . AE( 1001 . AT(100) .D2E( 100} . T1( 1001

,lOEN‘Hda),ATH i00) . x( 100) .V 100) ,ALPHA(24) ,AV( 10C)
REAL*4 DPINS{25)/25°'NO */
OPTHS(1)=1.C C
OPTNS(7)%2.0,’
OFTNS(10) =5 'O
OPTNS(13)=%.0
OPTNS(221=3.0
.LL=0

c
C READ DATA
c .

READ(S.119) NF XT

119 ° FORMAT(13.620.0) :
8 READ(S5.123) (DENT(V). uJ=1.8)

123 FORMAT(B4A4) ]

WRITE(G. 134)0ENT
134 FORMAT( 141 9X, 12A4)

WWeO,

88=0.

CONB 10

CONBO=0),

TE=O.

ow=0.

EERrO,

EEM=O.

EES*O.

SUMT =0 .

SUMET =0

SUMT2s0.

SUME =0 .

-t SUME2=0

SYx=0 O
owwroQ .
S¥Yy=0Q 0O
" WWA=O.
AF=0.

183
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L

B WN -

b WM -

-

184

=0 .

READ(S, 112)NR

READ(5.502) (ALPHA(M) M=1, 24)
502 FORMAT (24A4) .
112 FORMAT(IS)

WRITE(6,206)

206 FORMAT( tHY, * DATA )
. WRITE(G,207)
207 FORMAT{ 15X, T 3 WweLGX ;" (tex) )
12 IrI+1
202 READ(S.151) N AT1(1) AE(T).av(l} -
151 . FORMAT{3G20.0) o

AT(1)=AT(1)°60.

[of
C . .
C CALCULATE RESULTANT OF DISPLACEMENT VECTORS
C OR THEIR COMPONENTS.

C

AE(I)'SORY(AE(I)’AE(!);AV(l)'AV(l))'SOJ.S
. wW(l)=1.0 ) . o

S17  AY(U)=AT1(1)sXT

=

. C WRITE RESULTANT OF DISPLACEMENT VECTQRS

C OR THEIR COMPONENTS ANO TIME.

(o}
s18 HPIYE(G.!OS)N.ATi(l).AE(ll.U(l).AT(I)
205 FORNAT(15.2XLE'5.8.2X.E|3.6.F7.2.2X.E|5.8)

C SMOOTH DISPLACEMENT TO INCREASE POSITIVELY.

c .
11 IF(! .€Q.%) GO TO 12
14 IF(AE(T)-AE(I-1)) 13, 13. 4

13 AE(l;i)'(AE(l)'V(I)‘AE(I-i)'V(l‘l))/(V(l)‘V(I-‘))
AT(!-!)'(AT(l)'H(I)*AT(I-!)'V(I-||)/(V(I)*V(I-|))
WEI-1)=W(1)swW(I-1) C
I=1-1
IF(1-2)112,13 13

* 4 CONTINUE
1F(N.LT.NR) GO- TO 12
. WRITE(6,300) ) -
300 FQRMAT(SX. IMCREASING DISPLACEMENT WITH TIME’)
. WRITE(6.301) :

301 FORMAT(JX.'NO'.SX.’AT'.'SX.'AE',I2X_'V')
WRITE(G,305)(L.AT(L) . AE(L) W(L) L= 1)

305 FORMAT(IS.2X . E15.8,2X.E13.6,F7.2)

c

C CALCULATE VELOCTTY.

C 'CONVERT TO LOG VELOCITY.

c

s03 00 t u+2.1
E(dl'(AE(d)-AE(d~1))/(AT(J)-AT(J-1)! .
Y{Jy-1)ve(y) :
T(J)=(AT(J)*AT(U-1))/2.0
X(J-1)=T(Y)

6 WtJ)=(W(J)+w(u-1))/2.
3 E(J)=ALOG(E())
204 wWwWrWW+W(J)
EE(J)=0.
SUMT =SUMT+T(J) *W(J)
SUME *SUME+E(J)*W(J)
SUMET=SUMET+E(J)*T(J) w(J)
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117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133

133.
133.
133.

134
135

136

137

.1 c .
A C WRITE TRANSFORMED DATA

.3 C

. ! C
SUME2=SUME2+E(J) *E(Y) *W(J)

1 SUMT2aSUMT2+T(U)*T(UIwW(y
ND=.)-1 -

.1 C .
.2 C CaLL GraPH

[%)
(2]

FIT EXFONENTTAL LAW

N
L XsXaNs]

0s SUME 2 = SUME 2 - SUME * SUME /wW
SUMT2=SUMT 2 -SUMT * SUMT /ww
’sumsr-suuer-suME‘suuT/ww
- FME =SUME /ww ’
FUT=SUMT /ww
506 DO 7 J=2.1

S08 -« SXY=SXY+(T(U)-FMT)*(E(J)-FM

>

t

7 SXX=SXX+W(J)*(T(J)-FMT)*"2

17 CONT [NUE

.1 aC . .
.2 C CALCULATE FIT PARAMETERS
.3 [

B1=SXY/SXX
BOSFME-FMT*B 1
WRITE(6.208)

WRITE(6,209)

209 FORMAT(SX, 'NO‘. 14X, "LV 12¥ °LE’ 12X, 'LEE"’

*6X, ‘W)
509 D0 2 u=2.1!

B CNER '
EE(J)=B0+B1T(Y)
Y(K)=EXP(EE(V)) .
EES=EES+(EE(UL-E(Y))~W(J)
EA(J)=€E(J)-EE(V)

’

WRITE(6.106)K,T(J) . E(J) EE(J) . EA(U) . W(J)

208 FORMAT(//.,9X.'TRANSFORMED DATA")

'

EER=EER+W(J) *(EE(J)-E(J))**2
EEM=EEM+W(JU)*{EE(U)-FME)**2

512 IF(J.LE.2)GO TO 2
OW=0OW+ (EA(J)-EA(J-1))**2
o OwWW=OWW+EA(J) "EA(J
2  CONTINUE -
. OPTNS(21)=4.0
SSDYX=EER
"EEREER/(Ww-2.)
FF=EEM/EER
CONB 1=SQRT(EER/SUMT2)

CALL GRAPH (X,Y NO ALPHA 1 0OPTNS)

€) wiy)

. 10X, “(LE-LEE) ",

i

CONBO=CONB 1 °SQRT ( (SUMT 2°WW+SUMT *SUMT )/ (WW " wWw) )

OW=0W/Dww
WRITE(G.210)
1 c
2 C WRITE FIT PARAMETRERS
3 c

210 FORMAT(//.9X, 'F1T PARAMETERS ')

_WRITE(6,105)80
105 FORMAT( 11X, ‘ [NTERCEPT
WRITE(6,115)81

‘LE15.6)

185
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138 .

139
140
141
142

144
145
146
147
148
149
150
151
152
153
154
155
156
157
158

199,

160
161
162
163
164
165
166

167.

‘168

168 .
168.
168 .

169
170
AT
172
173
€nd of

-
- -
WRITE(G. 158 )CONBO
. WRITE(G, 157)CONB 1
WRITE (6,159)0W -

106 FORMAT(SX.13.5X,4(1X Et3.6),.F7.2)

157 FORMAT( 11X,* CONFIDENCE LIMIT ON B2 T.

115 FORMAT( 11X, * 'SLOPE - 7

158 FORMAT( 11X, ° CONFIDENCE LIMIT ON 81 T. " F12.7)

159 FORMAT(11X,‘ OURBIN WATSON STATISTIC
WRITE(6, 156)FF

156 FORMAT( 11X, ' TEST OF SLOPE SIGNIFICANCE ¢ F9.3)

. WRITE (6,211)

211 FORMAT(//,9X, 'DATA FOR COMPARISON TESTS’)

WWEWW-2 .
WRITE(6, 122)ww

122 FORMAT( 11X, * WEIGHTING ’.f6.1)
WRITE(6, 124)K .

124 FORMAT( 11X, ° TRANSFORMED DATA NUMBER N b
WRITE(E. 104 ) FME . FMT -
WRITE(6.214)SUME2, SUMT2 .

104 FORMAT(11X,° MEAN STRAIN. ‘. Ft1. 3,

. MEAN TIME ° F11.3)
WRITE(6.213)SUMET  SSDYX

214 FORMAT("{.’ SSDY ‘. SX,F20.3,° SSDx ‘.FZO;B)

213 FORMAT( 11X, SPOXY‘ . 5X,F20.3,° SSDYX *.F20.3)
WRITE(6.212) . .

212 FORMAT(/.9X, *CHECK ')

WRITE(6.107)EES
107 FORMAT( 11X, *SUM OF RESIDUALS' . 14X .F12.6)
WRITE(6,215)XT
. 215 FORMAT( 11X, * X=‘ ,F10.2)
. LL=tL+1
1 c
g g CALL GRAPH | <
" CALL GRAPH (X,Y,NO ALPHA, -2.0PTNS)
IF(LL.LT.NF)GO T0 8
CALL GRAPH (X,Y,ND, ALPHA,O.OPTNS)
sToP
ENO

*LF12.7)
‘*LF12.7)

*L.FT.3)

186
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input data file for srogram EXPO ;

1 1.0.0. :
2 268 PRISM DISPLACEMENTS . . ‘ .

3 27, . '

1 "EXPONENTIAL LAW FIT TO CUMULATIVE DISPLACEMENTS 1IME - LOG(VELOCITY)
s 1. 90660.0.0%58.0.000, . .
6 2.100740.0.096.-0.021. ‘

7 3,113700.0.184,-0.067, : )

8 4,139%45,0.2%8,-0.087,

9 s.18)210.0.271,-0.055, _ -
0 §.230235.0.311,-0.042, :

11 TN 7,240450.0.429.-0. 146,
12+ / 8.250380.0.448.-0.211,

13 - ¢9,.261930.0.603,-0.207,
14 10.270%70.0.638,-0.271,

15 11,30%280,0.753.-0.318,

:qﬁ 12.3124%0,0.812,-0.313,

17 .. 13.320430.0.893,- 2.

18 14.331200.0.983,.-0.468, ' 1
19 ' 15,340680.1.682,.-0.8%6, .

20 16,344281,1.862,.-0.809,

21 17,344985,1.993,-0.995,

22 18.346845.2.169.-1.093, . N

23 19.348330.2.305,-1.109.

24 20.349815.2.421,-1. 162,

25 21.3%51390,2.479.-1,240,

26 _ 22.35281%5.2.678.-1.345,

27 23.354330.2.869.~1.47S,

28 24.3%5770.3.138.-1.621,

29 25.356910,.3.463.-1.817. ' . o

30 . 26.357390.3.%76.-1.857,

31 27.358380,4.%44,-2.3239,

Py
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output example for program EXPO ;

DO~NOVEWN -

- s -

VENOVEWUN -

- Doarv

OOOOOOOOOOOOOOOOOOOOOOOOOO

0.
INCRE

0(30(30()0()0()O(JO<36HDO(30<)O()O(DO

268 PRISM OISPLACEMENTS
AR AAABASAANAASABALSALANBDABAAANALLABALALADNEL0DE
3202322828252883333800232AA8A3200822002D320322828
2382222 2A232808222002202002222A8323802233328802

A
T
9066 0000E +0S

. 10074C0O0E +06

11370000Q€ «06

. 139545S00E +06
. 1712 1000€ +06
. 23023500E+C6
.240450C0E+06

25038000E +06

.26 193000E +06

27057000E +06
30528000E +06

.31245000E +06
. 3204 3CO0E +06
. 33120000€ +06
. 33068000E+06
.34428 100E+06
.34498500€+06
.34684500€+06
. 34833000€+06
.3498 1500€ +06
.35139000E+06
.3528 1500€+0€
. 35433000E +06
.35577000E+06
. 3569 1000E +06
.35739000E +06

J358J38C00E+06

ASING DISPLACEMENT WITH TIME

AT

. 90660000E +05
. 10074000€ +06
. 11370000€+06
. 13954500€ +06
. 1712 1000€+06
.23023500€+06 "~

24045000E +06

.-25038000€+06
.26 193C00€E +06
.2705T000€+C6
. JO528000E +C6
-3 1245C00E +06
. 3J2043000E+06
. 33 120000E+06
. 34068000E+06
.34428 100E+06
. 34498500E+06
.34684500E+06
. 34833000€ +06
. 3498 1S00€E+06
. 35 139000E +06
. 3528 1500€+06
-35433000E+06
. 3S577000€ +06
. 3569 100Q€ + 06

OOOOOOOOOQOO_OOOOOOOOOOOOO‘OO

3
.176784€+02
.299527€+02

.829889€+02
.842847E+02
.956532E+02
. 138 124€+03
. 1S50937€+03
.194322E+03
.211278€+03
.2491432€+03
.265248E+03
.292568E+03
.331842€+03
57%245€+03
.618791€+03
.678963€+03
740307€+03
.779651€+03
.818%15E+03
.84485JE+03
.913419€+43
.9832T1E+03
. 107654E+04
. 119199€+04
.122817€+04
.15S773E +04a

AE .
0.176783E+02
0.299527€+02
0.596855E+02
0.829889€+02
0.842847€+02
0.956532E+02
0.138124€+03
0. 150937€+03
O.194322€+03
0.211278€+03
0.249142€+03
0.265248E+03
0.292568€+03
0.331842€+03

“0.57524S5€+03
0.618791€+03

- 0.678963E+03

0.740307€+03
0.779651€E+03
0.818515£403
0.844853E+03
0.913419€+03
0.9823271£+03
0. 10T6€54€+04
0.119199€+04

.596855E+02

]
1
1
1
1
1
1
1
1
!
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
!
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
'
1
1
1
1

8838833888838333858238338333"

8838888888888333888883333"

"

00OOOOOOOOOOOOOOOOOOOOOOO

[os]

(t+Xx)

. 9066 0000E +05
. 10074000€E +06
11370000€+06
. 13954500€E+06
. 1712 1000€+06
.23023500€+06
. 24045000€E+06
. 25038000€+06

.27057000€ +06
. J0S528000¢E +06
. 3124S000E +06
. 32043000€+06
. 33 120000E +06
. 34068000€+06
. 34428 100€+06

. J4498500€E+06

.34684500E+06
.34833000£+06
. 3498 1S00E+06
. 35 139000E +06
. 3528 1500£+06
. 35433000E +06
. 3557 7T000€E+06
. 3569 tO00E+06
.35739000E+06
. 35838000E+06

.26 193000€+06

188
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L

!

26
227

Z
o

CONDS LWL -

.

0.35739000€ +06
0 13583BDO0OE +06 0.

TRANSFORMED DATA

O.122817E+04 '
155773E+04 ‘.

4 output example for program EXPO con't ;

189

88888

éé

$82283833833238383388

45 .439 .

LT LE LEE (LE-LEE)
O 957000E+QS5 -0.671080E+0t -0.860172€+01 0. 189092E+0!
0 107220€+06 -0 607737E*O1 -0.83779SE+01 0.23C0SBE+O!1
C 126623€+06 -0 701127€+01 -0.800108€+01 0.989807€+00
C.155378E+06 -0 101039€+02 -0.744255E+01 -0.266132E+0!
O 200723E+06 -0.855487E+01 -0.656177E+0t -O. 1993 10E+01
0.23%343E+06 -0.548279€+01 -0.5S88931E+01 0.406518E+00
0.245415€+06 -0.665283E+01 -0.569367E+01 -0.959160€+00
0.2561S8E+06 -0.558433JE+C1 -0.548505E+01. -0.992804E-01
0.266250€+06 -0.623354E+01 -0.528897E+01 -0.94457IE+00
0.287925E+06 -0.682Q80E+01 -0.486795E+01 -0.195284E+01
0.30886SE+06 -0.609844E+01 -0.446122€+01 -0.163722E+01
0.316440€+06 -0.S677CSE+O1 -0.431408E+0% -0.136298€+01
» 0.32584%€+06 -0.561398€+01 -0.413198E+01 -0.148199E+0!
' 0:335940€+06 -0.366222E+01 -0.393532€+01 0.273096E+00
0.342481E+06 -O.341S516E+O! -0.380827€E+01 -0.606890E+00
0.344633E+06 -0.245956E+01 -0.376646E+01 O.130690€+0!1
0.345915E+06 -0.341.184E+01 -0.374156E+01 0.329720€+00
0.347SBBE+O6 -0, 363083E+01 -0.370908E+Ot 0.782490€-01
0.349073€+06 -0.364308E+01 -0.368023E+01 0.37148SE-01
0.350603E+06 -0.409101E+01 -0.36S0S1E+01 -0.440498E+00
0.352103€E+06 -0.303413E+04 -0.362138E+Ot 0.S587246E+00
) «0.3535S73E+06 -0,30T6BOE+O1 -0.359282€+01 0.516025E+00
0.355050E+06 -0.273693E+Q1 -0.356412E+01 0.827198E+00
©0.356340€+06 -0.228991E+01 -0.3S3IF0TE+O1 0. 12491SE+01
D.357150€+C6 -0258543E+01 -0.352333E+01 0.937204E€+00
0.3S7BBSE+06 -0. 109994E+01 -0.350306E+01 0.240812€+01.
, -
F . ! -
FIT PARAMETERS .. -
© INTERCEPT -0. 104606E+402 C
SLOPE : 0.0000194
CONFIDENCE LIMIT ON 81 T. 0.9710286
CONFIDENCE LIMIT ON B2 T. 0.0000032
OURBIN WATSON STATISTIC 0.915
TEST OF SLOPE SIGNIFICANCE 35.854
A‘ _-‘\ .
DATA FOR COMPARISON TESTS
WEIGHTING 24.0 - R
TRANSFORMED DATA NUMBER 26 B
MEAN STRAIN -4.875 MEAN. TIME 287545.250 ,
SSOY 113.320 SSOX . 1799157 18656. 000
SPOXY 3494816 . 000 SSDOYX
CHECK . _ » .
SUM OF RESIDUALS . 0.000285 ' K
X - 0.0 :



