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Introductory Note
This paper was accepted, following a peer review process, for the 5th World Congress on Engineering Asset Management (WCEAM) in October 2010, in Brisbane, Australia.

The paper was presented by A. Lambert, but it will not be found in the published proceedings of the WCEAM Conference, as the Publisher’s ‘Consent to Publish’ form required the Copyright of the paper to be transferred to the Publisher with highly restrictive conditions that were unacceptable to all of the authors. An alternative publication of the material in the paper is being actively sought.
The ethos of the International Water Association’s Water Loss Specialist Group is to make this type of paper available to the widest possible international audience. Accordingly the authors have agreed that the paper and the associated presentation can be located on appropriate Company websites, and distributed without restriction to any interested party.
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Countries such as Japan and UK have practised reduction of pressures to reduce leak flow rates for at least 40 years, and the adverse effects of pressure transients on water distribution systems are well known. However the effects of reducing excess pressures, on burst frequencies of pipes in existing systems, have generally not been widely recorded, analysed or reported.  

In 2003, the Pressure Management Group of the IWA Water Loss Task Force began to promote the collection and analysis of pressures and bursts before and after the introduction of Pressure Managed Zones (PMZs). By 2006, 110 examples from 10 countries had been identified from both developed and developing countries, and further examples are now available. 

In 2008, Water Services Association of Australia (WSAA) initiated a 3-year Asset Management Project PPS-3 on Leakage Reporting and Management Practices. Leakage in most Australian Utilities is now very low by international standards, and advanced pressure management is an expanding area of activity. Stages 2 and 3 of PPS-3 include a review of Pressure Management practices and benefits, and provision of tools to support cost-effective pressure management practices. 

Australian Utilities now generally record and compare burst frequencies on mains, and some on services, before and after implementation of PMZs. The results are in line with IWA international data, with an average reduction of around 14% in burst frequency for every 10% reduction in maximum pressure; individual PMZs vary around this figure. These reductions are significantly influencing burst repair costs, and in some cases asset replacement criteria are being beneficially influenced.

After briefly outlining the IWA activities on this topic, examples from large scale implementation of PMZs in the Gold Coast and Sydney will be shown. Concepts and methods currently being used to analyse and predict pressure:burst relationships will be presented, to stimulate discussion of this topic. 
1. THE WATER LOSS SPECIALIST GROUP OF THE INTERNATIONAL WATER ASSOCIATION 
1.1 The 1st and 2nd Water Loss Task Forces

The 1st IWA Water Loss Task Force, formed in 1995 as part of the IWA Operations and Maintenance Group, developed a standard international Water Balance and Terminology, and recommended Best Practice performance indicators for Non-Revenue Water and Real (Physical) Losses; these were published in 1999 [1] and 2000 [2] and are now increasingly used and recommended internationally. Australia and New Zealand were two of the first countries to adopt them, in 2001. 

The 2nd Water Loss Task Force, formed in 2001, consisted of several hundred volunteers networking together to extend the limits of knowledge in Water Loss Control, and freely share information for the benefit of all concerned with this aspect of water management.
Over the past nine years the Water Loss Task Force network has grown rapidly, generating worldwide interest. It has developed and promoted international best practices in water loss management, including initiation of research projects and publication of Guidance Notes, to keep at the forefront of new developments, as well as the organisation of specialised conferences and workshops around the world. WLTF specialist conferences, now held annually, typically attract around 500 delegates from 40 to 50 countries. 
The practices promoted by the WLTF are well documented in articles, conference proceedings, guidance notes, software, manuals and text books. The World Bank Institute has used the work of the WLTF as a basis to produce a series of training manuals which are currently being used for capacity building in Developing countries. The WLTF publishes in every issue of Water 21, the Magazine of the International Water Association, articles relating to water loss management, updating progress on current initiatives and reporting on new developments and research findings. Specialist Teams have been set up on a number of topics. 
In June 2010, the Water Loss Task Force became an IWA Specialist Group in its own right – the Water Loss Specialist Group. The group’s objective is to research and advance knowledge in water loss reduction to all water industry governance groups, utilities and employees, associated individuals and companies, and community representatives at all levels of government, including national and international agencies, in order to save water losses and reduce future water demand. 
1.2 The Pressure Management Team

The Pressure Management Team, set up in 2002, consists of practitioners, academics, consultants and researchers from 10 countries. It recommends effective pressure management as the foundation for effective control of real (physical) losses, caused by leaks, bursts and overflows.  Objectives of the PM Team, which will produce Guidance Notes in 2011, are: 

· to identify case studies of successful and unsuccessful pressure management projects, analyze results and report conclusions.

· to further research and test methods for analysis and implementation of pressure management. 

· to create an international data base of cases 
· to present papers, presentations and Workshops (over 40 to date) 
Initially, the PM Team reviewed existing methods of analyzing and predicting pressure:leak flow relationships. The most physically realistic method, recommended by the PM Team, is the FAVAD (Fixed and Variable Area Discharges) concept proposed by John May in 1994 [3].  Leak Flow Rate L varies with pressure P according to the equations:
           L varies with P^N1;        L1/L0 = (P1/P0)^N1      …………………….(1)
where the exponent N1 varies from 0.5 to 1.5 (or higher) depending upon types of leaks and whether pipe materials are flexible or rigid. The average N1 exponent for large systems with mixed pipe materials is often close to 1.0.

The PM Team then started to gather existing international data on the effect of pressure management on bursts and consumption, and to encourage Utilities to collect reliable data on these two topics. 
Practical predictions of pressure:consumption relationships can now be made if consumption is split into ‘Outside’ and ‘Inside’ components, with different FAVAD N3 components for each of these, based on field tests of sprinklers, seepage hoses, toilets, showers etc. 

The PM Team research on Pressure:Bursts relationships is discussed in the next Section of this paper.  
2. RELATIONSHIPS BETWEEN PRESSURE AND FREQUENCY OF LEAKS AND BURSTS
2.1 Search for Existing Data

Whilst it is well known that pressure transients can result in increased burst frequencies on mains and services, the PM Team could find remarkably little information on relationships between pressure and burst frequencies when pressure transients are absent. Also, in published national or international comparisons of average burst frequencies on different pipe materials such as Table 1, it has not been normal practice to try to relate burst frequencies to pressure. 

Table 1

Burst Frequencies of different water mains materials in different countries (Number per 100 km per year)
	
	UK
	Canada
	West Germany
	East Germany
	Australia
	Bulgaria

	AC
	11.5
	7.3
	6
	34
	8.4
	141

	CI
	20.4
	39.0
	19
	41
	22.3
	101

	DI
	4.7
	9.7
	2
	
	1.6
	

	PE
	3.1
	
	10.3
	74
	
	

	PVC
	9.4
	1.2
	6
	14
	9.0
	

	Steel
	12.5
	
	21
	74
	9.8
	93


Source: Water UK 2000 Plastic Pipe Research Programme Workshop, York, as reported by Pearson et al [4]
In two countries (Japan and the UK) which (from 1980) strongly promoted pressure management to control leak flow rates, it was traditional only to analyse the effect of pressure on flow rates of existing leaks. Initial comparisons of mains burst frequencies against average pressure in 16 Zones in the UK by John May in 1994 (Figure 1) and 10 large Regions by Welsh Water in 1995 (Figure 2) showed strong relationships. However, UK attempts between 1996 and 2002 to correlate average pressure and mains burst frequency for large sets of bursts data grouped by pressure ranges produced less clear results. 
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Figure 1: 16 District Metered Areas in UK Midlands          Figure 2: 10 Large Regions in Wales. UK

Source: John May




Source: Welsh Water
Retrospective pressure management consists of modifying existing situations, and the two ‘circle’ points in Figure 1 are the burst frequencies before and after pressure management in the same Zone. Accordingly, the WLTF PM Team concentrated on looking for ‘before and after’ burst frequencies following pressure management in individual Zones. Only a few examples were found, but the data justified further investigation. A pilot test in Hunter Water (Australia) [4] had produced a 72% reduction in mains bursts. In Turin (Italy) in 1997, a 6 metre (9%) reduction in maximum piezometric pressure, in a system with pumping at night, resulted in a 46% reduction in leaks that had been maintained for at least 6 years. Other examples were found in Brisbane and in Auckland. So the PM team encouraged WLTF members to start to collect this type of data.

2.2 Australian Experiences with Pressure Management since 2003
Despite the example of the Hunter Water pilot scheme in 1989 [4], and a 1992 example from Western Australia where Pressure Reducing Valves were used to prevent distribution systems experiencing high trunk mains pressure, pressure management only received a brief mention in a 1998 Water Services Association of Australia (WSAA) Demand Management Manual, as a means of reducing rates of leakage and consumption from sprinklers.  

Pressure management was used and promoted by Wide Bay Water Corporation from 2001 in some smaller Australian Utilities, but the general view of pressure management changed quite rapidly after Gold Coast Water, began to implement Zone Pressure Management in 2003 during a severe prolonged drought. Their excellent records of burst frequencies on mains and services enabled reliable ‘before and after’ comparisons to be made. In the first pilot Zone (Figure 3), in addition to reducing night flow from 6 to 3 litres/hour, there was a substantial reduction in bursts on both mains (73%) and service connections (68%), which has been maintained for the last seven years. 
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Figure 3: Monthly burst reductions on mains and services after pressure management, Burleigh Heads PMZ                                                           

Source: Josh May, Allconnex Water (Gold Coast)
Similar results were obtained in the second Pilot Zone, and in 55 Pressure Management Zones established in Gold Coast Water since 2003, the average reduction in burst frequency has been 44%. The publication of these results in Australia in 2004 resulted in renewed interest in pressure management as a means of managing burst frequencies and repair costs, as well as for the traditional reduction in flow rates of existing leaks. 
Many large Australian Water Utilities are now implementing or planning large scale pressure management schemes, for example:

· In the $82 million South East Queensland Pressure Management Program (which includes Gold Coast Water), 90% of 427 District Metered Areas, mostly with pressure management, have been created, and over 60% are now fully operational

· Sydney Water Corporation is half way through setting up around 160 PMZs, 25% if which are fully operational

· Yarra Valley Water (Melbourne) has set up 40 PMZs and is considering a further phase

· Water Corporation (Perth) and Barwon Water are planning establishment of PMZs.

The financial justification for these schemes has, to date, been usually been based on predictions of reductions in leak flow rates and reductions in mains burst frequencies and repair costs. Some Utilities have also included reduction in service connection repair costs, and/or consumption, and in one case an attempt has been made to assess the financial benefits of deferred mains renewals. Prediction methods used have mostly been those developed by the PM Team of the Water Loss Task Force. As part of Stage 2 of its current Asset Management Research Program PPS-3, Water Services Association of Australia commissioned Wide Bay Water Corporation and ILMSS Ltd to carry out a Review of Pressure Management Practices and Benefits in the Australian Water Industry during 2009-10 [5].    
2.3 WLTF Pressure Management Team Pressure:Bursts Prediction Methods- current situation
Following the results of the first Gold Coast Pilot Scheme (Figure 1), several WLTF members gathered ‘before’ and ‘after’ data from 50 individual pressure management schemes in Australia, Brazil, Italy and the UK; most (but not all) of these data sets showed substantial reductions in frequency of new leaks. Pearson et al [6] found that a basic FAVAD equation (burst numbers vary with PN2) was not appropriate to analyse this data, but that use of an offset of 20 metres (burst numbers vary with (P-20 m)^N2 reduced the median N2 to 1.25 for mains and 1.33 for services, but with a large scatter (0.08 to 6.7).  The concept of failure envelopes and duty points in [6] from pressure:traffic loading studies was fundamental in the next development of the PM Team’s conceptual approach to pressure:bursts relationships.    
The WLTF Pressure Management Team then collected and published [7] a data set of 112 example from 10 countries, for mains and/or service connections. The summarised data were simply presented as graphs of % reduction in pressure against % reduction in new burst frequency. Although the separate graphs for mains and service connections were similar (Figure 4), this does not mean that in an individual Zone, both respond by the same % to pressure management. In some cases, both mains and service bursts are reduced; in others, mains and services bursts are reduced to different extents. Additional data from PMZs in Australia, Canada and Cyprus shows that it is possible that either mains bursts or services bursts may not be immediately reduced at all by pressure management, if the burst frequency ‘before’ is already low.  
In both graphs, the slope of the ‘Average’ line relating % reduction in burst frequency to % reduction in maximum pressure was 1.4; but the slope could occasionally be higher (up to 2.8 times, ‘Upper’ line) or lower (0.7 times or less). On rare occasions, the break frequency appeared to increase after pressure management. 
[image: image2.emf]
Figure 5: Influence of pressure management on break frequency of mains and services

Source: Thornton & Lambert [7]
Further collection of this type of data in the large Australian pressure management schemes since 2004 has produced similar scatter plots. Current guidance for predictions is that if Zones with high burst frequencies on mains and services are selected for pressure management, experience to date shows that in Australia, on average, % reduction in burst frequency averages range from 0.8 to 1.7 times the % reduction in maximum pressure.
Ongoing research shows that some of the variability in the data may be caused by significant changes in the overall break frequencies within a Utility from year to year due to natural variations in seasonal weather conditions.  For post-implementation analysis of break frequency in individual Zones after pressure management, and for research to improve prediction methods, it is now recommended to adjust the ‘before’ and ‘after’ break data using break numbers from a larger ‘control’ group in which the pressure was not modified. The objective is to compare the recorded break frequency after pressure management, with what it would have been if pressure management had not been applied in the Zone. 
In addition to presenting initial results in the simple format of Figure 5, the WLTF Pressure Management Team also wished to show, to a wider and not necessarily specialist audience, how pipe failure resulted from combinations of factors (age and corrosion, traffic loading, ground movement, low temperatures, pressure etc. Although some Utilities tend to ascribe their high seasonal break frequencies to one particular cause, further investigation often seems to show that it is the occurrence of a higher pressure (added to the other adverse effects) that triggers many of the individual failures. 
Most Utility engineers will have experienced situations of sudden increases in breaks when parts of their distribution system are subjected to excess pressure, due to events such as by-passing of a service reservoir, unauthorised opening of a boundary valve or PRV bypass, or a PRV failing in open mode. Adapting ideas from [4], the WLTF Pressure Management Team produced a conceptual presentation [8] showing in simple terms how:

· combinations of factors, acting together with pressure, could result in temporary variations in burst frequency

· small reductions in pressure transients or average pressure could result in large reductions in break frequency in some cases, but no change in burst frequencies in other cases. 

This is known as the ‘straw that breaks the camel’s back’ concept (Figure 6).
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Figure 6: Conceptual explanation of why pressure reduction does not always influence burst rate
Source: Thornton & Lambert [8] and [9]

Research to link the Figure 6 concept to the Figure 2 data (adjusted using control Zone data) continues with the objective of improving prediction methods. Initial research suggests that the sloping lines in Figure 6 are likely to curve upwards, rather than being straight. The equations currently being used to research adjusted ‘before’ and ‘after’ break frequencies (after adjusting the PMZ breaks data for year on year differences in breaks in a Control area) are as follows:
BF = BFx + A x (P – Px)N2                                                  ..................................................(2a)                       
F = Burst Frequency (per 100 km/year for mains, or per 1000 service connections/year for services)
BFx = a Burst Frequency for infrastructure in good condition which is not influenced by pressure

                  P = a measure of Maximum Pressure in the Zone; 
    Px = pressure at which BFx ceases to be independent of P
A  = a coefficient;  N2 = an exponent

Equation 2a has 4 parameters (BFx, Px, A and N2). Using subscript 0 to denote pressure and bursts ‘before’ and 1 to denote pressure and bursts after, equation 2a reduces to equation 2b, shown in graphical form in Figure 7, equation 2c, and a range of related equations for analysis and prediction purposes. 
BF1 = BFx + (BF0–BFx) x {(P1–Px)/(P0-Px)}N2                          …………………………. (2b)
N2 = LN {((BF1 –BFx)/(BF0-BFx)}/LN{(P1–Px)/(P0-Px)}               ………………. ………….(2c)
As the ‘before’ and ‘after’ data from individual Zones only provide two data points (P0:BF0, P1:BF1) but there are three unknowns (BFx, Px and N2), equation 2b is being used to investigate the sensitivity of assumptions for BFx and Px when assessing the exponent N2 for individual Zones. Figure 7 shows two alternative sets of assumptions during the analysis of mains bursts data for a Zone ‘before’ and ‘after’ pressure management. 
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Figure 7: The effect of alterative assumptions for BFx and Px in a ‘Before’ and ‘After’ analysis of mains bursts in a PMZ
Source: Lambert, LEAKSSuite software
3. CALCULATING BENEFITS OF DEFERRED RENEWALS AND EXTENDED ASSET LIFE
3.1 Deferred Renewals
In at least one Australian Utility, the significant reductions in burst frequencies on mains and services following large scale pressure management are beginning to have an influence on the choice of pipes that are renewed each year. Where Utilities have policies to replace their mains and services based on defined customer service criteria such as ‘X bursts in Y km in Z years’, some mains and services that would otherwise have been replaced are now being retained. 
Early indications are that financial savings arising from this are likely to be substantial; however, the authors of this paper and the Pressure Management Team of the IWA Water Loss Specialist Group do not as yet have any standard approach to calculating benefits arising from savings in costs from not replacing mains and services that would otherwise (in the absence of pressure management) have been replaced.
3.2 Extended Asset Life
Another possible approach is to try to assess, in the conceptual framework of Figure 6, how quickly the sloping interface representing higher burst frequencies is moving, and how many years of extra infrastructure life are being gained by reduction of excess pressures. Such information may come from asset management studies that relate average working life of pipes to pressure. Table 2 contains unpublished data which suggests that the working life of small to medium diameter AC pipe increases as maximum pressure reduces. Similar information presumably exists for other pipe materials.
Table 2
Influence of maximum pressure on average life of AC pipes.  

	AC Pipe DN/Class
	Maximum Pressure (metres)

	
	40
	50
	60
	70

	100/CD
	55
	54
	52
	51

	150/C
	60
	58
	55
	53

	200/C
	72
	69
	66
	63

	250/C
	82
	78
	75
	71

	300/C
	95
	91
	86
	82


Source: Black J.R., Opus Consultants, New Zealand [9]
However, whatever the current uncertainties about how to assess the financial benefits of deferred renewals and extension of infrastructure life, it is already evident from limited approximate calculations that these benefits are likely to be large in comparison to the benefits for reduction of leak flow rates and reduction of repair costs.
4. SUMMARY

The paper has outlined the growth of the IWA Water Loss Task Force since 1995, and its Pressure Management Team since 2002, culminating in the formation of the IWA Water Loss Specialist Group.
The Pressure Management Team recognises Pressure Management as the foundation for effective control of Real Losses. Reliable predictions of pressure:leak flow relationships, and pressure consumption relationships can now be made using FAVAD (Fixed and Variable Area Discharge) concepts. 

The influence of pressure on burst frequency of mains and services was originally studied by the PMT from a water loss management viewpoint, but the remarkable results achieved in many Utilities in Australia and internationally since the Gold Coast PMZ program in 2003 have generated a renaissance in pressure management for asset management purposes.

The authors, who do not claim to be experts in asset management, wish through this paper to share their experiences with colleagues who specialise in asset management, at the WCEAM 5th International Conference in Brisbane. 

We feel that there must be additional information that could assist our endeavours, and that the current prediction methods for pressure:bursts relationships (developed from a water loss management viewpoint) may be of interest to asset management specialists at the Conference.

In particular, we would appreciate assistance from anyone who can provide us with guidance on:

a) adjusting ‘before’ and ‘after’ burst frequencies in PMZs for natural year on year variations in burst frequencies

b) the type of equation we are using for analysing and predicting pressure:bursts relationships (Equations 2a to 2c)

c) valuation of deferred renewals due to pressure management

d) valuation of  extensions of asset life – mains and services – due to pressure management. 

Whilst the information in this paper relates to pressure management in systems with continuous supply, the Pressure Management Team also has examples of situations where pressure management has made it possible to move from intermittent to continuous supply, with substantial reductions in burst frequency. Predictive models for that type of situation, and for situations where average pressure is increased rather than decreased, are also being developed.
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