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Abstract

In paper the methods of comprehensive analysislafhility, safety and operation of the water sypg}stem
were presented. The main goal of this work is ®sent the problems associated with the WSS funotian
terms of belonging to critical infrastructure. Téwalysis of the WSS functioning in face of emergeexents
occurrence should be one of the priority actiorleetaby the water companies. The paper presents an
application of reliability and safety analysis chter supply in emergency situations.

1. Introduction - failures of water pipes and fittings,

o . _ _ . - secondary water contamination in water supply
Civilization conditions cause increased interest in atvork

problems connected with municipal systems safety ;,.igental events causing a lack of water supply fo

management, especially when a critical situation yisyrinytion subsystem, for example, water source
occurs. The European Union Directive 98/83/EC and ., niamination, water treatment plant failures, wate

the World Health Organisation (WHO) guidelines . niamination in network water tanks

committed European Union Member States 10_toires in water pump stations '

monitor the quality of water intended for human '

consumption. In 2004 the WHO provided guidelines tpo consequences of the above mentioned events are
[37] for the development of the so-called Water 3]:

Safety Plans, which are designed for Water Supply. |ack or interruption in water supply to consumers,

Systems (WSS). The Water Safety Plan (WSP) iS @ 164t to consumers health due to the consumption
key element of the strategy for preventing ¢ poor quality water
undesirable events in all CWSS subsystems [36]. \yater company financial losses incurred because of

[38]. The WSP includes: the basic characteristics 0 g |50k of water sales and the necessity to remove
the aim of WSP, which is to ensure water consumers failure, to rinse the network, to pay compensations

safety, an overall assessment of CWSS - including to water consumers,

the answer to the question whether the water supply consmers financial losses related to, for example,
system - from the water intake through water o hecessity to buy bottled water, to pay for

treatment, up-to-consumption - is able to provide yeaiment, to bear costs resulting from sanitagy an

water that meets health standards in accordante wit hygiene related problems.

the applicable regulations, management plansype mast common undesirable events in WDS are
validating ‘monitoring for each WSS subsystem (i res of pipes of water supply network and its
conducted in order to confirm that the |mplementedﬁttings_ In most cases damages of fittings do not

WSP procedures allow to achieve the planned., e 5 direct threat to water consumers. It also
objectives [41]. Emergency type events in Water,qjies to |eaks in water pipes which do not case
Distribution Subsystem (WDS) are divided primarily

on [19], [31], [33]:
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necessity to exclude the segment of network frombe taken effectively only by using extraordinary
exploitation [15]. measures, when different bodies and institutioss, a
Due to a specific character of water-pipe networkwell as special services and teams act under joint
operating, the system of failure repair is insebgra management. A state of natural disaster may be
connected with the maintenance of networkintroduced to avoid the consequences of natural
operational reliability and a priority is to proeid disasters (e.g. flood, draught, etc) or of techgickal
consumers with good quality water, at the accident exhibiting characteristics of a natural
appropriate pressure, at any time [26]. disaster and to remove them. In the article 3 df Ac
Water supply system failures are a major problem inon a State of Natural Disaster the notion of ndtura
the process of system operation. Failures of tipe t disaster is defined as an event resulting from
include: the body of the pipe, connectors andprocesses of nature. Technological accident,
compensators, fittings (gates, valves, hydrantstsve however, according to this act, is an abrupt and
and drains, etc.). They may be caused by a singlenexpected damage or destruction of a building,
random events or human intervention or are themachine or any other technical device placing them
result of the combined action of time, excessivetemporarily out of order or depriving them of their
stress and/or local unfavourable environmentalmain features. A disaster having enormous size is
conditions [7], [27], [32]. called a cataclysm, secondary effects of disasters
The reasons for the failure of water supply networkinfectious diseases, epidemics, natural environment
can also be wrongly assumed concept of the stricturdestruction [20]-[21]. A catastrophic event in acna
of the water supply network, wrongly chosen scale is defined by the World Health Organisation
hydraulic conditions of the network (too high (WHO) as such event whose occurrence and
working pressure, lack of fittings protecting agdin consequences cannot be combated by an affected
hydraulic impacts), the corrosivity of ground, society itself, and the outside help is needed.[41]
temperature changes, etc. [18], [25]. TheThe notion of a serious failure and a serious
comprehensive analysis of the water supply systenindustrial failure was introduced by th&ct of 27
failure can be found in the monograph by M. April 2001 Environmental Protection Law
Kwietniewski, J. Rak [12], where the extensive dataAccording to this act a serious failure means an
and the analyses of the results of the nationdlietu event, especially emission, fire or explosion dgrin
made so far, were collected. an industrial process, storage or transport, inciwhi
The CWSS safety management is an activity of aone or more dangerous substances occur, leading to
leading operator involving determining objectives an immediate or delayed threat to people’s lives,
(preventing lack of water supply or poor quality health, environment. A serious industrial failure
water that endangers the health of consumers usingneans a serious failure in a plant. On 26 April 200
public water pipeline) and their success with tee u the Act on Crisis Management was passed ( this act
of processes, information resources in the giverabolished Act on a State of Natural Disaster),ciwhi
operating conditions, in accordance with the defines a procedure which should be used when there
applicable law and reasonably economically. Aare no conditions to introduce one of the
special case of WSS safety management is systemonstitutional extraordinary measures (chapter XI o
management in a crisis situation [35]. the Constitution). The act defines a crisis sitwaths
The main aim of this paper is to present the proble a situation resulting from the threat and leading,
associated with the WSS functioning in terms of consequence, to break or considerable damage of
belonging to critical infrastructure. social bonds, with, at the same time, significant
restrictions on the operation of the competent
2. Legal status of WSS safety management in  authorities of public administration in such degree
crisis situations however, that used measures necessary to ensure or

o , restore safety do not justify the introduction of af
Chapter XI of the Constitution of the Republic of the extraordinary measures given in article 228

Poland titled “Extraordinary Measures” defines section 1 of the Constitution of the Republic of
situations of particular danger, in which ordinary pgjand. The measures necessary to ensure or restore
constitutional measures are inadequate and acftate safety are defined by the Act on Crisis Management
natural disaster may be introduced legislator 55 an activity of public administration bodies,rggi
defines the notion of a state of natural disasteaa 5 element of national safety management, which
natural disaster or a technological failure whosegim is to prevent crisis situations, to prepare to
consequences threaten health of a large number Qiontrol them using the planned actions, to response

people, a great amount of property or a significantyhen crisis situation occurs and to reconstruct
area of the environment, and help and protection cayitical infrastructure.
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3. Water supply in emergency situations unfavourable one should predict water delivery by
tanks or water-carts.

Technical and organizational requirements for the\yqiar pipelines and emergency wells should be
design and operation of CWSS are given by the,anared to get power from the generating sets,
currently not vglld Ordinance of.the Minister of possibly equipped with the generating sets, which
Economy, Planning and Construction on the rules Qi nrovide enough power to start pumps and water
ensure the operation of public water supply faesit g, 0y quring limited supplies. Fuel reserves stioul

in special conditions, which can be used by waterye g fficient for 400h, but not less than 200 hairs
companies to develop emergency plans for wateg, generating sets working.

supply. In accordance with the above guidelines in
crisis situation water company should: increase the4
dose of disinfectant, activate alternative water
treatment technologies, omitting Water TreatmentMost commonly used methods of risk analysis of
Plant (e.g. water supplied by tanks and water tarts WSS are [22], [24], [32]:

Treating water delivered from reserve intakes i th - What-if Analysis, focus on identification risks and
necessary amount should be ensured in technologicalpossible consequences, method performed by
systems adapted for the removal of water expert’steam.

contamination in  water treatment plants, - Process Safety, it is used to analyse the risks
transportable water treatment plants and special associated with the performance of tasks for
filters. The minimum water pressure in water operating the process.

network for the municipal water pipeline should be - Check List — CHL, sets of questions relevant for
0.1 MPa, for rural water pipeline 0.06 MPa. If the the system safety, the following applies:

CWSS does not operate and in the areas not coveredA positive response - there is no risk

by the water supply network, water is provided from A negative answer - there is a risk

. Failure risk analysis method of WSS

emergency wells. - Preliminary Hazard Analysis — PHA, for initial
One can distinguish two kinds of water identification of hazards, uses two-parameter risk
requirements in crisis situation: matrix, point scales are used in the likelihood

- the necessary water quantity (for a few weeks’ damage and severity.
time): people - 15 difperson-day, public utility - - Hazard and Operability Studies — HAZOP,
50% of their normal demand, industrial plants — identifies deviations from the intended course of
quantity necessary to guarantee operation, water the process, deviations can cause threats to gecuri
pipeline needs: 5-15% of daily production, fire uses the following keywords: no, more, less, in
protection - depending on needs and specific part, on the contrary, unlike.
character of the area, as determined by the Failure Mode and Effects Analysis — FMEA,

relevant fire brigade, Allows identification of the defect, determine thei
- the minimum water quantity (for a few days’ causes and assesses the impact and costs associated
time): people - 7.5 difperson-d. with them. The number of risk assessment is

In a crisis situation drinking water supplied to estimated from the formula: r =-®O, where
water pipe network in the necessary quantity should P is the damage probability, C is the consequences
be taken, if possible, from the underground water and O is the damage detection.
intakes, the other intakes in those conditions- Fuzzy Risk Analysis), a method based on fuzzy
become the reserve intakes. Water pipeline should logic applied in the case of having incomplete and
have the possibility to: uncertain data [32]. It can be used in conjunction
- cut off given water intakes with the operational with Neuro-Fuzzy Risk Analysis and Genetic

possibility to use the whole system or its Algorithm Risk Analysis, constitute basis for

fragments, e.g. water pipe network, water intake, intelligent risk management systems.

transit water pipes. - Methods of using GIS database, which is a system
- activate alternative water treatment technology for acquiring, storing, checking, integrating,

(e.g. periodical dosage of active carbon in a analysing, processing and data visualization. GIS

powdery form), can be an important part of decision support
- increase the dosage of disinfecting agent, systems and water supply in risk analysis.
- supply water omitting Water Treatment Plant. The most important simulation methods that can be

If the water pipeline does not operate and in theused in the analysis of the WSS functioning, inelud
areas not covered by water pipe network, water icomputer simulation methods, which use the
supplied from emergency wells. When a number oftheoretical basis of known models, such as thesEros
emergency wells are too low or their layout is tobaczew method, the Ilian method, Siertkin
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method, the Jaresko method [30]. The most popular of the element to the operation):

programs used in the country for the calculatiod an

analysis of the water supply network are: EPANET2 T,=Ty+ Ty &0}
(USEPA), PICCOLO (from Safaga), WaterCAD

(Heasted company currently Methods Bentley The analysis of the WDS operation in terms of
Systems), MikeNET/MakieURBAN (DHI Group), Wwater consumers safety must also take into account
InfoWorks WS (company Walingford), Infowater as a component of failure repair time, the time of
H20NET/H20MAP (MHW's Soft USA), ISYDYW interruptions in water supply to customers.

(K. Knapik, Cracow University of Technology),  The failure rateA(t) [number of failuregear
WATER (T. Nideliasska Computer Services, Gliwice), (day)'] or [number of failures- kite"] is calculated
Monte Carlo simulation methods. according to the formulas [13]:

For the management of water supply systems and
their operation computer models are developed in
parallel with monitoring of network systems based
on a variety of systems, eg. SCADA.

A=1T, (2)
and for linear elements:

5. Analysis of the reliability and safety of the A0 = n(t.tAON At 3)

water supply in emergency situations where T, = the average time between subsequent

5.1. Indicators and measurements in analysis ~ failures;n(t, t +4t) = total number of failures in the
o time interval (t, t + 4t); N = number of analysed
of water distribution network

elements or for linear elements their lengtikm];
Indicators and measures that can be used in thand4t =time of observation.
process of WDS risk analysis generally are divided- the repair ratex(t) [number of repairs-a(f)
into: determines the number of failures repaired per time
- statistical - determined in accordance with acakpte unit, it can be determined from the operating data
principles of mathematical statistics based on according to the formula (with assumption of
historical data from the operation of the subsystem Poison stream of failures):
- probabilistic - determined on the basis of the
probability theory, = 1T, (4)
- linguistic - describing the risk parameters by nzean
of the so-called linguistic variables, expressed inthe frequency of failures f is calculated as the
natural language by such words as: small, medium@average number of failures (damages, undesirable
large. events) per time unit during the operation [failare
Key indicators, measures and functions used tdailure/month].
estimate the individual risk parameters are [133]]
- Ny - a number of failures during the analysed period5.2. Method of safety integrity levels of water
of WDS operation, supply in crisis situations
- Ny - a number of failures (undesirable events) _ _
caused by a specific factpfor the analysed period ~According to the standard [9], [10], the requireisen
of WDS operation, for reducmg the 'I’ISk. corresponds to_the level of
- Ny - & number of failures (undesirable events) thafntegrity of security in accordance with the scale
cause a specific effectfor the analysed period of reductlo_n of rl_sk. The transition from a given Ibm’a_
WDS operation, safety' integrity requires a higher level of risk
- the average values of the number of undesirabléeduction [3], [7]-[8], [10]. ,
events (failures) together with the basic statigtic There are several methods of analysis and
characteristics, such as median, standard devjatiorfSsessment of the risk of failure in SZZW for the
lower and upper quartile, the degree of dispersion, Safety assessment of SZZW [26], [31]-[32].
- the average operating time between failuFgfd], The basic definition of risk is presented by the
which is the expected value of a random varidgle formula:
defining operating time (ability of the system {isr
components) between two consecutive failures, [ = Z”: P C (5)
- the mean repair timd, [h] is interpreted as the e
expected value of time from a moment of failure to

a moment vv_hen an element is mpluded to thewherePi is the occurrence probability of undesirable
operation. It is the sum of the waiting for repair o ant of the-th kind in the time uniti(= 1, 2, ..., n),

time Tq and the real repair tim (till the inclusion ¢ i the effects of undesirable event of ik kind

i=1
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in the time unit and is the number of undesirable shown inTable 1
events.

Table 1.Calibration of risk parameters
Matrix shows the dependence of the probability of

the hazard occurrence from their consequences Quantitative
(effects) Risk classificatio
] o . Quialitative classification n/
Risk matrixR is called the representation: parameters Quantitative
weights
{Pu Py, i {C1 Coy .} L(ij) ~ 1y CR (6) | Probabil| p, | improbable; oncein>10) 4
ity of years
. - . hazard unlikely; within a range .
whereP, is the occurrence probability of undesirable | geeurren| F2 from 1 to 10 years (10+100)
events, i = 1,2, ... mMmis the number of the scale for ce-P | P; sporadic; once a year >100
the probability parameterg is consequences - small vulnerability - high
relative losses associated with a given probabijlity vV, resistance, professional <10
1,2 ...n and n is the number of the scale for the| vulnera mo”s';ofg;‘fbsgﬁ}zg and
parameter statement. b"'\t/y - high vulnerability - low
_ o _ vV, r¢5|§tance), Ilmltgd . > 10
The most popular method of risk analysis is matrix qualitative and quantitative
method, in which to the individual parameters a ____monitoring =
weight point is assigned in appropriate scale Peg. c, | (financial llzoj;es to-s <10
1- small, 2 - medl_um, .3 - large, C = 1'- sma!l—, 2 slightly exceeding the
medium, 3 - large, in this way, a set of risk value normative water quality,
range < (1 to 9) is obtained. The next step igidie health indisposition of
assessment, in which three- or five-step scale is C, CONSUMETS, CoNSUmer |- 11 q
assumed complaints on water quality
) . . . (eg. an unpleasant odor
In work [28] the implementation of expanded risk | The size nuisance, etc.). financial
matrix was proposed, consisting in assigning| ofthe loss to 10 EUR
individual estimates of probability and losses risk| possible required hospitalization of
weight and obtain in a measurable way risk taking EffeCCts | e, EXPQSter? peog)l!e' ”ofj'f"fat"’” (100+1000]
into account the total number of identified threats fnancial ss 10 ToPLN
Research related to the risk analysis of municipa threat to life or health of
infrastructure [22] have shown that on its sizeidees consumers, serious toxic
the parameter of likelihood and losses great impact effects of indicator
has protection parameter (Oyhich is inversely Cs hosgi:gﬁ;‘;i”;ﬁ' gt?lﬁies > 1000
S;c;gcr;]rg?enra(lvt)o[ztg]e size of the risk or vulneraili ftOp nev|v|s in the med?;
. inancial losses over 20
Assessment of the risk index is made on the bdsis @ PLN

the aforementioned parameters [27]:
Table 3 presents the proposal to introduce the

ir=1(s, P, C, V) (7)  following safety integrity levels for the system
of water supply, which is characterized by
and continuous operation. Three-scale safety

integrity levels of PNB 1, PNB 2 and PNB 3
depending on the acceptable range of tolerable
level of risk was proposed, appropriate for
different categories of customers in WSS. In this
way, you can analyse the various undesirable

occurrence of undesirable events scenarias the eve_n_ts, adopting the foIIo_vv_lng Categorle_s of
vulnerability to the of undesirable events scenario’€CiPients Table 3 determining the required

occurrence andPNB is the required safety integrity Safety categories. lable 2values of demanding
level [34]. stationary availability index K9 depending of

different water network category were presented.

ir=1/PNB

whereSis the scenario of undesirable eveRss the
probability of the representative scenario of
undesirable event is the amount of losses of the

The proposed classification of risk factors is
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Table 2 The required values of reliability, depending 5.3. Analysis of the water pump reliability
on the category of the water supply system accgrdin .
5.3.1. Introduction

to [40]
The In both normal and emergency conditions, a
coverage| Failure | Time particular role in the water supply systems operati
Water ratio of | frequen| of (except gravitational) play water supply pumping
2:&%5 vtvcz)at?elr | e Ksd(WSS) stations (WSPS), which due to their functions
demand | 1year | To, h (supply of water in the desired quantity and at the
Qd, % appropriate pressure), are their neuralgic subsste
I.Particularl They determine the correct operation of the entire
yimportant | 100Qd | <3 =24 | 20,9917809 WSS, therefore, they should have a high level of
pigﬂi‘?{ﬁge reliability. Assessment of the reliability level
waterworks | >70Qd | <2 <24 | >0,9945206 achieved by the system (object) can be made based
large on measurable, and therefore possible to compare,
number of different measures (indicators) of reliability whic
;eg'g%gtg >0Qd | <002 | <24 | >09999453  can pe obtained by several computational methods
I Average | 1000d | <6 ~24 | > 0.0835617 developed by rellabll'lty researchers. Many of them
waterworks = = = can also be applied to assess the expected
numberof | >70Qd | <3 <24 | >0,9917809 performance level imposed on water supply pumping
residents |~ Qd | <002 | <24 | >09994542 stations. These methods are more or less complicate
53??&5?0 — — — and laborious, but also give more or less accurate
waterworks, |_ 100 Qd | =12 | <24 | 209671233 estimation of the level of reliability. The most
number of | >70 Qd <6 <24 | >0,9835617 popular methods are, among others: analytical,doase
residents on reliability schemes donating in a simplified wa
=500 »0Qd | =t | =24 | >0.9972603 real solutio):]s of these objectéJ (how to [():onnect t%e

pumps and pipelines), a complete inspection, partia

Table 3.Proposal of safety integrity levels for WSS inspection, fault tree (functors), paths and cthis,

purposes minimum cross-sections failures, queuing theory,
Categories of recipients Monte-Carlo, and others described by numerous
Parameters I T M national and foreign authors of which mentioned
Tolerable [igjfigj) [igjfig;) [11§;-+11c?1) here are only exemplary ones [1], [2], [4]-[5], [13
hazard risk (o000 110.40) | 109100 | [14], [16}{17], [19], [39]. Among these methods
Risk index particularly effective method seems to be minimal
PNB ir cut set failure (MCSF) in a version modified by J.
I I n Gumiaski [6]. It is suitable for the study of complex
PNB 1 [1000-100) [100-10) [10-1/10) technical systems (pbjects)_ such as W_SPS. This
PNB 2 [10000+1000) [1000+100) [100+10) method provides full information on reliability tie
PNB 3 [100000+10000) | [10000+1000 - examined object (based on this method three

important indicators of the reliability of the sgst

Category | assumes higher level of security, egcan be determined: the average working time
PNB 3 which defines an emergency situation occursbetween failuresT,s, mean time of repaiff,s and

once every ten thousand yeaf$e lowest level of
tolerable risk is inseparably linked with the exeelc

binding these two measures the so-called stationary
availability index Ks, with a relatively moderate

high level of security, and with the necessary riskeffort [2]. Below the theoretical basis was desedib

reduction.

Determination ofPNB for eachundesirable everis
the basis of parameters probability,
and magnitude

made on

vulnerability

the

potential

consequencesis proposed in the work [32].

Presented assessment can be read in the followin

and a methodical example explaining the course of
conducting analysis of reliability was given.

5.3.2. The theoretical basis of the minimal cut
set failure method

I%Iethod of minimal cut set failure belongs to the

way, eg. the level d?NB 1we identify with the need
to apply the basic techniques of WSS operation td@roup of methods based on the structural and
meet the function with respect to the required lleve functional ~analysis and generally involves the
of security, while in the case ®NB 2and PNB 3 identification of the so-called reliability strucéuof

should be considered additional procedures to ensuith€ €xamined system. This identification is based o
the maintenance of a given leRNB, an analysis of the possible flow paths (e.g. water)
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performed taking into account the fulfilment of provides a vector built only of ones. In this wayset
system function. Reliability structure of the syste of two-elemental cut set failure is determined.
determines the relationship between reliabilityesta Similarly, the threes of elements forming the three
of elements (functional or damaged), and the sthte elemental cut set failure are sought, but thosberh

the system reliabilityT herefore by the term of flow  which contain previously designated one- and two-
path or equivalent - path of system efficiency e on elemental cut set failure are not considered. htn t
should understand such set of system componentsame way further cut sets are determined : four- o
whose efficiency determines the efficiency of the more elemental cut set failure , checking each time
system, regardless of the condition of the otherthat each of the designated, generally N-elemental
elements. The flow way (path) is called minimum cut set failure does not contain in itself previgus
when there are no other way as a subset, andtthusdesignated 1, 2, 3, ... N-1 elemental cut set riailu
is formed by the minimal set of elements whosesections.

efficiency ensures the system operation. In a &gic In  practical applications of this method,
sense, the set is a conjunction indicating thatconsideration are usually limited to designate a
elements of the minimum flow path (MFP) form a maximum of three, and even a two-elemental cut set
serial reliability structure. Minimum number of Wo  failure, since the probability of simultaneous dgma
paths in the system is determined by its technicato a greater number of elements of the system,
structure and assumed criterion of efficiency, andcompared to their typically high reliability, is nye
their set creates a parallel structure (in termesgit, little. It allows a significant simplification ofhe

it corresponds to an alternative), because ondyasn calculations with making a minor error. Such
them is enough to make the system operationalprocedure, however, cannot be the rule, which shoul
Efficiency criterion is defined by technical and be kept in mind during reliability analysis and whe
technological requirements of the system in normalmaking decision concerning the degree of
and emergency conditions (e.g. the nominal andsimplification.

minimum acceptable efficiency). The designation of

all the minimum flow paths allows to specify the so 5.3.3. Simplifying assumptions and basic

called minimal cut set failure (MCSF): single-, calculation formulas

double-, triple- or more elemental, depending an th o o )
desired accuracy of the calculations. Single cut seAftér determination of the minimal cut set failure,
failure element is the element whose failure cause¥OU can assess the reliability of the system usieg
the break of all the flow paths in the system.sit i formulas used in the two-parameter method of
therefore the element that repeats itself in @liftow ~ @ssessing the reliability of systems with seriai an
paths. Such cut set failure elemardy be one, more parallel structure, based on _the cor)cept of ff_allure
than one, or they may not appear at all. If theee a frequency [3_9].They were derived while complying
some elements, they all form a set of one-elementdine assumption tha‘g the state of each.system ete'men
minimal cut set failure. Two-elements of cut set@ré described by independent, stationary, ordinary
failure form a pair of elements whose simultaneous@nd ergodic random process, that the distributains
failures cause break of all the flow paths andtime between failuresT() and time to repairTy) are
therefore the system goes to a disabled state. exponential. In the case of the MC#tethod it is
The elements that constitute a one-elemental ¢ut s@dditionally assumed that, in relation to the
failure are not considered. In a similar way, you canoccurrence of minimal cut set failure the sepaitgbil

determine the three-, four-, and more elemental cutule is applied. It assumes that the system faitare
set failure. occur only during one of cut set failure (the

To determinethe minimal cut set failure a two- Simultaneous appearance of two or more number of

dimensional matrix of zero-one is build (number of Cut set failures excluded). _
minimum ways x number of system elements), in The assumptions allow to note the system failute ra
which a logical one ("1") describes all the effitie (/1) as the sum of the failure rate of individual
elements, forming flow path, and the elements whoséninimal cut set failure: single, double, triple,
efficiency in a given way is not necessary aregenerally N-elemental:
described by a logical zero ("0").
If in a column of matrix treated as column vecto a
only ones, then the element forms a one elementa
cut set failure After eliminating all such vectors a
new matrix of reduced size is formed. In turn, #hos
two column vectors are sought, whose logical sumvhere 4% is the failure intensity of-th one
elemental cut set failure [V/hE® = 4, 4 -

Ml M2 M3 MO
EDWILED WD WILEIED WURNINC)
i=1 = I=1 a=1
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failure intensity of element;® - failure intensity
of j-th two-elemental cut cross failure [1/H}® —
failure intensity ofi-th three-elemental cut set failure
[1/h], 2." — failure intensity ofa-th N-elemental cut
set failure [1/h], M, M, M3, My— number of cut set
failure, respectively: one-, two-, three-, N-eletadn

1
T = 13
Ps A (13)
Tps
Ke= 14
® Tpe+Tng (14)

Values of1® refer to the single elements, which are 9-3.4. Methodical example of the WSPS

one elemental cut set of system failufdhey are
defined from the formula (2) given in point 4. The
values are calculated on the basis of the statistic
are taken from the literature, and the valyés 4,

.., AV are calculated from the proper formulas
(such as for the parallel structures) [29], [39].

Limiting further considerations in this paper for
single and two-elemental cut set failure, the failu
intensity of the latter can be written as follows:

- A A, (TN, +Tny,)
" 14, 0On, +A,0On,
D)\jl D‘jz m”jl +Tnj2)

(10)

where 4? as in equation (9, A is the failure
intensity of the first and the second elemenj-ih

two-elemental cut set failur@,;;, T, - the average
repair times of the first and the second elemetitén

j-th two-elemental cut set failure. The mean time of

system repair is:

M M,
® @ @ @
2 anf? + X o

Asg

Tng O (11)

where Tn®, Tn® is an average durations of repair
respectively i-th one-elemental andj-th two-
elemental cut set failure [h].

Values ofTn®, asi®, for the one-elemental cut set

are calculated on the basis of operational datd, an

two-elemental cut set uses the following formula f

the mean time of repair of two-elemental parallel

structure [29], [39]:

Tny [Tn;
P =2 (12)
nj1+TnJ-2

whereTny, Tn, as in the equation (10).

With values/l; andTns the other reliability indicators
can be calculated, i.e. the average failure free in
the system (T$ and stationary availability index
(Kg), according to the practical applications of
reliability theory [39]:

reliability analysis using MCSF method

To familiarize the conduct of reliability assessten
using the method of minimal cut set failure, and
especially structural analysis method, a methodical
example was provided. For the considered complex
system, for which reliability indicatoig,s, Tns andKs

are searched, water supply pumping station with two
main discharge collectors (MDC) was adopted,
which is schematically shown Figure 1

It was assumed that, for its full efficiency, thenk

of two out of four installed pumping units and at
least one MDC is enough.

MDC

Figure 1.Technical scheme of the analyzed water
pumping station: PU - pumping unit, BV - backflow
valve, SV - stop valve on the discharge pipe
(collector) (discharge gate), MDC - the main
discharge collector, 1,2, ..., 18 - numbers of pimgp
station elements

Conducting the reliability assessment of analysed
pumping station is preceded by determining the set
of minimum efficiency paths (minimum flow paths),
and then, on this basis, the minimal cut set-failim

this case, the number of possible flow paths is
determined by the number of working and backup
pump units, the number and piping placement, valves
and backflow valves and  structures of these
elements connection.

Designated minimum paths, represented by the
numbers of elements that build them with their
graphic illustration (bold lines) are givenTable 4

Each minimum path constitutes a set of elements,
whose efficiency is enough for the realization of
pumping function, defined here only by the critario
of capacity Q = Q,; Q, - nominal capacity). In the
presented case it is fulfilled during the work bét

two pumping units and the possibility to transmit
water by at least one main discharge collector.
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Table 4.The designation of MFW for the analysed

WSPS
Graphic illustration of Minimum Flow Way (MFW)
MFW1 MFW2
T 13 1415 15 218
X

X9 X10 A1 X12

5 76 778

1 @2 3 04

Symbolic record of considered MFW

MEFW1

123,_, ,6,78,_, ,11,12,13, , ,16,17,18

MFW2

123, , .,678, , ,11121314,1516,17,1§

Graphic illustration of Minimum Flow Way (MFW)

MFW3

17%1 14 15 16 <18

3

X9 X10 11 X12
5 6 7 8
1 2 3 4

MFW4
17X 13 1415 18 18
X9 X10 11 X12
5 /6
1 02 3 Q4

as elements "separating" the rest of the pumping
station not participating in the transport of water
Designated minimum paths are then recorded (in the
numerical order given iTable 4 in the form of
zero-one matrix {able §, illustrating the coded
record of reliability structure of pumping station
This matrix, as discussed in point 5.3aows to
determine the individual MCSF, in this example th
consideration was limited to one- and two-elemental
cut set .

Analysing Table 5it can be seen that none of the
column vectors contains only ones, and therefore
there is no one-elemental cut set.

It means that none of the components of analysed
WSPS will cause lack of the ability to meet its
functions (with the criterion of efficiency).

Table 5.MFW recording in matrix 0-1

Graphic illustration of Minimum Flow Way (MFW)

1"'glz_'m 14 15 18 <18

X9 X10 11 X12
5 6
1 2 3 4

Symbolic record of considered MFW

MFW9 |

12,3, ., .6,78, ., 1112,13,14,15,16,17,18

Particular minimal

paths are,

therefore,

both

Pumping station elements
Symbolic record of considered MFW Stop valve (SV) on:
MFW3 | 1,23, 678, 11,1213, , 16,17,18 Pumping | Backflow |— pre (B
MFW4 12,3, ,,6,7,8,, ,11,12,13,14,15,16,17,18 unit (PU) \(/g'\\//f Discharge |  Aggregate | -
Graphic illustration of Minimum Flow Way (MFW) pipeline collector
MFWS5 MFW6 1/2|3]4|5|6|7|8]9]10 11| 12| 13| 14 15/ 16| 17| 18
1/1)0({0|2|1|0|0Of1|1 O O 1 11 0of 0 1 O
1/0[1/0]1|0f1|0|2|1 1] O 1] 1 1 1] 13 O
1/0{1(0|1|0f1|0|2|0Of 1] 1 1] O 1 1] 1 1
1/0/0f1|{21|/0|0Of2|1|0 O 1 1 O] Of 1] 1 1
Symbolic record of considered MFW 0/1/1]0j0]1/1]0j0| 1] 1] 1] 1] 1] 1] 1] O] 1
MFWS 123,678, 11,1213, , ,16,17,18 0(1]1]|0|0f2[2|0O|1|1] 1) O 2] 1] 1] 1] 1] O
MFW6 . .1,2,3,_.,_,6,7,8,__,__,11,12,13,14,15,16,17,1E olilolilolilolalol 2 2 2 1 2 4 4 o 1
Graphic illustration of Minimum Flow Way (MFW) olilol1lolalolalal 1l of 1l 1l 1| o 1] 1] 1
MFW7 MFW8
0/0|1]1|0(0]2|2|0|J O 1 1] O O 1] 1 0 1
17X 13 14 15 18 18
X9 X100 X1 X12 Table 6. The designation of MCSF for the analysed
5 76 778 WSPS
1 @2 3 @4
1-el. the minimal cut set failure : M1 =0
Symbolic record of considered MFW 2-el. the minimal cut set failure : M2 = 29
MFW?7 123, ., ,678, , 111213 , 16,17,18
MFWS | 12,3, , .6,7,8, , ,11,12,13.14,1516,17,1¢ Type [PUSV] | Type [BV,SV] | Type[SV, SV]

[1,16], [2,16],
[3,13], [4,13]

[5,16], [6,16],
[7,13], [8,13]

[9,11], [9,12],
[9,15], [9,16],
[9,18], [10,12],
[10,16], 10,18],
[11,13], [11,17],
[12,13],
[12,14],[12,17],
[13,15], [13,16],
[13,18], [14,16],
[14,18], [15,17],
[16,17], [17,18]

M2 (SV, SV) = 21

M2 (PU, SV)=4| M2 (BV, SV)=4

elements appearing in the water flow path in the N .
given configuration of working pump units, as well Such conditions occur when simultaneously pump
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units and some fittings (among stop valves) are in
failure state and when only the fittings elements
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(some of the valves with valves and backflow valve§?] Bajer, J. (2013). Ecomical and reliability
with some valves) are in failure state. criterion for the optymization of the water supply
In the zero-one matrix logical sum of column  pumping stations designs, Environmental
vectors, corresponding to such two simultaneously Engineering IVin: Pawtowski L., Dudziska M.
damaged elements, provide vectors constructed with & Pawlowski A. (eds), Taylor & Francis Group,
only ones. Obtained in the analysis minimum cut set London, 21-28.

failure are summarized iTable 6 For them, using [3] Baybutt, P. (2012). Using risk tolerance critega t
the previously given relations, the calculation is determine safety integrity levels for safety

performed of the relevant reliability parameteﬂrjg)( instrumented  functions. Journal of Loss

T,?) and system indicatorgl{, Tp, Tns andKy). Prevention in the Process Industrieds (6),
1000-1009.

6. Conclusion [4] Cullinane, M. J. Jr. (1985)Reliability evaluation

of water distribution systems componentsS.
The management of risk connected with the WSS Army Engineering, Waterways Experiment

can be defined as a process of coordination of the Station, New York: ASCE, 353—-358.

operation of the CWSS elements and its operators] Duan, N. & Mays, L.W. (1990). Reliability
using available means, in order to obtain the analysis of pumping systemsJournal of
tolerable risk level in the most efficient way,fas as Hydraulic Engineeringl16(2), 230—238.

technology, economic and reliability are concerneds] Gumiaski, J. (1977). Metoda obliczania
The exploitation of urban CWSS should take into  \skaznikéw niechgtosci zasilania wztéw sieci

account the minimization of water losses, operaifion rozdzielczej o uktadach klasycznydhst. Energ
and safety reliability, which means to choose tastb 12257.
alternative which will assure them the best results [7] Hastak, H. & Baim, E. (2001). Risk factors

their economic activity. affecting management and maintenance cost of
WSS exploitation in terms of belonging to a critica  yrban infrastructure.JJournal of Infrastructure
infrastructure is an important issue and requires a Systemg(2): 67-75.

detailed analysis. Therefore it is important toelep  [8] Heinz, P. B. (2012). Safety integrity levels —
emergency plans for the supply of drinking water fo  Aprroach, methods, examples. Educational
different crisis situations, as well as detailedlgsis Course: 6th Summer Safety & Reliability
of the risk of possible undesirable events in WSS, Seminars, Gdask-Sopot, 02.09.-07.09.2012.

order to develop a comprehensive safetyo] International Electrotechnical Comission — IEC
management program of the system. 61508 — Functional safety of electrical / electconi
The development of appropriate risk assessment / programmable electronic safety related systems,
methods for WSS in crisis situations reduces the Geneva 2010.

potential consequences of an accident, helps [10] International Electrotechnical Comission — IEC
taking decisions by engineers, designers and 61511 — Functional safety — Safety instrumented
government officials regarding the selection of the  systems for the process industry sector, Geneva
optimal solution, as well as methods to protect WSS 2003, 1st edition.

consumers and the surrounding environment frqm] Jezierski, M. (2003). Wprowadzenie do
the negative effects. Analysis of the risks asdedia “Bezpieczéstwa poprzez funkcje

with the operation of WSS will help to increase the  zapezpieczape” wedtug standardu IEC 61508
safety of consumers, which should be the standgrerd i polyco 05.2003.

the management of water supply systems. It is a[39] Kwietniewski M, Rak J. (2010)Niezawodng
important in the implementation of sustainable  infrastruktury wodocigowej i kanalizacyjnej w

development principles in the management of water polsce Stan bada i mozliwosci jej poprawy,
supply. The universality of the presented methods wyd. PAN, Warszawa.

and the possibility to use them in the evaluatibn @3] Kwietniewski, M., Roman, M. & Kloss-
various WSS characterized by a different specficit ~ Trebaczkiewicz, H. (1993). Niezawodngr

should be emphasized. wodociygéw i kanalizacji Wydawn. Arkady,
Warszawa.
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