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Preface

The distribution system is a critical component of every drinking water
utility. Its primary function is to provide the required water quantity and quality
at a suitable pressure, and failure to do so is a serious system deficiency. Water
quality may degrade during distribution because of the way water is treated or
not treated before it is distributed, chemical and biological reactions that take
place in the water during distribution, reactions between the water and
distribution system materials, and contamination from external sources that
occurs because of main breaks, leaks coupled with hydraulic transients, and
improperly maintained storage facilities, among other things. Furthermore,
special problems are posed by the utility’s need to maintain suitable water
quality at the consumers tap, and the quality changes that occur in consumers’
plumbing, which is not owned or controlled by the utility.

The primary driving force for managing and regulating distribution systems
is protecting the health of the consumer, which becomes more difficult as our
nation’s distribution systems age and become more vulnerable to main breaks
and leaks. Certainly factors that cause water of poor aesthetic quality to be
delivered to the tap, or that increase the cost of delivering water, are also
important. Possibly because they are underground and out of sight, it is easy to
delay investments in distribution systems when budgets are considered. Rather
than wait for further deterioration, however, there is an urgent need for new
science that will enable cost-effective treatment for distribution, and design,
construction, and management of the distribution system for protection of public
health and minimization of water quality degradation.

This report was undertaken at the request of the U.S. Environmental
Protection Agency (EPA) and was prepared by the Water Science and
Technology Board (WSTB) of the National Research Council (NRC). The
committee formed by the WSTB conducted a study of water quality issues
associated with public water supply distribution systems and their potential risks
to consumers. Although the report focused on public systems that serve at least
25 people, much that is said in the report is also applicable to private, individual
distribution systems. The study considered regulations and non-regulatory
approaches to controlling quality; the health effects of distribution system
contamination; physical, hydraulic, and water quality integrity; and premise
plumbing issues. Important events that constitute health risks, such as cross
connections and backflow, pressure transients, nitrification and microbial
growth, permeation and leaching, repair and replacement of water mains, aging
infrastructure, corrosion control, and contamination in premise plumbing, were
examined. The activities of the Committee included the following tasks:

Vil
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1—As background and based on available information, identification of
trends relevant to the deterioration of drinking water in water supply distribution
systems.

2—Identification and prioritization of issues of greatest concern for
distribution systems based on review of published material.

3—Focusing on the highest priority issues as revealed by task #2, (a)
evaluation of different approaches to characterization of public health risks
posed by water-quality deteriorating events or conditions that may occur in
public water supply distribution systems; and (b) identification and evaluation
of the effectiveness of relevant existing codes and regulations and identification
of general actions, strategies, performance measures, and policies that could be
considered by water utilities and other stakeholders to reduce the risks posed by
water-quality deteriorating events or conditions. Case studies were identified
and recommendations were presented in their context.

4—Identification of advances in detection, monitoring and modeling,
analytical methods, information needs and technologies, research and
development opportunities, and communication strategies that will enable the
water supply industry and other stakeholders to further reduce risks associated
with public water supply distribution systems.

The Committee prepared an interim report entitled “Public Water Supply
Distribution Systems: Assessing and Reducing Risks, First Report” in March
2005 that dealt with the first two tasks listed above; the interim report has been
incorporated into this report in order to make this report a complete compilation
of Committee’s activities. The third and fourth tasks constitute the subject
matter of the present report; an explanation of where individual issues are
discussed in the report can be found at the end of Chapter 1.

The EPA is in the process of considering changes to the Total Coliform
Rule (TCR), which is one of the existing rules governing water quality in
distributions systems. This report does not include a comprehensive evaluation
of the science behind the TCR, a critique of that science, or specific suggestions
on how to change the Rule. However, the Committee believes that this report
should be considered when developing changes to the Rule, in order to
determine whether the revised Rule could better encompass distribution system
integrity.

When preparing the report the committee made a series of assumptions that
affected the outcome of the report. First, it was assumed that both treated and
distributed water has to meet U.S. water quality standards. Second, water
distribution will almost certainly be accomplished with the existing
infrastructure in which the nation has invested billions of dollars and which is
continuously being expanded. Thus, the report focuses on how to best use
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traditionally designed distribution systems in which potable water is distributed
for all uses. These assumptions led the Committee to devote only a small
section of the report to non-traditional distribution system design (such as dual
distribution systems), investigation of which was not in the Committee’s charge.
The Committee believes that alternative methods of distributing water,
including dual distribution systems, point-of-use and point-of-entry treatment
systems, and community-based treatment systems need more research and
evaluation to determine their effectiveness and applicability, both in the United
States and elsewhere in the world. The Committee did not consider lead and
copper corrosion because this subject is part of the Lead and Copper Rule and
for this reason was intentionally excluded from the committee’s charge by the
study sponsor. Corrosion in distribution systems, in general, has very important
impacts on water quality in distribution systems, and the committee believes that
state-of-the-art internal and external corrosion control procedures should be
made available to the industry, perhaps in the form of a manual of practice.
Finally, at the request of EPA, the committee did not consider issues
surrounding the security of the nation’s distribution systems, including potential
threats and monitoring needed for security purposes.

In developing this report, the Committee benefited greatly from the advice
and input of EPA representatives, including Ephraim King, Yu-Ting Guilaran,
Elin Betanzo, and Kenneth Rotert and from presentations by Russ Chaney,
IAPMO; Barry Fields, CDC; Johnnie Johannesen, Matt Velardes, and Chris
Kinner, Irvine Ranch Water District; Laura Jacobsen, Las Vegas Valley Water
District; Dan Kroll, HACH HST; Kathy Martel, Economic and Engineering
Services; Pankaj Parehk, LA Department of Water and Power; Paul Schwartz,
USC Foundation for Cross-Connection Control and Hydraulic Research; and
Walter J. Weber, Jr., University of Michigan. We also thank all those who took
time to share with us their perspectives and wisdom about the various issues
affecting the water resources research enterprise.

The Committee was ably served by the staff of the Water Science and
Technology Board and its director, Stephen Parker. Study director Laura Ehlers
kept the Committee on task and on time, provided her own valuable insights
which have improved the report immeasurably, and did a superb job of
organizing and editing the report. Ellen de Guzman provided the Committee
with all manner of support in a timely and cheerful way. This report would not
have been possible without the help of these people.

This report has been reviewed in draft form by individuals chosen for their
diverse perspectives and technical expertise, in accordance with procedures
approved by the NRC’s Report Review Committee. The purpose of this
independent review is to provide candid and critical comments that will assist
the institution in making its published report as sound as possible and to ensure
that the report meets institutional standards for objectivity, evidence, and
responsiveness to the study charge. The review comments and draft manuscript
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remain confidential to protect the integrity of the deliberative process. We wish
to thank the following individuals for their review of this report:

Gunther F. Craun, Gunther F. Craun and Associates;

Stephen Estes-Smargiassi, Massachusetts Water Resources Authority;
Timothy Ford, Montana State University;

Jerome B. Gilbert, J. Gilbert, Inc.;

Gregory J. Kirmeyer, HDR;

Michael J. McGuire, McGuire Environmental Consultants, Inc.;
Danny D. Reible, University of Texas;

Philip C. Singer, University of North Carolina; and

James Uber, University of Cincinnati.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions and
recommendations nor did they see the final draft of the report before its release.
The review of this report was overseen by Edward Bouwer, Johns Hopkins
University. Appointed by the National Research Council, he was responsible
for making certain that an independent examination of this report was carried
out in accordance with institutional procedures and that all review comments
were carefully considered. Responsibility for the final content of this report
rests entirely with the authoring committee and institution.

Vernon Snoeyink,
Committee Chair
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Summary

Water distribution systems carry drinking water from a centralized treat-
ment plant or well supplies to consumers’ taps. These systems consist of pipes,
pumps, valves, storage tanks, reservoirs, meters, fittings, and other hydraulic
appurtenances. Spanning almost 1 million miles in the United States, distribu-
tion systems represent the vast majority of physical infrastructure for water sup-
plies, and thus constitute the primary management challenge from both an op-
erational and public health standpoint. Public water supplies and their distribu-
tion systems range in size from those that can serve as few as 25 people to those
that serve several million.

The issues and concerns surrounding the nation’s public water supply dis-
tribution systems are many. Of the 34 billion gallons of water produced daily by
public water systems in the United States, approximately 63 percent is used by
residential customers. More than 80 percent of the water supplied to residences
is used for activities other than human consumption such as sanitary service and
landscape irrigation. Nonetheless, distribution systems are designed and oper-
ated to provide water of a quality acceptable for human consumption. Another
important factor is that in addition to providing drinking water, a major function
of most distribution systems is to provide adequate standby fire-flow. In order
to satisfy this need, most distribution systems use standpipes, elevated tanks,
storage reservoirs, and larger sized pipes. The effect of designing and operating
a distribution system to maintain adequate fire flow and redundant capacity is
that there are longer transit times between the treatment plant and the consumer
than would otherwise be needed.

The type and age of the pipes that make up water distribution systems range
from cast iron pipes installed during the late 19™ century to ductile iron pipe and
finally to plastic pipes introduced in the 1970s and beyond. Most water systems
and distribution pipes will be reaching the end of their expected life spans in the
next 30 years (although actual life spans may be longer depending on utility
practices and local conditions). Thus, the water industry is entering an era
where it will have to make substantial investments in pipe assessment, repair,
and replacement.

Most regulatory mandates regarding drinking water focus on enforcing wa-
ter quality standards at the treatment plant and not within the distribution sys-
tem. Ideally, there should be no change in the quality of treated water from the
time it leaves the treatment plant until the time it is consumed. However, in
reality substantial changes can occur to finished water as a result of complex
physical, chemical, and biological reactions. Indeed, data on waterborne disease
outbreaks, both microbial and chemical, suggest that distribution systems remain

1
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a source of contamination that has yet to be fully addressed. As a consequence,
the U.S. Environmental Protection Agency (EPA) has renewed its interest in
water quality degradation occurring during distribution, with the goal of defin-
ing the extent of the problem and considering how it can be addressed during
rule revisions or via non-regulatory channels. To assist in this process, EPA
requested that the National Academies’ Water Science and Technology Board
conduct a study of water quality issues associated with public water supply dis-
tribution systems and their potential risks to consumers. The following state-
ment of task guided the expert committee formed to conduct the study:

1) Identify trends relevant to the deterioration of drinking water in water
supply distribution systems, as background and based on available information.

2) Identify and prioritize issues of greatest concern for distribution sys-
tems based on a review of published material.

3) Focusing on the highest priority issues as revealed by task #2, (a)
evaluate different approaches for characterization of public health risks posed by
water quality deteriorating events or conditions that may occur in public water
supply distribution systems; and (b) identify and evaluate the effectiveness of
relevant existing codes and regulations and identify general actions, strategies,
performance measures, and policies that could be considered by water utilities
and other stakeholders to reduce the risks posed by water-quality deteriorating
events or conditions. Case studies, either at the state or utility level, where dis-
tribution system control programs (e.g., Hazard Analysis and Critical Control
Point System, cross-connection control, etc.) have been successfully designed
and implemented will be identified and recommendations will be presented in
their context.

4) Identify advances in detection, monitoring and modeling, analytical
methods, information needs and technologies, research and development oppor-
tunities, and communication strategies that will enable the water supply industry
and other stakeholders to further reduce risks associated with public water sup-
ply distribution systems.

The committee addressed tasks one and two in its first report, which is in-
cluded as Appendix A to this report. The distribution system issues given high-
est priority were those that have a recognized health risk based on clear epide-
miological and surveillance data, including cross connections and backflow;
contamination during installation, rehabilitation, and repair activities; improp-
erly maintained and operated storage facilities; and control of water quality in
premise plumbing. This report focuses on the committee’s third and fourth tasks
and makes recommendations to EPA regarding new directions and priorities to
consider.

This report considers service lines and premise plumbing to be part of the
distribution system. Premise plumbing and service lines have longer residence
times, more stagnation, lower flow conditions, and elevated temperatures com-
pared to the main distribution system, and consequently can have a profound
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effect on the quality of water reaching the consumer. Also, the report focuses on
traditional distribution system design, in which water originates from a central-
ized treatment plant or well and is then distributed through one pipe network to
consumers. Non-conventional distribution system designs including decentral-
ized treatment and dual distribution systems are only briefly considered. Such
designs, which would be potentially much more complicated than traditional
systems, require considerably more study regarding their economic feasibility,
their maintenance and monitoring requirements, and how to transition from an
existing conventional system to a non-conventional system. Nonetheless, many
of the report recommendations are relevant even if an alternative distribution
system design is used.

REGULATORY CONSIDERATIONS

The federal regulatory framework that targets degradation of distribution
system water quality is comprised of several rules under the Safe Drinking Wa-
ter Act, including the Lead and Copper Rule (LCR), the Surface Water Treat-
ment Rule (SWTR), the Total Coliform Rule (TCR), and the Disinfec-
tants/Disinfection By-Products Rule (D/DBPR). The LCR establishes monitor-
ing requirements for lead and copper within tap water samples, given concern
over their leaching from premise plumbing and fixtures. The SWTR establishes
the minimum required detectable disinfectant residual and the maximum al-
lowed heterotrophic bacterial plate count, both measured within the distribution
system. The TCR calls for distribution system monitoring of total coliforms,
fecal coliforms, and/or E. coli. Finally, the D/DBPR addresses the maximum
disinfectant residual and concentration of disinfection byproducts like total tri-
halomethanes and haloacetic acids allowed in distribution systems. A plethora
of state regulations and plumbing codes also affect distribution system water
quality, from requirements for design, construction, operation, and maintenance
of distribution systems to cross-connection control programs.

Despite the existence of these rules, programs, and codes, current regulatory
programs have not removed the potential for outbreaks attributable to distribu-
tion system-related factors. Part of this can be attributed to the fact that existing
federal regulations are intended to address only certain aspects of distribution
system water quality and not the integrity of the distribution system in its total-
ity. Most contaminants that have the potential to degrade distribution system
water quality are not monitored for compliance purposes, or the sampling re-
quirements are too sparse and infrequent to detect contamination events. For
example, TCR monitoring encompasses only microbiological indicators and not
in real time. With the exception of monitoring for disinfectant residuals and
DBPs within the distribution system and lead and copper at the customer’s tap,
existing federal regulations do not address other chemical contaminants.

Although it is hoped that state regulations and local ordinances would con-
tribute to public safety from drinking water contamination in areas where federal
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regulations are weak, the considerable variation in relevant state programs
makes this impossible to conclude on a general basis. For cross-connection con-
trol programs, for the design, construction, operation, and maintenance of distri-
bution systems, and for plumbing code components, state programs range from
an absolute requirement to simply encouraging a practice to no provision what-
soever. Voluntary programs do exist to fill gaps in the federal and state regula-
tory requirements for distribution system operation and maintenance, most nota-
bly the G200 standard of the American Water Works Association. These pro-
grams, if adopted, can help a utility organize its many activities by unifying all
of the piecemeal requirements of the federal, state, and local regulations. The
following select conclusions and recommendations regarding the effectiveness
of existing regulations and codes and the potential for their improvement are
made, with additional detail found in Chapter 2.

EPA should work closely with representatives from states, water sys-
tems, and local jurisdictions to establish the elements that constitute an ac-
ceptable cross-connection control program. State requirements for cross-
connection control programs are highly inconsistent, and state oversight of such
programs varies and is subject to availability of resources. If states expect to
maintain primacy over their drinking water programs, they should adopt a cross-
connection control program that includes a process for hazard assessment, the
selection of appropriate backflow devices, certification and training of backflow
device installers, and certification and training of backflow device inspectors.

Existing plumbing codes should be consolidated into one uniform na-
tional code. The two principal plumbing codes that are used nationally have
different contents and permit different materials and devices. In addition to in-
tegrating the codes, efforts should be made to ensure more uniform implementa-
tion of the plumbing codes, which can vary significantly between jurisdictions
and have major impacts on the degree of public health protection afforded.

For utilities that desire to operate beyond regulatory requirements,
adoption of G200 or an equivalent program is recommended to help utili-
ties develop distribution system management plans. G200 has advantages
over other voluntary programs, such as HACCP, in that it is more easily adapted
to the dynamic nature of drinking water distribution systems.

PUBLIC HEALTH RISK OF
DISTRIBUTION SYSTEM CONTAMINATION

Three primary approaches are available to better understand the human
health risks that derive from contamination of the distribution system: risk as-
sessment methods that utilize pathogen occurrence data, waterborne disease out-
break surveillance, and epidemiology studies. Chapter 3 extensively reviews the
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available information in each of these categories and its implications for deter-
mining public health risk. In the case of pathogen occurrence measurements,
our understanding of the microbial ecology of distribution systems is at an early
stage. Microbial monitoring methods are expensive, time consuming, require
optimization for specific conditions, and currently are appropriate only for the
research laboratory. Methods do not exist for routine detection and quantifica-
tion of most of the microbes on the EPA’s Contaminant Candidate List. Until
better methods, dose-response relationships, and risk assessment data are avail-
able, pathogen occurrence measurements are best used in conjunction with other
supporting data on health outcomes, such as data on enhanced or syndromic
surveillance in communities, or from microbial or chemical indicators of poten-
tial contamination.

Outbreak surveillance data currently provide more information on the pub-
lic health impact of contaminated distribution systems. In fact, investigations
conducted in the last five years suggest that a substantial proportion of water-
borne disease outbreaks, both microbial and chemical, is attributable to prob-
lems within distribution systems. The reason for these observations is not clear;
outbreaks associated with distribution system deficiencies have been reported
since the surveillance system was started. However, there may be more atten-
tion focused on the distribution system now that there are fewer reported out-
breaks associated with inadequate treatment of surface water. Also, better out-
break investigations and reporting systems in some states may result in in-
creased recognition and reporting of all the risk factors contributing to the out-
break, including problems with the distribution system that may have been over-
looked in the past. Contamination from cross-connections and backsiphonage
were found to cause the majority of the outbreaks associated with distribution
systems, followed by contamination of water mains following breaks and con-
tamination of storage facilities. The situation may be of even greater concern
because incidents involving domestic plumbing are less recognized and unlikely
to be reported. In general the identified number of waterborne disease outbreaks
is considered an underestimate because not all outbreaks are recognized, inves-
tigated, or reported to health authorities.

A third approach for estimating public health risk is to conduct an epidemi-
ology study that isolates the distribution system component. The body of evi-
dence from four epidemiological studies does not eliminate the consumption of
tap water that has been in the distribution system from causing increased risk of
gastrointestinal illness. However, differences between the study designs, the
study population sizes and compositions and follow-up periods, and the extent
of complementary pathogen occurrence measurements make comparisons diffi-
cult. Although all four cohort studies used similar approaches for recording
symptoms of gastrointestinal illness, different illness rates were observed, with
some more than twice as high as others. One of the major challenges for design-
ing an epidemiology study of health risks associated with water quality in the
distribution system is separating the effect of source water quality and treatment
from the effect of distribution system water quality.
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Although there is a lack of definitive estimates, the available information
seems to be implicating contamination of the distribution system in public health
risk. This is particularly true for Legionella pneumophila in water systems, for
which occurrence data, outbreak data, and epidemiological data are available. In
fact, since Legionella was incorporated into the waterborne disease outbreak
surveillance system in 2001, several outbreaks have been attributed to the mi-
croorganism, all of which occurred in large buildings or institutional settings.
As discussed in Appendix A, the committee relied on the limited available out-
break and epidemiological data as well as its best professional judgment to pri-
oritize distribution system contamination events into high, medium, and low
priority. Better public health data could help refine distribution system risks and
provide additional justification for the prioritization. The following select con-
clusions and recommendations regarding the public health risks of distribution
systems are made, with additional detail found in Chapter 3.

The distribution system is the remaining component of public water
supplies yet to be adequately addressed in national efforts to eradicate wa-
terborne disease. This is evident from data indicating that although the number
of waterborne disease outbreaks including those attributable to distribution sys-
tems is decreasing, the proportion of outbreaks attributable to distribution sys-
tems is increasing. Most of the reported outbreaks associated with distribution
systems have involved contamination from cross-connections and backsipho-
nage. Furthermore, Legionella appears to be a continuing risk and is the single
most common etiologic agent associated with outbreaks involving drinking wa-
ter. Initial studies suggest that the use of chloramine as a residual disinfectant
may reduce the occurrence of Legionella, but additional research is necessary to
determine the relationship between disinfectant usage and the risks of Legionella
and other pathogenic microorganisms.

Distribution system ecology is poorly understood, making risk assess-
ment via pathogen occurrence measurements difficult. There is very little
information available about the types, activities, and distribution of microorgan-
isms in distribution systems, particularly premise plumbing. Limited heterotro-
phic plate count data are available for some systems, but these data are not rou-
tinely collected, they underestimate the numbers of organisms present, and they
include many organisms that do not necessarily present a health risk.

Epidemiology studies that specifically target the distribution system
component of waterborne disease are needed. Recently completed epidemi-
ological studies have either not focused on the specific contribution of distribu-
tion system contamination to gastrointestinal illness, or they have been unable to
detect any link between illness and drinking water. Epidemiological studies of
the risk of endemic disease associated with drinking water distribution systems
need to be performed and must be designed with sufficient power and resources
to adequately address the deficiencies of previous studies.
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PHYSICAL, HYDRAULIC, AND WATER QUALITY INTEGRITY

One of the options being considered during revision of the TCR is that it
more adequately address distribution system integrity—defined in this report as
having three components: (1) physical integrity, which refers to the maintenance
of a physical barrier between the distribution system interior and the external
environment, (2) hydraulic integrity, which refers to the maintenance of a desir-
able water flow, water pressure, and water age, taking both potable drinking
water and fire flow provision into account, and (3) water quality integrity, which
refers to the maintenance of finished water quality via prevention of internally
derived contamination. The three types of integrity have different causes of
their loss, different consequences once they are lost, different methods for de-
tecting and preventing a loss, and different remedies for regaining integrity.
Protection of public health requires that water professionals take all three integ-
rity types into account in order to maintain the highest level of water quality.

Physical Integrity

The loss of physical integrity of the distribution system—in which the sys-
tem no longer acts as a barrier that prevents external contamination from dete-
riorating the internal, drinking water supply—is brought about by physical and
chemical deterioration of materials, the absence or improper installation of criti-
cal components, and the installation of already contaminated components.
When physical integrity is compromised, the drinking water supply becomes
exposed to contamination that increases the risk of negative public health out-
comes. Most documented cases of waterborne disease outbreaks attributed to
distribution systems have been caused by breaches in physical integrity, such as
a backflow event through a cross connection or contamination occurring during
repair or replacement of distribution system infrastructure. Selected conclusions
and recommendations for maintaining and restoring physical integrity to a dis-
tribution system are given below. Additional detail is found in Chapter 4.

Storage facilities should be inspected on a regular basis. A disciplined
storage facility management program is needed that includes developing an in-
ventory and background profile on all facilities, developing an evaluation and
rehabilitation schedule, developing a detailed facility inspection process, per-
forming inspections, and rehabilitating and replacing storage facilities when
needed. Depending on the nature of the water supply chemistry, every three to
five years storage facilities need to be drained, sediments need to be removed,
appropriate rust-proofing needs to be done to the metal surfaces, and repairs
need to be made to structures. These inspections are in addition to daily or
weekly inspections for vandalism, security, and water quality purposes (such as
identifying missing vents, open hatches, and leaks).
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Better sanitary practices are needed during installation, repair, re-
placement, and rehabilitation of distribution system infrastructure. All
trades people who work with materials that are being installed or repaired and
that come in contact with potable water should be trained and certified for the
level of sanitary and materials quality that their work demands. Quality work-
manship for infrastructure materials protection as well as sanitary protection of
water and materials are critical considering the increasing costs of infrastructure
failure and repair and increasingly stringent water quality standards.

External and internal corrosion should be better researched and con-
trolled in standardized ways. There is a need for new materials and corrosion
science to better understand how to more effectively control both external and
internal corrosion, and to match distribution system materials with the soil envi-
ronment and the quality of water with which they are in contact. At present the
best defense against corrosion relies on site-specific testing of materials, soils,
and water quality followed by the application of best practices, such as cathodic
protection. Indeed, a manual of practice for external and internal corrosion con-
trol should be developed to aid the water industry in applying what is known.
Corrosion is poorly understood and thus unpredictable in occurrence. Insuffi-
cient attention has been given to its control, especially considering its estimated
annual direct cost of $5 billion in U.S. for the main distribution system, not
counting premise plumbing.

Hydraulic Integrity

Maintaining the hydraulic integrity of distribution systems is vital to ensur-
ing that water of acceptable quality is delivered in acceptable amounts. The
most critical element of hydraulic integrity is adequate water pressure inside the
pipes. The loss of water pressure resulting from pipe breaks, significant leak-
age, excessive head loss at the pipe walls, pump or valve failures, or pressure
surges can impair water delivery and will increase the risk of contamination of
the water supply via intrusion. Another critical hydraulic factor is the length of
time water is in the distribution system. Low flows in pipes create long travel
times, with a resulting loss of disinfectant residual as well as sections where
sediments can collect and accumulate and microbes can grow and be protected
from disinfectants. Furthermore, sediment deposition will result in rougher
pipes with reduced hydraulic capacity and increased pumping costs. Long de-
tention times can also greatly reduce corrosion control effectiveness by impact-
ing phosphate inhibitors and pH management. A final component of hydraulic
integrity is maintaining sufficient mixing and turnover rates in storage facilities,
which if insufficient can lead to short circuiting and generate pockets of stagnant
water with depleted disinfectant residual. Fortunately, water utilities can
achieve a high degree of hydraulic integrity through a combination of proper
system design, operation, and maintenance, along with monitoring and model-
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ing. The following select conclusions and recommendations are made, with
additional detail found in Chapter 5.

Water residence times in pipes, storage facilities, and premise plumbing
should be minimized. Excessive residence times can lead to low disinfectant
residuals and leave certain service areas with a less protected drinking water
supply. In addition, long residence times can promote microbial regrowth and
the formation of disinfection byproducts. From an operational viewpoint it may
be challenging to reduce residence time where the existing physical infrastruc-
ture and energy considerations constrain a utility’s options. Furthermore, lim-
ited understanding of the stochastic nature of water demand and water age
makes it difficult to assess the water quality benefits of reduced residence time.
Research is needed to investigate such questions, as well as how to achieve
minimization of water residence time while maintaining other facets of hydrau-
lic integrity (such as adequate pressure and reliability of supply).

Positive water pressure should be maintained. Low pressures in the dis-
tribution system can result not only in insufficient fire fighting capacity but can
also constitute a major health concern resulting from potential intrusion of con-
taminants from the surrounding external environment. A minimum residual
pressure of 20 psi under all operating conditions and at all locations (including
at the system extremities) should be maintained.

Distribution system monitoring and modeling are critical to maintain-
ing hydraulic integrity. Hydraulic parameters to be monitored should include
inflows/outflows and water levels for all storage tanks, discharge flows and
pressures for all pumps, flows and/or pressure for all regulating valves, and
pressures at critical points. An analysis of these patterns can directly determine
if the system hydraulic integrity is compromised. Calibrated distribution system
models can calculate the spatial and temporal variations of flow, pressure, veloc-
ity, reservoir level, water age, and other hydraulic and water quality parameters
throughout the distribution system. Such results can, for example, help identify
areas of low or negative pressure and high water age, estimate filling and drain-
ing cycles of storage facilities, and determine the adequacy of the system to sup-
ply fire flows under a variety of conditions.

Water Quality Integrity

Breaches in physical and hydraulic integrity can lead to the influx of con-
taminants across pipe walls, through breaks, and via cross connections. These
external contamination events can act as a source of inoculum, introduce nutri-
ents and sediments, or decrease disinfectant concentrations within the distribu-
tion system, resulting in a degradation of water quality. Even in the absence of
external contamination, however, there are situations where water quality is de-
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graded due to transformations that take place within piping, tanks, and premise
plumbing. These include biofilm growth, nitrification, leaching, internal corro-
sion, scale formation, and other chemical reactions associated with increasing
water age.

Maintaining water quality integrity in the distribution system is challenging
because of the complexity of most systems. That is, there are interactions be-
tween the type and concentration of disinfectants used, corrosion control
schemes, operational practices (e.g., flow characteristics, water age, flushing
practices), the materials used for pipes and plumbing, the biological stability of
the water, and the efficacy of treatment. The following select conclusions and
recommendations are made, with additional details found in Chapter 6.

Microbial growth and biofilm development in distribution systems
should be minimized. Even though the general heterotrophs found in biofilms
are not likely to be of public health concern, their activity can promote the pro-
duction of tastes and odors, increase disinfectant demand, and may contribute to
corrosion. Biofilms may also harbor opportunistic pathogens (those causing
disease in the immunocompromised). This issue is of critical importance in
premise plumbing where long residence times promote disinfectant decay and
subsequent bacterial growth and release.

Residual disinfectant choices should be balanced to meet the overall
goal of protecting public health. For free chlorine, the potential residual loss
and DBP formation should be weighed against the problems that may be intro-
duced by chloramination, which include nitrification, lower disinfectant efficacy
against suspended organisms, and the potential for deleterious corrosion prob-
lems. Although some systems have demonstrated increased biofilm control with
chloramination, this response has not been universal. This ambiguity also exists
for the control of opportunistic pathogens.

Standards for materials used in distribution systems should be updated
to address their impact on water quality, and research is needed to develop
new materials that will have minimal impacts. Materials standards have his-
torically been designed to address physical/strength properties including the
ability to handle pressure and stress. Testing of currently available materials
should be expanded to include (1) the potential for permeation of contaminants,
and (2) the potential for leaching of compounds of public health concern as well
as those that contribute to tastes and odors and support biofilm growth. Also,
research is needed to develop new materials that minimize adverse water quality
effects such as the high concentrations of undesirable metals and deposits that
result from corrosion and the destruction of disinfectant owing to interactions
with pipe materials.
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INTEGRATING APPROACHES TO REDUCING
PUBLIC HEALTH RISK FROM DISTRIBUTION SYSTEMS

Because only a few regulations govern water quality in distribution systems,
public health protection from contamination arising from distribution system
events will require that utilities independently choose to design and operate their
systems beyond regulatory requirements. One voluntary standard in particu-
lar—the G200 standard for distribution system operation and management—
directly addresses the issues highlighted by EPA and characterized as high prior-
ity by this committee (see Appendix A).

As for any voluntary program, it may be necessary to create incentives for
utilities to adopt G200, for which several options exist. An extreme would be to
create federal regulations that require adherence to a prescribed list of activities
deemed necessary for reducing the risk of contaminated distribution systems;
this list could partly or fully parallel the G200 standard. Another mechanism to
capture elements of G200 within existing federal regulations would be via the
sanitary surveys conducted by the state and required for some systems every
three to five years. Sanitary surveys encompass a wide variety of activities, and
could capture those felt to be of highest priority for reducing risk. Several other
options are discussed, including (1) making some of the elements of G200 fall
under existing federal regulations through the Government Accounting Stan-
dards Board, (2) state regulations that require adherence to G200 including
building and plumbing codes and design and construction requirements, (3) link-
ing qualification for a loan from the State Revolving Fund to a utility demon-
strating that it is adhering to G200, and (4) implementation of G200 as a way to
improve a drinking water utilities” access to capital via better bond ratings.

For small water systems that are resource limited, adherence to the G200
standard or its equivalent may present financial, administrative, and technologi-
cal burdens. Thus, its adoption should occur using the following guidelines: (1)
implement new activities using a step-wise approach; (2) provide technical as-
sistance, education, and training; and (3) develop regulatory, financial, and so-
cial incentives. Training materials, scaled for small-size systems, are essential
for operators and maintenance crew. Public education can result in an increased
awareness and emphasis on the significance of implementing proactive volun-
tary efforts, which could help to justify increased actions.

Certain elements of G200 deserve more thoughtful consideration because
emerging science and technology are altering whether and how these elements
are implemented by a typical water utility. Much of the current scientific thrust
is in the development of new monitoring techniques, models, and methods to
integrate monitoring data and models to inform decision making. The following
select conclusions and recommendations relate specifically to these techniques
and methods, with additional detail found in Chapter 7.

Distribution system integrity is best evaluated using on-line, real-time
methods to provide warning against any potential breaches in sufficient
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time to effectively respond and minimize public exposure. This will require
the development of new, remotely operated sensors and data collection systems
for continuous public health surveillance monitoring. These types of systems
should be capable of accurately (with sufficient precision) determining the na-
ture, type, and location/origin of all potential threats to distribution system integ-
rity. The availability, reliability, and performance of on-line monitors are im-
proving, with tools now available for detecting pressure, turbidity, disinfectant
residual, flow, pH, temperature, and certain chemical parameters. Although
these devices have reached the point for greater full-scale implementation, addi-
tional research is needed to optimize the placement and number of monitors.

Research is needed to better understand how to analyze data from on-
line, real-time monitors in a distribution system. A number of companies are
selling (and utilities are deploying) multiparameter analyzers. These companies,
as well as EPA, are assessing numerical approaches to convert such data into a
specific signal (or alarm) of a contamination event—efforts which warrant fur-
ther investigation. Some of the data analysis approaches are proprietary, and
there has been limited testing reported in “real world” situations. Furthermore,
when multiple analyzers are installed in a given distribution system, the pattern
of response of these analyzers in space provides additional information on sys-
tem performance, but such spatially distributed information has not been fully
utilized. To the greatest degree possible, this research should be conducted
openly (and not in confidential or proprietary environments).

ALTERNATIVES FOR PREMISE PLUMBING

Premise plumbing includes that portion of the distribution system associated
with schools, hospitals, public and private housing, and other buildings. It is
connected to the main distribution system via the service line. The quality of
potable water in premise plumbing is not ensured by EPA regulations, with the
exception of the Lead and Copper Rule which assesses the efficacy of corrosion
control by requiring that samples be collected at the tap after the water has been
allowed to remain stagnant.

Virtually every problem previously identified in the main water transmis-
sion system can also occur in premise plumbing. However, unique characteris-
tics of premise plumbing can magnify the potential public health risk relative to
the main distribution system and complicate formulation of coherent strategies
to deal with problems. These characteristics include:

® a high surface area to volume ratio, which along with other factors can
lead to more severe leaching and permeation;

e variable, often advanced water age, especially in buildings that are ir-
regularly occupied,;
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e more extreme temperatures than those experienced in the main distribu-
tion system

e Jow or no disinfectant residual, because buildings are unavoidable
“dead ends” in a distribution system;

e potentially higher bacterial levels and regrowth due to the lack of per-
sistent disinfectant residuals, high surface area, long stagnation times, and
warmer temperatures. Legionella in particular is known to colonize premise
plumbing, especially hot water heaters;

e exposure routes through vapor and bioaerosols in relatively confined
spaces such as home showers;

e proximity to service lines, which have been shown to provide the great-
est number of potential entry points for pathogen intrusion;

o higher prevalence of cross connections, since it is relatively common
for untrained and unlicensed individuals to do repair work in premise plumbing;

e variable responsible party, resulting in considerable confusion over
who should maintain water quality in premise plumbing.

Premise plumbing is a contributor to the degradation of water quality, par-
ticularly due to microbial regrowth, backflow events, and contaminant intrusion,
although additional research is needed to better understand its magnitude. In
particular, more extensive sampling of water quality within premise plumbing
by utilities or targeted sampling via research is required. The following detailed
conclusions and recommendations are given.

Communities should squarely address the problem of Legionella, both
via changes to the plumbing code and new technologies. Changes in the
plumbing code such as those considered in Canada and Australia that involve
mandated mixing valves would seem logical to prevent both scalding and mi-
crobial regrowth in premise plumbing water systems. On-demand water heating
systems may have benefits worthy of consideration versus traditional large hot
water storage tanks in the United States. The possible effects of chloramination
and other treatments on Legionella control should be quantified to a higher de-
gree of certainty.

To better assess cross connections in the premise plumbing of privately
owned buildings, inspections for cross connections and other code violations
at the time of property sale could be required. Such inspection of privately
owned plumbing for obvious defects could be conducted during inspection upon
sale of buildings, thereby alerting future occupants to existing hazards and high-
lighting the need for repair. These rules, if adopted by individual states, might
also provide incentives to building owners to follow code and have repairs con-
ducted by qualified personnel, because disclosure of sub-standard repair could
affect subsequent transfer of the property.
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EPA should create a homeowner’s guide and website that highlights the
nature of the health threat associated with premise plumbing and mitiga-
tion strategies that can be implemented to reduce the magnitude of the risk.
As part of this guide, it should be made clear that water quality is regulated only
to the property line, and beyond that point responsibility falls mainly on con-
sumers. Whether problems in service lines are considered to be the home-
owner’s responsibility or the water utility’s varies from system to system.

Research is needed that specifically addresses potential problems aris-
ing from premise plumbing. This includes the collection of data quantifying
water quality degradation in representative premise plumbing systems in geo-
graphically diverse regions and climates. In addition, greater attention should be
focused on understanding the role of plumbing materials. Furthermore, the role
of nutrients in distributed water in controlling regrowth should be assessed for
premises. Finally, the potential impacts of representative point-of-use and point-
of-entry devices need to be quantified. An epidemiological study to assess the
health risks of contaminated premise plumbing should be undertaken in high
risk communities.
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The first municipal water utility in the United States was established in Bos-
ton in 1652 to provide domestic water and fire protection (Hanke, 1972). The
Boston system emulated ancient Roman water supply systems in that it was mul-
tipurpose in nature. Many water supplies in the United States were subsequently
constructed in cities primarily for the suppression of fires, but most have been
adapted to serve commercial and residential properties with water. By 1860,
there were 136 water systems in the United States, and most of these systems
supplied water from springs low in turbidity and relatively free from pollution
(Baker, 1948). However, by the end of the nineteenth century waterborne dis-
ease had become recognized as a serious problem in industrialized river valleys.
This led to the more routine treatment of water prior to its distribution to con-
sumers. Water treatment enabled a decline in the typhoid death rate in Pitts-
burgh, PA from 158 deaths per 100,000 in the 1880s to 5 per 100,000 in 1935
(Fujiwara et al., 1995). Similarly, both typhoid case and death rates for the City
of Cincinnati declined more than tenfold during the period 1898 to 1928 due to
the use of sand filtration, disinfection via chlorination, and the application of
drinking water standards (Clark et al., 1984). It is without a doubt that water
treatment in the United States has proven to be a major contributor to ensuring
the nation’s public health.

Since the late 1890s, concern over waterborne disease and uncontrolled wa-
ter pollution has regularly translated into legislation at the federal level. The
first water quality-related regulation was promulgated in 1912 under the Inter-
state Quarantine Act of 1893. At that time interstate railroads made a common
cup available for train passengers to share drinking water while on board—a
practice that was prohibited by the Act. Several sets of federal drinking water
standards were issued prior to 1962, but they too applied only to interstate carri-
ers (Grindler, 1967; Clark, 1978). By the 1960s, each of the states and trust ter-
ritories had established their own drinking water regulations, although there
were many inconsistencies among them. As a consequence, reported water-
borne disease outbreaks declined from 45 per 100,000 people in 1938—40 to 15
per 100,000 people in 1966—70. Unfortunately, the annual number of water-
borne disease outbreaks ceased to fall around 1951 and may have increased
slightly after that time, leading, in part, to the passage of the Safe Drinking Wa-
ter Act (SDWA) of 1974 (Clark, 1978).

Prior to the passage of the SDWA, most drinking water utilities concen-
trated on meeting drinking water standards at the treatment plant, even though it
had long been recognized that water quality could deteriorate in the distribution
system—the vast infrastructure downstream of the treatment plant that delivers
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water to consumers. After its passage, the SDWA was interpreted by the U.S.
Environmental Protection Agency (EPA) as meaning that some federal water
quality standards should be met at various points within the distribution system
rather than at the water treatment plant discharge. This interpretation forced
water utilities to include the entire distribution system when considering compli-
ance with federal law. Consequently water quality in the distribution system
became a focus of regulatory action and a major interest to drinking water utili-
ties.

EPA has promulgated many rules and regulations as a result of the SDWA
that require drinking water utilities to meet specific guidelines and numeric
standards for water quality, some of which are enforceable and collectively re-
ferred to as maximum contaminant levels (MCLs). As discussed in greater de-
tail in Chapter 2, the major rules that specifically target water quality within the
distribution system are the Lead and Copper Rule (LCR), the Surface Water
Treatment Rule (SWTR), the Total Coliform Rule (TCR), and the Disinfec-
tants/Disinfection By-Products Rule (D/DBPR). The LCR established monitor-
ing requirements for lead and copper within tap water samples, given concern
over their leaching from premise plumbing and fixtures. The SWTR establishes
the minimum required detectable disinfectant residual, or in its absence the
maximum allowed heterotrophic bacterial plate count, both measured within the
distribution system. The TCR calls for the monitoring of distribution systems
for total coliforms, fecal coliforms, and/or E. coli. Finally, the D/DBPR ad-
dresses the maximum disinfectant residual and concentration of disinfection
byproducts (DBPs) like total trihalomethanes and haloacetic acids that are al-
lowed in distribution systems.

Despite the existence of these rules, for a variety of reasons most contami-
nants that have the potential to degrade distribution system water quality are not
monitored for, putting into question the ability of these rules to ensure public
health protection from distribution system contamination. Furthermore, some
epidemiological and outbreak investigations conducted in the last five years
suggest that a substantial proportion of waterborne disease outbreaks, both mi-
crobial and chemical, is attributable to problems within distribution systems
(Craun and Calderon, 2001; Blackburn et al., 2004). As shown in Figure 1-1,
the proportion of waterborne disease outbreaks associated with problems in the
distribution system is increasing, although the total number of reported water-
borne disease outbreaks and the number attributable to distribution systems have
decreased since 1980. The decrease in the total number of waterborne disease
outbreaks per year is probably attributable to improved water treatment practices
and compliance with the SWTR, which reduced the risk from waterborne proto-
zoa (Pierson et al., 2001; Blackburn et al., 2004).

There is, however, no evidence that the current regulatory program has re-
sulted in a diminution in the proportion of outbreaks attributable to distribution
system related factors. Therefore, in 2000 the Federal Advisory Committee for
the Microbial/Disinfection By-products Rule recommended that EPA evaluate
available data and research on aspects of distribution systems that may create
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FIGURE 1-1 Waterborne disease outbreaks in community water systems (CWS) associ-
ated with distribution system deficiencies. Note that the majority of the reported outbreaks
have been in small community systems and that the absolute number of outbreaks has
decreased since 1982. SOURCE: Data from Craun and Calderon (2001), Lee et al.,
(2002), and Blackburn et al. (2004).

~
(=N =

u
o

% Due to Distribution Sys
20O
o o

Number of Outbreaks/

=MW
cooo
L

risks to public health. Furthermore, in 2003 EPA committed to revising the
TCR—not only to consider updating the provisions about the frequency and
location of monitoring, follow-up monitoring after total coliform-positive sam-
ples, and the basis of the MCL, but also to address the broader issue of whether
the TCR could be revised to encompass “distribution system integrity.” That is,
EPA is exploring the possibility of revising the TCR to provide a comprehensive
approach for addressing water quality in the distribution system environment.
To aid in this process, EPA requested the input of the National Academies’ Wa-
ter Science and Technology Board, which was asked to conduct a study of water
quality issues associated with public water supply distribution systems and their
potential risks to consumers.

INTRODUCTION TO WATER DISTRIBUTION SYSTEMS

Distribution system infrastructure is generally the major asset of a water
utility. The American Water Works Association (AWWA, 1974) defines the
water distribution system as “including all water utility components for the dis-
tribution of finished or potable water by means of gravity storage feed or pumps
though distribution pumping networks to customers or other users, including
distribution equalizing storage.” These systems must also be able to provide
water for nonpotable uses, such as fire suppression and irrigation of landscaping.
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They span almost 1 million miles in the United States (Grigg, 2005b) and in-
clude an estimated 154,000 finished water storage facilities (AWWA, 2003). As
the U.S. population grows and communities expand, 13,200 miles (21,239 km)
of new pipes are installed each year (Kirmeyer et al., 1994).

Because distribution systems represent the vast majority of physical infra-
structure for water supplies, they constitute the primary management challenge
from both an operational and public health standpoint. Furthermore, their repair
and replacement represent an enormous financial liability; EPA estimates the
20-year water transmission and distribution needs of the country to be $183.6
billion, with storage facility infrastructure needs estimated at $24.8 billion
(EPA, 2005a).

Infrastructure

Distribution system infrastructure is generally considered to consist of the
pipes, pumps, valves, storage tanks, reservoirs, meters, fittings, and other hy-
draulic appurtenances that connect treatment plants or well supplies to consum-
ers’ taps. The characteristics, general maintenance requirements, and desirable
features of the basic infrastructure components in a drinking water distribution
system are briefly discussed below.

Pipes

The systems of pipes that transport water from the source (such as a treat-
ment plant) to the customer are often categorized from largest to smallest as
transmission or trunk mains, distribution mains, service lines, and premise
plumbing. Transmission or trunk mains usually convey large amounts of water
over long distances such as from a treatment facility to a storage tank within the
distribution system. Distribution mains are typically smaller in diameter than
the transmission mains and generally follow the city streets. Service lines carry
water from the distribution main to the building or property being served. Ser-
vice lines can be of any size depending on how much water is required to serve a
particular customer and are sized so that the utility’s design pressure is main-
tained at the customer’s property for the desired flows. Premise plumbing refers
to the piping within a building or home that distributes water to the point of use.
In premise plumbing the pipe diameters are usually comparatively small, leading
to a greater surface-to-volume ratio than in other distribution system pipes.

The three requirements for a pipe include its ability to deliver the quantity
of water required, to resist all external and internal forces acting upon it, and to
be durable and have a long life (Clark and Tippen, 1990). The materials com-
monly used to accomplish these goals today are ductile iron, pre-stressed con-
crete, polyvinyl chloride (PVC), reinforced plastic, and steel. In the past,
unlined cast iron and asbestos cement pipes were frequently installed in distribu-
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tion systems, and thus are important components of existing systems (see Figure
1-2). Transmission mains are frequently 24 inches (61 cm) in diameter or
greater, dual-purpose mains (which are used for both transmission and distribu-
tion) are normally 16-20 inches (40.6-50.8 cm) in diameter, and distribution
mains are usually 4-12 inches (10.0-30.5 cm) in diameter. Service lines and
premise plumbing may be of virtually any material and are usually 1 inch (2.54
cm) in diameter or smaller (Panguluri et al., 2005).

It should be noted that this report considers service lines and premise
plumbing to be part of the distribution system, and it considers the effects of
service lines and premise plumbing on drinking water quality. If premise
plumbing is included, the figure for total distribution system length would in-
crease from almost 1 million miles (Grigg, 2005b) to greater than 6 million
miles (Edwards et al., 2003). Premise plumbing and service lines have longer
residence times, more stagnation, lower flow conditions, and elevated tempera-
tures compared to the main distribution system (Berger et al., 2000). Inclusion
of premise plumbing and service lines in the definition of a public water supply
distribution system is not common because of their variable ownership, which
ultimately affects who takes responsibility for their maintenance. Most drinking
water utilities and regulatory bodies only take responsibility for the water deliv-
ered to the curb stop, which generally captures only a portion of the service line.
The portion of the service line not under control of the utility and all of the
premise plumbing are entirely the building owner’s responsibility.

Pipe-Network Configurations

The two basic configurations for most water distribution systems are the
branch and grid/loop (see Figure 1-3). A branch system is similar to that of a
tree branch, in which smaller pipes branch off larger pipes throughout the ser-
vice area, such that the water can take only one pathway from the source to the
consumer. This type of system is most frequently used in rural areas. A
grid/looped system, which consists of connected pipe loops throughout the area
to be served, is the most widely used configuration in large municipal areas. In
this type of system there are several pathways that the water can follow from the
source to the consumer. Looped systems provide a high degree of reliability
should a line break occur because the break can be isolated with little impact on
consumers outside the immediate area (Clark and Tippen, 1990; Clark et al.,
2004). Also, by keeping water moving looping reduces some of the problems
associated with water stagnation, such as adverse reactions with the pipe walls,
and it increases fire-fighting capability. However, loops can be dead-ends, es-
pecially in suburban areas like cul-de-sacs, and have associated water quality
problems. Most systems are a combination of both looped and branched por-
tions.

Design of water networks is very much dependent on the specific topogra-
phy and the street layout in a given community. A typical design might consist

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

‘panIasal Sybu | "Sa2ualds Jo Awapeay [euonen 1ybuAdod

MATERIAL

JOINT

Corrosion Protection

INTERIOR

EXTERIOR

Steel

Welded

None

None

Steel

Welded

Cement

Cast Iron (pit cast)

Lead

Cast Iron

Lead

1990s | 1910s | 1920s

Cast Iron

Lead

Cast Iron

Leadite

.

Cast Iron

Leadite

Cast Iron

Rubber

1930s | 1940s | 1950s

\§

\

N

Ductile Iron

Rubber

Ductile Iron

Rubber

muyvlz|Zz|Z2|Z2(zZz|Z2|Z2|Z2
o|lo|lo|lo|o|o|o|o
S|I3|(3[3|3|13|3]|3

Asbestos Cement

Rubber

Reinforced
Concrete (RCP)

Rubber

Rubber

Polyvinyl Chloride

Rubber

High Density
Polyethylene

Fused

Molecular Oriented
PVC

Rubber

x\\\"

wi

Legends:

Commerecially Available

Predominantly in Use

B |

FIGURE 1-2 Timeline of pipe technology in the United States. SOURCE: Reprinted, with permission, from AWWSC (2002). © 2002 American Water.

0c

sysiy Buonpay pue Buissassy :SWalsAS uonnauisiq Jarep Bunjuug


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

INTRODUCTION 21

I——||‘_1_'

A B

FIGURE 1-3 Two Basic Configurations for Water Distribution Systems. (A) Branched con-
figuration. (B) Looped configuration.

of transmission mains spaced from 1.5 to 2 miles (2,400 to 3,200 m) apart with
dual-service mains spaced 3,000 to 4,000 feet (900 to 1,200 m) apart. Service
mains should be located in every street.

Storage Tanks and Reservoirs

Storage tanks and reservoirs are used to provide storage capacity to meet
fluctuations in demand (or shave off peaks), to provide reserve supply for fire-
fighting use and emergency needs, to stabilize pressures in the distribution sys-
tem, to increase operating convenience and provide flexibility in pumping, to
provide water during source or pump failures, and to blend different water
sources. The recommended location of a storage tank is just beyond the center
of demand in the service area (AWWA, 1998). Elevated tanks are used most
frequently, but other types of tanks and reservoirs include in-ground tanks and
open or closed reservoirs. Common tank materials include concrete and steel.

An issue that has drawn a great deal of interest is the problem of low water
turnover in these facilities resulting in long detention times. Much of the water
volume in storage tanks is dedicated to fire protection, and unless utilities prop-
erly manage their tanks to control water quality, there can be problems attribut-
able to both water aging and inadequate water mixing. Excessive water age can
be conducive to depletion of the disinfectant residual, leading to biofilm growth,
other biological changes in the water including nitrification, and the emergence
of taste and odor problems. Improper mixing can lead to stratification and large
stagnant (dead) zones within the bulk water volume that have depleted disinfec-
tant residual. As discussed later in this report, neither historical designs nor op-
erational procedures have adequately maintained high water quality in storage
tanks (Clark et al., 1996).
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Security is an important issue with both storage tanks and pumps because of
their potential use as a point of entry for deliberate contamination of distribution
systems.

Pumps

Pumps are used to impart energy to the water in order to boost it to higher
elevations or to increase pressure. Pumps are typically made from steel or cast
iron. Most pumps used in distribution systems are centrifugal in nature, in that
water from an intake pipe enters the pump through the action of a “spinning
impeller” where it is discharged outward between vanes and into the discharge
piping. The cost of power for pumping constitutes one of the major operating
costs for a water supply.

Valves

The two types of valves generally utilized in a water distribution system are
isolation valves (or stop or shutoff valves) and control valves. Isolation valves
(typically either gate valves or butterfly valves) are used to isolate sections for
maintenance and repair and are located so that the areas isolated will cause a
minimum of inconvenience to other service areas. Maintenance of the valves is
one of the major activities carried out by a utility. Many utilities have a regular
valve-turning program in which a percentage of the valves are opened and
closed on a regular basis. It is desirable to turn each valve in the system at least
once per year. The implementation of such a program ensures that water can be
shut off or diverted when needed, especially during an emergency, and that
valves have not been inadvertently closed.

Control valves are used to control the flow or pressure in a distribution sys-
tem. They are normally sized based on the desired maximum and minimum
flow rates, the upstream and downstream pressure differentials, and the flow
velocities. Typical types of control valves include pressure-reducing, pressure-
sustaining, and pressure-relief valves; flow-control valves; throttling valves;
float valves; and check valves.

Most valves are either steel or cast iron, although those found in premise
plumbing to allow for easy shut-off in the event of repairs are usually brass.
They exist throughout the distribution system and are more widely spaced in the
transmission mains compared to the smaller-diameter pipes.

Other appurtenances in a water system include blow-off and air-
release/vacuum valves, which are used to flush water mains and release en-
trained air. On transmission mains, blow-off valves are typically located at
every low point, and an air release/vacuum valve at every high point on the
main. Blow-off valves are sometimes located near dead ends where water can
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stagnate or where rust and other debris can accumulate. Care must be taken at
these locations to prevent unprotected connections to sanitary or storm sewers.

Hydrants

Hydrants are primarily part of the fire fighting aspect of a water system.
Proper design, spacing, and maintenance are needed to insure an adequate flow
to satisfy fire-fighting requirements. Fire hydrants are typically exercised and
tested annually by water utility or fire department personnel. Fire flow tests are
conducted periodically to satisfy the requirements of the Insurance Services Of-
fice or as part of a water distribution system calibration program (ISO, 1980).
Fire hydrants are installed in areas that are easily accessible by fire fighters and
are not obstacles to pedestrians and vehicles. In addition to being used for fire
fighting, hydrants are also for routine flushing programs, emergency flushing,
preventive flushing, testing and corrective action, and for street cleaning and
construction projects (AWWA, 1986).

Infrastructure Design and Operation

The function of a water distribution system is to deliver water to all custom-
ers of the system in sufficient quantity for potable drinking water and fire pro-
tection purposes, at the appropriate pressure, with minimal loss, of safe and ac-
ceptable quality, and as economically as possible. To convey water, pumps
must provide working pressures, pipes must carry sufficient water, storage fa-
cilities must hold the water, and valves must open and close properly. Indeed,
the carrying capacity of a water distribution system is defined as its ability to
supply adequate water quantity and maintain adequate pressure (Male and
Walski, 1991). Adequate pressure is defined in terms of the minimum and
maximum design pressure supplied to customers under specific demand condi-
tions. The maximum pressure is normally in the range of 80 to 100 psi; for ex-
ample, the Uniform Plumbing Code requires that water pressure not exceed 80
psi (552 kPa) at service connections, unless the service is provided with a pres-
sure-reducing valve. The minimum pressure during peak hours is typically in
the range of 40 to 50 psi (276-345 kPa), while the recommended minimum
pressure during fire flow is 20 psi (138 kPa).

Residential Drinking Water Provision
Of the 34 billion gallons of water produced daily by public water systems in
the United States, approximately 63 percent is used by residential customers for

indoor and outdoor purposes. Mayer et al. (1999) evaluated 1,188 homes from
14 cities across six regions of North America and found that 42 percent of an-
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nual residential water use was for indoor purposes and 58 percent for outdoor
purposes. Outdoor water use varies quite significantly from region to region and
includes irrigation. Of the indoor water use, less than 20 percent is for con-
sumption or related activities, as shown below:

Human Consumption or Related Use — 17.1 %...... Faucet use — 15.7 %
Dishwasher — 1.4 %

Human Contact Only — 18.5 %..............c.oei. Shower — 16.8 %
Bath - 1.7 %

Non-Human Ingestion or Contact Uses — 64.3 %... Toilet —26.7 %
Clothes Washer —21.7 %
Leaks — 13.7 %
Other —2.2 %

Most of the water supplied to residences is used primarily for laundering, show-
ering, lawn watering, flushing toilets, or washing cars, and not for consumption.
Nonetheless, except in a few rare circumstances, distribution systems are as-
sumed to be designed and operated to provide water of a quality acceptable for
human consumption. Normal household use is generally in the range of 200
gallons per day (757 L per day) with a typical flow rate of 2 to 20 gallons per
minute (gpm) [7.57-75.7 L per minute (Lpm)]; fire flow can be orders of magni-
tude greater than these levels, as discussed below.

Fire Flow Provision

Besides providing drinking water, a major function of most distribution sys-
tems is to provide adequate standby fire flow, the standards for which are gov-
erned by the National Fire Protection Association (NFPA, 1986). Fire-flow re-
quirements for a single family house vary from 750 to 1,500 gpm (2,839-5,678
Lpm); for multi-family structures the values range from 2,000 to 5,000 gpm
(7,570-18,927 Lpm); for commercial structures the values range from 2,000 to
10,000 gpm (7,570-37,854 Lpm), and for industrial structures the values range
from 3,000 to over 10,000 gpm (11,356-37,854 Lpm) (AWWA, 1998). The
duration for which these fire flows must be sustained normally ranges from three
to eight hours.

In order to satisfy this need for adequate standby capacity and pressure,
most distribution systems use standpipes, elevated tanks, and large storage res-
ervoirs. Furthermore, the sizing of water mains is partly based on fire protection
requirements set by the Insurance Services Office (AWWA, 1986; Von Huben,
1999). (The minimum flow that the water system can sustain for a specific pe-
riod of time governs its fire protection rating, which then is used to set the fire
insurance rates for the communities that are served by the system.) As a conse-
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quence, fire-flow governs much of the design of a distribution system, especially
for smaller systems. A study conducted by the American Water Works Associa-
tion Research Foundation confirmed the impact of fire-flow capacity on the
operation of, and the water quality in, drinking water networks (Snyder et al.,
2002). It found that although the amount of water used for fire fighting is gen-
erally a small percentage of the annual water consumed, the required rates of
water delivery for fire fighting have a significant and quantifiable impact on the
size of water mains, tank storage volumes, water age, and operating and mainte-
nance costs. Generally nearly 75 percent of the capacity of a typical drinking
water distribution system is devoted to fire fighting (Walski et al., 2001).

The effect of designing and operating a system to maintain adequate fire
flow and redundant capacity is that there are long transit times between the
treatment plant and the consumer, which may be detrimental to meeting drinking
water MCLs (Clark and Grayman, 1998; Brandt et al., 2004). Snyder et al.
(2002) recommended that water systems evaluate existing storage tanks to de-
termine if modification or elimination of the tanks was feasible. Water efficient
fire suppression technologies exist that use less water than conventional stan-
dards. In particular, the universal application of automatic sprinkler systems
provides the most proven method for reducing loss of life and property due to
fire, while at the same time providing faster response to the fire and requiring
significantly less water than conventional fire-fighting techniques. Snyder et al.
(2002) also recommended that the universal application of automatic fire sprin-
klers be adopted by local jurisdictions for homes as well as in other buildings.

There is a growing recognition that embedded designs in most urban areas
have resulted in distribution systems that have long water residence times due to
the large amounts of storage required for fire fighting capacity. More than ten
years ago, Clark and Grayman (1992) expressed concern that long residence
times resulting from excess capacity for fire fighting and other municipal uses
would also provide optimum conditions for the formation of DBPs and the re-
growth of microorganisms. They hypothesized that eventually the drinking wa-
ter industry would be in conflict over protecting public health and protecting
public safety.

Non-conventional water distribution system designs that might address
some of these issues are discussed below including decentralized treatment, dual
distribution systems, and an approach that utilizes enhanced treatment to solve
distribution system water quality problems. These alternative concepts were not
part of the committee’s statement of task, such that addressing them extensively
is beyond the scope of the report. However, their potential future role in abating
the problems discussed above warrants mention here and further consideration
by EPA and water utilities.

Decentralized Treatment

Distributed or decentralized treatment systems refer to those in which a cen-
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tralized treatment plant is augmented with additional treatment units that are
located at various key points throughout the distribution system. Usually, the
distributed units provide advanced treatment to meet stringent water quality re-
quirements at consumer endpoints that would otherwise be in violation. Distrib-
uted units would be located either at the point-of-entry of households, for exam-
ple, or at a more upstream location from which different water use could be
served. This might be at the neighborhood or district level, depending on tech-
nological and financial requirements.

How the decentralized treatment concept might be implemented in water
systems worldwide is still at a theoretical stage (e.g., Norton, 2006 and Weber,
2002, 2004). Weber’s approach involves having distributed networks (Distrib-
uted Optimal Technologies Networks or DOT-Nets) in which water supply is
optimized by separately treating several components of water and wastewater
streams using decentralized treatment units. The approach largely views water
supply, treatment, and waste disposal as different aspects of the same integrated
system. Box 1-1 describes the concepts in detail.

BOX 1-1
Distributed Optimal Technologies Networks

DOT-Net is a decentralized treatment concept in which water supplies are segregated
based on uses (or use functions) and levels of quality, to which a qualitative ranking on a
scale of 1 to 10 is assigned, with 1 being the best quality and 10 the worst. The use func-
tions include potable water, black water, gray water, various industrial discharges, etc. For
example, water extracted from a local surface water source might be given a rank of 6.
Following centralized treatment, the water would have a rank of 2. There is then an as-
sumption that this supply will be degraded in distribution systems to a level that is generally
not acceptable as potable water (say 3). To address this, advanced treatment technologies
such as membranes and super-critical water treatment would be located as satellite sys-
tems close to the point of use, producing a water of ranking 1.

This concept hinges upon segregating water into the various use functions and devel-
oping and deploying the technology needed to bring about the desired water quality for
each function. For example, water for drinking, showering, and cooking would require the
highest level of quality and should be treated appropriately using satellite systems and
advanced technologies. Advanced technologies exist for the treatment, analysis, and con-
trol of personal water including sophisticated electromechanical systems for rapid monitor-
ing and feedback. The existing distribution system would still be used, but would be sup-
plemented with treatment units to treat a portion of the water supply. For example, satellite
treatment units may be located in large buildings with a high population density or distrib-
uted over neighborhoods.

The concept extends to the waste streams generated by each type of water use, as
shown in Figure 1-4. Thus, advanced water treatment would be used not only prior to wa-
ter delivery, but also upon water disposal but before it is discharged into a centralized col-
lection system. For example if a certain commercial enterprise produced a highly degraded
waste stream (with a ranking of 10), a satellite unit could be used to raise the quality to that
of the other common waste streams (say 7). Such advanced and other wastewater treat-
ment would be implemented in a manner to eventually resupply the source waters or to

continues
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The principal trade-off associated with utilizing such systems is the alterna-
tive cost associated with upgrading large centralized treatment facilities and dis-
tribution networks. On a per person basis, it is less expensive to build one large
treatment system than to build several small ones. In addition to these costs,
multiple or new pipe networks are a necessary part of the design framework for
these satellite systems. That is, new piping would be needed from the advanced
water treatment system into the household (or industry), although it would travel
a short distance and would be a small percentage of the total plumbing for the
building. It is possible that investing in larger satellite systems with separate
piping might offer a cost advantage compared to small satellite systems, based
on economies of scale (Norton, 2006). Clearly, there would have to be a policy
to avoid social injustice such that decentralized treatment when implemented is
affordable to the average user.

BOX 1-1 Continued
produce water for another use function (e.g., recreational or industrial use). Also envi-

sioned is the potential recovery of energy from the treatment of black water as well as
some industrial sources.
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FIGURE 1-4 Distributed Optimal Technologies Networks. SOURCE: Reprinted, with per-
mission, from Weber (2005). © 2005 by Weber.
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A second important consideration is the need to monitor the satellite sys-
tems, and whose responsibility that monitoring would be. Maintenance activi-
ties, such as repair and replacement of a new piping system associated with sat-
ellite treatment, would also have to be well planned in order to prevent contami-
nation of the distribution system downstream of the treatment unit. Incorpora-
tion of remote control technologies and other monitoring adaptations could re-
duce the need for human intervention while ensuring that the units operate satis-
factorily.

The decentralized treatment concept was tested on a limited basis in the
field (from October 1995 to September 1996) by Lyonnaise des Eaux-CIRSEE
in the municipality of Dampierre, France. A one-year study was carried out
using an ultrafiltration/nanofiltration system to treat water for 121 homes
through 13,123 ft (4,000 m) of pipe at an average flow of 22.0 gpm (5 m*/h) and
a peak flow of 44.0 gpm (10 m’/h). The ultrafiltration/nanofiltration system was
fully automatic and monitored by remote control. Results from the study were
very satisfactory from a quality perspective, and the cost calculations showed
that the system was cost competitive with centralized treatment if production
volumes were greater than 5,284,020 gal/year (20,000 m’/year) (Levi et al.,
1997).

A more prospective example is provided by the Las Vegas Valley Water
District (LVVWD) and the Southern Nevada Water Authority (SNWA), which
serve one of the most rapidly growing areas in the United States (see Box 1-2).
Because of concerns over proposed MCLs for DBPs and the compliance frame-
work being established by the Stage 2 D/DBPR, Las Vegas is investigating the
application of decentralized or satellite water treatment systems within its distri-
bution network. Currently only about 10 percent of the network is having trou-
ble with compliance but it is anticipated as the system expands, more and more
of the network will be out of compliance.

Enhanced Treatment

A third approach to slowing water quality deterioration involves centralized
treatment options that can improve the quality of water to such a degree that
formation of DBPs and loss of disinfectant residual are minimized. This ap-
proach is practiced by the Greater Cincinnati Water Works, which serves a large
metropolitan area consisting of urban and suburban areas with potable water and
fire flow protection. The distribution system is served by two treatment plants,
the largest being the Miller Plant, which has a design capacity of 220 mgd
(833,000 m’/day) with an average water production of 133 mgd (428,000
m’/day). The Miller Plant (Figure 1-5) has 12 granular activated carbon contac-
tors, each containing 21,000 ft* (600 m*) of GAC. During normal plant opera-
tion, between seven and 11 of these contactors are used (in parallel) to process
water. Once GAC becomes spent, it is reactivated using an on-site reactivation
system. GAC treatment reduces total organic carbon (TOC) levels from an
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BOX 1-2
Application of Decentralized Treatment within the Las Vegas Valley Water District

Between 1989 and 2004, Las Vegas grew faster than any other metropolitan area in
the U.S. As a result, during this period LVVWD has more than doubled its service area
population. In 1989, the service area population was 558,000 but by 2004 it had grown to
1,209,000 (Jacobsen and Kamojjala, 2005).

The LVVWD receives its water on a wholesale basis from the Southern Nevada Water
Authority (SNWA), which operates two water treatment plants with a combined design ca-
pacity of 900 mgd (3.41 mil m® per day). The source of water is Lake Mead. The treatment
train at both plants is nearly identical, consisting of ozone and direct filtration. Chlorine is
utilized as the final disinfectant. Coagulation dosages are limited and TOC removals
through the biologically active filters range from 10 to 30 percent. The distribution system
consists of 3,300 miles (5,280 km) of pipe and 29 water storage reservoirs. The system
experiences long residence times (in some case greater than a week), resulting in an in-
crease in water temperature as it moves through the system. Consequently it is difficult to
maintain chlorine residuals in some parts of the system, necessitating the addition of chlo-
rine at many locations. Currently the system is in compliance with all Safe Drinking Water
Act regulations. However, based on distribution system hydraulic modeling estimates of
detention time and known formation rates for trihalomethanes and haloacetic acids, it is
expected that some areas in the LVVWD will not comply with the DBP MCLs and compli-
ance framework being established by the Stage 2 D/DBPR. In order to meet Stage 2 regu-
lations, the LVVWD/SNWA evaluated several alternatives to change its treatment and/or its
residual disinfectant. Advanced oxidation, granular activated carbon (GAC) adsorption,
enhanced coagulation (including addition of clarification), and nanofiltration were consid-
ered possible changes to treatment that could be helpful. In addition, operational and re-
sidual disinfectant changes were considered such as conversion from free chlorine to
chloramine and a reduction in distribution system detention time. A more unconventional
option considered by LVVWD/SNWA evaluated the potential for targeted or “hot-spot”
treatment using several smaller-scale treatment systems that would reduce the concentra-
tion of DBPs in those areas of the distribution system that might exceed the MCLs estab-
lished by the Stage 2 D/DBPR.

Ultimately, the LVVWD/SNWA chose to use the “hot-spot” treatment approach for the
following reasons. It would provide a cost-effective approach by only treating water where
needed at specific locations, instead of treating water for the entire system. It would reduce
residuals production from treatment as compared to intensive organics removal. And it
would provide for the continuous use of chlorine and avoid potential nitrification problems.
The decentralized treatment options being considered are (1) DBP and natural organic
material (NOM) removal by GAC adsorption, (2) DBP and NOM removal by biologically
active carbon (BAC), and (3) control of DBP reformation after treatment by GAC and BAC.
The American Water Works Association Research Foundation has funded a project that will
test the concept of decentralized treatment and its application to the LVVWD (Jacobsen et
al., 2005).
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annual average of 1.5 mg/L prior to GAC treatment to a combined five-year
average of 0.6 mg/L after GAC treatment. The plant is one of the world’s larg-
est municipal GAC potable water treatment systems (Moore et al., 2003).

Las Vegas and Cincinnati have chosen distinctly different approaches to
meeting and solving the residence time and excess capacity problem. The Las
Vegas system is currently conducting studies to explore the possibility of apply-
ing treatment at various locations. Decentralized treatment units would be in-
stalled at points in the system where DBPs might exceed the Stage 2 D/DBPR.
Research is being conducted that would focus primarily on removing the precur-
sor material in the water in order to keep the DBP formation potential below
regulated limits. A key aspect of this strategy is to use distribution system mod-
els and GIS technology to monitor residence time and DBP formation potential
in the system. Cincinnati, on the other hand, has chosen the more traditional but
very effective approach of removing DBP precursor material prior to distribu-
tion and thereby minimizing the potential formation of DBPs throughout the
system. Although the Greater Cincinnati Water Works has a very large distribu-
tion system composed of a wide variety of pipe materials, the utility routinely
provides water well below the total trihalomethane level of 80 pg/L and the total
haloacetic acid level of 60 pg/L at all locations in the system.

Dual Distribution Systems

Another option for design and operation of distribution systems is the crea-
tion of dual systems in which separate pipe networks are constructed for potable
and nonpotable water. In these types of systems, reclaimed wastewater or water
of sub-potable quality may be used for fire fighting and other special purposes
such as irrigation of lawns, parks, roadway borders and medians; air condition-
ing and industrial cooling towers; stack gas scrubbing; industrial processing;
toilet and urinal flushing; construction; cleansing and maintenance, including
vehicle washing; scenic waters and fountains; and environmental and recrea-
tional purposes. The design of these systems differentiates dual systems from
most community water supplies, in which one distribution system provides po-
table water to serve all purposes.

Most dual systems in use today were installed by adding reclaimed water
lines alongside (but not connected to) potable water lines already in place. For
example, in St. Petersburg, Florida, a reclaimed water distribution system was
placed into operation in 1976, and fire protection is provided from both the po-
table and reclaimed water lines. San Francisco has a nonpotable system, con-
structed after the 1906 earthquake, that serves the downtown area to augment
fire protection. Rouse Hill, Australia was the first community to plan a dual
water system with the reclaimed water lines to serve all nonpotable uses, includ-
ing fire protection, such that the potable water line can have much smaller pipe
diameters. Both the potable and nonpotable systems have service reservoirs for
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meeting diurnal variations in demand, and if a shortage of water for fire protec-
tion occurs, potable water can be transferred to the nonpotable system.

In a recent exchange of letters in the Journal of the American Water Works
Association, Dr. Dan Okun (Okun, 2005) and Dr. Neil Grigg (Grigg, 2005a)
addressed the merits of dual distribution systems for U.S. drinking water utili-
ties, especially given that ingestion and human consumption are minor uses in
most urban areas (see above). The argument is that because existing water dis-
tribution systems are designed primarily for fire protection, the majority of the
distribution system uses pipes that are much larger than would be needed if the
water was intended only for personal use. This leads to residence times of
weeks in traditional systems versus potentially hours in a system comprised of
much smaller pipes. In the absence of smaller sized distribution systems, utili-
ties have had to implement flushing programs and use higher dosages of disin-
fectants to maintain water quality in distribution systems. This has the unfortu-
nate side effect of increasing DBP formation as well as taste and odor problems,
which contribute to the public’s perception that the water quality is poor. Fur-
thermore, large pipes are generally cement-lined or unlined ductile iron pipe
typically with more than 300 joints per mile. These joints are frequently not
water tight, leading to water losses as well as providing an opportunity for ex-
ternal contamination of finished water.

From an engineering perspective it seems intuitively obvious that it is most
efficient to satisfy all needs by installing one pipe and to minimize the number
of pipe excavations. This philosophy worked well in the early days of water
system development. However, it has resulted in water systems with long resi-
dence times (and their negative consequences) under normal water use patterns
and a major investment in above-ground (pumps and storage tanks) and below-
ground (transmission mains, distribution pipes, service connections, etc.) infra-
structure. Therefore as suggested in Okun (2005) it may be time to look at al-
ternatives for supplying the various water needs in urban areas such as dual dis-
tribution systems. The water reuse aspect of dual systems is particularly attrac-
tive in arid sections of the U.S. that otherwise require transportation of large
quantities of water into these areas.

Although there are many examples of water reuse in the United States
(EPA, 1992), not many of them involve the use of a dual distribution system.
The City of St. Petersburg, which operates one of the largest urban reuse sys-
tems in the world, provides reclaimed water to more then 7,000 residential
homes and businesses. In 1991, the city provided approximately 21 mgd
(79,500 m’/day) of reclaimed water for irrigation needs of individual homes,
condominiums, parks, school grounds, and golf courses; cooling tower make-up;
and supplemental fire protection. In Irving, Texas, advanced secondary treated
wastewater and raw water from the Elk Fork of the Trinity River are used to
irrigate golf courses, medians, and greenbelt areas, and to maintain water levels
at the Las Colinas Development. The reclaimed water originates from the 11.5
mgd (43,500 m’/day) Central Regional wastewater treatment plant. A
third example is provided in Hilton Head, South Carolina, where about 5 mgd
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(18,900 m*/day) of wastewater is being used for wetlands applications and golf
course irrigation. All of the wastewater treatment systems have been upgraded
to tertiary systems, and an additional flow rate of the same size as the first is
being planned. Perhaps the most famous water reuse operation using a dual
distribution system is the Irvine Ranch Water District in Irvine, California (see
Box 1-3). There is a recent trend in California toward the use of more dual dis-
tribution systems, particularly in new developments, as a result of statutory re-
quirements to use reclaimed water in lieu of domestic water for non-potable uses
(California Water Code Section 13550-13551) and because of the need to con-
serve water to meet increasing local and regional water demands.

The potential advantages of using dual distribution systems include the fact
that much smaller volumes of water would need be treated to high standards,
which would result in cost savings at the treatment plant if all water supplied
were to be treated in this fashion. Another advantage is that flow in the potable
line would be expected to be relatively constant compared to a traditional system
where large quantities of water would need to be transferred over short time
periods (e.g., during fires). The associated flow and pressure changes in a pipe
carrying the total water needs for a community are expected to be much greater
than in the potable line of a dual distribution system. As discussed later in this
document, there is evidence that pressure transients may result in intrusion of
contaminated water. Furthermore, use of improved materials in the newer,
smaller distribution system would minimize water degradation, loss, and intru-
sion.

However, the creation of dual distribution systems necessitates the retrofit-
ting of an existing water supply system and reliance on existing pipes to provide
non-potable supply obtained from wastewater or other sources. Large costs
would be incurred when installing the new, small diameter pipe for potable wa-
ter, disconnecting the existing system from homes and other users so that it
could be used reliably for only nonpotable needs, and other retrofitting meas-
ures. These costs can be reduced if a new system is used only for reclaimed
water distribution, as was done at Irvine Ranch, but this of course would not
decrease the extent of quality degradation now experienced in existing systems.
It is also critical to differentiate between full and partial adoption of dual distri-
bution systems, the latter of which has occurred in several cities. For example,
if a new nonpotable line is installed alongside an existing potable line, the non-
potable line can draw demand away from the potable line, thereby increasing its
detention time and aggravating water quality deterioration in the potable line.
Furthermore, if the potable system is still used for fire flow, which generally
governs pipe sizing, many of the advantages of the dual system will not be real-
ized.

Dual systems may be most advantageous in new communities where neither
type of distribution system currently exists. New communities could better op-
timize their systems because both types of piping systems could be built simul-
taneously. The cost savings from the need to treat a much smaller portion of the
total water to a higher quality could partially offset the costs of constructing two
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BOX 1-3
Irvine Ranch Water District

The Irvine Ranch Water District is one of the first water districts in the United States to
practice wastewater reuse. It serves 316,287 people over 133 square miles (344.5 kmz),
making it about a quarter the size of the Los Angeles Department of Water and Power.
There are 85,500 domestic connections and 3,700 recycled connections. As of 2003, there
are 1,075 miles (1,730 m) of pipe for the potable system. As part of the potable system,
there are 28 above-ground and below-ground storage tanks that range in volume from 0.75
million gallons (0.0028 million m®) to 16 million gallons (0.061 million m®) and have a total
storage capacity of 131.75 million gallons (0.50 million m®). Much of the District’s infra-
structure is below grade due to aesthetic considerations.

The most unusual aspect of the District system is the recycled (reclaimed) water net-
work. There are 350 miles (563.2 km) of reclaimed water lines compared to 1,075 miles
(1729.7 km) of potable network lines. Domestic water tanks sit side by side with reclaimed
water tanks. The recycled water is used only for toilet flushing in a few high-rise buildings,
for cooling towers, for landscape irrigation especially at golf courses and condominium
complexes, for food crops, and by one carpet manufacturer. Recycled water for toilet flush-
ing is not used in residences, only in businesses. Recycled water itself is tertiary treated
wastewater. It meets all of the water quality standards for drinking water, but it is high in
salt. Interestingly, in the summer the recycled water has a much lower retention time in the
distribution system than the potable water because of greater demand for the recycled
water for landscaping. However, when the demand for recycled water is less than the input
from WWTPs, the recycled water is put it in long-term storage. Indeed, one of the reasons
dual systems were installed in high rises and other buildings was to make demand for recy-
cled water more level throughout the year. There are no hydrants on the recycled system,
so the reclaimed water is not used for fighting fires, and the pipe sizes in the recycled sys-
tem are generally smaller than in the potable system. Chloramine provides residual disin-
fection in the potable system but chlorine is used in the recycled system (as mandated by
California regulations). The SCADA system, which consists of 6,000 sampling points, pro-
vides minute-by-minute monitoring of chlorine residuals in the recycled system.

The potable system is required to meet all SDWA regulatory requirements such as the
TCR, SWTR, D/DBPR, LCR, and source water monitoring on the imported water sources
and the well water. Special purpose monitoring includes a nitrification action plan that re-
quires tank sampling. For the recycled system, however, there are no specific monitoring
objectives required by regulations because the NPDES permit has been met at the end of
the WWTP. Internal requirements include bi-monthly sampling of conductivity, turbidity,
color, pH, chlorine residual, total coliform, and fecal coliform and total suspended solids (at
special locations). The water uses for the recycled water are very specific, and it is the
goal of the utility to make sure the water is of an acceptable quality for those uses. Domes-
tic potable water costs are 64 cents per thousand gallons for domestic water and 59 cents
per thousand gallons for recycled water.

As might be expected, Irvine Ranch has a very extensive cross-connection control
(CCC) program. There are approximately 13,000 CCC devices in place throughout the
system. The District conducts an annual cross-connection shut-down test for the recycled
irrigation water, and only one cross connection has been found in the last 10 years. For
backflow prevention, a reduced pressure principle assembly at the meter is used, as re-
quired by the state of CA. Additional devices are installed if found to be needed.

SOURCE: Johannessen et al. (2005).
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systems. Clearly, better understanding the technological potential and economic
consequences of dual distribution systems is an important research goal.

KKk

Non-traditional options for drinking water provision present many unan-
swered questions but few case studies from which to gather information. The
primary concerns include determining their economic feasibility and the exis-
tence of unknown costs, developing a plan for transition and implementation
(which are expected to be very significant undertakings in existing communi-
ties), and maintenance of quality assurance and quality control in systems that
would be potentially much more complicated than the current system. Further-
more, it is not clear how alternative distribution system designs will affect water
security, an important consideration since September 11, 2001. The potential
for cross connections or misuse of water supplies of lesser quality is greatly in-
creased in dual distribution systems and decentralized treatment. Larger-scale
questions involve potential social inequities and the extent to which nontradi-
tional approaches will transfer costs to the consumer. These issues will have to
be considered carefully in communities that decide to adopt these new designs
for water provision.

The previous discussion raises a number of research issues, some of which
are already noted. With regard to the influence of fire fighting requirements,
distribution systems are frequently designed to supply water to meet maximum
day demand and fire flow requirements simultaneously. This affects minimum
pipe diameters, minimum system pressures (under maximum day plus fire flow
demand), fire hydrant spacing, valve placement, and water storage. Generally,
agencies that set fire flow requirements are not concerned about water quality
while drinking water utilities must be concerned about both quality and fire flow
capacity. It will be important to better evaluate the effectiveness of alternative
fire suppression technologies including automatic sprinkler systems in a wide
range of building types, including residences. Such systems have rarely been
evaluated for their positive and negative features with respect to water quality.
Furthermore, if fire suppression technologies were improved, it might be possi-
ble to rely on smaller sized pipes in distribution systems, as is being tested in
Europe (Snyder et al., 2002), rather than moving to dual distribution systems.

If alternatives such as satellite systems and dual systems are not used, con-
tinued efforts will be required to upgrade existing distribution systems and to
treat water to acceptable levels of quality, so that quality does not deteriorate
during distribution. The balance of this report is focused on traditional distribu-
tion system design, in which water originates from a centralized treatment plant
or well and is then distributed through one pipe network to consumers. None-
theless, many of the report recommendations are relevant even if an alternative
distribution system design is used.
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Water System Diversity

Water utilities in the United States vary greatly in size, ownership, and type
of operation. The SDWA defines public water systems as consisting of commu-
nity water supply systems; transient, non-community water supply systems; and
non-transient, non-community water supply systems. A community water sup-
ply system serves year-round residents and ranges in size from those that serve
as few as 25 people to those that serve several million. A transient, non-
community water supply system serves areas such as campgrounds or gas sta-
tions where people do not remain for long periods of time. A non-transient,
non-community water supply system serves primarily non-residential customers
but must serve at least 25 of the same people for at least six months of the year
(such as schools, hospitals, and factories that have their own water supply).
There are 159,796 water systems in the United States that meet the federal defi-
nition of a public water system (EPA, 2005b). Thirty-three (33) percent
(52,838) of these systems are categorized as community water supply systems,
55 percent are categorized as transient, noncommunity water supplies, and 12
percent (19,375) are non-transient, non-community water systems (EPA,
2005b). Overall, public water systems serve 297 million residential and com-
mercial customers. Although the vast majority (98 percent) of systems serves
less than 10,000 people, almost three quarters of all Americans get their water
from community water supplies serving more than 10,000 people (EPA, 2005b).
Not all water supplies deliver water directly to consumers, but rather deliver
water to other supplies. Community water supply systems are defined as “con-
secutive systems” if they receive their water from another community water
supply through one or more interconnections (Fujiwara et al., 1995).

Some utilities rely primarily on surface water supplies while others rely
primarily on groundwater. Surface water is the primary source of 22 percent of
the community water supply systems, while groundwater is used by 78 percent
of community water supply systems. Of the non-community water supply sys-
tems (both transient and non-transient), 97 percent are served by groundwater.
Many systems serve communities using multiple sources of supply such as a
combination of groundwater and/or surface water sources. This is important
because in a grid/looped system, the mixing of water from different sources can
have a detrimental influence on water quality, including taste and odor, in the
distribution system (Clark et al., 1988, 1991a,b).

Some utilities, like the one operating in New York City, own large areas of
the watersheds from which their water source is derived, while other utilities
depend on water pumped directly from major rivers like the Mississippi River or
the Ohio River, and therefore own little if any watershed land. The SDWA was
amended in 1986 and again in 1996 to emphasize source water protection in
order to prevent microbial contaminants from entering drinking water supplies
(Borst et al., 2001). Owning or controlling its watershed provides an opportu-
nity for a drinking water utility to exercise increased control of its source water
quality (Peckenham et al., 2005).
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The water supply industry in the United States has a long history of local
government control over operation and financial management, with varying de-
grees of oversight and regulation by state and federal government. Water supply
systems serving cities and towns are generally administered by departments of
municipalities or counties (public systems) or by investor owned companies
(private systems). Public systems are predominately owned by local municipal
governments, and they serve approximately 78 percent of the total population
that uses community water supplies. Approximately 82 percent of urban water
systems (those serving more than 50,000 persons) are publicly owned. There
are about 33,000 privately owned water systems that serve the remaining 22
percent of people served by community water systems. Private systems are usu-
ally investor-owned in the larger population size categories but can include
many small systems as part of one large organization. In the small- and me-
dium-sized categories, the privately owned systems tend to be owned by home-
owners associations or developers. Finally, there are several classifications of
state chartered public corporations, quasi-governmental units, and municipally
owned systems that operate differently than traditional public and private sys-
tems. These systems include special districts, independent non-political boards,
and state chartered corporations.

Infrastructure Viability over the Long Term

The extent of water distribution pipes in the United States is estimated to be
a total length of 980,000 miles (1.6 x 10° km), which is being replaced at an
estimated rate of once every 200 years (Grigg, 2005b). Rates of repair and re-
habilitation have not been estimated. There is a large range in the type and age
of the pipes that make up water distribution systems. The oldest cast iron pipes
from the late 19™ century are typically described as having an expected average
useful lifespan of about 120 years because of the pipe wall thickness (AWWA,
2001; AWWSC, 2002). In the 1920s the manufacture of iron pipes changed to
improve pipe strength, but the changes also produced a thinner wall. These
pipes have an expected average life of about 100 years. Pipe manufacturing
continued to evolve in the 1950s and 1960s with the introduction of ductile iron
pipe that is stronger than cast iron and more resistant to corrosion. Polyvinyl
chloride (PVC) pipes were introduced in the 1970s and high-density polyethyl-
ene in the 1990s. Both of these are very resistant to corrosion but they do not
have the strength of ductile iron. Post-World War II pipes tend to have an ex-
pected average life of 75 years (AWWA, 2001; AWWSC, 2002).

In the 20™ century, most of the water systems and distribution pipes were
relatively new and well within their expected lifespan. However, as is obvious
from the above paragraph and recent reports (AWWA, 2001; AWWSC, 2002),
these different types of pipes, installed during different time periods, will all be
reaching the end of their expected life spans in the next 30 years. Indeed, an
estimated 26 percent of the distribution pipe in the country is unlined and in
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poor condition. For example, an analysis of main breaks at one large Midwest-
ern water utility that kept careful records of distribution system management
documented a sharp increase in the annual number of main breaks from 1970
(approximately 250 breaks per year) to 1989 (approximately 2,200 breaks per
year) (AWWSC, 2002). Thus, the water industry is entering an era where it
must make substantial investments in pipe repair and replacement. As shown in
Figure 1-6, an EPA report on water infrastructure needs (EPA, 2002c) predicted
that transmission and distribution replacement rates will rise to 2.0 percent per
year by 2040 in order to adequately maintain the water infrastructure, which is
about four times the current replacement rate according to Grigg (2005b).

These data on the aging of the nation’s infrastructure suggest that utilities
will have to engage in regular and proactive infrastructure assessment and re-
placement in order to avoid a future characterized by more frequent failures,
which might overwhelm the water industry’s capability to react effectively
(Beecher, 2002). Although the public health significance of increasingly fre-
quent pipe failures is unknown given the variability in utility response to such
events, it is reasonable to assume that the likelihood of external distribution sys-
tem contamination events will increase in parallel with infrastructure failure
rates.

2.5%

2.0%

1.5%

1.0%

0.5%
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FIGURE 1-6 Projected annual replacement needs for transmission lines and distribution
mains, 2000-2075. SOURCE: EPA (2002c).
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DISTRIBUTION SYSTEM INTEGRITY

Many factors affect both the quantity and quality of water in distribution
systems. As discussed in detail in Appendix A, events both internal and external
to the distribution system can degrade water quality, leading to violation of wa-
ter quality standards and possible public health risks. Corrosion and leaching of
pipe materials, growth of biofilms and nitrifying microorganisms, and the for-
mation of DBPs are events internal to the distribution system that are potentially
detrimental. Furthermore, most are exacerbated by increased water age within
the distribution system. External contamination can enter the distribution sys-
tem through infrastructure breaks, leaks, and cross connections as a result of
faulty construction, backflow, and pressure transients. Repair and replacement
activities as well as permeable pipe materials also present routes for exposing
the distribution system to external contamination. All of these events act to
compromise the integrity of the distribution system.

For the purposes of this report, distribution system integrity is defined as
having three basic components: (1) physical integrity, which refers to the main-
tenance of a physical barrier between the distribution system interior and the
external environment, (2) hydraulic integrity, which refers to the maintenance of
a desirable water flow, water pressure, and water age, taking both potable drink-
ing water and fire flow provision into account, and (3) water quality integrity,
which refers to the maintenance of finished water quality via prevention of in-
ternally derived contamination. This division is important because the three
types of integrity have different causes of their loss, different consequences once
they are lost, different methods for detecting and preventing a loss, and different
remedies for regaining integrity. Factors important in maintaining the physical
integrity of a distribution system include the maintenance of the distribution
system components, such as the protection of pipes and joints against internal
and external corrosion and the presence of devices to prevent cross-connections
and backflow. Hydraulic integrity depends on, for example, proper system op-
eration to minimize residence time and on preventing the encrustation and tu-
berculation of corrosion products and biofilms on the pipe walls that increase
hydraulic roughness and decrease effective diameter. Maintaining water quality
integrity in the face of internal contamination can involve control of nitrifying
organisms and biofilms via changes in disinfection practices.

In addition to the distinctions mentioned above, there are also commonal-
ities between the three types of integrity. All three are subject to system speci-
ficity, in that they are dependent on such site-specific factors as local water qual-
ity, types of materials present, area served, and population density. Further-
more, certain events involve the loss of more than one type of integrity—for
example, backflow due to backsiphonage involves the loss of both hydraulic and
physical integrity. Materials quality is important for both physical and water
quality integrity. In order for a law or regulation to adequately address distribu-
tion system integrity—one of the options being considered during revision of the
TCR—it must encompass physical, hydraulic, and water quality integrity.
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IMPETUS FOR THE STUDY AND REPORT ROADMAP

Water supply systems have historically been designed for efficiency in wa-
ter delivery to points of use, hydraulic reliability, and fire protection, while most
regulatory mandates have been focused on enforcing water quality standards at
the treatment plant. Ideally, there should be no change in the quality of treated
water from the time it leaves the treatment plant until the time it is consumed,
but in reality substantial changes may occur as a result of complex physical,
chemical, and biological reactions. Distribution systems are the final barrier to
the degradation of treated water quality, and maintaining the integrity of these
systems is vital to ensuring that the water is safe for consumption.

The sections above have discussed the aging of the nation’s water infra-
structure and the continuing contribution of distribution systems to public health
risks from drinking water. For the last five years, EPA has engaged experts and
stakeholders in a series of meetings on the topic of distribution systems, with the
goal of defining the extent of the problem and considering how it can be ad-
dressed during revisions to the TCR. As part of this effort, EPA led in the crea-
tion of nine white papers that summarized the state-of-the-art of research and
knowledge in the area of drinking water distribution systems:

e  Cross-Connections and Backflow (EPA, 2002a)
e Intrusion of Contaminants from Pressure Transients (LeChevallier et
al., 2002)
e Nitrification (AWWA and EES, Inc., 2002¢)
e Permeation and Leaching (AWWA and EES Inc., 2002a)
e  Microbial Growth and Biofilms (EPA, 2002b)
e New or Repaired Water Mains (AWWA and EES Inc., 2002¢)
o Finished Water Storage (AWWA and EES, Inc., 2002c)
e  Water Age (AWWA and EES, Inc., 2002b)
e Deteriorating Buried Infrastructure (AWWSC, 2002)

Additional activities are ongoing, including consideration of a revision of
the TCR to provide a more comprehensive approach for addressing the integrity
of the distribution system. To assist in this process, EPA requested that the Na-
tional Academies’ Water Science and Technology Board conduct a study of
water quality issues associated with public water supply distribution systems and
their potential risks to consumers. An expert committee was formed in October
2004 with the following statement of task:

1) Identify trends relevant to the deterioration of drinking water in water
supply distribution systems, as background and based on available information.

2) Identify and prioritize issues of greatest concern for distribution sys-
tems based on review of published material.
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3) Focusing on the highest priority issues as revealed by task #2, (a)
evaluate different approaches for characterization of public health risks posed by
water quality deteriorating events or conditions that may occur in public water
supply distribution systems; and (b) identify and evaluate the effectiveness of
relevant existing codes and regulations and identify general actions, strategies,
performance measures, and policies that could be considered by water utilities
and other stakeholders to reduce the risks posed by water-quality deteriorating
events or conditions. Case studies, either at state or utility level, where distribu-
tion system control programs (e.g., Hazard Analysis and Critical Control Point
System, cross connection control, etc.) have been successfully designed and
implemented will be identified and recommendations will be presented in their
context.

4) Identify advances in detection, monitoring and modeling, analytical
methods, information needs and technologies, research and development oppor-
tunities, and communication strategies that will enable the water supply industry
and other stakeholders to further reduce risks associated with public water sup-
ply distribution systems.

The NRC committee addressed tasks one and two in its first report (NRC,
2005), which is included as Appendix A to this report. The following trends
were identified as relevant to the deterioration of water quality in distribution
systems:

e The aging distribution system infrastructure, including increasing num-
bers of main breaks and pipe replacement.

e Decreasing numbers of waterborne outbreaks reported per year since
1982, but an increasing percentage attributable to distribution system issues.

e Increasing host susceptibility to infection and disease in the U.S. popu-
lation.

e Increasing use of bottled water and point-of-use treatment devices.

It was recommended in NRC (2005) that EPA consider these trends as it revises
the TCR to encompass distribution system integrity. The committee was made
aware of another important trend subsequent to the release of NRC (2005)—
population shifts and how they have affected water demand. Older industrial
cities in the northeast and Midwest United States no longer have industries that
use high volumes of water, and they have also experienced major population
shifts from the inner city to the suburbs. As a consequence, the utilities have an
overcapacity to produce water, mainly in the form of oversized mains, at central
locations, while needing to provide water to suburbs at greater distances from
the treatment plant. Both factors can contribute to problems associated with
high water residence times in the distribution system.

As part of its second task, the NRC committee prioritized the issues that are
the subject of the nine EPA white papers, and it identified several significant
issues that were overlooked in previous reports. The highest priority issues were
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those that have a recognized health risk based on clear epidemiological and sur-
veillance data. These include cross connections and backflow; contamination
during installation, rehabilitation, and repair of water mains and appurtenances;
improperly maintained and operated storage facilities; and control of water qual-
ity in premise plumbing.

This report focuses on the committee’s third and fourth tasks and makes
recommendations to EPA regarding new directions and priorities to consider.
All of the issues discussed in NRC (2005) are presented here, but considerably
more information is presented on the higher priority issues when recommending
detection, mitigation, and remediation strategies for distribution systems. The
report is intended to inform decision makers within EPA, public water utilities,
other government agencies and the private sector about potential options for
managing distribution systems.

It should be pointed out that this report is premised on the assumption that
water entering the distribution system has undergone adequate treatment. [As
recognized in the SDWA, adequate treatment is a function of the quality of
source water. For example, some lower quality source waters may require filtra-
tion to achieve a product entering the distribution system that is of the same
quality (and hence poses the same risk) as a cleaner source water that was
treated only with disinfection.] There is not, therefore, an in-depth discussion of
drinking water treatment in the report except where it is pertinent to mitigating
the risks of degraded water quality in the distribution system. For example, if
the lack of disinfectant residual in the distribution system is identified as a risk,
the options for mitigating that risk must first consider whether the root cause is
inadequate treatment (e.g., insufficient reduction in disinfectant demand), or
causes attributable to the distribution system (e.g., excessive water age in stor-
age facilities). It should also be noted that deliberate acts of distribution system
contamination are not considered, at the request of the study sponsor.

Chapter 2 reviews the legal and regulatory environment in which distribu-
tion systems are designed, operated, and monitored, including federal, state, and
local regulations. The limitations and possibilities associated with non-
regulatory approaches are also mentioned. Chapter 3 presents the three primary
approaches for assessing the public health risk of contaminated distribution sys-
tems, focusing on short-term acute risks from microbial pathogens.

Chapters 4, 5, and 6 consider the physical, hydraulic, and water quality in-
tegrity of distribution systems, respectively. For each type of integrity, the
chapters consider what causes its loss, the consequences if it is lost, and how to
detect, maintain, and recover the type of integrity. In most cases, the events that
compromise distribution system integrity are discussed only once, in the earliest
chapter to which they are relevant. Many of the common themes from these
chapters are brought together in Chapter 7, which presents a holistic framework
for distribution system management, highlighting those activities felt to be of
greatest importance to reducing public health risks. Areas where emerging sci-
ence and technology can play a role are discussed, including real-time, on-line
monitoring and modeling. The report concludes in Chapter 8 by considering the
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importance of premise plumbing to overall water quality at the tap, the need for
additional monitoring of premise plumbing, and the need for greater involve-
ment by regulatory agencies in exercising authority over premise plumbing.
Premise plumbing is an issue not generally considered to be the responsibility of
drinking water utilities, but there is growing interest—in terms of public health
protection—about the role of premise plumbing in contributing to water quality
degradation.
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2
Regulations, Non-regulatory Approaches,
and their Limitations

This chapter provides an overview of the existing regulatory framework as
well as non-regulatory approaches that are intended to protect drinking water
quality within water distribution systems. Included is a discussion of federal
and state statutes and regulations and local codes, along with their limitations.
In addition, several non-regulatory programs are described that are intended to
complement existing regulations.

REGULATORY ENVIRONMENT

Federal and state statutes and regulations along with local codes are used to
establish requirements intended to protect the drinking water quality within dis-
tribution systems. The federal Safe Drinking Water Act (SDWA) is the vehicle
used nationally to address drinking water quality issues. Prior to the passage of
the SDWA, federal involvement in water supply had been limited to develop-
ment of large multi-purpose water projects and regulation of water quality with
respect to interstate carriers. After passage of the SDWA, the federal govern-
ment became involved in developing national drinking water regulations pursu-
ant to the new law and in conducting research to support these regulations.
States implement the federal mandates but also utilize their own statutory and
regulatory requirements to protect drinking water quality. For example, the
states play a significant role in oversight functions ranging from licensing of
water treatment plant operators to the approval of new sources of supply and the
approval of new treatment facility design. Local agencies such as health de-
partments, environmental health programs, and building departments implement
codes and ordinances that address water distribution systems, most often that
portion of the infrastructure not controlled by public water systems. This sec-
tion provides an overview of the various statutory and regulatory approaches
that apply to distribution systems.

Safe Drinking Water Act
The SDWA (Public Law 93-523), enacted in 1974 and amended in 1986
(Public Law 99-339), 1988 (Public Law 100-572), and 1996 (Public Law 104-

182), provides the statutory bases by which public water systems are regulated.

47
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Pursuant to the SDWA, the U.S. Environmental Protection Agency (EPA) is
mandated to establish regulations for drinking water in the form of either maxi-
mum contaminant levels (MCL) or maximum contaminant level goals
(MCLGs). MCLs are water quality standards that must be met by utilities and
are enforced by state or federal agencies. Unlike MCLs, MCLGs are non-
enforceable and are set at a level at which no known or anticipated adverse hu-
man health effects occur. Where it is not economically or technologically feasi-
ble to ascertain the level of a contaminant, a treatment technique is prescribed by
EPA in lieu of establishing an MCL. For example, because the viable concen-
tration of Giardia lamblia is difficult to measure, it has been established that if
water is treated at a given pH, temperature, and chlorine concentration for a
specified length of time (all of which are verified by the water utility), a fixed
level of Giardia inactivation will take place.

The SDWA also provides EPA with the authority to delegate the implemen-
tation of the SDWA requirements to the states through the process of primacy.
Forty-nine (49) of the 50 states have accepted primacy, with Wyoming being the
exception. The SDWA applies to public water systems, which can be publicly
or privately owned. Public water systems are defined as providing drinking wa-
ter to at least 25 people or 15 service connections for at least 60 days per year.
As mentioned in Chapter 1, there are approximately 160,000 public water sys-
tems in the United States, providing water to more than 290 million people.

Currently, 51 organic chemicals, 16 inorganic chemicals, seven disinfec-
tants and disinfection byproducts (DBPs), four radionuclides, and coliform bac-
teria are monitored for compliance with the SDWA (EPA, 2005a). Standards
for most contaminants are required to be met at the point of entry to the distribu-
tion system, such that the SDWA does not directly address distribution system
contamination for most compounds. Despite these spatial restrictions, the
SDWA does provide EPA with the authority to regulate contaminants within
distribution systems—an authority that EPA has used to promulgate several
regulations that address distribution system water quality including the Total
Coliform Rule (TCR), the Lead and Copper Rule (LCR), the Surface Water
Treatment Rule (SWTR), and the Disinfectants/Disinfection Byproducts Rule
(D/DBPR).

The 1996 amendments to the SDWA mandated that EPA conduct research
to strengthen the scientific foundation for standards that limit public exposure to
drinking water contaminants. Specific requirements were given for research on
waterborne pathogens such as Cryptosporidium and Norovirus, DBPs, arsenic,
and other harmful substances in drinking water. EPA was also directed to con-
duct studies to identify and characterize population groups, such as children, that
may be at greater risk from exposure to contaminants in drinking water than is
the general population. In response to that mandate EPA has developed a Multi-
Year Plan that describes drinking water research program activities and plans for
fiscal years 2003—2010 (see Box 2-1).
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BOX 2-1
EPA Multi-Year Plan for Drinking Water

The Multi-Year Plan establishes three long-term goals:

1. By 2010, develop scientifically sound data and approaches to assess and manage
risks to human health posed by exposure to regulated waterborne pathogens and chemi-
cals, including those addressed by the Arsenic, M/DBP, and Six-Year Review Rules.

2. By 2010, develop new data, innovative tools, and improved technologies to support
decision making by the EPA Office of Water on the Contaminant Candidate List and other
regulatory issues, and to support implementation of rules by states, local authorities, and
water utilities.

3. By 2009, provide data, tools, and technologies to support management decisions
by the EPA Office of Water, state, local authorities, and utilities to protect source water and
the quality of water in the distribution system.

Some of the tasks in the Multi-Year Plan related to distribution systems include:

e Collect data to assess the stability of arsenic in water distribution systems.

. Prepare a report on chlorine and chloramines to control biofilms in model distri-
bution systems.

. Prepare a report on the mechanisms and kinetics of chloramine loss and DBP
formation in distribution systems. This work includes the modeling of n-
nitrosodimethylamine formation.

. Prepare a report on the effect of oxidizing conditions on metal releases, corrosion
rate, and scale properties of distribution system materials.

. Prepare a report on biofilm formation rates in pilot-scale distribution systems.

. Report on the characterization and prediction of scale formation (including alumi-
num) in distribution systems.

. Prepare a report on the detection of opportunistic pathogens (E. coli, Aeromonas,
Mycobacterium) in biofilms using molecular detection techniques.

e Collect data on the treatment conditions which may enhance the solubilization of
arsenic-containing iron oxides within the distribution system.

. Prepare a report on the link between the distribution system and Mycobacterium
avium complex (MAC) found in clinical cases.

. Prepare a report on characterization of drinking water distribution system biofilm
microbial populations using molecular detection methods.

. Prepare a report on corrosion chemistry relationships and treatment approaches.

. Prepare a report on the impact of change from conventional treatment of surface
water to alternative treatment (membrane) on biofilm growth in water distribution systems in
support of regulation development.

. Improve methods for rapid detection of water quality changes.

. Conduct leaching studies to characterize organotin concentrations in distribution
systems.

SOURCE: EPA (2003a).
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Associated Federal Regulations

There are several federal regulations that are designed to address specific
distribution system water quality issues, although none of these regulations deal
wholly with the integrity of distribution systems as defined in Chapter 1. The
following provides a brief description of each of these regulations.

National Interim Primary Drinking Water Regulations

Following the passage of the SDWA, EPA adopted the National Interim
Primary Drinking Water Regulations (NIPDWR) on December 24, 1975 and on
July 9, 1976. The NIPDWR established the first national standards for drinking
water quality. These standards included limits for ten inorganic chemicals, six
organic pesticides, turbidity, and five radionuclides. In addition, the NIPDWR
established standards for microbiological contamination based on total coliform
organisms.

Total Coliform Rule

The primary purpose of the TCR is to ensure public health protection from
microbial contamination of drinking water, and it applies to all public water sys-
tems. It is the only regulation that is intended to measure the microbiological
quality of water within that part of the distribution system controlled by the pub-
lic water supply. In 1989 EPA promulgated the TCR as a revision to the exist-
ing regulation that required public water systems to monitor for coliform organ-
isms in the distribution system. The TCR changed the concept of monitoring for
coliform organisms from one based on measuring the concentration of coliforms
to determining the presence or absence of coliforms. In addition, the TCR es-
tablished an MCL based on the presence or absence of total coliforms, modified
monitoring requirements including testing for fecal coliforms or E. coli, required
the use of a sample siting plan, and also required sanitary surveys for water sys-
tems collecting fewer than five samples per month. The MCL for total coli-
forms is as follows:

e For a system serving more than 33,000 people and collecting more than
40 samples per month, a non-acute violation occurs when more than 5.0 percent
of the samples collected during the month are total coliform positive.

e For systems serving 33,000 people or less and collecting less than 40

samples per month, a non-acute violation occurs when more than one sample is
total coliform positive in a given month.
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e Any fecal coliform positive repeat sample, E. coli positive repeat sam-
ple, or any total coliform positive repeat sample following a fecal coliform or E.
coli positive routine sample constitutes an acute violation of the MCL for total
coliforms.

The sampling frequency ranges from one sample per month for water sys-
tems serving 25 people to 480 samples per month for the largest of water sys-
tems serving greater than 3,960,000 people (40 CFR 141.21 & 141.63). Sam-
pling locations, identified in the sample siting plan, are required to be represen-
tative of water throughout the distribution system, including all pressure zones
and areas supplied by each water source and distribution reservoir.

Trihalomethane Rule

In 1979 EPA promulgated a rule that established a drinking water standard
for trihalomethanes (THMs), a group of chemicals produced as a consequence of
chlorine disinfection. These chemicals are regulated because of the concern
over their potential carcinogenic risk. The drinking water standard set at 0.10
mg/L addressed the total concentration of four specific THMs: chloroform, di-
chlorobromomethane, dibromochloromethane, and bromoform. This rule was
the first to regulate the chemical quality of drinking water in the distribution
system. The rule affected public water systems serving greater than 10,000 peo-
ple because EPA was concerned that smaller systems would not have sufficient
expertise available to deal with elevated levels of THMs without compromising
microbiological safety. Water systems were required to sample quarterly at a
minimum of four points in the distribution system and determine the average
concentration of the four sample points. Compliance with the standard was
based on the running average of any four consecutive quarterly results (EPA,
1979).

Surface Water Treatment Rule

On June 29, 1989, the EPA published the SWTR in response to Congress’
mandate to require systems that draw their water from surface water sources
(rivers, lakes, and reservoirs) and groundwater under the influence of surface
water to filter, where appropriate, and to disinfect their water before distribution.
The SWTR seeks to reduce the occurrence of unsafe levels of disease-causing
microbes, including viruses, Legionella bacteria, and the protozoan Giardia
lamblia. The SWTR requires water systems that filter to meet specific turbidity
limits, and it assumes that this will achieve reductions in Giardia lamblia cysts
(99.9 per cent) and viruses (99.99 per cent). Also, water systems are required to
continuously monitor the residual disinfection concentration entering the distri-
bution system, except those serving less than 3,300 people, which are allowed to
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collect grab samples. Furthermore, water systems (both filtered and unfiltered)
are required to ensure a residual disinfectant concentration of not less than 0.2
mg/L entering the distribution system and to maintain a detectable residual dis-
infectant concentration in the distribution system measured as total chlorine,
combined chlorine, or chlorine dioxide. The use of the heterotrophic bacteria
plate count (HPC) is allowed as a surrogate for a detectable disinfectant in the
distribution system provided that the concentration of heterotrophic bacteria is
less than or equal to 500 colony forming units/milliliter (EPA, 1989). Samples
for measuring residual disinfectant concentrations or heterotrophic bacteria must
be taken at the same locations in the distribution system and at the same time as
samples collected for total coliforms.

Lead and Copper Rule

The LCR was published in June 1991 and is intended to address the concern
over chronic exposure of young children to lead in drinking water, the lead be-
ing principally from the leaching of the chemical from premise plumbing, fix-
tures, solder, and flux, and acute effects from copper. Indeed, since June 19,
1986, the use of solder and flux with more than 0.2 percent lead and the use of
pipes and pipe fittings with more than 8.0 percent lead in the installation or re-
pair of any public water system or plumbing in residential or non-residential
facilities has been prohibited. States are required to enforce these requirements
through state or local codes.

Unlike the TCR, which is intended to assess water quality that is representa-
tive of the entire distribution system in a dynamic or flowing state, the LCR is
predicated on assessing water quality that represents worst case conditions. The
LCR established monitoring requirements for tap water at “primary” locations—
homes that contain lead pipes or copper pipes with lead solder installed after
1982. These homes were generally identified through a review of permits and
records in the files of the building department(s) that indicate the plumbing ma-
terials installed within publicly and privately owned structures connected to the
distribution system and the material composition of the service connections.
The number of required samples depends on the size of the water system. Sam-
ples are collected from interior taps where water is typically drawn for consump-
tion and after the tap has been left unused in a static state for a minimum of six
hours. Table 2-1 describes the standard and reduced monitoring requirements of
the LCR.

The LCR also established requirements for corrosion control treatment,
source water treatment, lead service line replacement, and public education. The
LCR establishes “action levels” in lieu of MCLs. The action level for lead was
established at 0.015 mg/L while the action level for copper was set at 1.3 mg/L.
An action level is exceeded when greater than 10 percent of samples collected
from the sample pool contain lead levels above 0.015 mg/L or copper levels
above 1.3 mg/L. Water systems exceeding the respective action level are
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TABLE 2-1 Standard and Reduced Monitoring Requirements of the Lead and Copper Rule

i Standard monitoring Reduced monitoring
b Sysftem 5|Ize p requirements requirements*
(number of people served) (number of sites) (number of sites)

100,000 100 50
10,001 to 100,000 60 30
3,301 to 10,000 40 20
501 to 3,300 20 10
101 to 500 10 5
<100 5 5

*Utilities can reduce the number of sampling sites and the frequency of monitoring from the required
semi-annual frequency to a lesser frequency if their water system meets the following conditions:
Reduce to Annual monitoring if:
. the system serves less than 50,000 people and the lead and copper levels are less than the
action level for two consecutive six-month monitoring periods or,
. the system meets Optimal Water Quality Parameter (OWQP) specifications for two consecu-
tive six-month monitoring periods
Reduce to Triennial Monitoring if:
. the system serves more than 50,000 people and the lead and copper levels are less than
the action level for three consecutive years or,
. the system meets OWQP specifications for three consecutive years of monitoring or,
. the system has 90" percentile lead levels less than 0.005 mg/L and 90" percentile copper
levels less than 0.65 mg/L for two consecutive six-month monitoring periods or,
. The system has demonstrated optimized corrosion control
Reduce to Monitoring once every nine years if:
. the system serves less than 3,300 people, the distribution system, the service lines, and the
premise plumbing are free of lead-containing and copper-containing materials and,
. the system has 90" percentile lead levels less than 0.005 mg/L and 90" percentile copper
levels less than 0.65 mg/L for one six-month monitoring period.

required to install corrosion control treatment and conduct lead service line re-
placement and mandatory lead education.

Information Collection Rule

In May 1996, EPA promulgated the Information Collection Rule (ICR),
which established monitoring and data reporting requirements for large public
water systems including surface water systems serving at least 100,000 people
and groundwater systems serving at least 50,000. The rule was intended to pro-
vide EPA with information on the occurrence in drinking water of (1) DBPs and
(2) disease-causing microbes including Cryptosporidium (EPA, 1996). EPA
used the information generated by the rule to develop new regulations for disin-
fectants and DBPs (EPA, 2006a).
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Operator Certification

Pursuant to the SDWA amendments of 1996, EPA in cooperation with the
states was directed to issue guidelines specifying minimum standards for certifi-
cation and recertification of the water treatment and distribution system opera-
tors of all public water systems. The guidelines were required to take into ac-
count the size and complexity of the system, existing state programs, and other
factors aimed at providing an effective program at reasonable cost to states and
public water systems (EPA, 1999). EPA, through grants to the states allocated
on the basis of “reasonable costs,” was required to reimburse training and certi-
fication costs for operators of systems serving 3,300 persons or fewer, including
an appropriate per diem for unsalaried operators who had to undergo training as
a result of the federal requirement. States are required to adopt and implement a
program for the certification of operators of public water systems that meet or
are equivalent to the requirements of the EPA guidelines.

Stage 1 Disinfection and Disinfection Byproducts Rule

On December 16, 1998, EPA published the Stage 1 D/DBPR, making more
stringent the existing standard for trihalomethanes as well as establishing new
standards for disinfectants and other DBPs (EPA, 1998a). The rule, which ap-
plies to all public water systems, lowers the existing TTHM standard from 0.10
mg/L to 0.080 mg/L and establishes new standards for five haloacetic acids
(HAAs) at 0.060 mg/L, bromate at 0.010 mg/L, and chlorite at 1.0 mg/L. In
addition, the Rule establishes limits for disinfectants including chlorine,
chloramine, and chlorine dioxide within the distribution system (via Maximum
Residual Disinfectant Levels or MRDLs). For chlorine and chloramines, sam-
ples for measuring residual disinfectant must be taken at the same locations in
the distribution system and at the same time as samples collected for total coli-
forms. For chlorine dioxide, samples must be taken daily at the entrance to the
distribution system. Compliance with the MRDLs for chlorine and chloramines
is based on the annual running average of all monthly samples collected, while
compliance with the MRDL for chlorine dioxide is based on each daily sample.
Finally, the Rule requires enhanced coagulation for certain systems in order to
achieve specific reductions of DBP precursor material (as measured by total
organic carbon concentrations).

Interim Enhanced Surface Water Treatment Rule
In December 1998, EPA promulgated the Interim Enhanced Surface Water
Treatment Rule (IESWTR) that applied to public water systems serving greater

than 10,000 people that were subject to the original SWTR. The IESWTR es-
tablished a requirement for the reduction of Cryptosporidium and a more strin-
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gent turbidity requirement for filtered water supplies, among other provisions.
The IESWTR also requires certain water systems to evaluate their disinfection
practices to ensure that there will be no significant reduction in microbial protec-
tion as the result of modifying disinfection practices to meet MCLs specified by
the Stage 1 D/DBPR. In addition, the IESWTR requires that all finished water
storage facilities, for which construction began after February 16, 1999, be cov-
ered. EPA further indicated that it would consider whether or not to require the
covering of existing reservoirs during the development of subsequent microbial
regulations (EPA, 1998b).

Long Term 1 Enhanced Surface Water Treatment Rule

In 2002 EPA promulgated the Long Term 1 Enhanced Surface Water
Treatment Rule (LTIESWTR). The LTIESWTR applies to public water sys-
tems that use surface water or groundwater under the direct influence of surface
water and serve fewer than 10,000 persons. The purposes of the LTIESWTR
are to improve control of microbial pathogens, specifically Cryptosporidium, in
drinking water and to address risk trade-offs with DBPs. The LTIESWTR re-
quires systems to meet strengthened filtration requirements as well as to calcu-
late benchmark levels of microbial inactivation to ensure that microbial protec-
tion is not jeopardized if systems make changes to comply with requirements of
the Stage 1 D/DBPR (EPA, 2002a). The only difference between this rule and
the IESWTR is the size of the affected community.

Stage 2 Disinfectants and Disinfection Byproducts Rule

On January 4, 2006, EPA adopted the Stage 2 D/DBPR that makes more
stringent the previous rule regulating certain DBPs. Under the Stage 1 D/DBPR
water systems are allowed to average the DBP sample results from across the
distribution system. As a result some customers could be exposed to levels of
DBPs that consistently exceeded the MCLs and that might escape detection.
The new rule requires that water systems meet the MCLs for THMs and HAAs
at each sampling location based on the running annual average of any four con-
secutive quarterly sample results at that location. The intent of this change is to
reduce DBP exposure and provide more equitable health protection and to lower
potential cancer, reproductive, and developmental risks (EPA, 2006a).

To determine the locations within the distribution system where the highest
levels of THMs and HAAs are expected to occur, the Rule requires water sys-
tems to conduct an Initial Distribution System Evaluation. Initial Distribution
System Evaluations are studies that evaluate THM and HAA levels at various
points within the distribution system. The results from these studies along with
existing compliance monitoring information will be used to determine future
compliance monitoring locations.
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Long Term 2 Enhanced Surface Water Treatment Rule

On January 5, 2006, EPA adopted the Long Term 2 Enhanced Surface Wa-
ter Treatment Rule (LT2ESWTR). The LT2ESWTR applies to public water
systems that use surface water or groundwater under the direct influence of sur-
face water. The purpose of the LT2ESWTR is to reduce disease incidence asso-
ciated with Cryptosporidium and other pathogenic microorganisms in drinking
water. The LT2ESWTR supplements existing regulations by targeting addi-
tional Cryptosporidium treatment requirements to higher risk systems based on
actual monitoring data of source water quality.

The LT2ESWTR also contains provisions to mitigate risks from uncovered
finished water storage facilities. Water systems with uncovered finished water
storage reservoirs are required to cover the reservoir or treat the reservoir dis-
charge to the distribution system to achieve inactivation and/or removal of at
least 2-log Cryptosporidium, 3-log Giardia, and 4-log virus (EPA, 2006b).

Finally, to ensure that systems maintain microbial protection as they take
steps to reduce the formation of DBPs the LT2ESWTR requires water systems
that proposed to modify their disinfection process to reduce THMs and HAAs to
assess the existing levels of disinfection that the system provides. Systems are
required to establish a benchmark, which is the system’s lowest monthly average
microbial inactivation. If the benchmark is more than the required inactivation
of 3-log removal for Giardia and 4-log removal for viruses, the system may
consider decreasing the amount of disinfectant added or the contact time, or al-
tering other disinfection practices to lower THM and HAA levels (EPA, 2006b).

Unregulated Contaminant Monitoring Rule 2

On August 22, 2005, EPA proposed the second of two Unregulated Con-
taminant Monitoring Rules (UCMR2), which will require monitoring for a list of
26 chemical contaminants suspected to be present in drinking water. The pur-
pose of the UCMR?2 is to develop data on the occurrence of these contaminants
in drinking water, the size of the population exposed to these contaminants, and
the levels of the exposure. This information will be used along with health ef-
fects information to determine whether or not drinking water standards should
be established for these contaminants. All community water systems and non-
transient, non-community water systems serving more than 10,000 people will
be required to monitor, while a representative sample of 800 community water
systems and non-transient, non-community water systems serving less than
10,000 people will have to carry out monitoring. The monitoring is proposed to
begin in 2007.

Unlike the first UCMR (which is not discussed above), the UCMR2 will in-
clude contaminants that are considered potential DBPs and for which monitoring
will be conducted in the distribution system. These contaminants include the
nitrosamines  N-nitroso-diethylamine =~ (NDEA), N-nitroso-dimethylamine
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(NDMA), N-nitroso-di-n-butylamine (NDBA), N-nitroso-di-n-propylamine
(NDPA), N-nitroso-methylethylamine (NMEA) and N-nitroso-pyrrolidine
(NPYR). Nitrosamines are considered potential human carcinogens, and
NDMA has been shown to form in chlorinated or chloraminated water as a re-
sult of disinfection (EPA, 2005b).

Water Security-related Directives and Laws

Although not a new issue, security has become paramount to the water util-
ity industry since the events of September 11, 2001. The potential for natural,
accidental, and purposeful contamination of water supply has been present for
decades whether in the form of earthquakes, floods, spills of toxic chemicals, or
acts of vandalism. For example, in May 1998, President Clinton issued Presi-
dential Directive (PDD) 63 that outlined a policy on critical infrastructure pro-
tection, including our nation’s water supplies. However, it was not until after
September 11, 2001, that the water industry truly focused on the vulnerability of
the nation’s water supplies to security threats. In recognition of these issues,
President Bush signed Public Health Security and Bioterrorism Preparedness
and Response Act of 2002 (the “Bioterrorism Act”) into law in June 2002
(PL107-188). Under the requirements of the Bioterrorism Act, drinking water
utilities are required to prepare vulnerability assessments and emergency re-
sponse plans for water systems serving at least 3,300 people.

skoksk

Table 2-2 summarizes the key requirement(s) of federal rules and regula-
tions from a distribution system perspective.

State Regulatory Programs

State regulatory programs that address water distribution systems can vary
significantly. In general most states have statutory and regulatory requirements
that cover (1) design, construction, operation, and maintenance of distribution
systems, (2) cross-connection control, and (3) plumbing products certified for
use pursuant to American National Standards Institute/ NSF International
(ANSI/NSF) standards 60 and 61. Furthermore, most states have adopted a
plumbing code that dictates the types of materials that can be used for premise
plumbing, although these codes are not generally enforced from a state statutory
or regulatory standpoint but rather are implemented at the local county and/or
municipal level.
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TABLE 2-2 Summary of Regulated Distribution System Requirements

Law/Rule/
Regulation

Key Distribution System Requirements

SDWA

Established national primary and secondary drinking water regulations
(MCLs and MCLGs)
Allowed EPA to establish point of compliance

NIPDWR

Adopted at the passage of the SDWA and required that representative
coliform samples be collected throughout the distribution system

THM Rule

Established a standard for total THMs of 0.10 mg/L
Compliance based on the annual average of THM levels at all monitoring
locations within the distribution system

TCR

Regulates coliform bacteria, which are used as “surrogate” organisms to
indicate whether or not system contamination is occurring

Compliance based on results from representative monitoring locations
within the distribution system

SWTR

Requires that a detectable disinfectant residual be maintained at repre-
sentative locations in the distribution system

Requires continuous monitoring of disinfectant residual entering the dis-
tribution system for water systems serving greater than 3,300 people

LCR

Requires that lead and copper concentration be below action levels in
samples taken at the worst case or highest risk consumer's tap

ICR

Provides monitoring data to support the interim and long-term enhanced
SWTR and Stage 2 DBP rule

1996
SDWAA

Focused on the role that surface water quality can play in influencing the
quality of distributed water

Established requirement for certification of operators of water systems
including water distribution system operators

IESWTR

Enhances protection from pathogens, including Cryptosporidium, and
tries to prevent increases in microbial risk for large systems while they
comply with the Stage 1 D/DBPR

Prohibits the construction of new uncovered finished water storage facili-
ties

Stage 1
D/DBPR

Lowers the standard for total THMs from 0.10 mg/L to 0.08 mg/L. This
standard applies to all community water supplies in the U.S.
Set an MCL for 5 HAAs of 0.06 mg/L.

continues
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TABLE 2-2 Continued

Law/ Rule/

Regulation Key Distribution System Requirements

. Enhances protection from pathogens, including Cryptosporidium, and
LTIESWTR tries to prevent increases in microbial risk for systems serving less
than 10,000 people while they comply with the Stage 1 D/DBPR

e Requires an Initial Distribution System Evaluation (IDSEs)

Stage 2 . Compliance based on the locational running annual average of total
D/DBPR THM and HAA levels at each monitoring location within the distribu-
tion system

. Requires additional Cryptosporidium treatment for high risk systems
and maintenance of microbial protection while reducing the formation
of DBPs

LT2ESWTR | e  Requires uncovered finished water storage facilities to be covered or

the discharge from the finished water storage facilities to the distribu-

tion system to be treated to achieve inactivation and/or removal of at
least 4-log virus, 3-log Giardia, and 2-log Cryptosporidium

UCMR2 e Wil require distribution system monitoring for nitrosamines to deter-
(Proposed) mine their occurrence as DBPs

Requirements for Design, Construction, Operation, and Maintenance

Using their existing statutory authority, many states have established re-
quirements for the design, construction, operation, and maintenance of distribu-
tion systems. This was revealed in a survey of state drinking water programs
conducted by the Association of State Drinking Water Administrators (AS-
DWA) in March 2003. Of the 34 states responding, the majority reported hav-
ing some requirements for water-main design and construction, storage facilities
and pump station design and construction, and distribution system operation and
maintenance (ASDWA, 2003). A summary of the responses is provided in Ta-
bles 2-3, 2-4, and 2-5, respectively.

There appears to be less consistency between states, however, regarding the
individual elements that each state requires be met. For example, most states
have requirements for minimum operational pressures and the types of pipes that
can be used, while less than half the states have requirements for storage and
handling of pipes and distribution system maintenance plans. Only a small
number of states have requirements for nitrification control and storage tank
water quality monitoring. States also use different approaches for establishing
these requirements. In some cases states have established their own require-
ments, while in others requirements are based on third party standards such as
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TABLE 2-3 Summary of Results from the ASDWA Distribution System and Total Coliform
Rule Survey: Water Main Design and Construction

Numbers of States

Element Not
Required Encouraged Addressed

Minimum pipe diameter (set minimum or 26 3 5
size based on flow, number of service
connections, etc.)

Design for an operational pressure of at 32 0 2
least 20 psi under all flow conditions

Minimum flow velocity through pipes 6 19

Maximum flow velocity through pipes 9 8 17

Pipe material 30 2 2

Storage and handling of pipes 16 7 9 (2 NR)

Minimum depth of cover over pipes to 25 7 2
prevent freezing and damage

Pressure/leakage testing before placing 26 7 1
new mains into service

Disinfection, flushing, and microbial test- 29 5 0
ing before placing new mains into ser-
vice

Looping of pipes/minimization of dead 17 15 2
ends

Proper flushing devices at dead ends 23 9 2

Protection of air-release and air vacuum 22 9 1(1NR)
valves

Isolation valves at intersections and over 23 8 3
lengthy stretches of water main

Separation of water mains and sanitary 29 4 1
sewers to protect the water main from
contamination

Protection of water main at surface water 21 11 2
crossings

Exterior corrosion protection of water 14 12 8
mains

Cross connection control/backflow pre- 29 2 3
vention (through the drinking water
program)

NR: No Response

Note: State practices may have changed since 2003. This survey is not a complete census of all state
drinking water programs, rather it is indicative of the practices of the 34 states that responded to the
survey.

SOURCE: Reprinted, with permission, from ASDWA (2003). © 2003 by ASDWA.
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TABLE 2-4 Summary of Results from the ASDWA Distribution System and Total Coliform
Rule Survey: Storage Facilities and Pump Station Design and Construction

Numbers of States

Element . Not
Required Encouraged Addressed
Standards for tank design and construction 28 5 1
Tanks designed to ensure adequate turnover 15 16 3
Storage tank vents, screens, overflows, and 30 4 0
access hatches
Telemetry or other means for control- 15 15 4
ling/monitoring the storage facility
Provisions for draining the storage facility 22 10 2
Standards for paints and coatings and provi- 31 3 0
sions for testing before placing the storage
facility in service
Cathodic protection for storage facilities 15 12 7
Standards for pump station design and con- 26 6 2
struct
Drainage of underground pump stations and 22 8 3 (1 NR)
valve vaults
Minimum inlet pressure for in-line booster 25 7 2
pumps

Note: State practices may have changed since 2003. This survey is not a complete census of all state
drinking water programs, rather it is indicative of the practices of the 34 states that responded to the
survey.

SOURCE: Reprinted, with permission, from ASDWA (2003). © 2003 by ASDWA.

those developed by the American Water Works Association (AWWA) or the
Ten State Standards (ASDWA, 2003).

Cross-Connection Control Requirements

One of most common means of contaminating distribution systems is
through a cross connection. Cross connections occur when a nonpotable water
source is connected to a potable water source. Under this condition contami-
nated water has the potential to flow back into the potable source. Backflow can
occur when the pressure in the distribution system is less than the pressure in the
nonpotable source, described as backsiphonage. Conditions under which back-
siphonage can occur include water main breaks, firefighting demands, and pump
failures. Backflow can also occur when there is increased pressure from the
nonpotable source that exceeds the pressure in the distribution system, described
as backpressure. Backpressure can occur when industrial operations connected
to the potable source are exerting higher internal pressure than the pressure in
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TABLE 2-5 Summary of Results from the ASDWA Distribution System and Total Coliform
Rule Survey: Distribution System Operation and Maintenance

Numbers of States

. Not
Element Required Encouraged Addressed
Operational pressure = 20 psi under all flow 30 3 1
conditions
Distribution system maintenance plan 16 11 7
Routine distribution system flushing, cleaning 11 20 3
and/or pigging
Valve and hydrant exercise/ maintenance 10 19 5
plan
Telemetry or other means for control- 7 14 13
ling/monitoring the DS
Unaccounted for water requirements 12 13 9
Disinfection, flushing, testing, and other fol- 26 8 0
low-up action before returning a water
main to service after repairs
Tank flushing 5 19 10
Tank inspection and maintenance 13 16
Tank cleaning 8 18
Provisions for testing before placing the stor- 24 8
age facility back in service following clean-
ing/maintenance
Maintaining a minimum disinfectant residual 21 7 6
in groundwater systems (if disinfection is
provided)
Storage tank water quality monitoring 5 11 18
Nitrification control 4 7 23
Other water quality monitoring in the distribu- 17 8 8 (1 NR)
tion system (beyond the SWTR, TCR, and
LCR)

Note: State practices may have changed since 2003. This survey is not a complete census of all state
drinking water programs, rather it is indicative of the practices of the 34 states that responded to the
survey.

SOURCE: Reprinted, with permission, from ASDWA (2003). © 2003 by ASDWA.
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the distribution system or when irrigation systems connected to the potable sys-
tem are pumping from a separate water source and the pump pressure exceeds
the distribution system pressure.

Of 30 states surveyed by ASDWA, the vast majority required some sort of
cross-connection control program, either through regulations (23 states) or
guidelines, that is administered by the Drinking Water Program or as part of the
State’s Plumbing Code (ASDWA, 1999). However, these requirements and the
authority to implement them vary considerably in terms of how detailed a water
system’s program must be, the types of systems (community and/or non-
community) required to have a program, and the role the states play in imple-
menting and maintaining a program. Some states rely solely on plumbing codes
to address cross connections and backflow, which is problematic because
plumbing codes, in most cases, do not require testing and follow-up inspections
of backflow prevention devices.

A similar assessment of state cross-connection control requirements by EPA
(EPA, 2002b), which is summarized in Table 2-6, demonstrates the variability in
state requirements. Based on the EPA review, there are 48 states which have
some minimum requirement relating to cross connections in their state adminis-
trative code or state law (EPA, 2002b). A number of states do not go beyond
these minimum requirements or require public water systems to administer any
type of cross-connection control program at the local level. These states tend to
rely on community water systems to implement cross-connection control pro-
grams. In a few cases, states specify that systems which serve a population of a
certain size category must implement a cross-connection control program.

There are five primary elements of an effective cross-connection control
program. The first is authority; effective cross-connection control programs
must have the legal authority to implement program requirements. Legislation
must provide the authority to: (1) enter premises and inspect facilities to deter-
mine hazards; (2) install, repair, and test backflow devices; (3) license inspectors
to test assemblies; and (4) terminate water service in case of non-compliance.
According to the American Backflow Prevention Association State Program
Survey (ABPA, 1999), 16 of 26 states require utilities to have the authority to
implement program requirements. However, on average only 55 percent of sys-
tems required to have an enforceable program actually have one in place.

The second requirement is to inspect facilities and test devices. It is impor-
tant to conduct site inspections, and the right of entry enables the inspector to
identify where a high hazard might exist. The frequency of inspections and test-
ing is typically based on the degree of hazard. A testing program must identify
the appropriate standards that a backflow prevention device must meet, and as-
semblies must be tested by a certified backflow assembly tester. Many states
require in regulation some of the critical components that make up a testing pro-
gram. For example, 35 of 50 states specified a list of design standards that back-
flow assemblies must meet, and 34 of 50 states stipulated a testing frequency
interval for various backflow assemblies in their regulations (EPA, 2002b). A
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TABLE 2-6 State Cross-Connection Control Requirements

Number of
Requirement States with
Requirement

Does the state have a requirement for the control of cross-connections

and/or backflow prevention? 50
Is it specified in the requirement that the system must implement or
develop a cross-connection control and/or backflow prevention pro- 32
gram?
Does the state require authority to implement a local ordinance or rule
] . 33
for cross-connection control and/or backflow prevention?
Must the authority cover testing of backflow prevention assemblies? 27
Must the authority cover the use of only licensed or certified backflow 16
assembly testers?
Must the authority cover the entry of the premises for the sake of in- 14
specting the premises?
Must the authority cover the entry of the premises for the sake of in-
- ) ) . . 15
specting and/or installing backflow prevention assemblies?
Does the state require training, licensing, or certification of backflow 26
prevention assembly testers?
Does the state require training, licensing, or certification of backflow 6
prevention assembly and/or device installers?
Does the state require training, licensing, or certification of backflow 10
prevention assembly and/or device repairers?
Does the state require training, licensing, or certification of cross- 19
connection control inspectors?
Does the state require inspection of backflow prevention devices
) . . 37
and/or testing of backflow prevention assemblies?
Does the state require the system to include recordkeeping as part of 34
cross-connection control?
Does the requirement include keeping records of hazard assessment 1
surveys?
Does the state require the system to notify the public following the 3
occurrence of a backflow event?
Does the state require the local rule or ordinance to allow the system
to take enforcement action against customers who do not comply
. : . . 23
with the cross-connection control and backflow prevention require-
ments?
Does the state conduct periodic reviews of cross-connection control 3
programs?
Does the state regulation or plumbing code require public education 7

regarding cross-connection control and/or backflow prevention?

SOURCE: EPA (2002b).
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fewer number of states included certification specifications for testers in regula-
tion.

A third issue is training and certification. The testing of backflow preven-
tion assemblies by a certified tester is necessary to ensure that the assembly is
functioning properly and will prevent backflow. The EPA survey revealed that
26 of 50 states require certification of backflow assembly testers (EPA, 2002b).
The states often require the tester to pass a proficiency test and written exam to
qualify for certification. A smaller number of states expand their training re-
quirements to program managers, installers, and/or repairers. States rely on
plumbers for cross-connection control testers/repairers, survey inspectors, and
program managers. Twenty-seven (27) percent of the training was conducted by
plumber-affiliated organizations, 15 percent by AWWA-affiliated organizations,
12 percent by state agencies, 6 percent by others, and 40 percent did not specify
the source of training.

A fourth important element is record keeping following inspections and
testing. According to the ABPA survey, 17 of 26 states require record keeping,
and 10 of 26 states indicated a requirement for water systems to report backflow
incidents to the state. Additional details are found in Table 2-7.

Public education is a final critical element. According to the ABPA survey,
five of 26 states required public awareness of backflow potential as an element
of their cross-connection control program. Public education is usually a func-
tion of the local water purveyor which may educate the public through bill in-
serts and special mailings. States also maintain internet sites that educate con-
sumers about cross-connection control programs and the role they play in pro-
tecting the public’s drinking water.

TABLE 2-7 ABPA State Survey Results on Record Keeping Requirements

Record Keeping Requirement Percent of States
Number of States that require record keeping (17 of 26) 65%
Records of inventory of backflow assemblies in service (14 of 26) 53%
Records of reports of routine testing of assemblies (16 of 26) 61%
Records of hazard assessment surveys (9 of 26) 34%
Records of enforcement activities (8 of 26) 30%
Number of States which require annual reporting to the States (6 of 26) 23%
Number of States which require reporting of backflow incidents (10 of 26) 38%

SOURCE: Reprinted, with permission, from The American Backflow Prevention Association (ABPA)
State Program Survey (1999). © 1999 by ABPA.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

66 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

At the current time, there is no unified basis from which cross-connection
control programs are designed, adopted, and implemented, which is reflected in
the immense variability in programs discussed above. EPA has not adopted
national cross-connection control program requirements, although the agency
has provided guidance on cross-connection control issues for approximately two
decades through its Cross-Connection Control Manual. In 2003 EPA published
the third edition (EPA, 2003b), which is designed as a tool for health officials,
waterworks personnel, plumbers, and any others involved directly or indirectly
in water supply distribution systems. It is intended to be used for educational,
administrative, and technical reference in conducting cross-connection control
programs. Interestingly, the states that have strong cross-connection control
programs are generally not in favor of greater EPA involvement because their
programs might be compromised. Those states with programs that are lacking,
however, could benefit greatly from EPA directives.

An indirect benefit of a cross-connection control program that has an effec-
tive inspection aspect is its ability to identify improper customer account infor-
mation, missing water meters, unauthorized use of water, and illegal connec-
tions. This can result in a reduction in lost water and in the generation of more
revenue.

Requirements for Drinking Water Products, Components, and Materials

Because of the potential for drinking water products, components, and ma-
terials to add contaminants to drinking water, EPA initiated the development of
a Drinking Water Additives third party certification program in 1985. The pur-
pose was to establish standards by which products, components, and materials
would be tested to ensure that contaminants of health concern would not intro-
duced into drinking water at levels that imposed a risk to the public. The result-
ing standards—ANSI/NSF Standard 60 and ANSI/NSF Standard 61—were ini-
tially adopted by NSF through a consensus standards development process in
October 1988. These standards are designed to test products that are added to
drinking water (Standard 60) and products, components, and materials that come
into contact with drinking water (Standard 61).

ANSI/NSF Standard 61 is the more relevant standard with regards to water
distribution systems. Thirty-six (36) states have adopted ANSI/NSF Standard
61 by either statute or regulation and thus require water systems to use only wa-
ter distribution system products, components, and materials that are certified
pursuant to the standard. Eight additional states have policies (but not require-
ments) that water systems use products, components, and materials that meet the
standard (ASDWA, 2004). Standard 61 applies to all distribution system mate-
rials (including pipes, valves, coatings, storage tank materials, etc.) as well as to
premise plumbing including home water faucets. These standards can be used
by water utilities (along with AWWA industry standards) in the specification of
materials they purchase or allow to be installed in their systems.
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Plumbing Codes

Plumbing codes are used by states, territories, counties, local governments,
and any other form of governance which has a responsibility to protect their
constituents’ health and safety. Plumbing code requirements do not generally
apply to the utility-owned portion of public water systems but rather to residen-
tial and non-residential property. Accountability in enforcing the codes primar-
ily resides with the inspection entity, though in many states the licensed plumber
and design professionals are also held accountable. Once adopted the codes are
used by all sectors of the plumbing industry and public, including inspec-
tors/plan  reviewers; contractors/masters;, journeymen/apprentices; engi-
neers/architects; material, pipe, and product manufacturers; and certification
organizations and test labs. Plumbing codes are usually implemented by the
“Authority Having Jurisdiction”, which can be a state agency, county commis-
sion, or local building department. In some cases plumbing codes are imple-
mented by agencies of the federal government such as the Army Corps of Engi-
neers, Air Force, or the Department of Housing and Urban Development
(Chaney, 2005).

The major plumbing codes include the Uniform Plumbing Code (UPC), the
International Plumbing Code (IPC), and the Southern Building Code Congress
International. As indicated in Table 2-8, by 1999 47 states had adopted plumb-
ing codes, with the UPC, developed and maintained by the International Asso-
ciation of Plumbing and Mechanical Officials (IAPMO), being the most com-
monly used code (14 states) (EPA, 2002b). More recent information indicates
that the various codes were amalgamated by the year 2000 into the three codes
that are in use today: the UPC, the IPC, developed and maintained by the Inter-
national Code Council (ICC), and the National Standard Plumbing Code

TABLE 2-8 Plumbing Codes Adopted by the States by 1999

Plumbing Code Number of States Adopting
Statewide Code 47
No Statewide Code 3

Statewide Codes Adopted

Uniform Plumbing Code 14
State Code

International Plumbing Code

National Standard Plumbing Code 4
Southern Building Code Congress International 4
Other 13

SOURCE: EPA (2002b).
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(NSPC). NSPC, published by the Plumbing, Heating, and Cooling Contractors
National Association, is adopted in New Jersey and some counties of Maryland
but is otherwise not used widely. The UPC has now been adopted in approxi-
mately 28 states (Chaney, 2005).

The UPC and IPC have different contents and permit different materials and
devices. The UPC, for instance, allows for some piping material that is not
permitted under the IPC. The IPC permits air admittance valves not permitted in
the UPC. Some venting configurations are permitted in one code and not the
other. Both the UPC and the IPC include important cross-connection control
requirements intended to prevent contamination of the domestic water supply
that is internal to the property as well as to the drinking water delivered by the
public water system. Both codes also establish minimum requirements for the
separation of water and sewer lines as well as requirements for the disinfection
of new or repaired potable water systems. Both codes, however, have certain
shortcomings. For examples, the UPC does not prohibit the installation of water
service or water distribution pipe in soil contaminated with solvents, fuels, or-
ganic compounds, or other detrimental material which could cause permeation,
corrosion, degradation, or structural failure of the piping material. The UPC
does not require that water service and distribution pipe and fittings conform to
ANSI/NSF Standard 61, which is intended to prevent the use of materials that
will leach contaminants into drinking water at levels that may constitute a health
risk. The IPC requires that all cross-connection control devices be inspected
annually including devices that cannot be tested and air gaps, while the UPC
only requires inspection of testable devices. Inspection of all devices is prefer-
able to ensure that tampering has not occurred. Both the IPC and UPC have
established minimum distances between water supply wells and sewage disposal
systems. The distances established by the IPC are less conservative and may not
provide adequate protection from potential contamination. A comparison of the
two codes with regard to the principal requirements within the codes that ad-
dress water distribution system integrity is contained in Table 2-9.

The major difference between the UPC and IPC is the procedural process
by which the codes are maintained. IAPMO uses an American National Stan-
dards Institute (ANSI) consensus development process for the UPC, while the
ICC uses a government or inspector only process for the IPC. The ICC pre-
dominantly consists of building inspectors from three organizations (Building
Officials and Code Administrators, Southern Building Code Congress Interna-
tional, and International Conference of Building Officials) that have been widely
involved in developing structural and fire codes for years. The ANSI consensus
code development and maintenance process used by IAPMO is open to all inter-
ested parties, it is balanced to prevent any one sector of the industry from domi-
nating, and it provides for due process (participants have appeal rights to ANSI)
(Chaney, 2005). Given the disparities between the codes, and the possible re-
sulting confusion, efforts are underway to combine the UPC and the IPC into a
single model code (IAPMO, 2005).
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TABLE 2-9 Comparison of UPC and IPC: Requirements for the Protection of Water Sys-

tem Distribution Systems

Element UPC

IPC

Code Maintenance ANSI Consensus Process

Cross-Connection Control Requirements
Devices

Inspectors from Specific Process
Organizations

Similar device requirements for
degree of hazard, but IPC more
detailed regarding type of device
and application

Minimum Required
Air Gaps

Same requirements except for %
inch openings affected by side wall
where IPC more restrictive

Protection from Lawn
Irrigation Systems

Similar requirements but
UPC provides more detail

Protection from Fire
Sprinkler Systems

Similar requirements but IPC is
more specific as to requirements
for systems not under constant
pressure

Inspections and
Testing

UPC requires inspections of
testable devices only

Ad(ditional Distribution System Requirements

Separation of Water ~ Requires minimum 12 inch
and Sewer Lines vertical separation

IPC requires inspection of testable
and non-testable devices and air

gaps

Require minimum 12-inch vertical
separation but IPC is more restric-
tive on horizontal clearance where
vertical clearance is less than 12
inches

Disinfection of New
or Repaired Water
Pipe

Flushing with potable water;
50 parts per million (ppm) of
chlorine solution/24 hours or
200 ppm for 3 hours; flush
to purge chlorine; bacterio-
logical analysis

Flushing with potable water; 50
parts per million (ppm) of chlorine
solution/24 hours or 200 ppm for 3
hours; flush to purge chlorine;
bacteriological analysis

Identification of Po-
table and Nonpo-
table Water Systems

UPC requires color coding
of each system

IPC requires color coding or metal
tags

Pipe Materials UPC does not require pipe
material to meet ANSI/NSF

61

IPC requires pipe material meet
ANSI/NSF Standard 61

Pipe Placement UPC does not address

Water Supply Protection Requirements

Water Supply Well UPC requires 50 feet be-

Protection tween water supply wells
and sewage disposal sys-
tems such as septic tanks
and 100 feet between water
supply wells and disposal
fields

IPC prohibits placement of water
pipe in soils contaminated with
contaminants that could adversely
affect the pipe

IPC requires 25 feet between wa-
ter supply wells and sewage dis-
posal systems such as septic tanks
and 50 feet between water supply
wells and disposal fields

Note: Where certain entries are blank, the two codes are similar and the small difference is mentioned
for only one of the codes. SOURCES: IPC (2003); UPC (2003); Chaney (2005).
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In the United States, plumbing codes are adopted in one of two ways: (1)
through statutory adoption which usually occurs through the enactment of legis-
lation or (2) through regulatory adoption which occurs upon the implementation
of regulations or procedures. At the state level, codes are usually adopted
through a public hearing process that allows interested parties to present testi-
mony (Chaney, 2005).

Although states will adopt the UPC or IPC as their base plumbing code,
they may amend the code to address specific issues. In addition, plumbing
codes may also be adopted at the local county and municipal level that are at
least as stringent as the state plumbing code. For example, in Iowa, the state
adopted the UPC as the plumbing code but then amended the UPC to add addi-
tional backflow prevention provisions including a requirement that cities with
populations of 15,000 or greater enact a backflow prevention program with con-
tainment by January 1, 1996. Although local jurisdictions in lowa must adhere
to the provisions of the state plumbing code, these jurisdictions may adopt local
ordinances or rules and regulations that provide for higher but not lower stan-
dards than those found in the state plumbing code (State of Iowa, 2005). As
examples, the City of Des Moines, and Linn County, lowa have adopted the
UPC with some modifications. In the case of Linn County the modifications
require the examination, qualification, and licensing of plumbing contractors,
plumbers, and the registration of apprentice plumbers (Linn County, 2004). In
addition, homeowners are prohibited from carrying out plumbing work on their
residence unless they pass the County’s homeowners examination.

LIMITATIONS OF REGULATORY PROGRAMS

Existing federal regulations such as the TCR, SWTR, LCR, LTIESWTR,
and the Stage 1 and Stage 2 D/DBP Rules are intended to address only certain
aspects of distribution system water quality and are not designed to address the
integrity of the distribution system in its totality. Of these regulations, only the
TCR may provide some indication of potential problems with distribution sys-
tem integrity related to microbial contamination. However, the TCR has signifi-
cant limitations that affect its use as an indicator of distribution system integrity.

TCR sampling requirements are based on water system size and as a result
vary widely, from as many as hundreds of samples per month to one sample per
month. Each water system is required to develop a sample siting plan that is
approved by the state regulatory agency. For larger water systems even a sam-
ple siting plan that results in hundreds of samples per month may not adequately
cover the myriad of potential points where contamination could occur, such as
storage tanks, premise plumbing, and service connections. For smaller systems
the sampling is so infrequent that contamination would be easily missed. Al-
though most reported outbreaks associated with distribution systems have oc-
curred in community water systems because of their greater size and complexity,
there have been a number of outbreaks associated with noncommunity water
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systems that have been attributed to deficiencies in the distribution system. In
addition to the problems associated with sample locations and the frequency of
sampling, TCR monitoring does not provide real-time information. There are
inherent delays between sampling and reporting of coliform results that do not
allow for sufficient time to recognize a contamination event and to prevent pub-
lic exposure and disease transmission. (It generally takes about 24 hours to ob-
tain results from the time of sample collection to the completion of coliform
analysis using presently available analytical methods.)

The TCR encompasses only microbiological indicators. With the exception
of monitoring for disinfectant residuals and DBPs within the distribution system
and lead and copper at the customer’s tap, existing federal regulations do not
address other chemical contaminants within the distribution system. Yet there
have been a number of examples of waterborne outbreaks associated with
chemical contamination (chlordane, ethylene glycol) of the distribution system
as a result of cross connections, contamination of water mains during construc-
tion, and contamination of storage facilities (Craun and Calderon., 2001; Black-
burn et al., 2004).

Some federal regulations are inherently contradictory to one another, as
they relate to distribution integrity and maintenance of water quality, such that
water suppliers have found it difficult to be in compliance with both simultane-
ously. For example, the SWTR and TCR recommend the use of chlorine to
minimize risk from microbiological contamination. However, chlorine or other
disinfectants interact with naturally occurring organic matter in treated water to
form DBPs. As a result many water systems have changed disinfectants (gener-
ally from chlorine to chloramine) in order to be in compliance with the MCLs
for DBPs in the distribution system. The increased reliance on chloramine can
be problematic if close attention is not paid to controlling nitrifying bacteria in
the distribution system. Biological nitrification can result in the loss of
chloramine residual, which may then present a health threat to the consumer (as
discussed in Appendix A). Simultaneous compliance with the D/DBPR and the
LCR can also create problems for the maintenance of distribution integrity and
water quality. Raising the pH of treated water will assist in controlling corro-
sion (and hence reduce lead concentrations) but may increase the formation of
THMs.

In areas where federal regulations are weak, state regulations and local or-
dinance contribute to public safety from drinking water contamination. States
have adopted requirements that address certain aspects of distribution system
integrity. All states appear to have provisions for the control of cross connec-
tions and/or backflow prevention, although there is considerable variation in
how they are implemented and by whom. The majority of states have estab-
lished regulations within their drinking water programs requiring cross-
connection control programs to be implemented by water systems or local au-
thorities, while some have adopted plumbing codes that included the require-
ments and others have established only guidelines for cross-connection control
programs (ASDWA, 2003; EPA, 2002b). In general, very few states provide
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dedicated resources for implementing a cross-connection control program but
rather incorporate the program activities into the overall public water system
supervision program. At best, most states attempt to assess that a water system
has an effective cross-connection control program when carrying out a sanitary
survey of the water system. However, because sanitary surveys may occur only
once every several years, it is difficult to ascertain the level of compliance. A
few states track the number of cross-connection control devices that are annually
installed and tested while others determine programs effectiveness by the num-
ber of backflow incidents reported (ASDWA, 1999).

Although most states have also established requirements for the design,
construction, operation, and maintenance of distribution systems, as discussed
previously these requirements vary significantly and some states only encourage
certain contamination prevention activities while others do not address them at
all. For example, some states only encourage the separation of water mains and
sanitary sewers to protect the water main from contamination or the disinfection,
flushing, testing, and other follow-up actions before returning a water main to
service after repairs. Even where states have established extensive require-
ments, the onus for ensuring implementation is placed on the water system.
States do not dedicate resources to routinely oversee that implementation occurs.

Local regulatory programs are implemented through the plumbing code.
Because local plumbing codes must be consistent with the provisions of the state
plumbing codes, local regulatory programs should have the authorities to ad-
dress certain distribution system integrity issues including cross-connection con-
trol, use of appropriate pipe and other plumbing materials, and separation of
water and sewer lines. However, program implementation can vary from one
local jurisdiction to another. For example, licensing of plumbing contractors
and plumbers is normally part of the local jurisdictions regulatory program.
Neither of the two prominent plumbing codes—the UPC and the I[IPC—address
licensing requirements, and there is no national system for licensing of plumbers
or plumbing inspectors. There also appears to be no uniformity regarding the
training and licensing of personnel who install, maintain, and inspect backflow
prevention devices. Yet there are numerous organizations such as AWWA,
New England Water Works Association, American Society of Safety Engineers,
American Backflow Prevention Association, Backflow Prevention Institute,
University of Southern California Foundation for Cross-Connection Control and
Hydraulic Research, and IAPMO that offer personnel certifications that address
competency.

There also is a significant difference between the approach taken by state
drinking water regulatory programs and water systems to ensure high water
quality within premises, particularly residential dwellings, versus utility-owned
portions of the distribution system. Plumbing codes (UPC and IPC) address
requirements for the installation of plumbing fixtures, appurtenances, and back-
flow prevention devices within premise plumbing where necessary such as to
prevent contamination of the public water system (UPC, 2003; IPC, 2003).
However, there are no provisions for ongoing inspections or surveillance to en-
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sure that modifications to the premise plumbing by the homeowner will not ad-
versely affect the quality of the drinking water, either within the premise or
within the water distribution system. Plumbing codes (UPC and IPC) have also
never addressed ongoing water quality within the premise. Provisions for peri-
odic premise inspections to check for cross contamination, to ensure that the
integrity of the system is being maintained, and to assess premise water quality
could be required by local ordinances, but funding mechanisms would have to
be created (Chaney, 2005).

Finally, there is no incentive for homeowners to keep their premise plumb-
ing in compliance with codes. Houses are built to code but many fall out of
compliance due to age and as the code changes. In addition there are no organi-
zations that advise homeowners on how to maintain their plumbing systems
such as when flushing is necessary, water temperature recommendations, home
treatment devices, etc. (Chaney, 2005). A further discussion of issues associated
with premise plumbing and possible solutions can be found in Chapter §.

VOLUNTARY AND NON-REGULATORY PROGRAMS THAT
INFLUENCE DISTRIBUTION SYSTEM INTEGRITY

Voluntary and non-regulatory programs exist that are designed to provide
public water systems with approaches for maintaining and improving distribu-
tion system integrity. There are several objectives of these non-regulatory water
quality improvement programs for water supplies, foremost among them being
to further protect public health and to engage in risk management efforts beyond
what is provided by federal, state, and local regulations and the enforcement
system developed for primacy agencies. A related motivation for a utility to
implement such programs is to help organize their many activities—i.e., to have
a unifying umbrella that encompasses all of the piecemeal requirements of the
federal, state, and local regulations. A second important objective of these pro-
grams is to increase customer satisfaction, which is based largely on a percep-
tion of the quality of service and the cost and quality of the delivered product.
One common theme among these programs is their intent to assist utilities in
identifying best practices and then affirm that the utility is employing these prac-
tices. Examples of best practices include continuing or expanding monitoring of
water quality and setting up water quality goals, engagement in plant optimiza-
tion projects, studies on applicability of emerging technologies, and proactive
preparation for upcoming regulations—activities that, along with routine opera-
tion, compliance monitoring, and maintenance, are often collectively described
in a utility’s distribution system management plan (if one exists). Voluntary and
non-regulatory programs can also help utilities to improve efficiency, as mani-
fested in responsiveness and cost. Performing services at a low cost is desirable
but customers and others require a high level of service. A balance must be
achieved to satisfy the expectations of regulators, customers, and owners at a
reasonable cost.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

74 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

Voluntary programs are attractive because although public water systems
recognize the need for health and environmental regulations to protect the pub-
lic, utilities (particularly larger ones) seek the flexibility to undertake activities
that will achieve these goals within the broader existing regulatory framework
while reducing the need for intensive regulatory oversight. Programs such as
voluntary accreditation are being designed that will allow water systems to im-
plement industry best practices that go beyond regulatory requirements to pro-
duce a drinking water quality that exceeds the minimum established by law.

Given the need to improve public confidence in drinking water quality, wa-
ter systems can use the recognition that they receive from implementing these
voluntary programs to promote these efforts to their customers. In particular,
water systems can communicate how they are achieving their water quality
goals along with an increased level of service without the need for a significant
increase in cost to their customers. Water systems are also able to demonstrate
that the product that they are providing not only exceeds regulatory require-
ments but competes equally with other sources such as bottled water, vended
water, and home treatment devices, at far less cost.

A few select voluntary, non-regulatory programs are described below, in-
cluding accreditation, Hazard Analysis and Critical Control Points (HACCP)
Plans, and Water Safety Plans, that can serve as guides to water utilities that
want to improve their distribution system management. Note that the Partner-
ship for Safe Water and QualServe, two voluntary AWWA programs that target
drinking water quality, are not discussed because distribution systems are not
their primary focus. QualServe uses self-assessment and peer-review methods
to identify opportunities for improvement in water and wastewater utility ser-
vices, while the Partnership for Safe Water focuses on water treatment plant
optimization.

Accreditation Standards

Currently, there is no nationwide system that accredits water utilities.
However, a voluntary, nationwide accreditation program for all water utilities,
including small utilities, is currently under development by AWWA. The basis
of the program is to verify the application of standards and best practices that
will ensure the delivery of high quality services, exceeding regulatory compli-
ance. The program will be carried out by independent auditors who will verify
conformation with the accreditation standards on-site. The goals of the program
are not only to improve customer satisfaction, but also to provide a tool for regu-
latory agencies to use in evaluation of water utilities and to encourage utilities to
evolve beyond seeking compliance with existing regulations to seeking the best
strategies to protect public health.

The accreditation standards developed so far are water treatment plant op-
eration and management (G100), distribution system operation and management
(G200), and source water management and protection (G300). (After piloting
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the implementation of these standards at both large and small systems in August
2005, other areas of accreditation standards will be developed.) The Distribu-
tion System Operation and Management Standards (G200) (AWWA/ANSI,
2004), published in May 2004, are intended to improve distribution systems’
water quality and utility’s management efficiency by voluntarily adhering to
standards that exceed current regulatory requirements and by performing inde-
pendent audits to verify performance. The standards call for development of
water quality sampling plans at prescribed sites in distribution systems. Nitrifi-
cation control; booster chlorination; internal corrosion monitoring and control;
reduction of the formation of DBPs; and color, taste, and odor monitoring and
control are defined as programs that should have individual goals and action
plans established specifically for each utility. Distribution system management
activities listed in the standard include system pressure monitoring, backflow
prevention, permeation prevention, water loss minimization, valve exercising
and replacement, fire hydrant maintenance and testing, maintenance of coatings
and linings, water use metering, external corrosion control, water quality moni-
toring, and energy management. The verification step of the standard includes
providing certain required documents and records. For those utilities that decide
to develop a distribution system management plan that meets the AWWA G200
standard, conformance would be verified on a periodic basis. Because G200
provides a comprehensive framework in which a water utility can manage dis-
tribution system integrity and it targets those activities felt by the committee to
be of highest priority in reducing public health risks, it is further discussed in
Chapter 7.

Hazard Analysis and Critical Control Points

Voluntary programs that deal with water quality and management issues
from the perspective of risk evaluation and reduction are being adapted to drink-
ing water treatment, operations, and distribution from other branches of the in-
dustry. An example is the Hazard Analysis and Critical Control Points
(HACCP) program, which was developed by NASA in the 1960s for the U.S.
space program, later transferred to food safety, and recently formatted for drink-
ing water quality. The program relies on three steps, which are addressed con-
tinuously in a cycle: hazard identification, remediation, and verification.
HACCP for the drinking water industry is based around the same seven princi-
ples as were developed for NASA and other industries (NASA, 1991; Codex
Alimentarius Commission, 1993, 1997; Mucklow, 1997). The HACCP princi-

ples are to:
e Identify hazards and control measures
e Identify critical control points
e  Establish critical limits
e  Identify monitoring procedures
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e  Establish corrective action procedures
e  Verify and validate the HACCP Plan
e  Establish record keeping and responsibility

HACKCEP is a risk management program because utilities use it to first iden-
tify and evaluate hazards/risks, and then to establish control systems to minimize
the occurrence and effects of incidents that may impact the safety and quality of
the water. A water utility can choose to apply HACCP to any one “process”—
i.e., watershed protection, treatment, or the distribution system. Some utilities
may already have good watershed protection programs and good control over
treatment facilities, and so may view the distribution system as a priority. How-
ever, because HACCP is a proactive approach to system management that helps
the utility to identify “hazards” further upstream, it works quite well as a com-
prehensive system plan, from source to tap. For maximum benefits, it is impor-
tant to leave the decision to individual utilities and not be too prescriptive about
how to apply HACCP (Friedman et al., 2005).

A recently completed project sponsored by the AWWA Research Founda-
tion (Friedman et al., 2005) describes HACCP pilot studies conducted with three
utilities’ distribution systems—Greater Cincinnati Water Works, Cincinnati,
Ohio; Calgary Water Works, Calgary, Alberta; and the City of Everett, Everett,
Washington. Training workshops were held at each utility location to explain
HACCP terminology and to initiate development of the utility’s HACCP plan.
Each participating utility formed a HACCP team to further develop the HACCP
plan and to guide its implementation. The goal was for each utility to imple-
ment their HACCP plan over a 12-month period during which certain opera-
tional and water quality parameters would be monitored. The participating utili-
ties found that the implementation of HACCP to water supply distribution was
feasible and practical, but that the time and resource requirements were greater
than originally anticipated. The development of the HACCP plan was useful in
honing in on the most important risks and process controls for water quality
management. Within the 12-month pilot study period, none of the three partici-
pating utilities developed a fully implemented HACCP program for certification.
A longer period of time and/or a greater resource commitment was likely to be
required before the HACCP systems would be considered fully implemented,
complete, and certifiable. Box 2-2 describes two other HACCP case studies in
detail, for Austin, Texas, and Burwick, Maine.

NSF International provides HACCP certification to water utilities in the
United States through its HACCP-9000 registration program. The program con-
sists of third-party verification of utility HACCP plans, combined with a
registration with ISO 9000 standards. However, adoption of the HACCP ap-
proach need not be tied formally to such administrative programs. HACCP
could be an integral part of a utility’s distribution system management plan, ei-
ther in addition to or in lieu of G200 (given the substantial similarities between
the two programs). In particular, HACCP is useful for improving a utility’s
awareness of its existing databases and how it can better manage the information
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contained within, and for promoting record keeping and reporting. Critics con-
tend that HACCP is little more than properly operating a distribution system.
Indeed, there may be little value added in the United States where utilities are
relatively heavily regulated compared to other countries where HACCP has been
successfully adopted (such as Australia, which has no national water quality
standards). However, advocates contend that the part of HACCP that most utili-
ties do not already engage in is checking to verify that actions are working (Mar-
tel, 2005). Furthermore, HACCP puts an increased focus on operator training,
which can be ignored in the face of so many other competing activities, like
compliance monitoring. The program is more likely to be adopted by larger-size
utilities because of the need for a larger staff and budget to carry out HACCP.

Nonetheless, there is another practical consideration that makes G200 a
more attractive organizing program for distribution systems than HACCP. Pro-
grams like HACCP are ideally suited to industries that experience little variation
on a day-to-day basis (such as food and beverage processing plants) and are not
as easily adapted to the dynamic nature of drinking water distribution systems
that may experience changes in water quality depending on season, source of
supply, and changing daily demands. Furthermore, unplanned disruptions such
as water main breaks require immediate responses in areas that may not be con-
sidered critical control points, making it very difficult to proactively control
contamination events. Finally, the vast number of locations within a distribution
system that could be potential critical control points (presumably every resi-
dence where a cross connection exists) argues against the formal adoption of
HACCP.

The cost of creating a HACCP plan for a community of 10,000 may be in
the range of $10,000, including a day- or two-day-long workshop.

Water Safety Plans

In 1994, the World Health Organization (WHO) adapted the HACCP pro-
gram through Water Safety Plans, which can be prepared for individual water
systems. The WHO’s Guidelines for Drinking Water Quality (2004) describe an
approach to follow in preparing Water Safety Plans. The approach is to identify,
prioritize, and prevent risks arising from hazards associated with distribution of
drinking water. The three critical components of a water safety plan are:

e System assessment regarding both the quantity and quality of supplied
water

e Identification of control measures

e Management plans describing actions during both normal and extreme
conditions and documenting, monitoring, communication, and improvement
efforts.
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BOX 2-2
HACCP Case Studies

There are few case studies of where HACCP has been applied to distribution system
management. One involves a relatively small utility, the South Berwick Water District, in
South Berwick, Maine, which serves about 4,000 people. At this utility, a HACCP training
workshop was held on June 2003 to assemble the HACCP team, which included the super-
intendent, foreman, and a service person, as well as outside experts such as an engineer
familiar with the South Berwick system, a microbiologist from EPA, a state regulator who
was an expert on cross-connection control, and a risk manager from the bottled water in-
dustry. As in other cases where HACCP has been applied, assembling a team that has as
many people from different cross sections of the water utility as possible is one of the bene-
fits of doing HACCP, but because of the small size of the utility this required outside assis-
tance. The process flow diagram for the entire water system is shown in Figure 2-1.
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FIGURE 2-1 Process Flow Diagram for the South Berwick Water District. SOURCE: Re-
printed, with permission, by Martel (2005).© 2006 by AwwaRF.

Three priority hazards were identified by the HACCP team, two of which involve the
distribution system: (1) backflow through unprotected cross connections, (2) long dead-end
mains with zero or poor disinfectant residual, and (3) unintentional contamination of shallow
well points at the Agamenticus Wellfield. It should be noted that it was very difficult to
gather enough information to determine the frequency of occurrence or the severity of
these hazards, given the utility’s lack of data. For this reason, South Berwick’s initial
HACCP plan focused on monitoring activities to further characterize these hazards and
improve existing control measures. Unfortunately, the HACCP plan was not fully imple-
mented because of a lack of manpower and because of other priorities. With only three
full-time employees at the utility, daily system operation and maintenance took priority over
HACCP plan implementation. Furthermore, the utility personnel were involved with building
a new treatment facility, developing a new rate structure, and addressing local and state
political issues. This case study illustrates the need for sufficient manpower to successfully
implement a HACCP Plan.

A second case study is from Austin, Texas, a much larger water supply that serves
approximately 770,000 people. The interdisciplinary HACCP team consisted primarily of in-
house staff: the water quality manager, the water laboratory supervisor, an engineer

continues
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Iplanner, a construction inspector, the cross-connection control supervisor, the Assistant
Director of Treatment, the Infrastructure Superintendent, and a state regulator. A HACCP
pilot study was conducted from May 2003 to September 2004. The team focused on one
pressure zone within the distribution system for the HACCP pilot study (see the flow proc-
ess diagram below in Figure 2-2):

FROM ™~ -~
LAKE AUSTIN et ULRICH WATER - ) ot 1
PUMP TREATMENT PLANT ULRICH e
PUMP
STATION CLEARWELL STATION PRSE%%U;E
LOCATION OF HACCP PILOT TEST ZONE
SOUTHWEST (C)
PRESSURE
ZONE SOUTHWEST (A) ) | ) I
| Sy I PRESSURE \ ] % ]
£ A0 ] ZONE
| PUMP ' THOMAS SPR]NGSI
STATION RESERVOIR (NEW) DAVIS LANE
PUMP RESERVOIRS
. STATION
SOUTHWEST (B)
PRESSURE
e \ P ) )  SLAUGHTER LANE
\ Mg ! = ! RESERVOIR OR
T  pry — e /" LEUTHAN LANE
~ PUMP RESERVOIR
PRESSURE STATION CITY OF AUSTIN
ZONE PROCESS FLOW CHART
. . JUNE, 2003
DATE FLOW CHART /{(*s M

FIGURE 2-2 Flow Process Diagram for the Austin Water Supply. SOURCE: Reprinted,
with permission, from Martel (2005).© 2006 by AwwaRF.

Austin’'s HACCP team identified two high priority hazards: backflow through unpro-
tected cross connections (focusing specifically on irrigation and hydrant vandalism) and
contamination from new construction sites (primarily via improper valve turning). Austin
found that HACCP is more complex than initially envisioned. Originally, the utility thought
that HACCP would involve identifying critical flow paths within the distribution system and
monitoring these flow paths more intensively to assure water quality to downstream sites.
Instead, by nature of the selected hazards, the measures used to control these hazards
focused on operations and maintenance activities rather than water quality monitoring.
This approach added layers of complexity to the existing monitoring program. On a posi-
tive note, the HACCP approach helped the utility (1) improve understanding of their distri-
bution system hazards; (2) heighten employee awareness of pressure zone boundaries,
pressure transients, the need to maintain pressure and to respond quickly to main breaks in
small pressure zones; (3) improve awareness of existing databases and monitoring pro-
grams; (4) improve data management skills; (5) identify needed improvements to existing
databases; and (6) improve reporting procedures for acceptance of new mains.

SOURCE: Martel et al. (2006).
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Water safety plans present an affordable risk management tool for all drinking
water suppliers, regardless of size. While some critical elements of the plan
should be assured by all systems, more costly or time-consuming elements,
characterized as not critical, may be added to the plans based on budgetary and
staff availability. The most critical elements of the water safety plan documents
include system description, water flow diagrams, hazard identification, identifi-
cation of a team, and contingency plan. Additional items include specification
of chemicals and materials, job descriptions for staff responsible for individual
operations, corrective actions for deviations, record-keeping procedures, valida-
tion data, and incident documentation procedures. Finally, optional elements
may include manuals for hygiene, preventive maintenance, and equipment cali-
bration; job descriptions for all staff; training programs and records; documenta-
tion of corrective actions, audits, and verification procedures; and consumer
complaint policy and procedures.

Clearly, the elements of a Water Safety Plan closely resemble the elements
of a HACCP Plan: (1) source-to-tap system assessment; (2) control measures for
identified hazards and operational monitoring of control measures; and (3) a
management plan that documents the system assessment, control measures,
monitoring plan, corrective action procedures to address water quality incidents,
communication plan, and supporting programs such as standard operating pro-
cedures, employee training, and risk communication. Both HACCP and Water
Safety Plans should be used continuously.

A 2004 conference sponsored by NSF International examined a variety of
risk management approaches, including HACCP, ISO certification, Water
Safety Plans, and Environmental Management Systems. Not only were many
commonalities among these programs evident, the distinctions between them
were unclear. The conference presented a number of domestic and international
case studies where water utilities had utilized one of these risk management sys-
tems, but no case studies targeting the distribution system were discussed. In-
deed, the choice of the “right” program for any given water utility may present a
challenge, specifically because there is no precedence for using these programs
for distribution system management, but also because of a lack of coordination
between the programs, a lack of tangible benefits beyond what a utility already
accomplishes, and inefficient communication to the public about the programs.
It is up to an ambitious utility manager and staff to learn about the programs,
evaluate their applicability, and select one.

Training for Operators, Inspectors, and Related Personnel

While utilities endeavor to optimize their infrastructure and operate the dis-
tribution system to minimize degradation, an integral component not to be ig-
nored are the operators, inspectors, and related personnel charged with running
and monitoring the system. Inevitably, the operators and field personnel serve
as guardians to minimize degradation in the distribution system and ensure wa-
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ter quality is maintained for the consumer.

Training of distribution system operators was identified as a high priority
issue for reducing risk in drinking water distribution systems (NRC, 2005). The
need for the continuing and intensive training of operators of distribution sys-
tems has increased recently for three reasons. First, as federal and state regula-
tions become increasingly stringent and more complex, they require enhanced
skills for proper sample collection and preservation, as well as better under-
standing of aquatic chemistry and biology for proper implementation and inter-
pretation of results. Second, in many systems the D/DBPR (EPA, 1998a) cre-
ated a shift in the use of disinfectants in the distribution systems from a rela-
tively simple application of chlorine to the rather complicated application and
maintenance of chloramine. Finally, with an increase in the importance of secu-
rity of drinking water pipes, pumps, reservoirs, and hydrants, there is a corre-
sponding increase in the responsibility of operators to make decisions during
perceived security events.

Typically distribution system operators, mechanics, and field crews are well
trained in the mechanical aspects of water delivery (such as pipe replacement
and repair; pump, valve, and storage facility operation; etc.) and safety. In cases
where contractors are used to repair or maintain the infrastructure (for example,
many utilities allow certified plumbers to perform the tasks related to backflow
prevention and cross-connection control), diligence of construction inspectors in
providing oversight is of paramount importance because the contractor may or
may not be following standard practices. A case in point regarding the impor-
tance of training plumbers is the ban on lead solder implemented in the late
1980s. Because the responsibility for high lead levels in drinking water falls on
the utility, many utilities were actively engaged in training plumbers about the
dangers of lead from the use of lead solder and about the new requirements of
the LCR. This training was critical to reducing the risk of lead exposure from
drinking water.

The importance of operator training in protecting public health from con-
taminated drinking water cannot be overstated. A recent critique of the Walker-
ton, Ontario Inquiry Report (Hrudey and Walker, 2005) claims that lives could
have been saved had operators been properly trained. Failure to perform basic
monitoring duties and understand the vulnerability of the system to a contamina-
tion event in May 2000 led to more than 2,300 cases of waterborne disease in a
system of only 5,000 people. “Water system operators must be able to recog-
nize that the threats to their system contrasted with the system’s capability to
cope. They have a professional responsibility to ensure deficiencies are identi-
fied, made known to management, and effectively remedied. Pending necessary
improvements, operators must increase their vigilance and develop contingency
plans to cope with periods of stress. Contingency plans should be practiced us-
ing simulated incidents before a real crisis develops” states Hrudey. Justice
O’Connor who led the multi-million dollar inquiry into the Walkerton tragedy
concluded that “Ultimately, the safety of drinking water is protected by effective
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management systems and operating practices, run by skilled and well-trained
staft” (Hrudey and Walker, 2005).

Operator training classes and seminars are offered through industry associa-
tions (e.g., AWWA, the National Rural Water Association) and third party con-
tractors. The International Association for Continuing Education and Training
(IACET) has recently developed certification for trainers, which is a positive
step toward ensuring the quality of instructors who are providing operator train-
ing. However, it is well recognized that nationally there is a paucity of adequate
training facilities, instructors, and apprentice programs to replace an experienced
workforce who will be retiring in the coming decade (Brun, 2006; Eaton, 2006;
McCain and Fahrenbruch, 2006; Pomerance and Means, 2006).

As discussed earlier, there are existing EPA guidelines for the certification
of treatment plant operators and distribution system operators (EPA, 1999),
which have subsequently been implemented by states (leading to state require-
ments for certification). However, these requirements are not always enforced,
particularly on small systems. Stronger enforcement of the distribution system
operator certification requirements developed by individual states could be a
mechanism to support training and apprentice programs. Also, future regula-
tions need to include mechanisms to fund training and apprentice programs spe-
cifically for distribution system operators. Finally, while existing certification
exams test generic knowledge, future requirements should ensure that operators
understand the system in which they work and are familiar with portions of op-
erating plans that apply to performance of their daily activities.

CONCLUSIONS AND RECOMMENDATIONS

The Total Coliform Rule, the Surface Water Treatment Rule, the Disinfec-
tants/ Disinfection By-Products Rule, and the Lead and Copper Rule are the
federal regulations that address water quality within the distribution system, and
they do so in a piecemeal fashion. These rules were not intended to address
distribution system integrity as defined in Chapter 1, which consists of physical,
hydraulic, and water quality integrity. For example, the TCR considers only that
microbial contamination indicated by fecal parameters. Nor does the SDWA
contemplate federal actions that would address premise plumbing, with the ex-
ception of lead in plumbing materials. As a result a more comprehensive ap-
proach needs to be taken to ensure that the overall integrity of distribution sys-
tems is maintained. The following regulatory recommendations are made.

EPA should work closely with representatives from states, water sys-
tems, and local jurisdictions to establish the elements that constitute an ac-
ceptable cross-connection control program. Although states, either through
drinking water regulations or state plumbing codes, have cross-connection con-
trol requirements in place, these requirements are inconsistent amongst states.
State oversight of cross-connection control programs varies and is subject to
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availability of resources. If states expect to maintain primacy over their drink-
ing water programs, they should adopt a cross-connection control program that
includes a process for hazard assessment, the selection of appropriate backflow
devices, certification and training of backflow device installers, and certification
and training of backflow device inspectors. Although tracking compliance by
water systems is also an important element, the resource implications of tracking
and reporting requirements should be carefully considered. EPA may need to
allow use of federal funds for training of backflow prevention device inspectors
for small water systems.

Existing plumbing codes should be consolidated into one uniform na-
tional code. Although similar with regard to cross-connection control require-
ments and other premise plumbing protection measures, the two principal
plumbing codes that are used nationally, the UPC and the IPC, have different
contents and permit different materials and devices. These differences appear to
be addressable, recognizing that the two code developing organizations may
have other issues that would need to be resolved. In addition to integrating the
codes, efforts should be made to ensure more uniform implementation of the
plumbing codes. Their implementation can vary significantly between jurisdic-
tions, which can have major impacts on the degree of public health protection
afforded to their constituents.

For utilities that desire to operate beyond regulatory requirements,
adoption of G200 or an equivalent program is recommended to help utili-
ties develop distribution system management plans. G200 has advantages
over other voluntary programs, such as HACCP, in that it is more easily adapted
to the dynamic nature of drinking water distribution systems.

More attention should be paid to having adequate facilities, instructors,
and apprentice programs to train utility operators, inspectors, foremen,
and managers. The need for the continuing and intensive training of operators
of distribution systems has increased as a result of more sophisticated federal
and state regulations, the shift in the use of disinfectants in the distribution sys-
tem, and the increase in importance of security of drinking water distribution
systems. Recent development of IACET certification for trainers is a positive
step toward the quality of instructors providing operator training. Future regula-
tions need to include mechanisms to fund training and apprentice programs.
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3
Public Health Risk from Distribution System
Contamination

One of the most challenging facets of reducing the risk of contaminated dis-
tribution systems is being able to quantify the existing risk. This is made com-
plicated not only by the plethora of factors that can constitute public health risks,
including a diversity of microbial pathogens and chemical compounds, but also
by the varying response that a given individual will have when exposed to those
factors. This chapter describes three primary mechanisms used to assess the
acute public health risk of distribution system contamination, the limitations of
these methods, and what conclusions can be derived from currently available
data.

INTRODUCTION TO RISK

The process of risk assessment involves determining the likelihood and se-
verity of different adverse impacts given exposure of a population to a hazard.
Risk analysis includes the process of risk assessment, as well as risk manage-
ment activities to decide what an acceptable risk level is and to take actions to
reduce risk (NRC, 1983). Risk assessment requires the activities of hazard iden-
tification, exposure assessment, and dose-response (or exposure-response) as-
sessment. Hazard identification is the determination of what adverse agents
might be present and what adverse impacts they might cause. Exposure assess-
ment is the quantitative determination of the levels of contaminants (in the case
of environmental exposures) individuals may consume/inhale/contact over a
specific time period. Dose-response assessment is the quantitative determina-
tion of the likelihood of an individual having a particular adverse effect from a
given exposure. Alternatively, this can be viewed as the proportion of persons
in a population who are expected to have the adverse effect were they to have
the particular exposure.

Various federal agencies, including the U. S. Environmental Protection
Agency (EPA), have developed specific guidelines and procedures for perform-
ing risk assessment, particularly for carcinogens and for substances that result in
non-carcinogenic toxic effects. In the case of infectious agents (which are fre-
quently the concern in drinking water), methodologies are at a developmental
stage.

One of the goals of performing risk assessment within a regulatory frame-
work is to develop regulatory guidance or standards (or decide not to undertake
such action) based on the results. This process, which is part of risk analysis,
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requires additional considerations such as cost and equity. Under the Safe
Drinking Water Act, EPA is required to set a maximum contaminant level goal
(MCLGQG) for certain contaminants that is absolutely protective against all ad-
verse health effects, given available risk assessment information. For most con-
taminants with MCLGs, a regulatory level is then established—a maximum con-
taminant level (MCL)—or a treatment technique is required, both of which in-
corporate considerations of feasibility (see Box 3-1).

In determining a regulatory level such as an MCL, implicitly or explicitly
the acceptable residual risk (after the implementation of any interventions) must
be decided upon. The empirical evidence is that, for human carcinogens, EPA
has regarded a window of residual lifetime risk of 1/1,000,000 to 1/10,000 to be
acceptable (see Box 3-2 for an explanation of the origins of this value and its
extension to infectious agents). In other words, a residual risk resulting in no
more than 1 extra cancer in the lifetime of a population of 10,000 to 1,000,000
persons is regarded as being acceptable.

Risks from Drinking Water

Drinking water can serve as a transmission vehicle for a variety of hazard-
ous agents: enteric microbial pathogens from human or animal fecal contamina-
tion (e.g., noroviruses, E. coli O157:H7, Cryptosporidium), aquatic microorgan-
isms that can cause harmful infections in humans (e.g., nontuberculous myco-
bacteria, Legionella), toxins from aquatic microorganisms (such as cyanobacte-
ria), and several classes of chemical contaminants (organic chemicals such as
benzene, polychlorinated biphenyls, and various pesticides; inorganic chemicals
such as arsenic and nitrates; metals such as lead and copper; disinfection by-
products or DBPs such as trihalomethanes; and radioactive compounds).

Contaminants in drinking water can produce adverse effects in humans due
to multiple routes of exposure. In addition to risk from ingestion, exposure can
also occur from inhalation and dermal routes. For example, inhalation of drop-
lets containing respiratory pathogens (such as Legionella or Mycobacterium) can
result in illness. It is known that DBPs present in drinking water may volatilize
resulting in inhalation risk, and these compounds (and likely other organics)
may also be transported through the skin (after bathing or showering) into the
bloodstream (Jo et al., 1990). Reaction of disinfectants in potable water with
other materials in the household may also result in indoor air exposure of con-
taminants; for example Shepard et al. (1996) reported on release of volatile or-
ganics in indoor washing machines. Thus, multiple routes of exposure need to
be considered when assessing the risk presented by contaminated distribution
systems. It should be noted, however, that the report will not consider such indi-
rect routes of exposure as (1) the loss of pressure and subsequent inadequate fire
protection, (2) loss of water for hospitals and dialysis centers, and (3) leaks in
household plumbing that lead to toxic mold growth.
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BOX 3-1
U.S. Code, Title 42(6A)(X11B)§300g-1
(Safe Drinking Water Act as Amended)

(A) Maximum contaminant level goals. Each maximum contaminant level goal established
under this subsection shall be set at the level at which no known or anticipated adverse
effects on the health of persons occur and which allows an adequate margin of safety.

(B) Maximum contaminant levels. Except as provided in paragraphs (5) and (6)', each
national primary drinking water regulation for a contaminant for which a maximum contami-
nant level goal is established under this subsection shall specify a maximum contaminant
level for such contaminant which is as close to the maximum contaminant level goal as is
feasible.

It has been recognized for some years that consumers face risk from multi-
ple hazards, and that action to reduce the risk from one hazard may increase the
risk from other hazards given the same exposure. There are prominent examples
of this phenomenon in the drinking water arena that have greatly complicated
efforts to reduce overall risk from distribution systems. Havelaar et al. (2000)
assessed the relative changes in risk from switching to ozone treatment of drink-
ing water in the Netherlands. In this case, there was a projected reduction in risk
from waterborne infectious disease (such as Cryptosporidium) while there was a
projected increase in risk from DBP formation (the primary one examined was
bromate). To compare the net change in overall risk, it is necessary to place the
multiple risks (with their different endpoints in terms of disease severity) on the
same scale. Havelaar et al. (2000) did this comparison using the methodology
of disability adjusted life years (DALY’s). In this approach, the severity of an
adverse health effect is quantitatively weighted by an index (disability weight)
reflecting the proportional degradation in health (a weight of 0 is reflective of
absence of an effect, while a weight of 1 is reflected in total impairment); the
integral of the years of diminished functioning multiplied by the disability
weight is summed with the reduction in lifespan due to premature mortality to
get the aggregate impact to a population. In principle, using such an approach
one can optimize for the overall net reduction in risk, considering competing
hazards. It is noted that the DALY framework has not been adopted for U.S.
regulatory practice and remains controversial for a number of technical and pol-
icy reasons (including age equity) (Anand and Hanson, 1997).

When risk is assessed for chemical or microbial exposure, it should be con-
sidered that not all segments of the population are at the same degree of risk.
This may be due to differences in exposure in terms of either consumption
(Gerba et al., 1996) or in concentrations (due to heterogeneity in the environ-

! Paragraph (5) allows departure upwards from setting the MCL as close to the MCLG as feasible if doing so would result
in an increase in risk from other contaminants, or would interfere with the performance of processes used to address other
contaminants. Paragraph (6) allows departure upward from the “as close as feasible” criterion in certain circumstances if
the benefits would not justify the cost of compliance at that standard.
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BOX 3-2
Origin of the 1/10,000 Acceptable Risk Level for Carcinogens and Infectious Agents

EPA has been at the forefront of the issue of acceptable risk in virtually all of its pro-
grammatic areas, primarily as the result of court challenges to its regulations. In response
to the 1987 Section 112 Clean Air Act decision (Natural Resources Defense Council vs.
U.S. Environmental Protection Agency 824 F. 2nd 1146 [1987]), EPA decided it would base
its regulatory decisions on quantitative risk assessments using the general policy that a
lifetime added cancer risk for the most exposed person of 1 in 10,000 (1 x 10™) might con-
stitute acceptable risk and that the margin of safety required by statute and reinforced by
the court should reduce the risk for the greatest number of persons to an added lifetime risk
of no more than 1 in 1 million (1 x 10'6). However, EPA (along with the courts) has not
viewed “safe” as the equivalent of risk-free and has determined that standards should pro-
tect against significant public health risks (EPA 49 Fed. Reg. 8386 [1984]; Rodricks et al.
1987; Industrial Union Department, AFL-CIO v. American Petroleum Institute et al. 448
U.S. 607 [1980]). EPA has repeatedly rejected the opinion that it can establish a universal
(i.e., brightline) acceptable risk that should never be exceeded under any circumstances,
and they maintain that guidance provided under one statute might have little relevance to
others because of differing program goals. In practical terms, EPA almost never regulates
at a theoretical risk below 1 x 10°® (de minimis) and almost always regulates at a theoretical
risk below 1 x 107 (de manifestis)” (NRC, 2004).

Policy with respect to acceptable levels of risk from exposure to infectious agents is
less well developed than for chemical carcinogens. However, in framing the Surface Water
Treatment Rule (Federal Register, June 29, 1989, page 27486), the rule for reduction of
risk from Giardia and viruses was set to achieve a residual estimated risk of infection below
1/10,000 per year. This number derived from the then average waterborne illness rate
associated with reported waterborne outbreaks (Regli et al., 1991). However it is now rec-
ognized that the waterborne iliness rate is substantially greater than this value—due to
underreporting of outbreaks, as well as to substantial endemic illness. The use of infection
rather than illness as an endpoint was intended to compensate for secondary cases and
also for presumed heightened infectivity amongst sensitive subpopulations.

The use by EPA of an acceptable risk window for microorganisms in the 10° to 10
range as one factor in setting standards continues. As recently as the promulgation of the
Long Term 2 Enhanced Surface Water Treatment Rule (Federal Register, January 5,
2006), EPA has stated: “EPA and Advisory Committee deliberations focused on mean
source water Cryptosporidium concentrations in the range of 0.01-0.1 oocysts/L as thresh-
old levels for requiring additional treatment...these levels are estimated to result in an an-
nual infection risk in the range of 1.7x10™* = 6 x 107 ... for a treatment plant achieving 3-log
Cryptosporidium removal (the treatment efficiency estimated for conventional plants under
existing regulations).”

ment, e.g., in the distributed water), or to intrinsic differences in susceptibility
(Balbus et al., 2000). Unfortunately, our ability to assess quantitative differ-
ences in intrinsic susceptibility remains poor, and therefore protection of suscep-
tible subpopulations often relies upon the imposition of safety factors.

Methods for Characterizing Human Health Risk

Characterization of human health risks may be performed using an epide-
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miological approach or using a risk assessment approach. These methods are
complementary and have different strengths and limitations, and each has been
used for assessment of drinking water risks in various applications. Epidemiol-
ogical approaches study the relationship between exposures and disease in actual
populations and are descriptive, correlational, or analytic. In the descriptive
study, population surveys or systematic disease surveillance (monitoring) de-
scribe disease patterns by various factors such as age, seasonality, and geo-
graphic location. Correlational (also called “ecologic”) studies collect popula-
tion level data on disease rates and exposures and look for correlations. Ana-
lytical studies (whether experimental or observational) are those in which indi-
vidual-level data is collected and the investigator tests a formal hypothesis about
the association between exposure and disease.

Risk assessment methods, on the other hand, follow the hazard identifica-
tion, dose-response assessment, exposure assessment, and risk characterization
paradigm noted above. Frequently, but not always, the dose-response assess-
ment is based upon extrapolation from results of trials in animals (although re-
sults from human exposure may be used where available—for example, in hu-
man feeding trials of infectious agents or from studies in populations exposed in
occupational or other settings to particular agents of concern).

Epidemiological studies have the advantage of involving human popula-
tions, often experiencing the exposure of interest and representing a range of
variability in susceptibility and behavior. However to detect a small increase in
risk from the baseline, epidemiological studies require very large sample sizes,
and thus considerable expense and effort. Epidemiological studies cannot pro-
vide direct information on the potential for risk reduction from a proposed
change in treatment practice that has not yet been implemented since by defini-
tion there is not yet human exposure to conditions expected from the proposed
change. However, epidemiological studies can be designed to measure the di-
rect impact of a treatment intervention after it has been implemented. This is
very powerful tool and it has provided the evidence base that changes in water
treatment have had a positive impact on community health. For example, the
recent meta-analysis by Fewtrell and Colford (2004) demonstrates the body of
evidence linking improvements in community and household water quality to
health.

Risk assessment approaches have the advantage of being flexible in their
application to potential (but not yet experienced) situations. A risk assessment
can be performed even when the projected risk from a particular exposure or
change of exposure is very small. They have the disadvantage of requiring ex-
tensive measurement or modeling to ascertain exposure, and also of the need for
dose-response studies. Often these dose-response studies are in animals or at
higher doses, thereby requiring extrapolation with respect to dose (via a formal
mathematical dose-response curve) and/or between species. Generally, whether
animal or human data are used to establish the dose-response relationship, the
range in variability in susceptibility is small (compared to a full human popula-
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tion) and therefore some margin of safety may need to be explicitly used to ac-
count for more susceptible subpopulations.

This chapter discusses what is known about the human health risks that de-
rive from contamination of the distribution system, relying on three primary
approaches: risk assessment methods that utilize data on pathogen occurrence
measurements, outbreak surveillance data, and epidemiology studies. A special
section is devoted to Legionella, for which all three types of activities have oc-
curred, leading to greater understanding of the risks inherent from growth of this
organism in distribution systems. Because the impetus for this study was revi-
sion of the Total Coliform Rule, the report focuses primarily on acute risks from
microbial contamination of the distribution system. However, there are short-
and long-term risks from chemicals that merit mention (particularly DBPs—Ilead
and copper were outside the scope of the study). DBP concentrations in the dis-
tribution system can vary significantly depending on water residence time, the
types of disinfectants used, and biological and chemical reactions, among many
other factors (see Chapter 6). The concentrations of trihalomethanes in finished
water tend to increase with increasing water age, while certain haloacetic acids
tend to decrease in concentration over time (see Chapter 6; Arbuckle et al.,
2002). A number of epidemiologic studies have examined the health signifi-
cance of DBP exposure and have reported significantly increased risks of blad-
der, rectal, and/or colon cancers in some populations (King et al., 1996; Koi-
vusalo et al., 1997; Doyle et al., 1997; Cantor et al., 1998; Yang et al., 1998;
King et al., 2000) as well as adverse reproductive outcomes (Waller et al., 1998;
Dodds et al., 1999; Klotz and Pyrch, 1999; King et al., 2000). However, deter-
mining and classifying DBP exposure in these studies has been extremely chal-
lenging and has made it difficult to interpret the findings of these studies (Ar-
buckle et al., 2002, Weinberg et al., 2006). Furthermore, the contribution of
distribution systems to the reported risk, as opposed to drinking water treatment
or other processes, has not been elucidated. Because epidemiological studies of
DBP exposure have been extensively reviewed by others (Boorman et al., 1999;
Nieuwenhuijsen et al., 2000; Graves et al., 2001), they are not reviewed here.

EVIDENCE FROM PATHOGEN OCCURRENCE MEASUREMENTS

The risk assessment approach relies on being able to measure or predict
(e.g., by modeling) the concentration of an etiologic agent in the water supply.
Certain microbial pathogens are indicative of distribution system contamination
stemming from both internal and external sources. These include bacteria
known to form biofilms—a physiological state in which organisms attach to and
grow on a surface (Characklis and Marshall, 1990)—and bacteria that indicate
an external contamination event such as intrusion. In distribution systems, the
interior pipe walls, storage tanks, sediments, and other surfaces in contact with
finished water are colonized by bacteria, which can survive, grow, and detach
depending on local conditions. Other types of bacteria (such as coliforms) as
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well as enteric viruses and protozoa (Quignon et al., 1997; Piriou et al., 2000)
are also found in biofilms. However, their presence can also be attributable to
an external contamination event or break through of the treatment barrier.

The microbiology of distribution systems can be influenced by a variety of
factors (e.g., poor quality source water, inadequate treatment, unsanitary activ-
ity, backflow). Given this report’s assumption of adequate treatment, a discus-
sion of all source water microbes and those that would be eliminated during
treatment is not warranted. Furthermore, virtually any microorganism in close
enough proximity to a vulnerable part of the distribution system (e.g., a cross
connection, main break, or leak) could enter during an external contamination
event. Control of these events—see Chapters 4 and 5—is important for reduc-
ing the risks of not only microbial pathogens but also chemicals that might enter
distribution system. Because the complexity of microbes from such diverse
sources is beyond the scope of this report, the following section focuses on those
organisms most likely to indicate either internal or external contamination of the
distribution system.

The Microbiology of Bulk Water

The microbiology of distribution systems essentially consists of two differ-
ent environments—microorganisms in the bulk water column and those in
biofilms attached to the surfaces of pipes, sediments, and other materials. Mi-
croorganisms in the bulk water column originate from either the source water,
from bacterial growth within the treatment process (e.g., within the treatment
filters), from biofilms within the distribution system, or from recontamination of
the water from cross connections, intrusion, pipe breaks, or other external
sources.

Heterotrophic Bacteria

Heterotrophic bacteria (a broad classification that takes into account all bac-
teria that utilize organic carbon) are commonly found in the bulk water of distri-
bution systems because they readily form biofilms in such systems. They are
measured by using heterotrophic plate counts (HPC). Heterotrophs have tradi-
tionally been divided into two primary groups based on their cell wall character-
istics—Gram-negative and Gram-positive.

The presence of a disinfectant residual in drinking water has a tremendous
selective effect, particularly on Gram-negative bacteria, which are relatively
sensitive to inactivation by disinfectants. Identification of bacteria using fatty
acid analysis (Norton and LeChevallier, 2000) showed that chlorination resulted
in a rapid shift from predominately Gram-negative bacteria (97 percent) in the
raw water to mostly Gram-positive organisms (98 percent) in the chlorinated
water (see Table 3-1). Bacteria in the raw water were diverse, with Acinetobacter
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TABLE 3-1 Bacterial Populations Isolated from the Water Column During Treatment

Percentage of

Percentage of Percentage of  Percentage of Population in

Population Population in Population in

Bacterial Identification . . Distribution
in Ozone Filter System
Raw Water Contactor Effluent y
Influent
Gram Negative
Acidovorax spp. 2 4 7
Acinetobacter spp. 29 6
Alcaligenes spp. 12 2 1
Alteromonas spp. 2
Comamonas spp. 1 3
Enterobacter spp. 2 5
Flavobacterium spp. 2 5
Hydrogenophaga 8 3 1
spp.
Klebsiella spp. 10 1 3
Methylobacterium 1 2
spp.
Pseudomonas spp. 14 53 22
Rhodobacter spp. 2 1
Sphingomonas spp. 2 2 19
Stenotrophomonas 2
spp.
Xanthobacter spp. 3
Others* 2 1 5
Gram Positive
Bacillus spp. 7
Nocardia spp. 1 3 7 53
Rhodococcus spp. 16 4
Staphylococcus spp. 1 1
Others* 1 1 1
Unidentified 3 9 16 33
* Includes organisms isolated from only one site at a frequency of 1%. 100 isolates were identified from
each site.

SOURCE: Adapted from Norton and LeChevallier (2000).

spp., Pseudomonas spp., and Klebsiella spp. predominate among the 20 genera
identified. Ozonation of the raw water reduced the microbial diversity to 13
genera, dominated by Pseudomonas spp. and Rhodococcus spp. However, fol-
lowing biologically active granular activated carbon filtration, 19 genera were
identified in the filter effluent, the majority of which (63 percent) matched iso-
lates observed in the raw water. The predominant genera were Pseudomonas
spp. and Sphingomonas spp., which are known to grow attached to the carbon
fines of the filter while utilizing natural organic compounds found in the aquatic
environment. Final chlorination of the filtered water resulted in a shift to No-
cardia spp. as the water entered the pipe system. Nocardia spp. possess charac-
teristic fatty acids that are closely related to Rhodococcus, Mycobacterium, and
Corynebacterium. Its partially acid-fast cell wall and possession of the catalase
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enzyme, which breaks down hydrogen peroxide, are important factors that en-
able the organism to survive disinfection. Other Gram-positive bacteria found in
chlorinated drinking water include Bacillus and Staphylococcus spp. Bacillus
spp. form environmentally resistant spores that can withstand prolonged contact
with chlorine. Some strains of Bacillus and Staphylococcus aureus can produce
toxins when contaminated water is used in food preparation (LeChevallier and
Seidler, 1980).

Treated drinking water will include a mixture of Gram-negative and Gram-
positive bacteria. In the absence of a disinfectant residual, Gram-negative bacte-
ria will out grow Gram-positive bacteria and dominate the bacterial population.
These organisms typically include Pseudomonas, Acinetobacter, Flavobacte-
rium, and Sphingomonas spp. For the most part, these organisms have limited
public health significance, except for Pseudomonas aeruginosa, which is a pos-
sible opportunistic pathogen in drinking water and in the biofilms of water sys-
tems. It is known to colonize point-of-use carbon filters in drinking water sys-
tems (de Victoria and Galvan, 2001; Chaidez and Gerba, 2004). Pseudomonas
aeruginosa is of concern in bathing waters, especially in swimming pools and
spas, where skin infections may result due to exposure. In the case of drinking
water, there are a few studies that suggest a relationship between the presence of
this organism in the water and disease. In one hospital setting, five of 17 pa-
tients with a Pseudomonas infection carried a genotype also detected in the tap
water (Trautmann et al., 2001). In another outbreak of pediatric P. aeruginosa
urinary tract infections, two isolates had genotypes similar to those in the water.
The outbreak was resolved when the taps in the unit were changed (Ferroni et
al., 1998).

Despite these specific incidences, a workgroup recently convened by the
World Health Organization (WHO) to address this issue concluded that HPC
bacteria were not associated with any adverse health effect (Bartram et al.,
2003). “Some epidemiological studies have been conducted into the relation-
ship between HPC exposures from drinking water and human health effects.
Other studies relevant to this issue include case studies, especially in clinical
situations, and compromised animal challenges using heterotrophic bacteria ob-
tained from drinking water distribution systems. The available body of evidence
supports the conclusion that, in the absence of fecal contamination, there is no
direct relationship between HPC values in ingested water and human health ef-
fects in the population at large. This conclusion is also supported indirectly by
evidence from exposures to HPC in foodstuffs where there is no evidence for
health effects link in the absence of pathogen contamination. There are a small
number of studies that have examined possible links between HPC bacteria and
non-intestinal outcomes in general populations. The conclusions of these stud-
ies do not support a [health] relationship” (WHO, 2002).

One of the difficulties in interpreting the significance of HPC data is that
test methods involve a wide variety of conditions that lead to a wide range of
quantitative and qualitative results. For this reason, the EPA has not yet issued a
health-based standard. However, the Surface Water Treatment Rule requires
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that distribution system locations without a detectable disinfectant residual
maintain HPC levels at or below 500 colony forming units (CFU)/mL in at least
95 percent of the samples each month (EPA, 1989).

Coliform Bacteria. Total coliform bacteria (a subset of Gram-negative
bacteria) are used primarily as a measure of water treatment effectiveness and
can occasionally be found in distribution systems. The origins of total coliform
bacteria include untreated surface water and groundwater, vegetation, soils, in-
sects, and animal and human fecal material. Typical coliform bacteria found in
drinking water systems include Klebsiella pneumoniae, Enterobacter aerogenes,
Enterobacter cloacae, and Citrobacter freundii. Other typical species and gen-
era are shown in Table 3-2. Although most coliforms are not pathogenic, they
can indicate the potential presence of fecal pathogens and thus in the absence of
more specific data may be used as a surrogate measure of public health risk.
Indeed, the presence of coliforms is the distribution system is usually interpreted
to indicate an external contamination event, such as injured organism passage
through treatment barriers or introduction via water line breaks, cross connec-
tions, or uncovered or poorly maintained finished water storage facilities (Gel-
dreich et al., 1992; Clark et al., 1996). However, biofilms within distribution
systems can support the growth and release of coliforms, even when physical
integrity (i.e., breaches in the treatment plant or distribution system) and disin-
fectant residual have been maintained (Characklis, 1988; Haudidier et al., 1988;
Smith et al., 1990), such that their presence may not necessarily indicate a recent
external contamination event. Coliform regrowth in the distribution system is
more likely during the summer months when temperatures are closer to the op-
timum growth temperatures of these bacteria.

Thermotolerant coliforms (capable of growth at 44.5 °C), also termed “fecal
coliforms” have a higher association with fecal pollution than total coliforms.
And Escherichia coli is considered to be even more directly related to fecal pol-
lution as it is commonly found in the intestinal track of warm-blooded animals.
Although most fecal coliform and E. coli strains are not pathogenic, some strains
are invasive for intestinal cells and can produce heat-labile or heat-stable toxins
(AWWA, 1999). E. coli and most of the thermotolerant coliforms do not grow
in biofilms, although they most likely can be trapped and retained within
biofilms.

TABLE 3-2 Coliform Isolates Typically Found in Drinking Water

Citrobacter Enterobacter Escherichia Klebsiella
C. freundii E. aerogenes E. coli K. pneumonia
C. diversus E. agglomerans K. oxytoca
E. cloacae K. rhinoscleromatis
K. ozaena

SOURCE: Adapted from Geldreich and LeChevallier (1999).
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Aeromonas. Aeromonas spp. are Gram-negative bacteria found in fresh
and salt water and cause a wide variety of human infections including septice-
mia, wound infections, meningitis, pneumonia, respiratory infections, hemolytic
uremic syndrome, and gastroenteritis (Carnahan and Altwegg, 1996; Alavandi et
al., 1999). The ability of these microorganisms to grow at low temperatures and
low nutrient conditions are important in their occurrence in drinking water sup-
plies. Through the Unregulated Contaminant Monitoring Rule (see Chapter 2),
EPA examined the occurrence of Aeromonas spp. in 308 drinking water systems
and found detectable concentrations in 2.6 percent of 5,060 samples and in 13.6
percent of the systems. In a 16-month study conducted on the presence of A.
hydrophila in drinking water in Indiana, 7.7 percent of the biofilm samples were
positive for A. hydrophila (Chauret et al., 2001). The health significance of de-
tecting aeromonads in drinking water is not well understood. Some countries
(such as the Netherlands) have set standards for acromonads in drinking water
leaving the treatment plant (< 20 CFU/200 mL) and in the distribution system (<
200 CFU/100 mL).

Mycobacteria. Organisms of the genus Mycobacteria are also found in
drinking water. Of particular concern is the MAC, or Mycobacterium avium
complex. Studies have detected M. avium complex organisms in drinking water
distribution systems with concentrations ranging between 0.08 and 45,000
CFU/mL (Haas et al., 1983; duMoulin and Stottmeir, 1986; Carson et al., 1988;
duMoulin et al., 1988; Fischeder et al., 1991; von Reyn et al., 1993; Glover et
al., 1994; von Reyn et al., 1994; Covert et al., 1999). M. avium are resistant to
disinfectants, especially free chlorine (Taylor et al., 2000). Indeed, it is postu-
lated that they may in fact be selected for in distribution systems as a result of
their resistance to chlorine (Collins et al., 1984; Schulze-Robbecke and Fische-
der, 1989; Briganti and Wacker, 1995). However, there is also evidence that
MAC are susceptible to chlorine dioxide and chloramine (Vaerewijck et al.,
2005).

Falkinham et al. (2001) examined eight, well characterized drinking water
systems and reported that 20 percent of the water isolates and 64 percent of the
biofilm isolates were identified as M. avium or M. intracellulare. Additionally,
8 percent of the water isolates were identified as M. kansasii. Most of these
isolates were detected in raw water samples, with M. avium complex organisms
detected in five of six surface water sites ranging from 6 to 35 percent of the
organisms isolated. M. avium complex organisms were not detected in any plant
or well effluent sample, but were occasionally detected at low levels (< 1
CFU/mL) in drinking water systems. However, M. avium and M. intracellulare
were recovered frequently from drinking water biofilm samples, indicating that
M. avium levels were increasing in the distribution system. Increases in M.
avium levels in drinking water were correlated to levels of AOC (r* = 0.65, p =
0.029) and BDOC (r* = 0.64, p = 0.031) (Falkinham et al., 2001; LeChevallier,
2004).
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The greatest increase in M. avium complex infections have been with ac-
quired immunodeficiency syndrome (AIDS) patients; approximately 25 to 50
percent of these patients suffer debilitating and life-threatening MAC infections
(Horsburgh, 1991; Nightingale et al., 1992), although the availability of highly
active antiretroviral therapy has reduced the incidence of MAC in AIDS patients
in recent years. Members of the MAC are known opportunistic pathogens, with
symptoms of pulmonary infection mimicking that of M. tuberculosis (Wolinsky,
1979). The organism infects the gastrointestinal or pulmonary tract, suggesting
that food or water may be important routes of transmission for AIDS patients
(Singh and Lu, 1994). It should be pointed out that epidemiology studies have
not yet identified drinking water as a risk factor for MAC, except perhaps in
hospital water systems.

Free-Living Protozoa

Of the genera of protozoa present in distribution systems, Acanthamoeba,
Hartmanella and Naegleria are known to feed on bacteria and biofilms by graz-
ing. Previous research has shown that all coliforms as well as bacterial patho-
gens and opportunistic pathogens may be ingested by protozoa. Ingested bacte-
ria, if not digested, may survive within the protozoa and be protected from re-
sidual disinfectant. The survival of Legionella has been the subject of numerous
reports in the literature with regards to its increased resistance to disinfectants
while in the intracellular state (Levy, 1990).

Of the eucaryotes mentioned above, two are known to be pathogenic—
Naegleria spp. and Acanthamoeba. These are usually associated with recrea-
tional rather than drinking waters, although Acanthamoeba was included as part
of the first Contaminant Candidate List (EPA, 1998) as an opportunistic patho-
gen affecting contact lens wearers. Previous studies have shown that these or-
ganisms are usually found at the source. However, cysts have also been isolated
from drinking water distribution systems in France (Jacquemin et al., 1981; Gel-
dreich, 1996).

Routine monitoring for free-living protozoa is rarely done. Isolation and
identification of these organisms are accomplished only when there is evidence
for disease outbreak or when research studies are being conducted. As interest
in the ability for protozoa to harbor bacterial pathogens increases, it is probable
that more effort will be expended in determining their presence in distribution
systems, including premise plumbing.

Fungi
Although many fungi have been found in drinking water systems, their lev-

els are typically low and the organisms have not been directly associated with
disease (Kelley et al., 2003). The origin of fungi in drinking water systems has
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not been well characterized, but it is assumed that they come from environ-
mental sources including surface water and groundwater, soils, and vegetation.
The four most frequently occurring genera of filamentous fungi isolated from
chlorinated and unchlorinated distribution systems in southern California were
Penicillium, Sporocybe, Acremonium, and Paecilomyces (Nagy and Olson,
1982). Aspergillus fumigatus was the predominant species detected in the dis-
tribution system water supplies in Finland (Niemi et al., 1982). A variety of
fungi (Cephalosporium sp., Verticillium sp., Trichodorma sporulosum, Nectria
veridescens, Phoma sp., and Phialophora sp.) were identified from water service
mains in England (Bays et al., 1970; Dott and Waschko-Dransmann, 1981).
Outside of specialized research studies, potable water supplies are not routinely
tested for fungi.

The Microbiology of Distribution System Biofilms

Biofilms in drinking water pipe networks contain all of the organisms men-
tioned above that are found in bulk distribution system water, as well as others.
The microbial composition of any given pipe segment can be highly variable,
and in most cases is poorly, if ever, characterized. The pipe surface itself can
influence the composition and activity of biofilm populations. Studies have
shown that biofilms developed more quickly on iron pipe surfaces than on plas-
tic PVC pipes, despite the fact that adequate corrosion control was applied, that
the water was biologically treated to reduce AOC levels, and that chlorine re-
siduals were consistently maintained (Haas et al., 1983; Camper, 1996).

In addition to influencing the development of biofilms, the pipe surface has
also been shown to affect the composition of the microbial communities present
within the biofilm (Figure 3-1). Iron pipes supported a more diverse microbial
population than did PVC pipes (Norton and LeChevallier, 2000). Undoubtedly
part of the reason that certain bacteria associate with certain pipe types is be-
cause materials may leach compounds that support bacterial growth. For exam-
ple, pipe gaskets and elastic sealants (containing polyamide and silicone) can be
a source of nutrients for bacterial proliferation. Colbourne et al. (1984) reported
that Legionella were associated with certain rubber gaskets. Organisms associ-
ated with joint-packing materials include populations of Pseudomonas aerugi-
nosa, Chromobacter spp., Enterobacter aerogenes, and Klebsiella pneumoniae
(Schoenen, 1986; Geldreich and LeChevallier, 1999). Coating compounds for
storage reservoirs and standpipes can contribute organic polymers and solvents
that may support regrowth of heterotrophic bacteria (Schoenen, 1986; Thofern et
al.,, 1987). Liner materials may contain bitumen, chlorinated rubber, epoxy
resin, or tar-epoxy resin combinations that can support bacterial regrowth
(Schoenen, 1986). PVC pipes and coating materials may leach stabilizers that
can result in bacterial growth. Studies performed in the United Kingdom re-
ported that coliform isolations were four times higher when samples were col-
lected from plastic taps than from metallic faucets (cited in Geldreich and

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

100 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

LeChevallier, 1999). The purpose of these studies was not to indicate that cer-
tain pipe materials are preferred over another, but to demonstrate the importance
of considering the type of materials that come into contact with potable water.
Although procedures are available to evaluate the growth stimulation potential
of different materials (Bellen et al., 1993), these tests are not applied in the
United States by ANSI/NSF.

Stenotrophomonas
4.0%

Acidovorax
24.0%

Nocardia
22.0% 26.0%

Stenotrophomonas
74.0%

Other - Gram +
1.0%

Agrobacterium
4.0%
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20.0%

Other - Gram -

1.0%

FIGURE 3-1 Microbial populations isolated from iron pipe (A) or PVC (B) surfaces.
SOURCE: Adapted from Norton and LeChevallier (2000).
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For both bulk drinking water and biofilms, the identification of microor-
ganisms typically relies on culturing bacteria from potable supplies, which has
important limitations. Culture methods do not detect all microbes that may exist
in water, such that only a fraction of viable organisms is recovered (Amann et
al., 1995). In addition, most culture methods only detect relatively rapidly
growing heterotrophic bacteria, and slowly growing organisms, fastidious or
autotrophic organisms, and anaerobes are generally not examined. Diagnostic
kits are unreliable for many heterotrophic bacteria because the methodology
often requires the analyst to perform a Gram stain, which is difficult because of
the slow growth and acid-fast or partially acid-fast nature of bacteria surviving
in disinfected drinking water.

An alternative method includes fatty acid profiling. As shown above, this
approach can be used to identify organisms from drinking water (Norton and
LeChevallier, 2000) but in this study the organisms were cultured prior to identi-
fication and therefore the limitations associated with culturing are still present.
Additionally, for identification, the lipid profile must match an established pro-
file in a database; these databases are predominated by medical (and not envi-
ronmental) organisms. The use of fatty acid profiles was further developed by
Smith et al. (2000) who used biofilm samples without prior culturing to demon-
strate that predominantly Gram-negative bacteria were present, but no further
identification was accomplished. A similar approach was taken by Keinanen et
al. (2004) who compared profiles from two drinking water systems and showed
that they differed, but again, no identifications were obtained. Although fatty
acid profiling has been used in these studies to provide some insight on micro-
bial ecology, the limitations associated with the method preclude it from exten-
sive use in characterizing mixed microbial communities.

Molecular methods offer the promise of a more complete determination of
the microbiology of drinking water (see Chapter 6 for details). DNA extraction
coupled with polymerase chain reaction (PCR) amplification can be used to
identify waterborne microbes (Amann et al., 1990, 1995). These procedures can
be combined with quantitative real-time PCR, fluorescence in-situ hybridization,
or flow cytometry to provide quantitative assessments of bacterial populations.
However, careful quality assurance is necessary to ensure complete extraction
and recovery of environmental DNA. Martiny et al. (2003) utilized terminal
restriction fragment length polymorphisms to identify members of a biofilm
consortium over a three-year time period. In this study, several organisms were
identified (Pseudomonas, Sphingomonas, Aquabacterium, Nitrospira, Plancto-
myces, Acidobacterium) but for the majority of the peaks no sequence match
could be made.

It is telling that there is very little published information about the micro-
bial ecology of distribution systems. At this point in time, the detection methods
are expensive, are time consuming, require optimization for specific conditions,
and are appropriate only for the research laboratory. As a consequence, there is
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a lack of information about the types, numbers, and activities of microorganisms
in drinking water. It is also unknown how the ecology of the main distribution
system is related to that in premise plumbing, how the populations vary between
distribution systems in different locations, and how the populations respond to
water quality changes within a distribution system. This translates into a lack of
understanding about whether organisms of potential public health concern may
be present in water systems and further complicates the ability to assess risk due
to their presence.

As mandated by the Safe Drinking Water Act, the EPA has issued a sec-
ond Contaminant Candidate List that includes 10 microbes (or microbial prod-
ucts) for potential future regulation (EPA, 2004) (see Table 3-3). For most of
these microbes, methods do not exist for routine testing of drinking water sup-
plies, and basic research is needed on their occurrence, survival, and importance
in potable water. Where the current list includes organisms that are not dis-
cussed above, they are considered to be of primary concern in untreated or in-
adequately treated source waters and not in distribution systems, such that a
more detailed discussion is beyond the scope of the report.

It can be hard to determine whether the detection of frank or opportunistic
pathogens in drinking water poses an unacceptable risk. In addition to the moni-
toring techniques being difficult, time-consuming, expensive, and of poor sensi-
tivity, the methods do not detect specific virulence determinants, such that many
environmental isolates (e.g., E. coli, Aeromonas, Legionella, etc.) are indistin-
guishable from their clinical strains. Therefore even when monitoring for poten-
tially pathogenic organisms is done, the public health significance of the results
is often in question. Furthermore, there is insufficient supporting information
(in terms of occurrence data for exposure assessment, dose-response data, health
effects, and models that can predict pathogen occurrence for different distribu-
tion system contamination scenarios such as contamination via cross connec-
tions, main breaks, or intrusion) to conduct a risk assessment for many water-
borne microbes. For all these reasons, measurement of the microbe itself is

TABLE 3-3 Contaminant Candidate List Microbes
Bacteria Mycobacterium avium
Helicobacter
Aeromonas

Viruses Caliciviruses
Echovirus
Coxsackieviruses
Adenovirus

Protozoa Microsporidium

Toxins Cyanobacterial toxins
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typically insufficient to make a public health determination. Until better moni-
toring methods, pathogen occurrence models, dose-response data, and risk as-
sessment data are available, pathogen occurrence measurements are best used in
conjunction with other supporting data on health outcomes. Such supporting
data could include enhanced or syndromic surveillance in communities, as well
as the use of microbial or chemical indicators of potential contamination.

EVIDENCE FROM OUTBREAK DATA

Most information on the risks of waterborne disease in the United States
comes from surveillance and investigation of waterborne disease outbreaks. A
passive voluntary surveillance system for waterborne disease outbreaks started
in 1971 and is a collaboration between the Centers for Disease Control and Pre-
vention (CDC), the EPA, and state and regional epidemiologists. This surveil-
lance system includes outbreaks associated with both drinking and recreational
water, and outbreaks due to both microbial and chemical agents. The objectives
of the surveillance system are to (1) characterize the epidemiology of water-
borne disease outbreaks, (2) identify the etiologic agents that cause the out-
breaks, (3) determine the risk factors that contributed to the outbreak, (4) inform
and train public health personnel to detect and investigate waterborne disease
outbreaks, and (5) collaborate with local, regional, national and international
agencies on strategies to prevent waterborne diseases (Stanwell-Smith et al.,
2003).

From 1971 through 2002, 764 drinking water outbreaks have been reported
through this surveillance system. Although this is believed to be an underesti-
mate of the true number of outbreaks that occurred during this period, the infor-
mation collected in this surveillance system has been extremely valuable for
improving our understanding of the agents that cause waterborne disease and the
risk factors involved in waterborne disease outbreaks. The data collected in this
surveillance system includes:

e Type of exposure (drinking water or recreational water)

Location and date of outbreak

Actual or estimated number of persons exposed, ill, hospitalized, dead
Symptoms, incubation period, duration of illness

Etiologic agent

Epidemiological data (attack rate, relative risk or odds ratio)

Clinical laboratory data (results of fecal and serology tests)

Type of water system

° Community, non-community, or individual homeowner drinking wa-
ter supply

o Swimming pool, hot tub, water park, or lake for recreational water
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e Environmental data (results of water analyses, sanitary survey, water
plant inspection)
e  Factors contributing to contamination of water

The surveillance data are summarized in biannual reports (Morbidity and
Mortality Weekly Report Surveillance Summaries) that are published by the
CDC and distributed to public health authorities and practitioners throughout the
country. The information is also available on the Internet at http://www.cdc.gov/
mmwr. These reports (Herwaldt et al., 1991; Moore et al., 1993; Kramer et al.,
1996; Levy et al., 1998; Barwick et al., 2000; Lee et al., 2002a; Blackburn et al.,
2004) indicate three main trends:

1. The overall number of reported waterborne disease outbreaks associ-
ated with drinking water is declining from a peak of over 50 reported outbreaks
in 1980 to eight reported outbreaks in 2002.

2. For a substantial portion of drinking water outbreaks, the pathogen is
not identified and the outbreaks are classified as “acute gastrointestinal illness of
unknown etiology” (AGI). From 1986 through 2002, approximately 41 percent
of the over 250 outbreaks reported during this period were classified as AGI,
and this proportion varies by reporting period from a peak of 68 percent in
1991-1992 to 17 percent in 1993—-1994. Overall, Giardia and Cryptosporidium
are the most commonly reported etiologic agents of waterborne disease when a
pathogen is identified and are associated with about 20 percent of reported out-
breaks associated with drinking water since the mid-1980s. However, with the
recent addition of Legionella outbreaks to the surveillance system, Legionella is
now the single most common cause of outbreaks involving drinking water (as
discussed below).

3. Most drinking water outbreaks involve groundwater systems, especially
untreated groundwater systems. Forty (40) percent of the 25 drinking water
outbreaks reported between 2001 and 2002 involved untreated groundwater sys-
tems (Blackburn et al., 2004).

Declining Number of Drinking Water Outbreaks

Since the mid-1980s, the number of waterborne outbreaks has declined
(Figure 3-2). The reason for the decrease is largely attributed to the promulga-
tion of more stringent drinking water regulations, including the Surface Water
Treatment Rule, the Total Coliform Rule, and others. In addition, many water
utilities have made voluntary improvements, such as the Partnership for Safe
Water program to reduce the risk of waterborne cryptosporidiosis. The Partner-
ship program entails a comprehensive evaluation of treatment practices with a
focus on achieving filtered drinking water turbidities less than 0.1 nephelometric
turbidity units (NTU). The number of reported outbreaks began to decrease
sharply beginning with the 1985-1986 reporting period; this was attributable
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FIGURE 3-2 Number of drinking water disease outbreaks in the United States, 1971-2002.
Individual—private or individual water systems (9 percent of U.S. population or 24 million
users); Community—systems that serve > 25 users year round (91 percent of U.S. popula-
tion or 243 million users); Noncommunity—systems that serve < 25 users and transient
water systems such as restaurants, highway rest areas, parks (millions of users yearly).
SOURCE: Blackburn et al. (2004).

primarily to fewer community and noncommunity outbreaks. With the institu-
tion and enforcement of better regulations that chiefly affect these types of water
systems (particularly community systems), a marked drop in the number of out-
breaks was seen. In contrast, the increase in outbreaks reported during 1999-
2000 was attributable primarily to individual homeowner systems, which affect
fewer persons, are less regulated, or are more subject to changes in surveillance
and reporting. In 2001-2002, individual homeowner systems comprised 40 per-
cent of the waterborne outbreaks (Figure 3-3).

Etiologic Agents Associated With Drinking Water Outbreaks

The agents responsible for waterborne disease outbreaks were predomi-
nantly undefined, microbial (parasitic, bacterial, or viral), or chemical. Indeed,
surveillance data on waterborne disease outbreaks associated with drinking wa-
ter in the United States from 2001 to 2002 indicate that almost 30 percent of
reported outbreaks were due to bacterial agents, 16 percent were due to proto-
zoa, 16 percent were due to viral agents, 16 percent were due to chemical con-
taminants, and 23 percent had an unidentified etiology. Figure 3-4 shows the
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FIGURE 3-3 Waterborne outbreaks by etiological agent, water system, water source, and
deficiency—United States, 2001-2002. SOURCE: Blackburn et al. (2004).

etiology of waterborne disease outbreaks over time. The large number of water-
borne disease outbreaks associated with protozoa in the early 1980s was mostly
caused by Giardia and was greatly reduced by the implementation of the Sur-
face Water Treatment Rule in 1989 (Barwick et al., 2000). Relatively few out-
breaks due to viruses have been reported, in part because of the difficulty of the
detection methodologies for these organisms. However, the number of reported
viral outbreaks has increased significantly since 1999 with the development of
better diagnostic techniques for noroviruses. Nine of the 15 drinking water out-
breaks associated with noroviruses that have been reported since 1986 occurred
between 1999 and 2002 (Herwaldt et al., 1991; Moore et al., 1993; Kramer et
al., 1996; Levy et al., 1998; Barwick et al., 2000; Lee et al., 2002a; Blackburn et
al., 2004).
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FIGURE 3-4 Agents responsible for waterborne outbreaks. SOURCE: Blackburn et al.
(2004).

Over the past 30 years, there has been a wide range of chemical agents as-
sociated with drinking water outbreaks, including arsenic, benzene, chlordane,
chlorine, chromate, copper, cutting oil, developer fluid, ethyl acrylate, ethylene
glycol, fluoride, fuel oil, furadan, lead, leaded gasoline, lubricating oil, kerosene,
nitrate, nitrite, phenol, polychlorinated biphenyls, selenium, sodium hydroxide,
toluene, xylene, and unidentified herbicides. From 1993 through 2002, most
drinking water outbreaks associated with chemical agents have been due to cop-
per (eight outbreaks, usually related to premise plumbing) followed by ni-
trates/nitrites (six outbreaks, usually related to contamination of groundwater)
(Kramer et al., 1996; Levy et al., 1998; Barwick et al., 2000; Lee et al., 2002a;
Blackburn et al., 2004).

Outbreaks Associated With Groundwater Systems

In recent years, as treatment of surface water supplies has improved, water-
borne outbreaks have increasingly involved groundwater supplies (Figure 3-3).
There is increasing recognition that many groundwater supplies have microbial
contamination, yet the use of untreated groundwater continues in many small
communities and by individual homeowners. A survey of 448 wells in 35 states
reported that 31 percent of the sites were positive for at least one virus, and en-
terovirus RNA was detected in approximately 15 percent, rotavirus RNA in 14
percent, and hepatitis A virus RNA in 7 percent of the wells by reverse-tran-
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scription-polymerase chain reaction (RT-PCR) (Abbaszadegan et al., 2003).
Fout et al. (2003) examined 321 samples from 29 groundwater sites by RT-PCR
and reported that 72 percent of the sites were virus positive. Borchardt et al.
(2004) collected monthly samples from four municipal wells in one city in Wis-
consin for a 12-month period and detected enteric viruses by RT-PCR in 50 per-
cent of the samples. Two studies in Ontario, Canada examined the relationship
between E. coli in well water and acute gastrointestinal illness in households
using the water for drinking (Raina et al., 1999, Strauss et al., 2001). In the first
study of 181 households with untreated well water, water samples were col-
lected five times during the one-year study, and E. coli was detected in 20 per-
cent of the household wells. The second study included 235 households in four
rural communities (Strauss et al., 2001) and reported that 20 percent of the
households had at least one water sample that exceeded the national standards
for total coliforms or E. coli.

Outbreaks Associated With Distribution Systems

Among the seven outbreaks associated with community water systems in
2001-2002, four (57.1 percent) were related to problems in the water distribu-
tion system. Preliminary results from the 2003—2004 surveillance report indi-
cate that distribution systems were associated with 38 percent of the outbreaks
associated with drinking water systems during this period (Liang et al., 2006).
Other epidemiological and outbreak investigations conducted in the last five
years suggest that a substantial proportion of waterborne disease outbreaks, both
microbial and chemical, is attributable to problems within distribution systems
(Craun and Calderon, 2001; Blackburn et al., 2004) (see Figure 1-1). Craun and
Calderon (2001) examined causes of reported waterborne outbreaks from 1971
to 1998 and noted that, in community water systems, 30 percent of 294 out-
breaks were associated with distribution system deficiencies, causing an average
of 194 illnesses per outbreak. Distribution system contamination was observed
to be the single most important cause of outbreaks in community water systems
over that time period.

The reason for the apparent increase in the proportion of outbreaks associ-
ated with water distribution systems is not entirely clear. Outbreaks associated
with distribution system deficiencies have been reported since the surveillance
system was started. However, there may be more attention focused on the dis-
tribution system now that there are fewer outbreaks associated with inadequate
treatment of surface water. Also, better outbreak investigations and reporting
systems in some states may result in increased recognition and reporting of all
the risk factors contributing to the outbreak, including problems with the distri-
bution system that may have been overlooked in the past. Although waterborne
disease outbreaks in general are still under-reported, the surveillance system has
become more mature, and outbreak investigations and analyses are becoming
more sophisticated.
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The CDC surveillance system for waterborne disease outbreaks attempts to
collect information on outbreaks and their contributing causes. For example,
from 1981 to 1998, the CDC documented 57 waterborne outbreaks related to
cross-connections, resulting in 9,734 detected and reported illnesses (Craun and
Calderon, 2001). Contamination from cross-connections and backsiphonage
were found to cause the majority of the outbreaks associated with distribution
systems (51 percent), compared with contamination of water mains following
breaks (39 percent) and contamination of storage facilities (the remaining 10
percent). A separate compilation by the EPA of backflow events revealed many
more incidents of backflow and resulting outbreaks—a total of 459 incidents
resulting in 12,093 illnesses from backflow events from 1970 to 2001 (EPA,
2002). The situation may be of even greater concern because incidents involv-
ing premise plumbing are even less recognized.

Most reported outbreaks associated with distribution systems occur in
community water systems because of their greater size and complexity. For
example, from 1999 to 2002 there were 18 reported outbreaks in community
water systems, and nine (50 percent) of these were related to problems in the
water distribution system (Lee et al., 2002b; Blackburn et al., 2004). However,
there have been a number of reported outbreaks associated with noncommunity
water systems that have been attributed to deficiencies in the distribution sys-
tem. Finally, the magnitude and severity of reported outbreaks associated with
distribution systems vary, with an average about almost 200 illnesses per out-
break (Craun and Calderon, 2001) and a total of 13 deaths.

The Extent of Underestimation

The number of identified waterborne disease outbreaks is considered an un-
derestimate because not all outbreaks are recognized, investigated, or reported to
health authorities (Blackburn et al., 2004). For example, outbreaks occurring in
national parks, tribal lands, or military bases might not be reported to state or
local authorities. Factors influencing whether a waterborne outbreak is recog-
nized include awareness of the outbreak, availability of laboratory testing, and
resources available for surveillance and investigation of outbreaks. The detec-
tion and investigation of waterborne outbreaks is primarily the responsibility of
the local, state, and territorial public health departments with varying resources
and capacities. Differences in the capacity of local and state public health agen-
cies and laboratories to detect an outbreak might result in reporting and surveil-
lance bias, such that the states with the majority of outbreaks might not be the
states with the majority of waterborne disease. Outbreaks are more likely to be
recognized when they involve acute illnesses with symptoms requiring medical
treatment, or when sensitive laboratory diagnostic methods are readily available.
These and other limitations are discussed below.
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Underreporting of Outbreaks Involving Individual Homeowner Systems

Although the surveillance system has always included outbreaks associated
with individual homeowner water systems, it is likely that most sporadic cases
and small clusters of waterborne disease associated with individual homeowner
water systems are not recognized or reported because small numbers of people
are involved. Furthermore, a cluster of cases of gastroenteritis within a single
household may easily be attributed to food contamination or person-to-person
transmission, such that the possibility of waterborne transmission may not be
considered or investigated. From 1971 to 1980, 37 (11.6 percent) of the 320
reported drinking water outbreaks were associated with individual homeowner
systems, and most of these outbreaks involved chemical agents when an etio-
logic agent was identified (Craun, 1986). From 1993 to 2002, 41 (28.7 percent)
of the 143 reported drinking water outbreaks were associated with individual
homeowner water systems, suggesting that there may be increased recognition
and reporting of these smaller outbreaks in the past ten years of surveillance.

Underreporting of Outbreaks Involving Premise Plumbing

Outbreaks associated with premise plumbing are not specifically identified
in the CDC surveillance reports. Adverse health effects associated with premise
plumbing problems are less likely to be recognized and reported in this surveil-
lance system, especially if they occur within a single household. However, a
number of outbreaks associated with drinking water have been reported from
public building settings such as schools, restaurants, churches, factories, and
apartment buildings. Some of these outbreaks were due to contamination of a
private well that serves the building. Other outbreaks in public buildings were
classified as due to distribution system deficiencies and appeared to involve
cross-connections and/or backsiphonage problems. Examples of the latter type
of outbreak include:

e an outbreak of copper poisoning in the early 1980s that occurred when
“backsiphonage of corrosive water containing carbon dioxide from a soda-
mixing dispenser caused copper to be leached from piping in a building (Craun,
1986);

e a norovirus outbreak in 1995 at a high school in Wisconsin that af-
fected 148 persons. The school was connected to the community water supply.
However, water in the school became contaminated from backsiphonage of wa-
ter from hoses submerged in a flooded football field (Levy et al., 1998);

e a chemical outbreak in 1995, in which 13 persons in a healthcare facil-
ity in Iowa became ill after drinking water that was contaminated with concen-
trated liquid soap. A valve on the water supply hose to the soap dispenser had
been left open and allowed the soap to enter the water supply in the building.
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Although the building had vacuum breakers to prevent backsiphonage, these
were installed incorrectly at the soap dispensers (Levy et al., 1998);

e a chemical outbreak in 1999, in which four residents of an apartment
building in Florida had acute gastroenteritis that was attributed to unidentified
chemical poisoning. A cross-connection was discovered between their drinking
water and an improper toilet flush-valve. Residents of the apartment had no-
ticed on several occasions that their tap water was blue before the onset of ill-
ness (Lee et al., 2002a).

e a small waterborne disease outbreak at a middle school in Florida in
2001 due to a cross-connection between the air conditioning unit and the potable
water supply. A maintenance worker used the potable water system to dilute the
ethylene glycol solution in the chiller unit. The higher water pressure in the
chiller unit forced the diluted ethylene glycol into the school’s water supply and
pink-colored water was observed in the school bathrooms. Three students be-
came ill with gastrointestinal symptoms (Blackburn et al., 2004).

Underreporting of Outbreaks Involving Chemical Agents

From 1971 to 1980, 38 (11.9 percent) of the 320 reported drinking water
outbreaks were attributed to chemical agents (Craun, 1986), and from 1993 to
2002, 25 (17.5 percent) of the 143 reported drinking water outbreaks were at-
tributed to chemical agents (Kramer et al., 1996; Levy et al., 1998; Barwick et
al., 2000; Lee et al., 2002a; Blackburn et al., 2004). The CDC believes that wa-
terborne chemical poisonings are underreported for many reasons. First, most of
these are probably due to copper and lead leaching from plumbing in private
residences and affect relatively few people and are consequently unlikely to be
recognized by public health authorities. Furthermore, exposure to chemicals in
drinking water can often cause non-specific symptoms that may not be recog-
nized as chemical poisoning or may not be linked to a specific chemical. The
detection, investigation, and reporting of waterborne disease outbreaks linked to
chemical exposures are not as well established as the methods for dealing with
outbreaks associated with infectious agents. Finally, many physicians may have
difficulty recognizing and diagnosing chemical poisonings unless they have had
additional training in this area (Barwick et al., 2000).

Revisions of the CDC Waterborne Disease Outbreak Surveillance System

The CDC is making several changes to its waterborne disease outbreak sur-
veillance system that are relevant to better understanding the role of distribution
systems, including premise plumbing. Previously, the risk factors or deficien-
cies that contributed to a waterborne disease outbreak were classified as: (1) use
of untreated surface water, (2) use of untreated groundwater, (3) treatment defi-
ciency, (4) distribution system problem, or (5) miscellanecous. The 2003-2004
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MMWR Surveillance Summary will use a new and detailed classification sys-
tem for risk factors that contributed to the outbreak, and it will distinguish be-
tween deficiencies before or after entry into a building or home. This distinction
is important because drinking water before it enters a building is usually man-
aged by the water utility and subject to EPA drinking water regulations. How-
ever, drinking water problems that occur after entry into a building, such as
those due to Legionella colonization in premise plumbing, cross-connections,
point-of-use devices, or drink mix machines, may not be the responsibility of the
water utility or regulated by EPA (lead and copper are an exception—see Chap-
ter 2). Preliminary results from the surveillance system for 2003—2004 indicate
that 48 percent of the outbreaks associated with drinking water were associated
with deficiencies in source water, water treatment, and the distribution system
and 52 percent of the outbreaks were due to deficiencies after the point of entry.
In this latter group of outbreaks, approximately 47 percent involved Legionella
and 35 percent involved chemical agents (including copper) (Liang et al., 2006).
In addition, the surveillance system will now report all the identified deficien-
cies that contributed to the waterborne disease outbreak rather than reporting
only the primary deficiency. Finally, CDC is moving toward a web-based sys-
tem for reporting outbreaks and developing a public access database on water-
borne disease outbreaks that will allow investigators to examine and analyze
these data.

EPIDEMIOLOGY STUDIES

Three basic epidemiological study designs can be used to assess the public
health risk of contaminated water supplies (Steenland and Moe, 2005): descrip-
tive, correlational or ecological, and analytic. In the descriptive study, popula-
tion surveys or systematic disease surveillance describe disease patterns by vari-
ous factors such as age, seasonality, and geographic location. These studies do
not test a formal hypothesis about the relation between a specific exposure (or
risk factor) and disease, but they can help identify specific populations or geo-
graphic regions for further study. This category includes the systematic surveil-
lance of outbreaks discussed in the previous section as well as endemic cases.
Surveillance systems are useful for showing trends in the causes and risk factors
of waterborne disease, but they are not very sensitive and cannot serve as a rapid
warning system of a water-related health problem in a specific community be-
cause of reporting delays. In addition to the waterborne disease outbreak sur-
veillance system, there is also a national system of notifiable diseases in the
United States that mandates that health care providers report specific infections,
including a number of potentially waterborne infections such as cholera, crypto-
sporidiosis, E. coli O157:H7, giardiasis, hepatitis A virus, legionellosis, polio-
myelitis, salmonellosis, shigellosis, tularemia, and typhoid fever. Like the out-
break surveillance system, the surveillance for notifiable diseases is a voluntary
passive surveillance system with low sensitivity and reporting delays. Finally,
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the descriptive framework has been used in the Foodnet surveillance program to
assess occurrence of common gastroenteric illnesses in the population and
gather information on the prevalence of various risk factors for diarrheal disease
(such as food consumption habits, water consumption habits, and recreational
water contact). Although the notifiable disease surveillance system and the
Foodnet program provide valuable data on disease occurrence, they provide no
information on what proportion of these diseases are related to drinking water.

Correlational or ecologic studies collect population level data on disease
rates and exposures and look for correlations. For example, bladder cancer rates
in cities with chlorinated surface water can be compared to cities with chlorin-
ated groundwater to see if there may be a correlation between chlorination of
surface water, formation of DBPs, and bladder cancer. However, these studies
do not collect information on individual risk factors or confounders that may be
related to risk of disease, such as smoking. Correlational studies do not test a
formal hypothesis and are considered weaker than studies that collect individual-
level data. But they can provide valuable information for generating hypothe-
ses. Time-series studies are another example of correlational studies and have
been used to examine the relationship between changes in water quality indica-
tors (such as turbidity) and disease rates in the population served by the water
supply (such as emergency department visits for gastroenteritis) (Schwartz et al.,
1997). These studies have the advantage of comparing the same population at
different points in time (thus controlling for confounding) so that only the vari-
ables that change are those that are being studied—i.e., water quality and disease
rates.

Analytical studies are those in which individual-level data are collected, and
the investigator tests a formal hypothesis about the association between expo-
sure and disease. Analytical studies can be experimental, such as a clinical trial
where some households are given bottled water to drink and other households
are asked to drink tap water, and then disease rates between the two study
groups are compared to determine the risk of disease attributable to drinking
water. In these clinical trials, study participants are randomly assigned to a
study group in order to ensure that other potential risk factors for disease are
equally distributed among the study groups. An example of this design is the
study of Colford et al. (2002) in which home water purification devices were
installed in the homes of a test group of study participants and the control group
consisted of homes in which “sham” devices were installed. Both groups kept
health diaries to record symptoms of gastroenteritis and other health effects. At
the end of the observation period, incident rates of disease were compared as a
ratio, e.g., diarrhea episodes per person-year in the “exposed group” (those with
the sham device) divided by diarrhea episodes per person-year in the “unex-
posed group” (those with additional purification).

Other analytical studies can be observational or natural experiments, where
the investigator examines disease rates over time in study groups that have dif-
ferent exposures. Observational studies can use a cohort design, case-control
design, or cross-sectional design. In the cohort design, all study participants are
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disease-free at the beginning of the study and disease rates over time are com-
pared between study participants who are exposed to various risk factors vs.
those who are not exposed. This design allows the consideration of multiple
health outcomes and can be either prospective or retrospective. The cohort de-
sign is useful for rare exposures because the study deliberately recruits a cohort
of individuals who are more likely to become exposed because of their occupa-
tion or geographic location. An example of this is the study of Frost et al.
(2005), who assessed the illness rate of cryptosporidiosis and the presence of
antibodies to Cryptosporidium in two populations (one exposed to surface water
and one to groundwater). They concluded that populations receiving surface-
derived water had higher antibody prevalence (but not higher illness rate) than
individuals receiving groundwater. Cohort studies are not well suited for rare
diseases because the purpose of this study design is to compare how frequently
the disease occurs in the exposed group vs. the unexposed group. If the disease
is rare, then a very large cohort must be recruited in order to make a meaningful
comparison.

Case-control studies are often used to study rare diseases and start with re-
cruiting a group of individuals with the disease of interest (cases) and another
group of individuals without the disease (controls). The study individuals are
then queried about their past exposure to the specific risk factors of interest. In a
case-control study, the measure of association is the “risk odds ratio” which
compares the odds of exposure to a specific risk factor among the cases to the
odds of exposure among the controls. In contrast to the cohort study, a case-
control study can look at only one health outcome but can examine multiple risk
factors. An example of the case-control design is the study of Steinmaus et al.
(2003) who examined associations of risk factors with bladder cancer in the
western U.S. This study found no association of bladder cancer with daily arse-
nic ingestion in drinking water below 80 pg/day and found some association in
smokers at ingestions of greater than 200 pg/d of arsenic.

Cross-sectional studies are similar to ecologic studies in that exposure rates
and disease rates are measured at the same time. However, cross-sectional stud-
ies collect individual-level data whereas ecologic studies collect population-
level data. Seroprevalence surveys are a form of cross-sectional study where,
for example, prevalence of antibodies to Cryptosporidium can be measured in
populations served by different types of water supplies. The use of epidemiol-
ogical methods to study health risks associated with drinking water has been
reviewed by Savitz and Moe (1997).

Descriptive Studies of Endemic Waterborne Disease
The risk of endemic waterborne disease (sporadic cases) is difficult to esti-
mate, although various authors have made educated guesses. Bennett et al.

(1987) estimated that the incidence of waterborne disease in the United States
was 940,000 cases per year and resulted in 900 deaths. Although the purpose of
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the study was to rank the importance of various disease categories (water ranked
next to the last, above zoonotic diseases) and to define the opportunities for pre-
vention, the study has been criticized as little more than an exercise in guess
work. Morris and Levin (1995) used incidence rates for enteric diseases and
prevalence rates for specific groups of pathogens detected in water to give wa-
terborne infectious disease estimates of 7.1 million mild infections, 560,000
cases of moderate or severe illness, and 1,200 deaths annually in the United
States. The authors concluded, however, that available data were inadequate to
refine the estimates.

Recent data on the incidence of diarrheal disease in the U.S. is available
from the FoodNet population-based surveillance system (managed by the CDC).
The disease estimates from the FoodNet system are based on telephone surveys
that used random-digit-dialing and interviewed one individual per household to
recall their occurrence of diarrhea in the four weeks prior to the interview. As
shown in Table 3-4, the overall diarrhea prevalence rates from these surveys
range from 5 to 11 percent, resulting in an estimated incidence of around 0.7 to
1.4 episodes/person/year. Diarrhea prevalence rates were consistently higher in
children under five years of age.

Other CDC estimates based on the FoodNet data and other sources suggest
that there are 211 million episodes of acute gastroenteritis in the United States
each year that result in over 900,000 hospitalizations and 6,000 deaths (Mead et
al., 1999). Mead et al. (1999) estimated the incidence of gastrointestinal illness
to be 0.79 episodes/person/year. These FoodNet data are valuable for providing
a measure of baseline diarrhea incidence in the U.S. population and the public
health and economic burden associated with diarrheal diseases in an industrial-
ized country. However, it is important to point out that these data offer no in-
formation on the proportion of diarrheal disease attributable to drinking water.
Furthermore, these data probably underestimate the total burden of acute gastro-
enteritis in the population because cases with only vomiting were not included in
the estimate (Imhoff, 2004), and vomiting is a common symptom for most gas-
troenteritis due to noroviruses and other viral agents.

TABLE 3-4 Burden of Diarrheal Disease in the U.S. based on FoodNet Telephone Survey

Data
Overall prevalence Estimated Diarrhea .
Total # i e prevalence in
No. of of acute diarrheal incidence of r
Year respondents . . X children
States . . illness in past four episodes/person/ "
in analysis < five years
weeks year
old
1996-1997 5 8,624 11% 1.4 10%
1998-1999 7 12,075 6% 0.72 9%
2000-2001 8 14,046 5% NA 9%
2002-2003 9 15,578 5% NA 9%

NA = the authors did not report an estimate of the incidence rate.
SOURCES: Herikstatd et al. (2002); Imhoff et al. (2004) ; Hawkins et al. (2002) ; McMillan et al. (2004).
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Analytical Epidemiological Studies

Determining the proportion of diarrheal disease that is attributable to water
contamination is best done through analytical, experimental epidemiological
studies. There have been four analytical epidemiological studies of acute gas-
troenteritis and drinking water systems relevant to distribution systems, all of
which focused on risks from microbiological agents.

Laval Studies

Payment et al. conducted two epidemiology studies (Payment et al, 1991;
Payment et al, 1997) in a suburb of Montréal known as Laval that examined the
health of people who drank tap water and compared the group to people receiv-
ing water treated by reverse osmosis to determine which group had higher levels
of gastrointestinal illness. In the 1991 study, reverse osmosis units were in-
stalled in 299 households (1,206 persons), and another 307 households (1,202
persons) were followed as controls with no device installed. Both groups were
monitored for a 15-month period. Highly credible gastrointestinal illness
(HCGI) was defined as (1) vomiting or liquid diarrhea with or without confine-
ment to bed, consultation with a doctor, or hospitalization, or (2) nausea or soft
diarrhea combined with abdominal cramps with or without absence from school
or work, confinement to bed, consultation with a doctor, or hospitalization. The
water source for the study area was a river that was contaminated by human
sewage discharges, including combined sewer overflows. The community had a
single water treatment plant with pre-disinfection, alum flocculation, rapid sand
filtration, ozonation, and final disinfection with chlorine or chlorine dioxide.
The quality of the finished water leaving the plant included an average of 0.6
mg/L total chlorine and approximately 0.4 mg/L free chlorine, an average tur-
bidity of 0.26 NTU, and no detection of indicator bacteria or human enteric vi-
ruses in weekly samples (Payment et al., 1991). The overall incidence of highly
credible gastroenteritis was 0.66 episodes/person/year and was highest in chil-
dren five years of age and younger. The authors concluded that approximately
35 percent of the self-reported gastrointestinal illnesses was attributed to tap
water consumption.

The 1997 study included groups receiving (1) regular tap water, (2) tap wa-
ter from a continuously purged tap, (3) bottled plant effluent water, or (4) bot-
tled plant effluent water purified by reverse osmosis. Differences in gastroen-
teritis rates between groups 1 and 2 versus group 3 was assumed to be due to
changes in water quality that occurred between the time the water left the treat-
ment plant and the time the water reached the household. The water ingested by
group 1 represented tap water that had gone through the distribution system and
also had residence time in the household plumbing. The water ingested by
group 2 represented tap water quality in the distribution system without any sig-
nificant residence time in the household plumbing. It should be noted that be-
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tween the time of the first and second study, the water treatment plant was sig-
nificantly upgraded with higher disinfection doses and better filtration. Esti-
mated Giardia removal/inactivation exceeded 7.4 logs, and estimated virus inac-
tivation by chlorine exceeded 10 logs. The average turbidity of the finished
water was 0.1 NTU and never exceeded 0.5 NTU. However, periods of “micro-
failures” in individual filters were reported (Susan Shaw, EPA, personal com-
munication, 2006).

This second study attributed 14 percent to 40 percent of the gastrointestinal
illness to the consumption of tap water (which met Canadian guidelines). Pay-
ment et al. (1997) concluded that the distribution system played a role in water-
borne disease because the rates of HCGI were similar for group 3 (ingested puri-
fied bottled water) and group 4 (ingested bottled water from the treatment plant),
but groups 1 and 2 (ingested water from the distribution system) had higher
HCGI rates than group 4. Interestingly, there appeared to be no correlation be-
tween the relatively short residence time of the water in the distribution system
(which varied from 0.3 to 34 hours) and the incidence of HCGI in a family.
Furthermore, microbiological testing of the water in the distribution system did
not indicate any bacterial indicators of contamination, but these water samples
were not tested for viruses or protozoa. Contrary to their expectation, the inves-
tigators observed higher HCGI rates in families that ingested water from the
continuously purged taps compared to families with regular tap water that may
be subject to bacterial regrowth in household pipes. The investigators suggested
that the shorter residence time for water from the continuously purged taps may
have transported pathogens in the distribution system to the household sooner
than regular tapwater and that there may have been inadequate contact time with
residual chlorine in the distribution system to inactivate any introduced patho-
gens.

Transient pressure modeling (Kirmeyer et al., 2001) found that the distribu-
tion system studied by Payment et al. was extremely prone to negative pressures,
with more than 90 percent of the nodes within the system drawing negative
pressures under certain modeling scenarios (e.g., power outages). The system
reported some pipe breaks, particularly during the fall and winter when tempera-
ture changes placed added stresses on the distribution system. Although the
system employed state-of-the-art treatment, the distribution network suffered
from low disinfectant residuals, particularly at the ends of the system. Low dis-
infectant residuals and a vulnerability of the distribution system to pressure tran-
sients (suggesting intrusion as a possible mechanism of contamination) could
account for the observed illnesses.

Melbourne Study
A double-blinded, randomized trial was recently completed in Melbourne,

Australia, to determine the contribution of drinking water to gastroenteritis (Hel-
lard et al., 2001). Melbourne, with a population of about 3 million, draws its
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drinking water from protected forest catchments of the Upper Yarra and Thom-
son rivers. The catchments, which are approximately 1,550 square kilometers
(600 square miles) in area, are closed to public access and have no permanent
human habitation or activity except for logging in limited areas. Water from
these catchments is stored in two major reservoirs (Silvan and Cardinia) with
detention times of approximately two and 33 months, respectively. Water from
both reservoirs is treated by chlorination, fluoridation (slurry or acid), and pH
adjustment with lime.

Routine water quality monitoring at sampling points in the distribution sys-
tem included total and fecal coliforms, HPC bacteria, and total and free chlorine.
Free chlorine levels in the distribution system ranged from 0 to 0.94 mg/L, with
a median of 0.05 mg/L, and 90 percent of samples had < 0.20 mg/L. Total coli-
form bacteria were detected in 18.9 percent of 1,167 routine 100-mL water sam-
ples, but fecal coliform bacteria were not detected. Median HPC concentrations
were 37 CFU/mL with 13 percent of samples greater than 500 CFU/mL. During
the study, water quality monitoring included testing a weekly composite sample
from four water mains for selected pathogens: Campylobacter sp., Aeromonas
sp., Clostridium perfringens, Cryptosporidium sp. and Giardia sp. These distri-
bution system samples were positive for Aeromonas spp. (50 percent of 68
weekly samples), Campylobacter (one occasion), and Giardia (two positive
samples by reverse transcriptase-PCR). No samples had detectable C. perfrin-
gens spores or Cryptosporidium parvum 0ocysts.

The study area in Melbourne is a growing area with relatively new houses
and many families with young children. Six hundred (600) families (with at
least two children one to 15 years of age) were recruited into the study. Ap-
proximately one third of the study households lived in areas of the distribution
system with average water residence times of one to 1.5 days. Approximately
two thirds of the study households lived in areas of the distribution system with
average water residence times of three to four days (maximum six days).

Study households were randomly assigned to receive either a real or pla-
cebo water treatment unit installed under the kitchen sink. Functional units were
designed to remove viruses, bacteria, and protozoa using microfiltration and
ultraviolet light treatment. The study participants completed a weekly health
diary reporting gastrointestinal symptoms during the 68-week observation pe-
riod. The rates of HCGI ranged from 0.79/person/year for those with functional
treatment units and 0.82/person/year with the sham devices. The study con-
cluded that the water was not a source of measurable gastrointestinal disease
(the ratio of illness rates between the group drinking treated water compared to
the normal tap water was 0.99, with a 95 percent confidence interval of 0.85—
1.15; p = 0.85). Analysis of 795 fecal specimens from participants with gastro-
enteritis did not reveal any difference in pathogen detection rates between the
two groups.

This study was not designed to examine the risks from the distribution sys-
tem separately from the risks associated with the entire water system. However,
since there appeared to be no measurable contribution to illness due to drinking
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water, one may assume that the risks from degraded water quality in the distri-
bution system were also below the detection limit of the study.

Davenport Study

The 1996 amendment to the Safe Drinking Water Act included a mandate to
the CDC and the EPA to conduct studies to determine the occurrence of water-
borne disease. To address this mandate, EPA scientists conducted several epi-
demiological studies of waterborne disease, and EPA funded several studies by
external investigators, including the pilot study and full-scale study in Daven-
port, lowa.

As a preliminary trial to the subsequent epidemiology study, a randomized,
triple-blinded, home drinking water intervention trial of 77 households was con-
ducted for four months in Contra Costa County, California (Colford et al.,
2002). The drinking water was treated using an under-the-kitchen-sink device
that incorporated ultraviolet light and microfiltration. Although the purpose of
the trial was to evaluate the “blinding” of the study (e.g., could the participating
households detect the active and identical-looking placebo devices), analysis of
the data showed that the incidence rate ratio of highly credible gastrointestinal
illness (HCGI) (incidence rate of the placebo group divided by the active device
group, adjusted for clustering) was 1.32, with a 95 percent confidence interval of
0.75 to 2.33. Given the small study size, the higher rate of HCGI among the
placebo group was not statistically significant. The authors concluded, however,
that the relative rates of HCGI were consistent with those observed by Payment
et al. (1991, 1997). This pilot study is interesting because it provides another
estimate of self-reported HCGI rates in a cohort of households followed over
time, and it confirmed that study subjects could successfully be blinded to the
type of water treatment device they had during the intervention trial.

The full-scale Water Evaluation Trial was conducted in Davenport, lowa to
determine the incidence of gastrointestinal illness associated with consumption
of drinking water meeting all federal and state treatment guidelines (LeCheval-
lier et al., 2004; Colford et al., 2005). The municipal water system used a single
source (the Mississippi River) and was treated at a single plant with conven-
tional treatment consisting of coagulation, flocculation, sedimentation, pre-
chlorination, filtration (dual filters with granular activated carbon and sand), and
post-filtration chloramination. The average turbidity of the finished water was
0.05 NTU.

A total of 456 households with 1,296 participants were randomized into two
groups. One group received a household water treatment device with a 1-
micron absolute ceramic filter and UV light with 35,000-38,000 uW-
second/cm’ output. The other group received a sham device that was identical
to the active device but had an empty filter chamber and a UV light that was
shielded to block the transmission of radiation but still generated the same light
and heat as the active unit. Each study household had an active device for six
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months and a sham device for six months and was blinded to the status of their
device during the study. Study participants recorded the occurrence of any
symptoms in daily health diaries. HCGI was defined as in the previous studies
as (1) vomiting, (2) watery diarrhea, (3) soft diarrhea and abdominal cramps, or
(4) nausea and abdominal cramps.

Incidence of HCGI varied by season and ranged during the study period
from 1.64 to 2.80/person/years at risk (Wade et al., 2004). The overall HCGI
rate for households with the sham device was 2.12 episodes/person/year and
2.20 episodes/person/year for households with the active device. The overall
HCGI rate for the entire study population was 2.16 episodes/person/year. Mul-
tivariate analyses showed no effect of the household water treatment device on
illness rates during the 12-month study period. As in the studies by Payment et
al., the highest illness rates were in children five years of age and younger. The
overall conclusion was that less than 11 percent of the gastrointestinal illness
observed in this community was due to drinking water. Unlike the studies by
Payment et al., this study included households without children, and it is possi-
ble that the number of young children in the study was too small to be able to
detect an effect in this more vulnerable group.

United Kingdom Study

A study conducted in Wales and northwest England from 2001 to 2002
found a very strong association (p < 0.001) between self-reported diarrhea and
reported low water pressure at the home tap based on a postal survey of 423
subjects (Hunter et al., 2005). This study was part of a larger case-control study
of risk factors associated with sporadic cryptosporidiosis and was not specifi-
cally designed to study waterborne disease. Cryptosporidiosis cases and con-
trols were identified from family physician practices in Wales and northwest
England, and a postal survey asking a number of questions about potential risk
factors for diarrhea was mailed to 662 cases of cryptosporidiosis and 820 con-
trols. The survey included questions on travel outside the U.K., eating habits,
food preparation habits, contact with animals, contact with young children, con-
sumption of unboiled water, contact with other persons with diarrhea, and age.
Questionnaires were returned by 427 controls, and 423 were included in the
analyses. Of these, 28 (6.6 percent) reported having diarrhea in the two weeks
before receiving the survey.

Four risk factors for diarrhea in the control group remained significant in
the logistic regression model using a stepwise comparison strategy: feeding a
child under five years old, contact with another person who had diarrhea, loss of
water pressure at home, and how often the subject ate yogurt. The first three
risk factors had a positive association with diarrhea (Odds Ratios of 2.5, 7.0, and
12.5, respectively, after adjusting for the effects of the other variables in the
model). Yogurt consumption had a protective effect against diarrhea and
showed a dose-response relationship (more frequent consumption was associ-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

PUBLIC HEALTH RISK FROM DISTRIBUTION SYSTEM CONTAMINATION 121

ated with lower risk). The investigators suggested that the strength of the asso-
ciation between loss of water pressure and risk of diarrhea indicates that this was
not a spurious association and was not likely to be affected by recall bias be-
cause it was just one of many potential risk factors that was investigated.

The study populations were drawn from two large regions that include both
heavily industrialized areas and rural areas and about 240 water treatment plants.
The overall microbiological water quality for the utilities in these regions was
described to be excellent with less than 0.05 percent of water samples positive
for E. coli during this study period. The investigators hypothesized that most of
the reported episodes of pressure loss were due to main breaks in which con-
tamination entered the distribution system. However, no attempt was made to
collect information on recorded main breaks in the systems where the controls
lived. The investigators concluded that up to 15 percent of gastrointestinal ill-
ness may be associated with consumption of drinking water that was contami-
nated from main breaks or other pressure loss events, and that the associated
costs of this illness should be taken into account when weighing the costs of
replacing aging water supply distribution systems. Although there had previ-
ously been concern about possible health risks from pressure loss and pathogen
intrusion in water distribution systems (LeChevallier et al., 2003), this was the
first study to provide solid evidence of that risk, with policy implications for
how to manage low pressure events in public water supplies.

kesksk

The body of evidence from these epidemiological studies does not eliminate
consumption of tap water that has been in the distribution system from causing
increased risk of gastrointestinal illness. The conflicting results between the
Laval and U.K. studies, which indicated risk associated with distribution system
water, versus the Melbourne and Davenport studies, which showed no increased
risk of gastrointestinal illness associated with tap water, may be due to a number
of differences between the study designs and the individual water systems.

With respect to the latter, all four cohort studies were in cities that used sur-
face water supplies. In Laval and Davenport, the rivers received upstream sew-
age discharges and were known to be contaminated. With the Davenport study
in particular, it is possible that the reason they found no contribution to disease
from the water supply was because the investigators chose a well-operated and
maintained system. In Melbourne, the source water came from a highly pro-
tected watershed. In Laval and Davenport, the water treatment plants used con-
ventional filtration and disinfection—indeed, Laval had both ozonation and
chlorination although the average turbidity of the finished water during the first
study was quite high (0.26 NTU). The water treatment plant in Melbourne did
not practice filtration. There is no information on the water supplies in the U.K.
study. Little to no information on the distribution systems was provided in the
descriptions of the Laval or Melbourne studies except that the residence time in
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the Laval system was relatively short (0.3 to 34 hours), while the residence time
for most of the study families in the Melbourne study was 72 to 96 hours.

Differences in study design such as population size and composition and
follow-up period also played a role. As shown in Table 3-5, the size of the study
population in the Davenport study is approximately half of the study population
in the Laval and Melbourne studies (although the Davenport study used a cross-
over design to try to compensate for the smaller sample size). The Davenport
study also had the shortest follow-up period of the four studies. Unlike the La-
val and Melbourne studies that only recruited households with children, house-
holds enrolled in the Davenport study were not required to have children, and
the average household size was smaller in the Davenport study (2.84 persons)
compared to the Laval and Melbourne studies (Laval 1988—1989: 3.97 persons;
Laval 1993-1994: 3.84 persons; Melbourne: 4.69 persons). The smaller sample
size, shorter follow-up period, and possibly lower proportion of children (a vul-
nerable sub-population), may be reasons why the Davenport study did not detect
a significant risk of waterborne illness.

TABLE 3-5 Comparison of Population Parameters from the Epidemiology Studies

Stud Laval Laval Melbourne Davenport
y 1988-1989 1993-1994 1997-1999 2000-2002
# households in 307 346 (tap water) 300 229
tapwater group 330 (tap w/valve)
# of persons in 1,202 1,296 (tap water) 1,399 650
tapwater group 1,300 (tap
w/valve)
# households in 299 339 (purified) 300 227
purified water 354 (bottled plant)
group
# of people in 1,206 1,360 (purified) 1,412 646
purified water 1,297
group (bottled plant)
% children in 6.2 <6 yrs 12.8 <6 yrs (tap) 40.2<10 NA
tapwater group 16.5 <6 yrs (tap yrs
valve)
% children in 9.6 <6 yrs 15.1 <6 yrs 40.9<10 NA
purified water (purified) yrs
group 15.4 <6 yrs
(bottled plant)
Weeks of Approx 60 Approx 69 68 54
observation
time
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Statistical power in a cohort study is determined by the size of the study
population, the follow-up time, and the frequency of the health outcome of in-
terest (incidence of HCGI), with the number of outcomes being more relevant
that the size of the study population (Hulley and Cummings, 1988). The Dav-
enport study was designed to have the statistical power to detect an 11 percent or
greater risk of HCGI due to water (Colford et al., 2005). The Melbourne study,
with the larger sample size and longer follow-up period, was designed to detect
a 15-20 percent reduction in the overall rate of HCGI in the group with the ac-
tive point-of-use treatment devices. However, the total number of HCGI epi-
sodes measured in both study populations was very similar (tap water: Mel-
bourne = 1,500 episodes, Davenport = 1,431 episodes; purified water: Mel-
bourne = 1,459 episodes, Davenport = 1,476 episodes). Thus, the higher HCGI
rates detected in the Davenport study and the cross-over design appear to have
mitigated the effects of the smaller sample size and shorter follow-up period on
the statistical power of the study. As shown in Table 3-5, all of these studies
had relatively large study populations and measured thousands of illness epi-
sodes, and thus had similar statistical power.

There was limited assessment of exposure among the studies. All of the
studies monitored water quality at the treatment plant, but there was a wide
range in the amount of sampling and analyses of water in the distribution sys-
tem. For example, monitoring in the Davenport study was extensive, with tap
water samples and treatment device samples collected from about one-fourth of
the study households at three times during the study. They documented higher
coliform and HPC levels in water from the treatment devices compared to tap
water (LeChevallier et al., 2002). None of the studies reported pathogen detec-
tion in the tap water, except for three occasions in the Melbourne study. It
should be noted that the microbiological analyses of water differed for each
study. Finally, all four studies attempted to measure the volume of tap water
ingested via surveys, and these surveys indicated that subjects in the purified
water groups also consumed regular tap water (reported range 14.5 to 40 per-
cent).

All four cohort studies used similar approaches for recording symptoms of
gastrointestinal illness and similar definitions of HCGI. Different rates of HCGI
were observed in the four cohort studies. It is striking that the rates reported by
the Davenport study and the Contra Costa County pilot study are more than
twice as high as the rates reported by the Laval and Melbourne studies and about
three times higher than the FoodNet rates of diarrheal disease (see Table 3-6).
The reason for these higher rates is unknown because the investigators state that
they used similar case definitions as the Laval and Melbourne studies. If there
were several significant transmission routes of enteric pathogens in these com-
munities that were responsible for these higher reported illness rates, then an
intervention study targeted only to waterborne disease transmission may not
show any effect (see Briscoe, 1984). However, the use of the cross-over design
in Davenport should have been valuable in this regard because the effect of
other transmission routes is better controlled for using this design.
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TABLE 3-6 Rates of Highly Credible Gastrointestinal lliness from the Epidemiology Studies

Estimated rate* of Estimated rate* of Estimated rate* of

Study HCGI in tap water HCGI in purified HCGI in all study
groups water group participants

Laval
1988-1989 0.76 0.50 0.66
Laval 0.66 (tap) 0.58 0.60
1993-1994 0.70 (tap valve)
Melbourne 0.82 0.79 0.80
1997-1999
Contra Costa 3.48 2.63 3.05
County, CA
1999
Davenport 212 2.20 2.16
2000-2002
FoodNet ND ND Approx 0.72

* rate expressed as episodes/person/year

The conflicting results of these epidemiological studies raise a number of
questions. The fact that these were carefully conducted studies by research
teams with considerable experience implies that there are detectable elevated
risks of waterborne disease associated with some water systems and not others.
However, not enough information was gathered to know what characteristics of
the water systems posed increased risk, whether it be the source water, the
treatment plant, or the distribution system.

For the studies that showed no detectable association between gastrointesti-
nal symptoms and consumption of tap water (Melbourne and Davenport), it is
not clear if they suffered from an inadequate design and sample size in order to
detect an association, or if there simply was no association. The randomized
clinical trial design used in Laval, Melbourne, and Davenport is one of the most
rigorous analytical study designs and is less likely to be affected by error and
confounding. However, it is possible that selection bias in the recruitment of the
study population, misclassification of drinking water exposure, or inaccurate
reporting of health outcomes may have affected the results of these studies. It
must be kept in mind that epidemiological studies are not able to prove that there
is zero risk associated with a specific exposure; they can only report that the risk
is below the level that the study had the power to detect, which was 15 to 20
percent (Melbourne) or 11 percent (Davenport).

For the studies that did show an association between gastrointestinal symp-
toms and consumption of tap water (Laval study), or an association between
gastrointestinal symptoms and a water pressure drop (UK study), it is not clear
what portion of the observed risk was due to water contamination in the distribu-
tion system as opposed to water contamination at the source and/or inadequate
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water treatment. The second Laval study examined the risks associated with the
distribution system by including a study group that received bottled plant efflu-
ent as well as groups that ingested tap water and continuous-flow tap water (“tap
valve” group). Tap water drinkers had elevated risk of HCGI compared to those
who ingested bottled water from the treatment plant or purified bottled water,
suggesting that water in the distribution system posed an increased health risk
(although routine water quality monitoring of the distribution system did not
provide evidence of compromised quality). However, there was also an indica-
tion of some increased risk of illness from water with reduced residence time in
the distribution system (tap valve group) compared to water with average resi-
dence times (from 0.3 to 34 hours in this system). This suggests that additional
contact time with disfinectants in the distribution system may be helpful in re-
ducing risks. The UK study suggests that pressure drops in the distribution sys-
tem was associated with increased gastrointestinal illness, but this association
needs to be tested more systematically and rigorously in further studies.

One of the major challenges for designing an epidemiology study of health
risks associated with water quality in the distribution system is separating the
effect of source water quality and treatment from the effect of distribution sys-
tem water quality. Knowledge of how water distribution systems become con-
taminated from anecdotal evidence and outbreak data (main breaks, sudden
changes in pressure and intrusion, backpressure or backsiphonage, etc.) suggests
that the exposure to contamination in the distribution system is likely to be in-
termittent and may be very difficult to capture in an epidemiological study.
Nonetheless, new approaches to deal with this challenge were tested in a pilot
study in the southeastern U.S. and a third approach is being tested in a study in
the Midwestern U.S. These studies were designed by multidisciplinary teams of
university and research foundation scientists with input from outside experts
including EPA and CDC staff. Support for these studies came from the EPA
STAR Grant Program, and they are part of a series of studies funded by or con-
ducted by the EPA to develop a national estimate of waterborne disease risks.
These three approaches are described in Box 3-3 as examples. Other study de-
signs may also be useful for addressing the question of endemic disease risks
associated with water quality in the distribution system.

RISKS FROM LEGIONELLA

The role of biofilms and microbial risk can best be illustrated by the exam-
ple of the bacterium Legionella pneumophila in water systems, for which occur-
rence data, outbreak data, and epidemiological data are available. Legionella are
widely distributed in the aqueous environment and have been found in drinking
water (Stout et al., 1985; Rogers et al., 1994) and biofilms (Rogers et al., 1994;
Pryor et al., 2004; Thomas et al., 2006). Although the bacteria have been iso-
lated from biofilms in water distribution systems, there is evidence that the
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BOX 3-3
Three Approaches to Designing an Ideal Epidemiology Study that would Determine
the Distribution System Component to Waterborne Disease

Method 1

This method relies on conducting a vulnerability assessment of the water distribution
system and identifying areas in the distribution system that are more vulnerable and less
vulnerable to contamination—based on pipe age and composition, history of main breaks,
history of coliform detections, estimates of residence time, and chlorine residual. The study
population (families with one or more children < six years old) should be recruited in the
most vulnerable and the least vulnerable geographic areas of the distribution system. It is
important to randomize the study population in each geographic area into two groups. The
researchers would provide purified bottled water to half of the study households, and ask
the other half of the study population to drink tap water. All study households would be
asked to record health symptoms in a health diary. The difference in the rates of reported
gastrointestinal symptoms (Gl) for families drinking tap water to the rates for families drink-
ing purified bottled water would then be compared. This difference (Gliap-Glootte) represents
the risk of Gl symptoms due to source water and distribution system water. Part of the
analysis would be to compare this difference (Gliap-Glootie) for the study populations in the
most vulnerable areas (where the degradation of distribution system water quality would be
the greatest) to the difference (Glwp-Glootte) for the study populations in the least vulnerable
areas (where there should be little or no impact from degradation of water quality in the
distribution system). This difference between the study groups in different parts of the dis-
tribution system should represent the impact of the distribution system on risk of Gl illness
(see Figure 3-5). Although the study is not blinded, the technique of “comparing the differ-
ence of the difference” controls for lack of blinding. This “double-difference methodology” is
commonly used in economics studies and program evaluation to assess the impact of a
specific intervention by comparing the differences between intervention and control groups
at baseline and at a follow-up time point (Maluccio and Flores, 2005).

Water Treatment Plant

/\

A B
Least vulnerable distribution Most vulnerable distribution
system areas system areas

FIGURE 3-5 Study Design to Examine Risks from Water Quality in the Distribution Sys-
tem: Method 1.
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Method 2

This approach is identical to the first, except that the study population in each geo-
graphic area is randomized into three groups. The researchers would provide purified bot-
tled water to one-third of the study households, bottled finished water directly from the
treatment plant to the other third of the study households, and bottled water from the most
vulnerable part of the distribution system to the final third of the study population. As be-
fore, study households would be asked to record health symptoms in a health diary. This
study, which has a cross-over design, is shown in Figure 3-6. The advantage of this ap-
proach over the first approach is that the study is blinded because everyone receives bot-
tled water. Furthermore, one can recruit study subjects in any geographic location because
drinking water is delivered to their home. This design is similar to a human challenge study
because the investigators control exposure to the study water. The disadvantages are that
bottled distribution system water will not capture temporal changes in water quality. Also,
possible changes in water quality during bottling and storage may not reflect quality of dis-
tribution system water. However, these disadvantages could be mitigated by detailed
microbiological studies of distribution system water quality in the study site prior to starting
the epidemiologic study, bottling the distribution system water more frequently, bottling
composite samples of the distribution system water over time and geographic area, and
characterizing changes in distribution system water quality during bottling and storage.

A B © D
First 6 Purified Bottled | Purified Bottled Bottled Plant Bottled DS
months Water Water Water Water
Last 6 Bottled Plant Bottled DS Purified Bottled Purified Bottled
months Water Water Water Water

176 households per group (average); Total 704

Power estimates:
Gl risk due to source water quality and treatment efficacy: 91%
Gl risk due to distribution system: 86%

Assumptions:
20% attrition
20% variance inflation due to clustering

FIGURE 3-6 Study Design to Examine Risks from Water Quality in the Distribution System:
Method 2 Cross-over Study.
continues
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BOX 3-3 Continued
Method 3

A third approach is being attempted in the Wisconsin groundwater study (WAHTER) in
several communities that use untreated groundwater. This study uses a community level
intervention where UV disinfection is added at the wellhead, and community gastrointesti-
nal symptom rates are compared before and after the UV intervention. The risk from the
distribution system will be estimated using a risk assessment approach. Enteric virus con-
centrations are being measured in water samples from well heads (representing contami-
nation in the groundwater) and compared to virus concentration measurements in water
samples from study households (representing contamination from both the groundwater
and the distribution system). The difference in virus concentration will be attributed to the
distribution system. In those study communities with UV disinfection installed at the well-
heads, viruses measured at the households could only have originated from intrusions into
the distribution system. Note that the feasibility of this approach depends on studying a
water supply where pathogens are detected with some frequency. For a water supply
where a high proportion of water samples do not have detectable pathogens, the applica-
tion of this study design is uncertain.

The study also measures the incidence of gastrointestinal symptoms in a cohort of
children in the study communities using a health diary. The researchers intend to model
the illness rate in the study population as a function of household pathogen concentration
using dose-response models where incidence of acute gastrointestinal illness in the study
population is a function of the pathogen dose in the household water (calculated as con-
centration of virus in the volume of water ingested over a defined period of time). The in-
vestigators will then use quantitative risk assessment to estimate the community illness
rates if the population drank water directly from the wellhead. The difference between the
measured illness rates in the study population and the estimated illness rates associated
with source water will represent the risk from pathogens in distribution system.

One of the challenges of this approach is that there are different dose-response rela-
tionships for different waterborne viruses. Thus, information on the etiology of the pre-
dominant viral infections in the community will be used to guide the modeling analyses.

SOURCE: Available online at http://cfpub.epa.gov/ncer_abstracts/index.cfm/fuseaction/
display.abstractDetail/abstract/7430/report/0. Accessed August 10, 2006.

organism must be taken up by protozoa to proliferate (Nahapetian et al., 1991;
Barbaree et al., 1986; Barbaree, 1991; Murga et al., 2001). Some studies have
reported that the presence of amoebae is a predictor of Legionella colonization
in plumbing systems (Moore et al., 2006).

Levels of legionellae in potable water systems are typically low, but ampli-
fication can occur in cooling towers, recirculating hot water systems, and hot
tubs (EPA, 1999). Legionella species have been shown to proliferate in biofilms
in institutional and premise plumbing (Pryor et al., 2004; Thomas et al., 2006)
and can be found in water heaters, shower heads, and cooling towers (Wad-
owsky and Yee, 1983, 1985; Stout et al., 1985; Rogers et al., 1994). Indeed, in a
study of legionellosis in the United Kingdom, 528 of the examined 604 cases
were attributed to contaminated cooling towers, 70 (or 12 percent) were caused
by contaminated drinking water, and six were caused by contaminated whirl-
pools (VROM, 2005).
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Legionella is an example of an organism that is an efficient pulmonary
pathogen when inhaled as large aggregates or biofilm fragments. Inhalation of
large numbers of the bacteria overwhelms the pulmonary defenses, and Pontiac
fever results. Aspiration of smaller numbers of organisms as biofilm fragments
may cause Legionnaire’s disease. Epidemiological studies have linked water
contaminated with both Legionella and protozoa to outbreaks of legionellosis
(Fields et al., 1989; Breiman et al., 1990). A review paper by Lin et al. (1998)
suggests that hospitals take routine samples for the organism in their distribution
systems and determine the efficacy of any disinfection processes by measuring a
reduction in Legionella counts.

Legionella are specifically mentioned in the EPA’s Surface Water Treat-
ment Rule, with the MCLG set at zero. For this reason, the bacterium was not
included on the Contaminant Candidate List for methods development and po-
tential future regulation. However, there is little evidence that filtration and
disinfection of surface water prevents the growth of Legionella species in distri-
bution system plumbing. In fact, since Legionella was incorporated into the
waterborne disease outbreak surveillance system starting in 2001, several out-
breaks have been attributed to the microorganism. During 2001-2002, the six
drinking water outbreaks attributed to Legionella species (19.4 percent of the
total) caused illness in 80 persons and resulted in 41 hospitalizations and four
deaths. All of these outbreaks occurred in large buildings or institutional set-
tings and were related to multiplication of Legionella species in the respective
distribution systems. As mentioned previously, Legionella is now the single
most common cause of outbreaks involving drinking water (Liang et al., 2006).
These outbreaks underscore the importance of remaining vigilant about the pos-
sibility of growth of Legionella species in building complexes and the need to
take measures to reduce this threat (see Chapter 8).

In an epidemiological study, Kool and colleagues (1999) examined 32
nosocomial outbreaks of Legionnaires’ disease from 1979 to 1997 where drink-
ing-water was implicated and tabulated the characteristics of the hospital (size,
transplant program) and the primary disinfectant treatment, disinfectant residual,
water source, community size, and pH of the water. The researchers found that
the odds of a nosocomial Legionella outbreak was 10.2 (95 percent confidence
interval of 1.4—460) times higher in systems that maintained free chlorine than
in those using a chloramine residual. They estimated that 90 percent of water-
borne Legionella outbreaks could be prevented if chloramine was universally
used. Heffelfinger et al. (2003) reported that 25 percent (38) of 152 hospitals
surveyed had definite reported cases or outbreaks of hospital-acquired Legion-
naires’ disease during the period 1989 to 1998. However, hospitals supplied
with drinking water disinfected with monochloramine were less likely (odds
ratio 0.20; 95 percent confidence interval, 0.07 to 0.56) to have hospital-
acquired Legionnaires’ disease than other hospitals. Cunliffe (1990) reported
that suspensions of Legionella pneumophila were more sensitive to
monochloramine disinfection, with a 99 percent level of inactivation when ex-
posed to 1.0 mg monochloramine/L. for 15 minutes, compared with the 37-
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minute contact time required for Escherichia coli inactivation under similar
conditions. Donlan et al. (2002) reported that monochloramine was significantly
more effective than free chlorine at eradicating laboratory-grown biofilms of L.
pneumophila.

Legionella has also been the subject of pathogen occurrence measurements.
Researchers at the CDC conducted a study of Legionella occurrence in 53 public
buildings before and after the conversion of the San Francisco water supply
from free chlorine to chloramine (Fields, 2005; Flannery et al., 2006). They
showed that the concentration of legionellae was reduced more than 20-fold by
the conversion from free chlorine to chloramine. Interestingly, the incidence
rate of Legionella infections was low (only one laboratory-confirmed case in the
two years prior to the switch to chloramine) despite the fact that the major sero-
type detected included the clinically significant Legionella pneumophila sero-
group 1. The results illustrate the difficulty in relating the detection of microbes
in drinking water to a documented risk of waterborne disease.

Another recent study examined the impact of switching from chlorine to
monochloramine disinfection on Legionella occurrence in Pinellas County, Flor-
ida (Moore et al., 2006). In this study, water samples were collected from 96
buildings (public buildings and individual homes) for a four-month period when
chlorine was the primary disinfectant and from the same sampling sites for a
four-month period after monochloramine was introduced into the municipal wa-
ter system. In the first period, 20 percent of the buildings were colonized with
Legionella in at least one sampling site. Legionella colonization was reduced by
69 percent within a month after monochloramine introduction. Monochloramine
appeared to be more effective in reducing Legionella in hotels and single-family
homes than in county government buildings, perhaps because of more consistent
water usage. As in the San Francisco study, the reported incidence of legionel-
losis in the study area during this time was too low (nine cases) to determine if
the change to monochloramine had an impact on human disease.

Given that 20 percent of reported outbreaks involving drinking water are at-
tributed to Legionella, additional attention should be given to the control of this
potential pathogen, especially in institutional and premise plumbing (see Chap-
ter 8).

CONCLUSIONS AND RECOMMENDATIONS

Accurate estimates are not yet available for the prevalence of adverse health
effects attributable to deficiencies in distribution systems from pathogen occur-
rence measurements, waterborne disease outbreak surveillance, or epidemiol-
ogical studies. Pathogen occurrence measurements are rare due to limitations in
detection methods and cost issues. Models to quantitatively predict pathogen
occurrence in distribution systems (e.g., by cross-connections, main breaks, or
intrusion) have not yet been developed. Despite under-reporting and limited
data on risk factors, the voluntary waterborne disease outbreak surveillance sys-
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tem provides the best available evidence of public health risks associated with
distribution systems in the United States. These data suggest that about one-
third to one-half of reported waterborne disease outbreaks are associated with
distribution system problems. To date, only one epidemiological study (the sec-
ond Laval study) has been specifically designed to examine the contribution of
the distribution system to endemic disease occurrence. Until better data are
available from these three approaches, it will not be possible to accurately assess
the magnitude of the health impacts resulting from distribution system deficien-
cies. The following conclusions and recommendations are made.

The distribution system is the remaining component of public water
supplies yet to be adequately addressed in national efforts to eradicate wa-
terborne disease. This is evident from data indicating that although the number
of waterborne disease outbreaks including those attributable to distribution sys-
tems is decreasing, the proportion of outbreaks attributable to distribution sys-
tems is increasing. Most of the reported outbreaks associated with distribution
systems have involved contamination from cross-connections and backsipho-
nage. Furthermore, Legionella appears to be a continuing risk and is the single
most common etiologic agent associated with outbreaks involving drinking wa-
ter. Initial studies suggest that the use of chloramine as a residual disinfectant
may reduce the occurrence of Legionella, but additional research is necessary to
determine the relationship between disinfectant usage and the risks of Legionella
and other pathogenic microorganisms.

Distribution system ecology is poorly understood. There is very little in-
formation available about the types, activities, and distribution of microorgan-
isms in distribution systems. Limited HPC data are available for some systems,
but these data are not routinely collected, they underestimate the numbers of
organisms present, and they include many organisms that do not necessarily
present a health risk. To more adequately assess risk, more information on the
microbial ecology of distribution systems, including premise plumbing, is
needed.

There is inadequate investigation of waterborne disease outbreaks as-
sociated with distribution systems, especially in premise plumbing. Le-
gionella has only recently been added to the outbreak surveillance system. Ex-
isting data on outbreaks due to other etiologic agents would rarely implicate
premise plumbing because backflow and regrowth events likely would not be
recognized and reported unless an institutional building with large numbers of
people was affected. The Centers for Disease Control and Prevention are com-
mended for revising the format used to report waterborne disease outbreaks to
the surveillance system such that outbreaks arising from events in premise
plumbing are now more clearly identified.
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Epidemiology studies that specifically target the distribution system
component of waterborne disease are needed. Recently completed epidemi-
ological studies have either not focused on the specific contribution of distribu-
tion system contamination to gastrointestinal illness, or they have been unable to
detect any link between illness and drinking water. Epidemiological studies of
the risk of endemic disease associated with drinking water distribution systems
need to be performed and must be designed with sufficient power and resources
to adequately address the deficiencies of previous studies.

This chapter highlights the lack of information available to assess the public
health risk of contaminated distribution systems. One of the consequences of
this fact is that the committee was forced to rely heavily on its best professional
judgment to prioritize contamination events into high, medium, and low priority
(see Appendix A). Better public health data, including data on waterborne out-
breaks, from epidemiological studies, and on distribution system water quality,
could help refine distribution system risks and provide additional justification
for the rankings.

The following three chapters consider the roles of physical, hydraulic, and
water quality integrity. Protection of public health requires that water profes-
sionals incorporate approaches that combine all three into a comprehensive pro-
gram of best practices to maintain the highest level of water quality.
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4
Physical Integrity

This chapter focuses on physical integrity—the ability of the distribution
system to act as a physical barrier that prevents external contamination from
affecting the quality of the internal, drinking water supply. Water distribution
system engineers have defined the physical integrity of the distribution system
to be its ability to handle external and internal stresses such that the physical
material of the system does not fail (Male and Walski, 1991). Here failure is
interpreted more broadly to encompass the absence of a critical component, the
improper installation of a component, or the installation of an already contami-
nated component.

The physical integrity of the distribution system is always in a state of
change, and the aging of the nation’s distribution systems and eventual need for
replacement are growing concerns. Maintaining such a vast physical infrastruc-
ture is a challenge because of the complexity of individual distribution systems,
each of which is comprised of a network of mains, fire hydrants, valves, auxil-
iary pumping or booster disinfection substations, storage reservoirs, standpipes,
and service lines along with the plumbing systems in residences, large housing
projects, high-rise buildings, hospitals, and public buildings. This is further
complicated by factors that vary from system to system such as the size of the
distribution network for the population served, the predominant pipe material
and age of pipelines, water pressure, the number of line breaks each year, water
storage capacity, and water supply retention time in the system. When consider-
ing the replacement of a given component of the distribution system, decision
makers must weigh its potential remaining life versus the potential that the com-
ponent will fail, which could result in costly consequences and compromise the
water utility’s service.

The physical integrity of the distribution system, from the entry point to the
customer’s tap, is a primary barrier against the entry of external contaminants
and the loss in quality of the treated drinking water. This barrier includes such
materials as the pipe wall and reservoir cover as well as physical connections to
nonpotable water sources. The barrier must be non-permeable since contami-
nants can enter through breaks or failures in materials as well as through the
materials themselves. Table 4-1 gives examples of the infrastructure compo-
nents that constitute this physical barrier, what they protect against, and the ma-
terials of which they are commonly constructed.

A variety of components and materials make up this physical barrier. Four
major component types are delineated and referred to repeatedly in this chapter:
(1) pipes including mains, services lines, and premise plumbing; (2) fittings and
appurtenances such as crosses, tees, ells, hydrants, valves, and meters;
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TABLE 4-1 Infrastructure Components, What They Protect Against, and Common Materials

Component

External Contamination the Barrier Protects Against

Materials Used

Pipe

Pipe wrap and coatings

Pipe linings

Service lines

Premise plumbing

Fittings and appurtenances
(meters, valves,
hydrants, ferrules)

Storage facility walls, roof,
cover, vent hatch

Backflow prevention
devices

Liquids

Gaskets and joints

Soil, groundwater, sewer exfiltration, surface runoff, human
activity, animals, insects, and other life forms

Supporting role in that it preserves the pipe integrity

Supporting role in that it preserves the pipe integrity

Soil, groundwater, sewer exfiltration, surface runoff, human
activity, animals, insects, and other life forms

Air contamination, human activity, sewage and industrial
nonpotable water.

Soil, groundwater, sewer exfiltration, surface runoff, human
activity, animals, insects, and other life forms

Air contamination, rain, algae, surface runoff, human activity,
animals, birds, and insects

Nonpotable water

Not applicable

Soil, groundwater, sewer exfiltration, surface runoff, human
activity, animals, insects, and other life forms

Asbestos cement, reinforced concrete, steel, lined and unlined cast
iron, lined and unlined ductile iron, PVC, polyethylene and
HDPE, galvanized iron, copper, polybutylene

Polyethylene, bitumastic, cement-mortar

Epoxy, urethanes, asphalt, coal tar, cement-mortar, plastic inserts

Galvanized steel or iron, lead, copper, chlorinated PVC, cross-
linked polyethylene, polyethylene, polybutylene, PVC, brass,
cast iron

Copper, lead, galvanized steel or iron, iron, steel, chlorinated PVC,
PVC, cross-linked polyethylene, polyethylene, polybutylene

Brass, rubber, plastic

Concrete, steel, asphaltic, epoxy, plastics

Brass, plastic

Oils, greases, lubricants

Rubber, leadite, asphaltic, plastic
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(3) storage facilities including reservoirs (underground, open, and covered), ele-
vated storage tanks, ground level storage tanks, and standpipes; and (4) back-
flow prevention devices. The materials used by the water industry for these
components, particularly pipes, have changed significantly over time (AWWA,
1986; Von Huben, 1999). For example, cast iron pipe (lined or unlined) has
been largely phased out due to its susceptibility to both internal and external
corrosion and associated structural failures. Ductile-iron pipe (with or without a
cement lining) has taken its place because it is durable and strong, has high flex-
ural strength, and has good resistance to external corrosion from soils. It is,
however, quite heavy, it might need corrosion protection in certain soils, and it
requires multiple types of joints. Concrete, asbestos cement, and polyvinyl chlo-
ride (PVC) plastic pipe have been used to replace metal pipe because of their
relatively good resistance to corrosion. Polyethylene pipe is growing in use,
especially for trenchless applications like slip lining, pipe bursting, and direc-
tional drilling (Morrison, 2004). High-density polyethylene pipe is the second
most commonly used pipe. It is tough, corrosion resistant both internally and
externally, and flexible. The manufacturer estimates its service life to be 50 to
100 years (AWWA, 2005a). Chapter 1 discusses the rate of pipe replacement in
the United States and notes that much of the current infrastructure is nearing the
end of its usable lifetime.

FACTORS CAUSING LOSS OF PHYSICAL INTEGRITY

Losses in physical integrity are caused by an abrupt or gradual alteration in
the structure of the material barrier between the external environment and the
drinking water, by the absence of a barrier, or by the improper installation or use
of a barrier. These mechanisms are summarized in Table 4-2.

Infrastructure components break down or fail over time due to chemical in-
teractions between the materials and the surrounding environment, eventually
leading to holes, leaks, and other breaches in the barrier. These processes can
occur over time scales of days to decades, depending on the materials and condi-
tions present. For example, plastic pipes can be very rapidly compromised by
nearby hydrophobic compounds (e.g., solvents in the vadose zone that result
from surface or subsurface contamination), with the resulting permeation of
those compounds into the distribution system through the pipe materials. Both
internal and external corrosion can lead to structural failure of pipes and joints,
thereby allowing contaminants to infiltrate into the distribution system via leaks
or subsequent main breaks. Materials failure can be hastened if the distribution
system water pressure is too high, from overburden stresses on pipes, and during
natural disasters. Indeed, hurricanes and earthquakes have caused extensive
sudden damage to distribution systems, including broken service lines and fire
hydrants, pipes disconnected or broken by the uprooting of trees, cracks in ce-
ment water storage basins, and seam separations in steel water storage tanks
(Geldreich, 1996).
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TABLE 4-2 What Causes a Loss in Physical Integrity?

Component

Mechanism of Integrity Loss

Alteration in material structure leading to

failure

Absence of the barrier or material

Improper application or installation of the

barrier

Pipe

Fitting and
appurtenance

Storage facility wall,
roof, cover, vent, hatch

Backflow prevention
device

Corrosion
Permeation

Too high internal water pressure or
surges

Shifting earth

Exposure to UV light

Stress from overburden
Temperature fluctuations, freezing

Corrosion
Permeation

Corrosion

Permeation

Natural disasters

Failure due to aging and weathering

Corrosion

Absence of external or internal linings,
wraps, coatings to protect the pipe

Appurtenance in a flooded meter or
valve pit (absence of appropriate struc-
tures)

Missing cover, roof, hatch, vent, can
lead to unprotected access to the stor-
age facility. Could be unintentional or
intentional (vandalism)

Missing device will allow a backflow
event via a cross connection

Unsanitary activity during construction,
replacement, or repair

Unintentional creation of cracks and
breaks

Use of faulty materials

Unsanitary activity during construction,
replacement, or repair

Unintentional creation of cracks and
breaks

Use of faulty materials
Contact between dissimilar metals

Unsanitary activity during construction,
replacement, or repair

Unintentional or intentional creation of
cracks and breaks

Poor drainage for runoff

Use of faulty materials

Use of faulty materials

Improper installation

Inadequate drainage of meter pit
Operational failure

(Y41

sysiy Buonpay pue Buissassy :SWalsAS uonnauisiq Jarep Bunjuug


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

146 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

A second major contributor to the loss of physical integrity is when certain
critical components are absent, either by oversight or due to vandalism. For
example, the absence of backflow prevention devices and covers for storage
facilities can allow external contaminants to enter distribution systems. For the
purposes of this discussion, pipes are assumed to always be present.

Finally, human activity involving distribution system materials can allow
contamination to occur such as through unsanitary repair and replacement prac-
tices, unprotected access to materials, or the improper handling of materials
leading to unintentional damage. One must even consider the installation of
flawed materials, which might, for example, be brought about because of a lack
of protection of materials during storage and handling.

Structural Failure of Distribution System Components

Metallic pipe failures are divided generally into two categories: corrosion
failures and mechanical failures. Common types of failures for iron mains in-
clude (Male and Walski, 1991; Makar, 2002):

e Bell splits or cracks that require cutting out the joint and replacing it
with a mechanical fitting; these are typical for leadite joints

e Splits at tees and offsets and other fittings that require replacement

e Circumferential cracks or round cracks and holes, more typical in
smaller diameter pipe (< 10 in.). These can result from a lack of soil support,
causing the pipe to be called upon to act as a beam

e  Splits or longitudinal cracks or spiral cracks that will blow out. Longi-
tudinal cracks are more common for larger pipe (> 12 in.) and can result from
crushing under external loads or from excessive internal pressure

e  Spiral failures in medium diameter pipe
Shearing failures in large diameter pipe
Pinholes (corrosion hole) caused by internal corrosion
Tap or joint blowout
Crushed pipe

A simpler categorization can be found in Romer et al. (2004), who summarized
three types of pipe failures as weeping failures, pipe breaks, and sudden failures.
A weeping failure is where a leak allows an unnoticeable exchange of water to
and from the surrounding soil. A pipe break includes a hole in the pipe or a dis-
engagement of a bell-and-spigot joint. A sudden failure is the bursting of a pipe
wall or shear of the pipe cross section, as would occur for a concrete pipeline, or
a blow out, which refers to a complete break in a pipe.

Pipe breaks can occur for a myriad of reasons such as normal materials de-
terioration, joint problems, movement of earth around the pipe, freezing and
thawing, internal and external corrosion, stray DC currents, seasonal changes in
internal water temperature, heavy traffic overhead including accidents that dam-
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age fire hydrants, changes in system pressure, air entrapment, excessive over-
head loading, insufficient surge control (such as with water hammer and pres-
sure transients), and errors in construction practices (Male and Walski, 1991).
This last factor is especially troubling since it should be entirely preventable.
Nonetheless, there is evidence that poor quality workmanship during initial pipe
installation can lead to early structural failure of pipes (Clark and Goodrich,
1989). Burlingame et al. (2002) reported on premature (within one year of in-
stallation) failures in service lines that resulted from the combination of using
hard copper tubing and poor workmanship during cutting and flaring of the
ends. AwwaRF (1985) has also reported that failures with copper tubing can be
due to poor workmanship. One of the goals of proper installation of water
mains is to account for and circumvent these issues; unfortunately, failure to do
so translates into a substantial number of unnecessary main breaks.

One overriding factor in determining the potential for pipe failure is the
force exerted on the water main. Contributors to this force include changes in
temperature, which cause contraction and expansion of the metal and the sur-
rounding soil, the weight of the soil over the buried main, and vibrations on the
main caused by nearby activities such as traffic. An important consideration in
this regard is the erosion potential of the supporting soil beneath the buried
main. In the construction of a main, special sand and soil can be laid beneath it
to help it bear external forces. But the movement of water in the ground beneath
the main can wash away the finer material and create small or large caverns un-
der the pipe. The force now bearing down on top of the pipe must be taken by
the pipe itself, without the help of supporting material underneath. If these
forces exceed the strength of the pipe, the main breaks. Most often these breaks
occur at the weakest part of the main, i.e., the joint.

The factors that cause pipe failures can compound one another, hastening
the process. For example, if a main develops small leaks because of corrosion,
water within the distribution system can exfiltrate into the area surrounding the
pipe, eroding away the supporting soil. Leakage that undermines the foundation
of a water main can also occur from nearby sewer lines, go on essentially unno-
ticed, and eventually lead to water main collapse (Morrison, 2004).

Table 4-3 summarizes common problems that lead to pipe failures for pipes
of differing materials. These are some of the principal factors, but they are not
the only factors that act individually or in combination to lead to a main break.
Other factors could include a street excavation that accidentally disturbs a water
main and the misuse of fire hydrants. At most utilities, overall pipe break rates
have been relatively low and stable (Damodaran et al., 2005) even though the
infrastructure is aging.

Other components of distribution system also experience structural failure,
although they have not historically received the attention afforded to pipes. For
storage facilities, structural failure is less of a problem than external contamina-
tion due to the absence or failure of an essential component such as a cover or
vent. Fittings and appurtenances can suffer from the effects of corrosion and
permeation.
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TABLE 4-3 Most Common Problems that Lead to Pipe Failure for Various Pipe Materials

Pipe Material

N Problems
(common sizes)
PVC and Polyethylene Excessive deflection, joint misalignment and/or leakage, leak-
(4-36in.) ing connections, longitudinal breaks from stress, exposure to

sunlight, too high internal water pressure or frequent surges in
pressure, exposure to solvents, hard to locate when buried,
damage can occur during tapping

Cast/Ductile Iron Internal corrosion, joint misalignment and/or leakage, external
(4-64 in,) (lined and corrosion, leaking connections, casting/manufacturing flaws
unlined)
Steel Internal corrosion, external corrosion, excessive deflection,
(4-120in.) joint leakage, imperfections in welded joints
Asbestos-Cement Internal corrosion, cracks, joint misalignment and/or leakage,
(4-35in.) small pipe can be damaged during handling or tapping, pipe
must be in proper soil, pipe is hard to locate when buried
Concrete Corrosion in contact with groundwater high in sulfates and
(12-16 to 144-168 in.) chlorides, pipe is very heavy, alignment can be difficult, settling
(prestressed or rein- of the surrounding soil can cause joint leaks, manufacturing
forced) flaws

SOURCES: Morrison (2004) and AWWA (1986).

Corrosion as a Major Factor

Corrosion is the degradation of a material by reaction with the local envi-
ronment. In water distribution systems, the term corrosion refers to dissolution
of concrete linings and concrete pipe, as well as to the deterioration of metallic
pipe and valves via redox reactions (e.g., iron pipe rusting). Degradation origi-
nating from the inside of the pipe via reactions with the potable water is termed
internal corrosion. Degradation originating outside the pipe on surfaces contact-
ing moist soil is referred to as external corrosion. Both internal and external
corrosion can cause holes in the distribution system and cause loss of pipeline
integrity. In some cases holes are formed directly in pipes by corrosion, as is the
case with pinholes, but in many other instances corrosion weakens the pipe to
the point that it will fail in the presence of forces originating from the soil envi-
ronment.

The type of corrosion and mode of failure causing loss of physical integrity
are highly system specific. External corrosion can be exacerbated by a low soil
redox potential, low soil pH, stray currents, and dissimilar metals or galvanic
corrosion (Von Huben, 1999; Szeliga and Simpson, 2002; Romer et al., 2004;
Bonds et al., 2005). The life of the pipe is also influenced by the material used,
thickness of the pipe wall, use of protective outer wraps or coatings, application
of cathodic protection, and backfill materials and techniques. Internal corrosion
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is influenced by pH, alkalinity, disinfectant type and dose, type of bacteria pre-
sent in biofilms, velocity, water use patterns, use of inhibitors, and many other
factors.

Corrosion is not well understood, particularly at the level of the local water
utility, such that insufficient attention has been given to its control (see a later
section in this chapter). Some utilities have tried to avoid the issue by using
plastic pipe. Even so, unprotected metal materials are regularly used at the pre-
sent time, illustrating the water industry’s lack of attention to the problem. Ac-
cording to Romer et al. (2004), “approximately 72 percent of the materials re-
ported in use for water mains are iron pipe, approximately two-thirds of the re-
ported corrosion is in corrosive soils, and approximately two-thirds of the corro-
sion is on the pipe barrel.” In addition, metallic or cementitious pipe are often
designed on the basis of their hydraulic capabilities first and foremost, and cor-
rosion resistance is often a secondary consideration. The annual direct costs of
corrosion are estimated to be $5 billion (Romer et al., 2004) for the main distri-
bution system (not counting premise plumbing).

Issues with Service Lines

Recent evidence indicates that service lines (the piping between the water
main and the customer’s premises) and their fittings and connections (ferrules,
curb stops, corporation stops, valves, and meters) can account for a significant
proportion of the leaks in a distribution system (AWWA Water Loss Control
Committee, 2003). However, much less is known about what causes structural
failures in service lines compared to distribution mains and other system com-
ponents. Possibilities include improper techniques used during installation that
damage materials, improper tapping and flaring to make connections, lack of
corrosion prevention or use of corrosive backfill material, damage during han-
dling to plastic tubing, and kinks in copper tubing, and excessive velocity. The
Uniform Plumbing Code and International Plumbing Code do not clearly ad-
dress these issues, and local plumbing codes may not either.

Many galvanized and lead pipe service lines are being replaced with copper
or plastic pipe (chlorinated polyvinyl chloride or CPVC) (Von Huben, 1999).
CPVC and copper each have their benefits and weaknesses. Installation of
CPVC requires less skill compared to installation of copper, although if workers
are not careful installation can result in cracking and damage to CPVC pipe.
CPVC is better for corrosive soils and waters, while copper is more resistant to
internal biofilm growth. Buried CPVC pipe is difficult to locate compared to
metal or copper pipe because it does not conduct electrical current for tracing.
CPVC can impart a “plastic” flavor to water while the copper pipe can impart a
“metallic” flavor. With CPVC, low levels of vinyl chloride can leach into the
water. If manufacturers follow American Society for Testing and Materials
(ASTM) standards and are ISO 9002 certified, and certification includes NSF
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International standards 14 and 61, the adverse conditions above can be mini-
mized.

Permeation

Permeation refers to a mechanism of pipe failure in which contaminants ex-
ternal to the pipe materials and non-metallic joints compromise the structural
integrity of the materials and actually pass through them into the drinking water.
Permeation is generally associated with plastic pipes and with chemical solvents
such as benzene, toluene, ethylbenzene, and xylenes (BTEX) and other hydro-
carbons associated with oil and gasoline, all of which are easily detected using
volatile organic chemical gas chromatography analyses. These chemicals can
readily diffuse through the plastic pipe matrix, alter the plastic material, and
migrate into the water within the pipe. Such compounds are common in soils
surrounding gasoline spills (leaking storage tanks), at abandoned industrial sites,
and near bulk chemical storage, electroplaters, and dry cleaners (Glaza and Park,
1992; Geldreich, 1996). Permeation incidents have occurred at high-risk sites,
such as industrial sites and near underground chemical storage tanks, as well as
at lower risk residential sites (Holsen et al., 1991). In some cases the integrity of
the pipe has been irreversibly compromised, requiring the complete replacement
of the contaminated section.

Common pipe materials such as PVC, polybutylene, and polyethylene differ
in their chemical and physical structure, and thereby differ in their susceptibility
to being altered upon exposure to solvents and in permeation rates. In studying
BTEX and 1,3-dichlorobenzene, PVC pipe was found to be more permeable
than polyethylene pipe unless the polyethylene pipe was altered by the solvents
in contact, after which it can become more permeable to the pollutants (Burlin-
game and Anselme, 1995).

Human Activities that Lead to Contamination

A second major cause of physical integrity loss is human activity surround-
ing construction, repair, and replacement that can introduce contamination into
the distribution system. Any point where the water distribution system is
opened to the atmosphere is a potential source of contamination. This is particu-
larly relevant when laying new pipes, engaging in pipe repairs, and rehabilitat-
ing sites. For example, a Midwestern water utility experienced a noticeable in-
crease in the heterotrophic bacterial population of water from a newly installed
pipe and identified Pseudomonas fluorescens, Ps. Maltophilia, and Ps. putida as
the bacteria responsible for the increase (Geldreich, 1996). The same strains of
Pseudomonas were recovered from the sand used as an aggregate in making the
concrete lining for the new ductile iron pipe, implicating contamination during
construction and installation. More recently, workers in Camden, New Jersey,
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were cleaning and lining a 30-inch water main when a parallel sewer line from
the post-Civil War era broke. Because of the proximity of the sewer line and the
possibility of contamination, officials decided to issue a boil-water alert until
water quality testing could show that no external contamination had entered the
main. Between 1997 and 1999, the Philadelphia water supply measured ele-
vated turbidity (>1 NTU) in about 12 to 14 percent of the samples that were col-
lected from newly installed water mains. This turbidity, or the particulate debris
captured on filters, was found to be largely iron oxides and rust (from the exist-
ing water mains still in service), vegetable material such as plant roots, and
backfill sand.

Incidents like these are not uncommon, as revealed in a survey by Pierson et
al. (2002), who point out that pipe repair and installation have not been accom-
plished using the best available sanitary practices. This is captured generally in
Table 4-4, which summarizes the survey of distribution system workers at three
different utilities (eastern U.S., western U.S., and western Canada) on the poten-
tial for external contamination to occur during water main repair and replace-
ment activities. Given that the average number of main repairs a year for a sin-
gle utility ranges from 66 to 901 (which corresponds to 7.9—35.6 repairs per 100
miles of pipe per year) (Clark and Goodrich, 1989), it is clear that exposure of
the distribution system to contamination during repair is an inescapable reality.

Unsanitary activity during construction, replacement, or repair can also lead
to the contamination of fittings and appurtenances. The use of inappropriate or
inferior materials, and the contact between dissimilar metals within fittings, can
also cause failures where they should not occur. Appurtenances can be improp-
erly installed in a flooded meter or valve pit which can allow contaminants to
enter under intrusion or can create corrosive conditions.

2 3 o-s i '-‘_;, 4 B cp {_ R e R
Backfill sand contaminating a new pipe at a water main construction site. Photo courtesy of Bu-
reau of Laboratory Service, Philadelphia Water Department.
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TABLE 4-4 Potential for Contaminant Entry during Water Main Activities

Percent of Responses from Workers
at 3 Different Utilities (A, B, C)

Activity Occurs

Sometimes

Occurs Often

A B Cc A B Cc

Broken service line fills trench during installation 46 75 56 39 25 33

Pipe gets dirty during storage before installation 53 75 22 43 25 33
Trench dirt gets into pipe during installation 24 100 39 37 0 44
Rainwater fills trench during installation 20 25 5 60 75 83
Street runoff gets into pipe before installation 30 0 11 61 38 67
Pipe is delivered dirty 4 25 17 33 63 22
Trash gets into pipe before installation 24 0 0 56 50 11
Vandalism occurs at the site 15 0 0 35 0 5
Animals get into pipe before installation 0 0 0 11 0 11
SOURCE: Reprinted, with permission, from Pierson et al. (2002). © 2002 by American Water Works
Association.

New pipe materials are not sterile, whether they have been kept well pro-
tected or not. Indeed, according to a survey (Geldreich, 1996) about 18 percent
of new pipe, irrespective of pipe material and size, failed upon testing the water
to approve it for release. In one case, Geldreich reported the finding of a piece
of wood construction material embedded in a new main that contributed to coli-
form contamination. Thus, new materials need inspection and some form of
disinfection before they are exposed to drinking water. The physical cleanliness
of new pipe is important to guarantee that post-installation disinfection will be
successful (Geldreich, 1996). The installation or rehabilitation of facilities such
as storage reservoirs with floating covers must include water quality checks for
health and aesthetic considerations and not assume that new materials and their
installation will be free of contaminants (Krasner and Means, 1986).

The installation process for buried pipe is not the only place where con-
tamination can occur. The storage of pipe, pipe fittings, and valves along road-
ways or in pipe yards prior to installation can expose them to contamination
from soil, stormwater runoff, and pets and wildlife. Damage to pipes prior to
their installation is also possible, such as during pipe storage and handling or
actual manufacturing defects such as surface impurities or nicks.

Regardless of where and how materials become contaminated, the hope is
that post-installation disinfection will be sufficient to kill any introduced bacte-
ria. This is not always the case, however, as evidenced by a coliform event in
Florissant, Missouri in 1984 (Geldreich, 1996). The coliforms detected in a
storage tank were thought to be the result of inadequate disinfection following
new pipe installation or repair. Unfortunately, contaminated water subsequently
passed into the distribution network. No direct public health outcome was re-
ported; however, the “repeated reissuance of boil-water orders caused a loss of
confidence” in the water utility by the public (Geldreich, 1996).
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It is unclear how often faulty materials are installed or good materials are
improperly installed because most utilities do not keep records that would facili-
tate the evaluation of this problem. Sufficient standards exist for materials qual-
ity and for the certified testing of materials quality. Water utilities can incorpo-
rate existing standards into contracts and specifications for materials and materi-
als installations, and most if not all water utilities already do this. Water utilities
can also certify and decertify manufacturers and contractors.

Absence of a Barrier

Points in a plumbing system where nonpotable water comes into contact
with the potable water supply are called cross connections, and a backflow event
occurs when nonpotable water flows into the drinking water supply through a
cross connection. The use of backflow prevention devices can be extremely
effective in eliminating this type of contamination event. The absence of such
devices, which is widespread given the highly variable nature of cross-
connection control programs across the country, constitutes a potential threat to
the physical integrity of distribution systems. Backflow protection devices are
seldom installed on domestic service lines and even on many small business
service lines. Operational failure of devices that are in place is akin to having
the device not be present.

Similar issues surface for storage facilities that do not have adequate protec-
tion to prevent their contamination. There are 154,000 treated water storage
facilities in the United States (AWWA, 2003) encompassing a variety of types
including elevated tanks, standpipes, open and covered reservoirs, underground
basins, and hydropneumatic storage tanks. Storage facilities are susceptible to
external contamination from birds, insects, other animals, wind, rain, and algae.
Indeed, coliform occurrences have been associated with birds roosting in the
vent ports of covered water reservoirs (Geldreich, 1996). This is most problem-
atic for uncovered storage facilities, although storage facilities with floating
covers are also susceptible to bacterial contamination due to rips in the cover
from ice, vandalism, or normal operation. Even with covered storage facilities,
contaminants can gain access through improperly sealed access openings and
hatches or faulty screening of vents and overflows. Four reported waterborne
disease outbreaks have been associated with covered storage tanks, in particular,
a Salmonella typhimurium outbreak due to a bird contamination of a covered
municipal water storage tank (Clark et al., 1996). Such events can be aggra-
vated by the loss of disinfectant residual that storage tanks typically experience
with increasing water age.
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Preparing to sample stored drinking water from the access hatch of a floating cover on a distribu-
tion system reservoir. Photo courtesy of Bureau of Laboratory Service, Philadelphia Water Depart-
ment.

CONSEQUENCES OF A LOSS IN PHYSICAL INTEGRITY

A loss of physical integrity implies a breakdown in the barrier that prevents
contact between the external, unsanitary environment and the internal, drinking
water environment. The water quality effects that can result include the intro-
duction into the distribution system of microbial and chemical contaminants,
debris, and particulate matter, sometimes accompanied by changes in water
color, turbidity, taste, and odor. Whether a breach in physical integrity results in
exposure of the public to contaminants at levels posing an unacceptable risk is
dependent on site-specific conditions. As revealed in Chapter 3 and Appendix
A, most documented cases of waterborne disease outbreaks that can be at-
tributed to distribution systems have been caused by breaches in physical
integrity. For example, a review of 619 reported waterborne disease outbreaks
in the U.S. between 1971 and 1998 found that over one-half of the outbreaks in
distribution systems were due to cross connections and backflow (Craun and
Calderon, 2001). Of the 12 largest outbreaks, seven were associated with cross
connections, three with contaminated storage tanks, and two with water main
contamination during installation or repair. Overall, in community water sys-
tems, cross connections were the number one cause of distribution system-
related outbreaks, contaminated mains were number two, and contaminated
storage facilities were number three. In non-community water systems, con-
taminated storage facilities were the second leading cause. The contaminants
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involved have ranged from pathogens such as Giardia, Norwalk virus-like
agents, hepatitis A virus, Campylobacter, Salmonella, Shigella, and E. coli
0157:H7 to chemical contaminants such as copper (the most commonly reported
chemical), chlordane, nitrite, ethylene glycol, and oil (Craun and Calderon,
2001).

Not all of what can enter a distribution system from a failure in a physical
barrier will have a known or direct health impact. Particulate matter and other
debris can gain entry during main breaks; reservoir cover, hatch, or vent failures;
and during repair, installation, and maintenance activities. Utilities have re-
ported particulates in distribution system water that included such things as
sand, patina, pipe joint materials, rubber gasket chunks, insect pieces, plant fi-
bers, and glass chips, many of which are likely to have no direct health impacts
(Booth and Brazos, 2005).

Changes in taste and odor, turbidity, and color typically provoke customers
to complain (Burlingame, 1999a,b; McGuire et al., 2004), but may present little
direct public health risk. This is because aesthetic problems often occur at con-
taminant concentrations far below the known health effects levels. For example,
color problems derived from iron or manganese introduced into drinking water
during a backflow event from a fire service connection or a heating system are
unlikely to pose a health risk. On the other hand, color problems can also indi-
cate backflow events that have health risks associated with them such as with
ethylene glycol or corrosion inhibitors from HVAC and fire service connections.
The sections below discuss the typical consequences of the loss of physical in-
tegrity in pipes, fittings and appurtenances; storage facilities; and backflow pre-
vention devices.

Contamination of Mains, Fittings, and Appurtenances

Pipe interior, appurtenances, and related materials can be exposed to micro-
bial and chemical contaminants in the external environment (1) during water
main failures and breaks and (2) due to human activities to install new, rehabili-
tate old, or repair broken mains and appurtenances. When a pipe break or fail-
ure occurs, there is immediate potential for external contamination from soil,
groundwater, or surface runoff to enter the distribution system or come into con-
tact with the pipe interior in the area of the failure. Other less dramatic types of
structural failure, such as the development of cracks or leaks in pipe, pipe joints,
or appurtenances, can also provide avenues for distribution system contamina-
tion during periods of low pressure or a pressure transient—an event known as
intrusion. Intrusion refers to the flow of nonpotable water into drinking water
mains through leaks, cracks, submerged air valves, faulty seals, and other open-
ings resulting from low or negative pressures. Discussed in greater detail in the
next chapter, intrusion can exist undetected for long periods of time. A promi-
nent example of a waterborne disease outbreak being caused by a main break
and intrusion is presented in Box 4-1.
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BOX 4-1
Waterborne Disease Outbreak Associated with Main Breaks and Intrusion:
Cabool, Missouri

In the winter of 1989-1990, Cabool, Missouri, a town of approximately 2,100 people,
experienced a large outbreak of E. coli O157:H7. A total of 243 cases were reported, with
32 hospitalizations and four deaths. This was the first documented waterborne outbreak of
E. coli O157:H7 and the largest waterborne outbreak of E. coli O157:H7 before the 2000
outbreak in Walkerton, Canada.

The town’s water system (untreated groundwater) was implicated in the outbreak.
Two of the town’s four wells were operating at the time of the outbreak: one was 305 me-
ters deep and the other was 396 meters deep. Both wells had protected wellheads, and
the monitoring data from the ten years before the outbreak indicated that no coliforms had
been detected in either well. Investigation of the outbreak indicated that the distribution
system was not well maintained and was vulnerable to sewage contamination at several
points. Approximately 35 percent of the total flow was lost in the system—suggesting
leaks, inaccurate meters, or unmetered connections. The town sewer system was also in
poor condition and operating beyond capacity, resulting in regular sewage back-ups and
overflows.

As with most waterborne disease outbreaks, a constellation of risk factors contributed
to this outbreak. In mid-December 1989, unusually cold weather caused two large water
mains and 45 in-ground water meters to fail (Figure 4-1). Ten cases of bloody diarrhea
were reported to the local health department on January 4, 1990. A boil-water order was
issued on January 5, and water chlorination was initiated on January 12. Analyses of the
temporal distribution of the cases indicated that the first cases occurred seven days before
the first water main break (December 23), and the last case occurred three days after the
implementation of water chlorination (Figure 4-2). The early cases may have been due to
leaks and holes that developed prior to the main break. There was a small increase in the
incidence of diarrhea after the first main break and a large increase in diarrhea cases about
four days after the second main break on December 26.
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FIGURE 4-1 Map of Cabool, Missouri with sites of water main breaks.
SOURCE: Reprinted, with permission, from Swerdlow et al. (1992). © 1992 by American College of
Physicians.
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In addition, replacement of the failed water meters may have further contributed to
contamination of the distribution system. During the replacement of the meters and main
break repairs, the lines were subjected to “limited flushing” but were not disinfected, and no
water samples were tested for microbial indicators to examine the water quality before
bringing the lines back into service. Although sewage overflow into the distribution system
via the main breaks and intrusion was believed to be responsible for the outbreak, microbial
contamination of the distribution system could not be confirmed. Only two water samples
from the distribution system were collected (on December 18 and January 3) and analyzed,
but neither sample was collected from the areas with the highest concentration of cases.
Hydraulic modeling of the system by Geldreich et al. (1992) reinforced the evidence that
the second main break had the potential to contaminate a greater portion of the distribution
system, including the northern part of the town where 36 percent of the cases occurred.

This outbreak illustrates how, despite a clean groundwater source, lack of disinfection
combined with poorly maintained water and sewer lines, unusually cold weather, and cas-
ual line replacement practices led to a large drinking water outbreak with fatalities in a small
town in an industrialized country.
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FIGURE 4-2 Cases of diarrheal disease among city residents. SOURCE: Swerdlow et al.
(1992). SOURCE: Reprinted, with permission, from Swerdlow et al. (1992). © by American
College of Physicians.

SOURCES: Swerdlow et al. (1992), Geldreich et al. (1992), Hrudey and Hrudey (2004).
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The storage, installation, rehabilitation, and repair of water mains, fittings,
and appurtenances provide another opportunity for microbial and chemical con-
tamination of materials that come into direct contact with drinking water. Pier-
son et al. (2001) noted that this was particularly prevalent during the handling
and storage of distribution system materials and during their installation in the
trench. Indeed, a survey of water utilities found that about 14 percent experi-
enced positive coliform samples from 1 to 10 percent of the time that new mains
are checked before they are released (Haas et al., 1998).

Studies have demonstrated that the soil surrounding buried pipe can be con-
taminated with fecal indicator microorganisms and pathogens (Kirmeyer et al.,
2001). Besides contaminated soil, runoff from streets and agricultural land can
be highly concentrated with microbiological and chemical contaminants (Make-
peace et al., 1995), and this runoff can contaminate pipes during a main break,
during the unprotected storage of pipe materials, and even during pipe installa-
tion in the trench. One of the culprits in this regard are sewer lines that run in
close proximity to distribution system mains. Leaking sewers can contaminate
the soil and groundwater in the area of a water main or a trench where main ac-
tivity will take place. The general rule is that there should be a horizontal sepa-
ration of at least 10 ft (3 m) between water and sewer lines, and that the water
line should be at least 1 ft (0.3 m) above the sewer (although variations to this
general rule may occur from state to state). This rule, however, is fairly recent
in comparison to the average age of the nation’s buried infrastructure.

A second major mechanism of pipe failure is permeation, where contami-
nants external to the pipe materials and non-metallic joints compromise the
structural integrity of the materials and actually pass through them into the
drinking water. Taste and odor events are common consequences of permeation
of plastic pipe given the types of contaminants involved. For example, in one
case solvents trapped beneath a polyethylene wrap and soil migrated through
plastic pipe and pipe connections to contaminate the drinking water in the ser-
vice lines (Burlingame and Anselme, 1995). Because the solvents were derived
from a hot-butyl rubber coating applied to the external surface and ferrules of a
ductile iron main, they included toluene, indan, indene, naphthalene, xylene, and
benzofuran. The event was initially detected first by customer complaints about
off odors. In addition to the taste and odor issues, continued exposure to sol-
vents can change a pipe’s integrity and eventually lead to pipe failure.

Although there is the potential for water quality degradation as a result of
the permeation of plastic pipe, the health impacts associated with such permea-
tion are not well documented nor are they expected to be significant. In some
permeation incidents, the concentrations of certain chemicals have been shown
to reach levels in the low parts per million, which are well above their respective
maximum contaminant levels (MCLs) (AWWA and EES, Inc., 2002). How-
ever, these MCLs are based on long-term exposure, and the short-term risk lev-
els for these chemicals are generally much higher. In the case of permeation by
gasoline components, the taste or odor thresholds of the majority of these
chemicals are below the levels that would pose a short-term risk (EPA,
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2002a,b,c,d), such that customers would notice an objectionable taste or odor in
the water before significant exposure. In addition, these high concentrations
would be expected to occur during worst case situations where water has been in
contact with the affected pipe for a considerable length of time. During periods
of normal water use, these concentrations would be expected to be much lower.
It should be noted that the taste and odor thresholds for some contaminants may
be above the MCL, in which case permeation of these chemicals could result in
undetected long-term exposure if monitoring of these chemicals in the distribu-
tion system is not conducted.

Contamination of Storage Facilities

Although they may suffer from structural failures, storage facilities are most
susceptible to external contamination due to the absence or failure of an essen-
tial component, such as a cover, vent, hatch, etc. The complete absence of a
cover or vent on a storage facility can allow birds access to the tank and subse-
quently introduce microbial pathogens such as bacteria and parasites to the wa-
ter within. For example, in the winter of 1993 a waterborne disease outbreak of
salmonellosis in Gideon, Missouri, was traced back to the contamination by
birds of the public water supply’s distribution system storage tank (see Box 4-2;
Clark et al., 1996). Indeed, one water storage tank connected to the distribution
system was found to have holes in the top and bird feathers floating in the water.
Two other storage tanks were found to be in similar need of maintenance, and
pigeons were found roosting on the tanks. Birds, and consequently bird excre-
ment, are probably the biggest concern for storage tanks and reservoirs with
floating covers. Sea gulls, for example, can be found roosting at storage facili-
ties. Open reservoirs also offer the opportunity for detrimental changes in water
quality because of exposure to the atmosphere or sunlight, such as changes in
pH, dissolved oxygen, and algal growth.

Even when covered, storage facilities can suffer from algal growth on the
tops of floating covers that can gain entry into the tank through rips and tears or
missing hatches. Algae can also be airborne or carried by birds and gain entry
into storage tanks through open hatches and vents. Algae increase the chlorine
demand of the stored water, reduce its oxygen content upon their degradation,
affect taste and odor, and in some cases release byproducts.

Chemical contaminants gain access to storage facilities via air pollution and
surface-water runoff into open storage reservoirs. For example, accidental spills
of chemicals during truck transport on highways adjacent to reservoirs are a
potential threat, and can be very serious if the chemicals are present in a concen-
trated form and highly toxic (Geldreich, 1996). Surface-water runoff into open
reservoirs can also introduce pesticides, herbicides, fertilizers, silt, and humic
materials from nearby land. The potential for chemical contamination of storage
facilities continues to be overlooked in regulations in comparison to microbial
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BOX 4-2
Waterborne Disease Outbreak Associated with
Contamination of Water Storage Tanks: Gideon, Missouri

In 1993, the town of Gideon, Missouri (pop. 1,100) suffered from an outbreak of sal-
monellosis that affected more than 650 people and caused seven deaths. The Gideon
water system consisted of two deep wells (396 meters) with no treatment or disinfection
and a water distribution system that dated to the 1930s. In early November 1993, a cold
snap caused a thermal inversion in the water storage tanks that resulted in taste and odor
problems. In response, the water system was systematically flushed on November 10.
The first cases of acute gastroenteritis were reported on November 29 and diagnosed as
Salmonella typhimurium. However, the outbreak investigation later revealed that diarrhea
cases in Gideon started around November 12 with a peak incidence around November 20.
By early December, there was a 250 percent increase in absenteeism in the Gideon
schools and a 600 percent increase in anti-diarrheal medication sales. Over 40 percent of
nursing home residents suffered from diarrhea and seven people died. The outbreak was
not linked to the water system until December 15 when the water system samples were
reviewed and investigative water sampling was initiated. A boil-water advisory was issued
on December 18. On December 22nd, emergency chlorination was added to the produc-
tion well and the two municipal storage tanks were superchlorinated. The last reported
cases occurred on December 28.

Water samples collected from a hydrant in the distribution system on December 16,
17, 20, and 21 were positive for total coliforms, and the samples from December 20 and 21
were also positive for fecal coliforms. Inspection of the two municipal water storage tanks
suggested that the outbreak was probably caused by bird feces in one or more of the tanks.
The larger of the tanks was in disrepair and had birds roosting on the roof. A third private
storage tank had an unscreened overflow pipe and a hole at the top of the tank that was
large enough for birds to enter. This private tank had been drained on December 30, but
tJhe outbreak strain of S. typhimurium was detected in samples of sediment collected on
January 5, 1994. The remaining water on the bottom of the tank was described as black

contamination. For example, the Long Term 2 Enhanced Surface Water Treat-
ment Rule requires that water systems with uncovered finished water storage
reservoirs cover the reservoir or treat the reservoir discharge to the distribution
system to achieve a 4-log virus, 3-log Giardia, and 2-log Cryptosporidium inac-
tivation, the latter of which would not protect against chemical contamination.
However, it should be noted that EPA has published a Guidance Manual on Un-
covered Finished Water Reservoirs (EPA, 1999) that addresses chemical con-
tamination. Although the actions contained in the manual are not mandated,
some states (such as California) are requiring water systems to implement them.

Contamination Due to the Absence or
Operational Failure of Backflow Prevention Devices

Backflow events via unprotected domestic, commercial, industrial, and fire
connection services can introduce contaminants into the potable water supply,
with potentially profound health implications. A recent survey (USC, 2002)
found that more than 95 percent of sampled homes had direct or indirect cross
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and very turbid, with rust, suspended particles, and bird feathers floating on the top. Ini-
tially attention was focused on the private tank as the source of the outbreak as reported by
Skala (1994). However, an in-depth hydraulic analysis of the Gideon system, conducted as
part of the outbreak investigation, raised questions about the possibility of the private tank
being the source of the outbreak. A subsequent review of as-built drawings of the Gideon
system by Missouri Department of Natural Resources personnel revealed that the private
tank was separated from the municipal system by a functioning backflow prevention valve.
In a subsequent hydraulic analysis the private tank was eliminated as a contamination
source for the outbreak, which led to results that were consistent with the behavior of the
system as observed during the outbreak scenario. This analysis also pointed to the largest
municipal tank as the most likely source of the outbreak. A visual inspection of the large
municipal tank revealed broken and rusted hatches and bird parts and feathers on the top
of the tank and floating on the surface of the tank water. Both Clark et al. (1996) and
Angulo et al. (1997) concluded that the large municipal tank was the source of the out-
break.

In the end, the outbreak investigation concluded that the cold weather in early No-
vember caused a thermal inversion in the water storage tanks that mixed the contaminated
upper layers of stored water with the water entering the distribution system. The wide-
spread flushing program on November 10 served to draw more contaminated storage tank
water into the distribution system than under normal operation. The large discharge of the
stored water over a short period of time may also have stirred up sediments in the tank and
introduced them into the distribution system. Hydraulic modeling indicated that the part of
the distribution system that served the school and the contaminated fire hydrant would
have received water from the problem municipal tank within the first six hours of flushing.
Other contributing factors included late recognition of the outbreak by the public health
authorities, late recognition that the outbreak was linked to the public water supply, and a
low rate of compliance with the boil-water order.

SOURCES: Skala (1994), Clark et al. (1996), Angulo et al. (1997), Hrudey and Hrudey (2004).

connections (“direct” meaning a cross connection subject to both backpressure
and backsiphonage while an “indirect” cross connection is subject to backsipho-
nage only). Because of the enormous range of contaminant sources involved, as
well as the number of unprotected cross connections, backflow events collec-
tively constitute the greatest potential health risk from distribution system con-
tamination. Whether an individual backflow event poses a risk depends on the
type of the contamination, the length of an individual’s exposure to the contami-
nated water, and other factors. A survey of water utilities in North America
found that 28.8 percent of cross connections resulted in bacteriological contami-
nation whereas 26.1 percent resulted in chemical contamination, and 29.8 per-
cent resulted in both bacteriological and chemical contamination (Lee et al.,
2003).

Although their potential to occur is high in all systems, backflow events are
a particular concern in dual distribution systems where one line carries a nonpo-
table water source that may become connected with a potable source in the other
line. Generally, the nonpotable line is a substantial health risk because it carries
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reclaimed water containing chemicals and microbial pathogens at levels exceed-
ing water quality standards.

One of the most well known backflow events affected two Chicago hotels
in 1893 during the World’s Fair (Columbian Exhibition). A loss in water pres-
sure in the distribution system caused backsiphonage through cross connections
which contaminated the hotels’ drinking water. An amoebic dysentery outbreak
resulted in over 1,400 illnesses and at least 98 deaths (Von Huben, 1999). It is
likely that the frequency and magnitude of contamination events due to cross-
connections is underreported, especially where premise plumbing is involved.
Box 4-3 describes a waterborne disease outbreak associated with an unprotected
cross connection.

DETECTING LOSS OF PHYSICAL INTEGRITY

In some cases, a loss in physical integrity might actually be observed, such
as a hole or tear in a reservoir cover, a missing vent or hatch on a storage facil-
ity, or a flooded meter or valve pit. Other structural failures, such as pipe leaks,
tend to be much less obvious. The ability to predict and detect a failure in a
material barrier is a desired capability for any water supplier. Structural failure
is predictable for all major infrastructure components given information about
materials composition and age and the surrounding environment. Structural
integrity and operational performance should be confirmed on a regular basis via
testing and inspections, particularly for backflow devices and storage facilities.
The lack of standards and proper training can be predictive of a loss of physical
integrity due to the improper installation, repair, or replacement of infrastructure
components.

Predictions of structural failure can often be made based on historical in-
formation. For example, much is known about iron pipe based on years of ac-
tual experience. Cast iron pipe has been shown, under the right conditions, to
last 100 years and more. When first introduced, cast iron pipe had no internal
lining or external coatings to protect it from corrosion. After 1860, most pipes
were lined with a molten tar pitch, and after 1922 some pipes were lined with a
cement-mortar lining which in turn is sometimes protected by an asphaltic seal-
coat. By the mid 1950s, ductile iron pipe came into use that has about twice the
strength as cast iron but with a reduced wall thickness. This thinner wall pipe is
more forgiving during installation and is more resistant to damage (AWWA,
2005b). It can be protected from external corrosion by a polyethylene wrap.
AWWA/ANSI standards exist for pipes, joints, wraps and epoxy coatings, and
fittings, and they provide information on the lifetimes of these materials.

The drive to predict and prevent failures varies depending on the conse-
quence of the failure (Makar and Kleiner, 2002). For example, a branched dis-
tribution system has greater consequences associated with failure compared to a
grid/looped system. There has been much attention given to predicting pipe
failures, and more attention is needed in order to better predict overall system
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reliability (Grigg, 2005). Most useful would be a user-friendly guidance manual
for utilities regarding the failure mechanisms of different types of pipes and how
to use the various types of information on the current condition of the pipe to
determine its expected lifetime.

Table 4-5 summarizes common methods used to detect a failure in a mate-
rial barrier based on the types of failures that can occur. Inspection, direct test-
ing, and consumer complaints play a significant role. Water quality testing may
be the least effective means for detecting a loss in physical integrity, and thus is
not discussed extensively.

The sections below discuss the role of inspections, condition assessment of
infrastructure, leak detection, main break monitoring, and water quality monitor-
ing for both prediction and detection of physical integrity. It is hoped that water
utilities will embrace these activities and keep appropriate records in order to
identify those factors that lead to failures, recognize early warning conditions,
and improve their overall prediction capabilities. Integrating all of these data
streams in order to plan how and where to rehabilitate, repair, or replace infra-
structure is a significant challenge for water utilities and yet essential to being
proactive in deterring contamination events that would pose a risk to public
health (Martel et al., 2005). This chapter does not focus on failure analysis,
which is the systematic investigation into the causes of pipe failure by visual

TABLE 4-5 Examples of Ways to Detect a Loss in Physical Integrity

Mechanism of

Component Integrity Loss Detection by
Pipe Permeation VOC testing, investigate customer complaints
about taste/odor
Structural failure Leak detection, investigate customer complaints
(leak)
Structural failure Investigate customer complaints, pressure
(break) monitoring
Improper installation Inspection
Unsanitary activity Inspection, water quality testing
Fitting and Structural failure Inspection, pressure monitoring, investigation of
appurtenance customer complaints, leak detection, detection
of operational failures
Improper installation Inspection
Unsanitary activity Inspection

Storage facil-

Structural failure

Inspection, water quality testing

ity wall, roof, (crack, hole)
cover, vent, Absence of Inspection, water quality testing
hatch . . .
Improper installation Inspection
Unsanitary activity Inspection, water quality testing
Backﬂoyv Absence of Inspection, investigate customer complaints
g;“;’/\i’:::o” Improper installation Inspection, investigate customer complaints

Operational failure

Inspection, investigate customer complaints

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

164 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

BOX 4-3
Waterborne Disease Outbreak Associated with a Cross-Connection
in the Water Distribution System: The Netherlands

A new housing development in the central part of the Netherlands was built with a dual
distribution system. One set of pipes carried drinking water and a second set of pipes car-
ried water from the same source that received partial treatment and was designed to be
used for toilet flushing, laundry, and garden irrigation (“economy water”). Both the drinking
water and the economy water originated from a surface water source and were treated by
coagulation, flocculation, sedimentation, and rapid sand filtration. The drinking water was
further treated by dune filtration. Approximately 30,000 households were served by this
dual distribution system.

On December 3, 2001, the water utility received complaints from two people living in
one neighborhood of the development that the drinking water had an unusual taste and
odor. Drinking water samples collected on December 4 indicated unusually high coliform
levels. On December 5 and 6, the water utility issued a boil-water advisory. On December
6, a local physician informed the public health service that he had seen an unusually num-
ber of cases of gastroenteritis with nausea, vomiting, and diarrhea in his clinic over the past
few days. Further investigation of the water system revealed that when maintenance work
was done on November 29, the drinking water system had been connected to the economy
water system in order to flush and clean it, and that the workers had failed to remove the
cross-connection when the economy water system was put on-line again. In addition, the
economy water supply lines were under higher pressure than the drinking water lines,
which forced the economy water to enter the drinking water distribution system. This cross-
connection was removed on December 6, E. coli concentrations in the drinking water sys-
tem dropped to below detection limits on December 12, and the boil-water advisory was
lifted on December 17. A 1,000-liter sample of the economy water collected on December
20 was found to contain approximately 1.6x10° PCR-detectable units of norovirus. South-
ern blot hybridization identified the norovirus isolate as a genogroup | virus.

Two retrospective studies were conducted to determine the effect of this cross-
connection on the rates of gastroenteritis in the housing development. The first was a ret-
rospective cohort study that compared the incidence of gastrointestinal symptoms and
other health symptoms during the period of November 29 through December 9 among 412
households in the area exposed to the cross-connection to the incidence of symptoms
among 486 households in an adjacent control area that also had the dual distribution sys-
tem but was not affected by the cross-connection. Data on symptoms and normal daily
water consumption were collected by a one-time questionnaire that was mailed out to over
900 households in the exposed area and over 1,600 households in the control area. In
addition, over 400 stool collection kits were mailed to randomly selected households
equally divided between the exposed neighborhood and the adjacent control neighborhood,
and the households were asked to provide a stool specimen from one member of the
household who had recently experienced gastroenteritis.

The results of this study indicated that during the period of November 29 through De-
cember 9, households in the exposed area experienced significantly higher illness rates
than households in the adjacent control area. In the exposed area, the rates of diarrhea,
vomiting, nausea, abdominal pain, and chills were twice as high (3854 percent of exposed
households) as the rates reported from the control area (19-28 percent). The reports of
blood in stool were about four times higher, and the reports of itching were over six times
higher in the exposed neighborhood compared to the control neighborhood.

However, these symptoms were rare (1-3 percent blood in stool, 1-5 percent itching).
Households in the exposed area were 1.5 times more likely to seek medical care during the
period of November 29 to December 9 than households in the control area. There was no
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significant difference in the reported rates of coughing and sneezing in both neighborhoods
or in the reports of symptoms that occurred after December 9. Interestingly, the distribution
of symptom reports over time indicated that a peak in gastroenteritis symptoms occurred in
both communities around December 3-5, but the peak was lower and shorter in the control
community. Although the adjacent control community experienced a lower incidence of
gastrointestinal symptoms, the rates during this time were still higher than normal. Also,
there was clear evidence of a dose-response effect in both communities with significantly
higher rates of households with diarrhea in those who reported higher water consumption
(chi square for trend of 51.26 for the exposed area and 23.47 for the adjacent control area,
p<0.01 for both communities).

Analyses of the 53 stool samples that were sent from 31 exposed households and 22
households in the adjacent control area yielded one norovirus genogroup | strain and one
Giardia lamblia isolate from the exposed neighborhood and one norovirus genogroup Il
strain from the control neighborhood. The second norovirus strain came from a household
that reported gastroenteritis symptoms after December 9.

The second retrospective investigation was a survey of two health care facilities for
cases of gastroenteritis during the period of November 26 — December 12, 2001. One
health facility served both the exposed (pop. 1,866) and adjacent control (pop. 2,875) areas
in the cohort study. The other health facility was farther away and served a different part of
the housing development (pop. 5,788) that was not exposed to the cross-connection inci-
dent in the distribution system but was still served by the dual distribution system. Based
on the computer database of date of visit, patient address, and diagnosis codes, the inci-
dence of gastroenteritis cases seeking medical care was compared between the three
communities. Residents in the exposed area had a rate of 19.8 cases per 1,000 inhabi-
tants compared with 7.0 cases per 1,000 in the adjacent control area and 3.3 cases per
1,000 in the more distant control area. The rate of gastroenteritis cases seeking medical
care increased markedly in the exposed area and moderately in the adjacent control area
on December 3 -5 and again on December 10-11 (weekdays). There was no change in
the rate of diagnosed cases of gastroenteritis in the distant control area during this time
period.

Taken together, the results of these two retrospective studies suggest that an out-
break of gastroenteritis, probably due to noroviruses, occurred shortly after the cross con-
nection between the economy water distribution system and the drinking water distribution
system was created. It is notable that there appeared to be an increased risk of gastroen-
teritis in the adjacent control community that reportedly was not affected by the cross-
contamination incident. This may have been due to secondary transmission from the ex-
posed community to the adjacent control community by other routes (food, person-to-
person) because these two communities shared several facilities located in the control
community (schools, health center, supermarket) or consumption of contaminated water by
visitors from the control community to the exposed community. Studies of the surface wa-
ter source in the spring of 2001 indicated high concentrations of noroviruses of up to
1.4x10* PCR detectable units per liter, and it is unlikely that these viruses would have been
completely eliminated by the treatment processes used for the economy water. Norovi-
ruses (1.6x10° PCR detectable units per liter) were also detected in the economy water on
December 20. It is possible that exposure to the economy water in this system through
aerosols from toilets, laundry, or garden irrigation may have posed some risk to the inhabi-
tants in this development even without the cross-connection incident.

SOURCE: Cooperative Research Centre for Water Quality and Treatment (2003).
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means and other inspection tools in order to determine the point where the fail-
ure started and the specific type of failure. Makar et al. (2005) discusses the
actors that can cause failure such as flaws in the material (inherent to its manu-
facture or produced afterwards), forces that exceeded the design strength, design
that did not account for normal operating loads, or some combination of the
above.

Inspections

Regular inspections of the distribution system, either visual examination of
the various structures or via acoustic leak detection and pressure monitoring
(discussed below), provide the most direct way to detect a failure in the material
barrier. Storage facilities need to be inspected on a routine basis for vandalism,
settling, cracking and spalling, seepage, leakage at seams and joints and in the
roof, missing hatches and vents, rust and corrosion, cathodic protection, and
failing structures (AWWA, 1986). A second critical type of inspection is to
check both the material integrity and the cleanliness of pipe prior to installation.
Even though it is often assumed that pipe is inspected before it leaves the fac-
tory, damage to the spigot end of the pipe, the exterior, and the internal lining
can occur during pipe storage and handling. Another reason to inspect pipe
prior to installation is to detect manufacturing defects such as surface impurities
or nicks, which are likely to induce corrosion and pitting once installed (Von
Huben, 1999). Finally, pipe should be examined before installation for oil, dirt,
grease, animals, and foreign matter; if found, the pipe should be cleaned out
with a strong hypochlorite solution.

An important opportunity in this regard is the sanitary survey, which is a
broad review and inspection program for a water utility that occurs once every
three to five years. The survey might reveal an absence of (1) training and certi-
fication, (2) use of standards, and (3) routine inspections, all of which could be
predictive of a loss of physical integrity. This is because a lack of training, cer-
tification, inspection, and standards often lead to the improper installation and
application of materials (for example, using the wrong backflow prevention de-
vice or installing plastic pipe in contaminated soils).

Monitoring the Condition of Buried Infrastructure

The various tools available for locating buried pipe include ground-probing
radar, metal detectors, magnetic locators, and radio transmission units for metal-
lic pipe (Von Huben, 1999). Similar methods can be used to detect non-metallic
pipe if metallic tapes or tracer wire was installed with the pipe. Locating pipe is
the first step of condition assessment. A condition assessment is based on the
assumption that materials or infrastructure components deteriorate, with the goal
of gathering information to predict the need for repair, rehabilitation, or re-
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placement (Grigg, 2005). The three steps of condition assessment are (Morri-
son, 2004):

1. Develop an up-to-date inventory of assets. With pipes, a Geographic
Information System (GIS) can be used to collect the following data: diameter,
material, classification/grade, wall thickness, joint type, installation date, lining
and coating types, corrosion protection system, depth of burial, soil conditions,
groundwater level, bedding classification, and history of problems (Shamsi,
2005).

2. Inspect the internal pipe condition, pipe wall condition, pipe environ-
ment condition, and leakage (which can be difficult and costly to accomplish for
buried, in-use pipe).

3. Rate the condition of the asset.

There are five categories of pipe rating used during condition assessment
(Morrison, 2004):

Rank 5. In danger of immediate failure, requires emergency repair or re-
placement as soon as possible to avoid jeopardizing public health and safety.

Rank 4. Severely deteriorated and in need or repair, renewal, or replace-
ment. Should be addressed immediately.

Rank 3. Mildly deteriorated, short-term performance just adequate; how-
ever, will require renewal or replacement soon. Capital improvement plans are
needed with more frequent inspections.

Rank 2. Minor deterioration, performance adequate. An inspection or as-
sessment plan should exist.

Rank 1. Little to no deterioration, performance more than adequate.

Condition assessment requires information from existing pipe to help pre-
dict the lifetime of pipe still in use. To make the exercise more economically
feasible, it might be done for selected pipes that represent a cross section of in-
stalled pipe materials and installation dates. Within some utilities, condition
assessment is conducted whenever pipe repairs are made or new pipe is in-
stalled, because existing pipe is exposed, which facilitates the assessment. Other
utilities carry out a regularly scheduled assessment program independent of
other activities. Whatever the final outcome, how and when condition assess-
ments will be conducted should be determined and standardized at each utility.

The technologies available to carry out condition assessment are varied and
mature. Destructive testing includes the use of coupons or cuts from actual sec-
tions of pipe and spot condition assessment. Nondestructive testing include
magnetic, electromagnetic, sonic, acoustic, infrared thermography, and ground-
penetrating radar equipment for locating pipe; global positioning system
(GPS)/GIS databases for managing information; and ultrasonics, acoustic emis-
sion, magnetic flux leakage, and remote field eddy current for assessing pipe.
Finally, closed-circuit television has been used in some situations. For the most
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part there are sufficient tools available to allow utilities to conduct condition
assessments and to utilize the data that are collected to guide decisions. What is
needed is for these tools to be utilized more uniformly as well as fine-tuned for
use in small systems that have more limited capabilities. It would be extremely
useful for the results of condition assessments to be shared among utilities, and
even benchmarked, so that utilities can build upon shared experience and
knowledge.

Future tools for assessing the condition of buried pipe include real-time
tools that travel through pipe and collect information; small chips set in pipe;
sensors to record sounds of breaks; fiber optics to record breaks in light; and
improved metering to identify leaks (Grigg, 2005). These tools are in develop-
ment and likely show promise for specific situations rather than globally for all
materials in all circumstances. For example, different sensors are needed for
plastic pipe than for iron or concrete pipe.

Leak Detection

The early detection of leaks and their remediation is a goal for water utili-
ties. Leak detectors include listening devices, such as an aquaphone or a more
complicated amplified detection kit that detects sound caused by flowing or es-
caping water (Von Huben, 1999). Another way of detecting leaks is to conduct
a water audit which uses flow meters around smaller districts of a system at
night when water use should be low. Acoustic methods are easy to use and
widely applied on metallic pipes, with improvements being made for use on
plastic pipes (Lange, 2002). Morgan et al. (2005) recently used a fixed-based
acoustic monitor system called MLOG to scan the distribution system at night
for leaks. The system was highly effective, detecting 17 previously unknown
leaks within the first three months of use.

In addition to improvement in leak detection, water meters have been de-
veloped to detect and record backwards flow through the meter in order to de-
termine the magnitude and frequency of backflow events (Neptune Technology
Group, 2005). Although the majority of this flow may simply be service line
water, the use of advance meter reading can detect these backflows in real time.
The ability to detect and track backflow events will allow more focused moni-
toring to determine their impact on drinking water quality.

Main Break Monitoring

Main break monitoring consists of utilities recording responses to water
main breaks such as time and date of response, location of break, valves oper-
ated to shut down the main, properties affected by the shut down, repaired or
replaced portion of main, and shut-down time. Transmission mains are given a
higher priority for main break monitoring and the prevention of failure than
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smaller size distribution mains, given their potential seriousness (for example,
destruction to local structures such as roadways, bridges, and buildings or inter-
ruption of automobile traffic and the evacuation of residences).

If main break monitoring data are maintained in a computerized database,
then quarterly, annual, or five-year historical evaluations can be done, trends can
be predicted, and both can be compared to changes in related practices (such as
replacing cast iron with ductile iron pipe). If the utility can also collect data on
leaks and repairs leading up to a break, as well as failure analysis results during
the break, it becomes possible to develop better predictive models for the distri-
bution system’s pipe infrastructure. Water utilities have successfully trended
water main break rates and have adjusted their practices to minimize the occur-
rence of failures for various types of pipe in their systems. The trending of wa-
ter main breaks and leaks along with condition assessment provide an important
tool to minimize public health risk. Not only will a water utility reduce its risk
of serious consequences from an unexpected failure, but in reducing the serious-
ness of such failures the water utility will gain control in minimizing the poten-
tial for water quality contamination. This will happen in two ways, because the
severity of any single failure is reduced, and because the frequency of failure is
reduced.

Water Quality Testing

Much of the monitoring needed to assess the physical integrity of a distribu-
tion system is accomplished by other means than water quality monitoring, such
as by leak detection, customer complaint response, inspections, or the exercising
of valves and hydrants. However, water quality testing can play a role. Typi-
cally, water quality analyses are limited to common chemical parameters (total
chlorine residual, pH), physical parameters (turbidity, color), and biological pa-
rameters (heterotrophic plate count, total coliform count) (see Chapter 6 for a
more thorough discussion). For those parameters that are routinely monitored
under the Safe Drinking Water Act, a detection of a change in a parameter
would not in itself identify the occurrence of a loss in physical integrity that
resulted in contamination, since water quality changes could be from internal
conditions in the system or from a treatment breakthrough or failure. However,
a thorough follow-up response to a change in water quality (such as high turbid-
ity, colored water, or non-detectable chlorine residual) could include valve
checks, hydrant flushing, and other techniques that might identify the cause of
the loss in water quality as being an external contamination event.

Water quality data can also be useful in identifying problems with physical
integrity when integrated with others sets of data, such as customer complaints,
water main break occurrences, timing of newly installed water mains, cleaning
of storage facilities, or backflow events (see Chapter 7 for more discussion of
data integration). Water quality testing is particularly useful if it can be corre-
lated with customer complaints. For example, consumer complaints of chemi-

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

170 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

cal-type odors along with the utility’s detection of volatile organic chemicals
(VOCs) could signal that permeation of plastic pipe has occurred, which could
be further studied through groundwater and soil testing for the same VOCs.
Once remediation is put in place, the same water quality parameters could be
used to gauge the success of the remediation. Backflow events are another ex-
ample of where customer complaints used in conjunction with water quality
monitoring may be informative. Depending on the contaminants present, back-
flow events can affect the color of water, can introduce debris and particles, and
can cause an off-odor or taste.

As with any environmental sampling, increasing the frequency of water
quality monitoring, for example going to on-line monitoring of storage facility
effluent as opposed to daily or weekly grab sampling, will make it more likely
that a contamination event will be detected. For example, when doing water
quality sampling on a new water main prior to its release for use, a typical num-
ber of samples would be four to five. If this new addition or replacement in-
volved 100 feet of 6-inch pipe, the total volume would be around 150 gallons
(568 liters), such that four water quality samples of about 250 mL would only
test 1/568™ of the potentially contaminated water. Clearly, the approval of a
new water main should not rely solely on the final water quality check, but also
on inspections at every stage of the process guaranteecing that materials were
handled in a sanitary manner and protected from exposure to contamination.
Thus, in isolation water quality data are not sufficient to identify failures in
physical integrity. But combined with other data, they may be useful for detect-
ing external contamination events.

MAINTAINING PHYSICAL INTEGRITY

Every water supplier’s goal is to develop the means by which to better
maintain the physical integrity of its distribution system so that a failure or loss
rarely occurs, or when it does occur its impact is minimized. Table 4-6 summa-
rizes some common measures used to prevent a loss of physical integrity in the
distribution system.

The maintenance issues for pipes, fittings and appurtenances, storage facili-
ties, and backflow prevention devices are similar in a general sense. Materials
selection must meet standards and best practices. Installations of all components
must be followed up with routine inspections. A regular program of valve op-
eration and maintenance must be in place so that shut downs can be effective
when needed. Many valves and hydrants are unused for a number of years, and
debris within the distribution system may cause hydrants to become heavily en-
crusted leading to a significant reduction in discharge flow and fire protection.
Furthermore, valves and hydrants should be carefully manipulated to maintain
positive pressures and mitigate pressure transients that could result in pipe
breakage. Good construction practices, conducted by those with training and
certification and that follow standards and specifications, are essential. Standard
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Valves should be inspected and operated on a regular basis to prevent rust and encrustation from
interfering with their performance. Photo courtesy of Bureau of Laboratory Services, Philadelphia
Water Department.

parts should be used to ensure consistency in repairs, and they should be stored
in a sanitary fashion. Designing the distribution system to minimize sections of
pipe and appurtenances that cannot be adequately tested, flushed, and disin-
fected would be beneficial (Pierson et al., 2002). Finally, funding and staffing
must support all of these activities. These and other preventive measures are
discussed below. It should be noted that maintaining the appropriate operating
pressure to prevent main breaks and intrusion is discussed more thoroughly in
Chapter 5.

Materials Quality

Materials that make up drinking water infrastructure range in type and
value. Pumps have various components from pipe to valves to impellers, all
made of differing materials. System piping includes valves and fittings, ferrules,
and hydrants. Storage facilities range in their composition from concrete to steel
with linings of cement, asphaltic, and epoxy. Customer premise plumbing in-
cludes meters, backflow prevention devices, valves, fittings, tubing, and faucets
made of a plethora of materials. Rubber gaskets and plastic seats can be found

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/11728

Drinking Water Distribution Systems: Assessing and Reducing Risks

172 DRINKING WATER DISTRIBUTION SYSTEMS: ASSESSING AND REDUCING RISKS

TABLE 4-6 Examples of Ways to Maintain Physical Integrity

Component

Mechanism of Integrity
Loss

Prevention by

Pipe

Permeation

Structural failure (leak or
break)

Improper installation

Unsanitary activity

Standards on pipe applications, local as-
sessments of soil and groundwater for con-
tamination

Better design and installation, early leak de-
tection with rehabilitation and repair, opti-
mized scheduling of pipe renewals, opti-
mized placement of valves for effective
shut-offs and isolations

Standards and certification for installation,
followed by inspection

Strict requirements and inspection during
repair, rehab, installation

Fitting and
appurtenance

Structural failure

Improper installation
Unsanitary activity

Improved materials quality as well as quality
in the operating components of valves and
hydrants, periodic valve exercising fol-
lowed by maintenance or replacement as
needed

Strict requirements on installation and design

Strict requirements during repair, rehab, in-
stallation and inspection

Storage facil-
ity wall, roof,
cover, vent,
hatch

Structural failure (crack,
hole)

Absence of
Improper installation
Unsanitary activity

Better design and installation, early leak de-
tection with rehabilitation and repair

Inspection and better design with inspection
Strict requirements on installation and design

Strict requirements during repair, rehab, in-
stallation and inspection

Backflow
prevention
device

Absence of
Improper installation
Operational failure

Inspection and certification
Strict requirements on installation and design
Annual testing and maintenance

in valves and meters and in the joints of mains. In addition to these solid mate-
rials there are greases, lubricants, fluxes, and coatings. The diversity, complex-
ity, and value of materials used in drinking water infrastructure are important to
distribution system management, especially given the increasing emphasis on

system reliability and more stringent water quality demands.

The following

factors should be considered when choosing distribution system materials:

health effects of the material when in contact with drinking water;
hazards and safety in working with the materials;

structural capabilities of the material;

water quality impacts of the material;

cost and availability of the material;

e compatibility of the material with other materials in the system and
with the conveyed water and surrounding soils;
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e environmental effects of the material;

e  whether the manufacturers of the material are ISO certified and meet
NSF and ASTM standards; and

e future changes that could impact on the above.

Not all of these factors have been given equal weight. Materials selection is
typically based on tensile strength, flexural strength, durability, corrosion resis-
tance, roughness coefficient (Hazen Williams C value), and economy (e.g., the
cost of materials and installation lifetime value) (AWWA, 1986). Indeed, eco-
nomic considerations and the availability of the material can weigh in heavily
and may dominate the choice of material.

As shown in Table 2-3, 30 of 34 responding states have some basic re-
quirements for the types of pipe materials allowed in distribution systems. In-
deed, a variety of standards and guidelines are available to help utilities choose
the correct materials for their infrastructure, including the ASTM Annual Book
of Standards, standards from NSF International, AWWA standards, and other
publications (Nayyar, 1992). In practice, the larger water utilities tend to apply
material standards and test whether they are being met, but small water utilities
likely have no way to test for compliance. Furthermore, water suppliers in the
United States have underutilized the services that materials engineering can pro-
vide such as manufacturer and supplier certification, development of materials
specifications for procurement, and evaluation of materials (chemical and physi-
cal) according to specifications after procurement (Burlingame et al., 2002).
Testing of materials to ensure they meet the standards used for procurement
should be a broader practice within the water industry, and not limited to only
the largest water utilities.

In addition to making an informed choice of materials, water utilities should
strive to protect the quality of the materials after initial purchase. This includes
inspections during materials manufacture; proper storage, handling, and trans-
port of the material to the utility; inspection and testing of the material upon
delivery; protection during onsite storage; inspection during and after installa-
tion; failure analysis to detect early failures; and finally replacement of the mate-
rial when its lifetime is exceeded (see section below on asset management).
Failure analysis involves using a standard approach to record events around ma-
terial failures; take soil and pipe samples and collect background records; con-
duct a preliminary investigation to determine the type of failure; and conduct
structural analyses, visual examinations, metallographic and mechanical testing,
and inspections for graphitization and manufacturing flaws on pipe surfaces
(Makar, 2002). Because failure analysis has not been widely embraced by the
water community, there is limited information on many of the materials in
common use today. Thus, additional support is needed for technology transfer
about materials, funding of materials testing programs, better materials devel-
opment and information management, better training, and better cross-industry
networking. For example, there have been no studies to date on the conse-
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quences of material failures due to workmanship/installation errors or manufac-
turer variability.

Another consideration is that many materials still in use today were not
originally designed to meet the system reliability and water quality standards
expected today and for the near future. Existing materials standards may not be
complete and up-to-date for all applications. Furthermore, manufacturers are
not always responsive to customer or end-user needs, especially as these needs
change due to water quality regulations. Although improvement is needed in
many areas, a substantial first step would be to improve installation workman-
ship. This could be accomplished by requiring that all trades people who work
with materials being installed or repaired that come in contact with potable wa-
ter be trained and certified for the level of sanitary and materials quality that
their work demands.

Corrosion Control

The historical use of metallic pipes and the many environmental conditions
they come in contact with have made both external and internal corrosion an
issue for the water industry for some time. Although most utilities use some
form of internal corrosion control to minimize color and turbidity problems and
to meet the Lead and Copper Rule requirements, not all utilities practice external
corrosion control, even though it is important for maintaining the physical integ-
rity of their distribution systems, as acknowledged by 14 of 34 responding states
(see Table 2-3). There is no regulatory motivation for external corrosion control
in the water utility industry as there is in the oil and gas pipeline industry where
corrosion control such as cathodic protection of its pipelines is mandated (Ro-
mer et al., 2004). Nonetheless, understanding the conditions that lead to corro-
sion and implementing a consistent corrosion control methodology can result in
significant operation and maintenance savings because of the longer pipeline
life.

As mentioned previously, the extent of external corrosion depends on soil
conditions such as resistivity, pH, and water content; the occurrence of stray
currents; contact between dissimilar metals; and bacterial activity in the envi-
ronment surrounding the pipe. The testing and GIS mapping of soil conditions
can help water utilities predict and plan for corrosive problems and design cor-
rosion control (Romer et al., 2004). Unfortunately, the tools for analyzing soils
prior to making water main construction decisions require further development.
In addition, there is no standardized corrosivity testing method used by all water
utilities. The Ductile Iron Pipe Research Association has promoted a qualitative
corrosion evaluation system based on soil conditions of resistivity, pH, redox
potential, the presence of sulfides, and site drainage conditions, which has been
found to be dependable and accurate for determining when external corrosion
control should be applied for buried iron pipe (Bonds et al., 2005). The Ameri-
can Concrete Pressure Pipe Association provides recommendations based on
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soil chloride and resistivity. In general, methods for the analysis of corrosion
include a soil corrosivity survey, a close-interval potential survey, a cell-to-cell
potential survey, ultra-sonic measurements, pit depth analysis, visual inspection,
corrosion rate measurements, acoustic monitoring, and failure analysis (Szeliga
and Simpson, 2002).

External corrosion control methods include determining the soil conditions
and then (1) selecting the appropriate distribution system materials, such as plas-
tic pipe for use in very corrosive soils; (2) applying external metallic corrosion
prevention materials at the time of manufacture, such as concrete, mortar, or
asphaltic shop coat; (3) applying barrier coatings and polyurethane encasements
in the field; (4) using galvanic cathodic protection or impressed cathodic protec-
tion; and (5) mitigating stray currents (Szeliga and Simpson, 2002; Romer et al.,
2004). For example, Edmonton, Alberta proactively reduced the impacts of
external corrosion using cathodic protection and nondestructive testing of their
cast iron mains (Seargeant, 2002). Proactive measures are also important, since
a variety of design options (such as using rubber-gasket bell-and-spigot joints)
can affect the extent of external corrosion (Romer et al., 2004). Transmission
mains are more frequently engineered for external corrosion control than distri-
bution mains because of the greater need to prevent catastrophic failures in the
larger diameter water mains.

Internal corrosion of pipe is caused by distribution system water that is cor-
rosive to the materials with which it comes into contact. Internal corrosion is
common in unlined cast-iron and steel mains and also occurs inside steel water
tanks, metal service lines, and premise plumbing and appliances. Concrete pipe
and cement mortar are also vulnerable to corrosion from low alkalinity, low
hardness waters. Internal corrosion is generally controlled by feeding corrosion
inhibitors, such as phosphates, to the water in combination with pH adjustment
and alkalinity control. The mechanism of action is generally one of forming a
stable scale on the pipe surface from corrosion products and water constituents
that both inhibits corrosion and reduces the release of metals from scale dissolu-
tion. Inhibitors and water quality control procedures need to be tested at each
site of use because of differences in source water quality, pipe materials, and
pipe condition. Ductile-iron and steel pipe are generally lined with a cement
mortar lining to prevent internal corrosion or contact with water. Linings can
reduce the frequency of small leaks in pipes and pipe connections as a result of
the high resistance of cement mortar to pressure, enhance the hydraulic charac-
teristics of the mains, and prevent further internal corrosion damage. Finally,
steel water tanks are protected by internal coatings and cathodic protection.

External and internal corrosion control practices need to be used more con-
sistently, universally and uniformly. A manual of practice for the industry
should be developed as an aid to implementing best practices. At present the
best defense against corrosion relies on site-specific testing and practical experi-
ence gained at individual utilities, given the variation in materials, soils, and
water quality from utility to utility. There is also a need for research to develop
new materials and corrosion science to better understand how to more effec-
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tively control both external and internal corrosion, and to better match distribu-
tion system materials with the soil environment and the quality of water with
which they are in contact.

Permeation Prevention

Appropriate measures can be taken to minimize the occurrence of permea-
tion, such as issuing regulations or guidelines that define the conditions under
which plastic pipe should be used. The proper selection and use of PVC, poly-
butylene, and polyethylene plastic pipe, such as according to the soil or potential
soil conditions in which the pipe will be buried, limits the potential for permea-
tion. For example, California precludes the use of plastic pipe in areas subject to
contamination by petroleum distillates (California Code of Regulations, Title 22,
Division 4, Chapter 16, Article 5, Section 64624f). In addition to the pipe mate-
rial, the environmental conditions around the buried pipe are also important.
Utilities that install plastic water mains need to maintain an up-to-date knowl-
edge base of the locations of underground storage tank sites, industrial spills,
other developments that could discharge solvents, and their associated solvent
plumes so as to avoid the contact of such contaminants with the pipe. In gen-
eral, if this information can be gathered prior to laying new pipe, most if not all
permeation incidents can be avoided.

Maintaining Storage Facilities

Storage facility issues are similar to other distribution system components
in that materials selection, system design following standards and specifications,
installation inspection, and good construction practices by those with training
and certification all play a role. Many states do have some standards for storage
tank design and construction, the use of vents, screens, hatches, and overflows,
and they even encourage tank inspection and maintenance (see Table 2-4).
However, perhaps because of their perceived peripheral role in water supply,
storage tanks have not historically received the attention afforded to pipe main-
tenance.

Storage facilities have many purposes (see Chapter 1), such that a disci-
plined storage facility management program is critical to water utilities. Such a
program includes developing an inventory and background profile on all tanks,
developing an evaluation and rehabilitation schedule, developing a detailed tank
evaluation process, performing tank evaluations, making rehabilitations and
replacements when needed, and performing a one-year warranty inspection for
all tanks (Wallick and Zubair, 2002). More specifically, storage tanks should be
inspected for needed repairs, barrier screen replacements, and painting. De-
pending on the nature of the water supply chemistry, such detailed inspections
should be made every three to five years, and consist of tanks needing to be
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drained, sediment removed, and appropriate rust-proofing applied to the metal
surfaces (such as where the water level rises and falls more frequently) (Kir-
meyer et al., 1999). These inspections are in addition to daily or weekly inspec-
tions for vandalism, security, and water quality purposes (such as identifying
missing vents, open hatches, leaks, and so forth).

In one of the rare documents that addresses storage facilities, Von Huben
(1999) summarizes the use of air vents to allow air to enter and exit as the water
level rises and falls. These vents must be screened to keep out birds and insects.
In general, preventing access to the tank interior by wildlife and sediment re-
moval are important deterrents to possible pathogen contamination and coliform
colonization that should be undertaken for every tank.

Asset Management

Asset management refers to a strategy of operating, maintaining, rehabilitat-
ing, and replacing infrastructure in order to sustain a cost-effective level of ser-
vice to customers. For a water utility, asset management requires collecting and
analyzing data and information about all functions of the utility (customer ser-
vice and support, financial, engineering, operations, maintenance) in order to
make strategic decisions about the infrastructure (Paralez and Muto, 2002;
Schwarzwalder, 2002; Allbee, 2004; Lockridge, 2004; Cagle, 2005). When
thought of with respect to maintaining physical integrity, it refers to developing
an inventory of distribution system components and determining when repair
should give way to rehabilitation or replacement (EPA, 2004). Table 4-7 gives
some of the typical life expectancies for pipe, storage, valves, hydrants and ser-
vice lines, although it is expected that properly installed and well maintained
pipes should have a service life much longer than their design lives (Morrison,
2004).

TABLE 4-7 Material Life Expectancies

Distribution System Component Typical Life Expectancies
Concrete and metal storage tanks 30 years
Transmission pipes 35 years
Valves 35 years
Mechanical valves 15 years
Hydrants 40 years
Service lines 30 years

SOURCE: EPA (2004). EPA’s Note: These expected useful lives are drawn from a variety of sources.
The estimates assume that assets have been properly maintained.
The adjusted useful life will be equal to or less than the typical useful life.
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In order to do asset management, the water supplier needs to have condition
assessment data (see earlier discussion) and management tools (such as funding,
planning, and modeling tools) (Grigg, 2004). The goal of asset management is
to determine the time to failure and vulnerability of individual components (like
pipes) under varying scenarios. As mentioned previously, determining the con-
dition of in-use buried pipe is currently difficult and costly to accomplish be-
cause the pipe is usually still in use, the inside needs to be assessed, and the as-
sessment can only look at one small area of one pipe out of many associated
pipes. Thus, a water utility typically lumps pipes into classes and assigns to
them average failure information, and, using statistics about the system, then
predicts investment needs to maintain the assets.

Beyond maintaining physical integrity, there are many important reasons
for utilities to engage in asset management, including (Morrison, 2004):

o To maintain assets at a predetermined level of service, which requires
inspection and assessment in order to ascertain whether the assets are capable of
providing this level of service;

e To uncover performance issues that might hinder a utility’s ability to
meet customer service expectations, or potentially lead to a catastrophic failure
endangering public health and safety;

e To control costs of rectifying or mitigating a problem, which are al-
ways much less just after inspection than after a rupture or other emergency
event;

e To tailor maintenance practices to the actual condition of the asset, and
not merely base them on habit, resulting in an overall reduction in expenditure;

e To properly plan for the retirement and/or replacement of the asset,
which, if done over a period of time, will avoid any unexpected surprises.

Westerhoff et al. (2004) found that most utilities engage in asset manage-
ment, although it ranges from simple maintenance programs to complicated
business planning processes. Indeed, terminology, data collection, reporting,
mapping, inventory control, records, and operational parameters are largely de-
fined on a utility-by-utility basis (Grigg, 2005).

Cross-Connection Control

Proven technologies and procedures are available to mitigate the impact of
cross connections on potable water quality. Well-known backflow control de-
vices include air gaps, reduced-pressure-zone backflow preventors, double
check valves, vacuum breakers, and complete isolation. Lists of approved back-
flow prevention assemblies can be found with the University of Southern Cali-
fornia (USC), the American Society of Sanitary Engineering (ASSE), Under-
writers Laboratories, the International Association of Plumbing and Mechanical
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Officials, Factory Mutual, and the Canadian Standards Association, while the
three most commonly used guidance manuals are the USC Manual of Cross-
Connection Control (USC, 1993), AWWA’s Manual M14 (AWWA, 2004), and
EPA’s Cross-Connection Control Manual (EPA, 2003).

The application of backflow prevention devices is based largely on the de-
gree of hazard thought to be present. A potential threat from chemical and bio-
logical contaminants that pose a human health risk would constitute a high haz-
ard. A low hazard would include incidents that alter the water’s aesthetic prop-
erties but do not constitute a health threat. Higher hazards are also related to the
type of facility from which the threat emanates, such as hospitals, funeral
homes, chemical manufacturing plants, laboratories, film processing facilities,
commercial laundromats, among many others. Low hazard facilities include
apartment complexes, warehouses, office buildings, and public buildings. Table
4-8 gives the recommended applications of various backflow protection devices
according to the degree of hazard and whether those hazards are due to either
back-siphonage (negative pressure or suction on the supply side of the device) or
back-pressure (high pressure on the service side of the device).

There are generally two types of cross-connection control programs: one is
a service-protection program and the other is an internal protection program
(AWWA, 2004). The service-protection program is the most common one for
water utilities to undertake, given their typical enforcement capabilities. This
program is one of “containment,” in that any backflow incident would be con-
tained within the customer’s facility and prevented from entering the public dis-
tribution system. This is accomplished by installing a backflow prevention de-
vice at the water meter. Water utilities are typically effective with this type of
program because they readily have enforcement capability in the shut-off of the
water service at the curb stop. The internal protection program is based on
“elimination” or getting rid of the cross connection where it exists within a cus-
tomer’s plumbing. Because water utilities typically have no authority within the
premises of their customers, it is more likely that other agencies such as the lo-
cal health department or plumbing code agency would maintain such a program.

Lee et al. (2003) found that more than 80 percent of responding water utili-
ties require approved backflow protection devices and field testing of their
proper operations. However, little if any information exists on whether these
devices are present in customers’ premises, where 83 percent of cross connec-
tions are known to exist (Lee et al., 2003). It is probable that they are absent for
a very large percentage of cross connections nationwide or not functioning
properly for a small percentage of cross connections. Clearly, their increased
use and regular inspection would do much to reduce public health risks from
drinking water distribution systems. Indeed, for utilities operating dual distribu-
tion systems, the need for an effective cross-connection control program is
paramount.
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TABLE 4-8 Use of Backflow Prevention Devices by Degree of Hazard and Mechanism

Degree of Hazard

Device Low Hazard High Hazard
Back- Back- Back- Back-

siphonage pressure siphonage pressure

Air Gap (AG) X X

Atmospheric vacuum breaker (AVB) X X

Spill-resistant pressure-type vacuum- X X

breaker assembly (SVB)

Double check valve assembly (DC or X X

DCVA)

Pressure vacuum-breaker assembly X X

(PVB)

Reduced-pressure principle assembly X X X X

Reduced-pressure principle detector X X X X

assembly

Double check valve detector check as- X X

sembly

Dual check device (internal protection X X

only)

Dual check with atmospheric vent device X X

(internal protection only)

SOURCE: Adapted from Table 3-1 in AWWA (2004).

Basically, every state has some requirement for cross connection control
(see Tables 2-3 and 2-6), and state plumbing codes define the type of cross-
connection control devices that are approved for use. Unfortunately, as dis-
cussed in Chapter 2, the elements of such programs, their implementation, and
oversight vary widely, partly because of the variation in available resources. In
a few states, local jurisdictions are responsible for implementing a cross-
connection control program. In most states, testing of cross-connection control
devices is the responsibility of the customer while inspection of the devices is
the responsibility of the water system or the local jurisdiction. Given this vari-
ability, Chapter 2 recommends that EPA explicitly define what an acceptable
cross-connection control program should be.

RECOVERING PHYSICAL INTEGRITY

It is impossible for a distribution system of any significant size to be man-
aged in such a way as to prevent any loss of physical integrity over time. Even a
water utility with a good program of corrosion control and pipe replacement can
experience an annual pipe break rate of around 750 to 850 breaks per year (Fa-
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larski, 2002). Damodaran et al. (2005) gave an industry average of 0.1 to 0.3
breaks per mile of pipe per year, such that a low break rate would cause 1 to 3
breaks per year per 1,000 people served. Philadelphia tracks the number of
breaks experienced for each 1,000 miles of main using a five-year moving aver-
age to smooth out the effect of weather variations. Based on historical informa-
tion dating back to 1930, the average for 2001 was 212 breaks for every 1,000
miles of main—the lowest total in over 45 years and better than the national
average of 240 to 270 breaks per 1,000 miles. Nonetheless, even with a water
main replacement program that appears to be successful compared to the na-
tional average, every year over 600 water main breaks occur. Therefore, proce-
dures need to be in place by which to recover from a failure in a material barrier
and minimize the effects on water quality.

Table 4-9 summarizes some of the common methods used today to recover
from a failure in a material barrier in order to prevent or minimize contamina-
tion of the water supply. There are several categories of recovery efforts. First,
compromised materials can be cleaned, repaired, rehabilitated, or replaced. For
example, leaks and small breaks can be repaired by repair sleeves or by joint
sealing compounds. Storage facilities might have to be drained and cleaned
following potential contamination. Another form of restoration is to treat the
contaminated water. Chlorine and other disinfectants have been used to protect
pipes and storage facilities against external microbial contamination, prevent

TABLE 4-9 Ways to Recover from a Loss in Physical Integrity

Mechanism of Integrity

Component Loss Recovery by
Pipe Permeation Reline or replace and conduct water
quality testing
Structural failure (leak) Replace or repair or rehab
Structural failure (break) Replace or repair, flush or disinfect, con-
duct water quality testing
Improper installation Replace, reinstall
Unsanitary activity Disinfect, flush, and water quality testing
Fitting and Structural failure Replace, repair, rehab and disinfect
appurtenance Improper installation Reinstall
Unsanitary activity Disinfect and flush
Storage facil- Structural failure (crack, Repair or rehab or replace, disinfect
ity wall, roof, hole)
cover, vent, Absence of Install
hatch . ) .
Improper installation Reinstall
Unsanitary activity Disinfect, flush, and water quality testing
Backflow Absence of Install
g;‘i\i’f:t'on Improper installation Reinstall
Operational failure Replace or repair
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regrowth of nuisance organisms in response to intruded chemicals, prevent fur-
ther contamination from the installation of a dirty main, and alleviate customer
complaints. Both continuous disinfectant residual maintenance throughout the
distribution system and dosing a section of the system with disinfectant are
common. Third, recovery is often brought about by flushing the contaminated
water from the system rather than treating it, generally using hydrant flushing.
Although flushing is mentioned sporadically here because it accompanies many
of the other recovery techniques, it is treated more comprehensively in Chapters
5 and 6 where hydraulic and water quality integrity are the focus, respectively.

In those situations where the absence of a component was the cause for the
lack of physical integrity, then simply installing the component is the recovery
effort. For example, the installation of backflow prevention devices or changing
covers on reservoirs (say from floating to hard covers) should restore integrity.
Finally, where operational failure is the problem, devices may also need to be
entirely replaced, along with instituting inspections to ensure that failure does
not recur.

Repairing, Rehabilitating, and Replacing Pipe

Common types of repair activities include cutting and plugging the portion
of pipe associated with a leak, installing a repair sleeve or clamp, eliminating
dead end mains, replacing and repairing valves, adding ferrules, and repairing or
replacing hydrants. These activities are discussed extensively in Grigg (2004)
and not considered further here. Improvements are being made in locating bur-
ied failure sites, excavation, and repair. For example, trenchless methods are
being developed and applied, although the technology development is slow.

Rehabilitation of pipe involves the recycling and reinforcing of the existing
infrastructure in order to prolong its useful life. For example, structural lining
can be used to improve the structural integrity of existing pipes and involves
placing a watertight structure in immediate contact with the inner surface of a
cleaned pipe (Selvakumar et al., 2002; Ellison et al., 2003). The most com-
monly used structural lining techniques include conventional slip lining (where
new PE pipe is structurally able to replace the existing pipe), cured-in-place re-
habilitation or inversion lining (which inserts a non-structural material) (Hughes
and Conroy, 2002), fold-and-form pipe, and close-fit slip lining (which can use a
structural or non-structural replacement material). Selvakumar et al. (2002)
provide a detailed description of all these methods along with their costs, bene-
fits, and limitations. Nonstructural rehabilitation of water mains, which does not
focus on recovering the physical integrity of distribution systems, includes
chemical dosing for corrosion control, cement mortar lining, epoxy resin lining,
and thin-walled PE lining (Hughes and Conroy, 2002; Grigg, 2004; Damodaran
et al., 2005). Such rehabilitation should be internally inspected to ensure that it
is done to standards.
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Pipes are candidates for replacement when the pipe is severely deteriorated
(e.g., the pipe has suffered a series of breaks), or when additional hydraulic ca-
pacity is needed. Box 4-4 discusses the economic considerations that play into
the decision to replace a pipe rather than rehabilitate or repair it. Historically,
pipeline replacement involved the construction of a new pipeline normally paral-
lel to the one being replaced. Once constructed, the new pipeline was connected
to the pipe network and the old pipeline abandoned. This approach normally
involved digging a trench, installing the new pipe, backfilling the trench, and
final surface restoration. This construction can be very disruptive in built-up
areas plus it may be very difficult to find a location to construct a new waterline.
As a result, new trenchless technologies have developed which can result in cost
savings over the conventional construction methods. Horizontal directional
drilling has seen considerable growth as an alternative to open trench construc-
tion, especially at crossings of waterways, rail lines, and highways. A drilling
bit bores a horizontal hole that is kept open using drilling fluid. Once a prede-
termined length of hole is completed, a new pipe is pulled back through the
horizontal hole. This method is far less disruptive than open trench construc-
tion, and in most cases would not interfere with business or residential property
access.

Another type of trenchless technology that is most useful in areas where it is
difficult to install new pipe is pipe-bursting. This technology is similar to hori-
zontal directional drilling, but with pipe-bursting a new pipe is pulled in the
same location as the old pipe. A burster is pulled through the old pipe, breaking
it apart and making room for the new pipe. The only openings required are at
the two ends and at all active service locations. The equipment can install pipe
of the same size that is being replaced or a size or two larger. Selvakumar et al.
(2002) give a detailed description of pipe bursting, microtunneling, and horizon-
tal directional drilling methods along with their costs, benefits, and limitations.

BOX 4-4
Decision-making regarding Replacement vs. Ongoing Repair

There now exist fairly good models for making decisions about ongoing repair vs. re-
placement of infrastructure pipe components (Damodaran et al., 2005), although they do
not incorporate public health risk and water quality deterioration. The traditional economic
life of a component is the point at which the cost of keeping it in use equals the cost of
replacing it. The “cost”, though, has been expanded beyond the utility’s internal costs to
include external costs, like the public’s costs associated with the failure of a component
(loss of water and business, traffic disruptions, etc.). Expectations for customer service are
rising at the same time that repair and replacement costs are rising. Decisions based on
internal costs alone often favor ongoing repair over replacement. When external costs
(such as the number of households affected by a failure) are counted, replacement begins
to be favored over repair. When the break rate for a 20-ft long pipe exceeds once per year
then it can become more economical to replace the pipe than repair it (Damodaran et al.,
2005). Utilities need guidance on including external costs along with internal costs, and the
advantages and disadvantages of replacement methods, so that they can make up-to-date
and sound decisions in a timely manner.
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Regardless of whether the situation requires repair, rehabilitation, or re-
placement, there are practices that can minimize the contamination potential,
such as maintaining a positive pressure until the repair site is unearthed and
cleared. Trench water should be removed before work is done, and street drain-
age should be provided to keep water and runoff out of the trench. New materi-
als and repaired materials can be sprayed or swabbed with chlorine or appropri-
ate sanitizing agents, as specified in ANSI/AWWA standards C600-99 for the
installation of ductile iron mains and C651-99 for the disinfection of mains.
During these activities, inspectors or engineers managing the site need to be
aware of all issues related to water quality including the type of pipe that can be
laid in soils suspected of contamination, the means by which to protect materials
during storage, the methods for working in trenches to prevent contamination of
materials, and what to do if materials do become contaminated.

Prior to the release for use of a new or replaced water main or facility, a wa-
ter utility will typically conduct water quality testing. Total coliform bacteria
have been the most common indicator that the new material is sanitary and did
not become contaminated during storage or installation. In addition to total coli-
form testing, the water utility can also test for turbidity, HPC bacteria, total chlo-
rine residual, pH, and odor, as unsanitary and improper installation practices can
affect these parameters.

As documented in Table 2-3, 16 of 34 responding states address the storage
and handling of pipes, while 29 of 34 address the need for disinfection and water
quality testing following installation. Experience has shown, unfortunately, that
sanitary practices vary widely. Even well-run utilities can experience a 30 per-
cent failure rate in the approval of new mains based on water quality testing
(Burlingame and Neukrug, 1993). Pipe design and construction is usually fo-
cused on existing codes (such as depth of installation to prevent freezing) and
corrosion protection (such as using plastic pipe or metallic pipe with protective
wrap in corrosive soils) but not on sanitary practices and rarely on permeation
concerns. Pierson et al. (2001) found that although the ANSI/AWWA stan-
dards, particularly C600-99, attempt to address installation or construction prac-
tices, there is a general lack of training and the use of requirements for sanitary
practices. It is possible for trenches where pipe is being laid or repaired to fill
partially with water from broken lines or from precipitation or groundwater.
This water can mobilize soil-related contaminants as well as carry contamination
itself. Clearly, during emergency repairs or repairs made under less than favor-
able conditions, it becomes even more difficult to prevent the exposure of mate-
rials to environmental contamination. This could be addressed in part by requir-
ing foremen or managers of construction sites to be certified on a regular basis,
as it is for the certification of backflow installers and testers. Such training and
certification can be provided through third-party organizations (non-water utility
agencies) such as the New England Water Works Association and American
Society of Sanitary Engineers. Not only would foremen or managers have to
know the engineering requirements, but they would also have to record and un-
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derstand the issues related to protecting the sanitary condition of the materials
and the water supply.

Disinfection

Haas et al. (1998) reported that interior pipe surfaces are not free of micro-
bial contaminants even under best case conditions. Furthermore, the lack of
adequate distribution system maintenance (which includes flushing, disinfecting,
and coliform testing of all pipe repairs and pipe replacement activities) has been
found to contribute to higher coliform occurrence rates (Clement et al., 2003).
Thus, when a new main is installed or a valve is repaired, it is advisable to act as
if some level of contamination has occurred to both the water and the materials
and to address potential contamination before the affected portion of the water
system is returned to use. When the interior of pipe has become contaminated
or needs cleaning due to unsanitary activities, disinfection becomes necessary.

Pipes can have a significant chlorine demand which reduces the effective-
ness of disinfection (Haas et al., 1999). Fortunately, there is a current AWWA
standard (C652) governing new pipe disinfection, which sets forth two options.
The first is to flush followed by filling the facility/pipe with a strong (> 25
mg/L) chlorine solution and maintaining it for 24 hours providing that a residual
of 10 mg/L remains. The second option is contacting the pipe or facility with a
100 mg/L free chlorine solution for at least three hours so that the residual re-
maining is at least 50 mg/L. The chlorine used for these disinfection operation