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Abstract

The quality of service provided by an urban water distribution
system is dependenton the availability of the infrastructure. The
various components in the water distribution

system such as pumps, pipe network and junction joints
deteriorate over time affecting the

performance of the system. This paper presents a systematic
failure study of such a criticalsystem to identify the potential
failure modes of the system. Failure modes and Effect

Analysis (FMEA) is carried out to rank the components and
failure events based on risk

priority index and the critical components and the critical
failure modes are identified using

Pareto ranking. Monte Carlo simulation technique is used to
evaluate the infrastructureavailability of an existing
deteriorating water distribution system in India.

Keywords: Water distribution system, FMEA, Fault Tree, Monte
Carlo simulation,

performance evaluation

1. IntroductionWater Distribution System (WDS) is an expensive
infrastructure system used in delivering drinking

water to consumers in prescribed quantities. Surveys carried out
in different countries reveal that 35 60 % of the water is wasted
in leakages in the pipelines (Babovic et al. 2002). Although
significant

work has been carried out in modeling the physical process of
pipe deterioration and failure (Doleac et

al., 1980, Ahammed and Melchers, 1994), lack of pertinent data
and highly variable environmentalconditions pose severe challenges
to these research efforts. A comprehensive review of
failure-related

factors of pipe breakage is given by Mays (2000). The lack of
precise information about failure causes

and pipeline conditions are among the primary difficulties
associated with proper pipeline maintenance(Babovic et al., 2002).
Without identifying the significant failure modes which cause
frequent water

distribution system failures, it will not be possible to make a
detailed and meaningful analysis of the

performance of the system, and determining the ways to improve
it. And identifying the critical failure

modes that contribute to WDS failure cannot be realized without
a good methodology of modeling.In a conventional performance
analysis study, the major effort has been devoted to collecting

and organizing system data, while very little has been done to
aid the water resource expert in better

understanding of the overall system. Hence there is a need to
provide assistance in the form of
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predictive methodologies, which can forewarn the management with
effective simulation models.

Monte Carlo simulation is one of the methods which can be used
to investigate any complex system,

failure patterns, and detailed aspects of component repair such
as delays before the commencement ofrepair, and repair resource
limitations (Law and Kelton, 2004). The technique involves modeling
the

system to be investigated and simulating the operations of the
system for a predetermined period,

during which random failures and repair can occur to the
components of the system. The operational

states in which the system is found as a result of each failure
or repair completion, or logged and used

for calculating a performance index of the system and for
obtaining other useful information. Wagneret al. (1988) and Bao and
Mays (1990) proposed simulation methods for analyzing the
reliability of

existing water distribution networks. Ostfeld et al. (2002) have
demonstrated the application ofstochastic simulation for
reliability analysis of water distribution systems, taking into
account the

quality of the water supplied, as well as hydraulic reliability
considerations. Kalungi and Tanyimboh

(2003) presented a simulation based model for assessing the
redundancy of WDS which addresses therandomness of component
failure.

The failure free operation of the water distribution system is
dependent not only on the

pipelines in the water distribution pipe network, but also on
the operating behavior of the variouscomponents in the water supply
pumping system. Although researchers have long studied water
supply

system reliability, the reliability problems due to potential
equipment failures have been neglected.

This paper presents a simulation study of a real-life urban
Water Distribution System (WDS) atChennai in India, in order to
evaluate the performance of the water distribution system. The
failuremodes of different components in the water supply pumping
system and the water distribution pipe

network are considered. Failure modes and Effect Analysis (FMEA)
is carried out to understand the

criticality of each pipe failure mode. The proposed simulation
approach takes into account the randomfailure of multiple
components in the pumping system as well as the water distribution
pipe network.

2. The System under StudyThe urban water distribution system at
Chennai (partially modified) in India considered in the study
is

shown in figure 1. The major components considered in the
performance evaluation of the water

distribution system are the pipes and junction joints in the
water distribution network and thecomponents in the water supply
pumping station. All the pipes in the existing system are made of
cast

iron.

Figure 1:Schematic representation of Water Distribution System
under study
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3. Failure Study of Water Distribution SystemThe reliability of
a water distribution system depends on the failure-free components
in the system.

Failure of a pipe in a water distribution network causes service
disruption and other inconveniences tothe customers at or
downstream of the failure location. The loss of discharge of water
may be also due

to the fault in one or more pumping system components. Failure
analysis of pumping system

components and the pipe network would reveal the impact of each
type of failure on the waterdistribution system performance and
would help in identifying the critical components/events that
may

require more maintenance effort.

3.1. Cause and Effect DiagramA Cause-and-Effect Diagram is a
graphical technique for grouping people's ideas about the causes of
a

problem. It is a simple, graphical method for presenting a chain
of causes and effects and for sorting

out causes and organizing relationships between variables (Evans
and Lindsay, 2002). At the end of thehorizontal line, the problem
is listed. Each branch pointing into the main stem represents a
possible

cause. Branches pointing to the causes are contributing factors
to those causes. The diagram identifies

the most likely causes of the problem and the problem areas
where data can be collected and analyzed.Because of its structure,
it is often called a fishbone diagram. The cause and effect diagram
was

introduced in Japan by Kaoru Ishikawa and so it is also known
asIshikawa Diagram.

The main causes of the failure of the water distribution system
under study are determined afterbrainstorming with the water
resources experts. And a cause-and-effect diagram for the water

distribution system failure is drawn to show both the primary
and the secondary causes of the failure

and for organizing the ideas generated from the brainstorming
session. The cause and effect diagramfor WDS failure is shown in
figure 2.

Figure 2:Cause and Effect Diagram for failure of WDS under
study

Water Distribution

System Failure

Pumping System

failure

Junction joint failure

Pipe leakage

Pipe Network

failure

Pump failure

Motor failure

Pipe breakage

Gate valve failure

This technique is limited simply to reveal causes of effects,
without considering the nature of

these relationships. Such determinations can be analyzed more at
the advanced stage of Fault TreeAnalysis (FTA).

3.2. Failure Modes and Effect Analysis

A Failure Modes and Effect Analysis (FMEA) provides a framework
for a detailed cause and effectanalysis. It is an analytical
technique that combines the technology and experience of people
in

identifying foreseeable failure modes of a product or process
and planning for its elimination. FMEA is


	
8/11/2019 fmea agua.pdf

4/16

Failure Analysis and Simulation based Performance Evaluation of
Water Distribution System 372

a systematic failure analysis tool for identifying failure modes
of a system, item or function, and

evaluating the effects of the failure modes on the higher level.
FMEA is a step-by-step procedure for

the systematic evaluation of the severity of the potential
failure modes in a system. The objective is toidentify weak areas
in the system, and to determine the items for which good
maintenance strategies

may be required to reduce the severity of the effect of specific
failure modes. The steps involved in an

FMEA study are detailed in Andrews and Moss (2002).

3.2.1. Risk Priority Number AssessmentFMEA uses occurrence and
detection probability criteria in conjunction with severity
criteria to

develop risk prioritization numbers for prioritization of
corrective action considerations. A RiskPriority Number(RPN)
assessment is an attempt to identify and prioritize failure mode
importance as a

function of three variables or parameters viz., probability of
occurrence / frequency, severity of the

failure effects at system level and detectability of the
failure. The parameters used to determine the

RPNof the item failure are ranked accordingly to some standard
values prepared and the Risk Priority

Number is computed as

RPN = Occurrence x Severity x Detectability

Occurrence is related according to failure probability, which
represents the relative number of

failures anticipated during the design life of the item. Table 1
describes the ranges of the values used to

rank the frequency of the failure mode occurrence. Severity is
ranked according to the seriousness ofthe failure mode effect on
the next higher-level assembly, the system, or the user. The
effects of afailure mode are normally described by the effects on
the user of the product or as they would be seen

by the user. Table 2 shows the criteria used to rank the
severity of the failure effects.

Table 1: Frequency of occurrence criteria

Occurrence Failure probability Rank

Low

< 1 in 10 1

1 in 20000 2

1 in 4000 3

Moderate

1 in 1000 4

1 in 400 51 in 80 6

High

1 in 40 7

1 in 20 8

1 in 8 9

> 1 in 2 10

Table 2: Severity evaluation criteria

Severity Severity effect Rank

Low

Unreasonable to expect any real effect on system performance
1

Slight deterioration of system performance 2

3

Moderate

Noticeable degradation of system performance 4

5

6

7

High

Change in operating state but does not involve safety
regulations 8

9

Affects safety of personnel, the system, and/or environment
10

Detectabilityis an assessment of the ability of a verification
programme to identify a potential

weakness before the component failure is recognized. Table 3
shows evaluation criteria used for the

ranking of the failure mode.
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Table 3: Detectability evaluation criteria

Detectability Meaning Rank

High

Almost certain to detect design weakness 1

Good chance of detecting design weakness 2

3

Moderate

May not detect design weakness 4

5

67

Low

Design weakness probably not detected 8

9

Very unlikely to detect design weakness 10

The Failure Modes and Effect Analysis is carried out on the
water distribution system understudy to evaluate the various modes
of failure of the WDS. The failure modes of the distribution
pipe

network and the components in the water supply pumping system
are obtained after brainstorming with

the water resources experts and from the literature (CPHEEO,
1999). Table 4 shows the FMEA

worksheet of the failure of the water distribution system under
study. The failure modes and the failureeffects are indicated
against each component/event in the water distribution system. The
worksheet

consists of defining what can fail and the way it can fail
(failure mode) and the effect of each failure

mode on the system. The risk priority number is computed for
each failure mode identified in thestudy.

A description of how RPN value is calculated for the event
excess loading on a pipe is given

below. When the event - excess loading on a pipe occurs, there
is a possibility of pipe breakagewhich in turn would cause loss of
discharge of water. This discharge loss is thefailure effect and
the

failure modethat contributes to this effect is the leakage. The
probability of occurrence of this event,

according to the experts is expected to be definitely less than
1 in 106and hence the value forfrequency

is given as 1 (table 1). There can be a noticeable degradation
of system performance due to excessloading on pipe and so
severityis given a value 6 (table 2). The value for detectability
is assumed to

be 6 as there is only a moderate chance of detecting the
occurrence of this event (table 3). Hence the

RPN value for the failure event-excess loading on pipe is 1 x 6
x 6 =36.

3.3. Pareto Ranking

A Pareto chart is a graphical tool for ranking the causes of
problems from the most significant to theleast significant. Pareto
charts are a graphical display of the 80-20 rule. Pareto, an
Italian economist,

during his study of the Italian economy, found that 80 percent
of the wealth in Italy was held by 20

percent of the people, thus the name 80-20 rule. Joseph Juran, a
Quality Management analyst,

applied this principle to quality control when he noticed that
80 percent of the dollar loss due to qualityproblems was found in
20 percent of the quality problems (Evans and Lindsay, 2002). Since
then, the

80-20 rule, through Pareto charts has been used in many
applications. While the split is not always 80-

20, the chart is a visual method of identifying which problems
are most significant. Pareto analysisclearly separates the vital
few from the useful many and it provides direction for possible

improvement.

This idea is applied to identify the most critical failure
components and events in the waterdistribution system under study.
The cumulative probabilities of occurrence of RPN values
obtained

for various failure modes of the components and events
considered in the failure analysis of the water

distribution system under study are given in table 5. The Pareto
chart constructed for the RPN values of

the failure modes that cause the Water Distribution System
failure is shown in figure 3. The cumulativefrequency curve drawn
on the histogram shows the relative magnitude of the failure
events/modes.
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Figure 3:Potential failure modes/events Pareto Chart

Table 5: Cumulative percentage of occurrence of RPN values

Component/

Event IDComponent/Event RPN

Probability of

occurrence of

RPN value

Cumulative % of

occurrence of RPN

value

Probability

Probability

1 Rotor windings 168 0.1548 15.48

4 Motor stator 112 0.1032 25.808 Foot valve 96 0.0885 34.65

5 Pump bearing 80 0.0737 42.0220 Junction joint 80 0.0737
49.3917 Pipe breakage during excavation of other works 72 0.0664
56.03

6 Impeller 63 0.0581 61.843 Motor shaft 63 0.0581 67.6513
Insufficient earth-cover over pipe 60 0.0553 73.18

10 Improper bedding under pipe 48 0.0442 77.602 Motor starter 36
0.0332 80.929 Excess loading on pipe 36 0.0332 84.247 Gaskets worn
out 32 0.0295 87.1919 Gate valve 30 0.0276 89.95

11 Corrosion pitting in pipe 30 0.0276 92.7115 Design flaws
(pipe) 30 0.0276 95.4718 Thermal fatigue in pipe 24 0.0222 97.6914
Stress cracking in pipe 15 0.0139 99.08

16 Pipe damage due to miscreants 8 0.0074 99.8212 Flow
accelerated corrosion in pipe 2 0.0018 100
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Table 4: FMEA Worksheet for WDS components/Events

ID Description Failure Mode Failure Effect Frequency Severity
Detectability RPN

1 Rotor windings Open/short circuit Forced outage 3 8 7 1682
Motor starter Open circuit Forced outage 1 6 6 36

3 Motor shaft Crack/fracture Forced outage 1 7 9 634 Motor
Stator Open/short circuit Forced outage 2 8 7 1125 Pump bearing
Wear Degraded performance 4 5 4 806 Impeller Erosion/wear Degraded
performance 1 7 9 63

7 Gaskets worn-out Wear Degraded performance 4 2 4 32

8 Foot valveValve does notopen/close

Discharge loss 3 8 4 76

9 Excess loading on pipe Leakage Discharge loss 1 6 6 36

10Improper bedding underpipe

Leakage Discharge loss 2 6 4 48

11Corrosion pitting onpipe

Leakage Discharge loss 1 5 6 30

12Flow acceleratedcorrosion in pipe

Leakage Discharge loss 1 1 2 2

13Insufficient earth-coverover pipe

Crack Discharge loss 3 4 5 60

14 Stress cracking in pipe Crack Discharge loss 1 3 5 1515
Design flaws (pipe) Crack Discharge loss 1 6 5 30

16Pipe damage due tomiscreants Breakage Discharge loss 1 4 2
8

17

Pipe breakage during

excavation of otherworks

Breakage Discharge loss 3 8 3 72

18 Thermal fatigue in pipe Crack in pipe Discharge loss 1 4 6
24

19 Gate valveValve does not

open/close

Uncontrolled water

supply1 5 6 30

20 Junction Joint Leakage Discharge loss 2 8 5 80

Legend

1 Rotor windings failure

4 Motor stator failure

8 Foot valve failure5 Pump bearing failure

20 Junction joint failure

17 Pipe breakage during excavation of other works

6 Impeller failure

3 Motor shaft failure

13 Insufficient earth-cover over pipe

10 Improper bedding under pipe

2 Motor starter failure

9 Excess loading on pipe

7 Gaskets worn out

19 Gate valve mechanism failure

11 Corrosion pitting in pipe

15 Design flaws (pipe)18 Thermal fatigue in pipe

14 Stress cracking in pipe

16 Pipe damage due to miscreants

12 Flow accelerated corrosion in pipe

The potential pipe failure events and pumping system components
identified from the FMEA

study and Pareto ranking are given in table 6. These significant
failure modes of components/eventsthat cause complete or partial
failure of pumping system and the loss of discharge of water in the
pipe

network are considered in the performance evaluation of water
distribution system.
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Table 6: Potential failure modes of Water distribution
system

Potential failure modes/events

Water distribution pipe network Water supply pumping system

Insufficient earth-cover over pipe Rotor windings failure

Improper bedding under pipe Motor starter failure

Junction joint failure Foot valve failure

Excess loading on pipe Pump bearing failure

Pipe breakage during excavation of other works Impeller failure
Motor shaft failureMotor stator failure

3.4. Fault Trees

Fault Treesare used to analyze the causal relationships between
component failures and system failureevents. Fault tree analysis is
used to identify the causal relationships leading to a specific
system

failure mode. A fault tree is a structure by which a particular
system failure mode can be expressed in

terms of combinations of component failure modes. The system
failure mode to be considered istermed the top event and the fault
tree is developed in branches below this event showing its
causes.

This development process is terminated when component failure
events termed basic events are

encountered. Analysis of the fault tree can be carried out by
providing information on the basic event

probabilities. The two basic gate types used in a fault tree are
the and gate and the or gate. Thesegates combine events in exactly
the same way as the boolean operations of union and
intersection.

There is therefore a one-to-one correspondence between boolean
algebraic expressions and the fault

tree structure. Each fault tree considers only one of the many
possible system failure modes andtherefore more than one fault tree
may be constructed during the assessment of any system.

Based on the information obtained from the FMEA study and the
system schematic diagram,

fault trees have been constructed for the water distribution
system failure. The fault trees of the waterdistribution system
under study are shown in figures 4(a), 4(b), and 4(c).

Figure 4(a):Overall fault tree of the Water Distribution System
Failure

Water DistributionSystem Failure

Water pumping

system failureWater distribution

network failure

Junction

joint

failure

Pipe work

failure
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Figure 4(b):Fault tree for the pipe work failure

Pipe-work

Failure

Pipe
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Figure 4(c):Fault tree for the water pumping system failure
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4. WDS Performance Evaluation4.1. The Simulation Model

A computer simulation is an attempt to model a real-life or
hypothetical situation on a computer so thatit can be studied to
see how the system works. By changing variables, predictions may be
made about

the behavior of the system. Computer simulations have become a
useful part of mathematical modeling

of many engineering systems, to gain insight into the operation
of those systems. They are used inmany fields, including simulation
of technology for performance optimization, safety,
engineering,

testing, training, education, and business planning and
scheduling (Law and Kelton, 2004).In this study Monte Carlo
simulation of water distribution system is carried out to evaluate
the

performance of the system. The objectives of the study are:

to evaluate the performance measure viz., the utilization factor
(availability) of the waterdistribution system.

to determine the need for various maintenance actions on the
components in order to maximizeWDS performance level.

to identify the areas where further study is required.

4.1.1. Failure and Repair Time DataThe key parameters required
for the performance assessment study are the failure rate and
repair time.

Accurate failure and repair data are required for a realistic
system performance study. The dataconsidered in the study are taken
from the published data (AWWA, 1996; CPHEEO, 1999; Mays,

2000; and Bhave, 2003) and from the in-house records of the
Water Supply Board for their own use.In this study, the mean time
to failure (MTTF) of pipes in the network is computed using the

equation proposed by Gargano and Pianese (2000) and it is a
function of diameter and length of pipe.

Breakage rate 02615.0095.183558015.118194.16192

5792.33131.126.3 +++=

DDDbD (1)

DbLMTTF

*

365= days (2)

whereDis the diameter of pipe in mm andLis the length of pipe in
Km.

All the pipes are assumed to be in the useful life phase of the
design life period, and so thefailure rate of each pipe is computed
as the reciprocal of the mean time to failure (Andrews and
Moss,

2002).

The failure rate () for the different failure modes of the pipes
are computed as discussedbelow. A weightage is assigned for each
potential failure mode of the pipes in the distribution system

as shown in table 7.

Table 7: Weightages for the pipe failure modes

Critical pipe failure mode RPN value Weightages

Breakage during excavation of other works 72 0.33

Insufficient earth-cover over pipe 60 0.28

Improper bedding under pipe 48 0.22Excess loading on pipe 36
0.17

The failure rate of a pipe due to a failure mode is computed by
multiplying the weightage of the

corresponding pipe failure mode of the pipe with the failure
rate of the pipe. For example, if the failurerate of pipe P1 is
15.987 failures/10

6hr, then its failure rate due to each failure mode is
calculated asfollows:

Failure rate of pipe P1due to breakage during excavation of
other works= 0.33 x 15.987 = 5.276 failures/106hr

Failure rate of pipe P1due to insufficient earth-cover over
pipe
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= 0.28 x 15.987 = 4.476 failures/106hr

Failure rate of pipe P1due to improper bedding under pipe

= 0.22 x 15.987 = 3.517 failures/106hr

Failure rate of pipe P1due to excess loading on pipe

= 0.17 x 15.987 = 2.718 failures/106hr

The mean time to repair a pipe is calculated using the
regression formula,

MTTR (hrs) = axDb

(3)

whereD= pipe diameter in cm and the values of aand bare obtained
using regression analysis.In this study, the failure and repair
time data of the various components in the water supply

pumping system are collected from the in-house maintenance
records and from the published data(Lees, 2003). Table 8 shows the
failure and repair time data of the pumping components.

Table 8: Failure and repair time data of pumping components

S.No. ComponentFailure rate

per 106 hrs ()

Repair time

(hrs)

1 Rotor windings 10 72 Motor starter 12 33 Pump bearing 18 84
Impeller 4 12

5 Motor shaft 8 146 Motor stator 5 87 Foot valve 20 98 Junction
joint 5 24

4.1.2. AssumptionsThe following assumptions are made in the
simulation study of water distribution system.

One repair crew is continuously available

Once a repair action begins on a component/pipe, it is fully
completed without pre-emption.

The time between failures follow exponential distribution.

Repair times follow exponential distribution.

System becomes as good as new after every design period (i.e.25
years).

4.2. The Simulation Approach

It is assumed that the failure of any one component/event makes
the water distribution system to fail.

And therefore the water distribution system represented by the
fault trees is assumed to havecomponents that operate only in
series. The state of a component is usually described by a
binary

variable associated with it.

=failureunderisicomponenttheif0,

andfunctions;icomponenttheif1 ,xi (4)

The outputs of the fault tree (OR) gates are given by the
following equation.

=

==

= 1.xiallif1,

0ximoreoroneif0,T

liiIIx (5)

where T is the total number of entries of the gates. This
equation determines the state of the system interms of the state of
its components. The relationship between the variable xiand the top
event of the fault

tree is represented by S. The corresponding function S> 0, if
the system works and S= 0, if the systemis under failure. The
states of the system are expressed by the following equations in
terms of xi.

Let S1and S2be the levels next to the top event of the fault
tree, where S1denotes state of water

distribution pipe network and S2represents state of the pumping
system. Then, we have the following,4

1iix1S

=

= II

11

iix2S

5II=

=
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S= S1xS2xx12 (6)

Equation (6) is derived by applying Equation (5) to the fault
tree represented in Figures 4(a),

4(b) and 4(c). The application of Monte Carlo simulation
consists in modeling the behavior of thecomponents in accordance
with the distribution of their life and repair times.

At the beginning of each simulation run, the binary random
variable xi is set to one for all i

since all the components are operating initially. For each time
period, the status of each operating

component is determined by examining whether the samples failure
time has elapsed. If a component is

down because of random failure, the corresponding binary random
variable xi is set to zero for thatcomponent. The system failure is
determined using Equation (5). If a critical component in the

pumping system fails, or a pipe in the water distribution
network fails due to the occurrence of apotential failure mode,
then the failed component/pipe undergoes repair. (The component or
pipe will

undergo repair if the repair crew is free, and the component or
pipe will join the queue for repair, if the

crew is busy).It is assumed that the failure of one or more
pipes in the pipe network causes failure ofthe water distribution
pipe network. Since the failure of a component/pipe results in WDS
failure, the

component/pipe is taken for repair immediately. Once that repair
is over the system will be started. The

remaining components/pipes are repaired subsequently. Since the
design life of WDS is 25 years,simulation is terminated after the
simulation time reaches twenty five years.

The frequency of the unscheduled repair actions is a function of
failure rates of the components

in the water pumping system and the pipes in the distribution
network. The total hours involved inthese unscheduled repair
actions is expressed as follows:

=

=

n

1k

kie TT (7)

where Tie= total WDS ineffective utilization time (in hours)
during a period of 25 years.

Tk = ineffective utilization time (in hours) of the water
distribution system due to kth

unscheduled maintenance/repair.

n= number of unscheduled repairs during 25 year period.Hence the
maximum possible utilization factor can be computed as

d

ied

T

)T(TUf = (8)

where Td= total effective utilization time that the WDS is
expected to function without failures (twenty

five years, i.e. 2,19,000 hours).This expression is a measure of
the availability of the water distribution system
infrastructure

because it gives the fraction of time the system is available
for operation.

4.2.1. Notations and Terminology failure rate of a pipe or a
pumping system component

MTTRmean time to repair of a pipe or a pumpcomponent

Tietotal ineffective utilization time of WDSTddesign life of WDS
(25 years)T

ccurrent clock time

Esend simulation time

Tffailure time of a component or a pipeTatime of occurrence of a
failure

Ststart time of a repair

Trrepair time of a component or a pipeTrcrepair completion
time

Nqnumber of repair requests in the queue

NMIE time of occurrence of the next imminent event
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4.2.2. Step-by-step Procedure of SimulationStep 1: Set Tc =Nq=
Tie= 0.

InputEs, ,MTTR, and Td.

Determine Tfof all pipes & pump components.

Step 2: Ta= min (Tf)

Tc= Ta

Remove Tafrom the set of failure times.

Step 3: If the repair crew is free

thenproceed to Step 3a;

else

goto Step 3b;

Step 3a: Make the crew busy.

St= Tc

Determine Trusing expoential random variate.

Trc= St+ Tr

Goto Step 4;

Step 3b: Nq=Nq+ 1

Proceed to Step 4;

Step 4:NMIE = min (Trc, Ta,Es)

IfNMIE= Trc

then

{

Tc= Trc

Update Tie.

ifNq> 0

then

{

Nq=Nq 1

Return to Step 3;

}

else

return to Step 2;

}

else

if (NMIE = Ta)then

return to Step 2;

else

ifNMIE =Es

then

{

Compute and report utilization factor, Uf.

Stop.

}

4.3. Setting the run length of the Simulation experiment

The run length of the simulation experiment is varied and the
WDS utilization factor (i.e. availability)

is computed for each run length. The WDS availability values
obtained for various run lengths aregiven in table 9.

Table 9: WDS Availability value for various run lengths

Run Length WDS Availability value

Replication 1 Replication 2 Replication 3 Replication 4

40 83.76 82.28 84.42 84.16

50 82.26 83.63 85.22 86.34

60 82.58 83.59 83.67 82.25

70 85.56 84.93 83.32 83.97


	
8/11/2019 fmea agua.pdf

14/16

Failure Analysis and Simulation based Performance Evaluation of
Water Distribution System 382

Table 9: WDS Availability value for various run lengths -
continued

80 84.75 83.04 84.18 85.44

90 85.16 84.46 84.34 83.77

100 84.61 85.11 83.12 83.43

Ho: No significant difference in WDS availability value due to
changes in run length.

H1: Significant difference in WDS availability value due to
changes in run length.

The ANOVA is conducted with the WDS availability values and the
ANOVA for run length isgiven in table 10.

Table 10: ANOVA for run length of simulation experiment

Source of Variation Sum of Squares Degrees of freedom Mean
Square F

Run length 6.814236 6 1.135706 1.010407

Error 23.60418 21 1.124008

Total 30.41841 27

Since the value obtained for Fdoes not exceed 2.57, the value of
F0.05 with 6 and 21 degrees offreedom, the null hypothesis Ho is
accepted at the 0.05 level of significance. Hence, the run length
for

simulation is fixed as 40. Initial ANOVA conducted with the
availability values for less than 40 runsindicated that there is
significant difference in the availability values due to changes in
run length.

5. ResultsSimulation is terminated after the simulation time
reaches twenty five years since the design period of

the water distribution system is twenty five years. The
simulation is replicated over a number of 40runs and the
availability of the WDS during its design period is estimated to be
0.8445. This means that

the water distribution system with all its pumping system
components and the pipe network has an

infrastructure availability of 84.45%.The effect of the age of
the water distribution system on the infrastructure availability of
the

system is then studied. Figure 5 shows the effect of WDS age on
the availability of the water

distribution system.

Figure 5:Effect of WDS age on System Availability
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It is clear from figure 5 that the age of the water distribution
system has considerable influence

on the system availability and it is observed that the
availability decreases as the WDS age increases.

This is due to the possible deterioration taking place in the
WDS over its design life. The frequentfailures of the mechanical
components in the water distribution system such as pipes, junction
joints,

pump and motor affect the availability of the system. Therefore,
maintenance actions on the pumping

station components and rehabilitation of pipe network are
necessary to extend the useful life of the

system. The availability of the system can be increased by
reducing the failure rates of the critical

components, and the failure rates can be minimized through
effective preventive maintenanceprograms.

6. ConclusionThis paper presents a study of a real-life water
distribution system requiring high levels ofinfrastructure
availability for the supply of drinking water to the consumers. The
availability of such a

complex system is governed mostly by the reliability of the
pipes in the distribution network and also

the water supply pumping system. The failure modes and effect
analysis is carried out and fault treesare used to study the
failure behavior of the water distribution system. The vital few
failure modes in

the water distribution system are identified. A simulation model
has been developed to assess the

performance of the existing water distribution system. The life
characteristics of several components inthe water distribution
system are considered. Any changes in the water distribution
system

configuration such as redundancies of pumping components,
replacement of a component with a higher

reliability component and the use of different pipe
material/diameter, can be easily incorporated intothe model and
their effects on the system performance can be analyzed. Various
maintenance and

rehabilitation policies can be employed on the system in order
to maximize system availability.
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