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Analysis of Pipe Breaks in Urban Water Distribution

Network

Mofid Gorji-Bandpy and Majid Shateri

Abstract— The goal of this paper is to present a descriptive analysis of the water pipe breakage data to predict the
evolution of the annual number of pipe breaks and the application of the modeling strategy to the cities. To make a
general diagnosis, one must collect and analyses data on the characteristics of water pipes and on their breakage
histories. Snce many city water authorities have only a few breakage histories, a modeling strategy, inspired by
Survival analysis and using the annual number of water pipe breaks as an indicator of the structural state of a network,
was applied to three cities in Mazandaran province, north of Iran, characterized by their brief recorded pipe break
histories. The results show that the annual pipe breaks increase, but the rate of increasing of the annual pipe breaks

can be reduced by replacement of the old pipes.

Keywords— Pipe break, Weibull distribution, Survival functi on, Deterioration.

1. INTRODUCTION

A survey of water authorities in the province of
Mazandaran in the north of Iran has helped useatity
a few cities that maintain pipe break records. \Wsent

Nowadays, managing the city water infrastructure oo the results obtained in three cities, Behsh@ari

systems often means managing critical situatiorfenw
unhappy consumers report water leaking in the tstree
due to a water pipe break and flooding of their desu
due to a sewer overflow or even the collapse oftheet
pavement due to foundation washout.

and Ramsar. Of these three cities Sari has theefing
pipe break history available in a usable format.

The main purpose of this paper is to apply an
operational pipe break model to estimate presedt an
future structural states of water pipe networksl eerify

Tools are needed to assess the present and futurge performance in the above three mentioned urban

structural state of water pipes from readily obdbie
data. A mathematical model can help water autlesrit
the diagnosis and planning of repair, rehabilitatiand

replacement of water pipes. To model the overall

structural state of water pipes, it is necessarghmose
an indicator of their structural state. The averageual
number of pipe breaks on a water pipe network$eés t

most commonly used indication. The number of pipe

breaks is the most readily available data corrél&tethe
structural state.

In this paper, a pipe breaks is defined as a failur
resulting in water leaking to the surface, thus
necessitating an immediate intervention on the astw
Of course, water leaking from a failed pipe mayctea
the surface days after the initial break or it niglot
even reach the surface if, for example, sewertiafibn
is possible in the vicinity. The main difficulty in
developing mathematical models for this type ofgbem
is the lack of data on both the water pipe netvant the
pipe breakage history. For a thorough analysisipé p

breakage, information must be known on the physicalg,,

and environmental characteristics that have an énpa
pipe failure. Most city water authorities have lditt
information on their water pipes, such as pipe @izm
pipe material, and date of installation, but fewénaeen
maintaining thorough records of pipe breaks forgkm
than a decade.
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waters networks. The modeling strategy is desigioed
require minimal data and take into account the faat
the number of previous break is a key factor. Tlogl@h

is designed to answer a global but important pratti
question: What is the replacement effort a city tas
make in order to limit the number of annual pipeas
over a given period? The development of a model
dealing with the average annual number of pipeksréa
the first step in the diagnosis of the overall stiual
state of a network. By incorporating all of theadat a
database for model development, one can obtairifgpec
information on all pipe segments. It is necessary t
identify the factors that are important in the defztion

of water pipes and at the development of methodielo
urban water managers in assessing the structatel cf
their water networks. Using elaborate sets of daten
coupled with an economic assessment model, will
ultimately serve as a powerful decision making tfool
water managers [1-4].

Research efforts on water pipe degradation gewmerall
in the following categories; physical analysis
descriptive analysis, and predictive analysis.

Physical analysis consists of evaluating of thepsco
and severity of corrosion on the internal and eber
pipe walls, and the estimation of resulting stresfsem
the loads applied to the water pipe [5-10]. Dediugp
analysis consists of calculating descriptive dfiasto
provide insight on breakage patterns and trendss Th
kind of analysis can only be performed in the sitibat
have comprehensive databases on the characteidtics
the pipe and on the pipe breaks. Due to the |laakatd
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in the urban water breakage, there are very fewe cas
studies in Iran. This type of analysis is limiteg the
challenges faced for constructing databases and as

per 100 km and the perception of water manageth®n
global state of their water pipe networks, ratids40
breaks per 100 km and up are considered high and

matter of fact, building such databases has been #ndicate a network in poor condition.

concern for many researchers [11-13].

Predictive analysis is done by modeling past pipe
breakage behavior in order to project it in theufat
Different types of modeling strategies have been
developed to evaluate the structural state of wailee
networks [14-16].

There are three main types of models namely:

1) Aggregate models, which are exponential or
linear models of the number of breaks versus the
age of pipes [17].

2) Regression models, which considers factors thal
influence the degradation of pipe [18,19], and;
3) Probabilistic models, of which survival anadysi

is the most widely used approach.

Survival analysis has been used successfully tdigire
pipe breakage behavior by many researchers indke p
two decades, and most frequently used in the biarakd
fields, to water pipe failure problems [20,21]. §tkind
of analysis is a statistical technique that dedth time
to failure data, and incorporate the fact that,levsbme
pipes breaks, other do not, and this informatios ha
strong impact on the analysis.

Many researchers have shown that the breakags
pattern strongly depends on the number of previoug
breaks that pipes have experienced [22]. As a mafte
fact, the number of previous breaks is often requbds
the most important factor for predicting future dks.
Survival analysis is particularly useful in thigli when

Table 1. Some characteristics of Three Cities

Cities
Characteristics

Behshahr|  Sari Ramsar
Approximate 73696 | 205146 34038
population
Pipe network length | g5 8 | 48506  139.4
(km)
Ratio of pipe length
(m) per habitant 2.52 2.36 4.10
Percentage| 2000 38.8% | 40.7% 34.1%
of water
losses 2001 23.6% | 32.3%  29.3%
Year pf installation of 1956 1952 1954
first pipes
'Number of years of 5 7 5
recorded pipe breaks
Number of pipe breaks
per 100 kmin2002 | S°93 | 424 | 292

pipe break records have been maintained for a good

portion of the water pipe network history. This diof

Table 2. Percent of breakage in different years

analysis cannot, however, be used in this studyums
the recorded pipe histories in our case studiesnate
long enough to provide adequate information onpipe

breakage behavior. To our knowledge, we have faund
few studies that addressed the problem of briedro=d
pipe breakage history [23,24]. A methodology isduse
the present study to estimate parameter valuehef t

water pipe breaks model. The method on a statistical
basis is the relative performance of a Weibull
distribution compared to an exponential distribatfor a
given break order.

2. GENERAL CHARATERISTICS OF THREE
CITIES

Name of Percentage of breakage
cities Year
Network Branch

2000 36 64

Behshahr 2001 19 81

2002 36 64

2000 23 77

Sari 2001 22 78

2002 24 76

2000 36 64

Ramsar 2001 39 61

2002 31 69

Table 1 presented some general characteristicthéor
three cities. Water pipe loosely follows streettgrais in
the cities, so pipe segments are usually defingah fone
street corner to the next. The average length pipa
segment is highly variable and depends mainly an
discretization of the water pipe network adoptedthoy
city.

In terms of break history, Sari has the longesbneed
pipe break history and the highest ratio of pipeaks
per 100 km, while Behshahr has the lowest recopieel
break history. Based on the reported ratios of pigaks

th

118

Networks with ratios between 20 and 39 are
considered in acceptable condition, while the mtess
than 20 indicate that the network is in good caadit
[25]. Overall, this represents well the perceptainthe
three water manager's interviewed in this studyolda
presents the percentage of breakage in the yedd, 200
2001 and 2002. We can see that the percentages of
breakage in branch are higher than in networketms
of the tendency in the annual number of pipe brdéaks
the duration of the recorded history, there is rangt
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increase in the annual number of pipe breaks with tn
all three urban water cities. These will be presént
along with the modeling results.

Fig.3 presents the number of pipe breaks versus
different pipe diameters for just asbestos pipé® most
number of pipe breaks is related to smaller diarseté

Because of degradation of networks we have anis because of their thinner pipe walls and smaller

increase in annual number of pipe breaks with fimal
cities. Information gathered on all pipe segmenmés as
follows:

1) Pipe diameter
2) Pipe length
3) Pipe type of material

4) Year of installation
5) Type of soil; and
6) Land use above the pipe

3. DESCRIPTIVE STATISTICS

Basic descriptive statistics are presented to gisaht
on the impact of different risk factors on the stuual
deterioration of water pipes. Statistics on pipantiter,
installation period, and pipe material are presknte

herein. These are calculated based on the tota pip

length in 2001, and with only the pipe breaks twild
be associated with a single pipe segment. Statistic
breakage rates are estimated by taking the ratithef
number of breaks on pipes in a given category aed t
total pipe length in that category in 2001. Thigegi an
indication of the breakage behavior in a given gaitg.

Fig.1 presents the length of pipes versus diffepié
materials for three cities. The asbestos pipesnadely
used in these cities, while steel pipes are us@méncity
and much less than asbestos pipes.

Fig.1. Pipe length versus different materials for three
municipalities in 2001

Fig.2 presents the breakage percentage in bottonetw
(NT) and branch (EN). Breakage percentages areshigh
for branches.
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Fig.2 . Percentage of pipe breakage for three citein three
successive years
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Fig.3 . Number of pipe breaks versus different pipe
diameters for just asbestos pipes

Sari can be considered as having the “oldest” water
pipe network, which has been developing the least
rapidly in recent years, where as Behshahr can be
considered as having the “youngest” water pipe agkw
which has been developing the most rapidly in recen
years.

Fig.4 presents the breakage rates of pipes in 1896
2002. There is an increase in breakage rate foatlbee
mentioned cities, which is the expected behaviaorao
deterioration process.
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Fig.4 . The breakage rates of pipes in 7 successiars
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Fig.5 . Percentage of pipe breaks for the three tygs of
materials in 2000, 2001 and 2002

Fig.5 presents the percentage of pipe breaks for th
three types of materials in 2000, 2001 and 2003s It
obvious that polyethylene and PVC has the most
percentage of pipe breaks in Ramsar and Sari while
metal and polyethylene has the most percentagépef p
breaks in Behshahr.
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Table 3. Causes of breakage in percent

Causes of breakage
City Year Imp\::/litrt:)(:r?1 Ipipe CoIrDricl)Dseion Pipsorgra ;irgliilt;v " Inzitﬁﬁii%nrlt* prgisgsrlljre Unknown
EN NT | EN | NT EN NT EN NT | EN | NT | EN NT
2000 6.8 51 41 52 33.5 26 3.8 4 14 45 14 3.4
Behshahr| 2001 7 3.7 36 56 18 18.5 3 7.5 9 3 27 11.3
2002 7.5 4.3 34 64 155 13 4.5 78 12 4 25.5 5.9
2000 37 36 | 78 54 30.5 26.6 13. 18 3 3.2 9 10.8
Sari 2001 37 37 3 7.5 22.5 30.5 10{5 1B 19 3 8 9
2002 34 35 6 7 26 32 9 12 14 4 1 10
2000 6.7 75| 214235 11.5 4.3 17.9 19 39 41 3.9 417
Ramsar 2001 7.4 10.5| 225225 12.4 3 16.5 21 38 4( 3.2 3
2002 6.3 11.3| 212215 14.9 2.9 17.3 204 375 412 28 2.7

* Careless drilling operations done by differemdtitutions such as gas and oil, etc. companies

Table 3 represents the causes of breakage in three

cities in the year 2000, 2001 and 2002.

4. MATHEMATICAL MODEL FOR WATER
PIPE BREAKS

1- Weibull distribution
2- Exponential distribution.

The first one is associated with the first brealleor
(time to failure from installation to first breakjyhile the

predict adequately the annual number of pipe bréaks
the future in order to apply more effective strateg
reduce the rate of breakage. The modeling strataggst

take into account the installation of new pipese th

impact of pipe replacement, and the fact that tipe p

segments exhibit a different pipe breakage behavior

depending on their break history.

subsequent breaks (time to failure from first toosel
break, second to third, and so forth). This model i
referred to as the Weibull/exponential model.
The Weibull distribution is defined by two distinct
parameterg3and 1 . The exponential distribution is a
n
special case of the Weibull distribution whgh=1, with

The time step chosen for modeling is one year, whic oy one parametel,. Then the three statistical

was commanded by the time scale of pipe degradatior?un

and the uncertainty on the date of occurrence ealks
compared to their date of recording. The occurrefc
first break will likely result in other breaks irhd
vicinity, and that breakage behavior strongly dejseon
break order. To distinguish between the differentecs
of breaks, one must identify the time to failurevieen
the installation and the first break, between ih& find
second break, and so on. This is called data fatedidbn

in survival analysis [26]. Times to failure can be
modeled by different distributions, depending or th
breakage behavior associated with that break order.

Since records of pipe breaks rarely exist for thare
history of the networks, the real order of pipeabsis
often unknown for all pipe segments laid before ybar
when pipe breaks started to be rigorously recordiads
makes the use of textbook survival analysis impeakt
In this study the modeling strategy uses two digtions
to model the different break orders:

120

ctions can be used to represent a given disioitbu
and can be defined as, the hazard function, theévslr
function and probability density function. The haka
function A(t) corresponds to the instantaneous

probability of having a break betweert and

t +A t conditional to survival up to time t. The hazard
function is defined, for the Weibull and exponehtia
distribution, respectively, as [26];

A(t) :ﬁ (L)ﬁ—l (2)
nn

At) = B, @)

For the Weibull distribution, the shape of hazard
function depends on parametgr and is monotonously

increasing for [>1, decreasing for £<1, and
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independent of time when =1 (exponential
distribution).
Considering the Weibull/exponential model, the

average number of breaksy(T,,T,) on a given pipe
segment during the time interva(T,,T,) can be
computed as follows [27]:

(T, ;) =[F(L) -F)] + AT RO =Tla- R [ o )
®

where F(T,)the survival function is associated with the
Weibull distribution at time T, and f(t) is the

probability density function associated with the iljvél
distribution and are as follows;

Fm=e"” @

Bt G 5

f(t)==(—)%"e (5)
n-n

The reference time=0 corresponds to the year ofn.4

installation of the pipe. The development of Ecgd be
found in Ref.27. It has been shown by Mailhot e{28]
that complex models other than three simple modelin
strategies do not necessarily yield more exactltesu
Exponential distribution was used to describe e tto
failure between first and second, the second aid,th
etc. breaks and between breaks up & @@er [20] and

a unique parameter value for cities where it isaegible

to estimate different parameter values for diffétemreak

Table 4. Calibration Parameters for Weibull-Exponental
distribution for Sari, Behshahr and Ramsar

Parameters Sari | Behshahr Ramsar
Y 2.559 2.271 2.088
1
,7— 0.020 0.023 0.021
,52 0.021 0.023 0.022
1
Sari e
08 Ramsar ——
Befishalir  ____

0.6

0.2

20 40 B0 gl 100

Time (year)

orders with some degree of certainty. So, we used a Fig.6 . Survival function associated with the firstoreak for

average parameter value representative of the lbvera
aging process associated with subsequent breaks. Th

modeling strategy cannot take into account theatdity
in the annual number of pipe breaks due to faather
than deterioration resulting from the natural agiofiy
pipes. Severe winters, flooding, soil propertiesten

chemistry and traffic disturbances can cause higherf

breakage rates in a given year.

5. RESULTS AND DISCUSSION

The obtained calibration parameters are presemted icalibration strategy have permitted

Table 4 for the three cities. Pipe segments in Bahis

three cities

The following input data are required for each pipe
segment to run the model; the pipe segment nunifer,
year of installation, number of recorded breaksryaf
irst recorded break, year when recording begam, an
year of analysis.

Figs.7-9 present the observed average number of
breaks and those estimated by the model in eaghlnit
all cases, the sets of parameters obtained usiag th
the adequate
reproduction of the overall tendency of pipe bregka

are at the highest risk for subsequent failures, asespecially considering that the pipe break histotised

indicated by its value foj3,. After that Ramsar and then
Sari have lower risk but not much.
As we can see the parametef of Weibull

distribution is larger than 1 for all groups of e#
Survival functions associated with the Weibull
distribution (time to failure from installation tdirst
break) are shown in Fig.6 for Sari,
Behshahr. The value of the survival function gitks
proportion of pipes that have not failed at time t.
Therefore, the higher the curve, the longer it $afioe the
first break to occur. At time=0 (year of instaltat) none

of pipe segments have failed. As time increasegigthe
of first breaks increases because of degradation.

Ramsar and

for calibration were quite brief. As have previgusl
mentioned the risk of failure associated with the
exponential distribution is independent of time.e3é

values andf3, are presented in Table 4.

6. CONCLUSION

In this paper a descriptive analysis of the waigep
breakage was presented to predict the evolutiothef
annual number of pipe breaks and the applicatiothef
modeling strategy to the cities. To make a general
diagnosis, it is necessary to collect the data loa t
characteristics of water pipes and the breakagerfés.

A simple three parameter model, based on the etstima
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of the probability of break occurrence dependingttoan
break order (first and subsequent breaks), fortlites
that have recorded their break repairs for a radbti
short period compared to the history of their neksp

and predict tends in the annual number of pipeksréa
those cities. In ten years, the cities of Behshahrj and

Ramsar would see their annual pipe breaks incregse

10.81 %, 6.9% and 47.4 %, respectively. But the ot

This
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increasing annual pipe breaks can be reduced by

replacement of old pipes.
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n

A(t)
F(t)
f()

n(T,,T,)

(1]

(2]

(3]

(4]

(5]

(6]

[7]

(8]

9]

(10]

NOMENCLATURE

Parameter of Weibull distribution

Parameter of Weibull or exponential
distribution

Hazard function

Survival function

Probability density function

Average number of pipe breaks on a given
pipesegment during intervdr,, T, ].

REFERENCES

Kleiner, Y., Adams, B. J., and Rogers, J. S. “Long-
term planning methodology for water distribution
system rehabilitation.” Water Resour. Res., 34(8),
2039-2051. (1998a).

Kleiner, Y., Adams, B. J., and Rogers, J. S.
“Selection and scheduling of rehabilitation
alternatives for water distribution systems.” Water
Resour. Res., 34(8), 2053-2061. (1998b).

Kleiner, A. J. and Rajani, B. B. “Using limited dat
to assess future needs.” J. Am. Water Works Assn.,
91(7), 47- 62. (1999).

Rajani, B. B., and Kleiner, Y. “WARP-Water mains
renewal planner.” Proc., Int. Conf. on Underground
Infrastructure Research, 1-6. (2001).

Doleac, M. L., Lackey, S. L., and Bratton, G.
“Prediction of time-to-failure for buried cast —iro
pipe.” Proc., AWWA 1980 Annual Conf.,
American Water Works Association, Denver.
(1980).

Kumar, A., Meronkly, E., and Segan, E.
“Development of concepts for corrosion assessment
and evaluation of underground pipelines.” Rep.,
Construction Engineering Research Laboratory,
U.S.Army Corps of Engineers, Champaign, Il
(1984).

Philadelphia Water Department. “Water main pipe
sample physical testing program.” Rep.,
Philadelphia. (1985).

Makar, J. M., “Failure analysis for grey cast-iron
water pipes.” Proc., AWWA Distribution System
Symp., American Water Work Association,
Denver. (1999).

Rajani, B., and Makar, J. “A methodology to
estimate remaining service life of grey cast-iron
water mains.” Can. J. Civ. Eng., 27, 1259-1272.
(2000).

Makar, J. M., Desnoyers, R., and McDonald, S. E.
“Failure model and mechanisms in grey cast- iron
pipes.” Proc., Int. Conf. on Underground
Infrastructure Research. (2001).



M. Gorji-Bandpy and M. Shateri / GMSARN International Journal 2 (2008) 117 - 124

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

O’Day, D. K. “Organizing and analyzing leak and
break data for making main replacement decisions.”

J. Am. Water Work Assn., 74(11), 589- 594. [26]

(1982).
Clark, R. M., and Goodrich, J. A. “Developing a

data base on infrastructure needs.” J. Am. Water[27]

Work Assn., 81(7), 81-87. (1989).

Habibian, A. “Developing and utilizing data bases
for water main rehabilitation.” J. Am. Water Work
Assn., 84(7), 75-79, (1992).

O’Day, D. K., Weiss, R., Chiavari, S., and Blair, D
“Water main evaluation for rehabilitation/
replacement.” Rep., American Water Work
Association Research Foundation, Denver, and U.S.

Environmental Protection Agency, Cincinnati.
(1986).
Elnaboulsi, J., and Alexandre, O. ‘“Le

renouvellement des reseaux d'eau potable: Une
revue critique.” Can. Water Resour. J., 21(4), 341-
354 (in French). (1996).

Karaa, F. A., and Marks, D. H. “Performance of
water distribution network: Integrated approach.”
J.Perform.Constr.Facil., 4(1), 51-67. (1990).
Shamir, U., and Howard, C. “Analytic approach to
scheduling pipe replacement.” J.Am.Water Works
Assn., 71(5), 248-258. (1979).

Clark, R. M., Stafford, C. L., and Goodrich, J. A.
“Water distribution systems: A spatial and cost
evaluation.” J.Water Resour. Plann. Manage.,
108(3), 243-256. (1982).

Clark, R. M., Eiler, R. G., and Goodrich, J. A.
“Distribution system: Cost of repair and
replacement.”  Proc., Conf. on Pipeline
Infrastructure, B. A. Bennett, ed. ASCE, New York,
428-440. (1988).

Gustafson, J. M., and Clancy, D. V. “Modeling the
occurrence of breaks in cast-iron water mains using
methods of survival analysis.” Proc., AWWA
Annual Conf., American Water Works Association,
Denver. (1999).

Eisenbeis, P. “Modelisation statistique de Ila
prevision des defaillances sur les conduites d’eau
potable.” Serie Equioements pour l'eau et I
environnement No. 17, Etudes du CEMAGREF (in
French). (1994).

Anderou, S. A., Marks, D. H., and Clark, R. M. “A
new methodology for modeling break failure
patterns in deteriorating water distribution system
Theory.” Adv. Water Resour., 10(1), 2-10. (1987).
Mailhot, A., Pelletier, G., Noel J-F., and
Villeneuve, J-P. 2000. “Modeling the evolution of
the structural state of water pipe network witrebri
recorded pipe break history: methodology and
application” Water Resources Research, Vol. 36,
No. 10.

Le Gat Y and Eisenbeis, P. 2000. “Using
maintenance records to forecast failure in water
networks” Urban Water, Vol. 2, 173-181.

McDonald, S., Daigle, L., and Felio, G. “Reseaux
d'aqueduce et systemes degouts.” Rep.,
Infrastructure Laboratory, Institue for Research in

Construction, National Research Council of
Canada, Ottawa (in French). (1994).

Kalbfleisch, J. D., and Prentice, R. L. “The
statistical analysis of failure time data” Wileylin
,New York. (1980).

Pelletier, G. “Impact du replacement des conduites
d'aqueduc sur le nombre de bris.” PhD thesis,
Institute National de la Recherche Scientifique,
Sainte-foy, Que. Canada (in French). (2000).

123



M. Gorji-Bandpy and M. Shateri / GMSARN International Journal 2 (2008) 117 - 124

124



