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ABSTRACT 

Large public water utilities currently are required to take several 100 mL water samples 

every month in their distribution systems and to test these samples for the presence of total 

coliforms to comply with the Total Coliform Rule.  How and where they take these samples is 

not specified.  The Total Coliform Rule is currently undergoing review and revision.  One 

possible revision is more specific rule language or guidance of where and when utilities take 

their monthly coliform water samples.  This project considers various drinking water distribution 

system monitoring strategies for a large drinking water utility using simulations within an 

EPANET computer model of that utility’s distribution system.  A review of the literature and the 

use of best professional judgment help to inform the understanding of the primary causes of the 

occurrence of coliform bacteria in drinking water distribution systems.  In this analysis, both 

contamination scenarios and coliform monitoring approaches are simulated in the EPANET 

computer model to better understand what types of contamination events might be detected by 

routine coliform monitoring and to what extent monitoring strategies affect observed results.  In 

addition, statistical strengths of the various strategies and their respective results are considered 

in this project.  Analysis of model output supports the assertion that water age may be a good 

factor to consider in designing a monitoring plan, especially if sampling cannot be conducted 

every day and that taking samples immediately after and in the vicinity of rapid changes in flow 

(e.g., during a firefighting incident) may help utility operators to better understand what 

associated risk, if any, exists to consumers of drinking water as a result of these flow conditions.
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1. INTRODUCTION 

1.1 Purpose 

Historically, drinking water quality was seen as something that was addressed at the plant 

where raw water is received into a facility that employs the primary treatment processes of 

coagulation, flocculation, sedimentation, filtration, and disinfection.  The processes had 

demonstrated public health benefits and were thus required by regulations.  Little thought was 

given to what might happen to finished water between the treatment plant and the taps of the 

public until relatively recently.  As the understanding of the risk of degradation of water quality 

in distribution systems develops and water system operators and researchers demonstrate the 

effectiveness of mitigation strategies to reduce that risk, the regulations catch up.  Some of these 

strategies have already been added to the list of regulations, for example, the requirement for the 

presence of a disinfectant residual in the distribution system.  Like primary treatment, strategies 

such as including a disinfectant residual can be viewed as a barrier to contamination.  Installing 

barriers is a preventive way of addressing the risk of contamination of drinking water.   

An alternate approach of addressing that risk is monitoring, that is, taking routine water 

samples.  Monitoring increases the level of protection both because it provides a means to 

demonstrate that preventive measures are working correctly and also because it can demonstrate 

that contamination may be present which would signal to a water system operator that 

investigation of the water system or corrective action of a deficiency is warranted.  Current 

regulations include limited requirements for monitoring in the distribution system. 

The regulation of interest in this project is the Total Coliform Rule (TCR).  The current 

TCR was promulgated in 1989 (US EPA, 1989).  The rule was proposed with three objectives: 

(1) to evaluate the effectiveness of treatment, (2) to determine the integrity of the distribution 

system, and (3) to signal the possible presence of fecal contamination (TCRDSAC TWG, 

2007a).  The TCR requires public water system operators to take a specified number of samples 

per month at locations that are representative of the water quality in the distribution system (40 

C.F.R. §141.21) and to test these samples for the presence of microbial indicators (total 

coliforms and E. coli or fecal coliforms).     
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Microbial indicators are used both because of time and resource constraints and because 

it would be impractical to test for all pathogens in drinking water.  In addition, testing for one 

pathogen versus another would not suffice because the demonstrated absence of one (e.g., 

Salmonella), does not preclude the presence of others (e.g., Shigella, Vibrio, or pathogenic 

viruses) (Hammer and Hammer, 2001).   

Coliforms have been used as microbial indicators by purveyors of drinking water since 

the 1925 U.S. Public Health Service standards (TCRDSAC TWG, 2007a).  The coliform group 

of bacteria generally meets the criteria for an ideal indicator, as explained further below, but it is 

not perfect.  As imperfect indicators, coliforms may be present even when contamination is not.  

Indeed, the bulk water of distribution systems may naturally exhibit background levels of 

coliforms, and these levels may vary depending on the water system, the makeup of its source 

water, and the treatment scheme employed.  Thus, two major challenges of using total coliforms 

as a microbial indicator are (1) detecting them when they are present and (2) determining the 

cause of their presence—whether that’s contamination, innocuous background presence, 

sampling error, etc. 

The purpose of this project is to inform the understanding of the former, detecting 

coliforms when they are present.  A review of available literature suggests that one of the major 

causes of coliform presence in the bulk water of distribution systems is system hydraulics.  

Recommendations are made to tie a monitoring approach to system hydraulics to improve the 

ability to detect those coliforms.  The project accomplishes this through the use of an EPANET 

computer model of a distribution system.  The model was created and calibrated prior to this 

project.  It is a working model of an actual distribution system.  For security reasons, however, 

the identity of the system is not provided.  The second portion of the project, in which various 

monitoring strategies are tested during potential contamination events, was designed using 

parameters informed by the literature review.   

Based on the output data provided by the model (e.g., hydraulics data including flow 

velocity, volumetric flow rate, pressure), predictions were made regarding where and when 

coliforms (and thus, potentially, pathogens as well) would enter the bulk water of the distribution 

system.  Based on this, the model inputs were altered such that coliform loads were introduced 

into the system at specific times and locations.  The model was initiated again, this time tracking 
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the transport of the coliforms and set to provide the concentration of coliforms at all nodes in the 

system as output.  Locations with high concentrations of coliforms indicate where coliform 

monitoring should occur.  

The TCR is currently undergoing a process of review and revision.  EPA has convened a 

formal advisory committee under the Federal Advisory Committee Act, the Total Coliform 

Rule/Distribution System Advisory Committee (TCRDSAC).  The role of the TCRDSAC is to 

provide advice and recommendations on how the Agency should revise the TCR while 

maintaining or improving public health protection (US EPA, 2007).  The results of this project 

may help to inform the discussions of the TCRDSAC as it makes recommendations on changes 

to the TCR. 
   

1.2 Problem Identification: Non-detection of Contamination in Drinking Water 

Distribution Systems and Associated Illness 

Three major problems were considered in the development of this project.  First, 

limitations of the tool itself (the taking of samples/monitoring) are considered.  These were 

discussed briefly above, and will be discussed further in this section.  Second, examples of 

ineffectiveness of how the tool is used are considered.  For example, although monitoring can be 

useful, it is not always put into practice in such a way as to maximize its utility.  Lastly, and most 

importantly, outbreaks and endemic illness associated with consumption of drinking water 

continue despite low observed occurrences of total coliform. 

As discussed above, the water industry relies on indicators because resource constraints 

and technological limitations do not allow for the monitoring of all contaminants of concern, at 

all times, and at all locations.  Absence of microbial indicators demonstrates that a level of public 

health protection is being provided to the public.  The coliform group of bacteria is used because 

it generally meets the criteria of an ideal indicator.  AWWA (2003) reports these criteria to be 

the following: 

• Always present in contaminated water; 

• Always absent when fecal contamination is not present; 

• Generally survive longer in water than pathogens; 

• Easy to identify. 
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Monitoring for the presence or absence of total coliforms is useful, but it still has 

shortcomings.  To explain the limitations of the use of total coliforms as microbial indicators of 

water quality, it is first necessary to define what they are.  Total coliforms are gram negative, non 

spore-forming, facultatively anaerobic rod-shaped bacteria capable of lactose-fermentation with 

gas production at 35° C within 48 hours (adapted from AWWA, 2001).  As seen in Table 1-1, 

total coliforms include various genera.  Total coliforms are a subset of bacteria but can also be 

broken down into subsets themselves.  The coliform group consists mainly of several genera of 

bacteria belonging to the Enterobacteriacea family, including Escherichia, Klebsiella, 

Enterobacter, and Citrobacter (Besner et al., 2002) (see Table 1-1 below).  Total coliforms may 

be of fecal origin, but they may also survive and grow in the environment (Flint, 1987; 

Pommepuy et al., 1992).  Figure 1-1 provides a visual illustration of the relationships among all 

environmental microbes, bacteria, total coliforms, thermotolerant coliforms, E. coli, all 

waterborne pathogens, and pathogenic E. coli.   

Table 1-1: Total Coliform Genera and Coliform Isolates Typically Found in Drinking 
Water 

Citrobacter Escherichia 
     C. freundii      E. coli 
     C. diversus  
Enterobacter Klebsiella 
     E. aerogenes      K. pneumonia 
     E. agglomerans      K. oxytoca 
     E. cloacae      K. rhinoscleromatis 
      K. ozaena 
Source: LeChevallier, 2007 
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Figure 1-1:  Coliform Venn Diagram 

Source:  Adapted from TCRDSAC TWG, 2007c 

One of the reasons that support the use of total coliforms as microbial indicators is that 

total coliforms are present whenever E. coli is present (by definition, all E. coli are among the 

bacteria defined as total coliforms).  On the other hand, a limitation is that not all coliforms are 

E. coli.  This relationship is illustrated graphically in Figure 1-1 above.  Testing for coliforms 

casts a wide net because coliforms can be associated with recent fecal contamination; however, 

they can also grow and survive in the environment (Flint, 1987; Pommepuy et al., 1992).  Thus, 

their presence alone does not necessarily indicate recent fecal contamination.  The universe of 

coliforms does not include all waterborne pathogens, as shown in Figure 1-1.  For example, 

attempts to relate the presence or absence of other waterborne microbial pathogens such as 

Cryptosporidium or Giardia to total coliform presence has not been successful (Lingireddy, 

2002).       

Another issue with microbial indicators is that no methods exist for continuous 

monitoring.  That is, unlike monitoring for other parameters such as pH, chlorine residual 

presence, or hydraulic conditions in which the desired parameter result is given immediately, 

results for total coliform monitoring are not available for at least 24 hours.  The shortfall of the 
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ability of this indicator to alert water system operators of acute risk is obvious.  After 24 hours, 

any contamination associated with the indicator will have already traveled throughout the system 

and potentially been consumed by the public.  This is a limitation of coliforms as indicators of 

acute public health risk, but not of general distribution system health.     

The reason that coliforms were originally selected and continue to be used is not because 

they were thought to correlate perfectly with pathogens.  Rather, coliforms are used as indicators 

because their presence may demonstrate that a pathway exists for pathogens of concern to enter 

the system.  Thus, their presence does not necessarily indicate a public health risk, but when they 

are not present, there is reasonable assurance that risk does not exist.  That is, if coliforms are not 

getting into the system, then a conclusion might be made that other microorganisms are not 

getting into the system either.  Pipes (1983) conducted a statistical analysis to show that if a 

water system collects 60 or more water samples per year and 95 percent or more of them are 

coliform-negative, then there is a 95 percent confidence that the fraction of water with coliforms 

present is less than 10 percent, and the fraction of water without coliforms present is greater than 

or equal to 90 percent.  Delivering water that is 90 percent free of coliforms was seen as 

providing a reasonable degree of public health protection. 

Table 1-2 outlines the number of samples that are actually required to be taken by the 

current Total Coliform Rule.  Generally, the number of samples required correlates to the 

population served by the system.  The table shows that systems serving fewer than 4,100 people 

are not taking five samples per month (60 samples per year).  Thus, these systems take fewer 

samples than those recommended by Pipes (1983).  A significant portion of the public receives 

water from these water systems.  Indeed, according to 2006 statistics (US EPA, 2006a), there are 

nearly 45,000 community water systems (serving almost 30 million people) that are permitted to 

take fewer than five samples per month.     

In addition, the statistical analysis conducted by Pipes (1983) assumes that water samples 

are taken at locations that are representative of the water quality in the distribution system.  This 

can be interpreted to mean that the samples would be taken at random times and locations 

throughout the system.  Thus, although systems serving greater than 4,100 people are taking at 

least five samples per month (60 samples per year), which is in line with the recommendation 

made by Pipes (1983), the systems are most likely not taking samples at random times and 
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locations.  Speight (2004) reports that sampling locations are often located on major streets with 

large diameter pipes (receiving relatively fresh water) because these sites are easily accessible. 

Samples are also often collected during the morning hours between 7 a.m. and 9 a.m. of 

weekdays, when demand is high and water residence times are low.  These peak usage samples 

may show little degradation of water quality due to reduced residence time, and therefore 

reduced reaction time, in the pipes.  See Table 1-3 for a break-out of factors considered in 

selecting sampling locations.   

Although the Total Coliform Rule (40 C.F.R. §141.21) does direct systems to collect total 

coliform samples at sites which are “representative of water throughout the distribution system” 

and to sample according to a sample siting that is “subject to State review and revision,” 

different states interpret this language differently.  Thus, each state may apply different criteria in 

the evaluation and approval of the sampling plan of a particular water system.  Narasimhan et al., 

(2004) points out that variability of sampling plans within states is common.  In addition, 

Narasimhan et al., (2004) explains that these plans are often based on a spatial distribution 

without consideration of “scientific or engineering approaches” or “seasonality, location of 

storage facilities, demand fluctuations, disinfection strategy, pipe materials, flushing time, 

sterility of collection apparatus, and hydraulics.”   

From a regulatory construct, it is difficult to write a rule that addresses the needs of all 

systems.  No “one size fits all,” and both States and systems face wide degrees of budgeting 

challenges.  The writers of the current TCR faced these challenges in developing the rule.   
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Table 1-2:  Total Coliform Sampling Requirements According to Population Served 

Population Served Minimum Number of 
Routine Samples per 

Month 

Population Served Minimum Number 
of Routine samples 

per Month 
25 to 1,000 1 59,001 to 70,000 70 

1,001 to 2,500 2 70,001 to 83,000 80 

2,501 to 3,300 3 83,001 to 96,000 90 

3,301 to 4,100 4 96,001 to 130,000 100 

4,101 to 4,900 5 130,001 to 220,000 120 

4,901 to 5,800 6 220,001 to 320,000 150 

5,801 to 6,700 7 320,001 to 450,000 180 

6,701 to 7,600 8 450,001 to 600,000 210 

7,601 to 8,500 9 600,001 to 780,000 240 

8,501 to 12,900 10 780,001 to 970,000 270 

12,901 to 17,200 15 970,001 to 1,230,000 300 

17,201 to 21,500 20 1,230,001 to 1,520,000 330 

21,501 to 25,000 25 1,520,001 to 1,850,000 360 

25,001 to 33,000 30 1,850,001 to 2,270,000 390 

33,001 to 41,000 40 2,270,001 to 3,020,000 420 

41,001 to 50,000 50 3,020,001 to 3,960,000 450 

50,001 to 59,000 60 3,960,001 or more 480 

Source: 40 C.F.R. §141.21(a) (2) 

Table 1-3:  Factors Considered in Selecting Sampling Locations 

Selection of 
Sampling Locations 

Convenience Area 
Representation 

Central 
Points 

Peripheral 
Points 

Central and 
Peripheral Points 

Varies 

Fixed Locations 35.5% 80.2% 32.3% 20.6% 55.9% 10.2% 

Variable Locations 25.8% 84.7% 27.8% 29.2% 44.7% 54.6% 

Both 42.3% 88.6% 31.5% 31.5% 78.3% 35.0% 

Source:  Adapted from AWWA Committee on Bacterial Sampling Frequency in Distribution 
Systems (1985) 
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Finding coliforms during routine monitoring is rare, but it does happen.  In the author’s 

experience, less than one percent of samples taken by large utilities tests positive.  One to five 

percent positive or even more is sometimes observed among smaller water systems depending on 

system type, size, disinfection status, source water type, etc.  The challenge is being able to 

understand what total coliform-positive samples mean when they are observed and whether their 

presence has any relevance to public health.  Making universal conclusions based on national 

monitoring results is challenging because all system operators do not monitor using the same 

approach.  They do not use the same analytical methods.  Some take samples from dedicated 

sampling taps while others use kitchen sinks (see Figure 1-2).  Some utilities are small while 

others are large.  Some utility operators disinfect their systems and some do not.  All of these 

factors can influence the observed total coliform-positive rate, and system operators are 

challenged when trying to determine the cause of a total coliform-positive sample.   

 
Figure 1-2: Dedicated Sampling Tap (left) and Kitchen Sink (right) 

In addition, some operators may actively look for coliforms by monitoring where they 

would expect to find them, while others may take the samples where and when it is most 

convenient.  Monitoring when and where coliforms are to be expected is not necessarily the most 

important issue.  Understanding one’s objective in conducting the monitoring is what is 

ultimately important.  The problem occurs when an operator does not understand the objective 

and thus does not monitor properly or in such a way to optimize the utility of monitoring.  For 

example, if one’s most important objective is to detect fecal contamination entering the 

distribution system as a result of treatment breakthrough, the utility operator should probably 
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take samples at the entry points to the distribution system.  On the other hand, if a utility operator 

wants to take samples to get a general sense of the distribution system health and to detect 

changes from month-to-month or from year-to-year, the utility operator may need to take a 

statistically significant number of samples at random times and locations.  In either case, the 

utility operator must understand the limitations of monitoring.  Again, resource constraints and 

technological limitations do not allow for continuously monitoring at all locations and 

waterborne disease outbreaks can occur, even while routine monitoring does not indicate any 

problems (Nwachuku et al., 2002).   

As discussed previously, sample locations are chosen for different reasons ranging from 

convenience, to even spacing, or, for systems with only one service connection, to the limited 

availability of taps from which to take samples.  On top of the variability of sampling locations, 

there may be just as much variability in the times that samples are taken.  All of these factors 

lead to a situation that is in many ways data-rich but information-poor.  Millions of total coliform 

samples have been collected, but without having data of what the conditions were in the system 

at the time the samples were taken, interpreting the results becomes a challenge.  That is, without 

the associated data, the ability to evaluate the current regulation and to determine the degree to 

which it is meeting its objectives is limited.   

Whether indicator organisms such as total coliforms or the actual etiologic agents 

responsible for outbreaks are detected during or before outbreaks, studies have shown that the 

existence of illness attributable to consumption of drinking water continues to be a problem.  

Different researchers have attempted to quantify rates of endemic illness (Messner et al., 2006, 

Calderon et al., 2006).  Payment et al. (1991 and 1997) conducted a study within a population 

consuming tap water that met Canadian drinking water standards, and found that 14 – 40% of 

gastrointestinal illness was attributable to the consumption of that water. 

Indeed, although the incidence of waterborne illness has decreased over the years, 

outbreaks and endemic illness associated with the consumption of drinking water continue to be 

observed (NRC, 2006).  A significant percentage of those remaining are due to distribution 

system deficiencies.    
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Table 1-4 shows a list of selected waterborne disease outbreaks in small and mid-size 

systems in the U.S.: 1986 – 1998.  Outbreak data only tell part of the story.  The true incidence 

of waterborne illness is not reflected in the currently reported outbreak statistics (Craun et al., 

2006) since most outbreaks are not reported.  Small outbreaks remain undetected.  In addition, 

endemic, or sporadic, illness continues to be cause for concern with estimates of 0.12 cases per 

person-year with a 95% credible interval of 0.01 to 0.39 cases per person-year (Messner et al., 

2006). 

  Figure 1-3 below graphically exhibits the differences among detected outbreaks, 

undetected outbreaks, and the endemic rate of illness.  The red line shows the threshold of 

detection.  Below that limit, illnesses are not detected.   

 
Figure 1-3: Relationship between Outbreak and Endemic Rate  

Source: Adapted from TCRDSAC TWG 2007c 
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Table 1-4: Selected Waterborne Disease Outbreaks in Small and Mid-size Systems in the 
U.S.: 1986 – 1998 

Location No. of Cases Year of 
Outbreak 

Cause of Illness 

Pennsylvania 
(Numerous Sites) 

5,000 1987 Norwalk-like virus 

Oregon 3,000 1992 Cryptosporidium 
Texas 1,400 1998 Cryptosporidium 
Texas 900 1988 Shigella sonnei 

Arizona 900 1989 Norwalk-like virus 
Pennsylvania 513 1987 Giardia 

Missouri 485 
(4 deaths)

1993 Salmonella 

Missouri 243 1989 E. coli 
Wyoming 157 1998 E. coli 

Oregon 100 1997 Giardia 
Minnesota 83 1998 Shigella sonnei 
New York 50 1997 Giardia 

New Mexico 32 1998 Cryptosporidium 
Florida 7 1998 Giardia 
Illinois 3 1998 E. coli 

Source: US EPA (2001). 

According to research conducted by Craun et al., (2002), coliform bacteria were detected 

in water samples collected during the investigation of infectious disease outbreaks in 83% of 

non-community and 46% of community water systems, but very few of these systems had 

exceeded the U.S. Environmental Protection Agency's maximum limit for total coliforms in the 

12 months before the outbreak.  On the other hand, Cotruvo (2007) stated from his reading of the 

reviews prepared by Gunther Craun and others that he would not expect the presence of total 

coliform to correlate well with waterborne disease outbreaks because total coliform is not 

necessarily due to fecal contamination; he believes that E. coli is a better safety indicator because 

E. coli occurrence is actually reflective of recent sanitary/fecal contamination. 

Craun et al. (1997) cited detection of coliforms during 64% of waterborne disease 

outbreaks in the US caused by bacteria, viruses, and unidentified agents from 1983 to 1992. 
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2. REVIEW OF THE LITERATURE 

2.1 Determining the Causes of Total Coliform-Positive Samples 

Many researchers have tried to predict coliform occurrence (Volk and Joret, 1994; Gatel 

et al., 1995; LeChevallerier et al., 1996a; Gale et al., 1997).  Making predictions and then 

validating those predictions with real data help to improve the understanding of coliform 

occurrence.  Moreover, because detecting coliforms in water systems is rare, when water system 

operators do encounter samples that test positive for coliforms, they usually want to know what 

the cause is and whether there is reason for concern.  On the other hand, although very small 

water systems with limited or no distribution systems are sometimes able to identify the causes 

of a total coliform-positive sample (Rotert, 2008), the origin of coliforms found in the 

distribution system remains unclear in most cases (Besner et al., 2002). 

Reported sources of total coliform bacteria in the distribution system include soil and 

water surrounding pipes, biofilms and microbial growth, corrosion tubercles, weather-related 

events, customer connections, materials added to the distribution system, and sediments (US 

EPA, 2006).  Kirmeyer (1999) reports that the highest risk of contamination is associated with 

treatment breakthrough, intrusion from transitory low-pressure events, cross-connections, and 

pipe repairs.  There is overlap among the sources of total coliforms and the sources of 

contamination.  It is important to note that the two are not necessarily the same thing.  

This section presents a description of the various sources of total coliforms in distribution 

systems and a review of the literature describing those sources.  They are broken out into two 

general categories: coliforms that enter the system through external pathways and coliforms that 

are already present in the system or grow in the system and re-enter the bulk water.   

2.1.1 External Pathways 

Treatment breakthrough is one cause of water contamination (LeChevallier et al., 1999).  

Treatment breakthrough can be defined as a breach of treatment, when the treatment barriers 

(e.g., coagulation, flocculation, sedimentation, filtration, and disinfection) meant to protect the 

water system from contamination fail.  A breach of treatment might occur when a component of 

the water treatment plant fails.  It might also occur when the contaminant load exceeds the 
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design capacity of a particular component of the treatment plant (e.g., because of a large 

particulate load in source water following a storm event).  More broadly defined, breaches of 

treatment might also include those instances in which protective barriers such as watershed 

protection or well seals fail, causing contamination of the source water at the point it is pumped 

into the distribution system.  This is most important for ground water systems that do not treat or 

disinfect their water. 

Treatment breakthrough may not be apparent since such a small fraction of treatment 

effluent is monitored (Besner et al., 2002).  Besner et al. (2002) calculate that the fraction of 

water sampled for coliform analysis usually ranges from 1/106 to 1/109.   

Another pathway exists at all times for most systems employing conventional treatment.  

This pathway, one that exists continuously between raw water and finished water, is different 

from treatment breakthrough in that it is constant and expected, even when the system is 

functioning properly.  Indeed, because routine treatment of drinking water is not designed to 

result in finished water that is sterile (US EPA, 1992), a pathway may exist for microorganisms 

to routinely pass through the treatment plant and enter the distribution system, albeit at very low 

concentrations.  Thus, even when a treatment plant is functioning properly and without any 

deficiencies, the finished water may still contain particles, coliform bacteria, or pathogens.  In 

addition, researchers have reported that particles routinely enter the bulk water of the distribution 

system at various times during a filter run cycle, both before and immediately after backwashing 

(Amirtharajah and Wetstein, 1980).  Robeck et al. (1962) demonstrated that bacterial and viral 

penetration through a granular filter accompanied floc breakthrough.  Bacterial counts as high as 

60 cfu/100 mL during a filter ripening period following backwash have been reported (Bucklin et 

al., 1991).  Depending on environmental conditions (starvation, stress, etc.), bacteria can survive 

in water in an active but nonculturable state (Colwell, 2000). 

On the other hand, other research showed that the occurrence of coliforms in filtered 

systems was not frequent (LeChevallier et al., 1996).  However, this may be due to the use of 

analytical methods that are not designed to detect injured coliforms.  Researchers often cite that 

coliforms that do enter the distribution system through the entry point are not detected because 

the analytical methods being used to test for them may not have been designed to detect 

coliforms in an injured state (LeChevallier, 2007; Bucklin et al.,1991, McFeters et al., 1986).  
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McFeters et al. (1986) report that these coliforms are able to survive in the distribution system, 

resuscitate, and only then are they able to be detected by more conventional analytical methods.   

Another reason that may contribute to low levels of coliforms leaving the treatment plant 

is regulation.  The Interim Enhanced Surface Water Treatment Rule (US EPA, 2001a) requires 

monitoring of turbidity every four hours for combined filter effluent to ensure compliance with 

turbidity performance standards and every 15 minutes for individual filter effluent to assist 

treatment plant operators in understanding and assessing filter performance, so the extent to 

which a pathway exists through filter backwash is unknown.  Presumably, lower turbidity 

translates into lower coliform occurrence.   

The risk associated with microorganisms that enter the distribution system through the 

entry points may be addressed by the Surface Water Treatment Rule (SWTR) (US EPA, 1989a) 

which requires the maintenance of disinfection residuals in the distribution system.  Maintaining 

a detectable disinfectant residual in the distribution system is usually an effective way to ensure 

that any coliforms that are able to pass through treatment are inactivated (see Table 2-1). 

Table 2-1: CT Required to Achieve 2-Log Reduction of E. coli 

Disinfectant Agent pH Temperature (°C) CT (mg•min)/L* 

Hypochlorous acid 6.0 5 0.04 

Hypochlorite ion 10.0 5 0.92 

Chlorine dioxide 6.5 20 0.18 

Chlorine dioxide 6.5 15 0.38 

Chlorine dioxide 7.0 25 0.28 

Monochloramine 9.0 15 64 

*Assumes no chlorine demand in the system. 
Source: Adapted from LeChevallier et al. 2007 

The disinfectant may not inactivate all microorganisms since they may be attached to 

particles which can provide protection from disinfection (LeChevallier et al., 1988).  However, 

there may not be an immediate risk due to pathogens that routinely pass through the distribution 

system and survive inactivation by disinfectant residual because (1) they are at such low levels 

and (2) they are in a stressed state.  However, because they may ultimately recover in biofilms 
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and re-enter the bulk water, there may be an eventual risk.  Biofilms are discussed in more detail 

in section 2.1.2. 

Other external pathways that coliforms may take to gain entry into distribution systems 

include intrusion (LeChevallier et al., 1999; Besner, 2007; Propato and Uber, 2004) and cross-

connections (Lahti and Hiisvirta, 1995).  Intrusion is entry of non-potable water through a leak or 

other orifice into the distribution system as a result of low or negative pressure (TCRDSAC 

TWG, 2008b).  Cross connections are any unprotected actual or potential connection or 

structural arrangement between a public or private potable water system and any other source or 

system through which it is possible to introduce into any part of the potable system any used 

water, industrial fluids, gas, or substance other than the intended potable water with which the 

potable system is supplied (TCRDSAC TWG 2008c). 

Kirmeyer et al. (2001) modeled volumes of water that could potentially intrude into the 

distribution system as a result of pressure loss in the system due to such common occurrences as 

fire flow, main breaks, or power outages.  Other researchers have conducted similar research 

projects looking at transient modeling (LeChevallier et al., 2003 and Friedman et al., 2004).   

In addition, documentation exists of water contamination originating from water main 

repair or breaks (Geldreich et al., 1992; Gauthier et al., 1999a; Besner et al., 2000) and 

uncovered storage (LeChevallier et al., 1996a). 

2.1.2 Internal Pathways 

Coliforms are able to survive and regrow in a distribution system (LeChevallier, 1990), 

often as part of biofilm.  Biofilm is a complex mixture of microbes, organic and inorganic 

material accumulated amidst a microbially produced organic polymer matrix attached to the 

inner surface of the distribution system (US EPA, 2002).  Biofilms in the distribution system can 

allow the microorganisms that are injured by environmental stress and disinfectants to recover 

and grow and protect them from further disinfection (US EPA, 2002).  There may not be an 

immediate risk due to pathogens that routinely pass through the distribution system because they 

are at such low levels and in a stressed state, but because they may ultimately recover in biofilms 

and re-enter the bulk water, there may be an eventual risk. 
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Many researchers agree that the majority of coliform growth and occurrence in drinking 

water distribution systems is associated with biofilms (LeChevallier, 2007; Lehtola et al., 2006).  

However, there is not always a direct linkage between microbial numbers in biofilms and in the 

bulk water.   

 TCRDSAC TWG (2008a) reports that all materials in contact with drinking water have 

some level of biofilm because drinking water is not sterile.  Researchers have observed and 

reported the colonization of coliforms and heterotrophic plate count bacteria within 20 minutes 

on several common pipe materials (PVC, uPVC, MDPE, cement and asbestos cement), even 

under conditions in which a chlorine disinfectant residual is being used (Momba and Makala, 

2004).  Several authors have reported the colonization of bacteria on pipe walls in chlorinated 

systems (Momba and Makala, 2004; LeChevallier et al., 1987, 1988, and 1990; Van der Wende 

et al., 1990).  On the other hand, Momba and Makala (2004) report that the addition of 

chloramines results in the removal of coliforms and HPC attached to pipe materials. 

  Horn et al. (2003) found that the sloughing of biofilms occurred quickly after the 

increase in shear stress.  Horn’s study observed that when the flow increases, the balance is 

upset, and biofilms and sediments are disturbed and become detached.  Several researchers have 

attempted to model biofilm detachment, but most mathematical models to describe biofilm 

development and detachment make simplifying assumptions that either completely neglect 

detachment (Kissel et al., 1984; Fruhen et al., 1991; Kreft et al., 2001; Picioreanu et al., 1998) or 

assume a constant biofilm thickness (Wanner and Gujer, 1984; Eberl et al., 2000).  This is 

because very little is known about the biological, chemical, and physical mechanisms of 

detachment (Stewart et al., 2000).  

Biofilms and/or organisms can detach from the pipe wall and enter the bulk water for a 

variety of reasons.  Studies have found that reversal of water flows within the distribution system 

can shear biofilms and that water hammer can dislodge tubercles from pipe surfaces (Lehtola et 

al. 2006).  Opheim et al. (1988) found that bacteria levels in an experimental pipe system 

increased 10-fold when flows were started and stopped.  Larger releases of bacteria were noted 

when the system was exposed to physical and vibrational forces.  Increased flow can occur as a 

result of firefighting or main breaks or due to reversal of normal flow direction in pipes 

(TCRDSAC TWG 2008a).    
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The challenge in understanding the risk is that because these bacteria are in a 

nonculturable state, they are not detectable by culture-based methods (Colwell, 2000), so even 

when monitoring is conducted, and bacteria are present, results may be negative.  Whether the 

bacteria are detected or not, studies have shown that the existence of illness attributable to 

consumption of drinking water continues to be a problem.  This may or may not be related to the 

shearing of biofilms.  Biofilms can be havens for pathogens (TCRDSAC TWG, 2008a) as well 

as coliforms.  Thus, the risk exists that when coliforms shear from biofilms and these shear-

related coliforms are detected, pathogens may also have been released as a result of the shear and 

may be present in the bulk water. 

Besner et al. (2002) report that release of particulate matter in treated water may facilitate 

the introduction of coliforms into the distribution system and may play a role in treatment 

breakthrough.  This is supported by the findings of Ridgeway and Olson (1982) who found that 

the majority of viable bacteria in chlorinated drinking water are attached to particles.  

LeChevallier et al. (1988) suggest that these microbes are not inactivated because they are 

shielded from the disinfectants.  Other researchers have reported similar results (Besner et al., 

2002; Gauthier et al., 1999; Morin et al., 1999, Stringfellow et al., 1993; Berman et al., 1988; 

Herson et al., 1987; Ridgway and Olson, 1982).  Besner et al. (2002) report a variety of sources 

from which particulate matter in a distribution system may originate.  These include the 

following:  incomplete removal of particles from raw water, release of fines from filters, 

precipitation of metal oxides or calcium carbonate, external contamination in pipes, and 

reservoirs.  Other sources of particles in the distribution system include postflocculation, 

biological growth, and corrosion.  In addition, like biofilm shear, particle counts in water also 

increase in response to step increase in flow (Maier et al., 2000). 

One other internal source of concern is the storage tank.  McMath and Casey (2000) 

found long water residence times in storage tanks to be a contributing factor in high coliform 

levels.  This supports the assertion that taking samples from storage tanks or from the outflow of 

storage tanks should be part of a monitoring framework.  This is further supported by the work 

done by Clark et al. (1996) who used hydraulic modeling following the outbreak in Gideon, 

Missouri, to link the cause of the outbreak to a municipal water storage tank.  Storage tanks may 
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be subject to both biofilm growth and particulate/sediment accumulation.  The relationship 

between coliforms and biofilms and particles is discussed in detail above.   

2.2 Maximizing Understanding of Distribution System Risk through Monitoring 

As mentioned above, the TCR was proposed with three objectives: (1) to evaluate the 

effectiveness of treatment, (2) to determine the integrity of the distribution system, and (3) to 

signal the possible presence of fecal contamination (TCRDSAC TWG, 2007a and 2007b).  Every 

water system is unique.  Each system has a different source water quality, different treatment 

scheme, different system hydraulics, and different levels of coliforms.  As such, each utility 

operator will consider the three objectives of the TCR listed above (or other objectives that may 

be important to the particular system) and prioritize them according to the needs of the utility. 

As utility operators implement the TCR to achieve their objectives, they will seek to 

understand what total coliform-positive samples mean when they experience them.  Potential 

sources have been discussed in detail above (e.g., treatment breakthrough, biofilms, cross 

connections, etc.).  Rosen (2007) explains that understanding a given source of total coliforms 

through monitoring might require different sampling locations, frequencies, and numbers of 

samples for each source.  For example, understanding the relative contribution of treatment 

breakthrough to the overall observed occurrence of coliforms could require an entire monitoring 

scheme of its own.  This suggests that any particular objective of the TCR might require a 

different monitoring strategy.  

Distributions systems are large and complex, and it is impossible to monitor for all 

contaminants at every location, continuously.  The resources are not available, and the analytical 

methods have not been developed.  Thus, in the same way that the endemic rate is not detected, 

contamination likely occurs a lot more often than it is detected.  Such a small percentage of the 

water that is produced is tested.  It is cost-prohibitive to monitor for everything, everywhere, 

continuously.  Unlike chemical contaminants that tend to diffuse evenly, research has shown that 

coliforms are not randomly dispersed in water distribution systems (Christian and Pipes, 1982).  

Moreover, Christian and Pipes (1982) found that two samples collected successively could yield 

different results, even in heavily contaminated system.  This makes sense because coliforms are 

not randomly dispersed in distribution systems (Christian and Pipes, 1982).  In addition, they 
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found that up to 96.6% of locations studied did not yield coliforms.  The monitoring approach 

(frequency and location) may contribute to the fact that finding coliforms is rare.   

The question to be answered is whether a monitoring approach can be formulated that can 

allow water system operators to identify contamination events promptly.  Utilities historically 

have had very little guidance for sample siting and collection protocols.  More recently, the 

American Water Works Association Research Foundation (AWWARF) funded a study whose 

objectives included the development of a research document.  This document, Sample Collection 

Procedures and Locations for Bacterial Compliance Monitoring, was developed “to provide 

drinking water utilities with the tools to plan, implement, and maintain a scientifically based 

sampling program that effectively monitors microbial water quality and meets regulatory 

compliance requirements of the Total Coliform Rule (TCR)” (Narasimhan et al., 2004a). 

Prior to this, a Total Coliform Rule implementation guidance manual for small systems 

was developed by EPA: A Small Systems Guide to the Total Coliform Rule Monitoring Drinking 

Water to Protect Public Health (US EPA, 2001).  Appendix A of the US EPA document, 

“Developing a Sample Siting Plan,” provides some insight into development of a sample siting 

plan.   

While the AWWARF document goes into more detail, there is overlap.  Both documents 

point to the identification of dead ends and trouble spots in the distribution system and 

recommend the consideration of population density for the selection of sampling locations.  The 

AWWARF guidance also recommends consideration of areas prone to nitrification and points 

near sensitive populations while the EPA guidance discusses cross connections and low-pressure 

zones. 

2.2.1 Alternate Indicators 

Water system operators and researchers have considered various other indicators of water 

quality besides coliforms.  Examples of these are provided in Table 2-2.   
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Table 2-2: Examples of Alternate Indicators of Water Quality in the Distribution System 

Indicator External 
Pathways 

Internal 
Pathways 

Potentially 
Linked to 

Fecal 
Contamination 

Potential Link 
to Waterborne 

Disease 

Heterotropic Bacteria   X 
Total Bacterial Counts X X 
Pseudomonas and  
     Aeromonas X X 
Enterococci and 
Streptococci X X X 
Somatic Coliphage   X 
Male-specific Coliphage X X X 
Clostridium perfringens X X 
Bacteroides phage   X 
Residual Disinfectant X X X 
Fecal Sterols   X 
Caffeine and     
     Pharmaceuticals   X 
AOC and BDOC   X 
ATP   X 
Endotoxin X X 
Turbidity X   
Water Loss X X X 
Pressure X   X X 

Source: Adapted from US EPA, 2006b. 

In addition to monitoring in order to assess acute public health risk, another of the 

objectives of monitoring mentioned earlier is to increase the level of public health protection by 

demonstrating that preventive measures are working correctly.  For example, measuring high 

turbidity from filter effluent can signal a treatment failure.  This is required by regulation.  

Similarly, monitoring or sampling in distribution systems to confirm the presence of a 

disinfectant residual is also required (for surface water systems).   

Warn (2004) provides three reasons for adding a chemical disinfectant following primary 

treatment: 1) to prevent or limit growth of microorganisms in the distribution system, 2) to 

inactivate any microorganisms that may enter the system through contamination, and 3) to 

indicate (through absence of a residual) the presence of contamination into the distribution 

system.  A lack of a residual may be an indication of a contaminant event at some point in the 
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system if a chlorine demand was exerted by that contaminant event.  Devarakonda and Ginsberg 

(2006) discuss the growing concern of intentional contamination of drinking water systems and 

point to the fact that during attacks on water systems, numerous dynamic and coupled processes 

would occur between any agent and the components of the water distribution network and with 

the residual disinfectant.  Thus, monitoring of the disinfectant residual and detecting a decrease 

could indicate a problem. 

However, from the author’s experience, monitoring chlorine residual is limited for at 

least two reasons: 1) chlorine demand is not limited to contamination so lack of residual does not 

necessarily indicate contamination and 2) not all systems are required to provide disinfectant 

residual.   

Other potential indicators of risk in the distribution system are certain patterns of system 

hydraulics (e.g., pressure and flow).  Transient pressure events which are linked to contamination 

of the system can be caused by events such as power outages, valve closure, or pump shut-offs 

(Warn, 2004).  Available information and further discussion on the relationship between pressure 

and flow and contamination was mentioned earlier in this document.     

2.2.2 Use of Models to Inform Understanding of Microbial Behavior in Distribution 

Systems 

Hydraulic models date back to the 1930s (Cross, 1936), but water quality models are 

relatively new, developed over the past 25 years or so (Grayman, 2006).  The present study 

utilizes EPANET.  EPANET is designed to be a research tool for improving our understanding of 

the movement and fate of drinking water constituents within distribution systems (Rossman, 

2000). 

Besner (2007) states that hydraulic models and GIS can be used to inform the 

understanding of the causes of coliforms in the distribution system even though they may not be 

able to predict them.  Distribution system hydraulic models have been applied in some 

waterborne disease investigations (Geldreich et al., 1992; Clark et al., 1996) and have been 

shown to be useful in giving insights on contaminant propagation. 
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Modeling has been used to locate bursts in pipes, especially in long transmission lines. 

(Misiunas et al., 2005).  Similar to the water industry, such modeling has also been done by the 

oil and gas industry to locate leaks.  Misiunas et al. (2005) correlated higher success of modeling 

when coupled with more measurements. 

The present study uses EPANET to generate simulated hydraulic data.  Other researchers 

have used distribution system models to provide simulated hydraulic data when analyzing 

distribution systems.  Gauthier et al. (2002) used simulated hydraulic data instead of field data 

because of the obvious challenges of continuously monitoring distribution system parameters 

everywhere in a network.  As with the current study, Gauthier et al. (2002) also used a calibrated 

hydraulic model.   
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3. METHODS 

A review of the literature informed the understanding of the primary causes of coliforms 

in drinking water distribution systems.  The major causes were categorized as those that have (1) 

external pathways and (2) internal pathways.   

As discussed earlier, the Total Coliform Rule provides monitoring requirements 

mandating a minimum number of samples per month but does not specify when and where the 

samples are to be taken.  A system the size of the one studied in this project is required to take 

approximately 300 samples per month.  The rule does not allow all 300 samples to be taken on 

the same day but, rather, to be taken throughout the month, split at least between two days.  The 

rule leaves it up to the utility operator on how it wishes to distribute those 300 samples.  The 

approach for this project was to test the two extremes to better understand to what extent those 

approaches would detect contamination; that is, 150 samples twice per month and 10 samples 30 

times per month.  The two sampling strategies were tested against various simulated 

contamination scenarios with both internal and external pathways.  

The sources of contamination considered included one external source, treatment 

breakthrough, and one internal source, shearing of biofilms.  In addition, an analysis was 

conducted to explore the significance of hypothetical monitoring results for this utility given 

various monitoring strategies and a variety of results.   

The approach of this project was to work with an existing, calibrated hydraulic model of 

an actual drinking water distribution system.  A schematic of a portion of the model used in this 

analysis is provided in Figure 3-1 below.  Neither the identity nor a full schematic of the drinking 

water system represented in the model is not provided to avoid compromising the security of the 

drinking water system. 
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Figure 3-1: Schematic of Portion of Distribution System 

The model was run in EPANET.  As described in its user manual. (Rossman, 2000), 

EPANET is a public domain computer program that simulates the hydraulics and water quality 

of pressurized water distribution systems.  For the calibrated model used in this analysis, inputs 

were provided to solve for hydraulics of the system.  These inputs included, but are not limited 

to, nodes and their elevations and demands, pipes and their lengths and roughness, and pumps 

and their efficiencies.  The hydraulics values of the system were solved using the Hazen-

Williams equation (Finnemore and Franzini, 2002): 

4.52 .

. .  

Where  Pd = pressure drop in pounds per square inch / foot 
Q = flow in gallons per minute 
C = factor (roughness or friction loss coefficient)  
 d = inside hydraulic diameter (inch) 
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EPANET tracks both the velocity and direction of flow of water in each pipe, the 

pressure at each node, and the height of water in each tank throughout the network for each 

hourly time step during the model run.  In addition, EPANET has the capability of tracking 

contaminant concentrations as they flow throughout the distribution system.  After solving the 

hydraulics, the model calculates the water quality parameters for every five-minute time step. 

For the various scenarios, the model input was altered to simulate contamination as a 

result of treatment breakthrough or biofilm shearing and the structure of the model was set up so 

that a specified concentration of contaminant would enter the distribution system at a particular 

time.  EPANET then tracked the contaminant throughout the system. 

This project simulates a worst-case scenario in which coliforms are modeled as a 

conservative substance (i.e., not inactivated by chlorine residual in the distribution system).  This 

is because they are assumed to exist as aggregates or attached to particles.  Coliforms existing in 

this form survive inactivation because of the protection provided to them.  Thus, all contaminant 

scenarios are based on loads of particles with coliforms attached to them or aggregates of 

coliforms.  In addition, the assumption is made that analytical methods have a 100 percent 

recovery rate.  That is, if coliforms are present in a 100 mL sample, they are assumed to be 

detected.   

Before the experiments were conducted, the model was run for multiple lengths of time 

to determine at what point it stabilized (or reached steady state), as recommended by Warn 

(2004) and other users of EPANET.  Water age (hours) was selected as the water quality 

parameter to be tracked for determining the minimum time required for the model to stabilize.  

The model is able to track water age throughout the system as a function of time and location.   

The model demonstrated its stability once the model reached a recurring 24-hour water age 

pattern.  Figure 3-2 shows that the water age pattern begins to stabilize around day 25 of the 

simulation.  Thus, all experiments conducted as part of this study and simulations of sampling 

will occur no earlier than day 25 of the simulation. 
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Figure 3-2: Water Age at a Selected Node as Calculated by EPANET Model 

 The particular system represented in the EPANET model used in this project takes 

approximately 300 samples per month, as required by the Total Coliform Rule and reports two or 

three positive coliform samples per year.  To better understand how these monitoring results 

relate to the treatment and monitoring approaches actually used by the utility, the utility operator 

was contacted to further elaborate on the type of treatment and disinfectant residual that is used 

by the utility.  The operator was also asked to further describe the monitoring approach used for 

the utility (how many samples per day, time of day, locations, etc.).  As of the writing of this 

paper, the utility operator had not responded with further information.  Thus, some assumptions 

had to be made regarding the monitoring approach used for the utility.  When considering the 

conclusions made as part of this project, the assumptions should be kept in mind. 

Three-hundred samples per month translates to a minimum of 10 samples in a given day 

(10 samples per day • 30 days).  On the other hand, the system may take as many as 150 samples 

per day, two days per month.  The TCR does not allow large water systems to take all of their 

samples in one day, so it is known that the system cannot be taking 300 samples in one day.  The 

upper bound is 150 and the lower bound is 10.  For each of these approaches, it is assumed that 

samples are probably taken at 10 a.m. (which is what typically would occur, from the author’s 

experience). 
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Without knowing the sampling locations of the system, random locations were selected 

among the system nodes using Microsoft Excel.  The complete list of approximately 8,000 nodes 

was imported into a spreadsheet and Microsoft Excel was used to randomly draw 150 nodes for 

one monitoring approach and 10 nodes for the other.     

The same 10 and 150 monitoring locations, respectively, were used for all four 

experiments: breakthrough during backwash, breakthrough during precipitation event, routine 

shearing, and shearing during a high flow event. 

The sampling strategies were tested against common contamination events to test to what 

extent the monitoring strategies would detect the events. 

3.1 Testing for Detection of Treatment Breakthrough 

For this experiment, two types of treatment breakthrough were considered.  The first is 

the routine breakthrough that may occur during filter backwash and in the immediate 30 minutes 

following.  The second is intermittent treatment breakthrough that may occur at any time for any 

reason. 

3.1.1 Breakthrough during Backwash 

Filters must routinely be backwashed in order to clear out the particulates that have built 

up during the treatment process.  As discussed in the literature review, researchers have reported 

increased particulate loads in the treatment plant effluent after backwashing.  Such an increased 

load is an example of a recurring load of contamination that would occur regularly in the 

distribution system. 

As discussed in the literature review section of this paper, coliforms that survive in the 

distribution system are often associated with particles.  Each particle is assumed to contain 

coliform bacteria.  The model input was altered to simulate treatment breakthrough during filter 

backwash and the period immediately following.  To simulate this, the model was set to provide 

effluent water with a particle load of 1000 particles per L for one-half hour.  This increased load 

represents a worst-case scenario of treatment breakthrough and was adapted from results 

reported by Colton et al. (1996) and (Bucklin et al., 1991).  The backwash frequency of once 
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every 24 hours was selected based on the writings of Parsons and Jefferson (2006).  The particles 

(and the coliforms attached to them) were modeled as conservative tracers.     

Sampling was simulated by observing the concentration of particles (surrogates for 

coliforms) at the nodes that were randomly selected to be monitoring locations at a specific time.  

EPANET is able to track the concentration at every node and at every time step.  The user of the 

model can output the data and analyze it.  Coliform concentrations were observed at 10 a.m. of 

day 26 of the model run.  If the concentration exceeded 1 unit/100 mL, then the sample was 

assumed to have tested positive for total coliform.  This value was chosen because the Total 

Coliform Rule requires 100 mL samples, and at least one viable coliform must be present in a 

sample for the sample to test positive (a fraction of a coliform is not viable).  Among the nodes 

that tested positive, additional analysis was conducted on some to determine the persistence of 

the contamination and to better understand how the contamination varied throughout the day.  

The question to be answered was whether the samples taken at those particular nodes would have 

tested positive regardless of the time of day at which they were taken.  To further answer this 

question, the initial analysis was repeated, but instead of taking samples at the selected nodes at 

10 a.m., they were checked at noon, 2 p.m., and 5 p.m.   

A sensitivity analysis was conducted to determine to what extent results could be affected 

by both the magnitude of the contamination event and the time at which samples were taken.  

The initial simulation of 1000 particles per L represents a massive load.  In the sensitivity 

analysis, the simulation was run for a treatment breakthrough particle load of 100 particles per L 

and also for a load of 10 particles per L.  In addition, another variation of the initial simulation 

was run in which the duration of the initial load of 1000 particles per L was varied from lasting 

one half hour to 0.02 hours and then to 0.01 hours.  The results revealed the relative strengths 

and limitations of the two monitoring strategies tested. 

3.1.2 Intermittent Treatment Breakthrough 

Whereas the previous experiments considered a recurring daily contamination event 

(daily treatment breakthrough that might occur during backwash), this series of experiments 

considers a treatment breakthrough event that occurs once.   
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This experiment was varied by adjusting the following parameters: the duration and 

magnitude of the treatment breakthrough, the time at which simulation of sampling occurred, and 

the number of samples taken.  The following treatment breakthrough contamination loads and 

durations were tested:   

• 1000 particles per L for 12 hours,  

• 100 particles per L for 12 hours,  

• 1000 particles per L for 1 hour, and 

• 100 particles per L for 1 hour.  

For each of the contaminant load and duration scenarios, the following monitoring 

strategies were tested:   

• 10 samples at random locations one hour following the beginning of the treatment 

breakthrough,  

• 150 samples at random locations one hour following the beginning of the 

treatment breakthrough,  

• 10 samples at random locations 12 hours following the beginning of the treatment 

breakthrough,  

• 150 samples at random locations 12 hours following the beginning of the 

treatment breakthrough,  

• 10 samples at random locations 24 hours following the beginning of the treatment 

breakthrough,  

• 150 samples at random locations 24 hours following the beginning of the 

treatment breakthrough, 

• 10 samples at random locations 48 hours following the beginning of the treatment 

breakthrough, and 

• 150 samples at random locations 48 hours following the beginning of the 

treatment breakthrough. 
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3.2 Testing for Detection of Biofilm Shearing 

The literature suggests that biofilm is a primary source of coliforms in the distribution 

system.  This project considers the shearing that may occur as a result of increased flow at a 

particular node associated with firefighting, a common cause of increased flow in drinking water 

distribution systems. 

3.2.1 Routine Shearing 

Initially, a conjecture was made that routine coliform occurrence might be attributed to 

the regular changes in flow that occur in distribution systems as a result of the patterns of water 

production and demand that exist in the system.  For example, tanks are often allowed to fill in 

the late evenings when water use is low and then empty out in the mornings when water use is 

high.  Figure 3-3 shows a section of the distribution system used for this project.  The small T-

shaped object in the center of each square represents a water tank.  The arrows indicate flow 

direction.  Box 1 shows the direction of flow as predicted by EPANET at midnight and Box 2 

shows the direction of flow in the same pipes at 7 a.m.  For this particular set of pipes, the flow 

direction in the pipes is different at midnight from what it is at 7 a.m.  The directions of flow of 

water in the pipes shown in Figure 3-3 change once per day.    However, depending on the pipes 

and hydraulics of the system in question, flow directions may change more or less frequently 

than that. 

 
Figure 3-3: Changes in Flow Direction 
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The literature review improved the understanding of biofilm shear.  Contrary to the initial 

hypothesis that proposed the idea that routine changes in flow might cause biofilm shear 

resulting in the release of coliforms into the bulk water of the distribution system, a more 

plausible hypothesis is that sections of pipe in which flow routinely changes would never have 

the opportunity to build up biofilms.  They would be shed shortly after they were deposited.  

Thus, a different hypothesis was made for this project.  The assumption is that shearing events do 

not occur as a result of routine changes in flow.  On the contrary, the prediction is that they will 

occur during abnormal conditions, for example, during a high flow event, at a node surrounded 

by pipes that do not normally experience rapid changes in flow and that do have the opportunity 

to build up biofilm.  Thicker layers of biofilm are more likely to have formed in such pipes, and 

when the flow conditions change, the biofilm is more likely to detach and enter the bulk water, 

potentially carrying coliforms and/or pathogens with it. 

3.2.2 Shearing during a High Flow Event 

For this experiment, a high demand at a single node (such as that occurring as a result of 

a fire being fought) was modeled.  Based on numbers reported by Rosenthal et al., (2004), Deb et 

al., (2002), and Stang-Osborne, (2002), the high demand associated with the firefighting event 

was assumed to last two hours and to require a demand of 1500 gpm for those two hours.  The 

input into the model was set accordingly.  To model this event, a node was selected at random 

because it would not be known where and when a fire would occur in an actual city.  The node 

selected was Junction 43520097.  Hour 582 of the simulation was randomly selected as the start 

time of the firefighting.  A random time was selected because the start time of a fire would be 

unknown.   

The model was run with these inputs, and the output flow patterns of the pipes 

surrounding Junction 43520097 were observed before the simulated firefighting incident began, 

during the incident, and then again after the simulated firefighting incident.  This was done to 

determine to what extent rapid flow changes were occurring in the pipes in the vicinity of 

Junction 43520097.  The results are given in Table 3-1.   

Shearing of biofilms was assumed to occur in those pipes experiencing a change of 

approximately 50% or more in flow as a result of the increased flow at Junction 43520097.  
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Rules were written so that the model would “release” coliform-contaminated particles at a 

concentration of 3000 particles/L for the first hour of the firefighting event, from hour 582.00 

until hour 583.00.  These assumptions were adapted from conclusions made by Maier et al. 

(2000) and Lehtola et al., (2006), as reported in the literature review section of this paper.   

To simulate the shearing of biofilms in these pipes and the resultant contaminant load, the 

model was altered so that for the first hour of the high flow event, any water flowing through the 

pipes that were experiencing a change of flow of approximately 50% or more (or a change in 

flow direction) as a result of the increased demand at node 43520097 would have a concentration 

of 1500 particles/L.   

As shown in Figure 3-4, the concept behind this experiment is that a large demand at 

node 43520097 (or any node) significantly influences the flow of the surrounding pipes within a 

certain radius.  Particles attached to biofilm in these pipes may become detached and enter the 

bulk water of the distribution system as a result of the sudden change in flow in these pipes 

caused by the large demand.  As the distance from the node experiencing increased flow 

increases, the effect diminishes.  As discussed above, for this project, a simplifying assumption 

was made that only changes in flow direction or flows experiencing a change of 50% or more 

would result in a biofilm shearing event.   

It was assumed that some of the particles released as part of the increased demand at node 

43520097 would actually be drawn out of the system at node 43520097 as a result of that high 

demand, while other particles would be transported into other parts of the system.  EPANET was 

able to track this flow, and, indeed, this was the case. 
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Figure 3-4: Potential Area Influenced by the Increased Flow at Node 43520097 

Table 3-1 lists the pipes in the vicinity of node 43520097 and the flow going through 

those pipes at hour 581, right before the high flow incident, and at hour 582, when the high flow 

associated with the firefighting began.  Smaller changes in pipe flow were also observed in those 

pipes farther from node 43520097.  However, because the magnitude of those changes was much 

lower, no biofilm shearing was predicted to occur in those pipes.  As shown in Table 3-1, the 

pipes in which percent change is greater than 50%, and thus where biofilm shearing is expected 

to occur, include the following: 3100, 3101, 3690, 3691, 3692, 3699, 3700, and 3711. 
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Table 3-1: Magnitude of Changes in Flow in Pipes in Vicinity of Node 43520097 

Pipe ID 
Flow Before Incident 

(L/min) at hour 581 
Flow After Incident 
(L/min) at hour 582 Percent Change 

3100 -630.9 -1472.1 133% 
3101 -683.5 -1551.0 127% 
3130 -26.3 -26.3 0% 
3131 -26.3 -26.3 0% 
3679 -2076.7 -2733.9 32% 
3681 1682.4 2339.6 39% 
3683 -78.9 -78.9 0% 
3687 26.3 26.3 0% 
3688 236.6 184.0 -22% 
3689 -262.9 -236.6 -10% 
3690 -893.8 0.0 -100% 
3691 -972.6 -2812.7 189% 
3692 -499.5 3075.6 -716% 
3699 262.9 -26.3 -110% 
3700 315.4 26.3 -92% 
3710 394.3 -1288.1 -427% 
3711 52.6 -1866.4 -3650% 
3809 -157.7 -105.1 -33% 

 

Recall from section 3.1 that two sets of random nodes were selected to represent two 

different monitoring plans, one consisting of 10 nodes and the other consisting of 150 nodes.  

These nodes were tested for the presence of particles (i.e., coliforms) at 10 a.m., noon, 2 p.m., 

and 5 p.m. following the high demand and the associated shearing incident modeled in this 

experiment.  In addition, the two sets of random nodes were tested 24 hours and 48 hours 

following the incident to better understand potential persistence of the contamination.  

3.3 Statistical Analysis 

Statistical analysis was conducted to address the challenges of understanding what 

coliform results mean.  For example, the actual system represented by the model in this project 

reported monitoring results of three positive samples out of 3,577 (0.08% positive) in 2006 and 

two positive samples out of 3,611 (0.06% positive) in 2007.  These results represent a two-year 

average of 0.07% positive which is well below the maximum contaminant level of 5.0% required 
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by the Total Coliform Rule.  When dealing with such low percentages, it is difficult to 

understand the significance of results from one month to the next. 

This portion of the analysis attempts to quantify the meaning of the results.  Because the 

Total Coliform Rule requires presence/absence testing (as opposed to testing for coliform density 

or concentration), statistical tests using the binomial distribution were used.  A 5% confidence 

level was used for all tests.     

3.3.1 Significance of Differences between System Average and Monthly Results 

As discussed above, the actual system represented by this model has a two-year average 

in which 0.07% of samples tested positive for presence of total coliforms.  As a simplifying 

assumption, this hit-rate is assumed to be the population proportion of the system.  The 

hypothesis tested for this experiment is whether a single positive sample in one month suggests a 

statistically significant deviance from the population average.  Statistical testing was conducted 

in Microsoft Excel using the binomial distribution with α = 0.05. 

3.3.2 Significance of Differences between Two Sets of Results 

Some systems may experience low levels of coliforms every month.  For example, such a 

system may have results of 0.67% (1/150) positive one day and 1.33% (2/150) positive the next 

day.  0.67% is half 1.33 percent, but since both percentages are so low, it is not immediately 

clear whether the increase is significant (in the case of 1/150 and 2/150, there is failure to reject 

the null hypothesis that the difference between the two proportions is equal to zero at the 95 

percent confidence level).     

The purpose of this analysis is to demonstrate how a utility operator might test whether 

two sets of sample results are statistically significantly different, signifying that something has 

potentially occurred in the system in the time between when the two samples were taken.  The 

sample results may indicate that something in the system has changed and that a new source of 

coliforms (and, by association, pathogens) has emerged.  The test may help the system to decide 

whether any action needs to be taken to correct the problem.   

Alternately, the same test might be used by a utility operator to test the effectiveness of a 

mitigation strategy in reducing coliform occurrence.  If a system had a positive rate of 1.33% 
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(2/150) one month and then implemented some strategy to improve the system and then had a 

positive rate of 0.67% (1/150) the next month, this same statistical analysis could be used to 

demonstrate whether the new lower results are statistically significantly different from the higher 

results in the first month.  This test may help to demonstrate whether the strategy is working. 

In addition, an analysis was conducted to determine whether the observed results when 

taking 10 samples were statistically significantly different from the results when 150 samples 

were taken.   

 As with the previous analyses, these hypotheses were tested using the binomial 

distribution with α = 0.05.     
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4. RESULTS AND DISCUSSION 

4.1 Testing for Detection of Treatment Breakthrough 

4.1.1 Breakthrough during Backwash 

As discussed above, breakthrough during backwash is an example of a type of 

contamination event that could potentially result in the regular entry of coliforms into the 

distribution system.  In the example presented here, the contamination is modeled to occur every 

24 hours.  In some systems, it occurs more frequently and in others, less frequently.  Two 

monitoring approached were also simulated to determine whether the monitored approaches 

detected the contamination.  Section 3 describes the variations of this scenario that were 

simulated.   Table 4-1 summarizes the primary results of this experiment. 

Table 4-1: Summary of Primary Results of Detecting Contamination due to Daily 
Backwash 

Time Samples 
Taken 

Contaminant Load (particles per L) 
1000 100 10

Number of Positive Samples 

10 am 10 4 0 0
150 75 5 0

Noon 10 5 0 0
150 80 1 0

2 pm 10 5 0 0
150 78 1 0

5 pm 10 3 0 0
150 75 2 0

 

The results demonstrate that when the magnitude of the contaminant load is high (i.e., 

1000 particles per L), both monitoring strategies detect the contamination.  In addition, the time 

that the samples are taken does not appear to affect the observed results.  On the other hand, 

when the more moderate load of 100 particles per L enters the system, taking 10 samples per day 

fails to recognize the contamination, regardless of the time of day the samples are taken.  Taking 

150 samples consistently detects the contamination.  For the lowest magnitude of contamination, 
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10 particles per L, both monitoring strategies fail to detect the contamination at all times.  Ten 

particles per L is right at the detection limit of one particle per 100 mL.   

Figure 4-1 is a visual portrayal of output provided by the EPANET model.  It shows how 

concentration of contamination varies throughout the distribution system.  One shade shows the 

areas where coliforms are predicted to exist but at levels below the one particle per 100 mL 

detection limit.  These are areas where the initial load has diluted.  Another shade indicates 

where no coliforms are expected to occur.  Finally, the map also shows where one would expect 

to find coliforms.  In cases where the source of contamination is known to occur or likely to 

occur, such model output might be useful for systems in determining where to take samples. 

 
Figure 4-1: Section of Distribution System and Predicted Coliform Presence 

 For the first simulation, when the daily load due to backwash was modeled to be 1000 

particles per L, the results were generally consistent throughout the day.  However, for the more 

moderate load of 100 particles per L, the apparent variation of observed results as a function of 

time of sampling was more pronounced.  This is further shown in Figure 4-2, which 

demonstrates that contamination presence at a particular node can vary hourly.  This figure 
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shows the hourly variability of estimated coliform concentration at node 24420233.  It shows 

that for this particular node, for most of the day, water does not contain coliforms.  However, for 

less than an hour between 5 p.m. and 7 p.m., it does.  This supports the premise that the time that 

samples are taken can and does affect results, particularly when the contaminant load is 

moderate. 

 
Figure 4-2: Hourly Variability of Particle Presence at Node 24420233 

The variation in detection is observed when 150 samples are taken.  However, when only 

10 samples were taken per day, none of the samples tested positive for total coliforms.  This is an 

example of where it is known that contamination is present, but not enough samples are taken to 

detect them. 

When the initial contaminant load was only 10 particles per L, particles were not detected 

in the system by either of the two monitoring strategies regardless of the time of day.  This 

implies that taking even 150 samples every day may be inadequate for detecting contamination 

events of lower magnitude unless one knows where to look.  To detect contamination coming 
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from the treatment plant at low concentrations, taking samples close to the entry point to the 

distribution system is probably the best way to detect that contamination.  At that point, the 

contaminant is at its peak concentration before it has had a chance to get diluted. 

Table 4-2 shows the effect on observed contamination when varying the duration of a 

treatment breakthrough of 1000 particles per L.  Recall that in the initial simulation, the 

contamination was modeled to occur for one-half hour.  The results suggest that taking only 10 

samples per day will not detect short bursts of contamination, even if those short bursts occur 

every day.  Taking 150 samples appears to be adequate. 

Table 4-2: Results of Monitoring varying Duration of Treatment Breakthrough of 1000 
particles per L 

Samples 
Taken 

Duration of Contamination (hrs) 
1 0.02 0.01

150 75 14 6
10 4 1 0

 

4.1.2 Intermittent Treatment Breakthrough 

The simulated monitoring results during the simulations of intermittent breakthrough 

were not surprising.   

Table 4-3 summarizes the results.  As expected, when only 10 samples were taken, 

contamination was not detected except when the breakthrough lasted for at least 12 hours or 

when it had a magnitude of at least 1000 particles per L.  When 150 samples were taken, 

contamination was detected for every scenario except for the simulation in which the lowest 

magnitude and duration of breakthrough was simulated and samples were taken 48 hours after 

the beginning of the contamination event.  This suggests that 10 samples per day may not be 

enough to detect intermittent treatment breakthrough and that 150 samples per day would be.  

However, unlike the previous simulations concerning breakthrough during backwash that occurs 

every day, intermittent treatment breakthrough, by definition, does not occur every day, but 

because taking 150 samples per day would probably be cost prohibitive for most utility 

operators, those that take 150 samples are probably only taking them twice per month, not every 

day.  Thus, the day that samples are taken would have to be the same day, or within a couple of 
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days, of the contamination event if the system is going to detect the contamination.  As a lower 

bound, such a system might have a seven percent (two days per month) chance of detecting the 

contamination.  

Table 4-3:  Summary of Simulated Sampling Results during Intermittent Breakthrough 
Simulations 

Contamination 
Time 
Delay 

Simulated 
Sampling Results    Magnitude 

(particles/L) 
Duration  
 (hours) 

100 

1 

1 1/150 0/10
12 16/150 0/10
24 1/150 0/10
48 0/150 0/10

12 

1 1/150 0/10
12 51/150 0/10
24 83/150 0/10
48 74/150 2/10

1000 

1 

1 1/150 0/10
12 40/150 2/10
24 52/150 0/10
48 16/150 0/10

12 

1 1/150 0/10
12 51/150 0/10
24 83/150 5/10
48 74/150 0/10

 

To improve the effectiveness of taking 10 samples per day, the system might target their 

monitoring instead of taking samples at random locations.  Figure 4-3 and Figure 4-4 below give 

an indication of where in the system the contamination is expected to concentrate and persist.  

Figure 4-4 may be particularly helpful for those utility operators that are not taking samples 

every day.  It indicates where contamination is likely to persist after 200 hours.  Utility operators 

may be able to use these types of forecasts to target their sampling to better understand where to 

sample.  For example, because a utility operator that is not taking samples every day will not 

know if a contamination event has already occurred, the operator should monitor in several 

locations: where contamination is likely to begin, where it is likely to travel, and where it is 
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likely to persist.  Such a balance would allow a utility operator to maximize the effectiveness of 

the monitoring program. 

 
Figure 4-3: Contour Map of Contaminant Concentration 48 hours following Treatment 
Breakthrough 
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Figure 4-4: Contour Map of Contamination 200 hours following Treatment Breakthrough 

4.2 Testing for Detection of Biofilm Shearing 

4.2.1 Shearing during a High Flow Event 

As discussed above, a high flow event caused by sudden, increased demand at a single 

node (as might occur during a firefighting incident) was simulated in the model.  Table 4-4 

summarizes the results of the experiment.  None of the samples tested positive for coliforms 

regardless of the time of day the samples were taken. 

The table shows that neither of the two sampling approaches would have detected the 

coliforms released as a result of the shearing caused by the high flow event at node 43520097.  

This is not surprising given that there are over 8000 nodes in the system, and the predicted 

contamination was highly localized and had completely left the system after 24 hours.  Thus, for 

sampling to have detected any contamination caused by this shearing event, it would have to 

have been done in the vicinity of the node experiencing the sudden, high demand and within a 

short period of time (fewer than 12 hours in the case of this simulation). 
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Table 4-4: Number of Nodes with Predicted Coliform Presence 

Time 

Among the 
150 sampling 

points 

Among the 
15 Sampling 

Points 
In Entire 
System 

10 a.m. 0 0 15
Noon 0 0 15
2 p.m. 0 0 10
5 p.m. 0 0 0
After 24 hrs 0 0 0
After 48 hrs 0 0 0

 

Figure 4-5 through Figure 4-7 show how contamination begins in one place and can be 

transported elsewhere.  In this case, the contamination travels north over the several hours and 

remains within a confined area before being drawn out as a result of demand at the nodes in that 

area. 

 

Figure 4-5: Contamination in Vicinity of Node 43520097 1 Hour after High Demand Begins 
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Figure 4-6:  Contamination in Vicinity of Node 43520097 3 Hours after High Demand 
Begins 

 
Figure 4-7:  Contamination in Vicinity of Node 43520097 12 Hours after High Demand 
Begins 
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The data suggest that monitoring the hydraulics of the system may be helpful in guiding 

system operators when and where to take coliform (or other microbial indicator) samples since 

changes in pressure may indicate where and when biofilm shearing is occurring.  This is because 

the pressure of the nodes at either end of a pipe can be used to calculate the velocity in that pipe.  

In addition, the data support the requirement or at least the recommendation that utility operators 

take samples quickly after high flow events such as the fighting of fires.   

Other high flow events that may justify the taking of samples include water main breaks 

or changes in industrial demands.  Because the fire department and industries do not always 

communicate well with water utility operators and because water main breaks can occur without 

warning, it may helpful for a utility operator to monitor pressure throughout the distribution 

system.  This can be done widely, cheaply, and continuously.  Anomalies in pressure can 

indicate rapid changes in flow which might trigger proactive utility operators to take water 

quality samples in the areas experiencing changes in flow.    

4.3 Statistical Analysis 

4.3.1 Significance of Differences between System Average and Monthly Results 

As discussed above, Microsoft Excel was used to conduct this analysis.  The two-year 

system average of 0.07 percent is assumed to approximate the population proportion.   

Several hypotheses were tested.  These are summarized in Table 4-5. 

Table 4-5: Comparison of Sample Proportions to Population Proportion 

k n H0: p - 0.0007 = 0 H0: p ≥ 0.0007 H0: p ≤ 0.0007 

0 10 Reject (p-value = 0.0140) Fail to Reject  
(p-value = 0.9930) Reject (p-value = 0.0070) 

1 10 Reject (p-value = 0) Fail to Reject  
(p-value = 1) Reject (p-value = 0) 

0 150 Fail to Reject  
(p-value = 0.1994) 

Fail to Reject  
(p-value = 0.9003) 

Fail to Reject  
(p-value = 0.0997) 

1 150 Reject (p-value = 0.0102) Fail to Reject  
(p-value = 0.9949) Reject (p-value = 0.0051) 

k = number of positive samples and n = number of samples taken 
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 In general, the results suggest that even one positive sample, whether the system is taking 

10 samples or 150 samples, is enough to reject the null hypothesis that the difference between 

the sample proportion and the parameter of 0.07 percent is zero.  In the case of 0 positive 

samples out 10, the results of the 10 samples alone does not provide enough data to support the 

hypothesis that the sample proportion is less than or equal to 0.07 percent.   

Indeed, when all samples test negative, the null hypothesis of p = 0.0007 is not rejected 

until at least 37 samples are taken (p-value = 0.0512), and the null hypothesis of p ≤ 0.0007 is not 

rejected until at least 74 samples are taken (p-value = 0.0505).  That is to say that 0 out of 37 

samples provides enough information to not reject the null hypothesis that the difference 

between the proportions is zero, and 0 out of 74 samples provides enough information to not 

reject the null hypothesis that the sample proportion is less than or equal to 0.07 percent. 

4.3.2 Significance of Differences between two sets of Results 

As for the previous test, the hypotheses for these analyses were tested at a significance 

level of 5.0% using the binomial distribution.  The results are summarized below in Table 4-6. 

.   
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Table 4-6: Comparison of Two Sample Proportions 

 
k = number of positive samples and n = number of samples taken 

 Overall, the results show that when a utility operator is accustomed to negative samples 

in the distribution system, it is not until four positive samples are found that the proportion is 

statistically significantly different.  The last two lines of Table 4-6 are also worth noting.  The 

results of the statistical test basically demonstrate that there was failure to reject the null 

hypothesis that zero samples positive out of 10 samples taken was statistically significantly 

different from 42 samples positive out of 150.  It was not until 43 samples out of 150 tested 

positive that the null hypothesis is rejected that the difference between the two proportions is 

zero.  In other words, this shows that taking 150 samples provides much more information than 

taking 10 samples, which is what one would expect.  
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5. SUMMARY AND CONCLUSION 

The ability to quantify the risk associated with degradation of water quality in drinking 

water distribution systems is challenging because of the complexity of these systems.  They vary 

in size, function, production, demand, source water chemistry, pipe material, customer type, soil 

type, weather patterns, and water table.  The Total Coliform Rule which requires microbial 

indicator monitoring in the distribution system allows water utility operators a great deal of 

flexibility when it comes to how they implement the rule.  Coliforms by themselves generally 

pose no health threat (US EPA, 1992).  On the other hand, their presence in distribution systems 

is an indication that a pathway exists through which other contamination may enter the 

distribution system.   

The Total Coliform Rule has objectives that are met through monitoring.  Decisions and 

opinions are made based on the results, but the underlying monitoring framework has an 

influence on the monitoring results. 

It is difficult to understand what monitoring results from a system actually mean without 

knowing the monitoring strategy that led to them, that is, where and when the samples were 

taken.  The results of 10 samples taken at random times and locations have a different meaning 

from the results of 10 samples taken at a location where and when contamination is most likely 

to occur. 

Because water utility operators have so much flexibility in how they implement the Total 

Coliform Rule, it is up to them how useful monitoring is.  They can either take samples just to 

comply with the rule, or they can optimize their sampling to maximize their understanding of 

risk in the distribution system.  Water age may be a good factor to consider in designing a 

monitoring plan, especially if sampling cannot be conducted every day.  This is because 

contamination may still be present at detectable levels several days following the contamination 

event.  On the other hand, the initial appearance of the contamination may be delayed in these 

sections of the system.  Locations should be selected that maximize the window of time during 

which contamination is detectable; that is, locations at which contamination appears the earliest 

and remains the latest.  
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Rapids changes in flow may lead to biofilm shearing which may release contamination 

into the bulk water of the distribution system.  A common cause of rapid changes in flow is 

firefighting.  Fires can occur anywhere, so it is difficult to set up a routine monitoring plan 

around fires.  A better approach might be to require utility operators to take samples in their 

distribution systems immediately after fires are fought to better understand what risk, if any, 

exists to consumers of drinking water immediately following a fire.  At the same time, utility 

operators and fire departments do not always communicate.  Because pressure will fluctuate 

when flow increases, the utility operator may want to take samples when the pressure drops 

quickly (since this would imply a rapid change in flow).  Also, this would indicate to the 

operator when other rapid changes in flow, not related to firefighting, are occurring.     

Potential research that may build on the present study includes validation of the 

theoretical results acquired here by taking samples in a real system.  A recommendation is made 

that utility operators research the correlation between water quality in their distribution systems 

and changes in flow.  Utility operators that monitor system pressure should take water quality 

samples when and where rapid pressure changes are occurring.  The results of samples taken 

during and after rapid flow changes will inform the understanding of risk of water consumption 

during or immediately after a fire is being fought.  Another research project might include the 

taking of samples during and after the filter backwash cycle.  In addition, samples should be 

taken near the entry point of the distribution system and in areas with the highest water age.  

Finally, samples that do test positive for coliforms should also be tested for pathogens to add 

further understanding of the value of coliforms as indicators of potential risk to public health.
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APPENDICES 

Appendix A: Nodes Randomly Selected for Monitoring Approach One 

Junc 10057               
Junc 12820022            
Junc 13720015            
Junc 14320064_NU         
Junc 14720149            
Junc 15730010_NU         
Junc 16120297            
Junc 16120348            
Junc 18520213            
Junc 19110273            
Junc 19210470            
Junc 19220614            
Junc 20320446            
Junc 20620445            
Junc 20680004            
Junc 21020208            
Junc 21620039            
Junc 22380010            
Junc 22380029            
Junc 22420042            
Junc 23120463            
Junc 23520190            
Junc 23620283            
Junc 24020356            
Junc 24120429            
Junc 24120460            
Junc 24320472            
Junc 24420233            
Junc 25020561            
Junc 25020923            
Junc 25820470            
Junc 25920424            
Junc 26020302            
Junc 26020333            
Junc 26120315            
Junc 26320423            



61 
 

Junc 27320005            
Junc 27820359            
Junc 28020275            
Junc 28020323            
Junc 28080017.3_ND       
Junc 28120093            
Junc 28620523            
Junc 28620595            
Junc 28720421            
Junc 28820838            
Junc 29420717            
Junc 29480016            
Junc 29720625            
Junc 30320792            
Junc 30720276            
Junc 31580012            
Junc 32020631            
Junc 32020742            
Junc 32120559            
Junc 32120644            
Junc 32220613            
Junc 32220624            
Junc 32320232            
Junc 32720578            
Junc 32820477            
Junc 32820608            
Junc 32910011            
Junc 32920745            
Junc 33021249            
Junc 33021651            
Junc 33121820            
Junc 33521256            
Junc 33521400            
Junc 33680002            
Junc 33720912            
Junc 33721145            
Junc 33780020            
Junc 33821131            
Junc 33920480            
Junc 34130396_ND         
Junc 35020020            
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Junc 35020578            
Junc 35220609            
Junc 35510133_NU         
Junc 35820135            
Junc 36420412            
Junc 36420425            
Junc 36820421            
Junc 37020731            
Junc 37120449            
Junc 37520149            
Junc 37520728            
Junc 37580021            
Junc 37620519            
Junc 37920377            
Junc 38020249            
Junc 38220588            
Junc 38720235            
Junc 39520045            
Junc 41080005            
Junc 41720100            
Junc 41880037            
Junc 42220367            
Junc 42310242            
Junc 42420690            
Junc 42420734            
Junc 42820487            
Junc 43220028            
Junc 43320240            
Junc 43920096            
Junc 44120193            
Junc 44310140            
Junc 44320444            
Junc 44920565            
Junc 45020511            
Junc 45020576            
Junc 45020634            
Junc 45120698            
Junc 45120828            
Junc 45210022            
Junc 45420347.3_ND       
Junc 46820745            
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Junc 47520592            
Junc 47620687            
Junc 48520290            
Junc 48520305            
Junc 48620431            
Junc 48680002            
Junc 49610170            
Junc 49720336            
Junc 49820495            
Junc 49920243            
Junc 50320306            
Junc 50420310            
Junc 50720248            
Junc 50920380            
Junc 51920404            
Junc 52020365            
Junc 52220267            
Junc 53720240            
Junc 54220365            
Junc 54420174            
Junc 54420245            
Junc 56080030            
Junc 56080035            
Junc 57320004            
Junc 58420202            
Junc 58620345            
Junc 58820635            
Junc 6002                
Junc 6506                
Junc 6521.1_ND           
Junc EQ009458_ND         
Junc EQ019434_NU         
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Appendix B: Nodes Randomly Selected for Monitoring Approach Two 

Junc 07920024            
Junc 12420314            
Junc 33522095            
Junc 34020352            
Junc 35520031_NU         
Junc 41880027            
Junc 49320281            
Junc 49420475            
Junc 50920429            
Junc EQ009443_NU        

 


