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Abstract. A field study WitS undenaken 10 provide a means by which the effect of pressure reduction on 
leakagll raills in a waler disributioll network. can be predicted usinglhe re5ults from the.cxperimcnlal prog
ram. Nineteen sections covering the wafer networks in two areas were isollillld and each section was pres
sure tested for quaatification of leakage at 1.5, 2.5, 3.5 and 5 bars, The results obtained from this work 
indicated that pressure reduction is more beneficia1 for leakage control than what had been predicted by 
the theoretical orifice relationship. Given such simple methodology for developing a relationship relating 
leakage rate to operation pressure in a water network, water authorities will be able to take theirdecisions 
on pressure reduction as II leakage control measure more objectively. 

IntroductioD 

Detailed literature search has shown that various methods of leakage control are 
being practiced in water distribution systems for different cities and countries. 
Although there are multi variations in use, yet it is possihle to have them grouped 
into either passive or active control with the latter being categorized into five 
methods [l-7J; 

1. Passive control 
2. Pressure control 
3. Regular sounding 
4. District metering 
5. Waste metering 
6. Combined district and waste metering 
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In passive leakage control only evident leaks, either due to consumer complaints 
or due to water appearing on the road surface, are repaired. ]n active control an 
organized and systematic program is undertaken in order to detect ,locate and repair 
leaks. 

Pressure control method can be considered as a prevention measure. Excessive 
and unwarranted pressures in certain areas are brought down in order to reduce both 
incidence rate of pipe failures and rate of water leakage. Sounding method is based 
on a regular inspection scheme in which listening devices and noise correlatoTS are 
used to locate leakage throughout the water network. In district and waste metering 
methods, the water network is divided into areas each being metered on a regular 
basis. The district metering is based on comparison of water entering the area with 
the actual metered consumptions. In the case of waste metering method, the leakage 
is determined by measuring the low rates of flow at night and comparing it with a pre
sent standard minimum night flow. The last method is merely a combination of both 
district and waste metering being practiced simultaneously or in combination. 

Selection of Leakage Control Method 

]n order to be able to select the most suitable and appropriate method of leakage 
control, it is essential for a water authority to have the infonnation required to esti
mate the cost and benefit for each of the available alternatives. The cost of each con
trol method can then be compared to the benefit and net saving be determined. The 
method that yields maximum return is then selected. The National Water Council 
(NWC) in the United Kingdom has suggested such a procedure for the dcetermina
tion of leakage control policy [1 J. A flow diagram summarizing the recommended 
outline of a scheme starting from measurement of leakage and ending in the 
implementation of control measures is shown in Fig. 1. 

It is granted that the higher the cost of water production, the most hecomes the 
need for extensive and elaborate measures for control. However, the overall yearly 
cost for lost water is also a function of the amount of leakage. Thus it makes no sense, 
even if the water is expensive, to go into an extensive and costly control measures if 
the amount of water losses from the system is low. In other words, hefore embarking 
on any leakage control policy it is recommended that where pressure reduction is 
feasible it needs to be investigated and an assessment oeits benefit-cost ratio be made 
(! ,8J. 

Little information is available in the literature to provide adequate data and reli
able information upon whieh a factual assessment of the economics of pressure con
trol could be made. It is a well known fact that high pressure results in higher rate of 
leakage in a water network, increases the frequency of leak occurrence, and causes 
leaks to appear sooner by rendering them easier to locate [1,9]. However, except for 
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a very few cases reported from the United Kingdom by the National Water Council 
l1] and Field [10), only scattered data are available that depict the effect of pressure 
on leakage rate~ in wuter distribution systems. Both NWC and Field found that a sig
nificant increa<;,e of flow from leaks, by far greater than what is expected according 
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to the orifice relationship, occurred with increasing pressure. In the U.S., the Amer
ican Water Works Association (A WW A) [2] mentioned similar findings in their 
report which stated that a specified increase in operation pressure produced a greater 
increase in leakage. In India, the Indian Water Works Association (IWW A) [3] 
reported that increasing the water pressure from loR to 3.3 bars resulted in 30% 
increase in leakage. In South Africa. Van DUllren, e/. al. (11J found that reducing the 
pressure in a test area from 10 to 4 ban; reduced water wastage by 2.33 times. 

To he able to determine the benefits of pressure control for subsequent compari
son against the costs, a means for predicting the amount afwater saving as a function 
of pressure reduction in the water distribution network is required. A field study was 
undertaken in two areas of Riyadh City in which the rates of water leakage in each 
area and sections thereof were measured and assessed to evaluate their response to 
pressure variations. The work presented in this publication is part oflhe comprehen
sive research project sponsored by King Abdulaziz City for Science and Technology 
(KACST) for the assessment of leakage in the Gty of Riyadh, capital of Saudi 
Arabia. 

Equipment and Methods 

Study areas and lest sections 

According to the configuration of study areas, the position of valves and their 
working condition, each area was subdivided into approximately ten sections. In 
order to obtain high sensitivity for leaks, to help as an intermediate step in locating 
the position of leaks, and to accurately quantify the effect of pressure on leakage 
rates, the size of each test section was limited to around 50 properties with a pipe 
length of 1 km [12]. In fact, most of the sections were much smaller having an average 
of 25 properties and a pipe length of 650 m. Plans and stastistics of test sections 
including size, pipe diameter. pipe length and number of connected properties are 
shown in Table 1 for Area 1 and Table 2 for Area 2. In both study areas the age of 
the network is 9 years and all main lines are of PVC while house connections are of 
high density polyethylene HDPE. 

Equipment 

Leakage measurements at preset pressure values were made using the setup 
shown in Fig. 2. The installation consisted of the following: mobil water tank towed 
on a trailer; pump, for delivering the required amount of water needed to maintain 
the preset testing pcessure in the isolated section; water meter, to measure the flow 
of water charged into the system; pressure gauge of the indicating type, to monitor 
and maintain the required test pressure; special T -connection, to replace the prop
erty water meter in the meter box; and other miscellaneous items: cutof{valves, non
return valve (NRV), bypass valves, hoses and a stop watch. 
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Table 1. StatlstlL"li oI"prel8Ure test SKtiooIlD Area 1 

Pipe diameter Pipelenath 

s.ctIM Areaml mm m 

I 26,265 11K) 672 
2 38,446 100 1,191 

31,487 100 ",31 

4 20,986 100 613 

5 36,414 100 1,059 

6 HI,953 100 574 

7 10,037 100 287 , 2),847 100 969 
9 29,031 100 868 

10 43,962 100 1,010 

Whole 279,427 103.5· 8,174 
area (O.2Bkm2) (8.17km) 

-Weighted average diameter according to length uf pipes 

TabR 1, Statistics otpressure test secdoas In Area 2 

SeclJon ..... m' Pipe diameter Pipelengtb 
mm m 

12,900 UK) 590 

2 21,000 (100) 91.9· (520) 620 
(50) (100) 

4,HOO 150 3SO 

7,500 100 290 

5 10,000 UK) 420 

6 29,100 (100) 94.4- (635) 715 
(SO) (80) 

7 2t,6()() 100 47U 

8 In,SOU (100) 82.3· (310) "0 
(SO) (170) 

9 2,700 150 360 

Whole 126,400 104.2· 4,295 
area (0.13km2) (4.30km) 

·Weight IIverage diameter according to length of pipes 
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No.orproperty 

coanectlons 

28 

54 

" 35 

42 

15 

13 

36 

42 

50 

360 

No," 
property 

connnediOOI 

6 

13 

8 

29 

22 

15 

101 
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Methods 

The field pressure test, for leakage quantification in each of the network sec
tions, consisted of the following sequence of operations: 

• All boundary isolating valves were closed. 

• All stop valves on propeny connections were closed. 

• Testing equipment was assembled at a property meter box. 

• The T-connection was placed in thc meter box. 

• The various components, water tank, pump, flow meter assembly and T -con
nection were joined by hoses and couplings. 

• Flow meter valves was closed and bypass valves were opened (refer to Fig. 
2). 

• The property meter valve was opened thus allowing a check on whether the 
section had been completely isolated. 

• One of ttle section isolating valves was opened to refill the pipes and drive air 
out. 

• The pump was put into operation. 

• How meter valve was re-opened and bypass valves were redosed. 

• Air relief valve was opened and closed several times to assure that all entrap
ped air was removed. 

• The network section was roughly charged to the required pressure by adjust
ing the pump motor speed. Fine tuning was attained by the manipulation of 
both flow meter and bypass valves. 

• Amount of water needcd to maintain the preset steady pressure over a test
ing period of 10 minutes was recorded and latcr uscd foreomputing the leak
age rate through the network section at that specific pressure. 

• The last two steps described abovc were then repeated at three other pres
sures hetween 1.5 and 5 bars (the normal range of operation pressure in the 
city water network). 

• All stop valves on property connections were re-opened. If any valve was 
tampered with i.e. re-opened by consumers, the whole test was repeated in 
order to avoid false observations and conclusions. 

• The T-oonneetion was replaced by the property water meter and the meter 
box was covered. 

• All boundary isolating valves were re-opened and the network section was 
returned to normal operation. 
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Raulls ud Discussion 

Nineteen sections in Areas 1 and 2 were pressure tested at 1.5, 2.5, 3.5 and 5 bars 
and the corresponding 76 leakage rates (in liters of water per km of pipe length per 
mm of pipe diameter per day) were computed from recorded test data. The results 
are shown in Figs. 3 and 4 for Areas 1 and 2 respectively. The curves for the total 
areas indicate that an increase in pressure from 1.5 to 5 bars results in 100% increase 
in leakage levels, from 100 to 2fJ7 Ilkm/mm/day in Area 1 and from 152 to 303l1kml 
mm/day in Area 2. 

600;--------------------------------------------, 
500 

400 

Sec. 1. ~ 

Sec. 2. ----e
s.c. 3. -.......-

2 3 4 5 

Presslll'e, bar 

Sec. 4. ~ S.c.7. ___ Sec.IO.-.....-

S.c.5. ------ Sec.'. -X- "tal area--Oo-
5 ec . 6 _ ---6--- S.e.,_ -*_ 

Fig. 3. EfTeet ofpreslUn! on leakage rate ill Area 1 

It is known that the !low through an orifice, Q is proportional to the square root of 
the pressure drop across it, P i.c. for an orifice with a proportionality constant, k: 

(1) 

Replacing the theoretical square root value of 0.5 by a general parameter, n, then: 

Q = kp' (2) 

6 
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Non-linear regression analysis. using a commercially available software. was 
performed separately for each section and for the whole Areas 1 and 2. ]n each case, 
leakage rate was taken as the dependent variable and pressure as the independent 
vilriahlc. The results of the rcgrc~sion analysis are shown in Table 3. Ex(;ept for the 
three sections with very low leakage, less than 6% of the water supplied (sections 9 
and 10 in Area 1 and section 4 in Area 2 as shown in Table 4) and the single section 
with very high leakage, greater than 60% of the water supplied (section 2 in Area 2). 
the correlation hetween leakage rale and pressure is almost perfect as demonstrated 
by the high correlation cuefficients, especially for the areas as a whole where the cor
relation coefficicnb were O.QQI and 0.996. The high leakage in some ofthe tested sec
tions (sectiun 2 and 7 in area 2) was mainly due tu cracked or broked pipes in these 
sections. 

The scatter in the values of k is to be expected since the level of leakage in each 
of the measured sections is different and does not depend solely upon pressure. How
ever, the value of n is very significant because theoretically, according to the orifice 
equation, it is supposed to represent the pressure effect. 
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TabkJ. RelatiOlL,l1lp twtwl!t'D leakap rate, Q and pre.ml"C'. P. {Q - k pO] 

Meal A~' 

SNtion • " 
, • • , 

Correlation Curreladoll 
coefficient coefftcleol 

'" 0.52 1I.91l1) 

2 127 0.39 0.979 527 0.19 0.4111 

J ()-~ 2.86 0.925 138 0.62 0.931 

4 41.1 1.09 0.980 105 0.09 0.170 

67.7 0.88 0.985 18.8 0.85 0.957 

6 g,H 0.96 0.869 56.) 0.68 0.974 

235 0.84 0.980 

8 208 0.54 0.997 8.23 2.45 0.910 

9 23.3 0.41> 0.647 43.3 0.58 0.849 

111 37.6 o.m~ 0.202 

Total area 77.4 0.60 0.996 J2J 0.59 0.991 

• No detectahle Jeakulj:e (the leakage rate wru; zero) 

.. Not applicable (then'! i~ nn section 10) 

The regression analysis (Table 3) shows that the leakage flow does not follow the 
orifice equation, in which the flow is proportional to the square root of the pressure. 
The value of n ranging between a low of 0.08 to a high of 2.86. demonstrate that 
although leakage rate does increase with pressure, yet the effect could be either at a 
lesser rate or proportionally greater. According to the World Bank [13], this varying 
impact of pressure on leakage has only recently been appreciated. During the last 
decade similar experience, especially the fact that small increases in pressure would 
cause correspondingly greater increase in leakage has been reported by the U.K. 
National Water Council [1], the American Water Works Association [2] and Field 
(10]. The discrepancy between the test data and the orifice t'ormula is not completely 
understood. However. it has been attributed to two probable reasons; 

a. Pipe joint. crack or similar opening that either does not leak or exhibits a 
minor leakage at low pressure may split or widen so that the orifice size 
increases with pressure [1.2,13]. 

h. In a water network. there may be many leaks each experiencing a different 
pressure while the orifice formula applies to a single leak [1]. 
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Table 4. Leakage all percell! of water S\lpply. at avera!!:l" operalion pressure--

Uaka&<1n% 

SKtlon Anal .~, 

A v,rllle prtlAlre .., l.S bars Average pnuare = 3.5 bars 

24 " 2 I' ft> 

3 32 

4 8 6 

12 5 

6 2 10 

7 0 48 

8 25 I. 

9 2 13 

10 3 

'J'ollilarell 10 22 

• The water supply rate was measured over a period of seven days via a mobile water-meter installed on 
a bypass alTangement on one single feeder main to each isolaled area. The average flow WaS then propor
tioned among 1he various sections according to their pipe lenghts. 

.. The average operation pressure was computed from seven days hourly pressure recurdings of two 
gauges instnlled lit fire hydrants in eaeh area. 

Since leakage does not depend on pressure alone, the results from the two study 
areas.have been scaled to show the relative changes in leakage that occur from a pres
sure change rather than in the absolute terms themselves. In Fig. 5, the vertical scale 
represents the "leakage factor" which, for this analysis, is defined as the ratio of leak
age level at any given pressure to the leakage level at 1 bar for which the leakage fac
tor was taken as unity. In addition to the relationships for the two study areas, the 
curves representing the orifice equation, the linear relationship and the data 
reported by the U."K. National Water Council have been plotted in the same manner 
for comparison purposes. The various curves shown in Fig. 5 indicate that the effect 
of pressure on leakage rate in the study areas (n values of 0.60 and 0.59), although 
lower than that of NWC (n > 1), it is more significant and steeper than what would 
have been predicted by the orifice equation (n = 0.50). For example, a pressure 
increase from 1 to 7 bars increases leakage by a factor of 3.2 rather than by 2.6 times 
according to the theoretical orifice equation, a difference of 23%. 

Pressure control is an immediate way of reducing leakage. It is simple and easy 
to implement at relatively low cost. Pressure reductions can he accomplished by sev-
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eral methods. These include installation of pressure reducing valves, reduction of 
pumping heads, using break pressure tanks and implementation of pressure zoning 
by the closer of valves within the water network [1]. The proportionately high reduc
tions in leakage. that ~an be brought about hy relatively milder reductions in a water 
network operational pressures, further reinforces the potential advantages of pres-
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sure reduction as a measure for leakage control, either on its own or in combination 
with other methods. 

Summary and Condusions 

The methodology employed in this study for the development of a relationship 
between leakage rate and operational pressure in a water supply network proved to 
be simple and easy to implement. It utilizes inexpensive and readily available equip
ment to any water supply authority. 

The results obtained from this work indicated that pressure reduction is even 
more beneficial (or leakage control than what had been predicted by the theoretical 
orifice equation. The usefulness of having a relationship that can accurately predict 
the change in leakage rate that can be induced by a given change in pressure is three 
folds: 

• It is very handy for meaningful comparison of data obtained from various 
studies and areas. 

• It establishes a rigorous basis to convert a measured net night flow into a 
daily water leakage figure taking into consideration the hourly variations in 
pressure throughout the day, 

• It contributes to the establishment of a rational policy and program for leak· 
age control through its ability to quantify the potential advantages of pres· 
sure reduction as a measure for leakage control. 
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