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Managing risks from virus intrusion into water
distribution systems due to pressure transients
Jian Yang, Mark W. LeChevallier, Peter F. M. Teunis and Minhua Xu

ABSTRACT
Low or negative pressure transients in water distribution systems, caused by unexpected events
(e.g. power outages) or routine operation/maintenance activities, are usually brief and thus are rarely
monitored or alarmed. Previous studies have shown connections between negative pressure events
in water distribution systems and potential public health consequences. Using a quantitative
microbial risk assessment (QMRA) model previously developed, various factors driving the risk of
viral infection from intrusion were evaluated, including virus concentrations external to the
distribution system, maintenance of a disinfectant residual, leak oriﬁce sizes, the duration and the
number of nodes drawing negative pressures. The most sensitive factors were the duration and the
number of nodes drawing negative pressures, indicating that mitigation practices should be targeted
to alleviate the severity of low/negative pressure transients. Maintaining a free chlorine residual of
0.2 mg/L or above is the last defense against the risk of viral infection due to negative pressure
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transients. Maintaining a chloramine residual did not appear to signiﬁcantly reduce the risk. The
effectiveness of ensuring separation distances from sewer mains to reduce the risk of infection may
be system-speciﬁc. Leak detection/repair and cross-connection control should be prioritized in areas
vulnerable to negative pressure transients.
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INTRODUCTION
Pressure transients in water distribution systems, also called

event. Low/negative pressure transients are usually brief

water hammer or surge, are pressure waves generated due to

and thus are rarely monitored or alarmed. But even for a

pipeline elasticity and water compressibility when a system

few seconds, low/negative pressures can create a force

changes rapidly from one ﬂow condition to another

driving contaminants from the external soil and water

(Walski et al. ). For a quick estimation of the transient

environment into the distribution system. Utility survey

magnitude, every 0.3 m/sec (1 ft/sec) of velocity change

results (Kirmeyer et al. ) showed that at least 20% of

can result in a pressure transient of 276 to 414 kPa (40 to

the surveyed systems had pipes below the water table and

60 psi), depending on the pipe material, the quantities of

about 20% systems reported 25%–75% of meter boxes

entrapped air, etc. A pressure wave of this magnitude

ﬂooded during different seasons.

could raise or drop a system pressure of 414 kPa (60 psi)

Because pressure transients can propagate throughout

above 689 kPa (100 psi) or below 138 kPa (20 psi), respect-

a distribution system, the local magnitude of the pressure

ively, which is beyond the recommended ranges for a

transients can be complicated by the characteristics of

water distribution system in the United States (Ten State

the distribution system and operational activities, includ-

Standards ). The pressure wave can propagate through-

ing: dead-end or looped pipelines, presence of elevated

out a distribution system causing high and low/negative

storage tanks, system topography, pump/valve character-

pressures in locations miles away from the origin of the

istics and operational procedures, placement of surge
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control devices, and quantities of entrapped air. The occur-

enteric viruses. In addition, total fecal coliform levels in

rence of pressure transients may be common, as these

some soil samples were greater than 1.6  104 CFU/100 g

transients can be caused by routine distribution system

of soil, suggesting the sampling locations were potentially

operation and maintenance activities such as valve

under the inﬂuence of leaking sewage pipes. An epidemiolo-

closure, main breaks/repairs, hydrant ﬂushing, and pump

gical study by Payment et al. () suggested that the

start/shutoff (Walski et al. ). Gullick et al. ()

distribution system was at least partially responsible for

studied transient occurrences in full-scale distribution sys-

increased levels of gastrointestinal illnesses. Kirmeyer et al.

tems for extended periods (up to 1.6 years) and observed

() conducted surge modeling for the distribution

15 surge events that resulted in negative pressures. Details

system of the epidemiological study and found that the

about these systems can be found in the project report

system was extremely vulnerable to negative pressures.

(Friedman et al. ). In the study, 40 events were

More than 90% of the nodes in the system were estimated

observed with pressures below 138 kPa (20 psi) and neg-

to draw negative pressures under certain modeling scenarios

ative pressure transients occurred in three of seven

(e.g. power outages). In the absence of other plausible expla-

full-scale distribution systems. Most negative pressure tran-

nations,

sients (12 out of 15) were caused by the sudden shutdown

vulnerability to negative pressure transients were speculated

of pumps at a pump station because of either unintentional

to contribute to the viral-like etiology of the observed

low

disinfectant

residuals

and

the

system

(e.g. power outages) or intentional circumstances (e.g.

illnesses in the epidemiological study (LeChevallier et al.

pump stoppage or startup tests). The duration of pressure

). In April 2002, a Giardia outbreak occurred at a trailer

transients can be inﬂuenced by ﬂow control operations

park in New York state causing six residents to become

and system characteristics such as presence of storage

seriously ill (Blackburn et al. ). The contamination

tanks, entrained air, and pipe leaks, which can signiﬁ-

was attributed to a power outage, creating a negative

cantly dampen transients. Gullick et al. () showed

pressure transient in the distribution system, which allowed

that the negative pressures lasted from 1 second to more

water to enter the system through either a cross-connection

than 160 seconds in four of eight studied distribution sys-

inside a mobile home or through a leaking underground

tems. The volume of intrusion can range from milliliters

pipe that was near sewer crossings.

to thousands of liters depending on the effective size of

There are many potential portals in a distribution system

the oriﬁce, external pressure, and the nature of the transi-

for external contamination to enter: leakage points in water

ent event (Kirmeyer et al. ). Pilot-scale investigations

mains, submerged air valves, faulty seals or joints, and cross-

estimated intrusion volumes up to 50 mL and 127 mL

connections. A survey of over 700 North American distri-

through 3.2 mm (1/8 in) and 6.4 mm (1/4 in) oriﬁces,

bution systems (Lee et al. ) indicated that all surveyed

respectively, when 8.3 L/sec (132 gpm) of ﬂow was

systems had locations susceptible to backﬂow of non-pota-

brought to a stop with the sudden closure (,1 second) of

ble water during a low or negative pressure transient. The

a 64 mm (2.5 in) ball valve (Boyd et al. a, b).

US Environmental Protection Agency (USEPA) compiled

Public health impact

ﬂow incidents, resulting in 12,093 illnesses (USEPA ).

backﬂow events from 1970 to 2001 and revealed 459 backIntrusion of microbial contamination is also possible in
The intrusion of microbial contaminants due to low or nega-

areas drawing low pressure during a main break or when

tive pressure transients is of great concern because even

inadequate sanitary measures are used during main repairs.

with dilution, some microbes can cause an infection with

Nygård et al. () conducted a cohort study in Norway

a single organism (LeChevallier et al. ; Teunis et al.

and found that households exposed to water from a segment

). Karim et al. () examined 66 soil and water

of distribution system with main breaks or maintenance

samples immediately adjacent to drinking water pipes

were 1.6 times more likely to report gastrointestinal illness

from eight utilities in six states of the United States (US).

than households unexposed to such distribution system

About 56% of the samples were found positive for human

events.
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driving factors, and elucidate the effectiveness of various
risk mitigation practices for public health protection.

Despite insufﬁcient direct evidence to show pressure transients as a substantial source of risk to waterborne disease,
risk mitigation measures can still be implemented. To evaluate the effectiveness of various risk mitigation measures

METHODS
Quantitative microbial risk assessment

without seeking actual disease occurrence in a population
as in an epidemiological study, a quantitative microbial risk
assessment (QMRA) can be conducted (Hunter et al. ).
QMRA can infer and compare the risks of infections assuming different mitigation measures were in place. The
International Life Sciences Institute (ILSI) Risk Science Institute developed a conceptual framework for assessing the risks
of human disease following exposure to waterborne pathogens (ILSI ). A few studies have been conducted
previously using QMRA to estimate the waterborne disease
burden in communities or to assist developing drinking
water treatment regulations. Haas et al. () used QMRA
with Monte Carlo simulations and estimated an annual risk
of disease of 0.23 from enteric viruses in drinking water,
4

based on an average concentration of 6  10

The QMRA model was previously developed to couple
hydraulic and surge modeling with Monte Carlo simulations
to obtain risk estimates of the waterborne viral infections
(excluding secondary or person-to-person transmission).
The most challenging component in the QMRA model was
exposure assessment, which involved evaluating the characteristics of intrusion (location, volume, and duration) and
the fate of intruded viruses traveling within the distribution
system. The risk model is summarized as the following and
more details of the QMRA model development are described
elsewhere (LeChevallier et al. ; Teunis et al. ).
Virus concentrations in sewage

viruses per

liter found in the ﬁnished drinking water in the Montreal

Norovirus was selected in this study as the microbial patho-

area. Teunis et al. () evaluated the risk to customers

gen for the risk modeling. Virus was selected for the risk

from ingesting Cryptosporidium parvum surviving treatment

modeling because it was found immediately adjacent to drink-

at a plant in the Netherlands, where the median annual risk

ing water pipes (Karim et al. ) and can cause acute risk of

of infection from Cryptosporidium was estimated to be

infection. Virus levels in raw sewage were used as the baseline

slightly higher than 104. Similar to using the acceptable

(the worst case) to estimate the risk of infection, i.e., cross-

4

for carcinogens, the USEPA has used an

connection or when water mains are in direct contact with

annual acceptable infection risk of ,104 due to drinking

raw sewage. The occurrence of norovirus levels in raw

water contamination for regulatory purposes (NRC ).

sewage was collected from published data and the virus

risk level of 10

There are few published studies using QMRA to assess

levels may be highly variable. Pusch et al. () and

the health risk associated with pathogen intrusion due to

Haramoto et al. () reported norovirus levels in sewage

negative pressure transients in water distribution systems.

of ,1.0  1061.6  109 and 1.7  1022.6  106 genome

Research is needed to better characterize the risks (e.g.

copies per liter, respectively. Qualitative differences between

exposed population, risk of infection, spatial heterogeneity,

concentrations estimated by different enumeration methods

the risk sensitivity, etc.). Research is also needed to guide

were considered, as culture methods (e.g. most probable num-

water utilities to use the QMRA models, identify areas in

bers per liter – MPN/L) might yield lower estimates than

their systems susceptible to low pressures, and identify

methods based on detection of genetic material (polymerase

best corrective measures to mitigate the risks. This study is

chain reaction – PCR). Lodder & de Roda Husman ()

part of a research project about developing QMRA models

and Ottoson et al. () reported norovirus levels in

to characterize the risks of infection from microbial intru-

sewage of 5.1  1038.5  105 PCR detectable units (PDU)

sion caused by negative pressure transients (LeChevallier

per liter and ,5.5  1024.5  103 MPN/L, respectively.

et al. ). The purpose is to apply the QMRA models devel-

Virus levels were characterized by quantiles of virus concen-

oped in the project, evaluate the sensitivity of various risk

trations and combined in a two-level “meta-analysis” model,
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producing a predictive distribution of virus concentrations in

with a total length of 269 km (167 miles) of pipe. The

sewage. Distributions of virus concentrations were assumed

system had

to be lognormal. The median virus concentration was pre-

The annual average and maximum day demands were

dicted to be 4.9  104 PDU/L. The 2.5% and the 97.5%

2.3  104 m3/day (6.0 MGD) and 5.0  104 m3/day (13.3 MGD),

percentiles for norovirus concentrations were estimated to

respectively. Service pressures ranged typically from 276 to

be 4.3  101 and 4.1  108 PDU/L, respectively.

689 kPa (40 to 100 psi). The system had one pressure gradi-

Surge modeling of the studied distribution system

stations (four for the wells and one in the distribution

a

service population

of

about

33,000.

ent, two elevated storage tanks, four wells, and ﬁve pump
system). Figure 1 shows the hydraulic model of the studied
The hydraulic model of the studied distribution system was

system and the 118 nodes (11%) that were predicted to be

previously calibrated for 24-hour extended period simu-

susceptible to intrusion (assuming that every model node

lations (EPS), which included 1128 nodes and 1369 pipes,

had a leak for potential intrusion). The transient-producing

Figure 1

|

Hydraulic model and potential intrusion nodes (negative pressure nodes) of the studied distribution system.
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event was modeled as a power outage at the southwest

). Table 1 summarizes the initial disinfectant demand

pump station under the maximum day demand conditions.

and decay constants used in the model, which were obtained

InfoSurge (MWH Soft Inc., Pasadena CA, USA) was used

from the disinfectant decay experiments with 0.1% wastewater

to conduct the surge modeling. Transient events due to

intrusion that had total organic carbon (TOC) levels ranging

pump shutdown were simulated for 120 sec. Gullick et al.

from 4.6 to 54 mg/L. Details about the disinfectant decay

() observed that most negative pressure events due to

experiments can be found in the project report (LeChevallier

transients last less than 2 min. As a worst-case scenario,

et al. ). Virus inactivation due to a residual disinfectant

transient events were analyzed when a maximum ﬂow rate

(either free chlorine or chloramines) was estimated by using

was supplied to the system. The duration of pump shutdown

the Chick–Watson model, which is described as (Haas ):

was modeled to be 1 sec. The check valve at each pump was
modeled to close within 0.1 sec of sensing reverse ﬂow. The
check valve resistance was set to 11 sec2/m2 (1 sec2/ft2) and

 
N0
Ln
¼ ki Cdn T
N

ð2Þ

a wave speed of 1,100 m/sec (3,600 ft/sec) was assumed for
the system. More details of the surge modeling procedure

where N is the number of microorganisms after exposure to a

are described elsewhere (Fleming et al. ).

disinfectant residual; N0 is the number of microorganisms
before disinfectant additions; ki is an inactivation constant
(mg Cl2 • min/L)1; Cd is disinfectant residual (mg Cl2/L); n

Exposure assessment

is the order of inactivation kinetics (assumed to be 1 in this

Upon intrusion, the intruded viruses are suspended and
diluted in the local water ﬂow (assuming no attachment/
detachment of virus from pipe wall). Assuming an intrusion
volume Vintr (L, gal) of sewage, containing a concentration
Cv (PDU/L) of viruses, enters the system at a location (at
node k) where the ﬂow rate is Qk (L/sec, gpm) so that
during a negative pressure duration Δ1 (sec, min) a volume
QkΔ1 (L, gal) passes through the leaking node, the virus concentration ck (PDU/L) at the intrusion node is

ck ¼ Cv

Vintr
Vintr þ Qk D1

study); and T is exposure time (min). Values for the inactivation constant ki were derived from a review of CT values,
disinfectant concentration multiplied by contact time, from
the USEPA Guidance Manual (USEPA ). Linear
regression of the CT values to the virus log inactivation was
conducted using the Chick–Watson model (R 2 ¼ 0.99). The
inactivation constant values for free chlorine and chloramines
were estimated to be 1.6 and 6.4  103 (mg Cl2 • min/L)1,
respectively.
The consumption of tap water at any node depends on
the number of customers receiving water from that node

ð1Þ

and their individual intake of unheated tap water. The service
population at a node was determined by distributing the total

EPANET, the hydraulic modeling software developed by

population across all system nodes weighted by the water

the USEPA (Rossman ), was used to analyze system

demand allocated at each node. An average service

hydraulics and virus transport within the system. Hydraulic
and water quality simulations were run over a 24 hour period
with a hydraulic time step of 0.1 hour (6 min), a water quality

Table 1

|

Free chlorine and chloramine initial demands and decay constants used in the
QMRA model

time step of 0.01 hour (36 sec), and a report time step of 1

Initial

hour. The intrusion event was modeled to occur at the start

demand
after

of the simulation. To study the impact of a disinfectant residual

Decay
order

Decay constant
without intrusion

intrusion
(mg Cl2/L)

Decay constant
after intrusion

(chlorine and chloramines), an extension of EPANET,

Disinfectant

EPANET-MSX, was used to simultaneously simulate the disin-

1st

0.055 (hour1)

0.088

0.24 (hour1)

fectant decay and virus inactivation. EPANET-MSX enabled

Free
chlorine

the modeling of complex reaction schemes between multiple

Chloramine

2nd

0.012 (mg Cl2 •
hour/L)1

0.0

0.11 (mg Cl2 •
hour/L)1

chemical and biological species in the system (Shang et al.
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population per node was estimated to be 30 people in the

risk factors. Risk of infection was estimated under a baseline

studied system. To simulate varying numbers of household

scenario and a variety of mitigation scenarios for best prac-

members drinking tap water, the Monte Carlo simulation

tice development. Table 2 summarizes the baseline and

assumed a Poisson-distributed random number of people

various mitigation scenarios under which the risk driving

drinking water at each node, using the service population at

factors were varied. The risk factors in the sensitivity analy-

the node as the parameter. The USEPA generally employs a

sis included the external virus concentrations, maintaining

volume of 2 L per person per day to estimate drinking

disinfectant residuals, negative pressure duration, the

water exposure for chemical risk assessment, however, only

number of intrusion nodes, and leak sizes. The sensitivity

a fraction of which may be consumed unmodiﬁed (e.g. not

to each contributing factor was evaluated by applying differ-

boiled). In this study, the daily intake of unheated tap water

ent multipliers or ﬁxing the factor at different values while

was estimated from a population survey (Teunis et al. )

allowing the other factors to vary throughout their respect-

and approximated by a lognormal distribution with a

ive ranges.

median water consumption of 0.18 L. The daily intake
volume was assumed to be randomly consumed completely

External virus concentrations

once a day by a customer and at any time of the day.
Under the baseline conditions, virus levels external to the
Risk characterization

distribution system were randomly generated based on
virus occurrence levels in raw sewage, i.e. the worst case.

After the exposure assessment, a risk model was developed

Actual virus levels at intrusion locations can be much

using Monte Carlo simulation programmed in Mathematica

lower. First, sewer pipes are usually not in immediate

(Wolfram Research Inc., Champaign IL, USA). The Monte

Table 2

|

Summary of scenarios in which risk driving factors are varied

Carlo simulation was run with 1,000 repetitions. During
each Monte Carlo repetition, the following random variables were generated or derived: external virus levels,
intrusion volume, intrusion duration, dilution factor, virus

Scenarios in which risk driving
factors are varied

Conditions

Baseline conditions

1. External virus concentration:
random generated;
2. Disinfectant residual: no
disinfectant residual;
3. Negative pressure duration:
random generated;
4. Number of nodes drawing
negative pressure: 11%;
5. Leak sizes: 1.3 mm

1. External virus
concentration

Original concentrations 104,
103, 102, 101, 100
(baseline), 101, and 102

2. Maintenance of a
disinfectant residual

No disinfectant residual
(baseline), 0.5 mg Cl2/L
chloramines, 0.1, 0.2, and 0.5
mg Cl2/L free chlorine

3. Negative pressure duration

Fixed at 1, 10, 20, 100, 500, and
1,000 sec

4. Number of nodes drawing
negative pressures
(intrusion nodes)

6.0%, 11% (baseline), 42%, and
85%

5. Leak sizes (intrusion
volumes)

0.66 mm, 1.3 mm (baseline), and
2.6 mm (original intrusion
volumes 0.25, 1.0, and 4.0)

levels after dilution, number of customers drinking water
at a model node, and individual water intake volume.
After estimation of the population exposed and the virus
doses consumed, the dose response models were incorporated to estimate the numbers of waterborne infections and
the risk of infection. The infectivity of norovirus had been
inferred from human challenge studies (Teunis et al. )
and human dose responses were established in PCR-based
units. The dose response model was characterized by a
beta-probability distribution of infectivity for a single norovirus particle. The model indicated high infectivity of the
virus, e.g., exposure to a single norovirus could cause infection in about 30% of exposed population.
Sensitivity analysis
To elucidate the effectiveness of various mitigation
measures for public health protection, a sensitivity analysis
was conducted for various operational and controllable
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vicinity of drinking water pipes. A previous survey of 26

control is to minimize the rapid and/or extreme ﬂuctuations

utilities showed that 15 (58%) utilities typically used a

in ﬂow velocities and to alleviate the severity of the pressure

3.0 m (10 ft) separation distance and 7 (27%) used a mini-

transients. When a negative pressure transient is alleviated

mum distance of 0.61–1.5 m (2–5 ft) (Kirmeyer et al. ).

(e.g. by adding an elevated/hydropneumatic tank), the dur-

The pathogen levels in leaking sewage may be signiﬁcantly

ation and the magnitude of negative pressures are reduced.

reduced after conveyed to the vicinity of drinking water

Under the baseline condition, negative pressure durations

pipes by natural die-off, groundwater dilutions, soil ﬁltration,

at intrusion nodes were randomly generated based on the

etc. Additionally, in the immediate vicinity of drinking water

published data with a median about 10 sec and ranging

main leaks, a mixture of leaked drinking water and contami-

from ,1 sec to 165 sec (Gullick et al. ). To study the

nated water may occupy the space around the leaks.

sensitivity of risk to the negative pressure duration, this

Disinfectant residuals in the leaked drinking water, if not

parameter was set at a value of 1, 10, 20, 100, 500, or

exhausted by the environment, may still provide some

1,000 sec.

inactivation of non-chlorine-resistant pathogens. To study
the sensitivity of risk to the variation of external virus
levels, this parameter was multiplied with a value from
104 to 102. Under the scenario with a multiplier of 104,
the median virus concentration external to the distribution
system was as low as 4.9  100 PDU/L.

Another direct outcome of reducing the magnitude of negative pressure transients is the reduced number of nodes
experiencing negative pressures. A previous surge modeling
study of 16 distribution systems (Fleming et al. ) pre-

Maintaining disinfectant residuals

dicted susceptibilities to negative pressure during a power

Maintaining a disinfectant residual has been regarded as the
ﬁnal barrier for protecting public health in the event of intrusion or backﬂow of a contaminant within distribution
systems. The US federal regulations (the Surface Water Treatment Rule) require large (.10,000 people) surface water
systems to maintain a detectable free or combined residual
in 95% of monthly samples, or to demonstrate a heterotrophic
plate count less than 500 CFU/mL. However, this requirement provides minimal protection

Number of nodes drawing negative pressures

against microbial

outage ranged from 1 to 98% with a median susceptibility
of about 30%. These percentages suggested that the risk of
infection may vary widely for different distribution systems
due to different vulnerability to negative pressures. Table 3
summarizes four different transient-producing events simulated by surge modeling to estimate different percentages
of nodes experiencing negative pressures. The estimated percentages of nodes drawing negative pressures ranged from
6.0 to 85%.

intrusion and previous studies have not reached consensus
on what constitutes an adequate disinfectant residual
(Snead et al. ; LeChevallier et al. ; Payment ;

Table 3

|

Transient-producing events and simulated percent of nodes drawing negative
pressures

Propato & Uber ). The sensitivity analysis evaluated

Percent nodes drawing
negative pressures

the risk of infection with different disinfectant residuals main-

Transient-producing events

tained in the system (listed in Table 2), including the absence

1. Three of the four pumps operating in
the southwest well pump station were
suddenly shut down

6.0

2. The southwest well pump station was
suddenly shut down

11 (baseline)

3. The booster station and the two well
pump stations in the south of the
system were suddenly shut down

42

4. All ﬁve pump stations were suddenly
shut down

85

of a residual (baseline), 0.5 mg Cl2/L as monochloramine,
0.1, 0.2, and 0.5 mg Cl2/L as free chlorine.
Negative pressure duration
If the internal pressures in a system are always maintained
greater than the external pressures, there is no physical
force to drive intrusion. The objective of pressure transient
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leak/break was circumferential and reported by 18 (69%)
of the 26 surveyed utilities. Thirteen utilities also reported

Under the baseline conditions, the studied system was esti-

longitudinal and circular (pinhole) leaks. For circumferen-

mated to have a median infection risk of 2.1  104 for

tial or circular leaks, the sizes of the leaks were reported

norovirus due to a single negative pressure transient event.

to be 3 to 102 mm (1/8 to 4 in). However, for leaks that

The variation of the estimated risk was approximately 1.5

were not surfaced or observed, the sizes might be much

logs of magnitude (3.5  105 to 1.2  103) due to the ran-

smaller. In this study, the oriﬁce discharge equation was

domness of various risk factors during the Monte Carlo

used to estimate an equivalent oriﬁce diameter for all

simulations. The median risk level was slightly higher than

leaks in the studied system.

the USEPA acceptable level of annual infection risk

pﬃﬃﬃﬃ
Q ¼ Cf Cdisc D2 P

(104). If the system had ﬁve power outages per year
ð3Þ

(Grebe et al. ) and each power outage caused a similar
negative pressure transient (118 or 11% nodes drawing

where Q is leakage ﬂow rate (L/sec, gpm); Cdisc is discharge

negative pressures), the system annual risk of norovirus

coefﬁcient; Cf is unit conversion factor (0.111 SI, 29.8 Imper-

infection would be 1.1  103, or about one order of magni-

ial); D is oriﬁce diameter (cm, in); and P is pressure (kPa, psi).

tude higher than the acceptable risk level of 104.

If the system was assumed to have 10% of leakage water
(2.3  103 m3/day or 417 gpm), 414 kPa (60 psi) of discharge

External virus concentrations

pressure, 1,128 leaks (one leak per node), and a discharge
coefﬁcient of 0.8 at each leak, the equivalent oriﬁce diameter

The variation of external virus concentrations appeared

was estimated to be 1.3 mm (0.05 in). The sensitivity of risk to

to have no signiﬁcant impact on the risk of infection

the size of the leak was evaluated under two scenarios: half

(Figure 2(a)). Increasing the external norovirus levels by 2

and twice the estimated equivalent oriﬁce diameter (0.66

orders of magnitude was estimated to increase the median

mm and 2.6 mm). Under these two scenarios, the intrusion

risk only slightly (from 2.1  104 to 2.5  104). Decreasing

volumes randomly generated at the intrusion nodes were

the external virus levels by 4 orders of magnitude

reduced to 25% and increased to 400% of the baseline

had a modest reduction of the median risk (2.1  104 to

values, respectively.

3.4  105). These results suggest that mitigation measures
target to reduce external virus levels might not be effective.

Impact of the randomness of risk factors

Due to the high infectivity of the selected viruses, low doses
of highly infectious viruses may still cause most exposed

To compare the contribution from the randomness of individ-

populations to be infected.

ual risk factors to the variation of the infection risk, a ﬁxed
sensitivity analysis was also conducted for the risk of noro-

Disinfectant residual maintenance

virus infection. The variation of the infection risk to each
contributing factor was evaluated by ﬁxing the risk factor at

Maintaining a disinfectant residual had a signiﬁcant impact

the respective average value while allowing the other factors

on the fate of intruded viruses. Figure 3 shows, under the

to vary throughout their respective ranges. Random factors in

baseline condition (no disinfectant residual in the system),

the ﬁxed analysis included external virus concentrations,

approximately 94% of intruded viruses were washed out

negative pressure duration, the intrusion volume at any

from the system during the 24-hour simulation. With a dis-

node, the number of individual intake events at any node

infectant residual of 0.5 mg Cl2/L as monochloramine or

(node population), water consumption during an intake

0.1 mg Cl2/L as free chlorine, the same rate of virus

event, and infectivity of the virus.

removal/inactivation was achieved within 12 hours and
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Impact on the risk of norovirus infection: (a) External virus levels, (b) Disinfectant residual maintenance, (c) Negative pressure duration, (d) Number of intrusion nodes
experiencing negative pressures and (e) leak sizes (risk below 107 not shown).

3 hours, respectively. The intruded viruses were estimated to
be completely eliminated within 30 min when a free chlorine residual of 0.2 mg Cl2/L or higher was maintained in
the system (simulation for a free chlorine residual of 0.5
mg Cl2/L not shown).
The intruded viruses survived from the inactivation would
cause infections in the exposed population (Figure 2(b)).
Maintaining a disinfectant residual of 0.5 mg Cl2/L as monochloramine was estimated to have no apparent reduction on
the risk of infection despite it inactivated approximately
Figure 3

|

Comparison of percentages of intruded viruses remained in the system within
24 hours of intrusion.
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only had a modest reduction on the risk (from 2.1  104 to

pressures from 6.0% to 85% (see Table 3). Figure 2(d)

1.1  104), despite 95% of viruses removed or inactivated

shows the signiﬁcant impact of the number of intrusion

after 4 hours. These results are due to the high infectivity of

nodes on the risk of norovirus infection. Increasing the per-

norovirus, i.e., although a signiﬁcant portion of norovirus

centage of intrusion nodes from 11% to 85% increased the

had been removed or inactivated, the remaining norovirus

median risk by sixfold (2.1  104 to 1.2  103). Decreasing

may still cause most exposed populations to be infected. If

the percentage of intrusion nodes from 11% to 6.0% reduced

the system maintained a free chlorine residual of 0.2 mg

the risk about half (2.1  104 to 1.4  104). A large

Cl2/L or higher, the median risk of infection was reduced to

number of nodes experiencing intrusion likely lead to an

7

insigniﬁcant levels (,10 ). This is because a free chlorine

increased number of customers exposed to the contami-

residual of 0.2 mg Cl2/L or higher could overcome the initial

nated water, thus causing a signiﬁcant increase in risk. As

chlorine demand of wastewater intrusion and free chlorine is

the number of intrusion nodes decreases due to surge pro-

an effective biocide for virus inactivation. The intruded

tection or leak detection/repairs, the risk of infection may

viruses were estimated to be completely eliminated within

be more sensitive to the location of the intrusion and the

30 minutes after entering the system.

system hydraulics. Intrusion at locations serving a large
number of customers may have much higher risks than

Negative pressure duration

intrusion at remote locations with no or few customers.

The risk of infection was most sensitive to the duration of nega-

Leak sizes

tive pressure (Figure 2(c)). The median risk with a negative
pressure duration of 10 seconds was estimated to be

Different leak sizes did not appear to signiﬁcantly affect the

2.1  104. Reducing the negative pressure duration to 1 sec

risk of infection (Figure 2(e)). The median infection risks of

reduced the median risk below the acceptable risk level of

the three different oriﬁce diameters were not signiﬁcantly

104 to 9.2  105. Increasing the duration from 10 to

different. This insensitivity was probably because the size

1,000 sec increased the median risk of infection by about

of the leak only changed the amount of viruses entering/

2 orders of magnitude. The duration of the negative pressure

traveling through the system. It was previously shown that

events inﬂuences the amount of sewage entering the system as

the risk of infection was not particularly sensitive to virus

well as the dilution factor. More importantly, the duration of

concentration (but rather exposure), hence oriﬁce size

the negative pressure events determines the probability that a

would also have little impact on risk. One implication of

person’s consumption of water would coincide with the occur-

this ﬁnding is on how to prioritize leak detection and

rence of viruses in the distributed tap water. The longer the

repair activities. When the purpose of leak detection is to

duration, the more likely that people will be exposed to the

minimize water loss, leak detection and repair activities

contaminated water. Negative pressure events with a prolonged

should be prioritized in areas with big leaks. However,

duration may impose signiﬁcant risk on the exposed

from a perspective of public health protection, the size of

population. Although typical low/negative pressure events

the leak is a less critical factor and leak detection/repair

may not last more than 2 min, longer durations of depressuriza-

should be prioritized in areas vulnerable to negative pressure

tion (e.g. 500 and 1,000 sec) may occur after a power outage or

transients. It should be noted that the minimum risk impact

large water main break. These long periods of depressurization

from leakage sizes was estimated under the baseline scenario

may cause signiﬁcant risks to public health, which should

where no disinfectant residual was maintained. When a dis-

trigger the issuance of a Boil Water Advisory.

infectant residual (e.g. free chlorine) is maintained, the
impact of the size of the leak may have signiﬁcant impacts

Number of intrusion nodes

on the stability of the disinfectant residual. Larger leak oriﬁces may allow larger volumes of intrusion, which could

Four different transient-producing events were modeled

exhaust the disinfectant residual and signiﬁcantly increase

to cause the percentage of nodes experiencing negative

the risks of infection to the exposed population.
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management to control negative pressure transients would
be the most effective tool to mitigate risk. Theoretically, if

The contribution from the randomness of individual factors

the internal pressure in a system is consistently maintained

to the variation of norovirus infection risk is compared in

above the external pressure, there is no physical force to

Figure 4. The strongest inﬂuence on the risk variation was

drive intrusion. In reality, short periods of pressure below

due to the variability of the negative pressure duration. All

138 kPa (20 psi) often go undetected due to a variety of

other factors contributed much less. As discussed earlier,

reasons. First, pressure monitoring at susceptible locations

the negative pressure duration is highly important because

within distribution systems (e.g. high elevations) may be less

it drives the probability that water consumption would

commonly conducted than at convenient sites (pumps and

coincide with the occurrence of the contamination slug. In

tanks). Second, pressure deﬁciency analysis under transient

a small system there is a deﬁnite chance that intrusion due

conditions is not commonly done in current hydraulic model-

to negative pressure transients of only a few seconds will

ing practices. Transient pressures are often not considered

not cause any infection because of the low probability that

during the ﬁre ﬂow analysis. Given these deﬁciencies in

people will drink the water precisely when the slug of con-

common practices, the optimization of pressure management

tamination is present.

may require a combination of hydraulic/surge modeling,
pressure monitoring, and transient pressure mitigation.

Best practices for risk mitigation

Surge models can be used to improve the understanding of
how the system may respond to a variety of events that can

The sensitivity analysis elucidated two primary mechanisms

create rapid changes in ﬂow conditions. Key elements

to mitigate risk: 1) reduce the exposure or 2) reduce/elimin-

include: 1) causes of transient events; 2) the magnitude and

ate the pathogen concentration at the time/location of water

duration, as well as locations of lowest pressures; and 3) moni-

consumption. For pathogens with high infectivity (e.g.

toring plan for transient pressures. Pressure monitoring

viruses), risk mitigation practices that control exposure,

within distribution systems can reveal extreme transient

(i.e. reduce the probability that people will be exposed to

pressures, as well as pressures under normal and ﬁre ﬂow con-

the contamination during a water intake event), are likely

ditions. The strategies to control transient pressures may be

to be the most effective.

adopted as either direct action or diversionary tactics (Thorley ). The direct action strategies attempt to modify

Optimized pressure management

system operations that cause rapid ﬂow condition changes.
The diversionary tactics attempt to control the magnitude of

Reducing the duration or the number of nodes experiencing

the transient that may occur due to unplanned events such

negative pressures was shown to signiﬁcantly reduce the

as power failures. Common surge protection devices include

risk of infection, indicating that optimized pressure

surge tank, one-way tank, pressure relief valve, surge anticipation valve, air release/vacuum valve, and pump bypass.
Surge modeling and pressure monitoring should be conducted to validate the effectiveness of the adopted device
and strategies for transient control.
Disinfectant residual maintenance
The risk results in this study demonstrated the importance of
maintaining an adequate disinfectant residual as the ﬁnal
barrier for protecting public health in the event of intrusion

Figure 4

|

Contribution of the randomness of individual risk factors to the variation of the
risk.
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0.2 mg/L or above was needed to signiﬁcantly reduce the

study suggested that external virus concentrations had little

risk of infection. It should be noted that this free chlorine

impact on the risk of viral infection when no disinfectant

residual was derived for dispersed viruses that are highly

residual was maintained in the system. However, if a disinfec-

infectious (Teunis et al. ) but easy-to-kill (USEPA

tant residual is maintained, ensuring adequate separation

; Shin & Sobsey ). For chlorine-resistant pathogens

distance may reduce chlorine demand of the intruded water

(e.g. Cryptosporidium or viruses in aggregated or particle-

and an adequate free chlorine residual is effective to reduce

associated forms), maintaining a chlorine residual may not

the risk of viral infection. Second, inadequate separation dis-

provide additional protection after the pathogen enters the

tance may also increase the virus dose during an intake event,

system. This variability in chlorine-resistance may be one

which might increase the severity of viral infection (not inves-

reason why previous studies have not reached consensus

tigated in this study). Additionally, the impact of pathogen

on recommending what constitutes an adequate disinfectant

concentration might be important for other microbes such

residual for public health protection (Snead et al. ;

as Cryptosporidium and Mycobacterium, which are more

LeChevallier et al. ; Payment ; Thurston-Enriquez

resistant to chlorine residuals (not investigated in this

et al. ; Propato & Uber ). Chloramine residuals

study). The Ten State Standards () in the US recommend

did not appear to have a signiﬁcant impact on reducing

a minimum separation distance between water mains and

the risk. For utilities that use chloramines as disinfectant

sewer mains of 3.0 m (10 ft) horizontally for parallel installa-

residual, other preventive measures (e.g. pressure manage-

tion and 0.46 m (18 in) vertically for crossings with

ment and surge protection) should be emphasized to a

preference to the water main above the sewer. More research

greater extent to reduce the public health risks.

is necessary to determine whether such guidelines are adequate to provide a barrier to protect public health.

Leak detection/main repairs
Other practices
Although this study found the size of the leak oriﬁce not a signiﬁcant factor inﬂuencing the risk from intrusion, leak

This study did not evaluate the sensitivity of the infection

detection/repair is still an important practice, especially in

risk to other mitigation measures such as implementing

areas that are vulnerable to negative pressure transients and

cross-connection control or ﬂushing. The backsiphonage

a chlorine residual is maintained. Leak detection programs

type of cross-connections can be viewed as similar to leaks

are commonly practiced in the US. A previous survey

under sewage inﬂuences, i.e., intrusion may occur when

showed that 85% of 26 surveyed utilities had a leak detection

the system pressures drop below the external pressure.

program with an unbilled water percentage of total water pro-

Therefore, it is likely that reducing the number of cross-

duced, ranging from less than 10% to 32% (Kirmeyer et al.

connections in the area susceptible to negative pressure

). It should be noted that the goal of leak detection for

transients may signiﬁcantly reduce the risk of infection.

water loss control or for reducing the risk of infection may

Emergency response planning should include protocols

have different emphasis. The former strives for reducing the

to decontaminate distribution system mains that are subject

water loss volume, while the latter aims for reducing the

to negative pressure events. A utility may consider boosting

most number of leaks at areas susceptible to negative pressure

disinfectant residuals in the system, issuing a boil water

transients. This difference may have a signiﬁcant impact on

notice, or implementing ﬂushing to remove the intruded

the selection and employment of leak detection techniques.

contaminants. Boosting disinfectant residuals may not be
effective when the viruses have intruded downstream of

Ensuring separation distance from sewer mains

points of disinfection. A Boil Water Notice can be issued
and broadcast only as quickly as administratively possible.

Ensuring adequate separation distance from sewer mains

Flushing can be effective if administered in time. In this

may reduce pathogen levels and the chlorine demand of the

study, the majority of intruded viruses (94%) were washed

contaminant intrusion into the drinking water pipes. This

out from the system within 24 hours. Flushing should start
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near the sites of intrusion and be limited to the estimated

sensitive to the duration and the number of nodes experien-

impacted area because ﬂushing far away from the contami-

cing negative pressures, suggesting that optimized pressure

nation source may encourage further spread of the

management to control negative pressure transients would

contaminants. Aggressive ﬂushing may trigger additional

be the most effective tool to mitigate the risk. Via a combi-

low/negative pressures and should be avoided. Generally

nation of hydraulic/surge modeling, pressure monitoring,

conventional ﬂushing should be used instead of uni-

and transient pressure mitigations, an optimized pressure

directional ﬂushing because the location of contamination

management program will yield utility-speciﬁc best practices

may be approximate and unidirectional ﬂushing may require

such as adding new hydropneumatic tanks/ﬂoating storages,

signiﬁcantly more time for valve operations.

upsizing water mains, etc.

Limitations and future research

0.2 mg/L or above) is the last defense against the risk of

Maintaining an adequate free chlorine residual (e.g.
viral infection due to low/negative pressure transients.
The QMRA model used in the sensitivity study focused on cal-

Maintaining a chloramine residual did not appear to signiﬁ-

culating the risk of infection associated with the ingestion of

cantly reduce the risk of infection under the studied

contaminated water as a result of a single negative pressure

conditions. For utilities that use chloramines as disinfectant

transient event. This approach did not address the unique prop-

residual, other preventive measures (e.g. pressure manage-

erties of infectious disease transmission such as secondary

ment and surge protection) should be emphasized to a

transmission, acquired immunity and population dynamics

greater extent to reduce the public health risks.

(Haas & Eisenberg ). Second, the estimated impacts of

Ensuring adequate separation distance from sewer

various risk mitigation measures were speciﬁc to the selected

mains, leak detection and repair, and cross-connection con-

distribution system in the study. Mitigation might have differ-

trol may reduce pathogen levels and chlorine demand of the

ent effectiveness when applied to a system with different

contaminant intrusion into the drinking water pipes. These

system conﬁgurations and vulnerability to negative pressure

practices should be prioritized in area vulnerable to negative

transients (e.g. a closed system with no pressure control).

pressure transients to reduce the risks of microbial infection.

Finally, the EPANET modeling tool used in this study applies

Flushing is simplest and most effective approach to remove

a plug ﬂow scheme (without dispersion) to calculate constitu-

contaminants if administered in time.

ent transport in the bulk water. The impact of dispersion on
pathogen transport may affect the risk of infection in different
ways. Dispersion may dilute pathogen concentrations, there-
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