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PREVENTIVE MAINTENANCE AND RELIABILITY 
OF WATER SUPPLY SYSTEM ELEMENTS 

One of the main requirements for municipal systems, particularly water supply sys-
tems is their reliable operation. Water supply systems are operated continuously 
for a long time. Therefore, it building elements are also subject to intense and con-
tinuous operation. Human intervention detects and removes the problems arising as 
a potential source of failure. A common solution to the problem are preventative 
renovations. The term recovery is meant a preventive action to reduce the rate of 
loss of efficiency. Preventive renovations do not eliminate the possibility of dam-
age, but can reduce the likelihood of emergency renew. Renew prevention strategy 
it is the appropriate location of their time in order to achieve maximum profitabil-
ity of the project or the required level of reliability. The most common strategies 
are used periodically after a predetermined time. In this work mathematical model 
of preventive renovations was presented and it's following conclusions. It was 
shown that in case of exponential distribution of failures scheduled maintenances 
do not increase reliability of an element. Scheduled maintenances extend an ex-
pected value of working time if next working times are shorten, for instance if it's 
possible to describe them by Weibull distribution with it's parameter α > 1. 
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1. Introduction  

 From reliability point of view there are two kinds of elements: repairable - 
after a failure are repaired and become fit, and unrepairable, which have to be 
exchanged into a new ones [14]. Elements, which built water supply systems are 
mostly repairable, like pipes, pumps or water reservoirs. Failure cause economic 
consequences for the water supply company resulting in the reduction or inter-
ruption of water supply [10, 12]. Prevention strategy constitute of the appropri-
ate location as to achieve maximum project profitability or the required reliabil-
ity level [8, 9, 11].Their life cycle shown on fig. 1, consists of a three basis phas-
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es: initial phase during start-up, useful life phase and wearout phase, which ends 
technical life of an element [1, 4, 6].  
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Fig. 1. Life cycle of an element ("bathtube shape curve") on the basis of [6] 

Rys. 1. Uszkodzenie element (krzywa wannowa) na podstawie pracy [6] 

 The most important is useful life time, usually lasting from a dozen or so till 
a few dozen years, for instance water pipe useful life time is estimated at 50 
years [3, 7]. The useful life consist of one after another working times Tp and 
restoration times Tn - since moment of failure till beginning an operation, as 
shown on fig. 2. 
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Fig. 2. Useful life time of a repairable element, Tp - working time, Tn - resto-
ration time 

Rys. 2. Proces eksploatacji elementu odnawialnego: Tp - czas pracy, Tn - czas 
odnowy 

2. Mathematical model of preventive renovations  

 Life cycle of an element consists of one after another working times Tpi and 
restoration times Tni. Let Tp be a random variable of working time of an element, 
Tz is a random variable of time till the next preventive renovation. Working time 
till the next renovation T is a random variable [1, 5]: 

},min{= zp TTT  (1) 

 If random variables Tp i Tz are independent cumulative distribution function 
of up time FT is: 
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 When time between preventive renovations tz is determined and the renova-
tions are made in fixed intervals, as shown on fig. 3, cumulative distribution 
function is: 
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where: RTp – is reliability of the element. 
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Fig. 3. Useful life time of a repairable element with preventive renovations, Tp - working time, Tz - 
time between preventive renovations, T1’ = min{T p1’;t z1} = tz1  ⇒  X1 = 0;  Y1 = X1 = 0   what 
means that till the first renovation there was no failure; T2’ = min{T p1’;t z2} = tz2  ⇒  X2 = 0;  Y2 = 
X1 + X2 = 0   what means that till the second renovation there was no failure; T3’ = min{T p1’;t z3} = 
Tp1’ ⇒ X3 = 1; Y3 = X1 +X2 +X3 = 1 what means that till the third renovation there was 1 failure; 
etc. 
 

Rys. 3. Proces eksploatacji elementu odnawialnego z profilaktycznymi odnowami, Tp - czas pra-
cy, Tz - czas pomiędzy profilaktycznymi odnowami, T1’ = min{T p1’;t z1} = tz1 ⇒ X1 = 0; Y1 = X1 
= 0 co oznacza, że do czasu pierwszej odnowy nie było awarii; T2’ = min{T p1’;t z2} = tz2  ⇒  X2 = 
0; Y2 = X1 + X2 = co oznacza, że do czasu drugiej odnowy nie było awarii; T3’ = min{T p1’;t z3} = 
Tp1’ ⇒ X3 = 1; Y3 = X1 +X2 +X3 = 1 co oznacza, że do czasu trzeciej odnowy wystąpiła jedna 
awaria; etc. 

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

∫=
tz

0
Tp dt)t(R)T(E  (4) 
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 Let random variables Tp1, Tp2, ... form renovation stream, and a sequence  
tz1, tz2, ... be moments of preventive renovations, tzi is a time since i-1 till i pre-
ventive renovation. Renovation stream is: 

...,++,+, 321211 TTTTTT  (5) 

where: 

},min{=
izipi tTT  (6) 

 Assign renovation stream (5) to a sequence of Bernoullie's binary random 
variables X1, X2, ... that: 
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 Where value 0 means, that restoration number i was preventive, and value 1 
means that the restoration was made after a failure of an element. Random vari-
able Yn is a number of failure renovations till renovation n, it was shown at fig. 
3: 
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 If Tp1 is a random variable with the same distribution as Tp2, Tp3 ...,  the 
probability, that among the next n restorations is k restorations after failures can 
be calculated by following formula: 

n...,,2,1kdla)]tz(F1[)]tz(F[
k

n
)kY(P knk

n =−⋅







== −  (9) 

And the probability that there were no failures (k=0) is: 

n
n )]tz(F1[)0Y(P −==  (10) 

 Tp’ time of renovated preventive element includes a number of intervals 
between preventive renovations and a time between the last preventive renova-
tion and a failure. The probability that the element will not suffer damage till 
time t > 0 with periodic strategy of preventive renovations is: 

)tznt(R)tz(R)t(P Tp
n

Tp ⋅−⋅=  (11) 
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where:
zt
t

n = is a number of working time intervals - natural number no less 

than 
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 Expected value of time till failure with preventive renovations Top, E(Top) 
is: 
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3. Mathematical model of ageing element  

 For ageing elements random variable of working time Tp Weibull distribu-
tion is applied. For elements that built water supply systems usually exponential 
distribution is used, which is a special case of Weibull distribution. Reliability of 
an element can be calculated according to equations (13-17). Probability density 
function is [1]: 

0tdla)texp(t)t(f 1 >⋅λ−⋅⋅α⋅λ= α−α  (13) 

 Failure rate λ(t) is: 

1t)t( −α⋅α⋅λ=λ  (14) 

 Cumulative distribution function of up time is: 

)texp(1)t(F α⋅λ−−=  (15) 

 Reliability function R(t) is: 

)texp()t(R α⋅λ−=  (16) 

 Expected value of working time Tp - E(Tp) is: 
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where: α - Weibull distribution parameter. 
 

Parameter α describes probability of failure during ageing of an element: 
• α < 1 function λ(t) is monotone decreasing - it means that probability of failure 

is decreasing in time passage, it can suggest that elements in population have 
manufacturing defects, 
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• α = 1 function λ(t) is constant - Weibull distribution becomes exponential - means 
that probability is constant - it implies that cause of failures are random events, 

• α > 1 function λ(t) is monotone increasing - the probability of failure is increas-
ing in time, probably because of ageing of elements. 

4. Conclusions 

 In this work mathematical model of preventive renovations was presented 
and it's following conclusions.  
 It was shown that in case of exponential distribution of failures scheduled 
maintenances do not increase reliability of an element. 
 Scheduled maintenances extend an expected value of working time if next 
working times are shorten, for instance if it's possible to describe them by 
Weibull distribution with its parameter α > 1. 
 The paper shows a model of prevention renovation based on reliability theory.  
 The model was applied for elements of water supply system. The conclu-
sions are: 
• if a damage intensity index of an element was described by an exponential dis-

tribution, using prevention renovation would not extend an expected value of el-
ement’s working time, 

• if the index was described by Weibull’s distribution with distribution’s parame-
ter α > 1, prophylaxis would extend an expected value of working time. 
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ODNOWY PROFILAKTYCZNE A NIEZAWODNO ŚĆ ELEMENTÓW 
SYSTEMU ZAOPATRZENIA W WOD Ę  

S t r e s z c z e n i e  

 Jednym z głównych wymagań stawianych systemom komunalnym, a w szczególności syste-
mowi zaopatrzenia w wodę jest ich niezawodna praca. Systemy zaopatrzenia w wodę są eksploat-
owane w sposób ciągły w długim przedziale czasowym. W związku z tym budujące go elementy 
także podlegają intensywnej i długotrwałej eksploatacji. Kontrolna ingerencja człowieka wykrywa 
i usuwa ich usterki będące potencjalnym źródłem awarii. Powszechnie stosowanym rozwiązaniem 
stają się tzw. odnowy profilaktyczne. Pod pojęciem odnowy profilaktycznej rozumie się działanie 
na zdatnym obiekcie, mające na celu zmniejszenie szybkości utraty jego zdolności użytkowej. 
Odnowy profilaktyczne nie likwidują możliwości powstawania uszkodzeń, ale mogą zmniejszać 
prawdopodobieństwo wystąpienia odnów awaryjnych. Strategia odnów profilaktycznych polega na 
odpowiednim usytuowaniu ich w czasie, tak aby osiągnąć maksymalną rentowność przedsięwzię-
cia lub wymagany poziom niezawodności. Najczęściej stosuje się tzw. strategie periodyczne, które 
polegają na odnowach profilaktycznych po z góry określonym czasie eksploatacji elementu i od-
nowie awaryjnej z chwilą jego uszkodzenia. W pracy przedstawiono model matematyczny odno-
wy profilaktycznej na przykładzie elementów systemu zaopatrzenia w wodę. Wykazano, że 
w przypadku wystąpienia rozkładu wykładniczego awarii zastosowanie odnów profilaktycznych 
nie zwiększa niezawodności elementu. Remonty planowe wydłużają wartość oczekiwaną czasu 
pomiędzy uszkodzeniami jeśli kolejne jego wartości się skracają, co oznacza, że występuje starze-
nie elementu, które można opisać rozkładem Weibulla z parametrem α > 1. 

Słowa kluczowe:  niezawodność, czas pracy bezuszkodzeniowej, obsługa, system zaopatrzenia 
w wodę  
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