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PREVENTIVE MAINTENANCE AND RELIABILITY
OF WATER SUPPLY SYSTEM ELEMENTS

One of the main requirements for municipal systgrasticularly water supply sys-
tems is their reliable operation. Water supply syst are operated continuously
for a long time. Therefore, it building elemente afso subject to intense and con-
tinuous operation. Human intervention detects @&mdbives the problems arising as
a potential source of failure. A common solutiontlie problem are preventative
renovations. The term recovery is meant a preverdition to reduce the rate of
loss of efficiency. Preventive renovations do rnohimate the possibility of dam-
age, but can reduce the likelihood of emergencgweiRenew prevention strategy
it is the appropriate location of their time in erdo achieve maximum profitabil-
ity of the project or the required level of reliétyi The most common strategies
are used periodically after a predetermined timehis work mathematical model
of preventive renovations was presented and itlswing conclusions. It was
shown that in case of exponential distribution aifures scheduled maintenances
do not increase reliability of an element. Schedut@intenances extend an ex-
pected value of working time if next working timase shorten, for instance if it's
possible to describe them by Weibull distributioithwit's parametea > 1.
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1. Introduction

From reliability point of view there are two kind$ elements: repairable -
after a failure are repaired and become fit, anepairable, which have to be
exchanged into a new ones [14]. Elements, which Waiter supply systems are
mostly repairable, like pipes, pumps or water nasies. Failure cause economic
consequences for the water supply company resubhirige reduction or inter-
ruption of water supply [10, 12]. Prevention stggteonstitute of the appropri-
ate location as to achieve maximum project proilitsitor the required reliabil-
ity level [8, 9, 11].Their life cycle shown on fidj, consists of a three basis phas-
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es: initial phase during start-up, useful life phasd wearout phase, which ends
technical life of an element [1, 4, 6].
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Fig. 1. Life cycle of an element ("bathtube shapeve™) on the basis of [6]
Rys. 1. Uszkodzenie element (krzywa wannowa) nafamde pracy [6]

The most important is useful life time, usuallgtlag from a dozen or so till
a few dozen years, for instance water pipe usd&riltime is estimated at 50
years [3, 7]. The useful life consist of one af@other working times ;Tand
restoration times T- since moment of failure till beginning an opérat as
shown on fig. 2.
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Fig. 2. Useful life time of a repairable elemenp, -Tworking time, Tn - resto-

ration time

Rys. 2. Proces eksploatacji elementu odnawialn€po:czas pracy, Tn - czas
odnowy

2. Mathematical model of preventive renovations

Life cycle of an element consists of one aftertheoworking times J and
restoration times . Let T, be a random variable of working time of an element
T, is a random variable of time till the next preveatrenovation. Working time
till the next renovation T is a random variable %I,

T =min{T,, T} (1)

If random variables i T, are independent cumulative distribution function
of up time k is:
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I:T (t) = I:Tp (t) + I:Tz (t) - I:Tp (t) “:Tz (t) (2)

When time between preventive renovatigris tletermined and the renova-
tions are made in fixed intervals, as shown on 3igcumulative distribution
function is:

Odlat<0
Fr(t) ={Ry, (dlad<t<tz (3)
ldlat>tz

where: R, — is reliability of the element.
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Fig. 3. Useful life time of a repairable elementhwpreventive renovations, ¥ working time, T -
time between preventive renovationsg, I min{T it} =t,; = X;=0; Y;=X; =0 what
means that till the first renovation there was aitufe; T,' = min{T py';t,5} = t,, = X;=0; Y, =
X1+ Xz =0 what means that till the second renovati@me was no failure;sT= min{T ,,";t,g} =
Tt = X3=1; Y3 = X; +X; +X3 = 1 what means that till the third renovation ¢hams 1 failure;
etc.

Rys. 3. Proces eksploatacji elementu odnawialneggmlaktycznymi odnowami, J- czas pra-
cy, T, - czas porgidzy profilaktycznymi odnowami, ;7= min{T p1;t,1} =t = X1 =0; Y3 = X;
= 0 co oznaczae do czasu pierwszej odnowy nie byto awarl; Imin{T ,1';t,0} =t = X, =
0; Y, = Xy + X, = co oznaczaze do czasu drugiej odnowy nie byto awari, ¥ min{T ,,';t 3} =
Tp' = X3=1; Y3 = X; +X; +X5 = 1 co oznaczaze do czasu trzeciej odnowy wypsita jedna
awaria; etc.

Estimated value of working time till the next remation T - E(T) is:

E(T) = tjzRTp (t)dt (4)
0
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Let random variablesf, T,,, ... form renovation stream, and a sequence
t,1, 2 ... be moments of preventive renovatiopdsta time since i-1 till i pre-
ventive renovation. Renovation stream is:

T, T +T, T,+T,+T,,... (5)
where:
T, = min{T, ,t,} 6)

Assignrenovation strean() to a sequence of Bernoullie's binary random
variables X, X,, ... that;

_|0dlaT, 2tz
"~ |1dlaT, <tz

(7)

Where value 0 means, that restoration number ipragentive, and value 1
means that the restoration was made after a failues element. Random vari-
able Y, is a number of failure renovations till renovationit was shown at fig.
3:

Y, =3 X, forn=12,... (8)
i=1

If Tp1 is @ random variable with the same distributionTgs Tps ..., the
probability, that among the next n restorationk isstorations after failures can
be calculated by following formula:

P(Y, =k) = [EJ[F(tz)]k M-Ftz)]"™ dlak=12,...,n 9)

And the probability that there were no failures@kis:
P(Y,=0)=[1-Ftz)]" (10)

Tp' time of renovated preventive element includéeaumber of intervals
between preventive renovations and a time betweenasst preventive renova-
tion and a failure. The probability that the eletesil not suffer damage till
time t > 0 with periodic strategy of preventive ogations is:

P(t) =R;," (t2) R, (t - n[i2) (11)
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t . . . .
wheren :t_ is a number of working time intervals - naturalmber no less

z

thani.
tZ
Expected value of time till failure with prevergivenovations &, E(Top)
is:
1 tz (12)
E(Top) =——— [ R, (t)dt
o0 =11 ) Ry, ()

3. Mathematical model of ageing element

For ageing elements random variable of working tirp&Veibull distribu-
tion is applied. For elements that built water symylstems usually exponential
distribution is used, which is a special case ofdedistribution. Reliability of
an element can be calculated according to equatii47). Probability density
function is [1]:

f(t)=A0 0" [@expEAd®) dlat>0 (13)
Failure rate(t) is:

A(t) =A Do @ (14)
Cumulative distribution function of up time is:

F(t) =1-exp(A @) (15)
Reliability function R(t) is:

R(t) = expEA [°) (16)

Expected value of working timeg, T E(T,) is:

1

E(Tp) =r @+ )0\ an
o
where:a - Weibull distribution parameter.

Parameteun describes probability of failure during ageingaofelement:
* o < 1 functionA(t) is monotone decreasing - it means that proibaloif failure
is decreasing in time passage, it can suggestktlatents in population have
manufacturing defects,
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* o = 1 functionA(t) is constant - Weibull distribution becomes expatial - means
that probability is constant - it implies that caws failures are random events,

* o> 1 functionA(t) is monotone increasing - the probability ofdee is increas-
ing in time, probably because of ageing of elements

4. Conclusions

In this work mathematical model of preventive reatibns was presented
and it's following conclusions.

It was shown that in case of exponential distrdyubf failures scheduled
maintenances do not increase reliability of an elgm

Scheduled maintenances extend an expected valyerking time if next
working times are shorten, for instance if it's bk to describe them by

Weibull distribution with its parameter> 1.

The paper shows a model of prevention renovati@ed on reliability theory.
The model was applied for elements of water suggltem. The conclu-
sions are:

« if a damage intensity index of an element was desdrby an exponential dis-
tribution, using prevention renovation would notezd an expected value of el-
ement’s working time,

« if the index was described by Weibull's distributtivith distribution’s parame-
tera > 1, prophylaxis would extend an expected valugaking time.

Literature

[1] Bobrowski D.: Modele i metody matematyczne w teardzawodnéci, Wydawnic-
two Naukowo — Techniczne, Warszawa 1985.

[2] Denczew S.: Modern management of the utilizatiomwafer supply and sewage dis-
posal systems. Environmental protection Engineesinfy 29, 2003, p. 73-80.

[3] Denczew S., Krélikowski A.: Podstawy nowoczesnegpdbataciji systeméw wodo-
ciggowych i kanalizacyjnych. Arkady, Warszawa 2002.

[4] Loganathan G. V., Sherali H. D, Shah M. P.: A twage network design heuristic
for minimum cost water distribution systems undeel@bility constrait. Enineering
Optimization., vol. 4, 1990, p. 311-336.

[5] Malik M.: Reliable preventive maintenance schedyliAlEE Trans, vol. 11, 1979,
p. 221-228.

[6] Mays W. L.: Reliability analysis of water distribom systems. American Society of
Civil Engineers, New York 1989.

[7] Pascual R., Ortega J. H.: Optimal replacement ardhaul decisions with imperfect
maintenance and warranty contracts. Reliabilityieeering and System Safety, vol.
91, 2006, p. 241-248.

[8] Pietrucha-Urbanik K.: Prioritizing water pipe rerswsing fuzzy set theoryJournal
of KONBIN 1(33)2015, p. 243-250. DOI 10.1515/jok13032.



Preventive maintenance and reliability ... 435

[9] Rak J.: Metoda planowania remontow sieci wogigawej na przyktadzie miasta
Krosna, Czasopismo dgnierii Ladowej, Srodowiska i Architektury, JCEEA,
t. XXXI, z. 61 (1/14), 2014, s. 225-232. DOI:10.23®.2014.15.

[10] Rak J.: Podstawy bezpiecztwa systemow zaopatrzenia w wodlonografie Ko-
mitetu Inzynierii Srodowiska Polskiej Akademii Nauk, vol. 28. Wydavidrukarnia
Liber Duo Kolor, Lublin 2005.

[11]Rak J.: Systemowe zaidzanie bezpiechstwem SZZW. Instal, nr 2 (292), 2009,
S. 43-48.

[12] Studzhski A., Pietrucha-Urbanik K., btrala A.: Analiza strat wody oraz awaryj-
nosci w wybranych systemach zaopatrzenia w gyddzasopismo tiynierii Lado-
wej, Srodowiska i Architektury, JCEEA, t. XXXI, z. 61 (#4), 2014, s. 193-201.
DOI:10.7862/rb.2014.144.

[13] Tchorzewska-Cigak B., Rak. R. J.: Propozycja nowej systematylasmidci funk-
cjonowania systemu na przyktadzie systemu zaopatrzer wodt. Gaz, Woda
i Technika Sanitarna, vol. 5, 2008, s. 20-22.

[14] Wieczysty A.: Metody oceny i podnoszenia niezawaddndziatania komunalnych
systemow zaopatrzenia w weodWydawnictwo Komitetu Iaynierii Srodowiska
PAN, Krakow 2001.

[15] Wieczysty A.: Niezawodn@ systemow wodoggowych i kanalizacyjnych. Cz. I,
. Politechnika Krakowska, Krakéw 1990.

ODNOWY PROFILAKTYCZNE A NIEZAWODNO $C ELEMENTOW
SYSTEMU ZAOPATRZENIAW WOQOD E

Streszczenie

Jednym z gtéwnych wymagatawianych systemom komunalnym, a w szczegginsyste-
mowi zaopatrzenia w wedest ich niezawodna praca. Systemy zaopatrzeniegg s eksploat-
owane w sposob gty w dlugim przedziale czasowym. W zmku z tym budujce go elementy
takze podlegaj intensywnej i diugotrwalej eksploatacji. Kontrolimgerencja czltowieka wykrywa
i usuwa ich usterkidalace potencjalnynirédiem awarii. Powszechnie stosowanym r@zaniem
stap sie tzw. odnowy profilaktyczne. Pod gajem odnowy profilaktycznej rozumiegsilziatanie
na zdatnym obiekcie, mge na celu zmniejszenie szyBkbutraty jego zdolnci uzytkowe;.
Odnowy profilaktyczne nie likwidyj mazliwosci powstawania uszkodzeale mog zmniejsza
prawdopodobigstwo wysgpienia odnéw awaryjnych. Strategia odnéw profilaktyych polega na
odpowiednim usytuowaniu ich w czasie, tak abygsi¢c maksymalg rentownd¢ przedsiwzie-
cia lub wymagany poziom niezawodco Najczsciej stosuje si tzw. strategie periodyczne, ktére
polegaj na odnowach profilaktycznych po z géry akomym czasie eksploatacji elementu i od-
nowie awaryjnej z chwil jego uszkodzenia. W pracy przedstawiono model matyczny odno-
wy profilaktycznej na przyktadzie elementéw systemappatrzenia w wad Wykazano,ze
w przypadku wysipienia rozktadu wyktadniczego awarii zastosowarni@dw profilaktycznych
nie zwiksza niezawodrigi elementu. Remonty planowe wydap wartas¢ oczekiwam czasu
pomicdzy uszkodzeniami § kolejne jego wartéci si¢ skracag, co oznaczaze wystpuje starze-
nie elementu, ktére moa opisa rozktadem Weibulla z parametrem 1.

Stowa kluczowe: niezawodnét, czas pracy bezuszkodzeniowej, obstuga, systempanaenia
w wock
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