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.n.IFn"".,..t"~,,,,,,, of this licentiate is to 
reliability. 

a 

type and location are nec~essarv -n'f:l?'01n4i""'t""?'C't 

water systems for preventative maintenance are found to 
considering individual pipes. It is necessary to aggregate breaks for 

predicting future a analysis as a proportional 
haz:ara .. AA'V .............. was found to best. 

system is a continuously repairable 
-n"",""-n'rrIn''lOnr''''' is illustrated through a quality variable 
main of the model is that it captures the influence of the continuous 

the time between repairs for pipes with subsequent breaks. 
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as a name 

used as synonymous with rate*. 

used as synonymous with break 

rate: chosen 

cause: a to occur. 

any connecting equipment or to 

descriptive analysis: analysis which organizes and summarizes the con-
dition, break data and break patterns for pipes or systems. 

deteriorating system: a pipe system where normal maintenance actions breaks are 

mils: 

parameter: 

regarded as too frequent or too short lived to make system 
perform as its required functions . 

corrosion length unit, multiply by 25.4/1000 to convert to 
(mm). 

a countable or physically measurable variable used 
of the break performance of pipes. 

evaluation 

Cox's Proportional Hazard a regression AAAV\U-,...,'" 

explanatory variables or covariates are 
multiplicative way on a baseline 
different values of the covariates 
proportional to each other over time. 

that 
are 

* Break rate is used instead of failure rate so as not to confuse it with statistical definitions. 
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pipe system: 

repairable system: 

analysis which use physical 
tests to summarize condition, 
causes for pipes or systems. 

'U-AAAU.'lWUAJi, water are 

diameters in mm diameters in inches 

1200 
1050 
1000 
900 
750 
600 
500 
400 
300 
250 
200 
150 
100 
80 
50 

the collective information 
replacement U.vLAVll!~. 
material etc. 

48 
42 
40 
36 
30 
24 
20 
16 
12 
10 
8 
6 
4 
3 
2 

a collection of pipes and components which are to n""1I'i''''1I''n4I 

one or more functions for a specific consumer area. 

analysis using methods to 
of break and causal factors for 

used as synonymous with 

a system which, 
required functions, can 
functions, other than 
and (1984). 

upper u....., .... ' ..... IJ •• u..uJ'-.J an 

diagram with sample means, see 

Vlll 

.... V.'A'Uo ... ""V'U, occurrence 



4.1 

Parameters found to 
behavior (based on 

Table 4.3 Parameters of less importance 
(based on Wengstrom 1993) . 

.... Vt:In-\-r'\I"""C' of measurable ,rVl1r'Qn-\"""i-"",,1I"C' a water C"uC'ir"""n-\ 

advantages terms 

7.1 0" a -. --'---~1 
0, value, the data 
or actually the ... 'VIJ' ......... ,;; 

tion period four 

7.2 .IL..I,;;"AAA ..... "'"" •• of sample means 

A.l Municipality system breaks 
1) Larsson et al (1990), 3) 
5) (1987), 6) 

I, are 0) (1986), 
et (1990b), 4) O'Day (1982), 

(1978) (1981). 

5 

9 

18 

19 

19 

42 

49 

Municipality system are 0) (1986), 50 
1) Larsson et al (1990), 3) et al (1990b), 4) O'Day (1982), 
5) (1987), 6) Pettersson (1978) and (1981). 

A.3 Evaluation of Table 0.097 50 

Table 1 The constant, from W.,. ... rr ....... ':.n and .................... ,;;1'-' (1991). 

Table Estimation of upper acceptance with 51 



Table 

1 

crowns 
subsequent 

subsequent are ..... lJ'\.Jc ••• u.\."" ...... 

with a discount rate 

study of actual individual pipe lengths 
number of breaks over a five year period, (1980-1985), from "--"'U'L'UU"U'A 

vatten- och avloppsverk (1989). 

1 Estimation 

1 

1 

censored at the investigation 
bursts. 

test 

x 

as 

lJ'u.& • 'VA"'" mean as 

lJ'u.. A AVA.... mean as 

58 

67 

76 



3.1 curves 

to 
categories based on 

Proposed general baseline functions 
break and second break is used for rhi-i-t:>r,t:>nt 

subsets as VULl"""".'!'llV':> ",C't-l,,,....,,,i-.o.n 

(1989). 

1 patterns, a) ori,ginal a 
b) simulation the Orebro data to 
tion c) simulated breaks which ....,"" ... ,0.& ........... <;;. 

and d) simulated break pattern where most 
long time after first breaks in a simulation 
(i=l is breaks in chronological order, 
2nd etc.) 

7.2 Simulation of break data to show a(zi»O, for a water system. 

n 

to 

can be considered "worse than old", or interpreted as a uvL.'-'.I..I.'V.I 

tion is breaks in chronological order, and i=3 is i~U,",''-''U''''~'' 
repairs, 2nd and 3rd). 

7 

7 

11 

37 

38 



7.3 Simulation of break data to show 
can be considered as "bad as old", or may 
neither ilnprove, nor tnake the system worse 
logical order, and is successive 

7.4 Simulation of break data to show 

Fig 7.6 

7.7 

considered 

1.1 ........... ..., ..... are 1.1 ... ..." ........ ..... 

are U.~j:;,A ..... I';.U .. "'u 

is breaks in ..... 44A...,A&'U'A...,~A ..... "'A 

2nd, 3rd etc). 

test for proportionality. A total of 280 breaks 
a municipality over a four-year period are plotted as 10g(-logR(t)) . ....,JI."""~U> 
and repairs were recorded by date but are aggregated here by nn''lIri",~1fO 
per month period (i=l is breaks in chronological 
is successive repairs, 2nd, 3rd etc). 

General appearance of an additive function (ARM) nl"'f""~.r1I 
against the gap time t. consider additivity 
parallel, having the same vertical distance. 

7.8 General appearance of a proportional &"'~""'o.&A."'" 

1 

1 

against the gap time 1. consider 
distance dtld2 should 

d)d4• 

total ....... ~ov'" 
increase of places with subsequent 

..., ..... "I>:h' ... ' ..... pipe record data 

'"''''' ... ,'''''' ... ' ..... pipe record 
failure", 

Processed pipe record data 

an 
or 3 

38 

40 

41 

61 



causes 
al (1987) have specified various parameters 

pipe material used, geological and soil £"nt1,nlt"l 

site-specific causes. Commonly, these n.r:l1r''JIr'I''lPt"prC' 

records. 

analysis, information 
tipi'""rr'nlrl"" which '''''+~"...,....., .... n+'''''''' 

1 



2 



3 



4 



Pipe condition in practice is usually assessed through a combination of 
programs, complaints about water quality and pipe P are 
commonly collected, stored and retrieved in pipe which contain information 
from almost all broken pipes for approximately years. Verification of a correlation 
between pipe break performance due to physical and environmental actions into 
parameters used in records is an ongoing process and may involve large numbers of 
factors collected through special investigations. of the input parameters used in 
pipe records are shown in Table 3.1. Other environmental breakage parameters than 
those presented in 1 are in use and it is debateable which factors contribute most 
to break causes. assessed as critical for 
pipe such as construction activities, ground 
movement, traffic and land sliding (O'Day et al, 1987). and above these 
parameters are aggravating and synergistic physical and chemical effects, such as 
corrosion (Karaa and Marks, 1990). 

Some of the input parameters used in pipe records. 

Environmental Pipe Failure 
characteristics characteristics characteristics actions 

Location Diameter Reported failure date Repair date 

Soil corrosivity Pipe material Failure type Repair routine 

Demographic Installation date Joint type Part damaged 
development 

Pressure Main depth Part repaired 

Pressure zone Ori~naI wall S.oil type at failure Repair type 
thic ness sIte 

zone Soil data if sampled year and 

Joint type Local flooding Leak detection program 

Pit depth 

Internal corrosion 

External corrosion 

Apfuarent cause of 
fal ure 

5 



nnY"nnc""" which were "",V.I!..J!."",,,",,,,,",u. 

the labeling names, based on 
",,1"1"1£,1 ... "1"'" of ... ""' ...... "" ... 1'11 ...... 

analysis, on records, 
in Andreou (1986), et al (1987), Goodrich et al (1989) and 
(1990). Typical factors used in pipe analysis include age/installation period, diameter, 
break type (circumferential, split bell, hole and longitudinal), pipe material, previous 
break, seasonal variation and location/soil environment (Wengstrom, 1993). factors 
used in pipe analysis are difficult to compare studies data 
normally do not include them or a combination of factors are responsible a particular 

(Karaa and Marks, 1990). It is essential analysis to describe the actual pipe 
break even a direct cause failure cannot 

Individual 
by 
graphically_ 

by et 
describing factors suitable as 
performance. model involved not only common 

also demographic such as land 
industry, and such as length laid 

environments, see explanations in 3.1 and (page 8). 

basis the study was mains from two water utilities 
analysis of pipes with none, two or up to ten breaks, over a ..... ""' ..... "'1'11 

presented 3.1. Approximately 53% pipes COUY"U1"""rt 

breaks. performance of pipes with 
the time the pipe was laid 

exponentially. 

6 
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event were constructed and by 
prediction model. two event equations, eqs 3.1 and 3.2, separated .. " ••. v' ...... 

to and the number of repairs the future. 
based on pipes surveyed both cities. exponential failure behavior, 
was investigated a new model by Andreou (1986). 

7 

two 



event equation gave a low of 

NY :::: 4.13 + 0.338D 0.02P - 0.2651 - 0.0983RES - 0.0003LH + 13.28T (3.1) 

an 

REP:::: 

break. 

NY number of years from installation to first repair 
D diameter of pipe. in inches 
P absolute pressure within a pipe. in pounds per square inch 
I percent of pipe overlain by industrial development in a census tract 
RES percent of pipe overlain by residential development in a census tract 
LH length of pipe in highly corrosive soil 
T pipe type (l :::: metallic, 0 :::: reinforced concrete) 
REP number of repairs 
PRD pressure differential. in pounds per square inch 
A age of pipe from first break 
DEV percent of land over pipe in low and moderately corrosive soil 
SL surface area of pipe in low corrosive soil 
SH surface area of pipe in highly corrosive soil 

h 

flo 
t 
b 
z 

rate of failure (breaks/year) 
unspecified baseline hazard function where h(t)=a1 a2t + 
time of survival 
vector of coefficients estimated from reroressaon 
vector of covariates (see Table 3.2) 

8 

and a>0 

(3.3) 



Proportional 
on having one 

Variable Zl 

(feet) LNLENGHT 

pressure (psi), if has 
no o otherwise. PRESBRK 

LOW 

= 1 if pipe installed in the 1930-
1950, 0 otherwise. C35 

= 1 if pipe installed after 1950. 
o otherwise C50 

= 2 (Pipe age at second break). if 
has two breaks, 0 otherwise AGEBRK 

1 if pipe has one or two breaks, 
o otherwise P12 

systems were studied in New 
systems the noted rhttpT',~nr'p 

nn1t1r"lh,,,,T' of 

v'V'''' U.I..I. 'Vu. as as 
pipes which were equal to or 
were found to differ in seasonal breakage 

conclusion was that the model could "' ... .,. .... "1"1"" 

breaks, but it could not be used for evaluating 
variables 

comparing the risk of a 
practical finding importance was 
is a important predictor 
~pt:>·rnl::J·rf to have a higher ................. ...... 

9 

Coefficient Standard error 

0.5299 0.0666 

0.9310 0.2760 

-0.5404 0.1222 

-0.6459 0.1258 

0.2631 0.1365 

1.7839 0.5831 

1.5726 0.2626 



1.0 """K""---~-----------------. 

'ia 0.9 

~ .0 0.8 

en 
Q) 

!§ 
0.6 

0.5 

0.4 

O.l 

0.2 

0.1 

o 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

A 30.5 m of pipe installed from 
development which had 

cO\l'er€tCl with minimum land 
with the last 

occurring after 77 of installation. 

B 30.5 m with no previous 
maximum land development, 
173 psi. 

Curve C 30.5 m of pipe with two previous breaks, installed after 1950, covered with 
maximum land development and which experienced the second break after 
4 years. 

Curve D m of pipe with two previous covered with maximum 
development and which ovr\oriont"ot'1 the second break after 
installation. 

investigated pipe system perfonnance through descriptive 



Cast iron 

Ductile iron 

1 2 3 4 5 6 7 8 9 10 11 12 ·13 14 15 16 17 18 19 20 21 22 23 24 25 26 

Weighted average age b years 

failures length 
C''l1C'lt''''t4n .......... J ....... , Jacobs (1987). 

or more breaks, were 
was calculated and used in estimating 

I\J.I..,,()'VAA distributed, eq 3.4). 

P(x) probability of having x breaks 
J weighted average break rate for a pipe diameter, breaks per block 
x number of breaks (0 ... .4) 

11 

(3.4) 



Diameter 

8 
12 
16 
20 
24 

Total 

Staten 

Number of blocks 
n number of breaks 

0* 1 2 

5611 213 39 
2054 83 6 

308 6 0 
343 8 2 
175 3 0 

8491 313 47 

1, or 4 more 

3 ~4 

8 11 
0 0 
1 0 
1 1 
1 0 

11 12 

*) 0 breaks were calculated by subtracting the length/blocks which had breaks from the total 
Iength/blocks. 

Actual and predicted number 
3 and 4 or more breaks 

(Slutsky, 1988). 

Number of 

blocks/lengths of water mains 
Island during a 

blocks 

diameter 
Number of 
breaks 

0 
1 
2 
3 
~4 

8 inch 12 inch 16s 24 inch 
actual 

5611 
213 
39 
8 
11 

fdiameter no i 
C' 
L j 

Ii 

simulated actual simulated actual simulated 

5533.7 2054 2050.1 826 815.7 
337.7 83 90.0 17 32.7 
10.3 6 2.0 2 0.7 
0.2 0 0.03 3 0.009 
0.003 0 0.003 1 0.0009 

= (3.5) 

total breaks in diameter group i 
constant, specific for each municipality, but similar for all diameter groups 
total pipe length in diameter group i, meter 
unit pipe length, meter 



number of breaks time 
NB(to) number of breaks at the to 
a coefficient the rate of increase in breaks with time 

reliability studies 
times in 

(T{::b("'\n"l{::bt-r-l f"' properties 
models is rare as f"("'\rV\"n •• t-of', ("'\r1 





approximately four rpn<:l1rC' 

is important, as pipes with failures at 
in life. 

rates with increasing 
inches (100, 150, 200, 

15 



to develop. study by '-"....,~ .... , ...... 
and suggested a time dependency for joint failures \ ... an"' ....... L .. .::» ......... 

time) and circumferential cracks (decreasing rate with time). 
rate. (1989) found that to "..n. .... 11"""" • .n.~ 

Ct."t ... ""'''rlfn'''' .... t- failures in ductile iron 

materials little attention pipe analyses. 
basis all pipe records. Walski and Pellica (1981) (ut:ten~ntllate:d. .... ""',." ... ,.""'''''',,... 
iron and pit cast iron, while Clark et al (1982) categorized pipes into &AA""' ............... ..... 

reinforced concrete. Pipe materials have commonly only been compared 
or with susceptibility (KottInann, 1988). Evaluation of pipe 
important, especially if parts such as joints, tees, etc. are to 

water mains will not sufficient as the only basis the 
pipe materials. 

with high numbers of failures is common 
systems. increase in breaks during summer months is also nr'·.ro· .... " .... 

(1981), (1986) and (1987). 
concludes that systems with develop ........... u'V'u ........ n<:if'lr~rn 

many failures, caused by higher water riAt' .... <:it'\ri 

(1987) postulated Island, has more breaks 

(1984). 

summer 
ductile and grey 

use 
the modelled parameter is 

1986, and Clark et aI, 1982). understand 

16 



or '"'.ro-,"" .... u.~,'"' 

descriptions event 
activity, unsuitable material combinations 

evaluations of pipe failures. 

use. It is to "In..-.,..",,,r.,,,,, 

two previously 

1 presents the four factors ..:n .... H ... "''' ........ l 

occurrence breaks. are location, 

17 



Table 4.3 presents two evaluated 
comparative studies of municipal water 

0'£'1--..;-;, ..... 1993). 

Parameters Found in: 

Break Yes 

corrosion 

Internal No Yes 
pressure 

Location No Yes 

Previous No Yes 
breaks 

to 

Some studies indicate a 

Theoretical 
used in models. 
zones, found 

pressure as 

but lacks a uniform defmi-
estimated as a parame-

results shows 
Found 

18 



Installation 

diameter 

Seasonal 
variation 

Soil 
Environment 

External 
load 

IJ-:ll"-:ln"'lpt,por<.' found to be of some ........ 'nrv.·,-t]!Y\I"'a> 

behavior (based on 1993). 

Found in: 

Yes Yes on the 
the literature. 

too dominant. 
at an age seem to 

be common. 

Yes Yes but are 

Yes Not com- 100 mm are found to be less 
mon For some diameters decreased 

with an diameter is found. 

Yes Not com- Good dependency is found for certain years. 
mon Increasing numbers of failures in the 

summer seasons are not widely investigated. 
High winter failure patterns are suggested to 
be caused by several factors, such as 
precipitation, internal pressure and frost 
loading. 

Not common Yes Studies show correlation of measured 
actual number of breaks. 

less , ............ ...,. ... ,- ...... "''''' 

on Wengstrom 1993), 

Found in: 
models Remarks 

No Not common Cannot be evaluated for in service. 
Sometimes traffic is used. 

material Yes No Most studies are based on cast 
mainly grey iron pipes. Ductile are 
found to show different break behavior 
than grey iron pipes. 





* 
* 
* 

A. "''''''.1I.'''1I.1IJ'L4JI. water 



L Evaluation of the risk of 
breaks. 

L Prevention of disturbance 
knowledge of pipe 

more 

better 

Pipe records of pipes which have had breaks 

5.1 individual analysis, 

!JVA,J..VJlAAU;.u,'I.,V by investigating time to failure 
variable to evaluate individual 

causes have 
causes are seldom found 

"'-JI!J'V.lLU,II-... VAALIU stress: 

tear: individual 

on 



* 
* 
* 

<= 'Wal.er leakage from ()lher pipes 

ch,rralcteJnzlltlC)n p«rrameters and 

analysis should focus on individual pipes 
analysis to improve 
analysis would to 

easily accessible at break site or from operational -r&:Ja£"A-rri or 
measurable for many individuals. 
available comp«rrative analyses. 

above that individual pipe 
causes from records of maintenance ltY1nr',",,'H"'tYI,pntC' 

C01npon4ents. on the contrary, system analysis should be used to £"nrkrrn 

in order to improve system reliability. This means 

23 



* 

* 

* 

* 

considered as a repairable 
VA A.' .... " L'h" that for a repairable C''I.TC't";::>1-n 

is 1"'1;::>'('1"""1"'1 both as mending a C'","r'T'l"'." 

rate is comlTIonly quantified as 
not as "~'."V'''',A 

......... 'v'"'u' .. ., are sometimes likely to occur .... ""IJ'V ........ ""' ..... 

variations might f"ny'\tMnn1h,,,, 

not relate to actual efforts 
actions as environmental stresses, 

t""rnn''''"rQtnv'p. fluctuates great! y. 

illustrates two water systems, with two extreme breakage patterns. 
one illustrates a system with several breaks clustered in a places. 
C',"~tP.1r-n illustrates a system with unexpected breaks at several 

is deteriorating? 

period? 

= a break 

a 
occurrence 

a break 

system layout \vhere breaks 
are frequent at specific places. 

system layout 
breaks occur scattered. 

illustrating a rt"""",,nn"r';lt"l'14ICT C"lTC'T,Pt"n 

Vl-'''~''''~VA'''' C''lTC'1r;::>tY'l to the left. 
to 



assessment water 

004 

003 

002 

parameters are available. 
disadvantages. 

001 ...... os .......... " ................... '" .. " '" '" .,. .............. ...... ... 

o 2 3 4 5 6 

Thousands 

system analysis 
<:JIr-c;.1t'Y'!,,,,ni" actions as well as 

measurements to promote 
is to use as well as 

7 8 9 10 11 
(km) 



Measurable IIMlI1f'~mUl"IIl'r 

RelpI3lced meters of pipe 

Number of breaks 

Time between breaks 

diameter 

or segments 

a water 

Comments 

Relplalcenlents are sometimes not based on relia-
bility needs. 
Re]plrucenlents are sometimes actions 
undertaken more than five years after the pro
blems have been established. 

Maintenance i.e. number of breaks 
before is under-

The 
The is defined du:ten!ntJly 

No obvious dis,ad\JranltalZ(!S 

Not uniform in 



was, more plausible. 
pipes Goteborg, but similar performance might possible 
Goodrich et al (1984), and Goulter and Kazemi (1989) also state that a n41<:lI"n ..... ·r·u 



10 

9 

8 

7 

6 

5 

4 

3 

2 

1 

V.A"JUJV'U. subsequent 
,,",V'U'''' ...... ~, ...... the acceptable number of 

the ductile pipes the installed 
a total number of breaks of Similar, a 

total number of breks of 8-11. The actions for 
already in 1986. 

Number of breaks 
moving average of 2 years) 

6.1 



= 

t 
total, cumulated number of subsequent breaks at time t 
time in years 
total, cumulated numbers of places/pipe where reDeatf~d breaks occur divided 
by t or the average increase per year of where breaks occur. 

cost evaluation, for two co_,n1-arr""." 

areas with high 
at 





areas. 

pipe segment. presents 
category, the value for 25% 

the highest value. is based on 
as well the value of the residual time 

31 



Joint & material failures 

on appearance 

it can be concluded 
.... " .... """". Primarily, the ........... Jl ........ """ ..... ..,L • 

........... 'V04Jl, ... LY 1"'·:.t-"".fT ..... 1" ... .,."'.ri as failures had, 10 out 
short residual time (approximately less 

categories where was only a 
with subsequent breaks. For the accidental breaks 

to appear after 9 years, where the first break or the other 
4Jln-r'A4Jl'''Ari approximately after years. 

AAA .... '~V ...... ,~ ... failures the first 



introducing new descriptions of 
l1U"Ull.'vllUA11 ... ,'V actions, repaired parts and <:1Inlr"i#O><:1IiT'<:1I'f'\r",::II 

baseline functions chosen. It might 
"-A.AU.V.l'V V'v'VU.UL>"" different functions, ho 



h· 
J 

hoj 

t 

to 

~ 
J 

b 
z 

of survival ~(t) 

If.lf II III II 

0.8 

0.6 

0.4 

0.2 .. . . '. ' .. 

. . . 
' .. 

' .. ' .. 

. . .. 

O~----------------------------~.---------o 12 24 36 48 60 72 84 
time, 

* t(b-l) 

II distribution 

96 



evaluation of ael:enOnltlCm J. ..... ..., .... ,n",,"",.. ... "" .... 1-

..... 4 ...... -""'-" ....... ~ __ .~_~ or smaller than zero, thus making it I"'nt-nnQ-rQ 

allows an evaluation of the influence of the used 
In A •• "!.. ..... ' ................. , ..... aspects. 

h 
t 

~n(t) 
1 

Z 

elaose:a from beginning to 
up to t 

hazard rate of the covariate component, assumed to 

in Ti+d 
can be stratified as Zj 

is the i number of the stratum .., ..... ,"" ... ,,, ..... hn .... '.-. ... rt Tnl""'1f"lnn 

vector of covariates 

constant 



u ... ""u..n.Uj;.. .. ,.:> from a Swedish municipality, 
.... ~ ... , ........... data and may not be used to 

UIJIJ"""UUll"""" of pipe systeITIS in general. 
investigation period, 4 years, and are TnT'Tn,,~r 

to four subsequent repairs. 
sometimes up to eight subsequent breaks but are not 
to specific repairs at the same pipe, the segments used in 
as definitions of a pipe, or in cases when the nearby segment had hr~~IrC" 
defined including that segment. The formulated definition of a may 
statistically but the pipe segments are defined at random. 
evidence a segment of 

stratum was 
probability survival, the number of LA ... ,JA'U'JL ......... 

the total number 

R= probability of survival 
nlt)= number of pipes which are not broken up to the time t 

to model water pipe systems performance 

U> ... A •• UAI~,.A'J .. U> were 
was 

1, as b), c) and d) were 
handling the equations is shown 
break patterns are presented in 
show a deteriorating system, 

(7.2) 



35 

30 

25 i= 1 

20 20 

15 15 

10 10 

5 5 

0 
4 8 12 16 01 4 8 12 16 20 24 28 32 36 40 44 48 

a) b) 

35 35 

30 30 

25 i= 1 25 i=1 

20 20 

15 15 

10 10 

5 5 

0 0 
01 4 8 12 16 20 24 28 32 36 40 44 48 01 4 8 12 16 20 24 28 32 36 40 44 48 

c) d) 

7.1 patterns, a) original during a four years investigation 
simulation of the Orebro data to gain a period 
simulated breaks which occurring evenly over the 
simulated break pattern where the most 

a simulation of 
and up is su(;ce:sSl\re 
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0.05 

.04 

0.03 

0.02 

0.01 

0 

0.05 

0.04 

0.03 

0.02 

0.01 

9 

\ 
'\ 

01 4 8 

t 

R(t))/t 

........ 'f/IJ'JY ,.. 

12 16 20 24 28 

to show 
"worse than old", or 

is breaks chronological 

32 36 40 44 

'-'..,E.<t-LlL>. 2nd and 3rd). 

t 

R(t))/t 

12 16 20 24 28 32 36 40 44 

to 
"bad as old", or 

the system worse 

t , 
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..... i=1 
I 

:. -i=2 

. --i=3 

t , 



t 

(- 9 (t))/t 

t , 

01 4 8 12 16 20 24 28 32 36 40 44 48 

suggests a second test, a test 
(log minus R(t)), parallel curves 

only stratum 1 and 3 to parallel. A conclusion is 
of the strata , of observations, and some .n.n1"~a.· .. ", 

proportionality or additivity unsatisfactory. 

assuming an estimation a can 
fourth and fifth are inspection 

nnC'lInl''l.1~ distance, from first stratum. Table 7.1 
of six, similar times at each curve. If is accepted 
not the hazard rate. As the second, third, fourth 
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0.25 

0.2 

0.15 

0.1 

0.05 

10 

1 

0.1 

0.0 

(- R(t))/t 

t 

I' 
I' ..... , 0' 

1 ..... , • 

.. .. ..... 
... .... 

+i=5 

i=4 

--i=3 

. -i=2 

i=1 

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

total of 280 breaks from break records from a municipality over a 
LJ"' ..... ..., ...... are plotted as (-logR(t))/t. i-{r""·QV,, 

are aggregated by quarter or 
chronological and up is successive 

o 1 234 5 6 7 

... ... .. .... 8O 

9 10 11 12 1 

. i 

.. - i= 

~i 1 



- (I n 

= 
t, tim 

7.7 

- (In 

7.8 appearance of a proportional hazard ... u •• "' ............ 

the gap time t. consider probability 
d1/d2 should the SaIne as the value of 



mean 
Cl values 

Cl between 
Sl-S2 

0.06 

Cl between 

0.09 

Estimation sample means to 

Sample means of 
time to repair 

months 

system. 

For first 
repair, Sl 

19.4 

For second 
repair, 

12.6 

For third 
repair, 

12.2 

Cl between Cl between 

0.07 0.04 

For fourth For fifth 

10.0 13.7 



c) 

1;4-"" ........ 4-' ... ""0. includes some . "'-"~'V.'U' 
""'...,'U .... ou..:> although the 

are three main factors 
and operating 

history of replaced pipes should not 
replaced. It is itnportant to save this information 

LJ"b~b;.,"".:J" basing a preventative reliability analysis on 
two separate tnodels, one individual 

describing and evaluating "''I.H~TP'-n "" ...... A'V ..... 
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system model should describe system behavior 
and influence of repair and replacetnents. model is 

(1991) which defines a quality variable, an JP>VT ... 11JI141<:lT.,....yo" ,·",,, .. r1I'"'-''''' 

elapsed between breaks and next repair. A reliability 'n<:l'-lJIrYlJP>i"&"T' 

improvement or deterioration is 
system as a repairable 

...,"' .. ,.j;O. ...... "" whether 
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Number of breaks/1 yr Break rate (breaks/km) ref no 

76.341 0.013 Dragor 

87.643 33 0.377 Korsor 

91.7 7 0.076 Tibro 2 and 7 

93.218 8 0.086 Skandeborg 1 

120.1 8 0.067 Surahammar 7 

131.2 13 0.099 Oskarshamn 2 6 and 7 

165 22 0.133 Gagnef 7 

168 13 0.077 Tierp 7 

185.1 24 0.130 Avesta 2 6 and 7 

217.385 14 0.064 Lindesberg 2 and 7 

226 9.5 0.042 Hjorring 1 

240 25 0.104 Troy 5 

253 16 0.063 Timra 7 

264.7 12 0.045 Bolinas 2 and 7 

282 49 0.174 Hoganas 7 

283.016 41 0.145 Fredrikshavn 

290 62 0.214 Kungsbacka 7 

301 19 0.063 Varberg 7 

342.73 29 0.085 Gentofte 1 

360.07 100 0.278 Fredericia 1 

381.9 22 0.058 Vaxjo 7 

386.684 47 0.122 Alborg 

400.7 74 0.185 Eskilstuna 2 6 and 7 

429.696 95 0.221 Kenosha Ky. 5 

450.1 97 0.216 Vasteras 2 6 and 7 

527 51 0.097 Linkoping 2 6 and 7 

544.5 67.5 0.124 Helsingborg 6 and 7 

640 26 0.041 Pitea 2 and 7 

670.075 72 0.107 Odense 1 

813.2 85 0.105 Malmo 2 6 and 7 

886.463 111 0.125 Kopenhamn 

1004 159 0.158 Arhus 1 

1117.852 23 0.195 Manhattan 3 

1266.556 4.6 0.004 Staten Island 3 

1394 67.3 0.048 Bronx 3 

1461 305 0.209 Goteborg 2 6 and 7 

1735 46.5 0.027 Boston Mass. 0 and 4 

1892 125 0.066 San Fransisco, Calif. 4 

2172.618 171 0.079 District of Columbia 0 

2209 106 0.048 St. Louis, Mo. 4 

2262 163 0.072 Washington D.C. 4 

2369.5 881.5 0.372 New Orleans, La. 0 and 4 

2465.841 89.1 0.036 Queens 3 

2467.129 261 0.106 Baltimore 0 



systetTI 
et al (1990), 3) 

(1987), 6) 

System length (km) Number of breaks/1 yr Break rate 

2884 280 

2898 421 

3016.882 19.9 

3096.384 403 

3234 167 

3472.971 222 

4037.5 363.5 

5241.6 789.5 

5507.185 1309 

5626.277 901 

6220 808 

6420 5144 

6670 223 

10020.7 476 

10941 290 

*) Houston excluded in 

Evaluation 

less than 2000 km 40 

larger or equal to 22 
2000 kin 

Table 1 

17 
(43%) 

13 
(59%) 

0.097 Denver, Col. 

0.145 Milwaukee, Wis. 

0.007 Brooklyn 

0.130 Kansas City 

0.052 Indianapolis, Ind. 

0.064 Denver (DWD) 

0.090 Louiseville, Ky. 

0.151 Philadelphia 

0.238 Detroit 

0.160 East Bay (EBM 0) 

0.130 Cincinnatti 

Houston, Tex. 

0.033 Chicago, III. 
0.048 New York, N.Y. 

0.027 Los Angeles, Calif. 

5.4 (5144 breaks/6420 km) 

50 

22 
(55%) 

8 
(36%) 

1 
(2%) 

1 
(5%) 

ref no 

4 

4 

3 

0 

4 

5 

4 an 5 

o and 5 

0 

5 

4 

4 

4 

o 4 and 5 

4 



== + * 

/k 

constant on nu ••• ..,'", ... 

k If"n"".,. ... ~'" 

constant, 

Number of individuals in each k group 2 3 4 5 

The constant 1.880 1.023 0.729 0.577 

Estimation upper acceptance with (1989). 

k groups Year Occurrence of Moving, sample 
breaks (single, mean in k 
first breaks of broken 

1977 0 
1 (0+2)*1/2=1 2-1=1 

1978 2 
2 (2+1)* 2-1=1 

1979 1 
3 

1980 3 
(1+3)* 3-1=2 

4 
1981 3 

(3+3)* 3-3=0 

5 1982 5 (3+5)* 1/2=4 5-3=2 

6 1983 2 (5+2)* 1/2=3 5-2=3 

7 1984 3 (2+3)* 3-2=1 

8 1985 7 (3+ 7)* 1/2=5 7-3=4 

9 1986 5 (7+5)* 1/2=6 7-5=2 
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For year i 

i=5 

i=10 

i=15 

i=20 

Discount factor 

0.8219 

0.6756 

0.5553 

0.4564 

Sum of discount factors over 
year i 

not used 

8.1109 

11.1184 

13.5903 

* ) equals present value of 1 SEK per year for each i year 
**) equals present value of 1 SEK to be recieved after i years 

Calculations of cost of -r"" ... V11111"C' are made in 
1): 

(the cost of repair for each break was ...... "' .... LA ..... , ............. to 

Calculations of cost of replacement are 
following equation (eq. C.2): 

ePlacemelnt = 

o to i * cost 

each year) 

(the cost of a m 2 

as 

as 



increase 

increase 

10 

10 15 o 

1 in number places with subsequent if 
assumed increase is 1 place per year, 2 places or 3 places 

250 

200 

150 

100 

3 

50 2 

0 

10 15 

total 



crowns 
subsequent breaks occurs is varied 
subsequent breaks are estimated with eq. 
a discount rate of 4% values 

each 5th year, in 10 year 

D- Total Breaks Cost of Cost of Total cost 
rate breaks per pipe 

1 30 10 3 200 852000 2995 000 3 847 000 

2 50 20 2.5 200 1 419000 5990000 7409000 

3 68 30 2.2 200 1 930000 8 985 000 10915000 

after 10 years 

D- Total Replaced Breaks Approx. pipe Cost of Cost of Total cost 
rate breaks per pipe length >I< (m) repairs replacement (SEK) 

1 40 10 4 300 1 135 000 4054000 5 189000 

2 64 20 3.2 200 1 817 000 5405000 7222000 

3 84 30 2.8 200 3 385 000 8 107 000 11 492000 

approximation is based on breaks per pipe to be equivilent to number of breaks in Table C.5 
D-rate:: the yearly increase in numbers of those pipes which gets subsequent breaks 



each 5 til year. in 15 year 

D- Total Breaks Cost of Cost of Total cost 
rate breaks per 

1 45 15 3 200 1 167 000 4 106 000 273000 

2 75 30 2.5 200 1 946000 8211 000 10 157000 

3 102 45 2.3 200 2646000 12 317000 14963000 

after 15 years 

D- Total Replaced Breaks Approx. pipe Cost of Cost of Total cost 
rate breaks pipes per pipe length· (m) repairs replacement 

(SEK) 

1 71 15 4.7 300 1 842000 4998000 6840000 

2 111 30 3.7 300 2880000 9995000 12875000 

3 145 45 3.2 200 3 763 000 9995000 13 757000 

approximation is based on breaks per pipe to be equivilent to number of breaks in Table C.5 

= yearly increase in numbers those pipes 



crowns 
subsequent occurs is 
subsequent breaks are 
a discount rate 4% 

each 5th year, in 20 years 

D- Total Breaks Cost of Cost of Total cost 
rate breaks per 

1 60 20 3 200 427000 019 6446000 

2 100 40 2.5 200 2378000 037000 14793000 

3 136 60 2.3 200 3 235000 15 055 000 18291 000 

after 20 years 

D- Total Replaced Breaks Approx. pipe Cost of Cost of Total cost 
rate breaks pipes per pipe lenght'" (m) repairs (SEK) 

(SEK) 

1 107 20 5.4 300 2545000 5477000 8022000 

2 165 40 4.1 300 3 924000 10 000 14878000 

3 214 60 3.6 300 5090000 16430000 21 520000 

'" approximation is based on breaks per pipe to be equivilent to number of breaks in Table C.5 
D-rate ::::: the yearly increase in numbers of those pipes which gets subsequent breaks. 



Number of 
breaks over 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

Pipe length, (km) Median 

not 
0.2 0.2 
0.20.15 0.2 
0.3 0.15 0.15 0.2 0.4 0.20.20.9 0.5 0.4 0.3 0.3 
0.35 0.25 0.25 0.25 0.1 0.5 0.25 0.3 0.5 0.7 0.3 
0.35 0.2 0.4 0.25 0.25 0.2 0.45 0.3 0.4 0.3 
0.3 0.50.4 0.4 

0.7 0.7 
1.00.90.7 0.9 
0.9 1.4 1.0 1.2 1.0 1.0 
2.0 1.8 1.9 

2.0 1.2 2.5 1. 1 1.6 

1.3 
1.7 1.0 

" 
2.2 

2.5 
3.0 tI ::::: 2.5 

to 

7.5 
3.0 
3.0 

" 

II 

6.52.0 

3.0 

6.0 

" ::::: 5.5 
II 

5.5 



6.1. 

Year Number of Number of first Number Actual 
breaks where break where of sub- cumulative with 
no later numbers of eq 6.1 when the 
breaks occur- breaks occurred increase of 
red with 

breaks are 

1 (1977) 0 0 0 0 0 

2 (1978) 2 3 1 1 2.8 

3 (1979) 1 0 4 5 4.2 

4 (1980) 3 0 1 6 6.9 

5 (1981) 3 2 2 8 10 

6 (1982) 5 1 4 12 13.4 

7 (1983) 2 2 5 17 17.1 

8 (1984) 3 3 7 24 21.2 

9 (1985) 7 2 4 28 25.5 

10 (1986) 5 9 37 30 

Variable Number 
of pipes 

Accidental time to first 3 9 12 6 8 
failures failure 

residual time 3.5 6 6 6 5.5 

Bursts 9.5 11.5 14.5 17 11.7 

residual time 0 1 2.5 17 2.6 

Corrosion 8.5 12.5 14 18 11.8 

residual time 0 1 1.5 18 1.4 

9.5 12.5 13.5 14 11.1 

residual time 2 4 14 2.6 

Unmarked* 11.5 2 11.5 

* some broken had of significant recorded for base a break 



1 - are based on ou. ..... ..,,, .... ,...., 

~""r>I' ... ~rI" 1977-1981, from Wengstrotn (1989). 
~.Qr>''''''~l'i.QrI "' ..... T .. .Q"'~i3 .. ,r>"'" of first breaks. A "V" 

dotted line show 

Individual 0 5 10 15 

1 

2 

3 

4 

5 

6 

Pipe segment number. j 2 3 4 5 6 

at first break, years 1 5 7 11 11 13 

Age at end of period. 7 11 15 15 17 16 
years 

Time to second break/- 6c 6c 8c 4c 6c 3c 
residual time, years 

1 

60 



o 
1 

7 

9 

10 

1 1 

12 

13 

14 

15 

12 1 2 3 4 14 5 6 7 8 9 10 1 
j 

at first break. 4 8 9 10 10 11 11 12 12 13 13 16 17 18 
years 

at end of period. 13* 17* 16 10 17 13 17* 13 17 15 17 17 17 18 
years 

Time to second 0 5 7c 7c 3 Ie Ie Oc 
breaklresidual time. 
years 



1 

9 

10 

1 1 

12 

13 

14 
15 

16 

17 
? 

18 

segment j 1 9 10 11 2 3 4 12 13 

Age at fIrSt years 5 7 8 8 9 10 11 11 12 

Age at end of years 10 11* 11* 17* 14 10 11 17* 17* 

Time to second 5e 4 0 1 5e Oe Oe 1 0 
time, 

segment j 14 5 15 16 6 7 17 18 8 

at ftrst 13 14 14 14 14 14 15 15 18 

at end of years 16* 15 16* 17* 16 16 17* 16* 18 

Time to second 1 Ie 2 2 Ie Ie 0 1 Oe 
time, years 

data for 



segment 1 
j 

Age at frrst 2 
years 

Age at end of 11* 
years 

Time to second Ie 

years 

10 15 
1 

2---.... 
3 a__---t----

4 m_---+-----of-.lIIIi. 

5G----t----........ --=-

9 

10 
1 1 
1 

13 

14 
15 Q 

2 14 3 4 5 

5 7 8 11 12 

12* 11* 17 14 15 

ge 7 Ie 3e 3e 

6 

12 

17* 

5e 

e 

7 8 9 10 11 12 13 

13 13 13 13 14 15 17 

13 13 14 15 16 17 18 

Oe Oe 2e Ie 2e 2e Ie 



segment number, j 1 2 

Age at first break, years 9 14 

Age at end of period, 15 14 
years 

Time to second break/- 6c Oc 
residual time, years 

Pn)cesse:d pipe record data for pipe 



of data, Install First break da- Estimation of time to break as TTF or Time 
C=censored F=not ation te/second or to RT between 
censored year 1987-12 break in 

months 

C 1971 1980-03/1987-12 3 +7*12 93 
C 1970 1980-09/1987-12 10 +0 87 
C 1977 1987 -02/1987 -12 8 +2*12 10 
C 1974 1985-04/1987 -12 10 +12*1 32 
C 1974 1986-02/1987-12 0 +5*12 22 
C 1970 1982-12/1987 -12 3 +4*12 60 
C 1970 1983-01/1987-12 8 +2*12 51 
C 1972 1985-04/1987-12 11 +1*12 32 
C 1970 1986-01/1987-12 10 23 
C 1970 1987 -02/1987 -12 8 10 
C 1969 1987 -04/1987 -12 2 8 
F 1974 1978-03/1978-05 5 +5*12 + 2 2 
F 1970 1978-07/1983-02 8 +2*12 + 3 67 
F 1970 1981-04/1984-03 35 



as 

Ordered data Time between v mean of 

0 1 
F 2 1 0.929 
C 8 2 
C 10 3 
C 10 4 
C 22 5 
C 23 6 
C 7 
C 8 
F 35 9 13/14*5/6 0.774 
C 51 10 
C 60 11 
F 67 12 13/14 * 5/6*2/3 0.516 
C 87 13 

93 14 

Assuming ho equal to is 
t>2 

as 

of data, Install First break da- Estimation of time to break as Time 
F=not ation te/second or to TTForRT between 

censored year 1987-12 break in 

C 1977 1982-06/1987-12 6 66 
C 1973 1982..Q8/1987-12 4 64 
C 1977 1987-01/1987-12 11 11 
C 1976 1987..Q7/1987-12 5 5 
C 1972 1986-10/1987 -12 2 +1*12 14 
C 1971 1985-08/1987-12 4 +2*12 28 
C 1971 1985-07/1987-12 5 +2*12 29 
C 1969 1987..Q7/1987-12 5 5 
F 1976 1983..Q5/1986-09 7 +9 16 
F 1976 1984-06/1984-08 2 2 
F 1970 1978-07/1979-04 5 +4 
F 1970 1981-07/1982-08 5 +8 
F 1970 1982-01/1982-06 5 5 
F 1971 1984-12/1983-03 3 3 
F 1970 1984..Q6/1985-07 6 +7 13 
F 1971 1985-10/1986-02 2 +2 4 
F 1970 1985..Q6/1985-07 1 1 
F 1971 1986-09/1987 -09 3 +9 2 



mean as 

Ordered Time between v mean range 
data breaks 

0 1 
F 1 1 17/18 0.944 
F 2 2 17/18*16/17 0.889 
F 3 3 17/18*16/17*15/16 0.833 
F 4 4 

17/18*16/17*15/16*14/15 
0.778 

C 5 5 17/18* 16/17*15/16*14/15* 12/13 
F 5 6 0.718 
C 5 7 17/18*16/17*15/16*14/15*12/13*10/11 

F 9 8 17/18*16/17*15/16*14/15*12/13*10/11*8/9 0.633 
C 11 9 17/18*16/17*15/16*14/15*12/13*10/11*8/9*7/8 
F 12 10 17/18* 16/17*15/16* 14/15* 12/13*10/11 *8/9*7 /8*6n 0.580 
F 13 11 0.508 
F 13 12 17/18*16/17*15/16* 14/15* 12/13*10/11 *8/9*7 /8*6n * 4/5 0.435 
C 14 13 
F 16 14 0.348 
C 28 15 
C 29 16 
C 64 17 
C 66 18 

>18 0 

Assuming ho '" to is 

>18 
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0 8 1 2 3 
1986-1 1 3 1 1 
2 2 1 2 
3 3 3 1 1 
4 13 4 4 2 
5 8 5 3 1 
6 10 6 2 
7 3 7 2 1 
8 6 8 3 
9 3 9 2 1 1 
10 1 10 1 
12 5 11 5 1 
1987-1 12 12 2 1 1 
2 6 13 2 1 
3 11 14 2 2 1 
4 6 15 2 1 
5 2 16 1 1 
6 2 17 1 1 
7 3 18 1 
8 19 1 
9 11 20 2 1 
10 3 21 2 1 
11 3 22 1 2 
12 23 1 
1988-1 3 24 1 
2 4 25 1 
3 3 26 1 
4 2 27 1 
5 2 28 
6 4 29 1 
7 1 30 
8 1 31 2 1 
9 3 32 1 
10 2 33 
11 4 34 
12 5 35 1 
1989-1 7 36 1 
2 37 
3 1 38 
4 2 39 
5 2 40 
6 4 41 
7 2 42 1 
8 3 
9 5 
10 3 
11 1 
12 1 

un 





000 810836315 6116223011330343224113245 
70122423531 

313430032052220110022111111010210001000 
o 0 0 0 0 0 0 0 0]; 

121212201111002011101200000000000000000 
o 0 1 0 0 0 0 0 0]; 

101000100000021100010000000000000000000 
o 0 0 0 0 0 0 0 0]; 

000000001001110000000000000000100010000 
o 0 0 0 0 0 0 0 0]; 

F 

=: I-F5/N5; 
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U2(i)=H2(i)/t(i); 

test 
= loglO(Hl); 
= loglO(H2); 

loglO(H3); 
= loglO(H4); 
= loglO(H5); 

simt=sim' 
save simt /ascii 

plot proportionality test MathLab' 
piot(t,Hl,t,H2,t,H3,t,H4,t,H5) 
semilogy(t,H2) 

72 

t (i), 



..... ot-t-,'"'-rnC' were simulated 
.. "'uu,u ....... '''"'...,.& was quarterly values: 

b) 7.1, for stratmn 1: 
17 9 29 10 14 6 10 8 5 11 8 8 10 5 0 31 9 

5 0 31 17 9 10 14 6 8 5 11 8 8 5 
6 8 5 11 8 

stratum 
444444444444444440333333333333333022222 
2222222222 

stratum 
22222222222 22 2 2 21 1 1212121 211 111 
1 1 1 1 1 1 1 110 

in c) Fig 7.1, for stratum 1: 

d) 

003117929 101461085 11 88 1050 9 6 8 5 11 8 
8 5 0 31 17 9 29 10 6 8 5 11 8 8 10 5 

stratuln 
333333333333333313333333333333331333333 
3333333331 

stratum 3: N=70 
212121212121212102121212121212120212121. 
2121212120 

7.1, for stratum 1: 
1 17 9 10 6 10 8 5 11 8 8 10 5 0 
5 0 31 17 9 10 6 10 8 5 11 8 8 

9 6 8 5 11 8 

stratum 
222222222222222223333333333333333444444 
4444444444 

stratum 
011 1 1 1 111 1 1 111 1 102 1 212 1 2 1 2 1 2 1 2 120 2 2 2 2 2 2 
2222222220 

nHdJlrlt:>'I"I'l1 is from 0 up to 49. 
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is ...... f-,.u .... " ........... .. 

state are we test = 
test Tis 

1 n 

Tl i 
ni=l 

Tis distribution 

a rea$ollable 

is 

* 

some n p test as 1. 



test 

P 0.9 0.8 0.5 
n 

20 0.05 0.10 0.52 
50 0.08 0.19 0.89 
100 0.11 0.34 0.99 
200 0.18 0.60 1.00 
500 0.38 0.94 1.00 
1000 0.65 1.00 1.00 

It can seen that essential number of to 
strata is dependent on p. p=0.9, which corresponds to a dltterlen(~e 
means of 10%, a nmnber of for example, below 1000 observations, 
of the test, while for a saInple of 50 to 100 observations are ...... , ... u""' .•• 
good test. 

the assumption that lifetirnes follow an exponential distribution is a 
estimation, compared with lifetimes of the additive an 
indication of the necessary sample 





Tryckt & Bunden 
Vasastadens Bokbinderi AB 

1993 


