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Abstract

Water supply network is an essential element chminvater supply systems. The operation of a wateplg
system is inseparably connected with a risk otifail The main problem in the risk of failure an&ysf water
mains is the uncertainty of the information coléetton the description of failure. In order to cdesithe
uncertainty of information, the theory of fuzzy setas usedThe fuzzification of frequency, severity and the
consequences of the incident scenario is basid iimpufuzzy risk analysis. The presented modelds pf a
complex model of risk management of failures inewahains and can be used in practice in systenatyyéy
decision-making procesAn adaptation of the fuzzy set theory to analysk of failure of water mains is not a
standard approacln effect of the analysis of different sources iskrcan be used for the design of a more
reliable safety system assurance.

In many cases, data on failures of water mains are
obtained from experts (water supply system
operators, engineers or researchers).

.. These data are often imprecise and incomplete. The
task for waterworks and even for the local autresit following data, among others, are necessary to

to ensure the swtablc_e level of its safety. Its &rno perform risk analysis in the WSS [3]:
supply consumers with a required amount of water, . . .
data identifying the analysed object (e.g. water

with a specific pressure and a specific quality,” _ i s
according to binding standards, and at an acceptabl ~ treatment station, distribution pipeline), the name
and type of the object and its basic technical,data

price. Modelling the risk of failure in water suppl
data about failures (undesirable events), repairs

1.Introduction

A water supply system (WSS) belongs to the critical
infrastructure of cities, and it should be a ptiori

network consists of three main tasks: .
* assessment (estimation) of the frequency/

probability of emergency scenarios (undesirable
events),

assessment (estimation) of various consequences
of emergency scenarios (undesirable events), °
estimation of water mains protection level and
the various types of protection minimizing the

and other breaks in the WSS’'s operation
(information about the date, time and duration of
failure, and a description of the failure),

data relating to the reasons behind the occurrence
of undesirable events,

data relating to the consequences of these events.

possible consequences of emergency scenariobhe main aim of this study is to present a risk
(undesirable events). analysis model using fuzzy set theory and the
The case that occurs most frequently in the riskapplication of this theory in the risk management
analysis is a statistical uncertainty caused by therocess in water network.
random nature of the studied phenomenon, the
influence of external factors, as well as the time2. The risk of failure of water mains

factor that determines a change of analysed . i . )
undesirable event (failure) [7],[15],[18]. Risk assessment includes the so called risk asalysi

which is the process aimed at the determination of
the consequences of failures (undesirable evants)
the WSS, their extend, sources of their occurrence
and the assessment of the risk levels. Haimes6[4]-[
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suggests that risk assessment concerns its reasons, Tablel.Criteria for a descriptive point scale for the
parametefi.(i=1,2,3,4,5).

well as its likelihood and consequences.

Drinking water infrastructure system uncertainty or
risk is defined as the likelihood or probabilityath
the drinking water service fails to provide water o
demand to its customers [3].

For purposes of this paper, operational reliabitity

the WSS is defined as the ability to supply a camtst
flow of water for various groups of consumers, with
a specific quality and a specific pressure, acogrdi

to consumer demands, in specific operational
conditions, at any or at a specific time.

Failure is defined as the event in which the systen
fails to function with respect to its desired objees.

Safety of the WSS means the ability of the system t
safely execute its functions in a given environment

The measure of WSS safety is risk.
Risk (r) is a function of the parameters: the

probability or frequency f{j that representative
emergency scenario occurs (RES), the magnitude ¢

losses ;) caused by RES and the degree of
sensitivity €, to RES, according to equation (1).

. The average
Point - , frequency of
weight| Probability of failure fai
£ ailure
' [1/year]
improbability,
f;=1 | once in 10 years and 0.1
less often
_ very low probability,
222 | Jncein (5-10) years 0.2
y fa=3 low probability, 05
once in (25 )years '
f;=4 | medium probability, 1
once in (0.51) year
fs=5 probability, 5
once in(¥6) months
fe=6 high probability, 12
f once a (¥ 1) month
f;=7 | very high probability,
once a week and more 56
often

N
r= ¥ (filCjE)

RES=1

(1)

where:

The criteria and the point weights for the assumed
descriptive point scale for the parameter of losges
and sensitivityg, are presented ifables 2andTable

RES a series of the successive undesirable evenfg'

(failures),

f, - a point value depending on the frequency of RES Table 2.Criteria for a descriptive point scale for the
' parameteC;, (j=1,2,3).

or a single failure,

i- a number of the scale for the frequency,
Ci--a point value of losses caused by RES or a sing|
failure,

j- @ number of the scale for the losses,
E.—a point value for the parameter of exposure
(sensitivity of water mains) associated with RE& or
single failure,

k- a number of the scale for the sensitivity,

N-number ofRES.

To analyse risk defined in this way the matrix
methods can be used [13]-[14]. According to
equation (1) the qualitative risk matrix was
developed, assuming a descriptive point scalehier t
particular risk parameters. Depending on the
frequency of a given failure the point weights tioe
parametef are presented ihable 1.

Point Description
2 weight

G

C=1 small losses :

e perceptible organoleptic changes| in
water,

e isolated consumer complaints,

« financial losses up to BL.C°EUR

C,=2 medium losses:

e considerable organoleptic problems
(odour, changed colour and
turbidity),

e consumer health problems,
numerous complaints,

. information in local public media,
financial losses up to 1EUR

Cs=3 large losses:
endangered people require
hospitalisation,
professional rescue teams involved,
serious toxic effects in test
organisms,
information in nationwide media,

financial losses over YEUR
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Table 3.Criteria for a descriptive point scale for the

parametek,, (k={1,2,3}).

5
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Point
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Table 5presents the five-step scale of risk .

E]_: 1

small sensitivity to failure (high
resistance):
the network in the ring system,

the ability to cut off the damage

section of the network by means
gates (for repair),

the ability to avoid interruptions
water supply to customers,
full monitoring of water

and flow rate at strategic points
the network covering the entire a

of water supply, utilising SCAD/

and GIS software, the possibility
remote control network hydraul
parameters

maing
continuous measurements of press

Table 5 Scale of risk.

Scale
r

Point scale
range

Risk category
ed
of

negligiblerisk (Nr)
tolerable risk (Tr)
controlled risk (Cr)
intolerable risk(lr)
unacceptable risk(Ur)

[1+6]
(6+10]
(10+20]
(20+27]
(27:63]

sur
of

ea
n 3. The use of fuzzy set theory in the analysis

to Of risk of water mains failure

QI WIN|F

IC The notion of fuzzy sets was introduced in 1965 by
LA Zadeh of the University of Berkeley [21]. Unlike

medium sensitivity to failure:

the network in the radial or mixe

system,

the possibility to cut off the damag
section of the network by means
gates, but the network capag
limits water supply to customers,
water mains standard monitorin
measurements of pressure and f
rate

in the classical set theory, the limit of the fuzs is

not precisely determined, but there is a gradual

transition from non-membership of elements in a set

ed through their partial membership, to membership.

_Of This gradual transition is described by the soecall

Ity membership functiop, where A is a set of fuzzy
numbers. Risk analysis is based largely on expert

g, opinions and uses such linguistic terms as small

OWlosses, high risk and can be described by means of
fuzzy sets [1], [8]-[11],[16]-[17]. For risk analgsof

2d

large sensitivity to failure (low resistanc

the network in the radial system,
the inability to cut off the damagge
section of the network by means
gates (for repair) without interruptir
water supply to customers,

E): water mains failure the membership function class
typet (a triangular function) according to equation
2d (2), the membership function class typaccording

of to equation (3)and the membership function class
g type L according to equation (4)vere proposed
[2],[[20]-[22].

limited water mains monitoring

0 for x<a
The riskr calculated from equation (1), for a single X—a
RES, takes values within the range63]. 5 forasx<b
Risk values are presentedTiable 4 according to the Un (xabc)={P~a (2)
three-parameter matrix and equation (1) [2],[19]. ¢ ‘;( forb< x<c
C_
Table 4.Risk value according to Equation 1 (the risk 0 for xzc
matrix).
E=1 E=2 E=3 0 for x<a
G ] G HA(Xab)=1X"3 foracx<h ()
fila] 2] 3] 1] 2] 3] 1] 2 b-a
r 1 for x>b
1 1] 2] 3| 2| 4] 6| 3] 6/ 9
2 2 4 6 4 8| 12 6| 12 18
3 3 6 9 6| 120 18§ 9 18 2y
4 | 4] 8|12 8| 16 24 12 24 36
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1 for x<a px=| i=1 =2 =3 i=4 i=5 i=6 i=7
b—x ; /o /]
Ua( x,ab)= P fora<x<b (4)
-a
0 for x>b
where:

00102 05 1 15 2 12

X- variable, parameter value, Tiyear]

Ha- the membership function of variable x in the  Figure 1.Form of membership function for the

fuzzy set A, parameter f

a, b, c -the membership function parameters ) . .

(minimal, median (central) and maximum value of FO I=1 the membership function belongs to a class
fuzzy number) typel, and is defined as:

For the frequency parameter the set of possible 1 for x<01
linguistic characterization is defined as: e (x=f0.10.2)= 0.2-x

F ={f}},i={1,2,3,4,5,6,7}.
Table 6 shows the linguistic characterization, type

for0.1<x<0.2
0 for x>0.2

and parameters of membership function. For i=2 the membership function belongs to a class
typet and is defined as:
Table 6.The linguistic characterization, type and 0 for x<0.1
arameters of membership function, fgarameter, -0.
P — P e X014 01<x<02
F ={f 1,f2,1,f4,f5,f5,17}). Ue(x= £0.10.205)= 0.1
membership 0‘2;" for 0.2< x<0.5
linguistic type of function :
i | characterizati membership  parameters 0 for x20.5
on function a b c
For i=3 the membership function belongs to a class
_ N typel, typet and is defined as:
1 | improbability| acc.to 01| 0.2 -
eq(4) 0 for x<0.2
triangular x-0.2
p | Vewlow | aceto | 0.1] 02| 05 pe(x= 1020510)= for02<x<0.5
probability
eq.(2) 2(1-x) for05<x<1.0
low triangular 0 for x>5
3 babili t,accto | 0.2| 05| 1.0 _ _ _
probability eq.(2) For i=4 the membership function belongs to a class
_ triangular typet and is defined as
4| medium - aceto | 05| 1.0 15
probability e ' ' ' 0 for x<0.5
€q.(2) ox-1 for05<x<10
triangular Up(x=1051015)= ' -
5| probability | t accto | 1.0| 1.5| 2.0 3-2x forl0<xs15
eq.(2) 0 for x>15
hiah triangular
6 robgb'l't t,accto | 1.5| 2.0| 12 For i=5 the membership function belongs to a class
P y eq.(2) typet and is defined as
7 very high typey, 20! 12 0 for x<1.0
bability |acc.to eq.(3) ~ )
pro L0 €q. L (x= £ 1.01520)= 2x-2 for1l.0<x<15
F ’ 4-2x for15<x<20
Figure 1 shows forms of membership function for 0 for x>20

thef parameter.

For i=6 the membership function belongs to a class
typet and is defined as:
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Table 8.The linguistic characterization, type and

arameters of membership function, arameter,
0 for x<15 P P Eop

2x-3 for L5<x<20 E=EuBBsl)
Hp(x=11520120)=<19_x membership
for 20<x<120 o type of function
k linguistic membership parameters
0 for x>120 characterization ;
function b
For i=7 the membership function belongs to a class a ¢
typey and is defined as: triangular
0 for x<20 1 small t,acc.to | 0.0 | 0.0 1.5
) - eq.(2))
He(x=£20120)=4X"2 {5 20<x<120 triangular
- 10 of X 2 medium t,acc.to | 0.5| 1.5/ 2.5
1 for x>120 eq.(2)
triangular
. . .13 large t,acc.to | 1.5 3.0/ 3.0
For the losses parameter the set of possible Bitigui eq.(2)
characterization is defined as: :
Ez{C,-} i={1,2,3}. Figure 2 shows forms of membership function for

the parameter€ andE.
Table 7 shows the linguistic characterization, type

and parameters of membership function for C A
parameter. Hee

jk=2
Table 7.The linguistic characterization, type and
parameters of membership function, @parameter,
C ={C1,C, G5}
membership
linauisti type of function
. inguistic ,
j .. | membership parameters
characterizatior function o . o N\ N
a|b| c O o5 1 15 2 25 3 xCE
triangular Figure 2.Form of membership function for the
1 small t,acc.to | 0.0 | 0.0 1.5 parameters E and C.
eq.(2)
triangular For j,k=1 the membership function belongs to aglas
2 medium t,acc.to | 0.5| 1.5/ 2.5 typet and is defined as:
eq.(2) 0 for x=0
triangular 15-x
3 large t,acc.to | 1.5| 3.0 3.0 Hce(x=C.EQQL5)= = for0<x<15
€q.(2) 0 for x=15

For the sensitivity parameter the set of possible
linguistic characterization is defined as: For j,k=2 the membership function belongs to aglas

— . typet and is defined as:
E={E}, j={1,2,3}. P

Table 8 shows the possible linguistic 0 for x=05
characterization for the sensitivity parameterypet Us=(x=C E051525)= x-05 for05=<x<15
and parameters of membership function. ’ 25-x forl5<x<25

0 for x=25

For j,k=3 the membership function belongs to aglas
typet and is defined as:
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0
x—-15
/JEE(X:C,E,]..5,3,3):

for x=15

for1.5<x<3.0

0 for x=3.0

For risk the set of possible linguistic characiain
is defined as:

R={r}, 1={1,2,3,4,5}.

Table 9shows the linguistic characterization of risk,
type and parameters of membership function.

Table9.The linguistic characterization, type and
parameters of membership function, for risk,

R :{r l1r21r31r4|r5}-

tvoe of membership
linguistic yp .| function parameters
I .. membership
characterization .
function a b c
negligiblerisk | triangular il
1 (NP) t, acc eq.(2 0.0 | 0.0 15.7%
tolerable risk | triangular o
2 (TN t, acc eq.(2 0.0 | 15.7§5 31.5
controlled risk| triangular d
3 ) t, acc eq.(2 15.75| 31.5| 47.25
intolerable | triangular d
4 risk(Ir) t, acc eq.(2 31.5] 47.28 63
unacceptable| triangular
5 risk(Ur) t, acc eq.(2 4r.25 63 63

Figure 3 shows forms of membership function for
risk.

\ 4

0 5 10 15.75 20 315 40 47.25 63
X=r

Figure 3 Form of membership function for risk r..

For I=1 the membership function belongs to a classD

typet and is defined as:

0 for x=0
HR(X=100,1575)={15757X ¢ <1575
15.75
0 for x=15.75

For 1=2,3,4 the membership function belongs to a
class typd and is defined as:

260

0
X
Ur(x=rabgc)= 15.75
X

1575
0

for 0<x<15751-2),

—~(1-2) for15751-2)<x<15751-1)

for 15751 -1) < x<15.750
for 15750 <x<63

For I=5 the membership function belongs to a class
typet and is defined as:

0 for x<4725
x—47.25
Ur(X=T47.256363)=1 1575 for 47.25< x <63
0 for x=>63

4. The decision model

Decision-making tools help in the selection of
prudent, technically feasible, and scientifically
justifiable actions to protect the environment and
human health in a cost-effective way [16]-[19].

A fuzzy decision model calculates the output value
based on the multiple input values. The model does
not analyse the exact values of the arguments, only
their degrees of membership in fuzzy sets, and on
this basis the output value, being a base for the
decision making process, is determined.

The Mamdani — Zadeh [12] type decision model was
proposed for risk management process of water
mains failure[7].

The input base of the proposed model consists of
three values of risk parameters: the frequency of
failure in water maing;(f;) losses associated with the
occurrence of failure,(C;), and a degree of exposure
(resistance) to failurgs(Ey).

The output of the model, which allows making an
operational decision, is the index risk value fatev
mains failurey (r).

The model consists of the following main blocks:

» The fuzzification block, which converts a vectdér o
numbers (the crisp input values of risk parameters)
into a vector of degrees of membership (a singleton
method was used) [11].

* The block of rules, which provides a knowledge
ase for qualitative knowledge and consists in
determining the relationship between the particular
parameters of the model.

A rule base determines the relationships between th
inputs and outputs of a system using linguistic
antecedentand consequenpropositions in a set of
IF-THEN rules. The rule base of a complex system
usually requires a large number of rules to describ
the behaviour of a system for all possible valuies o
the input variables. The base of rules contains the



SSARS 2010
Summer Safety and Reliability Semindime 20-26201Q Gdaisk-Sopot, Poland

logical rules which determine cause and effectvarious methods[2]. For the proposed model the
relationship between the particular risk parameters centre of gravity method was used [2]:
water mains.

. . , 5
Based on the risk matrix shown in Table 4, the base > g,l ( g )
of rules was determined. It is a set of rules: p ==L (5)
Rl = (Rl;, RbL, ... Rks), in a general form: S
' : lZM( n)
: . =1
If frequency isifand possible consequences afe C
and sensitivity is Ethen risk is r A diagram of the proposed model is showrrigure
4

where: if — premise, then- conclusion. Input data - Fuzzification Fuzzy set

f w(f) =12345 |2

@
 The inference block— the determination of a fuzzy X=[f.C,Ed C=ulC) =123 g
conclusion model in form of the resulting E [reE) k=123 3
membership function. In this block all rules whose 5
premises are sat_isfied, are activ_ated. _ _ Fuzzy inferensing
Generally speaking, on the basis of premises we fin Fuzzy rule-base Fuzzy composition | S
the appropriate fuzzy set, which is the conclusibn RI={1,.63) = Adgregation o}
the adopted fuzzy rule$RI). After the aggregation S (A §
of rules into five groups (five categories of riskf)e 2
global rule is determined as follows: U
‘ Defuzzification ‘
FRI(f,G,Exir)=FRIy(£,G Bl ) AFRL(£,G Eqr)... U
Risk ind
AFRI(£,G, Ec) | U = |
whereA is an operator (S-norms) [20]. Decision making and implementation
of risk corrective actions

In the process of aggregation a degree of fulfitmen rigyre 4 A diagramof the decision model for the
of each rule is calculated based on the degree of risk analysis of water mains

fulfilment of its premises. For this purpose, thedy
logic operations:gnd, or) are used. Based on the
presented base of rules, the inference min-margusi
the operator S-norms and T-norms, was proposedJsing the operating data of water supply systein in
[2],[20]. The aggregating output membership city with population of 200 thousand, the risk
function of a resultant output fuzzy risk categisy analysis of water mains failure, using the fuzzy
expressed as: software, was performed. Data on water main
failures for five years of water supply network
operation were collected and analysed in terms of
frequency of failures and their consequences.,

Risk assessment was performed for three diameter

where m is the number of rules, the number of ranges:

fuzzy frequency setg,the number of loss parameter *  Up t0o@150mm,
sets,k the number of sensitivity arldis the number ¢ @150-400)mm,
of fuzzy risk sets. e 400 mm.

5.The application example

HR(1 )= mnnginMF“( fi).4E(Cp ) HE (B ) 1R )

« The defuzzification block, whose aim is to obtain In Table 10the results of the analysis are presented.
specific value of risk.

This process is the final stage of the model and mains.
provides the basis for the water supply system

operator’s decision-making process. For example, if @ |¢ C E Risk Risk
the risk value corresponds to the category of [mm] | ™™ (est) | (est.)| value| category
unacceptable risk an.operator' undertakes sqmeupto 114 | o051l 247 3870 Ur
measures to reduce risk of failure (water maing 150
modernization). The transformation of fuzzy sebint | 150-
not fuzzy value (determined) can be performed by 400

Table 10.Risk assessment for the analysed water

3.95| 1.17| 1,63] 29.20 Ur
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|>400] 0,36 | 2.32] 0.27] 17.40

Cr |

6. Conclusions *

Modern operation of urban water supply systems
requires expanded safety management systems,
based on models of risk management. It is caused
by the fact that water supply systems belong to
the critical infrastructure, which affects the
health of the consumers

failures of water mains, their possible
consequences and causes, should be collected.
Proposed method provides an alternative to other
methods for assessing and managing risk of
water network failure (subjective probability
theory, mathematical theory of records) and its
use is justified if you have a subjective
assessment of risk parameters.
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