ABSTRACT

Piped water supply systens invariably |ose water through
undet ect ed underground | eakage. Not only is water being
| ost Soften 10-15% of total water production in the US.,

and often over 40%in devel oping countries), but
contamnated water may enter the systemthrough the breaks.
In developing countries, in spite of the great need for
delivery of nore and cleaner water, |eakage has not heen
addressed very often. This is due in part to the technica
difficulty of detecting underground |eakage in systems where
there are very fewrecords, wnere the pressure is often so
low as to make sonic detection nethods difficult, and where
|ack of sufficient valving makes it difficult to measure
flows to isolated portions of the system Mre
significantly, leakage is part of a greater managenent
problemthat stems fromlack of institutional support,
skilled personnel, and sufficient funds. Because no
gui del i nes exist for |eakage control even where the
institutional capacity is in place, however, this report
focuses on the technical aspects of |eakage control In
existing small and mediumsized water systems in devel oping
The report examnes the causes of |eakage, the methods
of leak detection, |eakage control policies practiced around
the world, and fina]lz gives suggestions for a simple
procedure to establish priorities so that |eakage control is
carried out first where it will provide the greatest benefit
per unit expenditure. Enphasis i's placed on the need for an
econom ¢ anal ysis of all |eakage control prograns.
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Unrepai red Leaks
can be Costly

Water Loss in Gallons

Leak

this Loss per Day Loss per Month

120 3, 600

360 10, 800

- 693 20, 790

- 1,200 36, 000

- 1,920 57, 600

. 3,096 92, 880

- 4,296 128, 980

- 6, 640 199, 200

6,984 200. 520

I 8,424 252,720

9. 888 296, 640

11,324 339, 720

© 12,720 381, 600
O 14.952 448, 560

From Heat h Consul tants, Inc.
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1. I NTRODUCTI ON

In recent years* water utilities in the United States
have becone increasingly aware of the inportance of water
conservation. One reason for this is the rising cost of
wat er supplies. Energy costs and therefore punping costs
have risen; contam nation of our water resources and a
grow ng public concern over the health effects of industria
wastes have led to increased water treatnment costs; and
groundwat er depl etion has caused utilities to seek other,
more costly, sources of water. At the sane time, there is
growi ng public resistance to construction of the
I mpoundnents often needed for extending service. Careful
managenent of our water resources is energing as a nationa
priority. One inportant aspect of this is the reduction of
water | osses within water distribution systemns.

Reduction of water |osses is notivated by health
concerns as well as econom c issues. Underground |eakage
from pipes and valves is one of the major conponents of
"lost water" in a system Wiere treated water can escape,
contam nated water can also enter the distribution system
creating the potential for outbreaks of waterborne diseases.

In Europe as well as the United States, |eakage through
broken or corroded pipes is an inportant issue. The problem
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may be nore acute in Europe, given that European water
systens are generally older than their Anmerican

counterparts.

In devel oping countries, water |osses are of far greater
consequence than in the industrialized countries, both in
ternms of economcs and the public health. In the
industrialized nations, a reduction in water |osses usually
translates into a reduction in the amount of water treated
and supplied, and therefore an immediate reduction in
operating costs. |f water demand is expected to grow over
time, this reduction in apparent demand al so neans that
future expansions can be postponed. In devel oping
countries, on the other hand, where the demand for clean
piped water far outstrips the supply, finding and repairing
| eaks in the systemw || nmake nore water available to
consuners. Rather than causing a decrease in the amount of
wat er supplied, a reduction in water |osses will usually
lead to an increase in consunption, and therefore to an
increase in revenues for the water utility. [In addition,
contam nation of the water supply is a much nore serious
possibility in developing countries, where waterborne
di seases are endemc, and where |ow water pressures within
the distribution systemmke infiltration of contam nated
wat er nmuch nore |ikely.

Reduction of water |osses in devel oping countries, then
can extend water service to nore people, inprove the
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viability of water utilities, and decrease the possibility
of contam nation of the water supply. Al of these are

i mportant el enments in achieving the goal of "clean water for
all" promoted by the United Nations through the

| nternational Drinking Water Supply and Sanitation Decade.

In spite of this, little effort has been expended on
reducing water |osses in devel oping countries, with the
exception of sone of the larger cities. There are a number
of reasons for this apparent |ack of concern: a shortage of
resources; a |lack of awareness of the problem and a general
| ack of records on the distribution systemthat woul d make
any attenpt to track down pipes and val ves extrenely
di fficult.

The World Bank, which is the major funding agency for
wat er supply projects in devel oping countries, is trying to
draw attention to the inportant problemof water |osses, and
frequent|ly makes reduction of these |osses a condition of
loans to utilities.

This report, then, addresses the inportant issue of
wat er | osses in devel oping countries, and offers some
guidelines for a sinple, rational approach to followin
reduci ng | eakage. We first explain the concept of
"unaccounted-for water" and describe its conponents;
summari ze the experience and policies of the water industry

in the industrialized nations with unaccounted-for water,

and then turn to the particular conditions in devel oping
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countries. W suggest a procedure to be followed by
governmental agencies in devel oping countries in deciding
whi ch water systens woul d nost benefit froma | eakage
control program and how to estinate the econom c benefits
and costs of such programs. The same procedure is useful to
t he manager of a single system who nust decide in which
parts of the systemto carry out |eakage control prograns.

This report deals specifically with small- and medi um
sized water systens. Large cities usually have the
resources to hire consultants specializing in | eakage
control or water audits. Bangkok, Sao Paulo, Manila, Addis
Ababa and other large cities have done just this.

This report also deals exclusively with existing
systens. New water supply systems can profit fromlessons
| earned in existing systens, and shoul d be designed in such
a way as to make it easier to keep records and nonitor water
use throughout the system Most existing systens suffer
froma variety of inter-related management problens that
must be dealt with for water service to inprove. Mps of
tne distribution systemshould be devel oped, for instance,
for | eakage reduction efforts to be effective.

Table 1 gives figures for water | osses in selected
cities around the world, expressed as a percentage of total
wat er production. There is no international agreenment on
the definition of unaccounted-for water (as is shown bel ow),

or on howto neasure it, so the figures can not be
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rigorously conpared fromone study to the next. The table
does give sone idea of the magnitude of the problem

however. It is noteworthy that unaccounted for water is
often 40 or 50% of the total supply in devel oping countries.
It is also inmportant to note the high percentage of water

| ost specifically through | eakage. 1In all but one of the
studies reporting figures for both unaccounted-for water and

| eakage, |eakage accounts for the major portion of the

unaccount ed-f or wat er.
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2. CLARI FI CATI ON OF TERMS

Unaccounted-for water is, literally/ the water in a
systemthat is not accounted for, often expressed as a
percentage of the total water supplied fromthe treatnent
pl ant. There has been nuch confusion over the term
however, stemmng fromdifferent definitions of what

constitutes water actually "accounted for."

2.1 Anerican definition of unaccounted-for water

In the United States, the Leak Detection Conmttee of
t he Anerican Wat erworks Associ ation (AWM) has suggest ed
t hat unaccounted-for water be defined as the difference
between the nmetered ratio and 100% They define "metered
ratio" as "the ratio of netered sales to metered delivery,”

that delivery measured presumably at the treatnent plant.
Referring to Figure 1, the nmetered ratio would then be the

ratio of item8 (metered sales) divided by the sumof itens
4 through 11 (total delivery). The AWM reconmends the use

of the term"netered rati o" because "unaccounted-for water"

i mpl i es poor management and operation. They al so specify
that the netered ratio contain "no estimates or all owances
for water |osses such as neter error, unavoi dabl e | eakage,
mai n breaks, public use for fire fighting, street washing,
flat rates, etc." Although they state that "nost systens
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wi Il want to analyze the difference between their Metered
Ratio and 100% by an auditing procedure that can account for
the entire amount of water supplied to the distribution
system" they suggest that when conparing performance with
ot hers, systems "shoul d conpare the *letered Ratio figure and
not the Difference [i.e. unaccounted-for water] because the
Di fference contains estinmates of various types." (Cole &
Col e, 1980, pp. 1047, 1048)

The AWM, then, considers as "accounted-for" only that

water which is netered and paid for (item8 in Figure 1).

2.2 British definition pf unaccounted-for water

The British, on the other hand, define accounted-for
water to include estimate |egitimte consunption in
unnetered areas. (In fact, British donestic use has
historically all been unmetered.) The British National
Water Council (NAC, 1980, Appendix A) defines "water
unaccounted for" as "that water which is the difference
between the total put into a supply and distribution system
and the water accounted for." Unaccounted-for water is
usual ly given by the formula "U=S - (M+ aP)
where S = total water put into a supply system

M= total netered consunption

unnet ered per capita consunption (estinated)

o
1

[unnet ered] popul ation served."
(Bays, 1984, p. 52)

Unaccounted-for water (U) can then be expressed as a
percentage of the total supply (S
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Referring to Figure 1 and using the above fornula, the
percent of accounted-for water would be the sumof itens 8
and 9 (total "known" consunption) divided by the sum of
items 4 through 11.

In terms of the British definition, unaccounted-for
wat er includes (Bays, 1984, p. 52):

"1) gfgkage frommains, service reservoirs, overflows,

2) Commercial and industrial use not netered,

3) Incorrect estimte of domestic per capita usage when
donmestic prem ses are unnetered;

4) Inaccuracies of supply neters;

5) IPFccuracies of consunmers' meters especially at |ow
OWs

6) nggr xﬁFg f§¥efﬂéf%f'éﬁy'dé ersetreet fl ushing, building
It is not clear fromthis whether public use (item6 in
Figure 1) would be included in the accounted-for volune if
it were netered. Unmetered public use could be estinated,
as coul d unmetered commercial /industrial use such as water
used on construction sites (item7 in Figure 1). In fact,
the NWC recommends that the term"a" in the expression for
unaccounted-for water include an all owance for unnetered
comrerci al consunption. |f public use and estimtes for
unnet ered conmercial /industrial use were included,

accounted-for water woul d then be the sumof items 6 through
9.
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2.3 Problens with the Anmerican and British

definitions of the term

Nei t her the American nor the British definition seens
entirely satisfactory. By the AWM definition. New York
City, which has no donestic neters, would have a netered
ratio of 0 —as would nany systens in devel opi ng countri es.
And because the ratio is defined as "netered sal es” divi ded
by netered delivery, any public use of water, even if it
were fully netered, would not enter into the netered ratio

but would remain part of the "Difference," or unaccount ed-

for water.

The British definition seenms nore useful as an
expressi on of how well the volunme of supplied water is
moni tored, especially if that definition includes neasures
(neter-readings or estinmates) of the public use of water,

and estimates of unnetered comercial and i ndustri al use.

However, there are still several problenms with this

definition.

First of all, errors in the estimation of unnetered
consunption (item 11 in Figure 1) could be over-estimtion
as well as under-estimation, so that water which is actually
lost is mstakenly included in the accounted-for figure. In
this case, the figure for unaccounted-for water would be
snmal l er than it shoul d be.

In addition, neither definition (British or Anerican)

specifies clearly where the "netered delivery" or total
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supply shoul d be measured. If it were neasured as it |eaves
the treatment plant (as shown in Figure 1), |osses from any
storage reservoirs or during transm ssion fromthe source
woul d be ignored. Since that water has not been treated,
however, the |osses are of |ess econom c significance than
| osses within the distribution system and have | ess bearing
on possible contam nation of the water source.

A problemin neasuring the total supply, which is not
reflected in Figure 1 nor nentioned in the AWM definition,
Is that large master nmeters may be faulty, in which case the

figure used for total supply would be incorrect.

2.4 Oher uses of the term "unaccounted for." and rel ated
terns

Most authors in the literature use the term "unaccount ed

for water" without any definition. |In several cases, the
termis used to nean only that amount unexplained after a
detailed water audit. For exanple, Babcock (1984, p. 293)
presents the results of a study carried out in Canbridge,
Massachusetts, where reservoir |eakage, underground | eakage,
and under-registration of neters were all nmeasured or
estimated. After including a termfor "unavoi dabl e | eakage"
as well, only 0.4%of the total supply remained unexpl ai ned,
and this was | abell ed "unaccounted-for."

The city of Geensboro, North Carolina has devel oped a

detail ed accounting systemof all water used in their

system simlar to that used by Babcock, which includes
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esti mates of "unavoi dabl e | eakage, " neter under-
registration, fire departnent use, street flushing
operations, use within the treatment plant itself, and so
on, leading to figures of accounted-for water that are near
100% In fact, the figure for 1984 was 103. 5% (G eensbhoro
WS form 262- 2558, personal communi cation from nunici pal
engi neer Bill Finger, My 1985). This accounting systemis
useful for their internal operations, as they keep track of
the separate line itens; but the overall figure of 100%
"accounted for water"” doesn't lend itself to any usefu
conparisons with other systens. |In fact, as nore utilities
carry out detailed audits, so that nost of the water is in
fact "accounted for" in a literal sense, whether it is |ost
to | eakage or used productively, the term "unaccounted-for
water” | oses its useful ness.

As one exanple of other related terns in the literature:
Courteau (1979, p. 31) uses the term"ratio of water sold to
wat er produced” in describing work done in Libreville,
Gabon, w thout specifying whether all the sales were

et er ed.

2.5 Use of the term "unaccounted-for water” in this report

W do not have nmuch occasion to use the term

"unaccounted-for water" in this report, except when quoting
the literature. Wien we do use the termfor our own
pur poses, however, we use a nodified version of the British

definition, wth accounted-for water defined as the sum of
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roetered and estimated delivery to individual consumers
{itens 8 and 9 in Figure 1), and any neasure or estimation
of public and comercial /industrial use (items 6 and 7) that
I's avail able. Total water production is defined as the
quantity leaving the treatment plant, where there is one.

In those cases where there is no treatnent, water production
shoul d be neasured as it |eaves the storage reservoir, well,
or spring, as the case may be. If water is purchased from
another utility, the total supply is the anount purchased.

The report does not actually di scuss unaccount ed-for
water in great detail, but concentrates on the issue of
actual losses in the distribution system
2.6 Definition of "I eakage*

One of the major conponents of unaccounted-for water is
| eakage. The National Water Council (NAC) defines "l eakage"
as "that part of waste which | eaks or escapes or is |ost
other than by a deliberate or controllable action.” "Wste"
must first be defined, then; it is "that water which, having
been obtained froma source and put into a supply and
distribution systemand into consuners' installations, |eaks
or is allowed to escape or is taken therefromfor no useful
purpose.” (NWC, 1980, Appendix A) Waste includes,

t herefore, accounted-for and paid-for water that is not
serving a "useful purpose" —taps left running in hones,
excessive watering of lawns, etc. This is not something the

water utility is directly responsible for, but is mentioned
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by the NWC because a canpai gn to encourage water
conservation should be part of any water utility's strategy

t O preserve scarce resources.

This paper is nmostly concerned with | eakage. The term
Is used widely, with general acceptance of the definition
given by the N\WC. O Day points out (1981, p. 259) that a
di stinction shoul d be made between true |eaks (at joints or

val ves) and breaks (fractures in pipes), in order to

under stand the causes of water |oss and therefore the
corrective neasures that need to be taken. In fact, when
| eakage data are presented, they are often classified by
type of |eak (valve, pipe, hydrant, etc.). This
classification serves the same purpose as making a

di stinction between breaks and "true | eaks."
2.7 Definition of "water | osses”

One final termof interest is "water |osses,"” which is
used | oosely in this report to refer both to water |ost

t hrough | eakage and to water used illegally.
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3. COWPONENTS QF UNACCOUNTED- FOR WATER. AND OTHER

MON- CONSUMPTI QN WATER USE

The maj or conponents of unaccounted-for water, at |east
inindustrialized countries, are |eakage (item4 in Figure
1), neter under-reading (item10) and, to a | esser extent,
illegal use of water (item5). There are al so sone water
| osses between the source and the delivery point into the
distribution system which are not part of unaccounted-for
water as we have defined it, but which nmerit sonme attention.
W discuss the causes and i nportance of each of these
conmponents in turn, |eaving the discussion of |eakage to the
| ast .
3.1 Meter under-reading

Domestic nmeters tend to register |ess than the actua
anount of water flow ng through them for several reasons.
For one, they wear with age; but even when in good
condition, neters that rely on displacement of mechani cal
parts require some minimnumflowto set the meter in notion
and therefore do not register very |low fl ows.

It should be noted that neters nay al so over-register by
registering air when no water is flowng. Inthe fully

pressurized systens that are common in nost industrialized

countries, however, neter over-registration has not proved
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to be significant. In the four studies in Table 1 that
report figures for meter under-registration, the figures
vary fromabout 2% of the total water supply in Canbridge,
Massachusetts, to about 22% of the water supply in nearby
Bost on.

In metered systens, neter under-reading can be a serious
problem unnmetered water represents a direct |oss of revenue
to the utility. It is incorrect to assume, however, as is
often inplicitly done in studies of water use, that the
vol une of water unregistered by meters would all be
transformed into revenues if the meters were repaired.

There are several reasons for this. Meter under-reading
often | eads consumers to use excessive anounts of water; if
charged for the full amount used, however, they may cut back
on their consunmption. Al so, nuch of the water passing

undet ected through meters may be due to slow | eaks on the
custoners' prem ses. Wen the meters are repaired or
replaced so as to detect those |ow flows, custoners do
finally have the incentive to repair those |eaks, thus

| owering their apparent consunption. Records in Boston seem
to confirmthis; after a major remetering program begun
there in 1977, water sales to customers have remained fairly
constant, while the total volume of water purchased by the
utility for distribution has decreased significantly.
(Sullivan, 1981, p. 306).

Riomey (1982, p. 1027) argues that neter under-reading
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does not actually cause any revenue |oss; over the |ong
term he clains, water prices adjust to cover true costs, SO
that with neter under-reading, the prices are higher. That
may be the case in sone systens, but water tariffs are not

often set in accordance with the true costs of water
production, nor are they adjusted very often, so the
argument does not seemvali d.

It should be noted in passing that nmeasurenent of neter
error is actually nmore conpl ex than recogni zed by nost
witers. It is not sufficient to test a representative
sanpl e of neters and find out by what percent they under-
register. These tests should be carried out at a range of
different flowrates, and the water use profile for that
system shoul d be determned (i.e., what percentage of
consunption takes place at each flowrate) to get an
accurate picture of the total volume passing unregistered
t hrough the neters.

I n devel oping countries, nost systens are either not
metered, or are only partially nmetered. Many Anerican
aut hors advocate full metering and naintain that a system
cannot be well nanaged unless all flows are neasured. But
full metering is not always a practical alternative. A
study done by the World Bank and the World Health
Organi zation in 25 devel opi ng countries showed that 67% of
the water systens in those countries operate with

intermttent pressure. (Shipman, 1978, p. R 23).
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Intermttent pressure poses several problens for metering.
Air is drawn through the neters when no water is available
In the pipe, causing the neters to register the flow of air.
Al sof the surge caused within the pipe when pressure is
restored can cause scale to sluff off the insides of the
pipe and clog the neters. Finally, in systems with | ow
pressure, the additional pressure |oss caused by installing

a neter may sharply reduce the flow of water reaching the

house.
In addition to the technical obstacles to neter

installation, there may be economc ones as well. Studies
by the World Bank suggest that the benefits of having neters
often do not justify the costs associated with neter
installation and with neter reading and billing.

In many netered areas, "neter error” may be due as nuch
to admnistrative problens with meter reading and billing as
to defects in the nmeters thensel ves. Because of this, and
because nmetering i s neither w despread nor appropriate under
the conditions of so many existing systens in devel oping
countries, this paper does not deal with the problens of
meter error, while acknow edging that it can be a serious
problemin some areas. Quite a bit of research has been
done on water use patterns in devel oping countries, proper
sizing of neters, and appropriate mai ntenance and

repl acement policies (e.g. Hudson (1978), Newman (1982), Or
[1984]) .
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-'« Although the discussion thus far (and the majority of
the literature on neter error) has dealt wth domestic

nmeters, it should be mentioned again that master nmeters may
be faulty as well. If they register less than the total

flow, the volume of unaccounted-for water will appear to be
smal ler than it actually is. [If, however, they err on the

high side, the neasure of total supply will be inflated and
sone of the volune considered as unaccounted-for wl|

actual |y be non-existent water. In Addis Ababa, for
instance, all three master neters were found to be over-
reading, by as high as 32.5% The unaccounted-for water was

then shown to be only 22.0%of the total 1980/1981 supply,
rather than the 30.3%that had been calculated with the

faulty meters. This case seens somewhat unusual, but
clearly, periodic calibration of the master neters is

necessary.

3.2 Illegal water use

Il1legal water use (item5 in Figure 1) may take the form
of tapping into an abandoned service line, dead end main, or
hydrant, or bypassing a meter. In certain devel oping
countries, illegal taps made directly into the distribution
line are conmon, sonetines even equipped with a punp to
Wi thdraw more water, thereby |owering pressures in the
distribution pipe. According to Estrada Echeverri (1983,

p. 2 4), clandestine unnetered connections to urban water

supply networks are wi despread throughout Latin Anerica, and
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are —understandably —nost prevalent in sluns and shanty

| Il egal use presumably varies greatly fromone area to
another. Only two studies in Table 1 give a figure for
I11egal use as a percentage of total water supply: 2-5%in
Bangkok, and about 1.5%of total supply in Hong Kong. These
are both large cities with fairly well-organized systens,
and are certainly not representative of nost systens in
devel opi ng countri es.

Because the measures taken to control illegal
consunption are usually institutional measures rather than
engi neering ones, and because the water is actually being
used productively, we do not deal with the issue of illega
water use in this paper,

3.3 Public water use

Public water use (item6 in Figure 1) is often not
metered or even estimated, and is therefore usually included
in the volume of unaccounted-for water. This includes water
used for firefighting, streetwashing or watering public
parks, and also water used in public buildings. W suggest
that it should also include any water used for routine
mai nt enance of the water distribution system such as the
flushi ng of hydrants.

The AWM suggests that a figure of no nore than 1% of

total production be used as an estimate of public water use,
and this figure is generally used in the Arerican literature
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—al though Boston estimted its unnetered public use at
2.9%of total supply in 1978 and its firefighting flow at
1.3% for a total of 4.2%of the supply going to public use.
(Sullivan, 1981, p. 305)

I n devel oping countries, the figures for public water
use may be quite different. Fire flowis usually |ower than
in the industrialized countries; but on the other hand, the
government is often the |argest enployer, especially in the
cities, which means that public water use may be relatively
nuch larger than in the industrialized nations. The anount
of public use should be estimated, but given that it is a
| egitimate and productive use of water, it requires no
corrective action, unless it were to encourage a nore nodest

consunpti on.

3.4 Losses fromservice reservoirs

Losses from service reservoirs in the distribution
systemare actual |y a conponent of total distribution |osses
(item4 in Figure 1). In a survey of 81 towns in 15
industrialized countries. Reed (1980, p. 0178) reports that
3% of all |eakage (which would be a smaller percentage of
total water supply) canme fromservice reservoirs. Because
the service reservoirs within any systemare generally
visible, accessible, and fewin nunber, controlling |osses
fromservice reservoirs is usually more straightforward than
control ling |eakage from underground pipes, and is therefore

not discussed in this paper.


NEATPAGEINFO:id=74201902-F9CB-4DB8-95FD-69D9BB235603


21

3.5 O her | osses or water uses

|f total water production is nmeasured as the output from
the treatment plant, any water |osses occurring before that
point do not enter into the cal cul ations of unaccounted-for
wat er, but they do deserve at |east brief nention here.

A certain anount of water is used in treatnent plants
for regul ar operations: backwashing filters, desl udging
clarifiers, etc. (item3 in Figure 1). This anount could be
reduced sonmewhat by using different technol ogies (for
i nstance, using a conbined air and water backwash). Use in
treatnent plants should not be considered as a | oss, but
rat her as another |egitimte non-revenue use.

Open reservoirs inevitably | ose enornmous quantities of
wat er through evaporation, which is taken into account
during design; but they may al so | ose a consi derabl e anount
t hrough overfl ow due to mal functioning | evel valves, punps
that don't shut off, etc. (item2 in Figure 1).

If the water source is far fromthe popul ation to be
served, transm ssion nmains are needed to deliver the water
to the treatnment plant, and these mains may devel op | eaks
(item1 in Figure 1).

3.6 Underground | eakage

Losses in the distribution systemare due to |leaks in
service reservoirs (discussed earlier), hydrants, valves,
joints, and the pipes thenselves. Hydrant |eaks and val ve

| eaks are due either to inproper closing or operation, or to
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structural defects. Leaks in joints or pipes (the latter
being what O Day refers to as "breaks") are the nost
difficult to find, and are responsible for the greater part
of water |ost to | eakage.

Pi pe | eaks are caused by a variety of interacting
factors. O Day and Staeheli (1983, pp. 1 & 2) give a good
expl anation: "Miins can be viewed as structures which are
stressed by both internal and external forces. As long as a
main's strength exceeds the stresses caused by these forces,
the main will give reliable, break-free service. |If these
forces exceed the main's strength, however, it wll fail as

a structure, which will result in a main break." Either

i ncreased forces or decreased strength, then, contribute to

mai n br eaks.

3.6.1 Loss of pipe strength

The strength of a pipe depends on the properties of the

material of which it is made, how it is nade, and the wall
thi ckness. Loss of strength in nmetal pipes is caused by
corrosion, which reduces the pipe wall thickness by
attacking either the internal or external walls of the pipe.
One process leading to internal corrosion is cavitation,
in which water flowng at a high velocity becones turbul ent
and is therefore subject to rapid changes of pressure.
Di ssol ved bubbl es of gas are rel eased and then redissol ved,
and the repeated col |l apse of these bubbl es against the pipe

wal | erodes the surface, causing pitting. This type of
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corrosion occurs at points where high velocity flow causes
sudden | ow pressures, for instance at bends in pipes, and
the only preventive neasure is to avoid high velocity
turbul ent fl ow.

The second and nore wi despread cause of corrosion is the
el ectrochem cal reaction caused by the proximty of
dissimliar netals with a difference in electric potential.
Water acts as the electrolyte and an electric cell is
created, in which the nmetal functioning as the anode is
gradual Iy eaten away. A single netal such as iron can al so
corrode in the presence of water —parts of the surface act
as anodes, other parts as cathodes. This el ectrochem ca
corrosion can occur either internally or externally. There
are a nunber of corrective neasures that can be taken. To
control internal corrosion, the water quality can be
controlled (for pH CJ content, alkalinity) and the pipe
walls can be lined. To control external corrosion, backfill
is laid around the pipe to facilitate drai nage, and
"sacrificial anodes" can be attached to the pipe —small
pi eces of netal that will be attacked by corrosion before
the pipe surface itself is affected.

Because corrosion is a continuous process, its effects
are cunul ative. To quote O Day and Staeheli again, "The
progressive effect of corrosion on water main condition has
come to be equated with deterioration due to the passage of

time" (O Day & Staeheli, 1983, p. 3). The gradua
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weakeni ng due to corrosion expl ains why ol der pipes often
have nore | eaks than newer ones of the sane type in a given
area or system But because there are so many other factors
that affect pipe failure, and because corrosi on proceeds at

such different rates in different settings, age alone is not
a good predictor of |eakage rates in distribution systens.

It is inportant to note that a |l arge portion of the
wat er pipes laid in devel oping countries are nade of
asbestos-ceraent or plastic, neither of which is affected by
this el ectrochem cal corrosion. So whil e corrosion
contributes greatly to | eakage in industrialized countries
by destroying the structural integrity of the nmins, that
cannot be the case for nost of the distribution systens
considered here. Plastic pipe loses its strength when
exposed to the sun for too long; material in asbestos-ceraent
pi pes can be | ost when the water is aggressive; and al
types of pipe in developing countries may have | ow strength
due to poor manufactured quality.
3.6.2 Categories of factors affecting | eakage

Sham r and Howard (1979, p. 2 48) classify the factors
affecting | eakage into four categories (see Figure 2): the
pi pe itself, the environnent in which it is laid, the
quality of work during construction, and the service
condi ti ons.

The first category in Figure 2, those factors related to

the pipe itself, are the factors that determne the initia
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strength of the pipe. Included here are the type of
material (cast iron, PVC, cenment, etc.)f the quality of that
material (stemmng fromthe process by which it was

manuf actured), the dianmeter and the wall thickness.

The second category is nmade up of those factors rel ated
to the environment. O those, the first four contribute to
| eakage by causing corrosion and decreasing the wall
t hi ckness and therefore the strength of nmetal pipes. The
first three (soil conposition and noisture, and water
quality) were discussed earlier; the fourth, the presence of
electric trolleys, can lead to stray DC currents in the soi
that strike the pipe and cause extensive | ocalized
corrosion. |If continued unchecked, corrosion eventually
| eads to holes in the pipe wall.

The remai nder of the environnmental factors cause
stresses in the pipes. Loading fromoverhead traffic and
frost penetration cause soil novenent and create |ateral and
vertical forces on the pipe. These forces may cause ring
cracks (around the circunference of the pipe) or
| ongi tudi nal cracks (O Day & Staeheli, 1983, p. 4). There
are al so one-tinme natural occurrences, such as earthquakes,
that may severely damage pipe. For instance, the water
supply network in Tokyo suffered extensive damage in the
G eat Kanto Earthquake in 1923. (Sugawara, 1983, p. 1)

The third category of factors affecting | eakage in

Figure 2 is the quality of the work during construction:
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pl acement of pipes, construction of joints, and especially
conpaction and levelling of the bed. |If the bed is uneven,
the pipe is not supported uniformy along its length, and is
nore susceptible to damage through | oadi ng.

Quality of construction is nmuch harder to quantify than
the other factors, but may well be one of. the nost inportant
factors affecting | eakage. This is especially true in
devel opi ng countries, where |ack of experience, standards
and quality control means that many systens are not
constructed as carefully as they could be.

The |l ast category in Figure 2 is made up of operational
vari abl es, that can often be changed w t hout major
structural changes. Water pressure throughout the system
and water hammer at dead end nmains are internal forces that
can cause rupture or a blowout. These can usually be
avoi ded by opening and cl osing valves slowy. H gh water
velocities, as nentioned above, can cause cavitati on and
pitting.

The last itemin this |ast category, naintenance
policies, is sonmewhat different fromthe others in that it
can alter the effect of the environnental and service
condition factors. For i nstance, sone utilities
periodically clean and line their pipes, which prevents
i nternal corrosion. O hers install anodes on the exterior
pi pe surface each tine they have to repair a netal pipe,

t hus preventing further external corrosion. And because
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undet ected | eakage can cause further |eakage by eroding the
beddi ng al ong the pipe Iength and causing stress points,
utilities that make a point of carefully closing all
hydrants after use will not only have fewer hydrant |eaks,
they wll also prevent other |eaks. And of course any
utility that has a | eakage control programw !l cut down on
the overall |evel of |eakage.
3. 6.3 Leakage data

Table 2 presents data fromseveral different |eakage
studies, all but one in the U S  The nost conmmon
classification of |eakage is in terns of where the |eaks
occur in the distribution system—hydrants, valves, mains,
joints, service connections. Two studies (Myer, 1982, and
Curtiss, 1983) also distinguish between |eaks on the
custonmer's portion of the service connection and | eaks on
the portion of service connection that is under the
utility's jurisdiction. Presunmably the same physica
factors woul d be at work in these two cases, but the
distinctionis relevant in terns of who is responsible for
repair of those leaks, and also in terms of the dollar value
of the water lost (Ieaks on the custoner's prem ses do not
represent a | oss of revenue to the utility, unless they are
at such low flows that they escape registration by the
neter) .

Were the original articles did not give their results
in the formshown in Table 2, we have calculated the figures
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presented here fromtheir data. W have also converted all
results reported in British units into nmetric units.

Data for nunbers of |eaks are nuch nore precise than
t hose for volune, because |eakage volunme is usually only
estimated, either during the detection phase according to
the intensity of the |eak sound, or by visual inspection
during repair. The flow rates reported are generally in
round nunmbers —for instance, 1/2 1/mn, 1 1/mn, 5 1/ mn,
10 1/ m n, etc.

3.6.3.1 Problens with the data

Tabl e 2 provides an indication of the information on
| eakage frequencies that is available in the literature, and
of where | eakage is occurring in systens that have been
studi ed. There are a nunber of problens:
a) One author (Sullivan, 1981) explicitly includes joint
| eaks with the figures for main breaks, whereas the others
do not specify whether joint |eaks are included.
b) These results are all from actual |eakage detection
efforts, but in nost cases the nethods are not specified.
As is explained in the next section, a nunber of different
| eakage detection nmethods exist. The nmethod used, and al so
t he general maintenance policies in effect before the |eak
detection survey, have a bearing on the anmount of | eakage
uncovered and where it is found.
c) The distribution of |eaks anong the conponents of the

system are dependent on the system characteristics shown in
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Figure 2. If corrosionis an inportant factor, one would
expect relatively nore |eaks in the pipes thenselves (in a
systemw th netal pipes). If there are large tenperature
variations, one would expect nore joint |eaks. And if there
is little control over hydrant usage, one would expect nore
hydrant | eaks than in other systens.

d) The distribution of |eaks anong the conponents is also
necessarily dependent upon the conposition of the network —
t he number of hydrants, valves and service connections per
kil ometer of nain, and the average |ength of service
connection. In very fewcases in the literature is the
conposition of the network given. [If the networks in Table
2 are significantly different, conparisons anong the systens
ar e meani ngl ess.

One mght expect the U S. distribution networks to be
fairly simlar —or at least nore simlar to each other
than they are to the water systemin Barranquilla, Colonbia
shown in the last colum of Table 2. Hudson (1978, p. 364)
quotes the assunption made by Kuichling "that on the average
there are 504 pipe joints, 12 hydrants, 10 stop val ves and
100 service pipes per mle of distribution pipe," when
Kui chling was devel oping a figure for the "average
undi scoverabl e | eakage in a well-constructed distribution
systen around the turn of thae century. The figure reached
by Kuichling (based on an assunption of a certain nunber of

drops per second | eaking fromeach joint, hydrant, stop
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val ve and service connection) was 2500 to 3000 gal | ons per
day per mle of distribution pipe, or about 6 to 7 cubic
meters per day per kilometer. This figure for unavoi dable

| eakage is used throughout the Anerican literature, but
Babcock is the only author who explicitly acknow edges that
the figure is based on the assunption of "50 4 pipe joints,
12 fire hydrants, and 100 service connections per mle," and
states that "This assunption was verified by conparison
against the Gty's [Boston's] existing distribution system™
(Babcock, 1984, p. 296) No such figures were available for
t he studi es presented here.

e) Sonme of the studies shown here are for entire cities or
distribution systens (Manaroneck, Barranquilla), whereas
others are for "pilot zones" which nmay not be representative
of the entire system For instance, the results reported
for Long Island are for the first 20 mles surveyed. The
report on this survey states that when they surveyed the
remaining 60-plus mles of the distribution system "the
results of this second segnment were not quite as inpressive
as the first" —although still very worthwhile. (Marchon,
1985, p. 1) The average rate of 17 4 n%/day per leak in this
first survey, much higher than the average rates in other
studies, stemmed fromtwo very large nmain | eaks on main
roads, which were dunping directly into stormand sewer

manhol es and had therefore not surfaced.
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3.6.3.2 Conclusions fromthe data

In spite of these limtations/ several conclusions can
be drawn from Table 2:
a) In all cases, when |eaks occur in mains, they make up a
fairly small percentage of the total nunber of |eaks, but a
much | arger percentage of the total |eakage volume. To take
but one exanmple, leaks in mains and joints nade up only 7.2%
of the total nunber of breaks in the Boston study, but were
responsi bl e for 23.6% of the | eakage vol ume uncover ed.
b) Hydrant |eaks, which accounted for anywhere from15 to
81% of all leaks in the U S studies cited here, nade up a
much smal | er proportion of the volune lost. For instance,
in the sane Boston study, 3 4.1%of all |eaks found were in
hydrants, whereas only 3.6% of the volune |ost was due to
hydrant |eaks. |In fact, when Myer £t £11. (1982) anal yzed
the costs and benefits of the |eakage detection and repair
effort in Mamaroneck for each category of |eak, they came up
with a negative net benefit for hydrant repair —the costs
of detection and repair were greater than the value of the
wat er saved (cal cul ated as the sum of the whol esal e purchase
price and the chem cal and power costs). But it does not
necessarily follow that one should ignore the hydrants and
| ook for main |eaks first. Because hydrants are the nost
accessible points on the distribution system they are the
easi est points to check, and as is explained in the next

chapter, main |leaks are usually located by listening at the
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hydrants for the characteristic | eak sound.

c) There can be wide variations in |eakage rates within one
system (which is an inportant point we shall come back to
when devel oping a | eakage control policy). The three zones
in the Schenectady survey were chosen specifically to

eval uate the effects of pipe age (Low Zone), sandy soils
(Bel | evue) and a high groundwater table (Wodl awn).

(Lilleyf 1984, p. 2) And, in fact, the three zones had
different |eakage patterns. The zones were small enough
that no main breaks were found in two of them (Low Zone and
Bel | evue). Al though main breaks are usually the |argest
type of |eak and are responsible for raising the average

| eakage rate per |eak, one of the zones with no nain breaks.
Low Zone, had a higher average | eak rate per leak (84.4

nB/ day) than did Wodl awn, the zone with two main breaks,
which had a 72.9 m/day average rate per |eak. The Low Zone
al so had a much hi gher number of |eaks per kilometer than
either of the other two zones (1.7 |eaks/kmfor the Low
Zone, .94 leaks/kmfor Bellevue, and .43 | eaks/km for

V/ oodl awn) . And al though Bel |l evue had a | ower average

| eakage rate (41.2 nf/day per leak) than did Wodl awmn at
72.9 nf/day/leak, the higher density of |eaks per kmin
Bel | evue nmeant that it had a slightly higher volume of water

| ost per kmof main (38.6 nf/day) than did Wodl awmn (31.4
3
m / day/ km) .
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I n conclusion, then, although this type of data cannot
be rigorously conpared fromone systemto the next, it is
useful for |ooking at trends and especially for conparing
zones within a single system which are presumably subject
to the same maintenance policies and the same reporting
pr ocedures.

The nunber of |leaks is relevant in terns of the cost of
detection and repair, and the volune of |eakage determ nes
the benefits fromwater saved. This type of data (nunber
and vol une of |eaks by type, kilometers surveyed, and al so

type of pipe) should be collected for any |eak detection

survey.
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4. METHODS OF LEAK DETECTI ON
4.1 j[~eakage control and leak detection

A distinction nust be nmade between "Il eakage control" and
"l eak detection."” Leakage control neans any program
designed to reduce the | eakage in a systemor keep it at a
|l ow |l evel/ usually through nonitoring of flowlevels in
different districts or regular "soundi ng" throughout the
system Leak detection, on the other hand, refers to the
process of locating the |leak. Al |eakage control prograns
i ncl ude sone form of | eakage detection to pinpoint the |eaks
whi ch have been di scovered or are suspected.

Detection of underground | eaks is usually based on
detecting the sound nade by water escaping through the | eak,
and depends on that sound being transmtted either along the
pi pe to a convenient |istening point such as a hydrant or
val ve box, or through the earth to the ground surface above
t he pi pe.

4.2 Leak sound

A | eak produces several different sounds, at different
frequencies. One type of sound wave is created by the
vi bration of the pipe at the orifice and is transmtted
along the pipe wall. This sound is usually at a frequency

of about 500 - 800 Herz, according to Heim (1979, p. 67);
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the British NWC gives it a range of .3 - 1 KHz (NWC, 1980,
p. 120). This sound can be heard by what the British call

“direct sounding” —Ilistening at a hydrant, valve box,
corporation stop, or other point in direct contact with the
pipe. (See Figure 3, "direct sounding at a hydrant.")

Anot her type of sound is produced at a | ower frequency,
about 100-250 Herz according to the NWC (1980, p. 120) or
anywhere from20 to 250 Herz according to Heim (1979, p.67).
There are actually two different phenomena produci ng sound
at this frequency. One is the inpact of water against the
soil around the | eak, and the other is circulation of water
inacavity in the soil near the |eak, which produces a
sound like that of a fountain (Heim 1979, p. 67). These
sounds are transmtted through the soil and can be heard at
the surface above the leak; listening for these is called
"indirect sounding" or "surface sounding" by the NWC. (See
Figure 3, "indirect sounding.") Wereas the first, higher-
frequency, sound can travel along the pipeline for |ong
di stances, the second sound is |ocalized around the |eak.
Listening for this sound on the surface, then (indirect
sounding), is very inportant in pinpointing the exact
|l ocation of a |eak for excavati on.

4.3 Soundi ng equi pnent

The original and nost basic instrument used to listen

for leaks is the sounding rod or "listening stick," whichis

a wooden or netallic stick that nechanically transfers the
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| eak sound to the human ear. These rods can be used for
either direct or indirect sounding. The NWC refers to al
such rods as stethoscopes.

Al though the British generally use the sane stethoscopes
for both categories of |eak sound, it is much nore common in
the U S. to have two different instruments, adapted to the
two types of sounding. The "aquaphone" is a netal spike
with what resenbl es an ol d-fashi oned tel ephone receiver on
the listener's end, and is used for direct sounding, in
contact with sone elenent of the distribution system The
"geophone" is used for indirect sounding on the ground, and
has a di aphragmon the end, like a doctor's stethoscope. It
can al so have two diaphragns to give the |listener a stereo
effect. (Cole, 1980a, p. 3)

Soundi ng can al so be done with electronic instruments
that anplify the sound and incorporate frequency filters to
remove some of the extraneous noise. The signal fromthe
amplifier is usually directed both to headphones and to an
indicating meter. Using frequency filters, instruments have
been devel oped that are specific to the two different
frequency ranges that occur in |eak sounds. The indicating
meter provides an objective scale of sound intensity that
hel ps the operator conpare different |eak sounds.

Figure 3 shows an el ectronic aquaphone with the probe
touching a hydrant, and an el ectroni c geophone set on the

ground. Wth a |eak |ocated as shown in the figure, the
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aquaphone shoul d give a higher reading (higher intensity of
sound) at hydrant A than at hydrant B, because hydrant Ais
closer to the leak. Simlarly, the geophone should register
I ts highest reading when set directly over the |eak (at
point C than a few neters away (point D). There are a few
cases in which these general rules do not apply; those cases
are di scussed bel ow.

The aquaphone and geophone, used as shown in Figure 3,
are the nost common sounding instrunents; however, there are
several other sounding techni ques which also rely on
| ocating the point of maxinmum sound intensity. Figure 4a
snows a netal probe inserted into the ground to touch the
main itself. This is cone when the above-ground access
points are too far apart, or when the conventional nethod of
direct sounding fails to detect a | eak sound in a section of
main that is suspected to have a | eak

Figure 4b shows a hydrophone, a nore sensitive probe
which is imersed directly in the water, usually through a
gate val ve or hydrant. Hydrophones should theoretically be
capabl e of detecting |ower |evels of sound than aquaphones,
but in British practice, the results have not been as
satisfactory. This is probably due to two phenonena: there
are many nore fittings per kilonmeter of main to which an
aquaphone probe can be attached than there are hydrants
t hrough which a hydrophone can be inserted; and secondly,

hydrants were found to | eak past the spindle when open, thus
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i ntroduci ng an extra noise. (Gunwell and Ratcliffe, 1981,
p. 25) These problens could be overconme by inserting the
hydr ophone directly through a tapping in the pipe wall.

Despite their infrequent use thus far, hydrophones may
prove especially useful in devel oping countries, where the
preponderance of non-netal pipe nmeans that sound is not
transmtted very well along the pipeline.

4.4 Fachnrs affecting | pak sound

There are nany factors that affect the transm ssi on and
therefore the detection of a | eak sound, nobst notably water
pressure, |leak size, pipe material and soil cover.

Pressure is inportant because it affects the anpbunt of
wat er flowi ng through a | eak; sone mni mum pressure is
requi red for the escaping water to nake a detectabl e sound.
Heim (1979, p. 67) states that it is usually necessary to
have 15 psi (about 10 neters of head) or nore for sonic
| eakage detection. Heath Consultants feel that a m ni nrum of
20 psi, or 14 neters, is desirable and 10 psi (7 neters)
essential (Heath, personal comrunication, April 1985).
Bowen (1981, p. 65) clains that in systems running at
pressures | ower than about 50 psi, or 35 neters of head,
| eaks nay be very hard to detect, even close to the source.
This seens a little excessive; nost other authors in the
l[iterature give the figure of either 10 or 14 neters.

Because so many systens in devel oping countries operate

at | ow pressures, sounding may be difficult to carry out
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W thout tenporarily increasing the pressure in the system
or at least in that portion to be investigated. 1In general,
sounding is often done at night, when system pressures are
expected to be higher and when there are fewer other noises.
But in devel oping countries, the pressures nmay be no higher
at night. 1In a l|large unaccounted-for-water study in
Bangkok, the consulting engi neers were not able to neasure

| eakage directly, partly "because generally | ow system
pressures reduce | eak noi se and cause a high proportion of
custoners to draw water at night. Thus night soundi ng and
fl ow neasurenent are ineffective for | eakage |ocating and
quantification.” (CDMMEC, 1983, p. S/5)

The volume of water |eaking, which is related to the
size of the opening and to the pressure in the system also
has a bearing on the | eak sound. Heath Consultants claim
that 1/2 gal/mn., or 2.4 nf/day, is roughly the size of the
smal | est leak that is generally detected (Heath, personal
conmuni cation, April, 1985).

Soil cover is a factor to be considered in indirect
soundi ng. The depth of cover is obviously inportant —the
deeper a main is buried, the less the | eak sound will be
heard at the surface. The type of soil cover also cones
into play; sandy soils are the best sound transmtters, and
clay the worst (Bowen, 1981, p. 65, and Heim 1979, p. 68).
And finally, the ground surface upon which the geophone is

pl aced affects the transni ssion of the sound to the
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instrument: sod tends to nuffle any sound, whereas asphalt
and concrete resonate well and also give a nore uniform
surface for the instrument (Heim 1979, p. 68). Because of
thisr sonme | eak detection crews carry a netal or wooden
plate to place under the "foot" of their geophone in grassy
areas; the plate resonates well and provides a uniform
surf ace.

For direct sounding, the type of pipe naterial and the
size of the nmain are of the utnost inportance. Metallic
pi pes are by far the best conductors of sound. According to
both Heim (1979, p. 68) and Bowen (1981, p. 65), sounding
can be done on any type of pipe; the nonnetallic pipes just
require a small er distance between soundi ngs. Bowen ranks
pipe materials in order of decreasing sound transmttance:
first copper, then steel, cast iron, ductile iron, plastic,
asbest os-cenent, and | astly concrete.

Smaller nmains transmt sound better than |arge ones.
The sound carried along the pipe is nostly that of the pipe
vibration at the orifice, and nains with a larger nmass w ||
not vibrate as nmuch (Heim 1979, p. 68). As an
illustration, a |eak which could be heard with an aquaphone
one bl ock away on a 150 mm |ine may be hard to hear 3

nmeters away on a 600 nm I|ine (Bowen, 1981, p. 65).
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4.5 Ceneral procedure for soundi ng

Sounding is usually carried out in two stages:
searching and pinpointing. In the first, direct sounding is
performed on accessible points of the distribution system
(hydrants, valve boxes, corporation stops), with notes nade
of all "noisy" points. Every corporation stop can be
sounded, or only selected ones; the NWC has found that
soundi ng every corporation stop is nearly always nore cost-
effective (NWC, 1980, p. 120). The East Bay Muni ci pal
District in California does not check all "services," but
checks them at intervals of 150 feet (about 45 neters) or
less (Rago & Crum 1976, p. 2). Sounding of the corporation
stops is sonetines conbi ned with neter-reading.

In the second stage, pinpointing, the detection crew
returns to investigate each case. |If sounds were heard at
two adj acent hydrants or valves, the surface is sounded
between themto pinpoint the |leak. |If previous flow
measurenents indicated a | eak in an area where not hi ng was
heard by direct sounding, indirect sounding is undertaken to
try to locate the leak. If a sound was heard at a
corporation stop during the searching stage, it should be
checked again later to ensure that it was not due to
legitimate use within the house the first tinme. |If the
sound is heard again, the stop is closed and sounded agai n.
If the noise is still heard, the leak is on the utility's
property; if not, it is on the custoner's side. (NWC, 1980,
pp. 120-121)
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In sone cases, the search phase nay include surface
sounding at regular intervals as well as direct sounding at
all contact points. Because sounds do not transmt well
al ong | arge di aneter pipes, Heimrecomends that direct
soundi ng al ways be supplenented with surface soundi ng for
mains 12 inches (300 nm) or nmore in dianeter (Heim 1979/
p. 6 8. Fromthe context, he seens to be speaki ng of netal
pi pes; for non-netallic pipe, the recommendati on should
probably be nade for all sizes of pipe.

Heat h Consultants feel that a conprehensive search on
any system should i nclude surface soundi ng at two-neter
intervals in addition to direct sounding at all contact
poi nts for pipes that are |l ess than four meters bel ow t he
surface. (Heath, personal comrunication, April, 1985)

The anpbunt of pipe that can be sounded in a day wl |
depend on the characteristics of the system and on the
| evel of experience of the crew. The Ofice of Water
Resources of the North Carolina Departnent of Natural
Resources and Community Devel opnment finds that a three-
person crew with a truck can cover about 10 nmles a day on
the search phase of a | eak detection survey. One person
drives a truck, the other two sit on the tailgate and get
off at every hydrant and valve for direct sounding (Maynard,
personal conmuni cation, 1985). Heath Consultants find they
normal ly cover 3-6 mles a day in their search inspections.

When doing a total search-and-pinpointing survey, they cover
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2-4 mles a day™ dependi ng upon |ocal conditions and the
anount of | eakage encountered. (Heath, 1985b/ p. 1) The
National Water Council finds that one person can effectively
sound the access point corresponding to 20 properties

(direct sounding) in one hour in urban areas (NWC, 1980, p.

121) .
4.6 Prohlens with soundi ng

Soundi ng prograns rely on the principle that the point
of maxi mum sound intensity is the closest point to a | eak,
but there are a nunber of situations in which that does not

hol d true.

Figure 5 shows sone cases in which direct sounding wll
not lead the investigator to the correct segnent of nain.
Figure 5 shows a higher reading at hydrant B than at hydrant
A, although hydrant A is closer to the leak. This is
because of the tee in the pipe between the | eak and hydrant
B. Tees, elbows and other fittings consistently anplify
sound and cause errors in judgenent (Bowen, 1981, p. 65)

This is one of nmany reasons why it is inportant to have a
good map of the distribution system

In Figure 5b, the farther hydrant, hydrant B, again
shows a hi gher reading than the one close to the leak; in
this case, the sound was deadened at a joint between hydrant
A and the leak. Cast-iron mains with |ead joints conduct
sound very well; other types of joints may nuffle the sound;

and in mains where the sections are separated from each
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ot her by gasket joints, the sound will be confined to the
| eaki ng section (Bowen, 1981, p. 65).

Figure 6 gives sonme exanples of problens encountered in
i ndi rect soundi ng. Because soil cover affects sound, any

repair or other excavation that backfilled the hole with a

material different fromthe original backfill will cause a
distortion in the pattern of sounds heard on the surface.
Hence in Figure 6a, a higher reading is obtained at point B
because sound is transmtted better through the backfil
there than at point A directly over the | eak. Records of
previous repair work can not solve this problem but can
alert the investigator that it may be difficult to | ocate
t he | eak.

Fi gure 6b shows a case where a varying depth of cover
causes the | eak sound to be npbst intense at point B,
although B is not directly over the | eak. The | ower
el evation at B neans a shorter travel path for the sound
wave than to point A Investigators should therefore be
consci ous of elevation changes with respect to the pipe
grade. Again, they will not be able to predict exactly
where the leak is, but will understand why they m ght not
find it on the first excavation if they rely only on
soundi ng techni ques.

In Figure 6¢, a higher reading is obtained at point B,
the farther point, because the asphalt surface carries the

sound better than the grass at point A As in the previous
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two cases, there is no exact way to conpensate for this
phenonenon, but investigators should be aware of the
di stortions caused by varying surfaces.

Anot her conplication, shown in Figure 6d, is that of two
|l eaks in close proximty. Point B, between the two | eaks,
has a higher reading than either of the meters directly over
the two | eaks, because the combi ned sounds are being
registered. There is no way to predict this occurrence, but
because of the possibility of nmultiple | eaks, sone crews
make it a point after every repair to recheck the previously
noi sy hydrants in the area.

A final limtation of sounding, related to those
menti oned above, is that sone | eaks have no cl ear naxi num
sound associated with them |In addition, sonme |eaks produce
so little sound that background noise (such as traffic) may
hi de the noi se conpl etely,

4.7 O her detection nethods

There are several nethods of | eak detection, distinct
fromthe soundi ng techni ques, that can overcone the problens
shown in Figures 5 and 6.

4.7.1 Leak Noi se Correl at or; The correlator is a nore
sophi sticated instrunment than the aguaphone or geophone; it
anal yzes the sound waves received sinultaneously at two
different points on the distribution system (for instance,
hydrants A and B in Figure 3) to cal cul ate the exact

di stance to the | eak. Whereas a person using an aquaphone
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woul d conpare the relative intensities at the two hydrants
to estinate where the | eak nust be in relation to the two
hydrants, the correl ator conpares the wave forns and
progressively delays one with respect to the other till the
forms are identical, thus calculating the time of travel
fromthe |l eak to each |istening point.

Because a correl ator does not depend on detecting the
poi nt of maxi mumintensity, as do the other locators, it can
be used in those situations where there is no cl ear maxi mum

where the maxi nrum does not coincide with the | eak, where the

| eak noise level is so |low as to preclude surface (indirect)
soundi ng, where several |eaks exist in proximty, or where
background noi se masks the | eak noise (Gunwell & Ratcliffe,
1981, p. 7).

Al t hough | eak noi se correlators have perforned well in
trials (e.g. Gunwell & Ratcliffe, 1981, p. 33), Moyer
&L &1», found that surveying by sonic detection was highly
accurate and stated that "although there are other |eak
detection nmethods in use which are nore accurate, they nay
often be prohibitively expensive." (1982, p. 358) Mbost of
the Anerican literature, in fact, reflects the idea that
correlators are too expensive for individual utilities to
own, and should be used only as a contract service (e.qg.,
Heim 1979, p. 69). A noise correlator typically costs
around $50, 000 (Heath, personal communication, April, 1985),

whereas a kit containing an el ectroni ¢ aquaphone, electronic
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geophone, pipe |locator and val ve | ocator can be bought for
about $1200 to $2500 (Maynard, personal comuni cati on,

1985) .

4.7.2 Gas tracers; Another nethod of | eakage detection,
even | ess common than the correlator, is that of gas
tracers. A gas is inserted into the pipe, either dissolved
in the water or put into a dewatered pipe, and detected when
it escapes through the | eak, thus pinpointing the |eak (see
Figure 7). Holes are sunk along the pipe at intervals,
usually referred to as bar hol es because they are sunk with
a bar of some type. For heavier-than-air gases, the holes
must extend down to the main; for lighter-than-air gases
only shall ow holes are required, if any.

Heim (1979, p. 69) lists four different tracer gases
used for leak detection. His conclusion on tracer gas
surveys is that they are "extrenely expensive" and "shoul d
only be consi dered when sonics are conpletely inpractical."

In the United Kingdom various tracers have been tri ed,
with nitrous oxide being the nbst common nmet hod used until
recently. A new tracer nethod has been devel oped, however,
whi ch has produced good results and is now recommended by
the N\WC.  The gas is sul phur hexafluoride (SFg), and it
of fers a nunber of advantages (See NWC, 1980, p. 125). The
NWC recommends the tracer techni qgue when no | eak noi se can
be detected in a segnent of main where a leak is known to

exi st, and suggests that it is particularly suitable for
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rural mains and trunk mains where there are few fittings for
direct sounding. One of its drawbacks in urban areas is the
probl em and cost of digging and repairing bar holes in
r oadways.

Thi s nmet hod should be kept in mind for probleml| eakSf
but probably does not have nuch i nmedi ate application in the
smal | systens we're considering here. |If anything, it
shoul d be considered as a possible | eak detection nethod to
be perforned by contractors who are experienced in the

t echni que.
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5. y. RAKACR  CONTROL POLI CI ES

As Stated in Chapter 4, a | eakage control programis
designed to reduce the | eakager or to naintain it at a | ower
|l evel than would be the case w thout such a program

The anpunt of | eakage that remai ns undetected and
unrepaired in a water system depends on the |evel of
resources devoted to | eakage control. Theoretically there
is sonme | evel of |eakage beyond which any further efforts at
| eakage reduction would cost nore than the benefits of the
addi ti onal water saved. It can never be economically
feasible to elimnate | eakage conpl etely.

An i deal | eakage control policy, then, would be to
reduce | eakage in a systemto the optinmum /|l evel and keep it
there. That opti num may change over tine, as the cost of
wat er or the costs of the | eak detecti on net hods and
equi pnent change, and the control program woul d be adjusted
accordingly.

I n practice, however, this approach is rarely taken
Determ ning the optimum | evel of |eakage for a given system
requires in-depth information on the costs of | eakage
control progranms (which depend in part on the
characteristics of the distribution systen), the total

anount of | eakage in the system the effectiveness of each
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type of |eakage control, and the value of the water (which
depends in part on future demands on the system, This is
information which is not often readily available, and which,
as sone authors point out, requires a substantial investnent
to gather. For instance, when discussing neasurenment of

| eakage in a water system R dley (1983, p. SS16-2) states
that "the biggest cost is often found to be the updating of
systemrecords which is an obvious precursor to any rationa
anal ysis." Calculation of the value of water is an
extrenmely inportant issue, and will be discussed separately
in Section 5.5.

This "optinum' |evel of |eakage is usually described in
terns of the econom c value of the water saved; but there
are a nunber of other benefits that accrue froma reduction
i n | eakage, benefits both to the utility itself and to
society at large. After preparing for and inplenenting a
| eakage control program the utility will have nore thorough
records on the water system information which will be
val uabl e in other aspects of system managenent as well.

This type of benefit is difficult to measure. The spin-offs
from| eakage reduction that affect the general public are
general ly not quantifiable either. A reduced chance of

| eaks surfacing, freezing and causing fatal accidents; a
reduced chance of property damage; inproved relations

between the custoners and the utility; reduced potential for

out breaks of waterborne di sease; an increased nunber of
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peopl e served —all these are social benefits of |eakage
reduction that nmake | eakage reduction nore attractive than
t he dol |l ar val ue of water saved woul d i ndicate.

Gven the difficulty of determning the optimum | evel of
| eakage, policies are often defined instead with arbitrary
goal s: reducing the amount of |ost water to sonme
predetermnned level, for instance. |In nmany cases, no policy
I's made explicit; |eakage detection is carried out with the
t echni ques, equi pnent and expertise which are available —
which may nmean hiring a consulting firm And in the vast
majority of systems worldw de, nothing is done at all. The
reasons cited in the Introduction for this apparent |ack of
concern (shortage of resources, |ack of awareness of the
probl em lack of records on the system apply to nost snall
systens in industrialized countries as well as to systens
t hroughout the devel opi ng worl d.

In the renainder of this chapter, explicit and inplicit
| eakage control policies fromaround the world are
presented. The British position is described in detail, as
an exanpl e of a well-devel oped national policy, and then
approaches taken by utilities or water agencies in the U S
and in other industrialized countries are presented. In al
cases, the policies are examned with regard to their
applicability to devel oping countries, as well as on their
own nerits. A few case studies from devel opi ng countries

are presented. The inportance of establishing priorities
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for | eakage control is stressed. Finally, the value of

wat er i s di scussed.
5.1 The British (National Water Council) approach to

| eakage control
5.1.1 Background

The British have been able to devel op national
gui delines for |eakage control because of the centralized
organi zation of their water supply sector. Wen nost of the
wat er sector in England and Wal es was anal gamated into ten
Regi onal Water Authorities in 1974, the wide variation in
treatnent of |osses anong the individual water systens
became unacceptable, and it was felt that a |ogical,
uni fied, approach to | eakage control was needed. A
Techni cal Working G oup on Waste of Water was set up by the
Department of the Environment and the National Water Counci
(NWC); this Goup produced a final report in 1980, based on
extensive research and on field work carried out under the
gui dance of the Water Research Centre. The 1980 report,
publ i shed by the N\WC and entitled Leakage Control Policy and
Practice, presents a nethodol ogy for determning an optimm
| eakage control policy, as well as describing the state-of-
the-art in control techniques.

The met hodol ogy presented in the NAC report has been
approved by the water industry throughout the the United
Kingdom and the Water Authorities have agreed both to apply
the method to determne the |evel of |eakage contro
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appropriate to different parts of their systens, and to
carry out the control as soon as practicable. (Ridley, 1983,
p. SS16-1) |In fact, the procedure devel oped in the NWC
manual has becone the only netliod for determ nation of a
| eakage control policy that is acceptable to the British
governnent. Before securing funds for nmjor new capital
schenes, a Water Authority roust denonstrate that | eakage in
t he designated area has been reduced to economcally
acceptable levels. (Goodwin & MEl roy, 1983, p. 32)
5.1.2 The procedure
The procedure described in the NWC report consists of
the foll owi ng steps:
(a) initial nmeasurenent of the nagnitude of | eakage
within the system
(b) deternination of the benefits of reducing | eakage
(by calculation of the unit cost of | eakage);
(c) estimation of the costs and potential savings of
pressure cont rol ;
(d) cal cul ati on of;
(i) the cost of operating each of the nethods of
| eakage control ;
(ii) the cost of |eakage appropriate to each met hod
of | eakage control;
(e) conparison of the sumof the costs in (d) (i) and
(ii) for each | eakage control nethod to determ ne

whi ch net hods are econonical ly accept abl e;
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(f) consideration of |ocal factors;

(g) decision on the | eakage control nethod to be

adopt ed;

(h) determ nation of the operational resources required;

(i) inmplenentation of appropriate action;

(j) nonitoring of performance at regular intervals.

(NWC, 1980, p. 13; and Ridley, 1983, pp. SS16-1, 2)

One of the nain features of the NWC nanual is its
enphasis on a rational econon c approach to | eakage control
Wiereas there is little agreenent internationally on howto
cal cul ate the benefits of water saved by | eakage detection,
the Working Goup was able to devel op a nethod of
cal cul ating the cost of |eakage "which found acceptance by
engi neers, econom st and accountants in the UK" (Ridley,
1983, p. SS16-2).

The basis of the British approach is to calculate the
total cost of each nmethod of |eakage control, and to choose
the method with the | owest total cost. The "total cost"

i ncludes both the cost of carrying out that |eakage contro

nmet hod and the cost of the |eakage |evel appropriate to that

control nmethod (i.e. the cost of the water | ost under that

met hod) . If there are several nethods within the same cost

range as the least costly nmethod (i.e. within 20% of the

| owest cost), local non-quantifiable factors are taken into

consi deration for the final decision.
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Bef ore describing the procedure in greater detail, the

different methods of |eakage control proposed by the NWC are

sunmari zed.

5.1.3 Methods of | eakage control

Si x net hods of | eakage control are described, all of
which are currently practiced by different water systems in
the U K The six methods are passive control, regular
soundi ng, district netering, waste metering, a conbination
of waste and district metering and, finally, pressure
control, which differs fromthe other nethods in that it is
not a nmethod of |ocating |eaks for repair, but rather of
| owering the overall |eakage rate. These nethods are
described in turn,

(a) Passive control consists of repairing only those
| eaks that are brought to the attention of the utility by
customers or discovered during normal operations. It is the
most basic formof |eakage control, in practice al nost
everywhere, and allows the highest |evel of |eakage to pass
undet ect ed.

(b) Regul ar sounding is the sinplest nethod of active
| eakage control, and consists of systematically sounding all
hydrants, corporation stops, valves and ot her convenient
fittings on the distribution systemat regular intervals, as
described in Chapter 4. The frequency of inspection varies
fromone systemto the next; the NWC nanual recomends

yearly inspections, with an acceptable range of six nonths
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to two years between inspections. (NAC, 1980, p. 49)

The manual al so mentions briefly the possibility of
"differential sounding," which consists of dividing a system
into a nunber of sections, with records kept on the number
of "faults"” found in each section. These records are then
used to determne the future frequency of inspection for
each part of the system areas with nore faults are then
sounded nore frequently, (NWC, 1980, p. 95)

(c) District netering involves the installation of flow
meters throughout the systemin such a way as to neasure
flowinto the different sections, or "districts." The NW\C
defines these districts to include about 2,000 to 5,000
properties each. The total flowinto each district is read
fromthe neters at regular intervals, and the results
anal yzed over tine. |f an unexplainable rise in the total

flowis noted for a particular district, a sounding teamis

sent in to search for | eaks.

A problemwth this nmethod is that if considerable
| eakage exists when district metering is begun, that |evel
of consunption is taken as the norm Consequently, it is
recormmended that all measurenents be converted into units of
l'iters/property/hour (1/prop/hr) so that districts can be
conpar ed agai nst each other and any high levels imediately
i nvestigated. (Bays, 1984, p. 54)

This method of |eakage control offers the advantage

(over regular sounding) of identifying those areas where
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| eakage i s expected to be highest, so that sounding crews
will be obtaining the highest returns fromtheir efforts.

The NWC manual recomrends that the district neters be
read once a week, with a range of 1 to 30 days accept abl e;
and that regular sounding be carried out on the whole system
at the frequencies given above. (NWC, 1980, p. 49)

(d) Waste netering is a nore refined nethod of |eakage
control; nore costly and nore effective in reducing | eakage
than district nmetering. In waste netering, areas are
identified that can be isolated by valves in such a way that
they are supplied by a single pipe, in which a flowreter can
be installed. The flowneter nust be capabl e of neasuring
lowrates of flow, and is referred to by the British as a
"waste neter,"

Waste neters, which can be installed permanently or
tenporarily, are normally used only to nmeasure night flow
rates. The mnimumnight flowis conpared to previous
val ues or to sonme predeterm ned |evel, and any waste area
with high values is then investigated. This is often done
by a "step test": <closing off successive portions of the
waste district by closing valves and noting the acconpanyi ng
drop in flowto the area. In this way, the |eaking segnent
of main can be |ocated, and a sounding crew sent in to
pi npoint the leak in a relatively small area.

The NWC suggests that waste districts conprise about

1000 to 3000 properties, and notes that night flow


NEATPAGEINFO:id=AF86ACE1-6038-4389-B266-E64C5504ABB6


58

nmeasurenments are nade anywhere from1 to 11 tinmes a year,
with four times a year being nost common (NWC, 1980, p. 96).

(e) Waste/district netering is a conbination of the two
met hods in which districts with abnormally high flows are
then investigated further by waste netering.

(f) Pressure control, as nentioned earlier, is not a
met hod of |ocating | eaks but rather of reducing the overal
rate of |eakage by lowering both the rate of devel opment of
new | eaks and the volune |ost through each | eak. The NWC
feels that pressure control should be investigated in every
case, in addition to the other nethods of |eakage control.
5.1.4 Measurenent of |eakage

The NWC manual (Leakage Control Policy and Practice)
stresses the inmportance of obtaining as accurate a neasure
of | eakage as possible, given that the figure for the
| eakage |l evel will be used in econom c cal cul ations
i nvolving large suns of noney and affecting operations for
many years into the future (NWC, 1980, p. 41).

The manual describes two nmethods of estinmating the total
amount of |eakage in a system a) total integrated flow,
and b) total night flowrate; and strongly recommends the
use of the latter. In both cases, |eakage is approximated

by unaccount ed-for water neasurenents.
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The neasurenent of | eakage by the total integrated flow
uses the formula given in section 2.2, that is:
U=S- (M+ aP)
where U = unknown or unaccounted-for quantities of water

S

sumof all inputs into the system
M = sum of all water accounted for by measure
a = average donestic consunption per capita of
popul ati on plus an all owance for unnetered
commerci al consunpti on
P = [unnet ered] popul ation supplied
Because all the terms in this fornula are subject to
seasonal variation, it is essential that each quantity be
measur ed over the sane tine period.

The NWC does not recommend the use of this nethod,
because although it is relatively sinple, total integrated
flow is the | ess accurate nethod. This is because of the
errors inherent in subtracting two | arge nunbers (S and (M +
aP)) , each subject to certain errors, to obtain a relatively
smal | nunber (U). (NWC, p. 1980, pp. 92-93)

The net hod recommended by the NWC nakes use of flow
rates rather than total quantities of water, and relies on
the principle of nmeasuring flows during the night, about 3
a.m, when flowis at a mninum After elininating the

smal | anount of known consunption, the remainder is ascribed


NEATPAGEINFO:id=5BFDCE95-2F3C-404A-B1CE-4F7C78FC94B4


60

to | eakage. This nethod uses the nodified fornula

U =S - (M + a N)
where U = unknown or unaccounted-for night fl ow
rat e
S = sumof all input flowrates into the

system (mi ni rum ni ght fl ow)
M = total night flowrate of all trade and

commerci al users

a' = average donestic night flow rate per
property
N = nunber of properties supplied

Mat hematically, this nethod is nore accurate than the first
formula (for total integrated fl ow) because at night, both
the commercial use (M) and the donestic use (a N ) are | ow,
so that small quantities subject to certain errors are being
subtracted froma relatively large quantity (S') to obtain
another relatively large flow (NW, 1980, p. 93) This flow
is expressed in liters per property per hour (1/prop/hr) for
| eakage from urban distribution systens, or as liters per
hour per kilonmeter of main (1/hr/kn) in rural systens.

In many systens, S (the night flow) can be neasured by
cutting off supply to the controlling service reservoir and
measuring the anmount by which the | evel of the reservoir
drops. M (trade and commercial use) is obtained by a
direct reading of the neters for |arge consuners, conbined

wth estimates of night flow for snmaller roetered users.
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Fromtheir field experinments, the NWC has found that average

donestic night flow (a') is on the order of 2 1/prop/hr.

(NWC, 1980, p. 94) What remains, then, is U, the net night

flowrate in 1/prop/hr., which is actually unaccounted-for

wat er, but which is nostly conprised of |eakage; the net

night flowis commonly referred to as the, |eakage |evel

t hr oughout t he NWC nanual .

5.1.5 Calculation of unit cost of |eakage (step (b) of the
pr ocedur e)

The unit cost of | eakage is needed to cal culate the
econoni ¢ benefit that woul d be obtai ned by changi ng | eakage
|l evel s. Rather than considering it as the "value" of the
water | ost, the NWC defines this benefit as the effect, upon
t he expected costs of supplying water, of the change in
demand brought about by a change in | eakage. They point out
t hat past expenditure can in no way be affected by a future
change in denand and is therefore irrevelant. The change in
future costs, which is the relevant figure, is the saving
effected by a reduction in | eakage, and consists of two
distinct elenents: (a) a reduction in annual operating
costs, and (b) a defernent of denand-rel ated schenes
effecting a reduction in the programed capital investnent.
(NWC, 1980, p. 37)

The NWC report goes into great detail in describing how
to cal cul ate each conponent of the operating costs and

capital costs. The procedure takes into account not only
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how a reduction in demand woul d af fect each supply source
and punping station individually, it also presunes know edge
of capacity expansions over the long term The procedure is
(necessarily) conplex and can only be recomended for al
wat er systemnms because of the regionalized structure of the
wat er sector in the United Kingdom which provides technica
resources and planning for water systens of all sizes.
5.1.5.1. Annual operating costs

These costs consi st of punping costs, water treatnment
costs, and bul k purchase costs (if water is purchased). As
nmenti oned before, only those sources or punping stations
that will be affected by a reduction in denand are
consi dered. After calculating a unit operating cost for
each source, the unit operating cost for the entire system
is calculated as the average of these individual unit
operating costs, weighted according to the |ikely magnitudes
of the reductions in supply at each source. (NWC, 1980,
p. 58)
5.1.5.2 Annual capital cost

The cal cul ati on of the annual capital cost is nore
conplicated. The net hod proposed by the NWC is actually a
type of margi nal cost cal cul ation, although they do not
refer to it that way. Their "discounted unit capital cost"
corresponds to the "average increnental cost" w dely used by
the World Bank in dealing with water supply systens, and

described in the World Bank paper on alternative concepts of
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mar gi nal cost and the water supply sector (Saunders £i. al.,
1977)

The NWC manual presents several charts for use in
setting out the costs of those capital schenes required to
satisfy future demands, incorporating corrections to all ow
for future schemes beyond the current planning horizon, and
"demand nmultipliers” (0-1) to indicate the portion of the
schene that is capable of being deferred. The NWC nanua
descri bes the procedures in detail and gives several
exampl es (pp. 37-40, pp. 55-74).

5.1.6 Consideration of pressure control (step (c) of the
pr ocedur e)

Because pressure reduction can be inplenented fairly
qui ckly and savings realized i mediately thereafter, the
British recommend that pressure reduction be considered for
any system

The NWC attaches so rmuch inportance to pressure contro
partly because of results of its field experinents. It was
di scovered that when neasuring overall |eakage in a system
t he | eakage reduction caused by a given pressure reduction
is greater than that predicted by hydraulic theory. (This
is believed to be due in part to the changing size of the
orifice at different pressures.)

Figure 8 shows the pressure-|eakage rel ationship
expected fromthe theoretical square-root |aw (the dashed

line), and the actual relation observed through
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experinmentation (the solid line). "Thus," concludes the
NWC, "quite small reductions in high pressure will cause a
correspondi ngly greater reduction in | eakage.” (NAC, 1980,
p. 36)

Several observations are in order here. First, this
dranatic effect of pressure reduction occurs only at "high
pressures,” as stated in the NW manual. At | ower
pressures, then, pressure reduction is not as effective.
Several authors have overl ooked this point, however, and
m squoted the NWC results. Goodwin & ME roy (1983, p. 32)
state that "Experinents have shown that a given reduction in
pressure causes a proportionately greater reduction in
| eakage, " and Ridley (1983, pp. SS16-2,3) tells us that "It
was found that | eakage within a distribution system does not
vary with the square root of the pressure as understood from
basic fluid nechanics but that the relationship is such that
a reduction in pressure causes a proportionately |arger
reduction in | eakage.” Neither article adds the inportant
qualification that this is true only for "high" pressures.

It is interesting to exam ne the data from which the
solid curve in Figure 8 was derived. Figure 9, fromthe
detailed report The Results X the Experinental Frogranme on
Leakage and Leakage Control (Goodw n, 1980) shows the
original data. Figure 9a shows the data collected; there is
not a unique relation between pressure and | eakage, because

| eakage depends on so nmany other factors as well. Figure 9b
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shows the sane data "scaled to take out the unwanted
variation" (Goodw n, 1980, p. 27). The solid line in Figure
8 was taken directly fromFigure 9b, at an arbitrary scale
t hat does not necessarily correspond to that of the
t heoretical (dashed) curve shown in Figure 8. Because the
scale in Figure 8 is arbitrary, it is incorrect to have the
hori zontal axis (pressure) |abelled. The graph gives the
I mpression that at pressures of |ess than about 20 m the
slope of the solid (actual) line is less than that of the
dashed (theoretical) |line, which would nmean that in that
pressure range, the actual reduction in | eakage
corresponding to a given pressure reduction is less than
that predicted by theory. But the slope depends on the
scal e, which nay be different for the two lines. The "high"
pressure above which this observed relationship holds true
wWll vary fromsystemto system

It is also inportant to note that the raw data (Fig. 9)
were only collected at pressures greater than about 10 m so
there is no enpirical evidence at the | ower pressures
commonly encountered in devel opi ng country water systens.

A figure is presented in the NWC manual for use in
cal culating the change in net night flow that can be
expected for a given pressure reduction, derived fromthe
rel ationships shown in Figures 8 and 9. A nethod is al so
presented for converting this reduction in net night flow

into an equival ent reduction in overall daily |eakage, given
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that pressures are generally lower in the day than at night.
Fromtheir experience, the British have found that
multiplying the night flowratio by 20 hours generally gives
a satisfactory estimate of the daily |eakage.

The interested reader is referred to the NWC manual (pp.
42-43, 98-100); the figures are not reproduced here because
they are specific to the United Ki ngdom

5.1.7 Calculation of total cost of each control nethod
(step (d) of the procedure)

The basi ¢ NWC approach, as expl ai ned above, is to
cal cul ate and conpare the total costs of each nmethod of
| eakage control, where the total cost is the sumof 1) the
cost of inplenenting the control method, and 2) the cost of
t he amount of water |ost under that particular control
nmet hod. Being able to calculate the cost of the water | ost
for a particular control method before inplenenting that
control method is dependent on being able to predict the
| evel of |eakage that will occur under that nmethod of
control. The British are able to do this only because of
data they collected during years of field research on the
| evel s of | eakage in systens already practicing the various
control nethods.
5.1.7.1 Prediction of |eakage levels (step (d)(i))

The total cost of |eakage for a given control nethod
wi Il be equal to the unit of cost of |eakage nultiplied by

t he amount of | eakage expected for that control method.


NEATPAGEINFO:id=54C01B54-07B6-4E7B-BF35-34C6BEC1D9F4


67

Tabl e 3 shows | evels of net night flows in |arge urban
areas, a table presented in the NWC nmanual (NWC, 1980, p.
36) for use in predicting the level of |eakage to be
expected for any of the five control nethods (excluding
pressure control). A nethod is presented in the manual for
converting net night flows into equival ent daily val ues,
taking into account that pressure is generally |ower during
the day than at night, (see NWC, 1980, pp. 42-43, 98-100)
The di stinction between | ow, nediumand high | evel s of
| eakage nmade in this table is a way of taking into account
the factors other than control nmethod which affect | eakage
(such as age of system soil conditions, etc. —see Figure
2), without making these factors explicit. The assunption
is presumably that these factors will remain the sanme when
the | eakage control nethod is changed. It is interesting to
note that in their overall recomrendations, the NWC states
that "lnvestigations did not reveal a correl ation between
magni t udes, probability of occurrence of frequency of
| eakage and any feature of design, construction or
arrangenent of a distribution systemor its constituents.
Any further investigations wll necessitate the expenditure
of large sums with little hope of definite conclusions,” and
therefore recomends formally that "No further work shoul d
be carried out at the present tine in investigating the
mechani snms of | eakage and its points of occurrence.” (NWC

1980, p. 18)
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To determ ne whether a utility has intrinsically "Il ow,
"medium ™ or "high" | eakage |evels, the value for existing
| eakage in the systemis conpared to the figures on the
chart for the nethod of | eakage control currently in
practice. For those cases where the existing value lies
bet ween those given in Table 3, Figure 10 can be used
instead. (NWC, 1980, p. 45) For instance, a utility with 20
1/ prop/ hr net night flow under passive control can expect a
net night flow of 11 1/prop/hr wth regul ar soundi ng.

Both Table 3 and Figure 10 were prepared for urban
areas. For rural areas, higher |evels of | eakage per
property are expected because of the |longer |engths of nain.
However, approxi mati ons can be nade by artificially
i ncreasi ng the nunber of properties to a figure typical of a
urban area with the sane | ength of mains, and using that
artificial figure for |eakage per property in Figure 10.

C <\, 1987, P, a44) -

O course, the figures in Table 3 are only average
val ues, and a wi de range can be expected in practice. It is
interesting to note that when summari zi ng the NWC nmanual .
Bays (1980, p. 54) presents a table of typical net night
flows that does not correspond exactly with the NWC table
reproduced in Table 3. For instance, for passive | eakage
control he gives a figure of 20-25 1/prop/hr (on the high
end of the figures in Table 3), and for waste netering and

conbi ned district/waste netering he gives a figure of 5-6
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1/ prop/hr (the values for |ow to nmedium | eakage in Table 3).
No explanation is given for the difference.

As in the case of the | eakage-pressure relationship, it
is informative to exam ne how the figures in Table 3 and
Figure 10 were derived. The data collected were actually
nmostly for areas with waste netering (net night flows of
2-12 1/ prop/hr., with a nean of 6,1), and passive control
(net night flows up to 50 1/prop/hr., with a nean of 18.86).
(NWC, 1980, p. 34) The raw data are shown in Figure 11. To
obtain Table 3, then, the data were "extended to include
likely night flows in areas subject to other nethods of
control; it is inportant to note that these additional
figures are based on the |limted anount of data avail able
and also on interpolation. The effectiveness of conbi ned
district and waste netering has proved difficult to
estinate; however, net night flows are likely to be simlar
to those in areas with waste netering." (NAC, 1980, p. 36)

The figures in Table 3 and Figure 10, then, which are to
be used in the decisions involving "large suns of noney and
affecting operations for many years into the future" that
were nentioned earlier, are sonewhat tenuous. But based on
the available data, this is the best that could be done in
devel oping a rational policy; data will continue to be
collected as nore utilities choose to use active | eakage

control, and the information can be updat ed.
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5.1.7.2 CaTcul ation of costs of | eakage control nethods
(Step (d)(i))

Tabl e 4 gives the costs of conponents of | eakage control
met hods in the United Kingdom The range of costs is
interesting; the actual figures thenselves (as is true for
any ot her actual figures presented in this section) depend
on conditions in the U K and would not be applicable
el sewher e.

5.1.8 Final choice of nethod

After calculating the total cost of each nethod of
| eakage control, the uneconom c options (those with a tota
annual cost greater than 20% above the mi ninumtotal cost)
are identified and di scar ded. The final choice is
determ ned by |ocal factors such as the unquantifiable
benefits of nore intensive | eakage control, or constraints
on the different nethods (financial or political
constraints, human resources, existing equipnment, etc.)
5.1.9 Status of | eakage control efforts in the U K

Since the publication of the NWC manual Leakage Contro
Policy and Practice, in 1980, considerable effort has been
expended in the UK on inplenenting the recomended
procedure. As of 1983, efforts had been nostly directed at
determ ning the appropriate | eakage control policy.
Measurenent of net night flows had been perfornmed for about
50% of the country. (As an exanple of what that represents,

one of the ten Regional Authorities had neasured net night
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flows for 290 different zones, covering 85% of the 2 million
properties in its region.) The unit cost of |eakage had
been cal cul ated for about 70% of Engl and and Wal es, and
several Authorities were at the stage of determ ni ng which
control policies would be appropriate for their regions. It
was only over the next few years that they planned to
undertake the "much nore difficult, expensive and | abour

i ntensive task of inplenenting those policies in the
expectation of significant financial benefits." (R dley,
1983, pp. SS16-3, 4)

It is inpressive to see how much has been acconpli shed
in the United Kingdom along the lines of | eakage control,
but at the sane tine sobering to realize howlong it takes
to fully inplenment the procedure reconmended by the NWC.
Three years after the NWC manual had been published, data
collection was still underway in nost systens, and the
actual inplenentation of the | eakage control policies that
were to be chosen was not to take place for another severa
years. The benefits of the | eakage control prograns are
expected to be significant and to justify the considerable
expendi tures necessary to reach the actual stage of
i mpl enmentation of the control programs; but those benefits
will only be realized five or nore years after beginning to

focus attention (and resources) on the problem of | eakage.


NEATPAGEINFO:id=6E76709A-7D70-42AD-B6F0-E8E9DA9CA247


72

5.1.10 Prnhlens of applying NAC approach to devel oping

fionntri ps

As nentioned several tinmes above, the data and fi gures
presented by the NWC are taken fromwater supply systens in
the United Kingdom Therefore, their recomendati ons cannot
be applied to other countries - especially not to devel opi ng
countries, where conditions are very different. Pressures
are lower, pipe nmaterials different, costs of water
production different, costs of |abor lower - all the
vari abl es underlying the NWC anal yses are different. This
applies not only to recommendati ons on the final choice of
control nmethod (for instance, the finding that waste
metering is alnost always justified in areas where the unit
cost of |eakage is 3 p/n%or greater - NWC, 1980, p. 48),
but al so to recommendati ons on the net hods, such as size of
districts or frequency of sounding - all these figures wll
al nost certainly be different in a devel opi ng country.

Al t hough the quantitative results cannot be adopted by
devel opi ng countries, the overall approach would appear to
be applicable. The steps outlined in section 5.1.2 could be
foll owed by any water systemor regional authority in
devel opi ng a | eakage control policy. There are probl ens
here, too, however.

The main obstacle to using the NAC procedure for
determ ni ng appropri ate | eakage control nethods in

devel opi ng countries is that it requires such an invest nent
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in tinme and noney before any savings are effected. The NWC
procedure requires extensive information on each water
system and assunes that skilled personnel are available to
calculate the unit cost of water, to operate equipnment, and
so on. For the small systens di scussed here, those
resources are not avail able, and the prospect of such
extensi ve data requirenents woul d di scourage the nmanagers of
t hese systens fromtaking any acti on whatsoever on | eakage
control. As is discussed in Chapter 6, rather than assune
conplete informati on nust be avail able on the distribution
system and the cost of | eakage, it nmay be better to accept a
| ess-than-opti mum sol uti on and begi n sone | eak detection
efforts while gathering the information necessary for |ong-
ter m nanagenent .

In addition to the difficulty of carrying out the ful
NWC procedure for determ ning the appropriate policy, there
are technical obstacles to practicing the individual nethods
of | eakage control. To practice waste netering, it nust be
possible to isolate small portions of the distribution
system which requires full know edge of the underground
networ k and of the | ocation and condition of val ves. Even
if this information were available, it may not be physically
possi ble to isolate portions of the network. Wste netering
also relies on the assunption that consunption is | ower at
night, which is often not the case in devel oping countries

where there is often insufficient supply during the day to
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nmeet all demands. District netering does not require
subdi visions as small as those for waste netering/ but it
still requires the capability of isolating portions of the
network. The only nethod of |eakage control immediately
available to an existing water systemw th few records on
the distribution network is that of sounding - and even
soundi ng requires some know edge of the distribution system
to be effective. Sounding also requires a certain mnimm
pressure in the pipes, which may not be possible in many
syst ens.

I n summary, then, although the National Water Counci
has devel oped a thorough approach to | eakage control, there
are several reasons why their methods cannot be of imrediate
use for small water systens in devel oping countries: 1) the
specific recomendations are based on field data fromthe
United Kingdomand will not apply to other countries; 2) the
overal | management procedure requires nore resources than
are currently available in nmost of these systems; and 3)
there are technical limtations and budget constraints which
nmean that the full range of control nethods described in the
manual are not available for the systens under

consi der ati on.

5.2 Approaches to | eakage control in the United States
Because of the decentralized nature of the water supply

sector in the United States, there is no national policy

such as that set forth by the National Water Council in the
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United Kingdom Nevertheless, there is a grow ng awareness
of the general problem of unaccounted-for water, and a
nunmber of utilities (especially |arge ones) have devel oped
t heir own approaches to the problem

In 198 4, the Research Foundation of the Anerican
Wat er wor ks Associ ati on sent a survey to nore than 1200
utilities of all sizes, "in an effort to collect infornmation
on one of the nobst conmon problens facing water utilities
today - unaccounted-for water or water |oss" (Water Research
Quarterly, 1984, p. 12). The informal questionnaire asked
the different utilities whether they had a water | oss
probl em or had studied it, what the najor causes of their
wat er | oss were, and what techni ques had been used to deal
with the problem

Anong the 376 respondents, "approaches to the | eakage
probl em varied wi dely, froma passive program of waiting
until a leak surfaced before repairing it to the nore
aggressive stance of hiring a firmwth state-of-the-art
equi prent and techni cal expertise to search out |eaks."” In
fact, the Water Rpsearch Quarterly (1984, p. 12) reported
that one-third of those utilities reporting problens with
| eakage have used outsi de | eak-detection services - either
on a one-tinme basis, an annual contract (for the whole
systemor for a certain percentage each year), or even on a
trial basis (to be continued if a significant anmount of

| eakage was found in a pilot zone).
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(There are a nunber of United States firns offering

their services in |leak detection, but there are two that are

especial Iy well-known and contribute nost to the literature.

These are Heath Consultants and Pitoneter Associates. Heath
focuses nostly on actual |eak detection, whereas Pitoneter
of ten does conplete water audits. Both sell |eak-detection
equi pnent, and provide training, and both have worked
overseas as well as in the U S.)

Anmong the utilities responding to the AWWA
questionnaire, those wnich actually practice sone form of
| eakage control thenselves usually include it as part of
their regul ar mai ntenance procedures (sounding neters as
they are being read, testing hydrants for |eaks during
flushing, etc.). Sone practice regular sounding, others
keep track of nmanagenent records over tine (as in the
British district nmetering approach).

It is significant that neither the report in the Water
Rp. gparnh Onarherly nor, apparently, the survey itself,
cont ai ned any nention of econom c or financi al
considerations. There was no analysis of either the costs
or benefits of the varied | eakage control progranms, nor any
mention of how the utilities decided upon | eakage control
progranms - other than that "noney and | ack of personnel were
t he reasons nost often cited for not having such a program™
(Water Resparch Quarterly. 1984, p. 13) Most of the

literature on | eakage problens, in fact, other than the
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British, neglects any econonic anal ysis.

The general assunption in the literature is that | eakage
or unaccount ed-for water should represent no nore than 10-
20% of total production. This generalized rul e appears not
only inthe US. literature (cf. Cole & Cole [1980], Mynard
[1985]), but is also reflected in literature on devel opi ng
countries (cf. Estrada [1983] for Latin Anerica, N hon Suido
[1973] for Indonesia, Miulekar [1983] for India). It is
felt, therefore, that |eakage at a | evel higher than 10-20%
of total production automatically justifies |eakage
detection efforts, with no further analysis.
5.2.1 Sounding vs. flow neasurenent for | eakage detection

"Listening" and "water audits" are described by G

Brewster Cole of Pitoneter Associ ates and the AWM Leak

Detection Commttee as the two basic net hods of | eak

detection. Cole categorizes the various approaches to

| eakage into two basic nethods: (1) listening and (2) a
conbi nation of flow neasurenents and |istening that he
refers to as a water audit (Cole, 1980a, p. 3). "Listening"
is another termfor sounding, and the water audit he
describes is simlar to the British "waste nmetering."

The princi pal advantage of the water audit over
soundi ng, according to Cole, is that it produces an
accounting of all water flowi ng through the distribution
system Also, only those districts with high "m ni mum ni ght

rati os" (defined below) or high night flows are
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I nvestigated/ thus saving time and noney by conparison with
a soundi ng programthat covers the whole system (Cole/
1980b/ p. 3)

5.2.2 Mniinuin night ratio

Whereas the British report | eakage as absol ute ni ght
flow rates in 1/prop/hr, Cole (1980b/ p. .3) defines the
“m ni mum ni ght ratio" as the key index. This is the ratio
of the minimumnight flowto the daily average/ and Col e
states that if it is less than 35 or 40% little |eakage can
be expected. If the mninumnight ratio in any district is
greater than 40% there is probably excessive |eakage in
that district/ and step tests should be carried out to
identify the areas with high flows/ which will then be
i nvesti gated by soundi ng.

The "m ni mum ni ght ratio" neasure is cited by other
authors as well. For instance/ Curtiss (1983/ p. 2) states
that the ratio should be about 30 to 35%in a predom nantly
residential district, and that a higher ratio warrants
further investigation. Siedler (of Pitonmeter Associ ates)
states/ like Cole/ that any district with a m ninmum ni ght
ratio of greater than 40% shoul d be subdivi ded and
i nvestigated further for |eakage.

This ratio of mninmumnight flowto average daily fl ow
depends entirely on the water use pattern. In systens with
| ow pressures and intermttent supply/ where consuners

routinely collect water at night (as is the case in many
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devel oping countries), the ratio wll be higher, even with
no | eakage. For this reason, any country or region using
this nethod of district netering would have to find through
experience the appropriate range of night ratios to expect.
And since any | eakage existing when neasurenents begin wll
be included as part of the norm the night flow should
actually be converted to standardi zed val ues (| eakage per
property, per person, or per kiloneter) as recommended by
NWC, rather than expressed as a ratio.

It should be noted in passing that Col e makes the
inplicit assunption that all "avoi dable" |eakage in the
distribution systemw || be detected during the sounding
phase, when he states that after tabul ating | eakage (found)
and unaut hori zed use, and estimating unnetered public use
and unavoi dabl e | eakage, the renainder that is unaccounted
for (literally) nmust be ascribed to domestic use and waste
or to neter under-registration. (Cole, 1980b, p. 3) That
Is not correct, however. The anount of |eakage di scovered
depends on the procedure used for |eakage detection (see
Chapter 4). This is a point that is overlooked in all the
literature; the quantity of |eakage discovered during a
soundi ng survey is usually presented as if that were the

total anount of avoi dable | eakage in the system
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5.2.3 FRr.nnninic analysis
5.2.3.1 Hnwp's "econom c repair point"

One of the few articles in the Anerican literature that
di scusses the econom c aspects of |eakage control is that of

Howe (1971), an econom st who based his analysis on data

from Pitoneter Associ at es.

Howe makes a di stinction between the extent of

technically avoi dable | osses and the portion that is
econom cal | y sal vageable (1971, p. 284). He uses the figure
of 3,000 gpd/ mle of main as "an engineering estimte of the
physically irreducible mninmumloss rate" (1971, p. 285).
This is the figure for "unavoi dabl e | eakage"” nentioned in
section 3.6.3.1, developed by Kuichling in 1897 and quoted
wi del y.

Howe's basic point is that there is sone |evel of |oss
at which it "just becones economcally worthwhile to
undertake the detection and repair of |eaks." This
"econom c repair point" occurs for a | eakage | evel "where
the present value of the water currently being | ost, but
whi ch m ght be saved, equals the cost of carrying out the
detection and repair program" He devel ops an equati on,
using an interest rate of 6% and a |ife of 20 years for the
anticipated repairs; he then plugs in the "best estinmate"
for the average cost of the survey-and-repair operation
($200/ mle of main) and is left with an equation relating
the | eakage rate to the "cost of water" at the critical

poi nt .
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For every value of cost-of-water, a value for the
critical level of |eakage is calculated (in gpd/mle). Any
| eakage above that critical anount represents | eakage that
shoul d be recovered. Fromdata on the distribution of water
| eakage rates, Howe then devel ops a graph of "economc
savi ngs" (percent of total production) as a function of
wat er cost, or in other words how nuch | eakage reduction
shoul d be effected at each cost of water. He repeats this
for a survey-and-repair cost of 8400/ mle of main.

Howe's final conclusions are that "at very nobdest costs
of water, it pays to repair nost |eaks above 3,000 gpd/ main

m.," and also that "the limt to economc savings as a

percentage of total production is 9 percent," at |east for

the sanple data used in his paper. (Howe, 1971, pp. 284-
286)

The notion of a breakpoint at which the costs of survey-
and-repair equal the costs of the | eakage detected is
intuitively appealing, and the analysis provides sone useful
insights into the problemof defining an optimal |eakage
control policy. However, there are a nunber of |imtations
to Howe's procedure and assunptions. (1) Howe makes the
assunption nentioned earlier that all |eakage above the
magi ¢ figure of 3,000 gpd/m . of main is technologically
detectable; he also inplicitly assunes that |eakage can be
reduced to sone arbitrary |level calculated as the critica

| evel . Neither of these assunptions seens justified.
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(2) Assum ng one constant value of survey-and-repair cost is
equi valent to assum ng only one nethod of |eakage control -
he is apparently using the costs of a sounding survey.

O her nethods are available in the U S., however. (3) No
explanation is given as to how the "cost of water" was
calculated. (4) No justification is given for assumng a
20-year lifetinme for the anticipated repairs - it appears
conpletely arbitrary. Oher authors, in fact, discuss how
difficult it is to choose a time period over which to
integrate | eak flows when calculating the total benefit of
| eak reduction. The assunption is sonetinmes nade that
underground | eaks woul d only continue a few years before
surfacing and being repaired under passive control. This
probl em of the tine period over which | eak reduction
benefits are realized is an inportant one, and we return to
it in Chapter 6.
5.2.3.2 Margi nal costs and benefits

Hanke (1981) presents a marginal-cost analysis to
eval uate the desirability of a | eakage detection and control
policy. The decision rule is that the program shoul d be
carried out if the change in benefits exceeds or equals the
change in costs of detecting and repairing |eaks. The
change in benefits is the product of the quantity of water
saved by repairing systeml|eaks and the marginal cost of

water. (Hanke, 1981, p. R107)
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Theoretically, this is correct. |If thereis nolimt on
the noney available for |eakage control efforts, the optinum
solution in terns of economc efficiency is to operate each
systemat a point where marginal benefits of |eakage contro
exactly equal marginal costs. |f the marginal benefit were
greater than marginal cost, nore resources should be
allocated to the systemto reap those benefits. [If, on the
ot her hand, the nmarginal benefit were | ess than narginal
cost, i.e., each additional unit of resources were actually
producing | ess benefit than it is worth, then those
resources should be transferred el sewhere. At the point
where marginal benefit equals marginal cost, the total net
benefit is greatest (as long as total benefits are greater
than total costs).

Hanke then goes on to give a nunerical exanple by
applying this decision rule to data fromPerth, Australia.
The fornula he gives for marginal cost (except for what
appears to be a typographical error) corresponds to the
"average increnental cost” mentioned earlier, described by
Saunders £t al, (1977) in their Wrld Bank paper, and used
by the British NAC. The planning horizon used in his
formula (with no explanation or justification) is five
years.

The analysis is straightforward until the point where

Hanke introduces nunerical values for the respective changes

in benefits and costs that would result fromthe two
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pol i ci es under consideration. To estimate benefits, he
gives the level to which system | eakage woul d be reduced for
each option (7.5%of total production for the first, 5%for
the second). To estimate costs, he states his assunpti on of
the resources required for each option; one "waste
prevention worker" (detecting and repairing |eaks) per
10,000 dwellings for the first option, one waste prevention
wor ker per 7,500 dwellings for the second. He gives no
justification, however, for these figures, which inply a
known rel ati onshi p bet ween | eakage | evel and number of |eak
detection personnel. The British were able to predict the

| eakage | evel corresponding to a certain | eakage contro
procedure only because of their years of field observations.
Wt hout an extensive data bank such as this, it is

i npossible to predict accurately the effect of a given

| eakage control program This type of data nay have been
collected for Perth (although Hanke does not tell us so),
but for any system wi thout such records, this margi nal cost
anal ysi s cannot be used. Nor can it be used when future
expansi ons are not planned out, because the true margi na
cost of the water cannot be cal cul at ed,

5,2,4 Predictive nodel s
In recent years, there have been several attenpts to
devel op predictive nodels for main break rates, based either

on the systemcharacteristics or the history of past breaks.

Al t hough these nbdel s were not devel oped in the context of
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| eakage control, but were nmeant rather to aid in decisions
on main replacenent in large cities, they are of sone
interest here. Research is ongoing to refine these nodels.
5.2.4.1 Model s based on historical records

Sham r and Howard published the first nodel for
predi cting main breaks, in 1979. Their nodel was an
exponential one, with tine the only variable. Their
equation was of the form N{t) = N éM where N(t) is the
nunber of breaks per 1000-foot |length of pipe in the year t,
and A, the growh rate paraneter for main breaks that is
determ ned fromhistorical data. (Shamr & Howard, 1979,
pp. 2 52, 2 5 4)
5.2.4.2 Mdel s based on physical system characteristics

In 1982, Wal ski and Pelliccia published a nodel that
conbi ned Shamir and Howard's historical nodel with sonme
physi cal characteristics of the system by devel oping
different equations (all of the formN(t) = N é“) for
different types of pipe material, different dianeters, and
different break histories (i.e., no previous break, one or
nore previous breaks).

Cark £i sl» at the U S. Environnental Protection Agency
(EPA) published anot her nodel for main breaks based on
physi cal system characteristics and historical records
(Cark £t al./ 1983). They used regression nodels to
predict (for individual pipes): 1) tine to first break, and

2) total nunber of breaks as a function of tinme since the
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first break. Both equations included physical system
characteristics (such as pipe material, diameter/ pressures,
traffic |oading, soil characteristics) as the independent
vari abl es.

Since 1982, dark's team has been revising its work, and
in a June 1985 draft focused on probabilistic rather than
determnistic prediction nmodels. The report al so presented
regression equations for breaks/mle as a function of the
same system characteristics listed above (Wth the addition
of wall thickness), one equation for each of the two |arge
utilities studies.

5.3 Leak reduction/case studies in devel oping countries

As stated earlier, the approach to | eakage control taken
by large cities in devel oping countries has generally been
to hire outside consultants, who do either a conplete
detection search with sonic equi pnent and occasionally noise
correlators, or performsone type of water audit followed by
soundi ng. There is usually no econom c anal ysis perforned,
either on what the optinum | eakage |evel m ght be, or on the
actual benefit/cost ratio of the entire detection and repair
process. In fact, costs are rarely reported. One exception
to this is a |arge study of unaccounted-for water carried
out in Bangkok, which is discussed in section 5.3.3.

5.3.1 Libreville
One typical exanple of a water study in a devel oping

country is that done in Libreville, Gabon, where a French
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consulting firmwas called in when the ratio of water sold
to water produced dropped from about 70 - 80% down to 57%
Courteau and Moser (1979) report on the three-nonth soundi ng
program carried out by the French conpany SAFEGE. They give
t he nunber of | eaks found and the vol une of | eakage

recover ed.

As a result of the survey, 10% of the total production
in the area they surveyed was recovered. They felt that was
not enough, and went on to check connections and neters, at
whi ch point they found that 35% of the neters were not being
read because they were broken or not accessible. It was
then felt that a general inventory of the system was
necessary, so SAFECE (always in conjunction with the
national water and electricity board) proceeded to draw up a
map of the entire systemin Libreville, a city of 180, 000.
They mapped the distribution systems of both the water and
electricity networks in a total of 21 nonths, including 10
nmonths in the field. The last stage of the project was to
inventory all the neters and consunption points for both the
water and el ectric services, which took another six nonths.

Nowhere in this article were the costs nentioned, nor
the benefits. The | eak detection programwas initiated
because of the sudden increase in unaccounted-for water, and
t he consul tants* approach was to survey one area of the city

by sounding to see if | eakage was the main problem
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5.3.2 San Paul o

Anot her water study, this one aimed specifically at
reduci ng | eakage, is the "RVBP Special Losses Reduction
Progrant carried out in Sao Paulo, Brazil from 1978 to 1983.

Riomey £t al, (1982) report on the background, methods, and
results of this program but do not include any econom c

anal ysis, other than showi ng that at the present |evel of
production, each 1% reduction in loss is equivalent to a
savings of 11 mllion mper year, which corresponds to
about 3 mllion dollars a year. Gven an expected increase
in production, they predict that by 1987 1% of the
production woul d be worth 4.5 mllion dollars a year.

Usi ng percent of production as their unit of
measurement, an arbitrary goal was adopted: to decrease
unaccounted-for water fromits |level of 38%in 1978, to 20%
by the end of 1983. By 1981, however, the "index of |osses
(presumably the same index as used for unaccounted-for
water) had only decreased to 30% The authors do not give

the cost of the efforts required.

5. 3. 3 Bangkok

As mentioned above, the water study done in Bangkok
(CDM MEC, 1983) provides an exception to the general |ack of
econom ¢ analysis in water studies in devel oping countries.

Canp Dresser & McKee, Inc. (CDM, in conjunction with
Met ropol i tan Engi neering Consultants Co., Ltd. (MEQ),

carried out an extensive study of unaccounted-for water, in
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the context of an overall project to inplenment mainlaying,
operational and naintenance prograns for the Metropolitan
VWater Works Authority of Bangkok. The consultants were

responsible only for analyzing the different conmponents of
unaccounted-for water and not inplenenting a |oss reduction
program but they did make recommendations for future

| eakage reduction progranms. Unaccounted-for water was
defined as unbilled water.

Two prograns are considered for |eakage reduction in the
COM MEC report: 1) the wapping of galvanized steel service

mai ns and connections with polyethyl ene sheet, and 2)
treatnent of the delivered water to correct its

corrosiveness, both for well water and surface water (75% of
service connections and al most all service mains are of
gal vani zed steel —p. S/ 2).

Benefit/cost ratios are calculated for each of these
prograns, which "required assunptions to be made about the
rel ative inportance of service main and service connection
deterioration and about the relative inpacts of internal and
external corrosion” (p. S/8). The analysis is detailed and

the assunptions nunerous; after varying all the assunptions
inasensitivity analysis, the final conclusion is that

wrappi ng of new and repl acement gal vani zed steel service

mai ns and connections with polyethylene "i's economcally
justified, and the benefits are so high and the cost so | ow

as to give this measure a very high priority" (p. S8).
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Thi s anal ysis includes, of necessity, an estimte of the
val ue of water saved, which is in itself a conplex
calculation. The assunption is made that any |eakage
recovered can always be sold, and that the value of water
saved, therefore, cannot be |ess than the current marginal
sale price. However, if the cost of water production
exceeds the price, then the value of the water saved is
equal to the cost of production. The possibility of
deferring future expansions is examned; and costs of the

di stribution systemupstreamof a |eak are considered part
of the cost of the |leak. Al scenarios are exam ned at

several different discount rates. (See CDM MEC, 1983,
pp. 6/1 to 6/7.)
Al though the CDM MEC report gives recomendations for
| ong-term | eakage reduction through replacenment and wapping
of gal vani zed steel piping, the authors felt that |ocation

of the extensive underground | eakage is inpossible "under
conditions prevailing in the Bangkok water distribution

system at the time of the report. "Mjor efforts are
needed in upgrading distribution mapping and val ving, and
system pressures nust be increased, before any effective

program for |ocating underground | eakage can proceed"
(p. S/10).

| ntensive studies were carried out in five snal
Isolated areas of the distribution system to assess
customer netering, |eakage, waste and illegal water use.
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These areas were chosen for their "high" pressure (to
facilitate underground | eak |ocation by sounding), and the
ability to isolate these areas fromthe system (for flow
measurements) (p. 4/12). Even in these areas, |eak
detection was made difficult by the fact that 12% of al

pi pelines were inaccessible (private homes had been built
over many of then).

It is of interest that the pressure was about 3 to 9
neters in each of the five zones —this should be conpared
to the absolute mninmumof 7 neters considered necessary by
Heat h Consul tants for sounding programs (cf. section 4.4).
The | eakage detected in the five zones was 14% of the total
production. The 10% of total production which remined
unexpl ained after the other conponents of unaccounted-for
wat er had been assessed (neter under-registration, illegal
use, etc.) may be due in large part to underground | eakage
that could not be detected because of the | ow pressures.

The report recommends a five-year program of |eak
detection, repairs, and mains replacement (see p. 8/2), in
which the first two years nust be spent in upgrading
di stribution mapping and val ving, and eventual |y raising
system pressures to permt |eak detection. The authors feel
that a feasible five-year goal is to reduce | eakage from
about 36% of total production down to 20% (p. 5/11).
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5.3.4 Small syRteny;

Unfortunately, the experiences of large cities, such as

t hose nentioned in the three case studies above, do not have
much to offer the managers of small systens in terns of
recommendat i ons on where and when to carry out | eakage
detection efforts. Nor can the same nethods be adopted —
the detail ed anal yses in Bangkok, for exanple, relied not
only on the services of an outside consultant, but also on

t he existence of plans for future capacity expansions.

What can be generalized, however, is the inportance of
mappi ng the distribution system and also the inportance
(mentioned earlier) of a mninmmsystempressure in order to
carry out sounding.

5.4 Priority-setting for |eakage control

Experi ence has shown that a snall number of pipes are
responsible for the majority of breaks in a systen in other
words, that pipes that have broken before are nuch nore
likely to break again (e.g., Feed [1980], O Day [1981],
VWorld Water [1984], Cark £+ al. [1985]). This point is
stressed throughout the literature; in addition, it is
poi nted out that anong those pipes that break, a small
nunber of the |eaks are responsible for the majority of the
total |eakage volune. A nunber of authors therefore point
out, either explicitly or inplicitly, the inportance of
identifying the areas with the highest |eakage |evels when

carrying out a | eakage reduction program
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Pilzer (1981, p. 567) , when discussing the type and
| evel of |eak detection programthat would be nost
econoni cal or practical# states, "A beginning can be made
wi th a nodest overall study to determ ne where pinpoint |eak
detecti on woul d be nost productive. After this overall
i nvestigation or review fromleak records, pipeline
corrosion records, know edge of soil conditions or regiona
surveys, specific areas can be identified for closer
scrutiny."” Ml ekar (1983) repeats this statenent.

Lilley (198 4) reports a case where three different zones
of a city were chosen for a | eak detection effort, to try to
identify the factors responsible for high | evels of |eakage
(high ground water, old pipes, etc.). Inplicit inthis
approach is the idea that | eak detection efforts will be
carried out in areas with characteristics simlar to those
of the pilot zones with the highest levels. (Data from
these three zones are presented in Table 2, and discussed in
section 3.6.3.2 [c].)

The O fice of Water Resources in North Carolina has set
up a nunerical point systemto establish priorities in
ai di ng systens that have requested assistance fromthe state
| eak detection team The formis shown in Exhibit 1. This
differs fromthe cases above, in that priorities are
establ i shed not just based on high rates of |eakage - for

I nstance, small comunities are given priority over |large

comuni ti es.
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The issue of setting priorities, and of |ocating those
portions of a systemthat have the highest |eakage rates, is
an inportant one, and will formthe basis for our policy in
Chapter 6.

5.5 Val ue of water

Cal cul ation of the econom c benefits to be gai ned by any
gi ven | eakage control policy must include the value of the
wat er saved. There is no agreenent in the literature on how
to cal cul ate this value. W have nenti oned sever al
approaches taken: the NWC (1980) and Hanke (1981) both
recommend using the margi nal cost (defined as average
i ncrenental cost) of water; Moyyer et al. (1982) val ue | ost
wat er at the purchase price plus average power and chem ca
costs; and CDM MEC (1983) takes the value of water to be the
retail price ql the "cost of production” (including future
expansi ons), whi chever is higher.

In theory, the margi nal cost of water is the best
expression of the true value of water (assumng it is
feasible for the water authority to i ncrease production).

In practice, there are nmany problens in calculating the
mar gi nal cost of water supplies. These are largely due to
the "l unpi ness” (non-continuity) of the relationship between
system capacity and cost. |In other words, the i nmedi ate
cost of producing an extra unit of water is very | ow when
the systemis not used to full capacity; this cost suddenly

junps to a very high figure when there is no excess capacity
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and a new plant (or reservoir or distribution system nust
be built to provide additional water. Saunders £i al»
(1977) describes four different definitions of margi nal cost
used in the water supply sector, several of which use
averagi ng techni ques to snooth out the margi nal cost. Mann
and Schl enger (1982, p. 7) discuss the conputational

probl ens associated with cal cul ati ng nmargi nal costs.

G ven the conplexity of calculating nmarginal costs, nany
engi neers revert to using the current (unit) cost of
producti on as an expression of the (unit) value of water.
The tendency is often to consider only the annual operating
and mai nt enance costs, but this seriously underval ues water.
The initial capital investnent nust be accounted for as
well. This can be done by including the opportunity cost
(or interest) on the capital, and the depreciation of the
capital itself, in the total cost of production. The
rationale for using current cost of production as the val ue
of water is the assunption that water will cost roughly the
sane to provide in the future as it did in the past. That
is not always true, however, and therefore cost of
production nay be a very poor approxi mation of marginal
costs. It may also be difficult to calculate, especially
when the historical costs of the systemare not known - as
is often the case in devel oping countries. The repl acenent
cost (or cost to reconstruct the sanme systemtoday) can

therefore be used instead of the actual historical capital
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cost of the systemin calculating the current cost of
production. Even so, the replacenent cost of an existing
wat er system may be very different fromthe cost to devel op
anot her source, which may be nuch | ess accessi bl e.

The margi nal cost (as approxi mated by average
incremental cost) of water is therefore the best estimate of
the value of water. In developing countries with few
historical records, it may also be no nore conplex to
calculate than the true current cost of production. (It
shoul d be noted that these expressions of the value of water
only neasure the cost (either past or future) of producing
wat er, and cannot provide any indication of the health
benefits to be gained by increased water service or reduced
contam nation. The average increnental cost is therefore

only a | ower bound on the value of water to society as a

whol e.)
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6. TOWRD A LEAKAGE CONTROL POLI CY | N DEVELOPI NG COUNTRI ES
6.1 SPi-ting and assunptions

As stated before, we are concerned with existing snal
and nmedi um si zed water distribution systens in devel oping
countries, those that do not have the resources to hire
out si de | eakage specialists. Not only do they |ack
resources; the managers of those systens often |ack an
awar eness of the | eakage problemor how to tackle it. These
systens usually have trouble covering their recurrent costs
(operation and nai nt enance).

We are assuming, then, that a national governnent agency
or regional authority of some type with responsibility for
t hese systens nust be established. This agency will (and
shoul d) be in charge of conducting | eakage contro
activities, as well as providing other services. This
agency will determ ne which systens woul d benefit from a
control program allocate resources accordingly, and provide
t echni cal assistance and guidance to those utilities. Mny
of the decisions to be nade about all ocation of resources
anong different systens will parallel decisions to be nade

about resource allocation anong the different portions of a

wat er system

W are assuming as well that little or no records exi st
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on the distribution networks of these water systems, that
there are few valves, that there is little or no nmetering,
and that consumers are often forced to draw water at night
because of the relatively | ow pressures during the day.
Because of this, waste metering, which relies on careful
operation of valves throughout the systemand on neasurenent
of mnimumnight flows, will not be a viable option for
| eakage control. District netering may be possible in some
areas, especially since smal|l systens often tend to have
branched rather than | ooped networks and therefore flowto
different portions of the systemcan be measured separately.
District netering, however, requires installation of neters,
regul ar reading of those neters, and conparison of flows
over time. And when district netering is practiced, it is
al ways followed by sounding in areas of high flow.
Soundi ng, therefore, remains the basic nethod of |eakage
control available. W consider district netering to be a
potential method of setting priorities for sounding
progranms, and consider sounding the one viable nethod of
active | eakage control for small systems in devel oping
countri es.

Ve are al so assumi ng that nmost of these systens have no
detailed plans for future expansion.

Qur final assunption, one that is inportant in the

cal culation of the cost of |eakage (or value of water

recovered) is that demand exceeds supply - that many
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consuners would use nore water if available. This is

usual |y true where there is intermttent supply, or very |ow
pressure. There is alnmost always an unserved population in
the area as well, that would |ike to be supplied with water.
A final assunption is that nost of the systens described
above have considerabl e | eakage, at least in sonme portions

of the system Accordingly, a policy is needed for |eakage

control under the circunstances described above.
6.2 Theoretical approach

Theoretically, the optimal policy for any water system
woul d be to practice | eakage control at a point where the
mar gi nal benefits equal the marginal costs of the control
program as discussed in section 5.2.3.1

When there is a budget constraint, however, which is
roost certainly the case in the water systens consi dered
here, the optimum may not be possible. The ideal approach
under these circunstances is to allocate the scarce
resources in such a way that the ratio of marginal benefits
to marginal costs is the sanme for all systems. |In terns of
| eakage control, this would mean carrying out each program
at a level where the ratio of marginal benefit (the val ue of
the additional increment of water saved by the next unit of
"control effort") to the marginal cost (the cost of that
i ncrement of |eakage control effort) is the same for al
systems. At the same time, the total expenditures nmust not
exceed the budget constraint. |If the ratios were not al
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equal, one unit of "detection effort" could be transferred
froma systemwith a lowratio to a systemw th a higher
benefit-cost ratio and produce a higher benefit.

There are serious problems with putting this approach
into practice, however. The narginal benefit of |eakage
reduction (value of water) is difficult to calculate, as
di scussed earlier, but the marginal cost of one unit of
| eakage control effort cannot really even be defined. There
Is no "unit" of |eakage control effort. There are several
di screte nmethods of |eakage control, each with a cost
associated wth it. These costs vary somewhat with the size
and material of the main, but are fairly constant for any
given system Increasing the level of |eakage control
usual Iy entails adopting a different, nmore stringent control
nmethod, with a higher cost. So the benefit-cost "curve" for
| eakage control nethods really consists of several discrete
points, one for each nethod of control.

In addition, as discussed in section 6.1, there are
really only two nmethods of |eakage control under
consi deration here: passive control and soundi ng. And
given that alnost all systems practice passive control, the
choi ce facing the decision-nmakers is not which of several
actions to choose, but rather whether to take an action or
not. Rather than choosing a point where dB = dC (margi nal
benefit is equal to marginal cost), the question is whether

NE > AC (total [change in] benefits is greater than tota
[ change in] cost), for each system
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6.3 Practical approach

The issue, then, is howto allocate resources anong a
nunber of water systens with different anticipated benefit-
cost ratios for |eakage detection. The obvious solution in
terms of economc efficiency is to carry out |eakage
detection first in the area with the highest benefit-cost
ratio, and continue for decreasing benefit-cost ratios until
either 1) there are no nore systems with a benefit-cost
ratio greater than 1, or 2) there are no nore funds
avail abl e for |eakage control. The same procedure woul d
apply in determning which portions of a water systemto
survey.

W are assumng here a one-tine | eakage detection
program The question will arise of whether to repeat
| eakage detection in zones with high initial benefit-cost
ratios or to proceed to other zones. W will returnto this
guestion | ater.

Ve are following the general idea brought up in section
5.4, that of setting priorities: carrying out |eakage
detection first where it will have the greatest inpact.

VWhat we need, then, is some way to establish quantitatively
the relative effects of |eakage detection in different
areas, so as to choose the one with the highest benefit-cost

rati o.
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6.4 I nformati on needed

The two main pieces of information required for the
deci sion process are the cost of the |eakage detection and
repair program on the one hand, (AC), and the benefits
gained fromthe | eakage reduction, on the other (AB).

The only volune of water that concerns us, then, is the
amount of |eakage that will be found and repaired due to the
detection program and not (as required in the British
procedure) the total volume of |eakage in a system This is
a very inportant point, and neans that overall |eakage (Step
[a] in the NWC procedure) need not be measured.

Four specific types of information are needed to
determne AC and AB: 1) the unit cost of the sounding
program and of repairs, 2) the nunber of |eaks, 3) the unit
value of the water recovered, and 4) the amount of |eakage
expected to be discovered during the detection survey.

Nunber and vol ume of |eaks (itens 2 and 4) are discussed
t oget her.

6.5 CGenerating the information

6.5.1 Costs of detection and repair

There are actually two separate conponents to this, the
cost of detection, which is fairly constant per mle of
mai n, and the cost of repairs, which varies with the nunber
and type of |eaks found. Many authors report the two

t oget her, however.
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The costs of detection and repair are different in
devel oping countries than they are in the industrialized
countries. Labor (the main conponent of detection and
repair costs in the industrialized countries) is nuch
cheaper in devel oping countries, and equi pment may be nore

expensive, especially if it is inported. No data were found
inthe literature for leak detection costs in devel oping

countri es.
The cost of detection surveys is determned by the time
required to performthe sounding (see section 4.5) and the

appropriate |abor cost. Typical costs in the US. are about
$200/ m | e of nmain,

Table 5 shows the variation of repair costs for
different sizes of (ductile iron) pipe ina US water
system Walski & Pelliccia (1982, p. 142) state that "pipe
repair costs are not available fromstandard sources," and
therefore they synthesized these data with assistance from
the Binghanton water distribution departnment. It is
interesting to note that the crewis by far the largest
conponent of the cost in every case except for the largest
pi pe shown (600 mm). These costs cannot be expected to
apply to the water systems considered in this paper, but the
table is an exanple of how repair costs can be generated
froma reasoned estimate of their conponents. The authors
give a brief explanation of how each conponent was

cal cul at ed.
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Table 6 shows the average unit costs and benefits of
| eakage detection and repair by type of leak, for a series
of three surveys in Mamaroneck, N.y. (The "other" category
represents |eaks found on other utilities.) Costs included
| abor, pavement, nmaterials, detection (apportioned equally
anmong all |eaks) and overhead. Leaks were detected by
soundi ng. The average cost per leak for all categories in
Table 6 is $480; this ranged from $423 to $5 41 over the
course of the three surveys. (Myer £+ al., 1982, pp. 356-

36 4) By conparison, Pilzer (1981, p. 566) reports a cost of
$325 per leak (1976 dollars) for location, repair,

materials, and right-of-way restoration in Gry, Indiana.
In this case | eak [ocation was also carried out only by
soundi ngs.

As stated before, costs will be quite different in
devel oping countries. No data are currently available, but
costs can be synthesized (as in Table 5) for the particular
conditions of any region. Cost data should also be
coll ected as |eak detection surveys are carried out. W
wWll return to this point.

As in Table 5, the costs in Table 6 are not expected to
apply to systens in devel oping countries. It is
I nteresting, nonetheless, to note the variation in costs in
detection and repair anmong the different types of |eak.

Unfortunately, this table does not show valve and joint

| eaks separately.


NEATPAGEINFO:id=045F6A88-B56A-4C61-A494-1EA07D782FC4


105

6.5.2 Unit value of water

In a system where demand exceeds supply, the best
estimate of the econom c val ue of recovered water is the
cost of producing that additional water by other neans, or
the "average increnental cost." As discussed in section
5.5, for devel oping countries with few records, calculating
average incremental cost may be no nore difficult than
cal cul ating the current cost of production. Al though few
countries have as conplete a future plan for the water
supply sector as do the British, there is always some
know edge of the approxi mate cost of new production. This
information is not available at the | evel of individual
smal | utilities, but could be calculated by the type of
centralized water authority that is necessary for a nationa
| eakage control policy and for inproved overall nmanagenent
of the water supply sector.

Average increnental cost is usually calculated for an
entire water system Because we are trying to prioritize
the need for |eak detection in different zones of an
i ndi vi dual system however, the value of water should be
| ooked at separately for each zone if possible. This is

especially inmportant if sone zones are at a nuch higher

el evation than others, and therefore i ncur additional

punpi ng costs.
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6.5.3 N inmhpr and vol une of | eaks

Central to the choice of those systems or portions of
systens which will benefit nost fromleakage detection is
know edge of the amount of |eakage that will be discovered,
both in nunber and volume. Ideally, this should be
predi cted before beginning the | eakage detection program to
find the areas with the highest expected benefit-cost ratio
for | eakage detection and repair.

The British were able to predict the level of |eakage to
be expected under different control methods only because of
their years of collecting data fromwater systens that
practiced those different control nethods. Because there
are so few historical records of any kind on water systens
i n devel oping countries, we hoped at one point in our
research to build a nodel for predicting | eakage that woul d
be based on physical characteristics of water systems, such

as the one devel oped by Clark £ Al.r discussed in Section
5.2.4.2. As we will showin section 6.5.3.1, this turned

out not to be practicable.

Because the amount of |eakage found during a detection
program cannot be predicted for the small water systens
considered here, it will have to be nmeasured. The only
solution is to begin | eakage detection prograns (in areas
where high |eakage is expected) and to begin keeping records
of the actual anount of |eakage discovered and the actua
detection and repair costs, to determne if the detection
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programis economcally viable (Ab > ~C) and whether it
shoul d be extended to other areas. The goal is still to
carry out detection efforts in the area with the highest

benefit/cost ratios firstr so some method of prioritizing
the areas is needed. This is discussed in detail, in

section 6. 6.

6.5.3.1 Problems with applying predictivp modpls to
dpvpl opi ng nountries

O the various predictive nodel s described in section
5.2.4, the only one apparently suitable for our needs was
the 1985 work of Clark si. al. at EPA. The nodel predicts
breaks/mle, and equations for volune/nmle could conceivably
be devel oped along the same |ines.

As mentioned in section 6.5.3/ we had originally hoped
to use Clark £1 Al.'s data to build a prototype predictive
nodel for |eakage prediction in devel oping country systens,
and use this nmodel, through simulation, to assess the
relative inportance of different systemcharacteristics.
After spending some time in Cncinnati with members of the
EPA team we concluded that this was not feasible, for
reasons |isted bel ow

a) Aark £t jal. (personal commnication) do not believe
this type of equation is transferable fromone systemto
another. One major reason for this is the difference in
mai nt enance policies between different systems. This factor
I's not captured in the physical paraneters of the equation
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but definitely affects the overall |evel of I|eakage.
Different cities have different policies with respect to

pi pe replacenment, to pipe cleaning and lining, to corrosion
protection, and to | eak detection practices and frequency.
(Cark £jt jal. had no data on the | eakage control policies of
these cities, so it remains unclear whether the equations
are predicting those | eaks that surface under passive
control, or also |eaks found by active detection.) Cark

£i al. also feel that quality of construction is a very

I nportant factor in determ ning breaks, especially the first
break in a given pipe.

I n sonme devel opi ng countries, there may be | ess
variation in nmaintenance policies between systens. There
wi || be sone variation, however, especially in the elusive
"quality of construction"” factor. |In addition, there are
nore i nmredi ate obstacles to adapting the EPA nodel:

b) Cark £i al. developed their nodels for an entirely
different range of paraneters than those applicable to snal
systens in devel oping countries. Because the purpose of
their nodel (and the others in section 5.2.4) was to predict
future breaks in large nains in order to establish a main
repl acenent policy, their dataset consisted only of pipes 6
inches and larger. They state that there is a distinctly
different breakage pattern for smaller pipes (small pipes
break more often). In the devel oping country settings of

interest in this analysis, nmost of the pipe is considerably
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smaller. Also, Clark £ al.'s data are only for netallic
pi pes, and conpletely different relationships can be
expected for the asbestos-cenent and plastic pipe comonly
found in devel opi ng countries.

Conpl etely new regression equations would have to be
devel oped, then, for any country under study. This woul d
take years of data collection, and the final result would
still suffer fromthe limtations discussed in point (a)
above. This approach is clearly not what is needed to
address current |eakage problens in devel oping countries.
6.5,3,2 Collecting | eakage data through detection prograns

As suggested in section 6.5.3, the only practical method
to obtain realistic data on nunber and vol une of |eaks found
through | eakage detection prograns is to begin those
programs and keep track of the results. Records nust also
be kept of the actual detection and repair costs.

As nmentioned in section 6.3, we still need sone
quantitative measure to use in establishing priorities.

Rat her than the actual value of water that will be saved
through | eakage detection, something that we cannot predict
before beginning the program we suggest instead an index
based on the | eakage found under passive control. W are
maki ng the inportant and reasonabl e (Bays, 1984, p. 53)
initial assunption that areas with high surface |eakage al so
have high underground | eakage. Repair records nust be kept
for several nmonths by the operators to establish the
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"hotspots" in the system Mapping of the distribution
system shoul d al so begin. This nay be a conplex task in
many cases, but it is necessary for the |ong-term managenent
of the system In fact, |eakage detection can contribute to
t he mapping effort, because information will be gathered on
| ocati on of pipes and val ves.
6. 6 The procedure

In the context of a single water system the general
procedure is as follows: the areas with the hi ghest | eakage
rates are identified from the repair records. At the sane
tinme, the margi nal cost of water is estinated, and the
punpi ng costs for the different zones, if that has not been
done before. The regional | eakage detection crew cones in
to begin a sounding programin the zones with the hi ghest
expected return per unit of expenditure, based on a priority
i ndex that includes 1) the | evel of |eakage under passive
control, 2) the value of the water, as neasured by the cost
of production, and 3) the expected cost of detection and
repair. (Again, we are assumng that areas with high
surface | eakage will have hi gh underground | eakage —this
is the basis for using this index to establish priorities.)

Soundi ng i s done throughout the whole zone, and the
actual AB and t,C of the |leak detection effort are
cal cul ated. The soundi ng crew then investigates the zone
with the next highest priority index, and so on. |If (as

expected) it enmerges at sone point that the | eakage
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detection programis no |onger economcally worthwhile, it
shoul d be suspended.

There is no way of knowing a priori the volume of
| eakage that will be detected during the very first |eak
detection survey in a given water system There is,
however, a high probability that a small water systemin a
devel oping country, with no previous active |eak-detection
effort, will have extensive underground | eakage sonewhere in
the system Wth a regional |eakage detection crew, the
costs of a detection survey will be greatly reduced for each
I ndividual water system W therefore believe that |eakage
detection should al ways be carried out at |east in the zone
where the highest benefits were expected (based on the
priority index), and that it will rarely be uneconom cal.
If it is ever found that the | eakage recovered in the zone
with the highest priority index did not justify the costs of

the | eakage survey, the renmaining zones of that systemare

not surveyed.

6.6.1 Decisions to be nade

There are a nunber of management decisions that cannot
be nmade here, but that will have a bearing on any | eakage
detection program We would like to touch upon these issues
and explain their relevance before proceeding to a
hypot heti cal case study.

| ssue 1. When dealing with a single system how nmany
zones, of what size, should the water system be divided
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i nto? How should they be defined? Shoul d they be defined
only after repair data has been coll ected?

One possi bl e approach is to have zones of approxi mately
equal size —either equal geographic area or, nore
l ogically, equal |engths of pipe or equal nunbers of
connections. This would give a good basis for conparison
bet ween zones, and would al so nean that a | eakage detection
survey woul d take roughly the same anount of tinme in each

zone. W feel, however, that it is nore inportant to define

the zones in terns of those characteristics that will affect
the | eakage | evel or expected benefits.

Since the benefits of reduced | eakage depend in | arge
part on the value of the water saved, zones should be
defined in terns of the costs of producing water in each
area. |If the topography of the served area is such that
wat er nmust be punped to sone areas, those areas should be
set aside as having a higher cost of production, and
t herefore a higher benefit froma given anount of |eakage
reduction, than a zone fed only with gravity fl ow.

If the distribution systemis divided into areas served
by different reservoirs, or otherwi se isolated, the | eak
detecti on zones should be divided al ong those |ines as well.
If at sonme point district netering is undertaken, the flow
into each of these zones can be nonitored separately to

wat ch for any sudden i ncreases.


NEATPAGEINFO:id=9304FD7A-CBE6-4F3D-8884-12B8DF5EBD2E


113

If there are system characteristics that vary w dely
across the water system it mght be desirable to define the
zones along those lines as well (different soil S/ pressures,
pi pe types or age, standposts YE. house connections, etc.).

Finally, if the repair records coll ected under passive
control show a high rate of repairs in sone |ocalized area,
that area should be a separate zone (or zones) for |eak
detecti on purposes, even if it was not identified in any
ot her way. The high rate of repairs nmay be due to quality
of construction or some other factor that is not inmediately
obvi ous.

There shoul d be sonme m nimum zone size, based perhaps on
t he amount of distribution systemthat could be surveyed by
a crew in one day.

| ssue 2: How should the repair rates be classified? Is
an average of 8 leaks/kmsignificantly different from?7, or
20 mTday/kmsignificantly different from 25 m/day/knP The
sel ection of repair rate levels (5 - 10 | eaks/km for
instance) will have to be based on the range of val ues
coll ected. For the | eakage volunes, it will also be based
on the precision of the volune estinates.

| ssue 3: How | ong nust repair data be collected under
passi ve control before average rates can be assigned to each
zone, to prioritize themfor purposes of active |eak
detecti on? The nore historical data avail able, the nore

representative the averages will be of the true situation
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There may al so be seasonal trends in the repair pattern that
woul d not be detected if data were only collected over a few
nonths. On the other hand, the longer the utility waits

bef ore beginning | eak detection, the nore water is lost. In
general, the managers of a water systemw || have sone idea
of the hotspots in the system Wat is needed, however, is
sonme quantitative neasure of the | eakage |evels in each

wat er system for purposes of conparison. A m ninmum of
several nonths of data is therefore recomended.

| ssue 4. How many | eakage detection teans shoul d be
trained for a given area of the country? And wll some
(relatively) large systens warrant having their own | eak
detection crews? This question may best be answered after
the first | eak detection has been carried out in several
syst ens.

6.6.2 Nunerical exanple

Assunmi ng that the zones have been defined and the
| eakage | evel s under passive control recorded, we illustrate
the procedure for carrying out active |eakage detection,
using the hypothetical data in Table 7 to establish
priorities anong the different zones.

The first row of figures, Vp., gives a neasure of the
vol une (V) of |eaks found and repaired under passive control
(P) in each zone (i). As the leaks are only repaired after
they surface, the repairs are spread out over tine. This

figure is a sumof all the | eakage rates found during a
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certain time period, and does not represent the anmpunt of
| eakage at any one point in tine.

The second item Np., is the nunber of |eaks found over
the same tine period (and, of course, over the sanme |length
of distribution mains). |If possible, the sanme tinme period

of observati on should be used for each zone to enabl e

conpari son of the figures.

W is the value of water for each zone i. In the case
shown here, the basic average increnental cost of water
production (zones A and D) is $.15/nﬁ. Zones B, C and E
show hi gher costs because punping is required for those
zones. Four different levels of cost are shown here, for
purposes of illustration, but many small systens may only
have one or two different costs of water production
t hroughout their system

An index. P., is then calculated for each zone i (see
Table 8), where P. is the ratio of (leakage rate) x (value
of water) to (nunber of |eaks) x (repair cost per leak). If
it is reasonable to assunme the sanme average cost per repair
in all zones, a sinplified index can be calculated: P.' =
(leak rate) x (value) / (nunber of |eaks).

It is inportant to realize that this index has no real
physical neaning. It is noi a benefit/cost ratio of the
repai rs done under passive control; such a calculation would
have to incorporate the time over which each | eak remains

unrepaired, to get the total volune lost. This index, P
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(or p.") is only a rough guide as to which zones woul d
benefit nost froman active | eakage detection program Leak
detection is begun in the zone with the highest index P., on
t he assunption that the | eaks found during the |eak
detection survey will be proportional to the |eaks that
surface during passive control, both in nunber and vol une.
This is just to provide a starting point; as the |eakage
detection surveys are carried out, that assunption will be
checked, and any necessary nodifications made.

Note that including the value of the water gives a
different priority than one m ght assume fromthe | eakage
rates alone. Zone Ain Table 7 has the highest |eakage rate
of the five zones, but because no punping is required, a
| eak detection programin that zone is not expected to be as
beneficial as in some of the zones that require punping. In
fact, zone Ais fourth on the priority list in Table 8.

The | eak detection creww ||l begin in zone B, then, the
zone with the highest index, and survey the whole of zone B
When the detected | eaks have been repaired, the benefit/cost
ratio (Ab/AC) for active | eakage detection and repair in
zone B is calculated. (W will discuss this calculation in
section 6.6.3.) |If the benefit/cost ratio is greater than 1
(benefits greater than cost), the creww |l nove on to the
zone with the second highest priority index, or zone Cin

this case, and proceed in the same nmanner as for zone B
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Eventually, it is expected that the costs of |eak
detection and repair will exceed the benefits in sone zone.
If the difference is great, the detection crew may choose to
stop there. |If the benefits are alnost as great as the
costs, however, the crew may choose to investigate one nore
zone —especially if the priority indices of the two zones
were simlar. For exanple (see Table 8), if after carrying
out | eak detection and repair in zone E it were discovered
that the costs were slightly greater than the benefits, it
m ght well be decided to continue to zone A which had a
priority index very close to that of zone E. If the costs
were greater than the benefits for zone A as well, zone D
woul d probably not be investigated.

|f the benefit (as measured by the cost of water) is
fairly close to the cost of the program it mght still be
judged a beneficial program As nentioned in section 5.5,

t he value of water used here does not include benefits to
consuners such as health inprovenents. Those effects are
not usually considered by individual utilities, but a
regi onal authority should have a w der perspective on the
inplications to society as a whol e of reducing | eakage.

When sounding the first zone of a water system as
stated before, there is no way of predicting the anmount of
under ground | eakage that will be detected. Over tine,
however, a pattern may emerge, with the benefits of active

detection roughly proportional to the priority index. This
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wi |l be of aid in deciding whether to continue |eak

detection in subsequent zones. It is also possible that no
such relationship will emerge.
As nmentioned earlierr a decision will have to be nade at

sonme point whether to continue to a new zone or repeat the

| eakage detection survey in a zone that proved to have high
| eakage in a previous survey. This will have to be an
arbitrary decision at |least until enough data is gathered on
repeat surveys to determne the relationship (if any)

bet ween t he anount of | eakage found on the first survey and
on subsequent surveys. Based on the literature, however, we
suggest that a repeat survey not be carried out any earlier
t han one year after the first survey. It is expected that

| ess | eakage will be found on repeat surveys than on the
initial one, and if too little time has el apsed, the newy
occurred | eakage will not warrant a detection effort.

It is inmportant to enphasize that this is an iterative
procedure, and that data should be kept on all |eak
detection surveys to guide future | eak detection. 1In a
sense, the idea of going ahead with detection efforts
because | eakage is expected is simlar to the approach taken
by nost small systens in the US. W are trying to
establish the inportance of actually evaluating the benefits
of such detection prograns, and of prioritizing detection
efforts. This should theoretically be done everywhere, but

it is especially inportant in devel oping countries, where

resources are so limted.
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The procedure has been described here for different
zones of a single system The same approach applies for
establishing priorities anong the different water systens

for which a regional |eak detection crewis responsible.

6.6.3 Calculation of benefit/cost ratio of active |eak
detection and repair

After active |leak detection and repair has been carried
out, actual data wll be available on the costs of the
effort and the anount of |eakage recovered (expressed as a
rate: volune/tine). To calculate the econom c benefit of
recovering | eakage, however, it is necessary to know how
| ong the | eak woul d have continued undetected (before
surfacing, or being detected by a |ater detection survey),
to calculate the total volune of water "saved." As
di scussed in section 5.2.3.1, there is no satisfactory
answer to this question. A |logical argument for a regular
soundi ng programis that nmade by Myer £t al. (1983), that
the average lifetinme of underground |eaks is one-half the
time between surveys (assum ng that new | eaks occur at a
fairly constant rate over tinme). In our case, however, the
time until the next survey is not known.

What we suggest, therefore is a sensitivity anal ysis:
cal cul ation of the benefit/cost ratio for several different
assuned |ifetinmes of the | eaks, fromone year to fifteen
years. If it is found that the benefit of the recovered

| eakage woul d exceed the costs even if the | eaks had only
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continued for a year, it can be assuned that the programis
economcally justified. |If, on the other hand, it is found
that the benefits woul d exceed the costs only for sone
exceedingly long lifetine of the | eaks (say, fifteen years),
it can be concluded that the | eak detection and repair
effort was not economcally justified. It is not reasonable
to assune that the situation would remain unchanged for so
long —the | eaks mght grow to the point where they surface
or disrupt service, and are then discovered and repaired,;
anot her | eak survey woul d probably be carried out in that
time; and the systemm ght well be extended or nodified
during that tinme. Finally, if it is found that the benefits
woul d exceed the costs only if the | eaks were to continue
undetected for sone internediate |ength such as 8 years, a
deci sion nust be nade as to whether that is a reasonable
expectation. This is when the nonquantifiable benefits of
| eakage must be taken into account as well to decide if that
particul ar | eak survey was justified and whether the crew
shoul d conti nue on to the next zone.

In all these cal cul ations, the benefit should be
cal cul ated as the net present value of the total volune of
recovered water. This is calculated by discounting the
val ue of the water that would have been | ost each year back
to the present, and sunm ng the discounted benefits from
each year the | eak was assumed to persist (if it had not

been detected and repaired in this survey) .
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As an exanple, using the value of water for zone B in
Table 7, and values for average |eakage rate per |eak and
average detection and repair costs adapted freely fromthe
data of Moyer £i. flJL. (1982) : If after sounding for |eaks in
zone B, 30 |eaks were discovered with a total estimated
| eakage rate of 750 m/day, with a total cost of $7,000 to
detect and repair those |eaks, the benefit/cost analysis

woul d be perfornmed as foll ows:

annual value of recovered water =

750 mh/ day x 365 days/yr x .18 $/mt = 49,300 $/yr
No sensitivity analysis is needed in this case; even if we
had prevented the | eaks for only one year, the benefits
($49,300) woul d far exceed the costs of the detection and
repair ($7,000).

To take another example, if only 20 | eaks were

di scovered with a total |eakage rate of 200 nﬁ/day, and a
cost of $15,000 to detect and repair, the cal cul ation woul d

be as foll ows:

annual value of recovered water =

200 nt/day x 365 days/yr x .18 $/n = $13, 140

This is slightly less than the cost of $15,000 to find
and repair those leaks. At an assumed discount rate of 10%
and an assunmed |ifetinme of two years, the net present val ue
woul d be 13,100 + (13,100 7 |.D = $25,000. The net present
val ue of the recovered | eakage ($25,000) woul d exceed the
costs ($15,000) if the |eaks are expected to [ast an average
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of two years —which would be the case if the zone were to
be surveyed four years later. However, even if the |eaks
were expected to last only one year in the absence of this
survey, the recovered value of $13,140 is so close to
$15,000 that the survey should be considered a success
(given the non-quantifiable benefits of 20 fewer |eaks in
the systemand 200 mnore water avail able per day for
custoners).

As the |eak detection efforts get underway and data is
col I ected, a decision should be nade on the timng of repeat

surveys. This is not addressed here.
6.6.4 Limtations of the procedurR

This procedure is offered only as a suggestion for those
systenms where there is some basic know edge of the
di stribution systemand where the system pressures are high
enough to allow sounding. It is an unfortunate reality that
active leak detection can not be carried out in areas where
the pressure is too lowto permt sounding, and where not
enough is known about the systemto safely boost up the
pressure for the detection survey. (There are other
techniques that do not rely on the intensity of the |eak
sound but, as argued before, these are too expensive for the
smal | systens considered here.)

It should be noted that |eak detection can be carried
out at pressures |ower than those reconmended by Anerican
and European firnms (as evidenced by the COM MEC study in
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Bangkok —see section 5.3.3). Sone |eaks will remain
undet ected, but if enough | eakage is recovered to justify
the costs of the program the total anount of |eakage is

irrel evant.
6.7 Summary

The | eakage problemis just one manifestation of the
general inadequacy of maintenance in water systens in
devel oping countries, which in turnis a result of overal
managenent problens: lack of institutional support,
shortage of skilled personnel, shortage of funds. As such,
| eakage control cannot be fully addressed until managenent
of these systems has inmproved. Even if the institutional
capacity were in place, however, there are no guidelines for
| eakage control in the small and medi um sized water systens
of the developing world. It is also true that some | eakage
reduction can be effected while institutional capacity
building is still taking place. W have chosen, therefore,
to focus on the technical aspects of |eakage control,
assumng a mninumof institutional capacity already in
pl ace.

In answer to the question of "where to begin" and what
to do about |eak detection in small water systems in
devel oping countries (under conditions described in section
6.1), therefore, we have suggested the fol | ow ng:

—fhere nust be sone sort of centralized water authority
(responsible for other aspects of management as well as
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| eakage control). A regional |eak detection crew should be
trained, and be responsible for detection in all small water
systens in the area.

—Soni ¢ detection (sounding) is the only appropriate
met hod of |eak detection for these systems, and can be
carried out at pressures somewhat |ower than those cited in
the literature.

—An assessnent of the overall |eakage level is pot
necessary here, despite the fact that it is regularly
carried out in industrialized countries. It is extremely
difficult to do under the conditions assuned here, and is
not needed because we are not trying to choose an optinum
| evel of |eakage. The only relevant figure is that |eakage
which is actually discovered during | eak detection.

—Mapping of the distribution systemis inportant in
the long run, and for reasons other than just |eakage
control, but sonme | eak detection can be effected before the
mapping is conpleted. Conpletion of an inventory of the
systemw || take a long time, and some of the data can be
gathered in conjunction wth the | eakage detection and
repair.

—Areas with high levels of surface |eakage and a high
val ue of water should be the first to be investigated by
active sounding. It is inportant to establish priorities
and carry out |eak detection where the returns are expected

to be greatest, because funds are so scarce. It is also
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I nportant to calculate the actual benefit/cost ratios after
t he program has been carried out» to ensure that the |eak

detection efforts are indeed economcally justified.
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7. RECOVMENDATI ONS FOR FURTHER RESEARCH
Thi s phase of research has consisted of: an extensive
review of the literature on unaccounted-for water; the
decision to focus on the problemof underground | eakage; an
attenpt to develop an optimal approach to | eakage control in
devel opi ng countries and the realization that this was not
possi bl e; an exam nation of predictive nodels and the
realization that this was not applicable to devel oping
countries either. Qur final attenpt was to outline a
reasonabl e (rather than optimal) approach to take in
determning priorities for |eak detection in small water
systens in devel oping countries, where it is expected that
underground | eakage is a large problem though not always
recogni zed, and where |ittle has been done as yet toward
| eakage control because the problem seened too intractable.
The next step, then, would be field research in sone
country where A l.D. is working in the water sector, and
where there is some regional or national agency concerned
wi th water resources. The researcher would work with this
agency in field testing the procedure described in section
6,6 of this report. It is anticipated that under field
conditions, substantial nodifications to the procedure would
be necessary; it is hoped that the product of this second
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phase of research woul d be a set of guidelines which could
be used by managers of small water utilities in devel oping

countries in controlling | eakage.
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TABLE a1

in Selected Cities Around the Wrld

DEFI NI TI ON OF UNACCOUNTED- FOR WATER

Accounted: netered residential, industrial
comercial, institutional, construction
estimated municipal and fire supply

Unaccounted*: reservoir |eakage, meter under-
registration, estimated unavoi dabl e | eak-
age, |eakage found in survey, unknown.

(Unaccount ed not defi ned)

Unaccount ed: neter under-registration, |eaks
& breaks, blowoffs & flushings, fireflow,
unnet ered public use

Accounted: metered residential, metered non-
resi denti al

Unaccounted: unmetered use, |eakage

Unaccounted: neter error, illegal connec-
tions, |leakage in distribution, |eakage in
service reservoirs, |eakage in consuners

plunbing, fire flow, water used in opera-
tions

(Unaccount ed not defi ned)

70% defi ned as Non- Revenue Wat er

Accounted: billed

Unaccounted: netering |osses, illegal use,
public use, |eakage

(Unaccounted not defined, includes at |east
| eakage, illegal connections)

(Unaccounted not defined, includes at |east
nmeter under-registration)

Accounted: water sold

Unaccount ed: | eakage from pi pes, service
reservoirs, punping stations; unmetered
use of water (none); neter error, under-
billing, illegal connections

* "unaccounted-for" used in text to nean
"unknown"
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* These figures are an average of three surveys done at 2-year intervals.
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Leaks in Water Distribution Systens
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TABLE 3

Level s of Net Night Flows in Large Urban Areas in the United Ki ngdom

Areas where | eakage is typically

Low Medi um Hi gh
Leakage control method (1/prop/hr) (1 prop/hr) (1/prop/hr)
Passi ve | eakage control 15 18 25
Regul ar soundi ng 8 10 14
District metering 6.5 8 11
Waste netering 5 6 8

Conbi ned district and
waste netering

From NWC, 1980, p. 36


NEATPAGEINFO:id=0045A11B-2375-4583-BC03-94AADA5EEFED


TABLE A

Costs of Conponents of Leakage Control Methods
(at md-1979 Levels) in the UK

Qperation
£

a waste neter and set up district 1,650
| i ne (day/ni ght work) 36
Record a night line (night work only) 52
Performa step test 85
Sound 1, OO0 houses 150
Read 100 district neters 8O0

Repair backlog of |eaks found when introducing active |eakage
control (per 1,000 properties) 300

Locate reported |eaks when operating passive |eakage contro
(per 1, O00 properties) 60

Install PRV and set up pressure zone 1,750
Annual PRV mai nt enance 25
Sound a trunk nmain (per knm 6
I nstall a tappi ng and chanber 150

Perform | eakage measurement using a heat pul se meter or
by pas s mnmeaet er S5

Locate |eakage by SFg gas tracing (per km in soft ground 60
Performr reservoir drop test 35
Locate | eakage using |eak noise correlator (per 200m 15

| nst al |
Record a ni ght

Mean cost

140

Typi cal range

of costs
£
, 000- 2, 000
18- 54
26- 78
60- 110
100- 300
60- 100
200- 500
O- 300
500- - 3, 000
10-- 50
2- 12
100- 500
15- 70
15- 70
10- 20

From NWC, 1980, p. 37
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Crew
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Sl eeve
Repavi ng
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TABLE 5

Sjnt hesi zed Cost to Repair Ductile Iron Main Breaks; 1980 Dollars

Pi pe Di aneter

8 1 10
200 1 250

1 6 j
1 150

1$290 $315 % $336
1 1
$45) $451 % 45
1
it

$67i $77 1 $ 93

TR

JEN

$120 1 $120 j $120

1 |

$104 17 $111 | “$119

a .
1

306 ¢ 351" 4045 ‘450’ §6)0‘ 001
G356 P‘$372 } $383]1 e o | sl

t 2|
§ 15 H:$ 55 £_$ 15 £_$:is | § 4

1
$290 $5071

SI4L] $144 ] "1 1 $144 | 917 | $1901

1
$112 1 $239 1 $268 j $280

$1331 $160 1 $168 { $173 ] $188 | 5 $2351
|

|
, $626 J. $668 1, §713 |§799 3960 81008 {91039 |$1127 £$14°91

From Wal ski & Pelliccia
1982, p. 142
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TABLE

Average Costs, Benefits, and Net Benefits

of Leak Detection and Repair for Three Surveys,
Dol | ar s/ Leak

Type of Leak Cost Benefit Net Benefit
Hydr ant $336 $275 -$ 61
Ser vi ce- Cust onrer $274 $1081 $ 807
Ser vi ce- WWV $836 $1202 $ 366
Mai n $837 $2654 $1817
No Leak Found $645 $ 0 -$645
O her * $267 $ O -$267
All Types $480 $806 $ 326

* Leaks found on the distribution systens of other

utilities.

From Meyer et al”®
1982, p. 365
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TABLE 7

Data for Establishing Leak Detection Priorities

ZONES

LEAKAGE:

m/day/km* 40 30 25 18 12 (Vph)
| eaks/ km * 13 8 10 8 5 ( Np™)

COST OF WATER:

$/ 8 15 .18 .23 .15 .20 (W)

* Repairs made under passive control, nunbers and

rates neasured over the same tine period.

TABLE 8

Cal cul ation of Priorities for Leak Detection

ZONES
A B C D E
Pi'
.462 .675 .575 .338 .480
Vb W
NPi

Order of prioritiesis: B, C, E, A D
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FlI GURE a1

Fl ow of Water in a Water Supply and Distribution System
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FlI GURE 2
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Maj or Factors Affecting Leakage in Water Distribution Systens

Mai n
Cat egori es

Pl PE

ENVI RONMENT

(may change
over tine)

QUALITY OF
CONSTRUCTI ON

SERVI CE
CONDI Tl ONS

(only vari=
abl es t hat

can be changed

easily after
construction)

Mai n Factors

Af fecting Leakage

type of material

quality of materi al

di anet er
wal | thickness

soil conposition

soi |l noisture

water quality

electric trolleys

| oadi ng conditions
(traffic)

frost

tenperature vari a-
tions

eart hquakes

qual ity of
construction'

system pressures
wat er hanmmer

wat er velocity

mai nt enance policies

Mechani sm

Ainitial strength

of pi pe

N |lead to decrease

in strength

-Ncause stresses
in pipes

N | eads to decrease

in strength

"Acan mtigate some of

t he above (e.g.

CQut cone

(Type of Break)

hol es

| ongi t udi na

cracks, ring cracks,
bel | cracks

rupture

hol es

corrosion protection)

t
per O Day &
St aehel i

(1983, p. A)
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FiI GURE 3

Common Methods of Direct and Indirect Sounding for
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Leaks
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F1 GURE 5

Problens in Pinpointing a Leak (Direct Sounding)
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Fl GURE
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(S

Problens in Pinpointing a Leak (Indirect Sounding)
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Fl GURE 7

Gas Tracer Method of Leak Detection
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FlI GURE 8

(Qbserved vs. Predicted Relationship Between System Pressure and Leakage

PRESSURE (m)

FromNAC, 1980, p. 36
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FI GURE 9

Experinental Data on Net Night Flows vs. Pressure

25 . in the UK
20
o
0
Ce- | v
20 40 60 BO 100

Average zone night pressure (n

(a) Relationship between net night flow
and pressure

(b) Rel ationship between scal ed net
night flow and pressure

R S
20 40 60 80 - 100

Average zone night pressure (n
From Goodwi n,
p. 28

1980,


NEATPAGEINFO:id=0C259F23-90EF-48B2-A87E-FC7AD2430FB7


153

FI GURE 10

G aph for Prediction of Net Night Flows in the UK
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F1 GURE ju e

Net Ni ght Flows under Different Control Methods in the U K
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From NWC, 1980, pp. 34-35
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PRICRITIES (for leak detection aid to water
systems in North Carolina)

SYSTEM

Priori ty Points

i 0]
|. Unaccounted For Loss Per Mle Pipel Day Under 1, 000
2
» Unaccounted for _ gallons 1000 - 5,000 5
» Mles of distributionlines 5,000 -10, 000
« Unaccounted for -r niles Over 10,000 10

M Urgency
« Whol e system out of water 15
e Portion of system out of water 12
e« Reduced pressure 6

v No u?%g?cybin})g?qﬁ{q§&3d a probl em (known | eaks, 3

e Uncertain if problemexists O

[1l1. Size of Comunity
Under 500 connections 10
500 to 2, 000 connecti ons 8
2,000 to 5,000 connections k
5,000 to 10, 000 connections 1
Over 10, O00 connections O

IV. Prior Assistance
- Newver assi st ed 10

» Assisted once, or has had consultant studies wthin
t he ast v ear

e Assisted nore t hhan once O

V. Current Assistance
* Has totaled water punped vs. water sold within the
|ast 6 nmonths, no equi pment, eager 10

Has no equi pment, personnel available and eager 5

No staff available to assist, or have not used
equil pnent for two weeks O

VI. Tinme Delay - 2 Pt./ji»nth
Date of request

TOTAL
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